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How can your Baker distributor ship you things he doesn’t have? Easy. He 
now can immediately contact the Baker Super Service Center and— 
in almost every instance—have the desired item shipped directly to you 
within 24 hours. It ’s as though yourJ. T. Baker distributor has just added the 
largest reagent warehouse in the world to his backyard to serve you. (To 
super-serve you.)

Now depend on your nearest Baker distributor for all of your laboratory 
reagent needs.

And do you have our new 428-page Catalog 750 featuring thousands of Baker 
quality laboratory chemicals? If not, please write. Thanks.

A n d ,  o f  c o u r s e ,  J .  T . B a k e r ’s  S u p e r  S e r v i c e  i s  a l s o  a v a i l a b l e  f o r . . .

NEW BIOCHEMICALS AND LSC PRODUCTS.
Biochemicals
These key biochem icals are now available w ith “ Baker Analyzed" quality 
... proven pure by actual lo t analysis. Most meet N AS /N R C  specifications 
and additional criteria. For example:
N-Acetyl-L-cysteine, DL-Alanine. D-Arabinose, L-Asparagine M onohydrate 
LSC Cocktails
Every lot exhaustively performance-tested. Many new cocktails 
including one for RIA.
LSC Cocktail Reagents
Scintillators, solvents, and gelling agents/solubiIizors for m ixing your 
own cocktails. Use-tested, too.

J. T. Baker Chemical Co., ^
222 Red School Lane, ^

Phillipsburg, N.J. 08865 ^
201 859-5411
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N e w  1 8 -m m  P r o b e  f o r  t h e  X L - 1 0 0

13C  S p e c t r a  

1 0  T im e s  F a s te r
Now Varian XL-100 users can run natural abundance 13C spectra at mlllimolar concentrations. 
Varian’s new V-4418 Variable-Temperature Probe accommodates 18-millimeter sample tubes and 
boosts sensitivity to over three times that of the standard 12-mm probe. Compare the two spectra 
of 10 mM sucrose — clearly this new probe could extend the application of 13C NMR to entirely 
new areas of chemical research.
The V-4418 Is Varian’s latest offering to the scientist who needs 13C spectra of samples of limited 
solubility or limited molarity; or who studies certain equilibria and requires low ccncentration; or who 
works with relaxation properties that are best studied at low concentration. The V-4418 lets him use 
samples less concentrated by a factor of 3, or reduces the time required for an experiment 
by a factor of 10— with results second to none.
Not only is the absolute sensitivity of the V-4418 Probe outstanding, it also offers excellent 
sensitivity per milliliter of solution, an important asset if you study scarce or expansive (most often 
both) macromolecules. The Probe develops its full sensitivity potential with 6 milliliters, a volume 
only three times that required with the standard 12-mm probe I
And that’s not all. When the V-4418 Probe is 
used together with the recently introduced 
single-sideband filter, overall sensitivity 
of the XL-100 increases by a factor of 5.
Or, in terms of time savings, these com
bined capabilities reduce a formerly 24- 
hour experiment to a routine 1 -hour rjn.

For further information contact your 
local Varian representative or write to: 

Varian Instruments, 611 Hansen Way, 
Box D-070, Palo Alto, CA 94303. varian

Sample■ tube 
shown actual size.
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Acidity and temperature dependence of rates of hydration and equilibrium ratios for hydration o f 1,3-cycloalka
dienes are reported over the acidity range 0.5-10.3 M  H 2SO4 . AH *  decreases by 9 kcal mol- 1  and AS* decreases 
by 12 eu over the acid range 0.5-5.6 M  H 2 SO4 . Above 5.6 M  H 2 SO4  the decrease in AG* is due almost solely to AS* 
increasing by 20 eu. Plots o f A if*  vs. AS* are linear with slopes (/?) o f 670 and 80 over the respective acidity ranges. 
Changes are ascribed to a dielectric solvation effect in dilute acid being overcome by increasing solvent structure 
as availability o f water decreases below 7:1 P^CkPLStL mole ratio. Kinetic acidity dependence is consistent with 
significant but incomplete proton transfer in the transition state for hydration. Acidity dependence of the equilibri
um ratio is not described by known combinations of acidity functions H r , H e ,  and/or H r o h , suggesting that triaryl 
carbinols are poor models for 2-cycloalkenols regarding activity coefficient behavior. Evidence is presented indica
tive o f alcohol protonation becoming significant in about 40% H 2 SO4 , provided the quantity aH+/D//ROH2+ is nearly 
independent o f acidity— this requires that / d / / r o h 2+ decrease be dramatic. AG is nearly independent o f acidity; 
however, AH  and AS change in exactly the same manner as Cp (solv) and all exhibit a minimum value at H 2 O: 
H 2 SO4  =* 7:1.

An excellent recent review observes that sulfuric acid so
lutions as solvent for acid-catalyzed reactions demonstrate 
properties which are unparalleled in toto by any other single 
acid medium. 1 It is for this reason that more data exist for 
reactions in moderate to concentrated sulfuric acid than for 
any other mineral acid. However, in many ways H2SO4 solu
tions are far from the ideal acidic medium. In addition to the 
often noted tendency of concentrated H2SO4 solutions to 
sulfonate or oxidize solutes, the thermodynamic properties 
of the solvent change markedly with changing acid concen
tration. There exist several cases where, for example, p K a data 
are obtained in H2SO4 (using an acidity function treatment) 
and only later is it observed that totally different results are 
obtained in HCIO4.2 Often the cause of “anomalous” behavior 
in H2SO4 solutions has not been determined. For these reasons 
we wish to report on a thermodynamic study of a reaction 
previously investigated in HCIO4 solution.3 That closely 
similar behavior in HCIO4 and H2SO4 solutions is found 
confirms the assumption that sulfonation or oxidation reac
tions do not compete with the reaction of interest.

Of particular relevance to our study are the changes in 
solvent molar energy terms with increasing H2SO4 concen
tration.4 To our knowledge, no explanation has been proffered 
for these changes, in terms translatable to influencing an 
acid-catalyzed reaction rate. The method employed in this 
report is to establish whether changes in enthalpy and entropy 
as determined by kinetic and equilibria studies parallel 
changes in solvent enthalpy or entropy terms. The conclusion 
suggested is that although the nature of the solvent is changing 
markedly, measured changes in enthalpy and entropy of ac

tivation are explainable simply in terms of medium effects on 
a chemical reaction.

Previous discussions of the acidity dependence of reactions 
in acid media have been limited to the acidity function 
treatment, which allows discussion of changes in free energies 
as indicated by changes in activity coefficient ratios.1,5 The 
present study discusses entropic and enthalpic contributions. 
The rather smooth overall changes in free energies observed 
arise from compensating changes in enthalpy and entropy 
terms.

Experimental Section
M aterials and K inetic M ethod. Substrates were obtained from 

Aldrich Chemical Co. and were molecularly distilled. The procedure 
for 1,3-cyclohexadiene has been described previously . 3  1,3-Cyclooc- 
tadiene was more conveniently handled as ca. 10- 2  M  solution in 
ethanol; concentrations of ethanol in final kinetic solutions of acid 
were <5% and did not affect the reaction rate significantly. The 
general kinetic method was that reported earlier. 3

P roduct Analysis. The reaction being studied is eq 1. That the 
product is indeed 2 -cycloalkenol rather than a diol was confirmed (as 
in an earlier study ) 3 by noting that (a) products exhibited a strong 
short-wavelength absorbance and (b) corresponding cycloalkenes are 
not measurably hydrated nor are cycloalkanols dehydrated under 
conditions used in this study. fe„bsd f ° r 1,3-cyclohexadiene in 2.56 M 
H 2 SO4 at 80 °C is >104  that of cyclohexene . 7 Both observations 
support the rapid reversible hydration of 1,3-cycloalkadienes in acidic 
media to form 2 -cycloalkenols (eq 1 ).

Attempts to extend conditions reported in Table I (higher acidities 
and temperatures) failed because of the incursion of other, as yet 
uncharacterized, reactions. For example, 1,3-cyclohexadiene and
1 ,3 -cyclooctadiene upon standing for 15-20 half-lives in > 6  M  H 2 SO4 

yielded pink and yellow solutions. These reactions are presumably
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Table I. Values o f  feobs(j and Equilibrium Ratios 
([ Prod ] / [ Reactant ] )a

[2-cycloalkenol]
104 feQbsd [1,3-cycloalkadiene]

20 °C

4.04 6.16 5.82
5.64 54.9 12.6

10.3 30.4 2.90

O0OCO

4 .04 16.2 8.76
5.64 148 13.7
9.21 13.2 3.07

10.3 92.4 5.08

o 0 O

2 .56 8.27 4.23
4.04 50.6 6.31
5.64 359 12.8
7.02 1.29 2.88
8.00 5.49 3.59
9.21 43.2 4.87

10.3 262 7.51

aoOto

1.05 2.34 3.43
2.56 23.4 4.47
4.04 114 7.28
7.02 3.79 3.93
8.00 17.3 5.28
9.21 111 8.01

60 °C

0.51 2.33 2.45
1.05 8.66 2.46
2.56 59.8 4.24
4.04 246 5.59
5.64 1.22 3.55
7.02 9.99 4.74
8.00 45.8 5.61
9.21 255 11.1

70 °C

0.51 8.46 1.92
1.05 25.0 2.65
2.56 157 4.45
4.04 678 8.72
5.64 2.90 4.29
7.02 27.8 5.62
8.00 116 8.35
9.21 492 16.4

80 °C

0.51 23.0 1.99
1.05 60.9 2.56
2.56 311 .52 4.98 .68
4.04 1.59 1.53
5.64 6.15 4.77
7.02 41.6 5.96
8.00 195 13.6

a Mean values measured at Amax o f  diene; average devia
tion o f  replicate measures <(5%.

linked to the increasing concentration of cycloallylic ions as sulfuric 
acid concentration increases.8- 10 The uv-visible spectra of these so
lutions evidenced broad multiple absorption bands over the entire 
range 500-200 nm; further discussion of these kinetic results is de
ferred to a time when the reaction products can be characterized. All 
data within Table I reflect clear hydration-dehydration over 8-10 
half-lives of reaction time; i.e., data reported in Table I are for eq 1.

R esu lts

The reactions investigated are reversible and at equilibrium 
the product concentration is generally greater than that of 
reactant. Pseudo-first-order rate constants were obtained in

1,3-cycloalkadiene 2 -cycloalkenol
the traditional manner3 by following decreasing absorbance 
at Amax of cycloalkadiene; linear first-order kinetic plots were 
obtained for 3 half-lives (or longer) of reaction time. Since 
reactant (1,3-cycloalkadiene) is the only species absorbing 
light significantly at the wavelengths used to follow the re
action, calculation of the equilibrium ratio is considerably 
simplified.

[2 -cycloalkenol] _  A0 -  A e ^
[1,3-cycloalkadiene] A e

where Ao = absorbance at time zero, Ae = absorbance at 
equilibrium (i.e., at time “ infinity” ) and concentrations of 
species refer to the equilibrium state.

Normally Ao — Ae can be obtained most accurately by ex
trapolating the first-order rate plot back to zero time (i.e., time 
of mixing); however, for slower reactions particularly, the same 
value can be obtained by measuring A0 immediately upon 
mixing.

Having measured the pseudo-first-order observed rate 
constant and the equilibrium ratio, the rate constant for hy
dration may be calculated using the following relationships.11

f c o b s d  “  f c h y d  +  fc d e h y d  ( J )

[2 -cycloalkenol] _  fchyd 
[1,3-cycloalkadiene] f c d e h y d

where fchyd = rate constant for the forward reaction in eq 1  and 
f c d e h y d  = rate constant for the reverse reaction in eq 1 .

In most instances the equilibrium ratio is considerably 
greater than unity and therefore fchyd is more precisely defined 
than fcd e h y d  (i-e., fcd e h y d  is the small difference between the two 
larger rate constants, f c 0 b sd  and f c h y d , in eq 3 ) .  As a conse
quence, this paper for the most part discusses effects of 
structure and solvent on rate constants for hydration.

Thermodynamic Parameters. Usual treatment of the 
dependence o f  fchyd on temperature3 yields enthalpies and 
entropies of activation. Table II displays values resulting from 
a least-squares analysis of the data. Values are in a range 
typical for alkene hydration.3

Since equilibrium ratios in Table I are of a size allowing 
precise measurement (< ±5% for K  <  10), thermodynamic 
parameters for equilibrium 1 were calculated using eq 5.

AH  — T AS  = —R T  In -  [2-cycIoalkenoll (5)
[1,3-cycloalkadiene]

Of course, the same thermodynamic parameters are obtain
able by treating fcd e h y d  (from eq 3 and 4) in the traditional way 
and comparing activation parameters for hydration and de
hydration. Use of eq 5 is more direct since equilibrium 1  is 
discussed in a subsequent section; however, it must be re
membered that a standard deviation of ±0.5 kcal/mol for AH *  
^  25 kcal/mol is a different order of precision than ±1 kcal/ 
mol for AH  = 0.5 kcal/mol. That is, although equilibrium ra
tios and rate constants can be measured with comparable 
precision, the former is much  less sensitive to changes in 
temperature (i.e., AH  < A H *). This is just another way of 
stating that AH  is the rather small difference between two 
much larger AH *  values, those for hydration and dehydration. 
In general, the same conclusions hold for AS  as well.

For our discussion, use of A denotes A H *  and/or AS* cal-
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Table II. Thermodynamic Parameters'*
1,3-Cyclohexadiene 1,3-Cyclooctadiene

[h 2s o 4 AHe A m b ASc A34& m h 2s o 4 A H C a m b A Sc A S*b

0.51 -3 .5 25.1 - 9 -1 .1 4.04 20 .8 -17 .4
1.05 —3.0 23.3 -7 -3 .6 5.64 3.5 19.0 13 -20 .6
2.56 1 .0 19.8 6 - 1 0 .0 7.02 4.1 19.8 15 -13 .8
4.04 0.4 18.0 5 —12.2 8.00 6.8 20.3 24 -9 .1
5.64 0 16.5 5 —12.9 9.21 8.6 19.3 31 -8 .5

10.3 8.7 20.7 32 —0.2
a Calculated at 25 °C, standard deviation in enthalpies and entropies <0.5 kcal mol"1 and <2 eu, respectively, b Calculated 

from pseudo-first-order rate constants for hydration (eq 3 and 4 and ref 1). c Calculated from equilibrium ratios (eq 2 and 
5), standard deviations in enthalpies and entropies <1 kcal mol-1 and <4 eu, respectively.

culated from rate data; a b sen ce  of 4* denotes AH  and/or AS 
calculated from equilibrium data. Use of AH °  and/or AS° is 
avoided, since none of our data can be related meaningfully 
to standard state.

Acidity Dependence. Earlier rigorous discussions of 
acidity dependence of olefin protonation and hydration12“14 
presumably applies to these reactions as well, and therefore 
extensive comment as to whether H o  is an appropriate acidity 
function is unnecessary. Suffice it to say that plots are rea
sonably linear over the acidity ranges studied and that slopes, 
d(log A hyri)/—d(—A/q), approximate unity.

Our data was also plotted against H c , a recently defined 
acidity function based on protonation of carbon bases (mainly 
substituted azulenes).15 While fairly linear, d(log k)/d(—H c)  
=* 0.6, and thus it appears that H 0 is still as good or better for 
describing the acidity dependence of rate-controlling proton 
transfer to olefins as any acidity function available. Use of H q 
has certain advantages, since it has been more widely studied 
and thus is the most closely defined acidity function. Of par
ticular relevance to our study is the change in H o  with in
creasing temperature. d(—H o)/ d (T ) has recently been de
fined:16 using these values for H 0, d(log k )/d(~H 0) ~  1.3 in 
moderately concentrated sulfuric acid solutions. Although 
plots of - H o  vs. log &hyd are reasonably linear, there appears 
to be slight upward curvature with increasing acid concen
tration [i.e., d(log k)/d(—Ho) — 1.1 in dilute acid solution,
0.5-3 M]. While d (—Ho)/dT  is a significant quantity, it 
changes rather regularly with both increasing temperature and 
increasing acid concentration; thus using H o values at 25 
OQ16-18 correlate rate data obtained at 80 °C d(log k)/  
d(—H o) = 1.05; using H q values at 80 °C16 the plot curvature 
is about the same and d(log k)/d(—H 0) =  1.15. The conclusion 
is, then, that in a few marginal cases temperature effects on 
acidity dependence may lead to erroneous conclusions, but 
the approximate nature of d(log k)/d(—Ho) correlations pre
cludes serious complications.

The cause of decreasing H o with increasing temperature is 
interesting. A significant amount of the change (20-40%) is 
attributable to changing concentration of H2SO4 as the tem
perature is increased; i.e., p25/p 100 = 1.04.16 Since correlations 
of H 0 and/or log k with, say, [H2SO4] always refer to [H2SO4] 
as titrated at 25 °C, rate data obtained at 100 °C in x M H2SO4 
shou ld , for appropriate correlation, correlate with H 0 values 
at 25 °C for 0.96* M H2SO4. As mentioned above, however, 
such corrections are sufficiently minor as to be unwarranted. 
The rest of the change of H 0 with increasing temperature (the 
majority) must lie in the activity term of the definition. This 
is corroborated by the fact that d (-H o )/ d T  ^  d(—Hr) / 
dT. 16.19 For example, 2% H2SO4 behaves 0.10 H r  units and
0.03 H 0 units w ea k er  an acid at 45 °C, whereas 70% H2SO4 
behaves 0.49 H r  units s tron g er  and 0.35 H 0 units w ea k er  an 
acid at 45 °C .16’19 Clearly differences in temperature depen
dence of acidity functions become increasingly significant as 
acid concentration increases. The consequence of this result 
is clear: d iffe r en ces  in acidity function behavior can only be

discussed near 25 °C or for cases where the temperature de
pendence of the acidity function is known. For this reason, our 
later discussion of H r  — H e  is in reference only to data at <40 
°C.

One further point requires brief elaboration. Variation of 
H o with temperature may be expressed as d(—H o)/d(l/T ) and 
is thus incorporated into the experimental AH *  value. For
tunately d(—H o)/ d (l/ T ) values are known to be small.16 The 
maximum effect in our study is in 10.3 M H2SO4 where 
d (-H 0)/d (l/T ) = 1.28 X 10“ 3 deg“ 1 and d (\ o g k )/ d (-H 0) =* 
1.4; the corresponding maximum contribution to A H *  is 8 X 
10“ 6 kcal mol“ 1. Consequently, all such insignificant contri
butions to A H *  are ignored.

Discussion
The mechanism of hydration of 1,3-cycloalkadienes has 

been proposed as in Scheme I,3-20 where . . .  refers to partial 
bonding, D designates 1,3-cycloalkadiene, DH+ designates 
cycloallylic carbonium ion intermediate, ROH2+ designates 
protonated 2-cycloalkenol, and ROH designates 2-cycloalk- 
enol.

As developed elsewhere,3,20 the extent of D-H  bond for
mation in tr+ is significant, but not complete. Thus in subse
quent discussions relating to solvation of tr+, the solvation 
energy of tr+ is found to be closer to that for alcohols than to 
the very large solvation energy for protonated alcohols.

It is assumed throughout our discussion that medium de
pendence of hydration of 1,3-cyclohexadiene is essentially 
equal to that of 1,3-cyclooctadiene; i.e., the solvation energy 
of tr+ is reasonably similar for these two compounds. This 
rational assumption is experimentally corroborated by data 
in Table II: heats and enthalpies of hydration, while not equal, 
change comparably over the range 4-6 M H2SO4.

Kinetic Acidity Function Treatment. The quantity d(log 
fehyd)/d(MH2so4) is greater than d (-H 0)/d(M H2sO4) and less 
than d(—/fR)/d(MH2S04)- Thus, as observed previously for 
other olefin hydrations, the activity ratio term /n //tr+ increases 
relative to / b / / b h + and decreases relative to / r o h / / r + or f c f
f c  H+-

fchyd = kltlH+/D//tr+ (6)

H o = - log  £ih+/b/ / bh+ (7)

H r  = —log (uh+/aH2o) (/roh/ f R+) (8)

H e  = —log uh+/ c/ / ch+ (9)

where k hyd = experimental rate constant for hydration of
1.3- cycloalkadienes, k i  = thermodynamic rate constant for 
rate-controlling proton transfer to 1,3-cycloalkadiene, oh+ = 
activity of “ proton” , / d = activity coefficient of 1,3-cycloal- 
kadiene, / tr+ = activity coefficient of the transition state for
1.3- cycloalkadiene hydration. H q, H r , and H e  are acidity 
functions based on anilinium ion (BH+ ) ,17 and aryl carbinol 
(ROH)24 ionization and azulene (C) protonation,15 respec
tively.
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Scheme I Table III. Activity Coefficient Behavior o f Olefins,
+ Alcohols, and Protonated Alcohols

k 1 Log
+  h3o+ ^ D---H-- -0

k ,
Log (°H +f c l LogL hJ* M h 2S O „ (o w / d /Zr o h R /E tO H 2 + )6 (equil ratio)c

(tr+) 0.51 -0 .1 0  (-0 .09)
_l_ k 2 + 1.05 -0 .1 4  (-0 .12)

DH+ +  H20 ^  ROH, ■ 2.56 -0 .4 9  (-0 .42) -0 .1 4  (—0.07 yi
k -2 4.04 -0 .8 1  ( - 0 .6 6 ) 0 .20 0.04 (0.18)d

b . 5.64 —1.01 (—0.73) 0.39 0.34 (0.62 ) d

roh2 +  H,0 ^  ROH +  HO 7.02 -1 .0 2  (-0 .58) 0.74 0.46 (0.89)
k - 3 8.0 0 -1 .3 4  (-0 .76) 0.69 0.56 (1.14)

9.21 —1.65 (-0 .85) 0.75 0.69 (1.49)
This is perhaps most easily understood in terms of a greater 10.3 -2 .01  (-0 .96) 0.76 0.88 (1.92)

solvation requirement for tr+ than for CH+, but less than for 
BH+ (although to be precise, this statement m ust be made 
relating f tr+ to fn , / c h + to f c ,  and / b h + to / B, since it is im
probable that / d changes with increasing acidity just as f c  or 
/ b )-25 The conclusion reached, then, is that tr+ is solvated 
more than a carbonium ion but less than a primary anilinium 
ion, which is, of course, consistent with the structure of tr+ 
given in Scheme I incorporating a H30 +/H 20  intermediate 
species partially bonded to the 1,3-cycloalkadiene. A further 
conclusion regarding extent of proton transfer is implied by 
noting that activity coefficient ratios change with increasing 
acidity according to the order / r o h / / r + >  / c / / c h + >  /n / / t r +  >  
/ b / / b h + »  / r o h / / r o h 2+, where the latter ratio refers to the 
recently defined acidity function for ethanol protonation, 
H r o h -21 This order is only consistent with tr+ having signif
icant proton transfer; i.e., tr+ does n ot possess sites of such 
great solvation energy as ROH2+ possesses and thus a signif
icant lessening of positive charge on oxygen is indicated in tr+. 
This is in agreement with the solvent isotope effect & h 2o /& d 2o  
= 2.320 and the measured Bronsted a  of 0.7-0.8 for hydration 
of isobutylene23 and styrenes.14'22

Equilibrium Acidity Function Treatment. Dependence 
of the equilibrium ratio (4) on acidity is rather complex, but 
suggests that i f  alcohols are protonated in <10 M H2SO4 so
lution, the activity coefficient / roh2+ must be d ra m a tica lly  
medium dependent. Under our experimental conditions, the 
equilibrium ratio measured using eq 4 and Scheme I is
[ROH] + [ROH2+] 

[D] k - 1k -.2k -3
qw/ d/ / roh

+ k\k2 f  D
k - i k - 2  / rOH2+

( 10)

In very dilute acid, ROH2+ terms drop out and the equilibrium 
ratio should change as ow/ d/Zroh- Several measurements 
given in Table I show the equilibrium ratio in 0.5 and 1 M 
H2S0 4 to be virtually equal (as eq 10 predicts, since aw/ri/ 
/ roh is nearly constant over that region). By comparing 
acidity functions, it is possible to see quantitatively how terms 
similar to those in eq 10 behave. Using definitions given by eq 
8 , 9, and 11

ifR O H  -  - log aH +/EtOH //EtOH 2+ (H)
H r  -  H e  = log (o w / c /Ze o h ) (1 2 )

H r  — H e  — i f r o h  — log a w  = log ( a h +/ c / f EtOH2+) (13)
Equations 12 and 13 do not show log (/r+//ch+) and log 
(/eíOh/ / roh) terms, since it is customary to assume that 
changes in these terms are minimal relative to changes in eq 
12 and 13; i.e., medium dependence of protonated azulene 
CH+ and triaryl carbonium ions is comparable, as is that of 
ethanol and triaryl carbinols. Table III lists these quantities 
along with log (equil ratio), eq 10. P rov id ed  that azulenes are 
good models for 1,3-cycloalkadienes, triaryl carbinols are good 
models for 2 -cycloalkenols, and protonated ethanol is a good

a H r — H q , eq 12 in text. Numbers in parentheses are 
H r — H c  — log aw = log /c/fROH- b H R — H c — H  roh ~  
log aw. eq 13 in text. c Equation 10 of text. Values in pa
rentheses are log (equil ratio) — log aw- d Values norma
lized to fit on 1,3-cyclooctadiene scale; value of 2.2 for 
equilibrium ratio in 5.64 M H2S0 4 was obtained by ex
trapolation of 1,3-cyclooctadiene values in Table I.

model for protonated 2 -cycloalkenols, log (equil ratio) should 
decrease somewhat (according to H r  — H q) until protonation 
of 2 -cycloalkenol becomes significant, at which time a slight 
leveling off should be observed (according to H r — H e  — 
H roh — log aw)- Clearly log (equil ratio) does not behave as 
predicted by the H r , H e , and/or H roh functions; however, 
the behavior is as close as could be expected considering what 
is now known about the above “ customary assumptions” . 
Yates has recently compiled data demonstrating that even 
among solutes of similar charge or functional grouping, ac
tivity coefficient behavior is a complex function of dielectric, 
solvation, and bulk effects.25 Therefore the data in Table III 
are suggestive of minimal changes in log (ow/ c/ / roh) and log 
(aH+/c//ROH2+) terms, which is consistent with the observed 
changes in log (equil ratio). Qualitatively, it is surprising that 
log (/c/ / roh) decreases with increasing acidity; the data 
compiled by Yates shows the quantity /b e n z e n e / /b e n z y i  a lc o h o l  

increasing with increasing acidity. Before any data of the type 
in Table III (excluding our experimental data) can be dis
cussed semiquantitatively, more data similar to the compi
lation by Yates is required.

The conclusion from data in Table III is that no acidity 
function or combination of acidity functions adequately de
scribes changes in the equilibrium ratio. Q u a lita tiv ely , it 
appears that / d/ / roh increases somewhat with increasing 
acidity, but that the quantity oh+/d/ / roh2+ is rather insen
sitive to acidity (which requires the latter activity coefficient 
ratio to decrease dramatically as acidity is increased). This 
accounts for the difficulty encountered in actually observing 
protonation of alcohols by the several methods attempted:26- 32 
protonation occurs over such a broad range of acidity that 
accompanying medium effects are truly massive. Data in 
Table III are consistent with protonation of 2-cycloalkenols 
becoming significant in 5.64 M (42%) H2S 04.

Enthalpy and Entropy Changes. Thermodynamic data 
have been reported for H2S04_ solutions as partial molal 
quantities; i.e., CP (H2S04) and CP (H20) and S  (H2S04) and 
S  (H20). However, quantities actually measured are, of course, 
those of the solvent. However, H2S04 solutions are n ot merely 
mixtures of H2S0 4 and H20  molecules, but rather complex 
mixtures of H2S04, HS04~, H30 +, H90 4+, H20 , etc., and of 
a composite nature varying with acid concentration. Therefore 
we preferred to use quantities CP (solv) and S (solv) which 
refer to experimental quantities obtained by others but re
ported differently by them. Figure 1 shows changes in solvent 
heat capacity and entropy. The complex change in C p  (solv) 
is truly remarkable and well outside experimental error. 
Simplistically, Figure 1  shows that i f  there were a mechanism
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Figure 1. Plot of solvent entropy (Ssoivent, cal/deg mol solvent, top 
portion) and solvent heat capacity (Cp (solvent), cal/deg mol solvent, 
bottom portion) vs. molarity of sulfuric acid in water. Data calculated 
from ref 4,1 mol of solvent = (X  mol H2O + Y  mol HiSOil/l-X + Y).

for the solvent to transfer energy from the heat term directly 
toward progress on the enthalpy reaction coordinate, 4 M 
H2SO4 would have a lower AH* than 1  M H2SO4 by an 
amount well within our experimental error (±500 cal mol“ 1). 
Consequently this d irec t energy transfer process can be ig
nored. Secondly, i f  whatever changes in solvent that cause Cp  
(solv) to change also affect the enthalpies in the chemical re
action, changes in Cp  (solv) may parallel changes in AH* or
AH. Similar logic holds for entropy terms. Figures 2 and 3 
show changes in AH*, AH, AS*, and AS as a function of 
H2SO4 molarity. Clearly, changes in Figures 2 and 3 do not 
always parallel changes shown in Figure 1. The conclusion 
reached, then, is that changes in entropy and enthalpy of
1,3-cycloalkadiene hydration are explanable in terms of me
dium effects on enthalpy and entropy reaction coordinates. 
That is, the foregoing discussion justifies the assumption that 
changes in thermodynamic parameters observed do not reflect 
changes within the solvent alone. This allows discussion of not 
just the free energy changes, as is customary in acidity func
tion treatments (activity coefficient ratio changes, etc.), but 
of the relative contribution of enthalpy and entropy to the 
overall smooth change in free energy (reflected as a smooth 
increase in fn/ftr* and / d / / r o h  terms).

Activation Parameters. Clearly, the medium dependence 
of AH* and AS* does not parallel changes in comparable 
solvent thermodynamic properties (cf. Figures 1 and 2). Both 
AH* and AS* d ecrea se  up to 6 M H2SO4. A plot of AH* vs. 
AS* is linear through 5.6 M H2SO4 with a slope (/l)33 of 670, 
indicating that changes in AH* predominate over compen
sating changes in AS*. Beyond 5.6 M H2SO4 the data show 
some scatter but a new line appears to be established of slope 
80, indicating that changes in AS* predominate over com
pensating changes in AH*. Thus the rather smooth change 
in free energy observed (as reflected in continuously increasing 
fu lfi l*  ratios, for example) is attributed to enthalpy decrease 
up to 5.6 M H2SO4 and entropy increase beyond 5.6 M H2SO4. 
Further, the linear relationship of AH* and AS* suggests a

Figure 2. Plot of entropy of activation (AS*, cal/deg mol, top portion) 
and enthalpy of activation (AH*, kcal/mol, bottom portion) vs. mo
larity of sulfuric acid in water. Smooth curve represents data in Table 
II, considering error limits and normalizing AH* and AS* for 1,3- 
cyclooctadiene to scale for 1,3-cyclohexadiene (e.g., AH* plotted >5.6 
M H2SO4 = AH* (1,3-cyclooctadiene) — 2.5 kcal mol“ 1. The amount
2.5 kcal mol“ 1 is the difference between the AH* values for the two 
compounds at the common acid molarity 5.64 M).
common source of medium dependence. In moderately con
centrated acid solution (5.6-10.3 M) the increasing entropy 
of activation is qualitatively consistent with Scheme I: an 
H:»0 + species is formally bonded to the substrate in the 
transition state, the increasing entropy arises from the less 
strongly solvated tr* relative to H30* (the H20:H 2S0 4 molar 
ratio changes from 7.5:1 to 2.9:1 over this region).4 The slight 
increase in AH* is scarcely outside experimental error over 
this range.

Rationalization of changes in AH* and AS* in dilute acid 
(0.5-5.6 M) is more complex, but still consistent with Scheme
I. The increase in ftt/fu* ratio was explained in terms of sol
vation requirement for tr+ being intermediate to that of triaryl 
carbinols and anilinium ions: that is reflected in an overall 
d ecrea se  in AG* over this acid range. Water is present in ex
cess over this range of acidity ([H20 ]:[H2S0 4 ] changes from 
55:1 to 7.5:1):4 decreasing AS* reflects incorporation of the 
solvent aggregates in the transition state, an effect which 
appears to be rather dramatically overcome by increasing 
solvent structure above 5.6 M H2SO4. The 9 kcal/mol decrease 
in AH* over the dilute acid range is consistent with a dielectric 
effect (a greater '“salting-in” of tr* than reactants). However 
as water becomes less capable of solvating tr+, the dielectric 
effect is compensated for by loss of solvating ability and AH* 
appears nearly medium independent beyond 5.6 M H2SO4, 
The common source of AH* and AS* changes, then, is capa
bility of water to solvate ions in solution. In this regard it is 
striking that the minima in the curves of Figure 2 occur at 
H20 :H2S0 4  molar ratio of 7:1. Assuming that three water 
molecules are needed to solvate the three partially negative 
oxygens of HSO4“  and four water molecules are needed to 
solvate the three partially positive protons of H30 +, the total 
requirement is 7:1 = [H20 ]:[H2S0 4 ].

Medium dependence of AH* and AS* suggest that the 
availability of water as solvating agent controls changes in 
AH* and AS*. Further, these quantities do not change con
tinuously over normal acidity ranges studied but seem to be 
quite sensitive to solvent structure, as determined by existence 
of ‘ ‘free water” (water molecules not specifically solvating a 
5* H -0  or a <5“  O-S).
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Figure 3. Plot of entropy (AS, cal/deg mol, top portion) and enthalpy 
(AH, kcal/mol, bottom portion) calculated from the equilibrium ratio 
vs. molarity of sulfuric acid in water. Smooth curve represents data 
in Table II, considering error limits and normalizing AH and AS for 
1,3-cyclooctadiene to scale for 1,3-cyclohexadiene (e.g., AH plotted 
>5.6 M H2SO4 = AH (1,3-cyclooctadiene) -  3.5 kcal mol-1. The 
amount 3.5 kcal mol- 1  is the difference between the AH values for 
the two compounds at the common acid molarity 5.64 M H2SO4).

Equilibrium Thermodynamic Parameters. Medium
dependence of AH  and AS parallels changes in Cp  (solv), as 
evident from Figures 1 and 3. A plot of A H  vs. AS  is linear and 
the slope is 265; that is, changes in A H  are almost compen
sated for by changes in AS and the overall AG is nearly con
stant (which is reflected by the very small change in log (equil 
ratio) in Table III). It is striking that the curves in Figures 1-3 
exhibit minima at about 6 M H2SO4 ([H20 ]:[H2S0 4 ] on 7:1). 
Further, the linearity of A H  and AS over the entire acidity 
range suggests that changes in AH, AS, and Cp (solv) with 
acidity have a common source over the range. It is possible, 
of course, that the changes in A H  and AS are fortuitously 
similar to changes in Cp (solv): the former may change because 
of significant protonation of 2-cycloalkenols above 4-5 M 
H2SO4. We prefer to link AH, AS, and Cp  (solv), but available 
data do not justify any conclusions. In other words, there are 
sufficient open parameters to explain a n y  medium depen
dence in Figure 3. Therefore we merely report the above ob
servations with the comment that sulfuric acid solutions,

based on these thermodynamic properties, seem to undergo 
a definite sort of solvent change at ~ 6  M H2SO4.
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The relative reactivity of various aromatic compounds toward styrene in the presence of palladium(II) acetate 
has been examined by competitive reactions. The order of reactivity is benzene < naphthalene < ferrocene < furan. 
This result and the effect of substituents on the reactions of monosubstituted benzenes with the olefin are similar 
to those of electrophilic aromatic substitution, which suggests that the present reaction involves an electrophilic 
attack of Pd11 on the aromatic ring to form an aromatic palladium <r complex.

In 1967 we reported a novel class of reactions wherein the 
double bond of olefins undergoes substitution reactions with 
aromatic compounds in the presence of palladium(II) salts, 
and opened a new area of the palladium-promoted reactions 
between aromatic compounds and olefins.2

Heck reported the related arylation reaction of olefins with 
arylating agents such as arylmercuric halides in the presence 
of group 8 metal salts, especially those of palladium.3 Most 
recently, Heck et al. also described that aryl halides could 
react as an arylating agent.4 In our reaction, the aromatic 
compound itself reacts with the olefin. It has been found that 
benzenoid as well as nonbenzenoid aromatic compounds un
dergo this reaction.5

Although the addition-elimination mechanism has been 
proposed for this type of reaction,3 the nature of the first step, 
forming an aryl-palladium a complex, is not yet fully under
stood. To help to clarify this point, we have investigated the 
reactivity of the various aromatic compounds, and the sub
stituent effect on the reactivity of monosubstituted benzenes 
in the aromatic substitution reaction occurring between aro
matic compounds and olefins.6

The reactivities of benzene, naphthalene, ferrocene, and 
furan toward styrene and the substituent effect on the reac
tions of monosubstituted benzenes with the olefin are similar 
to those of the electrophilic aromatic substitution. Hence we 
conclude that this reaction involves electrophilic aromatic 
substitution as the first step to form an aromatic Pd a com
plex, followed by its addition to the olefin and elimination of 
a Pd-H unit.

Results
Reactivity o f Benzene, Naphthalene, Ferrocene, and 

Furan toward Styrene. The reactivity was investigated by 
competitive reaction using styrene, which is most reactive, as 
the standard olefin and equimolar amounts of the aromatic 
substrates. The results are summarized in Table I.

From the reaction of benzene and naphthalene, tra n s -2- 
styrylnaphthalene7 (2 ) and trans-stilbene (1 ) were obtained 
in 20 and 5% yields, respectively, together with a 11% yield of 
tra n s ,irans-l,4-diphenylbutadiene (3).9

From the competitive reaction of naphthalene and ferro
cene toward styrene, we obtained a 19% yield of tra n s -styr- 
ylferrocene (4) and a trace amount of 2 with 8% yield of 3.

Ferrocene and furan led to tra n s -2 -styrylfuran (5) and 
tra n s,trans-2,5-distyrylfuran (6) in 15 and 40% yields,10 re
spectively, and no product derived from ferrocene was de
tected indicating that furan is far more reactive than ferro
cene.

From these results, we estimate the order of reactivity as 
benzene (1) < naphthalene (4) < ferrocene (100) < furan

Table I. Com petitive R eaction  o f Benzene, Naphthalene, 
Ferrocene, and Furan tow ard Styrene in the Presence o f 

Palladium Acetate

Aromatic compd Product and yield,“ %

Benzene vs. naphthalene6 1, 5; 2, 20
Naphthalene vs. ferrocene“ 4,19; 2, trace
Ferrocene vs. furan 5,15; 6,40

8 Yields are based on styrene. 6 An 11% yield o f 3 was also 
formed. c An 8% yield of 3 was also formed.

Table II. R eaction  o f M onosubstituted Benzenes w ith 
Styrene in the Presence o f  Palladium Acetate

Monosubstituted
benzene trans-Stilbene Yield, %d

Toluene o-Methylstilbene 17
m -Methylstilbene 24
p  -Methylstilbene 33

Ethylbenzene“ o-Ethylstilbene 11
m -Ethy lstilbene 23
p-Ethylstilbene 48

Anisole o -Methoxystilbene 30
m -Methoxystilbene 5
p -Methoxystilbene 48

Chlorobenzene6 o -Chlorostilbene 10
m-Chlorostilbene 22
p-Chlorostilbene 32

Nitrobenzene“ o-Nitrostilbene 4
m-Nitrostilbene 29
p-Nitrostilbene 4

° Trace amounts of 3 and ß-acetoxystyrene were also formed. 
6 A 3% yield of 3 was also formed. c A 7% yield of 3 was also 
formed. d Yields are based on styrene utilized.

(1000) .11 The sequence of reactivity is similar to but its mag
nitude is greatly different from that of the usual electrophilic 
aromatic substitution.

Reactions of Monosubstituted Benzenes with Styrene.
On the reactions of monosubstituted benzenes with olefins, 
we briefly reported that the position of the substitution is 
controlled by the ortho-para directing nature of the alkyl 
group, and by the meta-directing nature of the nitro group.12 
In connection with the study described above, we have reex
amined the reactions of monosubstituted benzenes with sty
rene using gas chromatography equipped with FID since the 
earlier work was done using column chromatography for 
analysis of the products. Mixtures of palladium(II) acetate, 
styrene in equivalent amounts, acetic acid, and an excess of 
the monosubstituted benzenes were stirred for 8 h at 110 °C. 
The results are summarized in Table II. It was revealed that
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Table III. Competitive Reaction of Benzene and Chart I. Partial Rate Factors in the Substitutions of
Monosubstituted Benzenes toward Styrene in the Monosubstituted Benzenes with Styrene in the Presence

Presence of Palladium Acetate of Palladium Acetate

Monosub- Product“
stituted trans-Stil- 
benzene bene, % yield

Trans-monosub- 
stituted stilbene % yield

0  -Methylstilbene 11.6
Toluene 24.4 m-Methyistilbene 15.3

p  - Methylstilbene 21.6
o-Ethylstilbene 6.1

Ethylbenzene 26.3 m-Ethylstilbene 12.2
p-Ethylstilbene 18.2
0  - Methoxystilbene 26.0

Anisole 13.8 m -Methoxystilbene 3.8
p -Methoxystilbene 41.5
0  -Chlorostilbene 4.1

Chlorobenzene 42.2 m -Chlorostilbene 10.5
p -Chlorostilbene 15.0
o-Nitrostilbene 0.5

Nitrobenzene 23.9 m-Nitrostilbene 5.2
p-Nitrostilbene 0.5

“ Yields are based on styrene used.

1.00

PH

5.68

(LH;

4.15

0CH3

5.65 

0.83
18.04

cf. partial rate 
benzenes0

CH3 Cl

62 0.135

0.06

0.65 
0.13

o f  some m onosubstituted

N02

0.029 l ^ j l  18 X 10 "
0.0009 2.8 X 10'3

2 X 1(T7

Cl NO;

2.13

factors in nitration

in the cases of CH3, C2H5, and Cl groups, considerable 
amounts of the meta-substituted stilbenes were also formed 
and no remarkable ortho-para directing nature of the groups 
was observed. However, OCH3, a strong electron-releasing 
group, and NO2, a strong electron-withdrawing group, have 
a tendency to show the ortho-para and meta orientation, re
spectively.

In order to clarify the reactivity of the monosubstituted 
benzenes, competitive reactions with benzene as a standard 
were carried out. The results, summarized in Table III, again 
show general trends similar to the case of the electrophilic 
aromatic substitution.

Since it became apparent that this reaction is an electro
philic aromatic substitution, it was expected that cyclobuta
diene-metal complexes should also react with olefins. Reac
tion of tricarbonyl(7j-cyclobutadiene)iron(0) with styrene and 
Pd(OAc)2 in a mixture of dioxane and acetic acid under reflux 
for 8 h gave a 6% yield of light yellow oil, tricarbonyl(ij- 
trans-styrylcyclobutadiene)iron(O) (7).

+

Fe(CO)3

Discussion

From the data in Table III, we have calculated the partial 
rate factors as shown in Chart I.13 It is of interest that both 
direction of substitution and the reactivity are not so strongly 
influenced by the substitution on a benzene ring as in the usual 
electrophilic aromatic substitution. With respect to orienta
tion, OCH3 and NO2 groups direct ortho-para and meta, re
spectively. The electron-releasing groups increase the reac
tivity, but the difference in the reactivity is very small com
pared to the usual aromatic substitution. For example, in the 
nitration of monosubstituted benzenes, toluene is 10 6 times 
as reactive as nitrobenzene14 but in the present reaction, the 
relative rate of anisole and nitrobenzene is only 20 :1 .

In Figure 1, the Hammett plots of the logarithm of the 
partial rate factors and <r+ are shown. With respect to the para 
position, a good straight line was obtained and one can see a 
tendency characteristic of the electrophilic aromatic substi
tution. It is noted that the absolute value of p (—1.4) is some-

a J. D. Roberts and H. C. Caserio, “ Basic Principles o f  
Organic Chemistry” , W. A. Benjamin, New Y ork, N .Y ., 
1964, p 800.

what smaller than that of the usual aromatic substitution. For 
example, p values for bromination, chlorination, and Fri- 
edel-Crafts ethylation of monosubstituted benzenes are re
ported to be —1 2 .1 , 15 —8.1,16 and —2 .4,17 respectively. Al
though the small absolute p value seems to suggest a radical 
process, this possibility might be ruled out by the following 
facts: (1) Pd11 is a diamagnetic species, (2) radical inhibitors 
such as benzoquinone, t e r t -butylcatechol, or oxygen did not 
have a predictable effect on the reaction, (3) no evidence was 
obtained that ortho substitution is favored over meta and para 
substitution, which is typical of the radical process, 18 (4) an
isole is about 20  times as reactive as nitrobenzene, and both 
nitrobenzene and chlorobenzene are less reactive than benzene 
itself despite the fact that substituents on a benzene ring in
crease the substitution rate in the radical aromatic substitu
tion,18 (5) no by-products typical of the radical process were 
obtained.

These observed substituent effects and the similarity in the 
reactivity of various aromatic compounds show that the re
action represents an electrophilic aromatic substitution, and 
that the reaction would proceed via electrophilic attack of Pd11 
to a benzene ring forming an aryl-palladium <r complex.

Experimental Section
All melting points are uncorrected. Infrared spectra were recorded 

by a Japan Spectroscopic IR-E spectrometer. The NMR spectra were 
obtained by a Japan Electron Optics JNM-4H-100 or JEOL C-60 HL 
spectrometer using Me,tSi as an internal standard.

Materials. Palladium acetate was prepared according to the pro
cedure of Wilkinson and co-workers.21 Benzene, toluene, ethylben
zene, and anisole were refluxed with sodium metal and distilled. Ni
trobenzene and chlorobenzene were dried over anhydrous calcium 
chloride and distilled. Acetic acid was dried over phosphorus pent- 
oxide for 1 week and distilled through a 45-cm Widmer distilling 
column. Styrene was dried over sodium sulfate and distilled under 
reduced pressure.

General Procedure for Competitive Reaction of Aromatic 
Compounds. Mixtures of palladium acetate (10 mmol), styrene in 
equivalent amount, two aromatic compounds (10 mmol each), dioxane 
(120 ml), and acetic acid (30 ml) were stirred for 8 h at reflux. The 
resulting mixture was treated as reported already2 and the products 
were analyzed and isolated by GLC or column chromatography. 
Identities with the products formed were proven by mixture melting 
point, ir, or NMR comparison with authentic samples. The melting 
points of the styryl derivatives are listed in the following section.
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Figure 1. Plots of the logarithm of the partial rate factors k vs. a+ 
for substitution of para- (•) and meta- (©) substituted benzenes 
with styrene in the presence of palladium acetate.

Styryl-Substituted Aromatic Compounds. trans-2-Styrylna- 
phthalene (2), mp 143 °C,22 trans-styrylferrocene (4), mp 119-119.5 
°C,23 trans-2-styrylfuran (5), mp 52.5-54 °C,24 trans,trans-2,5- 
distyrylfuran (6), mp 144-145.5 °C.24

General Procedure for Reaction of Monosubstituted Benzenes 
with Styrene. Mixtures of palladium acetate (6 mmol), styrene (6 
mmol), monosubstituted benzene (60 ml), and acetic acid (14 ml) were 
stirred for 8 h at 110 °C. The resulting mixture was treated as de
scribed already2 and the products were analyzed and isolated by GLC 
and column chromatography. The products were identified by the 
same procedure described above. Properties of stilbenes have been 
reported.2

General Procedure for Competitive Reaction of Styrene with 
Monosubstituted Benzenes. Mixtures of styrene (6 mmol), palla
dium acetate (6 mmol), benzene (400 mmol), monosubstituted ben
zene (400 mmol), and acetic acid (15 ml) were stirred at 90 °C for 8 
h. The products were analyzed by GLC. The results are listed in Table
III.

Reaction of Tricarbonyl(ij-cyclobutadiene)iron(0) with Sty
rene. A solution of tricarbonyl(?)-cyclobutadiene)iron(0) (10 mmol),25 
styrene (10 mmol), and palladium acetate (20 mmol) in a mixture of 
dioxane (160 ml) and acetic acid (40 ml) was refluxed for 8 h. After 
workup, the residue was chromatographed on a column of alumina. 
Elution with petroleum ether gave the starting cyclobutadiene com
plex and the subsequent elution gave a light yellow oil. This was as
signed to be tricarbonyl(j)-irans-styrylcyclobutadiene)iron(0) (7),8 
6% yield: ir (Nujol) 2080,1970,960, 934,831, 759, and 701 cm -1; NMR 
(CC14) r 2.81 (m, 5 H), 3.55 (d, J  = 16 Hz, 1 H), 3.85 (d, J = 16 Hz, 1

H), 5.73 (s, 2 H), and 5.96 (s, 1 H). Further elution with ether gave 3 
in 16% yield. Finally elution with MeOH gave a tarry substance.

Registry No.—2, 2840-89-3; 4, 1272-54-4; 5, 21676-00-6; G, 
41082-14-8; 7, 58117-30-9; benzene, 71-43-2; naphthalene, 91-20-3; 
ferrocene, 102-54-5; furan, 110-00-9; toluene, 108-88-3; ethylbenzene, 
100-41-4; anisóle. 100-66-3; chlorobenzene, 108-90-7; nitrobenzene,
98-95-3; tricarbonyl(jj-cyclobutadiene)iron(0), 12078-17-0; styrene, 
100-42-8.
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Rate data for the reactions of aryldiethylphosphines with ethyl iodide in acetone solution, of triarylphosphines 
with benzyl chloride in benzene-methanol (3:2) solution, and of triarylarsines with benzyl bromide in chloroform 
solution are presented. A comparison with literature data reveals that rate and activation parameter profiles are 
distinctly different for anisyldialkylphosphines and anisyldialkylamines in reactions with alkyl halides, and this 
supports the concept of an important contribution to the stabilization of the transition state caused by overlap of 
a pair of 2p electrons of the oxygen of an ortho methoxy group with an empty 3d (or hybrid) orbital of phosphorus. 
A similar effect shows up in the NMR spectra of the quaternary phosphonium salts. The effects of substituents 
other than methoxy in the reactions of triarylphosphines with benzyl chloride have been evaluated in terms of the 
geometry of the transition state, the HSAB principle, and ordinary substituent and steric effects. The fact that the 
presence of a ferrocenyl group has a larger effect in the retardation of the rate of alkaline cleavage of a ferrocenyl- 
phosphonium salt than it does in the acceleration of the rate of displacement of a ferrocenylphosphine on an alkyl 
halide provides additional evidence that the transition state for the latter type of reaction lies closer to the reagents 
than to the products along the reaction coordinate of the energy profile diagram. The greater degree of anchimeric 
assistance observed in the reactions of o-anisylarsines with alkyl halides than in the reactions of o-anisylphosphines 
with alkyl halides, even though the latter reactions are fundamentally much faster, is interpreted in terms of the 
principle that increasing electron demand results in increasing electron supply when an anchimeric assistance ef
fect is operative. NMR spectral data and equilibrium considerations are also discussed with respect to the quater
nary arsonium salts formed in the alkylation reactions.

Rate data for the quaternization reactions o f  various 
triarylphosphines with benzyl chloride, benzyl bromide, and 
n -butyl chloride have been presented in previous papers.1-2 
Tw o particularly striking effects were noted. (1) The presence 
o f  an o-m ethoxy group in the phosphine causes a marked ac
celeration o f the reaction. (2) The ratio o f  the rates o f reaction 
o f  a given triarylphosphine with benzyl chloride and n-butyl 
chloride is less than 20, probably the smallest such ratio ever 
found in Sn 2 reactions o f  these halides. An explanation o f 
these effects was offered based partly on the concept o f 
overlap o f a pair o f 2p electrons o f  an o-anisyl group with a 3d 
orbital (or hybrid orbital) o f phosphorus in the transition state 
and partly on the concept that the transition state for each o f 
the reactions lies much closer to the reagents than to the 
products along the reaction coordinate o f  the energy profile 
diagram. W e now wish to present new data with respect to 
substituent and structural effects and to  evaluate these data 
in terms o f the concepts cited above.

Since triarylamines (including tris-o-anisylam ine) do not 
undergo quaternization reactions with n -butyl chloride, 
benzyl chloride, and benzyl brom ide (at least under the re
action conditions employed in our previous1-2 kinetics studies), 
we were unable in our previous papers to  make a direct com 
parison between the phosphorus and nitrogen systems. (It 
would be anticipated that the postulated 2p-3d overlap would 
not occur in the amine reactions.) Therefore, we have now 
carried out kinetics studies o f  the reactions o f  selected aryl
diethylphosphines with ethyl iodide in acetone solution. W e 
selected this system for two reasons. (1) Henderson and 
Buckler3 have developed a convenient procedure for studying 
the kinetics o f  the reaction o f the parent phosphine, phenyl- 
diethylphosphine, with ethyl iodide, and they consider this 
to be a “ normal” system, based on several criteria (correlation 
o f data by means o f the Taft-H am m ett equation, a reasonable 
reactivity-solvent polarity profile, etc.). (2) Evans, Watson, 
and W illiams4 have reported rate data for the reactions o f 
dialkylanilines with alkyl halides which can be used for pur
poses o f  comparison. Our data for the reactions o f  aryldi
ethylphosphines with ethyl iodide in acetone solution are 
presented in Table I. It is clear that the new data on the 
phosphine reactions parallel the results presented previous
ly .1-2 The relative rates o f reaction o f o-anisyldiethylphos-

phine, p-anisyldiethylphosphine, phenyldiethylphosphine, 
and m-anisyldiethylphosphine with ethyl iodide in acetone 
solution at 35.0 °C  are 6.96,1.76,1.00, and 0.91, respectively. 
By way o f contrast, the relative rates o f  reaction o f  o - 
methoxydimethylaniline, p-m ethoxydim ethylaniline, and 
dim ethylaniline with methyl iodide in m ethanol solution at
35.0 °C  are 1.88, 4.37, and 1.00, respectively.4 These d iffer
ences in reactivity profiles are readily explained in terms o f 
overlap o f the 2p electrons o f the o -m ethoxy group with an 
em pty 3d orbital (or hybrid orbital) o f  phosphorus in the 
transition state o f the reaction o f o-anisyldiethylphosphine 
with ethyl iodide, whereas there is no readily available d or
bital in the nitrogen system to provide similar stabilization 
o f the transition state.

Chock and Halpern5 have suggested that a highly polar 
transition state, one closely resembling the product, is formed 
in the “ oxidative addition”  o f  iridium phosphine com plexes 
o f  the type frans-[IrC l(C O )(P M e2A r)2] with methyl iodide. 
Therefore, the degree o f  anchimeric assistance provided by 
an o-anisyl group in this system should be m uch larger than 
that in our system, the transition state o f  which is presumed 
to lie close to the reagents along the reaction coordinate o f the 
energy profile diagram. The data o f M iller and Shaw6 illus
trate this point nicely, the o-anisyl com plex being 78 times 
more reactive than the p-anisyl complex. T he presumed 
transition state for the reaction o f  the o -anisyl com plex with 
methyl iodide is shown in Figure 1.

W e speculated in our previous paper1 that the transition 
state for the reaction o f an o-anisylphosphine with an alkyl 
halide might be o f  the type depicted in Figure 2. As an addi
tional test o f  this hypothesis, we have now investigated the 
effects o f  other substituents on the reactions o f  triarylphos
phines with benzyl chloride in benzene-m ethanol (3:2) solu
tion. The results are summarized in Table II.

The effects o f  a methyl substituent are unexceptional. A 
methyl group in the para position is mildly electron donating 
by an inductive effect. This causes a small increase in the 
nucleophilicity o f the phosphine and consequently a small 
increase in the rate o f  reaction. A methyl group in the ortho 
position obviously cannot enter into any kind o f  a direct 
bonding interaction with phosphorus in the transition state. 
T he fact that the relative rate o f  the o-toly l com pound is but
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Table I. Rate Data for Reactions of Aryldiethylphosphines with Ethyl Iodide in Acetone Solution

Registry no. Phosphine Temp, °C a k% 1. mol 1 h 16 E a AS*  (35.0 °C)

1605-53-4 Diethylphenyl 25.0 0.83 ±0.00
35.0 1.81 ± 0.00 13.5 -31 .8
45.0 3.43 ±0.00

58325-38-5 o-Anisyldiethyl 25.0 5.82 ±0.25
35.0 12.60 ±0.25 14.0 -26 .2
45.0 25.70 ±0.35

58325-39-6 m-Anisyldiethyl 25.0 0.82 ± 0.01
35.0 1.65 ±0.06 13.0 -33 .6
45.0 3.34 ±0.03

17310-20-2 p-Anisyldiethyl 25.0 1.51 ±0.01
35.0 3.19 ±0.03 13.3 -31 .2
45.0 5.96 ±0.10

“ Maintained at ±0.1 °C. b Average deviation based on at least four experimental results.

Table II. Rate Constants for Reactions of Triarylphosphines with Benzyl Chloride in Benzene-Methanol (3:2) at 31.0
± 0.1 °c

Registry no. Phosphine k% X 102, 1. mol 1 h 1 a Rel rate

603-35-0 Triphenyl 7.22s ±  0.13 1.00
5931-53-3 o-Tolyldiphenyl 2.17 ±0 .0 8 0.30
1031-93-2 p-Tolyldiphenyl 9.44 ±0 .2 6 1.31

13175-76-3 o - (Methoxymethyl) phenyldiphenvl 2.50 ±0 .16 0.35
35542-35-9 p - (Methoxymethyl) phenyldiphenyl 6.50 ±0 .19 0.90
14791-94-7 o -Thiomethoxyphenyldiphenyl 8.32 ±0 .37 1.15
35542-36-0 p -Thiomethoxyphenyldiphenyl 8.66 ±  0.25 1.20
35612-21-6 o-(Thiomethoxymethyl)phenyl- 2.04 ±0 .13 0.28

diphenyl
12098-17-8 Ferrocenyldiphenyl 20.1 ±  1.4 2.78
12278-69-2 Diferrocenylphenyl 24.1 ±  0.7 3.34

° Average deviation based on four experimental results.

6
I

Figure 1. Proposed transition state for the reaction of trans- 
[IrCl(CO)(o-anisylPMe2)2] with methyl iodide.

0.30 indicates that an unfavorable steric compression in the 
transition state has a larger influence than the small, favorable 
inductive effect o f  the substituent.

The effect o f  a m ethoxy substituent has been discussed in 
detail previously.1 T he fact that the presence o f  an o- 
m ethoxym ethyl substituent causes a decrease in the relative 
rate (0.35) can be understood in terms o f the transition state 
depicted in Figure 2. The spatial requirements o f  the extra 
methylene group forces ring A  down and to the right (in terms 
o f Figure 2) so that it crowds the methylene group o f R 'C H qX  
and also causes more interference between R and R ' groups. 
Thus, this unfavorable steric effect in the transition state 
becomes more important than the otherwise favorable 2p-3d 
overlap effect, and the relative rate o f  reaction is lowered. The 
observation that the presence o f  a p-m ethoxym ethyl group 
causes the relative rate to be slightly less than 1.00 reflects the 
fact that the m ethoxym ethyl substituent is mildly electron

Me

Figure 2. A possible transition state for the reaction of an o-anisyl- 
phosphine with an alkyl halide. Other geometries which would permit 
2p-3d overlap are also conceivable.

withdrawing in nature, thus decreasing slightly the nucleo- 
philicity o f  the phosphine.

The H SAB principle7 can be invoked to  explain why the 
presence o f  an o-M eS group has less ability to prom ote the 
rate o f reaction than the presence o f  an o-M eO  group. The 
phosphorus atom o f the developing phosphonium  cation is a 
hard acid center, and therefore overlap is more effective with 
the hard base center, OMe, than with the relatively soft base 
center, SMe. Thus, the relative rate for the o -methoxy system 
is 7.42,1>2 while that for the o-thiom ethoxy system is but 1.15. 
Also, the relatively large size o f  the o-S M e group probably 
causes the same unfavorable steric effect in the transition state 
as described previously for the o -methoxymethyl system, but 
to a smaller degree. The p -S M e group is m ildly electron d o 
nating, and its presence therefore causes the relative rate o f
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Table III. NMR Absorption Data Taken in CDCI3 Solution for the Hydrogen Atoms of the Methylene Group Directly
Bonded to Phosphorus in the Phosphonium Salts

Registry no. Phosphonium cation Anion 5, ppm ,C H 2 J PH, Hz

1100-88-5 Triphenylbenzyl c i - 5.42, d 15
14479-51-7 0 -Tolyldiphenylbenzyl c i - 5.32, d 15
13432-86-5 p -Tolyldiphenylbenzyl c i - 5.64, d 15
58325-40-9 o-Thiomethoxyphenyldiphenylbenzyl c i - 5.68, d 15
58325-41-0 p-Thiomethoxyphenyldiphenylbenzyl c i - 5.51, d 15
58325-42-1 0  - (Methoxymethyl)phenyldiphenylbenzyl c i - 5.58, d 15
58325-43-2 p  - (Methoxymethyl)phenyldiphenylbenzyl c i - 5.67, d 14.5
58325-44-3 o-(Thiomethoxymethyl)phenyldiphenylbenzyl c i - 5.76, d 14.5
58384-30-8 Ferrocenyldiphenylbenzyl c i - 5.02, d 14

3040-69-5 Phenyltriethyl I - 2.93, d of q 13
58325-45-4 o-Anisyltriethyl I - 2.82, d of q 13
58325-46-5 m - Anisyltriethyl I - 2.95, d of q 13
58325-47-6 p-Anisyltriethyl I - 2.87, d of q 13

its reaction system to  be 1.20. The presence o f  an o -C H 2SM e 
group, which combines an unfavorable steric effect with a 
relatively unfavorable H SAB effect, causes the relative rate 
to drop to 0.28.

Another (although not mutually exclusive with the H SAB 
concept) explanation for the lower reactivity o f  the o-th io- 
methoxyphenylphosphine as against the o-m ethoxyphenyl- 
phosphine lies in the strength o f  the partial bond formed in 
the neighboring group interaction o f  the ortho substituent 
with the central phosphorus atom. The energy o f  the phos
phorus-oxygen bond is substantially greater than that o f  the 
phosphorus-sulfur bon d .9

As in the reactions described previously,1,2 the A S* values 
for the reactions o f  aryldiethylphosphines with ethyl iodide 
(see Table I) are o f  greater im portance in determining the 
relative rates o f  reaction than are the E a values. An explana
tion for this effect was offered in a previous paper1 and need 
not be repeated here. Although Evans, Watson, and Williams4 
did not calculate values o f AS* for the reactions o f  the various 
dimethylanilines with methyl iodide in m ethanol solution, 
their data permit such calculations to be made. For the reac
tion o f o-m ethoxydim ethylaniline, E a =  15.9 and A S* = 
—25.5; for the p-methoxydimethylaniline reaction, E a =  14.3 
and A S* =  —29.0. In this series, it is significant that the 
greater rate o f  the p -m ethoxy com pound is attributable to a 
lower value o f E a.

The rate acceleration caused by the presence o f  a ferrocenyl 
group is relatively small. As shown in Table II, the relative rate 
o f  reaction o f ferrocenyldiphenylphosphine with benzyl 
chloride is 2.78, while that o f  diferrocenylphenylphosphine 
is 3.34. On the other hand, the relative rates o f  reaction o f 
benzyltriphenylphosphonium  iodide, benzylferroeenyldi- 
phenylphosphonium  iodide, and benzyldiferrocenylphenyl- 
phosphonium  iodide with sodium hydroxide in dim ethoxy- 
ethane-water (1:1) at 62.2 °C  are 163, 2.75, and 1.00, respec
tively.10 These results support the concept that the transition 
state for the Sn 2 reaction o f a tertiary phosphine with an alkyl 
halide lies closer to  the reagents than to the products in the 
energy profile diagram. Thus, overlap o f  the hag molecular 
orbital11 o f a ferrocenyl group with a 3d (or hybrid) orbital o f 
phosphorus in the transition state is relatively slight. However, 
in the phosphonium salts, a significant degree o f  overlap be
tween the filled molecular orbital o f  the ferrocenyl group with 
an em pty 3d orbital o f  phosphorus exists, and this results in 
a significant degree o f  stabilization o f  a ferrocenylphospho- 
nium ion, as is also true with n-ferrocenylcarbonium ions.12 17 
Therefore, the phosphorus atom o f  the ferrocenylphosphon- 
ium ion is relatively resistant to attack by the hydroxide ion 
(cf. our earlier papers18,19 for the detailed mechanism o f 
phosphonium  hydroxide decom position), and this accounts 
for the marked decrease in rate when a ferrocenyl group is one

o f the substituents bonded to the phosphorus atom. T h e fact 
that the presence o f a second ferrocenyl group does not further 
affect to any marked extent the rate o f either the Sn 2 reaction 
o f  a phosphine or the rate o f  attack o f a hydroxide ion on a 
phosphonium cation is consistent with the type o f  interaction 
depicted in Figure 2, in which only one such group can engage 
in a direct overlap interaction.

Additional support for the concept o f  2p -3d  overlap can be 
gained by examination o f  the 4H N M R  spectra o f  the phos
phonium salts form ed in the Sn 2 reactions o f  the various 
phosphines with alkyl halides. For reasons cited in the pre
vious paper,1 the chemical shift o f the methylene group d i
rectly bonded to phosphorus in the phosphonium  salt repre
sents a better probe o f the overlap than the chem ical shift o f  
a substituent on an aryl group bonded to the phosphorus. An 
upfield shift o f  the methylene hydrogen atoms is expected 
when the electron density at phosphorus is increased owing 
to an overlap effect. This anticipated effect is visible only in 
the spectra o f  the phosphonium  salts form ed by reactions in 
which anchimeric assistance is in evidence, as shown by the 
data presented in Table III. O f course, the effects may also be 
attributable in part to magnetic anisotropy o f the substituent 
groups, and therefore they may not represent clear proof o f  
the postulated overlap.

Additional insight into the potential reactivity o f  triaryl- 
phosphines with alkyl halides can sometimes be obtained by 
examination o f the ultraviolet spectra o f  the phosphines. 
Previously,1 we reported that the uv spectrum o f o-anisyldi- 
phenylphosphine possesses an “ extra”  band at 284 nm, pre
sumably attributable to intramolecular charge transfer ab
sorption. This observation presaged the 2p-3d overlap in the 
transition states o f  its reactions with alkyl halides. N o such 
extra value o f Amax has been found in the uv spectra o f  the
o-tolyl-, o-m ethoxym ethyl-, and o-thiom ethoxym ethyldi- 
phenylphosphines, and this coincides with the absence o f 
anchimeric assistance in their reactions with alkyl halides. On 
the other hand, the o-thiom ethoxy com pound does possess 
an extra uv absorption peak at 304.5 nm, which suggests that 
this group has the requisite geometry for p -d  overlap. H ow 
ever, the rate data for the reaction o f  this com pound with 
benzyl chloride (Table II) show but a small enhancement o f  
S n 2 reactivity. Apparently, the proper spatial arrangement 
is offset by the unfavorable H SAB effect (vide supra).

Our first observations o f  a new and unusual anchimeric 
assistance effect were made when we first studied the rates 
o f  the quaternization reactions o f  triarylarsines with benzyl 
brom ide in chloroform  solution.20 T he pertinent data are 
summarized in Table IV. For purposes o f  comparison, the 
specific rate constant for the reaction o f  triphenylphosphine 
with benzyl brom ide at 31.0 °C  is 803 X 10~2 1. m ol-1  h -1 , as 
reported in the previous publication.1 Thus, triphenylphos-
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Table IV. Rate and Equilibrium Constants for Reactions 
of Triarylarsines with Benzyl Bromide 
in Chloroform Solution at 29.6 ±  0.1 °C

Registry k 2 X 102,
no. Arsine 1. mol-1 h_1 K eq

603-32-7 Triphenyl

2896-10-8 Tris(p-tolyl) 
2417-85-8 Tris(o-tolyl) 

35569-46-1 Tris(p-anisyl) 
21920-60-5 T'ris(o-anisyl) 6

3.58 ±  
0.02

15.5 ±  0.1 
0.00° 

22.2 ±  0.3 
319.5 ±  7.0

70.5 ±  2.1 

1.5 ±  0.1 X 104 

9.0 ±  0.6 X 105

0 The reaction was too slow to permit measurement of the rate. 
A sensitive qualitative test23 for the formation of benzyltrisfo- 
tolyl)arsonium bromide was found to be faintly positive after 1 
week of reaction, 6 The concentration of tris(o-anisyl) arsine at 
equilibrium is too small to be measured accurately; thus, no 
meaningful value of K eq could be obtained. It is obviously dis
tinctly larger than 9 X 105, the value reported for the tris(p-anisyl) 
reaction.

phine is approximately 220 times more reactive than tri- 
phenylarsine in the quaternization reaction, and this reflects 
the well-docum ented greater nucleophilicity o f  a phosphine 
as against a corresponding arsine.21 Another important point 
o f  comparison is that tris(o-anisyl)phosphine is 1.59 times 
more reactive than triphenylphosphine toward benzyl bro
mide in chloroform  solution at 31.0 °C .1 From  the data pre
sented in Table IV, it is apparent that tris(o-anisyl)arsine is
89.3 times more reactive than triphenylarsine toward benzyl 
bromide in chloroform solution at 29.6 °C. Undoubtedly, one 
o f  the major influences here is based on a steric effect; there 
is more room for the nonparticipating m ethoxy groups about 
the larger arsenic atom. Another important effect is based on 
the principle that increasing electron dem and results in in
creasing electron supply when an anchimeric assistance effect 
is operative.22’23 W e consider the results cited above to rep
resent yet another substantial line o f  evidence in support of 
the postulated 2p -3 d  overlap in the transition states o f the
o-anisylphosphine alkyl halide reactions and o f 2p-4d overlap 
in the o-anisylarsine-alkyl halide reactions.

As anticipated on the basis o f  known electronic effects o f 
the substituents, and also on the basis o f  analogy with the SN2 
reactions o f  triarylphosphines with alkyl halides,1’2 the 
presence o f  p -m ethyl and p-m ethoxy substituents on the ar
sine brought about a relatively small increase in the rate o f  
reaction as against the triphenylarsine result. Also, on the 
basis o f  the obvious steric effect, the presence o f  o -methyl 
substituents caused the reaction to be too  slow to permit 
measurement o f  the rate. Rate data for the reactions o f tri- 
p-chlorophenylarsine and tri-p-brom ophenylarsine with 
benzyl brom ide could not be obtained. Nevertheless, some 
useful information about these reactions was obtained. When 
these arsines were mixed with benzyl bromide in chloroform, 
they gave a positive qualitative test24 for the arsonium ion 
after the solutions had been allowed to stand for 1 week at 
room  temperature. However, when these solutions were 
warmed to 50-55 °C  for a few minutes and tested again for the 
presence o f  the arsonium cation, a negative result was o b 
tained. A  positive test again resulted when the solution had 
been allowed to stand at room  temperature for 1 week. E vi
dence for reversal o f quaternary salt form ation has also been 
reported by a number o f other workers.25’26 Consequently, we 
have determined the equilibrium constants for several o f  the 
reactions of triarylarsines with benzyl bromide, and these are 
given in Table IV. T he order o f the K eq values parallels that 
o f  the specific rate constants.

T he rates o f  the reactions o f  tris(o-anisyl)arsine and 
tris(p-anisyl)arsine with benzyl brom ide in chloroform  solu

tion were also measured at 25.0 and 35.0 °C. The values for the 
ortho isomer were 233.9 X 10-2  1. m ol-1 h_1 (25.0 °C ) and
446.3 X 10-2  1. m ol-1 h_1 (35.0 °C ). T he values for the para 
isomer were 15.5 X 10~2 1. m o b 1 h_1 (25.0 °C ) and 29.59 X
10- 2 1. mol-1 h_1 (35.0 °C). From these data we could calculate 
AH * values o f 11.8 and 11.7 kcal m ol-1 for the reactions o f the 
ortho and para com pounds, respectively, and AS *  values o f  
—35 and —41 eu, respectively. As in the tertiary phosphine- 
alkyl halide reactions, the value o f A S* controls the rate more 
than the value o f A H * (or E a). The proposed 2p -4d  interac
tion in the 0 -anisyl reaction decreases the need for external 
solvation, and this leads to a markedly less negative value o f  
A S* and a faster rate o f  reaction. A more com plete explana
tion o f this effect has been given in our previous publication.1

T he chemical shift e ffect cited previously is also apparent 
in the N M R  spectra o f  the arsonium salts. T h e 8 values found 
for the methylene protons in deuteriochloroform solution are
5.38 for benzyltriphenylarsonium brom ide, 5.22 for benzyl- 
tris(p-tolyl)arsonium  brom ide, 5.15 for benzyltris(p-ani- 
syl)arsonium bromide, and 4.70 for benzyltris(o-anisyl)ar- 
sonium bromide. Again, the apparent increased electron 
density at arsenic in the o -anisyl salt, presumably caused by 
2p-4d overlap, brings about a pronounced upfield shift in the 
absorption o f the methylene protons.

Experimental Section
The general statements with regard to physical constants, spectral 

data, analyses, the preparation of triarylphosphines, and the proce
dures used in the kinetics studies are the same as those given in the 
previous paper.1 The physical constants and spectral data for the 
tertiary phosphines are presented in Table V, and the properties of 
the quaternary phcsphonium halides are given in .Table VI.

Preparation of Triarylphosphines by the Grignard Reaction. 
The procedure in each case was essentially the same as that reported 
for the preparation of o-anisyldiphenylphosphine in the previous 
paper.1

Preparation of o-(Methoxymethyl)phenyIdipheny!phosphine.
To a stirred mixture of 182 ml of a 2.25 M (0.41 mol) solution of n- 
butyllithium in hexane (Alfa Inorganics) and 30 ml of anhydrous di
ethyl ether contained in a three-necked flask under argon at 0 °C was 
added a solution of 82.4 g (0.41 mol) of o-bromobenzyl methyl ether35 
in 175 ml of anhydrous diethyl ether over a 30-min period. After the 
mixture had been stirred for an additional 1 h, a solution of 90.6 g (0.41 
mol) of chlorodiphenylphosphine in 90 ml of anhydrous diethyl ether 
was added over 30 min at 0 °C. The mixture was allowed to warm to 
room temperature, and then it was refluxed for 1 h. Hydrolysis at 0 
°C with 5% hydrochloric acid followed, and the mixture was extracted 
with diethyl ether. The ether layer was washed with water until 
neutral to litmus paper and subsequently concentrated with the aid 
of a rotary evaporator. The residue was dissolved in acetone at room 
temperature and then refrigerated at -1 5  °C; o-(methoxymeth- 
yl)phenyldiphenylphosphine, mp 94.0-95.5 °C, crystallized from the 
acetone solution and weighed 50.9 g (41%).

Preparation of Other Triarylphosphines by Use of a Lithium 
Reagent. p-Bromobenzyl methyl ether was prepared by the method 
of Supniewski and Adams36 and converted to p-(methoxymeth- 
yl)phenyldiphenylphosphine by essentially the same method as that 
described for the ortho isomer, with the exception that the product 
was purified by vacuum distillation. o-Bromobenzyl methyl sulfide 
was prepared by the method of Breslow, Garratt, Kaplan, and La- 
Follette37 and converted to o-(thiomethoxymethyl)phenyldiphe- 
nylphosphine by the method described above.

Preparation of m-Anisyldichlorophosphine. To the Grignard 
reagent prepared in a 500-ml three-necked flask under nitrogen from
4.8 g (0.2 g-atom) of magnesium turnings, 30 ml of dry tetrahydro- 
furan, and a solution of 37.4 g (0.2 mol) of m -bromoanisole in 150 ml 
of dry tetrahydrofuran was added slowly a solution of 27.2 g (0.2 mol) 
of zinc chloride38 in 180 ml of dry tetrahydrofuran at 0 to —5 °C, with 
stirring. The organozinc halide reagent was transferred under nitrogen 
to a 500-ml dropping funnel.

A solution of 50 ml (0.57 mol) of phosphorus trichloride in 100 ml 
of dry tetrahydrofuran was prepared in a 1000-ml three-necked flask, 
and the contents were kept in the vicinity of —20 °C.39 The organozinc 
halide reagent was added slowly to the chilled solution under nitrogen 
with stirring. The reaction mixture was then refluxed for 4 h, cooled
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Table V. Physical Constants and Spectral Data for Tertiary Phosphines

Phosphine Reagents (solvent) Mp or bp, °C
Reported mp 

or bp, °C
Cryst solvent 

(% yield) NMR, 5 (CDCI3)

o-Tolyldiphenyl o-TolylMgCl + Ph2PCl 
(THF)

69-71 7327 MeOH (72) 3.74 s, 6.97-7.64 m

p-Tolyldiphenyl p-TolylM gBr + Ph2PCl 
(THF)

65.2-66.8 66.528 EtOH (55) 2.28 s, 7.01-7.30 m

0 - (Methoxymeth- 
yl)phenyldi- 
phenyl

p-(Methoxymeth-
yl)phenyldi-

o-MeOCH2C6H4Li +  Ph2PCl 
(hexane-ether)

94.0-95.5° Acetone (41) 3.22 s, 4.61 s, 6.78-7.30 m

p-M eOCH2C6H4Li +  Ph2PCI 157-160 (0.05 mm) 
(hexane-ether)

(40) 3.26 s, 4.30 s, 7.04-7.48 m

phenyl
o-Thiomethoxy-

phenyldiphenyl
o-M eSC6H4MgBr + Ph2PCl 

(THF)
104.5-105.2 101- 10229 EtOH (36) 2.46 s, 6.97-7.67 m

p-Thiomethoxy-
phenyldiphenyl

p-M eSC6H4MgBr + Ph2PCl 
(THF)

109.0-110.5b MeOH (40) 2.44 s, 7.41-7.67 m

0 -(Thiomethoxy- 
methyl)phenyl-

o-M eSCH2C6H4Li + Ph2PCl 
(hexane-ether)

155-163 (0.05 
mm)c

(33) 1.86 s, 3.91 s, 6.87-7.41 m

diphenyl
Ferrocenyldiphe-

nyl
Ferrocene +  Ph2PCl 

(heptane, AICI3)
122-124 122-12430’31 EtOH (45) 4.04-4.50 m, 7.15-7.60 m

Diferrocenylphe-
nyl

Ferrocene + PhPCl2 
(heptane, AICI3)

193-195 191-19330’31 Benzene-
heptane

3.8-4.3 m, 7.1-7.6 m

Diethylphenyl ■ EtMgBr +  PhPCl2 (ether) 69-70 (0.18 mm) 65-67 (1 
mm)32

(54) 0.98 d of t (Jp_CH = 15 Hz), 
1.64 q, 7.1-7.75 m

o-Anisyldiethyl EtMgBr +  o-M eOC6H4PCl2 
(ether)

107-108 (0.9 mm) (85) 1.0 d of t (J p _ cH  = 14.4 Hz), 
1.66 q, 3.75 s, 6.65-7.50 m

m -Anisyldi- 
ethyl

EtMgBr + m-MeOC6H4PCl2 
(ether)

101-102 (1.3 mm) (78) 1.0 d o f t (d p -c H  = 15 Hz), 
1.66 q, 3.72 s, 6.70-7.46 m

p-Anisyldiethyl EtMgBr +  p-M eOCBH4PCl2 92-93 (0.5 mm) 108 (1.5)33 (57) 0.97 d of t (Jp_C H  = 15 Hz),
(ether) 1.64 q, 3.72 s, 6.75-7.05 m,

7.25-7.65 m
° Anal. Caled for C20H 19OP: C, 78.41; H, 6.25; P, 10.11; 0 , 5.22. Found: C, 78.36; H, 6.16; P, 10.00; 0,5.20. b Anal. Caled for C i9H 17PS: 

C, 74.00; H, 5.56; P, 10.05. Found: C, 73.89; H, 5.51; P, 10.15.c Anal. Caled for C20H i9PS: C, 74.51; H, 5.94; P, 9.61. Found: C, 74.86; 
H, 5.96; P, 9.49.

to room temperature, and filtered. The light yellow filtrate was dis
tilled to remove the solvent. The remaining liquid was fractionated 
under reduced pressure. The product was obtained as a colorless 
liquid, 18.2 g (44%), bp 76-78 °C (0.5 mm).

The IH NMR spectrum of this compound in deuteriochloroform 
showed a singlet at S 3.70 ppm (3 H) and a multiple! at <5 6.65-7.62 ppm 
(4 H).

Synthesis of m-Anisyldiethylphosphine. To the Grignard re
agent prepared in a three-necked flask under nitrogen from 9.6 g (0.4 
g-atom) of magnesium turnings, 110 ml of anhydrous diethyl ether, 
and a solution of 44 g (0.4 mol) of ethyl bromide in 150 ml of anhy
drous diethyl ether was added dropwise a solution of 17.8 g (0.085 mol) 
of m-anisyldichlorophosphine in 40 ml of anhydrous diethyl ether at 
-1 0  to —15 °C with stirring over a period of 0.5 h. The reaction mix
ture was refluxed for 1 h. It was then hydrolyzed at 0 °C with 110 ml 
of saturated ammonium chloride solution, and additional water was 
added to dissolve a white solid which had formed. The ether layer was 
separated from the aqueous solution and dried over anhydrous 
magnesium sulfate. Removal of the solvent by simple distillation left 
a faint-colored liquid, which was fractionated under reduced pressure, 
bp 101-102 °C (1.3 mm). The yield of the colorless liquid was 13 g 
(78%).

The 'H  NMR spectrum of this compound in deuteriochloroform 
showed a doublet of triplets centered at 5 1.0 ppm (6 H, J p_ch = 15 
Hz), a quartet coupled with the phosphorus centered at 5 1.66 ppm 
(4 H), a singlet at ó 3.72 ppm (3 H), and a multiplet at 5 6.70-7.46 ppm 
(4 H).

Other Aryldiethylphosphines. These were prepared in essentially 
the same manner as that described for m-anisyldiethylphosphine. 
o-Anisyldichlorophosphine was obtained in 60% yield as a colorless 
liquid: bp 124.6-125.0 °C (1.2 mm) [lit.40 88.5-89.0 °C (0.52 mm)]; 
NMR (CDCI3) 5 3.78 (s, 3 H) and 6.70-8.05 (m, 4 H). o-Anisyldieth- 
ylphosphine was obtained in 85% yield: bp 107-108 °C (0.9 mm); 
NMR (CDCI3) á 1.0 (d of t, 6 H, J P_CH = 14.4 Hz), 1.66 (q, 4 H, J P̂ CH 
= 14.4 Hz), 3.75 (s, 3 H), and 6.67-7.50 (m, 4 H). p-Anisyldichloro- 
phosphine was obtained in 52% yield, bp 103-104 °C (0.23 mm) [re
ported 150 °C (13 mm),41 140 °C (10 mm)33]; NMR (CDCI3) 6 3.72 (s, 
3 H), 6.8-7.1 (m, 2 H), 7.6-8.0 (m, 2 H). p-Anisyldiethylphosphine was

obtained in 57% yield: bo 92-93 °C (0.5 mm) [reported 166-171 °C 
(40 mm),41108 °C (1.5 mm)33]; NMR (CDC13) 6 0.97 (d oft, 6 H, J P_CH 
= 15 Hz), 1.64 (q, 4 H, J P_CH = 15 Hz), 3.72 (s, 3 H), 6.75-7.05 (m, 2 
H), 7.25-7.65 (m, 2 H).

Preparation of Benzyltriarylphosphonium Chlorides. The
same procedure as described in the previous paper1 was used to pre
pare these salts.

Preparation of Aryltriethylphosphonium Iodides. These salts 
were isolated directly from the reaction solutions of the kinetics ex
periments by evaporation of the solvent under nitrogen.

Kinetics Procedure for Quaternization Reactions of Triar- 
ylphosphines with Benzyl Chloride. The procedure was identical 
with that described previously.1 In the reactions with the ferrocen- 
ylphosphines and o-(thiomethoxymethyl)phenyldiphenylphosphine, 
the colored aliquots were titrated by use of an Aminco-Cotlove Au
tomatic Chloride Titrator.

Kinetics Procedure for the Reactions of Aryldiethylphos
phines with Ethyl Iodide in Acetone. The procedure of Henderson 
and Buckler3 was followed. The titrations were carried out by the 
Volhard method.

Preparation of Triarylarsines. Triphenylarsine, mp 59-60 °C 
(reported42 mp 61 °C), tri-p-anisylarsine, mp 156-158 °C (reported43 
mp 158 °C), and tri-o-anisylarsine, mp 201.5-203.0 °C (reported44 
mp 200 °C), were prepared by the Wurtz-type reaction described in 
“ Organic Syntheses” .42 Tri-p-tolylarsine, mp 148-150 °C (report
ed45 mp 146 °C), tri-o-toiylarsine, mp 110-112 °C (reported46 108-109 
°C), tri-p-chlorophenylarsine, mp 113-114 °C, and tri-p-bromo- 
phenylarsine, mp 140-141 °C, were prepared by the diazonium salt 
procedure of Hanby and Waters.47

Anal. Calcd for Ci8H;2AsCl3: C, 52.78; H, 3.95; As, 18.29. Found: 
C, 53.14; H, 3.30; As, 18.32.

Anal. Calcd for Ci8Hi2AsBr3: C, 40.20; H, 2.23; As, 13.97; Br, 44.60. 
Found: C, 39.78; H, 2.33; As, 14.00; Br, 44.69.

Analysis of Triarylarsines. An accurately weighed sample of the 
arsine (ca. 0.4 mmol) was dissolved in 10.00 ml of chloroform and ti
trated with a standardized 0.050 M solution of bromine in glacial 
acetic acid. The end point was determined by use of a pH meter 
equipped with glass and platinum electrodes. It was necessary to
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Table VI. Properties of Quaternary Phosphonium Halides

Phosphonium cation Anion Cryst solvent M p ,°C
Reported 

mp, °C Anal.“ NMR, S (CDCls) b (J, Hz)

o -Tolyldiphenylbenzyl c i - EtOH-AcOEt 280-283 280-283 C, H, P, 2.17 s, 5.32 d ( J  = 15)

p -Tolyldiphenylbenzyl c i - EtOH-AcOEt
dec

246-248
dec34

246-248
Cl34 

C, H, P, 2.52 s, 5.64 d (J  = 15)

o-(Methoxymethyl)phe- c i - CHClg-ether
dec

252-254
dec34 Cl34

P 2.98 s, 4.40 s, 5.58 d (J  =  15)
nyldiphenylbenzyl

p  - (Methoxymethyl)phe- c i - CHCl3-ether 214-217 P 3.60 s, 4.79 s, 5.67 d (J  = 14.5)
nyldiphenylbenzyl

o -Thiomethoxyphenyldi- c i - CHCl3-ether 240-243 P 2.37 s, 5.68 d (J  = 15)
phenylbenzyl

p  -Thiomethoxyphenyldi - C l- EtOH-AcOEt 220-222 P 2,64 s, 5.51 d (J  = 15)
phenylbenzyl

o - (Thiomethoxymethyl) - C l- CHCl3-ether 234-236 P 1.80 s, 3.51 s, 5.76 d (J  = 14.5)
phenyldiphenylbenzyl

Ferrocenyldiphenylbenzyl C l- EtOH-ether 178-179 C, H, Cl, P 5.02 d (J  = 14)
Diferrocenylphenylbenzyl
Phenyltriethyl

C l-
I -

EtOH-ether
EtOH-AcOEt

205-206
141-142 140-1413

C, H, Cl, Fe
1.28 d o f t (JpH = 18, J hh = 7.5), 2.93 d

o -Anisyltriethyl I - EtOH-AcOEt 193-194 C, H, I, ?
o f q (Jph = 13, J hh = 7.5)

4.1 s, 1.26 d of t (Jph = 18, J hh = 7.5),

m-Anisyltriethyl I - EtOH-AcOEt 154-155 C, H, I, P
2.82 d of q (JPH = 13, J hh = 7.5)

4.0 s, 1.29 d o f t  ( J  ph = 18, J hh = 7.5),

p - Anisyltriethyl I - EtOH-AcOEt 140-141 C, H, I, P
2.95 d of q (JPH = 13, J hh = 7.5)

3.92 s, 1.29 d of t (J ph = 18, J hh = 7.5),

° Found values were within ±0.3% of calculated values. b 5 (7.0
2.87 d of q (JPH = 13, J hh = 7.5) 

- 8.0, m) for aromatic protons not listed.

obtain a titration curve, millivolts being plotted against milliliters. 
This method was also used to check the purity of the arsines, the re
spective molecular weights being found to agree within ±2 units with 
the calculated values.

Kinetics Procedure for Reactions o f Triarylarsines with 
Benzyl Bromide. Contained in an accurately fared 50-ml volumetric 
flask, an accurately weighed sample of benzyl bromide (approximately
0.09 mol) was diluted with spectral grade chloroform to within 1 cm 
of the mark. The flask was allowed to equilibrate in a constant-tem
perature bath for several hours and then filled to the mark with 
thermally equilibrated chloroform, mixed thoroughly, and replaced 
in the bath.

An accurately weighed sample of a triarylarsine (exactly one-tenth 
the mole quantity of the benzyl bromide) was weighed in a tared 50-ml 
Erlenmeyer flask. The arsine was dissolved in spectral grade chloro
form, transferred to a 100-ml volumetric flask, diluted to a point 1 cm 
below the flask’s neck, and allowed to equilibrate overnight in the 
constant-temperature bath.

A 5.00-ml sample of the benzyl bromide-chloroform solution was 
transferred to the flask containing the equilibrated arsine solution, 
diluted to the mark with thermally equilibrated chloroform, and 
mixed thoroughly. With the mark on the neck of the volumetric flask 
showing just above the water level, the volume within the flask was 
adjusted if necessary. Concentrations of both reactants were ap
proximately 0.09 M.

A 5.00-ml pipet was used to transfer each 5.0-ml aliquot into a 50-ml 
beaker containing 5 ml of chloroform. The unreacted arsine was ti
trated with a standard solution of bromine (0.05 M) in glacial acetic 
acid as described previously.

All concentrations of tri-o-anisylarsine were approximately 0.045 
M because of its low solubility.

The titer of the bromine-acetic acid solution changes slowly, ne
cessitating daily standardizations against three samples of triphen- 
ylarsine.

Determination o f Equilibrium Constants. A solution of 1.9287 
g (1.1278 mmol) of benzyl bromide in chloroform was added to a 25-ml 
volumetric flask containing 1.13 mmol of the triarylphosphine (0.565 
mmol in the case of tri-o-anisylarsine). After dilution to the mark with 
chloroform, the solution was allowed to stand at room temperature 
for 10 months. Then it was placed in a constant-temperature bath 
maintained at 29.63 °C for 2 weeks. Duplicate 5.00-ml aliquots of the 
solution were titrated for unreacted triarylarsine as described pre
viously.
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Conformational Effects among Cyclohexyl Phosphorus Compounds
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13C NMR spectra were obtained for the cis and trans isomers resulting from situating each of the following func
tions at the 4 position of tert- butylcyclohexane: PH2, PMe2, PCI2, P(OMe>2, PSMe2, +PMe3l~. For the trans iso
mers, the 13C spectra were consistent with diequatorial substitution. In the cis isomers, the trivalent functions occu
pied the normal axial position but the larger PSMe2 and +PMe3 groups, as seen from chemical shift effects, caused 
considerable distortion of the ring, either through flattening about the 1,4-ring carbons or by adoption of a twist 
conformation. C P coupling constants favor the former explanation. When PSMe2 and +PMe3 are placed in the 
cis 4 position of methylcyclohexane, the l3C NMR evidence suggests that they adopt the equatorial position and 
force methyl into the axial position. A minimum A value for these phosphorus functions derived from this informa
tion is 3.0 kcal/mol. The PMe2 group has an A value similar to that for methyl, and the 1SC NMR spectrum for the
1,4 cis isomer is consistent with an approximately 1:1 mixture of equilibrating conformers. Among the trivalent 
functions, the three-bond I3C -31P coupling constant was found to be under strong steric control for the primary 
phosphines alone; the other functions showed only a small difference in 3Jpc between the cis and trans isomers. The 
spectra of 24 cyclohexane derivatives were recorded during this study and interpreted by existing generalities.

13C N M R  spectroscopy is firmly established as a tech 
nique providing valuable information about conformational 
aspects o f six-m em bered rings.2,3a W e have now applied it in 
a systematic way to cyclohexanes containing various phos
phorus functions and report our results in this paper .4 We 
have done this first to test the validity of our A  values for some 
trivalent functions, which we have recently determined by 31P 
N M R  spectroscopy , 5 and then to obtain qualitative infor
mation on some tetravalent phosphorus functions, which 
could not be determined by the 31P approach used. Since the 
trivalent groups studied [PH2 , PCla, P M e2, and P (O M e)2] all 
had sizable A  values (±0 .2  kcal/m ol o f that for m ethyl,7 1.7), 
it might be expected that tetravalent functions would show 
even larger values, indeed possibly approaching that o f  tert- 
butyl. A precise value for this group is still lacking but the 
range 4 -5  kcal/m ol has been proposed .7 ’8

13C Spectral Data and Assignments. All data for the 24 
com pounds studied are recorded in Table I. For measure
ments on cis, trans isomers (whose structures have been de
termined in previous work5), data were obtained on samples 
enriched in the pertinent form, in som e  cases as high as 95%. 
Assignments are easily made on the following lines: (1 ) C -l and 
C-4 are o f  half the intensity o f  C-2,6 and C-3,5. C -l  is always 
a doublet through coupling to 3 1P; C-4 shows no coupling. (2) 
Methyls on phosphorus are always the most upfield doublets.
(3) M ethyls on C-4 are the most shielded o f  the uncoupled 
carbons, and are o f  unit intensity. (4) te r t -Butyl carbons are 
recognized from their intensities (weak quaternary signal, 
strong methyl signal) and near identity o f  position in both cis 
and trans forms. (5) Differentiation between C-2,6 and C-3,5 
was based on a combination o f shift and P -C  coupling effects. 
For P H 2, the differentiation is easy; C -2 ,6  are well downfield 
(6 36.0) o f  C-3,5 (27.4) since the former carbons feel a strong

(1 effect due to phosphorus, while the latter carbons are not 
greatly shifted from  the cyclohexane value (27.7). The same 
effect is seen for N H 29 (5 C2,6 37.7; & C3 5 25.8). For all other 
phosphorus functions, the atoms replacing hydrogen can be 
expected to exert an additional upfield y  effect at C-2,6, 
compensating in part for the j3 effect acting in the opposite 
direction. As a result signals for C-2,6 move closer to those for 
C-3,5, as is true in many cyclohexyl derivatives.9 W e have 
reported on the same effect in noncyclic phosphorus deriva
tives . 10 T o  distinguish between these carbons, P -C  coupling 
constants were used. Am ong the noncyclic trivalent deriva
tives, 2J  is larger than 3J , and the values found for the cyclo
hexyl derivatives were very similar to those seen for n -butyl 
derivatives.10 For the tetravalent functions, 3J  is considerably 
larger than 2J  in the n -butyl series,10 and com parable values 
were obtained for the cyclohexyl derivatives.

For derivatives bearing trans 4-alkyl substituents, assign
ments were straightforward; shift effects occurred that re
sembled closely those seen on placing the same alkyl group on 
cyclohexane. For the cis derivatives, additional effects are 
present owing to the placement o f  one group in the axial p o 
sition; these effects are more appropriately discussed in later 
sections o f this paper.

Effects of Phosphorus Functions on the Carbon Signals 
of Cyclohexane. It is known from our previous studies based 
on 31P N M R  spectroscopy5 that the six phosphorus functions 
are o f  considerable size (A  >  1.5 kcal/mol) and will occupy the 
equatorial position on cyclohexane to a very large extent. 
Therefore, spectra for monosubstituted cyclohexanes can be 
taken as arising from  the equatorial conformers. T he shifts 
caused by these equatorial phosphorus substituents on the 
cyclohexane carbons are summarized in Table II in terms o f 
a, )3,7 , and 5 effects at C -l, C-2,6, C-3,5, and C-4, respectively.
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Table 1.a 13C NMR Spectral Data

5 6

Identity o f
Compd 4 substituent C-l C-2,6 C-3,5 C-4 43 1 O X C -l C-8

A. Primary Phosphines (P = PH2)*

1 H 27.2 (6 ) 36.0 (7 ) 27.4 (8 ) 25.9
2 irons-f-Bu 27.2 (7) 36.6 (7 ) 28.5 (9 ) 47.3 32.2 27.6
3 cis-t- Bu 23.5 (9) 32.7 (8 ) 21.8 (2) 48.5 32.4 27.5

B. Tertiary Phosphines (P = P M eje

4 H 39.3 (8) 28.9 (14) 27.0 (10 ) 26.0 11.3 (15 )
5 trans-Me 39.2 (7) 29.1 (14 ) 36.1 (11 ) 32.2 11.6 (17 ) 23.1
6 trans-t-Bu 39.3 (9) 29.4 (14 ) 28.0 (11 ) 48.0 11.5 (15 ) 32.5 27.6
7 cis- Me 40.0 (9) 25.6 (12) 32.0 (8) 30.4 12.4 (15 ) 20.3
8 cis- i-Bu 40.0 (10 ) 28.9 (11 ) 23.5 (8 ) 49.0 13.1 (15 ) 32.8 27.7

C. Phosphonous Dichlorides (P = PC12)*

9 H 48.5 (45 ) 25.6 (16) 26.0 (11 ) 25.8
10 trans-t- Bu 48.4 (45) 26.0 (16) 27.1 (11 ) 47.4 32.2 27.4
11 cis-i-Bu 49.3 (44 ) 27.3 (15 ) 23.8 (9) 48.4 32.6 27.6

D. Dimethyl Phosphonites (P = P(OM e)2)i>

12 H 41.3 (15 ) 25.6 (17 ) 26.7 (11 ) 26.9 [54 .0  (1 4 ) ]d
13 trans-t-Bu 41.0 (14 ) 25.9 (17) 27.4 (9) 48.1 [53 .9  (1 3 )]d 32.6 27.7
14 cis-t- Bu 38.2 (18 ) 26.7 (14 ) 24.5 (7 ) 48.8 [53 .8  (1 3 )]d 32.7 27.7

E. Phosphine Sulfides (P = PSM e,^

15 H 41.1 (54 ) 25.6 (3 ) 26.2 (14 ) 25.7 18.5 (52 )
16 trans-Me 40.7 (54 ) 25.7 (~ 2) 34.8 (15 ) 32.1 18.6 (55 ) 22.6
17 trans-t-Bu 41.2 (53 ) 26.4 (3 ) 27.3 (13 ) 47.5 18.6 (52 ) 32.6 27.6
18 cis-Me 41.0 (54) 19.8 (~ 2 ) 31.5 (14 ) 26.6 18.6 (55 ) 17.4
19 cis-t- Bu 36.7 (51 ) 24.9 (2 ) 23.2 (4) 46.0 21.0 (53 ) 32.7 27.5

F. Phosphonium Iodides (P = +PMe3I - )e

20 H 32.0 (52) 25.1e 25.5 (15 )e 25.1e 7.5 (52 )
21 trans-Me 31.7 (51 ) 25.2 (~ 2) 34.0 (14 ) 31.6 7.6 (53 ) 22.5
22 trans-t- Bu 32.1 (51) 25.8 (3 ) 26.5 (15 ) 47.2 7.8 (55 ) 32.6 27.6
23 cis-Me 32.0 (52) 19.7 (~ 2) 30.9 (13 ) 26.2 7.6 (53 ) 17.5
24 cis-f-Bu 29.2 (48 ) 24.2 (2 ) 23.8 (4 ) 45.6 10.0 (52 ) 32.7 27.4

a Chemical shifts in parts per million dow nfield from  internal Me4Si. Values in parentheses are P—C coupling constants 
(Hz), where observed. * Neat samples. c CDC13 solutions. °  Values for CH3—O. e Severe peak overlap did not allow accurate 
determination o f  coupling constants.

Table II. Chemical Shift Effects on the Cyclohexane Ring 
by Equatorial P Substituents'1

a P 7 Ô

p h 2 - 0.5 +8.3 - 0 .3 - 1 . 8
PMe2 +11.6 +1.2 - 0 .7 - 1 . 7
PC12 +20.8 - 2 .1 —1.7 - 1 . 9
P(OM e)2 +13.6 - 2 .1 - 1.0 - 0 . 8
PSMe2 +13.4 - 2 .1 - 1 .5 - 2 . 0
+PMe3 +4.3 —2.6 - 2 . 2 - 2 . 6

a Negative signs refer to  shielding, positive to  deshielding, 
o f  the carbons o f  cyclohexane (S 27.7) on  replacement o f  
H by the P function.

O f the various substituents, all but P H 2 and +PM e3 have been 
studied previously with regard to their effects on the carbons 
o f  n -butane . 10 In general, effects on cyclohexane are similar 
in  kind.

In our previous work on noncyclic com pounds ,10 it was 
found that P M e2, PCI2, P (O M e)2, and P S M e2 groups exert 
large, quite different deshielding effects on a carbons, but have 
negligible effects on ¡3 carbons owing to the compensating 
shielding y effect by the atoms attached directly to the 
phosphorus. On examining data for the cyclohexyl com 
pounds, the same effects are apparent at the a  and (3 positions. 
T he +P M e3 group falls in the same category, although it has,

as expected , 1 1  a significantly smaller a  effect than do the other 
groups. The P H 2 group causes shielding o f the carbon o f 
methylphosphine by 2.3 ppm relative to methane, presumably 
through its electron-releasing inductive effect relative to 
carbon.3b In the cyclohexyl derivative, its a effect is negligible. 
The deshielding £  effect is substantial; indeed it is the largest 
]3 effect (8.3 ppm ) o f any phosphorus group so far examined, 
with a magnitude comparable to that2 for -C H 3 (8.4), N H 2

(10.1), and OH (8.4). The small a  value for P H 2 relative to 
P M e 2 is easily explained by the presence in the latter o f de
shielding ¡3 effects by the methyl groups.

7  effects (shielding) felt at C-3,5 o f  the cyclohexane ring are 
quite small, but detectable, and indeed are o f very similar 
magnitude to 7  effects seen on C-3 o f n-butyl chains. 10 (As will 
be noted later, larger 7  effects are found in derivatives where 
the phosphorus group is in the axial position, where steric 
involvem ent with C-3,5 is pronounced.)

At C-4 o f  the cyclohexane ring, all six phosphorus functions 
cause a small (1 -3  ppm ) upfield shift. This 5 effect is quite 
characteristic o f  a number o f com m on substituents .9 The 
opposite effect occurs in noncyclic com pounds where the 5 
effect is weakly deshielding . 2-12 As observed by others , 13 the 
n effect in the cyclohexanes does not correlate well with sub
stituent polarity or size; the 5 effect for P H 2 (1.8 ppm ) is as 
large as that for P M e2 (1.7) and larger than that (0.8) for the
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m ore polar P (O M e )2 group. However, the tetravalent func
tions have relatively large 8 effects (P SM e2, 2 .0 ; +P M e3 , 2 .6 ).

,3C Spectra of trans-4-AIkylcyclohexyI Phosphorus 
Compounds. W hen methyl or tert-butyl are substituted for 
hydrogen at the 4 position o f the cyclohexyl phosphorus 
compounds, no significant changes in 13C shifts for C -l occur. 
T o  illustrate, in the P M e 2 series values for C - l  are 39.3 (4,
4-H ), 39.2 (5, 4-M e), and 39.3 (6, 4-f-B u); similar data are 
found in Table II for the other functions. It is also noticed that 
methyls on phosphorus, where present, have chemical shifts 
independent o f  4 substituents (e.g., for 4 ,11.3; 5 ,11.6; 6 ,11.5). 
These observations are consistent with a conformation for all 
com pounds where the P  substituent is predominantly in the 
equatorial position, for any significant amount o f  axial con- 
former would have led to noticeable 13C changes. These 
changes are seen on comparison o f the trans isomers with the 
cis isomers, discussed in the next section.

Eliel et al.13  have recently pointed out the operation o f  a 
shielding effect at 7  carbons by substituents held rigidly in 
the anti-periplanar relation. In cyclohexanes, the effect is felt 
at C-3,5 by substituents in the equatorial position. Our series 
o f  4-tert-butyl com pounds allows an extension o f  Eliel’s 
considerations to anti-periplanar phosphorus substituents. 
W e would expect from Eliel’s generalizations that the effect 
will be quite small, for data so far available suggest the effect 
to be stronger for substituents based on second-row than for 
third-row  elements. This is indeed what we observe. The 
Tanti-periplanar shielding constants for the phosphorus functions, 
derived from the data of Table II by comparing shifts for C-3,5 
to that for the same carbons in tert-butylcyclohexane (8 28.0), 
are as follows (where — is shielding, +  is deshielding): P H 2, 
+0.5; P M e2, 0 .0 ; PC12, -0 .9 ; P (O M e)2, - 0 .6 ; P S M e2, -0 .7 ;  
+PM e3, —1.5. Only the last value approaches the size normally 
seen for second-row  substituents13 (N H 2, —1.6; others are in 
the range —1.6 to —2.7); the others are significantly smaller, 
and the P H 2 group even appears to exert a small 7 anti-peripianar 
deshielding  effect.

,3C Spectra of cis-4-AIkyIcyclohexyl Derivatives. With 
Trivalent Phosphorus Functions. T he A  values for the 
trivalent phosphorus functions as determined by 31P N M R  
spectroscopy6 are considerably smaller than that for tert-butyl 
(4 -5  kcal/m ol), and consequently these functions are forced 
into the axial position by a cis 4-tert-butyl group. T he 13C 
spectra are convincing as proof o f  this statement, especially 
through the pronounced upfield shift at C-3,5 seen on com 
paring cis to trans. These gauche 7  shifts vary with the func
tion, but are in the range (3 -7  ppm ) in which are found most 
com m on organic groups .2’14 T he magnitude o f  this type o f  7  

shift does not correlate well with group size or A  value ,14 and 
it is not surprising to find P H 2 with the greatest gauche 7  e f
fect (6.7). The steric differences in axial vs. equatorial con- 
formers are also known to have influence on C -l  chemical 
shifts, but not always in predictable ways. 14 The phosphorus 
functions show this uncertainty; no correlation with either size 
or direction o f the shifts seems to exist. This is seen to be true 
also for C-2,6. A t C-4, however, the axial groups are consis
tently associated with downfield shifts (0 .7-1 .2  ppm ) relative 
to the equatorial groups. Finally, it is noted that the methyls 
o f  PM e2 are more deshielded ( 1 . 6  ppm ) when in the axial 
conformation. Crowding o f  axial P M e2 with C-3,5 therefore 
can be said to produce a downfield effect at methyl; this con
stitutes another15  exception to the generality that crowding 
causes upfield shifts.

The availability o f  derivatives o f trivalent phosphorus 
functions with fixed geometry provides an opportunity for the 
first consideration in this oxidation state o f  the dependence 
on dihedral angles of 13C -31P coupling constants ('V pc) in the 
fragment PCC C . 16 For tetravalent functions, the steric in
fluence on 3J p c  is quite pronounced and appears to follow  a

Karplus-type relation . 17 In the cyclohexane system, larger 
coupling would be expected for trans isomers (dihedral angle 
about 180°) than for cis isomers (dihedral angle about 60°), 
and, as will be discussed in a later section, this is exactly what 
we have observed for the tetravalent functions P S M e 2 and 
+P M e3_ However, only one o f the four trivalent functions 
displayed this property; for P H 2, 3J p c  o f  the trans isomer was 
9 Hz, but only 2 Hz for the cis isomer. For the other functions, 
the values were quite similar, although for each the trans value 
was slightly the larger (PM e2 trans 1 1 , cis 8  Hz; PC12 trans 1 1 , 
cis 9 Hz; P (O M e ) 2 trans 9, cis 7 Hz). This result is quite sur
prising, pointing as it does to a role for the structure about the 
phosphorus atom in determining the magnitude o f  the steric 
control on 3J p o  However, another case can be cited where a 
role for the oxidation state o f  phosphorus is seen. In a non- 
cyclic system an increase in the number o f carbons that can 
occupy gauche positions relative to  phosphorus as bond 
rotation occurs necessarily decreases the averaged value for 
the dihedral angle derivable from the various conformations. 
If a Karplus-like relation prevails, then :]J p c  should be smaller 
for the branched-chain compound. This is indeed observed 10 

on comparing tri-rc-butyl phosphine sulfide (3J p c  =  16 H z) to 
triisobutylphosphine sulfide (3J pc =  9 Hz). It is n ot  o b 
served10 on comparing tri-n-butylphosphine (3J p c  =  10 Hz) 
to  triisobutylphosphine (3J pc = 10 Hz). On the other hand, 
3J pc in tertiary phosphines where phosphorus is conform a- 
tionally constrained in a six-m em bered ring18 (hence with 
dihedral angle about 60°) is quite small (2 -3  H z), and not at 
all consistent with the value observed here (8  Hz) for the freely 
rotating PM e2 group with a similar dihedral angle (8 ). Further 
experimental exploration o f this structure-dependent three- 
bond coupling phenom enon is called for.

W hen methyl is present as the 4 substituent on the cyclo 
hexane ring, it would be expected that the conform ational 
equilibria would have nearly equal amounts o f  conform ers I 
and II, since methyl and the trivalent phosphorus functions 
have rather similar A  values. The 13C shifts should therefore

P Me

be averaged for the values o f each conformation, as was found 
to  be true for 31P shifts . 5 T o  test for this effect, the spectrum 
o f the cis P M e 2 derivative (7) was compared with that o f the 
trans (5) where both substituents are equatorially disposed. 
T h e 4-m ethyl signal provides the clearest indication o f the 
existence o f the equilibrium in the cis isomer, for methyl is 
known to have a chemical shift when equatorial on the cy 
clohexane ring (23.5 ppm ) that is quite different from that 
when axial (17.6 ppm ) . 19 These values are not influenced 
significantly by the presence o f  a 4 substituent.19 5’20 The value 
for trans isomer (5) is o f  the expected magnitude (5 23.1) for 
equatorial disposition, but that for the cis isomer (7) (5 20.3) 
is between the extremes, as would be expected for the p ro
posed5 equilibrium with K  ~  1 . A similar effect is present for 
methyls o f M e2P; the deshielding (0 .8  ppm ) o f these carbons 
in the cis isomer (7) relative to the trans (5) is half o f that when 
this group is purely axial as in the cis 4 -iert-butyl com pound 
8 ( 1 . 6  ppm  downfield o f  trans 6 ). E ffects are also noticed at 
C -2 ,6  as well as C-3,5; substantial upfield shifts occur in the 
cis isomer since both types o f  carbons feel increased crowding 
with axial 4 -C H 3 and P M e2, respectively.

Tetravalent Phosphorus Functions. T he presence o f  the 
larger tetravalent phosphorus functions (+P M e3 and P SM e2)
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makes a profound difference on the 13C spectra o f  4-m ethyl- 
cyclohexyl derivatives. As had been earlier indicated by our 
31P  N M R  spectra ,5 these groups must have A  values well in 
excess o f  that for CH 3 (1.7 kcal/m ol) for the spectra give the 
expected indications o f  4-C H :i being forced into the axial p o 
sition. Thus, the 4 -C H 3 in the cis isomer o f  the sulfide (18) is
5.2 ppm  upfield o f  that in the trans (16); for the phosphonium 
salt, the difference is 5.0 ppm  (23 vs. 21). These values leave 
no doubt that the m ethyl is very largely in the axial position 
(cf. 5.9-ppm difference for axial and equatorial methyl in 
cis- 1,4-dimethylcyclohexane at 180 K ).19b Changes o f similar 
magnitude are expected also at C-4, and are observed (sulfide
5.5, salt 5.4 ppm ). Other spectral changes [upfield shifts at 
C-2,6 and C-3,5 and similarity o f  the sterically dependent 
(vide infra) values for 3Jp c] are also entirely consistent with 
the assignment o f  structures 25 and 26 as best representing

H H

25 26

the conformation o f these phosphorus compounds. Although 
spectral evidence does not define the contribution o f the minor 
conform er with equatorial m ethyl-axial P function, an esti
mate that 1 0 % is present seems reasonable and leads to an 
equilibrium constant (axP ^  eqp) o f  9, and a free energy d if
ference o f  —1.3 kcal/m ol. By the principle o f  additivity ,21 

extracting the AG° value for C H 3 o f  -1 .7  kcal/mol leads to  an 
A  value (—A G °) o f 3.0 kcal/m ol for the two phosphorus 
functions. W e therefore propose this as a minimum A  value 
which is consistent with the data so far available; the value 
could, o f course, be significantly larger.

The A  values for the tetravalent phosphorus functions 
therefore stand among the largest yet reported for a nonalkyl 
or nonaryl substituent .7’8 Accordingly, they should com pete 
with the te r t -butyl group for the equatorial position when 
placed in the cis 4 orientation. T o  look for this effect in the 13C 
spectra, attention should first be given to the case o f  the cts-
1,4-di-feri-butylcyclohexane system. In a chair conformation 
axial character for one o f  the te r t -butyls is a requirement; 
alternatively, ring distortion may be so great as to induce 
adoption o f the twist conformation22’23 as in 27. The 13C data

for this com pound24 show no significant change for the qua
ternary or methyl carbons o f the butyl group relative to the 
trans isomer, but do show upfield shifts at C-butyl (5.6 ppm) 
and the methylene carbons (4.3 ppm ) in the cis isomer. These 
shifts clearly reveal the increased steric crowding in the cis 
isomer but do not necessarily im ply that a change from  the 
general chair shape to a twist shape has occurred, although 

N M R  data are interpreted to be more indicative o f  such 
a change .22 As an alternative to a twist conform ation, a chair 
flattened at both  ends needs also to  be considered; such a 
structure has indeed been determ ined by x-ray analysis for 
cis-l-p -brom oph enyl-4 -ierf-butylcycloh exan e .25 On com 
paring the cis phosphorus com pounds 19 and 24 to  the trans 
isomers (17 and 2 2 ), it is found that pronounced upfield shifts 
have occurred at all ring positions in the cis isomers, but seem 
to be the largest at atoms more controlled by the P  function

than by butyl. T o  illustrate, in the cis sulfide (19) C -l is shifted
4.5 ppm  upfield o f  the trans, and C-3,5 which would experi
ence Y-gauche shielding by an axial P  substituent are shifted
4.1 ppm upfield. A t C-2,6, which are y  to butyl, an upfield shift 
occurs, but it is small (1.5 ppm ). C-4 requires special consid
eration. In all o f  the cis isomers o f  the trivalent P  functions, 
C-4 experiences a deshielding o f  0.7-1 .2  ppm. Since the 8 effect 
o f  the tetravalent functions in the m onosubstituted com 
pounds (Table II) is in the same direction as for the trivalents, 
it might be expected that C-4 in the cis tert- butyl compounds 
with tetravalent phosphorus should also go downfield. In fact, 
the opposite is seen; C-4 is shifted upfield  by 1.5-1 .6  ppm. We 
attribute this tc  marked displacement o f tert-butyl from the 
usual equatorial position, since it is just this sort o f  chem ical 
shift change that is seen for c i s - l ,4 -d i - t e r t -butylcyclohex- 
ane. The net effect at C-4 is therefore larger than 1 .5-1.6 ppm, 
and probably is as large as 2-3 ppm. Since this is, very roughly, 
about half o f  the shift seen at the com parable carbon in the 
di-tert-butyl com pound, it is im plied that the P functions 
have somewhat smaller A  values than the te r t -butyl group, 
consistent with our proposal o f  a m inimum A value o f  3.0 for 
the former. Crowding in the cis isomers o f  the sulfide and salt 
also produces a pronounced downfield shift in the P-m ethyl 
signals (2.4 and 2.2 ppm , respectively). The same effect was 
pointed out for the -P M e 2 group, although the magnitude is 
smaller (1 . 6  ppm ).

The coupling o f C-3,5 with 31P  sheds additional light on the 
conform ational differences between the cis and trans forms 
o f  these compounds. This coupling is large in the trans forms 
17 and 22 (13-15 Hz) and small (4 Hz) in the cis forms 19 and
24. This clearly indicates that a considerable difference in the 
dihedral angle relating P  to C-3,5 must be present .17  Th is 
angle is 180° in the trans isomer in an ideal chair with ring 
dihedral angles o f  60°. For the cis isomer, a regular chair 
conform ation with axial P  substituent results in a dihedral 
angle o f  60°. If the cis isomer adopted a twist conform ation, 
that with minimal nonbonded interaction would be repre
sented by the counterpart o f  27. In this twist conform ation, 
the dihedral angle relating P to C-3 is not the same as that 
relating P to  C-5; in an ideal structure, one angle is 153° while 
the other is 1690.26 Only the adoption o f  another, more 
crowded twist conform ation than 27 would produce signifi
cantly smaller dihedral angles. A t this time, the coupling ev
idence seems to point away from a twist conformation for the 
cis isomers and toward a chair conform ation with axial P 
substituent, probably with alleviation o f crowding by flat
tening o f the ring at both ends as was found for 1 -p -brom o-
4-terf-butylcyclohexane .25 W ith further general development 
o f the knowledge of 3J  pc dependence on angle relations among 
phosphine sulfides and phosphonium  salts, it should, in 
principle, be possible to  be m ore precise in the definition o f 
the molecular geometry o f these cis forms.

Experimental Section

General. Proton decoupled 13C spectra were obtained at 22.62 MHz 
on a Bruker HFX-10 system using the Fourier transform technique. 
Hexafluorobenzene in a 3-mm coaxial capillary insert served as a 
heteronuclear lock. Chemical shifts were determined from internal 
tetramethylsilane to ±0.1 ppm, while 13C -31P coupling constants are 
reported to ±1 Hz. Trivalent phosphorus compounds, except for the 
tertiary phosphines, were run as neat liquids. All other compounds 
were examined in CDCI3 solution.

Compounds. The synthesis, properties, and 31P chemical shifts of 
all compounds of this study have been reported elsewhere.5 The 13C 
NMR spectra for the series of trans-4-tert-butyl derivatives were 
obtained on isomer mixtures enriched to about 80-95% in this form. 
For phosphonous dichlorides 10 and 11, this was accomplished by 
fractional distillation to give 80% trans (10) form. This mixture then 
gave similarly trans-enriched phosphines (2 and 3) on reduction and 
phosphonites (13 and 14) on methanolysis. Tertiary phosphines 6 and 
8 were formed on reaction of the 4-iert-butylcyclohexyl Grignard
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reagent with Me2PCl, with 6 constituting about 85-90% of the mix
ture. This ratio was maintained on  sulfurization to form 17 and 19, 
and methylation to 22 and 24. Fractional distillation of the phos- 
phonous dichlorides also provided a sample enriched to about 80% 
in the cis isomer (11) and this was used to form the entire series of cis 
compounds by conventional reactions.5 For the 4-methylcvclohexyl 
series, a trans-rich (80-90%) tertiary phosphine mixture (5 and 7) 
resulted fro m  the Grignard reaction, and this led to sulfide (16 and 
18) and salt (21 and 23) mixtures similarly enriched. Data for the 
eix-4-methylcyclohexyl series were obtained on mixtures of nearly 
1:1 cis-trans composition.

Registry No.— 1, 822-68-4; 2, 58359-91-4; 3, 58359-90-3; 4, 
58359-87-8; 5 ,58403-25-1; 6,58359-93-6; 7 ,55615-34-4; 8,58359-92-5; 
9, 2844-89-5; 10, 58359-95-8; 11, 58359-94-7; 12, 16195-98-5; 13, 
58359-97-0; 14, 58359-96-9; 15, 58359-88-9; 16, 58360-05-7; 17,
58359- 99-2; 18, 58360-04-6; 19, 58359-98-1; 20, 58359-89-0; 21,
58360- 07-9; 22, 58448-99-0; 23, 58360-06-8; 24, 58449-00-6.
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The cumylchromium tricarbonyl cation was prepared under long-lived ion conditions, and studied by NMR OH 
and 13C) spectroscopy. For comparison, the carbon-13 NMR parameters of three cycloheptatrienyl-M(CO)3 cat
ions (M = Mo, Cr, and W) were also determined and are reported. Based on the 13C NMR studies the origin of the 
unusual stabilization of the cumylchromium tricarbonyl ion is discussed. The a+ substituent constant for the 
Cr(CO>3 group and the fraction of the unit positive charge transmitted into the M(CO)3 groups were qualitatively 
estimated.

The substituent effect o f  the metal tricarbonyl moiety 
in m etal-arene complexes is o f  substantial interest. There is 
considerable evidence to show that 7r-com plexed Cr(CO ) 3 

group exerts a net electron-withdrawing effect from  the aro
m atic ring .3 The deprivation o f  rr-electron density on the ar
omatic ligand upon complexation with the Cr(CO )3 group also 
appears to attenuate the substituent effect o f  other aryl sub
stituents. On the other hand, the electron-releasing effect o f 
the Cr(CO ) 3 group has been dem onstrated by the rate en
hancement o f  solvolvsis o f  tricarbonylchrom ium complexes 
o f  benzyl,4’5 cumyl,5 and 2 -benzonorbornenyl6 derivatives, and 
the increase o f  the p K r+ value for the benzylchromium tri
carbonyl cation . 7 They were explained by the increase o f 
stability o f the intermediate cation with the attachment o f the 
Cr(CO )3 moiety. Previous attempts at the isolation o f benzyl-, 
diphenylmethyl-, and triphenylmethylehromium tricarbonyl 
cations from  the corresponding alcohols failed .4 Upon treat
m ent with HCIO4 or H BF 4 in AC2O, the alcohols gave only 
rapid decom position. W e would like to report now the prep
aration o f  the cum ylchrom ium tricarbonyl cation 1 , the first

chromium tricarbonyl com plexed arylalkyl cation observed 
under long-lived conditions, and its XH and 13C N M R  spec
troscopic study. The results provide evidence for the unusual 
stabilization o f 1  through charge delocalization into the 
C r(C O )3 group. For comparison, we also determined the 13C 
N M R  spectroscopic parameters o f  three known cyclohepta- 
trienylium -M (C O ) 3 cations 2 (M  = M o, Cr, and W). Cations 
2  represent a cyclic six 7r electron aromatic system attached 
to a metal tricarbonyl group, whereas 1  represents a similar 
six it electron system substituted by an electron-deficient 
exocyclic carbenium ion grouping.

Results and Discussion

A dark-green solution o f the cum ylchrom ium  tricarbonyl 
cation 1  was obtained upon treatment o f  a solution o f the 
chromium tricarbonyl com plex o f cumyl alcohol with fluo- 
rosulfuric acid in SO 2 at —80 °C  under dry nitrogen. The 
carbon-13 spectrum o f 1 is shown in Figure 1  and the XH and 
13C N M R  parameters are summarized in Tables I and II, re
spectively, together with the data o f the corresponding ions
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Table I.

Registry no.

52409-32-2

58464-00-9

16804-70-9

20605-66-7

‘ H NMR Parameters o f  the Cumylchromium Tricarbonyl Cation and Related Cumyl Cations 

Com pd Ring protons CH3 OH

CH,

5.37 (3 H), m 
5.67 (2 H), m

5.97 (3 H), m 
5.32 (2 H), m

8.73 (2 H) 
7.82 (2 H) 
8.42 (1 H)

8.72 (2 H) 
7.40 (2 H)

1.58 (6 H), s

1.73 (6 H), s

3.48 (6 H)

3.12 (6 H)

2.00 (1 H), s

Table II. 13C NMR Parameters o f  Cumylchromium Tricarbonyl Cation and Related Cumyl Cations

Compd

71.42

170.92

254.3

242.79

C-ipso '-'ortho

121.92 92.32

101.66 99.49

140.0 142.4

137.69 141.52

Crnefa Cpara

94.57 92.32

120.67 96.72

133.3 155.9

133.51 174.43

CH3

31.72

24.74

34,90

30.90

CO

234.19

228.39

and precursors. N oteworthy is that the benzylic carbon be 
comes deshielded upon ionization of the alcohol to  1 , but the 
shift is smaller com pared to  that observed in the corre
sponding parent, uncom plexed system. T he significant 
shielding o f the electron-deficient benzylic carbon in 1 , com 
pared to that o f  the uncomplexed cumyl cation, indicates the 
unusual stabilization o f the cumyl cation upon complexation 
and the extensive delocalization o f  charge through the whole 
com plexed ion. However, the electron-deficient exocyclic 
carbon in 1  is more deshielded com pared to that observed in 
the a-ferrocenylcarbinyl cation .8 The carbon chemical shifts 
o f  1 are overall shielded by 312.3 ppm  com pared to the un
com plexed cum yl cation. From this shielding about 200 ppm

1

is attributed to the change o f the bonding nature upon com 
plexation ,3 and the remaining 1 0 0  ppm  corresponds to the 
transmission o f lk o f  the unit positive charge into the Cr(CO )3  

group, if  the effects other than the development o f charge are 
small. Recent carbon-13 spectroscopic study o f benzylic car
bocations showed that the carbon shifts reflected the trend 
o f  positive charge density distribution, correlating with the 
ability o f  substituents to delocalize positive charge and indi
cating the stability o f  ions .9 Utilizing the observed Ham mett 
type relationship between carbénium carbon shifts o f  sub
stituted cum yl cations and Brown’s a+ substituent con 
stants,10  a <r+ value o f —1.8 is estimated for the Cr(CO ) 3 group 
(Figure 2) .9 Unlike the com plexed benzyl and benzhydryl 
chlorides ,4 recent kinetic study on the rate o f  solvolysis o f 
cum yl chloride-chrom ium  tricarbonyl5 indicated that the 
Cr(CO )3 group is capable o f  enhancing the rate only by a factor 
o f  28 and that it is comparative to a p-m ethyl group . 10 Since 
observed A H  and A S  values are much different from those o f  
the uncom plexed system, it is proposed that a different 
mechanism is involved in the solvolysis o f  the chromium tri
carbonyl com plexed cumyl chloride.

Ions 2 were conveniently prepared by hydride abstraction 
from the corresponding cycloheptatriene-M (CO )3 complexes
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PPM

Figure 1. Carbon-13 spectrum of cumylchromium tricarbonyl cation in SO2 at —70 °C.

Figure 2. Correlation of carbenium carbon 13C NMR chemical shifts 
to Brown’s <j+ substituent constants for substituted cumyl cations.

M(c o >3
3a, M =  Mo

b, M =  Cr
c, M =  W

(C6H5VJC+B Fr,
CHjCl,

b f 4-

M(CO)3
2a, M =  Mo
b, M =C r
c, M =  W

3 with triphenylcarbenium fluoroborate . 1 1  The 13C N M R 
parameters o f ions 2 and com pounds 3 are summarized in 
Table III. Upon hydride abstraction, all ring carbons become 
equivalent as a single resonance and is deshielded. However, 
the deshielding effect is smaller com pared to that observed 
for the corresponding uncomplexed tropylium ion indicating 
that the M iC O h  group also stabilizes the ions 2 by delocalizing 
charge. The almost identical deshieldings observed when 
com pounds 3 are converted into 2 suggest that the m olybde
num, chromium, and tungsten tricarbonyl groups have nearly 
equivalent stabilizing effects. The present data are also con
sistent with the previously determined p K r + values o f  ions 
2 , which are almost identical, and are larger than that for the 
tropylium ion . 12 T he chemical shifts o f  uncomplexed cyclo- 
heptatriene are overall deshielded by 284 ppm upon hydride

abstraction, corresponding to developm ent o f unit positive 
charge. T he difference o f overall chemical shifts between 2b 
and 3b is 188 ppm . The deshielding is 96 ppm  less than that 
o f  the uncom plexed, parent system and corresponds to % o f 
the unit positive charge being transmitted into the Cr(C ( » 3  

group. It is interesting to compare this observation with cation 
1 , where it is also estimated that % o f  the unit positive charge 
is transmitted. In the same manner, it is estimated that ap
proximately lh o f  the unit positive charge is transm itted into 
the M (C O )3 groups in 2 c and 2 a.

The increase in shielding o f the carbonyl resonance in 1 with 
respect to that o f  the corresponding alcohol and arenechro- 
mium tricarbonyls , 3 and 2a with respect to that o f  3a, is con 
sistent with the decrease o f  the electron density on the metal 
owing to transmission o f charge to stabilize the cationic li
gand .13  It is also consistent with the decrease in the m etal- 
carbonyl 7r back-donation with increasing carbonyl stretching 
frequencies . 1 1 ’12  Furthermore, the observation o f a single 
resonance for the carbonyl carbons in 1  and 2 a points out the 
low rotational barrier o f the M (C O )3  group relative to the 
cationic ligand.

The bonding o f the transition metal ir com plexes with ole- 
finic ligands has generally been considered to  be com posed 
o f a a forward donation arising from  an overlap o f  the filled 
bonding it orbital o f  the ligand with vacant orbitals o f  the 
metal and a ir back-donation from an overlap o f  a filled d or
bital o f  the metal with the antibonding ir orbital o f  the li
gand . 14 The general significance o f  ir back-donation is well 
known. For the present electron-deficient system, the back- 
donation is o f particular significance, for it transmits the 
electronic charge density into the cationic ligand to counter
balance the developed positive charge. It is expected that the 
formation o f a nonbonding orbital in the cumyl cation 15  upon 
ionization depresses the energy level o f the lowest unoccupied 
orbital and facilitates back-donation ,15  whereas in the case 
o f  the cycloheptatrienylium ion no nonbonding orbital is 
formed. Consequently the C r(CO )3 group has less stabilizing 
effect on the cycloheptatrienylium ion than on the cum yl 
cation, as also is indicated by the previous PjKr + measure
ments.7 It is o f  interest that the ring carbons in 1 which are not 
at the nodal plane in the nonbonding orbital are more 
shielded, owing at least in part to the increase o f  back-dona
tion between these carbons and the metal atom. However, 
because o f the qualitative nature o f  estimating effects on 
charge deshielding, the present study cannot claim to  have  
detected any transmission o f  excess charge into the C r(C O )3  

group in 1  due to more favorable ir back-donation, by com 
parison with 2 b.

In addition to the above-m entioned stabilization through 
back-donation with the interaction o f the metal atom with the 
whole ir-electron system o f the cationic ligand ,16 the origin 17  

o f the unusual stabilization o f transition metal ir com plexes 
containing an exocyclic electron-deficient ligand has been 
proposed to be due to direct metal participation (4 ) , 18 o--ir 
conjugation (vertical stabilization, 5 ) , 19 or ir -x  type overlap . 20 

In both chromium tricarbonyl com plexed and uncom plexed
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Table III. Carbon-13 Parameters of Cycloheptatriene, Tropylium Ion, and Their 7r Complexes 
with Molybdenum, Chromium, and Tungsten Tricarbonyls0

Metal
carbonyl Registry no. >==4TVf(CO)J Registry no. < ® L

Cr(CO)3 12125-72-3

c ,
123.3

(16 1 .1 )

c,
129.8

(154)

c 3
134.1

(156)

c4
28.8

(131)

CO
b

CH
155.33

(168 .6 )

CO

58.15 102.27 100.22 24.17 a 241 .34C, d 
b 230.14 12170-19-3

104.71
(179 .3 )

e

M o(CO )3 12125-77-8 62.36 104.43 99.68 27.08 a 229.17G<i 
b 217.93 12170-21-7

100.0
(176 .9 )

206.29

W(CO)3 12128-81-3 52.3 101.7 94.2 28.7 211.6 (av )d 12083-17-9 96.62
(179.9)

e

a All chemical shifts (ppm ) are referred to  the external Me„Si capillary, and coupling constants (H z) are given in paren
theses. 6 H. Spiesecke and W. G. Schneider, Tetrahedron L ett., 468  (19 61 ); H. Gunther, Z. Naturforsch., 206, 948  (1965). 
c C. G. Kreiter and M. Lang, J. Organomet. Chem., 55, C27 (1973). <* B. E. Mann, Chem. Commun., 926 (1971). e Several 
attempts were made; however, no resonance was observed for the carbonyl carbons.

Cr(C0)3 Cr(C0)3

5
monosubstituted benzene derivatives the ortho and para 
carbons are generally sensitive to  the effect o f  a ring substit
uent, whereas the meta carbons are almost unaffected .3 

However, the situation is reversed in 1. As in the case o f  are- 
nium-iron tricarbonyl cations,2 1 the meta carbons are affected 
most and becom e m ost deshielded. T h e observation o f the 
reversed deshielding sequence in 1  rules out direct metal 
participation and tt- tt type overlap. A lthough an excellent 
agreement o f  the related chem ical shifts has been reported 
between free and chrom ium  tricarbonyl com plexed arenes,3 

it cannot be extrapolated to  1. It indicates that substantial 
perturbation takes place in the transmission o f  resonance 
substituent effects in 1 and rules out the a-rr conjugation. In 
addition, if 1 would be stabilized by a-rr conjugation, C; should 
be observed at a much lower field based on the structures 
represented as 5.

Finally, we would like to point out that our estimation o f  
the <r+ substituent constant o f  the Cr(C 0 ) 3  group and the 
am ount o f  fractional positive charge transm itted into the 
metal ligand is clearly qualitative, with the assumption that 
the shieldings are only m oderately affected by the change o f 
bonding nature upon formation o f  the cations. 13C N M R  shift 
differences clearly cannot be equated with charge delocali
zation, but qualitatively seem to show their trend .22 T h is is 
considered to  be the case also for the cations o f  transition 
metal tt com plexes, although no satisfactory theory is yet 
available for the shielding effects in these com plexes .23 Fur
thermore, we also would like to point out that the charge 
transmission into the M (C O )3 group could be a major con 
tributor to the unusual stabilization. However, it is not the sole 
factor to be considered and the stabilization is dependent on 
the charge delocalization o f  the whole molecule.

Experimental Section

Molybdenum, chromium, and tungsten carbonyls were obtained 
from Strem Chemicals, Inc. Cycloheptatriene and cumyl alcohol were 
purchased from the Aldrich Chemical Co. Cycloheptatrienyl-M(CO)3 
ions (M = Mo, Cr, and W) were conveniently prepared, as reported, 
by hydride abstraction from the corresponding cycloheptatriene-

M(CO)3 complexes with triphenylcarbenium tetrafluoroborate.11 
Cumyl alcohol-chromium tricarbonyl was prepared as reported.4 A 
dark green solution of the cumylchromium tricarbonyl cation was 
obtained upon treatment of the alcohol in cold CDCI3 with fluo- 
rosulfuric acid in S02 at —80°, under dry nitrogen. The cation is stable 
indefinitely up to —30 °C.

The 4H NMR spectra were obtained on a Varian A56/60A spec
trometer with a capillary of Me,jSi as external reference. FT 13C NMR 
spectra were obtained on a Varian XL-100 spectrometer, using fluo- 
robenzene as external lock. All chemical shifts are referred to the 
external Me4Si((5% enriched capillary).
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Alkylation of toluene with 1-bromo-l-phenylethene (1, a-bromostyrene) in the presence of ALBre produced 1- 
phenyl-l-p-tolylethene (4a) and minor amounts of phenylacetylene (2) and acetophenone (3). Reaction of 2 with 
toluene and Al2Br6 gave a low yield of 1-phenyl-l-o-tblylethene (4b) and a trace of 1. Reaction of 2 with toluene and 
100% H3PO4 gave 3 (mainly) and 4a and 4b. Reaction of 2 with anisole and 100% H3PO4 gave 1-phenyl-l-p-anisyl- 
ethene (4c), 1-phenyl-l-o-anisylethene (4d), and 3. Extended reactions of both 1 and 2 with toluene and anisole give 
polymeric products; 4c was shown to polymerize faster than 4d. The vinyl cation C6HsC+= C H 2 is a presumed in
termediate in these reactions. The major product from the reaction of benzene with 2-bromopropene in the pres
ence of aluminum bromide is 2,2-diphenylpropane (12a). Minor products include 3,3,3',3'-tetrainethyl-l,l'-spirobi- 
indan (21a), l,l,3-trimethyl-3-phenylindan (I4a), and 1,1,3-trimethylindene (16a). The corresponding products 
are formed from toluene. The key intermediates to all of these products are the 2-arylpropene (10a) and the 2-aryl-
2-propyl cation (11a) produced from it by proton addition. Results of the earlier work in which the production of 
l,l'-spirobiindans has been observed are correlated in terms of the mechanisms outlined.

1-Bromo-l-phenylethene. Depending on the catalyst 
and the conditions used, vinyl halides may react either at the 
double bond or at both the double bond and the halide sites.2-4 
Yuldashev and Tsukervanik3 found that treatment of vinyl 
halides in benzene with BF3-H 3PO4 gave the corresponding 
phenylalkyl halides, whereas using AICI3 gave products re
sulting from reaction at both the double bond and the halide 
site. However, they reported that 1-bromo-l-phenylethene 
(1, a-bromostyrene) did not react with benzene in the presence 
of either AICI3 or BF3-H 3PO4 catalysts. They concluded that 
substitution of vinyl halides at the a  position with alkyl or 
particularly aryl groups diminishes the reactivity of the double 
bond in alkylation reactions.

We investigated the reaction of 1-bromo-l-phenylethene
(1) with toluene in the presence of Al2Bre catalyst with the 
main interest of examining the possibility of a vinyl cation 
intermediate. Surprisingly, we found that 1 condensed rapidly 
with toluene in the presence of A^Bre to give mainly 1-phe- 
nyl-l-p-tolylethene (4a), besides small amounts of aceto
phenone (3) and phenylacetylene (2). The reaction was very 
fast and 4a was detected by GLC as the main product after 3 
min. At longer reaction times compound 4a polymerized to 
higher boiling materials, as will be discussed later.

At least two mechanisms may account for these results. The 
first mechanism (route A of Scheme I) involves reaction at the 
double bond by addition of a proton or the Lewis acid catalyst 
to give a fairly stable cation, which either reacts with water 
to give acetophenone (3) or with toluene to give 1-phenyl-l- 
tolyl-l-bromoethane 5. Compound 5 was not isolated, but it 
would be expected to react further in the presence of the 
catalyst to give a very stable cation (6) which then gives 4. 
Further alkylation with 6 to give a triarylethane is unlikely 
owing to steric effects. Even if such alkylation took place, a 
dealkylation is likely to occur. This latter possibility was ruled 
out since no compound such as 1,1-ditolylethene was detected 
among the products.

The second mechanism (route B of Scheme I) involves di
rect ionization of 1 to a phenylvinyl cation 7 which either 
reacts with water to give acetophenone (3) or with the solvent 
to give 1-phenyl-l-tolylethene (4). Loss of a proton from 7 
gives phenylacetylene (2).

To gain more insight on the possibility of vinyl cation in
termediates in the course of Friedel-Crafts alkylation, the 
reaction of phenylacetylene with aromatic hydrocarbons in 
the presence of a protonic catalyst was studied. The catalyzed 
hydration of substituted phenylacetylenes in aqueous acidic 
solvents to give substituted acetophenones was shown to in-

Scheme I
Br

Ph-R

7

-H+H+H+

< 0 h - ch
2

a, R =  p-Me 
h, R =  o-Me
c, R =  p-OMe
d, R =  o-OMe

volve a rate-determining proton transfer to give arylvinyl 
cation intermediates.5,6 This conclusion was supported by a 
large increase in the rate of the reaction produced by elec
tron-releasing substituents on the benzene ring and a large 
negative p value. A large kinetic isotope effect, k H2S 04/fe 
D2SO4, of 2.98 for phenylacetylene was obtained, consistent 
with a rate-determining proton transfer. Phenylacetylene was 
reported to condense with anisole in the presence of AICI3 to 
give (16%) 1-p-anisyl-l-phenylethene (4c) among other 
products.7

In the presence of BF 3- H 3P O 4, phenylacetylene was re
ported to condense with toluene to give 1-phenyl-1-tolyleth-
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Scheme II

ene.8 Phosphoric acid alone was used as catalyst in this in
vestigation because the only way it could catalyze the reaction 
of phenylacetylene would be through proton addition to the 
triple bond to produce a vinyl cation. Phenylacetylene reacted 
with toluene in the presence of H3PO4 to produce 40% aceto
phenone (3), 7% 1-phenyl-l-p-tolylethene (4a), and 5% 1- 
phenyl-l-o-tolylethene (4b). Treatment of phenylacetylene 
with anisóle and H3PO4 gave 25% acetophenone (3), 14% 1- 
p-anisyl-l-phenylethene (4c), and 12% 1-o-anisyl-l-phenyl- 
ethene (4d). When Al2Br6 was used as catalyst in the presence 
of toluene, 1-bromo-1-phenylethene (1) was formed besides 
4b. The fact that 1 reacts with toluene and Al2Br6 to give 2 and 
4 and that 2 reacts with toluene and Al2Bre to give 1 and 4 
suggests that the vinyl cation 7 is a reasonable common in
termediate, but it does not necessarily rule out route A as an 
alternative pathway from 1 to 4.

In the reaction of phenylacetylene with toluene, the ratio 
of alkylation to acetophenone formation was 12:40, whereas 
in the reaction with anisóle it was 25:26. This probably reflects 
the higher reactivity of anisóle toward electrophilic attack by 
the phenylvinyl cation, 7.

It was surprising to find a high ratio of ortho-alkylation 
product. We suspected that the para isomers were formed 
initially in higher ratios, but they then polymerized at higher 
rates than the ortho isomers. The relative rates of formation 
and polymerization of both isomers (Table I) show that at the 
shortest reaction time the para isomer was formed more than 
twice as fast as the ortho isomer. At longer reaction times the 
percentage of the para isomer decreased, and after 30 min,

almost equal amounts of both isomers were detected. Finally, 
after about 5 h, both isomers disappeared with the formation 
of polymeric materials.

The failure of Yuldashev and Tsukervanik3 to obtain al
kylation of benzene with 1-bromo-l-phenylethene may be 
attributed to two causes, the first of which is polymerization 
of the initial product, 1,1-diphenylethene, Secondly, the type 
of products they found from the other vinyl halides and arenes 
with AICI3 catalyst—those due to reaction at both the double 
bond and the halide site—were not formed because of the 
steric hindrance to introducing three aromatic rings on one 
carbon atom.

2-Bromopropene. The reactions of 2-bromopropene follow 
the general behavior of vinyl halides in that the major prod
ucts are those resulting from reaction of both functional 
groups (double bond and halide).3 However, the minor 
products of the reactions are very interesting and deserving 
of comment.

The major product of the reaction of 2-bromopropene (8) 
with benzene in the presence of Al2Bre was 2,2-diphenylpr.o- 
pane (12a, Scheme II). Minor products were 1,1,3-tri- 
methyl-3-phenylindan (14a), 1,1,3-trimethylindene (16a), and 
3,3,3',3'-tetramethyl-l,l'-spirobiindan (21a). Compound 21a 
has a fascinating history. It was first reported by Hoffman13 
as a hydrocarbon of unknown structure from the reaction of
4-methyl-4-phenyl-2-pentanone with anhydrous ZnCl2. The 
structure 22 was later assigned to the hydrocarbon by Barnes 
and Beitchman14 on the basis of their investigations of similar 
reactions. This formula was accepted as correct for the product
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Table I. Relative Concentrations of 1-o-Anisyl-l- 
phenylethene (4d) and 1 -p-Anisyl-1 -phenylethene (4c) 

Produced in the Presence of 100% H3PO4

Time, min 4d, wt % 4c, wt %

5 31 69
15 49 51
30 55 45
45 64 36
60 80 20

150 100
300 Trace

obtained from treatment of the “ saturated dimer of «-meth
ylstyrene” (l,l,3-trimethyl-3-phenylindan, 14a) with AICI3 
at 100 °C,15 for the product obtained from methylacetylene 
and benzene in the presence of AICI3 and from treatment of 
«-methylstyrene (10a) with AICI3,16 and for the product from 
reaction of cumene with nitrosonium hexafluorophosphate.17

However, in 1962 Curtis and Lewis18 demonstrated by NMR 
studies that the product obtained from all of these reactions 
was indeed the l,l'-spirobiindan of structure 21a. Barclay and 
Chapman19 came to the same conclusion, and they proposed 
a mechanism for the formation of 21a from 1,1,3-trimeth- 
ylindene (16a) and the carbonium ion 11a corresponding to 
the last three steps of Scheme II. The mechanism was sup
ported by their demonstration of the production of 2 la from 
16a and «-methylstyrene (10a) in sulfuric acid and of two 
other new polyalkyl-l,l'-spirobiindans by analogous reactions.

Our contribution to the history of the l,l'-spirobiindan 21a 
consists of the first demonstration of its production from 2- 
bromopropene and benzene. Although it was not isolated in 
this experiment, 2-phenylpropene (a-methylstyrene, 10a) is 
undoubtedly the initial product from these starting materials, 
and the rest of the steps in the formation of 21a follow as 
outlined in Scheme II. 2-p-Tolylpropene (10b) was observed 
among the products from 2-bromopropene and toluene in the 
presence of aluminum chloride (vide infra). The other prod
ucts (12a, 14a, and 16a) also fit logically into this scheme. The 
formation of 21a in each of the reactions reported in ref 15-17 
is also reasonably explained in terms of Scheme II. (Meth
ylacetylene and benzene give a-methylstyrene as one prod
uct.16)

The l,T-spirobiindan (21a) was isolated in crystalline form 
only after separation from other products by vacuum distil
lation and preparative gas chromatography. However, in the 
work-up of the reaction mixture from 2-bromopropene, tol
uene, and A^Brg, when the excess toluene was removed by 
distillation, the residue contained a mass of crystals. This was 
3,3,6,3',3',6'-hexamethyl-l,l'-spirobimdan (21b). This com
pound had also been identified incorrectly earlier14 as a 
homologue of 22, but the correct structure was established at 
the same time as that of 21a.18 As in the reaction with benzene, 
the major product of the reaction of 2-bromopropene with 
toluene was the 2,2-diarylpropane, in this case 2,2-di-p-to- 
lylpropane (12b), and the other corresponding minor products,
l,l,3,5-tetramethyl-3-p-tolylindan (14b) and 1,1,3,5- 
tetramethylindene (16b) were observed. An additional 
product was observed which gave a GLC peak very close to 
that of 16b and had an NMR spectrum almost identical with 
that of 16b except in the aromatic proton region. It is assumed

to be 1,1,3,7-tetramethylindene (18b), which is formed from 
16b by a facile dealkylation-realkylation via the stable tertiary 
allylic cation 17b.

One experiment was carried out using aluminum chloride 
as catalyst for the reaction of 2-bromopropene with toluene. 
The major product was 2,2-di-p-tolylpropane (12b), as with 
Al2Br6 catalyst, and the minor products 14b, 16b, and 18b 
were observed. An interesting difference in the results was the 
isolation of 2-p-tolylpropene, which was not identified among 
the products of the ALBrg-catalyzed reaction, and the failure 
to isolate any l,l'-spirobiindan (21b).

Barclay and Chapman19 commented on the interesting 
NMR spectrum of 21a and rationalized it in terms of the space 
relationships imposed by the rigid spirane structure. We found 
the NMR spectrum of 21b also interesting, although it was 
highly perplexing at first. In CCI4 solution the spectrum was 
surprisingly simple, consisting of five sharp singlets (Exper
imental Section). The two six-proton signals at 1.30 and 1.37 
ppm could be assigned to two sets of equivalent methyl groups 
(at the 3,3' positions), and the two singlets in the aromatic 
regions, two protons at 6.49 and four protons at 6.92 ppm, 
could be assigned in the same way as the corresponding ones 
in 21a were assigned by Barclay and Chapman19 (to the 1,1' 
and 4,5,4',5' positions), but the ten-proton singlet at 2.24 ppm 
defied assignment. However, when the NMR spectrum was 
determined in pyridine solution, the signal at 2.24 ppm was 
separated into two singlets at 2.16 (6 H, 6,6'-ArCH3’s) and 2.32 
ppm (4 H, 2,2/-CH2,s). It was indeed surprising that the 
methylene hydrogens at the 2 and 2' positions would give the 
same signal as the methyl groups at the 6 and 6' positions in 
CCI4 solution.

Experimental Section

Mass spectra were recorded on a Du Pont 21-491 spectrometer. ]H 
NMR spectra were obtained using a Varian A-60 or HA-100 spec
trometer, or a Perkin-Elmer R-12 spectrometer, in C C I4 solution 
unless specified otherwise; results are expressed in parts per million 
downfield from internal Me4Si (S). Ir spectra were recorded on a 
Beckman IR-5A instrument.

Anhydrous aluminum bromide was prepared from aluminum, 
30 mesh (50 g), and bromine (60 ml).9

1-Bromo-l-phenylethene (1) was prepared according to the 
procedure of Dufraisse10 using phenylacetylene (0.147 mol) in glacial 
acetic acid (100 ml) and hydrogen bromide (0.118 mol) at 0 °C, bp 63 
°C (2.5 mm).

Treatment of 1-Bromo-l-phenylethene (1) with A]2Br6 in 
Toluene. Freshly distilled Al2Br6 (3.0 g, 5.5 mmol) was dissolved in 
toluene (20 ml, 200 mmol). 1-Bromo-l-phenylethene (1, 3.0 g, 17 
mmol) was added slowly during 5 min while stirring at room tem
perature for 30 min. Heat was evolved and the solution turned red. 
The usual workup with dilute HC1 followed by vacuum distillation 
gave 1.2 g of an oil, bp 133-150 °C (2.5 mm), which was separated by 
preparative GLC (10-ft column, 10% SE-30 at 200 °C) and was found 
to be (4%) phenylacetylene (2), (8%) acetophenone (3), and (88%) 
1-phenyl-l-p-tolylethene (4a):11 mass spectrum m/e 194; NMR S 2.28 
(s, 3 H, ArCH:i), 5.31 (broad singlet, 2 H, C =CH 2, 7.04 (d, 4 H, ArH), 
and 7.2 ppm (s, 5 H, ArH). The yield of 4a was 35% based on 1.

Treatment of Phenylacetylene (2) with Al2Br6 in Toluene. 
Phenylacetylene (2,4.2 g. 41 mmol) was dissolved in toluene (40 ml) 
and the solution was added dropwise into a cold solution (0 °C) of 
Al2Br6 (0.95 mmol) in toluene (50 ml). The mixture was stirred at 0 
°C for 5 h. Regular workup with dilute HC1 gave 4 g of a viscous oil. 
Vacuum distillation gave 0.2 g of an oil, bp 112-140 °C (0.05 mm). The 
overall yield was estimated to be about 5% of a mixture which was 
separated by preparative GLC and consisted of (10%) 1-bromo-l- 
phenylethene (1), mass spectrum m/e 182 (100%), 183 (13%), and 184 
(99%), NMR 5 5.96 (d, 1 H, J  = 1 Hz), 6.05 (d, 1 H, J  = 1 Hz), and 7.1-8 
ppm (m, 5 H), and (85%) 1-phenyl-l-o-tolylethene (4b), mass spec
trum m/e 194, NMR (CS2) & 1.99 (s, 3 H, ArCH3), 5.08 (d, 1 H, J = 2 
Hz, C=CH), 5.65 (d, 1 H, J = 2 Hz, C=CH ), 7.08 (s, 4 H, ArH), and
7.13 ppm (s, 5 H, ArH).

Treatment of Phenylacetylene (2) in Toluene with H3PO4.
Anhydrous phosphoric acid was prepared12 by dissolving 75% of P2Or, 
in 100 g of orthophosphoric acid. The reaction was carried out by



Friedel-Crafts Alkylations with Vinyl Halides J. Org. Chem., Vol. 41, No. 10,1976 1701

stirring phenylacetylene (2, 4.2 g, 41 mmol), toluene (50 ml), and 
anhydrous H 3 PO 4  ( 1 0  ml) at 75-80 °C for 8  h. The mixture was 
worked up with water, extracted with ether, washed with water and 
10% Na2 CC>3 solution, and then dried over anhydrous MgSO^ Vac
uum distillation gave two fractions: (1) bp 102-103 °C ( 1 2  mm), 2 g, 
and (2) bp 118-125 °C (0.05 mm), 0.4 g. The first fraction was mainly 
acetophenone (3) (40% yield) while the second fraction consisted o f 
a mixture o f (5%) 1-phenyl-l-o-tolylethene (4b) and (7%) 1-phenyl-
1-p-tolylethene (4a).

Treatment of Phenylacetylene (2) in Anisóle with H3PO4.
Phenylacetylene (4.2 g, 41 mmol), anisóle (50 ml), and 100% H 3 PO 4 

(5 ml) were heated at 75-80 °C with vigorous stirring for 9 h. Regular 
workup as before gave mostly polymeric material with traces o f ace
tophenone (3) and 1-anisyl-l-phenylethene. The reaction was re
peated, but with only a 30-min reaction period, to give (25%) aceto
phenone (3), (12%) 1-o-anisyl-l-phenylethene (4d), mass spectrum 
m/e 210, NM R 8 3.56 (s, 3 H, OCH3), 5.20 (d, 1 H, J  = 2 Hz, C =C H ), 
5 .5 8 (d ,lH , J -  2Hz,CCH),and6.8--7.16ppm (singletwithmultiplet 
at base, 9 H, ArH), and (14%) 1-p-anisyl-l-phenylethene (4c), mp
74- 75 °C (ethanol) (lit. 7  75-76 °C), mass spectrum m/e 210, NM R 
8 3.70 (s, 3 H, OCH3), 5.28 (q, AB system, 2  H, CCH2), 6.6-7.2 (an 
AA 'BB' system, 4 H, ArH), and 7.22 ppm (s, 5 H, ArH).

Relative Rates of Formation of 1-o-Anisyl-l-phenylethene 
(4d) and 1 -p-Anisyl-l-phenylethene (4c). Phenylacetylene (2,4.2 
g, 41 mmol), anisóle (50 ml), and 100% H 3 PO 4  (5 ml) were heated at
75- 80 °C with vigorous stirring; samples were withdrawn at different 
intervals and worked up as usual, then analyzed by GLC, and the 
relative concentrations o f 4d and 4c were calculated from the corre
sponding peak areas. The GLC column was 5 ft X 0.125 in., 10% SE-30, 
used at 150 °C with nitrogen at 10 psi. The results are summarized 
in Table I.

Alkylation of Benzene with 2-Bromopropene. Anhydrous 
AI2BT6  (2 g, 3.8 mmol) was distilled into a 250-ml flask; 90 ml of ben
zene was added and the mixture was stirred at room temperature until 
all the Al2Br6  was dissolved. 2 -Bromopropene (4.5 g, 37 mmol) was 
added dropwise during 5 min and stirring was continued for 3 h The 
usual workup with ice and water followed by distillation under re
duced pressure gave 4.2 g o f crude product, bp 96 °C (10 mm)-133 °C 
( 1  mm). This mixture was separated by preparative GLC us ng a 
Wilkens A-700 (Autoprep) instrument with 6  ft X 0.25 in. column 
containing 10% SE-30 on 60-80 mesh firebrick, He carrier gas. The 
approximate composition was 1 0 % 1,1,3-trimethylindene (16a),15 mass 
spectrum m/e 158, N M R (CCI4 ) 8 1.25 [s, 6  H, C i (CH3 )2], 2.05 (broad 
d, 3 H, C3CH3 ), 5.90 (m, 1  H, = C 2H), and 7.10 ppm (s, 4 H, ArH): 78%
2,2-diphenylpropane (12a), mass spectrum m/e 196, N M R (CCI4 ) 8
1.63 [s, 6  H, C2 (CH3)2] and 7.12 ppm (s, 10 H, ArH); 8 % 1,1,3-tri- 
methyl-3-phenylindan (14a),16 mass spectrum m/e 236, NM R (CCI4 )
5 1.02 (s, 3 H, C 3CH 3 ), 1.32 (s, 3 H, C 3CH3), 1.67 (s, 3 H, C,CH 3), 2.30 
(two d, AB, 2 H, J  = 13 Hz, C2 H 2), and 7.10 ppm (two s, 9 H, ArH); 
and 4% 3,3,3',3'-tetramethyl-l,l'-spirobiindaii (21a), mp 133-134 °C 
(from methanol, lit . 1 3 - 1 9  132,133-134 °C ), mass spectrum m/e 276 
and 261, NM R (CC14) 8 1.35 (s, 6  H, C3,3- CH3), 1.40 (s, 6  H, C3,3' CH3),
2.29 (s, 4 H, C2j2' H2) and 6.9-7.2 ppm (m, 8  H, ArH).

Alkylation of Toluene with 2-Bromopropene. The reaction was 
carried out as with benzene: Al2Br6  (2.1 g, 3.9 mmol), toluene (90 ml), 
and 2-bromopropene (5 g, 41 mmol) were stirred at room temperature 
for 4 h. After the usual workup with ice and water and removal o f the 
excess toluene by distillation under reduced pressure, a mass o f 
crystals appeared in the 4.5 g o f residual yellow oil. Two recrystalli
zations of the solid gave 0.5 g o f 3,3,6,3',3',6'-hexamethyl-l,l'-spir- 
obiindan (21b): colorless needles, mp 130-132 °C; vacuum sublimation 
raised the melting point to 137-138° (lit . 1 8  137-138 °C ); mass spec
trum m/e 304 and 289; N M R  (CCI4) 8 1.30 (s, 6  H, C 3 ,3 ' CH3) , 1.S7 (s,
6  H, C3j3' CH3), 2.24 (s, 10 H, 6 ,6 '-ArCH 3  and 2 ,2 '-C H 2), 6.49 (s, 2  H, 
7,7'-ArH), and 6.92 ppm (s, 4 H, 4,5,4',5' ArH); (pyridine) 8 2.16 (s, 
6  H, 6 ,6 '-ArCH3) and 2.32 ppm (s, 4 H, 2,2'-CH2). The 0.5 g o f pure 
2 1 b corresponds to 1 2 % o f theory based on 2 -bromopropene.

The liquid products, 3.3 g, bp 68-145 °C  (0.1 mm), were separated 
by preparative GLC, using a 10 ft X 0.25 in. column o f  the same type 
described above and the components were identified by NM R: .18%
1,1,3,5-tetramethylindene (16b),20 N M R (CCI4 ) 8 1.24 [s, 6  H, Cj 
(CHa)a], 2.05 (d, 3 H, J  =  2  Hz, C3 CH 3 ), 2.37 (s, 3 H, 5-CH3), 5,85 (m, 
1 H ,= C 2H), and 6.9-7.1 ppm (m, 3 H, ArH); 4% 1,1,3,7-tetramethy- 
lindene (18b), NM R (CC14) 8 1.22 [s, 6  H, Ci (CH3)2], 2.25 (d, 3 H, J  
= 2 Hz, C3 CH3), 2.51 (s, 3 H, 7-CH3), 5.88 (m, 1 H, = C 2H), and 6.8-7.2 
ppm (m, 3 H, ArH); 71% 2,2-di-p-tolylpropane (12b), N M R 8  1.6 [s, 
6  H, C2 (CH3)2], 2.24 (s, 6  H, ArCH3), and 6.97 ppm (s, 8  H, ArH); and 
7% 1,3,3,6-tetramethyl-l-p-tolylindan (14b),21 N M R (CCI4 ) 8 1.02 
(s, 3 H, C 3CH3), 1.30 (s, 3 H, C 3CH3), 1.62 (s, 3 H, CiCHs), 2.28-2.35 
(two singlets with multiplet at base, 8  H, C2 H 2 and ArCH3), and 6.95 
ppm (m, 7 H, ArH).

Alkylation of Toluene with 2-Bromopropene in the Presence 
of Anhydrous Aluminum Chloride. 2-Bromopropene (1.95 g, 16 
mmol), AICI3  (2 . 6 6  g, 2 0  mmol), and toluene (90 ml) were stirred to- 
getherlatiroom temperature for 2.5 h. ASfter the usual workup with ice 
and water and removal of excess toluene by distillation under reduced 
pressure, the residue was 2 . 2  g o f yellow oil, which did not yield any 
crystals. This oil was separated by GLC into the same components 
(1 2 b, 14b, 16b, and 18b) as in the Al2 Br6 -catalyzed reaction except 
that no l,l'-spirobiindan (21b) was found, and 7% o f 2-p-tolylpropene 
(10b) was isolated and identified by N M R (CC14): 8 2 . 1 1  (s with fine 
splitting, 3 H, = C 2CH3), 2.34 (s, 3 H, ArCH3), 4.98 (broad s, 1 H, CiH),
5.24 (broad s, 1 H, CiH), and 7.14 ppm  (AB quartet, 4 H, ArH).

Registry No.—1,98-81-7; 2,536-74-3; 3,98-86-2; 4a, 948-55-0; 4b, 
947-77-3; 4c, 4333-75-9; 4d, 24892-80-6; 8 ,557-93-7; 10b, 1195-32-0; 
12a, 778-22-3; 12b, 1823-31-0; 14a, 3910-35-8; 14b, 1153-36-2; 16a, 
2177-45-9; 16b, 14656-06-5; 18b, 58343-28-5; 21a, 58343-29-6; 21b, 
58343-30-9; Al2Br6, 18898-34-5; H 3P 0 4, 7664-38-2; A1C13, 7446-70-0; 
toluene, 108-88-3; anisole, 100-66-3; benzene, 71-43-2.
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Enolate ions from several open-chain and cyclic ketones react with bromo- or iodobenzene in liquid ammonia, 
under irradiation, to form a-phenyl derivatives of the ketones. The reaction is of wide scope, but it fails with the 
enolate ions of acetophenone and of several /i-dicarbonyl compounds, and is impeded by appreciable steric hin
drance. The lethargic reaction of iodobenzene with the enolate ion of diisopropyl ketone afforded, besides some d i

phenyl ketone, nearly equal yields of benzene and of a hexamethyloctanedione; this provides insight into a yield- 
limiting and rate-depressing side reaction. The dianion of 2,4-pentanedione is mesitylated by 2-bromomesitylene 
at the terminal carbon in high yield.

In 1972 it was discovered4 that acetone enolate ion (1) 
reacts readily with unsubstituted phenyl halides in liquid 
ammonia under photostimulation to form phenylacetone (2 ), 
accom panied by some l,l-d iphenyl-2-propanone (3).

_ /C H 3 h

c 6h 5x  +  c h 2= c  — ^
' '" C T K + NHs 
1

0  0
II II

C6H5CH2CCH:! +  (C6H5)2CHCCH;, 
2 3

Later it was shown that enolate ions derived from  2-buta- 
none and 3-methyl-2-butanone are similarly phenylated ,5 that 
acetone enolate ion can be arylated by a great variety o f aryl 
halides,6 that ketone enolate ions can be 2 -quinolinylated by 
photostim ulated reaction with 2 -chloroquinoline ,7 and that
1 -chloronaphthalene reacts in similar fashion with the enolate 
ions o f  acetone and other ketones to form  a-(l-naphthy l) 
derivatives o f  them .8

W e now report a further study to establish the scope o f this 
synthetic method. W e have investigated reactions o f  brom o- 
or iodobenzene with enolate ions from  diverse ketones, and 
in a few cases reactions o f  brom o- or iodom esitylene. The re
sults illuminate aspects o f the reaction mechanism, apart from 
their interest for synthesis.

Results

Reactions were conducted in liquid ammonia at reflux with 
irradiation through Pyrex from  fluorescent lamps emitting 
maximally at 350 nm. Solutions o f ketone enolate ions were 
prepared by reaction o f the ketone with a slight excess o f  p o 
tassium ierf-butoxide (t-B uO K ) in ammonia. Except in a few 
special cases, the ketone enolate ion was in approxim ately a 
threefold excess over the aryl halide during irradiation.

The ten experiments summarized in Table I concern reac
tions with the enolate ions o f noncyclic ketones. 3-Pentanone 
(expt 4) and 4-heptanone (expt 7) are phenylated at a posi
tions in 80% yield, and the yield is even higher for phenylation 
o f 3,3-dimethyl-2-butanone at the 1 position (expt 3). In these 
cases, the chief interference is by a second stage o f phenylation 
to  form  diphenyl derivatives o f  the starting ketones.

2,4-Dimethyl-3-pentanone (expt 5 and 6 ) furnishes a single 
enolate ion (4) in which the nucleophilic a  carbon carries two

CH3 JO
x = c r

/

4
CH3 CH(CH,):i

methyl substituents. The photostim ulated phenylation o f  it 
is sluggish. Under conditions conducive to com plete reaction 
with other enolate ions, reaction o f either brom o- or iod o 
benzene with 4 was incom plete. Recoveries o f  unreacted 
halobenzene were 85 and 48%, respectively. M odest yields o f  
the expected a-phenylation product were obtained in both  
cases. T h e m ost interesting product, however, was
2,4,4,5,5,7-hexam ethylcctane-3,6-dione (5), which can be

0  CH3 CH3 0
II I I

(CH3)2CH— C— C— C— C— PH(CH3)2

c h 3 c h 3
5

considered an oxidative dimer o f 4. In expt 6 , this was ac
com panied by a nearly equal yield o f  benzene, a product o f  
reductive deiodination.

In contrast to these observations, W olfe and H ay9 found 
that the photostim ulated reaction o f enolate ion 4 with 2- 
chloroquinoline occurs readily to form an a-arylation product 
in high yield.

The mesitylation by either brom o- or iodomesitylene o f  the 
enolate ions derived from 3-pentanone (expt 9 and 10) is also 
sluggish. In both  cases half or m ore o f the mesityl halide was 
recovered after reaction times ample for their com plete con 
sumption in reaction with acetone enolate ion6 or for complete 
reaction o f  brom obenzene with the enolate ions o f  3-penta- 
none (expt 4). Appreciable amounts o f  mesitylene were formed 
in both expt 9 and 10. This suggests a complication analogous 
to  that encountered in expt 5 and 6 , but in this case no ketone 
dimer was obtained as a product.

Phenylation o f the enolate ions o f methoxyacetone was also 
lethargic; see expt 8 . After 130 min o f irradiation, less than 1% 
o f  a product that is possibly l-phenyl-l-m ethoxy-2 -propanone 
was formed, and 78% o f the bromobenzene was recovered. The 
principal product was phenylacetone, which presumably 
represents loss o f  a methoxy group after attachment o f  phenyl.

Remarkably, the enolate ion o f acetophenone is totally 
unreactive with brom o- or iodobenzene (expt 1 and 2). Even 
when 1 0 % o f acetone enolate ion was also present (an experi
m ent not tabulated), brom obenzene failed to  phenylate ace
tophenone enolate ion. The photostimulated a-naphthylation 
o f acetophenone enolate ion by 1 -chloronaphthalene is re
ported to occur, but very slowly, giving only 8% o f  a -(l-n a - 
phthyl)acetophenone after 3-h irradiation .8 In contrast, 2- 
chloroquinoline reacts readily with acetophenone enolate ion 
under photostim ulation to form  2 -phenacylquinoline in 82% 
yield .7

Reaction o f  acetone enolate ion with a threefold excess o f  
brom obenzene (experim ent not tabulated) afforded, besides
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Table I. Photostimulated Reactions of Phenyl and Mesityl Halides with Enolate Ions of Noncyclic Ketones in Liquid
Ammonia

Expt no.

Aryl

halide0 Ketone

Registry

no.

Irradiation 

time, min Products6

1 PhBr PhCOCH3 98-86-2 140 PhBr, 99% 
Br~, nil

2 Phi PhCOCHa 180 Phi, 99% 
I- , nil

3 PhBr CH3COC(CH3)3 75-97-8 90 PhCH2COC(CH3)3, 90% 
Ph2CHCOC(CH3)3, 10% 
CßHe, trace

4 PhBr“ CH3CH2COCH2CH3“ 96-22-0 70 PhCH(CH3)COCH2CH3, 80% 
Diphenyl ketones,d 19% 
CßHg, trace

5 PhBr (CH3)2CHCOCH(CH3)2 565-80-0 90 PhC(CH3)2COCH(CH3)2 , 6%
CeHß, 8%
PhBr, 85%
Ketone dimer“ /

6 Phi (CH3)2CHCOC,H(CH3) 2 180 PhC(CH3)2COCH(CH3)2, 32% 
CßHe, 19%
Phi, 48%
Ketone dimer,“ 20%Ä

7 PhBr 4-Heptanone 123-19-3 1 2 0 PhCH(C2H 5)COCH2CH2CH3, 80% 
Diphenyl ketones,6 10%
CeHß, 1 1 %

8 PhBr CH3OCH2COCH3 5878-19-3 130 PhCH(OCH3)COCH3, 0.9% 
PhCH2COCH3, 17%
PhBr, 78%
Br~, 19%

9 MesBr CH3CH2COCH2CH3 130 MesCH(CH3)COCH2CH3, 14% 
s-C6H 3(CH3)3, 20%
MesBr, 58%

1 0 MesI c h 3c h 2c o c h 2c h 3 130 MesCH(CH3)COCH2CH3, 24% 
s-C6H 3(CH3)3, 25%
MesI, 50%

0 MesBr is mesityl bromide, etc. 6 Yields by isolation and weighing unless otherwise noted; halide ion yields by titration with AgN 03. 
“ Initial concentrations: PhBr, 0.043 M; enolate ions, 0.15 M. d Mixture o f diphenyl-3-pentanone isomers. “ 2,4,4,5,5,7-Hexamethyl- 
3,6-octanedione. f Yield not determined. g Yield by GLC. h Mixture of diphenyl-4-heptanone isomers.

Table II. Photostimulated Reactions of Bromobenzene with Enolate Ions of Cyclic Ketones in Liquid Ammonia

Yields,“ %

Expt no. Ketone
Registry

no.
Irradiation 
time, min PhBr c 6h 6

«-Phenyl
ketone Br" Note

1 1 Cyclobutanone 1191-95-3 150 Tr 4 90 96
1 2 Cyclopentanone 120-92-3 150 9 28 64 91 b
13 Cyclohexanone 108-94-1 60 18 6 72
14 Cycloheptanone 502-42-1 2 1 0 29 1 2 58 70
15 Cyclooctanone 502-49-8 2 1 0 0 3 95“ 1 0 0

16 2-Indanone 615-13-4 150 2 2 90 95 d
17 Cyclohex-2-en- 930-68-7 1 0 0 92 3 0 8

1 -one

° Yields by GLC unless otherwise indicated. 6 Bicyclopentyl-2 ,2'-dione also formed; structure assigned from mass and infrared 
spectra. “ Yield 92% by isolation and weighing. d Ca. 5% of 2 ,2 '-biindanyl-1 ,1  '-dione also formed; structure assigned from mass spectrum.

32% o f phenylacetone (2), a 58% yield o f  l,l-d iphen yl-2 -pro- 
panone (3). None o f the symmetrical diphenyl derivative could 
be detected. Only a trace o f  a triphenylacetone, o f  undeter
mined structure, was found.

Enolate Ions from Cyclic Ketones. The enolate ions o f 
the series cyclobutanone through cyclooctanone were irradi
ated in the presence o f  bromobenzene, the enolate ion always 
being in threefold excess. Results are displayed in Table II, 
expt 11-15.

A curious pattern emerges, in that the enolate ions o f  the 
“ even”  ketones, cyclobutanone, cyclohexanone, and cy 
clooctanone, react quite well to form  «-ph en yl derivatives in 
high yield, whilst phenylation o f the “ odd”  enolate ions, those

from cyclopentanone and cycloheptanone, is less satisfactory. 
The two “ odd” ketones differ, however, in their behavior. The 
reaction with cyclopentanone enolate ion (expt 1 2 ) went 
nearly to completion but formed a rather large amount (28%) 
o f benzene as well as another by-product which appears to be 
a ketone dimer, analogous to 5. T he reaction with cyclohep
tanone enolate ion (expt 14) left 29% o f brom obenzene un
reacted even after a long irradiation time. Dehalogenation to 
benzene ( 1 2 %) was more prom inent than with the “ even”  
enolate ions buy less than with cyclopentanone enolate ion.

2 -Indanone enolate ion (expt 16) was phenylated in high 
yield. This is similar to  the second stage o f phenylation o f  
acetone enolate ion, which goes rather well.
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The enolate ions o f  the «,/3 -unsat.urated ketone, cyclohex-
2 -en -l-on e (expt 17), reacted very slowly with bromobenzene. 
N o phenylation product could be found.

Enolate Ions from /3-Dicarbonyl Compounds. In ex
periments not tabulated, but similar in design to those o f  
Tables I and II, efforts were made to phenylate with brom o
benzene the monoenolate ions o f  2,4-pentanedione, 5,5-di- 
m ethyl-l,3-cyclohexanedione, and 1,3-indandione, and with 
iodobenzene those o f diethyl malonate,10 ethyl acetoacetate,10 

and 2,4-pentanedione. These efforts were all unsuccessful; no 
phenylation product was obtained (although there was mass 
spectral evidence o f  a trace o f 3-phenyl-2,4-pentanedione from 
the iodobenzene reaction), and halide ion release was 1 2 % or 
less.

The dianion formed by treatment o f 2,4-pentanedione with 
2 equiv o f  K N H 2 was shown by Hauser and co-workers1 1  to 
have high nucleophilic reactivity at the 1  carbon, much greater 
than at the 3 carbon. Also, the dianion o f  benzoylacetone was 
shown to  react with 2 -chloroquinoline in liquid ammonia 
preferentially by arylation at the terminal carbon . 12 The SRNl 
mechanism was assigned to  the latter reaction.

In seeking to determine whether the dianion o f  2,4-pen
tanedione can be arylated by the Sr n I mechanism, we chose
2 -brom om esitylene as arylating agent in order to  avoid am 
biguity as to  whether a benzyne mechanism might be in
volved .13  The phenylation o f  this dianion by  the benzyne 
mechanism has been described, but the yield was poor .1 1

In our experiment (not tabulated), the photostim ulated 
reaction o f the dipotassium salt o f  2,4-pentanedione with 2- 
bromomesitylene afforded l-mesityl-2,4-pentanedione in 82% 
yield, together with 13% o f  mesitylene. Thus SRNl arylation 
at the 1  carbon is very satisfactory.

Discussion

The arylation reactions we have observed are believed to 
occur by the SRNl mechanism .4'14 This mechanism, in sche
m atic form  suitable to the present case, is as follows.

C

Ar.

7 +

+  ArX -— *■
i S•c— CT +  [A r X F  
| X

( 1 )

6

[ArX]-“  — Ar- +  X~ (2 )

+

\
 /

 
O II O

/
 \

 O
1

1 ^ 0 -
— ’» A r— C—  C 

1 ' X

(3)

1
ArX — ► Ar— C -

7

- C ^  +  [ArX]- (4)

This is a radical chain mechanism o f  a type first proposed 
by Kornblum 15  and Russell16 and their co-workers for certain 
substitutions at aliphatic sites. It was recognized as a m ech
anism o f aromatic substitution in 1970.14

Initiation is represented to  occur (step 1) by  photostim u
lated transfer o f  an electron from  the enolate ion to the aryl 
halide, forming the radical anion o f  the latter and a /3-keto 
alkyl radical (6 ). Details o f the electron transfer are unclear. 
A conceivable alternative, photolysis o f  the C -X  bond o f the 
aryl halide , 17 generating an aryl radical which enters the 
propagation cycle at step 3, is disfavored because iodo- and 
brom obenzene differ so little in their reactivity with ketone 
enolate ions.

T he [ArX]--  radical anion ejects halide ion in step 2, and 
the resulting aryl radical adds, in step 3, to  the enolate ion to 
form  species 7, which may be described as a radical anion or 
a ketyl. It may transfer an electron to  another substrate

molecule, in step 4, to form  an a-aryl ketone and regenerate 
radical anion [ArX]-- . Steps 2, 3, and 4 constitute the propa
gation cycle o f  a chain mechanism. There m ust'also be ter
mination steps, o f  which we shall have more to  say later.

