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The kinetics and products of peroxodisulfate oxidation of the common nucleic acid bases have been investi
gated in alkaline aqueous solution. The oxidations are first order in peroxodisulfate and first order in nucleic 
acid base. Relative rates in 1 IV KOH at 40° follow: adenine, 1; thymine, 5.5; uracil, 5.2; cytosine, 8.6; guanine, 
338. Values for the apparent second-order rate constants decrease with decreasing hydroxide ion concentration 
at constant ionic strength, suggesting involvement of the ionized base as the kinetically significant reactant. No 
significant reaction between peroxodisulfate and any nucleic acid base is observed under neutral or acidic con
ditions at 40°. Radical traps have no effect on either the rate or extent of peroxodisulfate disappearance or on 
the rate or extent of product formation. Uracil and cytosine were oxidized to uracil 5-sulfate and cytosine 5-sul
fate, respectively. Urea was the only identified product of adenine and thymine oxidation. Oxidation of guanine 
produced ammonia, carbon dioxide, urea, guanidine, and 2,4-diamino-s-triazine-6-carboxylic acid. Triazinecar- 
boxylic acid formation was also observed in 8-hydroxy guanine oxidation.

Chemical oxidation of the nucleic acid bases guanine, 
cytosine, adenine, uracil, and thymine has received con
siderable attention.2 A partial list of the reagents em
ployed to oxidize these materials includes potassium per
manganate,3-11 osmium tetroxide,12-16 hydrogen perox
ide,17-19 and various organic peracids.20-23 Potassium 
peroxodisulfate (persulfate, peroxydisulfate), a potent oxi
dant whose reactivity and utility are quite varied,24-26 has 
received only limited use as an oxidant of purines 
or pyrimidines of biological origin. Biltz and Schau- 
der27-28 document its use as an oxidant of uric acid in 
acetic acid solution and more recently Hull29 studied its 
reactions with substituted pyrimidines under alkaline 
conditions.

Work in our laboratory has recently been concerned 
with the investigation of reactions between nucleic acid 
components and a number of reagents16'19.21.30 with the 
intention of devising or elaborating particular reactions 
which show promise as selective modifiers of nucleic 
acids. We therefore undertook a survey of the reactivity of 
the nucleic acid bases with peroxodisulfate. We report 
here the results of our observations on the kinetics and 
products of these reactions.

Results
Kinetics. Under pseudo-first-order conditions with all 

bases except thymine, semilog plots for the disappearance 
of peroxodisulfate with time showed good linearity for at 
least 2 half-times. Initial concentrations were varied by at 
least a factor of 4 (Table I). Neither EDTA nor acrylam
ide, a sulfate radical ion trap,19-31.32 had any significant 
effect on the rate of peroxodisulfate disappearance.

Semilog plots of peroxodisulfate disappearance in reac
tion with thymine in 1.0 AT KOH at 40° showed satisfacto
ry linearity for only approximately 10% of the reaction. 
Values for the apparent second-order rate constant for

thymine oxidation were evaluated from these linear re
gions. Following this “ induction” period, semilog plots of 
peroxodisulfate disappearance became concave downward. 
EDTA (1 x 1CD4 M) and acrylamide (5 x 10~4 M) had no 
effect on the rate or extent of peroxodisulfate disappear
ance under these reaction conditions.

The kinetics of peroxodisulfate disappearance in reac
tion with thymine in 0.1 N  KOH were also measured at 
60°. Semilog plots of peroxodisulfate concentration vs. 
time were again concave downward, the induction periods 
varied depending on the reagents employed, and satisfac
tory linearity in the initial slopes of peroxodisulfate vs. 
time plots was generally not observed.

Oxygen exerted a significant retarding effect on the rate 
of peroxodisulfate disappearance in the presence of thy
mine in 0.1 N  KOH at 60°. Both a lengthening of the ob
served induction period and a decrease in the maximum 
slope of semilog plots of peroxodisulfate concentration vs. 
time were observed. In contrast to the lack of linearity ob
served in its absence, thymine oxidations carried out in 
the presence of EDTA showed reasonable first-order de
pendence on peroxodisulfate for at least 1 half-time. 
These results suggest that metal ion catalyzed decomposi
tion of peroxodisulfate is significant at this temperature in 
the absence of a sequestering agent such as EDTA.

While no definitive conclusion can be drawn as to the 
mechanism of thymine oxidation at 60° in 0.1 N  KOH, 
the effects of EDTA and oxygen imply significant involve
ment by free radicals and metal ions in peroxodisulfate dis
appearance and present evidence that the mechanism of 
thymine oxidation at 40° is different from that at 60°.

The curvature observed in plots of peroxodisulfate dis
appearance vs. time for the oxidation of thymine at 40° in 
1 N  KOH is attributed to further oxidation of an initially 
formed product and not to free-radical decomposition. 
There are precedents in the literature for kinetics of this
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Figure 1. Apparent second-order rate constants as a function of 
pH: O — O, uracil, 40°; □ -  □ , cytosine, 40°; A — A ,  guanine, 25°,

type.26 This conclusion is consistent with the lack of ef
fect EDTA and acrylamide on the rate of peroxodisulfate 
disappearance and with the observed stoichiometry of 
thymine oxidation, which will be presented in an accom
panying section.

Substrate Dependence. Linearity in semilog plots of 
the concentration of peroxodisulfate us. time suggests that 
peroxodisulfate disappearance may be described by the 
relationship -d [S 2C)82 -]/dt = fei/'[S2082 - ], where k\p is 
the pseudo-first-order rate constant. The data of Table I 
suggest that k\P is a linear function of substrate concentra
tion. The rate law for the disappearance of peroxodisulfate 
which satisfies these results is given by -d [S 2 0  82 -]/df = 
fe2' [substrate]totai [S20g2- ], where k2' = ^/[substratejtotai. 
For all cases considered, the disappearance of peroxodisul
fate was first order in peroxodisulfate and first order in 
substrate. The rate law held for a minimum of 2 half-lives 
for each substrate. Guanine is the most reactive substrate 
with peroxodisulfate under these reaction conditions. The 
nucleic acid pyrimidines are oxidized at similar rates. Ad
enine is the least reactive substrate.

pH Dependence. Figure 1 shows the variation in the 
apparent second-order rate constant as a function of pH 
for the oxidation of uracil and cytosine at 40° and guanine 
at 25°. The data for cytosine and guanine show a plateau 
in the pH range 12.5-13 and 13.5-13.8, respectively. Half- 
maximal rates are observed near pH 11.8 for cytosine and
12.6 for guanine. A pKa of 11.7 for proton loss from cytos
ine was calculated for 40° using the heat of ionization for 
cytosine presented by Izatt and Christensen.33 Izatt, 
Christensen, and Rytting34 include a pKa of 12.62 for the 
second proton loss from guanine at 20°.

Uracil shows no well-defined plateau over the pH range 
investigated. The pKa for the second proton loss from ura
cil is greater than 1334 at 25° and Shapiro and Kang35 
conclude it is probably nearer 14. These data, together 
with our observed two-fold rate increase for uracil oxida
tion over the pH range 12.2-13.3, suggest that the uracil 
dianion is more reactive toward peroxodisulfate than the 
singly ionized form. Similarly, only the cytosine anion is 
significantly reactive. These conclusions are supported by 
our observations36 that the nucleosides of these bases do 
not react with peroxodisulfate at a significant rate in 1 M  
Na2CC>3 solution.

Figure 1 shows that the guanine dianion is more reac
tive than the singly ionized form, although our findings36

Table I
Kinetics of the Peroxodisulfate Oxidation of 

Nucleic Acid Bases'1
Relative

Substrate Concn range, M k - i ' ,  M  1 min 1 rate

Adenine 0 .025 -0 .100 0.029 ±  0.005 1
Thym ine 0.0099-0 .100 0 .16 ±  0 .0 3 1- 5 .5
Uracil 0 .025 -0 .114 0.15 ±  0.006 5 .2
Cytosine 0.0107-0 .100 0 .25  ±  0 .02 8 .6
Guanine 0.03 9 .8  ±  0 .3 338

0.005-0 .0200 5.16 ±  0 .4 “

“ General conditions: [substrate]/[K^S^Os] = 10, T  =
40°, 1.0 N  K O H . 1 Evaluated from linear region o f semilog 
plots o f [KiSsOs] vs. time. “ 25°.

Table II
Peroxodisulfate Oxidation of the Nucleic 

Acid Bases. Temperature Dependence“

Substrate
Temp,

°C
k i ' ,  M  -1 

min -1 E a , kcal mol-1
AS*, cal 

mol-1 deg'-
Guanine 40 9 .8 9 .3  ±  0 .3 - 3 4  ± 1

25 5 .2
Cytosine 50 0.49 13.5 ±  1 .4 - 2 8  ± 5

40 0.25
Uracil 50 0.30 13.9 ±  1.1 -H00CM1 4

40 0.15
Thym ine 40 0.16" 11 ±  1 .5 - 2 8  ± 5

30 0.09*
Adenine 50 0.058 13.9 ± 1 . 4 - 3 1  ± 4

40 0.029

0 General conditions: [substrate]/[K 0S2O 8] =  10, 1 N
K O H . Values are averages o f tw o runs. 6 Evaluated from  
initial slopes o f semilog plots o f peroxodisulfate concentra
tion vs. time.

for guanosine (the nucleoside) suggest that the singly ion
ized form is appreciably reactive.

More limited data for thymine and adenine also suggest 
that it is the di- and monoanion, respectively, which are 
the reactive species. None of the substrates showed any 
detectable reaction with peroxodisulfate under neutral or 
acidic conditions at 40°.

Ionic Strength Dependence. The rates of oxidation of 
all of the bases increase with increasing ionic strength as 
expected for reaction between ions of like charge. Plots of 
the logarithm of the rate constants vs. the square root of 
ionic strength are linear in spite of the fact that the ionic 
strengths involved are far in excess of those for which the 
Debye-Hiickel limiting law was derived.37 The magnitude 
of the ionic strength effect is illustrated by the following 
data; guanine, 1.0 M  KOH, ft2' = 5.5 M -1 min-1, g = 1; 
same conditions but /u increased to 2.3 by the addition of 
KC1, k2' = 10.6 M -1 min-1 .

Temperature Dependence. The variation of the appar
ent second-order rate constants with temperature for ade
nine, thymine, uracil, cytosine, and guanine is presented 
in Table II along with the derived activation parameters.

Products. Cytosine and Uracil. Cytosine and uracil 
react with peroxodisulfate in 1 N  KOH to yield the potas
sium salts of cytosine 5-sulfate (1) and uracil 5-sulfate (3), 
respectively (Scheme I). Paper chromatography of the 
reaction mixtures in solvent I showed starting material 
and the corresponding 5-sulfate to be the only ultraviolet
absorbing materials present in both reactions. No other 
products were detected when chromatograms were 
sprayed with either Ehrlich’s reagent or the nitroprusside- 
ferricyanide-hydroxide spray. The 5-sulfates are the ex
pected products based on the work of Hull.29 At a sub- 
strate/peroxodisulfate ratio of 10 (the kinetic conditions), 
the yields of the 5-sulfates were 87 (cytosine) and 72%
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Scheme I Scheme II

(uracil). The yields dropped to 62 (cytosine) and 41% 
(uracil) at a substrate/peroxodisulfate ratio of 1. Cytosine 
5-sulfate was isolated both as the free acid (2) and as the 
corresponding potassium salt (1). Uracil 5-sulfate was iso
lated as the potassium salt (3). The structures were as
signed on the basis of ir spectra, nmr spectra in DMSO-d6 
and D2O, elemental analyses, and hydrolysis of each 
material in 6 N  HC1 to known compounds, namely, 5-hy- 
droxycytosine (6)38 and 5-hydroxyuracil (isobarbituric 
acid, 7 ).39.4o Further proof of the structures of these sul
fates was obtained by the conversion of cytosine 5-sulfate 
to uracil 5-sulfate through the intermediacy of the bisul
fite adduct, dipotassium 5-sulfo-6-sulfono-5,6-dihydroura- 
cil (4). This material was prepared by incubating cytosine 
5-sulfate (2) in 1 M  KHSO3 solution at 40° for 15 hr. The 
solid collected at the end of this incubation showed only 
end absorption in the ultraviolet. Its nmr spectrum in 
D2O showed the absence of the characteristic H-6 reso
nance typical of 5-substituted pyrimidines. The spectrum 
showed instead a pair of doublets centered at 4.80 and 
5.55 ppm, J  = 6 Hz, resulting from coupling of two adja
cent carbon-bound protons at positions 5 and 6 of a satu
rated pyrimidine ring. On addition of NaOD the doublets 
disappeared and a single H-6 resonance appeared. The el
emental analysis for the product was correct for 
C4H4N2O9S2K2. On heating this material in 1 M  KHCO3 
solution, a solid precipitated on cooling whose ir, uv, and 
nmr spectra and whose chromatographic behavior in sol
vent I were indistinguishable from those of the potassium 
salt of uracil 5-sulfate. These transformations are consis
tent with the known chemistry of bisulfite addition to py
rimidine rings.41

Thymine. Thymine reacts with peroxodisulfate in 1 N  
KOH to give ring-cleavage products. Paper chromatogra
phy of oxidation solutions showed the presence of three 
products. Two of the products were detected by Ehrlich’s
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reagent. One of the Ehrlich-positive spots was identified 
as urea by its chromatographic mobility (Rt in solvent I, 
0.58), by its color development with Ehrlich’s reagent, 
and by its destruction by the enzyme urease. The second 
Ehrlich-positive material (Rf in solvent I, 0.18) became 
pink shortly after spraying with Ehrlich’s reagent and be
came blue on standing in air for 3-4 hr. While this mate
rial was not identified, it should be pointed out that a 
compound with identical chromatographic mobility and 
color development properties can be prepared by incuba
tion of cis-thymine glycol in 1 A' KOH for 1 hr, conditions 
sufficient for complete degradation of thymine glycol.9 
The third component detected chromatographically ap
peared as a dark spot when viewed with an ultraviolet 
light source (i?r in solvent I, 0.05). This material was not 
identified. Ultraviolet maxima at pH 1, 7, and 14 were ob
tained following elution of this material from paper chro
matograms-. X max (pH 1) 273, Xmax (pH 7) 270, Xmax (pH 14) 
291 nm.

Although hydroxyacetone and pyruvic acid have been 
observed as products of thymine oxidation in other sys
tems,3-19 we failed to detect either material. Control ex
periments showed that neither pyruvic acid nor hydroxy
acetone survives incubation in 1 JV KOH at 40° in the 
presence or absence of peroxodisulfate.

Adenine. The reaction of adenine with peroxodisulfate 
in 1 N  KOH is complex and has not been elucidated here.
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recovered after 24 hr of hydrogen peroxide oxidation even 
in the presence of a fourfold molar excess of peroxide.

Urea and 2-amino-4-hydroxy-s-triazine-6-carboxylic acid 
are products of 8-hydroxyguanine oxidation in 1 N  KOH 
at 40° when either potassium peroxodisulfate, potassium 
permanganate, or hydrogen peroxide is used as cxidant. 
Unreacted 8-hydroxyguanine is recovered when hydrogen 
peroxide is used as an oxidant. A schematic summary of 
these transformations is included in Scheme II. Oxidative 
decarboxylation of 2-amino-4-hydroxy-s-triazine-6-carbox- 
ylic acid produced a material whose ir spectrum is in ex
cellent agreement with that presented for ammelide42 (2- 
amino-4,6-dihydroxy-s-triazine, 13). The elemental analy
sis is also correct for ammelide.

Discussion
A reasonable mechanism for the formation of uracil 5- 

sulfate and cytosine 5-sulfate from the reactions of uracil 
and cytosine with peroxodisulfate in 1 N  KOH involves 
bimolecular nucleophilic displacement by the cytosine 
anion or the uracil dianion on the peroxide oxygen of 
peroxodisulfate. A similar mechanism has been invoked in 
the peroxodisulfate oxidation of phenols49’50 and aromatic 
amines51 in alkaline solution. Nucleophilic displacements 
on peroxide oxygen are well known and have been re
viewed by Edwards,52 Curci and Edwards,53 and Behrman 
and Edwards.54

Neither cytosine 5-sulfate or uracil 5-sulfate has been 
previously described. The hydrolysis of cytosine 5-sulfate 
in 6 N HC1 provides a convenient method for the synthe
sis of 5-hydroxycytosine, a material available previously in 
low yield through a multistep procedure.38 Cier, et al.,55 
report this material as a product formed from the reaction 
of the Fenton reagent on cytosine. Ekert and Monier56 
suggest that it is one of the products formed from cytosine 
in aerated aqueous solution under the influence of X-rays, 
although no evidence was given.

We suggest that the peroxodisulfate oxidations of gua
nine, thymine (at 40°), and adenine also proceed via ini
tial bimolecular nucleophilic displacement on the perox
ide oxygen of peroxodisulfate. The site of attack by perox
odisulfate cannot be described with certainty for any of 
these substrates. Neither the rate of peroxodisulfate con
sumption nor the rate or extent of ring-cleavage product 
formation is affected by the presence of acrylamide, a 
known free-radical trap. This suggests that for at least the 
major part of these reactions a free-radical mechanism is 
not involved. If any of the product-forming steps in these 
reactions involved a significant free-radical contribution, 
then the introduction of a radical trap known to react 
with sulfate radical ions (S 04- - ) or hydroxyl radicals 
(HO-) would result in a decrease in both the yield and 
rate of formation of the ring-cleavage products in these 
reactions. The increases observed in the overall consump
tion of peroxodisulfate in the presence of acrylamide and 
nucleic acid bases in 1 N  KOH indicates that peroxodisul
fate reacts with acrylamide under these reaction condi
tions but the reaction between peroxodisulfate and nucleic 
acid base is not significantly altered.

The observed activation energies for the oxidation of all 
the nucleic acid bases are in the range of 9-14 kcal mol-1 . 
The entropies of activation are in the range -2 8  to -34  
cal mol-1 deg-1 . These values are consistent with a large 
number of activation energies and entropies of activation 
for reactions involving nucleophilic displacement on per
oxide oxygen52-54 and are very similar to the values ob
tained for the peroxodisulfate oxidation of phenols49-50 
and aromatic amines51 in alkaline solution. Activation ener
gies for reactions involving formation of sulfate-anion rad

icals (S 04--)  by homolysis of peroxodisulfate in the rate- 
limiting step are commonly of the order of 25 kcal 
mol-1 .26

Guanine reacts more rapidly with peroxodisulfate than 
any of the other nucleic acid bases under the conditions 
employed in this investigation. The identified products 
are urea, guanidine, and 2,4-diamino-s-triazine-6-carbox- 
ylic acid.

2-Amino-4-hydroxy-s-triazine-6-carboxylic acid has evi
dently not been previously described. 2,4-Diamino-s-tria- 
zine-6-carboxylic acid has been reported in the patent lit
erature.57 The structural assignment for 2,4-diamino-s-tri- 
azine-6-carboxylic acid is based on evidence that it decar - 
boxylates in hot acidic solution to formoguanamine (2,4- 
diamino-s-triazine). It is oxidatively decarboxylated under 
the same conditions in the presence of hydrogen peroxide 
to ammeline (2,4-diamino-6-hydroxy-s-triazine). These 
transformations are analagous to those reported for oxonic 
acid (2,4-dihydroxy-s-triazine-6-carboxylic acid).43-48 Ox
onic acid decarboxylates in acid solution to allantoxaidin 
(2,4-dihydroxy-s-triazine). Oxidative decarboxylation in 
the presence of hydrogen peroxide affords cyanuric acid 
(2,4,6-trihydroxy-s-triazine). Thus, the oxidation of uric 
acid,43-48 guanine, and 8-hydroxyguanine in alkaline solu
tion afford triazinecarboxylic acids as oxidation products.

The formation of 2,4-diamino-s-triazine-6-carboxylic 
acid by peroxodisulfate oxidation of guanine in alkaline 
solution is particularly interesting since the permanganate 
and hydrogen peroxide oxidation of guanine produce 2- 
amino-4-hydroxy-s-triazine-6-carboxylic acid under the 
same reaction conditions. We failed to detect any deami
nation of 2,4-diamino-s-triazine-6-carboxylic acid to the
2-amino-4-hydroxy compound after 24-hr incubation in 1 
N  KOH at 40° and conclude that the formation of the for
mer triazinecarboxylic acid by peroxodisulfate oxidation 
of guanine must proceed by a pathway which differs from 
the pathway of hydrogen peroxide and permanganate oxi
dation.

There is little justification for presentation of a mecha
nism for the peroxodisulfate oxidation of guanine anala
gous to Brandenberger’s proposed mechanism for the alka
line oxidation of uric acid.47 We can, however, rely on the 
previous investigations of Brandenberger44-46 and Canne- 
lakis and Cohen43 to lend support to our contention that 
the mechanisms for the oxidation of either purine are 
probably similar.

Brandenberger and Cannelakis and Cohen demon
strated that carbons 2, 4, and 8 of uric acid were incorpo
rated in the triazine ring of the oxonic acid formed as a 
result of the alkaline oxidation of uric acid using either 
hydrogen peroxide or potassium permanganate as an oxi
dant. It seems reasonable that the same carbons of gua
nine are incorporated in the triazine ring of 2,4-diamino- 
s-triazine-6-carboxylic acid as a result of the alkaline oxi
dation of guanine by potassium peroxodisulfate.

This conclusion is based on the following evidence. Both 
urea and guanidine are liberated in the peroxodisulfate 
oxidation of guanine, although the molar ratio of urea or 
guanidine produced per mole of guanine oxidized is less 
than 1. Control experiments indicate that neither urea nor 
guanidine is attacked by peroxodisulfate in 1 N  KOH or 
in 1 M  Na2C03 solution. Guanidine, however, is degraded 
by prolonged incubation in 1 A  KOH in the absence of 
peroxodisulfate. Paper chromatograms of 1% guanidine 
hydrochloride solutions incubated at 40° for 24-48 hr in 1 
N  KOH reveal the presence of guanidine and at least two 
materials which are detected by Ehrlich’s reagent. Al
though one of the Ehrlich-positive spots is urea, we point 
out that the production of urea from guanidine degrada
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tion is not significant over the time period used to mea
sure the complete oxidation of guanine in 1 M  Na2C03 
solution and since the same stoichiometries are observed 
for the degradation of guanine in both 1 N  KOH and 1 M  
Na2C03, we conclude that the urea liberated in both 
cases is not exclusively due to the alkaline degradation of 
guanidine. Hence, guanidine liberation represents de
struction of the pyrimidine portion of the guanine mole
cule while urea production must represent oxidative deg
radation of the imidazole ring.

The molar ratio of urea and guanidine liberated per 
mole of guanine oxidized is 0.25 and 0.55, respectively. 
Under the assumption that the urea liberated contains 
carbon 8 of the guanine molecule and that the guanidine 
liberated contains carbon 2, then no more than a 20% 
yield of 2,4-diamino-s-triazine-6-carboxylic acid could be 
produced if carbons 2 and 8 of the guanine skeleton were 
incorporated into the triazine ring of 2,4-diamino-s-tria- 
zine-6-carboxylic acid. The measured yield of this materi
al by determination of the amount of carbon dioxide liber
ated from weighed samples of acid-precipitable guanine 
oxidation product is about 13%.

While the measured amounts of guanidine and urea are 
identical for the peroxodisulfate oxidation of guanine in 
either 1 N  KOH or 1 M  Na2C03 solution, no solid can be 
collected on acidification of reactions following oxidation 
in 1 M  Na2C03 solution. We conclude that the formation 
of triazinecarboxylic acid by guanine oxidation under 
these conditions must either not take place or takes place 
to a lesser extent than in the case of guanine oxidation in 
1 N  KOH. Similarly, no 2-amino-4-hydroxy-s-triazine-6- 
carboxylic acid can be isolated from acidic solution when
8-hydroxyguanine is oxidized by potassium peroxodisul
fate in 1 M  Na2C03 solution. It is reasonable to conclude 
that solutions of higher alkalinity are required for the for
mation of triazinecarboxylic acid by oxidation of either 
purine.

Urea production in the case of thymine oxidation by po
tassium peroxodisulfate in 1 N  KOH at 40° indicates de
struction of the pyrimidine ring but again the molar ratio 
of urea produced per mole of substrate oxidized is less 
than 1. Urea production in the alkaline oxidation of ade
nine represents degradation of the original molecule, but 
the structure of the intact adenine ring system presents at 
least two possible sites for oxidative release of urea under 
alkaline conditions.
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trarcs-Di-fert-butylcyclopropanone (1) has been prepared by reaction of potassium tert-butoxide with a-bro- 
modineopentyl ketone. Partial resolution has been effected by reaction with d-amphetamine and with diiso- 
pinylcampheylborane. Reaction of 1 with water affords the hydrate (rates and equilibrium constants are re
ported in Table I). Reaction of 1 with alcohols affords the bemlketals, isolable for primary alcohols (relative 
rates of formation of hemiketals in alcohol solution at 25° follow: methanol, 90; ethanol, 20; isopropyl alcohol, 1; 
tert-butyl alcohol, 0). The rate of reversion of the methanol hemiketal to 1 in methanol has been determined by 
use of deuterium-labeled hemiketal. Under basic conditions the hemiketals are converted to the ring-opened 
Favorskii ester 2, under acidic conditions to a-alkoxy ketone 3. Reaction of 1 with potassium feri-butoxide in 
tert-butyl alcohol-O-d affords ester 3 of deuterium content do 3%, di 50%, d2 31%, d3 16%, pointing to some at
tack at a hydrogen. The cyclopropanone is stable to oxygen; the hydrate and hemiketals are not.

The cyclopropanone functionality has been an elusive 
one. Considerable interest attaches to this class, however, 
because of the possible breadth of reactions associated 
with the carbonyl group in a three-membered ring and the 
synthetic relevance to the Favorskii reaction. Cyclopropa- 
nones might be expected to possess three points of reac
tivity: (1) the carbonyl group, (2) the hydrogens u to the 
carbonyl group, and (3) the C-2-C-3 bond. The possibility 
of reactivity of C-2-C-3 is associated with the question of 
small-ring valence isomerization of the type shown in eq
1.

011
o s

A Í +

Various aspects of cyclopropanone reactions have been 
examined and reviewed2 over the past few years, primarily 
with cyclopropanones containing small substituents. The 
high reactivity of these cyclopropanones has precluded 
isolation and has often involved special methods of prep
aration. 28•3 In 1967 we reported the preparation of trans- 
di-tert-butylcyclopropanone,4a an isolable cyclopropanone 
of moderate stability. In this and following papers5 we de
scribe the preparation, properties, and a number of reac
tions of this cyclopropanone.

Preparation and Properties. £ r an.s - D i - £ e r i - b u t y 1 cy c 1 o- 
prcpanone may be prepared by the action of potassium 
£er£-butoxide on a-bromodineopentyl ketone. The reaction 
may be carried out heterogeneously in ether or homoge
neously in tert-butyl alcohol (eq 2). The latter case corre
sponds to conditions of the Favorskii reaction.6 Use of 1 
equiv of base affords the cyclopropanone; use of even a 
small excess of base results in complete conversion to the 
ester. Assignment of the trans structure, originally made

on nmr evidence of the hemiketal from benzyl alcohol,4 is 
confirmed by the partial resolution of the cyclopropanone 
(see below).

Chart I
Physical Data for irans-Di-£er£-butylc.yclopropanone (1)

mp 24-26°, bp 75-77° (20 mm) 
d 0.8380 (26°)
4H nmr (CC14) 0.96 (s, 18 H), 1.55 (s, 2 H)
13C nmr (CS2, downfield from TMS) 28.4 (CH3), 30.1 [C(CH3)3],
30.8 (C2 and C3), 215.2 ppm (Ci) 
ir (CCU) 1822 c im 1 
uv (isooctane) \max 354 nm (e 33)
RD and CD (0.053 M  in isooctane at 25°; values are for a sample 
of ~9%  optical purity)
RD [4>]45o +96°, [<t>]4oo +221°, [$]373 + 530°, [<S>]328 “ 483°, ]285
-267°
CD [ff]396 0°, [ff]35i + 870°, p]28s 0°; bandwidth at half-maximum 
41 nm
Major species in mass spectrum at 70 eV: m/e (rel intensity) 168 
(1.7, molecular ion), 125 (75), 83 (100), 70 (90), 69 (91), 57 (90), 55 
(90), 41 (90)

The n —*■ x* maximum at 354 nm is at considerably 
lon g er wavelength than th a t for other ketones (cyclobuta- 
none, 290 nm;7a cyclohexanone, 285 nm;76 tetrapropylcy- 
clohexanone, 310 nm),76 and indeed somewhat longer than 
other cyclopropanones (cyclopropanone, 310 nm; tetra- 
methylcyclopropanone, 340 nm).2* The 13C nmr shows the 
carbonyl carbon at 215.2 ppm (downfield from TMS)7c us. 
cyclopropenone C-l 155.1, C-2 158.3,8 cyclobutanone
208.2,9 cyclopentanone 213.9 ppm.9

The cyclopropanone 1 has been partially resolved by 
asymmetric destruction with d-amphetamine.4*11 The RD 
and CD values are summarized in Chart I. The degree of 
optical purity was determined by reduction to the corre
sponding cyclopropanol and determination of enantiomer
ic c o m p o s itio n  b y  th e  m e th o d s  o f  D a le , Dull, and Mosh
er10 (conversion to the diastereomeric esters with optically 
pure 2-methoxy-2-phenyl-3,3,3-trifluoropropanoyl chloride 
and nmr analysis) and of Whitesides and Lewis11 (nmr 
analysis with optically active lanthanide shift reagent). 
Both methods indicate an optical purity of 9 ±  1%. (+ )- 
Cyclopropanone of 90-100% optical purity was obtained 
by partial reduction with (+)-diisopinoeampheylborane,12 
but the product from this route was much harder to pur
ify-

The RD and CD values given in Chart I are for cyclo
propanone 1 of 9% optical purity, indicating values for op
tically pure 1 of [$]373 + 5890°, [0)354 +9660°; differential 
dichroic absorption, Ae 2.92 ; optic anisotropy, Ac f t  0.089; 
molecular amplitude, aobsd +112°, a (calculated from a = 
O.O122[0]) +117°.13 The absolute configuration of the cy
clopropanone is not known. The configuration of (+ )-l as 
R,R (shown in eq 2) is that suggested by the octant rule.
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Table I
Hydration of irarcs-Di-feri-butylcyclopropanone (1) 

in Aqueous Dioxane
A. Rates

[HsO], M [1], M °
✓------k X 10s, sec
46° 80°

1.46 0.0367 2 .3 4 .4
2.33 0.0381 6 .4 13.6
2.76 0.0501 8 .7 17.8

B. Equilibria6

,----------------- K b, M - ' ----- —s
[H«0], M [11. M ° 27° 46° 80°

1.46 0.0367 8 .6 5 .3  2 .3
2.33 0.0435 7 .8 5 .0  2 .1
2.76 0.0501 7 .4 5 .3  2 .1
6.73 0.3035 4 .7

10.51 0.282 2 .3 2 .0
13.42 0.262 2 .1 1 .9

Initial concentration, moles/liter. bl  +  HoO =  hy-
drate.

(+)-Cyclopropanone 1 racemizes at 80°.4b’c A detailed 
study is reported in a forthcoming paper.3 At higher tem
peratures the cyclopropanone decomposes cleanly to 
trans-di-tert-butylethylene and carbon monoxide (tV2 9.5 
hr in benzene at 150°), eq 3. Irradiation at 25° also effects 
clean decarbonylation.

equilibria data are summarized in Table I. The data were 
obtained by determination of cyclopropanone concentra
tion by ultraviolet analysis at 354 nm.

The principal conclusions are that hydration does not 
go to completion in aqueous dioxane at low water concen
tration; e.g., at 2.33 M  water in dioxane, 11/2 for hydration 
is 3 hr at 46°, and at equilibrium approximately 8% of the 
initial cyclopropanone remains as free cyclopropanone. In
crease in temperature shifts the equilibrium toward free 
cyclopropanone. The concentration equilibrium “ con
stant” is shifted to lower values by increasing water con
tent, a not unexpected type of change in view of the sub
stantial medium changes involved.14

Reaction with Alcohols. The cyclopropanone reacts 
rapidly with primary alcohols, more slowly with secondary 
alcohols, and is unreactive with tert-butyl alcohol at 25°. 
The hemiketals from the primary alcohols may be isolat
ed. The hemiketals and the hydrate are unstable in the 
presence of oxygen.

Under neutral conditions in a degassed solution con
taining an excess of the alcohol, no further change in the 
hemiketals is observed at 25°. Upon heating, the hemike- 
tal is converted to the a-alkoxy ketone and/or the Favor- 
skii ester. Under basic conditions the hemiketal undergoes 
rapid ring opening to the Favorskii ester. Under acid con
ditions a-alkoxy ketone is formed. Both hemiketal forma
tion and conversion to alkoxy ketone are accelerated by 
acid.

i-Bu
80~ 150°

(-H-1 -----► dM ------- ►
C(iH* C6Hk

^  +  CO (3)

or f-Bu

hv, 25

Reaction with Nucleophiles. General Considerations.
Cyclopropanone 1 has two features of consequence in reac
tions with nucleophiles. The contraction of the C-C-C 
angle of the ketone from the preferred 120° to 60° provides 
strong driving force for nucleophilic addition to the car
bonyl group. The trans-oriented fert-butyl groups, how
ever, shield the carbonyl from attack. The net effect is a 
carbonyl group that might be expected to be inert toward 
large nucleophiles but reactive toward small ones.

A variety of results are obtained upon addition to the 
carbonyl group. The adduct may be stable, or may under
go ring opening at C1-2, ring expansion, fragmentation, or 
dehydration. Reaction with water and alcohols are consid
ered in this paper. In a following paper we describe exam
ples in which addition is followed by some of the other 
possibilities.

Reaction with Water. The cyclopropanone hydrates 
readily. The hydrate, a solid of mp 105-107°, decomposes 
in air (see below). It is also sensitive to acids and bases. In 
a vessel of carefully cleaned surface a solution of the hy
drate in dioxane or DMF was unchanged after 3 days at 
80°. Heating an aqueous dioxane solution of the hydrate 
containing acid results in clean conversion to a a-hydroxy- 
dineopentyl ketone.

Reversibility of hydrate formation is seen in the conver
sion (slow) of the hydrate to the hemiketal upon addition 
of methanol to a solution in DMF (eq 4).

H O O H HO OCH 3
CH.OH

(4)
DMF DMF

f-B u  i-B u  f-B u  i-B u f-B u  f-Bu

A brief study has been made of the hydration of the cy
clopropanone in degassed aqueous dioxane. Rate and

1
R O ', ROH

fast

Chart II

“O OR

i-B u  f-Bu

C O O R

fast
f-Bu i-B u  

2
HO O R  O

ROH. 25" \ /  CHjOH, 80" i_gu | __ ¿_gu

fast /  \ slow

i-B u  i-B u OR

R = CH3, i-Pr

n o  rea ction

i-BuOH
. 125

3 (R =  i-Bu )

The results are summarized in Chart II. Conversion of 
hemiketal under basic conditions (i.e., via the alkoxide 
species) to ester is rapid, and is easily understood.13’16 
Conversion of hemiketal to alkoxy ketone is slow, and the 
mechanism is less apparent. It probably involves reversion 
to the cyclopropanone, ring opening to oxvaliyl species or 
the corresponding protonated form, and capture by sol
vent (eq 5).17’18

1 —

I  ROH 

hemiketal

O 5_X
f-Bu— 0 H ' H CH-i-Bu

or

O H

i-B u —  C H " + C H -f-B u

3 (5)

The rates of addition of methanol to cyclopropanone 1
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ated ester (16%) are also consistent with a value of Hq st 
feH. The results and interpretation are summarized in 
Chart III.19 Chart III and the brief derivations assume ei
ther noninvolvement of cts-di-ierf-butylcyclopropanone19
Or ( /T c /^ l r O c i s - c y c l o p r o p a n o n e  =  (kc/hu) tra n s-cy c lo p r o p a n o n e•

Chart III

k, /-BuO 

r-BuOD

(98'X' i

COO-t-Bu

r J — CHDR 
50%

% dx k C o o cn O k c
k c + k H

%d2
(  K \ (  kc ) X 100

~  U c  + ^H/ \kc + kn n J

%ds ( i (  k iin  \ X 100
U c  + k j \kc + kH/2 Ì

Obsd Caled for kc /kH =  1
%d2 31 33

%d2 16 17

1

In a study of the stereochemistry of ring opening of cy
clopropanols and hemiketals,16 the cyclopropanone 1 was 
subjected to sodium methoxide in methanol-O-d and to 
sodium ethylene glycolate in ethylene glycol-0-d2. Only 
monodeuterated esters were observed in contrast to the 
di- and trideuterated esters in the present study. Appar
ently the ratio of kc /kH increases with decreasing size of R 
in the attacking RO , ROH.

Reaction of the Cyclopropanone Hydrate with Oxy
gen. Because of the instability of the cyclopropanone 1 in 
air, the effect of oxygen was briefly examined in the pres
ence and absence of water. Under anhydrous conditions 
the cyclopropanone is stable to oxygen.20 Shaking of a 
hexane solution of the cyclopropanone with water in the 
presence of oxygen resulted in the absorption of ~0.3 mol 
of oxygen per mole of I in 3.5 hr. Subjection of the reac

tion solution to glc analysis afforded a complex mixture 
(eq 7). The major product was the ring-opened isomer of 
the hydrate, 2-fert-butyl-4,4-dimethylpentanoic acid.

HO OH

hexane
f-Bu f-Bu 

f-Bu— CHO 
18%

0
II

f-Bu —  CCHo-f-Bu
3%

COOH
I

f-Bu— CHCH,-i-Bu
45%

(f-Bu)2CHCHO
4%

COOH
I

t-Bu —  CHCHOH-f-Bu
4%

(7)

The products of oxidation are derivable by hydrogen 
atom abstraction from hydrate with ring opening and 
reaction of the carbon radical with oxygen, followed by 
various routes, possibly including a peroxylactone (eq 8).

HO OH HO O-
Y COOH 0,

/ \ A
t-Bu f-Bu f-Bu t-Bu

COOH

A 0
t-Bu f-Bu

The presence of such a species was suggested by ir absorp
tion at 1790 cm "1 in the crude reaction mixture. Good 
analogy for the products terf-butyl neopentyl ketone and 
di-tert-butylacetaldehyde is found in studies of decompo
sition of peroxy lactones.21 Reaction of the methanol hem- 
iketal of tetramethylcyclopropanone with oxygen has been 
reported to yield the ring-opened /f-hydroperoxy ester, 
which was cyclized to a peroxy lactone in a subsequent 
step.22 Lability of cyclopropanone hemiketals to oxygen 
also has been reported by de Boer.26 The major product 
from oxygen and 2,2-dimethylcyclopropanone methylhemi- 
ketal is the hydroperoxy ester, methyl 3-hydroperoxy-3- 
methylbutyrate. Under radical initiation but insufficient 
oxygen, the major products are the ring-opened esters, 
methyl 3-methylbutyrate and methyl pivaloate, isomers of 
the starting hemiketal.2d
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W h e n  an  ex cess  o f  b ro m in e  w as a llow ed  t o  rea ct  w ith  2 ,3 -d ib ro m m a te d  p o ly b ro m o in d o le s  in  a ce tic  a c id , the  
corre sp o n d in g  3 ,3 -d ib ro m in a te d  o x in d o le s  w ere iso la ted . O n ly  in on e  case , b o th  o x id a tio n  and  su b stitu tio n  took  
p la ce . 2 ,3 -D ib ro m in a te d  p o ly b ro m o in d o le s  w ere the  m a in  re a ctio n  p ro d u cts  w hen  th e  b ro m in a tio n  w as carried  
o u t  in a n h y d rou s  ca rb o n  te tra ch lo r id e . P resen t resu lts  co n firm  a p rev iou sly  p ro p o se d  p a th w a y  a cco rd in g  to  
w h ich  a 3 ,3 -d ib ro m in a te d  in d o le n in e  (6 ) is the  p o ss ib le  in te rm e d ia te  in th e  fo rm a tio n  o f  3 ,3 -d ib ro m in a te d  o x in 
d o les  b y  re a c tio n  o f  som e in d o les  w ith  ex cess  b ro m in e . W h en  2 ,3 -d ib ro m in a te d  p o ly b ro m o in d o le s  w ere trea ted  
w ith  ch ro m ic  a n h y d rid e  or w ith  p e ra ce t ic  a c id  the  co rre sp o n d in g  3 ,3 -d ib ro m in a te d  ox in d o le s  w ere iso la te d  in 
fa irly  g o o d  y ie ld s . T h is  m e th o d  co u ld  be used  as a d ia g n o stic  to o l in the  s tru ctu re  d e te rm in a t io n  o f  2 ,3 -d ib ro - 
m o in d o les .

Halogénation of the indole nucleus has been extensively 
studied. Several halogenating agents, in aqueous and non- 
aqueous media, have been employed, and beside substitu
tion products oxindole derivatives were almost always 
found.1’2 It is known that an aqueous medium favors oxi
dation and an anhydrous one bromination, and that the 
two reactions are always competitive, neither one being 
completely excluded. However, more than one pathway 
has been proposed to explain the formation of 3-halooxin- 
doles from indoles.lb’2a’b’d We have now investigated the 
behavior of some 2,3-dibrominated polybromoindoles with 
bromine in aqueous (acetic acid) and in nonaqueous 
media (carbon tetrachloride).

When excess bromine was added to an acetic acid sus
pension of 2,3,5,6-tetrabromoindole (la),la 3,3,5,6-tetra- 
bromooxindole (2a, 67% yield) was formed. Compound 2a 
was hydrolyzed with alkali to 5,6-dibromoisatin (3a)la 
and led, with phenylhydrazine, to a /3-phenylhvdrazone 
identical with an authentic sample prepared from 3a; 
these facts indicate that two bromine atoms in compound 
2a are in the 3 position.111 The infrared spectrum of 2a 
shows strong N-H and C = 0  peaks at 3200 and 1730 
cm“ 1, respectively, in good agreement with those found 
for other 3,3-dibrominated oxindoles.lb’3 

The main product of the reaction of lala with excess 
bromine in anhydrous CCU was a nonoxindolic material
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b, R = R" = H; R' = Br
c, R = H; R' =  Br; R" = CH3
d, R = Br, R' = H; R" = CH:i
e, R = R' =  H; R" = CH3

b, R = R" =  H; R' =  Br
c, R =  H; R' =  Br; R" =  CH:1
d, R =  Br, R' =  H; R" =  CH:1
e, R =  R' = H; R" =  CH;i
f, R =  Br; R' = R" =  H

3a, R =  R' «  H
b, R =  Br; R' = CH:!
c, R =  H; R' =  CH:,

(47% yield) (no C = 0  peak, N-H stretching at 3600 cm-1) 
to which structure lb was assigned. Although the reaction 
was carried out under dry conditions, a small amount 
(11% yield) of the oxindole 2a was isolated.4 Structure lb 
was assigned to the nonoxindolic material, because it 
gave, with excess bromine in acetic acid suspension, the 
pentabromooxindole 2b, which was also obtained by add
ing 7-bromoindole (4)5 to an excess of bromine in acetic 
acid solution. Compound 2b gave with phenylhydrazine
5,6,7-tribromoisatin /3-phenylhydrazone.

When an acetic acid suspension of 2,3,5,6,7-penta- 
bromo-l-methylindole (Ic), obtained by methylation of 
lb, was treated with an excess of bromine, 3,3,5,6,7-pen- 
tabromo-l-methyloxindole (2c) (C = 0  peak at 1740 cm-1, 
67% yield) was isolated. Two bromine atoms are in the 3 
position because compound 2c gave, with phenylhydra
zine, 5,6,7-tribromo-l-methylisatin /3-phenylhydrazone.

The reaction of 2,3,5,6-tetrabromo-l-methylindole 
(le)lb with excess bromine was also solvent dependent. 
When the reaction was carried out in acetic acid, an oxin- 
dolic material (C = 0  band at 1735 cm r1), whose melting 
range remained unchanged through several crystalliza
tions, was isolated. This material was identified as a mix
ture of 3,3,5,6-tetrabromo-l-methyloxindole (2e)lb and
3,3,4,5,6-pentabromo-l-methyloxindole (2d). Its infrared 
spectrum and melting range were identical with those of 
an artificial mixture containing 2e and 2d in 7:3 ratio (w/ 
w). Similar constant-melting mixtures of isomeric and 
nonisomeric bromoindoles have been already described.1-5

Structure 2d6 (C = 0  peak at 1745 cm-1 ) was assigned 
to the minor product of the reaction of le with bromine on 
the basis of its elemental composition and of the fact that 
it was different from 2c; 2d was hydrolyzed with alkali to 
isatin 3b, which gave the same /3-phenylhydrazone as 2d. 
Structure 3b was proved as follows: 4-bromoindole (5)7 
was added to an excess of bromine in acetic acid solution 
to yield 3,3,4,5,6-pentabromooxindole (2f) (N-H band at 
3200 cm-1 , C = 0  band at 1730 cm-1 ); compounds 2f and 
2b are isomers; compound 2f gave a /Tphenylhydrazone 
with phenylhydrazine, and isatin 3b by methylation with 
dimethyl sulfate in alkaline medium (hydrolysis of 2d to 
3b accompanies the methylation).

When the reaction of le with excess bromine was car
ried out in anhydrous CCU, 2,3,4,5,6-pentabromo-l- 
methylindole (Id, 76% yield) and the same mixture (from 
the mother liquor) of 2elb (13.5% yield) and 2d (5% yield) 
were formed. Structure Id was assigned, because Id and

lc are isomers, and Id led, with excess bromine in acetic 
acid, to the oxindole 2d (79% yield).

When the results of the reactions of 2,3,5,6-tetrabromo-
1-methylindole (le) with bromine and of the unmethylat
ed analog la are compared, it can be seen that the bromi- 
nation of the aromatic ring occurs at the 7 position in the 
nonmethylated and at the 4 position in the N-methylated 
compound. These results can be explained with the as
sumption that there is a preference for electrophilic attack 
on position 7 but that the A'-methyl group exerts a suffi
ciently strong steric hindrance to prevent substitution at 
the 7 position, making attack at carbon 4 competitive.

In a previous paper we found that, when 1-methylindole 
was treated with excess bromine, 3,3,5,6-tetrabromo-l- 
methyloxindole (2e) was obtained; in one case also
2,3,5,6-tetrabromo-l-methylindole (le) was isolated from 
the reaction mixture.lb The mode of conversion of 1- 
methylindole to the oxindole 2e is an interesting problem. 
Using a 5:1 molar ratio of reagent to substrate, bromina- 
tion of the benzene ring took place;lb when bromine 
atoms substitute on the benzene ring they have a very 
marked stabilizing effect, so that hydrolysis of 2,3-di- 
brominated polybromoindoles requires very drastic condi
tions.lb Therefore it was excluded that oxindole 2e was 
formed by bromination of the 3 position of 3,5,6-tribromo-
1-methyloxindole; in fact, the latter compound should be 
formed by hydrolysis of 2,3,5,6-tetrabromo-l-methylindole 
(le); it was excluded also that oxindole 2e was formed by 
bromination of a simple intermediate nonbrominated ox
indole,8 because, when simple oxindoles are brominated, 
bromine attacks only positions 3, 5, and 7.lb-9 The forma
tion of oxindole 2e was believed to involve electrophilic 
attack on position 3 of indole le to give an intermediate
3,3-dibrominated indolenine 6 (R = IT = H; R " = C H 3), 
followed by rapid attack of a nucleophile (H2O or BrO- ). 
The same hypothetical intermediate 6 satisfactorily ra-

6

tionalizes the formation of oxindoles 2a-e from the corre
sponding indoles la-e. Then the present results seem to 
confirm the previously proposed pathway, whereas the 
mechanisms proposed by other authors8 appear to be not 
effective in this case.

A matter of particular interest is the action of two oxi
dizing agents, chromic anhydride and peracetic acid, on
2,3-dibrominated indoles la-e. Although in these com
pounds bromine atoms (electron-attracting substituents) 
substitute on the benzene ring, position 2 is substituted, 
and compounds lc-e are N-substituted also (such factors 
promote generally oxidation of some indole derivatives to
o-acylamino ketones or to anthranilic acids);13-28-10 never
theless the reaction of la-e with chromic anhydride and 
with peracetic acid did not yield usual products of oxida
tion.

When products la-d were treated with chromic anhy
dride or with peracetic acid the corresponding 3,3-dibro- 
mooxindoles 2a-d were isolated in yields ranging from 49 
to 90%. Compound le gave 3,3,5,6-tetrabromo-l-methyl- 
oxindole (2e, 83% yield) when the reaction was carried 
out with peracetic acid, whereas compound 2e (29% yield) 
and 5,6-dibromo-l-methylisatin (3c, 33% yield) were iso
lated by reaction with chromic anhydride.
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Since all 2,3-dibromoindoles were converted to 3,3-di- 
bromooxindoles, this method could be used as a diag
nostic tool in the structure determination of 2,3-dibro
moindoles.

One possible explanation of the unusual oxidative reac
tion could involve the formation of an epoxide intermedi
ate 7, followed by opening of the epoxide ring to give a 
carbonium ion 8, a 1,2 shift, and expulsion of the proton

c h ,co3h
la-e ----------

to yield the observed 3,3-dibromooxindole. Similar molec
ular rearrangements have been already observed in the 
peracid epoxidation of several haloalkenes.11
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S te r e o ch e m is try  a n d  M e c h a n is m  o f  th e  T h e r m a l [1,3] A lk y l S h ift  o f  S ta b le

1,4 -D ia lk y l -1,4 -d ih y d r o p y ra z in e s la b J.
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Stable 8--rr-electron l,4-dialkyl-l,4-dihydropyrazines are readily prepared by reaction of Af-benzyldiphenacyl- 
amine hydrobromide with primary aliphatic amines provided care is taken to avoid the subsequent rearrange
ment. The previously postulated intermediacy of l,4-dibenzyl-l,4-dihydro-2,6-diphenylpyrazine (la) in the 
rearrangement to 1,2-dihydropyrazine 2a is demonstrated and the reaction proceeds in 95 ±  2% yield with first- 
order kinetics. Crossover recombination experiments show 12 ±  6% intermolecular contribution from a radical 
dissociation-recombination process which is prevented with butanethiol scavenger. Chiral 24 rearranges in the 
presence of the scavenger with >95% stereospecificity and with inversion of the migrating group indicating an 
88 ±  6% component of a concerted [1,3] sigmatropic shift with suprafacial allylic utilization.

We wish to report the general synthesis and chemistry 
of novel l,4-dialkyl-2,6-diphenyl-l,4-dihydropyrazines1 1 
and a study of the stereochemistry and mechanism of 
their thermally induced rearrangement to the isomeric
l,2-dialkyl-3,5-diphenyl-l,2-dihydropyrazines 2. Com
pounds of structure 1 are of interest in possessing an 87r 
available electron system which is potentially antiaroma
tic2 or homoaromatic.3 In addition, the structural similar
ity between the l,4-dihydro-l,4-dialkylpyrazines and the 
reactive ring of the isoalloxazine portion of the reduced 
flavin coenzymes 34 and the marked propensity of both to 
undergo redox reactions (which see) renders 1 of interest 
as model compounds for the latter. The structurally relat
ed 5,10-dihydrophenazines 4 have been employed as ana
logs of riboflavin.4’5 The recent discovery of the impor
tance of the 1,4-dihydropyrazine moiety in the biolumi-
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Table I
1-Benzyl-4-alky]-2,6-dipheny]-l,4-dihydropyrazines' (1, Ri = CH2Ph)

Yield, Xmaxi°
Compd r 2 M p, °C % nm Log e z—--------------- *--------—---------------- ------------- 8 • 1—----------------- --------- ---------- ---------——-—v

la C H 2Ph 107-108.5 73 442 3.22 (C cD 6) 3 .20  (s, 2 H, -C H 2Ph), 3 .76 (s, 2 H, -C H 2Ph), 5 .57
338 3.48 (s, 2 H, vinylic, C3 and C 5 H ), and 7 .1 7 -7 .5 7  (m, 20 H, 

aromatic
lb (C H 2) 2Ph 135-137 90 427 3.49 (C 5D 5N ) 3 .25 [br s, 4 H, - (C H 2)2Ph], 4 .26  (s, 2 H, -C H 2Ph),

339 3.41 6.57 (brs, 2 H, vinylic H, C3 and C 3 H ), and 6 .9 6 -7 .8 5  (m,
237 4.17 20 H, aromatic

l c (C H 2) 2C H 3 103-105 64.4 428 3.41 b
338 3.29
238 4.22

I d (C H 2)3C H 3 115-117 78.1 428 3.53 b
338 3.38
237 4.27

l e C H 2C H (C H 3)2 106-107 .5 79 .4 429 3.21 b
337 3.51
239 4.21

i f (CH 2)2C H (C H 3) 2 126-128 68.7 429 3.21 b
341 3.47 b
237 4.17

ig c h 3 133-135 22.3 428 3.41 b
340 3.51
237 4.15

l h c-C 3H 5 111-112.5 77 .2 428 3.42 b
340 3.48
238 4.17

l i c-C 5H , 107-108.5 30 .4 409 3.64 (C 6D 6) 0 .9 2 -2 .0 2  (m, 8 H, cyclopentyl), 3 .2 0 -3 .6 0  (br,
329 3.47 1 H , methine), 3 .80 (s, 2 H, C H ,Ph), 6 .35 (s, 2 H , vinylic
245 4.09 H, C 3 and Cs H ), and 6 .9 6 -7 .7 9  (m, 15 H, aromatic)

l j c-C iH u 138-139 .5 36.5 410 3.61 (C6De) 0 .7 7 -2 ,2 1  (m, 10 H, cyclohexyl), 2 .6 4 -3 .3 0  (br,
1 H, methine), 3 .76 (s, 2 H, C H 2Ph), 6 .30 (2, 2 H, vinylic 
H, C 3 and C 3 H ), and 6 .9 5 -7 .9 1  (m, 15 H, aromatic)

328 3.48
245 4.11

l k c-C ,H I3 120-121.5 31 .4 409 3.61 b
329 3.45
243 4.08

11 c-C 8H 15 96 -97 .5 15.2 425 3.58 b
327 3.44
244 4.12

“ Measured in C H 3CN . 5 The nmr signals were not visible owing to paramagnetic broadening by the odd-electron species 
present. c Satisfactory analytical data (± 0 .4 %  for C, H, N ) were reported for all new compounds listed in the table: Ed.

5

nescence of certain luciferins, e.g., 5, increases the general 
interest of the present study.6 The logical approach to the 
synthesis of a representative of 1, e.g., the condensation of 
benzylamine with N-benzyldiphenacylamine hydrobrom
ide, originally considered to afford l,4-dihydro-l,4-diben- 
zylpyrazine,7 has been shown to give the 1,2-dibenzyl-
3,5-diphenyl-l,2-dihydropyrazine8’9 (4, R = PI1CH2) and a
1,3-alkvl migration from the initially formed but unisolat
ed l,4-dibenzyl-l,4-dihydropyrazine isomer was postula
ted.8

We found that, in a general reaction with iV-benzyldi- 
phenaeylamine, primary aliphatic amines, containing 
groups which are less prone to migrate, react to give the 
series of l,4-dialkyl-l,4-dihydropyrazines indicated in 
Table I, often in excellent yield.1 The simplicity of the 
nmr spectra is consistent with the C2v symmetry of struc
tures of type 1. Catalytic hydrogenation of lj at atmo
spheric pressure over Pd/C afforded the 1,2,3,4-tetrahy- 
dropyrazine 6 as an oil in 84% yield. The addition of only 
1 equiv of hydrogen under these conditions is held to be 
characteristic of a 1,4-dihydropyrazine.9 The new 1,4-dial-

kyl-l,4-dihydropyrazines described in Table I are stable as 
orange-red solids in the crystalline state but are sensitive 
to light and atmospheric oxygen and are reactive in solu
tion, especially with halogen-containing solvents. The so
lutions are readily oxidized in air to stable paramagnetic 
species which give persistent epr signals. The sensitivity 
to oxygen of compounds la -f  results in considerable para
magnetic nmr line broadening in many cases even though 
they analyze correctly. Structure proof was, however, ob
tained with two additional representative examples, Id 
and lh, by catalytic hydrogenation to the 1,2,3,4-tetrahy- 
dro compounds, the nmr spectra of which were normal.10 
The epr spectra of the paramagnetic species formed by 
oxidation of lj (Table II) gave g values of 2.0025, close to 
the free-electron value of g  = 2.00232,11 indicative of an 
organic free radical, and the spectrum width for lh, 51 G, 
closely corresponds to those values previously reported for 
the reduction in concentrated sulfuric acid solutions of 
substituted pyrazines.12 These analogies, together with
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Table II
Esr Data on Paramagnetic Species Formed from 

the Oxidation of l,4-Dialkyl-2,6-diphenyI-l,4- 
dihydropyrazines 1 in Benzene

Substrate Spectrum  w idth , G A ppearance

a 62.5
b 110.0
c 167.0
d 68.0
e 58.0
f 87.0
g 64.5
h 51.0
i 48.0
j a 50.0
m'' 72.0

M ultiplet
M ultiplet
M ultiplet
M ultiplet
M ultiplet
M ultiplet
M ultiplet
8 lines, hfs 7 .5  G 
7 lines, hfs 7 .5  G 
M ultiplet
9 lines, hfs 8 .6  G

1-benzyl methylene positions. Thermal rearrangement of 
14 to 15 proceeded smoothly and permitted assignment of

° g value =  2.0025. h l,4-D im ethyl-2,6-dipheny!-l,4-di- 
hycropyrazine.

the recent announcement that stable pyrazine radical cat
ions may be generated under mild conditions by the ac
tion of daylight,13 point to the 7-7r-electron radical cation 
structure (7) for these species.

It was possible by employing lower reaction tempera
tures to isolate the very reactive l,4-dibenzyl-2,6-diphe- 
nyl-l,4-dihydropyrazine (la) as an orange, crystalline 
solid. This permits confirmation of the previously postula
ted mechanism8’9 and an examination of this unusually 
facile [1,3] alkyl shift.

Examples of thermally induced [1,3] shifts involving 
heteroatoms at the migration origin or terminus have been 
reported in several cases.14-15 However, in very few of 
these cases has it yet been established whether the rear
rangements are concerted or proceed via a radical mecha
nism.16 Thus we hoped to contribute to the general prob
lem of [1,3] shifts. The l,4-dibenzyl-2,6-diphenyl-l,4-dihy- 
dropyrazine rearranges smoothly in benzene in the tem
perature range of 40-80° to 2 (R = PI1CH2) in a yield of 
>95 ±  2% as determined spectroscopically. Because of the 
photosensitivity and propensity of l,4-dialkyl-l,4-dihydro- 
pyrazines to air oxidize to stable odd-electron species1-13 
it was necessary to degas carefully and protect the solu
tion from the light.

To establish whether the reaction is intramolecular or 
intermolecular we performed a crossover recombination 
experiment with differentially deuterium-labeled 1,4-dial- 
kyl-l,4-dihydropyrazines. The ring-labeled compound 12 
was formed readily by deuterium exchange (eq 1) with

Ph Ph

Ph
12

>8C% incorporation as shown by nmr, which showed the 
diminution of the 2 H singlet at 5 6.25. Rearrangement of 
12 in benzene gave a quantitative yield of the 2,6-dideu- 
terio-l,2-dihydropyrazine 13, which allowed assignment of 
the methine and vinyl nmr absorptions in 2a as b 4.76 and
6.55, respectively. The isotopic labeling isomer of 12, com
pound 14, was prepared by treating 11 with PI1CD2NH2 
and contained 100 ±  2% deuterium incorporation at the

the methylene group nmr signals at the 1 and 2 positions 
of 2a as b 3.96 (J = 15.5 Hz) and 2.70 (-7 = 14.0 Hz), re
spectively.

Additional assignments of the vicinal coupling con
stants were readily accessible by rapid catalytic hydroge
nation of compounds 12 and 14. Under these conditions
1,4-dihydropyrazines add only 1 equiv of hydrogen9 and no 
deuterium scrambling was observed, giving compounds 16 
and 17 from 12 and 14 respectively. An intimate mixture

of 12 and 14 in a ratio of 5:4 was heated in benzene at 55° 
until the rearrangement was completed and the product 
mixture was examined by mass spectrometry. The isoto
pic content was consistent only with 12% being formed by 
crossover recombination.17

The results therefore indicate a largely intramolecular 
reaction with a small intermolecular component. Since 
free radicals are implicated in the extra cage reaction by 
scavenging experiments (which see), the crossover recom
bination evaluates the extent to which the initially formed 
radicals in the intermediate are independent (i.e., escape 
the solvent cage). Similar crossover experiments in hexane 
(14%) and tetrahydrofuran (12% crossover) indicate that 
the somewhat higher figure for the former solvent may re
flect its lower viscosity.18 Combination of pyrazinyl radi
cals to form a dimer was not detected. The 10% or so of 
free pyrazinyl radicals formed may tend to scavenge ben
zyl radicals rather than permit the formation of detecta
ble quantities of bibenzyl. The measured M + 4 peak, 
after correction for the 13C isotope peak,19 represents \  of 
the rearrangement product formed outside the solvent 
cage. In agreement with this interpretation it was found 
that, when the rearrangement of the mixture of 12 and 14 
was performed in the presence of the radical scavenger 
butanethiol, crossover recombination, represented by the 
M + 4 peak, was prevented completely, and with the for
mation of butane disulfide. Since the yield of 2a in the 
presence of the scavenger was 75 ±  3%, corresponding 
fairly well to a 95 ±  2% yield diminished by the extra
cage yield, this would tend to rule out a free-radical chain 
mechanism. A competing slow addition of the butanethiol
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to the 1,4-dihydropyrazine is evident when a large excess 
of the thiol (20 equiv) is used, resulting in the formation 
of l,4-dibenzyl-2,6-diphenyl -3,5-di(butylthiol)-1,4-dihy-
dropyrazine (20) in 36% yield.20 The loss of hydrogen from

18 or 19 to form 20 may be due to disproportionation or 
air oxidation. This ready reversion of adducts of 1 to the
1,4-dihydrostructure, particularly when they bear five or 
more ring substituents, is surprising but common and at
tests to the unexpected stability of this new heterocyclic 
system.

With firm evidence for the intervention of free radicals 
in the rearrangement an estimate of their lifetime was 
sought using CIDNP. The experimental conditions were 
established first by a control with picoline N-oxide-acetic 
anhydride system.21 Rearrangement of the latter in ben
zene at 83° gave a strong CIDNP emission signal. How
ever, in the present system no sign of a CIDNP effect was 
detected under a variety of conditions. In view of recent 
caveats concerning the conclusions to be drawn from such 
experiments22 this negative result does not rule out the 
possibility of a rapid intramolecular rearrangement in
volving a tight radical pair. Closs23 recently estimated the 
limiting lifetime of a free radical detectable by CIDNP at 
10“ 10 sec. Owing to the tendency of benzyl groups to 
cleave as benzyl radicals, additional migrating alkyl 
groups were examined, namely cyclohexyl and cyclo
pentyl. The corresponding 1,4-dihydropyrazines rear
ranged smoothly to the 1,2-dihydropyrazines, both in good 
yield.

The kinetic order of the rearrangements was established 
conveniently by measuring the rate of disappearance of 1 
by absorption spectrophotometry at 500 nm at which 
wavelength there was no overlap with the product. Com
pounds la, li, and lj obeyed Beer’s law. The rearrange
ment of la to 2a strictly obeyed first-order kinetics over 
80% of the reaction and at 55.4° gave k = 6.44 X 1 0 '4 
s e c '1. Measurement of the reaction rate in the tempera
ture range 40.4-75.3° allowed the evaluation of Arrhenius 
parameters of AE* = 15.6 kcal m o l'1 and AS* = —16.3 
eu.24 The cyclopentyl and cyclohexyl analogs li and lj 
similarly rearrange at somewhat higher temperatures but 
again strictly according to first-order kinetics.

These examples indicate that relief of steric compres-

Table III
D ie lectric

R ates (5 5 .4 ° )  S olven t constant

6.44 X 1 0 -4 C6H6 2.28
7.95 X 1 0 Tetrahydrofuran 7.95

11.80 X 10-* o-C12C6H4 9.93

sion of the groups at the 1, 2 and 6 positions may contrib
ute to the driving force of the migration, since the direc
tion of migration is such as to favor formation of less sta
ble migrating radical and migration terminus. By compar
ison the analogous rearrangement of the symmetrical 2,5- 
diphenyl substituted 1,4-dihydropyrazines 21 is regiospe- 
cific, giving exclusively migration to the substituted car
bon in 22. In view of the proposed intermediacy of ion

R

22

pairs in certain rearrangements of analogous 1,2-dihydro- 
pyridines25 and of ostensibly antiaromatic 2-azirines,26 
the effects of changes in solvent dielectric constant on the 
rate of rearrangement of la to 2a at 55.4° was examined 
(Table HI). A slight trend toward higher rate at higher di
electric constant was observed but was clearly insufficient 
to warrant consideration of the intervention of charged 
species. The rate of a concerted [1,3] sigmatropic shift or 
of a stepwise reaction involving radical intermediates 
where no significant charge build-up develops should be 
relatively independent of solvent polarity.27 As remarked 
upon above, unless care is exercised to exclude air from 
solutions of l,4-dialkyl-l,4-dihydropyrazines, strong and 
persistant epr signals are detected.1 Thus the possibility 
of a molecule-induced homolysis mechanism must be con
sidered.28 However, the rate of rearrangement of 1 in the 
presence of 2.5 equiv of the scavenger butanethiol (mea
sured by the rate of disappearance of the dihydropyrazine) 
at the midrange temperature was comparable with that 
observed in the absence of the scavenger. The small rate 
difference is probably not due to a solvent effect, since a 
slight rate enhancement should have been anticipated on 
the basis of the study of solvent dielectric constant on 
rate. We rather attribute the rate reduction to the slow 
competing reversible addition of the scavenger to 1 dis
cussed in the preparative experiment.

The above data point to an unusually facile unimolecu- 
lar rearrangement which proceeds to the extent of >88% 
in an intracage process with a 12% contribution from in
termolecular extracage free-radical pathway. Orbital sym
metry theory recognizes two thermally allowed pathways 
for a [1,3] sigmatropic shift in an allylic moiety,29 inver
sion at the migrating center with suprafacial allylic utili
zation and retention at the migrating carbon with antar- 
afacial allylic participation. The latter alternative is ex
cluded by geometrical constraints. Recently interest has
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The scheme is based on a procedure developed by 
Brewster and Kline.34 N-Methylation of the chiral benzyl- 
amine 23 afforded 26 in 85% yield, which was then quater- 
nized with phenacyl bromide to give ( — )-(/?)-27 quantita
tively and converted into ( —)-(f?)-29 as shown.35

Attempts were made to relate the configurations of 25 
and 29 directly by degradation of the former. Acid-cata
lyzed hydrolysis of 25 was found to be unsatisfactory, 
leading only to a dibenzyldiphenylpyrazine. Ozonolysis 
of 2a in ethyl acetate solution at -20° resulted in the de
sired selective cleavage of the 5-6 bond and mild reduc
tive work-up with sodium iodide and water (which was 
accompanied by hydrolysis of the intermediate 30) afford
ed compound 31a in about 65% yield. The nmr spectrum 
revealed a concentration-dependent equilibrium between 
the two possible geometrical isomers of 31a, showing typi
cally two formyl signals at & 8.23 and 8.40 in a ratio of 
60:40.

The ozonolysis must be carefully controlled, since at 
ambient temperatures and with longer exposure to ozone, 
further oxidative action affords 32. Structure proof of 31a

CR,

2a. X = H 
13, X = D

;
Pt

I
ch2

N. ,CH,PhA A

c r " ' P h
32

Ph
I

CH,

%  ,N  
I

X
CHjPh

Ph
I

c h 2

V N CH Ph
O

o  A h

31a, X =  Y = H
b, X =  D; Y =  H
c, X =  Y =  D

was provided by a parallel low-temperature ozonolysis of 
13, which gave 31b. Inspection of the nmr spectrum 
shewed that the formyl proton was completely exchanged 
with deuterium whereas the methine position a to the ni
trogen was completely exchanged for protium. That this 
was due to base-catalyzed enolization of 31c during work
up was confirmed by reverse exchange with potassium 
carbonate and deuterium oxide when Y was exchanged for 
deuterium. The formyl group in 31a proved resistant to all 
attempts to convert it into the .ZV-methyl compound, a 
prerequisite to the projected zinc and acetic acid reduc
tive cleavage. Instead carefully controlled zinc and acetic 
acid cleavage of 25 afforded a mixture of the desired chiral 
ketone 26 and the known isomeric 1,2-dihydropyrazine15 
34. Compound 34 plausibly arises as shown in Scheme II. 
Chromatographic separation of 33 and 34 on alumina gave 
(+ )-(S)-3-phenylpropiophenone-3-d (33), [a]25D 1.37 ±
0.02° (c 1.86, CeHg). Assuming 96% retention in the Ste
vens rearrangement, then the specific rotation of (R)-29 
with 42% enantiomeric excess would be -1.45 ±  0.02°. 
Therefore that part of the rearrangement of 1 to 2 that

proceeds intramolecularly proceeds with >95% stereospec
ificity and with inversion of configuration which demands 
a [1,3] sigmatropic shift with suprafacial allylic utiliza
tion.29

Scheme II

Ph Ph

CH

Ph
/

A - H
D

c / S h
33

As far as we are aware this represents the first clear-cut 
example of a [1,3] sigmatropic shift with inversion involv
ing nitrogen at the migrating center. The rearrangement 
therefore proceeds by a combination of sigmatropic and 
dissociative mechanisms and the contribution of the latter 
would be expected to be a function of the nature of the 
migrating group and reaction temperature. Baldwin and 
coworkers have encountered several examples of dual 
competing mechanisms in the rearrangement of ylides.36

Nature of the 1,4-Dihydropyrazine System. Theoreti
cal considerations suggest that 4n-7r cyclic systems in gen
eral are antiaromatic,2’37 i.e., destabilized by increased 
electron delocalization. Molecular orbital calculations by 
Streitwieser on the 1,4-dihydropyrazine structure predicts 
thermodynamic destabilization in that the last two elec
trons must be placed in an antibonding orbital.38 How
ever, this presupposes that the geometry of the 1,4-dial- 
kyl-l,4-dihydropyrazine allows the nitrogen lone pairs to 
interact conjugatively with the tt electrons of the ring. 
Some pieces of evidence suggest this may be so in certain 
structures. In contrast to the relative stability of the 1,4- 
dialkyl-l,4-dihydropyrazines described here, marked ther
modynamic instability is inferred for the l,4-diethyl-2,3- 
diphenyl-l,4-dihydropyrazine (36) postulated as a product 
of reduction of lithium aluminum hydride of the corre
sponding 1,4-diacetyl compound 35.® While the electron- 
withdrawing 1,4 groups in 35 appear to stabilize the 1,4- 
dihydropyrazine system, compound 36 apparently under
goes a spontaneous retro Diels-Alder reaction and the di- 
imine 37 was isolated. This implies destabilizing conjuga- 
tive interaction of the nitrogen lone pairs of the tt elec
trons of the ring. This instability of 36 may also be con-
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trasted with complete stability of 38.® Evidently com
pounds 1 owe their relative stability and insolability to

C2H5

Phx A
Ph"""X

c ,h 5
38

their substitution pattern, which imposes restrictions on 
full ir conjugation possibly owing to steric hindrance inter
actions at the 1, 2 and 6 positions. Further indications of 
this phenomenon follow from the regioselectivity of the
[1,3] sigmatropic alkyl shift from 1 to 2, implying relief of 
steric compression. The further contrast between the 
marked stability of 1 with the lability of the isomeric 1,4- 
dialkyl-2,5-diphenyl-l,4-dihydropyrazines39 serves to em
phasise this point. It is also tempting to suggest that de- 
stabilization inherent in 1 is relieved by the rapid oxida
tion to the 7 - i t  radical cation structures 7 described above.

An assessment of the role of the enamine to imine 
change of 1 to 4 must be made, however, Enamines are des
tabilized relative to the isomeric imine and Wittig has es
tablished a [1,3] shift in an acyclic example.40 It must be

Ph— C = C H , Ph— C— Cl! Ph— C— CHoR

NY N+

R ^  Y N
I
R

considered, therefore, that the unusual ease with which 
the groups migrate in la could be due to the instability of 
the enamine moiety in la compared to the imine in 2a. 
Fowler points out that since 2a is also an enamine con
taining and /V-benzyl substituent its nonrearrangement 
under the reaction conditions indicates that there may be 
additional instability associated with enamine l .8-9 How
ever, the enediamine moiety of 1 may be different in char
acter from a normal enamine. 1,4-Dihydropyridines show 
no tendency to rearrange to the 1,2 isomer. In equilibra
tion, the ]V-methyl-l,4-dihydropyridine 40 is 2.29 ±  0.01 
kcal mol-1 more stable than the 1,2 isomer 39 at 91.6°.41

Compounds of structure similar to 40 show unexpected 
stability which may be due to homoaromaticity or hyper
conjugation.41 The fact that the enamine to imine 
changes is not sufficient to account for the ease of rear

rangement of 1 to 2 is also indicated by a comparison of 
the amino-Claisen rearrangement with the Claisen rear
rangement. The former has an activation energy about 6 
kcal mol-1 higher than the latter and therefore is not so 
generally observed.42 In conclusion, the evidence on the

nature of the 1,4-dihydropyrazine system suggests a sensi
tive dependence of stability (determined by the extent of 
conjugative interaction of the nitrogen lone pairs) on the 
geometry of the heterocycle, which in turn is governed by 
the positioning of the substituents on the ring. For exam
ple, with two phenyl groups, 2,6 substitution confers sta
bility1 whereas 2,539 and2,38’9 substitution confers insta
bility.

In a recent paper Kohn and Olofson43 considered the ge
ometry of the related l,4-dimethyl-l,4-dihydro-l,2,4,5- 
tetrazine (41). Among other evidence, preferential N-al- 
kylation at the substituted nitrogen may indicate a non- 
planar homoaromatic structure for 41. A similar nonpla-

nar structure 42 would appear to be plausible for the 1,4- 
dihydropyrazine structure at this time.
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A series of representative a- and -y-methylated heteroaromatic azines and diazines were acylated with benzo
ate, trifluoroacetate, nicotinate, oxalate, and phthalate esters using sodium hydride as the condensing agent to 
afford heteroarylmethyl ketones, ethyl heteroarylpyruvates, and 2-heteroaryl-l,3-indandiones, respectively. 
Rates of acylation of quinaldine, as determined by hydrogen-evolution measurements, were shown to be inde
pendent of alkoxide concentration, but dependent upon both the concentration and polarity of the carbonyl 
group of the acylating ester. These results are attributed to accelerated ionization of a lateral proton from a 
complex involving ester and heterocycle.

Acylations of methylated heteroaromatics to afford ke
tones can be accomplished by initial lateral metalation of 
the heterocycle with a strong base, followed by treatment 
of the resulting carbanionic intermediate with an ester.2 
Essentials of the generally accepted mechanism for such 
reactions are illustrated in Scheme I by the acylation of 
quinaldine (1) with methyl benzoate.3 On the basis of ex

tensive studies by Levine and coworkers, alkali amides or 
alkali salts of certain dialkylamines currently appear to be 
the most satisfactory reagents for effecting these conden
sations.4 Organolithium reagents have found some utility 
with heterocycles that are not susceptible to nucleophilic 
addition,5 while alkoxides have been used in several in
stances where the acidity of side-chain protons is en-
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Table I
Acylation of Methylated Heteroaromatics to Form Ketones and «-Keto Esters 6“

No. Het R M p or bp, °C  (mm) Yield, % Rxn time, hr Recrystn solvent

6a 2-Quinolyl c 6h 5 119-120!’ 93 18 70%  EtOH
6b 2-Quinolyl p -c i c 6h 4 163-164' 72 8 EtOH
6c 4-Quinolyl c 6h 5 116-117d 98 48 ¿-PrOH
6d 2-Pyridyl c 6h 6 190-192« (7) 92 48
6e 4-Pyridyl C T L 115-116/ 92 48 Benzene
6f 2-Pyrazyl c 6h 5 80-82® 80 8 D M F
6g 2-Quinoxalyl c 6h 5 152-153* 82 2 EtOH
6h 3-M ethyl-2- 

quinoxalyl
C J L 125-1266/ 52 7 Hexane

6i 2-Benzoxazolyl 3-Pyridyl 133-135* 78 4 ¿-PrOH
6j 2-Quinoxalyl c f 3 150-152* 79 1 95%  EtOH
6k 2-Quinoxalyl C 0 2Et 164-165“ 72 4 Heptane
61 3-M ethyl-2-

quinoxalyl
CQ2Et 126-128” 88 4 50%  EtOH

a A cylating esters were methyl benzoate, methyl p-chlorobenzoate, ethyl nicotinate, ethyl trifluoroacetate, and diethyl 
oxalate. 1 L it.2” mp 114-116°. ‘ Anal. Calcd for C „H 12C1N0: C, 72.47; H, 4.26; N, 4.97. Found: C, 72.52; H, 4.20; N , 4.78. 
4 L it .»  mp 115°. • L it .2b bp 150-160° (3 -4  m m ). /  Lit.5d mp 112-113°. « Lit.6'  mp 82-83°. h Anal. Calcd for C 16H 12N 20 :  C, 
77.42; H, 4.84; N , 11.29. Found: C, 77.59; H, 4.97; N, 11.19. ' L it .2® mp 125.6-126.5°. > D iphenacyl derivative 7a (32% ) was 
isolated from this reaction, m p 205-207° (lit.2® mp 204.5-205.2°). * Anal. Calcd for C 14H 10N 2O2: C, 70.59; H, 4.20; N , 11.76. 
Found: C, 70.84; H, 4.17; N , 12.04. ! Anal. Calcd for C nH 7F 3N 20 :  C, 55.0; H, 2.94; N , 11.67. Found: C, 55.21; H , 2.69; N ,
11.80. m Lit. mp 162°: N . J. Leonard and J. H. Boyer, J. Amer. Chem. Soc., 77, 2980 (1950). n Lit. mp 129°: G. M . Bennet and
G. H. Willis, J. Chem. Soc., 1928 (1960).

hanced by IV-oxide,6 nitro,7 and carboalkoxy8 functions or 
a second heteroatom.9

Scheme I

However, even with amide bases, these acylations suffer 
from an inherent disadvantage in that carbanions such as 
2 usually abstract a methylene proton from intermediates 
of type 3, to form weakly basic carbanions 4, more rapidly 
than they react with ester. Thus, when a 1:1:1 molar ratio 
of heterocycle to base to ester is employed, only one-half 
of the heteroaromatic and ester are consumed. Attempts 
to circumvent this problem by using an extra equivalent 
oi base have met with limited success owing to the ten
dency of many commonly employed bases to react with 
the acylating agent.10 Consequently, these condensations 
are routinely carried out with a 2:2:1 molar ratio of heter
ocycle to base to ester. Although such procedures increase 
the efficiency of ester consumption, a molecular equiva
lent of starting heterocycle remains unchanged, and must 
be removed from the desired product. Moreover, if the 
heterocyclic reactant is precious, the disadvantage of such 
a sequence is obvious.

It seemed to us that the key to overcoming the unfavor
able stoichiometry of these acylations, especially those 
utilizing esters having no a hydrogens, might be found in 
the use of sodium hydride as the condensing agent. This 
was based on the fact that sodium hydride is a strong 
base, but weakly nucleophilic,11 and might therefore be 
used in excess without attacking either the ester carbonyl 
or the nucleus of the heterocyclic substrate. In spite of 
such potentially favorable properties, sodium hydride has 
been rarely employed in the acylation of alkylated hetero
aromatics,12 perhaps because of reports that weakly acidic 
heterocycles such as a- and y-picoline and quinaldine (1)

give little or no evidence of salt formation with sodium 
hydride in DMF,13 THF,14 or HMPA.15

We now wish to report that sodium hydride is a very 
effective base for acylations of a variety of methylated 
heteroaromatics, and that the mechanism of one such 
reaction is more complex than the series of steps shown in 
Scheme I.

Results and Discussion
Synthetic Applications. In accord with results of other 

investigators,13-15 we observed that less than 0.5 molar 
equiv of hydrogen was generated upon treatment of quin
aldine (1) with excess sodium hydride in refluxing 1,2- 
dimethoxyethane (DME) for 18 hr. However, addition 
of a mixture of 1 and methyl benzoate (1:1.2 molar ratio) 
to excess sodium hydride in refluxing DME resulted in ev
olution of 2 molar equiv of hydrogen in 18 hr, and 2-phe- 
nacylquinoline (6a) was produced in 93% yield based on 1. 
The generality of this procedure was demonstrated by ac
ylations of a representative series of methylated heteroar
omatics (5) with benzoate, picolinate, trifluoroacetate, 
and oxalate esters to afford ketones 6a-j and a-keto esters 
6k,1. Results of these experiments are summarized in

0
/—x RiCOaR* s—\ ^
(hey--- CH3 ------- *■ (hey---CILCR +  2H2 f

5 6
Table I, where it may be seen that yields of acylated 
products were quite satisfactory. Reaction times necessary 
for complete hydrogen evolution varied with acidity of the 
heterocyclic substrate and nature of the acylating ester. 
For example, reaction of methyl benzoate with 2-methyl- 
quinoxaline to give 6g was essentially complete after 2 hr, 
while acylation of a-picoline with the same ester to give 
6d required 48 hr for complete hydrogen evolution. Reac
tion of 1 with methyl p-chlorobenzoate to afford 6b pro
ceeded significantly faster than the analogous acylation of 
I with methyl benzoate.

Twofold acylations of 2,3-dimethylquinoxaline with ex
cess methyl benzoate and diethyl oxalate gave 7a and 7b, 
respectively. However, 2,6-lutidine underwent mainly 
monobenzoylation to afford 8 (39%) accompanied by only
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Table II
Acylation of Methylated Heteroaromatics with Diethyl Phthalate

No. Het M p ,  ° C Yield, % Rxn time, hr Recrystn solvent

10a 2-Pyridyl 295-296» 44 60 95%  EtOH
10b 4-Pyridyl 323-324" 72 80 95%  EtOH
10c 2-Quinolyl 242-243" 78 18 Benzene
lOd 4-Quinolyl 318-319«1 82 24 95%  EtOH
10e 2-Pyrazyl 313-314« 93 15 M eOH
lOf 2-Quinoxalyl 309-310" 65 7 H O Ac
10g 3-M ethyl-2-

quinoxalyl
224-225» 64 7 EtOH

10h 2-Benzothiazolyl 363-364" 78 2 D M F

• L it.16b mp 292°. " L it .16b mp 325°. « L it.18 mp 233-239°. d Anal. Caled for C 1SH ,,N 0 ,: C, 79.12; H, 4.03; N, 5.13. Found: 
C 79.40; H, 4.03; N, 5.11. • L it.17 mp 309-310°. > Anal. Caled for C nH i0N 2O2: C, 74.45; H, 3.65; N, 10.22. Found: C, 74.62; 
H, 3.72; N, 10.35.« Anal. Caled for C 18H 12N 20 2: C, 75.0; H, 4.17; N , 9.72. Found: C, 74.76; H, 4.05; N, 9.90. * Lit. mp >320°:
P. Jacobson, Ber., 21, 2630 (1888).

6% of diphenacyl derivative 9 upon prolonged treatment 
with excess methyl benzoate.

Reaction of diethyl phthalate (DEP) with a series of 
methylated heteroaromatics afforded 2-hetercaryl-l,3- 
indandiones 10 in good yields (Table II). Previous synthet-

ic methods leading to compounds 10 have involved con
densations of heteroaryl aldehydes with phthalides,16 
reaction of heteroarylacetic acids with phthalic anhy
dride,17 and treatment of 1,3-indandiones with azine N- 
oxides in the presence of acetic anhydride.18 In instances 
where comparisons can be made, the present yields are 
comparable to or better than those obtained in such syn
theses. The sodium hydride method is also attractive be
cause of the ready availability of starting materials.

Several limitations discovered in the present synthetic 
endeavors are worthy of note. For example, /3-picoline 
failed to undergo appreciable acylation with either methyl 
benzoate or DEP. Thus, it would appear that methyl 
groups 3 to an azomethine function will be acylated with 
difficulty by this method, whereas reactions at a- and 7- 
methyl groups occur readily (Tables I and II). Attempted 
reaction of a-picoline with n-propyl nitrate failed to yield 
ar.y of the expected oxime.12b 2-Methylbenzimidazole was 
recovered unchanged following treatment with methyl 
benzoate and excess sodium hydride. In this case, initial 
ionization of the nuclear NH proton apparently reduces 
the acidity of the methyl protons to the point where sodi
um hydride cannot effect their removal.

Mechanistic Studies. As pointed out in the previous 
section, the rate of hydrogen evolution observed upon 
treatment of 1 with sodium hydride in DME increased 
rapidly when methyl benzoate was present in the reaction 
mixture. Of ocurse, this would be expected to some degree 
since reaction of carbanion 2 with ester should form ke
tone 3, which would then lose a methylene proton to gen
erate carbanion 4 and release an equivalent amount of hy
drogen. If formation of 2 were the rate-determining step, 
as it appeared to be on the basis of results with sodium 
hydride alone, then the rate of hydrogen evolution in the 
presence of ester should never be greater than twice that 
observed in its absence. This twofold maximum should 
likewise not be exceeded in the presence of excess ester. 
Comparisons of the rates of hydrogen release obtained by 
treating 1 with sodium hydride alone, with sodium hy
dride and 1.2 equiv of methyl benzoate, and with sodium 
hydride and 2.4 equiv of methyl benzoate clearly demon
strated that the rates of hydrogen production in the pres
ence of ester exceeded the expected twofold increase. 
Moreover, the rate of hydrogen evolution was obviously 
related to ester concentration (Figure 1).

It has been shown that certain Claisen-type condensa
tions employing sodium hydride proceed best in the pres
ence of a catalytic amount of alcohol. In these instances 
alkoxide is probably the ionizing base, and sodium hy
dride serves mainly to force the reaction to completion.19 
It seemed possible that methoxide ion, which could be 
generated either by reaction of methyl benzoate with 
carbanion 2 or reaction of sodium hydride with traces of 
methanol present in the ester, might be responsible for 
the increased rate of hydrogen evolution observed with 1 
and methyl benzoate. Comparison of the rates of hydrogen 
evolution obtained upon treatment of 1 with sodium hy
dride alone, and with sodium hydride in the presence of 
either 10 or 100 mol % of sodium methoxide, revealed that 
methoxide did not increase the rate of hydrogen produc
tion. Therefore, the rapid hydrogen release in the presence 
of methyl benzoate cannot be caused by alkoxide.

In an attempt to explain why only 1 equiv of hydrogen 
was evolved when certain diketones were treated with ex
cess sodium hydride, while an additional 2 equiv was pro
duced upon addition of an aromatic ester. Hauser and co- 
workers20 postulated an intermediate such as 11. It was
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the pmr spectra of amides upon addition of pyridine,23 
shifts in the electronic spectrum of pyridazine in the pres
ence of benzophenone,24 and the rapid rate of which /3- 
keto alcohols effect displacement of halide from 2-halopy- 
ridines.25 As a test of this mechanism we examined the 
rates of hydrogen evolution accompanying acylations of 1 
with methyl p-chlorobenzoate and ethyl trifluoroacetate, 
anticipating that the more positive carbonyl groups of 
these two esters would favor complex formation. If this 
occurred, the rates of hydrogen release should exceed the 
rate observed with methyl benzoate. The indeed proved to 
be the case, as shown in Figure 2, where it may be seen 
that the reaction with trifluoroacetate was greater than 
60% complete after only 1 hr. It should also be noted that 
excess methyl benzoate should favor formation of complex 
13, thereby increasing the rate of hydrogen evolution as is 
observed. Thus, the course of the sodium hydride promot
ed benzoylation of 1 via complex 13 appears to be consis
tent with our experimental findings. It is also possible 
that acylations of /3-diketone monoenolates in the pres
ence of excess sodium hydride might also involve similar 
complex formation prior to removal of a terminal methyl 
proton, since the rates of such reactions are dependent on 
ester concentration.20
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Hydrogen sulfide reacts with 2,3-dihydropyran to form 2-tetrahydropyranthiol (1). 1 has been shown to be a 
useful reagent for direct introduction of a protected mercaptan into a variety of organic compounds. Addition 
reactions under ionic and free-radical conditions and displacement reactions have been studied. Subsequent 
facile cleavage utilizing neutral aqueous silver nitrate followed by treatment of the mercaptide with hydrogen 
chloride gave the desired mercaptans.

2,3-Dihydropyran reacts with aliphatic and aromatic 
hydroxyl or sulfhydryl groups under acidic conditions to 
form alkyl or aryl tetrahydropyranyl ethers2 or sulfides,3 
respectively. These cyclic acetals and monothioacetals are 
readily hydrolyzed, in most instances, under mild acid 
conditions to yield the free alcohol or mercaptan.

It seemed possible that the same protected thiol func
tion might be prepared directly by addition of 2-tetrahy
dropyranthiol (1) to multiple bonds or by appropriate dis
placement reactions. Of perhaps greatest interest was the 
possibility of preparing derivatives of otherwise unstable 
tautomers such as enethiols or thioimidates. Although our
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Substitution reactions using: 1 with ethyl 2-bromopro- 
pionate, n-butyl bromide, and benzyl chloride provided 
the expected products 8, 9, and 10, respectively.

reacted with benzaldehyde in the usual way to give the 
fully characterized heterocyclic product 12. This and other 
uses of the reagent are the subject of continuing studies.

RSH +  R'CHX — -  R'CHSR n
1 1 1

R" R" H T

8, R' =  CH3; R" =  C02Et; X =  Br
9, R' =  o-C3H-; R" =  H; X = Br

10, R' =  Ph; R" =  H; X =  Cl

(CN)2 +  1

HN

,.NH

C

PhCHO

Having established that the thiol reacts in the expected 
ways to provide a series of thio ethers, it was then neces
sary to demonstrate that cleavage to the free mercaptan 
could be accomplished in satisfactory yield. In contrast to 
the facile cleavage of acetals by hydrochloric acid, mer- 
captals and monothioacetals are generally more resistant 
to this acid.6"7 The use of silver nitrate to form the mer- 
captide of a monothioacetal has been reported.8

During our preliminary attempts to cleave the 2-tet- 
rahydropyranyl sulfides, including the heterocyclic sys
tem discussed below, this resistance to mild acid treat
ment was borne out. Most systems were resistant to aque
ous, ethanolic or gaseous hydrogen chloride and aqueous 
or ethanolic p-toluenesulfonic acid. However, the silver 
salts of the mercaptans are easily obtained by addition of 
an equivalent amount of aqueous silver nitrate to a 
methanolic solution of the sulfide. The precipitated mer- 
capiide is then suspended in chloroform through which 
excess gaseous hydrogen chloride is passed. After filtration 
of silver chloride the mercaptan is recovered from the 
chloroform.

AgNO,

'0
RSAg

SR

HCl 
-------- >
CHC1,

RSH +  AgCf

In the case of enethiols derived from cleavage of the ad
dition of 1 and acetylenic compounds there was no evidence

3, 4, or 5
J. A g N 0 3 

2. HCl HS"
;C = C H R "

II

Joe:Phf 0  ^ N = C H P h  
12
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Hymenoxys grandiflora (T. & G.) Parker yielded three new pseudoguaianolides, hymenograndin, florigrandin, 
and hymenoflorin, and the previously known pseudoguaianolide glucoside paucin. Structures and stereochemis
try of the new compounds were established by a combination of chemical transformations and physical meth
ods. In particular, the stereochemistry of hymenograndin at C-4 was deduced by interpreting lanthanide-in
duced shifts using the modified McConnell equation. Structure determination of hymenoflorin and florigrandin 
which were correlated required nmr spectrometry at 270 MHz. Hymenoflorin exhibited significant in vivo activ
ity against L-1210 lymphocytic leukemia, paucin against P-388 leukemia.

The genus Hymenoxys is rich in sesquiterpene lactones 
of the pseudoguaianolide and modified pseudoguaianolide 
type.3 5 In the present communication we report the isola
tion and structure determination of three new pseudo
guaianolides, la, 5a, and 6a, which we have named hy
menograndin, florigrandin, and hymenoflorin, from Hym
enoxys grandiflora (T. & G.) Parker (old-man-of-the- 
mountain). This is a previously uninvestigated species 
which enjoys a bxief flowering period in the alpine tundra 
of the Rocky Mountains during July and early August. 
The known3 4-6 pseudoguaianolide glucoside paucin (11) 
was also found.7

Hymenograndin, C19H26O7, mp 153-154°, [a]D +80.7°, 
the least polar constituent, had a tendency to form sol
vates, which complicated determination of the empirical 
formula and initially interfered with interpretation of the 
nmr spectrum. It was a diacetate (high-resolution mass 
spectrum, two three-proton resonances at 2.08 and 2.03 
ppm) and had a free hydroxyl group (ir spectrum, conver
sion to a triacetate lb). The nmr spectrum also exhibited 
the typical doublets of an exocyclic methylene group con
jugated with a lactone function (H-13a and H-13b of for
mula 1), a multiplet near 4.8 ppm, presumably the signal 
of hydrogen under the lactone ether oxygen which re
mained stationary during acetylation while a doublet orig
inally at 3.62 ppm (hydrogen under a secondary hydroxyl 
group) moved downfield into a two-proton cluster in the 
range 4.8-5.1 ppm (hydrogens under the acetates, assign
ment confirmed by hydrolysis to lc which resulted in the 
expected upfield shift). Since the two esterified secondary 
hydroxyl groups, one free secondary hydroxyl group, and 
the'lactone function accounted for all the oxygen atoms of 
the empirical formula, the absence of additional double

b. R[ = R: = R;l = Ac
c. R, =  R~ =  R;i = H

b. R = Ac b, R = Ac
c, R =  B,

7a, R = >CHCH, 
b, R = 0 = S

CH..OR1

or R[ = R; =  H; R, =  A c 
or R_, =  Rj = H; R| =  A c

bonds and the presence, in the nmr spectrum, of a methyl 
singlet at 0.97 ppm and a methyl doublet at 1.08 ppm in
dicated that hymenograndin was an eudesmanolide or a 
pseudoguaianolide.

Acid hydrolysis of hymenograndin in aqueous acetone or 
treatment of lc with acetone-toluenesulfonic acid afford
ed an acetonide 2 whose nmr spectrum (see Experimental 
Section) indicated that only the newly freed hydroxyl 
groups but not the hydroxyl group originally present in
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Table I
Nmr Spectrum of 2“

H-l 6.79 c/1,10 = 11.5
H-2 9.93 c/,,2 — 6 .6
H-3 15.93 tJ2,3 =  8 .0
H-4 14.68 J3.4 =  4.9
H-6(* 6.79 c/6a.6/3 == 14 ± 0 .5 ,  

<J&a,7 = 4 ± 0 .5
H-6/3 4.26 J*ß,7 «  15.5 ±  0.5
H-7 5.17 J 7.13a ~  2.4, J 7,13b =
H-8 6.67 t/7,8 = 8 ± 0 .5
H-9a 4.18 = 4 ± 0 .5 ,  

eJ?.a,9ß =  13.4 ±  0
H9/3 b J 8,9/3 = 11 ± 0 .5
H-10 4.82 e/9/3.10 = 0 .7,, c/o/s.io =
H-13a 4.06 10,14 — 6 .6
H-l 3b 6.42 c/l3a.l3b =  0 -2
H-14' 3.43
H-15c
A.cetonide

5.40

m ethyls' 5.91, 7.31
OH 23.7
“ Run at 90 M H z in CDC13 with T M S  as internal stan

dard at E u (D P M )3 concentrations o f 0, 0.16, 0.36, 0.41, 0.80, 
and 0.95 m ol/m ol o f  2. Chemical shifts are those observed 
in the 0.95 M  solution; coupling constants (hertz) were 
determined by direct observation or double irradiation in 
whatever solution gave the best separation o f the signals 
being observed. b N ot determined. c Three protons.

hymenograndin had participated in acetal formation. Oxi
dation of 2 resulted in genesis of a cyclopentanone 3 (lac
tone and ketone bonds superimposed at 1760 c m 1); the 
accompanying downfield shifts of the ether signals and 
their appearance (AB system in which B but not A was 
coupled to a third proton C) suggested that formation of 
the acetonide involved oxygens a and (3 to the new car
bonyl function, i.e., that hymenograndin possessed partial 
structure A where the acetate functions must be cis. Con
firmation for this inference was provided by the transfor
mation of la with chromic acid to an o-acetoxy-a,d-unsat- 
urated cyclopentenone of type B (Xmax 240 nm, new in
frared frequencies at 1720 and 1610 cm-1, replacement of 
the two-proton cluster of A near 5 ppm by a one-proton 
doublet at 7.00 ppm) as the result of ^-elimination of ace
tic acid.

OH  0
A  B

The complete structural formula of hymenograndin was 
deduced by extensive spin-decoupling studies on the ace
tonide 2 at various concentrations of the lanthanide shift 
reagent Eu(DPM)3.8 The results, presented in Table I, 
were obtained in the usual way; i.e., irradiation at the 
frequencies of H-13a and H-13b permitted identification 
of H-7 and irradiation at the frequency of H-7 established 
the presence of an adjoining methylene group, neither one 
of whose protonic components (rendered visible at higher 
concentrations of shift reagent) was coupled to other pro
tons, and established the remaining vicinal proton as the 
proton under the lactone ether oxygen (H-8). Irradiation 
at the frequency of the latter not only collapsed the H-7 
signal, but established the presence of neighboring H-9a 
and H-9/3. The chemical shift of H-10, close to that of 
H-9a and H-9/3 at low concentrations of shift reagent, was 
established by irradiation at the frequency of the methyl 
doublet; observation of H-10 and one of the H-9 protons

(H-9a) at high concentrations of shift reagent permitted 
determination, by irradiation at the frequency of H-8, of 
the values of Js,9a, J$a, 10, ^9a,9g, and Jgtf.io-

Samek’s rule9 that e/7,13 trans > 3 Hz > J7,i3 cis indi
cated that the lactone ring of hymenograndin was cis 
fused; if H-7 is a as in all pseudoguaianolides of authenti
cated stereochemistry, this is in agreement with the ob
servation of a negative Cotton effect at 255 nm associated 
with the n,7r* transition of a cis-fused, a,/'i-unsaturated 
lactone closed to C-8.11 Construction of Dreiding models 
and comparison of the observed coupling constants with 
those predicted from the dihedral angles of the models 
led to the conclusion that the observed coupling con
stants are best satisfied if the seven-membered ring as
sumes a boat conformation in which the cis-lactone ring is 
somewhat flexible and if H -l and C-10 methyl are a, as in 
all other pseudoguaianolides from Helenium and related 
species.

The remaining problem was the stereochemistry at C-2, 
C-3, and C-4, which, because only the C-2 and C-3 hy
droxyl groups formed an acetonide, had to be either that 
shown in C or in D. Knowledge of the coupling constants 
involving H-l, H-2, H-3, and H-4 was not sufficient to de
cide between these alternatives. However, development of 
a method based on the quantitative prediction of lanthan
ide shifts13 using the modified McConnell equation14

A H \  =  K (3 cos2 x< -  1) (1)

so as to determine the configuration of a hymenograndin 
derivative capable of coordinating with the ion appeared 
to have promise.15'16 The best for this purpose of the 
available derivatives of hymenograndin appeared to be 2 
because of the expectation that it would form a single 
coordination complex involving only the alcohol oxygen 
atom.17

To provide a basis for using the method of lanthanide- 
induced shifts to the determination of the configuration of 
hymenograndin, we decided to determine initially how 
well eq 1 correlated with the lanthanide-induced shifts of 
26 protons, not subject to contact shift, in four model 
compounds studied by Demarco and coworkers18 (their 
compounds 1-4). These data were also useful for evaluat
ing the model necessary for the computations.

The assumption was made that the complex formed be
tween Eu(DPM)3 and 2 would be similar in geometry and 
interaction kinetics to the complexes formed between 
Eu(DPM)3 and the four compounds studied by Demarco, 
et al. It was also assumed that there would be either free 
rotation about the O-C* bond of the complex or that com
plexes would be formed between Eu(DPM)3 and all rota
tional isomers of the alcohol. Since in all instances re
ported so far chemical exchange has been faster than nmr 
time, the mathematical treatment of both possibilities 
would be the same. To allow for easier computation, the 
rotational capability was treated in terms of two static 
models, one corresponding to closest approach of the euro
pium atom and the proton in question, the other to the 
greatest distance between the europium, while still coor
dinated, and the same proton.
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The computer program was written19 such that the spa
tial parameters needed were the C *-0-H , angle, the O-Hj 
bond distance, and an initial estimate of both the C * -0 - 
Eu angle and the E u-0 distance. Conversion of input data 
to the two europium positions is accomplished within the 
program by trigonometric manipulation. Use was made of 
Dreiding models and other published data20 to obtain ini
tial estimates of the C *-0-Eu angle (125°) and the Eu-0 
distance (2.50 A) in the complexes. These estimates were 
substituted in eq 1 to calculate individual values of K  for 
the 26 protons, not subject to contact shift, listed by De
marco, et al.18 The standard deviation of an individual re
sult for K  was calculated from the set of K ’s generated 
using the initial estimates of europium angle and dis
tance. A small increment (0.035 radian and 0.1 A, respec
tively) was then added to angle and distance and a new 
set of K ’s was calculated. The process was continued on 
an iterative basis until a minimum standard derivation 
for K  had been reached; further refinement was performed 
using incremental values of 0.0035 radian and 0.01 A. This 
process yielded 1530 as a value for K  with a standard de
viation of 11% and values of 139° for the angle and 4.19 A 
for the distance.

Spectra of 2 were measured at 90 MHz using CDC13-  
TMS solutions containing 0, 0.16, 0.36, and 0.41 mol of 
Eu(DPM)3 per mole of 2. Since exchange was more rapid 
than nmr time, the spectra contained only a single time- 
averaged set of resonances for 2 and its complexed form. 
Only a limited number of signals could be followed over 
the range of shift concentrations. These are listed in Table 
II; assignments were confirmed by double irradiation as 
discussed earlier.

The magnitude of induced shift was measured at each 
Eu(DPM)3 concentration and a linear least-squares fit for 
the data was obtained. Following convention, the induced 
shift was extrapolated to a 1:1 mole ratio of shift reagent 
compared with shifts calculated by using the values of K, 
E u-0  distance, and Eu-O-C* angle obtained from the 
four model compounds and by using C(4)-0-H i angles 
and O-Hj’s measured from models of 2 (based on C, col
umn 3) and 2' (based on D, column 5).

While the agreement between calculated and observed 
shifts for H-3 and H-4 is somewhat less than was hoped 
for and the differences between the two sets of calculated 
values are, on the whole, not great, one significant datum 
emerges immediately on inspection of Table II. The ob
served shift of the C-5 methyl group, in close proximity to 
the hydroxyl group on C-4, is reasonably close to that pre
dicted for formula 2, while vastly different from the value 
predicted for formula 2'. Consequently, we feel that there 
is little doubt that the C-4 hydroxyl group of 2 is a and 
that hymenograndin is correctly represented by formula 
la.

Contrary to our previous experience with lanthanide- 
induced shifts of a,/3-unsaturated lactones, the observed 
shifts of the exo-methylene protons H-13a and H-13b of 2 
were upfield, as were the values calculated for these pro
tons. Although the numerical agreement was not particu
larly good for H-13a, the circumstance that the upfield 
shifts predicted by the method were in fact observed ex
perimentally lends credibility to the chosen model and to 
the assumptions that were employed.

Florigrandin, C20H30O7, mp 173-175°, and hymenoflor- 
in, C15H20O5, mp 197-199°, are conveniently discussed to
gether since treatment of the former with acetone-HCl (or 
preparative tic of florigrandin) resulted in conversion to 
the latter by /3-elimination of a saturated five-carbon ester 
side chain. While florigrandin was a saturated ketone 
(Amax 282 nm, e 120), hymenoflorin was clearly an a,fi

ll able II
Lanthanide-Induced Shifts o f  2

2 2'
D if- D if-

Proton Aobsd Â cnlcd ferenee AScalcd ferenee

H-2 6.4 6.8 0.4 6.8 0.4
H-3 12.8 16.2 3.4 15.6 2.8
H-4 11.7 15.1 3.4 15.7 3.0
C-5 Me 6.4 7.1 0.7 17.0 10.6
C-10 Me 2.7 3.1 0.4 3.4 0.7
H-13a - 1 .6 - 4 .0 2.4
H-13b -0 .1 -0 .7 0.8
Acetonide 5.1 3.4 - 1 .7 3.3 - 1 .8

Me 5.2 3.5 - 1 .7 4.3 -0 .9

unsaturated cyclopentenone of type F because of its ir 
bands at 1700 and 1574 cm -1, the uv spectrum (Amax
217.5 nm), and the typical nmr doublets of doublets at
7.76 (/3 proton) and 6.06 ppm (a proton) which disap
peared on catalytic hydrogenation to dihydrohymenoflorin
(8). In the nmr spectrum of florigrandin these signals were 
replaced by a multiplet at 5.11 ppm which represented 
the proton at the point of attachment of the ester side 
chain, undoubtedly at the /? position of the cyclopenta- 
none ring as in E (for confirmation, vide infra).

G H

The nature of the five carbon ester side chain was not 
immediately evident from the nmr spectrum of florigran
din, as its signals, regardless of solvent, were superim
posed on those of a methyl singlet and a methyl doublet 
also displayed in the nmr spectra of hymenoflorin and its 
derivatives. However, use of chemical shift reagents dem
onstrated that the side chain gave rise to a methyl dou
blet and a methyl triplet, thus identifying florigrandin as 
a 2-methylbutanoyl ester of type E.

Florigrandin and hymenoflorin were diols (ir spectra, 
conversion to diacetates). The nmr spectra revealed an 
AB quartet near 3.6 ppm which was shifted downfield on 
transformation to the diacetates 5b and 6b. Hence the 
grouping R3C-CH2OH, where R ^  H, was present. The 
absence of other paramagnetic shifts as the result of acet
ylation indicated that the second hydroxyl group was ter
tiary and, because of the facility with which it underwent 
acetylation, a21 to the 7-lactone group (ir band near 1770 
cm“ 1). Hence a plausible partial structure was G.

