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CHLOROETHYL

Chloroethyl ethers, thioethers, sulfones and esters are uniquely activated and 
interesting compounds. Generally we think of activated organohalides as those at
tached a -  to an unsaturated function (i.e. a-haloketone). but a 0-heteroatom is also 
activating both by inductive and by neighboring group type mechanisms. Forexample, 
many of the chloroethyl sulfides offered below are mildly vesicant relatives of the highly 
reactive Bis (2-chloroethyl) sulfide (Mustard gas!).

These chloroethylsulfides and the corresponding sulfones are particularly useful 
intermediates forthe introduction of a sulfur function into a molecule. The labile chloro 
is readily displaced by a variety of nucleophiles such as amines, mercaptices, al- 
koxides, etc. to form the corresponding amines, sulfides or ethers. Due to the electron 
withdrawing nature of the sulfide or sulfone function these chloroethyl compounds 
undergo facile dehydrohalogenation to form the vinyl sulfide or sulfone. The vinyls are 
particularly versatile in that they undergo addition reactions with hydrogen halides, 
halogens, amines, mercaptans, and alcohols to yield halo, dihalo, amino, thio aid 
alkoxy sulfides or sulfones. In addition they also undergo Michael type additions and, 
o ' course, they may be utilized in polymerization processes to form a variety of 
interesting products.

Because of current intense interest in “ Crown Ethers,”  we have added to our 
line two Bis (2-chloroethoxy) ethers which are necessary intermediates for the syntn- 
esis of 15-crown-5, 18-crown-6, benzo-15-crown-5, cyclohexyl-15-crown-5, 
dibenzo-27-crown-9, dibenzo-30-crown-10, and nearly as many others as the mind 
can conceive.

We have pictured below the structures of a few of these interesting chlorethyl 
compounds as well as some vinyl compounds. If you don't see the precise molecu e 
you need, and you don't have a copy of our catalog, write for one. It lists over 1000 
interesting compounds, and to help you visualize their potential usefulness, the 
structure of the molecule offered is provided with each listing. To help your research 
budget the price of the molecule offered is also provided with each listing, and the price 
listed is still the price you pay. Not one compound offered is currently being sold for a 
price higher than that listed in our catalog. That saves you valuable time because with 
PARISH there is no need to request a quotation, and with PARISH you don’t receive a 
reply to your purchase order requesting approval of newer, higher prices before your 
order can be shipped. With PARISH you never pay more than the price we list in our 
catalog!

ch3- s - ch2ch2- ci •^^-CHz-S-CHz-CHz-CI ^^-S-CHzCHz-CI
1422 2-Chloroethyl methyl sulfide 

22.50/50g 1278 Benzyl 2-chloroethyl sulfide
17.95/25g 55.25/100g

1283 2-Chloroethyl phenyl sulfide
17 35/25g 53.45/100g

C I-^^ -S -C H ï CHî -CI ^^-S-CHzCHz-CI CI-(^^-S-CHzCHz-CI

1280 2-Chloroethyl p-chloropheryl sulfide 
13 75/25g 42.35/100g

1287 2-Chloroethyl phenyl sulfone
13.95/25g 43.05/100g

1286 2-Chloroethyl p-chlorophenyl sulfone ; 
15.00/25g 46.20/100g

o 0 0
^ÿ-CHz-S-CHzCHz-CI CHj-S-CH=CHz

6
CHsCHzS-CH-CHz

6
1284 Benzyl 2-chloroethyl sulfone

19.85/25g 61.15/100g
1531 Methyl vinyl sulfone 

18.00/1 Og
1635 Ethyl vinyl sulfone 

22.40/5g

0
CI-CHzCHz-O-P-CI CI-CrfzCHz-O-CHzCHz-OH CI-CHzCHz-0-CH»CHz

Cl

1421 2-Chloroethyl phosphorodichloridate 
12 35/25g

2202 2-Chloroethoxyethanol 
11.95/100g

2187 2-Chlorethyl vinyl ether 
14.95/250g

CI-CHzCHzO-CHzCHz-O-CHzCHz-O-CHzCHz-CI CI-CHzCHzO-CHzCHz-O-CHzCHz-CI
1403 Bis (2-(2-chloroethoxy) ethyl)ether 

12.50/25g 38.50/100g
2229 Bis (2-chloroethoxy) ethane 

10.00/500g

PARISH CHEMICAL COMPANY
815 West Columbia Lane Provo, Utah 84601 (801)375-4943
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D-Homo Steroids. Effects of Methyl Substitutions on the 
Formolysis of an Axial Cyclohexyl Tosylate1

Sharad S. Deshmane and Hans Hirschmann*

Department of Medicine, Case Western Reserve University School of Medicine, Cleveland, Ohio 44106

Received May 1, 1975

The main products (representing 95% of the material) of the formolysis of 3d-acetoxy-17aa-methyl-D-homo- 
5a-androstan-17/?-yl tosylate (9b) were identified. The reaction gave the 16-olefin 10b in 76% yield and only 7% of 
products that formed by shift or elimination of hydrogen from the more highly substituted C-17a. At C-17 reten
tion was strongly favored over inversion, although this resulted in the unfavorable syn-diaxial interaction of the 
formoxy with a methyl group. Various explanations for this unusual result were examined. Addition of formic acid 
to the 16-olefin was negligible during the time required for the formolysis of tne tosylate. The hydroboration of 
the 16-olefin showed only a minor effect of the 17a-methyl on the distribution of the four isomers. This is consis
tent with the published suggestion that the reaction has an early transition state.

There is a wide divergence of products in the formolyses 
of the 17a-epimeric 3/S-acetoxy-17a-methyl-D-homo-5a- 
androstan-17a-yl tosylates2 that has not been plausibly ex
plained by the differing positions of the departed tosylate 
ions. It seemed that the nature of the cationic species in
volved might be further clarified if new pathways to such 
17a cations could be found. With this objective we investi
gated the solvolysis of a 17aa-methyl-D-homo-17/3-tosylate 
(9b) because it contains an axial methyl antiparallel to the 
departing group, an arrangement which might be expected 
to stabilize itself by a methyl shift to C-17 in concert with 
the ionization. This migration did not occur. We observed 
instead the formation of a tertiary C-17a cation which 
reacted quite unlike the 17a-cationic intermediates which 
we had studied before.2̂ 4

The 17/3-hydroxy D-homo steroid (3e) required for this 
investigation was prepared from the known5-6 17-ketone 
2b. When we repeated the synthesis of the latter from 3/3- 
acetoxy-17a-hydroxy-5«-pregnan-20a-yl tosylate ( lb )6 
under the original conditions (potassium acetate in aque
ous acetone), we obtained over 40% of the reaction product 
as the 17a,20/3-epoxide,7 but could suppress its formation 
by solvolyzing in formic acid. As formolysis gave the de
sired 17-ketone 2b in nearly quantitative yield, it follows 
that the different course of D-homoannulation reported for 
lb  and its 17-deoxy analog4 results from this structural dif
ference and not from the different conditions of solvolysis 
that had been used heretofore. Reduction of 2b with lithi
um tri-iert-butoxyaluminohydride gave a single alcohol 
(3e) which was shown to have the 17/3 configuration by the 
symmetry8 of the O -H  stretching band at 3611 cm-1 ; by 
the narrow NM R signal of the equatorial 17-hydrogen;9 
and by the shifts of 'H  NM R signals on changing the sol
vent from CDCI3 to CsD5N. These changes were large (0.33 
ppm downfield) for the 13-methyl but small (0.05 ppm in 
the same direction) for the 17a-methyl. Comparison of

these shifts with those reported by Demarco et al.10 shows 
that both the hydroxyl and the 17a-methyl must be axial. 
This confirms the a configuration of the latter and estab
lishes the chair conformation of the ring. When the reduc
tion was carried out with lithium aluminum hydride both
17-epimeric diols 13d and some 4d) were obtained.

Formolysis of the axial tosylate 9b gave 85% olefins and a 
polar fraction which showed strong formate bands. It was 
hydrogenolized with lithium aluminum hydride and gave 
six diols on chromatography. Two minor constituents of 
this fraction had tertiary hydroxyl groups. They may be ar
tifacts resulting from the autoxidation of an olefin and 
have not been identified. The four other diols could also be 
obtained by hydroboration of 10b, the principal olefin de
rived from 9b. Two of these diols were identical with 3d 
and 4d, the reduction products of 2. The two others must 
also be secondary alcohols because the oxidation of their
3-monoacetates (13e and 14e)n  gave a common acetoxy ke
tone (15b). We conclude from these observations that C-17 
is unsaturated in 10b, that this olefin has formed from 9b 
without rearrangement or configurational change, and that 
the double bond extends to C-16. The axial isomer (13e) of 
the two 3/3-acetoxy-16-hydroxy compounds was identified 
by the greater symmetry of the O -H  stretching frequency; 
by the lower frequency of the probable stretching band of 
the C -1 6 -0  bone;12 and by a much greater rate of oxidation 
with chromic acid.13 The four 16- and 17-formates derived 
from 9b must have arisen by a process of substitution rath
er than of addition to 10b because no addition to the dou
ble bond was detected during the time required for “ com
plete” solvolysis (9 half-lives). When 10b was kept in for
mic acid containing 1 molar equiv of p-toluenesulfonic acid 
for 370 half-lives cf the formolysis of 9b, 12% was recovered 
as a formate fraction which consisted primarily of the two 
axial isomers (16a and 17/3). This corresponds to 0.3% addi
tion during the formolysis of 9b. 14

3469
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CH3I l ç h J c h 3

n / 1 . o r 2 j i  , . o r ;X̂X XJ

° -?  , c h 3 CH3 o h  

*  *
11 12

t x o r 2
13

V
OR,

14

CH.,iX
15

a, R, =  H c, C = 0  instead o f CHOR, e, R, =  Ac; R¿ =  H g, R, =  Ac; R, =  HCO
b, R, — Ac d, R, =  R, =  H f, Rj =  R2 =  Ac

Olefin 10b com prised 90% o f  the linsaturated com pounds 
that were derived from  tosylate 9b. T w o additional prod 
ucts were isolated from  the mother liquors. The major one 
had no olefinic hydrogen. Its XH N M R  spectrum showed 
three methyl singlets with the frequencies to  be expected 
from  observations16 on 17a-dim ethyl-18-nor-D -hom o-5a- 
androst-13-en-3-one (8 c) (if  the published assignments for 
the 10- and for one o f  the 17a-methyls are reversed]. As in 
M onneret’s 16 work on the 3-ketone, the strongest argument 
for the 13(14) position o f  the tetrasubstituted double bond 
in 8 a lies in the intensity o f  the M + — CH 3 peak o f the 
mass spectrum [46% o f  the base peak (M +) in our case]. 
T he following observations lend further support to struc
ture 8 . The mass spectrum shows a peak at M + — C2H 5 as 
is to be expected from  the work o f  Aplin et al. 17 Like anoth
er 13(14) olefin, 5a and its acetate 5b , 18 com pounds 8 a and 
8 b showed a very intense maximum near 1063 cm - 1  which 
in both series disappeared on converting the 3/?-ol to  the 
ketone (5c and 8 c). As in 5, the N M R  signal o f  the 19-hy- 
drogens o f 8 appears to be essentially unperturbed by the 
unsaturation. This is not to  be expected 19 if  the tetrasub
stituted double bond occupied the 8(9) position. Because o f 
molecular distortions it may not be justified to  exclude the 
remaining 8(14) location on analogous grounds. However, 
this position o f  the double bond is im probable, as it would 
cause in D -hom o steroids a severe interaction between hy
drogens at C-7 and C-15.