Dehalogenation and Ketone Dimer Formation. A ro
matic SRNl reactions are remarkably insensitive to steric 
hindrance .6,13 An example is our observation that the dianion 
o f 2,4-pentanedione is mesitylated by 2-brom om esitylene in 
82% yield. However, as the steric requirements o f  aromatic 
substituents or o f  enolate ions increase, both  reactivity and 
yields o f  arylation products diminish. Thus, in expt 9 and 10, 
Table I, the mesitylation o f 3-pentanone enolate ions is 
lethargic and the yields o f  2-m esityl-3-pentanone produced 
are rather low. It is to be noted that they are accompanied by 
larger amounts o f  mesitylene, a dehalogenation product.

Indeed, inspection o f our present results and o f  others 
published elsewhere6 reveals a general tendency for the for 
mation o f dehalogenation products to be associated with low 
overall reactivity. See, for example, expt 5, 6 ,12 , and 14.

Insight is provided by our discovery o f  ketone dim er 5 as a 
by-product o f  the phenylation o f  2,4-dim ethyl-3-pentanone 
enolate ion (4) in expt 5 and 6 . Significantly, the yield o f  
benzene in expt 6  is equal to that o f  5, consistent with balanced 
eq 5.

\  / O
2 +  PhX +  NH3 —►

+  PhH +  N R f (5)

8

T w o mechanisms for the form ation o f  5 are conceivable. 
Both involve a second mode o f interaction o f  aryl radical with 
enolate ion, as in step 6 , which parallels step 3. T h is is an

\  / ( T  _ I
Ar- +  ^ C = C ^  — Ar:  +  -C— (6)

6

electron transfer, and the aryl anion that it forms rapidly takes 
a proton from  the solvent (step 7). T he other product o f  step 
6  is /3-keto alkyl radical 6 , the same as form ed in step 1.

An +  NH3 — ► ArH +  N H f  (7)

One mode o f reaction o f /3-keto radical 6 is dim erization to 
ketone dimer 8 , as in step 8 . The sum o f steps 1 ,2 ,6 , 7, and 8  

is eq 5, for which there is experimental support.

2 •C— C.
✓

(8)

6 8

An alternative possibility is com bination o f  radical 6  with 
enolate ion, and subsequent electron transfer to  a substrate 
molecule, as in steps 9 and 10. For this alternative, the sum 
o f steps 2, 6 , 7, 9, and 10 amounts to eq 5.

•c—c f °  + N :i= c ;

9

9 +  ArX — *■ [ArX]-~ +  8  (10 )

Thus the two alternatives both  im ply the same stoichiom 
etry. Both  are crucially dependent on step 6 , for if  the aryl 
radical and enolate ion simply com bine as in step 3, radical G
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is not generated except in relatively small amounts in initia
tion step I.

The alternatives differ, however, in one important respect. 
Step 8  in the set o f  steps 1 , 2 , 6 ,7 ,  and 8  is a termination step, 
whereas none o f  the set o f  steps 2 , 6 ,7 ,9 , and 1 0  is a term ina
tion step. Inasmuch as the form ation o f  dehalogenation 
products, as well as ketone dimers as in expt 5, 6 ,12 , and 16, 
is associated with low overall reactivity, the alternative o f  steps 
1, 2, 6 , 7, and 8  is favored.

Dimerization o f /3-keto alkyl radicals (step 8 ) is precedented. 
In point o f  fact, we synthesized an authentic sample o f  dike
tone 5 by  just such a reaction . 18

One would anticipate from the literature that combination 
o f a /3-keto alkyl radical with an enolate ion, as in step 9, might 
well occur. Kornblum , B oyd, and Stuchal19 present evidence 
that /3-keto alkyl radicals com bine in the suggested manner 
with nitronate ions. M oreover, the cathodic cleavage o f  1,4- 
diketones to form enolate ions, which may involve the reverse 
o f  step 9, has been described .20 Therefore the alternative o f  
steps 2, 6 , 7, 9, and 10, although disfavored, cannot be ruled 
out altogether.

Presuming that we assess the situation correctly, we proceed 
to ask what determines whether an aryl radical interacts with 
an enolate ion by covalent bond formation (step 3) or electron 
transfer (step 6 ). Steric hindrance has something to do with 
it, for the form ation o f  dehalogenation products and to some 
extent o f  ketone dimers is greater when the aryl radical and/or 
the enolate ion are cluttered with alkyl substituents. (In some 
o f  our experiments ketone dimers, which were not sought as 
products, may have escaped detection.) However, it is difficult 
to visualize much steric hindrance in the interaction o f phenyl 
radical with the enolate ion o f cyclopentanone (cf. expt 1 2 ) or 
even with 4 (cf. expt 5 and 6 ). Furthermore, why does the 2 - 
quinolyl radical arylate 4 more rapidly than 1, seemingly es
chewing the electron transfer m ode o f reaction with 4? 9 There 
is much yet to be learned.

Anions from /3-Dicarbonyl Compounds. From time to 
time efforts have been made at Santa Cruz to involve the 
monoanions o f  /3-dicarbonyl com pounds as nucleophiles in 
aromatic SRNl reactions .21 The results have been uniformly 
unrewarding.

The failure of, for example, the diethyl malonate anion to 
be arylated b y  brom obenzene under stimulation either by 
photons or by solvated electrons2 1 might be due to slowness 
in any o f several steps or to  high reactivity in competing steps 
leading to termination. Inasmuch as arylation stimulated by 
solvated electrons fails, the problem  is n ot primarily in the 
initiation step. M aybe the anions o f  /3-dicarbonyl compounds 
are insufficiently nucleophilic to com bine fast enough with 
phenyl radicals (step 3) to maintain the propagation cycle in 
com petition with termination steps. Or maybe they interact 
primarily by electron transfer, in the manner o f  step 6 , leading 
to termination.

It is noteworthy that numerous instances o f  aliphatic SRNl 
reactions involving the anions o f  /3-dicarbonyl compounds as 
nucleophiles have been recorded by Kornblum  and co-w ork
ers. 15,22

Behavior of Methoxyacetone Enolate Ions. M ethoxya- 
cetone in principle can form three enolate ions, 1 0 , 1 1 , and 1 2 .

CH3CL Û

> = C\
H CH:J

10

H O '

CH.jO CH;;
11

CH,OCH3

12

In expt 8 , Table I, we obtained at m ost 0.9% o f  a product 
possibly l-ph en y l-l-m eth oxy -2 -propanone, which would 
derive from  10 and/or 11; the main product was 17% o f 
phenylacetone (2 ), which probably stems from  the same en-

olate ions. Combination o f  phenyl radical with 1 0  or 1 1  would 
form  13. Electron transfer from  13 to  bromobenzene (eq 11a)

O
II

Ph— CH— C— CH3 +  [PhBr]~ (Ha)

OCH3

jphBr

0 “
I

Ph— CH— C— CH3
I •

o c h 3

13

l
0
II

?h — CH— c — CH3 +  CH30~ (lib )
14

would afford l-phenyl-l-m ethoxy-2-propanone. However, 13 
appears to react preferentially by expulsion o f methoxide ion, 
generating radical 14. Acquisition o f a hydrogen atom by  the 
latter, either directly, perhaps by abstraction from methoxide 
ion ,23 or indirectly by taking an electron and then a proton, 
gives 2, the observed product. Som ehow the transformation 
o f  14 to 2 must give rise to radical by-products. If the latter 
engage mainly in termination, the sluggishness o f  the overall 
reaction finds explanation.

The suggested fragmentation o f  13 in reaction l i b  resem
bles the fragmentation o f phenylacetonitrile radical anion into 
benzyl radical and cyanide ion .24

Experimental Section

General. Reactants were commercial products, sometimes redis
tilled, whose purity was verified to exceed 99% by GLC analysis. In
frared spectra were recorded on a Perkin-Elmer Model 337 grating 
spectrophotometer, NMR spectra on a Varian A56/60A or Jeolco 
Minimar (60 MHz) instrument, and mass spectra on a Hitachi 
RMU-6E mass spectrometer. Elemental analyses were by Micro-Tech 
Laboratories, Skokie, 111. Analytical gas-liquid partition chroma
tography (GLC) was performed with a Hewlett-Packard Model 5751B 
chromatograph equipped with flame ionization detector, and product 
isolation by GLC on a Varian Aerograph A90-P3 instrument with 
thermal conductivity detector. Columns of either 10% SE-54 silicone 
rubber or 10% Carbowax 20M on Chromosorb P were used, with he
lium as carrier gas throughout. Appropriate internal standards were 
used in analytical GLC work.

Typical Procedure. A three-necked flask (11.) was provided with 
a large cold-finger type condenser (containing solid CO2 in 2-propanol 
in its central well) and a nitrogen inlet, and the stoppered third 
opening was used for additions. The flask was flushed with nitrogen 
and 240 ml of ammonia was distilled from sodium into it. Magnetic 
stirring was commenced, and commercial potassium ferf-butoxide 
(3.65 g, 0.0325 mol) was added. The mixture was cooled to —70 °C by 
an external bath of solid CO2 in 2-propanol, and 2.94 g (0.030 mol) of 
redistilled cyclohexanone was added. Redistilled bromobenzene (1.57 
g, 0.010 mol) was added, and the entire assembly was placed in a 
Rayonet Model RPR-100 photochemical reactor equipped with 16 
“ 350-nm” lamps and irradiated, with stirring, for 60 min but with 
interruption every 20 min to wipe accumulated frost from the outside 
of the flask. The flask was removed from the reactor, excess NH4NO3 
was added and then 100 ml of diethyl ether, and the ammonia was 
allowed to evaporate through a condenser of the same type whose 
central well contained 2-propanol held at about —20 °C by occasional 
addition of pieces of solid CO2. (The purpose was to ensure the re
tention of any benzene formed.) Water was added, the mixture was 
extracted with ether, and the ether layer was dried over anhydrous 
MgSCh and examined by GLC.

In general, if only the anticipated product was indicated to be 
present, the ether solution was concentrated by evaporation, the
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residue was distilled at reduced pressure, and the yield of purified 
product was determined by weighing. If a mixture was indicated, one 
or more internal standards was added in weighed amount and yields 
of the several constituents were determined by GLC; then the ether 
was removed by evaporation and pure samples of the products were 
isolated from the residue by preparative GLC. In many cases the 
aqueous layer remaining after ether extraction was acidified with 
nitric acid and analyzed for halide ion by potentiometric titration with 
AgN03.

Product Identification. Products were identified by their physical 
properties, and evidence for the main products from the tabulated 
reactions is now described.

Expt 3. 3,3-Dimethyl- l-phenyl-2-butanone: bp 65-66 °C (0.2 
T o i t ); NMR (CCD h 1.12 (s, 9), 3.70 (s, 2), 7.23 (s, 5); ir (film) 700,729, 
1060,1360,1450,1475,1490,1600,1710,2890-3100 cmr1; MS m/e 176 
(M+, 10), 91 (98, benzyl?), 85 (100, trimethylacetyl?). 1,1-Diphe- 
nyl-3,3-dimethyl-2-butanone: mp 123-126 °C; NMR (CCD i  1.12 
(s, 9), 5.46 (s, 1), 7.17 (s, 10); MS m/e 252 (M+, 10), 167 (100, ben- 
zhydryl?), 152 (biphenylene?), 85 (27, trimethylacetyl?), 57 (30, 
tert-butyl?).

Expt 4. 2-Phenyl-3-pentanone: bp 92-94 °C (4.0 Torr); NMR 
(CCD S 0.90 (t, 3), 1.33 (d, 3), 2.29 (q, 2), 3.68 (q, 1), 7.19 (s, 5); this 
agrees with NMR data reported by Gough et al.25

Expt 5 and 6. 2,4-Dimethyl-2-phenyl-3-pentanone: MS m/e 190 
(M+, 10), 147 (12, phenyldimethylacetyl?), 119 (100, cumyl?), 77 (80, 
phenyl?), 71 (dimethylacetyl?); ir (film) 704, 748, 992, 1032, 1350, 
1370,1450,1703, 2880-3100 cm "1. 2,4,4,5,5,7-Hexamethyl-3,6-oc- 
tanedione: NMR (CCD 5 0.83 (d, 12), 1.03 (s, 12), 3.03 (m, 2); ir (film) 
992,1018,1088,1380,1460,1700,2850-3000 cm“ 1, identical with that 
of an authentic specimen prepared after Ansell et al.18

Expt 7. 3-Phenyl-4-heptanone: bp 77-81 °C (0.08 Torr); NMR 
(CCD S 0.76 and 0.79 (overlapping triplets, 6), 1.15-2.15 (several small 
peaks, 4), 2.26 (t, 2, J  = 6.2 Hz), 3.44 (t, 1, J = 7.0 Hz), 7.22 (s, 5); ir 
(film) 701, 757, 1020, 1130, 1350, 1370, 1450, 1490, 1600, 1710, 
2880-3100 cm-1; MS m/e 190 (M+, 100), 119 (85, phenylpropyl?), 91 
(benzyl?), 71 (butyryl?), 69.5 (metastable, attributed to m/e 119 —► 
9126).

Expt 8. Phenylacetone was identified by the match of its NMR 
spectrum with that of an authentic specimen. The MS of the material 
responsible for a minor GLC peak of relatively long retention time 
indicated the presence of some l-methoxy-l-phenyl-2-propanone 
(m/e 164) and substantial contamination by phenylacetone (m/e 134).

Expt 9 and 10.2-Mesityl-3-pentanone: NMR (CCD i  0.83 (t, 3, 
J = 7.5 Hz, H-5), 1.20 (d, 3, J = 7.5, H -l), 2.02 (q, 2, H-4) overlapped 
by 2.06 (s, 9, aryl CH3’s), 3.63 (q, 1, H-2), 6.57 (s, 2, aryl H); ir (film) 
848,1050,1450,1708,2885-3000 cm“ 1; MS m/e 204 (M+, 10), 147 (100, 
mesitylethyl?), 91 (7, benzyl?), 57 (7, propionyl?). Anal. Calcd for 
Ci4H20O: C, 82.30; H, 9.87. Found: C, 81.96; H, 9.93.

Expt 11. 2-Phenylcyclobutanone. The ir spectrum agreed with 
that reported by Crandall and Conover.27

Expt 12. 2-Phenylcyclopentanone: ir absorption at 1740 cm-1 
was observed, in agreement with Mislow and Hamermesh;28 MS m/e 
160 (M+, 33), 117 (10, cinnamyl?), 104 (100, styrene?), 91 (12, ben
zyl?), 78 (10, benzene?), 77 (9, phenyl?), 58.5 (metastable, attributed 
to m/e 104 —► 7826).

Expt 13. 2-Phenylcyclohexanone. The ir spectrum matched the 
published spectrum.29®

Expt 14.2-Phenylcycloheptanone. The ir spectrum matched the 
published spectrum.298

Expt 15.2-Phenylcyclooctanone: bp 115-120 °C (0.4 Torr); NMR 
(CCD 5 1.4-2.7 (m, 12), 3.64 and 3.83 (two doublets, 1), 7.33 (s, 5); ir 
(film) 700,732, 744,844,1154,1190,1330,1445,1490,1700, 2870-3100 
cm-1. The two NMR doublets and the 1700-cm_1 ir carbonyl signal 
agree with a report by Sisti.30 MS m/e 202 (M+, 17), 117 (87, cinna- 
myl?), 104 (100, styrene?), 98 (58, cyclohexanone?), 91 (77, benzyl?).

Expt 16. l-Phenyl-2-indanone. The ir spectrum agreed with that 
reported by Bordwell and Scamehorn.31 MS m/e 208 (M+, 61), 178 
(100, phenylbenzocyclobutadiene?), 165 (56, phenylbenzocyclopro- 
penyl?), 152 (19, biphenylene?), 115 (13, indenyl?), 104 (47, styrene?).

Reaction of Potassium Acetone Enolate with Excess Bromo- 
benzene. The reaction was conducted in the usual way except that 
bromobenzene (0.15 M) was in excess over the enolate reagent (0.05 
M). Irradiation was for 120 min. Obtained were phenylacetone (32%, 
by GLC) and l,l-diphenyI-2-propanone (58%, isolated and weighed). 
The ir spectrum of the latter matched the published spectrum.290

Reaction of the Dianion of 2,4-Pentanedione with 2-Bromo- 
mesitylene. Into about 200 ml o f liquid ammonia, 2.35 g (0.06 mol) 
of potassium metal was introduced and then a little powdered ferric 
nitrate. After the blue color had disappeared, 3.00 g (0.030 mol) of
2,4-pentanedione was added with stirring, and then 1.99 g (0.010 mol) 
of 2-bromomesitylene. The mixture was irradiated for 120 min in the 
photochemical reactor. The product, l-mesityl-2,4-pentanedione, was 
isolated by standard procedures: bp 100-105 °C (0.3 Torr); mp 43.5-45 
°C; NMR (CCD « 1-86 (s, 3), 2.16 (s, 9), 3.47 (s, 2), 5.01 (s, 2), 6.67 (s, 
2); ir (film) 780,853,1234,1440,1610,1705,2870-3030 cm -1; MS m/e 
218 (M+, 60), 200 (40), 160 (50), 141 (35), 134 (98), 133 (100), 119 (80). 
Anal. Calcd for Ci4H180 2: C, 77.03; H, 8.31. Found: C, 76.95; H, 
8.42.

Registry No.— 1, 25088-58-8; 5, 51513-36-1; bromobenzene, 
108-86-1; iodobenzene, 591-50-4; mesityl bromide, 576-83-0; mesityl 
iodide, 4028-63-1; 3,3-dimethyl-l-phenyl-2-butanone, 6721-67-1;
l,l-diphenyl-3,3-dimethyl-2-butanone, 58343-20-7; 2-phenyl-3- 
pentanone, 16819-77-5; 2,4-dimethyl-2-phenyl-3-pentanone, 
25097-60-3; 3-phenyl-4-heptanone, 58343-21-8; 2-mesityl-3-penta- 
none, 58343-22-9; 2-phenylcyclopentanone, 1198-34-1; 2-phenylcy- 
clooctanone, 14996-79-3; l-phenyl-2-indanone, 24017-08-1.
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Several vinyl halides undergo photostimulated reaction with acetone enolate ion or thiophenoxide ion in liquid 
ammonia to give substitution products. Although reactivity in some cases is fairly high, in general it is less than for 
aryl halides. Reactions with thiophenoxide ion are notably sluggish. /3-Bromostyrene reacts with the enolate re
agent with stimulation by potassium metal to form products of substitution and reduction. These reactions are be
lieved to occur by the SRNl mechanism.

Although aryl halides without strongly electron-attract
ing substituents are often thought to be unreactive with nu
cleophiles, they do react with several under stimulation by 
electrons or photons to form  good yields o f  substitution 
products .2 Prom inent examples are the reactions o f  phenyl 
halides and similar substrates with amide ion3 ’4 or acetone 
enolate ion ,5 provoked by solvated electrons in ammonia, and 
the photostim ulated reactions o f  aryl iodides with arene- 
thiolate ,6 dialkyl phosphite ,7 and ketone enolate ions .8

These reactions are believed to occur by the SRNl m echa
nism. This is a radical chain mechanism, first formulated for 
certain nucleophilic substitutions at saturated carbon in 
1966,9’10 and recognized for substitutions at aromatic sites in 
1970.3 The propagation steps o f  the SRNl mechanism are 
presented in Scheme I.

Scheme I 

[RX] -  — R- + X -  

R- + Y " — [R Y ]-  

[R Y ]- + RX  -*• RY + [ R e 

initiation may occur by R X  accepting an electron (e.g., a 
solvated electron) to form  its radical anion which then breaks 
up as in step 1. For photostimulated reactions, one possibility 
is photostim ulated electron transfer from  nucleophile Y~ to 
substrate R X , again to form  [R X ]*- which enters the propa
gation cycle at step 1. Another is photolysis o f  a C -X  bond to 
generate radical R* which enters the cycle at step 2. There 
must also be termination steps.

Vinyl halides resemble aryl halides in many respects. W e 
now describe an inquiry into SRNl reactions o f vinyl halides.

Results

d-Bromostyrene with Acetone Enolate Ion. A solution 
o f /3-bromostyrene (1) and potassium acetone enolate in liquid 
ammonia in a Pyrex flask was exposed to “ 350-nm” radiation 
for 5 h. The main products were one o f  straightforward sub
stitution, 2, in 48% yield, and a tautomer thereof, 3, in 34% 
yield. There was also 7% o f  styrene and 3% o f  unreacted 1.

Ph
^ C — +  CH2= C ^

H Br CH3

1
0

K h,

0

Ph— CH =CH CH  —  C— CH3 +  PhCH2C H = C H — C— CH:, 
2 3

The same reactants were again combined in liquid ammonia 
and little bits o f potassium metal were added one by one. The 
products obtained had the same carbon skeleton as from the 
photostim ulated reaction but represent lower stages o f  oxi
dation. They are the saturated ketone, 4, in 63% yield and the

1 +  CH2= C ^ ° V
'CH ,

+  K

0 OH

PhCH2CH2CH2C— CH3 +  PhCH2CH2CH2CHCH3 

4 5
corresponding secondary alcohol, 5, in 15% yield. Also formed 
was 6 % o f  styrene.

Reactions of 3,3-Dimethyl-1-iodoindene (6 ). This sub
stance reacted with acetone enolate ion in liquid ammonia 
under irradiation for 75 min to  form  mainly 7, representing 
forthright substitution, but also some o f 8 , a tautomer o f 7; the 
total yield was 6 6 %.

JJ
+  C H ,=C :

~K+ h„
\

CH3

+

T he mixture o f  7 and 8  was subjected to catalytic hydro
genation, which afforded saturated ketone 9 and a little o f the 
corresponding alcohol, 1 0 .

7 +  8 +  H,

There was no detectable form ation o f  7 or 8 during 1 h ex
posure o f  6  to excess potassium acetone enolate in liquid 
ammonia in th e dark.

A solution o f 6 with excess thiophenol in liquid ammonia 
was irradiated for 90 min. GLC analysis o f  the resulting m ix
ture revealed a great deal o f  unreacted 6 , some diphenyl d i
sulfide, and a new substance, in ca. 2 0 % yield, with mass and 
infrared spectra consistent with sulfide 1 1 .
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Reactions of 2-Iodo-2-norbornene (12). This com 
pou nd 1 1  was synthesized by reaction o f the hydrazone o f  2 - 
norbornanone with iodine and triethylamine ,12  and then with 
potassium tert-butoxide (t-B uO K ) in ¿erf-butyl alcohol (f- 
BuO H ). T he N M R  spectrum indicated that it was free o f  1- 
iodo-2-norbornene. In contrast, the reaction o f cam phor hy
drazone with iodine and triethylamine forms 1 -iodocamphene 
as the major product and only minor amounts o f  2 -iodo-2 - 
bornene .12 ’13  In our system, which lacks methyl substituents, 
W agner-M eerwein rearrangement leading to the bridgehead 
iodide is not a com plicating factor. T he mechanism o f the 
reaction o f cam phor hydrazone has been discussed by  Pross 
and Sternhell. 12

Vinyl iodide 12 reacted rather slowly with acetone enolate 
ion. In one experiment, only 57% o f  iodide ion was released 
during 75-min irradiation. From  another, 54% o f  a,fi-unsat
urated ketone 13b was isolated after irradiation for 150 min. 
This product was doubtless form ed via isomer 13a, probably 
by base-catalyzed prototropic rearrangement. T he position 
o f the double bond in 13b was established by ozonolysis to
2 -norbornanone. Catalytic hydrogenation o f 13b afforded
2 -norbornylacetone.

14

During 2-h irradiation, 12 reacted with excess ammonium 
thiophenoxide in liquid ammonia to form 2 2 % o f  substitution 
product 14. Diphenyl disulfide was also produced, and much 
1 2  was recovered.

Reactions of 1-Iodocyclopentene (15). This vinyl iodide 
reacted with acetone enolate ion during 1 -h irradiation to 
release 72% o f iodide ion and to form a single product, namely 
16, representing straightforward substitution. In the course

0
/•<> k ' A» / x

I +  CH2= C ^  — -  C  V - C H 2CCH,
c h 3 <1

15 16

o f  chrom atography on basic alumina, 16 was transformed in 
part to its a,|3 -unsaturated isomer.

There was no detectable reaction o f 15 with acetone enolate 
ion in liquid ammonia during 1  h in the dark

Irradiation o f  a solution o f  15 with a tw ofold excess o f  p o 
tassium diethyl phosphite in ammonia for 80 min caused the 
release o f  only 2 1 % o f  iodide ion. Organic products were not 
sought.

Reaction of Phenyl Phenylethynyl Sulfide (17) with 
Acetone Enolate Ion. This reaction, during 70 min o f irra
diation, furnished phenvlacetone as the sole ketonic product, 
in 70% yield. About 15% o f  17 remained unreacted. The for
mation o f phenylacetone suggests that reaction occurred with 
rupture o f  the phenyl-sulfur bond, in resemblance to the re
action o f diphenyl sulfide with acetone enolate ion .8

0
^ 0 ~ R + hn II

P h € = c — S— Ph +  CH2= C C ^  — » PhCH2CCH3

17 CH:l

Miscellaneous Experiments. During 90-min irradiation, 
phenyliodoacetylene reacted with ammonium thiophenoxide 
to  form  a small am ount o f  17 and a great deal o f  phenylac- 
etylene and diphenyl disulfide, and to release iodide ion 
quantitatively. A  dark reaction o f the same duration produced 
98% o f iodide ion as well as high yields o f  phenylacetylene and 
diphenyl disulfide , 14 but no 17. T he form ation o f  some 17 
under the influence o f  light is therefore to be attributed to a 
photochemical reaction in competition with a “ dark”  reaction.

Treatment o f  the hydrazone o f 1-indanone with iodine and 
triethylamine afforded a mixture o f  1- and 3-iodoindenes, 
chiefly the latter. The mixture o f  these two isomers was 
combined with excess ammonium thiophenoxide in ammonia 
and submitted to irradiation for 1  h. 1 -Indenyl phenyl sulfide
(18) was produced in about 35% yield, about 15% o f  the

SPh

18
starting iodoindenes was recovered, and much red, probably 
polym eric material was formed. Inasmuch as we saw indica
tions that 1- and 3-iodoindene interconvert in basic systems 
(specifically, during chromatography on neutral alumina), and 
inasmuch as 3-iodoindene is an allylic halide, we cannot ex
clude the possibility that 18 resulted from an Sn 2 reaction o f 
th iophenoxide ion with 3-iodoindene and subsequent isom 
erization o f the allylic sulfide.

Discussion

Our experiments show that vinyl halides do react with nu
cleophiles, under stimulation by photons or electrons, in a 
fashion similar to aryl halides. Although in some cases reac
tivity approached that o f  aryl halides, e.g., in the reactions o f 
6 and 15 with acetone enolate ion, it was on the whole lower. 
The lower reactivity o f  vinyl halides was most pronounced in 
the reactions with thiophenoxide ion.

In two cases we have shown that reactions that occur under 
irradiation fail in the dark. Susceptibility to photostimulation 
is characteristic o f  many reactions believed to occur by the 
SRNl mechanism but is not com pelling evidence for it. A l
though we did not obtain other evidence to  support this 
mechanism, we believe by analogy with reactions o f  aryl ha
lides that it is also applicable to the vinyl halide reactions o f  
the present study.

The SRNl mechanism is a radical chain mechanism with 
many steps. For reactivity to  be high, the initiation rate must 
be adequate and each o f the propagation steps must be rapid 
in respect to termination steps. Our work does not indicate 
which com ponent o f  the mechanism is frequently less satis
factory for vinyl halides or why some vinyl halide reactions 
go better than others.

Experimental Section
General Procedure. Reactions were conducted in liquid ammonia 

in Pyrex flasks with irradiation in a Rayonet Model RPR-100 pho
tochemical reactor equipped with 16 RPR-3500A lamps rated to emit 
maximally at 350 nm. The method is described elsewhere.6’15 Products 
were isolated and identified by standard procedures.

Preparation of Vinyl Iodides. The method of Pross and Stern- 
hell,12 involving treatment of a ketone hydrazone with iodine and 
triethylamine, was used in all cases. Often the initial product appeared 
to be a mixture of vinyl iodide and gem-diiodide, as they reported, 
and it was therefore treated with i-BuOK in refluxing f-BuOH to 
effect elimination of HI from the gem-diiodide. The preparation of
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1-iodocyclopentene (15) required f-BuOK treatment; the product 
gave an NMR spectrum in agreement with that reported.12

The preparation of 3,3-dimethyI-l-iodoindene (G) from the hy- 
drazone of 3,3-dimethyl- 1-indanone also required after-treatment 
with f-BuOK in i-BuOH. From 7.0 g of the hydrazone, 12.6 g of crude 
vinyl iodide was obtained and GLC indicated contamination by the 
ketone. Chromatography on alumina with elution by pentane, fol
lowed by distillation [bp 63-65 °C (0.08 Torr)], afforded 8.3 g of pu
rified G: NMR (CCI4) 5 1.28 (s, CH3’s), 6.65 (s, vinyl H), 7.17 (singlet 
with broad base, aryl H).

From 10.5 g of the hydrazone of 2-norbornanone, and with after- 
treatment with f-BuOK in f-BuOH, there was obtained similarly 7.29 
g of 2-iodo-2-norbornene (12): bp 53-55 °C (4 Torr); NMR (CCU) 
6 0.83-1.28 (m), 1.28-1.83 (m), 2.66-2.86 (m, H-4), 2.86-3.02 (m, H-l),
6.30 (d, J = 3.0, H-3). The NMR resembles that reported16 for 2- 
methoxy-2-norbornene, except that for 12 the signal for H-3 is much 
farther downfield.

Photostimulated Reaction of (3-Bromostyrenc (1 ) with Po
tassium Acetone Enolate. The enolate was in threefold excess, and 
irradiation was for 5 h. The ir and NMR spectra of 2 and 3, isolated 
by preparative GLC, agreed within experimental error with those 
reported elsewhere.17

Potassium-Stimulated Reaction of (3-Bromostyrene (1 ) with 
Potassium Acetone Enolate. The general procedure of Rossi and 
Burnett18 was followed, with the enolate in threefold excess over 1; 
nearly as many moles of potassium metal as of enolate were used. 
Products 4 and 5 were recognized by ir and MS. The MS for 4 agrees 
with the published spectrum.19

Reaction of 3,3-Dimethyl-l-iodoindene (G) with Potassium 
Acetone Enolate. The enolate was in fivefold excess over G. The latter 
was at first an insoluble solid, but at termination of illumination the 
mixture was homogeneous and red. Products 7 (major) and 8 (minor) 
were substantially separated by distillation at reduced pressure, and 
pure samples were obtained by preparative GLC. They were charac
terized in part by MS: for both m/e 200 (M+), 185,157,142,129,115, 
43. Structures were assigned on the basis of ir: for 7, vc=o 1713 cm-1; 
for 8, rc=o 1678, rc-=c 1602 cm-1. NMR (sample stored in glass one 
year and then redistilled, in CCR) <5 1.32 (s, CHj’s), 2.25 (s, CH3CO),
3.19 (d, J  = 2.6 Hz, CH2), 6.79 (t, J  = 2.6 Hz, vinyl H), 7.25-7.80 (m, 
aryl H).

Hydrogenation of a portion of the original mixture of 7 and 8  in 
CH3OH over 10% palladium on charcoal at 65 psi for 4 h afforded a 
mixture of 9 (major product) and 10 (minor). Samples of each were 
isolated by preparative GLC. l-(3,,3'-Dimethyl-l'-indanyl)-2-pr- 
opanone (9): MS m/e 202 (M+), 187,165,129, 43; ir ro=o 1720 cm-1 ; 
NMR (CCW S 1.18 (s, CH3), 1.32 (s, CH3), 1.2-1.6 (m, ring CH2), 2.10 
(s, COCH3), 2.15-2.85 (m, -CH 2CO-), 3.3-3.9 (m, H -l'), 7.02 (s, aryl 
H). l-(3',3'-Dimethyl-l'-indanyl)-2-propanol (10): MS m/e 204 (M+), 
186, 171,145,143, 131,129; ir  i/0- h  3379 cm“ 1.

Reaction of G with Ammonium Thiophenoxide. Thiophenol (2.1 
g, 0.019 mol) and G (1.69 g, 0.00626 mol) in 150 ml of ammonia were 
irradiated for 90 min GLC analysis indicated much unreacted G, some 
diphenyl disulfide, and about 20% of phenyl 3,3-dimethyl-l-indenyl 
sulfide (11), isolated by preparative GLC: MS m/e 252 (M+), 237, 221, 
202,143; ir 686,740,750,1020,1275,1440,1450,1465,1480,1550,1585, 
1605, 2855, 2915, and 2958 c m '1.

Reaction of 2-Iodo-2-norbornene (12) with Potassium Acetone 
Enolate. The enolate was in fourfold excess over 12. l-(2'-Nor- 
bornylidene)-2-propanone (13b) was isolated by distillation at re
duced pressure and then preparative GLC on an SE-54 silicone col
umn at 120 °C: MS m/e 150 (M+), 135, 122,107, 91, 79; ir i/C= o and 
vo=c complex with absorption at 1623, 1663, and 1691 cm-1; NMR 
(CCI4) 6 1.0-1.8 (complex series), 2.07 (s, CH3), 2.48 (broad singlet, 
3'-CH2), 2.68-2.85 (broad, H -l and H-4), 6.17 (m, H-l). The stereo
isomer of 13b isolated is tentatively recognized as the E isomer, with 
acetyl trans to the 1' bridgehead, on the basis of NMR spectral 
characteristics in comparison with those of related compounds cur
rently under investigation.20

A sample (300 mg) of ketone 13b was dissolved in 10 ml of methanol 
and ozone was passed through at —78 °C until a blue tint was evident 
in the solution. To the mixture, after it had warmed to room tem
perature, a solution of 2 g of Nal in water was added, and then diethyl 
ether. The ether layer was separated, washed with sodium thiosulfate 
solution, water, and saturated aqueous NaCl, and dried over anhy
drous Na2S 04. The ether was removed and the residue distilled 
through a Vigreux column. The distillate (0.111 g, 50%) gave a single 
GLC peak; the GLC retention time and the infrared spectrum were 
identical with those of an authentic sample of 2-norbornanone.

Catalytic hydrogenation of 13 (in CH3OH over 10% Pd/C) afforded 
l-(2'-norbornyl)-2-propanone: MS m/e 152 (M+), 137,134, 109, 94,

67, 43; ir rc=o 1718 cm-1; NMR (CDC13) b 1.0-2.55 (m, peaking at 
1.37), 2.18 (s, CH3), 2.48 (broad singlet, -CH 2CO-). Which stereo
isomers) was obtained is not defined.

Reaction of 12 with Ammonium Thiophenoxide. Thiophenol 
was provided in threefold excess over 12. Phenyl 2-norbomenyl sulfide
(14) was separated for the most part from unreacted 12 by distillation 
at reduced pressure, and an analytical sample was isolated by pre
parative GLC on an SE-54 silicone column: MS m/e 202 (M +), 174 
(there were also peaks at m/e 218, appropriate for the diphenyl di
sulfide molecule ion, as well as a very small one at m/e 312, appro
priate for the molecule ion of an adduct of thiophenol to 14); NMR 
(CCU) S 1.02 (br), 1.17 (br), 1.40 (t, J = 2.0 Hz), 1.53 (d, J = 2.5 Hz),
1.69 (d, J  = 2.0 Hz), 2.74 (br), 2.87 (br), 5.87 (d, J  = 3.0 Hz), 7.20 (m), 
resembling those reported for 2-norbornene21 and 2-methoxy-2- 
norbornene;16 ir 685,735,1020,1303,1440,1478,1583,2865,2945, and 
2960 cm-1.

Reaction of 1-Iodocyclopentene (15) with Potassium Acetone 
Enolate. The enolate was in 4.5-fold excess over 15. l-(l'-Cyclopen- 
tenyl)-2-propanone (1G) was isolated by preparative GLC on an SE-54 
silicone column at 100 °C: ir rc=o 1712 cm-1; MS m/e 124 (M+), 109, 
81, 67, 53, 43. Fcrmed from 16 in the course of chromatography on 
alumina and isolated by GLC as above was l-cyclopentylidene-2- 
propanone: ir22 vc=o 1691, re—c 1612 cm-1; MS m/e 124 (M+), 109, 
81, 67,66, 53, 43.

Reaction of Phenyl Phenylethynyl Sulfide (17) with Potassium 
Acetone Enolate. Authentic 17 was prepared by the method of 
Truce, Hill, and Boudakian.23 The enolate ion was in fourfold excess 
over 17. Phenylacetone was recognized by GLC retention time analysis 
and determined by GLC with naphthalene as internal standard.

Reactions Leading to 1-Indenyl Phenyl Sulfide (18). Reaction 
of 1-indanone hydrazone with iodine and triethylamine in tetrahy- 
drofuran12 afforded a product mixture purified by liquid chroma
tography on neutral alumina with pentane eluent. NMR showed the 
mixture to comprise mainly 3-iodoindene: b 5.72 (m, H-3), 6.35 (d of 
d, J  = 5.5, 2 Hz, H-2), 6.60 (d, J = 5.5 Hz, H-l). The minor component, 
of longer retention time, Was 1-iodoindene: NMR 6 3.23 (d,J  = 2 Hz, 
2 H, H-l), 6.73 (t, J  = 2 Hz, 1 H, H-2). Reaction of this mixture with 
ammonium thiophenoxide gave a product mixture from which 18 was 
isolated in ca. 35% yield by liquid chromatography on basic alumina 
with pentane eluent. For 18: MS m/e 224 (M+), 147,115 (plus a small 
contaminant, maybe the sulfoxide, at m/e 240, 131); NMR (CC14) b
3.30 (d, J  = 2 Hz, 2 H, H-3), 6.37 (t, J  = 2 Hz, 1 H, H-2), 7.16 (br m, 
4 H, aromatic); ir (film) 683,710,735,757,1435,1475,1580,2870,3000, 
and 3050 cm-1.

Registry No.— 1, 103-64-0; 6, 58426-10-1; 7, 58426-11-2; 9, 
58426-12-3; 10, 58426-13-4; 11, 58426-14-5; 12, 58426-15-6; 13b, 
56561-19-4; 14, 58426-16-7; 15,17497-52-8; 1G, 823-91-6; 17, 35460- 
31-2; 18, 58426-17-8; potassium acetone enolate, 35648-48-7; ammo
nium thiophenoxide, 54043-02-6; l-(2 ,-norbornyl)-2-propanone, 
31683-73-5; 1-indanone hydrazone, 5736-44-7; 3 iodoindene, 
58426-18-9; 1-iodoindene, 58426-19-0.
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In the presence of catalytic amounts of base, no reaction occurs between 2,6-disubstituted phenols and sulfur. 
When epoxides or activated olefins such as acrylonitrile are continuously added to the reaction mixture, excellent 
yields of thiobisphenols are obtained.1

T he early patent literature is replete with examples o f 
the reactions o f  phenols with sulfur. 2 A  typical example in 
volves heating sulfur with phenol in the presence o f  a base for 
extended periods o f  time at elevated temperatures to  yield 
resinous materials. As a side product hydrogen sulfide is 
evolved equivalent to approximately one-half o f the sulfur 
introduced.

Recently Neale et al.3 dem onstrated that phenol in large 
excess reacts with sulfur at elevated temperatures (140-180 
°C ) and long times (6-24 h) according to the equation

OH OH OH

2 ( Ü )  +  2S ^  O - S - 4 3  +  H £ t

During the course o f the reaction H 2S is slowly evolved. The 
three isomeric m onothiobisphenols (2,2'-, 2,4'-, 4,4/-) were 
obtained in quantitative yield in the approxim ate ratio 45: 
45:10. W hen lower ratios o f  phenol to sulfur are used, o li
gomeric materials (2 ) resulting from reaction at more than one 
site on the phenol are obtained.

Geering4 has prepared polythiobisphenols (3) by allowing 
equivalent amounts o f phenol and sulfur to  react at elevated

OH OH

+

3
temperatures in the presence o f  catalytic amounts o f  sodium 
hydroxide. The reaction is carried to about 40% conversion, 
as measured by the H 2S evolved, and the product obtained is 
principally the ortho,ortho' isomer. Subsequent hydrogena
tion with a cobalt sulfide catalyst yields the o-m ercapto 
phenols in overall 65% yield.

Results and Discussion

W hen we attempted the reaction o f 2,6-dimethylphenol or
2 ,6 -diphenylphenol with sulfur and catalytic amounts o f  so
dium hydroxide according to Neale et al., no reaction occurred. 
Neale et al. have proposed the mechanism outlined in Scheme 
I for the reaction between phenol and sulfur. The phenoxide 
nucleophile is regenerated by reaction 3, and this step would 
appear to be rate determining. W hen the hindered phenols, 
which are weaker acids, are used the equilibrium

ArOH +  H S“  —  A rO - +  H 2S

Scheme I

ho_( ^ y ~ ~ Si~ °h + s2~ (2)
S2- +  2PhOH 2PhCT +  H?S (3)

— OH — *-

0 = ^ ^ = S  +  ~S— S5— ^ y ~ O H  (4)

h ° - h O - s 5
H

— s  +  — *

HO— — OH +  S2~ (5)

s 8 —*  s 7 +  h 2s —  Ss +  H,S - »

s 3 +  h 2s  - »  s 7 +  h 2s (6)

s 7 —► s 6 +  h 2s S4 +  H2s  - v

° < y H *

S, +  H2S Sj +  >/2h 2s (7)

SK > °  —

S— 0 > —'° " (8)

would be expected to be displaced to the left, the concentra
tion o f the phenoxide ion decreased, and H 2S evolved much 
m ore slowly.

W e next found that reaction o f 2 ,6 -dim ethyl- or 2 ,6-di
phenylphenol would occur to  a lim ited extent (up to 30% 
conversion to  the thiobisphenol 4) i f  stoichiom etric amounts 
o f  base were used. The reaction apparently does not go to

4
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completion because of depletion of the base and sulfur as 
polysulfides.

Fujisawa5 was able to treat hindered phenols with sulfur 
under mild conditions, refluxing ethanol in the presence of 
equivalent amounts of potassium hydroxide, to yield mixtures 
of the polythiobisphenols 5. The higher temperatures used in

R

R'

the present work are necessary to drive the reaction to the 
monosulfide product.

The key to improving the reaction appeared to us to be the 
removal of sulfide ion which can tie up sulfur as polysulfides. 
It appeared that what was necessary to facilitate the reaction 
was the addition of a species that would react with the S2~ or 
HS~ or any nucleophilic sulfur species, but not with phenoxide 
ion. When acrylonitrile was slowly added to a mixture of
2,6-dimethylphenol (6) and sulfur in the absence of a solvent 
and in the presence of catalytic amounts of the sodium 
phenoxide, 85-90% yields of thiobis(2,6-dimethylphenol) (7) 
were obtained according to the equation

2 ( O ) - 0 H  +  3S +  2H2C = C H — CN

Vc h 3

80T
NaOR

+ S2-e-CH2CH2CN)2

The acrylonitrile must be added slowly to the reaction mixture 
and the optimum temperature for the reaction is about 80 °C. 
At 50 °C the principal product is /3-2,6-dimethylphenoxv- 
propionitrile and at higher temperatures side reactions occur.

Continuous addition of a reagent which would react pref
erentially with any nucleophilic sulfur species present and at 
the same time regenerate phenoxide ion would be expected 
to alter the course of the reaction as outlined in Scheme II (R 
= CH 3).

Polysulfide species such as 16 would react with phenoxide 
ion similar to the reaction with elemental sulfur. Fujisawa6 
has demonstrated the reaction of disulfides with hindered 
phenoxide ions. The reaction proceeds readily when the 
substituents are large and bulky ( te r t -butyl, isopropyl) but 
they found that no reaction occurs with 2,6-dimethylphenol.

8 +  R'SSR' 

17

R

+ 'S R '
19

In the above postulated sequence of reactions, this would 
explain the preponderance of biscyanoethyl disulfide formed 
as a coproduct. The polysulfide species such as 16 would 
continue to react with phenoxide ion giving intermediates such 
as 11 and 13 with fewer sulfurs until the eventual products,

Scheme II

R R

12

H ,C =CH — CN
13 — ---------------- *- NC— CH2CH2S7— CH2_CH— CN

15

15 +  6 — *■ 8 +  (S7-tfC H 2CH2CN>2
16

thiobisphenol and cyanoethylated disulfide, are formed. Other 
activated olefins such as methacrylonitrile and ethyl acrylate 
have been shown to function in the same manner.

The reaction with epoxides is also analogous to the reaction 
with the activated olefins.

6 +  3S +  2H2C-----CH2
\ /

0

7 +  (HOCH2CH2-)-S 2 
20

If 4 equiv of the epoxide is used, the bishydroxyethoxylated 
product (21) is obtained directly in 76% yield (isolated).



1712 J. Org. Chem., Vol. 41, No. 10,1976 Abramovitch and Singer

The reaction o f phenol and monosubstituted phenols with 
sulfur under these conditions takes a different course and will 
be the subject o f  a future publication.

Experimental Section

4,4' -Thiobis( 2,6-diphenylphenol). To a 3-1., round-bottom, 
three-necked flask equipped with stirrer, thermometer, Dean-Stark 
trap, and condenser and maintained under a nitrogen atmosphere 
were placed 246 g (1.0 mol) of 2,6-diphenylphenol and 1230 ml of 
xylene. A solution of 40 g (1.0 mol) of sodium hydroxide in 80 ml of 
water was then added. The mixture was heated to reflux with stirring 
and the water removed. When removal of the water was complete, the 
reaction mixture was cooled to about 70-80 °C and 32 g (1.0 mol) of 
sulfur was added. The reaction mixture was again heated to reflux and 
the xylene was removed via the Dean-Stark trap until the temperature 
reached 169 °C. The reaction mixture was not homogeneous and 
vigorous stirring was needed. After 2 h, the reaction mixture was 
cooled and water was added. The solidified product was separated 
by filtration, washed well with more water and finally with pentane, 
and then dried in the vacuum oven overnight. The crude product was 
then triturated with 2 1. of hot heptane and the heptane-insoluble 
material was recrystallized from acetic acid. There was obtained 83.7 
g (0.16 mol, 32.0% yield) of material melting at 151 °C. Recrystalli
zation raised the melting point to 162-163 °C. Anal. Calcd for 
CseHzsOaS: C, 82.73; H, 5.01; S, 6.13. Found: C, 82.4; H, 4.98; S, 5.9.

General Procedure for the Reaction of 2,6-Dimethyl phenol 
and Sulfur in the Presence of Acrylonitrile or Alkylene Oxides. 
A. Acrylonitrile. To a 500-ml round-bottom flask equipped with a 
Vibromixer stirrer , condenser, and thermometer with temperature 
controller attached, there was added 122.2 g (1.0 mol) of 2,6-xylenol 
and 2.3 g (0.1 g-atom) of sodium metal. The reaction mixture was 
heated under N2 until the sodium dissolved, then cooled. There was 
added 48.0 g (1.5 g-atoms) of sulfur and the reaction mixture was 
heated and maintained at 80 °C. Over a period of 4.25 h there was 
added 53.0 g. (1.0 mol) of acrylonitrile. During this period the sulfur 
slowly went into solution. The reaction mixture was cooled and after 
diluting with ether it was washed with 10% hydrochloric acid and then 
with water until neutral. The ether was then removed by distillation 
to yield 201.6 g of crude product. The unreacted 2,6-xylenol (24.0 g) 
was removed by distillation at 0.2 mm, leaving a residue of 177.6 g.

The residue was dissolved in ether and washed with 10% sodium hy
droxide solution, leaving 12.1 g of base-insoluble material, principally 
d,d'-clithiodipropionitrile. After acidification with dilute hydrochloric 
acid the base-soluble fraction weighed 139.7 g. Recrystallization from 
heptane yielded 90.7 g (66.2% yield) of thiobis(2,6-dimethylphenol), 
mp 124 °C.

B. Propylene Oxide. 1.2 Equiv. The reaction was performed in 
the same manner as the preceding example using 122.2 g (1.0 mol) of
2,6-xylenol, 1.2 g (0.05 g-atom) of sodium, 4.8 g (1.5 g-atoms) of sulfur, 
and 58.1 g (1.0 mol) of propylene oxide. The reaction was performed 
at 100 °C and the propylene oxide was added over a 4-h period. There 
was obtained 17.7 g (0.15 mol) of unreacted 2,6-xylenol (conversion 
85%), 20.9 g (0.12 mol) of 2,6-dimethylphenoxy-2-propanol, 100.0 g 
(0.73 mol, 85.8% yield) of thiobisxylenol, and 3.4 g of the mono-O- 
alkylated thiobisxylenol.

When this reaction was performed at 50 °C, the only significant 
product was 2,6-dimethyIphenoxy-2-propanol.

2. 4 Equiv. The reaction was performed as above except that an 
additional 2 mol of propylene oxide was added in the same time pe
riod. After the addition was complete, there was added 50 ml of 20% 
sodium hydroxide solution and the reaction was maintained at tem
perature for 30 min. The reaction mixture was then cooled, washed 
with water, and distilled. There was obtained a 76% yield of 4,4'- 
thiobis[l-(2,6-dimethylphenoxy)-2-propanol], mp 90-92 °C. Anal. 
Calcd for C22H30O4S: C, 67.67; H, 7.74; S, 8.20. Found: C, 67.40; H, 
7.98; S, 8.3.

C. Ethylene Oxide. Reactions with ethylene oxide were performed 
as above except that introduction of the ethylene oxide from a cylinder 
was continued until completion o f the reaction was indicated by gas 
chromatography.

4,4'-Thiobis[2-(2,6-dimethylphenoxy)ethanol]. Yield 67%; mp 99 
°C. Anal. Calcd for C20H260 4S: C, 66.28; H, 7.23; S, 8.83. Found: C, 
66.4; H, 7.2; S, 8.9.

Registry No.—4 (R = ?h), 58426-07-6; 6,576-26-1; 7,18525-99-0; 
21 (R; = CH3), 58426-08-7; sulfur, 7704-34-9; acrylonitrile, 107-13-1; 
propylene oxide, 75-56-9; 4,4'-thiobis[l-(2,6-dimethylphenoxy)]-2- 
propanol, 58426-09-8; 2,6-diphenylphenol, 2432-11-3; ethylene oxide, 
75-21-8.
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The addition of thiophenoxide ion to ethyl 4-iert-butylcyclohexene-l-carboxylate gives the two products 4 and 
5 containing an axial thiophenoxy group. The stereochemistries of the products were established by a combination 
of NMR spectroscopy and chemical transformations into compounds of known stereochemistry. Under conditions 
of kinetic control the ratio of 4 to 5 was 5.5:94.5. Under conditions of thermodynamic control it was 14:86. The re
sults are discussed. A number of sulfones in this series were also prepared and their NMR spectra discussed.

In previous papers in this series we have described the 
nucleophilic addition o f malonate anion to two activated 
olefins o f  biased conform ation, namely 4 -terf-b u ty l-l-cy - 
anocyclohexene1 and ethyl 4 -ierf-butylcyclohexene-l-car- 
boxylate ( I ) ,2 and the addition o f  thiophenoxide ion and o f 
hydrogen chloride to the above unsaturated nitrile .3 In the 
additions o f  the malonate anion, the main product formed in

protic solvents under conditions o f  kinetic control is the 
equatorial malonate, with an axial nitrile or ethoxycarbonyl 
com pound. Under conditions o f  therm odynam ic control the 
diequatorial product predominates. In the addition o f th io
phenoxide to the unsaturated nitrile, kinetic and therm ody
namic control o f  the addition gave the axial thiophenoxy, 
equatorial nitrile isomer as the main product, but the pro-
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portion of diaxial isomer was much greater under thermody
namic than under kinetic control conditions. These results 
were explained as follows: the preferred equatorial approach 
of the bulky malonate was attributed1 to large diaxial non- 
bonded interactions in the transition state for axial addition, 
which transition state was assumed to  resemble the inter
mediate. With smaller nucleophiles such as PhS-  and Cl-  
such 1,3-diaxial repulsions would be less important, and axial 
approach of the nucleophile would be favored because of al
most continuous overlap between the developing a bond and 
the conjugated system in the formation of the transition state 
leading to axial product.3 Kinetically controlled protonation 
of the intermediate anion from the least hindered side would 
account nicely for the observed stereoselectivities. Thus, in 
the case of the intermediate anion (2) from the axial addition 
of thiophenoxide to 4-tert-butyl-l-cyanocyclohexene pro
tonation would involve approach from the side remote from 
the hindering thiophenoxy group.

obscured by the ethoxycarbonyl methylene group. In 4 the C-4 
proton appears as an unresolved broad singlet at b 2.67, thus 
suggesting an axial -CC^Et group. In 5 this proton gives rise 
to a doublet of doublet of doublets at 5 2.50 ( j 4ai5a = 11, Jza,4& 
= J 4a .5e = 5 Hz), indicating an equatorial CC^Et group and 
possibly an axial PhS residue (giving rise to the low JseAe 
value). Since 4 and 5 are in equilibrium with each other,6 this 
suggests that the thiophenoxy group is axial in 4 as well.

Hydrolysis of 5 with 3 N HC1 gave the acid 6 whose config
uration could be established unambiguously by !H NMR. The 
C-4 proton gave rise to a broad multiplet at b 2.60 = 12,
J.3e,4a = J 4a,5e = 3.5 Hz, axial H), while the C-3 proton gave rise 
to a broad doublet at 8 3.90 {Jze,4a = 3.5 Hz, equatorial H).

The assigned stereochemistries could be confirmed chem
ically by the conversion of each of the stereoisomers 4 and 5 
to the known3 phthalimides 7 and 8, respectively, via the 
corresponding alcohols and chlorides:

H

It was of interest to determine the preferred stereochem
istry of kinetically controlled addition and protonation in the 
case where the linear nitrile group in 2 would be replaced by 
the bulkier carbethoxy group which could give rise to A '1-31 
strain with an equatorial 2 substituent,4 but in which relief of 
such a strain by chair-chair interconversion is not possible 
owing to the presence of the 4-tert-butyl group. To this end 
the addition of thiophenoxide ion to 1 under various condi
tions was studied.

In contrast to the addition of thiophenoxide ion (3) to 4- 
terf-butyl-l-cyanocyclohexene, which, under suitable con
ditions, gave three isomeric adducts, the addition of 3 to 1 gave 
only two adducts under all the experimental conditions ex
amined. These proved to he r-l-teri-butyl-c-4-carbethoxy-
i-3-thiophenoxycyclohexane (4) and r -l - te r t -b u ty l-t -4 -  
carbethoxy-f-3-thiophenoxycyelohexane (5). Under kinetic 
control conditions3 (ethanolic sodium ethoxide, 25 °C, 42 
days) 5 was the main product, 4:5 = 5.5:94.5. Under thermo
dynamic control conditions (NaOEt-EtOH, 80 °C)3 4:5 = 
14:86, corresponding to AG °coO E t= “ 1.2 kcal/mol, in excel
lent agreement with the literature value of —1.1 to —1.2 
kcal/mol.5

The assignment of the configurations to 4 and 5 was based 
initially mainly on the proton magnetic resonance spectra of 
the isomers. While the proton geminal to the ethoxycarbonyl 
group was clearly visible, that a to the thiophenoxyl group was

Alternatively, 5 could be correlated with r-l-fert-butyl- 
f-3-thiophenoxy-f-4-cyanocyclohexane (9) by conversion of 
the latter to 6 via the amide 10.

H

poly phosphoric
acid

H

HONO

Some important :H NMR data for the compounds de
scribed above are summarized in Table I. As has already been 
pointed out,3 all equatorial side-chain methylene groups in 
this series give rise to an eight-line AB multiplet of an ABX 
system owing to the nonequivalence induced by the anisotropy 
of the vicinal axial thiophenoxy group. Axial methylenes give 
rise to broad doublets (A2X).

The addition of thiophenoxide to 1 is thus analogous to the 
addition to the corresponding cyano olefin in that axial ad
dition of thiophenoxide is followed by protonation from the 
least hindered side, i.e., that remote from the axial thiophe
noxyl group, to give the product of trans-diaxial addition 5 as 
the kinetically controlled product. Since this is also the 
thermodynamically more stable isomer it is also the main 
product of addition under conditions of thermodynamic
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Table I. Selected ‘H NMR Chemical Shifts for 
r -1 - tert-Butyl- t-3-thiophenoxyl-4-X-cyclohexanes

X  C-4 H CH2Y C-3 H
Registry no. (c or i) 5 5 5

58463-31-3 c-4-C02Et

58463-32-4 i-4 -C 0 2Et

58463-33-5 Î-4 -CO2H

58463-34-6 Î-4 -CH2OH

58463-35-7 c-4-CHzOH

58463-36-8 Î-4 -CH2CI

58463-37-9 C-4 -CH2CI

35905-89-6 Î-4 -CH2NR 21

35905-93-2 C-4 -CH2NR 2 '

° R  = phthalimido.

2.67
s

2.50 
d of t
2.60 3.90
d of t

3.60 3.72
A B X s
3.50 3.66
br d s
3.60 3.70
A B X s
3.52 3.70
br d s
3.60 3.60
A B X s
3.68 3.38
br d s

control. A (1’3) strain between the bulkier (than nitrile) eth- 
oxycarbonyl group and an equatorial substituent does not 
com e into play since only axial addition is observed. The re
sults thus support the generalization proposed to  rationalize 
the protonation o f 2-substituted cyclohexyl anions.6 The only 
difference between the additions reported here and those to 
the unsaturated nitrile is that, in the latter case, som e equa
torial thiophenoxy derivative was form ed in T H F  and in 
DM F. This was not the case in the additions o f  thiophenoxide 
to 1. That this is not due solely to the greater A u -a) interactions 
possible in the transition state by the C 0 2Et group than by 
the linear nitrile is clear since in the case o f the addition o f the 
bulkier diethyl malonate anion equatorial addition does occur.

Som e very interesting and unusual relative stabilities o f  
ie r i-b u ty l-3 -p h en y lsu lfon y l-4 -p h th a lim id om eth y lcy clo - 
hexanes were reported and discussed earlier.3 It was o f in
terest, therefore, to prepare the sulfones corresponding to the 
phenylthio derivatives described above. Oxidation o f 5 with 
peracetic acid gave the sulfone ester 11. Similar oxidation o f 
4 led to a mixture o f  epimers, 12 and 13 on one occasion, but 
this result was not reproducible: in other similar oxidations, 
no 13 was formed. N o explanation o f  this discrepancy is 
available. Authentic 13 was synthesized from  r -l -t e r t -  
butyl-c-4-cyano-c-3-thiophenoxycyclohexane3 by  oxidation 
to the sulfone, hydrolysis to the amide with polyphosphoric 
acid, treatment with nitrous acid to give the sulfone acid, and 
then esterification. T he XH  N M R  o f 11 was interesting. T he 
C-4 proton gave rise to a doublet o f triplets at 5 2.70 (J aa = 11, 
J ae =  4.5 Hz) while the C-3 proton signal could be discerned 
at 5 3.84, buried under the methylene absorption. The ester

13

18, R =  Me
methylene gave rise to a com plex 16-line m ultiplet, as is pre
dicted for an A B X 3 system .8 This suggests that free rotation 
o f  the ethoxyl group is greatly restricted, either sterically or 
by electronic repulsions between the PhS0 2  and ester oxygens, 
so that the methylene protons constitute an AB  system. Other 
recent examples o f  magnetic nonequivalence o f  ethyl ester 
methylene protons have been reported . 1 -9’10 In the ester sul
fone 1 2  this situation cannot obtain and the ester m ethylene 
protons gave rise to a quartet at 5 4.08. As expected, the ester 
methylene group in 13 gave rise to a com plex m ultiplet which 
sim plified to an AB multiplet on irradiation o f  the ester 
methyl group.

Other sulfones synthesized at this time are the alcohols 14, 
15, and 16, the acid 17, and the ester 18 (see Experim ental 
Section). N o unusual features appeared in their N M R  spectra 
except that the carboxyl proton in 17 resonated at 5 9.26, 
which is higher than the normal range reported (5 11.5-12.5) 1 1  

for such protons. This could be due to shielding o f  the carboxyl 
proton by the ir cloud o f the phenyl group.

During preliminary studies on the synthesis o f  1, ethanolysis 
o f  cyanohydrin 19 was studied. This gave rise to a troublesome 
by-product with little o f  the desired hydroxy ester form ed. 
T he by-product’s spectral and analytical data corresponded 
to those expected for d ispiro[bis(4-ierf-butylcyclohexane- 
l,2 ',5 /,l"-oxazolid -4 ,-one)] (20), C2 1H 37N O 2. This com pound 
is identical with the one prepared earlier12  and also with the 
one prepared by treatment o f  19 with polyphosphoric acid , 13  

to  which had been attributed 12  structure 21. The calculated 
values for the C and H analyses o f  20 and 21 are very similar.

21

Experimental Section

Addition of Thiophenol to Ethyl 4-teri-Butylcyclohexane-
1-carboxylate. A. Kinetic Control Conditions. Sodium (4.38 g, 0.19 
mol) was dissolved in absolute ethanol (200 ml). Thiophenol (31.4 g,
0.286 mol) and ethyl 4-tert-butylcyclohexane-l-carboxylate (20 g,
0.095 mol) were added. The flask was flushed with dry, oxygen-free 
nitrogen, and allowed to stand at room temperature for 42 days. The 
solution was acidified with glacial acetic acid, basified with 5% aqueous 
NaOH, and extracted with ether (4 X 200 ml). The combined extracts 
were washed with 5% NaOH (2 X 200 ml) and brine (2 X 200 ml), dried 
(MgSCh), and evaporated. Unreacted olefin was removed by vacuum 
distillation. The residue (8.5 g) was dissolved in light petroleum (bp 
30-60 °C). GLC analysis (20% SE-30 on 60-100 mesh Chromosorb
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W, 6 ft X %6 in., 245 °C, 60 ml/min flow rate of helium carrier gas) 
indicated the presence of two compounds which were subsequently 
shown to be the isomeric ester sulfides 4 and 5 in the molar ratio of 
5.5:94.5. The major product, ethyl r-l-iert-butyl-i-3-thiophenoxycy- 
clohexane-i-4-carboxyIate (5), crystallized from light petroleum: mp 
58-59 °C (from light petroleum); ir (KBr) 3060 (aromatic C-H), 1720 
cm“ 1 (ester C = 0 ); NMR (CCD 6 7.35 (m, 5, ArH), 3.88 (m, 3, 
COOCH2CH3 and C3 H), 2.50 (d of t, J aa = 11, J ae = 5 Hz, 1, C4 H), 
0.87 (s, 9, ieri-butyl); mass spectrum (70 eV) m/e (rel intensity) 320 
(16) (M-+), 155 (17), 154 (20), 137 (55), 121 (15), 110 (42), 109 (34), 108 
(16), 57 (100).

Anal. Caled for C19H28O2S: C, 71.20; H, 8.81. Found: C, 71.28; H,
8.46.

The minor product was resolved by column chromatography of the 
mother liquor (vide supra) on silica gel I benzene-light petroleum, 4:6 
v/v, as eluent) to give ethyl r-l-ieri-butyl-t-3-thiophenoxycyclo- 
hexane-c-4-carboxylate (4): bp 144-148 °C (0.25 mm); ir (neat) 3060, 
3050 (aromatic C-H), 1725 cm-1 (ester C = 0 ); NMR (CCD S 7.10 (m, 
5, ArH), 4.04 (m, 3, COOCH2CH3 and C3 H), 2.67 (br s, 1, C4 H), 1.18 
(t, 3, COOCH2CH3), 0.87 (s, 9, tert-butyl); mass spectrum (70 eV) m/e 
(rel intensity) 320 (11) (M-+), 154 (15), 137 (33), 110 (32), 109 (27), 57 
(100).

Anal. Caled for Ci9H2802S: C, 71.20; H, 8.81. Found: C, 70.77; H,
8.76.

Thermodynamic Control Conditions. Sodium (19.8 g, 0.86 mol) 
was dissolved in absolute ethanol (860 ml). Thiophenol (150 g, 1.29 
mol) and ethyl 4-teri-butylcyclohexane-l-carboxylate (90 g, 0.43 mol) 
were added. The solution was boiled under reflux for 75 h. It was then 
worked up as described in the previous experiment. The product 
mixture (121 g, 90%) was dissolved in light petroleum. GLC of the 
mixture (conditions as given in the preceding experiment) indicated 
the presence of the two isomeric ester sulfides 4 and 5 in the molar 
ratio of 14:86. A white solid crystallized (56 g) from the solution of the 
product mixture. It was identified as 5, its melting point, ir, and NMR 
spectra being identical with those of the material previously obtained. 
The mother liquor was chromatographed on silica gel to obtain the 
other isomer (4 g), which was shown to be the r-1, i-3, c-4 ester sulfide 
(4), identical with material previously obtained.

Addition in Dimethylformamide. Lithium thiophenolate (0.53 
g, 5 mmol), ethyl 4-iert-butylcyclohexene-l-carboxylate (1.05 g, 5 
mmol), and thiophenol (1.6 g, 15 mmol) were dissolved in dimethyl
formamide (10 ml). The solution was boiled under reflux for 6 h, 
cooled, poured into water (40 ml), and extracted with ether (3 X 20 
ml). The combined ether extracts were washed with 5% NaOH (3 X 
20 ml) and brine (2 X 20 ml), dried (MgS04), and evaporated. GLC 
analysis of the residual oil (conditions given previously) indicated the 
presence of unreacted olefin and the two isomeric ester sulfides (4 and
5) in the ratio of 1.2:1. The two products were separated by column 
chromatography (total yield 100 mg, 6.3%) and were identical in every 
respect with the compounds obtained with ethanol as solvent.

Equilibration of the r-1, t-3, t-4 Ester Sulfide (5). r-l-ieri- 
Butyl-i-4-carbethoxy-i-3-thiophenoxycyclohexane (5, 640 mg, 2 
mmol) was added to a solution of sodium (92 mg, 4 mmol) and thio
phenol (0.66 ml, 6 mmol) in absolute ethanol (4 ml). The solution was 
boiled under reflux for 5 days, and worked up as described previously. 
GLC analysis of the residual oil (0.513 g) indicated the presence of 
the isomeric ester sulfides 4:5,9:91. The isomers were separated by 
column chromatography on silica gel (50 g) using benzene-light pe
troleum (1:1 v/v) as eluent and had infrared spectra identical with 
those of material obtained previously.

Attempted Equilibration of the r-1 , t-3, c-4 Ester Sulfide (4). 
r-l-iert-Butyl-c-4-carbethoxy-t-3-thiophenoxycyclohexane (4,0.320 
g, 1 mmol) was dissolved in a solution of sodium (46 mg, 2 mmol) and 
thiophenol (0.33 ml, 3 mmol) in absolute ethanol (2 ml). The solution 
was boiled under reflux for 5 days. It was then worked up as described 
previously. GLC analysis of the residual oil (0.224 g) indicated that 
very little equilibration had occurred. The oil was dissolved in a so
lution of sodium ethoxide and thiophenol and the solution was boiled 
under reflux for 2 weeks. The reaction was worked up as described 
previously. GLC analysis of the residual oil (0.118 g) indicated the 
presence of the isomeric ester sulfides 4:5, 55:45. The isomers were 
separated by column chromatography and had ir spectra identical 
with those of material obtained previously.

The equilibration was repeated in a sealed tube heated at 120° for 
1 week. GLC analysis of the oil obtained on workup indicated the 
presence of the isomeric ester sulfides in the ratio 4:5, 67:33.

r-1 -tert-Butyl- t-4-hydroxymethyl- t-3-thiophenoxycyclo- 
hexane. The r-1, i-3, t-4 ester sulfide (5, 3.2 g, 10 mmol) in dry 
ether (10 ml) was added dropwise to a solution of lithium aluminum 
hydride (0.53 g, 15 mmol) in dry ether (6 ml) at such a rate as to

maintain gentle reflux. The solution was stirred at room temperature 
for 1 h after the addition was completed. The excess lithium aluminum 
hydride was decomposed with ethanol, the mixture poured into 1 N 
HC1 (100 ml), the ether layer removed, and the aqueous layer ex
tracted with ether (4 X 25 ml). The combined ether extracts were dried 
(MgS04) and evaporated to give an oil (2.58 g, 96%). This solidified 
on standing and was recrystallized from n -hexane to give white 
crystals of the alcohol: mp 58.5-60 °C; ir (KBr) 3350 cm-1 (OH); NMR 
(CC14) & 7.26 (m, 5, ArH), 3.72 (br s, 1, C3 H), 3.60 (m, 2, ABX, 
CH2OH), 2.63 (s, 1, OH, exchangeable with D20 ), 0.88 (s, 9, tert- 
butyl).

Anal. Caled for C17H26OS: C, 73.34; H, 9.41. Found: C, 73.60; H,
9.36.

r -1  -tert-Butyl-e-4-hydroxymethyl-t-3-thiophenoxycyclo- 
hexane. The diaxial alcohol was prepared from the corresponding 
ester in the same manner as was the alcohol from 5 (0.53 g, 66%): bp 
120-124 °C (0.007 mm); ir (neat) 3350 cm- 1 (OH); NMR (CCI4) S 7.20 
(m, 5, ArH), 3.66 (br s, 1, C3 H), 3.50 (br d, 2, CH2OH), 3.30 (s, 1, OH, 
exchangeable with D20), 0.90 (s, 9, ieri-butyl).

Anal. Caled for Ci7H26OS: C, 73.34; H, 9.41. Found: C, 73.67; H,
9.44.

r-1-tert-Butyl-t-4-chloromethyl-t-3-thiophenoxycyclo- 
hexane. The r-1, i-3, i-4 alcohol (1.65 g, 6 mmol) and thionyl chloride 
(2.14 g, 18 mmol) were boiled under reflux for 6.5 h. Excess thionyl 
chloride was removed in vacuo and the residue was dissolved in ether 
(30 ml). The ethereal solution was washed with water (2 X 30 ml), 5% 
aqueous NaOH (2 X 30 ml), and brine (2 X 30 ml), dried (MgS04), and 
evaporated. The yellow residual oil (1.3 g, 73%) had bp 140-144 °C 
(0.025 mm); ir (neat) no OH; NMR (CCD <> 7.30 (m, 5, ArH), 3.70 (s, 
1, C3 H), 3.60 (m, 2, ABX, CH2C1), 0.90 (s, 9, ieri-butyl).

Anal. Caled for Ci7H26C1S: C, 68.74; H, 8.49. Found: C, 68.42; H,
8.45.

r-1 - tert-Butyl- c-4-chloromethyl- t-3-thiophenoxycyclo- 
phexane. This was prepared from the corresponding alcohol as de
scribed for the r-1, i-3, i-4 isomer. The chloride (0.212 g, 73%) had bp 
106-110 °C (0.005 mm); ir (neat) no OH; NMR (CCD 3 7.20 (m, 5, 
ArH), 3.70 (br s, 1, C3 H), 3.52 (br d, 2, CH2C1), 0.90 (s, 9, ieri-butyl); 
mass spectrum m/e 298,296 (M-+). The crude material was used di
rectly in the conversion to the corresponding phthalimide.

r-l-tert-Butyl-c-4-phthalimidomethyl-t-3-thiophenoxycy- 
clohexane. The above r-1, i-3, c-4 chloride (0.20 g, 0.172 mmol) and 
potassium phthalimide (0.463 g, 2.5 mmol) were dissolved in di
methylformamide (2 ml). The reaction was carried out as described 
below for the r-1, t-3, t-4-isomer. The r-1, i-3, c-4 phthalimide (7 ,81 
mg, 29%) was recrystallized from ethanol-water and had mp 85-89 
°C (lit.3 90-92.5 °C), identical in all respects with the compound 
previously obtained.

r-1 -tert-Butyl- i-4-phthalimidomethyl-t-3-thiophenoxycy- 
clohexane (8). The r-1, t-3, t-4 chloride (0.297 g, 1 mmol) and po
tassium phthalimide (0.740 g, 4 mmol) were dissolved in dimethyl
formamide (4 ml). The solution was boiled under reflux for 24 h, di
luted with water (5 ml), and extracted with ether (3 X 15 ml). The 
desired phthalimide was separated from starting material by column 
chromatography on silica gel (starting with light petroleum as eluent 
and gradually adding benzene). The phthalimide (177 mg, 44%) was 
eluted with benzene-light petroleum (4:1 v/v) and was recrystallized 
from ethanol-water to give white crystals: mp 144-146 °C (lit.3 
144-145 °C); ir (KBr) 1770, 1710 cm“ 1 (C = 0 ); NMR (CC14) 5 7.50 
(m, 9, ArH), 3.60 (m, 3, ABX, CH2NR2 and C3 H), 0.94 (s, 9, tert- 
butyl), identical with an authentic sample.

r-1 -tert-Butyl- t-3-thiophenoxycyclohexane- t-4-carboxylic 
Acid (6). The r-1, t-3, t-4 ester (5, 2.72 g, 8.5 mmol) and 3 N HC1 
were boiled under reflux for 132 h. The mixture was cooled, diluted 
with water (50 ml), and extracted with ether. The combined ether 
extracts were washed with 5% NaOH (4 X 30 ml). Three layers were 
formed, a small brown layer being present between the ethereal and 
aqueous layer. The middle layer was the sodium salt o f the desired 
acid and was taken with the aqueous layer. The aqueous mixture was 
acidified to pH 1, and the white precipitate was filtered to give the 
r-1, t-3, t-4 acid (6,0.60 g, 24%): mp 164.5-166 °C (acetone-water); 
ir (KBr) 3200-2500, 1705 cm“ 1 (C = 0 ); NMR (CCD 5 7-25 (m, 5, 
ArH), 3.90 (d, J ae = 3.5 Hz, 1, C3 H), 2.60 (d of t, Jae = 12, JBe = 3.5 
Hz, 1 H, C4 H), 0.82 (s, 9, ieri-butyl).

Anal. Caled for C17H240 2S: C, 69.82; H, 8.27. Found: C, 69.50; H, 
8.33.

The same acid could be obtained (88%) by diazotization of the r-1, 
i-3, i-4 sulfide amide.3

r-1-tert-Butyl- t-3-thiophenoxycyclohexyl- t-4-carboxamide 
(10). The r-1, t-3, i-4 nitrile sulfide (9, 2 g, 7 mmol) and polyphos- 
phoric acid (20 g) were warmed on a steam bath for 5 h. The mixture
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was poured into water (100 ml) and extracted with ether (2 X 100 ml). 
The extracts were evaporated and the residue resolved by column 
chromatography on silica gel (50 g). Elution with ether gave the r-1, 
i-3, t-4 amide sulfide (10,1.7 g, 80%): mp 160.5-161.5 °C (aqueous 
ethanol); ir (KBr) 3390,3220,1645,1615 cm -1; NMR (CDC13) 8 7.30 
(m, 5 H, ArH), 5.98 (br s, 2 H, CONH2), 3.87 (d, Jae = 5 Hz, 1 H, C3 
H), 2.55 (d to t, Jaa = 12, J ae = 5 Hz, 1 H, C4 H), 0.81 (s, 9 H, tert- 
butyl).

Anal. Calcd for C17H25NOS: C, 70.07; H, 8.65. Found: C, 69.73; H,
8.76.

r -1 - tert-Butyl- t-3-thiophenoxycyclohexyl-c-4-carboxamide.
The r-1, t-3, e-4 nitrile (1.53 g, 0.57 mol) was heated at 80 °C with 
polyphosphoric acid (20 g) for 9 h. The mixture was poured into water 
(100 ml) and extracted with CHC13 (4 X 100 ml). The extracts were 
washed with 5% NaOH (200 ml) and brine (3 X 200 ml), dried 
(MgSOd, and evaporated to give a yellow oil (1.19 g, 68%) which so
lidified. Recrystallization from aqueous ethanol gave the amide: mp
117.5-118.5 °C; ir (KBr) 3310, 3180,1660,1605 cm "1; NMR (CDC13) 
8 7.35 (m, 5 H, ArH), 4.08 (br s, 1 H, C3 H), 2.58 (br s, 1 H, C4 H), 0.78 
(s, 9 H, tert-butyl).

Anal. Calcd for Ci7H25NOS: C, 70.07; H, 8.65. Found: C, 69.99; H,
8.79.

r-1 - ter t-B  utyl- t-3-thiophenoxycyclohexane- t-4-car boxylic 
Acid (6) from the Amide. The amide 10 (0.11 g, 0.38 mmol) in gla
cial acetic acid (3 ml) containing sulfuric acid (2.12 ml) and water (1.64 
ml) at 0 °C was treated with sodium nitrite (0.10 g) slowly. After being 
stirred at 0 °C for 1 h the mixture was kept at room temperature 
overnight. It was diluted with water (20 ml) and extracted with ether 
and the ether evaporated. The residue (0.097 g, 88%) was identical (ir) 
with an authentic sample of the acid.

A similar reaction using the r-1, t-3, c-4 amide was unsuccessful, 
starting material being recovered. Repeated diazotizations led to a 
mixture of at least five products which were not examined further.

Ethyl r -1- tert-Butyl- t-3-phenylsulfonylcyclohexane-t-4- 
carboxylate (11). The r-1, t-3, t-4 ester sulfide (5,1.5 g) was dissolved 
in a mixture of glacial acetic acid (25 ml), 30% hydrogen peroxide (1.5 
ml), and concentrated sulfuric acid (2 drops). The solution was stirred 
at room temperature for 9 h, the solvent was evaporated, and the 
residue (1.28 g, 78%) was recrystallized from aqueous ethanol to give 
the sulfone 11: mp 148-148.5 °C; ir (KBr) 1715 (0 = 0 ) ,  1330,1140 
cm“ 1 (S02); NMR (CDCI3) 8 7.80,7.50 (m, 5 H, ArH), 4.00 (m. ABX3, 
2 H, C 02CH2CH3), 3.84 (br s, 1 H, C3 H), 2.70 (d oft, J aa = 11, J ae =
4.5 Hz, 1 H, C4 H), 1.28 (t, 3 H, C02CH2CH3), 0.90 (s, 9 H, tert-butyl).

Anal. Calcd for Ci9H280 4S: C, 64.74; H, 8.01. Found: C, 64.61; H, 
8.13.

Oxidation of the r-1, t-3, c-4 Ester Sulfide (4). The sulfide (0.15 
g) was dissolved in peracetic acid solution (7 ml) [from glacial acetic 
acid (50 ml), 30% hydrogen peroxide (3.0 ml), and concentrated sul
furic acid (4 drops)] and stirred at room temperature for 7.75 h. The 
solvent was evaporated and the residue was resolved by column 
chromatography on silica gel (40 g). Elution with chloroform-benzene 
(1:1 v/v) gave the r-1, i-3, c-4 ester sulfone (12, 93 mg, 55%); bp 160 
°C (0.007 mm) (with some decomposition); ir (film) 1725 (C = 0 ), 1310, 
1150 cm“ 1 (S02); NMR (CDCI3) 8 7.85, 7.55 (m, 5 H, ArH), 4.08 (q, 
J = 7 Hz, 2 H, C02CH2CH3), 3.56 (br s, 1 H, C3 H), 3.23 (br s. 1 H, C4 
H), 1.24 (t ,J  = 7 Hz, 3 H, C 02CH2CH3), 0.84 (s, 9, H, tert -butyl).

Anal. Calcd for Ci9H280 4S: C, 64.74; H, 8.01. Found: C, 64.83; H,
8.08.

Further elution gave the r-1, c-3, c-4 ester sulfone (13, 47 mg, 28%): 
mp 114.5-115 °C (aqueous ethanol), identical with the sample pre
pared as described below from the r-1, c-3, c-4 sulfone acid; ir (film) 
1725 (C = 0 ), 1305,1150 cm“ 1 (S02); NMR (CDC13) 8 7.85, 7.55 (m, 
5 H, ArH), 4.00 (m, ABX3, 2 H, C02CH2CH3), 2.80 (m, 2 H, C3 H and 
C4 H), 1.20 (t, 3 H, C 02CH2CH3), 0.90 (s, 9 H, tert -butyl).

Anal. Calcd for Ci9H280 4S: C, 64.74; H, 8.01. Found: C, 65.00; H,
8.22.

When this oxidation was repeated using 4 (0.60 g), glacial acetic acid 
(15 ml), 30% hydrogen peroxide (0.9 ml), and concentrated sulfuric 
acid (1 drop) at room temperature, only 12 could be detected after 2 
h and after 20.5 h. No explanation of the discrepancy is available at 
this time.

Ethyl r-l-ieri-Butyl-e-3-phenylsulfonylcyclohexane-e-4- 
carboxamide. The r-1, c-3, c-4 sulfone nitrile3 (1.17 g) and po
lyphosphoric acid (30 g) were heated at 80 °C for 3 h. The solution was 
poured into water (50 ml) and extracted with CHC13 (3 X 100 ml). The 
organic layer was dried (MgS04), concentrated (after decolorizing 
with charcoal), and triturated with light petroleum to give the amide 
sulfone (0.434 g, 38%): mp 192-193.5 °C (sublimation) (aqueous 
ethanol); ir (KBr) 3460, 3360 (NH2), 1685 (C = 0 ), 1605,1280, 1150

cm“ 1; NMR (CDC13) 5 7.90, 7.60 (m, 5 H, ArH), 4.10 (m, 2 H, C4 H, 
C3 H), 0.80 (s, 9 H, ferf-butvl).

Anal. Calcd for Ci7H25N 03S: C, 63.12; H, 8.44. Found: C, 63.22; H,
7.99.

r-1 - tert-Butyl-c-3-phenylsulfonylcydohexane-c-4-carbox
ylic Acid. The above amide (0.123 g) in glacial acetic acid (3 ml), 
concentrated sulfuric acid (2.12 ml), and water (1.64 ml) at 3 °C was 
treated with sodium nitrite (0.10 g) with stirring. The white precipi
tate was stirred at 0 °C for 1 h and at room temperature for 12 h and 
water (20 ml) was then added. The mixture was extracted with ether 
(4 X 20 ml) and the dried (MgS04) combined extracts were evaporated 
to give the sulfone acid (0.102 g, 84%): mp 183-184 °C (from ether- 
light petroleum); ir (KBr) 3300-2400 (C02H), 1695 (C = 0 ), 1305,1140 
cm-1 (S02).

Anal. Calcd for Ci7H240 4S: C, 62.93; H, 7.46. Found: C, 62.77; H, 
7.64.

Ethyl r-1-tert-Butyl-e-3-phenylsulfonylcyclohexane-c-4- 
carboxylate (13). The acid was esterified with ethanol and sulfuric 
acid to give the ester (29%), identical with the one obtained above in 
the oxidation and epimerization.

r-1 - tert-Butyl- c-4-hydroxymethyl-c-3-phenylsulfonylcy- 
clohexane (16). The above r-1, c-3, c-4 sulfone acid (1.154 g) in dry 
ether (10 ml) was boiled under reflux for 6 h with a solution of LiAlH4 
(116 mg) in dry ether (10 ml). Careful addition of water followed by 
pouring the solution into 1 N HC1 and extraction with ether gave the 
alcohol (16) as a yellow oil (0.56 g, 50%) which was purified by chro
matography on a column of silica gel (50 g) and elution with ben- 
zene-CHCl3 (1:1 v/v): ir (film) 3450 (OH), 1305, 1150 cm“ 1 (S02); 
NMR (CDCI3) 8 7.95, 7.65 (m, 5 H, ArH), 3.80 (m, 3 H, ABC, 
CHCH2OH), 3.10 (d oft, Jaa = 14, J ae = 5 Hz, 1 H, C3 H), 2.92 (s, 1 H, 
OH, exchange with D20), 0.88 (s, 9 H, tert-butyl).

Anal. Calcd for Ci7H260 3S: C, 65.77; H, 8.44. Found: C, 65.63, H,
8.59.

r-1 - tert-Butyl- t-4-hydroxymethyl- t-3-phenylsulfonylcy- 
clohexane (14). The ester 1 1 (1.85 g) in dry ether (30 ml) was treated 
with a solution of lithium aluminum hydride in ether (2 M, 3 ml) 
dropwise at such a rate as to maintain reflux. The solution was then 
stirred at room temperature for 2 h and excess hydride was decom
posed with EtOH. Workup as above gave the alcohol 14 (1.63 g, 74%): 
mp 103-105 °C (from n-hexane); ir (CC14) 3530, 1308, 1145 cm-1; 
NMR (CDCI3) 5 7.90, 7.60 (m, 5 H, ArH), 4.20 (m, 3 H, CH2OH and' 
C3 H), 3.07 (s, 1 H, OH, exchanges with D20), 0.69 (s, 9 H, tert -butyl).

Anal. Calcd for Ci7H260 3S: C, 65.77; H, 8.44. Found: C, 65.61; H,
8.49.

r-l-tert-Butyl-e-4-hydroxymethyl-t-3-phenylsulfonylcy- 
clohexane (15). A. This was prepared from 12 by LiAlH4 reduction 
as described above for 14. The alcohol (68%) had bp 160 °C (0.007 mm) 
(dec); ir (CC14) 3450,1310,1150 cm -1; NMR (CDC13) 6 7.90, 7.50 (m, 
5 H, ArH), 4.20 (s, 1 H, OH exchangeable), 3.60 (m, 3 H, CH2OH and 
C3 H), 2.60 (s, 1 H, OH, exchangeable), 0.80 (s, 9 H, tert-butyl).

Anal. Calcd for Ci7H260 3S: C, 65.77; H, 8.44. Found: C, 65.58; H,
8.49.

B. Oxidation of the r-1, i-3, c-4 alcohol sulfide3 with peracetic acid 
solution initially gave the corresponding sulfone acetate [5 1.92 (s, 3 
H, CH3C 02)] which, following repeated attempts at recrystallization, 
gave the above alcohol.

Methyl r- 1  - tert-Butyl- t-3-thiophenoxycyclohexane-t-4- 
carboxylate. The acid 6 (1 g) was esterified with methanol (30 ml) 
and sulfuric acid (4 drops) to give the ester (0.96 g, 90%): mp 69-69.5 
°C; ir (KBr) 1740 cm“ 1; NMR (CCI4) & 7.30 (m, 5 H, ArH), 3.84 (q, J ae 
= 4 Hz, 1 H, C3 H), 3.42 (s, 3 H, C 02CH3), 2.60 (d of t, J M = 10, J fle = 
4 Hz, 1 H, C4 H), 0.84 (s, 9 H, tert-butyl).

Anal. Calcd for Ci8H26G2S: C, 70.75; H, 8.55. Found: C, 70.51; H,
8.68.

Methyl r-1 - tert-Butyl-t-3-phenylsulfonylcyclohexane-1-
4-carboxylate (18). The above ester (0.618 g) in glacial acetic acid 
(25 ml) containing 30% hydrogen peroxide (1.5 ml) and concentrated 
H2S04 (2 drops) was stirred at room temperature for 3 h. The solvent 
was evaporated and the sulfone 18 (0.68 g, 100%) was recrystallized 
from aqueous ethanol: mp 143-143.5 °C; ir (KBr) 1740, 1305, 1140 
cm“ 1; NMR (CDC13) 8 7.85,7.55 (m, 5 H, ArH), 3.82 (br s, 1 H, C3 H),
3.54 (s, 3 H, C 02CH3), 2.50 (d oft, 1 H, C4 H), 0.80 (s, 9 H, tert -butyl).

Anal. Calcd for Ci8H260 4S: C, 63.87; H, 7.74. Found: C, 64.01; H, 
7.83.

r-1- tert- Butyl- t-3-phenylsulfonylcyclohexane- t-4-car boxylic 
Acid (17). Sulfide 6 was oxidized in the same manner as was ester 18 
to give the sulfone 17 (100%): mp 160 °C (sublimation); ir (KBr) 
3300-2500 (br), 1720,1300,1140 c m '1; NMR (CDC13) 8 9.26 (br s, 1 
H, C 02H, exchangeable), 7.90, 7.60 (m, 5 H, ArH), 3.95 (br s, 1 H, C3
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H), 2.60 (d of t, Jm = 11, J ae = 4 Hz, 1 H, C4 H), 0.80 (s, 9 H, tert- 
butyl).

Anal. Calcd for C17H2404S: C, 62.93; H, 7.46. Found: C, 62.83; H,
7.66.

Dispiro[bis(4-tert-butylcyelohexane-l,2',5',l''-oxazolid-4'- 
one)] (20). 4-feri-Butylcyclohexanone cyanohydrin (19, 2 g) was 
dissolved in a mixture of 95% EtOH (5 ml) and concentrated HC1 (5 
ml). The solution was boiled under reflux for 13 h. The precipitated 
oxazolidone (0.20 g, 9%) was filtered and had mp 330 °C; ir 3400,3290, 
1685 (C = 0 ), 1090 cm-1; the NMR spectrum could not be determined 
owing to the insolubility of this compound in the usual solvents; mass 
spectrum (70 eV) m/e (rel intensity) 336 (0.8), 335 (M-+, 2.4), 320 (2.6) 
236 (100), 182 (3.4), 180 (4.6), 164 (70), 154 (9.2), 138 (9.2).

Anal. Calcd for C21H37NO2: C, 75.17; H, 11.12; N, 4.18. Found: C, 
75.55; H, 11.14; N, 4.23.

The same compound (identical ir spectra) could be obtained, albeit 
in even lower yield (3.5%), by keeping a mixture of the cyanohydrin 
and polyphosphoric acid at room temperature.13
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IV-Aryloxypyridinium tetrafluoroborates are prepared by the reaction of pyridine 1-oxides with aryldiazonium 
tetrafluoroborates bearing an electron-withdrawing substituent in the aryl ring. The scope, limitations, and possi
ble mechanism of the reaction are discussed. The salts undergo base-catalyzed rearrangement to give 2-o-hydroxy - 
arylpyridines. N -Aminopyridinium tetrafluoroborates react with aromatic diazonium salts in acetonitrile to give 
l-[(lV-arylacetimidoyl)amino]pyridinium tetrafluoroborates (14) but no IV-arylaminopyridimum tetrafluorobo
rates. Related compounds are formed in propionitrile and malononitrile, but not in butyronitrile and benzonitrile. 
In butyronitrile, for example, l-(AT-butyrimidoylamino)iminopyridinium tetrafluoroborate (16) is formed. Com
pounds 14 give the corresponding ylides with base. Treatment of Af-aryliminopyridinium ylides with base does not 
lead to their rearrangement to 2-o-aminoarylpyridines.

AI-Alkoxypyridinium salts are well-known compounds 
whose preparation1 and properties1’2 have recently been re
viewed. They are usually readily made from the yV-oxide and 
an alkyl halide, dialkyl sulfate, or alkyl sulfonate. In contrast, 
the N-aryloxy compounds were not known when this work was 
initiated.3 Attempts to phenylate pyridine 1-oxide with di- 
phenyliodonium bromide or benzenediazonium tetrafluoro
borate failed.4 We now report3 a convenient synthesis of such 
compounds and a novel molecular rearrangement which they 
undergo.

It was expected that, for a direct arylation to occur between 
a diazonium salt and an AT-oxide, the salt would have to be 
more electrophilic than unsubstituted benzenediazonium 
tetrafluoroborate, rather than going the other way and making 
the Af-oxide more nucleophilic. It was felt that if the latter 
were the case the IV-oxide might induce a homolytic decom
position via the diazo compound5 which would defeat the 
purpose. To this end, the diazonium tetrafluoroborate (1) of

R1 R1

R2 R3 
3

an aromatic amine bearing an electron-withdrawing substit
uent was added to a solution of a pyridine 1-oxide (2) in ace
tonitrile and the solution was either stirred at room temper
ature or warmed gently to give the desired /V-aryloxypyridi- 
nium tetrafluoroborate (3). The salts so prepared are listed 
in Table I.

The structures of the salts 3 were established by spectro-
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Table I. 1-Arylpxypyridinium Tetrafluoroborates (3 f

Registry
no. R 1 R 2 R 3

%
yield Mp, °C

Molecular
form ula

33393-61-2 H 4-NO, H 75 1 5 7 .5 -1 5 9 c i 1h , b f 4n , o 3

33393-60-1 H 4-CN H 70 2 1 4 -2 1 5 c 4, h 9b f 4n , o

33393-59-8 H 4 -CF3 H 36 1 3 5 -1 3 6 c 12h 9b f 7n o

33395-25-4 H 3-NO, H 24 1 4 9 -1 5 0 C, 1H 4BF4N ,0 3

33395-26-5 H 2-NO, H 27 1 6 1 -1 6 2 c 1 1 h , b f 4n , o 3

33395-27-6 H 2 -CF3 H 44 1 6 9 -1 7 0 C i2H9BF,NO
55165-47-4 H 2-CN H 19 1 6 0 .5 -1 6 2 c 4, h 9b f 4n , o
58408-63-2 H a'b 2-NO, 4-NO, 8 6 1 8 2 -1 8 4 C 1 iH 8BF4N3O s
58408-65-4 H* 3-NO, 5-NO, 56 1 9 0 -1 9 2 C 1 1 H 6BF 4N3O s
58408-67-6 4 -CH3 4-NO, H 2 2 1 3 6 -1 3 7 c 1 , h i 1 b f 4n , o 3

58408-69-8 4-CH3 4-CN H 37 1 7 7 -1 7 9 c 13h 1 ib f 4n , o
58408-71-2 4-CH3 2-NO, H 34 1 4 7 -1 4 8 c „ h 1 1 b f 4n , o 3

58408-73-4 4-CsH 5 4-CN H 75 1 9 3 -1 9 4 c i8h 13 b f 4n , o
58408-75-6 4-C6H 5 4-N O, H 87 1 8 8 -1 8 9 c 17h i3b f 4n , o 3

58408-77-8 4 -OCH3 4-NO, H 61 1 5 1 .5 -1 5 3 C 1 ,H ,,B F 4N ,0 4

58408-79-0 4-OC6H 5 4-NO, H 59 2 0 9 -2 1 1 c 17h 13b f 4n , o 4

58408-81-4 4-Cld 4-NO, H 64 170 c 1 1 h sb c i f 4n , o 3

58408-83-6 4-CNe 4-CN H 5 1 6 6 -1 6 7 c 13h 8b f 4n 3o
58408-85-8 2-OCH3 4-NO, H 87 1 6 8 .5 -1 7 0 c „ h 1 1 b f 4n , o 4

58408-87-0 4-OCH3/ 2-NO, 4-NO, 71 1 2 5 -1 2 7 C i2H 10BF4N 3O6

58408-89-2 4-CN& 2-NO, 4-NO, 84 2 0 8 -2 0 9 C i ,H ,B F 4N 4O s
58408-91-6 4 - b 2-NO, 4-NO, 77 2 1 7 -2 1 8 .5 C „ H 14B ,F sN6O 10

dec
a Isolated as the perchlorate, a rather explosive com pound. b Sulfolane was used as the reaction solvent, while acetonitrile 

was the solvent in other cases. c Also from  the 4-chloro derivative by repeated recrystallization from  methanol. d 4-Chloro-
2-p-nitroanilinopyridine (7% ) was also isolated. e 4-Cyano-2-p-cyanoanilinopyridine (29% ) was also isolated (see Experi
mental Section). /  Could not be purified because o f  its slow rearrangement to  6  on  recrystallization. S Satisfactory analytical 
data (±0.3%  for C, H) were reported for all com pounds except the 4-m ethoxyphenyl derivative. Ed.

Table II. 2-Anilinopyridines0

R

Registry % Molecular
no. R X yield Mp, °C formula

58408-92-7 NO, CN 29 2 2 2 -2 2 4 C n H 8N 40 ,
58408-93-8 CN CN 29 2 3 8 -2 4 0 c i3h 8n 4
58408-94-9 CN NO, 1 2 2 4 3 -2 4 4 C ^ H .N .O ,
58408-95-0 CN c f 3 44 1 8 4 -1 8 6 c 13h 8n 3f 3
58408-96-1 NO, c f 3 27 1 6 2 -1 6 3 .5 c 1 ,h 8f 3n 3o ,
58408-97-2 NO, NO, 2 0 2 6 4 -2 6 7 C mH 8N40 4
58408-98-3 Cl NO, 9 2 0 1 -2 0 4 c u h 8n 3o , ci
58408-99-4 Cl CN 15 2 0 6 -2 0 8 c „ h 8n 3ci

a Satisfactory analyses (+0.3% for C, H) were reported for 
all com pounds in table. Ed.

scopic methods and by microanalysis. In particular, the N M R 
spectra indicated that arylation had occurred at oxygen. For 
example, l-(4-nitrohenoxy)pyridinium  tetrafluoroborate (3, 
R i  =  R 3  =  R j  R 2  = P -N O 2) exhibited bands at 5 9.65 (2 H, d, 
f /2,3 =  J s ,6 =  6  Hz, H-2,6.l, 9.00 (1 H, t, -1 4  = t/4.5 — 7 Hz, H 4), 
8.56 (2 H, d o f  d, H -3,5), 8.39 (2 H, d, J a =  9 Hz, phenyl meta 
hydrogens), and 7.50 (2 H, d, Ja = 9 Hz, phenyl ortho hydro
gens).

The most notable failure o f  this arylation occurred with
4-nitro- and 2-methylpyridine 1 -oxides. The AT-oxide function 
in 4-nitropyridine 1-oxide is, presumably, not basic enough 
to react with the diazonium ion (what may be an impure form 
o f  the desired salt was isolated). Som e 2-(p-nitroanilino)-4- 
nitropyridine was form ed. Arylation o f 4-nitro- and 4-cy- 
anopyridine 1 -oxides in acetonitrile with other diazonium salts 
gave only the corresponding 2 -anilinopyridines and these 
results are collected in Table II. The nitro group in 2 -(p - 
cyanoanOino)-4-nitropyridine underwent the expected dis
placem ent with ethoxide ion. An intermediate situation was 
observed with the somewhat more basic 4-cyanopyridine 1- 
oxide in acetonitrile solution, using p-cyanobenzenediazonium 
tetrafluoroborate as the arylating agent. A low (5%) yield o f

OEt

the desired salt (3, R 1 = 4-CN; R 2 =  4-CN ; R 3 =  H ) was o b 
tained, together with a 29% yield o f  2-(p-cyanoanilino)-4- 
cyanopyridine (4). The latter was presumably form ed by the 
hydrolysis o f  the initially form ed acetamide (5) .6

P-CNC6H4N 2+B F 4-  +  CH3C = N

[p -C N Q H j— N = C C H 3]BF4 -

A  similar situation was found with 4-chloropyridine 1-oxide. 
Reaction with p-nitrobenzenediazonium  tetrafluoroborate 
in acetonitrile gave a mixture o f  3 (R 1 =  4-C1; R 2 =  4 -N O 2 ; R 3 
=  H) and 4-chloro-2-p-nitroanilinopyridine (7%). Attem pted 
purification o f  the pyridinium salt from hot m ethanol led to 
a mixture o f  the 4-chloro- and 4-m ethoxypyridinium  deriva
tives. M ore prolonged heating with methanol led to complete 
nucleophilic displacem ent o f the chlorine atom and the for 
mation o f 3 (R 1 =  4-OM e; R 2 =  4 -N 0 2; R 3 =  H ). W hen p -  
cyanobenzenediazonium  tetrafluoroborate was used, 4- 
chloro-2-p-cyanoanilinopyridine could be obtained pure 
following m ethanolic workup, together with a mixture o f  the 
corresponding 4-chloro- and 4-m ethoxypyridinium  salts. N o 
attem pt was made to separate these.

4,4' B ipyridyl l ,l '-d io x id e  was not arylated by  p -n itro-
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Scheme I

benzenediazonium tetrafluoroborate, probably because it was 
not basic enough, but was arylated in good yield (Table I) by 
using the more electrophilic 2,4-dinitrobenzenediazonium 
tetrafluoroborate in sulfolane solution (to avoid nitrilium ion 
formation in acetonitrile with the more electrophilic cation); 
other examples are given in Table I.

2-Picoline 1-oxide was not O-axylated and it is hard to 
imagine that the IV-oxide function would be sufficiently 
sterically hindered by the 2  substituent to prevent attack, but 
no alternate explanation can be advanced at this time (vide 
infra).

The O-arylations occur at temperatures (usually room  
temperature) well below  those at which unimolecular de
com position o f the diazonium salts occur. Indeed, in the ab
sence o f  TV-oxide, the diazonium salts are stable in solution 
under these conditions. This suggests either that an SNAr 
displacement (path i) (or a direct SN2 process) is taking place7 

or that a diazo oxide is first form ed which collapses to 3 with 
loss o f  nitrogen (path ii) (Scheme I).

Pyridine 1-oxides and pyridinium salts undergo base-cat
alyzed proton abstraction from the 2  position o f the pyridine 
ring .8 Treatm ent o f  the salts 3 in hot acetonitrile solution ei
ther with potassium phenoxide or with triethylamine gave the 
corresponding 2-(2-hydroxyaryl)pyridine (6 ). For example, 
3  (R i =  R3 =  H; R 2 =  4 -N 0 2) gave G (R 1  =  R 3 = H, 5 -N 0 2)

N2+ C 1  NO,
O OMe CSHSN ^ \ J ~ ' \  ft-act )

OH- S N x t \ = /  crystn
MeO

HBr
no2 * 6

(R 1 =  R3 =  H
R2 =  5-N02)

whose structure was established by its spectral properties and 
by  its synthesis by  an unambiguous route. Thus, G om berg- 
H ey arylation o f  pyridine with the diazonium salt from  2 - 
am ino-4-nitroanisole gave a mixture o f  the three possible ar
ylation products which were fractionally crystallized to give
2-(2-m ethoxy-5-nitrophenyl)pyridine .9 This was dem ethy- 
lated with hydrobrom ic acid to  give authentic 2 -(2 -hydroxy-
5 -nitrophenyl)pyridine (6 ), identical with the com pound 
obtained above. The spectral properties o f  the other rear
rangement products 6  perm itted unambiguous assignment 
o f  their structure. A  possible mechanism for the base-cata
lyzed rearrangement is given in Scheme II.

The phenols 6  do not exhibit an O -H  stretching band ir. the 
infrared (or only a very weak broad band) either in the solid 
state or in solution, but do show a broad - +N H =  band at ca. 
2600 cm -1 , indicating that they exist mainly in the zwitterionic 
form 6b.

The base-catalyzed rearrangement o f  l-(3 -nitrophen -

Scheme II
R1 R1

R2

R1

6a 6b

oxy)pyridinium  tetrafluoroborate (3, R 1 = R 3 =  H; R 2 =  3- 
N 0 2) can, in principle, lead to  two isomeric 2-o-hydroxy- 
phenylpyridines via attack either ortho or para to the nitro 
group. In practice, only one product was obtained, namely 7 
resulting from  attack at the sterically less hindered para po-

sition. T he N M R  spectrum o f  the product could not be used 
to distinguish between the two possibilities as the protons on 
the nitrophenyl ring appeared as a broad singlet, probably 
owing to the compensating effects on the chem ical shifts by 
the nitro and hydroxyl groups meta to each other. The rear
ranged product was reduced to the corresponding primary 
amine (9). This exhibited a narrow one-proton doublet (J aji 
= 2  Hz) at 5 6.57 (H a), a 1  H  quartet (Jp,y =  9.0, J a,p =  2  Hz) 
at ò 6 .6 6  (Ufi), and a 1 H doublet (Jp.y -  9.0 Hz) at <5 8.07 (H 7), 
clearly eliminating the alternate possibility which would have 
vicinal protons. This proposed structure was confirmed by the 
synthesis o f  authentic 7 by dém éthylation o f  2 -(2-m ethoxy-
4-nitrophenyl)pyridine (8 ).

T he yield o f  rearranged product from  4-m eth yl-l-(4 -n i- 
trophenoxy)pyridinium  tetrafluoroborate (3, R 1 =  4-M e; R 2 

= 4 -N 0 2; R 3 = H) was exceptionally low (9.6%). It is possible 
that base-catalyzed proton abstraction occurs from the methyl 
side chain which could lead to elimination o f p-n itrophenol, 
as is observed. T he pyridine-containing fragment was not 
isolated. The results o f  the base-catalyzed rearrangements are 
summarized in Table III. T he phenols could be brom inated 
readily, e.g., 2-(5-cyano-2-hydroxyphenyl)pyridine gave 2-
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Table III. 2-(2-H ydroxyaryl)pyridines (6 )

Registry
no. R 1 R 2 R 3

%
yield Mp, “C

Molecular
formula

33400-82-7 H 5-N 0 2 H 65 2 1 6 -2 1 7 c , , h 8n 2o 3

33400-78-1 H 3-N 0 2 H 6 6 1 6 7 -1 6 8 c „ h 8n 2o 3

58409-00-0 H 4-N C V H 33 1 8 6 .5 -1 8 7 .5 c „ h sn 2o 3

33400-81-6 H 5-CN H 69 1 9 8 -1 9 9 c 12h 6n 2o
33400-80-5 H 5-CF3 H 40 9 2 -9 3 c 12h 6f 3n o

33400-79-2 H 3 -CF3 H 49 8 7 -8 8 c 12h 8f 3n o
55165-48-5 H 3-CN H 28 1 8 0 -1 8 2 c 12h 8n 20

58409-01-1 4-C„H5 5-CN H 53 1 6 4 .5 -1 6 5 .5 c 18h 12n 2o
58409-02-2 4 -CH3 & 5-NOj H 1 0 2 0 4 -2 0 5 .5 c I2h 10n 2o 3

58409-03-3 4 -OCH3 5 -N 0 2 H 6 8 1 9 1 .5 -1 9 2 .5 c 12h 10n 2o 4

58409-04-4 4-OC6H 5 5 -N 0 2 H 81 1 4 7 -1 4 8 c „ h 12n 2o 4

58409-05-5 4 -OCH3 3 -N 0 2 5 -N 0 2 69 2 8 9 -2 9 1  dec C I2H ,N 3O s

a From 3 (R 2 = 3 -N 02). 6 p-Nitrophenol was the major product (49.7% ). c Satisfactory analyses (±0.3%  for C, H) were 
reported for all com pounds in table. Ed.

Table IV. 1 - [ (iV-Arylacetimidoyljaminojpyridinium Tetrafluoroborates (14 )°

Registry
no. R X % yield Mp, “C

Molecular
form ula

58409-07-7 H 4-CN 54 2 8 2 -2 8 3 c 14h 13b f 4n 4

58409-09-9 H 4-N 0 2 40 2 6 8 -2 7 0 C ,3H 13BF4N40 2

58409-11-3 H 4-CF3 58 2 5 3 -2 5 5 C i4H 13B F,N 3

58409-13-5 H 3-Cl 45 1 9 0 -1 9 2 c 13h 13b c i f 4n 3

58409-15-7 H H 52 2 0 2 -2 0 4 c 13h 14b f 4n 3

58409-17-9 H 3-NO, 40.5 1 5 5 -1 5 6 c 13h 13b f 4n 4o 2

58409-19-1 H 4-Cl 30 2 1 7 -2 1 8 .5 C ,3H i3BC1F4N 3
58409-21-5 2-CHj 4-CN 38 2 1 0 - 2 1 1 c 15h 15b f 4n 4

58409-23-7 2 -CH3 H 38 2 3 9 -2 4 0 C 14H 1sBF4N3

58409-25-9 3,5-Me2 4 -N 0 2 77- 2 6 2 -2 6 6 C 15H 17BF40 2

58409-27-1 3,5-Me2 3-C1 4T 2 5 4 -2 5 5 c 15h 17b c i f 4n 3
58409-29-3 2,6-M e2 3-C1 49 2 2 8 -2 2 9 c 15h 17b c i f 4n 3

a Satisfactory analytical values (±0.3%  for  C, H ) were reported for  all com pounds. Ed.

(3-brom o-5-cyano-2-hydroxyphenyl)pyridine with bromine 
in acetic acid.

The above reactions thus provide convenient routes to both 
jV-aryloxypyridinium salts and, via a new molecular rear
rangement, to 2-o-hydroxyphenylpyridine derivatives. It was 
o f considerable interest, therefore, to see if  these reactions 
could be extended to the N-arylation o f either 1 -am inopyri- 
dinium salts [R C sH ^N N H s] B F4~ (10) or o f  the corre
sponding 1-imino ylide RCsH^N+N^H (11) to give N - ar- 
ylam inopyridinium salts (12). It was also o f  interest to de
termine whether these, if  form ed, would undergo base-cata
lyzed rearrangement to the corresponding 2 -o-am inophen- 
ylpyridines (13) which are difficult to prepare by conventional 
routes. In contrast to  the iV-aryloxypyridinium salts, the 
pyridine JV-phenylimines are known com pounds 10 -1 1  and, 
indeed, N-arylation o f 10 has been achieved using an activated 
aryl halide . 12

12

The reaction o f 1-aminopyridinium tetrafluoroborates (10) 
with aryldiazonium tetrafluoroborates (bearing electron- 
withdrawing groups in the aryl ring) in acetonitrile solution 
did not yield any o f the desired AT-aryliminopyridinium salts
(12). The only products isolated were the l-[(A f-arylacetim i- 
doyl)am ino]pyridinium  tetrafluoroborates (14) (Table IV).

ArN2+BF4-  +  CH3CN — ►

CH:jC==NAr
BFr

These are probably formed via the nitrilium ion resulting from 
the N-arylation o f  solvent acetonitrile followed by attack at 
the N -am ino group. It is interesting that in these cases, as 
opposed to the AT-oxide situation, reaction does occur at n i
trogen in the 2-picoline derivative. There is, therefore, no 
apparent undue steric hindrance by  a 2 -methyl group to attack 
by a carbenium ion at the IV-imino nitrogen atom , which 
would suggest that in the arylations at oxygen, path i (Scheme
I), may be operating in the form ation o f  3 , since m uch m ore 
steric hindrance would be anticipated in this pathway than 
in path ii.

W hen the reactions were carried out in propionitrile or 
malononitrile the corresponding l-[(N -arylim idoyl)am i- 
no]pyridinium tetrafluoroborates (15) werè usually obtained, 
though the yields were rather poor (Table V). Butyronitrile 
appeared to be an exception. W hen 1-am inopyridinium  tet- 
rafluoroborate in butyronitrile was treated either with p-nitro- 
or p-trifluoromethylbenzenediazonium tetrafluoroborate no 
15 was formed. Instead, the same product was obtained in each
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Table V . Products (15 ) o f  Reaction o f  1-Aminopyridinium Tetrafluoroborates with 
Aryldiazonium Tetrafluoroborates in Various Nitriles^

Registry Molecular
Solvent no. R ’ X R 2 % yield M p,°C formula

Propionitrile 58409-31-7 H 4-CNCsH 5 CH3CH, 23 2 0 6 -2 0 7 C 15H isBF4N4
Propionitrile 58409-33-9 H 4-NG 2CsH 5 c h 3c h , 31.5 2 0 0 - 2 0 1 c i4h 15b f 4n 4o 2
Propionitrile 58425-88-0 3,5-Me2 4 -N 0 2C4H 5 c h 3c h , 2 0 1 8 7 -1 8 8 C 16H ,,B F 4N40 2
Malononitrile 58425-90-4 W 4 -N 0 2C4H s n = c - c h 2 57 1 8 7 -1 8 8 c 14h 12b f 4n 5o 2
Butyronitrile 58548-79-1 H6 H c h 3c h 2c h , 28 1 5 9 -1 6 0 c 9h 14b f 4n 3
Benzonitrile 58425-92-6 Hc H CSH S 9 1 7 8 -1 7 9 C i 2H 12 BF4N 3

a OJ-Cyano-p-nitroacetanilide (9% ) was also isolated. b From  p-nitro- or p-trifluorom ethylbenzenediazonium  tetrafluoro- 
borate. A  small amount o f  2,4,6-triphenyl-s-triazine was also isolated. c From  p-nitrobenzenediazonium  tetrafluoroborate. 
d Satisfactory analytical values were reported for  all com pounds in Table. Ed.

Table VI. 1-[(AT-Arylacetimidoyl)imino]pyridinium Ylides (19 )°

Registry
no. R X % yield Mp, V

Molecular
formula

58425-93-7 H 4-NO, 71.5 1 5 7 -1 5 9 C l3H, ,N 40 ,
58425-94-8 H 4-CN 67 1 5 9 -1 6 0 c I4h 12n 4
58425-95-9 3,5-M e2 4-NO, 72 1 3 6 -1 3 7 c 15h I6n 40 ,

a Satisfactory analytical values (±0 .3% ) were reported for all com pounds in Table . Ed.

case, whose spectral properties and analysis showed it to  be 
the salt 16 (R  = n-Pr; R 1  =  H ). In the reaction with the p -  
nitrodiazonium salt some p-nitrobutyranilide was also o b 
tained. N o reaction occurred between 1 -am inopyridinium  
tetrafluoroborates and butyronitrile in the absence o f  diazo- 
nium salt. A  similar product (12.5%) was obtained from  1- 
am inopyridinium tetrafluoroborate and p-trifluorom ethyl- 
benzenediazonium tetrafluoroborate (but not from  the p - 
nitrodiazonium salt) in boiling propionitrile. Unfortunately, 
it could not be obtained analytically pure. A  low (9%) yield o f  
16 (R  =  Ph; R 1  =  H ) was obtained from  the amine, p -n itro 
benzenediazonium tetrafluoroborate, and benzonitrile, to 
gether with small amounts o f  2,4,6-triphenyl-s-triazine (17).

Ph
N ^ N

P h k NiP h

17

The latter was also isolated when p -cyan o- and p -triflu o- 
romethylbenzenediazonium tetrafluoroborate were used. 
These reactions may be rationalized if  it is assumed that de
composition o f  the diazonium tetrafluoroborates in the higher 
boiling solvents gives some boron trifluoride (via the 
Schiemann reaction) which now reacts with the nitriles to give 
a nitrilium salt that attacks the IV-aminopyridinium salt. 
Acid-catalyzed trimerization o f benzonitrile to 17 is known.13“

H2NR1
r _ C = N  +  B F 3 ^ R — C = N — B F 3 — >- 16

Treatm ent o f  the salts 14 with base such as sodium meth- 
oxide gave the ylide 19 (Table VI) which was converted back 
to  14 on acidification. The conjugate acid o f  19 was also formed 
on treatment o f  19 with aqueous silver nitrate, or dim ethyl 
sulfate in benzene, or acetyl chloride in benzene.

CH3
19

T he reaction o f diazonium tetrafluoroborates with N -  
aminopyridinium tetrafluoroborate was attempted in dioxane 
to avoid the participation o f  nitrile solvents. None o f  the de
sired product could be obtained. In order to  make the sub
strate more nucleophilic so that it could com pete more e f
fectively with acetonitrile solvent for the electrophilic reagent 
the IV-iminopyridinium ylide (from  the iV-amino com pound 
and sodium carbonate or sodium hydride) in acetonitrile was 
treated with diazonium tetrafluoroborate. The only product 
form ed was the corresponding aryl azide (25-52% ) and 
starting am inopyridinium salt was recovered (75-15% ). 
Similar behavior has been reported13b for reactions in aqueous 
medium.

Since an Al-arylaminopyridinium salt could not be obtained 
in this way, a m odification o f  O kam oto’s m ethod 12  was used 
to  prepare pyridine-V -(4-nitrophenyl)im ine (20). Pyridine
1 -oxide is known to  give the corresponding a  anion with so 
dium hydride .14 When 20 was heated with sodium hydride in 
acetonitrile the solution turned from  red to black, but the 
black solid did not yield any o f  the desired amine (13, R  =

N 02

20

2BF4-
21
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4 -N O 2), only 20 being recovered (47%). Compound 20 was also 
recovered quantitatively on heating with lithium diethylam
ide. Thus, the base-catalyzed rearrangement o f 20 to 13 has 
not been achieved yet.

l , l /-D i(2,4-dinitrophenoxy)-4,4'-dipyridylium  ditetraflu- 
oroborate (21) did not give the corresponding o-hydroxyar- 
ylpyridine with base. Heating in boiling water led to the 
elim ination o f  2,4-dinitrophenol and the form ation o f 4,4'- 
di(2-pyridone) (22). Treatm ent o f  21 with triethylamine in 
nitromethane gave only 2,4-dinitrophenol (31.5%) and un
identified tarry material.

Experimental Section

Melting points are uncorrected. NMR spectra were recorded on a 
Varian Associates Model HA-100 or Perkin-Elmer Model R-20B 
spectrometer. Mass spectra were determined on a C. E. C. Model
21-104 spectrometer at an ionizing voltage of 70 eV. Infrared spectra 
were recorded on a Perkin-Elmer Model 257 instrument.

Reagents and Solvents. Acetonitrile was dried and distilled over 
calcium hydride. Sulfolane was distilled under vacuum just prior to 
use. Pyridine 1-oxides were purified by vacuum distillation or re
crystallization and kept in a desiccator. Aryldiazonium tetrafluoro- 
borates were prepared according to the standard procedure.16

O-Arylations. The general procedures used for the O-arylations 
using acetonitrile or sulfolane as the solvent are illustrated using 
specific examples. The products (3) so obtained are listed in Table 
I, as are the analytical data for new compounds.

A ceton itr ile  Solvent. l-(4 -C yanoph enoxy)pyrid in iu m  T et-  
rafluoroborate. p-Cyanobenzenediazonium tetrafluoroborate (2.17 
g, 0.01 mol) was added portionwise to an ice-cold solution of pyridine
1- oxide (1.14 g, 0.012 mol) in dry acetonitrile (30 ml) with vigorous 
stirring. Rapid gas evolution accompanied the slightly exothermic 
reaction. The mixture turned dark red on stirring for 24 h at room 
temperature (or on heating under reflux for 4 h). The solvent was 
evaporated and the residue was recrystallized from methanol to give 
the salt (1.98 g, 70%): mp 214-215 °C; ir (KBr) 2240 (C =N ), 1130- 
1030 cm“ 1 (BF4-); NMR (Me2SO-d6) S 9.96 (d, 2 H, Ja0 = 7 Hz, H„),
9.13 (t, 1 H, Jfo = 7 Hz, HT), 8.71 (t, 2 H, Ja0 = J,j7 = 7 Hz, H0), 8.32 
(d, 2 H, J0,m = 9 Hz, H0), and 7.67 (d, 2 H, J0tTn = 9 Hz, Hm); mass 
spectrum m/e 244 (M-+ — 2HF, 12), 196 (M-+ -  HBF4, 9), 119 
(CNC6H4 OH-+, 57), 79 (C5H5N-+, 100), 52 (65), 49 (54).

Sulfolane Solvent. l,l'-Di(2,4-dinitrophenoxy)-4,4’-dipyri- 
dylium  Ditetra fluorobora te (21). To a suspension of 4,4/-dipyridyl 
l,l'-dioxide (1.88 g, 0.01 mol) in sulfolane (8 ml) at 40-45 °C was 
added 2,4-dinitrobenzenediazonium tetrafluoroborate (5.92 g, 0.021 
mol) slowly with stirring over 30 min. Stirring at 40-45 °C was con
tinued for a further 1 h while nitrogen was evolved. Trituration with 
benzene-ether (1:3 v/v, 30 ml) and then with warm methanol (15 ml) 
gave a yellow solid (6.80 g, 97.8%) which, on recrystallization from 
nitromethane-acetic acid (4:1 v/v), gave the salt (5.38 g, 77.8%): mp
217-218.5° dec; ir (KBr) 1535,1335 (N 02) , 1100-1000 cm- 1 (BF„-); 
NMR (CH3NO2) S 9.51 (d, 4 H, J „ 0 = 7 Hz, H„), 9.10 (d, 2 H, J AB =
2.5 Hz, HA), 8.86 (d, 4 H, J„„« = 7 Hz, H(j), 8.61 (dd, 2 H, JBc = 9, J a b  

= 2.5 Hz, Hp), and 7.39 (d, 2 H, J bc = 9 Hz, He); mass spectrum m/e 
183 (CsHaNsCV, 80), 156 (Ci0H8N2-+, 100).

2-(p-Cyanoanilino)-4-nitropyridine. A solution of 4-nitropyri- 
dine 1-oxide (1.40 g) and p-cyanobenzenediazonium tetrafluoroborate 
(2.17 g) in acetonitrile (20 ml) was boiled under reflux for 1 h. The 
solvent was evaporated to dryness to give a tarry residue which so
lidified on standing overnight. The solid was dissolved in methanol 
(45 ml), the insoluble tars were filtered, and the filtrate was kept in 
the refrigerator when 2-(p-cyanoanilino)-4-nitropyridine (0.445 
g, 29%) separated: mp 222-224 °C (from methanol); ir (KBr) 3360, 
2220, 1520, 1390 cm "1; NMR (Me2SO-d6) S 9.53 (s, 1 H, NH, ex
changeable), 7.93 (d, 1 H, J s,6 = 6 Hz, H6), 7.30 (d, 2 H, Jc m = 9 Hz, 
Ho), 7.12 (d, 2 H, Jojn = 9 Hz, Hm), 7.01 (d, 1 H, J3,5 = 2 Hz, H5); mass 
spectrum m/e 240 (M-+, 15.5), 239 (M-+ -  H, 100), 238 (M-+ -  2H, 
95.5), 208 (M-+ -  NO -  2H, 35.5), 193,192,166,139, and 101.

Other 2-anilinopyridines obtained similarly are listed in Table II.
2-(p-CyanoaniIino)-4-ethoxypyridine. 2-(p-Cyanoanilino)-4- 

nitropyridine (0.360 g) was added to sodium ethoxide solution [from 
sodium (0.25 g) and ethanol (10 ml)]. The purple solution was stirred 
and heated under reflux for 3 h, diluted with boiling ethanol (70 ml), 
and filtered. The filtrate was evaporated and the residue was chro
matographed on a column of silica gel. Elution with benzene gave
2- (p-cyanoanilino)-4-ethoxypyridine (0.054 g, 15.1%): mp 138-139 
°C (methanol); ir (KBr) 3340, 2220 cm-1; mass spectrum m/e 239 
(M-+, 72), 238 (M-+ -  H, 69), 210 (M-+ -  C2H5, 100).

Anal. Calcd for Ci4H13N 30: C, 70.26; H, 5.49. Found: C, 70.17; H, 
5.48.

Reaction of 4-ChIoropyridine 1-Oxide with p-Nitroben- 
zenediazonium Tetrafluoroborate. A. 4-Chloro-2-(p-nitroani- 
lino)pyridine. A solution of 4-chloropyridine 1-oxide (1.30 g) and 
p-nitrobenzenediazonium tetrafluoroborate (2.37 g) in acetonitrile 
(40 ml) was stirred at 0 °C for 1 h, then at room temperature over
night. The solvent was evaporated and the residue was crystallized 
from methanol (10 ml) to give an orange-yellow solid (2.076 g), mp 
136-139 °C. Further recrystallization from methanol (20 ml) (char
coal) gave colorless crystals (1.226 g), mp 160-162 °C, which, after one 
more recrystallization from methanol, gave the analytically pure 4- 
methoxy-l-(4-nitrophenoxy)pyridinium tetrafluoroborate: mp 
152-153 °C; ir (KBr) 1510,1345 (N02), 1110-1030 cm“ 1 (BF4~); NMR 
(CF3C 02H) 5 8.92 (d, 2 H, = 7.5 Hz, H J, 8.50 (d ,2H ,J om = 9.5 
Hz, H0), 7.77 (d, 2 H, 3aJt = 7.5 Hz, Hp), 7.24 (d, 2 H, J0,m = 9.5 Hz, 
Hm), and 4.37 (s, 3 H, OCH3); mass spectrum m/e 294 (M-+ — 2HF, 
50), 264 (M-+ -  2HF -  NO, 40), 246 (M-+ -  HBF4, 100), 139 
(H0C6H4N 02, 45).

The mother liquor from the first recrystallization was evaporated 
and the residue was chromatographed on a column of silica gel (23 X 
2.4 cm). Elution with CHCI3 gave 4-chloro-2-(p-nitroanilino)pyri- 
dine (0.175 g, 7%) (MeOH): mp 201-204 °C; ir (KBr) 3330,1565,1300 
cm-1; mass spectrum m/e 250 [M-+ (37C1) — 1,7], 249 (M-+ (35C1), 10], 
248 (M-+ -  H, 22), 204 (55), 203 (10), 202 (14), 43 (100).

4-Chloro-2-(p-cyanoanilino)pyridine was obtained (15%) similarly 
from the reaction of p-cyanobenzenediazonium tetrafluoroborate and
4-chloropyridine 1-oxide in acetonitrile.

B. 4-Chloro-l-(4-nitrophenoxy)pyridinium Tetrafluorobor
ate. A mixture o f 4-chloropyridine 1-oxide (1.30 g) and p-nitroben- 
zenediazonium tetrafluoroborate (2.37 g) in acetonitrile (30 ml) was 
stirred at room temperature overnight and then heated under reflux 
for 6 h. The solvent was evaporated in vacuo and the residue was 
triturated with benzene (20 ml) to give the 4-chloro salt (1.89 g, 56.2%) 
(from acetonitrile-ether, 1:3 v/v): mp 170 °C; ir (KBr) 1535, 1355, 
1100-1030 cm“ 1; NMR (CF3C 02H) b 9.2 (d, 2 H, Ja,s = 6.5 Hz, H„), 
8.45 (m, 4 H, H  ̂and H„), 7.34 (d, 2 H, J0 ,„ = 9 Hz, Hm); mass spec
trum m/e 300 [M-+ (37C1) -  2HF, 15], 298 [M-+ (36C1) -  2HF, 45], 270
(13), 268 (39), 252 (25), 250 (75), 206 (15), 204 (45), 139 
(H0 CgH4N02-+, 100). Recrystallization from methanol gave 4-me- 
thoxy-l-(4-nitrophenoxy)pyridinium tetrafluoroborate, mp 151.5-153 
°C, identical with the sample obtained above.

Base-Catalyzed Rearrangement of Aryloxypyridinium Salts. 
The general procedure used will be illustrated by means of two ex
amples. The products formed and analytical data for new compounds 
are given in Table III.

2-(2-Hydroxy-5-nitrophenyl)pyridine. A solution of l-(4-ni- 
trophenoxy)pyridinium tetrafluoroborate (1.52 g, 0.005 mol) and 
potassium phenoxide (0.79 g, 0.006 mol) in acetonitrile (20 ml) was 
heated under reflux for 1 h. The solvent was evaporated and the res
idue was treated with 2 N  HCL (20 ml). Extraction with ether (3 X 
30 ml) and evaporation of the dried (MgS04) extract gave the phenol 
(0.703 g, 65%): mp 216-217 °C (ethanol); ir (KBr) 2600 (-N +H =), 
1480, 1330 cm' 1 (N 02); Xmax (CH3CN) 248, 287, 315 nm; NMR 
(CF3CO2H) 5 8.93-8.67 (m, 5 H), 8.00 (t, 1 H, J  = 7 Hz), 7.37 (d, 1 H, 
J = 10 Hz); mass spectrum m/e 216 (M-+, 100), 200 (M-+ -  0 ), 186 
(M-+ -  NO), 170 (M-+ -  N 02), 142 (M-+ -  N 02 -  CO).

2-(2-Hydroxy-5-nitrophenyl)-4-methylpyridine. Triethylamine 
(0.46 g, 0.0045 mol) was added to a solution of 4-methyl-l-(4-nitro- 
phenoxy)pyridinium tetrafluoroborate (0.954 g, 0.003 mol) in aceto
nitrile (20 ml) and the solution was heated under reflux for 1 h. The 
solvent was evaporated, rhe residue was extracted with hot ether (4 
X 40 ml), the ether extract was evaporated, and the residue was 
chromatographed on a column of silica gel. Elution with benzene (300 
ml) gavep-nitrophenol (0.207 g, 49.7%), mp 113-114 °C. Elution with 
benzene-chloroform (80:20 v/v, 400 ml) gave 2-(2-hydroxy-5-ni- 
trophenyl)-4-methylpyridine (66 mg, 9.6%): mp 204-205.5 °C 
(EtOH); ir (KBr) 2600 cm“ 1; NMR (CDC13 +  3 drops of CF3C 02H) 
5 8.9-8.6 (m, 2 H, H„ and H6), 8.5-8.2 (m, 2 H, H„ and H4), 7.85 (dd, 
Jap = 5.5, « V  = 1.2 Hz, HtfO, 7.30 (d, 1 H, J3,4 = 9 Hz, H3), 2.62 (s, 3 
H, CH3); mass spectrum m/e 230 (M-+, 100), 214 (15), 200 (20), 184
(28).

Authentic 2-(2-Hydroxy-5-nitrophenyl)pyridine. 2-(2-Me- 
thoxy-5-nitrophenyl)pyridine9 (0.83 g) was heated in hydrobromic 
acid (48%, 16 ml) for 7 h. The mixture was adjusted to pH 3 and ex
tracted with ether to give the phenol (0.146 g, 13%): mp 213-214° 
(EtOH), identical in all respects with the sample obtained above.

2-(2-Hydroxy-4-nitrophenyl)pyridine (7). 2-(2-Methoxy-4- 
nitrophenyDpyridine (0.41 g) [obtained in low (6%) yield from 
Gomberg-Hey arylation of pyridine with 2-methoxy-4-nitroben-
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zenediazonium chloride followed by chromatography on silica gel and 
elution with chloroform] was heated with 48% HBr as above, and the 
mixture adjusted to pH 8 and extracted with chloroform to give 7 (0.33 
g, 85%), mp 186-187 °C (MeOH), identical with the sample obtained 
by base-catalyzed rearrangement of l-(3-nitrophenoxy)pyridinium 
tetrafluoroborate.

The nitro compound was reduced with sodium polysulfide16 in 
methanol to give 2-(4-amino-2-hydroxyphenyl)pyridine (9,1696): mp 
107-108 °C (benzene); ir (KBr) 3450, 3360, 2500 cm“ 1; NMR 
(Me2SO-d6) 5 8.84 (d, 1 H, J 6>a = 5 Hz, Hg), 8.28 (t, 2 H, ,/3 4 = , /4 5 = 
5 Hz, H3, H4), 8.07 (d, 1 H, = 9 Hz, H7), 7.58 (dt, 1 H, JB 6 = J4s 
= 5, J 3,5 = 2 Hz, H6), 6.66 (dd, Jpy = 9, JaS = 2 Hz, Yip), 6.57 (d, 1 H, 
Jap = 2 Hz, Ha), 5.99 (s, 2 H, exchangeable with D20, NH2); mass 
spectrum m/e 186 (M-+, 100), 185 (40.5), 79 (26.5).

Hydrolysis of l,l'-Di(2,4-dinitrophenoxy)-4,4'-dipyridylium 
Ditetrafluoroborate (21). A. A suspension of the salt (1.74 g) in 
water (40 ml) was boiled under reflux for 15 min and then concen
trated down to 10 ml. A yellow precipitate separated on cooling and 
was extracted with hot chloroform (50 ml). Evaporation of the extract 
gave 2,4-dinitrophenol (0.68 g, 74%): mp 111 °C, identical with an 
authentic sample. The chloroform-insoluble portion was recrystallized 
from water to give 4,4'-di(2-pyridone) (22,0.34 g, 72%): mp >300 °C; 
ir (KBr) 3250-2600 (bonded NH), 1700-1600 cm" 1 (bonded C = 0 ); 
NMR (CF3C 02H) 8 8.33 (d, 2 H, J 5,e = 6 Hz, He), 7.6 (m, 6 H, H3, H5, 
and NH); mass spectrum m/e 188 (M-+, 100), 187 (30), 160 (10), 159 
(16), 132 (M-+ -  2CO, 22), 104 (20).

Anal. Calcd for Ci0H8N2O2: C, 63.83; H, 4.26; N, 14.89. Found: C, 
63.64; H, 4.30; N, 14.86.

B. The salt (3.78 g) and triethylamine (0.61 g) in nitromethane (150 
ml) were heated under reflux for 2 h. The only product isolated from 
the oil obtained was 2,4-dinitrophenol (0.58 g, 31.5%), mp 111-112 
°C.

2-(3-Bromo-5-cyano-2-hydroxyphenyl)pyridine. Bromine (0.75 
g) in acetic acid (6 ml) was added at room temperature with stirring 
to 2-(5-cyano-2-hydroxyphenyl)pyridine (0.39 g) in acetic acid (6 ml). 
The stirred solution was heated at 100 °C for 3 h, the solvent was 
evaporated, and the residue was recrystallized from methanol to give 
the bromo compound (0.39 g, 72%): mp 175-178°; ir (KBr) 2220 cm-1; 
NMR (CF3C 02H) 5 8.87 (dd, 1 H, J 5 6 = J4 6 = 2 Hz, He), 8.71 (dt, 1 
H, J4.fi = 2, J4.fi = J  a,4 = 8 Hz, H4), 8.37 (d, 1 H, JZA = 8 Hz, Hs), 8.16 
(s, 2 H, H„ and Hp), 8.08 (dd, 1 H, c/4js = 8, Jp# = 6 Hz, H5); mass 
spectrum m/e 276 (93), 274 (100).

Anal. Calcd for C12H7BrN20: C, 52.39; H, 2.57. Found: C, 52.42; H,
2.66.

A similar bromination of 2-(2-hydroxy-3-nitrophenyl)pyridine 
afforded 2-(5-bromo-2-hydroxy-3-nitrophenyl)pyridine (17%), 
mp 163-164 °C (MeOH).

Anal. Calcd for CnH7BrN20 3: C, 44.76, H, 2.40. Found: C, 44.95; 
H, 2.45.

Reaction of 1-Aminopyridinium Tetrafluoroborates with 
Aryldiazonium Tetrafluoroborates in Nitrile Solvents. This will 
be illustrated by means of a few typical examples. The properties of 
compounds so prepared are given in Tables IV-VI.

l-[(iV-p-Cyanophenylacetimidoyl)amino]pyridinium Tetra
fluoroborate. A solution of 1-aminopyridinium tetrafluoroborate 
(0.91 g) and p-cyanobenzenediazonium tetrafluoroborate (1.09 g) in 
acetonitrile (25 ml) was stirred at room temperature for 6 h and then 
boiled under reflux for 1.5 h. The brown tarry residue left on evapo
ration of the solvent was recrystallized from methanol to give the 
acetimidoylamino salt (0.88 g, 54%): mp 282-283 °C; ir (KBr) 3360, 
3240 (NH), 2220 (CN), 1620 (C=N ), 1140-1000 cm“ 1 (BF4~); NMR 
(Me2SO-d6) 5 10.82 (s, 1 H, NH), 9.48 (d, 2 H, Ja,p = 6 Hz, Ha), 9.03 
(t, 1 H, = 7 Hz, HT), 8.68 (m, 2 H, H^), 8.38 (t, 4 H, phenyl hy
drogens), 2.73 (s, 3 H, CH3); mass spectrum m/e 236 (M-+ — HBF4, 
24), 235 (M-+ -  H -  HBF4, 100), 195 (9), 79 (77), 52 (62), 49 (95).

l-[(jV-p-Nitrophenylcyanoacetimidoyl)amino]pyridinium 
Tetrafluoborate (15, R2 = CNCH2; X  = 4-N02; R1 = H). A solution 
of 1-aminopyridinium tetrafluoroborate (0.546 g) and p-nitroben- 
zenediazonium tetrafluoroborate (0.771 g) in malononitrile (5 g) was 
stirred for 6 h at 90 °C. The mixture was chromatographed on a col
umn of silica gel (40 g). Elution with chloroform (1000 ml) gave 
malononitrile. Further elution with CHC13 gave w-eyano-p-nitro- 
acetanilide (55 mg, 9%): mp 221-222 °C (lit.17 mp 198-202 °C); ir 
(KBr) 3290, 2270, 1710,1620,1560, 1330 cm-1; mass spectrum m/e 
206 (M-+ +  1,13), 205 (M-+, 100), 165 (M-+ -  CH2CN, 25), 159 (M-+ 
-  N 02, 5), 138 (N0 2C6H4NH2+, 55), 108 (71), 92 (41). Further elution 
with CHCl3-MeOH gave l-[(N-p-nitrophenylcyanoacetimi- 
doyl)amino]pyridinium tetrafluoroborate (0.636 g, 57%): mp
187-188 °C (MeOH); ir (KBr) 3320, 2260, 1635, 1620, 1550, 1335, 
1100-1000 c m '1; NMR (Me2SO-d6) 8 10.90 (s, 1 H, NH), 9.10 (d, 2 H,

Ja,p = 6 Hz, Ha), 8.61 (t, 1 H,J %y = 6.8 Hz, HT), 8.33 (d, 2 H ,Jom = 
9 Hz, H„), 8.25 (dd, 2 H, J afi = 6 Hz, Hg), 7.98 (d, 2 H, J0.m = 9 Hz, 
Hm), 4.00 (s, 2 H, CH2); mass spectrum m/e 280 (M-+ — H — HBF4,
6), 279 (50), 249 (16), 79 (93), 52 (64), 49 (100).

l-(N-Butyrimidoylaminojiminopyridinium Tetrafluoro
borate (16, R = CH3CH2CH2; R 1 = H). A solution of 1-aminopyri- 
dinium tetrafluoroborate (0.91 g) and p-trifluoromethylbenzenedi- 
azonium tetrafluoroborate (1.35 g) in butyronitrile (20 ml) was stirred 
and boiled under reflux for 2 h. The solvent was evaporated in vacuo 
and the residue was chromatographed on a column of silica gel. Elu
tion with chloroform-ethanol (10:1 v/v) gave l-(lV-butyrimido- 
ylamino)iminopyridiniuirt tetrafluoroborate (0.34 g, 28%): mp 
159-160 °C (MeOH); ir (KBr) 3440,3370,3280,1660,1640,1170-1000 
cm“ 1, NMR (Me2SO-d6) 6 8.75 (dd, 2 H, J„ e = 4/5= Ja = 1.5 Hz, 
Ha), 8.45 (m, 1 H, H7), 8.08 (dd, 2 H, JaB = 4.5,Jp 7 = 7.5 Hz, H#), 7.3 
(br s, 2 H, DsO exchange, NH2), 2.31 (t, 2 H, J  = 7.5 Hz, CH2CH2CH3),
1.58 (sextuplet, 2 H, J  = 7.5 Hz, CH2CH2CH3), 1.01 (t, 3 H, J = 7.5 
Hz, CH3); mass spectrum m/e 164 (M-+, 19), 133 (M-+ — CH3 -  NH2, 
25), 121 (M-+ -  C3H7, 100), 79 (CSH5N, 68).

1 - [ (iV-p-CyanophenylacetimidoyI)imino]pyridinium Ylide 
(19, R = H; X = p-CN). l-[(ACp-Cyanophenylacetimidoyl)ami- 
no]pyridinium tetrafluoroborate (1.30 g) and sodium methoxide (0.54 
g) in acetonitrile (30 ml) were heated for 3 h. The solvent was evapo
rated to dryness and the residue was extracted with boiling benzene 
(600 ml). The extracts were evaporated to give the ylide (0.633 g, 67%); 
mp 159-160 °C (from ethyl acetate); ir (KBr) 2220 c m '1; NMR 
(Me2SO-d6) S 9.12 (d, 2 H, J00 = 6 Hz, Ha), 8.39 (t, 1 H, J^7 = 7 Hz, 
H7), 8.13 (br t, 2 H, J  = 7 Hz, % ) ,  7.8 (d, 2H, J0<m = 8 Hz, H0), 7.04 
(d, 2 H, Jo m = 8 Hz, Hm), 2.24 (s, 3 H, CH3); mass spectrum m/e 236 
(M-+, 16), 235 (M-+ -  H, 59), 194 (9), 121 (17), 118 (17), 102 (20), 81
(33), 79 (100).

Treatment of the ylide with a solution of tetrafluoroboric acid re
generated the starting salt.

Treatment of the ylide with acetyl chloride in benzene gave 1- 
[( N-p-cyanophenylacetimidoyl) amino jpyridinium chloride
(56%); mp 304-306 °C (methanol-ethyl acetate); ir (KBr) 3280,2220, 
1640 cm“ 1; NMR (D20 ) 8 8.78 (d, 2 H, Ja,g = 6 Hz, H„), 8.60 (t, 1 H, 
J0,y = 7.5 Hz, H7), 8.18 (dd, 2 H, Ja3 = 6, Je,y = 7.5 Hz, H„), 7.88 (s, 
4 H, phenyl hydrogens), 2.13 (s, 3 H, CH3); mass spectrum m/e 236 
(M-+ -  Cl, 26), 235 (M-+ -  HC1,100), 188 (CNC6H4NH2-+, 43).

Anal. Calcd for C14H13C1N4: C, 60.53; H, 4.72. Found: C, 60.64; H,
4.77.

Attempted Rearrangement of Ylide 19 (R = H; X = p-CN) with 
Sodium Hydride. A mixture of the ylide (128 mg) and sodium hy
dride (26 mg) in acetonitrile (20 ml) was stirred overnight at room 
temperature and then heated under reflux for 12 h. Water (5 ml) was 
added. Workup of the mixture gave starting ylide (104 mg, 81%).
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an/iydro-4-Hydroxy-2-phenyl-l,3-dithiolium hydroxide has been prepared from thiobenzoylthioglycollic acid, 
acetic anhydride, and triethylamine at 0-10 °C and the product previously assigned this structure shown to be 
anhydro-4-hydroxy-2-phenyl-5-(thiobenzoylthiomethylcarbonyl)-l,3-dithiolium hydroxide. This mesoionic ring 
system undergoes ready cycloaddition of acetylenic dipolarophiles yielding substituted thiophenes with elimina
tion of carbonyl sulfide. With olefinic dipolarophiles and azirines stable 1:1 adducts w ere formed.

Interest in the chemistry o f  five-m em bered ring systems 
containing sulfur has increased considerably over the past 
several years, particular attention being paid to those systems 
containing two sulfur atoms in the 1 , 2  positions2 and in the
1,3 positions . 3 Cycloaddition reactions have played a prom i
nent part in these studies,4 and have resulted in several useful 
synthetic procedures. M esoionic derivatives5 o f  both the
1,2-dithiole and 1,3-dithiole ring systems can be devised and 
a study o f their synthesis and properties was initiated as part 
o f  our interests in this area.

an/iydro-3,5-Diphenyl-4-hydroxy-l,2-dithiolium hydroxide
(1) has been synthesized6 from  l,l,3 ,3 -tetrabrom o-l,3 -d i- 
phenylacetone and potassium ethyl xanthate, or from 1,3- 
diphenylpropanetrione and H oS-H Cl, followed by EtyN -7 W e 
have found this ring system to be completely unresponsive to 
a variety o f  dipolarophiles8 whereas a n h yd ro -4-hydroxy~2- 
phenyl-l,3-dithiolium  hydroxide (2, R  =  Ph; R 1 =  H) was an 
extrem ely  reactive system whose reactions are described 
below.

The ring system 2 was described as being prepared from  
thiobenzoylthioglycollic acid (3, R  =  Ph; R 1  =  H) and acetic 
anhydride-boron trifluoride.9a The corresponding exocyclic 
im ino derivatives have also been prepared by cyclization o f 
cyanom ethyl dithiobenzoate with anhydrous HC1 or acid 
chlorides ,95 and an unstable ortho-protonated derivative o f  
2 (R  = Ph; R 1 =  H ) was obtained by cyclization o f carboxy- 
methyl dithiobenzoate with perchloric acid,9c a convenient 
cyclization agent for the preparation o f  a variety o f 1,3-di- 
thioles . 3

Repetition o f the reported procedure9® gave a deep-red, 
crystalline product, mp 185-186 °C  dec, as described pre
viously when a reaction time o f several minutes was used. 
Longer reaction times resulted in considerable polymer for 

mation. This red product failed to undergo cycloadditions with 
several dipolarophiles and, on examination o f its spectral 
characteristics, they were found to be incom patible with the 
assigned structure. The mass spectrum showed an ion at m /e 
388 (5%), most likely a molecular ion which, in conjunction 
with analytical data, established the molecular form ula as 
C 18H 12O 2S4. T h e N M R  data for this product indicated the 
presence o f  two phenyl groups [5 7.48 (m, 10)] and two m eth
ylene protons which appeared as two AB doublets (J  =  16.5 
H z) at 6 4.33-4.08 and 4.01-3.75, and the infrared spectrum 
showed two absorptions at 1690 and 1590 cm -1 , conceivably 
due to two carbonyl groups related to each other in such a way 
that an exocyclic negative charge was delocalized over both 
groups. These data are most satisfactorily accom m odated by 
the structure anhydro-4-hydroxy-2-phenyl-5-(th iobenzoyl- 
thiom ethylcarbonyl)-l,3-dithiolium  hydroxide (2, R  = Ph; R 1 

= COCHaSCSPh).
This “ overacylation”  o f  a m esoionic system under similar 

cyclodehydration conditions has been observed in the oxa- 
zole , 10 im idazole , 1 1  and thiazole12  ring systems, and the 
spectral parameters o f this present product are consistent with 
those o f  the comparable products in these ring systems. In
dicative o f  a high degree o f  charge density at that position o f 
the nucleus, it also indicates considerable potential in 1 ,3 - 
dipolar cycloaddition reactions. However, these acylated 
products themselves, often do not undergo cycloadditions 
owing to  delocalization o f  the negative charge o f  the masked
1,3-dipole over the carbonyl groups.

The acylation can often be avoided by the use o f  EtsN and 
low reaction temperatures. 120 W hen the thiobenzoylthiogly
collic acid (3, R  =  Ph; R 1 =  H) was treated with a mixture o f  
E t3N -A c 2 0  (1:3) at 0-10 °C  for several minutes only, glis
tening scarlet needles, mp 113-115 °C  dec, were obtained. 
T hat this product was the desired mesoionic system, a n h y-  
dro-4-hydroxy-2-phenyl-l,3-dithiolium hydroxide (2, R  = Ph; 
R 1 = H ) was evident from the following considerations. A na
lytical and mass spectral data [M-+ 194 (40%)] showed the 
molecular formula to be C9H 6S20  and, in addition to  aromatic 
protons at 5 7.51 (5), the N M R  spectrum showed only a sharp
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singlet at 8 6.06. This chemical shift, together with a vco at 
1610 cm "1, is characteristic of mesoionic systems, 120 and the 
correctness of this structural assignment was evident from the 
chemical transformations described below. The chemical shift 
5 6.06 for the C5 H should be compared with those of analogous 
protons in 1,3-dithiolium salts.90 In these salts the C5 H usu
ally falls in the range 8 8.73-4.92, depending on the 2 sub
stituent, and the shift to a high field in this present system no 
doubt reflects the increased shielding at the C-5 position 
caused by delocalization of the exocyclic negative charge.

Use of p-chlorothiobenzoylthioglycollic acid (3, R = p -  
CIC6H4; R 1 = H) and p-methoxythiobenzoylthioglycollic acid 
(3, R = P-CH3OC6H4; R 1 = H) in the above reaction gave the 
corresponding 2 -p-chlorophenyl and 2 -p-methoxyphenyl 
derivatives of 2. These mesoionic compounds were moderately 
sensitive in solution to traces of moisture, undergoing hy
drolysis to their precursors, and optimum results were ob
tained only by using very pure dithioglycollic acids and 
working under “ drybox” conditions with anhydrous solvents. 
They are quite stable in the dry, solid state.

5-Phenyl and 5-methyl derivatives of 2 have also been 
prepared13 by Ac2 0 -Et3N cyclization of the corresponding 
disubstituted thioglycollic acid. However, the additional 
substituent renders the reaction conditions far less critical 
them those employed for the synthesis of 2 (R = aryl; R 1 = H), 
a feature which has also been observed in the a n h y d ro -4- 
hydroxy-2 -phenylthiazolium hydroxide system.14

The ring system 2 contains a masked 1,3-dipole of the 
thiocarbonyl ylide type represented by 2b. Dimethyl 
acetylenedicarboxylate added readily to 2 (R = Ph; R 1 = H) 
giving dimethyl 2-phenylthiophene-3,4-dicarboxylate (5, R 
= Ph; R 1 = H; R2 = CO O CH 3) in reasonable yield. The 2,7- 
dithiabicyclo[2.2.1]heptane 4 (R = Ph; R 1 = H; R2 = 
COOCH 3) was the likely intermediate in the cycloaddition but 
elimination of carbonyl sulfide occurred so readily at 80 °C

that 4 could not be isolated. Similar facile eliminations of 
carbonyl sulfide have been observed from the initial cy
cloadducts from a n h y d r o -5-hydroxy-3-methyl-2-phenyl- 
thiazolium hydroxide and acetylenic dipolarophiles.120 The
2-p-methoxyphenyl- and 2-p-chlorophenylthiophenes 5 (R 
= p-CH3OC6H4 and p-ClC6H4; R 1 = H; R2 = COOCH3) were 
obtained readily from the corresponding substituted deriva
tives of 2 (R = p-CH3OC6H4 and p-ClCeH4; R 1 = H). Simi
larly dibenzoylacetylene and 2 (R = Ph; R 1 = H) gave15 the 
corresponding thiophene 5 (R = Ph; R 1 = H; R2 = COPh). The 
structures of these thiophenes were readily established by 
analytical and spectral data (Experimental Section). Thus in 
5 (R = Ph; R 1 = H; R2 = COOCHg) the NMR spectrum 
showed a singlet proton at 8 7.98, consistent with the 5 proton 
being deshielded by the 4-COOCH3 substituent and shifted 
downfield from the usual chemical shift of S 7.19 in thio
phene.16 The mass spectra of the thiophenes all showed mo
lecular ions and fragmentation patterns consistent with the 
assigned structures.

It has also been shown17 that the corresponding 5-aryl and
5-methyl derivatives of 2 (R = R 1 = aryl; R = aryl, R 1 = CH 3) 
undergo ready cycloaddition with similar acetylenic dipolar
ophiles yielding the appropriate thiophenes 5 (R = R 1 = aryl; 
R = aryl, R 1 = CH 3). Thus in conjunction with th e  a n h yd ro -
2.3.5- triaryl-4-hydroxythiazolium hydroxides, 14 the ring 
system 2  is a useful synthon for a variety of thiophenes not 
readily available by other routes.

/V-Phenylmaleimide underwent ready reaction with 2 (R 
= Ph; R 1 = H) in refluxing benzene over 6 h. The product was 
shown to be a simple 1 : 1  cycloadduct of molecular formula 
C19H 13NO3S2 from analytical and spectral data, the latter also 
allowing a choice between the exo adduct 7 (R = Ph) and the 
endo adduct 8 (R = Ph). A one-proton doublet of doublets (J  
= 6.6,1.0 Hz) at 8 3.93 (H5), a doublet (J  = 6.6 Hz) at 8 4.29 
(H6), and a doublet at 8 4.88 (J = 1.0 Hz) are only compatible 
with the endo adduct 8 (R = Ph), these chemical shifts and 
coupling constants also being consistent with those observed 
in related adducts. 18-20 Similar endo adducts 8 (R = p -  
CH3OC6H4, p-ClC6H4) were obtained from 2 (R = p -  
CH3OCsH4, p-ClC6H4; R 1 = H) and A'-phenylmaleimide, and 
their chemical shifts and coupling constants are described in 
the Experimental Section. The cycloadducts 8 did not show 
molecular ions in their mass spectra, an ion corresponding to 
(M — COS) being observed together with those resulting from 
further fragmentation of the system. In contrast the reaction 
of 2 (R = R 1 = Ph) and IV-phenylmaleimide required xylene 
at 150 °C and in this case a mixture of the exo and endo ad
ducts was obtained.18

Acrylonitrile and ethyl acrylate also give 1:1 adducts with 
2 (R = Ph; R1 = H). The adduct from the former was assigned 
structure 9 (R = CN) on the basis of coupling of the bridge
head proton (H4) to two other protons, indicating that the 
cyano group is in the 6 position. The chemical shifts and 
coupling constants for Hgo,, H53, and He« (Experimental 
Section) show that the cyano group is in an endo configura
tion. Although the NMR spectrum of the ethyl acrylate adduct 
was similar in gross features to that of the acrylonitrile product 
suggesting an endo configuration for the ethoxycarbonyl 
group, the overlapping of the chemical shifts made it difficult 
to assign the configuration of this group with any degree of 
certainty.

The mesoionic system 2 (R = Ph; R1 = H) failed to yield an 
isolable product with diphenylcyclopropenone and 3- 
methyl-2 -phenylazirine owing to its decomposition in re
fluxing toluene over extended reaction periods. However its
2 .5 - diphenyl derivative is considerably more stable both 
thermally and to traces of moisture and has been reported21 
to give 2,3,5,6-tetraphenyl-4H-thiopyran-4-thione with di- 
phenylcyclopropenethione. We have found that 2 (R = R 1 =8
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Ph) also reacts with azirines and in refluxing xylene with
2,3-diphenyl-l-azirine gave a multicomponent reaction mix
ture. The major product, isolated by chromatography (silica 
gel), was shown by its analytical and spectral data to be a 1 : 1  
adduct. Earlier studies with 1-azirines in cycloadditions22 
suggest an addition of the “masked” ylide in 2 to the C =N  of 
the azirine, with the possibility of some subsequent, skeletal 
rearrangement.

This thermally stable product iv co  1690 cm-1) had retained 
the skeletal arrangement of atoms present in the substrate 2 
and its structure has been assigned in analogy with the 
structures of the products obtained23 from 1,3-diphenyliso- 
benzofuran and azirines and on the basis of the following 
spectral data and chemical reactions. Its NME spectrum 
showed a singlet at 8 5.66 and a complex aromatic multiplet 
at 8 8.18-6.76. A second, minor isomeric product isolated from 
this reaction showed a singlet proton at 5 5.95 in addition to 
the aromatic multiplet. In the adduct 10, the aziridine ring 
proton was observed at 8 4.52, being deshielded by the oxido 
bridge. This deshielding was helpful in establishing the 
structures of the adducts obtained above. Thus the major 
adduct was assigned structure 11 (R =  Ph) with an endo az
iridine proton (deshielding »  2.14 ppm) and the minor adduct 
was assigned structure 12 (R = Ph) with an exo aziridine 
proton (deshielding ~ 2.43 ppm). Oxidation of 11 (R = Ph) 
with 1  equiv of m-chloroperbenzoic acid in methylene chloride 
gave the corresponding sulfoxide 13 (R = Ph) (»so 1077 cm-1) 
whose aziridine proton had undergone only a small downfield 
shift (0 .1 ppm) which would be anticipated for a proton in this 
configuration.

Two minor products were isolated in insufficient amounts 
for complete characterization from the initial cycloaddition 
and were thought to be 2,4,5-triphenylthiazole and 2,4,5-tri- 
phenyl-6/i-l,3-thiazin-6-one on the basis of mass spectral 
fragmentation patterns.

3-Methyl-2-phenylazirine reacted with 2 (R = R 1 = Ph) in 
refluxing xylene over 11 h. The product isolated after chro
matography (57%) was likewise identified as a 1:1 adduct (»co 
1680 cm-1). Two quartets at 8 4.45 and 3.71 and two doublets 
at <51.35 and 1.11 demonstrated the presence of the two iso
mers 12 (R = CH3) and 11 (R = CH3), respectively in the ratio 
of 1:2.25. Attempts to separate this mixture by chromatog
raphy were unsuccessful.

Oxidation of this mixture with m-chloroperbenzoic acid in 
CH2CI2 at room temperature resulted in the isolation of only 
one sulfoxide (»so 1090 cm-1) with a quartet at S 5.48 and a

0  S

doublet at 8 1.18. This downfield shift in the methine reso
nance (1.03 ppm) indicates that the isolated sulfoxide has 
structure 14 (R = CH3), implying a syn relationship between 
the S -0  group and the aziridine proton and hence derived 
from 12 (R = CH3).

It is interesting that exo adducts only were isolated from 
azirines and the mesoionic system 2  whereas with olefinic 
dipolarophiles endo adducts were obtained. As in the adducts 
derived from 1,3-diphenylisobenzofuran,23 this may be ex
plained in terms of an unfavorable increase in energy for the 
endo transition state as a result of secondary orbital interac
tions. Although it was not possible to detect it experimentally, 
the initial formation of the endo adduct with a subsequent 
retro-l,3-dipolar reaction with the ultimate formation of the 
exo adduct cannot be excluded.

Experimental Section24
anhydro-4-Hydroxy-2-phenyl-l,3-dithiolium Hydroxide (2,

R = Ph; R1 = H). T h io b e n z o y lth io g ly co ll ic  a c id 25 (2 .5  g , 0 .012  m o l) 
w as d isso lv e d  in  a  m ix tu re  o f  a ce tic  a n h y d rid e  ( 2  m l) a n d  tr ie th y l- 
am ine (5 m l) at room  tem perature an d  the reaction  m ixture  was co o le d  
a t  0  ° C  fo r  10 m in , cry sta lliza tion  b e in g  in d u ce d  b y  scra tch in g  th e  
w alls  o f  th e  re a c tio n  vessel. A d d it io n  o f  a n h y d rou s  e th er  ca u se d  a d 
d it io n a l p r o d u c t  t o  sep arate  a n d  th is  w as c o lle c te d  a n d  w ash ed  w ith  
an h yd rou s eth er  using  “ d ry b o x ”  co n d itio n s  th rou g h ou t. T h e  p ro d u c t  
o f  an a ly tica l p u r ity  w as ob ta in e d  as g listen in g  sca r le t  n eed les : 1.75 
g  (7 7 % ); m p  1 1 3 -1 1 5  ° C  d ec ; ir (K B r ) 1610 c m - 1  (C O ); XmM (a n h y 
d ro u s  C H 3O H ) 220 n m  (log  6 4 .2 4 ), 265 (3 .9 6 ), 285 (3 .89 ), a n d  325 
(3 .4 6 ); N M R  (C D C 13) 8 6 .06  (s, 1, H 4), 7.51 (m , 5, a ro m a tic ) ; M -+ 194
(4 0 ).

A nal. C alcd  fo r  C 9H 6O S 2: C , 55.67; H , 3.12. F ou n d : C , 55.55; H , 3.40.
A tte m p te d  recrysta lliza tion  o f  th e  p ro d u c t  alw ays resu lted  in  som e  

r in g  o p e n in g  occu rr in g  ow in g  t o  tra ces  o f  m o is tu re  p re se n t in  th e  
so lven t.

S im ila rly  < m /v y d ro -4 -h y d ro x y -2 -p -m e th o x y p h e n y l-l,3 -d ith io liu m  
h y d ro x id e  (2 , R  =  P -C H 3O C 6H 4 ; R 1 =  H ) w as o b ta in e d  fro m  p -  
m e th o x y th io b e n zo y lth io g ly co llic  a c id  (3, R  =  p -C H n O C eH ^  R 1 =  H ) 
as brilliant, scarlet-red  needles: 80%; m p  14 3 -14 5  ° C  d ec ; ir (K B r) 1600 
c m - 1  (C O ); Amax (a n h y d rou s  C H 3 O H ) 230 n m  (lo g  e 4 .2 1 ), 255 (3 .83 ), 
a n d  330 (3 .8 3 ); N M R  (C D C 13) 8 3 .88  (s, 3 , O C H 3), 5 .90  (s, 1 , H 4), 
6 .8 8 -7 .0 3  (A B  d , 2, J  =  9 .0  H z , a ro m a tic ), 7 .5 1 -7 .6 6  (A B  d , 2 , J  =  9 .0 
H z , a ro m a tic ); M -+ 22 4  (32).

A na l. C a lcd  fo r  C i0H 8O 2S 2: C , 53 .58; H , 3 .60. F o u n d : C , 53 .80 ; H , 
3 .65.

a n h y d r o -4 -H y d r o x y -2 -p -c h lo r o p h e n y l- l ,3 -d ith io l iu m  h y d ro x id e  
(2 , R  =  p -C ]C f,H 4; R ' =  H ) a lso fo rm e d  red  n eed les , 75% , m p  160 ° C  
d ec .

A na l. C a lcd  fo r  C 9H sC 1 0 S 2: C, 47 .20 ; H , 2 .19. F o u n d : C , 47 .11 ; H ,
2.14.

anhydro-4-Hydroxy-2-phenyl-5-(thiobenzoylthiomethyl- 
carbonyl)-l,3-dithiolium Hydroxide (2, R = Ph; R 1 = 
COCH2SCSPI1). T h io b e n z o y lth io g ly co ll ic  a c id  (4 .25  g ), d isso lv e d  
in acetic  an hyd rid e  (30 m l), was trea ted  w ith  b o ro n  triflu oride  etherate 
(2  m l) a n d  th e  rea ction  m ixtu re  w as w arm ed  a t  ca. 60  ° C  fo r  1 h  w hen  
th e  y e llo w  p re c ip ita te  d isso lv ed . T h e  c o o le d  re a c tio n  m ix tu re  w as 
p o u re d  o n to  ice  ( 1 0 0  g) an d  th e  p ro d u ct  c o lle cte d , w ash ed  w ith  w ater, 
a n d  d ried . I t  cry sta llized  fro m  c h lo r o fo r m -e th e r  as red  n eed les : 2 .0  
g (52% ); m p  185 -18 6  °C  d ec  (lit .9 m p  18 5 -18 6  ° C ) ; ir (K B r) 16 90 ,1590  
cm - 1  (C O ); N M R  (C D C I3) 8 3 .75 -1 .01  and  4 .0 8 -4 ,33  (A B  d , 2, J  =  16.5 
H z , - C H 2- ) ,  7 .48  (m , 10, a ro m a tic ); M -+ 388 (5).

A n a l. C a lcd  fo r  C 18H 120 2S 4: C , 55 .67 ; H , 3 .12. F o u n d : C , 55 .51 ; H , 
3.19.

Cycloaddition Reactions of anhydro-2-Aryl-4-hydroxy-l,3- 
dithiolium Hydroxides. A. With Acetylenic Dipolarophiles. The
m e so io n ic  c o m p o u n d  (2 , R  =  P h ; R 1 =  H ) (1 .94  g , 0 .01  m o l)  a n d  d i 
m e th y l a ce ty le n e d ica rb o x y la te  (1 .42  g, 0.01 m o l)  in  a n h y d ro u s  b e n 
zene (50 m l) w ere heated  un der reflux  fo r  3 h. A fter  evap ora tion  o f  the  
b en zen e , th e  crysta llin e  res id u e  w as ch ro m a to g ra p h e d  o n  n eu tra l 
a lu m in a  u sin g  ch lo ro fo rm  as e lu en t. D im e th y l 2 -p h e n y lth io p h e n e -
3 ,4 -d ica rb o x y la te  (5, R  =  P h ; R 1 =  H ; R 2 =  C O O C H 3) c ry s ta lliz e d  
fro m  c h lo r o fo r m -p e t r o le u m  e th er  (b p  3 0 -6 0  ° C )  as c re a m  n e e d le s :
1.1 g  (4 0 % ); m p  7 0 -7 1  °C ; ir (K B r )  1725 c m - 1  (C O ); Am„  (C H 3O H ) 
230 n m  (log  e 4 .28), 275 (3 .91); N M R  (C D C I3) 8 3.81 (s, 3 , 4 -C O O C H 3),
3 .83  (s, 3 , 3 -C O O C H 3), 7 .43  (m , 5 , a ro m a tic ), 7 .98  (s, 1, H5); M -+ 276
(3 8 ).

A na l. C a lcd  fo r  C i4H 120 4S: C , 60 .87 ; H , 4 .38. F o u n d : C , 60 .83 ; H ,
4.52.
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D im e th y l 2 -p -m e th o x y p h e n y lth io p h e n e -3 ,4 -d ic a r b o x y la te  (5 , R  
=  P -C H 3O C 6H 4 ; R l =  H ; R2 =  C O O C H 3) o b ta in e d  fr o m  2  (R =  p -  
CH3OCbH4; R1 =  H ) as a b ove , sep a ra ted  as crea m  n e e d le s  fro m  
ch loro form -p etro leu m  ether: 47% ; m p  1 0 0 - 1 0 1  °C ; ir (K B r ) 1725 ,1720  
cm ' 1 (C O ); Xmaj (C H 3O H ) 240 n m  ( lo g  r 4 .4 1 ), 275 (4 .8 3 ); N M R  
(C D C I3)  8 3 .83  (s, 6 , 3 -  a n d  4 -C O O C H 3), 3 .85  (O C H 3), 6 .8 3 -6 .9 8  (A B  
d , 2, J  =  9 .0  H z , a rom a tic ), 7 .3 6 -7 .5 1  (A B  d , 2 , J  =  9 .0 H z , a rom atic ), 
7 .90  (s , 1, H 5); M -+ 306 (7 0 ).

A na l. C a lcd  fo r  C15H14O5S: C , 58 .82 ; H , 4 .61 . F o u n d : C , 58 .70 ; H , 
4.49.

D im e th y l 2 -p -ch lo ro p h e n y lth io p h e n e -3 ,4 -d ic a r b o x y la te  (5 , R  =  
P -C IC 6H 4 ; Rl =  H ; R 2 =  C O O C H 3), o b ta in e d  fro m  2 (R  =  p -C lC 6H 4; 
R 1 =  H ) , w as ch ro m a to g ra p h e d  o n  K ie se lg e l g  u s in g  c h lo r o fo r m  as 
eluent. I t  crystallized  from  p etro leu m  ether as pale cream  prism s: 44% ; 
m p  8 0 -8 2  °C ; ir (K B r )  1 7 2 5 ,1 7 1 0  cm " 1 (C O ) ; Xmas (C H 3O H ) 233 nm  
(lo g  e 4 .3 6 ), 275 (4 .03 ); N M R  (C D C 13) 8 3 .86  (s, 3 , 4 -C O O C H 3), 3 .90  
(s, 3, 3 -C O O C H s), 7 .42  (s, 4 , a ro m a tic ), 8 .0  (s , 1 , H 6); M -+ 310 (78).

A nal. C a lcd  fo r  C U H U C 1 0 4S: C , 54.11; H , 3 .57. F ou n d : C , 54 .24; H , 
3.57.

3 ,4 -D ib e n zo y l-2 -p h e n y lth io p h e n e  (5 , R =  P h ; R 1 =  H ; R 2 =  C O P h ) 
p re p a re d  fro m  2 (R  =  P h ; R 1 =  H ) an d  d ib e n z o y la ce ty le n e  a fter  
ch ro m a to g ra p h y  on  silica  ge l (C H C I3) a f fo r d e d  crea m  p rism s fro m  
c h lo r o fo r m -p e t r o le u m  e th e r  (b p  3 0 -6 0  ° C ) :  6 8 % ; m p  1 6 0 -1 6 1  ° C ;  ir 
(K B r) 1670 ,1645  c m ' 1 (C O ); Xmax (C H 3O H ) 255 nm  (log  e 4 .6 2 ); N M R  
(C D C I3) 8 8 .2 -8 .0  (m , 15, a ro m a tic ), 7.83 (s, 1, H 6); M -+  368 (9 5 ).

A na l. C a lcd  fo r  C 24H i 60 2S: C , 78 .25; H , 4 .38. F o u n d : C , 78 .44; H , 
4 .19.

B. Olefinic Dipolarophiles. T h e  m e so io n ic  co m p o u n d  2 (R  = P h ; 
R 1 =  H ) (0.5 g) an d  iV -p h e n y lm a le im id e  (0.50 g ) in d ry  b e n ze n e  (100 
m l) w ere h eated  un der reflux  for  6  h. A fter  evap ora tion  o f  the  benzene, 
th e  residue w as ch rom a tog ra p h ed  on  K iese lge l g  using ch lo ro fo rm  as 
e lu en t. T h e  a d d u c t  (8 , R  =  P h ) cry sta llized  fr o m  c h lo r o fo r m -e th e r  
as co lo r le ss  n eed les : 53%; m p  191-193 °C ; ir (K B r )  3080,3020,2960, 
2950, 1730 c m ' 1 ( C = 0 ) ;  Amai (C H 3O H ) 200 n m  (lo g  f 4.91), 215 sh 
(4.27); N M R  (M e 2S O -d 6) 5 3.93 (d d , 1, J AB =  6 .6, JBc  =  1.0 H z , H 5), 
4.29 (A B  d , 1 , J a b  =  6 .6 H z, H e), 4.88 (d , 1 , J Bc  =  1.0 H z , H 4), 7.58-
7.13 (m , 10, arom atic); m ass sp ectru m  m /e  (rel in tensity ) 307 (42), 160 
(100).

A n a l. C a lcd  fo r  C 19H i 3N 0 3S 2: C , 62 .13 ; H , 3 .57 ; N , 3 .81. F o u n d : C , 
62 .00 ; H , 3 .50; N , 3 .70.

T h e  co rre sp o n d in g  2 -p -m e th o x y p h e n y l an a log u e  (8 , R  =  p -  
C H 3O C 6H 4), o b ta in e d  fr o m  2 (R  =  p - C H 3O C 6H 4; R '  =  H ) , c ry s ta l
lized  fr o m  c h lo r o fo r m -e th e r  as co lo r le ss  n eed les : 60% ; m p  1 7 3 -1 7 6  
° C ; ir (K B r ) 1 7 8 0 ,1 7 1 0 ,1 6 1 0  c m “ 1 (C O ) ; Xm0x (C H 3O H ) 198 n m  (log  
«4 .6 6 ) , 223 (4 .3 3 ); N M R  (C D C I3 ) 5 3 .8  (s, 3, O C H 3), 3 .9  (d d , 2, J a b  =
6.5 , J b c  =  1-0 H z , H s), 4 .25  (d , 1, J AB =  6 .5  H z , H e), 4 .85  (d , 1, J Bc =  
1.0 H z , H4), 7 .5 3 -6 .8 7  (m , 9 , a ro m a tic ); m ass sp e c tru m  m /e  (re l in 
te n s ity ) 365 (4 ), 337 (8 2 ), 190 (1 0 0 ).

A na l. C a lcd  fo r  C 20H i 5N O 4S 2: C , 60 .45 ; H , 3 .81; N , 3 .53. F o u n d : C , 
60 .45 ; H , 3 .81; N , 3 .53.

T h e  2 -p -ch lo ro p h e n y l an alogue (8 , R  =  P - O C 6H 4), p rep a red  from  
2 (R  =  p -C lC g H 4; R 1 =  H ) , c ry s ta llized  fr o m  c h lo r o fo r m -e th e r  as 
co lorless  prism s: 58% ; m p  2 0 5 -2 0 7  °C ; ir (K B r ) 1 7 8 0 ,1 7 1 0 ,1 6 0 0  cm - 1  
(C O ); Amax (C H 3O H ) 200 n m  (log  f  4 .61), 223 (4 .34 ); N M R  (M e 2S O -d 6) 
8 5.18 (d d , 1, JAB =  6.5 , J BC =  1.0 H z, H 5), 4 .73  (A B d , 1, J a b  =  6 .5 H z, 
H s), 5 .16  (d , 1 , J bc  =  1-0 H z , H 4) ,  7 .7 8 -7 .0 8  (m , 9, a ro m a tic ); m ass 
sp ectru m  m/e (re l in te n s ity ) 343 (2 1 ), 341 (5 5 ), 196 (4 0 ), 194 (100).

A na l. C a lcd  fo r  C 19H i 2C l N 0 3S 2: C , 56 .78 ; H , 3 .01 ; N , 3 .49. F ou n d : 
C , 56 .64 ; H , 3 .04 ; N , 3 .36.

T h e  m e so io n ic  c o m p o u n d  2 (R  =  P h ; R 1 =  H ) (1 .94  g ) a n d  a c r y lo 
n itrile  (1 00  m l) w ere re flu x ed  fo r  3 h , the  excess  a cry lon itr ile  rem oved  
in vacu o , an d  th e  residu e ch rom a tog ra p h ed  on  silica  gel (CHCI3). T h e  
1:1 ad d uct, 6 -a -cy a n o -l-p h en y l-2 ,7 -d ith ia b icy c lo [2 .2 .1 ]h ep ta n -3 -on e 26 
(9 , R  =  C N ) crystallized  from  ch lo ro fo rm -p e tro le u m  ether as colorless 
prism s: 53% ; m p  105 °C ; ir (K B r ) 3 0 1 0 ,2 9 6 0 ,2 2 5 0  ( C = N ) ,  1710 c m “ 1 
( C = 0 ); Amax (CH3OH) 200 n m  (lo g  < 4 .3 3 ); N M R  (CDCI3) 8 7 .49  (m , 
5, a ro m a tic ), 4 .54  (d d , 1, H4), 4 .05  (d d , 1 , H e « ), 3 .00  (m , 1, H s „ ) ,  2 .76  
(m , 1, H 50), J4.5a = 1.3, J 4.50 =  4.7 , J 5Bj6<* =  7 .7 , J 5fjfia — 4 .0  H z ; M -+ 
247 (4).

A na l. C a lcd  fo r  C i2H 9N O S 2: C , 58 .30 ; H , 3 .67 ; N , 5 .67. F o u n d : C, 
58.44; H , 3 .62; N , 5.60.

T h e  m e so io n ic  c o m p o u n d  2 (R  =  P h ; R 1 =  H ) (1 .94  g ) a n d  e th y l 
a cry la te  ( 1 0 0  m l) w ere  re flu x e d  fo r  1  h , th e  ex ce ss  e th y l a cry la te  r e 
m oved  in  va cu o , an d  th e  residu e was th en  ch rom a tog ra p h ed  on  silica  
gel (CHC13). T h e  1:1 a d d u c t  6 -ca rb o e th o x y - l-p h e n y l-2 ,7 -d ith ia b i-  
cy c lo [2 .2 .1 ]h e p ta n -3 -o n e  ( 9 ,R  =  COOC2Hg) c ry sta llize d  fro m  c h lo 
r o fo r m -p e tr o le u m  e th er  as co lo r le ss  n eed les : 57% ; m p  8 4 -8 6  ° C ; ir 
(K B r ) 30 7 0 ,3 0 4 5 , 3 1 0 0 ,2 9 8 0 ,2 9 4 5 ,2 9 2 0 ,2 8 8 0 ,1 7 3 0  br c m ' 1 ( C = 0 ) ;  
Xm»x (CH3OH) 200 nm  ( lo g  e 4 .6 0 ); N M R  (CDCI3) 6 7 .36  (m , 5, a r o 
m a tic ), 4.43 (d d , 1 , H 4), 3.94 (d d , 1 , H e,,), 3.73 (q , 2 , J  =  7 .0  H z , C H 2),

2.70 (m, 2, H5), 0.76 (t, 3, J  = 7.0 Hz), J h 4,Hf,„ = 1-7, J4.5/3 = 4.0, J50,5/3 
= 7.5, J 5a,6a = 7.0, J 5/3,6a = 5.0 Hz; M-+ 294 (4).

Anal. Calcd for Ci4Hi40 3S2: C, 57.14; H, 4.76. Found: C, 57.28; H,
4.79.

C. Azirines. 2,3-Diphenylazirine (0.965 g, 5.0 mmol) and 2 (R = 
R 1 = Ph) (1.35 g, 5.0 mmol) were refluxed in xylene for 72 h. After 
removal of the solvent the residual dark oil was chromatographed on 
silica gel using benzene as eluent. Recrystallization of the major 
fraction from ethanol gave 11 (R = Ph) as colorless prisms: 0.96 g (2.07 
mmol) (41%); mp 195 °C; ir (KBr) 1690 cm -1; XmM (CH3OH) 244 nm 
(log«4.40); NMR (CDC13) 8 8.18-6.76 (m, 20, aromatic), 5.66 (s, 1, H); 
M-+ 463 (4).

Anal. Calcd for C29H2iNOS2: C, 75.13; H, 4.57; N, 3.02. Found: C, 
74.91; H, 4.61; N, 3.07.

The endo isomer 12 (R = Ph), mixed with the exo isomer above, was 
finally separated by PLC and purified by recrystallization from eth
anol, forming colorless plates: 0.09 g (0.2 mmol), 4%; mp 229 °C; ir 
(KBr) 1690 cm' 1 (CO); NMR (CDCI3) & 8.21-6.73 (m, 20, aromatic),
5.95 (s, 1, H); M-+ 463 (3).