Confirmation for the presence of the «-glycol function G 
was provided by the formation, from hymenoflorin, of an 
ethylidene derivative 7a and a thiocarbonate 7b in whose 
nmr spectra all signals except those of the -CH2OH group 
were essentially unchanged. Moreover, periodate oxida

/
CH„ H,

OH
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Table III
Nmr Spectrum of 6b°

H-1 2 .2 2  m c/1,10 =  106
H-2 7.51 dd <J 1,2 =  1 .5, t/2,3 =  6
H-3 6 .08  dd J\ ,3 =  2 .5
H -6« 2 .39  dd tf6a.6/3 — 15, Je«,7 — 4 .5
H-6/3 1.48 t J*p. 7 = 1 3 .5
H-7 2 .74  m c/7,8 =  7
H-8 4 .77  septet tJz.Sce =  3 .5 , c/8,9/3 =  11
H -9« 2 .45  m J 9«, 10 =  0 .8
H -9 8 2.66  m c
H-10 2.05  m «/10.14 =  6 .5
H -13“ 4 .31  bre
H-147 1.26 d
H-151 1.14
Acetates 2.19, 2 .09

° Run at 270 M H z in CDC13 with T M S  as internal stan
dard. Signals are given in parts per million, coupling con
stants in hertz. M ultiplicities are indicated by the usual 
symbols. b Estimate from  line width o f H -l when H-2 and 
H-3 were decoupled. c J«p,m and Jaa,9/3 could not be deter
mined satisfactorily. d T w o protons. * Center o f  AB quartet. 
f  Three protons.

reduction to dihydrohymenoflorin. Because of the large 
value of the C-10 methyl group must be a as is the 
case in all other pseudoguaianolides from Hymenoxys and 
related species. Hence the supposition that the C-7 side 
chain is 0 oriented as in other substances of this type is 
logical.

Cis fusion of the lactone ring in hymenoflorin and flori- 
grandin was deduced as follows. First, the observed cou
pling constants for the seven-membered rings of 2 and 6b 
were astonishingly similar (see Tables I and III). Second
ly, construction of Dreiding models of 6b with cis- and 
trans-fused lactone rings revealed that the observed cou
pling constants are satisfied if ring B of 6b is in the boat 
form of a cis-fused lactone, while several observed cou
pling constants are at variance with coupling constants 
predicted from the measured dihedral angles in the two 
chair forms of the cis-fused lactone and the somewhat 
flexible chair form and the boat form of a trans-fused lac
tone.

Double-resonance experiments on florigrandin estab
lished J1,2, d2,3a, and (/2,3b as 8, 8, and 7 Hz, respectively, 
but the orientation of the C-2 ester side chain could not 
be deduced with certainty from this information. Conclu
sive evidence for the existence of a cis relationship be
tween H-2 and the C-5 methyl group, i.e., for the 0 orien
tation of H-2, was provided by the demonstration of a rel
atively strong NOE arising from the spatial proximity of 
these 'two groups. Irradiation at the frequency of the C-5 
methyl group produced, for 5b, a 19.6% enhancement in 
the integrated intensity of H-2, but no enhancement in 
the intensity of the H-8 signal. The absence of an NOE 
between H-8 and the C-5 methyl group can be taken as 
additional evidence for a cis-lactone ring fusion.

The remaining problem, that of determining the stereo
chemistry at C -ll, could not be solved satisfactorily. An 
attempt to use the method of Nakanishi and coworkers23 
for determining the configuration of acyclic diols failed 
when it was found that the CD curve of 6a after addition 
of Pr(dpm)3 did not exhibit new maxima of opposite sign 
and equal magnitude near 310 and 280 nm. In an attempt 
to apply the dibenzoate chirality rule,24 which depends on 
the signs of two Cotton effects near 225 nm produced by 
two interacting benzoate chromophores, the dibenzoate 6c 
was prepared and exhibited the expected physical proper
ties. However, the CD curve could not be measured satis
factorily below 250 nm, although the usual minimum near

325 nm was seen due to the n, ir* transition of the cyclo- 
pentenone chromophore.
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The title compounds were synthesized and were utilized for the identification of products of the in vitro incu
bation of mevalonic acid with yeast homogenates.

In the course of studies of the biosynthesis of sterols 
from (3PS,2jR)-[2-14C,2-3H]mevalonic acid (MVA) and 
(3i!S,2S)-[2-14C,2-3H]MVA in yeast homogenates, an un
known metabolite was obtained in a significant radioac
tive yield.3 Frequently the metabolite contained ca. 20% 
of the total 14C radioactivity of the nonsaponifiable resi
due. The acetate of the unknown on hydrogenation over 
nickel sponge in ethyl acetate4 gave 5a-cholest-7-en-3d-ol 
acetate (1), thus revealing a C27 structure.3 Analysis of 
the tritium content of the 7-en-3/3-ols (1) derived from the 
R and the S metabolites indicated the incorporation in 
each case of four isotopic hydrogens. On theoretical 
grounds the presence of a tritium atom at C-26 of the me
tabolite and in 1 was assumed o priori. We have deter
mined3 the distribution of the isotopic hydrogens at C-l 
and C-7 of 1 and have also deduced the distribution of 3H 
at C-15. Based on our data it became clear that the me
tabolite retained both the 2-pro R and 2-pro S hydrogens 
of MVA at C-22. This establishes that the unknown does 
not have a C-22 double bond.5 In view of the fact that the 
biosynthetic product had a C27 and not a C28 framework, 
it seemed reasonable to assume that it still retained the 
C-24 unsaturation required for the introduction of the 24- 
alkyl moiety.6 The body of the available evidence suggest
ed therefore either 5a-cholesta-7,24-dien-3,S-ol (2a) and/or 
cholesta-5,7,24-trien-3/3-ol (3a) as the likely structure for 
the metabolite.

COOH

3a, R = H 4
b. R - CH,CO

Cholesta-5,7,24-trien-3/3-ol (3a) was previously prepared 
by Scallen.7 Selective hydrogenation of the 5(6) double

bond of 3a afforded8 5a-cholesta-7,24-dien-3/3-ol (2a). 
Since we required somewhat larger amounts of the diene 
2a and the triene 3a, we undertook the preparation of 
these compounds and concentrated first on the synthesis 
of 5a-cholesta-7,24-dien-3/3-ol (2a). We projected several 
approaches {e.g., using 4 as starting material); however, 
the availability of ergosterol (5a) influenced our decision 
on a route via 7a which we planned to couple with 
(CH3)2C=CHCH2X.

With this in mind, a benzene solution of ergosteryl ben
zoate (5b) was hydrogenated in the presence of tris(tri- 
phenylphosphine)rhodium chloride catalyst9 to give 5a- 
ergosta-7,22-dien-3,3-ol benzoate (6) in nearly quantitative 
yield. The diene 6 was dissolved in methylene chloride- 
pyridine10 and ozonized at —78°. Following a reductive 
work-up, the aldehyde 7a was isolated and subsequently 
reduced with sodium borohydride to the alcohol 7b. The 
alcohol 7b was converted to the bromide 7c by two meth
ods. The less convenient, two-step procedure involved the 
preparation first of the 22-tosyl ester 3/S-benzoate 7d. Dis
placement of the tosyl moiety was then carried out by 
warming a mixture of 7d, lithium bromide, and dimethyl 
sulfoxide11 to yield 7c in ca. 70-75% yield. The preferred 
procedure consisted of treating the 22-hydroxy-3/3-benzo- 
ate 7b with carbon tetrabromide and triphenylphos- 
phine.12

b, R = C.ftCO 6- R = CeH-iCO
c, R = CIRCO
d, R = p-CH.C.HjSO

7a, R , =  C6H 5CO; R , =  CH O  8
b. R , =  C 6H 5CO; R 2 =  C H ,O H
c. R, =  C„H5CO; R , =  C H .B r
d. R , =  Cr,H5CO ; R , =  C E R A S O . ,
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The coupling of the bromide 7c with 7,7-dimethylallyl 
bromide [(CH3hC=CHC H2Br ( was carried out in the 
presence of magnesium.13 In general the reaction posed 
some problems mainly due to self-condensation of dimeth- 
ylallyl bromide. Also, under certain conditions, the C-3 
benzoate moiety seemed to react preferentially with di- 
methylallylmagnesium bromide. When the reaction was 
carried out as described in the Experimental Section, two 
major steroidal products were formed, and these were re
solved by argentation layer chromatography of their acet
ates.

The more polar product was 2b, which after saponifica
tion gave the required 2a, mp 96-98° (reported8 mp 99- 
102°). The product 2a gave a single peak on glc. Its mass 
spectrum had a peak for the molecular ion (m /e 384, M+) 
and the fragmentation pattern was consistent with the as
signed structure.14 More important, however, was the nmr 
spectrum, which showed a multiplet at 5.25 ppm corre
sponding to the two vinylic hydrogens at C-7 and C-24. 
The crucially important signals for the vinylic 26- and 
27-methyls were located at 1.60 (3 H) and 1.68 (3 H) ppm. 
Finally the chemical shifts of 0.54 ppm of the 18-methyl 
and 0.8 ppm of the 19-methyl are in good agreement with 
the calculated15 and reported26 values of 0.55 and 0.80 
ppm, respectively. The presented evidence fully supports 
structure 2a.

The less polar major product of the coupling reaction 
was identified as 20-methyl-5« -pregn -7 -en-3/3 -ol acetate
(8), mp 122-123°. The mass spectrum of 8 had a peak at 
m/e 358 for the molecular ion which corresponds to 
C24H38O2. The nmr spectrum in CDCI3 had a signal at
5.15 ppm for the C-7 vinylic proton and a pair of doublets 
at 0.86 (J = 6 Hz, 3 H) and 0.95 ppm (J = 6 Hz, 3 H) for 
the 21 and 22 secondary methyls. Finally, the chemical 
shifts of the 18- and 19-methyls are also in agreement with 
the proposed structure.15

The formation of the 20-methylpregnene is mechanisti
cally interesting, since it seems to involve the reductive 
elimination of the 22-bromide from 7c. A possible ration
alization of the results is presented in 9.

For the synthesis of cholesta-5,7,24-trien-3(3-ol (3a) ini
tially we again considered ergosterol as the starting mate
rial. We planned to protect the sensitive 5,7-diene moiety 
by converting ergosterol (5a) to isoergosterol16 (10). How
ever, ozonization10 of 10 and work-up of the ozonide with 
zinc and acetic acid gave mainly the dehydrated cyclo
diene 11. In view of this difficulty and the anticipated dif
ficulties of coupling the steroidal C22 bromide with di- 
methylallyl bromide, we abandoned this approach.

12a, R = H
b, R = CH .CO
c, R = tetrahydropyranyl

An alternative route from 26-norcholest-5-en-25-on-3/?-ol 
(12a) was considered and explored. We planned to intro
duce the C-7 double bond first, then carry out a Grignard 
reaction17 with CHsMgl on the 25-ketone and finally 
dehydrate the C-25 hydroxyl.

Prior to embarking on this route it was necessary to de
vise a procedure for the selective dehydration of the 25- 
hydroxyl without disturbing the homoannular diene sys
tem of ring B. From the outset we omitted mineral acids 
from our considerations, since these are known to cause 
isomerization of 5,7-dienes.18 The dehydration procedures 
with acetic anhydride-acetic acid19 or with methyl(car- 
boxysulfamoyl)triethylammonium hydroxide inner 
salt20-21 (20) seemed more promising. Therefore the sta
bility of cholesta-5,7-dien-3)3-ol acetate (21) toward these 
reagents was tested, and the reaction was followed by uv 
and argentation tic. In the course of the prolonged boiling 
with acetic anhydride-acetic acid19 required for the re
moval of a 25-hydroxyl, the 5,7-diene 21 rearranged, as ev
idenced by the disappearance of the characteristic uv ab
sorption. In contrast, treatment of 21 with reagent 20 did 
not cause rearrangement and the starting material was re
covered in good yield.

However, the question of the relative yields of A24 and 
A25 isomers still remained. For this purpose the 3/3-acetoxy
25-ketone 12a was treated with méthylmagnésium io
dide17 and the resulting 3/3,25-diol 13a was acetylated 
with pyridine and acetic anhydride. In addition to the ex
pected 3/3-monoacetate 13b, about 10% of the 3/3,25-diace
tate 13c was also formed. The monoacetate 13b was then 
dehydrated by the method of Burgess, et al.,20 to yield a 
mixture of olefinic products. The mixture was resolved by 
argentation layer chromatography and two diene acetates 
were isolated. The more mobile diene (43%) proved to be 
desmosterol acetate (14), mp 96-98°, m/e 366 (M+ -  ace
tate). The less mobile product (46%) was the 5,25-diene 
acetate 15, mp 108-109°, m /e 366 (M+ -  acetate). The 
nmr spectrum of 15 had a signal for the 26-methylene hy
drogens at 4.75 ppm (2 H) and a singlet for a single vinyl
ic methyl at 1.73 ppm (3 H).

c, Rj = Ro = CltCO

With this information at hand we proceeded with the 
synthesis of the 5,7,24-triene 3b using the 3/3-tetrahydro- 
pyranyl ether 12c as a protective group for the 3-hydroxyl. 
Hence the ether 12c was treated with N-bromosuccinim- 
ide in the presence of pyridine. The recovered mixture of 
bromides was dehydrobrominated with collidine in boiling 
xylene.22 The uv spectrum of the crude dehydrohalogena- 
tion residue showed absorption maxima at 250, 272, and 
283 nm. The absorption at 272 and 283 nm was interpret
ed as indicative of the presence of the required 5,7-diene
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group. Fractionation of the crude residue by argentation 
layer chromatography showed a single product, which was 
recovered and identified as the triene 17. The triene 17, 
mp 97-98°, had uv absorption maxima at 294, 307, and 
320 nm. The mass spectrum had a peak at m/e 366 for the 
molecular ion, revealing the elimination of the tetrahydro- 
pyranoxy moiety. The absence of this moiety was con
firmed by the nmr spectrum, which showed the presence 
of five vinylic protons as expected for 17. A similar, but 
minor reaction was observed in the course of iV-bromosuc- 
cinimide bromination and dehydrobromination of cholest- 
eryl acetate.23 Apparently, in the present case, exposure 
of the product to argentation tic (AgNC^-SiCU) promoted 
the elimination and resulted in the formation of the triene 
as the main product.

Under the circumstances we abandoned the use of the 
tetrahydropyranyl moiety as a protective group and pre
pared 26-noreholesta-5,7-dien-25-on-3d-ol acetate (16b) 
from acetate 12b by Af-bromosuccinimide bromination fol
lowed by dehydrobromination. The obtained 25-keto-5,7- 
diene 16b was treated in the dark under nitrogen with 
méthylmagnésium iodide.17 The resulting diol 18a was 
immediately reacetylated with pyridine and acetic anhy
dride to yield the 3-monoacetate 18b as well as about 10% 
of the diacetate 18c.

The 3-monoacetate-25-ol 18b was treated with methyl- 
(carboxysulfamoyl)triethylammonium hydroxide inner 
salt (20) and again the dehydration proceeded toward 
C-24 and C-25. The two trienes (3b and 19) were resolved 
by argentation layer chromatography. The less polar frac
tion (35%) was the required cholesta-5,7,24-trien-3/?-ol ac
etate (3b), mp 78-81°. The product showed ultraviolet ab
sorption maxima at 265, 272, and 283 nm as expected for 
the 5,7-diene. The nmr spectrum of 3b had signals for the 
three vinylic hydrogens at C-6, C-7, and C-24, and for the 
26 and 27 vinylic methyls.26 Saponification of 3b provid
ed7 3a. The more polar compound was cholesta-5,7,25- 
trien-3/3-ol acetate (19, 31%), mp 91-96°. The ir, nmr, and 
mass spectra fully support structure 19.

It is worthy of note that 18b can be conveniently used in 
the synthesis of vitamin D metabolites and its analogs.

Finally we wish to report that the major unknown yeast 
metabolite was identified as the triene 3a. In addition a 
small amount of the metabolite diene 2a was also isolat

ed. The results of the biosynthetic studies will be reported 
elsewhere.

Experimental Section
Physical Measurements. Melting points were taken on a hot- 

stage apparatus and are corrected. Infrared (ir) spectra were re
corded on a Perkin-Elmer Model 237 spectrophotometer as KBr 
wafers.24 Absorption frequencies are quoted in reciprocal centi
meters. Ultraviolet (uv) spectra were recorded on a Perkin-Elmer 
Model 202 spectrophotometer in methanol solutions. Nuclear 
magnetic resonance (nmr) spectra were recorded in CDCI3 on a 
Varian DA-60 or an EM 360 spectrometer at 60 MHz. Chemical 
shifts are quoted in parts per million downfield from tetramethyl- 
silane as internal standard (s = singlet, d = doublet, t = triplet, 
q = quadruplet, m = multiplet).

Mass spectra were recorded on a Du Pont 21-491 or a Varian 
M -66 instrument using the direct probe insertion system with a 
temperature of source of 210° and an ionization voltage of 70 eV. 
The masses of eliminated fragments are given in brackets after 
the molecular ion.

Chromatography. Analytical thin layer chromatography (tic) 
was carried out on precoated silica I B-F Baker Flex plates in the 
indicated solvent systems. The products were detected under ul
traviolet light and by spraying with an ethanolic solution of phos- 
phomolybdic acid or aqueous sulfuric acid. Preparative layer 
chromatography was carried out on plates coated with silica gel 
(Merck HF254 + 336).

The purity of steroidal samples was tested by gas-liquid chro
matography (glc) on a Hewlett-Packard 7620A instrument using a
6-ft glass column (o.d. 6 mm, i.d. 2 mm) packed with 3% OV-101 
on Gas Chrom Q (80-100 mesh) support or 1% SE-30 on Gas 
Chrom Q (80-100 mesh) support. The temperature was set iso- 
thermally at 230° and the helium flow was 30 ml/min.

5ff,(»-Dihydroergostcryl Benzoate (6). Ergosteryl benzoate 
(5b, 25 g) in benzene (750 ml) was hydrogenated in the presence 
of tris(triphenylphosphine)rhodium chloride (3.0 g) at room tem
perature and atmospheric pressure. One equivalent of hydrogen 
was absorbed in 16 hr. The solution was then evaporated to dry
ness, and the residue was slurried with ether. The resultant sus
pension was filtered through a column of 1 kg of alumina. The 
product was eluted with ether (10 1.). Removal of the solvent gave 
a nearly quantitative yield of 5«,6-dihydroergosteryl benzoate (6). 
The uv spectrum of the product indicated the absence of absorp
tion at 272 and 284 nm.

23.24- Dinor-5a-chol-7-en-22-al-3/3-ol Benzoate (7a). 5«,6- 
Dihydroergosteryl benzoate (6, 31.27 g) in dichloromethane (10 1.) 
containing pyridine (5.9 ml) was cooled to -78°. Ozone (1.5 
equiv) was passed through the solution at a rate of 42 mg/min 
(determined by iodometry) for 110 min. The excess of ozone was 
removed by bubbling nitrogen for 10 min and then the solution 
was treated for 3 hr with dimethyl sulfide (20 ml) and methanol 
(20 ml). During this period the temperature was progressively in
creased to 22°. The solution was evaporated to dryness, and the 
resulting residue was dissolved in chloroform (600 ml)-methanol 
(300 ml) and shaken with saturated sodium bisulfate (400 ml) for 
10 min. The viscous mixture was extracted with ether (4 X 1000 
ml) and each time centrifuged for 5 min at 500 rpm to break the 
resultant emulsion. The ether extract was dried and evaporated, 
giving unreacted 5a,6-dihydroergosteryl benzoate (6, 10 g). The 
aqueous phase was neutralized with sodium hydroxide and 
brought to pH 8 with saturated sodium bicarbonate. The solution 
was then extracted with 3 X 1000 ml of chloroform and again cen
trifuged. The organic extract was washed once with water, dried 
over sodium sulfate, and evaporated to leave a crude material 
which after preparative tic (hexane-ethyl acetate, 9:1) yielded 8.5 
g of purified aldehyde 7a. Finally crystallization from chloroform- 
methanol gave a homogeneous product: mp 200-202°; ir 2700, 
1730, 1720 c m '1; nmr b 0.6 (s, 3 H, I8-CH3), 0.88 (s, 3 H, 17- 
CH3), 1.15 (d, J = 6 Hz, 3 H, 21-CHS), 4.86 (m, 1 H, 3a-H), 5.15 
(m, 1 H, 7-H vinylic), 9.65 (m, J = 3 Hz, 1 H, 22-CHO); mass 
spectrum m/e 434 (M+) (-15 , -28 , -58 , -122).

23.24- Dinor-5o'-chol-7-ene-3d,22-diol 3-Benzoate (7b). To a 
solution of the 22-aldehyde 7a (8.4 g) in chloroform (200 ml) and 
methanol (150 ml) at room temperature, was added sodium bor- 
ohydride (750 mg). After 30 min a second portion of sodium bor- 
ohydride (750 mg) was added. The reaction was terminated (after 
a total of 60 min) with a solution of ammonium chloride (5 g) in 
water (200 ml). Chloroform (200 ml) was added and the organic 
phase was washed with water, dried over sodium sulfate, and 
evaporated, giving the crude alcohol 7b (7.5 g). This material was
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further purified by preparative tic (hexane-ethyl acetate, 4:1) 
and crystallized from a methanol-chloroform mixture (needles): 
mp 207-209°; ir 3640, 3480, 1715 c m 1; nmr 6 0.575 (s, 3 H, 18- 
CHs), 0.86 (s, 3 H, 19-CH3), 1.06 (d. J = 6 Hz, 3 H, 21-CH3), 1.6 
(s, 1 H, 22-OH, D2O exchangeable), 3.58 (m, 2 H, 22-CH2), 4.9 
(m, 1 H, 3«-H), 5.2 (m, 1 H, 7-H vinylic); mass spectrum m je  436 
(M+) (-1 5 , -59 , - 122, -137, -181).

23,24-Dinor-5a-chol-7-ene-22-bromide-3j8-ol Benzoate (7c). 
A. A mixture of the 22-alcohol 7b (7.3 g), carbon tetrabromide 
(17.8 g), and triphenylphosphine (13.2 g) in ether (5 1.) was 
stirred at room temperature for 1 hr, and then the solution was 
evaporated. The product was first filtered through a column of 
silica gel (800 g) from which it was eluted with chloroform, and 
was then purified by preparative tic (hexane-ethyl acetate, 25:1). 
The obtained 22-bromide 7c (3.0 g) was crystallized twice from a 
methanol-chloroform mixture to yield 2.7 g (white needles): mp 
199-201°; ir 1715, 765 c m -1; nmr h 0.58 (s, 3 H, I8-CH3), 0.86 (s, 3 
H, 19-CH3), 1.12 (d, J = 6 Hz, 3 H, 21-CH3), 3.6 (m, 2 H, 22- 
CH2), 4.96 (m, 1 H, 3a-H), 5.2 (m, 1 H, 7-H vinylic); mass spec
trum m /e  500 (M + ), 498 (-123, -122, -137, -245, -287, -395).

B. The 22-alcohol 7b (180 mg) and p-toluenesulfonyl chloride 
(500 mg) in 10 ml of dry pyridine were kept at 4° for 12 hr. After 
the usual work-up the tosylate 7d (200 mg) was crystallized from 
methanol-chloroform (needles): mp 148-150°; ir 1715, 960cm -1.

The tosylate 7d (200 mg) in dry dimethyl sulfoxide (10 ml) was 
treated with lithium bromide (39 mg) at 70° for 6 hr. The mixture 
was poured into water and extracted with ether, and the extract 
was washed with water (4 X 20 ml), then dried and evaporated. 
The product was separated by preparative tic (hexane-ethyl ace
tate, 9:1), giving the bromide 7c (160 mg) and recovered tosylate 
7d (88.6 mg). Bromide 7c was crystallized from methanol-chloro
form and its physical constants were as above.

20-MethyI-5«-pregn-7-cn-3/3-ol Acetate (8). To magnesium 
turnings (10 g) in dry ether (20 ml) and dry tetrahydrofuran 
(freshly distilled from lithium aluminum hydride) was added
7 ,7-dimethylallyl bromide (2 ml). The reaction started immedi
ately and the temperature was lowered to 4° by immersion in an 
ice-water bath. After 15 min, 22-bromide 7c (561 mg) in ether (25 
ml) and tetrahydrofuran (25 ml) were added all at once, along 
with 7 ,7-dimethylallyl bromide (4 ml). The reaction mixture was 
stirred at room temperature and additional 7 ,7 -dimethylallyl 
bromide (6 ml) in ether (25 ml) was added dropwise during 8 hr. 
Stirring was continued for 12 hr, and the reaction was stopped by 
addition of aqueous ammonium chloride. The product was ex
tracted with chloroform, and the extract was washed with water 
(3 x 70 ml), dried (sodium sulfate), and evaporated. A sterol 
fraction (261 mg) slightly less mobile than cholesterol was isolat
ed by preparative tic (hexane-ethyl acetate, 5:1).

This fraction was treated with acetic anhydride (7 ml) and pyr
idine (3.5 ml) at 50° for 1 hr. The volatile components were re
moved under reduced pressure, and the residue was fractionated 
by argentation tic (silica gel-20% silver nitrate; chloroform-petro
leum ether (bp 60-90°)-acetic acid, 25:75:0.5; developed three 
times). The mixture was resolved into the less polar 8 and the 
more polar 2h.

The less polar 20-methyl-5a-pregn-7-en-3d-ol acetate (8, 172 
mg) was crystallized from methanol-chloroform (white plates): 
mp 122-123°; ir 1733 cm 1; nmr 6 0.53 (s, 3 H, 19-CH3), 0.80 (s, 3 
H, 18-CH3), 0.86 (d, J  = 6 Hz, 3 H, 21-CH3), 0.95 (d, J = 6 Hz,
22-CH3), 2.01 (s, 3 H, 3/3-acetoxy), 4.66 (m, 1 H, 3«-H), 5.15 (m, 1 
H, 7-H vinylic) [in benzene solution peaks appeared at 0.55 (s, 3 
H, I8-CH3), 0.72 (s, 3 H, 19-CH3), 0.88 (d, J  = 6 Hz, 3 H, 21- 
CH3), 0.975 (d, J = 6 Hz, 3 H, 22-CH3), 1.75 (s, 3 H, 3d-acetoxy), 
4.83 (m, 1 H, 3«-H), 5.18 (m, 1 H, 7-H vinylic)]; mass spectrum 
m /e  358 (M + ) (-15 , -33 , -60 , -103).

5a-Cholesta-7,24-dien-3|3-ol (2a). The more polar 2b (93.4 
mg), recovered from the above coupling experiment, was dis
solved in tetrahydrofuran (10 ml) and treated with potassium hy
droxide in methanol (5%, 10 ml). The mixture was stirred over
night, then acidified and diluted with water. The product was ex
tracted with chloroform (100 ml) and after the usual work-up 2a 
was obtained. Crystallization from methanol provided 5n-cho- 
lesta-7,24-dien-3(3-ol (2a, 55 mg) (needles); mp 96-98° (lit.8 mp
99-102°); ir 3350 c m '1; nmr 6 0.54 (s, 3 H, I8-CH3), 0.8 (s, 3 H,
I9-CH3), 0.95 (d, J  = 6 Hz, 3 H, 21-CH3), 1.60 and 1.68 (s, 6 H,
26-CHs and 27-CH3), 1.68 (s, 1 H, 3(3-OH, D20  exchangeable),
3.56 (m, 1 H, 3«-H), 5.25 (m, 2 H, 7, 24-H vinylics) [reported26 6 
0.554 (s, 3 H, I8-CH3), 0.813 (s, 3 H, 19-CH3)]; mass spectrum 
m /e  384 (M + ) (-18 , - 68, -113, -129).

Ergosteryl Tosylate (5d). Ergosterol (5a, 5 g) and p-toluene
sulfonyl chloride (8.1 g, freshly crystallized from hexane) in pyri

dine (80 ml, distilled over sodium hydroxide) were stirred for 12 
hr at 4° in the dark. The mixture was then poured into a cold so
lution (400 ml) of sodium bicarbonate (4%), After 15 min the pre
cipitate was quickly filtered, washed with cold water, and dried 
in a stream of air for a short time. The product was dissolved in 
chloroform (200 ml) and filtered through a mixture of sodium sul
fate-magnesium sulfate, and removal of the solvent gave impure 
ergosteryl tosylate (5d).

The tosylate is unstable and decomposes during tic. Repetitive 
crystallizations from acetone yielded 1.25 g of ergosteryl tosylate 
(5d), mp 90-100°.

3,5«-Cycloergosta-7,22-dien-6/j-ol (Isoergosterol, 10). To a re
fluxing mixture of sodium bicarbonate (400 mg), water (50 ml), 
and acetone (200 ml), ergosteryl tosylate (5d, 800 mg) was added 
in one portion. The boiling was continued for 5 min; then the con
denser was removed and 100 ml of acetone was distilled under re
duced pressure.

After cooling, water (100 ml) was added and the product was 
collected by filtration. The solid was washed with water (2 X 50 
ml) and dried for 3 hr at 80°. Crystallization from hexane gave 
isoergosterol (10, 600 mg): mp 129-130° (lit.16 mp 129-130°); ir 
3480 c m '1: nmr S 0.65 (s, 3 H, 18-CH3), 0.83 (d, J  = 6 Hz, 3 H,
2I-CH3), 1.08 (s, 3 H, 19-CH3), 151 (s, 1 H, 6/J-OH, D20  ex
changeable), 3.4 (m, 1 H, 6«-H), 5.2 (m, 2 H, 22-, 23-H vinylics),
5.45 (m, 1 H, 7-H vinylic); mass spectrum m je  396 (M +) (-18 , 
-33, -59 , -143, -197)”

23,24-Dinor-3,5a-cyclocholesta-6,8(14)-dien-22-al (11). Ozone 
was admitted for 100 sec to a solution of isoergosterol (10, 213.3 
mg) in dichloromethane (100 ml) cooled to —78° at a rate of 19.4 
mg/min (determined by iodometry) (1.25 equiv). The excess of 
ozone was removed by bubbling nitrogen; then zinc (500 mg) and 
acetic acid (1.5 ml) were added. The mixture was stirred under 
nitrogen for 10 min at -78°, then for 1 hr at 0°. The zinc was fil
tered and the filtrate was washed with saturated sodium bicar
bonate and water and dried (sodium sulfate). Removal of the sol
vent gave a residue which was purified by preparative tic (hex
ane-ethyl acetate, 3:4).

From the more mobile zone (i?r 0.61) 11 was isolated. Crystalli
zation from methanol yielded 23,24-dinor-3,5«-cyclocholesta- 
6,8(14)-dien-22-al (11, 65 mg): mp 105°; uv Xmax 260 nm (f 21,200); 
ir 2680, 1730 c m '1; nmr 6 0.78 (s, 3 H, 18-CH3), 1.11 (s, 3 H, 19- 
CH3), 1.15 (d, J = 6 Hz. 3 H, 21-CH3), 5.23 and 6.15 (d, J = 10 
Hz, 2 H, 6-, 7-H vinylics), 9.53 (d, J = 4 Hz, 1 H, 22-H alde
hyde); mass spectrum m /e  310 (M +) (-15 , -57 , -67).

26-Norcholest-5-en-25-on-3/i-ol Tetrahydropyranyl Ether 
(12c). 26-Norcholest-5-en-25-on-3/3-ol (12a, 12.0 g) was added to a 
benzene solution (250 ml) containing dihydropyran (15 g, dis
tilled over sodium hydroxide) and p-toluenesulfonic acid monohy
drate (200 mg). After 6 hr the resultant solution was poured into 
ice-cold aqueous sodium bicarbonate and the product was ex
tracted with ether (500 ml). After the usual work-up, crystalliza
tion from ethanol-ether yielded 9.22 g of 12c: mp 108-109°; ir 
2910, 1705 cm nmr 5 0.66 (s, 3 H. I8-CH3), 1.0 (s, 3 H, 19- 
CH3), 3.53 (m, 1 H, 3«-H), 4.66 (m, 1 H, pyran CH—O), 5.31 (m, 1 
H, 6-H vinylic).

26-Norcholesta-2,4,6-trien-25-one (17). A mixture of 26-nor- 
cholest-5-en-25-on-3/3-ol tetrahydropyranyl ether (12e, 206 mg), 
petroleum ether (10 ml, bp 64-67°, distilled over sulfuric acid),22 
pyridine (0.67 ml), A-bromosuccinimide (300 mg, freshly crystal
lized from water), and bromine (1 drop) was refluxed under nitro
gen. The mixture was irradiated with a sunlamp (250 W) for 20 
min and then cooled (10°) and diluted with petroleum ether (30 
ml). The solution was washed with water (3 X 25 ml) and dried 
over sodium sulfate. The solvent was distilled (below 10°) under 
reduced pressure.

The resulting oily residue was rapidly added to a boiling mix
ture of xylene (10 ml) and collidine (0.4 ml) and refluxing was 
continued for 30 min under nitrogen. After cooling, ether (100 ml) 
was added and the organic extract was washed with dilute hydro
chloric acid (50 ml, 0.01 N), then with water (3 X 50 ml), and 
dried. Removal of the solvent gave an oil which showed maximal 
uv absorption at 250, 272, and 283 nm.

This oil was fractionated by tic (silica gel-15% silver nitrate, 
hexane-ethyl acetate, 10:3; developed twice). The plates indicat
ed a single product, which was eluted and crystallized from 
MeOH to yield 26-norcholesta-2,4,6-trien-25-one (17, 122 mg): mp
97-98°; uv Amax 294 nm, 307 (e 15,300), 320; nmr 5 0.71 (3, 3 H, 
I8-CH3), 0.95 (s, 3 H, 19-CH3), 0.95 (d, J = 6 Hz, 3 H, 21-CH3),
2.15 (s, 3 H, 27-CH3), 5.5-6.13 (m, large, 5 H, 2-, 3-, 4-, 6-, 7-H 
vinylic); mass spectrum m /e  366 (M + ) (—15, -113, —128).

26-Norcholesta-5,7-dien-25-on-3/3-ol Acetate (16b). A mixture
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of 26-norcholesta-5-en-25-on-3/i-ol acetate (12b, 1 g), petroleum 
ether (100 ml), and pyridine (1.5 ml) was treated with A-bro- 
mosuccinimide (1.5 g) as described for 17. The obtained bromi- 
nated product was dissolved in xylene (50 ml) containing collidine 
(2 ml) and refluxed for 30 min under nitrogen in the dark. The 
dehydrobrominated product was purified by argentation tic (sili
ca gel-15% silver nitrate, hexane-ethyl acetate, 4:1; developed 
three times). Two bands with Rt 0.62 and 0.52, respectively, were 
detected.

Elution of the band with Rr 0.62 gave an oily residue (132 mg). 
The nmr spectrum indicated that the product still contained 
some impurity. However, judging from the nmr (chemical shifts 
of 18- and 19-methyls, the number of vinylic protons), the uv, and 
the mass spectra, the major component (ca. 70-80%) of the 
mixture was tentatively identified as 26-norcholesta-4,6-dien-25- 
on-3/i-ql acetate.

The product from the slower band was crystallized from meth
anol to yield 16b (238 mg): mp 135-136°; uv Amax 263 nm jf 7590), 
272 (11,200), 283 (11.620), 294 (6810); ir 1730, 1710 c m - ;  nmr b 
0.63 (s, 3 H, 18-CH3), 0.96 (s, 3 H, 19-CH3), 2.05 (s, 3 H, 3/3-ace- 
tate), 2.15 (s, 3 H, 27-CH3), 4.66 (m, 1 H, 3a-H), 5.35 and 5.55 (d, 
J  = 6 Hz, 2 H, 6-, 7-H vinylic); mass spectrum m/e 426 (M + ) 
(-60 , -75 , -173).

Cholesta-5,7-diene-3/3,25-diol (18a). A solution of methyl io
dide (3 g, 21.2 mmol) in dry ether (50 ml) was slowly added to a 
stirred suspension of magnesium turnings (520 mg, 21.2 mmol) in 
dry ether (50 ml) under nitrogen. Addition of a crystal of iodine 
initiated a vigorous reaction. The solution was maintained at re
flux until the magnesium was consumed (30 min). Then 26-nor- 
cholesta-5,7-dien-25-on-3/?-ol acetate (16b, 750 mg, 1.77 mmol) in 
dry ether (75 ml) was added dropwise and the reaction mixture 
was refluxed for 3 hr in the dark under nitrogen. The stirring was 
continued for 7 hr at room temperature and the reaction was ter
minated with a saturated solution of ammonium chloride (200 
ml). The product was extracted with ether to yield, after work
up, a crude residue (524 mg) which was stored at -10° under vac
uum in the dark.

A portion of this material (24 mg) was resolved by tic (hexane- 
ethyl acetate, 3:2) into two bands. The minor zone {Rt 0.66) con
tained the saponified starting material (16a).

The second zone (Rr 0.38) was identified as cholesta-5,7-diene- 
3/3,25-diol (18a): mp 165-166°; uv Amax 263 nm (e 7590), 273 
(11,310), 283 (11,820), 295 (6905); ir 3350 cm "1; nmr 6 0.68 (s, 3 
H, I8-CH3), 0.99 (d, J  = 6 Hz, 3 H, 21-CH3), 1.01 (s, 3 H, 21- 
CH3), 1.23 (s, 6 H, 26-, 27-CH3), 3.53 (m, 1 H, 3«-H), 5.36 and 5.6 
(d, J  = 6 Hz, 2 H, 6-, 7-H vinylic); mass spectrum m/e 400 (M + ) 
(-18 , -33 , -36 , -51 , -147).

Cholesta-5,7-diene-3(},25-diol 3-Acetate (18b). A mixture of 
the crude 18a (500 mg), acetic anhydride (12 ml), and pyridine (6 
ml) was stored in the dark under nitrogen for 16 hr. The reagents 
were distilled in  vacuo and the residue was then purified by pre
parative tic (hexane-ethyl acetate, 4:1, developed twice). Two 
fractions (with fir 0.73 and 0.44) were isolated.

The residue of the less polar zone (Rt 0.73) was crystallized 
from methanol to yield cholesta-5,7-diene-3/3,25-diol diacetate 
(18c, 50 mg): uv Amax 263, 274, 283, and 295 nm; ir 1730 cm-1 ; 
nmr b 0.61 (s, 3 H, I8-CH3), 0.96 (s, 3 H, 19-CH3), 1.43 (s, 6 H, 
26-, 27-CH3), 1.96 (s, 3 H, 25-acetate), 2.05 (s, 3 H, 3/3-acetate),
4.66 (m, 1 H, 3«-H), 5.36 and 5.6 (d, J  = 6 Hz, 2 H, 6-, 7-H vinyl
ic); mass spectrum m/e 424 (M+ -  acetate) (-60 , -75 , -171).

The residue of the second zone (fir 0.44) was crystallized from 
methanol-chloroform to yield cholesta-5,7-dien-3d,25-diol 3-ace
tate (18b, 401 mg); mp 108-110°; uv Xmax 265 nm (e 7700), 273 
(11,370), 283 (11,510), 295 (6810); ir 3440, 1730 c m -1; nmr b 0.68 
(s, 3 H, I8-CH3), 0.95 (s, 3 H, 19-CH3), 1.21 (s, 6 H, 26-, 27-CH3),
2.03 (s, 3 H, 3/i-acetate), 4.66 (m, 1 H, 3a-H), 5.35 and 5.6 (d, J  = 
6 Hz, 2 H, 6-, 7-H vinylic); mass spectrum m/e 424 (M+ -  water) 
(-60 , -78 , -93 , -171).

Cholest-5-ene-3/3,25-diol 3/3-Acetate (13b). Treatment of cho- 
lest-5-en-25-on-3/J-ol acetate (12b) with methylmagnesium iodide 
as described above gave the diol 13a, mp 172-174° (lit.17 mp 
172-174°). The diol 13a was then acetylated to yield as the main 
product 13b: mp 134-136° (lit.17 mp 138-140°); ir 3440, 1730 
cm -1; nmr 6 0.66 (s, 3 H, I8-CH3), 1.01 (s, 3 H, 19-CH3), 1.20 (s, 
6 H. 26- and 27-CH3), 1.8 (s, 3 H, 3/3-acetate), 4.56 (m, 1 H, 3a- 
H), 5.36 (m, 1 H, 6-H vinylic); mass spectrum m/e 384 (M + -  
acetate) (-15 , -18 , -33 , -129, -131, -139, -171).

Cholesta-5,24-dien-38-ol Acetate (14). A mixture of cholest-5- 
en-3/J,25-diol 3j8-acetate ( 13b, 150 mg) and methyl(carboxysulfa- 
moyl)trimethvlammonium hydroxide inner salt20 (20, 500 mg) in 
benzene (40 ml) was refluxed under dry nitrogen. After 10 min

the starting material was consumed as evidenced by tic (hexane- 
ethyl acetate, 4:1). The reaction was stopped by addition of water 
(10 ml). The organic phase was washed with saturated sodium 
chloride (2 x 20 ml) and water (2 X 20 ml), dried, and concen
trated. The residue was fractionated by tic (silica gel-18% silver 
nitrate, hexane-ethyl acetate, 4:1, developed twice). Two major 
bands with Rt 0.62 and 0.50 were observed.

The product from the Rt 0.62 zone was crystallized from 
methanol-chloroform to yield cholesta-5,24-dien-3/3-ol acetate (14, 
65 mg): mp 96-98° (lit.25 mp 99-100°); ir 1730 c m 1; nmr 6 0.7 (s, 
3 H, I8-CH3), 0.96 (d, J = 6 Hz, 3 H, 21-CH3), 1.03 (s, 3 H, 19- 
CH3), 1.63 and 1.7 (s, 6 H, 26- and 27-CH3). 2.03 (s, 3 H, 3,8-ace
tate), 4.62 (m, 1 H, 3a-H), 4.75 (t, J = 6 Hz, 1 H, 24-H vinylic),
5.36 (m, 1 H, 6-H vinylic); mass spectrum m/e 366 (M+ -  ace
tate) (-15 , - 68, -85 , -113, -121, -138, -153).

The product from the second zone (Rt 0.50) was crystallized 
from methanol to yield cholesta-5,25-dien-3/3-ol acetate (15, 70 
mg): mp 108° (lit.25 mp 112°); ir 1730 cm "1; nmr b 0.7 (s, 3 H, 
I8-CH3), 0.95 (d, J = 6 Hz, 3 H, 21-CH3), 1.03 (s, 3 H, 19-CH3),
1.73 (s, 3 H, 27-CHa) 2.03 (s, 3 H, 3/3-acetate), 4.62 (m, 1 H, 3a- 
H), 4.65 (s, 2 H, 25-CH2), 5.36 (m, 1 H, 6-H vinylic); mass spec
trum m/e 366 (M+ -  acetate) (-15 , -42 , -71 , -85 , -111, -113, 
-121, -138, -153).

Treatment of Cholesta-5,7-dien-3/?-ol Acetate (21) with 
Methyl(carboxysulfamoyl)triethylammonium Hydroxide Inner 
Salt (20). A mixture of cholesta-5,7-dien-3/3-ol acetate (10 mg) 
and 20 (100 mg) in benzene (2 ml) was refluxed under nitrogen for 
40 min. Aliquots were removed at 5-min intervals and tested by 
tic (hexane-ethyl acetate, 5:1); only the starting material was 
detected. After the termination of the reaction the starting mate
rial was recovered.

Cholesta-5,7,24-trien-3/?-ol Acetate (3b). A mixture of cho- 
lesta-5,7-diene-3/J,25-diol 3-acetate (18b, 250 mg) and 20 (250 mg) 
in dry benzene (20 ml) was refluxed under nitrogen. After 15 min 
a sample of the reaction mixture was removed and tic (hexane- 
ethyl acetate, 4:1) revealed the absence of starting material. The 
reaction was stopped and the mixture was worked up as de
scribed above. The crude product was purified by tic (silica gel- 
18% silver nitrate, hexane-ethyl acetate, 4:1, developed twice). 
Two major bands were observed and eluted.

The residue of the less polar zone was crystallized from metha
nol to give cholesta-5,7,24-trien-3/3-ol acetate (3b, 85 mg): mp 
78-81°; uv Amax 265 nm, 272 (t 10,980), 283 (11,400), 294 (6650); ir 
1730 cm "1; nmr 5 0.63 (s, 3 H, I8-CH3), 0.95 (s, 3 H, 19-CH3), 
0.95 (d, J  = 6 Hz, 21-CHs), 1.61 (s, 3 H, 26-CH3), 1.68 (s, 3 H,
27-CH3), 2.03 (s, 3 H, 3/S-acetate), 4.66 (m, 1 H, 3a-H), 5.1 (t, J 
= 6 Hz, 1 H, 24-H vinylic), 5.36 and 5.57 (d, J  = 6 Hz, 2 H, 6-,
7-H vinylic); mass spectrum m/e 424 (M + ) (-60 , -75 , -101, 
-145, -171).

The residue of the more polar fraction was crystallized from 
methanol and yielded cholesta-5,7,25-trien-3/3-ol acetate (19, 78 
mg): mp 91-96°; ir 1730 cm-1 ; nmr b 0.63 (s, 3 H, I8-CH3), 0.95 
(s, 3 H, I9-CH3), 0.95 (d, J  = 6 Hz, 3 H. 21-CH3), 1.7 (s, 3 H,
27-CH.3), 2.03 (s, 3 H, 3/3-acetate), 4.66 (m, 1 H, 3a-H), 4.66 (s, 2 
H, 26-CH2), 5.36 and 5.56 (d, J  = 6 Hz, 2 H, 6-, 7-H vinylic); 
mass spectrum m/e 424 (M+) (-60 , -75 , -101, -145, -171).

Cholesta-5,7,24-trien-3/3-ol (3a). A mixture of cholesta-5,7,24- 
trien-3/3-ol acetate (3b, 20 mg), tetrahydrofuran (5 ml), and lithi
um aluminum hydride (100 mg) was refluxed in an atmosphere of 
nitrogen in the dark for 2 hr. To the cold reaction mixture was 
added saturated sodium sulfate (25 ml) and the obtained residue 
was removed by filtration. The filtrate was washed with water (2 
x 25 ml) and dried and the solvent was removed to yield a pow
der (15.2 mg). The residue was crystallized from methanol to 
yield 3a (needles): mp 98-99° (lit.7 mp 102- 102.5°); ir 3400 cm "1; 
nmr 5 0.62 (s, 3 H, I8-CH3), 0.96 (s, 3 H, 19-CH3), 1.01 (d, J = 6 
Hz, 3 H, 21-CHs), 1.62 (s, 3 H, 26-CH3), 1.7 (s, 3 H. 27-CH3), 3.66 
(m, 1 H, 3ar-H), 5.1 (t, J = 6 Hz, 1 H, 24-H vinylic), 5.36 and 5.46 
(d, J = 6 Hz, 2 H, 6-, 7-H vinylic) [reported7-26 b 0.62 (s, 3 H, 
I8-CH3), 0.955 (s, 3 H, I9-CH3), 1.63 (s, 3 H, 26-CH3), 1.69 (s, 3 
H, 27-CH3)]; mass spectrum m/e 382 (M +) (-15 , -18 , -33 , -59, 
-129, -131, -171).
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The direct methylation of formycin (9) has furnished the two monomethyl derivatives, 7-amino-l-methyl-3-(/S- 
D-ribofuranosyl)pyrazolo[4,3-d]pyrimidine (10) and 7-amino-2-methyl-3-(/3-D-ribof'uranosyl)pyrazolo[4,3-d]pyri- 
midine (12). An unequivocal assignment of the above structures was made by a comparison of the magnetic cir
cular dichroism (MCD) curves obtained for the model compounds 7-amino-2,3-dimethylpyrazolo[4,3-d]pyrimi- 
dine (6) and 7-amino-l,3-dimethylpyrazolo[4,3-d]pyrimidine (7) with the MCD spectra of 10 and 12. The un
equivocal synthesis of 6 and 7 was accomplished by ring annulation of the appropriately substituted pyrazole 
precursors. The synthesis of l,3-dimethylpyrazolo[4,3-d]pyrimidin-7-one (8) and 2-methyl-3-(/3-D-ribofuranosyl)-
pyrazolo[4,3-d]pyrimidin-7-one (11) was accomplished 
group in 1 N  sodium hydroxide.

The antibiotics formycin and formycin B were isolated3 
from Norcardia interforma and found4"6 to be C-nucleos- 
ides which were isomeric with the naturally occurring nu- 
dleosides adenosine and inosine, respectively. These anti
biotics are of considerable interest since they are C-nu- 
cleosides and belong to the same class of compounds as 
showdomycin,7 pseudouridine,8 and pyrazomycin.9 Formy
cin has demonstrated inhibition of Ehrlich carcinoma, 
mouse leukemia L-1210, Yoshida rat sarcoma, HeLa cells, 
and Xanthomonas oryzae as well as some antiviral activ
ity.3’7̂  Formycin S'-triphosphate acts as a source of bio
logical energy13 and ribopolynucleotides with formycin 
replacing adenosine, at the binding site of t-RNA to ribo
somes, have shown14 no mistranslation of the messenger. In 
fact, formycin has shown the ability to act as a substrate for 
a number of enzymes specific for adenosine, including aden
osine kinase11 and, unfortunately, adenosine deaminase.10 
The resemblance of formycin to adenosine is thus appar
ent in many biological systems. Since formycin is such an 
excellent substrate for adenosine deaminase, this would

an unusual displacement of the exocyclic amino

suggest that although formycin hydrobromide has been 
found to exist in the syn conformation, there must be a 
population of formycin in the anti conformation in solu
tion and in vivo. In fact, a recent X-ray study15 has re
vealed that formycin, per se, exists on the average some
where between the classical syn and anti forms (amphi 
form16) in the solid state. A recent study has established 
that adenosine derivatives in the syn conformation are not 
substrates for adenosine deaminase and this prompted us 
to initiate a study17 designed to restrict rotation around 
the glycosyl (carbon-carbon) bond of formycin and in
crease the per cent of nucleoside in the syn conformation.

The isomeric purine nucleosides, when alkylated on an 
imidazole nitrogen, form salts with a positively charged 
heterocyclic ring18 which can then undergo a facile ring 
opening.19 However, formycin presents a unique opportu
nity to alkylate a ring nitrogen of a bicyclic nucleoside 
without the usual quaternization. These alkylated deriva
tives of formycin should be chemically very similar to 
formycin and yet the 2-alkyl derivative should exhibit
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Table I
Ultraviolet Absorption Spectral Data for Some 

Substituted Pyrazolo [4,3 -d ]pyrimidines
pH 1 pH 11 MeOH
Xmaxj m̂ax, Xmaxj

!ompd nm e X 10 ~3 nm e X 10 nm 6 X 10-3

9 295 10. 15 302 7. 90 304 7. 20
232.5 8. 28 234 17 . 90 293.5 10 . 55

286“ 9. 88
230 5. 87

3 282 7. 80 282 8. 47 278 8. 96
5 282.5 7. 66 290 6. 00

230 13 . 70 230 6. 88
7 305 9. 45 3 15 “ 6. 04 3 15 “ 6 04

2 4 1.5 12 . 55 303 9. 30 303 9 48
295“ 8. 80 297“ 9. 08

233 9 .62
2 278 6. 96 278 7..89 272 6 .48
4 278 4 .49 276 4 .49

255* 2..72 255“ 3 .00
6 305 9 80 3 16 “ 6 .20 3 16 “ 6 .54

270“ 4..90 304 10 .10 304 10 .10
258 6. 54 294 8. 65 294“ 8 .65
234 15 .10 232 8 .50 232 7 .84

12 305 1 1 .24 3 17 “ 8 .45 3 17 “ 8 .85
270 5 .90 305 12 .90 305 13 .80
260 6 .05 295* 1 1 .24 295“ 1 1 .80
231 10 .95 237 5 .6 1 237 6 .05

10 302 6 .32 314* 3 .93 3 14 “ 3 .65
236 7 .03 301 6 .46 301 6 .18

293“ 6 .19 293“ 5 .75
232 6 .5 1 231 5 .20

11 284.5 9 .30 3 10 “ 8 .60 283 10 .15
299 13 .80
291* 12 .70
228.5 7 .05

“ Shoulder.

some steric restriction toward rotation around the glycosyl 
bond and decrease the population of nucleoside in the anti 
conformation.

Results and Discussion
Since alkylation of formycin could lead to a number of 

products, depending on the pH of the solution and the al
kylating agent used, we selected conditions designed to fa
cilitate preferential alkylation of the pyrazole moiety. The 
mcnosodium salt of formycin was prepared and then alk
ylated by the addition of excess methyl iodide. Chroma
tography (tic) of the reaction mixture revealed the pres
ence of three products. The two major components were 
isolated and purified by dry column chromatography 
while the third product was not isolated, since it was esti
mated to be present in only a very small quantity. There
fore, with the isolation of two products, we were required 
to establish the actual site of méthylation for each prod
uct.

The initial structural elucidation studies5 of formycin 
and formycin B confirmed the similarity of their ultravio
let spectra with the ultraviolet spectra of the correspond
ing 7-substituted 3-methylpyrazolo[4,3-<i]pyrimidines.20 
This prompted us to synthesize the appropriate 3-methyl- 
pyrazolo[4,3-d]pyrimidines [7-amino-l,3-dimethylpyra- 
zolo[4,3-d]pyrimidine (7) and 7-amino-2,3-dimethylpyra- 
zolo{4,3-d]pyrimidine (6)] in order to establish the actual 
site of méthylation of formycin {vide supra). It has been es
tablished that the most facile synthesis of the pyrazolo[4,3- 
djpyrimidine moiety can be accomplished by ring annu
lation of the appropriately substituted pyrazole precur
sor.20'21 Therefore, we selected 5-cyano-l,3-dimethyl-4- 
nitropyrazole22 (3), which had been prepared by the nu
cleophilic displacement of a chloro group by cyanide, as 
our starting material for the synthesis of the model com-

Scheme I

pound 7. The nitro group was reduced with sodium hydro
sulfite to furnish 4-amino-5-cyano-l,3-dimethylpyrazole
(5) and treatment of 5 with formamidine acetate afforded a 
good yield of 7(Scheme I).

The synthesis of 3-cyano-l,5-dimethyl-4-nitropyrazole
(2) by a similar route was then initiated. The synthesis of
3-chloro-l,5-dimethyl-4-nitropyrazole was accomplished, 
but repeated attempts to displace the chloro atom with 
cyanide in dimethylformamide under the same and even 
more forceful conditions as those that yielded 3 were not 
successful. The synthesis of this compound (2) was finally 
accomplished by méthylation of 5-cyano-3-methyl-4-nitro- 
pyrazole21 (1). The isomeric 5-cyano-l,3-dimethyl-4-nitro- 
pyrazole (3) was also formed but only in a very low yield. 
The nitro group of 2 was reduced with sodium hydrosulfite 
and ring closure with formamidine acetate yielded 6.

As stated above, when this investigation was initiated, 
we had expected to ascertain the actual site of méthyl
ation of formycin by a comparison of the ultraviolet spec
tra of the formycin derivatives with the ultraviolet spectra 
of the model compounds 6 and 7. However, unlike the 
closely related pyrazolo[3,4-d]pyrimidine ring system, the 
ultraviolet spectra of the model compounds 6 and 7 were 
found to be very similar (Table I). Therefore, a compari
son of the ultraviolet and pmr spectra of the monomethyl 
derivatives of formycin {vide supra) and the model com
pounds 6 and 7 allowed us to make only a very tentative 
assignment of structure for the specific methylformycins.

Formycin has been reported13 to be fluorescent; there
fore, owing to the difference in their structures, we ex
pected the methylformycins to produce dissimilar fluo
rescent spectra. However, fluorescent spectra of the meth
ylformycins and the model compounds 6 and 7 were ob
tained and no definitive conclusions could be drawn as to 
their unequivocal structural assignment.

We have recently observed a very close similarity be
tween the magnetic circular dichroism (MCD) spectra of
7-methylpurine23 and 7-(/3-D-ribofuranosyl)purine24 in our 
laboratory. MCD should theoretically provide more infor
mation than that obtained by the usual spectrophotomet-
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ric techniques owing to negative bonds and the increased 
sensitivity to changes in electronic structure. This sensi
tivity of MCD spectra to the precise chromophoric struc
ture has been shown to provide definitive spectra for iso
meric compounds, e.g., the iV-methyl (1, 3, 7, and 9) de
rivatives of purine. Therefore, although the MCD spectra 
of 7-methylpurine and 7-(/3-D-ribofuranosyl) purine are 
very similar, there was observed a significant difference 
between 7-methylpurine and the isomeric 1-, 3-, and 9- 
methylpurines. This prompted us to obtain the MCD 
spectra of 6, 7, and the methylated formycins. The MCD 
spectra (Figure 1) have provided a very clear distinction 
between the two methylated derivatives of formycin and 
allowed us to make definite structural assignments.25

Of particular interest is the fact that the spectra ob
served for 7 and 1-methylformycin are very similar to the 
spectrum observed for formycin, per se. Since the spectra 
for 6 and 2-methylformycin are so dissimilar to those of 
formycin and 1-methylformycin, this would suggest that 
formycin in solution under the present conditions proba
bly exists predominantly with the proton residing on the 
N-l nitrogen of the pyrazole moiety. It is of interest that 
studies26'27 on the tautomerism of formycin, per se, by 
13C nuclear magnetic resonance has revealed that proto
tropic tautomerism can be a function of temperature and 
solvent. Therefore, although MCD spectroscopy may be 
very useful in the elucidation of tautomeric structures, 
considerable effort must be expended in this area before 
any of these preliminary observations can be corroborated 
and firmly established.

On treatment of 6, 7, 10, and 12 individually with 1 N 
sodium hydroxide at reflux temperature, the position of 
the ultraviolet maxima was found to shift to lower wave
lengths in each case. In view of the structures assigned 
these compounds (Scheme II), a Dimroth rearrangement

Scheme IP

11 12
» All nucleosides have been drawn in the syn conformation, al

though 9 and 10 probably exist predominantly in either the anti 
or amphi conformations as per the Discussion Section.

was not deemed possible. This prompted us to conduct 
the reaction on a larger scale with 7 and 12 and the isolat
ed products were identified as l,3-dimethylpyrazolo[4,3- 
d]pyrimidin-7-one (8) and 2-methyl-3-(|3-D-ribofuranosyl)-

pyrazolo[4,3-d]pyrimidin-7-one (11). The conversion of an 
amino group into a hydroxyl function under basic condi
tions is not normally observed in heterocyclic chemistry, 
although this conversion has been reported28 to occur for
3- methylguanine via an apparent nucleophilic displace
ment. The possibility of a ring opening followed by ring 
closure could not be demonstrated, since chromatography 
(tic) of the reaction solutions of 7 and 12 revealed only 
starting material and product. Apparently, in this case, a 
nucleophilic displacement of the amino group by base 
does occur.

It has been observed that 12 exhibited a higher T /C  
against leukemia L-1210 than 10, although whether this 
difference is due to a difference in conformation (syn or 
anti) or their ability to act as substrates for specific cata
bolic and anabolic enzymes, etc., will be determined by 
additional studies.

Experimental Section29
3-Cyano-l,5-dimethyl-4-nitropyrazole (2). 5-Cyano-3-methyl-

4- nitropyrazole (1, 5.0 g) was dissolved in water (100 ml) contain
ing sodium hydroxide (1.4 g) and to this solution was added 3.76 
ml of dimethyl sulfate. The solution was stirred for 45 min and 
then extracted with CHCI3 (2 x 200 ml). The combined CHCI3 
extracts were washed with H2O (100 mil, dried over magnesium 
sulfate, and evaporated to dryness in vacuo. The white solid was 
dissolved in a minimum amount of boiling MeOH and allowed to 
stand at 0° for 16 hr. The solid which had separated was removed 
by filtration. The filtrate was evaporated to ca. half volume and 
the solid was again collected by filtration. The presence of a very 
small amount of 2 and 3 was detected in the filtrate by tic. The 
combined solid was dried at room temperature in a vacuum des
iccator over phosphorus pentoxide to yield 3.78 g (69.2%) of 2. An 
analytical sample was prepared by three recrystallizations from 
EtOH-H20, mp 113-114°.



Anal. Calcd for C6H6N40 2: C, 43.38; H, 3.64; N ,'33.72. Found: 
C, 43.39; H, 3.98; N, 33.61.

4-Amino-3-cyano-l,5-dimethylpyrazole (4). 3-Cyano-l,5-di- 
methyl-4-nitropyrazole (2, 1.0 g) was treated by the same proce
dure (A) which yielded 5. The product was recrystallized from 
H20  for analysis to yield 0.23 g (28.8%) of 4, mp 144-145°.

Anal. Calcd for C6H8N4: C, 52.94; H, 5.93; N, 41.15. Found: C, 
52.68; H, 6.13; N, 41.20.

4-Amino-5-cyano-l,3-dimethylpyrazole (5). Method A. 5-
Cyano-l,3-dimethyl-4-nitropyrazole30 (3, 2.5 g) was slurried in 
boiling H20  (25 ml) and then stirred rapidly during the gradual 
addition of sodium hydrosulfite (8.7 g). The temperature of the 
reaction mixture was maintained between 75 and 80° by the rate 
of addition. After the final addition of sodium hydrosulfite, the 
solution was filtered immediately and then allowed to stand at 0° 
for 16 hr. The solid was collected by filtration and recrystallized 
from H20  to yield 0.58 g (28.2%) of 5. Recrystallization from H20  
produced an analytical sample which was dried in vacuo at 100°, 
mp 116-117°.

Anal. Calcd for CeHsN^ C, 52.94; H, 5.93; N, 41.15. Found: C, 
52.70; H, 5.91; N, 41.28.

Method B. A solution of 3 (1.66 g) in 100 ml of MeOH was hy
drogenated at 1 atm over 5% Pd/C (0.8 g). After the calculated 
amount of hydrogen had been absorbed, the mixture was filtered 
through a Celite pad and the pad was washed with warm MeOH 
(2 X 50 ml). The filtrate and washings were combined and evapo
rated to dryness. The crude product (mp 115-118°) was recrystal
lized from H20  to provide 5 (0.95 g, 69.8%), mp 117-119° identi
cal in all respects with the sample obtained from method A.

7-Amino-2,3-dimethylpyrazolo[4,3-d]pyrimidine (6). 4-
Amino-3-cyano-l,5-dimethylpyrazole (4, 0.18 g) and formamidine 
acetate (0.2 g) were heated in EtOH (20 ml) at reflux tempera
ture for 2 hr. The EtOH was removed in vacuo and the resulting 
solid was recrystallized from H20  to yield 0.14 g (65.1%) of 6. An 
analytical sample was prepared by two recrystallizations from 
H2O, mp 289-290° dec.

Anal. Calcd for C7H9N5: C, 51.52; H, 5.56; N, 42.92. Found: C, 
51.75; H, 5.49; N, 43.20.

7-Amino-l,3-dimethylpyrazolo[4,3-ci]pyrimidine (7). Method
A. 4-Amino-5-cyano-l,3-dimethylpyrazole (5, 1.06 g) and for
mamidine acetate (1.15 g) were heated in EtOH (50 ml) at reflux 
temperature for 1 hr. The EtOH was removed in vacuo. EtOH (50 
ml) was added, and again evaporated to dryness with this proce
dure being repeated three times. The residue was added to EtOAc 
(200 ml) at reflux temperature and the small amount of insoluble 
material was removed by filtration. The filtrate was reduced in 
volume to ca. 100 ml and allowed to stand at 5° for 16 hr. The 
yellow solid was collected by filtration and recrystallized from 
EtOAc to yield 0.6 g of 7, mp 242-244°.

Anal. Calcd for C7H9N5: C, 51.52; H, 5.56; N, 42.92. Found: C, 
51.49; H, 5.50; N, 43.20.

Method B. 4-Amino-5-cyano-l,3-dimethylpyrazole (5, 0.5 g) 
and formamidine acetate (0.58 g) were dissolved in absolute 
EtOH (50 ml) and the solution was heated at reflux temperature. 
The reaction was monitored by tic; after 3 hr an additional por
tion of formamidine acetate (104 mg) was added. The reaction 
mixture was heated at reflux temperature for an additional 1 hr 
(total 4 hr). The reaction mixture was evaporated to dryness and 
the residue was then dissolved in hot EtOAc (ca. 100 ml), filtered, 
and let stand at room temperature for 18 hr. The crystalline ma
terial was collected by filtration and air dried to yield 7 (0.53 g, 
88.5%), mp 242-244°. This compound was identical in all respects 
with the sample obtained by method A.

1- 3-Dimethylpyrazolol4,3-d]pyrimidin-7-one (8). 7-Amino-
l,3-dimethylpyrazolo[4,3-d]pyrimidine (7, 1.1 g) was added to 10 
ml of 1 N  sodium hydroxide and the solution was then heated at 
reflux temperature for 3 hr. The solution was allowed to cool at 
room temperature, and Dowex 50W-X4 was added (ca. 10 ml of 
washed resin) with stirring until the pH of the solution was ca. 7. 
The resin was removed by filtration and washed with 40 ml of hot 
H20 . The filtrate and washings were combined and evaporated to 
dryness. EtOH (50 ml) was added, and again evaporated to dry
ness. The resulting solid was dissolved in hot H20  (30 ml) all in
soluble material was removed by filtration, and the solution was 
allowed to stand at 5° for 18 hr. The solid was collected by filtra
tion and dried at 110° in vacuo to yield 0.38 g of 8, mp 303-304°.

Anal. Calcd for C7H8N40: C, 51.22; H, 4.88; N, 34.15. Found: 
C, 51.19; H, 4.89; N, 33.99.

2- Methylformycin (12) and 1-Methylformycin (10). Formycin 
(9, 4.0 g) and sodium (0.44 g) were added to EtOH (100 ml) and
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the mixture was stirred to effect a clear solution. Methyl iodide (1 
ml) was then added and the solution was stirred at room temper
ature. An additional quantity of methyl iodide (1 ml) was added 
at the end of the first and the second hour and the solution was 
then stirred for an additional 16 hr. The solid was removed by fil
tration, recystallized from isopropyl alcohol, and dried to yield
1.13 g (24.4%) of 2-methylformycin (12). An analytical sample 
was prepared by two additional recrystallizations from isopropyl 
alcohol and dried in vacuo at 110°, mp 205-206°.

Anal. Calcd for CnHisNsO.,: C, 46.98; H, 5.37; N, 24.91. 
Found: C, 47.01; H, 5.51; N, 25.16.

The filtrate, after removal of the 2-methylformycin (12), was 
evaporated to dryness following the addition of silica gel31 (3 g). 
The residue was applied to the top of a dry column (silica gel, 1.5 
x 24 in.) and eluted with the upper phase of an ethyl acetate-1- 
propanol-water (4:1:3) mixture. The fractions were monitored 
with tic on SilicAR 7GF in the same solvent system, fractions 
containing only the compound of Rt 0.48 were collected and com
bined, and the solvent was removed in vacuo. The solid was re
crystallized twice from EtOAc-MeOH and dried in vacuo at 110° 
to yield 0.16 g (3.8%) of 1-methylformycin32 (10), mp foams 170- 
173°, dec >200°.

Anal. Calcd for Ci i H15N504: C, 46.98; H, 5.37; N, 24.91. 
Found: C, 46.79; H, 5.69; N, 25.03.

2-M ethyl-3-(/?-D-ribofuranosyl)pyrazolo[4,3-d]pyrimidin-7- 
one (11) (2-Methylformycin B). 2-Methylformycin (12, 0.4 g) was
added to aqueous 1 N  sodium hydroxide (10 ml) and the solution 
was heated at reflux temperature for 3 hr. The solution was 
cooled to room temperature, Dowex 50W-X2 (H+, 10 ml, pre
viously washed with 100 ml of H20 ) was added, and the mixture 
was stirred until the pH was adjusted to ca. 4. The resin was re
moved by filtration and washed with boiling H20  (50 ml). The 
combined filtrate and washing was evaporated to dryness, and 
EtOH (50 ml) was added and removed in vacuo. This process was 
repeated again and the resulting solid was recrystallized twice 
from a mixture of MeOH-EtOAc to yield 0.064 g (16%) of 11, mp 
213-215°.

Anal. Calcd for CnH^N^A,: C, 46.85; H, 5.00; N, 19.87. 
Found: C, 46.82; H, 5.04; N, 20.18.
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The isolation and characterization of several cyano adducts lla -e  of 1-substituted pyridinium salts 10 is de
scribed. These represent the first examples of this type of compound. In addition, the first Reissert-like com
pound (12a) from pyridine is reported. Contrary to earlier suggestions, the title compounds are relatively stable. 
An explanation of the stability on the basis of interaction of the N substituent with the reactive dihydropyri- 
dine ring is presented.

The synthesis of stable, simple dihydropyridines has re
ceived increased attention recently.2 Such compounds are 
of interest theoretically213 and as precursors in synthetic 
applications.2’4

It has been shown that cyanide reacts with 1,3-disubsti- 
tuted pyridinium salts 1 to afford the corresponding 4- 
cyano adducts 2.2 Only salts related to 1 yield isolable

2
R = alkyl
X  = CONHj, C02Me,

CN, COMe, COPh

products.2 That adducts of other salts were not observed 
was assumed to be due both to the low electrophilicity of 
the salt and the lack of resonance stabilization of the cor
responding cyano adduct which is only possible in species 
such as 2.5

While 3-unsubstituted pyridinium salts 3 had been 
found to be unreactive with cyanide,5 related reactions are

R
3

R = alkyl, aryl, acyl
known. Thus, the corresponding quinolinium adducts (4, 
5) have been known for many years,6'7 while 1-alkoxy-

4 5
and 1-amidopyridinium salts 6 yield transient cyano ad
ducts which decompose with loss of an alcohol or amide to

R =  OR, RNCOR'

+  RH

produce cyanopyridines.8 In contrast to Gauthier’s results, 
cyano adduct 7 was found to be stable in DMSO.9

CN

Me
7

Within the last several years it has been reported that 3 
(R = alkyl or aryl) reacts with cyanide to afford dihydro- 
bipyridine 8 or its oxidized derivatives.10’11 Although

3 — rnCKDns
8
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there are several possible mechanisms,10’1113 the initial
reaction in each is the formation of a 4-cyano adduct 9.
We now wish to report several examples of 9 which are

CN

R
9

R = alkyl, aryl

relatively stable and can be readily isolated. These ad
ducts represent a new class of simple dihydropyridines.

Results
When aqueous solutions of pyridinium salts lOa e were 

treated with sodium cyanide, the corresponding 4-cyano 
adducts 11 were obtained. The yields ranged from 24% for 
lie  to 92% for l ib  as shown in Table I. Since reaction

e, R =C H 20M e;X =  Cl
f, R =  Ph;X =  Cl
g, R = pH,0Ac; X, =  Br
h, R =  CH2CN ; X =  Cl
i, R = CH2C02Et; X =  Cl
j, R =  CHvPb ; X =  Br

OAc

d. R = A cG — (  > ; X = Br

AcO-

times of greater than 2 hr afforded impure l ie  and pyri
dinium salts dimerize in the presence of cyanide, presum
ably via a cyano adduct as described above, further efforts 
to obtain a higher yield of 1 le were not made.

The structures of the products were established on the 
basis of spectroscopic information. An infrared band was 
noted at 1680-1690 cm^1 which has been found to be di
agnostic for simple l,4-dihydropyridines.la'12 A M+ peak 
was observed for each adduct except lib , indicating that 
the compounds were indeed covalent and not ionic. The 
nmr spectra (Table I) are consistent with the assigned 
structures and related l,4-dihydropyridines.la’2’4a’12 The 
observed ultraviolet spectra (Table I) likewise give good 
agreement with previously published results.2’43’12

The reactions of lOf-i with cyanide were only partially 
successful. Reaction of lOf with cyanide furnished Ilf, 
which was free from dihydrobipyridine 8 (R = Ph) by in
frared and mass spectroscopy.13 However, as soon as the 
solid was dissolved, an intense green solution of phenyl- 
viologen cation radical was formed. It is known that cya
nide induces the dimerization of lOf to 8 (R = Ph) which
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is oxidized to the cation radical in solution.113 Even with 
short reaction times, I l f  could not be obtained pure.

Salts lOg i yielded less than 5% of the corresponding 
adducts 11 on exposure to cyanide. The structures were 
assigned by nmr (Table I) and mass spectroscopy. A small 
amount of uncharacterized polymeric material was ob
tained from lOj and cyanide.

The successful preparation of the above cyano adducts 
encouraged us to attempt the synthesis of the pyridine an
alogs of Reissert compounds 5. ' Popp14 has prepared a 
large number of such compounds by mixing the appropri
ate acid chloride and quinoline in methylene chloride with 
aqueous sodium cyanide and stirring the resulting mixture 
for several hours. This technique was utilized in the at
tempted synthesis of 12. Thus, when pyridine, ethyl chlo-

R
12

a, R =  C02Et
b, R =  CONMe,
c, R =  PhCO
d, R=',PhS02
e, R =  NO,PhCO

f, B=iO-N0,PhS02
g, R =  MeCO
h, R = Me3Si
i, R =  NO
j, R = CN

roformate, and cyanide were combined as above, 1-carb- 
ethoxy-2-cyano-l,2-dihydropyridine (12a) was obtained in 
25% yield. The elemental analysis and spectral data are 
consistent with the assigned structure. An infrared ab
sorption at 1650 cm "1, which has been found to be char
acteristic of l,2-dihydropyridines,la’12 was noted. A M + 
peak at m/e 178 was observed. The observed Xmax at 302 
nm is consistent with that of similar l-acyl-l,2-dihydropyr- 
idines,43-15 as is the nmr spectrum.43’15’16

The attempted syntheses of 12b—j were unsuccessful. 
The reactions led to uncharacterized mixtures of starting 
material, hydrolysis products of the acid chloride, or poly
meric materials. The nmr spectra of the crude mixture 
from the attempted synthesis of 12i and 12j suggested the 
presence of a small amount of 2-cyanopyridine. While 
mass spectral data indicated that the desired 12d, 12f, 
12i, and 12j were not obtained, a peak was observed at 
m/e 104 as expected for cyanopyridine. These data 
suggest that in these cases some of the desired product 
was formed but decomposed with loss of RH (R = PI1SO2,
o-N 02PhS02, NO, CN) in a manner analogous to the 1- 
alkoxy- and 1-amidopyridinium salts described above. No 
evidence for either cyano adducts or cyanopyridine was 
observed in the other reactions.

It is known that benzoyl chlorides react with cyanide in 
the presence of pyridine to afford a complex mixture of 
products which does not contain pyridine.17 Such a mix
ture was obtained from benzoyl chloride, p-nitrobenzoyl 
chloride, and probably dimethylcarbamoyl chloride.

The reaction of ethyl chloroformate and dimethylcarba
moyl chloride, which is known to form a stable salt with 
pyridine,18 with cyanide and pyridine was investigated in 
other systems in an effort to achieve the desired result. 
Thus, the reagents were combined in methanol, tetrahy- 
drofuran, dichloromethane, and dichloromethane and 1 
equiv of SbCIs. However, 12b was not obtained nor was 
their any evidence for cyanopyridine observed. While 12a 
was obtained in all cases except in the presence of SbCl5, 
the yield was no better. In addition, Popp’s method with 
reaction times up to 16 hr still gave the same yield of 12a 
and afforded none of the desired 12b.

Discussion
Position of Attack. It is unclear why 1-alkyl- and 1- 

arylpyridinium salts (10) afforded 4-cyano adducts (11) 
while 1-carboethoxypyridinium chloride furnished a 2- 
cyano adduct (12a). Identical behavior is observed in the 
quinolinium system (4, 5). However, again there is no ex
planation for this dichotomy, although it has been sug
gested that the carbonyl function guides the cyanide to 
the 2 position.7

It has been established that 2-cyano adducts (kinetic 
product) rearrange to the more stable (thermodynamic 
product) 4-cyano adducts, at least for compounds similar 
to 2.2 Since it has been shown that the 1,4-dihydropyri- 
dine structure is about 2 kcal/mol more stable than the
1,2-dihydropyridine structure,3 it is reasonable that the
4-cyano adducts (11) should represent the products from 
thermodynamic control.

A wide variety of enolate anions and related species 
have been observed to attack the 4 position of 1-acylpyri- 
dinium salts.193 However, evidence of initial attack at the 
2 position in some cases has been reported.1913 The stabili
ty of 2-cyano adducts7 as opposed to 4-cyano adducts may 
be due to a favorable interaction between the carbonyl 
and cyano groups as shown. This interaction has been 
suggested to account for the stability of 13.19c

Unreactive Pyridinium Salts. The lack of reactivity of
1-acylpyridinium salts might be due to two factors. First, 
formation of the salt is an equilibrium reaction20 which 
could be coupled to an equilibrium between salt and ad
duct2 as shown. Unfavorable equilibria for either reaction

would make it difficult to obtain the desired cyano ad
ducts 12. A second difficulty encountered is attack of cya
nide or other nucleophiles (H20 ), not on the ring, but at 
R to give acyl cyanides and related compounds.17’21 How
ever, 1-acylpyridinium salts have been found to react with 
several different nucleophilic species to furnish dihydro- 
pyridines,193 which implies that conditions might be 
found which would allow the isolation of the correspond
ing cyano adducts.

The apparent lack of reactivity of lOg-j is presumably 
due to relatively low electrophilicity of the salt. Other 
workers have noted this behavior.5’9

Stability of the Adducts. Since simple dihydropyri- 
dines are generally unstable2 and cyanide was predicted 
to be unreactive toward simple salts like 10,5 yet the ad
ducts lla-e and 12a are readily obtained, there are ob
viously some stabilizing factors in these compounds. Reso
nance stabilization as shown below is obviously one factor.

CN CN
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Such resonance interaction would decrease the electron 
density of the reactive dihydropyridine, thus minimizing 
the importance of decomposition reactions usually ob
served with simply dihydropyridines.

This explanation is completely analogous to the stabi
lizing effect of substituents at the 3 and 5 positions which 
are capable of electron withdrawal by resonance interac
tion (i.e., 2).2-5 Kosower12c has interpreted the uv spectra 
of l-aryl-l,4-dihydropyridines 14 in terms of resonance in
teraction between the substituents and the electron pair 
on nitrogen. The resistance of l-phenyl-1,4- and 1,2-dihy- 
dropyridines (15a and 15b) to reduction by sodium bor-

b, R =  NCb Ph Ph

c , R =  CN 15a 15b

ohydride has been attributed to conjugation of the phenyl 
and dihydropyridine rings.23

The stability of lid and lie is unique. Since no reso
nance interactions are possible, perhaps inductive electron 
withdrawal is responsible for stabilizing the adducts. 
However, this does not explain why llg -i are not equally 
as stable. Tetracetylglucosido (TAG) is particularly effec
tive in stabilizing the dihydropyridine ring.24 As judged 
from its decomposition point and inertness upon recrys
tallization, lid appears to be the most stable adduct iso
lated. Wallenfels25 has reported that TAG’s stabilizing 
effect is due to inductive electron withdrawal which 
makes the pyridinium salt highly electrophilic and, there
fore, highly reactive with nucleophiles.25 In the corre
sponding dihydropyridine, the electron-withdrawing effect 
by TAG reduces the electron density of the ring, thus 
making oxidation (and presumably dimerization, etc.) 
more difficult relative to other 1-alkyl (or related) dihy
dropyridines.25b

Compounds 16 and 17 have been isolated, although they 
readily decompose to the corresponding pyridines.26’27

CN

HNCOMe O-f-Bu
16 17

The limited stability of these compounds is also presum
ably due to inductive electron withdrawal.

While one can envision some stabilization due to induc
tive effects, it is not easy to understand why they are ap
parently so important in compounds with ether substitu
ents (lid, lie). The possible biological implications of the 
tremendous stabilizing ability of TAG are obvious.

Experimental Section28
l-(4-Pyridyl)-4-cyano-l,4-dihydropyridine (11a). A solution 

of 3.0 g (15.6 mmol) of 10a (Aldrich) in 35 ml of water was out- 
gassed for 10 min with nitrogen. The addition of potassium cya
nide (2.0 g, 30.0 mmol) caused a red solid to precipitate. The 
flask was stoppered and left in the dark overnight at room tem
perature. The solid was collected and dried under vacuum to af
ford 2.25 g (79%) of red 11a: mass spectrum (70 eV) m/e (rel in- . 
tensity) 183 (M + , 15), 182 (21), 157 (30), 79 (15), 78 (19), 27 (100), 
26(17).

A solution of 1.15 g (5 mmol) of 10a hydrochloride (Aldrich) 
and 0.42 g (5 mmol) of sodium bicarbonate in 20 ml of water was 
filtered29 and purged with nitrogen for 30 min. To this solution

was added 0.49 g (10 mmol) of sodium cyanide. The solution was 
stirred for 15 min while being flushed with nitrogen. The resulting 
red solid was collected, washed well with water, and dried under 
vacuum to afford 0.49 g (53%) of 11a.30

1 - (2,4 - Dinitrophenyl) - 4 - cyano - 1,4 - dihydropyridine 
(lib).31 After a solution of 10b (1.40 g, 5 mmol) in 20 ml of water 
was purged with nitrogen for 30 min, sodium cyanide (0.49 g, 5 
mmol) was added. The solution was stirred under nitrogen for 5 
min to afford a brown solid, which was collected and dried under 
vacuum to yield 1.25 g (92%) of lib: mass spectrum (70 eV) m/e 
(rel intensity) 184 (70), 79 (82), 78 (100), 27 (40).

1 -(tmn.s-2-Styryl) - l-cyano-l ,4-dihydropyridine (lie). After a 
solution of 0.54 g (1.93 mmol) of 10c hydrate32 in 10 ml of water 
was purged with nitrogen for 5 min, sodium cyanide (0.15 g, 3.06 
mmol) was added. The solution was shaken for 1 min, then kept 
under nitrogen for 5 min, and finally extracted with chloroform (2 
X 15 ml). The extracts were dried (MgSO*) and concentrated to 
afford 0.20 g (50%) of 11c: mass spectrum (70 eV) m/e (rel inten
sity) 208 (M+, 2), 182 (25), 103 (13), 79 (13) 77 (12), 28 (100), 27 
(41).

l-Tetracetylglucosido-4-cyano-l,4-dihydropyridine (lid). A
solution of 2.71 g (5.53 mmol) of 10d33 in 10 ml of water was 
layered with 20 ml of methylene chloride. To the stirred mixture 
was added dropwise over 20 min 10 ml of water containing 0.50 g 
(10.2 mmol) of sodium cyanide. After the resulting mixture was 
stirred for 10 min, the layers were separated and the water layer 
was extracted with 20 ml of methylene chloride. The extracts 
were combined, dried (sodium carbonate), and concentrated 
under vacuum to yield 1.51 g (63%) of brown, crystalline solid. 
Recrystallizat.ion of 0.50 g from acetone-water afforded 0.25 g of 
tan plates of lid: mass spectrum (70 eV) m /e (rel intensity) 436 
(M+, 1) 79 (44), 43 (100), 27 (56).

l-Methoxymethyl-4-cvano-l,4-dihydropyridine (lie). Pyri
dine and chloromethyl methyl ether were combined to afford T 
methoxymethylpyridinium chloride (lOe). A solution of lOe (3.6 g,
22.5 mmol) in 20 ml of water was layered with 70 ml of methylene 
chloride and outgassed with nitrogen for 5 min. To the stirred 
mixture was added under nitrogen 10 ml of water containing 1.1 g 
(22.5 mmol) of sodium cyanide. After stirring for 2 hr under nitro
gen, the mixture was poured into ether and the solution was 
washed with water. The ether was dried (MgS04) and concen
trated to afford 0.8 g (24%) of green oil lie: mass spectrum (70 
eV) m/e (rel intensity) 150 (M+, 50), 124 (25), 119 (100), 45 (90). 
The oil darkened on standing.

Attempted Synthesis of l-Phenyl-4-cyano-l,4-dihydropyri- 
dine (Ilf)- A solution of 0.96 g (5.0 mmol) of lOf34 in 20 ml of 
water was purged with nitrogen for 15 min. Sodium cyanide (0.49 
g, 10.0 mmol) was added and the flask was stoppered. After 
standing at room temperature in the dark overnight, impure Ilf 
as a waxy, brown solid (0.13 g) was obtained. Solutions of this 
material exhibited the characteristic uv spectrum of phenylviolo- 
gen cation radical:110 ir (neat) 2230 (CN), 2120, 1680 cm -1 (1,4- 
dihydropyridines); mass spectrum (70 eV) m/e (rel intensity) 182 
(M+, 74), 181 (86), 156 (100), 77 (47), 27 (76).

Anal. Calcd for Ci2H10N2: C, 79.12; H, 5.49; N, 15.38. Found: 
C, 78.68; H, 5.26; N, 11.55.

A solution of 0.85 g (4.50 mmol) of lOf in 5 ml of water was 
layered with 20 ml of methylene chloride and purged with nitro
gen for 10 min. To the stirred mixture under nitrogen was added 
dropwise over 10 min 5 ml of water containing 0.32 g (6.50 mmol) 
of sodium cyanide. After 10 min the layers were separated and 
the aqueous layer was extracted with 20 ml of methylene chloride. 
The extracts were dried (K2C 03) and concentrated to afford 0.3 g 
of brown solid. The infrared and mass spectra were identical with 
those above. Solutions of the solid again exhibited the spectrum 
of phenylviologen cation radical.

l-Acetoxymethyl-4-cyano-l,4-dihydropyridine (llg ) . Pyridine 
and bromomethyl acetate were mixed in ether to afford lOg. A 
solution of lOg (2.3 g, 10 mmol) in 10 ml of water was layered 
with 35 ml of methylene chloride and outgassed with nitrogen for 
5 min. Sodium cyanide (0.5 g, 10 mmol) in 10 ml of water was 
added and the reaction was carried out as in the synthesis of lie  
above to yield a small amount of green oil l lg  which darkened on 
standing; mass spectrum (70 eV) m/e 119, 104, 93, 79, 78, 57, 26; 
ir (CHC13) 2270 (CN), 1705 cm-1 ; uv max (CHCI3) 240, 290 nm 
(sh).

l-Cyanomethyl-4-cyano-l,4-dihydropyridine (llh). Chlo- 
roacetonitrile and pyridine were added to THF to afford 1-cy- 
anomethylpyridinium chloride (lOh). Sodium cyanide (0.2 g, 4 
mmol) and 0.6 g (4 mmol) of lOh were allowed to react as above
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to afford a small yield of green oil llh which darkened on stand
ing: mass spectrum (70 eV) mfe 119, 79, 57, 49, 47, 44, 26; ir 
(CHCla) 2285 (CN), 2205 (CN), 1685 c m 1 (1,4-dihydropyri- 
dines); uv max (CHCI3) 243, 290 nm (sh).

1 - Carboethoxymethyl - 4 - cyano -1,4 - dihydropyridine (lli). 
Ethyl chloroacetate and pyridine were combined in THF to 
yield lOi. Sodium cyanide (0.7 g, 14 mmol) and 2.8 g (14 mmol) of 
lOi were allowed to react as above to furnish a small amount of 
green oil lli which darkened on standing: mass spectrum (70 eV) 
m/e 192 (M + ), 191, 166, 163, 138, 119, 105, 93, 29, 26; ir (CHC13) 
2270 (CN), 1740 (C = 0 ), 1685 cm -1 (1,4-dihydropyridine); uv 
max (CHCI3) 243, 290 nm (sh).

l-Carboethoxy-2-cyano-l,2-dihydropyridine (12a). A solution 
of 6.3 g (80 mmol) of pyridine and 12.0 g (245 mmol) of sodium 
cyanide in 40 ml of water was layered with 60 ml of methylene 
chloride. After the mixture was purged with nitrogen for 5 min,
17.5 g (163 mmol) of ethyl chloroformate was added dropwise ( c a .  

20 min) under nitrogen with stirring. The resulting mixture was 
stirred for an additional 1 hr, poured into 200 ml of water, and 
extracted with 200 ml of ether. The extract was concentrated 
under vacuum, poured into dilute hydrochloric acid ( c a .  10“ 3 M), 
and extracted with ether. The ether solution was washed with 
saturated sodium bicarbonate and water, dried, and concentrated 
under vacuum to afford 3.5 g (25%) of 12a as a red liquid: ir 
(CHCI3) 1720 (C = 0 ), 1650 cm-1 (1,2-dihydropyridine); uv max 
(CHCI3 ) 304 nm; nmr (CDCI3 ) r 8.70 (t, 3, J = 7.0 Hz), 5.65 (q, 2, 
J = 7.0 Hz), 4.35 (m, 3), 3.75 (m, 1) 3.00 (d, 1, J  = 7.5 Hz); mass 
spectrum (70 eV) m/e (rel intensity) 178 (M+, 6), 105 (32), 79 
(100), 78 (61).

Anal. Calcd for C9Hi0N2O2: C, 60.67; H, 5.62. Found: C, 60.17; 
H, 5.74.

Registry No.— 10a, 22752-98-3; 10b, 4185-69-7; 10c, 26154-94-9; 
lOd, 51364-78-4; lOe, 51364-79-5; lOf, 13958-90-2; lOg, 51364-80-8; 
lOh, 17281-59-3; lOi, 27032-03-7; 11a, 51364-81-9; lib, 51364-82-0; 
11c, 51364-83-1; lid, 51381-70-5; lie, 51364-84-2; Ilf, 51364-85-3; 
llg, 51364-86-4; llh, 51364-87-5; lli, 51364-88-6; 12a, 51364-89-7.
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Cyeloadition of 1-Azirines to 1,3-Diphenylisobenzofuran and Rearrangement
of the Adducts1
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1 -A zir in es 1 an d  1 ,3 -d ip h e n y liso b e n zo fu ra n  (2) re a c t  sm o o th ly  an d  e ff ic ie n tly  in re flu x in g  to lu en e  to  a fford  
the s im p le  1:1 a d d u c ts  3, p ossessin g  the e x o  con fig u ra tion . T w o  o f  the  a d d u cts , 3a an d  3b, w ere fo u n d  to  rear
range in the  p resen ce  o f  n eu tra l a lu m in a , to  g ive the  e p o x y b e n z o -2 H -a z e p in e s  20a an d  20b. C h e m ica l rea ction s  
(w ater, a lco h o l, L iA lH 4) o f  th e  a d d u c ts  3 g en era lly  in v o lv e d  in it ia l o p en in g  o f  the  o x id o  brid ge  in a re g iosp ec ific  
m a n n er. W h e n  m ore  v ig orou s  c o n d it io n s  w ere u sed , ru p tu re  o f  the  az ir id in e  ring  u su a lly  fo llow ed .

The role of 1-azirines 1 as dienophilic components in 
Diels-Alder reactions with cyclopentadienones has recent
ly been demonstrated and developed by us2-5 and others.6 
The products were 3H- or 2H-azepines but only indirect 
evidence for the intermediacy of Diels-Alder adducts (7-

norbornanones) was obtained. In an effort to isolate related 
Diels-Alder adducts, we examined, concurrently with our 
investigations of the cyclopentadienone system, 1,3-di
phenylisobenzofuran (2) as the diene component. In the 
meantime a note has appeared7 on this very same reac-
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tion. We describe here our detailed results on the reaction 
of la -d  with 2, and a novel rearrangement of some of the 
initial adducts 3, catalyzed by neutral alumina.

R esu lts and D iscu ssion

A . S tructures. When azirines la -d  and isobenzofuran 2 
were allowed to react in refluxing toluene for 2-24 hr, the 
1:1 adducts 3 a -d  were obtained in 80-90% yield. The

c, R 1 =  H; R 2 =  Ph
d, R l =  H; R 2 =  t-Bu

products were thermally stable in refluxing toluene (for 15 
days) and though unstable to neutral alumina (see below), 
they could be purified by passage through a column of 
Merck acid-washed alumina. The structures of 3 were as
signed in analogy with 3b7 and on the basis of spectra and 
chemical reactions.8 For instance, the low-field position (r 
6.48) of the quartet in 3b indicated considerable deshield
ing of this portion by the oxido bridge,9 demonstrating the 
exo relationship. Similar deshielding effects have been ob
served10'14 in cyclopropene adducts of 2. The nmr analy
ses of the other adducts, 3a, 3c, and 3d, contributed addi
tional structure proof for the exo configuration. For exam
ple, the singlets at r 7.70 and 6.66 in 3a, although unre
solved even at 10C MHz, were coupled [Jsem < 0.2 Hz) as 
indicated by the fact that irradiation of either peak did 
cause an increase in the amplitude of the other. It is well 
known15-16 that geminal coupling in aziridines is low (0-2 
Hz). The adducts 3c and 3d (formed by the in situ gener
ation of the azirines l c  and Id from the terminal vinyl 
azides4) possessed small vicinal coupling constants of 2.4 
and 2.7 Hz, respectively, thus proving the trans arrange
ment of the aziridine ring protons.

3,3-Dimethyl-2-phenylazirine failed to react with 2 in 
refluxing toluene. A similar inertness to reaction of this 
azirine with cyclopentadienones was also observed2 and 
explanations were offered5 to account for this.

In order to have a diagnostic probe for the nmr, most of 
the subsequent chemical reactions were conducted with 
the ierf-butyl adduct 3d.

B . O x ido  B ridge  O pening. When the crude reaction 
mixture containing 3d was chromatographed over silica 
gel, a small amount of diol 4 (in addition to pure 3d) was 
isolated. This reaction was carried out more efficiently by 
stirring the adduct 3d with silica gel in USP-grade ether. 
An analogous product 5 was also noted from the reaction 
of 3a on silica gel. The trans-diol structure assignment is 
based on the assumption that the more stable trans diol 
will be formed preferentially and in analogy with hydride 
opening of the oxido bridge, which is expected to proceed 
in a trans manner. When crude 3d was chromatographed 
on Merck acid-washed alumina, and solvent mixtures con
taining undistilled ether were used as eluents, two isomers 
indicating the incorporation of one molecule of warer were 
separated. The minor one, mp 171°, corresponded to 4 
while the major component (mp 130°) had similar ir and 
nmr properties, and has tentatively been assigned the iso
meric cis-diol structure 6.17

The utility of this reaction was examined with other nu
cleophiles such as alkoxide and hydride. By refluxing 3d 
in an appropriate alcohol, opening of the oxido bridge oc-

6

9, R =  Me
10, R =  Et

curred regiospecifically with the incorporation of a mole
cule of solvent to give the adducts 9 and 10.

To prove the regiochemistry of opening we selected hy
dride as the nucleophile. Opening of 3b by LiAlH4 was 
postulated7 to proceed to 8 on the basis of the chemi
cal shift of the benzylic hydrogen. We were able to verify 
this assignment by the isolation of 7, from the reduction 
of 3d. The singlet (t 5.63) for the benzylic hydrogen clear
ly indicated that hydride had entered at the carbon atom 
of the oxido bridge next to the aziridine ring nitrogen. The 
regioselective opening of the oxido bridge by H20, alkox
ide, or hydride vicinally to the aziridine N suggests that 
the latter is capable of stabilizing adjacent incipient posi
tive charges without undergoing ring opening. Backside 
trans opening of the oxido bridge is assumed.

Treatment of 3d with concentrated HC1 in refluxing 
glyme for 19 hr produced three products, 4, 11, and 12, 
separated by ptlc. The first product 4 corresponded to 
that isolated from the hydration of 3d on silica gel. The 
second product 11, to which the dihydroisoquinoline 
structure has been assigned, may have been formed di
rectly from 3d as outlined, or indirectly from 4 via 13.

Ph Ph

HC1 V ^ N
- 4  + I T  L>kCH Cl +  [

glyme
reflux (14% )

' h\ - B u ^ 'CHC1
19 hr HO  Ph Ph 1

11 (2 6% ) t-B u

12 (9 % )

Opening to a seven-membered ring was ruled out by the 
nmr spectra. When 4 was treated under the reaction con
ditions it was smoothly converted to 12, presumably via 
11 which on dehydration yielded 12. Similarly 11 was con
verted to 12.

4
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C. Isom erization  o f  A dducts. As mentioned earlier, the 
adducts 3 a -d  were purified by chromatography over 
Merck acid-washed alumina. We have found that this 
technique conveniently removes excess azirine from the 
product and that the azirines are not eluted from the col
umn even when methanol is used as eluent (considerable 
amount of azirine still contaminated 3a and 3b after chro
matography on silica gel). However, when the crude reac
tion mixture containing 3b was chromatographed over 
Woelm neutral alumina (activity I) (or the pure adduct 
3b was merely stirred in solution with the chromatograph
ic support) a colorless, crystalline isomer, mp 158°, was 
obtained very quickly (<1 hr) and in good yield (50-60%). 
Spectra comparison, chemical conversions, and synthetic 
schemes discussed below led to the elucidation of its 
structure as 20b.

The ir spectrum indicated the absence of the OH, NH, 
and 0 = 0  moieties, while the nmr spectrum clearly indi
cated the intactness of the -CHM e- unit (three-proton 
doublet, J = 6.5 Hz) at r 8.68 and one-proton quartet at r
6.35. The aromatic region displayed a 17 H multiplet at r
3.10-2.30 and a low-field 2 H multiplet at r 2.25-2.00, 
characteristic of the ortho protons of a benzene ring at
tached to a G=N, as observed in 3H- and 2ff-azepines.5

Furthermore, the isomer failed to react with LiAlH4, di
lute HCl-methanol reflux, or refluxing KOH-MeOH, and 
it was unchanged by thermolysis in refluxing xylene. 
However upon treatment with refluxing glacial acetic acid 
containing a few drops of concentrated HC1 it was con
verted to the diketone 14 [rmax (KBr) 1672 and 1650 
cm-1]. The latter was independently synthesized by the 
chromic acid oxidation of 1,2,3-triphenylindene (15). This 
degradation gave a clue as to the structure of one side of 
the molecule, but since the other part (containing the 
methyl group) had been lost it was necessary to examine 
whether the same isomerization process can be observed 
with the other adducts 3.

neut HC1
3b -----  *■ isomer -------*■

A1203 AcOH

O Ph

Unfortunately, the isomerizations of 3a, 3c, and 3d were 
neither as clean nor as rapid as with 3b. However, in anal
ogy with 3b, they all gave colorless solutions in chloroform 
or ether which rendered a blue-green fluorescence on 
treatment with neutral alumina. The ferf-butyl adduct 3d 
showed no rearrangement (by nmr ot tic) after 5 days. 
However, on exposure of 3a to neutral alumina, a crystal
line isomer (20a) was isolated in low yield. Whereas the 
nmr spectrum of 3a had shown two singlets at r (CDCl.i)
7.70 and 6.66 for the aziridine ring protons, the isomer 
displayed two doublets (J = 10.5 Hz, each 1 H) at r 
(CDC13) 6.42 and 5.22. It proved fortunate that this work 
was conducted concurrent with our study on cyclopentadi- 
enones,2 since it was soon recognized that the nmr spectra 
of the isomers of 3a and 3b were very similar to those of 
the 2H-azepine adducts 17a and 17b derived from 1,3-di- 
phenylinden-2-one (16) and the azirines la  and l b .3'5 For 
example, 17a showed two doublets (J = 10 Hz, each 1 H) 
at r 6.40 and 5.06; 17b had a doublet (J = 6.5 Hz, 3 H) at 
r 8.55 and a quartet (1 H) at t  6.40.

Two structures, the N-oxide 19 arising via 18 or the ep

oxide 20 formed by direct rearrangement of 3 (see Scheme
I), would fit all the data described. In fact 19, convenient-

S c h e m e  I

Me

(1)

(2)

ly prepared as colorless crystals, mp 218°, from the 2H- 
azepine 17b, possessed different physical and chemical 
properties than those of the isomer of 3b. This excluded 
path 1. A direct synthesis of 20b (path 2) from 17b was 
not possible; however, when the 2H-azepine 17b was heat
ed in CHCI3 with excess m-chloroperbenzoic acid (m- 
CPBA) it was slowly converted to the epoxide 21 (via 19).

Ph

19

b, R =  Me
j m-CPBA

20b

When the isomer of 3b was treated with m-CPBA in chlo
roform at 25° it was converted to the same N-oxide 21. It 
was therefore concluded that the isomerization of the ad
ducts 3a and 3b on neutral alumina affords the epoxy- 
2H-azepines 20a and 20b. Scheme I (path 2) points out 
again the ability of the aziridine N to participate in the 
opening of the oxido bridge. The inertness of 20b to acid, 
base, and LiAlH4 may be compared to the resistance of 
tetraphenylethylene oxide (22) to these three reagents.8 
Similarly, l-methyl-l,2,2-triphenylethylene oxide (23) was 
reported19 to be “ relatively stable” to aqueous H 2 SO 4 .

PhC0CPh3
27

22. R =  Ph
23. R =  Me

Several processes may be postulated to account for the 
production of the diketone 14 on AcOH-HCl hydrolysis of 
20b, one of which is shown. It involves initial hydrolysis of 
the C =N  bond to afford 24, which then undergoes a hy
drogen transfer with elimination of acetaldehyde imine to 
give 14.
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P h Ph

When the crude adduct 3a was adsorbed in a column of 
neutral alumina and allowed to stand overnight, elution 
the following day produced a small amount of the epoxide 
20a. However, the major product isolated turned out to be 
yet another isomer of 3a. This material was obtained as 
colorless crystals, mp 176°, r (CDCI3) 5.23 (s, 2 H), 3.20-
2.40 (m, 19 H). This isomer has been assigned the cyclic 
ketone structure 25, rather than the regioisomer 26, on the

basis of its ir adsorption (1710 cm-1 ). Both may be inter
preted as being formed via a pinacol-type rearrangement 
of 3a.20 Similar rearrangements have been observed in 
other epoxides,18® for example 22 —* 27, and in adducts of
1,3-diphenylisobenzofuran (2) with cyclopropenes,11 al
though in this latter case the opposite regioisomer was 
formed. The appearance of the methylene ring protons of 
25 as a singlet in the nmr spectrum showed that ring in
version was fairly rapid on the nmr time scale when com
pared to the epoxy compound 20a and the 2/i-azepine 
17a.

E xperim ental S ection 21
R e a c t io n  o f  2 - P h e n y l - l -a z i r in e  ( l a )  w it h  1 ,3 -D ip h e n y lis o -  

b e n z o fu r a n  (2 ). A d d u c t  3a . a-Azidostyrene (2.0 g, 13.8 mmol) 
was converted to l a  by heating22 under reflux in toluene (25 ml) 
for 2 hr, at which time gas evolution had ceased, and the furan 
(2.70 g, 10 mmol) was added. The mixture was refluxed for an ad
ditional 17 hr until the blue-green fluorescence due to 2 disap
peared. The solvent was removed to  yield an orange oil, which 
was chromatographed over Merck acid-washed alumina. Ether- 
hexane (1:2) eluted a colorless foam (3.60 g, 93%). Trituration in 
hexane with cooling gave a white solid. Recrystallization from 
hexane gave the exo adduct 3a  (3.25 g, 84%) as colorless crystals: 
mp 94°; nmr (CDCI3) r 7.70 (s, 1 H), 6.66 (s, 1 H), 3.40-3.10 (m, 2 
H), 3.00-1.90 (m, 17 H); „max (KBr) 1451, 1311, 1020, 1007, 995, 
769 (s), and 710 cm-1 (s); mass spectrum m/e (rel intensity) 387
(17), 386 (13), 359 (17), 285 (13), 284 (54), 282 (20), 271 (77), 270 
(100), 252 (10), 241 (39), 239 (17), 206 (14), 173 (16), 165 (21), 117
(20), 105 (18), 103 (11), 77(22).

Anal. Calcd for C28H21NO: C, 86.8; H, 5.5. Found; C, 86.6; H,
5.4.

R e a c t io n  o f  3 - M e t h y l -2 -p h e n y l - l - a z ir in e  ( l b )  w it h  2. A d d u c t
3 b . The furan and the azirine22 were refluxed in toluene for 24 hr 
as for 3 a . Chromatography and elution with hexane-ether (3:1) 
gave a colorless foam (3.70 g, 92%), which on cooling and tritura
tion with hexane gave large, colorless crystals (3.60 g, 90%). Re
crystallization from hexane produced the pure exo adduct 3b  as 
colorless crystals: mp 110° (lit.7 mp 192-194°);8 nmr (CDCI3) r
8.95 (d, J  = 6.0 Hz, 3 H), 6.48 (q, J  = 6.0 Hz, 1 H), 3.55-3.20 (m.

2 H), 3.10-1.90 (m, 17 H); xmax (KBr) 1450, 1312, 1021, 760 (s), 
and 710 cm-1 ; mass spectrum m /e (rel intensity) 401 (14), 359
(8), 296 (12), 283 (9), 271 (23), 270 (100), 241 (12), 239 (7), 165 (8), 
131 (36), 130 (10), 115 (5), 105 (6), 104 (6), 103 (9), 77 (11).

Anal. Calcd for C29H2 3NO: C, 86.75; H, 5.8. Found; C, 86.9; H,
5.9.

R e a c t io n  o f  3 - P h e n y l -1- a z ir in e  ( l c )  w it h  2. A d d u c t  3 c . The
furan (1.0 g, 3.72 mmol) and trans-l.3-azidostyrene23 (0.90 g, 6.19 
mmol) were heated in toluene (15 ml) for 1.5 hr. Work-up as de
scribed for 3 a  gave 1.2 g of 3 c , and after recrystallization 0.94 g 
(65%) as colorless granules: mp 145°; nmr (CDC13) t 7.16 (d, J  =
2.4 Hz, 1 H), 6.07 (d, J  = 2.4 Hz, 1 H), 2.95-2.00 (m, 19 H); *max 
(KBr) 1454, 1316, 990, 756, and 707 cm- 1 ; mass spectrum m/e 
(rel intensity) 387 (21), 384 (24), 283 (100), 282 (33), 271 (14), 270
(51), 241 (13), 178 (10), 165 (14), 105 (26), 77 (27).

Anal. Calcd for C28H21NO: C, 86.8; H, 5.5. Found; C, 86.8; H,
5.5.

R e a c t io n  o f  3 - ie r f -B u t y  1-1-a z ir in e  ( I d )  w it h  2. A d d u c t  3d .
trans-l-Azido-3,3-dimethvlbut-l-ene22 (2.1 g, 16.8 mmol) and the 
furan (2.7 g, 10 mmol) heated in toluene (15 ml) for 16 hr and 
worked up as above produced 3d as a white solid (3.01 g, 82%), 
recrystallized from hexane: colorless needles, mp 104°; nmr 
(CDCls) r 9.04 (s, 9 H), 7.40 (d, J = 2.7 Hz, 1 H), 7.25 (d , J  = 2.7 
Hz, 1 H), 3.00-2.70 (m, 4 H), 2.60-1.90 (m, 10 H); vmax (KBr) 
1450, 1313, 987, 763, 751, and 707 cm- 1 ; mass spectrum m/e (rel 
intensity) 367 (7), 284 (24), 283 (100), 282 (5), 271 (8), 270 (28), 
241 (7), 239 (5), 165 (7), 105 (8), 77 (5); m* 218.5 is 367 — 283.

Anal. Calcd for C26H25NO: C, 85.0; H, 6.9. Found: C, 85.0; H,
6.95.

H y d r a t io n  o f  th e  terf-Butyl A d d u c t  3d  o n  S i l i c a  G e l. The ad
duct 3d (510 mg) was stirred in USP-grade ether (40 ml) in the 
presence of Fisher silica gel (10 g, 28-200 mesh) for 21 hr, after 
which time the silica was filtered and washed with anhydrous 
ether (50 ml). Removal of the solvent gave a foam (510 mg, 95%) 
which rapidly solidified on trituration with hexane. Recrystalliza
tion from hexane gave the pure trans diol 4 (373 mg, 70%) as col
orless crystals: mp 171°; nmr (CDCI3) r 9.04 (s, 9 H), 7.55-7.25 
(br, 2 H), 2.85-2.10 (m, 14 H); addition of D2O resolved the broad 
adsorption at r 7.55-7.25 into two sharp doublets (J = 3.8 Hz, 
each 1 H) at r 7.46 and 7.36; ¡.max (KBr) 3400-2700 (br d), 1460, 
1450 (sh), 1210, 1065, 1058, 973, 948, 922, 767, and 710 cm-1 ; mass 
spectrum m/e 385, 367, 328, 287, 283 (100), 270, 235, 209, 105; m* 
252 is 328-* 287, m* 218.5 is 367 — 283.