T he French workers16  obtained the 17a-dim ethyl-D- 
hom o-13-ene (8 c) from  17a/J-hydroxy-17a-methyl-D-homo- 
5a-androstan-3-one (11c) or from  17a-m ethyl-D -hom o- 
5a-androst-17-en-3-one (6 c) on treatment with form ic acid. 
W hen we subjected the corresponding acetoxy com pounds 
l i b  and 6 b as well as 12b to  the conditions o f  our solvolysis 
we observed in every instance the form ation o f 8b and o f 
the third olefin (7b) that we had obtained from  the tosylate 
9b. T he ir and N M R  spectra o f  7 showed the presence o f  
olefinic hydrogen. Whereas the C - 0  stretching frequencies 
were as expected, the 'H  N M R  spectrum o f  7a was m ost

unusual as it showed five methyl signals. Four o f  these had 
only 1.5 times the area o f  the olefinic proton or o f  the one 
at C-3, while the fifth  had three times the area o f a single 
proton. This could signify two magnetically equivalent 
ethyl groups (J  =  6.9 Hz) and one methyl coupled to  a sin
gle vicinal hydrogen (J  =  6.1 Hz). If, however, the strongest 
signal (0.81 ppm ) results from  an accidental coincidence o f  
two lines, the spectrum could be consistent with the pres
ence o f  three C H C H 3 groups. Oxidation o f  the alcohol 7a to  
the ketone 7c eliminated the first o f  these possibilities, be 
cause the assumed coupling pattern did  not persist. There 
were now six peaks o f approxim ately equal intensity, four 
very close to  signals observed for the alcohol (with dow n- 
field  shifts o f  0 .0 1 - 0 .0 2  ppm ) and tw o displaced downfield 
by  0.20 or 0.21 ppm. This large shift is consistently o b 
served for the methyl at C-10 in 5a-steroids .19  As the spa
tial relationship between C-3 and C-10 is not duplicated for 
any other position o f the methyl group, a rearrangement 
involving C-10 and leading to  a secondary m ethyl is as im 
probable on spectrographic as it is on m echanistic grounds. 
Accordingly we conclude that olefin  7a  in spite o f  its sharp 
melting point and its apparent hom ogeneity on chrom atog
raphy, is a 1 : 1  mixture o f  two secondary-tertiary olefins, 
each with three tertiary methyl groups. According to  ir evi
dence, 7 also form ed when 8  was dissolved in form ic acid 
and this conversion was reversible. This suggests that each 
one o f  the three com pounds has the 17a-dim ethyl group 
and that they differ in the position o f  the double bond (13, 
14, and 12) .20 Although no isomers could be detected when 
5b was kept in the medium  o f  the form olysis reaction, sim i
lar reversible shifts o f  the double bond m ust have occurred 
as a large uptake o f  isotopic hydrogen was observed .4

In Table I the proportions o f  the four alcohols (3, 4, 13, 
and 14) that resulted from  the hydroboration o f  10 are 
com pared with those o f  the alcohols obtained from  another 
steroidal olefin which has its double bond similarly placed 
in a terminal ring.21 In both  experiments we observe strong 
steric hindrance at that facet o f  Em olefinic CEirbon (17/3 in i
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Table I
Percentages of Alcohols Obtained by Hydroboration

O f 10b

O f  1 7 ,1 7 -e th y le n e d io x y - 
5  a -a n d io s t -2 -e n e ^  1

A tom C on fig

C-17

C-16

ß ax 
a  eq 
a  ax 
ß eq

11
21
47
21

C -2

C-3

ß ax 
a e q  
aa x  
ß eq

10
26
39
24

and 2/3 in ii) where the C -B  bond would create a syn-diax- 
ial interaction with an angular methyl group. The addition
al methyl at C-17aa which is present in 10, although like
wise axially oriented in the products, has no inhibitory ef
fect on the «-attack at C-16. This is to be expected if the 
geometry of the transition state resembles the half-chair 
conformation of the starting compound as has been de
duced for hydroboration by Pasto et al.22 Only the angular 
methyls in i and ii have nearly true axial orientations 
whereas the 17a-methyl shows a major outward deflection. 
This would move the 17a-methyl away from C-16 but 
would allow it to retard an «-attack on the adjacent C-17 
position. The apparently somewhat lower yield of the 17«- 
than of the 2«-ol suggests the operation of such a vicinal ef
fect.

The interpretation of the formolysis of 9b presents more 
of a challenge. Pankova et al. explored the acetolysis of a 
simpler analog, 2/3-methyl-4«-f erf - butylcyclohex-1 a-yl tos- 
ylate,23 and observed that the 2/3-methyl caused only a 
minor acceleration but had a major effect on the distribu
tion of the products. The olefins with a vinylic methyl pre
dominated over the one with an allylic methyl, while the 
esters were confined to substitution products at the site of 
the tosyloxy group and of the methyl-bearing carbon. In 
contrast, in the formolysis of 9b the shift or elimination of 
a hydrogen from C-16 greatly predominated over the corre
sponding reactions of the hydrogen at the more highly sub
stituted C-17a (Table II). Our most striking result was an 
about 5:1 preference for retention over inversion at C-17.

Table II
Solvolyses of Axial Cyclohexyl Tosylates“

Products Substrate* Product 
from  9bShifted O rient 4-B uC y A-3 a 9b

1. Substitution
- Axial 0.8 1.2 4.3 3
- Equat 7.9 4.0 0.9 4
4- Axial 4.3 3.5 6.4 13
+ Equat 0.4 0.1 0.6 14

Unidentified 2.0
2. Elimination

Total 86.5 90.7 84.8
- 83.5 90.76 76.0 10
+ 3.0 7.2 7 + 8

“ 4-BuCy signifies 4-cis-tert-butylcyclohexyl tosylate (acetoly
sis).24 A -3«. androsterone tosylate (formolysis. corrected for addi
tion).15 Products are marked shifted ( + ) if neither the substituted 
nor either of the unsaturated carbon atoms coincides with the 
original site of the tosyloxy group. 6 This was a mixture of olefins 
consisting of the 2-ene and 3-ene in the ratio 9:1.15

This may be compared with the 1:8 ratio observed for the 
cyclohexyl case studied by the Czech workers23 or the 1:10 
ratio obtained for the acetolysis of 4-ci.s-terf-butylcyclo- 
hexyl tosylate24 (Table II). This reversal is not simply a sol
vent effect (cf. the formolysis of androsterone tosylate,15 
Table II) and seems the more remarkable as retention in 
the substitution of 9b reintroduces a 1,3-diaxial interaction 
between the entering ligand and the angular methyl, a fea
ture which is absent in the three other cases. If one postu
lated that an ion pair in the congested space on the /3 side 
of C-17 would dissociate very rapidly, a major obstacle 
toward retention would be removed. Nevertheless, this 
would explain the high ratio of 3 to 4 only if one makes the 
further assumption that a /3-attack by the solvent on the 
C-17 cation woulc be favored over one from the less hin
dered «  side. This seems most improbable if the ion has the 
chair conformation (iii).25

The interaction between the methyl at C-13 and the 
ester group would be avoided if the intermediate cation 
had a nonchair conformation. The spectrum of shapes 
which this flexible form could assume represents a path of 
pseudo-rotation between only two boat forms. The first 
lacks the bow-stern interaction but shows eclipsing effects 
involving large groups: the 17a-methyl and a methylene 
(C-12) as well as the 13-methyl and the 17a-hydrogen. In 
the second boat the 13-methyl causes a particularly severe 
bow-stern interaction. Both types of destabilizing effects 
are reduced in the twist form but we still measure distances 
between nonbond ed atoms that are shorter than any found 
in the chair. It seems hardly possible, therefore, that the 
transition state of a flexible form of the cation leading to 3g 
could have a lower energy than the transition state between 
the chair conformation of this cation and the equatorial 
isomer 4g.

A different mechanism was suggested by Winstein and' 
Holness,26 who derived the two axial substitution products 
of 4-cis-terf-butylcyclohexyl tosylate, the 4-cis-ferf-butyl- 
and 3-trcms-tm-butylcyclohexyl acetates (or formates) 
from a hydrogen-bridged cation. Two factors might make 
such a process more important in our case. The formation 
of a bridged ion from 9b would involve the outward and up
ward movement cf the 16a-hydrogen, which can be expect
ed to be favored as it would reduce the 1,3 interaction of 
this hydrogen with the 17a«-methyl. Moreover, bridging 
could compensate for any steric hindrance to solvation of a 
17-cation that might be caused by the methyl substituents. 
Actually, the reaction was quite fast, more than ten times 
faster than the formolysis of androsterone tosylate.10,27 If a 
pathway through a bridged ion would indeed have greater 
importance in the formolysis of 9b than in the solvolyses of 
other axial tosylates, this should manifest itself also in a 
higher yield of the rearranged substitution products. This 
was the case as our yield of secondary ester formed by hy
dride shift was exceptionally high.28

Olefins 7b and 8b must have formed via the tertiary 
17a-methyl-17a-cation. This in turn may have formed from 
the classical C-17 cation or possibly from the 160-hydro- 
gen-bridged 17-cation by hydride shift. Another conceiv
able route to the tertiary ion is through protonation of the 
olefin 6b which could have formed from 9b and which was 
found to be completely isomerized under the conditions of



3472 J. Org. Chem., Vol. 40, No. 24, 1975 Deshmane and Hirschmann

the solvolysis. Even if all of 7 and 8 were so derived, the 
total amount of 6 that would have formed in the course of 
the reaction could not have significantly exceeded the yield 
of that formolysis product of androsterone tosylate that 
has a double bond in the corresponding position relative to 
the ring junctions (5a-androst-3-en-17-one). Therefore the 
extra methyl at C-17a does not seem to promote 'he remov
al of the hydrogen from this site. This too can be rational
ized if in a large fraction of the 17-cations the charge was 
delocalized by a 16a-hydrogen bridge.

Regardless of its origin (6b, 9b, l ib ,  or 12b), the tertiary 
cation reacts exclusively by migration of the 13-methyl to 
C-17a. This distinguishes it from the ion that is generated 
in the same solvent from uranediol 3-acetate 17a-tosylate. 
In the latter case, methyl migration, if it occurs at all, still 
remains to be demonstrated.

Experimental Section

General Procedures. Melting points are corrected. Rotations 
were measured by means of a Perkin-Elmer polarimeter (Model 
141) on solutions in CHCI3, and ir spectra by means of a Perkin- 
Elmer grating photometer (Model 421) on solutions in CS2, except 
the diols which were examined as pressings in KBr. The peaks list
ed are those characteristic of functional groups and other promi
nent bands. NMR spectra were recorded for solutions in CDCI3 
containing Me4Si on Model HA-100 or, if the steroid concentra
tions were low, on Model XL-100 of Varian. Shifts are given in 
parts per million downfield from Me4Si. For uv spectra a Beckman 
spectrophotometer with photomultiplier was used.

Steroids were usually extracted from the diluted reaction mix
ture with ether; if the medium was formic acid, distribution be
tween benzene and water was used. These organic phases were 
washed (when appropriate) with dilute hydrochloric acid, sodium 
carbonate, and water and were taken to dryness under reduced 
pressure. Chromatography was done on silica gel. Departures from 
these procedures are indicated in the text.

The homogeneity of the various compounds was deduced from 
the observation that they and their derivatives gave single spots on 
TLC and from the constancy of their ir spectra when the purified 
samples were obtained from different starting materials and when 
they were subjected to further attempts at fractionation. Yields 
were determined by the weight of pure material. For this purpose 
each component that had been separated by chromatography was 
purified by recrystallization. The mother liquors were fractionated 
by chromatography on longer columns. The purity of the ensuing 
fractions was ascertained by ir comparison with the recrystallized 
reference samples and by TLC. Occasionally very minor fractions 
were encountered which were still mixtures. Their weight was al
lotted to their respective components in accordance with the in
tensity of the spots on TLC.

3/3-Acetoxy-17a<x-methyl-£)-homo-5a-androstan-17-one 
(2b). 5a-Pregn-(Z)-17(20)-en-3/3-yl acetate29 was converted to the 
17a,20a-glycol6 (mp 190.5-192.5°) according to the procedure of 
Baran10 and then to its 20-tosylate6 (lb , mp 138-140° 1. After sol
volysis of 82 mg as described by Williams et al.6 (method A), the 
product (57 mg) was chromatographed on silica gel which had been 
deactivated with water and dried by exposure to air. Elution with 
benzene-hexane (1:1) and with benzene gave 25 mg of 17a,20/3- 
epoxy-5a-pregnan-3/3-yl acetate, mp 172-175° after recrystalli
zation from dilute acetone (reported6 mp 153-170°).

Anal. Calcd for C23H36O3: C, 76.62; H, 10.07. Found: C, 76.83; H, 
10.24.