3-Methyl-2-phenylazirine (1.31 g, 10 mmol) and 2 (R = R 1 = Ph) 
(2.70 g, 10 mmol) were refluxed in p-xylene (50 ml) for 11 h. Removal 
of solvent gave a brown oil which was chromatographed over silica gel 
and eluted with benzene-hexane (4:1) to give a colorless residue, re
crystallizing from ethanol as fine, colorless prisms of 11 and 12 (R = 
CH3): 2.27 g (5.66 mmol), 57%; mp 123-125 °C; ir (KBr) 1680 cm' 1 
(CO); Amax (CH3OH) 243 nm (log r 4.09); NMR (CDC13) 8 8.16-6.96 
(m, 15, aromatic), 4.45 and 3.71 (q, 1, J  = 6.0 Hz, H), 1.35 and 1.11 (d, 
3, J  = 6.0 Hz, CH3); M-+ 401 (1).

Anal. Calcd for C24Hi9NOS2: C, 71.81; H, 4.77; N, 3.49. Found: C, 
71.61; H, 4.72; N, 3.44.

Oxidation of 11 (R = Ph) with m-Chloroperbenzoic Acid. A
solution of the adduct (0.1 g, 0.21 mmol) in dichloromethane (10 ml) 
was treated with m-chloroperbenzoic acid (0.045 g, 0.25 mmol) and 
the mixture was stirred for 16 h. The precipitate was filtered, and the 
filtrate was washed with water (2 X 10 ml) and dried over sodium 
sulfate. The solvent was removed and the residue was recrystallized 
from chloroform-ethanol to give fine, colorless needles of 13 (R = Ph): 
0.054 g (0.11 mmol), 53%; mp 214 °C; ir (KBr) 1690 (CO), 1177 cm' 1 
(SO); NMR (CDCR) 8 8.16-6.90 (m, 20, aromatic), 5.76 (s, 1, H); M-+ 
479 (1).

Anal. Calcd for C29H2iN0 2S2: C, 72.64; H, 4.42; N, 2.92. Found: C, 
72.68; H, 4.48; N, 2.89.

Oxidation of 11-12 (R = CH3) with m-Chloroperbenzoic Acid.
The mixture of adducts (1.0 g, 0.25 mmol) was treated in dichloro
methane (10 ml) with m -chloroperbenzoic acid (0.51 g, 3 mmol) in 
dichloromethane (5 ml). The mixture was stirred for 20 h and the 
precipitated solid was filtered. Workup of the filtrate as above gave 
an oil which crystallized from chloroform-ethanol as colorless plates 
of 14 (R = CH3): C.52 g (0.12 mmol), 50%; mp 193 °C; ir (KBr) 1700 
(CO), 1085 cm' 1 (SO); NMR (CDC13) 5 8.06-7.13 (m, 15, aromatic),
5.48 (q, 1, J  = 6.0 Hz, H), 1.18 (d, 3, J  = 6.0 Hz, CH3); M-+ 417 (1).

Anal. Calcd for C24H i9N 02S2: C, 69.05; H, 4.59; N, 3.36. Found: C, 
69.23; H, 4.66; N, 3.36.

Registry No.—2 (R = Ph; R 1 = H), 58426-74-7; 2 (R = p- 
CH3OC6H4; R1 = H), 58426-75-8; 2 (R = p-ClC6H4; R1 = H), 
58426-76-9; 2 (R = Ph; R1 = COCH2SCSPh), 58426-77-0; 2 (R = R1 
= Ph), 58426-78-1; 3 (R = Ph; R1 = H), 942-91-6; 3 (R = p-CH3OC6H4; 
R 1 = H), 38204-31-8; 3 (R = p-ClC6H4; R 1 = H), 38204-36-3; 5 (R = 
Ph; R 1 = H; R2 = COOCH3), 23436-87-5; 5 (R = p-CH3OC6H4; R1 = 
H; R2 = COOCH3), 23436-88-6; 5 (R = p-ClCflH4; R1 = H; R2 = 
COOCHa),58426-79-2;5 (R = Ph; R> = H ;R2 = COPh), 58426-80-5; 
8 (R = Ph), 58426-81-6; 8 (R = p-CH3OC6H4), 58426-82-7; 8 (R = 
P-C1C6H4), 58426-83-8; 9 (R = CN), 58426-84-9; 9 (R = COOC2H6), 
58426-85-0; 11 (R = Ph), 58426-86-1; 11 (R = CH3), 58426-87-2; 12 
(R = Ph), 58462-43-4; 12 (R = CH3), 58462-44-5; 13 (R = Ph), 
58426-88-3; 14 (R = CH3), 58426-89-4; dimethyl acetylenedicarbox- 
ylate, 762-42-5; dibenzoylacetylene, 1087-09-8; jV-phenylmaleimide, 
941-69-5; acrylonitrile, 107-13-1; ethyl acrylate, 140-88-5; 2,3-di- 
phenylazirine, 16483-98-0; 3-methyl-2-phenylazirine, 16205-14-4.
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iV-p-Tosylsulfilimines, when dissolved in concentrated sulfuric acid, are converted to the corresponding p-tolu- 
enesulfonic acid salts of sulfilimines which upon treatment with alkali give “ free” sulfilimines in good yields. Diaryl 
sulfilimines are relatively stable crystalline compounds, while dialkyl or alkyl aryl derivatives are unstable and de
compose readily at room temperature to form the corresponding sulfides and ammonia. The structure of “ free” sul- 
filimine was identified by spectroscopic and elemental analyses. Some of the interesting chemical behavior of “ free” 
diphenylsulfilimines is described.

The acid-catalyzed hydrolysis o f  N - p -tosylsulfilimine 
is known to  give the corresponding sulfoxide in high yield . 2 

T he mechanism for the hydrolysis has been explored kineti- 
cally by Kucsmann and his co-workers3 using IV-arylsulfonyl 
alkyl aryl sulfilimines in moderately concentrated aqueous 
sulfuric acid or perchloric acid. On the basis o f  the kinetic 
investigations, the reaction mechanism for the hydrolysis was 
explained in terms o f the nucleophilic attack o f water on the 
positively polarized S(III) atom o f the protonated sulfilimine. 
Meanwhile, we found recently that the treatment o f  N -p -  
tosylsulfilimines with concentrated sulfuric acid gave the 
corresponding “ free”  sulfilimine nearly quantitatively .4

Earlier methods o f  preparation o f  free sulfilimines have 
been reported by Appel5 from  dialkyl or p ,p '-d im ethoxyd i- 
phenyl sulfide with chloram ine or h yd roxylam ine  sulfate. 
Similarly, Lam bert and his co-workers6 prepared penta- 
methylenesulfilimine and presented spectroscopic (data. 
Recently Tam ura et al.7 also found a new m ethod which in 
volves treatment o f  the sulfides and O-mesitylenesulfonyl 
hydroxylamine. M ore recently, a m ethod which uses diaryl 
alkoxy sulfurane and ammonia has been described by Martin .8 

However, each o f these reactions has som e shortcomings for 
a general synthetic procedure to prepare free sulfilimines. W e 
have now found that any kind o f  (V-p-tosylsulfilimine can be 
synthesized readily under certain set conditions from  the 
corresponding sulfides and chloram ine-T and their free sul
filim ines are readily obtained as salts simply by dissolving 
th em  in concentrated sulfuric acid. This synthetic m ethod is

1 Central Institute of Ube Chemical Co., Ube, Japan.

the first general procedure for the preparation o f  varied sul
filimines in large quantities; we now present the details o f this 
procedure and a few pertinent physical and chem ical char
acteristics o f  the sulfilimines.

Results and Discussion

Diaryl Sulfilimines. Cleavage o f  diphenyl-AT-tosylsulfil- 
im ine (I) was carried out in 95% sulfuric acid at room  tem 
perature. After quenching in ice, the tosylate salt III could be 
extracted with chloroform . The free sulfilimine (II) crystal
lized on basifying a solution o f  III. T he ¡m in e II  has a strong 
ir absorption band at 940 cm - 1  which is assigned as - S - N -  
bond, while other strong absorption bands appear at 2350 
(O H ) and 3120 cm - 1  (N H ), respectively. The N M R  signals 
o f  II are S 7 .2 0 -7 .7 0  (10 H, phenyl), 2.1 ppm  (1.7 H, N H  and 
OH ). The mass spectrum o f II was identical with that o f  d i
phenyl sulfide; the parent peak due to the free sulfilimine did 
not appear at all, indicating that the S -N  bond o f II is weak 
and is cleaved readily.

The structure o f  II was confirm ed by treatment with tosyl 
chloride under alkaline condition to give the starting N -p -  
tosylsulfilimine (I) quantitatively. Furthermore, II was hy
drolyzed to  diphenyl sulfoxide upon heating at 65 °C  for 3 h 
in 20% aqueous sulfuric acid solution. However, II was stable 
at even relatively strong alkaline conditions and did not react 
at all in aqueous 2 0 % sodium hydroxide solution at an elevated 
temperature. The reactions are summarized in Schem e I.

Data for the cleavage o f  other diaryl N-p-tosylsulfilim ines 
are summarized in Table I.

Preparation of Alkyl Aryl and Dialkyl Sulfilimines.
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Table I. Products and Yields in the Reaction o f  N-p-Tosylsulfiliir
1. HjSO,T3 O D/ ___ !__!___D O T./ n Cl n,

line with Concentrated Sulfuric A cid

' TsOH NH2S03H

V VI

1
NTs

I

2. NaOH or’
nh3

0 £\ IV
1
NH

II

1
0

IV

Reaction condition Product yields, %

Run R R' r* Temp Time n ( m p ,° C )  • IV V VI

1 c 6h 5 c 6h 5 2 r.t. 10 min B 90 (74)*
2 C.H f CSHS 5 r.t. 24 h B 95
3 c 6h 5 C„HS 1 r.t. 24 h A 24 51 70
4 p -c h 3c 6h 4 c 6h 5 2 r .t 10 min B 95 (54 .5—55.5)*
5 o -CH3C6H4 c 6h s 2 r.t. 10 min B 97 (83 .5—84.5)*
6 p -c ic 6h 4 c *h 5 2 r.t. 10 min B 77 (4 8 -4 9 )*
7 m-ClC6H4 c 6h 5 2 r.t. 10 min B (3 5 -3 6 )*
8 p -N 0 2C6H4 c *h 5 2 r.t. 10 min B 95 (9 8 -9 9 )*
9 o-N 0 2C6H4 c 6h 5 2 r.t. 10 min B 79 (1 0 4 -1 0 4 .5 )*

10 c h 3 c „h 5 2 r.t. 5 min B 97 55
11 c h 3 c 6h 5 2 r.t. 5 min A 95 (112-112.5 )«*
12 c h 3 c *h 5 1 r.t. 15 min A 90 83
13 c h 3 p -c h 3c 6h 4 2 r.t. 5 min A 9 5 (1 5 8 —159)^
14 c 2h 5 c 6h 5 2 40 15 min A 95 (90—91)d 58
15 c 2h 5 C.H S 2 40 15 min B 96
16 C-C,H S p-CH 3C,H4 2 40 15 min A 95 (138—139)**
17 c h 3 c h 3 2 40 10 min A 95 (103—104)**,*
18 c 2h 5 c 2h 5 2 40 10 min A 95 (110-111)«*
19 -(C H a)s- 2 40 15 min A 95 (191) 72
20 - (C H 3)s- 1 r.t. 48 h A 3 0 / 96

"M ethod A, the acid solution was quenched in cold  ether; B, the acid solution was poured on to  ice—water, r = ratio, H2S 0 4 
(m l)/I (g). * M onohydrate. "A nhydrous. d As picrate. "L it. mp. I l l  °C .5 /C orresponding sulfide (20% ) was obtained as other 
product.

Scheme I

NTs NH,

NaOH
p-TsCI

NH2
m

TsOH

^  (O )“ S~ © )  + NH'’
âq H2S04NH 

II
jaq NaOH-CH3OH 

no reaction

Although diaryl sulfilimines can be prepared readily as il
lustrated in the case o f  diphenyl-N-p-tosylsulfdimine, similar 
treatment o f  N -p -to s y l  dialkyl or alkyl aryl sulfilimines with 
concentrated sulfuric acid did not give the corresponding free 
sulfilimines but rather the corresponding sulfoxides (runs 9,
14). However, in these reactions p-tosylamide, which is usually 
the by-product o f  the direct hydrolysis o f  the sulfilimine to 
the sulfoxide, was not isolated at all. This suggests that the 
formation o f the sulfoxide does not occur by direct hydrolysis 
o f  the AI-p-tosylsulfilimine but by hydrolysis o f  the initially 
form ed free sulfilimine when the sulfuric acid solution is 
quenched with ice-water. T o  avoid hydrolysis o f  the free 
sulfilimine, the sulfuric acid solutions o f  dialkyl or alkyl aryl 
sulfilimines were added to cold ethyl ether; the oily material 
which separated was identified as the bisulfate salts o f  the 
respective sulfilimines. T he free sulfilimines were obtained 
by treatment o f  their acetone-m ethanol solutions with liquid 
ammonia (runs 10 ,1 2 ,1 3 ,1 5 -1 8 ). Generally, dialkyl or alkyl 
aryl free sulfilimines are unstable and decom pose readily to 
the corresponding sulfides and ammonia. Therefore, these

sulfilimines should be converted to the picrates as soon as they 
are isolated. The yields are summarized in Table I.

Chemical Properties of Free Sulfilimines. Reaction 
Mechanism. T he hydrolysis o f  aryl m ethyl IV-p-tosylsulfil- 
imines is known" to give the corresponding sulfoxides under 
both acidic and alkaline conditions.2® The stereochemical 
results indicate that under alkaline conditions, the hydrolysis 
proceeds by an Sn 2 reaction at sulfur since thé configuration 
o f  the sulfoxide obtained is completely inverted. Under acidic 
conditions, the reactions are not stereospecific and yield the 
racemized sulfoxides. In acid, therefore, prior S -N  bond 
cleavage must occur before nucleophilic attack on sulfur by 
a water molecule. Recently, Kucsm ann et al. 3 studied the 
hydrolysis o f  m ethyl aryl IV-p-arylsulfonylsulfilimines in 
aqueous sulfuric acid. Based on the Ham m ett equation and 
Bunnett-O lsen ’s values, they suggested that the hydrolysis 
proceeded by preequilibrium  protonation o f  the im ino n i
trogen, follow ed by rate-determining nucleophilic attack o f  
a water molecule. 180-L abeled  sulfoxides, treated under

C © ! ~ cH3
NTs

H+ CH3 S& .

NTs
W

CH3 +  T sNH2

aqueous acidic conditions, undergo 180  exchange with the 
medium even in concentrated sulfuric acid .9 All these data 
show clearly that either S (I II )-N  or S (I I I ) -0  bond cleavage 
takes place under acidic reaction conditions. However, our new 
experimental results indicate that the TV-p-tosylsulfilirnine 
undergoes exclusively N -S (IV ) bond cleavage upon treatment 
with concentrated sulfuric acid. The reaction is very facile and 
com plete within a few minutes. A  similar N -S (IV ) bond 
cleavage is observed when an AT-p-tosylsulfoximine10 or sul- 
fone diimine1 1  is treated with concentrated sulfuric acid. For
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Table II. Ir Stretching Absorption of Sulfilimine3

0

î
R — S— R'

1

NH

NH

t
R— S— R'

I
NTs

Table III. Oxidation Products of Free Sulfilimine
Ar.

>SNH +  [O] — *■ products
Ar'

Ar Ar' Oxidant
Products 

(yields, %)

Compd

Free sulfilimine 
iV-p-Tosylsulfili- 

mine
Sulfoxim ine6

Sulfone diiminec 
« In KBr. » i. c ii.

c 6h 5, c sh s p-C  H3C6H4 —(CH 2)s— c6h 5
p -c h 3c 6h 4

C6Hs
c 6h s

KMnO,
K M n04

Sulfoximine (95 ) 
Sulfoxim ine (95 )

940 920 900 p -n o 3c 6h 4 C*Hf K M n04 Sulfoximine (80 )
960 970 985 C6Hs c 6h 5 h . o 2 Sulfoxiim ine (30),

9 6 5 ,9 8 0  
1095, 1130

980, 109026 
1220 C6Hs c 6h 5 p -c h 3c 6h 4c o 3h

sulfone ( 20 ), 
sulfoxide ( 2 0 ) 

Sulfoxiimine (40),
955, 1 0 8 0 '1 9 7 0 ,1 0 5 0 “  1 0 1 0 ,1 0 4 0 "

C6H5 C6Hs h n o 3

sulfone ( 2 0 ), 
sulfoxide (trace) 

Sulfoxide (95 )

preparation o f  sulfilimines, the reaction should be carried out 
with 90-95%  sulfuric acid within 10-15 min. The product 
obtained after longer reaction time (24 h) with 90-95% sulfuric 
acid was no longer free sulfilimine but the sulfoxide, together 
with toluenesulfonic acid which was identified as the thiuro- 
nium salt (run 2). W hen I was treated with 80% sulfuric acid 
at room  temperature for 24 h, the N -p-tosylsulfilim ine was 
recovered in 63% yield together with diphenyl sulfoxide (25%). 
Treatm ent o f  I with 50% sulfuric acid led to its com plete re
covery. Furthermore, when the N -p-tosylsulfilim ine was 
dissolved in a small amount o f 95% sulfuric acid or in 98% 
sulfuric acid and the solution was kept standing for prolonged 
reaction time (runs 3 ,1 1 ,1 9  in Table I) crystalline sulfamic 
acid (VI) precipitated.

Apparently, water molecules are in the form  o f  oxonium 
ions and hence do not participate as a nucleophile in the initial 
S (IV )-N  bond cleavage either by way o f A - l  type or A-2 type 
mechanism. Instead, hydrogen sulfate ion should work as the 
nucleophile eventually affording the aminosulfonium salt VII 
or VIII as shown below.

r  R— S— R'
I

NTs

t l

R— S— R'
I
NTs

R— S— R' TsO“

Free sulfilimines thus obtained are generally oily materials 
except for diaryl derivatives. Therefore, the spectroscopic 
analysis is recom m ended for the identification. Free sulfil
imines are relatively strong bases (pK a =  8.5 for diaryl13). As 
shown in the Experimental Section, free sulfilimines have 
characteristic strong bands at 930-960 cm - 1  due to S -N  
stretching band and 3120 cm - 1  (N H ). T he position o f the 
characteristic S -N  ir band at around 940 cm - 1  depends on the 
structure o f  the sulfilimine. In the case o f  diaryl com pounds, 
electron-withdrawing substituents shift the band to the longer 
wavelength while the electron-donating groups do the op p o
site. In the case o f alkyl aryl or dialkyl sulfilimines, the - S - N -  
absorption bands appear at the region o f  900-910 cm -1 . The 
nature o f the S -N  band, namely whether the bond has semi- 
polar single or double bond character, was discussed earlier 
with N -p -  tosyl derivatives14 and the former was favored. The 
several ir bands due to  S -N  bonds are shown. T he charac
teristic S -N  band o f free sulfilimines is at lower wavenumber

than that o f  N -p -  tosyl derivative or sulfoximine. Thus, the
S -N H  bond is even more semipolar than that o f  N -p -tosy l 
derivatives (Table II).

Pyrolysis of Free Sulfilimine. Even though the diaryl free 
sulfilimines are relatively stable, they decompose readily when 
heated in situ at 100 °C  and afforded the sulfide and am m o
nia .15  A detailed account o f  the pyrolysis o f  free sulfilimine

~* <Oh h O> + [:nh]
NH

will be described elsewhere. This facile pyrolysis, as compared 
to that o f  the corresponding N -p -tosy l derivative, seems to 
support the conclusion that the S -N  bond cleaves very readily 
form ing th e  sulfide and nitrene which then  disproportionates 
to ammonia.15 ’16 The thermal instability o f the free sulfilimine 
is consistent with both the G LC behavior and the mass spec
troscopic pattern, which are the same as those o f  the corre
sponding sulfide.

Oxidation of Free Sulfilimines. Sulfoxim ines have 
hitherto been prepared from the corresponding sulfoxide by 
either treating with hydrazoic acid 17  or reacting with sulfonyl 
azide18 or chloram ine-T 19 in the presence o f  copper. Another 
alternative procedure is the permanganate oxidation o f the 
N -acylsulfilim ine .20 However, none o f these m ethods is gen
eral for the large-scale preparation of all kinds o f sulfoximines. 
Thus it is difficult to prepare the diaryl sulfoximine, while it 
is dangerous to use a large quantity o f  toxic  and explosive 
hydrazoic acid. However, because o f the interesting phar
macological properties a general and convenient synthetic 
m ethod o f  free sulfoximines has long been sought. Thus, the 
direct oxidation o f  free sulfilimines was carried out with var
ious oxidizing agents, i.e., potassium permanganate, peracid, 
or hydrogen peroxide and diaryl sulfoximines having various 
substituents were successfully obtained in good yields. G en
erally, the oxidation o f free sulfilimine was carried out in 
m ethanol solution o f the sulfilimine. A fter the solution was 
refluxed for 1  h, it was worked up as usual, affording diphe- 
nylsulfoximine quantitatively. The sulfoximine was identified 
by both spectroscopic and elemental analyses. The oxidation 
was carried out similarly by other oxidizing reagents. T he 
results are summarized in Table III.

As shown in Table III, the best results are obtained when 
the reaction is carried out with potassium permanganate, 
while the reaction with peracid or hydrogen peroxide gives a 
mixture o f sulfoximine, sulfone, and sulfoxide. In the case o f  
nitric acid, the sulfoxide was the sole product. This fact in
dicates that the acid-catalyzed hydrolysis took place during 
the reaction, affording the sulfoxide.

These sulfoximines have strong ir absorption bands at 
940-960 ( - S = N - ) ,  1020-1040 (SO), 3300-3400 cm " 1 (N H ).
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Scheme II. Reaction o f Free Sulfilimine with 
Acylating Agents

/  acylating agents —► PhSPh A _ _
'  | (R = Ac, BzO,

NCOR et a1-)
0  p u

P K  || / LHs
; s n c c h 2ch

Ph \ j H

0  0
\  Il II
^ s n c c h 2c c h 3

0  0

PhSPh + 
\
NH

—  PhCOCH2COOC2H5 benzene

\  PhCOSCH,
benzene

Ph.

Ph

Ph^
0

.SNCCHoCPh

JSNCPh

In NMR, there are peaks at 3-4 (-NH-) and 7-8 ppm (phenyl 
H).

Reaction with Acylating Agents. Previously, we reported 
a convenient method for the preparation of various /V-acyl- 
sulfilimines from diphenyl free sulfilimine and various acyl
ating agents.13 Recently, various acylated sulfilimines such 
as IV-sulfonyl-,21 N - acyl-,22 IV-ethoxy carbonyl-,22 and N -  
carbamoylsulfilimines23 were similarly prepared and some o f  
their physical properties are summarized. The preparation 
of N - acyl derivatives from free sulfilimines is very simple. 
Acylation is completed in a few minutes just by dissolving 
equimolar amounts of free sulfilimine and acylating agent in 
benzene at room temperature. Acylating agents used are 
(RC0)20, RC0C1, TsCl, RNCO, and EtOC(0)Cl. Further
more, four- and five-membered lactones, ketene dimer, es
ters24 having electron-withdrawing groups such as ethyl ace- 
toacetate or ethyl benzoylacetate, and thioesters also react 
with free sulfilimines and afforded the TV-acyl substituted 
sulfilimines as shown in Scheme II. The A’-acylsulfilimines 
having either a hydroxy or a carbonyl group in the molecules 
are not known and therefore this method is a convenient 
synthetic procedure for the preparation of such sulfilimine 
derivative.

The products, their yields, and some spectral data are 
summarized in the Experimental Section.

Experimental Section
IV-p-TosylsuIfilimines. All the sulfilimines were prepared by the 

Mann-Pope reaction by allowing the sulfides to react with chlora- 
mine-T.25

S,S-Diphenylsulfilim ine (II). Method A. Diphenyl-N-p-tosyl- 
sulfilimine ( 1  g, 0.28 mmol) was dissolved in 1  ml of concentrated 
sulfuric acid (95% commercial) at room temperature. The solution 
was kept for 10 min and then poured onto ice. The oily product pre
cipitated out immediately. The aqueous solution was extracted with 
chloroform. After chloroform was removed, the residue solidified to 
afford quantitatively the crystalline product which upon recrystal- 
lization from acetone-methanol gave colorless crystals of mp 128.5 
°C. The product was identified as iminosulfonium p-toluenesulfonic 
acid salt (III) by the following physical and chemical properties. Anal. 
Calcd for C19HI9N 0 3S2: C, 60.45; H, 5.07; N, 3.71. Found: C, 60.83; 
H, 5.21; N, 3.48.

The salt III was then dissolved in chloroform again and washed with 
20% aqueous alkali solution. After the chloroform layer was washed 
with water and the solution was dried, the solvent was evaporated to 
obtain a white, crystalline material in 75% yield which was recrys
tallized from benzene or benzene-hexane, mp 70-71 °C. This com
pound was identified as the free sulfilimine monohydrate. This sul- 
filimine (0.077 g) and p-toluenesulfonic acid (0.067 g) were dissolved 
in a drop of methanol and acetone was added to this solution. The

melting point (128.5 °C) and ir spectrum were identical with those 
of the original salt III.

Method B. Diphenyl-N-p-tosylsulfilimine (25 g, 0.07 mol) was 
dissolved in 40 ml of 95% sulfuric acid. As soon as all the sulfilimine 
was dissolved, the solution was poured onto ice, made alkaline with 
aqueous sodium hydroxide solution, and then extracted with chlo
roform. Chloroform was evaporated at reduced pressure. The residue 
was dissolved again in 180 ml of 3% sulfuric acid. The solution was 
decolorized by charcoal. Then the solution was made alkaline. The 
crystalline precipitates were collected by filtration. Thus, diphenyl- 
sulfilimine (14 g) was obtained (90%).

Similarly the following sulfilimines were prepared.27
Phenyl-p-tolylsulfilimine: mp 54.5-55.5 °C; (KBr) 3170, 930 

cm "1; NMR (CDC13) 5 7.2-7.8 (m, 9 H, phenyl H), 2.40 (s, 3 H, CH3), 
1.7 ppm (s, 1 H, NH). Anal. Calcd for C i3Hi3NS: C, 72.52; H, 6.08; N, 
6.51. Found: C, 71.69; H, 6.19; N, 6.71.

Phenyl-o-tolylsulfilimine: mp 83.5-84.5 °C; (KBr) 3170, 930 
cm -1; NMR (CDCI3) S 7.1-7.8 (m, 9 H, phenyl H), 2.39 (s, 3 H, CH3),
1.35 ppm (s, 1  H, NH). Anal. Calcd for Ci3Hi3NS: C, 72.52; H, 6.08; 
N, 6.51. Found: C, 73.16; H, 6.19; N, 6.21.

Phenyl-p-chlorophenylsulfilimine: mp 48-49 °C; ir (KBr) 3140, 
935 cm '1; NMR (CDC13) 8 7.2-7.7  (m, 9 H, phenyl), 1.4 ppm (s, 1 H, 
NH). Anal. Calcd for C12H 10NC1: C, 61.14; H, 4.28; N, 5.94. Found: 
C, 61.02; H, 4.33; N, 5.92.

Phenyl-m-chlorophenylsulfilimine: mp 35-36 °C; ir (KBr) 3110, 
940 cm"1; NMR (CDC13) 6 7.3-7.7 (m, 9 H, phenyl), 2.0 ppm (s, 1 H, 
NH). Anal. Calcd for C12H 10NCI: C, 61.14; H, 4.28; N, 5.94. Found: 
C, 60.67; H, 4.46; N, 6.17.

Phenyl-p-nitrophcnylsulfilimine: mp 98-99 °C; ir (KBr) 3150, 
940 cm '1; NMR (CDCI3) S 7.4-8.4 (m, 9 H, phenyl), 2.1 ppm ( 1  H, 
NH). Anal. Calcd for Ci2Hi0O2N2S: C, 58.52; H, 4.09; N, 11.37. Found: 
C, 58.53; H, 4.20; N, 11.17.

Phenyl-o-nitrophenylsulfilimine: mp 104-104.5 °C; ir (KBr) 
3110,960 cm-1; NMR (CDCI3) S 7.2-8.6 (m, 9 H, phenyl), 1.8 ppm (s, 
1 H, NH). Anal. Calcd for Ci2H 10O2N2S: C, 58.52; H, 4.09; N, 11.37. 
Found: C, 58.67; H, 4.15; N, 11.38.

Methyl-p-tolylsulfilimine (Picrate): mp 158-159 °C. Anal. Calcd 
for C14H14O7N4S: C, 43.98; H, 3.69; N, 14.65. Found: C, 43.54; H, 3.61; 
N, 14.37.

Cyclopropyl-p-tolylsulfilimine (Picrate): mp 138-139 °C. Anal. 
Calcd for C i6H i60 7N4S: C, 47.06; H, 3.95; N, 13.72. Found: C, 47.35; 
H, 3.67; N, 13.62.

Pentamethylenesulfilimine (Picrate): mp 191 °C. Anal. Calcd 
for C1 1H14O7N4S: C, 38.15; H, 4.07; N, 16.18. Found: C, 38.22; H, 4.00; 
N, 16.21.

Methylphenylsulfilimine. The A-p-tosylsulfilimine (1 g, 0.34 
mmol) was dissolved into 2 ml of 95% sulfuric acid. The reaction 
mixture was poured into well-cooled ethyl ether and immediately 
formed an oily material, i.e., the sulfuric acid salt of the free sulfilimine 
from which the free sulfilimine was obtained upon treatment of ace
tone-methanol solution of the salt with liquid ammonia. The free 
methyl-N-phenylsulfilimine is an oily substance and unstable at room 
temperature; therefore it was converted to picrate. The picrate was 
recrystallized from water, mp 112—112.5 °C. Anal. Calcd for 
Ci3H 120 6N4S: C, 42.39; H, 3.28; N, 15.21. Found: C, 42.25; H, 3.15; N, 
15.29. Besides this, 0.36 g (55%) of p-toluenesulfonic acid was isolated 
from the ether layer.

Reaction of Diphenylsulfilim ine with p-Tosyl Chloride. Di-
phenylsulfilimine (0.10 g, 0.5 mmol) and p-tosyl chloride (0.10 g) were 
dissolved in 1 ml of pyridine. After 10 min the solution was poured 
onto cold water. The aqueous solution was extracted with chloroform, 
washed with water, and dried over sodium sulfate. After chloroform 
was removed, the residue was recrystallized from methanol; N -p- 
tosylsulfilimine t'0 .1 2  g) was obtained in 70% yield, mp 1 1 1  °C.

Acidic Hydrolysis of Diphenylsulfilimine. Diphenylsulfilimine 
(0 .2 0  g, 1  mmol) was dissolved in 1  ml of 20% aqueous sulfuric acid. 
This solution was heated at 65-70 °C for 3 h and then was cooled at 
room temperature and extracted with chloroform. The chloroform 
solution was washed with water and dried over sodium sulfate and 
chloroform was removed. Diphenyl sulfoxide (0.18 g, 97%) was ob
tained.

Meanwhile, diphenylsulfilimine (0.20 g) was dissolved in 5 ml of 
methanol and 5 ml of aqueous 20% sodium hydroxide was added into 
this solution. The mixture was refluxed for 24 h; however, diphenyl
sulfilimine was recovered completely.

Pyrolysis of Sulfilim ine. Diphenylsulfilimine (0.20 g, 1.0 mmol) 
was heated at 100 °C in a sealed tube for 6 h. After the reaction, a 
gaseous product was found to be ammonia which was dissolved in 
water and identified by Nessler’s reagent. The oily material obtained 
was identified as diphenyl sulfide by ir and GLC.
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ESR Measurement. ESR measurements of diphenyl-, phenyl- 
p-tolyl-, and p -nitrophenylphenyl-IV-p-tosylsulfilimines were at
tempted in 95% sulfuric acid. However, no signals were observed.

Oxidation of Sulfilimine by Potassium Permanganate. Di-
phenylsulfilimine (0.20 g, 1.0 mmol) was dissolved in 15 ml of meth
anol. To this solution was added 0.5 g of potassium permanganate in 
5 ml of water. The suspension was refluxed for 1 h with stirring and 
the inorganic precipitates were filtered off. After the solvent was 
evaporated, diphenylsulfoximine was obtained, 0.21 g (100%). Re
crystallization from benzene gave a pure compound: mp 104 °C; ir 
(KBr) 3270 (NH), 1230,1130,1095,980,965 era-' (NSO). Other sul- 
foximines were prepared similarly by treating the corresponding free 
sulfilimines with potassium permanganate.

Oxidation of Diphenylsulfilimine by p-Methylperbenzoic 
Acid. Diphenylsulfilimine (0.20 g, 1.0 mmol) in 5 ml of methanol was 
added to 0.15 g of perbenzoic acid in 5 ml of methanol. The solution 
was kept at room temperature for 24 h until the TLC spot of the free 
sulfilimine disappeared. The solution was poured into an aqueous 
alkaline solution and the aqueous solution was extracted with chlo
roform. The chloroform solution was dried over anhydrous sodium 
sulfate. After the solvent was removed, an oily material formed, which 
was chromatographed through a column packed with silica gel. Then 
diphenylsulfoximine and diphenyl sulfone were obtained in 40 and 
20% yield, respectively.

Preparation of Diphenyl-iV-acylsulfilimine. Diphenyl-N- 
acetylsulfilimine. Diphenylsulfilimine (0.20 g, 1.0 mmol) was dis
solved into 5 ml of benzene. To this solution, acetic anhydride (excess) 
was added at room temperature. After 10 min the benzene solution 
was washed with water and dried over anhydrous magnesium sulfate. 
After the solvent was evaporated, the residual oil solidified to white 
crystals which were recrystallized from ethanol. The yield was 0.22 
g (95%): mp 89 °C; ir (KBr) 1575, 1590, 800 cm-1. Anal. Calcd for 
CuHisONS: C, 69.17; H, 5.35; N, 5.62. Found: C, 69.10; H, 5.38; N,
5.72.

Diphenyl-N-benzoylsulfilimine. Treatment of diphenylsulfil
imine (0.20 g, 1.0 mmol) with an equimolar amount of benzoyl anhy
dride under the same reaction condition as above afforded diphe- 
nyl-Af-benzoylsulfilimine in 95% yield: mp 126-127 °C; ir (KBr) 1595, 
1550, 805 cm -1. Anal. Calcd for Ci9H15ONS: C, 74.72; H, 4.95; N, 4.95. 
Found: C, 74.67; H, 4.95; N, 4.54.

p-Nitrophenyl-JV-acetylphenylsulfilimine. The reaction con
dition was similar to the above. Yield was 95%: mp 104 °C; ir (KBr) 
1610,1570,1000 cm -1. Anal. Calcd for Ci4H120 3N2S: C, 57.72; H, 4.20; 
N, 9.72. Found: C, 57.70; H, 3.91; N, 9.16.

Diphenyl-AT-phthalylsulfilimine. Treatment of diphenylsulfil
imine (0.50 g, 2.5 mmol) with phthalic anhydride (0.37 g) under the 
same reaction condition afforded diphenyl-fV-phthalylsulfilimine in 
95% yield: mp 157-157.5 °C; ir (KBr) 1730, 1580, 1530, 815 c m '1; 
NMR (CDClj) <5 7.5-8.0 (m, 10 H, phenyl), 8.4-8.7 ppm (m, 2 H, 
phenyl). Anal. Calcd for C20H15O3NS: C, 68.75; H, 4.33; N, 4.01. 
Found: C, 68.60; H, 4.33; N, 3.94.

Diphenyl-lV-succinylsulfilimine. The reaction condition was 
similar to the above: yield 88%; mp 130-131 °C; ir (KBr) 1730,1608, 
1580, 810 c m '1; NMR (CDC13) ir 7.5-8.0 (m, 10 H, phenyl), 6.35, 6.80 
(dd, 2 H, -CH =CH -). Anal. Calcd for Ci6H i50 3NS: C, 64.20; H, 4.38; 
N, 4.68. Found: C, 64.26; H, 4.39; N, 4.54.

Diphenyl-Ai-ethylcarboethoxysulfilimine. Diphenylsulfilimine 
(0.5 g, 2.5 mmol) was dissolved into 5 ml of benzene. To this solution, 
ethyl chloroformate (0.27 g) was added at room temperature. The 
solution was kept standing for 1 h. Then'the benzene solution was 
washed with water and dried over magnesium sulfate. After the sol
vent was evaporated, an oily residue solidified. Diphenyl-fV-ethyl- 
carboethoxysulfilimine was thus obtained, 0.67 g (89%). The crude 
crystals were recrystallized from ethanol: mp 91-92 °C; ir (KBr) 1610, 
1570,825 cm-1. Anal. Calcd for Ci5H150 2NS: C, 65.91; H, 5.53; N, 5.12. 
Found: C, 66.02; H, 5.52; N, 5.12.

Diphenyl-jV-(JV'-ethylcarbamoyl)sulfilimine. The treatment 
of diphenylsulfilimine with ethyl isocyanate in benzene solution at 
room temperature afforded diphenyl-N-(iV'-ethylcarbamoyl)sulfil- 
imine in 95% yield: mp 87 °C; ir (KBr) 1605,1580 cm“ 1; NMR (CDCI3)
7.3-7.8 (m, 10 H, phenyl), 3.25 (q, 2 H, -CH 2-), 1.13 (t, 3 H, CH3).

Diphenyl-JV-(iV'-phenylcarbamoyl)sulfilimine. The sulfilimine 
was obtained in 95% yield: mp 124-126 °C; ir (KBr) 1608, 1505, 808 
cm“ 1. Anal. Calcd for CI9Hi6ON2S: C, 71.22; H, 5.03; N, 8.74. Found: 
C, 71.44; H, 5.04; N, 8.85.

Diphenyl-Ar-(Ar'-phenyUhiocarbamoyl)sulfilimine. Treatment 
of sulfilimine with phenyl thioisocyanate under similar conditions 
as above afforded the sulfilimine in 95% yield: mp 138.5 °C 
(CH3C]-acetone); ir (KBr) 970 cm-1. Anal. Calcd for Ci9HigN2S2: C, 
67.82; H, 4.79; N, 8.33. Found: C, 67.74; H, 4.77; N, 8.41.

Diphenyl-(V-(5-hydroxyvaleroyl)suIfiIimine. A mixture of di
phenylsulfilimine (1.00 g, 5 mmol) and 1.5 ml of ¿-valerolactone in 10 
ml of benzene was refluxed for 24 h until the TLC spot of the corre
sponding free sulfilimine disappeared. After benzene was evaporated, 
the residual oily material was chromatographed through a silica gel 
column using chloroform as an eluent. Thus, diphenyl-N-(6-hy- 
droxyvaleroyl)sulfilimine was obtained: 0.69 g (51%); mp 97-99 °C; 
ir (KBr) 1580, 1560, 805 cm“ 1; NMR (CDC13) 5 7.3-8.0 (m, 10 H, 
phenyl), 3.6-4.2 (m, 2 H, OH + -C H -), 2.72 (t, 2 H, 
-COCH2CH2CH-), 1.90 (t, 2 H, -COCH2CH2CH-), 1.20 (d, 3 H, CH3). 
Anal. Calcd for C17Hi90 2NS: C, 67.75; N, 6.35; N, 4.65. Found: C, 
67.74; H, 6.36; N, 4.60.

Diphenyl-lV-acetoacetylsulfilimine. Diphenylsulfilimine (0.50 
g, 2.5 mmol) was dissolved in 5 ml of benzene. To this solution was 
added freshly distilled ketene dimer cooling in an ice-water bath. 
Then benzene was evaporated and a crystalline residue was obtained, 
0.60 g (75%). The crude crystals were recrystallized from ethanol- 
ether: mp 67-68.5 °C; ir (KBr) 1700,1590,1570 cm-1; NMR (CDCI3) 
S 7.4-8.0 (m, 10 H, phenyl), 3.55 (s, 2 H, CH2), 2.26 (s, 3 H, CH3). Anal. 
Calcd for Ci6Hi50 2NS: C, 67.34; H, 5.30; N, 4.91. Found: C, 67.46; H, 
5.25; N, 4.78.

Reaction with Phenyl Thiobenzoate. Diphenylsulfilimine (0.50 
g, 2.5 mmol) was dissolved in 10 ml of benzene. To this was added 
phenyl thiobenzoate (0.80 g) under cooling in an ice-water bath. After 
the addition, the solution was kept at room temperature for 1 h. The 
benzene solution was washed with dilute sodium hydroxide solution 
and dried over magnesium sulfate. Benzene was removed affording 
0.41 g of diphenyl-JV-benzoylsulfilimine in 60% yield, mp 127 °C.

Reaction with Ethyl Acetoacetate. Diphenylsulfilimine (0.40 
g, 2.0 mmol) was mixed with 1 ml of ethyl acetoacetate in 10 ml of 
benzene. The solution was refluxed for 24 h. Then benzene was 
evaporated and the residue was separated through a chromatography 
column of silica gel using chloroform as an eluent. After the solvent 
was evaporated, N-acetoacetylsulfilimine was obtained, 0.22 g (40%), 
as an oil.

Registry No.—I (R = R' = C6H6), 13150-76-0; I (R = p-CH3C6H4; 
R = C6H5), 24702-37-2; I (R = o-CH3C6H4; R = C6H5), 53897-89-5;
I (R = p-ClC6H4; R' = C6H6), 24702-38-3; I (R = m-C!C6H4; R' = 
C6H5), 58463-51-7; I (R = p-NOoC6H4; R' = C6H5), 24698-06-4; I (R 
= o-N 02C6H4; R' = C6H5), 58463-52-8; I (R = CH3; R' = p-CH3C6H4), 
24702-26-9; I (R = c-C3H5; R' = p-CH3C6H4), 58463-53-9; I (R,R' = 
-(CH 2)5-), 13553-73-6; I (R = CH3; R' = C6H5), 10330-22-0; II (R = 
R' = C6H5), 36744-90-8; II (R = d-CH3C6H4; R' = C6H5), 36744-92-0;
II (R = o-CH3C6H4; R ' = CfiHs), 54615-60-0; II (R = p-C!C6H4; R' = 
CfiH5), 36744-94-2; II (R = m-ClC6H4; R ' = C6H5), 58463-54-0; II (R 
= p -N 02CeH4; R' = C6H5), 36744-95-3; II (R = o-N 02C6H4, R' = 
C6H6), 54615-61-1; II (R = CH3; R' = p-CH3C6H4) picrate, 58463-56-2; 
II (R = c-C3H6; R' = p-CH3C6H4) picrate, 58463-58-4; II (R,R' = 
-(C H 2)5- )  picrate, 58463-59-5; II (R = CH3; R' = CeH5) picrate, 
58463-60-8; III, 58463-61-9; sulfuric acid, 7664-93-9; p-tosyl chloride, 
98-59-9; potassium permanganate, 7722-64-7; diphenylsulfoximine, 
22731-83-5; p-methylperbenzoic acid, 937-21-3; diphenyl-AT-acetyl- 
sulfilimine, 42397-41-1; diphenyl-N-benzoylsulfilimine, 39149-60-5; 
benzoyl anhydride, 93-97-0; p-nitrophenyl-N-acetylphenylsulfilimine, 
58463-62-0; diphenyl-AI-phthalylsulfilimine, 58463-63-1; diphenyl- 
IV-succinylsulfilimine, 58485-81-7; diphenyl-AI-ethylcarboethoxysul- 
filimine, 39149-62-7; ethyl chloroformate, 541-41-3; diphenyl-TV- 
(Af'-ethylcarbamoyl)sulfilimine, 58463-64-2; ethyl isocyanate, 109- 
90-0; diphenyl-IV-(IV'-phenylcarbamoyl)sulfilimine, 42397-43-3; di- 
phenyl-Af-(IV'-phenylthiocarbamoyl)sulfilimine, 58463-65-3; phenyl 
thioisocyanate, 103-72-0; diphenyl-IV-(5-hydroxyvaleroyl)sulfilimine, 
58463-66-4; 6-valerolactone, 542-28-9; diphenyl-IV-acetoacetylsul- 
filimine, 58463-67-5; phenyl thiobenzoate, 884-09-3; ethyl acetoace
tate, 141-97-9.
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Diazotization of 3-aminobenzo[6]thiophene-2-carbonitrile in hydrochloric acid yielded 4-chloro[l]benzothieno- 
[3,2-d]-e-triazine. Various derivatives were prepared by nucleophilic displacement using methoxide, methylamine, 
dimethylamine, hydrazine, and hydroxide ion. The parent heterocycle, [l]benzothieno[3,2-d]-u-triazine, was ob
tained by oxidation of the hydrazine derivative.

Diazonium ion condensation with an adjacent nucleophil
ic function to form a five- or six-m em bered ring has proved 
valuable for synthesizing various nitrogen heterocycles. 
Am ong these are numerous 1,2,3-benzotriazines, including
4-ones from carboxam ides ,1 4-imines from  am idines ,2 3- 
amino-4-ones from carboxhydrazides,3 3-oxides from oximes,4 

and 4-am ino-3-oxides from  am idoxim es .5 Other examples 
involving cyclization with nitrogen nucleophiles include the 
preparation o f benzothiatriazine S ,S -  dioxides from  sulfon
amides6 and benzotriazoles from  amines.7 Examples o f  cy 
clization with carbon nucleophiles are the synthesis o f  4-cin- 
nolones from  ketones8 and nitroindazoles from  activated 
methyl functions .9 Indazole itself has been prepared in high 
yield from  diazotized o-toluidine .10

W e were unable to find any examples in the literature that 
involved condensation o f a diazonium ion with an adjacent 
cyano function. Therefore, we were surprised when the 
product obtained by  diazotization o f  3-am inobenzo[b]thio- 
phene-2-carbonitrile (la)11 in hydrochloric acid was 4-chlo- 
ro[l]benzoth ieno[3,2-d]-i)-triazine (2a, 77% yield). T he 
product underwent normal halide displacement with a variety 
o f  nucleophiles, including m ethoxide ion, methylamine, d i
methylamine, and hydrazine, to yield the derivatives 2b (87%), 
2c (70%), 2d (63%), and 2e (55%), respectively. Complex 
mixtures were obtained with ammonia, azide, and excess 
methyl mercaptan anion, indicating possible triazine ring 
fission with these nucleophiles. Oxidation o f the hydrazine 
derivative 2e with mercuric oxide 12  yielded the parent het
erocycle 2f (54%). The ultraviolet spectrum o f 2f was similar 
to that o f  2a (see Experimental Section).

An unequivocal synthesis o f  2a was attem pted by, first o f 
all, hydrolyzing la  in alcoholic potassium hydroxide to form 
the carboxamide lb (82%). Diazotization o f lb in sulfuric acid

yielded the triazinone 3 (8 8 % ) . 13 Attempts to prepare 2a from 
3 utilizing standard reagents (phosphorus oxychloride, 
phosphorus trichloride, and thionyl ch loride-D M F ) were 
unsuccessful, apparently owing to the instability o f the tria
zine ring. Nevertheless, a proof o f structure was accomplished 
by treating 2a with aqueous potassium hydroxide and o b 
taining a triazinone (79%) identical in all respects with 3. 
When 3 was subjected to the same reaction conditions utilized 
in the form ation o f 2a from  la, it was recovered unchanged, 
indicating that it is not an intermediate in that transforma
tion.

la , R =  CN 
b, R = CONH2 b, X =  OCH3

c, X =  NHCH3

d, X  =  N(CH3)2

e, X =  NHNH2

f, X =  H

3

The scope o f this interesting triazine ring closure will receive 
our further attention. No evidence for the presence o f  4- 
ch loro -l,2 ,3 -benzotriazine was found when anthranilonitrile
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was diazotized under identical reaction conditions. The only 
product isolated after chromatography was the corresponding 
linear triazine (9%) formed by condensation o f the diazonium 
ion with unreacted anthranilonitrile. Similarly, diazotization 
o f  3-am ino-4-chloro-2-benzofurancarbonitrile14 under the 
same conditions led to a com plex mixture.

The fact that both o f these aminonitriles failed to undergo 
the cyclization probably indicates stabilization o f the diazo
tized la  intermediate by the sulfur atom. A possible m echa
nism could involve the intermediacy o f an imidoyl chloride , 10 

whose geometry would be suitable for condensation with the 
adjacent diazonium ion.

Experimental Section16
3- Aminobenzo[b]thiophene-2-carboxamide (lb). A solution 

containing 4.4 g (25 mmol) of la11 and 2.2 g of potassium hydroxide 
in 100 ml of alcohol was refluxed for 4 h. The mixture was cooled and 
filtered to yield 3.9 g (82%) of product, mp 218-220 °C.

Anal. Calcd for C9H8N2OS: C, 56.23; H, 4.19; N, 14.57. Found: C, 
56.25; H, 4.30; N, 14.27.

4- Ch]oro[l]benzothieno[3,2-</]-v-triazine (2a). To a cold slurry 
(ice bath) containing 4.4 g (25 mmol) of la ,11 30 ml of concentrated 
hydrochloric acid, and 30 ml of acetic acid was added dropwise a so
lution containing 2.1 g (30 mmol) of sodium nitrite in 20 ml of water. 
The mixture was warmed to room temperature and stirred for 2 h and 
then poured into ice water. The solid was collected and crystallized 
from DMF-water to yield 4.2 g (77%) of product: mp 163-165 °C dec; 
uv Amax (alcohol) 225 nm (e 26 100), 267 (18 070), 315 (sh).

Anal. Calcd for C9H4CIN3S: C, 48.77; H, 1.82; N, 18.96. Found: C, 
48.55; H, 1.96; N, 19.08.

4-Methoxy[l]benzothieno[3,2-<f]-v-triazine (2b). A solution 
containing 2.2 g (10 mmol) of 2a and 0.7 g (12 mmol) of sodium 
methoxide in 100 ml of methanol was refluxed for 1 h. The mixture 
was cooled and filtered to yield 1.9 g (87%) of product, mp 165-167 
°C dec.

Anal. Calcd for C10H7N3OS: C, 55.29; H, 3.25; N, 19.34. Found: C, 
55.05; H, 3.47; N, 19.25.

4-(Methylamino)[l]benzothieno[3,2-(f]-v-triazine (2c). Me-
thylamine was bubbled into a refluxing solution of 4.4 g (20 mmol) 
of 2a in 100 ml of absolute alcohol for 1 h. The mixture was cooled and 
the solid was collected. Crystallization from alcohol-water yielded
3.1 g (70%) of product, mp 231-232 °C dec.

Anal. Calcd for Ci0H8N4S: C 55.54; H, 3.73; N, 25.91. Found: C, 
55.81; H, 4.02; N, 25.93.

4-(Dimethylamino)[l]benzothieno[3,2-if]-v-triazine (2 d).
Dimethylamine was bubbled slowly into a solution containing 2.0 g 
(9 mmol) of 2a in 50 ml of DMF at 100 °C for 90 min. The mixture was 
cooled and filtered to yield 1.3 g (63%) of product, mp 207-209 °C dec.

Anal. Calcd for CUH10N4S: C, 57.37; H, 4.38; N, 24.31. Found: C, 
57.43; H, 4.61; N, 24.27.

4-Hydrazino[l]benzothieno[3,2-d]- v-triazine (2 e). A solution 
of 2.5 g (12 mmol) of 2a and 10 ml of hydrazine hydrate in 75 ml of 
alcohol was refluxed for 2 h. The mixture was cooled and the solid was 
collected. Crystallization from DMF-water yielded 1.3 g (55%) of 
product, mp 194-196 °C dec.

Anal. Calcd for C9H7N5S: C, 49.76; H, 3.25; N, 32.24. Found: C, 
49.99; H, 3.27; N, 32.43.

[l]Benzothieno[3,2-d]-v-triazine (2f). A mixture containing 2.1 
g (10 mmol) of 2e and 5.4 g (25 mmol) of mercuric oxide in 130 ml of 
water was refluxed for 4 h. The slurry was cooled and filtered. The 
crude solid was triturated with hot ethyl acetate. Filtration and re
moval of the solvent yielded a residue which was chromatographed 
on silica gel (Woelm, 250 g) using ethyl acetate-hexane (1:1) as the 
eluent. The solid obtained was crystallized from alcohol-water to yield 
1.0 g (54%) of product: mp 190-191 °C dec; uv Amax (alcohol) 225 nm 
(e 25 770), 265 (14 810), 320 (sh).

Anal. Calcd for C9H5N3S: C, 57.74; H, 2.67; N, 22.44. Found: C, 
57.82; H, 2.81; N, 22.41.

[l]Benzothieno[3,2-d]-v-triazin-4(3H)-one (3). Method A. A
solution of 2.2 g ( 10  mmol) of 2 a and 1 .0  g of potassium hydroxide in 
75 ml of water was refluxed for 30 min. The mixture was cooled and 
acidified with concentrated hydrochloric acid. The solid was collected 
and crystallized from DMF-water to yield 1.6 g (79%) of product: mp 
179-181 °C dec (lit.13 mp 180-182 °C); uv Amax (alcohol) 234 nm (« 
31 275), 253 (17 575), 320 (6375).

Anal. Calcd for C9H5N3OS: C, 53.19; H, 2.48; N, 20.68. Found: C, 
53.47; H, 2.62; N, 20.90.

Method B. To a cold mixture (ice bath) of 1.3 g (18 mmol) of so
dium nitrite in 30 ml of concentrated sulfuric acid was added dropwise 
a solution containing 3.5 g (18 mmol) of lb  in 35 ml of acetic acid. The 
mixture was stirred for 30 min and then poured into ice water. The 
crude solid was collected and crystallized from DMF-water to yield
2.3 g (63%) of product, mp 185 °C dec. Concentration of the mother 
liquors yielded an additional 0.9 g of product, mp 185 °C dec. The 
combined yield was 3.2 g (88%). This product was identical with that 
obtained by method A (NMR, ir, and uv spectra).
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Metalation of 2-(alkylthio)-2-oxazolines (6-12) followed by addition of a variety of carbonyl compounds leads to 
thiiranes 17 in 60-70% yield. The process is also useful for the direct synthesis of alkenes and dienes by extrusion 
of the sulfur from thiiranes. In many cases a high degree of stereoselectivity is observed in the alkene formation. 
An asymmetric synthesis of chiral thiiranes has also been achieved providing these substances in 19-32% enantiom
eric excess.

Thiiranes, known for over 50 years, have been the subject 
o f  several reviews2 which have dealt mainly with their prep
arations and reactions. Although reaction o f thiiranes with 
nucleophilic reagents leading to olefins is now a well-known 
process,2e’3 the synthetic utility o f  this transformation has only 
recently been appreciated .4’5 From  the past literature the 
preferred route to thiiranes has been by conversion o f epoxides 
and vicinally substituted ethane derivatives.2’6 Additions o f 
organometallics to thioketones is an interesting route2d,e but 
the availability and inherent instability o f thiocarbonyls have 
deterred this m ethod from  further developm ent.

In recent years, a variety o f  methylene transfer reagents 
have been cleverly em ployed7’8 to convert carbonyl com 
pounds to oxiranes (Scheme I). Thus, sulfur ylides have added

Scheme I

+ v /C H 2- ^ G ^
X  +  CH2— G — *• ^  )  — -  v A x  +  G

X -
X =  0, S, NR; G =  SMe2, SOMe2, S(NMe2)OPh, S(NTsNa)OPh

smoothly to carbonyls (X  =  0 )  affording a variety o f  oxiranes. 
This process would seem to be most attractive for reaching 
thiiranes if the thiocarbonyls (X  =  S) were a more accessible 
functional group. Unfortunately, as m entioned above, this is 
not the case. A more viable route to thiiranes using carbonyl 
com pounds would be in hand if a thiom ethylene transfer re
agent ( “ CRoSG) were readily accessible (Scheme II). Such a

"O — G

(R =  H, alkyl, aryl)

reagent would require a group G which allows ready O for S 
substitution while also perform ing as a good leaving group. 
Several reports have recently appeared utilizing this concept 
where the thiom ethylene transfer group originates from  sul
fur-stabilized carbanions l ,9 2 ,9,10 3 ,9 and 4 . 1 1  T he lithio 
thiocyanate failed to undergo reaction leading to thiiranes 
whereas 2, 3, and 4 indeed gave thiiranes in varying yields.

LiCH2SCN

1

Li
3 4

It is now desirable to fully describe our results using 4 and 
its homologues as an efficient thiomethylene transfer reagent 
producing a variety o f thiiranes, both achiral and chiral, as well 
as the conversion o f the latter to  various olefins. In one in 
stance a chiral olefin was prepared (vide infra). The sequence 
leading to the 2 -(alkylthio)-2 -oxazolines 6 - 1 2  is shown in 
Scheme III. Alkylation o f oxazolidine-2-thione 512  with various

Scheme III

5 6, R =  H
7, R =  Me
8, R =  CH2= C H
9, R =  Ph

10, R =  C02Et

Me
11 12

primary alkyl halides and sodium hydride gave the thioalkyl 
oxazolines 6-10 whereas metalation o f 9 (BuLi) and 10 (LDA) 
followed by addition o f methyl iodide gave 11 and 1 2 . The 
yields o f  6-12 ranged from  56 to  94% and they are easily pre
pared in multigram quantities.

Treatm ent o f  the 2-alkylthio-2-oxazolines 6, 8, 9, and 11 
with n-butyllithium ( -7 8  °C, T H F) gave the lithio derivative 
13 as a yellow-orange solution after 2 h. Addition o f a carbonyl 
com pound at —n8 °C  and allowing the mixture to warm to 
am bient temperature resulted in the form ation o f  thiiranes 
17 in yields ranging from 60 to 70% (Table I). The one-pot 
process may be depicted as passing through the intermediates 
14, 15, and 16 in a fashion similar to that reported by Hirai 
utilizing thiazolines . 13 The sequence outlined in Scheme IV 
therefore fulfills the general requirements set forth in Scheme 
II. The ejection o f the lithio oxazolidinone 18 as the requisite

PhCHS-

Scheme II
R

^ = 0  +  “ C— S— C

R
R \ / R

,C— S

* 0 -
V

V R
,c — s :

1*0— G
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Table I. Thiiranes (17 ) and Olefins (20 ) from  2-(A lkylthio)-2-oxazolm esa

% yield*

Entry Oxazoline R Carbonyl com pd Registry no. Thiirane 17 Yield,* % Olefin (E/Z)c A d Be

1 6 (R ,= H)

2 6 (R  = H)

3 6 (R  = H)

4 6 (R  = H)

5 6 (R  = H)

6 6 (R = H )

7 6 (R  = H)

CHO 111-71-7

2043-61-0

12093-10-6

H

8 6 (R  = H)

9 6 (R  = H)

10 6 (R  = H)

11 6 (R  = H)

12 6 (R  = H)

13 6 (R  = H)

o

932-66-1

14371-10-9

529-34-0

6606-34-4

110-13-4

583-60-8

h

h

h

14 6 (R  = H)

T H P O "^ "

15 9 (R  = Ph) PhCHO

16 9 (R  = Ph)

17 9 (R  = Ph) P h . . _

18 9 (R  = Ph) C r °

CHO

h

h

Me
1 Ph

19 11 (R  = PhCH) ) = 0 119-61-9
Ph

Me Oil
20

1
11 (R  = PhCH) A } 712-50-5

21 8 (R  = C H = C H ,) PhCHO

22 8 (R  = C H = C H J

h

h

h

h

70 f

71/ Pĥ ^ ph (8 6 /1 4 ) 81

Fh Ph

) = {  62
Me Ph 

Ph Me

(9 7 /3 )
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Table I (F o o tn o t e s )
a Literature references for all known compounds and physical data for all new compounds are given in the Experimental 

Section, b Purified by chromatography and/or bulb-to-bulb distillation (see Experimental Section for typical procedural de
tails). Products are > 95%  pure by VPC, NMR, and TLC. c Mixtures determined by VPC using a Hewlett-Packard 5750 instru
ment containing a 6 ft X 0.125 in. column packed with 10% UCW-98. d Obtained by desulfurization of the thiirane; yield 
based on thiirane. e Thiirane.not isolated in pure form and desulfurization performed on crude thiirane; yield based on car
bonyl compound. / Olefin not prepared. 8 Yield in parentheses based on recovered ketone. Thiirane decomposes at 125 °C. 
h Crude thiirane contained varying amounts of olefin (5 —30% ) and was taken directly to the olefin. 'The NMR spectrum in 
benzene-d6 was completely consistent with the exo structures shown. If the NMR spectrum is taken in deuteriochloroform, 
traces of HC1 present in this solvent effects a slow isomerization to the endo (homoannular diene) compound. / Present as a 
mixture containing 85.5% trans and 14.5% cis isomers, k present as a mixture containing 55% trans and 45% cis isomers.

Scheme IV

leaving group was confirmed by  isolation o f the oxazolidinone
19. In many instances (Table I, entries 1-7 , 13-16), the thi- 
iranes were isolated as stable products. However, in those 
cases where the thiiranes contained an a-aryl or a -vinyl sub
stituent (entries 8-11, 17-22), their thermal instability re
sulted in facile sulfur extrusion, producing thiiranes con 
taminated with varying amounts o f  diene or styryl systems. 
In this event, it was expeditious to by-pass the thiirane and 
transform the mixture directly to the olefinic product by 
heating with triphenylphosphine or triethyl phosphite. It is 
clear from  the results in Table I that the alkylthio oxazolines 
are useful and efficient reagents for either the synthesis o f 
thiiranes and/or the olefination o f carbonyl compounds.

In order to assess the nature o f  this facile conversion o f 
carbonyls to thiiranes, a study was perform ed to attem pt 
isolation, by trapping, o f the various intermediates 14,15, and 
16 in Scheme IV.

Oxazoline 6  (R  =  FT =  H ) was metalated at —78 °C  with 
n-butyllithium and treated with cyclohexanecarboxaldehyde. 
After 5 min and 1.5 h, while maintaining the temperature at 
—78 °C, the reaction was quenched with chlorotrimethylsilane 
and the only product isolated was the silyl ether 21. Further
more, if  the initial adduct 14 was treated with chlorotri
methylsilane at —50, —25, and 0 °C  the only product once 
again was 21 although traces (1-5% ) o f  thiirane and 19 could 
be detected (T L C , N M R ) from  the 0 °C reaction. It is there
fore concluded that the intramolecular addition o f the lithium 
alkoxide to the C = N  o f  the oxazoline (14 —  15) takes place 
mainly between 0 °C  and room temperature. A number of 
attem pts were made to trap the intermediate 16 prior to

fragmentation but this process is apparently too  rapid for 
interception.

Missing from Table I are thiiranes and olefins derived from
2-ethylthio- and 2-carboethoxym ethylthiooxazolines 7 and 
10, respectively. In the former case, it was not possible to 
metalate the «-m ethylene group although a number o f d if
ferent bases and solvents were em ployed. It appears that the 
kinetic acidity o f  the «-m ethylene group is too low for proton 
removal unless there is present (except for CH 3S -)  an acti
vating group such as phenyl, vinyl, carbomethoxy, cyano, etc. 
This behavior has also been noted by others.9'13  In the case o f 
the carboethoxym ethylthiooxazoline 1 0 , the a  proton was 
readily removed by lithium diisopropylam ide (—78 °C ) and 
then treated with n-heptaldehyde. W orkup after the reaction 
mixture reached room  temperature gave no thiirane or evi
dence o f the «,/S-unsaturated ester, but only 22 (X  =  H) in 81%

L D A

Et02c  S « - c 6h 13c h o ’ "

10
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Scheme V

Rs =  small group, [0X| =

Rl =  large group

yield. Prolonged heating o f the intermediate alkoxide (X  = 
Li or Na) in T H F  or benzene at reflux returned mainly 
starting unreacted adduct 2 2  and some decom position prod
ucts. It is therefore apparent that the intermediate lithio ad
duct 2 2  is simply too  stable in its chelated form  to undergo 
rearrangement and fragmentation to the thiirane.

W hen 2-alkylthio-2-oxazolines 8 , 9, and 11 are metalated 
and treated with carbonyl com pounds, the resulting olefinic 
products were mixtures o f  E /Z  isomers (Table I, entries 9, 
15-17, 20-22). Except for 1-phenyl-l-octene (entry 16), which 
gave a 1.5:1 mixture o f E /Z  isomers, all the others were heavily 
in favor o f  the E  isomer. This high degree o f  stereoselectivity 
can be readily understood by the formulations in Scheme V 
which show that carbonyl approach to  the lithio thioalkyl 
oxazoline will occur to minimize nonbonded interactions (23). 
T he resulting adduct 24 upon rotation to 25 now is properly 
aligned to  allow S to  O oxazoline transfer furnishing 26. By 
180° rotation the sulfide is now in a position to displace the 
oxazolidinone anion (27) producing the thiirane 17. The latter 
is desulfurized via the stereospecific extrusion process313 

providing the olefins 20. That the olefin E , Z  com position is, 
in fact, directly related to the geometric com position o f the 
thiiranes was dem onstrated in two instances. T he thiiranes 
in entries 15 and 16 (Table I) were examined by  N M R  after 
purification by preparative layer chromatography. The N M R 
spectrum for 1,2-diphenylthiirane exhibited singlets at § 7.37 
(s, 10) and 3.97 (s, 2) for the trans isomer and 5 7.13 (s, 10) and
4.39 (s, 2) for the cis isomer in agreement with results pre
viously obtained by Ketchum .14 The integrated ratio for these 
signals indicated an 86:14 mixture o f the trans to cis thiiranes. 
In a similar fashion, l-phenyl-2-(n-hexyl) thiirane (entry 16,

Table I) showed benzyl proton signals at 5 4.13 (q) and 3.58
(d) in a ratio o f  55:45 suggesting that this thiirane had form ed 
as an approximately equal mixture o f isomers. Desulfurization 
o f these thiiranes gave olefins in essentially the same isomeric 
ratio (Table I, entries 15,16) thus confirming that the olefins 
produced in this study possess stereochemical com positions 
virtually identical with those for the thiirane precursors. The 
alkene and diene E , Z  ratios reported in Table I were all de 
termined by gas chromatography. Assignment o f  the E  isomer 
in entry 2 0  as the major product was perform ed by ultraviolet 
spectroscopy since the com pound had not been previously 
reported. The olefin exhibited an ultraviolet m axim a at 217 
and 247 nm as com pared to  218 and 240 nm for the known 
( E ) -2,3-diphenyl-2-butene .15

Chiral Thiiranes and Alkenes. Owing to the successful 
implementation o f chiral oxazolines in asymmetric syntheses 
o f various chiral carboxylic acids ,16 it was o f  interest to  d e 
termine whether chiral thiiranes could be generated utilizing 
a chiral oxazoline. Tow ard this end, the chiral 2-thiom ethyl 
oxazoline 30 was prepared starting from  the m ethoxy am ino 
alcohol 2816 and treatment with carbon disulfide which gave 
the thione 29. M ethylation o f the latter using sodium hydride

Ph

jltaney Ni. benzene

(R)-34 OAc
(R)-37 (Rs =  H, R l =  rc-hexyl) 
(Ry38 (Rg =  H, RL =  cyclohexyl)

(4S,5S)-35

furnished the desired chiral oxazoline. Treatm ent o f  30 with 
lithium diisopropylam ide gave the lithio salt 31 which on 
addition o f various carbonyl com pounds at —95 °C  furnished, 
after aqueous quenching, the chiral thiiranes 34 in 48-70%  
yield and in enantiomeric purities o f 19-32% (Table II). Since
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Table I I .  Chiral Thiiranes 34 from (4S,5S)-2-Thiomethyloxazolines

Entry Carbonyl compd Thiirane Registry no.
%

yield3 W l i ,
% ee

(confign)

1 58396-31-9 53 —3.45 (c  13.3, hexane) 21 (J?)c

2
a ° ( X

58396-32-0 67 —0.42 (c 7.1, hexane) d

3
a " 0

s

c r 58396-33-1 64 +8.50 (c 14.5, PhH) 32 ± 6 (R )c

4 PhCHO 33877-15-5 48 —8.2 (c 2.2, heptane) 19 (R )b

5

0

o 1 58396-34-2 70 +4.95 (c 9.1, PhH) ( R r

a Yields are of distilled or chromatographed products o f >96% purity (VPC) . b Based on literature value; see ref 17. cCon- 
figurations based on the corresponding acetates (see text). d Product was a diastereomeric mixture which was not separated 
but taken to the chiral olefin 39.

among the examples studied only phenylthiirane 34 (Rl = Ph; 
Rs = H) had been reported17 and chiral shift reagents failed 
to provide enantiomeric compositions, an alternative route 
was investigated. As mentioned earlier, the rearrangement- 
fragmentation (32 to 33 to 34) occurs mainly above 0 °C and 
thus it appeared possible to trap 32 as its acetate 36. Reductive 
cleavage using Raney nickel furnished the chiral acetates 37 
and 38. This scheme provided a measure of the asymmetric 
induction using the assumptions that (a) nucleophilic dis
placement by sulfide in 33 proceeds purely by inversion and
(b) Raney nickel desulfurization of 36 affords the acetates 37 
and 38 without racemization. If these conditions are met, then 
the acetates 37 and 38 possess enantiomeric purities and ab
solute configurations equal to that of the corresponding thi
iranes 34 (Rl = n-hexyl, Rs = H; RL = cyclohexyl, Rs = H). 
Thus, the chiral thiiranes in Table II (entries 1 and 3) are as
signed the R  configuration and their percent enantiomeric 
excess is based upon the known rotation for ( R ) - ( —)-2-octyl 
acetate (37)18 and the enantiomeric purity of 1-cyclohexyl-
1-acetoxyethane (38). The latter was determined by use of a 
chiral shift reagent, Eu Optishift II, and its configuration has 
been previously assigned as 7?.19

The mechanism, as currently depicted for this asymmetric 
synthesis of thiiranes, indicates that the carbonyl group ap
proaches the lithio alkylthio oxazoline 31 from the underside, 
such that the carbonyl oxygen may be complexed to the che
lated lithium cation. The chelation as shown in 31 is in direct 
analogy with other chiral oxazolines which have been reported 
to alkylate in a similar manner.16 In order to account for the 
configuration of the thiiranes, it is necessary to assume that 
the carbonyl group aligns itself under 31 in such a manner that 
the larger group (Rl) in the carbonyl component is as far away 
from the sulfur atom (si face) as possible since the reverse 
orientation (ri face) results in serious nonbonded interactions 
with the sulfur atom. This interaction is supported by exam
ination of space filling models (Ealing). A similar orientation 
for carbonyl alkylation has already been discussed earlier with 
respect to the racemic thiiranes. If this mechanism is correct, 
then all the chiral thiiranes prepared in this study should be 
configurationally related, namely R .  In a single instance, the 
chiral thiirane derived from 2-methylcyclohexane (Table II, 
entry 2) was heated with triphenylphosphine and provided 
a 69% yield of the chiral olefin 39. The enantiomeric purity was 
found to be 30 ±  5% as determined by adding silver trifluo- 
roacetate to the sample which contained Eu Optishift II.20 The 
absolute configuration of 39 is unknown.

39, [ a ] 576 -0.45° (c 11, hexane) 

Experimental Section
2-(Methylthio)-4,4-dimethyl-2-oxazoline (6). A solution of 26.2 

g (200 mmol) of 4,4-dimethyloxazoline-2-thione (5)12 in 250 ml of dry 
THF was added dropwise, with stirring (N2) to 10.6 g (220 mmol) of 
50% sodium hydride-mineral oil which had been previously washed 
with hexane (2 X 25 ml) to remove the mineral oil. Hydrogen evolution 
was complete after 2 h at room temperature. The resulting white 
suspension was then treated with 37.0 g (260 mmol) of methyl iodide 
in 20 ml of dry THF at ice bath temperature. The reaction mixture 
was warmed after 1 h at 0 °C to room temperature and partitioned 
between ether (100 ml) and saturated brine (150 ml). The aqueous 
phase was further extracted with ether (2 X 100 ml), the combined 
ethereal solutions were dried (MgSCU) and concentrated, and the 
residue was distilled to give 25.0 g of a clear oil (86%), bp 82-84 °C (44 
mm).21

2-(Ethylthio)-4,4-dimethyl-2-oxazoline (7). In a similar manner 
to that described above, using ethyl iodide, the product was formed 
in 85% yield: bp 132-134 °C (82 mm); ir (film) 1610 cm-1; NMR 
(CDCI3) S 4.0 (s, 2), 2.97 (q, 2), 1.20-1.53 (s superimposed on t, 9).

Anal. Calcd for C7H13NOS: C, 52.83; H, 8.18. Found: C, 52.71; H,
8.11.

2-(Allylthio)-4,4-dimethyl-2-oxazoline (8) was prepared from 
allyl bromide, 5, and sodium hydride furnishing 16.1 g (94%) of 8: bp 
55 °C (0.25 mm); ir (film) 1610, 1640, 3080 cm-1; NMR (CDCI3) S 
5.67-6.30 (m, 1 ), 5.00-5.46 (m, 2), 4.00 (s, 2), 3.65 (d, 2, J  =  6 Hz), 1.31 
(s, 6).

Anal. Calcd for CgHiaNOS: C, 56.10; H, 7.65. Found: C, 56.10; H,
7.77.

2-(Benzylthio)-4,4-dimethyl-2-oxazoline (9) was prepared from 
2.0 equiv of benzyl chloride and 5: 79% yield; bp 123 °C (0.3 mm); ir 
(film) 1610, 3015,1500,1440 cm-1; NMR (CDC13) <5 7.33 (s, 5), 4.26 
(s, 2), 4.02 (s, 2), 1.32 (s, 6).

Anal. Calcd for C12H15NOS: C, 65.12; H, 6.83. Found: C, 65.37, H,
6.99.

2-(Carboethoxymethylthio)-4,4-dimethyl-2-oxazoline (10) was
prepared from ethyl a-bromoacetate, 5, and sodium hydride: 56% 
yield; bp 79-81 °C (0.1 mm); ir (film) 1610,1740 cm"1; NMR (CDC13) 
<5 4.21 (q, 2), 4.04 (s, 2), 3.80 (s, 2), 1.25 (t, 9).

Anal. Calcd for C9H15NO3S: C, 49.77; H, 6.91. Found: C, 49.88; H,
6.88.

2-(a-Phenethylthio)-4,4-dimethyl-2-oxazoline (11). A solution 
of 5.5 g (25 mmol) of 2-(benzylthio)-4,4-dimethyloxazoline (9) in 175 
ml of dry THF was cooled (N2) to —78 °C and treated with 11.5 ml of
2.3 M re-butyllithium in hexane (26.5 mmol). The resulting red-orange 
solution was stirred for 2 h at —78 °C and treated with 3.90 g (27 
mmol) of methyl iodide. The reaction mixture was slowly allowed to
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Table III. Physical Data for Thiiranes 17

Thiirane entry
Registry no. (from  Table I) NMR (CDCI3), 5 Mp, °C

58437-20-0 1 2 .7 0 -3 .1 7  (m , 1), 2.50 (d, 1, J =  6 Hz), 2.17 (d, 1, J =  6 
Hz), 0 .6 -2 .0 0  (m, 13)

a

58437-21-1 2 2 .5 2 -2 .9 7  (m , 1), 2.50 (d, 1, /  = 6 Hz), 2.20 (d, 1, J = 6 
Hz), 0 .7 3 -2 .1 3  (m , 11)

b

58462-45-6 3 4 .3 0 -4 .6 6  (m, 9), 3 .3 0 -4 .3 0  (m, 3) > 2 0 0  dec
58437-22-2 4 2 .3 6 -2 .4 6  (m, 2), 1 .0 0 -2 .1 0  (m, 8 ) 1.50 (s, 3) c
58396-35-3 5 2.43 (s, 2), 1 .1 6 -2 .4 0  (m, 14) b
58396-36-4 6 7.26 (s, 5), 3.03 (q, AB, J = 2, 14 Hz, 2) (d, J = 6 Hz, 2), 

1.50 (s, 3)
c

58396-37-5 7 2.34 (br d , J  = 8 Hz, 2 ), 0 .8 0 -2 .4 0  (m, 16) b
13 2.35 (br d, J  = 5 Hz, 2), 1 .1 5 -2 .2 0  (m, 9), 1.01 (d, J = 7 

Hz, 3)
b

58396-38-6 14 5 .2 3 -5 .4 6  (m, 1), 4 .6 0 -4 .8 6  (m, 1), 3 .2 0 -4 .1 7  (m, 2), 
0 .6—2.80 (m, 33) includes Me at 0.90 (s, 3), 1.00 (s, 
3), 2.46 (br d , J =  8 Hz, 2)

138—140c

57694-36-7
3372-81-4

15 trans 7.37 (s, 10), 3.97 (s, 2) 
cis 7.13 (s, 10), 4.39 (s, 2)

52—54d

58396-39-7 16 7 .3 0 -7 .3 5  (br s, 5), 4.13 (q, 0 .5 ), 3.58 (d, J = 5 Hz, 0 .5) b
a C. G. M oore and M. Porter, J. Chem. Soc., 2062 (1958). b Since these thiiranes were transformed into olefins, the latter

were characterized (cf. Table IV). 
J. Org. Chem., 28, 229 (1963).

Table IV.

c Analysis perform ed and gave ±0.4% o f  calculated values. d R. Ketchum and V  

Trimethylsilyl Chloride Trapping o f  A lkoxide 14. Formation o f  21

. P. Shah,

Temp o f TLC, Rf Ir, cm  '
aliquot,11 °C (benzene) (film ) N M R (C D C L ), 5 Products

—78 (5 min) 0.55 1610 4.00 (s; 2), 3 .5 0 -3 .8 7  (m, 1), 3 .0 0 -3 .2 0  (dd, 
2), 0 .6 6—2.00 (m, 17), 0.13 (s, 9 )

21

—78 (90 min) 0.55 1610 4.00 (s, 2), 3 .5 0 -3 .8 7  (m, 1), 3 .0 0 -3 .2 0  (dd, 
2), 0 .6 6 -2 .0 0  (m, 17), 0.13 (s, 9)

21

—50 (90 min) 0.55 1610 4.00 (s, 2), 3 .5 0 -3 .8 7  (m, 1), 3 .0 0 -3 .2 0  (dd, 
2), 0 .6 6 -2 .0 0  (m, 17), 0.13 (s, 9)

21

—25 (90 min) 0.55 1610 4.00 (s, 2), 3 .5 0 -3 .8 7  (m, 1), 3 .0 0 -3 .2 0  (dd, 
2), 0 .6 6 -2 .0 0  (m, 17), 0.13 (s, 9)

21

0 (90 min) 0.55, 0.90 
(faint)

1610 Same as above plus small peak at 0.37 21 + 19h

25 (30 min) 0 .9 ,0 .1 5 , 1740 (s) Weak signals for 21, 3.93 (s), 1.37 (s), 0.37 (s), 
0.55 (faint) 1610 (w ) 2.20 (d, J = 6 Hz), 2.50 (d, J = 6 Hz), 2 .5 2 -

17,c 19*

2.97 (m )
a Elapsed time after addition o f  cyclohexanecarboxaldehyde in parentheses, * Product is 19 as its IV-trimethylsilyl ether. 

c Product is 2-cyclohexylthiirane.

warm to room temperature (~3 h) and the reaction mixture parti
tioned between ether and saturated brine. The aqueous layer was 
extracted once with ether and the combined ethereal extracts were 
dried (MgSC>4) and concentrated. Distillation gave 5.2 g (89%) of pure 
material (by VPC): bp 116-117 °C (0.1 mm); ir (film) 3030,1605 cm-1; 
NMR (CDC13) S 7.33 (s, 5), 4.78 (q, 1), 3.95 (s, 2), 1.75 (d, 3), 1.3 (s, 6). 
Product was homogeneous by VPC.

Anal. Calcd for C13Hi7NOS: C, 66.34; H, 7.28. Found: C, 66.26; H,
7.39.

Ethyl ffi-(4,4-Dimethyloxazolinethio)propionate (12). A solution 
of 2.17 g (10 mmol) 10 in 50 ml of dry THF was cooled to —78 °C (N2) 
and treated with lithium diisopropylamide (10 mmol in 10 ml of dry 
THF). Stirring was continued for 3 h, 0.7 ml (1.56 g, 11 mmol) of 
methyl icdide added, and the solution allowed to warm to room 
temperature. Aqueous quenching followed by ether extraction and 
concentration gave 1.9 g (82%): bp 83.5 °C (0.06 mm); ir (film) 1610, 
1735 cm-1; NMR (CDC13) S 4.35-4.06 (m, 3), 4.06 (s, 2), 1.63 (d, 3),
1.13-1.50 (s superimposed on t, 9). Product was homogeneous by VPC.

Anal. Calcd for Ci0Hi7N 03S: C, 51.95; H, 7.36. Found: C, 51.99; H,
7.28.

The formation of 12 was also achieved by utilizing the sodium salt 
of 5 (100 mmol) and 16.2 g (100 mmol) of ethyl a-bromopropionate 
according to the procedure given for 6. This provided 20.0 g of 12, 
homogeneous by VPC, in 82% yield.

General Procedure for Thiiranes (17). Method A (Table I) . A 
solution of 10 mmol of 2-(alkylthio)-4,4-dimethyl-2-oxazolines 6, 8, 
9, and 11 in 50 ml of dry THF (0.2 M) under nitrogen at —78 °C was 
treated with 10 mmol of n-butyllithium (hexane). After 2 h at -7 8  
°C, 10 mmol of the carbonyl compound was introduced dropwise via 
syringe either neat (if liquid) or in 10 ml of THF if solid and the re
action mixture stirred for 30 min at -7 8  °C. After warming to room 
temperature (1-2 h) the reaction mixture was quenched in saturated

brine (100 ml) and extracted with 50 ml of ether (twice). The ethereal 
extracts were dried (MgSCq) and concentrated to give the crude thi
iranes along with the oxazolidinone 19. Chromatography (benzene, 
silica gel) gave the pure thziranes (TLC Rf 0.85-0.95) listed in Table
I. Further elution of the silica gel column (benzene-ether, 5:1) pro
vided pure 19, mp 55-56 °C (lit.22 55.6-56.4 °C). Physical data and 
literature references for the thiiranes prepared in this manner are 
given in Table III.

Alkoxide-Trapped Trimethylsilyl Ether 21. A solution of 2- 
(methylthio)-4,4-dimethyloxazoline (6,1.45 g, 10 mmol) in 30 ml of 
dry THF was cooled to — 78 °C (N2) and treated with 4.5 ml of 2.3 M 
n-butyllithium in hexane. After 2.5 h at —78 °C, a solution of 1.12 g 
(10 mmol) of cyclohexanecarboxaldehyde in 5 ml of THF was added 
via a syringe. After 5 and 90 min, aliquots were removed (8 ml) and 
quenched in 5 ml of THF containing 0.3 ml (1.1 equiv) of trimethyl- 
chlorosilane. Similarly, aliquots were taken at —50, —25,0, and 25 °C 
and quenched in the trimethylchlorosilane-THF solution. In all cases, 
the quenching solution was at the same temperature as the aliquot 
removed from the reaction mixture. Workup of each aliquot by ether 
extraction, drying, and concentration gave the results summarized 
in Table IV.

General Procedure for Conversion of Carbonyl Compounds 
Directly to Alkenes 20. Method B (Table I). The general procedure 
for alkylation of the lithio alkylthio oxazolines with carbonyl com
pounds was followed as for thiiranes 17 up to the purification stage 
using column chromatography. Instead of column purification, the 
crude thiirane 17 contaminated with the oxazolidinone 19 was treated 
either with 1.15 equiv of neat triphenylphosphine at 90 °C for 2 h or 
with 1.5 equiv of triethyl phosphite at 90 °C for 2 h. When triphenyl 
phosphine was used, the reaction mixture was allowed to cool, the 
reflux condenser was replaced by a short path distillation head, and 
the olefinic products were distilled. When triethyl phosphite was used
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Table V. Physical Data for Olefins 20

Registry Olefin entry Desulfuriza-
no. (from  Table I) tion reagents Ir, cm~‘ (film ) NMR (CD Clj), S Lit. bp, °C

111-66-0 1 Ph3P 1 6 4 0 ,3 0 7 8 1 1 8 -1 2 0 «
695-12-5 2 Ph3P 1 6 3 8 ,3 0 8 0 125-127&

3618-18-6 5 Ph3P 1 6 3 5 ,3 0 8 0 4.80 (br s, 2), 1 .3 0 -2 .2 6  (m, 154—156e
14)

58396-40-0 7 Ph,P 16 50 ,3 0 8 0 4 .4 6 -4 .7 0  (br s, 2), 0 .7 0 -2 .4 0 200-201«*

13511-13-2
(m, 16)

8 Ph3P 1600. 1660, 5.90 (m, 1), 4.93 (br d, 2), 1.90 4 9 -5 0  (7 m m )«
3080 (s, 3), 1 .5 0 -2 .5 0  (m, 11)

16939-57-4 9 (E tO )3P 1610, 1640 7 .0 3 -7 .5 3  (m , 5), 6 .1 0 -6 .8 0 86 (11 m m )«-/
(m, 3), 5 .00—5.43 (m , 2)

25108-63-8 10 (E tO )3P 1635, 3080 7 .5 3 -7 .8 3  (m , 1), 7 .0 3 -7 .4 6 103 (14 mm)b
(m, 3), 5.50 (br s, 1), 4.96 
(br s, 1), 1 .6 0 -3 .0 0  (m, 6)?

57662-71-2 11 (E tO )3P 1610, 1650, 7 .0 0 -7 .5 0  (m , 4 ), 6.03 (br s, Oil*
3080 1), 4.77 (br s, 2), 1.47 (s, 3), 

1 .1 3 -3 .1 0  (m, 11)?
627-58-7 12 Ph3P 1 6 4 5 ,3 0 8 0 4.70 (br s, 4), 2.17 (s, 4), 1.73 1 1 0 -1 1 2 /

( t , J = 2  Hz, 6)
58396-41-1 13 Ph3P 1642, 3075 4.60 (br s, 2), 0 .7 7 -2 .5 7  (m, 12) 145fc

103-30-0 15 (EtO)jP E, Z mixture 1 1 3 -1 1 6 «
645-49-8

28665-60-3 16 (EtO)jP E, Z  mixture 144 <10 mm y
42036-72-6

538-81-8 17 (E tO )3P E, Z  mixture (mp 141—144)'”
5808-05-9

58396-42-2 18 (EtO)jP 16 00 ,1 5 7 5 7.26 (m , 5), 6.30 (br s, 1), 2 .0 6 - Oil^
2.60 (m, 4), 1 .3 -2 .0 0  (m, 10)

3677-70-1 19 (E tO )3P 1600, 3020 7.33 (s, 5), 7.16 (s, 5), 6.97 (br Oil
s, 5), 2.16 (s, 3)

58396-43-3 20 (E tO )3P 1600, 3020 E, Z  mixture OOP
58396-44-4 21 (EtO ),P Identical with entry 9
58396-45-5 22 (E tO )3P 1 6 5 0 ,1 6 0 0 , 4 .8 5 -6 .7 0  (m , 4), 1 .8 0 -2 .4 6 168-170P

3 0 9 0 ,1 0 1 0 (m, 2), 0 .5 0 -1 .8 0  (m, 11)
a Huntress and Mulliken, “ Identification o f  Pare Organic Com pounds” , Order 1, Wiley, New York, N .Y., 1941, p 586.

6 L. F. Slaugh and E. F . M agoon, J. Org. Chem., 2 1 ,10 37  (10 62 ). « W. T . Brady and A. T). Patel, Synthesis, 565 (1972 ). 
d M. Mousseron and R. Granger, C. R. Acad. Sci., 217, 483 (1943), mixture o f  cis—trans isomers. «P . S. Wharton and B. T. 
A u , J. Org. Chem., 31, 3787 (1966). fO .  Grummitt and E. I. Becker, J. Am. Chem. Soc., 70, 149 (1948). S'Spectrum 
taken in CC14 or benzene-d6; see footn ote  i, Table I. h G. Schroeder, Ber., 58B, 713 (1925). 'Pure sample from  silica gel 
chromatography (benzene). Anal. Calcd for C16H ,8: C, 91 .40; H, 8.57. Found: C, 91 .19; H, 8 .40. i  E. Muller and G. 
Roscheisen, Ber., 90, 543 (1957). k B. Bailey, R. D. Haworth, and J. McKenna, J. Chem. Soc., 967 (1954). ( R. Y . Mixer 
and W. G. Young, J. Am . Chem. Soc., 78, 3379 (1956). m B. B. Corson, “ Organic Syntheses” , Collect. V ol. II, Wiley, New 
York, N .Y ., 1943, p 229; mp for pure trans,trans is 152.5—153.5 °C . « W. Schlenk and E. Bergman, Justus Liebigs Ann. 
Chem., 463, 98 (128). °Pure sample from  silica gel (benzene). Anal. Calcd for CI5H20: C, 90 .00; H, 10.00. Found: C, 
89.89; H, 9.78. PPure sample from  silica gel (benzene). Anal. Calcd for C21H24: C, 91 .25; H, 8.75. Found: C, 90 .96; H,
8.80. 4 H. Fournier, Bull. Soc. Chim. Fr., 13, 884 (1918).

as the desulfurization agent, the mixture was applied to a column 
(silica gel) and eluted with benzene. Physical data for the olefins 
prepared are presented in Table V.

(lS,2£>)-(+)-l-Phenyl-2-aniino-3-m ethoxy-l-propanol (28). 
To a solution of 20.5 g (100 mmol) of (4S,5S)-2-methyl-4-methoxy- 
methyl-5-phenyl-2-oxazoline16,23 in 400 ml of ethanol was added 100 
ml of 12 M aqueous hydrochloric acid (1.2 mol, 12-fold excess). The 
resulting solution was heated under reflux for 8 h, cooled to room 
temperature, and the ethanol removed under reduced pressure. Slow, 
cautious addition to the aqueous residue (ice bath) of KOH pellets 
and ether extraction provided 17.3 g after removal of the ether. 
Crystallization from ether (—78 °C) gave 15.5 g (86%) of 28, mp 48-50 
°C, [a]I9 +25.8° (c 8.55, CHCI3) [lit.16 mp 48-50 °C, [<*]1|9 +24.4° (c
10.6, CHCI3)].

(4S>5S)-(—)-4-Methoxy-5-phenyl-2-oxazolidine-2-thione (29). 
To a solution of 18.1 g (100 mmol) of (+)-28 in 250 ml of dry DMF at 
ice bath temperature was added 6.4 ml (107 mmol) of carbon disulfide, 
and the resulting yellow-orange solution stirred (0 °C) for 1 h. The 
solution was heated in an oil bath (80 °C, 2 h), cooled to room tem
perature, and the residual hydrogen sulfide removed in vacuo in a 
hood overnight. The DMF was evaporated in vacuo and the residue 
partitioned between ether and saturated brine. The ether layer was 
washed with 1 M sodium bicarbonate, followed by 1 M HC1, and fi
nally with water, dried (MgSOi), and concentrated. The residue was 
recrystallized from carbon tetrachloride yielding 15 g (67%) of 29: mp
88-89 °C; [a]|9 -14.4° (c 6.05, CHCI3); ir (CHCI3) 3400, 3200, 
1550-1460 cm“ 1; NMR (CDC13) S 8.17 (br s, 1), 7.43 (s, 5), 5.72 (d, J  
= 6 Hz, 1), 3.93-4.30 (m, 1), 3.43-3.73 (m, 5). Elemental analyses 
performed on the 2-thiomethyl derivative 30 given below.

(4S,5S,)-(-)-2-M ethyIthio-4-m ethoxym ethyl-5-phenyloxa- 
zoline (30). A solution of 11.15 g (50 mmol) of (—)-29 in 125 ml of dry 
THF was added dropwise (N2) to 2.7 g (55 mmol) of a 50% sodium 
hydride suspension (previously washed twice with 20-ml portions of 
hexane). Gas evolution was complete after 1.5 h. The resulting mixture 
was treated with 9.3 g (65 mmol) of methyl iodide in 15 ml of dry THF 
at 0 °C and after 1 h allowed to warm to 25 °C. The mixture was par
titioned between ether (100 ml) and saturated brine (150 ml). The 
aqueous phase was extracted (2 X 75 ml) and the ethereal solutions 
combined, dried lMgSO<i), and concentrated. The residue was dis
tilled, bp 140-142 °C (0.25 mm), to give 9.1 g (80%) of 30: [o]ffg —42.4° 
(c 10.3, CHCI3); ir (film) 1610 cm“ 1; NMR (CDC13) <5 7.35 (s, 5), 5.45 
(d, J  = 6 Hz, 1), 3.97-4.33 (m, 1), 3.33-3.80 (m, 2), 3.43 (s, 3), 2.53 (s,
3).

Anal. Calcd for Ci2H i5N 02S: C, 60.73; H, 6.73. Found: C, 60.82; H,
6.55.

General Procedure for Chiral Thiiranes 34. A solution of 1.2 
g (5 mmol) of 30 in 25 ml of dry THF (0.25 M) was cooled to —78 °C 
(N2) and treated with 1.05 equiv of lithium diisopropylamide. After
4 h at —78 °C, the mixture was cooled to —95 °C and the carbonyl 
compound (1.0 equiv) was added dropwise in 5 ml of THF. The re
action was maintained at —95 °C for 1 h and then allowed to warm 
to 25 °C. The mixture was quenched in saturated brine solution and 
extracted several times with ether, then dried (MgSCh) and concen
trated. The pure thiiranes were obtained by passing through a silica 
gel column using benzene as the eluent. Further elution using ether 
gave the chiral oxazolidinone 35: ir 3300,1760 cm-1; NMR (CDCI3)
5 7.37 (s, 5), 5.3 (d, J = 6 Hz, 1), 4.10-3.73 (q, 1), 3.63-3.40 (m, 2), 3.40 
(s, 3).
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The chiral thiiranes prepared in this manner are presented in Table 
II. No spectra] data are presented for 34 since they were found to be 
identical with their racemic counterparts (17) given in Table III.

Alkoxide Trapped Acetates 36. General Procedure. The pro
cedure above (for 34) was followed up to the reaction of the carbonyl 
compound with the lithio thiomethyloxazoline 31 at —95 °C for 1 h. 
At the end of this period, the mixture was warmed to —78 °C for 2 h 
and then treated with 0.37 g (5,25 mmol) of freshly distilled acetyl 
chloride.,After a further 2 h at -7 8  °C, the reaction mixture was al
lowed to warm slowly to 25 °C and quenched in saturated brine so
lution. Ether extraction followed by drying (MgSOd and concen
tration gave the acetates 36 (85-95% purity via NMR). The major 
impurity was 5-10% of starting oxazoline 30. Physical data for 36 
follow.

36 (Rs = H; Rl = n-hexyl): 76% yield; ir (film) 1750, 1610 cm-1; 
NMR (CDCI3) b 7.37 (s, 5), 5.45 (d, J  = 6 Hz, 1), 2.93-4.37 (m, 9), 2.07 
(s, 3), 0.67-1.93 (m, 13).

36 (Rs = H; Rl = cyclohexyl): 75% yield; ir (film) 1740,1610 cm-1; 
NMR (CDCI3) b 7.37 (s, 5), 5.30-5.60 (m, 1), 3.03-1.43 (m, 9), 0.67-2.26 
(m, 11).

These materials were not purified further and were used as obtained 
for the desulfurization to 37.

Chiral Acetates 37 and 38. The Raney nickel reagent for the 
desulfurization was prepared by removal of the ethanol from a ten
fold weight excess of W-4 Raney nickel as the benzene-ethanol az
eotrope. Sufficient benzene was included so that the volume of solvent 
present after removal of the azeotrope was approximately 50 ml. A 
solution of the acetates 36 (4 mmol in 10 ml of dry benzene) was added 
to the suspension and the resulting mixture heated for 3 h at reflux. 
Cooling, filtration, and fractional distillation of the benzene gave the 
crude acetates 37. Pure samples were obtained by preparative gas 
chromatography. Physical data follow.

37 (Rs = H; Rl = n-hexyl): M lb —1.36° (c 2.21, EtOH), reported18 
[ccllln —6.5° (c 5, EtOH); absolute configuration designated as R.

38 (Rs = H; Rl = cyclohexyl): [«¡fig—1.6° (c 1.1, CCI4); optical 
purity determined by Eu Optishift II [tris(heptafluoropropylhy- 
droxymethylene-d-camphorato)europium(III)]. Absolute configu
ration of the (—) alcohol and (—) acetate is known.19

(—)-Methylene(2-methyl)cyclohexane (39). A mixture of 586 
mg (4 mmol) of the chiral thiirane 34 (Table II, entry 2) and 1.2 g (4.6 
mmol) of triphenylphosphine was heated to 90 °C for 2 h. The mixture 
was cooled to room temperature and the reflux condenser replaced 
with a shcrt-path distillation head. Distillation gave 303 mg (69%) of 
39. The observed optical rotation at 589 nm was <0.01° and thus too 
low to permit a reliable [a] value; these rotations were, therefore, taken 
(Jasco DIP-180 automatic polarimeter) at 576 nm, which gave an 
observed rotation of —0.05° or [a]§76 —0.45° (c 11, hexane). The 
spectral characteristics (ir, NMR) were identical with those of the 
racemic compound (entry 13, Tables I, V). The enantiomeric purity 
of 39 was determined as follows, which represents a modification of 
the method of Evans.20

A solution of 29 mg (0.26 mmol) of 39 was dissolved in 0.66 ml of 
CCI4, containing 1% MeiSi, to give approximately a 0.4 M solution. 
Addition of 0.13 mmol of both silver trifluoroacetate and Eu Optishift 
II [in place of EuCpHgJfod.ta used in the reported20 procedure] was 
followed by shaking the solution until all the solid had dissolved. 
Examination of the 60-MHz spectrum gave partial resolution of the 
terminal vinyl protons. Integration and peak height comparison in
dicated that the enantiomeric purity was 30 ±  5%.
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Reaction of 2-Amino-7-chIoro-5-phenyl-3H-[l,4]benzodiazepine 
with 1,3-Dicarbonyl Compounds1

Jacob Szmuszkovicz,* Lubom ir Baczynskyj, Constance C. Chidester, and David J. Duchamp

Research Laboratories, The Upjohn Company, Kalamazoo, Michigan 19001 

Receiued December 9, 1974

An interesting rearrangement was observed in the reaction of 2-amino-7-chIoro-5-phenyl-3/i-[1,4] benzodiaze
pines with 1,3-carbonyl compounds. On the basis of spectral data and chemical properties, the structures of the re
action products were assigned as possessing a rearranged ring system of l//-pyrrolo[3,2-b|qinnoline. The structure 
of one of these, namely the l-[3-(dimethylaminolpropyl] derivative of compound 5, was confirmed by x-ray analy
sis.

A number o f  diverse rearrangements have been observed 
in the 1,4-benzodiazepine class o f  com pounds .2 One o f these 
involved the transformation o f  com pound 1  to anilide 2  and 
quinoline 3 when 1 was heated with acetic anhydride in the 
presence o f  either sulfuric acid or sodium acetate .3

W e have now observed another example o f the quinoline- 
type rearrangement. Thus, the reaction o f 2-am ino-7- 
chloro-5-phenyl-3H -[l,4]benzodiazepine (4) with ethyl ace- 
toacetate, tert-butyl acetoacetate, and acetylacetone produced 
the lif-pyrrolo[3,2-fc]quinoline derivatives 5, 6 , and 7 re
spectively.

C Ä
3

5, R =  OEt
6 , R =  O-f-Bu
7, R =  Me
8, R =  OH

The proposed mechanism o f  this transformation in the case 
o f  the reaction o f 4 with acetylacetone is shown in Scheme I. 
Initial displacem ent o f the N H 2 group by an acetylacetone 
anion gave rise to compound 9, which was isolated (as the enol) 
along with 7. Com pound 9 is visualized as rearranging to 7 
either via the open-chain amino ketone A  or via the aziridine
B.

The structures o f  the rearrangement products 5, 6 , and 7 
are supported by spectroscopic data (see Experimental Sec
tion). For example, com pound 6  showed a broad N H  absorp
tion at 2900 cm - 1  and C = 0  at 1685 cm - 1  in the infrared; ex
tended conjugation in uv; C -C H 3 at 5 2.83, tert-butyl at 5 1.81, 
and no CH 2 or CH in the N M R ; the mass spectrum gave a 
peak at m /e  41 (CH 3CN) indicative o f  N -C -C H 3 moiety. The 
ultraviolet spectra o f 5, 6 , and 7 were similar which indicated

Scheme I

that these com pounds possess the same chrom ophore and 
belong to the same structural class.

Treatm ent o f 6  with trifluoroacetic acid gave the corre
sponding acid 8 .

From the reaction o f 4 with ierf-bu ty l acetoacetate a by
product was isolated and identified as 10 (a or b) by inde
pendent synthesis from 2-amino-5-chlorobenzophenone with 
either ethyl acetoacetate or fe r ì-butyl acetoacetate. Com 
pound 1 0  was alkylated with 2 -dim ethylam inoethyl chloride 
to give a com pound which possesses either structure 1 la  or 
l ib .

10, R = H
11 R = CH2CH2N(CHa)2

The com pounds described above appear to be the first ex
amples o f  the 9-phenyl substituted-lH -pyrrolo[3,2-b]quin- 
oline ring system. The corresponding dephenyl ring system 
(13a,b) was prepared earlier from 3-amino-2-methylquinoline 
by the Madelung reaction either via the 3-acetylamino (12a)4
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or the 3-formyIamino (12b )5 derivatives. The analogous
2,3-dihydro ring system (14) had been prepared from  iV-ace- 
tyl-3-pyrrolidone and o -am inobenzaldéhyde by the base- 
catalyzed Friedländer condensation .6

12a, R =  CH3 
b, R =  H

0

+

COCH,

13a, R=CH 3 
b, R =  H

Our attempts to synthesize 7-chloro-2-m ethyl-9-phenyI- 
lH-pyrrolo[3,2-6]quinoline (17) for eventual comparison with 
the rearrangement products were terminated when it was 
found that the l-[3-(d im ethylam ino)propyl] derivative o f 
com pound 5, which formed triclinic crystals, was amenable 
to x-ray determination. Compounds 5 and 7 formed tetragonal 
crystals. Computer programs for determining their crystal 
structure were not readily available in our laboratory.

T he attempts to synthesize 17 involved IV-acetonylaceta- 
mide as a synthon for the construction o f  the suitably sub
stituted quinoline ring system for a subsequent M adelung 
reaction. Thus, condensation o f 2-am ino-5-chlorobenzophe-

NHXH.COOH

Cl

CH3CONCH2COCH3

c o c h 3

n h 2

I  +  CH3COCH,NHCOCH3

^ g = o

I

15a, R, =  COCH3; R2 =  H 16
b, Rt =  R, =  H
c, Rx =  R, -  COCH,

Figure 1. Mean bond distances (A) and angles (degrees) for the two 
molecules. Standard deviations for distances are about 0.01 A, for 
angles, about 0.5°. * Value obtained for unprimed molecule; + Cor
rected for thermal motion using “ riding motion” mode.138

none with /V-acetonylacetamide ,7 prepared from  glycine in 
two steps, afforded a mixture o f  15a and 16, easily separable 
by chromatography.

Attem pted reaction o f 15 with sodam ide in refluxing 
N ,N -  diethylaniline gave the deacetylated product, 3- 
am in o-6-ch loro-2-m eth yl-4 -ph enylqu in olin e (15b). T he 
treatment o f the N ,N -  diacetyl derivative 15c with sodium 
ethoxide at 285 °C ,8 or treatment o f  15a with phosphorus 
oxychloride, followed by first dim ethylacetam ide and then 
potassium hydroxide ,9 also failed to yield 17. A  trace o f  the 
desired compound (17, M + m /e  292) along with its monochloro 
derivative (M + m /e  326) was found in the mass spectrum o f 
the mixture obtained from  the reaction o f 15a with phos
phorus pentachloride in chloroform  followed by treatment 
with triethylamine. A trace o f  the molecular ion M + m /e  292 
was observed also from  the products o f  the treatment o f  15a 
with potassium feri-butoxide at 255-270 °C.

In the course o f these attempts the l - N -oxide o f 15a was 
prepared but was not subjected to further experimentation.

D iscu ssion  o f  X -R a y  R esults. T he structure o f  the 1- 
[3-(dim ethylam ino)propyl] derivative o f  5 was determined 
by single-crystal x-ray analysis using direct methods. Final 
atomic coordinates are given in Table I. There are two sym 
m etry-independent molecules which are very similar in con 
formation. The only difference worthy o f note between the two 
is that the N M e2 group in the molecule with primed numbers 
is probably disordered (see Experimental Section), as evi
denced by exceptionally high anisotropic temperature fa c
tors . 10 Figure 1, which is drawn from x-ray coordinates, shows 
mean distances and angles. Hydrogens are not shown. The 
fused ring portion o f the molecule is flat; the largest deviations 
from  the least-squares planes calculated for the fused rings 
are 0.06 and 0.04 A for C9 and C9'. T he plane o f  the phenyl 
ring is approximately perpendicular (85 and 8 8 °) to the plane 
o f the fused rings. The carboxyl group is twisted about 10° out 
o f  the plane o f  the fused rings. The pattern o f long and short 
bond lengths in the quinoline portion o f the m olecule is con 
sistent with values reported in the literature for quinoline and 
acridine ring systems,11>lz and can be explained by resonance 
structures.
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Table I.  F inal Atomic Coordinates (X  104) fo r the
l-[3 -(D im ethy lam ino )p ro py l] D erivative of 5. 

Standard Deviations are in Parentheses
X Y Z

CL 7997 ( 2) 6 1 7 4 ( 2) 12216 ( 1)
N ( 1 ) 6329 ( 5 ) 4 4 25 ( 4 ) 8507 ( 2)
C ( 2 ) 5658 ( 6 ) 3462 ( 5) 8281 ( 3)
C ( 3 ) 5356 ( 6) 2772 ( 5) 8800 ( 3)
C(3A ) 5870 ( 5 ) 3370 ( 5 ) 9413 ( 3)
N ( 4 ) 5800 ( 4) 3066 ( 4) 10046 ( 2)
C(4A> 6361 ( 6) 3 8 0 4 ( 5) 10532 ( 3)
C ( 5 ) 6264 ( 6 ) 3522 ( 5) 11210 ( 3)
C (6 ) 6769 ( 6) 4213 ( 6) 11716 ( 3)
C ( 7) 7409 ( 6 ) 5235 ( 6 ) 11570 ( 3)
C ( 8 ) 7545 ( 5 ) 5557 ( 5) 10922 ( 3)
C( 8A) 7004 ( 5) 4855 l 5) 10362 < 3)
C ( 9 ) 7114 ( 5 ) 5146 ( 5 ) 9675 ( 3)
C ( 9A ) 6472 ( 5 ) 4413 ( 5 ) 9214 ( 3)
C ( 10 ) 6648 ( 6) 5411 ( 5 ) 8074 ( 3)
C ( 11 ) 7846 ( 6 ) 5211 ( 5 ) 7711 ( 3)
C ( 12 ) 7946 ( 6) 6185 ( 6) 7204 1 3)
N< 13 ) 9038 ( 6) 6121 ( 5 ) 6824 ( 3)
C( 14) 8932 ( 8) 68 80 ( 7) 6241 ( 4)
C ( 15 ) 10178 ( 8) 6 4 3 4 ( 8 ) 7238 ( 4)
C ( 16  ) 4 7 0 9 ( 6 ) 1666 ( 6 ) 8701 ( 3)
0 ( 1 7 ) 4438 ( 5 ) 1184 ( 4) 9274 ( 2)
C ( 18 ) 3918 ( 9) - 4 3 ( 7) 9213 ( 3)
C ( 19 ) 2772 ( 12) - 1 2 1 ( 10 ) 9203 ( 8)
0 ( 2 0 ) 4502 ( 5 ) 1137 ( 4) 8183 ( 2)
C ( 21 ) 5327 ( 6) 3307 ( 5) 7531 ( 3)
C ( I P ) 7856 ( 6 ) 6192 ( 5) 9510 ( 2)
C ( 2 P ) 7380 ( 6) 7299 ( 6) 9490 ( 3)
C ( 3 P ) 8122 ( 8) 8233 ( 6) 9306 ( 4)
C ( 4 P ) 9344 ( 8) 8042 ( 7) 9169 ( 4)
C ( 5 P ) 9862 ( 7) 69 46 ( 8 ) 9198 ( 4)
C ( 6 P ) 9107 ( 6 ) 6018 ( 5 ) 9368 ( 3)
CL ( 1 ) 1896 ( 2) - 9 7 7 ( 2) 6960 ( 1)
N ( 1 '  ) 3696 ( 5 ) 552 ( 4 ) 3408 ( 2)
C ( 2 • ) 4377 ( 6 ) 1520 ( 5 ) 3235 ( 3)
C ( 3 • ) 4 6 77 ( 6 ) 2209 ( 5 ) 3787 ( 3)
C(3A ' ) 4 1 5 7 ( 5 ) 1650 ( 5) 4353 ( 3)
N ( 4 '  ) 4 2 09 ( 4) 2007 ( 4) 5000 ( 2)
C ( 4A ' ) 3631 ( 5 ) 1276 ( 5) 5413 ( 3)
C ( 5 1 ) 3705 ( 6) 1599 ( 5 ) 6119 ( 3)
C ( 6 * ) 3187 ( 6) 919 ( 6) 6583 ( 3)
C ( 7 • ) 2567 ( 6) - 1 0 6 ( 5) 6373 ( 3)
C ( 8 • ) 2460 ( 6 ) - 4 7 1 ( 5) 5716 ( 3)
C ( 8A 1 ) 2991 ( 5) 222 ( 5) 5202 ( 3)
C ( 9 • ) 2915 ( 5 ) - 1 2 6 ( 5) 4507 ( 3)
C ( 9A ' ) 3544 ( 5 ) 610 ( 5 ) 4108 ( 3)
C ( 10 » ) 3287 ( 7) - 3 8 4 ( 5) 2936 ( 3)
C < 11 ' ) 2050 ( 9) - 1 2 8 ( 6) 2548 ( 4)
C ( 12 * ) 1828 ( 9) - 1 3 0 5 ( 8 ) 1961 ( 5)
N ( 13 ' ) 1103 ( 12) - 1 1 0 4 ( 8 ) 1453 ( 5)
C ( 14  1 ) 869 ( 11) - 2 1 2 0 ( 13 ) 1117 ( 7)
C ( 15 ' ) 269 ( 24 ) - 1 0 7 5 < 14) 1959 ( 11)
C( 16 '  ) 5354 ( 6) 3332 ( 6) 3775 ( 3)
0 ( 1 7 ' ) 5704 ( 4) 3768 ( 4) 4368 ( 2)
C ( 1 8 ' ) 6257 ( 8) 4 9 7 4 ( 7) 4399 ( 4)
C ( 19 • ) 7542 ( 9) 4926 ( 8) 4270 ( 4)
0 ( 2 0 ' ) 5522 ( 5 ) 3840 ( 4 ) 3251 ( 2)
C ( 2 1 ' ) 4738 ( 7) 1623 ( 5) 2-522 ( 3)
C ( IP  ' ) 2181 ( 6 ) - 1 1 9 6 ( 5) 4280 ( 2)
C ( 2 P • ) 2728 ( 6 ) - 2 2 9 1 ( 5) 4258 ( 3)
C O P  ' ) 2016 ( 7) - 3 2 5 9 ( 5) 4032 ( 3)
C ( 4P 1 ) 758 ( 8) - 3 1 3 6 ( 7) 3867 ( 3)
C ( 5P ' ) 201 ( 7) - 2 0 7 5 ( 8 ) 3922 ( 4)
C ( 6P ' ) 905 ( 7) - 1 1 0 2 ( 6) 4126 ( 3)

E x p e rim e n ta l Section

Melting points were taken in a capillary tube and are uncorrected. 
Uv spectra were determined in 95% EtOH using a Cary Model 14 
spectrophotometer. Ir spectra were determined in Nujol using a 
Perkin-Elmer Model 421 recording spectrophotometer. NMR spectra 
were recorded on a Varian Model A-60A; chemical shifts were re
corded in parts per million downfield from MeiSi. Mass spectra were

recorded using a CH-4 Atlas mass spectrometer. The silica gel used 
for chromatography was obtained from E. Merck A. G., Darmstadt, 
Germany.

Ethyl 7-Chloro-2-m ethyl-9-phenyl-1 JJ-pyrrolo[3,2-6]qui- 
noline-3-carboxylate (5). A mixture of 2-amino-7-chloro-5-phe- 
nyl-3//-[1,4] benzodiazepine (4,13b 30 g, 0.112 mol) and 300 ml of ethyl 
acetoacetate was heated at 145-160 °C (oil bath temperature) for 3 
h. It was then evaporated in vacuo at 95 °C. The residue was triturated 
with ethyl acetate, and the resulting solid was filtered and washed with 
ethyl acetate followed by ether, 9.8 g of pale yellow needles, mp 
300-302 °C. The analytical sample was prepared from ethyl acetate: 
mp 300 °C dec; uv sh 238 nm (e 40 800), Amax 249 (53 500), 334 (12 500), 
354 (9500), sh 368 (8350); ir NH ~2900 (broad); C = 0  1685 (s); 
C = N /C = C  1630,1595,1550,1500; C-O/C-N 1265,1170,1155,1140, 
1085, 1040; aromatic 830, 780, 740, 700 cm“ 1; NMR (Me2SO-d6) b 
10.71 (broad, 1, NH), 8.6 (d, 1, aromatic H, J = 9.5 Hz), 7.84-7.42 (m, 
7, aromatic H), 4.4 (q, 2, OCH2, J = 7 Hz), 2.8 (s, 3, NC-CH3), 1.4 (t, 
3, OC-CH3, J = 7 Hz); mass spectrum m/e 364 (M+).

Anal. Calcd for C21H17CIN2O2: C, 69.13; H, 4.70; Cl, 9.72; N, 7.68. 
Found: C, 68.79; H, 4.74; Cl, 9.79; N, 7.44.

terf-B utyl 7-Chloro-2-m ethyl-9-phenyl-1 K-pyrrolo[3,2- 
h]quinoline-3-carboxylate (6). A mixture of 4 (20 g, 0.0743 mol) 
and 200 ml of ierf-butyl acetoacetate was heated for 2 h at 151 °C (oil 
bath temperature), and evaporated in vacuo (ca. 0.1 mm). The residue 
was triturated with ethyl acetate to give 3.35 g: mp 289 °C, raised to 
292 °C dec on recrystallization from chloroform; uv Amax 205 nm (r 
34 650), sh 238 (38 750), 252 (52 400), sh 320 (7400), 334 (12 400), 354 
(9250), sh 367 (8150); ir NH -2900 (broad); C = 0  1685 (s); C -0 /C = N  
1635 (w), 1600 (w), 1550 (m), 1505,1480; C -N /C -0  1270,1150,1140, 
1090, 1020; aromatic 830, 795, 710, 700 cm-1; NMR (pyridine-ds) b
2.83 (s, 3, NC-CH3), 1.8 (s, 9, ferf-butyl); mass spectrum m/e 392 
(M+).

Anal. Calcd for C23H21CIN2O2: Cl, 9.02; N, 7.13. Found: Cl, 8.90;
N, 7.26.

The filtrate from the original trituration (from a run one-tenth the 
scale of the above) was evaporated and the residue chromatographed 
on 300 g of silica gel using 5% MeOH-CHCH. Fractions 1-4 (400 ml 
total) gave a trace (discarded). Fractions 5-7 (25 ml each) afforded 
41 mg of 6 after crystallization from ether. Fractions 8-10 (25 ml each) 
were crystallized from CH2Cl2-ether to give 64 mg of 10, mp 274-275 
°C. It was identical with the authentic sample prepared below by 
condensation of 5-chloro-2-aminobenzophenone and ethyl (or tert- 
butyl) acetoacetate as shown by comparison of TLC, ir, uv, NMR, and 
mass spectrum.

7-Chloro-2-methyI-9-phenyl-1 ff-pyrrolo[3,2- 6]quinoI-3-yl 
M ethyl Ketone (7) and 3-(7-Chloro-5-phenyl-3if-l,4-benzodi- 
azepin-2-yl)-4-hydroxy-3-penten-2-one (9). A mixture of 4 (2 g,
7.4 mmol) and 10 ml of acetylacetone was refluxed for 4 h and evap
orated. The residue was chromatographed on 250 g of silica gel in 5% 
MeOH-CHCl3. Fractions 1-2 (250 ml each) gave no material. Frac
tions 3-6 (25 ml each from now on) gave a trace (discarded). Fractions
7-8 gave 0.441 g of 9 which was crystallized twice from ether: 0.124 
g, mp 175-176 °C; uv Xmax 218 nm («28 200), sh 258 (14 100), sh 276 
(10 200), 343 (25 500); ir C = 0  1675, 1620, 1605, 1585, 1540, 1480; 
C -N /C -0  1355, 1325, 1320, 1220, 945; aromatic 835, 785, 740, 700 
c m '1; NMR (CDCI3) b 13.6 (broad, 1, OH), 7.62-7.06 (m, 8, aromatic 
H), 4.28 (broad, 2, CH2), 2.62 (s, 3, COCH3), 2.24 (s, 3, =CCH 3); mass 
spectrum m/e 352 (M+).

Anal’. Calcd for CsoHnClNsO^ C, 68.08; H, 4.86; Cl, 10.05; N, 7.94. 
Found: C, 67.82; H, 4.92; Cl, 10.06; N, 8.11.

Fractions 9-11 (ca. 0.8 g) were crystallized from ethyl acetate to give
O. 278 g of 7: mp 276-277 °C, raised on recrystallization to 278-279 °C 
dec; uv Amax 209 nm (t 27 500), 248 (63 000), 280 (22 500), sh 319 
(7500), 333 (1210), 355 (10 000), 369 (8850); ir NH 3320; C = 0 /C = N  
1640,1630; C = N /C = C  1600,1570,1540,1500; C-N 1300,1160,950; 
aromatic 820, 710 cm-1; NMR (Me2SO-d6) b 11.8 (broad, 1, NH), 8.07 
(d, 1, aromatic H, J = 9.8 Hz), 7.8-7.43 (m, 7, aromatic H), 2.93 (s, 3, 
COCH3), 2.74 (s. 3, NC-CH3); mass spectrum m/e 334 (M+).

Anal. Calcd for C20H1SC1N20: C, 71.75; H, 4.52; Cl, 10.59; N, 8.37. 
Found: C, 71.74; H, 4.76; Cl, 10.48; N, 8.20.

Fraction 12 (0.398 g) was discarded. Fractions 13-14 (0.645 g) were 
crystallized from ether to give 0.179 g of 7-chloro-l,3-dihydro-5- 
phenyl-2H-l,4-benzodiazepin-2-one, mp 213-214 °C. It was identical 
with an authentic sample130 as shown by mixture melting point and 
TLC.

7-ChIoro-2-m ethyl-9-phenyl-lii-pyrrolo[3,2-h]quinoline-
3-carboxylic Acid (8). The solid iert-butyl ester 6 (3.2 g, 8.17 
mmol) was placed in a flask, cooled in ice, 62 ml of trifluoroacetic acid 
was added, and the mixture was allowed to stand at room temperature 
for 30 min. It was evaporated in vacuo (ca. 0.1 mm) at 30 °C and 100



ml of saturated aqueous sodium bicarbonate solution was added. The 
mixture was shaken; the resulting suspension filtered and the solid 
washed with water, then ether. Crystallization from CH3OH-CHCI3 
gave 1.9 g of yellow needles, mp 296-297 °C dec. Second crop: 0.45 g; 
mp 295-296 °C; uv Xmax 204 nm (e 31 500), sh 236 (39 550), 251 
(56 800), 332 (12 850), 358 (9000), sh 372 (8100); ir NH/acid OH 3140 
(broad), 3050,2760, sh 2700; C = 0  1700; C = C /C =N  1625,1600,1565; 
C-O /C-N  1290, 1175, 1165, 1135, 1075; aromatic 825, 775, 725, 700 
cm-1; NMR (Me2SO-de) was poor owing to low solubility; mass 
spectrum m/e 336 (M+).

Anal. Calcd for C19H13CIN2O2: C, 67.76; H, 3.89; Cl, 10.57; N, 8.32. 
Found: C, 67.48; H, 3.89; Cl, 10.78; N, 8.32.

Ethyl Ester o f 7-Chloro-l-[3-(dim ethylam ino)propyl]-2- 
methyl-9-phenyl-l//-[3,2-b]quinoline-3-carboxylic Acid. Sodium 
hydride (0.421 g of 57% dispersion in mineral oil, 0.01 mol) was added 
to a solution of 5 (3.64 g, 0.01 mol) in 50 ml of DMF and the mixture 
was heated for 40 min at 95 °C. A solution of 3-dimethylaminopropyl 
chloride (1.21 g, 0.01 mol) in 1.21 g of xylene was added during 3 min, 
and heating continued overnight. The mixture was evaporated, H20  
and CH2CI2 added, and the organic layer was shaken with aqueous 
10% HC1. Since the resulting oily hydrochloride was not suitable for 
workup, the mixture was brought to pH 10 with 5% aqueous NaOH, 
the organic layer was separated, washed with saturated salt solution, 
dried (MgS04), and evaporated. The residue (3.3 g) was extracted with 
boiling ether (4 X 50 ml) and the extract concentrated to 25 ml to give 
0.993 g of the product: mp 177-178 °C, raised to 179.5-180.5 °C on 
two recrystallizations from ether; uv sh 230 nm (< 28 300), Xmax 256 
(64 650), sh 322 (6500), 336 (11 950), 357 (9350), sh 370 (8200); ir 
N -alkyl 2810, 2780, 2760, 2720; C = 0  1670; C = C /C = N  1610,1590, 
1545,1485; C-O/C-N 1265,1225,1170,1120,1100; aromatic 830,710 
cm-1; NMR (CDCI3) d 8.24 (d, 1, aromatic H, J  = 8.5 Hz), 7.71-7.6 
(m, 7, aromatic H), 4.54 (q, 2, OCH3, J = 7 Hz), 3.85-3.5 (m, 2, N- 
pyrrole CH2), 2.86 (s, 3, NC-CH3), 2.06 [s, 6, N(CH3)2], 1.52 (t, 3, 
OC-CH3), 1.76-1.25 (m, 4, CH2CH2N dialkyl); mass spectrum m/e 
449 (M+).

Anal. Calcd for C26H28CIN3O2: C, 69.40; H, 6.27; Cl, 7.88; N, 9.34. 
Found: C, 68.99; H, 6.34; Cl, 7.97; N, 9.19.
• The residue from the original ether extraction and filtrates from 
the crystallization were combined and evaporated and the residue (2.5 
g) chromatographed on 250 g of silica gel using 10% CH30H-CHC13. 
Fractions 1-3 (500 ml total) gave 0.5 g of starting material. Fraction 
7 gave a mixture (discarded). Fractions 8-11 gave 1.4 g of the product. 
Crystallization from ether gave 0.943 g, mp 179-180 °C.

Synthesis of Compound 10.u  A. Reaction of 2-Amino-5-chlo- 
robenzophenone with Ethyl Acetoacetate. A mixture of 2- 
amino-5-chlorobenzophenone (23.2 g, 0.1 mol) and ethyl acetoacetate 
(52 g, 0.4 mol) was heated at 150-155 °C (oil bath temperature) for 
3 h using a take-off condenser (15 ml was collected). The resulting 
suspension was cooled and the product filtered and washed with ether: 
24 g (81% yield); mp 274-275 °C unchanged on crystallization from 
CH2C12; uv  Xmax 207 nm (e 35 450), 237 (39 400), 277 (6200), sh 330 
(4400), 344 (5900), sh 356 (5250); ir =CH,NH,OH 3140,2900 broad, 
2730; C = 0 ,C = N ,C = C  1710 m, 1640 s, 1595,1575,1550; C -N /C -0  
1405,1350,1085,1080; aromatic 770,710,665 cm -1; NMR (Me2SO-dG) 
<5 12.5 (broad, exchangeable with D20), 7.76-7.25 (m, 7, aromatic H), 
7.0 (d, 1, aromatic H, J = 2.2 Hz), 2.25 (s, 3, CH3); mass spectrum m/e 
297 (M+).

Anal. Calcd for Cx7H12C1N02: C, 68.56; H, 4.06; Cl, 11.91; N, 4.71. 
Found: C, 68.21; H, 4.10; Cl, 11.80; N, 4.80.

B. Reaction of 2-Amino-5-chlorobenzophenone with te r t -  
butyl Acetoacetate. A mixture of 2-amino-5-chlorobenzophenone 
(4.61 g, 0.02 mol) and 46 ml of tert-butyl acetoacetate was refluxed 
for 2 h. The resulting suspension was filtered and the product washed 
with ether, 4.1 g (68% yield), mp 273.5-275 °C, raised to 274-275 °C 
on recrystallization from CH2C12. This compound was identical with 
the product obtained by condensation of 2-amino-5-chlorobenzo- 
phenone with ethyl acetoacetate as shown by comparison of TLC, uv, 
ir, NMR, and mass spectra.

Synthesis of 11. Sodium hydride (0.841 g of 57% dispersion in 
mineral oil, 0.02 mol) was added to a solution of 10 (5.94 g, 0.02 mol) 
in 100 ml of DMF and the mixture was heated at 95 °C for 30 min. A 
solution of 2-dimethylaminoethyl chloride (2.14 g, 0.02 mol) in 2.14 
g of xylene was added, and heating continued for 18 h. The mixture 
was evaporated, H20  and CH2C12 added, and the organic layer shaken 
with 10% aqueous HC1 (ether added to break up emulsion). The re
sulting oily layer was separated by decantation, washed with 
CH2Cl2-ether (1:1), cooled, and basified. The product was extracted 
with CH2C12, and the solution washed with saturated salt solution, 
dried (MgS04), and evaporated. The residue was crystallized from 
ether to give 2.8 g: mp 155-156 °C, raised to 156-157 °C on recrys
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tallization; uv Xmax 209 nm (t 33 100), 239 (41 400), 282 (6200), sh 330 
(4150), 345 (5750), sh 358 (4900); ir N-alkyl 2740; C = 0  1705; C = 0  
or C = N  1630; C = C  1600, 1585, 1555, 1485; C-N 1310, 1155,1105; 
aromatic 810, 705 cm-1; NMR (CDC13) 6 7.62-7.16 (m, 8, aromatic H),
4.48 (apparent t, 2, CONCH2, apparent J = 7.5 Hz), 2.69 (apparent 
t, 2, CH2N dialkyl, apparent J = 7.5 Hz), 2.4 (s, 3, COCH3); mass 
spectrum m/e 368 (M+).

Anal. Calcd for C21H21CIN2O2: C, 68.38; H, 5.74; Cl, 9.61; N, 7.60. 
Found: C, 68.30; H, 5.76; Cl, 9.83; N, 7.66.

A’-Acetonyl-N-acetylacetamide was prepared from glycine as 
described in the literature.7 One distillation gave the product, bp
101-104 °C (0.08 mm). VPC indicated ca. 90% purity; NMR showed 
the presence of some N-acetonyiacetamide.

AT-Acetonylacetamide was prepared by aqueous hydrolysis of 
IV-acetonyl-iV-acetylacetamide as described in the literature.7 The 
product boiled at 103 °C (0.7 mm); VPC 98.98%; ir, mass spectrum 
were in accord; NMR (CDC13) <5 6.48 (broad, 1, NH), 4.18 (d, 2, CH2, 
J  = 5 Hz), 2.22 (s, 3, NCOCH3), 2.05 (s, 3, C-COCH3).

Reaction of 2-Amino-5-chlorobenzophenone w ith N -Ace- 
tonylacetamide. A mixture of 2-amino-5-chlorobenzophenone (11.9 
g, 0.0515 mol) and N-acetonylacetamide (23.8 g, 0.206 mol) was heated 
at 170 °C (oil bath temperature) for 4 h using a take-off condenser (1.1 
ml was collected). The residue was chromatographed on 2 kg of silica 
gel using 5% MeOH-CHCl3. Fractions 1-9 (3.851. total) gave no ma
terial. Fractions 10-14 (250 ml each from now on) gave a trace of oil. 
Fractions 15-17 gave 2.8 g of )V-[(6-chloro-4-phenyl-2-quinol- 
yl)methyl] acetamide (16), which was crystallized from CH3OH: 2.3 
g, mp 167.5-168.5 °C; uv Xmax 234 nm (e 50 500), 290 (8000), sh 310 
(5420), 325 (4460); ir NH =CH  3320, 3060; C = 0  1645; C = C /C = N  
1590,1570,1540,1485; C-N 1355,1345,1290,1030; aromatic 835,765, 
715, 710 c m '1; NMR (CDC13) 5 8.13-7.39 (m, 8, aromatic H), 7.24 (s, 
1, C3H), ~7.24 (broad, 1, NH), 4.71 (d, 2, CH2, J  = 5 Hz), 2.12 (s, 3, 
CH3); mass spectrum m/e 310 (M+).

Anal. Calcd for CigHi5ClN20: C, 69.56; H, 4.87; Cl, 11.41; N, 9.02. 
Found: C, 69.63; H, 4.97; Cl, 11.48; N, 9.13.

Fractions 18-21 gave 1.9 g of a mixture. Fractions 22-72 gave 8.6 
g of V-(6-chloro-2-methyl-4-phenyl-3-quinolyl)acetamide (15a), 
which was crystallized from MeOH, 6.7 g, mp 181-182 °C. Second 
crop: 1.3 g, mp 178-180 °C; uv sh 210 nm (e 31 750), Xmax 233 (45 950), 
282 (5850), sh 296 (5000), 311 (4100), 326 (4300); ir NH 3250; C = 0 /  
amide II 1655, 1605, 1585, 1570, 1560, 1505, 1480; C-N 1275, 1270, 
1040; aromatic 840, 710 cm-1; NMR (CDCI3) S 8.05-7.08 (m, 9, aro
matic H and NH), 2.64 (s, 3, N=CCH 3), 1.88 (s, 3, COCH3); mass 
spectrum m/e 310 (M+).

Anal. Calcd for C,8H16C1N20: C, 69.56; H, 4.87; Cl, 11.41; N, 9.02. 
Found: C, 69.70; H, 5.05; Cl, 11.51; N, 9.23.

3-Amino-6-chloro-2-methyl-4-phenylquinoline (15b). A mix
ture of 15a (1.02 g, 3 mmol), sodamide (0.82 g, 21 mmol), and 10 ml 
of freshly distilled 7V,N-diethylaniline was refluxed for 1.75 h. A lightly 
colored suspension resulted. It was cooled in ice, 10 ml of H20  was 
added, and after stirring for 15 min, the mixture was extracted with 
ether (4 X 25 ml). The organic solution was washed with saturated salt 
solution, dried (MgS04), and evaporated, toward the end at 0.1 mm 
and 95 °C, to give 0.9 g. Crystallization from ether gave 0.298 g of re
covered starting material. The filtrate was evaporated and the residue 
chromatographed on 60 g of silica gel using 5% MeOH-CHCl3. Frac
tions 1-4 (200 ml total) gave no material. Fractions 5-6 (10 ml from 
now on) gave 0.205 g of diethylaniline. Fractions 7-8 gave 0.23 g of 15b. 
Crystallization from ether gave 90 mg, mp 141-142 °C. Second crop: 
130 mg, mp 140-141 °C; uv Xmax 206 nm (t 24 900), 219 (26 800), 249 
(42 800), sh 279 (5350), sh 290 (4300), sh 302 (2870), 349 (6860); ir NH 
3460, 3360; NH def, C =C ,C =N  1625,1605,1585,1505,1490; aromatic 
875, 820, 715 cm-1; NMR (CDC13) 5 8.0-7.17 (m, 8, aromatic H), 3.78 
(broad s, 2, NH2, exchanges with D20), 2.65 (s, 3, CH3); mass spectrum 
m/e 268 (M+).

Anal. Calcd for Ci6H13C1N2: C, 71.51; H, 4.87; Cl, 13.19; N, 10.43. 
Found: C, 71.44; H, 4.90; Cl, 13.29; N, 10.34.

IV-(6-Chloro-2-methyl-4-phenyI-3-quinolyl)diacetamide (15c). 
A mixture of 15a (2 g, 6.45 mmol) and 5 ml of acetic anhydride was 
refluxed for 19 h. The resulting solution was allowed to crystallize. 
The product was recrystallized from ether to give 1.68 g of 15c: mp 
160-161 °C; uv sh 216 nm (( 40 250), Xmax 235 (54 450), 281 (5850), sh 
300 (4300), 314 (3850), 328 (4500); ir C = 0  1725,1695; C = C /C = N  
1610,1580,1560,1480; C-N 1280,1265,1230,1020; aromatic 835, 715 
cm-1; NMR (CDCI3) 5 8.18-7.0 (m, 8, aromatic H), 2.6 (s, 3, 
N=CCH 3), 2.15 (s, 6, 2 COCH3); mass spectrum m/e 352 (M+).

Anal. Calcd for C20H i7C1N2O2: C, 68.08; H, 4.86; Cl, 10.05; N, 7.94. 
Found: C, 68.43; H, 4.93; Cl, 10.05; N, 7.94.

AT-(6-ChIoro-2-methyI-4-phenyl-3-quinoIyI)acetamide 1- 
Oxide. A solution of 15a 5.25 g, 0.017 mol) and m-chloroperbenzoic
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acid (85%, 3.45 g, 0.017 mol) in 75 ml of CH2CI2 was stirred at room 
temperature for 6 h. The resulting suspension was filtered and the 
solid washed with saturated NaHCOs solution. The filtrate was sep
arated, and the organic layer was washed with NaHCC>3 solution, dried 
(MgSCh), and evaporated. The residue was combined with the above 
solid and crystallized from MeOH: 4.63 g, mp 257-258 °C, raised to 
259-260 °C on recrystallization; uv sh 224 nm (e 26 300), Amax 236 
(32 100), 252 (35 250), 331 (10 900); ir N H =CH  3150, 3080, 2770; 
C—O 1685; C = C /C = N  amide I I 1600,1585,1560,1515,1500,1480; 
C -N /N -0 1330,1265,1205,1175,1105; aromatic 830,710 cm '1; NMR 
(Me2SO-d6) S 7.94-7.22 (m, 8, aromatic H), ~3.24 (broad, 1, NH), 2.49 
(s, 3, N=CCH3), 1.85 (s, 3, COCH3); mass spectrum m/e 326 (M+).

Anal. Calcd for CigHisClNaOa: C, 66.16; H, 4.63; Cl, 10.85; N, 3.57. 
Found: C, 65.91; H, 4.71; Cl, 10.85; N, 8.57.

X-Ray Structure Determination of the l-[3-(Dimethylami- 
no)propyl] Derivative of 5. A. Crystal Data. The crystals are tri
clinic, clear prisms; space group PI; a = 10.597 (2) A; b = 11.402 (1) 
A; c = 19.810 (1) A; a = 91.08 (1 )°;/3 = 93.99 (1)°; y = 90.11 (2)°; V 
= 2387.6 (4) A3; Z = 4; pcaicd = 1.25 g/cm3. Cell parameters were cal
culated by least squares from accurately determined Kai 28 values 
for 19 selected high angle reflections.

Intensity data were collected on a Syntex PI diffractometer con
trolled by an IBM 1800 computer. The 8-28 scan technique was used 
with graphite-monochromatized Cu Ka radiation. A 28 range of 3° 
was scanned at a variable rate (4-10° per minute) depending on the 
intensity of the reflection being measured. The total time spent 
counting background—half at each end of the scan—was equal to the 
time spent scanning. The crystal orientation was determined by the 
computer before data collection using seven orienting reflections. Data 
were limited to 28 less than 100° because crystal quality was not very 
good (in the range 28 = 90-100°, the mean I/a[I) was only 1.7). Ten 
reflections were monitored periodically during the data collection; 
a slight loss in intensity (4%) was noted. Standard deviations ir. ob
served intensities were approximated by the function a (I) = [<r2(/) 
counting statistics +  (0.019 Z)2]1̂2 where the coefficient of I in the 
last term was calculated from those deviations in the check reflection 
observations (after deterioration correction) which were not explained 
by counting statistics. The usual Lorentz correction was applied15 
along with a polarization correction appropriate for a monochromator 
with 50% perfect character.16 The final reduced set (4914 reflections) 
contained a large number of very weak reflections, including 655 which 
are negative intensity observations (scaled background counts ex
ceeded scan counts).

B. Trial Solution. A trial solution was obtained by direct meth
ods,17 with some effort, using the DIREC program written by one of 
the authors (D. J.D.). The 19th E map phased by this automatic pro
gram clearly showed 41 of the 64 nonhydrogen atoms; the rest were 
easily found by tangent formula extension of phases of structure 
factors calculated from these trial atoms. The successful E map was 
calculated with phases from an extension of the seventh highest 
ranking set of phases from the third symbolic addition (reflections 
3,2,0; 3,3,6; and 2,1,1 were used to define the origin, and reflections 
2,2,0; 3,1,2; 2,1,1; 4,1,10; and 5,1,16 were assigned symbolic phases).

C. Refinement. Coordinates, thermal parameters, and the scale 
factor were refined by multiple-matrix least squares. The function 
minimized was Hw(F02 — Fc2)2.

Weights w were taken equal to the reciprocals of the variances 
<r2(F02) determined at data reduction time and scaled by propagation 
of error through subsequent corrections. All reflections were used in 
the refinement regardless of size. Reflections with negative observed 
intensity were used in the refinement as negative | F j 2. Atomic form 
factors are from International Tables for X-Ray Crystallography,18 
except for hydrogen, which was taken from Stewart, Davidson, and 
Simpson.19

The symmetry-independent molecules have a pseudosymmetric 
relationship (which holds to within 0.8 A), of 1 -  x, \  — y, — % + 2- 
If this relationship were exact, the space group would be P2i/b. In the 
matrix scheme for the final refinement, coordinates were in two ma
trices, with like parts of each molecule in the same matrix (because 
of pseudosymmetric correlations). The scale factor and the anisotropic 
thermal parameters of the chlorines were in another matrix, and the 
remainder of the anisotropic thermal parameters were in individual

(6  X  6 ) block matrices. Hydrogen parameters were not refined, but 
were added to structure factor calculations. Positions for the C(21) 
methyl hydrogens were found in a difference Fourier map. Coordi
nates for the other hydrogen atoms were calculated assuming standard 
(tetrahedral or planar) orientations. Hydrogen isotropic temperature 
factors were fixed about \  unit higher than attached carbons. The 
dimethylamino group in the primed molecule appears to be disor
dered, since atoms in this region refined to coordinates with unrea
sonable distances and angles and thermal parameters with largest 
principal axes from 0.6 to 0.9 A. An effort was made to find a model 
for the disorder. A difference Fourier map, with C12'-C15' out of the 
calculations, showed large peaks at chemically reasonable positions, 
but no reasonable alternate model using the smaller peaks. Upon 
refinement, the dimethylamino atoms moved back to their original 
locations. A difference Fourier map with all atoms in the structure 
factor calculations showed no extraneous peaks of larger size than 
hydrogens. Refinement was considered converged when all shifts were 
less than \  standard deviations, except for parameters of the di
methylamino group in the primed molecule where some shifts were 
as large as standard deviations.

The final agreement indices for all 4914 reflections are R = 0.123 
(R = 2|]F,J — |FJ|/2|FJ); weighted R = [SmflFj2 - \ F ^ m W\ F ^ 2 
= 0.128; and standard deviation of fit = [2iu(|Fo]2 — |F<J2)2/m -  s]1/2 
= 1.66. For the 1471 reflections with F02 greater than 3 standard de
viations, R is 0.048 and weighted R is 0.097.
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Approximate SCF-MO calculations (CNDO/2) have been used to study nitrogen inversion in A/Al-dimethylhy- 
droxylamine. The difference between the barriers in cyclic and acyclic substituted hydroxylamines was simulated 
by calculating the inversion barrier as a function of dihedral angle. Excellent agreement between calculated and 
experimental barriers was found. The results obtained have provided evidence for an inversion-dominated topom
erization in dialkyl- and trialkylhydroxylamines and for rate retardation due to lone pair-lone pair interactions as 
well as the electronegativity of oxygen.

Numerous experimental investigations of barriers to con
formational interchange in cyclic and acyclic hydroxylamines 
have been carried out3-5 and have also been the subject of 
theoretical interest.6 Chemical shift nonequivalence of di- 
astereotopic groups in these systems can arise from slow in
version of the nitrogen pyramid or slow torsion about the ni
trogen-oxygen single bond since both processes are required 
for topomerization (Scheme I). In cyclic hydroxylamines

Scheme I.

0

H

A  / ° \
N H

R =  CH3

where the nitrogen and oxygen atoms form part of three-,4,7 
four-,8 or five9-membered rings the rate-determining step 
must be inversion of the nitrogen pyramid, since the ring 
system constrains the N -0 bond to a planar or nearly planar 
geometry, which is very close to the transition state for torsion. 
Very substantial barriers to nitrogen inversion are observed 
in these systems. The presence of the oxygen atom greatly 
increases the barriers, and oxaziridines exhibit the highest 
nitrogen inversion barriers which have been measured.

The acyclic hydroxylamine derivatives represent a more 
ambiguous case. Here, either torsion or inversion could be the 
rate-determining step. It has been argued that slow nitrogen 
inversion is the rate-determining step in the topomerization 
of trialkylhydroxylamines,10 while in other hydroxylamine 
systems, evidence for substantial torsional barriers has been 
obtained.5,11 A third possibility which may be considered is 
that torsion and inversion occur synchronously rather than 
sequentially and that the transition state for the topomeri
zation involves both flattening of the nitrogen pyramid and 
torsion about the N -0 bond.

It is clear that the presence of an oxygen atom bonded to 
nitrogen has an imoortant effect in raising the barrier to ni
trogen inversion. However, the precise reasons for this effect 
are not entirely clear. The electronegativity of the oxygen 
atom and the presence of nonbonding valence electrons are 
two features of the oxygen atom which have been implicated. 
Both theoretical12 and experimental13 evidence have been 
obtained for increased barriers to nitrogen inversion as a

function of the increased electronegativity of the atom bonded 
to nitrogen. Interactions between lone pairs of valence elec
trons on adjacent atoms might also lead to increased nitrogen 
inversion barriers. Overlap between filled valence level orbitals 
should lead to destabilization and this destabilization should 
be greatest in the transition state for nitrogen inversion since 
the increased p character of the nitrogen lone pair orbital 
should facilitate it overlap.

Comparison between cyclic and acyclic analogues can 
provide one means of distinguishing between these two 
possibilities. If electronegativity alone were important we 
would expect to find the nitrogen inversion barrier to be in
dependent of the N -0 dihedral angle since the inductive po
tency of the oxygen atom should not be affected by the torsion 
angle. If, on the other hand, ir overlap between vicinal pairs 
of nonbonded valence electrons is most important we would 
expect to find that the nitrogen inversion barrier is a strong 
function of dihedral angle. Since the interaction is repulsive, 
the adoption of a geometry of minimum interaction, which is 
possible only for the acyclic examples, should lead to lowered 
nitrogen inversion barriers. Indeed, comparisons of this sort 
between experimentally obtained barriers for cyclic and 
acyclic trialkylhydroxylamines indicated that the barriers in 
the acyclic compounds are ca. 3 kcal/mol lower than in their 
cyclic analogues.5 Barriers to nitrogen inversion in acyclic 
hydrazines also appear to be substantially lower than in cyclic 
hydrazines.14

These comparisons suffer from the drawback that not all 
parameters can be effectively controlled. Thus, steric inter
actions and ring strain are known to have large effects on ni
trogen inversion barriers, and it is not possible to devise model 
cyclic and acyclic compounds in which differences in steric 
interactions are removed and in which ring strain effects are 
avoided. For this reason the conclusions based upon experi
mental comparisons are not completely definitive. A more 
conclusive comparison would have to involve cyclic and acyclic 
models in which all molecular parameters would be identical 
except for the dihedral angle associated with the nitrogen- 
oxygen bond. While such models are not accessible experi
mentally, such a comparison between calculated inversion 
barriers can be realized using molecular orbital calculations. 
This paper reports the results of such a study of barriers to 
nitrogen inversion in N.N-dimethylhydroxylamine using 
CNDO/2 SCF-MO calculations. The geometries used for the 
acyclic ground state (la) and transition state (lb) and the 
cyclic ground state (2a) and transition state (2b) were those 
in Scheme II.

Method of Calculation. CNDO/2 calculations were carried 
out using the CNINDO program.15 Geometry optimization was
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acyclic

cyclic

Scheme II
ground state transtition state

performed for the N-O, O-H and C-N bond lengths and for 
the C-N-C and N-O-H bond angles in the ground state and 
in the transition state. The angle between the O-N bond and 
the C-N-C plane (nitrogen out of plane angle) was also opti
mized for the ground state. The geometry of the methyl hy
drogens was not optimized but held fixed throughout the 
calculations. The methyl H-C-H and H-C-N bond angles 
were precisely tetrahedral, and the C-N torsion angles were 
such that two of the hydrogen atoms lay in the CNC plane and 
these atoms H-C-N-C-H traced out a W shape. The bond 
lengths and angles are given in Table I. The same bond lengths 
and angles were used for the cyclic model except for the C- 
N-O-H dihedral angle, which was set equal to 0° (eclipsed 
methyl group and hydrogen). The original parameters of the 
CNINDO program were used throughout the calculations.

Results and Discussion

The energies of both the pyramidal ground state and the 
planar transition state were calculated as a function of the 
torsion angle. These data are given in Table II and are plotted 
in Figure l .17 Two different representations for the torsion 
angle can be used: <j>, the dihedral angle between the O-H bond 
and one of the N-C bonds, and 9, the dihedral angle between 
the O-H bond and the bisector plane of the C-N-C angle, 
which also corresponds to the dihedral angle between the O-H 
bond and the nitrogen lone pair orbital. Since the latter is of 
greater significance in terms of lone pair interactions, the data 
in Figure 1 are plotted in terms of 6.

The lone pair interactions between oxygen and nitrogen are 
best considered by dividing the lone pair density on oxygen 
into two nonequivalent lone pair orbitals. One of these orbitals 
is the pure p orbital which has its axis at right angles tc the 
N-O-H plane; the other is a hybrid orbital in the N-O-H 
plane which has approximately sp hybridization (sp0-8 for an 
N-O-H angle of 107°).18 If we consider % overlap between the 
lone pair orbital on nitrogen and the lone pair orbitals on 
oxygen, it is clear that tt overlap with the pure p orbital must

Figure 1. CNDO/2 calculated energy profiles for N -0  torsion for the 
pyramidal (ground) and planar (transition) states of dimethylhy- 
droxylamine.

Table I.a Geometry of JV,JV-Dimethylhydroxylamine, 
Optimized with Respect to Minimum Energy

Ground state Transition state
Bond lengths, A

O-IH 1.04 1.04
N-0 1.30 1.29
C-N 1.42 1.41
C-H (1.093) (1.093)

Bond angles, deg 
N-O-H 107 108
C-N-C 107 122

Dihedral angle between 123 (180)
N-0 and C-N-C plane, deg
° Bond lengths and angles in parentheses were not adjusted to 

provide minimum energy.

Table II. Change of Calculated Total Energy as a 
Function of Dihedral Angle

Ground state Transition state

(j>a 9 b E c E c e b r

-58.2 0 1.16 12.74 0 90
-50 8.2 1.23 12.87 10 80
-40 18.2 1.47 13.26 20 70
-30 28.2 1.84 13.88 30 60
- 2 0 38.2 2.24 14.64 40 50
- 1 0 48.2 2.59 15.48 50 40

0 58.2 2.78 16.28 60 30
10 68.2 2.77 16.95 70 20
20 78.2 2.54 17.40 80 10
30 88.2 2.16 17.56 90 0
40 98.2 1.68 17.40 100 -1 0
50 108.2 1.21 16.95 110 - 2 0
60 118.2 0.78 16.28 120 -30
70 128.2 0.46 15.48 130 -40
80 138.2 0.23 14.64 140 -50
90 148.2 0.1 13.88 150 -60

100 158.2 0.03 13.26 160 -70
110 168.2 0.01 12.87 170 -80
121.8 180. 0 12.74 180 -90

“ HONC dihedral angle. b Dihedral angle between OH and 
CNC bisector.e Total energy (kcal/mol) relative to the energy of 
the minimum energy ground state conformation.

be much more important than that with the hybrid orbital. 
Minimum overlap will then occur when the nitrogen lone pair 
lies within the N-O-H plane, i.e., when 9 =  90°.

As the data indicate, both geometries exhibit torsional 
barriers, although these barriers are considerably smaller than 
those expected on the basis of the barriers measured experi
mentally for N -  phenyl and AI-acylhydroxylamines,5’9 or ob
tained using ab initio calculations.6

In both cases energy minima are found which correspond 
to eclipsing of the O-H bond with the nitrogen lone pair or
bital (i.e., corresponding to 6 =  0 and 180°), geometries of 
minimum ir overlap between lone pair orbitals on oxygen and 
nitrogen. This is in accord with suggestions based upon vari
able temperature NMR spectra of N-alkoxy-2-piperidones.5 
While the curve for the planar transition state is symmetrical, 
that for the ground state is unsymmetrical since two geome
tries are possible, la and 3, in which the O-H bond eclipses 
the nitrogen lone pair. While both represent local minima, the

3
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Table III. Calculated and Experimental Nitrogen 
Inversion Barriers in Substituted Hydroxylamines

State CNDO/2 barrier“ Exptl barriers

Acvclic 12.7 12.8“
Cyclic6 14.8 15.6d

“ Difference between calculated total energies for the ground 
and transition states (kcal/mol). 6 The cyclic state means full 
eclipsing of CH3 and H. Variation of the dihedral angle by 10° in 
either direction caused changes in total energy of ca. 0.2 kcal/mol. 
c Barrier for N ,N -  dibenzylhvdroxylamine in CDCI3 from ref 10c. 
d Barrier for Ar-methylisoxazolidine in CDCI3 from ref 9a.

conformer la, whose Newman projection resembles a Y, is of 
lower energy than conformer 3 (which has been referred to as 
the W conformer6“). It is noteworthy that ab initio calcula
tions6 on hydroxylamine itself and on the related isoelectronic 
anion ~CH2OH have also indicated that the Y conformer is 
more stable than the W conformer. An x-ray crystallographic 
structure determination of a related compound, a sulfenamide, 
similarly featured a Y conformation along the N-S bond in 
the Newman projection.20

The ground state conformation 2a serves as a cyclic model 
and has dihedral angles of </> = 0° and 8 = 58.2°. This point lies 
very close to the torsional energy maximum which occurs at 
(j> =  5 ° ,  8 =  63°. Thus, the judgment5 that the geometry in 
cyclic compounds corresponds to a point near the torsional 
maximum and to a geometry of maximum repulsive interac
tion seems to be supported. We may note also that the calcu
lated torsional barrier is higher for the transition state than 
for the ground state as predicted by the model discussed 
above, since increased p character in the nitrogen lone pair 
orbital should result in greater overlap with the oxygen lone 
pair p orbital in the torsional transition state.

The nitrogen inversion barriers are obtained by taking 
differences between points on the two curves in Table II or 
Figure 1. Vertical lines in Figure 1 represent inversion barriers 
under the constraint that 9 remain a constant. This is satis
factory for 1 since both the ground state and transition state 
have values of 6  =  180°; the value of <t>, however, changes from 
121.8° in la to 90° in lb. By contrast, the inversion of the 
cyclic model is characterized by a change in 9  from 58.2° in 2a 
to 90°, while <p remains unchanged at 0° for both ground and 
transition states. For this reason the inversion of 2 is not 
represented by a veritcal line in Figure 1 but by an oblique 
line.

The values for the inversion barriers as calculated by 
CNDO/2 are given in Table III. The agreement of the 
CNDO/2 values with experimental values is surprisingly good. 
The experimental barriers obtained by variable temperature 
NMR spectroscopy for the similar compounds N , N -  diben- 
zylhydroxylamine10“ and N-methylisoxazolidine9“ are given 
in Table III for comparison purposes. We have also calculated 
the inversion barriers using two other semiempirical methods, 
INDO and the modification of CNDO developed by Mislow 
and co-workers for the calculation of pyramidal inversion 
barriers.136 However, the CNDO/2 optimized geometry was 
used with these methods, resulting in barriers which are much 
too low (INDO cyclic model barrier 5.2 kcal/mol; acyclic 1.6 
kcal/mol. Modified CNDO cyclic model barrier 3.8 kcal/mol; 
acyclic 2.4 kcal/mol). Apparently this procedure is inadequate, 
and individual geometry optimization with each method is 
essential in order to obtain acceptable results. In spite of this 
fact, the same general trend to higher barriers for the cyclic 
models is evident by both of these methods, lending further 
support to the conclusion derived from this trend as calculated 
using the CNDO/2 method.

The mechanism for stereomutation or topomerization of

Table IV. Eigenvectors for the HOMO of 2b

Atom Atomic orbital“ Eigenvector

0 Pz 0.4298
N Pz -0.7721
Ci Pz 0.1142
c 2 Pz 0.1158

H-(O) s 0
Hi s 0
h 2 s -0.2190
h3 s 0.2190
h4 s 0
h5 s 0.2200
He s - 0.2200

“ The AO’s which are not listed had zero Eigenvectors.

substituted hydroxylamines has been a matter of some con
troversy. Both inversion of the nitrogen pyramid and torsion 
about the N -0 bond are required for interconversion of a 
chiral hydroxylamine and its mirror image (degenerate race- 
mization). Since either step could conceivably be the rate
determining step the topomerization can be described as 
rotation dominated6“ if the reaction coordinate in the neigh
borhood of the transition state primarily describes torsion 
about the N -0 bond or inversion dominated if the reaction 
coordinate involves predominantly changes in pyramidality 
at nitrogen. A number of experimental probes have been used 
to distinguish between rotation-dominated and inversion- 
dominated topomerization in the sulfur analogues of hy
droxylamines, the sulfenamides.20’21 In the sulfenamide series 
the experimental results have demonstrated conclusively that 
the topomerization is rotation dominated, except in the sul- 
fenylaziridines where inversion-dominated topomerization 
is found.22 The experimental data in the hydroxylamine sys
tem have been far more ambiguous. Initial results on sub
stituent effects on inversion barriers in trialkylhydroxylam- 
ines seemed to favor a rotation-dominated mechanism.23 
Subsequent studies have indicated that other substituent 
effects favor inversion-dominated topomerization.10“ In our 
view, the present close agreement between calculated and 
observed barriers provides further support for the assignment 
of an inversion-dominated mechanism for topomerization of 
dialkyl- and trialkylhydroxylamines.

The results rule out the possibility that inversion and 
rotation take place simultaneously in acyclic hydroxylamines 
with a common planar transition state (the diagonal path in 
Scheme I). Such a transition state would correspond to the 
cyclic conformation 2b. The data in Table II and Figure 1 
indicate that the energy of 2b is substantially higher than that 
of either lb or 2a, which are the transition state conformations 
for nitrogen inversion and N-0 torsion in the acyclic molecule.

Examination of the molecular orbitals calculated for the 
cyclic transition state 2 b further indicates the importance of 
ir overlap of the lone-pair p orbitals on nitrogen and oxygen. 
In this conformation all of the atoms except the methyl hy
drogen atoms lie in the XY plane, and hence an analysis of the 
contribution of each of the isoalted atomic orbitals to the 
moelcular orbitals can be made. The highest occupied mo
lecular orbital (HOMO) of 2b clearly corresponds to anti
bonding ir interaction of the p2 orbitals of the nitrogen and 
oxygen atoms (Table IV). This destabilizing interaction ob
viously becomes smaller as the dihedral angle between the pz 
orbitals is changed, and the overlap reduced.

Our results also provide more convincing evidence that 
repulsive interactions between nonbonded valence electrons 
play a role in raising barriers to nitrogen inversion in cyclic 
hydroxylamines and, by extension, in related systems in
cluding substituted hydrazines. This is clearly not the only
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source of the rate retardation: the high barriers calculated and 
measured for acyclic hydroxylamines indicate that the elec
tronegativity of the oxygen atom also plays a very important 
role.

Registry No.—TV.TV-Dimethylhydroxylamine, 5725-96-2; N,N- 
dibenzylhydroxylamine, 621-07-8; N-methylisoxazolidine, 22445-44-9.
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Regiospecific Synthesis of Unsymmetrical Azoxy Compounds 
(Diazene iV-Oxides),a
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A directed synthesis is described of unsymmetrical azoxy compounds by condensation of nitroso substrates with 
JV.lV-dihaloamino derivatives in the presence of different types of promoters. Products bearing a variety of substit
uents, including aryl, alkyl, carboxylate, carbonamide, and halogen groups, are produced in fair to high yield. Evi
dence is presented that the reaction can proceed by several mechanistic pathways, depending upon the promoter.

Until 1974 there were only two useful methods for the re
giospecific synthesis of azoxyalkanes and alkylazoxyarenes.2’3 
Other methods are not regiospecifie4a'b or are impractical 
when electron-withdrawing groups are present.40 Recently,5 
we described the regiospecific synthesis of azoxyalkanes and 
alkylazoxyarenes by condensation of an A7,TV-dichloro amine 
with a nitroso compound in the presence of caustic (eq 1)

RNC12 +  RANG) —  R N = N (0 )R ' (1)

but the method is not useful if product or starting material is 
sensitive to basic conditions.

We herein report that the condensation of N , N -  dihalo 
amine derivatives and tertiary alkyl or aryl nitroso compounds 
can be effected by a wide variety of promoters, generally in fair 
to excellent yields. It is probable that several mechanistic 
pathways pertain, depending upon the promoter.

Results and Discussion

By the condensation of a tertiary alkyl or aryl nitroso sub
strate with an TV,TV-dihalo amine derivative, various types of 
azoxy compounds (Table I) have been prepared. In addition 
to the base-sensitive ester (3), amide (5), and acyl derivative
(4), we have synthesized members containing two azoxy 
moieties (10 and 11) (Table II), and the interesting compound 
“chloroazoxobenzene” (8) in a yield superior to that reported 
in the only other published procedure.6

The method also works with TV,TV-dibromo compounds as 
shown in Table III. Only two dibromoamino derivatives, a 
dibromo amide and dibromo amine, were investigated. In 
general TV,TV-dibromo substrates provide considerably higher 
yields than the corresponding TV,TV-dichloro counterparts. The 
TV,TV-dibromo amide, however, gave poorer results, presum
ably owing to its instability (decomposition even below 0 °C). 
This method for the synthesis of azoxy compounds is limited 
mainly by the availability of the nitroso precursor and the lack 
of success with aromatic TV-halo amines. An attempt by us to 
N,N-dichlorinate m-nitroaniline was not fruitful, and expo
sure of sulfanilic acid to hypochlorite yielded the corre
sponding azo compound.7

Since primary and secondary nitrosoalkanes preferentially 
exist as the oxime tautomers, we were able to use only tertiary 
alkyl or aryl nitroso compounds. With the intent of circum
venting this deficiency, we prepared the haloazoxy compounds 
6 and 12 in order to replace subsequently the halogen with 
hydrogen. Attempted reductions with Zn, CrCU, Bu.oSnH, 
NaBH4, and HI yielded intractable material in all cases. So
dium cyanoborohydride proved to be unreactive, even toward 
the azoxy moiety.

A convenient synthesis of azoxyalkenes is desirable, since 
several natural products8 such as 13 contain a , (3 unsaturation, 
for which type there are only a few published syntheses.9 
Experiments aimed at producing such compounds from pre-
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Table I. Diazene TV-Oxide Syntheses

Product
Pro

moter

R’ N(O) = NR

R R'
Yield,

%

l a CuCl n-Bu Ph 83
2 a CuCl C6 H, , Ph 58
3 CuCl CO, Et Ph 65
3 CuCN CO, Et Ph 90
3 KI CO, Et Ph 71
4 CuCl PhCO Ph 75
5 CuCl Me, NCO Ph 51

6 CuCl f-Bu acl 38

7 “ CuCl f-Bu Ph 44
7 KI f-Bu Ph 79
8 CuCN Cl Ph 25
8 KI Cl Ph 60
9 CuCN PhCO f-Bu 25

a Identified by comparison with an 
5.

authentic sample, ref

Table II. Bis Diazene A’-Ox ides'2

Yield,
Product Structure %

10 Et02CN==N (0)N —^  N (0 ) = N C 0 ,E t 75
Cl Cl

11 P h N (0 )= ’N (C H ,) ,N = N (0 )P h 46
a CuCl promoter.

formed nitroso olefins were unsuccessful since the precursors 
either polymerize readily, as does 14,10 or exist as stable d i
meric azo dioxides, as does 15u  (insoluble). Attem pted 
base-catalyzed dehydrohalogenation o f both 6 and 12 yielded 
none o f the desired fert-butylazoxyalkene, only intractable 
tars.

CH3(CH2)5C H =C H N (0)=N C H C H 20CH3

CH(0H)CH3
13

^ — NO PhH C=CH N 0
15

14
Mechanistic Considerations. The condensation o f ni- 

trosobenzene with TV,TV-dichloro-ferf-butylamine to form 7 
was chosen as the standard system for the mechanistic study. 
This com pound is produced in poorer yield than many o f the 
others, possibly owing to com peting elimination o f dichloro 
amine from i-B uN C l2 to form isobutylene. It has been shown12 
that tertiary alkyl N ,N - dichloro amines can undergo such a 
transformation in the presence o f  a variety o f promoters, in
cluding cuprous chloride, triethylamine, potassium iodide, 
and ferrous chloride. In spite o f this limitation, the synthesis 
o f  fert-butylazoxybenzene was chosen as the standard owing 
to the ease o f estimation o f the percent yields and the absence 
o f  com peting reactions, other than the above-m entioned 
elimination. There is no possibility o f dehydrohalogenation, 
as with a primary or secondary alkyl N ,N - dichloro amine, or 
nucleophilic attack on the carbonyl function, as with TV, IV- 
dichlorourethane. Indeed, when TV,A?-dichlorourethane was 
stirred with CuCN under the usual reaction conditions, 
product was formed whose ir and N M R  spectra indicated the 
presence o f  ethyl cyanoformate. A run with nitrosobenzene 
and N, N - d i ch 1 o ro - n - b u tv lam i n e in the absence o f  prom oter 
yielded only starting material.

T he yields o f  7 and 3 obtained with various promoters are

Table III. E ffect on Diazene IV-Oxide Yield o f  
Variation in X iR N X ,) 21

RN = N (0 )R '

Yield, %, when X  =

Compd R R' Cl Br

7 f-Bu Ph 44 90

6 f-Bu
Cla 38 69

3 C O ,Et Ph 65 47
12 f-Bu (CH3)jCBr 70

a CuCl promoter.

Table IV. E ffect o f  Promoter on  Diazene AT-Oxide Yields

Yield, %

Promoter 7 3

Ag° 57
AgCl 11
CuCl 49 65
CuCl, 15
CuCN 53 90
CuBr 53
Cul 58
Cu,S 54
FeCl, 35 40
F eS 04 ~ 5
CoBr 81
CoSO. ~ 2
KI 79
Et3N 55
NaCN 18 35
AgCN 68
AgC104 0
AgOAc 41

set forth in Tables IV -V I. The good results obtained with
EtsN, NaCN, and K I suggest nucleophilic attack on positive
halogen in the TV,TV-dichloro :«n ine, eq 213 or 3. N ucleophilic
attack on the nitroso entity isi known to occur.14 As a mecha-
nistic probe15 for the validity o f  eq 2, the sodium salt o f  TV-
monochlorourethane, (EtC>2CNCl)~Na+, was allowed to react
with nitrosobenzene in the absence o f  prom oter. Formation
o f a com plex mixture containing urethane and no more than
15-20% o f  3 suggests that eq 2 does not represent a major
pathway. Interpretation is difficult since some nitrene might
be arising from  the salt. A more likely possibility entails in-
volvem ent o f  a nitrene,5 eq 4. Nitrenes have previously been
im plicated as intermediates in various reactions entailing
TV-chloro com pounds.5'7’16

Cl 0 “

RNdz 3 ^ -* -  RNC1 R_1— NR' R N = N (0 )R ' (2)

Cl 0 “
R'NO I , I Nu_ - r r

RNC12 ^ ----- - RN— NR' — —-*• ------*- R N = N (0 )R ' (3)
| -NuCl

Cl

RNC12 RNC1 RN R N = N (0 )R ' (4)

The anion o f the metal salt might be functioning as the 
nucleophile with the metal ion assuming the role o f  the 
Friedel-Crafts catalyst, either polarizing the nitroso bond or 
facilitating the removal o f Cl-  in the last step. This conjecture 
is supported by the increase in yield o f product 3 from AgCN 
vs. NaCN. Since nitroso com pounds form  stable complexes 
with certain metal ions,17 such Lewis acid catalysis seems
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Table V. Diazene iV-Oxides from  Agoa Table VI. Diazene IV-Oxides from  Silver Acetate

_________________ C„H5N(Q ) = N R C6HsN (0 )= N R

Compd R Yield, % Compd R Yield, %

7 f-Bu 60
2 c . h m 30

136 ¡-Pr 17
l b n -Bu 33

aRN Cl2:C 6H5N O :Ag (Tollens’ ) = 1 :1 :2  molar ratio, 
CH3OH solvent. b See ref 5.

reasonable. In any event, in the absence o f  a reducing agent 
the presence o f  a nucleophile is necessary, as shown by the 
inability o f  AgC104 to  prom ote the reaction.

The efficacy o f  silver metal, redox metal salts, and M gl2/M g 
as promoters suggests that a second reaction pathway is o p 
erative, namely a one-electron transfer from  the reducing 
agent, eq 5. The nitrogen-centered radical then attacks the 
nitroso group to  produce a nitroxide which yields product on 
loss o f a chlorine atom. Freshly precipitated silver metal gives 
a substantial yield o f  product, in accord with published ob 
servations that iY-chloro amines yield nitrogen radicals upon 
treatment with this reagent.18 That the neutral silver is the 
promoter and not the generated silver chloride is shown by the 
small yield obtained with perform ed silver chloride. The su
periority o f  cuprous chloride over cupric chloride lends cre
dence to our contention since cuprous ion should be the 
weaker Lewis acid. The com bination o f  M gl2 and Mg, which 
presumably generates IM g, afforded 7 in 25% yield. Sup
porting this mechanism is the observation that radicals add 
to nitroso compounds yielding azoxy products,19® eq 6. Icdide 
ion, besides being a good nucleophile, is also a reducing agent, 
and may be playing both roles. Nucleophilic attack on positive 
chlorine would yield iodine m onochloride which disproport- 
ionates to  free iodine. Alternatively, the prom oter may fu nc
tion as a one-electron reducing agent as in eq 5. There are 
examples1913 o f  iodide reacting with dichloro amines to yield 
products best interpreted by means o f  a radical scheme. A l
though azo 16, eq 7, could result from  nitrene dimerization, 
peroxide 17 is more adequately accounted for on the basis o f 
radical precursors, eq 8-10. T he redox salts, ferrous sulfate 
and cobaltous sulfate, were also explored. Product resulted 
in both cases, but in very low yield. The insolubility o f  these 
salts in acetonitrile, or anion specificity ,20 could be a factor. 
M ost o f  the data can be accom m odated by a radical m echa
nism involving electron transfer reagents.

RNC12 +  Ag° RNC1 ^
0 -

RN— NR' R N = N (0 )R ' (5)j AgCl

Cl

F2N y  <̂ ~NO ^  P N  ^  ^ -N (0 )= N F  (6)

PhCH(R)NCl2 PhCH(R)N=NCHR(Ph) (7)
16

Ph3NCl2 Ph3COOCPh3 (8)
17

r  . -Nci o,
Ph3CNCl2 — *■ Ph3CNCl ----- - Ph3C- —  17 (9)

Ph3CNCl2 Ph3C- 17 (10)

In conclusion, the condensation o f TV,IV-dihalo compounds 
with tertiary alkyl or aryl nitroso com pounds can be effected 
with a wide variety o f  promoters, and probably can occur by

7 f-Bu 42
2 C.H ., 28
3 C 0 2Et 55

several mechanistic pathways, depending on the promoter. 
T he evidence suggests that reaction takes place initially by 
an ionic pathway, prom oted by a nucleophile, or by a free- 
radical route, promoted by redox metal ions or neutral metals. 
Som e flexibility in the choice o f  reaction conditions is thus 
possible. Hence, base-sensitive com pounds can be prepared 
using a redox metal salt, and com pounds sensitive to the 
presence o f radicals or reducing agents can be synthesized 
using a nucleophile as promoter.

Experimental Section

Infrared spectra were recorded on a Beckman IR-8 or a Perkin- 
Elmer 137 spectrophotometer. NMR spectra were taken on a Varian 
T-60A with tetramethylsilane as internal standard. Positive halogen 
content was determined by iodometric titration.21 Melting and boiling 
points are uncorrected. Elemental analyses were performed by Baron 
Consulting Co., Orange, Conn.

IV.IV-Dimethylurea was prepared by a published procedure.22®
TV,IV-Dichloro amines and amides were prepared by a literature 

method.22 After removal of solvent, the crude products were used 
without further purification.

Potassium salt o f monochlorourethane (18) was prepared by 
a literature method.24

Trichloramine was prepared by a published procedure.21 The 
methylene chloride solution was used without further purification.

MTV-Dibromo-teri-butylamine. A solution of sodium hydroxide 
(30 g, 0.75 mol) and bromine (48 g, 0.3 mol) in water (150 ml) was 
stirred in an ice bath as ieri-butylamine (15.3 g, 0.2 mol) in methylene 
chloride (200 ml) was added dropwise. The mixture was stirred for 
5 h. The organic phase was removed, the aqueous phase was washed 
with methylene chloride, and the combined organic portion was dried 
over calcium chloride. Evaporation of solvent yielded product, red 
oil, 27 g (58%). Iodometric titration indicated the positive halogen 
content to be 100% of theory.

TV,TV-Dibromourethane. A modified literature procedure was 
followed.25 Silver acetate (25.1 g, 0.15 mol), suspended in carbon 
tetrachloride (400 ml), was stirred in an ice-salt bath as bromine (24 
g, 0.15 mol) in carbon tetrachloride was added dropwise. After 10 min 
of stirring in the absence of light, urethane (4.5 g, 0.05 mol) was added 
and the mixture was stirred for 75 min at room temperature. The 
suspension was filtered, and evaporation of solvent yielded product, 
red oil (13.8 g, 100%). Iodometric titration indicated the positive 
halogen content to be 94% of theory.

1- Chloro-l-nitrosocyclohexane was prepared according to a 
published procedure.26 The crude product was used.

trans,irans-l,4-Dichloro-l,4-dinitrosocylohexane was prepared 
according to a literature method.27

2- Bromo-2-nitrosopropane was prepared according to a pub
lished procedure.28 The undistilled product was used.

General Procedure for Diazene IV-Oxides 1-13. The nitroso 
compound (0.01 mol) and the dihaloamino compound (0.01 mol) were 
stirred in acetonitrile (50 ml). In the synthesis of 9,0.005 mol of the 
tetrachlorodiamine was used. For 10, trichloramine (0.01 mol) was 
added as a 0.7 M solution in methylene chloride. The promoter (0.01 
mol of KI, Et3N, AgCN, or NaCN; 0.02 mol of the others) was added 
and the mixture was stirred at room temperature overnight. In the 
cases of 5, 10, 11, and 12, the mixture was stirred at 0 °C for the first 
hour. The mixture was then poured into 500 ml of water. In the syn
thesis of 8, the product was isolated by filtration. In the other cases, 
the water solution was extracted repeatedly with F,t.20 . The combined 
extract was washed with H20, then with saturated aqueous NaCl, and 
dried over CaCl2 Evaporation of solvent yielded the crude product 
as a brown oil. Compounds 8 and 9 were purified by crystallization. 
Products 1-6, 11, and 12 were chromatographed on silica gel with 
elution by benzene-petroleum ether (3:7). In the synthesis of 7 for the 
mechanistic studies, the crude product was held under reduced 
pressure at ca. 70 °C to remove unreacted /v.A'-dichloro-ieri-butyl
amine, the only remaining impurity being nitrosobenzene. The per
centage of product 7 in this mixture was estimated by comparison of
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the integral of the ierf-butyl singlet (5 1.4) with the integral for the 
phenyl absorption (6 8.2-7.0) in the NMR spectrum.

Tollens’ Silver. Concentrated ammonia solution (about 50 ml) was 
added to a suspension of silver oxide22b (2.4 g) in water (30 ml) until 
the solid dissolved. Then 37% formaldehyde (40-50 ml) was added 
slowly with stirring and cooling in order to precipitate the silver metal. 
The solid was filtered and washed repeatedly with water, and then 
with methanol until free of formaldehyde.

7 from t-BuNCl2-C 6H5N O -M g-M gl2.z9 After a mixture of 
magnesium turnings (0.96 g, 0.013 mol) in 50 ml of tetrahydrofuran 
was warmed to 50 °C, iodine (1.68 g, 0.04 mol) was added in small 
amounts over a period of 1 h. The mixture slowly turned light brown 
in color. Then the mixture was cooled to room temperature and added 
to a solution of nitrosobenzene (1.07 g, 0.01 mol) and JV.JV-dichloro- 
tert-butylamine (1.44 g, 0.01 mol) in 50 ml of THF. The mixture be
came dark brown in color. Stirring was continued overnight. The 
mixture was then poured into 250 ml of water, and sodium thiosulfate 
(0.01 mol) was added until the color became lighter. The product was 
extracted into ether and dried over calcium chloride. Ether was re
moved by vacuum distillation and product was then distilled, bp 60-80 
°C (0.5 mm), yield 25%. The properties (NMR, ir) of this fraction were 
identical with those of an authentic sample of 7.

Characterization o f Diazene IV-Oxides. 1,2, and 7 were identi
fied by comparison with authentic samples.5

JV-Ethylcarboxyl-JV'-phenyldiazene JV'-Oxide (3): mp 37-38 
°C; bp 112-114 °C (0.25 mm); NMR (CDCI3) S 1.37 (t, CH3, 3.2 H),
4.42 (q, CH2, 1.9 H), 7.50 (m, Ph, 3.0 H), 8.15 (m, Ph, 1.9 H); ir (neat) 
1755 (C = 0 ), 1490 (N =N ), 1450 (NO), 1240 (C-O), 780, 695 cm“ 1 
(Ph).

Anal. Calcd for C9H10N2O3: C, 55.65; H, 5.19; N, 14.43. Found: C, 
55.38; H, 5.05; N, 14.49.

JV-Benzoyl-JV-phenyldiazene JV'-Oxide (4): mp 50-52 °C; NMR 
(CDCI3) 5 8.20 (m, Ph, 2.24 H), 7.94 (m, Ph, 1.9 H), 7.50 (m, Ph, 5.9 
H); ir (neat) 1700 (C = 0 ), 1580 (Ph), 1470 (N =N ), 1430 (NO), 1230, 
1320 (C-N), 781, 690 cm' 1 (Ph).

Anal. Calcd for C13H10N0O2: C, 69.00; H, 4.46; N, 12.39. Found: C, 
68.97; H, 4.66; N, 12.64.

JV-Dimethylcarbamyl-JV’ -phenyldiazene JV'-Oxide (5): mp
44-46 °C; NMR (CDCI3) S 8.18 (m, Ph, 2.0 H), 7.53 (m, Ph, 3.4 H), 3.06 
(s, CH3, 2.7 H), 2.87 (s, CH3, 3.0 H); ir (neat) 1680 (C = 0 ), 1480 
(N =N ), 1430 (NO), 1370 (CH3), 791, 695 cm“ 1 (Ph).

Anal. Calcd for C9H11N3O2: C, 55.95; H, 5.74; N, 21.75. Found: C, 
55.70; H, 5.52; N, 21.83.

JV-tert-Butyl-JV'-chlorocycIohexyldiazene JV'-Oxide (6): bp
53-54 °C (0.25 mm); NMR (CDCI3) S 1.0-2.8 (m, aliphatic). 1.30 (s, 
C4H9); ir (neat) 1490 (N =N ), 1440 (NO), 1350 cm“ 1 R-C4H9).