Anal. Calcd for C26H27NO2: C, 81.0; H, 7.1. Found: C, 80.8; H,
7.1.

H y d r a t io n  o f  th e  fe r i -B u ty l  A d d u c t  3d o n  A c id -W a s h e d  A lu 
m in a . The crude reaction mixture containing 3d  [formed from the 
furan 2 (1.0 g, 3.7 mmol) and the vinyl azide (2.0 g, 16 mmol) in 
refluxing toluene (15 ml) for 5 hr] was chromatographed over 
Merck acid-washed alumina. Ether-hexane (1:4) eluted the exo 
adduct 3d (700 mg. 51%). Increasing amounts of ether (up to 
100%) eluted an oil (712 mg) from which the trans diol 4 sepa
rated (47 mg, 3%). The residual oil was subjected to ptlc and the 
fastest running component was removed, giving a colorless solid 
(222 mg, 16%). Recrystallization from hexane yielded colorless 
crystals of the cis diol 6: mp 130°; nmr (CDC13) r 9.00 (s, 9 H),
7.95 (br d, 1 H), 7.32 (br d, 1 H), 2.85-2.05 (m, 14 H); addition of 
D20  resolved the two broad doublets (J = 3.4 Hz); i/max (KBr) 
3500-3000 (br), 1462, 1210, 1202, 1049, 910, 775, 761, and 707 
cm-1 ; mass spectrum m/e 385, 367, 328, 310, 300, 287, 283 
(100%), 270, 241, 235, 209, 195. 178, 165, 152, 105, 99; m* 350 is 
385— 367, m* 218.5 is 387— 283.

Anal. Calcd for C26H27NO2: C, 81.0; H, 7.1; N, 3.6. Found: C, 
81.2; H, 7.2; N, 3.7.

R e a c t io n  o f  th e  fe r i -B u ty l  A d d u c t  3d  w i t h  M e t h a n o l .  The ad
duct 3d  (200 mg) was heated under reflux in absolute methanol 
(15 ml) for 24 hr. Removal of the solvent and crystallization of 
the residue from hexane yielded the trans methoxy alcohol 9 (84 
mg, 39%) as colorless crystals: mp 118°; nmr (CDCI3 ) r 9.01 (s, 9 
H), 7.68 (br d. J = 3.0 Hz, 1 H), 7.48 (br d, J = 3.0 Hz, 1 H), 6.66 
(s, 3 H), 2.80-2.20 (m, 14 H); addition of D20  resolved the two 
broad doublets; i’max (KBr) 3285, 1450, 1076, 990 (s), 763, and 709 
cm-1 ; mass spectrum m/e 399, 367, 310, 300, 283 (100%). 270, 
241,193, 178, 165, 105, 77; m* 218.5 is 367— 283.

Anal. Calcd for C27H29NO2: C, 81.2; H, 7.3. Found: C, 81.2; H,
7.4.

R e a c t io n  o f  th e  ie r i -B u t y l  A d d u c t  3d  w it h  E t h a n o l .  The ad
duct 3d  (700 mg) heated in ethanol (25 ml) for 2 hr afforded 573 
mg (72%) of the trans ethoxy alcohol 10: mp 145°; nmr (CDC13) t
9.00 (s, 9 H), 8.85 (t, J  = 7 Hz, 3 H), 9.20-8.50 (v br, 1 H), 7.80-
7.40 (v br, 2 H), 6.70-6.15 (2 q, AB. J  = 7.0 and 2.5 Hz, 2 H),
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2.85-2.20 (m, 14 H); upon addition of D20  the broad signal at t
9.20-8.50 disappears and the broad signal at t 7.80-7.40 is re
solved into two doublets (J = 3.0 Hz, each 1 H) at r 7.66 and 
7.51; ('max (KBr) 3275, 1076, 994, 882, 768, and 711 cm-1 ; mass 
spectrum m/e 413, 384, 367, 315, 287, 283 (100%), 270, 241, 209, 
193, 178, 165, 105; m* 269.5 is 367 — 315, m* 261.5 is 315 — 287, 
m* 252 is 287—» 270, m* 218.5 is 367— 283.

Anal. Calcd for C28H3iN 0 2: C, 81.3; H, 7.6; N, 3.4. Found C, 
81.5; H, 7.7; N, 3.5.

Reduction of the f erf-Butyl Adduct 3d with LiAlH*. The ad
duct 3d (256 mg, 0.7 mmol) was heated under reflux for 24 hr in 
tetrahydrofuran (15 ml) containing LiAlH4 (40 mg, 1.05 mmol). 
An aqueous work-up provided a colorless foam (200 mg, 78%) 
which on extended trituration and cooling to -78° produced crys
tals. Recrystallization from hexane yielded the pure aziridino al
cohol 7 as colorless crystals: mp 66°; nmr (CDCI3) r 9.00 (s, 9 H), 
8.39 (d, J  = 3.0 Hz, 1 H), 7.90 (s, 1 H, OH), 7.14 (d, J = 3.0 Hz, 1 
H), 5.63 (s, 1 H), 3.00-2.45 (m, 13 H), 2.20-1.95 (m, 1 H); i/max 
(KBr) 3450 (br), 1491, 1450, 1011, 768, 740, and 707 c m '1; mass 
spectrum m/e (rel intensity) 369 (48), 352 (13), 326 (25), 312 (10), 
285 (24), 284 (100), 283 (13), 271 (11), 201 (24), 206 (36), 193 (16), 
179 (16), 178 (16), 165 (11), 105 (13), 86 (61), 71 (29).

Anal. Calcd for C26H27NO: C, 84.5; H, 7.4. Found: C, 84.5; H,
7.5.

Treatment of the tert-Butyl Adduct 3d with HC1. A. The az-
iridine 3d (200 mg, 0.545 mmol) was heated under reflux for 19 hr 
in glyme (5 ml) containing 3 drops of concentrated HC1. The sol
vent was removed and the yellow-green foam was extracted with 
chloroform-water. The organic layer was washed with dilute 
Na2CC>3 solution and dried over M gS04 to give a yellow foam 
(159 mg). The foam was applied to a silica gel preparative plate 
(20 X 20 X 0.2 cm) and eluted with ether-hexane (1:1). Three 
bands were extracted with ether; the slowest (30 mg, 14%) was 
shown to be the trans diol 4, mp 171°. The center band provided 
colorless crystals (59 mg, 26%) from hexane of 3-chloroneo- 
pentyl-4-hydroxy-l,4-diphenylisoquinoline (11): mp 163°: nmr 
(CDCI3) r 8.80 (s, 9 H), 6.30 (v br, -OH), 5.95 (d, J  = 5.3 Hz, 1 
H), 5.07 (d, J  = 5.3 Hz, 1 H), 2.80-2.20 (m, 14 H); rmax (KBr) 
3580 (w), 1606, 1446, 1327, 1320, 1164, 963, 797, 777, 764, and 710 
c u r 1; mass spectrum m/e (rel intensity) 403 (1), 388 (2), 369
(14), 368 (48), 352 (2), 346 (3), 310 (5), 271 (23), 270 (100), 241 (9), 
193 (5), 165 (7), 105 (8); characteristic 35C1 and 37C1 pattern for 
m /e 403,388,346, and 310 peaks.

Anal. Calcd for C26H26N0C1: C, 77.2; H, 6.5. Found: C, 77.3; 
H, 6.5.

The fastest component (21 mg, 9%) afforded colorless crystals 
from hexane of 3-chloroneopentyl-l,4-diphenylisoquinoline (12):
mp 182°; nmr (CDCI3) r 8.87 (s, 9 H), 5.10 (s, 1 H), 2.75-1.60 (m, 
14 H); ¡'max (KBr) 1385, 777, 756, and 710 cm-1 ; mass spectrum 
m/e (rel intensity) 385 (6), 350 (7), 335 (5), 334 (10), 332 (7), 331
(26), 330 (23), 329 (100), 328 (22), 296 (14), 295 (57), 294 (47), 293
(45), 292 (45), 291 (22), 290 (10), 258 (6), 71 (10); m* 261 is 329 — 
293; 35C1 and 37C1 patterns for m/e 385, 370, and 329 peaks.

Arml. Calcd for C26H24NC1: C, 81.0; H, 6.3. Found: C, 81.1; H,
6.4.

B. When the reaction was allowed to proceed for 68 hr before 
work-up, the isoquinoline 12 was isolated (85%) directly. Neither 
the trans diol 4 nor the dihydroisoquinoline 11 was detected by tic 
or nmr after 68 hr at reflux.

Reaction of the Trans-Diol 4 with HC1. The diol 4 (205 mg,
0.53 mmol) was heated under reflux in glyme (5 ml) containing 6 
drops of concentrated HC1 for 22 hr. Removal of the solvent gave 
a yellow solid, which was dissolved in chloroform and washed 
with dilute Na2CC>3 solution. The organic layer was dried with 
M gS04 and the solvent was removed to afford a yellow oil (200 
mg) which rapidly solidified. (Nmr analysis of this solid showed it 
to be at least 90% pure isoquinoline 12.) Recrystallization from 
hexane gave the pure isoquinoline 12, mp 182°.

Hydration of 3a on Silica Gel. a-Azidostyrene (1.5 g, 10.3 
mmol) was heated under reflux for 2 hr in toluene. The furan (2.0 
g, 7.4 mmol) was added and the mixture was refluxed for an ad
ditional 23 hr. The solvent was removed and the oil was chroma
tographed on silica gel. Ether-hexane (1:4) eluted the adduct 3a 
(900 mg) contaminated with a small amount of azirine la. In
creasing amounts of ether (USP grade) eluted a foam (1.9 g) 
which was mainly 3a. However, the later fractions crystallized on 
trituration with hexane. In this manner there was obtained a 
sand-like material (400 mg). Recrystallization (with charcoal) 
from chloroform-hexane gave colorless needles (286 mg, 10%) of 
the trans diol 5: mp 186°; nmr (CDCI3) r 9.30-8.55 (v br, 1 H),
7.85 (br s, 1 H), 6.93 (br s, 1 H), 3.30-2.92 (m, 3 H), 2.92-2.16 (m,

16 H); the high-field signal r 9.30-8.55 disappears with D20  and 
the two broad singlets become sharp; rmax (KBr) 3320, 1450, 1211, 
1061, 993, 969, 946, 791, 779, 766, 710, and 625 c m '1; mass spec
trum m/e 405, 387, 386, 359, 284, 282, 271, 270, 252, 241, 239, 209, 
206,193,178,165,152,135,119, 117,105, 91, 77.

Anal. Calcd for C28H23N 0 2: C, 82.9; H, 5.7; N, 3.5. Found: C, 
82.8; H, 5.8; N, 3.5.

Isomerization of the Adduct 3b to 20b with Neutral Alumi
na. A. The reaction mixture containing crude 3b [formed from 
the azirine lb (500 mg, 3.8 mmol) and the furan 2 (950 mg, 3.5 
mmol) in refluxing toluene (15 ml) for 24 hr] was chromato
graphed over Woelm neutral alumina (activity I). Upon absorp
tion, the chromatographic support acquired a brilliant green-blue 
fluorescence. Elution with benzene caused the fluorescent materi
al to move down the column. There was obtained a blue-green 
fluorescent oil which rapidly solidified (600 mg, 81%). Recrystalli
zation from hexane gave colorless crystals of 3,4-epoxy-2-methyl- 
3,4,7-triphenylbenz[e]-2H-azepine (20b): mp 158°; nmr (CDCI3) 
t 8.68 (d, J = 6.5 Hz, 3 H), 6.35 (q, J = 6.5 Hz, 1 H), 3.10-2.30 
(m, 17 H), 2.25-2.00 (m, 2 H); i/max (KBr) 1594, 1567, 1448, 1295, 
960, 767, and 700 c m '1; mass spectrum m/e 401, 359, 296, 286, 
283, 275, 252, 209, 165, 152, 131, 105, 77.

Anal Calcd for C29H23NO: C, 86.75; H, 5.8; N, 3.5. Found: C, 
86.8; H, 5.8; N, 3.4.

B. The pure aziridine 3b (211 mg) was stirred at 25° in benzene 
(20 ml) containing Woelm neutral alumina (10 g, activity I). The 
mixture rapidly acquired a blue-green fluorescence. After 2 hr the 
color had faded. The mixture was filtered to yield (after recrys
tallization from hexane) the epoxy-2if-azepine 20b (115 mg, 55%). 
The time required for completion of this isomerization was vari
able (1-50 hr) depending upon the alumina and the solvent.

Reaction of the Epoxy-2//-azepine 20b with Concentrated 
HCl-Acetic Acid. The epoxide 20b (126 mg, 0.315 mmol) was 
heated under reflux for 4 hr in glacial acetic acid (2.5 ml) con
taining 2 drops of concentrated HC1. The solvent was removed to 
give an orange oil, which was taken up in chloroform, washed 
with dilute Na2C 03 solution, and dried over M gS04. There was 
obtained a fluorescent yellow-green gum (95 mg) which slowly so
lidified. Recrystallization from hexane yielded l-(o-benzo.vl 
phenyl)-l-phenylacetophenone (14) as colorless crystals: mp 91°; 
nmr (CDC13) r 3.33 (s, 1 H), 2.80-1.85 (m, 19 H); rmax (KBr) 
1672, 165 1274, 1223, 937, and 707 c m '1; mass spectrum m/e 376, 
271, 255, 254, 241,194,165,105,93,86, 77.

Anal. Calcd for C27H20O2: C, 86.1; H, 5.4. Found: C, 85.9; H,
5.4.

Oxidation of 1,2,3-Triphenylindene (15).24 The indene (500 
mg, 1.45 mmol) and chromium trioxide (450 mg, 4.5 mmol) were 
stirred in glacial acetic acid (15 ml) at 50-70° for 15 min, at which 
time the hot mixture was poured into ice water (50 ml). Extrac
tion with ether, followed by washing with water and dilute NaOH 
solution, gave a brown oil (450 mg). This was applied to a prepar
ative tic plate (silica, 20 X 20 X 0.2 cm) and eluted with ether- 
hexane (3:7). The faster band afforded the diketone 14 (100 mg, 
18%), mp 91°. The slower band yielded 1,2-dibenzoylbenzene (133 
mg, 22%).

Isomerization of 3a to 20a on Neutral Alumina. The furan 2 
(1.0 g, 3.7 mmol) and the azirine la (0.7 g, 6.0 mmol) were heated 
under reflux in toluene (12 ml) for 24 hr. The solvent was re
moved and the crude adduct 3a was dissolved in chlorform. The 
solution was added to a dry column of Woelm neutral alumina 
(activity I) and the column was allowed to stand for 20 hr before 
eluting. The adsorbed material turned orange. Elution with ether 
afforded the furan 2 (100 mg, 10%) closely followed by a colorless 
oil (200 mg, 14%) which soon solidified. Recrystallization gave 
pure 3,4-epoxy-3,4,7-triphenylbenz[e]-2//-azepine (20a) as color
less prisms from hexane; mp 152°; nmr (CDCI3) r 6.42 (d, J =
10.5 Hz, 1 H), 5.22 (d, J = 10.5 Hz, 1 H), 3.00-1.90 (m. 19 H); 
¡'max (KBr) 1600, 1447, 1309, 946, 770, and 705 cm ' l ; mass spec
trum m/e (rel intensity) 387 (17), 285 (22), 284 (100), 282 (21), 270
(29), 252 (12), 207 (38), 206 (57), 193 (22), 178 (14), 105 (14).

Anal. Calcd for C2SH21NO: C, 86.8; H, 5.5. Found: C, 87.0; H,
5.6.

Methanol eluted an amorphous orange solid (900 mg). At
tempted purification by recrystallization (with charcoal) from 
methanol gave orange, leafy needles (36 mg), mp 165°. An analyt
ical sample was prepared by ptlc and provided 4,4,7-triphenyl- 
benz[e]-2JZ-azepin-3-one (25) as cream needles: mp 176°; nmr 
(CDCI3) r 5.23 (s, 2 H), 3.20-2.40 (m, 19 H); ¡/max (KBr) 1710, 
770, and 704 cm-1 ; mass spectrum m/e (rel intensity) 388 (10), 
387 (33), 360 (12), 359 (56), 358 (100), 282 (7), 281 (13), 280 (6), 
268 (8), 253 (6), 252 (9), 118 (5), 75 (8).
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Anal. Calcd for C28H2iNO: C, 86.8; H, 5.5. Found: C, 86.5; H,
5.5.

Oxidation of the 2H-Azepine 17b with m-CPBA. A. The aze- 
pine 17b3-5 (129 mg, 0.335 mmol) was dissolved in chloroform (5 
ml) at 25° and m-chloroperbenzoic acid (100 mg, 0.66 mmol) was 
added to the stirred solution. After 1.5 hr the solution was washed 
with dilute Na2C0 3 solution and dried over M gS04. Removal of 
the solvent gave an oil (135 mg) which rapidly solidified. Recrys
tallization from chloroform-hexane gave pale yellow-green crys
tals (79 mg, 59%) of 2-methyl-3,4,7-triphenylbenz[e]-2i/-azepine 
IV-oxide (19): mp 219°; nmr (CDCI3) r 8.50 (d, J  = 7.0 Hz, 3 H),
5.52 (q, J = 7.0 Hz, 1 H), 3.10-2.00 (m, 19 H); i>max (KBr) 1490, 
1480, 1445, 1226 (N -*  O), 780, 757, and 704 cm-1 ; mass soectrum 
m/e (rel intensity) 401 (100), 385 (32), 384 (79), 369 (10), 359 (14),
357 (19), 356 (20), 343 (11), 324 (25), 285 (37), 284 (41), 283 (13),
280 (19), 278 (12), 270 (11), 269 (17), 268 (59), 267 (13), 265 (15),
252 (17), 290 (12), 165 (14), 117 (10), 115 (18), 105 (40), 91 (19), 83
(11), 77 (34).

Anal. Calcd for C29H23NO: C, 86.75; H, 5.8. Found: C, 86.6; H,
5.9.

B. Oxidation of 243 mg (0.635 mmol) of 17b with 2.62 mmol of 
the peracid led to quantitative conversion to the IV-oxide 19 (by 
tic). Refluxing of the reaction mixture for 6 hr produced 253 mg of 
a foam, which on trituration with ether-hexane and recrystalliza
tion from chloroform-hexane provided greenish crystals (144 mg, 
55%) of 3,4-epoxy-2-methyl-3,4,7-triphenylbenz[e]-2H-azepine 
IV-oxide (21): mp 231°; nmr (CDCI3) r 8.62 (d, J  = 6.7 Hz, 3 H),
5.45 (q, J = 6.7 Hz, 1 H), 3.05-2.20 (m, 17 H), 2.05-1.80 (m, 2 H); 
i/max (KBr) 1493, 1446, 1276, 1255, 1236, 770, 760, and 7C9 cm -1; 
mass spectrum m/e (rel intensity) 417 (11), 359 (11), 270 (13) 268
(15), 165(10), 117 (22), 115 (25), 105 (100), 91 (23) 77 (54).

Anal. Calcd for C29H23NO2: C, 83.4; H, 5.55. Found: C, 83.2; 
H, 5.65.

Oxidation of the Epoxy-2H-azepine 20b with m-CPBA.
Reaction of the epoxide 20b (300 mg, 0.75 mmol) with the peracid 
(1.52 mmol) in chloroform (15 ml) for 5 hr afforded a foam (284 
mg, 91%) which on trituration with hexane and recrystallization 
gave the epoxy-2H-azepine IV-oxide 21 (198 mg, 63%), mp 231°, 
identical in all spectral properties with that obtained in the pre
vious experiment, 17b^  19—* 21.
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Carbamoylaminimides (7) with 1-allyl and 1-benzyl substituents undergo thermal Stevens rearrangements to 
give semicarbazides (8). Thermolysis of l-(3-methyl-2-butenyl)- and l-(2-butenyl)aminimides (9 and 11) give 
products resulting from allyl retention, thus ruling out a concerted mechanism for the Nj — N2 allyl rearrange
ment.

Thermolysis of aminimides derived from carboxylic 
acids (1) has been extensively studied.1 Isocyanates (or 
isocyanurates) are obtained from thermolysis of 1,1,1-tri
methyl amine acylimides2 and l-aryl-l,l-dimethvlamine 
acylimides3 via a Curtius-type rearrangement initiated by 
loss of a tertiary amine (path a). Thermolysis of acylami- 
nimides with 1-allyl4 and 1-benzyl5 substituents results in 
Stevens rearrangement products (path b). Thermolysis of 
certain 1-benzyl-substituted acylaminimides gives both

(Me)2NR' +  RNCO
RCONN(Me),R' ,

1 RCONR'N(Me)2
Stevens and Curtius products.6 Products which cannot be 
rationalized by a Curtius-type mechanism are obtained 
from thermolysis of l,l,l-trimethylamine-2-arylcarbamoyl- 
imides (2). We have found that the major products from 
the thermolysis of l,l,l-trimethylamine-2-phenylcar-
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bamoylimide (2a) are trimethylamine, nitrogen, carbon 
monoxide, and 1,3-diphenylurea.7 A thorough study of the 
latter has been recently reported by Wawzonek, Plaisance, 
and Boaz,8 who identified several minor products from the 
thermolysis of 2a and observed analogous results for the
1-naphthyl analog (2b). The latter workers also reported 
that thermolysis of the N,N-disubstituted compounds (3) 
affords indazoles (5) which result from cyclization of 
amino isocyanates (4).

RNHCONN(Me)3 — *- (Me)3N +  CO +  N, +  PhNHCONHPh 
2a, R =  Ph 
b, R =  1-naphthyl

PhRNCONN(Me), — -— -  [PhRNNCO]
3a, R =  Ph 4

b. R =  Me

5

This paper reports the results of our study of the ther
mal Stevens rearrangement of carbamoylaminimides.

The carbamoylaminimides (7) were prepared by neu
tralization of the appropriate 1,1,1-substituted semicarba- 
zonium salts (6). The series included carbamoylaminim
ides with phenylcarbamoyl, N, N-d i m ethy 1 car b a m oy 1 and 
A\ A'-diphenylcarbamoyl substituents.

All of the 1-allyl- and 1-benzyl-substituted aminimides 
underwent thermal Stevens rearrangements to give semi- 
carbazides (8). Thermolysis of the propargyl compound 
(7f) gave unidentified tars. No other products could be 
isolated from these reactions, thus indicating that the 
thermolysis pathway for these compounds is apparently 
not dependent on the carbamoyl substituents as was ob
served for 2 and 3. The properties of the semicarbazides
(8) obtained from the thermal rearrangements are given in 
Table III. In most instances these compounds were also 
prepared by carbamoylation of the appropriate trisubsti- 
tuted hydrazine.

(except 6f)
+ OH“ _  + \

R,R2NCONHN(Me)2R.3X — *■ R,R2NCONN(Me)2R3 ------------ *-
6 7

R,R.2NCONR3N<Me),
8

a. Rj =  R, =  Me; R3 =  CH2CH =CH ,
b. R, =  R, =  Me; R3 =  CH2Ph
c, R, =  R2 =  Ph; R3 =  CH2CH =CH 2
d. R, =  Ph; R =  H; R;i = CH2CH==CH2
e, R3 =  Ph; R =  H; R3 =  CH2Ph
f, Rt : Ph; R ~  H; R3 =  CH2C^^3H

semicarbazide (12) and l,l-dimethyl-2-(l-methyl-2-prope- 
nyl)-4-phenylsemicarbazide (13) in a ratio of 1:3. Both 12 
and 13 were synthesized by the reaction of phenyl isocy-

PhNHCONNR(Me)2 PhNHCONRN(Me)2
9, R = CH2CH==C(Me)2 10, R = CH2CH =C(M e)2
H  R = CH2CH=CHMe 12, R =  CH2CH=CHMe

ia  R =  CHMeCH=CH2

anate with the appropriate trisubstituted hydrazine and 
were found to be stable at 145° (thermolysis temperature) 
and 185°. Although our results do not lend themselves to 
detailed mechanistic interpretation (except to exclude a 
concerted process) the radical dissociation-recombination 
pathway proposed by Baldwin, Brown, and Cordell9 could 
satisfactorily account for the results. The formation of 
both 12 and 13 in the thermolysis of 11 could be account
ed for by assuming competitive concerted and radical pro
cesses12 or by recombination of the radical pair 14 at both

11 — ► PhNHCONN(Me)z — 12 +  13 

CH3CH , ; CH2

14

the 1 and 3 positions of the crotyl radical. The exclusive 
formation of 10 from the thermolysis of 9 could be ac
counted for by selective recombination of the radical pair 
to give the more stable allylic isomer.13

The formation of products resulting from both allylic 
inversion and retention has also been reported for l-(2- 
butenyl)-l,l-dimethylamine-2-acetimide14 and l-(3-phe- 
nyl-2-propenyl)-l,l-dimethylamine-2-acetimide.15

Further evidence to support a radical process for these 
allylic rearrangements was not obtained from CIDNP ex
periments on 7a. Compound 7a failed to give evidence of 
CIDNP at 104° (ti/2 ca. 9 min) or 127° (ti/2 1-2 min). 
Failure to observe CIDNP with this compound does not 
preclude a radical process for its rearrangement to 8a.16

Compound 7a was recovered unchanged after irradia
tion17 in benzene.

Reaction of crotyl bromide with l,l-dimethyl-4-phenyl- 
semicarbazide repeatedly gave low yields of an insoluble salt 
whose analytical and spectral18 properties seem to be best 
accommodated by either a symmetrically substituted 
dimer19 (16) or trimer (17) of the quaternary isocyanate
(18). Compound 18 could form by elimination of aniline 
from 15. Infrared evidence (carbonyl bands at 1690 and 
1740 cm-1) excludes 18 from consideration. Analogous be
havior in the reaction of other semicarbazides with allylic 
halides was sought but not found.

The Stevens rearrangement of allyl-substituted amini
mides may proceed by either an allowed concerted [2,3] 
suprafacial rearrangement or by a nonconcerted radical 
dissociation-recombination pathway. Baldwin, Brown, 
and Cordell9 have reported convincing evidence for a radi
cal mechanism in the Stevens rearrangement of 1-allylic- 
substituted acylaminimides. Radical trapping10 and 
CIDNP11 have also been employed to support a radical 
process in the rearrangement of 1-benzyl-substituted acyl
aminimides.

We have conducted experiments that rule out a simple 
concerted process for the Stevens rearrangement of 1- 
allyl-substituted carbamoylaminimides. The l-(3-methyl-
2-butenyl) compound (9) was found to thermally rear
range with complete allyl retention to give 10. Thermol
ysis of the l-(2-butenyl) compound (11) afforded a mix
ture that contained l,l-dimethyl-2-(2-butenyl)-4-phenyl-

PhNHCONHN(Me)2 +  CH3CH=CHCH2Br

15

PhNHCONHIjJ(Me),Br- +

CH2CH==CHCH
15

NR(Me),

NNR(Me)2 O ^ N ^ O  3Br

R(Me)2N N - \  2Br~ or R(Me)2N N _,N N R(M e)2
0  T

16 O
17

— [(Me)2RNNCO Br~J — » 16 or 17
-P hN H ,

18

R = CH2CH=CHMe
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Table I
Semicarbazonium Salts (6)“ 

R lR2NCONHN (Me)2R 3X  -

Structure M p, °C Recrystn solvent Yield, % Formula Nmr, 5

6a B r “ 105-106 Acetone 94 C 8H 18B rN 30 2 .9 4  (s, 6), 3.79 (s, 6),
4 .8 6  (d, 2), 5 .5 -5 .9  (m, 3), 
9 .6  (s, 1) (CDCh)

6b B r “ 155-156 Acetone 82 Ci2H 20B rN 3O 3.71 (s, 6), 2 .98 (s, 6),
5 .4 0  (s, 2), 9 .9  (broad, 1), 
7 .2 0 -7 .6 0  (m, 5) (CDC13)

6d B r “ 76-78 E tO H -
ether

94 Ci2Hi8B rN 30 3.56  (s, 6), 4 .60  (d, 2),
5 .6 9  (m, 3), 7 .33 (m, 5), 
9 .4 7  (s, 1), 10.0 (broad, 1) 
(DMSO-do)

6e C1“ 133-135 Acetone 51 H 1 6 H 2 0 CU N 3 O 3.58  (s, 6), 5 .18 (s, 2),
6 .7 -7 .5  (m, 10), 9 .8  (s, 1), 
10 .74 (broad, 1) (DMSO-de)

6f B r “ 151-153 EtOH 68 Ci2H l6BrN 30 3 .6 8  (s, 6), 4 .0 8  (t, 1),
5 .0 8  (d, 2), 6 .9 -7 .4  (m, 5), 
9 .5 3  (s, 1), 10.2 (s, 1) 
(D M S O -oy

9 HCP 50-58
(hygro
scopic)

70 C hH 22C1N30 1.68 (s, 3), 1 .73 (s, 3),
3 .51 (s, 6), 4 .5  (d, 2),
5.35  (m, 1), 6 .8 -7 .4  (m, 5), 
9 .8 4  (s, 1), 10.66 (s, 1) 
(DM SO-di)

15 H ygro
scopic
oil

90 C 13H 20B rN 3O 1 .7  (d, 3) 3 .5  (s, 6),
5 .3 -6 .3  (m, 2), 4 .45 (d, 2), 
7 .1 -7 .4  (m, 5), 9 .3 3  (s, 1, 
N H ), 9 .7  (s, 1 N H ) 
(DMSO-d«)

c Com pounds 15 and 9 HC1 did not give satisfactory analyses. Other com pounds analyzed satisfactorily (± 0 .3 % )  for 
C, H, and N . h Tabulated as aminimide salt.

Table II
Aminimides (7)“ 

R1R2NCONN (Me)jR;

Structure Yield, % M p, °C Formula Nmr, 5

7a 100 Hygro-
scopic
solid

c 8h i7n 3o 2.62  (s, 6), 3 .19 (s, 6), 4 .2  (d, 2), 
5 .1 0 -5 .9 5  (m, 3) (CDCla)

7b 52 128-129 C .,H ,N  () 2 .72  (s, 6), 3 .11 (s, 6), 4 .69  (s, 2), 
7 .26  (s, 5) (CDCla)

7c 91 93-94 c 18h 2In 3o 3.05 (s, 6), 3.95 (d, 2), 5 .0 -5 .8  
(m, 3), 6 .7 -7 .4  (m, 10) (CDC1„)

7d 100 128-130 c 12h 17n 3o 3.15 (s, 6), 4 .15 (d, 2), 5 .1 -6 .3  
(m, 3), 6 .5 -7 .4  (in, 6) (CD Ch)

7e 83 145-148 C ,6H ,oN 30 3.45  (s, 6), 5 .03 (s, 2), 6 .8 -7 .4
(m, 10), 9 .6 4  (broad, 1) (D M SO -d6)

7f 95 117-118 c 12h I5n 3o 3 .2 Ì  (s, 6), 3 .58 (t, 1), 4 .6 0  (d, 2), 
6 .3 -7 .5  (in, 6) (CDCla)

9 72 155-156 c „ h 2In 3o 1.68 (s, 3), 1.72 (s, 3), 3 .11 (s, 6), 
4 .2 0  (d, 2), 5 .3  (m , 1), 6 .1 8  (s, 1), 
6 .8 -7 .4  (m, 5) (CDCla)

11 40 128-130 c 13h i9n 3o 1.65 (d, 3), 3 .11 (s, 6), 4 .05 (d, 2), 
5 .6  (m, 2), 6 .2 0  (s, 1), 6 .6 -7 .3  (m, 
(CDCla)

“ W ith  the exception o f 7a, all compounds gave satisfactory (± 0 .3 % )  analyses for C and H.

Experimental Section

Melting points are uncorrected and were determined with a 
Mel-Temp apparatus. Nmr spectra were determined with a Per- 
kin-Elmer R-20 spectrometer utilizing hexamethyldisiloxane as 
the internal standard.

1,1,4,4-Tetramethylsemicarbazide. N, IV-Dimethy lc&rbamoyl 
chloride (107.5 g) was slowly added to a stirred, ice-cooled solu
tion containing 60.1 g of 1,1-dimethylhydrazine and 101.2 g of tri- 
ethvlamine in 400 ml of dry benzene. After the addition was com
plete, stirring was continued for 1 hr at room temperature. The 
triethylamine hydrochloride was filtered off and washed with dry 
benzene. Evaporation of the filtrate and combined washings gave
139.5 g of product that crystallized on standing: bp 131-133° (26

mm); mp 68-70°; nmr (CDC13) 6 2.51 (s, 6), 2.81 (s, 6), 6.4 (broad, 
1).

Anal. Calcd. for C5H13N3O: C, 45.8; H, 10.0; N, 32.0. Found; 
C, 45.5; H, 9.6; N, 32.0.

Synthesis of Semicarbazonium Salts (6). Equimolar mixtures 
of either 1,1,4,4-tetramethylsemicarbazide, l,l-dimethyl-4,4-di- 
phenylsemicarbazide,8 or l,l-dimethyl-4-phenylsemicarbazide8 
and the appropriate halide were heated on the steam bath under 
reflux for 1-2 hr. The cooled reaction mixtures were treated with 
dry ether and scratched to induce crystallization. The properties 
of the salts are given in Table I. The reaction of 1,1-dimethyl- 
4,4-diphenylsemicarbazide with allyl bromide gave a gum that 
was not characterized but converted directly to 7c. Treatment 
of l-(2-butenyl)-l,l-dimethyl-4-phenylsemicarbazonium bromide
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Table III
Semicarbazides (8)“
R1R2NCONR3N (Me) 2

Structure
Thermolysis
conditions

M p (recrystn solvent) 
or bp, °C  (mm) Yield,6 % Formula Nmr, 8

8a 130° 
(2 .5  hr)

110-120 (20) 41 (T )c 
22 (S)

C8H 17N 3O 2.36 (s, 6), 2 .78  (s, 6),
3 .67 (d, 2), 4 .7 -6 .1  (m, 3) (neat)

8b 165°
(3 .5  hr)

98-99
(ligroin)

63 (T) 
39 (S)

C12H laN 30 2.41 (s, 6), 2 .7 9  (s, 6), 
4 .13  (s, 2), 7 .17 (s, 5) 
(CDC13)

8c 135° 
(1 hr)

133-134d
(EtOH)

69 (T) 
47 (S)

C24-H-24-N gOg^ 2.28  (s, 6 ), 3 .80 (d, 2)
4 .8 -5 .3  (m, 3), 6 .5 -7 .4  
(m, 10), 7 .70 (s, 1, N H ), 
8 .5  (s, 2) (D M SO -d6)

8d 150° 
(3 hr)

190-194 (22) 40 (T)
100 (S)«

CijHnNjO 2.42 (s, 6), 3 .86 (d, 2),
4 .8- 6 .4 (m, 3), 6 .7 -7 .7  
(m, 5), 8 .90  (s, 1) (DMSO-oh)

8e 175° 
(1 hr)

76-77 (EtOH) 62 (T) 
73 (S)

Cie-H.] 9N 3O 3 .6  (s, 6), 5 .38  (s, 2),
6 .9 -7 .7  (m, 10), 9 .1 8  (s, 1) 
(CDCh)

10 160°
(1 .5 hr)

45-47
(ligroin)

50 (T) Ü14H 21N 3Ü 1.58 (s, 6), 2 .41 (s, 6),
2 .87  (d, 2), 5 .20 (m, 1),
6 .6 -7 .5  (m, 5), 8 .48 (s, 1) 
(CDCh)

12 83-84
(ligroin)

53 (S) c ,3h isn 3o 2.60  (m, 3), 2 .40  (s, 6), 
3 .85 (m, 2), 5 .5  (m, 2), 
6 .7 -7 .5  (m, 5), 8 .48  (s, 
broad, 1) (CDCh)

13 142-145
(0.05)

53 (S) C 13H ioN 30 1.36 (d, 3), 2 .37  (s, 6), 
3 .9  (m, 1), 5 .0  (m, 2),
6 .20  (m, 1), 6 .8 - 7 .6 (m, 5), 
8 .71 (s, 1) (DMSO-ds)

“ All compounds gave satisfactory (± 0 .4 % )  analyses for C and H. 6 Yields o f reerystallized or distilled products. 6 T  = 
thermolysis product; S = synthetic product. d Picraie. '  Undistilled product (identical with thermolysis product).

and l-(3-methyl-2-butenyl)-l,l-dimethyl-4-phenylsemicarbazon- 
ium bromide (both hygroscopic) with ethanolic picric acid re
sulted in precipitation of l,l-dimethyl-4-phenylsemiearbazide 
picrate. Recrystallization from N, IV-dimethylformamide-water 
gave yellow crystals, mp 197-198°.

Anal. Calcd for CisHmNeOs: C, 44.2; H, 4.0. Found: C, 44.2; 
H, 4.3.

Reaction of l,I-Dimethyl-4-phenylsemicarbazide with Crotyl 
Bromide. The reaction was conducted as described in the previ
ous section. Treatment of the crude dark reaction mixture with 
dry acetone (10 ml/g of semicarbazide) gave white crystals (1.6 g 
from 10 g of semicarbazide), mp 231-234°. The oily, hygroscopic 
semicarbazonium salt was obtained by evaporation of the acetone 
and could not be induced to crystallize. The acetone-insoluble 
material (16 or 17) was reerystallized from acetone-pentane: mp 
235-236°; nmr (DMSO-de) <5 1.75 (m, 3), 3.45 (s, 6), 4.90 (m,
2), 6.50 (m, 2); ir (KBr) 1690 and 1740 cm“ 1 (s, C O); m/e 
(20 eV, 200°) highest mass 140 (C7H i3N20 + -  1).

Anal. Calcd for (C7H i3BrN20)n: C, 38.0; H, 5.9; Br, 36.1; N,
12.7. Found: C, 37.8; H, 5.8; Br 35.9; N, 12.7.

Preparation of Aminimides. The semicarbazonium salts were 
treated with excess 6 N  NaOH (2 ml/g of salt) and the amini
mides were extracted with chloroform. The combined extracts were 
dried (MgSO*). Evaporation of the solutions at reduced pressure 
gave the aminimides (Table II). Compound 7a was obtained as an 
extremely hygroscopic solid that did not give satisfactory analyti
cal data.

Thermolysis of the Aminimides. Thermolyses of neat samples 
of the aminimides were conducted under the conditions given in 
Table III. The composition of the mixture obtained from the ther
molysis of the l - (2-butenyl) compound (11) was determined by 
comparison of the integrated intensity ratios of the -C H = C H - 
and = C H 2 signals of the nmr spectra of 12 and 13, respectively. 
The nmr spectrum of the mixture was found to be identical with 
the additive spectrum of authentic samples of 12 and 13.

l,l-Dimethyl-2-(2-butenyl)hydrazine. A solution containing
15.0 g of crotonaldehyde A.iV-dimethylhydrazone20 in 100 ml of 
dry ether was added over 1.5 hr to a stirred suspension of 13 g of 
lithium aluminum hydride in 150 ml of dry ether. The reaction 
mixture was heated under reflux for 5 hr and then stirred at room 
temperature for 12 hr. Shorter reaction times and lower concen
trations of hydride gave a product that was contaminated (by

glc) with starting material. The reaction mixture was cooled in 
ice, stirred vigorously, and cautiously treated successively with 6 
ml of water, 6 ml of 6 N  NaOH, and 18 ml of water. The inorgan
ic material was filtered off and washed .with ether. The filtrate 
and combined washings were dried (M gS04) and the ether was 
removed by distillation at atmospheric pressure. The product was 
distilled through a 24-in. Vigreux column, giving 10.0 g of product 
as a colorless liquid: bp 131-133°; nmr (CDCI3) 5 3.05 (m, 3), 2.10 
(broad, exchangeable, 1), 3.31 (s, 6), 3.22 (m, 2), 5.45 (m, 2), 
minor impurities at 2.7 (m), 2.60 (s), and 2.78 (s). The compound 
rapidly darkened and did not give a satisfactory analysis.

The hydrazine was converted to l,l,l-trimethyl-2-(2-buten- 
yl)hydrazinium iodide by reaction with methyl iodide. The salt 
was obtained as air-sensitive white crystals which were recrystal
lized from ethanol: mp 188-189°; nmr (CDCI3) <5 1.63 (broad d, 3),
3.58 [s (Me)3N+ superimposed on the -CH 2N < multiplet, 11], 5.5 
(m, 2), 6.41 (m, 1, NH).

Anal. Calcd for C7Hi7N2I: C, 32.8; H, 6.7; N, 10.9. Found: C, 
33.0; H, 6.5; N, 11.0.

l,l-Dimethyl-2-(l-methyl-2-propenyl)hydrazine. We were 
unable to prepare the hydrazine by rearrangement of 1,1-di- 
methyl-l-(2-butenyl)hy<Jrazinium bromide in aqueous sodium hy
droxide.21 Cordell22 has reported the preparation of an impure 
product by rearrangement of the hydrazinium salt in ethanolic 
potassium fert-butoxide. The following procedure also afforded a 
crude product that when treated with phenyl isocyanate gave 13 
in 53% yield.

A suspension of 11.4 g of crude l,l-dimethyl-l-(2-butenyl)hydraz- 
inium bromide23 in 140 ml of dry ether was vigorously stirred 
under nitrogen and treated with 47 ml of a 1.7 M  n-butyllithium- 
hexane solution by dropwise addition conducted over 2 hr. Stir
ring was continued overnight and the reaction mixture was cau
tiously treated with 20 ml of water. The layers were separated, 
the aqueous layer was extracted with ether, and the combined 
ether solution was dried (M gS04). The solvents were removed by 
distillation through a Vigreux column. Distillation of the residue 
gave a wide-boiling, colorless fraction, bp 80-110°. A sample with 
bp 109° gave the following nmr data (neat): 5 0.98 (d, J  = 7 Hz,
3), 2.28 [s (superimposed on a broad NH), 7], 3.30 (m, 1), 4.9 (m,
2), 5.6 (m, 1); impurities in low concentration; 1.82 (s), 2.70 (s), 
and 0.5-1.8 (m).

Synthesis of Semicarbazides (Table III). 1,1,-Dimethyl-2-
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benzylhydrazine and l,l-dimethyl-2-(2-propenyl)hydrazine were 
prepared by the published procedure.24

The preparation of compounds 8d, 8e, 12, and 13 was accom
plished by treating phenyl isocyanate with an equimolar quantity 
of the appropriate hydrazine.

Compounds 8a, 8b, and 8c were prepared by heating a mixture 
of either dimethylcarbamoyl chloride or diphenylcarbanoyl chlo
ride with 2 equiv of the appropriate hydrazine at 100° for 1-2 hr. 
The products were isolated by extracting the crude reaction mix
ture with boiling petroleum ether.
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(15) J. E. Brown, Ph.D. Thesis, The Pennsylvania State University, 1971,
p 86.

(16) For a recent review of CIDNP and its interpretation when applied to 
rearrangements of aminimides, see A. R. Lepley in "Chemically In
duced Dynamic Nuclear Polarization,” A. R. Lepley and G. L. Closs, 
Ed., Wiley, New York, N. Y., 1973, p 356.

(17) A 450-W Hanovia medium-pressure mercury arc lamp (Pyrex filter) 
was employed.

(18) The mass spectrum of the salt did not display high mass ion radi
cals corresponding to cations 16 or 17. The highest mass peak ob
served was m /e  140, which corresponds to the monomeric cation
(18) -  1. Depolymerization of 16 or 17 on electron impact appar
ently occurs. We have found that the mass spectrum of triphenyl 
isocyanaurate displays C6H5NCO-+ as the parent peak together 
with a (C6H5NCO)3 -+ peak which is 50% less intense.

(19) Dimethylamino isocyanate does not form a diazetidinedione dimer. 
W. S. Wadsworth and W. D. Emmons [J. Org. Chem ., 32, 1279 
(1967)] have established the ylide structure (i) shown below for the

(Me)2N—N

N(Me),

dimethylamino isocyanate dimer. The nmr spectrum of the salt ob
tained by us displays equivalent methyl and crotyl groups; hence a 
dialkylated derivative of i can be excluded.

(20) Prepared in 80% yield by the procedure described by R. F. Smith 
and L. E. Walker, J. Org. Chem., 27, 4372 (1962). The compound 
had bp 66-67° (27 mm). B. J. Ioffe and K. N. Zelenin, Dokl. Akad. 
N aukSSSR, 141 1369 (1961), give bp 70-71° (29 mm).

(21) M. G. Inzhnkyan, A. G. Gegelyan, and A. T. Babayan, Arm . Khim. 
Zh., 19, 674 (1966); Chem. A bstr., 66, 10453 (1967).

(22) R. W. Cordell, M. S. Thesis, The Pennsylvania State University, 
1970, p 70.

(23) Obtained as an oil from the reaction of crotyl bromide and 1,1-di
methylhydrazine In refluxing acetonitrile (ref 22, p 69).

(24) K. H. Konig and B. Zeeh, Chem. Ber., 103, 2052 (1970).
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A general synthetic route to 6- and 7-carbomethoxy-irans-l-oxadecalins (9 and 12) is presented. Base-cata
lyzed equilibrations and pmr data are used to evaluate conformational equilibria and relative configurations in 
several cis- and frans-l-oxadecalins and l-cxa-4-decalones. The trans-fused ring system is thermodynamically 
favored in all instances.

The frans-decalin ring system has often been used as a 
conformationally fixed system for the study of the relative 
reactivities of equatorial and axial substituents1 and the 
relative energies of substituents in a pair of equatorial and 
axial orientations at a given carbon atom.2 Similarly, ana

logs of irarcs-decalin containing an atom other than car
bon at a known position in the ring not containing the at
tached substituents provide the opportunity to evaluate 
the influences of the heteroatoms on the relative reactivi
ties and relative energies of the substituents. These effects
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Table I
Representative 4-Chromanone Hydrogenations

,---------------------------- -Y ie ld , % — *------------------------- ,
Com pd 2 3 4

la 95 Not observed 5
lb 60 25“ 15
l c 45 35” 20

a Composed of a single eis-fused compound by glpc. 
b Composed of two cis-fused compounds in a 4:1 ratio by 
glpc.

would result from changes in ring structure and from 
polar effects, the latter of which probably can be account
ed for using a field model3 and the Kirkwood-Westheimer 
formalism.3

As the first phase of such a study of trans-heteradecal- 
ins, the syntheses and conformational analyses of repre
sentative 1-oxadecahns have been explored. Several 4- 
chromanones ( la c) have been prepared and subjected to 
catalytic hydrogenation over ruthenium.4 The major prod
uct in each instance (45-95% of isolated product) was a 
mixture of 4-hydroxy-l-oxadecalins (2), while significant 
amounts (5-35%) of 1-oxadecalins (3) and saturated mo
nocyclic alcohols (4) were also isolated (Table I). In each 
series, the 4-hydroxy-l-oxadecalins were complex mixtures 
containing primarily cis ring fusions. Jones oxidation5 of 
each alcohol mixture reduced the number of epimers6 and 
somewhat simplified stereochemical assignments.

Ketone 5a appeared to be primarily8 the cis isomer9 6, 
since H-9 appeared as an obscured narrow multiplet at 8
3.80 in the pmr spectrum. Treatment of ketone 5a with
l,5-diazabicyclo[4.3.0]non-5-ene (DBN), a strong nonnu- 
cleophilic base,10 in refluxing benzene resulted in a 90% 
recovery of trans-fused8 7, which exhibited H-9 as the X 
portion of an ABMX pattern (J = 4, 10, and 10 Hz) at <5 
3.23 in the pmr spectrum.11 A mixture of ketones 5a and 
7 was similarly treated with DBN to establish that equili
bration was occurring. The greater stability of the trans-
l-oxa-4-decalone (7) under equilibration conditions quali
tatively parallels that of the 1-decalone system12 and ap
pears to be quantitatively8 greater than in this hydrocar
bon analog.

In the 7-carbomethoxy series, ketone 5b was chromato- 
graphically homogeneous, cis fused, and a mixture of the

carbomethoxy epimers (see below). Equilibration of 5b 
with DBN in benzene gave a mixture of ketones which 
was chromatographically homogeneous and almost exclu
sively trans fused. Pure trans-fused material (8) was ob
tained by one recrystallization, and exhibited H-9 as a 
multiplet in the pmr spectrum at 8 3.29 (J = 4, 10, 10 
Hz). Again the trans-fused ketone was more stable than 
the cis-fused.

Deoxygenation of 8 without bridgehead epimerization 
was required to obtain the desired irons-1-oxadecalin 
structure. A recently reported procedure13 involving sodi
um cyanoborohydride reduction of the tosylhydrazone was 
investigated for stereospecificity.14 Application of this 
procedure to 8 resulted in 76% conversion to a single pure
7-carbomethoxy-irans-l-oxadecalin (9). In order to check 
the stereospecificity, the mother liquors from which 8 had 
been obtained were deoxygenated. The product consisted 
of two epimers in addition to the major product 9. One of 
these, a cis- 1-oxadecalin, was identical with the oxadecal- 
in 3 obtained directly from the hydrogenation of lb, and is 
assigned structure 10 based on the pmr spectrum and the 
known15 preference for cis hydrogenation over ruthenium. 
The other isomer was not identified. The small amounts 
of these isomers formed from the mother liquors and the 
absence of these isomers in the deoxygenation of pure 8 
indicate negligible, if any, epimerization at C-10 under 
these deoxygenation conditions.

Several attempts were made to investigate the equatori
al or axial nature of the carbomethoxy substituent in 9. 
Ester 9 was treated with DBN in order to see whether the 
ester had been equilibrated simultaneously with the ring 
fusion (5b <=* 8). No change was observed, compound 9 
being recovered quantitatively. Treatment of 9 with sodi
um methoxide in methanol, the conditions used by Sich- 
er2 to equilibrate the irans-decalyl esters, resulted in the 
appearance of a new compound comprising approximately 
20% of the mixture (by glpc). Mass spectral evidence sup
ports assignment of the epimeric trans-fused structure to 
this compound. Unfortunately, equilibrium was probably 
not achieved because of decomposition of one of the esters 
under the reaction conditions. Nevertheless, these results 
support lack of ester epimerization with DBN. The pmr 
spectrum of ester 9 provides suggestive evidence that the 
ester functionality is equatorial. The C-7 methine hydro
gen appears as a multiplet centered at 8 2.45 with cou
pling constants consistent only with an axial location (J =
3.5, 3.5,12,12Hz).

In the 6-carbomethoxy series, ketone 5c obtained on 
Jones oxidation5 of alcohol 2c was a mixture of three com
pounds in a 3:6:1 ratio. Epimerization with DBN changed 
this ratio to 6:3:1. The major isomer was obtained in 90% 
purity by several recrystallizations and identified as a 
trans-fused compound (11) by the H-9 multiplet at 5 
3.2411 (J = 4.5,10, 10 Hz) in the pmr.

Deoxygenation13 of a mixture of 6-carbomethoxy-l-oxa-
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4-decalones containing 80% of trans-fused 11 produced 
two products in a ratio of 85:15, while deoxygenation of a 
1:1 mixture of the trans and cis ketones resulted in a 1:1 
mixture of deoxygenated products. Preparative gipc per
mitted identification of the major component in the trans- 
enriched reaction as a 6-carbomethoxy-irans-l-oxadecalin
(12). The minor component was found to be identical with 
the major component in the 1-oxadecalin mixture (3) ob
tained directly on hydrogenation of ketone lc (Table I). 
Based on the well-known preference for cis hydrogena
tion,15 this compound may be assigned structure 13 and 
the minor component from the direct hydrogenation 
would be 14.

Table II
Nmr Chemical Shifts of 1-Oxadecalins"

co 2-
Compd H-2e?' H-2a H -3e H-7 H-9 H-10 C H 3

5a 4 .2 9 3.73 2 .1 9 3 .8 0 2.77
5b 3 .6 8
5c 3 .6 7
7 4 .2 9 3.73 2 .2 8 3 .2 3 2 .8 2
8 4 .3 5 3.75 2 .3 3 3 .2 9 2 .7 3 3 .6 8
9 4 .0 0 3 .4 0 2 .4 5 2 .9 3 3 .6 7

10 3 .65 3 .6 7
11 4 .3 4 3 .7 5 3 .2 4 3 .7 0
12 4 .0 0 3 .4 1 2 .9 3 3 .7 2
13 4 .0 5 3 .5 5 3 .6 8

The ester functionality in 6-carbomethoxy-frans-l- 
oxadecalin (12) is tentatively assigned an axial orientation 
based on pmr spectral comparisons. The C-6 metnine hy
drogen is not discernible. However, the carbomethoxy 
methyl appears as a clean singlet at S 3.72 in 12 and at <5
3.70 in precursor trans ketone 11. By contrast, the methyl 
signal occurs at 6 3.67-3.68 in the 7-carbomethoxy analogs 
8 and 9 in which the ester group is believed to be equato
rial (see above). In addition, cis-fused systems 5b, 10, 5c, 
and 13 all exhibited methyl singlets at S 3.67 or 3.68. 
Us:ng the reasonable assumption that conformational 
equilibria in cis systems (as shown for 6) will result in a 
preponderance of that conformer in which any single at
tached substituent would be equatorial, the data from 
these cis systems reinforces the axial assignment to the 
ester group in 12.

The result that the carbomethoxy group is equatorial in 
the 7 series (9) and axial in the 6 series (12) is consistent 
with another line of reasoning. If all-cis hydrogenation is 
assumed to predominate,15 those isomers of 5b and 5c 
would be formed which would lead on DBN equilibration 
to the trans-fused ketonic precursors of 9 and 12 without 
any change in the ester stereochemistry. A perfect 1:1 cor
relation exists through both reaction sequences between 
ester stereochemistry in the major (all-cis) isomer of 5 and 
the final 1-oxadecalins 9 and 12, thereby providing further 
substantiation of the proposed C-6 and C-7 stereochemis
try and of all the assumptions made concerning reaction 
stereochemistry.

E xperim ental S ection
Melting points and boiling points are uncorrected. Nmr spectra 

were recorded on a Varian A-60A instrument using solutions in 
deuterioehloroform. Chemical shifts are assigned in Table II and 
coupling constants are shown in Table III except where either is 
included with the compound or mixture. Infrared spectra were 
determined with a Beckman IR-10 spectrophotometer, with only 
major absorptions being cited. Mass spectral analyses were ob
tained at 70 eV. Elemental analyses were performed by Alfred 
Bernhardt Mikroanalytisches Laboratorium, Elbach, West Ger
many. The glpc column used was a 6 ft x 0.25 in. 10% NPGS 
w/w on Chromosorb W (60/80 mesh) column.

Previously Unreported Glpc Retention Times for 1-Oxade- 
calins (3) Isolated from the Hydrogenation of 4-Chromanones 
(lb  and lc). 7-Carbomethoxy-cis-l-oxadecalin (10) (175°), 8.3

“ In parts per m illion . b e and a have been used to  designate 
equatorial and axial protons.

min; mixture of epimers of 6-carbomethoxy-eis-l-oxadecalin (3c) 
(175°), 6.7 and 8.9 min (1:4).

Hydrogenation of la. The general procedure of Hirsch and 
Schwartzkopf1 was used for the hydrogenation of 2.0 g (14 mmol) 
of la. Chromatography on silica gel (Woelm) of 1.9 g of crude 
product gave 50 mg (3%) of crude 3-cyclohexyl-l-propanol (4a) in 
the 10% ethyl acetate-methylene chloride fractions as an oil: ir 
(neat) 3400 (O-H) and 1070 cm- 1 (C-O); nmr <5 3.69 (t, J  = 6 Hz, 
CH2CH2OH), 3.31 (s, OH).

The 20-100% ethyl acetate-methylene chloride fractions con
tained 1.42 g (67%) of 4-hydroxy-l-oxadecalin isomers (2a) as an 
oil, ir (neat) 3400 cm ' 1 (O-H).

Anal. Calcd for C9H160 2: C, 69.20; H, 10.33. Found: C, 69.07;
H, 10.41.

6- Carbomethoxy-l-oxa-4-decalone (5c). A stirred solution of
I. 57 g (7.33 mmol) of the isomer mixture 2c in 20 ml of acetone 
was treated with 3,4 ml (9.5 mmol) of Jones reagent5 (2.8 M) over 
a few minutes at 0-10°. The ice bath was removed and stirring 
was continued for 1 hr. The mixture was treated with 20 drops of 
isopropyl alcohol and diluted with ether. The ethereal extract was 
washed with saturated sodium bicarbonate and dried (MgSCh). 
Concentration of the ethereal extract gave 1.06 g of crude prod
uct. Chromatography on silica gel (Woelm) using 10% ethyl ace
tate-methylene chloride gave 940 mg (60%) of a mixture of three 
isomers of 5c as an oil: ir (neat) 1730 cm 1 (C = 0 ); glpc retention 
times (225°) 8.4, 10.2, and 11.1 min (3:6:1).

Anal. Calcd for C11H16O4: C, 62.24; H, 7.60. Found: C, 62.04; 
H, 7.48.

7- Carbomethoxy-cts-l-oxa-4-decalone (5b). This epimer mix
ture was prepared from isomer mixture 2b in 67% yield by the 
method used for 5c. A pure product was obtained without chro
matography: ir (neat) 1730 cm ' 1 (C = 0 ); nmr 4 3.87-4.33 (m, 2, 
H-2), 3.68 (s, 3, OCH3), 2.71 (m, H-9a), 2.45 (t, J = 6 Hz, H-3); 
glpc retention time (225°) 9.4 min (only one peak observed).

Anal. Calcd for C11H16O4: C, 62.24; H, 7.60. Found: C, 62.14; 
H, 7.60.

cis-l-Oxa-4-decalone (5a). This compound was prepared from 
the isomer mixture 2a by the method used for 5c. Chromatogra
phy on silica gel (Woelm) of the 1.61 g of crude product obtained 
gave 670 mg (45%) of 5a in the 2% ethyl acetate-methylene chlo
ride fractions as an oil: ir (neat) 1730 cm ' 1 (C = 0 ); glpc reten
tion time (180°) 3.9 min.

Anal. Calcd for C9H i40 2: C, 70.10; H, 9.15. Found: C, 70.01; H,
9.15.

Equilibration of 6-Carbomethoxy-l-oxa-4-decaIone (5c). A 
solution of 640 mg (3.02 mmol) of isomer mixture 5c and 0.6 ml of
l,5-diazabicyclo[4.3.0]non-5-ene in 35 ml of dry benzene was re
fluxed for 18.5 hr. The cooled solution was extracted with 3 N  
HC1 and the aqueous phase was washed with benzene. The com
bined benzene extracts were washed with saturated sodium bicar
bonate and dried (MgSCL). The benzene extract was concentrat
ed, giving 560 mg (88%) of an equilibrated mixture of the three 
isomers: glpc retention times (225°) 8.4, 10.2, and 11.1 min 
(6:3:1).

Anal. Calcd for CnH ^O i: C, 62.24; H, 7.60. Found: C, 62.09; 
H, 7.52.

The mixture was recrystallized from carbon tetrachloride-pe
troleum ether, then twice more from hexane, giving 40 mg (7% re
covery) of primarily 11: mp 73-76°; ir (Nujol) 1715 cm ' 1 (C Oi; 

■ glpc retention times (225°) 8.4, 10.2, and 11.1 min (9:l:trace).
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Table III
Coupling Constants of 1-Oxadecalins“

Compd ^2a,2e& «̂ 2a,3a J2a, 3e <̂2e.3a 2̂e,3e </3a,3e J 5a, 10 5c,10 «̂ 9.10 t/sa.O <̂8e,9 Other

5a 11 11 3 .5 7 2 .5 15 8 3 7 .5 H -9 W y 2 <  13
7 1 1 .5 11.5 3 .5 7 1 .5 14 13 4 .5 10 10 4
8 11 11 3 .5 7 2 14 .5 12 4 .5 10 10 4
9 10 H-9 W  y ,  =  18 tlea.T» =  J  7a, S;. =  12

e^6e,7a — J 7a. 8e ~  3 .5
11 11 11 3 .5 7 2 10 1 0 4 .5
12 10 H-9 W  Vl =  18
13 10

° In hertz. 6 e and a have been used to designate equatorial and axial protons.

Anal. Calcd for C uH i60 4: C, 62.24; H, 7.60. Found: C, 62.41; 
H, 7.52.

Equilibration of 7-Carbomethoxy-cis-l -oxa-4-deealone (5b). 
Equilibration was carried out as with 5c, giving, after one recrys
tallization from hexane, a 36% yield of 8: mp 104-106°; ir (Nujol) 
1735 cm ' 1 (C = 0 ) ; glpc retention time (225°) 9.4 min (only one 
peak observed).

Anal. Calcd for CnH i604: C, 62.24; H, 7.60. Found: C, 62.41; 
H, 7.62.

Equilibration of eis-l-Oxa-4-deca\one (,5a). Equilibration was 
carried out as with 5c, giving a 90% yield of frrms-l-oxa-4-decal- 
one (7) as an oil. The analytical sample was chromatographed on 
silica gel (Woelm) using 2% ethyl acetate-methylene chloride: 
glpc retention time (180°) 3.9 min.

Anal. Calcd for CgHi4C>2'. C, 70.10; H, 9.15. Found: C, 70.20; H,
9.13.

0-Carbomethoxy-irara.v-l-oxadecalin ( 12). A mixture of 60 mg 
(0.3 mmol) of 5c (ca. 80% trans isomer), 60 mg (0.3 mmol) of p- 
toluenesulfonylhydrazide, 10 mg of p-toluenesulfonic acid hy
drate, 0.7 ml of sulfolane, and 0.7 ml of dry dimethylformamide 
was stirred at room temperature for 1 hr. The mixture was then 
treated with 70 mg (1.1 mmol) of sodium cyanoborohydride and 
was stirred in a 100-105° bath for 2 hr more. The cooled solution 
was diluted with water and extracted with cyclohexane. The cy
clohexane extracts were washed three times with wateT and dried 
(M gS04). Concentration gave 40 mg (70%) of primarily 12 as an 
oil: ir (neat) 1748 cm ' 1 (C O): glpc retention times (175°) 7.5 
and 8.9 min (85:15).

Application of this procedure to 350 mg (1,6 mmol) of 5c (ca. 
50% trans isomer) gave 230 mg (72%) of a mixture of 12 and 13 
(1:1). The isomers were partially separated by preparative glpc. 
The trans isomer (12) was obtained in 80% purity: glpc retention 
times (175°) 7.5 and 8.9 min (4:1).

Anal. Calcd for CnH^Os: C, 66.62; H, 9.15. Found: C, 66.78; 
H, 9.27.

The cis isomer (13) was also obtained in 80% purity: glpc reten
tion times (175°) 7.5 and 8.9 min (1:4).

Anal. Calcd for C n Hi80 3: C, 66.62; H, 9.15. Found: C, 66.83; 
H, 9.25.

7-Carhomethoxy-trans-l-oxadecaVm (9). This compound was 
prepared from 8 in 76% yield by the method used for 12. Material 
of greater than 99% purity was obtained as a low-melting solid 
(melts near room temperature) by chromatography on silica gel 
(Woelm) using 2% ethyl acetate-methylene chloride: ir (neat) 
1725 cm ' 1 (C = 0 ); glpc retention time (175°) 9.4 min (only one 
peak observed).

Anal. Calcd for C iiH ig03: C, 66.62; H, 9.15. Found: C, 66.74; 
H, 9.21.

Application of this procedure to 340 mg (1.6 mmol) of the 
mother liquors from the recrystallization of 8 gave 150 mg (47%) 
of an isomer mixture: nmr 6 3.67 (s, OCH3); glpc retention times 
(175°) 7.0, 8.3, and 9.4 min (16:28:56).

Base-Catalyzed Equilibrations of 9. A solution of 18 mg of 9 
[glpc (175°) indicated 98% of the isomer with retention time of 9.4 
min] in 2 ml of 2.5 N N aOCH3-CH 3OH was refluxed under N 2 
for 7 days. The cooled solution was treated with 3 ml of 0.3 N 
HC1 and 2 ml of brine and extracted with cyclohexane. The cy
clohexane extracts were dried (M gS04) and concentrated to give 
only 0.7 mg of material which was not further investigated.

When the equilibration was repeated as above, with a reflux

period of 1 hr, a 76% recovery was realized. The recovered materi
al contained 13% of a new glpc peak at 7.0 min (175°) in addition 
to 877o of the starting isomer peak. Gas chromatography-mass 
spectra showed that this new peak was an isomer of 9: new peak 
mass spectrum m j e  (rel intensity) 198 (30), 167 (15), 139 (23), 111 
(100), 97 (59), 84 (7); starting isomer peak mass spectrum m j e  
(re! intensity) 198 (12), 167 (14), 139 (32), 111 (55), 97 (100), 84
(12). On extending the reflux time to 4 hr only a 14% recovery of 
material which contained 21% of the new peak was possible.

Application of the equilibration technique used for ketones 5 
led to recovered starting isomer with none of this new peak pres
ent.
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Registry No.— la, 491-37-2; 2a, 51599-61-2; 2b, 41118-34-7; 2c, 
41118-27-8; 3c cis epimer 1, 51600-14-7; 3c cis epimer 2, 51600-15- 
8; 4a, 1124-63-6; 5a, 51600-16-9; 5b cis epimer 1, 51600-17-0; 5b cis 
epimer 2, 51600-18-1; 5c, 51599-62-3; 7, 51600-19-2; 8, 51599-63-4; 
9, 51600-20-5; 10, 51600-21-6; 11, 51600-22-7; 12, 51600-23-8; 13, 
51600-15-8.
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Synthetic routes to the title compounds have been investigated and all gross structures have been obtained. 
Problems of stereochemical assignments and epimer separations have been encountered, resulting in an inabili
ty to isolate definitive trans-fused isomers in pure form.

As part of a study of substituted trans-1 -heteradecalins,1 
we have explored several synthetic routes to 6- and 7-car- 
bomethoxy-l-azadecalins. Several examples of this ring 
system are known, with the critical reactions :n their 
method of preparation being ring closure of nonaromatic 
monocyclic material,2 Michael addition,3 and ring closure 
of aromatic monocyclic material.4 Because of our success 
in the 1-oxadecalin series1 with procedures based on hy
drogenation5 of systems produced by ring closure of aro
matic monocyclic material, we have pursued similar 
routes with the nitrogen analogs.

Initial efforts centered on hydrogenation of 6-carbome- 
thoxyquinoline (la) and 7-carbomethoxyquinoline (lb) in 
the hope that small amounts of frans-decahydroquinolines 
could be separated from the product mixture or that 
known reactions could be applied to the cis products to 
convert them into trans isomers. Quinoline-6-carboxylic 
acid was obtained by a modified Skraup reaction6 on p- 
aminobenzoic acid, while quinoline-7-carboxylic acid was 
prepared by oxidation7 of commercially available 7-meth 
ylquinoline. Both acids were esterified and the esters were 
subjected to hydrogenation at room temperature and low 
pressure in glacial acetic acid containing some concentrat
ed sulfuric acid over an equal weight of Adams catalyst.8 
Good yields of mixtures of decahydroquinolines (2a and 
2b, respectively) were obtained.9 In each case, glpc indi-

Scheme I
H H

pure cis isomers and a mixture containing 60% of the 
trans material.

In both isomeric series (2a and 2b), spectral data did 
not assist stereochemical assignment. The nmr (including 
with shift reagent), ir, and mass (including glpc-mass) 
spectra were all remarkably similar.

Since the above hydrogenation approach appeared un
promising, hydrogenation of 2,3-dihydro-4-quinolones 
along lines similar to the 4-chromanones1-5 was investi
gated. Carboxylic acid 3b was synthesized from nitrotere- 
phthalic acid with reasonable dispatch by modification of 
a literature method.4 However, the decarboxylative cycli- 
zation constituting the last step in this sequence was 
found to be unreliable with more than 10 g of material.

1

H

2

a, R2 = C 0 2CH3; R, = H
b, R! =  H; R2= C 0 2CH,

cated the presence of 20% of a single isomer with a reten
tion time shorter than that of two overlapping peaks 
which constituted 80% of the product mixture. Based on 
the behavior of the unsubstituted decahydroquinolines,10 
the earlier peak was believed to be the desired trans-fused 
structure.

V/hen the mixture of 6-carbomethoxy-l-azadecalins (2a) 
was treated in a manner expected to increase the amount 
of trans material (Scheme I), the material with the short
er glpc retention time was enhanced to 40% of the mix
ture. Nevertheless, a method of separating the isomers 
was still required. Column chromatography on deactivat
ed aluminas11 permitted separation of the two pure cis 
isomers, but the supposed trans isomer could not be ob
tained in better than 50% purity. Preparative glpc was 
equally unrewarding since rechromatography of collected 
“ trans material” indicated the presence of two new peaks.

Chromatography of the mixture of 7-carbomethoxy-l- 
azadecalins (2b) on deactivated aluminas11 resulted in

3a, Rj =  C02H; R, = H 4a, R =  H
b, Ri =  H; R2 =  C02H b, R =C H 3
c, R2 =  C02CH3; R- = H
d, Rj =  H; Rs =  C02CH3

Conversion of acid 3b to methyl ester 3d using concen
trated sulfuric acid as the catalyst (as reported4 for for
mation of the ethyl ester) was inefficient. Attempts to in
crease the conversion were successful, but resulted in 
product of lower purity since significant amounts of quin
oline 4a were formed. Use of boron trifluoride-methanol 
complex12 at reflux as the esterification reagent led to 
quinoline 4b as the isolated product. Dimethylformamide 
dimethyl acetal13 provided pure product 3d, but again in 
low conversion. The method finally chosen involved use of 
a polysulfonic acid resin (Bio-Rad AGMP-50) with metha
nol and a Soxhlet extractor.

Hydrogenation of ester 3d over ruthenium5 (1.7 g cata- 
lyst/g ester) led cleanly to a decahydroquinolinol mixture
(5) containing no aromatic material and less than 4% of 
benzylically hydrogenolyzed ester 2b. Oxidation of un
blocked14 crude 7-carbomethoxy-l-aza-4-decalol (5) with 
Jones reagent15 resulted in a low yield of a mixture con-
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H 0

taining four isomeric ketones (6) and two lactams (7 and 
8), lactam 7 evidently resulting from ring closure of hy- 
drogenolyzed material16 2b and lactam 8 from ring closure 
of one isomer of ketone 6. Glpc-mass spectroscopy con
firmed the structures of all of these products, but no in
formation was obtained pertinent to stereochemical as
signments in the ketone isomers, none of which were ob
tained in pure form.

Carboxylic acid 3a, an unknown compound, was pre
pared in three ways. Application of a decarboxylative cy- 
clization procedure4 (Scheme II) analogous to that used

Scheme II

CH:, HO,C
KMnO,

'NHAc

C O ,

^ M W A c

HO,CU /v .  .CO,H

‘ X X r HO,C

10

h o i : co ,h CO,H
Ac-,0

KOAc

CO,H

H0,C

■CN

aqHCl

aq NaOH

for 3b produced the desired product in 29% yield from 
blocked xylidine 9. The Michael addition (10 —1• 11) pro
vided some difficulty, as a maximum 50% conversion 
could be obtained. However, repetitive additions of base 
and acrylonitrile to the reaction mixture produced repeti
tive 50% conversions so that good yields could be 
achieved. Use of /3-propiolactone17 instead of acrylonitrile 
was unsuccessful.

A second route (Scheme 111) to acid 3a utilized tetrahy- 
droquinoline 12, which could be obtained9 from quinoline- 
6-carboxylic acid. Buffered permanganate oxidation16 of 
blocked tetrahydroquinoline 13 proceeded satisfactorily at 
the benzylic position to provide acid 3a in 37% yield from 
quinoline-6-carboxylic acid.

A third route, the ultimate method of choice because of 
its simplicity, involved intramolecular cyclization of a f3- 
anilinopropionic acid (14) (Scheme IV) in a manner anal
ogous to that used in the oxygen series.1'® Michael addi
tion of p-aminobenzoic acid to acrylonitrile followed by 
hydrolysis produced acid 14. After unsuccessful cycliza
tion of 14 with hot sulfuric acid and of acetylated 14 with 
polyphosphoric acid, a technique18 using hot polyphos- 
phoric acid on 14 was found to give usable yields of 3a, 
the overall yield for this synthetic route being 37%.

HO,C
Scheme III
HO,C„

AcO-2

hoX0O

12

h o x :

Ac

KMnO,

aq HC1

13

HO,C

H0XX U
Scheme IV

N HOoC ,CN
aq NaOH

HO,C
PPA

H

0i
X

H
3a14

Conversion of acid 3a to methyl ester 3c was achieved 
using the dimethylformamide dimethyl acetal meth
od.13'19 Hydrogenation of ester 3c over ruthenium pro
duced a decahydroquinolinol mixture (15) containing no 
more than 6% of hydrogenolyzed ester 2a. Jones oxida
tion15 gave a low yield of ketone mixture 16. Column 
chromatography permitted separation of two fractions 
each containing better than 90% of the same two ketone 
isomers, but in different proportions (4:1 and 1:4). Equili
bration1 of these two mixtures with 1,5-diazabicyclo- 
[4.3.0]non-5-ene (DBN) produced no change in either the 
pmr spectra or the thin layer chromatograms, suggesting 
that these isomers were trans fused20 (17 and 18) and 
that equilibration had occurred earlier in the sequence,21 
presumably during the Jones oxidation. Unfortunately, 
the spectral data provided no stereochemical information.

H OH
ch3o ,c CH,0,C

C H A C .v

Experimental Section
Melting points are uncorrected. Nmr spectra were recorded on 

a Varian A-60A instrument using solutions in deuteriochloroform 
unless otherwise stated. Hexadeuterated dimethyl sulfoxide was
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used where DMSO is specified. Infrared spectra were determined 
with a Beckman IR-10 spectrophotometer, with only major ab
sorptions being cited. Mass spectral analyses were obtained at 70 
eV. Elemental analyses were performed by Alfred Bernhardt Mi
kroanalytisches Laboratorium, Elbach, West Germany. The glpc 
column used was a 6 ft X 0.25 in. 10% m-polyphenyl ether (five 
rings) w/w on an Anakrom ABS (60/70 mesh) column.

6- Carbomethoxyquinoline (la ). Quinoline-6-carboxylic acid 
was prepared from p-aminobenzoic acid in 83% yield by the 
method oi Cohn6 and was obtained from methanol as a buff solid, 
mp 291-295° (lit.22 mp 290-291°). Conversion to the methyl ester, 
a white solid, was effected in 61% yield by the method of Haug 
and Fürst,23 mp 86- 88° (lit.24 mp 86-87°).

7- Carbomethoxyquinoline (lb ). Quinoline-7-carboxylic acid 
was prepared from 7-methylquinoline in 37% yield by the method 
of Siebert and coworkers,7 mp 250-255° (lit.7 mp 252-254°). Con
version to the methyl ester was effected in 57% yield by the 
method of Haug and Fürst,23 giving a white solid, mp 73-76° 
(lit.24 mp 73.5-74.5°).

6- Carbomethoxy-l-azadecaIin (2a). A solution of 1.00 g (5.34 
mmol) of la in 10 ml of glacial acetic acid containing 5 drops of 
concentrated H2SO4 was hydrogenated for 1-2 hr at 10-50 psig at 
room temperature over 1.00 g of P t02. Hydrogen uptake was ca. 6 
equiv (the catalyst was not prereduced). The mixture was diluted 
with CH2CI2 and the catalyst was removed by filtration. The fil
trate was treated with 10 ml of 19 N NaOH in the cold and ex
tracted with CH2CI2. The extracts were concentrated, giving 1.06 
g (100%) of the epimers of 2a, glpc retention times (175°) 13.6,
17.4, and 18.3 min (1:2:2).

Anal. Calcd for CnHigNOa: C, 66.97; H, 9.71; N, 7.10. Found: 
C, 66.82; H, 9.53; N, 7.10.

Chromatography on neutral alumina (Woelm, activity grade
III) of 500 mg of this epimer mixture gave 160 mg (32%) of a sin
gle cis isomer as an oil in the 50% ethyl acetate-methylene chlo
ride fractions: ir (neat) 1745 cm -1 (C = 0 ); nmr 5 3.65 (s, OCH3); 
mass spectrum m/e (rel intensity) 197 (13), 166 (11), 138 (7), 110
(3), 96 (100), 83 (33); glpc retention time (175°) 18.3 min.

The 5-10% methanol-ethyl acetate fractions contained 240 mg 
(48%) of a mixture of the other cis isomer and a trans isomer of 
2a. Chromatography on neutral alumina (Woelm, activity grade 
V) of this new mixture gave 30 mg (6%) of the cis isomer in the 
60% benzene-heptane fractions as a white solid: ir (Nujol) 1745 
cm' 1 (C = 0 ); nmr 0 3.65 (s, OCH3); mass spectrum m/e (rel in
tensity) 197 (8), 166 (7), 138 (2), 110 (2), 96 (100), 83 (17); glpc re
tention time (175°) 17.4 min.

The 80-90% benzene-heptane fractions contained 30 mg (6%) of 
a mixture of this cis isomer and the trans isomer, glpc retention 
times (175°) 13.6 and 17.4 min (l.T).

7- Carbomethoxy-l-azadecalin (2b). This compound was pre
pared from lb in 99% yield by the method used for 2a, glpc reten
tion times (169°) 13.0, 15.4, and 16.9 min (1:4; the latter two 
peaks were not well defined and were combined for this ratio).

Chromatography on neutral alumina (Woelm, activity grade
IV) of 500 mg of this isomer mixture gave 200 mg (40%) of a mix
ture of one of the cis isomers and a trans isomer as an oil in the 
0-50% methylene chloride-benzene fractions, glpc retention times 
(169°) 13.0 and 16.9 min.

One 50% ethyl acetate-methylene chloride fraction contained 
50 mg (10%) of the other cis isomer as an oil: ir (neat) 3440 (N-H) 
and 1750 cm' 1 (C = 0 ); nmr 6 3.67 (s, OCH3); mass spectrum 
m/e (rel intensity) 197 (10), 166 (4), 138 (7), 110 (3), 96 (100), 83
(8); glpc retention time (169°) 15.4 min.

Anal. Calcd for C nH i9N 0 2: C, 66.97; H, 9.71; N. 7.1C. Found: 
C, 66.97; H, 9.70; N, 7.04.

Chromatography on neutral alumina (Woelm, activity grade 
III) of the previously mentioned 200 mg of isomer mixture gave 40 
mg (8%) of a pure cis epimer in the CH2C12 fractions as an oil: ir 
(neat) 1750 cm' 1 (C = 0 ); nmr <5 3.65 (s, OCH3); mass spectrum 
m/e (rel intensity) 197 (13), 166 (7), 138 (5), 110 (6), 96 (100), 83 
(10); glpc retention time (169°) 16.9 min.

The 10% methanol-ethyl acetate fractions contained 20 mg of a 
mixture of the latter cis isomer and the trans isomer, glpc reten
tion times (169°) 13.0 and 16.9 min (3:2). The mass spectrum of 
the pure trans isomer of 2b was recorded using gas chromatogra
phy-mass spectra: m /e (rel intensity) 197(10), 110 (10), 96 (100).

Partial Isomerization of 6-Carbomethoxy-l-azadecalin (2a). 
A stirred solution of 207 mg (1.05 mmol) of isomer mixture 2a in 2 
ml of dry ether was treated dropwise with a solution of 120 mg 
(1.1 mmol) of ferf-butyl hypochlorite in 2 ml of dry ether over 5 
min in an ice bath. Stirring was continued in the cold for 30 min, 
and the resulting solution of 6-carbomethoxy-l-aza-l-chlorodecal-

in was then treated dropwise with a solution of 62 mg (1.1 mmol) 
of NaOCH3 in 4 ml of dry methanol over a few minutes. Most of 
the ether was removed, and the solution was then refluxed for 30 
min. The resulting solution was cooled and treated with 200 mg 
(5.3 mmol) of NaBH4 and 1 drop of water. The mixture was 
stirred for a few minutes at room temperature, then kept at 5° for 
22 hr. The mixture was treated with 1 ml of glacial acetic acid 
and concentrated. The residue was treated with ice and 2.5 N  
NaOH, then extracted with CHCL- The CHC13 extract was dried 
(NaSOi) and the solvent was evaporated, giving 130 mg (63%) of 
a crude mixture, glpc retention times (175°) 13.6, 17.4, and 18.3 
min (4:3:3).

7-Carbomethoxy-2,3-dihydro-4( I //)-qui nolo tie (3d). A stirred 
mixture of 3.56 g (18.7 mmol) of 3b4 and 11.4 g (56 mmol) of Bio- 
Rad AGMP-50 (50-100 mesh granular, H+ form, 52-56% moisture 
content) in 400 ml of methanol was refluxed through a Soxhlet 
extractor containing 3A molecular sieves for 49 hr. The cooled 
mixture was filtered and the resin was washed with methanol. 
The filtrate and extracts were concentrated and the residue was 
dissolved in CH2C12. The solution was washed with 5% aqueous 
NaHC03 and brine, and then dried (NaS04). Concentration gave
2.02 g (53%) of crude 3d, which was purified by a single recrystal
lization from methanol: mp 142-143°; ir (Nujol) 3380 (N-H), 
1730, and 1660 cm' 1 (C O); nmr & 7.89 (d, 1, J  = 8 Hz, H-5),
7.40 (m, t. H-8), 7.35 (m. 1, H-6). 4.91 (broad s. 1, NH), 3.90 (s, 
3, OCH3), 3.62 (t, 2, J = 7 Hz, NHCH2CH2), 2.72 (t, 2, J = 7 Hz, 
CH2CH2C = 0 ).

Anal. Calcd for CuHnNOg: C, 64.37; H, 5.40; N, 6.82. Found: 
C, 64.26; H, 5.45; N, 7.00.

Hydrogenation of 3d. The standard procedure5 was used for 
the hydrogenation of 410 mg (2.0 mmol) of 3d over 700 mg of 5% 
Ru/C. Since the product had considerable water solubility, the 
aqueous methanol concentration residue was treated with a small 
amount of brine and extracted several times with CH2C12. The 
extracts were dried (NaS04) and evaporated, giving 190 mg 
(45%) of a mixture of isomers of 5 as an oil (additional 5 could be 
obtained by ethvl acetate extraction of the brine solution): ir 
(CHCI3) 3390 [0(N )-H ] and 1743 cm ' 1 (C = 0 ); nmr & 3.65 (s, 
OCH3), 3.66 (s, OCH3); mass spectrum m/ e  (rel intensity) 213 
(10), 197 (5), 195 (14), 182 (12), 154 (13), 126 (10), 112 (100), 98 
(24), 96 (71).

Anal, Calcd for CjjHjsNCa: C, 61.93; H, 8.98; N, 6.56. Found: 
C, 62.03; H, 9.00; N, 6.71.

Alternatively the aqueous methanol filtrate from the hydroge
nation was simply concentrated under vacuum until most of the 
water had been removed. This procedure gave 72% of a solid that 
appeared to be an hygroscopic hydrate of 5, but which had a 
comparable pmr.

7-Carbomethoxy-l-aza-4-deealone (6). Method A. A stirred 
solution of 180 mg (0.84 mmol) of epimer mixture 5 in 4 ml of ace
tone was treated sequentially with 0.35 ml of H20, 0.07 ml (1.3 
mmol) of H2S 0 4, and 0.39 ml (1.1 mmol) of Jones reagent15 (2.8 
M) in an ice bath. After being stirred in an ice bath for 5 hr, the 
mixture was treated with isopropyl alcohol, and then with excess 
K 2CO3 and brine. The mixture was extracted with CH2C12 sever
al times and the organic extracts were dried (Na2S 0 4). Concen
tration of the extracts gave 130 mg of a crude oil. Chromatogra
phy on activity grade III alumina (Woelm) using CH2C12 gave 40 
mg (ca. 20%) of a mixture of isomers 6 and lactam 7. This mix
ture was resolved by gas chromatography-mass spectra: mass 
spectrum m/ e  (rel intensity) first isomer of 6 211 (8), 180 (3), 152
(3), 124 (3), 110 (100), 97 (11); second isomer of 6 211 (8), 180 (3), 
152 (3), 124 (3), 110 (100), 97 (8); third isomer of 6 211 (24), 180 
(24), 152 (24), 124 (100), 110 (50), 97 (10); fourth isomer of 6 211
(13), 180 (11). 152 (16), 124 (100), 110 (67), 97 (10); lactam 7 165 
(100), 137 (24), 94 (72), 80 (51), 67 (45).

Method B. A stirred mixture of 830 mg (3.9 mmol) of 5 hydrate 
and 20 ml of acetone was treated sequentially with 1.1 ml of H20, 
0.22 ml (3.9 mmol) of concentrated H2S 0 4, and 2.8 ml (7.8 mmol) 
of Jones reagent15 (2.8 M) in an ice bath. The ice bath was re
moved and stirring was continued for 2 hr. The mixture was 
treated with isopropyl alcohol followed by excess NaHC03. This 
mixture was concentrated at room temperature and the solid resi
due was extracted with CH2C12. The remaining solid was slurried 
with aqueous K2C03 and further extracted with CH2C12. The 
combined CH2C12 extracts were dried (Na2S 0 4) and evaporated, 
giving 860 mg of a crude oil. Chromatography on neutral alumina 
(Woelm, activity grade III) gave substantial amounts of an uni
dentified, volatile oil in the benzene fractions. The early CH2C12 
fractions contained 60 mg of a mixture of 7, 8, and one isomer of
6. The mixture was resolved by gas chromatography-mass spec
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tra . L a cta m  7 e x h ib ite d  th e  p rev iou s ly  d e scr ib e d  m ass sp ectru m  
(m e th o d  A ) .  K e to  la c ta m  8  had  m ass sp e ctru m  m/e (re l in ten s i
ty ) 179 (1 0 0 ), 151 (2 0 ), 115 (25 ), 101 (6 5 ), 99 (5 4 ). T h e  6  p resen t 
was e ith er  th e  first  o r  th e  secon d  isom er b y  m ass sp e c tru m  (see 
m eth od  A ) .

T h e  la ter  C H 2 C I2  fra c t io n s  con ta in ed  50 m g  ( 6 % ) o f  a m ixtu re  
o f  tw o  isom ers  o f  6  (th e  th ird  an d  fou rth  isom ers ): ir (n e a t) 1730 
a n d  1710 c m - 1  ( C = 0 ) ;  n m r (C D C 13) b 3.68 (s , O C H 3).

4-Aminoisophthalic Acid (10). A  stirred  m ixtu re  o f  30 g (0 .18  
m o l) a n d  2 ',4 '-a c e t o x y l id id e 2 5  (9) a n d  1 .5  l. o f  w ater w as trea ted  
p ortion w ise  w ith  175 g (1 .1 0  m o l) o f  K M n 0 4 ov er  7 hr at 8 0 -8 5 °. 
A fter th e  K M n 0 4 h a d  b e e n  con su m ed , th e  m ix tu re  w as filtered  
h ot. T h e  c o o le d  filtra te  w as m ad e  stron g ly  a c id ic  w ith  c o n c e n tra t 
ed  HC1 a n d  th e  p re c ip ita te d  4 -a ce ty la m in o iso p h th a lic  a c id  w as 
w ash ed  w ith  w ater . T h e  cru d e  m oist so lid  w as trea ted  w ith  300 
m l o f  c o n ce n tra te d  HC1 an d  200 m l o f  e th a n o l an d  h ea ted  on  a 
steam  b a th  fo r  3 .5  hr. T h e  so lu tion  was filte re d  h o t  a n d  the f i l 
tra te  w as tre a te d  w ith  sa tu ra ted  so d iu m  a ce ta te  so lu tion  to  p H
3 -4 . T h e  p re c ip ita te d  so lid  w as aged  an d  w ashed  w ith  w ater, g iv 
ing 23 .6  g  (7 2%  fro m  9) o f  a so lid : ir (N u jo l)  3520, 3480, 3400, 3360 
(N - H ) ,  1690, an d  1635 c m - 1  ( 0 = 0 ) ;  n m r (D M S O -C D C I s )  b 8.85 
[b road  s, 0 ( N ) H ] ,  8 .54  (d , J =  2 H z , H -2 ), 7.84 (d d , J = 2,9 H z, 
H -6 ), 6 .84  (d , J  =  9 H z , H -5 ).

4-[(2-Cyanoethyl)amino]isophthalic Acid (11). A  h ot, stirred  
su spen sion  o f  13.1 g (7 2 .4  m m o l) o f  10 an d  2.95 g (7 3 .6  m m o l) o f  
N a O H  in  145 m l o f  w ater w as trea ted  w ith  9 .6  m l (140 m m o l) o f  
a cry lon itr ile  an d  re flu x ed  o n  a steam  b a th  fo r  18 hr. T h is  m ixtu re  
was fu rth er  trea ted  w ith  1.43 g (3 5 .5  m m o l) o f  N a O H  and 4 .8  m l 
(72 m m o l) o f  a cry lo n itr ile  a n d  h e a te d  for  an  a d d it io n a l 24 hr. 
T h is  s o lu tion  w as stirred  in  an ice  b a th  an d  a c id ifie d  to  p H  ca. 4 
w ith  g la c ia l a ce tic  a c id . T h e  p re c ip ita te d  so lid  w as w ash ed  w ith  
w ater an d  d ried . R e cry sta lliz a tio n  from  m eth a n o l gave 10.2 g 
(6 0 % ) o f  w h ite  crysta ls : m p  254° d e c ; ir (N u jo l)  3360 (N - H ) ,  2280 
( C ^ N ) ,  an d  1680 c m - 1  ( C = 0 ) ;  n m r (D M S O ) 5 9 .36  [b roa d  s, 
0 ( N ) H ] ,  8.51 (d , J =  2 H z , H -2 ), 7 .93  (d d , J =  2, 9  H z , H - 6 ), 6.94 
(d , J =  9 H z, H -5 ), 3 .67  (m , N H C H 2 C H 2), 2 . 8 6  (t , J =  6  H z, 
C H 2 C H 2 C N ).

Anal. C a lcd  for  C n H io N s O * : C , 56 .40 ; H . 4 .30 ; N , 11.96. 
F ou n d : C , 56 .26 ; H , 4 .4 9 ; N , 11.90.

4-[(2-Carboxyethyl)amino]isophthalic Acid. A  so lu tio n  o f  10 g 
(42 m m o l) o f  11 in  200 m l o f  2 .5  N N a O H  w as re flu x ed  for  4 hr. 
T h e  co o le d  so lu tio n  w as filte red  and  the filtra te  w as a c id ifie d  to  
p H  ca. 3 w ith  c o n ce n tra te d  H C1. T h e  p re c ip ita te d  so lid  w as 
w ashed  w ith  w ater, g iv in g  1 1 . 1  g  ( 1 0 0 % ) o f  a w h ite  so lid : ir 
(N u jo l)  1690 c m - 1 ( C = 0 ) ;  n m r (D M S O ) b 10.3 [b roa d  s, 
0 ( N ) H ] ,  8 .58  (d , J =  2 H z , H -2 ), 8 .00  (d d , 1, -J =  2, 9 H z , H - 6 ),
6.89 (d , 1, J =  9 H z , H -5 ), 3 .58  (m , 2, N H C H 2 C H 2), 2 .66  (t, J =  6 

H z, C H 2 C H 2 C 0 2 H ).
l-Acetyl-6-carboxy-l,2,3,4-tetrahydroquinoline (13). A  m ix 

ture  o f  7 .00  g (4 0 .5  m m o l)  o f  q u in o lin e -6 -e a rb o x y lic  a c id  (see  la) 
and 45 m l o f  g la c ia l a ce t ic  a c id  w as h y d ro g e n a te d  for  55 m in  at
5 -  48 p s ig  at room  te m p e ra tu re  u s in g  560 m g  o f  P t 0 2. T h e  ca ta ly st  
w as r e m o v e d  b y  filtra tio n  an d  the filtra te  w as c o n ce n tra te d , g iv 
ing cru d e  te tra h yd ro  c o m p o u n d  12. A  so lu tion  o f  cru d e  12 in  45 
m l o f  a ce t ic  a n h y d rid e  w as h ea ted  on  a s team  b a th  for  1 hr. T h e  
co o le d  so lu tio n  w as trea ted  w ith  w ater  a n d  aged . T h e  a q u eou s 
p hase w as d e ca n te d  an d  the residu a l o il a n d  so lid  w ere d isso lv ed  
in  C H 2 C12. T h e  C H 2 C12 e x tra c t  w as w ash ed  w ith  w ater, d ried  
( M g S 0 4), and  co n ce n tra te d , g iv in g  5 .6  g o f  a cru d e  so lid . T h e  
solid  w as w ashed  w ith  ether, g iv in g  4 .95  g (5 6%  from  q u in o lin e -6 - 
c a rb o x y lic  a c id ) o f  a s o lid : m p  17 6 -1 7 9 ° ( l i t .26 m p  18 7°); ir 
(N u jo l)  2640 (O - H ) ,  1715, an d  1640 c m - 1  ( 0 = 0 ) ;  n m r (D M S O -  
C D C I3 ) b 7.71 (m , 2, H -5  a n d  H -7 ), 7 .54  (d , 1, J =  9 H z , H -8 ),
3.73 (t, 2, J =  6 .5  H z, H -2 ), 2 .7 6  (t, 2, J =  6.5 H z, H -4 ), 2 .22  (s, 3, 
C O C H 3 ), 2 .08  (q u in te t , 2 ,J =  6 .5  H z , H -3 ).

l-Acetyl-fi-carboxy-2,:i-dihydro-4(lH)-quinolone. A  stirred  
so lu tio n  o f  2 .19  g (1 0 .0  m m o l)  o f  13, 450 m g  (11 m m o l) o f  N a O H , 
and  7.20  g  (6 0 .0  m m o l) o f  a n h y d rou s  M g S 0 4 in  90 m l o f  w ater 
w as trea ted  w ith  a so lu tio n  o f  3 .16  g (2 0 .0  m m o l)  o f  K M n 0 4 in 
180 m l o f  w ater at ca. 10°. A fte r  5 m in  th e  ice  b a th  w as re m o v e d  
an d  stirr in g  w as c o n t in u e d  fo r  20  hr. T h e  so lu tion  w as fu rther 
trea ted  w ith  1.0 g (6 .4  m m o l)  o f  so lid  K M n O f p o rtion w ise  ov er  2.5 
hr an d  stirred  for  a n oth er  12 hr. T h e  m ix tu re  w as filte red  an d  the 
filtra te  w as a c id ifie d  to  ca. p H  2  w ith  c o n ce n tra te d  HC1. T h e  re 
su ltin g  tu rb id  so lu tio n  w as sa tu ra ted  w ith  N a C l an d  ex tra cted  
w ith  ethy l a ce ta te . T h e  e th y l a ce ta te  e x tra c ts  w ere d ried  
(M gS O -i) an d  co n ce n tra te d , g iv in g  1.85 g (7 9 % ) o f  cru d e  1 -a ce ty l-
6 - c a r b o x y -2 ,3 -d ih y d r o -4 ( l i i ) -q u in o lo n e : n m r (D M S O ) b 8.45 (d , J 
=  2 H z . H -5 ), 8 .13  (d d , J =  2, 8 .5  H z , H -7 ), 7 .90  (d , J =  8 .5  H z, 
H -8 ), 4.21 (t, J =  6  H z , H -2 ), 2 .86  (t, J =  6  H z, H -3 ), 2 .38  (s, 
COCH3).

4-[(2-Carboxyethyl)amino]benzoic Acid (14). A h ot so lu tion  o f  
15 g (0 .11  m o l) o f  p -a m in o b e n z o ic  a c id  a n d  4 .2  g (0 .1 0  m o l) o f  
N a O H  in 150 m l o f  w ater  w as trea ted  w ith  7 .8 m l (0 .18  m o l) o f  
a cry lon itr ile  an d  re flu x ed  on  a steam  b a th  for  20 hr. T h is  so lu tion  
w as stirred  in an ice  b a th  and  a c id ifie d  to  p H  ca. 4 w ith  g lacia l 
a ce t ic  a c id . T h e  p re c ip ita te d  so lid  w as w ashed  w ith  w ater. A  s o 
lu tion  o f  th is  m o ist  n itr ile  and  30  g  o f  N a O H  in 300 m l o f  w ater 
was re flu x ed  for  4 hr. T h e  so lu tio n  w as filte red , co o le d , a n d  a c id i
fie d  to  p H  ca. 3 w ith  co n ce n tra te d  H C1. T h e  p re c ip ita te d  solid  
w as w ash ed  w ith  w ater a n d  re cry sta llized  fro m  a q u eou s  m e th a 
n o l, g iv in g  15.4 g (6 7% ) o f  w h ite  crysta ls : m p  206° d e c  ( l i t .2 7  m p  
20 6-207° d e c ) ;  ir (N u jo l)  1685 c m - 1  ( C = 0 ) ;  n m r (D M S O ) 5 7 .68  
(d , J =  9  H z , H -2  and  H -6 ), 6 .58  (d , J =  9 H z , H -3  an d  H -5 ), 6.33 
[b roa d  s, 0 (N )H ] , 3 .32  (t, J  =  7 H z , N H C H 2 C H 2), 2 .50  (t, J =  7 
H z, C H 2 C H 2 C O 2 H ).

6-Carboxy-2,3-dihydro-4(lH)-quinolone (3a). From 1-Acetyl-
6-earboxy-2,.‘i-dihydro-4( 177)-quinolone. A  m ix tu re  o f  1.85 g 
(7 .94  m m o l) o f  l -a c e t y l -6 -c a r b o x y -2 ,3 -d ih y d r o -4 ( l i / ) -q u in o lo n e  in 
18 m l o f  6  N HC1 w as h ea ted  on  a steam  b a th  for  1  hr. T h is  su s 
p en sion  w as co o le d  in  an ice  b a th  a n d  n e u tra lize d  to  ca. p H  3 
w ith  19 N N a O H . T h e  p re c ip ita te d  so lid  w as w a sh ed  w ith  w ater, 
g iv in g  1.27 g (8 4 % ) o f  a so lid : ir (N u jo l)  3380 (N - H )  an d  1675 
c m - 1 ( C = 0 ) ;  n m r (D M S O ) 5 8 .26  (d , J =  2 H z , H -5 ), 7.83 (d d , J 
=  2, 8 .5  H z, H -7 ), 7.51 (b ro a d  s, N H ), 6 .85  (d , J =  8 .5  H z, H -8 ),
3 .56  (t , J =  7 H z , H-2), 2.62 (t , J =  7 H z , H -3 ) .

From 4-[(2-Carboxyethyl)amino]isophthalic Acid. T h e  d e 
sired  c o m p o u n d  w as p rep a red  from  4 -[(2 -ca rb o x y e th y l)a m in o ]is o - 
p h th a lic  a c id  in  65%  y ie ld  b y  th e  m e th o d  used  fo r  3b.4 T h e  nm r 
sp e ctru m  w as as p re v io u s ly  d e sc r ib e d .

From 14. A  m ixtu re  o f  1.00 g  (4 .79  m m o l) o f  14 a n d  10.8 g o f  
p o ly p h o s p h o r ic  a c id  w as h e a te d  on  a stea m  b a th  for  20 hr. T h e  
co o le d  so lu tion  w as trea ted  w ith  ice , an d  th e  so lid  w h ich  g ra d u a l
ly  sep arated  w as w ash ed  w ith  w ater, g iv in g  510 m g  (5 6 % ) o f  3 a ; ir 
sp ectru m  w as as p re v io u s ly  d e scrib e d .

6-Carbomethoxy-2,3-dihydro-4(lH)-quinolone (3 c ) .  A  m ix 
ture o f  5 .04  g (37 .9  m m o l) o f  3a, 9 .0  m l (ca. 2 e q u iv ) o f  d im e th y l- 
fo rm a m id e  d im e th y l a c e ta l , 1 3  a n d  25 m l o f  D M F  w as stirred  at 
room  tem p era tu re  fo r  20 hr. T h is  so lu tion  w as d ilu te d  w ith  5%  
a q u eou s N a H C 0 3 and  e x tra c te d  w ith  C H 2 C12. T h e  C H 2 C12 e x 
tra cts  w ere w ash ed  w ith  brin e , d ried  (N a 2 S 0 4), a n d  c o n c e n tra t 
ed . T h e  residu e  w as p u m p e d  at 7 0 -8 0 ° u n d er  v a cu u m  to  rem ove  
D M F . T h e  rem a in in g  residu e  w as re cry sta llized  from  m eth an ol, 
g iv in g  1.13 g (2 0% ) o f  y e llo w -b ro w n  cry sta ls : m p  157 -15 8°; ir 
(N u jo l)  3395 (N-H). 1725, a n d  1665 c m - 1  ( C = 0 ) ;  n m r (D M S O ) b
8.21 (d , 1, J = 2 H z, H -5 ) , 7 .79  (d d , 1, J = 2 an d  9 H z , H -7 ), 7.55 
(b ro a d  s, 1, N H ) , 6.83 (d , 1, J =  9  H z , H - 8 ) ,  3 .80  (s, O C H 3), 3 .56  
(d t , J =  2 an d  7 H z , N H C H 2 C H 2), 2 .60  (t, -J =  7 H z, 
C H 2 C H 2 C = 0 ) .

Anal C a lcd  for  C n H j i N 0 3: C , 64 .37 ; H , 5 .40; N , 6 .82 . F ou n d : 
C , 64 .25 ; H , 5 .40 ; N , 7 .00 .

Hydrogenation of 3c. T h e  sta n d a rd  p ro ce d u re 5 w as u sed  for  
the  h y d ro g e n a tio n  o f  1.10 g (5 .36  m m o l) o f  3c ov er  1.9 g o f  5%  
R u /C . S in ce  the  p ro d u c t  had  n o  great w ater  so lu b ility , the  a q u e 
ou s m e th a n o l co n ce n tra tio n  resid u e  w as s im p ly  e x tra c te d  w ith  
C H 2 C12. T h e  C H 2 C12 e x tra c ts  w ere d ried  (N a 2 S 0 4) an d  e v a p o 
ra ted , g iv in g  530 m g  (4 6 % ) o f  a m ix tu re  o f  isom ers 15 as an o il ; ir 
(n ea t) 3330 [ 0 ( N ) - H ]  a n d  1740 c m ' 1 ( C = 0 ) ;  n m r 5 3 .67  (s, 
O C H 3).

Anal. C a lcd  for  C u H js N O s : C , 61 .93 ; H , 8 .9 8 ; N , 6 .56 . F ou n d : 
C , 62 .19 ; H , 9 .01 ; N , 6 .46.

6 -C a r b o m e t h o x y - l - a z a -4 - d e e a lo n e  (16). T h is  isom er  m ixtu re  
was p rep a red  from  isom er m ix tu re  15 b y  m e th o d  A  u sed  for  6 . 
C h ro m a to g ra p h y  o f  the  590 m g  o f  c ru d e  16 o b ta in e d  on  n eu tra l 
a lu m in a  (W o e lm , a c t iv ity  grade  III) gave an  u n id e n tif ie d  vo la tile  
o il in  the  ben zen e  fra c t io n s . T h e  90%  C H 2 C l2-b e n z e n e  fra c tio n s  
co n ta in e d  50 m g (1 0 % ) o f  a m ixtu re  o f  17 an d  18 as an  o il; n m r b
3.68 (s , O C H 3); t ic  (s i l ica  gel, 8 :2 :1  h e p ta n e -E tO A c -d ie th y la m - 
ine) Rr m in or  0 .14, m a jo r  0 .20, u n k n ow n  0 .29 .

T h e  C H 2 C I2 fra c t io n s  co n ta in e d  70 m g  (1 4 % ) o f  a m ix tu re  o f  17 
an d  18 as a lo w -m e ltin g  so lid : ir (N u jo l)  3400 (N - H )  a n d  1730 
c m - 1  ( C = 0 ) ;  n m r 6 3.67 (s , O C H 3) ;  t ic  (s ilica  gel as a b o v e ) Rt  
m a jo r  0 .14, m in o r  0 .2 0 ; gas ch ro m a to g ra p h y -m a s s  sp e c tra  m/ e  
(rel in te n s ity ) m a jo r  211 (1 2 ), 180 (1 7 ), 152 (1 7 ), 124 (6 5 ), 110 
(100), 97 (3 5 ); m in or  211 (2 3 ), 180 (4 ), 152 (2 2 ), 124 (26), 110 
(100), 97 (3 4 ).

Attempted Equilibration of Mixtures of 17 and 18. E q u ilib ra 
tion s w ere carried  o u t  as b e fo r e .1  T h e  D B N  w as re m o v e d  b y  c h r o 
m a to g ra p h y  on  n eu tra l a lu m in a  (W o e lm , a c t iv ity  g ra d e  III) using  
C H 2 C12.

A p p lica t io n  o f  th is  te ch n iq u e  to  th e  5 0 -m g  sa m p le  o f  17 +  18 
resu lted  in the  recov ery  o f  40  m g  (8 0% ) o f  m ateria l th a t  sh ow ed
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no change in nmr or tic from that of the starting mixture. Gas 
chromatography-mass spectra of the recovered material: m /e (rel 
intensity) major identical with that of the minor component of 
the 70-mg sample; minor 211 (15), 180 (15), 152 (9), 124 (26), 110 
(100), 97 (31).28

Application of this technique to the 70-mg sample of 17 + 18 
likewise resulted in no change in tic.
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Dialkylphthalans 3, unlike their spiro analogs, are stable to both hot formic acid and boron trifluoride ether - 
ate. Dialkyl indenes 4 (R and R' alkyl) can, however, be prepared from diols 2 by a new procedure which in
volves heating the derived monoacetate 6 with hot acetic anhydride-formic acid. While this procedure is not ef
ficient for the preparation of 3-arylindenes, the latter can be prepared in good yield from the corresponding diol 
2 or phthalan 3 by use of either sulfuric acid-carbon tetrachloride (0°) or polyphosphoric acid (60°).

While fused indenes can be easily prepared2 from spiro- 
phthalans analogous to 3, or from the corresponding diols 
analogous to 2, our initial attempts to extend this synthe
sis to simple acyclic indenes 4 were unsuccessful; results 
consistent with earlier reports.3 We have now studied a 
series of acyclic diols 2 and phthalans 3 (Scheme I) and 
have defined useful conditions for their conversion to in
denes 4.

Phthalans 3a and 3b (where R = alkyl), in sharp con
trast2 to their cyclic analogs, are quite stable to hot for
mic acid and to hot boron trifluoride etherate in hot ben
zene; no evidence of decomposition or indene formation 
was noted. With stronger acids (PPA, H2S 0 4) these 
phthalans gave small amounts of indenes; however, higher

condensation products predominate and the procedure is 
of no synthetic value.

It was observed that reaction of diol 2a with hot formic 
acid gave 3a and, significantly, some indene 4a (8%). 
Since 3a does not give 4a under these conditions, it was 
concluded that diols 2 could be converted to indenes 4 by 
a process not involving phthalans 3, and that successful 
conversion of 3a to indene depended upon inhibiting path 
A relative to path B in Scheme II. Replacement of the 
primary hydroxyl group in 2 by acetoxy, as in 6 (Scheme
III), was investigated since CH3C = 0 +  would be a poorer 
leaving group than H + which, consequently, should inhib
it path A relative to path B (Scheme II). Satisfactory 
yields of indenes 4a (60%) and 4b (59%) were formed to-
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Scheme I

n-C4H9Li

CH,OH
1

Rx  .CH2R'
/C C

X OH
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2 (59-83%)

a, R =  C2H5; R' = CH3
b, R =  R' = CH;,
c, R =  C6H5; R' =  H
d, R = C 6H5; R' =  CH3
e, R = C 2H6; R' =  H

HCOOH

R CH2R'

C>
ch2

3 (60- 80%)
R and R' as in 2

,R

acid media at low temperature. The result of these studies 
indicate that 3-arylindenes are stable over long periods of 
time at low temperature (—50 to 0°) in strong acid. Reac
tion of diol 2c and phthalan 3c in a two-phase system in 
carbon tetrachloride and sulfuric acid6 at 0° gave 57 and 
59%, respectively, of 4c; the dialkyl phthalans 3a and 3b 
gave complex mixtures under these conditions.