The later eluates (32 mg, obtained with benzene) contained ke
tone 2b. An identical product was obtained by keeping a solution 
of 100 mg of lb  in 2 ml of benzene and 100 ml of formic acid at 25° 
for 170 min. The neutral product (71 mg) when chromatographed 
on deactivated silica gel (see above) gave two unidentified nonke- 
tonic products followed by 68 mg of ketone 2b which was recrystal
lized from acetone-petroleum ether. Two crystal modifications 
(mp 120-122.5° and 131.5-132.5°) were observed, [«]:10:> -2 7 °  (re
ported5 6 mp 127-129° and 125-129°, [a]D -4 9 °).31

Anal. Calcd for C23H36O3: C, 76.62; H, 10.07. Found: C, 76.62; H, 
10.13.

Reduction of 3/3-Acetoxy-17aa-methyl-D-homo-5a-andros- 
tan-17-one (2b). A mixture of 2b (166 mg), 333 mg of lithium tri- 
£eri-butoxyaluminohydride, and 9 ml of dry tetrahydrofuran was 
kept at room temperature for 17 hr, diluted with solvent, chilled,

and treated dropwise with 1 N  HC1. The neutral reaction product, 
which was homogeneous on chromatography, was recrystallized 
from hexane-benzene. 3/3-Acetoxy-17aa-methyl-D-homo-5a- 
androstan-170-ol (3e) had mp 167-168°; [a ]24D —31°; 'H  NMR 
(CDCI3) 0.81 (19-H), 0.87 (d, J  = 7.4 Hz, 17a-methyl), 1.13 (18-H),
2.01 (H oac), 3.82 ppm (17-H, m with half-intensity band width 5 
Hz as compared to 22 Hz for 3a-H );1H NMR (C5E15N) 0.74,32 0.92 
(d, 7.5 Hz), 1.46 (18-H), 2.04, 4.06 ppm (17-H);10 ir, OH, 3611 (v+/ 
e- 0.96),2'8 985; 3/3-OAc, 1736,1028 cm“ 1.33

Anal. Calcd for C23H38O3: C, 76.19; H, 10.57. Found: C, 76.55; H, 
10.81.

When the reduction of 2b was carried out with lithium alumi
num hydride in ether, recrystallization of the reaction product 
from acetone-methanol gave 17aa-methyl-D-homo-5a-andros- 
tane-3/3,17/3-diol (3d): mp 198-200°; ir 1035 (3/3-OH)33 and 987 
cm-1. The mother liquors on TLC yielded, in addition to 3d, 3e, 
4d, and 4e. (This unusual but to us useful preservation of an ester 
group evidently was caused by the great age of our preparation of 
the hydride.) Of the total reaction products 80% had the 17/3 con
figuration.

Hydroboration of 17aa-MethyI-D-homo-5a-androst-16-en- 
3/3-yl Acetate (10b). Diborane was generated slowly and without 
heating from NaBH4 and BF3-Et20 . It was passed during 55 min 
through a solution of 52 mg of 10b in 4 ml of tetrahydrofuran 
maintained at 20°. After an additional 1 hr the mixture was dilut
ed with solvent and kept at 1 ±  1° with stirring while 0.7 ml of ice 
water and then a chilled 3:2 mixture (2.8 ml) of 10% sodium car
bonate and 30% H2O2 were added dropwise. After 1 hr at this tem
perature the neutral reaction product was isolated adsorbed from 
benzene on silica gel, and eluted with 4% ethyl acetate in benzene 
to yield material without a hydroxyl group (5%), the four 3/3-ace- 
toxy 16- and 17-carbinols (68%) and with 40% ethyl acetate the 
combined diols (26%). The products are listed in their order of elu
tion.

3/3-Acetoxy- 17aa-methyl-D-homo-5a-androstan-17/3-ol (3e): 
for characterization see above.

3/3-Acetoxy-17aa-methyl-B-homo-5a-androstan-17a-ol (4e) 
was recrystallized from 95% methanol: mp 172-173.5°; ir 3612 
(c+/e_ 0.72), 1733 and 1027 (3/3-OAc), 1015 c m '1.

3/3-Acetoxy-17aa-methyl-D-honio-5a-androstan-16a-ol 
(13e) was recrystallized from 95% methanol: mp 156.5-158°: ir 
3612 (e+/c -  1.04), 1732 and 1031 (3/3-OAc), 1019 cm "1.

3/3-Acetoxy-17aa-methyl-D-homo-5a-androstan-16/3-ol 
(14e) was recrystallized from 90% acetone: mp 162.5-163°; ir 3608 
(v+h -  0.67), 1732 and 1025 (3/3-OAc), 1036 c m '1.

The diol fraction was again adsorbed and fractionated by elution 
with 20% ethyl acetate in benzene into 3d (see above), 4d [mp
201.5-202°; ir 1035 (3/3-OH) and 1018 cm“ 1], 13d [ir 1039 (3/3-OH) 
and 1021 cm-1], and 14d. They were identified by converting them 
and the corresponding monoacetates to the common diacetates. 
The combined percentages of the four stereoisorreric forms, ob
tained by hydroboration as diols and monoacetates, are given in 
Table I. The properties of the diacetates were as follows.

17aa-Methyl-D-homo-5a-androstane-3/3,l 7/3-diol diacetate 
(3f) was amorphous; ir 1029 (3/3-OAc) and 1013 cm-1.

17aa-MethyI-D-homo-5a-androstane-3/3,17a-diol diacetate 
(4f) was recrystallized from methanol: mp 207.5-209°; ir 1027 
(3/3-OAc) and ~1019 cm-1 (shoulder).

Anal. Calcd for C25H40O4: C, 74.21; H, 9.97. Found: C, 74.21; H,
10.18.

17aa-Methyl-D-homo-5a-androstane-3/3,16a-diol diacetate 
(13f) was recrystallized from dilute methanol: mp 136-138°; ir 
1031 (3/3-OAc) and 1019 c m '1.

Anal. Calcd for C25H40O4: C, 74.21; H, 9.97. Found: C, 74.37; H, 
9.91.

17aa-Methyl-D-homo-5a-androstane-.3/3,16/3-diol diacetate 
(14f) was recrystallized from methanol: mp 174.5-175.5°; ir 1030 
(3/3-OAc) and ~1021 cm-1 (shoulder).

Anal. Calcd for C2SH40O4: C, 74.21; H, 9.97. Found: C, 74.27; H, 
10.16.

3/3-Acetoxy-17aa-methyl-D-homo-5a-androstan-17/3-yl 
Tosylate (9b). Acetoxycarbinol 3e (105 mg) and 1.2 g of p-tolu- 
enesulfonyl chloride were kept in 1.5 ml of pyridine for 3 hr. The 
neutral reaction product was recrystallized from 96% acetone: mp 
135-137°; ir, OAc bands 1734, 1240, 1029; general tosylate bands2 
1306, 1188, 1177, 1098, 1020; specific tosylate bands 924, 913, 900, 
827,812, 683, 659, 582 cm“ 1.

Formolysis of 3/3-Acetoxy-17aa-methyl-£)-honio-5a-andros- 
tan-17/3-yl Tosylate (9b). A solution of 100 mg of 9b in 4 ml of 
benzene was diluted with 200 ml of dry formic acid and kept at 23°
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for 70 min. The neutral reaction product (68.8 mg), which showed 
no tosylate absorption, was adsorbed on deactivated silica gel. Elu
tion with benzene-hexane (1:1) gave 57.6 mg of olefins, with ben
zene 0.0 mg, and with 12% acetone in benzene 11.7 mg of formates.

The formate fractions from two such runs were hydrogenolized26 
with lithium aluminum hydride to the diols which on recrystalliza
tion from acetone-methanol gave 13d (mp 208-210°). The mother 
liquors were chromatographed as described for the diols obtained 
by hydroboration. An incompletely fractionated mixture of 4d and 
13d was separated by preparative TLC (25% ethyl acetate in ben
zene). The mother liquors of 3d and 13d each contained at least 
one additional diol which readily separatee by acetylation and 
chromatography because these side products gave monoacetates. 
They were not identical with lib  or 12b or any of the other mo
noacetates described in this paper.

Diols 3d, 4d, 13d, and 14d and their diacetates were identified 
by comparisons (TLC, ir, melting point) with the reduction prod
ucts of 2b and the hydroboration products of 10b. Uranediol and 
its diacetate, which could not be separated by chromatography 
from 3d and 3f, respectively, were not detected in the mother li
quors of 3d and 3f by ir spectroscopy.

The olefin fraction (57.6 mg obtained from the formolysis of 9b) 
on recrystallization from 95% acetone gave 44.2 mg of 17aa- 
methyl-D-homo-5a-androst-16-en-3/3-yl acetate (10b): mp 
104-106°; [a )28D —139°; ir, olefinic frequencies 3061, 3014 (strong), 
1656, 717 (very strong); 3/3-acetoxy 1737, 1242,1029 cm-1.

Anal. Calcd for C23H36O2: C, 80.18; H, 10.53. Found: C, 80.67; H,
10.85.

Another 7.4 mg of 10b was obtained by chromatographing the 
mother liquors on silica gel-silver nitrate (prepared by stirring 1.4 
g of AgNOn >n 2 ml of water and 12 ml of acetone with 10 g of silica 
gel, filtering, washing with acetone, and drying at 75° for 4 hr).

On this column 8b (3.0 mg) and product 7b (1.9 mg) were eluted 
ahead of 10b with benzene-hexane (1:1). The sample of 8b which 
was not crystalline had the same ir spectrum as the ones obtained 
from 6b, lib, and 12b. It was hydrolyzed with methanolic potassi
um hydroxide and recrystallized from dilute acetone. Ha-Di
methyl-18-nor-D-homo-5a-androst-13-en-3/)-ol (8a) had mp
154.5-155.5°; 'H NMR 0.76 (19-H), 0.94 and 0.98 ppm (17a-meth- 
yls). (A further prominent signal at 1.46 ppm disappeared on add
ing D2O.) The ir spectrum agreed with that of the higher melting 
sample described below.

The next eluate (7b) had 1H NMR peaks at 0.76, 0.83, 0.89, 0.98,
1.05 and 2.03 (very weak curve). Its ir spectrum (3/j-OAc, 1026 
cm-1) agreed with those of the preparations obtained from 6b, 
lib, and 12b. (The relatively high ratio 7:8 observed in the formol
ysis of 9b may have been caused.by autoxidation of 8b during the 
isolation which was much more protracted than the fractionations 
reported below.)

17a-Methyl-D-homo-5a-androst-17-en-3/3-yl Acetate (6b). 
3/3,17a/5-Dihydroxy-17a-methyl-jD-homo-5a-androstan-17-one
(mp 199-201°, reported34 200-200.5°) was prepared from 3/3-ace- 
toxy-17«-hydroxy-5a-pregnan-20-one by method d (15 min, base
0.2 N) of Kirk and Mudd.35 It was subjected to the Wolff-Kishner 
reaction under the conditions described by Turner et al.36 The 
product gave on chromatography in the early eluates 17a-methyl- 
D-homo-5a-androst-17-en-3/3-ol (6a) (mp 159-161°, reported37 
159-160°). Its acetate (6b) after recrystallization from methanol 
had mp 131-132°; [a ]25D + 48°; ir, 3/3-acetoxy 1736, 1241, 1028; 
= C H  3023, 794; other 1054 cm -1.

Anal. Calcd for C23H3GO2: C, 80.18; H, 10.53. Found: C, 80.15; H, 
10.52.

3/S-Acetoxy-17a-methyl-D-homo-5a-androstan-17a/S-ol 
(lib). The later eluates of the chromatogram of the Wolff-Kish
ner products contained an impurity with absorption near 3020 
cm-1 suspected to be the 16,17-dehydro analog of 11a. It was re
moved after acetylation by repeated chromatography. Recrystalli
zation of the somewhat less mobile material from methanol gave 
lib: mp 187-188°; [a ]24D -1 5 ° ; ir, 3/3-acetoxy 1735, 1244, 1025; 
17a-OH 3610 and on the basis of its intensity 1049 cm-1; the band 
at 1060 cm-1 serves best to distinguish 1 lb from 12b.

Anal. Calcd for C23H38O3: C, 76.19; H, 10.57. Found: C, 76.04; H, 
10.81.