Anal. Calcd for CioHi9N2OC1: C, 54.91; H, 8.76; N, 12.81; Cl, 16.21. 
Found: C, 55.17; H, 8.93; N, 13.01; Cl, 16.45.

l,4-Dichloro-l,4-bis(JV-ethylcarboxylazo)cyclohexane 
JV',JV'-Dioxide (10); mp 136-139 “C: NMR (CDCI3) 6 4.08 (c, 0CH2,
3.9 H), 2.77 (s, CCH2, 7.8 H), 1.40 (t, CH3, 6.3 H); ir (CHCI3) 1750 
(C = 0 ), 1500 (N =N ), 1450 (NO), 1200 cm- 1 (CO).

Anal. Calcd for C^H isO e^C fe C, 37.42; H, 4.71; N, 14.55; Cl, 18.41. 
Found: C, 37.67; H, 4.69; N, 14.74; Cl, 18.69.

l,2-Bis(JV-phenylazo)ethane JV',JV'-Dioxide (11): mp 155-156 
°C; NMR (CDCI3) 6 8.14 (m, Ph, 3.7 H), 7.13 (m, Ph, 6.9 H), 4.18 (s, 
CH2, 3.4 H); ir (Nujol) 1470 (N =N ), 1430 (NO), 790, 690 cm“ 1 (Ph),

Anal. Calcd for C14H14N4O2: C, 62.2; H, 5.2; N, 20.7. Found: C, 61.9; 
H, 5.3; N. 20.7.

JV-Phenyl-JV-chlorodiazene JV-Oxide (8): bp 68-70 °C (0.6 mm) 
[lit.6 bp 57 °C (0.5 mm)]; NMR30 (CC14) <5 7.2-8.2 (m, Ph); ir (neat) 
1475 (N =N ), 1430 cm-1 (NO); mass spectrum m/e (rel intensity) 156 
(51) (M+), 112 (73) (M+ -  N20), 107 (100) (M+ -  NCI).

Anal. Calcd for C6H5C1N20: C, 46.03; H, 3.22; N, 17.89. Found: C, 
45.92; H, 3.40; N, 17.82.

JV-Benzoyl-JV'-tert-butyldiazene IV'-Oxide (9): mp 43-45 °C; 
NMR (CDCI3) S 7.84 (m, Ph, 1.8 H), 7.53 (m, Ph, 3.1 H), 1.68 (s, t- 
C4H9, 9.1 H); ir (CHCI3) 1720 (C = 0 ), 1600 (Ph), 1480 (N =N ), 1450 
cm 1 (NO).

Anal. Calcd for C11H14N2O2: C, 64.05; H, 6.86; N, 13.58. Found: C, 
64.06; H, 6.80; N, 13.41.

JV-tert-Butyl-JV’-broinoisopropyldiazene JV’ -Oxide (12): bp
96-99 °C (50 mm); NMR (CC14) & 2.15 (s, CBrCHs, 6.1 H), 1.30 (s,
i-C4H9, 8.9 H); ir (neat) 1490 (N=N), 1450 (NO), 1360 cm" 1 (Î-C4H9).

Anal. Calcd for C7H i5N2OBr: C, 37.68; H, 6.78; N, 12.56; Br, 35.81. 
Found: C, 37.40; H, 6.65; N, 12.32; Br, 36.11.
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p-Tosylhydrazones of conjugated (olefinic or aromatic) carbonyl compounds undergo with NaBH4 in methanol 
an elimination process in preference to reduction, thereby providing methyl ethers instead of hydrocarbons. The 
combination of base (NaBH4, NaOR, or K 2C O 3) and alcohol provides an effective and convenient system for the 
transformation of these conjugatively deactivated derivatives into the corresponding ethers, mostly without allylic 
rearrangement. The sequence tosylhydrazone —*• diazoalkene (aryldiazomethane) —► diazonium-alkoxide ion pair 
—► ether is suggested as the most suitable mechanistic description.

The reduction o f p-tosylhydrazones with N aBH 4 in 
methanol or in aprotic solvents (such as T H F  or dioxane) gives 
saturated hydrocarbons in high yields under mild condi
tions .1“3 T h e mechanism o f this reaction apparently in
volves2’4’5 initial chelation o f  the tosylhydrazone by a Lewis 
acid followed by reduction to  an intermediate tosylhydrazine 
(or its organometallic equivalent), and subsequent thermal 
decomposition.

A need for [6 -3H ]lim onene (1) for biogenetic studies 
prom pted application o f this reaction to the reduction o f  
carvone p-tosylhydrazone6 (2 ).

Treatment o f 2 with N aBH 4 in M eO H 1  gave, instead o f the 
expected limonene (1), a high yield o f carveyl methyl ether (3) 
as a mixture o f  stereoisomers. T he corresponding reaction in 
dioxane was extremely slow, giving only traces o f  1 after 48 h. 
This unexpected result led us to examine the behavior o f other 
a,(3-unsaturated and also aromatic carbonyl derivatives in this 
reaction.

As seen in Table I, the reaction in M eO H 10 a ffordec the 
corresponding methyl ethers in satisfactory yields for all the 
p-tosylhydrazones studied. However, in dioxane the yields 
o f  hydrocarbons were much lower for conjugated derivatives 
than for saturated examples,1 ,2  under identical experimental 
conditions.

The results outlined in Table I demonstrate that, as with 
o'/i-unsaturated carbonyls in the presence o f  nucleophilic 
reagents, the reactivity o f  the carbon-nitrogen double bond 
toward hydride is drastically reduced.8a’b The virtually 
quantitative recovery o f the tosylhydrazones and absence o f  
alkyltosylhydrazines in the reactions perform ed in dioxane 
indicate that the step which is blocked is the addition o f hy
dride and not the subsequent decom positon o f  alkyltosylhy- 
drazine.

From this it follows that, in methanol, the lower reactivity 
o f  the carbon-nitrogen double bond coupled with the protic 
and nucleophilic nature o f  the solvent and the alkalinity o f the 
m edium  favor alkaline cleavage1 1 ,1 2  analogous to  the Bam- 
ford-Stevens reaction . 13  This view is strongly supported by 
the successful conversions o f the conjugated p-tosylhydra
zones with M eO N a 14 or K 2CO 3 and methanol (Table I). The 
reactions effected by  base in m ethanol may involve (Scheme
I) the decom position o f the tosylhydrazone anion to an in
termediate diazo derivative (as generally accepted for the 
Bam ford-Stevens reaction). This is supported by the ap
pearance, in the tests carried out on aromatic substrates, o f  
a transient light-orange color. T he formation o f  these diazo 
derivatives is more evident when working with M eONa in 
methanol; in fact, under these conditions the diazo derivatives 
can be isolated . 13 ,15 ,16  Although in the case o f  olefinic tos
ylhydrazones the presence o f diazo derivatives in appreciable 
quantities could not be dem onstrated , 17  we believe that they 
are formed during the first stage o f the reaction, but, being less 
stable than aryldiazomethanes, evolve to final products at a 
much faster race.

The reaction o f 1-oxoalkanephosphonate p-tosylhydrazones 
with N aBH 418 is apparently intermediate between p -to s 
ylhydrazones o f saturated carbonyls and those in the present 
study. W hen working in T H F, the form er derivatives afford 
the corresponding products o f  normal reduction in high yield 
(65-72% ), while in methanol the corresponding diazo deriv
atives are isolated (85-90% ), resulting from  a thermal de
com position o f the tosylhydrazone anion.

Even if the possibility of com peting thermal19 reactions 
(path b) cannot be excluded, the protic reaction medium and 
the mild conditions employed in this study suggest that the 
diazo derivative reacts20,21 with a weakly acidic proton donor, 
such as the hydroxyl solvent, to form a diazonium ion22 fo l
lowed by N 2 elimination to a carbonium ion (path a). In fact, 
vinyldiazoalkanes, which are less stable than their aromatic 
counterparts and thus more easily protonated ,20 cannot be 
detected in the reaction medium. Further, the reaction o f 
phenyldiazom ethane with methanol was much faster in the 
absence o f  M eONa, resulting in virtually immediate disap-

Scheme I
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Table I. Conversion3 o f  Conjugated p-Tosylhydrazones to  Ally lie (or Benzylic) Methyl Ethers

NaBH4 NaBH4 MeONa K 2C 0 3

p-Tosylhydrazone”  o f  Mp, °C MeOH (h) Dioxane (h) MeOH (h ) MeOH (h)

1 5 6 -1 5 7  

1 3 7 -1 3 8  

144—145d

1 2 5 -1 2 7

1 0 5 -1 0 6  

146—147#

1 7 7 -1 7 9

< f j ) —CHO 128—129m

77
[0 .5 ]* (48) [8.5J* (48)

86
[0 .9 ]* (30 ) [1 9 ]* (72 )

80
[0 .7 ]* (48 ) st. m. (72 )

67
[1 .4 ]* (48 ) [5 .2 ]* (48)

7 3 « ,/
[0 .7 ]* (40 )

26 (48) st. m. (48)
69*

[ 1 ]* (48 ) st. m. (48)

74
[5 ]* ,M (24) [15]* ,'' (24)

64
[3 ]* (24) [1 6 ]* (24)

69« (48) 67 (48 )

80 (48 ) 70 (48 )

73 (48) 61 (48 )

56 (48 ) 54 (48 )

6 0 « ,/ (40) 6 9 « ./ (40 )

19 (48 ) 16 (48 )

58 (48) 54 (48 )

70 (24) 76 (24 )

60« (24 ) 69 (24 )

a Overall yields were determined by isolation and do not take into account recovered starting material. * Yields o f  allylic 
(benzylic) hydrocarbons. « Use o f EtONa in ethanol and o f  ¡-PrONain 2-propanol afforded the corresponding ethers (see 
Experimental Section). d Lit.8* 143.5—145 °C. « Tosylhydrazone not isolated. /P rod u ct consisted o f  a mixture (~ 7 :3 )  o f  
neryl and linalyl methyl ether. % L it.16 147 .5—150 °C. * Use o f  ethanol afforded the corresponding ethyl ether in 47% yield 
(see Experimental Section) . 1 Mixture o f  hydronaphthalenes. I The amount o f  tetralin slowly increases with excess NaBH4. 
The yields o f  30% reported by Caglioti2 is possibly due to a misleading com putation o f  the gas chromatographic peak (L. 
Caglioti, private com m unication). m Lit.8* 128.5—130 °C. n All isolated p-tosylhydrazones gave satisfactory elemental anal
yses (±0.3%  for C, H, N) the results o f  which have been provided to  the Editor.

pearance o f the diazo com pound and excellent yields o f  ether; 
this strongly indicates an acid-catalyzed reaction o f the diazo 
com pound. A short-lived diazonium ion will then lead to the 
form ation o f a stable allylic or benzylic carbonium ion.

The nucleophile employed showed differing behavior with 
the aromatic systems than with the olefinic cases; this is 
probably due to the different stability o f  the carbocation. 
Thus, the p-tosylhydrazone o f benzaldehyde exhibited a 
progressive reduction o f reactivity (7:5:1, relative final yields) 
in parallel tests carried out with 0.05  M  solutions o f  M eONa 
in methanol, EtON a in ethanol, and i-PrO N a in 2-propanol, 
while the carvone derivative (2 ) exhibited almost identical 
reactivities with the three systems.

T he analysis o f  the mixture o f  isomeric carvotanacetyl 
methyl ethers23 obtained both  with N aBH 4 and M eONa in 
m ethanol is o f  interest and is presented below.

a  (5 4 % )

T he simplest explanation for the very small quantities o f  
isomers resulting from allylic rearrangement ( 7  and S) is that 
a diazoniunr-m ethoxide ion pair is form ed which loses nitro
gen unimolecularly without dissociation; the predom inance 
o f  trans over cis isomers can best be explained by steric hin
drance.

The mild reaction conditions and the satisfactory yields 
obtained in the reaction o f conjugated p-tosylhydrazones with 
alcohols in basic medium suggest the latter as an attractive 
alternative to that in which the corresponding allylic and 
benzylic ethers are obtained from  unsaturated ketones by 
means o f initial reduction followed by  ether formation.

The scope and applications o f  the reactions are currently 
in progress.

Experimental Section

Ir spectra were determined with a Perkin-Elmer 257 instrument. 
NMR spectra were measured on a JEOL C-60 instrument, with Me4Si 
as internal standard; chemical shifts have been recorded in 6 values. 
Mass spectra were determined with a Varian MAT 112 spectrometer. 
Optical rotations were measured on a Perkin-Elmer 141 instrument. 
Microanalyses were performed by Istituto di Chimica Generale, 
University of Modena.

All the conjugated ethers were compared (GLC, ir, and NMR) with 
authentic samples obtained commercially or prepared by standard 
procedures, usually23 from the corresponding carbonyl compound by 
hydride reduction and subsequent methylation (NaH/CHal). The 
allylic hydrocarbons were identified on GC-MS by comparison with 
samples obtained commercially or prepared from the alcohol by 
mesylation followed by hydride reduction.

p-Tosylhydrazone Formation. General Procedure. The p- 
tosylhydrazones were readily prepared in good yield by addition of 
p-tosylhydrazine (10% molar excess) to a solution of the carbonyl
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compound in methanol followed by refluxing for 0.5-5 h. In all cases 
the products were identified through elemental analyses (which were 
made available to the Editor and which were well within the limits 
of acceptable error) and infrared and NMR spectra, which are avail
able on request. The materials were pure enough for use in the reac
tions.

General Decomposition Procedures. A. With NaBH4 in 
Methanol. To a stirred solution of 3 mmol of the tosylhvdrazone in
35-50 ml of methanol was added NaBHU (45 mmol) in small portions 
during 1.5 h. The solution was then refluxed for the appropriate length 
of time (Table 1), the reaction being monitored by TLC and GLC. 
Water was then added, and the mixture was extracted with ether (or 
methylene chloride in the case of the steroid) (3 X 25 ml); the organic 
solution was then washed with water, dried (Na2S04), and concen
trated. The residue was analyzed by GLC on a 4-m 5% WEAS column 
and on a 2-m 5% SE-30 column and the products were fractionated 
by using a silica gel column (re-hexane-ether gradient) and purified 
by distillation.

B. With MeONa in Methanol. Reaction mixtures made 0.045 M 
in the tosylhydrazone and 0.05 M in MeONa in methanol were re
fluxed for the appropriate length of time (Table I). Water was then 
added and the above workup employed to obtain the reaction prod
ucts.

C. With K2CO3 in Methanol. The procedure was identical, except 
that the solution was 0.06 M in anhydrous K2CO3.

Reduction with NaBH4 in Dioxane. The general procedure was 
that described by Caglioti.1 The products were recovered in ether 
which was distilled at 1 atm pressure to give a residue which was an
alyzed by GC-MS in comparison with authentic samples.

Carveyl Methyl Ethers. The isomer mixture was analyzed on 
GC-MS in comparison with samples prepared23 from the cis- and 
trans-carveol by NaH/CHal in THF: (a]20D —69.5° (c 2.1, MeOH) 
from NaBH4/MeOH, -66.7° (c 2.0, MeOH) from MeONa/MeOH and 
-68.1° (c 2.1, MeOH) from K2C 03/Me0H; NMR (CDCI3) b ,1.7 (6
H, br s, CH3C = ), 3.32 and 3.37 (3 H, two s, CH3O), 3.45 (1 H, m, 
CHO), 4.72 (2 H, s, CH2= C ), and 5.57 (1 H, m, CH=C).

Anal. Calcd for CnH180: C, 79.46; H, 10.91. Pound: C, 79.63; H, 
10.75.

Carveyl Ethyl Ethers. They were obtained as an isomer mixture 
(GC-MS), in 65% yield by 0.05 M EtONa in ethanol, following the 
general procedure (at 68 °C for 48 h): NMR (CCI4) 51.2 (3 H, t, CH3C),
I. 77 (6 H, br s, CHSC = ); 3.52 (2 H, q, CH20), 3.76 (1 H, m, CHO), 4.78 
(2 H, br s, CH2= C ), and 5.53 (1 H, br t, C H =€).

Anal. Calcd for C12H20O: C, 79.94; H, 11.18. Found: C, 79.95; H,
11.03.

Carveyl Isopropyl Ethers. They were obtained as an isomer 
mixture (GC-MS), in 62% yield by 0.05M i-PrONa in 2-propanol 
following the general procedure (at 68 °C for 48 h): NMR (CCI4) b 1.13 
(6 H, d, CH3C), 1.70,1.72, and 1.74 (6 H, three s, CH3C = ), 3.5-4.0 (2
H, m, CHO), 4.73 (2 H, br s, CH2= C ), and 5.5 (1 H, m, CH=C).

Anal. Calcd for Ci3H220: C, 80.35; H, 11.41. Found: C, 80.47 H,
11.58.

Carvotanacetyl Methyl Ethers. The cis and trans (1:1.4, GLC) 
isomers were separated by repeated column chromatography ever 
silica gel using a n -hexane-benzene gradient and purified by distil
lation.

Cis isomer: [a ]20D —76.9° (c 2.05, MeOH).
Anal. Calcd for Cn H20O: C, 78.51; H, 11.98. Found: C, 78.54; H,

12.07.
Trans isomer: [ar]20D —71.4° (c 2.1, MeOH).
Anal. Calcd for Cn H20O: C, 78.51; H, 11.98. Found: C, 78.39; H, 

11.93.
The ir and NMR spectra were identical with those previously ob

tained.23
Isophoryl Methyl Ether. The product was purified by distillation 

(82-83 °C (14 mm): NMR (CDC13) a 0.88 and 0.98 (3 H each, s, CH3C),
I. 71 (3 H, br s, CH3C = ), 3.37 (3 H, s, CH30); 3.8 (1 H, m, CHO), and
5.52 (1 H, br s, CH=C). Its GLC retention time, ir, and NMR spectra 
were superimposable with those of a sample prepared according to 
th© literature ^

Anal. Calcd for C10H 18O: C, 77.87; H, 11.76. Found: C, 78.13; H, 
H.90.

Piperityl Methyl Ether. The reaction mixtures consisted of two 
methyl ethers (~1:1, GLC), which showed (GC-MS) the same mo
lecular ion (M+ m/e 168) and identical fragmentation pattern. They 
were separated by preparative GLC (10% QF1,100 °C) and purified 
by distillation, bp 90-93 °C (15 mm). NMR (CDC13) of the isomer with 
lower retention time showed signals at 5 0.93 [6 H, d (J = 6 Hz), 
CH3C], 1.72 (3 H, br s, CH3C = ), 3.33 (3 H, s, CH30 ), 3.62 (1 H, m, 
CHO), and 5.70 (1 H, m, CH=C).

Anal. Calcd for C11H20O: C, 78.51; H, 11.98. Found: C, 78.56; H, 
12.24.

NMR (CDCI3) of the other isomer had signals at b 0.85 and 0.95 [3 
H each, d (J = 6 Hz), CH3C], 1.68 (3 H, br s, CHSC = ), 3.30 (3 H, s, 
CH30 ), 3.62 (1 H, m, CHO), and 5.48 (1 H, br s, CH =C).

Anal. Calcd for CnH20O: C, 78.51; H, 11.98. Found: C, 78.80; H, 
11.75.

The NMR spectra and ir absorptions were identical with those of 
the two epimeric methyl ethers (1:3, GLC) obtained from piperitone 
by the procedure above indicated.

Neryl and l,5-Dimethyl-l-vinyl-4-hexenyl Methyl Ethers. The 
two methyl ethers (■—7:3, GLC) were separated by chromatography 
over silica gel, eluting with a n-hexane-benzene gradient, and purified 
by distillation. Neryl methyl ether: NMR (CCI4) 5 1.62 (3 H, s, 
CH3C = ), 1.68 (6 H, s, CH3C = ), 3.31 (3 H, s, CH30), 3.98 [2 H, d (J 
= 6.5 Hz), CH20], 5.1 (1 H, m, CH =C), and 5.4 (1 H, br t, CH=C).

Anal. Calcd for Cn H2oO: C, 78.51; H, 11.98. Found: C, 78.83; H, 
11.81.

l,5-Dimethyl-l-vinyl-4-hexenyl methyl ether: NMR (CCI4)
6 1.2 (3 H, s, CH3C), 1.62 and 1.69 (3 H each, br s, CH3C = ), 3.11 (3 H, 
s, CH30), 4.9-5.3 (3 H, m, CH2= C ), and 5.5-6.1 (1 H, m, CH=C).

Anal. Calcd for CnH20O: C, 78.51; H, 11.98. Found: C, 78.68; H,
11.74.

Cholesteryl Methyl Ether. The mixture (GLC) of 3(3 and 3a de
rivative was not separated, but purified by distillation: bp 181-185 
°C (0.01 mm); NMR (CDCI3) 5 3.35 and 3.38 (3 H, two s, CH3O),
3.4-3.9 (1 H, m, CHO), and 5.4 (1 H, m, CH =C).

Anal. Calcd for C28H480 : C, 83.93; H, 12.08. Found: C, 83.68; H,
12.30.

(a-Phenyl)ethyl Methyl Ether: NMR (CDC13) b 1.37 [3 H, d (J 
= 6 Hz), CH3C], 3.12 (3 H, s, CH30), 4.21 (1 H, q, CHO), and 7.17 (5
H, br s, phenyl).

Anal. Calcd for C9H120: C, 79.37; H, 8.88. Found: C, 79.50; H, 8.72.
(a-Phenyl)ethyl Ethyl Ether. When the NaBHi decomposition 

was carried out in ethanol according to the general procedure the ethyl 
ether was obtained in 47% yield; no allylic hydrocarbon was detected 
in the product mixture. NMR (CDC13) b 1.2 (3 H, t, CH3C), 1.46 [3 H, 
d (J = 6 Hz), CH3C], 3.37 (2 H, q, CH2C), 4.41 (1 H, q, CHO), and 7.23 
(5 H, br s, phenyl).

Anal. Calcd for C10H14O: C, 79.95; H, 9.39. Found: C, 80.06; H, 9.40.
a-Tetrahydrocaphthalenyl Methyl Ether. The methyl ether 

was separated from the hydrocarbons by column chromatography on 
silica gel eluting with a re-hexane-ether gradient: NMR (CDC13) b
I. 7-2.2 (4 H, m, CH2C), 2.8 (2 H, m, CH2Ar); 3.42 (3 H, s, CH30), 4.32 
(1 H, t, CHO), and 7.0-7.5 (4 H, m, aromatic).

Anal. Calcd for Cu Hi40: C, 81.44; H, 8.70. Found: C, 81.60; H, 8.73.
1,2-Dihydronaphthalene: NMR (CDC13) b 2.4 (2 H, m, CH2C =),

2.8 (2 H, m, CH2Ar), 6.08 (1 H, m, CH =C), 6.5 [1 H, d (J = 9 Hz), 
CH =C], and 7.08 (4 H, br s, aromatic).

Tetralin: NMR (CDC13) b 1.79 (4 H, m, CH2C), 2.78 (4 H, m, 
CH2Ar) and 7.08 (4 H, s, aromatic).

Benzyl Methyl Ether: NMR (CCL,) b 3.3 (3 H, s, CH30), 4.38 (2 
H, s, CH20), and 7.27 (5 H, s, phenyl).

Anal. Calcd for CsH10O: C, 78.65; H, 8.25. Found: C, 78.82; H, 8.30.
Benzyl Ethyl Ether. It was obtained by 0.05 M EtONa in ethanol, 

following the general procedure (at 68 °C for 24 h), in 43% yield: NMR 
(CC14) b 1.18 (3 H, t, CH3C), 3.46 (2 H, q, CH20), 4.40 (2 H, s, CH20), 
and 7.27 (5 H, s, phenyl).

Anal. Calcd for C9H12O: C, 79.37; H, 8.88. Found: C, 79.42; H, 9.02.
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On the Mechanism of the Thermal iV-Nitropyrazole Rearrangement. 
Evidence for a [1,5] Sigmatropic Nitro Migration1
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The title reaction, which smoothly proceeds at ca. 150 °C, displays first-order kinetics and is' affected neither by 
acids or bases, nor scavengers for free radicals or for N02+. Our kinetic studies further showed that replacement 
of 3(5)H by D has no effect on the rate of this intramolecular process. Solvent effects are surprisingly small. Substit
uents at the 3, 4, or 5 position exert only modest influence on rates and activation parameters; AH* values are in 
the range 30-36 kcal mol-1, AS* being 2 ±  5 eu. The reaction, which can also be performed in the vapor phase, ap
parently does not proceed heterolytically; the type of solvent effect points to a transition state which is somewhat 
less polar than the starting compound. Isomerizations in benzene lead to trace amounts only of the corresponding 
(1- )  phenylpyrazoles. The N-NO2 bond strength is estimated to be 45-50 kcal mol-1. Hence, a homolytic mecha
nism involving free (1—) pyrazolyl radicals is highly unlikely. All experimental data are compatible with a rate-de
termining [1,5] shift of NO2 to give a 3Tf-pyrazole as an intermediate, which subsequently isomerizes into the 3(5)- 
nitropyrazole. The first step is discussed in some detail. As the reverse reaction could not be observed, the overall 
process is markedly exothermal. With 4-substituted 1-nitropyrazoles some denitration (apparently caused hysteric 
hindrance) is competing with rearrangement.

Thermal rearrangement o f /V-nitropyrazoles unsubsti
tuted at the 5 position (1) has been proven to be a convenient 
m ethod for the preparation o f 3(5)-nitropyrazoles (2)2’3 
(Scheme I). The isomerizations can be performed at moderate 
temperatures (120-190 °C) in various solvents. Normally, the 
3(5)-nitropyrazoles are formed quantitatively; in some in 
stances side reactions, particularly denitration, are observed.

Therm al N — C migration o f N 0 2 is not restricted to py-

Scheme I

a, R, = R2 = H
b, R, = CH>; R2 = H
c, R- = C(CH:,)3; R. =  H
d, R ;=C 6H5;R2=H
e, R: =  p-NOXJL; R, =  H
f, R3 = N02; R2 = H
g, Ri =  H; R, =  CH:,
h, R = H; R, = C,H5

Scheme II

razoles; analogous migrations were found in A'-nitroindazoles,4 

triazoles,5 and imidazoles.6

For the mechanism o f the rearrangement o f  IV-nitro(pyr)- 
azoles, a two-step process has been proposed ,3’5 involving an 
unprecedented [1,5] sigmatropic shift o f the nitro group and 
fast rearomatization o f the intermediately form ed 3H -pyra- 
zole (3) (Scheme II). For thermal N  —► C migrations o f  alkenyl 
groups in pyrroles and, recently, imidazoles, similar m echa
nisms have been suggested .7’8 Our proposition was based on 
the apparent intramolecularity o f the iV-nitropyr azole rear
rangement. The isomerization obeys first-order kinetics 
perfectly and no divergent reaction paths were observed when 
the thermolyses were perform ed in the presence o f  reagents 
(e.g., phenol, quinoline, and toluene) which may act as catalyst 
or scavenger o f intermediates (see ref 2). M oreover, a sigma
tropic process adequately accounts for N 0 2 m igration to the 
5(3) position. Migration to the 4 position has only been ob-
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Scheme III

served2-3 with a 5-substituted 1-nitropyrazole: 5-m ethyl-l- 
nitropyrazole (4) gives 3(5)-m ethyl-4-nitropyrazole (5) as 
major product. In this case, formation o f  a 4-nitropyrazole can 
be explained by assuming two sequential [1,5] nitro shifts 
(Scheme III). Formation o f a small amount o f  the 5(3)-nitro 
isomer 2b on thermolysis o f  4 is the result o f  a noteworthy side 
reaction: slow isomerization into the less strained IV-nitro 
com pound lb, followed by rearrangement to 2b.2

In itself, the differing behavior o f 3- and 5-m ethyl substi
tuted 1 -nitropyrazoles excludes a com m on intermediate. 
Hence dissociation, viz., initial hom o- or heterolysis o f the 
N -N O 2 bond, is not involved, as in these cases the resulting 
pyrazolyl fragments (radical or anion) should give rise to the 
same (ratio of) products. Recently we showed that N-pyrazolyl 
radicals generated from 3- and 5-methyl substituted pyrazole 
precursors are, at least at room  temperature, indistinguisha
ble.9 Thus, photolysis  o f  Af-nitropyrazoles lb and 4 in benzene 
leads to the same products, viz., isomeric A'-phenylpyrazoles 
6 and 7, in a 4:1 ratio; apparently these derivatives arose via 
hom olytic aromatic substitution (Scheme IV).

4

Scheme IV

Although the thermally induced, intramolecular rear
rangement of N-nitropyrazoles obviously proceeds with a high 
degree o f selectivity, more data are needed to  define the 
transition state(s) involved in the NO 2 shift. Inform ation on 
other, possibly sigmatropic, N O 2 shifts is very scarce , 10 and 
on the basis o f  the available data processes involving tight 
(caged) radical1 1  or ion pairs cannot be excluded rigorously. 
Another possibility is that o f  migration via a reactive inter
mediate, particularly bicyclic structure A. For the thermal

A

rearrangements o f 3H-pyrazoles into N-substituted pyrazoles 
(van Alphen rearrangements,12  the migrating groups being,
e.g., cyano or acyl), analogous bicyclic intermediates have been 
proposed ,13  although most authors favor a sigmatropic 
mechanism . 14

A way to discriminate between these possible modes of NO 2 

migration might be determination o f activation parameters. 
However, then first the possibility o f  tautomerization 3 — 2 
(see Scheme II) being rate determining has to be eliminated. 
N ote that intermediate 3 is a 3Ii-pyrazole, and these com 
pounds can only be isolated when the 3 position is disubsti- 
tuted .15  Thus tautomerization 3 — 2, which can be either a
[1,5] hydrogen shift or a solvent-assisted proton transfer, is 
probably faster than remigration o f the nitro group. Kinetic 
parameters for the overall reaction then bear upon the first 
step(s). Alternatively, if  remigration o f  N O 2 is faster than 
tautomerization, introduction o f  D  at the 5 position should 
give rise to a primary kinetic H /D  isotope effect.

5-D euterio-3-m ethyl-l-nitropyrazole (8 ) was prepared 
according to Scheme V  (cf. ref 16 and 3). A com petition ex
periment with the nondeuterated derivative lb at 140 °C 
(hexachloroacetone solution, isomerization followed by NM R, 
see Experimental Section) did not reveal a primary isotope 
effect: £ h/&d = 1-0 ±  0.1. Hence, hydrogen migration is not 
involved in the rate-determining step(s).

Scheme V

Results and Discussion

Kinetic Measurements, First, the solvent effect on the 
rearrangement o f  a representative N -nitropyrazole was 
studied. The isomerization rate o f  the 3-methyl derivative lb  
at 140 °C was measured in six solvents o f  differing polarity 
(see Table I). K inetic data are based on the decay o f JV-ni- 
tropyrazole, followed by GLC. T L C  analysis after completion 
o f  the reactions revealed that in all solvents studied the ex 
pected product 2b was form ed without detectable amounts 
o f  side products .17  In all solvents, first-order kinetics was 
observed.

In three solvents o f markedly different character (n -decane, 
nitrobenzene, and propylene glycol), rate constants were d e 
termined at different temperatures, and from  the Arrhenius 
plots obtained the activation parameters were calculated. The 
results, together with rate constants at 140 °C in the different 
solvents, are listed in Table I.

In order to learn about substituent effects, activation pa
rameters were determined for the isomerization o f the parent
1-nitropyrazole la, and for the 3-phenyl (Id) and 3-nitro de
rivative (If), in nitrobenzene solution. In addition, the effect 
o f  variation in position  o f  a (methyl) substituent was exam
ined by measuring the activation parameters for the rear
rangement o f  the 4- and 5-m ethyl derivatives lg  and 4, in
o-nitrotoluene solution. Again, in all cases first-order behavior 
was observed.

The kinetic data for the rearrangement o f  4 were corrected
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Table I. Rate Constants and Activation Parameters for 
the Rearrangement of 3-Methyl-1-nitropyrazole (lb) in 

Various Solvents

Solvent
104 k, s 1 
(140 °C)

AH*,“ 
kcal mol-1 AS*,a eu

n-Decane 3.46 29.7 - 3
Mesitylene 3.8
Anisóle 3.6
Nitrobenzene 3.5 33.9 +7
N-Methylformamide 4.6
Propylene glycol 6.4 30.5 0

° Temperature range 130-170 °C; parameters calculated for 
150 °C. b The same rate constant was found in 0.08 and 0.008 M 
solutions.

Table II. Rate Constants and Activation Parameters for 
the Rearrangement of Some Substituted 

JV-Nitropyrazoles in Nitrobenzene

Compd
Substi
tution

Temp,
°C

104
fel50°,

s-1

AH*,a
kcal
mol-1

AS*,“
eu

la 150-190 0.7 34.9 + 4

ib 3-Methyl 130-170 9.3 33.9 + 7

Id 3-Phenyl 110-140 72c 30.2 + 2

If 3-Nitro 160-200 0.3c-e 3 7 d.e + 6d>e
lg 4-Methyl 150-1906 0.7e 35.8e +6C
4 5-Methyl 130-1605 I l f 2,2.11 +41

° Calculated for 150 °C. b In o-nitrotoluene rather than nitro
benzene. c Extrapolated from Arrhenius parameters. d Approx
imation (owing to poorly reproducible GLC analyses). e Not 
corrected for concurrent denitration (see text); denitration of lg 
~10% at 150 °C, ~20% at 190°. 1 Corrected for concurrent Ni -*  
N 2 nitro migration.

for the concurrent (slow) N i — N 2 (“ »■C3) nitro shift (see E x
perimental Section). For this side reaction approximate ac
tivation parameters could be calculated: log A »  16 and E \  
«  40 kcal m ol-1 . K inetic data for the other rearrangements 
are based merely on decay o f starting material. Hence, deni
tration, as observed on thermolyzing If and lg,3 is not treated 
as an independent side reaction (vide infra).

Results are summarized in Table II.
Although in solvents o f  entirely different character kuo° 

only varies within a twofold range (Table I); the solvent effect 
on the activation parameters is evident. As the starting m a
terials have distinct dipole mom ents (~4 .0  D for lb, benzene 
solution),1® the higher AH* and A S * values in nitrobenzene 
than in n -decane can be understood if the transition state for 
the rate-determining step has less (di)polar character than the 
starting material. In nitrobenzene, solvation lowers the energy 
content o f  the initial state relative to that in n -decane, while 
for the transition state the differences in solvation are 
small(er). T he relatively high activation entropy in n itro
benzene solution also is a result o f  decreased solvation in the 
transition state. T he rather low activation parameters o b 
served for the rearrangement o f lb in propylene glycol may 
result from  hydrogen bonding interactions in the probably 
3H -pyr azole-like transition state.

In the light o f  the above considerations, a transition state 
with a marked degree o f  charge separation is highly unlikely. 
This also follows from  the small substituent effects found 
(Table II): the fact that a 3-phenyl substituent affects the 
activation energy more than 3-nitro is incom patible with a 
polar transition state.

Thus, the most obvious possibilities are those o f a concerted 
NO 2 migration, or migration via an intimate radical pair. A

concerted reaction involving a cyclic transition state normally 
has AS* <  0, although for, e.g., [1,5] sigm atropic shifts in cy- 
c/opentadienes, values up to + 6  eu have been reported . 18 As 
suggested by  both  dipole moments and ultraviolet spectra,1® 
the N -N O 2 bond in JV-nitropyrazoles has a restricted rota
tional freedom . Hence, the entropy content o f  the transition 
state need not be less than that o f  the initial state. As the ac
tivation parameters in n -decane are the least affected by 
solvation, they are the most appropriate to consider. The value 
o f —3 eu found for the rearrangement o f l b  in n-decane tallies, 
in our opinion, with a sigmatropic NO 2 migration.

T he magnitude o f the activation energy is also m ore com 
patible with a concerted rearrangement than with a radical- 
pair process. The value o f the N -N 0 2 bond dissociation energy 
is unknown, but JV-nitropyrazoles may be com pared with di- 
alkylnitroamines. For D ( n - N 0 2) in JV.JV-dimethylnitroamine, 
values ranging from 41 to 53 kcal m ol- 1  have been reported .19  

On the basis o f  the heats o f  formation o f  dimethylnitroamine 
(AHf(g) =  0 ) 20 and the dimethylamino21 and nitrogen dioxide22 

radicals (AH°f =  +39 and +8, respectively), we expect / ) ( n no2) 
~  47 kcal m ol-1 . Consequently, for JV-nitropyrazoles a N -N O 2 

bond strength o f  45-50 kcal m ol - 1  seems realistic. T he AH* 
values for the N -*■ C N 0 2 migrations do not exceed 37 kcal; 
moreover, AH* for the rearrangement o f  l b  in n -decane is 
only 30 kcal m ol-1 . The difference o f  >15 kcal with the (esti
mated) bond dissociation energy is thought to be sufficient 
for excluding N -N O 2 bond homolysis as the rate-determining 
step.

T o  reveal possible “ borderline” character o f the mechanism, 
thermolyses o f the methyl substituted JV-nitropyrazoles lb, 
lg ,:and 4 were performed in benzene solution, and the reaction 
mixtures were analyzed for JV-phenylpyrazoles, diagnostic for 
free pyrazolyl radicals.9 JV-Phenylpyrazoles were found to be 
present at extremely low levels (« 0 .1 % ) only (see E xperi
mental Section). Perhaps impurities have played a part. 
However, if  the proportions o f  JV-phenylpyrazoles are con 
sidered to be correct indications for competitive N -N O 2 bond 
homolysis, and accepting log A =  16, the corresponding rates 
lead to E.\ ~  45 kcal m ol-1 , in reasonable agreement with the 
estimated bond strength. Hence, hom olytic scission o f the 
N -N O 2 bond can be considered as an unim portant parallel 
reaction o f the (apparently molecular) N  —► C N O 2 migration.

Recapitulating, the best fitting mechanism for the thermal 
JV-nitropyrazole rearrangement involves a rate-determining, 
concerted migration o f NO 2 giving a nonarom atic 3-nitro- 
3H -pyrazole (3) as intermediate (cf. Schem e II). This en- 
dothermal step is follow ed by rapid tautomerization to  give 
a 3(5)-nitropyrazole 2; hence the driving force for the overall 
isomerization is the greater stability o f a C-nitro- as compared 
to a JV-nitropyrazole.23

In the first step o f  the rearrangement, the nitro group has 
to  m ove out o f  the pyrazole plane; therefore, the nitro m i
gration may be classified as a symm etry-allowed suprafacial
[1,5] sigmatropic shift24 (cf. [1,5] migrations in cyclopenta- 
dienes). The N i -*■ N 2 nitro migration as observed during the 
isomerization o f 4 might well be a suprafacial (i.e., over the 
pyrazole plane) shift too, rather than an in-plane migration. 
Although a planar process is the least m otion m ode and aro
m aticity o f  the pyrazole ring is conserved, it is unlikely as it, 
when concerted, is a [„2 S +  m2 a], symm etry forbidden pro
cess .24’25 The relatively high activation energy for a N i -*■ N 2 

nitro shift may be a result o f the interaction o f  three nitrogen 
centers in the transition state.

Although the N —»• C nitro migration apparently is a con 
certed process, the rather small (and insufficiently examined 
as yet) substituent effects (see Table II) m ight be indicative 
for polar contributions to the pericyclic transition state. So 
rate enhancement by a 3-methyl and retardation by a 3-nitro 
substituent is suggestive o f  a minor contribution o f bicyclic
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structure A (vide supra). On the other hand, the effect o f  the 
position o f a (m ethyl) substituent is not easily understood.

As m entioned above, isomerization o f  N -n itropyr azoles is 
sometimes accompanied by denitration. Especially this is the 
case when the 4 position is substituted (cf. ref 3). It is difficult 
to imagine how a substituent at the 4 position should affect 
the first step o f the isomerization. During the second step (that 
o f  rearomatization), however, the nitro group has to return in 
the pyrazole plane. From  dissociation constants and ultravi
olet spectra o f  “ ortho” -substituted C-nitropyrazoles26 it fo l
lows that these com pounds are strained .27 H ence the activa
tion barrier for tautomerization into 4-substituted 3(5)-ni- 
tropyrazoles may well be increased, and alternative reactions 
may take place. T o  test this thesis, the thermolysis o f  5- 
m ethyl-l-nitro-3-phenylpyrazole (9) was studied. Neither
5-m ethyl-l-nitropyrazole (4) nor l-nitro-3-phenylpyrazole
(Id) give denitration, but the expected rearrangement product 
o f  9 ,3(5)-m ethyl-4-nitro-5(3)-phenylpyrazole (I I ) ,  is highly 
strained, and denitration should be observed. Heating 9 in 
nitrobenzene at 1 2 0  °C  indeed yields 11, but also for ~30%  the 
denitrated pyrazole 10 (see Scheme VI); k i 2o° for the disap
pearance o f 9 is ~ 4 .2  X 10~ 4 s_ 1  (see Experimental Section), 
and the product ratio 1 0 : 1 1  does not depend on the degree o f  
conversion (tallying with the observation that 1 1  is stable 
under the experimental conditions). H ence, it is likely that 
the denitration reaction com petes with the rearomatization 
step(s). The way in which the nitro group is lost is, as yet, far 
from clear, however. Possibly some radical pathway obtains.28

T h e denitration accom panying isomerization o f 1,3-dini- 
tropyrazole (I f )  may not be due to steric factors. As addition 
o f quinoline appeared to suppress this side reaction ,30 a het- 
erolytic mechanism is indicated. Here, the product, 2f, with 
p K a = 3.1,26 may be acidic enough to entail protodenitration .31

In conclusion, the mechanism suggested earlier for the 
thermal AT-nitropyrazole rearrangement seems in accord with 
all experimental data: the rearrangement is intramolecular; 
solvent and substituent effects rule out a polar (or ionic) 
transition state for the rate-determining N O 2 migration step, 
while the low AH *  values make a radical-pair process highly 
unlikely. The m ost plausible mechanism, then, is that o f  sig- 
m atropic N O 2 migration.

Experimental Section32
Materials. The syntheses o f the Af-nitropyrazoles used for the 

kinetic measurements, as well as those for the C-nitropyrazoles used 
as reference materials, have been described in ref 2  and 3. Other py- 
razoles, such as 3(5)-methyl-5(3)-phenylpyrazole (10), were synthe
sized by standard procedures. The solvents used for the kinetic 
measurements were redistilled over either a spinning band column 
or a 1-m Vigreux column, n-decane after treatment with concentrated 
sulfuric acid. Other chemicals (including those used as internal 
standard), being high-grade commercial products, were used as such.

3(5)-Deuterio-5(3)-methylpyrazole.29 A solution o f 5 g o f 3(5)- 
methylpyrazole in 25 ml o f 1  N sodium deuteroxide (prepared by

dissolving sodium in deuterium oxide, 99.75%) was heated in an au
toclave at 150 °C for 4 h. The reaction mixture was neutralized with 
deuterated (98-99%) trifluoroacetic acid, and the deuterated pyrazole 
was isolated by means of continuous extraction (15 h) with methylene 
chloride, followed by evaporation of the solvent; this alkaline exchange 
was repeated once. The deuterated pyrazole was then refluxed for 15 
h in 1 N aqueous sulfuric acid, and worked up (after neutralization 
with sodium bicarbonate) by continuous extraction with methylene 
chloride. This acid exchange was repeated once. The resulting pyra
zole was distilled in vacuo: yield 3.2 g; bp 105 °C (18 mm); N M R (60 
MHz, CDCI3 solution) b 5.8 (s, 1 ,4-H) and 2.1 ppm (s, 3, CH 3); isotopic 
composition (MS analysis,) 7.4% do, 8 6 % d i, and 6 .6 % d 2 .

5-Deuterio-3-methyl-l-nitropyrazole (8 ) . 2 9  A preformed mix
ture of 6  ml of acetic anhydride and 2.5 ml of nitric acid (100%) was 
added carefully to a solution o f  2.0 g o f 3(5)-deuterio-5(3)-methyl- 
pyrazole in 2 ml o f acetic acid at 0 °C. After 2  h, the reaction mixture 
was poured onto ice and neutralized with potassium carbonate, and 
the resulting precipitate was collected through filtration. The crude 
product (1.4 g) was crystallized from hexane: mp 54-55 °C; NM R (100 
MHz, CDCI3 ) & 6 . 2  (s, 1, 4-H) and 2.3 ppm (s, 3, CH3); no 5-H signal 
could be detected. Accurate MS analysis appeared to be impeded by 
D /H  randomization in the mass spectrometer.

Measurement of the Kinetic Isotope Effect.29 About equal 
quantities o f both the deuterated 8  and the nondeuterated 3- 
methyl-l-nitropyrazole (lb) were dissolved in hexachloroacetone; 
p-dichlorobenzene was added as internal standard. N M R spectra (100 
MHz) were recorded before and after heating of the solution in an oil 
bath at 140 °C. The results of a typical experiment are as follows . 3 3
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Integrated signals 
(relative to  internal Obsd

standard) ratio6

5T I 4 T I 4 '-H a l b / 8

Initial solution^ 0.761 1.412 —  1.17
After 20 min at 0.514 0.951 0.439 1.18

140°C

a 4-Proton from the rearrangement product. 6  Calculated from
5 -H /(4 -H  -  5 -H ) .c W eight ratio l b / 8  =  1.05.

Kinetic Measurements. A. Determination of the Rate Con
stants. General Procedure. A small, thin-wall tube, containing ~0.5 
ml o f a ca. 0.1 M solution of the IV-nitropyrazole and an internal 
standard3 4  in the appropriate solvent, was placed in a thermostated 
oil bath; a small stream o f nitrogen was passed over. Aliquots were 
removed at regular time intervals and analyzed by GLC (using a 2 m 
X 0.125 in., OV-17 on Gas-Chrom Q column , 3 5  at temperatures at 
which rearrangement o f the N-nitropyrazole was negligible, normally 
120-150 °C). The isomerizations were followed for about 2 half-lives. 
The relative amounts o f N-nitropyrazoles present in the samples (Ct) 
were calculated from the peak areas. First-order rate constants were 
calculated from plots o f In Co/Ct vs. time.

B. Correction of the Kinetic Data for the Rearrangement of 
5-Methyl-l-nitropyrazole (4). To correct for the concurrent (slow) 
Ni -*  N 2  (-*• C3 ) nitro shift, the product ratios 3(5)-methyl-5(3)- 
nitropyrazole (2b)/3(5)-methyl-4-nitropyrazole (5), representing fe(Nj 
—» N 2 )/fc(Nj —*■ C 5 I, were determined by analyzing the reaction mix
tures after more than 10 half-lives by GLC, using standard mixtures 
of the isomeric C-nitropyrazoles. Although the C-nitropyrazoles were 
incompletely separated, fe(Ni -*  C 5 ) could be calculated with ap
propriate accuracy. From the (less accurate) values o f  £ (N i —*• N 2 ), 
activation parameters for this isomerization were calculated (vide 
supra).

Thermolysis of IV-Nitropyrazoles in Benzene Solution. Solu
tions (ca. 5%) o f the relevant N-nitropyrazoles in benzene, containing 
0 .0 1 % of p-di-terf-butylbenzene as internal standard, were heated 
in sealed tubes. The resulting solutions were analyzed by GLC on a
55-m capillary OV-17 column. Quantitative analyses were made for 
N-phenylpyrazolea only: 3-methyl-l-nitropyrazole (lb), 2 h at 150 
°C, gave ca. 0.006% o f 3-methyl-l-phenylpyrazole (6 ) (close to the 
lower limit o f detection; the 5-methyl isomer 7 could not be detected);
5-methyl-l-nitropyrazole (4) gave, under the same conditions, ca. 
0.015% of a mixture of the isomeric JV-phenylpyrazoles 6  and 7; 4- 
methyl-l-nitropyrazole (lg), 2 h at 190 °C, gave ca. 0.03% o f 4- 
methyl-l-phenylpyrazole; in the latter reaction mixture, semiquan- 
titative analysis revealed ~16% o f 4-methylpyrazole, 0.7% o f nitro
benzene, and ~ 0 .1 % of biphenyl.
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5-Methyl-l-nitro-3-phenylpyrazole (9) 29 was prepared from 10 
(2 g) by nitration in acetic acid (12 ml) with acetyl nitrate (1.7 ml of 
HNO3, d 1.52, and 4 ml of acetic anhydride), during 2 h at room 
temperature. After working up with ice-cold water, filtration, and 
recrystallization from methanol, 0.9 g of 9 was obtained: mp 99-100 
°C; ir (KBr) 1615 and 1265 cm“ 1 (NN02); NMR (CDCI3) 6 7.6 (m, 5, 
C6H6), 6.56 (s, 1 ,4-H), and 2.68 (s, 3, CH3].

Anal. Calcd for C ioH c^O * C, 59.10; H, 4.46; N, 20.68. Found: C, 
59.02; H, 4.67; N, 20.48.

Thermolysis of 9.29 A. Preparative Scale. A solution of 0.8 g of
9 in 10 ml of chlorobenzene was heated for 4 h at 110 °C under a ni
trogen atmosphere. After evaporation of the solvent, the products 
were chromatographed over a silica gel column using achloroform- 
ethyl acetate mixture as eluent. In addition to 0.18 g of unreacted 9, 
0.35 g of 3(5)-methyl-4-nitro-5(3)-phenylpyrazole (11) and 0.20 g of 
denitrated product 10 were isolated. Compound 11 was recrystallized 
from benzene and had mp 140 °C; ir (KBr) 1600 and 1360 cm-1 
(CN02); NMR (CDCI3) 5 8.27 (s, 1, N-H), 7.36 (s, 5, C6H6), and 2.26 
(s, 3, CH3).

Anal. Calcd for Ci0H9N3O2: C, 59.10; H, 4.46; N, 20.68. Found: C, 
59.42; H, 4.77; N, 20.14.

B. NMR Scale. A 0.2 M solution of 9 in nitrobenzene, containing 
p-di-tert-butylbenzene as internal standard, was heated (under a 
nitrogen atmosphere) in a thermostated oil bath at 120 °C. Samples 
were withdrawn at six 15-min intervals. Product compositions were 
determined via careful integration of NMR (100 MHz) spectra.

Registry No.—la, 7119-95-1; lb, 31163-84-5; Id, 38859-26-6; If, 
38858-81-0; lg, 38858-82-1; 4,31163-85-6; 8,58311-77-6; 9,58311-78-7; 
10, 3440-06-0; 11, 58311-79-8; 3(5)-deuterio-5(3)-methylpyrazole, 
58311-80-1; 3(5)-methylpyrazole, 1453-58-3.
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Reinvestigation of the reaction of benzoxazinones, 1 (i.e., acylanthranils), with anilines, 2, to give o-acylamido- 
benzanilides, 3, and/or quinazolones, 4, has shown that the accepted pathway for the sequential formation of 4 from
3 is not correct. These products are formed concurrently via alternative pathways. The precursor of 4 is not 3, but 
rather a ZV-(2-carboxyphenyl)-/V'-arylacylamidine, 5, a heretofore unobserved intermediate which is converted to
4 even at room temperature.

Interest in the reaction o f  benzoxazinones, 1, with pri
mary amines, 2 , has been renewed owing to the potential use 
o f  the products produced thereby as physiologically active 
com pounds2 or as thermostable polym ers .3 ’4 The early work 
with this reaction was done ca. 1900 by  Heller, Bogert, and 
others,5 who reported that o-acylamidobenzamides, 3, and/or 
the corresponding quinazolones, 4, were the m ajor products. 
They proposed that 4 was form ed from 3 during the course o f  
this reaction, which usually was carried out at reflux tem 
perature in a solvent such as toluene. This sequential pathway 
appeared to be consistent with all the observed results, and 
is still recorded in m odern reference books6 as the accepted 
pathway as shown below:

A considerable am ount o f  the early work was done using
2-m ethyl-4//-benzoxazin-4-one (la ). This com pound was 
given the trivial name acetylanthranil,5 presumably to em 
phasize that it is the anhydride obtained conveniently from 
acetylanthranilic acid by cyclodehydration in acetic anhydride 
at reflux temperature. Acetylanthranil is an interesting 
semiacid anhydride that undergoes many o f  the reactions o f 
true acid anhydrides, but at a slower rate.

Initially ,4 our own research was directed toward high-per
formance polymers from  bifunctional acylanthranils and d i
amines. In the course o f this research, it was o f interest to  es
tablish how easily the neutral diamide form, 3, could be con 
verted thermally to the basic quinazolone form, 4, as per the 
proposed pathway. A set o f  acylam idobenzamides were used 
as m odel compounds, for these conversions, which were 
m onitored by differential thermal analysis (D T A ). The data 
are shown in Table I. In view o f  the accepted pathway, it was 
surprising to note that the minimum temperature required 
for thermal cyclodehydration to  the corresponding quinazo
lone was about 250 °C . Since this minimum temperature is 
more than 1 0 0  °C  above the highest temperature used to react 
acylanthranils with amines, the accepted pathway, which 
requires that 4 be produced sequentially from  3 under rela
tively mild conditions, becam e suspect, and this uncertainty 
required clarification.

W e observed that acetylanthranil ( la )  reacts with amines 
at an appreciable rate even at room  temperature, so that the 
reflux temperatures employed by the earlier researchers were 
unnecessary, and may even have obfuscated proper inter
pretation o f their results. In the reaction o f la with aniline, 
it was noticed that some o f  the product separated from  solu
tion as a white precipitate easily isolated by filtration. The dry 
powder melted sharply at 115-116 °C with evolution o f  a gas, 
and its elementary analysis was consistent with the empirical 
form ula C 15 H 14O 2N 2 , which corresponds to a one-to-one ad
duct, 5a, o f acetylanthranil and aniline. This adduct dissolved 
in warm acetone-water solution, but it decom posed slowly in 
this solvent to give equivalent amounts o f /V-acetylanthranilic 
acid, 6 , and aniline. It dissolved in warm dilute aqueous 
NaHCC>3 with evolution o f  some CO 2. It dissolved even more 
rapidly in cold dilute NaOH and in cold dilute HC1, indicating 
that the com pound was some form  o f internal salt or zwit- 
terion. T he salt is unstable in aqueous solution, especially at 
pH  > 7, and a precipitate begins to  form  within 0.5 h and ap
pears to be com plete within 4 h. This precipitate, which rep
resented 80% o f the dissolved salt, was identified as /V-phe- 
nyl-2-m ethylquinazol-4-one (4a). The rest was isolated as 
A-acetylanthranilic acid and aniline in about equivalent 
amounts. A sample o f  the salt product was converted by fusion 
at ca. 130 °C  to  give almost quantitatively 4a with evolution 
o f  an equivalent am ount o f  water.

The ir spectrum o f the adduct, 5a, in K Br confirms a saltlike 
structure (broad band at 3 -4  and at ca. 6.3 p). It rules out the 
presence o f  amide carbonyl groups (no absorption band at
5.7-6.0 p), but supports the presence o f  N H  (band at 2.9 p), 
- C = N -  (band at 6 .1  p), monosubstituted phenyl (band at 14.4 
p), and an ortho-disubstituted phenyl group (12.9 p). The 
N M R  spectrum o f the adduct dissolved in alkaline D 2O in 
dicates only one form  o f C H 3 group (r 8 .1 2 ), and a com plex 
aromatic pattern in the region r 1.6-3.2. It was concluded, 
therefore, that the adduct, 5a, o f  acetylanthranil and aniline 
is an internal amidine salt.

Only about half the acetylanthranil was recovered as in
soluble 5a. T he rest remained in the excess aniline used as 
solvent. In order to recover the other half, the m other liquor 
was concentrated almost to dryness by distillation at 80 °C 
in an evacuated system. T he residue was a mixture whose 
major com ponent (about 60%) was 4a. The other major com 
ponent (about 3*3%) was identified as TV.iV'-diphenylacetam- 
idine (7), which was produced apparently by aniline exchange 
with the 2-carboxyaniline group as indicated in Chart I.

W hen 5a was subjected to reaction conditions approxi
mating those used by the early investigators, namely in sol
vents such as pyridine or toluene and som e amine as catalyst 
at reflux temperatures, it was converted within mimutes to 
4a. This result is in sharp contrast to  the observation made 
earlier that ortho diamides o f  type 3 are stable under these 
conditions and indeed are not converted to 4 unless consid-
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Table I. Thermal Conversion of o-(Acylamido)benzamides (3) to Quinazolones (4)

Registry no.
Temp of convn, ------------------------------

R' R 3 mp, °C 4 mp, °C °C, by D TAn 3 4

Ph c h 3 160-162 147-148 300-310 54364-31-7 2835-23-1
P h (C 02H)-o c h 3 215-216 255-257 340-360 58426-37-2 4005-06-5
Ph Ph 280-281 120-121 290-310 18543-23-2 22686-82-4
H c h 3 187-188 240-241 250-270 16353-13-2 1769-24-0
fCH2)6NHCOPh- c h 3 203-204 174-177 340-370 58426-47-4 58426-48-5

(NHCOCH3)-o

“ Differential thermal analysis.

Chart I Chart II

erably more strenuous conditions are employed, such as fusion 
above 250 °C.

W hen la  was allowed to react at room  temperature with 
p-toluidine (2b) and with p -( N ,AT-dimethylamino)aniline (2c) 
in a neutral solvent, the corresponding amidine salts (5b and 
5c) were isolated in very good yields (>90% ). In these cases, 
the salt product was separated by  filtration and the mother 
liquor was then diluted with ether to cause precipitation o f 
the soluble portion, thereby precluding conversion to the 
corresponding quinazolone, 4, or diarylacetamidine, 7, which 
occurs at higher temperatures and in excess amine.

W hen benzoylanthranil (i.e., 2 -phenyl-4H -3,l-benzoxa- 
zin-4-one, lb )  was made to react with aniline in benzene at 
reflux temperature, o-acetamidobenzanilide (2 b) was obtained 
almost exclusively, which is in sharp contrast to the results 
obtained with acetylanthranil ( la ) . The reactivity o f  l b  is 
considerably less than that o f la , and consequently, the higher 
temperature was required to effect conversion to products 
within a reasonable tim e interval. This temperature differ
ence, however, as well as the change, from a methyl substituent 
to  a phenyl at the 2  position o f the anthranil, may account for 
the sharp change in selectivity, and further investigation is 
required to establish the cause o f the inversion in selectivity. 
Nevertheless, the results do show that the products 3 and 4 
are formed via alternate pathways a and b, as shown in Chart 
II, and not sequentially as believed earlier.

Although results reported here for la  and lb  represent 
extreme cases in selectivity, they are not necessarily typical. 
The results obtained by others ,2’5 ’6 who caused numerous 
acylanthranils to  react with numerous amines, indicate that 
a mixture is usually produced, with 3 as the major component 
instead o f 4. These results infer that b  is the preferred pathway 
which is consistent with the known relative reactivity o f  
> C = 0  vs > C = N -  groups. M ore work is planned, however, 
to understand better the parameters that affect selectivity and 
overall rate o f  reaction.

Although the amidine salts o f  type 5 have never previously 
been isolated, one was postulated by  Scherrer and Beatty7 as 
a very short-lived intermediate in the reaction o f 2,3-diphe-

3 4

nyl-4(3f/)-qu inazolinone (i.e., /V ,2-diphenylquinazol-4-one) 
in alcoholic NaOH to give aniline and anthranilic acid. In a 
sense, the Scherrer reaction is the reverse o f  that discussed 
in this paper.

E x p erim en ta l S ection

A. Preparation of Acetylanthranil (la). A solution of anthranilic 
acid (1 mol) in acetic anhydride (0.5 1.) was made to react at reflux 
temperature for 2 h. The excess solvent was removed by distillation 
at atmospheric pressure. The residue was separated by distillation 
under vacuum and the fraction boiling in the range 125-132 °C at 8 
mmHg pressure was collected as an oil that solidified to a white solid. 
The solid was recrystallized from heptane to give acetylanthranil in 
the form of long, white, dense needles (mp 81-82 °C, lit. mp 81-82 
°C8) in 85% yield.

B. Reaction o f  Acetylanthranil (la ) with Anilines. 1. With 
Aniline (2a) to Give 5a, 4a, and 7. Acetylanthranil (26 g) (la ) was 
dissolved at room temperature in aniline (100 g) (2a) to give a clear 
solution, which soon became turbid as a white precipitate began to 
form throughout the solution. Precipitation appeared to be complete 
within 4 h, and the mixture was separated by filtration. The precipi
tate was slurried in ether and recollected by filtration to yield 22 g of 
product as a white powder (mp 115-116 °C).

Anal. Calcd for C15HU0 2N2: C, 70.85; H, 5.55; N, 11.01; 0 , 12.60. 
Pound: C, 70.7; H, 5.9; N, 10.9; 0,12.5.

The ir and the NMR spectra are consistent with the amidine salt 
structure 5a as discussed in the body of this report.

A sample of 5a (2 g) was dissolved at room temperature in a mini
mum amount of 2% aqueous NaOH and then diluted twofold. The 
clear solution became cloudy within 0.5 h and precipitation appeared 
to be complete within 8 h. The product was collected by filtration and 
recrystallized from heptane to give !V-phenyl-2-methylquinazol-4-one 
(4a) in the form of pearl-white platelets (1.7 g, mp 147-148 °C). The 
compound was identified by its ir spectrum and elemental analysis.

Anal. Calcd for Ci5H12N20: C, 76.25; H, 5.12; N, 11.86; mol wt. 
236.38. Found: C, 76.6; H, 5.6; N, 11.8; mol wt, 242.

The compound was converted to its hydrochloride salt by reaction 
with HC1 in ether. The salt was recrystallized from hot water to give 
the hydrochloride of 4a in the form of pearl-white platelets (mp 
275-277 °C).

Anal. Calcd for Ci5H13N2OC1: Cl, 13.5. Found: Cl, 13.5.
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Another sample of 5a (1 g) was fused at 120 °C for about 0.5 h 
during which time an equivalent amount of water was liberated, and 
the melt resolidified as a white solid. The solid was recrystallized to 
give 4a in the form of white flakes (0.9 g, mp 147-148 °C).

The aniline solution, from which 5a was removed by filtration, was 
evaporated to dryness at <1 mmHg pressure and 80 °C. The residue 
was digested with 10% aqueous HC1, leaving a white, saltlike residue 
(15 g) which was recrystallized from hot water to give the hydro
chloride of 4a in the form of pearl-white platelets (mp 275-277 °C; 
no depression with an authentic sample). The aqueous acid extract 
was neutralized with NaOH. A yellowish-white powder precipitated 
and was removed by filtration. This powder (2.5 g) was recrystallized 
from heptane to give (V,Al'-diphenylacetamidine (7) in the form of 
white crystals (mp 126-127 °C; no depression with an authentic 
sample).9 The compound was also identified by its ir spectrum, 
identical with that of an authentic sample.

When 0.16 mol of la was made to react with 2a as solvent, 54% of 
la was isolated as 5a, 30% as 4a, and 15% as 7.

2. In p-Toluidine (2b) to Give 5b. Acetylanthranil (0.1 mol) was 
dissolved in 2 b (0.6 mol) to give a clear solution which became turbid 
soon thereafter as the product began to precipitate from solution. 
Precipitation appeared to be complete after 4 h. The precipitate (mp 
119-120 °C) was collected by filtration and washed with Et20. The 
mother liquor containing the excess aniline was diluted 20-fold with 
ether and additional precipitate (mp 119-120 °C) formed which was 
also collected by filtration. The combined precipitates represented 
a 95% yield of A7-(2-carboxyphenyl)-Af'-(p-tolyl)acetamidine (5b), 
identified by its ir spectrum and its elemental analysis.

Anal. Calcd for C16H16N2O2: C, 71.62; H, 6.01; N, 10.44. Found: C, 
72.0; H, 6.1; N, 10.3.

A sample of 5b (1.0 g) was dissolved in 0.5% aqueous base to give 
a clear solution. A few minutes thereafter, the solution became cloudy 
with the formation of the quinazolone, which precipitated as a white 
powder. Precipitation appeared to be complete within 1 h, and the 
product (0.9 g) was collected by filtration, dried, and recrystallized 
from heptane to give N- (p-tolyl)-2-methylquinazol-4-one (4b) in the 
form of long, flat needles (mp 151-152 °C). The assigned structure 
of 4b was verified by its ir spectrum.

3. In p-(Dimethylamino)aniline (2e) to Give 5c. Acetylanthranil 
(0.1 mol) was dissolved at room temperature in 2 c (0.2 mol) to give 
a clear solution, which became a semisolid mixture within 4 h. The 
mixture was diluted with Et20 and separated by filtration. The 
amount isolated represented 96% of the expected amidine salt, 5c, 
whose assigned structure was verified by its ir spectrum and its ele
mental analysis.

Anal. Calcd for Ci7H190 2N3: C, 68.67; H, 6.44; N, 14.13. Found: C, 
68.5; H, 6.6; N, 14.2.

The salt began to melt at 160 °C, but it was converted at this tem
perature to the corresponding quinazolone, 4c, which solidified from 
the melt. A sample of the amidine salt (1 g), contained in a test tube, 
was fused in an oil bath kept at 180 °C. The salt melted rapidly with

evolution of water vapor which was condensed on the cool upper 
portion of the test tube. The melt resolidified within a few minutes. 
The product was recrystallized from ethanol-water solution to give 
Af-(p-dimethylaminophenyl)-2-methylquinazol-4-one (4c), in the 
form of white crystals (0.8 g, mp 227-228 °C). The compound was 
identified by its ir spectrum and elemental analysis.

Anal. Calcd for C17H17ON3: C, 73.09; H, 6.14; N, 15.04; mol wt,
279.4. Found: C, 73.1; H, 6.3; N, 14.9; mol wt, 278.

Another sample of 5c (2.0 g) was dissolved in dilute aqueous NaOH. 
Precipitation of the quinazolone, 4c, began within 5 min and was 
complete within 1 h. The product (1.8 g) was identified as 4c by its 
ir spectrum and its melting point, 227-228 °C, which showed no de
pression when mixed with the product obtained by fusion.

Reaction of Benzoylanthranil (lb) with Aniline to Give o- 
Benzamidobenzanilide (3b). Benzoylanthranyl (3 g, mp 122 °C), 
which was prepared according to the procedure of Anschutz,10 was 
allowed to react overnight at reflux temperature with aniline (3 g) in 
benzene (50 ml). The product separated in the form of a white powder 
(3.8 g, mp 286-287 °C). It was identified as o-benzamidobenzanilide 
(3b) by its melting point and ir spectrum, which were identical with 
those of an authentic sample.

Acknowledgment. The author is indebted to Dr. J. J. 
McBrady for interpretation of the ir and NMR spectra.

Registry No.—la, 525-76-8; lb, 1022-46-4; 2a, 62-53-3; 2b, 106-
49-0; 2c, 99-98-9; 4a HC1,52692-90-7; 4b, 22316-59-2; 4c, 58426-38-3; 
5a, 34264-61-4; 5b, 58426-41-8; 5c, 58426-42-9; 7,621-09-0; anthranilic 
acid, 118-92-3.
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Anilines attack acetylanthranils preferentially at the carboimino center rather than at the carbonyl center de
spite the greater reactivity of the latter group toward nucleophilic agents. Anthranilic acid is a notable exception 
that gives predominantly o-(o-acetamidobenzamido)benzoic acid, the product produced via reaction at the carbon
yl site.

Reinvestigation 1  o f  the reaction o f benzoxazinones (i.e., 
acylanthranils), 1 , with anilines, 2 , showed that the diamide, 
3, and quinazolone, 4, products are form ed via alternate 
pathways a and b as shown in Chart II o f  ref 1, and not se
quentially 4 from 3 as was suggested by earlier investigators.2

Acylanthranils undergo many o f  the reactions o f  acid an

hydrides, but at a much slower rate. T hey can be considered 
in effect as cyclic mixed anhydrides that react with amines via 
two alternative electrophilic sites, namely at the carbonyl 
group to give via pathway b a neutral diamide 3, or at the 
carboim ino group to give via pathway a an amidine salt 5. 
Presumably the reaction via both pathways is kinetically first
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Table I. Reaction Products of l with Anilines, H^NPhR

Aniline R substituents

Rxn conditions Mp, °C (yield)/ o f products
= 5 and/or 

4/3Solvent Temp, °C 5 4 3

a None a RT 115-116 (80) 147-148 (15) >50/1

b P - C H 3 a RT 119-120 (85) 151-152 (13) >50/1

c p - ( C H 3)2N a RT 158-160 (60) 227-228 (36) >50/1

d p -h 2n a RT 96-98 (90) 226-227 (8) >50/1

e p -c h 3o a RT 123-124 (65) 267-268 (33) >50/1

f p -c o 2h b 60 280-281 (30)« >50/1

g m-CF3 c 100 139-140 (85)« >50.1
h 771-OH d RT 130-135 (81) 122-126 (17) >50/1
i O - C H 3 a RT 113-114 (85)« >50/1

j o-Et d RT 249-250 (55)« >50/1
k 0- C H 3O a RT 131-132 (70)« >50/1
1 2,4,6-(CH3)3 d RT 122-123° (70) 99-100 (15)« >50/1

m 2 ,6 -(Et) 2 d RT 108-109 (69)« >50/1
n 0- C O 2H e Reflux 255-257 (5) 215-216 (92) 1/18

a Benzene. 6 Pyridine. c Neat. d Et2 0 . e Toluene, f % acetylanthranil units isolated as product indicated given in brackets. 
« Most of the remainder of the acetylanthranil units were isolated as o-acetamidobenzoic acid indicating incomplete reaction and/ 
or reaction with H 2O liberated via cyclodehydration of 5 to give 4.

order with respect to  1  and to 2 , so that the observed product 
ratio should be a measure o f the ratio o f  the rates o f  reaction 
for the corresponding pathways, i.e.

4 and/or 5 _  reaction via pathway a _  k a 

3 reaction via pathway b kb

T he results obtained by the earlier investigators,2 who 
caused numerous acylanthranils to react with numerous 
amines, suggest that b is the preferred reaction pathway (i.e., 
b /a  »  1 ), which is consistent with the known relative reactivity 
o f anhydride > C = 0  vs. > C = N -  groups. Our own result1  with 
benzoylanthranil (i.e., 2-phenyl-4H -benzoxazin-4-one, la ), 
was also consistent with this generality. On the other hand, 
the corresponding acetamidine salts were obtained exclusively 
when acetylanthranil (i.e., 2-m ethyl-4H -benzoxazin-4-one,
lb )  was made to react with aniline, p-toluidine, and p -d i- 
methylaminoaniline (i.e., a /b »  1 ), which is inconsistent with 
the above generality. It was o f  interest, therefore, to investi
gate this reaction further to determine which set o f results was 
the exception and why.

T o  this end, it was necessary to establish a convenient 
separation and identification procedure, which would permit 
a rapid com pletion o f the materials balance for each sample. 
T he chemical properties o f  the products are sufficiently d if
ferent to  permit separation by conventional chem ical proce
dures as described previously. These procedures were sim 
plified by utilizing an equivalent am ount o f  amine instead o f 
an excess in a neutral solvent to ensure conversion to a product 
mixture o f  no more than three major com ponents. T he sepa
ration sequence was standardized as described in the Exper
imental Section. T he materials balance data indicated that 
usually more than 95% o f the reactants were recovered as one 
or more o f three products plus o-acetamidobenzoic acid which 
is formed via hydrolysis o f unreacted acetylanthranil. In most 
cases, the structural assignment o f  the product isolated could 
be verified on the basis o f  its ir spectrum, since the charac
teristic absorption patterns for each product as a class were 
established with m odel com ponents as summarized in the 
Experimental Section. Experience gained in the separation 
o f  known mixtures o f  these com ponents showed that small 
amounts o f  3 might sometimes be missed, if  it were present 
as a minor com ponent o f a mixture that was 99% 4 or its con 
version product 5. Conversely, small amounts o f 5  (or 4) might 
sometimes be missed, if  it were present as a minor com ponent  
o f  a mixture that was 98% 3. It was decided, therefore, to in 
terpret conservatively in this and subsequent studies the

isolation o f 4, or its precursor 5, exclusive o f  3 as a /b  >  50/1, 
and the isolation o f 3 exclusive o f  4 (or 5) as a /b  <  1/25. It was 
also decided to round all values o f  a /b  within this range to  the 
nearest whole number to  ensure emphasis on the qualitative 
conclusions rather than the quantitative. The data obained 
in this investigation, using aromatic amines a -n , are sum 
marized in Table I.

These results show clearly that anilines, with the notable 
exception o f anthranilic acid (2 n), attack acetylanthranil at 
the carboim ino center rather than the carbonyl center. This 
generalization is contrary to that expected on the basis o f the 
relative reactivity o f  the anhydride > C = 0  and > C = N -  
groups at the 4 and 2  positions o f  1, respectively. It was sug
gested by Katritzky3 that the explanation may lie in the rel
ative stability o f  the ionic intermediates for the alternative 
pathways, rather than in the com petitive rates for initial at
tack by the nucleophile on the alternative electrophilic centers 
as shown for example in Chart I.

Addition o f the amine to acetylanthranil gives reversibly 
either zwitterion intermediate la  or l b .  These cyclic inter
mediates can open to  give respectively 5, which is relatively 
stable, and lb ',  which forms 3 immediately via a proton shift. 
It was pointed out by one o f the referees that the principal net 
effects in these com petitive ring openings is the transfer o f  a 
negative charge from  N  to 0 , when going from  la  to  5, and 
from  0  to N, when going from  l b  to  lb ' .  Since 0  is more 
electronegative than N, the former transfer should be favored 
over the latter, and consequently pathway a occurs prefer
entially despite the fact that the first step along pathway b 
may be faster than the corresponding step along pathway a.

This result is similar to that observed when a m ixed anhy
dride such as CH 3CO 2COCF3 is made to  react with a nucleo
phile. It is the fluorocarboxy anion CF3CO 2-  that is the more 
stable leaving group, despite the fact that the carbonyl at
tached to the fluorocarbon group in the more electrophilic 
center.4 Similarly, CF3SO 2OCOCH 3 is an outstanding ac- 
etylating agent that produces C F 3SO 3-  as the more stable 
anion .5

Although anilines react with acetylanthranil preferentially 
via pathway a, the primary product 5 is not always isolated as 
a stable intermediate, even at room  temperature. T he deriv
atives of para-substituted anilines and aniline itself precipitate 
at room  temperature as fast as they are form ed in a neutral 
solvent, which serves to prevent cyclodehydration in solution. 
These amidine salts are usually quite stable as crystalline 
solids at room  temperature. These intermediates, however,
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Chart I
0

I
c h 3 J 
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CONHR

NHCOCH,

3 4

are soluble in basic solvents, such as pyridine, so that they are 
converted rather rapidly, when prepared in these media, to 
the corresponding quinazolones, especially at somewhat 
higher temperature. T he acetamidine salt derivatives o f 
ortho-substituted anilines, however, are usually not isolated, 
even when prepared in neutral solvent at room  temperature. 
These derivatives are more soluble and tend to  undergo cy 
clodehydration rapidly in the presence o f  unreacted amine to 
give the corresponding quinazolone. The water, liberated in 
this cyclization, reacts in turn with residual acetylanthranil 
to give acetylanthranilic acid , 1 which lowers proportionately 
the yield o f  products form ed with the amine as indicated by 
somewhat lower yields (ca. 80% instead o f ca. 95%) realized 
with the anilines f, g, i, j, k, and m. T h e acetamidine salt de
rivative o f  2,4,6-trimethylaniline was the only ortho-substi
tuted aniline that afforded a n ; isolable intermediate owing 
to its insolubility. This salt, however, was unstable even in the 
solid state, since it underwent cyclodehydration within a few 
months at room  temperature.

In view o f the ease with which acetamidine derivatives o f  
ortho-substituted anilines undergo cyclodehydration to the 
stable quinazolone, the observation that anthranilic acid (2n) 
reacts with 1  via pathway b instead o f a is all the more note
worthy, since it indicates that this inversion in selectivity is 
attributable to site differentiation at the m om ent o f attack 
by the amine rather than manifestations o f  equilibrium con 
ditions that ensue this event. One suspects im m ediately that 
this inversion with anthranilic acid is due to intramolecular 
hydrogen bonding with the ortho-carboxylic acid group, which 
decreases the nucleophilicity o f  the amino group electronically 
and sterically. It was concluded, however, that this result is 
not due primarily to simple decreased basicity caused by the 
electron-withdrawing effect o f  the electronegative substituent, 
since the selectivity ratio a /b was not affected either by a meta 
CF3 group (aniline, 3g) or by a para CO 2H group (aniline, 3f)

Table II. Relevant Ir Absorption Patterns for Product 
Characterizations

Acetylanthranil (1)

N  -Acetylanthranilic 
acid (6 )

Acetamidines 5

Quinazolones 4

o - Acetamidobenzam ides 
3

Sharp band at 5.7 n for 
semianhydride > C = 0  

Sharp band at 6 .1  n for > C = N -  
Broad absorption from 3.3 to 4.5 n 

for acid OH
v sh band at 5.9 (i for acid C = 0  
v sh band at 6.1 ix for amide C = 0  
sh band at 6 .6  n for NH 
Broad absorption from 3.3 to 4.2 fi 

for internai sait
Band at ca. 6.3 n for sait carbonyl 
sh band at ca. 5.9 ^ for -C O N R - 

carbonyl
sh band at ca. 6.1 for > C = N -  
sh band at ca. 3.0 m for NH 
sh band at ca. 6 .0  n for amide C = 0  
Band at ca. 6.5 m for NH band

despite the fact that higher temperatures were required in 
both  cases to  com pensate for the decreased reactivity o f  the 
nucleophile. In other words, these electronegative substituents 
on the aromatic amine served only to decrease markedly the 
overall reaction rate, k a +  k^, but did not affect significantly 
the relative ratio k j k  b, which determines selectivity.

M ore experimentation is planned to elucidate whether this 
change in selectivity is indeed due to som e form  o f  steric 
hindrance, as suspected, or to a change in mechanism, both 
owing to intramolecular hydrogen bonding o f the nucleophilic 
center with the ortho carboxylic acid.

Experimental Section

General Procedure for Reaction o f Acetylanthranil with 
Amines. Acetylanthranil (1, 0.03 mol) and an equivalent weight of 
the amine 2 were dissolved in a neutral solvent (ca. 50 ml, usually 
benzene or Et20), and reaction was allowed to occur at room tem
perature overnight. If the corresponding acetamidine salt, 5, separated 
from solution, it was removed by filtration and washed with fresh 
solvent. Otherwise the solution was taken directly to dryness at ca. 
60 °C by evaporation under vacuum. The residue was leached with 
dilute aqueous base to remove 5 and/or residual 1. The alkaline extract 
was allowed to remain at room temperature overnight to ensure 
conversion of solvated 5 to insoluble quinazolone, 4, which was re
moved conveniently by filtration. Any residual 1 was recovered as 
N-acetylanthranilic acid by acidification of the mother liquor. The 
residue, from which the acid components were removed by extraction 
with base, was then extracted with dilute acid to dissolve 4 and/or 
residual unreacted 2. Neutralization of this extract with dilute base 
caused precipitation of any quinazolone, which was collected by fil
tration and purified fprther by recrystallization from a suitable sol
vent, usually methanol. Any residue that resisted sequential extrac
tion with aqueous base and acid was purified further by recrystalli
zation from a suitable solvent, usually heptane or methanol, to give 
the o-acetamidobenzanilide, 3, in crystalline form.

After the products were separated chemically as described above, 
their expected structural assignment was verified spectrophotomet- 
rically by their ir spectra. The relevant ir absorption patterns which 
are characteristic for the starting material and all the possible prod
ucts are given in Table II.

The known chemistry and limited possibilities usually permitted 
easy differentiation and assignment of structure on the basis of these 
ir patterns. In cases of doubt, however, the tentative assignment was 
substantiated by the corresponding NMR data and/or elemental 
analysis data, which were consistent with the assigned structures. A 
sample of the acetamidine salt, 5, was usually converted to the cor
responding quinazolone, 4, by solution in dilute aqueous base at room 
temperature and subsequent separation of the precipitate by filtra
tion.

Chemical separation of the product mixture and isolation into its 
acid, base, salt, and neutral components as described above usually 
accounted for about 95% of the acetylanthranil allowed to react with 
the amine in question. The melting points and the percent anthranil 
units isolated as the respective products of reaction with amines 2a-n 
are given in Table I.
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Registry No.—1,525-76-8; 2a, 62-53-3; 2b, 106-49-0; 2c, 99-98-9; 
2d, 106-50-3; 2e, 104-94-9; 2f, 150-13-0; 2g, 98-16-8; 2h, 591-27-5; 2i,
95-53-4; 2j, 578-54-1; 2k, 90-04-0; 21, 88-05-1; 2m, 579-66-8; 2n, 
118-92-3; 3n, 58426-37-2; 4a, 2385-23-1; 4b, 22316-59-2; 4c, 58426- 
38-3; 4d, 27440-42-2; 4e, 30507-16-5; 4f, 4005-05-4; 4g, 1788-98-3; 4h, 
40671-68-9; 4i, 72-44-6; 4j, 7432-25-9; 4k, 4260-28-0; 41, 58426-39-4; 
4m, 58426-40-7; 4n, 4005-06-5; 5a, 34264-61-4; 5b, 58426-41-8; 5c, 
58426-42-9; 5d, 58426-43-0; 5e, 58426-44-1; 5h, 58426-45-2; 51, 
58426-46-3; 6, 89-52-1.
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An unusually stable «-lactone, 9, has been synthesized in high yield by treating mixed animal 7 with 2 equiv of the 
Grignard reagent generated from ethyl 2-bromoisobutyrate in ether at 0-10 °C. A solvent dependence for this reac
tion was observed. Reaction of ester lactone 9 under modified acyloin conditions (5 equiv of chlorotrimethylsilane 
was used as an anion trapping agent) gave acyloin 18 in 68% yield. Infrared studies of the OH stretch region of 18 
allowed assignment of several hydrogen bonds and helped to establish possible conformations of 18. Reduction of 
18 with NaBHi in ethanol at 25 °C was found to occur stereoselectively giving only cis triol 22. Reduction of 18 with 
LiARL in refluxing THF gave a 9:1 ratio of cis 22 to trans 241 The stereochemistry of the triols was established by 

NMR techniques employing both achiral and chiral shift reagents and by their 13C NMR spectra. Oxidation of 
22 was found to give dialdehyde 5 which was shown to exist in its e-hemiacetal form 25. In separate experiments, 
25 was found to be unstable to prolonged exposure (8 days) to methanol at 25 °C or to heating at 100 °C for 3 h giv
ing, in both cases, aldehyde 26 in high yield. Stereoelectronically controlled reverse Mannich reactions are postu
lated to explain the latter results. Several molecules, 8 (see ref 6) and 10, isolated in these studies have been shown 
to display some anticancer activity.

Our continuing interest in the syntheses1 and properties2 

o f hindered N - t e r t -butvl-3,3'-iminodiesters such as 1 and its 
aldehyde analogue 2 , which has been shown to undergo a facile 
rearrangement in alcoholic solvents to give 6 -alkoxytetrahy- 
dro-l,3-oxazines 3 , l b ’3 a new class o f  molecules which have 
been shown to  display some anticancer properties ,4 has 
prompted us to undertake a study o f the related hydroxylated 
systems 4, 5 5, and 6  which we feel m ight be expected to show

1. R = OEt;R,.= II
2, Rj =  R, = H
4, R1=O E t;R 2 =  OH
5. R, =  H;R2 =  OH

3a, Rj = CH3; R, =  H 
3b,Rj — Et; R>= H 

6 , Rj =  CH3; RJ =  OH

different solubility characteristics. Our efforts directed toward 
the syntheses o f these molecules and studies o f their properties 
will be discussed.

Synthesis of Diester 4 and Lactone 9. Since there are no 
regiospecific procedures for attaching an OH group to an 
unactivated alkyl group (e.g., the tert -butyl group on diester
1 ), a modification o f the approach used to synthesize l 2 which 
would allow incorporation o f  the desired OH group on 4 was 
devised. M ixed aminal 7 was prepared in 73% yield by treating
2 -m ethyl-2 -am ino-l-propanol with 2  equiv o f  formaldehyde

and 1 equiv o f  re-butyl alcohol. A  m inor product, bisoxazoli- 
dine 8 , was also isolated from this reaction in ca. 2 0 % yield and 
was later synthesized by an independent route .6

0-ji-Bu

7 8

Treatm ent o f  aminal 7 (Schem e I) with 2 equiv o f  the G ri
gnard reagent generated from ethyl 2 -bromoisobutyrate under 
mild conditions in anhydrous ether gave, after normal a c id - 
base work-up, a crude material which did n ot have the prop
erties expected for the desired diester 4, but which was iden
tified after purification as ethyl A /-2-(l-hydroxy-2-m ethyl- 
propyl)-3,3-imino-2,2,2/,2,-tetramethyldipropionate «-lactone
(9). An oil, which was identified as m onoadduct 10, was also 
isolated from  this reaction along with small amounts o f  an 
isobutyrisobutyrate adduct 11. T he yields o f  9 (35-62% ) and 
10 (10-35%) varied depending on the scale o f  the reaction and 
stirring efficiency since insoluble magnesium salts were 
form ed during this reaction. W hen T H F  was used as the sol
vent in this reaction iscbutyrisobutyrate adduct 1 1  and m ono
adduct 10 were isolated in 57 and 26% yields, respectively. N o 
lactone was recovered in this case.

The overall recovery o f lactone 9 from these reactions could 
be increased since: ( 1 ) diadduct 1 1  was found to  undergo a 
reverse Claisen reaction to give 10 in high yield when treated 
with sodium ethoxide in refluxing ethanol; and (2 ) m onoad-
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MgBr OEt

MgBr OEt EtO“ Na+

EtOH

duct 10 could be converted to lactone 9 in 50-60% yields when 
treated with 1 equiv of the ethyl isobutyrate Grignard reagent 
in ether at 0-10 °C. These reactions are shown in Scheme I. 
In the course of our studies it was noted that when the Gri
gnard reaction was quenched at 0 °C with ice water and the 
aqueous phase extracted quickly with cold ether, the primary 
products, as determined by XH NMR analysis, were diester 
4 rather than lactone 9s and oxazolidine 10 and that diester 
4 could be isolated in moderate yield and good purity by ma
nipulation of the work-up and purification procedures related 
to the Grignard reaction (see Experimental Section). All at
tempts to purify 4 (e.g., GLC, TLC, or column chromatogra
phy using silicic acid) resulted in its conversion to 9. Prelim
inary attempts to protect the OH group on 4 (e.g., via acyla
tion) also resulted in its conversion to lactone 9.

We feel that the ready lactonization of 4 occurs as a result 
of the close proximity of the hydroxymethyl OH group with 
at least one of the two ester groups of 4 and that this close 
proximity is due to restricted conformational preferences (see
12) related to the hindered character of this molecule.7 This

23, R  =  AlHj

contention is supported in part by the observation that ester 
alcohol 13a, which was synthesized by careful NaBH4 reduc-

OR
L ^ c h 3

RO.

13b, R = H  
13c, R =  Ac

tion of 10 in aqueous acid (pH ~3) and which can readily exist 
in a linear conformation, could not be converted to e-lactone 
14 using conditions which readily converted 4 to 9 (eq 1).

io 2“ *.
h 2o ,h +

OEt

•O
(1)

14

When 10 was treated with NaBH4 in THF no reaction was 
observed; however, when a catalytic amount of zinc chloride 
was added to the reaction mixture, complete reduction of 10 
occurred to give diol 13b which was characterized as its di
acetate 13c.

With regard to the formation of 10 and 4 (9), we feel our 
results indicate that initial reaction of the Grignard reagent 
with aminal 7 takes place at the exocyclic methylene carbon 
after Lewis acid catalyzed formation of immonium ion 15. The

fact that reaction of 10 with 4 equiv of methyllithium in THF 
at 35 °C gave only products resulting from attack at the ester 
carbonyl, namely a 4:1 mixture of oxazolidine 16 and tetra- 
hydro-l,3-oxazine 17, supports the intermediacy of a species 
such as 15 as opposed to direct nucleophilic attack on 7 by the 
Grignard reagent. It is interesting to note that treatment of 
this mixture of alcohols with zinc chloride in refluxing THF 
for 4 h resulted in the clean conversion of 16 to the thermo
dynamically more stable 17.

Acyloin Reaction of Lactone 9. A Synthesis of 5.
Treatment of e3ter lactone 9 under acyloin conditions8 re
sulted in the formation of 18 in yields ranging from 35 to 62% 
depending on the reaction time and the scale of the reaction. 
The addition of 5 equiv of chlorotrimethylsilane9 to this 
acyloin reaction seemed to consistently improve the isolated 
yield of 18 (e.g., 68% on a 0.01-mol scale). This modification, 
which would be expected to quench sodium ethoxide formed 
during the reaction, was tried when it was noticed that lactone 
9 underwent complete decomposition when heated in the 
presence of sodium ethoxide in ethanol for extended periods. 
Conversion of 18 to diacetate 19 in nearly quantitative yield

Na/Tol

(CHJjSiQ

18, R =  H 20
19, R =  Ac
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confirmed the existence of two OH groups in this molecule. 
A minor product, ketone 20, was also isolated from these 
acyloin reactions in variable yields (eq 2 ).

Ketol 18 was characterized by its spectra, showning a mo
lecular ion at m/e 257 in its mass spectrum and the expected 
six different methyl signals in both its *H and 13C NMR 
spectra. The existence of a carbonyl band at 1700 cm - 1  in its 
infrared spectrum indicated that transannular interactions 
resulting in hemiacetal formation are not important for 1810a 
as has been the case for products isolated from the acyloin 
reaction of other ester lactone substrates11 as well as other 
molecules in this series (i.e., 25).

Careful studies of the OH (and C = 0 ) stretch region of the 
infrared spectrum of 18, obtained at various dilutions, and 
studies of models suggest that the primary hydroxy group and 
the carbonyl oxygen are in close proximity even though they 
are separated by six atoms, but do not indicate a transannular 
nine-membered ring hydrogen bond to the carbonyl.10b Spe
cifically, absorptions at 3640 (free OH), 3515, and 3470 cm - 1  
indicate the presence of two associated OH groups having Av’s 
of 125 and 170 cm-1, respectively. Comparisons with model 
systems such as HO(CH2)2N(CH3)2, which shows a Av of 138 
cm“ 1,12“ and various a-ketols,12 which show Av’s ranging from 
180 cm- 1  (0 = C -C -0  dihedral angle «  0°) to ca. 10 cm- 1  
(0 = C -C -0  dihedral angle > 1 2 0 °), suggest both a five- 
membered ring OH-NR2 hydrogen bond and an a-ketol hy
drogen bond with a 0 = C -C -0  dihedral angle near 0° for 18. 
An appropriate cycloheptanoid half-twist boat, half-chair 
conformation such as 2 1 , which we feel constitutes the pre
ferred ground-state geometry for these hindered azacyclo- 
heptanone systems,lb would fit the infrared data while many 
other conformations can be ruled out because of their large 
0 = C -C -0  dihedral angle or CH3-CH 3 interactions.

While reduction of 18 with NaBH4 in ethanol was expected 
to parallel that of the N -te r t-butyl analogue1*5 and give mainly 
cis triol 22, it was hoped that reduction of 18 with LiAlHj

22, =  OH; R, =  H
24, R, =  H; R, =  OH

might occur, at least to some extent, via delivery of hydride 
in a transannular manner from alumunate ester 2313 leading 
to a predominance of trans triol 24. The reaction of 18 with 
NaBH4 was found to be stereoselective giving only cis triol in 
contrast to its N -t e r t -butyl analogue, which gave an 8/2 
mixture of cis and trans diols, respectively, under similar 
conditions.1*5 The reaction of acyloin 18 with LiAlH4 in re
fluxing THF gave a 9/1 mixture of cis to trans triols. These 
results have led us to conclude that only steric factors related 
to the hydroxylated t e r t -butyl group are important in re
ductions of acyloin 18.

The triols were separated by column chromatography using 
silicic acid with hexane-ether elution and were identified by 
1H and 13C NMR techniques. Triol 22, a meso compound, 
which was eluted after triol 24, displayed a singlet at 5 1.02 
(CDCI3) integrating for 18 H in its *H NMR spectrum indi
cating that the protons on all six methyl groups of this mole
cule are isochronous. When the *H NMR spectrum was ob
tained in the presence of 0.2 or 0.4 equiv of the achiral shift 
reagent Eu(fod)3, three signals of nearly equal intensity ap
peared indicating the presence of three pairs of enantiotopic

Figure 1. NMR spectra of triols 22 and 24: A, 22 (ca. 5% in CDCI3)
with insert showing the *H NMR spectrum obtained in the presence 
of 0.2 equiv of EuffodV, B, 24 (ca. 5% in CDCI3) with insert showing 
the 'l l  NMR spectrum obtained in the presence of 0.2 equiv of 
Eu(fod)3.

methyl groups. In the presence of chiral shift reagent [i.e., 0.4 
equiv of Eu(facam)a] the methyl groups became diastereotopic 
owing to the formation of a “ pseudocontact” enantiomer1*5 and 
six signals of near equal intensity appeared.

The *H NMR spectrum of triol 24 (CDCI3) showed three 
signals in the methyl region of the spectrum occurring at 5 0.91 
(6 H), 1.04 (3 H), and 1.12 (9 H). Because the signal at 5 1.12 
appeared to have a shoulder at 5 1.13, the spectrum was ob
tained in the presence of Eu(fod)3 which allowed resolution 
of the methyl region of the spectrum and showed two signals 
integrating for 6 H and two signals integrating for 3 H. This 
is the pattern one would expect for a trans 3,3,6,6-tetra- 
methyl-l-azacycloheptane-4,5-diol moiety which possesses 
C 2 symmetry as a result of rapid inversion, rotation processes 
occurring at nitrogen and which is attached by a bond lying 
on the C2 axis to a prochiral carbon14 possessing two methyl 
groups. The two methyl groups at C-3 (see 24 for the num
bering system) are diastereotopic as are the two at C-6 , but 
since the pro-/? methyl at C-3 and the pro-R  methyl at C-6  are 
homotopic for each enantiomer at ambient temperatures as 
are the respective pro-S methyl groups, only two signals in
tegrating for 6 H each are expected for the tetramethylaza- 
cycloheptane moiety. Because of the chirality associated with 
a group having C2 symmetry, the two methyl groups on the 
exocyclic prochiral carbon, C-8, will be diastereotopic. This
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accounts for the observed patterns.15 The 1H NMR spectra 
of 22 and 24, including Eu(fod)3 inserts, are shown in Figure 
1.

The cis and trans assignments for 22 and 24 were further 
confirmed using 13C NMR.16 Triol 22 showed signals for the 
eight different carbons expected for this meso compound, 
while the trans isomer showed signals for nine different car
bons reflecting the diastereotopic character of the methyl 
carbons attached to the exocyclic prochiral center at C-8 of 
24.

Oxidation of triol 22 (Scheme II) using 1 equiv of paraper- 
iodic acid in either aqueous acid (pH ~3) or methanol at am
bient temperatures led, after workup, to the same crude 
semisolid material which did not have the properties expected 
for dialdehyde 5 but which was identified after purification 
by careful sublimation (pot temperature ca. 50 °C) as 
f-hemiaeetal 2516 (mp 89-90 °C). Attempts to purify crude 25 
by distillation led to the formation of a mixture of 25 and a 
new product which was identified as oxazolidine 26. Subse
quently it has been found that heating 25 in refluxing dioxane 
for 4 h leads to its quantitative conversion to 26.

Unlike N -te r t-butyl dialdehyde 2 which decomposed to give 
tetrahydro-l,3-oxazine 3a when stirred in methanol at 25 °C  
for 15 h, anomer 25, which might be expected to be in equi
librium with its dialdehyde form 5 in polar solvents such as 
methanol, did not break down in this solvent to form either 
the desired 6-methoxytetrahydro-l,3-oxazine 6 or a hoped for
[3.2.2]bieyclotetrahydro-l,3-oxazine 27, which might have 
resulted from intramolecular capture of the hemiacetal OH 
group by the incipient immonium ion17 (see Scheme II, path
2), but rather broke down over several days to give good yields 
of 26. Because of the previously demonstrated preference for

the formation of six-membered rings over five-membered 
rings in related systems (e.g., 16 — 17), efforts were made to 
synthesize 6 by equilibrating the hemiacetal of 26 (i.e., 31) 
generated in situ in the presence of methanol containing a 
catalytic amount of zinc chloride. While the zinc chloride 
caused the slow decomposition of 26, no evidence for the for
mation of 6 was obtained upon examination of the 7H NMR 
spectrum of the crude reaction mixture. The above reactions 
and possible intermediates involved in the formation of 26 are 
summarized in Scheme II. We feel that 5 and 25 are in an 
equilibrium which favors 25 under normal conditions and that 
formation of 26 results indirectly from intermediate ion 2820 
(formed via path 1 or path 2). Experimental evidence indicates 
that immonium ions 28 and 30 may be formed via a reverse 
Mannich reaction18 which involves the stereoelectronically 
controlled19 loss of isobutyraldehyde from amines 5 and 25, 
respectively.

While the lack of direct capture of the OH group on 30 to 
give the bicyclo system 27 could be explained by the overall 
lack of importance of path 2 (Scheme II) or by the strained 
nature of the product which might, if formed, revert back to 
30 under the reaction conditions, our inability to isolate 6, 
considering the viability of intermediate 29, is harder to un
derstand. Further work on the chemistry and properties of 
these hindered amines is in progress.

Experimental Section
Melting points were taken in capillary tubes on a Thomas-Hoover 

Unimelt and are uncorrected. Infrared spectra were recorded on a 
Perkin-Elmer 457 A spectrometer. The !H NMR spectra were taken 
either on a Varían A-60 spectrometer or on a Perkin-Elmer JEOL 
MH-100 spectrometer and are reported in parts per million downfield 
from tetramethylsilane. The l3C NMR spectra were taken on a Varían 
CFT-20 spectrometer and are reported in parts per million downfield 
from tetramethylsilane. The abbreviations s, singlet; d, doublet; t, 
triplet; q, quartet refer to the multiplicity of the absorption in an 
off-resonance decoupled spectrum. Mass spectra were determined 
on a Perkin-Elmer Hitachi RMU-6D spectrometer. Ultraviolet 
spectra were taken on a Cary 14 recording spectrophotometer. Gas 
chromatography was carried out using programmed temperature 
control on a Hewlett-Packard 5750 B instrument equipped with 8- 
and 10-ft stainless steel columns packed with SE-30 on 80-100 mesh 
Chromosorb P. Mallinckrodt AR 100 mesh silicic acid was used for 
all column chromatography. Microanalyses were performed by Gal
braith Laboratories, Knoxville, Tenn.

JV-n-Butoxymethyl-4,4-dimethyl-l,3-oxazolidine (7). To a 
mixture of 74 g (1.0 mol) of 1-butanol, 60 g (2.0 mol) of paraformal
dehyde, and 400 ml of benzene was added dropwise 89 g (1.0 mol) of
2-amino-2-methyl-I-propanoI. The mixture was brought to reflux and 
water removed as an azeotrope using a Dean-Stark trap. After removal 
of the theoretical amount of water, the solvents were distilled off at 
100 mm pressure and finally the crude oil remaining was distilled 
under high vacuum to give 136 g (73%) of pure 7 as a clear liquid: bp
59-60 °C (0.3 mm); ir (CC14) no C = 0 ; *H NMR (CC14) 5 0.91 (t, 3),
1.17 (s, 6), 1.44 (m, 4), 3.35 (t, 2), 3.48 (s, 2), 4.19 (s, 2), 4.57 (s, 2); mass 
spectrum (70 eV) m/e (rel intensity) 187 (trace, M+), 114 (37), 70 (39), 
57 (70), 56 (36), 55 (23), 42 (100), and 41 (55).

Bisoxazolidine 8 was also isolated as a high-boiling oil in ca. 20% 
yield from this reaction (see below).

7V,Ar'-Methylenebis(4,4-dimethyl-l,3-oxazolidine) (8). To a 
refluxing mixture of 1.29 g (0.043 mol) of trioxane and 200 ml of 
benzene was added dropwise 2.54 g (0.029 mol) of 2-amino-2- 
methyl-1 -propanol. After removal of water and workup as described 
for 7,8 was isolated by distillation in 35% yield: bp 80-83 °C (0.3 mm); 
ir (CC14) no C = 0 ; XH NMR (CC14) 51.09 (s, 12), 3.39 (s, 2), 3.52 (s, 4),
4.41 (s, 4).

Reactions o f 7. A. Diethyl N-2-( 1 -Hydroxy-2-methylpropyl) - 
3,3'-imino-2,2,2’,2'-tetramethyldipropionate (4). Into a flame-dried 
three-neck Morton flask equipped with an overhead stirrer, addition 
funnel, and condenser was added 12.15 g (0.5 mol) of clean magnesium 
turnings and 50 ml of dry ether. To the stirring mixture, which was 
under N2 and cooled to 10-20 °C, was added, over several hours, 82.0 
g (0.4 mol) of ethyl 2-bromoisobutyrate in 200 ml of ether. After 
complete formation of the Grignard reagent (determined by GLC 
analysis), 37.4 g (0.2 mol) of aminal 7 in 300 ml of ether was added to
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the flask over several hours (stirring becomes difficult as 7 is added) 
and the reaction mixture was stirred for an additional 1 h at 10-20 °C. 
After the mixture was cooled to 0 °C, ice water was added and the 
mixture extracted three times with cold ether. The ether was dried 
over K2CO3 and evaporated under vacuum to give a crude oil which 
was shown by 'H NMR analysis to contain monoadduct 10 and diester
4. The crude mixture was rapidly distilled to give 10 (ca. 20% yield, 
see below) and a high-boiling fraction which was shown to be a mixture 
of 4 and lactone 9. The high-boiling mixture was dissolved in a small 
amount of hexane and allowed to cool at —10 °C for 24 h causing 9 to 
precipitate. Lactone 9 was removed from the hexane mixture by 
vacuum filtration and the hexane solvent removed from the mother 
liquor under high vacuum to give an oil which was not further purified 
but was characterized as diester 4: yield ca. 50%; bp 123-127 °C (0.1 
mm) with decomposition to 9; ir (CHCI3) 3500, 2960,1720,1260,1145, 
and 1090 cm -1; XH NMR (CDC13) 6 0.94 (s, 6), 1.20 (s, 12), 1.27 (t, 6, 
J  = 7 Hz), 2.82 (s, 4), 2.91 (brs, 1, absent in D2O), 3.32 (s, 2), and 4.12 
(q, 4, J  = 7 Hz).

Anal. Calcd for C18H35NO5: C, 62.58; H, 10.21. Found: C, 64.85; H,
10.45.

Reactions o f 7. B. Ethyl JV-2(l-Hydroxy-2-methylpropyl)- 
3,3'-imino-2,2,2',2'-tetramethyldipropionate e-Lactone (9). The 
Grignard reaction was run as described above to obtain a crude ma
terial which was subjected to an acid-base work-up. The crude amines 
were added to a flask containing ethanol in which a trace of sodium 
had been dissolved and were heated for 0.5 h. After removal of the 
ethanol in vacuo and an acid-base work-up the crude material was 
distilled to give 15.5 g (34%) of 10 (see below) and 31 g (52%) of lactone
9.

For 9: bp 133-138 °C (0.2 mm); mp (hexane) 76-77 °C; ir (CHCI3) 
2978,1725,1467,1392,1370, and 1140 cm“ 1; ir (CC14) 1730 and 1715 
cm '1; XH NMR (CDCI3,25 °C5) S 1.06 (s, 6), 1.19 (s, 6), 1.27 (s, 6), 1.28 
(t, 3, J  = 7 Hz), 2.57 (s, 2), 2.71 (s, 2), 3.99 (s, 2), and 4.13 (q, 2, J  = 7 
Hz); 13C NMR (CDCI3) 5 14.01 (q), 19.99 (broad, q), 24.58 (q), 26.81 
(q), 43.22 (s), 44.83 (s), 57.32 (s), 57.84 (t), 58.34 (t), 60.49 (t), 74.07 
(t), 177.16 (s), 177.53 (s); mass spectrum (70 eV) m/e (rel intensity) 
299 (6, M+), 284 (1), 198 (6), 184 (100), 112 (43), 84 (83), 70 (60), and 
55 (25) with metastable peaks at m/e 113.0 (1842/299), 68.0 (1122/184), 
and 63.2 (842/112).

Anal. Calcd for C16H29NO4: C, 64.18; H, 9.76; N, 4.68. Found: C, 
64.51; H. 9.72; N, 4.79.

Reactions o f 7. C. Ethyl 2,2-Dimethyl-3-[JV-(4,4-dimethyl-
l,3-oxazolidine)]propionate (10) and Ethyl 2,2,4,4-Tetra- 
methyl-5-[JV-(4,4-dimethyl-l,3-oxazolidine)]-3-oxopentanoate
(11). The Grignard reaction was run as described above but THF was 
used as the solvent for the reaction in place of ether. Acid-base 
work-up and purification by distillation gave 12.5 g (26%) of mono 
adduct 10 and 34 g (57%) of diadduct 11.

For 10: bp 80-81 °C (0.1 mm); ir (CCD 2970,2870,1735,1475,1273, 
1250, 1145,1100,1030, and 947 cm“ 1; XH NMR (C C I4 ) 5 1.01 (s, 6),
1.12 (s, 6), 1.22 (t, 3, J = 7 Hz), 2.58 (s, 2), 3.49 (s, 2), 4.08 (q, 2, J = 7 
Hz), 4.29 (s, 2); mass spectrum (70 eV) m/e (rel intensity) 229 (1, M+), 
114 (100), and 42 (85).

Anal. Calcd for C12H23NO3: C, 62.85; H, 10.11; N, 6.11. Found: C, 
62.80; H, 10.07; N, 6.18.

For 11: bp 114-118 °C (0.2 mm); ir (CC14) 2970, 2870, 1742,1695, 
1465, 1260, and 1145 c m '1; XH NMR (CC14) S 0.98 (s, 6), 1.12 (s, 6),
1.25 (t, 3, J  = 7 Hz), 1.30 (s, 6), 2.52 (s, 2), 3.42 (s, 2), 4.12 (q, 2, J  = 7 
Hz), 4.21 (s, 2); mass spectrum (70 eV) m/e (rel intensity) 299 (trace, 
M+), 114 (100), and 42 (75).

Anal. Calcd for C16H29NO4: C, 64.18; H, 9.76. Found: C, 63.96; H,
9.76.

Conversion o f 11 to 10. Diadduct 11, 2 g (6.7 mmol), was refluxed 
under N2 in 150 ml of ethanol in which 0.1 g of sodium had been pre
viously dissolved. Solvent was removed steadily from the flask via a 
Dean-Stark trap until the volume of solvent was near 50 ml (ca. 20 h). 
The remaining solvent was removed in vacuo and the crude residue 
extracted with water-ether. The ether layer was dried with K2CO3 
and evaporated to give an oil which was distilled to give 1.07 g (70%) 
of pure 10.

Grignard Reaction o f 10. These reactions were run in ether sol
vents using 1 equiv each of magnesium, ethyl 2-bromoisobutyrate, 
and monoadduct 10 as described above for the reactions of 7. The 
products isolated, 4 or 9 (50-60%), depended on the workup employed 
(see above).

Reduction o f 10. Ethyl G-Hydroxy-2,2,4,5,5-pentamethyl-4- 
azahexanoate (13a). To a mixture of 0.98 g (4.3 mmol) of 10 in 25 ml 
of ethanol and enough 6 N HC1 to obtain a pH of ca. 3 was added 
dropwise, over 1 h, 0.17 g (4.5 mmol) of NaBH4 dissolved in water 
containing a trace of base as a stabilizer. The pH of the reaction

mixture was maintained at ca. 3 with 6 N HC1 as the reaction pro
gressed. After being allowed to stir for 15 min the reaction was 
quenched with cold aqueous KOH and the ethanol removed in vacuo. 
Water-ether extraction of the crude residue followed by evaporation 
of the ether and distillation of the organic material gave 0.65 g (65%) 
of ester 13a: bp 92-95 °C (0.2 mm); ir (CHCI3) 3640,3425, 2920,1720, 
1265,1145, and 1020 c m '1; XH NMR (CDCI3) 5 0.98 (s, 6), 1.17 (s, 6),
I. 23 (t, 3, J  = 7 Hz), 2.14 (s, 3), 2.57 (s, 2), 3.2 (br s, 1, absent D20), 3.28 
(s, 2), and 4.06 (q, 2, J  = 7 Hz); mass spectrum (70 eV) m/e (rel in
tensity) 231 (none, M +), 213 (1, — H2O), 185 (2, —HOEt), 98 (100), 
and 44 (40). Reduction of 10 using NaRH4 in THF containing zinc 
chloride or using LiAlH4 in THF resulted in near quantitative for
mation of diol 13b which was characterized as its diacetate 13c syn
thesized by treating 13b with acetic anhydride-pyridine.

For 13b: bp 90-91 °C (0.2 mm); ir (CHCI3) 3600, 3380, 2920, and 
1060 cm“ 1; XH NMR (CDCI3) 5 0.94 (s, 6), 1.02 (s, 6), 2.28 (s, 3), 2.42 
(s, 2), 3.39 (s, 2), 3.42 (s, 2), and 4.6 (br s, 2, absent D2O).

For 13c: bp 97-98 °C (0.2 mm); ir (CHCI3) 2950,1735,1725,1235, 
and 1030 cm -1; XH NMR [CDClg) S 0.89 (s, 6), 1.03 (s, 6), 2.04 (s, 6),
2.25 (s, 3), 2.30 (s, 2), 3.80 (s, 2), and 3.90 (s, 2); mass spectrum (70 eV) 
m/e (rel intensity) 273 (trace, M+), 98 (100), and 43 (27).

Reaction o f 10 with Methyllithium. 2,3,3-Trimethyl-4-[JV- 
(4,4-dimethyl-l,3-oxazolidine)]-2-butanol (16) and 2-Methyl-
2-[JV-(5,5,6,6-tetramethyltetrahydro-l,3-oxazme)]-l-propanol 
(17). To 0.38 g (1.65 mmol) of oxazolidine 10 dissolved in 25 ml of,dry 
THF under N2 at 35 °C was added 5.05 ml (6.55 mmol) of 1.3 M 
methyllithium in ether. The mixture was heated for 40 min, cooled 
to 25 °C, and extracted with water-ether. The ether layer was dried 
over K2CO3 and evaporated to give 0.32 g (90%) of a 4:1 mixture of 16 
to 17 as judged by XH NMR.

Treatment of this mixture (0.30 g, 1.4 mmol) with a catalytic 
amount of zinc chloride in 25 ml of refluxing THF for 3 h under N2 
allowed the isolation, after acid-base work-up, of 0.27 g (90%) of ox- 
azine 17.

For 16: ir (CHCI3) 3645, 3280, no C = 0 , and 1090 cm-1; 1H NMR 
(CDCI3) S 0.97 (s, 6), 1.16 (s, 6), 1.21 (s, 6), 2.59 (s, 2), 3.58 (s, 2), and
4.52 (s, 2); mass spectrum (70 eV) m/e (rel intensity) 215 (1, M+).

For 17: bp 76-77 °C (0.2 mm); ir (CHCI3) 3645, 3280, no G = 0 , and 
1085 cm -1; XH NMR (CDC13) 6 0.98 (s, 6), 1.05 (s, 6), 1.18 (s, 6), 2.45 
(s, 2), 3.33 (s, 2), and 4.32 (s, 2); mass spectrum (70 eV) m/e (rel in
tensity) 215 (1, M+).

Anal. Calcd for C12H25NO2: C, 66.93;.H, 11.70. Found: C, 66.75; H,
I I . 66.

Acyloin Reaction of Lactone 9. N -2-(1-Hydroxy-2-methyl- 
propyl)-3,3,6,6-tetram ethyl-l-azacycloheptan-4-on-5-ol (18). 
Into a dried three-neck 500-ml Morton flask equipped with an over
head stirrer, addition funnel, and condenser was added 200 ml of dried 
toluene and 1.3 g (0.057 mol) of sodium metal. The toluene was 
brought to reflux and the sodium converted to a fine sand in a N2 at
mosphere using high-speed stirring. Lactone 9 (3.53 g, 0.012 mol) in 
50 ml of toluene and 10 ml (0.08 mol) of chlorotrimethylsilane were 
added simultaneously, but from separate addition funnels (one was 
placed on top of the condenser) over 0.5 h. After the reaction mixture 
was allowed to reflux for 4 h, it was cooled to 0 °C and quenched with 
10% aqueous NH4CI. The pH of the mixture was adjusted to 14 using 
KOH and the aqueous layer extracted several times with ether which 
was evaporated in vacuo to give a crude material. The crude mixture 
was stirred in methanol containing 10% aqueous HC1 for 3 h in order 
to hydrolyze any sililated oxygen groups. Acid-base work-up gave 2.06 
g (68%) of ketol 18: mp (sublimed) 67-69 °C; ir (CHCI3) 3640, 3515, 
3470, 2970, 2865,1700,1470,1400,1380,1362,1210,1050, and 1030 
cm“ 1; XH NMR (CDC13) 5 0.71 (s, 3), 0.99 (s, 3), 1.03 (s, 3), 1.06 (s, 3),
1.13 (s, 3), 1.28 (s, 3), 2.53 (br s, 1, absent D20), 2.61 (AB, 2, J  = 14 Hz),
2.73 (AB, 2, J  = 16 Hz), 3.41 (AB, 2, J  = 11 Hz), 3.82 (d, 1, J  = 6 Hz, 
absent in D20), and 4.23 (d, 1, J  = 6 Hz, s in D20); 13C NMR (CDCI3) 
5 19.52 (q), 20.38 (q), 23.18 (q), 24.21 (q), 25.75 (q), 25.87 (q), 40.00 (s),
47.04 (s), 58.87 (s), 59.60 (t), 64.06 (t), 68.80 (t), 79.40 (d), and 217.38 
(s); mass spectrum (70 eV) m/e (rel intensity) 257 (2, M+), 255 (3), 
239 (4), 226 (100), 198 (25), 84 (20), 83 (20), 70 (33), 57 (50), and 43 
(40); uv Amax (EtOH) 290 nm (e 53), 248 (shoulder, 200).

Anal. Calcd for C14H27NO3: C, 65.33; H, 10.58. Found: C, 64.94; H, 
10.49.

When this reaction was run on a larger scale the yield of 18 generally 
decreased. When run in the absence of chlorotrimethylsilane the 
yields of 18 varied from 35 to 62%. A minor product, which was ob
served in as high as 5% yields and which could be isolated pure by 
column chromatography using silicic acid with hexane-ether elution, 
was identified as Af-2-(l-hydroxy-2-methylpropyl)-3,3,6,6-tetra- 
methyl-l-azacycloheptan-4-one (20): mp (sublimation) 78-80 °C; ir 
(CHCI3) 3500, 2965, 2870,1696, and 1048 cm "1; ir (CC14) 3640, 3515,
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and 1705 cm“ 1; 'H  NMR (CDCI3) 6 0.87 (s, 6), 1.00 (s, 12), 2.32 (br s,
1, absent D20), 2.39 (s, 2), 2.47 (s, 2), 2.71 (s, 2), 3.34 (br s, 2, sharp in 
D20, CH2OH); 13C NMR (CDCI3) 5 22.16 (q), 23.98 (q), 27.73 (q),
34.43 (s), 48.77 (s), 52.19 (t), 59.01 (s), 61.09 (t), 65.39 (t), 68.91 (t),
215.46 (s); mass spectrum (70 eV) m/e (rel intensity) 241 (3, M+), 223
(15), 210 (30), 198 (18), 182 (100), 84 (45), 70 (40), 55 (50), 43 (70), and 
41 (70).

iV-2-(l-Acetoxy-2-methylpropyl)-3,3,6,6-tetramethyl-5-ace- 
toxy-l-azacycloheptan-4-one (19). Diacetate 19 was synthe
sized by refluxing 0.5 g of ketol 18 in a 1/1 mixture of acetic anhydride- 
acetic acid (6 ml total) for 3 h. Acid-base workup gave 0.60 g (90%) 
of 19: mp (sublimed) 76-79 °C; ir (CHCI3) 2965,1740,1725,1245, and 
1030 cm -1; ’ H NMR (CDCI3) 8 0.83 (s, 3), 0.97 (s, 3), 1.06 (s, 3), 1.12 
(s, 6), 1.17 (s, 3), 2.06 (s, 3), 2.10 (s, 3), 2.68 (AB, 2, J  = 13 Hz), 2.87 (AB,
2, J  = 14 Hz), 3.98 (s, 2), and 5.11 (s, 1); mass spectrum (70 eV) m/e 
(rel intensity) 341 (trace, M+), 268 (100), 222 (32), and 43 (80); uv Xm„  
(EtOH) 290 nm (e 55), 244 (shoulder, 270).

Anal. Calcd for Ci8H31N 06: C, 63.31; H, 9.15. Found: C, 63.59; H,
9.27.

Reduction of 18. cj's-JV-2-(l-Hydroxy-2-methylpropyl)-
3,3,6,6-tetramethyl-l-azacycloheptane-4,5-diol (22) and Trans 
Triol 24. A mixture of 0.937 g (3.64 mmol) of ketol 18 and excess 
NaBH4 was stirred at 25 °C in ethanol for 19 h. After removal of the 
ethanol in vacuo and acid-base workup, a crude solid was isolated. 
Analysis by GLC, TLC, and *H NMR indicated that only one diast- 
ereomer was obtained. Sublimation of the solid gave 0.836 g (85%) of 
pure cis 22: mp 136-137 °C; ir (CHC1S) 3595, 3440, 2940, 2875, and 
1050 cm -1; !H NMR (CDCI3) S 1.03 (s, 18), 2.56 (AB, 4, J = 14 Hz),
3.03 (br s, 3, absent in D20), 3.41 (s, 2), and 3.59 (s, 2); 13C NMR 
(CDCI3) 8 21.96 (q), 25.37 (q), 28.07 (q), 38.17 (s), 58.79 (s), 60.88 (t),
68.99 (t), and 81.12 (d); mass spectrum (70 eV) m/e (rel intensity) 259 
(trace, M+) and 228 (100).

Anal. Calcd for C14H29NO3: C, 64.82; H, 11.27. Found: C, 65.08; H,
11.28.

When 18 was reduced by adding it to a refluxing mixture of LiAlHj 
in THF a ca. 9:1 mixture of cis 22 and trans 24 triols was obtained. 
These could be separated by careful column chromatography using 
silicic acid with hexane-ether-ethanol elution. Triol 24 was eluted 
first.

For 24: mp (sublimed) 161-163 °C; ir (CHCI3), 3635, 3515, 2950, 
1035, and 1020 cm -1; :H NMR (CDC13) & 0.91 (s, 6), 1.04 (s, 3), 1.12 
(s, 9), 2.48 (AB, 4, J = 13 Hz), 2.36 (br s, 3, absent in D20 ), 3.44 (br s, 
2), and 3.48 (br s, 2); 13C NMR (CDCI3) 8 19.93 (q), 20.89 (q), 23.06 
(q), 27.65 (q), 37.47 (s), 58.84 (s), 63.99 (t), 69.18 (t), and 74.48 (d); mass 
spectrum (70 eV) m/e (rel intensity) 259 (1, M+), and 228 (100).

Anal. Calcd for C14H29NO3: C, 64.82; H, 11.27. Found: C, 64.87; H, 
11.18.

Oxidation of 22. JV-2-(l-Hydroxy-2-methylpropyl)-3,3'- 
imino-2,2,2',2'-tetramethyldipropanal «-Hemiacetal (25). Triol 
22 (3.80 g, 0.0147 mol) and paraperiodic acid (3.60 g, 0.015 mol) were 
stirred in methanol solvent for 24 h at 25 °C. The methanol was re
moved in vacuo and the residue was extracted with 10% aqueous 
K2C03-ether. The ether layer was dried with K2C03 and evaporated 
to give 1.8 g of a crude semisolid. Purification by sublimation (pot 
temperature <50 °C) gave 1.7 g (44%) of pure 25: mp 89-90 °C; ir 
(CHCI3) 3680,3400,2960,2810,2700,1720,1468,1365, and 1085 cm“ 1; 
JH NMR (CDCI3) 8 0.86 (s, 3), 0.94 (s, 3). 0.98 (s, 3), 1.06 (s, 6), 1.14 
(s, 3), 2.16 (d, 2, J  = 14 Hz), 2.60 (AB, 2, J  = 14 Hz), 2.62 (d, 2, J = 14 
Hz), 3.26 (d, 2, J = 14 Hz), 3.40 (br s, 1, absent D20), 3.82 (d, 2, J  = 
14 Hz), 4.57 (s, 1), and 9.62 (s, 1).

Anal. Calcd for C14H27NO3: C, 65.33; H, 10.58. Found: C, 65.16; H,
10.55.

Heating 25 above its melting point (e.g., attempted purification by 
distillation) led to its conversion to 26.

2,2-Dimethyl-3-[ AT-(4,4-dimethyl-l,3-oxazolidine)]propanal
(26). A. Hemiacetal 25 (250 mg, 1 mmol) was stirred in methanol for 
8 days at which time the methanol (and isobutyraldehyde) were re
moved in vacuo giving 26 as the only product detectable by GLC or 
>H NMR.

B. Hemiacetal 25 (500 mg, 2 mmol) was heated at reflux in dry di- 
oxane for 4 h, then cooled, and the solvent removed in vacuo to give 
320 mg (89%) yield of 26 as the only product.

For 26: bp (pot) ca. 80 °C (0.5 mm); ir (CHCI3) 2925, 2860, 2815, 
2710,1725,1465, and 1090 cm "1; JH NMR (CDC13) 8 1.07 (s, 6), 1.09 
(s, 6), 2.64 (s, 2), 3.62 (s, 2), 4.38 (s, 2), 9.50 (s, 1); mass spectrum (70 
eV) m/e (rel intensity) 185 (5, M+), 184 (6), 170 (20), 155 (30), 114 (56), 
100 (54), 70 (47), and 42 (100).
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The electron impact induced fragmentation pathways of 15 bridgehead ethers in the 9-methyl-9-azabicyclo-
[3.3.1]nonane system have been studied. The intensities of the base ions, as well as other fragment ions, are found 
to depend on the nature of the branching in the alkoxy group. The primary and secondary ethers display base peaks 
at m/e 112 which are formulated as arising by ejection of a lone pair electron from nitrogen, scission of the 1,2 bond, 
expulsion of cyclopropane, and loss of the alkyl portion of the alkoxy group. The latter two steps are supported by 
the observation of appropriate metastable peaks. The tertiary ethers have their base peaks at m/e 113 which are 
accounted for by invoking a hydrogen transfer from the alkoxy group to nitrogen, either by a McLafferty type rear
rangement subsequent to «-cleavage or by a Hofmann-Loeffler type free radical abstraction prior to loss of the alk
oxy group and a-cleavage. Evidence corroborating the latter process is presented. Other important primary ions 
occur at m/e values of 126, 138,154, and 156; the mechanisms of their formations are described.

Based upon the definitive studies from  the laboratories 
o f  W awzonek2a and Corey2b the initial phases o f  the H of
m ann-Loeffler reaction3 are believed to involve homolysis of 
the nitrogen-halogen bond o f an N-haloam m onium  ion to 
afford a nitrogen radical cation which abstracts a hydrogen 
intramolecularly from a 5 carbon to generate a carbon radical. 
Since nitrogen cation radicals are produced in the electron 
impact induced ionization o f amines, it might be expected that 
a H ofm ann-Loeffler type hydrogen abstraction process should 
also take place in the mass spectrometer. In this report evi
dence implicating such an occurrence is presented.

R esu lts and D iscu ssion

T he present mass spectrom etric investigation was 
prompted by the observation that «-am ino bridgehead ethers 
1 and 14 exhibit different base peaks: ethyl ether 1 has its most 
abundant peak at m /e  112, whereas fert-am yl ether 14 dis
plays its most intense peak at m /e  113. The constitutions o f 
the m /e  112 and 113 ions were determined by high-resolution 
mass spectrom etry to be CgHioNO (found; 112.07714) and 
CfiHuNO (found: 113.08406). T o  probe the effect o f  the alkyl 
portion o f the alkoxy group on the essence o f  the base peak, 
a number o f a-amino bridgehead ethers were prepared by the 
alcoholysis o f  l-chloro-9-m ethyl-9-azabicyclo[3.3.1]nonane4 

(eq 1). Table I presents the structures o f  the alkyl groups

Cl OR
1, R = C H 2CH3 

14, R =  C(CH3)2CH2CH3 
17, R =  C6H5

utilized in the present study along with pertinent relative 
intensity data .5

Upon inspection o f the data in Table I it is seen that the 
most striking feature is the strong dependence o f the relative 
abundances o f  a number o f fragment ions, especially the base 
ions, upon the nature o f  the alkyl portion o f the alkoxy group. 
For the straight chain prim ary  ethers the base peaks are at 
m /e  112; the peaks at m /e  113 are actually quite small, since 
the isotopic P +  1 contributions from the m /e  112 ions are 
7.1%. The branched chain prim ary  ethers also show base 
peaks at m /e  112, but the intensities o f  the m /e  113 peaks are 
somewhat greater than those observed for the straight chain 
ethers. The secondary  ethers display base peaks at m /e  1 1 2 ; 
however, the abundances of the m /e  113 peaks are substantial. 
Finally, the tertiary  ethers have their base peaks at m /e  113,

“ V  
c h 3n h

o.

g, m/e 2 1 1\
c h 3n h

0 .
h, m/e 155

Chart I

CH3Nt

0 .
H

a, m/e 211

e, m/e 155

f, m/e 113
0

d, m/e 112

although the m /e  1 1 2  peaks are still rather intense. The mass 
spectra6 o f  the butyl ethers are typical o f  the various classi
fications o f  ethers, and illustrate the trends o f branching 
outlined above. Clearly, both the degree and position o f  
branching are important in determining the relative intensi
ties o f the base peaks.

Chart I contains the proposed fragmentation pathways 
leading to the production o f the base peaks; 2 -butyl ether 1 0  

is em ployed as the model substrate. Based on ionization p o 
tentials7 and other studies8-9 it can be assumed that upon 
electron bom bardm ent, an electron is preferentially ejected 
from  the lone pair o f  electrons on nitrogen rather than from  
a lone pair on oxygen; the fragmentation sequences are 
triggered by radical cation a. A primary decomposition process 
is the usual hom olytic cleavage o f a carbon-carbon  bond ad
jacent to nitrogen to provide the immonium ion b. Such a bond 
rupture is typical o f  amines10 and is well docum ented by the 
mass spectra o f derivatives o f  the alkaloids tropane 1 1  and 
granatanine . 12  Scission o f  the 1 , 2  bond is expected to be 
preferable to  4 ,5-bond cleavage, since in the form er instance 
the ether oxygen atom can also stabilize the intermediate 
cat ionic species. Radical ion b is transformed into radical
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Table I. Relative Intensity Data for a-Amino Bridgehead Ethers

lompd Alkyl group M+ M  — 29 M — 42
m /e

1 1 0
m /e

1 1 2
m /e
113

m /e
126

m /e
138

m /e
154

m /e
155

m/e
156

1 CH3CH2 33 52 15 8 1 0 0 7 19 5 52 6 1
2 c h 3c h 2c h 2 16 1 1 8 6 10 0 8 17 4 23 8 1
3 CH3 (CH2)2CH2 1 1 1 1 4 4 1 0 0 9 17 4 2 0 3 3
4 CHs(CH2)3CH2 1 0 8 4 6 10 0 9 16 4 2 0 3 4
5 (CH3) 2CHCH2 8 5 4 9 1 0 0 15 27 7 2 0 4 2 0
6 c 2h 5(c h 3)c h c h 2 1 2 8 4 7 10 0 2 2 34 1 0 26 6 49
7 (c h 3)2c h c h 2c h 2 14 9 4 8 1 0 0 15 23 8 26 6 37
8 (CH3)3CCH2 40 9 2 1 2 0 10 0 63 70 28 45 2 0 18
9 (CH3)2CH 2 1 4 9 15 1 0 0 33 44 7 31 9 1

10 CH3CH2(CH3)CH 13 2 2 16 10 0 49 53 15 26 8 2 0
1 1 n-C3H 7(CH3)CH 2 2 3 2 14 1 0 0 59 55 18 34 1 2 45
1 2 (CH3CH2)2CH 18 2 2 26 1 0 0 78 69 36 32 15 50
13 (CH3)3C 14 1 1 17 76 1 0 0 69 14 5 42 5
14 CH3CH2(CHS)2C 4 1 1 27 46 1 0 0 71 33 4 45 7

cation c (M + — 42) by the expulsion o f cyclopropane; a m et
astable peak corresponding to the b  - »  c transition was o b 
served for some o f  the substrates . 13  Subsequent loss o f  the 
alkyl portion of the alkoxy group o f c results in the formation 
o f the m/e 1 1 2  ion (d). The c —► d step is also supported by 
appropriate metastable peaks for several o f  the com pounds.

There are two similar mechanisms by which the radical ion 
at m/e 113 can be generated. In one pathway a hydrogen from 
the alkoxy side chain is transferred to  nitrogen with con 
comitant expulsion o f the alkyl portion to produce e (m/e 155) 
from b. Such a migration-elimination process is closely related 
mechanistically to the M cLafferty rearrangement. 14 Expul
sion o f  cyclopropane from  e (substantiated by metastable 
peaks in numerous instances) gives the m/e 113 ion (f). The 
alternate sequence leading to the production o f  the m/e 113 
peak consists o f  hydrogen abstraction from the alkoxy side 
chain by  the initially generated nitrogen radical cation a to 
provide the isomeric ammonium radical g. Subsequent loss 
o f  an alkene affords the am monium alkoxy radical (m/e 155) 
which undergoes scission o f  the 1 , 2  bond to give the isomeric 
species e which goes on to  f  (m/e 113) as indicated above. The 
a -»• g process is ideally suited conform ationally (eq 2 ) to 
compete effectively with the usual a-cleavage mechanism and 
is com pletely analogous to the hydrogen abstraction portion 
o f the condensed phase H ofm ann-L oeffler reaction.

(2)

One line o f  evidence which is supportive o f  the H ofm ann- 
Loeffler type process is the general increase in the relative 
intensities o f  the m /e  156 ion as one proceeds from  primary 
to secondary (but not tertiary) ethers; the intensities o f the 
m /e  156 ions tend to parallel those o f  the m /e  113 ions. Since 
the l-oxy-9-methyl-9-azabicyclo[3.3.1]nonane framework has

Chart II

CHJVH) CH,NHi>
H'

g, m/e 2 11

nr;x
g', m/e 2 1 1

CH,NH

+OH
i, m/e 156

a molecular weight o f 154, two hydrogens must be added to 
the nucleus to obtain a species o f  m /e  156. W ith the M cL aff
erty rearrangement (b -»■ e) a hydrogen can be transferred to 
nitrogen only with the simultaneous elimination o f  the side 
chain. Thus, the M cLafferty rearrangement generates an ion 
o f m /e  155, but provides no viable means o f adding the second 
hydrogen. The H ofm ann-Loeffler process, on the other hand, 
does not require the expulsion o f  the side chain. The radical 
cation g can transfer a hydrogen to oxygen with concom itant 
ejection o f  the side chain as a stable allylic radical to form the 
m / e  156 ion i (Chart II). This latter process is substantiated 
by  the detection o f appropriate metastable peaks on several 
occasions. 15 The only apparent exceptions to the trend relating 
the intensities o f  the m /e  113 and 156 ions are isopropyl ether 
9 and tertiary ethers 13 and 14 which show relatively small 
magnitudes for the m /e  156 ions even though the m /e  113 ions 
are o f  substantial abundance. However, such results would be 
predicted for these substrates. Hydrogen abstraction by n i
trogen (a —*■ g) generates a primary carbon radical in these 
cases. T o  circum vent the intermediacy o f a primary radical, 
the elimination o f the side chain occurs in concert with the 
H ofm ann-L oeffler hydrogen migration to nitrogen, and es
sentially precludes the production o f  the m /e  156 ion (h).

Further evidence militating against the M cLafferty rear
rangement comes from the mass spectrum o f neopentyl ether 
8 . It has been determined that the M cLafferty rearrangement 
proceeds mainly through a six-m em bered transition state14 

which is not possible with 8 . The H ofm ann-L oeffler free 
radical abstraction mechanism has been found not to  be 
confined to this restriction .4 For neopentyl ether 8 a seven- 
m em bered transition state serves to  transfer a hydrogen to 
nitrogen, while migration o f  a second hydrogen to oxygen is 
accom panied by the elimination o f a cyclopropylcarbinyl 
radical to  produce h.

T he fact that the relative intensities o f  the m /e  113 ions 
increase as the number o f hydrogens suitable for transference 
to nitrogen via a six-membered transition state increases (from 
one or two for the primary ethers to five or six for the secon
dary ethers to eight or nine for the tertiary ethers) is also in 
com plete accord with the involvem ent o f  the H ofm ann- 
Loeffler type hydrogen abstraction process. For the secondary
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and tertiary ethers the hydrogens capable o f  participating in 
a six-m em bered transition state are m ostly primary, but just 
as in the H ofm ann-L oeffler reaction the proxim ity o f  the 
hydrogen to  nitrogen is usually more im portant than its sub
stituent nature. A similar situation exists for the mechanist
ically related Barton reaction 16 which has also been found to 
occur in the mass spectrometer.17  The branched chain primary 
ethers have their m /e  113 ions more intense than the straight 
chain primary ethers probably owing to the availability o f  
tertiary hydrogens in the former substrates.3

In summary, based upon the observations and arguments 
made above, the H ofm ann-Loeffler type hydrogen abstraction 
process is a perfectly viable mode o f fragmentation in the mass 
spectrometer, and at least for some o f  the substrates studied 
here can com pete effectively with the usual a-cleavage 
mechanism.

Besides the m /e  112 and 113 ions and their progenitors, the 
peaks at m /e  154,138,126, and 110 sure o f  significant intensity. 
Chart III presents the proposed fragmentations leading to the 
ions at m /e  138 and 110. Loss o f  alkoxyl from  molecular ion 
a produces im monium ion j ( m /e  138)18 which undergoes a 
retrograde D iels-A lder reaction to give k ( m /e  110).

The m / e  126 ion is accounted for as shown in Chart IV. 
Intramolecular abstraction o f the bridgehead hydrogen within 
b produces 1 which loses ethyl radical to afford m (M + — 29) 
which goes on to the m /e  126 ion n by way o f a M cLafferty 
type rearrangement. T he last step o f the proposed sequence 
is supported by the detection o f  metastable peaks on many 
occasions.

T he m /e  154 ion form ation is rationalized by  the (perhaps 
concerted) loss o f  the alkyl side chain and migration o f  the 2  

carbon atom to the nitrogen radical a to provide the quater
nary amide cation o (Chart V ) . 19 In support o f  the W agner-

CILN+

OR
a, M+

Chart III

ch3n + CH£I+

j, m/e 138 k, m/e 110

Chart IV
H,C

H
H3C

c h 3n +

H
0 .

CHaN+

H

b, m/e  211

c h 3n h

1, m/e 2 1 1

1

0
m, m/e 182

Chart V

^  o, m/e 154

M eerwein type fragmentation advocated in Chart V  is the 
finding that treatment o f  amino alcohol 15 with calcium  hy
pochlorite gave a nearly quantitative yield o f  lactam 16 (eq
3) .20

Finally, the mass spectrum o f phenyl ether 176>21 clearly 
demonstrates the im portance o f  the side chain on the frag
mentation pathways o f the a-amino bridgehead ethers (Chart 
VI). M ost o f  the primary fragmentation processes (Charts I,

m/e  137
m

I

m/e  138 (26%)

Chart VI
~ Y

o.

€H
m/e 94
(100%)

M+ (51%)

I

II, IV, V ) observed for the alkyl ethers are substantially re
tarded. Since phenyl radical is a much poorer leaving group 
than an alkyl radical, production o f the m /e  1 1 2  ion is reduced 
from  100% relative intensity for the alkyl ethers to  13% for 
aromatic ether 17. The phenyl group also precludes the m i
gration o f  a hydrogen to nitrogen, since only aryl hydrogens 
are available, and thus the terminal ions f  ( m /e  113), h ( m /e  
156), and m (m /e  126) as well as intermediate ion e ( m /e  155) 
are not observed in the mass spectrum o f 17.

Experimental Section

Mass spectra were obtained with an A. E. I. MS-9 mass spectrom
eter at 70 eV; source temperatures were about 160 °C.

l-Alkoxy-9-methyl-9-azabicyclo[3.3.1]nonanes (1-14). Ap
proximately 300 mg of l-chloro-9-methyI-9-azabicyclo[3.3.1]nonane4 
was dissolved in 30 ml of the appropriate alcohol. To these solutions 
were added 100 mg of NaOH and 500 mg of AgNCL, and the resulting 
mixtures stirred in the dark at room temperature for 2 h, after which 
the reactions were processed by filtration, addition of CH2CI2 and H2O 
to the filtrates, separation of the phases, washing of the organic layers 
with H2O and saturated aqueous NaCl solution, drying over NaaSOr, 
and concentration with a rotary evaporator. Crude yields of products 
were in the 50-85% range. Pure samples of 1-14 (all of which are oils) 
for spectra22 and elemental analyses23 were obtained by preparative 
GC with a Varian Aerograph Model 90-P gas chromatograph utilizing 
a 6 ft X 0.25 in. stainless steel column containing 5% SE-30 on Chro- 
mosorb G; the column temperatures employed for sample collection
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w ere a b ou t 190 °C  (w h ich  e sta b lish ed  th a t  th e  su b stra tes  are th e r 
m ally  stab le  fo r  th e  c o n d it io n s  used  on  th e  m ass sp e c tro m e te r ).

l-Phenoxy-9-methyl-9-azabicyclo[3.3.1]nonane (17). T o  a s o 
lu tion  o f  l -ch lo ro -9 -m e th y l-9 -a z a b icy c lo [3 .3 .1 ]n o n a n e  in  5 m l o f  
ben zen e  w ere  a d d e d  1.0 g o f  p h e n o l an d  0 .200  g  o f  A g N 0 3. A fte r  
stirring  in  th e  d ark  at r o o m  tem p era tu re  fo r  a  c o u p le  o f  h ou rs the 
re a ctio n  m ixtu re  w as w ork ed  u p  b y  a d d in g  H jO  a n d  C H 2C I2 , s e p a 
ra tin g  layers, w ash ing  th e  org a n ic  p h ase  w ith  5%  a q u eou s  N a O H  s o 
lution , H 2O, and  saturated aqueous N aC l so lu tion , drying  over K 2C O 3, 
a n d  co n ce n tra tin g  u n d e r  v a cu u m . P u re  17 w as o b ta in e d  fr o m  p re 
p a ra tiv e  G C  as an o il: N M R  (C D C I3) 5 6 .7 -7 .5  (m , 5 H ) , 3 .13  (hr m , 1 
H ) , 2.52 (s, 3 H ) , 0 .9 -2 .5  (12  H ).

A nal. C a lcd  fo r  C 15H 2i N O : C , .77,88; H , 9 .15 ; N , 6 .05. F o u n d : C , 
77 .85; H , 9 .20; N , 6 .06.

l-Azabicyclo[4.3.0]nonan-2-one (1 6 ) . U t iliz in g  th e  p ro ce d u re  
o f  G assm a n  a n d  C ryb erg 24 a  so lu tio n  p re p a re d  fr o m  693 m g  (4 .91  
m m o l) o f  154 a n d  a m in im u m  v o lu m e  o f  H 20  w as b a s ic if ie d  w ith  5% 
a q u eou s  N a O H  so lu tio n , trea ted  w ith  2 g o f  C a (O C l )2  a n d  10 m l o f  
H 20 ,  a n d  stirred  a t  r o o m  te m p e ra tu re  fo r  0 .5  h , a fter  w h ich  th e  re 
a ct io n  m ix tu re  w as w ork ed  u p  b y  e x tra c t io n  w ith  C H 2CI2 , w ash ing  
th e  c o m b in e d  ex tra cts  w ith  w ater a n d  sa tu ra ted  a q u eou s  N a C l so lu 
tio n , d ry in g  ov er  N a 2S 0 4, a n d  co n ce n tra tin g  u n d er  v a cu u m  to  g ive  
647 m g (93% ) o f  an  o il w h ich  w as sh ow n  b y  G C  an alysis t o  con sist  o f  
o n ly  on e  c o m p o n e n t  a n d  w h ose  ir an d  N M R  sp e c tra  w ere  id en tica l 
w ith  th ose  r e p o r te d  p re v io u s ly  fo r  16.25
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The approximate rates, stoichiometry, and products of the reaction of 9-borabicyclo[3,3.1]nonane (9-BBN) with 
selected organic compounds containing representative functional groups under standard conditions (tetrahydrofu- 
ran, 25 °C) were determined in order to establish the utility of the reagent as a selective reducing agent. Primary, 
secondary, and tertiary alcohols and simple phenols evolve hydrogen rapidly and quantitatively. However, 2,6-di- 
ieri-butylphenol is inert to this reagent even at 65 °C. Reaction with re-hexylamine and thiols is quite sluggish. Al
dehydes and ketones of diverse structure are reduced rapidly and quantitatively to give the corresponding alcohols 
in excellent yields. However, the highly hindered ketone 2,2,4,4-tetramethyl-3-pentanone is quite inert even at 65 
°C. Reduction of 2-methylcyclohexanone gives 40% cis- and 60% trans-2-methylcyclohexanol, respectively. Cinna
maldéhyde is rapidly and cleanly reduced to cinnamyl alcohol; it undergoes further hydroboration very slowly. An- 
thraquinone is cleanly reduced to 9,10-dihydro-9,10-anthracenediol in 79% yield. Carboxylic acids liberate hydro
gen rapidly and quantitatively and further reduction is very slow. However, in refluxing THF re-octanoic acid is re
duced to n -octyl alcohol quantitatively in 24 h. Acid chlorides are reduced rapidly and quantitatively to the corre
sponding alcohols. Esters are reduced at a moderate rate at room temperature. However, at 65 °C complete reduc
tion can be achieved in 4 h. 7-Butyrolactone is reduced to 1,4-butanediol at a moderate rate whereas the reduction 
of phthalide is very slow. Both re-octyl bromide and p-bromotoluene are inert toward his reagent. Epoxides such 
as 1,2-butylene oxide react very sluggishly. However, the presence of a catalytic quantity of borohydride enhances 
the rate dramatically. Primary amides evolve one hydrogen and further reaction is very slow. Tertiary amides are 
rapidly reduced to give alcohols as the major product. Nitriles are reduced slowly. 1-Nitropropane is inert, whereas 
nitrobenzene reacts very slowly. Azobenzene is inert whereas azoxybenzene is slowly reduced to the azobenzene 
stage. Cyclohexanone oxime liberates hydrogen rapidly and undergoes slow reduction to N-cyclohexylhydroxylam- 
ine. Phenyl isocyanate is rapidly reduced to the imine stage and further reduction is very slow. Pyridine and pyri
dine N-oxide undergo slow reduction. Dimethyl sulfoxide is reduced at a moderate rate, whereas the other sulfur 
compounds tested—disulfides, sulfide, sulfone tosylate, and sulfonic acids—are inert to this reagent under stan
dard conditions. Kinetics of the reaction of 9-BBN with various readily reacting functional groups indicate that the 
dissociation of dimeric 9-BBN is the rate-determining step in these reactions. Relative reactivity studies on func
tional groups by competition experiments reveal that cyclohexanone can be reduced without significant attack on 
cyclopentene, cyclopentene can be hydroborated with total exclusion of ester, and acid- chlorides can be reduced 
quantitatively without significant attack on esters.

The discovery o f the hydroboration reaction in 1956 has 
made available a number o f  partially alkylated borane d e 
rivatives.3 Among them 9-borabicyclo[3.3.1]nonane (9-BBN), 
a bicyclic dialkylborane obtained by the cyclic hydroboration 
o f  1,5-cyclooctadiene, exhibits certain remarkable physical 
and chemical characteristics quite distinct from those o f b o 
rane and other m ono- and dialkylboranes.4 It is a white, 
crystalline solid (mp 154-155 °C ), exceptionally stable ther
mally, relatively insensitive to air, and soluble in a variety o f 
organic solvents. It hydroborates olefins with exceptionally 
high regio- and stereoselectivity, far greater than those o b 
served with borane and other dialkylboranes .5 B -alkyl and 
/¡-ary l derivatives o f  9-B BN  have proved highly effective in 
the stereoselective synthesis o f  carbon structures through the 
selective migration o f the alkyl or aryl group on boron .3

W e recently reported an extensive investigation o f the ap
proximate rates and stoichiom etry o f the reaction in tetra- 
hydrofuran (T H F ) at 0 °C  o f  borane, thexylborane, and disi- 
amylborane with organic com pounds containing representa
tive functional groups .6 The remarkable properties o f 9-BBN 
discussed earlier together with its commercial availability7 

persuaded us o f the desirability o f  making a related systematic 
study o f  the reducing characteristics o f  this new reagent.

Accordingly, we undertook a detailed examination o f the 
rate, stoichiom etry, and products o f  the reaction o f 9-BBN  
with representative functional groups and its applicability for 
selective reductions in organic synthesis. The results o f these 
investigations are reported in the present paper.

Results and Discussion
Standard Solution of 9-BBN. Solutions o f  9-B B N  in 

tetrahydrofuran were prepared either by the stoichiom etric 
hydroboration o f 1,5-cyclooctadiene with boran e-T H F  at 0 
°C  and refluxing the resulting mixture for 2  h or by dissolving 
a calculated am ount o f  commercial 9-B B N  powder in dry 
T H F  to give the desired concentration. The concentration was 
determ ined by hydrolyzing a known aliquot o f  the solution 
with m ethanol-T H F  (1:1) at 25 °C  and measuring the hy
drogen evolved.

Such solutions are stable indefinitely under dry nitrogen 
atmosphere.

Procedure for Rate and Stoichiometry Studies. In order 
to  define the reduction characteristics o f  9-B BN , we under
took to examine the reaction o f  70 organic com pounds con 
taining representative functional groups with excess 9-BBN . 
T he procedure adopted was to add 5 mm ol o f  the organic 
com pound containing a representative functional group to 2 0  

m m ol o f 9-B B N  in sufficient tetrahydrofuran to  give 40 ml 
solution. This made the reaction mixture 0.5 M  in 9-BBN  and
0.125 M  in the com pound under examination .8 T he solutions 
were maintained at constant temperature (ca. 25 °C ) and the 
aliquots were removed at appropriate intervals o f  time and 
analyzed for “ residual hydride”  by hydrolysis . 9

In this manner it was possible both  to  establish the rate at 
which reduction proceeds and the stoichiom etry o f  the reac
tion, i.e., the number o f hydrides utilized per mole o f  com 
pound when the reaction comes to an effective halt.
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Product Analysis by GLC. Having established the ap
proximate rate and stoichiom etry o f the reaction, it was de
sirable to establish the nature o f  the products (and the in
termediates in some typical cases) wherever it is interesting 
and offers possibility for selective reduction. Further, even 
with functional groups which are inert it was o f  interest to 
examine whether the compound can be recovered without any 
loss after prolonged contact with 9-BBN.

Accordingly, separate reactions on a 5-m mol scale were 
carried out. Either essentially a stoichiom etric amount of 
9-B B N  or excess was utilized depending upon the functional 
group. In some instances, the temperature was raised to re
fluxing T H F  to  shorten the reaction time.

T he products were identified by  GLC comparison with 
authentic samples. Yields were determined, also by  GLC 
analysis, utilizing internal standards and standard synthetic 
mixtures.

Procedures for the Isolation of the Reaction Products. 
Removal of 9-B B N  Moiety from the Reaction Mixture.
A large number o f organic functional groups, such as alcohol, 
aldehyde, ketone, carboxylic acid, ester, acid chloride, amide, 
epoxide, etc., after reduction with 9-B B N  end up as the B -  
alkoxy-9-BBN  derivative. Consequently, a convenient sepa
ration o f the alcohol from  the 9-B BN  m oiety is highly desir
able. W e prepared fî-cyclohexyloxy-9 -B B N  and explored 
various procedures for the recovery o f cyclohexanol from 
9-B BN  m oiety (eq 1).

Initially, we explored the feasibility o f  simply extracting 
from the organic phase B -hydroxy-9-B B N , produced on hy
drolysis, with various com plexing agents, such as sodium hy
droxide, mannitol, etc. Various proportions o f  solvent m ix
tures were also examined (pentane-T H F ). However, these 
procedures were not satisfactory.

Finally, further research in this direction led to the devel
opm ent o f  two convenient workup procedures. The reaction 
mixture can be treated with alkaline hydrogen peroxide 10 to 
oxidize the 9-B B N  moiety and the product separated by dis
tillation from  the cis- 1,5-cyclooctanediol (procedure A) (eq 
2).

Alternatively and more conveniently, the T H F  can be re
m oved under vacuum from the reaction mixture and pentane 
added. The addition o f 1  mol o f ethanolamine precipitates the 
9-B B N  as the adduct. Rem oval o f the pentane solution fo l
lowed by distillation yields the product (procedure B )n  (eq
3).

+  H ,f (1)

99.5%

(2)

O ^ ) +  H,NCH,CH,OH
/i-pentane^ 

25°C,1 h

O - 0 H +  ( £ > '
NH,

1 (3)

100%
>95%

(mp 201-204 °C)

In addition to pentane, ether and benzene also work quite 
satisfactorily, as revealed by the recovery o f cyclohexanol in 
yields o f  100 and 97%, respectively. In a typical experiment 
utilizing ether as the solvent, the 9-B B N  adduct o f  etha
nolamine was isolated in 94% yield. Unfortunately, this adduct 
is soluble in T H F . 12

This serves as an excellent neutral workup procedure for 
com pounds containing acid- and base-sensitive groups. U ti
lizing this procedure, a variety o f  products were isolated in
78-86%  yield.

Rate and Stoichiometry. Alcohols, Phenols, Amines, 
and Thiols. All o f  the simple alcohols examined (primary, 
secondary, and tertiary) liberate hydrogen rapidly and 
quantitatively. W hile the primary and secondary alcohols 
require only 1 0  min for complete hydrogen evolution, tertiary 
alcohol requires 30 min. However, the highly hindered alcohol
2,2,4,4-tetram ethyl-3-pentanol requires 6  h for com plete hy
drogen evolution under standard conditions. T he product in 
all o f these cases is the B-alkoxy-9-BBN. Thus, stoichiometric 
reaction o f  9-B BN  with 1 -hexanol liberates hydrogen quan
titatively in 60 min to give 100% yield o f  B-n-hexyloxy-9-BBN 
as determined by N M R  using benzene as internal standard. 
The alcohol car. be regenerated quantitatively either by simple 
hydrolysis or by treating with 2 -am inoethanol in n -pentane. 
Phenol, 2,6-dimethylphenol, and 2,6-diisopropylphenol evolve 
hydrogen quantitatively in 30 min. However, 2 ,6 -d i-ierf- 
butylphenol is com pletely inert toward 9-B BN ; even under 
reflux (65 °C ) no hydrogen evolution is observed in 24 h. This 
could be attributed to  the inability o f  9 -B B N  to  coordinate 
with the oxyger. atom o f this phenol, presumably the first step 
in the protonolysis reaction (eq 4).

Both n-hexanethiol and benzenethiol are sluggish in their 
reactions. n-H exylam ine evolves only 1 equiv o f hydrogen at 
65 °C. However, hydrolysis o f  the reaction mixture with 
m ethanol-T H F  protonolyzes only 2  o f  the 3 equiv o f  9-B B N  
remaining. The addition o f 6  N  HC1 protonolyzes the third 
equivalent. Presumably we are form ing an am ine-borane 
com plex (eq 5). Similarly, 9-B B N  evolves hydrogen rapidly 
with 2-aminoethanol. Here again the hydrolysis o f  the third 
equivalent o f  9-B B N  requires 6  N  HC1, indicating the for
mation o f  am ine-borane com plex (eq 6 ).

ROH +  ( [ ^ E — H R— O— H — *-+ **

R ° < ] )  +  Hit (4)

CH:!(CHi)4CHiNH2 +  2 (^ )B — H — ►

CH.i(CH,)4CHiNHBC3> +  (5)
H— B

o
H2NCH2CH2OH +  2 ( ^ B —  H — *

H,NCH2CH2ObC 3  +  H2 (6)

H— B

0
The results are summarized in Table I.
Aldehydes and Ketones. Simple aldehydes and ketones, 

both  alkyl and aryl, consum e 1  equiv o f  hydride, indicating 
clean reduction to  the corresponding 13-alkoxy-9-BBN (eq 7). 
Indeed, stoichiom etric reduction o f n-hexanal with 9-B B N  
gives a quantitative yield o f  B -n -hexyloxy-9-B B N  (deter-
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Table I. Reaction of 9-Borabicyclo[3.3.1]nonane with Representative Alcohols, Phenols, Amines, and Thiols in
Tetrahydrofuran at 25 °Ca

Registry no. Compd
Time,
min Hydrogen evolved6 Hydride used6

Hydride used 
for redn6

67-56-1 Methanol i 0.6 8 0 .6 8 0 .0 0

2 0.8 8 0 .8 8 0 .0 0

5 0.98 0.98 0 .0 0

1 0 1 .0 0 1 .0 0 0 .0 0

111-27-3 1-Hexanol 5 0.95 0.95 0 .0 0

1 0 1 .0 0 1 .0 0 0 .0 0

30 1 .0 0 1 .0 0 0 .0 0

100-51-6 Benzyl alcohol 30 1.03 1.03 0 .0 0
60 1.03 1.03 0 .0 0

623-37-0 3-Hexanol 2 0.93 0.93 0 .0 0
5 0.97 0.97 0 .0 0

1 0 1 .0 0 1 .0 0 0 .0 0
30 1 .0 0 1.0 0 0 .0 0

597-49-9 3-Ethyl-3-pentanol 5 0.61 0.61 0 .0 0
1 0 0.77 0.77 0 .0 0
15 0.89 0.89 0 .0 0

30 1 .0 0 1 .0 0 0 .0 0
60 1 .0 0 1 .0 0 0 .0 0

14609-79-1 2,2,4,4-Tetrameth- 15 0 .2 0 0 .2 0 0 .0 0
yl-3-pentanol 30 0.29 0.29 0 .0 0

180 0.76 0.76 0 .0 0
360 1 .0 0 1 .0 0 0 .0 0

108-95-2 Phenol 5 0.64 0.64 0 .0 0

1 0 0.79 0.79 0 .0 0
15 0.88 0 .8 8 0 .0 0
30 1 .0 0 1 .0 0 0 .0 0

576-26-1 2,6-Dimethylphenol 2 0.48 0.48 0 .0 0
5 0.70 0.70 0 .0 0

10 0.96 0.96 0.00
15 0.99 0.99 0 .0 0
30 1.05 1.06 0 .0 1

2078-54-8 2,6-Diisopropylphe- 2 0.50 0.50 0 .0 0
nol 5 0.74 0.74 0 .0 0

1 0 0.98 0.98 0 .0 0
15 1.03 1.03 0 .0 0

360 1.03 1.03 0 .0 0
128-39-2 2,6-Di-tert-butyl- 60 0 .0 0 0.0 0 0 .0 0

phenol 720 0 .0 0 0 .0 0 0 .0 0
1440 0 .0 2 0 .0 2 0 .0 0

60c 0 .0 0 0 .0 0 0 .0 0
360' 0 .0 0 0 .0 0 0 .0 0

1440c 0 .0 0 0.0 0 0 .0 0
111-31-9 1-Hexanethiol 60 0.40 0.40 0 .0 0

180 0.81 0.81 0 .0 0
360 0.99 0.99 0 .0 0

1440 1 .0 0 1 .0 0 0 .0 0
108-98-5 Benzenethiol 180 0 .6 8 0 .6 8 0 .0 0

360 0.84 0.84 0 .0 0
720 0.95 0.95 0 .0 0

1440 1 .0 0 1 .0 0 0 .0 0
111-26-2 n-Hexylamined 180 0.09 0.09 0 .0 0

900 0 . 1 1 0 . 1 1 0 .0 0
1440c 1 .0 0 1 .0 0 0 .0 0

141-43-5 2 -AminoethanoH 2 0.96 0.96 0 .0 0
5 1.04 1.04 0 .0 0

1 0 1.04 1.04 0 .0 0

° 5.0 mmol o f  compound was added to 20 mmol o f9 -B  BN (20 mmol o f  hydride in 40 ml o f solution; 0.125 M  in compound and 0.5 
M  in hydride). 6 mmol/mmol of compound. c Refluxing tetrahydrofuran. d Hydrolysis with 6  N hydrochloric acid.

mined by N M R  using benzene as the internal standard), 
identical with the product obtained by the reaction o f 9-BBN 
with 1 -hexanol.

R,CO +  H— b 3  r 2c h o b ; 3  (7)

R =  H, al kyl, aryl 95-100%

Cyclic and bicyclic ketones, such as cyclohexanone, 2- 
methyleyclohexanone, 4-tert-butylcyclohexanone, and nor-

camphor, are reduced com pletely in 30-60 min.
Hindered ketones, such as diisopropyl ketone and camphor, 

required 6  h for complete reduction. Highly hindered ketones, 
such as 2,2,4,4-tetramethyl-3-pentanone, proved inert toward
9-BBN. Even in refluxing TH F, this ketone failed to react and 
was recovered in 96% yield after 24 h.

Cinnamaldehyde utilizes one hydride rapidly (< 30  min) and 
the uptake o f the second hydride is very slow and incomplete. 
An experiment carried out using a stoichiom etric am ount o f
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Table II. Reaction of 9-Borabicyclo[3.3.1]nonane with Representative Aldehydes and Ketones in Tetrahydrofuran at
25 °C°

Registry no. Compd Time, h Hydrogen evolved6 Hydride used6 Hydride used for redn6

66-25-1 n-Hexanal 0.5 0.05 1 .0 2 0.97
1 .0 0.05 1.05 1 .0 0

100-52-7 Benzaldehyde 0.5 0 .0 1 0.96 0.95
1 . 0 0 .0 1 1 . 0 1 1 .0 0

110-43-0 2-Heptanone 0.5 0.07 1.08 1 . 0 1
1 .0 0.07 1.08 1 . 0 1

98-86-2 Acetophenone 0.5 0.06 1.03 0.97
1 .0 0.06 1.05 0.99
3.0 0.06 1.05 0.99

119-61-9 Benzophenone 0.5 0 .0 0 0.65 0.65
1 .0 0 .0 0 0.93 0.93
3.0 0 .0 0 0.98 0.98

1 2 .0 0 .0 0 0.98 0.98
565-80-0 Diisopropyl ketone 0.5 0.05 0.41 0.36

1 .0 0.05 0.62 0.57
6 .0 0.05 1.06 1 . 0 1

815-24-7 2,2,4,4-Tetrameth- 1 .0 0 .0 0 0 .0 0 0 .0 0
yl- 3-pentanone 1 2 .0 0 .0 0 0 .0 0 0 .0 0

24.0 0 .0 0 0 .0 0 0 .0 0
24.0C 0 .0 0 0 .0 0 0 .0 0

108-94-1 Cyclohexanone 0.5 0 .0 0 1 .0 0 1 .0 0
583-60-8 2  - Methylcyclohexa- 0.25 0 .0 0 1 .0 0 1 .0 0

none 1 .0 0 .0 0 1 .0 0 1 .0 0
1728-46-7 4-feri-Butylcyclo- 0.25 0 .0 0 1 .0 0 1 .0 0

hexanone 1 .0 0 0 .0 0 1 .0 0 1 .0 0
497-38-1 Norcamphor 0.5 0.05 0.93 0 .8 8

1 .0 0.05 0.98 0.93
3.0 0.05 0.99 0.94

76-22-2 Camphor 0.5 0 .0 0 0.67 0.67
1 . 0 0 .0 0 0.82 0.82
3.0 0 .0 0 0.94 0.94
6 .0 0 .0 0 1 . 0 1 1 . 0 1

104-55-2 Cinnamaldehyde 0.5 0 .0 2 0.98 0.96
1 .0 0 .0 2 1 .0 0 0.98
3.0 0 .0 2 1.05 1.03

24.0 0 .0 2 1.32 1.30
48.0 0 .0 2 1.52 1.50

“ c See the corresponding footnotes in Table I.

Table III. Stereochemistry of the Reduction of Representative Cyclic and Bicyclic Ketones with
9-Borabicyclo[3.3.1]nonane in Tetrahydrofuran at 25 °C

Registry no. Ketone Total yield, % Less stable isomer Percentage

2-Methylcyclohexanone 100
591-24-2 3-Methylcyclohexanone 98

4-ierf-Butylcyclohexanone 99
Norcamphor 100
Camphor 100

9-BBN  (1 equiv) gave a quantitative yield o f  cinnamyl alcohol. 
Consequently, we are achieving the rapid reduction o f the 
aldehyde group followed by the very sluggish hydroboration 
o f  the double bond. T he results are summarized in Table II.

Stereochemistry of the Reduction o f Cyclic and Bicy- 
clic Ketones with 9 -B B N . A detailed study o f the reaction 
o f various dialkylboranes with representative m onocyclic, 
bieyclic, and polycyclic ketones13  revealed that dialkylboranes, 
such as disiam ylborane and di-3-pinanylborane, exhibit re
markable consistency in directing the reduction o f both  a -  
substituted cycloalkanones and bicyclic ketones from the less 
hindered side to yield predominantly the less stable o f  the two 
possible epimers. Unfortunately, 9-BBN  was not known when 
this study was carried out in our laboratory. Consequently, 
it was o f  interest to examine the ability o f 9-BBN  to introduce 
steric control into the reduction o f  such systems. Reactions 
were carried out at 25 °C utilizing essentially a stoichiometric

Cis 40
Trans 1 2

Cis 8
Endo 91
Exo 75

quantity o f 9-BBN (3-5% excess). The results are summarized 
in Table III.

2-M ethylcyclohexanone gives only 40% cis isomer, signifi
cantly less than that observed with other dialkylboranes 
previously examined (eq 8 ). W ith 3-m ethyl- and 4 -te rt-

butylcyclohexanones, 9-B B N  exerts little influence on the 
direction taken by the reduction. T he product is predom i
nantly the more stable o f  the two possible isomers. Reduction 
o f  bicyclic ketones, such as norcam phor and camphor, pro
ceeds with preferential attack o f the 9-B B N  from  the less 
hindered side, yielding the less stable o f  the two possible iso
mers predom inantly (91% e n d o -2-norbornanol and 75% iso-
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Table IV. Reaction of 9-Borabicyclo[3.3.1]nonane with Representative Quinones in Tetrahydrofuran at 25 °C°

Registry no. Compd Time, h Hydrogen evolved6 Hydride used6 Hydride used for redn6

106-51-4 p-Benzoqui- 1 .0 0.37 0.40 0.03
nonec 6 .0 0.39 0.46 0.07

84-65-1 Anthraqui- 0.5 0 .0 0 0.72 0.72
noned 1 . 0 0 .0 0 1.55 1.55

3.0e 0 .0 0 2 .0 0 2 .0 0

“■ 6 See the corresponding footnotes in Table I . c White, gelatinous precipitate. d Reverse addition. After 2 h no solid anthraquinone 
was observed. e After methanolysis the resulting solution was fluorescent.

Table V. Reaction of 9-BorabicycIo[3.3.1]nonane with Representative Carboxylic Acids and Acyl Derivatives in
Tetrahydrofuran at 25 °C°

Registry no. Compd Time, h Hydrogen evolved6 Hydride used6 Hydride used for redn6

142-62-1 Hexanoic acid 0.5 1.03
6 .0 1.03 1.13 0 .1 0

24.0 1.03 1.38 0.35
72.0 1.03 1.83 0.80

6 .0 C 1.03 2.39 1.36
24.0e 1.03 3.13 2 . 1 0

65-85-0 Benzoic acid 0.5 1.04 1.04 0 .0 0

1 2 .0 1.04 1.15 0 . 1 1

24.0 1.04 1 .2 2 0.18
6 .0 e 1.04 1.84 0.80

108-24-7 Acetic Anhydride 0.5 0.06 1.93 1.87
1 .0 0.06 2 .0 1 1.95
3.0 0.06 2 .0 1 1.95

24.0 0.06 2 .1 0 2.04
108-30-5 Succinic anhydride 1 .0 0.03 0.35 0.32

3.0 0.03 0.58 0.55
24.0 0.03 1.31 1.28
48.0 0.03 1.70 1.67

85-44-9 Phthalic anhydride 6 .0 0.04 0.41 0.37
24.0 0.04 0.92 0 .8 8

48.0 0.04 1.52 1.48
142-61-0 Hexanoyl chloride 0.5 0.08 1.63 1.55

1 .0 0.08 1.96 1 .8 8

3.0 0.08 2.06 1.98
6 .0 0.08 2.08 2 .0 0

98-88-4 Benzoyl chloride 0.5 0 .0 0 0.79 0.79
1 .0 0 .0 0 1.19 1.19
3.0 0 .0 0 1 .8 6 1 .8 6
6 .0 0 .0 0 2 .0 1 2 .0 1

° c See the corresponding footnotes in Table I.

borneol, respectively) (eq 9). This is comparable to the ster
eoselectivity achieved with disiamylborane.

The lower stereoselectivity observed with 9-B B N  in these 
transformations is attributed to two factors: (1 ) a decrease in 
the steric crowding around boron attributed to the rigid bi- 
cyclic structure; (2 ) a possible change in the nature o f  the 
species involved in the reduction (discussed later).

Quinones, p -Benzoquinone rapidly consumed 0.46 hydride 
per mole o f com pound o f which 85% was utilized for hydrogen 
evolution and the remaining 15% for reduction, a value which 
did not change with time. A white, gelatinous precipitate was 
observed. The value does not correspond either to reduction 
to  hydroquinone or 1,4-dihydroxycyclohexadiene. However, 
the reaction with anthraquinone is quite simple. It reacts fairly 
rapidly (3 h) with 2 equiv o f reagent, without any hydrogen 
evolution, to give cleanly 9,10-dihydro-9,10-anthracene- 
diol. Anthraquinone itself is only sparingly soluble in TH F.

After 2 h all o f  it went into solution. The results are summ a
rized in Table IV.

Carboxylic Acids and Derivatives. Both hexanoic acid 
and benzoic acid liberate hydrogen rapidly and quantitatively 
(< 5  min). Further reduction with hexanoic acid is very slow; 
however, com plete reduction can be achieved at 65 °C  in 24 
h. The corresponding reaction with benzoic acid is very 
slow.

Acetic anhydride consumes two hydrides very rapidly for 
reduction with only a slow reduction thereafter, presumably 
to give ethanol and acetic acid (eq 10). Both  succinic anhy-

(CH3C0)20  +  2 ( £ > — H —

CHaCOOBCQ) +  CH3CH2O B ;Q ) (10)

dride and phthalic anhydride react only at a m oderate rate.
Surprisingly, both  hexanoyl chloride and benzoyl chloride 

undergo reduction utilizing 2  equiv o f hydride with remark
able ease (3-6 h). This was quite unexpected since both borane 
and thexylborane react sluggishly with acid chlorides and 
disiamylborane is inert. The results are summarized in Table
V.

Esters and Lactones. Both ethyl hexanoate and phenyl 
acetate undergo reduction at a moderate rate and the reduc-



9-Borabicyclo[3.3.1]nonane in Tetrahydrofuran J. Org. Chem., Vol. 41, No. 10,1976 1783

Table VI. Reaction of 9-BorabicycIo[3.3.1]nonane with Representative Esters and Lactones
at 25 °C“

in Tetrahydrofuran

Registry no. Compd Time, h Hydrogen evolved6 Hydride used* Hydride used for redn6

123-66-0 Ethyl hexanoate 1 .0 0 .0 0 0.09 0.09
3.0 0 .0 0 0.36 0.36
6 .0 0 .0 0 0.70 0.70

1 2 .0 0 .0 0 1.15 1.15
24.0 0 .0 0 1.60 1.60

93-89-0 Ethyl benzoate 24.0 0 .0 0 0.45 0.45
48.0 0 .0 0 0 .6 8 0 .6 8

122-79-2 Phenyl acetate 24.0 0 .1 0 0.99 0.89
96.0 0 . 1 0 1.78 1 .6 8

192.0 0 .1 0 2.03 1.93
96-48-0 y-Butyrolactone 0.5 0 .0 0 0.87 0.87

1 .0 0 .0 0 1.30 1.30
3.0 0 .0 0 1.85 1.85
6 .0 0 .0 0 2 .0 0 2 .0 0

87-41-2 Phthalide 6 .0 0 .0 0 0.71 0.71
24.0 0 .0 0 1.56 1.56
48.0 0 .0 0 2.07 2.07
72.0 0 .0 0 2.08 2.08

591-87-7 Isopropenyl 0.5 0.03 1.60 1.57
acetate 1 .0 0.03 1 .8 8 1.85

3.0 0.03 2.05 2 .0 2
6 .0 0.03 2.08 2.05

24.0 0.03 2.40 2.37

“•b See the corresponding footnotes in Table I.

tion o f ethyl benzoate is slow. Ethyl hexanoate can be reduced 
rapidly in refluxing THE. O f the lactones y-butyrolactone 
undergoes reduction at a moderate rate, with an uptake o f two 
hydrides in 6  h. The reduction o f phthalide is slow, requiring 
48 h. Isopropenyl acetate consumes two hydrides rapidly and 
the further reduction proceeds only slowly. Presumably the 
reaction involves an initial hydroboration, followed by rapid 
elimination and the hydroboration o f 1 -propene produced in 
the elimination step (eq 1 1 ).

0 2CCH3 o 2c ch 3

c h :1c = c h 2 +  h — bcQ )  — ► c h J:h c h 2b; Q )  — *■

O
h—» 3  -------—

CH,CH2CH2B ^ 3  (11)

The results are summarized in Table VI.
Epoxides and Halides. Both rc-octyl brom ide and p -bro- 

m otoluene are com pletely inert toward 9-B B N  and are re
covered essentially in quantitative yield after 24 h. The re
actions o f  1 ,2 -butylene oxide and cyclohexene oxide with
9-B B N  are quite sluggish, requiring 3 and 8  days for com ple
tion, respectively (one hydride uptake). Styrene oxide pro
ceeds beyond the utilization o f one hydride, revealing 1.36 
hydride uptake in 48 h. T h is is quite similar to  the observa
tions made with borane and other alkyl-substituted boranes, 
attributed to the attack o f the aromatic nucleus.6 The reaction 
o f 1 -m ethylcyclohexene oxide also proceeds slowly, accom 
panied by hydrogen evolution. One hydride is utilized for 
hydrogen evolution and one hydride is utilized for reduction, 
a behavior similar to that observed with borane, thexylborane, 
and disiamylborane indicating the form ation o f 2 -hydroxy- 
m ethylcyclohexanol following oxidation.

Although the reaction o f epoxides with 9-BBN is quite slow, 
introduction o f  a catalytic amount o f  lithium borohydride has 
a dramatic effect on the rate o f  the reaction. Thus in the 
presence o f  7.5 m ol % o f  lithium borohydride, 1,2-butylene 
oxide is reduced com pletely in 30 min at 25 ° C to  give 98% of

butanols (98% o f 2- and 2% o f 1-butanol) . 14 Thus, the 9- 
BBN -borohydride combination provides yet another method 
for the rapid reduction o f  the epoxides. The results are sum 
marized in Table VII.

Amides and Nitriles. Primary amides react to liberate only 
one o f the two possible hydrogens; while the hydrogen evo
lution with the benzamide is com plete in 0.5 h, hexanamide 
requires 24.0 h. Further reduction o f benzamide is very slow. 
Hexanamide consumes one hydride at a m oderate rate in 48 
h  and no further reduction is observed. B oth  the tertiary 
amides undergo rapid reduction consum ing two hydrides to 
give alcohols as the major product. Reaction with nitriles is 
sluggish. However, in refluxing tetrahydrofuran the reduction 
o f hexanenitrile is com plete in 24 h. T h e results are sum m a
rized in Table VIII.

Nitro Compounds and Their Derivatives. 1 -N itropro- 
pane is inert to 9-BBN. However, nitrobenzene is reduced very 
slowly. Azobenzene is completely inert whereas azoxybenzene 
undergoes reduction, presumably to azobenzene, consuming 
two hydrides, one for the hydrogen evolution and the other 
for reduction. These results are similar to those observed with 
disiamylborane. The results are summarized in T able IX .

Other Nitrogen Compounds. Cyclohexanone oxime lib 
erates one hydrogen rapidly and then slowly utilizes one hy
dride for reduction slowly (3 days), indicating reduction to the 
N-cyclohexylhydroxylamine. Phenyl isocyanate consumes two 
hydrides rapidly, with consum ption o f a third hydride p ro
ceeding sluggishly. Pyridine undergoes very slow reduction. 
Pyridine JV-oxide utilizes two hydrides in total, 0.34 hydride 
for the hydrogen evolution and 1.67 hydride for the reduction. 
Borane and thexylborane liberate no hydrogen, consuming 
three hydrides at a moderate rate. Disiamylborane reduction 
utilizes two hydrides, one for the hydrogen evolution and the 
other for reduction. Based on these, we are now in a position 
to offer plausible explanations (Schem e I). T he results are 
summarized in Table X .

Sulfur Compounds. Am ong the sulfur com pounds exam 
ined only dimethyl sulfoxide was reduced (presumably to 
dim ethyl sulfice) by 9-B B N  consum ing one hydride for hy
drogen evolution and one hydride for reduction. Both
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Table VII Reaction of 9-Borabicyclo[3.3.1]nonane with Representative Halides and Epoxides in Tetrahydrofuran at
25 °Ca

Registry no. Compd Time, h Hydrogen evolved* Hydride used* Hydride used for redn*

111-83-1 n -Octyl bromide 3.0 0 .0 0 0 .0 0 0 .0 0

1 2 .0 0 .0 0 0 .0 0 0 .0 0

24.0 0 .0 0 0 .0 0 0 .0 0

106-38-7 p -Bromotoluene 3.0 0 .0 0 0 .0 0 0 .0 0

1 2 .0 0 .0 0 0 .0 0 0 .0 0

24.0 0 .0 0 0 .0 0 0 .0 0

106-88-7 1,2-Butylene oxide 1 2 .0 0.03 0.46 0.43
24.0 0.03 0.67 0.64
48.0 0.03 0 .8 6 0.83
96.0 0.03 1.04 1 . 0 1

286-20-4 Cyclohexene oxide 3.0 0 .0 0 0 .1 0 0 .1 0

6 .0 0 .0 0 0.17 0.17
1 2 .0 0 .0 0 0.24 0.24
24.0 0 .0 0 0.4S 0.43

96-09-3 Styrene oxide 1 .0 0.03 0 .2 1 0.18
6 .0 0.03 0.80 0.77

24.0 0.03 1.13 1 . 1 0

48.0 0.03 1.39 1.36
1713-33-3 1 -Methylcyclohex- 1 2 .0 0.81 1.36 0.65

ene oxide 24.0 0.90 1 .6 6 0.76
48.0 0.96 1.92 0.96
72.0 1.03 2 .0 0 0.97

a-b See the corresponding footnotes in Table I.
Scheme I

methanesulfonic acid and p-toluenesulfonic acid liberated 
hydrogen quantitatively. However, no reduction was observed. 
Disulfide, sulfide, sulfone, and cyclohexyl tosylate were all 
inert to 9-BBN . These observations are very similar to those 
previously realized with borane, thexylborane, and disiam- 
ylborane. The results are summarized in Table XI.