In certain cases polyphosphoric acid can be employed to 
give 3-arylindenes. Reaction of phthalan 3c with PPA at 
30° resulted in no reaction; reaction at 60° gave a complex 
mixture. By contrast, reaction of 3-phenyl-3-ethylphtha- 
lan (3d) with PPA at 60° gave an 82% yield of 2-methyl- 
3-phenylindene (4d). Polyphosphoric acid at 30° is not ef
fective for conversion of either 3c or 3d to indenes; its use 
at higher temperature is limited to the preparation of in
denes which are stable to higher reaction temperatures in 
such strong acid medium.

HCOOH 
2a -------- >

C,H5 CJR 
C+

c h 2o h

5

Scheme II

phthalan
3a

indene
4a

gether with some corresponding phthalan by the proce
dure outlined in Scheme III; 2,3-dimethylidene (4b) 
formed to the exclusion of 3-ethylidene (4e).

CH-COCl

Scheme III

if
C=C H R '

Ac20

HCOOH
A

nc  ̂ H'
CHoOCCH,

" II 
0

8

\
C = C H R '

CHoOCCH,
II

+ OH

-CHjCOOH

The acetate procedure, summarized in Scheme III, was 
not satisfactory for preparation of the 3-arylindenes. Reac
tion of the corresponding monoacetate 6c (R = CeHs; R' 
= H) and the eneacetate 8c (R = CeHs; R' = H) with hot 
acetic anhydride and formic acid gave principally phtha
lan 3c with only low conversion to indene. Presumably, 
the greater stability of 7 where R = aryl, relative to 7 
where R = alkyl, is sufficient to permit reaction of the 
type shown in path A (Scheme II) to dominate in these 
cases.

3-Arylindenes of type 4c and 4d can be prepared from 
diols of type 2 or the corresponding phthalans 3 by use of 
stronger acids. Both Pittman and Miller4 and Bertoli and 
Plesch5 have studied spectral behavior of 3-arylindenes in

Experimental Section
Diols 2 were prepared essentially as previously described2 for 

related compounds.
l-(2-Hydroxymethylphenyl)-l-phenylethanol (2c): 59% yield; 

mp 109-110° (lit.7 mp 109-110°) from petroleum ether8-acetone; 
pmr b 7.9-7.0 (m, aromatic H, 8.9), 5.20 (broad s, OH, 0.97), 4.03 
(broad s, C6H5CH2 and OH, 3.0), 1.83 (s, CH3, 3.0).

Anal. Calcd for C15H i60 2: C, 78.92; H, 7.06. Found: C, 78.90; 
H, 6.99.

1- (2-Hydroxymethylphenyl)-l-phenylpropanol (2d): 76%
yield; mp 89-90.5° from petroleum ether8-acetone; pmr o 7.8-7.1 
(m, aromatic H, 8.9), 4.13 (s, C6H5CH2, 1.9), 3.90 (broad s, OH, 
wt 1.9), 2.26 (q, CH2CH3, wt 2.1), 0.83 (t, CH2CH3, wt 2.9).

Anal. Calcd for Ci6Hi802: C, 79.31; H, 7.49. Found: C, 79.56;
H, 7.48.

2- (2-Hydroxymethylphenyl)butan-2-ol (2b): 80% yield; bp 
100-103° (0.07 mm); pmr 5 7.13 (m, aromatic H, 3.9), 4.70 (q, 
C8H5CH2, 1.9), 4.06 (broad s, OH, 1.9), 1.90 (q, CH2CH3, 2.1),
I. 55 (s, CH3, 3.1), 0.78 (t, CH2CH3, 3.1).

Anal. Calcd for ClaHa60 2: C, 73.30; H, 8.95. Found: C, 73.48;
H, 9.06.

3- (2-Hydroxymethylphenyl)pentan-3-ol (2a): 84% yield; mp 
78-79° (lit.9 mp 81-82°) from petroleum ether;8 pmr b 7.20 (m, ar
omatic H, 4.0), 4.77 (s, C6HsCH2, 1.9), 3.97 (broad s, OH, 1.93),
I. 92 (q, CH2CH3, 4.0), 0.78 (t, CH2CH3, 6.1).

Anal. Calcd for C12Hi80 2: C, 74.19; H, 9.34. Found: C, 74.17; 
H, 9.14.

Phthalans 3 were prepared from 2 (0.28 mol) in boiling formic 
acid2 (90%, 100 ml) for 2.5 hr; 3b was prepared by reaction of 2b 
(0.05 mol) with boron trifluoride etherate (0.05 mol) in benzene 
(150 ml) for 20 hr at room temperature.

1-Methyl-l-phenylphthalan (3c): 88% yield; bp 93-95° (0.2 
mm) [lit.7 bp 122-123° (2 mm)]; analytical sample purified by 
gc10 (150°); p m T  5 7.83-7.00 (m, aiomatic H, 9), 5.13 (s, 
C6H5CH2O, 2.0), 1.83 (s, CH3, 2.9).

Anal. Calcd for C15H i40 : C, 85.68; H, 6.71. Found: C, 85.91; H,
6.57.

1-Ethyl-l-phenylphthalan (3d): 66% yield, bp 90-92° (0.12 
mm); analytical sample purified by gc10 (160°); pmr b 7.83-7.00 
(m, aromatic H, 9), 5.13 (s, C6H5CH20 , 2.0), 1.83 (s, CH3, 2.9). 

Anal. Calcd for C16Hi60: C, 85.68; H, 6.71. Found: C, 85.91; H,
6.57.

There was also obtained a higher boiling fraction [bp 103-115° 
(0.12 mm), weight of 3d] that appeared to be (pmr) a mix
ture of 3d and l-(2-formyloxymethylphenyl)-l-phenylprop-l-ene; 
however, this product was not examined further.

1 -Ethyl- 1-methylphthalan (3b): 73% yield; bp 49-50° (1.4 
mm); analytical sample purified by gc10 (120°); pmr b 7.31-6.93 
(m, aromatic H, 3.9), 5.04 (s, C6H3CH20 , 1.9), 1.78 (q, CH2CH3, 
2.0), 1.44 (s, CH3, 3), 0.78 (t, CH2CH3, 3).

Anal. Calcd for CnH ^O: C, 81.44; H, 8.70. Found: C, 81.24; H, 
8.49.

1,1-Diethylphthalan (3a): 60% yield; bp 60-63° (1.4 mm); an
alytical sample prepared by gc10 (135°); pmr b 7.50-6.83 (m, aro
matic H, 4), 5.08 (s, C6H5CH20 , 1.9), 1.80 (q, CH2CH3, 4), 0.73 
(t, CH2CH3, 5.9).

Anal. Calcd for Ci2H i60 : C, 81.77; H, 9.15. Found: C, 81.93; H, 
8.97.

Distillation of the pot residue gave (1) a mixture (pmr) of 3a 
and indene 4a [~Vio weight of 6a, bp 63-70° (1.4 mm)] and (2)
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3-ethyl-2-methylindene [4a, 8.4% yield, bp 70-73° (1.4 mm)].
Monoacetates 6a and 6b were prepared from the corresponding 

diols 2 in ether by using acetyl chloride (2 equiv) and N,N-di- 
methylaniline to trap hydrogen chloride.11

2- (2-Acetoxymethylphenyl)butan-2-ol (6b): 88% yield; bp 
90-93° (0.11 mm); analytical sample purified by liquid chroma
tography;12 pmr <5 7.5-7.1 (m, aromatic H, 4.0), 5.54 (s, 
C6H5CH20, 2.0), 2.46 (broad s, OH, 1.0), 2.09 (s, 0 2CCH3, 2.9),
1.92 (q, CH2CH3), 1.62 (s, CH3, total weight at 1.92 and 1.62 = 
5). and 0.83 (t, CH2CH3, 3.0); ir toh 3500, r c -o  1745 cm -1 .

Anal. Calcd for Ci3Hi80 3: C, 70.24; H, 8.16. Found: C, 70.23; 
H, 7.96.

3- (2-Acetoxymethylphenyl)pentan-3-ol (6a): 90% yield; bp
97-100° (0.07 mm); analytical sample prepared by liquid chroma
tography;12 pmr 5 7.6-7.2 (m, aromatic H, 3.8), 5.50 (s, 
C6H5CH20 , 2.0), 2.52 (broad s, OH, 1.0), 2.08 (s, 0 2CCH3) and
1.92 (q, CH2CH3, combined weight = 7), and 0.79 (t, CH2CH3,
5.9) ; ir rOH 3500, vc -o  1740c m -1.

Anal. Calcd for C14H20O3: C, 71.16; H, 8.53. Found: C, 71.33; 
H, 8.43.

l-(2-Acetoxymethylphenyl)-l-phenylethanol (6c): 92% yield; 
mp 86-87° from petroleum ether;13 pmr 5 7.9-7.0 (aromatic H, 9),
4.85 ' AB quartet, C6H5CH20, 1.8), 3.35 (s, OH, 1.2), and 1.90 (s, 
CH3 and - 0 2CCH3, 6.3); ir »0H 3500, < v -o 1740 c m -1.

Anal. Calcd for C i7H i80 3: C, 75.53; H, 6.71. Found: C, 75.38; 
H, 6.59.

a-(2-Acetoxymethylphenyl)styrene (8c) was prepared from 2c 
with acetyl chloride (solvent) as described for 6c. Excess acetyl 
chloride was removed by distillation prior to extraction and re
moval of salt and excess Af.N-dimethylaniline. The crude product 
was distilled to give essentially pure 8c: 91% yield; bp 113-118° 
(0.08 mm); analytical sample prepared by gc10 (160°); pmr d 7.3-
7.05 (aromatic H, 9), 5.85 (d, = C H -, 1), 5.27 (d, = C H -, 1) 4.98 
(s, C6H5CH20, 1.9), and 1.88 (s, 0 2CCH3, 3.0); ir k» ch2 915, r c -o  
1740 cm -1.

Anal. Calcd for C17H16O2: C, 80.92; H, 6.39. Found: C, 80.67; 
H, 6.24.

2,3-Dimethylindene (4b). A solution of monoacetate 6b (1.00 g,
4.49 mmol) in ace'tic anhydride was stirred at 120° for 4 hr. For
mic acid (10 ml, 90%) was added cautiously and the resulting 
mixture was heated at the reflux temperature for an additional 4 
hr. The cooled mixture was added to water (70 ml) and the re
sulting mixture was stirred for 1.5 hr. The mixture was extracted 
with petroleum ether12 (4 X 25 ml) and the combined extracts 
were washed with saturated aqueous sodium bicarbonate (25 ml) 
and then dried (M gS04) and concentrated to give 0.75 g of crude 
indene (the nmr spectrum showed 4b, a small amount of phtha- 
lan 3b, and no 4e). Indene 4b was purified by column chromatog
raphy (Alcoa F-20, 60 g, eluted with petroleum ether);13 concen
tration of the initial fractions gave pure (by nmr) indene 4b (0.38 
g, 59% yield). The analytical sample of 4b was obtained by pre
parative gas chromatography10 (130°); pmr 6 7.57-6.96 (m, aro
matic H. 4.1), 3.15 (s, C6H5CH2, 2.0), and 2.01 (s, CH3, 5.9).

Anal. Calcd for CnH 12: C, 91.61; H, 8.39. Found: C, 91.58; H, 
8.37.

3-Ethyl-2-methylindene (4a) was prepared from 6a as de
scribed above for 4b: 60% yield; pmr 5 7.77-6.88 (m, aromatic H, 
4.2), 3.12 (s, C6H5CH2, 2.0), 2.46 (q, CH2CH3, 2), 1.96 (s, CH3,
2.9) , and 1.11 (t, CH2CH3, 2.9).

Anal. Calcd for C12Hi4: C, 91.08; H, 8.92. Found: C, 91.14; H,
9.07.

3-Phenylindene (4c). A solution of 1-methyl-l-phenylphthalan 
(3c, 1.00 g, 4.7 mmol) in carbon tetrachloride (15 ml) was added 
slowly to a cold (0°), stirred mixture of concentrated sulfuric acid 
(3.68 g) in carbon tetrachloride (10 ml) and the resulting mixture 
was stirred at 0° for 45 min. A solution of sodium hydroxide (2.95 
g) in water (10 ml) was added to neutralize the acid and after 30 
min of stirring the organic layer was separated and washed with 
saturated aqueous ammonium chloride. The crude product (0.95 
g) obtained from the dried (Na2S 0 4) carbon tetrachloride was 3- 
phenylindene contaminated with a small amount of unchanged 
3c. The indene was purified by column chromatography (Alcoa 
F-20, 50 g, petroleum ether12 as eluent). Concentration of early 
fractions gave pure 3-phenylindene (4c) 0.52 g, 57% yield): pmr 5
7.6-7.0 (m, aromatic H, 9), 6.48 (t, =CH CH 2, 1), and 3.12 (d, 
C6H5CH2,2).

Anal. Calcd for C15H12; C, 93.71; H, 6.29. Found: C, 93.59; H, 
6.45.

When diol 2c was used instead of phthalan 3c, the yield of 4c 
was 59%.

2-Methyl-3-phenylindene (4d). A mixture of 1-ethyl-l-phenyl- 
phthalan (3d, 3.50 g, 0.156 mmol) and polyphosphoric acid (5.3 g) 
was stirred at room temperature for 10 min and was then main
tained at 60° for 45 min. The cooled mixture was stirred with 
water (150 ml) and extracted with chloroform (4 X 35 ml). The 
combined extract was washed with saturated aqueous sodium bi
carbonate (50 ml), dried (Na2S 0 4), and concentrated to give 3.55 
g of a yellow oil. Distillation of the oil gave 4d (2.65 g, 82% yield); 
bp 101-103° (0.12 mm); mp 56-56.5° from acetone (lit.14 mp 57.5°); 
pmr 5 7.63-7.05 (m, aromatic H, 9.2), 3.35 (s, C6H5CH2, 1.8), and 
2.05 (s, CH3, 23).

Anal. Calcd for Ci6H i4: C, 93.16; H, 6.84. Found: C, 93.04; H, 
7.00.

Registry N o —2a, 51293-49-3 ; 2b, 51293-50-6; 2c, 25770-18-7; 
2d, 51293-51-7; 3a, 51293-52-8; 3b, 42502-57-8; 3c, 51293-53-9; 3d, 
51293-54-0; 4a, 51293-55-1; 4b, 4773-82-4; 4c, 1961-97-3; 4d, 
35099-60-6; 6a, 51364-44-4; 6b, 51293-56-2; 6c, 51293-57-3; 8c, 
51293-58-4.
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Bromine-lithium exchange in the isomeric bromobenzoic acids with n-butyllithium in tetrahydrofuran occurs 
selectively at -100°. The fate of these ions as a function of temperature has been examined. The dianions are 
stable at -75° but self-condense readily at -20° to give directly, and in good yield, 0-, m-, and p-benzoylben- 
zoic acid, respectively. Anthraquinone is formed directly from o-bromobenzoic acid at higher temperature (0 to 
- 20°).

In his pioneering work in organometallic chemistry, Gil
man1 and his coworkers established that halogen-metal 
interchange could be achieved with substituted haloben- 
zene derivatives, and that the derived anions could be 
used as intermediates in synthesis as shown in Scheme I. 
A variety of halobenzene derivatives were employed in 
this work containing OH, CN, NH2, SO2NH2, and 
S02N(C2H5)2 functional groups; diethyl ether was used as 
solvent and temperatures of metalation varied from room 
temperature to —78°. While syntheses from organometal
lic intermediates of type 1 are potentially quite valuable, 
the procedure utilizing functionalized aryl halides has 
largely been overlooked, probably owing to the highly 
variable yields of benzoic acid derivatives (14-78%) ob
tained upon carbonation. In 1970, Kobrich and Buck2 
showed that o-nitrobromobenzene derivatives could be 
metalated in high yield (tetrahydrofuran at —100°) (eq 3, 
Scheme I) while m- or p-nitrobromobenzene derivatives 
undergo a redox reaction under these conditions.

We conclude that bromine-lithium exchange should be 
highly selective for many substituted halobenzenes at very 
low temperature ( — 100°, liquid N2), and that the variable 
yields of products previously reported were a consequence 
of side reactions of derived anions of type 2 with them
selves or with solvent. We have, accordingly, reexamined 
halogen-metal interchange of the isomeric bromobenzoic 
acids and evaluated the product distribution as a function 
of temperature.

Reaction of o-bromobenzoic acid was studied in detail. 
When metalation of 1 was conducted at -100° in tetrahy
drofuran and the reaction mixture maintained at -75°,

Scheme I

2
COOH

J (38% yield) (1)

CO,
COOH

(67% yield) (2)
CH..OH

CO.,

NO.,

CH,

COOH
(80% yield) (3)

Scheme II
COOH

metalation was complete. The product distribution ob
tained subsequent to quenching the mixture with water is 
shown in Scheme II.

When the anion 2 was added to bromine in carbon tet
rachloride, o-bromobenzoic acid was formed and isolated 
in >80% yield. Two minor side products, valerophenone 
(3, 6%) and lactone 4 (4.5%), were detected in the neutral 
fraction of the product obtained by addition of 2 to water. 
Valerophenone was undoubtedly formed by the slow addi
tion of excess butyllithium to the anion 2, and the lactone
4 by addition of 2 to valerophenone. Evidence supporting 
the lattei assumption was obtained by the independent 
synthesis of 4 (67% yield) by addition of 2 to valerophe
none.

The fate of the anion 2 was found to be quite sensitive 
to temperature (Scheme III). Thus, while the anion 2 is 
quite stable at -75°, it condenses with itself3 as the tem
perature is raised to -20°. Quenching the mixture ob
tained at —20° with water gave benzoic acid (8.4%), 
formed from unreacted 2, o-benzoylbenzoic acid (6, 63% 
yield, pure), anthraquinone (7, 2.3% yield) formed by self
condensation of 5, valerophenone (4%), and lactone 4 
(7%).

When the temperature of the above reaction mixture 
was brought to 0°, none of the anion 2 survived nor was 
there any loss of anion 2 by abstraction of hydrogen from 
solvent, since no benzoic acid was obtained after addition 
of water; the yield of anthraquinone rose only slightly to 
5.6%, and the yield of o-benzoylbenzoic acid was not 
changed appreciably (64% pure 6).

Attempts to effect a more efficient direct conversion of
5 to 7 were only partly successful, and this is attributed to 
interaction of 5 with solvent at higher temperature (-20°) 
to give the salt of 6. Addition of bromine to the solution of
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Scheme III
COOH COO

2
Li COO HO,C
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2 prepared at -100° but then warmed up to -20° gave 6 
but no detectable amount of bromo acid derived from 5. 
Studies with p-bromobenzoic acid, discussed subsequent
ly, substantiate loss of anion by reaction with solvent. 
When the solution of 2, prepared at -100°, was heated at 
the reflux temperature (24 hr) prior to addition of water, 
the yield of anthraquinone was raised to only 1E%; the 
yield of o-bromobenzoic acid was reduced to 58%. The 
stability of anion 2 does appear to be a function of te- 
trahydrofuran concentration, since the yield of anthraqui
none was increased to 44% (26% yield of 6) when metala
tion was effected at -100° in a mixture of tetrahydrofu- 
ran-hexane (40:60), and the mixture subsequently brought 
to reflux. Direct formation of anthraquinone (7) is of little 
synthetic consequence, since 7 can be formed4 essentially 
quantitatively by reaction of 6 with concentrated sulfuric 
acid; however, utilization of the derived anion 5 directly 
for further synthetic transformations does not appear to 
be feasible.

This efficient one-step synthesis of o-benzoylbenzoic 
acid is of considerable synthetic consequence, since, in 
view of Gilman’s1 earlier work, it is anticipated that a 
number of substituted o-bromobenzoic acids can be em
ployed which will provide direct access to substituted o- 
benzoylbenzoic acids and, subsequently, to substituted 
anthraquinones. This is important since the only practical 
direct synthesis of anthraquinones is the phthalic anhy
dride synthesis,5 which is limited by the usual orientation 
problems and inhibiting action of negatively substitututed 
benzenes associated with Friedel-Crafts acylation reac
tions.

The direct formation of benzoylbenzoic acids is by no 
means limited to o-benzoylbenzoic acids. Thus, we have ob
served (Scheme IV) that m-benzoylbenzoic acid (8, 62% 
yield) and p-benzoylbenzoic acid (10, 55-60% yield) can 
be obtained directly by obvious modification of the proce
dure.

The anion 9 was found to be more reactive with solvent 
tetrahydrofuran than the corresponding anion derived 
from o- and m-bromobenzoic acids. Thus, when anion 9, 
formed at -100° in tetrahydrofuran at the same concen
tration used for the preparation of 3 and 8, was warmed to 
-20° prior to addition of water the yield of 10 was only 
40%; benzoic acid was isolated in 30% yield. When the 
amount of solvent was increased twofold, only benzoic 
acid was obtained. Optimum conversion of p-bromoben
zoic acid to 10 (55-60%) was realized by using a mixture

Scheme IV
COOH

8 (62%)
COOH COO'
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of tetrahydrofuran-hexane (60:40); in this case a small 
amount (5%) of high-melting acid was formed.

Benzoylbenzoic acids of such orientation are not readily 
prepared by other methods, and it is anticipated that a 
variety of substituted aroylbenzoic acids can now be con
veniently prepared.

Experimental Section
Reaction o f o-Bromobenzoic Acid with n-Butyllithium. A. n-

Butyllithium (12.5 ml of ~ 2  M  solution in hexane, ~0.025 mol) 
was slowly added (~ 1  hr) to a solution of 1 (2.5 g, 0.0125 mol) in 
tetrahydrofuran (50 ml, distilled from LiAlH,t). The mixture was 
maintained under nitrogen and the temperature was controlled 
by a liquid nitrogen-diethyl ether bath and was not allowed to 
rise above -95°. The mixture was then allowed to warm to -75° 
for 2 hr and was then poured into 5% aqueous hydrochloric acid 
(50 ml). The resulting mixture was extracted with chloroform 
(100 ml) and the chloroform extracts were washed with water (50 
ml). The chloroform solution was extracted with cold 10% aque
ous sodium hydroxide (25 ml) to remove acid products, and then 
washed with water and dried. Acidification of the alkaline extract 
gave essentially pure benzoic acid (1.25 g, mp 119-120°, 83% 
yield; 1.21 g after recrystallization from water, 79% yield, mp and 
mmp 120- 122°).

The oil obtained from the chloroform extract was chromato
graphed on silica gel [preparative tic, petroleum ether6-diethyl 
ether (80:20) as eluent] to give valerophenone (122 mg, 6%), iden
tified by nmr and infrared, and lactone 4 as an oil; nmr showed 
butyl group and nine aromatic hydrogens; ir showed five-mem- 
bered lactone at Xc , 0 1770 cm "1.

Anal Calcd for Ci8Hi 80 2: C, 81.17; H, 6.81. Found: C, 80.97; 
H, 6.66.

B. When the above reaction mixture was allowed to warm to 
-2 0  to —30° and maintained at this temperature for 5 hr prior to 
quenching, there was obtained (1) benzoic acid (8.4%), (2) o-ben
zoylbenzoic acid [6, 68% yield, mp 124-129° by chromatography, 
silica gel, petroleum ether6-ether (80:20) as eluent; 63% from ben
zene-petroleum ether6, mp and mmp 128-129° (lit.7 mp 127°)], 
along with the ketone 3 (4.2%), the lactone (7%), and anthraqui
none (2.3%), mp and mmp 282-285°.

C. When the above mixture was maintained at room tempera
ture for 6 hr prior to addition of water, there was obtained o-ben
zoylbenzoic acid (6, 64%), ketone 3 (4%), lactone 4 (8%), and an
thraquinone (8.8%).

D. When the above mixture was heated at reflux (24 hr) prior 
to quenching, the yield of 6 was 55% and the yield of anthraquinone 
was 15%.

E. The optimum direct conversion of 1 to anthraquinone (44%) 
was obtained in experiments similar to D but by using tetrahy
drofuran-hexane (40:60) as solvent; the yield of 6 was reduced to 
26%.

Preparation of Lactone 4. Valerophenone (0.81 g, 0.005 mol) 
was added at —75° to a solution of 2 (~0.005 mol) as prepared in 
A above. The mixture was allowed to warm to room temperature. 
The lactone 4 was converted to the salt in warm aqueous base 
which was reconverted to lactone on acidification, yield of 4 67%.
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Conversion of 2 to o--Bromobenzoic Acid. A solution of 2 was 
prepared as described in A and prior to quenching was added to 
bromine (excess in carbon tetrachloride). The acid 1 was isolated 
by conventional means and obtained in nearly quantitative yield.

m-Benzoylbenzoic acid was prepared from m-bromobenzoic 
acid (0.0125 mol) by a procedure essentially identical with that 
described in B; the mixture was maintained at -2 0  to -10° (5 hr) 
prior to quenching with water. There was obtained (1) benzoic 
acid (mp 118-120°, 9.2%), (2) m-benzoylbenzoic acid [8, 69%, mp 
155-158°; 63% from chloroform-petroleum ether,6 mp and mmp
161-162° (lit.8 mp 161-162°)]. The neutral fraction contained only 
trace quantities of products other than valerophenone (9%).

p-Benzoylbenzoic acid was prepared from p-bromobenzoic acid 
as described for 8. The acid fraction on chromatography [silica 
gel, petroleum ether6-diethyl ether (70:30) as eluent] gave p-ben
zoylbenzoic acid [40%, mp 199-201° (lit.9 mp 197-200°)] and ben
zoic acid (30%).

When the amount of tetrahydrofuran was increased twofold, 
only benzoic acid was obtained.

When the procedure was carried out as described for 8 but with 
a mixture of tetrahydrofuran-hexane (60:40) the yield of p-ben- 
zoylbenzoic acid was 55-60% (multiple runs).
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re-Butyllithium reacts selectively at -100° with isomeric methyl bromobenzoates by halogen-metal exchange. 
The corresponding anions derived from the meta and para isomers react readily with methyl ester functions at 
— 100°; however, the anion derived from the ortho isomer reacts only slowly at this temperature, which permits 
complete metal-halogen interchange. The self-condensation of isomeric methyl bromobenzoates, and the reac
tions of dianions derived from the isomeric bromobenzoic acids with substituted methyl benzoates, provide 
ready access to a wide variety of o-, m-, and p-benzoylbenzoic acids.

In a previous communication1 we reported a convenient 
procedure for a one-step conversion of bromobenzoic acids 
to o-, m-, and p-benzoylbenzoic acids. While it is appar
ent that this concept can be extended to a variety of sub
stituted halobenzene derivatives, we were particularly in
terested in examining comparable reactions of the isomer
ic methyl bromobenzoates with n-butyllithium; it was an
ticipated that an understanding of competitive halogen- 
metal exchange us. carbonyl addition reactions in such 
systems would permit a more versatile procedure for the 
preparation of a variety of isomeric aroylbenzoic acids.

A. Self-Condensation of Methyl Bromobenzoates. 
Methyl esters are considerably more reactive to anion ad
dition reactions than carboxylate ions previously studied;1 
nevertheless, reaction of methyl p-bromobenzoate with n- 
butyllithium in tetrahydrofuran at -100° is selective in 
that the primary reaction involves halogen-metal inter
change rather than addition of alkyllithium to the carbon
yl ester function. The derived anion 2 did, however, react 
as formed at the ester function of unreacted 1, as shown in 
Scheme I.

The principal product, methyl 4-(p-bromobenzoyl)ben- 
zoate (3), obtained pure in 63% yield when 0.75 molar 
equiv of n-butyllithium was employed, was unknown, and 
was further characterized by hydrolysis (~100% yield) to 
the corresponding acid 4. The yield of 3 was optimum 
with approximately 0.75 molar equiv of n-butyllithium.

n-C4H9Li

THF, -100°

Scheme I

O
4

The yield of 3 dropped to 49% when 0.6 molar equiv of n- 
butyllithium was employed, and in this case 9% of 1 was 
recovered unchanged; when 1 molar equiv of n-butyllith
ium was employed the yield of 3 was 57%.

The temperature of the above reaction was found to be 
critical if high yields of bromo ester 3 are to be obtained.
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When 1 was treated with n-butyllithium at -75° the yield 
of 3 was only 10-15%. The principal product in this case 
was a neutral oil which contained O H , n -C 4H9, and 
CO2CH 3 functions (by ir and nmr), establishing competi
tive reactions of n-butyllithium with ester or carbonyl 
functions; however, this material gave an oily acid on hy
drolysis and was not examined further.

The above sequence provides a remarkably easy route to 
methyl 4-(p-bromobenzoyl)benzoate (3) and it is assumed 
that the method can be extended to related compounds 
containing substituents less reactive to anion addition 
than the ester function.

The sequence is by no means limited to the synthesis of 
benzoic acids substituted in the para position. Thus, when 
methyl m-bromobenzoate was treated similarly with 0.75 
molar equiv of n-butyllithium at -100°, no unchanged 
bromo ester 5 was detected and methyl 3-(m-bromoben- 
zoyl)benzoate (6) (Scheme II) was obtained directly in 
64% yield (pure). The ester 6 was unknown and was fur
ther characterized by conversion to the new acid 7.

6  (6 4 % )

B r
7 (9 4 % )

The reaction of methyl O-bromobenzoate (8) with n- 
butyllithium followed a different course than that ob
served for the meta and para isomer, although, as for 
reactions of 1 and 5, metal-halogen interchange occurred 
rather than direct addition of alkyllithium to the ester 
function (Scheme III). Reaction of the intermediate anion 
9 with unchanged bromo ester 8 was slow at -100c, as an
ticipated from steric considerations, which permitted 
complete metalation of 8 to 9. When the mixture was 
warmed to -75° the anion 9 self condensed and. subse
quent to addition of water, there was obtained an 88% 
yield of methyl o-benzoylbenzoate (10). Although we 
could not induce this low-melting ester to crystallize, it 
was pure by nmr, and was hydrolyzed in essentially quan
titative yield to o-benzoylbenzoic acid (11).

Scheme III

In the above experiment it was found expedient to use 1 
molar equiv of n-butyllithium; use of 0.75 molar equiv of 
n-butyllithium gave 10 in 49% yield and appreciable start
ing ester 8 (31%).

B. Crossover Experiments. In view of the stability of 
the dianions prepared from the isomeric bromobenzoic 
acids1 at —100° and the reactivity of the methyl ester

group toward aryl anions observed at -100 to -75°, it be
came apparent that a seemingly broad spectrum of substi
tuted benzoic acids could be prepared by crossover experi
ments. While we have not yet defined the scope of this 
method, we have demonstrated its utility by the examples 
outlined in Scheme IV.

Scheme IV
7n-BrC6H4C02CH3

COOH

Br

COOH

2 ra-c4H9Li
-75°

THF
-100° c6h5co2ck3

-75°

p-BrC6H5C02CH3

2n-C4H9Li
-75°

THF
-100° c6h5co2ch3

-75°

p-BrC6H4C02CH3

2n-C4H9Li
-75°

THF
-100° CfH5C03CH3

Br ~ COOH 
7 (61%)

(1)

O
13 (64%)

COOH
14 (52%)

(3)

COOH
11 (75%)

Since the only obvious limitation to this synthesis of 
isomeric aroylbenzoic acids is that the ester moiety con
tain functional groups less reactive toward nucleophilic 
addition than the ester function itself, it is apparent that 
this scheme constitutes a useful method, based on Gil
man’s pioneering work, for the synthesis of aromatic com
pounds. In view of the limited scope of the only other 
practical synthesis of anthraquinones (from o-benzoylben- 
zoic acids prepared by the Friedel-Crafts phthalic anhy
dride synthesis2) this procedure should prove of value for 
the preparation of precursors to anthraquinones and po
lynuclear aromatic systems not easily available by other 
routes.

The procedure is also applicable for the preparation of 
the more hindered ortho,ortho-substituted cases summa
rized in Scheme V. Thus, reaction of 15 with methyl 0- 
toluate gave 16 (59%, pure). Reaction of 15 with methyl
o-bromobenzoate was of interest since in addition to the 
expected acid 17 (45%), there was also obtained an appre
ciable quantity (29%) of trimer acid 18. While 18 could 
theoretically form by addition of 15 to the salt of 17, this 
seems unlikely, since in no other case have we observed 
such addition to carboxylate functions at -75°. It seems 
more likely that 18 is formed by competitive lithium ex
change reactions as, for example, shown in Scheme VI; 
however, this possibility has not been examined.

It would appear that the condensation of dianions of 
type 15 with acid halides is not as efficient for the prepa
ration of o-benzoylbenzoic acids as is condensation with 
the corresponding ester. Formation of considerable 
amounts of 23 (19%) along with 16 (41%) by addition of 20
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Scheme V

COOH
2n-C4H9Li

THF, -100°

COO -

15

o-CH3C6H4C02CH3

-75°

COOH
18 (29%)

Scheme VI

c o o ' i 'ocii

Scheme VII

15

o = c

J
Cl

CH:i

20

22

to 15 at -75° is consistent with the conclusion that anhy
dride formation is faster (or competitive) with carbanion 
addition as summarized in Scheme VII. Similarily, addi
tion of o-bromobenzoyl chloride to 15 at —75° gave a mix
ture of 17 (31%) and 18 (29%).

Experimental Section
Self-Condensation of Methyl Bromobenzoates. Reaction of 

Methyl p-Bromobenzoate (1) with n-Butyllithium. n-Butyllith- 
ium (9.4 ml of ~ 2  M  solution in hexane, ~0.0185 mol) was slowly 
added (1 hr) to a solution of 1 (5.4 g, 0.025 mol, predried) in te- 
trahydrofuran (50 ml, distilled from LiAlHi). The mixture was 
under nitrogen and the temperature was not allowed to rise above 
-95° (liquid N2, diethyl ether). The mixture was allowed to 
warm to -75° and after 3 hr was poured into 5% aqueous hydro
chloric acid (50 ml). The resulting mixture was extracted with 
ether and the extracts were dried (MgSCH). The white solid (5.2 
g, mp 110-130°) obtained by removal of ether was recrystallized 
from chloroform-methanol to give 2.5 g of methyl 4-(p-bromoben- 
zoyl)benzoate (3, 63% yield, mp 177-178°).

Anal. Calcd for C15H jiB r03: C, 56.45; H, 3.47; Br, 25.04. 
Found: C, 56.66; H, 3.63; Br, 24.95.

When 0.6 molar equiv of ra-butyllithium was used, the yield of 3 
was 49%; 97o of 1 was recovered; with 1 molar equiv of n-butylli- 
thium the yield of 3 was 57%.

,4-(p-Bromobenzoyl)benzoic acid (4, 96% yield, mp 274° from 
chloroform-methanol) was obtained from 3 by alkaline hydroly
sis.

Anal. Calcd for C i4H9BrC>3: C, 55.10; H, 2.97; Br, 26.19. Found: 
C, 54.77; H, 3.28; Br, 26.29.

Methyl 3-(m-bromobenzoyl)benzoate (6, 64% yield, mp 98-99° 
from methanol) was obtained from methyl m-bromobenzoate (5) 
as described above for 3.

Anal. Calcd for C15H nBr03: C, 56.45; H, 3.47; Br, 25.04. 
Found: C, 56.22; H, 3.67; Br, 25.21.

3- (m-Bromobenzoyl)benzoic acid (7, 94% yield, mp 231-232° 
from chloroform-methanol) was obtained from 6 by alkaline hy
drolysis.

Anal. Calcd for CmH ^B tOs: C, 55.10; H, 2.97; Br. 26.19. 
Found: C, 54.93; H, 3.07; Br, 26.34.

Methyl o-Benzoylbenzoate (10). Reaction of methyl o-bromo- 
benzoate with n-butyllithium (0.75-1.0 molar equiv) was carried 
out as described above for 3 to give a yellow oil which showed one 
major and two minor components by tic [silica gel, petroleum 
ether3-diethyl ether (80:20)]. The product was chromatographed 
on silica gel to give 0.264 g (88% yield) of 10 as a light yellow oil 
(lit.4 mp 52°) which showed no impurities by nmr. Hydrolysis of 
the ester with aqueous sodium hydroxide gave quantitative con
version to o-benzoylbenzoic acid (mp and mmp5 128-129°).

Crossover Experiments. 3-(m-Bromobenzoyl)benzoic Acid 
(7). In a typical experiment m-bromobenzoic acid (2.5 g, 0.0125 
mol) was converted to the corresponding dianion with n-butylli
thium (0.25 mol) as previously described.1 The temperature was 
allowed to warm to -75° for 2 hr and a solution of methyl m-bro
mobenzoate (2.7 g, 0.0125 mol) in dry tetrahydrofuran (10 ml) was 
added sufficiently slowly to maintain the mixture at -75  to -70°. 
The resulting mixture was stirred for 2 hr at —75° then allowed to 
warm to -20° and poured into 5% aqueous hydrochloric acid (100 
ml); the resulting mixture was extracted with ether (400 ml total) 
which was in turn washed with water (50 ml). Acidic products 
were removed from the ether extract by extraction with 10% 
aqueous sodium hydroxide (50 ml) and the acids were regenerated 
(dilute hydrochloric acid) and collected by filtration. The crude 
acids (3.5 g, mp 205-220°) was reerystallized from chloroform- 
methanol to give 3-(m-bromobenzoyl)benzoic acid (61% yield, mp 
and mmp 232°).

m-Benzoylbenzoic acid [12, 61% pure, mp and mmp 161-162° 
by chromatography (preparative tic, silica gel using petroleum 
ether3 as eluent, lit.6 mp 161-162°)] was obtained from m-bromo- 
benzoic acid and methyl benzoate.

4- (p-Bromobenzoyl)benzoic acid (4, 64% yield, mp and mmp 
of product obtained from methyl p-bromobenzoate was 274°) was 
obtained from p-bromobenzoic acid and methyl p-bromobenzoate.

p-Benzoylbenzoic acid [13, 64% yield, mp 198-201°, by chroma
tography on silica gel, petroleum ether3-diethyl ether (80:20) as 
eluent, lit.7 mp 197-200°] was prepared from p-bromobenzoic acid 
and methyl benzoate.

2-(p-Bromobenzoyl)benzoie acid (14, 52% yield, mp 170-172° 
from chloroform-petroleum ether,3 lit.8 mp 172-173°) was pre
pared from o-bromobenzoic acid and methyl p-bromobenzoate.
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o-Benzoylbenzoic acid (75% yield, mp 127-129° from benzene- 
petroleum ether,3 lit,5 mp 128-129°) was prepared from o-bromo- 
benzoic acid and methyl benzoate.

2-(o-Methylbenzoyl)benzoic Acid (16) and the Acid 23. A. 
The acidic product obtained as described for 7 by reaction of 
methyl o-toluate with the dianion prepared from o-bromobenzoic 
acid was chromatographed on silica gel [preparative tic, petrole
um ether3-diethyl ether (70:30) as eluent] to give 2-(o-methylben- 
zoyl)benzoic acid (16), 59% yield, mp 107-109° 9 from benzene- 
petroleum ether.3 No appreciable amount of 23 was isolated.

Anal. Calcd for C15H12O3: C, 74.99; H, 5.03; neut equiv, 240.02. 
Found: C, 75.03; H, 5.25; neut equiv, 238.

B. When o-toluoyl chloride was used instead of methyl o-to
luate and the acidic product was chromatographed as in A the 
yield of 16 was 41% and the acid 23 was obtained in 19% yield, 
mp 240-242° from ethanol-water.

Anal. Calcd for C22H16O4: C, 76.73; H, 4.68; neut equiv, 344.3. 
Found: C, 76.58; H, 4.89; neut equiv, 345.

2-(o-Bromobenzoyl)benzoic Acid (17) and the Acid 18. A. The 
acidic product obtained as described for 7 by reaction of methyl 
o-bromobenzoate (2.77 g, 0.125 mol) with the dianion prepared 
from o-bromobenzoic acid was recrystallized from methanol-chlo
roform to give 18 as a white solid, 29% yield, mp 284-286°.

Anal. Calcd for C21H13Br04: C, 61.63; H, 13.20; Br, 19.45; neut 
equiv, 409.2. Found: C, 61.43; H, 3.67; Br, 19.16; neut equiv 408.

The mother liquor obtained above was chromatographed on sil
ica gel [preparative tic, petroleum ether3-diethyl ether (60:40) as 
eluent] to give 2-(o-bromobenzoy])benzoic acid (17), 45%, mp 134° 
from chloroform-petroleum ether.3

Anal. Calcd for Ci4H9Br03: C, 55.10; H, 2.97; Br, 26.19; neut 
equiv, 305.1. Found C, 54.89; H, 2.91; Br, 26.00; neut equiv, 304.

B. When o-bromobenzoyl chloride was used instead of methyl 
o-bromobenzoate, the yield of 18 was 27-30% and the yield of 17

was 40-44% (multiple runs including addition of the dianion at 
- 75° to the acid chloride solution in hexane at room temperature, 
i.e., reversed addition).
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The stereochemical course of the reduction by lithium aluminum hydride (LiAlH4), lithium trimethoxyalum- 
inum hydride (TMH), and lithium tri-tert-butoxyaluminum hydride (TBH) of some «-asymmetric /3-amino ke
tones has been investigated by varying hydride concentration, solvent, and reaction temperature. The stereo
selectivity was found to be strongly dependent on the nature of the substrate and, to a lesser extent, on the 
other factors. Some considerations concerning the transition states are given.

Several papers concerning asymmetric induction of the 
reaction between acyclic asymmetric ketones bearing a 
heteroatom in the '$ position and nucleophilic reagents 
(organometallics and hydrides) have been published.2 The 
discussion of the mechanism of such reactions is compli
cated, with respect to the corresponding substrates not 
containing heteroatoms, by the possibility of additional 
complexing and solvating effects which may affect the na
ture of the species involved.3 In particular, an important 
question which arises whenever a rationalization of the 
stereochemical course of the reaction is attempted is con
cerned with the situation of the reducing species in the 
transition state.

In this connection we have investigated the role played 
by such factors as nature of the hydride, concentration of 
the reducing agent, solvent, and reaction temperature.

Results and Discussion
The reduction of the amino ketones 1-3 (Scheme I) was 

performed with hydride concentrations of about 0.01, 0.1,

and 0.5 M, at 0° and at reflux in THF, and at 0° in Et20. 
The results are collected in Table I and graphically de
picted in Figure 1.

The relative amounts of the obtained diastereomeric 1- 
phenyl-3-dialkylaminopropan-l-ols 4-6 were determined 
on the crude reaction mixture4 by integration of the nmr 
signal due to the proton bonded to C-l, as described in a 
previous paper.211

Most of the reaction yields were quantitative (nmr) in 
amino alcohols, except when the reduction was carried out 
with the alkoxy hydrides, particularly at low concentra
tions and at 0° (Table I). In such cases longer reaction 
times as well as higher temperatures (room temperature) 
were required in order to obtain appreciable amounts of 
product. The diastereomeric ratios, however, were not af
fected by the reaction time, thus confirming that no 
equilibration occurred under the adopted conditions.

The experimental results show a general predominance 
of the erythro amino alcohols 4-6 and, in addition, allow 
the following observations to be made.
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Table I
Per Cent of Erythro Amino Alcohols 4-6 by Reduction of the Amino Ketones 1-3“

Amino
ke- Reaction ,---- LirUH, (Et20 / ‘----- . r------- -LiAlH, (TH F) h____ s ,----------T M H  (TH F) ----------V .-----------------------T B H  (T H F )'1— ------------------- N

tone temp, °C 0.01 0.10 0.45 0.01 0.09 0.44 0.01 0.10 0.45 0.01 0.10 0.45

la 0 58 59 60 62 63 60 49 52 54 526 (70) 52« 53/
Reflux 58 59« 54« 63 60 57 55d (36) 55 55

lb 0 57 55 55 53 52 55 51 50 48 45* (52) 45« (95) 46/
Reflux 53 50« 53« 53 49 50 46' (55) 47 48

2a 0 67 71 69 67 67 64 82 78 79 79b (28) [79 (17) 
[81« (78) 85/ (80)

Reflux 61 61 61« 86 80 77 73 (42) 72 72

2b 0 60 57 57 46 49 46 g 62 61 636 (39) jr66 (12) 
66« (78) 68/  (57)

Reflux 48 49 51« 60 59 56 55/ (28) 57 58
3a 0 87 89 89 97 94 94 99 98 98 b, g |

92/ (67) 
92/ (75) 95«

Reflux 92 91 <[90
187« 97 95 95 85 (38) 91 90

3b 0 87 87 84 95 93 94 g 94 95 b, g 92« (47) 91« (93)
Reflux 89 93 88« 95 (55) 97 93 85/ (43) 88 90

“ Lim it error ± 3 % . W hen not quantitative, the reaction yields are reported in parentheses. Reaction time 1 hr, except 
when otherwise indicated. 6 24 hr at room  temperature. ° Reaction  time 8 hr. •' Reaction time 3 hr. « Inverted addition o f reac
tants (see Experimental Section). f Reaction time 5 hr. » N o reaction. h Hydride (solvent) at various molar concentrations.

H R

la, b, R =  Me 
2 a, b, R =  CH:,Ph 
3a, b, R =  Ph

H OH HO H

4a, b , R =  Me 
5a, b, R =  CH2Ph 
6a, b , R — Ph

a, NR/ = NMe2; b, NR/ =  N(CH,)5

X = H, lithium aluminum hydride (LiAlH4)
X = OMe, lithium trimethoxyaluminum hydride (TMH)
X = OCMe3, lithium tri-ieri-butoxyaluminum hydride (TBH)

a Only one enantiomer of the racemic pair is here represented.

(1) The stereoselectivity is always higher with the di- 
methylamino derivatives than with the corresponding pi- 
peridino derivatives and increases, with only one excep
tion, passing from R = Me to CH2PI1 to Ph.

(2) The alkoxy hydrides behave similarly, whereas 
LiAlHi in THF exhibits a different trend. In the LiAlH4 
reductions the change of solvent from THF to Et20  causes 
in some cases relevant variations of stereoselectivity.

(3) The dependence of stereoselectivity on the hydride 
concentration is very small, usually within the error of de
termination.

(4) The general decrease of the predominant diaste- 
reomer which is observed when the reaction temperature 
is raised from 0° to the boiling point of the solution does 
not substantially affect the trend of Figure 1 (I and III vs. 
II and IV, respectively). This indicates that the diastereo- 
meric transition states are not considerably altered.

For similar a- or /-asymmetric ketones bearing NH, 
OH, or OR in the /  position, the stereochemical results 
deriving from the reactions with hydrides or organometals

have been interpreted on the basis of various cyclic transi
tion states in which the metal hydride is bonded to the /  
heteroatom,2c or links both carbonyl oxygen and li het
eroatom.2a’b’f '‘ Further, a competition has been proposed 
between cyclic and open-chain models.2b

Our results enable us to discuss the behavior of the 
reactants involved, so as to throw some light on the dia- 
stereomeric transition states.

The variation of stereoselectivity, sometimes very pro
nounced, which is observed (Figure 1) passing from the 
dimethylamino to the piperidino derivatives is indicative 
of the presence in the transition state of coordinated ni
trogen. The effective difference of steric requirements be
tween CH2N(CH3)2 and CH2N(CH2)5 seems to us less 
important than the different availability for the coordina
tion of the nitrogen lone pair. The 1-3 diaxial interactions 
between the piperidine ring and the coordinated group, 
which are absent in the dimethylamino derivatives, could 
in fact induce conformational changes of the ring, thus 
leading to other forms of transition state. In this respect it 
is noteworthy that the LiAlH4 reduction of a series of 
asymmetric a-dialkylamino ketones affords large changes 
of stereoselectivity depending on the structure of the di- 
alkylamino moiety.5 Further evidence of the presence of 
N-coordinated transition states is given in the hydride re
duction of some aziridinyl ketones6 and 2-dialkylaminocy- 
clohexanones.7

The influence of the R substituent on stereoselectivity 
can be related with the increasing steric requirements 
passing from R = Me to CH2Ph to Ph, although such a 
trend is affected by the nature of the reducing agent. In 
the reactions with LiAlH4 a deviation from the “ regu
lar” sequence observed with the alkoxy hydrides is afford
ed for the benzyl derivatives 2 and particularly when the 
piperidino group is also present in the substrate (2b).

The similar diastereomeric ratios afforded by TMH and 
TBH suggest that the alkoxy hydrides have comparable 
effective bulk, different from the one exhibited by LiAlH4. 
Analogous behavior was observed in the reduction of some 
cycloalkanones with LiAlH4 and with a large number of 
trialkoxy hydrides.8 In particular, we have found that the 
alkoxy hydrides appear to be more selective (“ larger” ) 
than LiAlH4 when R = CH2Ph, whereas generally smaller 
selectivities are observed when R = Me. This can be in
terpreted assuming that the alkoxy hydrides have a “ long- 
range” larger hindrance and a “ short range” similar or
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Figure 1. Dependence of stereoselectivity on the R substituent and NR2' group in the hydride reductions of the amino ketones 1-3 (mean
values from Table I) (I and III at 0°; II and IV at reflux): — , LiAlHU in Et20; O......., LiAlhU in THF; □ , TBH in THF; A ------ ,
TMH in THF.

smaller hindrance with respect to LIAIH4. Thus, when R 
=  CHaPh (a large group at “ long range” ) the alkoxy hy
drides exhibit higher selectivity than LiAlhR. W hen, on 
the contrary, R  = M e (a smaller substituent) the alkoxy 
hydrides exhibit analogous or lower selectivity than 
L iA lH 4. The phenyl derivatives 3a,b afford in all the cases 
high diastereomeric ratios owing to the large steric re
quirement of the phenyl group, which levels any differ
ence among the reducing species.

Carbonyl systems containing heteroatom s are expected3 
to afford strong variations o f stereoselectivity associated 
with changes of solvent. Such variations are observed in 
our LiAlTR reductions which resulted in effects largely 
dependent on the substituents. This is again particularly 
evident for the benzyl piperidino derivative 2b.

W e have also investigated how the stereoselectivity is 
affected by changes o f the hydride concentration. It is 
known9 that T B H  in T H F  is monom eric over the entire 
range of concentrations investigated and that both L iA lH 4 
and T M H  display an increasing degree o f association as 
the concentration increases. Our results (Table I) show 
very small selectivity variations with the dilution (usually 
within the limit error), thus demonstrating, reputing as 
unlikely an equal steric requirement by both  monomeric 
and polymeric species, that the reactant in T H F  is always 
monomeric in the transition state. L iA lH 4 in E t20 has 
been reported10 as dim eric in the range 0.1-0.4 M . In this 
case we can only say that the reducing agent is always in 
the same state o f aggregation, but it cannot be ascer
tained whether it is in the m onom eric form or dimeric 
form.

A discussion on the diastereomeric transition states of 
the reduction should take in account the considerations 
above made, such as, mainly, (a) the participation, in 
some way, of coordinated nitrogen, (b) the monomeric 
state (at least in T H F ) of the reducing agents, and (c) the 
remarkable effects of the solvent. Such discussion would, 
however, require, to be well defined, the knowledge of sev
eral data which at the m om ent are unavailable. A first 
problem is, for example, whether the same molecule of re
agent coordinates simultaneously both am ino and carbon
yl group and, in this case, whether one of both of the 
metal atoms are engaged. This would lead to stabilization

of those conform ations in which the nitrogen atom is close 
or far away, respectively, with respect to the carbonyl 
oxygen. Another problem  is whether the hydride enters 
through an inter- or intramolecular mechanism .

If we assume that the torsional strain in the transition 
state tends to a m inim um ,11 the following conformers o f 
the substrate can be depicted.

Ph

E;| T :i

(E and T forms afford erythro and threo diastereomers, respec
tively, according to the depicted direction of attack.)
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Such forms allow either the coordination between nitro
gen and carbonyl oxygen (in forms E2 and T2 the simulta
neous participation of both Li and A1 would be requested) 
or the anchimeric assistance by the coordinated nitrogen 
toward the entering species (Ela, T ia, E2, T2).

Although it is difficult to determine what forms are im
portant in affecting the diastereomeric ratios, Eia appears, 
however, to show the minimum of interactions both in the 
substrate and between the reacting species. It could be 
therefore responsible for the generally observed predomi
nance of the erthro amino alcohols, but does not explain 
how the substituent R affects the stereoselectivity of the 
reaction. For this reason, it is necessary to envisage the 
participation to the transition state of other forms which 
allow for the possibility of interaction between R and en
tering species (e.g., Tx, E2, etc.).

Another important interaction can occur in some forms 
(e.g., Eib, Tia, etc.) between R and the IV-alkyl groups, 
particularly when in the molecule are present substituents 
as CH2PI1 and piperidino. Such groups could in fact 
strongly interact at long distance from the reaction center 
in rigid and “ curled”  conformations of the transition 
state. This could explain the deviations from the “ regu
lar” sequence observed in the LiAlH4 reductions, especial
ly when in the substrate are simultaneously present both 
benzyl and piperidino group. The above forms are there
fore to be considered more important when R and/or the 
dialkylamino group have smaller steric requirements {e.g., 
R = Me, amino group = NMe2).

In conclusion it appears that the stereochemical course 
of the reaction cannot be interpreted on the basis of only 
one transition state. A number of different conformations 
could in fact be stabilized or destabilized by the concomi
tant intervention of steric and polar interactions and 
therefore participate with different weights in the overall 
diastereomeric balance.

Experimental Section12
Materials. The amino ketones 1-3 and the amino alcohols 4-6 

were previously described and characterized.211
Solvents diethyl ether and tetrahydrofuran (THF) were puri

fied by refluxing over sodium wire, followed by distillation from 
lithium aluminum hydride under a nitrogen atmosphere.

The lithium aluminum hydride (Fluka A.G.) and lithium tri- 
tert-butoxyaluminum hydride (Fluka A.G.) solutions were pre
pared by stirring slurries for 1 day, followed by removal of solids 
by filtration. Lithium trimethoxyaluminum hydride in THF was 
prepared by slow addition of the calculated amount of absolute 
MeOH13 to LiAlHi solutions of the required concentration in 
THF.14

The hydride solutions were then stored under a nitrogen atmo
sphere in the apparatus devised by Dillard,15 from which the re
quired aliquots may be exactly withdrawn, and titrated by the io- 
dometric method described by Felkin.16

Reduction Procedure. A 0.2 M  solution of the amino ketone 
was added by a dropping funnel, under a nitrogen flow, to the hy
dride solution (ratio hydride ion/amino ketone = 4:1, i.e., molar 
ratio LiAIH4/amino ketone = 1:1 or alkoxy hydride/amino ketone 
= 4:1). An inverted order of addition was found to be convenient 
when the required volume of hydride solution was so small as to 
prevent a regular reflux of the solvent.

The mixture was kept at the desired temperature (by ice cool

ing or refluxing the solvent) for 1 hr (for the exceptions see Table 
I) and then cautiously hydrolyzed with H2O under cooling. After 
filtration of the inorganic material, the THF solutions were dilut
ed with aqueous HC1 and the organic solvent was evaporated 
under reduced pressure. The residual solution was then made al
kaline with 10% aqueous NaOH and ether extracted. The ether
eal solution was finally dried (Na2SOt) and evaporated to give 
the crude reaction mixture, which was submitted to nmr analysis.

Every reaction was repeated at least twice in order to check the 
reproducibility of the diastereomeric ratios.

Nmr Determinations. Nmr spectra were performed on a Jeol 
C60-HL spectrometer, using CCL as solvent (CDCI3 for the com
pounds 5a) with TMS as internal standard.

The relative amounts of diastereomeric amino alcohols were 
directly determined by integration of the H-C(l) signals-.211

The amount of unreacted amino ketone was analogously dosed, 
when present, by integration of the signals due to the aromatic pro
tons ortho to the carbonyl group, which appear at lower field with 
respect to all the remaining aromatic protons of the mixture. For 
the «-phenyl derivatives a complication arose, owing to superim
position between the resonance of the proton a to the carbonyl 
group of the unreacted amino ketone (3a,b) and the resonance 
due to the H-C(l) protons of the amino alcohols (6a,b). The de
termination was then made possible by repeated treatments, at 
room temperature for several hours, of the reaction mixture in 
THF with NaOD-D20, until complete deuteration of the a proton 
of the amino ketone was obtained.
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The four isomeric tricyclo[3.2.2.02’4]nonan-6-ols have been prepared along with two related tricyclo[3.2.2.02-4]- 
non-8-en-6-ols. The compounds with an exo cyclopropyl ring were prepared via the ketone, exo-tricyclo[3.2.2.02’4]- 
non-8-en-6-one, by LiAlH4 reduction and hydrogenation. The endo cyclopropyl compounds were derived from 
endo-tricyclo[3.2.2.02'4]non-6-ene via standard methods. The stereochemistry of these alcohols has been elucidated 
with the aid of the nmr spectra of the Eu(fod)3 complexes.

The chemistry of bridged polycyclic compounds con
taining a cyclopropane ring has provided considerable in
sight into the nature of the ability of this three-membered 
carbocycle to stabilize cationic species.2 As an outgrowth 
of our previous work on the tricyclo[3.2.1.02’4]octyl sys
tem, synthetic work toward the closely related tricyclo- 
[3.2.2.02>4]nonyl skeleton was undertaken.

Two major problems exist: (1) the construction of the 
tricyclo[3.2.2.02-4] carbon skeleton, and (2) the elucidation 
of the stereochemistry of the four isomeric tricyclo- 
[3.2.2.02’4]nonan-6-ols.

Synthesis. The most common routes into this type of 
tricyclic system involve either cyclopropanation of bicyclic 
olefins or Diels-Alder and [2 + 2 + 2] cycloadditions. Our 
experience with the cyclopropanation of bicycloheptadi- 
ene28 led us to prefer the second general pathway. The 
scheme leading to the successful synthesis is given in 
Scheme I.

The tricyclic unsaturated ketone 2 was chosen as the 
point of entry into the compounds which we term the exo 
cyclopropyl series. This ketone was prepared from the ac
rylonitrile adduct of cycloheptatriene.3 This [2 + 2 + 2] 
cycloaddition reaction reaction produces three major 
products in a 3:3:1 ratio. It was clear that the two most 
prevalent materials were the exo and endo isomers of 8- 
cyanotricyclo[3.2.2.02-4]non-6-ene (13 and 14). Recently,

CN
13 14

during the course of our work, Bellus, Helferich, and 
Weiss published a detailed study of this reaction bearing 
out our results as well as indicating the correct structure 
for the third product as 7-endo-cyanobicyclo[4.2.1]nona-
2,4-diene.4 This study also gave support for the exo or syn 
geometry for the cyclopropane ring in 2. Their assign
ments based on nmr shifts agree well with our observa
tions of the nmr spectra of related compounds. Further
more, this stereochemistry is expected to predominate in 
this [2 + 2 + 2] cycloaddition, as is borne out by a num
ber of examples.3’4-5 Any doubt about this assignment 
being correct has been removed by consideration of the 
behavior of 2 and 7 upon reduction with LiAl+U.

LiAlH4 reduction of 7 is quite nonselective and yields a 
~1:1 mixture of alcohols, exo,endo-tricyclo[3.2.2.02’4]no- 
nan-6-ol (5) and exo,exo-tricyclo[3.2.2.02’4]nonan-6-ol (6).6 
This is consistent with the exo configuration for the cyclo
propane ring, since models indicate that both faces of the 
carbonyl groups in 7 are quite similar; thus little reduc
tive selectivity would be expected. From previous work2® 
on the reduction of ketone 15 we knew that an endo orien
tation of the cyclopropane ring, as in 11, would lead to a

Scheme I

CN

TsNHN
8

12 l i

large predominance of a single alcohol upon LiAlH4 re
duction. Whereas the nonselectivity in reduction of 7 
served the purpose of indicating the exo orientation of the

15
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cyclopropane ring in 7 (and hence 2), it was not very use
ful for synthetic purposes. However, the LiAlH4 reduction 
of 2 would be expected to be somewhat more selective 
based on the known reduction of bicyclo[2.2.2]oct-7-en-5- 
one, which produced a 3:1 mixture of exo and endo alco
hols (16, 17).7 It was quite gratifying to find that LiAlH4

HO
16 17

reduction of 2 at -65° produced a 5:1 mixture of 4 and 3. 
The orientation of the alcohol groups follows from their 
modes of production and is borne out by the observation 
that the r value for hydrogen Hb is slightly higher in 3 
than in 4.4 Furthermore, the vinyl hydrogens of 4 show a 
greater degree of nonequivalence in the nmr spectra than 
in 3 as expected if 4 contains an exo hydroxyl. Although 
these differences are convincing, the use of lanthanide 
shift reagents proved useful and decisively indicated that 
the initial assignment of geometry was correct (see the 
section on shift reagents). Hydrogenation of samples of 3 
and 4 led to the desired exo series alcohols, 5 and 6.

The synthesis of the two endo cyclopropyl alcohols, 10 
and 12, was quite direct. The Diels-Alder reaction be
tween cyclopropene and cyclohexadiene8 proceeded to 
yield the endo olefin 9 in approximately 10% yield. The 
structure of 9 is borne out by the 60-Hz nmr, which exhib
ited the following bands: 4.1 (2), 7.1 (2), 8.45 (4), 9.0 (2),
9.8 ppm (2). The endo configuration was expected on the 
basis of the analogous reaction of cyclopropene with cyclo- 
pentadiene23 and the previous synthesis by Rhodes.83 
Convincing proof that this was indeed the correct stereo
chemistry for 9 came from direct conversion of 2 to 9 via 
the tosylhydrazone 8. Clearly, if 2 is as depicted above, 
then 9 must have the cyclopropane ring endo. Although 
this sequence served to correlate 2 and 9, in our hands it 
proved inadequate for the production of quantities of 9, 
for the yield was low and the product was difficult to pur
ify. The endo orientation of the cyclopropane ring was fur
ther indicated in a striking fashion by the use of shift re
agents on the alcohols 10 and 12. These could be prepared 
easily by hydroboration-oxidation of the tricyclic olefin 9 
with diborane to yield >90% of a single alcohol (10). Fur
ther Sarett oxidation of 10 produced the endo ketone 11, 
which upon LiAlH4 reduction produced 12 stereoselective- 
ly. The production of 12 upon LiAlH4 reduction of 11 to 
the virtual exclusion of 10 again supports the endo config
uration for the cyclopropane ring in 12.Nmr Shift Reagents9 and Stereochemistry. In order 
to supply additional evidence regarding the relative9 
stereochemistry of these compounds, alcohols 3, 4, 10, and 
12 were studied using the lanthanide shift reagent 
Eu(fod)3.10 Alcohols 3 and 4 were chosen as representa
tives of the exo cyclopropyl series mainly because their 
nmr spectra were somewhat easier to interpret than those 
of 5 and 6 owing to the absence of the methylene groups 
which absorb in the r 8-9 region.

Since initially only small quantities of the exo cyclopro
pyl series alcohols 3 and 4 were available, we chose to pu
rify these compounds just prior to use by passing them 
through a glpc column and directly into carbon tetrachlo
ride. This procedure was necessary owing to the tendency 
of 3 and 4 to form aerosols unless collected in a solvent. 
Secondly, this procedure excluded water, which has an 
adverse affect on the use of shift reagents.11 For this rea
son the absolute concentration of the alcohols was known

only within about ±10%. In all cases the concentration of 
the alcohol was similar but was not known absolutely. 
Observation with alcohols of the tricyclo[3.2.1.02,4]octyl 
skeleton of know n  s te r eo ch em is try  indicated that this pro
cedure using similar concentrations was adequate for gross 
stereochemical assignments so long as the lanthanide 
shifts to be compared were large as they are for the criti
cal protons in 3, 4, 10, and 12. Since we worked in the re
gion of low L/S ratios (L = lanthanide shift reagent, S = 
substrate) the shifts observed were essentially linear with 
L/S ratios.9,12’13 This many times allows the estimation of 
an optimum L/S ratio for clear band separation without 
recourse to high L/S ratios where maximum shifts are ob
served. As is common in this type of work it is assumed 
that the stoichiometry of the LS complex14 is the same for 
all alcohols. This would appear a safe assumption owing 
to the near equality of the two bridges in these molecules. 
The possible exception would be with compound 12, 
where it might be less probable to have LS2 complexes 
owing to interference of the cyclopropyl methylene hydro
gens with the Eu(fod)3. If it were true that 12 formed LSi 
or predominantly LSi complexes rather than LS2, then we 
should have observed smaller shifts for 12 at comparable 
L/S ratios for hydrogens b, c, and c'.15 This was not ob
served. Furthermore, at low L/S ratios LS2 complexes 
would be expected to predominate.14

With the assumptions above, the shift data can be ana
lyzed qualitatively. (For quantitative evaluation see ref 
16)

Since all L/S ratios were probably within 10-15% of one 
another as shown by the relative constancy of the shifts 
for b, c, and c' protons,17 the observed shift of proton b 
will be used as essentially an internal standard. The shifts 
in hertz are taken as the shift in the center of gravity of a 
peak in the presence of Eu(fod)3.

It is quite evident that the alcohol assigned the endo 
hydroxyl (3) exhibits an extraordinarily large shift for the 
d and d' cyclopropyl hydrogens (118 Hz), whereas the exo 
alcohol 4 shows a much smaller shift (26 Hz). Further
more, the signals for these hydrogens clearly separate 
from one another in the endo alcohol 3 but remain togeth
er in 4. It must be emphasized that since the concentra
tions of the alcohol relative to the europium compound 
are not exactly the same, the absolute values of the shifts 
are not extremely meaningful. The relative values are im
portant, particularly when compared to the shift of H*, in 
the two alcohols, 135 Hz for 4 vs. 181 Hz for 3. Since at 
equal L/S ratios these values would have been nearly 
equal,18 it is apparent that the shifts expected for d and 
d' in compound 3 would still be large, around 90 and 44 
Hz, respectively, at concentrations equal to 4. These large 
shifts are accompanied by less spectacular shifts for other 
groups of protons, as seen in Table I. Note that the olefin 
hydrogens, a, of 4 are shifted by a larger amount than 
those for 3. It is also of interest to note that the olefin pat
tern of 4 becomes much more similar to that for 3 after 
addition of europium reagent. The exact origin of this ef
fect is not clear; however, the greater shift for the a pro
ton in 4 relative to 3 support the assigned structures. Note 
also that the e and e ' hydrogens are shifted by a small 
amount in both 3 and 4. This is to be contrasted sharply 
with the data for 10 and 12 presented in Table II.

Owing to greater overlapping of bands with these two 
alcohols (10, 12) it is more difficult to assign the bands 
when using Eu(fod)3. However, it is quite clear that H» 
and He', which overlap in both the endo,exo (10) and the 
endo,endo compound (12), behave in a strikingly different 
manner in the two compounds in the presence of the euro
pium reagent. For the alcohol 10 these bands remain to
gether and shift about 26 Hz, whereas for the alcohol 12
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Table I

Eu(fod);) Shift Study for Alcohols 3 and 4

3 4

H AHz H AHz

Hb -1 8 1 Hb — 135
Ha — 31 H a -5 0
He - 1 0 1 Ho -9 2
Ho' — 34 Ho- -3 0
Hd
Hd'

-1 1 8
-5 5

Hd
Hd' 2 g unresolved

( — 34) unresolved H t,,- ( - -18) unresolved

Table II
Eu(fod)3Shift Study for Alcohols 10 and 11“

[\

f v > d
f x > - -

HOVj )2y-7V(S' HO e N s'
10 .12

H AHz H AHz

H b -1 7 7 Hb -1 7 6
Ho -1 2 4 Hc -1 2 9
Ho- -3 0 HC' -4 8
Hd.d' -3 2 Hd.d' -5 3
He -2 9 Ho -1 8 1  (133)6
Ho' -2 9 H C' -5 6
Hf -1 6 1 Hf -6 7

“ The relative concentration o f alcohol to Eu(fod)3 
would appear to be quite similar for these two alcohols, as 
can be seen from the similar values for the shift for both 
Hb and Hc. This does assume a similar position for the Eu 
atom relative to protons H b and Hc, which is certainly 
very reasonable for Hb (see ref 14 for similar case) and not 
surprising for H 0. b Since there is some overlap of bands, it 
is difficult to be totally certain of the assignment of this 
band. The 181 value appears more consistent with the values 
of H c and H,,' considering reasonable positions for the Eu 
atom and estimated distances from models.

(endo OH) they clearly separate. In fact it appears that 
He in 12 exhibits the greatest shift (181 Hz) of any hydro
gen in these molecules. Even if the value of 133 Hz is used 
rather than 181 Hz, assuming an alternate assignment, it 
is obvious that He in 1 2  must be quite proximate to the 
europium atom, as could only be possible for the endo,en
do alcohol. Furthermore, the considerably smaller spread 
in shifts for Ha and Ha- in these two compounds relative 
to 3 and 4 again clearly indicates that the geometries of 10 
and 12 are as depicted. Thus even in the absence of accu
rate knowledge of relative concentrations of reagents it 
appears that Eu(fod)3 is quite useful not only in resolving 
overlapping bands but also in supplying confirmation of 
the assumed gross geometry of rigid systems of this type.

The synthesis and stereochemistry o f these compounds 
complete the first phase of this work. Data regarding sol
volysis behavior will be presented elsewhere.

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

on a Varian A-60A spectrometer with internal standard TMS in 
CCU- Chemical shifts are reported in r values with the number of 
protons in parentheses. The europium shift reagent [EuRodH]

was supplied by Norell. Infrared spectra were obtained on a Per- 
kin-Elmer Model 137 grating spectrophotometer. Microanalysis 
were by Galbraith Laboratories, Knoxville, Tenn. The following 
glpc columns were employed: FFAP (15%) 10 ft X 0.375 in. (A); 
PFAP (10%) 30 ft x 0.375 in. (B); XF-1150 (20%) 5 ft x 0.25 in.
(C); Carhowax 20 M (15%) 10 ft x 0.375 in. (G); Dow 710 5 ft x 
0.25 in. (F).

Tricyclo[3.2.2.024]non-8-en-6-one (2). The procedure of Free
man3 was followed and the purity was ascertained by glpc on col
umns B, C, and G. Nmr data agrees with those reported in ref 3.

exo-Tricyclo(3.2.2.fl2 4)nonan-h-one (7). To a prehydrogenated 
suspension of 0.1 g of 5% palladium on carbon was added a solu
tion of 2.42 g of 2 in 35 ml of dry ether. Hydrogenation was al
lowed to proceed until no further hydrogen was absorbed. Filtra
tion and ether washing of the catalyst led upon evaporation of the 
ether to the product which was distilled at 80° (1 Torr) to yield
l. 87 g (76%) of pure 7: mp 113-114°; glpc (B) indicated one com
pound; nmr r 7.59-7.95 (4) m, 8.5 (4) m, 8 .7-9.6 (4) broad m; ir 
3010, 2950, 1730, 1745 cm' 1.

Anal. Calcd for C9H12O: C, 79.41; H, 8.82. Found: C, 79.52; H, 
8.89.

exo,exo-Tricyclo[3.2.2.024]nonan-6-ol and exo,endo-Tricyclo- 
[3.2.2.02 ’hnonan-G-ol. A. Reduction of 7 with LiAlH4. A mix
ture of 1.9 g of LiAiH4 in 250 ml of anhydrous ether was added, 
dropwise, to a solution of 6.7 g of 7 in 35 ml of diethyl ether. The 
resulting suspension was stirred for 27 hr at room temperature 
and then treated with excess saturated sodium sulfate solution. 
Filtration followed by the removal of the solvent gave a soft solid, 
which was subjected to glpc on column B. Two products were 
present in a 1 : 1  mixture. These could be separated with difficulty 
by glpc; hepce these two alcohols are better prepared by method 
B.

B. Reduction of 2 with LiA1H4. exo- and endo,exo-Tricyclo- 
[3.2.2.02 ’4]non-8-en-6-ol. To a solution of LiAlH4 in ether at -65° 
was added dropwise a solution of 1.9 g of 2 in 35 ml of ether. After 
stirring for 24 hr at -65° the solution was allowed to warm and 
was worked up as in A to yield a quantitative yield of crude prod
uct. Preparative glpc separation (B) lead to 4 and 3 in the ratio of 
5:1 with melting points of 87-90 and 104-107°, respectively: nmr
(4) r 4.25 (2) m, 6.15 (1) 2 t, 7.17 (3) m, 8.0 (1) m, 8.79 (1) t, 9.22
(2) m, 9.85 (2) m; nmr (3) r 4.2 (2) t, 6.18 (1) 5, 7.2 (2) m, 8.21 (1)
m, 8.7 (1) m, 8.85 (2) m, 9.9 (2) m.

Anal. Calcd for C9H12O (4): C, 79.41; H, 8.82. Found: C, 79.25; 
H, 8.70.

Anal. Calcd for C9H12O (3): C, 79.41; H, 8.82. Found: C, 79.54; 
H, 8.58.

Hydrogenation of 3 and 4. Hydrogenation of ethanol solutions 
of pure 3 and 4 over 5% Pd/C was carried out at atmospheric 
pressure until the uptake of 1 mol of hydrogen was complete. Fil
tration and removal of the solvent led to quantitative yields of 5 
and 6. Glpc (B) data indicated a single compound in each in
stance. The melting points of glpc (pure) samples follow: 6, 155— 
185.5° (softens at 150°); 5, 144-147° (softens at 130°).

Anal. Calcd for CgH u O (5): C, 78.26; H, 10.14. Found: C, 
78.65; H, 9.99.

Anal. Calcd for C9H14O (6): C, 78.26; H, 10.14. Found: C, 
78.23; H, 10.19.

endo-Tricyclo[3.2.2.02'4]non-6-ene (9). A. Diels-Alder Reac
tion. A slow stream of cyclopropene in nitrogen, generated from 
23 g of allyl chloride and 12  g of NaNH2 at 85-105° according to 
the procedure of Closs, 19 was passed into a stirred solution of 11.0 
g (0.136 mol) of 1,3-cyclohexadiene in 150 ml of dry methylene 
chloride at room temperature. After the production of cyclopro
pene was complete (5 hr) the system was flushed with N2 for an
other 2 hr. The methylene chloride solution was then washed suc
cessively with cold 10% hydrochloric acid, 10% sodium carbonate, 
and water and then dried over magnesium sulfate. Removal of 
the solvent at atmospheric pressure followed by distillation up to 
79° led to recovered diene. Distillation at 20 Torr at 120-130° led 
to 3.1 g (11% based on allyl chloride) of 9, which crystallized and 
exhibited a melting point of 54°. Glpc (A) indicated a single com
pound, nmrr 3.05 (2) t, 7.1 (2) m, 8.4 (4) m, 9.0 (2) m, 9.85 (2) t.

B. Reduction of Tosylhydrazone 8. To a stirred solution of 2.7 
g (0.01 mol) of tosylhydrazone 8 in 75 ml of tetrahydrofuran was 
added 5.0 g (0.13 mol) of LiAlH4. This mixture was refluxed for 
40 hr followed by cooling and work-up with saturated sodium sul
fate solution. The organic layer was washed with dilute acid and 
10% Na2C03 solution followed by water and then dried with mag
nesium sulfate. Removal of the solvent led to recovery of unreact
ed 8, which was separated by filtration. The residual oil was 
shown by glpc (A and F) to consist of two products in the ratio of 
4:1. The major component, present in 57% overall yield, was 9 as
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shown by nmr and ir spectra. Purification of this product other 
than by glpc proved difficult.

endo, exo-Tricyclo[3.2.2.02'4]nonan-6-ol (10). A solution of 7.2 
g of olefin 9 in 100 ml of tetrahydrofuran at 0° was treated with a 
stream of diborane generated from a solution of 4.75 g of NaBH4 
in diglyme and 25 ml of BF3-Et20  in 30 ml of diglyme according 
to the procedure previously used.21 This led to 7.31 g (87%) of a 
solid which upon crystallization from pentane had mp 165-168°. 
Glpc (B) of the original mixture indicated greater than 90% of a 
single alcohol, 10, nmr r 6.4 (1) m, 6.95 (1) 5, 8.15 (3) m, 8.5 (3) 
m, 8.88 (1) m, 8.18 (2) m, 9.8 (2) m.

Anal. Calcd for C9Hi40: C, 78.26; H, 10.14. Found: C, 77.98; H,
10.05.

erado-Tricyclo[3.2.2.02>4]nonan-6-one (11). To a stirred suspen
sion of 25 g of chromic acid in 250 ml of pyridine at 0° was slowly 
added a solution of 7.3 g of alcohol 10 in 80 ml of pyridine. The 
mixture was stirred for 39 hr at room temperature followed by ad
dition of 100 ml of water and extration ten times with 150-ml por
tions of pentane. The pentane extracts were washed with cold 
10% hydrochloric acid, 10% sodium carbonate, and water. After 
drying and removal of the solvent through a Vigreux column, 5.86 
g of crude ketone 11 was obtained. Glpc (B) indicated only 65% 
purity. Distillation at 100° (0.5 Torr) yielded the pure ketone: n24d 
1.5094; nmr r 7.55 (2) m, 8.15 (2) d, 8.31 (4) m, 8.91 (2) m, 9.72 
(2) m.

Anal. Calcd for C9Hi20: C, 79.41; H, 8.82. Found: C, 79.52; H, 
8.99.

endo,en.fjo-Tricyclo[3.2.2.02|4]nonan-fi-ol (12). To a solution of 
lithium aluminum tri-teri-butoxyhydride at —65°, prepared ac
cording to the procedure of Brown,20 was added 0.9 g (0.007 mol) 
of ketone 11 in 15 ml of tetrahydrofuran. After 24 hr at this tem
perature the reaction mixture was warmed to room temperature 
and worked up as in the other reductions. Glpc analysis indicated 
79% of a single alcohol, mp 136-140°, nmr r 6.3 (1) m, 7.08 (1) s,
8.0 (2) m, 8.5 (5) m, 8.9 (1) t, 9.2 (2) m, 9.7 (2) m.

Anal. Calcd for C9Hi40: C, 78.26; H, 10.14. Found: C, 78.42; H, 
10.31.

Europium Shift Reagent Studies. The Eu(fod)3 used was 
taken directly from a fresh bottle supplied by Norell. The'alco
hols were subjected to glpc purification directly before use and 
then dissolved in CC14 for analysis. The shift reagent was weighed 
out and added in increments of about 10 mg, after which the nmr 
was observed and recorded. Since in many instances the peaks 
were broad, the centers of gravity of the peaks were used and 
shift values were deduced from these.
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Synthesis and R elative Stereochem ical Assignm ent of the Four Isomeric 
Cyclopropane-Bridged Tricyclo[3.2.2.02’4]nonan-6-ols1’2d

Paul E. Schueler2a'b and Yorke E. Rhodes*20
D e p a r tm e n t  o f  C h em istry , N ew  Y ork  U n iversity , N ew  Y ork, N ew  Y ork  10003 

R e ce iv ed  M a rch  9, 1973

The four isomeric tricyclo[3.2.2.02'4]nonan-6-ols, containing a cyclopropane ring fused in a homocyclopropyl- 
carbinyl relationship to the alcohol functionality, have been synthesized from the corresponding alkenes. Stere
ochemical assignments are accomplished by chemical means and with the aid of nmr shift reagents.

Reactivity studies3 of various policyclic compounds con
taining bridged or fused cyclopropane rings have revealed 
the great diversity of reactivity of 2-eyclopropylethyl de
rivatives from the highly activated and reactive3a'b’e"h to 
the highly deactivated and unreactive3c’d systems. De
spite the inherent problems of dissecting strain effects 
from electronic interaction effects and neighboring group 
effects, we have extended our earlier work4 with confor- 
mationally unrestrained 2-cyclopropylethyl systems to 
studies using compounds with structural frameworks that

have geometries and relative orientations of Teactive 
groups that are well defined, namely, the four isomeric 
tricyclo[3.2.2.02’4]nonan-6-ols {en d o ,endo-, en d o .ex o -, ex o ,-  
endo-, and e x o ,e x o - )s in which there are four corre
spondingly different homocyclopropylcarbinyl geometrical 
orientations. Solvolyses of the parent 2-bicyclo[2.2.2]octyl 
system are not strongly assisted by neighboring carbon 
participation and thus any resultant cyclopropane partici
pation should appear in rate and product studies of the 
solvolyses and should not be swamped63 by the dominant
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reactivity patterns or by the structural symmetry of the corresponding hydrocarbon system, as is the case for the
2-norbornyl systems,85 to which the present study is ho
mologous.In this paper the synthesis of the four isomeric tricyclo- 
[3.2.2.02’4]nonan-6-ols (2, 4, 8, and 9) from the requisite olefins,7 characterization, and relative stereochemical assignment are reported. The acetolyses of the correspond
ing brosylate esters will be reported separately.

Synthesis o f  the C yclopropy l E ndo E pim ers. The ep- imeric cyclopropyl endo alcohols, e n d o , e x o -  (2) and e n 
d o , e n d o -  tricyclo[3.2.2.02'4])nonan-6-ol (4), were synthe
sized by a route similar to that employed by Wiberg and Wenzinger®5 in the synthesis of the corresponding tricy- clo[3.2.1.02’4]octan-6-ols. This route is shown in Scheme I. 
Cyclopropene, generated by the procedure of Closs,8® was added to 1,3-cyclohexadiene to form endo-tricyclo- 
[3.2.2.02>4]non-6-ene (1). The overall yield of this reaction, which was quite low (1-5%, based on sodium amide85), was sensitive to a number of variables, notably the manufacturer, individual lot, and shelf age of the commercial 
sodium amide used.& In this case, despite the low overall yield, sufficient quantities of 1 were obtained, since the reaction proved amenable to large-scale operation. The 220-MHz nmr spectrum of l7 confirms the expected endo configuration of the cyclopropane ring.

S c h e m e  I

Hydroboration-oxidation9 yielded the endo,exo alcohol 2 as the only product. The stereospecificity of this reaction is a consequence of the endo cyclopropane ring, which shields the endo side of the double bond from attack by diborane. The exo orientation of the hydroxyl group, while not required by the spectrometric evidence, is established through the proof of orientation for the endo,endo epimer(4), described below.
ercdo-Tricyclo[3.2.2.02’4]nonan-6-one (3) was synthesized by the oxidation of 2, either by chromium trioxide in pyridine10 or activated manganese dioxide in pentane,11 in 75-80% yield. Although the yields for both procedures were comparable, the manganese dioxide method is much the simpler and cleaner one. The physical and spectrometric properties of 3 are in excellent agreement with those reported independently.80’12Reduction of 3 with lithium aluminum hydride in ether yielded only the endo,endo alcohol (4). The nmr spectrum of this alcohol enables the assignment of the relative orientation of the cyclopropane ring and the hydroxyl group to be made unambiguously: the endo or interior secondary cyclopropyl proton of 4 is deshielded by 0.84 ppm (relative to the corresponding proton in the endo,exo epimer 2). This shift, indicative of the close proximity13 of the oxygen atom and the interior cyclopropyl methylene proton to 

each other in 4, confirms the endo,endo configuration of this compound.

Synthesis o f  the C yclopropan e E xo E pim ers. The cyclopropane exo epimers, e x o ,  e n d o -  (8) and exo,exo-tricy- clo[3.2.2.02’4]nonan-6-ol (9), were not isolated separately, 
but rather were obtained as mixtures of the two alcohols (which resisted all attempts at preparative separation), as was anticipated from inspection of molecular models. It is 
apparent from models that there may be only a slight ste- ric advantage toward the endo side of 7. The identifica
tion and composition of these mixtures was determined through the use of an nmr shift reagent, Eu(fod)3, described in detail below. Mixtures of 8 and 9 were synthe
sized according to procedures outlined in Scheme II.

S c h e m e  II

LiAlH(0-£-Bu)3

exo-Tricyclo[3.2.2.02’4]non-6-ene (7)7 was prepared v i a  the decarboxylation of the diacid 614 by two methods: anodic oxidation15 and lead tetraacetate decarboxylation.16 Although the yields for the two routes are comparable 
(30-40%) on a small scale, the lead tetraacetate procedure was found to be more convenient for larger scale preparations, owing to difficulties encountered in large-scale elec
trolyses. The anticipated exo configuration of the cyclopropane ring is confirmed by the 220-MHz nmr spectrum, the details of which have been reported.7Hydroboration-oxidation9 of 7 yielded a product (in better than 80% yield) whose physical and spectrometric properties were consistent with a mixture of e x o , e n d o -  (8) and exo,exo-tricyclo[3.2.2.02’4]nonan-6-ol; this result is not surprising, since 7 lacks the obvious steric bias between exo and endo attack present in endo olefin 1 or in norbornene. This epimeric mixture (mixture A) was shown v i a  nmr shift reagent analysis to consist of 74% 8 and 26% 9 (see below). In order to maximize the effect of any steric bias inherent in 7, the hydroboration was performed with the bulky 2,3-dimethyl-2-butylborane17 (thexyl borane), followed by oxidation. The product (mixture B) appeared to be identical with mixture A, described above; shift reagent analysis showed it to consist of 73% 8 and 27% 9. The apparent lack of effect of the bulkier thexyl borane on the composition of the mixture 
may indicate that the preference of endo attack by boron on 7 is electronic in origin, perhaps involving interaction with the cyclopropane ring, or that the stereochemistry of 
the reactions is determined by product control and is insensitive to the steric bulk of the reagents.

The mixture of exo,endo and exo,exo alcohol from conventional hydroboration-oxidation (mixture A) was clean
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ly oxidized by M11O2 in pentane to a single ketone, e x o -  
tricyclo[3.2.2.02’4]nonan-6-one (10), whose spectrometric 
properties were consistent with this structure.18 This ketone was reduced with lithium aluminum tri-tert-butoxy- 
hydride in ether, again in an effort to take advantage of any steric bias present in 10. The product (mixture C), which in other respects appeared to be identical with mixture A, was shown by shift reagent analysis to have the composition 35% 8 and 65% 9. This result, which indicates a preference for endo attack of hydride on the carbonyl 
group of 10, may be anticipated from inspection of models of 10: the tertiary cyclopropyl protons are held somewhat further away and at a wider angle from the reactive site than are the protons of the saturated C-8-C-9 bridge. The stereoselectivities of these reactions are summarized in 
Scheme III. Thus it may be seen that the stereochemistry of reactions A, B, and D are determined by product development control, while in reaction C, showing the result of a steric bias, the stereochemical preference is determined by steric approach control. Similar hydride reduction selectivities are noted in the accompanying paper by Wenzinger and Ots.1

S c h e m e  I I I

Iden tifica tion  and C om position  o f  M ixtu re  o f  C yclo 
propane E xo E pim ers. The mixtures described above were characterized through analysis of their nmr spectra taken in the presence of a paramagnetic rare-earth chelate complex: tris(l, 1,1,2,2,3,3-heptafluoro-7,7-dimethyl-5-
octa-4,6-dionato)euTopium(III), or Eu(fod)3. A similar eu
ropium chelate [with 2,2,6-6-tetramethyl-3,5-heptane- dione, Eu(thd)3], first described by Eisentraut and Siev- ers,20 produces downfield shifts in proton nmr spectra. The use of this and other europium chelates produces little line broadening [owing to the short relaxation time of Eu(III)] and little effect on coupling constants. Hinckley21 observed large shifts for compounds with heteroatoms bearing unshared electrons (especially alcohols and amines, with smaller shifts for carbonyls and ethers). A postulated mechanism21 involves reversible incorporation of the heteroatom in the europium coordination sphere. Shift magnitudes correlate linearly with the relative concentration of substrate to chelate. The magnitude of the shifts for individual protons correlates with the estimated 
distance of the proton from the metal atom.DeMarco and coworkers22 have shown that the Eu(thd)3 -induced shifts (A5Eu, in parts per million, for equimolar solutions of alcohol and chelate) of the protons of a series 
of rigid secondary alcohols can be correlated with the distance R ,  in A) of each proton from the oxygen atom in each alcohol. For rigid, monofunctional alcohols in deuter- iochloroform, they observed a linear correlation between

log A5eu and log R ,  over a wide range of shifts (0.7-20 
ppm) and distances (2-10 A). The hydroxyl and carbinol methine (OHOH) protons deviated significantly from the linear plot and are more strongly shifted than anticipated. 
Deviations probably result from failure to include an angle function (3 cos2 -  1) and from measurement of distances to the alcohol oxygen instead of to the europium 
atom. Rondeau and Sievers23 have discovered that Eu(fod)3 gives laTgeT shifts with weak donors; this chelate is a stronger Lewis acid, owing to the electron-withdrawing fluorine substituents. It is also appreciably more soluble in carbon tetrachloride than Eu(thd)3. The use of these reagents and common assumptions and limitations on their use have been reviewed recently.2*1

The nmr spectra of mixture A and mixture C in the presence of approximately 0.25 equiv of Eu(fod)3 are described in detail in the Experimental Section. For sim
plicity we will assume that which is subsequently proven: that the major isomer in mixture A is 8, and the major 
isomer in mixture C is 9. Mixture A is thus 74% 8 and 26% 9, while mixture C is 35% 8 and 65% 9. These are the ratios of the axeas of the peaks at 12.1 and 10.1 ppm in each spectrum, corresponding to the CHOH proton in 8 and 9, respectively.24 By a careful analysis of the multiplicity and relative areas of peaks and through decoupling 
of the shifted spectra it is possible to make structural assignments of the remaining regions in each spectrum of the different mixtures (A and C) and determine the number of protons from either 8 or 9 absorbing in each region. Through double-irradiation experiments, it was possible to determine a number of the coupling constants accurately. For compound 8 the following coupling constants 
may be assigned: Jae -  9.1, Jbe = 13.5, and Jab = 2.3 Hz. For compound 9 the corresponding coupling constants 
are Ja'e' = 10-0, Jb'e' = 13.0, and Ja’b- = 2.3 Hz. Coupling constants for geminal protons in medium-size rings are typically 11-14 Hz; vicinal coupling constants in such 
systems vary with dihedral angle. Typical values are 8-10 Hz for 0 = 0°, 2-3 Hz for 0 = 60°, 120°, and near zero for 0 = 90°. These partial coupling patterns for both 8 and 9 are consistent with the structures shown.The results of additional double-irradiation experiments provide more information about the relationships between 
the protons of 8 and 9. Irradiation at 6.0 ppm in the spectrum of mixture C (HB- and He), in addition to decoupling H a - and H e - (from HB-; see Table I), results in the collapse of a doublet (J = 10 Hz) at 4.1 ppm (Hf-) and the collapse of a doublet (J = 12-13 Hz) at 3.1 ppm (H e). 
Thus Ho- is geminal to He-, and Hf- is vicinal to He-, at a dihedral angle of about 0°. The isolated position in the shifted spectrum and coupling pattern (triplet, J  = 7-8 Hz) of Hm' suggest that it is the exterior secondary cyclopropyl proton of 9. Irradiation in the 5.8-6.4-ppm region of mixture A (Hp) resulted in changes in the splitting pattern in the 1.7-2.2-ppm region ( H k , H l , H m ; see Table I). However, it was not possible to obtain any coupling constants or definite assignments owing to the complexity of 
this region.Thus far the shift reagent has been used solely as a tool to modify spectral appearance to simplify analyses and the corresponding assignments. In addition, if these chelate complexes are similar to those studied by DeMarco,22 there should be correlation of the distance of the proton from the chelate. It is inherent in these assumptions that there is only one (or one predominant) chelate complex formed for each alcohol and that the conformations involved are similar. (In the accompanying paper by Wenzinger and Ors1 magnitudes of shifts were shown to be linear with concentration of shift reagent for similar com
pounds.) Utilizing the data and postulates summarized
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Table I

AS, ppm Proton“
Region, ppm  rel to 

Eu(fod)3 Proton“ AS, ppm

8 . 2 h a 1 1 . 8 - 1 2 . 4
9 . 9 - 1 0 . 3 H i’ 6 . 1

5 . 6 H b 7 . 6 - 7 . 9
4 . 8 H c 6 . 7 - 6 . 9

4 . 7 - 5 . 0 h d 5 . 8 - 6 .4 H b o  H e 4 . 0
5 . 5 - 5 . 7 H d - 3 . 7

4 . 0 H e 4 . 9 - 5 . 4
4 . 3 - 4 . 8 H e - 3 . 1

2 . 8 - 2 .9 H f , H g 3 . 7 - 4 . 1 H f - 2 . 3
1 . 2 - 1 . 6 H h , H,, H j 2 . 4 - 3 . 6 He,-, H h -, H i - 1 . 9 , 1 . 5 4 . 6
0 . 5 - 1 . 5 H k , H i , H m 1 . 7 - 2 . 2 H j', H k -, H l - 1 . 0 - 1 .4

1 . 0 - 1 .4 H m- 0 . 5

L e t t e r  a s s ig n m e n t s a r e  u s e d  f o r  p r o t o n s  t o  in d i c a t e  m a g n i t u d e s  o f  o b s e r v e d  s h i f t s ;  A  p r o t o n s a r e  s h i f t e d  t h e  m o s t  in  t h e
spectra.

F ig u r e  1.

above,23b the proton assignments listed in Table I, and the estimated chemical shift differences due to the paramagnetic reagent ( A S )  in Table I, may be correlated with the distances of each proton from the oxygen atom (estimated from models). Shift differences were evaluated as the chemical shift in the presence of chelate (relative to the chelate proton resonance) minus the chemical shift in the absence of chelate (relative to TMS) for each proton. The use of the chelate resonance as a reference position leads to some difficulties. The position of the chelate protons is 0.5 ppm upfield from TMS (in the absence of alco
hol). DeMarco22 has demonstrated that the chelate position does vary with the relative concentrations of chelate and alcohol, but the variation is not large. Thus, although precise quantitative results (A5 per mole) are not obtainable from the obtained data, the qualitative correlations

9

observed should be relatively insensitive to this choice of reference.
Using the values in Table I, plots of log A d  v s .  log R  (Figure 1) show good linearity, as observed by DeMarco and coworkers,22 especially for the exo,exo alcohol 9, for which the greater number of firm chemical shift assignments (eight) may be made. Measured A S  values were used directly, rather than extrapolated to unit concentration of chelate, since extrapolation based on only one concentration of chelate is not justified (however, see ref 1). Although distances should obviously be measured from the protons to the europium atom, this is not possible with these systems, as spacial orientation and distances are not known for these complexes. The slopes of the plots are about —2, which is typical.23b
The assignments for both isomers, based on analyses of
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peak multiplicities, chemical shifts, and peak areas for both mixtures A and C, are in good agreement with corre
lation of induced shifts u s . distance from the oxygen atoms for both alcohols 8 and 9, with the exception of Hd in 8, the nearer tertiary cyclopropyl proton, which is shift
ed downfield about 1 ppm more than anticipated. This suggests greater proximity of this cyclopropyl proton and 
the europium atom, further supporting the stereochemical assignments of 8 and 9. These stereochemical assignments are further supported by the products of solvolyses of the corresponding brosylates (to be reported later), providing also a mechanistic consistency for the assignments of these structures.

The fact that the CHOH proton in one isomer (8) is shifted about 2 ppm further downfield than the corresponding proton in the other isomer (9) cannot be a consequence of a difference in their respective distances from the oxygen. A plausible explanation for this difference is 
that the europium chelate complexes preferentially with isomer 8, i . e . ,  the equilibrium constant for incorporation of 8 into the coordination sphere of the europium is larger 
than the equilibrium constant for incorporation of 9, resulting in greater shifts for alcohol 8. This may be readily accounted for in terms of a steric effect. The oxygen of 8 is in a sterically less crowded environment, as may be seen from models. This is also consistent with the observed steric effects in the hydride reductions.

E xp erim en ta l S ection
N m r sp ectra  w ere  re co rd e d  on  a V arian  A sso c ia te s  A -6 0  sp e c 

trom eter  or a H ita ch i P e rk in -E lm e r  R -2 0 B  sp e ctro m e te r . A ll d e 
co u p lin g  e x p e r im e n ts  w ere  p e r fo rm e d  on  th e  la tter  in s tru m en t. 
C h e m ica l sh ifts  are rep orted  in  u n its  o f  5 (p a rts  p er m illion ) 
d ow n fie ld  from  T M S . S p e ctra l d a ta  are p resen ted  as fo llow s: 
ch e m ica l sh ift, sp litt in g  p a ttern  (n u m b e r  o f  p ro to n s  or re la tive  
area, c o u p lin g  co n sta n t  J  in hertz , a ss ign m en t w h ere  k n o w n ). In 
frared  sp ectra  w ere  re co rd e d  on  a P e rk in -E lm e r  337 g ratin g  in fra 
cord  sp e c tro p h o to m e te r  or a  B e ck m a n  IR -5  sp e c tro p h o to m e te r . 
M a ss  sp ectra  w ere re co rd e d  on  a  V a r ia n  A sso c ia te s  M o d e l M - 6 6  

sp ectrom eter  a n d  are rep orted  as fo llo w s : p eak , m / e  (p er  ce n t  o f  
base  p e a k ). M e lt in g  p o in ts  are u n co rre cte d .

e n d o -T r ic y c lo [3 .2 .2 .0 2 i4]n o n -6 -e n e  (1 ) . C y c lo p ro p e n e  w as g e n 
era ted  b y  a m o d ifica t io n  o f  th e  m e th o d  u sed  b y  C loss  a n d  K ra n tz 88 

as a d a p te d  b y  D iF a te .8c S o d iu m  a m id e  (400 g, 10 m o l) w as 
su sp en d ed  in  ligh t p a ra ffin  o il in  a fla sk  fit te d  w ith  d ro p p in g  fu n 
nel, d ry  n itrogen  sou rce , m e ch a n ica l stirrer, a n d  D ry  Ic e -c a r b o n  
te tra ch lor id e  co n d en ser . 3 -C h lo ro p ro p e n e  (800 g, 10.4 m o l) w as 
a d d ed  d rop w ise  ov er  1 2 -1 5  hr to  th e  stirred  su sp en sion , w h ich  w as 
m a in ta in ed  a t  9 0 -1 0 0 ° . T h e  resu lta n t gas w as p a ssed  th rou g h  the 
D ry  Ice con d en ser  a n d  th rou g h  2 1. o f  25%  su lfu r ic  a c id . T h e  gas 
w as then  p a ssed  in to  1 ,3 -cy c lo h e x a d ie n e  (125 g, 1.56 m o l) and  
stirred  a t  0° in  an  ic e -w a te r  b a th  w ith  a m a g n e t ic  stirrer. A fter 
g en era tion  w as c o m p le te  the  m ix tu re  w as d ried  w ith  an h yd rou s 
p o ta ss iu m  ca rb on a te , k e p t  a t  0 -5 °  fo r  12 hr, a n d  filte re d . A tm o 
sp heric  d is tilla t io n  th rou gh  a 6 -in . V igreu x  co lu m n  g ave  1 ,3 -c y c lo 
h exa d ien e  a t  6 0 -8 0 °  (8 0 -1 0 0  g) an d  e n d o -tr icy c lo [3 .2 .2 .0 2 ’4]n on -6 - 
ene a t  16 0 -17 0° as a w a x y  so lid  (c o lle c te d  w ith  an air con d en ser  
h ea ted  in te rm itte n tly  w ith  a h o t-a ir  p is to l to  p re v e n t p lu g g in g ), 
average y ie ld  o f  17 g. T h e  y ie ld  o f  p ro d u c t  v a r ie d  fro m  5 to  40 g 
d e p e n d in g  ch ie fly  on  th e  c o m m e rc ia l s od iu m  a m id e  u s e d . 80 T h e  
average y ie ld  o f  17 g (0 .14  m o l) represen ts  a 1 .4 %  y ie ld  b a sed  on 
sod iu m  a m id e , or 14%  ba sed  on  ¿ l o s s ’ e s t im a te  o f  10%  y ie ld  of 
cy c lo p ro p e n e  gen era ted . S p e ctra l d e ta ils  are id e n t ica l w ith  those  
re p o r te d . 7’ 80

endo,e*o-Tricyclo[3.2.2.02 'i]nonan-(i-ol (2). D ib o ra n e , g en era t
ed  b y  th e  a d d it io n  o f so d iu m  b o ro b y d r id e  (2 .5  g, 0 .066  m o l) d is 
so lved  in  50 m l o f  d ry  d ig ly m e  to  b oron  tr if lu o r id e -e th y l eth er  (20 
g, 0.141 m o l) in  50 m l o f  d ry  d ig ly m e , w as p assed  in to  a so lu tion  
o f  en < fo -tr icy clo [3 .2 .2 .0 2 ’4 ]n o n -6 -e n e  (15 .0  g , 0 .125 m o l) in  300 m l 
o f  d ry  te tra h yd ro fu ra n , s tirred  a t  0°. (E x ce ss  d ib o ra n e  w as p assed  
in to  ru n n in g  w ater .) A fter  g en eration  w as co m p le te  (a b o u t  1 h r ), 
the te trah yd rofu ran  so lu tion  w as stirred  u n d er a d ry  n itrogen  a t 
m osph ere  a t  room  tem p era tu re  for  an  a d d it io n a l 2 hr. T h e  so lu 
tion  w as c o o le d  to  0 °, a n d  15 m l o f  10%  a q u e o u s  so d iu m  h y d rox id e  
w as ca re fu lly  a d d e d  d rop w ise , fo llo w e d  b y  the ca re fu l d rop w ise  
a d d it io n  o f 15 m l o f  30%  a q u eou s  h y d ro g e n  p e ro x id e . T h is  m ix 

ture w as then  stirred  at 0° fo r  3 hr an d  a t  room  te m p e ra tu re  fo r  1 
hr. T h e  m ix tu re  w as th en  d ilu te d  w ith  1 1. o f  w ater  a n d  e x tra cted  
w ith  fiv e  20 0 -m l p o rt io n s  o f  e th er . T h e  c o m b in e d  eth er  ex tra cts  
w ere w ash ed  w ith  fiv e  50 0 -m l p o rtio n s  o f  w a ter  a n d  o n ce  w ith  500 
m l o f  sa tu ra ted  so d iu m  ch lo r id e  so lu tio n . T h e  eth er  la yer  w as 
d ried  o v er  a n h y d rou s  p o ta ss iu m  ca rb o n a te  a n d  th e  so lv e n t was 
rem ov ed  in  vacuo. T h e  residu e  (10  g, 59 % ) w as cry sta lliz e d  from  
p u rified  p e n ta n e , m p  15 5 -16 0° (sea led  t u b e ) .

Anal. C a lcd  fo r  C 9H 1 4 O : C , 78 .21; H , 10.21. F o u n d : C , 78 .44 ; H ,
10.57.

N m r 0 .33 , m  ( 2  H , se co n d a ry  c y c lo p r o p y l p ro to n s ), 0 .95, m  ( 2  H , 
tertia ry  cy c lo p ro p y l p ro to n s ), 1 .2 0 -2 .2 0 , b roa d  m  ( 8  H , m eth y len e  
an d  b r id ge h e a d  p ro to n s ), 3 .00 , sh arp  s (1 H , h y d ro x y l p ro to n ), 
3 .75  p p m , m  (1 H , C H O H  p ro to n ).

Ir sp e c tru m  3610, 3070, 3010, 2940, 2865, 1460, 1405, 1345, 1100, 
1 0 2 0 , 1 0 0 0  c m -  \

endo-Tricyclo[3.2.2.02-4]nonan-6-one (3). A. T o  a stirred  su s
p en sion  o f  ch ro m ic  a n h y d r id e -p y r id in e  c o m p le x , 1 0  p rep a red  b y  
the  ca re fu l a d d it io n  o f  ch ro m ic  a n h y d rid e  ( 1 1 . 0  g, 0 . 1 1  m o l) to  60 
m l o f  d ry  p yr id in e , w as a d d e d  2 (3 .0  g , 0 .022  m o l)  in  15 m l o f  dry 
p y r id in e . T h e  m ixtu re  w as stirred  at ro o m  tem p era tu re  u n d er n i
trogen  for  24 hr. W a ter  (100 m l) w as a d d e d  an d  the a q u e o u s  so lu 
tion  w as ex tra c te d  w ith  ten  5 0 -m l p o rtio n s  o f  p u r ifie d  pen tan e . 
T h e  p en ta n e  ex tra cts  w ere w ash ed  w ith  20 0 -m l p o rt io n s  c f  10% 
HC1 so lu tio n , w ater, an d  sa tu ra ted  so d iu m  b ica rb o n a te . T h e  p e n 
tan e  so lu tion  w as d ried  over  a n h y d rou s  m a g n esiu m  su lfa te  and  
th e  so lv e n t w as r e m o v e d  in  vacuo. T h e  p ro d u c t  w as cry sta llized  
from  p en ta n e  an d  p u r ified  b y  su b lim a tio n  a t  a tm o s p h e r ic  p res 
sure, y ie ld  (w h ite  so lid ) 2 .3  g (7 5 % ), m p  12 2 -1 2 4 ° (sea led  tu b e ) .

Anal. C a lcd  for  C 9H 1 2 O : C , 79 .37 ; H , 8 .8 8 . F o u n d : C , 78.49, 
78 .28; H , 9 .26, 9 .56.

T h e  n m r, ir, a n d  m a ss  sp ectra  are id e n t ica l w ith  th ose  re 
p o r te d .8’ 1 2

B. 2 (5 .0  g, 0 .0362 m o l) w as d isso lv ed  in  300 m l o f  p u r ifie d  p e n 
tane. A c tiv a te d  m a n ga n ese  d io x id e 1 1 -25 (50 g) w as a d d e d , an d  the 
m ixtu re  w as stirred  a t  room  tem p era tu re  fo r  100 hr. T h e  rea ction  
m ix tu re  w as filte re d  a n d  so lv e n t w as re m o v e d  in  vacuo. T h e  in 
frared  sp ectru m  o f  th e  cru d e  p ro d u c t  sh ow ed  th e  p resen ce  o f  u n 
rea cted  a lco h o l (ca. 10% ). T h e  residu e  w as d isso lv ed  in 50 m l o f  
p en ta n e  an d  stirred  w ith  2  g  o f  a c t iv a te d  a lu m in a  for  1 0  m in , 
th en  filte re d . T h e  a lu m in a  w as w ash ed  w ith  a few  m illilite rs  o f  
p en ta n e , th e  p e n ta n e  layers  w ere  co m b in e d , a n d  so lv e n t  w as r e 
m o v e d  in  vacuo. T h e  p ro d u c t  sh ow ed  n o  O H  s tre tch in g  b a n d s  in 
the  in fra red , y ie ld  4 .0  g (8 1 % ). T h e  p ro d u c t  w as id e n t ica l in all 
resp ects  w ith  the  k e ton e  p rep a red  b y  th e  p re ce d in g  m e th o d .

endo,endo-Tricyclo[3.2.2.02-4]nonan-6-ol (4). A  so lu tio n  o f  3 
(2 .0  g, 0 .015  m o l) in  30 m l o f  d ry  e th er  w as a d d e d  d rop w ise  at 
room  tem p era tu re  to  a stirred  su sp en sion  o f  lith iu m  a lu m in u m  
h yd rid e  (0 .30  g, 0 .008 m o l) in  30 m l o f  d ry  ether. A fter  th e  a d d i
tion  w as c o m p le te  (a b o u t  15 m in ) the m ix tu re  w as stirred  for  an 
a d d itio n a l 15 m in , then  co o le d  to  0° w ith  an  ic e -w a te r  b a th . 
W a ter  a n d  w et so d iu m  su lfa te  (to  a to ta l o f  a b o u t  50 m l) w ere 
a d d e d  ca re fu lly . T h e  eth er  layer w as sep a ra ted , w ash ed  w ith  
50 -m l p ortion s  o f  w ater a n d  sa tu ra ted  so d iu m  ch lo r id e  so lu tion , 
an d  d ried  ov er  a n h y d rou s  p o ta ss iu m  ca rb o n a te . T h e  eth er w as 
re m o v e d  in vacuo, an d  th e  residu e  w as c ry sta llize d  from  p en tan e , 
y ie ld  1 .5 g (7 5 % ), m p  17 3 -175° (sea led  tu b e ) .