3/S-Acetoxy-17a-methyl-D-homo-5a-androstan-17aa-ol 
(12b). Compound 6b (20 mg) was treated with 20 mg of m-chloro- 
peroxybenzoic acid in 0.6 ml of methylene chloride for 140 min. 
The resulting 17a,17aa-epoxy-17a-methyl-D-homo-5a-andros- 
tan-3/3-yl acetate was recrystallized from acetone: mp 157-159° 
(reported38 158-160°, see also ref 39); [a]24D +22°;40 ir, 3/3-acetoxy 
1733,1242, 1027; others 1053, 1042 cm "1.

Anal. Calcd for C03H36O3: C, 76.62; H, 10.07. Found: C, 76.40; H,
10.04.

This epoxide was treated with lithium aluminum hydride under 
the conditions reported by Ruzicka et al.41 The product was acety- 
lated and although essentially homogeneous (TLC) was chromato
graphed. 3/3-Acetoxy-17a-methyl-D-homo-5a-androstan-17aa-ol 
(12b) had mp 159.5-160° (reported42 152.5-154 or 117-118°); 
[a ]24D —25° (CHCI3 or dioxane) (reported42 —40°, dioxane; for ref
erence data on analogs in CHCI3 see ref 41); ir, 3/3-acetoxy 1732, 
1244, 1028; 17a-OH 1617, 1019 cm“ 1. On TLC [SiOz-CaSO., dried 
for 7 hr at room temperature, benzene-ethyl acetate (85:15)] 12b 
and lib  each traveled as a single spot, clearly separated from the 
other (R/ 0.59 and 0.52, respectively).

Alternative Sources of 7 and 8. Compounds 6b, lib, and 12b 
(0.04 mmol) were each dissolved in 0.8 ml of benzene and diluted 
with 41 ml of formic acid containing 0.04 mmol of p-toluenesulfon- 
ic acid monohydrate and kept at room temperature for 70 min. 
The reaction products, which had very similar ir spectra, were ad
sorbed on silica-silver nitrate. Elution was completed within 2 hr 
and gave in each case 8b and 7b. Product 7b comprised 20 ±  2% of 
the total. (This ratio was not altered when 6b was kept in the for
mic acid medium for 69 hr.) The fractions with identical ir spectra 
were combined, hydrolyzed, and recrystallized. 17a-Dimethyl-
18-nor-D-homo-5a-androst-13-en-3/3-ol (8a) had mp 165-167°; 
ir, 3/3-OH 3610, 1039; 1064 cm" 1 (equally strong); [o]26I) —104°; 
mass spectrum M+ ' base peak, 24% of intensity sum of spectrum) 
calcd for C21H34O, 302.2610; found, 302.2580; signals with mass 
>150 and intensity >5% of base peak (except isotopic satellites) 
C21H33O, C20H31O, C21H33, C20H29, C16H23, C13H20, C13H19, 
C12H17; uv in cyclohexane, only end absorption down to 200 nm.

The hydroxy olefins derived from the later eluates gave 7a with 
mp 121.5-123.5°; ir, 3/3-OH 3612, 1040; = C H  3051, 829; others 
1051 cm -f *H NMR 0.74 (19-H), 0.81 (19-H and 17a-methyl), 0.88, 
0.98, and 1.04 ppm.

The appearance of the ir bands of 7a could also be demonstrated 
after 8a had been exposed to the formic acid medium (70 min) and 
the resulting mixture of the 3-formates of 7 and 8 had been hydro
lyzed.

Oxidation of Hydroxyolefins 7a and 8a to 3-Ketones. A sam
ple of 8a (2.8 mg) in 0.5 ml of acetone was stirred at 12° for 1 min 
after the addition of 5 jd of the CrOs-HzSOj reagent of Bowers et 
al.43 The neutral product (8c) [ir 1713 cm-1 (C =0) (reported 1720 
cm-1),16 no hydroxyl, other peaks 1215 and 1167 cm-1] was recrys
tallized from dilute methanol, mp 143-145° [reported 140° (uncor
rected)].16

Preparation 7a (3.4 mg) was oxidized under the same conditions. 
The product contained unwanted absorption near 1670 cm-1. This 
contaminant was removed by chromatography and recrystalliza
tion. Preparation 7c had ir, C = 0  1712; = C H  3052 and 829; other 
1223 cm“ 1; 'H  NMR 0.83, 0.90, 0.95 (19-H), 0.99, 1.01 (19-H), 1.05 
ppm.

After exposure of 7c to the formic acid medium, the ir spectrum 
changed to that of a mixture of predominantly 8c with 7c. On re
duction with lithium tri-ferf-butoxyaluminohydride the strong 
peak of 8a at 1064 cm-1 appeared.

Oxidations of 13e and 14e. Solutions of 800 ng of 3/3-acetoxy- 
17ao-methyl-D-homo-5a-androstan-16a-ol (13e) and of its 16-ep- 
imer (14e) in 1.7 ml of 90% acetic acid were each mixed at zero 
time with an equal volume of 90% acetic acid containing 323 ag of 
chromium trioxide. The mixture was maintained at 20.6° while its 
extinction at 350 nm was measured. The constants (k ) of the rates 
of oxidation follow: 13e, 2.07; 14e, 0.112 M -1 sec-1|b = [1.535/(a —
b)i] log[6(a — x)/cib — x)], where a, a — x represent the molar 
concentrations of CrC>3 at times zero and t, respectively, and b rep
resents % of the molar concentration of the alcohol at time zero.) 
The rate ratios 13e/14e: found, 18.5; expected 15.4 from the struc
tural factors giver, by Schreiber and Eschenmoser.13 At the end of 
each run the reaction product (15b) was isolated. The ir spectra 
agreed and showed rmal at 1736,1711, and 1028 cm-1.

Rate of Formolysis of Tosylate 9b. This process was measured 
under the same conditions as were specified for the preparative 
run, but was terminated by distribution between benzene and 
water after 5 and 10 min, respectively. The fraction of tosylate re
maining was determined from the extinctions at 1098 and 683 
cm-1. The first-order rate constant was 1.48 X 10-3 sec-1, corre
sponding to a half-life of 7.8 min. The ir curves after 5, 10, and 70 
min showed no bands attributable to an isomeric tosylate.

Acknowledgments. We are indebted to Mr. Clarence 
Gust, Dr. Gheorge D. Mateescu, and Mr. Nicholas Baldwin



3474 J. Org. Chem., Vol. 40, No. 24,1975 Harmon and Hutchinson

for recording the !H NM R spectra; to Dr. Rodger L. Foltz, 
Batelle High Resolution Mass Spectrometer Center, Pitts
burgh, Pa., for the mass spectrum; to Mr. A. W. Spang, Ann 
Arbor, Mich., for the microanalyses; and to Dr. Miklos 
Bodanszky for the use of the polarimeter.

Registry No.— lb, 1914-30-3; 2b, 2270-04-4; 3d, 56665-84-0; 3e, 
56665-85-1; 3f, 56665-86-2; 4d, 56665-87-3; 4e, 56665-88-4; 4f, 
56665-89-5; 6b, 56665-90-8; 7a isomer 1, 56665-91-9; 7a isomer 2,
56665- 92-0; 7b isomer 1, 56665-93-1; 7b isomer 2, 56665-94-2; 7c 
isomer 1, 56665-95-3; 7c isomer 2, 56665-96-4; 8a, 56665-97-5; 8c, 
31751-19-6; 9b, 56665-98-6; 10b, 56665-99-7; lib, 56666-00-3; 12b,
56666- 01-4; 13d, 56666-02-5; 13e, 56666-03-6; 13f, 56636-04-7; 14e, 
56666-05-8; 14f, 56666-06-9; 15b, 56666-07-0; 17a,20/5-epoxy-5a- 
pregnan-3/3-yl acetate, 56666-08-1; diborane, 18099-45-1; p-tolu- 
enesulfonyl chloride, 98-59-9; 35.1Tad dihydroxy-17a-methyl-/)- 
homo-5a-androstan-17-one, 3751-01-7; m-chloroperbenzoic acid, 
937-14-4; 17a,17aa-epoxy-17a-methyl-£)-homo-5a-androstan-3|fi- 
yl acetate, 56666-09-2.

References and Notes

(1) Supported by Grants AM 9105 and K6-AM-14367 of the National Insti
tutes of Health.

(2) H. Hirschmann, F. B. Hirschmann, and A. P. Zala, J. Org. Chem., 31, 
375(1966).

(3) F. B. Hirschmann and H. Hirschmann, J. Org. Chem., 38, '  270 (1973).
(4) S. S. Deshmane and H. Hirschmann, J. Org. Chem., 38, 748 (1973).
(5) F. Ramirez and S. Stafiej, J. Am. Chem. Soc., 77, 134 (1955); 78, 644 

(1956).
(6) K. I. H. Williams, M. Smulowitz, and D. K. Fukushima, J. Org. Chem., 30, 

1447(1965).
(7) Williams et al.6 isolated 3 % of this epoxide but accounted only for 53 % 

of their product. They used alumina for its separation which at least in 
our hands caused some destruction of the epoxide.

(8) H. S. Aaron and C. P. Rader, J. Am. Chem. Soc., 85, 3046 (1963).
(9) D. H. Williams and N. S. Bhacca, J. Am. Chem. Soc., 86, 2742 (1964).

(10) P. V. Demarco, E. Farkas, D. Doddrell, B. L. Mylari, and E. Wenkert, J. 
Am. Chem. Soc., 90, 5480 (1968).

(11) To permit these and other studies of the 3-monoacetates, the conditions 
of hydroboration were modified for an improved preservation of the 
ester group of 10b.

(12) For references see J. E. Page, J. Chem. Soc., 2017 (1955).
(13) J. Schreiber and A. Eschenmoser, Helv. Chim. Acta, 38, 1529 (1955).
(14) As a result, the formolysis of 9b would be a far more suitable object 

than that of androsterone tosylate15 for the precise determination of the 
effect of isotopic substitution of a neighboring hydrogen on the rate of 
formation of the individual formolysis products.

(15) J. Ramseyer and H. Hirschmann, J. Org. Chem., 32, 1850 ; 1967).
(16) C. Monneret and Q. Khuong-Huu, Bull. Soc. Chim. Fr„ 623 (1971).
(17) R. T. Aplin, H. E. Browning, and P. Chamberlain, Chem. Commun., 1071

(1967).
(18) F. B. Hirschmann, D. M. Kautz, S. S. Deshmane, and H. Hirschmann, 

Tetrahedron, 27, 2041 (1971).

(19) R. F. Zuercher, Helv. Chim. Acta, 46, 2054 (1963).
(20) As the prototropic shifts are reversible the reaction seems to be under 

thermodynamic control. Judging from models, the more stable struc
tures have the 13/3-H in the 14-ene and the 14a-H in the 12-ene.

(21) J. Ramseyer, J. S. Williams, and H. Hirschmann, Steroids, 9, 347 
(1967).

(22) D. J. Pasto and F. M. Klein, J. Org. Chem., 33, 1468 (1968); D. J. Pasto, 
B. Lepeska, and T.-C. Cheng, J. Am. Chem. Soc., 94, 6083 (1972).

(23) M. Pankova, J. Sicher, M. Tichy and M. C. Whiting, J. Chem. Soc. B, 
365 (1968). Their compound Is named according to rule d: Chemical 
Abstracts, 76, Index Guide, Section IV, 86I (left column) (1972).

(24) N. C. G. Campbell, D. M. Muir, R. R. Hill, J. H. Parish, R. M. Southam, 
and M. C. Whiting, J. Chem. Soc. B, 355 (1968).

(25) This is borne out by measurements analogous to those reported by J. A. 
Marshall and R. D. Carroll, J. Org. Chem., 30, 2748 (1965), for axial hy
drogens. At any fixed C-17-O distance assumed for the transition state, 
the oxygen would be closer to a methyl group if it is on the 0 rather than 
on the a  side.

(26) S. Winstein and N. J. Holness, J. Am. Chem. Soc., 77, 5562 (1955).
(27) As this axial tosylate lacks a 1,3 interaction between the tosyloxy and a 

methyl group, some but possibly not all of the acceleration is to be at
tributed to the lessened strain between these groups in the transition 
state. For the probable magnitude of this effect in acetic acid see S Ni- 
shida, J. Am. Chem. Soc., 82, 4290 (1960).