Mechanistic Considerations. Kinetics of the Reaction 
of 9-Borabicyclo[3.3.1]nonane with Representative 
Substrates. Mode of Action of 9 -B B N . Our preliminary 
exploration o f the reaction o f  9-B B N  with hydroxylic com 
pounds revealed certain interesting features. For example, the 
reactions o f  excess 9-B BN  with simple alcohols such as 
methanol, ethanol, tert-butyl alcohol, and 3-ethyl-3-pentanol 
did not exhibit any significant difference in their rates. The 
reactions o f  9-B B N  with a stoichiom etric quantity o f  m etha
nol, 1-hexanol, 3-hexanol, etc., were also quite insensitive to

the structure o f  the alcohol, requiring 1  h for completion. This 
was puzzling. T he rates o f reactions o f  disiam ylborane with 
various alcohols have been studied.613 Hydrogen evolution was 
instantaneous with primary and secondary alcohols. However, 
no hydrogen  evolution was observed with the tertiary alcohol,
3-ethyl-3-pentanol. Consequently, 9-B B N  is evidently less 
sterically hindered than disiamylborane.

H ow can we account for the slower rates o f  reactions o f
9-B B N  with simple alcohols? Presumably, the sluggish reac
tion o f 9-B BN  with simple alcohols may be a reflection o f  the 
unusual stability o f the boron-hydrogen bridge in the 9-B BN  
dimer. It would be desirable to have an understanding o f the 
mechanism o f these reactions which would provide a reason
able explanation for the marked difference in the behavior o f
9-B B N  and Sia2BH.

Accordingly, we undertook to measure precisely the rates
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Table VIII. Reaction of 9-Borabicyclo[3.3.1]nonane with Representative Amides and Nitriles in Tetrahydrofuran at
25 °Ca

Registry no. Compd Time, h Hydrogen evolved6 Hydride used6 Hydride used for redn6

628-02-4 Hexanamide 3.0 0.62 1.29 0.67
6 .0 0 .6 8 1.38 0.70

24.0 0.96 1.74 0.78
48.0 0.98 2 .0 2 1.04

55-21-0 Benzamide 3.0 1 . 0 1 1 . 0 1 0 .0 0
24.0 1 . 1 2 1.18 0.06

5830-30-8 N ,N -  Dimethyl- 1 .0 0.25 1 .8 8 1.63
hexanamide 3.0 0.27 2 . 1 2 1.85

611-74-5 N, IV-Dimethyl- 0.25 0 .0 0 1.35 1.35
benzamide 1 .0 0 .0 0 1.98 1.98

3.0 0 .0 0 2 .0 0 2 .0 0
6 .0 0 .0 0 2 .0 1 2 .0 1

628-73-9 Hexanenitrile 3.0 0 .0 0 0 . 1 0 0 .1 0
6 .0 0 .0 0 0 .2 2 0 .2 2

24.0 0 .0 0 0.40 0.40
48.0 0 .0 0 0.8 8 0 .8 8

3.0C 0 .0 0 1.43 1.43
6 .0 C 0 .0 0 1.74 1.74

24.0° 0 .0 0 2.16 2.16
100-47-0 Benzonitrile 1 .0 0 .0 0 0.23 0.23

3.0 0 .0 0 0.36 0.36
24.0 0 .0 0 0.74 0.74
48.0 0 .0 0 0.78 0.78

3.0e 0 .0 1 1.04 1.03
6 .0 C 0 .0 1 1.23 1 . 2 2

24.0e 0 .0 1 1.55 1.54
48.0e 0 .0 1 1.60 1.59

a’b See the corresponding footnotes in Table I . c Refluxing THF.

Table IX. Reaction of 9-Borabicyclo[3.3.1]nonane with Nitro Compounds and Their Derivatives in Tetrahydrofuran
at 25 °C “

Registry no. Compd Time, h Hydrogen evolved6 Hydride used6 Hydride used for redn6

108-03-2 1-Nitropropane 1 .0 0 .0 0 0 .0 0 0 .0 0

1 2 .0 0 .0 0 0 .0 0 0 .0 0

98-95-3 Nitrobenzene 1 . 0 0 .0 0 0 .0 0 0 .0 0

1 2 .0 0 .0 0 0.0 0 0.04
24.0 0 .0 0 0.08 0.08

103-33-3 Azobenzene 1 .0 0 .0 0 0 .0 2 0 .0 2

24.0 0 .0 0 0 .0 2 0 .0 2

495-48-7 Azoxybenzene 24.0 0 .6 6 1.32 0 .6 6

72.0e 0 .8 6 1.89 1.03
96.0e 0.91 2 .0 0 1.09

“ •6 See corresponding footnotes in Table I. c Solution color changed from light yellow to orange.

Table X. Reaction of 9-Borabicyclo[3.3.1]nonane with Other Nitrogen Compounds in Tetrahydrofuran at 25 °C a

Registry no. Compd Time, h Hydrogen evolved6 Hydride used6 Hydride used for redn6

100-64-1 Cyclohexanone 6 .0 1 . 0 1 1.27 0.26
oxime 24.0 1 . 0 1 1.77 0.76

36.0 1 . 0 1 1 .8 6 0.85
8 6 .0 1 . 0 1 2.04 1.03

103-71-9 Phenyl 0.5 0 .0 1 1.76 1.75
isocyanate 1 .0 0 .0 1 2 .0 0 1.99

24.0 0 .0 1 2.29 2.28
1 1 0 -8 6 - 1 Pyridinec 1 .0 0 .0 0 0.06 0.06

24.0 0 .0 0 0.09 0.09
694-59-7 Pyridine N - 1 .0 0 .2 1 0.53 0.32

oxidee 3.0 0.32 1.19 0.87
1 2 .0 0.34 1.75 1.49
24.0d 0.34 1.87 1.53
48.0 0.34 2 .0 1 1.67

a,b See the corresponding footnotes in Table I . e Yellow color was observed when compound was added. d Solution became colorless.



1786 J. Org. Chem., Vol. 41, No. 10,1976 Brown, Krishnamurthy, and Yoon

Table XI. Reaction of 9-Borabicyclo[3.3.1]nonane with Representative Sulfur Derivatives in Tetrahydrofuran at 25 °C°

Registry no. Compd Time, h Hydrogen evolved6 Hydride used6 Hydride used for redn6

629-45-8 Di-n-butyl disulfide 1 .0 0 .0 0 0 .0 0 0 .0 0

6 .0 0 .0 0 0 .0 0 0 .0 0

24.0 0 .0 0 0 .0 0 0 .0 0

882-33-7 Diphenyl disulfide 1 .0 0 .0 0 0 .0 0 0 .0 0

6 .0 0 .0 0 0 .0 2 0 .0 2

48.0 0 .0 0 0 .0 1 0 .0 1

623-13-2 Methyl p-tolyl sulfide 1 .0 0 .0 0 0.0 0 0 .0 0

6 .0 0 .0 0 0 .0 2 0 .0 2

24.0 0 .0 0 0.04 0.04
67-68-5 Dimethyl sulfoxide 6 .0 0.34 0.63 0.29

24.0 0.76 1.51 0.75
48.0 0.96 1.94 0.98
72.0 1 .0 0 2.0 0 1 .0 0

127-63-9 Diphenyl sulfone 1 .0 0 .0 1 0 .0 2 0 .0 1

6 .0 0 .0 1 0 .0 2 0 .0 1

48.0 0 .0 1 0.03 0 .0 2

75-75-2 Methanesulfonic acid 0.5 1.07 1.07 0 .0 0

48.0 1.07 1.07 0 .0 0

104-15-4 p-Toluenesulfonic acid 1 .0 3.03 3.07 0.04
monohydrate 24.0 3.03 3.07 0.04

953-91-3 Cyclohexyl tosylate 1 .0 0 .0 0 0 .0 0 0 .0 0

1 2 .0 0 .0 0 0.0 0 0 .0 0

a,h See the corresponding footnotes in Table I.

Table XII. Rates of Reaction of 9-Borabicyclo[3.3.1]nonane with Various Substrates in Tetrahydrofuran at 25 ±  0.5 °C

Reaction, % *
------------------------------------------------------------------  order

Compd M M
2

min
4

min
5

min
8

min
1 0

min
1 2

min
15

min
2 0

min
25

min
30

min
45

min
60

min s“ 1

Methanol“ 0 .2 0 .1 33 45 50 62 69 74 80 88 92 95 98 99 1.56
0.4 0 .1 33 41 50 61 6 8 74 80 87 91 95 1.52

M ethanol-0-d“ 0 .2 0 .1 32 44 48 61 69 73 80 87 91 94 1.53
l-Hexanol“ 0 .2 0 .1 32 42 47 59 65 70 76 85 90 93 96 98 1.39

0.4 0 .1 31 41 47 57 65 71 79 85 90 93 98 1.44
0.6 0 .1 32 42 47 57 63 67 74 82 88 91 97 98 1.24

3-Hexanol“ 0 .2 0 .1 31 43 48 59 66 70 77 86 90 95 98 1.42
0.4 0.1 30 42 46 59 65 70 77 83 89 92 1.34

Hexanoic acid“ 0.25 0.125 32 44 48 60 6 6 73 79 35 91 95 99 1.77
0.50 0.125 32 42 47 58 65 70 77 .35 90 94 98 1.37

Methanesulfonic acid“ 0 .2 0 .1 34 44 50 61 67 73 79 86 92 95 98 1.46
0.4 0 .1 34 44 50 61 67 73 78 86 93 98 1.44

Cyclohexanone'6 0 .2 0 .1 32 43 48 57 61 73 1.15
0.4 0 .1 34 49 58 64 1 . 2 2

Cyclopentene“ 0 .2 0 .1 36 51 59 75 1.06
0.4 0.2 1.07

° Reaction was monitored by measuring the hydrogen evolved with time. 6 Monitored 
taken from ref 5c.

by GLC using an internal standard. c Data

o f  reactions o f  9-B B N  with various proton sources as well as 
with other typical functional groups, such as ketones and 
olefins at 25 ±  0.5 °C  at various concentrations. The results 
are summarized in Table XII.

It is clearly evident that methanol, 1-hexanol, and 3-hexa- 
nol, alcohols in the order o f increasing steric requirements, all 
protonolyze 9-BBN  at essentially the comparable rates. Even 
stronger acids, such as methanesulfonic acid and hexanoic 
acid, protonolyze 9-BBN , at essentially the same rate. In
creasing the concentration o f the proton source two- or 
threefold did not alter the rate. Even more im portant is the 
observation that the rate of reaction of cyclohexanone and the 
rate of hydroboration c f  reactive olefins, such as cyclopentene, 
with 9-B B N  are comparable to the protonolysis rate. These 
rates also were independent o f  the reactant concentration. All 
o f  these reactions gave excellent first-order kinetic plots.

It was previously pointed out that 9-B B N  exists as an ex

ceptionally tightly bound dimer in solid as well as in solution. 
Thus, the above experimental observations can be attributed 
to the following steps (eq 12 and 13).

(a) A slow rate-determining dissociation o f the dimer to the 
monomer.

(b) Rapid capture of the monomer by reactive substrates.

B— H +  substrate — R (13)

Consequently, we must be measuring the rate of dissocia
tion of dimer to the monomer, and dimeric 9-B B N  does not 
react. This is in contrast to the behavior of disiamylborane.
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Table XIII. Relative Reactivities of Various Functional Groups toward 9-Borabicyclo[3.3.1]nonane in Tetrahydrofuran
at 25 00

Expt Compd used mmol 9-BBN, mmol Products6 Mol % K ref

1 Hexanal 5.0 Hexanal 5.0
5.0 1-Hexanol 44.3' 27.0

2-Heptanone 5.0 2-Heptanone 45.9
2-Heptanol 3.8

2 Cyclohexanone 5.0 Cyclohexanone 23.5
5.0 Cyclohexanol 26.5 1 . 2

Methanol 5.0 Methanol 26.8
B-M ethoxy-9-BBN 23.2

3 Cyclohexanone 5.0 Cyclohexanone 25.0
5.0 Cyclohexanol 25.5 1 . 1

2-Cyclohexen-l-one 5.0 2-Cyclohexen-l-one 27.0
2-Cyclohexen- l-o l 22.5

4 Cyclohexanone 5.0 Cyclohexanone 15.0
5.0 Cyclohexanol 37.0

Cyclopentanone 5.0 Cyclopentanone 34.5 3.2
Cyclcpentanol 13.0

5 Cyclohexanone 5.0 Cyclohexanone 6 .0
5.0 Cyclohexanol 43.5

Cyclopentene 5.0 Cyclopentene 47.3 37.5
B-Cyclopentyl-9-BBN 3.2

6 Cyclopentene 5.0 Cyclopentene 1.5
5.0 B-Cyclopentyl-9-BBN 50.0

Ethyl hexanoate 5.0 Ethyl hexanoate 50.0
1-Hexanol 0 .0

7 Cyclopentene 5.0 Cyclopentene 5.5
1 0 .0 B  -Cyclopentyl-9-BBN 43.5

Caproic acidd 5.0 Caproic acid'’ 49.0
1-Hexanol 1 .0

8 Cyclopentene 5.0 Cyclopentene 2.5
5.0 B  -Cyclopentyl-9-BBN 50.0

Epoxycyclohexane 5.0 Epoxycyclohexane 46.5
Cyclohexanol 0 .0

9 Hexanoyl chloride 5.0 Hexanoyl chloridee <2.5
10.5 1-Hexanol 47.5

Methyl heptanoate 5.0 Methyl heptanoate 49.8
1-Heptanol < 0 .1

1 0 Hexanoyl chloride 5.0 Hexanoyl chloride^ 5.5
10 .0 1-Hexanol 44.5

2-Hexyl acetate 5.0 2-Hexyl acetate 49.0
2-Hexanol < 1 .0

a Unless otherwise indicated, reaction mixtures were 0 .2  M  in both 9-BBN and the substrates; 6 Analysis by GLC using an internal 
standard. c K ye i = kjk-p,. d An additional 1 equiv of 9-BBN was used to correct for quantitative hydrogen evolution, 9-BBN concentration
0.4 M. e Not determined directly; estimated by difference.

Kinetics o f  the hydroboration o f olefins with disiamylborane 
indicate the dimer to  be the hydroborating agent, not the 
m onom er . 15  Accordingly, this is the basis for differences o b 
served with Sia2BH  and 9-BBN . Further, protonolysis o f
9-BBN  with methanol and methanol-O-d shows no significant 
difference in their rates {hMeOH/^MeOD = 1.02), indicating that
O -H  bond breaking is not involved in the rate-determining 
step, supporting the above mechanism.

Finally, the above mechanism suggests that if two rapidly 
reacting substrates o f  different reactivities are allowed to 
com pete for the lim ited quantity o f  9-B BN , then the m ono
mer 9-B B N  should be able to  distinguish them. Indeed, 
k cyclohexanone/'k cyclopentene W3S found to  be 37 .5  (discussed in 
the next section) when the reaction was carried out in the same 
flask as a com petitive reaction; when the relative reactivities 
were com pared kinetically, the ratio was 1.08.

Relative Reactivity Studies. Competition Experiments. 
Extensive study o f  the reaction o f  typical organic functional 
groups with 9-BBN gave a rough indication o f the relative ease 
o f  reduction by this reagent o f  representative functional 
groups.

However, functional groups which react rapidly with 9-BBN 
did not show any significant difference in their reactivity, since

dissociation o f the dimer is the rate-determining step. Con
sequently, it was desirable to examine the relative reactivities 
o f  certain functional groups by means o f  com petition exper
iments. Accordingly, equimolecular amounts o f  two com 
pounds containing representative functional groups were al
lowed to com pete for a limited quantity o f  9-B B N  in TH F. 
The 9-B B N  was added slowly to  the reaction mixture m ain
tained at 25 °C. After appropriate time intervals, the mixture 
was analyzed by  GLC using an internal standard. T he results 
are summarized in Table X III.

The com petitive reduction o f a mixture o f  hexanal and 2 - 
heptanone resulted in the preferential reduction o f  the alde
hyde o f over 85% (hhexanai/^2-heptanone 27). The reactivity o f 
ketone and alcohol are essentially identical as evident from  
the cyclohexanone-m ethanol pair (^cyclohexanone/^methanol =  
1.2). Further, there is no significant difference between con 
jugated 2 -enones and a saturated ketone (^cyclohexanone/ 
^ 2-cyciohexenone = 1.1). Cyclohexanone is reduced at a faster rate 
than cyclopentanone by a factor o f  3.2.

The ease o f  reduction o f  aldehydes and ketones by this re
agent is remarkable. Thus, 9-BBN  reacts with cyclohexanone
in preference tO Cyclopentene (fecyelohexanone/kcyclopentene =
37.5). This is complementary to the behavior o f borane, which
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exhibits greater reactivity toward olefins. This led to the de
tailed systematic exploration of 9-BBN for the selective re
duction of a„S-unsaturated aldehydes and ketones to the 
corresponding allylic alcohols.16

Cyclopentene reacts completely to the total exclusion of an 
ester, an acid, and an epoxide.

Finally, acid chlorides are reduced rapidly and preferen
tially without any significant attack on the esters (< 2%).

With certain pairs the relative reactivity kTe\ -  k\/k-p, was 
calculated using the expression of Ingold and Shaw.17

_  log Ap -  log A 
rel log B o - lo g f i

Synthetic Utility. In order to establish the synthetic utility 
of this new reducing agent product studies for the reduction 
of selected compounds containing representative functional 
groups were carried out. We utilized essentially stoichiometric 
quantity of 9-BBN (as defined by stoichiometric studies) with 
most of the functional groups examined. With carboxylic 
acids, a modest excess of 9-BBN, 4.00 9-BBN per mole of 
RCOOH (33% excess), was utilized. Reductions were carried 
out either at 25 or 65 °C (refluxing THF) depending upon the 
ease with which the functional group undergoes reduction. As 
already discussed earlier, the products were identified by GLC 
or by isolation.

Simple aldehydes and ketones such as hexanal, cyclo
hexanone, 2 -methylcyclohexanone, etc., were reduced rapidly 
to their corresponding alcohols in excellent yield (>95%) (eq 
14 and 15). Even the hindered ketone camphor was reduced

9-BBN, THF
CH3(CH2)4CHO * CH3(CH2)4CH2OH 1D0* (14)

0

9-BBN,THF 

25°C,0.5 h

to borneols in quantitative yield in 12 h at 25 °C. In refluxing 
THF the complete reduction can be achieved in 1 h (eq 16). 
Cinnamaldehyde was converted into cinnamyl alcohol in 98% 
yield (eq 17).

r
f  J  100% (78% isolated) (15)

CeHsCH^CH-CHO
9-BBN, THF

0°C ,2h
C6H5CH=CHCH2OH 98% (17)

Anthraquinone was converted into 9,10-dihydro-9,10- 
anthracenediol in 79% yield (eq 18).

0 ^ 0
o

(79% isolated)

Carboxylic acids such as n-hexanoic acid and n-octanoic 
acid were converted into n-hexyl alcohol and n-octyl alcohol, 
respectively, in 92% yield in refluxing THF (eq 19).

CH3(CH2)6COOH
4equiv.9-BBN,THF 

66 “C,18 h
CH3(CH2)6CH2OH 
92% (83% isolated)

(19)

Acid chlorides, such as hexanoyl chloride and benzoyl 
chloride, were converted into n-hexyl alcohol and benzyl al
cohol in yields of 92 and 90%, respectively (eq 20).

CH3(CH2)4C0C1 2-eq̂ -̂ I HF> CH3(CH2)4CH2OH (20)
92% (81% isolated)

Esters such as ethyl hexanoate and methyl heptanoate were 
reduced in reflux using THF to 1-hexanol and 1-heptanol in 
yields of 100 and 99%, respectively (eq 2 1 ). y-Butyrolactone 
was reduced to 1,4-butanediol in 98% yield (eq 22).

CH3(CH2)5COOCH3 2B,̂ Voc4B" -THF> CH3(CH2)5CH2OH (21)
99% (77% isolated)

0

0 2eqaiv.9-BBN,THF' 

6 5 ‘43,2 h
HOCH2CH2CH2CH2OH (22)

Epoxides such as 1,2-butylene oxide reacted sluggishly with
9-BBN alone, but were reduced quantitatively in the presence 
of a catalytic quantity of LiBH4 (eq 23).

r.0
/ \

ch3ch2c h — ch2

9-BBN, THF
ch 3ch2ch ch 3 (23)

7.5 mol %
LiBH, 98%

25 °C, 0.5 h
Tertiary amide, N,N-dimethylbenzamide, was converted 

into benzyl alcohol and N,N-dimethylbenzylamine (eq 24). 
The results are summarized in Table XIV.

C6H5CON(CH3)2
9-BBN, THF 

25°C,4 h
C6H6CH2OH +  C„H5CH2N(CH3)2

20%
(24)

Scope and Applicability. Detailed and systematic ex
plorations on the reducing characteristics of 9-BBN have re
vealed many interesting and unusual features of this reagent, 
quite different from those observed for borane and other 
partially alkylated boranes previously studied. The reactivity 
of various functional groups toward 9-BBN can be classified 
into five broad categories as follows: (1 ) very rapid reduc
tion—aldehyde and ketone; (2 ) rapid reduction—olefin, 
quinone, tertiary amide, acid anhydride, acid chloride, and 
lactone; (3) slow reduction—ester, epoxide, and oxime; (4) 
very slow reduction—carboxylic acid, sulfoxide, and azoxy;
(5) inert (no reaction)—nitro (both aliphatic and aromatic), 
azo, sulfide, disulfide, sulfone, sulfonic acid, tosylate, halogen 
(aryl and alkyl).

9-BBN has four major advantages over borane and other 
partially alkylated boranes. First, solid 9-BBN is relatively 
insensitive to air and can be handled with no more hazard than 
lithium aluminum hydride. Second, as solid and solution, it 
is indefinitely stable. One such solution prepared in THF did 
not lose any of its activity even after 6 years. Third, unlike 
BH3-THF and other dialkylboranes, its thermal stability is 
exceptional. This permits the reduction of even difficultly 
reducible groups, such as carboxylic acids. Fourth, 9-BBN is 
soluble in a variety of organic solvents.

Reduction of aldehydes and ketones with 9-BBN proceeds 
rapidly and quantitatively. Consequently, this permits the 
ready reduction of such groups in the presence of almost any 
other functional group listed in the categories 2-5. The fea
sibility of utilizing elevated temperatures with this reagent 
renders possible the smooth reduction of even hindered ke
tones such as camphor in a short period (1 h, 65 °C).

Selective reduction of «/i-unsaturated aldehydes and ke
tones to the corresponding allylic alcohols represents one of 
the major application of this new reducing agent. Indeed, a 
detailed study underway in our laboratory has revealed a 
considerable number of interesting applications of this reagent 
for this purpose (especially with the functionalized a,/3-un
saturated system16).



9-Borabicyclo[3.3.1]nonane in Tetrahydrofuran J. Org. Chem., Vol. 41, No. 10,1976 1789

Table XIV. Products of Reduction of Selected Organic Compounds Containing Representative Functional Groups with
9-Borabicyclo[3.3.1]nonane in Tetrahydrofuran

Ratio 9-BBN/
Compd Time, h Temp, °C compd Products Yield," %

Hexanal 0.5 25 1.0 1-Hexanol 100
Cyclohexanone 1.0 25 1.0 Cyclohexanol 100 (78)
2-Methylcyclohexanone 1.0 25 1.0 2-Methyleyclohexanol 100
2,2,4,4-Tetramethyl-3-penta- 24.0 65 4.0 2,2,4,4-Tetramethyl-3-pentanol < 1.0

none 2,2,4,4-Tetramethyl-3-pentanone 96Camphor 12.0 25 1.0 Borneols 100
1.0 65 1.0 Borneols 100 (81)

Cinnamaldéhyde 2.0 0 1.0 Cinnamyl alcohol 98
Anthraquinone 24.0 25 2.0 9,10-Dihydro-9,10-anthracenediol (79)
Hexanoic acid 18.0 65 4.0 1-Hexanol 92
Octanoic acid 18.0 65 4.0 1-Octanol 92 (83)
Benzoyl chloride 6.0 25 4.0 Benzyl alcohol 90
Hexanoyl chloride 18.0 25 2.0 1-Hexanol 92 (81)
Ethyl hexanoate 24.0 25 4.0 1-Hexanol 75

4.0 65 2.0 1-Hexanol 100
Methyl heptanoate 4.0 65 2.0 1-Heptanol 99 (77)
7 -Butyrolactone 2.0 65 2.0 1,4-Butanediol 98
Cyclohexene oxide 24.0 25 4.0 Cyclohexanol 30
1,2-Butylene oxide 0.5 25 4.0 2-Butanol 98

1-Butarol 2
n.-Octyl bromide 24.0 25 4.0 n-Octane 0

n-Octyl bromide 100
p-Bromotoluene 24.0 25 4.0 Toluene 0

p -Bromotoluene 96
N,N-Dimethylbenzamide 3.0 25 4.0 Benzyl alcohol 80

N,N- Dimethylbenzylamine 20
Nitrobenzene 24.0 25 4.0 Nitrobenzene 90
Di-n-butyl disulfide 24.0 25 4.0 ,Di-n-butyl disulfide 98

° Yields were determined by GLC using a suitable internal standard. Numbers in parentheses indicate the isolated yield.

The facile and clean reduction of anthraquinone to 9,10- 
dihydro-9,10-anthracenediol in 79% yield represents another 
promising area of application, useful in the area of synthetic 
dyes. Currently available hydride reducing agents, such as 
lithium aluminum hydride and its alkoxy derivatives, bo- 
rane-THF, etc., yield a mixture of 9,10-dihydro-9,10-anth- 
racenediol and 9,10-dihydroxyanthracene.6,18

The rapid and quantitative reduction of acid chlorides with 
9-BBN provides a convenient entry to the corresponding al
cohols. This was quite unexpected since borane and disiam- 
ylborane are inert to acid chlorides and thexylborane reacts 
only sluggishly.6 Even more important is the observation that 
the acid chlorides can be selectively reduced in the presence 
of esters, with no significant attack on the ester group. No 
other hydride reagent currently available exhibits such a 
unique selectivity.

The reduction of tertiary amides to alcohols represents yet 
another promising area of applications that requires detailed 
exploration. It should be pointed out that the reduction with 
borane-THF proceeds to give amines and with disiamylbo- 
rane yields aldehydes. Consequently, we are now in a position 
to control the course of this reaction using various reagents 
to get three different products (eq 25).

RCONR/

bh3,thf

Sda^H
THF

9-BBN
THF

RCH2NR'

RCHO

RCH2OH

(25)

Recently, 9-BBN has been found to exhibit good selectivity 
for the 7 -carboxyl group of the glutamate and unhindered 
C-terminal carboxylate group with only marginal reduction 
of the /3-carboxyl group of aspartate in proteins.19 Borane-

THF also reduces the carboxyl groups in proteins, but will not 
differentiate between 7 -, (3-, and C-terminal carboxyl groups.20 
Further, unlike BH3-T H F , 9-BBN  does not cleave the di
sulfide bonds which are responsible for the tertiary structure 
of the protein (and their enzymatic activity). Consequently, 
9-BBN should be highly useful for the specific chemical 
modification of proteins and as a valuable conformational 
probe.

C o n clu sio n s
9-Borabicyclo[3.3.1]nonane hydroborates olefins with very 

high regio- and stereoselectivity, thus providing a convenient 
route to the synthesis of various 9-alkyl-9-BBN derivatives. 
These derivatives are finding numerous applications in the 
synthesis of carbon structures. The subject of the present 
study, the reducing characteristics of 9-BBN, reveals that 
9-BBN is also a highly selective and unique reducing agent 
and should find major applications in organic synthesis.

E x p e rim e n ta l Section
Materials. Tetrahydrofuran was dried with excess lithium alu

minum hydride, distilled under nitrogen, and stored over 5-A mo
lecular sieves. Borane solution in THF was prepared from sodium 
borohydride and boron trifluoride etherate and standardized by hy
drolyzing a known aliquot of the solution with glycerine-water-THF 
mixture and measuring the hydrogen evolved.2122

Most of the organic compounds utilized in this study were the 
commercial products of the highest purity. They were further purified 
by distillation or recrystallization when necessary. Some compounds 
were synthesized using standard procedures. In all of the cases, 
physical constants agreed satisfactorily with constants in the litera
ture. All glassware was dried thoroughly in a drying oven and cooled 
under a dry stream of nitrogen. All reduction experiments were carried 
out under a dry nitrogen atmosphere. Hypodermic syringes were used 
to transfer the solution.23

Standard Solution of 9-Borabicyclo[3.3.1]nonane in T e - 
trahydrofuran.5b’c A 2-1. flask, oven dried, equipped with a side arm
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fitted with a silicone rubber stopple, was cooled down under a dry 
stream of nitrogen. It was fitted with a magnetic stirring bar and a 
reflux condenser connected to a mercury bubbler. The flask was 
maintained under a static nitrogen pressure and immersed in an ice 
bath (ca. 0 °C). Into the flask was introduced 338 ml (800 mmol) of
2.36 M borane solution in THF. After 15 min, 86.4 g (98 ml, 800 mmol) 
of 1,5-cyclooctadiene was added dropwise with vigorous stirring over 
a period of 1 h. The ice bath was removed and the mixture was re
fluxed for 1 h. Then it was cooled to room temperature and 9-BBN 
crystallized out as a white solid.

9-BBN was purified by repeatedly washing with n-pentane (freshly 
distilled over LiAlH4) at -1 0  °C. After drying at 50 °C in vacuo, a 
snow-white solid of 9-BBN was obtained, 73.5 g (75%), mp 152.5-153.5 
°C. This was dissolved in 900 ml of THF. The concentration was de
termined by hydrolyzing 5-ml aliquot solutions with THF-MeOH 
mixture at 25 °C and measuring the hydrogen evolved (requires 45 
min). It was found to be 0.67 M in 9-BBN.

Alternatively, commercial 9-BBN powder was dissolved in THF 
to give the solutions of required concentration.7

Procedure for Rate and Stoichiometry. Reduction of ethyl 
hexanoate is representative. A 100-ml flask was dried in an oven and 
cooled down in a dry stream of nitrogen. The flask was equipped with 
a rubber syringe cap, a magnetic stirring bar, and a reflux condenser 
connected to a gas buret through a dry ice trap. The flask was im
mersed in a water bath (ca. 25 °C) and 1.7 ml of THF was introduced 
into the reaction flask, followed by 35.7 ml (20 mmol) of 0.56 M so
lution of 9-BBN in THF and 0.57 ml (2.5 mmol) of re-dodecane to 
serve as the internal standard. Finally, 2 ml (5 mmol) of 2.5 M solution 
of ethyl hexanoate in THF was injected into the reaction flask. Now 
the reaction mixture was 0.5 M in 9-BBN and 0.125 M in ester. No 
hydrogen evolution was observed.

At the end of 3 h, an 8.0-ml aliquot of the reaction mixture (1 mmol 
of the compound) was removed with a hypodermic syringe and in
jected into a hydrolyzing mixture of THF-MeOH (1:1). The hydrogen 
evolved was measured. This indicated that 0.36 mmol of hydride had 
reacted per millimole of the ester (18% reduction). The reaction was 
monitored at 6 (35%), 12 (58%), and 24 h (80%).

At the end of 24 h, the remaining mixture was hydrolyzed, oxidized, 
and analyzed on a 5% Carbowax 20M column, 6 ft X 0.125 in., indi
cating the presence of 75% n-hexyl alcohol.

The results for other compounds are summarized in Tables I-XI.
Representative Procedure for Product Analysis by G LC . 

Reduction of Methyl Heptanoate to 1-Heptanol. A clean, oven- 
dried, 25-ml flask, equipped with a side arm fitted with a silicone 
rubber stopple, a magnetic stirring bar, and a reflux condenser con
nected to a mercury bubbler, was cooled down to room temperature 
with nitrogen. Then 10.1 ml (5.5 mmol) of a 0.55 M solution of 9-BBN 
in THF was injected into tire reaction flask, followed by 0.285 ml (1.25 
mmol) of n-dodecane as the internal standard. The flask was heated 
carefully to reflux temperature. Then 2.5 mmol (0.42 ml) of methyl 
heptanoate was introduced by a syringe. The mixture was stirred well 
and at appropriate intervals of time the reaction was monitored by 
GLC: 2 h (93% reaction), 4 h (99% reaction).

At the end of 4 h, the mixture was allowed to cool down to room 
temperature and the excess hydride destroyed with MeOH. The bo- 
ronic acid derivative was oxidized by the addition of 2 ml (6 mmol) 
of 3 N aqueous sodium hydroxide followed by 1.5 ml (13 mmol) of 30% 
hydrogen peroxide and heating at 50 °C for 1 h. The aqueous layer 
was saturated with 2 g of potassium carbonate and the dry THF layer 
was subjected to GLC analysis on 5% Carbowax 20M column, 6 ft X
0.125 in., indicating the presence of 99% 1-heptanol and 1.5% methyl 
heptanoate.

Similar procedure was employed for examining the stereochemistry 
of the reduction of cyclic and ¿¡cyclic ketones with 9-BBN.

The results for other compounds are summarized in Tables III and 
XIV.

General Kinetic Procedures. A. Rate of Protonolysis of 9-BBN  
with Methanol. A 100-ml flask, with a side arm, a magnetic stirring 
bar, and a reflux condenser connected to an inverted gas buret via a 
dry ice trap, was flame dried and cooled down to room temperature 
under a dry stream of nitrogen. The flask was immersed in a water 
bath (25 ±  0.5 °C). Then 13.9 ml of dry THF was injected into the 
reaction flask followed by 9.1 ml (5 mmol) of 0.55 M 9-BBN solution 
in THF. The mixture was stirred for 20 min to equilibrate to the bath 
temperature. The reaction was initiated by adding 2 ml (5 mmol) of 
a 2.5 M solution of methanol in THF (a timer started when half the 
syring was empty). Now the reaction mixture was 0.1 M in 9-BBN 
dimer and 0.2 M in methanol. Reaction was monitored by measuring 
the hydrogen evolved wbh time. After the reaction came to an effec
tive halt (120 min, 130 m , 5.02 mmol), the infinity reading was taken.

The first-order plot gave a good straight line (ki = 1.56 X 10-3 s_1). 
Additional kinetic runs in which methanol concentrations were in
creased to 0.4 M (concentration of 9-BBN dimer being the same, 0.1 
M) also gave an excellent first-order plot, ki = 1.52 X 10~3 s_ l.

An identical run carried out with methanol-O-d (99.5% +  deuterium 
content), 0.1 M in (9-BBN)2 and 0.2 M in MeOD, gave ki = 1.53 X 
10~3 s-1; feMeOH/kMeOD = 102.

B. Rate o f  Reduction of Cyclohexanone with 9-BBN . The ex
perimental setup was the same as in the previous experiments. To the 
reaction flask w.as added 27.9 ml of dry THF, followed by 18.1 ml (10 
mmol) of 0.55 M solution of 9-BBN in THF. The mixture was stirred 
for 30 min and allowed to equilibrate to the bath temperature (25.0 
±  0.5 °C). The reaction was initiated by rapidly injecting 4 ml of the 
THF solution containing 10 mmol of cyclohexanone and 5 mmol of 
n-dodecane (internal standard) into the reaction flask. Now the re
action mixture was 0.1 M in 9-BBN dimer and 0.2 M in cyclohexa
none. Samples (5 ml) were withdrawn periodically via syringe and 
injected into separate flasks containing 3 ml of MeOH + 3 ml of THF 
to quench the reaction.24 After stirring for at least 1 h, quenched 
samples were oxidized with Na0 H -H 202 and analyzed by GLC on 
a 5% Carbowax 20M column, 6 ft X 0.125 in., for the remaining cy
clohexanone and cyclohexanol formed. The contents of the main re
action flask were stirred for 6 h, then hydrolyzed, oxidized, and ana
lyzed for infinity reading. Reaction gave a good first-order plot, k\ =
1.15 X 10-3 s_1. Another experiment performed at 0.4 M cyclohexa
none and 0.1 M 9-BBN dimer gave k\ = 1.22 X 10-3 s-1.

A similar procedure was employed for measuring the rate of hy- 
droboration of cyclopentene with 9-BBN.5c

Competitive Experiments. Reaction of Hexanal and 2-Hep- 
tanone with a Limited Quantity of 9-BBN  in T H F . A typical re
action setup was assembled and the reaction flask was immersed in 
a water bath (ca. 25 °C). Then 12.7 ml of dry THF was injected into 
the reaction flask. Hexanal, 5 mmol (0.62 ml, freshly distilled, n20D  
1.4035), was added, followed by 2 ml (5 mmol) of 2.5 M solution of 
2-heptanone in THF; 0.57 ml (2.5 mmol) of n-dodecane was added 
to serve as an internal standard. The mixture was stirred well and a 
minute sample withdrawn and analyzed by GLC on a 5% SE-30 col
umn, 8 ft X 0.125 in., for the response ratio of reactants to internal 
standard. Reaction was initiated by the dropwise addition of 9.2 ml 
(5 mmol) of 0.54 M 9-BBN solution, over a period of 10 min. The re
sulting solution (0.2 M in each component and 9-BBN) was stirred 
well. After 4 h, the mixture was again analyzed, indicating the presence 
of 0.5 mmol of hexanal and 4.59 mmol of 2-heptanone. Then the 
mixture was oxidized with NaOH- H2O2 and analyzed on a 5% Car
bowax 20M column, 6 ft X 0.125 in., indicating the presence of 4.43 
mmol of 1-hexanol and 0.38 mmol of 2-heptanol.

The relative reactivity, k rei = feh exan a i/k 2-heptanone, was calculated 
to be 27, employing the expression of Ingold and Shaw.17 The results 
for the other pairs are summarized in Table XIII.

General Preparative Procedures for the Reduction of Organic 
Compounds with 9-BBN. A series of organic compounds containing 
representative functional groups were reduced with 9-BBN and the 
products were isolated to establish the synthetic utility of the reagent 
(depending upon the other substituents present, the time required 
may require an increase or decrease).

A. Simple Ketone. The following procedure for the reduction of 
cyclohexanone is representative. An oven-dried 100-ml flask with a 
side arm fitted with a silicone rubber stopple, a magnetic stirring bar, 
and a reflux condenser connected to a mercury bubbler was cooled 
down to room temperature under dry nitrogen. Then 40.8 ml (26 
mmol) of 0.635 M 9-BBN solution in THF was introduced into the 
reaction flask followed by 2.6 ml (25 mmol) of cyclohexanone. After 
1 h at 25°, 0.5 ml of methanol was added to destroy excess hydride. 
THF was removed under water aspirator and finally over the vacuum 
pump. Now dry n-pentane (25 ml) was added followed by 1.6 ml (26 
mmol) of 2-aminoethanol. Immediately the ethanolamine derivative 
of 9-BBN began to precipitate out. The mixture was centrifuged and 
the clean pentane layer was separated. The precipitate was washed 
with 2 X 20 ml of n-pentane, centrifuged, and added to the main 
fraction. Pentane was distilled off and the residue on vacuum distil
lation yielded 1.93 g (78%) of cyclohexanol as a colorless liquid, n 20D  
1.4650, >99% pure by GLC.

B. Sterically Hindered Ketones. Reduction of camphor to bor- 
neol and isoborneol is representative of the general procedure utilized.

A typical reaction setup was assembled. Then 3.8 g (25 mmol) of 
camphor was weighed into it. Now 41.3 ml (26 mmol) of 9-BBN so
lution in THF was introduced and the contents of the flask were 
brought to gentle reflux (65 °C). The mixture was stirred for 1 h at 
that temperature. Then the mixture was cooled to room temperature 
and the excess 9-BBN destroyed with 0.5 ml of methanol. The reaction
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mixture was worked up as in the previous experiment by ethanol- 
amine procedure. Stripping off solvent gave a white solid, which on 
suhLimatioii gave 3.1 g (81%} of botneols. GLC analysis on a 5% Car- 
bowax 20M column, 6 ft X 0.125 in., indicated 46% isoborneol and 54% 
borneol.

C. Quinone. The following procedure for the reduction of an- 
thraquinone to 9,10-dihydro-9,10-anthracenediol is representative. 
A 100-ml flask with a side arm fitted with a Teflon stopcock and a 
magnetic stirring bar, connected to a mercury bubbler, was flame 
dried and cooled down to room temperature under dry nitrogen. Then
2.08 g (10 mmol) of anthraquinone was weighed into it. Now 34.1 ml 
(20 mmol) of 0.586 M 9-BBN solution in THF was added dropwise 
over a period of 10 min and the resulting mixture stirred well. After 
24 h, 0.5 ml of methanol was added, followed by 3.3 ml of 6 N NaOH. 
THF and volatile solvents were removed under vacuum. The pre
cipitate was filtered and washed each three times with water and cold 
benzene. There was obtained 1.67 g (79%) of 9,10-dihydro-9,10-an- 
thcacenediol as a white solid. A portion was recrystallized from hot 
benzene: mp 165-175 °C; NMR25 (MesSO-dg, Me4Si) S 5.3 and 5.44 
(s, 2, >CH), 6.18 and 6.34 (s, 2, -OH), 7.2-7.9 (m, 8, aromatic).

A small quantity of the diol was converted to the corresponding 
diacetate by the pyridine-acetic anhydride method: 0.46 g (94%) of 
colorless needles, mp 171-172 °C, NMR (CDCI3, Me4Si) d 2.1 (s, 6,
O-CCHs), 6.97 (s, 2, >CH), 7.2-7.9 (8, aromatic).

D. Carboxylic Acid. The following reduction of n -octanoic acid 
to re-octyl alcohol is representative. A 500-ml flask with a side arm 
fitted with a Teflon stopcock, a magnetic stirring bar, and a reflux 
condenser connected to a mercury bubbler was flame dried and cooled 
under a dry stream of nitrogen. Then 158 ml (100 mmol) of a 0.634 M 
solution of 9-BBN in THF was introduced into the reaction flask. 
Then 4.05 ml (25 mmol) of re-octanoic acid was injected and there was 
evolved 25.2 mmol of hydrogen. The resulting mixture was brought 
to easeful reflux and stissed at that temperature for 18 h. Then it was 
cooled to room temperature and excess hydride destroyed with 2 ml 
of methanol. The boronic acid derivative was oxidized by the addition 
of 35 ml (105 mmol) of 3 N aqueous sodium hydroxide followed by 25 
ml (225 mmol) of 30% hydrogen peroxide at 0 °C and stirring the re
sulting mixture at 50 °C for 1 h. The aqueous phase was saturated with 
anhydrous potassium carbonate. The THF layer was separated and 
the aqueous layer was extracted once with 20 ml of THF and twice 
with 20-ml portions of ether. The combined organic phase was dried 
over magnesium sulfate. Distillation of the solvents gave a viscous 
liquid which on vacuum distillation yielded 2.71 g (83%) of re-octyl 
alcohol, as a colorless liquid, bp 95-97 °C (18 mm), n 20D  1.4320.

cis- 1,5-Cyclooctanediol, the oxidized product from the 9-BBN 
moiety, remains as the high-boiling residue in the pot.

E. Acid Chloride. The following procedure for the reduction of 
hexanoyl chloride to rv-hexyl alcohol illustrates the practicality of 
utilizing 9-BBN for such transformations. An oven-dried 300-ml flask 
with a side arm and magnetic stirring bar and connected to a mercury 
bubbler was cooled down to room temperature under a dry stream of 
nitrogen. The flask was immersed in a water bath (ca. 25 °C) and 94 
ml (55 mmol) of a 0.59 M solution of 9-BBN in THF injected into it. 
This was followed by the addition of 3.55 ml (25 mmol) of distilled 
hexanoyl chloride. The resulting mixture was stirred for 18 h at 25 °C. 
Then excess hydride was destroyed with 0.5 ml of methanol. THF was 
removed under water aspirator and finally over the vacuum pump, 
and replaced with 25 ml of dry n-pentane. Now 3.4 ml (55 mmol) of
2-aminoethanol was added. The ethanolamine derivative of 9-BBN 
precipitates down. The mixture was centrifuged and the clear pentane 
layer was separated. The precipitate was washed with 3 X 25 mi of 
re-pentane, centrifuged, and added to the main fraction. Pentane was 
removed and the residue distilled yielding 2.07 g (81%) of n-hexyl 
alcohol as a colorless liquid, bp 80 °C (62 mm), n'MTJ 1.4195, >98% pure 
by GLC.

F. Ester. Reduction of methyl heptanoate to re-heptyl alcohol is

representative. A typical reaction setup was assembled. Then 101 ml 
(55 mmol) of 9-BBN solution in THF was introduced into the reaction 
flask and the flask was carefully brought to reflux temperature. Now
4.2 ml (25 mmol) of methyl heptanoate was added to the reaction 
mixture and stirred well. After 4 h, the mixture was cooled down to 
room temperature. Then the reaction mixture was worked up as de
scribed in the reduction of hexanoyl chloride. Stripping off the solvent 
and vacuum distillation of the residue gave 2.23 g (77%) of n-heptyl 
alcohol as a colorless liquid, bp 100 °C (40 mm), re20D 1.4270.

Registry No.—2-Cyclohexen-l-one, 930-68-7; cyclopentanone, 
120-92-3; cyclopentene, 142-29-0; methyl heptanoate, 106-73-0; 2- 
hexyl acetate, 5953-49-1; octanoic acid, 124-07-2; 9,10-dihydro-
9,10-antracenediol, 58343-58-1; 9,10-dihydro-9,10-anthracenediol 
diacetate, 6938-79-0; octyl alcohol, 111-87-5; heptyl alcohol, 111-70-6.
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The effect of conformation on the electronic contribution of the cyclopropyl, phenyl, and isopropyl substituents 
to an electron-deficient center was examined by placing these substituents in the para position of the tert-cumyl 
chloride molecule and determining the rates of solvolysis of these ferf-cumyl chlorides with no, one, and two m- 
methyl groups flanking the para substituent. The results reveal that there is only a small influence of conformation 
on the electronic contribution of the isopropyl substituent to the electron-deficient center. On the other hand, there 
are significant effects of the flanking m-methyl groups on the electronic contributions of the cyclopropyl and phe
nyl substituents to the electron-deficient center. An examination of molecular models indicates that the two flank
ing m -methyl groups compel rotation of the phenyl substituent from the coplanar arrangement of the two aromatic 
rings believed to favor maximum electronic supply. On the other hand, these models indicate that the two flanking 
m-methyl groups allow, indeed, force the cyclopropyl substituent to assume a quasi-coplanar arrangement with 
the electron-deficient center. It is therefore concluded that in contrast to the phenyl substituent, such a conforma
tion is not conducive to favorable electronic supply. Therefore, the bisected conformation of the cyclopropyl sub
stituent, which is possible both in the monomethyl and unmethylated derivatives, strongly facilitates electronic 
contributions to the electron-deficient center.

The effect o f  conform ation on the maximum orbital over
lap o f  a group with an adjacent p orbital has been the subject 
o f numerous investigations over the years by experimental and 
theoretical chem ists .2 In particular, the effects o f  conform a
tion o f phenyl,2c_e’3 cyclopropyl ,4 and alkyl2a’b'4? .5 groups on 
the stability o f  adjacent carbonium ions have been extensively 
studied.

W e have measured the effect o f  conform ation on the elec
tronic contributions o f cyclopropyl, phenyl, and isopropyl 
substituents to the electron-deficient center o f  the developing 
te r t -cum yl cation. This examination required the synthesis 
and measurement o f  the rate o f  solvolysis o f  the series o f 
com pounds 1-6. In com pounds 4 -6 , solvolysis affords a car
bonium  ion o f which a resonance structure places a positive 
charge in the para position where the group R  may satisfy the 
electron deficiency generated (eq 1 ).

Inasmuch as no resonance interactions are possible in the 
meta positions, the inductive contributions o f  the m -m ethyl 
groups are constant throughout the series 2, 3, 5, and 6 . 
However, the rate o f  a para-substituted tert-cum yl chloride 
relative to unsubstituted tert-cum yl chloride ( 1 ) measures 
both  the inductive and conjugative (either resonance or hy
perconjugation) contribution o f a given substituent. Evidence 
is available which demonstrates that the inductive effect of 
a group is nearly the same in the meta and para positions o f 
benzene derivatives .6 Thus any difference in rate o f  a para- 
vs. a meta-substituted te r t -cum yl chloride relative to 1  is a 
measure o f  the additional conjugative contributions o f  a given 
substituent.

Each o f  the substituents (cyclopropyl, phenyl, and isopro
pyl) whose total electronic contribution is measured in 4 a -c , 
is forced into a definite conform ation with respect to the 
electron-deficient center in the series 5 a -c  and 6 a -c .  The 
inductive effects o f  the m-m ethyl groups are small and are 
taken to be additive throughout the series 2 , 3, 5, and 6 . It is 
usually found that the combined effect o f  two substituents can 
be represented by the product o f their individual rates relative 
to  the unsubstituted parent com pound. Indeed, data are 
available for many reactions to confirm  this additivity rela
tionship .7' 13  Thus the additivity relationship predicts that 
the rates o f  the series 5 a -c  and 6 a - c  will be equal to the 
product o f  the rates o f  the individual substituents relative to

Cl Cl Cl

4 5 6
a, R = phenyl
b, R = isopropyl
c, R = cyclopropyl

h 3c  c h 3 h 3c  c h 3 h 3c  c h 3 h :,c  c h 3 
\ + /  \  /  \  /  \  /

tert-cum yl chloride. The difference between predicted and 
observed rates in the series 5 a -c  and 6a - c  measures the effect 
o f  conform ation on the electronic contribution o f each o f the 
three substituents in carbonium ion reactions.

Special interest is centered in the series 4 c -6 c , where sol
volysis affords carbonium ions, resonance structures o f  which 
give species analogous to cyclopropylcarbinyl cations. Cy- 
clopropylcarbinyl cations exhibit special behavior. T o  account 
for such behavior, several theoretical models with definite 
conform ational requirements for their existence have been 
proposed. The conform ational limitations im posed upon the 
cyclopropyl substituent in 5c and 6 c 4k perm it a choice to be 
made among the various proposed theoretical models by
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Table I. Rate Constants and Derived D ata for the Solvolysis of teri-C u m yl Chlorides in 90 %  Aqueous Acetone

Registry
no.

X 105
R k j k u  
(25 °C)

A F * -  
AF0*Substituents 0 .0 °c 25.0 °C At f* AS*

934-53-2 None 0.60 12.4 1 .0 19.0 - 1 2 .6 0
13240-60-3 3-Methyl° 1.26 24.8 2 .0 18.6 - 1 1 . 8 -0 .41
10477-70-0 3,5-Dimethyl6 2.44 47.3 3.9 18.6 -11 .3 -0 .81
42325-37-1 4-Phenyl 4.89 94.8 7.65 18.6 -9 .9 - 1 .2 0
58502-71-9 3-Methyl-4-phenyl 3.17 61.7 4.98 18.6 -10 .7 -0 .95
58502-72-0 3,5-Dimethyl-4-phenyl 3.91 74.9 6.04 18.5 - 1 0 .6 -1 .07

5650-08-8 4-Isopropyl 13.6 223 18.0 17.5 - 1 1 . 8 -1 .71
58502-73-1 3-Methyl-4-isopropyl 22.4 341c 27.5 17.0 - 1 2 .6 -1 .96
58502-74-2 3,5-Dimethyl-4-iso

propyl
34.5 507c 40.9 16.8 - 1 2 .6 - 2 .2 0

7175-64-6 4-Cyclopropyl 146.5 1905° 154 16.0 - 1 2 .6 -2 .98
10477-69-7 3-Methyl-4-cyclopro-

pyl
162.7 2 1 0 0 e 169 16.0 - 1 2 .6 -3 .04

10477-71-1 3,5-DimethyI-4-cyclo-
propyl

30.3 447e 36.0 16.9 -12 .7 - 2 . 1 2

40349-51-7 3,4-Dimethylc 42.6 634 51.1 16.0 -14 .8 -2 .33
7243-79-0 4-Methyla 2 0 .6 322 26.0 17.3 - 1 2 .0 -1 .92

19936-08-4 3-Isopropyl“ 1.05 23.2 1.87 19.4 - 1 0 .2 -0 .37
58502-75-3 3-Phenyld 3.97 0.32 19.3 -13 .9 0.67
19936-06-2 3-Cyclopropyle 0.89 19.0 1.53 19.3 -10 .9 -0.25

° Reference 17. 6 Unpublished research with T. Inukai. c Calculated from data at lower temperatures. d Reference 16. e Refer
ence 53.

Table I I .  Rate Constants and Derived Data for the 
Solvolysis of tert-Cum yl Chlorides in 97.5%  Aqueous 

Acetone

k h s 1 X 105
R

k i/k n  
C (25 °C)

a f *

Substituents 0.0 °C 25.0 °< AH * AS* aF0*

None 0.023a 0.46 1 . 0 18.8 -1 9 .8 0
4-Isopropyl 0.46 7.15 15.5 17.2 -19 .8 -1 .63
3-Methyl-4- 0.71 

isopropyl
11.7 25.4 17.6 -17 .6 -1 .92

3,5-Dimeth- 1.26 
yl-4-iso- 
propyl

18.8 40.9 16.9 -18 .8 - 2 .2 0

4-Cyclopro- 3.02
pyl

40.1 87.2 16.2 -19 .8 -2 .65

3-Methyl-4- 3.41 
cyclopro- 
Pyl

44.5 96.7 16.1 - 2 0 .0 -2 .71

3,5-Dimeth- 0.93 
yl-4-cy- 
clopropyl

15.3 33.2 17.6 -17 .1 - 2 . 1 2

° Calculated from data at other temperatures.

comparison o f  predicted and observed rates in the series 
4 c-6 c. The isopropyl series 4b -6b provides a steric and elec
tronic approxim ation o f the cyclopropyl series as well as 
providing information about the conformational requirements 
o f  the isopropyl substituent itself. T he phenyl substituent, 
known to have conform ational requirements from  earlier 
studies o f biphenyl com pounds ,14 '15  provides a reference 
against which the conform ational requirements o f  the iso
propyl and cyclopropyl substituents can be compared.

R e su lts  and D iscu ssio n

The appropriate kinetic data are summarized in Tables
I—III. Because o f  the difficulty in following the rapid rates o f  
som e o f the substituted i  erf-cum yl chlorides at 25 °C  in 90% 
aqueous acetone by the titrimetric m ethod used in previous 
rate studies o f  substituted tert-cum yl chlorides ,16 ’17  the rates 
o f  solvolysis o f  these com pounds were calculated from  data 
at other temperatures. As a check on the rates thus calculated, 
the rates o f  solvolysis o f these compounds were also measured

Table I I I .  Relative Rates of Solvolysis of Substituted 
terf-Cum yl Chlorides in  9 0% Aqueous Acetone at 25.0 °C

Substituted tert- 
cumyl chloride r̂el

Effect o f para 
substitu

ent

% electronic 
contribution 
maintained

Hydrogen 1 .0
3-Methyl 2.0
3,5-Dimethyl 3.9
4-Phenyl 7.7 7.7 10 0
3-Methyl-4-phenyl 5.0 2.5 32.5
3,5-Dimethyl-4-phe- 6 .0 1 .6 2 0 .2

nyl
4-Isopropyl 18.0 18.0 1 0 0

3-Methyl-4-isopropyl 27.5 13.8 76.4
3,5-Dimethyl-4-iso- 40.9 10.5 58.3

propyl
4-Cyclopropyl 154 154 1 0 0

3-Methyl-4-cyclopro- 169 84.5 54.9
pyl

3,5-Dimethyl-4-cy- 36.0 9.2 5.8
clopropyl

4-Methyl 26.0 26.0 1 0 0

3,4-Dimethyl 51.1 25.6 98.3
2-Fluorenyl 173 43.3

at 0 and 25 °C in 97.5% aqueous acetone. An excellent corre
lation between the two solvents was observed. W ith the ex
ception o f com pounds 4c and 5c, both o f  which exhibited 
special rate enhancements, an approximately 30-fold decrease 
was observed in determining a given com pound in 97.5% vs. 
90% aqueous acetone. Earlier studies had shown that values 
o f  k i/k yi do not change significantly in aqueous acetone o f  
varying com position 18 and that entropy terms for a series o f 
closely related com pounds do not exhibit major variations. 19 

An excellent parallel relationship o f fei/fen between the two 
solvents o f varied acetone content and agreement o f  entropy 
values within a given solvent system were observed.

The desired ie r i-cum yl chlorides were synthesized by 
treating the substituted phenyldimethylearbinol or the cor
responding olefins dissolved in methylene chloride with hy
drogen chloride at 0 °C  using the automatic hydrochlorinator 
apparatus .20 Inasmuch as the tertiary chlorides are unstable 
and d ifficult to purify, we were content to prepare pure sam-
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pies o f  the tertiary alcohols or olefins, and to  use the crude 
tertiary chlorides directly without further treatment. It has 
been dem onstrated previously that this procedure has no 
measurable effect on the measured rate o f  solvolysis .17

Perusal o f  the kinetic data for each o f the meta- and para- 
substituted te r t -cum yl chlorides indicated a rate enhance
ment for each o f the substituents in the para position relative 
to 1 . The para/meta relative rates in 90% aqueous acetone for 
each o f the substituents are cyclopropyl, 101; phenyl, 23.4; 
isopropyl, 9.53. Thus the enhancement in rates cannot be due 
to  inductive effects and must be due to special conjugative 
interactions which are possible in the para position, but not 
in the meta position.

C o nfo rm atio n al Req uirem ents of the C y clo p ro p yl 
Substituen t. T he p -cyclopropyl substituent produced the 
greatest enhancement in rate and exhibited the m ost p ro
nounced effect o f conformation upon electronic contribution 
to  the electron-deficient center o f any o f the substituents 
studied in this investigation.

Considerable interest has surrounded the carbonium ion 
type reactions o f cyclopropylcarbinyl derivatives. A vast body 
o f literature exists which establishes the unusual ability o f  a 
cyclopropyl substituent to  interact conjugatively with an 
adjacent electron-deficient center .4’2 1 Cyclopropylcarbinyl 
cations are remarkably stable. Solvolyses leading to the for
mation o f  such ions exhibit dramatically enhanced rates. An 
example o f this behavior is offered by the solvolysis o f tertiary
2-R -2-propyl p-nitrobenzoates .22 Thus major increases are 
exhibited from  the 2-methyl derivative (1.0) to 2-pheny] (969) 
to  cyclopropyl (503 000).

M any structures for the cyclopropylcarbinyl cation have 
been considered. Indeed, to account for the ease o f  intercon
version o f cyclopropylcarbinyl, cyclobutyl, and allylcarbinyl 
derivatives and the markedly enhanced solvolytic rates o f  
cyclopropylcarbinyl derivatives, severed different intermediate 
ions have been proposed in the literature. For example, tri- 
cyclobutonium ,23 unsymmetrical b icyclobutonium ,24 delo
calized cyclobutyl25 (symmetrical bicyclobutonium ), bisected 
cyc!opropylcarbinyI4d (symmetrical), and unsymmetrical 
hom oallylic ions26 have been advanced.

T he fast rate o f solvolysis o f  cyclopropylcarbinyl tosylate 
was originally attributed to  th e stabilization o f  th e  transition 
state leading to  the form ation o f the presumably highly sta
bilized symmetrical tricyclobutonium ion (eq 2). This species

H,

C"
H,

X H — CH,OTs H,Cr
\

-CH +  ~OTs (2)

'C
H2

is <t bridged. Note that it contains three carbon atoms bonded 
to five different atoms.

Later it was observed that the reactions o f  tagged cyclo
propylcarbinyl derivatives did not show the full equilibration 
o f  the tag required by the tricyclobutonium  ion .27 Conse
quently, it was proposed that the cyclopropylcarbinyl cation 
exists as a rapidly equilibrating set o f  three equivalent b icy
clobutonium  ions (eq  3). This is a ^-bridged species with one  
carbon atom bonded to five nearest neighbors.

c !

c
H„

c ;

X H — CH,OTs H,Cr -CH (3)
X  +
H2

'OTs

It was shown by Hart and Sandri that a number o f secon
dary and tertiary derivatives containing cyclopropyl groups 
undergo solvolysis with similar rate enhancements but without

rearrangements.28 Consequently, the cyclopropyl group is 
capable o f  providing electron density to  stabilize a carbonium  
ion without rearrangement o f  the structure occurring. Sim i
larly, a study o f the rates o f reduction o f  ketones containing 
cyclopropyl groups established that these rates are quite low29

(4). Consequently, the cvclopropyl group is capable o f  pro-

H3C— C— CH3 

0
1.00

H3c  / C H ,
— C— CH

H3C II ^ C H 3

1/115

h 3c
CH— C— CH3

h 3c  II 
0

1/4.3

> - c - c h 3 | > ^ c — < 3

O 0
1/68 1/6000

(4)

viding electron density to the carbonyl group in these ketones, 
as well as to the electron-deficient centers o f  carbonium  ion.

T he standard tool o f the organic chem ist in exploring 
electron deficiency in an organic system is to  introduce sub
stituents into the appropriate positions and ascertain the e f
fect. For example, the proposed explanation for the stabilizing 
effect o f  the phenyl group in stabilizing the tert-cum yl cation 
postulates delocalization o f the positive charge from  the car
bonium carbon to the ortho and para positions o f  the aromatic 
ring (1). Introduction o f methyl and methoxy substituents into 
the para position o f the teri-cum yl system should assist in 
satisfying this electron deficiency and result in an increase in 
the stability o f the cation and an increase in the rate o f  sol
volysis. This is observed2d (5).

I f  the cyclopropyl group stabilizes a carbonium  ion center 
to which it is attached, it should develop an electron deficiency 
in the ring.4k Indeed, the introduction o f a methyl group or an 
ethoxy group into the ring results in large rate enhance
ments .30 M oreover, these rates give a linear plot against the 
<t+ constants.

M oreover, the authors made a detailed study o f  the effect 
o f cumulative methyl groups.30 They noted an unusually good 
additivity for each successive m ethyl substituent. T he intro
duction o f  a 2- or 3-m ethyl substituent has alm ost the same 
effect [the factor for a trans 2- or 3-m ethyl (10-11) is slightly 
larger than the cis factor (7-10)] regardless as to  whether or 
not there was already one such substituent. On the assumption 
that the ions have similar structures in the transition states 
leading to them, it was concluded that electron supply from  
the cyclopropyl ring must involve a symmetrical contribution 
and that their results are not consistent with the b icyclobu 
tonium ion formulations.

W e explored the electronic contributions o f  the cyclopropyl 
substituent in the para position o f  the tert-cum yl system . 3 1  

W e also came to  the conclusion that the electronic contribu
tions from  the cyclopropyl substituent cannot involve <r 
bridging through space.

A  p -isopropyl group increases the rate o f  solvolysis o f  
fert-cum yl chloride in 90% aqueous acetone at 25 °C  by a 
factor o f 18. On the other hand, a p-cyclopropyl group is much 
more effective— it increases the rate by a factor o f  154 (6 ). A



Structural Effects in Solvolytic Reactions J. Org. Chem., Vol. 41, No. 10,1976 1795

rel rate 1.0

single o-m ethyl substituent, as in 3-m ethyl-4-cyclopropyl- 
tert-cum yl chloride, increases the relative rate to  169. C or
recting for the contribution o f the m -m ethyl substituent, a 
factor o f  2 , reveals only a m odest decrease in the effect o f  the 
cyclopropyl group accompanying the introduction o f the single 
methyl substituent (7). On the other hand, the observed rel-

C1 Cl

rel rate 1.0

(7)

ative rate for 3,5-dim ethyl-4-cyclopropyl-feri-cum yl chloride 
is 36. Correcting this for the contribution o f two m  -methyl 
substituents, a factor o f  4, reveals a sharp drop in the contri
bution o f the cyclopropyl substituent to  the rate, to a factor 
o f  only 9 (8 ). Thus, with tw o o-m ethyl substituents, the con-

tribution o f the p -cyclopropyl substituent to the rate drops 
from  its original high value o f 154 down to a low value o f  9, 
even lower than the effect o f  a simple alkyl substituent, such 
as 18 for isopropyl.

Parallel &r/&h values for the cyclopropyl substituted 
com pounds were observed in both  90 and 97.5% aqueous ac
etone.

There is increasing evidence that the maximum interaction 
between a cyclopropane group and an adjacent electron-de
ficient center is achieved with the bisected conform a- 
tion .4>2 1a 'b’30’32~34 Such a bisected arrangement for the cyclo- 
pTopyl substituent in the tert-cum yl system readily accounts 
for the pronounced effect o f  the conform ation o f the cyclo
propyl group on the relative rates. This is apparent from  the 
examination o f the structures 4 'c -6 'c .  T he bisected arrange

ment o f  the cyclopropyl group, shown in 4 'c , would not be 
seriously affected by the introduction o f a single methyl group,

as shown in 5 'c. However, two methyl substituents effectively 
block  this conform ation 5 'c , greatly reducing the electronic 
contributions from the cyclopropyl substituents.4k

Indeed, from a study o f  the reactivity o f  geometrically 
constrained cyclopropylcarbinyl systems as a function o f 
angle, the reactivity (ranging over 1 1  powers o f  ten) o f  cyclo
propylcarbinyl cations was shown to be a continuous function 
o f  the geometry between the vacant p orbital and the cyclo
propyl ring .35 The authors further noted that the cyclopro
pylcarbinyl cation with 60° geometry, approxim ately the ge
om etry o f  a bicyclobutonium  ion, is considerably less stable 
than the ion with 30 or 0° (i.e., bisected) geometries .35 M ore
over, solvolyses o f  optically active cyclopropylmethylcarbinyl 
derivatives do not yield optically active products .36 A 
cr-bridged intermediate would have been expected to  retain 
asymmetry.

Clearly, the enhanced rate o f  solvolysis o f  cyclopropylcar
binyl derivatives is not the result o f a bridging through space 
o f  the carbonium ion center with one or both o f  the more 
distant carbon atoms o f  the ring.

Although beyond the scope o f  the present publication, it 
should be pointed out that a cr-bridged structure has been 
proposed for the primary cyclopropylcarbinyl cation under 
stable ion conditions.4® This conclusion was based on a dis
crepancy between the observed 13C shift and that calculated 
for a set o f  equilibrating classical cations. However, recent test 
o f  another N M R  criterion proposed for such a cr-bridged 
cation, a high J i3c_h coupling constant for the methine hy
drogen, has given negative results.41 Consequently, the original 
conclusion4® must be considered questionable .41

C o nfo rm atio n al R eq uirem en ts of the P h e n y l S u b stit
uent. Resonance between the developing p orbital o f  a cationic 
center and the v  system o f an aryl ring plays an important part 
in facilitating solvolysis o f  benzyl systems.2c_e’3 '37 For an aryl 
group to exhibit its maximum electronic contribution via 
resonance, it must assume a coplanar arrangement with the 
electron-deficient center.

The conform ational requirements o f  a phenyl group are 
examined in the p -phenyl-iert-cum yl system.

Biphenyl exists in the gas phase in a noncoplanar confor
mation with an angle o f approximately 45° between the plane 
o f the two rings.38’39 T he electronic spectrum o f  biphenyl in
dicated an interplanar angle o f  20° in solution and 40-43° in 
the vapor state .40 T h e molecule presumably assumes this 
twisted conform ation to minimize the steric interactions o f  
the four ortho hydrogens. However, the relief o f  these steric 
interactions should also reduce the resonance contributions 
o f  a p -phenyl substituent in the solvolysis o f  p -ph enyl-ieri- 
cum yl chloride.

A p-phenyl group increases the rate by a factor o f  7.65 (9).

Cl

H3C— C— c h 3

6
rel rate 1.00

Indeed, this is much lower than the rate increase o f  43 for 
a p -phenyl group when corrected for the noncoplanarity .14

Since the interplanar angle o f  the rings in biphenyl is 20° 
in solution, this would account for the observed behavior o f  
a phenyl group being a poorer source o f electron density than 
an alkyl group in the te r t -cum yl system. T he — I  e ffect o f  the 
phenyl group would continue to  be operative in the para po-

C1
I

h 3c — c — c h 3

(9)

7.65
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sition while the + R  effect would be diminished owing to  the 
deviation from  coplanarity o f  the rings.

T he introduction o f an o-m ethyl group into biphenyl is 
reported to  increase the interplanar angle in solution o f o -  
methylbiphenyl to about 60°.40 H ence there is less orbital 
overlap between the phenyl rings than in biphenyl. Indeed, 
this is exem plified in the decrease in the effect o f  a p-phenyl 
group by the introduction o f a methyl group ortho to the p -  
phenyl group (1 0 ).

T he substitution o f a second methyl group ortho to  the 
p -phenyl substituent produces an additional loss o f  the 
electronic contribution o f  the phenyl substituent (11). Thus 
there must be substantial deviation from  coplanarity o f  the 
rings.

Cl Cl

Thus the observed conform ational requirements on the 
electronic contributions o f  the phenyl group are consistent 
with other reports. For example, a rate decrease resulting from 
steric inhibition to  resonance was dem onstrated by the in
troduction o f ortho substituents into the tert- cumyl system .42 

In the solvolysis o f  l-naphthyl-2-propyl chloride, the peri 
hydrogen is reported to interfere sterically with the preferred 
coplanar arrangement.43

M oreover, in a study o f the solvolysis o f  highly crowded 
aryldialkylearbinyl p-nitrobenzoates, it was shown that as the 
molecule becomes more crowded around the cationic center, 
the cation is less able to assume the planar conform ation .44 

Hence the aryl group will be twisted out o f  coplanarity. This 
results in a marked decrease in reactivity.

Co n fo rm atio n al R eq uirem ents of the Iso p ro p yl S u b 
stituent. In a number o f  reactions o f  alkylated benzene de 
rivatives an electron release from the alkyl groups in the order 
o f  m ethyl >  ethyl >  isopropyl >  te r t -butyl is observed (the 
Baker-N athan order) ,45 a sequence opposite to that o f  the 
usual inductive effect order, methyl <  ethyl <  isopropyl <  
t e r t -butyl. The Baker-N athan order has been attributed to 
hyperconjugation5“’46-49 in which carbon-hydrogen hyper
conjugation is more effective than carbon-carbon  hypercon
jugation.

The conform ational requirements o f  an isopropyl group 
were examined in the para position o f the tert-cum yl system. 
T he isopropyl substituent exhibited the smallest e ffect o f  
conform ation on electronic contribution to  an electron-defi
cient center o f  any o f  the three substituents studied.

A  p-isopropyl substituent in tert-cum yl chloride increases 
the rate by a factor o f  18.0 (1 2 ).

Cl
I

H,C— C— CH3

rel rate 1.0

Cl
I

h 3c — c — c h 3

(12) 

CH
/  \

h 3c  c h 3

18.0

W ith  a methyl group ortho to the isopropyl group, the sta
bilizing influence o f  the p -isopropyl on the rate decreases to
13.8 (13).

Cl

rel rate 1.0

Cl

H3C c h 3 
13.8

(13)

T w o methyl groups ortho to the isopropyl group resulted 
in a further decrease in the electronic contributions o f  the 
p-isopropyl. Thus the effect o f the p -isopropyl substituent 
on the rate is only 10.5 (14). Parallel k n /k n  values for the

Cl Cl

rel rate L0  105'

isopropyl substituted com pounds were observed in both  90 
and 97.5% aqueous acetone.

These results are suggestive o f  an example o f  steric inhi
bition o f hyperconjugation. Possible steric interactions which 
are absent in 4-isopropyl-iert-cum yl chloride becom e more 
im portant in 3-m ethyl-4-isopropyl-tert-cum yl chloride and 
especially prominent in 3,5-dim ethyl-4-isopropyl-iert-cum yl 
chloride. These increasing steric interactions would place the 
isopropyl group in a conform ation in which the more im por
tant carbon-hydrogen hyperconjugation would be less likely. 
Hence, there is a decrease in the effectiveness o f  the p -is o 
propyl in stabilizing the transition state during ionization.

In a study o f the relationship between hyperconjugation and 
conformation analogous to this investigation, the ethanolysis 
o f  4-alkyldiphenylm ethyl (4-alkylbenzhydryl) chlorides, 
where the alkyl group was methyl, ethyl, n -propyl, isobutyl, 
and neopentyl, exhibited rates decreasing in the order cited .50 

Thus the rate diminishes progressively as the nonbonding 
interaction o f  the side chain and the aromatic ring hinder 
carbon-hydrogen hyperconjugation. T hey also studied the 
corresponding 3,5-dimethyl-4-alkyldiphenylmethyl chlorides 
where the alkyl group was m ethyl, ethyl, and n -propyl. Here 
the investigators concluded that the hyperconjugative effect 
o f  a primary alkyl group is not affected by torsional rotation 
o f  the group about the bond between it and the benzene ring.50

It m ight be suggested that in the p -isopropyl-ieri-cu m yl 
system the results could also be explained by the increasing
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steric hindrance to solvation o f  the para position as methyl 
groups are substituted in the 3 and 5 positions.51 However, the 
observed rate o f  3,4-dim ethyl-ferf-cum yl chloride coincides 
with the rate predicted by the additivity principle. Thus, the 
full electronic contribution o f  the 4-m ethyl substituent is 
maintained in contrast to the diminished electronic contri
bution o f  the 4-isopropyl substituent.

E xp e rim e n ta l S ection
All products yielded physical constants in agreement with literature 

values and/or microanalytical data within the accepted limits as well 
as NM R spectra in agreement with the indicated structures. All 
spectra were run at 60 MHz and chemical shifts are expressed as S 
values relative to internal tetramethylsilane. Homogeneity of the 
products was established by gas chromatographic examination.

The precursors to the 4-substituted tert-cumyl chlorides, p-iso- 
propylphenyldimethylcarbinol,17 4-diphenyldimethylcarbinol,52 and 
p-cyclopropyl-a-methylstyrene53 were prepared by previously re
ported methods.

Preparation of Precursors to the Methyl-Substituted 4- 
Phenyl- tert-cumyl Chlorides. 3-M ethyl-4-phenyl-a-methyl- 
styrene. 3-Methyl-4-phenylbromobenzene54 [bp 120-122 °C (1.5 
mm), rc20D 1.6209] was converted into a Grignard reagent and allowed 
to react with acetone, and distillation o f the crude product gave a 
46.3% yield o f the olefin, bp 120-122 °C (1.5 mm), n 20D  1.5994. The 
*H NM R spectrum showed peaks at S 2.22 (s, 3 H, 3-methyl), 2.10 (m, 
3 H, «-methyl), 4.97 and 5.28 (m, 2 H, olefinic protons), and 7.05-7.30 
(m, 3 H, aromatic).

Anal. Calcd for C i6H i6: C, 92.26; H, 7.74. Found: C, 92.16; H, 7.99.
Gomberg Reaction between 5-Isopropyl-m-xylene and Ani

line. Following procedures suggested by Hey56 and Gomberg and 
Pernert64 for analogous compounds, aniline was diazotized and al
lowed to react with 5-isopropyl-m-xylene to give an 18.4% yield o f a 
64/36 mixture of 3,5-dimethyl-4-phenylisopropylbenzene and 
3,5-dimethyl-2-phenylisopropylbenzene, respectively. The 64/36 
mixture was fractionated through a Todd column with a rating o f 60 
plates, operating at a 15:1 reflux ratio to give fractions enriched in the 
higher boiling 3,5-dimethyl-4-phenylisopropylbenzene and the 
fractions were separated using preparative vapor phase chromatog
raphy (F & M  Model 770 automatic preparative gas chromatograph, 
Carbowax 20M on Chromosorb W, 200-250 °C, temperature pro
grammed, 7.5 °C/m in). One fraction from the Todd column frac
tionation, bp 140 °C (6 mm), analyzed pure by VPC analysis (Per- 
kin-Elmer 226 instrument, 150-ft Apiezon L capillary column, 150 
°C) for 3,5-dimethyl-4-phenylisopropylbenzene, n20D 1.5600. The 
7H N M R spectrum showed peaks at 5 2.80 (septet, 1 H, methine 
proton), 1.25 (d, 6 H, isopropyl CH3’s), 1.96 (s, 3- and 5-methyl 
groups), 6.76 (s, 2 H, 2- and 6-protons), and 6.9-7.32 (m, 5 H, 4-phenyl 
protons).

Anal. Calcd for C 1 7 H 2 0 : C, 91.01; H, 8.99. Found: C, 90.82; H, 9.05.
A VPC purified sample o f 3,5-dimethyl-2-phenylisopropylbenzene 

gave n 20n 1.5604. The ’ H N M R spectrum showed peaks at 5 2.63 
(septet, 1 H, methine proton), 1.07 (d, 6 H, isopropyl CH3’s), 1.88 (s, 
3 H, 3-methyl), 2.28 (s, 3 H, 5-methyl), 6.74 (d, 1 H, 6-proton), 6 84 
(d, 1 H, 4-proton), and 6.88-7.32 (m, 5 H, 2-phenyl protons).

3,5-Dimethyl-4-phenylacetophenone. The oxidation was carried 
out according to eq 15

Ac20
3Ar— ¿-C3 H7  +  lOCrOg +  30HOAc — »- 3Ar— COCH3  +  3C 0 2

+  21H20  +  10Cr(OAc ) 3  (15)

found to be general for the selective oxidation o f an exposed isopropyl 
group. In a 100-ml round-bottom flask equipped with a drying tube 
were placed 3,5-dimethyl-4-phenylisopropylbenzene (6.0 g, 0.0268 
mol), acetic acid (16.1 g, 0.268 mol, 15.3 ml), and acetic anhydride (15.3 
ml). Chromium trioxide was added portionwise in small amounts so 
that at no time did the temperature exceed 30-35 °C. A temperature 
rise accompanied each addition and after the addition was complete, 
an additional 16 ml o f glacial acetic acid was added, and the solution 
stirred overnight. The mixture was then poured on ice and most of 
the acetic acid was neutralized, although care was taken to not reach 
the point where chromium salts would precipitate. Ether was added, 
the aqueous layer thoroughly extracted, and the combined ether ex
tracts thoroughly washed with 1 0 % sodium hydroxide to remove all 
acetic acid and then washed with water and dried over sodium sul- 
fate/magnesium sulfate. Removal o f solvent yielded 3.04 g (0.0136 
mol) o f the crude ketone corresponding to a 50.7% yield. A sample 
purified by preparative VPC (Aerograph instrument, Dow Corning

Silicone 550 on Chromosorb W, 200 °C) gave the pure ketone, mp
73.5-74.5 °C , 2,4-DNP 249-250 °C. The 'H  N M R spectrum showed 
peaks at 5 2.04 (s, 6  H, 3- and 5-methyls), 2.48 (s, 3 H, acetyl methyl),
6.87-7.40 (m, 5 H, 4-phenyl protons), and 7.50 (s, 2 H, 2- and 6 -aro
matic protons).

Anal. Calcd for C i6 H 1 60 : C, 85.68; H, 7.19. Found: C, 85.89; H. 7.18.
3,5-Dimethyl-4-phenyl-tert-cumyl Alcohol. 3,5-Dimethyl-4- 

phenylacetophenone was heated with méthylmagnésium iodide to 
give an 81.8% yield of the carbinol, mp 120-121 °C (from 60-65 °C 
petroleum ether). The 7H N M R spectrum showed peaks at 0 1.60 (s, 
6  H, dimethylcarbinyl protons), 2.02 (s, 6  H, 3- and 5-methyls), and 
6.95-7.39 (m, 7 H, aromatic).

Anal. Calcd for C1 7H2 0 O: C, 84.95; H, 8.39. Found: C, 85.18; H. 8.12.
Preparation of Precursors to the Methyl-Substituted 4-Iso- 

propyl- tert-cumyl Chlorides. 2-Chloromethyl-l,4-diisopro
pylbenzene. The procedure suggested for the chlorométhylation of 
an analogous compound was used . 5 6  Chlorométhylation of 1,4-di
isopropylbenzene5 7  using stannic chloride and chloromethyl methyl 
ether gave a 79.8% yield of the desired compound, bp 124 °C (5 mm),
n.20D  1.5175. The -H N M R spectrum showed peaks at 51.23 (d, 6  H,
4-isopropyl methyls), 1.25 (d, 6  H, 1-isopropyl methyls), 2.83 (septet, 
1 H, methine proton of 4-isopropyl group), 3.25 (septet, 1  H, methine 
proton of 1-isoprcpyl group), 4.52 (s, 2 H, 2-chloromethyl protons), 
and 6.98-7.12 (m, 3 H, aromatic).

Anal. Calcd for C1 3 H 1 9CI: C, 74.09; H, 9.09; Cl, 16.82. Found: C, 
74.27; H, 9.04; Cl, 16.53.

2 - Methyl-l,4-diisopropylbenzene. Reduction o f  2-chloro- 
methyl-1 ,4-diisopropylbenzene using lithium aluminum hydride and 
lithium hydride5 8  in tetrahydrofuran gave a 95.5% yield o f the hy
drocarbon, bp 71 °C  (1.2 mm), n20D 1.4977. The 'H  N M R spectrum 
showed peaks at 6  1.19 (d, 12 H, 1,4-diisopropyl methyls), 2.76 (septet, 
1 H, methine proton of 1-isopropyl), 3.03 (septet, 1 H, methine proton 
o f 4-isopropyl), 2.25 (s, 3 H, 2-methyl), and 6.74-6.98 (m, 3 H, aro
matic).

Anal. Calcd for C i3H20: C, 88.57; H, 11.73. Found: C, 8 8 .6 6 ; H, 11.67.
3 - Methyl-4-isopropylacetophenone. 2-M ethyl-l,4-diisopro

pylbenzene was oxidized by the chromium trioxide procedure de
scribed for 3,5-dimethyl-4-phenylacetophonone to give a 40.1% yield 
o f the ketone, bp 84 °C (0.3 mm), n 20D 1.5249 [lit. 5 9  bp 254-256 °C 
(740 mm), n20D 1.5320]. Gas chromatographic analysis (Perkin-Elmer 
154 instrument, Dow Coming Silicone 550 on Chromosorb W, 155 °C) 
indicated the product to be homogeneous.

Anal. Calcd for C i2H 1 60 : C, 81.77; H, 9.15. Found: C, 81.75; H, 9.07.
The choice was between two possible ketonic products:

Structure 7 predicts that two protons will be shifted downfield due 
to the deshielding effect o f the aceto group and one proton would 
appear upfield. (Beth Ha, broad doublet due to meta coupling with 
Hb, and Hb, AB pattern with meta coupling, would appear downfield 
while Hc, AB pattern, would appear upfield). Structure 8  predicts the 
opposite: two protons appearing upfield and one proton appearing 
downfield (Ha, AB pattern with meta coupling, and Hf, broad doublet 
due to meta coupling with Ha, both appearing upfield, while He, AB 
pattern, would appear downfield). The spectrum observed is exactly 
that predicted for 3-methyl-4-isopropylacetophenone (7): Ha, broad 
doublet due to meta coupling with Hb, 5 7.57; Hb, AB pattern with 
meta coupling, 6  7.63; and Hc, AB pattern, S 7.15 (cf. structure 7).

3-M ethyl-4-isopropy]-a-m ethylstyrene. 3-M ethyl-4-isopro- 
pylacetophenone was treated with methylmagnesium iodide to give 
a 94.9% yield o f the crude carbinol which upon purification by pre
parative VPC (Aerograph instrument, Dow Corning Silicone 550 on 
Chromosorb W, 200 °C) gave the dehydration product, the olefin, 
n 20D  1.5322. The ' H N M R spectrum showed peaks at a 1.22 (d, 6  H,
4-isopropyl methyls), 2.29 (s, 3 H, 3-methyl), 3.08 (septet, 1 H, 
methine proton o f isopropyl), 2.07 (m, 3 H, a-methyl group), 4.91 [m, 
1 H, olefinic (cis to a-methyl)], 5.20 [m, 1 H, olefinic (trans to Di
methyl)], and 7.09 (s, 3 H, aromatic).

Anal. Calcd for C i3H 18: C, 89.59; H, 10.41. Found: C, 89.50; H, 10.13.
Alkylation of 5-Isopropyl-m-xylene. In a 2-1. three-necked flask 

fitted with a stirrer and thermometer were placed reagent grade 5- 
isopropyl-m-xylene (250 g, 1.69 mol) and isopropyl alcohol (96 g, 1.60
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mol). The solution was cooled to 0 °C. Previously cooled (~0 °C) 80% 
aqueous sulfuric acid (567 ml) was added at a rate such that the 
temperature did not exceed 20 °C during the addition. After the ad
dition was complete, the reaction mixture was stirred for 3 days at 
room temperature. VPC analysis of an aliquot (Perkin-Elmer 154, 
Carbowax 20M on Chromosorb W, 90 °C) indicated approximately 
50% conversion of the starting material. The layers were separated, 
and the organic layer washed with dilute base and then water and 
dried over sodium sulfate/'magnesium sulfate. Removal of the un
reacted 5-isopropyl-m-xylene, bp 89 °C (19 mm), using aTodd column 
left 130 g of isopropyl alkylates. VPC analysis (Perkin-Elmer 226, 
150-ft, Carbowax 20M capillary column, 90 °C) indicated two major 
isomers which constituted 98% of the isopropyl alkylates. Utilizing 
the F & M 770 automatic preparative gas chromatograph (Carbowax 
20M on Chromosorb P, 100-190 °C, temperature programmed at 7.5 
°C/min) the isomers were separated to give 2,6-dimethyl- 1,4-di
isopropylbenzene (55%), re20D 1.5070, and 3,5-dimethyl-1,2-di
isopropylbenzene (45%), n20D 1.5064. The lH  NMR spectrum of
2.6- dimethyl-l*4-diisopropylbenzene showed peaks at 5 2.35 (s, 6 H,
2.6- dimethyls), 2.77 (septet, 1 H, methine proton of 4-isopropyl), 3.42 
(septet, 1 H, methine proton of 1-isopropyl), 1.22 (d, 6 H, methyls of
4-isopropyl), 1.35 (d, 6 H, methyls of 1-isopropyl), and 6.78 (s, 2 H, 
aromatic). The 1H NMR spectrum of 3,5-dimethyl-l,2-diisopropyl
benzene showed peaks at b 2.28 (s, 3 H, 3-methyl), 2.20 (s, 3 H, 5- 
methyl), 1.22 (d, 6 H, methyls of 1-isopropyl), 1.37 (d, 6 H, methyls 
of 2-isopropyl), 6.60 (s, 1 H, 4-proton), and 6.75 (s, 1 H, 6-proton). The 
septet peaks of the methine protons of the 1- and 2-isopropyl groups 
could not be readily assigned owing to extensive overlapping.

For 2,6-dimethyl-l,4-diisopropylbenzene:
Anal. Calcd for C14H22: C, 88.35; H, 11.65. Found: C, 88.39; H, 11.89.
3,5~Dimethyl-4-isopropylacetophenone. 2,6-Dimethyl-l,4-di

isopropylbenzene was oxidized to the crude ketone in 56.1% yield by 
the procedure described for 3,5-dimethyl-4-phenylacetophenone. 
Purification by preparative VPC (Aerograph instrument, Dow Cor
ning Silicone 550 on Chromosorb W, 180 °C) gave the pure ketone, 
n20D 1.5350, 2,4-dinitrophenylhydrazone, mp 238-238.5 °C. The 1H 
NMR spectrum showed peaks at b 1.31 (d, 6 H, methyls of 4-isopro
pyl), 3.41 (septet, 1 H, methine proton of 4-isopropyl), 2.38 (s, broad, 
9 H, 3,5-dimethyls and acetyl methyl), and 7.32 (s, 2 H, aromatic).

Anal. Calcd for C13Hi80: C, 82.06; H, 9.53. Found: C, 82.06; H, 9.46.
3.5- Dimethyl-4-isopropyl-a-methylstyrene. 3,5-Dimethyl-4- 

isopropylacetophenone was treated with methylmagnesium iodide 
to give an 87.1% yield of the crude carbinol which on purification by 
preparative VPC (Aerograph instrument, Dow Corning Silicone 550 
on Chromosorb W, 180 °C) gave the dehydration product, the olefin, 
re20D 1.5365. The XH NMR spectrum showed peaks at b 1.30 (d, 6 H, 
methyls of 4-isopropyl), 3.35 (septet, 1 H, methine proton of 4-iso
propyl), 2.33 (s, 6 H, 3,5-dimethyls), 2.06 (m, 3 H, a-methyl), 4.87 (m, 
1 H, olefinic proton cis of a-methyl), 5.16 (m, 1 H, olefinic proton trans 
to a-methyl), and 6.86 (s, 2 H, aromatic).

Anal. Calcd for C14H20: C, 89.29; H, 10.71. Found: C, 88.99; H, 10.73.
Preparation of Precursors to the Methyl-Substituted 4-Cy

clopropyl-tert-cumyl Chlorides. 3-Methyl-4-cyclopropylace- 
tophenone. Aluminum chloride catalyzed acetylation of o-methyl- 
phenylcyclopropane60 in anhydrous chloroform at —45 °C gave a 
66.6% yield of ketone, bp 112 °C (1 mm), n 20D 1.5610, 2,4-dinitro
phenylhydrazone, mp 215 °C. VPC analysis (succinate polyester of 
butanediol, 150-ft capillary, 160 °C) indicated a single product. The 
1H NMR spectrum showed an AB pattern at & 6.92, an AB pattern at 
5 7.70 with meta coupling, and a broad doublet at <5 7.78 superimposed 
upon the <S 7.70 AB pattern.

Anal. Calcd for Ci2H140: C, 82.72; H, 8.10. Found: C, 83.05; H, 8.29.
3-Methyl-4-cyclopropyl-a-methylstyrene. 3-Methyl-4-cyclo- 

propylacetophenone was treated with methylmagnesium iodide to 
give a 95% yield of the crude carbinol which on purification by pre
parative VPC (Aerograph instrument, Dow Corning Silicone 550 on 
Chromosorb W, 180 °C) gave a 52.2% isolated yield of the olefin, rc22D 
1.5554. The NMR spectrum showed peaks at b 2.05 (m, 3 H, a- 
methyl), 2.37 (s, 3 H, 3-methyl), 7.14 (d, 1 H, 2-proton), 7.08 (d, 1 H,
6-proton), 4.93 and 5.24 (m, 2 H, olefinic), 1.54-1.93 (m, 4 H, meth
ylene protons of cyclopropyl), and 0.5-1.0 (m, 1 H, methine proton 
of cyclopropyl).

Anal. Calcd for Ci3H16: C, 90.64; H, 9.36. Found: C, 90.51; 90.48; H, 
9.38; 9.46.

2.6- Dimethylphenyicyclopropane. 2,6-Dimethylstyrene was 
treated with excess methylene iodide and zinc-copper couple fol
lowing the LeGoff modification of the Simmons-Smith procedure,61 
except that all of the olefin was added initially to the reaction vessel 
followed by slow addition of methylene iodide. The product was ob
tained in 63% yield, bp 54 °C (1 mm), n 21D 1.5257. The NMR

spectrum showed peaks at o 2.31 (s, 6 H, 2,6-dimethyls), 6.86 (s, broad, 
3 H, aromatic), and 0.20-0.50 and 0.63-0.98 (m, 4 H, methylene pro
tons of cyclopropyl).

Acetylation of 2,6-Dimethylphenylcyclopropane. Aluminum 
chloride catalyzed acetylation of 2,6-dimethylphenylcyclopropane 
in anhydrous chloroform at —35 °C gave an 89.9% yield of a mixture 
separable by preparative VPC (Aerograph instrument, Dow Corning 
Silicone 550 on Chromosorb W, 180 °C) which consisted of 85% of
2.4- dimethyl-3-cyclopropylacetophenone, n20D 1.5498, 2,4-dini
trophenylhydrazone, mp 210-211 °C, and 15% of 3,5-dimethyl-4- 
cyclopropylacetophenone, n20D 1.5511, 2,4-dinitrophenylhydra
zone, mp 234-235 °C. The 1H NMR spectrum of 3,5-dimethyl-4- 
cyclopropylaeetophenone showed peaks at & 7.43 (s, 2 H, aromatic),
2.41 (s, 9 H, 3,5-dimethyls and acetyl methyl), and 0.38-0.69 and 
0.72-1.21 (m, 4 H, cyclopropyl methylene protons).

Anal. Calcd for C13H160: C, 82.93; H, 8.57. Found: C, 82.99; H, 8.54.
The 1H NMR spectrum of 2,4-dimethyl-3-cyclopropylacetophe- 

none showed peaks at 6 6.87 (AB pattern, 1 H, 5-proton), 7.27 (AB 
pattern, 1 H, 6-proton), 2.47 (s, 3 H), 2.39 (s, 6 H), and 0.80-1.19 and 
0.34-0.59 (m, 4 H).

Anal. Calcd for C13Hi60: C, 82.93; H, 8.57. Found: C, 82.97; H, 8.49.
3,5-Dimethyl-4-cyclopropyl-a-methylstyrene. 3,5-Dimethyl-

4-cyclopropylacetophenone was treated with methylmagnesium io
dide to give 95.6% yield of the crude carbinol which on purification 
by preparative VPC (Aerograph instrument, Dow Corning Silicone 
550 on Chromosorb W, 180 °C) gave the dehydration product, the 
olefin, n 22D 1.5518. The 1H NMR spectrum showed peaks at b 2.08 
(m, 3 H, a-methyl), 2.40 (s, 6 H, 3,5-dimethyls), 4.93 (m, 1 H, olefinic 
cis to a-methyl), 5.26 (m, 1 H, olefinic trans to a-methyl), 6.99 (s, 2 
H, aromatic), and 0.37-1.18 (m, 4 H, cyclopropyl methylene protons).

Anal. Calcd for CMH18: C, 90.26; H, 9.74. Found: C, 90.12; H, 9.58.
Preparation of p-Cyclopropyl-Substituted tert-Cum yl 

Chlorides. The chlorides were prepared from the corresponding a- 
methylstyrene according to the general procedure.20 In all cases for
mation of the chloride occurred without opening of the cyclopropyl 
ring. No olefinic protons were observed in the NMR spectra of the 
chlorides.

Determination of the Products of Solvolysis of the p-Cyclo- 
propyl-Substituted tert-Cumyl Chlorides. The solvolyses were 
conducted in 90% aqueous acetone. The acetone was removed by 
evaporation from the solution of the solvolyzed chloride, the aqueous 
layer extracted with ether, and the ether extract washed with aqueous 
sodium bicarbonate followed by washing with water and then dried 
over magnesium sulfate. The ether was removed to give the crude 
solvolysis products.

Each of the solvolysis mixtures was analyzed by two methods: VPC 
analysis and the correlation in the NMR spectra between observed 
peak areas and predicted peak areas if the solvolysis mixture consisted 
of only a single component. The only products observed were the 
non-ring-opened carbinols and olefins (identified both by VPC re
tention time and NMR spectrum of authentic samples). The only 
olefinic protons in the spectra of the solvolysis mixtures were those 
at the same location and with the same splitting patterns as those in 
the precursor p-cyclopropyl-substituted a-methylstyrenes. No other 
olefinic components were detected by either analytical method.

Solvolysis in 90% aqueous acetone yielded from 4-cyclopropyl- 
teri-cumyl chloride, 38% alcohol and 62% olefin'; from 3-methyl-4- 
cyclopropyl-ieri-cumyl chloride, 49% alcohol and 51% olefin; and from
3.5- dimethyl-4-cyclopropyl-£ert-cumyl chloride, 75% alcohol and 25% 
olefin.

Registry No.—7, 58502-76-4; 3,5-dimethyl-4-cyclopropyl-a-me- 
thylstyrene, 58502-77-5; 2-fluorenyl-£eri-cumyl chloride, 58502-78-6; 
p-isopropylphenyldimethylcarbinol, 3445-42-9; 4-diphenyldimeth- 
ylcarbinol, 34352-74-4; p-cyclopropyl-a-methylstyrene, 19936-10-8;
3-methyl-4-phenyl-a-methylstyrene, 58502-79-7; 3-methyl-4-phen- 
ylbromobenzene, 5002-26-6; 5-isopropyl-m-xylene, 4706-90-5; aniline, 
62-53-3; 3,5-dimethyl-4-phenylisopropylbenzene, 58502-80-0; 3,5- 
dimethyl-2-phenylisopropylbenzene, 58502-81-1; 3,5-dimethyl-4- 
phenylacetophenone, 58502-82-2; 3,5-dimethyl-4-phenyl- 
terf-cumyl alcohol, 58502-83-3; methyl iodide, 74-88-4; 2-chloro- 
methyl-1,4-diisopropylbenzene, 58502-84-4; 1,4-diisopropylbenzene, 
100-18-5; chloromethyl methyl ether, 107-30-2; 2-methyl-1,4-diiso- 
propylbenzene, 58502-85-5; 3-methyl-4-isopropyl-a-methylstyrene, 
58502-86-6; 2,6-dimethyl-l,4-diisopropylbenzene, 42412-93-1; 3,5- 
dimethyl-1,2-diisopropylbenzene, 58502-87-7; 3,5-dimethyl-4-iso- 
propylacetophenone, 58502-88-8; 3,5-dimethyl-4-isopropyIaceto- 
phenone 2,4-DNPH, 58502-89-9; 3,5-dimethyl-4-isopropyl-a- 
methylstyrene, 58502-90-2; o-methylphenylcyclopropane, 27546-46-9;
3-methyl-4-cyclopropyIacetophenone, 58502-91-3; 3-methyl-4-cy-



clopropylacetophenone 2,4-DNPH, 58502-92-4; 3-methyl-4-cyclo- 
propyl-a-methylstyrene, 58502-93-5; 2,6-dimethylphenylcyclopro- 
pane, 36825-29-3; 2,6-dimethylstyrene, 2039-90-9; 2,4-dimetkyl-3- 
cyclopropylacetophenone, 58502-94-6; 2,4-dimethyl-3-cyclopro- 
pylacetophenone 2,4-DNPH, 58502-95-7; 3,5-dimethyl-4-cyclopro- 
pylacetophenone,\58502-96-8; 3,5-dimethyl-4-eyclopropylaceto- 
phenone 2,4-DNPH, 58502-97-9.
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The reaction of methoxymethylsilylene (generated by pyrolysis of sym -tetramethoxydimethyldisilane) with 2,5- 
dimethylfuran yields 2-methoxy-2,3,6-trimethyl-l-oxo-2-silacyclohexa-3,5-diene and 2-methoxy-2,4,7-trimethyl-
l,3-dioxo-2-silacyclohepta-4,6-diene.

The synthesis o f  unsaturated organosilicon heterocycles 
whose spectral properties might perm it elucidation o f the 
extent and nature o f  the interaction between vacant 3d or
bitals on silicon and an adjacent it electron system has at
tracted considerable interest. 1 ’2

The l-oxo-2-silacyclohexa-3,5-diene (I) system has been 
a goal o f  our efforts. Interaction o f a lone pair o f  electrons on 
oxygen with an empty 3d orbital on silicon and with the diene 
system would yield a 6 rr electron system possessing a nodal 
plane. Such a system is antiaromatic by the M obius concept.3’4
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nodal plane

A related goal has been the l,3-dioxo-2-silacyclohepta-4,6- 
diene (II) system. Interaction o f two lone pairs o f  electrons 
from  the two oxygens with an empty 3d orbital on silicon and 
with the diene system yields an 8 -7T electron system possessing 
a nodal plane. Such a system is aromatic by  the M obius con 
cept .3’4

The overlap o f pairs o f  electrons with adjacent empty 3d 
orbitals on silicon has often been used to explain the proper
ties o f  com pounds possessing adjacent silicon and oxygen 
atom s .5,6 Thus the properties o f  I and II appeared to present 
an interesting test o f this often proposed interaction.

Rational synthetic approaches to both  I and II resulted in 
failure. An attem pt to prepare 2,2,4,7-tetramethyl II by re
action o f dimethyldichlorosilane with 2,5-hexanedione in the 
presence o f triethylam ine ,7 conditions which have been suc
cessfully used to prepare the bis(trim ethylsilyl)enol ether o f
2,5-hexanedione, resulted only in polymer. Attem pts to pre

pare 2 ,2 -dim ethyl I by cyclization o f  suitable alicyclic pre
cursors also failed. W hile benzylic brom ination o f  2,2-di- 
m ethyl-l-oxo-3-phenyl-2-silacyclohex-5-ene with N BS was 
easily accom plished ,8 dehydrohalogenation with tertiary 
amine bases failed to yield the desired 2,2-dimethyl-3-phenyl 
I.

/  \
c h 3 c h 3

As a last resort, we turned to the reaction o f methoxy- 
methylsilylene with 2,5-dimethylfuran as an im probable but 
direct synthesis o f  2-m ethoxy-2,3,6 -trimethyl I. The use o f  
silylenes as synthetic intermediates to prepare com pounds 
which are inaccessible in other ways has been previously re
ported .9’ 14 Nevertheless this approach seemed unlikely for 
several reasons. Thus although furan is known to react as a
1,3-diene in D iels-A lder reactions15  it is an aromatic hetero
cycle and therefore might be expected to be less reactive than 
m ost 1,3-dienes as a trapping reagent for silylenes. T he reac

tion o f methoxymethylsilylene generated by pyrolysis o f  
s y m -tetramethoxydimethyldisilane with 1,3-dienes is always 
a com petition between reaction o f  the silylene with the 1,3- 
diene, insertion o f  the silylene into the silicon-oxygen  single 
bonds o f  s y m -tetram ethoxydim ethyldisilane to  y ield 
[CH 3 (CH 30 )2Si]3SiCH 3, and finally polym erization o f the 
methoxym ethylsilylene . 16’ 19 In addition, the reaction o f di- 
chlorosilylene with furan has been reported to yield an adduct 
form ed from  one molecule o f  furan and three reactive di- 
chlorosilylenes.20 On the other hand, dichlorosilylene has been

SiCl2

reported to  react with cyclopentadiene to yield 1 ,1 -dichloro-
l-s ila cy cloh ex a -2 ,4 -d iene .20’2 1 I f  m ethoxym ethylsilylene 
reacted with 2,5-dimethylfuran in an analogous manner it 
would constitute a direct synthesis o f  2 -m ethoxy-2 ,3,6 -tri
methyl I.

The following experimental conditions were used, s y m -  
Tetram ethoxydim ethyldisilane was used since it undergoes 
«-elim ination  to yield methoxymethylsilylene and tri- 
methoxymethylsilane at relatively low tem perature .14 ’16“ 19  

A  flow pyrolysis system was used .14 The products were rapidly 
cooled after formation in the hot zone. Experience has shown 
that prolonged heating o f products is undesirable. 2,5-Di- 
methylfuran was chosen since the m ethyl groups would be 
expected to retard further condensation reactions.

2-M ethoxy-2,3,6 -trimethyl I was isolated from  the cop y 
rolysis reaction o f sym -tetram ethoxydim ethyldisilane and
2,5-dimethylfuran. However, the yield o f  2-m ethoxy-2,3,6- 
trim ethyl I was never better than a few percent based on 
methoxymethylsilylene generated, despite numerous attempts 
at m odification o f  experimental parameters. A possible 
mechanism for the form ation o f  2 -m ethoxy-2 ,3,6 -trimethyl 
I may be form ulated on the basis o f  analogous carbene 
chemistry. Carbenes add to furan to yield 2,4 -d ien-l-one 
systems. This result has been explained in terms o f initial 
addition o f the carbene to one o f the carbon-carbon  double 
bonds o f the furan to form  an unstable vinyl cyclopropane 
which undergoes ring opening .22’23 B y  analogy, addition o f

methoxymethylsilylene to one o f the carbon-carbon  double 
bonds o f 2,5-dimethylfuran yields an unstable vinyl silacy- 
clopropane intermediate .1 7 ’24’25 Ring opening in an analogous 
manner yields an intermediate possessing a reactive s ilicon - 
carbon double bond. A [2 +  2] intramolecular cycloaddition 
reaction between the silicon-carbon double bond and the 
carbonyl group yields a 1,2-silaoxetane. Intermolecular [2 +
2 ] cycloaddition reactions o f  silicon-carbon doubly bonded 
intermediates and ketones have been proposed .8-26’ 28 Ring 
opening o f  the 1 ,2 -silaoxetane yields 2 -m ethoxy-2 ,3,6 -tri- 
methyl I. This is not the usual fragmentation pathway o f  a
1 ,2 -silaoxetane intermediate which would be expected to yield 
methoxymethylsilanone and 1,2-dimethylcyclobutadiene. The 
strain and instability o f  1 ,2 -dim ethylcyclobutadiene may 
disfavor the usual fragmentation pathway.

However, an additional unexpected product was also iso
lated from  the reaction, namely, 2 -m ethoxy-2 ,4,7-trimethyl
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2,4,7-trimethyl II an aromatic system as predicted by  the 
M obius concept? The answer to this question may test the 
assumption underlying the prediction, namely that empty 3d 
orbitals on silicon interact appreciably with filled 2 p orbitals 
on adjacent carbon or oxygen atoms.

A  problem  in attempting to  answer this question is a 
shortage o f  material owing to the low yields o f  both 2 -me- 
thoxy-2,3,6 -trimethyl I and 2-m ethoxy-2,4,7-trimethyl II 
obtained. Thus we will rely on comparison o f their spectro
scopic properties with those o f model compounds. On the basis 
o f  ultraviolet spectra both  2 -m ethoxy-2 ,3,6 -trim ethyl I and
2-methoxy-2,4,7-trimethyl II seem quite ordinary. (See Tables 
I and II for data.) Thus we would conclude that overlap o f 
em pty 3d orbitals on silicon with adjacent 2p orbitals on 
oxygen or carbon is unimportant even in cyclic systems where 
symmetry and theory predict that stabilization will result from 
such overlap. Study o f  the effect o f  silyl substitution on the 
inversion barriers o f  amines and phosphines has resulted in 
similar conclusions .2 9 -3 1

II. Pathways for its form ation are purely speculation at this 
time. It is form ed in  1.5% yield based on  m ethoxym ethylsil- 
ylene generated. Certainly, 2,5-dimethylfuran is not a reactive 
trapping agent for methoxym ethylsilylene . 16' 19

Finally, what are the properties o f  2-m ethoxy-2,3,6 -tri
methyl I and 2-m ethoxy-2,4,7-trimethyl II? Is 2-m ethoxy-
2 ,3,6 -trimethyl I an antiaromatic system and 2 -m ethoxy-

Table I. Ultraviolet Spectra o f  2-M ethoxy-2,3,6-trim ethyl I 
and M odel Com pounds

Com pd A.max,A  e Solvent R ef

.Si-0
c « r  \

och3

2730 8500 Cyclohexane This work

2820 3900 Ethanol 32

o1—Si— Ci 
\

Cl

2650 Extinction coefficient 
and solvent not 

specified

33

2640 7420 Solvent not 
specified

34

a Registry no. , 58449-10-8.

Experimental Section

Infrared spectra were obtained on a Perkin-Elmer 337 spectrometer 
and were calibrated against known bands in a polystyrene film. NMR 
spectra were recorded on a Varian T-60 or XL-100 spectrometer. 
Spectra were taken using 10% solutions in carbon tetrachloride with 
benzene or acetone as internal standard. Mass spectra were obtained 
on a Hitachi Perkin-Elmer RMU-6E spectrometer at an ionizing 
voltage of 70 eV. High-resolution mass spectra were obtained on a 
AEI-MS-9. Exac- mass determinations of the compositions of ions 
were carried out at a resolution of at least 15 000 by peak matching 
with peaks of known mass of perfluorokerosene at 70 eV. Vapor phase 
chromatography was carried out on a Hewlett Packard F & M 700. 
Microanalysis was performed by Elek Microanalytical Laboratories, 
Torrance, Calif. Boiling points are not corrected.

Copyrolysis o f 2,5-Dimethylfuran and sym-Tetramethoxy- 
dimethyldisilane. The pyrolysis apparatus has been described pre
viously.14 The oven was heated to 410 °C. A mixture of 5.1 g (0.024 
mol) of sym-tetramethoxydimethyldisilane and 14.9 g (0.155 mol) of 
freshly distilled 2,5-dimethylfuran was placed in an addition funnel. 
The nitrogen flow rate was adjusted to 1 ml/s. The mixture was added 
to the pyrolysis tube at a rate of 1 drop every 10 s. A flow of nitrogen 
gas was continued through the column for 30 min after completion 
of the addition. The material from the two cold traps was combined 
(19.0 g). One gram of material was lost on the column. Recovered
2,5-dimethylfuran (14.1 g, 0.147 mol) and trimethoxymethylsilane 
(2.4 g, 0.018 mol) were removed by distillation through a 15-cm Vi- 
greux column. A single fraction, bp 90-100 °C (760 mm), was collected. 
Its composition was determined by NMR integration and GLC on a 
15 ft X 0.25 in., 10% polyphenyl ether on Chromosorb P column at 110 
°C. Thus 75% of the starting sym-tetramethoxydimethyldisilane has

Table II. Ultraviolet Spectra o f  2-M ethoxy-2,4,7-trimethyl-II and M odel Com pounds 

Com pd Registry no. ).m a , A e Solvent R ef

°V °Si
/  \

CH, OCR,

5 8 4 4 9 -1 1 -9 2 4 8 0 1 0 5 0 0 Cyclohexane This work

O 2 4 8 0 7 5 0 0 Not specified 35

ov s r  
/  \

ch3 ch„

2 4 7 0 3 0 0 0 Cyclohexane 3 6

0H ;,
^  0 — Si(CH3)3

iCH.yii— O \
CHs

5 8 4 4 9 -1 2 -0 2 5 2 0 2 1 0 0 0 Cyclohexane This work

c\  ch3
r w 5 8 4 4 9 -1 3 -1 2 5 2 0 1 2 2 0 0 Cyclohexane This work

(CH,SÄ—O
0 — SKCHA
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reacted to yield methoxymethylsilylene and trimethoxymethylsilane. 
The pot residue (2.4 g) was bulb to bulb distilled at 0.5 mm. In this 
manner 1.2 g of clear, slightly yellow liquid was obtained. The pot 
residue (1.2 g) was a thick, yellow, nonvolatile oil whose NMR indi
cated only CH3Si and CH.iOSi signals in a 1:1 ratio by integration. 
Thus the pot residue must be polymers of methoxymethylsilylene. 
The pot residue (1.2 g) amounts to 0.0176 mol of methoxymethylsil
ylene. Thus of the methoxymethylsilylene produced greater than 90% 
undergoes polymerization. Separation of the volatile yellow liquid 
(1.2 g) by preparative GLC, on the same column as above, at 140 °C 
gave 2-methoxy-2,3,6-trimethyl I (0.1 g, 0.59 mmol) in 3.3% yield and 
2-methoxy-2,4,7-trimethyl II (0.05 g, 0.27 mmol) in 1.5% based on the 
amount of methoxymethylsilylene produced. In addition unreacted 
sym-tetramethoxydimethyldisilane (0.24 g, 1.2 mmol) as well as 
higher molecular weight products of insertion of methoxymethylsil
ylene into the S i-0  bond of sym-tetramethoxydimethyldisilane were 
observed.16-19

2-Methoxy-2,3,6-trimethyl-I. Samples were purified by prepar
ative GLC on a 6 ft X 0.25 in., 10% (3,/3-QDPN on Chromosorb P col
umn at 80 °C from material which had been collected from the poly
phenyl ether column above. It had the following spectral properties: 
NMR, s (3 H) & 0.25, s (3 H) 1.84, s (3 H) 1.88, s (3 H) 3.30, d (1H) 4.93, 
J = 6 Hz, andfr (1 H) 6.43, J = 6 Hz; ir (CCD Si-CH3 1220 and 830 
cm-1, S i-0  and C -0  1100,1080, and 1016 cm-1, and C =C  1630 cm-1; 
mass spectrum (70 eV) parent ion at m/e 170 (100%), P — CH3 at m/e 
155 (90.4%), and P — OCH3 at m/e 139 (66.7%); uv (cyclohexane) Xmax 
2730 A, c 8500. Anal. Calcd for C8Hu 0 2Si: C, 56.43; H, 8.29. Found: 
C, 56.29; H, 8.22.

2-Methoxy-2,4,7-trimethyl-II. Samples were purified by pre
parative GLC on a 10 ft X 0.25 in., 20% Ucon Polar on Chromosorb 
P column at 135 °C from material which had been collected from the 
polyphenyl ether column above. It had the following spectral prop
erties: NMR, s (3 H) S 0.20, s (6 H) 1.90, s (3 H) 3.65, s (2 H) 4.70; ir 
(CCD Si-CH3 1265 cm-1, S i-0  and C -0  1100 and 1185 cm-1, and 
C = C  1650 cm-1; uv (cyclohexane) Amax 2480 A, e 10 500; mass spec
trum (70 eV) parent ion at m/e 186 (100%), P — CH3 at m/e 171 (20%); 
high-resolution mass spectrum, the exact mass of the parent ion (calcd 
for CsHuOsSi, 186.07122; found, 186.0713).

Preparation of c is -  and trans-2,5-Bis(trimethylsiloxy)-2,4- 
hexadiene. In a dry three-neck 500-ml round-bottom flask equipped 
with a reflux condenser, a Teflon-covered magnetic stirring bar, and 
a nitrogen inlet was placed 100 ml of dimethylformamide (freshly 
distilled from CaH2), trimethylchlorosilane (27.0 g, 0.25 mol), and 
triethylamine (47.0 g, 0.43 mol).7 2,5-Hexanedione (10.0 g, 0.095 mol) 
was added through the top of the reflux condenser. White fumes and 
a yellow solid rapidly formed. The mixture was refluxed for 72 h. It 
was cooled and 200 ml of pentane was added. The solution was placed 
in a separatory funnel and extracted three times with 200-ml portions 
of aqueous NaHC03. The organic layer was dried over anhydrous 
MgSCD filtered, and the volatile solvents removed by evaporation 
under reduced pressure. The residue was distilled through a 12-cm 
vacuum-jacketed Vigreux column. A fraction bp 125-126 °C (25 mm) 
was collected (13.0 g, 53%). The mixture of isomers was separated by 
GLC on a 20% polyphenvl ether on Chromosorb P, 25 ft X 0.25 in. 
column at 140 °C. The more symmetrical trans isomers eluted first.

trans-2,5-Bis(trimethylsiloxy)-2,4-hexadiene had the following 
spectral properties: NMR s (18 H) 8 0.1, s (6 H) 1.65, s (2 H) 5.18; ir 
Si-CH3 1250 and 850 cm-1, S i-0  and C -0  at 1160 cm-1, and C==C 
conjugated at 1615 cm-1. High-resolution mass spectrum, the exact

mass of the parent ion (calcd for (D^eSiyOa, 258.1464; found, 
258.1471). Anal. Calcd for Ci2H2sSi202: C, 55.74; H, 10.14. Found: C, 
55.11; H, 9.74.

cis-2,5-Bis(trimethylsiloxy)-2,4-hexadiene had the following 
spectral properties: NMR s (18 H) S 0.1, s (3 H) 1.62, s (3 H) 1.67, d 
(1 H) 4.98, J  = 12 Hz, d (1 H) 5.38, J = 12 Hz; ir Si-CH3 1250 and 850 
cm-1, S i-0  and C -0  1212 and 1175 cm” 1, and C = C  conjugated at 
1615 cm” 1. Anal. Calcd for CiaHaeOaSij: C, 55.74; H, 10.14. Found: 
C, 55.36; H, 9.89.

Acknowledgment. This work was supported by the Air 
Force Office of Scientific Research, Grant 73-2424.

Registry No.— 2,5-Dimethylfuran, 625-86-5; sym-tetrame
thoxydimethyldisilane, 18107-32-9.

References and Notes

(1) T. J. Barton, R. C. Kippenhan Jr., and A. J. Nelson, J . A m . C h e m . S o c ., 96, 
2272 (1974), and references cited therein.

(2 )  R. A. F e lix  a n d  W. P. Weber, J . O rg . C h e m ., 37, 2323 (1972).
(3) H. E. Z immerman, S c ie n c e ,  153, 837 (1966).
(4) H. E. Z immerman, A c c .  C h e m . R e s ., 4, 272 (1971).
(5) C. Eaborn, “ Organosilicon Compounds” , Butterworths, London, 1960, pp

9 4 -9 8 , 245, 254, and 348.
(6) C. H. van Dyke, “ Organometallic Compounds o f the Group IV Elem ents” , 

Vol. 2, A. G. MacDiarmid, Ed., Marcel Dekker, New York, N.Y., 1972, pp
3 -4  and 269-271.

(7) H. O. House, L. J. Czuba, M. Gail, and H, D. Olmstead, J . O rg . C h e m ., 34, 
2324(1969).

(8) P. B. Valkovich and W. P. Weber, J . O rg . C h e m ., 40, 229 (1975).
(9) F. Wudl, R. D. Allendoerfer, J. Demirgian, and J. M. Robbins, J . A m . C h e m . 

S o c ,  93, 3160 (1971).
(10) H. Okinoshima, K. Yamamoto, and M. Kumada, J . A m . C h e m . S o c . ,  94, 

9263(1972).
(11) W. H. A tw e ll and J. G. Uhlmann, J . O rg a n o m e t.  C h e m ., 52, C21 (1973).
(12) T. J. Barton and J, A. Kilgour, J . A m . C h e m . S o c . ,  96, 7150 (1974).
(13) M. Ishikawa and M. Kumada, J . O rg a n o m e t.  C h e m ., 81, C3 (1974).
(1 4 )  M . E. Childs a n d  W. P. Weber, T e tra h e d ro n  L e t t . ,  4033 (1974).
(15) O. Diels and K. Alder, C h e m . B e r .,  62, 554 (1929).
(16) W. H. A tw ell and D. R. Weyenberg, J . O rg a n o m e t.  C h e m ,, 5, 594 (1966).
(17) W. H. A tw e ll and D. R. Weyenberg, J . A m . C h e m . S o c . ,  90, 3438 (1968).
(18) D. R. Weyenberg and W. H. A twell, P u re  A p p l.  C h e m ., 19, 343 (1969).
(19) W. H. A twell and D. R. Weyenberg, A n g e w . C h e m ., In t. E d. E n g l., 8, 469 

(1969).
(20) E. A. Chernyshev, N. G. Komalenkova, and S. A. Bashkirov, D o k l.  A k a d .  

N a u k  S S S R , 205, 868 (1972).
(21) R. J. Hwang, R. T. Conlir, and P. P. Gaspar, J . O rg a n o m e t, C h e m ., 94, C38

(1975).
(22) ' G. Cauquls, D. Divisla, M. Rastoldo, and G. Reverdy, B u ll.  S o c .  C h im . F r „

! 3022(1972).
(23) ' M. N. Nwajl and O. S. Onyirluka, T e tra h e d ro n  L e t t . ,  2255 (1974).
(24) R. L. Lambert and D. Seyferth, J. A m . C h e m . S o c . ,  94, 9246 (1972).
(25) D. Seyferth and D. C. Annarelli, J . A m . C h e m . S o c . ,  97, 2273 (1975).
(26) D. N. Roark and L. H. Sommer, J . C h e m . S o c ., C h e m . C o m m u n ., 167 (1973).
(27) C. M. Gollno, R. D. Bush, D. N. Roark, and L. H. Sommer, J . O rg a n o m e t.  

C h e m ., 66, 2 9 ( 1 9 7 4 ) .
(28) T. J. Barton and J. A. K lgour, J . A m . C h e m . S o c . ,  96, 2278 (1974).
(29) R. D. Baechler and K. Mislow, J . A m . C h e m . S o c . ,  93, 773 (1971).
(30) R. D. Baechler, J. P. Casy, R. J. Cook, G. H. Senkler, and K. Mislow, J. A m .  

C h e m . S o c ., 94, 2859 (1972).
(31) R. D. Baechler, J. D. Andose, J. Stackhouse, and K. Mislow, J . A m . C h e m . 

S o c .,  94, 8060(1972).
(32) A. Safieddlne, J. Royer, and J. Dreux, B u ll.  S o c .  C h im . F r., 703 (1972).
(33) R. A. Benkeser and R. F. Cunlco, J . O rg a n o m e t.  C h e m ., 4, 284 (1965).
(34) K. Alder and H. von Brachel, J u s tu s  L ie b ig s  A n n . C h e m i, 608, 195 (1957).
(35) E. Pesch and S. L. Frless, J . A m . C h e m . S o c . ,  72, 5756 (1950).
(36) R. A. Felix, Ph.D. Thesis, University of Southern California, 1972, p 72.



Beckmann Rearrangement of Noradamantan-2-one Oxime J. Org. Chem., Vol. 41, No. 10,1976 1803

S y n th e sis  o f  A d a m a n ta n e  D e r iv a tiv e s . 3 2 .1 T h e  B e c k m a n n  R e a rr a n g e m e n t  

an d  F ra g m e n ta tio n  A p titu d e  o f  N o r a d a m a n ta n -2 -o n e  O x im e

Tadashi Sasaki,* Shoji Eguchi, and Osamu Hiroaki

Institute of Applied Organic Chemistry, Faculty of Engineering, Nagoya University, Furo-cho, Chikusa-ku, Nagoya, 464, Japan

Received January 20,1976

The Beckmann rearrangement of noradamantan-2-one oxime (syn and anti ratio 33:67) by polyphosphate ester 
afforded 4-azaprotoadamantan-5-one (9) and 5-azaprotoadamantan-4-one (10) as normal ring-expansion products 
and 3-cyanobicyclo[3.2.1]oct-6-ene (11), 6-cyano- (12), and 7-cyanobicyclo[3.2.1]oct-2-ene (13) as fragmentation 
products. The product distribution was time dependent, and 9 and 10 were converted to 11-13 under the reaction 
conditions. The fragmentation aptitude of noradamantan-2-one oxime and lactams 9 and 10 was rationalized from 
antiperiplanarity in the units H -C -C -C = N + or H -C -C -N = C + and strain considerations.

In the Beckmann and Schm idt reactions, the adamanta- 
none ( 1 ) gives mainly the fragmentation product 2 2 accom 
panied by the normal rearrangement product 3 (eq l ) .3 By 
comparison hom oadam antan-4-one (4) affords exclusively 
normal rearrangement product 5 (or its regioisomer) which 
is, however, not stable under the reaction conditions and gives 
nitrile 6 in the Beckmann rearrangement by polyphosphate 
ester (PPE), and tetrazole derivatives in the Schmidt reaction 
(eq 2) .4 In view o f this interesting behavior o f  caged ketone 
systems in the Beckmann and Schm idt reactions we were in 
terested in the behavior o f  the noradam antan-2-one (7) sys
tem. This paper describes the results o f  the Beckmann rear
rangement o f  7-oxime.

(2)

R esu lts and D iscu ssion

Oximation o f noradam antan-2-one (7) 5 in 50% aqueous 
ethanol in the presence o f  excess potassium hydroxide a f
forded a 33:67 mixture o f syn (8 s) and anti oxime (8a )6 in 74% 
yield after one recrystallization. T he syn and anti ratio was 
determ ined by N M R  data in the presence o f  a shift reagent, 
E u(dpm )3  (see Experimental Section ) .7

Treatm ent o f  8 s and 8 a (33:67) in chloroform  with a large 
excess o f P P E  under reflux afforded products 9-13 in a 
23.4:40.0:4.3:16.9:15.6 ratio on GLC analysis (99.6% conver
sion). These products were isolated after chromatography 
(silica gel) and preparative GLC, and their structures were 
determined as summarized in Scheme I.

Both 9 and 10 were obtained as crystalline solids. In the ir

Scheme I
9

c h 2o h  ch o

16 15

spectra (K Br), 9 had strong absorptions at 3200 (N H ) and 
1665 cm “ 1 ( C = 0 )  and 10 at 3220 (N H ) and 1644 cm " 1
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Table I. Observed and Calculated Coupling Constants for H3 of 9 and He of 10

H3 of 9 Obsd, Hz Calcd, Hz (Dihedral angle) H6 of 10 Obsd, Hz Calcd, Hz (Dihedral angle)

^2e,3 7.5 6.7 (25°) d  6,7e 0 0.3 (75°)
^2a,3 0 0 (95°) d6,7a 3.0 3.8 (45°)
d 3,8 7.5 7.9 (10°) d6,10s 0 0 (80°)

d  6,10a 3.0 3.8 (45°)

Table I I.  Product Distributions of the Beckmann Rearrangement of 8s + 8aa

Product distribution, %b
Reagent
(amount) Solvent

Temp
°C

Time,
min

Conversion,
% b 9 10 11 12 13 Others

P P E CHCI3 Reflux 0 .5 8.9 34.1 44.2 0.7 11.0 10.0 0

(20 w/w) 5 42.3 31.6 43.7 1.7 12.8 10.2 0

2 0 66.6 30.0 42.8 3.0 13.4 10.8 0

50 87.9 30.5 45.1 3.5 14.6 13.1 0

100 99.3 27.9 36.5 4.3 17.8 13.5 0
(99.8)c (25.7) (41.7) (4.0) (16.2) (12.4)e Traced

TsCl HCONMes 80 240 17.8 1.2 25.8 3.9 50.0 10.1 8.9d
(1.2 mol)

PC15 Et20 r.t.e 2400 87.6 0.5 1.2 9.8 20.3 7.3 60.9d
(4.0 mol)

NaNaf M eS03H - 240 93.8 25.4 15.4 9.9 43.5 3.1 2.8d
(2.0 mol) AcOH*

0 A 33:67 mixture was used. b GLC analysis. c Isolated yield. d Unidentified. e Ca. 25 °C. f The Schmidt reaction of 7. s 1:9 v /v ratio.

( C = 0 ) ,  indicating that 9 and 10 are isomeric lactams and 
normal rearrangement products. In the N M R  spectra, 9 had 
a characteristic double triplet (d  =  5.0 and 7.5 Hz) at h 3.85 
(1 H) assignable to C H N H C O -, which changed to a triplet (J  
= 7.5 H z) on deuteration, while 10 had a pentet (d  =  3.0 Hz) 
at 6 3.45 (1 H ) which became a triplet (d  =  3.0 Hz) on deu- 
teration. T h e observed coupling constants and those calcu
lated for H 3 o f 9 and He o f 10 based on a Karplus relationship8 

and dihedral angles for C 3- H 3 and C6- H 6 (on a Dreiding 
stereom odel) are summarized in Table I. Prom  comparison 
o f these values 9 was assigned as 4-azatricyclo[4.3.1.03 ’8]decan-
5-one (or trivially 4-azaprotoadam antan-5-one) and 10 as
5-azatricyc)o[4.3 .1 .03’8]d eca n -4 -on e (or 5-azaprotoadam an- 
tan-4-one).

Compounds 11-13 were obtained as volatile, oily materials 
after purification on preparative GLC, and had the same 
formula CgHuN. Ir spectra o f 11-13 exhibited absorptions at 
2245, 2240, and 2240 cm “ 1, respectively, due to  a nitrile 
function, suggesting that these compounds are the Beckmann 
fragmentation products. Treatm ent o f 9 with P P E  in ch lo
roform  under reflux for 600 min gave nitrile 11 (1.5%); the 
same reaction with 10 gave 12 and 13 (36.2%, 97:3 ratio).

Nitrile 11 had N M R  signals at S 6.55 (broad s, 2 H ), 4 .65-
3.75 (m, 3 H ), and 1.6-1.1 (m, 6  H ), and hence the structure 
was assigned as 3-endo-cyanobicyclo[3.2.l]oct-6-ene. The 
endo configuration o f  the 3 -C N  group was assigned on the  
basis o f  its formation from  9 and the appearance o f two vinyl 
proton signals at somewhat lower field than that o f  norbor- 
nene derivatives (5 6.25-5.85)0 (due to the anisotropy effect 
o f  the CN group ) . 10

Nitriles 12 and 13 had very similar N M R  spectra which 
revealed two vinylic protons signals at 5 5.4-5.9 and other 
protons signals at 5 3.3-1.0. B oth  12 and 13 afforded the same 
dihydro derivative 17 on catalytic hydrogenation (P d /C ), in
dicating that both 12 and 13 have the same carbon skeleton. 
Their formation from 10 suggested that 12 and 13 are 6-en d o- 
or 7-m do-cyanobicyclo[3.2.1]oct-2-ene. Finally, 12 was de
termined as 6-endo-cyanobicyclo[3.2.1]oct-2-ene and hence 
13 as 7-en d o-cya n obicyclo[3 .2 .1J oct-2 -en e b y  an alternative  
synthesis o f 12 via 14 and 15 starting from 16, which has been 
reported previously by us1 1  (Scheme I).

T he material balance observed in the Beckm ann rear
rangement o f  8s +  8a (33:67) was in accord with the well- 
known fact that the trans group with respect to oxime hy
droxyl group migrates to afford lactams in the Beckmann 
rearrangement, 12 and hence it can be concluded that 9 and 11 
originate from  8s, while 10,12, and 13 arise from  8a, respec
tively (eq 3 and 4).

8s — 9 + 11  (3)

8a ^  10 + 12 + 13 (4)

Since fragmentation to nitriles was observed extensively 
in the Beckm ann  rearrangement o f  8s and 8a even with PPE, 
some other conditions were also examined and the results are 
summarized in Table II as well as the product distributions 
at various reaction times. The rearrangement with p -to lu - 
enesulfonyl chloride (TsCl) in dim ethylform am ide at 80 °C  
gave only very low conversion, but fragmentation products 
were produced extensively. Phosphorus pentachloride in ether 
also did not improve the results. For comparison, one example 
o f the Schmidt reaction o f 7 under very mild conditions is also 
shown in Table II. Extensive fragmentation was also ob 
served .13 In the reaction with PPE the fragmentation products
11-13 were produced even at very short reaction time, indi
cating that synchronous fragmentation paths as well as rear
rangement-fragmentation paths are involved . 14 However, as 
the relative ratio o f  products in Table II shows, the fragm en
tation aptitudes o f 8s and 8a as well as those o f lactams 9 and 
1 0  or their corresponding iminium cations15  are quite d iffer
ent. Such difference may be ascribable to the degree o f  d e 
viation from the antiperiplanarity o f the participating bonds 
in the H -C -C -C = N  moiety as postulated by G rob 14 and in 
a recent theoretical study .16  For the indirect fragmentation, 
inductive and steric effects may be im portant factors . 14 As a 
simple m ethod for expression o f the deviation from  the ideal 
antiperiplanarity, we measured values defined by (180 — <j>) 
+  0 for each hydrogen, in which <j> is the dihedral angle defined 
by bonds C 2- C 3 (or N 2-C 3) and C4-H 4, and 6 is the angle b e 
tween bond C4- H 4 and a plane involving bond C2- C 3 (or 
N 2- C 3) and vertical to a C2, C3, C4 (or N 2, C3, C4) plane in 18 
and 19.17  T he values for related hydrogens in 20-26 were
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Table I I I .  Deviations from Antiperiplanarity on Dreiding Stereomodel

Model str 2 0 2 0 2 0 2 1 2 2 “ 23 24 24 25 26“
Hydrogen H4e HSa H9a H4a H2a H2e H7a HlOa H2a H2a
180- 5̂, deg" 17 14 6 0 2 2 37 14 17 18 36
8, deg“ 1 0 5 7 0 6 7 7 0 5 0
Deviation, deg5 27 19 13 0 28 44 2 1 13 23 36

“ For the definition, see text. 5 (180 — <p) +  6. “ Assuming an untwisted conformation.

26

measured on a Dreiding stereom odel by using an ¡mine com 
ponent for C = N + or N = C + and are summarized in Table III. 
For example, H 4e in 20 is the hydrogen to be lost in the 8 s —* 
11 conversion. O f two hydrogens such as H 4e and H 4a in 20, 
only H 4(;, having a smaller deviation from  antiperiplanarity, 
is shown in Table III. Comparison o f the deviation for FUe, 
Hga, and H 9a in 2 0  indicates that the fragmentation should 
decrease in the order 8a —► 12 >  8a —* 13 >  8s —► 11, as o b 
served (Table II). H 4a in 2 1  (adamantanone system) has the 
ideal geometrical arrangement as postulated previously, and 
in fact, its large fragmentation aptitude is well known .3’18 For 
the hom oadam antan-4-one system with a flexible ethano 
bridge 19 an accurate value for the deviation could not be 
measured but approximate values for (180 — <j>) and 8 are 2 2  

and 6 ° assuming an untwisted conform ation (22). These de
viations are considerably larger, in accord with their corre
sponding negative fragmentation aptitude .4

For the indirect fragmentation, the degree o f  deviation does 
not seem an im portant factor for determining the fragmen
tation aptitude: H 2e in 23 has a considerably larger deviation 
value but its fragmentation (9 —► 11) was observed, while H 2a 
in 25 has much less deviation and yet the fragmentation o f
4-azahomoadam antan-5-one (3) to 7-endo-cyanobicyclo-
[3.3.1]non-2-ene (2) was not observed with PP E .4b There is 
a possibility that the fragmentation may be facilitated by in
ductive effects in the derived olefins;20 the double bond in 1 1  

(from 23) is substituted by two secondary alkyl groups, while 
that in 2 (from  25, if form ed) is substituted by one secondary 
alkyl and one primary alkyl group, and hence 23 (or 9) —»" 11 
conversion becom es possible despite the larger “ deviation”  
value. However, a facile fragmentation o f 5 to 6 (eq 2)4b with 
PPE  cannot be rationalized by such differences in inductive

effects since both 2  and 6  have the same primary and secon
dary substituents for the double bond. Exam ination o f 26 
assuming an untwisted conform ation 21 (Table III) indicates 
that the deviation value is considerably larger than that for
25. In these indirect fragmentations, another important factor 
may be ring strain because the m ost fragmentable interm e
diate (26) is considered to involve the largest ring strain and 
the fragmentable intermediates 23 and 24 have less strains 
based on values reported for saturated carbocyclic analo
gues.22 On the other hand, the observed large regioselectivity 
in the fragmentation o f  10 (eq 4), i.e., almost exclusive for
mation o f the 6 -cyano derivative 12 rather than the 7-cyano 
13, should be ascribable to the deviation values because in
ductive and strain factors are the same.

In summary the deviation values from  antiperiplanarity o f  
H4-C  and C2-C 3 in 18 are useful for estimation o f  the direct 
Beckmann fragmentation aptitude o f  rigid caged ketone 
systems, while those o f  H 4-C 4 and N 2- C 3 in 19 are important 
for determining the regioselectivity o f  the indirect fragmen
tation.

Experimental Section23
Noradamantan-2-one (7). This was prepared by the method of 

Nickon and his co-workers.5 Deltacyclane5c (1.472 g, 12.3 mmol) in 
rc-pentane (5 ml) was treated with 96% sulfuric acid (77 ml) at —10 
to 5 0 for 16 min. Hybiolysis of the mixture and sublimation afforded 
noradamantan-2-ol (1.496 g, 88.4%), mp 218-219 °C (lit.5a 221-222 
°C), which was oxidized to noradamantan-2-one (7), mp 214-215 °C 
(lit.5a 214.5-215 °C) with the Brown reagent24 in 85% yield.

Noradamantan-2-one Oxime (8s + 8a). A mixture of 7 (1.686 g,
12.4 mmol) and hydroxylamine hydrochloride (1.034 g, 14.9 mmol) 
in ethanol (20 ml) and aqueous KOH [85%, 4.18 g in water (20 ml)] was 
refluxed for 3 h. The cooled mixture was concentrated to ca. 30 ml and 
neutralized with 5% hydrochloric acid to afford crude oxime as col
orless precipitates which was recrystallized from watex to give a 33:67 
mixture of syn (8s) and anti oxime (8a) (1.388 g, 74.2%): mp 107.5-
109.5 °C; ir (KBr) 3230, 3140, 2930, 2870,1681,1472,1456,1080, 970, 
950, 910, 794, and 775 cm -1; NMR (CDC13, 100 MHz) 6 8.65 (broad 
s, 1 H, disappeared on shaking with D2O), 3.50 (d, d, J3,7 = 7.0, J 2,3 
= 6.0 Hz, 0.67 H, H3 of 8a), 2.60 (broad s, 0.33 H, H! of 8s), 2.30 (m, 
2 H ), and 2.0-1.2 (m, 8 H); in the presence of Eu(dpm)3 [the mole ratio 
of Eu(dpm)3 to 8s + 8a = 0.140], H3 of 8a and 8s appeared at 5 5.45 
and 4.41 in 2:1 ratio as the similar unsymmetrical triplet (J  = ca. 6.5 
Hz), and Hj of 8a and 8s at 6 4.29 and 5.10, respectively, as a broad 
singlet (in 2:1 ratio);7 mass spectrum m/e 151 (M+).

Anal. Calcd for C9H13NO: C, 71.49; H, 8.67; N, 9.26. Found: C, 71.33; 
H, 8.64; N, 9.06.

Beckmann Rearrangement of 8s and 8a with P P E . A 33:67 
mixture of 8s and 8a (0.860 g, 5.63 mmol) and PPE25 (17.2 g, 20 w/w 
times to the oxime) in chloroform (15 ml) was refluxed for 100 min. 
The cooled mixture was diluted with water (50 ml) and stirred for 24 
h at room temperature. After neutralization with 10% KOH, the 
mixture was extracted with CH2C12 (7 X 10 ml). The combined ex
tracts were dried (Na2SC>4) and concentrated to ca. 1 ml. GLC analysis 
(Silicone SE-30 column, 100 and 170 °C) revealed seven peaks in the 
ratio 23.3:39.8:4.3:0.4:16.8:15.5:trace corresponding to lactams 9 and 
10, nitrile 11, ketone 7, nitriles 12 and 13, and oxime, respectively. 
Chromatography on a silica gel column eluting with n-hexane-CH2Cl2 
afforded 3-eado-cyanobicyclo[3.2.1]oct-6-ene (11) as the first 
fractions (32 mg, ca. 5% of 7 was contaminated, 4.0%). Pure 11 was 
obtained as a semisolid after preparative GLC (30% Silicone SE-30 
on 45/60 mesh Chromosorb W, at 120 °C): ir (CDC13) 3000,2940,2920, 
2245, 1280, 1037, 984, and 890 cm“ 1; NMR, see text; mass spectrum 
mol wt 133.0885 (calcd for C9H11N, 133.0889). The second fractions 
were a 57:43 mixture of 6-endo-cyaito-(12) and 7-endo-cyanobi- 
cyclo[3.2.1 ]oct-2-ene (13) (214 mg) which was purified by prepar
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ative GLC. 12 was obtained as an oil: n2*D 1.5027; ir (neat) 3033,2920, 
2882,2850,2240,1460, and 741 cm '1; NMR (CDC13) & 5.97 (m, 1 H),
5.50 (m, 1 H), and 3.3-1.0 (m, 9 H); mass spectrum m/e (rel intensity) 
134 (10.2), 133 (M +, 50.2), 132 (35.6), 104 (10.7), 93 (13.6), 92 (16.7), 
91 (22.2), 81 (15.6), 80 (100), and 79 (74).

Anal. Calcd for C9HUN: C, 81.16; H, 8.31; N, 10.52. Found: C, 81.31; 
H, 8.15; N, 10.56.

Nitrile 13 was obtained as a semisolid: ir (neat) 3030, 2920, 2880, 
2850, 2240,1460,1445, and 710 cm“ 1; NMR (CDC13) 5 5.86 (m, 1 H),
5.42 (m, 1 H), and 3.25-1.2 (m, 9 H); mass spectrum m/e (rel intensity) 
134 (4.5), 133 (M+, 30.2), 132 (17.8), 91 (14.6), 80 (100), and 79 (8.5).

Anal. Calcd for C9HuN: C, 81.16; H, 8.31; N, 10.52. Found: C, 81.35; 
H, 8.40; N, 10.35.

The third fractions gave a trace of unreacted oxime and the fourth 
fractions afforded 4-azaprotoadamantan-5-one (9) as a hygroscop 
solid (218 mg, 25.6%) which was purified by recrystallization from 
n-hexane-CH2Cl2: mp 274-276 °C; ir (KBr) 3200, 3100, 3050, 2940, 
2910,2860,1665,1482,1458,1445,1415,1344,1308,1283,1177,1148, 
834, 818, 792, and 660 cm-1; NMR (CDCI3) S 6.25 (broad s, 1 H, dis
appeared on shaking with D20, NH), 3.85 (t, d, J — 7.5 and 5.0 Hz, t 
on deuteration, 1 H), 2.50 (m, 2 H), 2.25 (m, 1 H), and 2.0-1.5 (m, 8 
H); mass spectrum m/e (rel intensity) 152 (15.2), 151 (66.7), 150 (16.7), 
124 (21.2), 123 (85.0), 122 (27.3), 119 (15.2), 111 (13.0), 110 (18.4), 109 
(31.8), 108 (30.3), 106 (15.2). 105 (21.2), 104 (12.1), 97 (18.3), 96 (21.2),
95 (27.3), 94 (23.2), 93 (24.2), 92 (10.9), 91 (25.8), 85 (21.2), 83 (23.2), 
82 (35.4), 81 (42.5), 80 (100), and 79 (45.5).

Anal. Calcd for C9Hi3NO: C, 71.49; H, 8.67; N, 9.26. Found: C, 71.47; 
H, 8.68; N, 9.26.

The fifth fractions gave 5-azaprotoadamantan-4-one (10) as a
hygroscopic solid (354 mg, 41.6%) which was purified by sublimation 
and recrystallization from ra-hexane: mp 251-253 °C; ir (KBr) 3220, 
3040, 2930, 2870,1644,1445,1330,1290,1277,1225,1162,1138,1110, 
1070, 993, 978, 910, 854, 763, 738, and 660 cm-1; NMR (CDC13) 5 6.80 
(broad s, disappeared on shaking with D20, 1 H, NH), 3.45 (pentet, 
J = 3.0 Hz, t on deuteration, 1 H), 2.65 (m, 2 H), 2.35 (m, 1 H), and 
2.1-1.5 (m, 8 H); mass spectrum m/e (rel intensity) 152 (15.0), 151 
(M+, 62.1), 150 (14.5), 136 (20.8), 134 (12.0), 133 (12.5), 123 (22.3), 122
(16.1), 121 (14.7), 110 (16.5), 109 (86.3), 108 (56.0), 104 (29.1), 97 (13.0),
96 (18.6), 95 (32.0), 93 (22.0), 91 (23.8), 83 (15.0), 81 (44.0), 80 (48.5), 
and 40 (100).

Anal. Calcd for C9Hi3NO: C, 71.49; H, 8.67; N, 9.26. Found: C, 71.65; 
H, 8.81; N, 9.08.

The product distributions at various reaction times were deter
mined by GLC after extractions with CH2C12 of the hydrolyzed and 
neutralized reaction mixtures at appropriate reaction times.

In another run, nitrile mixture was directly purified on preparative 
GLC.

Beckmann Rearrangement of 8s and 8a with p-Toluenesul- 
fonyl Chloride. A 33:67 mixture of 8s and 8a (15 mg, 0.10 mmol) and 
p-toluenesulfonyl chloride (23 mg, 1.2 mmol) in dimethylformamide 
(1.0 ml) was stirred at 80 °C for 4 h. The cooled mixture was diluted 
with water (10 ml) and extracted with methylene chloride ( 5X3 ml). 
The combined extracts were washed with water and dried (Na2S04) 
and concentrated to ca. 1 ml which was analyzed on GLC.

Beckmann Rearrangement of 8s and 8a with Phosphorus 
Pentachloride. The oxime mixture (15 mg, 0.10 mmol) and phos
phorus pentachloride (110 mg, 0.40 mmol) in ether (5 ml) was stirred 
for 40 h at room temperature. The mixture was washed with water and 
dried (Na2S04) and analyzed on GLC (Table II).

Synthesis of 6-endo-Cyanobicyclo[3.2.1]oct-2-ene (12) from
6-endo-Hydroxymethylbicyclo[3.2.1]oct-2-ene (16). 6-endo- 
Hydroxymethylbicyclo[3.2.1]oct-2-ene (16,11 1.38 g, 10.0 mmol) was 
oxidized with the Sarett reagent26 prepared from chromic anhydride 
(2.00 g, 20.0 mmol) and pyridine (30 ml) for 100 min at room tem
perature. The reaction mixture was diluted with ether (100 ml) and 
the resulting precipitates were removed by filtration. The filtrate was 
washed with water (20 ml), 10% hydrochloric acid (3 X 20 ml), and 5% 
aqueous sodium bicarbonate (10 ml) successively, and dried (Na2S04). 
Removal of the solvent under reduced pressure afforded crude alde
hyde 15 as an oil (1.0 g, 73%), ir (neat) 2700, 1710, and 1630 cm-1, 
which was treated with hydroxylamine hydrochloride (2.1 g, 30 mmol) 
in 95% ethanol (50 ml) containing KOH (3.4 g, 60 mmol) under re
fluxing for 1 h. The cooled mixture was concentrated to ca. 20 ml, 
diluted with water (100 ml), and extracted with methylene chloride 
(3 X 30 ml). The combined extracts were dried (Na2SO,4) and evapo
rated to give curde oxime 14 as an oil (0.8 g). Chromatography on a 
silica gel column eluting with CHCl3-MeOH afforded pure oxime 14 
as an oil (0.605 g, 40.0% from 16): n22D 1.5268; ir (neat) 3260, 3100, 
3030, 1640, 1450,1320, 930, 905, 755, and 710 cm“ 1; NMR (CDC13) 
b 7.45 and 6.82 (each d, J = 7.0 Hz, 0.6 and 0.4 H, CH=NOH),

6.15-5.25 (m, 3 H, 2 H after shaking with D20, OH and CH=CH), 3.65 
(d, J  = 7.0 Hz, CHCH=NOH), and 3.1-0.9 (m, 8 H, other protons).

Anal. Calcd for C9Hi3NO: C, 71.49; H, 8.67; N, 9.26. Found: C, 71.36; 
H, 8.78; N, 8.99.

A mixture of 14 (180 mg, 1.19 mmol) and acetic anhydride (3 ml) 
was refluxed for 15 h. The cooled mixture was diluted with water (10 
ml), stirred for 5 h at room temperature, and extracted with ether (3 
X 20 ml). The combined extracts were washed with 5% aqueous so
dium bicarbonate (2 X 10 ml) and dried (Na2S04). Evaporation of the 
solvent gave crude nitrile 12 which on chromatography (silica gel, 
n-hexane) afforded 12 as an oil (110 mg, 69.5%). GLC retention times, 
n D  value, and spectral (ir and NMR) data were identical with those 
of the sample obtained from the Beckmann fragmentation reaction 
of 8a.

Hydrogenation of 12 and 13 to 6-endo-Cyanobicy- 
clo[3.2.1]octane (17). Nitrile 12 (30 mg, 0.23 mmol) was hydroge
nated in methanol (3 ml) with 10% Pd/C (12 mg) for 5 h under at
mospheric pressure at room temperature. After removal of the catalyst 
by filtration, the methanol solution was evaporated to dryness under 
reduced pressure to give 17 as colorless crystals, which were purified 
by sublimation (80 °C, 25 mm) (22 mg, 72.0%): mp 85-88 °C; ir (KBr) 
2930,2860,2230, and 1460 cm "1; NMR (CDC13) 6 2.80 (m, 1 H), 2.30 
(m, 2 H), and 2.1-0.6 (m, 10 H).

Anal. Calcd for C9H13N: C, 79.95; H, 9.69; N, 10.36. Found: C, 80.23; 
H, 9.89; N, 10.15.

Nitrile 13 (20 mg, 0.15 mmol) was hydrogenated under similar 
conditions to afford 17 (15 mg, 74.0%) which was identical with the 
sample from 12 on the basis of GLC retention times, ir, and NMR 
spectra.

Fragmentations of Lactam 9 —► 11 and of 10 —» 12 + 13. Each 
lactam 9 or 10 was treated with 20 w/w PPE in CHC13 under reflux 
for appropriate times, and the products were analyzed on GLC after 
workup as above. A 41.6:58.4 mixture of 9 and 10 was also treated 
similarly in order to compare the relative reactivity (see text).

Acknowledgments. We express our appreciation to Pro
fessor A. Nickon of the Johns Hopkins University for sending 
us copies of spectra] data and details for preparation of 7.

Registry No.—7, 17931-67-8; 8s, 58408-37-0; 8a, 58408-38-1; 9, 
58408-39-2; 10, 58408-40-5; 11, 58408-41-6; 12, 58408-42-7; 13, 
58408-43-8; 14, 58408-44-9; 15, 58408-45-0; 16, 39837-57-5; 17, 
58408-46-1.

References and Notes

(1) Part 31: T. Sasaki, S. Eguchi, and S. Hatton, S y n th e s is ,  718 (1975).
(2 ) N itrile 2 is generally isolated as 2,4-disubstituted adamantane derivatives 

after rr-route cyclization in strongly acid ic media; for exam ple, see T. 
Sasaki, S. Eguchi, and T. Toru, T e tra h e d ro n  L e t t . ,  1109 (1971).

(3) (a) J. G. Korsloot, V. G. K e iz e r, a n d  J. L. M. A. Schlatmann, R e e l. Trav. C h im . 
P a y s -B a s , 88, 447 (1969); (b) V. L. Narayanan and L. Setescak, J . H e te r -  
o c y c l.  C h em ., 6 ,445  (1969); (c) J. G. Korsloot and V. G. Keizer, T e tra h e d ro n  
L e tt., 3517 (1969); (d) T. Sasaki, S. Eguchi, and T. Toru, J . O rg . C h e m ., 35, 
4109 (1970), and references cited therein; (e) R. M. B lack and G. B. Gill, 
J . C h e m . S o c . C , 671 (1971).

(4) (a) T. Sasaki, S. Eguchi, and T. Toru, J . O rg . C h e m ., 36, 2454 (1971); (b) 
T. Sasaki, S. Eguchi, and M. Mizutani, ib id .,  37, 3961 (1972).

(5) (a) A. Nickon, C. D. Pandit, and R. O. W illiam s, T e tra h e d ro n  L e t t . ,  2851 
(1967); (b) D. C o n e y , Ph.D. Thesis, T h e  Johns Hopkins University, 1973;
(c) see also J. S. W ishnok, P. v. R. Schleyer, E. Funke, G. D. Pandit, R. O. 
W illiams, and A. Nickon, J . O rg . C h e m ., 38, 539 (1973).

(6) The prefix “ syn or anti”  re fer to  the direction of the oxim e hydroxyl group 
with respect to the Ch methine group.

(7) K. D. Berlin and S. Rengaraju, J . O rg . C h e m ., 36, 2912 (1971).
(8) L. M. Jackman and S. Sternhell, "A pp lica tions of Nuclear Magnetic Res

onance Spectroscopy in Organic Chemistry” , Pergamon Press, Elmsford,
N.Y., 1969, p 281.

(9) See re f 8, p 230.
(10) See ref 8, p 93.
(11) T. Sasaki, S. Eguchi, and T. Kiriyama, J. O rg . C h e m ., 38, 2230 (1973).
(12) P. A. Smith, "M olecular Rearrangements", Part I, P. de Mayo, Ed., Inter

science, New York, N.Y., 1963, p 483.
(13) The form ation o f 9 in a higher ratio could be explained by considering an 

azidohydrin intermediate! A regiospecific  ring expansion of 7 to  pro- 
toadamantan-5-one w ith diazomethane has been reported recently: M. 
Farcasiu, D. Farcasiu, J. Slutsky, and P. v. R. Schleyer, T e tra h e d ro n  L e tt. ,  
4059 (1974).

(14) For reviews, see (a) C. A. Grob and P. W. Schiess, A n g e w . C h e m ., In t. Ed. 
E n g l., 6, 1 (1967); (b) C. A. Grob, ib id .,  8, 535 (1969).

(15) Participation of n itrilium  cation intermediate in cyc lic  systems seems not 
plausible because of expected high strain.

(16) R. Gleiter, W.-D. Stohrer, and R. Hoffmann, H e lv . C h im . A c ta ,  55, 893 
(1972).

(17) The dihedral angles (ex) defined by bonds N ^ C i  (or C i - N 2) and C 3- C 4 are 
not important for the concerted fragmentation, although if a  =  0 ° , there 
is a possib ility  that the concerted fragmentation becomes forbidden and 
cyclization becomes e lectron ically allowed; see re f 16.



(18) In our experim ent the Beckmann rearrangem ent o f 1-oxime under the 
sim ilar conditions w ith PPE afforded 2 and 3 In 30:70 ra tio  a t 90%  con
version. See also re f 3.

(19) E. M. Engler, L. Chang, and P. v. R. Schleyer. T e tra h e d ro n  L e tt., 2 5 2 5  
(1972).

(20) A considerable stabilization e ffect o f alkyl group on the transition state has 
been reported recently in the so lvo lytic fragm entation of unsym m etrical
4-plperidinol derivatives: C. A. Grab, W. Kunz, and P. R. Marbet, T e tra h e d ro n  
L e tt. , 2613 (1975).

(21) Cf. re f 4a and V. G. Keizer, J. G. Korsloot, F. W. v. Deursen and M. E. v. d. 
Heeden, T e tra h e d ro n  L e t t . ,  2059(1970).

(22) For example, protoadamantane, adamantane, homoadamantane, and 
1,1-blshomoadamantane have been reported to  have calculated strain 
energy 18.29, 6.87, 14.59, and 23.46 kca l/m ol, respectively: E. M. Engler,

Solvolysis of Benzobicyclo[3.2.1]octenylmethyl Tosylates J. Org. Chem., Voi. 41, No. 10,1976 1807

J. D. Andose, and P. v. R. Schleyer, J . A m . C h e m . S o c . ,  95, 8005 
(1973).

(23) Microanalyses were performed with a Perkin-Elmer 240 elemental analyzer. 
Melting points were determined w ith a Yanagimoto m icrom elting point 
apparatus (hot-stage type) in sealed tube and are uncorrected. Ir spectra 
were taken with a Jasco IRA-1 spectrometer. NMR spectra were taken with 
a JEOL C-60HL or a JEOL JNM-MH-100 spectrom eter using M e jS i as in
ternal standard, and mass spectra w ith a JEOL 01SG spectrom eter at 75 
eV. GLC analyses were performed with a Neva gas chromatograph, Model 
1400, and prepa-atlve GLC with a Varian Aerograph Model 700.

(24) H. C. Brown and C. P. Garg, J . A m . C h e m . S o c . ,  83, 2952 (1961).
(25) L. F. Fleser and M. Fieser, "Reagents for Organic Synthesis", Wiley, New 

York, N.Y., 1967, p 892.
(26) See ref 25, p 145.

S o lv o ly sis  o f  B e n z o b ic y c lo [3 .2 .1 ]o c te n y lm e th y l T o sy la te s

M artin Haslanger, Steven Zawacky, and Richard G. Lawton*

Department of Chemistry, University of Michigan, Ann Arbor, Michigan 48109 

Received September 9, 1975

exo- and endo-benzobicyclo[3.2.1]octenylmethyl tosylates (1 and 11) were synthesized from the pyrrolidine ena- 
mine of 2-indanone using methyl-/?,/T-dibromoisobutyrate (3) ;n an ay  annelation reaction. The endo hydroxy
methyl tosylate 1 undergoes acetolysis at 75 °C with a rate of 2.3 X 10' 5 s ' 1, 58 times that of the exo methyl tosylate 
(11). The products of the acetolysis of 1 were completely rearranged having a benzobicyclo[3.3.1]nonane skeleton 
(acetate 13 and olefin 12).

Participation o f an aromatic m oiety to the site o f  a devel
oping cation is an area o f organic chemistry which continues 
to be a source o f  fascinating and informative investigations.1 

Included among those structural factors which affect the 
contribution o f  aryl ir-participation are the orientation o f the 
aromatic ring with respect to the leaving group, the nature o f 
the substituents on the aromatic ring, and the number and 
type o f bonds in the chain between the aromatic ring and 
leaving group as well as the number o f degrees o f  freedom  in 
that chain. In spite o f  many extensive studies, there are few 
examples o f  systems in which a remote, developing primary 
cation is constrained to the face o f  an aromatic ring .2 The 
benzobicyclo[3.2. l]octenyl-endo-m ethyl tosylate structure
( 1 ) contains this advantageous characteristic.

The synthetic design for a molecule such as 1 in which only 
a single mode o f participation was likely to occur and in which 
the essential configurational and steric relationships were 
maintained was facilitated by the demonstrated ability o f our 
a,a ' annelation reaction3 to  provide unstable endo stereoiso
mers in the construction o f bicyclic frameworks. Annelation 
o f the pyrrolidine enamine o f 2-indanone4 2 with /3,/T-dibro- 
moisobutyrate 3 yielded crystalline benzobicyclo[3.2.1]octenyl 
ester 5 by way o f the intermediate enamine acrylate 4.5 The 
endo stereochemistry o f  the ester function in bicyclic 5 was 
supported by its conversion to exo epimer 6  with sodium 
m ethoxide-m ethanol, accompanied by a shift in the ]H N M R  
resonance o f the ester methyl to lower field. The ester methyl 
o f endo ester 5 lies in the shielding cone o f the benzene ring 
and resonates at 0.5 ppm higher field in the 1H N M R  than the 
methyl o f exo ester 6 . K eto ester 5 was converted to  its tos-

ylhydrazone and reduced with lithium aluminum hydride .6 

T he resulting endo alcohol 7 was characterized as acetate 8 . 
Starting from  exo ester 6 , an identical route yielded alcohol 
9 and acetate 10. T he JH N M R  data o f  alcohols 7 and 9 and 
acetates 8  and 1 0  indicated that the stereochemistry o f esters 
5 and 6 was maintained during the transformations. The p -  
toluenesulfonates 1  and 1 1  were prepared from  the corre
sponding alcohols in the usual manner .7

The severe diaxial interactions in the endo methyl tosylate 
1  m ight cause it to have a significant population o f  the boat 
conform ation la , destroying the geom etry appropriate for

la
participation. Such a conform ation is developed in the cor
responding bicyclo[3.3.1]nonanone m ethyl derivatives .30 

Nevertheless both the solvolytic data and 1H N M R  o f endo 
tosylate 1  at room temperature and low temperature suggest 
that it exists predominantly in the chair form 1 . Protons o f the 
methylene bearing the tosylate, in endo epimer 1 , occur 1 . 1  

ppm  upfield o f  those in the epimeric exo tosylate 1 1  and are 
unchanged to —80 °C in acetone. There is also evidence from 
lactonization experiments on other members o f  the benzobi- 
cyclo[3.2.1]octenyl series that the chair form  is the predom i
nant conform ation .311

The suitability o f  the architecture o f  endo tosylate 1 for 
participation was reflected by both its enhanced rate and by 
its products o f  acetolysis which were com pletely rearranged. 
Acetolysis o f  bicyclic endo methyl tosylate 1 at 75 °C  pro
ceeded with a rate o f  2.3 X 10“ 5 s ' 1, 58 times faster than the 
corresponding exo methyl tosylate 1 1  and 1 0 0  times faster 
than isobutyl tosylate .8 The products o f  endo methyl tosylate
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9, R = H
10, R = CH3CO 
H R = Ts

7, R = H
8. R = CHjCO 
1, R = Ts

1 acetolysis were o f  com pletely rearranged structure. None 
o f the unrearranged acetate 8 was detected in the solvolysis 
mixture (limit about 2 %) which was com posed only o f olefin 
12 and acetate 13 in a ratio o f  3:7.5. The proposed structures

12 13

14 15 16

o f the solvolysis products are supported by spectral data. 
Olefin 12 is consistent with its 'H  N M R  which showed two 
vinyl protons, four aromatic, five allylic or benzylic protons, 
and three aliphatic protons. The observation o f three aliphatic 
protons (5 2.1-1.7) appeared to eliminate the isomeric olefin
14. This conclusion is in accord with reported N M R  data for 
bicyclo[3.3.l]nona-2 ,6 -diene .9 Similar arguments rule out 
olefins 15 and 16. Both the VPC behavior and single acetate 
methyl at 5 1.93 suggested the form ation o f only one epimer

at carbon 7 for 13 and the stereochemistry o f the acetate fo l
lows from m echanistic considerations as well as its N M R.

A mechanism consistent with these results is ionization o f 
tosylate 1 with concom itant form ation o f  species 17a and/or 
17b.

Because the position o f  the developing cation above the 
aromatic ring is fixed directly between the two participating 
carbons in 1, the contribution o f  form  such as 17b as an in
termediate may be enhanced over that o f  17a. Such symmetry 
as in 1  may require a somewhat different mode o f participation 
than that required for Ari-5 or Ar2-6 10 participation alone.

The stabilized ion 17 could have taken several routes to 
restore the aromaticity o f  the participating phenyl nucleus. 
Elimination o f axial hydrogens at carbons 6  or 8  could yield 
olefins 12 and/or 14. The reason for the form ation o f  only 
olefin 1 2  is not apparent.

Alternatively, the ion 17 could be attacked directly by an 
acetate nucleophile at carbons 4 or 7. Absence o f acetate 8 in 
the solvolysis mixture ruled out any observable attack at 
carbon 4. Exclusive rearrangement o f  the bridged ion 17 is 
consistent with the labeling experiments o f  Jackman and 
co-workers .1 1  Acetate attack at carbon 7 o f ion 17 should lead 
to  the exo stereochemistry proposed for acetate 13.

The rate o f  acetolysis o f  endo tosylate 1 also supports the 
presence o f  participation in the rate-determining ionization 
process. The acetolysis o f  exo tosylate 11, which gives only the 
nucleophilic displacem ent product, acetate 1 0 , proceeds at a 
much slower rate. Absolute and relative rates o f  acetolysis o f  
this and other relevant aryl tosylates are accumulated in Table
I. While consistent with the rate observed for a simple model, 
isobutyl tosylate, the solvolysis rate o f  exo tosylate 1 1  is 
probably not an ideal comparison rate for the endo tosylate 
1  because o f the greater distance o f the function from  the ar
omatic ring. While the steric environment o f  the endo tosylate 
1  is such that solvolytic displacem ent by acetate is severely 
im peded if not impossible, the rate observed for 1 1  is likely 
due only to  displacement.

A rearrangement-internal return pathway followed by a 
slower acetolysis o f the rearranged sulfonate was not signifi-
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Table I. Rates o f  Acetolysis at 75 °C

X  = OTs s - 1

ref 2a

2 .3  X I Q “5

4 X IQ ' 7

7 .3  X 1 0 - 6

7 .7  X I Q '7

OTs
ref 2b

4 .8  X 1 0 - 7

ref 8

6 .3  X 1 0 - 7

2 .3  X 1 0 - 7

Rela- kendo/
tive feexo

1 0 0  A  58

1 .7

32 A  9.7

3.3

2

2 .7

1

cantly affecting the rate o f  acetolysis o f  com pound 1. The 
acetolysis rate could be easily m onitored by N M R  using per- 
deuterioacetic acid solvent at 59 °C. Comparison o f the rate 
o f  appearance o f the methyl signal o f  p-toluenesulfonic acid 
(5 2.4), the rate o f  form ation o f the distinctive signal for the 
aromatic portions o f  12 and 13 (5 7.1), and the rate o f  disap
pearance o f both the methyl signal o f the p-toluenesulfonate 
(<5 2.5) and the aromatic singlet (5 6.9) o f  starting tosylate 1 
proved the concom itant rearrangement and solvolysis. The 
rate obtained by this study was com parable to that obtained 
by titration at the higher temperature (about 8 X 10-6  s- 1  at 
58 °C).

Though the difference in relative rates between 1 and 11 is 
not highly dramatic (endo/exo rate ratio o f  59) compared with 
double bond rate ratios, this example gives some suggestion 
o f  the maximum rate expected in primary carbon participa
tion o f  aromatics without activating substituents. The pre
vious maximum rate ratio for aromatic participation was o b 
served by Tanida and M uneyuki2 having a participation rate 
ratio o f 9.7 (endo/exo) (Table I). Their example, having an 
ethyl side chain, has more degrees o f  freedom.

E x p erim en ta l S ection

General. Melting points were taken on a Thomas-Hoover capillary 
melting point apparatus and are uncorrected. Proton magnetic res
onance spectra were obtained on Varian Associates T-60 and T-60A 
instruments and a JEOL JNM PS-100 spectrometer. Mass spectra 
were obtained on an Associated Electrical Industries MS-902. Infrared 
spectra were recorded on a Perkin-Elmer 457 spectrophotometer. 
Vapor-phase chromatography was performed on a Varian Aerograph 
Model 90-P3 instrument using the following columns: A, 5% SE-30 
on Chromosorb G, 0.25 in. X 6 ft; B, 5% SE-30 Chromosorb G, 0.25 in.

X 1.5 ft. Elemental analyses were performed by Spang Microanalytical 
Laboratory, Ann Arbor, Mich.

Spectral data were obtained as follows: NMR as solutions in deu- 
teriochloroform (units in parts per million downfield from internal 
Me4Si); ir as solutions in chloroform or deuteriochloroform (units in 
cm-1, calibrated with the 1601-cm-1 polystyrene absorbance); m/e 
70 eV.

Methyl Benzobicyclo[3.2.1]octen-8-one-3-endo-carboxylate
(5) . To a solution of 27.7 g (0.150 mmol) of the pyrrolidine enamine 
of 2-indanone 2 and 30.4 g (0.30 mmol) of triethylamine in dry 
methanol (300 ml) was added 39.0 g (0.15 mmol) of methyl /3,/?'-di- 
bromoisobutyrate over a 10-min period. The resulting solution was 
heated to reflux under nitrogen for 3 h, water (75 ml) added, and the 
mixture allowed to cool to ambient temperature for 2 h. Water (225 
ml) was then added to the reaction mixture and the resulting solution 
extracted with chloroform (5 X 100 ml). The combined chloroform 
extracts were washed with 10% HC1 (2 X 300 ml), saturated KHCO3 
(2 X 250 ml), and saturated NaCl (2 X 250 ml) and dried (Na2S0 4). 
The solvent was removed to yield a dark oil which was taken up in 
chloroform and filtered through alumina, and the resulting solution 
taken to dryness. The material obtained from the alumina filtration 
was sublimed (100-107 °C at 0.1 mm) to yield 9.7 g (28%) of the ben- 
zobicyclo[3.2.l]cyclooctenyl ester 5: mp 106-108 °C; ir 1720, 1760 
cm -1; NMR S 3.6 (s, 3 H, OCH3), 7.25 (s, 4 H, Ph); m/e 230.

Anal. Calcd for C14H14O3: C, 73.03; H, 6.13. Pound: C, 73.14; H, 6.16.
Methyl Benzobicyelo[3.2.1]octen-8-one-3-exo-carboxylate

(6) . To a solution of 3 mmol of sodium methoxide in methanol (12 ml) 
was added 690 mg (3 mmol) of the endo ester 5. The solution was 
heated to reflux under nitrogen for 34 h. The cooled reaction mixture 
was acidified with 5% acetic acid and the resulting solution was ex
tracted with methylene chloride (30 ml). The methylene chloride 
solution was washed with 5% KHCO3 (10 ml) and dried (Na2S0 4). The 
solvent was removed to yield 547 mg (79%) of the exo ester 6: mp 
105-108 °C; ir 1760,1725 cm“ 1; NMR 5 3.64 (s, 3 H, OCH3), 7.25 (s, 
4 H, Ph); m/e 230.

Anal. Calcd for Ci4H140 3: C, 73.03; H, 6.13. Found: C, 73.14; H, 6.16.
Benzobieyclo[3.2.1]octenyl-efldo-methyl Alcohol (7). To a 

solution of 920 mg (4 mmol) of the endo ester 5 in tetrahydrofuran 
(THF) (10 ml) was added 800 mg (4.3 mmol) of p-toluenesulfon- 
ylhydrazine and 5 drops of acetic acid. The solution was allowed to 
stand at ambient temperature for 25 h, then the solvent was removed 
and the tosylhydrazone dried in vacuo to give a white solid foam which 
showed no ketone absorbance (1760 cm-1) in the ir. To a slurry of 
LiAlH4 (600 mg) in dry THF was added a solution of the tosylhy
drazone in THF (15 ml). The resulting mixture was heated to reflux 
under nitrogen for 24 h, an additional 100 mg of LiAlH4 added, and 
the reflux continued for 58 h. The excess hydride was quenched by 
the addition of ethyl acetate followed by saturated NH4C1 (10 ml) and 
the resulting soluton stirred at ambient temperature for 0.5 h. The 
granular precipitate was Filtered and washed with methylene chloride 
(50 ml) and ether (40 ml). The combined organic solutions were 
washed with 2 N HC1 (50 ml), saturated KHCO3 (50 ml), and satu
rated NaCl (40 ml) and dried (Na2S0 4). The solvent was removed to 
yield 460 mg (65%) of the crude alcohol 7 as an oil: ir 3590, 2920 cm-1; 
NMR 5 2.2 (m, 2 H), 3.1 (m, 2 H), 7.11 (s, 4 H, Ph); m/e 188. Attempted 
preparation of an analytical sample of the alcohol by VPC failed, 
apparently owing to decomposition. An acceptable analysis was ob
tained on the acetate derivative 8.

Benzohicyclo[3.2.1 Joctenyl-exo-methyl Alcohol (9). To a so
lution of 890 mg (3.9 mmol) of the exo keto ester 6 in tetrahydrofuran 
(THF) (10 ml) was added 745 mg (4.0 mmol) of p-toluenesulfon- 
ylhydrazine and 5 drops of acetic acid. The resulting solution was 
allowed to stand at ambient temperature for 24 h, then the solvent 
was removed and the tosylhydrazone dried in vacuo. To a slurry of 
800 mg of LiAlH4 :n dry THF was added a solution of the tosylhy
drazone in THF (10 ml). The resulting mixture was heated to reflux, 
under nitrogen, for 44 h, an additional 200 mg of LiAlH4 added, and 
the reflux continued for 84 h. The reaction mixture was processed as 
in the preparation of alcohol 7 to yield 658 mg (90%) of the exo methyl 
alcohol 9 as an oil: :r 3590, 2920 cm-1; NMR S 3.39 (d, 2 H), 7.18 (s, 4 
H, Ph); m/e 188. Again attempted preparation of an analytical sample 
by VPC failed, apparently owing to decomposition of the alcohol. An 
acceptable analysis was obtained for the acetate derivative 10.

Benzobicyclo[2.1.1]octenyl-3-eini,o-methyl Tosylate (1). To 
an ice-cooled solution of 500 mg (2.7 mmol) of endo alcohol 7 in dry 
pyridine (7.5 ml) was added 1.02 g (5.3 mmol) of p-toluenesulfonyl 
chloride. An immediate color change was noted as a reddish-yellow 
color appeared. The solution, in a stoppered Erlenmeyer flask, was 
allowed to stand in a refrigerator for 210 h. The reaction mixture was 
poured into 30 ml of ice water and the mixture was stirred until the
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ice melted. The aqueous mixture was extracted with ether (75,25 ml) 
and the combined ether extracts were washed with cold 2 N HC1 (2 
X 30 ml), water (20 ml), and saturated NaCl (20 ml) and dried 
(Na2S0 4). The solvent was removed to yield 821 mg (90%) of the crude 
tosylate 1. The tosylate was recrystallized from pentane-ether: mp
59-61 °C; ir 1175,1190 cm "1; NMR 5 2.43 (s, 3 H), 6.98 (s, 4 H, Ph); 
m/e 342.

Anal. Calcd for C20H22O3S: C, 70.08; H, 6.47. Found: C, 69.78; H,
6.16.

Benzobicyclo[3.2.1]octenyl-3-exo-methyl Tosylate (11). To
an ice-cooled solution of 323 mg (1.7 mmol) of exo alcohol 9 in dry 
pyridine (5 ml) was added 665 mg (3.5 mmol) of p-toluenesulfonyl 
chloride. An immediate color change occurred and a bright yellow 
color was noted. The resulting mixture was processed as in the prep
aration of the endo tosylate 1 to give 525 mg (90%) of crude exo tos
ylate 11 which was purified by recrystallization from pentane-ether: 
mp 60-62 °C; ir 1175,1190 cm "1; NMR 5 2.42 (s, 3 H, CH3), 3.13 (m, 
2 H), 3.77 (d, 2 H, CH20 -), 7.10 (s, 4 H, Ph); m/e 342.

Anal. Calcd for C20H22O3S: C, 70.08; H, 6.47. Found: C, 69.80; H,
6.36.

Acetate Derivative (8) of Endo Alcohol 7. To a solution of 100 
mg of endo alcohol 7 in acetic anhydride (2 ml) was added 10 drops 
of pyridine and the resulting solution heated to 70 °C under nitrogen 
for 18 h. The reaction mixture was poured into water (25 ml) and the 
resulting aqueous solution was extracted with ether (30 ml). The ether 
extract was washed with 2 N HC1 (20 ml), saturated KHCO3 (20 ml), 
and saturated NaCl (15 ml) and dried (Na2SO,i). The solvent was 
removed to yield 118 mg of acetate 8 as an oil. An analytical sample 
was obtained by preparative VPC on column A: ir 170 cm-1; NMR 
5 1.90 (s, 3 H, CH3CO-), 2.75 (d, 2 H), 3.10 (m, 2 H), 7.17 (s, 4 H); m/e 
230.

Anal. Calcd for Ci6Hi80 2: C, 78.23; H, 7.83. Found: C, 78.40; H, 7.83.
Acetate Derivative (10) of Exo Alcohol 9. To a solution of 100 

mg of alcohol 10 in acetic anhydride (2 ml) was added 10 drops of 
pyridine and the resulting solution was heated to 80 °C under nitrogen 
for 14 h. The reaction mixture was processed as in the preparation of 
acetate 8 to yield 45 mg of the exo acetate 10 as an oil. An analytical 
sample was obtained by preparative VPC on column A: ir 1715 cm-1; 
NMR d 1.93 (s, 3 H, CH3CO), 3.10 (m, 2 H), 3.80 (d, 2 H, CH20 -), 7.10 
(s, 4 H, Ph); m/e 230.

Anal. Calcd for Ci5H180 2: C, 78.23; H, 7.83. Found: C, 78.19; H, 7.86.
Acetolysis of Endo Tosylate 1. A solution of 105 mg (0.3 mmol) 

of tosylate 1 in glacial acetic acid (1.4 ml) was sealed in a ampule and 
heated at 75 °C for 12 h. The cooled reaction mixture was poured into 
water (10 ml) and methylene chloride (20 ml). The organic phase was 
washed with saturated KHCO3 (10 ml) and saturated NaCl (10 ml) 
and dried (Na2S04). The solvent was removed to yield 81 mg of a 
crude oil which was a mixture of acetate 13 and olefin 12 in the ap
proximate ratio 7.5:3 (determined by VPC) and also contained some 
unreacted tosylate 1 (NMR). Analytical samples were obtained by 
preparative VPC on columns A and B.

Acetate 4: ir 1720 cm '1; NMR & 1.93 (s, 3 H, CH3CO), 4.93 (m, 1 H, 
HCO-); m/e 230.

Anal. Calcd for Ci5H180 2: C, 78.23; H, 7.83. Found: C, 78.53; H, 7.96.
Olefin 3: ir 3015 cm“ 1; NMR 5 5.67 (m, 2 H, HC=CH), 7.07 (s, 4 H, 

Ph); m/e 170.
Anal. Calcd for C13H14: C, 91.71; H, 8.29. Found: C, 91.55; H, 8.45.
Acetolysis of Endo Tosylate 1 in Deuterioacetic Acid. A 30-mg 

sample of tosylate 1 was dissolved in 0.5 ml of deuteroacetic acid in 
an NMR tube. Immediate scan of the mixture at the temperature of 
the probe (35 °C) showed no new peaks. Scans at 10, 20, and 40 min 
showed no changes. After 12 h the spectrum remained essentially

unchanged. The NMR tube was then heated in a refluxing chloroform 
bath. The tube was withdrawn from the bath at intervals and 
quenched in ice water. The spectrum scan showed the development 
of the p-toluenesulfonic acid methyl singlet at 2.40 ppm and the 
disappearance of the methyl singlet of 1 at 2.5 ppm. The aromatic 
signal of 1 at S 6.95 disappeared and the characteristic multiplet ob
served for the benzobicyclo[3.3.1]nonane system appeared. At the 
same time the multiplet for the unshielded O-CH hydrogen of the
[3.3.1] system appeared at S 4.8. Crude rate measurements indicated 
a i i/2 of about 1400-1500 min for each of these processes which com
pares with the titrimetric rate. VPC of the final mixture showed both 
olefin 12 and acetate 13.