Anal. C a lcd  for  C 9H 1 4 O : C , 78 .21; H , 10.21. F ou n d : C , 78 .26 ; H ,
10.40.

N m r 0 .30, co m p le x  m  (1 H , ex terior  cy c lo p r o p y l p ro to n ) , 0.83, 
m  (2 H , tertia ry  c y c lo p r o p y l p ro to n s ), 1.17, m  (1 H , in terio r  c y c lo 
p ro p y l p ro to n ) , 1 .3 -1 .8 , m  (6  H , m e th y le n e  p ro to n s ), 2 .05 , b ro a d  s 
( 2  H , b r id ge h e a d  p ro to n s ), 2 .67, sh arp  s ( 1  H , h y d ro x y l p ro to n ), 
3.71 p p m , m  (1 H , C H O H  p ro to n ) :

Ir sp ectru m  3620, 3360, 2015, 2925, 2880, 1464, 1440, 1120, 1080, 
1 0 3 7 ,1009 cm - '.

exo -Tricyclo [3.2.2.02 ■4 ]non-8-ene-exo-6,cxo-7-dicarboxylic
Anhydride14 (5 ). M a le ic  a n h y d rid e  (255 g, 2 .6  m o l) a n d  cy c lo h e p - 
ta tr ien e 26 (270 g, 2 .9  m o l) w ere  d isso lv e d  in  1000 m l o f  xy len e . 
T h e  m ix tu re  w as h ea ted  a t  re flu x  for  90 hr. T h e  so lu tio n  w as 
co o le d  t o  5 ° an d  th e  crysta ls  w ere  iso la te d  b y  v a cu u m  filtra tio n , 
y ie ld  300 g (62%), m p  10 1 -10 3° (lit . m p  101° ) . 14

exo-Tricyclo[3.2.2.02’4]nonane-exo-6,exo-7-dicarboxylic An
hydride.14 5 (1 0 .0  g, 0 .526  m o l) , d is so lv e d  in  75 m l o f  a ce to n e , 
an d  p a lla d iu m  ( 1 0 %  on  a c t iv a te d  ch a rcoa l, 0 . 6  g , p re re d u ce d ) in 
1 0 0  m l o f  a ce ton e  w ere  m ix e d  a n d  stirred  u n d er  h y d ro g e n  at a t 
m o sp h e r ic  pressure . H y d rog en  w as a b so rb e d  over  a p eriod  o f  3 hr 
(1 .20  L, 0.053 m ol, 10 1% ). T h e  m ix tu re  w as filte re d  a n d  th e  a c e 
tone w as re m o v e d  in vacuo, y ie ld  (w h ite  so lid ) 10.0 g (9 9 % ). A  
sm all sa m p le  w as recry sta llized  from  50%  e th e r -p e n ta n e  to  g ive  
lon g , f la t  n eed les , m p  13 7-139° ( lit . m p  1 4 0 ).14
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N m r  (C D C U ) 0 .6 7 -1 .0 5 , co m p le x  m  (2  H , se co n d a ry  c y c lo p r o 
p y l p ro to n s ), 1 .1 -1 .5 , m  (2 H , tertiary  c y c lo p r o p y l p ro to n s ), 1.47, 
broad  s  (4 H , m e th y le n e  p ro ton s ), 2 .72, b ro a d  s (2 H , b r id geh ea d  
p ro to n s ), 3 .43  p p m , b ro a d  s (2 H , a n y h y d r id e  m eth in e  p ro to n s ).

er:o-Tricyclo]3.2.2.02'4]nonane-exo-6,exo-7-dicarboxylie Acid
(6 ). e ;to -T r icy c lo [3 .2 .2 .0 2 •4]n o n a n e -e x o -6 ,e x o -7 -d ica rb o x y lic  a n h y 
d rid e  (20 g, 0 .104 m o l) w as a d d e d  to  500 m l o f  d is tille d  w ater  c o n 
ta in in g  so d iu m  h y d ro x id e  (12 g, 0 .3 0  m o l) . T h e  m ix tu re  w as h e a t 
ed  to  7 5 -8 5 °  an d  stirred  u n til so lu tion  w as co m p le te . T h e  h o t  s o 
lu tion  w as filte red  an d  a c id ifie d  to  p H  1 (h y d r ion  A  p a p er) w ith  
37%  H C 1 (a p p ro x im a te ly  40 m l). T h e  d ia c id  im m e d ia te ly  a p 
peared  as a fin e  w h ite  p re c ip ita te . A fter  c o o lin g  to  5°, th e  p ro d u c t  
w as iso la ted  b y  v a cu u m  filtra tion , w ash ed  th o ro u g h ly  w ith  d is 
t ille d  w ater, and  d ried  to  co n sta n t w e ig h t in  a v a cu u m  d e s ic c a 
tor ,27 y ie ld  (w h ite  so lid ) 20 .0  g  (9 5 % ). A  sm a ll p o rt io n  w as recrys- 
ta llize d  from  d is tille d  w ater, rop  173° d e c  (lit . m p  173- 
174°) 1 4

exo-Tricyclo[3.2.2,02-4]non-6-ene (7 ). A . A  m o d ifica t io n  o f  the 
p roced u re  o f  G r o b 16 w as u sed . T o  a co o le d  su sp en sion  (ice -w a ter  
b a th ) o f  6 (21 g, 0 .10  m o l) in  500 m l o f  d ry  b e n ze n e  c o n ta in in g  d ry  
p yr id in e  (40  g, 0.51 m o l) w as a d d e d  lead  te tra a ce ta te  (co n ta in in g  
a ce t ic  a c id , 10%  b y  w eigh t, 75 g, 0 .17  m o l) . T h e  stirred  m ixtu re  
w as s low ly  h e a te d . B etw een  40 a n d  50° th e  m ix tu re  tu rn e d  t o  a 
c lear ye llow -ora n ge  so lu tio n . B etw een  65 a n d  70° th e  re a ctio n  b e 
ca m e  e x o th e rm ic , an d  gas w as ra p id ly  e v o lv ed . T h e  m ixtu re  
th ick e n e d , an d  a  v o lu m in o u s  ta n  p re c ip ita te  a p p e a re d . T h e  m ix 
ture w as stirred  a t  7 5 -8 0 °  fo r  2 hr, co o le d  to  room  tem p era tu re , 
an d  filte red  b y  su ctio n . T h e  so lid  w as w a sh ed  w ith  100 m l o f  b e n 
zen e . T h e  c o m b in e d  b e n ze n e  so lu tion s  w ere w a sh ed  w ith  500-m l 
p ortion s  o f  w ater, 5%  N a O H  (tw ice ), w ater, 10%  HC1 (tw ice ), 
w ater, sa tu rated  sod iu m  b ica rb o n a te , a n d  sa tu ra ted  sod iu m  c h lo 
ride  so lu tio n . T h e  ben zen e  layer w as d ried  over  a n h y d rou s  p o ta s 
siu m  ca rb o n a te  a n d  d is tille d  at a tm o sp h e r ic  p ressure . T h e  p ro d 
u ct, a w a x y  so lid , w as d is tille d  using  an air con d e n se r  h eated  
w ith  a  h o t  air p is to l, y ie ld  4 .3 g (3 6 % ), b p  162 -16 8°.

N m r  sp ectru m  0.53 p p m , co m p le x  m  (1 H , ex terior  secon d a ry  
c y c lo p ro p y l p ro to n ), 0 .82  p p m , m  (1 H , in terior  s e co n d a ry  cy c lo - 
p ro p y l p ro to n ) , 0 .9 5 -1 .5 5 , m  (6  H , tertia ry  cy c lo p ro p y l an d  m e th 
y lene p ro to n s ), 2 .60, b ro a d  s (2 H , b r id geh ea d  p ro to n s ), 6 .32  p p m , 
A B  d (2 H , v in y l p ro to n s ).

Ir sp ectru m  3050, 3010, 2940, 2865, 1640, 1550, 1460, 1435, 1368, 
1318, 1250, 1160, 1088, 1040, 1000, 953, 860 c m - 1.

M a ss  sp ectru m  m/e  (rel in ten s ity ) 120 (5 6 ), 105 (7 8 ), 93 (10 ), 92
(58), 91 (6 6 ), 80 (1 2 ), 79 (1 00 ), 78 (3 8 ), 77 (3 6 ), 66 (2 2 ), 65 (1 4 ), 51
(14), 41 (8 ), 39 (20).

B. 6 (3 .0  g, 0 .015 m o l) w as d isso lved  in 150 m l o f  90%  aq u eou s  
p yrid in e  con ta in in g  2 m l o f  trie th y la m in e . T h e  so lu tio n  w as e le c 
tro ly z e d ,15 w ith  a p la tin u m  m esh  a n od e  a n d  a p la tin u m  w ire 
ca th od e , at in itia l va lu es o f  70 V  D C  a n d  1.8 A . A fter  4 .5 hr, the  
va lu es w ere 100 V  a n d  0.25 A . T h e  so lu tion  w as d ilu te d  w ith  500 
m l o f  c o ld  w ater  an d  e x tra cted  w ith  tw o  25 0 -m l p o rtio n s  o f  p e n 
tane, T h e  co m b in e d  p e n ta n e  layers  w ere w ashed  w ith  25 0 -m l p o r 
tion s o f  w ater, 10%  HC1 (tw ice ), w ater, a n d  sa tu rated  sod iu m  b i 
ca rb on a te  so lu tion s . The p en ta n e  la yer  w as d rie d  over  an h yd rou s 
K2CO3, an d  so lv en t was. re m o v e d  in vacuo. T h e  residu a l ye llow  
o il w as d is tille d  at a tm o sp h e ric  pressure th rou g h  an air con d en ser  
to  g iv e  the  p ro d u c t  (0 .64  g, 37 % ), w h ich  w as id e n t ica l in all re 
sp e c ts  w ith  th a t  o b ta in e d  a b ove .

exo,endo- and exo,exo-Tricyclo[3.2.2.02-4]nonan-6-ol (8, 9). A. 
V7a Diborane, Mixture A. D ib o ra n e , g en era ted  b y  the  a d d ition  
o f  s od iu m  b oro h y d r id e  (5 .0  g, 0 .13  m o l) in 175 m l o f  d ry  d ig ly m e  
to  b o ro n  tr if lu o r id e -e th y l eth er  (30 .0  g, 0.21 m o l) in 50 m l o f  dry  
d ig ly m e , w as p assed  in to  a so lu tion  o f 7 (28 .0  g, 0 .233 m o l) in 250 
m l o f  d ry  te tra h yd ro fu ra n . T h e  so lu tio n  w as stirred  a t  ro o m  te m 
p eratu re  u n d er n itrogen  fo r  2 hr a fter  a d d it io n  w as co m p le te , then  
co o le d  in an ic e -w a te r  b a th . A q u eou s  sod iu m  h y d ro x id e  (10% , 40 
m l) w as a d d e d  d rop w ise , fo llo w e d  b y  40 m l o f  30%  h y d rogen  p er
o x id e . T h e  m ix tu re  w as stirred  at 0° fo r  2 hr. T h e  m ix tu re  w as 
a d d ed  to  1 1. o f  w ater  an d  ex tra cted  w ith  f iv e  20 0 -m l p ortion s  o f  
ether. T h e  c o m b in e d  ether ex tra cts  w ere  w ash ed  w ith  fiv e  1-1. 
p ort ion s  o f  w ater  a n d  on e  p ortion  o f  sa tu ra ted  so d iu m  ch lor id e  
so lu tion . T h e  ether layer  w as d ried  over a n h y d rou s  p o ta ss iu m  
ca rb on a te , a n d  th e  so lv e n t w as re m o v e d  in vacuo, y ie ld  (cru d e )
28.6 g (8 9 % ). T h e  p ro d u c t  w as recry sta llized  fro m  p en ta n e  (6 0 - 
70%> y ie ld ) , m p  159 -16 4°.

Anal. C a lcd  fo r  C 9H 140 :  C, 78 .21; H , 10.21. F o u n d : C , 77 .83; H ,
10.10.

N m r 0 .1 -0 .7 , c o m p le x  m  (2  H , se co n d a ry  cy c lo p r o p y l p ro to n s ), 
0 .7 -2 .5  (m a jor  p eak s at 1.25 a n d  1 .97), m  (10 H , tertia ry  c y c lo p r o 
p y l, m eth y len e , a n d  b r id ge h e a d  p ro to n s ), 2 .55, s (1 H , h y d roxy l 
p ro to n ), 3 .9 0 p p m , m  (1 H , C H O H p r o t o n ) .

Ir sp ectru m  3620, 3360, 3080, 3010, 2940, 2880, 1478, 1452, 1350, 
1 2 3 5 ,1 1 1 0 ,1 0 4 0 ,1 0 3 0 , 975 cm  T

M a ss  sp ectru m  m /e  (rel in ten s ity ) 138 (2 9 ), 120 (2 9 ), 105 (2 6 ), 
95 (2 3 ), 94 (6 8 ), 93 (2 8 ), 92 (4 7 ), 91 (4 5 ), 83 (1 3 ), 81 (1 5 ), 80 (2 1 ), 
79 (1 0 0 ), 78 (3 2 ), 77 (2 9 ), 70 (1 3 ), 67 (1 9 ), 6 6  (2 9 ), 55 (1 3 ), 53 (1 3 ), 
41 (1 9 ), 39 (17 ).

A  so lu tio n  o f  th e  a b o v e  a lco h o l m ixtu re  (0 .13  g, 0 .000943 m o l) 
and  E u ( fo d ) 3  (0 .21 g, 0.000201 m ol, m olar  ra tio  o f  sh ift  reagen t to  
a lco h o l 0 .2 15 ) in  sp e c tro p h o to m e tr ic  g rad e  ca rb o n  te tra ch lo r id e  
w as p rep ared . T h e  n m r sp ectru m  o f  th e  m ix tu re  is rep orted  
b e lo w , w ith  re la tiv e  p ea k  areas g iven . (N o te : th e  ch e m ica l sh ifts 
are g iven  re la tiv e  to  an ex tern a l s ta n d a rd , T M S  in  C C I4 ).

N m r  - 1 . 3  [E u (fo d ) 3 p ro to n s ], - 0 .1 5 ,  m  (0 .7 H ) , 0 .6 -1 .1  (p ea k s  
a t  0 .75  a n d  0 .9 5 ), m  (3 .8  H ) , 1 .47, m  (3 .8  H ) , 1 .6 -2 .4 , m  (2 .0  H ),
2.79, m (2 . 6  H ) , 4 .02, A B  d (1 .3  H , J  =  9, 13.5 H z ), 4 .60  m (0 .4  
H ), 4 .8 -5 .3 , m  ( 1 . 6  H ) , 5 .96, b roa d  s (1 .0  H ), 6 .75 , d  (1 .0  H , J  =
13.5 H z ), 9 .25  p p m , m  (0 .3  H ) , 11.20, m  (1 .0  H , J  =  9 H z ).

B. Via Thexyl Borane,17 Mixture B. D ib o ra n e , gen era ted  b y  
the  a d d it io n  o f  so d iu m  b oro h y d r id e  (1 .50  g, 0 .0395  m o l) d isso lv ed  
in 50 m l o f  d ry  d ig ly m e  to  boron  t r if lu o r id e -e th y ] eth er  (5 .69  g, 
0.040 m o l) in  50 m l o f  d ry  d ig ly m e , w as p a ssed  in to  a so lu tion  o f
2 ,3 -d im e th y l-2 -b u te n e  (3 .68  g, 0 .0438 m o l) in  100 m l o f  d ry  te 
tra h yd ro fu ra n , w ith  a stream  o f  d ry  n itrogen . A fter  th e  a d d itio n  
w as c o m p le te , the  so lu tion  w as stirred  a t  room  te m p e ra tu re  u n der 
n itrogen  fo r  2 .5  hr. 7 (2.51 g, 0.021 m o l) d isso lv e d  in 15 m l o f  dry  
te tra h yd ro fu ra n  w as th en  a d d e d  in on e  p o rtio n  to  th e  a b o v e  s o lu 
tion . T h e  m ix tu re  w as stirred  at room  tem p era tu re  for  20 hr. T h e  
m ixtu re  w as th en  co o le d  to  0 ° ( ic e -w a te r  b a th ), a n d  1 0  m l o f  a 
10%  N a O H  so lu tion  w as a d d e d  d rop w ise , fo llo w e d  b y  10 m l o f  
30%  h y d rogen  p e ro x id e . T h e  m ix tu re  w as stirred  for  3 hr a t  0° 
an d  1  hr a t  ro o m  tem p era tu re . It w as th en  d ilu te d  w ith  300 m l o f  
w ater a n d  ex tra c te d  w ith  five  5 0 -m l p o rtio n s  o f  p u r ified  p en ta n e . 
T h e  c o m b in e d  p en ta n e  layers w ere w ash ed  w ith  five  20 0 -m l p o r 
tion s o f  w ater  a n d  w ith  sa tu rated  sod iu m  ch lor id e  so lu tio n . T h e  
p en tan e  e x tra c t  w as d ried  over  a n h y d rou s  p o ta ss iu m  ca rb on a te  
an d  filte red , a n d  th e  so lv e n t w as re m o v e d  in vacuo (te r t-h e x y l a l
co h o l w as a lso  re m o v e d  in th is p rocess). T h e  p ro d u ct , a p a sty  
so lid , w as d isso lv ed  in CC14 a lon g  w ith  a p p ro x im a te ly  0 .2 e q u iv  o f  
E u ( fo d )3. T h e  n m r sp ectru m  o f  th is  m ix tu re  w as very  s im ilar  to  
th at o f  the  a lco h o l m ixtu re  p ro d u ce d  b y  co n v e n t io n a l h y d rob ora - 
t ion  (see a b o v e ) , y ie ld in g  a  ra tio  o f  e x o ,e n d o  to  e x o ,e x o  a lco h o l o f  
2 .7 :1 .0 . It w as n o t  p u rified  further, y ie ld  1.7 g (5 9 % ).

exo-Tricyclo[3.2.2.02’4]nonan-6-one (10). A  m ix tu re  o f  exo,- 
endo- a n d  e x o ,e x o -t r icy c lo [3 .2 .2 .0 2 -4 ]n o n a n -6 -o ls  (m ix tu re  A,
5.00  g, 0 .0366 m o l) w as d isso lv ed  in 300 m l o f  p en ta n e . A ctiv a te d  
m an gan ese  d io x id e  (50  g ) w as a d d e d  an d  the m ixtu re  w as stirred  
a t  room  tem p era tu re  fo r  120 hr. T h e  m ix tu re  w as th en  filte red  
an d  the residu e  w as w a sh ed  w ith  an a d d it io n a l 1 0 0  m l o f  p en tan e . 
A c tiv a te d  a lu m in a  ( 1  g) w as a d d e d  a n d  th e  so lu tion  w as sw irled  
fo r  2 m in  to  rem ov e  an y  u n rea cted  a lc o h o l. T h e  m ix tu re  w as f i l 
tered  a n d  the so lv e n t w as re m o v e d  in vacuo, y ie ld  4 .18  g (8 4% ). 
T h e  p ro d u c t  w as fu rth er  p u rified  b y  su b lim a tio n  a t  a tm o s p h e r ic  
pressure , m p  119-121°.

Anal. Calcd for  C 9H 1 2 O : C , 79 .37, H , 8 .8 8 . F o u n d : C , 78,23, 
78 .05 ; H , 9 .01 , 8.82.

N m r  0 .3 8 -0 .9 6 , m  (6  H , tertia ry  c y c lo p r o p y l, C - 8  an d  C -9  
m eth y le n e ), 2 .15, m  (2 H , C -7  m e th y le n e  p ro ton s , a d ja ce n t  to  
ca rb o n y l) , 2 .15, m  (2 H , C -7  m e th y le n e  p ro to n s , a d ja ce n t  to  ca r 
b o n y l) , 2 .3 0  p p m , b roa d  s ( 2  H , b r id geh ea d  p ro to n s ).

Ir sp ectru m  3065, 3015, 2938, 2865, 1730, 1463, 1410, 1285, 1114, 
860 cm ~ A

M a ss  sp ectru m  m/e  (rel in ten s ity ) 136 (9 2 ), 108 (4 0 ), 94 (55 ), 93 
(5 4 ), 92 (2 3 ), 91 (2 0 ), 80 (2 4 ), 79 (6 3 ), 77 (2 0 ), 67 (2 2 ). 6 6  (2 5 ), 54
(22), 53 (12), 41 (18), 39 (21), 32 (28), 28 (1 00 ).

exo,endo- and exo,exo-Tricyclo[3.2.2.02 4]nonan-6-ol (9, 8). A. 
Via Lithium Aluminum Tri-teri-Butoxyhydride, Mixture C . 10 
(2 .86  g, 0 .00212 m o l) w as d isso lv ed  in 60 m l o f  d ry  e th er . L ith iu m  
a lu m in u m  tr i-te r t-b u to x y h y d r id e  (6 .00  g, 0 .00236  m o l) w as a d d ed  
and  the m ix tu re  w as stirred  a t  room  tem p era tu re  fo r  67 hr. A  sa t
urated  a q u eou s  so lu tion  o f  a m m o n iu m  su lfa te  w as a d d e d  d rop - 
w ise  (to  a to ta l o f  60 m l) a n d  the layers w ere sep a ra ted . T h e  
a q u eou s layer w as w a sh ed  w ith  tw o  2 5 -m l p o rt io n s  o f  e ther. T h e  
c o m b in e d  ether layers w ere w ash ed  w ith  w ater  a n d  sa tu ra ted  s o 
d ium  ch lor id e  so lu tion  a n d  d ried  ov er  a n h y d rou s  p o ta ss iu m  c a r 
b o n a te , an d  th e  so lv e n t w as r e m o v e d  in vacuo. T h e  p ro d u c t  w as 
recry sta ilized  from  p en ta n e , y ie ld  2.18  g (7 5 % ), m p  159 -16 4°.

N m r  0 .2 -0 .7  co m p le x  m  (1 .5  H , se co n d a ry  cy c lo p r o p y l p ro to n s ), 
0 .8 -2 .3  (p ea k s  a t  0 .8 8 , 1 .29, 2 .0 0 ), m  (1 0 .5  H , tertia ry  cy c lo p ro p y l, 
m eth y len e , a n d  b r id ge h e a d  p ro to n s ), 3 .95, sh arp  s (1 H , h y d roxy l 
p ro to n ), 3 .8 -4 .3  m  (1 H , C H O H  p ro to n ) .

A  so lu tio n  o f  th is  a lco h o l m ixtu re  (0 .141  g, 0.00102  m o l) and
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E u ( fo d )3  (0 .248 g, 0 .00024 m ol, m olar  ra tio  o f  sh ift  rea g en t to  a l
co h o l 0 .235) w as p rep a red . T h e  d e scr ip tio n  o f  th e  n m r sp ectru m  
o f  th at so lu tio n  fo llow s.

N m r - 2 .7 0  [E u (fo d )3  p ro to n s ], - 1 .4 7 ,  m  (1 .7  H ) , - 0 .7 4 ,  m  (5.1 
H ), 0 .0 -1 .4 , m  (8 .9  H , 1 .88 , A B  d (1 .3  H ) , 2 .4 7 , A B  d  (0 .6  H ) ,
2 .8 -3 .7 , m  (4 .0  H ), 4 .27 , b ro a d  s (0 .5  H ), 5 .00, d  (0 .5  H , J  =  1 3 -14  
H z ), 7 .40, m  (1 .0  H ) , 9 .20  p p m , m  (0 .5  H ). Irra d ia tion  a t  9 .20  
p p m  y ie ld s  a d o u b le t  at 2 .47  p p m  (J  = 13 .5 H z ). Irra d ia tion  at
1.88 p p m  y ie ld s  a b ro a d  sin g le t  a t  7 .40  p p m , a n d  th e  co a le sce n ce  
o f  tw o  p e a k s  (J  =  13 H z )  in  th e  2 .8 -3 .7 -p p m  m u lt ip le t  to  a s in 
g let. Irra d ia tion  a t  3 .30  p p m  y ie ld s  a b ro a d  sin g le t  at 1.15 p p m  
(co lla p se  o f  d o u b le t , J  = 12 H z ) , an d  the co lla p se  o f  a d o u b le t  (J  
=  12 H z ) a t  0 .40  p p m .

B. Via Lithium Aluminum Hydride, Mixture D. 10 (1 .05  g, 
0 .00772 m o l) in  10 m l o f  d ry  eth er  w a s  a d d e d  d rop w ise  t o  a stirred  
su spen sion  o f  lith iu m  a lu m in u m  h y d r id e  (0 .15  g, 0 .00395 m o l) in 
10 m l o f  d ry  ether. A fter  a d d it io n  w as c o m p le te , th e  m ixtu re  w as 
stirred  for  an a d d it io n a l 15 m in , th en  c o o le d  in an ic e -w a te r  ba th . 
W ater  a n d  w et so d iu m  su lfa te  w ere a d d e d , a n d  the layers w ere 
sep a ra ted . T h e  w ater  layer w a s  w a sh e d  w ith  an  a d d it io n a l 20 m l 
o f  ether, an d  the c o m b in e d  eth er  layers w ere w a sh ed  w ith  w ater 
an d  sa tu rated  so d iu m  ch lo r id e  so lu tio n . T h e  e th er  layer w as d ried  
over  a n h y d rou s  p o ta ss iu m  ca rb o n a te  a n d  so lv e n t w as re m o v e d  
in vacuo. T h e  p ro d u c t  w as r e cry sta llize d  fro m  p en ta n e , y ie ld  0 .80  
g (7 5 % ), m p  15 8 -1 6 3 °. T h e  n m r sp e c tru m  o f  th is  m ix tu re  in  th e  
presen ce  o f  E u ( fo d )3 (0 .35  e q u iv ) w as s im ila r  to  th a t  o f  th e  m ix 
ture p ro d u ce d  via h y d r o b o r a t io n -o x id a t io n  (see m ixtu re  A ) ;  the  
ra tio  o f  e x o .e n d o  to  e x o ,e x o  a lco h o l w as 2 .0 :1 .
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7 ,7 -D ip h e n y l-2 ,5 -d io x a b icy c lo [4 .2 .0 ]o c ta n e  (1), 7 ,7 -d ip h e n y l-2 ,5 ,8 -tr io x a b icy c lo [4 .2 .0 ]o c ta n e  (2), a n d  7 ,7 -d i- 
m e th y l-2 ,5 ,8 -t r io x a b icy c lo [4 .2 .0 ]o c ta n e  (3 ) w ere sh ow n  to  ex ist  as c is -fu se d  ch a irs . T h e  co n fo rm a tio n a l an alyses 
w ere a c co m p lis h e d  b y  a co m b in a t io n  o f  E u ( fo d )3 sh ift  ra tios  a n d  the B u ys  R m e th o d . T h e  E u ( fo d )3 w as sh ow n  
to  h a ve  n o  e ffe c t  on  th e  c o n fo rm a tio n . T h e  b icy c lo o c ta n e s  w ere sy n th es ized  th rou gh  the p h o to cy c lo a d d it io n  o f  
a ce ton e , b e n zo p h e n o n e , a n d  1 ,1 -d ip h e n y le th y le n e  to  1 ,4 -d io xe n e .

Buys2 and Lambert3 have developed methods for deter- nmr. These methods relate the ratio of the average trans
mining the conformation of rigid six-membered ring sys- and cis vicinal coupling constants to the conformation,
terns, containing heteroatoms in the 1 and 4 positions, by Slessor and Tracy4 have written a computer program,
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Dihedral Angie Estimation by the Ratio Method 
(DAERM), for the conformational analysis of a 
CHR2CH2R system. This method is based on the assump
tion that the ratio of Karplus constants for the cis and 
trans dihedral angles is a constant (0.9). Conformational 
analysis of some four-membered-ring compounds gave re
sults consistent with those obtained by X-ray and dipole 
moment studies.5

Simplification of complex spectra through the applica
tion of the shift reagent, Eu(fod)3, is an established tech
nique.6 Compounds with two binding sites have been 
dealt with by Williams, et a l.7 They have shown that 
competition between sites can be detected by a plot of 
shift vs. the molar ratio of shift reagent to substrate.

These systems present the possibility of competition 
between various sites, some of which may be favored on 
steric considerations, others on electronic.

The conformations of the dioxane portion of compounds
1-3 were determined by Buys and Lambert’s methods and 
the conformation o f the cyciohutane portion o f 1 by 
DAERM. The coupling constants were obtained from the 
Eu(fod)3 shifted spectra and refined through the program 
N M RIT .8

Results and Discussion
The 60-MHz nmr spectra of compounds 1-3 are shown 

in Figure 1 . The partial spectra for the oxetanes 2  and 3

consist of two doublets, for the bridgehead protons, and a 
complex four-spin pattern (ABCD) for the methylene pro
tons. The spectrum of the cyclobutane 1 is composed of 
two independent four-spin sets, an ABCD pattern for the 
dioxane methylene portion and a first-order pattern for 
the cyclobutane protons. The protons at 4.95 ppm in the 
spectra of 1 and 2 are assigned to H-2. The protons at 5.53 
and 5.63 ppm are assigned to H -l of compound 2 and 3, 
respectively; the remaining protons, compound 1, 4.2 
ppm, H -l, and compound 3, 4.22 ppm, H-2 .

The chemical shift difference between the A proton and 
the BCD envelop of the oxetanes 2  and 3 is attributed to 
the anisotropy o f the oxetane ring. This difference is 25 
Hz for compound 2 in deuteriochloroform, increasing to 45 
Hz in hexadeuteriobenzene. These differences become 92 
and 165 Hz (Av ¡J, 8.4 and 15), respectively, at 220 MHz; 
however, this system is too strongly coupled for the A pro
ton to become first order. The spectra of compounds 2 and 
3 were simplified through the addition of the Eu(fod)3 
shift reagent.

The shifts of the bridgehead and methylene protons for 
compounds 1-3 were plotted against the molar ratio of 
Eu(fod) 3 to substrate. These plots gave straight lines, in
dicating that only one binding site was involved over the 
concentration range studied. Comparison of the slopes for 
H -l and H-2 reveals that oxygen-5 does not complex the 
Eu(fod)3, as expected in view of the steric hindrance of 
the R groups. Caple, 9 in a study of rigid bicyclic ethers, 
developed a model for the europium-ether complex in 
which europium lies in the C -O -C  plane 3.0 A from the 
oxygen and equidistant from the carbons. The slopes of 
H -l and H-4 for the cyclobutane 1 are consistent with this 
model (refer to A (1 and 2) and B for proton numbering sys
tem). However, for the oxetanes 2 and 3, the slopes for 
H -l are greater than those for either H-3 or H-4. The 
binding site for oxetanes 2 and 3 apparently consists of

5.63 4.95 2.5S

Figure 1. Partial 60-MHz nmr spectra: (a) 7,7-diphenyl-2,5-di- 
oxabicyclo[4.2.0]octane (1); (b) 7,7-diphenyl-2,5,8-trioxabicy-
clo[4.2.0]octane (2); (c) 7,7-dimethyl-2,5,8-trioxabicyclo[4.2.0]oc- 
tane (3).

oxygen-2 and oxygen-8 . While it is impossible from our 
data to differentiate between a bidentate complex, a, and 
the time average of two 1 : 1  complexes, b, a model in which

b
the europium lies equidistant (3.0 A) from both oxygens 
and close to the intersection of the C -O -C  planes of the 
oxetane and dioxane rings is consistent with the data.

As a result of the synthetic method, the ring juncture in 
the bicyclo[4.2.0]octane systems may be either cis or trans 
(vide in fra ). A trans ring juncture would lock the six- 
membered ring into the twist-boat or chair conformers 
while either boat or chair conformers are possible with a 
cis juncture.

Examination of Dreiding models of the complexes (vide 
supra) for the various conformations of the bicyclooctanes 
revealed that a trans ring juncture would require H-2 to 
have a greater shift than either H-3 or H-4. Since this was 
not observed in these systems, the trans ring juncture can 
be excluded. The band widths in the europium simplified, 
first-order spectra (25 and 16 Hz) demonstrate that the 
dioxane rings exist in the chair conformation.

In the 60-MHz spectra the BCD envelopes for com
pounds 1-3 are approximately 25 Hz wide; therefore, the 
chemical shift differences for these protons are less than 
25 Hz. After the addition of Eu(fod)3, these protons are 
separated by at least 25 Hz in the first-order spectra; 
therefore, the relative shift orders can be obtained direct
ly. The decreasing proton shift orders follow: cyclobutane 
1 (4, 3, 5, 6); diphenyloxetane 2 (3, 4, 5, 6 ); and dimethyl- 
oxetaneS (5, 3, 4, 6).

Correlation of these empirical shift orders and the 
slopes from a least-squares treatment of the chemical shift 
vs. the molar ratio of europium reagent to substrate dem
onstrates that the cyclobutane 1 and the diphenyloxetane
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Table I
NMRIT Refined Coupling Constants for Compounds 1-3

-Coupling constants, Hz-
Compd 1,2 1,7 1,8 2 .7 2,8 3,4 3,5 3,6 4,5 4,6 5,6

1 3.66» 7 .7“ 6.74“ 0 .0“ -3 .7 8 “ -1 2 .3 6 9 .6 8 2.15 2 . 1 1 1 . 3 4 -1 2 .1 5
2 -1 2 .3 9 10.85 2.36 2.41 2 .3 4 -1 2 .0 825 4 .0 -1 1 .6 1 11.0 1.73 2.45 2 . 1 1 -1 2 .1 43 4 .0 -1 1 .4 3 11.53 2.22 2.27 0 .9 5 -1 2 .2 0

“ Confirmed by spin decoupling, Jj,$ = —10.96 Hz. b Calculated for uncomplexed diphenyloxetane 2.
2 exist as the frozen chair conformer A and the dimethyl- 
oxetane 3 exists as the alternate conformer B.

n 3
A B

1, X =C H 2
2, X = 0

The assumption that Eu(fod )3 will not affect the cou
pling constants is an accepted practice.6 However, it was 
desired to demonstrate this by calculating the spectrum of 
the diphenyloxetane 2  in the absence of europium reagent. 
The (NMRIT8) refined values of the coupling constants 
from the europium-shifted spectra of 2  were used as input 
and the chemical shifts were adjusted by trial and error. 
The calculation was performed for the 220-MHz spectrum 
of 2 obtained in deuteriochloroform (Figure 2). The iterat
ed solution approximates the experimental spectrum. The 
refined and calculated coupling constants are given in 
Table I.

A difference in the coupling constants obtained for the 
diphenyloxetane 2  from the europium-shifted spectrum

b
Figure 2. Partial 220-MHz nmr of 7,7-diphenyl-2,5,8-trioxabicy- 
clo[4.2.0]octane (2): (a) calculated: (b) experimental in CDCI3.

Table IICalculated Ring Dihedral Angles (0-CH2-CH2-0) for Compounds 1-3 by Buys’ R  Method
Compd R  Dihedral angle, deg

1“ 2.59 60
2 2.79 61
26 2.82 62
3 2.78 61

“ A cyclobutane dihedral angle of 19° was calculated by 
the Slessor and Tracy method: w = 127.6°, K / K '  = 0.9. 
6 220-MHz spectrum of diphenyloxetane 2.
and by calculation is evident in Table I. This deviation 
between solutions is believed to be a reflection of the pre
cision of the method owing to inaccuracy in determining 
line positions in the experimental spectra. The main 
sources of the error are broadening by europium and hid
den lines in the 220-MHz spectrum.

While the coupling constants calculated for the uncom
plexed 220-MHz spectrum and the europium-shifted spec
trum of the diphenyloxetane 2 differ by as much as 0.6 Hz 
for the axial-equatorial coupling constant, the dihedral 
angles obtained from the Buys R method (Table II) differ 
only by the nominal value of one degree. Therefore, con
formational insensitivity to the europium reagent has 
been confirmed for this system.

The conformation of the cyclobutane 1 is shown by la.
Ph

The Karplus constant calculated by DAERM for the ring 
juncture in the cyclobutane is 4.41 Hz. Solution of the 
Karplus equation using this value gives a dihedral angle of 
9.9° for the oxetanes. However, the variation of the Kar
plus constant with electronegativity and orientation of 
substituents has been established.10 This variation is 
demonstrated in the cyclobutane by a Karplus constant of
4.41 Hz for the H 1 -C -C -H 2 dihedral angle and 8.97 Hz for 
the H 1 -C -C -H 7 dihedral angle. Since it is impossible to 
estimate the effect of the oxetane oxygen on the Karplus 
constant for the Hj-C -C -H 2 dihedral angle, the value of 
9.9°, calculated with a Karplus constant of 4.41 from the 
cyclobutane, is a qualitative estimate at best. It has been 
shown that oxetanes have a greater tendency for planarity 
than cyclobutanes; 1 1  therefore, the cyclobutane dihedral 
angle of 19° is probably a reasonable upper limit for the 
dihedral angle in the oxetanes.

Stereospecificity. The photocycloadditions of benzo- 
phenone, 1 ,1 -diphenylethylene, and acetone to olefins 
have been examined .12 - 14

The intermediacy of the triplet state of benzophenone
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in the Paterno-Buchii reaction has been established.12 In 
addition Servé has shown by quenching experiments that 
the triplet state of 1,1-diphenylethylene is involved in the 
formation of 7,7-diphenyl-2-oxabicyclo[4.2.0]octane.13 
However, the expected mixture o f cycloadducts with cis 
and trans ring junctures was not obtained in the present 
cases.

Turro, et a l,,14 have shown that singlet as well as triplet 
mechanisms may operate in oxetane formation from ace
tone and enol ethers. Thus, the cis-fused 7,7-dimethyl-
2,5,8-trioxabicyclo[4.2.0]octane (3) could be explained by 
a singlet mechanism. However, the factors which resulted 
in the isolation of only cis-fused 6:4 ring systems, by an 
apparent triplet mechanism, are not clear. Examination 
of the crude reaction mixtures did not reveal the presence 
of additional isomers.

Summary. The bicyclooctanes 1-3 have been shown to 
be amenable to europium shift reagent simplification and 
the coupling constants have been calculated by the pro
grams NMRIT and NMREN1.8 The presence of the phenyl 
substituent in the 7 positions of 1 provides sufficient steric 
hindrance to cause preferential complexation with the oxy
gen in the 2 position.

The anticipated distortion153 of the six-membered ring 
in a cis-fused 6:4 system is demonstrated by an R value 
range of 2.6-2.8, whereas a trans-fused ring would be ex
pected to have R values less than 2.20.15b

Lambert’s and Buys’ methods have been applied to 
fused 6:4 ring systems16 and in conjunction with EujfodH 
shift data demonstrate the absolute conformation of these 
bicyclooctanes.

Experimental Section
General. Photolyses were conducted in an immersion well reac

tor with a 450-W Hanovia medium-pressure mercury lamp fitted 
with a Pyrex filter sleeve and in a Srinivasan-Griffin reactor. The 
reactions were run with a nitrogen sweep. The nitrogen was bub
bled through a vanadyl sulfate solution to remove oxygen.17

The nmr spectra were determined on Varian Associates A-60, 
HA-100, and HR-220 MHz spectrometers. The spectra were de
termined in deuteriochloroform or hexadeuteriobenzene with tetra- 
methvlsilane as an internal standard. Infrared spectra were de
termined with a Perkin-Elmer 337 grating infrared spectrometer 
on chloroform solutions or KBr disks. Elemental analyses were 
performed by Galbraith Laboratories, Knoxville, Tenn., and 
Micro-Analysis, Inc., Wilmington, Del. All melting points are un
corrected. Eu(fod>3 was purified by sublimation and transfers 
were made in a nitrogen atmosphere. The theoretical calculations 
were performed on IBM 370-165 and IBM 360-70 computers.

Synthesis of 7,7-Diphenyl-2,5-dioxabicyclo[4.2.0]octane (1). 
Dioxene (1.025 g, 0.012 mol) and 1,1-diphenylethylene (2.115 g, 
0.012 mol) were dissolved in 50 ml of thiophene-free benzene and 
irradiated at 3000 Á in a Srinivasan-Griffin reactor for 69.5 hr. 
The solvent was removed under vacuum on a rotary evaporator 
and the residue was chromatographed on a 20 X 3 cm column 
containing 20 g of silica gel. The column was eluted with 50 ml of 
low-boiling petroleum ether-benzene (3:1), 50 ml of benzene, and 
50 ml of benzene-chloroform (3:1) to yield a tacky white solid 
which sublimed at 80° (0.1 mm), giving 0.3 g (10% yield) of 1: mp 
83.5-84.5°; ir (KBr) 3048, 3030, 2985, 2959, 2907, 2849, 1594, 1490, 
1447, 1389, 1370, 1284, 1250, 1235, 1163, 1149, 1136, 1093, 1070, 
1001, 943, 893, 774, 876, 844, 704, 650, and 617 c m '1.

Anal. Calcd for CisHigC^: C, 81.20; H, 6.77; mol wt, 254. 
Found: C, 81.29; H, 6.93; mol wt, 256 (benzene).

Synthesis of 7,7-Diphenyl-2,5,8-trioxabicyclo[4.2.0]octane
(2) . Dioxene (3.174 g, 0.037 mol) and benzophenone (6.67 g, 0.037 
mol) were dissolved in 600 ml of thiophene-free benzene. The so
lution was irradiated in a Hanovia immersion well photoreactor 
fitted with condenser and nitrogen sweep for 34 hr (92% consump
tion of dioxene by glc). The solvent was removed under vacuum 
on a rotary evaporator, yielding 7.443 g (82%) of 2 as white crys
tals. The solid was recrystallized from chloroform and then from 
ethyl acetate: mp 145-146°; ir (KBr) 3049, 3030, 2985, 1594, 1488, 
1447, 1399, 1379, 1294, 1269, 1235, 1160, 1087, 1044, 1001, 928, 870, 
793, 769, 749, 723, 707, 694, 658, and 641 cm -1.

Anal. Calcd for Ci7Hi60 3: C, 76.12; H, 6.01. Found: 76.05; H,
6.12.

Synthesis of 7,7-Dimethyl-2,5,8-trioxabicyclo[4.2.0]octane
(3) . A solution of dioxene (2.12 g, 0.25 mol) in 600 ml of reagent- 
grade acetone was placed in the immersion well photoreactor fit
ted with a condenser and nitrogen sweep. The mixture was irra
diated for 5 days. The acetone was removed under vacuum on a 
rotary evaporator and the product was distilled to give a clear, 
colorless liquid which solidified in the receiver: bp 44° (1.0 mm); 
yield 2.36 g (66%); ir (CHClg) 2985, 2963, 2933, 2874, 1455, 1404, 
1381, 1368, 1297, 1282, 1259, 1223, 1170, 1146, 1108, 1042, 995, 976, 
946, 926, 909, 879, and 844 cm L

Anal. Calcd for C7H12O3: C, 58.33; H, 8.33; O, 33.33. Found: C, 
57.96; H, 8.27; O, 33.31.
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The optically pure five-membered ring thionocarbonates (la-3a), carbonates (lb-3b), sulfites (cis- and trans- 
1c, 2c, 3c), phosphite (2d), and 2-bromo- and 2-chloromethyl-l,3-dioxolanes (cis- and trans-le, 2e, 2f) were pre
pared from the three title diols by standard methods and their uv and CD spectra were measured in various 
solvents over the range 185-400 m/x at room temperature. The CD spectra of la-3a display two well-defined 
Cotton effects of opposite signs and of diverse intensities centered at 222-235 and 325 mp, related to the uv ir —► 
7r* and n —* tt* transitions, respectively. The sign of the long-wavelength Cotton effect is associated with the 
chirality of the heterocycle ring. A positive ellipticity for the n -*■ v* transition is assigned to thionocarbonates 
of R configuration, and vice versa, a negative one for the S series. Cyclic carbonates do not show CD maxima 
above 185 mg; the curves of dichroic absorption for the R and S forms are antipodal and their signs correlate 
with- those of the long-wavelength Cotton effect of the corresponding thionocarbonates. The condensation of 
(S)-l,2-propylene glycol with thionyl chloride gave rise to the expected isomers of opposite rotations, assigned 
the cis- and trans-lc structures, exhibiting similar dichroic bands centered at 212-225 and 195-200 mu. The 
complex chiroptical properties of lc-3c and 2d aTe discussed in terms of ring conformation and asymmetric sol
vation of the chrcmophore. The condensation of (S)-l,2-propylene glycol with bromoacetaldehyde again led to 
the expected cis and trans isomers. The dichroic curves of the geometric isomers and of 2e do not correspond to 
those of the uv spectra. A CD study of the title glycols is herein included.

There is considerable interest in the application o f chi
roptical methods of configurational assignments in chiral 
alcohols and polyols.1 The uv absorption o f an oxy chro- 
mophore at a saturated carbon occurs below 200 mp, and 
thus it is not expected fo  observe maxima in their CD 
spectra in this region. This was borne out in the cases of 
optically active acetals, ethers, and alcohols.1®’2 However, 
recently111 it has been demonstrated that some secondary 
and tertiary alcohols show well-defined Cotton effects in 
the region of 185-192 m^. It is worthy of note that the 
production of CD and ORD data of saturated oxy com 
pounds is more readily obtained via derivatization of 
these compounds to form new chromophores such as car
boxyl,3 thionocarbonate,4’5 and mono- and dioxycarbonyl- 
benzenes,6 and also by complex formation.7

Following our concern in structural effects on reactivity 
in organic carbonates8 and sulfites,9’10 we became inter
ested in exploring the possibility of deduction of stereo
chemistry in optically active diols by chiroptical methods. 
We thought that this goal could successfully be obtained 
if the oxy chromophore is part of a cyclic ester, such as 
thionocarbonate, carbonate, sulfite, and phosphite, or of a 
dioxolane system. For this purpose we converted the opti
cally pure forms of the three known compounds (S )-(+ )-
1,2-propylene glycol (1), (S ,S)-(-)-2,3-butylene glycol (2), 
and (R .R )-(+)-2,3-butylene glycol (3) into their corre
sponding optically pure five-membered ring thionocarbon
ates (la -3 a ), carbonates (lb -3 b ), sulfites (cis- and trans- 
lc , 2c, and 3c), phosphite (2d), 2-bromomethyl-l,3-dioxo- 
lanes (cis- and trans-le , 2e), and a 2-chloromethyl-l,3- 
dioxolane (2f), and measured their circular dichroism 
spectra in various solvents.

Results and Discussion
Cyclic Thionocarbonates and Carbonates. Chiral cy

clic thionocarbonates4’5 have been reported to exhibit one 
n —*• 7r* and one tt —*■ i t*  dichroic band. The signs of the 
Cotton effects associated with these bands were related to 
the chirality of the ring. For the n -*■ tt* transition it was 
shown, using rigid systems, that conformation I causes a 
positive Cotton effect, while conformation II exhibits a 
negative one.

In flexible systems, where conformational equilibrium

trans-le cis-le
a, X = CS; b, X = CO; c, X = SO; d; X = POCH3; 

e, X = CHCH,Br; f, X = CHCH,C1

Ph

between two limiting conformations resembling the above 
given I and II exists, a decrease in the absolute value of
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Table ISpectral Properties of Cyclic Thionocarbonates
Compd Solvent XfflSX) ÌTìfÀ Ae IO40 R a Aniaxj Viiß 1040 Ra

la2a

3a
4e
5«

Hexane
Hexane
Dioxane6
Methanol
Hexane
Dioxane
Dioxane

325
325
315
307
324
315
323

-0 .0 4 7  
-0 .7 3  
-1 .2 1  
-0 .5 5  
+  0.75 
+  2.3 
+  2 .8

-0.12
-2.75

+  2.46 
+  6.1 
+  7.6

222
235
240

235
238

+  0.83 
+  3.13 
+  3.33

-3 .3 3
-1 4 .1 2

+  2.56 
+  10.06

-8 .8 6
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Figure 1. CD curves of (a) (S)-methylethylene thionocarbonate
(la) (---- ); (b) (S,S)-l,2-dimethylethylene thionocarbonate (2a)
(••••); (c) (/?,i?)-l,2-dimethylethylene thionocarbonate (3a)
(------); (d) (S+methylethylene carbonate (lb) (------ ); (e) (S,S)-
1,2-dimethylethylene carbonate (2b) (x-x-x); (f) (fl,fl)-l,2-dimeth- 
ylethylene carbonate (3b) (----- ) in hexane.
the rotational strength R and in At would be expected 
compared to rigid systems. Thus, the pseudorotation of 
the five-membered ring thionocarbonates should decrease 
the chiroptical properties of both the n — 7r* and the v  —► 
7r transitions. The low rotational strength observed in 
compounds 2a and 3a (see Figure 1 and Table I) is in ac
cordance with this assumption when compared to the R 
and A« values reported by Haines and Jenkins4 for the two 
puckered five-membered ring thionocarbonates 5a-choles- 
tane-2/'i,3/+diol thionocarbonate (4) and 4,6-O-benzyl- 
dene-a-D-galactopyranoside 2,3-thionocarbonate (5).

In spite of pseudorotation, substitution on the ring car
bons undoubtedly causes the cyclic thionocarbonates to 
attain a preferred conformation. For both 2a and 3a the 
anti form seems more stable than the gauche one; i.e., 
conformation II (B = C = Me; A = D = H) should be 
more populated in the case o f 2a and I (A = D = Me; B = 
C = H) in the case of 3a. This implies a negative Cotton 
effect in 2a, and a positive one in 3a.

Table IICoupling Constants and Calculated Dihedral Angles of Cyclic Carbonates
Cyclic carbonate </H-H (cis) J h-H (trans) +  deg

Ethylene“ 8.9 7 .4 18.5
1-Methylethylene6 7.6 7.1 28.8
1-Phenylethylenec 8.07 7.78 25.4
frans-2,3-Dimethylethylene<i 7.2 31.5
cis-2,3-Dimethylethylene<i 7.35 30.5

° Reference 14. 6 Reference 8. c Reference 15. d Reference 
16; the methyls were assumed to be in an axial conforma
tion and therefore the constant for c/ h- h (cis) was used in 
the calculation.

Compound la shows an even greater decrease in the R 
and Af values than that shown by 2a and 3a. However, 
unlike the latter, in la the chiroptical properties of the n 
” *  it* transition and those of the tt ir* transition are 
unevenly affected. This will be explained later in the dis
cussion.

Because o f the flexibility o f five-membered rings, con
formational assignments based on nmr analysis in such 
systems should be taken with care. However, valuable in 
formation concerning conformational preference or time- 
averaged conformation of five-membered ring cyclic phos
phites, dioxolanes, and dithiolanes has been obtained by 
nmr measurements.la~13 It seems that even if absolute 
values of the dihedral angle, tp, of five-membered ring car
bonates cannot be calculated from the Karplus equation, 
using Haake’s parameters12 and nmr coupling constants, 
the influence of substituents on ip could nevertheless be 
estimated by this method. The results obtained for some 
carbonates are presented in Table II. Calculation of the 
dihedral angles of the same cyclic carbonates by another 
method based on the R values17 shows a degree of skew
ness higher by at least 10°, but the influence of the sub
stituents on \p is similar to that observed in Table II. 
X-Ray analysis of ethylene carbonate in the solid state18 
gave a value of 26.2° for the dihedral angle \p, which is 
also higher than the value appearing in Table II. The re
sults represented in Table II indicate only a small change 
in the puckering of 1-methylethylene carbonate compared 
to that of trans-2,3-dimethylethylene carbonate. The tor
sional angles of the analogous thionocarbonates la and 2a 
are similarly assumed to differ from each other to a small 
extent only, i.e., by ~ 3°. This shows that the difference in 
the chiroptical properties between the monosubstituted 
thionocarbonate la and the disubstituted thionocarbon
ates 2a and 3a could not originate from differences in 
their conformation alone. It seems that the low intensity 
of the dichroic band of la results also from the low chiral
ity of the chromophore in this molecule which contains 
only one asymmetric carbon. While differences in the de
gree of puckering should affect the intensity of the CD n 
—*• w* and tt •*-*■ it* transitions to the same extent, the 
number of asymmetric centers should influence each tran
sition in a different manner.
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Table III
Spectral Properties o f  Five-Membered Ring Sulfites

Compd Solvent ^maX) VCiß € Xmaxj Fn/i 102 Xmaxi Dl/x 10 2 Ae

cis-lc Hexane 2 1 5 3 0 0 2 1 7 . 5 +  6 . 1 1 9 7 . 5 - 1 3 0 . 3
Isooctane 2 1 6 2 9 6 2 1 7 . 5 +  5 . 5 1 9 7 . 5 - 1 3 0 . 3

2 1 7 “ 122»
Acetonitrile 2 1 7 1 8 2 212 +  1 2 . 1 1 9 2 - 1 2 5 . 0
Ethanol 2 1 7 7 7 212 +  9 . 1

trans-lc Hexane 2 1 8 1 1 4 2 2 6 +  1 . 5
Isooctane 2 1 8 112 2 2 5 +  1 . 4 1 9 7 - 1 2 1 . 2

2 1 6 “ 4 9 “
Acetonitrile 2 1 6 8 3 222 +  1 . 3 1 9 5 - 1 1 2 . 4
Ethanol 2 1 8 6 1 222 +  1 . 2

2c Hexane 2 1 4 2 4 0 2 2 5 - 2 . 4 1 9 8 +  2 6 6 . 6
220“ - 3 . 2 “ 1 9 5 » +  2 3 6 . 3 ‘

Isooctane 2 1 4 2 3 8 2 2 3 - 2 . 6 1 9 8 +  2 6 3 . 6
2 1 4 » 5 8 “ 221» - 3 . 8 » 1 9 3 » +  2 4 5 . 4 '

Acetonitrile 2 1 3 1 7 7 2 1 7 - 2 . 6 1 9 7 +  2 4 2 . 4
2 1 4 » 1 2 4 “ 220» - 2 . 6 » 1 9 5 » +  2 3 6 . 3 '

Ethanol 2 1 3 1 3 7 222 - 2 . 6
2 1 5 » 67»

3c Hexane 2 1 4 2 4 0 2 2 5 +  2 . 5 1 9 7 . 5 - 3 0 3 . 7

“ Data obtained for samples containing 3 ¡A of TFA.

Addition of 5 pi of TFA to 3a in 3 ml of hexane causes a decrease of the Ax values of both transitions by a factor of
1.8. This could suggest that the main effect of TFA is not a consequence of its asymmetrical solvation of the chro- mophore, but probably results from its influence on the 
equilibrium of the conformers in solution.The cyclic five-membered ring carbonates lb and 2b 
show uv absorption in hexane at 215 mp with molar ex
tinction coefficients of 5 and 8, respectively. A shift in Xmax to 207 m>i is observed in ethanol. This is in accord with the calculation of Pople19 for the n - i r *  transition of carbonic acid.

The CD curves of lb, 2b, and 3b (Figure 1) show no maxima at 215 mp. However, an absorption is observed up 
to 185 mp for the three compounds which could be attrib
uted to an n —* a *  transition. An n -* w *  dichroic band is 
perhaps submerged in this absorption. Thionocarbonates show in addition to the two CD absorptions mentioned earlier another absorption below 200 mp (see Figure 1) 
which presumably corresponds to an n —»• a *  transition. 
The sign of the Cotton effect in this region is identical 
with that of the n —*■ 7r* transition of the same molecule. 
As the short-wavelength CD absorption of the thionocar
bonates and that of carbonates have the same sign for a given chirality, it seems that the same effects influence 
the chiroptical properties of the electronic transitions in both cyclic thionocarbonates and cyclic carbonates.

Cyclic Sulfites. We deemed it of interest to compare the uv spectra of the sulfites lc, 2c, and 3c with those of 
saturated dialkyl sulfoxides and sulfinates. Unlike the sulfoxides, which exhibit two absorption bands, a shoulder at 
210-220 mp and a maximum below 210 mp (ethanol),20-21 the cyclic sulfites show only one maximum at 213-218 mp (see Table III). The short-wavelength absorption band in 
sulfoxides, attributed to an n — t t*  transition, exhibits a blue shift with increasing polarity of the solvent,20 and the molar extinction coefficients (e) are much larger than 
those in cyclic sulfites. It seems that the electronic transition of the cyclic sulfites resembles more the long-wavelength absorption band of dialkyl sulfoxides, which is 
characterized by a low e and is less sensitive to solvent effects. Dialkyl sulfinates, like cyclic sulfites, show only one 
maximum (at 215 m/i, in ethanol), but in contrast to cy
clic sulfites this transition is sensitive to a solvent ef
fect.20In dissymmetric dialkyl sulfoxides only the Cotton ef
fect at long wavelength was assumed to be associated with

-5000 ‘ \ /
\ /- \ }

- \ !\ i \ /\ /-OOOO \ t
i ■ V,/<__I__I__I i -i l__I_1 1 I---1---1---1---1---1---L.---190 230 270

mu
Figure 2. CD curves of (a) cjs-(S)-methylethylene sulfite (eis-lc)
(---- -); (b) trans-(S)-methylethylene sulfite ( £rans-lc) (- -------);
(c) (S,S)-l,2-dimethylethvlene sulfite (2c) (..... ); (d) (R,R)-l,2-
dimethylethylene sulfite (3c) (----- ); (e) (S,S)-l,2-dimethylethylene
methyl phosphite (2d) (----- ) in benzene.

the dissymmetric alkyl group, while the short-wavelength 
band is attributed to the chirality of the sulfur atom.22 In 
contrast, in cyclic sulfites both transitions seem to be as
sociated with the asymmetric perturbation of the chromo- 
phores caused by the chiral alkyl moiety of the ring. This 
is indicated by the CD curves o f 2c and 3c (Figure 2). 
When S—'•0 becomes a chiral center, as in cis- and trans- 
Ic, an essential change in the CD spectra is observed. The 
two lc  isomers, although identical with 2c in the alkyl 
moiety configuration, differ from 2c in their chiroptical
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properties. Also, in contrast to 2c and 3c, trans- lc  and 
cis-lc do not exhibit an antipodal relationship. This is not 
surprising, as the two are in fact diastereoisomers: they 
possess the same dissymmetric alkyl moiety but differ 
from each other by the S—*0 configuration, which is S in 
trans- lc  and R in cis-lc. Even so, none of the CD bands of 
one compound is antipodal to the respective band in the 
spectrum of the other compound. Comparison of the two 
spectra shows that the effect of the asymmetric center at 
the sulfur atom is reflected mainly in the long-wavelength 
band of the CD spectra. In this region the spectra of the 
two diastereoisomers differ from each other in Xmax as 
well as intensity, the cis isomer showing the dichroic band 
of shorter wavelength and higher intensity, yet the sign of 
the Cotton effect is positive in both. As in other ring sys
tems* .23-25 the chirality of the ring may be the factor de
termining the sign of the Cotton effect in cyclic sulfites. 
In the lc  isomers the change in the configuration at the 
sulfur atom may bring about conformational changes in 
the molecules, from which a correlation between the con
formation of the cyclic sulfites and the signs of Cotton ef
fects displayed by them could result. This would be in 
analogy to cyclic and open-chain sulfoxides,22’26 where re
striction in rotation around the C -S bond and spatial in
teraction of the chromophore with the surrounding alkyl 
groups influence the Cotton effect.

Nmr analysis of ethylene sulfite12 and sultones27 has 
shown that these rings are not planar. Recently it was 
suggested by Green and Hellier, on the basis of nmr and ir 
analysis, that in ethylene sulfite as well as in other five- 
membered ring sulfites the S * 0  bond is axially orientat
ed to the ring.28 This is in analogy to six-membered ring 
sulfites, such as trimethylene29 and 4-methyltrimethylene 
sulfite,9 where the preference of rigid chair conformation 
with axial S- ”0  orientation is clearly demonstrated. Aver
age cis and trans vicinal coupling constants obtained for 
the five-membered ring sulfites28 could indicate that the 
substituents on the two ring carbons are not eclipsed. On 
this basis and in analogy to five-membered ring phos
phites, which are believed to exist in a twist-envelope 
conformation,11’12 it can be assumed that the preferred 
conformation for lc , 2c, and 3c is the twist-envelope with
S—*-0 axial.

Since in the synthesis of lc  the cis and trans isomers 
are obtained in a 1:2 mixture, it is clear that the two dif
fer greatly in the steric interaction between the methyl 
and S—1-O groups. Therefore, it is expected that each of 
the isomers will attain different twist-envelope forms. In 
the case of cis-lc it seems that as a result of strain due to 
C H .v -S  >-0 interaction, conformation IV is of higher 
energy than conformation III (Scheme I). If the chirality 
of the five-membered ring is defined as positive in confor
mation III and negative in IV, then cis- lc  should exhibit a 
positive Cotton effect. In trans-lc similar steric interac
tions should considerably be diminished and therefore al
most equal population of conformers of structures V and 
VI is to be expected. The observed small positive Cotton 
effect in this case suggests a slight preference of confor
mation V over VI. Looking at models reveals that the non- 
bonded interaction between the sulfur atom and the meth
yl group is greater in VI than in V.30

Compound 2c can be described by the two limiting 
twist-envelope conformations VII and VIII. In the latter 
there is an increase in energy due to the gauche form, 
while in VII there exists nonbonded interaction between 
methyl and S -* 0  groups. However, since nonbonded in
teraction is strongly dependent on the distance between 
the interacting groups, the energy would be lowered if the 
molecule attained a less puckered form with the S—1-0

Scheme I

group farther removed from the methyl group. Thus con
formation VII seems to be the more populated form of 2c. 
Since the sign of the dihedral angle of VII is opposite to 
that of the dihedral angle of III and V, the CD absorption 
bands of 2c are expected to be of opposite signs to those of 
the lc  isomers, as found experimentally.

On the basis of conformational equilibrium it seems 
reasonable that increasing solvent polarity should lead to 
an increase in the intensity of the long-wavelength di
chroic band in cis-lc , since owing to solvation of the chro
mophore there is a stronger nonbonded interaction be
tween the S- *-0 and the methyl group, and the dihedral 
angle is increased. This is indeed observed. In trans-lc no 
solvent effect is observed, since steric hindrance even in 
the solvated molecule is very small.

The effect of solvent in 2c is not clear. No effect is ob
served on increasing solvent polarity, while addition of 
TFA causes an increase in the negative absorbance of the 
long-wavelength band and a small decrease in the dichroic 
band at short wavelength. A very small decrease in the 
absorbance at short wavelength is observed also in cis- 
and trans- l c  on increasing the solvent polarity. It seems 
that the solvent effect in cyclic sulfites can be attributed 
not only to conformational changes but also to an asym
metric solvation of the chromophore which affects the two 
dichroic bands differently.

It is important to note that cyclic sulfites are highly as
sociated in solution.31 However, neither in a concentration 
range of 3.5-35 X 10"3 M  (n-hexane), used for measuring 
the long-wavelength band, nor in a concentration range of
6-17 X 10"4 M , used for the short-wavelength band, could 
any significant changes in the CD spectra be observed on 
changing the sulfite concentration.

The phosphite 2d exhibits a Cotton effect in the short- 
wavelength range of the same sign as that of the respec
tive cyclic sulfite, 2c. No absorption was found in the 
long-wavelength region.

Diols and Dioxolanes. Kirk, Mose, and Scopes have 
lately demonstrated the existence of well-defined Cotton 
effects in a long series of secondary and tertiary steroidal 
and terpene alcohols in the region 185-203 mfi.lb The el- 
lipticity values (At) of these alcohols vary remarkably, 
from 0.12 in 3a-hydroxy-5a-cholestane up to 4.19 in the 
case of 5«, 17/!//-pregnan-20/l-ol. The situation differs, 
however, when the oxy chromophore is attached to the 
side chain carbon 20, in which case the epimeric diols
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Figure 3. CD curves of (a) (-)-(S,S)-2,3-butylene glycol (2)
(■■••); (b) (+)-(7?,/?)-2,3-butylene glycol (3) (------ ); (c)
trans-( -)-(S)-2-bromomethyl-4-methyl-l,3-dioxolane (trans-le)
(-------- ); (d) «'s-(-)-(S)-2-bromomethyl-4-methyl-l,3-dioxolane
(cis-le) (------); (e) ( — )-(S,S)-2-bromomethyl-4,5-dimethyl-l,3-
dioxolane (2e) (------- ) in hexane.

(20/?)- and (20S),24-dihydroxycholane display at 190-200 
m/x only “ end absorptions”  of negative and positive signs, 
respectively.32 By variance, the corresponding cyclic 
ethers, (20/?)- and (20S),24-oxidocholane, exhibit well-de
fined Cotton effects of opposite signs in the 195-200-m/x 
region. The Ae values of these ethers vary significantly 
from —0.085 in the 207? case to +0.291 in the case of 
(20S),24-oxidocholanes.33

In the saturated diols 1-3 we observed Cotton effects in 
the region of 198 m/x only in the cases of 2 and 3 and none 
in the case of 1. Moreover, in contrast to the steroidal m o
nofunctional alcohols the Ac values found for 2 and 3 were 
notably low (0.022).

On the basis of prevailing views, the above variances 
could be explained in terms of conformational effects. 
Thus, the preferred conformation for both 2 and 3 is most 
likely with the methyls anti, the dihedral angle between 
the two oxy groups in 2 would assume an opposite sign to 
that of 3, and they should obviously give rise to antipodal 
CD curves, as is the case. In analogy to (7?)-phenylethyl- 
ene glycol,34 the lack of Cotton effect in 1 could reason
ably be attributed to a near to zero value of the dihedral 
angle between the oxygen atoms owing to hydrogen bond
ing. In diols 2 and 3, by contrast, a small but significant 
dihedral angle does exist owing to torsional effects stem
ming from Me- • -Me interactions.

The uv curves of the bromodioxolanes cis-le, trans-le , 
and 2e in hexane show maxima at 220-235 m/x with nor
mal absorption coefficients of 47-105. The appearance of 
the uv maximum in the chlorodioxolane 2f at 212.5 m/x (c 
38) is in line with maxima shown by halogenoalkanes in 
which the n —► a* transition of the chlorine chromophore

occurs at a lower wavelength than that of bromine.35 The 
bathochromic shift in the uv absorption of the dioxolanes 
compared to that of alkyl halides35 can be explained in 
terms of electronic or dipole-dipole interactions between 
the halogen and the ring oxygen atoms.

The dichroic curves of cis-le, irons-le, and 2e (Figure
3) do not correspond to those of the uv spectra. Thus, 2e 
exhibits a positive Cotton effect at 203 mp (At 0.06) and 
an absorption of opposite sign at lower wavelength. Signif
icantly, both cis- and trans-le  display only such an ab
sorption, of positive sign. The cis isomer, however, shows 
the beginning of a positive Cotton effect below 220 m/x, 
while in irons-le there is no absorption above 200 m/x. 
The absorption in cis-le could be related to two positive 
superimposed Cotton effects. This then implies that (a) 
the long-wavelength absorption is not due to an additional 
asymmetric center in the dioxolane ring (at position 2 in 
the monomethyl dioxolanes); and (b) the dichroic band at 
longer wavelength originates from an n —1► a* transition of 
the halogen.

The differences in the CD spectra of cis-le, irons-le, 
and 2e could also be explained by different preferred con
formations of these compounds per se, or by a different 
net overlap of the nonbonding 2p orbitals of oxygen result
ing from conformational changes.36 The nmr chemical 
shift data of these compounds are, however, very similar 
and do not allow any conclusion concerning differences in 
conformation.

The chiral five-membered ring sulfites and dicxolane 
systems included in this study display significant varia
tions in their dichroic properties when an asymmetric 
center other than those of the diol residue is introduced 
into the molecule. In sulfites these differences are pro
nounced both in the shorter and in the longer wave
lengths, whereas in the case o f the dioxolanes they are no
ticed in the short wavelengths only.

Experimental Section
The optically active 1,2-glycols used were (+)-(S)-l,2-propyl

ene glycol (Aldrich), (-)-(S,S)-2,3-butylene glycol (Burdick and 
Jackson), and ( + )-(/?,R)-2,3-butylene glycol prepared from dibu
tyl L-tartrate according to literature procedures, by way o: 2,3-0- 
isopropylidene-L-threitol l,4-bis(methanesulfonate)37 and subse
quent reduction and hydrolysis.38

Ir spectra were recorded on a Perkin-Elmer Model 237 spec
trometer, uv spectra on a Unicam Model Sp 800 A spectrometer, 
nmr spectra on a JEOL C-60-H spectrometer, and mass spectra 
on a Varian MAT CH-5 spectrometer. Optical rotations were 
measured with a Perkin-Elmer 141 polarimeter and CD spectra 
with a Cary 60 recording spectropolarimeter.

Thionocarbonates. The thionocarbonates were prepared ac
cording to the method of Staab and Walther.39 To a solution of 
Af.TV-thiocarbonyldiimidazole (10-13 mmol) in toluene (10 ml) an 
equimolar amount of the glycol was added, and the reaction mix
ture was refluxed under nitrogen for 2 hr. The solvent was par
tially evaporated and the product was separated from the reac
tion mixture and purified by preparative vpc (2 ft x 0.25 in. 10% 
SE-30 column).

(S)-Methylethylene thionocarbonate (la) was a colorless liq
uid: retention time 4.5 min on the above-mentioned column at 
110° (gas flow rate 40 ml/min); ra22D  1.520; »mai 1250 (C=S) and 
1400 cm-1; Amax (hexane) 235 m/x (e 6150) and 315 (54); nmr 
(CC14) 5 1.5 (3 H, d, J  = 6 Hz, CH3), 4.18 and 4.66 (2 H, dd, dd, 
CH2), 5.0 ppm (1 H, m, CH); mass spectrum M+ 118.

Anal. Calcd for C4H60 2S: C, 40.68; H, 5.085; S, 27.12. Found: 
C, 40.50; H, 5.06; S, 27.20.

(S,S)-l,2-Dimethylethylene thionocarbonate (2a)5 was a col
orless liquid: retention time 5 min on the above-mentioned col
umn at 120° (gas flow rate 45 ml/min); n22D 1.512; ¡»max 1250 and 
1400 cm-1; Amax (hexane) 230 m / i  (t 6000) and 325 (20); nmr 
(CC14) 6 1.5 (6 H, d, J  = 6 Hz, CH3), 4.50 ppm (2 H, m, CH); 
mass spectrum M+ 132.

(R,R)-l ,2-I)imethylethylene thionocarbonate (3a) had vpc, ir, 
nmr, and mass spectral data identical with those of 2a.
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Anal. Calcd for C5H80 2S: C, 45.45; H, 6.06; S, 24.24. Found: C, 
45.37; H, 6.08; S, 24.30.

Carbonates. The carbonates were prepared by a transesterifi
cation reaction of the diol with diethyl carbonate.40 A mixture of 
glycol (13 mmol) and diethyl carbonate (1.7 g, 14 mmol) was kept 
at 100° overnight, while ethanol was slowly distilled. The reaction 
mixture was then fractionally distilled under low pressure.

(-)-(S)-Methylethylene carbonate (lb) was obtained in a 
yield of 87%: bp 100-105° (25 mm); 1800 (C =0), 1100 cm-1 
(CO); Xmax (dioxane) 215 m  ̂ (< 5); nmr (CCI4) <5 1.49 (3 H, d, J 
= 6 Hz, CH3), 4.04 and 4.57 (2 H, dd, dd, CH2), 4.87 ppm (1 H, 
m, CH); mass spectrum M+ 102; [a ]25D -1.7° (c 0.92, EtOH).

Anal. Calcd for C4H60 3: C, 47.06; H, 5.88. Found: C, 47.20; H,
5.94.

( + )-(S,S)-l,2-Dimethylethylene carbonate (2b) was obtained 
in a yield of 70%: bp 68° (0.5 mm); retention time 12 min on a 
column of 100% Carbowax 1500 M on Chromosorb P 60-80 (6 ft X 
0.25 in.) at 150° (gas flow rate 60 ml/min); n19D 1.4185; »max 1800 
(C =0), 1050 cm-1 (CO); Xmax (dioxane) 215 mu (f 8); nmr 
(CC14) 5 1.41 (6 H, d, J = 6 Hz, CH3), 4.36 ppm (2 H, m, CH); 
mass spectrum M+ 116; [a ]25D +35° (c 1.09, EtOH). For data of 
the racemic compound see ref 21.

Anal. Calcd for C5H80 3: C, 51.72; H, 6.90. Found: C, 51.82; H,
6.92.

(-)-(/i,/? )-l ,2-Dimethylethylene carbonate (3b) had boiling 
point, vpc, ir, nmr, and mass spectral data identical with those of 
2b, and [« ]25d -36.2° (c 1.0, EtOH).

Anal. Calcd for C5H80 3: C, 51.72; H, 6.90. Found: C, 51.80; H,
6.95.

Sulfites. The sulfites were obtained by the reaction of thionyl 
chloride and the appropriate diol without solvent.41 To the glycol 
(13 mmol) freshly distilled thionyl chloride (2.2 g, 18 mmol) was 
slowly added dropwise at room temperature. The reaction mix
ture was kept at 60° for 30 min and then fractionally distilled 
under low pressure.

(S)-l-Methylethylene Sulfites (lc). A 0.73-g (45%) yield of a 
1:2 mixture of the cis and trans sulfite isomers was obtained, bp 
68° (25 mm).42 The isomers were separated by vpc (20 ft X 0.25 
in. 10% Carbowax 1500 M at 120°, gas flow rate 50 ml/min). cis- 
(+)-(S)-Methylethylene sulfite (cis-lc) had retention time 83 
min; n19D 1.4380; »max 1200 cm-1 (S = 0 ); Xmax (EtOH) 215 mn (r 
55); nmr (CC14) 5 1.59 (3 H, d, J  = 6 Hz, CH3), 4.2-4.7 ppm (3 H, 
m, CH2 and CH); mass spectrum M+ 122; [a ]25D +3.0° (c 0.275, 
hexane). trans-(-)-Methylethylene sulfite (trares-lc) had reten
tion time 91.7 min; n 19D  1.4383; »max 1200 cm-1 (S = 0); Xmax 
(EtOH) 215 him (« 61); nmr (CC14) 5 1.41 (3 H, d, J  = 6 Hz, 
CH3), 3.8 (1 H, q, one of the CH2 protons), 4.63 (1 H, four lines, 
one of the CH2 protons), 5.07 ppm (1 H, sextet, CH); mass spec
trum M+ 122; [a ]25D —3.5° (c 0.73, hexane).

Anal. Calcd for C3H60 3S: C, 29.51; H, 4.92; S, 26.23. Found 
(for isomeric mixture): C, 29.38; H, 4.90; S, 26.40.

(+)-(S,S)-l,2-Dimethylethylene sulfite (2c) had bp  70° (25 
m m ); n 19D 1.4332; i/max 1200 c m -1  (S = 0 ); Xmax (d ioxane) 225 
mjii (e 17); nm r (CC14) X 1.47 and 1.55 (6 H, tw o d, J  = 5 Hz, 
CH3), 3.98 (1 H, m , CH), 4.60 ppm  (1 H, m, CH); mass spectrum  
M+ 136; [<x]25d +20.1° (c 0.54, hexane).

Anal. Calcd for CiHsOsS: C, 35.29; H, 5.88; S, 23.53. Found: C, 
35.13; H, 5.90; S, 23.62.

( — )-(R,f?)-l,2-Dimethylethylene sulfite (3c) had boiling point, 
ir, uv, nmr, and mass spectral data identical with those o f 2c and 
[a ]25D —20.3° (c 0.55, hexane).

Anal. Calcd for C4H80 3S: C, 35.29; H, 5.88; S, 23.53. Found: C, 
35.40; H, 5.84; S, 23.60.

( + )-(S,.S')-l ,2-Dimethylethylcne methyl phosphite (2d) was 
prepared by transesterification according to the following. A mix
ture of (~)-(S,S)-2,3-butylene glycol (2 g, 22 mmol) and trimethyl 
phosphite (3.2 g, 26 mmol) was kept at 100° overnight, while 
methanol was slowly distilled. The cyclic phosphite (1.8 g, 54% 
yield) was separated from the reaction mixture by fractional dis
tillation, bp 55° (25 mm), and was further purified by vpc (10 ft 
x 0.25 in. 10% Carbowax 20 M at 110°, gas flow rate 40 ml/min): 
retention time 10 min; n18n 1.4375; »n,ax 1200 (POCH3), 1000 
cm 1 (O-P-O); Xmax (hexane) 210 m/x (c 41); nmr (CC14) <5 1.29 
and 1.37 (6 H, two d, J  = 5 Hz, CH3), 3.45 (3 H, d, J  = 11 Hz, 
POCH3), 3.8 ppm (2 H, m, CH); [a ]25D +42° (c 0.97, dioxane), 
[a]25D +65° (c 0.67, hexane).

Anal. Calcd for C5H u 03P: C, 40.0; H, 7.33. Found: C, 39.8; H, 
7.30.

1,3-Dioxolanes were prepared by the transacetalation method 
of Paquette and Houser.43

2-Bromomethyl-l,3-dioxolanes. A mixture of glycol (26 mmol), 
bromoacetaldehyde diethyl acetal (5.0 g, 26 mmol), and a few 
drops of concentrated sulfuric acid was kept at 120° for 4 hr, 
while ethanol was slowly distilled. The reaction mixture was 
cooled, diluted with ether, and washed twice with water and then 
with concentrated bicarbonate solution. After the ether solution 
was dried (Na2S04) and evaporated the dioxolane was separated 
from the residue by fractional distillation at low pressure. Further 
purification of the dioxolane was carried out by preparative vpc 
(6ft X 0.25 in. 10% Carbowax 20 M).

trans-( -  )-(S)-2-Bromomethyl-4-methyl-1,3-dioxolane (trans
ie) had retention time at 85° 25 min; n25D  1.4662; rmax 1100 (O- 
C-O), 750 cm-1 (CBr); Xmax (hexane) 225 m#x (f 47); nmr (CC14) 
Ô 1.27 (3 H, d, J  = 5 Hz, CH3), 3.23 (2 H, d, J  = 4.5 Hz, CH2Br),
3.37 and 4.15 (3 H, two m, 0-CH-CH2-0 ), 5.15 ppm (1 H, t, J  = 
6 Hz, O-CH-O); mass spectrum M+ 181 and 183; [a]25D  -30.6° (c 
0.78, hexane).

Anal. Calcd for C5H9Br02: C, 32.97; H, 4.95; Br, 44.51. Found: 
C, 33.20; H, 4.95; Br, 44.26.

cis-(- )-(S)-2-Bromomethyl-4-methyl-l ,3-dioxolane (cis- le)
had retention time at 85° 27 min; n 22D  1.4658; ir and uv data 
identical with those of trans-le; nmr (CC14) <5 1.3 (3 H, d, J  = 5 
Hz, CH3), 3.26 (2 H, d, J  = 4 Hz, CH2Br), 3.2-4.4 (3 H, two m, 
0-CH-CH2-0 ), 4.99 ppm (1 H, t, J  = 5 Hz, O-CH-O); mass 
spectrum M+ 181 and 183; [a]25D  -24° (c 1.170, hexane).

Anal. Calcd for CsHgBrO^ C, 32.97; H, 4.95; Br, 44.51. Found: 
C, 33.10; H, 4.93; Br, 44.30.

(-)-(S , S)-2-Bromomethyl-4,5-dimethyl-1,3-dioxolane (2e)
had bp 80° (25 mm); re25D  1.4597; retention time 10 min at 120° (6 
ft x 0.25 in. 10% Carbowax 20 M, flow rate 70 ml/min) j i'max 
1100 (O-C-O) and 770 cm-1 (CBr); Xmax (hexane) 225 mp (e 85) 
and 275 (65); nmr (CC14) 5 1.20 and 1.25 (6 H, two d, J  -  6 Hz, 
CH3), 3.21 (2 H, d, J  = 4 Hz, CH2Br), 3.58 (2 H, m, O-CH-CH- 
0), 5.07 ppm (1 H, t, J  = 5 Hz, O-CH-O); mass spectrum M + 
195 and 197; [a]25D  -10° (c 0.975, hexane).

Anal. Calcd for C6HnBr02: C, 36.73; H, 5.61; Br, 41.32. Found: 
C, 36.56; H, 5.62; Br, 41.02.

(S,S)-2-Chloromethyl-4,5-dimethyl-l,3-dioxolane (2f) was
prepared from (S ,S ) -2 ,3-butylene glycol and chloroacetaldehyde 
diethyl acetal by a procedure identical with that given for the 2- 
bromomethyl-l,3-dioxolanes: retention time at 120° 12 min (6 ft 
x 0.25 in. 10% Carbowax 20 M, flow rate 70 ml/min); Xmax (hex
ane) 213 npr (- 38); Xmax (AcCN) 217 mp (e 119); nmr (CCU) <5
1.22 and 1.27 (6 H, two d, J  = 6 Hz, CH3), 3.40 (2 H, d, J  = 4 Hz, 
CH2C1), 3.62 (m, 2 H, O-CH-CH-O), and 5.13 ppm (1 H, t, J  =
4.5 Hz, O-CH-O).

Anal. Calcd for C6H n02Cl: C, 47.84; H, 7.30; Cl, 23.58. Found: 
C, 47.62; H, 7.51; Cl, 23.34.

Registry No.—la, 51175-86-1; lb, 51260-39-0; cis-lc, 51260-40- 
3; trans-lc, 51260-41-4; cis-le, 51260-42-5; trans-le, 51260-43-6; 
2a, 51175-87-2; 2b, 51261-82-6; 2c, 51260-44-7; 2d, 51260-45-8; 2e, 
51260-46-9; 2f, 51175-88-3; 3a, 35677-60-2; 3b, 51260-48-1; 3c, 
51260-47-0; 4, 24410-91-1; 5, 32588-95-7.
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Macrocyclic polythiaethers have been synthesized and some of their properties have been determined. The 
compounds reported comprise a homologous series containing two, four, or six sulfur atoms in the macrocyclic 
ring. One example of a five sulfur atom macrocyclic is included. The synthetic methods allow for symmetrical 
or unsymmetrical bridging of the ring sulfur atoms by ethylene, tri-, tetra-, penta-, and hexamethylene bridges. 
These methods are contrasted to previously reported methods for macrocyclic polyoxaether and mixed polyoxa- 
polythiaether synthesis.

The preparation and properties of numerous macrocy
clic polvoxaethers have been previously reported.2 In ad
dition, a limited number of macrocyclic polythiaethers3'4 
and mixed azo-oxa-thia macrocyclic2b'3a and macrobicy- 
clic5 polyethers containing four or more sulfur atoms in 
the macrocyclic ring have been described.

The macrocyclic polyoxaethers have generated particu
lar interest through stable complex formation with cations 
of the alkali and alkaline earths, ammonium, and sil
ver.2’6 As model compounds, they have allowed extensive 
thermodynamic correlations to structurally related macro- 
cyclics, both biological and synthetic in origin, which ex
hibit varying degrees of biological activity in the processes 
of active ion transport.7 Relative to the oxaethers, the thia 
and mixed oxa-thia macrocyclics exhibit lower selectivity 
and coordinatability of active metal ions.2c'6 To date, ma
crocyclic polythiaethers have not been given consideration 
as possible ion transport agents owing to their less discri
minating coordination chemistry and lack of defined bio
logically related macrocyclics. However, in the absence of 
other ring heteroatoms, macrocyclic polythiaethers exhibit 
substantial coordinatability33-5 and selectivity1-8 toward 
posttransitional element cations in agreement with hard 
and soft acids and bases theory.9 On the basis of the es
tablished correlations between biological activity and ma
crocyclic structure,7-10 more detailed selectivity and coor
dinatability studies and chemotherapeutic evaluations of 
macrocyclic polythiaethers, as related to purging of Hg(II) 
from test animals, are presently in progress in our labora

tories. The scope and purpose of this paper is to report on 
the convenient preparation of a series of new and some 
previously reported macrocyclic polythiaethers containing 
no azo- or oxaether functionality which may be exploited 
for other than active metal coordination chemistry.

Results and Discussion
A search of the literature has disclosed only several ref

erences to macrocyclic polythiaethers containing four or 
more sulfur atoms. With the exception of thioformal- 
dehyde polymerization,11 all other methods of thiaether 
ring closure were based on a-mercaptide displacement of 
an w-halide function. The n-mercapto-oi-halopolythia- 
methylene intermediates are available only by in situ  gener
ation from condensation of a,o>-dihaloalkanes with active 
metal sulfide,43 a,co-polymethylene dimercaptides,4b or 
precondensed a,co-polythiapolymethylene dimercaptides.3

Unlike the strong template effect and corresponding 
high yields of macrocyclic polyoxaethers offered by oxygen 
coordination of alkali metal ion during cyclization of poly- 
oxa units,2-12 low sulfur-active metal ion coordination 
renders template effects of little consequence. Thus, the 
competition between cyclization and predominant linear 
polymerization is more statistically defined, entropy con
straints of cyclization favoring linear polymerization 
whereas high dilution favors cyclization kinetically.13 
However, no prior study has elaborated the specific fac
tors effecting relative distribution of cyclic products for 
the present reaction. By the methods outlined in Scheme
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Scheme I
Method A
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I, we have defined these factors and have refined practical 
synthetic routes to macrocyclic polythiaethers, particular
ly those of greater than trimethylene bridges.

Table I summarizes the macrocyclics isolated. Signifi-

cantly, only two examples of macrocyclic hexathiaeth- 
ers had been previously reported.3a’4b Since many of these 
polythiaethers have very cumbersome names, the pro
posed abbreviated nomenclature in Table I is designed to 
impart some of the salient structural formula features 
during repeated reference.14 The terms of the trivial name 
in Chart I refer, in order, to (1) the number of sulfur 
atoms contained in the cyclic structure, (2) consecutive 
sequence of polymethylene bridging between sulfur atoms 
found as a repeated unit, and (3) total number of atoms 
comprising the polythiaether ring.

Chart I
Relation of the Trivial Name to Structure

7
S6-Ethano-Propano-21

15
S4-Pentano-24

In the absence of template effects, the entropy o f cycli- 
zation may be considered to parallel the enthalpy of the 
end product and a relative assessment of these thermody
namic factors is provided by cyclic product distribution 
obtained by method A, Scheme I. Table ÏÏ summarizes 
product ratios of two-sulfur codimerization to four- and 
six-sulfur copolymerization cyclic products at conditions 
experimentally optimized to favor cyclization kinetically.

Method A is most suitable for the preparation of tetra- 
and pentamethylene-bridged macrocyclic tetrathia- and 
hexathiaethers and may be disregarded as a method for 
the large ethylene- or trimethylene-bridged rings. The 
S4/S 2 product ratios are in agreement with internal ring 
strain, which is at a minimum for 6 , 14, and greater than 
17 polymethylene rings.15 With inclusion of two through 
four sulfur atoms, internal crowding would minimize ring 
strain in the 9- through 13-ring atom systems.16 The en
tropy constraints of cyclization appear to converge with 
the kinetics of linear polymerization at macrocyclic po
lythiaethers of greater than approximately 24 ring atoms.

In order to avoid six- and seven-membered ring forma
tion by method A in the ethylene- and trimethylene- 
bridged system, and to improve the overall kinetics of cy
clization, methods B -E  were investigated. Cyclization of 
the minimum number of precondensed polythia units 
would exclude two sulfur medium-ring products. Methods 
B and D should yield rings containing even numbers of 
sulfur atoms, whereas methods C and E could yield both 
odd and even sulfur atom numbers.

Method C -l has been utilized previously for the synthe
sis of S6-ethano-18 (3).3a’4b We have reinvestigated meth
od C -l and devised alternative method C-2 with results 
tabulated in Table III. Although identical products are 
isolated, total conversion to cyclic products and product 
distribution differs as a function of halide group leaving 
ability, bromide (28.9%) vs. chloride (15.2%). The unex
pected and previously unreported formation of 1 and 2 can 
be rationalized in terms of cyclic sulfonium ion forma
tion17 (Scheme II) by means of chain-interior thia dis
placement of an co-halo group from the linear intermedi
ates.

Sulfonium ion formation should be more favored in 
polar media. Accordingly, 1 to 3 product ratios of 2:1 and 
5:1 were found respectively in 1-butanol and ethanol 
media. Parallel leaving group and solvent effects were also
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Table ICode Numbers and Systematic and Trivial Nomenclature of Cyclic Polythiaethers

Compd Systematic name Trivial name

i p-Dithiane S2-Ethano-62 1,4,7,10-Tetrathiacyclododecane S4-Ethano-123 1,4,7,10,13,16-Hexathiacyclooctadecane S6-Ethano-18
4 1,4,7,10,13-Pentathiacyclopentadecane Ss-Ethano-155 1,4-Dithiepane S2-Ethano-Propano-76 1,4,8,11-Tetrathiacyclotetradecane S4-Ethano-Propano-147 1,4,8,11,15,18-Hexathiacycloheneicosane Sc-Ethano-Propano-218 1,5-Dithiocane S2-Propano-89 1,5,9,13-Tetrathiacyclohexadecane S4-Propano-1610 1,5,9,13,17,21-Hexathiacyclotetracosane Se-Propano-2411 1,6-Dithiacyclodecane S2-Butano-1012 1,6,11,16-Tetrathiacy cloeicosane S4-Butano-2013 1,6,11,16,21,26-Hexathiacyclotriacontane Se-Butano-3014 1 ,7-Dithiacyclododeeane S2-Pentano-1215 1,7,13,19-Tetrathiacyclotetracosane S4-Pentano-2416 1,7,13,19,25,31-Hexathiacyclohexatriacontane S6-Pentano-3617 1,8-Dithiacyclotetradecane S2-Hexano-1418 1,8,15,22-Tetrathiacyclooctacosane S4-Hexano-28

1 9 1,8,15,22,29,36-Hexathiacyclodote tracontane Se-Hexano-42

Table II Table IIIProduct Ratios of Four- and Six-Sulfur to Two-Sulfur Product Distribution for Ethylene-BridgedCyclothiaether Products by Method A Cyclopolythiaethers via C Methods“
—Ring size-

Compd Compd Compd 4----Product ratiosa,i>--- -
Bridge size S2 S4 St s./s2 S4/S2

Ethylene
Ethylene-Tri-

6 1 2 18 0.065 0 .0069

methylene' 7 14 2 1 0.277 0.284
Trimethylene 8 16 24 0.850 1.19
Tetramethylene 1 0 20 30 1.05 2 . 0 2
Pentamethylene 12 24 36 1.21 7.00
Hexamethylene 14 28 42 1.16 0.867

“ Based on quantitative separation and recovery, sub- 
preparative scale, utilizing liquid-liquid chromatography. 
b a,w-Dimercaptide, 0.2 M  in 1-butanol at room temperature, 
a,u-dibromide, 1 M  in 1-butanol, 3 ml/min addition rate. 
'  From ethanedithiol and 1,3-dibromopropane reactants.

Scheme II
Intrachain Cyclization

j—------------- Yield, %-----------------,
Product* Method C-l Method C-2

1 16.0 8 . 1
2 4 .8 1 . 2
3
Linear polymer

8 . l c'd 5.9

and larger rings 64.0 78.0
“ Based on liquid-liquid chromatography isolation. bN o

1,4,7-trithiacyclononane was observed by methods C -l or 
C-2. CA 31% yield reported under identical conditions.Sa 
d A 1.7% yield reported in ethanol media.4b

greatly simplified bulk isolation of 3 by liquid-liquid 
chromatography owing to virtual elimination of smaller 
ring products. However, the commercially unavailable in
termediates, 21, 22, and 23, are potent vesicants which re
quire extreme care in handling.

observed via method D for the mixed ethylene-trimethy
lene rings: 5 was isolated in 13.6% yield in addition to 
12.6% of 6. Consistent with lesser nucleophilic character 
of the oxa relative to the thia function, and further nu
cleophilic deactivation of the former by alkali metal ion 
coordination and resulting template effects, intrachain cy
clization does not appear to intervene in macrocyclic po- 
lyoxaether synthesis.2 Since the anticipated yield3® of 3 
could not be attained even at extreme dilution by method 
C, method F, Scheme III, was devised.

Method F minimizes intrachain cyclization by appro
priate choice of chloride leaving group and solvent polari
ty, thus yielding 3 as the smallest ring product from nor
mal cyclization of reactants 21 and 23. The method offers

Method F
Scheme III

Some optimized yields of macrocyclic polythiaethers 
synthesized by the methods outlined in Schemes I and II 
are summarized in Table IV. Only representative exam
ples are cited. All methods of Scheme III are of general 
utility by adapting procedures outlined in the Experimen
tal Section.
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Table IVMacrocyclic Polythiaethers Isolated by Liquid-Liquid Chromatography
Compd° Mp, “C6 Method Elution solventc Yield, % d

2 2 2 4 -2 2 5 B M e t h y le n e  c h lo r id e 6 . 3 '

3 9 1 - 9 3 A 1 0 :9 0  e t h y l a c e t a t e -h e x a n e 0 .8
C - l 8.U
C - 2 2 1 . 7
F 3 5 .0

4 9 7 .5 -9 9 E  ( B  +  D - 2 ) 2 0 :8 0  e t h y l a c e t a t e -h e x a n e 1 1 . 0

5 4 7 -4 9 A 5 :9 5  e t h y l  a c e t a t e -h e x a n e 1 6 .2 »

6 1 2 1 - 1 2 2 . 5 A 4 .6
D - 2 2 2 .  P*

7 6 4 -6 5 A 5 :9 5  e t h y l  a c e t a t e -h e x a n e 0 .5
D  ( D - l  +  D - 2 ) 9 . 7

8 b p  8 6 -8 7  ( 1  T o r r ) A 5 :9 5  e t h y l a c e t a t e -h e x a n e 5 .2 »

9 5 7 . 5 - 5 9 A 5 :9 5  e t h y l  a c e t a t e -h e x a n e 6 . 2
D - 2 1 9 . 5

10 2 9 -3 0 A 5 :9 5  e t h y l  a c e t a t e -h e x a n e 7 . 3
C - 2 1 5 . 1

11 9 4 - 9 5 . 5 A 1 : 9 9  e t h y l  a c e t a t e -h e x a n e 1 . 9 »

12 3 1 - 3 2 A 1 : 9 9  e t h y l a c e t a t e -h e x a n e 3 .9 *

13 6 7 -7 0 A H e x a n e 1 . 7

14 8 1 - 8 2 . 5 A P e n t a n e 0 .8

15 3 3 - 3 3 . 5 A 5 0 :5 0  p e n t a n e -h e x a n e 5 . 3
D - l 3 . 6

16 3 6 . 5 - 3 8 A 5 0 :5 0  p e n t a n e -h e x a n e 6 . 8

17 7 7 - 7 8 A P e n t a n e 1 . 4 »

18 3 0 -3 2 A P e n t a n e 3 . 9

19 5 6 - 5 9 . 5 A P e n t a n e 3 . 2

“ P r o o f  o f  s t r u c t u r e  b a s e d  o n  a c c e p ta b le  e le m e n ta l a n a ly s is  a n d  m o le c u la r  w e ig h t  m e a s u re m e n ts  in  s o lu t io n , a n d  c o n s is te n t  
n m r  a n d  in f r a r e d  s p e c tra . h U n c o rr e c te d  T h o m a s -H o o v e r  c a p il la r y  m e lt in g  p o in t  v a lu e s . '  V o lu m e  r a t io s . d B a s e d  o n  th e  p o ly 
m e r iz a t io n  p ro ce ss, r e p re s e n t in g  in  h a n d -m u lt ig r a m  q u a n t it ie s  o f a n a ly t ic a l  g ra d e  m a t e r ia l.  * R e fe r e n c e  3 c  r e p o rte d  4 %  y ie ld . 
f  R e fe r e n c e  3 a  re p o rte d  3 1 %  y ie ld .  “ B y -p r o d u c t  o f S 4 a n d  So m a c r o c y c lic s  v ia  m e th o d  A .  * R e fe r e n c e  3 d  r e p o r te d  7 . 5 %  y ie ld .  
* A  1 9 . 7 %  y ie ld  w a s  o b ta in e d  o n  a  s m a ll  r e a c t io n  s c a le  b y  s im u lt a n e o u s  a d d it io n  o f r e a c t a n t s  to  a  b u lk  d i lu t in g  s o lu t io n ; effec
t iv e  c o n c e n tr a t io n  o f r e a c t a n t s  b e lo w  c a .  1 0 " 3 M .

Conclusions
The use of chloro leaving groups and low solvent polari

ty favored larger rings within total cyclic product. How
ever, cyclic to linear product conversion was more favor
able with a bromo leaving group. Under the former condi
tions, a number of eight-sulfur macrocyclics were isolated 
by methods C and D, although no quantitative or optimi
zation attempts were made to isolate rings of greater than 
six sulfurs. For ring systems containing larger than pro
pane bridging, formation of two-sulfur cyclic products is 
less favored than larger cyclic products owing to ring con
straints. Thus, methods of greater synthetic complexity 
than method A would not generally justify the slightly im
proved yields of cyclic product. However, method A gives 
rise to complications during attempted isolation of pure 
products owing to similarity in physical properties of mix
ture components. Moreover, odd sulfur atom numbered 
rings are available only by method E.

Experimental Section
General. N u c le a r m agnetic resonance (nm r) spectra were ob

tained on a V a r ia n  Associates T -6 0  spectrom eter w ith  tetram eth- 
y ls ila n e  as in te rn a l reference. Infrared  (ir) spectra were recorded 
on either a B e ckm a n  IR -8  or a P e r k in -E lm e r  727. M o lecu la r 
weights were determ ined w ith  a H it a c h i P e r k in -E lm e r  1 1 5  vapor 
pressure osm om eter and com pared to va lues obtained b y m an u a l 
cryoscopic d eterm inatio ns based on co llig ative  freezing point de
pression of p u rifie d  solvents. O p tim u m  chrom ato graphic solvents 
were established on m ic ro a n a ly t ic a l a ir -d r ie d  tic  p lates prepared 
by im m ersio n  coating in  a chloroform  suspension of M e rck  s ilic a  
gel H  (n eutra l). Iodine vapor was used for spot developm ent. P re 
p arative  colum n chrom atography was carried  out on B a ke r A n a 
lyzed s ilic a  gel (60-200 m esh). C ry s ta lliz a t io n  and chrom ato
graphic e lutio n  solvent m ix tu res are volum e ratios.

Intermediate Reactants. W hen not obtained from  com m ercial 
sources, a ,w -d ib ro m o alkanes were prepared from  the correspond
ing a ,w -d ih yd ro x ya lk an e s b y reaction w ith 4 8 %  hydrobrom ic acid  
according to a m o d ificatio n  of the procedure b y K a r a n  and M a r 
v e l.18

G eneratio n  of a ,a )-b isiso th iu ro n iu m  bro m ides from  the corre
sponding a,w -d ib ro m o alkanes and subsequent h yd ro lysis  b y  a 
m o d ificatio n  of the procedure as described b y S p ezio le19 y ield ed 
sim ple  a .u -d im e rca p to a lk a n e s. H y d ro ly s is  of a ,a )-b isiso th iu ro n - 
iu m  chlorides prepared in  lik e  fash ion  from ogw -dichloroalkyl s u l
fides (20) yie ld ed  a,a>-d im ercaptoalkyl su lfides (2 1). A lte rn a tiv e 
ly , « ,w -d ih y d ro x y a lk y l sulfides (3 ,7 -d ith ia n o n a n e -l,9 -d io l)  were 
converted d ire ctly  to the d ith io ls  b y in  s itu  generation and h y 
d ro lysis  of a .u -b is iso th iu ro n iu m  chlorides according to the proce
dure described b y Rosen and B u s c h .3b A l l  three m ethods are of 
general u t ilit y , affording p reparative  y ie ld s  of a,a>-d im ercaptoal- 
kanes in  excess of 5 0 % .

S im p le  a ,o )-d isu lfenyl chlorides, as w ell as a ,w -d ich lo ro su lfe n y l- 
a lk y l su lfides (22), were prepared from the corresponding d ith io ls  
by a m o d ificatio n  of the procedure according to M u e lle r  and 
D in e s .20

a ,a j-D ic h lo ro a lk y l sulfides were prepared b y two general m eth 
ods. /3-Chlo roethyl sulfides (23) were prepared b y reaction of the 
a ,u -d is u lfe n y l chlorides w ith ethylene b y a m o d ificatio n  of the 
procedure according to B rin tz in g e r, e t  a l.21 T h e  preparation  of
l,5 -d ic h lo ro -3 -th ia p e n ta n e  (20) from  ethylene and su lfu r d ich lo 
ride is an extension of th is  procedure.22 T h e  a ltern a tive  m ethod 
involves reaction of « ,u -d ih y d ro x y a lk y l sulfides w ith  th io n yl ch lo 
ride b y a m o d ificatio n  of the procedure accord ing to Bennett and 
W h in c a p .23 E xtrem e vesicant properties were observed for a ll 
halo su lfides prepared.

Preparation of 1,4,7,10-Tetrathiacyclododecane (2). Method
B. T o  a sodium  butoxide solution, generated and m a in ta in e d  
under a nitrogen atm osphere b y d isso lv in g  sodium  (2 .2  m ol) in  2 
1. of 1-b u ta n o l, was added 154 g (1 m ol) of 3 -t h ia p e n t a n e -l,5 -d i
th io l (21). T h e  solution was eq u ilib ra te d  for 1  hr and cooled to 5° 
and 168 g (1 m ol) of l,5 -d ic h lo ro -3 -th ia p e n ta n e  was added a ll at 
once. T h e  reaction was stirred  below 10 ° for the first 2 hr, then at 
room tem perature for an a d d itio n a l 16 hr. T h e  solution was f i l 
tered, the filtra te  was concentrated, and the o il residue was taken 
up in  1 1. of chloroform , washed w ith 0.5 L  of water, and dried  
w ith m agnesium  sulfate. T h e  filte r cake was v igo ro usly stirred  
w ith 3 1. of w ater to dissolve salts. In so lu b le  so lid s were recovered 
by filtra tio n , a ir  dried, and com bined w ith  the chloroform  so lu 
tion of filtra te  residue. T h e  chloroform  m ix tu re  was refluxed for 2 
hr and filtered hot and insolubles were d iscard ed . T h e  solvent 
was va cu u m  evaporated and the residue was leached u n d er reflux
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with 5 x 100 ml of 5:95 ethyl acetate-hexane. The teachings con
tained traces of 1, 4, and higher polymers. The residue containing 
2 was refluxed for 1 hr with 130 ml of methylene chloride. From 
the cooled methylene chloride filtrate was recovered 15.1 g (6.3%) 
of 2 (S4-Ethano-12) as a fine, white, granular product.

Preparation of 1,4,7,10,13,16-Hexathiacyclooctadecane (3). 
Method C-l. Dimercaptide 21 (61.7 g, 0.40 mol) was converted to 
the disodium salt in the usual fashion in 0.5 1. of 1-butanol. This 
solution was added simultaneously over 2.5 hr, with the dropwise 
addition of ethylene bromide (75.2 g, 0.4 mol) in 0.5 1. of 1-buta- 
nol, to 2 1. of 1-butanol under nitrogen. The reaction was main
tained below 10° for the first 10 hr, then stirred at room tempera
ture for 36 hr. The solution was filtered and the filtrate was con
centrated under vacuum while the filter cake was treated with 2 
l. of water. The filtrate residue and air-dried, salt-free solids were 
extracted with 6 X 400 ml of refluxing pentane. The combined ex
tracts were concentrated, and the residue was taken up in 0.5 1. of 
methylene chloride, washed with 300 ml of 5% potassium hydrox
ide, dried with magnesium sulfate, and reconcentrated to a thick, 
oily mass of 53.8 g. The mixture was eluted through a silica gel 
column with 30:70 ethyl acetate-hexane to remove immobile 
polymers and reconcentrated to 32.2 g of residue. The residue was 
rechromatographed on silica gel. Elution with 280 ml of pentane 
yielded 7.65 g (16%) of 1, followed by elution of 3 with 600 ml of 
10:90 ethyl acetate-hexane. Crude 3 was recrystallized from 5:95 
ethyl acetate-hexane, yielding 5.78 g (8.1%) of 3 (S6-Ethano-18) 
as a single crop of white crystals. From the pentane extraction 
residue was recovered 4.60 g (4.8%) of 2 according to the proce
dure for 2, method B.

Method C-2. Solutions of 20 (58.9 g, 0.37 mol) dissolved in 0.5 
1. of 1-butanol and the disodium salt of 1,2-ethanedithiol, 34.8 g 
(0.37 mol) of dimercaptan treated with butoxide in 0.5 1. of 1-bu
tanol in the usual fashion, were simultaneously added dropwise to 
2 1. of 1-butanol under nitrogen over 2.5 hr below 10°. After stir
ring at room temperature for an additional 36 hr, products were 
isolated in identical fashion with method C-l. The final chroma
tographic elution yielded 3.60 g (8.1%) of crude 1 and 14.43 g 
(21.7%) of 3 after recrystallization of the crude elution product, 
and 1.15 g (1.2%) of 2 was recovered from extraction residues.

Method F. Dimercaptan 21 (30.8 g, 0.2 mol) was converted to 
the disodium salt in 2 1. of 1-butanol in the usual fashion. To the 
solution was added all at once 45.8 g (0.2 mol) dichloride 23 and 
the reaction mixture was stirred below 25° for 48 hr. Products 
were separated according to the procedures in method C-l. Only
0. 15 g (0.6%) of crude 1 was isolated, while recrystallization of the 
crude column concentrates of 3 yielded 11.7 g (32.8%) of analyti
cal product.

Preparation of 1,4,7,10,13-Pentathiacyclopentadecane (4). 
Method E (B + D-2). l,8-Dichloro-3,6-dithiaoctane (50.4 g, 0.23 
mol), prepared in 83% yield from the reaction of ethylene with
1,2-ethanedisulfenyl chloride21 or in 96% yield from 3,6-dithiaoc- 
tane-l,8-diol reaction with thionyl chloride,23 was dissolved in 400 
ml of 50:50 ether-1-butanol. Dimercaptan 21 (35.5 g, 0.23 ml) was 
converted to the disodium salt in 400 ml of 1-butanol in the usual 
fashion. The two solutions were simultaneously added dropwise 
over 2.5 hr to 2.2 1. of 1-butanol at 60° under nitrogen. The reac
tion mixture was stirred for an additional 15 hr at 60° and cooled 
and solids were separated by filtration. The filtrate was concen
trated under vacuum, while the filter cake was treated with 2 1. of 
water to dissolve salts. The combined residues were extracted 
with 5 X 300 ml of refluxing hexane. The combined extracts were 
concentrated, taken up in 300 ml of methylene chloride, washed 
with 5% potassium hydroxide, dried with magnesium sulfate, and 
reconcentrated. The oily residue was eluted through a silica gel 
column to remove immobile polymers with 50:50 ethyl acetate- 
hexane, then rechromatographed with 20:80 ethyl acetate-hexane 
to yield traces of 1 and 2 and a concentrated band of 4. The crude 
4 (Ss-Ethano-15), recrystallized from 10:90 ethyl acetate-hexane, 
yielded 7.59 g (11%) of fine white crystals in a single analytical 
batch.