(28) The high yield of the 16a isomer also argues against the possibility that 
the steric preference at C-17 could have been caused by a rapid equili
bration between C-17 and C-16 open cations. If the “ windshield wiper 
effect" [H. C. Brown, K. J. Morgan, and F. J. Chloupek, J. Am. Chem. 
Soc., 87, 2137 (1965)] of the 16a-hydrogen were operative in our case 
we would expect it to block a-attack about as effectively at C-16 as at 
C-17.

(29) G. Drefahl, K. Ponsold, and H. Schick, Chem. Ber., 98, 604 (1965).
(30) J. S. Baran, J. Org. Chem., 25, 257 (1960).
(31) This value is disconcertingly close to the one reported for the more sta

ble 17a epimer (—51°)5 and not in good accord with those reported by 
the same authors for 2a and 2c,

(32) This upfield shift for the 19-H agrees with observations on 3/5-acetoxy- 
5a-steroids made by von Bruno Hampel and J. M. Kraemer, Tetrahe
dron, 22, 1601 (1966).

(33) R. N. Jones and F. Herling, J. Org. Chem., 19, 1252 (1954); J. Am. 
Chem. Soc., 78, 1152 (1956).

(34) D. K. Fukushima, S. Dobriner, M. S. Heffler, T. H. Kritchevsky, F. Herl
ing, and G. Roberts. J. Am. Chem. Soc., 77, 6585 (1955).

(35) D. N. Kirk and A. Mudd. J. Chem. Soc. C, 2045 (1970).
(36) R. B. Turner, R. Anliker, R. Helbling, J. Meier, and H. Heusser, Helv. 

Chim. Acta, 38,411 (1955).
(37) C. W. Shoppee and D. A. Prins, Helv. Chim. Acta, 26, 185 (1943).
(38) L. Ruzicka and H. F. Meldahl, Helv. Chim. Acta, 24, 1321 (1941).
(39) R. J. W. Cremlyn, D. L. Garmaise, and C. W. Shoppee, J. Chem. Soc., 

1847(1953).
(40) There is a wide discrepancy between the differences in molecular rota

tions of various 17a-methyl-D-homo-17a,17aa-epoxides39'41 -and the 
standard values for transformations in the A and B rings of steroids as 
given by D. H. R. Barton and W. Klyne, Chem. Ind. (London), 755 
(1948). Our measurement is in reasonable accord with the rotation re
ported by Ruzicka et al.41

(41) L. Ruzicka, N. Wahba, P. T. Herzig, and H. Heusser, Chem. Ber., 85, 
491 (1952).

(42) E. Hardegger and C. Scholz, Helv. Chim. Acta, 28, 1355 (1945).
(43) A. Bowers, T. G. Halsall, E. R. H. Jones, and A. J. Lemin, J. Chem. Soc., 

2548(1953).

Synthesis of a-Methylene Lactones by Reductive 
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The synthesis of a-methylene lactones by reductive animation of a-formyl lactones with sodium cyanoborohy- 
dride and dimethvlamine is described with regard to its scope and limitations. The a-methylene lactones a-meth- 
ylene-j-valerolactone (10), a-methylene-trans-2-hydroxycyclohexaneacetic acid 7-lactone (13), a-methylene-cis-
2-hydroxycyclohexaneacetic acid 7-lactone (1G), and 3-methylene-3,4-dihydrocoumarin (23) are prepared from 
their a-formyl lactones. The a-methylene lactone o f 2-coumaranone could not be synthesized by this procedure.

As a counterpart to our development of a synthesis of a- 
methylene-7 - or -¿-lactones by reductive amination of the 
corresponding a-formyl lactones,3“ which enabled an effi
cient synthesis of tulipalin A and pentaacetyl tuliposide 
A,3b we decided to examine the scope and limitations of 
this method. In view of the continued great interest in syn

thetic methods for construction of «-methylene-y- and - 
¿-lactone units,4 which are found in a variety of biologically 
active natural products,5 such a study was felt to be neces
sary to truly define the generality of our synthetic ap
proach. We now report the successes and failures of our in
vestigation.
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Results amine to a-formvl butyrolactone and the reaction solvent

Our general synthetic format for the preparation of « -  
methylene-y- and -5-lactones is shown in Scheme I. Since it 
involves the addition of an «-methylene unit to a pre
formed y- or 5-lactone, we investigated the “ a-methylena- 
tion” of lactones 1-4 as representative of the «-methylene 
lactone systems found in certain natural products,5 and 5 
and 6, whose “ a-methylenation” had been attempted by

C Q ~ °  OCX CXo
1 3  5 2CP-« CO"

4 6

Martin et al.6 but with unsuccessful results using an « -  
methylation method based on methyl methoxymagnesium 
carbonate carboxylation of lactones. For comparative pur
poses we chose to look at our reductive amination method 
as comprised of three basic steps: I, lactone formylation; II, 
reductive amination; and III, quaternization and elimina
tion, although the latter was a trivial distinction.

The synthesis of tulipalin A, the «-methylene analog of 
1, has been described.3®’15 Since steps I and III of its synthe
sis were carried out essentially quantitatively whereas the 
yield of «-dimethylaminomethyl-y-butyrolactone (7)3b in 
step II of the reaction sequence appeared to be variable, a 
brief study of the effect of experimental conditions on the 
yield of 7 was undertaken. The results of this study are 
shown in Table I. Control of the initial pH of the reaction 
mixture between 5 and 7 by addition of absolute methanol- 
ic HC1 favorably affected the yield of 7 and lessened the 
amount of the principal by-product, 2-dimethylami- 
nomethyl-4-hydroxybutanoic acid dimethylamide (formed 
in less than ca. 10% yield7), whereas the ratio of dimethyl-

Table I
Reductive Am ination o f  Sodium  a-Form yl-7 -butyrolactone

seemed to be somewhat less critical.
The synthesis of a-methylene-5-valerolactone3® (10) 

could be achieved in only a 41% overall yield from 2. As 
with 1, the lowest yield was obtained in step II of the reac
tion sequence. A similar study (vide supra) of the yield of 
«-dimethylaminomethyl-5-valerolactone (8) was done; the

results are shown in Table II. The amount of dimethylam
ide by-product (9) always represented a greater percentage 
of the consumed a-formyl-2 than with 1, appearing with 8 
in a 1:1 ratio when the reaction solvent was DME. Although 
the methiodide of 8 could not be obtained crystalline, step 
III of the reaction sequence could be carried out to give an
80-85% yield of 10.

The method of Newman and Vanderwerf8 was used to 
obtain trans-2-hydroxycyclohexaneacetic acid 7 -lactone
(3). This was converted in 90% yield to its «-formyl deriva
tive (11, sodium salt) when diethyl ether was the reaction 
solvent in step I, and 73% yield when DME was used. Step 
II of the reaction sequence was shown to be much less vari
able than for 1 or 2; the yield of 12 ranged from 43% 
(MeOH) to 57% (DME). Step III was carried out in high 
yield to give «-methylene-iran.s-2-hydroxycyclohexaneace
tic acid 7 -lactone (13) in an overall yield of 48% from 3.

cts-2-Hydroxycyclohexaneacetic acid 7 -lactone (4) was 
prepared according to Klein.9 Formylation of 4 was accom
plished in either diethyl ether or DME as the reaction sol
vent to give 14 in a 97-100% yield. Two C-2 epimers of 15

OH H
H \ /  N(CH:l)2D> c h 2

0

14 15 16

were obtained in step II of the reaction sequence in a com
bined yield of 33-50% when the sodium enolate of 14 was

Expt

Ratio o f  
(CH 3)3NH 

to Na 
enolate*

Initial
pH Solvent

Time,
hr

Yield 
o f  7,

%

1 7:1 c MeOH 96 50
2 a 6:1 c TH F—MeOH 

(3 :1 )
96 69

3 1:1 ~4 MeOH 1 42
4 2:1 ~4 MeOH 1 32
5 2:1 ~4 MeOH 18 68
6 2:1 ~ 6 MeOH 18 64
7 2:1 c DME 18 68
8 2:1 ~ 6 DME 24 81
9 2:1 c D M E-H M PA

(9 :1 )
18 66

10 2:1 ~ 6 DME—MeOH
(1 5 :1 )

18 63

a Using purified NaCNBH3;16 all other runs were done 
with the com m ercially available NaCNBH3 used as received. 
t> NaCNBH3 always was used in at least 50% excess molar 
equiv. c Initial pH not adjusted.

used as starting material to 57% when 14 itself was used. 
Although the chromatographically separable epimers of 15

Table II
Reductive Amination o f  Sodium a-Form yl-7 -valerolactone

Expt

Ratio o f  
(CH 3)2NH 

to Na 
enolate0

Initial
pH Solvent

Time,
hr

Yield
o f  8 ,c

%

1 6:1 b MeOH 96 64
2 5:1 b MeOH 24 30
3 2:1 b MeOH 24 35
4 2:1 ~ 6 MeOH 20 49
5 2:1 b DME 24 32
6 2:1 ~ 6 DME—MeOH 

( 1 0 :1 )
20 33

a NaCNBH3 always was used in at least 50% excess molar
equiv. * Initial pH not adjusted, c Accom panied by varying 
amounts o f  9 (1 0 —20%), which appeared in significant 
amounts (~ 3 2 % ) in run 5.
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Scheme I

11 Base, HCO2C2H5 . 6 NaCNBH3, (CH3)2NH. c CH3I, aqueous 
NaHC03.

gave distinctly different methiodides (Experimental Sec
tion), their structural distinction spectroscopically was not 
done largely owing to the close proximity of the resonances 
from the carbocyclic ring to those of the C-2 hydrogen in 
the 100-MHz NM R spectra. Each of the epimers of 15, or 
their mixture, was carried through step II to give 16 in an 
overall yield of 50% from 14.

3-Formyl-3,4-dihydrocoumarin (17) was prepared in 45% 
yield essentially as described by Korte and Biichel,10 al
though several alternative approaches were examined. Nu
merous bases and formylating reagents were examined in 
the hope of finding a combination which would favor the 
formation of 17 rather than ring-opened products. The 
combination of lithium 2,2,6,6-tetramethylpiperidide and 
acetic-formic anhydride11 produced a 30% yield of 17. The 
same base with formic-pivalic anhydride gave only a 27% 
yield of 17. Sodium hydride and lithium diisopropylamide 
produced less satisfactory results. Numerous uncharacter
ized products were formed in all instances.

The reductive amination of 5 (Scheme II) was carried out 
more successfully than with 2 -4  in that the yield of the « -  
dimethylaminomethyl derivative was as high as 72%. It is 
unfortunate that the amino lactone was not the reaction 
product. In all cases the ring-opened methyl ester (19) was 
obtained as the major product, with the corresponding di- 
methylamide (18) as a minor product. In one instance when 
DME was used as the solvent a nearly 1:1 mixture of 18 and 
19 was obtained, 19 arising from initial acidification of the 
reaction mixture with methanolic hydrogen chloride.

Conversion of 19 to its methiodide (20) resulted in the 
formation of a yellow, amorphous solid. TLC analysis of 
the reaction mixture after 5 min at room temperature in 
the dark indicated the presence of unreacted 19 as well as
20. Two other spots were observed which were not amines, 
one corresponding to 21. Treatment of the mixture by 
shaking with 5% aqueous sodium bicarbonate gave a 62% 
isolated yield of the o-methylene ester (21) based on 17. 
Hydrolysis with barium hydroxide and neutralization with 
1 N  sulfuric acid afforded 22, which was lactonized with p - 
toluenesulfonic acid in refluxing toluene to 3-methylene-
3,4-dihydrocoumarin (23). A 55% overall yield of 23 was ob
tained from 17.

The structure given as 23 was assigned on the basis of 
the following spectral and analytical data. The ir spectrum 
contained a strong peak at 1740 cm-1 . When compared 
with the 1773-cm-1 peak observed with 5 it was seen that 
the observed shift of carbonyl absorption corresponded to 
that observed between other «,/S-unsaturated esters and 
lactones when compared to their saturated analogs.12 Peaks 
at 1639 and 810 cm-1 suggest a vinylidene group. The 
NM R spectrum (60 MHz) contained a four-proton multi- 
plet at 5 6.9-7.4 for the aromatic system. A pair of finely 
split multiplets at 5 5.77 and 6.40 represented the «-meth
ylene protons which were split by the two d protons and by

Scheme II

“ MgjN(i-Pr)2]2, HC02C2H5. b NaCNBH.i (CH3)2NH, 
(CH3)2NH2C1. c CH3I. d Aqueous NaHC03. e Ba(OH)2. fp-TSA , 
A.

the magnetically nonequivalent vinylogous twin. Both J 
values are <1 Hz. Finally, the two d methylene protons at 5
3.75 occurred as a triplet (J = <1 Hz), being split by the 
vinylogous protons equally. The two-proton singlet ap
pearing at & 7.97 in the NM R spectrum of 22 was absent in 
the spectrum of 23 providing further evidence for the lac- 
tonization. High-resolution mass spectrometric analysis on 
the parent ion of 23 resulted in a value of 169.0527 for the 
molecular weight. The calculated value of 160.0524 agreed 
well with the observed value. A satisfactory combustion 
analysis could not be obtained for this compound.