Acetolysis of Exo Tosylate 11. A 0.03 M solution of exo tosylate 
11 in glacial acetic acid was heated at 75.0 °C to 50% completion. The 
reaction mixture was processed as in the acetolysis of endo tosylate
1. The material isolated was identical by NMR and VPC with a mix
ture of exo tosylate 11 and exo acetate 10.

Rate Measurements. The procedure used for determination of 
solvolysis rates is that of Winstein.12 Aliquots of a 0.032 M solution 
of endo tosylate 1 in glacial acetic acid, containing 1% by weight acetic 
anhydride, were sealed in ampules and placed in an oil bath ther- 
mostatted at 75.0 °C (±0.1 °C) Ampules were removed at appropriate 
intervals and immersed in ice. The ampule was then allowed to warm 
to room temperature and a 5.0-ml aliquot removed and titrated with
0.05 M sodium acetate to a bromophenol blue end point. The rate was 
followed to ~85% completion and the plot of log (Co/Ct) vs. time was 
computed. A regression analysis of the In (Co/Ct) as a function of time 
yielded the rate, k = 2.28 (±0.07) X 10-5 s_1.

The identical procedure was used for the exo tosylate 11. The plot 
of log (Co/Ct) against time followed by a regression analysis of In 
(Co/Ct) as a function of time gave the rate, k = 4.0 (±0.3) X 10-7 s-1.

Registry No.—1, 58426-32-7; 2, 39157-79-4; 3, 22262-60-8; 5, 
55529-62-9; fi, 55511-69-8; 7,58426-33-8; 8,58426-34-9; 9,58462-39-8; 
10, 58462-40-1; 11, 58462-41-2; 12, 58426-35-0; 13, 58426-36-1; sodium 
methoxide, 124-41-4; p-toluenesulfonylhydrazine, 1576-35-8; p-tol
uenesulfonyl chloride, 98-59-9: acetic anhydride, 108-24-7.
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The synthesis of 2- (CH30, CH3, Cl, Br, I, CN) and 3-substituted (CH30, CH3, CH3S, Br, COCH3, CN, N 02) 
derivatives of 2-(l-azulyl)ethanol (1-OH) and 1-OAc by combining conventional procedures are reported. A meth
od for the protodeamination of diethyl 2-amino-6-bromoazulene-l,3-dicarboxylate (3) to diethyl 6-bromoazulene-
1,3-dicarboxylate (7) in 93% yield using p-hydroquinone as in situ reducing agent of the intermediate diazonium 
salt is described. 7 and diethyl 6-methoxyazulene-l,3-dicarboxylate were found to hydrolyze when dissolved in 
concentrated sulfuric acid and then the yellow solution poured into water in excellent yields. The resulting 1,3- 
diacids were then thermally decarboxylated to 6-bromo- (16) and 6-methoxyazulene (17), respectively. Direct 0- 
hydroxyethylation (ethylene oxide and A1C13) of 16, 17, and 6-methylazulene gave the respective 6-X -l-O H ’s. 6- 
CN-l-OH was prepared from the reaction of 6-Br-l-OAc and cuprous cyanide in DMF followed by hydrolysis. 
The tosylate esters of these derivatives of 1-OH were generally prepared in ether with powdered potassium hy
droxide and p-toluenesulfonyl chloride. The substituent effects on Amax of azulene in the visible spectra of the 
above derivatives are discussed.

In 1971 we reported certain preliminary results on the 
buffered acetolysis o f  2-(l-azu lyl)ethyl tosylate (1-O Ts) 
demonstrating that the 1 -azulyl substituent was a “ super
participator”  in /Tarylethyl arenesulfonate solvolyses2 with 
ki-OTs/&PhCH2CH2OTs ~  105 for the k A process at 25 °C .3 

Buffered acetolysis o f  1-OTs was shown to proceed exclu
sively by the k A process in the absence o f  ion-pair return 
and with the ionization step, k A, being rate determining .3

W ith these primary points established, it becam e o f in
terest to us to consider how substituents at the seven non
equivalent ring positions in 1 -O Ts and 2 would influence 
this k A process. Before such studies could be carried out, 
appropriate synthetic procedures leading to  the desired de
rivatives must, o f  course, be developed. It is the syntheses 
o f  derivatives o f  1-OH at the three m ost diverse positions, 
the 2 (benzene ortholike), the 3 (benzene metalike), and 
the 6  position (long-range benzene paralike), that we wish 
to describe here.

Tw o m ethods are available for introducing the /3-ethanol 
side chain onto the azulene 1 position. T he first is the 
method o f Anderson ,4 which involves electrophilic N ,N - 
dim ethylaminom ethylation, quaternerization with CH 3I, 
displacem ent with CN (—* -C H 2CN ), hydrolysis (—► 
-C H 2CO2H ), and diborane reduction to  1-OH. This was the 
procedure used in our initial studies, and is most conve
nient for specific C a- D 2 labeling with B 2D 6 reduction o f 1 - 
azulylacetic acid. T he second m ethod involves direct /?- 
hydroxyethylation o f azulenes with ethylene oxide and 
AICI35 and was the m ethod o f choice in our later syntheses.

Synthesis of 3-Substituted 1-OH’s. The pioneering re
search o f Anderson and his co-workers at the University o f 
W ashington in the 1950’s and 1960’s established the ease 
and generality o f  electrophilic substitution at the 1(3) posi
tion o f azulene and various substituted derivatives. W ith

Scheme I

(̂SCN^CCl, 
V ref 6

3-SCH3-l-OAc

(88%)

CH2CH.,OAc

CH2CH2OAc 
/

NBS 
CCI,

ref 8 Br
3-Br-l-OAc (96%)

Ac20, SnCL*
PhNO* CH2CH2OAc

o © >

COCB,
3-COCHfl-OAc (86%) 

CH,CH,OAc

n o 2
3-NO,-l-OAc (89%)

NHAc 
3-NHAc-l-OAc (95%)

quantities o f  1-OH and 1-OAc available by either o f  the 
above procedures, the range o f desired 3 -X -l-O H ’s (or ace
tates) was prepared by established methods outlined in 
Scheme I. Use o f  the mild nitrating reagent tetranitro- 
methane in pyridine9 also allowed for direct nitration of
1-OH to 3 -N 0 2- l -0 H  in 92% yield.

3-C N -1-O Ac was prepared in 32% yield by allowing 3- 
Br-1-O Ac to react with cuprous cyanide in refluxing di- 
methylformamide (D M F). D irect cyanation o f 1-OAc with 
cyanogen brom ide and stannic chloride 10 gave 3 -C N -l-O A c 
in 19% yield.

3 -C H 3 -I-O H  was prepared by N ,N-dim ethylam inom eth- 
ylation4 o f  1 -OH followed by quaternization o f the tertiary
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amine with methyl iodide; the yield o f  the iodide salt was 
87%. Reduction o f this quaternary salt with sodium bor- 
ohydride in ethanol under reflux for 7 min gave a 51% yield 
o f  3-C H 3 - l-O H  which was unstable in the presence o f 
traces o f  acids. Direct /3-hydroxyethylation5 o f 1 -methylaz- 
ulene produced only decomposition.

The synthesis o f  3-OCH 3- l-O H  starts with 1 -m ethoxy- 
azulene1 1  and uses Anderson’s stepwise construction o f the 
d-ethanol side chain4 as shown below. Here also, direct /?- 
hydroxyethylation5 gave only decom position.

0CH > (53%)

CH2CH2OH

CHUN — '  CH2C02H
r  /
(7 8 % ) ( 8 3 % )

3 -O C H  i- l - O H  (9 7 % )

The 3 -X -l-O H  or 3 -X -l-O A c  derivatives thus available 
are X  =  CH 30 ,  CH 3, H, SCH 3, Br, COCH 3, CN, and N 0 2.

Synthesis of 2-Substituted 1-OH’s. The preparation o f
2-substituted 1-O H ’s (also 6 -X - l-O H ’s) utilized the elegant 
Nozoe azulene synthesis where a substantial number o f  2- 
substituted azulenes have been reported.1®’12 This synthe
sis o f  2 -X -l-O H ’s begins with diethyl 2-am inoazulene-l,3- 
dicarboxylate (3) and makes use o f  four factors: (a) replace
ment o f  the amino function by X  = Cl, Br, or I (3 —1► 4 -X ) , 12

(b) the ease o f  nucleophilic displacem ent o f  X :-  by Y i n  
4 , la ’12  (c) the ability to thermally decarboxylate the azu- 
lene-l,3-dicarboxylic acids to  the corresponding azu
lenes , 1 ’12 ’13  and (d) the ability o f  5 to undergo halogen in
terchange [5 (X  =  Cl) —► 5 (X  = I)]. Thus we had available

C02Et C02R

4

( Q l g v - x f f )

5
2-substituted azulenes (5) where X  = CH 30 ,  CH 3, Cl, B r , 14 

and I . 12  Each o f these was /3-hydroxyethylated (direct 
m ethod ) 5 in high net yield to the respective 2 -X -1 -0 H  
which were purified by repeated chromatography or (bet
ter) by conversion to the 2 -X -l-O A c, purification, and hy
drolysis to the alcohols. 2 -C N -l-O H  was prepared by treat
ing 2 -I-l-O A c in refluxing D M F  with cuprous cyanide in 
8 6 % yield followed by hydrolysis to the alcohol.

Thus, the 2 -X -l-O H  derivatives available are X  =  CH 30 , 
C H 3, H, Cl, Br, I, and CN.

Synthesis of 6-Substituted 1-OH’s. As pointed out 
above, the preparation o f 6 -X - l-O H ’s also began with 
amino diester 3 in the N ozoe synthesis. The preparation o f 
this series o f  com pounds was made possible by N ozoe’s 
finding that (a) bromination o f 3 proceeds exclusively to d i
ethyl 2-am ino-6-brom oazulene-l,3-dicarboxylate (6 ) 12a and
(b) nucleophiles readily replace Br in diethyl 6 -bromoazu- 
lene-l,3-dicarboxylate (7) , 15  and our discoveries o f  (c) the 
essentially quantitative hydrolysis o f  dialkyl azulene-1,3- 
dicarboxylates to their diacids when the esters were dis
solved in concentrated sulfuric acid and quenched in

water, 16 and (d) a superior m ethod for the protodeam ina
tion o f 6  —*■ 7 . 17

C02Et

» H w
C02Et

7

Since brom o diester 7 appeared to be the key com pound 
in the synthesis o f a variety o f  6 -substituted azulenes, e f
forts were made to optimize the protodeam ination o f  6 . In a 
m odification o f N ozoe ’s procedure , 15  amine 6  was convert
ed to  the purple-blue diazonium salt 8  in dioxane with sul
furic acid and sodium nitrite, the latter dissolved in a small 
amount o f  water. Addition o f a premixed solution o f  sulfu
ric acid and sodium hypophosphite in water gave a 50% 
yield o f  7. W hen the diazotization reaction was carried out 
in the presence o f finely ground, suspended sodium hypo- 
phosphite a 1:1 mixture o f  7 and diethyl 2,6-dibrom oazu- 
lene-l,3-dicarboxylate (9) was isolated. Reduction o f 8 with

sodium borohydride 18 gave 7 and 9 in a 1:9 ratio. Use o f 
ethanol as solvent and reducing agent in the diazotization 
o f  6 gave a 26% yield o f  7.

At least two factors contributed to the poor yields o f  7:
(1) inefficiency in the reduction o f  8 to  7, and (2) com peti
tive formation o f Br-  and attack by this nucleophile at C2 

o f 8  leading to dibrom ide 9. T he susceptibility o f  the C6-B r  
bond o f 8 toward nucleophilic displacem ent has been re
ported recently by N ozoe . 19

Our search for a better protodeam ination process for the 
6 —»■ 7 conversion thus centered on finding conditions in
volving an in situ reducing agent to be used in a nonaque- 
ous, nonnucleophilic solvent. Orton and Everatt20® in 1908 
mentioned that p-hydroquinone (H 2Q) reduced aryldiazo- 
nium salts. W e found the H2Q proved most suitable as the 
in situ reducing agent in dioxane solvent with isopentyl n i
trite and sulfuric acid generating the nitrosating reagent. 17  

Since the amine and H 2Q com pete for the nitrosating re
agent, excesses o f  H 2Q and alkyl nitrite are required in this 
in situ protodeamination method. T h e y ie ld  o f  p u rified  7 
from  6 was 9 3 % . The high efficiency o f this protodeam ina
tion is also seen in the fact that the deep purple-blue color 
o f  intermediate 8 is not observed in this reaction. T he 
present procedure2 1 should prove to be the m ethod o f 
choice especially where unstable, highly reactive aryldiazo- 
nium salts are produced and/or expensive amines are in 
volved.

W ith brom o diester 7 now available it was possible to 
proceed to the next step in the synthesis o f  6 -X - l -O H ’s. At 
this point, the ease o f  displacing Br-  from  7 by various nu
cleophiles, which was useful in preparing a num ber o f  d e 
rivatives o f  diester 10 (R  = Et), becam e a problem  when it
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came time to remove the 1,3-dicarboethoxy groups to o b 
tain the desired 6 -X-azulenes. N ozoe had reported that 
“ mild alkaline treatment o f ’ 7 produced diethyl 6 -hy- 
droxyazulene-l,3-dicarboxylate ( l l ) ; 15  this was readily ver
ified in our work. W ith 7 and sodium m ethoxide in metha
nol, diethyl 6-m ethoxyazulene-l,3-dicarboxylate (12) was 
form ed in 82% yield; N ozoe had prepared the ethyl ether o f  
12 in an analogous reaction . 15  W hen we attem pted to sapo
nify 1 2 , the first reaction to  occur was form ation o f the con 
jugate base o f  l l . 22 It was obvious at this point that acid 
hydrolysis conditions would be needed for the conversion 
o f  7 and 12 to  their corresponding diacids which might then 
be decarboxylated to yield 6 -brom o- (16) and 6 -m ethoxy- 
alzulene (17), respectively.

Considering the structure o f  diethyl azulene-l,3-dicar- 
boxylate (13) and recalling the classic results o f  Treffers 
and H am mett23 in the esterification-hydrolysis o f  m esitoic 
acid and its esters via the acylium ion produced in sulfuric 
acid, it appeared reasonable that 13 could yield m ono- (14) 
and diacylium ions (15) in strong acid. W hen 7 and 12 were

dissolved in concentrated sulfuric acid and these solutions 
then poured into ice-water, nearly quantitative yields o f  
the corresponding diacids were obtained. Each diacid was 
then thermally decarboxylated to the respective 6 -substi- 
tuted azulene. W hen 7 or 13 was dissolved in concentrated 
sulfuric acid in an N M R  tube, the hydrolysis could be fo l
lowed by N M R  spectroscopy. However, only the absorp
tions o f  the conjugate acids o f  the starting esters, interm e
diate half-esters, and product diacids were observed; 6 -Br- 
14 and 6-Br-15 had been observed previously in SbF 5-  
FSO 3H -S O 2 .16 T he 2-3%  water in reagent concentrated 
sulfuric acid was probably responsible for the different o b 
servations in the two media.

12 (97%)

ch ,o - ( C ) ®

17 (69%)

16 and 17 were /3-hydroxyethylated (direct) 5 to give the 
desired 6 -B r-l-O H  and 6 -O CH 3 -I-O H  in 41% (90% net) 
and 48% (93% net) yields, respectively. An attem pt to carry 
out Anderson’s stepwise /(-hydroxyethylation4 with 16 led 
to decom position during the base hydrolysis o f  6 -b rom o-l- 
azulylacetonitrile.

W hen 7 was allowed to react with potassium cyanide in 
ethanol, the sole product isolated was diethyl 6 -ethoxyazu- 
lene-l,3-dicarboxylate, previously prepared by Nozoe from 
the reaction o f  7 and sodium ethoxide in ethanol.15  R e 
placem ent o f  Br_ (in 7) by _ CN was accom plished with cu 
prous cyanide in D M F  at 130 °C  giving a 50% yield o f  d i
ethyl 6-cyanoazulene-l,3-dicarboxylate (18) along with an 
18% yield o f  diethyl 6-dim ethylam inoazulene-l,3-dicarbox- 
ylate (19).15 Am ine diester 19 must have resulted from  par
tial hydrolysis o f  the solvent DM F. T he chem istry o f  18 
was not further explored.

6 -Cyanoazulene (20) was obtained from  the reaction o f 
16 with cuprous cyanide in D M F  in 78% yield. As expected, 
20 failed to  undergo direct (3-hydroxyethylation with 70% 
o f 20 being recovered from the reaction. However, 6 -C N -l- 
OAc was obtained from  the reaction o f  6 -B r -l-O A c with cu 
prous cyanide in DM F. Base hydrolysis o f  6 -C N -l-O A c 
produced 6 -C N -l-O H .

Since bromination o f 3 had proceeded sm oothly to yield 
6  which ultimately was converted into 6 -B r-l-O H , a suc
cessful nitration o f  3 could conceivably produce 6 -N O 2-I - 
OH. W hile tetranitromethane in pyridine9 gave no reaction 
with 3, the reaction o f 3 and cupric nitrate in acetic anhy- 
dride6,8a'9 produced a base-soluble product. Elemental and 
spectral analysis o f  this acidic com pound established that 
it was not the expected C-nitration product, 6 -N 0 2 -3 , but 
rather the isomeric product o f N-nitration, diethyl 2-ni- 
troam inoazulene-1,3-dicarboxylate (21).

W e24 had previously prepared 6 -methylazulene by a 
m odification o f the Ziegler-H afner azulene synthesis.25 D i
rect /i-hydroxyethylation5 o f  6 -methylazulene gave 6 -CH 3-
1-OH along with a small am ount o f 2,2/ -(6-m ethyl-l,3-azu- 
lene)diethanol, the latter structure assigned on the basis o f 
its N M R  spectrum.

The 6 -X -l-O H  (or acetate) derivatives prepared in this 
study were X  = CH 3O, CH 3, H, Br, and CN.

Preparation of the Tosylate Esters. In general, the 
tosylate esters o f  the above derivatives o f  1-OH were pre
pared by treating the alcohol in ether at 0 °C  with freshly 
sublimed p-toluenesulfonyl chloride and crushed potassi
um hydroxide . 26 It was believed that this procedure would 
“ ensure”  the structural integrity o f  certain o f the more re
active substrates during this derivatization. Certain o f the 
tosylates were oily liquids and were routinely converted to 
their sym -trinitrobenzene (T N B ) com plexes for analysis 
and storage; in several cases, the T N B  com plexes were sta
ble to storage for months in the refrigerator while the un- 
com plexed, liquid tosylates decom posed after short periods 
o f  time.

Substituent Effects on Xmax in the Visible Region of 
Azulenes. W hile the major emphasis o f  this synthetic work 
was to prepare substituted 2 -(l-azulyl)ethyl tosylates for 
solvolytic studies, it is o f  interest to observe the substituent 
effects on the Amax in the visible spectra o f  these azulene 
derivatives. W e have a number o f various types o f  substitu
ents on the azulene ring 2, 3, and 6  positions, and their 
shifts (AAmax) as well as those o f  the related monosubsti- 
tuted azulenes are listed in Table I.

The small changes in Xmax seen in going from  1-OH (596 
nm) to 1-OAc (593 nm) to 1-OTs (590 nm) in CH 2CI2 sol
vent appear to be real since the same trend is noted in all
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Table I. Comparison o f Substituent Effects on the Visible 
\max o f 1-OH, 1-OAc, and 1-OTs and Related 

Monosubstituted Azulenes

AXmal, nm“'1 nm6 Ref

2-CH30-1 -6 0  ±  1 (3)c 2-CH3O-AZ -5 7 i, 12a
2-CH3-1 -1 8  ±  2 (2) 2-CH3-AZ -18« i
2-C1-1 -3 0  ±  2 (2) 2-Cl-Az -29 j, 12a
2-Br-l -2 8  ±  1 (3) 2-Br-Az -23 i
2-1-1 -1 8  (1) d-e 2-I-Az -20 j ,  12a
2-NC-l 53 ±  2 (3) 2-NC-Az 55 12a
3-CH3O-I 101 ±  2 (2) I-CH3O-AZ 104 ¡',11
3-CH3-I 29 ±  1 (2) l-CHs-Az 28 4
3-CH3S-I 22 ±  1 (2) I-CH3S-AZ 1 7
3-Br-l 17 ±  2 (2) 1-Br-Az 25 8a
3-NCS-l -2 0  ±  (1 )d-f 1-NCS-Az -2 7 h 6
3-CH3CO-I -3 8  ±  1 (2) I-CH3CO-AZ -3 0 8a
3-NC-l -3 4 (1 ) 1-NCAz -2 4 k,i
3-O2N-I -6 5  ±  2 (3) 1-02N-Az -48 8a
6-CH3O-I -5 3  ±  2 (2) 6-CH3O-AZ -4 7 m, n
6-CH3-I -1 5  (1) 6 -CH 3-Az -1 5 m, n
6-Br-l 6 ±  1 (2) 6-Br-Az 2 m
6-NC-l 62 ±  1 (3) 6-NC-Az 51 m

“ Xmax (X -l) -  Xmai (1); Xmax 1-OH (596 nm), 1-OAc (593 nm), 
1-OTs (590 nm) in CH2C12. Polar solvent (CH2CI2 and 95% EtOH) 
used except where noted. b XmaK (X-Az) — Xmax (Az-H); Xmax Az-H 
(580 nm in cyclohexane, 578 nm in CH2CI2 or EtOH). Nonpolar 
solvent (cyclohexane and n-hexane) used except where noted. 
c Number of O-derivatives of 1-OH used; contains tosylates Xmax '' 
except where noted. d ROAc. e Solvent cyclohexane, f Solvent 
CCI4. * Solvent CH2CI2. h Solvent CHCI3 . 1 This work. > J. M. 
Richmond, Ph.D. Thesis, Kansas State University, 1974. k D. if. 
Gale, Ph.D. Thesis, University of Washington, 1957. 1 K. Hafner 
and C. Bernhard, Justus Liebigs Arm. Chem., 625, 108 (1959). 
m H. E. Petty, Ph.D. Thesis, Kansas State University, 1971. n K. 
Hafner and K-D. Asmus, Justus Liebigs Ann. Chem., 671, 31 
(1964).

other series o f  these ring-substituted derivatives.
Overall, the additivity of the substituent effects holds 

very well. This is especially true with the 2-substituted de
rivatives of 1-OH, 1-OAc, and 1-OTs.

In the 3- and 6 -substituted derivatives o f  1 , larger hypso- 
chrom ic shifts are observed for the electron-withdrawing 
ring substituents compared to  those measured for the cor
responding monosubstituted azulenes (X -A z). This we at
tribute primarily to a solvent effect on Xmax where the e f
fect is attenuated in the nonpolar solvent. This is amply 
dem onstrated with 3 -N C -l-O T s, Xmax 552 nm (95% EtOH ), 
com pared to 3-N C -l-O A c, Xmax 575 nm (cyclohexane).

The case o f  the 3-thiomethyl derivatives, 3 -C H 3S-I, ap 
pears to be the most glaring inconsistency in the additivity 
o f  substituent effects on Xmax in Table I. W e doubt that 
this magnitude o f change (AAXmax =  2 1  nm) is due to a sol
vent effect since none is observed with 3 -C H 3O -I (CH 2CI2) 
vs. 1-CH 30 -A z  (cyclohexane). It must be noted that ab
sorption fine structure seen in cyclohexane is lost in 
CH 2CI2 solvent.

The reported visible spectrum o f 1-thiomethylazulene 
(I-C H 3S-AZ) in cyclohexane has three maxima o f essential
ly identical intensities, 581 nm (e 269), 599 (268), 627 (265), 
and 695 (141).7 The above evidence and the fact that 1,3- 
bis(thiom ethyl)azulene has AXmax 47 nm (cyclohexane) 
leads us to conclude that the 599-nm maximum in 1- 
C H 3S-Az is the band to  be associated with the 1 -thiom eth- 
yl group when using the empirical Plattner’s rules for pre
dicting the visible spectra o f  substituted azulenes; for 1 - 
C H 3S -, AXmax is 19 nm .29

Experimental Section27
2-(l-Azulyl)ethanol (1-OH). A. Stepwise Construction of 

Side Chain.4 The method of Anderson et al.4 was used with cer
tain modifications; relevant spectral data are included. 1-Azulyl-

methyltrimethylammonium iodide was obtained in 84% yield as 
purple needles: mp >230 °C; NMR (CD3CN, internal Me4Si) r
1.0- 2.8 (m, Az-H’s, 7), 5.00 (s, CH2, 2), and 6.90 (s, CH3’s, 9); uv- 
visible (95% EtOH) 649 nm (log ( 2.12), 591 (2.55), 554 (2.62), 351 
(3.58), 336 (3.74), 328 (3.63), 287 (4.27), 282 (4.71), and 277 (4.76).

From 450 mg of the above quaternary iodide and 260 mg of 
KCN in 20 ml of absolute ethanol, we obtained 216 mg (95%) of 1- 
azulyiacetonitrile: mp 54-55 °C (lit.4 43-44 °C); NMR (CCI4, inter
nal Me4Si) r 1.6-3.2 (m, Az-H’s, 7) and 6.10 (s, CH2, 2); uv-visible 
(CH2CI2) 616 nm (log <e 2.51), 581 (2.55), 355 (3.44), 341 (3.66), 286 
(4.62), 282 (4.67), and 277 (4.70).

Forty milliliters of a 0.6 M solution of potassium hydroxide in 
50% aqueous ethanol was swept with N2 for 2 h. To this solution 
heated under reflux was added 100 mg (0.6 mmol) of 1-azulylaceto- 
nitrile in 2 ml of THF and the mixture was heated under reflux for 
7 h with a continuous, slow N2 sweep. The solution was allowed to 
cool and 50 ml of water and 100 ml of ether were added. The layers 
were separated to remove a small trace of ether-soluble material. 
The aqueous layer was acidified with 5% hydrochloric acid and ex
tracted with two 100-ml portions of ether. The combined ether 
layers were washed twice with equal volumes of water and dried 
(MgS04). The solvent was evaporated to afford 95 mg (86%) of 1- 
azulylacetic acid as a blue oil which crystallized as blue needles: 
mp 89.9-91.0 °C (lit.4 92-93 °C); ir (CC14) 3.0-3.3 (OH) and 5.85 M 
(C = 0 ); NMR (CCI4, internal Me4Si) r -1.90 (s, OH, 1), 1.6-3.3 
(m, Az-H’s, 7), and 6.07 (s, CH2, 2); uv-visible (CH2CI2) 691 nm 
(log f 2.05), 630 (2.47), 586 (2.53), 356 (3.43), 341 (3.67), 332 (3.53), 
288 (4.64), 283 (4.70), and 277 (4.72).

Reduction of 150 mg of 1-aZulylacetic acid with diborane gave 
125 mg (90%) of 1-OH: mp 57-58 °C (lit.4 59-60 °C); ir (neat film)
2.95 (OH) and 9.63 u (C-O); NMR (CC14, internal Me4Si) r 1.4-3.4 
(m, Az-H’s, 7), 6.26 (t, a-CH2, 2), 6.86 (t, (8-CH2, 2), and 7.36 (s, 
OH, 1); uv-visible (CH2C12) 704 nm (log e 1.93), 646 (2.39), 596 
(2.46), 359 (3.32), 343 (3.63), 288 (4.58), 283 (4.67), and 278 (4.70); 
mass spectrum (70 eV, heated inlet) m/e (rei intensity) 172 (19, 
M-+), 141 (100), and 115 (16).

B. Direct /S-Hydroxyethylation o f Azulene.5 The procedure 
utilizes ethylene oxide, azulene, and AICI3 in CH2CI2. The major 
product is 1-OH along with a small amount of l,3-bis(2-hydroxy- 
ethyljazulene which are readily separated by chromatography on 
alumina.6

2-(l-Azulyl)ethyl Acetate (1-OAc). To 90 mg (0.52 mmol) of 
1-OH dissolved in 3.0 ml of dry pyridine and cooled to 0 °C was 
added 0.6 ml of reagent grade acetic anhydride and the mixture 
was allowed to stir at 0 °C for 2 h. A mixture of 25 ml of ice-cold 
water and 10 ml of 5% hydrochloric acid was added and all of the 
blue color was extracted with three 20-ml portions of CH2C12. The 
combined organic layers were washed three times with ice-cold 5% 
hydrochloric acid and once with 100 ml of cold water, and dried 
(MgS04). The solvent volume was reduced and the residue was 
chromatographed on alumina28 where CH2C12 eluted 103 mg (92%) 
of the acetate as a blue oil: ir (neat film) 5.70 (0 = 0 )  and 9.55 m 
(C-O); NMR (CCk, internal Me4Si) t 1.6-3.3 (m, Az-H’s, 7), 5.76 
(t, a-CH2, 2), 6.76 (t, /3-CH2, 2), 8.13 (s, CH3, 3); uv-visible 
(CH2CI2) 643 nm (log e 2.41), 593 (2.49), 357 (3.38), 343 (3.67), 288 
(4.60), 283 (4.70), and 278 (4.73); mass spectrum (70 eV, heated 
inlet) m/e (rei intensity) 214 (20, M-+), 154 (78), and 141 (100).

To 140 mg (0.66 mmol) of the acetate was added 150 mg (0.70 
mmol) of TNB in 5.0 ml of ethyl acetate. The solvent volume was 
reduced in half and this mixture was added to a solution of 1.0 ml 
of ethyl acetate in 7.0 ml of hexane. The solution was cooled and 
the complex crystallized as large violet plates (172 mg, 62%). Re
peated recrystallization afforded an analytical sample, mp 94.7-
94.9 °C.

Anal. Calcd for C20H17N3O8: C, 56.21; H, 4.01. Found: C, 56.19; 
H, 3.84.

2-(l-Azulyl)ethyl Tosylate (1-OTs). To a solution of 115 mg 
(0.67 mmol) of 1-OH dissolved in 3.5 ml of dry ether and cooled to 
0 °C was added 40 mg (0.61 mmol) of powdered KOH followed by 
130 mg (0.70 mmol) of p-toluenesulfonyl chloride. The mixture 
was allowed to stir at 0 °C for 5 h and then 20 ml of ice-cold water 
and 20 ml of ether were added. The layers were separated, the 
ether solution was dried (K2C 03), and the solvent volume was re
duced. The residue was immediately chromatographed on deacti
vated (7% H20 ) alumina28 where CH2C12 eluted a blue band which 
afforded 155 mg of crude tosylate as an unstable blue oil upon sol
vent volume reduction.

The crude tosylate was dissolved in 5.0 ml of ethyl acetate con
taining 150 mg (0.70 mmol) of TNB. The solvent volume was re
duced in half, 3.0 ml of hexane was added, and the solution was
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cooled to freezer temperature. Large brown crystals (175 mg, 67%) 
were formed upon standing: mp 76.4-76.7 °C; ir (neat film) 6.15 
(aryl C-C), 7.47 (S -0 asym), and 8.50 M (S-Osym); NMR (CDC13, in
ternal Me4Si) t 0.60 (s, TNB-H’s, 3), 1.4-3.2 (m, azulyl and tosyl 
H’s, 11), 5.66 (t, a-CH2, 2), 6.56 (t, 0-CH2, 2), and 7.56 (s, CH3, 3); 
uv-visible (CH2C12) 701 nm (log c 2.03), 637 (2.45), 590 (2.52), 357 
(3.42), 342 (3.70), 333 (3.56), 288 (4.63), 283 (4.70), and 278 (4.73); 
mass spectrum (20 eV, heated inlet) m/e (rel intensity) 326 (20, 
M-+), 154 (58), and 141 (100).

Anal. Calcd for C25H2iN309S: C, 55.65; H, 3.92. Found: C, 55.41; 
H, 4.02.

1-Azulyl Benzoate.11 To a solution of 1.00 g (7.83 mmol) of azu- 
lene in 50 ml of CCI4 was added 945 mg (3.91 mmol) of recrystal
lized benzoyl peroxide. The mixture was heated under reflux with 
a dry, oxygen-free, nitrogen atmosphere for 2.5 h. The solvent vol
ume was reduced, and the residue chromatographed on Florisil 
(Fisher, 60-100 mesh). Elution with hexane afforded a violet band 
of unreacted azulene, 500 mg. CCI4 eluted a narrow, blue band and 
a faint, green band, neither of which was further investigated, and 
finally a broad, blue band. CH2C12 eluted a green band.

The broad, blue band gave 291 mg (15%, 30% net) of the title 
compound, mp 61.0-62.0 °C (lit.11 mp 62.5-63.5 °C). (See para
graph at end of paper regarding supplementary material.)

The green band afforded 300 mg (10%, 20% net) of 1,3-azulene 
dibenzoate. Crystallization from ether yielded green crystals: mp
129.5-130.5 °C (lit.11 mp 132-134 °C); ir (KBr) 5.75 M (s, C = 0 ); 
NMR (CDCI3, internal Me4Si) r 1.56-2.13 (m, 6) and 2.20-3.33 (m,
10).

Anal. Calcd for C24Hi60 4: C, 78.2&;$, 4.38. Found: C, 78.23; H,
4.72.

1- Methoxyazulene. The preparation of 230 mg of this com
pound was accomplished in 70% yield by the method of Replogle11 
from 516 mg (2.08 mmol) of 1-azulyl benzoate, 10 ml of methyl io
dide, and 10 ml of 1.9 M methanolic sodium hydroxide in 100 ml of 
dry (BaO) DMF under a nitrogen atmosphere for 6 h at room tem
perature. The emerald-green oil crystallized from hexane as green 
needles, mp 29.5-30.0 °C (lit.11 mp 26-28 °C). (See paragraph at 
end of paper regarding supplementary material.)

For analysis a TNB complex was prepared and crystallized from 
1:1 CH2Cl2-hexane to afford long; fine, black needles, mp 134.0-
135.0 °C.

Anal. Calcd for C17H13O7N3: C, 54.99; H, 3.53. Found: C, 54.94; 
H, 3.63.

2- (3-Methoxy-l-azulyl)ethanol (3-CH3O-I-OH). A mixture 
of 153 mg (1.5 mmol) of N,N,N',N'-tetramethyldiaminomethane, 
30 mg (1.0 mmol) of paraformaldehyde, and 4 ml of acetic acid was 
heated to develop a clear solution. This solution, cooled to room 
temperature, was added dropwise with stirring to 225 mg (1.42 
mmol) of 1-methoxyazulene in 20 ml of CH2C12 at 0 °C. This mix
ture was allowed to stir for 1 h at 0 °C, placed in the refrigerator 
overnight, and then diluted with 100 ml of CH2C12, washed with 
three 100-ml portions of water, and dried (Na2S04), the solvent 
volume was reduced, and the green residue was chromatographed 
on alumina.28 CH2C12 eluted a yellow band that was not investi
gated, and developed a broad, blue band which was eluted with an
hydrous ether. The solvent volume of the blue eluate was reduced, 
and the residue, dissolved in 10 ml of absolute ethanol, treated 
with an excess of methyl iodide. Crystallization afforded 269 mg 
(53%) of the quaternary iodide, as green crystals: mp >300 °C; ir 
(KBr) no characteristic absorptions; \max (95% ethanol) 286 nm 
(log € 4.61), 360 (3.62), 377 (3.62), and 697 (2.88).

Anal. Calcd for CisHajONI: C, 50.43; H, 5.64. Found: C, 50.20; 
H, 5.70.

To 269 mg (0.755 mmol) of quaternary ammonium iodide 
(above) in 25 ml of absolute ethanol was added 145 mg (2.40 mmol) 
of KCN. The mixture was heated under reflux for 50 min, diluted 
with 100 ml of water, and extracted with 50 ml of ether. The ethe
real layer was washed with two 50-ml portions of water and dried 
(Na2S04>, the solvent volume was reduced, and the green residue 
was chromatographed on basic alumina.28 CH2C12 eluted a broad, 
blue band followed by a brown band. Continued elution with 
CHCI3 developed a narrow, blue band. Only the first, blue band 
was examined, which afforded 115 mg (78%) of 3-methoxy-l-azu- 
lylacetonitrile. Crystallization from CCI4 gave green needles, mp
81.8-82.0 °C. (See paragraph at end of paper regarding supple
mentary material.)

Anal. Calcd for Ci3Hn ON: C, 79.16; H, 5.62; N, 7.10. Found: C, 
78.89; H, 5.49; N, 6.82.

Following the above procedure (a) in the preparation of 1-OH, 
175 mg of the above nitrile in 20 ml of THF was hydrolyzed with

base for 18 h under reflux and an N2 atmosphere. Work-up gave 
160 mg (83%) of 3-methoxy-l-azulylacetic acid, mp 115-118 °C. 
(See paragraph at end of paper regarding supplementary materi
al.)

Sodium borohydride (220 mg, 5.8 mmol) was added to a solution 
of 160 mg (0.74 mmol) of 3-methoxy-l-azulylacetic acid in 20 ml of 
dry tetrahydrofuran. When the evolution of hydrogen had ceased, 
a solution of 3 ml of boron trifluoride etherate in 20 ml of dry tet
rahydrofuran was added dropwise over a period of 10-15 min to 
the stirred mixture. The green mixture was stirred for 1.5 h as the 
color gradually changed to blue. The mixture was then acidified by 
the dropwise addition of 20 ml of 10% hydrochloric acid, diluted 
with 100 ml of water, and extracted with two 100-ml portions of 
ether. The combined ethereal layers were washed with a 100-ml 
portion of water. The extracts were dried (Na2S04), the solvent 
volume reduced, and the residue chromatographed on alumina28 
where CHCI3 eluted a single, blue band, which afforded 145 mg 
(97%) of 3-CH3O-I-OH, an emerald-green oil. (See paragraph at 
end of paper regarding supplementary material.)

For analysis a TNB complex was prepared and crystallized from 
1:1 ethyl acetate-hexane to yield brown needles: mp 147.0-148.0 
°C; ir (KBr) 3.05 (m, O-H) and 9.60 n (m, C-O); Amax (CH2C12) 291 
nm (log « 4.62), 362 (3.68), 378 (3.64), 695 (2.52), and 770 (2.44) 
(sh).

Anal. Calcd for C19H17O8N3: C, 54.94; H, 4.13. Found: C, 54.99; 
H, 4.26.

2-(3-Methoxy-l-azulyl)ethyl Tosylate (3-CH3O-1-OTs). 3-
CH3O-I-OH (145 mg, 0.72 mmol) was converted to its tosylate 
ester by the method described for 1-OTs. After work-up, the resi
due was chromatographed on deactivated (4.6% water) basic alu- 

<• mina28 with CH2C12. A blue band was eluted affording 230 mg 
(90%) of 3-CH30-1 -0T s as a green oil.

This rather unstable tosylate was converted to its TNB complex 
'■»which was obtained as long, black needles, mp 98.5-99.5 °C. (See 

paragraph at end of paper regarding supplementary material.)
Anal. Calcd for C^H^OioNgS: C, 54.83; H, 4.07; N, 7.38. Found: 

C, 54.55; Hr 4.12; N, 7.52.
2-(3-Methyl-l-azulyl)ethanol (3-CH3-I-OH). To a solution of 

200 mg (1.16 mmol) of 1-OH in 10 ml of CH2C12 and 10 ml of acetic 
acid, cooled to 0 °C, was added 135 mg (1.32 mmol) of N,N,N',N'- 
tetramethylmethylenediamine dissolved in 4 ml of acetic acid. 
This mixture was stirred at 0 °C for 2 h, diluted with 50 ml of ice- 
cold water and 50 ml of 5% hydrochloric acid, and extracted with 
50 ml of ether. The aqueous layer was neutralized with dilute po
tassium hydroxide and extracted with two 100-ml portions of 
ether. The combined extracts were dried (K2C 03), the solvent vol
ume reduced, and the residue dissolved in 4 ml of absolute ethanol 
and cooled to 0 °C. To this solution was added 3 ml of methyl io
dide. Crystallization afforded 375 mg (87%) of the ammonium salt.

To a solution of 375 mg (1.01 mmol) of the ammonium salt in 20 
ml of absolute ethanol was added 60 mg (1.59 mmol) of NaBH4 
and the mixture was allowed to stir at room temperature for 10 h. 
A 1-ml aliquot of the mixture added to 1 ml of ether and 2 ml of 
water yielded a violet color in the aqueous layer, indicating incom
plete conversion. The reaction mixture was then heated at reflux 
for 7 min, diluted with 100 ml of water, and extracted with three 
100-ml portions of ether. The combined extracts were dried 
(K2CO3), the solvent volume reduced, and the residue chromato
graphed on deactivated (6% water) basic alumina28 with acid-free 
(alumina) benzene. A broad, blue band eluted that was followed 
closely by a second blue band that was not investigated. The first 
blue band afforded 95 mg (51%) of 3-CH3-I-OH as a blue oil that 
was unstable in the presence of trace amounts of acid. (See para
graph at end of paper regarding supplementary material.)

For analysis a TNB complex was prepared and crystallized from 
1:1 ethyl acetate-hexane. Two recrystallizations afforded fine, long 
brown needles: mp 135.5-136.5 °C; ir (KBr) 3.08 (m, O-H) and
9.58 m (m, C-O); Amax (95% ethanol) 281 nm (log c 4.76), 334 (3.55) 
(sh), 349 (3.76), 365 (3.63), 625 (2.50), 660 (2.43) (sh), 685 (2.40), 
and 765 (1.95).

Anal. Calcd for C^HnOyNg: C, 57.14; H, 4.29; N, 10.52. Found: 
C, 57.36; H, 4.15; N, 10.45.

2-(3-Methyl-l-azulyl)ethyl Tosylate (3-CH3-I-OTS). The
tosylate ester was prepared from 95 mg of 3-CH3-I-OH by the 
method for 1-OTs. Chromatography on deactivated (4.6% H20) 
alumina28 with acid-free (A120 3) CH2C12 eluted a single band af
fording 167 mg (96%) of 3-CH3-1-OTs.

This unstable tosylate was dissolved in 1.5 ml of ethyl acetate 
containing 107 mg (0.50 mmol) of TNB. An equal volume of hex
anes was added and the solution cooled to afford brown-violet nee-
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dies of the title compound, mp 81.0-81.5 °C. (See paragraph at end 
of paper regarding supplementary material.)

Anal. Calcd for C26H23O9N3S: C, 56.41; H, 4.19. Found: C, 56.70; 
H, 4.05.

2-(3-Thiocyano-l-azulyl)ethyl Acetate (3-SCN-l-OAc). A
solution of 35 mg (0.16 mmol) of 1-OAc in 5 ml of CCI4 was cooled 
to 0 °C. To this mixture was added a solution of thiocyanogen6 
(100 mg of lead thiocyanate in 5.0 ml of CCI4 and Br2 added to 
yield a residual red color which was removed with 10 mg more of 
lead thiocyanate and filtered) and the resulting mixture was al
lowed to stir at 0 °C for 3 h. This solution was then poured onto a 
column of basic alumina28 where CH2CI2 eluted 38 mg (89%) of the 
title compound as a blue-violet solid which afforded long violet 
needles upon recrystallization from Cl^Ch-hexane, mp 94.2-94.4 
°C. (See paragraph at end of paper regarding supplementary mate
rial.)

Anal. Calcd for CiSH13N 02S: C, 66.40; H, 4.83. Found: C, 66.55; 
H, 4.96.

2-(3-Methylthio-l-azulyl)ethyl Acetate (3-CH3S-l-OAc). A
solution of 24 mg (0.09 mmol) of 3-SCN-l-OAc dissolved in 5.0 ml 
of methanol was cooled to 0 °C. The solution was continually 
swept with 02-free nitrogen gas. To this solution was added 1.0 ml 
of methyl iodide (excess) and 100 mg (1.78 mmol) of potassium hy
droxide in 5.0 ml of 50% aqueous methanol, and the solution was 
allowed to stir at 0 °C for 2 h. A mixture of 30 ml of ice-cold water 
and 50 ml of ether was added and the layers were separated. The 
aqueous layer was again extracted with 50 ml of ether to remove 
the last trace of blue color. The combined ether layers were washed 
with three 50-ml portions of cold water and dried (MgSOi). The 
solvent volume was reduced and the residue was chromatographed 
on alumina28 where CHCI3 eluted 16 mg (84%) of 3-CH3S-l-OH as 
an unstable, green oil. (See paragraph at end of paper regarding 
supplementary material.)

The crude 3-CH3S-I-OH (77 mg, 0.35 mmol) was then acety- 
lated with acetic anhydride in pyridine at 0 °C. After normal work
up, the acetate was chromatographed on alumina28 where CH2CI2 
eluted 81 mg (88%) of 3-CH3S-l-OAc as a green oil which crystal
lized on standing, mp 39.2-40.0 °C. (See paragraph at end of paper 
regarding supplementary material.)

To 60 mg (0.23 mmol) of 3-CH3S-l-OAc dissolved in 3.0 ml of 
ethyl acetate to which had been added 90 mg (0.42 mmol) of TNB, 
an equal volume of hexanes was added and this solution was 
placed in a refrigerator where crystallization afforded 65 mg (61%) 
of long, brown-black needles, mp 85.6-85.8 °C.

Anal. Calcd for C2iH19N30 8S: C, 53.27; H, 4.04. Found: C, 53.21; 
H, 4.01.

2-(3-Methylthio-l-azulyl)ethyl Tosylate (3-CH3S-I-OTS).
3CH3S-I-OH (70 mg, 0.32 mmol) was converted to its tosylate 
ester by the method given for 1-OTs. Chromatography on deacti
vated (6% H20) alumina28 developed a blue band of the tosylate 
which eluted with CH2CI2. Evaporation of the solvent gave the tos
ylate as a green, unstable oil.

The tosylate ester was converted to its TNB complex which 
crystallized as long, black needles, 175 mg (94%). Recrystallization 
was repeated several times to afford an analytical sample, mp
98.2-98.4 6C. (See paragraph at end of paper regarding supple
mentary material.)

Anal.' Calcd for C26H23N3O9S2: C, 53.33; H, 3.96. Found: C, 
53.31; H, 3.97.

2- (3-Bromo-l-azulyl)ethyl Acetate (3-Br-l-OAc). To a solu
tion of 25 mg (0.11 mmol) of 1-OAc in 3.0 ml of dry benzene was 
added 25 mg (0.14 mmol) of N-bromosuccinimide and the mixture 
was allowed to stir for 2 min at room temperature. This solution 
was poured onto a column of alumina28 where CH2CI2 eluted a 
blue band which afforded 33 mg (96%) of 2-(3-bromo-l-azulyl)eth- 
yl acetate as a green oil: ir (neat film) 5.72 n (C = 0 ); NMR (CCI4, 
internal MeiSi) r 1.6-3.2 (m, Az-H’s, 6), 5.73 (t, a-CH2, 2), 6.67 (t, 
d-CH2, 2), 7.97 (s, CH3, 3).

3- Br-l-OAc (66 mg, 0.23 mmol) was converted to its TNB com
plex which crystallized as long, brown needles (75 mg, 83%). Re
peated recrystallizations from ethyl acetate-hexane afforded an 
analytical sample: mp 84.7-85.1 °C; uv-visible (CH2CI2) 609 nm 
(log « 2.58), 364 (3.80), 348 (3.84), 340 (3.74), 295 (4.73), and 285
(4.78).

Anal. Calcd for C2oHieN3Br08: C, 47.45; H, 3.19. Found: C, 
47.46; H, 3.11.

2-(3-Bromo-l-azuIyl)ethyl Tosylate (3-Br-l-OTs). To 100
mg (0.20 mmol) of 3-Br-l-OAc-TNB complex dissolved in a mix
ture of 4.0 ml of ethanol, 2.0 ml of THF, and 0.5 ml of water was 
added 0.30 g (5.4 mmol) of KOH and the solution was cooled to 0

°C. The mixture was allowed to stir at 0 °C for 1 h and then 100 ml 
of ice-cold water and 50 ml of ether were added. The layers were 
separated and ether extraction of the aqueous layer was repeated. 
The combined ether layers were washed with two 50-ml portions of 
ice-cold water and dried MgSCR), and the solvent volume was re
duced. The residue was chromatographed on alumina28 where 
CHCI3 eluted 35 mg (88%) of 3-Br-l-OH as an unstable, green oil. 
(See paragraph at end of paper regarding supplementary materi
al.)

3-Br-l-OH (35 mg, 0.14 mmol) was converted to its tosylate 
ester by the method given for 1-OTs. It was chromatographed on 
deactivated (6% H20) alumina28 where CH2C12 eluted it as a blue 
band affording 61 mg of crude 3-Br-l-OTs. The tosylate was added 
to 2.0 ml of ethyl acetate containing 60 mg (0.28 mmol) of TNB. 
An equal volume of hexanes was added and the mixture was 
cooled. Brown-pink crystals formed after 3 h to afford 61 mg (72%) 
of the complex. This sample* was recrystallized several times from 
ethyl acetate-hexane, mp 86.5-86.6 °C. (See paragraph at end of 
paper regarding supplementary material.)

Anal. Calcd for C2sH2oBrN309: C, 48.55; H, 3.26. Found: C, 
48.74; H, 3.28.

2-(3-Acetyl-l-azulyl)ethyl Acetate (3-CHsCO-l-OAc). To a
solution of 35 mg (0.16 mmol) of 1-OAc in 3.0 ml of dry nitroben
zene was added 0.6 ml of reagent grade acetic anhydride followed 
by 3 drops of stannic chloride. The solution was allowed to stir for 
7 min at room temperature and then a mixture of 20 ml of ice-cold 
water and 20 ml of CCI4 was added. The layers were separated and 
the CCI4 extraction on the aqueous layer was repeated. The com
bined organic layers were washed with three 20-mi portions of 
water and dried (MgSOi). The solution was filtered directly onto a 
column of alumina28 where elution with CHCI3 afforded 36 mg 
(86%) of the acetate as a lavendar oil: ir (neat film) 5.71 (ester 
C = 0 ) and 6.03 ¡x (ketone C = 0 ).

To 42 mg (0.16 mmol) of 3-CH3CO-I-OAC dissolved in 2.0 ml of 
ethyl acetate was added 60 mg (0.28 mmol) of TNB. An equal vol
ume of hexanes was added and the solution was cooled to induce 
crystallization. The complex (61 mg, 79%) crystallized as long, red- 
brown needles and was crystallized several more times, mp 93.2-
93.5 °C. (See paragraph at end of paper regarding supplementary 
material.)

Anal. Calcd for C22H19N3O9: C, 56.21; H, 4.08. Found: C, 56.10; 
H, 4.11.

2- (3-Acetyl-l-azulyl)ethyl Tosylate (3-CH3CO-I-OTS). 3-
CH3CO-l-OAc (50 mg, 0.19 mmol) was hydrolyzed to 3-CH3CO-l- 
OH in quantitative yield as per 3-Br-l-OAc -*■ 3-Br-l-OH condi
tions. CHCI3 eluted 3-CH3CO-l-OH from alumina28 chromatogra
phy as an unstable, green semisolid. (See paragraph at end of 
paper regarding supplementary material.)

3- CH3CO-l-OH (88 mg, 0.41 mmol) was converted to its tosylate 
ester by the method given for 1-OTs. It was chromatographed on 
alumina28 where CH2CI2 eluted it as a purple band giving 90 mg 
(53%) of 3-CH3CO-l-OTs as long, green needles, mp 91.7-92.0 °C. 
(See paragraph at end of paper regarding supplementary materi
al.)

Anal. Calcd for C21H20O4S: C, 68.45; H, 5.47. Found: C, 68.47; H, 
5.61.

2-(3-Cyano-l-azulyl)ethyl Acetate (3-C N -l-O Ac). Method
A. A mixture of 250 mg (0.85 mmol) of 3-Br-l-OAc and 114 mg 
(1.28 mmol) of CuCN in 10 ml of dry DMF was heated at 135 °C 
for 10 h under an N2 atmosphere. The mixture was cooled, diluted 
with 100 ml of benzene, and washed with six 100-ml portions of 
warm, aqueous NaCN (prepared from 600 ml of warm water and 
20 g of NaCN). The organic layer was washed with 100 ml of water 
and dried (Na2S04), the solvent volume reduced, and the residue 
chromatographed on alumina.28 Elution with 1:1 CCI4-CH 2CI2 de
veloped a blue band that afforded 150 mg (60% recovery) of un
reacted 3-Br-l-OAc. Continued elution with CH2CI2 yielded a vio
let band that afforded 65 mg (32%, 80% net) o f 3-CN-l-OAc. Crys
tallization from CCI4 afforded violet crystals, mp 57.0-57.5 °C. 
(See paragraph at end of paper regarding supplementary materi- 
aU

Anal. Calcd for Ci5H-30 2N: C, 75.29; H, 5.48. Found: C, 75.08;
H, 5.49.

Method B. Stannic chloride (3.48 g, 13.3 mmol) was added to
I. 410 g (13.3 mmol) of BrCN with cooling and stirring under an N2 
atmosphere. A white suspension appeared, and the mixture was 
stirred at room temperature for 10 min. To this mixture was added 
dropwise 285 mg (1.33 mmol) of 1-OAc in 20 ml of dry ether, and 
the mixture allowed to stir at room temperature for 18 h. The mix
ture w’as diluted with 50 ml of 5% hydrochloric acid and extracted
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with three 50-ml portions of CHCI3. The combined, blue extracts 
were washed with 50 ml of 5% aqueous sodium bicarbonate which 
was accompanied by a color change to forest green. The extracts 
were washed with 50 ml of water and dried (Na2S 04), the solvent 
volume reduced, and the residue chromatographed on basic alumi
na28 with 1:1 CCI4-CH 2CI2. A blue band eluted that was followed 
by a yellow-green band. Further elution with CH2CI2 yielded a vio
let band and CHCI3 afforded a dark-green band. Only the violet 
band, that afforded 60 mg (19%) of the title compound, was inves
tigated. The NMR and ir spectra weTe identical with those ob
tained from method A.

2- (3-Cyano-l-azulyl)ethyl Tosylate (3-CN-l-OTs). 3-CN-l- 
OAc (125 mg, 0.57 mmol) was hydrolyzed to 3-CN-l-OH as per the
3-Br-l-OAc —*■ 3-Br-l-OH conditions. The alcohol was chromato
graphed on alumina28 where CHCI3 eluted it as a violet band which 
afforded 110 mg (99%) of 3-CN-l-OH as a violet oil. (See para
graph at end of paper regarding supplementary material.)

A TNB complex was prepared in the usual way and recrystal
lized from 1:1 ethyl acetate-hexane giving red-brown plates, mp
84.0- 84.5 °C. Examination of the NMR spectrum of this derivative 
revealed it to be a 2:1 complex, 3-CN-1-OH-2TNB; TNB com
plexes of azulenes in other than 1:1 ratios are known.29 The log e 
values below are calculated assuming a 2:1 complex ratio: Xmax 
(CH2CI2) 285 nm (log « 4.54), 290 (4.65), 295 (4.60), 302 (4.74), 344 
(3.71), 354 (3.80), 371 (3.92), 563 (2.63), 604 (2.57) (ah), and 665 
(2.11) (sh).

3- CN-l-OH (110 mg, 0.56 mmol) was converted to its tosylate 
ester by the method given for 1-OTs. It was chromatographed on 
deactivated (6% H20 )28 alumina where CH2C12 eluted it as a violet 
band giving 175 mg (89%) of 3-CN-l-OTs as violet needles, mp
111.0- 111.5 °C. (See paragraph at end of paper regarding supple
mentary material.)

Anal. Calcd for C2oHi703NS: C, 68.35; H, 4.88. Found: C, 68.49; 
H, 4.93.

2-(3-Nitro-l-azulyl)ethyl Acetate (3-N 02-l-0A c). To a solu
tion of 44 mg (0.20 mmol) of 1-0Ac in 2 ml of pyridine was added
0.5 ml of 0.6 M tetranitromethane in absolute ethanol and the mix
ture was allowed to stir at room temperature for 15 min. A mixture 
of 20 ml of ice-cold water and 25 ml of CHCI3 was added to the 
red-brown solution. The layers were separated and the aqueous 
layer was extracted twice more with CHCI3. The combined organic 
layers were washed with three 30-ml portions of 5% hydrochloric 
acid and 100 ml of water, and dried (MgS04). The solvent volume 
was reduced and the residue was chromatographed on alumina28 
where CH2C12 eluted 47 mg (89%) of 3-N02-l-0 A c which was re
crystallized several times from ethyl acetate, mp 98.6-99.0 °C. (See 
paragraph at end of paper regarding supplementary material.)

Anal. Calcd for C14H 13NO4: C, 64.86; H, 5.05. Found: C, 64.61; 
H, 4.82.

2-(3-Nitro-l-azulyl)ethanol (3-NO2-I-OH). 1-OH (97 mg,
0.43 mmol) was nitrated with tetranitromethane as above in the 
preparation of 3-N02-l-0A c. It was chromatographed on alumi
na28 where chloroform eluted 0.112 g (92%) of 3-N02-l-0H  as a 
red oil which crystallized on standing, mp 105.0-106.0 °C. (See 
paragraph at end of paper regarding supplementary material.)

An «-naphthyl urethane was prepared in pyridine. It was chro
matographed on alumina28 where CH2C12 eluted it as an orange 
band. Repeated recrystallizations from 1:1 CCl4-CH 2Cl2 gave or
ange-red crystals, mp 184.2-184.5 °C.

Anal. Calcd for C23H1SN2O4: C, 71.48; H, 4.69. Found: C, 71.21; 
H, 4.66.

2-(3-Nitro-l-azulyl)ethyl Tosylate (3-NO2-I-OTS). A solu
tion of 108 mg (0.50 mmol) of 3-N 02-l-0H  in 2.0 ml of dry pyri
dine was cooled to 0 °C. To this solution was added 150 mg (0.79 
mmol) of toluenesulfonyl chloride and the mixture was allowed to 
stir at 0 °C for 3 h. A mixture of 20 ml of ice-cold water and 20 ml 
of CHCI3 was added and the layers were separated. The aqueous 
layer was extracted With two 20-ml portions of CHCI3 to remove 
the remaining orange color. The combined organic layers were 
washed with three 50-ml portions of ice-cold, 5% hydrochloric acid 
and once with 50 ml of cold water, and dried (MgS04)- The solvent 
volume was reduced and the residue chromatographed on alumi
na28 where CH2C12 eluted 170 mg (92%) of 3-N02-l-0T s which was 
subsequently recrystallized from hexane-CH2Cl2 to afford red 
plates, mp 124.4-124.9 °C. (See paragraph at end of paper regard
ing supplementary material.)

Anal. Calcd for Ci9H17N 05S: C, 61.43; H, 4.61. Found: C, 61.14; 
H, 4.56.

Dimethyl 2-Methoxy-l,3-azulenedicarboxylate.12fi To 150 ml
of dry methanol [distilled from Mg(OCHs)2] was added 575 mg

(25.0 mg-atoms) of sodium. When the sodium had dissolved, 1.58 g 
(5.15 mmol) of diethyl 2-chloro-l,3-azulenedicarboxylatela in 100 
ml of dry methanol was added. This mixture was heated under re
flux with stirring for 2.5 h, the solvent volume reduced, and the 
residue chromatographed on alumina.28 Benzene eluted a single, 
red band that afforded 1.330 g (94%) of the title compound. Re
crystallization from methanol yielded needles, mp 64.5-65.5 °C 
(lit.1Za mp 60-62 °C). (See paragraph at end of paper regarding 
supplementary material.)

Anal. Calcd for Ci5H 140 5: C, 65.69; H, 5.14. Found: C, 65.90; H,
5.14.

2-Methoxyazulene.12a To 500 mg (1.83 mmol) of dimethyl 2- 
methoxy-l,3-azulenedicarboxylate in 5 ml of ethanol was added
1.00 g (17.9 mmol) of potassium hydroxide in 10 ml of water. This 
mixture was heated under reflux with stirring for 2 h as the color 
changed from orange to red, transferred to a centrifuge tube, and 
acidified with 6 M hydrochloric acid. The resultant solid was col
lected, transferred with acetone into a large sublimation tube, and 
dried overnight at room temperature with an air stream.

This sample was heated to 200 °C (100 Torr) and a rose-violet 
sublimate formed on the condenser. The sublimate was removed 
with hexane and chromatographed on alumina.28 Hexane devel
oped a rose-colored band that was eluted with benzene to afford 
230 mg (80%) of the title compound. Crystallization from methanol 
yielded red-violet crystals, mp 79.0-80.0 °C (lit.12a mp 82-83 °C). 
(See paragraph at end of paper regarding supplementary materi
al.)

Anal. Calcd for Cn H10O: C, 83.51; H, 6.37. Found: C, 83.60; H,
6.06.

2-(2-Methoxy-l-azulyl)ethyl Acetate (2-CHuO-l-OAc). To
290 mg (1.83 mmol) of 2-methoxyazulene in 20 ml of CH2C12 with 
stirring at 0 °C was added 505 mg (3.80 mmol) of AICI3. An imme
diate change from a rose-red to a deep-red color occurred. After 
stirring for 5 min 8 ml of a 2% solution (v/v) of ethylene oxide was 
added and a red-brown coloration was observed. The mixture was 
stirred for an additional 20 min, diluted with 100 ml of ice-cold 
water, and extracted with three 50-ml portions of CH2C12. The 
combined extracts were washed with eight 75-ml portions of 10% 
hydrochloric acid and dried (Na2S04), the solvent volume reduced, 
and the residue chromatographed on alumina28 with CH2C12 which 
eluted a red band that afforded 178 mg of unreacted 2-methoxy
azulene. CHCI3 eluted a violet band that yielded 130 mg (35%, 92% 
net) of crude 2-CH3O-I-OH.

2-CH3-I-OH was acetylated with acetic anhydride in pyridine at 
0 °C. After normal work-up, the acetate was chromatographed on 
alumina28 with 4:1 CeH6-CH 2Cl2. A violet band eluted and was re
chromatographed giving the acetate in 60% overall yield which 
crystallized from hexane as fine, violet needles, mp 25.0-27.0 °C. 
(See paragraph at end of paper regarding supplementary materi
al.)

For analysis a TNB complex was prepared and crystallized from 
1:1 ethyl acetate-hexane to afford red-brown needles, mp 106.0-
106.5 °C.

Anal. Calcd for C2iHj90 9N3: C, 55.14; H, 4.19. Found: C, 54.95; 
H, 4.30.

2-(2-Methoxy-l-azulyl)ethanol (2-CHgO-l-OH). To 123 mg
(0.50 mmol) of 2-CH3O-I-OAC dissolved in 4 ml of ethanol and 0.5 
ml of water was added 300 mg (5.4 mmol) of potassium hydroxide. 
This mixture was stirred at 0 °C for 2 h, diluted with 100 ml of ice- 
cold water, and extracted with three 50-ml portions of ether. The 
combined ether layers were washed once with 100 ml of water and 
dried (Na2S04), and the solvent volume was reduced. The residue 
was chromatographed on alumina28 where CHCI3 eluted a single, 
violet-red band that afforded 95 mg (94%) of a violet oil. (See para
graph at end of paper regarding supplementary material.)

For analysis a TNB complex was prepared and crystallized from 
1:1 ethyl acetate-hexane to afford red plates: mp 131.0-132.0 °C; 
Amax (CH2C12) 283 nm (log c 4.72), 293 (4.81), 318 (3.89), 345 (3.61), 
361 (3.69), 375 (3.51), 535 (2.35), 570 (2.14), and 625 (1.69).

Anal. Calcd for Ci9H170 sN3: C, 54.94; H, 4.13. Found: C, 54.95; 
H, 4.15.

2-(2-Methoxy-l-azulyI)ethyl Tosylate (2-CHiO-l-OTs). 2-
CH3O-I-OH (95 mg, 0.47 mmol) was converted to its tosylate ester 
by the method given for 1-OTs. It was chromatographed on deacti
vated (4.5% H20) alumina28 where CH2C12 eluted it as a violet 
band yielding 140 mg (84%) of 2-CH3O-I-OTS as a violet oil which 
crystallized on standing.

This unstable solid was converted to a TNB complex which 
crystallized as red-brown microcrystals, mp 96.5-97.5 °C. (See 
paragraph at end of paper regarding supplementary material.)
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Anal. Calcd for C26H23O10N3S: C, 54.83; H, 4.07; N, 7.38. Found: 
C, 55.15; H, 3.99; N, 7.55.

2-Methylazulene. This was prepared by the method of Nozoe 
et al.12a using the thermal decarboxylation procedure as given 
above in the synthesis of 2-methoxyazulene, 260 °C (100 Torr). 
After chromatography, a 42% yield of 2-methylazulene was ob
tained, violet crystals, mp 48-49 °C (lit.12® mp 49-50 °C). (See 
paragraph at end of paper regarding supplementary material.)

For analysis a TNB complex was prepared and crystallized from 
1:1 hexane-ethyl acetate, mp 42.5-43.5 °C.

Anal. Calcd for Ci7Hi30 6N3: C, 57.49; H, 3.69; N, 11.83. Found: 
C, 57.60; H, 4.03; N, 11.60.

2-(2-Methyl-l-azulyl)ethanol (2-CH3-I-OH). Following the 
direct /3-hydroxyethylation procedure described for the synthesis 
of 2-CH30-l-0A c, 124 mg (0.88 mmol) of 2-methylazulene and 70 
mg of AICI3 in 30 ml of CH2CI2 at 0 °C was treated with 5 ml of a 
2% solution of ethylene oxide in CH2CI2. After work-up the residue 
was chromatographed on alumina.28 CH2C12 eluted a violet band 
to afford 100 mg of unreacted 2-methylazulene. CHCI3 eluted a 
blue band, and a second smaller blue band was removed with abso
lute ethanol. Rechromatography of the first blue band afforded 25 
mg (15%, 75% net) of 2-CH3-I-OH as a blue band. (See paragraph 
at end of paper regarding supplementary material.)

A TNB complex was prepared for analysis and crystallized from 
1:1 ethyl acetate-hexane to afford red-brown crystals: mp 144.0-
144.5 °C; Amax (CH2CI2) 281 nm (log c 4.68), 289 (4.76), 304 (3.74), 
334 (3.50), 349 (3.61), 576 (2.36), 615 (2.30), and 687 (1.83).

Anal. Calcd for C19H170 7N3: C, 57.14; H, 4.29. Found: C, 57.20; 
H, 4.10.

The second, smaller, blue band afforded 10 mg (5%, 25% net) of
l,3-bis(2-hydroxyethyl)-2-methylazulene: NMR (CDCI3, internal 
Me4Si) r 1.82 [d (J = 8.5 Hz), C48 H’s, 2], 2.57-2.84 (m, C6 H, 1),
3.00 [t (J = 8.5 Hz), C57 H ’s, 2], 6.25 (t (J = 6 Hz), a-CH2, 4], 6.75 
[t {J = 6 Hz), /3-CH2, 4], 7.47 (s, CH3, 3), and 7.92 (s, OH, 2).

A TNB complex was prepared for analysis and crystallized from 
1:1 ethyl acetate-hexane to afford red-brown crystals: mp 122-123 
°C; ir (KBr) 3.00 (s, 0 -H ) and 9.60 M (s, C-O); Amax (CH2C12) 287 
nm (log « 4.70), 294 (4.75), 307 (3.90), 338 (3.54), 353 (3.68), 369 
(3.12), 595 (2.40), 635 (2.34), and 710 (1.90).

Anal. Calcd for C2iH2i0 8N3: C, 56.88; H, 4.77. Found: C, 56.53; 
H, 4.94.

2-(2-Methyl-l-azulyl)ethyl Tosylate (2-CH3-l-OTs). The
tosylate ester of 2-CH3-I-OH (95 mg, 0.51 mmol) was prepared in 
the usual way described for 1-OTs. After work-up, the ester was 
chromatographed on deactivated (3% H20) alumina28 where 
CH2CI2 eluted two blue bands. After solvent removal, the second 
band gave 38 mg of unreacted 2-CH3-I-OH, and the first band 
yielded 83 mg (48%, 80% net) of unstable, blue 2-CH3-I-OTS.

This unstable tosylate was dissolved in 0.8 ml of ethyl acetate to 
which had been added 57 mg (0.268 mmol) of TNB. An equal vol
ume of hexane was added and the solution cooled to afford red- 
brown rosettes, mp 92.5-93.0 °C. (See paragraph at end of paper 
regarding supplementary material.)

Anal. Calcd for CzeHasOgNaS: C, 56.41; H, 4.19. Found: C, 56.60; 
H, 4.21.

2-(2-Chloro-l-azulyl)ethanol (2-C1-1-OH). Following the di
rect /3-hydroxyethylation procedure described for the synthesis of 
2-CH3O-I-OAC, 255 mg (1.57 mmol) of 2-chloroazulene12a and 420 
mg of ASCI3 in 25 ml of CH2C12 at 0 °C were treated with 8 ml of a 
2% solution of ethylene oxide in CH2C12. After work-up the residue 
was chromatographed on alumina.28 Hexane eluted a violet band 
followed closely by a blue band. CHCI3 developed and eluted a sec
ond blue band, and absolute ethanol removed a third blue band of 
unstable material that decomposed upon solvent evaporation.

The violet band afforded 150 mg of unreacted 2-chloroazulene. 
The first blue band yielded 5 mg (1%, 2% net) of bis(2-chloro-l- 
azulyl)methane which crystallized from 1:1 CCl4-hexane to give 
blue, fluffy crystals: mp 193-194 °C; NMR (CC14, internal Me4Si) 
r 1.54-2.00 (m, 4), 2.44-3.17 (m, 8) and 5.14 (s, CH2, 2); Amax (cy
clohexane) 279 nm (log « 4.90), 292 (4.85), 335 (3.88), 351 (4.02), 
364 (3.44), 573 (2.78), 615 (2.73), 670 (2.33), and 685 (2.28).

Anal. Calcd for C2iH14C12: C, 74.79; H, 4.18. Found: C, 75.10; H,
4.22.

The second blue band afforded 75 mg (23%, 57% net) of solid 2- 
Cl-l-OH: mp 32-33 °C; NMR (CDC13, internal Me4Si) r 1.57-2.04 
(m, C4,8 H’s, 2), 2.24-3.14 (m, C3,5,6,7 H’s, 4), 6.19 [t (J = 6 Hz), a- 
CH2, 2], 6.72 [t (J = 6 Hz), /}-CH2, 2], and 8.02 (s, OH, 1). For anal
ysis a TNB complex was prepared and crystallized from 1:1 ethyl 
acetate-hexane to give red-brown needles: mp 95.5-96.0 °C; ir

(KBr) 3.04 (m, OH) and 9.60 m (m, C-O); Amax (CH2C12) 283 nm 
(log c 4.85), 291 (4.86), 304 (3.90), 324 (3.55), 334 (3.72), 348 (3.81), 
565 (2.56), 600 (2.52), and 660 (2.11).

Anal. Calcd for C18H14O7N3CI: C, 51.50; H, 3.36. Found: C, 
51.80; H, 3.76.

2-(2-Chloro-l-azulyl)ethyl Tosylate (2-Cl-l-OTs). The tos
ylate ester of 2-C1-1-OH (85 mg, 0.41 mmol) was prepared in the 
usual way described for 1-OTs. After work-up the ester was chro
matographed on deactivated (7.4% H20) alumina28 with CH2C12. 
The solvent was removed from the single, violet band to yield 138 
mg (93%) of 2-Cl-l-OTs as a violet oil: NMR (CDCI3, internal 
Me4Si) r 1.78-2.93 (m,-10), 5.73 [t (J = 7 Hz), a-CH2, 2], 6.63 [t (J 
= 7 Hz), /3-CH2, 2], and 7.68 (s, tosyl CH3, 3).

The tosylate was converted to its TNB complex. Four recrystal
lizations gave red-brown crystals: mp 110.0-111.5 °C; ir (KBr) 8.40 
(w, S-O) and 8.50 n (s, S-O); Amax (CH2C12) 660 nm (log £ 2.09), 
600 (2.51), 561 (2.55), 347 (3.76), 333 (3.64), 291 (4.79), and 282
(4.78).

Anal. Calcd for C2SH2o09N3SCl: C, 52.32; H, 3.51. Found: C, 
52.62; H, 3.44.

Diethyl 2-Bromo-l,3-azulenedicarboxylate. To 304 mg (1.06 
mmol) of diethyl 2-amino-l,3-azulenedicarboxylatela in 60 ml of 
dioxane with ice cooling and stirring was added 0.3 ml of concen
trated H2S04 and 250 mg (3.63 mmol) of NaN02 dissolved in 0.5 
ml of water and 5 ml of dioxane. After 3-5 min the color changed 
from orange to green, and 0.4 ml of concentrated H2S 04 and 2.0 g 
(19.3 mmol) of NaBr in 2 ml of water were added. After an addi
tional 5-10 min, a blue oil separated from the green solution and 
was visible on the flask walls. Three 250-ml portions of anhydrous 
ether were successively added and decanted from the mixture to 
precipitate and wash the diazonium salt. To this blue salt was 
added 100 mi of dry THF. Nitrogen evolution and a color change 
from blue to red was immediately observed. The mixture was al
lowed to stir for 30 min under cooling and filtered, the solvent vol
ume reduced, and the residue chromatographed on alumina.28 
Benzene eluted a red band that afforded 245 mg (66%) of the title 
compound. Crystallization from ethanol yielded red crystals, mp
78.0-78.5 °C. (See paragraph at end of paper regarding supple
mentary material.)

Anal. Calcd for Ci6His04Br: C, 54.72; H, 4.31. Found: C, 54.80; 
H, 4.29.

2-Bromoazulene. A solution of 240 mg (0.684 mmol) of diethyl 
2-bromo-l,3-azulenedicarboxylate in 1.6 ml of ethanol and 210 mg 
(3.75 mmol) of potassium hydroxide in 0.4 ml of water was heated 
under reflux for 30 min with stirring, cooled, transferred to a cen
trifuge tube, acidified with 10% hydrochloric acid, washed with six 
25-ml portions of water, and dried under an air stream to yield 179 
mg of crude diacid.

This sample was placed in a large sublimation tube and heated 
to 240 °C (200 Torr). The violet sublimate that collected on the 
condenser was removed with hexane and chromatographed on alu
mina.28 Hexane eluted a violet band that afforded 110 mg (78%) of 
2-bromoazulene. Crystallization from hexane yielded violet plates: 
mp 104.2-104.8 °C; ir (CC14) no characteristic absorptions; NMR 
(CC14, internal Me4Si) r 1.70-1.98 (m, C4 8 H’s, 2) and 2.40-3.10 
(m, 5); Amax (cyclohexane) 281 nm (log £ 4.81), 289 (4.88), 303 
(3.86), 332 (3.78), 346 (3.86), 359 (3.74), 557 (2.70), 596 (2.66), and 
655 (2.25).

2-(2-Bromo-l-azulyl)ethyl Acetate (2-Br-l-OAc). Following 
the direct /3-hydroxyethylation procedure described for the syn
thesis of 2-CH3O-I-OAC, 400 mg (1.93 mmol) of 2-bromoazulene 
and 550 mg of AICI3 in 30 ml of CH2C12 at 0 °C was treated with
9.2 ml of a 2% solution of ethylene oxide in CH2C12. After 1 h, 
work-up gave a residue which was chromatographed on alumina28 
where CC14 eluted a broad, violet band of unreacted 2-bromoazu
lene (230 mg) followed by a blue band. Continued elution with 
CHCI3 yielded a second blue band which afforded 175 mg (36%, 
85% net) of crude 2-Br-l-OH. Absolute ethanol eluted a third blue 
band of unstable material that decomposed immediately after sol
vent removal.

The first blue band afforded 25 mg (3%, 7% net) of material 
identified as bis(2-bromo-l-azulyl)methane which crystallized 
from 1:1 CHCl3-hexane as blue needles, mp 185.0-190.0 °C dec. 
(See paragraph at end of paper regarding supplementary materi
al.)

The 175 mg of crude 2-Br-l-OH was acetylated with acetic an
hydride in pyridine at 0°. Work-up and chromatography on alumi
na28 with CH2C12 eluted a single, blue band. Solvent volume reduc
tion and rechromatography with 3:1 CC14-CH 2C12 afforded 165 mg
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(81%) of 2-Br-l-OAc as a blue oil. (See paragraph at end of paper 
regarding supplementary material.)

For analysis a TNB complex was prepared and crystallized from 
1:1 ethyl acetate-hexane to afford red-brown plates: mp 79.5-80.0 
°C; \max (CH2Cl2) 285 nm (log < 4.81), 295 (4.82), 334 (3.69), 349
(3.78), 361 (3.17), 566 (2.59), 605 (2.55), and 660 (2.21).

Anal. Calcd for C2oHi60sN3Br: C, 47.45; H, 3.19. Found: C, 
47.63, H, 3.33.

2-(2-Bromo-l-azulvl)ethanol (2-Br-l-OH). Basic hydrolysis 
of 240 mg (0.47 mmol) of 2-Br-l-OAc-TNB complex was carried 
out as in the synthesis of 2-CH3O-I-OH from its acetate. After 
work-up, the residue was chromatographed on alumina28 where 
CH2CI2 developed and CHCI3 eluted a blue band that yielded 108 
mg (92%) of 2-Br-l-OH. (See paragraph at end of paper regarding 
supplementary material.)

A TNB complex was prepared and crystallized for analysis from 
1:1 ethyl acetate-hexane to yield red-brown needles: mp 105.0-
105.5 °C; Xmax (CH2C12) 285 nm (log « 4.79), 295 (4.80), 335 (3.69), 
349 (3.76), 362 (3.13), 568 (2.58), 605 (2.53), and 665 (2.14).

Anal. Calcd for CisHuCRNgBr: C, 46.57; H, 3.04. Found: C, 
46.81; H, 3.27.

2-(2-Bromo-l-azulyl)ethyl Tosylate (2-Br-l-OTs). 2-Br-l- 
OH (105 mg, 0.43 mmol) was converted to its tosylate ester by the 
standard method used for 1-OTs. After work-up, the tosylate was 
chromatographed on deactivated (4.6% H20 )  alumina.28 CH2CI2 
eluted a violet band that afforded 138 mg (81%) of 2-Br-l-OTs as a 
blue oil: ir (neat film) 8.35 (s, S-O) and 8.45 n (s, S-O).

A TNB complex was produced as long, dense, dark-red needles: 
mp 114.0-114.5 °C. (See paragraph at end of paper regarding sup
plementary material.)

Anal. Calcd for C25H2o09N3BrS: C, 48.55; H, 3.26. Found: C, 
48.67; H, 3.32.

2-(2-Iodo-l-azulyl)ethyl Acetate (2-I-l-OAc). Following the 
direct ¡8-hydroxyethylation procedure described for the synthesis 
of 2-CH30-l-0A c, 475 mg (1.87 mmol) of 2-iodoazulene12a and 545 
mg of AICI3 in 25 ml of CH2CI2 at 0 °C was treated with 9.2 ml of a 
2% solution of ethylene oxide in CH2C12. After 35 min, work-up 
gave a residue which was chromatographed on alumina.28 CH2C12 
eluted a broad, blue band that afforded 285 mg of unreacted 2-io- 
doazulene, and CHCI3 eluted a blue band that yielded 205 mg of 
crude 2-I-l-OH. Absolute ethanol eluted a third, blue band that 
yielded 20 mg of material which was not investigated.

The 2-I-l-OH was acetylated with acetic anhydride and pyridine 
at 0 °C. After work-up the residue was chromatographed on alumi
na.28 CC14-CH 2C12 (1:1) eluted a broad, blue band, CH2C12 re
moved a diffuse, blue band, and CHCI3 eluted a narrow, blue band. 
Only the first blue band was investigated and afforded 160 mg 
(25%, 63% net) of 2-I-l-OAc. Crystallization from hexane afforded 
blue rosettes, mp 69.0-69.5 °C. (See paragraph at end regarding 
supplementary material.)

Anal. Calcd for C14H13O2I: C, 49.43; H, 3.85. Found: C, 49.56; H, 
3.90.

2-(2-Cyano-l-azulyl)ethyl Acetate (2-CN-l-OAc). A mixture 
of 137 mg (0.40 mmol) of 2-I-l-OAc and 53 mg (0.60 mmol) of 
CuCN in 10 ml of dry DMF was heated at 150 °C with stirring for 
2 h. The color of this mixture changed during this period from blue 
to blue-brown. The mixture was cooled, diluted with 100 ml of 
benzene, and washed with six 100-ml porions of warm, aqueous 
NaCN (prepared from 600 ml of warm water and 20 g of NaCN). 
The organic layer was washed with water and dried (Na2S 04), the 
solvent volume reduced, and the residue chromatographed on alu
mina.28 CC14-C H 2C12 (1:1) eluted a violet band, CH2C12 eluted a 
broad, blue band, anhydrous ether eluted a blue-green band, and 
CHCI3 eluted a violet and a green-blue band. The broad, blue band 
afforded 83 mg (86%) of 2-CN-l-OAc. The other bands were not 
investigated. The product acetate was isolated as a blue-green oil. 
(See paragraph at end of paper regarding supplementary materi
al.)

For analysis a TNB complex was prepared and crystallized from 
1:1 ethyl acetate-hexane. RecTystallization yielded green spheru- 
lites: mp 96.6-97.5 °C; Xmax (CH2C12) 256 nm (log t 4.47) (sh), 289
(4.69) , 300 (4.64), 334 (3.78), 342 (3.75), 347 (3.81), 357 (3.48), 606
(2.69) , 648 (2.70), and 710 (2.45) (sh).

Anal. Calcd for C2iH160 8N4: C, 55.75; H, 3.57. Found: C, 55.98; 
H, 3.73.

2-(2-Cyano-l-azulyl)ethanol (2-CN-l-OH). Basic hydrolysis 
of 210 mg (0.88 mmol) of 2-CN-l-OAc was carried out as in the 
synthesis of 2-CH30 -l-0 H  from its acetate. After work-up the res
idue was chromatographed on alumina28 where CHC13 eluted a sin

gle, blue band that yielded 170 mg (99%) of the title compound. 
Crystallization from 1:1 ether-hexanes afforded green needles, mp
50.0-50.5 °C. (See paragraph at end of paper regarding supple
mentary material.)

Anal. Calcd for C13H11ON: C, 79.16; H, 5.62. Found: C, 79.29; H, 
5.64.

2-(2-Cyano-l-azulyl)ethyl Tosylate (2-CN-l-OTs). 2-CN-l- 
OH (140 mg, 0.71 mmol) was converted to its tosylate ester by the 
standard method used for 1-OTs. After work-up, the tosylate was 
chromatographed on deactivated (4.6% H20 ) alumina with 
CH2C12. A blue band was eluted which afforded 235 mg (94%) of 
the title compound which was crystallized from CH2C12 and hex
ane as long, dense, green needles, mp 109.2-110.0 °C. (See para
graph at end of paper regarding supplementary material.)

Anal. Calcd for C2oHi703SN: C. 68.35; H, 4.88. Found: C, 68.46; 
H, 4.96.

Diethyl 6-Bromo-l,3-azulenedicarboxylate (7). To a 2.00 g 
(5.46 mmol) of diethyl 2-amino-6-bromo-l,3-azulenedicarboxylate 
(G)12a in 350 ml of dioxane was added 535 mg of concentrated sul
furic acid in 10 ml of tetrahydrofuran and 600 mg (5.45 mmol) of 
p-hydroquinone. In two addition funnels were placed separately
11.20 g (102 mmol) of p-hydroquinone in 200 ml of dioxane and
12.5 g (107 mmol) of isoamyl nitrite in 200 ml of dioxane. The con
tents of the two addition funnels were added simultaneously at ap
proximately equal rates at room temperature to the stirred solu
tion as the color changed from orange to red. This mixture was 
stirred for 3 h, diluted with 500 ml of 1 M aqueous sodium sulfite, 
and extracted with three 500-ml portions of hexane. The combined 
extracts were washed with two 500-ml portions of water and dried 
(Na2S 04), and the solvent volume reduced. The residue was chro
matographed on alumina.28 Benzene eluted a red band and devel
oped a yellow band that was eluted with CH2C12. The yellow band 
afforded 80 mg of unreacted 6 and the red band gave 1.791 g (93%, 
97% net) of 7. Crystallization from benzene yielded dark, red nee
dles, mp 206.0-207.5 °C (lit.12a 26%, mp 206-207 °C). (See para
graph at end of paper regarding supplementary material.)

Anal. Calcd for Ci6H4504Br: C, 54.72; H, 4.31. Found: C, 54.70; 
H, 4.53.

Dimethyl 6-Methoxy-l,3-azulenedicarboxylate (12). To 125
ml of methanol [distilled from Mg(OCH3)2] was added 253 mg 
(11.0 mg-atoms) of sodium. After the sodium had dissolved, 1.00 g 
(2.73 mmol) of 7 was added with stirring and the solution was 
heated under reflux for 3 h with a gradual color change from red to 
orange. The methanol was removed on a rotary evaporator and the 
residue was chromatographed on alumina.28 Benzene developed a 
small red band in front of the large orange band and the red band 
was collected to yield 40 mg of 7 by analysis of the NMR spectrum. 
The major portion of the orange band was eluted with CH2C12 to 
give 640 mg (82%, 85.5% net) of 12. Crystallization of this product 
from benzene gave orange needles, mp 149-150.2 °C. (See para
graph at end of paper regarding supplementary material.)

6-Methoxyazulene (17). When 640 mg (2.34 mmol) of 12 was 
dissolved in 80 ml of concentrated H2S04, a yellow solution re
sulted. After stirring for 2 h at 25 °C, no color change was noted. 
This solution was poured slowly into 800 ml of ice water with stir
ring with the immediate formation of an orange-yellow precipitate. 
This solid was collected by centrifugation and washed with eight 
30-ml portions of water. After drying (12 h, 50 °C), 555 mg (96.5%) 
of 6-methoxy-l,3-azulenedicarboxylic acid was obtained: NMR 
(Me2SO-d6, internal Me4Si) r —2.30 (broad s, C 02H, 2), 0.36 [d (J 
= 11.5 Hz), C4,g H’s, 2], 1.62 (s, C2 H, 1), 2.44 [d (J = 11.5 Hz), C5,7 
H’s, 2], and 5.92 (s, OCH3, 3).

This sample was placed in a large sublimation tube and heated 
to 240-250 °C (160 Torr) for 8 h. During this time, violet plates 
formed on the condenser and were removed periodically. This 
product was chromatographed on alumina with 9:1 hexane-CH2Cl2 
to yield, after solvent evaporation, 247 mg (67% based on starting 
diester) of 17: mp 113-113.5 °C (lit.30 112-113 °C); ir (KBr) 6.30 
(m), 9.90 (m), 12.07 (s). and 13.39 m (s); NMR (CCI4, internal 
Me4Si) r 1.91 [d (J = 10.5 Hz), C4 8 H’s, 2], 2.46 [t (J = 4.0 Hz), C2
H, 1], 2.83 [d (J = 4.0 Hz), Ci,3 H ’s, 2], 3.34 [d(J = 10.5 Hz), C5,7 
H’s, 2], and 6.13 (s, OCH3, 3); Xmax (cyclohexane) 635 nm (log c
I. 80), 605 (1.93), 579 (3.34), 551 (2.29), 533 (2.34), 514 (2.28), 366 
(3.48), 353 (3.67), 344 (3.59), 338 (3.58), 330 (3.51), 310 (3.93), 293 
(4.82), 287 (4.80), and 282 (4.77).

Anal. Calcd for Cu H10O: C, 83.51; H, 6.37. Found: C, 83.70; H, 
6.51.

2-(6-Methoxy-l-azulyl)ethyl Tosylate (6-CH30-l-0 T s). 6-
CH30-1-0H 5 (135 mg, 0.67 mmol) was converted to its tosylate
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ester under the conditions used for 1-OTs. Work-up and chroma
tography on deactivated (4% H20 ) alumina28 with CH2CI2 gave 
238 mg (80%) of 6-CH3G- 1-OTs as an unstable violet-red oil: ir 
(neat film) 6.32 (s), 8.34 (s, S-O), and 8.47 m (s, S-O); NMR 
(CDCI3, internal Me4Si) t 1.80-3.40 (m, 10), 5.71 [t (J = 7.0 Hz), 
a-CH2, 2], 6.12 (s, OCH3, 3), 6.65 [t (J = 7.0 Hz), /3-CH2, 2], and
7.65 (s, CH3, 3).

The product was converted to the TNB complex, which would 
not crystallize from ethyl acetate-hexane. However, upon standing 
at freezer temperature (—27 °C) for 1 week, a brown solid resulted, 
which softened at room temperature to a semisolid. Repeated at
tempts to purify this sample by recrystallization or chromatogra
phy did not yield a crystalline compound, but gave a solid with 
each cooling at freezer temperature which partially melted at room 
temperature. This complex was unstable at room temperature in 
the presence of air or in CH2C12 solution at room temperature over 
a 2-day period: Amax (CH2C12) 539 nm (log t 2.40), 370 (3.21), 357
(3.70), 350 (3.62), 342 (3.59), 297 (4.76), and 291 (4.76).

2-(6-Methyl-l-azulyl)ethyl Tosylate (6-CH3-1-OTs). 6-
CH3-I-OH6 (115 mg, 0.62 mmol) was converted to its tosylate ester 
by the method used for 1-OTs. Work-up and chromatography on 
deactivated (6% H20 ) alumina28 with CH2CI2 eluted two blue 
bands. After solvent removal, the first, blue band afforded 174 mg 
(83%) of 6-CH3-1-OTs and the second band gave 20 mg of unceact- 
ed 6-CH3-I-OH.

The tosylate ester was converted to its TNB complex as clusters 
of red-brown needles, mp 99.0-99.5 °C. (See paragraph at end of 
paper regarding supplementary material.)

Anal. Calcd for C26H23N3O9S: C, 56.41; H, 4.18. Pound: C, 56.80; 
H, 4.02.

2-(6-Methyl-l-azulyl)ethyl Acetate (6-CH3-I-OAC). 6-CH3- 
1-OH (74 mg, 0.40 mmol) was acetylated with acetic anhydride in 
pyridine at 0 °C. Work-up and chromatography on alumina28 gave 
63 mg (75%) of the acetate (CH2CI2 eluent) as a blue oil. This was 
converted to its TNB complex as long, violet-brown needles from 
ethyl acetate-hexane, mp 104.8-105.1 °C. (See paragraph at end of 
paper regarding supplementary material.)

Anal. Calcd for C2iH i9N30 8: C, 57.14; H, 4.34. Found: C, 57.37;
H, 5.23.

6-Bromoazulene (16). Diethyl 6-bromo-l,3-azulenedicarboxy- 
late (7, 500 mg, 1.42 mmol) was dissolved in 20 ml of concentrated 
H2SO4 and the resultant yellow solution stirred for 2 h at room 
temperature. This solution was poured into 200 ml of ice water 
with an instantaneous formation of a finely divided red solid. The 
precipitate was collected by centrifugation and the gelatinous pre
cipitate washed with ten 15-ml portions of water. The product was 
collected and dried (70 °C, 4 h) to yield 402 mg (96%) of 6-bromo-
I, 3-azulenedicarboxylic acid, which was finely ground and placed 
in a large sublimation tube. Upon heating to 230 °C (200 Torr) a 
blue solid appeared on the condenser. Heating was maintained for 
10 h with periodic removal of the product from the condenser. 
Chromatography of this compound on alumina28 with 9:1 hexane- 
CH2C12 yielded 133 mg (47%, 45% based on starting ester) o f 16: 
mp 106.5-108.0 °C; ir (KBr) 10.49 (m), 12.11 (s), and 13.28 M (m); 
NMR (CCI4, internal Me4Si) r 1.92-2.21 (m, 3) and 2.46-2.70 (m,
4); Xmax (cyclohexane) 702 nm (log e 2.13), 662 (2.14), 636 (2.46), 
607 (2.45), 582 (2.49), 560 (2.41), 539 (2.32), 521 (2.17), 362 (3.13), 
347 (3.77), 340 (3.58), 334 (3.63), 304 (3.80), 288 (4.90), 282 (4.85), 
and 278 (4.81). A sublimed sample, mp 104.5-105.0°, was submit
ted for analysis.

Anal. Calcd for CioH7Br: C, 57.99; H, 3.41. Found: C, 58.10; H, 
3.65.

2-(6-Bromo-l-azulyl)ethyl Tosylate (6-Br-l-OTs). 6-Br-l-
OH5 (24 mg, 0.096 mmol) was converted to its tosylate ester under 
the conditions outlined for 1-OTs. Isolation and purification of the 
product gave 32 mg (82%) of 6-Br-l-OTs as silky blue needles, mp
92.2-93.0 °C. (See paragraph at end of paper regarding supple
mentary material.)

Anal. Calcd for C19H ,70 3SBr: C, 56.31; H, 4.23. Found: C, 56.37;
H, 4.36.

2-(6-Cyano-l-azulyl)ethyl Acetate (6-CN-l-OAc). 6-Br-l-
OAc (180 mg, 0.62 mmol) (produced by Ac20-pyridine acetylation 
of 6-Br-l-OH) and 83 mg (0.93 mmol) of CuCN in 10 ml of dry 
DMF was heated for 6.5 h at 135 °C with stirring under an N2 at
mosphere. Work-up (see synthesis of 2-CN-l-OAc) and chroma
tography on alumina28 with CH2C12 first eluted 30 mg of unreacted
6-Br-l-OAc. This was followed by a blue band containing 100 mg 
(68%) of 6-CN-l-OAc as a green oil: ir (neat film) 4.52 (m, C=N ),
5.75 (s, C = 0 ), and 9.60 n (s, C-O); NMR (CC14, internal Me4Si) r
I. 73-2.97 (m, 6), 5.73 [t (J = 7 Hz), «-CH2, 2], 6.68 [t («/ = 7 Hz),

d-CH2, 2], and 8.03 (s, CH3, 3).
For analysis a TNB complex was prepared and crystallized from 

1:1 ethyl acetate-hexane to yield green plates: mp 80.0-80.5 °C; 
Xmax (CH2C12) 280 nm (log c 4.88) (sh), 290 (5.07), 306 (3.95) (sh), 
337 (3.80), 354 (3.88), 654 (2.53), and 722 (2.46).

Anal. Calcd for C2j H if,0sN4: C, 55.75; H, 3.57. Found: 55.72; H,
3.53.

2-(6-Cyano-l-azulyl)ethanol (6-CN-l-OH). Basic hydrolysis 
of 110 mg (0.46 mmol) of 6-CN-l-OAc was carried out as in the 
synthesis of 2-CH30 -l-0 H  from its acetate. After work-up, the 
green residue was chromatographed on alumina28 where CHC13 
eluted a single, light-blue band that yielded 90 mg (100%) of 6- 
CN-l-OH as a green oil: ir (neat film) 3.00 (s, OH), 4.55 (s, CN), 
and 9.60 g (s, C-O); NMR (CDC13, internal Me4Si) r 1.73-2.97 (m,
6), 6.12 [t (J = 6 Hz), a-CHs, 2], 6.75 [t (J = 6 Hz), /5-CH2, 2], and
7.42 (s, OH, 1).

For analysis a TNB complex was prepared and crystallized from 
1:1 ethyl acetate-hexane to give light-brown needles: mp 77-78 °C; 
Xmax (CH2C12) 281 nm (log r 4.85) (sh), 290 (5.03), 338 (3.68), 353 
(3.80), 657 (2.53), and 725 (2.44).

Anal. Calcd for Ci9H140 7N4: C, 55.61; H, 3.44. Found: C, 55.54; 
H, 3.28.

2-(6-Cyano-l-azulyl)ethyl Tosylate (6-CN-l-OTs). 6-CN-l- 
OH (90 mg, 0.46 mmol) was converted to its tosylate ester under 
conditions as in the synthesis of 1-OTs. Work-up gave a green resi
due which was chromatographed on deactivated (6% H20 ) alumi
na28 where CH2C12 eluted two blue bands. The second band con
tained 10 mg of unreacted 6-CN-l-OH while the first band afford
ed 125 mg (78%) of 6-CN-l-OTs. The tosylate was crystallized 
from 1.5 ml of 1:1 ethyl acetate-hexane to afford green crystals, 
mp 118.0-119.5 °C. (See paragraph at end of paper regarding sup
plementary material.)

Anal. Calcd for C20Hi7O3NS: C, 68.35; H, 4.88. Found: C, 68.26; 
H, 4.98.

6-Cyanoazulene. To 60 mg (0.29 mmol) of 6-bromoazulene was 
added 4 ml of dry DMF and 34 mg (0.38 mmol) of CuCN. The mix
ture was heated to 150 °C and maintained at this temperature for 
6 h with stirring. The cooled mixture was diluted with 50 ml of 
benzene and the benzene layer was shaken vigorously with three 
portions of warm, concentrated aqueous NaCN solution. The or
ganic layer was then washed with water and dried (Na2S 04), and 
the solvent volume reduced. The concentrated green benzene solu
tion was chromatographed on alumina.28 Benzene developed a 
blue band which was eluted with 1:1 hexane-CH2Cl2 to yield, after 
solvent removal, 35 mg (78%) of 6-cyanoazulene: mp 51-52 °C; ir 
(film) 4.52 (m, C=N ), 11.97 (s), 12.82 (s), and 13.21 g (s); NMR 
(CCI4, internal Me4Si) r 1.64 [d (J = 10.0 Hz), C4s H’s, 2], 1.90 [t 
(J = 4.0 Hz), C2H, 1], 2.46 [d (J = 4.0 Hz), Ci,3 H’s, 2], and 2.59 [d 
(J = 10.0 Hz), C5J H’s, 2]; Amax (cyclohexane) 774 nm (log t 1.96), 
721 (2.20), 696 (2.54), 660 (2.51), 631 (2.57), 606 (2.48), 584 (2.40), 
362 (3.70), 346 (3.82), 333 (3.65), and 283 (4.01).

Anal. Calcd for CnH7N: C, 86.24; H, 4.61. Found: C, 86.20; H,
4.81.

Diethyl 2-Nitroaminoazulene-l,3-dicarboxylate (21). Di
ethyl 2-amino-l,3-azulenedicarboxylate (3,la 500 mg, 1.74 mmol) 
was dissolved in 15 ml of acetic anhydride and the orange solution 
was chilled in a dry ice-2-propanol bath. To the cold solution was 
added 521 mg (2.16 mmol) of Cu(N03)2-(H20 )3 dissolved in 25 ml 
of acetic anhydride over a 10-min period with stirring, resulting in 
a green solution. The solution was allowed to warm to room tem
perature, the color changing to brown. The solution was diluted 
with cold water and extracted with CH2C12. The CH2C12 was ex
tracted three times with dilute NH4OH, imparting an orange-red 
color to the NH4OH layer. The CH2C12 layer was washed with 
water and dried (MgS04), and the solvent evaporated. The residue 
was chromatographed on basic alumina with CH2C12 to yield, after 
evaporation of solvent, 224 mg of starting 3.

The NH4OH extracts were combined, neutralized with 5% hy
drochloric acid, and extracted with CH2C12. The red organic layer 
was washed with water and dried (MgS04), and the solvent volume 
reduced to give 233 mg (40.3%, 73% net yield) of 21. An analytical 
sample was prepared by recrvstallization from a minimum amount 
of CH2C12 affording large, orange-red needles, mp 147-149 °C. 
(See paragraph at end of paper regarding supplementary materi
al.)

Anal. Calcd for C16H|f,N20 6: C, 57.83; H, 4.86. Found: C, 57.71; 
H, 5.03.
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The synthesis of 2- (OCH3, CH3, Cl, Br, I, CN), 3- (OCH3, CH3, Br, COCH3, CN, N 02) and 6-substituted 
(OCH3, CH3, Br) l  azulenecarboxylic acids (1) as well as 4-, 5- and 7-CH3- l ’s are described. The thermodynamic 
pita’s of these derivatives of 1 (except for 2-1-1 and 2-CN-l owing to poor solubility) were determined in 50% (v/v) 
aqueous ethanol at 25.0 °C. The four substituent effects in the orthclike 2 position of 1 are correlated with a°p con
stants. Compared to related effects in 0-XC6H4CO2H ionizations, a significant steric contribution to the ortho ef
fect in the ortho-substituted benzoic acid derivatives is clearly established. The six substituent effects in 3-X -l 
pKa’s show that the 3 position in 1 behaves intermediate between a benzene meta and para position. The variable 
behavior of substituent effects at the 3 position relative to the nature of the reaction center at Ci is discussed. The 
limited 6-X -l data set is in keeping with this position being a long-range paralike position. The individual methyl 
group effects at positions C4-C 7 of the seven-membered ring are correlated with results of CNDO/2 calculations 
on 1 and its conjugate base. Although a small alternating effect is observed at C4-C 7, the methyl group effects 
center around <r°p behavior.

Ham m ett’s choice o f  the dissociation o f substituted ben
zoic acids in water at 25 °C  as the standard reaction (p =
1 .0 ) in developing his classic pa linear free energy relation
ship placed the study o f substituent effects on aromatic 
carboxylic acid p K a’s at center stage in such correlation 
analyses.2 As we approach the general question o f how sub
stituent effects are felt and transmitted from  various non
equivalent positions to  attached reaction centers in azu- 
lene, it was fitting and proper to initiate this general study 
by  determining the effects o f  substituent groups on the 
p K a’s o f  the azulenecarboxylic acids .3 T he present paper 
will deal with certain substituent effects at the 2  (benzene 
ortholike), 3 (benzene metalike), and 6  positions (long- 
range benzene paralike) as well as the methyl group effects 
at the 2 -7  positions on the pK a o f  1-azulenecarboxylic acid
( 1 ) in 50% (v /v ) aqueous ethanol at 25 °C.

Synthesis of Substituted 1-Azuloic Acids. T w o conve
nient m ethods are available for introducing the carboxylic 
acid group into the 1  position o f azulene: ( 1 ) trifluoroacety- 
lation o f azulene using trifluoroacetic anhydride followed 
by base hydrolysis ,4 and (2 ) reaction o f azulene with phos
gene followed by hydrolysis.5

COCF3

3-Substituted 1-Azuloic Acids (3 -X -l). T he acids
3 -X -l  where X  = Br, COCH 3 , CN, and N O 2 were prepared 
by electrophilic substitution in the 3 position o f methyl 1- 
azulenecarboxylate4 followed by base hydrolysis to the re
spective acids. For the substituents X  =  CH 30  and CH 3,
l-m eth oxy -la and l-m ethylazulenela were trifluoroacety- 
lated. Base hydrolysis o f  3-m ethyl-l-trifluoroacetylazulene 
gave 3 -C H 3-I  while base hydrolysis o f  3 -m ethoxy-l-trifluo-

roacetylazulene led to extensive decom position. However,
3 -C H 3O -I was prepared by treating 1-methoxyazulene with 
phosgene followed by hydrolysis.

2-Substituted 1-Azuloic Acids (2 -X -l). Using A nder
son ’s trifluoroacetylation procedure ,4 2 -m ethoxy-, 2 - 
methyl-, 2 -chloro, 2 -brom o-, and 2 -iodoazulenesla were 
converted to the corresponding 2 - X - l ’s. The synthesis o f
2 -C N -l involved conversion o f 2-1-1 to  methyl 2 -iod o -l- 
azulenecarboxylate (2 ) followed by reaction o f  2  with cu
prous cyanide in refluxing dim ethylform am ide (D M F ). H y
drolysis o f  the methyl ester gave 2 -C N -l.

6-Substituted 1-Azuloic Acids (6 -X -l). 6 -M ethoxyazu- 
lenela was allowed to react with phosgene and hydrolysis o f 
the product acid chloride gave 6 -C H 3O -I. Base hydrolysis 
o f  methyl 6 -m ethyl-1 -azulenecarboxylate6 produced 6 -
CH a-l.

6 -Brom oazulenela was converted to 6 -B r-l by reaction 
with phosgene and then hydrolysis. Since the sample o f  6 - 
Br-1 failed to  give a satisfactory elemental analysis, it was 
converted to the methyl ester with diazomethane. Halo- 
genodealkylation o f methyl 6 -brom o-l-azulenecarboxylate 
with lithium brom ide in refluxing D M F  afforded 6 -B r -l 
(46%) and 6 -bromoazulene (39%). Here again a satisfactory 
elemental analysis was not obtained with 6 -B r -l.

4-, 5-, and 7-Methyl-l-azuloic Acids. Trifluoroacetyla
tion o f 4-methylazulene7 produced a single product identi
fied as l-trifluoroacetyl-4-m ethylazulene (3), on the basis 
o f  its N M R  spectrum. The presence o f  the trifluoroacetyl 
group at Ci has a marked anisotropic effect on the peri- 
CsH if this proton is present; in the case o f  3 this effect was 
apparent. Base hydrolysis o f  3 gave 4-C H 3- l .

W hen a mixture o f methyl 5- (4) and 7-m ethyl-l-azu- 
lenecarboxylates (5 )6 was chromatographed on W oelm  alu
mina, the two isomers were separated. Each ester was then 
hydrolyzed to the corresponding acid. Their structural as
signments are based on the N M R  spectra o f  the methyl es
ters. In 4 the peri-CgH is coupled to  C7H while in 5 this 
coupling is absent.

pKa’s of Substituted 1-Azuloic Acids. The therm ody
namic p K a’s o f  the substituted 1 -azuloic acids were deter
mined in 50% (v /v) aqueous ethanol at 25 °C3 and are listed 
in Table I. Even in this solvent the low solubilities o f  2- 
CN-1 and 2-1-1 precluded their p K a determinations.

Although the data sets for 2 -X -l and 6 -X - l  are quite 
limited, the 3 -X - l  data set contains a reasonable num ber o f  
substituent groups and spread in their electronic responses 
to  a reaction center. The present collection o f p K a data
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Table I. pJKa’s of Substituted 1-Azuloic Acids in 50% 
(v/v) Aqueous Ethanol at 25.00 ±0.01 °C

Registry
no.

Substi
tuent in 

X - l pK a

ApK a [pK a 
(H) -  pK a 

(X)]

1201-25-8 H 6.992 ±  0.004° 0 .0 0 0

58313-00-1 2 -CH3O 7.296 ±  0.004 -0.304
33447 -SI-3 2 -CH3 7.311 ±0 .006 -0.319
54798-17-3 2-C1 6.422 ±  0.013 0.570
58313-01-2 2-Br 6.392 ±  0.008 0.600
58313-02-3 3-CHsO 6.952 ±  0.006 0.040
58313-03-4 3-CHs 7.092 ±  0.007 - 0 .1 0 0

58313-04-5 3-Br 6.528 ±  0.017 0.464
58313-05-6 3 -CH3CO 6.208 ±  0.014 0.784
58313-06-7 3-CN 5.898 ±  0.012 1.094
31802-33-2 3 -NO2 5.612 ±  0.011 1.380
10527-10-3 4 -CH3 7.096 ±  0.007 -0.104
58313-07-8 5 -CH3 7.192 ±  0.004 - 0 .2 0 0

58313-08-9 6 -CH3O 7.154 ±  0.010 -0.162
58313-09-0 6 -CH3 7.118 ±  0.003 -0.126
58313-10-3 6 -Br 6.616 ±  0.023 0.376
58313-11-4 7-CHa 7.171 ±  0.005 -0.179

Standard deviations.

should minimally answer the question o f  how the 3 substit-
uents interact with the reaction centers involved in the car
boxylic acid-carboxylate anion equilibrium; that is, relative 
to  the 1 position is the 3 position a “ benzene m etalike”  p o 
sition?

T o  answer this question, the pK a data in Table I were 
treated by  regression analysis and these results are listed in 
Table II. Our analysis began by treating each data set with 
the Y ukaw a-Tsuno-Saw ada (Y T S ) relationship8 treating 
each position as paralike in the expression ApK a =  p[a°p +
r { 4  -

It was im mediately obvious from  the results o f the Y T S  
correlations that from  the small values o f  r, <r°p constants 
correlated the lim ited 2 -X - l  and 6 -X - l  data sets. However, 
the value o f  r =  —0.18 for the 3 -X - l  data set indicated that 
less resonance than that present in <rp constants813 was in
volved in the interaction o f the 3 substituents and the C i 
acid function. That <rm and a°m constants appear to overcor
rect this is shown in those correlations in Table II. Figure 1  

shows the pK a data plotted against a°p constants.
The reduced resonance effect by 3 substituents com 

pared to that predicted by cr°p constants is seen with both  
the 3-C H 30 - l 9 and 3 -C H 3 -I acid p K a’s com pared to the 
correlation line using 1  and the four 3 -X - l ’ s bearing elec
tron-withdrawing groups. A  further check on this point was 
carried out using the Sw ain-Lupton correlation, ApK a =  
f y  +  r f i  +  i; 10 see Table III. The °/oil (average relative im 
portance o f  resonance) was 37 ±  4, which may be compared 
with 53% for ap, 22% for am, 42% for <j°p, and 23% for o°m.10 
Thus both  the Y T S  and Sw ain-L upton  dual substituent 
approaches lead to the same conclusion that the 3 position 
in 3 - X - l ’s behaves intermediate between a meta and para 
position in benzene derivatives.

Roberts et al. 12 reported p =  1.46 ±  0.05 for m - and p -  
X C 6H 4CO 2H ionization in 50% aqueous ethanol using 
H am mett a constants. As we can see from  the data for
3 -X -l  and 6 -X - l  p K a’ s quite similar p values are obtained 
for the 1 -azulenecarboxylic acid ionization using a som e
what different a (a°p) constant. Although this agreement in 
p values is excellent comparing the substituted benzoic 
acids with the com bined 3 - X - l ’s and 6 - X - l ’s (last entry in 
Table II), there may be som e doubt concerning the validity 
in the com bination o f  these two data sets. This corrobo
rates the position taken by Dewar et al. 13  and m odified by 
Forsyth 14 in using the p value determ ined for benzene de-

Table II .  Regression Analysis of Substituted 
1-Azuloic Acids pKa Data

Position
(parameter)“ '® p rb Cc s d pe nf

2 (YTS) 2.15 ±  0.05 0.4 1 .0 0 0 0 .0 2 1232 5
3 (YTS) 1 .6 8  ±  0.06 -0 .18 0.998 0.04 586 7
6 (YTS) 1.22 ±  0.09 0.05 0.998 0.03 119 4
3 (<Tm) 1.93 ±  0.20 0.975 0.14 97 7
3 (4 i ) 1.87 ±  0.17 0.979 0.13 115 7
3 (<Tn) 1.52 ±  0.09 0.991 0.09 263 7
3 ( 4 ) ,  6 ( 4 ) 1.45 ±  0.07 0.989 0.09 350 1 0

° Position(s) and constant(s) used in correlation. Yukawa- 
Tsuno-Sawada identified as YTS. b The value of r in YTS 
equation. c Correlation coefficients. d Standard error of the es
timate in p K a units. e Critical value of the variance ratio test. 
f Number o f points in data set; each uses X  = H. ® The sources 
for the substituent constants used in these analyses were am 
(ref 10), (7p (ref 10), o°m (ref 8b), and <7“ (ref 8b with that for 
COCH3 as 0.50210).

Table I I I .  Swain-Lupton Correlation Results for 
Substituted 1- Azulenecarboxylic Acids

Substi
tuent posi

tion f a ra ia %31a C b nc

2d 1.23 ±  0.02 1.61 ±  0.04 -0 .01  45.0 ±  0.04 0.9997 5
3 1.01 ±  0.09 0.97 ±  0.16 0.04 37 ±  4 0.992 7
6 d 0.71 ±  0.06 0.93 ±  0.10 0.02 45 ±  3 0.997 4

“ Parameters calculated as per ref 1 0 . 6 Correlation coeffi
cient. c Number of points in data set; each uses X  = H. d Data 
set does not include strong electron-withdrawing groups.

Figure 1. Plot of ApXa’s of X - l ’s against a°p constants. The line is 
that defined by electron-withdrawing 3 -X -l’s and 1 .

rivatives and “ synthesizing”  <r’s for correlating substituent 
effects in other aryl units in related reaction processes.

Although the data sets o f  2 -X - l  and 6 -X - l  are very lim it
ed we have applied the Sw ain-Lupton correlation 10  to
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Table IV . Comparison of p K B’s of 2-X-l and
0-X C 6H4CO2H

2- X - l  o - X C 6H 4C 0 2 H 1 7

H pX a° ApKaC P K B ApKV

H 6.99 5.76“ ’d (4.20)fc
CH 3O 7.30 -0.31 5.83 (4.09) —0.07“ ’a (0.11)h
c h 3 7.31 -0 .32 5.78 (3.91) -0 .02  (0.29)
Cl 6.42 0.57 4.82 (2.94) 0.94 (1.26)
Br 6.39 0.60 4.73 (2.85) 1.03 (1.35)

0 In 50% (v/v) aqueous ethanol at 25.0 °C. 6 In water at
25.00 °C .17b c pK a (H) — pK a (X ). d Reference 17a.

them in an attem pt to assess the sensitivities o f  these sub
stituents to  field and resonance effects. T he resultant 
values are listed in Table III along with those o f  3 -X - l .

Comparing the empirical weighting factors f  and r found 
for substituents at the 3 and 6  positions (Table III) we see 
that while th ese sensitivities to  th e  resonance e ffec t are the 
same, the sensitivity to  the field effect is less at the 6  posi
tion. The latter was expected since the distance in azulene 
from the proton at C iH  to Cfi is 5.2 Á while the same dis
tance (C iH ) to C 3 is 3.3 Á. This coupled with a poorer angle 
for charge-dipole interaction from  C6X  to  C iH  com pared 
to C3X  (cos 6 in the K irkw ood-W estheim er treatm ent o f 
field effects) 15  leads to  a reduced field effect by the 6  sub
stituents.

The substituent effects by the 2 substituents in the 
pK a’s o f 2 -X - l  are interesting since they bear on the ques
tion o f the ortho or proxim ity effect in ortho-substituted 
benzoic acid ionizations .16  Table IV list the p K a’s o f  2 -X - 
I's and the corresponding o -X C e H iC O ^ H ’s 17 for com pari
son. W e see that the change from  water to 50% (v /v) aque
ous ethanol has a parallel effect on the 0 -X C 6H 4CO 2H 
A p /fa’s. This was also observed by M cC oy and R iecke 18  in 
the pK a’s o f  various o-alkylbenzoic acids in aqueous m eth
anol.

As we change from 0 -X C 6H 4CO 2H to 2 -X -l the distance 
between the X  and CO 2H group increases owing to the geo
metric change involving a six-m em bered ring in o- 
X C 6H 4CO 2H and a five-m em bered ring in 2 -X - l .  This 
change in geom etry gave the large K i / K 2 ratio o f  107 -1 for
1 ,2 -azulenedicarboxylic acid com pared to 288 for this same 
ratio for phthalic acid .3 In the cases o f  the C H 3O and CH 3 

substituents especially, we find the norm al effects o f  these 
substituents in 2 -X - l  to  be acid w eakening  which áre al
most negligible in the 0 -X C 6H 4CO 2H series. Also, the sub
stituent effects o f  o -C l and o-B r on the pK a o f  benzoic acid 
are larger in magnitude (greater acid-strengthening effect) 
than those found in 2 - X - l ’s with X  =  Cl and Br. These lat
ter differences are greater than those expected from  the ge
ometry changes in going from the six-m em bered ring o f o - 
X C 6H 4CO 2H to the five-m em bered ring o f 2 -X -l using the 
field effect m odel with the same effective dielectric con
stant. 15

W e interpret this comparison as adequate evidence for a 
substantial contribution by steric inhibition o f  resonance  
to the overall effects in the ionization o f  o-XCghLiCC^H’s 
realizing that factors such as steric inhibition o f  solvation 
and field and resonance effects are also operating . 18  The 
above data taken together with other recent reports18 ’19 

should satisfy even the most ardent critics o f  the presence 
o f  a significant contribution o f  steric inhibition o f  reso
nance in reactions o f  ortho-substituted benzoic acids.

T he effect o f the methyl group on the pK a o f  1  was de
termined at six o f  the seven nonequivalent ring positions 
(Table I and Figure 1 ). Omitting the 2-m ethyl effect due to 
the additional factors involved in the ortho effect, the re
maining five methyl effects appear as roughly two groups

Table V. The CNDO/2 Regional Charges, qr ’s, and 
Changes in Regional Charges, Aqr’s, Compared to Azulene 

for syn-1 and 1 -Azulenecarboxylate Anion20

Ring
posi
tion

Qr
azulene

Qr
syn -1

A qr° 
[syn -1)

Qr 1-
A zC 02

Aqr~ b (1- 
-  A zC 02- )

3 5.084 5.081 0.00 5.119 -0 .04
4 4.943 4.943 0.00 4.979 -0 .04
5 5.025 5.007 +0.02 5.078 -0 .05
6 4.942 4.940 0.00 4.978 -0 .04
7 5.025 5.001 +0.02 5.069 -0 .04

0 A<7r = Qr (AzH) -  qr is y n -1). b Aq, = Qr (AzH) -  qr (1-
Az-C 0 2-) .

with the 3-, 4-, and 6 -C H 3 effects being smaller than those 
found for the 5- and 7 -C H 3 effects. In an attem pt to under
stand these methyl substituent effects, we have m odeled 
the reaction with C N D O /2 M O calculations20 (not stru c 
ture m in im ized ) for the structures o f  1  and its conjugate 
base. Calculations on sy n -  and an ti - 1  gave no significant 
changes in the ring position regional charges, q T’s ,21 except 
for the 2  position, where a small change (0 .0 1 ) was noted. 
The geometry o f the azulene ring selected was that used in 
ab initio calculations22 taken from  x-ray crystallographic 
studies .23 The other bond lengths and angles24 were as fo l
lows: C - C ( 0 2H ), 1.48 A; C = 0 , 1.24 A: C ( = 0 )-O H , 1.29 A; 
C ! - C = 0  Z, 122°; C ! -C ( = 0 ) - O H  Z, 118°; C - 0  in C 0 2- ,
1.26 A; O -C -O  Z in CO 2- , 126°. The qr’s and Aqr’s (com 
pared to  azulene, AzH ) are listed in Table V  for the five 
nonequivalent ring positions under consideration.

As expected, the carbonyl-ring interaction had only a 
small perturbing influence on the 3 -7  ring positions; the 
predom inant factor in the acid weakening o f 1 -azulenecar- 
boxylic acid (p K a 6.99) com pared to benzoic acid (p K a 5.80 
in 50% H 20 -E tO H ) was the large surplus o f  electron densi
ty at C i o f the unsubstituted azulene system (AzH ). W hat 
we do see in the A qr’s in Table V  is that electron density is 
lost from  the 5 and 7 positions (also at the 2, 9, and 10 posi
tions A q r’s ~0.02, not shown in Table V) when we replace 
C iH  in AzH by C iC 0 2H. Since all o f  the A qr~ ’s are more 
approxim ately equal, the major acid-weakening effects on 
the p i f a o f  1  by the methyl substituent would be expected 
at the C 5 and C7 ring positions, in agreement with the ex
perimental results.25

W e see that in the azulene nonequivalent ring positions 
relative to  the - C 0 2H ;=? - C 0 2-  reaction center at C j, no 
truly meta position is found. W hile the methyl group e f
fects at C2- C 7 on the p K a o f 1  do show an alternating effect 
they center around <7° behavior. Qualitatively, we believe 
that this is the result o f  more efficient charge delocalization 
in the 1 -azulyl group with a greater number o f  ring sites 
sharing the formal charge com pared to  that found in the 
isomeric, benzenoid 1 - and 2 -naphthoic acids .26

An interesting feature o f  our results to date is the vari
able nature o f  the substituent effects at C3 in reactions o f  
the 1-azulyl group. As we have pointed out in the present 
study, under the m odest perturbing influence o f  1  ioniza
tion the C 3 substituent effects are intermediate between 
meta- and paralike behavior. However, in k A acetolysis o f
3-substituted 2-(l-azulvl)ethyl tosylates27 excellent corre
lation o f the data (3 -OCH 3 to 3 -N 0 2) with <r°p constants is 
observed. W hile this is not expected when one considers 
only canonical resonance structures, it is predicted from  
molecular orbital approaches.

Experimental Section28
l-Trifluoroacetyl-2-methaxyazulene. To a solution of 130 mg 

(0.823 mmol) of 2-methoxyazulenela’30 in 20 ml of CCI4 at room 
temperature was added 1 ml of (CF3C 0)20. The color changed



Effects on the pK a of 1-Azulenecarboxylic Acid J. Org. Chem., Vol. 41, No. 10,1976 1825

from blue to light red. After 5 min 100 ml of ether was added, and 
the organic solution was washed with five 50-ml portions of water, 
dried (MgS04), and evaporated. The residue was chromato
graphed on alumina29 and an orange band was eluted with 1:1 ben- 
zene-CH2Cl2. The resulting orange solid was recrystallized from 
CH2Cl2~hexane to give 175 mg (83%) of the product as light orange 
needles: mp 100-101 °C; NMR (CC14, internal Me4Si): r 0.45 (m, 
CgH, 1), 1.7-2.65 (m, C456 7H’s, 4), 3.38 (s, C3H, 1), and 5.85 (s, 
OCHs, 3)

Anal. Calcd for C13H9F3O2: C, 61.42; H, 3.56. Found: C, 61.50; H, 
3.91.

2-M ethoxy-l-azuloic Acid (2-CH 30 -l) .  A mixture of 40 mg 
(0.16 mmol) of l-trifluoroacetyl-2-methoxyazulene and 400 mg of 
KOH in 5 ml of 50% aqueous ethanol was heated under reflux for 4 
h. This solution was poured into water and extracted with CH2CI2. 
The aqueous layer was acidified with dilute hydrochloric acid and 
the acid was extracted with CH2CI2 which was dried (Na2S0 4) and 
evaporated. The crude orange acid was recrystallized from 
CHCl3-hexane giving 27 mg (85%) of orange crystals, mp 174-175 
°C.

Anal. Calcd for C12Hi0O3: C, 71.28; H, 4.98. Found: C, 71.02; H, 
5.00.

1 -  Trifluoroacetyl-2-methylazulene. 2-Methylazulenela’30 
(110 mg, 0.78 mmol) was trifluoroacetylated as above. After work
up, the residue was chromatographed on alumina29 where 1:1 ben- 
zene-CH2Cl2 eluted a red band leaving a large diffuse red band 
near the top of the column. The eluted band was evaporated and 
the solid recrystallized from hexane at —20 °C to give 60 mg (33%) 
of the desired product as red needles: mp 49-50 °C; NMR (CC14, 
internal Me4Si) t 0.70 (m, CgH, 1), 1.5-2.8 (m, C4i5,6,7H’s, 4), 2.90 
(s, C3H, 1), and 5.20 (s, CH3, 3).

Anal. Calcd for C13H9F3O: C, 65.55; H, 3.81. Found: C, 65.80; H, 
3.56.

The apparent reason for the low yield of the product was hydrol
ysis on the alumina column.

2 - M ethyl-l-azuloic Acid (2 -C H 3- l) .  Base hydrolysis of 60 mg 
(0.25 mmol) of l-trifluoroacetyl-2-methylazulene as above and 
work-up afforded 25 mg (53%) of maroon crystals (recrystallized 
from ether-hexane), mp 180-190 °C dec.

Anal. Calcd for C12H i0O2: C, 77.40; H, 5.41. Found: C, 77.50; H,
5.27.

1 -  Trifluoroacetyl-2-chloroazulene. The trifluoroacetylation 
of 780 mg (4.8 mmol) of 2-chloroazulene30 was carried out as 
above. The product was chromatographed on deactivated (3% 
water) alumina.29 CH2CI2 developed a single, broad, violet band 
that was eluted with CHC13 to afford 1.240 g (100%) of the title 
compound. Crystallization from ethanol afforded large, red plates: 
mp 88.0-88.5 °C; ir (KBr) 6.12 a (s, C = 0 ); NMR (CDClg, internal 
Me4Si) r 0.43-0.77 (m, CgH, 1), 1.50-1.85 (m, C4H, 1), 1.87-2.67 
(m, C6,6,7H’s, 3), and 2.77 (s, C3H, 1); Amax (CH2C12) 275 nm (log e 
4.44), 323 (4.61), 376 (4.15) (sh), 392 (4.13) (sh), and 495 (2.95).

Anal. Calcd for Ci2H6F3C10: C, 55.72; H, 2.34. Found: C, 55.55; 
H, 2.46.

Methyl 2-Chloro-l-azulenecarboxylate. l-Trifluoroacetyl-2- 
chloroazulene (1.90 g, 7.34 mmol) was base hydrolyzed as above to 
give 1.44 g (95%) of crude 2-chloroazuloic acid (2-C1-1). To 1.590 g 
(7.7 mmol) of crude 2-C1-1 in 500 ml of ethyl acetate was added an 
excess of an ethereal CH2N2 solution. This mixture was allowed to 
stand for 30 min, the solvent volume reduced, and the residue 
chromatographed on alumina.29 Benzene eluted a narrow, yellow 
band that was not investigated, and a broad, red band that afford
ed 1.470 g (87%) of the title compound. CH2C12 eluted a narrow, 
yellow-orange band that was not investigated. Crystallization from 
ethanol afforded fine, red needles of the ester: mp 86.0-86.5 “C; ir 
(KBr) 5.92 (s, C = 0 ) and 9.55 a (s, C-O); NMR (CDC13, internal 
Me4Si) r 0.38-0.72 (m, CgH, 1), 1.57-1.87 (m, C4H, 1), 2.05-2.67 
(m, C5 6 7H’s, 3), 2.78 (s, C3H, 1), and 6.02 (s, CO2CH3, 3); \max 
(CH2Ci2) 294 nm (log f 4.72), 304 (4.77), 340 (3.81), 350 (3.84), 366 
(3.51), 515 (2.72), 538 (2.70) (sh), and 590 (2.28) (sh).

Anal. Calcd for C12H9O2CI: C, 65.32; H, 4.11. Found: C, 65.62; H,
3.97.

2 - Chloro-l-azuloic Acid (2-C1-1). Methyl 2-chloro-l-azulene- 
carboxylate (130 mg, 0.58 mmol) was hydrolyzed with 400 mg of 
KOH in 8 ml of 80% aqueous ethanol heated under reflux for 30 
min. Work-up gave 80 mg (39%) of 2-C1-1 as maroon crystals which 
were recrystallized from CHCl3-hexane as maroon needles, mp 
235-237 °C dec (ready sublimation >170 °C).

Anal. Calcd for CUH70 2C1: C, 63.94; H, 3.41. Found: C, 63.61; H, 
3.51.

l-Trifluoroacetyl-2-bromoazulene. 2-Bromoazulenela (90 mg,

0.44 mmol) was trifluoroacetylated as above. After work-up, the 
residue was chromatographed on alumina.29 Benzene eluted a vio
let band, that yielded 30 mg of unreacted 2-bromoazulene, and a 
red band that was not investigated. CHC13 developed a violet band 
that eluted as a red-colored solution, affording 50 mg (38%, 57,% 
net) of the title compound that slowly crystallized upon standihg: 
mp 77.0-78.0 °C; ir (KBr) 6.06 M (s, C = 0 ); NMR (CDCI3, internal 
Me4Si) r 0.92 [d (J = 10 Hz), CgH, 1], 1.63 [d (J = 10 Hz), C4H, 1],
2.00-2.57 (m, C5i67H’s, 3), and 2.65 (s, C3H, 1); Amax (cyclohexane) 
270 nm (log € 4.28), 276 (4.34), 315 (4.56), 325 (4.59), 352 (3.87), 513 
(2.80), 540 (2.77), and 590 (2.35).

Anal. Calcd for Ci2HeF3BrO: C, 47.55; H, 2.00. Found: C, 47.80;
H, 2.23.

2-Brom o-l-azuloic Acid (2 -B r -l) .  l-Trifluoroacetyl-2- 
bromoazulene (40 mg, 0.13 mmol) was hydrolyzed with base as 
above. Work-up gave 20 mg (61%) of maroon crystals of 2-Br-l, mp 
226-228 °C dec (ready sublimation >180 °C).

Anal. Calcd for Gn H70 2Br: C, 52.61; H, 2.81. Found: C, 52.51; H, 
2.50.

1- Trifluoroacetyl-2-iodoazulene. 2-Iodoazulene30 (280 mg,
I. 11 mmol) was trifluoroacetylated as above. After work-up, the 
residue was chromatographed on alumina29 where hexane eluted a 
violet band containing 50 mg of 2-iodoazulene. CH2C12 developed a 
violet-blue band that was eluted with ethanol which afforded 295 
mg (76%, 93% net) of the title compound. Crystallization from hex
ane afforded red needles: mp 90.0-90.5 °C; ir (KBr) 6.05 a (s, 
C = 0 ); NMR (CCI4, internal Me4Si) r 0.98-1.60 (m, CgH, 1), 
1.53-1.90 (m, C4H, 1), and 1.93-2.75 (m, 4); Amax (cyclohexane) 274 
nm (log f 4.23), 323 (4.50), 334 (4.50), 362 (3.93) (sh), 523 (2.78), 
and 552 (2.75) (sh).

Anal. Calcd for Ci2H6F3IO: C, 41.17; H, 1.73. Found: C, 41.21; H, 
1.79.

2 - Iodo-l-azuloic Acid (2-1-1). l-Trifluoroacetyl-2-iodoazulene 
(270 mg, 0.77 mmol) was hydrolyzed with base as above. After 
work-up, the combined ethereal extracts gave 230 mg (100%) of 2- 
1-1. Recrystallization from CHC13 afforded silky, violet needles: 
mp 210-212 °C dec; ir (KBr) 6.08 (s, C = 0 )  and 8.10 a (s); NMR 
(Me2SO-d6, internal Me4Si)33 r 0.00-0.67 (m, CsH, 1), 1.50-1.62 
(m, C4H, 1), and 1.75-2.62 (m, 4); Amax (CH2C12) 295 nm (log t 
4.64), 306 (4.74), 316 (4.43) (sh), 350 (3.84) (sh), 364 (3.72) (sh), 
and 515 (2.83).

Anal. Calcd for CnH70 2I: C, 44.32; H, 2.37. Found: C, 44.43; H, 
2.58.

Methyl 2-Iodo-l-azulenecarboxylate (2). 2-Iodo-l-azuloic 
acid (100 mg, 0.34 mmol) in 100 ml of ether was treated with an ex
cess of ethereal CH2N2. After standing for 10 min, the solvent vol
ume was reduced and the residue was chromatographed on alumi
na29 where CH2C12 eluted a single, lavender hand that afforded 104 
mg (98%) of the title compound. Crystallization from CCU yielded 
lavender needles: mp 65.0-66.5 °C; ir (neat film) 5.88 (s, C = 0 ) 
and 9.55 a  (s, C-O); NMR (CC14, internal Me4Si) r  0.28-0.58 (m, 
CgH, 1), 1.63-1.92 (m, C4H, 1), 2.03-2.90 (m, 4), and 6.07 (s, 
C 02CH3, 3); Amax (cyclohexane) 304 nm (log e 4.71), 317 (4.73), 346
(4.08), 363 (4.12), 532 (2.71), 565 (2.68), and 615 (2.30) (sh).

Anal. Calcd for Ci2H90 2I: C, 46.18; H, 2.91. Found: C, 46.23; H,
2.98.

Methyl 2 -Cyano-l-azulenecarboxylate. To 155 mg (0.495 
mmol) of 2 in 10 ml of dry (distilled from BaO) DMF was added 67 
mg (0.75 mmol) of CuCN. The mixture was heated at 140-150 °C 
for 3.5 h as the color gradually changed from red to blue. This mix
ture was cooled, diluted with 100 ml of benzene, and washed with 
six 100-ml portions of warm aqueous NaCN (prepared from 20 g of 
NaCN and 600 ml of warm water). The blue, benzene layer was 
washed with 100 ml of water and dried (Na2S 04), the solvent vol
ume reduced, and the residue chromatographed on alumina.29 
Benzene-CH2C12 (1:1) eluted a narrow, violet band that afforded 
20 mg of unreacted 2. Continued elution afforded a broad, blue 
band that yielded 82 mg (78%, 90% net) of the title compound. 
Crystallization afforded lavender needles: mp 172-174 °C; ir (KBr)
4.52 (m, C =N ), 5.92 (s, C = 0 ), and 9.50 M (s, C-O); NMR (CDC13, 
internal Me4Si) t 0.12-0.38 (m, CgH, 1), 1.32-1.58 (m, C4H, 1), 
1.83-2.67 (m, 4), and 5.98 (s, C 02CH3, 3); Ama* (95% ethanol) 261 
nm (log e 4.18), 295 (4.72), 306 (4.82), 347 (4.03), 361 (3.75), 545 
(2.96) (sh), and 568 (2.99).

Anal. Calcd for Ci3H90 2N: C, 72.93; H, 4.29; N, 6.63. Found: C, 
74.09; H, 4.22; N, 6.44.

2-Cyano-l-azuloic Acid (2 -C N -l). To 83 mg (0.394 mmol) of 
methyl 2-cyano-l-azulenecarboxylate in 8 ml of ethanol was added 
150 mg (2.68 mmol) of KOH in 2 ml of water. This mixture was 
heated under reflux for 15 min, diluted with 100 ml of water, and



1826 J. Org. Chem., Vol. 41, No. 10,1976 McDonald, Reitz, and Richmond

extracted with 50 ml of ether to remove unreacted material. The 
aqueous portion was acidified with 10% hydrochloric acid and ex
tracted with five 200-ml portions of ether. The combined ethereal 
extracts were washed with 500 ml of water and dried (Na2S04), 
and the solvent volume reduced to yield 73 mg (95%) of the title 
compound. Crystallization from ethanol yielded violet needles: mp 
293-294 °C; ir (KBr) 4.52 (m, C =N ) and 6.05 n (s, C = 0 ); NMR 
(Me2SO-d6, internal Me4Si) r  —3.05 (broad s, C 02H, 1), 0.12-0.42 
(m, CgH, 1), 1.00-1.37 (m, C4H, 1), and 1.50-2.67 (m, 4); Xmal (95% 
ethanol) 261 nm (log 6 4.04), 294 (4.52), 306 (4.59), 347 (3.88), 360 
(3.58), 545 (2.89) (sh), and 568 (2.90).

Anal. Calcd for Ci2H70 2N: C, 73.09; H, 3.58. Found: C, 72.88; H,
3.81.

l-Trifluoroacetyl-3-methoxyazulene. l-Methoxyazulenela 
(75 mg, 0.50 mmol) was trifluoroacetylated as above. After work
up, the residue was chromatographed on alumina.29 Benzene elut
ed a green band that yielded 125 mg (100%) of the title compound. 
Crystallization from hexane afforded long, dark-green needles: mp
92.0-92.5 °C; ir (KBr) 6.09 (s, C = 0 ) and 9.44 M (s, C-O); NMR 
(CCI4, internal Me4Si) r 0.18-0.53 (m, CgH, 1), 1.43-1.73 (m, C4H, 
1), 2.17-2.87 (m, 4), and 5.97 (s, OCH3, 3); Xmax (cyclohexane) 282 
nm (log 6 4.19), 313 (4.30), 319 (4.32), 327 (4.43), 423 (3.99), 450
(4.04), 576 (2.67), 610 (2.72), 623 (2.73), 657 (2.62), 682 (2.56), 735 
(2.16), and 765 (2.00).

Anal. Calcd for C13H9F3O2: C, 61.42; H, 3.57. Found: C, 61.35; H,
3.47.

3-M ethoxy-l-azuloic Acid (3-C H 3O -I). To a cool (ice bath) 
solution of 130 mg (0.82 mmol) of l-methoxyazulenela in 5 ml of 
dry benzene was added 1.0 ml of a 12.5% solution of COCI2 in ben
zene for 5 min. This mixture was allowed to warm to room temper
ature and after 45 min 5 ml of water was added. Following 10 min 
of additional stirring, the mixture was diluted with 50 ml of water 
and 50 ml of ether. The layers were separated and the extraction 
repeated with two 50-ml portions of ether. The combined ethereal 
extracts were extracted with three 50-ml portions of 10% aqueous 
KOH, the ethereal layer discarded, and the aqueous portion 
washed with four 50-ml portions of CHCI3 which removed a brown 
coloration. The blue-green aqueous portion was acidified with 10% 
hydrochloric acid and extracted with three 100-ml portions of 
ether. These combined ethereal extracts were washed with 150 ml 
of water and dried (Na2S0 4), the solvent volume reduced, and the 
green residue chromatographed on silica gel with 3:1 CH2CI2-  
ether. A narrow, green band eluted followed closely by a broad, 
blue band. The green band was not investigated and the broad, 
blue band afforded 48 mg (29%) of the title compound. Crystalliza
tion from 3:1 CHCl3-hexane gave green needles: mp 201-202 °C; ir 
(KBr) 6.04 n (s, C = 0 ); NMR (CDCI3, internal Me4Si)33 t 0.35- 
0.65 (m, CgH, 1), 1.42-1.68 (m, C4H, 1), 2.15 (s, C2H, 1), 2.23-3.00 
(m, Cga.zH’s, 3), and 5.93 (s, OCH3, 3); Xmax (CH2C12) 301 nm (log € 
4.46), 308 (4.46), 313 (4.53), 405 (3.89) (sh), and 620 (2.68).

Anal. Calcd for Ci2H10O3: C, 71.28; H, 4.99. Found: C, 71.14; H,
5.03.

Methyl 3-Methoxy-l-azulenecarboxylate. 3-CH3O-I (118 
mg, 0.58 mmol) was esterified with CH2N2 as above. After work
up, the residue was chromatographed on alumina.29 CH2CI2 eluted 
a small, green band that was not investigated'and a broad, blue 
band that afforded 75 mg (60%) of the title compound, as a green 
oil which crystallized from 1:1 hexane-CCl4 to yield green rosettes: 
mp 62.0-62.5 °C; ir (neat film) 5.98 (s, C = 0 ) and 9.79 n (s, C-O); 
NMR (CCU, internal Me4Si) r 0.42-0.72 (m, CgH, 1), 1.45-1.75 (m, 
C4H, 1), 2.20-3.10 (m, C2,5j6,7H’s, 4), 6.00 (s, OCH3, 3), and 6.13 (s, 
C0 2CH3, 3); Xmax (cyclohexane) 287 nm (log t 4.39), 291 (4.50), 298
(4.61) , 305 (4.57), 311 (4.67), 382 (3.96), 409 (4.07), 623 (2.59), 640
(2.62) , 675 (2.54), 706 (2.54), and 755 (2.14).

Anal. Calcd for Ci3H120 3: C, 72.21; H, 5.60. Found: C, 71.96; H,
5.40.

l-Trifluoroacetyl-3-methylazulene. 1-Methylazulenela’4 was 
trifluoroacetylated as above. After work-up, the residue was chro
matographed on alumina.29 Benzene eluted a narrow green band 
that was not investigated, followed by a broad, brown-red band 
that afforded 278 mg (66%) of the title compound. Crystallization 
from hexane yielded long, brown plates: mp 96.0-96.5 °C; ir (KBr) 
6.10 n (s, C = 0 ); NMR (CCLi, internal Me4Si) r 0.17-0.50 (m, CgH, 
1), 1.59-1.80 (m, C4H, 1), 1.83-2.75 (m, 4), and 7.42 (s, CH3, 3); 
W  (cyclohexane) 272 nm (log £ 4.20), 298 (4.37), 309 (4.45), 316
(4.54), 392 (4.05), 415 (4.11), 553 (2.74), 596 (2.62), 632 (2.20), and 
658 (2.11).

Anal. Calcd for Ci3H9F30: C, 65.54; H, 3.80. Found: C, 65.45; H,
3.70.

3-Methyl- 1 -azuloic Acid (3-CH 3- l) .  l-Trifluoroacetyl-3-

methylazulene (278 mg, 1.17 mmol) was hydrolyzed with base as 
above. After work-up, the solid residue was washed with five 10-ml 
portions of hexane which removed a yellow substance (not investi
gated). The remaining residue afforded 132 mg (60%) of the title 
compound. Crystallization from ether yielded long, fine, gray nee
dles: mp 195-196 °C; ir (KBr) 6.10 (s), 7.00 (s), and 9.09 n (s); 
NMR (Me2SO-o¡6, internal Me4Si) t —2.22 (broad s, C 02H, 1), 
0.32-0.62 (m, CgH, 1), 1.32-1.65 (m, C4H, 1), 1.82 (s, C2H, 1),
2.00-2.72 (m, C56 7H’s, 3), and 7.38 (s, CH3, 3); Xmax (95% ethanol) 
291 nm (log e 4.64), 296 (4.63), 303 (4.72), 366 (3.91), 380 (3.99), 564
(2.63), and 665 (2.40) (sh).

Anal. Calcd for Ci2H10O2: C, 77.40; H, 5.41. Found: C, 77.70; H,
5.67.

Methyl 3-Bromo-l-azulenecarboxylate. A mixture of 230 mg 
(0.12 mmol) of methyl 1-azulenecarboxylate4 and 0.40 g of IV-bro- 
mosuccinimide in 25 ml of benzene was stirred at room tempera
ture for 20 min, then poured onto an alumina29 column. A blue 
band eluted which solidified on solvent evaporation. Recrystalliza
tion from CH2Cl2-hexane at —30 °C gave 273 mg (83%) of the de
sired ester as blue crystals: mp 89-90 °C; NMR (CC14, internal 
Me4Si) r 0.42 (m, CgH, 1), 1.4-2.8 (m, C2i4irlifi,7H’s with C2H as s at 
t 1.73, 5), and 6.13 (s, CH3, 3).

Anal. Calcd for Ci2H90 2Br: C, 54.37; H, 3.42. Found: C, 54.10; H,
3.26.

Methyl 3-Acetyl-1-azulenecarboxylate. To a solution of 250 
mg (1.34 mmol) of methyl 1-azulenecarboxylate4 in 5 ml of acetic 
anhydride was added 0.3 ml of SnCl4 in 50 ml of CH2C12. After 
work-up, the residue was chromatographed on alumina29 where 
CH2C1 eluted a deep-red band of the product. Recrystallization 
from CH2Cl2-hexane at —30 °C gave 180 mg (50%) of the desired 
ester: mp 120-121 °C; NMR (CCU, internal Me4Si) r —0.2 to 0.1 
(m, C48H’s, 2), 1.27 (s, C2H, 1), 2.0-2.5 (m, Cs.e.vH’s, 3), 6.1 (s, 
CH3, 3), and 7.39 (s, CH3, 3).

Anal. Calcd for C14H120 3: C, 73.67; H, 5.30. Found: C, 73.80; H,
5.47.

Methyl 3-Cyano-l-azulenecarboxylate. To a cool (ice bath) 
solution of 250 mg (1.34 mmol) of methyl 1-azulenecarboxylate4 
and 1.45 g (13.4 mmol) of BrCN in 25 ml of ether was added drop- 
wise 1.55 ml of SnCU- After stirring overnight at room temperature 
and work-up, the residue was chromatographed on alumina.29 
Benzene eluted a blue band containing 94 mg (25%) of methyl 3- 
bromo-l-azulenecarboxylate identical with that prepared above. 
CH2C12 eluted a red band containing 95 mg (34%) of the desired 
cyano ester: mp 141-142 °C; NMR (CC14, internal Me4Si) r 0.1-2.5 
(m, C2 4 5 6 7 sH’s with C2H as s at r 1.5, 6) and 6.08 (s, CH3, 3).

Anai. Calcd for CI3H3N 02: C, 73.92; H, 4.29. Found: C, 73.95; H,
4.37.

Methyl 3-Nitro-l-azulenecarboxylate. To a solution of 290 
mg (1.56 mmol) of methyl 1-azulenecarboxylate4 in 15 ml of acetic 
anhydride was added 630 mg of Cu(N03)2 in 25 ml of acetic anhy
dride over a 10-min period. After 15 min of stirring and work-up, 
the residue was chromatographed on alumina29 with benzene. Ben
zene eluted a yellow band which may have been 1,3-dinitroazulene. 
CH2C12 eluted a red band containing the nitro ester. Recrystalliza
tion afforded 90 mg (25%) of the product: mp 145-147 °C; NMR 
(CDC13, internal Me4Si) r 0.0-0.4 (m, C4jgH’s, 2), 1.24 (s, C2H, 1),
1.6-2.5 (m, C5,6,7H’s, 3). and 6.06 (s, CH3, 3).

Anal. Calcd for Ci2H9N0 4: C, 62.34; H, 3.92; N, 6.06. Found: C, 
62.73; H, 3.92; N, 5.83.

3-Bromo-, 3-Acetyl-, 3-Cyano-, and 3-N itro -l -azuloic Acids.
Each of the above esters was hydrolyzed with KOH in 50% aque
ous methanol at room temperature for 3 h, then heated under re
flux for 30 min. Extraction with ether removed any starting ester. 
Acidification and extraction of the desired acid into ether gave 
these compounds which were recrystallized from ether-hexane. 3- 
Br-1, mp 270 °C dec. Anal. Calcd for CuH7Br0 2: C, 52.62; H, 2.81. 
Found: C, 52.25; H, 2.65. 3-CH3CO-l, mp 220-235 °C dec. Anal. 
Calcd for Ci3Hi0O3: C, 72.89; H, 4.71. Found: C, 73.80; H, 4.86. 3- 
CN-1, mp 265-270 °C (sublimed). Anal. Calcd for Ci2H7N 02: C, 
73.09; H, 3.58; N, 7.10. Found: C, 73.00; H, 3.74; N, 7.24. 3-N 02-l, 
mp 260-270 °C (sublimed). Anal. Calcd for CnH7N 04: C, 60.83; H, 
3.25; H, 6.45. Found: C, 60.45; H, 3.02; N, 6.21.

l-Trifluoroacetyl-4-methylazulene. 4-Methylazulene7 (164 
mg, 1.15 mmol) was trifluoroacetylated as above. Work-up gave a 
crude product which exhibited only a single CH3 resonance in the 
NMR spectrum. This was chromatographed on alumina29 where 
1:1 CH2Cl2-benzene eluted the major component identified as the
4-methyl isomer which was recrystallized from hexane: mp 73.0-
73.5 °C; NMR (CCU, internal Me4Si) r 0.22-0.49 (m, CgH, 1), 
1.75-3.0 (m, C2i3,5,6,7H’s, 5), and 7.15 (s, CH3, 3).
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Anal. Caled for C13H9F3O: C, 65.55; H, 3.81. Found: C, 65.60; H, 
3.65.

4- Methyl-1-azuloic Acid (4 -C H 3- I) .  l-Trifluoroacetyl-4- 
methylazulene (60 mg, 0.25 mmol) was hydrolyzed with base as 
previously described. Work-up gave 40 mg of 4-CH3-I which was 
recrystallized from ether-hexane as purple crystals: mp 185-188 
°C dec (lit.31 mp 192-193 °C dec); NMR (CDCI3, internal Me4Si)33 
t 0.15-0.30 (m, C8H, 1), 1.55 (d, C2H, 1), and 2.1-3.0 (m, C3 5 6 7H’s,
4).

5- (5 -C H 3- I)  and 7-M ethyl-l-azuloic Acids (7 -C H 3-V). A
mixture of methyl 5- and 7-methyl- 1-azulenecarboxylates was 
available from the reaction series (1) formation of the Meisenhe- 
imer type complex by 6 addition of lithium dicyclohexylamide to
5-methylazulene, (2) carbonation, and (3) formation of the methyl 
esters of the carboxylic acids.6 Chromatography o f this mixture on 
Woelm neutral, activity 1 alumina effected separation into two dis
tinct bands; band 1 was eluted with cyclohexane and band 2 was 
eluted with CH2CI2.

Band 1 was identified as methyl 7-methyl-l-azulenecarboxylate
(5) on the basis of its NMR spectrum (CCI4, internal Me4Si): r 0.35 
(broadened s with some coupling indicated, CgH, 1), 1.60-3.0 
(C2,3,4.5,6H’s, 5), 6.15 (s, OCH3, 3), and 7.21 (s, CH3, 3).

Band 2 was identified as methyl 5-methyl-l-azuIenecarboxylate
(4) on the basis of its NMR spectrum (CC14, internal Me4Si) r 0.54 
(d of d’s, C8H, 1), 1.60-3.0 (C2,3,4,6,7H’s, 5), 6.17 (s, OCH3, 3), and
7.25 (s, CH3, 3).

Base hydrolysis of each of these esters in 50% aqueous methanol 
afforded their respective acids, 7-CH3-I, mp 189-190 °C dec, and
5-CH3-I, mp 192-193 °C dec, in >90% yield.

Anal. Caled for C12HI0O2: C, 77.40; H, 5.41. Found: (7-CHs-l) C, 
77.12; H, 5.40; (5-CH3-l) C, 77.42; H, 5.52.

6-  Methoxy-1-azuloic Acid (6-C H 3O -I). 6-Methoxyazulenela 
(132 mg, 0.84 mmol) was allowed to react with COCl2 in benzene 
for 1 h at 0 °C by the method used in preparing 3-CH3O-I. After 
work-up, 60 mg (36%, 73% net) of 6-CH3O-I was obtained. Crystal
lization from ether afforded orange plates: mp 194.5-195.0 °C; ir 
(KBr) 6.15 n (s, C = 0 ); NMR (Me2SO-d6, internal Me4Si)33 r 
0.25-0.73 (m, CSH, 1), 1.40-1.75 (m, C4H, 1), 1.93 [d (J = 4 Hz), 
C2H, 1], 2.43-3.07 (m, Cs^e^H's, 4), and 5.95 (s, OCH3, 3); Xmal 
(95% ethanol) 302 nm (logV4.65) (sh), 314 (4.72), 346 (3.92), 357 
(3.90), 370 (3.63) (sh), and 485 (2.72).

Anal. Caled for C12H10O3: C, 71.28; H, 4.99. Found: C, 71.00; H, 
5.10.

6-M ethyl-l-azuloic Acid (6-C H 3-I) . A sample (110 mg) of 
methyl 6-methyl-l-azulenecarboxylate was available from the 
study that produced the mixture of methyl 5- and 7-methyl-l-azu- 
lenecarboxylates.6 This sample was chromatographed on deacti
vated (10% H20) silica gel with benzene. The solvent was evapo
rated from the eluate and the ester was hydrolyzed with KOH in 
50% aqueous methanol. Work-up gave the acid which was chroma
tographed on deactivated (10% H20) silica gel with 1:1 CH2Cl2-  
ether. The acid was recrystallized from ether-hexane, giving 65 mg 
of 6-CH3-I as deep red crystals, mp 206-208 °C dec.

Anal. Caled for Ci2H i0O2: C, 77.40; H, 5.41. Found: C, 77.31; H,
5.12.

Methyl 6 -Bromo-l-azulenecarboxylate. 6-Bromoazulenela 
(75 mg, 0.36 mmol) was allowed to react with C0C12 in benzene at 
room temperature for 60 h as above. After work-up, 45 mg (50%, 
100% net) of crude 6-Br-l was obtained. This was dissolved in 
ether and treated with an excess of ethereal CH2N2. After work
up, the residue was chromatographed on alumina29 with benzene. 
A violet band eluted, leaving behind a tightly held yellow band 
which was not investigated. The violet band afforded 115 mg (78%) 
of the title copound. Recrystallization from ether yielded flat, pur
ple needles, with a sweet aroma: mp 101.2-102.0 °C; ir (KBr) 5.95 
(s, C = 0 ) and 9.60 \± (s, C-O); NMR (CDCI3, internal Me4Si) r 
0.48-0.88 (m, CSH, 1), 1.57-2.58 (m, 4), 2.70 [d (J = 4 Hz), C3H, 1], 
and 6.05 (s, CH3, 3); \max (cyclohexane) 297 nm (log « 4.81), 302 
(4.28), 309 (4.89), 347 (3.79), 355 (3.88), 373 (3.85), 547 (2.58), 592 
(2.50), and 650 (2.07).

Anal. Caled for Ci2H90 2Br: C, 54.36; H, 3.42. Found: 54.38; H,
3.47.

6 -Brom o-l-azuloic Acid (6 -B r -l) .  A 10-ml solution of DMF 
containing 3.0 g of lithium bromide hydrate and 2 g of crushed 2A 
molecular sieves under nitrogen was heated for 30 min under re
flux and then 115 mg (0.435 mmol) of methyl 6-bromo-l-azulene- 
carboxylate in 5 ml of DMF was added dropwise. This solution was 
heated under reflux for 4 h, cooled, diluted with 200 ml of ether, 
and extracted with five 75-ml portions of 5% aqueous sodium bi
carbonate. The combined aqueous layers were acidified with 10%

Table VI. Thermodynamic pXa’s in Water at
25.00 ±  0.01 °C

Acid This work Lit.32

Benzoic
Acetic
Pivalic
Succinic (pK i) 
Succinic (p if 2)

4.199
4.757 ±  0.002 
5.031 ±  0.003 
4.189 ±  0.001 
5.637 ±  0.002

4.199 ±  0.004 
4.757 ±  0.004 
5.032 ±  0.002 
4.206 ±  0.003 
5.639 ±  0.004

hydrochloric acid and extracted with three 50-ml portions of ether. 
The combined ethereal layers were dried (Na2S 04) and the solvent 
volume reduced to yield 50 mg (46%) of 6-Br-l which was recrys
tallized from THF, giving violet needles: mp 250-253 °C (sealed 
capillary); ir (KBr): 6.02 n (s, C = 0 ); NMR (CDCI3, internal 
Me4Si)33 r 0.17-0.47 (m, CSH, 1), and 1.38-2.87 (m, 5); \max (95% 
ethanol) 295 nm (log c 4.71), 306 (4.75), 345 (3.76), 354 (3.80), 371 
(3.72), 543 (2.62), 590 (2.53) (sh), and 650 (2.00) (sh). The log e 
values are calculated assuming 100% purity of the acid. Although 
several samples were prepared and submitted for elemental analy
sis, no satisfactory analysis was obtained. The reason for this is un
known.

The neutral ethereal portion of the reaction mixture was dried 
(Na2S04), the solvent volume reduced, and the residue chromato
graphed on alumina.29 Hexane-CH2C12 (1:1) eluted a blue band 
that yielded 35 mg (39%) of 6-bromoazulene. CH2C12 eluted a pink 
band that afforded 10 mg (9% recovery) of unreacted methyl 6- 
bromo-1 -azulenecarboxylate.

Determination of Dissociation Constants- The method used 
for determination of the dissociation constants of X - l ’s has been 
reported.3 The method used zone defined benzoic acid as our pri
mary standard to set the pH scale. The dissociation constants of 
several acids in water were then determined to evaluate the accu
racy and precision of the method; these results are listed in Table
VI. A probable reason for the small discrepancy in the p K  1 of suc
cinic acid and the literature value is that we used reagent grade 
succinic acid while Wilcox and Leung32 used zone refined material.

Acknowledgments. The authors wish to thank the N a
tional Science Foundation for support o f  this research 
(G P-10691) and for the instrument grant for purchase o f 
the N M R  (Varian T-60) spectrometer.

Registry No.—2-1-1, 58313-12-5; 2-CN-l, 58313-13-6; 2, 58342- 
98-6; 4, 51381-35-2; 5, 51381-36-3; l-trifluoroacetyl-2-chloroazu- 
lene, 54798-15-1; 2-ehloroazulene, 36044-31-2; methyl-2-chloro-l- 
azulenecarboxylate, 54798-16-2; l-trifluoroacetyl-2-bromoazulene, 
58313-14-7; 2-bromoazulene, 58312-57-5; l-trifluoroacetyl-2-io- 
doazulene, 58313-15-8; 2-iodoazulene, 36044-41-4; methyl 2-cyano- 
1-azulenecarboxylate, 38287-28-4; l-trifluoroacetyl-3-methoxyazu- 
lene, 41867-34-9; 1-methoxyazulene, 30264-97-2; methyl 3-me- 
thoxy-l-azulenecarboxylate, 58313-16-9; l-trifluoroacetyl-3- 
methylazulene, 58313-17-0; 1-methylazulene, 769-31-3; methyl 3- 
bromo-1-azulenecarboxylate, 42081-17-4; methyl 1-azulenecarbox
ylate, 14659-03-1; methyl 3-acetyl-l-azulenecarboxylate, 58313-
18-1; methyl 3-cyano-l-azulenecarboxylate, 38287-27-3; methyl 3- 
nitro-1-azulenecarboxylate, 41867-40-7; l-trifluoroacetyl-4-methy- 
lazulene, 58313-19-2; 4-methylazulene, 17647-77-7; 5-methylazu
lene, 1654-55-3; 6-methoxyazulene, 35046-03-8; methyl 6-methyl- 
l-azulenecarboxylate, 51381-40-9; methyl 6-bromo-l-azulenecar
boxylate, 58313-20-5; 6-bromoazulene, 35046-05-0; 2-methoxyazu- 
lene, 36044-37-8; l-trifluoroacetyl-2-methoxyazulene, 58313-21-6; 
trifluoroacetic anhydride, 407-25-0; l-trifluoroacetyl-2-methylaz- 
ulene, 58313-22-7; 2-methylazulene, 769-86-8.
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Isoxazole is treated with strong base at low temperature to form in high selectivity the cis enolate salt of cyanoa- 
cetaldehyde. Tosylation, followed by reaction with trimethylamine, furnishes cis-d-trimethylammoniumacrylonit- 
rile tosylate in high yield. This product is treated with 2-amino-/3-D-arabinofurano[T,2':4,5]-2-oxazoline to form 
the desired cis cyanovinyl adduct which is further converted to 1-d-D-arabinofuranosylcytosine.

Cytosine arabinoside (l-/3-D-arabinofuranosylcytosine, 
AFC) has been proven effective in the treatment o f  acute 
leukemias. Additionally, anhydro- AFC is being investigated 
as an antitumor agent. Since increasing amounts o f  AFC are 
being used medicinally a low -cost synthesis o f  AFC has been 
pursued in this and other laboratories. Very recently Sanchez 
and co-workers1 published an elegant method to prepare AFC. 
T he reaction o f  D-arabinose with cyanamide to  form  2- 
amino-/3-D-arabinofurano[T,2':4,5]-2-oxazoline (la) is followed 
by reaction o f la  with propiolonitrile to yield a cyanovinyl 
adduct which Sanchez formulates as the trans adduct Ha.

a, R =  H
b, R =  Me:JSi

Treatm ent o f  the cyanovinyl adduct with aqueous ammonia 
gave a high yield o f  AFC, presumably via 2,2'-anhydro-l-)3- 
D-arabinofuranosylcytosine (Ilia ). Our goal was to prepare 
AFC by a procedure that could ultimately be used in large- 
scale manufacture and by a procedure that allowed isolation 
o f  an h yd ro -A F C  (III), if  possible. Use o f oxazoline I as an 
intermediate was favored since the oxazoline is o f  the correct 
configuration at C -l o f  the arabinose moiety. Unfortunately 
the above process utilizes propiolonitrile, a com pound that 
was judged too  hazardous for large-scale synthesis. Our spe
cific goal then became to find a substitute for the key reagent, 
propiolonitrile.

It was found that c is -/3-trimethylammoniumacrylonitrile 
tosylate (IVc), a stable, white, crystalline solid, can be sub
stituted for propiolonitrile in the synthesis. Reaction o f IV c 
with oxazoline la was carried out best in D M F  at 50 °C. Use 
o f  protic solvents such as water, methanol, or 2 -propanol for 
the reaction gave only poor yields o f  AFC. However, dipolar 
aprotic solvents were effective, with D M F  giving the highest 
yields. Addition o f acetonitrile at the end o f the reaction 
caused crystallization o f a white solid isolated in 70-74% yield, 
which is assigned the acetonitrile solvate o f  2,2'-a n h yd ro-A F C  
tosylate salt (Ilia  TsO H  CH 3CN ) by N M R  comparison to 
authentic1 2 ,2 '-a n h yd ro- AFC hydrochloride. It is very likely 
that the cis-cyanovinyl adduct Va is generated as an inter
mediate which then cyclizes to Ilia  in the presence o f  tosic 
acid.
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+ “ OTs 
Me3N CN 

la +  X ^ /

IVc

Ilia -TsOH • CHjCN

AFC crystallizes very poorly in the presence o f  impurities. 
Since 2,2'-anhydro- AFC tosylate salt I lia  crystallizes so well, 
a great deal o f  purification is accom plished at this stage; ad
ditionally, the desired isolation o f anhydro- AFC (III) is ac
complished by crystallization.

Hydrolysis o f  Ilia  TsO H  CH 3CN to AFC occurs readily in 
dilute aqueous ammonia as reported earlier by Sanchez .1 The 
product mixture consists o f  AFC, tosic acid, and a trace o f  a 
less polar com ponent which has been tentatively assigned as 
T/3-D-arabinofuranosyluracil by T L C  comparison. Purifica
tion o f AFC is achieved by adsorption, then elution from  a 
sulfonic acid ion exchange resin.

Crystallization is accomplished from aqueous methanol to 
give AFC in 90% yield from Ilia. AFC prepared in this way was 
shown to  be identical with authentic AFC by ir, uv, T L C , o p 
tical activity, and elemental analysis.

The key reagent for this synthesis is quaternary salt IVc. 
This com pound is synthesized in high yield by reaction o f 
isoxazole with base. According to the early literature ,2 isoxa- 
zole reacts with sodium m ethoxide-m ethanol to  give an 
equilibrium mixture o f enolate salts V ic  +  V lt  (45:55) in 
quantitative yield. This equilibration must surely occur via 
protonation o f cis enolate salt V ic  to form cyanoacetaldehyde, 
followed by proton abstraction to give V ic  +  V lt in the equi
librium ratio. Cis enolate V ic is the sole product from reaction 
o f  isoxazole with potassium ieri-bu toxide- T H F, if the reac
tion is carried out at —40 °C  or lower. Tem perature control 
o f this step is crucial; if the temperature o f the reaction is —28 
°C , ca. 30% o f the unwanted trans enolate salt V lt forms. 
Product V ic  crystallizes out o f  the reaction mixture. Since it 
must be kept cold in order to avoid isomerization it is not 
isolated, but treated directly with tosyl chloride-acetonitrile. 
T he enolate salt reacts upon dissolution to  form  cis-i3- 
tosyloxyacrylonitrile (V ile ) before any significant isom er
ization occurs.

° 0

OTs CN
—  W

isoxazole Vic vnc

Compound V ile  is converted directly to quaternary salt IVc 
without isolation in the above reaction. T he overall yield o f  
IV c from isoxazole is 85-95%. T he reaction with trimethyl- 
amine was expected on the basis o f  the reported3 reaction o f 
trimethylamine with d-chloroacrylonitrile .4 It is a stereo
specific addition-elim ination process that occurs with re
tention, a result that parallels earlier published work5 which 
described nucleophilic displacements o f  /3-chlorocrotonate 
esters. Thus, cis tosylate V ile  yields only cis quaternary salt 
IV c (substantiated by N M R  data; see T ab le  I).

Other Approaches to AFC. In an earlier synthetic study 
the equilibrium mixture o f  enolate salts V ic  +  V lt  was con 
verted to the mixture o f cis- and trans-/3-tosyloxyacrylonitrile 
(V ile  +  V llt). These were separated and purified by silica gel 
chromatography.

The reaction o f oxazoline I as its di-O-trimethylsilyl (Me.-jSi) 
ether derivative (lb ) with V ile  and V llt  was examined. Cu
riously no reaction was observed with cis tosylate V ile .6 R e
action o f  oxazoline lb  with trans tosylate V llt  in the polar

Table I. Vinylic Coupling Constant Data

t H -C -C N  J, Hz

(II) Tosylate cyanovinyl 
adduct

4.90 14.5

(V) Propiolonitrile 
cyanovinyl adduct

5.43 10.5

(IVc) Cis quaternary salt 3.45 1 0
(IVt) Trans quaternary salt 3.23 14.5

solvent /V.TV-dimethylacetamide (D M A C) produced, as the 
major product, a com pound tentatively assigned the N-to- 
syloxazoline VUIb. In nonpolar solvents such as dioxane a 
cyanovinyl adduct was produced, which was assigned the trans 
cyanovinyl adduct lib .

v n t
b, R =  Me3Si

Com pound VUIb, after silylation to the tri-MeaSi deriva
tive, showed intense m/e 529 and 480 peaks in its mass spec
trum .7 This is rationalized as follows: M + at m/e 544 not 
present; M  — 15 (—M e) at m/e 529, and M  — 64 (—SO2) at m/e 
480. The high-resolution mass spectral determination o f the 
m/e 529 peak confirm ed the elemental com position o f VU Ib 
MesSi: calcd for m/e 529, 529.1680 (CaiH^OgN^^SSia), and 
found, 529.1673. W e are not certain which nitrogen atom 
contains the tosyl group. Since the ring nitrogen atom is more 
nucleophilic, we assume that it is tosylated.

Com pound lib , designated the tosylate cyanovinyl adduct, 
after silylation to the tri-MeaSi derivative, was analyzed by 
GLC and G LC-M S. A molecular ion o f m/e 441 was observed. 
The high-resolution mass spectral determination o f  the m/e 
441 peak confirm ed the elemental com position for the cy 
anovinyl adduct ( lib  MeaSi): calcd for m/e 441, 441.1935 
(CigHasOiNsSis) and found, 441.1927. It was assigned the 
trans stereochemistry by data presented below.

Because the tosylate cyanovinyl adduct had the correct 
molecular ion, we examined the known reaction 1 o f  pro- 
piolonitrile with oxazoline la in DM F, or with oxazoline lb  in 
M e2SO, D M F, or CHCI3. In all cases the reaction products 
were silylated and examined by GLC. Reaction in all the sol
vents gave a single product, designated as the propiolonitrile 
cyanovinyl adduct, which had a different retention time than 
that o f  the tosylate cyanovinyl adduct. However, the mass 
spectrum o f  the silylated propiolonitrile cyanovinyl adduct 
was identical with the mass spectrum o f the silylated tosylate 
cyanovinyl adduct. M oreover, when the propiolonitrile cy 
anovinyl adduct from  reaction o f lb  in M e2SO with pro
piolonitrile is treated with aqueous ammonia, conversion to 
AFC (by T L C ) is rapid at room temperature, as already re
ported 1 for the nonsilylated cyanovinyl adduct. However, 
when the tosylate cyanovinyl adduct was treated with aqueous 
ammonia at room temperature, the only reaction that o c 
curred is the hydrolysis o f  the silyl groups to  give Ila. Uv and 
ir analysis o f  Ila indicated the presence o f  the cyanovinyl 
adduct unchanged; there was no AFC form ed (by T L C ). 
However, if  the tosylate cyanovinyl adduct was stirred with 
aqueous ammonia at 90 °C , conversion to AFC did occur, 
presumably via thermal isomerization to the cis adduct Va, 
and then cyclization and hydrolysis to AFC. Presence o f  AFC
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in the product was proven by preparative TL C , uv, and 
G L C /M S analysis.

N M R  analysis o f  the tosylate cyanovinyl adduct and the 
propiolonitrile cyanovinyl adduct showed the vinylic proton 
coupling constants in Table I. The N M R  analysis shows that 
the larger coupling constant, normally assigned to trans iso
mers, occurs for the tosylate cyanovinyl adduct.

The Sanchez group has suggested in their latest publication 1 

that the propiolonitrile cyanovinyl adduct is a trans cyanov
inyl adduct (as in II). Our data (N M R  analysis and reactivity 
o f  the two isomers) require that the cyanovinyl adduct from 
propiolonitrile is cis (as in V) and the cyanovinyl adduct from 
tra n s-d-tosyloxyacrylonitrile is trans (as in II) .8

Although the trans cyanovinyl adduct II can be converted 
to AFC by photoisomerization in aqueous ammonia, or by 
thermal isomerization, we discarded this approach because 
isolation o f  fi-trans-tosyloxyacryonitrile is very cumbersome. 
Investigation o f the reactions o f  the cis- and tra n s-¡3-tri- 
methylammoniumacrylonitrile tosylates then led to the final 
procedure.

Experimental Section9

After study of the reported1 procedure to prepare oxazoline la, the 
reaction conditions were modified considerably. Reaction of D - 
arabinose with cyanamide is best carried out in DMF. Potassium bi
carbonate is required in catalytic quantities.

2-Am ino-jS-D-arabinofurano[l',2'4,5]-2-oxazoline (la ). A 
mixture of 90.0 g (600 mmol) of D-arabinose, cyanamide (31.0 g, 740 
mmol, 1.23 equiv), and mortared potassium bicarbonate (3.60 g, 36 
mmol, 0.06 equiv) was stirred at 90 °C in 600 ml of DMF. After ca. 5 
min, the mixture was a pale yellow solution, and after another 6 min, 
the solution deposited crystals of product. It was stirred for 75 min 
at 90 °C after the product precipitated, then was cooled to 30 °C. 
Ethyl acetate (360 ml) was added over ~15 min, and the suspension 
was stirred for 30 min at 25 °C and 1 h at 0 °C. The crystals were fil
tered, washed with 2 X 100 ml of 1:1 ethyl acetate-DMF and then 150 
ml of ethyl acetate, and dried at 60 °C under house vacuum (27 in. Hg) 
overnight to give 88.1 g (85%) of off-white crystalline oxazoline II, mp
173.5-174.5 °C. This material is suitable for the next step, although 
purest quality oxazoline is a white solid of mp 181-183 °C.

2-Amino-jS-D-arabinofuran[l',2':4,5]-2-oxazoline D i-O -tri- 
methylsilyl Ether (lb). D-Arabinose (30.0 g, 0.20 mol), cyanamide 
(8.6 g, 0.205 mol), 200 ml of DMF, and 2.0 g of mortared potassium 
bicarbonate were stirred at 90 °C for 50 min. The mixture was cooled 
to room temperature, 0.60 ml of concentrated sulfuric acid was added, 
and the mixture was stirred for 5 min. Hexamethyldisilizane (100 ml, 
0.48 mol) and trimethylsilyl chloride (1.0 ml, 0.008 mol) were added 
and ammonia gas was evolved vigorously. After stirring for ~25 min 
the reaction mixture was a clear yellow solution. It was cooled to 0 °C 
and toluene (500 ml) was added. The mixture was extracted with 500 
ml and then 200 ml of 10% aqueous potassium carbonate and the 
aqueous phases back-extracted with 100 ml of toluene. The total 
toluene was dried over magnesium sulfate, stirred with 2.0 g of acti
vated carbon for 15 min, filtered, washed, and concentrated to a total 
weight of 160 g. Hexane (700 ml) was added and the semisolid dis
solved upon warming to 65 °C. The solution was slowly cooled with 
stirring to 0 °C; the crystals were collected by filtration, washed with 
hexane-toluene (9:1), and dried to give 50.0 g of colorless needles 
(79%), mp 129.5-130 °C. The NMR spectrum (CCI4) showed the fol
lowing: r 3.63 (2 H, broad peak, 2 NH), 4.28 (1 H, doublet, J  — 5.5 Hz, 
Ci proton), 5.50 (1 H, doublet, J = 5.5 Hz, C2 proton), 5.81 (1 H, 
partially resolved triplet, J = 0.8 Hz, C3 proton), 6.2-6.7 (3 H, mul- 
tiplet, C4 proton and Ce methylene group), 9.83 and 9.95 (each 9 H, 
two singlets, 2 SiMe3 groups).

cjs-jS-Trimethylammoniumacrylonitrile Tosylate (IVc). Into 
a 1.0-1. jacketed, three-necked flask was added a THF solution of 
potassium tert-butoxide (273 g, 55.4 g of KO-f-Bu, 495 mmol; this 
material had been assayed as 20.3% KO-f-Bu, 0.40% KOH, 0.9103 
g/ml). The solution was cooled to —45 °C and then a solution of 
isoxazole (Rayco Chemical Co., 27.60 g, 400 mmol) in dry THF (50 ml) 
was added dropwise at such a rate that temperature was maintained 
at —39 °C or lower (addition took 31 min). After approximately 5 min 
of addition, a white precipitate of the enolate salt developed and by 
the end of the addition the mixture was a thick slurry. The slurry was 
stirred for 30 min further at -40  to -4 5  °C. Solid tosyl chloride (92.5 
g, 485 mmol) was added in portions at such a rate that the temperature

stayed below —38 °C (required ca. 13 min to add) and the white sus
pension turned black. Acetonitrile was added (300 ml) dropwise over 
6 min and the temperature stayed at —43 °C. After stirring overnight 
at —10 °C, the mixture was concentrated to a small volume (131 g), 
750 ml of toluene was added, and the mixture was extracted with 2 
X 500 ml of 5% Na2COa. This was back extracted with 100 ml of tol
uene. (Note: the backwash gave an emulsion and was filtered to re
move a black solid.) The toluene extracts were combined, dried over 
sodium sulfate, and stirred with 10 g of activated carbon for 30 min. 
This was filtered and washed well to give a pale brown solution of enol 
tosylate VII. The isomer ratio can be determined readily at this point 
by running an NMR of an aliquot of the toluene solution. The ratio 
of Vile and Vllt is ca. 95:5. The toluene solution was concentrated to 
1000 g and stirred at 35-40 °C. A solution of trimethylamine (50 ml,
32.8 g, 560 mmol) in 150 ml of cold toluene was added dropwise over 
~30 min. During this addition crystals of cis quaternary salt IVc 
precipitated. The slurry was stirred for 2 h at room temperature, fil
tered, and washed with 75 ml of toluene, 75 ml of 2:1 toluene-meth
ylene chloride, then 2X 75 ml of pentane, and dried to give 106.1 g of 
off-white solid (94%), mp 138-145 °C. This material was suitable for 
further reactions. Purest cis tosylate Vile can be obtained by crys
tallization of the tosylate prior to addition of trimethylamine. After 
crystallization from methylene chloride-hexane, a white solid is ob
tained, mp 96.5-97 °C. Pure Vile caused skin irritation on one occa
sion and should be handled cautiously. Conversion of this to the cis 
quaternary salt IVc gave a snow-white, crystalline solid, mp 152.5-154 
°C. The NMR spectrum of pure IVc (Me2SO-d6) showed the fol
lowing: t 2.3-3.0 (5 H, multiplet, aromatic protons and proton on 
corbon (1 to cyanomoiety), 3.45 (1 H, doublet, J -  10 Hz, proton on 
carbon a to the cyano moiety), 6.45 (3 H, singlet, protons on the tol
uene methyl group).

2,2'-Anhydro-l -d-D-arabinofuranosylcytosine Tosylate (Ilia  
TsOH CH3CN). A mixture of oxazoline la (13.051 g, 75 mmol), cis 
quaternary^salt IVc (25.4 g, 90 mmol), and 75 ml of DMF was stirred 
at 50 °C for 10.5 h with a nitrogen sparge at 1 ft3/min and through a 
DMF bubbler to presaturate the nitrogen with DMF. Acetonitrile (300 
ml) was added rapidly and the solution was seeded to develop crystals 
of Ilia. The slurry was slowly cooled to room temperature over 30 min, 
then to 0 “C and stirred for 1 h at 0 °C. The crystals were collected by 
filtration and washed with 2 X 20 ml of acetonitrile-DMF (9:1), then 
2 X 25 ml of acetonitrile and dried under vacuum to give 23.30 g (71%) 
of white solid. Melting point determinations were meaningless because 
the material first lost the acetonitrile (of solvation), then decomposed 
from 90 to 110 °C. The NMR spectrum (Me2SO-de) showed the fol
lowing: r 0.8 (1 H, broad peak, NH or OH), 1.72 [1 H, doublet, J  = 7 
Hz, olefinic proton (prcbably C-6)], 2.4-2.8 (4 H, multiplet, aromatic 
protons of the tosylate moiety), 3.39 [2 H, 2 doublets, J  = 6 and 7 Hz, 
proton on Ci of sugar, and olefinic proton (probably C-7)], 3.9 (1 H, 
broad peak, NH or OH), 4.53 (1H, doublet, J = 6 Hz, C2 proton), 4.95 
(1 H, broad peak, NH or OH), 5.47 (1 H, singlet, C3 proton), 5.71 (1
H, singlet, C4 proton), 6.55 (3 H, poorly resolved multiplet, OH or NH, 
and C5 methylene proton), 7.71 (3 H, protons on the toluene methyl 
group), 7.95 (5 H, acetonitrile protons). Those signals assigned to NH 
or OH were shown to disappear by addition of deuterium oxide fol
lowed by redetermination of the NMR spectrum. A sample of au
thentic 2,2'-anhydro-l-/3-D-arabinofuranosylcytosine hydrochloride 
prepared by the method of Sanchez1 showed the following NMR 
spectrum (Me2SO-de) after admixture with deuterium oxide: r 1.70 
[1 H, doublet, J = 7 Hz, olefinic proton (probably Ce)], 3.38 [2 H, 2 
doublets, J = 6 and 7 Hz, proton on Ci and olefinic proton (probably 
C7)], 4.55 (1 H, doublet, J  = 6 Hz, C2 proton), 5.45 (1 H, singlet, C3 
proton), 5.70 (1 H, broadened singlet, C4 proton), 6.55 (2 H, broad 
singlet, C5 methylene protons).