Preparation of 1,4,8,11-Tetrathiacyclotetradecane (6). Meth
od D-2. l,9-Dichloro-3,7-dithianonane was prepared from 3,7-di- 
thianonane-l,9-diol3b by the general method previously de
scribed.23 The dichloride (69.9 g, 0.3 mol) was dissolved in 400 ml 
of anhydrous ether and added simultaneously with a 400-ml 1- 
butanol solution of 1,3-propanediol disodium salt (0.3 mol) to 0.5
1. of 1-butanol under nitrogen over 6 hr at room temperature. 
After 12 hr, the reaction mixture was filtered, the filtrate was 
concentrated, and the filter cake was treated with water. The 
salt-free filter cake residues were extracted with 300 ml of cold 
ethylene chloride and the extracts were combined with the origi

nal filtrate residue. The solution was washed with two 200-ml 
portions of 5% sodium hydroxide, dried with anhydrous sodium 
sulfate, and reconcentrated to yield 34.1 g of paste residue. The 
residue was eluted with ethyl acetate through a silica gel column 
to remove immobile polymers, then rechromatographed with 5:95 
ethyl acetate-hexane to yield a trace (0.08 g) of 5 as the first el
uent. Recrystallization from 10:80 ether-hexane of subsequent 
crude column concentrates yielded 17.8 g (22.1%) of 6 (S4-Eth- 
ano-Propano-14) as a single crop of white crystals.

Preparation of 1,4,8,11,15,18-Hexathiacycloheneicosane (7). 
Method D (D-l + D-2). Condensation intermediates, 3,7-dithi- 
anonane-1,9-dithiol and l,10-dichloro-4,7-dithiadecane, were pre
pared from the corresponding diols as previously illustrated. The 
a,o)-dichloro precursor was prepared from 1,2-ethanedithiol diso
dium salt and 3-chloropropanol (Aldrich). In identical fashion 
with the preparation of 6 (method D-2), 400-ml solutions of 68.4 g 
(0.3 mol) of dithiol disodium salt and 73.8 g (0.3 mol) of dichlo
ride were simultaneously added to 0.5 1. of 1-butanol. Following 
16 hr of reaction, crude product was concentrated according to 
the procedure for 6. This residue (95.4 g) was eluted with 30:70 
ethyl acetate-hexane through a silica gel column to remove im
mobile polymers, then rechromatographed with 5:95 ethyl ace
tate-hexane. In order were recovered a small amount (0.34 g) of 5, 
a trace (0.02 g) of 6, and 11.7 g (9.7%) of 7 (S6-Ethano-Propano- 
21) as a single crop of white crystals, the latter by crystallization 
of elution concentrates from 5:95 ether-hexane.

Preparation of 1,6,11,16-Tetrathiacycloeicosane (12) and Iso
lation of By-products 11 and 13. Method A. In 3.5 1. of 50:50 
ethanol-l-butanol, 161 g (1.32 mol) of 1,4-butanedithiol was con
verted to the disodium salt. To the cooled solution was added all 
at once 282 g (1.32 mol) of 1,4-dibromobutane under nitrogen. 
The reaction mixture was stirred for 3 hr below 15°, then for an 
additional 14 hr at 50°. Products of interest (11, 12, and 13) were 
concentrated by combining filtrate oil residue with four 500-ml 
ether extracts of the filter cake residue. This solution was washed 
with three 500-ml portions of 10% potassium hydroxide, dried 
with sodium sulfate, and reconcentrated to 42.6 g of paste. Higher 
polymers were removed by elution through a silica gel column 
with 10:90 ether-hexane. Complete separation of components in 
order of ring size, 11 first, was achieved by rechromatographing 
with 1:99 ethyl acetate-hexane. Recrystallization of aliquot con
centrates yielded 4.50 g (1.9%) of 11 (S2-Butano-10) and 6.00 g 
(1.7%) of 13 (S6-Butano-30) from hexane, and 8.99 g (3.9%) of 12 
(S4-Butano-20) from pentane. Products 11 and 12 were isolated as 
fine white needles, and 13 as a white powder.
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Intramolecular Ullmann cyclizations of several o-halobenzoic anhydrides have been shown to take place in 
high yields at temperatures near 60-70° in tetramethylethylenediamine (TMEDA), dimethylformamide (DMF), 
N-methylpyrrolidone (NMP), hexamethylphosphoramide (HMPA), and pyridine. In all cases except that of 
pyridine, appreciable (10-30%) to large (50-82%) amounts of reduction products accompany the coupling prod
uct. The coupling of aliphatic rr-bromo-unsaturated anhydrides under comparable conditions has also been 
demonstrated.

The Ullmann coupling of 2-halo esters, 1, to dialkyl di- 
phenates, 2, has often been effected .3 In general the reac
tion has been carried out by long heating with copper at 
temperatures over 200°. We wished to find out if this type 
of reaction could be carried out under milder conditions 
than usual by changing the reaction from an intermolecu- 
lar to an intramolecular type. In one case tried here ear
lier the synthesis of 6 ,6 '-diethyldiphenic acid was marked
ly better when 3-ethyl-2-iodobenzoic anhydride was used 
instead of methyl 3-ethyl-2-iodobenzoate.4 A few isolated 
cases in which intramolecular Ullmann reactions were 
tried are mentioned3 but little study of this type of ring 
closure has been made. We had hoped that the synthesis 
of unsymmetrical diphenic acids might be improved by 
the use of unsymmetrical halo anhydrides, but this hope 
was not fully realized (see later, below).

ROOC COOR

We have found out that Ullmann reactions are carried 
out much more easily if anhydrides are used instead of 
halo esters. Two general types of reactions have been 
studied; method A, in which the 2-halobenzoic acid anhy
drides, 3, are cyclized to diphenic anhydrides, 4, in a vari
ety of nitrogenous solvents by heating with copper powder 
at 60-70°; and method B, in which the anhydrides, 3, are

heated with copper powder in benzene containing catalyt
ic amounts of nitrogenous complexing agents. The com- 
plexing agents were chosen with the thought that they 
might complex with any hypothetical organocopper inter
mediate which might be involved in the reaction .5 7 For 
analysis of the results of most experiments the reaction 
mixtures were treated with methanol and with diazo
methane to convert anhydrides into the corresponding 
methyl esters.

OCOCO C O -O -C O

b  b
5 3 4

The choice of solvent is important because the ratio of 
ring-closed product, a diphenic anhydride, 4, to reduced 
product, a benzoic anhydride, 5, is markedly solvent de
pendent.

The experiments (method A) which illustrate these 
points are listed in Table I. In our experience, the best 
solvent for this type of reaction is pyridine. In 1 hr at 60- 
70° not only is the starting anhydride almost completely 
reacted but the ratio of diphenic anhydride to benzoic an
hydride formed is greatest (see expt 5, 11, and 17 in Table
I). Surprisingly, appreciable to large amounts of reduction 
product were obtained in all of the other solvents stud
ied .8 That reduction occurs prior to, and not on, quench
ing of the reaction mixture with water was shown in the 
case of 2 -bromobenzoic anhydride in tetramethylethylene
diamine (TMEDA) by quenching with D2 SO4 in D 20 .

OCOCO
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Table IEffect of Solvent and Substrate in Ullmann Reactions of 2-Halobenzoic Anhydrides“
Expt Substrate Solvent % reaction^ %  coupling0 % reduction1

1 (2-ClC6H4C 0 )20« Neat 0 0 0
2 (2-ClC6H4C 0 )2O TM EDA 43 83 17
3 (2-ClC6H4C 0 )2O DM F 68 50 50
4 (2,4-CI2C 6H3C 0 )20 D M F 100 88 12
5 (2,4-Cl2C6H3C 0 )20 Pyridine 93 96 4
6 (2-BrC6H4C 0 )20 Neat 0 0 0
7 (2-BrC6H4C 0 )20 TM ED 87 25 75
8 (2-BrC6H4C 0 )20 N M P ' 84 77 23
9 (2-BrC6H4C 0 )20 HMPA» 79 77 23

10 (2-BrC6H4C 0 )20 DM F 100 90 10
11 (2-BrC6H4C 0 )20 Pyridine 100 98 2
12 (2-IC6H4CO)oO Neat 0 0 0
13 (2-IC6H4C 0 )20 TM ED 100 18 82
14 (2-IC6H4C 0 )20 HMPA 84 69 31
15 (2-r c tii4c o ) 2o DM F 76 74 26
16 (2-IC6H4C 0 )20 NM P 76 85 15
17 (2-IC6H4C 0 )20 Pyridine 100 98 2

“ The reaction conditions are those described in the Experimental Section under Ullmann Reactions. Method A. b Deter
mined (glpc) by subtracting from 100 the per cent of recovered methyl halobenzoate corresponding to starting anhydride. 
* Determined (glpc) from the amount of dimethyl diphenate produced. d Determined (glpc) from the amount of methyl 
benzoate produced. e In reaction by method A, no reactions occurred in Al-methylpyrrolidine (NMP) acid hexamethylphos- 
phoric triamide (HMPA). '  IV-Methylpyrrolidone. 0 Hexamethylphosphoric triamide.

Table IIEffect of Complexing Agent in Ullmann Reaction of 2-Bromobenzoic Anhydride“ 6
%

Complexing agent % reaction % coupling reduction

DM F 10 0 85 15
HMPA 10 0 87 13
TM ED A 86 32 68
4,5-Phenanthroline 100 95 5
2,2'-Bipyridine 100 98 2

“ The per cent of reaction, coupling, and reduction were 
determined as described in Table I. b The reaction conditions 
are those described in the Experimental Section under 
Ullmann Reactions. Method B.

No deuterated methyl benzoate was detected. This exper
iment rules out the presence of an arylcopper species just 
prior to quenching. Any arylcopper compound formed 
under our reaction conditions (similar to expt 7, Table I) 
must have been reduced by the solvent prior to addition 
of D2SO4 . This type of substitutive reduction in Ullmann- 
type reactions has been discussed.6 Apparently NCH3 
groups in solvents readily engage in reductive processes.

As a standard experiment (method B) a solution of 2- 
bromobenzoic anhydride (6) in benzene containing less 
than 1  equiv of a complexing agent was held at reflux over 
copper powder for 24 hr. The results, summarized in 
Table II, indicate that the complexing agents of choice 
contain nitrogen-heterocyclic rings, e.g., 4,5-phenanthro- 
line and 2,2'-bipyridine. To show the generality of this 
type of reaction, 2,4-dichlorobenzoic anhydride (7) and 2- 
chloro-5-nitrobenzoic anhydride (8 ) in benzene containing 
2 ,2 ' -bipyridine were converted into the corresponding 
5,5'-dichlorodiphenic anhydride (10) and 4,4'-dinitrodi- 
phenic anhydride ( 1 1 ) in excellent yields.

The results outlined above make it obvious that the 
Ullmann reaction to form diphenic acid derivatives is 
greatly facilitated by the use of anhydrides instead of es
ters. Accordingly, we next studied the use of unsymmetri- 
cal benzoic anhydrides9 for obtaining unsymmetric di
phenic anhydrides. Although the starting anhydrides used 
were undoubtedly mainly unsymmetric, on heating rapid 
disproportionation took place faster than coupling with 
the result that the two symmetric and the unsymmetric 
diphenic anhydrides were produced. For example, when

the crude mixed anhydride, 12, formed by treating 2,4- 
dichlorobenzoic acid in pyridine with 2 -bromobenzoyl chlo
ride9 was heated under the conditions of method A or B a 
mixture of diphenic anhydrides was obtained. This mix
ture was hydrolyzed with alkali and the free acids ob
tained were esterified with diazomethane. Analysis of the 
esters showed that dimethyl diphenate (13), dimethyl 
5,5'-dichlorodiphenate (14), and dimethyl 5-chlorodiphe- 
nate (15) were present in about the statistical ratio 1:1:2, 
respectively.

14 15
The same mixture of 13, 14, and 15 was obtained when 

an equimolar mixture of 6 and 7 was used as starting ma
terial. This fact suggests that, for example, an excellent 
yield of 15 might be obtained if a mixture of 7 and an ex
cess of 6 , or a mixture of 6 and an excess of 7, were used. 
In a given case the choice as to which anhydride should be 
used in excess would depend on which anhydride was 
least valuable.

In an effort to use a derivative which might not dispro
portionate as readily as do anhydrides, we prepared N- 
phenyl-2-bromobenzimide (16). An attempt at cyclization 
(method B) yielded mainly recovered 16 and small
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amounts of unidentified products, none of which corre
sponded to the desired N-phenyl diphenic imide. One at
tempt at cyclization of 2,2'-dibromobenzil (17) failed to 
produce any phenanthrenequinone.

Because of the success in the synthesis of diphenic 
anhydrides by intramolecular Ullmann reactions de
scribed above we carried out a few experiments in the ali
phatic area. Intermolecular Ullmann reactions on substi
tuted vinyl bromides and iodides have been carried out 
and the stereospecificity of the reactions determined and 
discussed.5 We have found that 2-bromo-3-methylbutenoic 
anhydride (18) is readily coupled to 2,5-dimethylhexa-
2,4-diene-3,4-dioic anhydride (19) as indicated by the iso
lation of dimethyl 2,5-dimethylhexa-2,4-diene-3,4-dioate
(20) after treatment of the reaction product with metha
nol. The results of the attempted cyclizations of (E ,E )-2- 
bromocinnamic anhydride (21) and the Z ,Z  isomer (22) 
were not very promising but are of some interest. The E ,E  
anhydride, 21, is not configurationally stable under the 
reaction conditions (method A). However, by chromatog
raphy of the methyl esters of the reaction product, a 22% 
yield of dimethyl (Z,Z)-l,4-diphenyl-l,3-butadiene-2,3- 
dioate (23) was isolated. The Z ,Z  anhydride, 22, afforded 
19% of dimethyl (E,i?)-l,4-diphenyl-l,3-butadiene-2,3- 
oate (24).10

COOCH3

[( CH3)2C=CBrC0]20  (CH3)2C = C — C =  C(CH,)2

COOCH;,
18

c6h5 -C 0 --0
^ G = C  

HT Br

21

1. A

20
COOCH,

C6K- /  H

2 CH"‘°Hf H/C = = C ~ / C = % iiH, 
COOCH,

23

H C O +O
C = C ^

_C6H5/  X Br 

22

C O O C H ,
H, /  ,QH,

^ C = C —  C = c '
C„H, /  H

COOCH,,
24

In each of the above coupling reactions some methyl 
cinnamate was produced. The proportion of this reduction 
product to coupled product was much larger in the case of 
the reaction involving 22, undoubtedly because of greater 
hindrance to coupling because of the stereochemistry of 
the transition state which places the phenyl groups in op
position to each other.

The assignment of structures to 23 and 24 was made on 
the basis of uv and pmr spectra. The uv max for 23 (312 
nm, log e 3.5) lies at longer wavelength than that of 24 
(278 nm, log e 4.4), as does that of (E,E)-l,4-diphenyl-
1.3- butadiene (328 nm) compared to (Z,Z)-l,4-diphenyl-
1.3- butadiene (299 nm ).11 The E ,Z  form for either of the 
coupling products from 21 and 22 is ruled out because 
both 23 and 24 have singlets for the vinylic hydrogen at <5 
6.92 and 7.92, respectively. If an E,Z  compound were at 
hand there should be two singlets.

The fact that these reactions were effected in a short 
time (ca. 1.5 hr) at 80-90° as compared to the longer 
times at higher temperatures for intermolecular coupling5 
makes further study of intramolecular coupling of vinylic 
halides of interest.12

Experimental Section13
Preparation of Acid Chlorides. In a typical experiment 38.5 g 

of 2-bromobenzoic acid was slowly added to a stirred slurry of 40 
g of PCI5 and 200 ml of dry CH2CI2. When the mixture had be
come homogeneous (ca. 15 min after addition) the solvent and

POCI3 were removed under reduced pressure and the residue was 
distilled to yield 34.0 g (82%) of 2-bromobenzoyl chloride, 14 bp 
130-133° (15 mm). In a similar way were prepared 2-chloroben- 
zoyl chloride, 15 bp 65° (0.05 mm), 2-iodobenzoyl chloride, 16 bp 
145° (13 mm), 2,4-dichlorobenzoyl chloride,17 bp 115-117° (13 
mm), and 2-bromo-3-methyl-2-butenoyl chloride, 18 bp 78-80° (15 
mm), ir (neat) 5.69  ̂(1757 c m '1).

Preparation of Anhydrides. The method19 we used (method 1) 
to prepare some anhydrides is illustrated by the synthesis of 2 - 
iodobenzoic anhydride.20 To an ice-cold solution of 8.7 g of 2-iodo- 
benzoic acid and 3 ml of pyridine in 20 ml of benzene was added 
a solution of 9.3 g of 2-iodobenzoyl chloride in 20 ml of benzene. 
After 10 min the mixture was filtered and the filtrate was worked 
up as usual to yield 14.9 g (88%) of 2-iodobenzoic anhydride, mp
71-75°. In a similar way 2-chlorobenzoic anhydride,21 mp 78-79°,
2-bromobenzoic anhydride, mp 76.0-77.5°, and 2,4-dichloroben- 
zoic anhydride, mp 105.0-106.5°, were prepared.

Anal. Calcd for C14H8Br20 3 : C, 43.7; H, 2.1; m/e 383. Found; C, 
43.3; H, 1.8; m/e 383 (center of triplet). Calcd for C14H6CI4O3: C, 
46.2; H, 1.7; m/e 365. Found: C, 46.5; H, 1.6; m/e 365.

The mixed anhydrides, 2,4-dichloro-2'-bromobenzoic anhydride 
and 3-bromo-2-naphthoic-2'-bromobenzoic anhydride, were pre
pared by this method but were not analyzed or characterized be
cause of rapid disproportionation on heating.

By treatment with ethoxyacetylene22 (method 2 ), (E)-2-bromo- 
cinnamic acid was converted into (E,E)-2-bromocinnamic anhy
dride,23 mp 71-73°, the Z isomer into (Z,Z)-2-bromocinnamic an
hydride,23 mp 101-102°, and 2-chloro-5-nitrobenzoic acid into 2- 
chloro-5-nitrobenzoic acid anhydride, mp 145-146°.

Anal. Calcd for C14H6CI2N2O7: Cl, 18.4; N, 7.3. Found; Cl, 18.3; 
N, 7.1.

Ullmann Reactions. Method A (See Table I). In a typical ex
periment (expt 10, Table I) a mixture of 1.0 g of copper powder24 
in 5 ml of pure DMF containing 1.4 g of 2-bromobenzoic anhy
dride (6) was stirred magnetically in a flask held in a bath at 60- 
70°. After 1.5 hr the cooled mixture was diluted with ether and 
filtered. The filtrate was washed with water and the water wash 
was reextracted with ether (repeated once). The combined ether 
layer was washed with saturated salt solution and filtered 
through anhydrous MgSCH. After distillation of the ether, the res
idue was heated at reflux with aqueous methanolic KOH for 20 
min. The acids, obtained by ether extraction of the acidified hy
drolysis solution, were taken into ether. The dried ether solution 
was treated with a slight excess of diazomethane and the solvent 
was distilled. There remained 0.90 g (92%) of an oil which solidi
fied on cooling. Analysis by glpc on a 30% SE-30 (a silicone oil) on 
Chrome-A support in a 8 ft X 0.25 in. column at 225° using heli
um revealed that approximately 10% of methyl benzoate was 
present along with 90% of dimethyl diphenate. No methyl 2-bro- 
mobenzoate was present. The identity of each fraction was deter
mined by use of authentic samples. The experiment with 6 in 
which quenching with D2SO4 was used (see discussion) was of the 
method A type.

Method B (See Table II). In a typical experiment a solution of
1.0 g (2.6 mmol) of 6 and 0.2 g (1.0 mmol) of 2,2'-bipyridine in 75 
ml of dry benzene was held at reflux over 0.7 g (10.4 mg-atoms) of 
copper for 24 hr. The reaction mixture was filtered. The filtrate 
was extracted with water and dilute HC1. After the benzene solu
tion was filtered through MgSCU, the reaction products were 
worked up as described for method A to yield approximately 98% 
of dimethyl diphenate and 2% of methyl benzoate (expt 5, Table
n).

In a similar experiment except that the solvents were removed 
after the unused copper was removed by filtration, there was iso
lated by crystallization from benzene 0.5 g (86%) of diphenic an
hydride,25 mp 218-220°. Similarly, 2,4-dichlorobenzoic anhydride
(7) yielded 5,5'-dichlorodiphenic anhydride,26 mp 201-203°, and
2-chloro-5-nitrobenzoic anhydride (8) yielded 4,4'-dinitrodiphenic 
anhydride,27 mp 234-236°, in 86 and 80% yields, respectively.

Mixed Anhydride Experiments. The experiments involving 
freshly prepared 2-bromo-2',4'-dichlorobenzoic anhydride (12) 
were carried out in HMPA by methods A and B. The results were 
essentially the same in each case; about 10% of methyl benzoate 
and methyl 4-chlorobenzoate (reduction products) were formed in 
addition to dimethyl diphenate (13), dimethyl 5,5'-dichlorodiphe- 
nate, and dimethyl 5-chlorodiphenate (15), in the ratio of ap
proximately 1:1:2. The structure of 15 was assumed from nmr 
(CCI4), b 7.9 and 7.3 (m, 7, ArH), 3.6 (s, 3, OCH3), 3.52 (s, 3, 
OCH3), and mass spectrum, m/e 304. When equimolar mixtures 
of 6 and 7 were treated as described for methods A and B, reac
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tion products closely analogous to those obtained with 12 were ob
tained.

iV-Phenyl-2-bromobenzimide (16). To a slurry containing 0.2 g 
(5 mmol) of sodium hydride in 10 ml of DMF was added 1.3 g (4.9 
mmol) of iV-phenyl-2-bromobenzamide.28 In a few minutes all of 
the hydrogen had been evolved and the mixture became homoge
neous. To this was added 1.1 g (5 mmol) of 2-bromobenzoyl chlo
ride. After standing overnight the mixture was heated to 65° for 
30 min. After the usual work-up there was obtained about 2 g of 
an oil which was crystallized from benzene with little loss to yield 
16, mp 107-108°, which contained only ArH in the pmr, mass 
spectrum m/e 459, ir 5.92 p. This compound was recovered un
changed from experiments of type A and B above.

2,2'-Dibromobenzil (17). 2-Bromobenzaldehyde, bp 120-130°, 
was prepared in 48% yield (crude) by a slight modification (use of 
aqueous alcoholic potassium hydroxide) of the 2-nitropropane oxi
dation29 of 2-bromobenzyl bromide. A mixture of 10.0 g of this 
aldehyde and 1.0 g of sodium cyanide in 50 ml of NMP was held 
at 90-100° for 9 hr. The mixture was diluted with an equal vol
ume of water and the crude product, isolated as usual, was treat
ed with saturated aqueous sodium bisulfite to remove unreacted 
aldehyde. The resulting crude benzoin was treated with 35 ml of 
concentrated HNO3 for 1.5 hr at 90-100°. The product from this 
reaction, isolated as usual, was chromatographed over Florisil to 
yield 12% of pure 17, mp 120-123°, m/e 368. No attempt at max
imization of yield was made.

Anal. Calcd for Ci4H8Br20 2: C, 45.7; H, 2.2. Found: C, 45.5; H,
2.2.

Dimethyl 2,5-Dimethylhexa-2,4-diene-3,4-dioate (20). Pure
2-bromo-3-methyl-2-butenoic acid, mp 90-91°, prepared essential
ly as described,30 was converted by method 2 (using ethoxy- 
acetylene) into the anhydride 18, 8.5 g of which was immediately 
added to 60 ml of DMF containing 6.4 g of copper. After 1.5 hr at 
80°, 60 ml of methanol was added and the mixture was held at re
flux for 30 min. After cooling and dilution with water the product 
was taken into ether. The ether extract was treated with diazo
methane. After the usual work-up distillation afforded 2.9 g (50%) 
of pure 20, mp 73-74°, ir (KBr) 5.83 p, nmr (CCU) b 3.70 (s, 6, 
OCH3), 2.15 (s, 6, =CCHS), 1.68 (s, 6, =CCH3), m/e 226, on 
crystallization from pentane.

Anal. Calcd for Ci2Hls0 4: C, 63.6; H, 8.1. Found: C, 63.7; H,
8.0.

A small amount (co. 10%) of reduction product, methyl 3- 
methyl-2-butenoate, was formed in the reaction as estimated by 
glpc (comparison of retention time with that of an authentic sam
ple). When the reaction of 18 with copper was tried at reflux in 
benzene with 2,2'-bipyridine fox 24 hr, no 20 was isolated, as tarry 
material was formed.

Dimethyl (Z,Z)l,4-Diphenyl-l,3-butadiene-2,3-dioate (23).
(£)-2-Bromocinnamic acid, mp 115-116.5°, prepared essentially 
as described,31 was converted into the anhydride with ethoxy- 
acetylene (method 2 above). A mixture of 2.0 g of this and 1.6 g of 
copper in 10 ml of DMF was stirred at 85° for 1.5 hr. After the 
usual work-up and esterification to methyl esters, the product 
was chromatographed over silica gel. There could be isolated 0.4 g 
(22%) of 23, mp 121-123°, uv max 318 nm (log e 3.5), ir (KBr) 5.78 
p, pmr b 7.36 (s, 10, ArH), 6.92 (s, 2, =CH), 3.77 (s, 6, OCH3), 
after recrystallization from ether-hexane. No attempt was made 
to maximize the yield of this reaction.

Anal. Calcd for C2oHis04: C, 74.5; H, 5.6. Found: C, 74.7; H,
5.6.

Dimethyl (E, A)-l , 1 -Diphenyl-l ,3-butadiene-2,3-dioate (24).
On heating 8.0 g of (_E)-2-bromocinnamic acid at 200° for 30 min, 
the product was crystallized from heptane to yield 5.5 g (69%) of 
(Z)-2-bromocinnamic acid,31 mp 129-130°. After conversion to the 
anhydride with ethoxyacetylene (method 2 above), 5.0 g of the 
anhydride 22, 4.0 g of copper, and 20 ml of DMF were held at 
80-90° for 90 min. The mixture was diluted with methanol and 
refluxed for 1 hr. The resulting product was separated into neu
tral and acidic fractions by extraction with K2C 03 solution. The 
acid fraction was esterified with diazomethane and the esters 
were chromatographed on silica gel to yield 0.7 g (19%) of 24,32 
mp 113-115°, uv max 278 nm (log t 4.4), pmr b 7.92 (s, 2, =CH), 
7.33 (m, 10, ArH), 3.73 (s, 6, OCH3).

Registry No.-(2 -C 1C 6H4CO)20 , 49619-43-4; (2,4-
C12C6H3C0)20  , 51417-52-8; (2-BrC6H4C0)20, 49619-44-5; (2- 
IC6H4C0)20, 51417-53-9; 4, 6050-13-1; 8, 51417-54-0; 10, 20872-
20-2; 11, 27007-55-2; 12, 51417-55-1; 13, 5807-64-7; 14, 27007-54-1; 
15, 1035-83-2; 16, 51417-56-2; 17, 51417-57-3; 18, 51417-58-4; 20,

6117-26-6; 21, 51417-59-5; 22, 51417-60-8; 23, 51417-61-9; 24,
51417-62-0; Cu, 7440-50-8; 2-bromobenzoyl chloride, 7154-66-7; 2-
chlorobenzoyl chloride, 609-65-4; 2-iodobenzoyl chloride, 609-67-6;
(£)-2-bromocinnamic acid, 15894-30-1; (Z)-2-bromocinnamic acid,
15813-24-8; 2-chloro-5-nitrobenzoic acid, 2516-96-3; N-phenyl-2-
bromobenzamide, 10282-57-2; 2-bromobenzaldehyde, 6630-33-7;
2-bromo-3-methyl-2-butenoic acid, 51263-40-2.
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4-Carboxybenzene oxide (I) has been synthesized and the kinetics of its aromatization studied in the pH 
range of 0-10 (H2O, 30°, g = 0.2 KC1). General catalysis was found to be unimportant in both the acidic and 
basic regions of pH. The pH-log kohsd profile dictates three competitive pathways leading to phenols: specific 
acid-catalyzed aromatization of undissociated I (la) and its anion (lb) as well as uncatalyzed aromatization of the 
anion. The lack of spontaneous aromatization of undissociated I is as predicted on the basis of a previous inves
tigation of substituent effects upon the rate constants of both specific acid catalyzed and uncatalyzed aromati
zation of benzene oxides. The products of reaction were found to be m- and p-hydroxybenzoic acid (no ortho 
isomer). The ratio of meta:para isomers was found to be ~1:1 for both the acid-catalyzed and noncatalyzed 
reactions with lb, while acid-catalyzed aromatization of la yields predominantly the meta isomer. The product 
analysis as well as the lack of importance of spontaneous aromatization of undissociated I is in accord with a 
previous suggestion of formation of resonance-stabilized carbonium ions as being rate determining in the aro
matization of benzene oxides.

Arene oxides have been proposed as metabolic interme
diates involved in necrosis,1 mutagenesis,2 and carcino
genesis.3 Detailed studies of the kinetics for the aromati
zation of these intermediates indicate that the reaction 
proceeds via both specific acid catalyzed (kH) and sponta
neous (ka) pathways.4 Both pathways involve oxirane ring 
opening to form carbonium ions in the rate-determining 
step. In the spontaneous path, the carbonium ion may un
dergo intramolecular hydride transfer to give a ketone, 
which then enolizes to form the phenol (NIH shift). In 
competition with the NIH shift the carbonium ion may 
collapse to form isomeric arene oxides.5 In the acid-cata
lyzed path, the intermediate carbonium ion may undergo 
intramolecular hydride transfer to give the protonated ke
tone, simply lose a proton to give the phenol directly, or 
reversibly trap solvent to give a diol.6 The overall reaction 
is shown in Scheme I.

Scheme I

Support for the rate-determining formation of the car
bonium ion lies in the observation of strong substituent 
effects (p s  —7) on the aromatization of several substi
tuted benzene oxides.7 The intermediacy of a ketone was 
proposed to account for the NIH shift8 which has been ob
served to occur during the aromatization of these com
pounds. In certain instances the ketone may be observed.9

*T. C. B.: University of California. G. A. B.: Massachusetts Institute of 
Technology.

For indan oxide the ketone has been established to reside 
along the reaction path.5’10

If the mechanism involving rate-determining carbonium 
ion formation through both spontaneous and acid catalysis 
is correct, then the presence of an ionizable substituent 
should result in two species, each of which may react by 
either o f two different pathways. Herein is reported the 
dependence on pH of both reaction rate and product ratio 
in the aromatization of 4-carboxybenzene oxide (I).

Experimental Section
Materials. Reagent grade potassium chloride, ferric chloride, 

and potassium hydroxide were used without further purification. 
The o- and p-hydroxybenzoic acids were purchased from East
man, the m-hydroxybenzoic acid from Aldrich, and the 2,4-dihy- 
droxybenzoic acid from Matheson Coleman and Bell. These com
pounds were also used without further purification. The former 
acid buffer was prepared from formic acid (Matheson Coleman 
and Bell) and sodium formate (B and A grade, Specialty Chemi
cals Division, Allied Chemical Co.) while the acetic acid buffer 
was prepared from glacial acetic acid (B and A grade, General 
Chemical Division, Allied Chemical Co.) and sodium acetate 
trihydrate (Analytical Reagent, Mallinckrodt Chemical Works). 
Dioxane was refluxed over and distilled from sodium prior to use.

3,4-Oxo-2,5-dihydrobenzoic Acid (2). To a suspension of 84.2 g 
(0.68 mol) of 2,5-dihydrobenzoic acid11 and 10 g of anhydrous 
NaOAc in 1250 ml of CHCI3 was added dropwise 168 g (0.88 mol) 
of 40% peracetic acid. The mixture was stirred overnight at room 
temperature, extracted with two 300-ml portions of saturated 
aqueous NaCl, dried (MgSOA, filtered, and evaporated to give 
off-white crystals that were recrystallized from CHC13 to give 65.5 
g (69%) of 2 : mp 149-150°; ir (CHC13) 3600-2300 (broad), 1700, 
1655, 1425, 1305, 1275, 950, 885 cm '1; nmr (CDC13, DMSO-d6) 5
9.16 (broad s, 1 H), 6.80 (m, 1 H), 3.30 (m, 2 H), and 2.70 ppm 
(m, 4, H).

Anal. Calcd for C7H80 3: C, 59.99; H, 5.75. Found: C, 59.82; H, 
5.55.

Trimethylsilyl 3,4-Oxo-2,5-dihydrobenzoate (3). A mixture of
59.0 g (0.42 mol) of 2 and 55.0 g (0.42 mol) of jV-(trimethylsilyl)- 
acetamide in 450 ml of CCI4 was heated under reflux for 1 hr. The 
mixture was cooled, the acetamide was filtered, the solvent was 
evaporated, and the residual oil was distilled to give 72.1 g (81%) 
of 3: bp 77-82° (0.15 mm); ir (CCb) 2990, 2955, 2895, 2800, 1695, 
1660, 1440, 1420, 1410, 1395, 1365, 1345, 1300, 1265, 1250, 1210, 
1080, 1050, 1005, 950, 850 cm '1; nmr (CDC13) 0 6.83 (m, 1 H),
3.38 (m, 2 H), 2.73 (m, 4 H), and 0.33 ppm (s, 9 H).
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4-Carboxyoxepin-4-Carboxybenzene Oxide (1). To a solution 
of 5.43 g (25.5 mmol) of 3 in 50 ml of CCU was added 4.54 g (25.5 
mmol) of A-bromosuccinimide and the mixture was heated under 
reflux and irradiated for 0.5 hr. The mixture was cooled, the suc- 
cinimide was filtered, and the solvent was evaporated to give a 
bromide mixture which was used without further purification. 
The bromide mixture was dissolved in 50 ml of ether, 3.34 g (33 
mmol) of triethylamine was added, and the mixture was stirred 
overnight at room temperature. The precipitated triethylamine 
hydrobromide was removed by filtration and the ether was evapo
rated to give a red-brown oil that was triturated with hexane. 
The hexane solution was decanted and evaporated under reduced 
pressure to give a red-orange oil that was distilled under reduced 
pressure to give 1.65 g (31%) of 4: bp 85-90° (0.1 mm); ir (CCI4) 
3030, 2950, 2885, 1695, 1635, 1575, 1450, 1320, 1280, 1255, 1235, 
1100, 1075, 990, 950, 850 cm '1; nmr (CCU) 5 7.07 (d, 1  H, J = 6 
Hz), 6.18 (d, 1 H, J  = 6 Hz), 5.63 (m, 3 H), and 0.33 ppm (s, 9 
H).

To a solution of 0.4 g (2 mmol) of 4 in 1  ml of CCU was added 
40 m 1 of water and 60 pi of CH3OH. The mixture was kept at 
room temperature for 45 min with occasional shaking and the sol
vents and trimethylsilyl alcohol were evaporated under vacuum 
to give 0.28 g (100%) of 1 that was recrystallized from hexane as 
light orange needles: mp 94-98°; uv max (hexane) 306 nm (e 
2010); ir (CCU) 3350-2400 (broad), 1695, 1640, 1610, 1580, 1430, 
1400, 1280, 1240, 1105, 1080, 950 cm -1; nmr (CCU) « 1 1 .1 0  (broad 
s, 1 H), 7.05 (d, 1 H, J = 6 Hz), 5.95 (d, 1 H, J  = 6 Hz) and 5.42 
ppm (m, 3 H).

Anal. Caled for C7H60 3: C, 60.86; H, 4.38. Found: C, 61.06; H,
4.15.

Kinetic Measurements. The kinetic reactions were run in ei
ther deionized and glass-distilled water or in 50% aqueous diox- 
ane. In both solvents the temperature was held at 30.0 ± 0.1° and 
the ionic strength was maintained at p = 0.2 with potassium 
chloride. With the exception of the buffer dilutions, all reactions 
were carried out in a thermostated pH-stat cell designed for use 
in a Cary 15 spectrophotometer.12

The reactions run in water were followed by monitoring the ap
pearance of products at 233 nm below pH 6, and at 235 nm at 
higher pH values. Those run in 50% aqueous dioxane were fol
lowed by monitoring both product formation at 260 nm and arene 
oxide disappearance at 330 nm. These wavelengths were chosen 
because they represent the wavelengths at which the maximum 
change in absorbance occurs. Each reaction was initiated by the 
addition of a small amount of solid 4-carboxybenzene oxide to 
give a concentration of 10_5-10-® M.

The reactions were clearly first order without the intervention 
of any detectable intermediates. When the reactions were fol
lowed by repetitive scanning, tight isosbestic points were estab
lished. In water, the isosbestic points appeared at 280 nm at pH
4.0 and at 299 nm at pH 8 .6 . In 50% aqueous dioxane they ap
peared at 307 nm at pH 2.9 and at 300 nm at pH 10.3. Pseudo- 
first order rate constants for all reactions were calculated by 
least-squares analysis of plots of In (A® -  Ao)/A„, -  At) vs. time 
on a Hewlett-Packard 9820A calculator. The plots were all linear 
over at least 2 half-lives.

For the buffer dilutions the reactions were run in cuvettes. At 
each pH, the reaction was run at five different buffer concentra
tions. The reactions were carried out in a Cary 16 spectrophotom
eter so that all five reactions could be run simultaneously. As be
fore, the reactions were followed by monitoring the change in ab
sorbance at 233 nm. Pseudo-first order rate constants were calcu
lated for each reaction as described above.

Product Analysis. Product analysis was carried out spectro- 
photometrically. At the end of each reaction the pH was adjusted 
to 7.0 and the spectrum was recorded. The following simultaneous 
equations were then solved for the concentrations of p-hydroxy- 
benzoic (Cp) and m-hydroxybenzoic acid (Cm) in solution. In

A a, =  arm bCv +  am.mbCm

A 245 =  a \ ibbC9 +  am246bCm
these equations, A235 and A245 are the absorbances at 235 and 
245 nm, respectively, b is the path length of the cell in centime
ters, and aP and am are the absorptivities of p- and m-hydroxy
benzoic acids at the respective wavelengths. The products aP23sb, 
am235b, £zp245&, and am2i5b were determined from the spectra of a 
set of standard solutions containing the same total concentration 
but different ratios of the isomeric m- and p-hydroxybenzoic 
acids. These particular wavelengths were chosen because calcula

tions using the parameters determined at these wavelengths re
sulted in the best agreement when solutions of known concentra
tions were analyzed. The accuracy of this method is limited to 
±5%.

The presence of o-hydroxybenzoic acid was analyzed for by 
mixing an aliquot of the reaction products with a 20% solution of 
ferric chloride in 0.1 N  HC1.13 Control runs using both salicylic 
acid and 2,4-dihydroxybenzoic acid resulted in the formation of a 
dark brown complex which absorbs strongly in the region 550-530 
nm. When this test was applied to the products of the hydrolysis 
of 4-carboxybenzene oxide, no absorbance was detected in the 
specified region.

Results
The synthesis of 1 was accomplished as indicated in 

Scheme II. Epoxidation of 2,5-dihydrobenzoic acid with 
peracetic acid afforded 2, that was converted to 3 by reac
tion with N-trimethylsilyl acetamide. Allylic bromination 
of 3 with IV-bromosuccinimide gave a mixture of mono
bromides which afforded 4 on treatment with triethyl
amine in ether. Ester 4 was hydrolyzed to the carboxylic 
acid 1 by treatment of a carbon tetrachloride solution 
with a small amount of aqueous methanol.

Scheme II

:o 2h  c o 2r  c o , r  c o 2r

2 ,  R  =  H  4, R  =  Me3S i

3 ,  R  =  Me:tS i 1, R  =  H

The rate of aromatization of 4-carboxybenzene oxide 
was measured over the pH range 0-10.5. The reactions 
were carried out in water at 30°, with p = 0.2. The result
ing log fc0bsd vs. pH profile is shown in Figure 1. The solid 
line which best fits the experimental data was generated 
by computer from eq 1, where aH = hydrogen ion activity

ôbsd
^H°H2 +  k 'ua HK !, +  k'0K  a 

Aa + «H (1)

as determined with the glass electrode and k H = 8.50 x 
1 0 '2 M - 1 s e c -1, k 'H = 4.25 A T 1 s e c -1, k 'a = 3.50 x  10 -4 
sec-1 , and p K a = 3.70. The dotted line in Figure 1 was 
generated from eq 2 assuming k0 = 3.50 X lO-4  sec-1 and 
ku  = 8.50 X 10 -2 M ' 1 s e c -1. The inability of eq 2 to fit 
the experimental data is evidence for observable, aromatiza
tion rates for both la and lb.

¿obsd =  k0 +  kHa H (2)

The products of the aromatization of 4-carboxybenzene 
oxide are m- and p-hydroxybenzoic acid. The absence of
o-hydroxybenzoic acid was shown by mixing aliquots of 
the reacton products with a 20% solution of ferric chloride 
in 0.1 N  HC1. The lack of absorbance by the solutions in

Figure 1. Plots of log A[)bsd vs. pH at 30°. The solid line was gen
erated by computer from eq 1. The dashed line was generated by 
computer from eq 2.
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Figure 2. Plot of mole fraction meta vs. pH. The line was gener
ated by computer from eq 3.

the region 530-550 nm is proof that o-hydroxybenzoic acid 
was not present in the products. The product ratio (i.e., 
meta/para) was found to be pH dependent. A plot of mole 
fraction meta us. pH is shown in Figure 2. The line which 
best fits the experimental data was generated from eq 3.

A k y .a J - +  B k ' Ha HK a +  C k '0K a
Mole fraction meta =  --------------------- -----------------------------

"b k T  k qK a
(3)

In this equation, A is the mole fraction of meta isomer 
produced via k h , B  is the mole fraction of meta produced 
via k H', and C is the mole fraction of meta via k ' Q. The 
values calculated for these constants are A = 0.93, B =
0.56, and C = 0.49.

The effect of total buffer concentration on the rate of 
aromatization is shown in Table I. The buffer at pH 4.41 
was prepared from a mixture of acetic acid and sodium 
acetate, while the buffer at pH 3.42 consisted of formic 
acid and sodium formate. The lack of any significant con
centration dependence is evidence that general acid catal
ysis is not operative with either acetic or formic acids.

Discussion
The kinetics of the aromatization of 4-carboxybenzene 

oxide are essentially the same as those observed for the 
aromatization of benzene oxide. The only difference lies in 
the number of rate terms needed to describe the pH de
pendence of the reaction. Owing to the presence of an ion- 
izable carboxyl group, 4-carboxybenzene oxide can exist in 
solution as either a neutral molecule (la) or as a negative
ly charged carboxylate anion (lb). Since each of these 
species can react by both a spontaneous and an acid-cata
lyzed path, the overall reaction would be as shown in 
Scheme III. Thus, the rate expression used to describe

Scheme III

this reaction should incorporate all four rate constants, 
plus the equilibrium constant, X a, for the acid dissocia
tion. The equation derived for this reaction is eq 4. In this

k HaH2 +  k0a H +  k 'HaHK a +  k '0K a
«obsd =  ------------------------------------------------- (4)

K  a +  aH

equation k H and k 0 represent the acid-catalyzed and 
spontaneous aromatization of la, while k 'H and k '„  denote 
the corresponding rates for lb.

Figure 3. Plots of log kobs6 vs. pH. The dashed line was generat
ed from eq 4, where Fh = 8.50 x 10-2 M _1 se c '1, ka = 9.00 X 
10-3 sec-1, k'u = 4.25 At-1 sec-1, k '„  = 3.50 x 10-4 sec-1, and 
pKa = 3.70. The solid line is the same as that shown in Figure 1.

Table IEffect of Total Buffer Concentration on the Rate of Aromatization of 4-Carboxybenzene Oxide
Total buffer ,-------- Æobsd X 104, sec -1----- —>

concn, M  pH 3.42 pH 4.41

0.01 5.84 4.01
0.0075 6.56 4.32
0.0050 6.37 4.30
0.0025 6.87 4.49
0.0010 6.67 4.58

If all four rate processes included in Scheme III (eq 4) 
are competitive with each other, then the log feobsd vs. pH 
profile predicted for I would be as shown in Figure 3, 
where kH = 8.50 X 10-2 M -1 sec-1 , kQ = 9.0 X 10-3 
sec-1 , k 'u  = 4.25 M -1 sec-1 , and k'o = 3.50 x  10-4 
sec-1 . This profile contains plateau regions for both k 0 
and k '0, plus acid-catalyzed regions for k H and k ' H. The 
experimentally observed log feobsd vs. pH profile is shown 
in Figure 1. The only difference between the predicted 
and observed profiles occurs in the pH range 1.5-5.0. Al
though the observed profile does include an inflection in 
this region, a distinct plateau is not observed. The rate 
expression which best fits the experimental eq 1 differs 
from eq 4 in that the rate constant (fe0) for the spontane
ous aromatization of la is absent. The omission of this 
rate constant may be justified if one considers the effect 
substituents have on the reaction rate. The p for the aro
matization of a series of substituted arene oxides has been 
determined to be 7.6 in 50% dioxane-water. The value 
of <r+ for the carboxyl group is +0.42, while the corre
sponding value for the carboxylate anion is -0 .02 . If p = 
—7.6, then k '0 should be greater than fe0 by a factor of 
~1200. Since k 'D = 3.50 x  10-4  sec-1 , the value for k 0 
would be ~4.2  X 10-7 sec-1 . A reaction associated with 
such a small rate constant would not be competitive with 
the other processes. Further justification for this treat
ment can be obtained by comparing the difference be
tween k H and k 'u . Even if this 50-fold difference is all 
that applies to the spontaneous rates, that would still cor
respond to a k Q of ~ 7  X 10-6  sec-1 . It is unlikely that a 
reaction this slow would be observable under our condi
tions.

As shown in Figure 2, the product ratio is different for 
various reaction paths. While the ratio of m- to p-hydrox- 
ybenzoic acid is essentially 1:1 for both the acid-catalyzed 
and spontaneous aromatization of lb, the meta isomer is 
the major product for the aromatization of la. Again, pos
sible justification can be found in the electronic effects of 
the substituents. Since the carboxylate anion has a very 
small substituent constant (cr+ = -0 .02 ), its presence 
should have little influence on the 7r-electron system of 
the ring. Therefore, regardless of whether the oxirane ring
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opens to form an incipient carbonium ion at the 1 or 2 po
sition, both would be allylically stabilized by the adjacent 
double bond (eq 5). On the other hand, the protonated

OH

cor co2 co2 co2 cor
(5)

carboxyl is strongly electron withdrawing (<r+ = +0.42). 
This effect should be particularly significant on the 7r 
electrons of the double bond between carbons 3 and 4. As 
a result, these electrons would not be as available for sta
bilization of a positive charge as would the electrons in 
the 7r bond between carbons 5 and 6. Consequently, the 
opening which leads to formation of the meta isomer 
would be of lower energy than the opening which leads to 
the p-hydroxybenzoic acid, as shown in eq 6.

co2h co2h  co2h

In an effort to correlate the reaction of I with the reac
tion of previously studied arene oxides, the rate of aroma- 
tization of I was measured in 50% dioxane-water. At high 
pH the reaction was first order. Although the observed 
rate constant was smaller than that predicted from the 
<j+p plot, the agreement was not unreasonable. At pH 0.5, 
the reaction exhibited biphasic kinetics. This was possibly 
due to some type of nucleophilic participation by the di
oxane oxygens. In conjunction with this, it was found that 
I also undergoes some sort of transformation on standing 
in THF. The reaction probably involves rearrangement of 
1 to a mixture of m- and p-hydroxybenzoic acid that

undergoes nucleophilic addition to 1 to afford a mixture of 
products (5). The transformation is analogous to the for-

5

mation of trans-6-phenoxycyclohexa-2,4-dien-l-ol from ox- 
epin-benzene oxide.14
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The esr spectra of terf-butyl radicals are observed during the reactions of various alkoxy radicals with terti
ary alcohols containing one or more fert-butyl groups. The homolytic fragmentation of the alcohol is attributed 
to hydrogen transfer from the hydroxylic function to the alkoxy radical. Structural factors pertinent to the alco
hol and alkoxy radical are explored in hydrogen transfer reactions of the hydroxyl group. Hydrogen bonding of 
alcohols to HF strongly inhibits the transfer of hydrogen from a hydroxylic function.

In solution, the majority o f alcohols are preferentially 
attacked by free radicals at the a-CH bond, with the ex
ception of tertiary alcohols, of course. The resulting a- 
hydroxyalkyl radicals have been trapped by olefins and 
their electron spin resonance spectra examined.1“4

Abstraction of the hydroxylic proton has been less com
monly observed. For example, deuterium-labeling studies 
indicate that methanol reacts with methyl radicals in so
lution at the carbon-hydrogen bond 15 times faster than 
at the hydroxylic position at 30°.5-7 The activation energy 
for hydrogen abstraction by methyl radical has been esti-

CH3 +  OH.OH
CH2OH +  CH4 (1)

CB3O  +  CH4 (2)
mated to be 8.4 kcal/mol, which is approximately 3 kcal/ 
mol higher than that of the corresponding reaction with 
methoxy radical.8 Thermodynamic factors also favor ab
straction from the a-CH bond by 5-10 kcal/m ol.9 ’10 

In the gas phase, however, the relative rates of reactions 
1 and 2 are reversed, and the O -H  bond is preferentially 
broken. Solvent effects on the reactions of hydroxyl groups 
and free radicals could be partly accounted for by the dif-
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ferences in hydrogen bonding in the initial and final 
states.1 1 -12  Methoxy radical has been established as the 
most abundant species produced in the 7 -radiolysis of liq
uid methanol.1 3 -14

CH3OH -------► CH30  +  H-
The competition between the removal of a hydrogen 

from an a carbon or oxygen is not readily ascertained. 
Thus, the esr spectra of alkoxy radicals, unlike those of 
alkyl radicals, are broadened beyond detection in solution, 
and this direct technique is not an adequate probe for de
tecting these oxygen-centered radicals in solution .15 
Chemical and spin traps have been used for alkoxy radi
cals derived from various alkyl peroxides and other pre
cursors except alcohols.16' 18

In the course of our investigations of oxygen-substituted 
alkyl radicals from tertiary alcohols, 19 we unexpectedly 
observed the esr spectra of alkyl radicals derived from the 
fragmentation of the alcohol, e.g.

(CH3)3CC(CH3)2OH + RO- -ft*- (CH3)3C-

The results are most readily accommodated by postu
lating the ready formation and subsequent ¿¡-scission of an 
alkoxy radical intermediate according to eq 3 and 4.

(CH3)3CC(CH3)2OH +  RO- — ► (CH3)3CC(CH3)0- +  ROH (3) 

(CH3)3CC(CH3)20- —  (CIUC- +  (CH3)2CO (4)

In this paper we wish to present our study of the homo- 
lytic transfer of hydrogen from alcohols. After this work 
was largely completed, Griller and Ingold reported similar 
results.20

Results and Discussion
The photolysis of di-tert-butyl peroxide (DTBP) with 

ultraviolet radiation constitutes a useful technique for the 
generation of te rt-butoxy radicals in solution for a variety 
of esr studies.21

Bu'OOBu 2Bu'0- (5)
Bu'O- +  RH — * Bu'OH +  R- (6)

Hydrogen Transfer from tert-Butylcarbinols. The in
tense esr spectrum of the ferf-butyl radical shown in Fig
ure 1  with resolved second-order splittings was obtained 
when a cyclopropane solution of DTBP and tert-butyldi- 
methylcarbinol (triptyl alcohol) was irradiated in the cav
ity of the esr spectrometer. The spectrum appeared im 
mediately upon irradiation of the solution and was essen
tially unchanged between -1 4 0  and —30°. The same spec
trum was also observed when tert-butyldimethylcarbinol 
was treated with dicumyl peroxide, which shows unequiv
ocally that the teri-butyl radical was derived from the 
carbinol. Furthermore, the esr spectrum of the ieri-butyl 
radical was derived from a variety of tertiary carbinols 
containing one or more a-terf-butyl substituents as listed 
in Table I, including tri-iert-butylcarbinol, which has no ¿? 
hydrogen. The latter precludes the possibility of the 
cleavage proceeding via a carbon-centered species such as 
that in eq 7. Furthermore, we did not observe the esr

•CH,
I '

(CH3)3CCOH — V (CH3)3C- +  CH2=C(OH)CH3 (7)

ch3

spectrum of this parent species, 22 which is in accord with 
previous studies indicating that abstraction of methyl pro
tons by te r t-butoxy radicals to be a relatively slow and 
unimportant process.2 1 The spectrum in Figure 1, how-
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O-

F ig u r e  1 . E s r  spectrum  of the t e r t -b u ty l ra d ic a l a n d  the cyclopropyl ra d ic a l from  the reaction of te r i-b u tv ld im e th y lc a rb in o l w ith  ter t-  
butoxy ra d ic a l in  cyclopropane solution. Inset below shows resolved second-order sp littin g s for part of the spectrum  of te rf-b u ty l ra d ic a l. 
Proton n m r fie ld  m arkers are in  k ilo hertz.

ever, does show the presence of cyclopropyl radicals de
rived from the solvent, in addition to an unidentified 
broad absorption centered at (g) =  2.0028, which we have 
been unable to resolve further. The products of the pho
tolysis under these conditions were not examined quanti
tatively. However, qualitative analysis indicated that sig
nificant amounts of pinacolone and te rt-butyl alcohol are 
derived from di-tert-butylmethylcarbinol, which is consis
tent with the process described in reaction 8.

(C H 3)3C  c h 3

+  B u 'O - — *  0

(C H 3)3C  x o h  II
B u 'O H  +  (C H 3)3C -  +  (C H 3)3C C C H 3 (8)

Abstraction o f hydrogen from alcohols was also exam
ined with other oxygen-centered radicals. With tert-amyl- 
oxy radicals derived from di-tert-amyl peroxide, the rate 
of /i-scission was apparently too fast to compete with hy
drogen abstraction, and only the esr spectrum of the ethyl 
radical was observed in the presence of triptyl alcohol. In
dependent studies have shown that reaction 9 is roughly

C H .,C H 2C (C H 3)20 -  —  C H 3C H 2- +  (C H 3)2C O  (9)

300 times faster than the cleavage of tert-butoxy radical 
and has an activation energy that is smaller by at least 10 
kcal/m ol.23 Diisopropyl peroxide under the same condi
tions afforded only the spectrum of a-hydroxyisopropyl 
radical, which is derived from isopropyl alcohol produced 
during the rapid induced decomposition of the peroxide,24
e.g.

(C H 3)2C H O - +  (C H 3)2C H O O C H (C H 3)2 — ►

(C H 3)2C H O H  +  (C H 3)2C H O O C (C H 3)2 (10) 

(C H 3)2C H O O C (C H 3)2 — -  (C H 3)2C O  +  (C H :,)2CHO -

(C H 3)2C H O - +  (C H 3)2C H O H  —  (C H 3),C H O H  +  (C H 3)2C O H

Hydrogen peroxide (90%) was too insoluble in the hydro
carbon medium to be useful.

If polar effects in the transition state for hydrogen ab
straction are considered, the rate should be enhanced by 
electronegative species such as trifluoromethoxy radicals 
owing to the participation of structures such as lb. Con-

R O  +  R 'O H  — -

[ R O H —O R ' ■*—*■ R C T H ^ O R ']*  — *■ p ro d u c ts  (11) 

l a  lb

sidering this possibility, we were disappointed to find that 
photolysis of solutions of bis(trifluoromethyl) peroxide and 
tert-butylcarbinols afforded only the esr spectrum of the 
solvent-derived radicals, i.e., cyclopropyl and 7 -fluoropro- 
pyl. The latter is presumably derived from fluorine atom 
via fragmentation of the intermediate trifluoromethoxy 
radical followed by ring opening of cyclopropane. We in
terpret the lack of attack on alcohol under these condi
tions to the strong hydrogen-bonding properties of hydro
gen fluoride liberated during the spontaneous decomposi
tion of trifluoromethanol. Deactivation of the alcohol can 
be shown independently by the deliberate addition of an
hydrous hydrogen fluoride to a pentane solution of triptyl 
alcohol and DTBP. Subsequent photolysis of the mixture 
afforded only the esr spectrum of the solvent-derived radi
cal.

C F sO- +  R O H  — ^  CF3O H  +  R- (12)
foGl

CF:iOH — ► F 2C O  +  H F  

R O H  +  H F  — ► R O H - F - H

Structural Effects of the Alcohol in Hydrogen Transfer. A variety of other alcohols listed in Table II were also 
examined in the presence of DTBP under similar condi
tions. In accord with previous studies, methyl alcohol af
forded the esr spectrum of the hydroxymethyl radical and 
the spectrum of a-hydroxyisopropyl radical was observed 
with isopropyl alcohol. No resolvable spectrum was ob
tained from fert-butyl alcohol with the use of either tert- 
butoxy or trifluoromethoxy radical as the abstracting 
agent. The absence of the spectrum of /3,/3-dimethyl-/3- 
hydroxyethyl radical is in accord with the general inert
ness of methyl protons under these conditions (vide 
supra).

A number of simultaneous processes can be observed 
with isopropyldimethylcarbinol. Thus, this alcohol in the 
presence of tert-butoxy radical affords the spectrum of 
isopropyl radical in addition to that of the alcohol-derived 
radical II in eq 13. In the latter regard it is interesting to
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Table II
Reactions of Alcohols with Alkoxy Radicals

Alcohol
Alkoxy
radical®R2 R3 Registry no. Radical observed Registry no. Hyperfine splitting, G

H
H

H
H

H
H

67-56-1 Bu'O •
c f 3o -

HOCH--
KOCH,- 2597-43-5 facH2 = 17.95 

Iuoh =  1.63 2.00327
H
H

CHa
c h 3

CH,
c h 3

67-63-0 Bu'O •
c f 3o -

H 0 0 (C H s)2
h o ô (c h 3)2 5131-95-3 |«chi =  19.35 

\aoH = 0.93 2.00316
c h 3 c h 3 c h 3 75-65-0 Bu'O ■ c h 3- 2229-07-4 Not observed
c h 3 c h 3 c h 3 c f 3o - HO(CH3)2CCH2- 5723-74-0 Not observed
c h 3 c h 3 (CH3)2CH 594-60-5 Bu'O • (CH3)2C H ’ 2025-55-0 fa* = 21.87 

1ap = 24.60 2.00268
HO(CH3)2C 0(C H 3)2 51392-66-6 acn2 = 22.63 2.00268

c h 3 c h 3 (CH3)2CH c f 3o - A •, f c h 2c h 2c h 2-

“ Bu'O from DTBP, CF30  • from bis(trifluoromethyl) peroxide in cyclopropane solutions. b Measured at —80°.

(C H 3),CC(CH .|)2O H  +  B u 'O H  (13)

/
(C H ,)2C H C (C H 3)2O H  +  B u'O - n\

(C H 3)2C H C ( C H 3)20 - +  B u 'O H  (14a)

I
(C H 3)2C H - +  (C H 3),C 0  (14b)

note that the ierf-butylcarbinols in Table I containing 
more highly congested isopropyl groups did not afford esr 
spectra of analogous species. Variation of the temperature 
between -1 4 0  and —40° during photolysis did not appre
ciably alter the intensity of the esr spectrum of isopropyl 
radical relative to that of II.

Abstraction of hydrogen from the side chain appears to 
be a dominant process with other tertiary alkyldimethyl- 
carbinols we examined. Thus, the benzyl-, alkyl-, and cy- 
clopropyldimethylcarbinols on similar treatment afforded 
no spectrum of the alkyl radical resulting from fragmenta
tion of the alcohol. Instead, only the spectra of the radi
cals derived by reactions at the alkyl groups were present, 
but their structures were not examined further.

Rates and Intermediates in Hydrogen Transfer from Alcohols. The simultaneous observation of the esr spectra 
of cyclopropyl and tert-butyl radicals during the photoly
sis of a cyclopropane solution of tri-iert-butylcarbinol and 
DTBP s u g g e s t s  t h a t  t h e  r a t e  o f  h y d r o g e n  t r a n s f e r  f r o m  t h e  
alcohol may be based on the following competitive scheme

B u 'O ’ +  R O H R O - +  B u 'O H (15 )

B u 'O - +  S H S- +  B u 'O H (16)

R O - +  S H S- +  R O H (17)

RO- B +  (CH 3),C O (18)

h
-, B ' +  2 x í  — *  n o n ra d ic a l products (19)

where S- and B- represent cyclopropyl and tert-butyl radi
cals, respectively. The bimolecular rate constants k s  are 
assumed to be the same for S- and B- and to include only 
interactions with other radical species £xt extant in solu
tion. Under these simplifying conditions the steady-state 
concentrations of S- and B- are given by eq 20, if fe2 -- k 3.

1 /  [ROH ] X  10 “1 liter mol-1
Figure 2. R e la tiv e  concentrations of cyclo p ro p yl and te rt-b u ty l 
ra d ica ls  from  the reaction of t r i- ie rt -b u ty lc a rb in o l a n d  te rt-b u - 
toxy ra d ic a l in  cyclopropane solution at —80°. T h e  lin e a r  plot was 
constrained to pass close to the orig in, since k 2[S H ]/ k i  in  eq 20 is 
sm a ll.

ing and Padwa.25 Thus, we conclude that the rate of hy
drogen transfer from tri-tert-butylcarbinol is about a fac
tor of 102 faster than transfer from cyclopropane.26

Although the foregoing conclusion is based on the com
petitive kinetic scheme presented in eq 15-19, it is not 
necessary that the hydrogen transfer from the alcohol lead 
d i r e c t l y  to an alkoxy radical as given in eq 15. Thus, an 
equivalent kinetic result is obtained if hydrogen transfer 
is accompanied by the simultaneous scission of the t e r t -

[(CH3)3C]3COH +  B u 'O - — *-
(C H 3)3C - +  [ ( C H 3)3C ]2C O  +  B u 'O H  (2 1)

butyl-C« bond according to eq 21. Equation 21 is equiva
lent to the separate processes represented in eq 15 and 18.

A necessary and sufficient condition for distinguishing 
between these two mechanisms is to show that an alkoxy 
radical is a discrete intermediate. The latter must be car
ried out by indirect experiments, since alkoxy radicals 
generally cannot be observed by esr studies in solution. 
Previous studies showed that trialkyl phosphites are effi
cient traps for alkoxy radicals and lead to phosphoranyl 
adducts III with large phosphorus splittings.27 Griller and

[B-]
USHJ /  feJSH] +  k 4 1 \

k 4 V ¿i [ROH]/ (20)

Indeed, the relative concentration [S-]/[B-] at -80 ° is 
shown to be a linear function of l/[R O H ] in Figure 2. The 
slope of 0.07 is approximately equal to ^ (S H I/fe i, since 
k 3/k ,4 is less than 1/300 according to the studies by Wall

R O - +  P (O R ')3 — *• R O P (O R ')3 (22)

m
Ingold recently showed that the phosphorus splitting of ap 
= 890.3 G for the t e r t -  butoxy adduct can be resolved from 
that of the triptyloxy adduct produced simultaneously 
during the photolysis of triptyl-tert-butyl peroxide in the 
presence of triethyl phosphite.20’28
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Table IIIEsr Parameters of Alkoxy Adducts to Triethyl Phosphite
Hyperfine

-ROOR' source---------------------- . Phosphoranyl adduct splitting
R R' Registry no. Solvent“ ROP(OEt)3 Registry no. op, G5 (e)c

(CH3)3C (CH3)3C 110-05-4 C-ROH (CH3)3C 36761-40-7 884.6 2.003
(CH3)3C (CHs)3C C-MeOH (CH3)3c 8 8 6 .0
(CH3)3C (CH3)3CC(CH3)2 6766-51-4 C (CH3)3C 882.7
(CH3)3C (CH8),CC(CH,)j (CHs)3CC(CH3) 2 51392-68-8 897.0 2.003
c h 3 (CH3)3C 51392-67-7 C (CH3)3C" 884.6
CH3CH2C(CH3)2 CH3CH2C(CH3)2 20639-96-7 C CH3CH2C(CH 3)2 51392-69-9 887.4 2.003

“ C = cyclopropane, ROH = triptyl alcohol. 6 Corrected to second order. c Corrected to second order using the Breit-
Rabi equation: P. W. Atkins and M . C. R . Symons, “ The Structure of Inorganic Radicals,”  Elsevier, Amsterdam, 1967. 
d Methoxy adduct may be unresolved.

We have been unable to trap triptyloxy radical as a 
phosphite adduct during photolysis of various mixtures of 
triptyl alcohol, DTBP, and triethyl phosphite at different 
temperatures. The esr spectrum consisted of the super
position of the spectrum of the te rt-butoxy adduct ID in 
Table ID and that of the tert-butyl radical. The origin of 
the latter is ambiguous since it is known that the tert- 
butoxy adduct ID (R = feti-butyl; R ' = ethyl) affords 
te rt-butyl radicals by a competitive /3-scission.27 In order

(C H 3)3C O P (O E t )3 —  (C H 3)3C- +  O P (O E t )3 (23 )

to obviate this difficulty, we employed di-ieri-amyl, di- 
cumyl, and bis(trifluoromethyl) peroxides in place of 
DTBP, but we were unable to observe the spectrum of ei
ther the triptyloxy adduct III or fert-butyl radical. We 
have also been unable to observe the spectrum of 
a,a,/3,/3-tetramethylpropyl radical possibly derived from 
the scission of the triptyloxy adduct ID.29

The results up to this point unfortunately leave open 
the question of whether hydrogen transfer from alcohols is 
synchronous with the cleavage of an alkyl group.30 Other 
competing reactions notwithstanding, the absence of alkyl 
cleavages in benzyl- and alkyldimethylcarbinols suggests 
that the driving force from such a contribution is probably 
not large.

Summary and Conclusions
A variety of tertiary alcohols, especially those with one 

or more terf-butyl groups, are shown to be readily cleaved 
by photochemically generated ierf-butoxy radicals. The 
reaction proceeds by hydrogen transfer from the hydroxy- 
lic function of the alcohol to feri-butoxy radicals. How
ever, probing experiments have not yet proved whether 
hydrogen transfer and cleavage are synchronous processes. 
Examination of various alkoxy radicals from peroxidic 
precursors indicates that tert-butoxy is more effective 
than cumyloxy, terf-amyloxy, and trifluoromethoxy radi
cals. The ineffectiveness of ferf-amyloxy radical is due to 
a competing /3-scission. Hydrogen fluoride which is spon
taneously formed from trifluoromethanol is strongly hy
drogen bonded to alcohols and inhibits hydrogen transfer 
to trifluoromethoxy radical. Hydrogen bonding varies in 
alcohols owing to steric effects32 and it may generally play 
a role in determining which alcohols are particularly sus
ceptible to hydrogen transfer.33 Quantitative knowledge of 
the steric crowding about the hydroxylic function and the 
nature of the hydrogen bonding in alcohols would help in 
establishing this relationship. This system merits further 
study to establish these points.

Experimental Section
Materials. D i-te r t-b u ty l p e ro x id e  w as o b ta in e d  from  S h ell 

C h em ica l C o ., rep ea ted ly  w ashed  w ith  w ater, d ried  over  ca lc iu m  
ch lor id e , p assed  th rou gh  an a c t iv a te d  a lu m in a  co lu m n , an d  red is 

t ille d  at re d u ce d  pressure p rior  to  use. B is (tr if lu o ro m e th y l)  p e ro x 
id e  w as ob ta in e d  from  P C R , In c . an d  u sed  as su ch . D i-te r t-a m y l 
p erox id e  w as p rep a red  b y  the  p roced u re  o f  R a le y , R u st , and  
V a u g h a n , 34 a n d  w as red ist illed  in vacuo a n d  fin a lly  p u r ified  b y  
e lu tion  o f  a p en ta n e  so lu tion  from  an a c t iv a te d  a lu m in a  co lu m n . 
D iiso p ro p y l p e ro x id e  w as p rep ared  b y  the  m e th o d  o f  P ryor , et 
al.u  D ic u m y i p e ro x id e  w as o b ta in e d  from  H e rcu le s  C h e m ica l C o . 
an d  p u r ifie d  b y  a lu m in a  ch rom a tog ra p h y  fo llo w e d  b y  re cry sta lli
za tion  from  p e n ta n e . T r ie th y l p h osp h ite  from  V ic to r  C h e m ica l 
C o . w as d is tille d  o n ce  a t  a tm osp h eric  pressure  u n d er  n itrogen  an d  
th en  re d is t illed  from  sod iu m  m eta l a t re d u ce d  pressu re . T r ip ty l-  
te rt-b u ty l p e ro x id e  w as p rep a red  b y  th e  m e th o d  o f  M ila s  and  
P erry 35  an d  p u r ified  b y  red is t illa t ion  at red u ced  p ressure .

T r ip ty l a lco h o l w as p rep a red  from  p in a co lo n e  an d  m e th y lm a g - 
nes ium  b ro m id e 36 an d  a p u re  sa m p le  w as sep arated  b y  p re p a ra 
tive  gas ch ro m a to g ra p h y  on  a 5 ft  15%  C a rb ow a x  20 M  c o lu m n  on  
3 0 /6 0  m esh  C h ro m o so rb  P  (A W ) a t  150°. T r ip ty l  a lco h o l, lik e  o t h 
ers in th e  series, is ex trem ely  h y g ro sco p ic . M e th y ld i-te r t -b u ty l-  
ca rb in o l, e th y ld i-te r t -b u ty lca rb in o l, m e th y liso p ro p y l-te r t-b u ty l-  
ca rb in o l, m e th y l-te r t -b u ty lp h e n y lca rb in o l, an d  d im e th y liso p ro - 
p y lca rb in o l w ere p rep a red , ch a ra cterized , an d  g en erou s ly  d on a ted  
b y  D r . G . F . M e ie r .3 1  T r i- te r t -b u ty lc a r b in o l38  a n d  is o p ro p y ld i-  
te rt -b u ty lca rb in o l were o b ta in e d  as g ifts  from  P ro fessor  V . J . 
Sh in er, Jr., an d  p u r ifie d  b y  v a cu u m  su b lim a tio n .

Sample Preparation. S a m p le s  w ere p rep a red  on  a v a cu u m  line 
and  th orou g h ly  d ega ssed  u sin g  fr e e z e -p u m p -th a w  c y c le s . T h e  
sa m p le  c o m p o s it io n , w h ich  co n s is te d  u su a lly  o f  5 0 -1 0 0  m g  o f  a lc o 
hol: 0 .2  m l o f  p erox id e : 1.5 m l o f  cy c lo p ro p a n e , w as v a r ied  w hen 
n ecessa ry  to  o p tim ize  th e  s ig n a l-to -n o ise  ra tio . F or tra p p in g  e x 
p erim en ts  the  a m o u n t o f  trie th y l p h o sp h ite  a d d e d  w as varied  
from  0.05 to  0 .2  m l for  th e  a b ove  sa m p le  co m p o s it io n . F or  k in etic  
m easu rem en ts, m illig ra m  q u a n tit ies  o f  tr i-te r t-b u ty lca rb in o l w ere 
transferred  to  th e  sa m p le  tu b es  b y  a d d it io n  o f  a k now n  v o lu m e  o f  
a sta n d a rd  so lu tion  o f  th e  a lcoh o l in  a v o la tile  so lv e n t (u su a lly  
a ce to n e ) an d  rem ov in g  it in  v a cu o . D i-te r t-b u ty l p e ro x id e  (0 .1 m l) 
w as th en  a d d e d  a n d  a fter d ega ssin g  cy c lo p ro p a n e  w as c o n d e n se d  
in to  th e  tu b e  to  m ake th e  v o lu m e  u p  t o  1  m l at - 7 8 ° .

Esr Measurements. T h e  m o d ifie d  V arian  X -b a n d  sp e c tro m e 
ter, m icrow a v e  fre q u e n cy  m ea su rem en ts , ligh t sou rce , an d  sa m p le  
tu b es  w ere as d e scr ib e d  p re v io u s ly .39 P ery len e  ca t io n  ra d ica l (g =  
2 .00258)40 w as used  as a stan d ard  fo r  the  g -v a lu e  m ea su rem en ts  
in  th e  co n fig u ra tio n  e m p lo y e d . T h e  tem p era tu re  m ea su rem en ts  in 
the esr tu b e  w ere ca lib ra te d  w ith  a th e rm o co u p le  an d  are a c c u 
rate to  5°. T h e  ra tios  o f  [S - ] /[B - ]  for  th e  k in etic  ex p e r im e n ts  were 
d e te rm in e d  b y  averag in g  ten  co n se cu t iv e  m ea su rem en ts  o f  the 
re la tive  in ten s ities  o f  se le c te d  esr lines fo r  th e  d iffe re n t rad ica ls , 
and co rre c tin g  for  th e ir  d iffe ren t d egen era c ies . T h e  a b se n ce  o f  lin e  
b roa d en in g  b y  sa tu ra tion  or o v e rm o d u la t io n  w as c lea r  from  the 
w ell-reso lved  se co n d -o rd e r  sp litt in g s  in  th e  co n ce n tra tio n  range 
s tu d ied . S in ce  p ro lon g ed  p h o to lys is  is e x p e c te d  to  d e p le te  the  
co n ce n tra tio n  o f  th e  a lco h o l, an  e x p e r im e n t w as c o n d u c te d  to  fo l 
low  th e  ch an ge  o f (S - l / iB - ]  w ith  t im e  o f  p h o to ly s is . T h e  ch a n g e  
after te n  co n se cu t iv e  sca n s  w as fo u n d  to  b e  in s ig n ifica n t, c o m 
p ared  to  oth er  e x p er im en ta l sca tter  an d  v a r ia tion s . A n  average 
for  these  ten  va lu es  w as e m p lo y e d  ra th er  th a n  a va lu e  e x tra p o la t 
ed  to  zero  t im e .

Acknowledgment. We wish to thank the National 
Science Foundation for financial support, Professor V. J. 
Shiner for generous gifts of many of the alcohols used in 
this work, and Mr. W. A. Nugent for the preparation of 
triptyl alcohol and triptyl-terf-butyl peroxide.



2096 J. Org. C hem ., Vol. 39, N o. 14, 1974 Lamb, Vestal, Cipau, andDebnath

References and Notes
(1) W. H. Urry, F. W. Stacey, 0. O. Juveland, and C. H. McDonnell, J. 

Amer. Chem. Soc., 75, 250 (1953); 76, 450 (1954).
(2) G. I. Nikishln, V. D. Vorobev, and A. D. Petrov, Dokl. Akad. Nauk 

SSSR, 136 , 360 (1961).
(3) C. Walling and E. S. Huyser, Org. React., 13 , 109 (1963). P. Gray, 

R. Shaw, and J. C. J. Thynne, Progr. React. Kinet., 4, 65 (1967).
(4) R. O. C. Norman, Chem. Soc., Spec. Publ. No. 24, 117 (1970).
(5) T. W. Harrison and A. G. Shannon, Can. J. Chem., 41, 2455 

(1963).
(6) R. Shaw and J. C. J. Thynne, Trans. Faraday Soc., 62, 104 (1966).
(7) M. Cher, J. Phys. Chem., 67, 605 (1963).
(8) Y. Takezaki and C. Takeuchi, J. Chem. Phys., 22, 1527 (1957).
(9) M. A. Haney and J. L. Franklin, Trans. Faraday Soc., 65, 1794 

(1969).
(10) J. A. Kerr, Chem. Rev., 66, 465 (19661.
(11) J. C. Martin in 'Free Radicals,” Wiley, New York, N. Y., 1973, 

Chapter 20.
(12) M. Simonyi and F. Tudôs, Advan. Phys. Org. Chem. 9, 127 (1971).
(13) F. Dainton, I. Janovsky, and G. A. Salmon, Proc. Roy. Soc., Ser. 

A, 327, 305 (1972).
(14) J. A. Wargon and F. Williams, J. Amer. Chem. Soc., 94, 7917

(1972) .
(15) M. C. R, Symons, J. Amer. Chem. Soc., 91, 5924 (1969).
(16) M. J. Perkins, Chem. Soc., Spec. Publ., No. 24, 97 (1970).
(17) E. G. Janzen and C. A. Evans, J. Amer. Chem. Soc., 95, 8207

(1973) .
(18) J. K. Kochi and P. J. Krusic, J. Amer. Chem. Soc., 91, 3944

(1969) .
(19) I. H. Elson and J. K. Kochi, to be published.
(20) D. Griller and K. U. Ingold, J. Amer. Chem. Soc., 96, 630 (1974).
(21) J. K. Kochi and P. J. Krusic, Chem. Soc., Spec. Publ., No. 24, 147

(1970) .
(22) This result contrasts with Griller and Ingold’s observation of the 

spectrum of this radical when the photolysis is carried out in DTBP 
as solvent.21

(23) J. K. Kochi, J. Amer. Chem. Soc.. 84, 1193 (1962); J. D. Bacha 
and J. K. Kochi, J. Org. Chem., 30 , 3272 (1965).

(24) Cf. W. A. Pryor, D. M. Huston, T. R. Fiske,' T. L. Pickering, and E. 
Ciuffarln, J. Amer. Chem. Soc., 86, 4237 (1964).

(25) C. Walling and A. Padwa, J. Amer. Chem. Soc., 85, 1593 (1963).
(26) This estimate Is not unreasonable in the light of Griller and Ingold's 

value of 3 X 104 M“ 1 sec-1 for the rate constant for the hydrogen

abstraction from tri-ferf-butylcarbinol at 20° using a different kinetic 
scheme.20

(27) P. J. Krusic, W. Mahler, and J. K. Kochi, J. Am er. Chem. Soc., 94, 
6033(1972).

(28) A. G. Davies, D. Griller, and B. P. Roberts, J. Chem. Soc., Perkin  
Trans. 2, 993 (1972).

(29) It would be desirable to pursue this point with the use of isotopical- 
ly (deuterium) labeled DTBP, since structural modifications of the 
peroxide apparently cause other complications described above.

(30) The trapping of triptyloxy by phosphite during photolysis of 
triptyl-ferf-butyl peroxide20 is not necessarily related to the produc
tion of free triptyloxy radicals, since the reaction may proceed via a 
peroxide-phosphite exciplex, reminiscent of the transition state in 
the well-known thermal reaction between phosphites and perox
ides.31 Trapping of triptyloxy derived from triptyl alcohol as a free 
alkoxy radical is less ambiguous.

(31) Cf. D. G. Pobedimskii, Russ. Chem. Rev., 40, 142 (1971).
(32) See L. Jons, P. v. R. Schleyer, and R. Gleiter, J. Am er. Chem. 

Soc., 90, 327 (1968), and earlier papers.
(33) We also considered the possibility of charge transfer processes 

such as
■ 0  

1 .
O'
1!1

PhCBu1
1:

«  PhC Bu 
1

. ch3 CH,

However, we were unable to alter the course of fragmentation in 
basic solvents such as ammonia and tetrahydrofuran to observe the 
spectrum of acetophenone ketyl.

(34) J. M. Raley, F. F. Rust, and W. E. Vaughan, J. Am er. Chem. Soc., 
70,88(1948).

(35) N. A. Milas and L. H. Perry, J. Am er. Chem. Soc., 68, 1938 
(1946).

(36) Cf. R. B. Greenburg and J. G. Aston, J. Am er. Chem. Soc., 62, 
3135 (1940).

(37) V. J. Shiner, Jr., and G. F. Meier, J. Org. Chem ., 31, 137 (1966);
G. F. Meier, Ph.D. Thesis, Indiana University, 1964.

(38) P. D. Bartlett and E. B. Lefferts, J. Am er. Chem. Soc., 77, 2804 
(1955).

(39) P. J. Krusic and J. K. Kochi, J. Am er. Chem. Soc., 93, 846 (1971);
D. J. Edge and J. K. Kochi, ib id., 94, 6485 (1972).

(40) B. G. Segal, M. Kaplan, and G. K. Fraenkel, J. Chem. Phys., 43, 
4191 (1965).
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T h e  k in e tics  o f  the  th erm a l d e co m p o s it io n s  o f  a series o f  m ix e d  /3 -(S -p h en y l)isov a lery l p -n it r o b e n z o y l p e ro x 
ides (S  =  P -N O 2 , m-B r, p -C l ,  H , P -C H 3 , a n d  P -O C H 3 ) in  cy c lo h e x a n e  and  in  e th y lb en zen e  w ere d e te rm in e d  io- 
d o m e tr ica lly  in  th e  tem p era tu re  range 6 0 -8 5 ° an d  at co n ce n tra tio n s  in  the 0 .0 0 2 -0 .0 2  M  range. (E v id e n ce  is 
p resen ted  w h ich  show s th a t  th ese  p e ro x id e s  in it ia lly  form  th e  ca rb o x y -in v e rs io n  c o m p o u n d s  in  g ood  y ie ld .)  A t 
these  low  co n ce n tra tio n s , th e  k in e tics  (in  b o th  so lv en ts ) w ere fo u n d  to  be  a ccu ra te ly  first  order, e x ce p t  in  d e 
c o m p o s it io n s  o f  the  p e ro x id e  fo r  w h ich  S =  P -N O 2 , in w h ich  ca se  the  firs t-o rd e r  p lo ts  w ere cu rv ed  so as to  
su ggest a first  p lu s  h igh er ord er  in d u ce d  d e co m p o s it io n . T h e  m a th e m a tica l m e th o d  used  to  co rre ct  for  in d u ce d  
d e co m p o s it io n  is p resen ted . F or the  d a ta  o b ta in e d  on  the d e co m p o s it io n s  o f  five  c o m p o u n d s  at 75° in  c y c lo h e x 
ane, an  ex ce lle n t  corre la tion  is o b ta in e d  be tw een  log  feu a n d  H a m m e tt  a ’s, w h en  the co rrected  v a lu e  o f  kA for 
th e  p e ro x id e  for  w h ich  S  =  p -N C >2 is used , g iv in g  p =  - 0 .7 6  ±  0.02  (r =  0 .9 9 9 ). H ow ever, for  the  d a ta  o b ta in e d  
a t  five  tem p era tu res  in  e th y lb e n ze n e , log  kd corre la tes  b e tte r  w ith  <r+ (r  >  0 .992) than  w ith  a (r va lu es near 0.97 
at a ll fiv e  te m p e ra tu re s ). T h e  p va lu es  for  the  <r+ c o rre la tion s  are - 0 .8 9 ,  - 0 .8 5 ,  - 0 .8 1 ,  - 0 .7 7 ,  and  —0.74, r e 
sp e ctiv e ly , a t  60, 65, 70, 75, a n d  80°. T h e  a c tiv a tio n  p a ram eters  o b ta in e d  for  the  d e co m p o s it io n s  o f  th ese  p e ro x 
ides sh ow  g o o d  iso k in e tic  b eh a v ior , w ith  ft = 214°. T h e  rate con sta n ts  o b ta in e d  in e th y lb e n ze n e  w ere e x tra p o la t 
ed  to  1 2 0 ° for  co m p a r iso n  w ith  rate co n sta n ts  ob ta in e d  at th a t  tem p era tu re  on  the  d e co m p o s it io n s  o f  the co rre 
sp o n d in g  te rt -b u ty l p erox y  esters b y  R u ch a rd t  a n d  H e ch t . A lth ou g h  a lo g - lo g  p lo t  o f  th e  (e x tra p o la te d ) p e ro x 
ide  an d  perester  ra te  co n sta n ts  is n o t  linear, a g o o d  corre la tion  is o b ta in e d  w h en  log  [ftperoxide/kperester] is p lo t 
ted  aga in st a. T h e  va lu e  o f  (pperoxide -  Pperester) o b ta in e d  from  th is  corre la tion  ( - 0 .6 1 )  in d ica te s  m ore  se n s it iv 
ity  to  su b stitu en ts  in  th e  p e ro x id e  th a n  in  th e  p erester series. A lth o u g h  th is  sh ow s th a t  the p e ro x id e  d e co m p o s i
t ion s  have m ore  p o la r  ch a ra cter  th a n  th e  d e co m p o s it io n s  o f  th e  peresters, the  k in etics  d a ta  p resen ted  here d o  
n o t  c lea r ly  d e lin ea te  be tw een  id e n t ica l a n d  d iffe ren t tra n sition  states for  the  h o m o ly tic  an d  ca rb o x y -in v e rs io n  
p ro d u c t  fo rm in g  rea ction s  o f  th e  /J -ph en ylisova lery l p -n it r o b e n z o y l p erox id es .

The formation of carboxy-inversion compounds in de- number of investigations during the past two decades.3
compositions of diacyl peroxides has been the subject of a Although some of the details involved in the mechanism
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are still under discussion,30-8 it is generally recognized 
that the peroxide proceeds to a polar transition state 
which proceeds to give inversion compound.
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In a recent paper from this laboratory which dealt with a series of isobutyrylaroyl peroxides,30 in which the aroate 
groups become anionoid in the polar intermediate, the rate constants obtained (determined spectrophotometri- 
cally by the excess stable radical method) were found to give excellent Hammett plots with p values of +0.94 
(±0.04), +0.89 (±0.01), 0.90 (±0.01), and +0.87 (±0.14), 
respectively, at 50, 55, 60, and 65°.In this paper, we present the results of a rather extensive study of the kinetics of decomposition of peroxides of type 1.

CH3 O O 

cch2cooc no2

ch3
Type 1 peroxides

Sla P-OCH;lb P-CH3lc H
Id p-Clle m-BrIf P-NO2

Since it was known that electron-withdrawing groups in 
the anionoid portion encourage inversion compound for
mation, it was decided to use p-nitrobenzoyl as one of the peroxide substituents. The decision to use ring-substitut
ed /J-phenylisovaleryl groups as the cationoid groups was based on the different effects of ring substituents (in neo- 
phyl groups) upon the rates of certain reactions. Thus, 
electron-releasing groups retard the rates of rearrange
ment of neophyl free radicals,213 although they enhance (slightly) the rates of thermal decomposition of the per- 
esters from which they were derived.23 At the same time, 
electron-releasing ring substituents greatly enhance the rates of solvolysis of neophyl brosylates in acetic acid.“1 It 
was therefore felt that the neophyl system would offer certain advantages in comparing the carboxy-inversion reac
tion to purely free radical and ionic processes.

Results
First, it should be explained that, although a number of 

attempts were made initially to perform kinetics-efficiency experiments using excess BDPA,3° difficulty was en
countered in obtaining reproducibility in experiments.5 The results of two pairs of such experiments which did 
seem to behave properly are probably worth mentioning. Thus, for a pair of decompositions of lc (S = H) at 75° in 
benzene, monitored at 860 nm (« 1289), the following data 
were obtained: 104 k a  (sec-1) = 4.77 and 5.05; efficiencies, /  = 0.169 and 0.156. A similar pair of runs conducted 
with BDPA and lc (S = H) at 65°, monitored at 490 nm (e 23,700), gave 104 fed (sec-1) = 1.48 and 1.46; f  = 0.056 and 0.062. While we cannot explain the large disparity in the efficiencies obtained at the two different temperatures 
(and at different wavelengths), the rates obtained are in

fair agreement with those obtained iodometrically in cy
clohexane and in ethylbenzene, when the differences in 
polarizabilities of the solvents are properly considered.6 
These experiments tend to help establish that type 1 per
oxides are in fact initiators of low free radical efficiency, 
and that inversion-compound formation can be a major reaction pathway.

The difficulties encountered in spectrophotometric ki
netics experiments using BDPA led to the adoption of io- dometric titration as our kinetic method. In the absence 
of an inhibitor (such as BDPA), radical-induced decompo
sition of the peroxide becomes possible,7 and low peroxide 
concentrations (0.001-0.02 M )  were used to minimize this phenomenon as much as possible.

The initial iodometric kinetics experiments were per
formed using cyclohexane as solvent, in the hope that the 
rate constants obtained using a nonpolar solvent of low polarizability would be more sensitive to substituents 
than would these obtained in a polarizable solvent. Although this anticipation was not later realized, the cyclo
hexane experiments gave data that fit the first-order law with precision, except for the decomposition of If (S = p- 
NO2), for which the first-order plot exhibited a barely discernible rate diminution at long times. (The method of 
treating this rate behavior mathematically is discussed 
subsequently.) The rate constants obtained from decom
positions in cyclohexane which fit the first-order law are 
presented in Table I. That for If (S = P-NO2), which was corrected by a method discussed subsequently, is presented in Table II.

Having performed a few experiments in cyclohexane, it 
began to appear that a similarity of behavior was emerg
ing between the rate constants obtained for type 1 peroxides at 75°, and the rate constants which were obtained previously by Riichardt and Hecht on the decompositions 
of the corresponding tert-butyl peroxy esters in ethylbenzene at 120°.2a However, because of the disparity in con
ditions under which the rates in these two series were obtained, the decision was made to perform experiments on 
type 1 peroxides in ethylbenzene. The data obtained for 
all kinetics runs performed for all type 1 peroxides except for If (S = P-NO2) were found to fit the first-order law 
with precision. The results obtained by adjustment to the first-order law for decompositions of la-e (S = P-OCH3, 
P-CH3, H, p-Cl, m-Br) in ethylbenzene are presented in Table I, along with the activation parameters deduced 
therefrom. Also listed in Table I are some rate constants 
extrapolated to temperatures other than those at which they were experimentally determined which are utilized in the plots presented in the discussion.

The rate data obtained on the decompositions of If (S = P-NO2) in ethylbenzene deviated seriously from first- 
order behavior; i . e . ,  first-order plots show rate diminutions at long times. This suggests adherence to the rate expression eq 1,

-d ( F J /d f  = A-.i(P) +  AS( P Y  (1)

the integral of which is eq 2,
In [(P)1-* +  a] = - ( I  -  x ) k At  + ln[(P)0>-* +  a] (2) 
in which a  =  k i / k ^ ;  and, since the "‘first-order” rate con
stant diminishes with time, x > 1.In going from a first-order to a first plus higher order 
reaction, the number of disposable parameters increases from two to four. It does not appear possible to obtain ex
plicit solutions to the four constants [ x ,  a ,  k a ,  and (P)o] in eq 2 by the least-squares method, and it is necessary to 
make estimates by computer. The computer search is 
made somewhat less laborious if eq 2 is expanded by one
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Table IIodometric Kinetics Experiments on Type 1 Peroxides“ 6

Peroxide (P)o 10® ; k ; ±  < r ) , sec“ 1 Tem p, °C  A H * ,  kcal, and AS*, eu

Solvent: Cyclohexane
la  (S = p -OCH3) 0.0022 19 .9 0  ± 0 .6 3 75
le (S = H) 0 .0 138 2 1 .8 0  ± 0 .1 5 80"!
lc 0 .0 157 1 1 .8 0  ±  0 .0 8 751 A H *  =  30 .0 5  ±  0 .0 4
lc 0 .0 137 5 .9 6  ±  0 .0 3 701  ̂ AS* = 9 .5
lc 0 .0 148 3 .1 6  ±  0 .0 3 6 5 .
Id (S = p-Cl) 0 .0 043 7 .7 8  ±  0 .0 6 75
le  (m-Br) 0 .0 176 6 .34  ±  0 .0 5 75

Solvent: Ethylbenzene
la  (S = p - OCH3) (4 7 8 3 .)“ 120
la (1 4 5 .24) 80
la 0 .00663 8 8 .3 3  ±  0 .3 5 75]
la 0 .0 0 5 8 5 3 .0 7  ± 0 .1 6 701! Aif* = 2 3 .3 7  ± 0 .0 8
la 0 .0 0 5 8 3 1 .8 2  ±  0 .0 3 65 f AS* = - 5 .6 7
la 0 .0 0 5 8 1 8 .2 6  ±  0.21 60,1
lb  (S = p -c h 3) (3 0 1 3 .) 120
lb ( 65. 89) 80
lb 0 .0 219 3 8 .1 1  ± 0 .3 0 75)
lb 0.0122 2 2 .0 1  ± 0 .2 4 7 0 i AH* = 2 5 .6 3  ± 0 .1 1
lb 0.0122 1 2 .5 4  ±  0 .1 1 65 1 AS* = - 0 .8 3
lb 0.0798 6.79 ± 0 .0 6 60j 1
lc  (S = H) (2 6 5 9 .) 120
lc (4 5 .34) 80
lc 0 .0 0 3 0 2 5 .6 8  ± 0 .1 3 75"I
lc 0 .0 0 2 8 1 3 .9 3  ±  0 .0 3 70 1 AÜ* = 2 7 .3 5  ± 0 .2 2
lc 0 .0 0 2 5 7 .5 9  ± 0 .0 1 65 j AS* = 3 .2 8
lc 0.0020 4 .1 0  ±  0 .0 1 60,1
I d  (S = p-Cl) (1 5 0 9 .) 120'
I d 0 .0 1 9 2 2 6 .7 9  ±  0 .1 7 80)
I d 0 .0 186 14 .9 0  ± 0 .1 0 75 Air* = 2 7 .1 0  ± 0 .0 4
I d 0 .0 1 9 8 8 .3 8  ± 0 .0 4 701  ̂ AS* = 1 .5 4
I d 0.0201 4 .5 8  ±  0 .0 6 65 J
I d (2 .44) 60
le  (S =  m-Br) (1 3 1 0 .) 120
le 0 .0 093 21.21 ± 0 .2 0 80"I
le 0.0021 12,01 ±  0 .0 6 75 1 AÜ* = 2 7 .6 4  ±  0 .2 8
le 0 .0 079 6 .6 5  ±  0 .0 9 70 [ AS* = 2 .6 3
le 0 .0 0 8 8 3 .5 1  ±  0 .0 5 65,!
le (1 .87) 60

“ Rate constants reported in this table for which standard deviations ( a )  are given were obtained by adjustment of rate data 
to the first-order law; parenthesized rate constants were obtained by extrapolation from other temperatures using activation 
parameters given. b (P)0 = initial molar concentration of peroxide.

of the subsequently discussed methods. The expansion of eq 2 by MacLaurin’s series leads to the expression of In(P) as a power series in t ,  i . e . ,  to eq 3,

\

in which the b n values can be related back to the original disposable constants, x ,  a ,  fed, and (P)o- Although the b n values can be obtained by standard computer programs, and the extension of eq 3 through four terms suffices to give estimates of the original con
stants, it was found that eq 3 does not converge as rapidly as a function which is derived as follows. First, eq 2 is 
r e a r r a n g e d  t o  e q  4 ,

(P) = [ C e ^ ‘ -  a f °  (4)
where C  = (P),,a + a and a  = 1 -  x .  Equation 4 is then expanded by the binomial theorem to give a relation of the form of eq 5

(P) =  A g B,‘ +  +  A 3e ^ ' +  . . .  (5)

A, = C1/0 B 2 = -(1  -  a ) k A

B , = - k A A 3 =  ( 1  —  2a2
A i  =  —«[C(1/a) ~ l \ f .a  B }i = -(1 -  2a ) k A

from which one can calculate
a = A l l  + ( B J B O M A ™ * '

(P)0 = + + %

The coefficients ( A n  and B n ) were established by using a subroutine based on the Marguard algorithm for a least- 
squares fit of a nonlinear curve to bivariant data.8 The su
broutine was designed to sweep values ofa = l -  x = l  + 
( B 2 / B 1 ) through the range -0.3 >  a >  -1 .

Considering the small amount of induced decomposition involved in the decompositions of If (S = p-N02), it is 
not surprising that a definite, constant value of x  ( i . e . ,  a )  was not obtained in the four different runs reported in Table II. The effect of this treatment was to lower the 
value of k d  (from those obtained when the rate data were adjusted to the first-order law) by less than 20% in each case.

The evidence obtained through product studies to support the contention that type 1 peroxides form inversionin which the following relations hold
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Table IIIodometric Kinetics Experiments on Peroxide If (S = p -N 0 2)"
Peroxide fP)o 105 fed, sec-1 a a Tem p, '

Solvent: Cyclohexane

I f  (p-NO,) 0.0029 3.12 -0 .6 2 5 3.74 75

Solvent: Ethylbenzene

I f (854.9) 120
I f 0.0220 17.56 -0 .5 1 0 1.70 85)
I f 0.0189 9.74 -0 .6 5 7 5.72 80)
I f 0.0219 5.06 -0 .9 6 3 22.36 75j
I f (2.64) 70
I f (1.35) 65
I f (0.67) 60

Tem p, °C  AH * ,  kcal, and A S * ,  eu

A H *  =  30.22 
A S *  = 8 . 3 2

±  0.37

“ The unparenthesized rate constants were obtained by adjustment of rate data to eq 5; the parenthesized rate constants 
were obtained by extrapolation of entries 3-5. b (P)0 = initial molar concentration of peroxide; a = 1 — x ; a = fa/kd (see eq 
1-5).

compounds is rather indirect. Thus, the attempted syn
thesis of the inversion compound to be expected from lc 
(S = H), i.e., p-nitrobenzoyl 2-methyl-2-phenyl-1-propyl 
carbonate (2), from neophyl chloroformate and p-nitro-

CH3 0  0

2

an evacuated tube, and the solvent and other volatile 
products were subsequently removed at the pump, there 
remained an oil whose infrared spectrum was almost iden
tical with that of the oil obtained in the attempted syn
thesis of 2 described above. More particularly, there are at 
least 20 coincidental infrared bands in the two spectra, of 
which ten are the strongest bands in the spectra. Further
more, solid samples of lc  (S = H) were found to decom
pose slowly in the neat solid state to form a product which 
was found to be difficultly soluble in ether, and was like
wise identified as p-nitrobenzoic anhydride (3).

Discussion
benzoic acid in the presence of triethylamine did not re
sult in a pure compound. Rather, an oil was obtained 
from which there separated, upon sitting, white crystals 
which were identified as p-nitrobenzoic anhydride (3). 
When a sample of the oil was allowed to stand for 35 days, 
p-nitrobenzoic anhydride precipitated for the first 15 
days, then began to redissolve. After 20 days or so, anoth
er compound began to precipitate which was later identi
fied as neophyl p-nitrobenzoate (4). (The isolation of 4 is 
an indication that the neophyl group does not rearrange 
during the formation of the inversion product.) The de-

O CHi

composition modes of 2 given above are precisely those 
which have been described by Tarbell and Longosz9a’b 
and by Windholtz9c for mixed carbonic carboxylic anhyd
rides.

Now when a 0.2 M  solution of peroxide le  (S = H) in 
cyclohexane was decomposed completely (24 hr) at 75° in

The rates o f decomposition of type 1 peroxides are con
sistently more rapid in the polarizable solvent, ethylben
zene, than in the solvent of low polarizability, cyclohex
ane, and as has been pointed out,6 this is to be expected 
for peroxides which form the carboxy-inversion product. It 
is also not surprising that, for the decomposition of lc  (S 
= H), the AH *  is lower and AS* more negative in the sol
vent (ethylbenzene) in which the rates are faster (see 
Table I).

The activation parameters obtained for decompositions 
of type 1 peroxides in ethylbenzene show quite good isoki
netic behavior (see Figure 1) except for the fact that the

Figure 1. Isokinetic plot for decompositions of type 1 peroxides in 
ethylbenzene.
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Figure 2. Semilog plot of 105 kA us. Hammett a’s for decomposi
tions of type 1 peroxides in cyclohexane at 75°: 0 ,  kd obtained 
from correlation of rate data with first-order law; ®, kd obtained 
by adjustment of data to eq 5.

points for Id (S = p-Cl) and le (S = m -Br) fall to the left 
of le  (S = H) on the plot, whereas they would be expect
ed to fall to the right. Nevertheless, the correlation coeffi
cient for the plot in Figure 1 is 0.995, and the slope de
fines the isokinetic temperature as 487 ±  25°K, or 214 ±  
25°. Thus, the temperatures at which the kinetics experi
ments were performed on type 1  peroxides were more than 
10 0 ° removed from the isokinetic temperature. 10

The rate constants for the decompositions of la  and 
l c - f  (S = P-OCH3, H, p-Cl, m-Br, and P-NO 2) in cyclo
hexane at 75° give an excellent plot us. Hammet er’s if a 
correction is made for induced decomposition in the de
composition of I f (S = P-NO2 )1 1  (see Figure 2). The p 
value obtained for this correlation is -0 .7 6  ±  0.02 (r = 
0.999). At the same time, the rate constants obtained for 
decompositions of type 1 peroxides in ethylbenzene (Fig
ure 3) do not give good Hammett correlations, because the 
rate constants for la  (S = P-OCH3) are too high. Actual
ly, if the high values for la  (S = P-OCH3) are ignored, 
better correlations are obtained with <x, but when all data 
are included, better correlations are obtained with cr+ . 12 
The p values and correlation coefficients for the <r+ corre
lations at the five temperatures are as follows: p = -0 .89  
±  0.05 ( r  =  0.994} at 60°; p =  -0 .85  ±  0.04 ( r  =  0.994) at 
65°; p = -0 .81  ±  0.05 (r = 0.994) at 70°; p = -0 .78  ±  0.05 
(r = 0.992) at 75°; and p = -0 .74  ±  0.04 (r = 0.993) at 
80°.

The behavior of the first-order rate constants for type 1 
peroxide decompositions in ethylbenzene vis-à-vis a and 
n+ as described above can be more clearly illustrated in 
terms of the Yukawa-Tsuno equation, 13 i.e., eq 6 .

log k =  log k 0 +  p\? +  R(rr+ ~  a )] =
log k0 +  p( 1 -  R)<r +  pR v+ (6 )

The rate constants in Tables I and II were used to cal
culate values of p and R from eq 6 . In addition, activation 
parameters presented in the same tables were used to cal
culate (extrapolated) rate constants at 10 0  and 1 2 0 °, and 
the latter, in turn, were used to calculate p and R values 
from eq 6 for those temperatures. The results of these cal
culations were presented in Table III, and plotted in Fig
ure 4.

The Yukawa-Tsuno equation is designed such that 0 < 
R <  0.5 indicates a better correlation with tr than with 
a+, while 0.5 < R < 1 indicates a better correlation with 
a *. Figure 4 indicates a fairly linear correlation of R with 
temperature, which suggests that, although our rate data

Figure 3. Semilog plot of 105 kA for type 1 peroxides in ethyl
benzene vs. a+ at five temperatures: 0 ,  80°; El, 75°; O ,  70°; A. 
65°; a  60°. The parenthesized points are extrapolated rate con
stants (see Tables I and II).

Figure 4. Plot of Yukawa-Tsuno R vs. temperature.

on type 1  peroxides in ethylbenzene give a better correla
tion with u+ at the experimental temperatures (60-80°), 
at temperatures of 117° and above, better correlations 
would be obtained with <r.

I t  is instructive to compare the kinetic behavior o f type 
1 peroxides with that which has been described by Ru-

T able III“
A dju stm en t o f  R ate Data fo r  T ype 1 Peroxides to  the 

Y ukaw a-T sun o E quation  Y  = an +  ha + +  c
Temp,

°c a b C R P
60 -0 .2 0 6 - 0 .7 5 5 0.592 0.786 -0 .9 6 1
65 -0 .1 9 5 -0 .7 2 7 0.861 0.788 -0 .9 2 2
70 -0 .2 1 8 -0 .6 6 7 1.122 0.753 -0 .8 8 5
75 -0 .2 5 0 -0 .6 0 9 1.377 0.709 -0 .8 5 9
80 -0 .2 3 7 -0 .5 8 0 1.622 0.710 -0 .8 1 7

(100)b -0 .2 9 7 -0 .4 0 7 2.536 0.578 -0 .7 0 4
(120)6 -0 .3 4 0 -0 .2 5 5 3.365 0.428 -0 .5 9 5

“ Y  — 5 +  log k; a =  p( 1 — R ) ; b = pR; c = 5 +  log k0. 
b Values o f constants for 100 and 120° were obtained by ad
justment of extrapolated rate constants to the equation.
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Figure 5. Semilog plot of 104 ka vs. Hammett a s for decomposi
tions of ring-substituted ferf-butyl /3-(S-phenyl)peroxyisovalerates 
in ethylbenzene at 120° (after Ruchardt and Hecht2).

chardt and Hecht2 for the decompositions of the ¿erf- 
butyl peresters of ring-substituted d-phenylisovaleric acids 
in ethylbenzene. First, it should be explained that the 
perester rate constants reported by Ruchardt and Hecht 
do not correlate well with either a or <r+; the plot of log fed 
for the peresters vs. a is presented in Figure 5. In view of 
our experience with type 1 peroxides, however, it would 
seem reasonable to ascribe the high value of fed for the p- 
N02-substituted perester to induced decomposition. If the 
rate constant for the p-NCL-substituted perester is ig
nored on this account, the following a correlation is ob
tained: p = 0.21 ±  0.05 (r = 0.871).

Although the rate constants for both the peroxides and 
the peresters (at 120°) give somewhat better correlations 
with a than with tt+, the log-log correlation between the 
120° rate constants for the two series is very poor. How
ever, there is a fairly good correlation between log
[feperoxide/feperester] VS. (T, giving (pperoxide — pperester) =
-0 .61  ±  0.06 (r = 0.987); the plot is presented in Figure 6.

It is necessary at this point to recall that Walling and 
coworkers3? have suggested that the formation of both 
radical and polar products (including the carboxy-inver- 
sion product) proceed from the same polar transition state 
and intermediate. The Walling mechanism was altered 
somewhat by Ward, Lawler, and Cooper,3q who failed to 
observe spin polarization in the inversion product formed 
in the decomposition of bis(isobutyryl) peroxide. Recent
ly, Leffler and More3r expressed considerable doubt about 
the validity of the Walling mechanism, but, failing to dis
count a common transition state and intermediate (for 
homolysis and inversion product forming reactions) en
tirely, suggested somewhat different electronic structures 
for the intermediate.

Returning now to Figure 6, the difference in behavior of 
type 1 peroxides and the corresponding peresters as dem
onstrated in this plot can be interpreted in either of two 
ways. One of these is to suppose that a common interme
diate mechanism holds for type 1 peroxide decomposi
tions. If one adopts this view, then Figure 5 simply dem
onstrates that there is a significantly greater difference in 
polarities of the ground and transition states in the de
compositions of type 1 peroxides than in decompositions 
of the corresponding perester.

This view is not without merit. One of the big differ
ences between perester and diacyl peroxide decomposi
tions is that an alkoxy group in perester is such a strongly 
basic “ leaving”  group that a transition state polarized in 
the direction R-COO+ “ O -R  simply cannot occur; and if 
it were possible, it is likely that dialkyl carbonates would 
be formed as rearrangement products. (The well-known 
Criegee rearrangement14 requires polarization in the op
posite direction, R-COO +O -R .) The “ leaving”  groups 
in the peroxide and perester series which are being com-

Figure 6. Plot of log [feperoxides/kperesters] vs. Hammett a’s for 
type 1 peroxides and the corresponding tert-butyl peresters (after 
Ruchardt and Hecht2) in ethylbenzene at 120°.

pared in Figure 5 (i.e., the p-nitrobenzoate and te rt-bu- 
toxide anions) differ in basicity by several powers of ten. 
Thus, it is not unreasonable to assume that the transition 
state leading to radicals in the type 1 peroxide series is 
significantly more polar than the radical-producing transi
tion state in the perester series, and it could conceivably 
lead to an intermediate which also produces inversion 
product. Along this line, curvature was not discernible in 
the In (fed/T )  vs. 1 /T  plots over admittedly short (15°) 
temperature ranges, so that the AH* values reported here 
for type 1 peroxides have a precision of ±1%  or better.