Attempts to synthesize the «-methylene analog of 2- 
coumaranone (6) uniformly were unsuccessfu. owing to our 
inability to formylate it, although the use of several re
agents and reaction conditions was explored.13 It was found 
that 6, unlike 5, could not be deuterated at C-3 by anion 
formation at —78° in TH F with lithium 2,2,6,6-tetrameth
ylpiperidide and subsequent quenching with deuteriotriflu- 
oroacetic acid. On exposure to these conditions 6 was re
covered unchanged, whereas 5 easily was converted to its 
monodeuterio derivative. The use of higher reaction tem
peratures led to low recovery of 6, undeuterated, plus the 
formation of many decomposition products. These results 
obviated the use of formic-acetic or formic-pivalic anhy
dride to formylate 6.

Discussion

The lactone a-formylation reaction generally was quite 
satisfactory. Excellent yields of the «-formyl lactones of
1-4 were obtained and the compounds, as their sodium en- 
olates, were stable, although hygroscopic, compounds. For 
the cases where this procedure led to only moderate yields
(5) or was inapplicable (6), we felt that the ethoxide anion 
generated in the reaction was precipitating the problems. It 
would be expected to nucleophilically attack 5 and 6 form
ing their corresponding ethyl esters,10 thereby leading to 
greatly diminished yields of the a-formyl derivatives. Since 
acetate would not be expected to have this drawback nor to 
lead to reversal of the formylation reaction, we attempted 
to formylate 5 and 6 by quantitative generation of their 
lithium enolates at low temperatures using lithium 2,2,6,6- 
tetramethylpiperidide followed by acylation with formic- 
acetic11 or formic-pivalic anhydride. However, this ap
proach did not prove to be very efficient for 5. nor success
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ful for 6. In the latter case, the lithium enolate of 6 ap
peared to be very unstable above —78° and unreactive at 
this temperature.

Although the reductive amination of aldehydes and ke
tones can be achieved under a variety of conditions,15 the 
experimentally most suitable method herein was felt to be 
that of Borch et al.,16 since aldehydes are reduced at pH
3-4 by sodium cyanoborohydride whereas the optimum pH 
range for reductive amination is 6- 8. In our hands, Borch’s 
reductive amination method proved to be experimentally 
convenient although its use lead to somewhat variable 
yields of the resulting a-dimethylaminomethyl lactones 
(Tables I and II). The use of the sodium enolates of the a- 
formylated lactones required the addition of 1 equiv of acid 
to form the protonated a-formyl lactone, enabling nucleo
philic addition of dimethylamine to form the intermediate 
carbinolamine.16 This was accomplished by the addition to 
the reaction of either solid dimethylamine hydrochloride or 
anhydrous methanolic HC1 until a preselected pH was 
reached. In those instances where the a-formyl lactone it
self was utilized, it was found that very poor yields were ob
tained if dimethylamine hydrochloride was present as the 
only amine source. This is to be expected on the basis of 
the reaction’s mechanism16 because of the involvement of 
the unshared electrons in imminium ion formation.

The variability in yields of the a-d.methylaminomethyl 
lactones recovered from the reductive amination appears to 
be sensitive to pH, reaction time, and choice of solvent. 
During the course of the reaction the pH always increased 
to a value of 9 or 10 if additional acid was not introduced to 
lower it. The high pH did not deter the formation of the a- 
dimethylaminomethyl lactone and in some instances actu
ally increased the yield of it. This was most likely due to a 
more favorable equilibrium between amine and aldehyde to 
produce the carbinolamine. A lower pH would result in a 
more rapid protonation of the resulting enamine16 but 
would not favor the carbinolamine formation.

An increased reaction time usually resulted in somewhat 
increased yields of a-dimethylaminomethyl lactone but the 
incidence of side reactions also increased. Dimethylamides 
were most frequently observed after prolonged reactions, 
especially when 5-lactones were involved. Solvolytic ring 
opening became important with dihydrocoumarin but did 
not appear to be time dependent, for its ethyl ester was re
covered from all reactions that were attempted. Borch et 
al.16 suggested that distilled water could be utilized as the 
solvent in such cases, which would have eliminated the for
mation of esters. This was prevented by the insolubility of 
most of the compounds that were investigated in this 
study, however.

The amounts of amides as by-products increased with 
solvent changes from protic to aprotie. This was probably 
due to decreased solvation of the amine in solution allowing 
a much closer approach to the carbonyl as well as an in
creased nucleophilicity. Both of these factors would tend to 
increase the formation of such by-procucts.

In order to circumvent the problem with the reductive 
amination of 5 two other approaches were examined: (1) a 
direct enamine synthesis by treatment of 5 with dimethyl- 
formamide diethyl acetal,17 and (2) the formation of the 
enamine from 17 and diethylamine in refluxing benzene 
with removal of water. Subsequent reduction was antici
pated to lead to the desired a-dimethylaminomethyl lac
tone. Following the addition of dimethylformamide diethyl 
acetal to dihydrocoumarin and heating, the only product 
isolated in reasonable yield was ethyl 2-hydroxyphenylpro- 
panoate. No nitrogen-containing compounds other than di
methylformamide were found in any of the reaction mix
tures. Similar results were obtained with 1 and 6.

Borch et al.16 have reported that enamines and especially 
their imminium salts are readily reduced to the corre
sponding amine by NaCNRH3. a-Formyl-7 -butyrolac- 
tone:!h gave a good yield of its diethylenamine when treated 
with diethylamine in refluxing benzene with constant water 
removal. Reduction of this diethylenamine in methanol at 
an initial pH of ca. 3 with sodium cyanoborohydride re
sulted in a fairly good yield of 7. Treatment of 17 with di
ethylamine under the same conditions also resulted in a 
good yield of its diethylenamine. Attempted reduction of 
this enamine using NaCNBH3 resulted in hydrolysis of the 
enamine and very little reduced a-dimethylaminomethyl 
lactone was obtained. The imminium salt of this diethy
lenamine could not be isolated by addition of acid or by the 
method of Leonard and Paukstelis,18 so this route was sub
sequently abandoned.

The failures of the reductive amination were not as seri
ous as those found in the formylation step. Although sever
al by-products were obtained in certain instances, these 
could be lessened by proper choices of solvent and reaction 
time. If the optimum conditions for the formation of the 
imminium systems could be met, the reduction could be 
performed in very high yield making the complete se
quence attractive as a synthetic tool.

Throughout the syntheses described in this paper, the 
quaternization of the a-dimethylaminomethyl lactones 
using CH3I in methanol and the subsequent elimination 
using 5% aqueous N aH C03 were carried out in 90% or 
greater yields. The methiodides, when crystalline, proved 
to be unstable to recrystallization, which always resulted in 
the formation of small amounts of the corresponding a- 
methylene lactones.

It is interesting to note the elimination of dimethylamine 
from 15 during chromatography on silica gel to give 16. 
This was undoubtedly the effect of the equilibrium be
tween the Michael adduct— the dimethylaminomethyl lac
tone— and the Michael acceptor— the a-methylene lac
tone— being affected by the acidic nature of the silica gel. 
Dalton and Elmes19 have suggested that the methylene lac
tone predominates under acidic conditions and that the 
Michael adduct is formed under neutral or basic condi
tions. If this is true in all cases, then the possibility exists 
that during the work-up of the reductive amination prod
ucts, a portion of the dimethylaminomethyl lactone may be 
lost during the acidic wash used to remove neutral com
pounds. No a-methylene lactones were observed in some of 
these extracts (TLC) but a careful examination of each was 
not done.

Experimental Section
General. y-Butyrolactone, 5-valerolactone, dihydrocoumarin,

2,2,6,6 tetramethylpiperidine, pivaloyl chloride, and miscellaneous 
organic chemicals were purchased from Aldrich Chemical Co., 
Cedar Knolls, N.J. Sodium cyanoborohydride, n-butyllithium 
(22% in hexane), and sodium hydride (57% mineral oil dispersion) 
were purchased from Alfa Inorganics, Beverley, Mass. Deuterium 
oxide was purchased in 99.8 mol % from Bio-Rad Laboratories, 
Richmond, Calif. Dimethylamine was purchased from Matheson 
Gas Products, East Rutherford, N.J.

Adsorbents for preparative and thin layer chromatography (sili
ca gel GF254 and silica gel PF2 5 4) were purchased from VWR Sci
entific, Boston, Mass. All solvents for chromatography were dis
tilled prior to use. 1,2-Dimethoxyethane, tetrahydrofuran, and di
ethyl ether were distilled from lithium aluminum hydride prior to 
use as reaction solvents. Anhydrous methanol and anhydrous 
(super-dry) ethanol were prepared according to the method of 
Vogel.20

Nuclear magnetic resonance spectra (60 MHz) were obtained on 
a Hitachi Perkin-Elmer R-24 spectrometer with deuteriochloro- 
form as solvent. Chemical shifts are reported relative to a MeiSi 
internal standarc. Infrared spectra were obtained on a Perkin-
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Elmer Model 21 spectrophotometer and the wavenumbers are cor
rected to a polystyrene reference. Mass spectra were obtained on a 
AEI Scientific, Inc., MS 902 mass spectrometer. Melting points 
were obtained on either a Kofler hot stage or a Thomas-Hoover 
Uni-Melt apparatus and are corrected. Gas chromatography was 
done on a Varian 90-75 gas chromatograph utilizing a thermal con
ductivity detector and helium as the carrier gas. Refractive indices 
were obtained on a Bausch and Lomb Abbe 3L refractometer at 
ambient temperature. In vacuo refers to water aspirator pressures, 
all evaporations being conducted on a rotary flash evaporator at 
25-40°C.

Sodium a-Formyl-6-valerolactone. A mineral oil dispersion of 
sodium hydride (57%, 1 .1  g, 26 mmol) was placed in a dry 100-ml 
three-neck round-bottom flask which had been previously evacu
ated and flushed with dry nitrogen. The mineral oil was removed 
by washing with petroleum ether (3 X 10 ml) and decanting under 
nitrogen. The sodium hydride was then suspended in 50 ml of an
hydrous diethyl ether by magnetic stirring.