1 -/3-D-Arabinofuranosylcytosine (AFC). Tosylate salt Ilia 
T 0SOHCH3CN (8.002 g, 18.25 mmol) and 80 ml of 2 N ammonium 
hdroxide were stirred at 58 °C for 80 min. The solution was concen
trated to a weight of 40 g and added to a Dowex MSC-1 resin column 
(1.5 X 28 cm, 20-50 mesh, H+ form, 55 ml of resin equivalent to 94 
mequiv): loading phase, 40 g of solution and 2 X 5 ml of water all at
I . 0 ml/min flow rate (fraction 1); wash phase, 80 ml of water at 1.0 
ml/min (fraction 2, 80 ml); elution phase, 4.5 N ammonium hydroxide 
at 1.0 ml/min (fraction 3, 35 ml; fraction 4,125 ml; and fraction 5, 20 
ml). TLC analysis indicated that AFC was present only in fraction 
4; uv analysis of fraction 4 indicated 101% of the theoretical amount 
of AFC (4.52 g). Fraction 4 was concentrated to 40 g, 100 ml of 
methanol was added, and the solution was stirred with 0.50 g of acti
vated charcoal for 30 min. The mixture was filtered and the carbon 
washed with methanol-water (70:30). The filtrate was concentrated 
to 9.40 g; 3.0 ml of methanl was added and the mixture warmed to 85 
°C to achieve complete solution. This was slowly diluted with 90 ml
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of methanol at reflux over 1.5 h. The crystal slurry was cooled to 0 °C 
over a period of 1.5 h, and stirred at 0. °C for 1 h. The crystals were 
collected by filtration, washed and dried to give 3.567 g of crystalline 
AFC. From concentration of the mother liquors a second crop of AFC 
was obtained, 0.45 g, to give a total yield of 90% from Ilia 
TosOHCH3CN.The first and second crops of AFC were shown to be 
identical with authentic AFC by ir, uv, TLC, elemental analysis, and 
optical activity.

Equilibrium Mixture of cis- and,trans-/5-Tosyloxyacrylonitrile 
(V IIIc  and V llt). T oa  stirred solution of sodium methoxide (5.35 
g, 99 mmol) in reagent 2-propanol (120 ml) was added dropwise over 
15 min isoxazole (6.90 g, 100 mmol) and this was stirred under nitrogen 
for 1 h. The slurry was concentrated to dryness and suspended in 100 
ml of acetone at 0 °C and a solution of recrystallized tosyl chloride 
(17.80 g, 94 mmol) in 50 ml of acetone was added dropwise over 30 min. 
The mixture was stirred at 25 °C overnight, concentrated to dryness, 
added to 500 ml of benzene, and extracted with 2 X 50 ml of 10% po
tassium bicarbonate, then with 250 ml of 25% aqueous sodium chlo
ride. The aqueous phases were back extracted with 2 X 250 ml of 
benzene. The total benzene extracts were dried (MgSCL) and con
centrated to a solid, 21.64 g (97% crude). Caution: The crude mixture 
as well as the crystalline compounds described below easily cause a 
rash and are skin irritants.

Chromatographic Separation of V ile  and V IIt. A mixture (2:1) 
of VIIc:VIIt (30.5 g) was mixed with 60 g of silica gel (G. F. Smith Co., 
which had been deactivated by the addition of 6% water) in ethyl 
acetate and the mixture concentrated to dryness. This was added to 
a column of silica gel-6% water (1440 g, 6 X 80 cm) packed in cyclo- 
hexane-ethyl acetate (95:5). Elution was continued with 1.51. of 95:5,
2.0 1. of 90:10, then 161. of 85:15 cyclohexane-ethyl acetate and the 
progress of the chromatography was followed by TLC (silica gel GF, 
with 3:1 benzene-ethyl acetate). The earlier 7 1. of the 85:15 system 
contained pure tians Vllt; this was concentrated to give 9.4 g of the 
pure trans Vllt. The latter 81. of the 85:15 system contained cis Vile. 
This was concentrated to give 18.5 g of pure Vile. Tosylate Vile was 
crystallized from ethyl acetate-hexane, mp 94.0-95.5°C. Tosylate Vllt 
was crystallized from methylene chloride-hexane, mp 87-88.5 °C. The 
NMR spectra (CDCI3) showed the following. Vile: r 2.18-2.6 (4 H, 
multiplet, aromatic protons), 2.75 (1 H, doublet, J  = 6.5 Hz, assigned 
to olefinic proton on /3-carbon atom of the acrylonitrile moiety), 5.02 
(1 H, doublet, J  = 6.5 Hz, olefinic proton on a carbon of the acrylo
nitrile moiety), 7.51 (3 H, singlet, protons of the toluene methyl 
group). Vllt: T 2.2-2.6 (4 H, aromatic proton), 2.53 (1 H, doublet, J 
-  12.5 Hz, proton on /3 carbon), 4.75 (1 H, doublet, J  = 12.5 Hz, proton 
on a carbon), 7.51 (3 H, singlet, protons on the toluene methyl group).

Trans Cyanovinyl Adduct lib . Oxazoline lb (3.9776 g, 12.5 mmol), 
trans tosylate V llt (3.067 g, 13.75 mmol), 50 ml of dry dioxane, and 
sodium caibonate (1.541 g, 14.5 mmol) were stirred at 92°C under 
nitrogen for 19 h. An aliquot (0.050 ml was silylated by stirring with 
0.50 ml of bis(trismethylsilyl)trifloroacetamide (BSTFA) for 1 h at 
25°C. This was analyzed by GLC (F & M Model 800, 210° C, 6 ft 2% 
SE-30); a trace of tosylate Vllt was present at 0.5 min retention time, 
8% of oxazoline lb 2Me3Si at 1.0 min, and 92% of the trans cyanovinyl 
adduct lib MeaSi at 4 min.

The reaction mixture was cooled to 15°C, and trimethylamine- 
tetrahydrofuran (THF) (1.80 mi, 2.0 N) was added to destroy the 
excess trans tosylate Vllt. After the mixture was stirred for 40 min, 
it was filtered and the residue washed with THF. The filtrate was 
concentrated to a brown glass (4.274 g). An NMR spectrum (CDCI3) 
showed the following: r 2.45 (1 H, doublet, J = 14.5 Hz, assigned to 
the olefinic proton on the /3-carbon atom of the acrylonitrile moiety),
4.13 (1 H, doublet, J  = 5.5 Hz, proton at Ci of the sugar moiety), 4.90 
(1 H, doublet, J = 14.5 Hz, olefinic proton on the «-carbon atom of 
the acrylonitrile moiety), 5.16 (1 H, doublet, J = 5.5 Hz, proton at C2), 
5.60 (1 H, broadened singlet, proton at C3), 5.8 (1 H, broadened singlet,

proton at C4), 6.2- 6.6 (2 H, multiplet, methylene protons at C5), 9.81 
and 9.90 (9 H each, two singlets, protons on the trimethylsilyl groups).

Reaction of Oxazoline lb  with Propiolonitrile to Form the 
Cis-Cyanovinyl Adduct Vb. Oxazoline lb (80 mg, 0.25 mmol) in 0.40 
ml of CDCI3 was stirred at room temperature for 2 h after addition 
of propiolonitrile (14.7 mg, 0.29 mmol). The NMR spectrum (CDC13) 
showed the following: r 2.80 (1 H, doublet, J  = 10.5 Hz, olefinic proton 
on the /3-carbon atom of the acrylonitrile moiety), 3.44 (1 H, doublet, 
J  = 5.5 Hz, proton at Ci of the sugar moiety), 4.1-4.3 (2 H, broad peak, 
NH), 5.23 (1 H, doublet, J  = 5.5 Hz, proton at C2), 5.43 (1 H, doublet, 
J = 10.5 Hz, olefinic proton at the a  carbon), 5.55 (1 H, broadened 
singlet, proton at C3), 5.85 (1 H, multiplet, proton at C4), 6.3-6.8 (2 
H, multiplet, methylene protons at C5), 9.87 and 9.95 (9 H each, two 
singlets, protons on the trimethylsilyl groups). An aliquot of this NMR 
sample (0.020 ml) and 0.50 ml o f BSTFA was stirred at 25 °C for 1 h. 
This sample was analyzed by GLC: trace of oxazoline I at 1.0 min, and 
major peak at 2.5 min retention time corresponding to Vb Me3Si.
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Selective esterification of several methyl D-hexopyranosides by means of base-catalyzed transesterification, N- 
acylimidazoles, and dibutylstannylene derivatives of the carbohydrates revealed the last mentioned method to be 
most effective when dealing with the a-pyranosides. The NMR spectra and differences in reactivity suggest that 
the selective formation of C2 esters is associated with a coordination of tin with the a-methoxy group. The selective 
formation of C2 esters of methyl a-D-gluco-, a-D-allo-, and a-D-galactopyranosides is described even in the pres
ence of the unblocked C6-hydroxyl group.

The primary hydroxyl groups o f  carbohydrates are con 
sidered to be more reactive toward esterification and alkyla
tion than the secondary hydroxyl groups. 1 Consequently, the 
synthesis o f  carbohydrates substituted at a secondary h y
droxyl group and containing a free primary hydroxyl usually 
requires the application o f blocking-deblocking techniques2 

as well as tedious separation procedures that lower the yields 
o f  the desired product. The conversion o f  m ethyl «-D -glueo- 
pyranoside (1) to methyl 2-0-benzoyl-a-D -glucopyranoside 
(2a ),3 for example, or o f  the corresponding 2 -0 -mesyl and
2 -O -tosyl esters,4 required a three-step procedure and the 
separation from  relatively large amounts o f  the 3 isomers.

Our interest in isomerically pure monoesters o f  sugars 
prom pted a search for a more efficient route to  2  esters (e.g.,
2 ). This paper describes the results o f  base-catalyzed trans
esterifications as well as a selective, high-yield process for 
accom plishing the desired transformation in essentially one 
step by using the dibutylstannylene intermediates o f  the 
carbohydrates.

R esu lts and D iscu ssion

The direct esterification o f 4,6-O-benzylidene D-hexo- 
pyranosides leads to a mixture o f  2 and 3 esters depending on 
the nature o f  the esterifying reagent (see Table I). W hen the 
corresponding benzal derivative o f  1 (3) was allowed to react 
with ethyl myristrate under base-catalyzed transesterification 
conditions there was obtained a mixture o f  the two m onoest
ers, the diester, and unreacted starting material even though 
the esterification was lim ited to only two hydroxyl sites. The 
analogous transesterification in the presence o f  potassium 
methoxide and 18-crown-6 did not affect the ratio o f  the 2  and 
3 esters.

Selective esterification by means o f base-catalyzed trans

esterification is com plicated also by the possibility o f  intra
molecular migration o f the acyl group. Thus, when the 2- 
myristate o f  3 (4) was heated for ca. 40 h in D M F  in the pres
ence o f  a catalytic amount o f solid K 2CO 3 , the starting m ate
rial and the corresponding 3 ester (5) were isolated in equal 
amounts.

In view o f the considerable success o f  acylimidazoles6 in 
selective esterification reactions ,7 we allowed 2  to react with 
6  in refluxing chloroform for a period o f 16 h. It was found that

jq__ a, R =  PhCO
I N— R b, R =  CH3(CH2)12CO
1 = /  c, R =  p-CH3PhS02

6 d, R =  CH3(CH2)I0CO

the initially formed 2  esters were subect to imidazole-catalyzed 
isomerization and longer reaction times (30-40 h) led to 
varying amounts o f  the 2 and 3 esters. M ethyl 4 ,6-O -benzyl- 
idene-d-D-glucopyranoside and methyl 4 ,6 -0 -benzylidene- 
«-D-m annopyranoside could not be selectively esterified by 
means o f this procedure .74’9

D i-n-butyltin  oxide (7) was recently used for the selective 
introduction o f a tosvl group at the 2 '-O H  group o f nucleo
sides .8 W e have found that an equimolar mixture o f  3 and 7 
upon heating in m ethanol-benzene (1:10) for 45 min gave a 
crystalline material (8 ) which was isolated upon the removal 
o f  the solvents in vacuo. The elemental analysis and N M R

3 +  BuaSnO 
7

PhH-CHyOH

A

8

spectrum were consistent with the structure o f  methyl 4,6-
0-benzylidene-2,3-0-dibutylstannylene-a-D-glucopyranoside
(8 ). The chem ical shifts o f  representative protons in 3 and 8  

are given in Table II. The chemical shift differences between 
3 and 8  are attributed to  (a) the deshielding o f the anomeric 
hydrogen and o f  the C l m ethoxy group because o f  a coord i
nation between the C l m ethoxy group and tin as suggested 
in 8 ; and (b) a conform ational change in the dioxane ring in
duced by the tendency o f  the five-membered stannylene ring 
to  approach coplanarity.

W hen 8  was treated at room  temperature with a dioxane 
solution o f benzoyl chloride in the presence o f  triethylamine 
the 2-benzoate was isolated in 85% yield. Similarly it was 
possible to prepare the 2-myristate (4), the 2-laurate, and the
2-O-tosylate in good yields (70-90% ). In the case o f  the car-
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Table I. Selective Esterification o f  
4,6-O-Benzylidene D-Hexopyranosides

Condi-
Compd tionse

2
ester,

%

3
ester,

%

2,3
di ester,

% Ref

a-D-Glucoside A 24 6 35 a
B 13 25 9 a
C 25 2 0 1 0 b
D 82 0 0 b
D' 93 7 0 b
E 92 1 0 b
E 94 1 0 b
F 62 0 0 d

j3-D-Glucoside C 26 34 0 b
D 30 35 0 b
E' 30 2 0 0 b

O-D-Mannoside A 19 2 0 33 c
C 37 32 3 b
D 50 50 d
F 57 25 d
E' 25 35 b

a-D-Galactoside E" 64 0 0 b
tt-D-Alloside E' 91 0 0 b

a R. W. Jeanloz and D. A. Jeanloz, J. A m . Chem. Soc., 79,
2579 (1957). ftThis work. CR. W. Jeanloz and D. A. Jean- 
loz, J. A m . Chem . Soc., 80, 5692 (19 58 ); d S. A. Abbas and 
A. H. Haines, Carbohydr. R es., 39, 358 (1975). e A, PhCO- 
Cl, CSHSN; B, (P h C 0)20 , C 5H5N; C, CH3(CH2 )12C 0 2Et, 
K2C 0 3; D, PhCO—imidazole, CHC13; D', CH3(CH 2 )l2C O - 
imidazole, CHC13; E, Bu2SnO, CH3(CH 2 )12COCl, Et3N; E', 
Bu2SnO, PhCOCl, Et3N; E", Bu2SnO, p-TsCI, Et3N; F, 
PhCOCN, Et3N.

Table II. NMR Parameters for Som e Protons in 3 and 8 
in CDCl3a

O O
/ \ \

Compd 5 PhC— H — C— H — c — o c h 3
\ / /

O MeO

3 5.52 (s) 4 .7 5 (d )  3.38 (s)
(Ji 2 = 3.5 Hz)

8 5.45 (s) 4 .8 5 (d )  3.45 (s)
(J , i2 = 3 .0  Hz)

a 5(M e4Si) O.

boxylic acid esters, the reaction was com plete in 5-15 min, 
while the form ation o f the tosylate turned out to be much 
slower (3-5 h). During the formation o f the 2-laurate there was 
isolated 3% o f  the 3-laurate.

Acylation o f the analogous tin derivatives o f  methyl /3-D- 
glucopyranoside and methyl «-D-m annopyranoside failed to 
be selective. In each case there were obtained approximately 
equal amounts o f the 2 and 3 esters in addition to a rather high 
recovery o f the starting sugars. T h e explanation for this d if
ference in behavior may be in the inability o f  the respective 
tin com pounds 9 and 10 to give coordination between the 
metal and the a-m ethoxy group as suggested in the case o f  8 . 
This explanation is consistent with the fact that the tin 
com pound o f  methyl 4,6-O-benzylidene-a-D-galactopyran- 
oside ( 1 1 ) again give the 2 -tosylate selectively when it was 
treated with p-toluenesulfonyl chloride and triethylamine. 
Likewise the m ethyl 2-O -benzoyl-a-D -allopyranoside was 
prepared in 90% yield when methyl 4,6-0-benzylidene-2,3-
O-dibutylstannylene-a-D-allopyranoside was treated with 
benzoyl chloride in the presence o f  triethylamine.

Selective esterification brought about by means o f di- 
butylstannylene derivatives was next investigated using the 
free, unprotected sugars.

The reaction o f equimolar amounts o f dibutyltin oxide and 
methyl «-D-glucopyranoside (1) in methanol gave a quanti
tative yield o f  1 2  and the latter was then converted to the

Ph

12 13

methyl 2-O-benzoyl-«-D-glucopyranoside in 80-90% yield by 
means o f  a subsequent reaction with benzoyl chloride in the 
presence o f  triethylamine. Similarly, 12 and myristoyl chloride 
or p-toluenesulfonyl chloride gave the corresponding 2  esters. 
The 6 esters could not be detected by TLC in any o f the above 
cases, but the 2 ,6  diester was sometimes present in 1 - 2 % yield. 
Since the 2 -tosylate o f  1  (17) resisted crystallization, it was 
characterized by conversion to the known, crystalline, 4,6-
O-benzylidene com pound (18).

The fact that the 2 esters were formed in the presence o f  the 
“ more reactive”  primary C6 -OH  suggests that the dibutyl- 
stannylene o f 1 has the structure 12 rather than 13. T he pre
sumed preference for the form ation o f the five-m em bered 
stannylene ring could be due to the favorable semiequatorial 
conform ation o f the gem -di-n -buty l groups, whereas one o f 
these bulky groups would be forced into an unfavorable axial 
conform ation in the case o f  the six-m em bered com pound 13. 
A similar rationale is sometimes offered 10 to explain the great 
tendency o f  acetone to form  the five-m em bered dioxolanes 
with glucose, while benzaldehyde favors the six-m em bered 
dioxanes. Unfortunately this hypothesis could not be tested, 
so far, owing to the hydrolytic instability o f the tin compounds.
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Structure 1 2  may also be favored over 13 because o f  the ad
ditional coordination o f  tin with the C l m ethoxy group.

By contrast, methyl jS-D-glucopyranoside could not be se
lectively esterified at position 2  under the conditions suc
cessful with its a  anomer 1. In fact, only the 6  esters were o b 
tained (—80% yield) when the material obtained by treatment 
o f  methyl /3-D-glucopyranoside with 7 was treated with either 
p-toluenesulfonyl, benzoyl, or myristoyl chlorides. On the

a, R =  PhCO
b, R =  CH3(CH,)12CO
c, R =  p-CEjPhSO,

15
other hand, methyl a-D-galactopyranoside (14) was easily 
converted to 2 -tosylate 16 via the tin com pound presumed to 
have the structure 15. The syrupy 16 was characterized by its 
conversion to  the known crystalline methyl 2-0 -tosyl-4 ,6 -
O-benzylidene-a-D-galactopyranoside using a D M F  solution 
o f benzaldehyde diethyl acetal in the presence o f  p -T sO H  
catalyst.

In conclusion, the method described here for the selective 
preparation o f  2 esters o f  methyl a-D-gluco-, a-D-galacto-, and 
a-D-allopyranosides illustrates an extremely useful applica
tion o f organotin alkoxides in organic synthesis . 1 1  Its success 
appears to depend on the selective reactivity at the C 2 -0  when 
the 2,3-stannylene intermediate is capable o f  coordination 
between the a-m ethoxy group and tin. W ork is in progress to 
extend this selective esterification m ethod to  disaccharides 
such as sucrose.

E x p erim en ta l S ection

Melting points were determined by means of a Mel-Temp appa
ratus and are uncorrected. TLC was carried out on silica gel G coated 
plates and detection was effected by charring with 50% H2SO4. NMR 
spectra were recorded at 60 MHz with a Varian A-60A spectrometer 
using Me.(Si as an internal standard. Ir spectra were recorded as KBr 
pellets with a Perkin-Elmer Model 475 spectrometer. Elemental 
analyses were carried out by M-H-W Laboratories, Garden City, 
Mich.

Methyl 2,3-O-Dibutylstannylene-a-D-glucopyranoside (12).
Dibutyltin oxide (12.50 g, 50 mmol) was added to a solution of methyl 
a-D-glucopyranoside (1,9.7 g, 50 mmol) in methanol (200 ml) and the 
resulting milky solution was refluxed until it became homogeneous 
and clear (45 min). After refluxing for an additional 0.5 h, the solvents 
were evaporated in vacuo to leave a white solid, mp range 105-115 °C. 
Anal. Calcd for C^soOgSn: C, 42.12; H, 7.06. Found: C, 41.63; H, 7.18.

Methyl 2-O-M yristoyl-a-n-glucopyranoside (2c). A. Methyl

2,3-O-dibutylstannylene-a-D-glucopyranoside (12,4.25 g, 10 mmol) 
in dioxane (75 ml) was treated with triethylamine (1.54 ml, 11 mmol) 
followed by a slow addition (5 min) of myristoyl chloride (2.71 g, 11 
mmol) in dioxane (10 ml). After 1 h at room temperature, TLC (ethyl 
acetate, silica gel G) indicated the absence of starting material and 
the presence of a major spot at Rf 0.55 and of a minor spot at R f 0.78. 
After stirring for an additional 1 h, the salts were filtered and washed 
with dioxane (15 ml). Evaporation of the combined filtrates in vacuo 
gave a syrup which was passed through a column of silica gel G (200 
g) using ethyl acetate as the eluent. The fractions containing the 2- 
O-myristoyl derivative were combined and crystallized from ethyl 
acetate-petroleum ether (bp 30-60 °C) at 5 °C to give a white solid 
(2.95 g, 73%) mp 94-96 °C, mmp (with product prepared as in B 
below) 94-97 °C. Anal. Calcd for C21H40O7: C, 62.38; H, 9.90. Found: 
C, 62.31; H, 9.82.

B. Methyl 2-0-myristoyl-4,6-0-benzylidene-o!-D-glucopyranoside 
(4, 1 g) was hydrolyzed using 75% aqueous acetic acid to give the 
methyl 2-0-myristoyl-c.'-D-glucopyranoside (2c) in 80% yield, mp
95-96 °C, mmp 94-97 °C.

Methyl 2-O-Benzovl-a-D-glucopyranoside (2a). A. To a
magnetically stirred, slightly cloudy solution of methyl 2,3-O-di- 
butylstannylene-ff-D-glucopyranoside (12,4.25 g, 10 mmol) in dioxane 
(75 ml) there was added triethylamine (1.54 ml, 11 mmol) followed 
by slow addition of benzoyl chloride (1.32 ml, 11 mmol). The solution 
became clear upon addition of the benzoyl chloride but a white pre
cipitate started forming ~2 min later. TLC examination of the solu
tion (ethyl acetate, silica gel G) after 1 h showed the presence of a 
major spot at Rf 0.50 and a minor spot at Rf 0.70. The salts were fil
tered and washed with dioxane (20 ml) and the combined filtrates 
were evaporated in vacuo to leave a syrup which was fractionated on 
a column of silica gel G (120 g) using ethyl acetate as eluent. The first 
compound eluted from 'he column was methyl 2,6-di-O-benzoyl-a- 
D-glucopyranoside (0.08 g, ~2%), mp 139-140 °C (lit.3 141-142 °C). 
Anal. Calcd for C2iH2208: C, 62.67; H, 5.51. Found: C, 62.55; H,
5.77.

The second compound eluted from the column was the desired 
material 2a (2.05 g, 70%). Crystallization from EtOAc-petroleum ether 
gave white crystals, mp 179-180 °C, mmp 177.5-178.5 °C (lit.3 mp 
174-175 °C). Anal. Calcd for Ci4Hlg0 7: C, 56.37; H, 6.04. Found: C, 
56.38; H, 6.09.

B. Methyl 2 -0 -benzoyl-4,6-0-benzylidene-o-D-glucopyranoside 
(1.5 g) was heated at 75-80 °C for 1 h in 75% aqueous acetic acid. The 
solvents were then removed in vacuo and the white residue was dis
solved in hot ethyl acetate to which light petroleum ether (bp 30-60 
°C) was added until crystallization started. The white crystals which 
were collected (1.10 g, 98%) had mp 177-178.5 °C and mmp 177.5-179 
°C.

Methyl 4,6-0-Benzylidene-2,3-0-dibutylstannylene-a-D - 
glucopyranoside (8). A mixture of 3 (8.50 g, 30 mmol) and dibutyltin 
oxide (7.70 g, 30 mmol) was refluxed in benzene-methanol (150-15 
ml) until the solution became clear (~45 min). It was then left at 50-55 
°C for 14 h and then the solvents were removed in vacuo to leave a 
white solid (14.5 g, 91%), mp 194-195 °C. Anal. Calcd for C22H3,iOf,Sn: 
C, 51.50; H, 6.60. Found: C, 51.35; H, 6.69.

Methyl 4,6- O-Benzylidene-2- O-tosyl-o-D-glucopyranoside. 
Triethylamine (1.44 ml) was added to the tin compound 8 (5.14 g) in 
dioxane (100 ml) followed by p-TsCl (1.90 g) in dioxane (20 ml). The 
solution was stirred overnight and then the undissolved salts were 
filtered and washed with dioxane. The syrup obtained on evaporation 
of the solvent in vacuo was dissolved in hot ethyl acetate and light 
petroleum ether was added to initiate crystallization. The product 
was collected as white needles (3.05 g, 70%), mp 153-154 °C (lit.12 mp
153-154 °C).

Methyl 2- O-Benzoyl-4,6- O-benzylidene-a-D-glucopyranoside.
A. Triethylamine (1.44 ml) was added to the tin compound 8 (5.14 g, 
10 mmol) dissolved in dioxane (100 ml). Benzoyl chloride (1.20 ml, 
10 mmol) in dioxane (20 ml) was then slowly added to the cooled (~5 
°C) mixture. The solution was stirred for 6 h at ambient temperature 
and the solids filtered. The solvent was evaporated to leave a syrup 
which was dissolved in hot ethyl ether to which was slowly added 
petroleum ether (bp 30-60 °C) until milky. Crystals of the title 
compound were collected after 16 h at 5 °C, mp 168-170 °C (3.35 g, 
86%).

B. The tin compound 8 was prepared in situ by refluxing a solution 
of 3 (1.41 g, 5 mmol) and dibutyltin oxide (1.25 g, 5 mmol) in dry 
methanol (50 ml) for 45 min. After the solution was cooled to 5 °C, 
triethylamine (3.5 ml, 25.0 mmol) was added at once followed by slow 
addition of benzoyl chloride (3.0 ml, 25 mmol). TLC examination of 
the reaction mixture after 5 min indicated the presence of a single spot 
at Rf 0.70 (ethyl ether-petroleum ether, 2:1 v/v). After 2 h at ambient
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temperature, the solvents were removed in vacuo, the resulting residue 
was dissolved in acetone, and the triethylamine hydrochloride was 
filtered. Evaporation of the acetone extract left a syrupy material 
which was placed on a silica gel G column (120 g) and eluted with ethyl 
ether-petroleum ether (2:1 v/v). The first fractions collected contained 
methyl benzoate. The second compound eluted from the column was 
the desired material (1.32 g), mp 165 °C. Crystallization from ethyl 
ether-petroleum ether gave the pure compound as needles, mp
173.5-175 °C (lit.13 mp 169-170 °C). Anal. Calcd for C2iH2207: C, 
65.28; H, 5.70. Found: C, 65.20; H, 5.89.

Lastly, the unreacted starting sugar 3 was eluted from the column 
(0.27 g). The reaction occurred with 81% conversion and the yield was 
85%.

Methyl 4,6- O-Benzylidene-2- O-tosyl-a-D-galactopyranoside.
Methyl a-D-galactopyranoside (14,9.7 g) was refluxed with Bu2SnO 
(12.5. g) in MeOH (170 ml) for 1.5 h. Evaporation of the MeOH in 
vacuo at 50 °C left a glassy solid (15), mp 75-85 °C. Anal. Calcd for 
Ci5H3o06-H20 : C, 40.83; M, 7.04. Found: C, 40.63; H, 7.22. Methyl
2,3-O-dibutylstannylene-a-D-galactopyranoside (15, 3.20 g) in di- 
oxane (50 ml) was treated successively with Et3N (1.2 ml) and p-TsCl 
in dioxane (10 ml). After 1 h at ambient temperature TLC indicated 
the presence of a major spot at Rf 0.20 (EtOAc) and a minor spot at 
the origin. The reaction was complete after 6 h at 25 °C. The salts were 
filtered and washed, and the filtrates were evaporated under dimin
ished pressure to leave a syrup which resisted crystallization. Treat
ment of the syrup (1.20 g) with benzaldehyde diethyl acetal (5 ml) in 
DMF (10 ml) and a catalytic amount of p-toluenesulfonic acid 
monohydrate for 16 h followed by neutralization of the acid (solid 
K2C 03) and evaporation of the solvents left a syrup which was crys
tallized from ethyl acetate to give needles, mp 176-178 °C (lit.14 mp 
179-180 °C). Anal. Calcd for C2iH240 8S: C, 57.80; H, 5.51; S, 7.34. 
Found: C, 58.00; H, 5.60; S, 7.50.

Methyl 4,6- O-Benzylidene-2- O-lauroyl-a-D-glucopyranoside.
A. Triethylamine (0.7 ml) was added to a stirred solution of 8 (2.57 
g) in dioxane (50 ml) and this was followed by slow addition of 1.0 g 
(10 ml) of lauroyl chloride. After 40 min at ambient temperature the 
solid salts were filtered and washed with dioxane (10 ml). The com
bined solvents were evaporated to leave a white residue which was 
placed on a column of silica gel and eluted with ether-petroleum ether 
(1:1 v/v). The 2-O-lauroyl derivative of 3 was eluted first (1.26 g, 81%), 
mp 87-89 °C. Anal. Calcd for C26H4o07: C, 67.46; H, 8.62. Found: C, 
67.92; H, 9.07. The second fraction from the column was the 3-laurate 
(0.06 g, 3%), mp 115-117 °C. Anal. Calcd for C26H4C0 7: C, 67.46; H, 
8.62. Found: C, 67.80; H, 8.97. A portion of unreacted 3 (0.50 g) was 
recovered.

B. Lauroylimidazole [6d, R = CH3(CH2)i0CO] was prepared from 
imidazole (0.68 g, 0.01 mol), dissolved in reagent grade CHC13 (10 ml), 
and lauroyl chloride (1.1 g, 0.005 mol) added dropwise to the mag
netically stirred solution kept at 10 °C. The resulting white suspension 
was filtered and the filtrate (containing IV-lauroylimidazole) was 
added to 3 (1.41 g, 0.005 mol) in CHC13 (20 ml). After the mixture was 
refluxed for 20 h the solution was cooled and extracted successively 
with 5% bicarbonate (20 ml) and saturated NaCl (2 X 10 ml). After 
drying over Na2S 04 the CHC13 solution was evaporated to leave 2.2 
g of product and this was separated on a column of silica gel using 
ether-petroleum ether to give the 2-laurate (83%) and the 3-laurate 
(6.3%).

M ethyl 4,6- O-Benzylidene-2- O -m yristoyl-d-D -glucopyra- 
noside by Transesterification. Methyl 4,6-O-benzylidene-d-D- 
gliicopyranoside (3.0 g, 11 mmol) was placed in a 100-ml three-neck 
round-bottom flask containing dry Me2SO (60 ml), fitted with a 
magnetic stirring bar, a nitrogen inlet tube, and a rubber septum and 
connected to a regulated water aspirator. The mixture was heated to 
80 °C and then ethyl myristate (2.56 g, 10 mmol) was added, followed 
by 0.05 g of solid, finely ground K2C 03. After 90 h at 80 °C and 60 
Torr, the solvent was taken off in vacuo to leave a solid which was 
extracted with ether. The ethereal extract was washed with 5% NaCl 
solution, dried (Na2S 04), and evaporated to leave 4.5 g of material. 
This was placed on a column of silica gel (200 g) and eluted using 
ether-petroleum ether (1:1 v/v). Ethyl myristate was eluted first (1.6 
g). Next was eluted the methyl 4,6-0-benzylidene-2-0-myristoyl-d- 
D-glycopyranoside. It was crystallized from hexane to give white 
needles (200 mg), mp 113-115 °C. Anal. Calcd for C2sH440 7: C, 68.30; 
H, 8.94. Found: C, 68.50; H, 8.92.

The corresponding 3-myristate was eluted next and it was similarly 
crystallized from hexane to give white flakes (270 mg), mp 89-90 °C. 
Anal. Calcd for C28H440 7: C, 68.30; H, 8.94. Found: C, 68.50; H, 8.77. 
The methyl 4,6-0-benzylidene-/3-D-glucopyranoside was eluted last 
(2.5 g).

Methyl 4,6- O-Benzylidene-2- O-m yristoyl-a-D-glucopyra-

noside by Transesterification. Methyl 4,6-0-benzylidene-a- 
D-glucopyranoside (3, 6.5 g, 23 mmol) was placed in a 250-ml 
three-neck flask fitted with a magnetic stirring bar, a nitrogen inlet 
tube, and a rubber septum and connected to a regulated water aspi
rator. Dry Me2SO (120 ml) was added and the mixture was stirred and 
brought up to 80 °C. After 10 min, ethyl myristate (2.56 g, 10 mmol) 
was added followed by solid, finely ground potassium carbonate (0.05 
g). The water aspirator was regulated to give 60 Torr during the du
ration of the reaction. After 50 h, the solvent was taken off in vacuo 
to leave a solid which was equilibrated between ether and water. The 
ether layer was washed with concentrated NaCl solution, dried 
(Na2S 04), and evaporated to leave a solid which was shown (TLC) 
to contain 3, the 2-myristoyl, 3-myristoyl, and 2,3-dimyristoyl de
rivatives. Separation of the material on column chromatography using 
petroleum ether-ether (4:1 v/v) as eluent gave ethyl myristate (1.4 
g); the 2,3-dimyristate (41 mg), mp 80-82 °C, crystallized from hexane; 
the 2-myristate (4, 615 mg), mp 94-96 °C, crystallized from hexane; 
and 3-myristate (5, 915 mg), mp 121-123 °C, also crystallized from 
hexane. Compound 3 was eluted last (4.5 g).

The structures of the two monoesters 4 and 5 were deduced from 
their NMR and ir spectra and by conversion to the corresponding 
glucopyranosid-3- and -2-uloses using the Pfitzer-Moffatt® reagent. 
Thus the NMR spectrum of the 3-ulose revealed the expected ano- 
meric doublet at & 5.35 ( J ii2 = 4.6, J 2>4 = 1.5 Hz) corresponding to C2 
H. The long-range coupling of 5 1.5 Hz is to be expected because the 
two hydrogen atoms form a symmetrical U relationship around the 
C3 carbonyl.

H H

O

On the other hand, the NMR spectrum of the 2-ulose revealed an 
anomeric singlet at t> 5.28 in agreement with an oxidation at C2.

Base-Catalyzed Equilibration o f 4 and 5. Methyl 3-O-myris- 
toyl-4,6-0-benzylidene-a-D-glucopyranoside (30 mg) in DMF (5 ml) 
was kept at 85 °C in the presence of solid K2C 03 (10 mg). After 16 h, 
TLC (ethyl ether-petroleum ether, 1:1) indicated the presence of 4,
5,3, and some 2,3 diester. Separation was accomplished by preparative 
TLC: 4 (24%); 5 (24%); 3 (34%); and the diester (18%).

A ck n ow led g m en t. We thank M -H -W  Laboratories, Gar
den City, Mich., for the microanalyses.
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An efficient synthesis of 9-(5-deoxy-/3-D-eryfhro-pent-4-enofuranosyl)adenine (3) is described via dehydrohalo- 
genation of 5'-deoxy-5'-iodo-iV6,iVG,0 2',03'-tetrabenzoyladenosine (2c) with either silver fluoride in pyridine or 
with DBN in DMF. The synthesis of l,3,4-tri-0-benzoyI-6-deoxy-6-iodo-D-psicofuranosyl bromide (9) was 
achieved starting with D-fructose via oxidation of the l,2:4,5-di-0-isopropylidene derivative followed by borohy- 
dride reduction, acid-catalyzed isomerization to the psicofuranose derivative, and iodination by several different 
routes. Condensation of 9 with several derivatives of adenine provides the 9-(l,3,4-tri-0-benzoyl-6-deoxy-6-iodo- 
/?-D-psicofuranosyl) nucleosides (11) together with lesser amounts of the a anomers 12. Dehydrohalogenation of 
11 followed by deblocking provides a total synthesis of the nucleoside antibiotic angustmycin A (1). Related se
quences starting with condensations of 9 with cytosine or 3-methoxycarbonyl-l,2,4-triazole lead to the correspond
ing base analogues of angustmycin A, 16 and 21. By appropriate manipulation of the intermediates in the above 
routes, syntheses of the (3-D-psicofuranosyl derivatives of cytosine (25a) and of l,2,4-triazole-3-carboxamide (22) 
are also described.

The nucleoside antibiotic angustmycin A ,3 which shows 
modest antimicrobial4’6 and antitumor5 activity, was originally 
isolated from S. h ygroscopicus by Yiintsen et al.6 and an in
correct structure was assigned .7 Subsequently the antibiotic 
decoyinine was shown to  be identical with angustmycin A, 
and, based upon spectroscopic evidence, the correct structure 
was shown to be 9 -(6-deoxy-/3-D-eryth ro -hex-5-enofuran-
2 -ulosyl)adenine ( l ) . 8

The structure o f 1 is interesting since it is the only naturally 
occurring enofuranosyl nucleoside and at the same time is, 
together with the closely related antibiotic psicofuranine,8 one 
o f the few examples o f nucleosides derived from ketose sugars. 
Considerable work has already appeared concerning the 
synthesis o f  ketohexose nucleosides derived from psicose ,9 

fructose , 10 and sorbose , 1 1  and the structure o f  angustmycin 
A stimulated our own interest in the synthesis o f  4',5'-unsat- 
urated ribonucleosides . 12  During the course o f  our work the 
conversion o f  psicofuranine to angustmycin A was described 
by M cCarthy et al. 13  The key to this synthesis was the inge
nious use o f  an orthoform ate ester for the simultaneous and 
selective blocking o f the 1'-, 3'-, and 4' hydroxyl groups in the 
intact psicofuranine molecule. In the present paper we d e 
scribe a totally different approach to the synthesis o f an
gustmycin A in which the problem  o f selective protection is 
resolved in a key carbohydrate intermediate that can be e ffi
ciently condensed with a variety o f  heterocyclic bases, thus 
allowing the synthesis o f  analogues o f 1 .

As a prelude to the synthesis o f  1 itself we have first exam
ined the synthesis o f  the somewhat simpler 9-(5 -deoxy-/?- 
D -eryi/iro-pent-4-enofuranosyl)adenine (3). T he lability o f 
pent-4-enofuranosides toward acids precluded the use o f the

2 ',3 '-0 -isopropylidene group for protection o f the adenosine 
sugar moiety. Subsequently, however, it was shown that the
2,,3 '-0-ethoxym ethylidene group could be rem oved without 
extensive hydrolysis o f  the vinyl ether. 13 W e preferred to use 
base labile protecting groups for this purpose, and accordingly 
fu lly  benzoylated 5 '-0 -trity lad en osin e  giving the 
JV6,Al6,0 2',0 3'-tetrabenzoate (2 a ) 14 in essentially quantitative 
yield. This com pound was originally considered to  be the 
Af1 ,Ai6, 0 2' , 0 3 -tetrabenzoyl derivative but recent work has 
shown that fully benzoylated adenosine derivatives have both 
N -benzoyl groups at N 6. 15  Subsequent detritylation o f 2a with 
hydrogen chloride in chloroform  then gave crystalline 
N e‘,N r\ 0 2',CP- tetrabenzoyladenosine (2b) in 8 6% yield without 
need for chromatography (cf. ref 14). Iodination o f 2b was 
readily achieved using methyltriphenoxyphosphonium  io 
dide 16 which gave the crystalline 5 '-iodo derivative 2c in 87% 
yield after only a 1 0 -min reaction at room temperature. It 
should be noted that attem pted iodination o f  2 ',3 '-0 -isopro- 
pylideneadenosine with this reagent gave only an AT3 ,5 '-cy- 
clonucleoside . 16 Acylation o f the adenine ring, however, is 
known to substantially reduce the tendency o f adenosine 
derivatives to form such cyclonucleosides . 17 Treatm ent o f  2c 
with silver fluoride in pyridine, a reaction used extensively in 
the pyrimidine series, 12  was only m odestly successful in e f
fecting dehydrohalogenation. Following debenzoylation with 
methanolic ammonium hydroxide and ion exchange chro
matography on a basic resin18 crystalline 3 was obtained, but 
only in 15% overall yield. M uch better results were obtained

NBzj

2a,X =  Tr 3
b, X =  OH
c, X =  I
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by treatment o f  2c with l,5-diazabicyclo[4.3.0]non-5-ene 
(D BN ) in dim ethylform am ide, the overall conversion to 
crystalline 3 in this case being 72%. It may be noted that 3 has 
also been detected as a product from  the treatment o f coen
zyme B 12 with alkali. 19 The successful synthesis o f  3 described 
above encouraged us to proceed with the planned synthesis 
o f  angustmycin A.

Our objective was the synthesis o f  a derivative o f  6 -deoxy-
6 -iodo-D-psicofuranose (e.g., 9) suitable for condensation with 
a variety o f  heterocyclic bases, followed by dehydrohaloge- 
nation. While l,2:3,4-di-0-isopropylidene-/S-D-psicofuranose 
(7a) can be prepared via the diazo ketone derived from
2,3,4,5-tetra-O-acetylribonic acid chloride90’20 followed by 
mild acetonation ,21 a more convenient route involves the ox 
idation o f  l,2:4,5-di-0-isopropylidene-/3-D-fructopyranose
(4)22 to the 2,3-hexodiulose 523 followed by stereoselective 
reduction to l,2:4,5-di-0-isopropylidene-/5-D-psicopyranose
(6 ) 23 and acid-catalyzed acetal equilibration to the furanose 
form  7 a . 2 1b ’23b>c’24 W e have independently developed this 
route (4 —► 7a) although the conditions used for the various 
steps differ somewhat from  those that have been reported. In 
particular, we have used perchloric acid as the catalyst during 
preparation o f  4 and obtained the pure, crystalline com pound 
in 38% yield on a kilogram scale. The use o f  perchloric acid 
gives 4 and its 2,3 :4,5-di-0-isopropylidene isomer in a ratio 
o f  roughly 3:1 by GLC analysis, but homogeneous 4 can be 
readily obtained by crystallization. The oxidation o f 4 to 5 has 
been examined by others using dim ethyl sulfoxide-acetic 
anhydride23a’b’d in yields o f  44-70%, and using ruthenium 
tetroxide.23c,d W e have done this oxidation using dim ethyl 
sulfoxide and dicyclohexylcarbodiim ide in the presence o f 
pyridinium phosphate25 and have isolated crystalline 5 in 85% 
yield on a 0.9-m ol scale. It is interesting to note that a crys
talline by-product o f this reaction was isolated in low yield and 
identified as 1,3-dicyclohexylparabanic acid (10).26 Th is 
com pound must arise from  an unrecognized condensation o f 
dicyclohexylcarbodiimide with oxalic acid, a step that is used 
to destroy excess carbodiim ide .27 Reduction  o f the ketone 5 
has been examined under a variety o f  conditions,23 and we find 
the use o f sodium  borohydride in ethanol to  be highly ste
reoselective, affording pure l,2:4,5-di-0-isopropylidene-/3- 
D-psicopyranoside (6 ) in 94% yield. Isomerization o f 6  to its 
furanose isomer 7a was accom plished using either perchloric 
or sulfuric acid in acetone and 2,2-dimethoxypropane. While 
7a could be isolated in 62% yield with 98% purity (G LC) by 
distillation, its crystallization was accom plished only with 
substantial losses and we have usually preferred to combine 
this step with suitable derivatization o f the 6 -hydroxyl group 
in order to  handle crystalline com pounds.

Our goal was the preparation o f  a 6 -deoxy-6 -iodo-D -psico- 
furanose derivative (e.g., 9) which could be condensed with 
a variety o f  heterocyclic bases and then dehydrohalogenated 
to introduce the desired 5 ',6 '-olefinic function. W ith this o b 
jective in mind we examined a number o f methods for the 
conversion o f  7a into the 6 -iodo derivative 7c. Direct iodina- 
tion o f pure 7a using methyltriphenoxyphosphonium iodide16 

gave crystalline 7c in 57% yield but required chromatography 
on silicic acid. Alternatively, iodination with this same reagent 
o f  the crude reaction product from acetonide equilibration o f 
6  and without purification o f 7a gave, after chromatography, 
crystalline 7c in an overall yield o f  44%. Alternatively, pure 
7a was converted to the 6 -O -tosyl derivative (7b) and then 
treated with sodium  iodide in dim ethylform am ide giving 
readily crystalline 7c in overall yield o f  59% from  6 . A similar 
sequence using the crude acetonide equilibration mixture led 
to 7c in 57% yield from  6 . Finally, the best overall conversion 
o f 6  to 7c involved iodination o f  the crude acid equilibrated 
mixture, containing principally 7a, with triphenylphosphine 
and iodine ,28 a reaction giving crystalline 7c in 67% yield

7a, R =  OH 
b, R =  OTs
c, R =  I
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b, R =  Bz
c, R =  p-N02Bz

9
0

h

10

without any need for chromatography. Thus the key inter
mediate (7c) was obtained in an overall yield o f  20% from  
fructose and is, hence, readily available.

Hydrolysis o f the isopropylidene functions from  7 a was 
readily accomplished using an acidic ion exchange resin giving 
crystalline 6 -deoxy-6 -iodo-D-psicofuranose (8a) in 74% yield. 
This com pound exhibited a sharp melting point but its N M R  
spectrum in M e2S0 -d e -D 20  did not permit an assignment o f  
anomeric configuration. Since the intermediates 4-7c all 
showed significant negative rotations while 8a had [« ]23D 
14.6°, it is tempting to suggest that 8a is, in fact, the a  anomer. 
It is interesting to note that we were unable to observe any 
mutarotation in water, or in a mixture o f  water and pyridine. 
Benzoylation o f 8a readily gave the tetrabenzoate 8b in 82% 
yield as a roughly 2 : 1  mixture o f  anomers as judged by 2H 
N M R  analysis. This mixture could not be further resolved by 
chromatography on silicic acid and attempts to isolate a single 
anomer by crystallization were unsuccessful. On the other 
hand, the tetra-O -p-nitrobenzoyl derivative 8c could be re
solved into its anomers by chrom atography and the major 
isomer was isolated in crystalline form  in 59% yield.

Since the anomeric configuration o f 8  was not significant 
for further work, the readily available mixed benzoates (8 b) 
were converted to l,3 ,4-tri-0-benzoyl-6-deoxy-6 -iodo-D - 
psicofuranosyl brom ide (9) by reaction with anhydrous hy
drogen bromide in methylene chloride. W ithout any attempt 
at purification, 9 was condensed with several different adenine 
derivatives. Firstly, (Vfi-hexanoyladenine29 was treated with 
9 in the presence o f stannic chloride and an excess o f  mercuric 
cyanide, a mixture that was previously found to be  effective 
as part o f  another project .30 T he use o f  lV6-octanoyladenine 
in order to increase the solubility o f  adenine has previously 
been reported .3 1 By chrom atography on silicic acid iV6-hex- 
anoyl-9-(l,3 ,4 -tri-0-benzoyl-6-deoxy-6-iodo-d-D -psicofura- 
nosyl)adenine ( 1 1 a) and its a  anomer ( 1 2 a) were isolated in 
yields o f  46 and 12%, respectively. It should be noted that 
condensations o f perbenzoylated hexulofuranosyl brom ides 
could, in principle, condense to give either a  or /3 nucleosides
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Table II. First-Order Coupling Constants (Hz)

Compd J  i a>xb  J  3,4 J  4,5 J  5,6a J  5,6b J  6&,6b Other

1 1 2 4.5
2a J  r,2' = 5.5 5.5 4 4
2b J  i'2' = 6 6 3 3
2c J  y  2' = 5.5 5.5 5 5
3 J  y  2! = 5 5
4 9 a a a
5 1 0 5.5 1.5
6 9 4 6.5 a
7a 1 0 6 1 3.5
7b 1 0 6 0 a
7c 1 0 6 1 a
8bfc 1 2 6.5 3.5 4
8bc 11.5 4.5 6 .0 a
8c 1 2 5 7 5
11a 1 2 5.5 5.5 5
l ib 1 2 6 6 4
H e 1 2 5.5 5.5 5
12a 1 2 5 5 5
12c 1 2 5.5 5.5 5
13 1 2 5
14 10.5 6 0 ~ 1
15a 1 2 6 6 5
15b 1 2 6 6 5
16 11.5 5
17 6 7 5.5
18a 1 2 5.5 5 5
18b 1 2 5.5 5.5 3
18c 11.5 5 6 4
19 1 2 5 7 6
20 1 2 5.5
21 0 5
22 a 4 a 3
23 1 0 5.5 0 a
24b* 11.5 4.5 7 3
25a 1 2 5.5 5.5 3.5
25b a 4.5 a a

“ Unresolved. b Major isom er.c Minor isomer.

since the relative degree o f anchiom eric participation by the
1-O-benzoyl and 3-O -benzoyl groups is uncertain. In such 
furanose systems it has been found that the major product is, 
in fact, the anomer with a trans disposition to  the 3-O -ben- 
zoate, indicating the predom inant form ation o f  a 2,3-O -ben- 
zoxoninium ion .32 T he absence o f  an anomeric proton in the 
resulting nucleosides makes the definitive assignment o f  
configuration rather d ifficult and an examination o f the 1H 
N M R  spectra o f  1 la  and 12a (see Tables I and II) shows that 
the only significant differences lie in the chem ical shifts o f  
C3'H and o f one o f the adenine ring protons. Unequivocal as
signment o f  stereochemistry is, however, possible from  sub
sequent transformations described below. It is interesting to 
note that the patterns for the benzoyl protons in 1 la  and 12a 
also differ markedly. Thus, in the major, 3 isomer (11a) the 
15 aromatic protons appear as two groups o f  m ultiplets, the 
nine meta and para protons at 7.2-7.65 ppm  and the six ortho 
protons at 7.7-8.1 ppm . In the a anomer (12a), however, 13 
protons appear in the 7.0-7.65-ppm range and only two appear 
as a clean doublet o f  doublets (Jortho = 7.5, </meta =  1.5 Hz) at
8.04 ppm. Clearly, a single benzoyl group exists in an envi
ronm ent distinctly different from  the other two, a situation 
that is com patible with the C r-O -ben zoyl in the a  anomer 
(12a). Alternatively, 9 was condensed with N fi-benzoylchlo- 
romercuriadenine33 and, following chromatography on silicic 
acid, the /1-psicofuranosyl derivative ( lib ) was isolated in 49% 
yield. The a  nucleoside 12b was not isolated. In this case the 
3  configuration was apparent both from the conversion o f 1 lb  
to angustmycin A and from  its N M R  spectrum, the sugar 
portion o f which was essentially identical with that o f 1 la. The

1.5 J 4,6a =  1-5, J  A fib ~  0.5
4 0
3 0
5 0

2 J 3',5' ~  0.5, Jh.oh =  5
a 12 J h , oh =  5
2 15
a a </h,oh =  6.5
2.5 12.5
a a
a a
4 a
a a
5 0
5 12
4 12
5 12
5 12
5 12

1.5 J •4,6a 1.5, J 4 ,6b /"s"/ 0.5
~1 0
5 12 ^̂ (pyrimidine) = 7.5
5 11 ^̂ (pyrimidine) = 7.5

2 ^ 4 fia ~  1-5, «/4,6b — (fi)
5 11 J  1,3 =  1-6
5 13
a 12
3 12
5 11

3 «74,6a 1.5, J Afib 1-6
2 Afia 2, flAfib 2

2 12
a a
a 11
3 12 «75,6(pyrimidine) = 7.5
a a ^  5,6(pyrimidine) = 7.5

condensation o f 9 with unsilylated adenine in the presence o f 
stannic chloride and mercuric cyanide in acetonitrile was less 
efficient and led to the isolation o f the 3  (11c )  and a (12c) 
nucleosides in yields o f 21 and 7%, respectively. In this reaction 
the adenine dissolved instantly upon addition o f the stannic 
chloride, and while the yields are somewhat low, the direct 
form ation o f  the JV-glycoside from  unprotected adenine is 
noteworthy. Once again, a 0.5-ppm  downfield shift o f  the C3' 
proton in the 6  isomer and the presence o f  only two downfield 
benzoyl protons in the a  anomer (12c) were the only signifi
cant differences in the N M R  spectra o f  1 1 c  and 12c. Pre
sumably this consistent chem ical shift difference for C3'H is 
the consequence o f not readily predictable differences in the 
anisotropic effects o f  the adjacent adenine or benzoyloxy- 
methyl substituents. Some analogy for the effects o f  the het
erocyclic ring on the chem ical shift o f  C^H com es from  an 
examination o f the N M R  spectra o f  the a  and 3 anomers o f 
N 6, 0 2' ,0 3 ' ,0 5 '-tetrabenzoyladenosine .34 In the (3-adenosine 
derivative C r  H and C2' H appeared at 5.92 (J y ,2' =  4.5 Hz) 
and 5.80 ppm (J 2',3' =  5.5 Hz), respectively, while the a  anomer 
showed these protons at 6.42 (J r ,2' =  5.5 Hz) and 5.64 ppm  
(J'2',3' = 5.5 Hz). The deshielding o f  C r  H in the a  anomer is 
well known35 and, while the deshielding o f C2' H (equivalent 
to C 3' H in 11) in the 3 anomer is smaller than that shown upon 
com parison o f 1 1  and 12, the shift is in the same direction.

The dehydrohalogenation o f 11 and 12 was first investigated 
using DBN. Treatm ent o f  l ib  with D B N  in benzene under 
reflux for 45 min readily gave an olefin as shown by a positive 
test with dilute potassium permanganate spray on T L C  plates. 
Following debenzoylation with methanolic ammonium hy-
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droxide and chromatography on a colum n o f B io-Rad A G l 
(X 2) resin in the hydroxide form ,18 crystalline 9-(6-deoxy- 
d-D-eryihro-hex-5-enofuran-2-ulosyl)adenine (1) was isolated 
in 48% yield as the hemimethanolate that had an identical 
melting point, mixture melting point, N M R  spectrum, chro
matographic mobility, and antimicrobial activity4 with an 
authentic sample o f decoyinine (angustmycin A) obtained 
through the courtesy o f the Upjohn Co. Similar treatment o f 
the a anomer 19a with D BN  in dim ethylform am ide at room 
tem perature gave crystalline 9-(6 -deoxy-a-D -eryf/iro-hex-
5-enofuran-2-ulosyl)adenine (13), the a  anomer o f an
gustmycin A, in 64% yield. The structure o f  13 was apparent 
from  its N M R  spectrum (see Tables I and II), which was 
similar to that o f 1 and clearly showed the presence o f  the 5',6 ' 
olefin.

Alternatively, dehydrohalogenation and deacylation o f 11a 
could  be efficiently achieved through treatm ent with 
methanolic sodium methoxide. In this case the product was 
purified by chromatography on silicic acid followed by crys
tallization from  methanol giving pure 1 in 60% yield. It is in
teresting to note than an analytical sample crystallized from 
water was obtained in a nonsolvated form with m p 183.5-185 
°C. M ost previous reports on this substance have led to sol
vates, although nonsolvated decoyinine with mp 183-186 °C 
has been described in the patent literature .36 Similar treat
m ent o f  the a  anomer 12a with sodium m ethoxide led to the 
form ation o f two major products, the more abundant one o f 
which did not contain an olefin as demonstrated by a negative 
test with permanganate spray. By chromatography on silicic 
acid these two substances were isolated in pure form. The 
minor com ponent, isolated in crystalline form in only 13% 
yield, was identical with the «-angustm ycin A (13) described 
above. The major crystalline component, isolated in 38% yield, 
was shown to  have the same empirical formula as 13 but its 
N M R  spectrum clearly confirmed that it was not an olefin. It 
did, however, give a positive test with the periodate-benzidine 
spray ,37 indicating the presence o f  a vicinal diol. W hile the 
N M R  spectrum o f this compound showed the usual magnetic 
nonequivalence o f  the C v  protons, the C6' protons were 
equivalent and appeared as a slightly broadened tw o-proton 
singlet (half-band width 3 Hz) at 3.84 ppm  indicating very 
small coupling to C5' H (J.y.e/ ~  1 Hz) and a conform ation 
rather different from other com pounds in this series. The 
chem ical shift o f  C6' H 2 suggests the presence o f  an oxygen 
substituent and this com pound is considered to be 9 -(l,6 - 
anhydro-«-D-psicofuranosyl)adenine (14) arising from in 
tramolecular displacem ent o f the 6 '-iodo  function by the C r

11a, R =  CO(CH2)4CH3
b , R = B z
c , R =  H

12a, R =  CO(CH2)4CH3
b, R =  Bz
c. R =  H

oxygen anion. The formation o f this substance provides un
equivocal confirm ation o f the a  configuration for 12a.

The successful synthesis o f angustmycin A described above 
prom pted us to also prepare several base analogues. T he 
condensation o f 9 with bis(trimethylsilyl)cytosine38 in benzene 
in the presence o f  both stannic chloride and m ercuric cyanide 
gave a crystalline nucleoside considered to be l-(l,3 ,4 -tr i-
0 -  benzoyl-6-deoxy-6-iodo-/S-D-psicofuranosyl)cytosine (15a) 
in 56% yield. This method o f condensation is a hybrid o f  the 
well-known methods o f W ittenburg39 and o f N iedballa and 
Vorbriiggen .40 In the absence o f  stannic chloride the yield o f  
15a fell to  17-31% under various conditions and several by
products were formed. One o f these was isolated in low yield 
by chrom atography on silicic acid and proved to be 2,5- 
a n h yd ro -l,3 ,5 -tri-0 -b en zoy l-2 ,6 -d id eoxy -6 -iod o -D -r i6 o - 
h ex-l-en itol (17). W e have not found any close precedent for 
the form ation o f such an exocyclic glycal derived from  a ke- 
tosyl halide. Its structure, however, appears on safe ground 
from  its N M R  spectrum, which retains the typical A B X  pat
tern for the iodom ethyl group but lacks that o f  the C j-O - 
benzoyl function found in other members o f  this series. In its 
place one finds only a single, isolated vinyl proton at 7.57 ppm, 
a position quite com patible with what would be expected for 
such a substituted enol benzoate. A  considerably less efficient 
condensation between N 4-acetylbis(trimethylsilyl)cytosine39 

and 9 occurred in the presence o f  mercuric cyanide, 15b being 
isolated as a foam  in only 2 0 % yield.

Dehydrohalogenation o f 15a and 15b was achieved using 
both sodium methoxide and D BN  in dimethylformamide. The 
former m ethod proved to be more efficient and crystalline
1- (6-deoxy-/3-D -eryfhro-hex-5-enofuran-2-u losyl)cytosine
(16), the cytosine analogue o f angustmycin A, was obtained 
in 84% yield. It should be noted that with possession o f  only 
a single anomer o f  15a,b the assignment o f  anom eric con fig 
uration is not without difficulty. T he chem ical shift o f  C3 ' H, 
which was distinctly different in the two adenine anomers, 
does not appear to provide an unequivocal answer when ap
plied to the cytosine derivatives 15a and 15b. The C3 ' protons 
in 15a and 15b appeared at 6.10 and 6.50 ppm , respectively, 
these positions being closer to  those in the «-aden ine deriva
tives (12a,b) than to the desired d anomers. An examination 
o f the N M R  spectra o f a considerable num ber o f acylated 
adenine and cytosine nucleosides available in these labora
tories shows that CV H (corresponding to C3 ' H  in the psico- 
furanosyl derivatives) in the cytosine compounds consistently 
appears at higher field (~ 5 .4 -5 .7  ppm  for 2/-0 -acetates and 
~ 5 .7-5 .9  ppm  for 2 '-0 -benzoates) in the cytidine series than 
in the adenosine counterparts (~5.9-6.1 ppm  for acetates and
6 .2-6.4 ppm  for benzoates). This effect, which is presumably 
due to the proxim ity o f  the C 2 carbonyl group in the pyrim i
dine ring, makes it difficult to draw any firm conclusions with 
only a single cytosine anomer available. Also, the N M R  
spectrum o f 2/,3 ',5 '-tri-0-benzoyluridine41b was com pared 
with that o f  its a anomer.41® In the d isomer Cj- H and C 2' H 
appeared at 6.31 and 5.75 ppm , respectively, while in the a 
isomer these protons were at 6.61 and 6 . 1 1  ppm. Once again, 
the deshielding o f  C r  H in the a  anomer was expected ,35 but, 
unlike the adenosine analogues m entioned earlier, C2 ' H  also 
appeared further downfield in the d isomer. H ence the o b 
served chemical shift o f C 3' H in the pyrim idine derivatives
(15) is not unexpected.

Several other, indirect arguments strongly point to the 
desired d configuration for the cytosine nucleosides. Firstly, 
it has been established that the condensation o f acylated 
psicofuranosyl bromides with trimethylsilylpyrimidines leads 
exclusively to d nucleosides90 and the presence o f  the 6 -iodo 
function in 9 would not be expected to greatly change this 
tendency. Secondly, treatment o f  15a with sodium methoxide 
gave the crystalline olefin 16 in 84% yield while similar
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treatment o f  the a anomer ( 1 2 a) in the adenine series led 
predominantly to the 1,6-oxide (14). I f  15a had, in fact, the 
a configuration one would expect the form ation o f  an appre
ciable amount o f  a similar anhydro com pound, which was not 
the case. Thirdly, it was hoped that the 5 ',6 '-olefin  function 
would not play an overriding role in determination o f  the 
nature o f  the O RD  spectra o f  these com pounds. If this were 
the case, then the sign o f the Cotton effect would provide d i
rect evidence as to the anomeric configuration .42 U nfortu
nately neither 1 nor 13, the only anomeric pair o f  exocyclic 
olefins o f  value to us, gave well-defined O RD  spectra, the in
tensities being very low. This effect has previously been noted 
for 1 and 3 .43 Thus, while the effect o f  the 4',5 ' olefin is not 
readily predictable, the well-defined positive Cotton effect 
shown by 16 and similar to those o f cytidine42 and 1 -(fl-D- 
psicofuranosyl)cytosine9c offers further tentative support for 
the assigned (i configuration. Various attempts to convert 15a 
into the known l-(/3-D-psicofuranosyl)cytosine via displace
ment o f  the 6 '-iodo  function with silver acetate in aqueous 
acetic acid, with tetramethylammonium acetate in benzene, 
or with lithium benzoate in hexamethylphosphoramide gave 
an olefinic product, presumably the tribenzoate o f  16, as the 
only identifiable new product. This same olefin was also ob 
tained upon attem pted conversion o f 15a into an 0 2,5 '-cy- 
clonucleoside by treatment with l,5-diazabicyclo[5.4.0]un- 
dec-5-ene in methylene chloride .44

NHR

CHOBz

In view o f the interesting antiviral properties exhibited by
l-(d-D-ribofuranosyl)-l,2,4-triazole-3-carboxamide ,45 we have 
also decided to prepare several related psicosyl derivatives. 
Thus N -trim ethylsily l-3 -m ethoxycarbonyl-l,2 ,4-triazole45 

and 9 were condensed in benzene in the presence o f  mercuric 
cyanide at 60 °C. Following chromatography o f the products 
on a colum n o f silicic acid one m ajor and several m inor prod
ucts were isolated as foams that failed to crystallize. The major 
product, isolated in 49-51%  yields, was expected to be the
l-(l,3 ,4 -tri-0-benzoyl-6-deoxy-6-iodo-d -D -psicofuranosyl)-
3-m ethoxycarbonyl-l,2,4-triazole (18a) on the basis o f  the 
known preferential glycosidation o f the nitrogen distal to the 
ester function in this triazole,45'46 and the previously discussed 
predom inant form ation o f ¡3 nucleosides from  com pounds 
related to 9 . 4H N M R  spectroscopy has recently been shown 
to provide a facile m ethod for determination o f the site o f 
glycosidation in nucleosides derived from  3-m ethoxycar- 
bon y l-1 ,2,4-triazole and related com pounds .46 T he single 
triazole proton in the major product from  the above reaction 
appeared at 9.15 ppm in MeoSO-dp,, a position that assures the 
site o f glycosidation as indicated for 18a.46

Tw o other products were also isolated from  the above re

action. The major o f these, isolated as a foam in 19% yield, was 
isomeric with 18a and was somewhat less polar. In contrast 
with 18a, the N M R  spectrum o f this substance showed the 
single triazole proton as a singlet at 8.29 ppm  in M e2SO -d 6> 
allowing its assignment as the l-glycosyl-5-m ethoxyear- 
bonyl-1,2,4-triazole (19). There is no precedent for the for
mation o f N 4-glycosyl derivatives from  3-m ethoxycarbonyl-
1,2,4-triazoles. In another experiment, using a different 
preparation o f 9 and giving 19 in 51% yield, a second by 
product was also isolated in 11% yield. The N M R  spectrum 
o f this substance was almost identical with that o f  18a except 
that the C6' protons were displaced 0.3-0.4 ppm  downfield, 
and its mass spectrum clearly showed it to be the 6-chloro 
derivative 18b. This com pound must have arisen from  some 
displacement o f the iodo group during benzoylation o f 8a and 
points out that care must be taken in establishing the purity 
o f 8b. W e have previously observed similar partial formation 
o f  chloro com pounds during benzoylation o f 5 '-iodonucleos- 
ides.47

The treatment o f  18a with D B N  in dim ethylform am ide at 
room  temperature led to rapid dehydrohalogenation and 
crystalline 1 -(1 ,3,4-tri-0 -ben zoy l-6 -deoxy-/3 -D -ery  th ro- 
hex-5-enofuran-2-ulosyl)-3-m ethoxycarbonyl-l,2,4-triazole
(20) was isolated in 58% yield. T he N M R  spectrum o f 20 
showed the typical features shown by other furanose exocyclic 
vinyl ethers ,12  the C6' protons being nonequivalent and 
showing small geminal (Jgem = 3 H z) and allylic (Ji/fi' = 1.5 
H z) couplings. Subsequent treatment o f  20 with methanolic 
ammonium hydroxide gave the desired l-(6-deoxy-/3-D- 
erythro-hex-5-enofuran -2-u losyl)-l,2 ,4 -triazole-3-carbox- 
amide (21) as an analytically pure foam  in 85% yield. Once 
again the N M R  spectrum o f 21 showed C5 H at 9.10 ppm  in 
pyridine-cft,, this downfield position further supporting the

18a, X =  I 19

b,X  =  Cl
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assigned site o f  glycosylation. It is interesting to  note that, 
unlike the other com pounds in this series, the C r  protons in 
21 appear as a sharp singlet. It is not certain whether this is 
an indication o f  actual magnetic equivalence or the result o f  
an AB pattern in which the central lines are adventitiously 
coincident and the outer lines vanishingly small.

W hile nucleophilic displacem ent o f  the 6 -iodo function o f 
15a with acetate anion was unsuccessful under a variety o f  
conditions, the comparable displacem ent starting with 18a 
could be achieved. Attem pted displacem ents with lithium 
acetate or silver acetate in dimethylformamide under a variety 
o f  conditions led to  fairly clean mixtures o f  the olefin 2 0  and 
the desired 6 -0 -acetyl derivative 18c with the former usually 
predominating. Treatment o f  18a with 2 equiv o f  silver acetate 
in acetic acid-w ater (99:1) at 100 °C  for 4.5 h, however, led 
predom inantly to the desired acetate, which was isolated in 
60% yield by chromatography. Surprisingly, in view o f  the 
acidic reaction conditions, the crystalline olefin 2 0  was also 
isolated in 5% yield. The structure o f  18c was obvious from  its 
elemental analysis and N M R  spectrum. Subsequent treat
m ent o f  18c with methanolic am monium hydroxide effected 
conversion to  1-(i3-D -psicofuranosyl)-l,2,4-triazole-3-car
boxamide (22) in 71% yield. The latter compound differs from 
the antiviral agent virazole (ribavarin) 45 only in the presence 
o f  an additional hydroxymethyl group at the anomeric center. 
This difference, however, is sufficient to render 22 biologically 
inactive with respect to antiviral, antibacterial, and antitumor 
activity .48

It was also o f interest to consider the synthesis o f  some other 
/3-D-psicofuranosyl nucleosides and the availability o f  7a 
would appear to provide a convenient intermediate for the 
preparation o f the requisite 1,3,4,6-tetra-O-benzoyl-D-psico- 
furanosyl bromide (24c). Related psicofuranosyl halides have 
previously been prepared from  psicose by different routes .9 

Our supply o f  7a was, however, exhausted and hence, in view 
o f the successful nucleophilic displacem ent o f  the iodo func
tion o f 18a by acetate, we considered a similar conversion o f 
8 b to  the corresponding 6 -O -acetyl derivative. This dis
placement was attempted under a number o f conditions using 
silver acetate in acetic acid and when a reaction did occur, a 
plethora o f unidentified products resulted. T he use o f tetra- 
butylammonium acetate in dim ethylform am ide was quite 
clean but the product was an olefin that was not further 
characterized. On the other hand, the 6 -iodo diisopropylidene 
derivative (7c) reacted sm oothly with lithium benzoate in 
dim ethylform am ide at 100 °C  giving crystalline 6 -O -ben- 
zoyl-l,2:3,4-di-0-isopropylidene-/J-D -psicofuranose (23) in

24a, R =  H, X  =  OH 
b, R =  Bz,X =  OBz
c, R =  Bz, X =  Br

25a, R =  Bz 
b, R = H

90% yield. Acidic hydrolysis o f  the isopropylidene functions 
using a sulfonic acid ion exchange resin was essentially 
quantitative and the resulting anomeric mixture 24a was 
benzoylated giving 1,2.3,4,6-penta-O-benzoyl-D-psicofuranose 
(24b). This too was a mixture o f  anomers with one com ponent 
predominating. The N M R  spectrum recorded in Tables I and 
II is that o f  the major anomer. Conversion o f 24b to  the gly- 
cosyl brom ide 24c was achieved through treatm ent with hy
drogen brom ide in methylene chloride. W ithout purification 
the brom ide was condensed with bis(trim ethylsilyl)cytosine 
in the presence o f  mercuric cyanide giving hom ogeneous 1 - 
(l,3,4,6-tetra-0-benzoyl-/3-D-psicofuranosyl)cytosine (25a) 
in 33% yield. T he same condensation could be m ore easily 
achieved using unsilylated cytosine, but in this case required 
stannic chloride and gave 25a in an identical yield (33%). 
Debenzoylation o f  the latter com pound then provided l- ($ -  
D-psicofuranosyl)cytosine (25b) as a crystalline dihydrate that 
lost water at 95-110 °C and then m elted at 208-209 °C . T he 
latter melting point and the ultraviolet spectrum o f  25b are 
identical with those reported for 25b recently prepared via a 
different route.9c In view o f the extensive studies o f  the Prague 
group on psicofuranosyl nucleosides9c’d we have not further 
extended this work.

It is clear from this paper that iodo sugars such as 9 provide 
versatile intermediates for the synthesis o f  angustmycin A  and 
its base analogues. Subsequent papers will describe the syn
thesis o f  a number o f other 4',5'-unsaturated purine nucleo
sides,49 some o f  which are useful starting materials for the 
synthesis o f  other natural products such as nucleocidin .50

Experimental Section
General Methods. Proton magnetic resonance (NMR) spectra 

were obtained using a Varian HA-100 spectrometer and 13C NMR 
spectra using a Bruker WH-90 spectrometer operating at 22.62 MHz. 
Spectra are recorded in parts per million downfield of an internal 
standard of tetramethylsilane. Gas-liquid chromatography was done 
using a Hewlett-Packard Model 402 instrument. Preparative thin 
layer chromatography an'd column chromatography were conducted 
on silica gel GF-254 from E. M. Laboratories, Elmsford, N.Y. Solu
tions were dried with MgSCL during workup. Melting’points are 
corrected.

O2’,O3 '-Tetrabenzoyladenosine (2b). Benzoyl chloride 
(564 ml, 0.47 mol) was added dropwise to a stirred partial solution of 
5'-0-trityladenosine (23.9 g, 47 mmol) in pyridine (300 ml) at 0 °C 
and the mixture was stored in the dark for 48 h. It was then added to 
ice water (4 1.) and extracted into chloroform. The organic phase was 
washed with aqueous sodium bicarbonate and water, dried, evapo
rated in vacuo, coevaporated with benzene, and then precipitated 
from chloroform with hexane giving 42.2 g (97%) of almost pure 5'- 
O-trityltetrabenzoyladenosine (2a):14 Amax (MeOH) 228 nm (c 49 100), 
272 (2700); [a]23D -51.8° (c 0.5, CHC13); NMR (see Table I). This 
material (41.7 g, 45 mmol) was dissolved in a 0.56 M solution of hy
drogen chloride in chloroform (230 ml) and stored at room tempera
ture for 1 h. The solution was then evaporated and a solution of the 
residue in chloroform was washed with aqueous sodium bicarbonate 
and water, dried, and evaporated. Crystallization from chloroform- 
benzene gave 26.39 g (86%) of 2b with mp 182-184 °C. An analytical 
sample had mp 183-185 °C (reported14 mp 185 °C): Amax (MeOH) 231 
nm (c 32 900), 273 (17 000); [a]23D -20.3° (c 0.5, CHC13).

S'-Deoxy-S'-iodo-TV^JV^O^O3'-tetrabenzoyladenosine (2c). 
A solution of 2b (3.41 g, 5 mmol) and methyltriphenoxyphosphonium 
iodide (3.35 g, 7.7 mmol)16 in dimethylformamide (20 ml) was kept 
at 20 °C for 10 min. Following addition of methanol (0.5 ml), the 
solvent was evaporated and a chloroform solution of the residue was 
washed with aqueous sodium thiosulfate and water, dried, and 
evaporated. Crystallization from ethanol gave 3.40 g (87%) of 2c with 
mp 188-189 °C: Amax (MeOH) 231 nm (c 43 800), 274 (22 800); [a]23D 
-96.4° (c 1.0, CHCI3).

Anal. Calcd for CsgHagNsOvI (793.55): C, 57.51; H, 3.55; 1 ,15.99. 
Found: C, 57.67; H, 3.78; 1 ,16.33.

9-(5-Deoxy-d-r>-eryifiro-pent-4-enofuranosyl)adenine (3). 
A. Using Silver Fluoride: Finely powdered silver fluoride (130 mg, 
1 mmol) was added under nitrogen to a solution of 2c (794 mg, 1 
mmol) in pyridine (10 ml) and stirred in the dark at room temperature
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for 3 days. The mixture was then diluted with ethyl acetate (200 ml) 
and filtered. The filtrate was washed with aqueous sodium bicar
bonate and water, dried, and evaporated, leaving a residue that was 
treated with methanol-concentrated ammonium hydroxide ( 1 :1 ) at 
room temperature for 24 h and evaporated. The residue was coevap
orated several times with ethanol and then applied in methanol-water 
(3:7) to a 1  X 15 cm column of Bio-Rad AG1 (X2) resin (OH - ) . 1 8  The 
column was thoroughly washed with methanol-water (3:7) and then 
eluted with methanol-water (4.5:5.5) giving 5200 OD2 5 9  units (35%) 
o f 3. Crystallization from ethanol gave 36 mg (15%) of 3 with mp 
185-186 °C (reported1 3  mp 195 °C dec), Xmax (MeOH) 259 nm {<-. 
14 300).

Anal. Calcd for CioHuNgOg (249.24): C, 48.19; H, 4.45; N, 28.10. 
Found: C, 48.38; H, 4.42; N, 27.94.

B. Using D BN . A solution o f 2c (0.79 g, 1 mmol) and 1,5-diazabi- 
cyclo[4.3.0]non-5-ene (0.25 g, 2 mmol) in dimethylformamide (50 ml) 
was kept at room temperature for 18 h and then evaporated to dry
ness. The residue was hydrolyzed with methanolic ammonium hy
droxide and chromatographed as in A above giving 1 1  560 OD2 5 9  units 
(77%) o f 3. Crystallization from ethanol gave 179 mg (72%) o f pure 3 
with mp 185-186 °C and identical with that above.

l,2:4,5-Di-0-isopropylidene-|8-D-fructopyranose (4). A sus
pension of fructose (1235 g, 6 . 8 6  mol) in a mixture o f acetone (121.),
2,3-dimethoxypropane (500 ml), and 70% perchloric acid (1.2 ml) was 
stirred at room temperature for 70 h. Analysis by GLC (3% OV-225 
at 130 °C) showed the presence of a 3:1 mixture o f 4 and its 2 ,3:4,5- 
di-O-isopropylidene isomer. Concentrated ammonium hydroxide (1 
ml) was added and the mixture was evaporated leaving a crystalline 
residue that was dried in vacuo overnight and then dissolved in 
chloroform (31.). The solution was washed three times with water ( 1

1.) and the aqueous extracts were back-extracted with chloroform. The 
dried chloroform phases were evaporated and crystallized from 
chloroform-hexane giving 6 8 6  g (38.5%) o f 4 with mp 117.5—118 °C 
(reported2 2  mp 119 °C) and showing a single peak by GLC analysis: 
13C NM R (CDCI3 ) C! (72.43), C 2  (104.71), C3  (70.48), C4  (77.37), C5  

(73.47), C6  (60.89), CM e2 (26.01, 26.37, 26.50, 27.99), CM e2  (109.52,
111.96).

1,2:4,5 -D i-O-isopropylidene-18-D -e r y t h r o -2 ,3-hexodiulo-
2,6-pyranose (5). A solution of anhydrous phosphoric acid in di
methyl sulfoxide (5 M, 85 ml, 0.42 mol) was added to a solution o f 4 
(232 g, 0.9 mol) and dicyclohexylcarbodiimide (557 g, 2.7 mol) in a 
mixture o f dimethyl sulfoxide (340 ml), ethyl acetate (112 ml), and 
pyridine ( 6 8  ml). After 10 min an exothermic reaction commenced 
and the mixture was stirred in ice for 5 min and then at room tem
perature for 24 h. The mixture was then filtered and the dicyclohex - 
ylurea was washed with ethyl acetate (1.2 1.). A solution of oxalic acid 
dihydrate in methanol ( 8  M, 316 ml, 2.5 mol) was added gradually to 
the combined filtrates and after gas evolution had ceased the mixture 
was filtered and the dicyclohexylurea was washed with ethyl acetate. 
The filtrates were washed twice with saturated aqueous sodium 
chloride (500 ml) and then with aqueous sodium bicarbonate (2 X 500 
ml) and water (2 X 250 ml). The organic phase was dried, evaporated, 
and crystallized from ethanol, giving 189 g o f 5 in two crops. The final 
mother liquors were evaporated and a solution of the residue in ethyl 
acetate was washed with water, dried, evaporated, and crystallized 
from ethanol, giving a third crop (31 g) o f 5. GLC analysis o f the first 
crop showed the presence o f an impurity which was removed by re
crystallization from ethanol (1.5 1.) giving 23 g of 1,3-dicyclohexyl- 
parabanic acid (10) with mp 175-176 °C (reported2 6  mp 174-175 °C): 
XmM (MeOH) 223 nm (e 1500), 263 (sh, 500); NM R (CDCI3 ) 1.0-2.2 
ppm (m, 20 aliphatic), 4.0 (m, 2, NCH); mass spectrum (70 eV) m/e 
278 (M +), 197 (M + — cyclohexene), 115 (m /e 197 — cyclohexene), 83 
(CeHn+). The mother liquors after removal of 10 were evaporated 
and the residue combined with crops 2 and 3 from above. Crystalli
zation from hexane (750 ml) gave 184 g (80%) o f pure 5 with mp
101-102.5 °C (reported2 3 6  mp 101.5-102.5 °C). By further crystalli
zation of the mother liquors from several experiments as above the 
total yield o f pure 5 was raised to 85%: 13C N M R (CDCI3 ) Cj (70.12), 
C2 (104.29), C3  (197.17), C4 (76.01), C5  (78.05), C6  (60.24), CM e2  (26.07,
26.07, 26.56, 27.17), CM e2  (110.73, 113.95).

l,2:4,5-Di-0-isopropylidene-/3-l)-psicopyranose (6 ). A solution 
of sodium borohydride (21 g, 0.55 mol) in ethanol (300 ml) was added 
over 30 min to a stirred solution of 5 (173 g, 0.67 mol) ethanol (2.2 1.) 
at 0 °C. After a further 15 min the solvent was removed in vacuo, the 
residue was partitioned between ether (2 . 8  1.) and water, and the 
aqueous phase was back-extracted with ether. The combined ether 
phases were dried and evaporated leaving a crystalline residue that 
was washed with cold pentane giving 164 g (94%) o f 6  with mp 62-63 
°C  (reported mp 62-64,23c 68-69 °C 23d) that gave a single peak by 
GLC analysis (3.8% UC-W  column at 140 °C ): 13C N M R (CDCI3 ) Ci

(73.08), C 2  (105.10), C3  (68.89), C4  (72.33), C5  (72.04), C6  (61.34), CMe2 

(25.16, 26.07, 26.20, 26.56), CM e2  (109.56,111.18).
l,2:3,4-Di-0-isopropylidene-/3-D-psicofuranose (7a). A solution 

o f 6  (10.3 g, 39.6 mmol) in a mixture of acetone (90 ml) and 2,2-dim- 
ethoxypropane (10 ml) containing 70% perchloric acid (0.15 ml) was 
kept at room temperature for 17 h and then made basic with con
centrated ammonium hydroxide (0.3 ml) and evaporated to dryness. 
The residue was dissolved in chloroform, washed with water, dried, 
evaporated, and distilled in a Kugelrohr apparatus5 1  at 10- 3  mm. 
Acetone polymers were first removed at 40-50 °C and then 7a distilled 
at 70 °C giving 6.4 g (62%) of ~98% pure (GLC on OV-101 at 130 °C) 
crystalline product. Recrystallization from chloroform-hexane gave 
mp 56-56.5 °C, but only with considerable loss (reported2 3 6  mp
56-57.5 °C).

1 ,2:3,4-Di- O-isopropylidene-6-  O-p-toluenesulfonyl-jS-D-psi- 
cofuranose (7b). A. A solution o f 7a (1.80 g, 6.9 mmol) and p-tolu- 
enesulfonyl chloride (2.08 g, 10.9 mmol) in pyridine (30 ml) was kept 
at room temperature for 48 h, quenched with water, and evaporated 
to dryness. A solution o f the residue in benzene was filtered and 
evaporated to dryness and the residue was crystallized from hexane 
giving 2.5 g (87%) o f 7b with mp 99.5-100 °C (reported2 1 6  mp 98-99 
°C), [o]23d  -40 .4 ° (c 1 .0 , CHCI3 ).

B. A solution o f 6 (40 g, 154 mmol) and concentrated sulfuric acid 
(2.4 ml) in acetone (1 1.) was kept at room temperature for 27 h and 
then made basic with concentrated ammonium hydroxide ( 1 0  ml), 
filtered, and evaporated to dryness. A solution o f the residue in ether 
(600 ml) was washed with water (3 X 50 ml), dried, and evaporated. 
The residue was treated with p-toluenesulfonyl chloride (44.5 g, 232 
mmol) in pyridine at room temperature for 24 h, worked up as in A, 
and crystallized from hexane giving 37.4 g (59% from 6) of 7b identical 
with that from A.

6 -Deoxy-6 -iodo-1 ,2:3,4-di- 0-isopropy]idene-/3-D-psicofura- 
nose (7c). A. A solution of 7b (18.0 g, 43.5 mmol) and sodium iodide 
(20.0 g, 133 mmol) in dimethylformamide (250 ml) was heated at 110 
°C for 2.5 h and then cooled. After evaporation o f the solvent the 
residue was stirred with hexane (400 ml) and filtered, the precipitate 
being once more extracted with hexane (200 ml). Evaporation o f the 
filtrates left 15.7 g (98%) of pure crystalline 7c. An analytical sample 
from aqueous methanol had mp 44-44.5 °C; [a]23D —74.3° (c 0.5, 
CHCI3 ); 13C N M R (CDCI3 ) Ci (69.83), C2  (113.91), C3  (85.63), C4 

(83.68), C5  (86.25), C6  (6.79), CM e2  (26.59, 26.46, 26.46, 25.19), CMe2  

(113.00,111.96).
Anal. Calcd for C i2 H 1 90 5I (370.18): C, 38.93; H, 5.17. Found: C, 

38.68; H, 5.09.
B. A solution of 7a (7.8 g, 30 mmol) and methyltriphenoxyphos- 

phonium iodide (16.3 g, 36 mmol) in a mixture of dimethylformamide 
(45 ml) and pyridine (5.8 ml) was kept at room temperature for 15 min. 
After addition of methanol (1 ml) the solvents were evaporated and 
a solution of the residue in chloroform was washed with aqueous so
dium thiosulfate and water. The organic phase was evaporated and 
the residue was chromatographed on a column o f alumina (450 g) 
(deactivated with 5% water) using benzene. Evaporation of the major 
product gave 6.30 g (57%) of crystalline 7c that was homogeneous by 
GLC (3.8% UC-W  at 160 °C) and identical with that from A.

C. The crude, undistilled product obtained by equilibration of 
pyranose 6  (10.3 g, 39.6 mmol) with perchloric acid as described for 
7a was treated with methyltriphenoxyphosphonium iodide (25 g, 55 
mmol) and worked up as in B above. Following chromatography as 
above 6.38 g (44% from 6 ) o f crystalline 7c was obtained.

D. A solution o f 6 (225 g, 0 . 8 6  mol) in acetone (6.3 1.) was equili
brated and worked up as described in the preparation of 7a giving 196 
g of crude product. This was dissolved in a mixture of benzene 
(1.3 1.) and pyridine (75 ml) and to it was added triphenylphosphine 
(262 g, 1 mol) and iodine (254 g, 1 mol). After 11 h at room tempera
ture, methanol ( 2 0  ml) was added, the mixture was filtered, and the 
precipitate was washed with benzene (1 1.). Following evaporation of 
the filtrates the residue was extracted four times with hexane ( 1  1.) 
and the combined extracts were washed with aqueous sodium thio
sulfate and water. The aqueous phases were back-extracted with 
hexane and the combined hexane phases were dried and evaporated. 
Decolorization with charcoal and crystallization from aqueous 
methanol gave 215 g (67% from 6 ) o f 7c identical with that above.

6 -Deoxy-6 -iodo-D-psicofuranose (8a). A suspension o f 7c (50 
g, 135 mmol) and Bio-Rad AG 50W (H+) resin (100 ml) in water (500 
ml) was stirred at 60 °C for 4 h and then cooled and filtered. The fil
trate was neutralized with barium carbonate and filtered at 5 °C, the 
precipitate being washed with acetone. The filtrates were evaporated 
and the residue was crystallized from acetone-chloroform giving 28.9 
g (74%) o f 8a with mp 80.5-81 °C; [<*]23D 14.6° (c 1.0, H 2 0 )  with no 
observed mutarotation.
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Anal. Calcd for CeHuOJ (290.05): C, 24.84; H, 3.82. Found: C, 24.58; 
H, 3.71.

1.2.3.4- Tetra-0-benzoyl-6-deoxy-6-iodo-D-psicofuranose (8b).
Benzoyl chloride (21 ml, 180 mmol) was added over 30 min to a stirred 
solution o f 8a (8.7 g, 30 mmol) in pyridine (150 ml) at 0 °C. After a 
further 24 h at room temperature, methanol (20 ml) was added and 
the mixture was evaporated. A solution of the residue in chloroform 
was washed with water, dried, and evaporated, leaving an orange syrup 
(23.5 g). This was chromatographed on a column o f silicic acid (500 
g) using benzene and benzene containing 5% and 10% ethyl acetate 
giving 17.44 g (82%) of 8b as a TLC homogeneous foam that was a 
roughly 2:1 mixture of anomers by NMR. An analytical sample was 
prepared by preparative TLC using benzene-ethyl acetate (19:1) but 
no separation of anomers was possible.

Anal. Calcd for C34H270 9I (706.48): C, 57.80; H, 3.85. Found: C, 
58.03; H, 4.08.

1.2.3.4- Tetra-0-p-nitrobenzoyl-6-deoxy-6-iodo-D-psicofu- 
ranose (8c). The reaction of 8a (1.0 g, 3.4 mmol) with p-nitro- 
benzoyl chloride (5.1 g, 27 mmol) in pyridine (60 ml) at 3 °C for 2 days 
was worked up as for 8b. Chromatography on a column of silicic acid 
(200 g) using benzene-ethyl acetate (97:3) led to a separation of 
anomers, the major, less polar isomer being then crystallized from 
chloroform-hexane, giving 1.79 g (59%) of 8c with mp 173-174 °C, 
Xmax (dioxane) 257 nm ( t  53 200).

Anal. Calcd for C3 4 H 2 3 IN 4 O 17 (886.45): C, 46.06; H, 2.61; N, 6.32. 
Found: C, 45.95; H, 2.52; N, 6.49.

A small amount (443 mg, 14%) of the more polar anomer was eluted 
but not explored further.

1.3.4- Tri-0-benzoyl-6-deoxy-6-iodo-D-psicofuranosyl Bro
mide (9). Anhydrous hydrogen bromide was slowly passed through 
a solution of 8b (10.59 g, 15 mmol) in methylene chloride (40 ml) at 
0 °C for 1.25 h. The mixture was then evaporated to dryness and the 
residue was coevaporated four times with a 3:1 mixture o f toluene and 
dichloromethane (30 ml) and then once with benzene. The resulting 
viscous semicrystalline syrup was used directly for condensation re
actions.

Al6-Hexanoyl-9-(l,3,4-tri-0-benzoyl-6-deoxy-6-iodo-/il-D- 
psicofuranosyl)adenine (11a) and Its a  Anomer (12a). Anhy
drous stannic chloride (0.24 ml, 2 mmol) was added under nitrogen 
to a stirred solution of lV6-hexanoyladenine (350 mg, 1.5 mmol)29 and 
mercuric cyanide (760 mg, 3 mmol) in acetonitrile. The mixture was 
stirred at 60 °C for 2 h and then evaporated leaving a residue that was 
dissolved in methylene chloride and filtered. The filtrate was washed 
with aqueous sodium bicarbonate, filtered through Celite, and further 
washed with 30% aqueous potassium iodide and then water. The or
ganic phase was dried and evaporated leaving a yellow residue (780 
mg) that was chromatographed on a column of silicic acid (70 g) using 
benzene-ethyl acetate (85:15) giving a clean separation o f two ano- 
meric products. Elution of the less polar, major isomer gave 373 mg 
(46%) of 1 la as a homogeneous foam: Amax (MeOH) 231 nm (e 43 000), 
273 (23 100), 281 (17 200).

Anal. Calcd for CgsHaeNgOsI (817.6): C, 55.82; H, 4.44; N, 8.57. 
Found: C, 55.94; H, 4.53; N,' 8.42.

Continued elution with the same solvent gave 99 mg (12%) of the 
«  anomer (12a) as a homogeneous white foam: Amax (MeOH) 231 nm 
(t 41 000), 273 (2000), 280 (sh, 15 700).

Anal. Calcd for CggHseNsOsI (817.6): C, 55.82; H, 4.44; N, 8.57. 
Found: C, 55.65; H, 4.50; N, 8.60.

A^-Benzoyl-O-lLS^-tri-O-benzoyl-S-deoxy-S-iodo-d-U-psi- 
cofuranosyl)adenine (lib ). A suspension o f !V6 -benzoylchloro- 
mercuriadenine (1.42 g, 3 mmol) 3 3  and 9 (from 2.5 g, 3.5 mmol, o f 8b 
as above) in nitromethane was stirred at room temperature for 48 h 
and then evaporated to dryness. The residue was stirred with ethyl 
acetate and filtered, the filtrate then being washed with saturated 
aqueous sodium iodide and with water. The organic phase was dried, 
evaporated, and purified by preparative TLC on five plates using 
benzene-ethyl acetate (4:1). Elution of the major band gave 1.2 g (49%) 
of homogeneous (TLC, N M R) l ib  as a foam, [a ]23D -9 5 .4 °  (c 0.14, 
CHCI3 ).

Anal. Calcd for C3 9 H 3 0 N 5 O8 I (823.58): C, 56.87; H, 3.67. Found: C, 
56.60; H, 3.53.

9- (1,3,4-Tri- O-benzoyl-5-deoxy-5-iod o-/i-D-[)sic of ura ri- 
osyl)adenine (11c) and Its a Anomer (12c). Anhydrous stannic 
chloride (0.24 ml, 2 mmol) was added to a stirred mixture o f adenine 
(200 mg, 1.5 mmol), 9 (from 1 mmol o f 8b), and mercuric cyanide (760 
mg, 3 mmol) in acetonitrile (20 ml) at room temperature, leading to 
immediate dissolution of the adenine. The mixture was then heated 
at 60 °C for 2 h and evaporated. A suspension o f the residue in chlo
roform was filtered and the filtrate was washed with aqueous sodium 
bicarbonate, 30% aqueous potassium iodide, and water. It was then

dried and evaporated leaving a yellow residue (570 mg) that was 
chromatographed on a column of silicic acid (60 g) using carbon tet
rachloride-acetone (7:3). Elution o f the less polar product gave 154 
mg (21%) o f 11c as a white foam: Xmax (MeOH, H +) 231 nm (e 42 200),
258 (18 000), 265 (16 500).

Anal. Calcd for CszHssNsOvI (719.5): C, 53.42; H, 3.64; N, 9.73. 
Found: C, 53.60; H, 3.76; N, 9.51.

Continued elution gave 48 mg (7%) of 12c contaminated with a trace 
o f 11c. Crystallization from chloroform-hexane gave pure 12c with 
mp 192-193 °C: Xmax (MeOH, H+) 232 nm (e 45 100), 258 (17 100), 264 
(16 200).

Anal. Calcd for C 3 2 H 2 6 N 5 O7 I (719.5): C, 53.42; H, 3.64; N, 9.73. 
Found: C, 53.59; H, 3.78; N, 9.78.

9-(6-Deoxy-d-D-erytIii-o-hex-5-enofuran-2-ulosyl)adenine  
(1, Angustmycin A ). A. A solution of 11a (500 mg, 0.61 mmol) in 
0.08 M methanolic sodium methoxide (38 ml) was heated under reflux 
for 3 h, then neutralized with glacial acetic acid and evaporated to 
dryness. The residue was partitioned between water and chloroform 
and the aqueous phase was evaporated leaving a reddish syrup (550 
mg) that was dissolved in methanol (5 ml) containing silicic acid (2 
g) and evaporated to dryness. The silica was then added to the top of 
a column o f silicic acid (60 g) and the column was eluted with chlo
roform-methanol (85:15). Evaporation of the major peak followed 
by crystallization from methanol gave 102 mg (60%) of homogeneous 
(TLC and NM R) 1 with mp 178-180 °C. An analytical sample from 
water had mp 183.5-185 °C (reported multiple mp with final de
composition at 164.5-166.57 and 156-159 °C 13 for a hydrate and 
183-186 °C for anhydrous36): [a]23D 46.4° (c 0.46, H20 ); Xmax (MeOH, 
OH ” ) 260 nm (c 15 500).

Anal. Calcd for C i iH 1 3N 5 0 4  (279.25): C, 47.31; H, 4.69; N, 25.08. 
Found: C, 47.43; H, 4.51; N, 25.24.

B. A solution of 11 b (820 mg, 1 mmol) and DBN (0.2 ml, 1.5 mmol) 
in benzene (20 ml) was heated under reflux for 45 min and then cooled 
and decanted from a brown gum. The supernatant was evaporated 
and the residue was treated with methanol (20 ml) and concentrated 
ammonium hydroxide (2 ml) for 24 h at room temperature. Following 
evaporation of the solvent a solution of the residue in methanol-water 
(3:7) was applied to a 1 X 15 cm column of Bio-Rad AG1 (X2) resin 
in the hydroxide form. The column was washed with methanol-water 
(3:7) and then eluted with methanol-water (1:1). Evaporation o f the 
major peak followed by crystallization from methanol gave 142 mg 
(48%) o f 1 as the hemimethanolate which softened at 133 °C and 
melted with decomposition at 170 °C. The melting point and mixture 
melting point were identical with those o f an authentic sample o f 1 
obtained from the Upjohn Co. and the N M R spectra were also iden
tical and identical with that from A above.

9-((i-Deoxy-ff-D-cryihro-hex-5-enofuran-2-uIosyl)adenine
(13) and 9-( l,6-Anhydro-«-D-psicofuranosyl)adenine (14). A. A 
solution o f 12a (82 mg, 0.1 mmol) and DBN (0.04 ml, 0.3 mmol) in 
dimethylformamide (0.5 ml) was kept at room temperature for 24 h. 
Methanol (0.5 ml) was then added and the solution was stored for a 
further 54 h. The solution was evaporated and the residue was purified 
by preparative TLC using chloroform-methanol (85:15). Elution of 
the major band followed by crystallization from methanol gave 18 mg 
(64%) o f 13 with mp 193-194.5 °C, Xmax (MeOH, O H ") 259 nm (« 
13 700).

Anal. Calcd for C n H 1 3 N 6 0 4  (279.25): C, 47.31; H, 4.69; N, 25.08. 
Found: C, 47.30; H, 5.04; N, 25.01.

B. A solution of 12a (500 mg, 0.61 mmol) in 0.08 M  methanolic so
dium methoxide (38 ml) was heated under reflux for 8 h and then a 
further 2 mmol of sodium methoxide was added and heating was 
continued for 16 h. The cooled solution was neutralized with acetic 
acid and evaporated, and the residue was partitioned between chlo
roform and water. The aqueous phase was evaporated and the residue 
was adsorbed on silicic acid (3 g) and added to the top o f  a column of 
silicic acid (70 g). Elution with chloroform-methanol (9:1) gave a 
permanganate negative product that was crystallized from pyri
dine-ether giving 65 mg (38%) of 14 with mp 292-294 °C , Xmax 
(MeOH) 259 nm (e 15 500).

Anal. Calcd for C nH 1 3 N 5 0 4  (279.25): C, 47.31; H, 4.69; N, 25.08. 
Found: C, 47.44; H, 4.75; N, 25.04.

Continued elution with chloroform-methanol (85:15) gave 50 mg 
of crude 13 contaminated with some 14. Further purification by 
preparative TLC using chloroform-methanol (4:1) followed by 
crystallization from methanol gave 23 mg (13%) o f 13 identical with 
that from A above.

l-(l,3,4-Tri-0-benzoyl-6-deoxy-6-iodo-j3-D-psicofurano- 
syl)cytosine (15a). A. A solution of sublimed bis(trimethylsilyl)cyto- 
sine (900 mg, 3.5 mmol),38 9 (from 2.1 g, 3 mmol, o f 8b), and stannic 
chloride (0.7 ml, 6 mmol) in benzene was stirred at 60 °C  for 1.5 h in
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the presence o f  finely powdered mercuric cyanide (2.3 g, 9 mmol). 
Following evaporation o f the solvent the residue was suspended in 
chloroform and filtered. The filtrate was washed with saturated 
aqueous sodium bicarbonate, filtered, washed with 30% aqueous po
tassium iodide and with water, dried, and evaporated. The residue 
was chromatographed oh a column o f silicic acid (180 g) using chlo
roform-acetone (3:2). The major peak was evaporated giving 1.6 g 
(56%) of crystalline 15a with mp 125-127 °C from chloroform-hexane. 
An analytical sample had mp 127-128 °C: Amax (MeOH, H +) 230 nm 
( t 46 000), 276 (17 200), 281 (17 200).

Anal. Calcd for C3iH26N 30 8I (695.45): C, 53.54; H, 3.77; N, 6.04. 
Found: C, 53.64; H, 3.64; N, 5.85.

B. In similar experiments using 9 (10 mmol), bis(trimethylsilyl)- 
cytosine (13 mmol), and mercuric cyanide (22 mmol) in benzene at 
60 °C for 1.5 h in the absence o f stannic chloride, the yield o f crys
talline 15a was 31%, while after 24 h at room temperature 15a was 
obtained in 25% yield. In these cases several less polar minor by
products were also formed and one o f these was isolated during 
chromatography giving 116 mg (2%) of 17 with mp 121.5-122 °C: Amax 
(MeOH) 230 nm (e 42 700), 260 (sh, 1900).

Anal. Calcd for C27H2i0 7I (584.35): C, 55.49; H, 3.62. Found: C, 
55.45; H, 3.64.

!V4-Acetyl-l-(l,3,4-tri-0-benzoyl-6-deoxy-6-iodo-jS-D-psico- 
furanosyl)cytosine (15b). A solution o f Ar4-acet.ylbis(trimethyl.si- 
lyl)cytosine (3.5 g, 11.8 mmol)38 and 9 (from 10 mmol o f 8b) was 
heated in benzene at 60 °C for 19 h in the presence o f finely powdered 
mercuric cyanide (5.1 g, 20 mmol) and then evaporated. A filtered 
solution of the residue in chloroform was washed with aqueous sodium 
bicarbonate, 30% aqueous potassium iodide, and water. The dried 
solution was evaporated and the residue was chromatographed on a 
column of silicic acid (350 g) using benzene-ethyl acetate (3:2) giving
1.50 g (20%) of 15b as a homogeneous foam: Amax (MeOH) 231 nm (c 
46 000), 283 (8000), 298 (7700).

Anal. Calcd for C33H 28N30 9I (737.48): C, 53.74; H, 3.83; N, 5.70. 
Found: C, 54.20; H, 4.27; N, 5.55.

I-(fi-Deoxy-d-D-eryihro-hex-5-enofuran-2-ulosyl)cytosine
(16). A. A solution of 15a (695 mg, 1 mmol) in 0.06 M  methanolic so
dium methoxide (53 ml) was heated under reflux for 2 h and then 
cooled, neutralized with acetic acid, and evaporated. The residue was 
partitioned between water and chloroform and the aqueous phase was 
evaporated and coevaporated in the presence o f silicic acid (1 g). The 
dried silicic acid was added to the top o f a column containing 60 g of 
silicic acid. Elution of the column with chloroform-methanol (4:1) 
gave 230 mg (84%) o f homogeneous, crystalline 16 which upon re
crystallization from methanol gave 176 mg (61%) o f pure product as 
the hemimethanolate with mp 185-186 °C: Amax (0.1 N NaOH) 229 
nm (« 8600), 272 (8700); ORD (H20 )  [4 > ]fe  11 000°, [4>]268 0°, 
[4-1&0-94000.

Anal. Calcd for CmH^NsOg-M-MeOH (271.24): C, 46.49; H, 5.57; 
N, 15.49. Found: C, 46.41; H, 5.74; N, 15.39.

B. A solution o f 15a (695 mg, 1 mmol) and DBN (0.25 ml, 2 mmol) 
in dimethylformamide (5 ml) was kept at room temperature for 24 
h and then evaporated. The residue was treated with methanol (5 ml) 
and concentrated ammonium hydroxide (5 ml) for 64 h at room 
temperature and then evaporated leaving a residue that was dissolved 
in water (15 ml) and washed three times with ethyl acetate. The 
aqueous phase was evaporated and chromatographed on silicic acid 
as in A and crystallized from methanol giving 150 mg (55%) of 16 
identical with that from A.

C. A solution o f 15b (1.25 g, 1.7 mmol) and DBN (0.5 g, 4 mmol) in 
dimethylformamide (10 ml) was kept at room temperature for 1.5 h 
and then worked up as in B. Crystallization from methanol gave 190 
mg (44%) of pure 16 identical with that above. In one experiment a 
monomethanolate with mp 144-146 °C was obtained.

l-(l,3,4-Tri-0-benzoyl-6-deoxy-6-iodo-/S-D-psicofuranosyl)-
3-methoxycarbonyl-l,2,4-triazole (18a) and Its 5-Methoxycar- 
bonyl Isomer 19. A solution of JV-trimethylsilyl-3-methoxycarbon- 
yl-1,2,4-triazole (5.42 g, 27.2 mmol)45 and 9 (from 24.7 mmol of 8b) 
in benzene (500 ml) was stirred at 60 °C for 2.5 h in the presence of 
finely divided mercuric cyanide (12.5 g, 49.4 mmol) and then evapo
rated. A filtered solution of the residue in chloroform was washed with 
aqueous sodium bicarbonate, 30% aqueous potassium iodide, and 
water, dried, and evaporated. The residue (19.6 g) was chromato
graphed on a column o f silicic acid (1.4 kg) using benzene-ethyl ace
tate (92:8). Evaporation of the major peak followed by treatment with 
charcoal gave 8.64 g (49%) of 18a as a homogeneous white foam: Amax 
(dioxane) 231 nm (e 4300), 270 (3000), 275 (3200), 283 (2600); [ « ] 23D  
—69.1° (c 1.0, dioxane).

Anal. Calcd for C3iH26N30 9I (711.4): C, 52.23; H, 3.68; N, 5.91. 
Found: C, 52.49; H, 3.72; N, 5.56.

Evaporation of a significant peak that was eluted from the column 
before 18a gave 3.38 g (19%) o f the 5-methoxycarbonyl derivative 19 
as a foam: \max (dioxane) 231 nm (t 42 200), 275 (3200), 282 (2700);
[ a ] 23D  —27.1° (c 1.0, dioxane).

Anal. Calcd for C3iH26N 30 9I (711.4): C, 52.23; H, 3.68; N, 5.91. 
Found: C, 52.14; H, 3.95; N, 6.05.

In a separate experiment similar to that described above and giving
19 in 51% yield, the 6-chloro derivative (18b) was also isolated as a 
slightly more polar foam in 11% yield: Amax (dioxane) 229 nm (« 
43 300), 275 (3300), 282 (2700); [ a ] 23D  -8 0 .1 ° (c 1.0, dioxane); mass 
spectrum (70 eV) m/e 585 (MH — Cl), 584 (M  — Cl), 493, 495 (M — 
base), 484, 486 (M -  CH2OBz), 457 (m/e 493, 495 -  HC1), 371, 373 
(m/e 495,495 -  C6H5COOH), 362,364 (m/e 484,486 -  C6H5COOH), 
335 (m/e 371, 373 -  HC1).

Anal. Calcd for C3iH26N 30 9Cl (620.00): H, 4.23; N, 6.78. Found: H, 
4.34, N, 6.67.

1 -(l/M -Tri-O-benzoyl-fi-deoxy-d-D-eryt/iro-hex-.'i-eno- 
furan^-ulosyD-S-methoxycarbonyl-l^-triazole (20). A solution 
o f 18a (2.9 g, 4.08 mmol) and DBN (1.0 ml, 8 mmol) in dimethyl
formamide (60 ml) was kept at room temperature for 30 min and then 
evaporated. A solution o f the residue in chloroform was washed with 
aqueous sodium thiosulfate and water, dried, and evaporated. Crys
tallization of the residue from ethanol gave 1.38 g (58%) of 20 with mp 
153-154 °C: Amax (dioxane) 230 nm (e 37 100), 268 (2400), 275 (2900), 
283 (2300).

Anal. Calcd for C3iH26N 30 9 (583.53): C, 63.80; H, 4.32; N, 7.20. 
Found: C, 64.06; H, 4.26; N, 7.18.

1 -(6-Deoxy-#-D-eryfc/iro-hex-5-enofuran-2-ulosyl)-1,2,4- 
triazoIe-3-carboxamide (21). A solution o f 20 (1.38 g, 2.37 mmol) 
in a mixture of methanol (20 ml) and concentrated ammonium hy
droxide (20 ml) was kept at room temperature for 21 h and then 
evaporated. The residue was dissolved in water, washed five times 
with ether, and evaporated to dryness. A solution o f the residue in 
methanol was decolorized with charcoal, evaporated in the presence 
of silicic acid (3 g), and added to a column of silicic acid (50 g). Elution 
with chloroform-methanol (4:1) followed by decolorization with 
charcoal gave 513 mg (85%) of 21 as a homogeneous white foam: \max 
(MeOH) 207 nm (e 12 000); ORD (H 20 ), plain positive [4>]23o 6500°.

Anal. Calcd for C9H 12N40 5 (256.22): C, 42.19; H, 4.72; N, 21.87. 
Found: C, 42.25; H, 4.88; N, 21.64.

' l-(6-0-Acetyl-l,3,4-tri-0-benzoyl-/3-D-psicofuranosyl)-3- 
methoxycarbonyl-1,2,4-triazole (18c). A solution o f 18a (2.25 g,
3.16 mmol) in acetic acid (80 ml) and water (0.8 ml) was stirred at 100 
°C for 4.5 h in the presence o f silver acetate (1.06 g, 6.34 mmol) and 
then evaporated. A solution of the residue in chloroform was washed 
with aqueous sodium bicarbonate and water, dried, and evaporated. 
The residue was chromatographed on a column o f silicic acid (100 g) 
using benzene-ethyl acetate (4:1) giving 94 mg (5%) o f crystalline 20 
followed by 1.22 g (60%) o f 18c as a white foam: Amax (dioxane) 212 
nm (sh ,« 21 900), 230 (4600), 270 (sh, 3300), 275 (3100), 283 (2500).

Anal. Calcd for C33H29N 30 ii (643.58): C, 61.58; H, 4.54; N, 6.53. 
Found: C, 61.72; H, 4.58; N, 6.23.

l-(/3-D-Psicofuranosyl)-l,2,4-triazole-3-carboxamide (22). A 
solution of 18c (1.3 g, 2 mmol) in methanol (15 ml) and concentrated 
ammonium hydroxide (15 ml) was kept at room temperature for 16 
h and then evaporated. The residue was dissolved in water, washed 
with ether, and evaporated, leaving a residue that was chromato
graphed on silicic acid (50 g) using chloroform-methanol (3:1). The 
major peak was decolorized with charcoal and evaporated leaving 387 
mg (71%) of 22 as a homogeneous foam that crystallized very slowly 
from ethanol at —18 °C with mp 66-68 °C dec, Amax (0.1 N HC1) 208 
nm (e 1800).

Anal. Calcd for C9H 14N40 6 (274.23): C, 39.42; H, 5.15; N, 20.43. 
Found: C, 39.39; H, 5.28; N, 20.28.

6-0-Benzoyl-l,2:3,4-di-0-isopropylidene-/S-D-psicofuranose 
(23). A solution of 7c (3.7 g, 10 mmol) and lithium benzoate (2.5 g,
20 mmol) in dimethylformamide (100 ml) was kept at 100 °C for 16 
h and then evaporated. The residue was partitioned between ether 
(100 ml) and water (3 X 50 ml) and the ether layer was dried and 
evaporated. Crystallization of the residue from aqueous methanol gave
3.28 g (90%) of 23 with mp 72-72.5 °C.

Anal. Calcd for Ci9H240 7 (364.38): C, 62.62; H, 6.64. Found: C, 62.70; 
H, 6.74.

6-O-Benzoyl-D-psicofuranose (24a). A mixture of 23 (29.5 g, 81 
mmol) and Bio-Rad AG 50W (H+) resin (60 ml) in water (300 ml) was 
stirred at 65 °C for 12 h, then stored at 5 °C for 18 h and filtered. The 
filtrates were adjusted to pH 6 with barium carbonate and filtered 
and the solids were washed with acetone. Evaporation o f the filtrates 
left a residue that was coevaporated with toluene-ethanol (1:1) and 
dried under high vacuum giving 22.4 g (97%) of 24a as a foam that was
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sufficiently pure for direct use in the next step. An analytical sample 
was prepared by preparative TLC using chloroform-methanol (4:1), 
elution of the ultraviolet-absorbing band giving the mixed anomers 
of 24a as a white foam.

Anal. Calcd for C1 3H 1 6O7  (284.26): C, 54.93; H, 5.67. Found: C, 54.88; 
H, 5.97.

1,2,3,4,6-Penta-O-benzoyl-D-psicofuranose (24b). Benzoyl 
chloride (100 ml, 0.86 mol) was added dropwise over 50 min to a stirred 
solution of 24a (22.8 g, 80 mmol) in pyridine (500 ml) at 0 °C. After 
a further 24 h at room temperature, methanol (50 ml) was added and 
the mixture was evaporated to dryness. A solution o f the residue in 
chloroform was washed with water, dried, and evaporated, leaving 
a residue that was largely freed from methyl benzoate by drying at 
50 °C under high vacuum for 8 h. The product (69 g) was then purified 
by chromatography on a column o f silicic acid (2.9 kg) using elution 
with benzene-ethyl acetate (98:2) until 24b appeared followed by a 
gradient o f ethyl acetate (2-7.5%) in benzene. Evaporation o f the 
major peak left 32.59 g (53%) o f pure 24b as a foam. An analytical 
sample was prepared by preparative TLC using benzene-ethyl acetate 
(19:1).

Anal. Calcd for C41H32O11 (700.67): C, 70.28; H, 4.60. Found: C, 
70.05; H, 4.43.

l-(l,3,4,6-Tetra-0-benzoyl-jS-D-psicofuranosyl)cytosine (25a).
A. Anhydrous hydrogen bromide was passed through a solution of 24b 
(3.5 g, 5 mmol) in dichloromethane (40 ml) at 0 °C for 15 min and the 
solution was then kept at 0 °C for 1.25 h and evaporated to dryness. 
The residue was coevaporated four times with a 3:1 mixture of toluene 
and dichloromethane (30 ml) leaving semicrystalline, crude 24c. This 
material and bis(trimethylsilyl)cytosine (1.5 g, 6  mmol) were dissolved 
in benzene and stirred at 60 °C for 1.5 h in the presence o f finely 
powdered mercuric cyanide (3.75 g, 15 mmol). The mixture was then 
evaporated and a solution of the residue in chloroform was filtered 
through Celite. The filtrate was washed with aqueous sodium bicar
bonate, 30% aqueous potassium iodide, and water, dried, and evap
orated. The residue was chromatographed on a column of silicic acid 
(250 g) using chloroform-acetone (3:2) and giving 1.13 g (33%) o f 25a 
as a TLC homogeneous foam. An analytical sample was prepared by 
preparative TLC using chloroform-methanol (98:2): Amax (MeOH, 
H+) 230 nm (e 5700), 281 (15 300).

Anal. Calcd for C3 8 H 3 1 N 3 O 1 0  (689.65): C, 66.18; H, 4.53; N, 6.09. 
Found: C, 65.80; H, 4.81; N, 6.47.

B. To a solution of 24c (obtained from 5 mmol o f 24b as described 
above) in acetonitrile (100 ml) were added cytosine (670 mg, 6  mmol), 
mercuric cyanide (3.75 g, 15 mmol), and stannic chloride (1.2 ml, 10 
mmol). The reaction mixture was stirred at 60 °C for 1.5 h and the 
brown solution was then evaporated. The residue was dissolved in 
chloroform and filtered. A saturated solution o f sodium bicarbonate 
was used to neutralize the filtrate and a light precipitate was removed 
by filtration. The organic layer was washed with 30% potassium iodide 
and water, dried, and evaporated. The residue (3 g) was purified by 
chromatography as described above and gave 1.33 g (33%) of 25a as 
a TLC homogeneous foam identical with that above.

l-(0-D-Psicofuranosyl)cytosine (25b). A suspension o f 25a (1.0 
g, 1.45 mmol) in a mixture of methanol (10 ml) and concentrated 
ammonium hydroxide (15 ml) was stirred at room temperature for 
24 h and the mixture (from which crystalline 25b had separated) was 
evaporated, leaving a crystalline residue that was thoroughly washed 
with ethyl acetate. Recrystallization from water gave 321 mg (72%) 
o f 25b as the dihydrate which lost water at 95-110 °C and melted at 
208-209 °C dec, unchanged upon recrystallization (reported9 0  mp 
207-208 °C): Amax (0.1 N HC1) 214 nm (e 9700), 281 (1000); Amax (0.1 
N NaOH) 226 nm (t 9100), 273 (9400); [a]23D -33 .8 ° (c 1.0, M e2 SO)

Anal. Calcd for C ioH 1 5 N 3 06-2H20  (309.27): C, 38.83; H, 6.19; N,
13.59. Found: C, 38.96; H, 6.15; N, 13.51.

Registry No.—1, 2004-04-8; 2a, 58463-03-9; 2b, 58463-04-0; 2c, 
58463-05-1; 3 ,20535-04-0; 4,25018-67-1; 5 ,18422-53-2; 6,18422-54-3; 
7a, 34626-95-4; 7b, 58501-81-8; 7c, 38084-06-9; 8a, 58463-06-2; 8b, 
58463-07-3; 8c, 58463-08-4; 9, 58463-09-5; 10, 3621-71-4; 11a, 
58463-10-8; l ib , 58463-11-9; 11c  58463-12-0; 12a, 58463-13-1; 12c, 
58463-14-2; 13, 58463-15-3; 14, 58463-16-4; 15a, 58463-17-5; 15b, 
58463-18-6; 16, 58463-19-7; 17, 58463-20-0; 18a, 58463-21-1; 18b, 
58463-22-2; 18c, 58463-23-3; 19, 58463-24-4; 20, 58463-25-5; 21, 
58463-26-6; 22, 58463-27-7; 23, 58501-82-9; 24a, 58463-28-8; 24b, 
58463-29-9; 24c, 54401-10-4; 25a, 58463-30-2; 25b, 53318-75-5; 5'- 
O-trityladenosine methyltriphenoxyphosphonium iodide methyl, 
17579-99-6; methyltriphenoxyphosphonium iodide, 4167-91-3; 
fructose, 57-58-7; acetone, 67-64-1; p-toluenesulfonyl chloride, 98- 
59-9; sodium iodide, 7681-82-5; p-nitrobenzoyl chloride 122-04-3; 
lV6 -hexanoyladenine, 21043-28-7; Afe-benzoylchloromercuriadenine, 
17187-65-4; bis(trimethylsilyl)cytosine, 18037-10-0; Af4 -acetylbis-

(trimethylsilyl)cytosine, 18027-23-1; lV-trimethylsilyl-3-methoxy- 
carbonyl-1,2,4-triazole, 40372-08-5.
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The mixture o f dialkyl disulfide (or diselenide) and tri-n-butylphosphine was found to be a new alkylation re
agent for seleno- and thio-substituted nucleosides and related compounds.

S'-Deoxy-S'-Cmethylthiojadenosine is known to inhibit 
the transmethylation reactions of S-adenosyl-L-methionine 
in vitro.1,2 Its analogues were usually prepared by multistep 
syntheses.3-5 Recently, a convenient method was reported for 
the synthesis of S'-S-alkylthio-S'-deoxyribonucIeosides and 
nucleotides.6’7 For example, after treatment of adenosine with 
dimethyl disulfide and tri-n-butylphosphine in DMF for 24 
h, o'-S-methylthio-o'-deoxyadenosine was isolated in 73% 
yield.7 However, in application of this reaction to synthesize 
some 5'-S-alkylthio-5'-deoxy-6-thio (or seleno) ribonucleos- 
ides from the corresponding 6-thio (or seleno) ribonucleosides, 
we have found that the reaction took an unexpected course.

After treatment of 6-seleno-9-(/3-D-ribofuranosyl)purine8’9 
with excess of dimethyl disulfide and tri-n-butylphosphine 
in DMF at room temperature for 2 h, instead of the expected 
5'-S-methylthio-5'-deoxy-6-selenoinosine, 6-methylseleno-

9-(d-D-ribofuranosyl)purine (I)10 was isolated in 63% yield. 
Other examples of this reaction are indicated in Scheme I and 
Table I. Structures of these compounds were verified by ele
mental analysis, uv, and NM R data and compared with au
thentic samples.

In order to explore the limitation of this new méthylation 
reagent, 6-selenopurine was treated with a variety of disulfides 
(or diselenides) and tri-n-butylphosphine. After treatment 
of 6-selenopurine with dibenzyl disulfide and tri-n-butyl- 
phosphine in DMF for 2 h, ultraviolet spectral monitoring 
indicated that 6-selenopurine [Amax (MeOH) 362 nm] was 
completely converted to 6-benzylselenopurine [Xmax (MeOH) 
302 nm]. However, after the mixture was distilled in vacuo at 
125 °C and the residue washed with petroleum ether and then 
recrystallized from H2O, the product isolated was 6-benzyl- 
thiopurine [Xmax (MeOH) 292 nm]. This unexpected side re-

Table I. A lkylth io - and Alkylselenopurines Prepared by the Reaction of T h io - and Selenopurines with a
/¡-Butylphosphine and D ia lk y l D isulfide“

T hio- (or seleno-) purines Dialkyl disulfide Product Reactipn time Yield % N M R , S

6-Seleno-9-(d-D -ribofurano- M e -S -S -M e Iio 2 h 63 8.77 (1 H )
syl)purine8,9 8.73 (1 H) 

6.07 (1 H) 
2.60 (3 H) 
8.77 (1 H)

6-Selenopurine12 M e -S -S -M e II12 Overnight 50 8.54 (1 H) 
2.63 (3 H) 
8.70 (1 H)

6-M ercaptopurine13 M e -S -S -M e III20 Overnight 54 8.43 (1 H) 
2.70 (3 H) 
8.77 (1 H)

6-M ercaptopurine riboside14 M e -S -S -M e jy21,22 4 h 12 8.71 (1 H) 
6.07 (1 H)
2.71 (3 H) 
8.21 (1 H)

6-Selenoguanosine10’15’16 M e -S -S -M e V 19 3 h 32 6.53 (2 H) 
5.85 (1 H) 
2.50 (3 H) 
6.35 (2 H)

8-Selenoguanosine17 M e -S -S -M e V I17 1 h 33 5.68 (1 H) 
2.48 (3 H) 
7.43 (1 H)

4-T hiouracil18,19 M e -S -S -M e V II23 Overnight 35 6.18 (1 H ) 
2.48 (3 H) 
8.73 (1 H )9

6-Seleno-9-(d-D -ribofurano- M e -S -S -M e V III9 2 h 75 8.51 (1 H)
syl)purine 3 ',5 '-cyclic 2.19 (3 H)
phosphate9’16 8.70 (1 H) 

8.40 (1 H) 
7.27 (5 H)

6-M ercaptopurine13 B z l-S -S -B z l IX 24 2 days 50 4.67 (2 H) 
8.70 (1 H) 
8.40 (1 H) 
7.27 (5 H)

6-Selenopurine12 B zl-S e -S e -B zl X 2 days 45 4.70 (2 H)

0  Satisfactory analytical data (±0 .4%  for C, H, N) for all new com pounds (I, II, III, VI, IX , X ) were subm itted for review.
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Scheme I
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II r  = c h 3, R, = Se,
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IV R = CH3, R, = s,

V R = CH3, Ri = Se,

VI 8-seleno
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VII 4-thiouracil

VIII r  = c h 3, R , = Se,

IX R = c 6h sc h 2, R, = S,
X R  = C6H5CH2, Rj “  Se,
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R 3 = 3 ',5 '-

R 2 = H ,

cyclic phos
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R 3 = H

R 2 = H , R3 = H

action is presumably due to the fact that the benzylseleno 
group was displaced by the benzylthio group at elevated 
temperatures. Indeed, when 6-benzylselenopurine was treated 
with dibenzyl disulfide and tri-n-butylphosphine in DMF and 
the reaction mixture was distilled at 125-130 °C, 6-benzyl- 
thiopurine was isolated. 6-Benzylselenopurine also reacted 
with benzyl mercaptide anion in refluxing DMF to give 6- 
benzylthiopurine. Treatment of 6-mercaptopurine with di
benzyl disulfide and tri-n-butylphosphine gave 6-benzyl- 
thiopurine as expected. Likewise, 6-selenopurine reacted with 
dibenzyl diselenide and tri-n-butylphosphine to give 6-ben
zylselenopurine.

The mechanism of this alkylation reaction is probably 
similar to those proposed by Kharasch et al.11 for the deal
kylation of dialkyl disulfide by mercaptide anion and can be 
shown as follows:

These results demonstrate that the mixture of dialkyl di
sulfide (or deselenide) and tri-n-butylphosphine was a new 
alkylation reagent for seleno- and thio-substituted nucleosides 
and related compounds.

Experimental Section

Ultraviolet spectra were determined on a Perkin-Elmer Model 402 
spectrophotometer. N M R spectra were measured on a Varian A-60A 
spectrometer in MezSO-dg with M e4Si as the internal standard. E l
emental analyses were performed by Midwest Microlab, Indianapolis, 
Ind.

In a typical experiment, a solution of 400 mg (1.15 mmol) o f 6-sel- 
eno-9-(/5-D-ribofuranosyl)purine,8,9 1 g (10 mmol) o f dimethyl di
sulfide, and 2 g (10 mmol) o f tri-n-butylphosphine in 5 ml o f DM F 
was stirred at room temperature for 2 h. The solution was evaporated 
and the oily residue was distilled at reduced pressure. Ether was added 
into the residue and the precipitates were filtered by suction and dried 
to give 250 mg (63%) o f I.10 The analytical sample was recrystallized 
from H 2 O.
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Ne w synthetic routes were devised for the preparation of diferrocenyl selenide (I) and diferrocenyl diselenide 
(II). The electrochemical and spectroscopic properties of these compounds and their corresponding mono- and di
cations are reported. The relatively large separation between the first and second oxidation potential of I and II 
(0.22, 0.14 V) compared with the corresponding methylene and ethylene bridged ferrocenes (0.17, 0.00 V) indi
cates that the selenium group, because of its polarizability, can effectively transmit the inductive effect of the fer- 
rocenyl substituent. Inasmuch as no intervalence transfer transition (near infrared) was observed for either the 
monocation of I or of II, these compounds are type I mixed-valence salts. This suggests that electron transfer, 
both thermal and optical, requires some delocalization via the bridging group. The relatively long C-Se bond and 
the resulting small resonance integral mitigate against any effective electron transfer in these cations.

Mixed valence compounds, which are composed of two 
identical or similar moieties in different oxidation states, 
play an important, role in biological, organic, and inorganic 
reactions. These compounds also exhibit interesting mag
netic, electronic, and optical properties which differ from 
those of similar species not containing paired moieties. 
Fe3C>4, a mixed valence compound of FeO and Fe203, has 
an electrical conductance 106 times greater than that of 
Fe2C>3. These phenomena have been explained as the result 
of delocalization between the sites in the mixed valence 
species. A mixing parameter a is defined and used to ex
press the extent of this delocalization.2 The ground state of 
the mixed valence compound can be expressed in terms of 
4>i, <t>j which are the wave functions of donor and acceptor 
moieties, and a. When a = 0, there is no interaction be
tween components.

f/Q =  x / l  — a 2 4>i +  acf>j

A totally delocalized mixed valence compound, obtained 
when a =  0.707, should possess a new set of properties. In
termediate cases may possess new properties besides the 
ones inherited from other progenitors. For example, an “ in
tervalence transfer” band28,3 in the near infrared at 1500- 
1900 nm has been found in monocations of biferrocenes in

via direct metal-metal interaction. It is often difficult to 
determine which mechanism is dominant in a particular 
case. By the propeT choice of model systems, one should be 
able to distinguish qualitatively as to which is the more im
portant mechanism for electron transfer in the ferrocene- 
ferrocenium system.

We have observed a near infrared transition for several 
mixed-valence bridged ferrocene molecules where the 
bridging group is in (C-zr) conjugation with the cyclopenta- 
dienyl rings (for example, the monocation of diferrocenyl- 
acetylene7).

However, to date there has been little work reported re
garding the effect of other bridging groups on electron 
transfer between ferrocene moieties and on the near in
frared transition. Selenium could serve as a transmitting 
bridge in biferrocenes. The relatively long Se-Se (2.29 A)4 
and C-Se (1.93 A) bonds might minimize the through space 
and even through ligand interaction in these selenium 
bridged biferrocenes.

It is the purpose of this paper to report the synthesis of 
diferrocenyl selenide (I), diferrocenyl diselenide (II), and 
their mono- and dications, and to examine the interaction 
between the two ferrocene moieties of the monocations of I 
and II.

Fe(II) Fe+(III) X -  Fe(II) Fe+(HI) X '

addition to ferrocene and ferrocenium absorptions in the 
uv and visible regions. A transition involving an electron 
transfer between two metallike e2g orbitals has been pro
posed to account for this transition.

[1A lg(e2g)4(aig)2]; ~  [2E2g(e2g)3(alg)2], - X

[2E 2g(e2gn a lgn  ~  [Alg(e2g)4(alg)2]; (1)

The mechanism of the intervalence transition still re
mains uncertain. The study of metallocenes, especially bi
ferrocenes, should enable one to learn more about this phe
nomenon, because small ligand and functional group 
changes can be designed and incorporated into such mole
cules conveniently and the resulting differences may be 
studied. The intervalence transfer may be accomplished in 
two different ways, through ligand and through space. The 
first takes place through a bridge or a “ single” bond, be
tween the ligands of two ferrocene units. The second occurs

Results and Discussion
Synthesis. We find that diferrocenyl selenide (I) can be 

prepared by direct coupling of chloromercuriferrocene and 
ferrocenyl selenocyanate in quantitative yields (eq 2). 
Compound I was first synthesized by Nesmeyanov and co
workers8 via the reaction of diferrocenylmercury and sele
nium dichloride in 21% yield (eq 3). Diferrocenyl diselenide

^ ( ^ H g C l  ^ Q ^ -S e C N  ^ - S e - ^ C y '

Fe +  Fe — *- Fe Fe (2)

^
I

100%

Fe Fe +  SeCl2 — Fe Fe (3)

I
21%
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Table I. Half Wave Potentials“ of Bridged Biferroeenes

Compd Solvent £ i/2 (1) E1/2 (2) AE1/2 Ref

Diferrocenyl selenide (I) 
Diferrocenyl diselenide (II) 
Diferrocenemethane (III) 
Diferrocenylethane (IV) 
[l.l]Ferrocenophane (V) 
Diferrocenylacetylene (VI) 
Ferrocenyl n-butylselenide (VI) 
Methylferrocene (VIII)

CH3CN
CH3CN

CH3CN (90% EtOH) 
CH3CN 

90% EtOH
CH2CI26
CH2CN
CH3CN

0.46 0.68 0.22 This work
0.53 0.67 0.14 This work
0.39 (0.30) 0.56 (0.40) 0.17 (0.10) 6,9
0.37 0.37 0 9
0.25 0.44 0.19 6
0.61 0.745 0.135 7
0.405 This work
0.305 c

a Volts vs. SCE. * n-Bu4NBF4 (0.2 M), otherwise Et4NC104 (0.1 M) for those which are unnoted. c Unpublished results: D. O. 
Cowan and C. LeVanda.

^ o / ~ Hscl
2 Fe +  Cu(SeCN).

Fe

■SeCN

< § >

<( 0 y r~ UgCl

4 Fe

II

38#

Fe +  Fe

54%

+ Cu(SeCN),

<( 0 ) ~ Se
Fe Fe +  Fe^ ^

I
45%

-SeCN 

Fe +  n-BuLi

trace

< ¡ 3 ^ '
Fe

VI
87%

(4)

(5)

Se-n-Bu

(6)

^ - H g C l  ^ - ^ 0 ;

Fe +  Cu(SeCN)2 — *■ Fe Fe (7>

— HgCl — Se—

(II) was obtained as a coproduct with ferrocenyl selenocy- 
anate in the reaction of copper(II) selenocyanate and chlo- 
romercuriferrocene in moderate yields (38%) (eq 4). When 
this reaction was carried out under an inert gas (N2, Ar) 
and under anhydrous conditions, a mixture of ferrocenyl 
selenide (I) and ferrocenyl selenocyanate was obtained (eq 
5). Ferrocenyl n-butylselenide (VI), a reference compound, 
was prepared by the reaction of n-butyllithium and ferro
cenyl selenocyanate (eq 6). Attempts to prepare bis(dicy- 
clopentadienyl selenide)diiron via the reaction shown in eq 
7 were not successful.

Figure 1.

Electrochemistry. The cyclovoltammograms of I and II 
are illustrated in Figure 1 and the results are summarized 
in Table I. As demonstrated by the cyclovoltammogram, 
both I and II undergo two reversible one-electron oxida
tions to their mono- and dications, respectively (eq 8).

II i=±  11+ <=± IP+ (g)

Peak separations were found to be close to 60 mV at 25 °C  
and peak ratios were found to be unity.

Acetonitrile solutions of 1+ and II+ were prepared by 
coulometric oxidation of I and II with 1.0 F/mol of current. 
The stability and identity of those monocations were con
firmed by cyclic voltammetry and polarography. Exhaus
tive oxidation in acetonitrile of I and II leads to decomposi
tion. The failure to obtain stable I2+ and II2+ in acetoni
trile solutions is probably due to a trace of moisture which 
is difficult to remove. However, “stable” solutions of I2+ 
and II2+ could be obtained by oxidation of I and II with 
precisely 2 F/mol in CH2CI2. Identity and stability of those 
dications were again demonstrated by cyclic voltammetry 
and polarography. The electrochemically generated solu
tions of the mono- and dications of I and II are stable 
enough to permit the recording of their absorption spectra 
under inert conditions.

It has been proposed by Watts et al.6 that in bridged bi- 
ferrocenes, their AE values (the differences between the 
first and second half wave potentials of biferroeenes) is an 
indication of the amount of electronic interaction between
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the two portions of the molecule. However, according to the 
recent report of Cowan and co-workers,7 diferrocenyl- 
acetylene monocation has a near infrared transition even 
though it has a rather small AE value (0.13 V). However, 
the differences between two oxidation potentials of a 
bridged diferrocene measured under similar conditions do 
give a reasonable measurement of the interaction between 
two ferrocene moieties in a given series of compounds. For 
example, the AE value of diferrocenemethane (III) in 90% 
EtOH is 0.1 V which increases to 0.19 V in the case of [1.1]- 
ferrocenophane (V) (Table I) owing to the additional

Fe Fe

[Ll]ferrocenophane (V)

bridge. When the bridge in diferrocenemethane is length
ened by one more CH2 group, the AE  for diferrocenyleth- 
ane is reduced to zero.

Diferrocenemethane (III) has a AE value of 0.17 V in ac
etonitrile which is less than that of diferrocenyl selenide (I) 
(AE = 0.22 V), suggesting less intramolecular interaction in
III. This interaction is further reduced to zero in diferro- 
ceneethane (IV) while its selenium analogue still has a AE 
value of 0.14 V. This finding suggests that the -C H 2-  group 
is a more insulating group than is selenium. Two methylene 
groups can essentially isolate the two ferrocene units in IV, 
eliminating both through space and through ligand interac
tions. It is known that the C-Se bond and and Se-Se bond 
are much longer than the C -C  bond, it is reasonable, there
fore, to believe that through space interaction is relatively 
unimportant in diferrocenyl diselenide (II) and diferro
cenyl selenide (I). Consequently, the increased interaction 
between the ferrocene moieties in diferrocenyl selenide and 
diferrocenyl diselenide vs. diferrocenemethane and diferro- 
ceneethane is most likely a through ligand inductive (a 
bond) effect which the more polarizable selenium transmits 
more efficiently.

Electronic Spectroscopy. The visible and near infrared 
spectra were measured for the monocations of I and II. No 
near infrared band was observed in either species. How
ever, the ferrocenium absorption10 of 2E2g -*• 2E2u at ~617  
nm was shifted to 860 (e 1350) and 840 nm (c 550) for the 
monocations of I and II, respectively, which is not inconsis
tent with the conclusion that the selenium moiety trans
mits the inductive effect more effectively than the ~CH2-  
group. Such a shift was also observed in the case of the
[l.l]ferrocenophane monocation (750 nm, e 3350),11 and a 
similar absorption was found in the monocation of n-butyl- 
ferrocenyl selenide at 910 nm, e 375. This is consistent with 
the proposed origin of the red shifted ligand-to-metal tran
sitions. The assignment of this ferrocenium transition of 
2E2g ► 2E2ll is further strengthened by the fact that in the 
dications of I and II, absorptions at 810 (e 1000) and 780 
nm (f 1000), for I2+ and II2+, respectively, were observed.

Conclusion
From the absence of an intervalence transfer transition 

(near infrared transition) for the monocations of diferro
cenyl selenide (I) and diferrocenyl diselenide (II), we con
clude that these two compounds are class I materials where 
the -S e - group, like the -C H 2-  group, does not act as an ef
fective bridge for electron transfer (a ~  0). However, based 
on the electrochemistry, we conclude that the -S e -  bridge 
does allow a larger inductive communication between the 
two ferrocene moieties than does the -C H 2-  bridge. This

conclusion is consistent with the red shift for the ligand- 
to-metal transition of the ferrocenium portion of the mono
cations. The lack of near infrared absorption for I+ and II+ 
plus the fact that diferrocenylacetylene has a small AE 
value yet possesses a near infrared transition strongly 
suggest that there is no correlation between intervalence 
transition and AE values.

Experimental Section
General. Melting points were measured on a Thomas-Hoover 

Uni-Melt apparatus or a Mel-Temp apparatus and are uncorrect
ed. Microanalyses were performed by the Galbraith Laboratories, 
Inc., Knoxville, Tenn. Infrared spectra were recorded with a Per- 
kin-Elmer 457 spectrometer. Ultraviolet, visible, and near infrared 
spectra were taken with a Cary 14 spectrophotometer. 1H NMR 
spectra were recorded on a JEOL MH 100 spectrometer. Mass 
spectra were taken on a Hitachi Perkin-Elmer RMU-6 mass spec
trometer.

Cyclic voltammograms were obtained with a PAR-175 universal 
programmer and a PAR-173 potentiostat using a standard three- 
electrode configuration. The working electrode, a platinum button 
(Beckman), and the reference, a saturated calomel electrode, were 
connected via a salt bridge containing EtiNClCL in CH3CN. All 
electrochemical measurements were performed under argon. The 
current function [ip/V 1/2C] was constant over a wide range of 
sweep rate (25-300 mV/s), and a 1:1 relationship for the anodic 
and cathodic peak currents was observed. These data indicate the 
electrochemical reversibility of the couples.

In preparative experiments, 0.05 mmol of the ferrocene com
pound was oxidized (0.1 M in electrolyte) using a platinum basket 
electrode in a cell holding 50-100 ml of solvent. The cations were 
generated by constant current oxidation.

Samples for absorption spectra were transferred under argon 
from the electrolysis cell through 2-mm Teflon tubing to a 1-cm 
quartz flow cell which has been previously rinsed with the electrol
ysis solution and then sealed.

Diferrocenyl Selenide (I). Method A. Ferrocenyl selenocyan- 
ate (29 mg, 0.1 mmol) and chloromercuriferrocene (43 mg, 0.1 
mmol) were refluxed in 15 ml of acetonitrile for 2 h. The reaction 
mixture showed no trace of starting materials on a TLC sheet (alu
mina, 1:1 benzene-heptane). This mixture was first filtered 
through neutral alumina. Upon drying and removal of the solvent, 
a residue was obtained. Alumina dry column separation with 1:1 
CH2Cl2-heptane developer yielded I (45 mg, 100%). Recrystalliza
tion from heptane yielded crystalline I with mp 161-162 °C.

Method B. Chloromercuiifetrocene (1.05 g, 2.5 mmol) was re
fluxed with freshly prepared Cu(SeCN)2 (0.62 mmol) in 50 ml of 
dry acetonitrile under Ar for 2 h. The reaction mixture was first 
filtered through neutral alumina. After drying over anhydrous 
MgSCh and removal of the solvent, a yellow residue was obtained. 
Separation with an alumina dry packed column developed with 
CH2CI2-heptane (1:1) yielded traces of ferrocenyl selenocyanate 
and diferrocenyl diselenide (II) along with the desired diferrocenyl 
selenide (I, 500 mg, 45% yield): mass spectrum (70 eV) rule (rel in
tensity) 452 (20), 451 (27), 450 (92) (M+ for C2oHi856Fe280Se), 449 
(15), 448 (57), 447 (20), 446 (24), 320 (25), 307 (20), 306 (100), 305 
(18), 305 (18), 304 (80), 302 (10), 249 (20), 225 (10) (M2+ for 
C20Hi856Fe80Se), 192 (18), 186 (28), 129 (18), 128 (15), 121 (24), 71 
(20), 57 (34), 56 (21); NMR (CDC13, Me4Si) a 4.05 (4 H, m), 4.1 (10 
H, s), 4.22 (4 H, m); ir (KBr) 3100 w, 1413 w, 1390 w, 1150 m, 1108 
m, 1000 m, 880 s, 820 s, 490 cm-1 s; uv (CH3CN) 224 nm (t 18 000), 
227 (18 500), 262 (10 000), 440 (400).

Ferrocenyl Selenocyanate and Diferrocenyl Diselenide 
(II). This preparation was in part derived from the procedure of 
Nefedov12 in his synthesis of ferrocenyl selenocyanate. Chloromer
curiferrocene (7 g, 16 mmol) was heated to reflux temperature with 
freshly prepared Cu(SeCN)2 (8 mmol) in 250 ml of dried acetoni
trile for 2 h. The reaction mixture was first filtered through neu
tral alumina. A yellow residue was obtained after removal of the 
solvent. This residue was placed on an alumina dry column and de
veloped with 1:1 CH2C12 and heptane. Two fractions were ob
tained: diferrocenyl diselenide (II, 1.61 g, 38% yield), mp 181-183 
°C, and ferrocenyl selenocyanate (1.51 g, 54% yield) with a lower 
Rf value (II): NMR (CDCI3) <5 4.2 (10 H, s), 4.28 (4 H, half of an 
A2B2 pattern, J = 1.8 Hz), 4.33 (4 H, another half of an A2B2 pat
tern, J = 1.8 Hz); ir (KBr) 3080 w, 1400 w, 1380 w, 1145 m, 1100 m, 
1040 w, 1010 m, 995 m, 875 m, 815 s, 500 cm-1 vs; mass spectrum 
(70 eV) m/e (rel intensity) 530 (15) (M+ of C2oHi8S6Fe80Se80Se),
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528 (15), 450 (24), 385 (10). 320 (22), 318 (15), 306 (29), 304 (31), 
267 (21), 266 (35), 265 (100), 264 (22), 263 (60), 262 (24), 186 (56), 
128 (62), 127 (36), 121 (45), 56 (55).

Anal. Calcd for C2oHi8Fe2Se2: C, 45.45; H, 3.41. Found: C, 45.55; 
H, 3.39.

n-Butylferrocenyl Selenide (VI). Ferrocenyl selenocyanate 
(291 mg, 1 mmol) stirred with 0.5 ml of re-butyllithium (2.2 M) in 
10 ml of dried re-heptane at room temperature in a Schlenck reac
tion tube under argon for 4 h. A clear yellow solution was obtained. 
A drop of water was added to decompose unreacted re-butyllithi- 
um. This solution was then extracted with ether and washed with 
water. After drying over anhydrous MgS04 and removal of the sol
vent, an orange-yellow oil was obtained. After alumina dry column 
purification (developed with 1:1 CH2CI2 and re-heptane), crude VI 
was obtained (280 mg, 87%). An analytical sample was obtained by 
further purification with high pressure liquid chromatography (po- 
rasil Cis column, 15:85 ethylene chloride in re-heptane): mass spec
trum (70 eV) m/e (rel intensity) 324 (14), 323 (13), 322 (75), 321
(8), 320 (41), 319 (15), 318 (17), 267 (21), 266 (19), 265 (100), 264 
(11), 263 (57), 262 (20), 261 (24), 186 (11), 129 (39), 1287(17), 121 
(23), 56 (20); NMR (CDCI3) 5 0.83 (3 H, t, J = 7 Hz), 1.4 (4 H, m),
2.5 (t, 2 H, J = 7 Hz), 4.1 (5 H, s), 4.1 (2 H, t, J = 2 Hz), 4.2 (2 H, t, 
J = 2 Hz); ir (CCI4, 0.1 cm ir tran) 3185 m, 2950 s, 2920 s, 2860 m, 
1760 vw, 1725 vw, 1590 vw, 1460 m, 1410 w, 1385 w, 1255 m, 1195 
w, 1150 m, 1100 m, 1020 s, and 1000 cm-1 m.

Anal. Calcd for C14Hi7FeSe: C, 52.33; H, 5.61. Found: C, 52.28; 
H, 5.58.
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The chloroform extract of Uvaria acuminata Oliv. has shown inhibitory activity against the P-388 lymphocytic 
leukemia test system of the National Cancer Institute. The major constituent of this extract was identified as the 
new 3'-benzyldihydrochalcone uvaretin, l-[2,4-dihydroxy-3-(2-hydroxybenzyl)-6-methoxyphenyl]-3-phenyl-l- 
propanone (C23H22O5). The structure was proven by x-ray crystallography and other methods.

As a result of the continuing search for plants having 
tumor-inhibiting constituents, the chloroform extract of the 
roots of Uvaria acuminata Oliv. (Annonaceae)17 was found 
to have inhibitory activity toward the P-388 (3PS) lympho
cytic leukemia test system.

Discussion
The major constituent of the chloroform extract of Uvaria 

acuminata Oliv. was found to be uvaretin, C23H 22O5. Uvare
tin, subsequently shown to be I, was found to undergo the 
Kostanecki reaction1 to give a 3-benzyl-2-methylchromone
(II) characteristic of 2'-hydroxydihydrochalcones (e.g., 
phloretin).2 In addition, the XH NM R spectrum of uvaretin 
shows the two 2-proton signals of an A2B2 pattern, centered 
at 2.90 and 3.33 ppm, expected for a |3-propiophenone moiety. 
This NM R spectrum also contains a signal (13.9 ppm) for 
an intramoleculariy hydrogen-bonded phenolic hydroxyl 
group.

Uvaretin (I) forms a monomethyl ether (III) with diazo
methane and a dimethyl ether (IV) with dimethyl sulfate, both 
of which still contain the internally bonded phenolic hydroxyl 
group.

Uvaretin (I) demonstrated an activity of 133%test/control 
(T/C) at 10 mg/kg in the 3PS system. The monomethyl ether
(III) of uvaretin showed an activity of 132% T /C  at 1 mg/kg

I,R  =  R' =  H 
IK, R =  H; R' =  Me 
IV, R =  R' =  Me

A c20 NaOAc
A

and the dimethyl ether (IV) demonstrated 144 and 141% T/C  
at 4 and 2 mg/kg, respectively. Activity in the 3PS system is 
defined as an increase in the survival of treated animals over 
that of controls resulting in a T /C  125%.3
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Table I. Fractional Coordinates and Estimated Standard 
Deviations

Atom x/a y/b z/c

01 -0.2725 (2) 0.2168 (4) 0.3601 (2)
02 -0.4210 (2) 0.1098 (4) 0.2912 (2)
03 -0.5740 (2) 0.1910 (4) -0.0145 (2)
04 -0.2845 (2) 0.4043 (4) 0.1179 (2)
05 -0.5681 (2) 0.1921 (4) 0.3197 (2)
Cl -0.0252 (3) 0.3633 (7) 0.3716 (3)
C2 0.0270 (3) 0.2417 (8) 0.3475 (3)
C3 0.1053 (4) 0.2995 (9) 0.3432 (4)
C4 0.1337 (3) 0.4675 (9) 0.3614 (4)
C5 0.0838 (4) 0.5832 (9) 0.3849 (4)
C6 0.0052 (3) 0.5290 (8) 0.3890 (3)
C7 -0.1111 (3) 0.3110 (7) 0.3776 (3)
C8 -0.1845 (3) 0.3360 (6) 0.2877 (3)
C9 -0.2698 (2) 0.2680 (5) 0.2871 (2)
CIO -0.2825 (3) 0.4505 (7) 0.0329 (3)
Cl' -0.3479 (2) 0.2579 (5) 0.2069 (2)
C2' -0.4229 (2) 0.1730 (5) 0.2112 (2)
C3' -0.4986 (2) 0.1494 (5) 0.1388 (2)
C4' -0.5002 (2) 0.2137 (5) 0.0576 (2)
C5' -0.4295 (2) 0.3000 (5) 0.0487 (2)
C6' -0.3548 (2) 0.3206 (5) 0.1223 (2)
C7' -0.5734 (3) 0.0461 (5) 0.1472 (2)
C l" -0.6459 (2) 0.1494 (5) 0.1609 (2)
C2" -0.6409 (2) 0.2125 (5) 0.2438 (2)
C3" -0.7099 (2) 0.2988 (6) 0.2544 (2)
C4" -0.7863 (3) 0.3238 (6) 0.1815 (3)
C5" -0.7929 (3) 0.2620 (7) 0.0985 (3)
C6" -0.7233 (3) 0.1751 (6) 0.0895 (3)
HC2 0.009 (2) 0.119 (5) 0.334 (2)
HC3 0.140 (2) 0.217 (5) 0.317 (2)
HC4 0.197 (2) 0.521 (5) 0.363 (2)
HC5 0.101 (2) 0.714 (5) 0.400 (2)
HC6 -0.026 (2) 0.613 (5) 0.408 (2)
H1C7 -0.124 (2) 0.380 (5) 0.430 (2)
H2C7 -0.103 (2) 0.191 (5) 0.403 (2)
H1C8 -0.167 (2) 0.285 (5) 0.240 (2)
H2C8 -0.188 (2) 0.454 (5) 0.270 (2)
HlClO -0.295 (3) 0.336 (6) -0.005 (3)
H2C10 -0.336 (3) 0.518 (6) -0.003 (3)
H3C10 -0.226 (3) 0.506 (6) 0.043 (3)
HC5' -0.434 (2) 0.341 (5) -0.014 (2)
H1C7' -0.547 (2) -0.034 (5) 0.195 (2)
H2C7' -0.603 (2) -0.033 (5) 0.088 (2)
HC3" -0.702 (2) 0.335 (5) 0.318 (2)
HC4" -0.836 (2) 0.377 (5) 0.192 (2)
HC5" -0.849 (2) 0.281 (5) 0.044 (2)
HC6" -0.726 (2) 0.131 (5) 0.029 (2)
H02 -0.365 (2) 0.146 (5) 0.339 (2)
H03 -0.564 (2) 0.226 (5) -0.063 (2)
H04 -0.519 (2) 0.159 (5) 0.308 (2)

The structure of uvaretin was determined to be I by x-ray 
crystallography. Fractional coordinates are given in Table I, 
and bond distances and angles in Figure 1. The average esti
mated standard deviations for C-C, C = 0 ,  C -0  distances are
0.006, 0.005, and 0.005 A, respectively, and for angles, 0.3°. 
The weighted average of C -C  bond lengths in aromatic rings 
(C1-C 6, C l'-C 6', CV-C 6") are 1.383 ±  0.006,1.394 ±  0.006, 
and 1.387 ±  0.006 A, which differ slightly from the value 1.393 
A observed in crystalline benzene.4 The average internal angle 
in the benzene rings is 120.0°. The distances between oxygens 
partaking in intramolecular hydrogen bonds (dashed lines) 
are 2.441 (0 1 -0 2 ) and 2.703 (0 2 -0 5 ) A. The C -C -C  angles 
about tetrahedral carbons C7 and C8 are slightly larger than 
the tetrahedral angle, while that about C7' is enlarged to 
116.4°.5

The molecular conformation is shown in Figure 2.6 It is 
partially governed by the intramolecular hydrogen bonds

shown as dashed lines; e.g., the torsion angle 01-C 9-C 1 '-C 2 ' 
is 6.7°. The C T -C 9-C 8-C 7 angle is 172.2°, C 9-C8-C7-C 1 is 
173.8°, and C l0 -O 4-C 6 '-C 5 ' is 9.3° .7 The remaining three 
carbon-carbon single bonds are of the type Aryl-CHvZ; the 
two of these influenced by the 0 2 -0 5  hydrogen bond have 
torsion angles <j> of 81.5 (C 2 "-C l"-C 7 '-C 3 ')  and 87.2° (C l '-

Z

C 7'-C 3'-C 4'), and the third 0 is 89.1° (C8-C7-C1-C2). In 
these three cases 0 is 80-90°, but this is not generally true, 
since in kavain it is 18.5°,8 in dihydrokavain 6.5°,9 in dibenzyl 
71.6°,10 and in 4,4'-dimethyldibenzyl 72.6°.11

The molecular packing, shown in Figure 3, is partially 
controlled by the intermolecular hydrogen bond between 0 3  
and 0 5  (2.845 A, dotted line). These bonds create infinite 
chains of molecules in the c direction. Other intermolecular 
distances less than 3.5 A are 01 -C 10 (3.118 A), 0 2 -C 2"  (3.345
A), 0 5 -C 6 ' (3.401 A), and 0 2 -0 3 "  (3.480 A).

Experimental Section19
Extraction Procedure. The roots (dried and ground, 1.58 kg) of 

Uuaria acum inata  were extracted exhaustively in a Lloyd-type ex
tractor with petroleum ether (bp 30-60 °C). After removal of the 
solvent, the petroleum ether extraction residue weighed 4.8 g. The 
marc was then extracted in a like fashion with ethanol. The solvent 
from the ethanol extract was removed in air to provide 42.7 g of resi
due. The latter was partitioned between chloroform and water (1:1) 
and, after the layers had been separated, the chloroform was removed 
in air and the water lyophilized. The former yielded 22.8 g of residue 
and the latter 20.0 g.

Isolation of Uvaretin (I). The residue from the chloroform phase 
(above, 6.3 g) was chromatographed over silica gel 60 (900 g, 40 X 1800 
mm), eluting with dichloromethane, benzene, and ethyl acetate, 3:6:1, 
respectively. Those fractions containing the major component based 
upon thin layer chromatography were combined to yield 2.24 g of an 
oily material, largely uvaretin. Solidification was effected with carbon 
tetrachloride/acetone giving 0.9 g o f purified uvaretin. Recrystalli
zation from acetonitrile gave pure material as colorless platelets, mp
162-163 °C. The infrared [(KBr) 3300,1625, and 1590 cm-1], ultra
violet [(EtOH) \max 330 nm (log e 4.48), 284 (sh) (4.11), and 254 (sh) 
(3.82)], *H NM R [(acetone-dg) 5 2.90 and 3.33 (each 2 H, A 2 B 2 pat
tern), 3.83 (3 H, s), 4.25 (2 H, s), 6.20 (1 H, s), 6.9 (4 H, m), 7.23 (5 H, 
s), 8.8 (2 H, br), and 13.9 (1 H, s)[, and mass [m/e 378 (M + base), 273, 
246,179,167,140,107, and 91] spectra were in accord with structure
I.

Anal. Calcd for C^H^Os: C, 73.00; H, 5.85. Found: C, 72.90; H, 5.88.
Kostanecki Reaction Product II. Uvaretin (100 mg) was treated 

with fused sodium acetate (0.2 g) and acetic anhydride (2 ml) under 
the usual Kostanecki conditions.12 Following workup, the crude oily 
product (100 mg) was passed through an alumina (activity grade II) 
column and crystallized from ethyl acetate. Two recrystallizations 
from ethyl acetate/methanol gave pure material (22 mg) as colorless, 
tiny cubes, mp 256-259 °C. The alumina treatment appears to have 
removed the acetate moiety from C-2". The infrared ¡(KBr) 3070, 
1760, 1640, 1560, and 1200 cm -1], ultraviolet [(EtOH) Amax 312 nm 
(log e 3.75), 295 (3.77), 262 (4.30), 253 (3.27), and 237 (3.34)], JH NMR 
[(pyridine-ds) S 2.10 (3 H, s), 2.33 (3 H, s), 3.72 (3 H, s), 3.90 (2 H, s),
4.31 (2 H, s), 6.66 (1 H, s), 7.0 (4 H, m), and 7.2 (5 H, s)|, and mass [m/e 
444 (M +), 402, 384, 207, 149,129,128,107, and 91 (base)] spectra were 
in accord with structure II.

Anal. Calcd for CsvHsiOg-HzO: C, 70.11; H, 5.66. Found: C, 70.24; 
H, 5.39.

Uvaretin Monomethyl Ether (III). Uvaretin (110 mg) in dry
dioxane (20 ml) was treated in the usual manner13 with diazomethane, 
generated from iV-methyl-lV'-nitro-lV-mtrosoguanidine (Aldrich, 1 
g). After 2 h reaction at room temperature, workup afforded 100 mg 
o f uvaretin monomethyl ether, which was recrystallized from ethyl 
acetate to colorless platelets, mp 138-139 °C. Uvaretin monomethyl 
ether prepared in this way had infrared [(CHCI3) 3380,1610, and 1590 
cm -1], ultraviolet [(EtOH) Amax 290 nm (log «4.40)], [H NM R [(ace- 
tone-d6) S 3.0 and 3.3 (each 2 H, A 2B 2  pattern), 3.90 (8 H, s), 6.26 (1
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Figure 2. Stereoscopic view of uvaretin (I). Hydrogen atoms are shown as spheres and other atoms as 50% probability ellipsoids.

Figure 3. Stereoscopic view of a unit cell, b axis projection, with the a axis vertical.

H, s), 6.9 (4 H, m), 7.20 (5 H, s), 7.9 (1 H, br), and 14.5 (1 H, a)], and 
mass \mje 392 (M +), 287, 260, 193, 181, 154, 107, 91 (base), and 87] 
spectra in accord with structure III.

Anal. Calcd for C2 4 H 2 4O5 : C, 73.45; H, 6.16. Found: C, 73.07; H, 6.27.
Uvaretin Dimethyl Ether (IV). Uvaretin (200 mg) was methyl

ated with sodium hydroxide (0.5 g) and dimethyl sulfate (1.2 g) in the 
usual way. 14 After workup, the crude semisolid product (170 mg) was 
recrystallized twice from hexane/benzene to provide pure material 
as colorless, tiny needles, mp 122-123 °C. The uvaretin dimethyl ether 
prepared in this way had infrared [(CHCU) 3400, 1610, and 1590 
cm “ 1], ultraviolet [(EtOH) Xmax 291 nm (log t 4.40)], 4H NM R 
[(CDCI3 ) 3.0 and 3.3 (each 2 H, A2 B , pattern), 3.75 (3 H, s), 3.81 ( 6  H, 
s), 3.91 (2 H, s), 5.96 (1 H, s), 6 . 8  (4 H, m), 7.20 (5 H, s), and 13.9 (1 H, 
s)j, and mass [m/e 406 (M +), 301, 274, 193, 181, 166, 121 (base), 91,. 
77, and 65] spectra in accord with structure IV.

Anal. Calcd for CUsH^Or,: C, 73.87; H, 6.44. Found: C, 74.27; H, 6.44.
Crystallographic Study of Uvaretin (I). Colorless crystals were 

grown from chloroform/benzene. A needle 0.2 X 0.2 X 0.4 mm was 
mounted with the b axis parallel to the goniostat <j> axis. The space 
group was determined by film methods to be P 2i/c. The cell param
eters were found using eight reflections on a Picker-FACS-I diffrac
tometer (Cu Ka, X = 1.54178 A, graphite monochromator) to be a = 
16.499 (6 ), b = 7.723 (2 ), c = 16.055 (6 ) A, and ¡3 = 1 1 1 .1 1 ° ( 1 ). The 
crystal density was measured by flotation as 1.316 g/ml, agreeing well 
with a calculated density o f 1.317 g/ml assuming four molecules in the

unit cell. Intensity data were collected up to 28 = 120° using a scin
tillation counter with pulse-height analyzer, 8-28 scan technique, 
2 ° /min scan rate, 1 0 -s background counts, attenuators when the count 
rate exceeded 1 0 4  counts/s, and 2 ° scan range with a dispersion factor 
allowing for « 1- 0 :2  splitting at large 28 values. O f 2676 independent 
reflections measured, 2343 >  3<x(I) were considered observed. Three 
standard reflections were monitored every 50 measurements to check 
the crystal alignment and the stability; no decrease in the intensity 
of standards was observed. Lorentz and polarization corrections were 
applied to the data, but no correction was made for absorption.

Phases for reflections with normalized structure factor E  >  1.5 were 
generated using the direct method program of Long . 1 5  Although 
normally the solution with highest consistency index and least number 
of cycles is correct, in the present case the correct solution was third 
highest in consistency index and second lowest in number o f cycles. 
All nonhydrogen atoms were located on an E map using calculated 
phases as coefficients. Full matrix least-squares refinement in which 
positional and isotropic thermal parameters were varied reduced R 
to 0.122. Two more cycles of least-squares refinement using aniso
tropic thermal parameters reduced R to 0.087. A difference map at 
this stage revealed all the hydrogen atoms. One more cycle of least- 
squares refinement using anisotropic temperature factors for 
nonhydrogen atoms and isotropic temperature factors (o f nonhy
drogen atoms to which they were attached) for hydrogen atoms re
duced R to 0.060. The refinement was terminated at this stage since
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the ratios of shifts in parameters to estimated standard deviations 
were all less than 0.2. The refinement was based on F a, the quantity 
minimized being 2 w (F 0 — F c)2. Unit weights were used. The scat
tering factors used were those of Hanson, Herman, Lea, and Skill- 
man.16
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As a result o f the continuing search for plants having tumor-inhibiting constituents, the chloroform extract o f the 
roots of J atropha m acrorhiza Benth. (Euphorbiaceae ) 2  was found to possess inhibitory activity toward the P-388 
(3PS) lymphocytic leukemia test system.

Discussion
One constituent of the chloroform extract of Jatropha 

macrorhiza Benth. roots is the new diterpene jatrophatrione, 
C20H 26O3, subsequently shown to be I. The initial spectral 
data (ir, uv, XH NMR) of jatrophatrione immediately led to 
the conclusion that jatrophatrione was structurally related 
to jatrophone (II, C 2 0 H 2 4 O 3 ), previously isolated from Ja
tropha gossypiifoliaJ Specifically, the partial structure A 
appeared to be a common feature of the two diterpenes. Table 
I shows the nearly identical spectral data for jatrophatrione
(I) and jatrophone (II) generated by partial structure A.

A
Assuming a close biogenetic and structural relationship to 

jatrophone (II), the rest of the constitution of jatrophatrione
(I) was deduced. The two double bonds in partial structure 
A accounted for all of the vinylic carbon atoms (13C NMR), 
and with two more carbonyl groups (ir, 13C NMR) there had 
to be one more ring. That the latter is five membered could 
be seen in the infrared spectrum at 1746 cm-1 (cyclopenta-

none) and a quaternary methyl group in the JH NM R spec
trum (8 1.47) dictated that the closure of this ring be as shown 
in partial structure B. The downfield position of this angular

methyl group suggested that it is flanked by both remaining 
carbonyl groups, as in structure I. Scheme I shows how the 
tricyclic structures I (jatrophatrione) and II (jatrophone) may 
be derived in nature from bicyclic precursor III; steps to this 
precursor from geranylgeranyl pyrophosphate via casbene 
oxidation product IV are readily imagined (cf. ref 5).

An x-ray study on jatrophatrione (I) confirmed the pro
posed constitution and showed the relative configurations to 
be as depicted. The absolute configuration was not determined 
crystallographically but is based on the assumption that ja
trophatrione (I) and jatrophone (II) possess the same con
figuration at C2.4 Bond distances are given in Table II and 
bond angles in Table III.
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Figure 1. Stereoscopic view o f jatrophatrione (I).

Table I. A Comparison of Some Spectral Data for 
Jatrophatrione and Jatrophone

Jatrophatrione Jatrophone

Ir 1690 cm" 1 1690 cm“ 1
Uv 280 nm 285 nm
'H NMR Vinyl protons & 5.82, 6.08 5 5.86, 6.04

Vinyl methyl 5 1.93 £ 1.83

Table I I.  Intramolecular Bond Distances, with 
Estimated Standard Deviations in Parentheses

Figure 2. Stereoscopic view of a unit cell, a axis projection, with 
the c axis vertical and the b axis horizontal.

Scheme I. Possible Biological R oute to  Jatrophatrione (I) 
and Jatrophone (II) from  Bicyclic Precursor III

The molecular conformation is depicted in Figure 1. The 
most striking feature is the lack of conjugation between the 
diene system and the C 7 -03  carbonyl group: torsion angle 
C5- -C 6-C 7-03 is 61.0°. Apparently nonbonded steric inter
actions and angle strain cause conformations which would 
provide better overlap between these 7r systems to be of higher 
energy. A similar torsion angle is observed between the cor
responding groups in jatrophone (II).6 The conjugated diene 
system in I is approximately transoid with a twist of 15.5° from 
coplanarity, based on the C3-C4-C5-C6 torsion angle. Torsion

Bond Distance, A

01-C14 1.200 (6)
02-C12 1.200 (7)
03-C7 1.226 (7)
C1-C2 1.499 (9)
C1-C15 1.557 (7)
C2-C3 1.476 (8)
C2-C16 1.547 (11)
C3-C4 1.319 (7)
C4-C5 1.474 (7)
C4-C15 1.524 (7)
C5-C6 1.327 (8)
C6-C7 1.503 (9)
C6-C17 1.510 (8)
C7-C8 1.504 (8)
C8-C9 1.514 (7)
C9-C10 1.563 (8)
C9-C13 1.560 (7)
C10-C11 1.529 (8)
C10-C18 1.496 (10)
C10-C19 1.541 (11)
C11-C12 1.460 (8)
C12-C13 1.535 (8)
C13-C14 1.540 (8)
C13-C20 1.564 (8)
C14-C15 1.523 (7)

1 the rings (Table IV) show a nearly planar A
ring, an irregularly puckered B ring, and an envelope confor
mation7 with CIO at the point for the C ring. Figure 2 shows 
the molecular packing in the crystal.

Jatrophatrione (I) demonstrated activities of 130% test/ 
control (T/C) and 141% T/'C at 1 and 0.5 mg/kg, respectively, 
in the 3PS system. Activity in the 3PS is defined as an increase 
in the survival of treated animals over that of controls re
sulting in a T /C  >  125%.8

Jatrophatrione (I) is thus active, even though it lacks the 
C8-C9 double bond to which thiols add nucleophilically in 
jatrophone (II).9 An alternative conjugate addition at C3 or 
C5 is rendered unlikely in view of the lack of conjugation be
tween the diene system and the attached carbonyl group (see 
above); indeed, under conditions under which n -propyl 
mercaptan adds in good yield to the C8-C9 double bond of 
jatrophone (II),9 «-butyl mercaptan does not react appre
ciably with jatrophatrione (I). Possibly the activity of I is due 
to its ability to undergo reverse Michael addition to give III, 
which can undergo addition similar to that of II.

Experimental Section3
Extraction Procedure. The fresh ground roots (200 lb) o f Ja- 

tropha macrorhiza were extracted exhaustively in a Lloyd-type ex
tractor with ethanol. The solvent from the ethanol extract was re
moved in air and the residue partitioned between chloroform and 
water (1:1). After the layers had been separated, the chloroform was 
removed in air and this resulted in 130.3 g of residue.

Isolation o f Jatrophatrione (I). The residue from the chloroform 
phase (above, 100 g) was stirred vigorously with ether (1.41.) and fil
tered. This provided 7 g of ether-insoluble residue, and after removal 
o f the solvent in vacuo, 92 g of ether-soluble material. The ether- 
soluble fraction (50 g) was then chromatographed over silica gel 60 
(E. Merck, 850 g, 55 X 840 mm). Elution of the column was begun with 
benzene and continued with increasing amounts o f chloroform in
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Table I I I .  Bond Angles with Estimated Standard 
Deviations in Parentheses

A to m s A n g le , d e g

C 2 - C 1 - C 1 5 1 0 8 .3  (5 )
C 1 - C 2 - C 3 1 0 4 .2  (5 )
C 1 - C 2 - C 1 6 1 1 3 .9  (5 )
C 3 - C 2 - C 1 6 1 1 2 .7  (5 )
C 2 - C 3 - C 4 1 1 3 .6  (4 )
C 3 - C 4 - C 5 1 2 4 .0  (4 )
C 3 - C 4 - C 1 5 1 1 1 .8  (4 )
C 5 - C 4 - C 1 5 1 2 4 .0  (4 )
C 4 - C 5 - C 6 1 3 0 .6  (4 )
C 5 - C 6 - C 7 123 .1  (5 )
C 5 - C 6 - C 1 7 1 2 2 .5  (4 )
C 7 - C 6 - C 1 7 1 1 4 .3  (4 )
C 6 - C 7 - C 8 118 .1  (5 )
C 6 - C 7 - 0 3 1 1 9 .6  (4 )
C 8 - C 7 - 0 3 1 2 2 .4  (4 )
C 7 - C 8 - C 9 1 1 1 .8  (4 )
C 8 - C 9 - C 1 0 1 1 4 .9  (4 )
C 8 - C 9 - C 1 3 1 1 6 .5  (4 )
C 1 Q -C 9 -C 1 3 1 0 5 .5  (4 )
C 9 -C 1 0 -C 1 1 10 1 .9  (5 )
C 9 - C 1 0 - C 1 8 1 0 9 .9  (5 )
C 9 - C 1 0 - C 1 9 1 1 3 .1  (5 )
C 1 1 - C 1 0 - C 1 8 1 1 2 .5  (6 )
C 1 1 - C 1 0 - C 1 9 1 1 1 .7  (5 )
C 1 0 - C 1 1 - C 1 2 1 0 6 .9  (5 )
C 1 1 - C 1 2 - C 1 3 1 1 0 .0  (4 )
C 1 1 - C 1 2 - 0 2 12 8 .3  (5 )
C 1 3 - C 1 2 - 0 2 1 2 1 .7  (4 )
C 1 2 - C 1 3 - C 1 4 10 9 .1  (4 )
C 1 2 - C 1 3 - C 2 0 1 0 6 .7  (4 )
C 1 4 - C 1 3 - C 2 0 11 0 .3  (4 )
C 1 2 - C 1 3 - C 9 10 3 .5  (4 )
C 1 4 - C 1 3 - C 9 1 0 9 .0  (4 )
C 2 0 - C 1 3 - C 9 11 7 .7  (4 )
C 1 3 - C 1 4 - C 1 5 1 2 1 .4  (4 )
C 1 3 - C 1 4 - 0 1 1 1 8 .2  (4 )
C 1 5 - C 1 4 - 0 1 12 0 .3  (4 )
C 1 4 - C 1 5 - C 1 1 1 0 .5  (4 )
C 1 4 - C 1 5 - C 4 1 1 1 .6  (4 )
C 1 - C 1 5 - C 4 1 0 1 .6  (4 )

Table IV . Torsion Angles in the Rings of Jatrophatrione
(I)

A to m s A n g le , d e g

C 1 - C 2 - C 3 - C 4 5.3
C 2 - C 3 - C 4 - C 1 5 - 1 . 7

R in g  A  C 3 - C 4 - C 1 5 - C 1 - 2 . 4
C 4 - C 1 5 - C 1 - C 2 5 .5
C 1 5 - C 1 - C 2 - C 3 - 6 . 5

C 4 - C 5 - C 6 - C 7 9 .5
C 5 - C 6 - C 7 - C 8 - 1 2 0 .8
C 6 - C 7 - C 8 - C 9 6 1 .2
C 7 - C 8 - C 9 - C 1 3 6 2 .0

R in g  B  C 8 - C 9 - C 1 3 - C 1 4 - 9 3 . 6
C 9 - C 1 3 - C 1 4 - C 1 5 9 6 .0
C 1 3 - C 1 4 - C 1 5 - C 4 - 1 2 1 .1
C 1 4 - C 1 5 - C 4 - C 5 54 .7
C 1 5 - C 4 - C 5 - C 6 21 .2

C 9 - C 1 0 - C 1 1 - C 1 2 3 3 .6
C 1 0 - C 1 1 - C 1 2 - C 1 3 - 2 1 . 1

R in g  C  C 1 1 - C 1 2 - C 1 3 - C 9 - 0 . 7
C 1 2 - C 1 3 - C 9 - C 1 0 21 .6
C 1 3 - C 9 - C 1 0 - C 1 1 - 3 3 . 7

ben zen e . E lu t io n  w ith  100%  c h lo ro fo rm  p ro d u c e d  a  sem icry sta llin e  
fraction  (7 .0 g) w h ich  was recrystallized  from  eth er-h exa n e . T h is  gave 
ja tro p h a tr io n e  (I, 450 m g) a n d  a n oth er  recry sta lliza tion  resu lted  in  
p u re  m ateria l as co lo r le ss  spears, m p  1 4 8 -1 5 0  ° C  (starts  to  sw eat at 
137 ° C ) . J a tro p h a tr io n e  (I ) is o p t ica lly  a ct ive , [a ]25D - 1 8 7 °  (c  0.2 ,

CHCU). The infrared [(CHCI3 ) 1746, 1690, 1640, and 1632 cm -1], 
ultraviolet [(EtOH), Amas 280 (log c 3.49), 244 (shoulder, 3.95), and 
223 nm (4.04)], !H  N M R [(CDC13) 5 0.91 (3 H, s), 1.11 (3 H, d, J  = 7 
Hz), 1.23 (3 H, s), 1.47 (3 H, s), 1.93 (3 H, br s), 2.2-3.0 (8 H, complex),
4.08 (1 H, br t, J  = 7 Hz), 5.82 (1 H, m), and 6.08 (1 H, m)], 13C NMR 
[(CDCI3 ) 513.0 (q), 19.2 (2 carbons, both q), 21.6 (q), 25.6 (q), 34.1 (t),
34.5 (t), 35.2 (s), 36.6 (d), 46.8 (d), 47.2 (d), 51.0 (t), 59.1 (s), 116.7 (d)
124.5 (s), 126.8 (s), 131.8 (d), 193.8 (s), 196.2 (s) and 198.8 (s)], and 
mass [m/e 314 (M +), 286, 256,162 (base), 147,120,105,91,79,69, and 
55} spectra were in complete agreement with structure I.

Anal. Calcd for C2 0 H 2 6 O3 : C, 76.40; H, 8.33. Found: C, 76.49; H, 8.53.
Crystallographic Study o f Jatrophatrione (I). Colorless crystals 

o f I were grown from ether-petroleum ether. A needle 0.1 X 0.2 X 1.2 
mm was mounted with the a axis parallel to the goniostat <t> axis. The 
space group was found to be P2j2i2] by a combination o f film and 
counter methods. The cell lengths were found using nine reflections 
on a Picker FACS-I diffractometer (Cu Ka, X = 1.54178 A, graphite 
monochromator) to be a = 6.731 (2), b =  11.149 (4), c = 24.188 (9) A. 
The crystal density was measured by flotation in aqueous KI as 1.13 
g/ml, in agreement with a calculated density o f 1.15 g/m l assuming 
four molecules in the unit cell. Intensity data were collected using a 
scintillation counter with pulse-height analyzer, 8-28 scan technique, 
2°/min scan rate, 10-s background counts, attenuators when the count 
rate exceeded 104 counts/s, and 2° scan range with a dispersion factor 
allowing for 1x1 - 0 2  splitting at large 28 values. Of 1644 independent 
reflections measured, 1267 >  3<r(l) were considered observed. No 
decrease in intensity o f standard reflections was observed, and no 
correction was made for absorption.