On the other hand, Ruchardt and Hecht showed that 
the peresters decompose exclusively by one-bond homolvt- 
ic cleavage of the peroxide linkage, and one could reason
ably argue that the plot in Figure 5 means that, when the 
substituent effect on the homolytic reaction is subtracted, 
the residual observed slope is to be ascribed to the carb- 
oxy-inversion reaction alone. The point is that the rate 
data presented here for type 1 peroxide decompositions do 
not clearly favor either the single or the double transition- 
state postulate, but if either is favored slightly, it is the 
former.

The substituent effects in type 1 peroxide decomposi
tions, however, should be put in proper perspective. In the 
first place, the rate constant for the decomposition of lc 
(S = H) in cyclohexane is no more than a factor of three 
greater than that for bis(acetyl) peroxide.711 Secondly, the 
effect of ring substituents on type 1 peroxide decomposi
tions, p (us. <r+) = —0.74 to —0.89, more nearly approxi
mates that of the corresponding perester decompositions, 
p (vs. <r) = —0.21, than that of the solvolyses of the neo- 
phyl brosylates,4 p (vs. <r+) = —2.96 (in acetic acid). The 
data do not suggest a high degree of bond breaking in the 
-CH2-C==0 bond in the transition state for type 1 perox
ide decompositions.

Experimental Section15
The ring-substituted /¿-phenylisovaleric acids were synthe

sized by two different methods (eq 716 and 8).
In general, procedures were followed in the synthesis of the 

acids which were developed by Hoffman,17 by Corse and Rohr- 
mann,18 and by Ruchardt and coworkers.19 The /S-(p-nitrophenyl)- 
isovaleric acid (6f, not shown) was obtained by nitration of the 
parent acid according to the Corse and Rohrmann procedure.18 
The methyl /8-(S-phenyl)isobutyl ketones (eq 7) were transformed 
to the acid salts both by the sodium hypochlorite method of New
man and Holmes20 and by the sodium hypobromite method de
scribed by Sandler and Karo.21 The observed melting points of 
the acids were identical with or within T of those which have
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been reported. The nmr spectra (CCL, S) exhibit 6 H singlet ab
sorptions in the range of 8 1.40-1.48 for the gem-dimethyl groups 
and 2 H singlet absorptions in the 8 2.53-2.69 range for the meth
ylene groups; 6a (S = P-OCH3) shows a 3 H singlet at 5 3.75 for 
the methoxyl group, and 6b (S = P-CH3) shows a singlet methyl 
absorption at 8 2.35. The aromatic protons exhibit a 4 H multi- 
plet for 6a (S = p-OCH3) at d 7.10, and 6b at <5 7.20 (S = p- 
CH3); a 5 H singlet at 5 7.21 for 6c (S = H); a 4 H singlet at 8 7.22 
for 6d (S = p-Cl); a 4 H multiplet at 8 7.50 for 6e (S = m-Br); 
and a 4 H multiplet for 6f (S = P-NO2) at 8 7.91. The ir spectra 
of the acids exhibit characteristic absorptions in agreement with 
assigned structures. The corresponding acid chlorides were pre
pared by treatment of the acids with excess thionyl chloride.2® 
The nmr spectra of the acid chlorides (CC14, S) show considerable 
similarity to those of the acids, except for the fact that the 2 H 
singlet absorptions for the methylene groups lie in the range 5 
3.14-3.29. The mass spectra of four of the acid chlorides are de
scribed subsequently.

p-Nitroperoxybenzoic acid was prepared from p-nitrobenzoic 
acid, hydrogen peroxide, and methanesulfonic acid by the method 
of Silbert, Siegel, and Swern,22 except that double quantities of 
methanesulfonic acid were used, mp 138-139° (lit.22 mp 138°).

Type 1 peroxides were synthesized by the treatment of p-nitro- 
peroxybenzoic acid with the acid chlorides in the presence of pyr
idine. Thus, for the synthesis of lc (S = H), p-nitroperoxybenzoic 
acid (3.66 g, 0.02 mol) and /l-phenylisovaleryl chloride (3.93 g, 
0.02 mol) were dissolved in 100 ml of diethyl ether in a 300-ml 
three-necked flask equipped with stirrer, alcohol thermometer, 
and dropping funnel. The solution was cooled quickly to -20° in a 
Dry Ice-acetone bath, and pyridine (1.58 g, 0.02 mol), dissolved 
in 25 ml of diethyl ether, was added dropwise over a 15-min peri
od. The mixture was allowed to stir for 5 hr while the flask was 
immersed in the Dry Ice-acetone bath (during which time the 
temperature was held below —30°), the bath was removed, and 
the solution was allowed to warm to 10°. The white precipitate 
was taken into solution by addition of more diethyl ether; the 
ether solution was transferred to a separatory funnel and washed 
respectively with 5% hydrochloric acid (3 X 50 ml), water (2 x 50 
ml), 5% sodium bicarbonate (3 x 50 ml), and water (2 X 50 ml). 
The ether solution was dried over anhydrous sodium sulfate and 
filtered, and the ether was removed at the rotary evaporator. The 
pale yellow crystals thus obtained were recrystallized from an 
ether-pentane mixture, yield 4.4 g (65% of theory) of white crys
tals, mp 63-64°. Iodometric titration indicated a purity of 99.2%. 
The melting points of the peroxides are as follows: la (S = p- 
OCH3), 77-78°; lb (S = p-CH3), 73-74°; lc (S = H), 63-64°; Id 
(S = p-Cl), 84-86°; le (S = m-Br), 64-65°; If (S = p-N02), 89- 
91°. The nmr spectra (CCI4, TMS) exhibit 6 H singlet absorp
tions in the 8 1.53-1.61 region for the gem-dimethyl groups and 2

H singlet absorptions in the 8 2.79-2.92 region for the methylene 
groups; and all peroxides show a 4 H multiplet for p-nitrobenzoyl 
centered at 8 8.27. The d-(S-phenyl)isovaleryl groups show the 
following absorptions for aromatic hydrogens: la (S = p-OCH3), 
a 4 H multiplet at 8 7.14; lb (S = p-CH3), a 4 H multiplet at 8 
7.23; lc (S = H), a 5 H singlet at 8 7.39; lc (S = p-Cl), a 4 H sin
glet at 8 7.34; Id (S = m-Br), a 4 H multiplet at 8 7.37; If (S = 
P-NO2), a 4 H multiplet at 8 7.90.23 There are additional 3 H sin
glet methyl absorptions for la (S = p-OCH3) and lb (S = p-CH3) 
at 8 3.80 and 2.33, respectively, for the ring substituents. All of 
the ir spectra of the peroxides exhibit the following bands: a car
bonyl-stretch doublet with one band in the 1795-1808 cm - 1  (m) 
region, and another in the 1767-1773 cm - 1  (s) region; an aryl- 
nitro band near 1530 cm b a band in the 1460 cm^ 1 (s) region 
due to CH3-  and -CH2-; a -CH2C = 0  band near 1410 cm - 1  (w); 
a gem-dimethyl doublet in the 1390 (w) and 1370 cm“ 1 (m) re
gions; and an aryl-nitro band near 1350 cm" 1 (w). Other ir bands 
also confirmed the assumed structures. Iodometric titration indi
cated purities above 98% for all the peroxides.

Mass spectra were obtained on the acid chlorides for which S 
= P-OCH3, p-CH3, m-Br, and p-N 02, and on two type 1 perox
ides, lb (S = p-CH3) and le (S = m-Br). The following ions (or 
their m/e equivalents) were obtained for all of these derivatives:
SC6H4C4H7+, SC6H4C3H6+, s c 6h 4c h 2+, c 6h 5c 4h 6+,
C6H5C3H3+, C6H5C3H2+, C6H5CH2+ (or tropylium + ), C6H5+, 
and CO+ (or N2f ). The peroxide spectra also showed C 02+ and 
N 02C6H4C00H +. The 100% peak for all the acid chlorides corre
sponded to SCeH4C3H6+; the 100% peak for the two peroxides, 
however, was a peak of m/e 131, corresponding to C6H5C4H6+. 
The mass spectra of only two of these compounds showed small 
parent ions: the acid chlorides for which S = p-N02 and p-OCH3.

Neophyl alcohol (2-phenyl-2-methyl-l-propanol) was pre
pared by oxygenation of neophylmagnesium chloride by the 
method of Cadogan and Foster,24 mp of the p-nitrobenzoate 58- 
59.5°. The nmr spectra of the alcohol and the p-nitrobenzoate 
agree with the assigned structures.

Neophyl chloroformate was prepared by treating neophyl al
cohol with phosgene in the presence of N.N-dimethylaniline, 
using a procedure similar to that described by Dodonov and Wa
ters,25 bp 82-85° (0.5 mm).

Kinetics Runs. Stock solutions of the peroxides were prepared 
at the concentrations indicated in Tables I and II, and 8-ml ali
quots were injected into tared Pyrex vials, each of which had a 
previously constricted stem leading to a 10/30 T joint. Each vial 
was weighed, attached to a'vacuum manifold, immersed in liquid 
nitrogen, and carefully degassed. The stem was then sealed under 
vacuum.

For a given run, six to ten sealed vials were used. These were 
placed in a thermostated (±0.05°) bath at the same time, and re
moved at various times, quenched by immersing in a Dry Ice- 
acetone slurry, and subsequently titrated. For each titration, the 
contents of the tube were washed into an iodine flask with cold 
acetone saturated with carbon dioxide. A saturated solution of 
sodium iodide in acetone (5 ml), likewise kept cold and saturated 
with carbon dioxide using Dry Ice, was added. The iodine liberat
ed was titrated with standard sodium thiosulfate solution.26
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A detailed study of the hydration of homologs of 3-buten-2-one is reported. Rate constants for the hydration 
and dehydration reactions have been separated and activation parameters, precise solvent isotope effects, and 
acidity dependences have been measured over a wide range of acidity, 1-10 M  perchloric acid. These mechanistic 
criteria are discussed in view of other olefin hydrations.

Hydration o f olefins in aqueous acidic media has been 
studied extensively and the reaction mechanisms for sever
al classes o f olefins have been established.1-6 For simple al
iphatic olefins, dienes, and substituted styrenes, the mech
anism of hydration has been shown to involve rate-deter
mining proton transfer from hydronium ion to olefinic car
bon, followed by addition o f water to the carbonium ion 
thus formed1-4 (Scheme I).

These reactions are characterized by solvent isotope ef
fects, fe(H20)/fe(D20), of 1.4-5 and entropies of activation 
o f —5 to 0 eu. 3-Buten-2-one and its homologs are a special 
class of olefins having a carbonyl gToup conjugated with a

Scheme I

\ ,  /  slow 4- [ H.O
y C = c C ^  +  H30+ ---- 4 — c— O— H + H20 — *■

OH
I I

— C— C— H + H „0+

I I
double bond. Hydration o f some <*,/?-unsaturated ketones 
has been reported previously.6-9 The compounds studied
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do not appear to hydrate by the type o f mechanism accept
ed for hydration of aliphatic olefins, dienes, and styrenes.

The alkoxy-substituted or,/?-unsaturated ketone 4-me- 
thoxy-3-buten-2-one undergoes a vinyl ether hydrolysis 
which proceeds v i a  a 1,4 addition o f water to the conjugat
ed system followed by loss of methanol6 (Scheme II). This 
reaction proceeds faster in deuterio solvent and exhibits an 
entropy o f activation of —26 eu. It is significant that the 
rate-controlling step in this hydrolysis is attack by water on 
the conjugate acid of 4-methoxy-3-buten-2-one.

Scheme II

0

CH,OCH=CHCCH:, +  H30
OH
■il

_CH3OCH^CH=-CCH;J + h2o 

+0H, OH

CH3OCHCH=CCH3
several

steps
-CH,OH

products

/3-Aryl-/3-hydroxy ketones are dehydrated reversibly by 
two mechanisms, the reverse of Scheme I and Scheme HI.7 
Reactions occurring v i a  Scheme III are characterized by en
tropies of activation of —20 eu and a nonlinear dependence 
of log k on —Ho- Substitution of carbonium ion stabilizing 
groups on the carbon 0  to the carbonyl favor reaction v i a  
Scheme I.

Scheme III

OH O OH +OH

ArCHCH,CCH3 + H30  =5=̂  ArCHCHXCR, + H20

|| slow

+0H., OH OH OH
r  i i i

ArCHCH=CCH3 +  H,0 ^  ArCHCH=CCH:, + H,0+

OH 0
— 1 II

ArCH— CH— CCH3 + H,0 ^  ArCH=CHCCH, + H:i0+

These facts, taken in conjunction with the considerable 
discussion surrounding the mechanism of hydration o f sim
ple aliphatic alkenes us. substituted styrenes, demonstrate 
the importance of precisely elucidating the mechanism of 
hydration o f simple aliphatic a,/?-unsaturated ketones vs. 
aryl-substituted a,d-unsaturated ketones. In view of 
the conclusions regarding hydrolysis o f 4-methoxy-3- 
buten-2-one, it is critical to establish not only whether a 1,2 
or 1,4 addition of water occurs, but also whether attack by 
water or proton transfer from hydronium ion to carbon is 
rate controlling.

Hydration of 4-methyl-3-penten-2-one has been reported 
recently8,9 but the results thus far are consistent with sev
eral interpretations.9 Consequently, a complete detailed 
study of the hydration o f homologs of 3-buten-2-one is now 
reported. Rate constants for the hydration and dehydra
tion reactions have been separated and acidity dependen
ces, activation parameters, and precise solvent isotope ef
fects have been measured over a wide range of acidity, 1-10 
M  perchloric acid. These mechanistic criteria are particu
larly useful when considered in light of results from other 
olefin hydrations.

Experimental Section
Materials and Kinetic Method. All substrates were obtained 

from Aldrich Chemical Co. and were molecularly distilled just 
prior to each kinetic run. The kinetic method employed was that 
described previously.1 Deuterioperchloric acid solutions were 
made from deuterium oxide (99.8% D2O, Stohler Isotope Chemi
cals) and concentrated deuterioperchloric acid, as described pre
viously.1

Product Analysis. It was suspected that acetone was being 
formed from 4-methyl-3-penten-2-one in perchloric acid solutions 
greater than 8 M. Consequently, 1.0 g (0.01 mol) of 4-methyl-3- 
penten-2-one was dissolved in 5 ml of ethanol and this solution 
was added slowly to 1 1. of 10 M  perchloric acid accompanied by 
vigorous stirring. After about 10 half-lives of reaction time (100 hr 
at 25°), 300 mg (0.0015 mol) of 2,4-dinitrophenylhydrazine was 
added to a 100-ml aliquot of the 10 M  acid-ketone solution. Back- 
titration with 2 N  NaOH to about 80% neutralization yielded yel
low-orange crystals which were recrystallized from ethanol-water 
and dried under vacuum. The yield of bright yellow dinitrophen- 
ylhydrazone was 195 mg (80%), mp 123-125° (lit.10 mp 126°). Pmr 
spectra of this dinitrophenylhydrazone and authenic acetone dini- 
trophenylhydrazone were superimposable.

Results
The reactions investigated are reversible and at equilib

rium the product concentration is greater than the reactant 
concentration.

Ri
0 OH 0

\  II HCIO, I II
C==CHCCH, + H.,0 ------ - R,R,CCR,CCH:, (1)

4-hydroxy-2-alkanone
3-alken-2-one

1, R, = R, = H
2, R3 = H; R2 = CH3
3, R, =  R2 = O f

Observed Rate Constants, fcobsd- Pseudo-first-order 
rate constants were determined in the traditional way1 and 
are tabulated in Table I. In order to measure the solvent 
isotope effect, k0bsd was determined in DCIO4-D 2O solu
tions. However, since the reaction is overall reversible, ex
change o f hydrogen for deuterium occurred on the sub
strate. To ensure that kobsd(D20) was measured prior to ex
change becoming i m p o r t a n t ,  a  computer program was de
veloped11 similar to the iterative type provided by 
Wiberg.12 The pseudo-first-order rate constants in Table II 
are those calculated by computer and are true constants 
over at least 2 half-lives of reaction.Equilibrium Ratios, [4-Hydroxy-2-alkanone]/[3- Alken-2-one], Since the reactant, 3-alken-2-one, is the 
only specie absorbing significantly at the wavelengths used, 
calculation of the equilibrium ratio (eq 2) is considerably 
simplified (data in Table III).

[4-hydroxy-2-alkanone] — A e

[3-alken-2-one] A e (2)

[4-hydroxy-2-alkanone] = molarity of the
product at equilibrium

[3-alken-2-one] = molarity of the reactant at
equilibrium

A 0 = absorbance at time zero ( i . e . ,  upon mixing)

A e = absorbance at equilibrium ( i . e . ,  at time “infinity”)

The value of A e  was not directly measurable in DCIO4-  
D2O solutions (owing to exchange of hydrogen for deuteri
um on the substrate); consequently, the value o f A e  calcu
lated by the iterative c o m p u t e r  p r o g r a m  ( s e e  previous sec
tion) was used to calculate the equilibrium ratios in Table
IV.
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Table IValues of /¿obsd in Aqueous HCICV
----------------------104 iobsd-----------

M iic m - H Ab
3-Buten-

2-onec
3-Penten-

2-oned
4-MethyI-3-
penten-2-onee

15°

4.03 1.64 5.87
6.28 2.42 15.4
8.26 3.24 32.3
9.30 3.59 42.9
9.96 3.83 46.9

11.10 4.20 36.1

20°
2.57 1.09 4.91

25°
9.30 3.59 97.6

CO 0 0

2.57 1.09 12.5 2.89 4 .5 4
6.28 2.42 14.0
8.26 3.24 114
9.30 3.59 147
9.96 3.83 0 .187/

O O

1.05 0.31 9.72 2.85 3.90
2.57 1.09 27.8 6.95 10.3
4.03 1.64 55.0 12.5 19.1
6.28 2.42 144 21.7 31.8
7.48 2.92 31.0 26.6/
8.26 3.24 284 30.5 0.96/
9.30 3.59 0.702/
9.96 3.83 0.666/

50°
2.57 1.09 15.5 22.2
6.28 2.42 61.1
9.96 3.83 1.54/

0 Means of replicate determinations; average deviations 
from mean values were < ± 2 % . 6 Reference 14. c Followed 
at 210 nm. d Followed at 226 nm. 'Follow ed at 243 nm. 
/  Followed at 278 nm.

Table IIValues of hobsd in DCIO. IFO Solution at 40° “
<--------------------------—104 Aobsd s

4-Methyl-3-
A/dcich 3-Buten-2-oneb 3-Penten-2-onec penten-2-oned

1.05 4.71 0.979 1.33
4.70 28.9 6.88 8.51
9.39 63.8 0.537

“ Means of replicate determinations; average deviation 
from mean value were < ± 2 % . 6 Followed at 210 nm.
'  Followed at 226 nm. d Followed at 243 nm. » Measured at 
30° rather than 40°.

Separation of k h y d  and &dehyd- These rate constants 
were calculated from &obsd and the equilibrium ratios using 
the following relationships.13

ôhsd ĥyd T  d̂ehvd
[4-hydroxy-2-alkanone] k hyd

[3-alken-2-one] &dehyd
k h y i , the rate constant for the forward reaction in eq 1 

k i e h y i , the rate constant for the reverse reaction in eq 1

Figure 1 shows the acidity dependence o f k h y d - H a14 is 
used as the measure of medium acidity, since it has been 
shown that «,/t-unsaturated ketones behave as Hammett
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Table IIIEquilibrium Measurements, [4-Hydroxy-2-alkanone]/[3-AIken-2-onea]

MkcW4

[4-hydroxy-2- 
butanone]/ 

(3-buten-2-one ]1

[4-hydroxy-2-
pentanone]/

 ̂ [3-penten-2-one]c

[4-hydroxy-4- 
methyl-2- 

pentancne]/ 
[4-methyl-3- 

penten-2-one]d

15°
4.03 22.7
6.28 20.4

to o o

2.57 22.2

CO o o

2.57 19.0 3.90 9.02
6.28 4.08

oO

1.05 3.35 8.49
2.57 13.0 3.14 6.75
4.03 2.46 5.21
6.28 1.96 3.92
7.48 1.06 1.36
8.26 0.912

50°
2.57 2.67 5.15
6.28 2.52

a Means of replicate determinations; average deviations 
from mean values were < ± 2 % . b Measured at 210 nm. 
' Measured at 226 nm. d Measured at 243 nm.

Table IVEquilibrium Measurements in DCIO.- D O Solutions at 40° “
[4-hydroxy-4-

methyI-2-
]4-hydroxy-2- [4-hydroxy-2- pentanone]/
butanone]/ pen ta none]/ [4-methyl-3-

M  d o i o .'. (3-buten-2-onef> i3-penten-2-one]c penten-2-one}d

1.05 6.55 1.67 2.92
4.70 3.91 0.96 2.07
9.39 3 .25 '

* Means of replicate determinations; average deviations 
from mean values were < ± 5 % . b Measured at 210 nm. 
'  Measured at 226 nm. d Measured at 243 nm. '  Measured 
at 30° rather than 40°.

bases when the extent o f protonation is measured using 
H a -15’16

At 15°, the equilibrium ratio for the hydration of 3- 
buten-2 -one is sufficiently large (> 2 0 ) so as to make calcu
lation of khyd from k0hsd unnecessary (i.e., kQ\Kti essentially 
equals &hyd); consequently the rate constants plotted for 3- 
buten-2 -one are feobsd. Two of these, at H a = -0 .31  and 
—1.09, are extrapolated from studies at higher temperatures 
(Table I).

Plots of log fehyd us. ~ H a (Figure 1) for 3-buten-2- 
one, 3-penten-2-one, and 4-methyl-3-penten-2-one are lin
ear through H a = —1.64 (4.03 M  HCIO4) with slopes of 0.58, 
0.48, and 0.51, respectively. Though the significance of 
these slopes is discussed later, it is interesting to note that 
similar plots us. -H o  are nonlinear even in this moderate 
acid concentration range. The curvature in Figure 1 at 
greater acid concentrations is due to protonation o f the 
substrate (discussion to follow and ref 16).Solvent Isotope Effects, &hyd(H20)/£hyd(D20). Calcu
lation of solvent isotope effects given in Table V required 
interpolation o f &hyd(H2 0 ) in 4.70 M  HC104 at 40c from
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Table VSolvent Isotope Effects for the Hydration of3-Aiken-2-one at 40°
1.6

1.4

1.2

■o 1.0

eno
+ 0.8 

xr

0.6

0.4

0.2

J___________|__________ |__________ L_
1 2  3 4

Figure 1. Acidity dependence of the hydration of 3-buten-2-one
( □ ------, 0.58), 3-penten-2-one (O • ■ ■ 0.48), and 4-methyl-3-pen-
ten-2-one (a ------- , 0.51). The number in parentheses gives the
slope of the straight line established by the first three points. Data 
for 3-buten-2-one are at 15°; other data are at 40°.

data reported in Tables I and III. The ratio ZihydlHoO)/ 
fchydiDiO) thus represents the rate of hydration of a 3- 
alken-2 -one in HCIO4-H 2O solution divided by the 
rate o f hydration of a 3-alken-2-one in a DCIO4-D 2O solu
tion of equal molarity.

A ctivation Param eters. Enthalpy and entropy o f acti
vation were calculated in the usual fashion1 for the hydra
tion of 3-alken-2-ones (i.e., data in Table VI is based on 
khyd values).

Discussion
The mechanism by which hydration of simple aliphatic 

a,fi-unsaturated ketones proceeds is given in Scheme IV.

Scheme IV

O
1

OH

R1R2C =C R 3CCH3 +  H;,0+ =5=^ LF-1R2C— CR;,— CCH:J_

h
+ H.,0

r OH OH 1 r  +OH, OH J1 1 H,0 1 !
|_R,R>CCR3=C CH :i_ + H30 + ^ Lr 1r2ccr3= cch3_

41 slow

OH +OH OH 0

_R,R2CCHR:lCCH:1J +  ILO ^  R,R,CCHR:jCCH:1 +  H:iO+

'------------------£hyd(HiO)/ihyd(DiO)---- --------------- -
4-Methyl-3-

iWaeid 3-Buten-2-one 3-Penten-2-one penten-2- one

1.05 2.38 3.56 3.51
4.70 3.46 3.12 3.31
9.39 3.08“ 1.28

“ At 30°.

Below about 6 M  perchloric acid, equilibrium 1 lies far to 
the left and step 4 is rate controlling, as shown by (a) the 
very large solvent isotope effect (Table V), (b) the very 
large negative entropy o f activation (Table VI), and (c) the 
fact that 3-buten-2-one hydrates three times faster than 4- 
methyl-3-penten-2-one (Table I). The primary solvent iso
tope effect indicates that proton transfer to carbon is rate 
controlling. The large negative entropy is consistent with 
incorporation o f a molecule o f water into the transition 
state in addition to the hydronium ion. The somewhat 
greater reactivity o f 3-buten-2-one over 4-methyl-3-pen- 
ten-2 -one demonstrates that reaction cannot occur via 
Scheme I (e.g., isobutene hydrates 103-104 times faster than 
propene) .17

Above 6 M  perchloric acid, some o f the substrates are 
present increasingly as the conjugate acid (i.e., equilibrium 
1  lies to the right). The kinetic expression differs signifi
cantly from that of the reaction in dilute acid. Allowing S = 
substrate and SH+ = protonated substrate

when [S] >  [SH+] v =  H:io*^H,o^L

k j l i k ,  f  SH*
when [SH+] »  [S] v =  [SH+]( A Ha0)2

Thus as long as the substrate is present as S (equilibrium 
1 lies to the left), k 0bsd will increase with increasing acidity 
according to the term A h 3o +Ah20 ( / s//tr+) above. However, 
when the substrate is present as SH+ (equilibrium I lies to 
the right), fe0bsd will decrease with increasing acidity ac
cording to the term (A h 2o ) 2 ( /s h + //h 2o )- This becomes of 
great significance when the kinetic expressions for dehy
dration are examined (i.e., the reverse o f Scheme IV). No 
matter whether the a,/3-unsaturated ketone is present as S 
or SH +, k 0bsd for dehydration increases with increasing 
acidity according to the term A h3o + (/ROH//tr+), where 
ROH denotes the /3-hydroxy ketone product of Scheme IV. 
Consequently as the acidity increases beyond 6 M  HCIO4, a 
marked decrease in equilibrium constant (Table III) indi
cates that the substrate S is becoming increasingly SH+ by 
equilibrium 1  shifting to the right. For 4-methyl-3-penten-
2 -one this occurs at about 6 M  HCIO4; for 3-penten-2-one it 
occurs at ca. 7 M  HCIO4. A forthcoming paper will dis
cuss the basicities of these ketones in detail. 16 The only 
matter o f consequence to Scheme IV is that as protonation 
of the a,/3-unsaturated ketone becomes significant, the rate 
of hydration will decrease with increasing acidity and the 
equilibrium constant will decrease, favoring the a,/3-unsat- 
urated ketone over the /3-hydroxy ketone. The curves in 
Figure 1 are in quantitative agreement with the reported 
p/Lb of a,/3-unsaturated ketones in aqueous perchloric acid;
i.e., the maxima in Figure 1  coincide with those expected 
based on pAJ, data16 and the preceding discussion.

The reaction o f 4-methyl-3-penten-2-one in acidities 
greater than 8  M  H C I O 4  is suprising. As previously dis
cussed, the equilibrium constant is changing since fcdehyd is 
becoming greater than fthyd and consequently in acidities 
much greater than 8 M  there is no apparen t hydration
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Table VI
A ctivation  Param eters for the H ydration  o f  3-A iken -2-ones in  A queous P erchloric A cid“

Com pd M hci0 4  AH * ,  kcal/mol^ AS*, e u b

3-Buten-2-one 2.57 15 .2 ± 0 .4 -2 1 .7 ± 1 .4
3-Buten-2-one 8.26 14 .9 ± 0 .7 -1 8 .2 ± 2 .3
3-Buten-2-one 9.30 13 .6 ± 0 .2 -2 2 .0 ± 0 .6
3-Penten-2-one 2.57 15 .7 ± 0 .4 -2 2 .8 ± 1 .4
4-Methyl-3-penten-2-one 2.57 14 .8 ± 0 .0 -2 5 .0 ± 0 .1
4-Methyl-3-penten-2-one 6.28 13 .7 ± 0 .7 -2 6 .3 ± 2 .2
4-Methyl-3-penten-2-one 9.96 20..1 ± 1 .8 -1 3 . 7 ± 5..9

“ Calculated at 40°. b Enthalpy, entropy, and standard deviations were calculated using least-squares method, carried out 
on a CDC 3300 computer.

since the equilibrium constant strongly favors a,/3-unsatu- 
rated ketone. However, a slow reaction incurs at about this 
acidity which results in total destruction of a,/3-unsatu- 
rated ketone. This reaction is characterized by irre
versibility (for practical purposes), small solvent isotope ef
fect [k (H 2 0 )/&(D20 ) = 1.3], a very slight inverse acidity 
dependence [d(log k ) / d ( - HA) = —0.1], a negative en
tropy ( -1 3  eu) significantly more positive than that 
for hydration ( -2 5  eu), and acetone being the product 
(isolated as dinitrophenylhydrazone). These data all sup
port the incursion o f a retro aldol condensation as outlined 
below.

Although not studied because of the slowness o f reaction,
3-penten-2-one exhibits behavior similar to 4-methyl-3- 
penten-2-one in 10-11 M  HCIO4. That is, acid-catalyzed 
retro aldol condensation appears to be characteristic o f 
«,/1 -unsaturated ketones.
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R eferences and Notes
OH +OH
I IIeu m i — mi

CH;i

- OH 0
HO I II
^  CH,CCH,— CCH, + B.0+

C.R,

6 I slow

+ O H  O H  0

II I H.O II
CH :1CCH , +  H ,C = C C H , -  ‘  2CII .CCH +  H:,0+

Recalling that at these acidities the reactant state is pro- 
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The effect of added dimethyl sulfoxide on the alkaline 
hydrolysis of anilides has recently been examined by Gani 
and Viout.1 They observed that at 1 M  NaOH, addition of 
DMSO caused a rate increase for N-methyl-p-nitroacetan- 
ilide and a rate decrease for A'-methyl-p-methoxyacetanil- 
ide and N-methylacetanilide. These effects were explained 
as indicating rate-determining addition of hydroxide ion 
for IV-methyl-p-nitroacetanilide hydrolysis, but rate-deter
mining breakdown of the intermediate for the anilides 
without electron-withdrawing substituents. This interpre
tation of the p-nitroanilide data has been challenged by 
Braxton and Deady2 on the basis of effects of DMSO on 
the methanolysis of substituted 2,2,2-trifluoro-Af-methyl- 
acetanilides. They argue that an increase in hydrolysis rate 
on addition of DMSO does not necessarily imply that the 
addition step is rate determining.

In order to resolve this controversy, we have determined 
the effect of added DMSO on the alkaline hydrolysis of 
p-nitroacetanilide under conditions where addition of hy
droxide is known to be rate determining and under condi
tions where breakdown of the intermediate is known to be 
rate determining. Our data show that the effect of DMSO 
cannot be used as a probe for the rate-determining step in 
anilide hydrolysis. In addition, these results provide con
firmatory evidence for different types of transition states 
in the breakdown of the tetrahedral intermediate in ani
lide hydrolysis depending on substituent.3

Results
Pseudo-first-order rate constants were measured at 25.0 

±  0.2° in 50 vol % DMSO at an ionic strength 0.5 (NaCl) 
and hydroxide ion concentrations of 0.001-0.3 M . Reac
tions at higher hydroxide ion concentrations were followed 
to completion, but those at lower base concentrations 
were analyzed by measuring initial rates.

Although p-nitroacetanilide hydrolysis is complicated 
by ionization to give an unreactive anion (eq l ) ,4 this side 
reaction can be easily corrected for. The equilibrium con
stant for eq 1 was measured and found to be 59 M ~ 1 in

CH:tCNHAr + OH“ CH.,CNAr (1)

50% DMSO. The observed rate constants were then cor
rected for ionization of the anilide according to eq 2.

k rnn- =  +  ^ [O H “ ]) (2)

These rate constants are given in Table I and plotted in 
Figure 1, along with the rate constants for the entirely 
aqueous system.4 ’5

Discussion
The alkaline hydrolysis of p-nitroanilides has been 

shown to proceed through two parallel paths:4' 7 (1) de-

Figure I. Plot of log kcorr vs. log [OH'] for the hydrolysis of p- 
nitroacetanilide in water (closed circles) and in 50% DMSO- 
water (open circles). Data for water is from ref 4 and 5. The lines 
are calculated from eq 4 using the parameters given in Table II.

composition of the monoanion of the tetrahedral interme
diate ( T ')  with general acid catalysis to give the carbox
ylic acid and free amine (eq 3a); and (2) decomposition of 
the dianion (T2' )  without general catalysis to give car- 
boxylate ion and anilide ion (eq 3b). This mechanism is

0 “
A, I

OH“ + RCONHAr ^  RCNHAr -  RCOOH + NH,Ar (3a)

*" I
OH (T” )

K[OHT]|

0 “

RCNHAr RCOO“ +  “NHAr (3b)
I
0 “

(T-_)
supported by the finding of buffer catalysis for path 3a 
with p-nitrotrifluoroacetanilide6 and the much greater 
sensitivity of the dianion cleavage than of the monoanion 
cleavage to substituent effects in the ring.4“7 

The present results may be accounted for by the m ech
anism of eq 3a and 3b. Application of the steady-state as
sumption gives eq 4, where k 3 = k 3'K . The calculated 
values of these parameters are given in Table II.

, H k ,  +  ¿,[O H ~ ])[O H _]
k a”  =  ------------------------ — ------- (4)

/c_, +  k , +  /e,[OH“ ] '

2108
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Table IRates of Alkaline Hydrolysis of p-Nitroacetamlide in 50% DMSO-Water at 25.0°
[OH~], M  k°Ui, sec-i A“ ", see-'® Method6

3.00 X 1 0 - 1 8.37 X 1 0 - 5 1.58 X IO -3 c
2.00 X io-> 8.75 X 1 0 - 5 1.12 X IO"3 c
1.00 X io-1 9.04 X 10 “6 6.28 X IO -4 c
6.00 X 10“ 2 7.59 X 1 0 - 5 3.47 X IO '4 c
3.00 X 1 0 - 2 7.37 X 10- 5 2.05 X IO“ 4 c
1.20 X 10 -2 2.37 X 10- 5 4.07 X 10- 6 c
6.00 X 1 0 - 3 9.67 X 1 0 6 1.31 X 10-5 I
6.00 X 1 0 - 3 1.06 X 1 0 - 5 1.44 X 10 - 5 c
2.00 X 1 0 - 3 1.96 X 10“ 6 2.19 X 10-* I
2.00 X 1 0 - 3 2.45 X 10-* 2.74 X 10“ 6 c
1.00 X 1 0 - 3 1.07 X 10~6 1.13 X 10-» I
“ Corrected by eq 2. b C =  followed to completion; I = 

initial rate.

Table IIKinetic Parameters for the Alkaline Hydrolysis of p-Nitroacetanilide in Water and 50% DMSO-Water
Water 50% DMSO

kl 2.2 X IO- 3 M ~ 1 s e c -1 7 .6 X 10~3 M ~ l sec-
k2/ k - 1 0.045“ 0.09
k t/k - l 14 AT“ 1 6 53 M ~ l

“ Recalculated from ref 4 and 5. Value in ref 5 is 0.063. 
6 Recalculated from ref 4 and 5. Value in ref 4 is 17 M ~ l.

Evaluation of the kinetic parameters for water and 50% 
DMSO reveals that the rate constant for hydroxide addi
tion (fei) is increased by about 3.5-fold on changing the 
solvent from water to 50% DMSO. Under conditions 
where breakdown of the intermediate is rate determining 
(fc3[O H -] <  k - i ) ,  the overall rate constant for reaction by 
pathway 3a [&1 &2 / & - 1  +  ^2 )] is increased sevenfold and by 
pathway 3b [&i&3/ ( /? - i  +  k 2)\ 12-fold.

It is immediately obvious that addition o f DMSO caus
es a rate enhancement for p-nitroacetanilide hydrolysis 
whether the rate-determining step is addition of hydroxide 
ion, breakdown of T - , or breakdown of T 2- .  These results 
support Deady’s contention2 that the effect of DMSO can
not be used to determine the identity of the rate-deter
mining step in the alkaline hydrolysis of anilides.

It is of interest to analyze the effect of added DMSO on 
the different rate processes for this reaction. The addition 
of dipolar aprotic solvents such as DMSO to aqueous solu
tions of base is known to have a large effect on the basici
ty of the solution.8 For example, the H  value of 0.011 M  
tetramethylammonium hydroxide changes from 12 in 
water to 26 in 99.5 mol % DM SO.9 This large increase in 
basicity has been attributed to the increased activity of 
hydroxide ion brought about by reduced solvation by 
DM SO.9 Larger anions are less affected by a change in 
solvent since their solvation requirements are less than for 
hydroxide ion.

The rate variations observed in our work may be ana
lyzed in the following way. An increase of the value for k \ 
on going from water to DMSO is expected since the tran
sition state is a larger anion than hydroxide ion, and large 
anions are destabilized less than small anions on transfer 
from water to water-DMSO solutions.9 Consequently, sol
vation is less important in the transition state than the 
ground state and the reaction is accelerated by a less sol
vating medium.

For path 3b the rate enhancement due to added DMSO 
can be explained in an analogous manner. This process in
volves destruction of two hydroxide ions, with generation 
of water and a more diffuse anion in the transition state. 
Again, DMSO is expected to increase the rate due to

lower solvation requirements of the transition state than 
the ground state.

The effect of DMSO on the first-order process for hy
drolysis (eq 3a), however, cannot be explained so easily. In 
fact, a slight decrease in rate was found for the analogous 
process for N-methyl-p-methoxyacetanilide and ;V-methyl- 
acetanilide on going from water to 50% DM SO.1 These 
results were explained by postulating a dual effect of 
DMSO. In addition to augmenting the activity of hydrox
ide ions, added DMSO decreases the activity of water. 
Since the rate-determining step for the hydrolysis of ani
lides with poor leaving groups involves slow proton trans
fer from water prior to C -N  bond cleavage (I),3 the dimin-

C T 0 i_

1 I;
R — C — N H  ■ H - O H  I I

R —  C — N H -------H ------- O H
1 1

-  H O  A r 1 X O
-

>
-

1__
_

I II

ished activity of water offsets the increased activity of hy
droxide ions. Furthermore, a new hydroxide ion is being 
generated in the transition state and solvation of this in
cipient anion becomes important. The net result is a 
small effect on the overall reaction rate.

In contrast to the results for N-methylacetanilide and 
p-methoxy-N-methylacetanilide, we find that DMSO in
creases the reactivity of p-nitroacetanilide by the process 
of eq 3a. The observed rate increase for p-nitroacetanilide 
hydrolysis may be explained in a manner similar to that 
used by Deady for the effect of DMSO on the methanol- 
ysis rates of Af-methyl-m-nitro-2,2,2-trifluoroacetanilide.2

For good leaving groups (p-Cl, m -N 02, etc.) the rate
determining step for breakdown of the intermediate is no 
longer proton transfer to the nitrogen as with poor leaving 
groups. Rather, it is C -N  bond cleavage, with water act
ing simply to solvate the leaving group (II).3 Here the 
transition state is a relatively large anion, with the nega
tive charge spread out between the oxygen and the nitro
gen. Although water is needed to solvate the nitrogen in 
II, it is clear that transition state II is a larger anion than 
hydroxide ion. Since the charge is more diffuse in II than 
in hydroxide ion, a rate increase on addition of DMSO for 
good leaving groups can be explained. For poor leaving 
groups (transition state I), on the other hand, charge lo
calization is actually greater than for hydroxide ion and a 
rate decrease is expected. Consequently, the overall rate 
by the process of eq 3a is increased by addition of DMSO 
for good leaving groups and decreased for poor leaving 
groups.

Experimental Section
p-Nitroacetanilide was synthesized by acylation of p-nitroani- 

line with acetic anhydride, mp 214° (lit.4 mp 214-215°). Dimethyl 
sulfoxide was purified by distillation from calcium hydride at re
duced pressure. Kinetic solutions were made up by pipetting 25 
ml of a known concentration of aqueous sodium hydroxide into a 
50-ml volumetric flask and diluting to the mark with DMSO.

The kinetics were followed spectrally at 390 nm and analyzed 
by a nonlinear least-squares regression program for those reac
tions followed to completion or by measuring initial rates (~2% 
reaction).4 All reactions which were followed to completion gave 
stable infinity points and excellent first-order kinetics.

The equilibrium constant for the ionization of p-nitroacetanil
ide in 50% DMSO-water was determined spectrophotometrically 
at 390 nm by using hydroxide ion concentrations of 0.006-0.300 M  
and a p-nitroacetanilide concentration of 3 x 10“ 4 M . A plot of 
l/qohsd vs i/[OH~] gave a slope of 1 /(K)(A~) where Aobs<1 is the 
absorbance, A - is the absorbance of the anion, and K  is the equi
librium constant. A weighted least-squares analysis of this data 
gave A = 59 ±  6 M ~1.
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Interest in uncatalyzed reactions of disulfides with un
saturated systems prompted study of di-n-pentyl disulfide
(1) with maleic anhydride (2) because the double-bond 
system of 2 seemed more likely than an isolated double 
bond to interact with unshared electrons of the sulfur 
atoms. The reaction that occurred is shown by eq 1 (with 
isolation of actual product, 5, after hydrolysis by eq 2).

-155°. 8 hr

KOH' H
4 + H,0 -----—  n-C5H„SCH(CO,H)CHJCO-,H (2)

Although the reaction is neither particularly clean nor 
perhaps synthetically attractive in its present form, it is 
noteworthy in that the structural outcome suggests a rela
tionship to the broadly important ene reaction (eq 3).2 
According to both eq 1 and 3, a hydrogen atom and the 
third atom from it add to the anhydride, a widely used 
enophile.2 However, development of the new double bond 
requires cleavage of the S-S  bond for 1 in contrast merely 
to the shift of bond for an alkene. So far as we know, a sul
fur counterpart of the ene reaction has not been specifi
cally recognized as such before, although a formulation re
sembling that of eq 1 was suggested for the reaction of di

n-butyl disulfide and acetylene,3 which also is an eno
phile.2 The arrows in eq 1 and 3 are intended merely to 
point up the similarity of the reactions, not to make a 
point about the direction of electron shift.

Disulfides have long been known to react with a double 
bond as shown by eq 4, with suitable catalysis (iodine,4

\ = C ' /  +  RSSR ^  RSC— CSR
/  \  | |

(4)

hydrogen fluoride,5 cobalt sulfide,6 or ethanesulfonic 
acid7). Free-radical addition also has been observed but 
leads only to poor yields of 1:1 adducts.8

The only reaction apparently reported for a disulfide 
with 2 is that of eq 5,9 which also seems to be the only 
reaction where a disulfide has led to a mono- rather than 
a bisthio ether. The sequence probably is that of the dot
ted arrows (eq 5), involving merely reduction of the disul
fide to the thiolate ion, which then adds conventionally to 
2.10

( PhS)2 +  2

I Na.S. KOH
j  2.H-0 

P hS ~--------

Na,S + KOH; 83.55 hr PhSCH(C0,H)CH2C02H

Î
KOH (H4) (5)

- PhSCHCO(0)COCH2-------1
Table I, expt 1, shows conditions for the initial reaction 

when 1 was heated neat with 2 (eq 1). The fate of the pre
sumed thio aldehyde 3 never became clear, not surprising
ly, because 3 would be expected to be highly reactive. 
That the main product, after hydrolysis (eq 2), was 2-(n- 
pentylthio)succinic acid (5) was confirmed by indepen
dent synthesis.

Experiment 2 was done at lower temperature and with 
excess 1 (rather than the usual excess of 2) to improve the 
conversion to 5. The conversion was zero, but the result 
showed that the reactions of eq 1 and 5 must differ signifi
cantly (compare the conditions cited above the arrows). 
Indeed, when expt 1 was essentially repeated with diphe
nyl disulfide (15% excess) substituted for 1, 99% of this 
disulfide was recovered; cleavage alone of this S -S  bond 
thus did not suffice for a reaction like that of eq 1, so that 
the a-CH 2 moiety of 1 clearly is essential. In expt 3, long
er reaction at the lower temperature did lead to 5, indeed 
with better results than in expt 1 (cf. Table I, footnote h).

There was a possibility that the hydrolysis and treat
ment with alkali used in isolating 5 (eq 2) actually might 
have led to conversion of 1, only at this late point, to give 
n-pentanethiolate ion, which then could have added to 2 
to produce 4. Experiment 4 duplicated the isolation alone 
and, by giving no 5, ruled out the possibility that 5 merely 
was an artifact of isolation. That 5 also did not originate 
during the reaction itself simply through thermally in
duced cleavage of I to 1-pentanethiol was shown by dem
onstrating high thermal stability of 1 at ca. 155° (cf. E x
perimental Section).

Experiments 5-7 were done to improve the conversion 
further. A plot of conversion against time for expt 1 and
4-7 indicated that the product 4 undergoes further reac
tions that destroy it when heating is prolonged and that 
the optimum time of reaction would be ca. 7 hr. Experi
ment 8, based on this inference, gave the best conversion 
encountered, 44%.

In expt 5, I and 2 were carefully purified to obviate pos
sible misinterpretations. An effort then was made to iso
late all products. No pure sulfur compound other than 5 
could be isolated, despite reworking of mother liquors, 
capitalization upon differing solubilities, distillation, and 
chromatography. The material balance was 98%, but the
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Table IReaction of Di-»-pentyl Disulfide (1) with Maleic Anhydride (2)“

Expt

/----- Molar proportions-------
Disulfide

(X) Anhydride (2)
Conversion,

%c Approx yield, % d Mp, °CeTemp, °C b Time, hr

1 l 2 165! 17 22 100-103
2 3 1 115 23 0® 0®
3h 3 1 115 43 34 103.5-107
4* 1 2 25*' 0 0 0
5 1 2 155 8.5 31 ~79 106.5-107.5
6 1 2 155 6 31 101-103.5
7 1 2 155 2.3 9 103-105
8 1 8 155 7.6 44 ~71 102.5-105
9 1 2 To 190* 17 2* 95-102.5

10M 3 1 126 43 31 ~81 103.5-105
11" 1 2 155 6 32 104.5-106
12" 1 2 155 25 18 95.5-100

“ Heated neat unless otherwise stated. b Approximate average; usual range ca. ± 5 °  unless otherwise stated. c On the as
sumption o f 1 as the limiting reagent in eq 1, except for expt 2, 3, and 10, where 2 is assumed to be limiting. d On the assump
tion that all solvent-extractable neutral material is recovered 1 [ir showed that a little was unhydrolyzed anhydride (s) ] and 
that 1 actually consumed is starting material less this neutral material. For example, in expt 5 neutral material extracted 
after hydrolysis amounted to ca. 61% o f 1 used (yield of 5, 79% ); distillation reduced the 61% to 38% (yield of 5, 50%). 
' Melting point of pure 5, 108.5-109°. Identity of 5 checked by mixture melting point. '  Range ca. ±15°. » Recovery of 1, 
88 %. * A little sulfur was added in the hope of catalyzing eq 1 or of inhibiting polymerizations. However, it may have changed 
the mechanism of reaction. * Control experiment at 250 to assure that 5 was not an artifact of the usual procedure of isolation.
’ Range ca. 150-190°; for several hours the temperature was ca. 190°. k The pH of the aqueous solution after neutralization 
and extraction was ca. 10 (usually ca. 7), suggesting loss of part of the carboxyl function during reaction. The benzene-scluble 
material (13.9 g) atypically was mostly insoluble in H20 , suggesting that the water-insoluble “ black oil,”  which usually was 
a by-product, had become the major product. 1 In AcOH as solvent m In cumene as solvent.

crude hydrolysis product (eq 2) seemed to contain at least 
a dozen components. The usual black reaction product 
contrasts markedly with the negligible color 1 alone devel
ops at ca. 155°. Early crops of 5 typically were contami
nated by an intractable, water-insoluble “black oil” that 
could be removed reasonably well m echanically by wash
ing and pressing and that seemed to contain at least four 
substances. Five recrystallizations were required to give 
the 5 reported in Table I.

Some other conclusions are possible. Experiment 9 (like 
expt 1 but at a temperature up to 25° higher) pointed to 
the bad effect on the conversion of too high a tempera
ture; the amount of “black oil” was unusually large, con
firming the probability that it arose from decomposition 
of 4. Although 3 8 -6 1 %  of 1 was recovered in expt 5 ( c f . 
Table I, footnote d ), use of the still larger excess of 2 in 
expt 8 did not influence the conversion or yield signifi
cantly, perhaps because the excess 2 was consumed in side 
reactions (comparison of expt 3 with expt 1 suggests that 
use of excess 1 also may have little effect). Experim ent 10, 
with acetic acid as a solvent, gave much the same result 
as expt 3 done neat, showing that a proton source has lit
tle effect. Experiments 1 1  and 12 explored use of cumene 
as a solvent. The thought was that if eq 1  involved thiyl 
radicals in a homolytic process, abstraction of H -  from 
cumene (instead of by destruction of other thiyl radicals 
to form 3) could both improve the yield and indicate a 
homolytic nature for eq 1. “ Cumene is normally particu
larly susceptible to side-chain hydrogen abstraction by 
free radicals . . .  .” 12 However, the results of expt 1 1  were 
much like those of expt 6 done neat. It  is worth adding 
that “the ene synthesis is little affected by solvent 
changes.”2 Th e im plication from the negligible effect of 
cumene that homolysis may not play a major role in eq 1 
was supported by the fact that no more than 2 %  of 5 
could be isolated when 1 and 2 were strongly irradiated for 
8 hr; in the perhaps analogous reaction mentioned of alkyl 
disulfides with acetylene, free-radical initiators had no ef
fect.3 Experiment 12 confirmed that too long a period of 
heating has the same bad effect as that mentioned of too 
high a temperature (c f. expt 1 1  and 12).

Experimental Section13
Reaction of Di-n-pentyl Disulfide (1) with Maleic Anhy

dride (2).14 A. Typical Procedure with Excess 2 (Expt 8). A
clear solution in 1 (20.10 g, 97.4 mmol) of 2 (76.4 g, 780 mmol, 8 
molar proportions) was heated (Glascol mantle) at 151-163° for
7.6 hr in a 500-ml flask protected from moisture (CaCh) and pro
vided with a thermometer, stirrer, and air condenser. Cooling to 
ca. 25° then gave a mobile, dark liquid. Water (300 ml) was 
added, and the mixture was stirred vigorously for 1 hr. “ Black 
oil” (1?), which separated in many experiments at this point, did 
not appear. An iced solution of KOH (88.5 g, 1580 mmol) and 
H2O (160 ml) then was added below 15° (to obviate attack on any 
1 that remained). The mixture was stirred for 5 min (pH ca. 7) 
and extracted with Et20. The Et20 extract, washed with H2O, 
dried, and evaporated, gave 7.6 g of dark liquid, which an ir spec
trum showed to be largely 1 (38% recovery) containing some form 
of anhydride(s) (ir 1725, 1788 cm-1). The combined aqueous 
layers were acidified with concentrated HC1 (132 ml) and extract
ed with 100 ml of benzene, then thrice more with 50 ml.17 The 
combined benzene extracts were washed twice with 10-ml por
tions of H2O. Removal of the benzene (without drying, in expt 8, 
to obviate crystallization of the sparingly soluble 5) left dark oil, 
which crystallized to a greasy solid (23.6 g). Three recrystalliza
tions from H2O gave 9.42 g of 2-(rc-pehtylthio)succinic acid (5, 
44% conversion, 71% yield assuming that the 7.6 g of liquid ex
tracted was pure l),18 mp 102.5-105°, undepressed by authentic 
5.

B. Modifications. In expt 3, a typical one with excess 1 (except 
that 0.5 g of sulfur also was used; cf. Table I, footnote h), 1 (27.62 
g, 133.9 mmol) and 2 (4.37 g, 44.6 mmol) were heated at ca. 110- 
120° for 44 hr. 5 was isolated as in A, except that recrystallization 
of 5 was from C1(CH2)2C1 to the melting point in Table I, then 
from H20  and n-BuCl to a constant melting point (and mixture 
melting point) of 108-108.5°. Anal. Calcd for C9H16O4S: C, 49.07; 
H, 7.32; S, 14.56; neut equiv, 110. Found; C, 48.92; H, 7.13; S, 
14.64; neut equiv, 111.

Experiment 10 was essentially a repetition of expt 3 but with 25 
ml of glacial AcOH as solvent. After the 43-hr reaction period (at 
the reflux temperature), AcOH was removed from the deep red 
solution, and isolation then was done as in A; Et20 extraction re
covered 24.13 g of 1. Experiment 11 was like expt 8 except for use 
of 19.00 g (194 mmol) of 2, 100 ml of cumene as a solvent (at the 
reflux temperature), the different conditions noted in Table I, 
and longer periods of stirring with H2O (3 hr) and alkali (10 min) 
to achieve a neutral pH (~8) in the presence of the cumene; this 
cumene procedure seemed a clean one, promising for other stud
ies. Experiment 12 was like expt 11 except for the longer reaction
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period (Table I); the acidification led to ca. 35 g of a syrup that 
was insoluble in both H2O and benzene and presumably repre
sented secondary reaction products.

C. Effect of Light. A mixture of 1 (8.33 g, 40.4 mmol) and 2 
(1.98 g, 20.2 mmol) was irradiated with occasional swirling in a 
quartz flask at ca. 50-75° using a 6-in. distant 250-W Hg lamp 
[General Electric Co. UA-2 Uviarc; rated per cents of wattage (A 
range) were 4.6 (<2800), 4.3 (2800-3200), and 3.4 (3200-3800)]. A 
brown oil began to separate after ca. 1 hr. Considerable carbon
ization seemed to occur. After 8 hr, a brown solid and pale yellow 
supernatant layer resulted. Addition of H2O (5 ml) and warming 
effected dissolution of the solid. An iced solution of KOH (2.29 g,
40.9 mmol) in H20  (25 ml) was added, and the mixture was ex 
tracted well with Et20. Acidification (pH 7) and benzene extrac
tion gave 0.07 g of material, a maximum yield of only 2% of 5.

Authentic 2-(ri-Pentylthio)suecinic Acid (5). Sodium hydrox 
ide (5.3 g, 133 mmol) and purified n-pentyl iodide (27.8 g, 140 
mmol) were added to a solution of mercaptosuccinic acid (19.4 g, 
129 mmol)19 and Na2C03 (13.7 g, 129 mmol) in H20  ( 58 ml). The 
mixture was stirred at high speed under N2 for 6 hr.20 Heat was 
applied briefly at the outset to raise the temperature to 70°, after 
which the temperature remained at ca. 70-83°, mainly apparently 
because of the heat of stirring. The homogeneous mixture was 
washed with Et20, acidified, and extracted with benzene (300 ml) 
and Et20  (200 ml) in several portions (5 is sparingly soluble). The 
combined extracts were washed (H20), dried (MgSCh), and 
evaporated, yield, 20.0 g (70%), mp 105.5-107°. Recrystallization 
[H20, Cl(CH2)2Clj gave 5 of constant mp 108.5-109°, undepressed 
by the analytically pure 5 described in B (lit. mp 99.5°,11 107°,21
107.7-108°22). Anal. Calcd for C9Hi60 4S: C, 49.07; H, 7.32. 
Found: C, 49.26; H, 7.21.

When essentially the same mixture merely was shaken vigor
ously at ~25° for 28 hr, the yield of greasy 5 (mp 93-102°) was 
quite small.

Thermal Stability of 1. In a simulation of expt 1, 1 (7.45 g) 
was heated alone at 153-158° for 19 hr. In contrast to the dark 
color typically seen in less than 1 hr with 1 and 2 (e.g., in expt 1 
and 8), 1 became only very pale yellow; no odor of a thiol or of 
H2S was perceptible. Even the first fraction on distillation was 
pure 1 [0.46 g (6%), n25D 1.4872 (lit.15 n25D 1.4868, 1.4875)], and 
remaining fractions were quite pure as well [6.42 g (86%), bp 
140-145° (19 mm), n25D 1.4873, n25d for 1-pentanethiol, 1.443923].

Substitution of Diphenyl Disulfide for 1. In a simulation of 
expt 1, recrystallized (PhSh (7.68 g, 35.2 mmol) and 2 (3.00 g,
30.6 mmol) were heated at 160-170° for 23 hr. The (PhS)2, isolat
ed as in A, amounted to 7.62 g (99% recovery), mp and mmp 57- 
59°. Acidification of the aqueous layers and continuous Et20 ex
traction gave 2.92 g (82%) of maleic acid, mp and mmp 126.5- 
129°.

Registry No.—1, 112-51-6; 2, 108-31-6; 5, 5413-66-1; diphenyl 
disulfide, 882-33-7.
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Carbyl sulfate (2,2,4,4-tetraoxo-l,3,2,4-dioxadithiane, I) 
is a colorless, crystalline solid, mp 10 7-10 8 °, commonly 
prepared by the direct reaction of ethylene with S 0 3 . l b ’2 

Crude “carbyl sulfate” of mp 8 0 °lb has been shown to be 
complexed with excess S O 3 . 2  Th e pure compound reacts 
vigorously with alcohols, 3 amines,4 and other compounds 
possessing active hydrogens. The reaction of carbyl sulfate 
with water has been reported to produce ethionic acid 
(H O SO 2 O C H 2 C H 2 SO 3H ) , 2 .5 isethionic acid (H O C H 2 C H -  
2 SO 3 H ) , 5 '6 and/or vinylsulfonic acid or its sodium 
salt .2 ’3 ’5- 7 We have sought to elucidate the reactions of 
carbyl sulfate with water.

6
5 H 2 1
h2c — c — 0

I I
0 2S— 0 — s o 2

4 3 2

1
When 0 . 0 1  mol of purified carbyl sulfate is added to 

200-400 ml of water at 0-80° a fast exothermic reaction 
goes to completion within seconds. Titration shows forma
tion of 2 equiv of strong acid. Sim ilar results are obtained 
when carbyl sulfate is predissolved in 1 ,2 -dichloroethane 
or dioxane, and when water is replaced by dilute mineral 
acid. The reaction product is ethionic acid.

so2o c h 2c h 2so2o  + HzO — ► H0S020CH2CH2S03H (1)

D ilute acidic aqueous solutions of ethionic acid are sta
ble for days at room temperature. At about 60° and above, 
the ratio (equivalents of acid formed):(moles of carbyl su l
fate reacted) slowly increases from 2.0 to 3.0, following 
pseudo-first-order kinetics. At 70° k s  1 x  10 - 6  s e c '1 . 
The activation energy (70-90°) is approximately 33 kcal 
m o l'1 . A  solution of ethionic acid in water was held at 80° 
for 24 hr, then cooled and titrated with B a C l2  to remove 
sulfate. The filtrate was neutralized with dilute N a O H  
and water was removed to yield sodium isethionate. Th e  
only reaction evident in hot acidic aqueous solutions is
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simple ester hydrolysis. Under these conditions no vinyl- 
sulfonic acid is formed.

h o so 2o c h 2c h 2s o 3h + H20  — >
h2so4 + H0CH2CH2S03H (2)

Addition of carbyl sulfate to aqueous alkaline solutions 
at 25-90° (pH 12.0-13.3) resulted in rapid reactions yield
ing in all cases m ixtures of ethionate and vinylsulfonate 
salts. No isethionate was detected and no secondary hy
drolysis of ethionate was observed. The ratios (equivalents 
of acid formed):(moles of carbyl sulfate reacted) were in 
the range 2.5-2.8. These ratios were difficult to reproduce 
from one run to another, but ratios found in individual 
runs were reproducible and invariant with time. No sys
tematic temperature dependency was evident. These ob 
servations are consistent with a competition between two 
fast irreversible processes, one forming ethionate and the 
other forming vinylsulfonate d irectly from carbyl sulfate.

S020CH,CH2S02Ó + OH — -  CH2= C H S 0 3 + H2S04 (3)

In titrating alkaline ethionate solutions to neutrality it 
was observed that at about pH 9 and below additional 
acid was formed spontaneously. Similarly, titrations of 
acidic solutions of ethionic acid were characterized by 
fading end points. An acidic solution of ethionic acid was 
brought to pH 7.8-8.0 with a measured excess of 
NaHCOs, allowed to stand for 15 min at 23°, then acidi
fied and assayed for acid functions by a quick-titration 
method; the ratio (equivalents of acid formed):(moles of 
carbyl sulfate reacted) was found to have increased from
2.0 to 3.0. The organic product of this reaction is sodium 
vinylsulfonate. These observations indicate that ethionic 
acid in aqueous solutions is stable at pH ’s below about 5, 
and its anion is stable at pH ’s above about 10, but in the 
intermediate range (pH 6-9) a facile elimination occurs.

The foregoing, taken together with literature reports,2*7 
suggests that carbyl sulfate can undergo three distinct 
ring-opening attacks by Lewis bases. Soft bases which do 
not possess active hydrogens (for example, tertiary 
amines4) make a Sn2 attack upon C-6 (eq 4), where B: is

|\ /  Ny-v +
R 3N :+ C - \ - 0  | ^  J L *  R ,N C H 2C H 2S 0 3- +  B :SO ;1 (4 ) 

H 2 S ------Oo' \
0

excess amine or any other available base. In aqueous solu
tions this reaction is preempted by either or both of the 
following reactions.

Soft bases possessing active hydrogens (alcohols, pri
mary and secondary amines, water) have available to 
them another very facile ring-opening mechanism. We 
suggest that this may be an attack upon S-4 facilitated by 
interaction with the flagpole oxygen of S-2 (eq 5). With

O
C H ' \ 

. S — 0o' \
0

H 0 S 0 20 C H 2C H ,S 0 20 R  (5 )

water (R = H) the product is ethionic acid, with alcohols 
the corresponding sulfonate esters.3

Hard bases such as hydroxide ion not only may attack 
sulfur to form ethionate ion, but also may attack the most 
acidic hydrogen at C-5, to produce vinylsulfonate (eq 6).

H

X  ° \
_  h ' | \

HO: +  C -\ — O I 0  — ► C H „ = C H S 0 r + H . , S 0 4 (6 )
HV S ---- O
o '  \

0
Another feature of the aqueous system is the fast elimi

nation which ethionic acid undergoes in neutral solutions. 
The intramolecular elimination of the monoanion looks 
reasonable (eq 7). However, a rate optimum at pH 7-8 re-

0 :  H
< W  v ^ S0H
n /  \ —  H S 0 4-  +  CH 2= C H S 0 :iH . ( 7 )
U 0—C 

H 2

quires that K 1K 2 ss 10 15, a smaller product than expect
ed for a molecule containing a hydrogen sulfate and an 
alkylsulfonic acid function.8 Furthermore, Geiger9 has 
shown that the methyl half-ester of ethionic acid fails to 
undergo the corresponding elimination reaction under 
these conditions. A possible explanation lies in the confor
mations available to ethionic acid. This may assume a 
strainless conformation with two intramolecular hydrogen 
bonds (2). In conformation 2 one of the hydrogens adja-

H H

O C H ,/  V
O — S S— 0

° x °
2

cent to the sulfonic acid function is also anti to the sulfate 
function, that is, in favored position for elimination. Al
though the concentration of undissociated ethionic acid is 
very low in neutral solutions, the high susceptibility of 2 
to E2 attack by OH-  may compensate and thereby ex
plain this fast elimination.

Experimental Section
C o m m e rc ia l ca rb y l sulfate  (brown crysta ls) was recrysta llize d  

three tim es from 1,2-d ich lo ro e th an e  under nitrogen, dried  for 90 
m in  under va cu u m  to rem ove a ll traces of solvent and occluded 
S O 3 , then stored in  sealed bottles at - 2 0 ° .  C a rb y l sulfate  p u rified  
in  th is  m anner is in  the form  of colorless crysta ls, m p 10 7 -10 8 °, 
nm r spectrum  in  dichloroethane consisting of two tr ip le ts  (60 
M H z ), <5 2.48 and 5.09 ppm , and stable in  d ry storage for at least 
1 year. W ith  less rigorous p u rifica tio n  or in  the presence of m o is
ture the com pound deteriorates w ith in  a few weeks.

E th io n ic  a cid , form ed b y the reaction of ca rb y l sulfate  w ith 
water, decomposes upon iso latio n . Its  aqueous solution was id e n 
tified  by its  infrared spectrum  (A g C l ce ll) w ith  m ajo r - 8 0 2 -  
peaks at 1200, 116 0 , 1040, and 1020 c m * 1 , its  n m r spectrum , 
characterized by trip le ts  at 5 3 .35 and 4.42 p pm , the 2 :1  s to ich i
om etry of a c id  function per ca rb y l sulfate  reacted, and its  subse
quent reactions noted below.

Ise th io n ic  a c id  was isolated from  the reaction of 2.5  g of ca rbyl 
sulfate w ith 400 m l of 0.01 M  su lfu ric  a cid , after h yd ro lys is  of the 
interm ediate  eth io nic a c id  by reflu x in g  for 12  hr and rem oval of 
sulfate b y B a C l2 p re c ip itatio n . T h e  aqueous filtra te  was n e u tra l
ized w ith N a O H . One portion was concentrated by evaporation at 
reduced pressure; its  n m r spectrum  showed two tr ip le ts  at <5 3.29 
and 4.09 p pm . A  second portion was dried; the w hite, crysta llin e  
sa lt y ie ld ed  ( K B r  pellet) infrared absorption peaks at 3300, 1180, 
1040, and 740 c m * 1 , in  good agreem ent w ith p u b lish ed  v a lu e s.10 
N m r and infrared spectra of a co m m ercia l sam ple of sodium  
isethionate were e sse n tia lly  id e n tica l w ith  the above.

V in y ls u lfo n ic  a c id  was prepared and id en tifie d  as follow s. T o  
250 m l of 0.02 M  su lfu ric  a c id  at 2 2° was added 0.020 m ol of ca r
b y l sulfate, to form  eth io nic a c id . T o  th is  solution was added an
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excess (0.080 m ol) of N a H C 0 3 and the buffered solution was 
stirred for 15  m in . A n a ly s is  of an aliq uo t showed 3.0 equiv of acid  
per m ole of ca rb y l sulfate. (T h is  was confirm ed w ith poor p re c i
sion b y a b isu lfite  additon  assay.) T h e  neu tralized  solution was 
dried at 50° and reduced pressure and the resu ltin g  sa lt m ixture 
was subjected to a 1 2 -h r  Soxhlet extraction w ith m ethanol. T h e  
extract, co n ta in in g  the organic salt, was d iv id ed  into a liquots. 
One portion, treated w ith S -b e n z v lth iu ro n iu m  chloride, formed 
the corresponding v in ylsu lfo n ate  salt, m p 14 5 -14 6 ° from  ethanol, 
in  good agreem ent w ith the reported v a lu e .11 A nother portion was 
dried; the w hite salt y ie ld ed  ( K B r  pellet) m ajor infrared m ax im a 
at 1190, 1045, 1620, and 755 c m - 1 , in  the expected regions for 
- S O 2 -  asym m e tric  and sym m e tric  stretch, v in y l, and S - 0  
stretch, respectively. T h e  re m a in in g  portion was exam ined in  
aqueous solution by nm r, y ie ld in g  a seven-peak spectrum  ch a ra c
te ristic  of v in y l sp litt in g  w ith J Rem sr 0.12 T h e  three v in y lic  pro
tons appeared at 5 6.00, 6.04, and 6.86 ppm , s im ila r  to those 
found for m eth yl v in y l sulfone (5.95, 6 .13 , and 6.70 p p m )13 and 
reasonably close to the values predicted by the P a scu a l equa
tio n 14 for C H 2 = C H — S 0 2-  (6.23, 6.43, and 6.86 ppm ).

A c id -b a s e  titratio n s were carried  out u sing  standard  0.10  N  
N a 2C C >3 or N a O H . S in ce  eth io nic a c id  undergoes an a cid -g e n e ra t
ing e lim in a tio n  in  n e ar-n e u tra l solutions, it  was found useful to 
m ake one or two p re lim in a ry  ran g e-fin d in g  titratio n s, p rio r to 
ca rry in g  out ra p id  a n a ly t ic a l titratio n s to first end points.

R eactio ns in  d ilu te  aqueous base were exam ined b y ad d itio n  of
2 -3  m m ol of pure ca rb y l sulfate to 10 0 -m l portions of 0.10  N  
K O H , followed by titra t io n  w ith standard  a cid . A t  25, 50, and 90° 
the average values of the ratio  (equivalents of a c id  form ed- 
):(m oles of ca rb y l sulfate reacted) were found to be 2 .7 , 2.6, and
2.7. (W hen ca rb y l sulfate is predissolved in  10  m l of d ry  dioxane 
and th is  solution is added to the aqueous base, th is  observed ratio  
fa lls  to 2.0.) Id e n tifica tio n  of v in ylsu lfo n a te  in  the product m ix 
ture was m ade b y infrared exam inatio n  and b y reaction w ith 
m easured am ounts of b isu lfite  ion to form  potassium  e th a n e d isu l- 
fonate.15

Q u a n tita t iv e  inform ation  on the e lim in a tio n  of sulfate  by eth- 
ionate in  n e a r-n e u tra l solutions was sought by co m b in ing  so lu 
tions of eth io nic a c id  and phosphate buffers, then assaying  these 
for v in ylsu lfo n a te  by the sem iq u a n tita tiv e  b isu lfite  m ethod.15 
V in y lsu lfo n a te  y ie ld s  of 8 0 -9 0 %  were obtained at p H  7.70, 7 0 -7 8 %  
at p H  7.0 1 and 8.90, 4 5 -5 5 %  at p H  5.5 and 10 .2 , and 8 0 -9 5 %  w ith 
au th entic sodium  vin ylsu lfo n a te . W h ile  these data  suggest a 
m ax im u m  e lim in a tio n  in n early  neutral solutions, we were unable 
to obtain  acceptably reproducible assays b y  th is  procedure.
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In s titu to  d e  Q u im ica , U n ivcrsid a d e  d e  S ao P a u lo . C a ixa  P o sta l
20780, S ao P au lo , B ra zil

R e c e iv e d  D e c em  b er  13, 1973

The formation of a  carbanions of carboxylic acids and 
esters by means of nonnucleophilic bases such as disubsti- 
tuted lithium  amides has recently been widely investi
gated owing to their great synthetic utility.

At the present time, the reactions of these anions with 
electrophilic substrates are restricted to alkyl halides,1-6 
halogens,7 epoxides,1 alkyl nitrates,8 substituted ammo
nias,9 alkyl silyl chlorides,10 and carbonyl compounds 
such as C O 2 , 1 1  esters,8'12 acyl chlorides,13 aldehydes,14-15 
and ketones.15

In this paper we wish to report the extension of this 
range of substrates to ethyl chloroformate, chlorophos- 
phates, diphenyl disulfide, and benzeneselenenyl bromide. 
Also included are certain substrates that did not react 
satisfactorily. Esters of a-branched and straight-chain  
acids (isobutyric, hexanoic, and acetic acid) were em 
ployed to test the general applicability of the investigated 
reactions in relation with self-condensation reactions. The  
a  anions were prepared with the readily available base 
lithium  diisopropylamide (LD A ) using published proce
dures.5-6

The reaction of ethyl chloroformate with these a  anions 
was explored, leading to the expected substituted malon
ates in yields as high as 7 0 %  at - 1 5 °  and 9 0 %  at -7 8 ° .

1. I.DA
R ..C H C O .R ' ------------------- - R ,C (C O ,E t)C O ,R '

2. CICOjEt
Of special interest is the facile preparation of ethyl ter t-  

butyl malonate,16 useful in /3-keto ester synthesis.17 T h is  
reagent can be obtained in a yield of 7 0 -7 5 % , whereas the 
normal three-step procedure16 has an overall yield of 40- 
4 5 % . T h is  reaction can presumably be extended to the 
synthesis of other useful mixed malonates.

Th e synthetic utility of /3-carboalkoxy phosphates 
(phosphonoacetates) and phosphinoxides as starting m a
terials for olefination reactions suggested their preparation 
by treating the n anions with chlorophosphates and chlo- 
rophosphinoxides. Isobutyrates, on reaction with chloro
phosphates, gave high yields of the expected products.

(C H ,).,C H C 0 ,R  ---------- *■  (CH.,).,C(CO,R)P<OxOR')..2. (R’OLjPOCl '
a, R  =  Et; R' =  Et, C H :ib. R  = C H :;; R ' = C H ;,

The same reaction attempted with methyl hexanoate 
and ethyl acetate failed to give the expected products, 
thus detracting from synthetic use in olefination reac
tions. As self-condensation products were indicated by 
nmr spectra, we looked at the analogous tert-butyl esters, 
whose anions are known to be more stable.5-6-18 The anion 
of ferf-butyl acetate gave 6 5 %  of the desired reaction with 
(E tO )2P (0 )C l, indicating the advantages of using h in 
dered esters.

It  was observed that P h 2 P (0 )C l was unreactive with 
isobutyrate and acetate «  anions, probably owing to steric 
crowding, P h 2P (0 )O H  being recovered after quenching of 
the reaction mixture with water. However, the obvious 
possibility of reaction on oxygen19 by both sets of phos
phorus chloride reagents must be considered, the interme
diate phosphates being hydrolized during work-up. Th e  
relative success of esters sterically hindered on the a  car-
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Table I
Ester Electrophilic reagent Product (No.) Yield, %

(CH 3) 2C H C 02Et C lC 02Et (CH3) 2C (C 0 2E t) 2 (1 ) 90
C H 3C 0 2Et C lC 02Et CH2(C 0 2E t) 2 (2 ) 88
CH 3C 0 2Bu-£ C lC 02Et CH2(C 0 2E t)C 0 2Bu-i (3) 70-75
(CH 3)2C H C 02Et CIP(O) (OEt) 2 (CH3) 2C (C 0 2E t)P (0 ) (OEt) 2 (4) 80
(CH 3)2C H C 02Et CIP(O) (OCH3) 2 (CH3)2C (C 0 2E t)P (0 ) (OCH3) 2 (5) 64
(CH 3) 2C H C 0 2CH 3 CIP(O) (OCH3) 2 (CH3) 2C (C 0 2CH 3)P (0 ) (OCH3) 2 (6) 62
CH 3C 0 2Bu-£ CIP(O) (OEt)o CH 2(C 0 2Bu-£)P(0 ) (OEt)s (7) 65
(CH 3)2C H C 02Et PhSeBr (CH3) 2C (C 0 2Et) SePh (8 ) 85
72-C6HuC 0 2CH 3 PhSeBr n-C4H sCH(C 0 2CH3)SePh (9) 60
CH 3C 0 2Et PhSeBr CH2(C 0 2Et)SePh (1 0 ) 80
(CH 3) 2C H C 02Et PhSSPh (CH3) 2C (C 0 2Et)SPh (1 1 ) 80
CH 3C 0 2Et PhSSPh CH 2(C 0 2Et)SPh (1 2 ) 70

bon (isobutyrates) or on alkyl oxygen (terf-butyl acetate) 
indicates steric impedance to Claisen condensation and/or 
oxygen alkylation as two important side-reactions.®'6'1 0 -18

Our interest in organoselenium chemistry and the gen
eral synthetic utility of a-thio and a-seleno esters led us 
to investigate the reaction of ester enolates with diphenyl 
disulfide and phenyl selenenyl bromide. Recent publica
tions20“22 concerning similar reactions and the utility of 
the products in formation of a,/!-unsaturated ketones and 
esters prompt us to include our complementary results.

R jC H C O .E t  1 L D A ' > R ,C (C O ,E t)S P h  +  P h S “ P h S H
2. PhSSPh

R = CH.i, H
1. LDA

R R 'C H C O .R "  ------------------  R R 'C (C O ,R "  )SePh
2. PhSeBr

a, R  =  R' =  C H :1; R "  =  E t
b, R  =  R' =  H ; R'' =  E t
c, R  =  C jH 9; R ' =  H ; R "  =  C H ;1

The two reactions gave the expected products in high 
yields. In the first case only half of the disulfide is con
verted, but the corresponding arylsulfenyl halides are 
more difficult to prepare.

Two attempted reactions to introduce a (3-carbonyl and 
a 7 -formyl functionality failed, giving only unidentified 
products.

1. base
R 2C H C O ,E t  ------- *— ^  R o Q CO R O CCX Et

2. R'CN
3. H20/H +

a, R  =  C H ,; R ' =  C H ;i; base =  L D A

b, R  =  H ; R ' =  Ph; base =  — N L i 1 2 3

1. LDA
R sC H C C b E t --------------51------------*- R 2C (C 0 2E t) C H 2C H 0

2. XCH2CH(0Et)2
3. H20/H+

R  =  CH.,; X  =  C l, B r

These results are in accord with the known lesser reac
tivities of nitriles and a-haloacetals toward nucleophiles.

Experimental Section
Infrared spectra were determined using a Perkin-Elmer Infra

cord or Perkin-Elmer Model 457-A spectrophotometer. Nmr spec
tra were obtained with a Varian T-60 or HA-100 spectrometer. 
Chemical shifts (5) are reported in parts per million downfield 
from tetramethylsilane (TMS) as internal standard, using con
ventional notation. Mass spectra were obtained on a Einnigan 
Model 1015 under the supervision of Dr. Herndon Williams, Uni- 
versidade de Campinas, Campinas, Brasil. Microanalyses were 
performed in our department under the supervision of Dr. Riva 
Moscovici. Boiling points are quoted for the temperature of the 
oven during evaporative bulb-to-bulb (Kugelrohr) short-path dis
tillation. The esters were prepared in the usual way, distilled, 
and stored over molecular sieves 4A. Dimethyl and diethyl chlo- 
rophosphate were prepared23 from phosphorus oxychloride and 
methanol or ethanol, respectively, the products being stored over

molecular sieves 4A. Benzeneselenenyl bromide was prepared21 
from diphenyl diselenide and bromine. Diphenyl disulfide was 
prepared from thiophenol and bromine (CHCI3, 0°, 1 hr) in 75% 
yield, mp 58-59° (lit.24 mp 60-61°).

The following general experimental procedure was employed for 
all the described reactions (see Table I).

To a 50-ml round-bottom flask equipped with septum inlet, 
magnetic stirring, dropping funnel, and N2 inlet was added diiso
propylamine (0.01 mol) in 10 ml of anhydrous THF and the solu
tion was treated with the equivalent amount of n-butyllithium in 
hexane (0°, 15 min). The colorless solution was cooled with a Dry 
Ice-acetone bath and treated with the ester (0.01 mol) in 2 ml of 
THF and after 10 min with the electrophilic reagent (0.01 mol) in
2-5 ml of THF.

After 10-30 min of stirring at -78° the reaction solution was 
quenched with saturated NH4CI solution, extracted with ether, 
dried with MgS04. filtered, and evaporated to give the crude 
product. Depending on purity, distillation or preparative thick 
plate chromatography and distillation were used to isolate the 
product in the specified yields.

Owing to water solubility problems the four carboalkoxy dial
ky lphosphonates were isolated with the minimum amount of water 
necessary to quench the reaction mixtures. Thiphenol, produced 
as a by-product in the formation of a-thiophenyl esters, was ex
tracted from the reaction mixture by washing with 10% Na2C0 3.

Diethyl dimethylmalonate (1) from ethyl isobutyrate and ethyl 
chloroformate (90%): bp 90° (25 mm) [lit.24 bp 97-98° (22 mm)]; 
nmr (CC14) 6 4.12 (q, 4, J  = 7 Hz), 1.35 (s, 6), 1.23 (t, 6, J  = 7 
Hz).

Diethyl malonate (2) from ethyl acetate and ethyl chlorofor
mate (88%): bp 80° (25 mm) (lit.24 bp 199°); nmr identical with 
that of authentic sample.

Ethyl terf-butylmalonate (3) from tert-butyl acetate and ethyl 
chloroformate (70-75%): bp 105° (22 mm) [lit.16 bp 98-100° (22 
mm)]; nmr (CCI4) 6 4.15 (q, 2, J  = 7 Hz), 3.13 (s, 2), 1.45 (s, 9),
1.28 (t, 3, <7 = 7 Hz).

1-Carbethoxy-l-methylethyl diethyl phosphonate (4) from ethyl 
isobutyrate and diethyl chlorophosphate (80%): bp 55-57° (0.005 
mm); nmr (CDCI3) b 4.22 (q, 2, J  = 7 Hz), 4.15 (q, 2, J  = 7 Hz), 
3.92 (q, 2, J  = 7 Hz), 1.65 (s, 3), 1.62 (s, 3), 1.35 (t, 3, J = 7 Hz), 
1.33 (t, 3, J  = 7 Hz), 1.25 (t, 3, J  = 7 Hz); mass spectrum (20 eV) 
m/e 252 (P).

Anal. Calcd for C10H2iO5P: C, 47.61; H, 8.41. Found: C, 46.23; 
H, 8.31. This compound, although chromatographically pure and 
spectroscopically consistent, gave inaccurate analyses.

1-Carbethoxy-l-methylethyl dimethyl phosphonate (5) from 
ethyl isobutyrate and dimethyl chlorophosphate (64%): bp 40-42° 
(0.005 mm); nmr (CC14) b 3.90 (q, 2 , J  = 7 Hz), 3.87 (s, 3), 3.70 
(s, 3), 1.63 (s, 3), 1.58 (s, 3), 1.26 (q, 3, J  = 7 Hz); mass spectrum 
(20eV)m/e 224 (P).

Anal. Calcd for C8H170 5P: C, 42.85; H, 7.60. Found: C, 42.73;
H, 7.60.

1-Carbomethoxy-l-methylethyl dimethyl phosphonate (6) from 
methyl isobutyrate and dimethyl chlorophosphate (62%); bp 35- 
37° (0.005 mm); nmr (CC14) 5 3.86 (s, 3), 3.67 (s, 3), 3.60 (s, 3),
I. 63 (s, 3), 1.58 (s, 3); mass spectrum (2 0 eV) m/e 210 (P).

Anal. Calcd for C7H150 5P: C, 40.00; H, 7.21. Found: C, 39.93; 
H, 7.25.

1-Carbo-teri-butoxymethyl diethyl phosphonate (7) from tert- 
butyl acetate and diethyl chlorophosphate (65%): bp 50-55° (0.05 
mm) [lit.25 bp 82-82.5° (0.05 mm)]; nmr (CC14) b 4.20 (q, 2 , J  = 7 
Hz), 4.05 (q, 2, J  = 7 Hz), 2.73 (d, 2, J  = 22 Hz), 1.45 (s, 9), 1.34 
(t, 3, J = 7 Hz).
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E t h y l a -seleno p henyliso b utyrate  (8) from  ethyl isobutyrate 

and benzeneselenenyl brom ide (8 5 % ): bp 8 0 -8 5 ° (0.025 m m ); 
n m r (C C U )  5 7 .1 -7 .6  (m , 5), 4.01 (q, 2, J  =  7 H z ), 1 .5 2  (s, 6), 1 .1 7  
(t ,3 , J =  7 H z ).

Anal.  C a lc d  for C 12H i 60 2Se: C , 5 3 .13 ; H , 5.90. Fo un d : C , 53.10 ; 
H , 5.99.

M e th y l a -selenophenylhexanoate (9) from  m eth yl hexanoate 
and benzeneselenenyl brom ide (6 0 % ): bp 6 0 -6 5° (0.05 m m ); nm r 
(C C U ) b 7 .1 -7 .7  (m , 5), 3.57 (s, 3), 1 .0 -2 .0  (m , 7), 0.87 (t, 3, J  =  6 
H z ).

Anal.  C a lc d  for C i3 H 180 2Se: C , 54.74; H , 6.36. Fo un d ; C , 55.10 ; 
H , 6.41.

E t h y l a-selenophenylacetate (10) from  e th yl acetate and ben
zeneselenenyl brom ide (8 0 % ); bp 7 7 -8 0 ° (0.025 m m ); n m r (C C U ) 
5 7 .3  (m . 5), 4 .10  (q, 2, J  =  7 H z ), 3.50 (s, 2), 1 .2 1  (t, 3, J  =  7 
H z).

Anal.  C a lc d  for C 10H i 2O 2Se; C ,  49.43; H , 4.97. Fo un d : C ,  49.73; 
H , 5.05.

E t h y l a-t.h iophenylisobutyrate (1 1 )  from ethyl isobutyrate and 
d ip h e n yl d isu lfid e  (8 0 % ): bp 80° (0.025 m m ); n m r (C C U ) à 7.3 
(m , 5), 4.06 (q, 2, J  =  7 H z ), 1.4 2 (s, 6), 1 .2 0  (t, 3, J  =  7 H z ).

Anal.  C a lc d  for C i 2H 160 2S : C , 64.28; H , 7 .14 . Fo un d : C , 64.40; 
H , 7 .2 1.

E t h y l ff-th iophenylacetate (12) from  e th yl acetate and d ip h e n yl 
d isu lfid e  (7 0 % ) ; bp 80° (0.05 m m ) [ lit .26 bp 1 1 8 ° (2.7 m m )]; nm r 
(C C U ) S 7 .1 -7 .6  (m , 5), 4.07 (q, 2, J  =  7 H z ), 3.40 (s, 2), 1 .18  (t, 3, 
J =  7 H z ).
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During our recent work on the total synthesis of camp- 
tothecin,1 we had the opportunity to examine the reaction 
of 3-methyl-2-pyridone systems with 7V-bromosuccinimide 
(NBS). In a reported application of such a reaction,2 1,3- 
dimethyl-2-pyridone (1) was stated to react with NBS in 
the presence of dibenzoyl peroxide to yield 3-bromo- 
methyl-l-methyl-2-pyridone (2). Since 1 had been chosen as 
a model compound, we sought to duplicate this experi
ment. On each of three attempts, following as closely as 
we could the experimental procedure described, the only 
product recovered was 5-bromo-l,3-dimethyl-2-pyridone
(3). Comparison of this product with that previously re
ported proved difficult, since the characterization given2 
included only a melting point (98-99°) and an elemental 
analysis.

1, X  =  H ; Y  =  H
2. X  =  Br; Y  =  H
3. X  =  H; Y = B r
4. X  =  O A c; Y  =  H
5, X  =  Cl; Y  =  H
6, X  = O H ; Y =  H

7, X  =  O C H — Œ L ; Y  =  H
10, X  =  P h :,P+ Br~; Y  =  H
11, X  =  O T s; Y  =  H
12, X  =  P y +B r“ ; Y  =  H
13, X  =  OM s; Y  =  H

8, R  =  CH O
9, R  =  C H ,O H

In characterizing the 5-bromo-l,3-dimethyl-2-pyridone(3) prepared in our study, the major additional datum was 
its nmr spectrum, which displayed singlets of three-proton 
intensity at o 2.17 and 3.54 ppm. These correspond very 
closely with the methyl singlets at 5 2.14 and 3.52 in 1. 
The position of the bromine atom in 3 is established by 
disappearance of a one-proton triplet at b 6.06 when the 
spectrum is compared with that of 1. The crude triplet at 
h 7.2 corresponding to the remaining protons on the pyri- 
done ring of 1 collapsed to a finely split doublet in the 
spectrum of 3. To verify that our interpretation of the 
nmr spectrum of 3 was correct, a series of compounds was 
prepared, substituted on the 3-methyl group but not at 
the 5 position of the ring. These included 3-acetoxy- 
methyl-, 3-chloromethyl-, 3-hydroxymethyl-, and3-vinylox- 
ymethyl-l-methyl-2-pyridone (4, 5, 6, and 7, respectively). 
In each case, the corresponding nmr spectrum displayed a 
one-proton triplet near h 6.0 for the proton on carbon 5 of 
the ring and a two-proton singlet in the 5 4.5-5.0 range for 
the methylene group bonded at carbon 3.

Finally, it was reported2 that compound 2 gave a posi
tive test with alcoholic silver nitrate. It is significant that 
our product also showed reactivity with alcoholic silver 
nitrate even after two recrystallizations from petroleum 
ether, the solvent reported as used for purifying 2. How
ever, an analytically pure sample of 3 prepared by recrys
tallization and sublimation followed by preparative gc 
failed to react with silver nitrate and had mp 106-107°



Notes J. Org. Chem., Vol. 39, No. 14, 1974 2117

compared with 10 0 -10 2 ° after purification by recrystalli
zation and sublim ation alone.

In an attempt to determine the actual melting point of
3-brom om ethyl-l-m ethyl-2-pyridone (2), and thus estab
lish whether or not it might have indeed been prepared as 
reported, considerable effort was expended toward its 
unambiguous synthesis. The starting material chosen for 
this study was 3-hydroxym ethyl-l-m ethyl-2-pyridone (6), 
which is easily obtained from pyridine-3-carboxaldehyde
(8) via  a modification of the reported route.3 Rather than 
using the reported reduction of ethyl nicotinate in prepar
ing the intermediate 3-hydroxymethylpyridine (9), we 
found it advantageous to reduce 8 with sodium borohy- 
dride.4 Conversion of 9 to 6 followed the previously re
ported steps.

A variety of methods for displacement of a primary hy
droxyl group with bromine have been reported. The two 
methods in itially examined were reaction of 6 with phos
phorus tribromide in the presence of pyridine® and treat
ment of 6 with carbon tetrabromide and triphenylphos- 
phine.6 In  the former case, a very low yield of a mixture of 
products was recovered. As 6 is known to have a distribu
tion between water and organic solvents strongly favoring 
the aqueous phase, it seems probable that 2 either failed 
to form or was hydrolyzed back to 6 during the isolation. 
Reaction of 6 with carbon tetrabromide and triphenyl- 
phosphine in acetonitrile also gave a mixture of products 
which apparently included unreacted 6, a small amount of 
2, and the phosphonium salt 10, from reaction of 2 with 
triphenylphosphine. Attempts to separate the desired 
product from the mixture resulted in the reconversion to 
6.

As 3-chlorom ethyl-l-m ethyl-2-pyridone (5) was formed 
in the course of attempted mesylate preparation from 6 
and methanesulfonyl chloride, synthesis of 2 by reaction 
of 6 with p-toluenesulfonyl bromide or methanesulfonyl 
bromide also seemed reasonable. p-Toluenesulfonyl bro
mide7 reacted with 6 in the presence of pyridine,8 but 
mild aqueous work-up again gave no product readily ex
tractable into an organic solvent. If  tosylate 1 1  or the bro
mide 2 were forming, it also rapidly converted into a 
water-soluble product such as 6 or 12 during the course of 
the reaction or subsequent isolation. Methanesulfonyl bro
mide was prepared from mesyl chloride,9 and reaction 
with 6 in the presence of l,8-(dim ethylam ino)naphthalene  
again failed to give any product which could be identified 
as 2 or as the mesylate 13.

While the results of these attempted syntheses have not 
provided the desired unambiguous source of 2, they do in 
dicate that the bromine in 2 would be extremely labile 
and subject to displacement under very mild conditions. 
It  is doubtful that this extraordinary reactivity would go 
unnoticed if pure 2 were prepared. Our own characteriza
tion of 3 verifies that carbon 5 is the active site of 1,3 - 
dimethyl-2-pyridone (1) when it is treated with N B S  in 
the presence of dibenzoyl peroxide. T h is  observation is en
tirely consistent with reports that upon treatment of 2- 
pyridones10 and l-m ethyl-2-pyridones2 with N B S  both the 
3 and 5 positions are substituted with bromine. Th u s the 
reported formation of 5-brom om ethyl-l-m ethyl-2-pyridone  
in the reaction of l,5-dim ethyl-2-pyridone with N B S  in 
the presence of dibenzoyl peroxide2 is in doubt.

Experimental Section
Infrared absorption spectra were recorded on a Perkin-Elmer 

Infracord Model 137. The proton magnetic resonance spectra were 
recorded on a Varian T-60 nmr spectrometer, and chemical shifts 
are reported in 5 units relative to internal tetramethylsilane. 
Mass spectra were obtained on a CEC-103 mass spectrometer. 
The glc analyses were performed on a Varian Aerograph gas-liq

uid chromatograph using helium as carrier gas. Elemental analy
ses were performed by the Analytical Laboratory, University of 
California, Berkeley, Calif.

l,3-Dimethyl-2-pyridone (1)- This material was prepared from 
d-picoline:11 gc on 5% QF'-l on Chromosorb W 80/100 AW- 
DMCS, 5 ft x 0.25 in., 123°, retention time 7.45 mir.; nmr 
(CDCla) 5 7.13 (d, J  = 6.5 Hz, 2 H), 6.06 (t, -7 = 7  Hz, 1 H), 3.52 
(s,3H), 2.14 (s, 3H).

5-Rromo-1 ,3-dimethyl-2-py ridone (3). In a dry nitrogen filled 
flask was placed a solution of 0.83 g (6.7 mmol) of 1 in 12 ml of 
carbon tetrachloride which had been freshly distilled from P2O5. 
To the solution was added a mixture of 1.18 g (6.6 mmol) of NBS 
and 81 mg (0.34 mmol) of dibenzoyl peroxide. The mixture was 
then heated at 80° until reaction began, and the vigorous reaction 
was complete in about 5 min but reflux was continued for 0.5 hr. 
The hot mixture was filtered, the filtrate was evaporated, the res
idue was digested with petroleum ether-benzene and filtered hot, 
and the filtrate was evaporated. Recrystallization of the residue 
twice from petroleum ether (bp 40-60°) and sublimation gave ma
terial of mp 100-102°, raised to 106-107° after preparative gc: gc 
on 5% QF-1 on Chromosorb W 80/100, AW-DMCS 5 ft x 0.25 in., 
175°, retention time 3.0 min; nmr (CDCI3) 5 7.00-7.67 (m, 2 H), 
3.54 (s, 3 H), 2.17 (s, 3 H); mass spectrum m/e 203, 201 (P), 174, 
172,122, 94.

Anal. Calcd for C7H8NOBr: C, 41.6; H, 4.0; N, 6.9. Found: C, 
41.7; H, 4.0; N, 6.9.

3-Hydroxymethyl-l-methyl-2-pyridone (6), This compound 
was prepared from 3-hydroxymethylpyridine.3 Distillation of the 
crude product obtained by continuous extraction of the reaction 
mixture with methylene chloride provided a fraction boiling at 
121-123° (0.2 Torr): mp 79-82° on recrystallization from benzene 
(lit.3 mp 80°); gc on 5% QF- 1  on Chromosorb W, AW-DMCS, 10 
ft X 0.25 in., 184°, retention time 7 min. Gas chromatography of 
the distilled but not recrystallized product revealed the presence 
of a small impurity of the isomeric 5-hydroxy-methyI-l-methyl-
2-pyridone: retention time 11.5 min; nmr (CDCI3) 6 7.13-7.24 (m, 
2 H), 6.20 (t, -7=6  Hz, 1 H), 4.06-4.76 (m, including s at 4.51, 3 H 
total), 3.54 (s, 3 H); nmr (CDCI3-D 2O) b 7.00-7.33 (m, 2 H), 6.06 (t, 
7 = 6 Hz, 1 H), 4.46 (s, 2 H), 3.50 (s, 3 H); ir (CHC13) 3435, 3001, 
1645, 1579, 1399, 1181, 1101 c m 1; uv (EtOH) 298, 230 nm; mass 
spectrum m ¡ e  139 (M +).

3-Hydroxymethylpyridine (9). To a solution of 107 g (1.0 mol) 
of pyridine-3-carboxaldehyde (8) in 800 ml of absolute ethanol, 
cooled to 10° and flushed with nitrogen, was added 21 g (0.54 mol) 
of sodium borohydride at a rate to maintain the temperature 
below 25°. Most of the ethanol was evaporated at 40°, and the 
residue was poured into a solution of ice, salt, and ammonium 
chloride and stirred until hydrogen evolution ceased, 6 N  HC1 
being added to maintain pH 5-6. The pH was adjusted to 7-8 
with 4 N  KOH and the 2 1. of aqueous solution was continuously 
extracted with methylene chloride for 24 hr. The dried extract 
was evaporated to give a quantitative yield of yellow oil pure by 
gc: bp 84-90° (0.1 Torr) [lit.3 bp 110° (0.1 Torr)]; gc on 5% QF-1 
on Chromosorb W, 10 ft X 0.25 in., 145°; nmr (CCI4-CDCI3) 6 
8.33 and 8.22 (2 H), 7.62 (d, 1 H), 7.12 (d, 1 H), 6.06 (s, 1 H), 4.56 
(s,2 H).

3-Acetoxymethyl-l-methyl-2-pyridone (4). To a mixture of 2 
ml of acetic anhydride and 4 ml of pyridine was added 140 mg 
(1.0  mmol) of 6, and the stoppered flask was allowed to stand for 
24 hr. The excess reagents were removed in vacuo, leaving a solid 
residue which was sublimed to give 162 mg (92%) of 4: mp 79- 
82°; gc on 5% QF-1 on Chromosorb W, AW-DMCS, 10 ft x 0.25 
in., 177°, retention time 9.5 min; nmr (CDC13) 6 7.42 (m, 2 H),
6.22 (t, 7 = 7 Hz, 1 H), 5.05 (s, 2 H), 3.57 (s, 3 H), 2.12 (s, 3 H).

Anal. Calcd for C9HnN03: C, 59.7; H, 6.1; N, 7.7. Found: C, 
59.6; H, 6.1; N, 7.8.

3-Chloromethyl-l-methyl-2-pyridone (5). To a solution of 279 
mg (2.0 mmol) of 6 in 10 ml of methylene chloride was added 304 
mg (3.0 mmol) of triethylamine. To the cooled solution (0°) was 
added 300 mg (2.62 mmol) of mesyl chloride dissolved in 0.5 ml of 
methylene chloride, and after 10 min at 0°, the mixture was al
lowed to warm to room temperature. It was then again cooled and 
extracted successively with ice water, cold 2 N  HC1, cold sodium 
bicarbonate solution, and saturated salt solution. The organic 
phase was dried over MgS04 and filtered and the solvent was re
moved to give 125 mg (40%) of 5: mp 79-80°; gc on 5% QF-1 on 
Chromosorb W 80/100, AW-DMCS, 5 ft x 0.25 in., 170°, retention 
time 3.6 min; nmr (CDCI3) <5 7.45 (t, 7  = 7 Hz, of d, 7 = 2 Hz, 2 
H), 6.18 (t, 7 = 7 Hz, 1 H), 4.55 (s, 2 H), 3.57 (s, 3 H); mass spec
trum m/e 159, 157 (P), 122, 94, 93, 78, 67, 65, 51; high-resolution 
mass spectrum, m/e 157.0292 (calcd for CzHgONCl, 157.0294).
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3-Vinyloxymethyl-l-methyl-2-pyridone (7) was prepared from 
6 and ethyl vinyl ether using mercuric acetate as catalyst,12 yield 
34% as a yellow oil: gc on 5% QF-1 on Chromosorb W 80/100, 10 
ft X 0.25 in., 168°, retention time 6.4 min; nmr (CCUi 5 7.00-7.43 
(crude t, 2 H), 6.43 (d, Jc¡s = 7 Hz, of d, Jtrans = 14 Hz, 1 H).
6.02 (t, J  = 7 Hz, 1 H), 4.59 (s, 2 H), 4.25 (d, Jgem = 2 Hz. of d. 
c/trans = 14 Hz, 1 H), 4.00 (d, Jf,em = 2 Hz, of d, Jcis = 7 Hz, 1 
H), 3.47 (s, 3 H); ir (film) 1651, 1600, 1561, 1407, 1198. 766 cm -’ 
mass spectrum m/e 165 (P), 137, 122, 94.

Anal. Calcd for C9Hn N02: C, 65.4; H, 6.7; N, 8.5. Found: C, 
65.1; H, 6.4; N, 8.4.

Registry No.—1, 6456-92-4; 3, 51417-13-1; 4, 51417-14-2; 5, 
51417-15-3; 6, 36721-61-6; 7, 51417-16-4; 8, 500-22-1; 9, 100-55-0: 
NBS, 128-08-5.
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It has been reported that the reduction of benzyl 3-
0 -ben zoy l-4 ,6 -0-benzylidene-|3-D-(yxo-hexopyranosid-2- 
ulose with lithium aluminum hydride gave benzyl 4,6-0- 
benzylidene-/3-D-talopyranoside3 (73%) whereas the reduc
tion of methyl 4,6-0-benzylidene-3-deoxy-3-C-ethyl-a-D- 
aratnn.o-hexopyranosid-2 -ulose with lithium aluminum hy
dride gave methyl 4,6-0-benzylidene-3-deoxy-3-C-ethyl- 
a-D-glucopyranoside as the only product.4 These observa
tions, and our earlier observation on the dependence upon 
the anomeric configuration of the stereochemistry of the 
methyllithium and Grignard reagent additions to the C-4 
carbonyl carbon atom of glycopyranosid-4-uloses, 1 
prompted us to investigate the influence of the anomeric 
configuration on the stereochemical course of m etal-hy
dride reduction of the C-2 carbonyl group of methyl 4,6-
O-benzylidene-3-O-methyl-ff- and -/3-arabino-hexopyra- 
nosid-2-ulose (1 and 2) . 10 The following were the reasons for 
undertaking this investigation.

Presently, a view has been adopted that the transition- 
state geometry for reactions of metal hydrides (and orga- 
nometalic reagents) with carbonyl groups resembles the 
geometry of the starting ketone, and that nonbonded ste
ric interactions, torsional strain, and electrostatic interac
tions (dipole-dipole repulsions) are decisive factors in de-

7, R  =  R , =  H ; R , =  O C H 3; Ft, =  O H
8, R  =  O C H 3 R , =  Ft, =  H ; R ,  =  O H
9, R  =  O C H 3; Ft, =  Ft, =  H ; R , =  O H

“axial” approach

3, R = OCH3; Ft, = H (“axial” approach)
4, R = OCR,; Ft, = H (“equatorial” approach)
5, R = H; R, = OCH, (“axial” approach)
6, R = H; R, = OCH, (“equatorial” approach)

termining the direction from which a nucleophile will ap 
proach a carbonyl group.5 In the case of D-glycopyranosid-
2-uloses of the /3 series, e.g., 2, the axial approach o f the 
metal hydride anion to the C-2 carbonyl carbon atom, re
sulting in the formation of the transition state 3, requires 
that the negatively charged metal hydride ion approaches 
the C-2 carbonyl carbon atom from a direction bisecting 
the C i-O i and C 1 -O 5 torsional angle. Since the C i-O j 
and C 1 - O 5  bonds are polarized and act as two equally ori
ented dipoles, an approach which will apposition a nega
tively charged ion between them should be energetically 
unfavorable owing to electrostatic interactions. An “ equa
torial”  approach of the negatively charged metal hydride 
ion to the C-2 carbonyl carbon atom of 2, resulting in the 
formation of the transition state 4, will be, however, not 
only free from the electrostatic interactions, but the tor
sional strain and nonbonding steric interactions will be at 
a minimum as well.

In the transition state 5, which results from an “ axial” 
approach of the negatively charged metal hydride ion to 
the C-2 carbonyl carbon atom of D-glycopyranosid-2-uloses 
of the a series, e.g., 1, the electrostatic interactions of the 
type described for the transition state 3 are not present. 
Furthermore, there will be no torsional strain. The only 
interaction present in 5 is one 1,3-nonbonding steric inter
action between the axially oriented C-4 hydrogen atom 
and the incoming metal hydride anion. An “ equatorial”  
approach of the negatively charged metal hydride ion to 
the C-2 carbonyl carbon atom of 1 resulting in the forma
tion of the transition state 6 should give rise to generation 
of considerable torsional strain and dipolar interaction be
tween the axially oriented C -l methoxy group and the ap
proaching metal hydride anion. Furthermore, in the tran
sition state 6 , there will be two nonbonding steric interac
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tions between the approaching metal hydride anion and 
the axially oriented hydrogens at C-3 and C-5.

As a consequence, the metal hydride reduction o f 1 
should give methyl 4 ,6-0-benzylidene-3-0-m ethyl-a-D -glu- 
copyranoside (7) as the preponderant, if not the only, 
product, whereas the metal hydride reduction of 2 should 
yield methyl 4,6-0-benzylidene-3-0-m ethyl-/3-D-m annopy- 
ranoside (8) as the preponderant product.

The results of our studies are reported in this paper.
M ethyl 4 ,6 -0 -ben zyliden e-3 -0 -m eth yl-ld-D-ara6irco-hex- 

opyranosid-2-ulose (2) was prepared by DMSO-AC2O ox i
dation of methyl 4,6-0-benzylidene-3-0-m ethyl-/3-D -gluco- 
pyranoside (9)6 at room temperature. The reduction of 2 
was effected with sodium borohydride in methanol. The 
reason for using sodium borohydride for reduction  of 2 
rather than lithium alum inum hydride was based on the 
observation that sodium  borohydride produces more axial 
alcohol than lithium alum inum hydride in reductions of 
alicyclic ketones, indicating a greater effective size o f the 
borohydride species.7 The crude reduction product, as ex 
pected, consisted almost exclusively o f methyl 4,6-O-ben- 
zylidene-3-0-methyl-/3-D-m annopyranoside (8) [the ratio 
o f D-manno (8) to D-gluco derivative (9) was 19:1].

The sodium borohydride reduction of methyl 4,6-O-ben-
zylidene-3-0-methyl-a-D-arabiVio-hexopyranosid-2-ulose
(1) in methanol, which was obtained by DMSO-AC2O ox i
dation o f methyl 4 ,6 -0-benzylidene-3-0-m ethyl-a-D -gluco- 
pyranoside (7),6 afforded the D-gluco derivative 7 as the 
only product.

It is interesting to  note that Ekborg, et a l.,s have re
cently reported the synthesis o f methyl 3,4,6-tri-O-benzyl- 
d-D-mannopyranoside by catalytic hydrogenation o f m eth
yl 3,4,6-tri-f)-benzyl-d-D-aradireo-hexopyranosid-2-ulose. 
T he high stereoselectivity (D-manno to  D-gluco ratio was 
19:1) in catalytic hydrogenation o f the C-2 carbonyl group 
o f d-D-arabino-hexopyranosid-2-uloses observed first by 
Theander9 and confirm ed by Ekborg, et a l.,s is probably 
due to steric interactions exclusively.

The observed high stereoselectivity in the sodium bor
ohydride reduction o f 2 not only provides a very conve
nient synthetic route for the preparation o f a wide variety 
of alkyl an d /or aryl /3-D-mannopyranosides, but also 
makes the C-2 tritium - and deuterium -labeled /3-D-man- 
nopyranoside derivatives readily available.

Experimental Section
General. T h e  s ilica  gel u sed  for  all c o lu m n  ch ro m a to g ra p h y  

w as E . M e rck  (D a rm sta d t, G erm a n y ) s ilica  gel, grain  size < 0 .0 8  
m m . T h e  m e ltin g  p o in ts  are u n co rre c te d . O p tica l ro ta tion s  were 
d e term in ed  w ith  a C ary  60 sp e c tro p o la r im e te r  in  a 1 .0 -cm  ce ll. 
T h e  ir sp ectra  w ere re cord ed  w ith  a P e rk in -E lm e r  in frared  s p e c 
tro p h o to m e te r , M o d e l 267; th e  n m r sp ectra  w ere re co rd e d  w ith  a 
V arian  T -6 0  sp e c tro m e te r  u s in g  te tra m e th y ls ila n e  as an  internal 
s ta n d a rd . C h e m ica l sh ifts  (6) are exp ressed  in  p arts  per m illion .