A mixture of 2 (2.5 g, 25 mmol) and ethyl formate (1.85 g, 25 
mmol) in 3 ml of diethyl ether was added dropwise to the stirred 
suspension. Absolute ethanol (0.2 ml) was added to initiate the re
action. Stirring was continued at room temperature for 18 hr, and 
the resulting mixture was filtered with suction, washed with 15  ml 
of diethyl ether, and dried under vacuum in a desiccator to yield 
sodium «-formyl-o-valerolactone as a light tan powder, 3.8 g 
( 100% ).

a-Dimethylaminomethyl-6-valerolactone (8). The sodium 
enolate from above (1.5 g, 10 mmol) was dissolved in 30 ml of an
hydrous methanol. To this was added a solution of dimethylamine 
(2.7 g, 4 ml, 60 mmol) and methanolic hydrogen chloride (3 N ,  10 
ml, 30 mequiv). Sodium cyanoborohydride (440 mg, 7 mmol) and
1.5 g of Linde 3A molecular sieves were then introduced and the 
mixture was stirred at room temperature fitted with a crying tube 
for 3 days. The reaction mixture was filtered with suction through 
Celite and the solid remaining on the Celite was washed with 
methanol (100 ml). The combined filtrates were acidified (pH 2) 
with concentrated hydrochloric acid, and the methanol was re
moved in vacuo. The resulting residue was redissolved in distilled 
water (100 ml) and extracted with CH2CI2 (2 X  100 ml]. NaHCO.i 
was added to the aqueous phase to bring its pH to 8 and the result
ing solution was extracted with CH2CI2 (4 X  100 ml). The aqueous 
solution then was adjusted to ca. pH 10 with NaaCOa and reex
tracted with EtOAc (4 X  100 ml). The combined basic organic ex
tracts were washed with saturated aqueous NaCl and dried 
(Na2S 0 4 ), and the solvent was removed in vacuo to give 8 as a vis
cous yellow liquid: 1.01 g (64%); ir (neat) 1740 cm-1  (lactone); 
NMR (60 MHz) b 1.65 (m, 2 H), 2.23 (s, 6 H), 2.7 (m, 2 H), 4.1 (t, J  
= 7 Hz, 2 H); vapor phase chromatography (VPC), 3% SE -30 ,160°, 
60 ml/min, crude amine showed greater than 95% one component, 
retention time 1.9 min. Reaction by-products were isolated and 
characterized by ir and NMR spectroscopy. «-Dimethylami- 
nomethyl-6-hydroxyvaleric acid dimethylamide (9) and .5-hydroxy- 
valeric acid dimethylamide were found in the reaction mixture: ir 
(neat) 3400 (hydroxyl), 1630 (amide I), 15 10  (amide II), 1410 cm-1 
(v C-N); NMR (60 MHz) b 3.05 (d, J  = 5 Hz, 6 H, dimethylamide).

a-Methylene-S-valerolactone (10).21 The tertiary amine (8, 
300 mg, 2 mmol) was dissolved in 4 ml of methanol and 1.5 ml of 
methyl iodide was added. No crystals were observed after standing 
in the dark at room temperature for 24 hr or following the addition 
of 5 ml of diethyl ether to the solution. The yellow oil that sepa
rated after the addition of diethyl ether was isolated by removing 
the solvent in vacuo; however, all attempts at crystallization were 
fruitless. The oil was transferred to a separatory funnel containing 
10 ml of 5% sodium bicarbonate solution and 20 ml of dichloro- 
methane. After shaking the mixture for 15  min, the aqueous phase 
was extracted with dichloromethane (6 X 25 ml), the extracts were 
dried with sodium sulfate, and the solvent was removed in vacuo to 
yield 10 as a yellowish liquid, 175 mg (81%). The crude product 
was purified by preparative TLC on silica gel using chloroform- 
methanol (4:1): ir (neat) 1730 (lactone), 1630 and 814 cm-1 
(C=C H 2); NMR (60 MHz) b 2.00 (m, 2 H), 2.71 (m, 2 H), 4.38 (t, J  
= Hz, 2 H), 5.57 (dd, J Ab = J A-B' = 1 Hz, 1  H), 6.40 (dd, J ab = 
J a b' = 1 Hz, 1 H); mass spectrum m /e (rel intensity) 1 12  (M+, 
100), 82 (M -  CH20, 58), 54 (M -  C3HgO, 94).

Anal. Calcd for CGH802: C, 64.27; H, 7.19. Found: C 64.10; H, 
7.26.

trans-2-Hydroxycyclohexaneacetic acid 7 -lactone (3) was 
prepared according to Newman and Vanderwerf:8 colorless liquid, 
bp 71.5-72.5° (0.25 mm) [lit.8 bp 118 - 119 °  (6 mm)].

Sodium a-Formyl-trans-2-hydroxycyclohexaneacetic Acid

7 -Lactone (11). The trans lactone 3 (1.40 g, 10 mmol) and ethyl 
formate (740 mg, 10 mmol) dissolved in 5 ml of anhydrous diethyl 
ether was added dropwise to a suspension of oil-free sodium hy
dride (252 mg, 10.5 mmol) in 50 ml of diethyl ether in a 100-ml 
three-neck flask. Absolute ethanol (0.1 ml) was introduced to ini
tiate the reaction. After stirring for 15  hr at room temperature the 
mixture was filtered, washed with ether, and dried in a desiccator 
under vacuum to give 1 1  as its sodium enolate, 1.7 1 g (90%).

a-Dimethylaminomethyl-trans-2-hydroxycyclohexaneace- 
tic Acid 7 -Lactone (12). The sodium enolate 11 (380 mg, 2 mmol) 
was suspended in 15  ml of 1,2-dimethoxyethane. To this was 
added dimethylamine hydrochloride (325 mg, 4 mmol), sodium cy
anoborohydride (130 mg, 2 mmol), and 300 mg of Linde 3A molec
ular sieves. The mixture was stirred at room temperature for 40 hr 
and filtered through Celite. After extraction of the acidified (pH 2) 
solution with dichloromethane, the solution was made basic (pH 8) 
with sodium bicarbonate and again extracted with dichlorometh
ane (5 X 30 ml). The basic extracts were dried over magnesium sul
fate and the solvent was removed to obtain 12 as a colorless liquid: 
225 mg (57%); ir (neat) 1775 cm-1  (lactone); NMR (60 MHz) b 
1.2-2.6 (m, 10 H), 2.25 (s, 6 H), 2.63 (t, J  = 6 Hz, 2 H), 3.4-3.8 (m, 
1 H); picrate, recrystallized from ethanol, mp 210 -2 11.5 °.

Anal. Calcd for C 17H22N4O9: C, 47.89; H, 5.20; N, 13.14. Found: 
C, 47.96; H, 5.15; N, 13.13.

a-Trimethylaminomethyl-trans-2-hydroxycyclohexane- 
acetic Acid 7 -Lactone Iodide. The tertiary amine 12 (279 mg, 1.4 
mmol) was dissolved in 2 ml of anhydrous methanol and 1 ml of 
methyl iodide was added. White crystals were observed after 5 min 
and the solution was left in the dark at room temperature over
night. The crystals were filtered, washed with diethyl ether, and 
dried in vacuo to obtain the methiodide: 460 mg (96%); mp 2 15- 
216° dec.

a-Methylene-irans-2 -hydroxycyclohexaneacetic Acid 7 - 
Lactone (13).22 A portion of the methiodide salt (170 mg, 0.5 
mmol) was placed in a separatory funnel with 5 ml of 5% aqueous 
sodium bicarbonate solution and 10 ml of dichloromethane. After 
complete dissolution of the salt, the aqueous layer was extracted 
with dichloromethane (6  X 10 ml) and the combined extracts were 
dried over sodium sulfate. Evaporation of the solvent yielded 13 as 
a crystalline solid: 76 mg (99%); mg 38.5-39° (lit.22 40-41°); ir 
(CHCI3 solution) 1770 (lactone), 1675 and 814 cm“ 1  (C =C H : ); 
NMR (60 MHz) b 1.1-2 .7  (m, 9 H), 3.5-4.0 (m, 1 H). 5.40 (d, J  = 3 
Hz, 1 H), 6.07 (d, J  = 3 Hz, 1 H); mass spectrum m /e (rel intensi
ty) 152 (M+, 9.5), 124 (M -  CO, 100).

cis-2-Hydroxycyclohexaneacetic acid 7 -lactone (4) was pre
pared according to Klein9 as a colorless liquid: bp 95-100° (0.8 
mm) [lit.9 bp 150-155° (20 mm)]; ir 1775 cm-1 (lactone).

Sodium a-Formyl-c/s-2-hydroxycyclohexaneacetic Acid 7 - 
Lactone (14). A solution of 4 (1.40 g, 10 mmol) and ethyl formate 
(740 mg, 10 mmol) in 5 ml of anhydrous diethyl ether was added 
dropwise to a suspension of oil-free sodium hydride (252 mg, 10.5 
mmol) in 25 ml of diethyl ether in a 100-ml three-neck round-bot
tom flask. Absolute ethanol (0.1 ml) was added by pipette to ini
tiate the reaction. After stirring at room temperature for 22 hr the 
mixture was filtered, washed once with 20 ml of diethyl ether, and 
dried in a desiccator under vacuum to obtain 14 as a dark grayish 
brown solid, 1.85 g (97%).

«-Formyl-eis-2-hydroxycyc!ohexaneacetic Acid 7 -Lactone
(14). The sodium enolate of 14 (1.0 g, 5.25 mmol) was slowly added 
to 10 ml of 2 AT hydrochloric acid which had been previously cooled 
in an ice bath. The resulting mixture was extracted with diethyl 
ether (6 X 15  ml), and the extracts were washed with 10 ml of satu
rated sodium chloride solution and dried over sodium sulfate. 
Evaporation of the solvent in vacuo afforded the «-formyl lactone 
14 as a light yellow liquid, 890 mg (100%).

a-Dimethylaminomethyl-cis-2-hydroxycyclohexaneacetic 
Acid 7 -Lactone (15). The slurry of the sodium enolate of 14 (760 
mg, 4 mmol) in 20 ml of methanol was treated with dimethylamine 
hydrochloride (650 mg, 8 mmol) and sodium cyanoborohydride 
(195 mg, 3 mmol). Linde 3A molecular sieves (500 mg) was added 
and the mixture was stirred at room temperature for 18 hr. The 
mixture was filtered through Celite and the filtrate was acidified 
(pH 2) with concentrated hydrochloric acid. The methanol was re
moved in vacuo and 35 ml of distilled water was adced. The aque
ous acidic mixture was extracted with dichloromethane (3 X 20 ml) 
and then made basic (pH 8) with sodium bicarbonate. Extraction 
of the basic solution with dichloromethane (6 X 20 ml) and drying 
the combined extracts with sodium sulfate yielded 15 as a pale yel
low liquid following the evaporation of the solvent in vacuo, 395 
mg (50%). TLC analysis on silica gel with chloroform-methanol
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(9:1) shewed the presence of two amines in a ratio of about 3:2.
Preparative TLC on silica gel with chloroform-methanol (9:1) 

was used to separate the two amines into relatively pure fractions. 
A second chromatographic run using the same system with each 
fraction resulted in the two chromatographically pure amines.

Amine 15a: Rf 0.47; ir (neat) 1775 cm-1 (lactone): NMR (100 
MHz) i  1.37-1.75 (m, 9 H), 2.17 (s, 6 H), 2.45 (br s, 2 H), 2.25-2.6 
(m, 1 H), 4.46 (q, J  = 6 Hz, 1 H); picrate, recrystallized from etha
nol, mp 193-195°.

Anal. Calcd for C17H22N4O9: C, 47.89; H, 5.20; N, 13.14. Found: 
C, 47.60: H, 5.33; N, 13.16.

Amine 15b: R f 0.63; ir (neat) 1775 cm-1 (lactone): NMR (100 
MHz) 6 1.30-1.60 (m, 9 H), 2.15 (s, 6 H), 2.44 (d, J  = 8 Hz, 2 H),
2.4- 2.7 (m, 1 H), 4.31 (q, J  = 6 Hz, 1 H); picrate, recrystallized 
from ethanol, mp 144-145.5°.

Anal. Calcd for C17H22N40 9: C, 47.89; H, 5.20; N, 13.14. Found: 
C, 48.00; H, 5.40; N, 13.19.

a -T r im e th y la m in o m e th y l -e /s -2 -h y d r o x y c y c lo h e x a n e a c e t ic  
A c id  7 -L a c to n e  Io d id e . A . A sample of mixed isomers of 15 (228 
mg, 1.16 mmol) was dissolved in 1 ml of anhydrous methanol. To 
this was added 1.5 ml of methyl iodide and the mixture was al
lowed to stand in the dark at room temperature overnight. The 
mixture was then cooled to 4° for 1 hr after which the colorless 
crystals were filtered and washed with diethyl ether to obtain the 
mixed methiodides, 302 mg (77%). The crystals melted over a wide 
range.

B. Amine 15a (91 mg, 0.46 mmol) was dissolved in 1 ml of meth
anol and 0.5 ml of methyl iodide was added. After standing at 
room temperature in the dark for 2 hr the colorless crystals were 
isolated by filtration, washed with diethyl ether, and dried to ob
tain the methoidide of amine A as shiny plates: 136 mg (87%); mp 
228°.

C. Amine 15b (65 mg, 0.33 mmol) was dissolved in 1 ml of meth
anol and 0.5 ml of methyl iodide was added The solution was kept 
at 4° for 1 hr and then at 25° overnight. The colorless crystals were 
recovered by filtration, washed with diethyl ether, and dried to 
yield the methiodide of amine B: 98 mg (88%); mp 215-215.5°.

a -M e th y le n e -c /s -2 -h y d r o x y c y c lo h e x a n e a c e t ic  A c id  y -L a c -  
to n e  (16 ).22 Each sample of the methiodides above was treated 
separately by shaking with 5% aqueous sodium bicarbonate and di- 
chloromethane and extracting with dichloromethane (5 X 10 ml). 
After drying the extracts with magnesium sulfate and evaporating 
the solvent in vacuo, 16 was obtained as a pale yellow liquid from 
each sample. The following yields were realized.