The structure was solved using M ULTAN.10 All nonhydrogen atoms 
were located on the first E  map. Full-matrix least-squares refinement 
with isotropic thermal parameters reduced R = [Xw(F0 — |F<])2/  
2 u)F02]i/2 to 0.128, and with anisotropic, to 0.096. A difference map 
revealed all o f the hydrogen positions. Further refinement using an
isotropic temperature factors for nonhydrogen atoms and isotropic 
temperature factors (of nonhydrogen atoms to which they were at
tached) for hydrogens reduced R to its final value of 0.048. Refinement 
was based on F a, the quantity minimized being Eo>(F0 — |Ftj)2, with 
unit weights. The scattering factors used were those of Hanson, 
Herman, Lea, and Skillman.11
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A combination of spectral data and chemical degradation has established the structure of sparsomycin to be that 
shown ini.

The isolation of the antibiotic sparsomycin (1) was re
ported some years ago by Argoudelis and Herr,2 and a pre
liminary report discussing its structure has also been pub
lished.3 The present publication presents in detail the evi-

CH2OH

V
•C-H
I 0

II
CHjSCHsSCE,

(1)

dence for the previously proposed structure (1) and discusses 
further the chemistry of sparsomycin.

The molecular formula for 1 suggested by Argoudelis and 
Herr was Ci3H i9_2j.N306S2. This suggestion was based on 
analytical data on material which was subsequently found to 
be a hydrate. Sparsomycin dried under high vacuum at room 
temperature for 48 h or more loses 80-90% of its water content. 
Analyses done on material dried in this way correspond to the 
molecular formula C13H 19N 3O5S2. The presence of two CH3C 
groups was reported, again based on analysis, and acetyl and 
methoxyl groups were found to be absent. However, subse
quent analyses showed the presence of only one CH3C group 
although the NM R spectrum of sparsomycin showed the 
presence of a second methyl group. Titration indicated the 
presence of a weakly acidic proton.

Oxidation of sparsomycin with aqueous potassium per
manganate led to only one product (2a) which was an acid 
having a molecular formula, shown by analysis and mass 
spectrometry, of C6H6N 2O4. The composition and the uv

2a, R =  COOH
H COOH

b, R== / C = C ^
H

c, R =  CH2CH2COOH
0  CH,OH
II V '

d, R =  CH2CH2CNH"C"H

A
ch3

spectrum, which had a single strong maximum at 267 nm 
shifting to 288 nm with base, suggested a substituted uracil. 
Indications of the presence of a carboxyl group in the product 
by its solubility in weak base and the presence of a methyl 
group shown by its NM R spectrum first led to the view that 
the acid was 5-methylorotic acid. Such a consideration was 
also logical on biogenetic grounds. However, a direct com
parison of 2a with 5-methylorotic acid established that they 
differed. In such case the isomeric structure 2a seemed the 
most likely one. Synthesis of 2a by the route shown in eq 1 and 
comparison of the physical properties of the synthetic com
pound with those of the acid derived from sparsomycin 
showed that they were identical.

Mild acid hydrolysis of sparsomycin led to three products.

Cooling the reaction mixture gave a crystalline product (2b) 
having the molecular formula CgHgN^CL. Analytical data were 
consistent with such a formula, but the mass spectrum did not 
give a molecular ion of 196 as required but gave an m /e  of 152. 
Since titration indicated the presence of a carboxyl group, 2b 
was converted to a methyl ester which gave the mass spectrum 
molecular weight expected for the methyl ester of a CgHg^CL 
acid. The compound 2b differs from 2a by the elements of 
C H =C H , and its NM R spectrum has a doublet of doublets 
centered at & 7.25 (J  =  16 Hz) which would be indicative of a 
trans vinyl system. These data point to a structure represented 
by the expression 2b. Synthesis of 2b by the route shown in 
eq 2 and comparison of the product with that derived from

Ph3P=CHCOOC2Hs

COOC2H5

'H
1. OH”, H20

2. H+, H20
(2)

sparsomycin using various physical properties (TLC, ir, uv, 
NM R, etc.) showed that the two were the same. Alkaline hy
drolysis of sparsomycin also formed 2b. A second product of 
the acid hydrolysis was isolated only as its diacetyl derivative. 
Analyses and mass spectra indicated a molecular formula of 
C7H 13NSO3. Its NMR spectrum showed that it contained two 
acetyl groups, and the ir spectrum suggested the presence of 
an acetate and an acetyl derivative of a primary amine. The 
NM R spectrum of the acetyl derivative and subsequently 
discussed degradative studies suggested that the compound 
formed from sparsomycin contained a three-carbon chain with 
each carbon being substituted by one of the elements, nitro
gen, oxygen, or sulfur. Cysteinol (6) would be such a com
pound. The triacetyl derivative of L-cysteinol was reported

HSCH2CHCH,OH
I

n h 2
6

by Enz and Cecchinato4 to have been prepared by reduction 
of cysteine ethyl ester followed by acetylation. If the product 
isolated from sparsomycin is a derivative of either D- or L-
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cysteinol, it would be expected to give a triacetyl derivative 
as was reported previously. However, as the only evidence 
presented by Enz and Cecchinato for triacetylation was 
analysis, and since their product gave the same melting point 
as the compound reported here, it may be that a diacetyl de
rivative was the one actually prepared previously. In any case 
it is probable that cysteinol is formed by acid hydrolysis of 
sparsomycin. The third product was formaldehyde which was 
identified as its 2,4-dinitrophenylhydrazone.

Treatment of sparsomycin with Raney nickel in boiling 
ethanol in order to bring about desulfurization gave two 
products, a gas and a solid (2d). The gaseous product was 
shown by its ir spectrum to be methane which was formed in 
the ratio of 2 mol to 1 mol of starting material. The high-res- 
olution mass spectrum of the solid product indicated its mo
lecular formula to be C11H 17N 3O4 although it was not obtained 
sufficiently pure to give good analytical values. Alkaline hy
drolysis of 2d followed by acidification formed an acid (2c) 
which had the molecular formula C8H 10N 2O4. In addition to 
2c the hydrolyzed material formed a second product which 
was isolated only as its tribenzoyl derivative (8a). That 8a 
contained three benzoyl residues was shown by its mass 
spectrum. When the alkaline hydrolysate was neutralized 
followed by periodate oxidation, the products were acetal
dehyde and ammonia (eq 3). The former was isolated and

Raney Ni , 1. OH“, H,0
1  — *■ 2d — -  —  »• 2c +

[H] 2. H+, H20

c h 3c h c h 2o h

n H2 

7

c a c o c i  (3)
pyridine

CH3CHCH2OCOC6H5
I

N(COC6H5)2
8a (R)
8b (S)

identified as its 2,4-dinitrophenylhydrazone and the latter as 
its salt with p-hydroxyazobenzene-p'-sulfonic acid.

The fact that 2c had the molecular formula of 2b with two 
atoms of hydrogen added, and that it was isolated from a re
action involving the use of Raney nickel, suggested that 2c was 
the compound resulting from reduction of the olefinic group 
in 2b. That this was the case was established by the synthesis 
of 2c using the procedure used by Johnson and Heyl5 (eq 4) 
to synthesize l,2,3,4-tetrahydro-6-methyl-2,4-dioxo-5-pyri- 
midineacetic acid and comparing the product derived from 
sparsomycin with the synthetic compound.

NH COOC..H,

CH3SCNH2-‘/2H,S04 +  CH3COCHCH2CH2COOC2H5 L 0H ,H;°>  21c
3 2 2  2.H+, H20

(4)

In view of the structure of 2c it seemed probable that 8a was 
a derivative of the compound which was oxidized by periodate 
to give acetaldehyde and ammonia. If it is assumed that hy
drolysis of 2d occurs in a straightforward fashion with addition 
of only one molecule of water to give the two products, then 
the compound formed in addition to 2c would have the mo
lecular formula C3H9NO. It would then be, since it is oxidized 
by periodate to give acetaldehyde and ammonia, either 2- 
aminopropanol or 2-hydroxypropylamine. Synthesis of the 
tribenzoyl derivative (8b) of (S )-2-aminopropanol gave a

NalO.
ch3cho  +  n h 3

compound which was identical in most properties (melting 
point, ir, NMR, Rf in TLC) with 8a but had a rotation of 
+63.2° as compared to —61.4° for 8a in the same solvent. 
Consequently 8a mpst be the tribenzoyl derivative of (/?)-
2-aminopropanol (7) which would be expected to react with 
periodate to give acetaldehyde and ammonia.

The isolation of 2b by hydrolysis of sparsomycin suggests 
that 2b is combined through its carboxyl group in an ester or 
amide linkage with a CsH^NC^S moiety. Since sparsomycin 
is not basic, the attachment must be through the amino ni
trogen present in the (R)-2-aminopropanol formed as shown 
in eq 4. In such case the acid 2c must be combined with {R)-
2-aminopropanol as the structure indicated in the expression 
2d. The NM R spectrum of sparsomycin contains two singlet 
signals attributable to methyl groups. The CH3C of 7 then 
cannot be present in sparsomycin as its NM R spectrum would 
have a doublet arising from a methyl group. This group then 
must be formed in the desulfurization, and the carbon atom 
of its methyl group must be attached to a sulfur atom which 
is part of a C2H 5S2O moiety. The evolution of 2 mol of meth
ane during desulfurization indicates that this moiety must 
have an -S -C -S -C  arrangement with a terminal methyl. The 
NM R spectrum of sparsomycin has signals attributable to 
three methylene groups. One of these is a complex AB pattern 
(of an ABX) system with signals centered at <5 3.65 and must 
be the methylene of a hydroxymethyl group as addition of an 
acylating agent to the NM R solution causes a downfield shift 
of these signals. Another AB complex centered at 8 3.14 shows 
the presence of an adjacent hydrogen atom and so must be the 
methylene group which is attached to sulfur but which be
comes a methyl group on desulfurization. A third methylene 
group generates a doublet of doublets (5 3.85 and 4.02) which 
must arise from a methylene having no adjacent hydrogen 
atoms so it must be attached to the two sulfur atoms. Oxida
tion of sparsomycin with hydrogen peroxide forms a product 
which was shown by analysis, ir spectrum, mass spectrum, and 
hydrolysis to 2b to be the derivative of sparsomycin produced 
by oxidation of the two sulfur atoms to sulfones with no other 
change. This compound has a resonance in its NM R spectrum 
at 8 3.26 appropriate for CH3SO2,6 but the signal present in 
sparsomycin’s NMR spectrum at 8 2.30 is absent thus showing 
that the 5 2.30 resonance can be assigned to a CH3S group. The 
presence of a C2H5S2O moiety containing CH3SCH2 suggests 
that in sparsomycin the group CH3SCH2S= 0  is present, and 
this is confirmed by two facts. The acid hydrolysis of spar
somycin gives, among other products, formaldehyde, which 
would be expected as a product based on the work of Ogura 
and Tsuchihashi7 if the above group were present. Further
more, the chemical shift of 8 3.14 due to a methylene between 
H 2NCH and S would be more expected if the sulfur were 
present as sulfoxide.6 The stereochemistry of the sulfoxide 
group was not established. The sum of these arguments leaves 
very little doubt that the structure of sparsomycin is as shown 
in the expression 1 although it is not intended that there be 
any suggestion as to the chirality of the sulfoxide group.

Irradiation of an aqueous solution of sparsomycin with an 
ordinary 15-W fluorescent desk lamp causes isomerization to 
isosparsomycin. Following the conversion by decrease in the 
ultraviolet peak at 302 nm led to the conclusion that about 
60% of the material was present as isosparsomycin. Analysis 
indicated that the new product was an isomer as did its NMR  
spectrum which was almost identical with that of sparsomycin 
except for the signals due to olefinic hydrogen atoms. These 
signals in sparsomycin were a doublet of doublets centered at 
8 7.24 and 7.45 with J = 16 Hz. In the isomeric compound the 
olefinic doublets have chemical shifts of 8 6.14 and 6.47 with 
J = 12 Hz. The decrease in the coupling constant shows that 
the conversion of sparsomycin to its isomer consists in isom
erization of the trans olefin to a cis olefin.8
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Experimental Section

Melting points are corrected.
Anhydrous Sparsomycin (1). A sample of sparsomycin prepared 

and dried as was done for the original analyses2 contained 3.48% water. 
A sample of this composition was dried for 72 h at room temperature 
at 0.01 mm and analyzed.

Anal. Calcd for Ci3H19N305S2: C, 43.21; H, 5.30; N, 11.63; S, 17.76; 
0 , 22.14. Found: C, 43.32; H, 5.68; N, 11.41; S, 17.48; O, 22.11.

1.2.3.4- T etrahydro-2 ,4-dioxo-6-m ethyl-5-pyrim idinecar-, 
boxylic Acid (2a) from Sparsomycin. A 1% aqueous solution of 
KMn04 was added dropwise to a suspension of 1 g of sparsomycin in 
100 ml of water until a pink color persisted. About 250 ml of solution 
was required. A little ethanol was added to destroy excess KM n04, 
and the solution was filtered through diatomaceous earth. The filtrate 
was evaporated to dryness under reduced pressure, and the residue 
was dissolved in 100 ml of water. The resulting solution was stirred 
for about 2 h with 50 ml of Amberlite IR-120 (H+). The supernatant 
was removed by decantation, and the resin was washed thoroughly 
with water. The combined supernatant and washings was filtered 
through diatomaceous earth, and the filtrate was concentrated under 
reduced pressure to a volume of about 5 ml. Refrigeration gave 236 
mg. One charcoal treatment and two recrystallizations from water 
gave 119 mg: mp 242 °C dec; ir (Nujol) 3360,3280, 3120,1720,1620, 
1575, and 1515 cm-1; uv (H20) max 267 nm (e 8225), (0.1 N HC1) max 
222 nm (c 11 100), 272 (10 850), (0.1 N NaOH) max 288 nm (t 6800); 
NMR (DMF-d7) 5 2.70 (s, 3 H, CH3), 12-13 (broad peak, 2-3 H, ex
changeable); mass spectrum m/e 170 (M+).

Anal. Calcd for C6H6N20 4: C, 42.36; H, 3.56; N, 16.47. Found: C, 
42.49; H, 3.59; N, 16.47.

5-Hydroxymethyl-6-methyluracil (3). This was synthesized by 
a slight modification of Kircher’s9 procedure in which condensation 
of formaldehyde with 6-methyluracil was carried out in base. The 
sodium salt formed was dissolved in water and neutralized with the 
theoretical amount of acetic acid. The overall yield was 43%. It was 
found that Kircher’s procedure was highly erratic and his yields could 
not be duplicated.

1.2.3.4- Tetrahydro-G -m ethyl-2,4-dioxo-5-pyrim idinecar- 
boxaldehyde (4). A solution of 936 mg (6 mmol) of 5-hydroxy- 
methyl-6-methyluracil in 80 ml of acetic acid was stirred while adding 
dropwise a solution of 400 mg (4 mmol) of Cr03 in 40 ml of 50% acetic 
acid. The solution was then stirred at room temperature for 4 h fol
lowed by evaporation to dryness under reduced pressure at 35 °C. The 
residue was dissolved in 20 ml of water, and the solution was mixed 
thoroughly with 8 g of silica gel. The mixture was allowed to dry in a 
current of air with frequent stirring. The dried powder was added to 
a column containing 50 g of silica gel packed in a mixture of methyl 
ethyl ketone-acetone-water (7:2:1). The column was then eluted with 
the same solvent system collecting 103 5-ml fractions. Fractions 21-32 
were combined on the basis of weight analysis and TLC on silica gel 
plates using the above solvents in the ratio 70:20:11. Evaporation of 
the pooled fractions under reduced pressure gave 378 mg of residue. 
Recrystallization from water gave 189 mg, mp >200 °C dec: Rf 0.60 
(above system); ir (Nujol) 1740 cm-1  (CHO); uv (H20 ) max 231 nm 
(e 6440), 283 (9500); NMR (DMF-d7) 5 2.54 (s, 3 H, CH3), 9.98 (s, 1 H, 
CHO); mass spectrum m/e 154 (M+).

Anal. Calcd for C6H6N20 3: C, 46.76; H, 3.92; N, 18.18. Found: C, 
47.16; H, 4.34; N, 17.87.

1.2.3.4- T etrahydro-6-m ethyl-2,4-dioxo-5-pyrim idinecar- 
boxylic Acid (2a). From 4. A mixture of 154 mg (1 mmol) of 4 and 
10 ml of 0.1 N NaOH was stirred while slowly adding a solution of 106 
mg (0.06 mmol) of KMn04 in 10.6 ml of water. A little ethanol was 
added to discharge the color, and the solution was filtered through 
diatomaceous earth. The filtrate was adjusted to pH 2.5 with 1 N HC1 
and evaporated to dryness under reduced pressure. The residue was 
triturated with 1.5 ml of water, and the mixture was filtered. The filter 
cake was washed with water and recrystallized from water after 
charcoal treatment: yield 28 mg (16%); mp 246 °C dec; ir and uv 
spectra identical with those of material isolated from sparsomycin; 
mass spectrum m/e 170.0286 (calcd for CeH6N20 4, 170.0323).

Anal. Calcd for C6H6N20 4 : C, 42.36; H, 3.50; N, 16.47. Found: C, 
42.50; H, 3.61; N, 16.32.

/?-[(.E)-l,2,3,4-Tetrahydro-6-methyl-2,4-dioxo-5-pyrimi- 
dinejacrylic Acid (2b). A. Acid Hydrolysis o f  Sparsomycin. A
solution of 2 g of sparsomycin in 40 ml of 2 N HC1 was heated on the 
steam bath for 2 h. The residue was diluted to 35 ml with water and 
allowed to stand for 3 days at room temperature. Filtration gave 370 
mg (35%) of solid, mp 255-259 °C dec. Recrystallization twice from 
water, four times from DMF, and once from water gave 23 mg: mp 265 
°C dec; Rf 0.32 (silica gel, EtOH-MeOH-H20, 50:45:5); pKa'

(DMF-60% EtOH), 7.90.11.35; ir (Nujol) 3400,3300,3050,1710,1620, 
1295,1190,1090,1030,935,875,830, and 780 cm“ 1; uv (H20) max 293 
nm (< 14 210), sh 270 nm (c 12 740); NMR (DMF-d7) & 2.40 (s, 3 H, 
CH3C), 7.25 (d of d, 2 H, J = 16 Hz, trans HC=CH), 10.0-11.6 (broad, 
exchangeable H); mass spectrum m/e 152,108, 81, 80, 44, 42.

Anal. Calcd. for C8H8N20 4: C, 48.98; H, 4.13; N, 14.28. Found: C, 
48.68; H, 4.77; N, 14.11.

B. Basic Hydrolysis o f Sparsomycin. A solution of 200 mg of 
sparsomycin in 20 ml of 1.0 N NaOH was heated under reflux for 8 
h. The solution was adjusted to pH 3.0 with 1.0 N HC1 and refrigerated 
for several days. The solid which separated was removed by filtration, 
wt 65 mg, mp 258-262 °C dec. The ir spectrum and the TLC Rf using 
the above system were identical with those of 2b obtained by acid 
hydrolysis.

C. Synthesis. A mixture of 308 mg (2 mmol) of 4 and 1.39 g (4 
mmol) of carbethoxymethylidenetriphenylphosphorane in 20 ml of 
dry Me2SO was heated on the steam bath with protection from 
moisture for 6 h. Most of the Me2SO was removed by evaporation 
under reduced pressure. The residue was diluted with 30 ml of water, 
and the solid precipitate was removed by filtration and recrystallized 
twice from EtOH: yield 68 mg (15%); mp 299-302 °C dec; Rf 0.41 
(silica gel, Skellysolve B-acetone, 1:1); ir (Nujol) 3330,1710,1660, and 
1620 cm-1; uv (EtOH) max 303 nm (e 17 875), sh 270 nm (e 9400); 
NMR (Me2SO-d6) S 1.20 (t, 3 H, CH3CH2), 2.28 (s, 3 H, CH3C = ), 4.13 
(q, 2 H, CH3CH2), 7.13 (d of d, 2 H, trans H C=CH), 11.27 (s, 2 H, 
exchangeable), mass spectrum m/e 224 (M+).

Anal. Calcd for CioHi2N20 4: C, 53.57; H, 5.39; N, 12.50. Found: C, 
53.93; H, 5.29; N, 13.08.

A solution of 300 mg cf the above material (5) in 20 ml of 1 N NaOH 
was boiled for 2 h. The solution was acidified with excess concentrated 
HC1, allowed to stand for a few hours, and filtered, yield 240 mg. Re
crystallization from water gave 151 mg (58%), mp 271 °C dec; the ir, 
uv, and NMR spectra of this product were essentially identical with 
those of the acid derived from hydrolysis of sparsomycin. The Rf 
values on silica gel TLC plates using methyl ethyl ketone-acetone- 
H20  (70:20:11), Et0H -M e0H -H 20  (50:45:5), and M e0H -H 20  (9:1) 
were identical and were respectively 0.13, 0.40, and 0.75.

Anal. Calcd. for C8H3N20 4: C, 48.98; H, 4.13; N, 14.28. Found: C, 
48.84; H, 4.52; N, 14.13.

Methyl j3-[(jE)-[l,2,3,4-Tetrahydro-6-m ethyl-2,4-dioxo-5- 
pyrimidinejacrylate. A mixture of 195 mg of 2b and 20 ml of 
methanol was cooled in an ice bath while saturating with dry HC1. The 
mixture was allowed tc stand at room temperature overnight. The 
solvent was removed by evaporation under reduced pressure, and the 
residue was repeatedly evaporated under reduced pressure with 
methanol. The product was recrystallized three times from methanol: 
yield 55 mg; mp 305-307 °C dec; ir (Nujol) 3330,1720,1660, and 1620 
cm“ 1; NMR (DMF-d7) 5 2.40 (s, 3 H, CH3C), 3.69 (s, 3 H, CH30), 7.28 
(d of d, 2 H, J = 16 Hz, trans HC=CH), 11.15-11.34 (broad, 2 H, ex
changeable); mass spectrum m/e 210.0676 (calcd for C9HioN20 4, 
210.0644).

Anal. Calcd for C9H i0N20 4: C, 51.42; H, 4.80; N, 13.20. Found: C, 
51.22; H, 5.17; N, 13.35.

Di-0,7V-Acetylcysteinol. One gram of sparsomycin was hydro
lyzed as previously described for acid hydrolysis. After removal of 2b 
the filtrate was evaporated to dryness under reduced pressure, and 
the residue was repeatedly evaporated under reduced pressure with 
methanol. The 554 mg of residue was mixed with 10 ml of dry pyridine 
and 2 ml of acetic anhydride, and the mixture was stirred overnight. 
Two milliliters of methanol was added, and the solution was evapo
rated to dryness under reduced pressure with frequent additions of 
methanol. The residue was mixed with 20 ml of water, and the mixture 
was extracted with four 20-ml portions of CHC13. The combined ex
tracts were washed with two 10-ml portions of 0.1 N HC1 and two
10-ml portions of water followed by drying (MgS04), filtration, and 
evaporation under reduced pressure. The residue (212 mg) was 
chromatographed on 13 g of silica gel using CHC13 until 100 5-ml 
fractions had been collected. The column was then developed with 
CHCl3-MeOH (98:2) until a second 100 5-ml fractions had been col
lected. Fractions 28-50 of the second 100 were combined on the basis 
of a weight analysis and evaporated under reduced pressure, yield 110 
mg. A portion of this was recrystallized from benzene: mp 99-100 °C; 
Rf 0.19 (silica gel, cyclohexane-EtOAc-95% EtOH, 5:3:2); ir (Nujol) 
3230, 1740, 1645, and 1545 cm "1; NMR (CDC13) 6 1.97 (s, 3 H, 
CH3CO), 2.05 (s, 3 H, CH3CO), 2.82-3.08 (m, 2 H, CH2S), 4.15-4.65 
(m, 3 H, OCH2CHN), 6.73 (d, 1 H, NH).

Anal. Calcd for C7H i3NS03: C, 43.98; H, 6.85; N, 7.32; S, 16.78. 
Found: C, 44.05; H, 6.70; N, 7.06; S, 16.54.

Formaldehyde from Sparsomycin. Two grams of sparsomycin 
was hydrolyzed with acid as already described. After 2b had been
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removed, the filtrate was extracted with 2 0  ml o f benzene and three
20-ml portions o f ether. One-fourth of the remaining aqueous phase 
was diluted with 300 ml o f Brady’s reagent. After the mixture had 
stood at room temperature for 3 days, it was filtered to give 103 mg 
of solid, mp 163-165 °C. Recrystallization from alcohol did not change 
the melting point. A mixture melting point with authentic formal
dehyde 2,4-dinitrophenylhydrazone was not depressed, and the two 
compounds had identical ir spectra.

^-[(jR)-JV-(2-Hydroxy-l-methylethyl)-l,2,3,4-tetrahydro-
6-methyl-2,4-dioxo-5-pyrimidine]propionic Acid (2d). A mixture 
of 400 mg of sparsomycin, 8  g of Raney nickel, and 200 ml o f water was 
boiled and stirred for 21 h. The Raney nickel was removed by filtration 
and was washed with two 50-ml portions o f boiling water. The com 
bined filtrate and washings were evaporated to dryness under reduced 
pressure. The residue was dissolved in 50 ml of methanol, and the 
solution was filtered through diatomaceous earth. The filtrate was 
concentrated under reduced pressure, and the residue (188 mg) was 
recrystallized from methanol: yield 32 mg; mp 231 °C; mass spectrum 
m/e 255.1223 (calcd for C 1 1 H 1 7 N 3 O4 , 255.1219).

Anal. Calcd for C n H i7 N 3 0 4 -. C, 51.76; H, 6.71; N, 16.46. Pound: C, 
50.89; H, 5.47; N, 16.20.

Methane from Sparsomycin. A mixture o f 16 g o f Raney nickel 
and 400 ml of water was stirred and heated to boiling. Sparsomycin 
(760 mg, 2 mmol) was added. The gas which evolved was collected. 
There was obtained 105 ml (theoretical for 4 mmol 98.8 ml) o f  gas 
identified by its ir spectrum as methane containing a little carbon 
dioxide.

/?- (1,2,3,4- Tetrahydro -6-m ethyl-2,4- dioxo-5-pyrimidine)- 
propionic Acid (2c). From 2d. Crude 2d (600 mg) was dissolved 
in 40 ml of 1.0 N NaOH, and the solution was boiled for 8  h. After the 
reaction mixture had cooled, it was filtered. The filtrate was adjusted 
to pH 3.5 with concentrated HC1 and concentrated under reduced 
pressure to 3-4 ml. Refrigeration gave 230 mg. Charcoal treatment 
and several recrystallizations from water gave 99 mg: mp 302-304 °C 
dec; ir (Nujol) 3050,1720,1630,1530,1375,1340,1280,1210,1175,870, 
815, 792, and 775 cm-1 ; uv (H 2 O) max 266 nm (« 8237); NM R 
(Me2 SO-d6) S 2.08 (s, 3 H, CH3 C), 2.26-2.60 (m, 4 H, CH 2CH2), 10.63 
(s, 1 H, exchangeable), 10.91 (s, 1 H, exchangeable); mass spectrum 
m/e 198.0646 (calcd for CsH ioN 2 0 4 , 198.0640).

Anal. Calcd for C 8 H iPN 20 4: C, 48.49; H, 5.09; N, 14.14. Found: C, 
48.51; H, 5.17; N, 14.14.

Ethyl /3-(2-M ethylm ercapto-6-m ethyl-4-oxo-5-pyrim i- 
dine)propionate. S- Methylisothiourea sulfate (21 g, 0.075 mol) was 
dissolved in 225 ml o f water. Diethyl a-acetylglutarate (11.5 g, 0.15 
mol) and 16.8 g (0.3 mol) o f potassium hydroxide were added. The 
mixture was stirred overnight at room temperature and heated for 
1 h on the steam bath. The mixture was refrigerated, and the super
natant was decanted. The residue was crystallized from EtOH, yield 
1.7 g, mp 168 °C. Two recrystallizations from EtOH did not change 
the melting point: uv (EtOH) max 235 nm (e 9216), 288 (8450); NM R 
(Me2SO-d6) S 1.18 (t, 3 H, CH3C), 2.22 (s, 3 H, CH3C), 2.37-2.62 (m, 
7 H, CH3S and CH2CH2), 4.06 (q, 2 H, OCH2CH3), 11.66-12.81 (broad, 
1 H, NH).

Anal. Calcd for C n H 1 6 N 2S 0 3: C, 51.57; H, 6.30; N, 10.93; S, 12.54. 
Found: C, 51.72; H, 6.38; N, 11.11; S, 12.48.

l,2,3,4-Tetrahydro-6-methyl-2,4-dioxo-5-pyrimidinepropionic 
Acid (2c). Synthesis. A mixture o f 2.5 g o f ethyl /j-(2-methylmer- 
capto-6-methyl-4-oxo-5-pyrimidine)propionate and 50 ml of con
centrated HC1 was boiled for 8  h. Refrigeration gave 1.55 g, mp 
295-297 °C dec. Recrystallization from water and DM F gave mp 
303-305 °C dec; ir and N M R spectra were identical with those of 2c 
from 2d; mass spectrum m/e 198 (M +).

Anal. Calcd for C8 HioN 2 0 4: C, 48.49; H, 5.09; N, 14.14. Found: C, 
48.54; H, 5.24; N, 14.30.

Tribenzoyl-(jR)-alaninol (8a). The filtrate from the hydrolysis 
o f 2d to give 2c was freeze dried. A mixture o f the residue with 20 ml 
of dry pyridine and 2  ml o f benzoyl chloride was heated for 2  h on the 
steam bath. The pyridine was removed by evaporation under reduced 
pressure, and the residue was partitioned between 10 ml of CHCI3  and 
20 ml of water. The aqueous layer was extracted with two 1 0 -ml por
tions of CHC13. The combined CHC13  layers were washed with 10 ml 
of 1 N HC1, 10 ml o f saturated N aH C 0 3 solution, and two 1 0 -ml 
portions of water and dried (MgSCL). After the solution was filtered 
and evaporated to dryness under reduced pressure, the residue (1.17 
g) was chromatographed on 60 g of silica gel using CHCI3  as the eluent. 
After 150 5-ml fractions were collected, fractions 65-82 were combined 
on the basis o f a weight analysis and TLC (ft/ 0.18, silica gel, CHC13). 
Evaporation of the pool under reduced pressure gave 282 mg which 
was recrystallized twice from EtOH: yield 8 6  mg; mp 87-89 °C; ft/ 0.75 
(silica gel, CHClry- MeOH, 95:5) identical with that of 8b; (a]D -61 .4°

(c 1 , CHC13); ir (Nujol) 1720 (ester CO), 1660 (amide CO), 1595, and 
1575 cm _1; N M R (CDC13) 6 1.52 (d, 3 H, CH3), 4.40-5.40 (m, 3 H, 
CH 2 CH), 6.9-8.0 (m, 15 H, aromatic); mass spectrum m/e low reso
lution 387, 330, 265, 252, 208, 160,105, 77, high resolution 387.1483 
(calcd for C 2 4 H 2 iN 0 4 , 387.1470).

Tribenzoyl-(S')-alaninol (8b). This was done essentially as was 
the preparation o f 8a but using 3 g o f (S)-alaninol, 15 ml o f benzoyl 
chloride, 150 ml o f dry pyridine, and proportional amounts o f other 
materials. Chromatography was done on 550 g o f silica gel and 437 
20-ml fractions were collected. Fractions 201-310 were combined and 
evaporated to dryness under reduced pressure, yield 9.6 g. Four re
crystallizations from EtOH gave 2.6 g: mp 90-91 °C; TLC (see 8a 
preparations); [a]D  +63.2° (c  2, CHC13); ir, NMR, and mass spectrum 
were the same as for tribenzoyl-(ft)-2 -aminopropanol (8a); mass 
spectrum m/e 387.1495 (calcd for C 2 4 H 2 1 N 0 4 , 387.1470).

Anal. Calcd for C2 4 H 2 iN 0 4 : C, 74.40; H, 5.46; N, 3.62. Found: C, 
74.35; H, 5.83; N, 3.93.

Periodate Oxidation o f 2d Hydrolysate. After removal o f 2c from 
the hydrolysate of 2d derived from 2 0 0  mg o f sparsomycin, sodium 
periodate (0.43 g, 2 mmol) was added, and the solution was allowed 
to stand overnight. Nitrogen was bubbled through the reaction mix
ture and then through 200 ml of Brady’s reagent for 4 h. Filtration 
gave 14 mg of yellow solid, mp 148-150 °C. A mixture melting point 
with authentic acetaldehyde 2,4-dinitrophenylhydrazone (mp 152-154 
°C ) was 148-150 °C  while a mixture melting point with the propion- 
aldehyde derivative (mp 149-151 °C) was 131-136 °C.

The aqueous residue after removal o f acetaldehyde was adjusted 
to pH 10 with NaOH solution. The solution was steam distilled into 
10 ml o f 0.1 N HC1 until no more volatile base was distilled. Filtration 
indicated that 0.3 mmol of volatile base had been distilled. The so
lution was again made strongly basic with NaOH solution and steam 
distilled into a solution of 140 mg of p-hydroxyazobenzene-p'-sulfonic 
acid in 25 ml of water. The solution was evaporated to dryness under 
reduced pressure, and the residue was recrystallized twice from water. 
The ir spectrum of the product was identical with that of ammonium 
p-hydroxyazobenzene-p'-sulfonate.

Peroxide Oxidation o f Sparsomycin. One gram o f sparsomycin 
was dissolved in 90 ml o f acetic acid and 10 ml o f 30% H20 2  was added. 
After the solution had stood at room temperature for 1  day, it was 
evaporated to dryness at room temperature under high vacuum. The 
residue was triturated with water and again evaporated to dryness 
under reduced pressure. This procedure was repeated twice. One re
crystallization from water gave 680 mg o f which 180 mg was again 
recrystallized from water to give 102 mg: mp 251 °C dec; [a ]D  +45° 
(c 0.5, H 2 0 ); ir (Nujol) 3500, 3210,1720,1660,1585,1300,1225,1155, 
1135, 1055, 1022, 975, 865, and 783 cm “ 0 uv (H 2 0 )  max 301 nm (e 
22 600) sh 270 (14 050); NM R (Me2SO-d6) 5 2.24 (s, 3 H, CH 3 C), 3.25 
(s, 3 H, CH 3 S 0 2); mass spectrum m/e 409 (calcd, 409).

Anal. Calcd for Ci3 H 1 9N 3 S2 0 8: C, 38.12; H, 4.68; N, 10.26; S, 15.66; 
0 , 31.26. Found (corrected for 3.18% water content): C, 38.40; H, 4.96; 
N, 10.13; S, 15.58; O, 33.08.

An acid hydrolysis o f 500 mg of the peroxide product using the same 
procedure as was used to convert sparsomycin to 2b gave 90 mg of 
material which had the same ft/ in TLC in E tO H -M eO H -H 20  (50: 
45:5) as 2b. Recrystallization from water with charcoaling gave 32 mg 
of product which had the same N M R spectrum as 2b and the same 
ft/ values in TLC as 2b in the system already mentioned.

Isosparsomycin. A solution of 500 mg of sparsomycin in 750 ml 
o f water was irradiated with a fluorescent desk lamp for 7 days. The 
solution was evaporated to dryness under reduced pressure. The 
residue was subjected to countercurrent distribution in a 1 0  ml per 
phase machine using the system ethyl acetate-butanol-water (3:7:10) 
for 400 transfers. Tubes 46L80 (K  =  0.19) were pooled and evaporated 
to dryness under reduced pressure giving 247 mg of amorphous resi
due. The residue was dissolved in 5 ml o f hot water, and the solution 
was filtered through diatomaceous earth. Slow evaporation o f the 
filtrate at room temperature gave a crystalline precipitate. Recrys
tallization from water gave 91 mg: mp 158-164 °C; ft/ 0.16 (silica gel; 
n -B u 0H -E t0H -H 20 , 70:27:3); ir (Nujol) 3375,3325 (sh), 1745,1710, 
1675,1640,1555,1525 (sh), 1445,1425,1370,1310,1270,1245,1098, 
1065,1018,1002, 975, 955, 895, 750, and 725 cm “ 1; N M R (D M F-d7) 
5 2.11 (s, 3 H, CH3 C), 2.30 (s, 3, CH 3 S), 3.10 (m, 2 H, CHCH 2SO), 3.65 
(m, 2 H, CH 20 ), 3.95 (d of d, 2 H, SOCH 2 S), 4.35 (m, 1 H, CHNH),
6.31 (d of d, 2 H, J  = 12 Hz, cis H C =C H ).

Anal. Calcd for C 1 3H 1 9 N 306S2: C, 41.37; H, 5.08; N, 11.14; S, 16.99. 
Found: C, 42.09; H, 5.32; N, 11.13; S, 17.28.

Registry No.— 1,1404-64-4; 1 peroxide derivative, 58462-94-5; 2a, 
51622-67-4; 2b, 28277-67-0; 2b Me ester, 28425-66-3; 2c, 28181-39-7; 
2d, 28277-69-2; 3 ,147-61-5; 4, 24048-74-6; 5, 28277-68-1; 6 0,N -di-
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acetyl derivative, 58462-95-6; 8a, 29537-31-3; 8b, 28277-70-5; ethyl 
d-(2-mercapto-6-methyl-4-oxo-5-pyrimidine)propionate, 58462-96-7;
S-methylisothiourea sulfate, 867-44-7; diethyl a-acetylglutarate, 
1501-06-0; benzoyl chloride, 98-88-4; (S)-alaninol, 2749-11-3; iso- 
sparsomycin, 58462-97-8.
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Reactions of dienes, trienes, and tetraenes in the vitamin A series brought about by direct irradiation were exam
ined. In addition to the previously known sigmatropic 1,5-hydrogen migration from C-18 to C-8 and the hitherto 
unnoticed electrocyclization, geometric isomerization also appears to be an important reaction from Si. Electrocy
clization and geometric isomerization are reversible processes; hence in most cases the end products are retro-7 de
rivatives. Mechanistically it was shown that the hydrogen migration process can originate from either the 7-cis or
7-trans isomers of the conjugated systems. A case of 6e-electrocyclic ring opening process involving both the excited 
states of the product and the reactant is presented.

Compounds in the vitamin A (I) series are known to un
dergo a variety of photochemical reactions. In addition to the 
geometric isomerization reactions, which appear to be the 
exclusive reaction of the triplet states,3 direct irradiation leads 
to hydrogen migration, cyclization, and intramolecular cy
cloaddition products. In this paper, the sigmatropic 1,5- 
hydrogen migration and 6e-electrocyclization processes are 
examined.

of the sigmatropic hydrogen migration reaction in trienes 
(6-ionylidene derivatives, III) as well as dienes in the vitamin 
A series. Furthermore, because of detection of 7-cis isomer(s) 
prior to significant accumulation of the retro-7 products, they 
suggested that the retro-7 products are formed by way of the
7-cis isomer(s) in two separate photochemical steps.

The initially formed retro-7 products are believed to have 
the Z configuration. This was deduced from their lack of re-

a, R =  COCH3
b, R =  CHCH3OH
c, R =  CN

a, R =  CN
b, R =  C02Et
c, R =  CO,H
d, R =  H
e, R =  CHO
f, R =  COCH3

The earliest report on hydrogen migration in compounds 
in this series was on fl-ionone (11a) in 1957,4 but its correct 
structure, a retro-7 derivative (IVa), was not recognized until 
4 years later.5 In this case, it is a minor product, the major 
being the a-pyran V which was later shown to be in equilib
rium with cis-ionone.6 In a series of papers in the early 1960’s, 
Mousseron-Canet and co-workers7 established the generality

(Z)-IV

a, R =  COCH3
b, R =  CHCH3OH
c, R =  CN

activity toward maleic anhydride.73 More recently, it was 
found that (Z)-retro-7 -ionone undergoes secondary photo
chemical reactions of geometric isomerization and internal 
cycloaddition giving (£)-retro-7 -ionone and the tricyclic ether 
shown.8 Upon heating, (f?}-retro-y-ionone [(E)-IVa] further 
rearranged to a cyclobutene8— one of few cases where a cy
clobutene is more stable than the corresponding diene.9

' £ c J ' ± -
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Table I. Characteristic NMR Data of (Z)-Retro-7 -ionyl (IV) and -ionylidene (V) Derivatives“

Registry no. Compd H-7 CH2-8,8 H-10 Exo CH2 C H 3- I 9

7 -Ionyl

IVa6 5.33 (t) 3.16 (d) 4.96, 4.51
35986-44-8 R = COCH3 J78 =  7.1 Hz

IVb 5.18 (t) 2.18 (d) 4.53, 4.91
35986-46-0 R = CHCH3OH 

IVc 5.72 (t)

qII00

3.13 (d) 5.15, 5.58
58503-66-5 R = CN

5.23 (t)
el7,8 — 7.0

3.10 (d) 4.45, 4.85
58503-67-6 R = C 02H

5.20 (t)

OO II --a Ö

3.28 (d) 4.50, 4.82
58503-68-7 R = C6H5

5.18 (t)
t/7,8 = 7.0

2.20 (d) 4.40, 4.75
58503-69-8 R = (CH3)2COH Jt,8 — 6.5

7 -Ionylidene

58503-70-1 R = CN, 9-trans 5.12 (t) 3.93 (d) 5.04 4.50, 5.00 1.96
58503-71-2 9-cis 5.12 (t)

el 7,8 = 7.5
3.20 (d) 5.04 4.56, 4.92 1.80

58503-72-3 R = C02Et, 9-trans 6.16 (t) 3.01 (d) 5.68 4.62, 5.00 2.19
58503-73-4 9-cis 6.23 (t)

J73 = 7.5
3.60 (d) 5.68 4.26, 5.00 1.86

58503-74-5 R = CO2H, 9-trans 5.19 (t) 3.08 (d) 5.72 4.62, 5.02 2.22
58503-75-6 9-cis 5.26 (t)

el7,8 =  7.0
3.64 (d) 5.72 4.62, 5.08 1.92

58503-76-7 R = H 5.24 (t)
Ji,s — 7.5

2.82 (d) 4.68 4.60, 4.94 1.70

0 HA-100. In CDCl3-M e4Si. 8 in parts per million, in J in hertz. 6 Data of P. de Mayo, J. B. Stothers, and R. W. Yip, Can. J. Chem., 
39, 2135 (1961).

During the course of our investigation we found photo
chemical 6e-electrocyclization also to be an important reaction 
in compounds in the series. (The formation of the «-pyran 
from cis- ionone is probably a thermal process.) In selected 
systems other secondary internal cycloaddition reactions were 
also observed and have been reported elsewhere.10

Results
/3-Ionol ( lib ) and Other Dienes. Direct irradiation (254 

nm) of an ether solution of the cis isomer was found to give the 
same retro-7 -ionol as from trans-ionol. GLC was used to follow 
the reaction. The trans isomer was not found to be present 
during any stage of irradiation.

The uv absorption spectrum of trans-f3- cyclocitryli- 
deneacetonitrile (lie) is sufficiently different from those of 
cis-lie and the retro-7 product so that the use of Pyrex filters 
allows selective excitation of the trans. Under such conditions 
the product mixture was found to contain 35% cts-IIc11 and 
65% of IVc (NM R data listed in Table I). This ratio is inde
pendent of the solvent used (CDCI3, CD3OD, CD3CN, CeDg, 
and a-butyl bromide). Upon removal of the Pyrex filter (in 
CD3OH and CD3CN) IVc became the only product. Similarly 
irradiation of cis-IIc in a quartz vessel gave initially trans-lie  
as well as IVc; but the final product was again only the retro-7 
product.

Our results on trans-fi- ionone (Ila) are in agreement with 
those in the previous reports.4̂ 6 However, additionally we also 
found that starting from an equilibrium mixture of cis-ionone 
and the a-pyran, retro-7 -ionone (IVa) can also be obtained. 
The reaction was initially accompanied by formation of 
irons-Ila.

d-Ionylideneacetonitrile ( I l ia )  and Other Trienes.
Direct irradiation of the trienes Illa-d was examined. The end 
products were the corresponding retro-7 products. We con
firmed the observation of efficient geometric isomerization 
of IHb giving all four isomers during early stages of irradiation. 
Similar behavior exists in the other three compounds. How

ever, sometimes the reaction is further complicated by the 
presence of another primary photoproduct. Since this product 
probably involves a hitherto unnoticed reaction in compounds 
in this series and the process appears to be most efficient in 
/?-ionylideneacetonitrile (Ilia), we examined the latter system 
in some detail. The JH NM R data of isomers of /3-ionyli- 
deneacetonitrile are in the literature.11 The assignment of its 
retro-7 products (V) was based on analogy of its NM R spec
trum (Table I) with those of other known retro-7 products 
(those from /9-ionone, ethyl /3-ionylideneacetate, and /3-iony- 
lideneethanol).7c For example, the original doublets of H-7 
and H -8 are now replaced by three vinyl hydrogens, two in the 
high-field region (4.5-5.0 ppm) characteristic of terminal 
methylenes and the remaining one a triplet. The latter is 
coupled with a new methylene doublet around 3 ppm and the 
methyl-18 signal is no longer present. The geometry around 
C-7 is believed to be trans for the same lack of reactivity 
toward a dienophile as noted earlier7® and also for its behavior 
in thermal rearrangement. Upon heating an inert solution of 
the compound to ~130 °C a mixture of the geometric isomers 
of Ilia was formed. This reverse hydrogen migration is, in fact, 
characteristic of all retro-7 derivatives of compounds in this 
series (see below).

V
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Figure 1. An action plot of direct irradiation of a mixture of the two 
7-trans isomers of d-iony'-ideneacetonitrile (Ilia).

Time (Hrs)
Figure 2. An action plot of direct irradiation of a mixture of the two 
7-cis isomers of /3-ionylideneacetonitrile (Ilia).

Since the E  isomer of a retro-y product is expected to un
dergo ring closure to a cyclobutene, we conclude that the initial 
photoproducts must also have the Z configuration.

Careful examination of the NM R of the £ - retro-y product 
revealed the presence of two isomers. The CH3-I9 signal ap
pears as two unequal singlets. This is not surprising in view 
of the fact that two isomers (all trans and 9-cis) are present 
in the starting trienes. They are therefore geometric isomers 
around the same double bond. Configurational assignments 
were based on the chemical shift of CH3-I9. It shifts downfield 
when the group is cis to the substituent at C-10. An explana
tion based on change of electron density around the hydrogens 
in CH3-I9 (steric polarization) has been advanced to account 
for the change in chemical shift.12 The key NM R data of the 
retro-y products from Ilia and also other triene derivatives 
are listed in Table I along with those of dienes.

The course of reaction of Ilia was followed by NMR. Geo
metric isomerization was the major process at early stages of 
irradiation giving substantial amounts of the two 7-cis isomers. 
Then, formation of the retro-y product was accompanied by 
a new product, VI. The latter apparently was photolabile. Its 
buildup reached a maximum amount of ~ 20% and then di
minished with other triene nitriles. At the end only the retro-y 
products remained. The slope of the lines in an action plot of 
this reaction (Figure 1), however, suggests that all three types 
of products are primary photoproducts. Similar results were 
obtained when starting with a mixture of the two 7-cis isomers 
(Figure 2).

Attempts to isolate the new product presented some dif
ficulties. By repeated column chromatography, a fraction 
containing about equal amounts of VI and a mixture of the 
retro-y isomers was obtained. After comparison of the NMR  
spectra of the mixture and the retro-y isomers the following 
information about VI was obtained. The compound contaihs 
four different methyl groups, therefore the geminal dimethyl 
groups are no longer equivalent. The shift of CH3-I8 signal 
to <5 1.1 indicates that it is now attached to a saturated carbon. 
The CH3-I9 signal remains at 1.92. Two vinyl hydrogens are 
present, appearing as a singlet. The H-10 signal is now a singlet 
in the saturated region (3.22 ppm). These features are only in 
agreement with a cyclized cyclohexadiene structure. We have 
also observed that thermal rearrangement of a mixture of
7-cis- and 7,9-di-cis-/3-ionylideneacetonitrile resulted in the 
formation of a single product. Its 1H NM R spectrum closely 
resembles that of VI. Again, four different methyl groups are 
present with CH3-I8 now shifted to a higher field and CH3-I9

appearing ~ 0.1 ppm upfield from the corresponding signal 
in VI. The two vinyl hydrogens are nonequivalent but close 
in chemical shift and the coupling constant is that normally 
found for 2,3 hydrogens in cyclohexadienes. This thermal 
product coming from a different electronic state is probably 
an epimer of VI.13 For reasons delineated in the Discussion 
section, the photoprcduct (VI) is believed to have the ste
reochemistry shown and the thermal product, its epimer Via.

7 -cis- +
<h'L 7,9di-cis-IIIa -A*.

VI Via

By direct irradiation of the thermal product, Via, the cy
clohexadiene products were shown to undergo reverse ring 
opening reactions.14 The course of the reaction was followed 
by NMR. The results were shown in the action plot.14

Trienal Hie and trienone Illf were found not to undergo 
electrocyclization nor sigmatropic rearrangements under di
rect irradiation. Geometric isomerization appears to be the 
only important characterizable photochemical reaction.

d-Ionylidenecrotononitrile (V ila )  and Other Te- 
traenes. The tetraenenitrile under direct irradiation again

a, R =  CN
b, R =  GOGH-,

VII

resulted in efficient geometric isomerization and 6e-electro- 
cyclization. The irreversible hydrogen migration in this case 
is relatively an inefficient process; therefore the product 
mixture passes through a stage containing substantial 
amounts of the cyclized product(s). They are partially isolable 
by column chromatography. In one attempt two useful frac
tions were collected. One contained essentially a single isomer, 
the NM R data of which are listed in Table II. The features 
informative of the structure are (1) the presence of four non
equivalent methyls, (2) the presence of a low-field methine 
doublet (<5 3.28) which was shown by decoupling experiments 
to be coupled with a vinyl hydrogen, (3) the same vinyl hy
drogen is coupled to another vinyl hydrogen with J = 11 Hz,
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Table II. Characteristic NMR Data of the Electrocyclized Products“

Registry no. Compd h 7 h 8 H10 Hu Hi2 CHg-19 CH3-I8 CH3-16,17

43161-05-3 VIfc 5.78 5.78 2.56 1.92 1.10
43161-06-4 Via 5.72 5.80 2.51 1.82 1.11 1.00

<1 00 II 5.5 Hz 1.04
58503-77-8 VIII 5.72 5.80 3.28 6.70 5.42 1.66 1.16 0.98

J 7,8 = 5.5 =710,11 = 11.0 =7ll,12 = 11.2 1.14
58526-11-7 Villa0 5.72 5.80 3.32 6.74 5.32 1.68 1.18 0.98

J 7,8 = 5.5 =7io,ii == 11 =7ii,12 = ̂ 17 1.14

° HA-100. In CDCl3-M e4Si. 6 From a mixture of VI and retro-7 -ionylideneacetonitrile.c From a mixture of VIII and Villa.

indicative of the cis geometry. These features are in agreement 
with the structure VIII shown. In analogy with the photo-

product from Ilia, the stereochemistry about the new bond 
is believed to be cis.

The second fraction contained a mixture of two compounds, 
VIII being one of them. From the difference of the spectra of 
the two fractions we gathered the spectral data for the second 
photoproduct, also listed in Table II. With the exception of 
the coupling constants between H -l l  and H-12, it closely re
sembles that of VIII. It is probably a geometric isomer of VIII. 
The larger vinyl coupling constant (Jn, 12 =  17 Hz) suggests 
that it is the trans isomer (Villa).

Prolonged irradiation again led to retro-7 products as in
dicated by the characteristic NM R features as discussed for 
the trienes. However, the mixtures were too complex and not 
separable for complete configurational assignments.

Irradiation (254 nm) of the all-trans isomer of the hydro
carbon IX led to isomerization around the 9,10 bond with a 
slower rate of formation of only the retro-7 products. The two

isomers of the latter could not be separated, but the NM R  
spectrum of the mixture was sufficiently informative [H-7 (t) 
5.2; CH2-8,8' (d) 3.2, 2.9; CH3-19 1.74,1.90; exo-CH2 4.6, 5.2, 
and 4.98]. Irradiation (>300 nm) of the C]8-tetraene ketone, 
Vllb, on the other hand, only caused photoisomerization 
around the 9,10 and 11,12 double bonds.

3,4-Dehydro-/S-ionone (X ). Its photochemistry was dis
cussed in some detail in an earlier preliminary paper.15 The

initial geometric isomerization and hydrogen migration are 
followed by a secondary photoreaction giving the hydrocarbon
XI. With properly filtered light (Pyrex) the reaction could be 
made to terminate at the retro-7 -dehydroionone stage.

Discussion
The Retro-7  Products. In agreement with earlier studies 

by Mousseron-Canet and co-workers7 we found sigmatropic 
hydrogen migration from methyl-18 to C-8 to be a general 
reaction in compounds in the vitamin A series. The only ex
ceptions are the aldehydes and ketones where the only iden
tifiable reaction is geometric isomerization. Based on the re
sults described above some generalizations can be made.

Although quantum yields have not been determined, the 
relative efficiencies of the reaction appear to be of the order 
of dienes, trienes, and then tetraenes. In no instances did we 
observe formation of retro-7 products from pentaenes in the 
series. Neither were there reports on such reactions in longer 
carotenoids.7® This trend of reactivity parallel with the energy 
content of the excited singlets is not a surprising one especially 
in view of the considerable activation involved in similar 
ground state reactions. However, other factors probably also 
affect the efficiency of the reaction. For example, of the two 
trienones, (i-ionylideneacetone (Illf) and dehydro-/3-ionone 
(X), only the latter undergoes hydrogen migration. The small 
difference in ring chain conformation expected for the two 
systems may have an effect on the reactivities of the two 
compounds, but we suspect that a more important factor is 
the difference in electron density at C-8 in the excited states 
of the two molecules. In dehydro-/?-ionone C-8 is a terminal 
carbon of the triene unit (or the third atom in the trienone) 
while in Illf the same carbon is in the middle of the triene unit 
(same for the trienone); therefore the electron density at C-8 
in X  should be higher. Electron density probably also partly 
accounts for the high reactivity of /I-ionyl derivatives and the 
higher reactivity of /3-ionol than /3-ionone.

We have no evidence to support the postulate that retro-7  
products are only derived from the 7-cis isomers.7 The ob
servation of the 7-cis isomers prior to significant accumulation 
of the retro-7 products clearly is not a sufficient condition for 
the postulate. In fact, that the 7-cis isomers were not detected 
in other systems would force one to conclude that geometric 
isomerization was the rate-determining step in this postulated 
mechanism of two consecutive steps of photoreaction. This 
is quite contrary to known reactivity of polyenes, the quantum 
yield of geometric isomerization being generally higher than 
other concerted processes.18 Symmetry rules do not impose 
any restriction to hydrogen migration from either isomer. 
Furthermore molecular models do not suggest reasons to 
suspect that the antarafacial process13 should be more favored 
from the 7-cis isomer. Our results with /3-citrylideneacetoni- 
trile (lie) in which the 7-trans isomer was selectively excited 
clearly showed that the retro-7 product can directly come from 
the 7-trans isomer. Furthermore, the observation of formation 
of retro-/3-ionol from 7-cis-/3-ionol without detectable amounts 
of 7-irans-/3-ionol strongly suggests that retro product can alsoX I
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originate directly from the 7-cis isomer. We therefore believe 
that hydrogen migration can proceed from either isomer. It 
generally represents a leakage from the reversible geometric 
isomerization process. However, in some instances, where 
molecules are especially suitable for hydrogen migration (e.g., 
d-ionol with high energy content and high electron density at 
C-8) this leakage becomes the predominant process.

The thermal rearrangement of the retro-7 product back to 
the corresponding /3-ionol and /3-ionylidene derivatives should 
now involve suprafacial 1,5-hydrogen migration.13 Same as 
the photochemical reaction, it shows little selectivity resulting 
in the formation of both the 7-cis and the 7-trans isomers. The
7-cis isomers of trienes understandably further rearranged 
immediately after formation to cyclohexadienes (see below).

Eleetrocyclization Products. The reversible photo
chemical 6e-electrocyclization process is of course a well- 
known reaction in trienes and higher polyenes. In fact, ex
amples of these were important in the formulation of the 
Woodward-Hoffmann rule on eleetrocyclization.13 However, 
the case we described in /3-ionylideneacetonitrile apparently 
represents the first example of such a reaction in compounds 
in the vitamin A series.

The action plots of photoreactions of the 7-trans and the
7-cis isomers of the trienenitrile are shown in Figures 1 and 
2, respectively. The more rapid rise of the curve of the elec- 
trocyclized products in Figure 2 than the corresponding curve 
in Figure 1 appears to suggest that the photoelectrocyclization 
occurs only from the 7-cis isomers. Therefore, starting from 
the 7-trans isomers two separate photochemical steps are re
quired.17 Furthermore, that only one geometric isomer of the 
cyclized product is formed suggests that only one of the two
7-cis isomers is reactive. Consideration of probable ground 
state conformation of the two isomers and the necessary 
conformation for eleetrocyclization provides the answer. The

s-cis^-cis

7-cis isomer may exist in conformations resembling either the 
s-cis,s-trans or the s-cis,s-cis conformer while the 7,9-di-cis 
isomer is likely to exist only in the less crowded s-cis-s-trans 
conformation. However, only the di-s-cis conformer can be 
excited to the now conformationally rigid di-cis singlets nec
essary for cyclization.18 Therefore, only 7-cis cyclizes giving 
according to the rule the conrotatory product VI. For the same 
reason, thermal cyclization is expected to proceed only from
7-cis giving the disrotatory product Via. However, that the 
thermal reaction did proceed to completion suggests that 
geometric isomerization from 7,9-di-cis to 7-cis takes place 
concurrently with eleetrocyclization at elevated temperatures.

In agreement with the above explanations, we found that 
d-ionylidenemalononitrile where the s-cis,s-cis conformer of 
even the 7-cis isomer is not likely to exist does not undergo

photochemical eleetrocyclization. In this case, the only pri
mary photochemical processes are geometric isomerization 
and sigmatropic hydrogen migration. Also, in agreement with

the above interpretation is the recent work of Frater where 
the same 6e-electrocyclization was observed in a related sys
tem of a mixture of 7-cis- and 7,9-di-cis-/3-ionylideneace- 
tate.16 The thermal product, assigned with the same stereo
chemistry as Via, was epimerized in the presence of a base to 
give a small amount of a product which spectroscopically is 
in agreement with the compound with the opposite stereo
chemistry thus equivalent to VI.

C O T  C O T

Figures 1 and 2 also show that the cyclization process is 
photochemically reversible. After prolonged irradiation, 
products from the less efficient but irreversible sigmatropic 
process predominate. This process is more clearly demon
strated by irradiation of the thermal product Via. Triene 
products were followed by the appearance of the retro prod
ucts.14 The rule for 6e-electrocyclization predicts the forma
tion of the 7,9-di-cis isomer of Ilia from conrotatory ring 
opening of Via. However, it was shown earlier14 that all four 
geometric isomers appear almost concurrently. This apparent 
violation of the rule was explained by assuming that the 
ring-opened product is formed in its excited singlet state 
which is capable of further reactions. From a cyclohexadiene 
to a hexatriene, energetically this is a downhill process thus 
not suffering from the same difficulty as in excited state 
conversion of butadiene to cyclobutene, pointed out by Dau
ben.19

Our study and also previous studies show that the photo
chemistry of dienes and trienes in this series is marked by the 
absence of other types of products commonly observed in the 
photochemistry of dienes and triene (e.g., cyclobutene, bicy
clobutane, and bicyclo[3.1.0]hexane products). We believe 
that this is due to the ground state conformation of the un
saturated C5-C 10 unit in these compounds. From space filling 
molecular models and also shown by NM R studies,20 it is be
lieved that the 5,6 and 7,8 double bonds are far from coplanar 
(whether the cisoid or the transoid form) for concerted reac
tions to cyclobutenes or bicyclobutanes. On the other hand, 
there is little difficulty for electronic overlap between C5 and 
C10 in a 7-cis isomer in a Möbius manner21 giving the cyclo
hexadiene with the cis stereochemistry. Models also show that 
any conformation involving close proximity of C5 and C9 (i.e.,
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the s-cis-s-trans conformation necessary for formation of bi- 
cyclo[3.1.0]hexenes)22 only results in even closer proximity 
of C9 and hydrogens on Cjg. We believe that this accounts for 
the formation of the sigmatropic hydrogen migration products 
and not the internal cycloaddition products.

Lastly, the formation of dehydro-Y-ionone (XI) from 
dehydroretro-Y-ionone is clearly a photoprocess (the retro 
product is thermally stable). It probably involves photoelec- 
trocyclization of the enol followed by dehydration catalyzed 
by trace acids.

0  OH

Experimental Section
Procedures to prepare the compounds used in this study are in the 

literature. 1 1 ’ 2 3  Low-pressure Hg lamps (P C Q -X 1 , uv-Products Inc.) 
were used for 254-nm irradiation and medium-pressure Hg lamps 
(Hanovia) for >300-nm irradiation. For longer wavelengths appro
priate Corning filter plates were used to isolate light o f the desired 
wavelengths. For dienes, GLC was used to follow the course of reac
tion; and for longer polyenes, N M R was used instead. Column con
ditions and chemical shifts have been described previously . 3 ’ 11 The 
following are representative procedures o f  direct irradiation at pre
parative scale.

Retro-y-ionol (IVb). A 2% ether solution o f 7-cis-/3-ionol was ir
radiated with 254-nm light in a manner similar to that described for 
the trans isomer.7b The reaction was followed by GLC ( 6  ft, 3% SE-30, 
128 °C) and is usually completed within 2 days o f irradiation. The 
product was isolated by short-path distillation. Its properties are 
identical with those described in the literature for IVb.7h

Retro-y-ionylideneacetonitrile (V, R  = CN ) was prepared by 
irradiation (254 nm) of an ether solution o f a mixture o f 7-trans (or
7-cis) isomers o f /î-ionylideneacetonitrile in a similar manner as de
scribed above. The N M R data of the products are listed in Table I. 
When the same triene was irradiated with light >300 nm (Pyrex fil
ters), the final product mixture contained the retro- 7  product (77%) 
and another new compound (23%). Since these compounds cannot 
be separated by, e.g., column chromatography on silica gel, the 
characteristic NM R signals o f the latter (Table II) were obtained after 
comparison o f the spectrum o f the mixture with that o f V. Based on 
these spectral data and other related information (see text) the cy- 
clohexadiene structure VI was assigned to the new product. Upon 
removal o f the Pyrex filters the final product mixture was found to 
contain only V (R = CN).

d-Ionylideneacetaldehyde (IHe). A deoxygenated 5% solution 
of a mixture o f all-trans- and 9-cis-d-ionylideneacetaldehyde in 
perdeuterated benzene in a N M R sample tube was irradiated with 
>300-nm light. Formation o f the two 7-cis isomers was detected im
mediately by their characteristic methyl signals. N o other new 
products were detected (by NM R) even after 2 days of irradiation 
when the solution darkened considerably.

Tetraenenitrile V ila . The tetraenenitrile, obtained as a four- 
isomer mixture from Horner reaction o f all-trans- and 9-cis-0-ion- 
ylideneacetaldehyde with diethylcyanomethyl phosphonate, was ir

radiated with >300-nm light and the reaction was followed by NMR. 
The absence of methyl signals around 1.5 ppm indicated that the 7-cis 
isomers were not present in significant amounts at any stage of irra
diation.11 Signals in other region were too complex to provide any 
useful information. After 1 day of irradiation the mixture was sepa
rated by column chromatography on silica gel (Biosil) using hexane- 
benzene (3:1) solvent mixture. The small amounts of unreacted te- 
traenes were thus separated. Of the products, two useful fractions were 
collected. One fraction was found to contain primarily one compound. 
Its spectral properties were discussed in the text and are only con
sistent with the cyclized structure VIII [ir 2215 (CN), 760 cm-1 (cis 
disubstituted double bond); NMR (Table II)]. The second fraction 
contained about equal amounts of VIII and a second product which 
is believed to be the 11-trans isomer of VIII (see text).
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The neutral water reaction o f bis(4-nitrophenyl) carbonate in H 2 O -D 2 O has been subjected to a proton inventory 
analysis. A plot o f observed rate constants vs. the atom fraction of deuterium is linear, indicating that a single pro
ton contributes to the solvent isotope effect o f 2.24. This result is not consistent with a “ one-water” mechanism nor 
with a “ two-water”  cyclic concerted mechanism but does agree with a “ two-water”  general base mechanism in 
which the transition state is reached at an early stage. It was also shown that urea, tetraalkylammonium salts, KBr, 
and other structure-making or structure-breaking additives cause only minor changes in the hydrolysis rates. These 
data suggest that hydrolytic enzymes do not achieve appreciable rate accelerations by perturbing the water struc
ture at their active sites.

“ Water reactions” refer to hydrolyses in which only sub
strate and water participate.2’3 Acidic and basic catalysis play 
no role. Labile carboxylic acid derivatives such as acetic an
hydride,4 acetylimidazole,5 ethyl trifluoroacetate,6 and
5-thiovalerolacetone7 all react with water at 25 °C. The hy
drolyses are characterized by sizable negative entropies of 
activation and by solvent isotope effects greater than unity 
(typically, AS* = —30 to —45 eu and ^h2o/^ d2o =  2 -3 ).2 One 
virtue of water reactions is their relatively simple mechanism.8 
Another is their potential usefulness in the study of water 
properties.9 In the present paper we describe a “ proton in
ventory” of the hydrolysis of bis(4-nitrophenyl) carbonate (I)

0
1

at a pH where the neutral water reaction dominates. Proton 
inventories require the measurement of reaction rates in 
several different mixtures of protium oxide (water) and deu
terium oxide. This information discloses the number of pro
tons contributing to the solvent isotope effect.10’11 We also 
determined the rates of the water reaction of I in the presence 
of large amounts of urea, tétraméthylammonium chloride, and 
other structure-making or structure-breaking additives.

Experimental Section

Materials. Bis(4-nitrophenyl) carbonate (I) was prepared by the 
method of Fife and McMahon . 12 The carbonate, crystallized twice 
from benzene, melted at 139-141 °C (lit. 1 2  mp 138-140 °C). Alkaline 
hydrolysis o f the material produced 2  molar equiv o f p-nitro- 
phenoxide. Acetonitrile (Eastman Spectrograde) was purified by 
distillation over P 2 O5  and K 2 C 0 3. Deuterium oxide (99.7%) and 
deuterium chloride (99%) were purchased from Diaprep. All inorganic 
salts were dried in an oven and organic additives (except the 
tétraméthylammonium salts) were crystallized or distilled prior to 
use.

Kinetics. Hydrolysis rates of I were measured by following the 
appearance o f p-nitrophenol at 320 nm using a Cary 14 spectropho
tometer fitted with a 1.0 slidewire. A 3.00-ml solution of 0.01 N HC1 
in an appropriate mixture o f D 20 -H 20  was equilibrated in a 1.00-cm 
cuvette placed within the thermostated cell chamber o f the Cary 14. 
Reactions were initiated by adding 20 a 1 o f a concentrated solution 
of I in acetonitrile with the aid of a small glass stirring rod. Concen
trations o f I in the cuvette were approximately 3 X 10- 5  M. We fol
lowed the reactions to greater than 80% completion, and took infinity 
values at 10 half-lives. First-order rate constants, calculated in the 
usual manner, were reproducible to within 3% in most cases. Mr. Josef 
Nemeth, Urbana, 111., determined the atom fraction of deuterium in 
a “ pure”  DC1/D20  solution.

Results and Discussion

Water reactions of labile carboxylic acid derivatives, in
cluding I, are believed to involve two water molecules as shown 
in eq l .12 One water molecules functions as a general base

H H

I I \ /  I
H— 0_yH— 0_^<C — *-H30 + + H 0 — C—  (1)

IK !
Oj 0 “

whereas the other functions as a nucleophile. This mechanism 
accords with a solvent isotope effect greater than unity and 
with the known susceptibility of labile substrates to general 
base catalysis. Yet neither line of evidence precludes kinetic 
equivalents of eq 1 such as the cyclic concerted process in eq 
2.13’14 In fact, even a “one-water” mechanism is consistent with

H
\

v \ H,0 +  HO— C—

OH

(2)

H

a solvent isotope effect near 2 provided that the bond between 
the water oxygen and the carbonyl carbon is well formed in 
the transition state. These ambiguities prompted us to carry 
out a “proton inventory” experiment in order to secure the 
total number of protons contributing to the solvent isotope 
effect.

A proton inventory is a rather specialized physical organic 
method, and a brief discussion of its attributes might be use
ful.10’11’16 The observed rate constant kn in a H 2O -D 2O mix
ture is related to the rate constant ko in pure water by eq 3.

TS / GS
kn/ko =  n  (1 _  n +  n<f>*) /  n  (1 -  n +  n$j) (3) 

i '  i

The parameter n signifies the atom fraction of deuterium. All 
transition state protons i that contribute to the isotope effect 
possess a term in the right-hand numerator of eq 3. These 
terms are multiplied as are the terms in the denominator 
corresponding to the reactive ground state protons j. Each 
proton site is associated with an isotopic fraction factor 4> 
which expresses the degree of deuteration of the site. For ex
ample, since for R2OH+ = 0.69, the [R20D +]/[R20 H +] ratio 
equals 0.69 (not 1.0) in a 50% D2O/50% H 20  mixture. Lists of 
fractionation factors for various types of exchangeable protons 
can be found elsewhere.11 Analysis of the water reaction of 
bis(4-nitrophenyl) carbonate is particularly simple because 
the substrate has no reactive protons and the other reactant, 
water, has a 4> = 1 by definition. Consequently, the denomi
nator is unity and we need consider only the protons of the 
transition state. If only one proton in the transition state 
contributes to the solvent isotope effect, then a plot of kn vs. 
n should be linear. Nonlinearity would arise from two or more 
transition state terms in eq 3.
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Table I. Observed First-Order Rate Constants for the 
Hydrolysis of Bis(4-nitrophenyl) Carbonate in Mixtures 

of 0.01 N HC1/H20  and 0.01 N DC1/D20  at 50.0 °C°

Atom fraction of 
deuterium (n)

No. of 
runs

K  x 104,
min-1

0.000 10 1795 ±  47c
0.099 3 1696 ±  32
0.198 4 1604 ±  20
0.297 3 1501 ±  14
0.395 3 1382 ±  20
0.494 4 1278 ±  32
0/593 4 1172 ±  30
0.692 3 1066 ±  20
0.791 3 987 ±  21
0.889 2 874 ±  10
0.986 6 20 802 ±  20

a Ionic strength = 0.05 with KC1. 6 Atom fraction of deuterium 
in “ 100%” 0.01 N DCI/D2O was determined by J. Nemeth, Ur- 
bana, 111. Other n values are based on this number. c Error limits 
are standard deviations.

Most of our kinetic studies of I were carried out in 0.01 M  
aqueous HC1 at 50.0 °C. We are certain that the hydrolysis is 
a true neutral water reaction under these conditions because 
the observed rates in 0.10 N HC1, 0.01 N HC1, 0.001 N HC1, 
and at pH 4.65 and 5.29 differ only slightly (0.177,0.180,0.178,
0.185, and 0.186 min-1 at 50.0 °C, respectively). The latter two 
rate constants were secured using an acetate buffer and ex
trapolating to zero buffer concentration (acetate catalyzes the 
hydrolysis by a general base mechanism12). Fife and McMa
hon12 obtained a fe0bsd = 0.168 at 0.01 N HC1 and 50.0 °C, a 
satisfactory agreement. The solvent isotope effect, k ^ o /^ o ,  
was found to equal 2.24 which is substantially smaller than 
the value of 2.88 published previously.12 The source of the 
discrepancy remains unclear.

Table I lists first-order rate constants, kn, for the water 
reaction of I at different atom fractions of deuterium. Since 
a plot of kn vs. n (Figure 1) is linear,16’17 we conclude that only 
a single proton contributes to the solvent isotope effect. Let 
us now consider the significance of this result with respect to 
possible transition states of the water reaction. In the general 
base mechanism (eq 1) the solvent isotope effect must derive 
solely from the proton which is transferred from the “ nu
cleophilic” water to the “general base” water. The fact that

n
Figure 1. Dependence of kn on the atom fraction of deuterium n in 
mixtures of protium and deuterium oxides. The data are taken from 
Table I.

Table II. Effect of Additives on the Water-Catalyzed 
Hydrolysis of Bis(4-nitrophenyl) Carbonate in 0.01 N HC1 

at 50.0 °C
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Registry no. Additive Concn, M &0b8d X 104, min-1

None 1794 ±  47°
7758-02-3 KBr 0.99 1393 ±  21

KBr 2.00 922 ±  54
7447-40-7 KC1 0.99 1642 ±  31

75-05-8 CH3CN 1.00 1511 ±  23
67-68-5 DMSO 1.12 1891 ±  58

123-91-1 Dioxane 1.03 1312 ±  51
75-65-0 £-BuOH 1.04 1487 ±  60
57-13-6 Urea 1.00 1950 ±  43

Urea 3.00 2008 ±  13
Urea 4.00 2176 ±9 1
Urea6 4.00 1195

632-22-4 Tetramethylurea 1.03 1934 ±  13
75-57-0 Tétraméthyl 1.00 1730 ±  30

ammonium
chloride

Tétraméthyl 2.00 1550 ±  60
ammonium
chloride

1643-19-2 Tetrabutyl- 1.00 1110 ± 3 4
ammonium
bromide

“ Error limits are standard deviations from usually three runs. 
b Hydrolysis carried out in D2O; single run only.

our inventory detected no secondary isotope effect from the 
three remaining water protons signifies that extensive proton 
transfer to the “general base” water is not achieved in the 
transition state. Otherwise both protons of the “general base” 
water would be transformed into hydronium-like protons. 
Their fractionation factor would then change from 1.0 in the 
ground state to a value resembling 0.69 in the transition state, 
and a three-proton inventory would have been observed. Note 
that the fourth proton in eq 1 (namely the nontransferred 
proton on the “nucleophilic” water) is converted from an -O H  
proton of water into an -O H  proton of a tetrahedral inter
mediate; one would not expect the site to add an important 
term to eq 3. In summary, the linear kn vs. n plot is indeed 
consistent with a general base mechanism provided that the 
transition state is reached at an early stage of the reaction.18 
Moreover, we can eliminate a “ one water” hydrolysis with 
considerable bond formation between the oxygen and the 
carbonyl carbon because this would lead to a two-proton in
ventory. Lack of a two-proton inventory also renders unlikely 
a cyclic concerted mechanism (eq 2) in which two protons are 
transferred.

We carried out a set of peripheral experiments to determine 
if additives that perturb water structure also perturb the water 
reaction rates of I. The data are presented in Table II. Tet- 
raalkylammonium ions, strong structure-making species,19 
are seen to decrease the hydrolysis rates. Urea, an effective 
structure-breaker,20 increases the rates. Dioxane and KBr do 
not fit this pattern; they are weakly structure-breaking21 and 
yet decrease the rates. The most striking feature of Table II 
is the small variation in rate constants. Several explanations 
for this are possible. (1) The water reaction of I does not re
quire properly oriented water molecules. Hence the hydrolysis 
is insensitive to the diffusional average water structure. (2) 
The water reaction does in fact demand two properly oriented 
water molecules, but these molecules are members of solvation 
shells encasing the substrate. If the structure of the solvation 
shell is only slightly affected by the additives, their presence 
will not change Zz0bsd- (3) The additives modify AH* and 
TAS* in a compensatory manner so that the rate effects are 
small. Engbersen and Engberts9 have shown clearly that this
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third factor is important. However, from the point of view of 
catalysis, which is concerned primarily with rates and not the 
component activation parameters, the lesson from Table II 
and the work of others22’23 is clear. Nonreactive additives have 
a disappointing rate effect on the water reactions of carboxylic 
acid derivatives.24 Our data suggest that hydrolytic enzymes 
do not achieve appreciable rate accelerations by perturbing 
the microscopic environment at the active sites.25
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The metalation o f cumene with re-pentylsodium was reinvestigated to assess the effect o f N ,N ,N ',N '-tetrameth- 
ylethylenediamine (TM EDA) on this reaction. It was found that in the presence of TM EDA, cumene was metalated 
by n -pentylsodium giving a 65% yield o f a-cumylsodium with an isomeric purity o f 95% after a 24-h reaction period. 
In the initial stages of the reaction, a kinetically controlled metalation occurred giving principally o-, m-, and p-iso- 
propylphenylsodium. At longer reaction times, these compounds isomerized to a-cumylsodium in a thermodynami
cally controlled process.

In 1963 Professor Benkeser and co-workers2 reported that 
cumene was metalated by n-pentylsodium in a kinetically 
controlled process to give a mixture of m- and p-isopropyl- 
phenylsodium (lb  and lc) and trace amounts of a-cumylso- 
dium (2). In the presence of excess cumene, the ring sodium 
compounds lb  and Ic slowly converted to the a compound 2

CH3CHCH3

1
a, ortho
b, meta
c, para

in a thermodynamically controlled process. The «-sodium 
compound was shown to be unstable and decomposed to a- 
methylstyrene and sodium hydride.3

cumene
lb +  lc  ---------- *- 2 < C ^ - c h = ch2

CHa

+  NaH

Recently, Trimitsis and co-workers4 reported that the 
presence of iV,A,,lV,/V,-tetramethylethylenediamine 
(TMEDA) greatly altered the reactivity of n-pentylsodium 
in metalation reactions. Thus, 1,3-dimethylnaphthalene and

1,3-dimethyl-

CH2Na



Metalation of Cumene with n-Pentylsodium J. Org. Chem., Voi. 41, No. 10,1976 1871

m -xylene were quantitatively dimetalated by n-pentylsodium 
in the presence of TMEDA. In the absence of TMEDA, 
monometalation occurred in low yield. This observation is in 
general agreement with several other laboratories who re
ported that TMEDA greatly activated organolithium reagents 
in metalation reactions.5

In view of the rather dramatic effect which TM EDA had 
on the metalation of 1,3-dimethylnaphthalene and m -xylene, 
we were prompted to reinvestigate the metalation of cumene 
by n-pentylsodium in the presence of TM EDA. The general 
objectives of this research were to assess the effect of TMEDA  
on the stability of a-cumylsodium and the kinetic vs. ther
modynamic factors operating in the presence of this re
agent.

Results and Discussion
When cumene was metalated with n-pentylsodium in the 

presence of TM EDA for 24 h, a-cumylsodium (2) was pro
duced in a 65% yield and with an isomeric purity of 95% as 
adjudged by the formation of methyl 2-methyl-2-phenyl- 
propanoate (3) upon carbonation and esterification of the

CH3CHCH3

+ n-C5HnNa
TMEDA

24h
1. C02

2. H+

3. CH2N2

co2c h 3
I

— C— CHè
3

reaction. The identity of 3 was proven by comparing its VPC 
retention time and NM R and ir spectra with those of an au
thentic sample of this compound. Small quantities of m-iso- 
propylphenylsodium (lb, 3%) and p-isopropylphenylsodium 
(lc, 2%) were also formed based on VPC analysis of the methyl 
esters obtained upon carbonation and esterification. Practi
cally all of the n-pentylsodium was consumed in the metala- 
tion reaction as adjudged by the relatively small quantity of 
methyl hexanoate observed in the gas chromatogram.6 In 
addition, VPC analysis revealed that only trace amounts of 
a-methylstyrene were produced during the course of the re
action indicating that the a-cumylsodium was not decom
posing to any significant degree. When this reaction was run 
in the absence of TM EDA, only a 40% yield of metalation 
products was obtained consisting of 55% of the meta com
pound lb , 45% of the para compound lc , and none of the a 
compound 2. Additionally, a large quantity of n-pentylsodium 
remained unreacted.

The stability of the a-cumylsodium and the increased re
activity of the n-pentylsodium observed under our reaction 
conditions apparently result from complex formation between 
TM EDA and the organosodium compounds. In the case of

ch3. v . ch3 

, / n ^ ch2
R— Na I

/  \
ch3 ch3

R =  n-pentyl or a-cumyl

a-cumylsodium one could speculate that this complex is re
sponsible for increasing the ionic character of the benzylic 
carbon-sodium bond, thus permitting benzylic resonance to 
play a more significant role in stabilizing the a-cumyl carb- 
anion. In a similar manner, complex formation between 
TM EDA and n-pentylsodium may increase the ionic char
acter and thus the basicity of the n-pentylsodium. This would 
be reflected in a more reactive metalating reagent and hence 
higher yields of product. Alternately, it could be argued that

Table I. Metalation of Cumene by n-Pentylsodium in the 
Presence of TMEDA as a Function of Time“

Time,
h la, % lb, % lc,% 2, %

1 3 (3)6 57 (57) 33 (34) 7(6)
2 3 42 26 29
4 0 11 9 80
6 0 (0) 2(5) 2(5) 96 (90)

12 0 (0) 2 (2) 1 (2) 97 (96)
18 (0) (1.5) (0.5) (98)
24 0 (0) 2 (1) K D 97 (98)

“ The values reported in this table were obtained by remov
ing aliquots from the reaction at the stated times. Aliquots 
were not removed from the first experiment at 18 h and from 
the second experiment at 2 and 4 h. 5 Numbers in parentheses 
represent the results of a second experiment.

the TM EDA breaks down the highly associated n-pentylso
dium into smaller, more reactive aggregates. These arguments 
parallel those used by Trimitsis4 and Benkeser7 in explaining 
their observations in the organosodium reactions which they 
studied.

The metalation of cumene by n-pentylsodium in the pres
ence of TM EDA was also studied as a function of time by re
moving aliquots from the reaction. Table I shows that after 
a 1-h reaction period, metalation occurred principally on the 
ring giving the ortho, meta, and para sodium compounds la, 
lb; and lc .8 In addition analysis of the 1-h aliquot showed that 
practically all of the n-pentylsodium was consumed based on 
the small quantity of methyl hexanoate observed in the gas 
chromatogram. At longer reaction times, the a-sodium com
pound 2 predominated. Since practically all of the n-pentyl
sodium was consumed in the early stages of this reaction 
metalation must have occurred initially on the aromatic ring 
of cumene in a kinetically controlled process. In the presence 
of TM EDA, the ring compounds la, lb, and lc rapidly re
verted to the more thermodynamically stable a-cumylsodium 
(2) presumably via a transmetalation sequence involving ex
cess cumene.

These results are in sharp contrast to those of Broaddus,9 
who did not observe the ring to side chain isomerization in the 
metalation of a series of alkylbenzenes including cumene with 
n-butyllithium in the presence of TM EDA. The lack of 
isomerization in these reactions is most likely due to the lower 
reactivity of organolithium reagents compared to the corre
sponding sodium compounds. It is also of interest to note that 
the kinetically controlled product distribution which was 
observed in our metalation reaction after 1 h was very close 
to the kinetically controlled product distribution observed by 
Broaddus.

In summary, we have found that cumene is metalated by 
n-pentylsodium in the presence of TMEDA to give a- 
cumylsodium in high yield and isomeric purity. This meta
lation occurred initially in a kinetically controlled process on 
the aromatic ring of cumene followed by an isomerization of 
the sodium to the benzylic position of cumene in a thermo
dynamically controlled process.

Experimental Section
Organosodium reactions were run under a positive nitrogen pres

sure in a Morton flask fitted with a Stir-O-Vac (La Pine Scientific Co.) 
high-speed stirring apparatus. All glassware employed in these re
actions was dried in an oven at 110 °C and flushed with nitrogen be
fore use. Octane, 1-chloropentane, and cumene were purified by 
standard techniques and shown to be VPC pure. TMEDA was dis
tilled from BaO or CaH2 immediately before use.10 NMR spectra were 
obtained on a Hitachi Perkin-Elmer R20-A spectrometer and ir 
spectra on a Perkin-Elmer 457 spectrometer.

Reference Compounds. Methyl p-isopropylbenzoate and methyl 
2-methyl-2-phenylpropanoate were obtained by esterifying p-iso-



propylbenzoic acid (Eastman Kodak Co.) and a,«-dim ethyl-a-phe- 
nylacetic acid (K and K Laboratories, Inc.) with diazomethane.11 
Methyl o- and m-isopropylbenzoate were prepared by treating o- and 
m -bromocumene with magnesium followed by carbonation and es
terification with diazomethane. The o- and m -bromocumene com
pounds were prepared by adaptations of standard literature meth
ods.12

Analytical Method. Metalation reactions were analyzed by car
bonating the reaction mixtures and esterifying the resulting carboxylic 
acids with diazomethane.13 The resulting methyl esters were analyzed 
on a F and M  Model 720 gas chromatograph equipped with a 6-ft 15% 
diisodecyl phthalate column at 170 °C with a helium flow rate o f 60 
ml/min. The validity of this technique was demonstrated by the 
analysis o f an authentic sample as follows:
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Ester Synthetic mixture, % VPC analysis, %

a 31 31
O- 9 8
m - 30 31
p - 30 30

The yield of cumene methyl esters was obtained employing quan
titative VPC analysis using ethyl benzoate as an internal standard. 
Analysis o f a synthetic mixture of the four isomeric cumene methyl 
esters showed this technique to be reliable to within 5%.

n-Pentylsodium. T o a vigorously stirred 9.2-g (0.40 mol) sodium 
dispersion14 in 125 ml o f octane maintained at —10 to —20 °C was 
added 16 g (0.15 mol) o f 1-chloropentane in 25 ml o f octane over 1.5 
h. After the addition of the 1-chloropentane, the mixture was stirred 
for an additional 0.5 h at —10 to —20 °C to ensure complete reaction.

Metalation o f Cumene with n-Pentylsodium in the Presence 
o f TMEDA. To a n-pentylsodium sample in 150 ml of octane was 
added 36 g (0.30 mol) o f cumene and 13.9 g (0.12 mol) o f TMEDA. The 
mixture was vigorously stirred for 24 h before being poured onto a dry 
ice-ether slurry. After the mixture warmed to room temperature, 
hydrolysis was effected15 followed by separation of the organic and 
aqueous layers. The organic layer was washed three times with water 
and these washings were added to the aqueous layer. The combined 
aqueous layer was extracted three times with ether and these extracts 
combined with the original organic layer. The combined organic layer 
containing the neutral compounds was dried over Drierite before 
solvent was removed on a rotary evaporator. Analysis o f the residue 
on a silicone gum rubber column at 100 °C revealed that only a trace 
o f «-methylstyrene was produced. The combined aqueous layer was 
acidified with concentrated HC1 and the resulting mixture was ex
tracted five times with ether. The combined ether extracts which 
contained the acidic compounds were esterified with diazomethane 
and dried over Drierite, and solvent was removed on a rotary evapo
rator. VPC analysis o f the resulting methyl esters showed that a 65% 
yield16 of cumene methyl esters was obtained consisting of 95% methyl
2-methyl-2-phenylpropanoate (3), 3% methyl m-isopropyl benzoate 
(lb), and 2% methyl p-isopropylbenzoate (lc). Additionally, VPC 
analysis showed that only a small quantity of methyl hexanoate was 
present. Distillation o f the methyl esters gave a sample of methyl
2-methyl-2-phenylpropanoate boiling at 92-94 °C (8 mm) which had 
an ir and NM R spectra superimposable with the ir and NM R spectra 
o f an authentic sample o f this compound.

Metalation o f Cumene with n-Pentylsodium in the Absence 
o f TMEDA. Cumene was metalated by n-pentylsodium in the ab
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sence of TMEDA using the above procedure. VPC analysis of the 
methyl esters showed that a 40% yield of cumene methyl esters was 
obtained consisting of 55% methyl m-isopropylbenzoate (lb) and 45% 
methyl p-isopropylbenzoate (lc). VPC analysis also revealed that 
large quantities of methyl hexanoate were present.

Metalation o f Cumene with n-Pentylsodium in the Presence 
of TMEDA as a Function o f Time. To a n-pentylsodium sample in 
150 ml of octane was added 36 g (0.30 mol) of cumene and 13.9 g (0.12 
mol) of TMEDA. Aliquots (20 ml) were removed and carbonated at 
various time intervals (see Table I) and after 24 h the reaction was 
carbonated. Workup, esterification, and analysis of the samples were 
performed in the usual manner. The results appear in Table I. Ad
ditionally, only trace amounts of methyl hexanoate were observed in 
the gas chromatogram in the 1-h aliquot.

Registry No.—2,15544-84-0; TMEDA, 110-18-9; cumene, 98-82-8; 
n-pentylsodium, 1822-71-5.
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and J. Hooz, J. Am. Chem. Soc., 84, 4971 (1962).

(9) C. D. Broaddus, J. Org. Chem., 35, 10 (1970).
(10) In our hands it was observed that the activating effect of the TMEDA was 

greatly diminished if the TMEDA was not distilled from BaO or CaH2 prior 
to use.

(11) J. A. Moore and D. E. Reed, Org. Synth., 41, 16 (1961).
(12) H. Gilman and A. H. Blatt, "Organic Syntheses” , Collect. Vol. I, Wiley, New 

York, N.Y., 1941, pp 111, 133, and 135.
(13) Previous research has demonstrated that this carbonation and esterification 

technique is an accurate method to “ tag" the location of the sodium in these 
highly reactive and air-sensitive organosodium compounds. See ref 2, 7, 
and 8b.

(14) M. Schlosser in “ Newer Methods of Preparative Organic Chemistry” , Vol. 
5, W. Foerst, Ed., Verlag Chemie, Weinheim/Bergstr., Germany, and Ac
ademic Press, New York, N.Y., 1968, p 299.

(15) Prior to hydrolysis, a piece of dry ice was added to the breaker to produce 
a carbon dioxide atmosphere. This prevented fires resulting from the re
action of excess sodium with water.
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yields of cumene esters were based on an assumed 70% (0.1 mol) yield 
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A direct two-carbon homologation of 17-keto androstanes 
to 20-keto pregnanes using the Wittig reaction would require 
a phosphorous reagent 1 bearing a masked carbonyl group Z 
as well as a methyl group (R = CH3).1 Alternative approaches

to this problem have utilized Wittig reagents bearing only a 
methyl group2 (R = CH3, Z = H) or only a masked carbonyl 
group3 (R =  H, Z =  OCH3). Further elaboration of the prod
ucts of these Wittig reactions to 20-keto pregnanes has ex
cluded the presence of a double bond elsewhere in the steroid2 
or has required an expensive reagent.3 W e wish to report an 
efficient solution to these problems as illustrated by the 
synthesis of progesterone (2) from dehydroepiandrosterone 
(3) using the phosphonate Wittig reaction.4

The condensation of the tetrahydropyranyl ether of dehy
droepiandrosterone5 (4) with the anion of 2-(diethylphos- 
phono)-propionitrile (5) afforded the a,/3-unsaturated nitrile 
(6b) in 77% yield as a mixture of E and Z isomers. The mag
nesium in methanol reduction6 of 6b provided the 17/3-ori- 
ented side chain stereoselectively, and the subsequent hy
drolysis of the tetrahydropyranyl protecting group furnished 
the hydroxynitrile 7 in 85% yield.7 An alternative synthesis 
of 7 using pregnenolone and tosylmethyl isocyanide8 afforded 
7 in low yield.

The oxidation of 7 to the enone 8 using chromium reagents 
proceeded in low yield9a as a result of concomitant oxidation 
of 8 at C-6. The Oppenauer oxidation of 7 using aluminum 
isopropoxide and cyclohexanone95 circumvented this diffi
culty but presented the annoying problem of separating 8 from 
excess cyclohexanone95 by recrystallization or chromatogra
phy. Our inability to resolve this separation problem com
pletely led us to substitute 4-methyl-1-piperidone (9) for cy
clohexanone in the Oppenauer oxidation of 7. This convenient 
modification of the Oppenauer oxidation afforded 8 in 90% 
yield following extraction of the acidified reaction mixture.
As shown in Table I, this modification may prove useful in 
other small-scale oxidations of 3-hydroxy-A5-steroids.

The ketalization of 8 with ethylene glycol furnished the 
ketal nitrile 10 in 62% yield. The oxidative décyanation10 of 
10 via the intermediate cn-hydroperoxynitrile11 11 and the acid 
hydrolysis of the ethylene ketal protecting group furnished 
progesterone (2) in 69% yield. This synthesis illustrates a 
viable procedure for the introduction of a C-170 acetyl moiety
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3, R =  H
4, R =  THP

6a, R =  H 
b,R = T H P

in steroids which (1) utilizes available or readily synthesized 
reagents and (2) is compatible with an isolated double bond 
elsewhere in the steroid.

Experimental Section
Infrared spectra were determined on a Perkin-Elmer Infracord 

spectrophotometer. NMR spectra were determined on a Varían A-60A 
spectrometer. Mass spectra were determined on a Varian MAT CH5 
mass spectrometer. Melting points were determined using a 
Thomas-Hoover apparatus and are uncorrected.

2-(Diethylphosphono)-propionitrile (5). To 200 ml of thionyl 
chloride (2.8 mol, 1.4 equiv) under reflux was added 148 g (2.0 mol) 
of propionic acid dropwise over 0.5 h. The solution was refluxed for 
an additional 1 h. To the propionyl chloride solution was added 336 
g (2.1 mol, 1.05 equiv) of bromine dropwise over 0.5 h. The dark red 
solution was refluxed for an additional 24 h.12 To 11. of concentrated 
ammonium hydroxide at 0 °C in a 2-1. flask equipped with a Hirshberg 
stirrer was added the crude 2-bromopropionyl halide13 solution 
dropwise over 1 h. The mixture was stirred for an additional 0.5 h at 
0 °C, and the brown precipitate was collected in a large Buchner
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Table I. Oppenauer Oxidation of Steroids Using  
Alum inum  Isopropoxide and l-M ethyl-4-piperidone

Starting material Product Isolated yield, %

7 8 90
Pregnenolone Progesterone 85
Cholesterol Cholest-4-en-3-one 84
/3-Sitosterol 24-Ethylcholest-4-

en-3-one
71

Methyl 3/3-hydroxy-5- 
cholenate

Methyl 3-keto 4- 
cholenate

67

3 Androst-4-ene-3,17- 81
dione

funnel, washed with ca. 200 ml of water, and allowed to air dry. The 
crude product was recrystallized from reagent grade acetone14 to af
ford 144 g (47%) of 2-bromopropionamide: mp 121-122.5 °C (lit.15 mp 
123 °C); ir (CHC13) 5.92 g (C=0); NMR (CDCI3) 5 2.02 (d, J = 7 Hz, 
3, CHCH3), 4.54 (q, J = 7 Hz, 1, CHCH3), and 6.4 (broad s, 2, CONH2).

A three-necked 500-ml round-bottomed flask equipped with a 
Hirshberg stirrer and connected to a high vacuum line via a dry ice- 
acetone trap was charged with 92.3 g (0.61 mol) of 2-bromopro
pionamide and 115 g (0.81 mol, 4.0 equiv) of phosphorus pentoxide. 
An oil bath at 180 °C was applied to the mixture. After approximately 
10 min, the liquid was distilled into the trap under high vacuum. The 
liquid was subsequently distilled from ca. 1 g of phosphorus pentoxide 
to afford 49.7 g (61%) of 2-bromopropionitrile: bp 57.5-58.5 °C (25 
mm) [lit.16 59 °C (24 mm)]; ir (TF) 4.55 n (C=N); NMR (CDCI3) 6 2.00 
(d, J = 7 Hz, 3, CHCH3) and 4.40 (q, J = 7 Hz, 1, CHCH3). In the same 
fashion, the above procedure was applied to other carboxylic acids 
to afford the a-bromo amides and a-bromonitriles in the following 
yields: butyric acid, 49, 76%; isovaleric acid, 31, 87%; octanoic acid, 
36, 70%; and 3-phenylpropionic acid, 30, 44%.

A mixture of 74.5 g (0.56 mol) of 2-bromopropionitrile and 186 g 
(1.12 mol, 2.0 equiv) of triethyl phosphite was heated at 140-150 °C 
for 8.5 h under a slow stream of nitrogen. Ethyl bromide (95% yield) 
was collected in a dry ice-acetone trap. The product was distilled to 
afford 74.6 g (70%) of 5: bp 103-107 °C (1.0 mm); ir (TF) 4.55 g 
(C=N); NMR (CDC13) 6 1.20-1.75 (m, 9, CH2CH3 and CHCHg),
2.50-3.45 (m, 1, CHCH3), and 3.90-4.50 (m, 4, CH2CH3).

20-Carbonitrile-3|8-hydroxypregna-5,17(20)-diene Tetrahy- 
dropyranyl Ether (6b). To 120 mg (5.0 mmol) of sodium hydride in 
8 ml of anhydrous DME17 under a nitrogen atmosphere was added 
955 mg (5.0 mmol) of 5 in 3 ml of DME. The mixture was refluxed for 
10 min at which time gas evolution had ceased. To the white precip
itate was added 372 mg (1 mmol) of 4 as a slurry in 4 ml of DME. The 
solution was refluxed for 24 h, cooled, and diluted with 50 ml of ether 
and 25 ml of cold water. The product was extracted with an additional 
25 ml of ether. The combined ether solutions were washed consecu
tively with 25 ml of water and 25 ml of brine and dried over anhydrous 
MgS04. The solvent was evaporated, and the product was chroma
tographed on a 20 X 20 cm preparative layer Merck silica gel F254 
plate in 1:1 ether-hexane.

A band (Rf 0.37) was eluted to afford 59 mg (16%) of unreacted 4.
A band (Rf 0.47) was eluted to afford 315 mg (77%) of 6b: ir (CHC13)

4.54 (C=N) and 6.12 g (C=C); NMR (CDC13) 5 0.94 and 1.03 (two s, 
6, angular CH3), 1.83 (broad s, 3, vinyl CH3), 4.71 (m, 1, OCHO), 5.39 
(m, 1, vinyl H); mass spectrum (70 eV) m/e (rel intensity) 308 (12, P 
-  C5H9O2), 307 (33), 105 (6), 91 (5), 86 (6), and 85 (100). The product 
is presumably a mixture of E and Z isomers as evidenced by the broad 
melting point (185-194 °C after three recrystallizations from ether).

Repetition of this reaction starting with 10 g of 4 afforded after 
column chromatography 7.9 g (72%) of 6b.

In order to characterize 6b further, 102 mg (0.25 mmol) of 6b was 
hydrolyzed in 10 ml of methanol containing ca. 10 mg of p -toluene- 
sulfonic acid monohydrate to afford 81 mg (100%) of 20-carboni- 
tri!e-3/i-hydroxypregna-5,l7(20)-diene (6a): mp 227-229 °C (lit.18 
mp 176-177 °C); ir(CHCl3) 2.92 (OH), 4.52 (C=N), 6.12 and 6.27 g 
(C=C); NMR (CDCI3) 5 0.95 and 1.03 (two s, 6, angular CH3), 1.83 
(broad s, 3, vinyl CH3), and 5.39 (m, 1, vinyl H); mass spectrum (70 
eV) m/e (rel intensity) 325 (54), 310 (17), 308 (20), 307 (72), 293 (16), 
292 (60), 240 (13), 231 (11), 214 (37), 213 (58), and 105 (100). The 
discrepancy in melting points may reflect a different E/Z isomer ratio 
in 6a prepared by two different routes.

20-Carbonitrile-3/9-hydroxypregn-5-ene (7). The reduction6 
of 409 mg (1.0 mmol) of 6b using 960 mg (40 mmol) of magnesium in 
20 ml of methanol followed by hydrolysis with 30 ml of 6 N hydro
chloric acid afforded, after recrystallizing twice from methanol and 
drying at 80 °C (0.2 mm), 277 mg (85%) of 7: mp 170-173 °C; ir 
(CHCI3) 4.49, 4.52 (C=N), and 6.28 g (C=C); NMR (CDC13) S 0.76

and 1.03 (two s, 6, angular CH3), 1.31 and 1.36 (two d, J = 7 Hz, 3, 
CH3CH) and 5.37 (m, 1, vinyl H); mass spectrum (70 eV) m/e (rel 
intensity) 327 (43), 309 (42), 294 (39), 242 (27), 216 (39), 161 (38), and 
119 (100).

20-Carbonitrilepregn-4-en-3-one (8). A solution of 327 mg (1.0 
mmol) of 7 in 19 ml of toluene and 1 ml of l-methyl-4-piperidone (9) 
was refluxed under a Dean-Stark trap until ca. 2 ml of distillate had 
collected. To the solution was added 306 mg (1.5 mmol) of aluminum 
isopropoxide. The mixture was refluxed for 6 h, cooled, diluted with 
50 ml of ether, washed with two 25-ml portions of 1 M hydrochloric 
acid and 25 ml of brine, and dried over anhydrous MgSCh. The 
product was chromatographed on two 20 X 20 cm preparative layer 
Merck silica gel F254 plates in ether to afford 294 mg (90%) of 8: Rf
0.60; ir (CHC13) 4.49, 4.52 (C=N), 6.01 (C =0), and 6.20 g (C=C); 
NMR (CDC13) 5 0.80 and 1.22 (two s, 6, angular CH3), 1.31 and 1.35 
(two d, J = 7 Hz, 3, CH3CH) and 5.76 (m, 1, vinyl H); mass spectrum 
(70 eV) m/e (rel intensity) 325 (84), 284 (91), 240 (29), 229 (14), 202
(17), 147 (25), 135 (25), and 124 (100).

20-Carbonitrilepregn-5-en-3-one Ethylene Ketal (10). A so
lution of 325 mg (1.0 mmol) of 8,310 mg (5.0 mmol) of ethylene glycol, 
and ca. 2 mg of p -toluenesulfonic acid monohydrate in 20 ml of ben
zene was refluxed under a Dean-Stark trap for 17 h. The product was 
diluted with 50 ml of ether, washed with 25 ml of saturated sodium 
bicarbonate solution and 25 ml of brine, and dried over anhydrous 
MgSCh. The product was chromatographed on two 20 X 20 cm pre
parative layer Merck silica gel F254 plates in ether to afford 227 mg 
(62%) of 10: Rf 0.85; ir (CHC13) 4.49 and 4.52 g (C=N); NMR (CDCI3)
5 0.77 and 1.05 (two s, 6, angular CH3), 1.31 and 1.36 (two d, J = 7 Hz, 
3, CH3CH), 3.96 (s, 4, OCH2CH2O), and 5.36 (m, 1, vinyl H); mass 
spectrum (70 eV) m/e (rel intensity) 369 (5), 341 (3), 100 (6), and 99 
(100).

Progesterone (2). To a lithium diisopropylamide solution pre
pared from 111 mg (1.1 mmol) of diisopropylamine and 0.42 ml of 2.60 
M n-butyllithium in 2.0 ml of hexane-THF at —78 °C under a ni
trogen atmosphere was added 369 mg (1.0 mmol) of 10 in 2.0 ml of 50% 
hexamethylphosphoramide-THF. Dry oxygen gas was bubbled into 
the yellow solution (250 ml/min) at —78 °C for 30 min to afford a pale 
yellow solution which was quenched with 2 ml of 1 M sodium sulfite 
solution. The solution was stirred for 5 h at 25 °C, diluted with 25 ml 
of water, and extracted with 50 ml of 20% dichloromethane-ether. The 
product was washed with 25 ml of 1 M sodium hydroxide solution and 
25 ml of brine and dried over anhydrous MgSO.). To the crude white 
solid in 2 ml of THF was added 1.0 ml of glacial acetic acid and 0.5 ml 
of 1 M hydrochloric acic. The solution was stirred for 2.5 h, diluted 
with 25 ml of water, and extracted with 50 ml of 20% dichlorometh
ane-ether. The product was washed with 25 ml of water, 25 ml of 
saturated sodium bicarbonate solution, and 25 ml of brine, and dried 
over anhydrous MgSOx. The product was chromatographed on two 
20 X 20 cm preparative layer Merck silica gel F254 plates in 10% di
chloromethane-ether to afford 215 mg (69%) of 2 (Rf 0.54) which was 
identical with an authentic sample.
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1,4-Disubstituted tetrazoline-5-thiones (3) may be con
sidered as potential precursors for the hitherto unknown di- 
aziridinethiones1 which are of current interest in our labora
tory.2 We have already reported that alkylation, acylation, and 
sulfonylation of l-benzyl-4ff-tetrazoline-5-thione (1, R =  
PI1CH2) in the presence of triethylamine resulted in S-sub- 
stitution in all cases except with phenylacetyl chloride, which 
furnished the N derivative.3 Sulfenylations of 1-substituted 
4H-tetrazoline-5-thiones in the presence of pyridine also oc
curred at sulfur as was shown by Stajer et al.4

Very recently, Lippmann and Reifegerste5 carried out 
Michael additions of 1-phenyl-4/f-tetrazoline-5-thione onto 
«,d-unsaturated aldehydes, maleic anhydride, and methyl 
acrylate in the absence of base and concluded (correctly) from 
their 4H NM R spectra that S-addition products (2) were 
formed. Independently, we have carried out Michael additions 
with 1-benzyl- (or phenyl-) iH -tetrazoline-5-thione (1) under 
slightly modified experimental conditions (THF/N E D  which 
resulted in the formation of N derivatives (3) in all cases (see 
Table I). The structures of 3 a -f are fully supported by the 13C 
N M R  data recorded in Table II. That N-addition occurred 
instead of S-addition is apparent from the absorptions at b 164 
and 42-44 ppm which are attributed to the C = S  and the 
d-CH2 carbon atoms. If addition would have occurred at sulfur 
to give 2, the C = N  and /I-CH2 carbon resonances would be 
found at 5 154 and 25 ppm, respectively. This is shown below 
for structure 2a prepared by the method of Lippmann and 
Reifegerste.5 The assignment of the absorption peak at & 164

N = N

RN .NH 
SC ^

S
1

R =  PhCH2 
or Ph

Ö 130.7 ■

+ c h 2= c h x

N = N

IIs
3

130.3 124.2

ppm to the C = S  carbon atom3 is confirmed by the 13C NMR  
spectrum of l,4-dibenzyltetrazoline-5-thione (4) (C = S  at S
164.6 ppm). This compound was obtained in our laboratory

XCH2CH2̂

N—N 
; w 

R N S ^ N

IIs
5

from the corresponding ketone6 upon treatment with P2S5. 
Thus far, we have only interpreted our results in terms of S 
vs. N 4 addition. The alternative structure for the N adduct, 
namely 5, can be excluded on the basis of the position of the 
ortho phenyl carbon absorption in compounds 3a,c,e. Ac
cording to Begtrup7 the chemical shift value of this ortho 
carbon atom is strongly dependent on the extent of interan- 
nular conjugation between the two rings, resulting in a 
downfield shift as the steric hindrance increases. This is il
lustrated for three compounds, 6, 7, and 8, taken from the 
work of Begtrup.7 In our phenyl substituted compounds 3a,c,e 
(as well as in 2a) the ortho phenyl carbon absorptions are 
found at ca. 5 124 ppm in accordance with the value noted on 
model compound 7 which has only one neighboring sub-

N

PhCH2NN NCH2Ph

/ ^ | |
¿164.6 Hs

Table I. 1,4-Disubstituted Tetrazoline-5-thiones

1H NMR, è values“ 
Yield, -----------------------------------------------------------

Compd R X % PhCH2N n c h 2c h 2x X

3a Ph CHO 43 4.60, 3.18 9.84
3b PhCH2 COMe 85 5.38 4.45, 3.07 2.14
3c Ph COMe 76 4.56, 3.18 2.24
3d PhCH2 C 02Me 70 5.56 4.56, 2.92 3.61
3e Ph C 02Me 57 4.70, 3.10 3.70
3f PhCH2 CN 72.5 5.43 4.50, 2.98

0 All the spectra were recorded in CDCI3 with Me4Si as internal reference. The aromatic proton absorptions are omitted.
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Table II. 13C Chemical Shifts“ for the Michael 
Adducts 3

Compd C =S NCH2CH2X
Other shift 

values

3a 163.7 42.1,40.9 CHO at 198.6
3b 164.2 43.2, 40.2 COCH3 at 204.9 

and 29.9
3c 163.6 43.3, 40.2 COCH3 at 205 

and 30
3d 164.4 44, 31.7 CO2CH3 at 170.5 

and 52
3e 163.6 44, 31.7 CO2CH3 at 170.6 

and 52.2
3f 164.4 43.6,16.3 CN at 116.4

“ All the spectra were recorded in CDCI3 with Me4Si as internal 
reference. The benzyl methylene carbons in 3b,d,f absorbed at 
51.1-51.4 ppm. For compounds 3a,c,e the phenyl carbon atoms 
resonated at 135.1,124 (ortho), 129.6 (meta), and 130 ppm (para).

<0 ^CH, j\

N -C  
I w

Ns  X — H

Î
¿128.4

8

stituent. For compound 5 (R =  Ph), the two substituents ad
jacent to the phenyl group would impede interannular con
jugation to such an extent that a chemical shift of about <5128 
ppm would be expected for the carbon atom under discussion 
(see model 8).

From the mechanistic point of view, it is worth mentioning 
that 2a isomerizes into 3a when heated at 70 °C for 1 h in the 
presence of l,4-diazabicyclo[2.2.2]octane (Dabco, monitored 
by NM R in CDCI3). Ir. the absence of base, no isomerization 
occurred at 70 °C within 1 h, whereas 20% conversion into 3a 
was observed at room temperature after a period of 2 months. 
When the reaction of l-phenyl-4//-tetrazoline-5-thione and 
acrolein in the presence of Dabco was followed by NMR  
(CDCI3 as solvent), the S derivative 2a (triplet at <5 3.5 for the 
/3-CH2) was formed first, but underwent further isomerization 
into the N derivative 3a (triplet at £ 4.6 for the /t-CPU). A 
mechanism which accounts for the amine-catalyzed isomer
ization of 2a into 3a is given below.8

N =NPhîvi fast

nS— CH2— CHCHO
'-I

2 a
(2 )

N = N slow (3)

N
G /-
\>

+  C H ,=C H C H O (4)

r
s (5)

(6 )
N = N (7)

PhNx  .NCH 2CH2CHO

II

(8 )

s
3a

In conclusion, the Michael additions of 1-substituted 
4f/-tetrazoline-5-thiones 1 onto electrophilic olefins can be

carried out either under kinetic or thermodynamic controlled 
conditions. Until now the 1,4-disubstituted tetrazoline-5- 
thiones 3 could not be transformed into diaziridinethiones. 
They remained unchanged when heated at 120-150 °C for 2 
days (monitored by ir), thereby resembling the corresponding 
ketones6’9 in their thermal stability. Also photolysis did not 
produce the three-membered ring but, instead, furnished a 
carbodiimide after loss of nitrogen and sulfur.10

Experimental Section

The starting materials 1 (R = PI1CH2, mp 144 °C; R = Ph, mp 151 
°C) were prepared by the procedure of Lieber and Ramachandran.11 
Adduct 2a (oil) was synthesized in 41% yield by the method of 
Lippmann and Reifegerste.5 The 13C NMR spectra were taken with 
a XL-100 spectrometer equipped with a device for pulsed Fourier 
transform operation.

General Procedure for the Synthesis of 1,4-Disubstituted 
Tetrazoline-5-thiones. Compound 1 (0.03 mol) was allowed to react 
with 2 equiv of olefin and 1 equiv of triethylamine in dry THF (100 
ml) at reflux temperature (ca. 80 °C) for the appropriate reaction time. 
The solvent (including EtsN and the excess of olefin) was removed 
in vacuo and the residue was chromatographed on silica gel using 
CCU-EtOAc as the eluent. Compound 3a was obtained as a colorless 
■oil, reaction time 1 h, ir (neat) 1717 cm-1. Anal. Calcd for M-+ (de
termined by high-resolution exact-mass measurements): 234.05748. 
Found: 234.05654.

Compound 3b was obtained as a colorless, viscous oil, reaction time 
1 day, ir (neat) 1720 cm-1. Anal. Calcd for M-+: 262.08828. Found: 
262.08744. Compound 3c was obtained from the reaction residue by 
crystallization from CCI4, mp 73-74 °C, reaction time 3 days, ir (KBr) 
1700 cm-1. Anal. Calcd for M-+: 248.07317. Found: 248.07238.

Coinpound 3d was obtained as a colorless, viscous oil, reaction time
3 weeks, ir (neat) 1730 cm-1. Anal. Calcd for M-+: 278.08374. Found: 
278.08175.

Compound 3e was obtained as a viscous oil, reaction time 16 days, 
ir (neat) 1735 cm-1. Anal. Calcd for M-+: 264.06808. Found: 264.06785.

Compound 3f was obtained as white needles, mp 59 °C (ether-n- 
hexane), reaction time 3 weeks, ir (KBr) 2255 cm-1. Anal. Calcd for 
M-+: 245.07351. Found: 245.07262.

Synthesis of l,4-Dibenzyltetrazoline-5-thione (4). 1,4-Diben- 
zyltetrazolinone (1 g)6 and P2S5 (2 g) were heated in dry toluene (10 
ml) at reflux temperature for 2 days. After addition of 50 ml of CCLj, 
the reaction mixture was filtered and the filtrate was chromato
graphed on silica gel using CCLi-1.5% EtOAc as the eluent. Compound
4 was obtained in 57% yield and was crystallized from ether-petroleum 
ether to give white needles: mp 109-109.5 °C; Tl NMR (CDCI3) 5 5.38 
(s, 4 H) and 7.2-7.5 (m, 10 H). Anal. Calcd for M-+ (determined by 
high-resolution exact-mass measurements): 282.09391. Found: 
282.09386.

Registry No.—1 (R = PhCH2), 33898-72-5; 1 (R = Ph), 86-93-1; 
3a, 58408-31-4; 3b, 58408-32-5; 3c, 58408-33-6; 3d, 58408-34-7; 3e, 
58438-25-8; 3f, 58408-35-8; 4, 58408-36-9; P2S6, 1314-80-3; 1,4-di- 
benzyltetrazolinone, 20628-50-6; acrolein, 107-02-8; methyl vinyl 
ketone, 78-93-3; methyl acrylate, 96-33-3; acrylonitrile, 107-12-0.
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The Fischer indole synthesis has been regarded as the most 
versatile method for the preparation of indoles. Oddly enough, 
however, indole (2a) itself has not been prepared directly from 
acetaldehyde phenylhydrazone (la) by the Fischer indole 
synthesis. Since 1886 when Fischer1 stated “all trials to obtain 
indole itself by means of zinc chloride have been so far fruit
less” , various Lewis acids have been employed only to find 
complete failure.2

Recently, two research groups3’4 claimed the successful 
preparation of indole (2a) from la  using modified alumina 
catalysts. In this paper we report the first direct synthesis of 
indole from la  by means of zinc chloride (Scheme I), the cat
alyst originally introduced by Fischer.

Scheme I 
CH—  R

'N

la, R = R '= R "  =  H
b, R =  Me; R ' =  R " =  H
c, R  =  R " =  H; R '= M e
d ,  R =  R' =  H ;R "  =  Me

2 a, R = R '= R "  =  H 
.b ,R  =  M e ;R ' =  R " = H
c, R =  R" =  H; R' =  Me
d, R =  R' =  H; R" =  Me

Absence of the alkyl group (R) in la  should shift the hy- 
drazone-enehydrazine equilibrium2 away from the enehyd- 
razine form which is necessary for the indolization of la. 
However, the vulnerability of indole (2a) to condensation with 
the unreacted hydrazone under drastic conditions was thought 
to be mainly responsible for this notable exception to the 
Fischer indole synthesis. Thus we assume that Fischer and his 
successors, using various catalysts, must have had indole in 
their reaction mixtures, but failed to isolate it because of its 
fleeting existence. To overcome this difficulty, we used a flow 
method, with a stream of carrier gas to remove the indole from 
the contact catalyst immediately after its formation.

Acetaldehyde phenylhydrazone (la) was passed hy a stream 
of nitrogen through a heated combustion tube (290-300 °C) 
packed with porous glass beads coated with zinc chloride. 
From the reaction mixture, a 36% yield of indole (2a) together 
with aniline (46%) was isolated. Vapor phase chromatography 
of the reaction mixture revealed the formation of acetonitrile 
(1 0 % ).

A control experiment without zinc chloride afforded a 
mixture of aniline and acetonitrile with a trace of indole (2a) 
whose presence was detected by thin layer chromatography.

Application of this method to propionaldehyde and acetone 
phenylhydrazone (lb, lc) gave respectively skatole (2b) (70%) 
and 2-methylindole (2c) (79%) in good yields, but acetalde
hyde 1-methylphenylhydrazone (Id) afforded N -methylindole 
(2d) in rather low yield (27%).

It is pertinent to note here a rather surprising observation 
that the vapor phase chromatography of acetaldehyde 
phenylhydrazone (la) exhibited the peaks corresponding to 
acetonitrile, aniline, and indole (2a); undoubtedly indolization 
occurs in the metallic injection chamber (250 °C). Formation 
of the indoles 2b, 2c, and 2d from the corresponding phen- 
ylhydrazones lb, lc, and Id  was also observed on vapor phase 
chromatography.

Experimental Section
Melting points and boiling points were uncorrected. Vapor phase 

chromatography (VPC) was carried out using a JEOL JGC-20K gas 
chromatograph equipped with a 2 -m stainless steel column packed 
with 5% SE-30 (134 °C) on Chromosorb W  for indoles, and a 2-m 
column with 10% PEG-20M (60 °C) for acetonitrile.

Thin layer chromatography (TLC) employed silica gel G as the 
support, benzene as the developer, and iodine for detection.

Elemental analyses were performed with a Yanagimoto CHN- 
Corder Type II. All indoles and their derivatives were identified by 
comparison with authentic samples.

General Procedure. The apparatus consisted o f a reaction tube, 
700 mm long and 17 mm in diameter, provided with an inlet tube for 
the carrier gas and a side arm to which a graduated dropping funnel 
was connected. The tube was supported in an electrically heated 
furnace and the lower end of the tube was fitted with a receiver cooled 
in a dry ice-acetone bath.

The catalyst was prepared by evaporation (in vacuo) o f the solvent 
from a mixture o f 2 g of zinc chloride, 20 ml of ethanol, and 34 g of 
porous glass beads (3 mm diameter). The reaction tube was packed 
with the catalyst held in place by a glass wool, and was heated to 
290-300 °C.

A solution of phenylhydrazone in benzene was introduced from the 
dropping funnel with a stream of nitrogen (150 ml/min) over 60-80 
min. An additional 20 ml of benzene was introduced and the reaction 
tube was swept with the carrier gas for a further 30 min.

Indole (2a). A solution of 10 g o f la , bp 94-96 °C ( 2  mm), in 20 ml 
o f benzene was introduced in the reaction tube. The product collected 
in the receiver was analyzed by VPC which showed the presence of 
indolg;(2a), aniline, and acetonitrile in a ratio o f 4:6:1. The reaction 
product was diluted with ether and extracted with 3% hydrochloric 
acid. After washing with 3% sodium bicarbonate solution and drying 
over anhydrous sodium sulfate, the solvent was removed from the 
ethereal solution to give 3.1 g (36%) o f indole (2a), which was recrys
tallized from petroleum ether, mp 52-53 °C (lit . 5  mp 52 °C).

Thy hydrochloric acid extract was made basic with 10% sodium 
hydroxide solution and extracted with ether. Evaporation of the 
solvent gave 3.2 g (46%) of aniline, which was identified by conversion 
into acetanilide, mp 113-114 °C (from ethanol-water).

Starting from a solution of phenylhydrazine (4 g) and paraldehyde 
(1.6 g) in 10 ml of benzene, 2a (1.5 g, 36%) and aniline (2.0 g, 56%) were 
isolated following the same procedure described above.

Skatole (2b). Starting from a solution o f 4.6 g of lb, bp 105-108 
°C (2 mm), in benzene (10 ml), the general procedure furnished ska
tole (2b, 1.8 g, 70%) and aniline (1.1 g, 28%). After recrystallization 
from ligroin, 2b melted at 89-91 °C (lit . 6  mp 96 °C).

2-Methylindole (2c). VPC analysis of the reaction product from 
a solution of 2 g of lc, bp 105-108 °C (2 mm), in benzene (4 ml) showed 
the presence of 2 -methylindole (2c) and aniline in a ratio of 9:1. From 
the reaction mixture was isolated 1.4 g of 2c (79%), mp 58-60 °C (from 
ethanol-water) (lit. 1 mp 60 °C).

N-Methylindole (2d). The reaction mixture from a solution o f 4.6 
g of Id, bp 105-108 °C (2 mm), in benzene (10 ml) gave 1.1 g (27%) of 
M-methylindole, bp 103-105 °C (2 mm), and 1.4 g (42%) o f IV-meth- 
ylaniline, bp 121-123 °C (80 mm).

The picrate of 2 d had mp 148-149 °C (from ethanol) (lit.' mp 150 
°C).

The general procedure starting from a solution of paraldehyde (2 
g) and 1-methylphenylhydrazine (5 g) in 15 ml o f benzene also af
forded TV-methylindole (2d, 1.4 g, 23%) and IV-methylaniline (19 g,
39%).

Registry No.— la, 935-07-9; lb, 7423-16-7; lc, 103-02-6; Id, 
5311-88-6; 2a, 120-72-9; 2b, 83-34-1; 2c, 95-20-5; 2d, 603-76-9; 2d 
picrate, 29052-34-4.
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In continuation of a 13C NM R study of indole alkaloids of 
various structure types3 an analysis of selected samples of the 
a-acylindole family was undertaken. Aside from determining 
the basic carbon shifts of this alkaloid group— dregamine (la), 
tabernaemontanine (lb), vobasine (2a), ochropamine (2b), 
and their derivatives 16-epidregamine (3), vobasinol (2c), and 
vobasinyl acetate (2d)— it was of interest to ascertain by direct 
analysis the C(20) stereochemistry of la and lb4 and to dis-

c. R =  H; Y =  a-H, ,3-OH 
d R =  H; Y =  «-H, d-OAc

3

cover whether the strong anisotropic shielding of the methoxy 
protons of the alkaloids by the proximate indole ring5 is re
flected by any carbon shift perturbation of the ester function.

Inspection of the 13C NM R spectra of the indolic com
pounds led to the chemical shifts depicted in Table I. The shift 
assignment is facilitated by the strong dissimilarity of most 
carbons from each other, when both the field position and 
multiplicity of their signals is utilized, and limited only to the 
differentiation of the methylene and nonaromatic methine 
resonances. The aminomethylene and o-ketomethylene sig
nals are downfield of those of the other methylenes. Epimer- 
ization of C(16) with accompanying a-keto deuteration dis
tinguishes C(14) from C(21) in dregamine (la) and its 16 ep- 
imer (3). The same low-field methylene pair in tabernae
montanine (lb) is differentiated by C(21) deuteration of
20,21-didehydrotabernaemontanine.6 The upfield pair of 
methylene signals of la, lb, and 3 belong to C(6) and C(19) 
whose hydrogens occupy separate field positions. As a con
sequence the carbon-hydrogen, one-bond coupling charac
teristics of these signals in single-frequency, off-resonance 
decoupled (sford) spectra permit their allocation. The double 
bond of vobasine (2a) and its relatives (2) reduces C(6) to 
being the only upfield methylene, while comparison of vob- 
asine-like compounds of different C(3) oxidation level with 
each other distinguishes C(14) from C(21) in these substances.

The aminomethine, C(5), possesses the lowest field methine 
signal of all substances. The next lowest field methine signal, 
that of C(16), exhibits sharp one-bond coupling components 
in its sford spectra in contrast to all other methine signals and 
characteristic of few long-range carbon-hydrogen interactions 
and no second-order couplings. This criterion is of special 
significance in the differentiation of C(16) from C(20) of lb  
in view of the shift similarity of these carbon centers. Only one 
methine remains in vobasine (2a) and its relatives (2), whose 
shift serves as a model b value for C(15) in compounds 1 and
3. Carbon 15 in la  was identified also by the observation of a
3-Hz /1-deuterium substitution effect exerted by the three 
deuteriums in 14,14,16-trideuteriodregamine.

Conversion of the equatorial state of the carbomethoxy 
group within the piperidine ring of dregamine (la) into the 
axial form, i.e., into 16-epidregamine (3), causes ca. 5 ppm

Table I. Carbon Shifts of a-Acylindole Alkaloids and Their Derivatives®

la lb 3 2a 2b6 2ec 2dc'd

C(2) 133.8 133.7 135.0 133.8 133.3 135.4 133.7
C(3) 190.7 190.5 192.5 189.9 190.7 66.8 68.3
C(5) 56.5 56.7 55.4 57.0 57.0 59.4 60.8
C(6) 20.1 18.4 19.4 20.2 21.0 19.6 18.3
C(7) 120.1 120.5 121.1 119.9 120.7 107.3 108.7
C(8) 128.8 128.3 128.3 128.0 126.6 128.7 128.2
C(9) 120.5e 120.5e 120.8e 120.3e 120.2e 117.6 117.6
C(10) 120.0e 119.9e 120.5e 119.9e 119.8e 118.6 118.9
C(ll) 126.3 126.3 126.9 126.2 125.8 121.4 121.2
C(12) 111.8 111.7 112.4 111.8 109.5 110.0 110.6
C(13) 136.4 136.4 136.7 136.4f 138.7 136.7e 136.2
C(14) 39.1 45.4 38.9 42.8 45.4 35.5 36.0
C(15) 30.5 31.7 29.5 30.5 30.6 29.2 30.1
C(16) 48.8 43.3 44.3 46.2 46.5 47.1 44.5
C(18) 11.3 12.6 11.4 12.0 12.1 12.2 12.3
C(19) 23.3 25.3 23.5 120.0e 119.8 118.6 120.9
C(20) 43.2 42.4 38.0 135.8f 135.7 136.5e 134.9
C(21) 48.5 46.4 48.6 51.5 51.8 53.9 53.9c=o 170.9 171.6 173.9 170.9 170.9 174.3 170.0
OMe 50.1 50.1 51.8 50.1 49.8 50.3 49.8.
NMe 42.3 42.9 42.6 42.2 42.2 42.1 42.0

° In parts per million downfield from Me4Si; ¿(Me4Si) = ¿(CDC13) +  76.9 ppm. b <5(Na-Me) = 32.8 ppm.c The indole carbon resonances 
are based on those of R. G. Parker and J. D. Roberts [J. Org. Chem., 35, 996 (1970)] as corrected by G. W. Gribble, R. B. Nelson, J.
L. Johnson, and G. C. Levy, J. Org. Chem., 40,3720 (1975). d The acetyl ¿(Me) and ¿(CO) values are 21.0 and 169.4 ppm, respectively. 
e-i Signals bearing the same superscript within any vertical column may be reversed.
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shielding on C(20). This y  effect is possible only in the pres
ence of an axial H(20) and constrains the ethyl group to an 
equatorial orientation, as illustrated in partial structures 4 and 
5, respectively. As a consequence, tabernaemontanine (lb) 
must possess an axial ethyl function (6). This is confirmed by 
the loss and gain of y  effects in lb relative to la  at C(14) and 
C(16), respectively. Furthermore, the chemical shift of the 
methyl component of the ethyl group reflects the conforma
tion of the two-carbon side chain.7

While the shifts of the carbomethoxy group of 16-epidre- 
gamine (3, 5) are characteristic of methyl cyclohexanecar- 
boxylates,3*3’8 the carbonyl and methoxy groups of compounds 
1,2a, and 2b are shielded anomalously by 2.7 ±  0.4 and 1.8 ±
0.2 ppm, respectively. These shift perturbations reflect the 
close proximity of the carbomethoxy group in substances 1 
and 2 to the a-acylindole moiety and are diagnostic of the 
C(16) stereochemistry. The indole a carbon and neighboring 
keto carbon respond likewise by being shielded by 1.2 ±  0.1 
and 2.0 ± 0 .1  ppm, respectively. Since strong anisotropic 
shielding (0.89 ppm) of the methoxy hydrogens of vobasine 
(2a), relative to 16-isovobasine, by the indole ring was ob
served some time ago,5 the shift perturbation of the methoxy 
carbon may be due to the same effect. Anisotropic shielding 
of carbon centers has been predicted to be comparable in 
magnitude to such shielding observed in 1H NM R spectros
copy9 and therefore has been difficult to isolate as a unique 
contribution to the chemical shift.10

The methyl ester carbonyl shift of vobasinyl acetate (2d) 
is similar to that of the 3-keto systems 1,2a, and 2b, while that 
of vobasinol (2c) is downfield 4.3 ppm owing to hydrogen 
bonding with the 3/j-hydroxy group.8

Conjugation of a carbonyl group with the indole ring 
through its a carbon causes shift alteration throughout the 
aromatic system. The strong deshielding of the customarily 
high-field indole 13 carbon3’11 is especially characteristic of the 
a-acyl attachment.

Experimental Section
The 13C NMR spectra were recorded on Bruker HX90E and Varian 

XL-100-15 spectrometers operating at 22.6 and 25.2 MHz in the 
Fourier transform mode, respectively. The shifts indicated on formula 
i are from a deuteriochloroform solution [¿(MeiSi) = ¿¡(CDCI3 ) + 76.9 
ppm] and the stars thereon represent interchangeable signals.

Acknowledgment. The authors express their sincere 
thanks to Aline and Henri-Philippe Husson for the prepara
tion of 21-deuteriotabernaemontanine, Abbas Shafiee for the 
deuterated derivatives of la and 3, Pierre Mangeney and Yves 
Langlois for a sample of i, and Jean-Pierre Cosson and B. C. 
Das for a sample of 2b.

Registry N o .-la , 2299-26-5; lb, 2134-98-7; 2a, 2134-83-0; 2b, 
2134-97-6; 2c, 7168-77-6; 2d, 58324-78-0; 3, 52389-31-8.
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Alkyllithium reagents have become increasingly important 
in organic synthesis. Commercial alkyllithium reagents are 
usually accompanied with a lot analysis, but often even freshly 
obtained solutions have obviously deteriorated, being dark 
colored and cloudy, and most alkyllithium solutions deterio
rate after the container is opened. For use in metalation re
actions and alkylations, an excess or a deficiency of alkyl
lithium is often detrimental, especially where dilithio inter
mediates are formed.1 Thus analysis of an alkyllithium reagent 
is often desirable.

The standard procedure for such an analysis requires a 
double titration— total alkali, which includes the alkyllithium 
and such species as alkoxides formed by reaction of the re
agent with air, from which is subtracted that portion which 
does not react rapidly with certain halides. The method is said 
not to be useful for certain alkyllithium reagents.2

Since the organolithium compound is so often used for 
metalation, we offer a convenient method of analysis which 
is based on the reaction for which the reagent is intended, 
namely carbon lithiation, and which produces a color at the 
end point and is thus independent of indicator. A similar 
acid-indicator system has been proposed; however, solvent 
plays a critical role, and there is some difference from the 
values determined by the double titration procedure.3

We noticed in the metalation of certain pyridine esters that 
the red dianion color was not observed until the butyllithium
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Table I. Standardization of Alkyllithium Solutions“

Sample Label Method Concn

BuLi6 1.6 M (C6H5)2CHCOQH 1.47
Double titration 1.48

BuLic 1.66 M (C6H5)2CHCOOH 1.12
Double titration 1.14

CHgLH 1.56 M (C6H5)2CHCOOH 1.06
Double titration“ 1.12

CH3Li/ 2.1 M (C6H5)2CHCOOH 1.78
Double titration 1.80

“ At least two determinations in agreement. 6 The bottle had 
previously been opened but there was no discoloration or sedi
ment. c The bottle had previously been opened, there was much 
sediment, and the solution was dark brown. d The bottle had 
previously been opened and there was much sediment. e The 
double titration is said not to be useful for methyllithium when 
benzyl chloride is used; we used dibromoethane in all our double 
titrations. ‘ The bottle had not previously been opened.

was considerably in excess of that calculated (from the lot 
analysis) for complete formation of the yellow monoanion.4 
Careful standardization of the butyllithium indicated a low 
titer. However if the lot analysis was ignored, the volume of 
a molar equivalent was indicated by initial formation of the 
red dianion color, and it was sufficient to add a second equal 
volume to form the dianion completely.

H -P -H  —  H -P -L i -  L i-P -L i 
(yellow) (red)

The involved synthesis of the pyridine ester precludes its 
widespread use for this purpose,6 but many compounds pro
duce dianions differently colored from the monoanion, and 
one of these, cheap and readily available, is proposed.

Diphenylacetic acid has the advantage of being a solid, 
stable on storage and easily weighed. A sample of diphenyl
acetic acid (typically 0.50 g) is weighed into an Erlenmeyer 
flask and dissolved in tetrahydrofuran (10 ml), and the alk
yllithium solution is run in from a syringe until the yellow end 
point is reached. The yellow color indicates formation of 
lithium a-lithiodiphenylacetate after all the carboxyl proton 
is consumed.

(C6H5)2CHCOOH —  (C6H5)2CHCOO-Li+ ^
(colorless)

(C6H 5)2CLiCOO-Li+
(yellow)

Table I summarizes results from several commercial sam
ples of alkyllithium reagents.

Registry No.—BuLi, 109-72-8; CH3Li, 917-54-4;
(C6H5)2CHCOOH, 117-34-0.
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Communications
Carbon-13-Proton Long-Range Couplings of Phenols 
Hydrogen Bonding and Stereospecificity1

Summary: The long-range 13C -1H coupling constants of 
phenol and its ortho-substituted derivatives (salicylaldehyde, 
salicylic acid, methyl salicylate, and o-hydroxyacetophenone) 
and the stereospecific effect of the intramolecular hydrogen 
bonding on the long-range couplings are studied.

Sir: The analysis of carbon-13 magnetic resonance (13C NMR) 
spectra of aromatic molecules has traditionally been accom
plished on the basis of the additivity principle. But the effects 
of individual substituents (shielding constants) are not always 
additive, particularly for ortho-substituted compounds.2 This 
usually leaves some uncertainty in the assignments, which has 
previously been overcome by other means.1 4 However, a 
better approach to solve this problem is the full utilization of 
13C -1H coupling patterns. This method has so far been used 
only scarcely in 13C NM R spectral analysis of complicated 
molecules, primarily because the determination of 13C -1H 
long-range coupling constant was difficult and the number 
of available long-range coupling constant values of aromatic 
compounds, especially nonheterocyclic molecules, is limited.5

One of the commonly encountered reactions which are fast 
on the N M R  time scale is the intermolecular hydrogen ex
change of labile protons between hydroxy groups. Dimethyl 
sulfoxide has been used as a solvent to inhibit proton exchange 
of alcohols in 3H N M R .6 A similar phenomenon can also be 
observed in 13C N M R .7 The measurement of the laC-OH  
coupling constants depends on the acidity or the exchange rate 
of the hydroxy proton. No 13C-OH  coupling can be detected, 
even in dimethyl sulfoxide solution, as evidenced by the fact 
that the identical spectra were obtained for phenol and deu- 
teriophenol (OD) in deuteriochloroform and deuteriodimethyl

Table I. 13C -1H Coupling Constants (hertz) of Phenol in 
CDCl3a

Carbon

1 2 3 4

Multiplicity ttd ddd dd dt
J (coupled 8.9 (H3) 158.5 (H2) 160.1 (H3) 161.6 (H4)

proton) 2.5 (H2) 7.8 (H4) 8.4 (Hs) 7.3 (H2)
1.3 (H4) 4.2 (H6)

“ Maximum resolution, 0.24 Hz.

sulfoxide solutions. The proton coupled spectra of phenol can 
be fully analyzed if Roberts’ conclusion regarding the aromatic 
13C -1H long-range coupling constants are accepted53 (Table
I). It is interesting that 3J c h  through an oxygen-substituted 
carbon is considerably reduced,8 which has diagnostic value 
for analyzing very complicated spectra. Further studies of 
ortho-substituted phenols can thus be carried out (Table II).

Simple chemical shift theory often leaves an ambiguity with 
respect to the differentiation of the C4 and C6 resonance sig
nals of the above compounds.9 Even the coupling patterns of 
the C4 and C6 signals in the proton-coupled spectrum of sali
cylaldehyde in deuteriodimethyl sulfoxide solution are 
identical. However, a clear distinction can be made in the 
spectrum in deuteriochloroform solution (Figure la). The high 
field portion of C6 signal gives an extra splitting of which 
probably results from the coupling with the hydroxy proton, 
whose exchange rate is greatly reduced by the intramolecular 
hydrogen bonding.10 This is confirmed by the disappearance 
of this extra splitting in the spectrum of deuteriosalicylal- 
dehyde (OD) (Figure lb). This hydrogen bond is still retained 
in deuterioacetone solution. This means that 13C NM R can

Table II. 13C Chemical Shifts (5) and 13C-*H Coupling Constants of Phenols“

Carbon

1 2 3 4 5 6 7

Salicylaldehyde (1) in CDCI3

& (multiplicity) 
J (coupled 

proton)

160.9 (m) 120.3 (m) 133.4 (ddd) 
159.8 (H5) 

8.8 (Ha) 
1.0 (H4)

119.5 (dd)
165.5 (H4) 

7.9 (H2)

136.5 (dd) 
161.0 (H3) 

8.7 (H5)

117.0 (dtt) 
162.7 (H2)

7.5 (H4)
7.5 (OH)
1.6 (Ha)
1.6 (Hs)

196.2 (dd)
177.2 (Hco) 

6.0 (H5)

Salicylic Acid (3) in Acetone-df]

8 (multiplicity) 
J (coupled 

proton)

162.2 (tdd)
9.2 (H3)
9.2 (Hs)
3.3 (H2) 
1.6 (H4)

112.4 (ddd) 
8.2 (H4) 
5.1 (H6) 
1.4 (H5)

130.5 (dddd) 
162.0 (Hs)

5.6 (Ha)
2.7 (H4> 
0.9 (H2)

119.1 (ddd) 
163.6 (H4)

8.1 (H2)
1.0 (H3 or H5)

135.9 (ddd) 
160.8 (H6) 

9.3 (Hs) 
0.8 (H2 or

117.3 (ddd) 
162.5 (H6) 

7.6 (H4) 
H4) 1.2 (Hs)

171.9 (dt) 
3.5 (Hs)
1.0 (H4)
1.0 (H2)

Methyl Salicylate (4) in CDCI3

<5 (multiplicity) 
J (coupled 

proton)

161.0 (m) 111.6 (dt)
8.3 (H4)
4.4 (H6)
4.4 (OH)

129.1 (ddd) 
161.9 (Hb) 

8.2 (Ha) 
3.1 (H4)

118.2 (ddd) 
162.8 (H4)

8.1 (H2)
1.2 (H3 or H5)

134.7 (dd)
160.7 (Ha) 

9.3 (Hs)

116.6 (dt) 
162.4 (H2) 

7.7 (H4)

169.7 (m)

» Small coupling constants (<0.8 Hz) are not included. Maximum resolution, 0.24 Hz; <5 (parts per million) downfield from TMS; 
m, unresolved multiplet.

1881



1882 J. Org. Chem., Vol. 41, No. 10,1976 Communications

Figure 1. The high field portion of the C6 signal of ortho-substituted 
phenols: (a) salicylaldehyde in CDCI3; (b) deuteriosalicylaldehyde 
(OD) in CDCI3; (c) o-hydroxyacetophenone in CDCI3; (d) o-hy- 
droxyacetophenone in Me2SO-dg; (e) salicylic acid in ethyl ether; (f) 
salicylic acid in acetone-de; (g) methyl salicylate in CDCI3; (h) methyl 
salicylate in Me2SO-d6- The small splittings (<1 Hz) are due to two- 
bond coupling.

also provide us a direct method to measure the relative 
strength of intra- vs. intermolecular hydrogen bondings in 
different solvents. o-Hydroxyacetophenone (2) gave similar 
results (Figure lc and Id). The C6 signal of salicylic acid (3)

1, R =  CHO
2, R =  CH,CO
3, R =  CO,H
4, R =  CO.CH.

in deuterioacetone solution appears as double doublet (Figure 
If) indicating the absence of intramolecular hydrogen bonding 
or rapid equilibration between the conformers 3A and 3B,

A B
which may be due to the catalytic function of the carboxyl 
proton in enhancing the equilibration rate.

Many investigators in the field of physical organic chemistry 
have been concerned about the poor correlations obtained by 
the Hammet a-p approach11 for rate or equilibrium data of 
ortho-substituted benzene derivatives. A mathematical sep
aration of these interactions in a linear fashion is often diffi
cult and unrewarding.

The studies of meta- and para-substituted phenols in di
methyl sulfoxide solution have demonstrated a linear corre
lation of the hydroxyl chemical shifts with Hammett a~ con
stants.12 Tribble and Traynham13 thus attempted to give an 
unambiguous mathematical description of the electronic or 
proximity effect of ortho substituents by determining ortho
substituent constants (<r0~) from the chemical shift mea
surements of the strongly intermolecularly hydrogen-bonded 
phenolic proton in dimethyl sulfoxide solution. Two extreme 
deviations (0 -NO2, and 0-COCH3) were ascribed to intra
molecular hydrogen bonding, but, from the proton coupled 
spectrum of acetophenone (2) in the “regular” deuteriodi-

Figure 2. The proton coupled 13C spectrum of aromatic carbon portion of 2-carbethoxy-5,7-d:hydroxy-4,-methoxyisoflavone (5) in deuter
ioacetone solution.



Communications J. Org. Chem., Vol. 41, No. 10, 1976 1883

methyl sulfoxide solution [50% (v/v)] (Figure Id), the presence 
of a significant amount of the conformer (2B) is clearly indi
cated. They also stated that methyl salicylate (4) did not form 
an intramolecular hydrogen bond to any significant degree. 
In contrast, the 13C NM R spectra of methyl salicylate in the 
same “regular” deuteriodimethyl sulfoxide solution [50% 
(v/v)] clearly reveals the existence of the intramolecularly 
hydrogen-bonded conformer (4A) (Figure lg and lh), which 
is in accord with Curtin’s and Byrn’s infrared study.14 The 
ratio of these two representative conformers (4A/4B) is 1.77.15 
Their equilibration rate is enhanced by acid and depends on 
temperature. At 118 °C the Ci signals of 4A (160.9 ppm at 
25°C) and 4B (160.7 ppm at 25 °C) coalesce, and the 13C -1H 
three-bond coupling vanishes. In view of these discrepancies, 
it must be cautioned against the use of the ortho-substituent 
constants derived from the earlier 4H NM R studies.12 Among 
the results of the complete analysis of the 13C -1H long-range 
coupling constant it is worth noting that the syn 13C -'H  
coupling constant (’Vc^-OH = 4.4 Hz) is considerably smaller 
than the anti coupling constant (3J c6-O H  8.3 Hz), analogous 
to the olefinic system.5e Therefore, 13C -1H long-range cou
pling constants can be useful in the conformational study of 
the hydroxy functional group.

The complete analysis of the 13C spectrum of an isoflavone 
derivative (5) can further illustrate the potential usefullness

0

of 13C -1H long-range coupling constants (Figure 2).16 Using 
the additivity principle of chemical shift theory, it is difficult 
to differentiate C5, C7, Cga, and C4' and to distinguish the C« 
from C6, and C3 from Cr resonance signals. However, the 
detailed analysis of the long-range l3C -'H  coupling constants 
allows one to completely resolve these ambiguities. In the 
proton-coupled spectrum in deuterioacetone solution, C4' 
shows as an unresolved multiplet at 160.2 ppm due to coupling 
with the methoxy protons, H 2' and He', and possibly with H3' 
and H5'. Csa has only one two-bond proton (H8) and thus ap
pears as a doublet at 157.5 ppm. A triplet at 161.1 ppm can be 
assigned to C7, since only this carbon possesses two two-bond 
protons (He and H8). The C5 signal is split into a double 
doublet owing to the coupling with He and hydroxy proton 
which strongly indicates the intramolecular hydrogen bonding 
between this hydroxy group and the C4 carbonyl group. This 
hydrogen bonding also results in the further splitting of Ce 
signal (3J c6-OH = 7.0 Hz), which is shown as double doublet 
of doublets at 99.6 ppm while the Cs signal appears as double 
doublet at 94.0 ppm. C4a is shown as a quartet due to the 
long-range coupling with He, Hg, and C5-O H  protons. Here, 
the stereospecificity of the three-bond 13C -4H coupling is 
disclosed again [3J c 4a-OH = 4.3 Hz (syn); 3J c 6-O H  =  7.0 Hz 
(anti)]. Cr can be easily distinguished from C3 by its normal 
three-bond coupling constant (3JCr-Hy«-) =  8.0 Hz), whereas 
the 3J c3- h2'(6') ls reduced to 4.0 Hz. The carbons Ca'cv) couples 
with Hs'o') through the oxygen-substituted carbon. The sin
glet at 151.2 ppm is assigned to C2 simply because it is the only 
aromatic carbon without any two- or three-bond proton.
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Carbon Acids. 8. The Trimethylammonio Group as 
a Model for Assessing the Polar Effects of 
Electron-Withdrawing Groups

Summary: The relative size of polar and resonance contri
butions for CH3CO, PhCO, PhS02, CN, and N 0 2 groups in 
stabilizing a number of carbanions has been assessed from 
equilibrium acidity measurements by using the trimeth
ylammonio group, Me3N +, as a model for the polar effect.

Sir: The trimethylammonio group, Me;jN+, is unique in that 
it exerts a strong polar action and yet is incapable of acting as 
a it acceptor. As such, it has frequently been used as a model 
for judging the polar character of electron-withdrawing 
groups, G, and, from this, the extent to which G is capable of 
acting as a x acceptor when interacting with an acidic site 
across a benzene ring, as in p-GCeH4NH3+ or p -G C e^O H .1-3 
We now wish to report results in which the effect of MeaN+ 
is used as a model to assess the resonance vs. polar character
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Table I. Equilibrium Acidities in Dimethyl Sulfoxide 
Solution for Carbon Acids, GCH2EWGa

G
P K

(GCH2CN)
P K

(GCH2S 0 2Ph)
P K

(GCH2COPh)

H 31.3 29.0 24.6
Me 32.5s 31.0 24.4
Me3C 31.2C 25.3C
Me3N+ 20.6 19.4 14.6
CH3CO 12.5 12.7
PhCO 10.2 11.4 13.1
PhS02 12.0 12.2 11.4
CN 11.1 12.0 10.2
N 0 2 7.1 7.7

° The data for G = Me3N+ are from the present work; each 
acidity constant was determined from at least two three-point 
titrations with at least two indicators, and are reproducible to 
better than ±0.1 pK unit. Other pK’s are from ref 4 or 17, or from 
unpublished work from this laboratory. 6 Estimated assuming 
an average of Apff for MeCH(CN)2 vs. HCH(CN)2 and- 
MeCH(Ph)CN vs. HCH(Ph)CN. c Determined with only one 
indicator.

of G when attached directly at the acidic site in a carbon acid, 
GCH2EWG, where EW G is CN, PhS02, CH3CO, PhCO, or 
N 0 2.

The positions of the equilibria described in eq 1, which can 
be determined indirectly by the competitive indicator method 
in dimethyl sulfoxide (Me2SO) solution,4 are governed for a 
given EWG, by the polar effect of G and by the ability of G to 
delocalize the charge in these highly basic anions.
GCH2EWG s=>

H+ + G—CH—EWG — G—CH=EWG ~  G=CH—EWG (1)
la lb lc

When G is H, Me, t-Bu, or Me3N + resonance contributor 
lc  is of little or no importance. The increase in acidity when 
G is Me3N +, compared with when G is H, Me, or f-Bu, can 
then be taken as a measure of the polar effect of Me3N +, since 
the polar effects of H, Me, and t-Bu are close to zero. The data 
in Table I show that this increase is large, ranging from ~ 9  to 
12 pK  units (equivalent to 13 to 16.5 kcal/mol) depending on 
the carbon acid system and model chosen. Choosing ApK  
between MeCH2EWG vs. Me3N +CH2EW G as a reasonable 
model of the polar effect of Me3N +, we can use a\ for Me3N + 
(0.82s) to obtain p\ from the Taft equation, A p K  = aipi. An 
estimate of the polar contribution for each group, G, can then 
be obtained from pi and the a\ constants for G (Table II).

We must emphasize at the outset that the results in Table 
II represent only a rough approximation of relative polar and 
resonance contributions of G. The Me group in MeCH2EWG  
is obviously a poor model, both sterically and electronically, 
for Me3N +.n Furthermore, the steric relationships of G to the 
negative charge center in the anions obviously change mark
edly in the three carbon acid systems (compare, e.g., 2, 3, and
4). Nevertheless, despite the crudeness of the model, the dif-

Table II. Estimate of Polar and Resonance 
Contributions to the Acidifying Effects of G in GCH2CN, 

GCH2S02Ph, and GCH2COPh Carbon Acids

G <na Appealed k Apii0bsdC AApif

GCH2CN Carbon Acids; pi = 14.5

Me -0 .04d (0.0)
Me3N+ 0.82e (11.9) 11.9
PhCO 0.30/ 4.3 22.3 18.0
CN 0.56 8.1 21.4 13.3
PhS02 0.57« 8.3 20.5 12.2

GCH2S 0 2Ph Carbon Acids; pi = 14.1

Me -0 .04d (0.0)
Me3N+ 0.82e (11.6) 11.6
CH3CO 0.28 4.0 18.5 14.5
PhCO 0.30/ 4.2 19.6 15.4

CN 0.56 7.9 19.0 11.1
PhS02 0.57« 8.1 18.8 10.7

N 0 2 0.65 9.2 23.9 13.7

GCH2COPh Carbon Acids; pi = 11.9

Me —0.04d (0.0)
Me3N+ 0.82e (9.8) 9.8
CH3CO 0.28 3.3 11,7 8.4
PhCO 0.30/ 3.6 11.3 7.7
CN 0.56 6.7 14.2 7.5
PhS02 0.57« 6.8 13.0 6.2
N 0 2 0.65 7.8 16.7 8.9

4 From ref 10 unless otherwise noted. b From Apif = cripi.
c Prom the data in Table I relative to MeCH2EWG.n d Taken 
as zero in the calculation of pj. e See ref 5 .1 Estimate (assuming 
a slightly larger value than for CH3CO). « See ref 8.

for any uncharged group, it follows that all of the other groups 
being considered (CH3CO, PhCO, PhS02, CN, and N 0 2) must 
be exerting stabilizing effects on the carbanions that are much 
larger than those expected from their polar contributions. The 
AAp/Cs in Table II provide a rough estimate of the sizes of 
these (resonance) effects. They range from 6.2 to 18.0 pK  
units, equivalent to 8.5 to 25 kcal/mol, depending on the group 
and the carbon acid system into which it is substituted. In the 
GCH2CN and GCH2S 0 2Ph systems the resonance effects for 
all groups are much larger than their (calculated) polar effects. 
This is contrary to the effect of p-G in benzene systems, 
where the polar contribution is usually dominant.3’10’12 

For a given group, G, AApK always decreases as the acidity 
of the parent model acid, MeCH2EWG, increases.14 The size 
of AApff is always larger for the carbonyl functions, CH3CO 
and PhCO, than for the cyano or phenylsulfonyl functions, 
the latter two being nearly equal. (This is consistent with ex
pectations from <tr~ values.10) The large size of AApK for 
PhS02 (7.0 to 13.2 pK  units) supports the conclusion that this 
function is capable of a strong conjugative interaction with 
an a carbanion,16 comparable in size with that of the cyano 
function, but somewhat smaller than that of carbonyl or nitro 
functions.

H'

\
: c = c = N _

G \  ' ° ~  G v  / ° “>-c° x
H > h  H > h

ferences observed are so large and so consistent for the various 
carbon systems that we believe significant conclusions can be 
drawn from the data in Table II.

Note first that, although the ApfCs for Me3N + are large, the 
A pX’s observed for the other groups are always larger. Since, 
by any account, the polar effect (<77) for MesN+ is larger than
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Carbon Acids. 9. The Effects of Divalent Sulfur 
and Divalent Oxygen on Carbanion Stabilities

Summary: Using the trimethylammonio group, Me;jN+, as 
a model to calculate the polar effect, the carbanion stabilizing 
effects of MeO and PhO groups have been found to be smaller 
than calculated, and the carbanion stabilizing effects of MeS 
and PhS groups have been found to be much larger than cal
culated.

Sir: There is long-standing and abundant evidence in the 
literature to indicate that divalent sulfur causes an adjacent 
C -H  bond to be much more susceptible to cleavage by base 
than does divalent oxygen.1 The greater kinetic acidity pro
duced by a-RS (or cc-PhS) than a-RO (or o-PhO) groups has 
been assumed by most experimentalists to be associated with 
a greater ability of divalent sulfur to stabilize an incipient 
carbanion in the transition state of the deprotonation reac
tions by a conjugative effect involving 3d orbitals.1 On the 
other hand, theoreticians have generally been skeptical of the 
need to invoke such conjugative interactions.2 For example, 
recent ab initio calculations have failed to reveal any role for 
3d orbital conjugation in stabilizing the HSGH2-  anion, and 
the conclusion has been drawn that sulfur stabilizes carban- 
ions by polarization, rather than by d-orbital conjugation.3

In the previous paper in this series4 we used the difference 
in acidities (ApK) of Me3N +CH2EW G and MeCH2EWG  
(EWG =  CN, PhS02, or PhCO) as a measure of the sensitiv
ities of these carbon acids to polar effects, ApK =  c\p\. The pi 
values were then used in conjunction with 01 to estimate the 
polar effect anticipated for a group, G, in the GCH2CN, 
GCH2S0 2Ph, and GCH2COPh carbon acid systems. When 
G is a ir acceptor it should stabilize the GCHEW G-  anion by

Table I. Comparison of the Acidifying Effects of MeO, 
PhO, MeS, and PhO Groups with the ir Polar Acidifying 

Effects

G <TI° ^  caled k ApKobsd0 AApKd

A. GCH2CN Carbon Acids; p \  = 14.5

Me —0.04e (0.0) (0.0)
Me3N + 0.82/ (11.9) 11.9
PhO 0.S8 5.2 4.4 -0.8
PhS 0.30* 4.4 11.7 7.3

B. GCH2S 0 2Ph Carbon Acids; p i  = 14.1

Me —0.04e (0.00) (0.0)
Me3N+ 0.82/ (11.6) 11.6
MeO 0.27 3.8 0.3 -3.5
PhO 0.38 5.3 3.1 -2.2
MeS 0.23 3.2 7.6 4.4
PhS 0.30* 4.2 10.5 6.3

C. GCH2COPh Carbon Acids; p i  = 11.9

Me —0.04€ (0.0) (0.0)
Me3N + 0.82/ (9.8) 9.8
MeO 0.27 3.2 1.5 -1.7
PhO 0.38 4.5 3.3 -1.2
PhS 0.30* 3.6 7.3 3.7
PhSe 0.24h 2.9 5.8 2.9

D. 9-G-Fluorene Carbon Acids; pi = 8.1

Me —0.04e (0.0)
Me3C —0.07e (0.0)
Me3N+ 0.82/ (6.55) 6.55'
MeO 0.27 2.2 0.2 - 2.0
PhO 0.38 3.1 2.4 -0.7
MeS 0.23 1.9 4.3 2.4
PhS 0.30« 2.4 6.9 4.5

“ From ref 9 unless otherwise noted. b From ApK = (TIPI.
c Relative to the pK of MeCH2CN (32.5, series A), or Me-
CH2S0 2Ph (31.0, series B), or MeCH2COPh (24.4, series C), or 
9-methylfluorene (22.3, series D). d AApE = Apftobsd — ApKcaicd. 
e Taken as (0.0). I An average value; see footnote 5 of ref 4.* See 
ref 10. h Calculated from 0.45 a*cH?SePh using the data of L. D. 
Pettit, A. Royston, C. Sherrington, and R. J. Whewell, J. Chem. 
Soc. B, 588 (1968). ‘ Relative to 9-ieri-butylfluorene (pK = 24.55).

conjugation, as well as by a polar effect, and the increase in 
acidity observed should be larger than that calculated from 
the (Ji/oi relationship. This was found to be true when G is a 
strong 7r-acceptor group (CH3CO, PhCO, N 0 2, P h S 02, CN), 
the AApjff’s ranging from 6.2 to 18.0 pK  units.4 If RS or PhS 
groups have ir-acceptor capacity, we would then expect to find 
that the acidities are enhanced to an extent greater than ex
pected on the basis of their polar effects; no enhancement is 
expected, of course, for RO and PhO groups. The results are 
summarized in Table I for four carbon acid systems.

For reasons given earlier,4 we do not expect the Me group 
in MeCHyEWG to be a good model sterically or electronically 
for the MesN+ group in Me3N +CH2EWG. In addition, the 
steric relationships between G and the site of electron charge 
density changes for the various GCHEW G-  anions.4 Steric 
effects for 9-subst:tuted fluorenes are more severe than in the 
GCH2EW  G carbon acids. In fluorene, substitution of Me:>,C 
for H at the 9 position causes a 1.7 pK  unit decrease in acidity, 
whereas substitution of Me for H causes a 0.5 pK  unit increase 
in acidity. In the fluorene system 9-feri-butylfluorene has 
been used as a model for 9-trimethylammoniofluorene, but 
9-methylfluorene has been used as a model to calculate ApK’s 
for 9-MeO-, 9-PhO-, 9-MeS-, and 9-PhS-fluorenes. Although 
the difficulties in choosing proper models are such as to make 
the calculations of polar effects of an approximate nature, the
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results obtained for the various carbon acid systems are con
sistent and we believe that the AApK’s are significant.

Note first that the AApK’s for MeO and PhO groups are 
negative in every instance, i.e., the observed ApK’s are smaller 
than those expected on the basis of the polar effect. This is a 
pattern that has been observed previously for the effect of 
a-MeO substituents on the base-catalyzed exchange rates for 
deprotonation of acetates, GCH2C 0 2Me, and their cyclic 
analogs.5 It has been suggested that, when G = MeO, the in
cipient carbanion produced in the transition state for these 
deprotonations is destabilized by an electronegativity effect 
and by lone pair-lone pair interactions.5 Such destabilizing 
effects by MeO or PhO in the carbanions, MeOCHEWG-  and 
PhO CH EW G ' would account for the negative AApK  values 
in Table I.

In sharp contrast to the negative AApK’s observed for PhO, 
the AApK’s for PhS are all positive and large, ranging from
3.7 to 7.3 pK units. This suggests stabilization of the anions 
over and above that expected from a polar effect of the order 
of 6 to 10 kcal/mol. These effects are similar to those observed 
with strong ir-acceptor groups,4 although they are somewhat 
smaller in magnitude.

The strikingly large acidifying effect of the PhS group can 
be brought out further by some direct comparisons of the pK 
data. Despite the much smaller polar effect of PhS (cri = 0.30) 
than MeaN+ (aj = 0.82), PhSCH2S02Ph is only 0.9 pK unit 
less acidic than Me3N +CH2S02Ph, PhSCH2CN is only 0.2 pK 
unit less acidic than MesN+CH2CN, and 9-PhS-fluorene (pK  
=  15.4) is 2.4 pK units more acidic than 9-Me3N +-fluorene 
(pK = 17.8).

It is difficult to decide whether these large effects are caused 
solely by the high degree of polarizability of sulfur, as the ab 
initio calculations suggest,3 or whether a conjugative effect 
is also operative. Several results from our pK data lead us to 
believe that more than polarizability is involved. Note, for 
example, that AApK  is greater for PhSCH2COPh (3.7) than 
for PhSeCH2COPh (2.9), despite the greater polarizability of 
selenium. In addition, Hammett correlations for equilibrium 
acidities in Me2SO in both the meta- and para-substituted 
phenylacetonitrile system6 and the 3-substituted fluorene 
system,7 require op~ for PhS, rather than <rp, despite the fact 
that resonance effects are greatly attenuated when operating 
across a benzene ring.4 Finally, there is strong evidence that 
the F3CS0 2 and P hS02 groups enter into conjugation based 
on their strong acidifying effect on methane and the diminu
tion of this effect when the substituent is placed on a cyclo
propane ring.8 Since tetravalent sulfur can exert strong con
jugative effects, it seems likely that divalent sulfur can also 
enter into electron acceptor conjugation with a carbanions.
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Nucleic Acid Related Compounds. 19.
Concerning the Mechanism of Formation of 
“2,3'-Imino-l-((3-lJ-lyxofuranosyl)uracil” 
[2-Amino-l-(3-deoxy-)3-D-lyxofuranosyl)-
4-pvrimidinone-lV2—<-3'-anhydronucleoside] from
O2— 2' Cyclonucleosides and “Ammonium Azide” 1

Summary: Postulated attack of azide anion (from “ ammo
nium azide”) at C2 of the pyrimidine ring of 0 2 -»2' cyclonu
cleoside 1 followed by intramolecular cyclization with ac
companying loss of nitrogen gas to give N2-*3 ' cyclonucleoside 
3 does not occur, as was demonstrated by incorporation of 15N  
from labeled ammonium chloride and verified by analogous 
formation of 3 using “ammonium acetate” .

Sir: In a very recent issue of this journal, the conversion of
0 2- J-2'-anhydro-l-(5-0-benzoyl-3-0-methanesulfonyl-/3- 
D-arabinofuranosyl)uracil (1) and related O2—*2' cyclonu- 
clecsides to the corresponding N 2—’-S'-anhydro^-amino-l-
lS-O-benzoyl-S-deoxy-d-D-lyxofuranosylM-pyrimidinone
(3) and related derivatives using “ ammonium azide” in hot 
N,N-dimethylformamide (DMF) was described.2 This 
transformation was postulated to proceed via azide attack at 
C2 of the pyrimidine ring followed by an unusual intramo
lecular attack by the geminal electrons of N 1 of the azide 
moiety (intermediate 2) to give 3 by an unexplained (neces
sarily reductive) process. Treatment of 5 '-0 -trity l-02—►2'- 
anhydro-l-(|3-D-arabinofuranosyI)uracil with “ ammonium 
azide” in DMF at 110° was reported2 to give 59% l -(5 -0 -  
trityl-2-azido-2-deoxy-/3-D-ribofuranosyl)uracil, plus 33% 
starting material, which is in agreement with previous studies 
of Moffatt and coworkers3 involving SN2-type displacement 
of O2 from C2' of an O2—*-2' anhydronucleoside using lithium 
azide. An “unprecedented” “ introduction of an azide group 
into pyrimidine bases through O2 anhydronucleosides”2 was 
proposed to explain the formation of 3. A ‘striking “through 
bond” electronegative influence to C2' was attributed2 to the 
leaving group (mesylate) at C3' to rationalize azide attack at 
C2' in the 5'-0-trityl-3'-hydroxy compound (i.e., absence of 
the 3'-0-m esyl function).

Fox and coworkers4 have reported that treatment of 3'-
O-mesyl-O2—1-5'-anhydrothymidine with ammonia at room 
temperature in a sealed vessel gave the N 2—1*3'-anhydro- 
2 ',3'-dideoxy compound (corresponding to 3). Attack of am
monia at C2 of the pyrimidine ring with displacement of alk- 
oxide (OH2C5' or OCH3, from reaction with MeOH/Et3N) was 
postulated with subsequent intramolecular displacement of 
mesylate by the exocyclic amino function of the isocytosine 
system to give the N z—1-3' cyclonucleoside.4

In the present reaction, ammonium azide was assumed to 
be generated in situ from a sixfold molar excess of ammonium 
chloride and sodium azide.2 This more soluble azide salt was 
the presumed nucleophile. However, the following acid-base 
equilibrium (eq 1) would be expected to provide a finite [pKa
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+ -  + -  + _

NH4C1 +  NaN3 NH3 +  HN:) +  NaCl (1)

(NH4CI) =  9.25, pK a (HN3) =  4.72]5 steady-state concentra
tion of ammonia, and Fox’s results4 would suggest that reac
tion of ammonia with cyclonucleoside 1 might be very rapid 
in DMF at 90 °C.

Treatment of l 6 with 99 atom % 15/V-ammonium chloride7 
and 14/V-sodium azide in DMF at 90 °C for 12 h and processing 
as described2 gave 71% (65% recrystallized) 3: mp 258-260 °C  
(after the first crystallization), mp 285-286 °C  (after recrys
tallization); uv (0.1 N HC1) max 232 nm (« 17 000), sh 264 
(6700), min 216 (12 000); uv (MeOH) max 217 nm (c 32 600), 
sh 227, 262 (29 700, 4400) [lit.2 mp 250-252 °C; uv (MeOH) 
max 217 nm (e 33 300), sh 261 (4000); yield 70%]. The mass 
spectrum of this product had m/e 330.0974, calcd for M + 
(Ci6H i514N 215N 0 5) 330.0982. Comparison of mass spectra 
(AEI MS-50 with computer averaging of nine scans under 
identical conditions) of this product and a sample prepared 
using 14N H 4C1 indicated complete incorporation of 15N. 
Therefore, displacement of O2 at the pyrimidine terminus of 
1 by ammonia to give intermediate 4 followed by intramo
lecular cyclization to 3 is compatible with the labeling ex
periment. If this interpretation is correct, reaction of 1 with 
ammonium chloride and the salt of an acid of comparable 
strength with that of hydrazoic acid would be expected to 
proceed analogously. Acetic acid (pK a =  4.76)5 and hydrazoic 
acid (pKa ~  4.72)5 are almost identical in acid strength. 
Treatment of 1 with an eightfold molar excess of ammonium 
chloride and sodium acetate in DMF at 90 °C under identical 
conditions with those above resulted in formation of 3 in 82% 
(72% recrystallized) yield. Thus, there is no evidence for for
mation of 2 or the implausible mechanism noted.2

Doerr and Fox8 have observed that 2-amino-l-(/?-D-arabi- 
nofuranosyl)-4-pyrimidinone (1-fi-D-arabinofuranosyliso- 
eytosine) is very easily (even during warming for recrystalli
zation) converted to the O2—►2,-anhydro uracil product by 
attack of the “up” O2' at C2 with evolution of ammonia. 
Therefore, ammonia displacement of oxygen at the pyrimidine 
terminus of the 3,-hydroxy-02-*2'-anhydro compound2 
(analogous to intermediate 4) would be unproductive since 
reversal to the O2—>-2' cyclonucleoside would be expected to 
proceed readily in DMF at 110 °C .8 In contrast, attack by 
azide at C2' would lead to the observed2 2'-azido-2'-deoxy 
uracil nucleoside, presumably irreversibly. Thus, azide attack 
at C2' of cyclonucleosides is the normal course3 and does not 
result from absence of a “through bond” electronegative ef

fect2 in the case of the 3'-hydroxy compound. All chemistry 
involved in these reactions is in harmony with precedents3,4’8 
in the literature.

Acknowledgment. Generous support from the National 
Research Council of Canada (A 5890) and The University of 
Alberta is gratefully acknowledged.

References and Notes

(1) For the previous paper in this series, see M. J. Robins, and W. H. Muhs, J. 
Chem. Soc., Chem. Commun., in press.

(2) T. Sasaki, K. Minamoto, and T. Sugiura, J. Org. Chem.. 40, 3498 (1975).
(3) J. P. H. Verheyden, D. Wagner, and J. G. Moftatt, J. Org. Chem., 36, 250

(1971) ; D. Wagner, J. P. H. Verheyden, and J. G. Moffatt, ibid., 37, 1876
(1972) .

(4) I. L. Doerr, R. J. Cushley, and J. J. Fox, J. Org. Chem., 33, 1592 (1968).
(5) “ Handbook of Chemistry and Physics” , 39th ed„ C. D. Hodgman, Ed., 

Chemical Rubber Publishing Co., Cleveland, Ohio, 1958, pp 1643-1644.
(6) J. F, Codington, R. Fecher, and J. J. Fox, J. Am. Chem. Soc., 82, 2794(1960).
(7) Bio-Rad 1SN (99 atom %) ammonium chloride.
(8) I. L. Doerr and J. J. Fox, J. Org. Chem., 32, 1462 (1967).
(9) Postdoctoral Fellow (on leave from Kohjin Co., Ltd.), 1975-present.

Morris J. Robins,* Tadashi Kanai9
Department of Chemistry, The University of Alberta 

Edmonton, Alberta, Canada T6G 2G2 
Received February 17,1976

Synthesis of 3-Dialkylaminocyelopentadienones1

Summary: The title compounds are prepared by condensation 
of 3,4-diazacyclopentadienone 3-oxides with ynamines. The 
regiospecificity of the reaction was proven by hydrolysis of the 
amines to cyclopentene-3,5-diones.

Sir: The cycloaddition chemistry of 3,4-diazacyclopenta
dienone oxides2 and related compounds3,4 with acetylenes has 
previously been reported and involved deep-seated rear
rangements which could be rationalized from a first-formed
1,3-dipolar cycloadduct. In contrast with these results we have 
now found that ynamines (2) condense with 3,4-diazacyclo
pentadienone 3-oxides (1) in a Diels-Alder sense to produce
3-dialkylaminocyclopentadienones (3) in good yields (60- 
70%). These are the first representatives of this group of 
compounds to be reported.

In a typical preparation addition of 1.1 equiv of ynamine 
2 to a stirred solution of 1 (1 equiv) in CH2CI2 led to an exo-
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thermic reaction and gas (N2O) was immediately evolved. 
Evaporation of the solvent and chromatography of the re
sulting residue on a neutral alumina column with CHCI3 as 
the eluent yielded the cyclopentadienones 3 as purple5 bands 
which were further purified by recrystallization from hexane.

This reaction appears to be a Diels-Alder reaction analo
gous to that of ordinary cyclopentadienones,6 followed by the 
loss of nitrous oxide rather than carbon monoxide. However, 
the formation of the cycloadduct may not be concerted but 
rather a two-step process involving a nucleophilic attack of 
the ynamine on the heterocycle 1, followed by collapse to the 
Diels-Alder adduct. Two possible regioisomers (4 and 5) could 
result. However, the condensation of the unsymmetrical
3,4-diazacyclopentadienone (lb) with ynamine 2b yielded

0

cyclopentadienone 3c with no detectable amount of 6 (JH 
NM R analysis) and thus established 4 as the intermediate. 
The structure of 3c was established by hydrolysis in refluxing 
5% HCIO4 to yield 7c,7 whose lH NM R spectrum unambigu
ously confirmed the structural assignment [5c h 3 1 -37 (d, J =
7.5 Hz)].

This cycloaddition reaction is remarkably different from 
the earlier cycloadditions in this series,2“ which presumably 
involve 1,3 cycloadditions across the nitrone group. The 
possibility of a common intermediate which partitions be
tween a 1,3 cycloadduct and a 1,4 cycloadduct might explain 
this periselectivity. However, the regioisomer characterized 
from the cycloaddition of simple nitrones with ynamines8 
suggests that the partitioning intermediate would yield a 1,4 
cycloadduct of structure 5. Therefore, it is a reasonable as
sumption that the reaction involves a nucleophilic attack of 
the ynamine on the ¡mine carbon9 which then collapses to 
yield 4.

Supplementary Material Available. Spectral data for com
pounds 3 and 7 (2 pp). Ordering information is given on any current 
masthead page.
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Tris-(perf luorononyl)-s-triazine M W  1 4 8 5  

NOW  EXTENDING MASS SPEC KIT UTILITY
F o r  s e v e ra l y e a r s ,  m a s s  s p e c t r o s c o p is t s  h a v e  e n jo y e d  th e  

c o n v e n ie n c e  o f  t h e  P C R  M A S S  S P E C ®  K I T .  N o w ,  w i t h  

t h e  i n t r o d u c t i o n  o f  a f i f t h  p e r f l u o r o a l k y l t r i a z i n e ,  t h e  

u t i l i t y  o f  t h e  K I T  h a s  b e e n  e x t e n d e d .

E a c h  k i t  is  a c c o m p a n ie d  b y  a b o o k l e t  o f  s p e c t r a .

1 8 7 2 3 - 7  M A S S  S P E C ®  K I T  M A R K  I I .................... $ 1 9 5 .0 0

2  g r a m s  e a c h  o f  n in e  f l u o r o c a r b o n

NEW MASS MARKERS
In a constant e ffo rt to  extend the u til ity  o f the per- 
fluorokerosenes as mass markers, PCR is now able to 
offer a new one, PFK—250 MASS SPEC.
Requests fo r a compound which offers a better crack
ing pattern and better peak intensity in the upper end 
o f the mass spectrum led us to this distilled high 
molecular weight perfluorokerosene.
A data sheet w ith relative intensities w ill be supplied 
w ith each sample.
A va ila b le  f ro m  s to c k :
11919-8 P F K -2 5 0  MASS S P E C ..............2g-$25.00

P C R , IN C O R P O R A T E D
P.O. Box 1466/Gainesville, Florida 32602 
(904) 376-7522

Bis(pentafluorophenyl)phenyl phosphine
(Decafluorotriphenyl phosphine)

A GC mass spec marker to add to our growing line o f 
high quality standards. With each sample we w ill send 

a standard spectrum o f relative intensities. This ma
terial is especially suited fo r GC mass spec standard

ization.1 Purity by mass spec 99% or greater.
A v a ila b le  f ro m  s to c k :  

11898-4 U LT R A M A R K ™  443 . . .500 m g-$25.00

1 James W. Eichelberger, L. E. Harris, W. L. Budde, 
A n a l. Chem ., Vol. 47, No. 7, 995-1000.



Ideas that cannot wait
W e  a d d  s e v e ra l t h o u s a n d  c o m p o u n d s  t o  o u r  in v e n to r y  a n n u a l ly ,  b u t  h a v e  n o t  b e e n  a b le  t o  in f o r m  m o s t  o f  o u r  
c u s to m e r s  a b o u t  th e m .  T h r o u g h  p u b l ic a t io n s  l ik e  o u r  A ld r i c h im ic a  A c t a  a n d  o th e r  t e c h n ic a l  j o u r n a ls ,  w e  fe a tu r e  
o n ly  a  fe w  o f  o u r  n e w  c h e m ic a ls  w h i le  o th e r s  m u s t  b e  d e la y e d  —  a n d  s o m e  a re  t o o  e x c i t in g  t o  w a i t .

1 9 ,0 0 3 -9

2 ,6 -D iflu o r o b e n z o ic  acid  
5g  $ 7 .0 0  2 5 g  $ 2 0 .0 0

c h 2o h

1 9 ,0 2 9 -2
m -(T r iflu o ro m e th y ljb e n zy  I a lcoh o l  
5g  $ 1 4 .0 0  25g  $ 5 0 .0 0

C H X I

i

J ^ n o 2

1 9 ,1 1 6 -7
w -N itr o b e n z y l ch loride
10g $ 8 .7 5 50g  $ 3 2 .0 0

c h 2o h

1 9 ,1 5 5 -8
//-A m in o b e n z y l  a lcoh o l  
10g $ 1 4 .0 0  50g  $ 4 5 .0 0

c h 2o h
c h 2n h 2

•HCI

1 9 ,1 3 9 -6
m -A m in o b e n z y l a lcoh o l 
10g $ 1 5 .0 0

1 9 ,1 4 3 -4
p -N itr o b e n z y  lam in e h y d ro ch lo rid e  
5g  $ 9 .0 0  2 5 g  $ 3 3 .0 0

COOH

1 9 ,0 2 7 -6
/n -P h e n o x y b e n z o ic  acid  
2 5 g  $ 2 1 .7 5  1 0 0 g  $ 5 8 .0 0

CHO

1 9 ,1 7 5 -2
m -P h e n o x y b e n z a ld e h y d e  
5g  $ 7 .5 0  2 5 g  $ 2 3 .5 0

1 9 ,0 2 8 -4
w -P h e n o x y b e n z y l a lc o h o l  
2 5 g  $ 3 5 .0 0Aldrich Chemical Company, Inc.

C r a f t s m e n  i n  C h e m i s t r y

Corporate Offices:
A ldrich Chemical Co.. Inc. 
940 W. Saint Paul Ave. 
Milwaukee, Wisconsin 33233 
U. S. A.

Great Britain:
A ldrich Chemical Co., Ltd. 
The Old Brickyard, New Road 
Gillingham, Dorset SP8 4JL 
England

Belgium/
Continental Europe: 
Aldrich-Europe 
B-2340 Beerse 
Belgium

West Germany/ 
Continental Europe: 
EGA-Chemie KG 
7924 Stelnhelm am Albuch 
West Germany

2 0 . f l jR . 2 5
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