Methyl 4 ,6  - 0  - B e n zy I i d e ne - .3 - 0  - in e t hy 1 -¡i-D-arabino-h e x  0 py -
ranosid-2-ulose (2). A so lu tion  o f  m eth y l 4 ,6 -0 -b e n z y l id e n e -3 -0 -  
m e th y l-d -n -g lu co p y ra n o s id e  (9 , 520 m g) in 2:1 m eth y l s u lfo x id e - 
a ce tic  a n h y d rid e  m ixtu re  ( 1 2  m l) w as k e p t at room  tem p eratu re  
for 17 hr. T h e  so lv en ts  w ere re m o v e d  in vacuo (b a th  tem p eratu re  
was 60 °), an d  the c ry sta llin e  residu e w as ch ro m a to g ra p h e d  on  s il 
ica  gel (50  g ). E lu tio n  w ith  50 :75 :1  a ce to n e -h e x a n e -w a te r  a ffo rd ed  
pure 2 (413 m g, 8 0 % ), w h ich  a fter  re cry sta lliza tio n  from  a c e to n e -  
isop rop y l eth er  (n e e d le s ) sh ow ed  m p  16 7 -169° d e c ; [a]27D -  73° (c 
1.17, C H C I3 ) ;  ir (C H C I 3 ) 1753 c m - 1 ( C = 0  s tre tch ); n m r (C D C 13) 
5 7 .7 -7 .2  (m , 5, p h e n y l) , 5 .58  (s, 1, m e th in e  H  from  b e n zy lid e n e  
g rou p ), 4 .82  (s , 1, H - l ) ,  4 .6 -3 .7  (m , 5, H -3 , H -4 , H -5 , H -6 , H - 6 ') ,
3.63 (s, 3, m e th y l from  C - l  m e th o x y  g ro u p ), 3 .60  (s . 3, m eth yl 
from  C -3  m e th o x y  g rou p ).

Anal.  C a lcd  for  C i 5H i 80 6: C , 61 .21 ; H , 6 .17 . F ou n d : C . 60.94; 
H , 6 .05.

M e th y l 4 ,6 -0 -B e n z y lid e n e -3 -0 -m e t h y l-/3 -D -m a n n o p y r a n o s id e
(8 ). T o  a so lu tion  o f  2 (116 m g) in  m eth a n o l (15 m l) a m eth a n o lic

solution (10  m l) of sodium  borohydride (50 mg) was added drop- 
wise. A fter the reductio n was fin ish ed  (10  m in ; m onitored by tic  
using  95:5 b enzen e-2-p ro pan o l as e luent), the excess of sodium  
borohydride was destroyed w ith acetic a c id , and the resu ltin g  so
lu tio n  was evaporated in  va cu o  to dryness. T h e  so lid  residue was 
extracted w ith b o ilin g  ethyl acetate (3 x  30 m l) and com bined 
extracts were evaporated in va cu o . T h e  crude product (12 7  mg) 
was chrom atographed on s ilic a  gel (20 g). E lu t io n  w ith 3 :2  hex 
ane-acetone gave three fractions. T h e  first fraction (3.5 mg) was 
pure m eth yl 4 ,6 -0 -b e n zy lid e n e -3 -0 -m e th yl-/3 -D -g lu co p y ra n o sid e
(9) id e n tica l w ith  an authentic sam ple (m ixtu re  m eltin g  point 
and ir  spectra). T h e  second fraction (18 m g) was a m ix tu re  of 8  

and 9 (m onitored by t ic  using  95:5 b e nzen e-2 -p ro pa n o l as eluent), 
whereas the th ird  fraction (82 mg) was pure m eth yl 4 ,6 -O -b e n z y l- 
id e n e -3 -0 -m e th yl-/3 -D -m a n n o p yra n o sid e  (8 ). R echrom atog raphy 
of the second fraction (18  m g) on s ilic a  gel (5 g) afforded 1.5  m g of 
9 and 14 .5  m g of 8 . Therefore, the total iso lated am ounts of 8  and 
9 by sodium  borohydride reduction of 2 were 96.5 m g of 8  (8 2 % ) 
and 5 m g of 9 ( 4 % ) . T h e  overall y ie ld  of reductio n was 8 6 % .  R e 
c ry sta lliz a tio n  of the m eth yl 0 -D -m anno  d e riva tive  8  from  ace
to n e-iso p ro p yl ether gave very fine needles: m p 18 7 -18 8 °; [a]27D 
-  70° (c 1.0, CHCI3); ir  (CHCI3) 3575 c m - 1  (O H ); n m r (CDCI3) 6
7 .9 -7 .2  (m , 5, p h en yl), 5.58 (s, 1 , m ethine H  from  benzylidene 
group), 4.45 (d, -A . 2  <  1 H z , 1 , H - l ) ,  3.53 (s, 6 , C-l and C-3 m e
thoxy groups), 2 .53 (broad s, 1 ,  O H ).

A n a l. C a lc d  for C 1 5 H 2 o 0 6: C ,  60.80; H , 6.80. Fo un d : C , 60.59; 
H , 6.79.

Methyl 4,6 - 0 -Benzyl idene-3-O-methy 1 -n -n -a r o T /rio-hexopy-
ranosid-2-ulose (1 ) . M e th y l 4 ,6 -0 -b e n z y lid e n e -3 -0 -m e th y l-ff -D - 
glucopyranoside (7 , 537 mg) was dissolved in  2 :1  m eth yl su lfo x 
id e -a c e t ic  an hyd rid e  m ixture  ( 1 2  m l) and the solution was kept 
at room tem perature for 6  hr. T h e  solvents were evaporated in 
va cu o  (bath tem perature was 60°) and the cry sta llin e  residue was 
chrom atographed on s ilic a  gel (50 g). E lu t io n  w ith 120 :8 0 :1 hex
a n e-aceto n e-w ater gave pure 1 (484 mg, 9 0 % ) . A n  a n a ly t ica l 
sam ple was obtained by re c ry sta lliza tio n  from  acetone-iso propyl 
ether (needles): m p 13 3 .5 -1 3 4 .5 °; [a]27n + 4 2 °  (c 1.0 , C H C 1 3); ir  
( C H C I 3 ) 1750 c m - 1  ( C = 0  stretch); n m r ( C D C I 3 ) 6 7 .6 -7 .2  (m , 5, 
p h enyl), 5.55 (s, 1 , m ethine H  from benzylidene group), 4 .73 (s, 1 , 
H - l ) ,  4 .5 -3 .7  (m , 5, H -3 ,  H -4 , H -5 , H - 6 , H - 6 '), 3.59 (s, 3, m ethyl 
from C -3  m ethoxy group), 3.47 (s, 3, m eth yl from  C - l  m ethoxy 
group).

A n a l. C a lc d  for C 3 5 H i s 06: C ,  6 1 .2 1 ; H , 6 .17 . Fo u n d : C , 61.05; 
H , 6.14.

Reduction of M e t h y l 4 ,6 -0 -Benzylidene-3-O-methyl-a-ii-ara- 
b m o  - hexopy ra nos i d -2  -  u I ose (1)  with Sodium Borohydride in 
Methanol. T o  a vigorously stirred  m eth an o lic  so lution  (15  m l) of 
1 (96 m g), a m ethanolic so lution  ( 8  m l) of sodium  b o rjh yd rid e  (40 
mg) was added drpw ise. A fter the reaction was fin ish ed  (5 m in, 
m onitored b y  tic  using  95:5 b e nzen e-2 -p ro pa n o l as e luent), acetic 
a c id  was added to destroy the excess of sodium  borohydride, and 
the resu lting  solution was evaporated in  va cu o  to dryness. T h e  
so lid  residue was extracted w ith three 3 0 -m l portions of b o ilin g  
ethyl acetate, and com bined extracts were evaporated in  vacuo. 
T h e  crude reaction product (108 m g) was chrom atographed tw ice 
on s ilic a  gel. E lu t io n  w ith 95:5 b e nzen e-2 -p ro pa n o l gave pure 7 
(80 m g, 8 2 % ) , w hich after re c rysta lliza tio n  from  aceto ne-iso pro 
p y l ether (needles) showed m p 14 7 -1 4 8 ° and was id e n tica l w ith an 
au th entic sam p le 6 (m ixture m eltin g  point and ir  spectra). E v e n  
traces of m eth yl « -D -m a n n o  d e riva tive  were not present in  the 
crude reaction m ixture (exam ined b y t ic  using  95:5 b enzen e-2 - 
propanol as eluent).

Registry No.—1 , 29774-59 -2 ; 2 , 29774-60-5; 7 , 20770-95-0; 8 , 
5 136 4 -57-9 ; 9, 35775-68-9.
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The recent discoveries that trifluoromethyl hypofluorite 
(CF3OF) is useful in the fluorination of aromatic com 
pounds2 ’3 coupled with our interests in preparing fluo- 
roaromatic compounds4 led us to investigate the reaction 
of CF3OF with some naphthalene and anthracene deriva
tives. Barton and coworkers’2 report on the preparation of
1- fluoro-2 -acetylaminonaphthalene (2a) from reaction of 
CF3OF with -2 -acetylaminonaphthalene (la) led us to 
reinvestigate this reaction as a starting point for our own 
work.

Reaction of la with CF3OF was carried out in chloro
form solution at room temperature. The reaction was per
formed until all la was consumed as discerned from glpc 
and tic analyses of the reaction progress. When all la had 
been consumed two major products were present, 1 -fluoro-
2 - acetylaminonaphthalene (2a) and l,l-difluoro-2 -naph- 
thone (3), in 25 and 43% yields, respectively. The structure 
of 2a was confirmed by conversion to l-fluoro-2 -aminonaph- 
thalene (2b). Compound 3 was identified by its spectral and 
elemental analyses and by spectral analysis of its hydroge
nation product.

la. X = NHCOCTT 2a-c 3
b. X = NH,
c. X = OH

Reaction of 2-naphthylamine (lb) with CF3OF pro
duced a mixture from which l-fluoro-2 -naphthylamine (2b) was obtained in 9% yield and 3 was obtained in 19% 
yield. Facile decomposition of 2 b on exposure to air may 
account partially for its low yield. 2-Naphthol (lc) reacted 
with CF3OF to yield l-fluoro-2 -naphthol (2c) in 14% yield 
and 3 in 20% yield. Analytical data established the com
position of 2c, but analogy with reaction products from la 
and lb was used to determine the orientation of the fluo
rine atom. The hydroxyl proton showed long-range cou
pling to the fluorine atom, giving further evidence that 
the fluoro and hydroxyl groups are adjacent.5 Attempts to 
prepare 2c unambiguously from l-am ino-2 -naphthol 
failed.

A gray solid (mp 295-298°) was formed in the reactions 
of la, lb, and lc with CF3OF. This material was insoluble 
in most organic solvents except dimethyl sulfoxide. The 
composition of the solid was not determined owing to slow 
continuous decomposition and our inability to obtain a 
pure sample. The infrared spectrum showed absorbances 
characteristic of an amine salt6 at 2 20 0  and 1800 cm - 1  if 
the spectrum was obtained on freshly prepared material. 
On standing, these absorbances disappeared.

Treatment of pure samples of 2a, 2b, 2c, and 3 with 
CF3OF produced a complex mixture of at least seven 
components (tic and glpc). We could therefore not show

that 3  was formed by further fluorination of 2a, 2b, and 
2c. Yields of products are based on a parallel reaction 
scheme: 1 —* 2; 1 —»■ 3.

Reaction between 9 -acetylaminoanthracene (4) and 
C F 3 O F  yielded anthraquinone (5 )  in 95% yield. No other 
compound was detected by tic or glpc. Attempts to deter
mine a mechanism for this reaction were made by treating 
feasible intermediates with C F 3 O F . Anthrone ( 6 ) pro
duced both 5  (55%) and 10,10-bianthronyl (7, 30%) on 
reaction with C F 3 O F . 10,10-Difluoroanthrone ( 8 ) and 7 
are reported products from the reaction of 6 with sulfur 
tetrafluoride in the presence of radical scavengers.7 We 
were unable to detect either 5  or 7 on reaction of 8  with 
C F 3 O F . Our detection methods (tic and glpc) could have 
detected at least 0 .1 % of the components as determined 
from standard solutions of 5 and 7. Careful reexamination 
of the products from 4 failed to show any 7. These results 
are presently taken as evidence against the intermediacy 
of either 6 or 8 . Investigations which should provide useful 
information regarding the mechanism and synthetic po
tential of these and similar reactions are in progress.

Experimental Section
All temperature reading are uncorrected. Elemental analyses 

were performed by Galbraith Laboratories, Knoxville, Tenn. Nmr 
spectra were determined on a Varian T-60 spectrometer using tet- 
ramethylsilane (6 0.0) as an internal standard. Molecular weights 
were determined from mass spectra obtained on a Varian MAT- 
111 spectrometer. Infrared spectra were determined on a Perkin- 
Elmer Model 337 grating spectrophotometer using polystyrene for 
calibration. Trifluoromethyl hypofluorite was obtained from PCR, 
Inc., Gainesville, Fla. Aldrich spectroquality chloroform was used 
as the solvent in all reactions with CF3OF. Glpc analyses were 
performed on a Varian 1440 flame ionization gas chromatograph 
using a 5 ft x 0.13 in. stainless steel column of 3% SE-30 on 
Chromosorb W and helium flow rate of 60 ml/min.

Reactions with Trifluoromethyl Hypofluorite (CF3OF). 2- 
Acetylaminonaphthalene (la). A solution of 1.5 g (7.2 mmol) of 
la in 25-30 ml of chloroform was treated with CF3OF at room 
temperature. The reaction mixture became dark. The course of 
the reaction was followed by glpc and tic (silica gel). Two major 
products were formed and all la was consumed within 40-60min. 
Nitrogen was bubbled through the reaction mixture to assist in 
the removal of residual CF3OF. The mixture was filtered to give 
0.7 g of gray material, mp 295-298° dec. Anal. Found: C, 75.2; H, 
4.7; N, 7.9; F, 3.6. This material was not identified because its 
properties (ir, nmr, melting point) continuously changed.

The filtrate was concentrated on a rotary evaporator, giving 1.8 
g of brown oil. Trituration with petroleum ether (bp 40-60°) gave
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a yellow solution and a dark residue. Recrystallization of the resi
due from benzene-cyclohexane furnished 0.4 g (25%) of 1-fluoro-
2-acetylaminonaphthalene (2a), mp 117-120° (lit.2 mp 120-121°). 
Hydrolysis of 0.25 g (1 . 1  mmol) of 2a with 30 ml of 6 N  hydrochlo
ric acid followed by neutralization with sodium hydroxide solu
tion furnished 0.17 g (96%) of l-fluoro-2-naphthylamine (2b), mp
34-35° ,8 Anal. Calcd for CioHgFN: C, 74.5; H, 4.97; F, 11.8; N, 
8.70; mol wt, 161. Found: C, 74.2; H, 5.04; F, 11.6; N, 8 .66; mol 
wt, 161.

Reaction of 2b (50 mg, 0.3 mmol) with isoamyl nitrite (0.5 
mmol) in tetrahydrofuran9 (1 ml) furnished 1 -fluoronaphthalene 
(23%) which was identical with authentic material.

The cooled petroleum ether solution furnished 0.55 g (43%) of
l,l-difluoro-2-naphthone (3) as pale yellow needles, mp 49-50.5°. 
Sublimation at 40° (0.5 mm) furnished pure 3 with little loss of 
material: mp 50.5-52°; ir (melt between salt plates) 1700 cm' 1 
(C =0); nmr (CCL) 5 6 .12  (two sets of triplets, 1 H, C=CH C=0, 
4H-H = 10, 4h-f = 2.8 Hz), 7.31-7.99 (m, 5 H, aromatic and 
CH =CC=0). Irradiation at S 6.12 resulted in the collapse of a 
doublet centered at S 7.36 among the aromatic protons. Anal. 
Calcd for Ci0H6F2O: C, 66.7; H, 3.3; F, 21.1; N, 0.00; mol wt, 180. 
Found: C, 66.4; H, 3.4; F, 21.9; N, 0.05; mol wt, 180.

Reduction of 0.15 g of 3 in 30 ml of absolute alcohol using 0.1 g 
of 5% palladium on carbon at 15 psi for 2 hr furnished, after 
work-up, material which showed hydroxyl but no carbonyl ab
sorption in its ir spectrum and no olefinic protons in its nmr spec
trum. An analytically pure sample was not obtained.

2-Naphthylamine (lb). CF3OF was bubbled into a solution of
3.0 g (0.02 mol) of lb in 60 ml of chloroform. 2-Naphthylamine 
was consumed completely within 15-60 min. Glpc showed the 
presence of 3, 2b, and a third unidentified component in a 3:1:5 
ratio, respectively. Filtration of the mixture furnished 1 .2  g of 
gray residue. The filtrate was concentrated on a rotary evaporator 
at room temperature. The ir spectrum of the mixture showed 
strong absorptions at 2200 and 1800 cm ' 1 characteristic of an 
amine salt.6 Chromatography of the crude mixture on a 15 x 1 in. 
Florisil column (1:1 benzene-hexane) furnished 0.7 g (19%) of 3. 
Benzene eluent furnished l-fluoro-2-naphthylamine (2b, 9%). 
A pink solid (0.4 g) identical with the material filtered from the 
reaction mixture from la was obtained on further elution with 
ether. The solid did not contain the 2200 and 1800 cm ' 1 ir absor
bances.

2-Naphthol (lc). CF3OF was slowly bubbled into a solution of
2.9 g (13.0 mmol) of lc in 30 ml of chloroform until glpc analysis 
no longer showed the presence of lc. Two major products were in
dicated by both glpc and tic. Nitrogen was bubbled into the reac
tion mixture to facilitate the removal of residual CF3OF. The 
reaction mixture was filtered (0.2 g residue) and concentrated on 
a rotary evaporator to give a dark, viscous oil. The crude material 
was chromatographed on a 8 x 0.5 in. column of neutral alumina 
[1:1 benzene-petroleum ether (60°)], furnishing 0.5 g (20%) of 
pure 3. Chloroform-benzene (7:3) eluted 0.32 g of 2c. Recrystalli
zation from petroleum ether produced 0.3 g (14%) of 2c: mp 74- 
75°; ir (KBr) 3250 cm - 1  (OH); nmr (CDCI3) 5 5.2 (broad, 1 H, 
OH) and 7.1-8.2 (m, 6 H. aromatic). On careful drying, the <5 5.2 
absorption appeared as a doublet, J  -  4 Hz. Since no change was 
observed in the aromatic portion of the spectrum, the coupling 
occurred between the hydroxyl proton and the fluorine atom. In
tramolecular hydrogen bonding was negligable as deduced from 
the large hydroxyl proton chemical shift dependence on the con
centration of the solution.

Anal. Calcd for C10H7FO: C, 74.1; H, 4.4; F, 11.7; mol wt, 162. 
Found: C, 74.3; H, 4.4; F, 12.0; mol wt, 162.

Attempted preparation of 2c from l-amino-2-naphthol hydro
chloride by a Balz-Schiemann reaction failed in two attempts.

9-Acetylaminoanthracene (4). CF3OF was bubbled into a so
lution of 0.78 g (3.3 mmol) of 4 in 30 ml of chloroform. The reac
tion was monitored by tic on silica gel (chloroform). Three prod
ucts were detected but one major component accounted for more 
than 9 0 %  of the products. All 4 was consumed in 2 hr. Nitrogen 
was passed through the reaction mixture to remove residual 
CF3OF. The solvent was removed on a rotary evaporator and the 
tan residue was chromatographed on a 10  X  0.5 in. column of alu
mina (benzene), furnishing a light yellow solid which after recrys
tallization from benzene yielded 0.65 g (9 5 % ) of 5, mp 2 8 2-28 4 °. 
The identity was proven by comparison with authentic anthra- 
quinone.

Anthrone (6). A solution of 1.5 g (7.0 mmol) of 6 in 50 ml of 
chloroform was treated with CF3OF for 3 hr. Tic on silica gel 
(chloroform) showed the presence of two components. Removal of 
the chloroform on a rotary evaporator gave 1.6  g of yellow solid.

Chromatography on a 10 x 1 in. column of silica gel (benzene) 
furnished 0.9 g (55%) of yellow 6 . Benzene-chloroform (1:1) elu
tion furnished an orange solid after removal of the solvents. Re
crystallization from benzene-petroleum ether gave 0.55 g (35%) of
10,10-bianthronyl (7): mp 262-268° dec (lit.10 mp ca. 270-275° 
dec); ir identical with a published spectrum; nmr (CDCI3) 6 4.75 
(s, 1 H, benzylic proton) and 6 .7-8.0 (complex, 8 H, aromatic); 
mol wt, 386 (calcd mol wt, 386).

Acknowledgment. This research was supported by the 
donors of the Petroleum Research Fund, administered by 
the American Chemical Society, and by the office of Re
search and Projects, Southern Illinois University.

Registry No.—la, 581-97-5; lb, 91-59-8; lc, 135-19-3; 2a, 
19580-15-5; 2b, 14554-00-8; 2c, 51417-63-1; 3, 51417-64-2; 4, 37170-
96-0; 6, 90-44-8; 7, 4393-30-0; CF3OF, 373-91-1.

References and Notes
(1) Petroleum Research Fund Postdoctoral Fellow, 1972-1973.
(2) D. H. R. Barton, A. K. Ganguly, R. H. Hesse, S. N. Loo, and M. M. 

Pechet, Chem. Commun., 806 (1968).
(3) J. Kollonitsch, L. Barash, and G. A. Doldouras, J. Amer. Chem. 

Soc.. 92, 7494 (1970).
(4) T. B. Patrick and J. A. Schleld, Tetrahedron Lett.. 445 (1972); T. B. 

Patrick, J. A. Schield, and D. G. Kirchner, J. Org. Chem., 39, 
1758 (1974).

(5) J. W. Emsley, J. Feeney, and L. H. Sutcllff, "High Resoluton Nu
clear Magnetic Resonance Spectroscopy," Vol. 2, Permagon Press, 
Oxford, 1966.

(6) N. B. Colthup, L. H. Daly, and S. E. Wlberly, “ Introduction to In
frared and Raman Spectroscopy," Academic Press, New York, N. 
Y., 1964, p 281.

(7) D. E. Applequlst and R. Searle, J. Org. Chem.. 29, 987 (1964). We 
thank Dr. Applequist for providing a sample of 8.

(8) H. F. Basslllos, M. Shawky, and A. Y. Salem, Bull. Soc. Chim. 
Belg.. 75, 577 (1966), report mp 174° for 2b. Their elemental anal
ysis was determined only for nitrogen to be 8.7%. 2-Azo- and 2- 
azoxy-1-fluoronaphthalene, possible compounds from their synthe
sis, have nitrogen percentages of 8.80 and 8.38%, respectively.

(9) J. I. G. Cadogen and G. A. Molina, J. Chem. Soc.. Perkin Trans. 1. 
541 (1973).

(10) J. S. Meek, W. B. Evans, V. Godefrol, W. R. Benson, M. F. Wilcox, 
W. G. Clark, and T. Tiedeman, J. Org. Chem.. 26, 4281 (1961).

Nitroxides. LVIII. Structure of Steroidal Spin Labels
Pierre Michon and André Rassat*

Laboratoire de Chimie Organique Physique (Equipe de Recherche 
Associée au Centre national de la Recherche scientifique), 

Département de Recherche Fondamentale, Centre d’Etudes 
Nucléaires de Grenoble, B. P. 85, Centre de Tri,

F.38041 Grenoble-Cedex, France

Received August 10, 1973

Spiro oxazolidine steroidal nitroxides1 are widely used 
as spin labels in biological membranes.2' 4 In spite of its 
interest for orientation studies, the configuration of the 
spiro ring system has never been established. There are 
two possible isomers:5 radical la, in which the nitrogen is
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equatorial (e) relative to the steroid A ring, and radical 
lb, in which nitrogen is axial (a). Structure la is general
ly postulated without experimental evidence.6-7

We have recently studied oxazolidinyloxy radicals pre
pared from substituted cyclohexanones.8 We have shown 
by electron spin resonance (esr) and by nuclear magnetic 
resonance (nmr), through comparison with ierf-butyl cy
clohexyl nitroxide,9 that only one isomer 2 is obtained, in 
which the cyclohexane is in the chair form, and nitrogen 
is equatorial. The following hyperfine coupling constants 
(hcc) have been measured: aH7a = ~ 0 .7 G; aH7e = _ 0.65 
G; = TO.17 G; opoe = T1.06 G.

2a, R  =  H

b, R  =  i-B u

We have studied radicals 32 (mp 175°), 41 (mp 176°), 
and 5 (mp 94-98°) prepared from 5a-androstan-17d-ol-3- 
one, 5a-cholestan-3-one, and 5d-coprostan-3-one. In each 
case, a single radical was obtained.

The esr spectrum of the three radicals is the normal ni
troxide triplet, the hyperfine structure (Figure la) being 
identical for the three radicals. Although the 5a and 5§ 
isomers may look different, radicals 3, 4, and 5 have the 
same protons in the A ring (two axial y, two equatorial y, 
two axial <5, and one equatorial b proton). Since the elec
tron-proton hcc are very stereospecific,10-11 all three radi
cals probably have the same geometry.

If we assume the same configuration for radicals 3, 4, 
and 5, and for radical 2b, the esr spectrum of the former 
radicals should be reconstituted by using the y and 5 hcc 
determined for radical 2b: the computer-simulated spec
trum (Figure Id) is identical with the experimental spec
trum.

This is the first evidence that the steroidal radicals 
studied have the same configuration as radical 2, i.e., con
figuration la  (equatorial nitrogen).

In order to obtain some information on the other possi
ble isomer, lb (axial nitrogen), we have prepared radicals 
6a and 6b in which the only difference is a methylene- 
oxygen permutation, for which we expect a small influ
ence on the proton hcc.

Chart I gives the different steps for the preparation of 
radical 6a.

11a

It is known12-13 that the hydantoin obtained from cho- 
lestanone is a mixture of isomers; the major product leads 
to the amino acid 8a (mp 264°) in which the NH2 group is 
axial (conclusion based on pK  values and hydrolysis rate 
constants for both epimeric amino acids13).

When the reaction sequence described in Chart I was 
carried out on the pure amino acid 8a (mp 264°), radical 
6a (mp 188°) was obtained. Since this reaction sequence 
does not change the configuration at the steroid 3 posi
tion, this radical 6a has an axial nitroxide group.

In order to obtain the other isomer, the same reaction 
sequence was carried out on the mixture of both epimeric 
hydantoins 7a and 7b. Two different radicals were ob 
tained (in 86.5:13.5 ratio) and separated by thin layer 
chromatography. The first eluted radical was identical



Notes J. Org. Chem., Vol. 39, No. 14, 1974 2123

Figure 1. Low-field nitrogen line of the esr spectra, in degassed CHCI3 at room temperature, of (a) radical 3, (b) radical 6b, (c) radical 6a, 
(d) radical 3 (computer-simulated, a Hva = a HTe = 0.7 G; a H«e = 1.07 G; a Hi5e = 0.2 G; linewidth AH  = 0.34 G).

with 6a (mp 188°) and the last eluted radical 6b had mp 
15 0 -15 5 °.

B y comparing the yields of each step and the proportion 
of hydantoins 7a and 7b13 and of radicals 6a and 6b, it 
can be safely concluded that the minor isomer comes from 7b: the least abundant radical has an equatorial nitroxide 
group.

T h is  minor isomer 6b (mp 15 0 -15 5 °)  displays a three- 
line esr spectrum, each line having a well-resolved hyper- 
fine structure (Figure lb ) very sim ilar to those of radicals 
3, 4, and 5. T h is confirms our hypothesis that methylene- 
oxygen permutation does not change hyperfine splittings. 
The major radical 6a (mp 188°) displays the nitroxide 
three-line spectrum without resolution of the proton hy
perfine structure (Figure lc ), the peak-to-peak linewidth 
being comparable to the one of radical 6b. These results 
show that radical lb, if  it exists, may have a three-line 
spectrum in which each line has no resolved proton hyper
fine structure.

In conclusion, the synthesis of oxazolidine nitroxide 
from steroidal 3-ketones yields, in our hands, a single rad
ical having an equatorial nitrogen relative to the steroid A  
ring.14

Experimental Section
4',4'-Dimethylspiro(5a-cholestane-3,2'-oxazolidine). Accord

ing to Keana,1 5cv-cholestan-3-one (0.5 g) and an excess of 2- 
amino-2-methylpropan-l-ol (1.1 g) in xylene solution (40 ml) with 
a trace of p-toluenesulfonic acid were boiled for 5 days. Water 
was removed by azeotropic distillation. After extraction, 0.58 g of 
crystals was obtained (crude yield 98%): mp 123-124° (lit.1 mp

124-125°); ir (Nujol) rNH 3300 c m '1; nmr (CDCI3) CH3(4',4')
1 .2 2 , CH2(5') 3.56 ppm; nmr (C6D6) CHg(4',4') 1.08, CH2(5') 3.45 
ppm. No trace of another isomer was detected by nmr.

Reflux, for 5 days, without azeotropic distillation, of the same 
products gave the same result.

4',4'-Dimethylspiro(5a-cholestane-3,2'-oxazolidine)-3'oxyl
(4) . The crude amine (0.57 g) in ether solution was oxidized by 
m-chloroperbenzoic acid (0.32 g)15 in ether solution. The radical 
concentration was followed by esr (oxidation time 6 hr). When 
the esr signal was maximum, the solution was washed with 5% 
sodium bicarbonate solution and dried over sodium sulfate. By 
thin layer chromatography (silica gel, 90% pentane-10% ether), 
0.43 g of yellow crystals was obtained (yield 72%): mp 176° 
(methanol-ether) (lit.1 mp 175-176°); uv (cyclohexane) X 450 mfi 
(t —1 2 ); esr (CHC13, M /1000)on = 14.9 G.

Changes in oxidation time (0.25-48 hr) did not lead to detec
tion of another radical by thin layer chromatography.

4',4'-])imethylspiro(5d-cholestane-3,2'-oxazolidine) was pre
pared in the same manner as the oxazolidine above. Azeotropic 
distillation with 0.28 g of ketone and 0.6 g of 2 -amino-2 -methyl- 
propan-l-ol in xylene solution (40 ml), after 5 days, followed by 
extraction, gave 0.32 g of viscous product (crude yield 97%): ir 
(Nujol) »nh ~3200 c m '1; nmr (CDCI3) CH3(4 ',4 ') 1.2, CH2(5 ')
3.5 ppm.

4',4'-Dimethylspiro(5(j-choIestane-3,2-oxazolidme)-3'-oxyl
(5) was prepared in the same manner as the radical above (4) 
using 0.32 g of crude amine and 0.6 g of m-chloroperbenzoic acid. 
After 4 hr oxidation time and thin layer chromatography, 0.24 g 
of product was obtained (yield 72%); mp 94-98° (methanol- 
ether); uv (cyclohexane) X 450 iqm (( ~9); esr (CHCI3, M/1000) 
CE[\j — 14.9 G.

Anal. Calcd for C31H54NO2: C, 78.75; H, 11.51; 0, 6.77; N,
2.96. Found: C, 78.76; H, 11.58; O, 6.52; N, 2.85.

17/3-Hydroxy-4',4'-dimethylspiro(5a-androstane-3,2'-oxazoli- 
dine) was prepared as described above using 0.6 g of ketone and
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1.8  g of 2 -a m m o -2 -m e th y lp ro p a n -l-o l in  xylene solution  (50 m l). 
After 7 days, the m ix tu re  was extracted to give 0.73 g of product: 
m p 79 °; ir  (N u jo l) «oh 3500, « NH 3200 c m - 1 ; n m r ( C D C I 3 ) 
C H 3 (4',4 ') 1 .2 3 , C H 2 (5') 3.55 ppm .

17/3-Hydroxy-4',4'-dimethylspiro(5a-androstane-3,2'-oxazoli- 
dine)-3'-oxyl (3) was prepared as described above, using  0.73 g of 
crude am ine and 0.53 g of m -chloroperbenzoic acid  (oxidation 
tim e 5 h r). T h in  la ye r chrom atography gave 0.48 g of yellow  pro d
uct (y ie ld  6 3 % ) : m p 1 7 5 -1 7 6 ° (m ethano l-w ater) ( l it . 2  m p 
1 7 2 -1 7 4 °) ;  u v  (cyclohexane) A 450 m̂ u (e ~ 1 3 ) ;  esr (CHCI3, M /  
1000) a N =  14.9 G .

Spiro(5«-cholestane-3,5'-hydantoin) (7a). A cco rd in g  to 
M a k i , 1 3  a m ixture  of 5a-ch o le stan -3 -o n e  (3.86 g), am m o n iu m  ca r
bonate (5.7 g), and potassium  cya n id e  (2 g) in  8 0 %  ethanol (150 
m l) was heated at 5 7 -5 8 ° for 10 days. T h e  precip itate  was f i l 
tered, washed w ith  water, and dried  to give 4 g of w hite powder 
(y ie ld  8 7 % ) : m p 274 °; ir  ( K B r )  «NH 3200, iv o  1780 and 1730 c m - 1 .

T h e  crude product (0.200 g) was extracted repeatedly w ith 
ethyl acetate to give 0 .12 5  g of w hite powder 7 a , m p 276° ( l it . 1 3  

m p 2 7 3 -2 7 4 °), ir  (K B r )  id e n tic a l w ith  that of crude product.
3<v - Amino-.5 « -cholestane-3/j-carboxylic Acid (8a). Accord ing  

to M a k i , 1 3  7a (0 .125  g, m p 276°), sodium  hydroxyde (5 g), and 
water (5 m l) were heated for 1 hr w ith  occasional a d d itio n  of 
water. A t the end of th is tim e, a large am o unt of water was added 
and the m ixture was filtered. T h e  p recip itate  was dissolved by 
a d d itio n  of 7 0 %  s u lfu ric  a c id . T h e  sulfate obtained was treated 
w ith concentrated a m m o n ia  to give 0.100 g (y ie ld  8 7 % )  of w hite 
product 8a, m p 264° ( l it . 1 3  m p 26 2 -2 6 4 °).

Methyl 3a-Amino-5a-cholestane-3fJ-carboxylate (9a). A c 
cording to M a k i , 1 3  a solution of 8a sulfate in  m ethanol (20 m l) 
and concentrated su lfu ric  acid  (4 m l) was refluxed for 8  hr. T h e  
m ethanol was evaporated and the residue was extracted w ith 
ether after n e u tra lizatio n  w ith sodium  carbonate so lution. A  
0 .100-g  y ie ld  (9 5 % ) of w hite product 9a was obtained: m p 14 1 ° 
(m ethanol) ( l it . 1 3  m p 1 4 1 -1 4 1 .5 ° ) ;  ir  (N u jo l) «Nh 2 3300, «(-o 1725  
c m " 1 ; nm r (CeDg) C H 3 carbo xylate 3.44 ppm .

3«-Amino-5a-cholestane-3d-hydroxymethyl (10a). 9a (0.1 g, 
m p 14 1 °)  in  ether solution was added to a suspension of lith iu m  
a lu m in u m  h yd rid e  (0.25 g) in  ether solution (100 m l). T h e  m ix 
ture was refluxed for 12  hr. T h e  excess of h yd rid e  was decom 
posed , 1 6  the ether la ye r was filtered, and the solvent was re
m oved. 10a (0.084 g, y ie ld  9 0 % ) was obtained: m p 1 5 5 -1 5 8 °; ir  
(N u jo l) «oh ~ 3 5 0 0  c m " 1 ; n m r (CeDg) C H 2  hyd ro xym eth yl 3 .12  
p pm ; n m r (CDCI3) CH2 3.25 ppm .

2', 2'-Dimethylspiro(5«-cholestane-3,4'-oxazolidine) (11a).
Azeotropic d ist illa t io n  of 10a (0.08 g) w ith  an excess of acetone 
and a trace of p -to lu en esu lfo n ic acid  gave 0.082 g (y ie ld  9 5 % ) of 
viscous o il 11a: ir  (N u jo l) « N h  3200 c m " 1 ; n m r (C e D 6) C H 3 (2 ',2 ')
1.4 , C H 2 (5') 3.53 ppm ; n m r ( C D C 1 3) C H 3 (2 ',2 ') 1.45, C H 2 (5') 3.58 
ppm .

2 , 2 -  Dime thylspiro(5«-cholestane-3,l'-oxazolidine)-3'-oxyl 
(6a). 11a (0.08 g) was oxidized using  0.045 g of m -ch loroperben
zoic a cid . T h in  la ye r chrom atography (s ilic a  gel, 9 0 %  p e n tan e - 
1 0 %  ether) gave 0.040 g (y ie ld  4 7 % )  of yellow  crysta ls  of 6a: m p 
188° (ethanol); uv (cyclohexane) X 450 mp (e ~ 9 .5 ) ;  esr (CHCI3, 
M / 1 0 0 0 ) aN =  15 .2  G , no hyperfine structure (F ig u re  lc ) .

Anal. C a lc d  for C 3 i H 5 4 N 0 2: C , 78.75; H , 1 1 .5 1 ;  0 ,  6.77; N , 2.96. 
Fo u n d : C , 78.76; H , 11 .5 6 ; 0 ,  6.98; N , 2.85.

2',2'-Dimethylspiro(5a-cholestane-3,4'-oxazolidiiie)-3'-oxyl 
(6a and 6b). T h e  sam e m ethod as above was used on the crude 
h yd a nto in  7, m p 274° (m ixture of two e p im eric h yd anto in s 7a and 
7b), w ithout p u rifica tio n  of interm ediate  products. H y d ro ly s is  of 
crude h yd anto in s (0.5 g, m p 274°) w ith sodium  hydroxide gave 
0.41 g of w hite product, m p 263° (m ixture of two ep im eric am ino 
acids).

T h is  crude m ix tu re  (0.41 g) in  ethanol solution (100 m l) con
ta in in g  anhydrous hyd ro chlo ric  a c id  was allow ed to stand at room 
tem perature overnight. T h e  residue, obtained after evaporation of 
the ethanol, was extracted w ith ether to give 0.45 g of w hite pro d
uct, m p 10 5 ° (m ixtu re  of ep im eric am ino esters): ir  (K B r )  «c0  

1720 c m " 1 ; n m r (CDCI3) C H 3  carbo xylate 1 .3  (trip let, J  =  6  H z ), 
C H 2  carbo xylate 4.2 ppm  (quadruplet, J  =  6  H z ).

T h is  crude am ino ester (0 .12  g) was reduced w ith lith iu m  a lu 
m in u m  h yd rid e  (0.25 g) to give 0.10  g of w hite so lid , m p 1 5 5 -1 5 7 °  
(m ixture of ep im eric am ino alcohols): ir  (N u jo l) «0H 3500 c m " 1 ; 
n m r ( C D C 1 3) C H 2  hyd ro xym eth yl 3.25 ppm .

A n  azeotropic d is t illa t io n  of crude am ino alcohols (0 .1 g) w ith 
an  excess of acetone gave 0.105 g of viscous product (m ixture of 
two ep im eric oxazolid ines): ir  (N u jo l) «NH 3300 c m " 1 ; nm r 
( C D C I 3 ) C H 3 (2 ' ,2 ') 1.45, C H 2 (5') 3.57 ppm .

T h is  m ix tu re  of oxazolid ine (0.105 g) was oxidized w ith m -ch lo -

roperbenzoic acid (0.06 g). Thin layer chromatography (silica gel, 
90% pentane-10% ether) gave two products in 86.5:13.5 ratio: 
0.044 g of yellow crystals, mp 188° (ethanol), identical with 6a, 
and 0.007 g of yellow crystals 6b, mp 150-155°, esr (CHCI3, M /  
1000) Qn = 15.1 G, hyperfine structure (Figure lb).

Registry No.—3, 39665-50-4; 4, 51820-19-0; 5, 51820-20-3; 6a, 
51231-13-1; 6b, 51231-14-2; 7a, 5119-47-1; 7b, 5167-92-0; 8a, 5071- 
18-1; 8b, 5119-44-8; 9a, 5071-19-2; 9b, 5071-15-8; 10a, 51231-15-3; 
10b, 51231-16-4; 11a, 51231-17-5; lib , 51540-03-5; 4',4'-dimethyl- 
spiro(5«-cholestane-3,2'-oxazolidine), 51231-18-6; 5«-eholestan-3- 
one, 566-88-1; 2-amino-2-methylpropan-l-ol, 124-68-5; 4',4'-di- 
methylspiro-5(3-chlolestane-3,2'-oxazolidme), 51231-19-7; 17/3-hy- 
droxy-4',4'-dimethylspiro(5«-androstane-3,2'-oxazolidine), 51231- 
20-0.
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During the course of our investigations into the mode of 
incorporation of hydrogen atoms of biosynthetic precur
sors into polyprenoids, we required a procedure applicable 
to microscale operations allowing the introduction of a 
double bond via a cis elimination of an hydroxyl function. 
A novel and convenient procedure for the dehydration of 
secondary and tertiary alcohols utilizing methyl(carboxy- 
sulfamoyl) triethylammonium hydroxide inner salt (6) 
claimed to proceed via cis elimination has been reported 
by Burgess, et at.3 Indeed, these authors have shown that 
the dehydration of threo- and erythro-2-deuterio-l,2-di- 
phenylethanol is a cis-elimination process. Based on this 
observation, the generality of the cis elimination was sug
gested.3’4

Dehydration of steroidal alcohols with the reagent 6 has 
been accomplished without affecting other functional 
groups of the molecule, such as ketones, unsaturated ke
tones, acetylenes, and acetates.4 Because of the potential 
utility of this reagent, we undertook an exploration of the 
stereochemistry of the process.
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Treatment of 3a-acetoxymethyl fusidate (lb)5-6 with 

the reagent 6 for 1.5 hr in refluxing benzene afforded the 
A9(11) olefin (2)5 in 90% yield. The crude reaction prod
uct was scrutinized for the A11 olefin but none could be
isolated. In fusidic acid (la) the lla-hydroxyl and the

■ -  c a rb o n  d eriv ed  
fr o m  C -2  o f  M V A

H b d e riv e d  from  
2 -pro -R  o f  M V A

Hs d e riv e d  from  
2 -p ro -S  o f  M V A

la, R , = R j -  O H ; R 3 -  O A c ; R 4 =  H
b, R l =  O A c ; R j =  O H ; R j =  O A c ; R 4 =  C H 3

c, n o  A 24; R j =  R , =  O H ; JR, =  O A c; R 4 =  H
d, n o  A 24; R , =  R j =  T H P O  (te tra h y d ro p y ra n y lo x y );

R^ =  O A c; R 4 =  H
e, R , = R 2 = O H ; Ra = O A c; R 4 = C H 3

f, n o  A24; R , = R , = O H ; R 3 = O A c; R 4 = C H 3

g, n o  A 24; R j =  R^ =  T H P O ; R 3 =  O H ; R 4 =  C H 30  
H, n o  A 24; R , =  R , =  T H P O ; R 3 =  O A c ; R 4 =  C H 30

3
9/3-hydrogen are trans diaxial,5-6 and hence the isolated 
olefin is the product of a trans elimination.

Elimination of 11-hydroxyl functions in pregnane deriv
atives with the reagent 6 had been reported.4 The 11/3- 
hydroxyl derivative gave the A9111’ olefin in 96% yield, 
while the lla-hydroxyl derivative gave the A9I11) olefin in 
only 9% yield. The results are contrary to those expected 
if one maintains the cis-elimination mechanism. The 
lla-hydroxyl, being cis to the 9a-hydrogen, should be 
more readily eliminated than the 11/3-hydroxyl. Crabbe, et 
al,,4 could not satisfactorily explain the lack of reactivity 
of the lla-hydroxyl; however the result with the 11/3-hy- 
droxyl was rationalized by assuming that a C -ll cation is 
formed first, and this is followed by an intramolecular hy
drogen transfer from C-9 to C -ll. Stabilization of the re
sulting C-9 cation was then postulated to occur via the 
loss of a C -ll hydrogen and A91111 bond formation. A 
more reasonable explanation consistent with our observa
tions is that a trans elimination is operating in the case of 
the 11/3-hydroxyl. This explanation is supported by the re
sults obtained in the elimination of the 3a-hydroxyl of 4b 
described below.

To evaluate the stereochemistry of the dehydration of 
the 3a-hydroxyl of 4b, 3-acetoxymethyl fusidate (lb) was 
converted to 4a as previously described.7 The saponifica
tion of 4a to 4b was carried out under conditions which 
would ensure complete isomerization of the 9/3-H to the 
more stable 9a-H.8 Indeed, the physical properties (melt
ing point, [a]D) of the product agreed with those re
ported8 for 4b. Exposure of 4b to the reagent 6 for 1 hr in 
refluxing benzene yielded the A3 olefin 5. In alcohol 4b

Table I

Compel
3H : 14C

isotopic ratio“
*H:»C 

atomic ratio

le 5.04 6 .00 :6
i f 5.03 6 .00 :6
Id 4.98 5 .9 2 :6
lh 4.96 5 .9 0 :6
3 4.96 5 .9 0 :6

“ Isotopic ratios were determined on samples first purified 
by tic and then repeatedly crystallized from a suitable sol
vent. Reported values are the average of three crystal
lizations.

the 3a-hydroxyl and the 4/3-hydrogen are trans diaxial; 
hence the isolated product (5) is again the result of a trans 
elimination.

MeO.CNSOjNEtj 
6

4a, R = Ac 9/3 5
b, R =  H 9a

Considerations of the mode of formation of squalene and 
its oxidative cyclization to protosterols predict that the 
hydrogens derived from 2-pro-E and 2-pro-S protons of 
mevalonic acid (MVA) will be located in the derived 
fusidic acid5-7 as shown in la. Consequently, fusidic acid
(la) biosynthesized from (3ES,2ft)(2-14C,2-3H]-MVA 
will have inter alia a 3H atom at the 15/3 position. 
In a previous study9 we had indeed confirmed that 
[14C6,3H6]fusidic acid (la) biosynthesized from 
(3jRS,2.R)[2-14C,2-3H]-MVA has a 3H atom at the 15/3 posi
tion. Proton magnetic resonance10 and X-ray11 studies of 
fusidane derivatives have indicated that the cis 16/3-C-O 
and the 15/3-C-H bonds have a rigid, nearly eclipsed ori
entation. It was felt that this stereochemistry should favor 
a cis elimination of the 16/3-OH and 15/3-3H.

Consequently [14C6,3Hs]fusidic acid9 (la ; • -14C; H/?- 
3H) biosynthesized from (3f?S,2/J)[2-14C,2-3H]mevalonic 
acid was converted to 16/3-hydroxydihydrofusidate (lg) as 
outlined8 in Scheme I. Treatment of the [14C6,3He]-16/3-ol

Scheme I
le If

I™ . Î 11 „ 111la — *- lc — *- Id — *■ lg

I"
lb

lh

i, H 2/P d  on  B a C 0 36b
ii, d ih y d r o p y ra n -p -to lu e n e su lfo n ic  a cid

iii, L iA lH 4-te tra h y d ro fu ra n , C H 2N 2

iv, A c ,0 -p y r id in e  (5 0 °)

v, M e O jC N S O jN E t j-b e n z e n e '1

vi, A c 20 -p y r id in e 6b
vii, e th erea l C H 2N 26b

lg (counted as lh) with reagent 6 for 2 hr in refluxing ben
zene yielded the [14C6,3He] olefin 3.9 The 3H:14C ratios of 
the olefin 3 and the 16/3-ol lg were identical (see Table I), 
indicating that 3H was not lost. It can be concluded that 
the A15 product isolated was obtained via loss of the 16/3- 
OH and the gauche 15a-H and again the overall process is 
equivalent to a trans elimination.
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Our results with lg do not preclude the possibility of 
the participation of an allylic cation in the A 15 formation. 
However, the complete stereospecificity of the reaction 
which proceeded with retention of all of the 3H would mi
tigate against this argument.

Thus in the three cases studied by us, products of an 
overall trans rather than the expected cis dehydration 
were isolated. The unlikely possibility that cis elimination 
occurs first and is followed by a subsequent isomerization 
is not ruled out by our results. However, it is apparent 
that based on the structures of the isolated end products, 
the generalization of the mechanism of the reaction as a 
cis-elimination process is not tenable.

Experimental Section12
Methyl 3-Acetoxv-A9lll|-fusidate (2 ). T o  a stirred  so lu tion  o f  

m eth y l 3 -a ce to x y fu s id a te  (lb,5’6 100 m g) in b en zen e  (20  m l) 
u n der an a tm osp h ere  o f  N 2 w as a d d ed  d rop w ise  a so lu tion  o f 
m eth y l (ca rb o x y su lfa m o y l)  t r ie th y la m m o n iu m  h y d ro x id e  inner 
sa lt (6 , 50 m g) in  b e n ze n e  (20  m l). T h e  so lu tio n  w as stirred  at 
room  tem p era tu re  for  0 .5  hr and  re flu xed  for 0 .5  hr. A d d it io n a l 
reagent 6 (50  m g) w as a d d e d  an d  the re a ctio n  w as re flu xed  for  1 
hr an d  th en  term in a ted  w ith  w ater. T h e  b e n ze n e  layer  w as 
w ashed  w ith  H 2 O  and d ried  ov er  N a 2 S 0 4 an d  th e  so lv e n t w as re 
m o v e d . T h e  o le fin  (90 m g) w as p u rified  b y  p rep a ra tiv e  t ic  [silica  
gel, h e x a n e -a ce to n e  (8 :2 )] . T h e  o le fin ic  zon e  w as e lu ted  w ith  
C H C l3 -E t O A c  (4 :1 ) an d  fu rther fra c t io n a te d  b y  a rgen ta tion  tic  
[s ilica  g e l-s ilv e r  n itra te  15% ; h e x a n e -a ce to n e  (7 :3 )] to  y ie ld  h o 
m ogen ou s  o le fin  25 (70  m g ): ir 3020 c m ' 1 ( C = C ) ;  n m r 4.52  ppm  
( 1 H , t, J  =  3 H z , 1 1 -H ); m/ e  494 (M +  -  H O A c ).

3 «-Hydroxy-4«,8,14-trimethyl-18-nor-5«,8«, 14/?-androstane- 
11,17-dione (4b). T o  a stirred , u n der n itrogen , s o lu tion  o f  3 « -a c e -  
to x y d io n e  4a7 (725 m g) in  M e O H  (160 m l) w as a d d e d  K O H  (40 g) 
in H 2 O (40 m l). T h e  stirring  w as co n t in u e d  o v e rn ig h t at room  
tem p era tu re  u n d er N 2  an d  then  th e  m ix tu re  w as re flu x ed  for 1 hr. 
W a ter  (200 m l) w as a d d e d , an d  the m ixtu re  w as n eu tra lized  and  
ex tra cted  w ith  E tO A c . T h e  c o m b in e d  e x tra c t  w as w ashed  w ith  
H 2O  and d ried  (N a 2 S 0 4) and  the so lven ts  w ere re m o v e d . T h e  re 
su ltin g  residu e  w as fra ction a ted  on  t ic  [s ilica  gel, h e x a n e -a ce to n e  
(7 :3 )] . T h e  recov ered  3 « -h y d r o x y d io n e  4b8 (446 m g) w as c ry s ta l
lized  (M e O H ): m p  23 0-232° ( l i t .8 m p  23 7 -2 3 9 ° u n co rre c te d ); 
[ « ] 24589 -  172° (0 .1225 g /1 0 0  m l) ( l i t .8 - 1 7 6 ° ) ;  ir 3470 (O H ), 1733 
and  1685 c m ' 1 ( 0 = 0 ) ;  n m r 6.28  (1 H , b ro a d  s, 3 0 -H ). 8 .33 , 8 .80, 
8 .98, an d  9.07  p p m  (12 H , s, 4 - , 8 -, 14-, an d  I 9 -C H 3 ) ;  m/ e  332 
(M  + ) ,3 1 4 ( M +  -  18).

4«(8,14-Trimethyl-18-nor-5a,8a,14(i-androst-3-ene-l 1,17- 
dione (5). T o  a stirred  so lu tion  o f  3 « -h y d r o x y d io n e  4b (177 m g) in 
b en zen e  (3  m l) the  rea g en t 6 (200 m g) in b e n ze n e  (10 m l) w as a d d ed . 
T h e  m ixtu re  w as re flu xed  for  1 hr an d  p rocessed  as a b o v e . T h e  
recovered  o le fin  (75 m g) w as fra c tio n a te d  first  b y  p rep arative  tic  
[s ilica  gel, h e x a n e -a ce to n e  (7 :3 )) and  then  b y  arg en ta tion  p rep a r
a tiv e  t ic  (s ilica  g e l-s ilv e r  n itrate  15% ). T h e  re co v e re d  A 3 o le fin  5 
w as c ry sta llize d  (E tO A c -h e x a n e ) :  m p  1 4 5 -14 9°; ir 1733 an d  1693 
cm  1 ( C O O ) :  n m r 4 .69  (1 H , b roa d  s, 3 -H ), 8 .14  (3  H , d , - /  =  2 
H z, 4 -C H 3 ), 8 .80, 8 .89, an d  9.10  p p m  (9  H , s. 8 -, 14-, 1 9 -C H 3); 
m/ e  314 (M + ) ,  299 (M +  -  15).

Methyl 24,25-Dihydro-3«, 11 «-dihydroxy[14C6,3H4]-16-deace- 
toxy-A15-fusidate (3). A stirred  so lu tion  o f  1 6 /i-h yd roxy  d ih y d ro - 
fu s id a te  lg9 (93 m g) in b e n ze n e  (10  m l) w as trea ted  w ith  re 
agen t f> (50  m g) in b e n ze n e  (1 0  m l). A fter  stirring  at room  te m 
p eratu re  for  0 .5  hr, th e  m ixtu re  w as re flu xed  for  2 hr an d  w orked  
u p  as a b o v e . P rep a ra tiv e  t ic  [s ilica  gel, h e x a n e -a ce to n e  (4 :1 )] 
gave th e  A 15 o le fin  39 (30 m g), w h ich  w as cry sta lliz e d  (E tO A c ) :  m p  
160-161°; ir 1665 an d  1610 (co n ju g a te d  C O O ) ,  980 cm  1 
(C O C H ) ;  n m r 3.62  (1 H , d , J  =  6 H z, 1 6 -H ), 3 .10  p p m  (1 H , d, J  
=  6 H z , 1 5 -H ); u v  (E tO H ) 274 n m  (« 17 ,200 ); m/ e  472 ( M + ).

(3) (a) E. M. Burgess, H. R. Penton, Jr., and E. A. Taylor, J. Amer. 
Chem. Soc., 92, 5224 (1970); (b) J. Org. Chem.. 38, 26 (1973).

(4) P. Crabbé and C. Leon, J. Org. Chem.. 35. 2594 (1970).
(5) L. J. Mulheirn and E. Caspi, J. Biol. Chem.. 246, 2494 (1971).
(6) (a) W. O. Godlfredsen, W. van Daehne, S. Vangedal, A. Marquet, 

D. Arigoni, and A. Melera, Tetrahedron, 21, 3505 (1965); (b) W. O. 
Godtfredsen and S. Vangedal. ibid.. 18, 1029 (1962).

(7) R. C. Ebersole, W. O. Godtfredsen, S. Vangedal, and E. Caspi, J. 
Amer. Chem. Soc., 95, 8133 (1973).

(8) P. A. Diassi, G. W. Krakower, I. Baoso, and H. Ann Van Dine, Tet
rahedron, 22, 3443 (1966).

(9) E. Caspi, R. C. Ebersole, L. J. Mulheirn, W. O. Godlfredsen, and 
W. von Daehne, J. Steroid Biochem.. 4. 433 (1973).

(10) (a) The nmr spectra of fusidic acid dérivâtes (see data below) re
veals vicinal coupling between the 15« and 16« protons of 8 Hz

Chemical Shifts (r) and Coupling Constants (J) for the 16«-H
Compd T J. Hz

1a 4.14 (d) 8
1b 4.08 (d) 8
1d 4.22 (d) 7
1h 4.21 (d) 8
1e 4.18 (d) 8

and ca. 1 Hz between the 150 and 16« protons. Thus the dihedral 
angle between the 15« and 16« protons must approach zero, (b) 
W. von Daehne, H. Lorch, and W. O. Godtfredsen, Tetrahedron 
Lett.. 4843 (1968).

(11) A. Cooperand D. C. Hodgkin, Tetrahedron. 24, 909 (1968).
(12) Melting points were taken on a hot stage and are corrected. In

frared spectra were recorded on KBr microdisks on a Perkin-Elmer 
Model 237 spectrometer. Mass spectra were obtained on a Du Pont
21-491 instrument. Nmr spectra were recorded on a Varian DA-60 
spectrometer at 60 MHz with samples dissolved in CDCI3. Glc anal
yses were performed on a Hewlett-Packard Model 7620A glc 
equipped with a flame ionization detector. A 6 ft silanized glass col
umn of 1% SE-30 on Gas-Chrom Q was used for all analyses. Spe
cific activities and 3H:,4C ratios were determined on samples which 
were purified by tic and crystallized to constant specific activity of 
,4C and constant 3H:14C ratio.

Aromatization of Cyclic Ketones. I. 
Alkylcyclohexanone

M a h m o u d  S . K a b la o u i
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Several methods are reported in the literature for the 
aromatization of substituted cyclohexanones. In general, 
either high-temperature catalytic aromatizations1 or a 
two-step process, halogenation-dehydrohalogenation,2 
were employed. Treatment of 3,3,5-trimethylcyclohexa- 
none with 30% oleum for 7 days at room temperature fol
lowed by steam distillation gives about a 10% yield of tri- 
methylphenol.3

la-e

1. Ac20-H0Ac

A, 1 hr 
2. hydrolysis

OH

+  2SCb +  4H,0

2a-e

R e g is t r y  N o . — l b ,  51424-41-0 ; l g ,  51373-34-3 ; 2 , 51373-35-4; 
3 , 51373-36-5 ; 4 a , 13263-12-2; 4b, 51424-42-1 ; 5 , 51381-68-1 ; (i, 
51373-37-6.
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a, R = CH:1
b, R  =  C H ,
c, R = rc-C.iH;
d, R = n-CMH,i

Several a-alkylcyclohexanones 1 were subjected to the 
sulfuric acid-acetic anhydride aromatization procedure, 
whereby 2 mol of sulfuric acid and at least 2 mol of acetic
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Table I

Aromatization of «-Alkylcyclohexanones
Moles o f  

H 2SO4

Compd Solvent
per mole 
of ketone

Yield,
% Product (s)a

la A c20 -H O A c 2 .0 90 2 a
la A c20 2 .0 80 2a (64% ), 3- 

methylcatechol
(3 6 % )'

lb A c20 -H O A c 2 .0 50 2 b
lc A c20 -H O A c 2 .0 60 2 c
lc 6 A c20 -H O A c 1 .8 65 lc (1 0 %), 2 c 

(40%), 3 (22%)
Id A c20 -H O A c 2 .0 65 2 d
Id6 A c20 -H O A c 1 .8 70 Id (22% ), 2 d 

(30% ), 4 (20% )
le A c20 -H O A c 2 .0 90 2 e
* Ratio o f products based on glc analysis. b Several higher 

boiling materials detected by glc (28% ) were not identified. 
c M . S. Kablaoui and H. Chafetz, unpublished results.

anhydride (Ac20 ) to 1 mol of ketone were employed. The 
major product isolated was the corresponding o-alkyl- 
phenyl acetate. Hydrolysis of the product yields the o-alk- 
ylphenols. Best yields were obtained when sulfuric acid 
was added, preferably at room temperature, to a solution 
of the ketone, Ac20 , and acetic acid (HOAc)4 in a dry ni
trogen atmosphere. The use of 1.8 mol of H2 SO4 for lc 
and Id gave appreciable amounts of the 2-(l-alkenyl)phe- 
nols (3, 4)5 as by-products. Results are shown in Table I.

OH  O H

3 4

No aromatization occurred when sodium bisulfate, p- 
toluenesulfonic acid, or sulfoacetic acid was substituted 
for H2SO4, or when phthalic or succinic anhydride re
placed Ac20.

Non-a-alkylated cyclohexanones exhibited different be
havior. Thus cyclohexanone and 3-methyl- and 4-methyl- 
cyclohexanone as well as 2-(l-cyclohexenyl)cyclohexanone 
(5, aldol condensation product6 of cyclohexanone), when 
subjected to the above aromatization procedure, gave 
high-boiling, nonphenolic materials. Such materials are 
believed7 to be the sultone 6 and octahydrobenzofuran 7. 
The literature8 reported the formation of 6 by the reaction 
of 5 with cold concentrated H2S04 and Ac20 . Pyrolysis8 
of 6 gave 7.

It seems that non-a-alkylated cyclohexanones give aldol 
condensation products when subjected to the above aro
matization procedure. In the case of a-alkylated cyclohex
anones, the corresponding o-alkylphenols are usually iso
lated. It is reasonable to assume that under the above 
conditions, non-a-alkylated cyclohexanones undergo aldol 
condensation faster than aromatization while a-alkylated

cyclohexanones aromatize (or form the enol acetate) faster 
than forming aldol condensation products. The fact that 
non-a-alkylated cyclohexanones undergo aldol condensa
tions faster than the a-alkylated is known in the litera
ture.9 To further verify this, cyclohexanone and 2-methyl- 
and 4-methylcyclohexanone were treated at room temper
ature with hydrogen chloride; cyclohexanone and 4-meth
ylcyclohexanone formed the aldol dimer while 2-methylcy- 
clohexanone was recovered unreacted.

Acetylation of the enol form of a-alkylcyclohexanone 
appears to be the first step of the aromatization. Thus, 
analysis of the products formed when refluxing began in
dicated the presence of only the enol acetate10 (90%) and
o-alkylphenyl acetate (10%). After 10 min of reflux, over 
50% of the aromatized product was isolated. No enol ace
tate remained after 1 hr.

It is proposed that the aromatization of 2-alkylcyclohex- 
anones involves O-acetylation of the enol form followed by 
two hydride abstractions giving first the diene followed by 
the product 2 and S 0 2. Several mechanisms can be postu
lated for the hydride abstraction and formation of S 02. 
One possibility could involve the sulfonation of the ketone 
or its enol acetate with concentrated H2 SO4 or acetyl sul
fate (the product of the reaction of H2S 04 with Ac20 ) fol
lowed by désulfonation3’12 to give S 02 and H20 . Another 
alternative mechanism could involve hydride abstraction 
as in the formation of adamantanones from adamantane13 
or the action of teri-butyl chloride-aluminum bromide 
complex on isopentene.14

Experimental Section
T h e  ir sp ectra  w ere re co rd e d  on  a P e rk in -E lm e r  M o d e l 137 

sp e c tro p h o to m e te r ; the n m r sp ectra  w ere o b ta in e d  on  a V arian  
A sso c ia te s  M o d e l V -4311 sp e c tro m e te r  o p e ra tin g  at 60 M H z . A ll 
g lc  an alyses w ere run on  a S E -3 0  co lu m n  p ro g ra m m e d  from  100 to  
250°.

A r o m a t iz a t io n  o f  2 -M e t h y lc y c lo h e x a n o n e .  In to  a 30 0-m l, 
th re e -n e ck  flask  e q u ip p e d  w ith  a m a g n e tic  stirrer, a gas sparger, 
a co n d en ser , and  a th e rm o m e te r  w ere ch a rg e d  5 .0  g (0 .044  m o l) o f  
2 -m e th y lcy c lo h e x a n o n e  (2 -M C H ), 50 m l o f  a ce t ic  a n h y d rid e , and  
50 m l o f  H O A c . C o n ce n tra te d  su lfu ric  a c id  (9 .0  g, 0 .09  m o l) w as 
s low ly  a d d e d  at room  tem p era tu re  to  th e  m ixtu re . T h e  rea ction  
m ixtu re  w as th en  h ea ted  to  reflu x  for 1 hr w h ile dry n itrogen  was 
p assed  th rou g h  at th e  rate o f  140 m l /m in .  T h e  w o rk -u p  o f  the 
rea ction  m ixtu re  w as d o n e  b y  q u e n ch in g  in  150 m l o f  ic e -w a te r  
an d  stirring  for  30 m in  to  d e co m p o s e  a ll th e  a ce t ic  a n h y d rid e  fo l 
low ed  b y  e x tra c tio n  w ith  eth er  (4  x  50 m l). T h e  c o m b in e d  ether 
ex tra cts  w ere w ashed  o n ce  w ith  50 m l o f  sa tu ra ted  N aH C C H  so lu 
tion  an d  o n ce  w ith  sa tu rated  N a C l so lu tio n , d ried , an d  s trip p ed  
on  a rota ry  e v a p ora tor  to  g ive a residu e  (6 .5  g) w h ose  g lc  an alysis  
in d ica te d  th e  p resen ce  o f  on e  c o m p o u n d . U p o n  d is tilla t io n  o f  the  
residu e, 6 .0  g (9 0%  y ie ld ) o f  o -cre sy l a ce ta te  w as iso la ted . T h e  
p ro d u ct  w as id e n tifie d  b y  co m p a r iso n  o f  its  ir a n d  n m r sp ectra  
w ith  th ose  o f  an  a u th e n tic  sa m p le . W h en  air w as su b stitu te d  for 
dry n itrogen  in th e  a b o v e  run , low  y ie ld s  ( ~ 5 0 % )  o f  o -cre sy l a c e 
ta te  w ere iso la ted .

I s o la t io n  o f I n t e r m e d ia t e s  in  th e  A r o m a t iz a t io n  o f 2 - M e t h y l -  
c y c lo h e x a n o n e . T h e  a ro m a tiz a t io n  o f  2 -M C H  w as repea ted  
w h ereb y  sa m p les  w ere ta k en  d u rin g  th e  cou rse  o f  the  a ro m a tiz a 
t io n . A fte r  w ork -u p , the  residu e w as a n a ly ze d . W h en  th e  te m p e r 
ature o f  th e  re a ctio n  rea ch ed  50°, o -c re sy l a ce ta te  (tra ce s ), the  
enol a ce ta te  o f  2 -M C H , an d  2 -M C H  w ere iso la te d . A t reflux , the 
en o l a ce ta te  o f  2 -M C H  (a b o u t  9 0 % ) an d  o -c re sy l a ce ta te  (1 0% ) 
w ere iso la ted . A fter  15 m in  o f  re flu x . 58%  o f  o -cre sy l a ce ta te  w as 
iso la ted .

A r o m a t iz a t io n  o f  « - S u b s t it u t e d  C y c lo h e x a n o n e s .  T h e  arom a- 
t iza tio n s  w ere carried  o u t  b y  th e  sam e p ro ce d u re  used  for  th e  a ro 
m a tiz a t io n  o f  2-MCH. V a ria tion s  in so lv en t and  a m ou n t o f  
H2SO4 used  are sh ow n  in  T a b le  I.

A r o m a t iz a t io n  o f  2 -P r o p y lc y c lo h e x a n o n e  ( l c ) .  T h e  t itle  c o m 
p o u n d  (5 .0  g, 0 .35  m o l), 6 .6  g (0 .066  m o l) o f  H2SO4, 75 m l o f  
A c20 ,  an d  75 m l o f  H O A c  w ere re flu x ed  fo r  1 hr as in  th e  case o f  
2 -m e th y lcy c lo h e x a n o n e . A fter  w ork -u p  o f  th e  re a ctio n  m ixtu re , a 
g lc  an alysis in d ica te d  th e  p resen ce  o f  fou r  co m p o u n d s . T h e  first 
(1 0 % ) a n d  se co n d  (4 0% ) w ere id e n tifie d  as th e  en o l a ce ta te  o f  the
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starting material and 2-propylphenyl acetate, respectively, by 
comparison of the ir and nmr spectra with those of authentic 
samples. The fourth compound (18%) was not identified. The 
third compound (22%) was identified as 2-(l-propenyl)phenyl ac
etate (3): ir (neat) 5.75 (-OAc), 6.1 p (C =C ); nmr (CDCI3) 5 1.89 
(d, 3 H, CH3C = C -), 2.32 (s, 3 H, CH3COO-), 6.3 (m, 2 H, - 
CH =CH -), and 7.25 (m, 4 H, aromatic).

When the above run was repeated using 7.7 g (0.C77 mol) of 
concentrated H2SO4, only 2-propylphenyl acetate (70%) was iso
lated.

Aromatization of 2-butylcyclohexanone gave similar results 
(Table I).

Reaction of Hydrogen Chloride with Methylcyclohexanones.
Into three separate test tubes were charged 5 ml each of cyclohex
anone and 2-methyl- and 4-methylcyclohexanone. Hydrogen chlo
ride was bubbled at room temperature into each of the test tubes 
for 15 min. Analysis of the products by ir and nmr indicated that 
cyclohexanone and 4-methylcyclohexanone gave different prod
ucts than the starting material whereas 2-methylcyclohexanone 
was recovered unreacted.

Registry No.— la, 583-60-8; lb, 4423-94-3; lc, 94-65-5; Id, 
1126-18-7; le, 90-42-6; 3 acetate, 35922-87-3; cyclohexanone, 108-
94-1; 4-methylcyclohexanone, 589-92-4; hydrogen chloride, 7647- 
01-0.
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There is ample experimental evidence to support the 
statement that nitrenes, generated from a variety of pre
cursors, can be made to cross from an initially formed sin
glet state to a lower energy triplet state by collisional 
deactivation with inert solvent molecules.1-3 Collisional 
deactivation or destabilization of singlet states by inert 
solvents can mean the actual promotion of intersystem 
crossing by electronic interactions as with heavy-atom sol
vents or, as is more probably the case with dichlorometh- 
ane, simply that the solvent by being inert allows intra-

Table I
Thermal Decomposition of Ethyl Azidoformate in 

DichIoromethane-frans-l,2-Dimethylcyclohexane 
(TDCH) Solutions"

Stereospecificity Proportion of Absolute
Mol % (% trans insertion tertiary yield
TDCH product) product6 % c

100 96.5 38 .7 26 .2
89.9 98 .5 39.6 37 .3
79 .9 97 .8 35.6 34 .4
66 .7 96 .2 38.1 30 .0
51 .0 94 .5 35.4 38 .0
39.5 95 .6 33.7 37 .5
19.2 96 .4 28 .2 35 .2

8 .1 92 .0 22.6 37.7

“ Reaction mixtures were carefully degassed and azide
decomposition was carried out in evacuated, sealed tubes
at 120° for 90 hr; analysis by vpc. 6 Proportion o f tertiary
C -H  insertion product to other isomers; tertiary/(tertiary +  
secondary -+- primary). c Total absolute yield o f  all insertion
products.

molecular intersystem crossing to compete favorably with 
reactive collision, or both.

However, Breslow has recently reported that yields of 
insertion (singlet) products of carbalkoxynitrenes, 
ROCON, with cyclohexane are increased upon dilution 
with hexafluorobenzene.4 Furthermore, in an accompa
nying communication, Lwowski demonstrates that dichlo- 
romethane acts to stabilize the singlet-state character of a 
number of alkanovlnitrenes, RCON, without removing 
their C-H insertion reactivity,5 although it was noted that 
no such effect of diehloromethane on yields and product 
ratios had been observed from previous studies with car
bethoxynitrene, ROCON, R = Et.6

As part of a long-range study of the factors which influ
ence the singlet-triplet character of nitrenes, we now 
present evidence that diehloromethane has a noticeable 
effect on the reactions of a carbalkoxynitrene (ROCON) 
as well as alkanoylnitrenes (RCON). Table I summarizes 
results from a study of the reaction of thermally generated 
carbethoxynitrene with trans-i, 2-dimethylcyclohexane 
(TDCH) at various dilutions with diehloromethane (eq 1).

c2 h5ocon3 

ch2 ci2, a

N- +  l^ A rN H O C O O H ,
CH:1

isomers (1)

The results given for each concentation of hydrocarbon are 
based on triplicate runs with an error of ±2% for the 
stereospecificity, ±2% for the proportion tertiary product, 
and ±5% for the absolute yields. From the data in Table I 
it is evident that changing the concentration of the hydro
carbon by dilution with diehloromethane does not affect 
the stereospecificity of the insertion; i.e., little ci's-1,2- 
dimethyl-l-cyclohexylurethane is formed from the trans 
hydrocarbon. This result supports the conclusion, based 
on a wealth of other experiments, that only singlet car
bethoxynitrene inserts into unactivated C-H bonds.7 
Competition experiments established that the tertiary 
C-H bonds of cis-1,2-dimethylcyclohexane react 1.2 times 
faster than the corresponding bonds in the trans isomer; a 
factor of 1.7 was found for these hydrocarbons using cy- 
anonitrene, NCN.2 Otherwise, the cis and trans isomers 
gave similar product patterns on vpc analysis and the 
trans isomer was chosen for study. With pure (>99%)
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trans hydrocarbon, the selectivity (corrected for numbers 
of hydrogens) for tertiary:secondary:primary C-H bonds 
was found to be 34:14:1, in good agreement with previous 
results.8 However, Table I shows a steady decrease in the 
selectivity of the insertion, i.e., the proportion of tertiary 
insertion product decreases with increasing dilution with 
dichloromethane. This contrasts with previous experi
ments in which no change in selectivity upon dilution 
with dichloromethane was observed for the thermal or 
photochemical decomposition of ethyl azidoformate in 3- 
methylhexane9 nor for the reaction of 2-methylbutane 
with carbethoxynitrene generated by photolysis or «-elim
ination.10 The absolute yields in Table I show an initial 
increase followed by no evident increase or decrease down 
to a dilution of 8% hydrocarbon-92% dichloromethane. 
Breslow also observed an increase of insertion yield for the 
thermal decomposition of n-octadecyl azidoformate in cy
clohexane upon dilution with hexafluorobenzene (at con
centrations of 90, 75, and 50% hydrocarbon) and only 
when the concentration of hydrocarbon was reduced to 
25% by dilution was the insertion yield lower than for 
100% hydrocarbon.4 An increase in insertion yield was 
also observed upon 50:50 dilution with hexafluorobenzene 
of a thermal decomposition reaction of ethyl azidoformate 
in ■cyclohexane.'1 However, yields of insertion products 
only decreased when dichloromethane was used to dilute 
reactions involving carbethoxynitrene generated from 
ethyl azidoformate with 3-methylhexane9 and cyclohex
ene.6

Discussion
Stabilization of nitrene singlet states by symmetrical 

interaction with two lone pairs has been proposed by 
Gleiter and Hoffmann11 and such an effect has been in
voked to explain the singlet stabilizing effect of hexafluo
robenzene on carbethoxynitrenes4 and of dichloromethane 
on alkanoylnitrenes.5 A possible theoretical explanation of 
why dichloromethane seems to stabilize the singlet state 
of alkanoylnitrenes (RCON) but not (previous to our re
sults) of carbalkoxynitrenes (ROCON) has been recently 
provided.12 Based on LCAO-MO-SCF calculations, Ale- 
wood, et al, concluded that singlet-triplet separations in 
carbalkoxynitrenes may be much smaller than for alka
noylnitrenes and that this may manifest itself in a re
duced tendency of carbalkoxynitrenes to undergo intersys
tem crossing. Then, to explain the effect of hexafluoroben
zene on carbalkoxynitrenes, these authors12 point out that 
Breslow and Edwards4 suggest the possibility that CeFe 
might be acting as a radical (triplet) trap. Although Bres
low and Edwards do discuss the radical-trap hypothesis, 
they finally concluded that the nitrene-halide complex 
hypothesis is the more likely one,4 i.e., CeFe stabilizes 
singlet carbalkoxynitrenes by the same type of interac
tion11 by which CH2CI2 stabilizes singlet alkanoylni
trenes.

Based on the data in Table I, we conclude that dichlo
romethane has a singlet stabilizing effect on carbalkoxyni
trenes as well as on alkanoylnitrenes. The singlet charac
ter of the insertion reaction of carbethoxynitrene, as de
termined by the stereospecificity, remains high through
out the range of dilution. The absolute yields also remain 
unchanged, after an initial increase similar to that ob
served in the hexafluorobenzene-carbethoxynitrene sys
tem. The lack of any trend of increasing or decreasing ab
solute yields with successive dilution is probably the re
sult of a counterbalancing of the normally observed col- 
lisional deactivation (singlet destabilizing) effect of an 
inert solvent and the singlet stabilizing ability of this par
ticular inert solvent, dichloromethane. That such an ini

tial increase of insertion yield or the maintenance of high 
insertion yields upon dilution with dichloromethane of 
carbethoxynitrene-hydrocarbon reaction mixtures was not 
previously observed is probably due to the fact that there 
were no data presented in the region of 33-100 mol % hy
drocarbon; i.e., data are presented for 100 mol % hydro
carbon and then typically for dilutions of 33 or 25% hydro
carbon and less but none inbetween.1’6’9’10’13 The effect 
of increased yield is observed at 50, 75, and 90% hydrocar
bon with hexafluorobenzene4 and at 90% and other con
centrations in this work.

To support the statement that dichloromethane has no 
significant effect on insertion yields and stereospecificity,5 
reference is made to studies in which dichloromethane 
and neopentane are compared as “ inert” diluents.6’13 Yet 
in the one communication (ref 6) there are no common 
concentrations of dichloromethane and neopentane and 
the experiments which can be roughly compared are at 
concentrations of 10% hydrocarbon (cyclohexene) or less 
at which the collisional deactivation effect of dichloro
methane probably predominates over any stabilizing ef
fect and at which the C-H insertion yields with cyclohex
ene are difficult to compare because of the appreciable 
yields of neopentylurethan which form at these high dilu
tions. In an accompanying communication (ref 13) data is 
presented on the stereospecificity of the addition of car
bethoxynitrene to cis- and frans-4-methyl-2-pentene 
which shows that at 1.5 mol % hydrocarbon and correcting 
for the neopentylurethan formed, the stereospecificity of 
the addition reaction is the same with dichloromethane 
and neopentane as diluents.13 However, in a later paper, 
again reporting the results of reactions of carbethoxyni
trene with the 4-methyl-2-pentenes and comparing neo
pentane and dichloromethane as diluents, Lwowski con
cluded that, if anything, dichloromethane seems to stabi
lize the singlet relative to neopentane.1

Experimental Section
Reagents. Ethyl azidoformate, bp 40-41° (30 mm), was pre

pared from potassium azide and ethyl chloroformate.14
frans-l,2-Dimethylcyclohexane (Baker grade) was found to be 

>99% pure by vpc and was used without further purification.
Dichloromethane (Eastman reagent grade) was used without 

further purification.
General Reaction Procedure. Into a thick-wall tube was place 

approximately 2 g of trans-l,2-dimethylcyclohexane and approxi
mately 0.2 g of ethyl azidoformate. The proper amount of dichlo
romethane was then added to give the desired mole fraction con
centration of hydrocarbon. The tube was then degassed three 
times, sealed under vacuum, and heated for 90 hr at 120° in an oil 
bath. When the reaction was done at high dilution (50% hydro
carbon or less), the product mixture was concentrated by remov
ing solvent to a volume of about 3 ml.

The products were analyzed by vpc (Aerograph A-700 gas chro
matograph) with an XF-1150 column (8 ft X 0.25 in., 15% on 
60/80 Chromosorb W, column temperature 155°, 60 ml/min He) 
and peak areas were determined by the “ cut and weigh” tech
nique. Nmr analysis of material collected from the gc was used to 
identify the C-H insertion products. For trans-l,2-dimethylcyclo
hexane, there is one product expected from insertion into the ter
tiary C-H bonds, four isomeric products from the secondary C-H 
bonds, and one from the primary. After the shorter retention time 
peaks due to solvent, unreacted hydrocarbon, and urethan are 
obtained, there is a large peak for the tertiary C-H insertion 
product (with good separation of cis- and trans- 1,2-dimethylcy- 
clohexyl-l-urethane on this column having been previously estab
lished) followed by a series of four smaller overlapping peaks (sec
ondary insertion products) and one peak with the longest reten
tion time (primary C-H insertion product). This order of elution 
(tertiary, secondary, primary) is the same as that observed by 
Lwowski for the isomeric 3-methylhexane urethanes.9

Chemical shifts, peak multiplicities, and integrated areas are 
consistent with the structures assigned to the insertion products 
collected from the gc: tertiary insertion product Stms (CCI4) 4.11
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(q. J = 7.5 Hz, 2, CH2 of Et), 1.28 (t, J  = 7.5 Hz, 3, CH3 of Et), 
0.97 (d, J = 7.0 Hz, 3, CH3 on tertiary C with H), 1.23 (s, 3, CH3 
on tertiary C with -N H C 02Et), 0.9-2.3 (m, 18, all H except NH, 
CH2 of Et); secondary insertion product §tms (CCH) 3.93 (q, J  =
7.5 Hz, 2, CH2 of Et), 1.11 (t. J = 7.5 Hz, CH3 of Et), 0.87 (s, 6, 
CH3’s on tertiary C’s), 1.95 (s, 1, H on C with -N H C 02Et). The 
two methyl groups on each of the four secondary insertion prod
ucts should each appear as a doublet. The singlet listed at <5 0.87 
is the envelope of these closely spaced, unresolved doublets. The 
primary insertion product was not present in sufficient quantity 
for analysis and assignment was based on retention time and se
lectivity data.

The stereospecificty and selectivity were then calculated from 
the peak areas in the usual manner. The absolute yield was de
termined by using acetophenone as an external standard. Total 
moles of insertion product was then calculated from the area/mol 
for acetophenone using the calibration factor of 0.78 for the prod
ucts relative to acetophenone. It was assumed that all the inser
tion products have the same detector sensitivity.
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We wish to report deuterium labeling experiments on 
the methane chemical ionization (Cl) mass spectrum of 
ethyl acetate which were designed to establish some of the 
mechanisms previously postulated to explain the observed 
products.1 In the partial CH4 Cl mass spectrum of ethyl 
acetate (Table I) the major decomposition product is the 
protonated acid. It was suggested that this ion could be 
formed in the following manner.2

( Il ( OC li
cu ;

+ JL
HO) - n i  

C H U R C H ,

HOH

CH,C
V

CH„

CH
ID

Table I
CH4CI Mass Spectra of Ethyl Acetates

m / e -CH2CH30
J-V/VJ J  J /

-CDsCH s6 -CD2CDi

61 44 .8 45 .0 2 .3
62 1 .1 4 .6 30.4
63 0 .7 1 .0 1 .2
87 0 .4
88 0 .6
89 44 .8 3 .3 0 .3
90 2 .3 1 .0 2 .4
91 38.8 0 .1
92 1 .8 0 .4
93 2 .6
94 49 .4
95 3 .2

“ Registry no., 141-78-6. 6 Registry no., 51472-78-7. c R eg 
istry no., 51472-79-8.

An average CH4 Cl mass spectrum of C H 3C O O C D 2C H 3 
is also given in Table I. The major processes are the same 
for the deuterated and undeuterated species. It is appar
ent from Table I that reaction 1 is the dominant process, 
since very little deuterium is incorporated in the proton
ated acid ions.

From these and other data collected at different con
centrations of ethyl acetate, repeller voltages of 0-2 V, 
source temperatures of 110-160°, and CH4 pressures of 
0.5-0.9 Torr, the average ratio of ionic abundances at m/e 
62 and 61 was 0.109 ±  0.006. With the appropriate correc
tion of 13C, the ratio of abundances of species 
(CH3C02HD+)/(CH3C02H2+) is 0.086 ±  0.006. The spec
ificity of the decomposition process is high, but not 100%; 
incorporation of the deuterium atom from the a carbon 
occurs about 8% of the time, and reaction 1 occurs about 
92% of the time.

It is of interest to compare the rearrangement decompo
sition of protonated ethyl acetate in the CEU Cl mass 
spectrum with the rearrangement decomposition of the 
moelcular ion of ethyl acetate in the electron ionization 
(El) mass spectrum. The formation of CH3COOH+ from 
the molecular ion by the McLafferty rearrangement is the 
comparable process, involving the transfer of only one H 
(or D) atom. The observed ratio3 for (CH3COOH+)/ 
(CH3COOD+) from the high-voltage El spectrum of 
CH3COOCD2CH3 was 0.7:0.3.

Appreciable scrambling occurs prior to decomposition of 
the radical molecular ions, M-+, produced by electron 
ionization. Little scrambling occurs prior to the decompo
sition of the even-electron (M + H)+ ions produced in the 
methane Cl spectra.

In the CH4 Cl spectra of alkyl esters, there were ob
served1 ions of the type RCOHOC2H5+. It was suggested 
that these “ alkyl exchange” ions could be the result of the 
decomposition of an intermediate ethyl addition (M + 
C2H 5)+ ion (which is observed under some conditions in 
the CH4 Cl spectra of esters). This (M + C2HS)+ ion can 
decompose in two ways (eq 2a and 2b).

Reactions 2a and 2b are, of course, indistinguishble for 
the unlabeled esters (R' = H), but would give different 
products if the original alkyl group were propyl or higher 
(R' = CH3, . ..). Differentiable products will be produced 
if the original alkyl group of the ester is labeled, 
CH3COOCD2CH3 and CH3COOCD2CD3.

If the proposed mechanism is correct, the displacement 
reaction (2a) should give CH3C02HC2H5+ ions at m /e 89 
in the spectrum of CH3C 02CD2CH3 and CH3C 02DC2H5+ 
ions at m/e 90 in the spectrum of CH3C 02CD2CD3. Reac
tion 2b will give (M + H)+ ions at m /e 91 and 94 for 
these two esters. Reaction 2b cannot be resolved from 
proton transfer from CHs+.
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In the CH4 Cl spectrum of the a-dideuterioethyl ester, 
the abundance of the ion at m/e 89, although small, is 
significantly higher than the value for (M -  H)+ ions in 
the spectrum of the undeuterated ethyl acetate, m/e 87. 
This increase in abundance at m/e 89 in the spectrum of 
C H 3C O 2C D 2C H 3 is due to reaction 2a.

The ions expected from reaction 2a with 
CH 3CO 2C D2CD 3 are observed at m/e 90 and the relative 
abundance, 2.4% in Table I, is consistent with the amount 
of reaction 2a observed for CH 3CO 2C D2CH 3, 2.9%.

The difference in relative abundances of (M + H) + and 
protonated acid ions between the C2D5 ester and the other 
two esters can be attributed to a lower inlet temperature. 
It was necessary to use lower temperatures for the C2D5 
ester than for the others to reduce surface-catalyzed ex
change reactions, which were demonstrated by significant 
abundances of ions at m/e 89 and 61 from CH3COOC2D5 
and by the observation of changes in the abundances of 
these ions with temperature. A decrease in abundance of 
(M +  H)+ and an increase in abundance of CHsC02H2+ 
with increasing temperature were observed previously1 
and were also noted in these studies.

In chemical ionization mass spectrometry, the reagent 
ions may also be labeled in order to study mechanisms.

Such experiments have been reported with C D 4,4 N D 3,5 
D20 ,6 and C 4D 107 We have obtained spectra with CD4 of 
the three labeled ethyl acetates. These perdeuterio- 
methane spectra are not reported, however, because small 
amounts of partially deuterated methane and traces of 
water are present in the reagent and these impurities 
caused significant amounts of (M + H)+ ions to be pres
ent in the spectra. In spite of this complication, several of 
the postulated1 reactions can be confirmed.

In our C D 4 spectra, predominately (M + D) + ions are 
observed. This indicates that the protonated ethyl acetate 
obtains a hydrogen from the reactant ions. The observa
tion of predominately C H 3C O 2H D + for C H 3C O O C H 2C H 3 
and C H 3C O O C D 2C H 3 and of predominately CH3CC>2D2+ 
for C H 3C O O C D 2C D 3 indicates that one hydrogen of the 
protonated acid comes from the reactant ion and the other 
from the alkyl group as predicted by reaction 1. Small 
amounts of C H 3C O + , m/e 43, are observed (~5% ) in the 
CD4 spectra of the ethyl acetates. This confirms the ob
servations of C H 3C O  1 made under high resolution in CH4 
Cl spectra. Reaction 2a is indicated by the formation of 
small amounts of CH3COHOC2D5+ ions, m/e 94, in the 
C D 4 spectra of C H 3C O O C H 2C H 3 and C H 3C O O C D 2C H 3.
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C o m m u n i c a t i o n s

Proton Migration in an Aprotic Solvent Catalyzed by 
Very Weak Bases

Summary: Amides and other weak aqueous bases can in 
an aprotic solvent effectively catalyze an intramolecular 
migration of a proton from a carbon atom to a distant 
oxygen.

Sir: Association constants for complexation between p-flu- 
orophenol and a wide variety of bases have provided a 
measure of base strength in CCU-1 The logarithms of 
these constants (pHhb’s) do not correlate with pKa values 
in water.2 This has been attributed to a relatively small 
degree of proton transfer (<30%) within the hydrogen- 
bonded complexes.1*3 An alternate explanation for the 
lack of correlation, namely hydration effects on aqueous 
basicity, has been rejected.3-4 The strongest support for 
the “ extent of transfer” hypothesis comes from the obser
vation that upfield F nmr shifts of hydrogen-bonded ion

pairs, formed between organic bases and p-fluorobenzene- 
sulfonic acid in CH2CI2, parallel pKa rather than p K h b .3

We have found that extremely weak aqueous bases can 
assist proton removal from carbon acids in aprotic sol
vents. Thus, acetamide catalyzes the tautomerization of 
anthrone to anthranol in acetonitrile. The simplest mech
anism for this reaction consistent with the kinetic data is 
given in eq l .5-6 Each of the following reaction variables 
was determined independently7 for a variety of bases: fei 
(the rate of the base-catalyzed proton removal from the
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Figure 1. Plot of log kx (M_1 sec'1) for the base-catalyzed an- 
throne tautomerization in acetonitrile at 25.0° us. pAa of the 
bases in acetonitrile. The numbers refer to the bases in Table I.
carbon acid); K i = fci/fe-i (the equilibrium constant re
lating anthrone with hydrogen-bonded anthranol); and K lt 
(the association constant for hydrogen bonding between 
base and anthranol). Acetonitrile was selected as the sol
vent because this is the only aprotic medium in which 
pK r values for several nitrogen and oxygen bases are 
known.810 Thus, we could compare the response of each 
of the reaction parameters to basicity as measured by the 
pKr in water, pKa in acetonitrile, and pKHB in carbon 
tetrachloride.11 The data are presented in Table I, and 
the important relationships are summarized below.

1. A plot of log k1 vs. pKa in CH3CN for nitrogen bases 
is linear with a slope /3 equal to 0.67 (Figure l).12 This 
value of d approximates (if the classical treatment is cor
rect13) the extent to which the transition state resembles 
the ion-pair intermediate believed involved in the an
throne tautomerism.6

2. There is no correlation between log fei and pX Hn even 
if one restricts the comparison to nitrogen bases. For ex
ample, n-butylamine and pyridine have rates differing by
3.56 log units, and yet their pjFfHB values are similar (2 .11 
and 1.88, respectively1). These results reflect more exten
sive proton transfer in the transition state of the kj step 
relative to that occurring during hydrogen bonding in 
CCI4.1-3

3. Weak oxygen bases such as dimethyl sulfoxide (pKa 
= -2 .6  in water2) and N,.iV-dimethylacetamide (pAa = 
-0.39 in water14) are surprisingly effective in removing 
the labile proton from the carbon acid.15 For example, 
acetamide is a better catalyst than pyridine, although 
acetamide is a much weaker base than pyridine in both 
water and acetonitrile (Table I). A two-point Brdnsted 
plot utilizing k-i and pKa data in Table I for acetamide 
and benzamide (two bases of the same “ family” ) shows 
that d is near unity. This implies a large degree of proton 
transfer in the transition state for the amide-catalyzed 
proton migration in the aprotic solvent.

4. On the basis of rather limited data, it appears that 
log fei for weak bases is unrelated to ion-pair A values3 
(secured from F nmr shifts of p-fluorobenzenesulfonic acid 
ion paired with organic bases in CH2CI2). Thus, although 
N.N-dimethylacetamide is a slightly better catalyst than

Table I
Dependence on Base of the Reaction Parameters for 

the Catalyzed Tautomerism of Anthrone in 
Acetonitrile at 25.0°

Base k\, M  1 sec-1
Ki,

M~l
Kn, pK a

(CHaCN)

Pyrrolidine 49 36 1400 19.586
D abco“ 45 88 3500 1 8 .296
Triethylamine 7 .3 0 .21 7 .7 18.461-
n-Butylamine 3 .6 33 1000 1 8 .26b
Benzylamine 3 .9 X 10“ 1 8 .1 340 1 6 .766
Acetamide 2 .2 X 10“ 2 0.061 2 .3 6 .0 “
IV.A/'-Dimethyl-

acetamide 1 .8 X R T 3 0.036 2.1
Pyridine 1 .0 X IO-3 0 .13 4.7 1 2 .336
Dimethyl-

sulfoxide 5 .5 X l O '4 0 .072 2 .7 5 .8 “
AT, IV-Dimethyl-

aniline 1 .3 X I O '4 0.078 3 .8
Benzamide 1 .2 X 1 (T 4 0.074 2 .8 3 .8 “
Aniline 2 .7 X 10 " 5 0 .024 1 .7 1 0 .56b

“ Triethylenediamine. b Reference 8. “ Reference 9.

pyridine, the pyridine ion pair displays a chemical shift
1.47 ppm larger than that of the amide.3’16 The lack of a 
positive correlation is observed despite the fact that both 
k-i and A describe ion-pair processes. Clearly, the relation
ship between basicity and catalytic activity in nonaqueous 
systems (where solvation does not exert a large leveling 
effect) can be extraordinarily complex.

5. Plots of log Kt and log K H vs. pKR of nitrogen bases 
in CH3CN are linear and have slopes of 0.38 ±  0.05. These 
slopes, which indicate only moderate proton transfer from 
hydroxyl groups to amine, seem reasonable in light of pre
vious work on acid-base behavior in acetonitrile.17’18 Plots 
of log Ki and log vs. pKR show large positive and neg
ative deviations for Dabco and triethylamine, respectively. 
Undoubtedly, the peri hydrogens in proximity to the hy
droxyl group of anthranol enhance the sensitivity of the 
hydrogen bonding to the steric properties of the bases.

In summary, we have found that weak aqueous bases in 
an aprotic solvent can effectively catalyze the migration of 
a proton from a carbon atom to a distant oxygen. The 
reaction occurs with considerable proton transfer to the 
bases. We presume that the bases associate with the labile 
proton as the proton migrates intramolecularly6 along the 
anthrone orbitals from carbon to oxygen. The remarkable 
ability of extremely poor aqueous bases such as amides to 
promote the anthrone tautomerism supports the idea that 
weak bases might function catalytically at hydrophobic 
sites of enzymes.11’19
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Organoselenium Chemistry. Conversion of Cyclic 
Ketones and /3-Dicarbonyl Compounds to Enones

Summary: The selenoxide syn elimination method for the 
synthesis of enones has been extended to the preparation 
of /3-dicarbonyl enones, cyclobutenones, and enone ketals; 
and an important limitation to the method has been 
found.

Sir: The syn elimination of selenoxides has been shown to 
be a convenient, mild, and high-yield method for the 
preparation of a,/3-unsaturated carbonyl compounds.1-2 
The precursor a-phenylselenocarbonyl compounds can be 
prepared from ketones, aldehydes, and esters,1-2 as well as 
from enol acetateslb-2b and acetylenes.16 We describe here 
some limitations of the method not heretofore recognized, 
as well as extensions to four-membered rings and (3-dicar- 
bonyl compounds.

The necessity for achieving a cyclic transition state in 
the selenoxide elimination3 may impose conflicting con
formational demands on cyclic systems, and in fact only a 
limited range of cyclic enones (five- and six-membered 
rings) have been prepared. Our inability to achieve a high 
yield transformation of 2-methyl-6-phenylselenocylohexa- 
none (1) to the enone (2)la led us to examine this reaction 
in more detail (Scheme I). The formation of by-products 3 
and 4 can be rationalized as resulting from a Pummerer- 
like reaction of the ketoselenoxide. 2-Phenyl-6-phenylsele- 
nocyclohexanone6 also gives only a fair yield of enone, but 
the isomeric 2-phenylseleno compound, in which the phe
nyl substituent prevents the Pummerer reaction, gives 
enone in high yield (Table I). Scheme I also presents an 
alternate synthesis of the vinyl selenide 3 by selenenyla- 
tion of the ketoselenoxide.

Both 2-phenylselenocycloheptanone and -cyclooctanone 
give only small amounts of enone (5-15%) under all condi

tions we have tried. If the oxidation is carried out using 
sodium metaperiodate buffered with sodium bicarbonate, 
33 and 48%, respectively, of the vinyl selenides analogous 
to 3 are formed.

The occurrence of a facile Pummerer reaction depends 
on the acidifying effect of the carbonyl group on the a 
proton. Hence it is not surprising that the ketal 6 under
goes oxidation8® and elimination86 to enone ketal 7 in

good yield. 2-Phenylselenocycloheptanone can similarly be 
converted to the ethylene ketal of cycloheptenone in 68% 
yield.

Table I shows several examples of the preparation of cy- 
clopentenones9® and cyclobutenes. The great facility with 
which cyclobutanones undergo Baeyer-Villiger oxidation 
necessitates the use of ozone as oxidant10 for the prepara
tion of 3-phenyl-2-cyclobutenone.1:1 Scheme II presents 
two examples which illustrate the ability to trap copper 
enolates with PhSeBr for the synthesis of /3-substituted 
enones.

The extension of the selenoxide elimination to the syn
thesis of enediones from /3-dicarbonyl compounds is an 
important one, since such transformations are difficult 
using classical methods.12 The dehydrohalogenation in 
particular often fails because of instability of halodicar-

Scheme II

a Total quantity of PhSeBr used was 10% excess over RLi used 
in the preparation of the cuprate. A small amount of Ph2Se2 was 
added to suppress formation of a-halo ketones. 6 Both cis and 
trans isomers (1:4.5) appeared to give enone. c Reference 8a.
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Table IPreparation of a,/3-Unsaturated Carbonyl Compounds
,----------------- Yield,“ % ------------------

Compd Olefin Selenlde Olefin

“ All compounds were fully  characterized by  spectral methods. b Overall yield. c Selenide was prepared by  the reaction o f 
lithium enolate (L iN -j-Pr2) with PhSeBr or PhSeCl at —78°. d Oxidation o f selenide with H 20 2 in C H 2C12; see ref 8a. '  Selenide 
was prepared by reaction o f lithium enolate (from cleavage o f enol acetate with M eLi) with PhSeBr at —78°. 1 One pot 
procedure described in ref la . a Selenide prepared by reaction o f  enol acetate with P hSe02C C F 3; see ref lb . k Oxidation by 
ozonolysis in CH 2C12 at —78°, followed by  warming to 25°. ' Selenide prepared by the reaction o f sodium enolate (NaH) in 
T H F  with PhSeCl or PhSeBr. > A  95 :5  mixture o f  geometric isomers is formed.

bonyl compounds or enones under the reaction conditions. 
We have found the method to work superbly for the eight, 
seven and six-membered 2-carboethoxycloalkenones, a re
sult which underscores the conclusions reached above that 
reactions involving the acidic a hydrogen, were responsible 
for the failure to achieve high yield syntheses of cylo- 
octenone or cycloheptenone itself. Hydrogen peroxide can
not to be used as oxidant for the five-13 and six-membered 
cyclic ketones, since rapid epoxide formation and further 
degradation occurs. Here ozonolysis at -78° followed by 
warming is the best procedure10 (elimination occurs at or 
below -10°).

An important consequence of the mild reaction condi
tions is that in all cases exclusively nonenolized d-dicar- 
bonyl enones are formed, even though a number of these 
systems are known to be significantly or even predomi
nantly enolic at equilibrium.12 Other synthetic methods 
invariably give a mixture of keto and enol forms.

The preparation of a-phenylseleno-d-dicarbonyl com
pounds is conveniently carried out at room temperature 
by the addition of ketone to a suspension of NaH (excess) 
in THF. When hydrogen evolution is complete (<15 min) 
a solution of 1.05 equiv of PhSeCl (or PhSeBr) in THF is 
added dropwise, and the reaction is immediately poured 
into ether and saturated NaHC03 solution. Completion of

the work-up gives the selenide in quantitative yield. Oxi
dation is then carried out either by the H2O2-CH2CI2 me
thod8* or by ozonolysis.
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A General 1,5-Diene Synthesis. Application to the 
Synthesis of Squalene

Summary: A new method for the preparation of geometri
cally pure 1,5-dienes via coupling of allylic sulfones with 
allylic halides followed by reductive cleavage of the ally- 
lated sulfones is described.

Sir: The construction of 1,5-dienes of types I and II in
volving over-all allyl alcohol coupling with geometrical 
and positional control has recently received attention as a 
result of the importance and general utility of such sys
tems for the synthesis of juvenile hormones and cyclic ter
penoid or steroidal precursors. In conjunction with anoth
er project we required a method for carbon-carbon bond 
formation with formation of a 1,5-diene unit.1

We wish to report a new method for the preparation of 
geometrically pure 1,5-dienes via coupling of allylic alco
hol units which proceeds in good yields with essentially 
complete preservation of the geometry and position of the 
olefinic bonds.

The over-all synthetic sequence involves (1) conversion 
of the allylic alcohols to allylic bromides, (2) sulfone for
mation with one of the allylic bromides, (3) C-allylation of 
the desired stabilized allyl carbanion with another allylic 
bromide unit, and (4) reductive cleavage of the new sul
fone. The complete process can be conveniently carried 
out in 60-70% yield with <1-2% isomerization, either pos
itional or cis-trans.

Treatment of pure trans-geraniol (1) in anhydrous ether 
with PBr3 at 0° afforded frans-geranyl bromide (2) in

near-quantitative yield. Treatment of 2 with sodium p- 
toluenesulfinate in anhydrous DMF at ambient tempera
ture for 18 hr gave irans-geranyl p-tolyl sulfone 3 in 98% 
yield. Metalation of sulfone 3 at -20° with n-butyllithium 
in tetrahydrofuran-hexamethylphosphoramide (4:1) fol
lowed by cooling to -78° and addition of trans-geranyl 
bromide resulted in formation of pure sulfone 4 (89%

1, X = OH
2. X =  Br

6, Y =  OH
7, Y = ClT

X
4, X =  SCbAr
5, X = H

Ar =  c h 3

yield). Nmr analysis of the coupled sulfone revealed lack 
of aliphatic methyl resonance, a consequence of coupling 
at the 7 position. In addition the nmr spectrum of 4 re
vealed no terminal vinyl resonance. Geometrical isomer
ization was rigorously ruled out by coupling of cis- and 
trans-allylic isomers and glpc comparison of the respective 
products derived from reduction cleavage of the sulfone 
moiety (vide infra).

The new sulfone 4 was purified and reduced at 0° with 
lithium in ethylamine under a nitrogen atmosphere. After 
stirring for 30 min the reaction mixture was worked up in 
the standard manner and the product chromatographed 
on silica gel to yield pure all-trans bisgeranyl 52 (77%) 
[the ratio of cis:trans allylic methyl groups at 8 1.58 and
1.67 was 2.0:1.0 as anticipated for pure trans,trans com
pound].

Coupling of trans-geranyl sulfone 3 with neryl chlorideld 
7 as described gave sulfone 8 (71%). Reductive cleavage of 
the sulfone provided an 82% yield of cis, trans-nerylgeranyl 
9 [nmr ratio of cisitrans allylic methyl groups was 1.0:1.0 
as expected for pure cis,trans compounds], Bisgeranyl 5 
and nerylgeranyl 9 are readily separable by glpc and the 
products of the above couplings indicated <1-2% contam
ination.

Although the cleavage of the carbon-sulfur bond with 
lithium in ethylamine proved to be satisfactory, we had 
initially hoped to be able to perform the required cleavage 
reaction under milder reaction conditions. Dabby and co
workers3 have reported that the C-S bond of sulfones can 
be cleaved with sodium amalgam. To investigate this car
bon-sulfur cleavage reaction sulfone 4 was treated with 
3% sodium amalgam4 in ethanol for 1.5 hr. In addition to 
the expected all-trans tetraene 5 there was obtained the 
rearranged tetraene 10 in a ratio of 9:4 (90%). making this 
procedure unattractive from a synthetic viewpoint. Use of 
hexamethylphosphoramide in ethanol (6:1) resulted in an 
11:6 mixture of 5 and 10, respectively. In the case of 8, use 
of HMPA resulted in a 2:1 mixture of 9 and 11.

In a similar fashion employing the procedures developed 
above, we have prepared all-trans-squalene 16 from pure 
trans,trans-famesol 12.5

T
8, Y =  SO,Ar
9. Y =  H
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p-substituted Naphthalenes were once nearly unobtainable. 
But you’ll lind them listed in our book, ready tor delivery.

N o  other b icyclic  a rom atic  system  has been studied as 
th orou gh ly  as naphthalene; yet a num ber o f  sim ple derivatives such 
as 2 -b ro m o - and 2-n itronaphthalene are exceedin gly  d ifficu lt to  
prepare and therefore have had lim ited u se .1 H ym an and co -w o rk e rs2 
have sh ow n  that these co m p o u n d s  m ay be prepared via the D iels- 
A lder adduct o f  naphthalene and h exa ch lorocyclop en ta d ien e  (H E X ). 
N aphthalene serves as a d ien op h ile  p rov id ed  that the diene used is 
su fficiently  stable to  a llow  a high tem perature reaction . N aphthalene 
reacts with H E X  at high tem perature to fo rm  a d iad du ct (D H A ) 
w h ich  can  then be nitrated and halogenated  in the /3-position  o f  ring 
A . 1 S ince the D ie ls-A ld er  reaction  is reversible, pyrolysis o f  the 2- 
n itro- o r  2 -h a lo g e n o -D H A  gives the otherw ise d ifficu lt-to -syn - 
thesize 2 -n itro - o r  2 -h a logen on ap h th a len e .1

T he D H A  adducts m ay a lso be su lfonated  or  further 
halogenated o r  nitrated to  give highly substituted D H A  derivatives. 
O x id a tion  o f  the D H A  adduct o f  2-m ethylnaphthalene w ith co n ce n 
trated nitric acid  gives D H A -2 -ca rb o x y lic  acid  w hich  can  be nitrated 
to  give 3 -n itro -D H A -2 -ca rb o x y lic  a c id .1 T hese D H A  derivatives 
readily u n dergo reverse D ie ls-A ld er  reactions at 250 - 400° in a 
m olecu lar still ap p aratu s.1

D H A  provides a m eans o f  a v o id in g  the use o f  the ca rcin og en ic  
/3-naphthylam ine in the p reparation  o f  dyestu ffs. F o r  exam p le , 2- 
a m in o -D H A -3 -su lfo n ic  acid  can  be d iazotized  and co u p le d  with 
phenols to  give dyes with p rob a b le  flam e-retarding  p rop erties .1ngc ngr

H

In a d d ition , su lfonated 2 -m eth y l-D H A  is the basis o f  a new  process 
fo r  synthesizing 3 -h y d rox y -2 -n a p h th o ic  acid , an im portant d ye  in
term ediate.1u§C'SO|H (||) SO,
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