Methiodide salt o f  a-Methylene lactone (16 )
Amine mixture, 15 (300  mg) 93 mg (70% )
Amine 15a (100  mg) 40 mg (88%)
Amine 15b (90 mg) 40 mg (99% )

Spectral data: ir (neat) 1774 (lactone), 1670 and 817 cm-1 
(C=CH 2); NMR (60 MHz) 6 1.1-2.1 (m, 8 H), 2.8-3.2 (m, 1 H),
4.4- 4.75 (m, 1 H), 5.52 (d, J  = 3 Hz, 1 H), 6.17 (d, J  = 3 Hz, 1 H); 
mass spectrum m/e (rel intensity) 152 (M+, 14), 124 (M — CO, 
100). These values agree with the data given in the literature for 
cis-16.22

Preparative TLC on silica gel with chloroform-methanol (9:1) of 
the mixed amines of 15 resulted in the recovery of a small amount 
of 16 identical with that obtained through the methiodide salts 
(NMR).

3-Formyl-3,4-dihydrocoumarin (17). A. 17 was prepared from 
ethyl formate and 5 using MgN(i-Pr)2 according to Korte and Bu- 
chel10 as a yellowish powder: 2.4 g (45%); mp 138-142° [lit.10 140- 
141°]; ir (KBr) 1700 cm-1 (lactone); NMR (acetone-d6) h 3.6 (brs, 
2 H), 7.2 (m, 4 H), 7.9 (t ,J  = 2 Hz, 1 H), 9.9 (s, 1 H).

B . F rom  A c e t ic -F o r m ic  A n h y d r id e . 2,2,6,6-Tetramethylpip- 
eridine (141 mg, 1 mmol) was mixed with 15 ml of anhydrous tetra- 
hydrofuran in a dry nitrogen-flushed flask. The mixture was 
cooled to —15° in an ice-acetone bath and n-butyllithium (2.05 M, 
0.5 ml, 1.02 mmol) was introduced. After stirring at —15° for 10 
min, the flask was cooled to —78° in a Dry Ice-acetone bath and a 
mixture of 5 (148 mg, 1 mmol) and acetic-formic anhydride24 (130 
mg, 1.5 mmol) in 5 ml of anhydrous tetrahydrofuran was added 
dropwise. The mixture was stirred at —78° for 10 min and was 
then warmed to —15°, at which time 50 ml of 0.2 A hydrochloric 
acid was introduced. The acidic solution was extracted with di
chloromethane (3 X 40 ml), the extracts were dried with sodium 
sulfate, and the solvent was evaporated in vacuo to afford a yellow 
liquid which was approximately 30% 17 by TLC analysis on silica 
gel using chloroform-methanol (50:1).

C. F ro m  F o r m ic -P iv a lic  A n h y d r id e . A solution of 2,2,6,6-

tetramethylpiperidine (141 mg, 1 mmol) in 10 ml of anhydrous 
THF was treated with n-butyllithium (2.05 M, 0.5 ml, 1.02 mmol) 
at —15°. After stirring for 10 min the mixture was cooled to —78° 
and 5 (148 mg, 1 mmol) dissolved in 3 ml of anhydrous THF was 
added slowly. This solution was stirred for 5 min at —78° and then 
formic-pivalic anhydride25 dissolved in 1,2-dimethoxyethane (0.5 
ml, 1.25 mmol) was added. After 10 min the mixture was warmed 
to —15°, poured into 50 ml of 0.1 N  hydrochloric acid, and extract
ed with dichloromethane (3 X 40 ml). The combined extracts were 
dried with sodium sulfate and the solvent was removed in vacuo to 
obtain an oily residue which was chromatographed on silica gel 
with chloroform-methanol (50:1). Isolation of the band corre
sponding to 17 yielded 43 mg (27%) of a yellowish solid, mp 140- 
142°.

M e th y l a -D im e th y la n r in o m e th y l-/3 -(2 -h y d ro x y p h e n y ])p ro - 
p a n oa te  (19 ). A solution of 17 (350 mg, 2 mmol) was prepared in 4 
ml of 1,2-dimethoxyethane and a solution of dimethylamine (880 
mg, 1.2 ml, 20 mmol I and methanolic hydrogen chloride (3 N, 3 ml, 
9 mequiv) in 4 ml of anhydrous methanol was added. The pH was 
adjusted with methanolic hydrogen chloride to the transition point 
of Bromthymol Blue (pH 6) and then sodium cyanoborohydride 
(130 mg, 2 mmol) and 400 mg of Linde 3A molecular sieves were 
introduced. The pH was maintained near 6 by the repeated drop- 
wise addition of 3 A' methanolic HC1 for 2 hr and the mixture was 
then stirred at room temperature for 15 hr. After filtering through 
Celite the solution was acidified (pH 2) with concentrated hydro
chloric acid and extracted with dichloromethane (3 X 15 ml). The 
aqueous phase was then treated with sodium bicarbonate (pH 8) 
and extracted with dichloromethane (5 X 20 ml). After the com
bined basic extracts were dried with sodium sulfate and the sol
vent was removed in vacuo, 19 was obtained as a greenish liquid: 
340 mg (72%); ir (neat) 3300, 1200 (phenol), 1733 (ester), 1167 
cm-1 (tertiary amine); NMR 6 2.31 (s, 6 H), 2.5-3.0 (m, 5 H), 3.69 
(s, 3 H), 6.6-7.3 (m, 4 H), 9.2 (br s, 1 H); 5 0.2 peak disappeared on 
addition of D20 ; mass spectrum m/e (high resolution) calcd for 
Ci3H19N 03, 237.1360; found, 237.136.

The amide by-product (18) was obtained by preparative TLC of 
crude amine mixture on silica gel with chloroform-methanol (9:1). 
It was obtained as a pale yellow liquid: NMR 5 2.32 (s, 6 H), 2.47-
3.2 (m, 5 H), 2.99 (d, J  = 3 Hz, 6 H), 6.7-7.3 (m, 4 H), 8.95 (br s, 1 
H). The absence of a three-proton singlet at 6 3.6 negated the pres
ence of a methyl ester and the appearance of the 5 2.99 doublet 
strongly suggested the presence of a dimethylamide group; mass 
spectrum m/e (high resolution) calcd for C14H22N2O2, 250.1676; 
found, 250.1674.

M e th y l a -M e th y le n e -/5 -(2 -h y d ro x y p h e n y l)p ro p a n o a te  (21). 
A solution of 19 (155 mg, 0.63 mmol) in 1 ml of anhydrous metha
nol was treated with 1 ml of methyl iodide and the solution was 
placed in the dark at room temperature for 48 hr. The solvent was 
removed in vacuo and the residue was triturated with ether to give 
20 as a yellowish, amorphous solid, 224 mg (94%).

The crude methiodide salt (20) was placed in a separatory fun
nel, 5 ml of 5% sodium bicarbonate solution and 10 ml of dichloro
methane were added, and the mixture was agitated for 5 min. The 
solution was extracted with dichloromethane (6 X 10 ml), the com
bined extracts were dried with magnesium sulfate, and the solvent 
was removed in vacuo to obtain 21 as a white solid: 97 mg (91%); 
mp 32.5-33° (following preparative TLC on silica gel with chloro
form-methanol, 53:1); ir (film) 3380, 1220 (phenol), 1724 (ester), 
1631, 818 cm- 1 (C=CH 2); NMR 5 of 3.60 (s, 2 H), 3.76 (s, 3 H), 
5.79 (s, 1 H), 6.25 s, 1 H), 6.7-7.3 (m, 4 H); mass spectrum m/e (rel 
intensity) 192 (M+, 32), 160.0523 (M — CH3OH, 98; calcd for 
Ci0H8O2, 160.0522), 131.0497 (M -  H, H C02CH3 100, calcd for 
C9H70, 131.04951.

a -M e th y le n e -/? - (2 -h y d r o x y p h e n y l)p r o p a n o ic  A c id  (22 ). The 
methyl ester 21 (148 mg, 0.77 mmol) was dissolved in 8 ml of meth
anol and 4.1 ml of saturated aqueous barium hydroxide was added. 
The solution was purged with nitrogen and stirring was continued 
at room temperature for 18 hr. The solution was acidified (Methyl 
Red) with 1 N  sulfuric acid and 10 ml of distilled water was added. 
The methanol was removed in vacuo and the remaining aqueous 
mixture was extracted with dichloromethane (4 X 15 ml). The mix
ture was adjusted to pH 2 with 1 N  sulfuric acid and was extracted 
with dichloromethane (3 X 15 ml). The combined extracts were 
dried with sodium sulfate and the solvent was removed in vacuo to 
obtain 22 as a white solid: 123 mg (90%); mp 79-81°; ir (CHC13) 
3300 (phenol), 1700 (carboxylic acid), 1631 and 823 cm-1 
(C=CH 2); NMR 6 3.54 (s, 2 H), 5.76 (s, 1 H), 6.31 (s, 1 H), 6.7-7.4 
(m, 4 H), 7.97 (s, 2 H). An elemental analysis was not obtained.

3 -M e th y le n e -3 ,4 -d ih y d ro co u m a r in  (23 ). A solution of 22 (123

► -r m j ' i n f p ' l ' 1*»'»-}
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mg, 0.69 mmol) in 60 ml of toluene was treated with 50 mg of p- 
toluenesulfonic acid. The flask was fitted with a Dean-Stark con
stant water separator and the mixture was heated at reflux for 10 
min. After removal of the toluene in vacuo the residue was chro
matographed on silica gel with benzene-ethyl acetate (8:1) and the 
band corresponding to 23 was isolated to obtain the product as a 
crystalline solid: 108 mg (98%); mp 67.5-68° (sublimation and then 
recrystallization from ether-pentane); ir (CHCI3) 1740 (lactone), 
1639 and 810 cm -' (C=CH 2); NMR (60 MHz) b 3.75 (t, J  = <1 
Hz, 2 H), 5.77 (dt, J  = <1 Hz, 1 H), 6.40 (dt, J  = C  Hz, 1 H),
6.9-7.4 (m, 4 H); mass spectrum m/e (high resolution) calcd for 
CioHgC>2, 160.0524; found, 160.0527; m/e (rel intensity) 160 (M+, 
83), 131 (M — CHO, 100). A satisfactory elemental analysis for this 
compound could not be obtained despite repeated crystallizations 
form diethyl ether-pentane and sublimation (60°, 0.06 mm). The 
mass spectrum showed the presence of traces of higher molecular 
weight material in the purified compound which may have arisen 
via polymerization during the purification.
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The isolation of four germacranolide sesquiterpene dilactones from the three white-rayed Melampodium 
species is reported. Melampodin B ( la )  is found in all three species, and 4(5)-dihydromelampodin B (4a) only in
M. cinereum DC. Cinerenin (2a) occurs in both, M. cinereum and M. argophyllum (A. Gray ex Robinson) Blake, 
and melampodin C (3a) is typical of the latter species. Artemetin is a common constituent of M. cinereum and M. 
argophyllum. The structures, configurations, and conformations of the new dilactones were determined by chem
ical transformations, correlations, and spectral methods.

In connection with our biochemical systematic study of 
the white-rayed complex of the genus Melampodium 
(Compositae, Heliantheae)1 we have analyzed multiple 
populations of M. cinereum DC. and M. argophyllum (A. 
Gray ex Robinson) Blake for their sesquiterpene lactone 
content. In this communication we describe the isolation 
and structure elucidation of four closely relatec germa
cranolide type sesquiterpene dilactones, which we named 
melampodin B (la), cinerenin (2a), melampodin C (3a), 
and 4(5)-dihydromelampodin B (4a). The flavonoid artem
etin2 is a common constituent in both M. cinereum and M. 
argophyllum.

Melampodin B and Derivatives. Melampodin B (la), 
C17H 18O7, mp 226-228°, the major, most polar constituent,

was present in most populations of M. cinereum and M. ar
gophyllum and was also found in several west Texas popu
lations of M. leucanthum.3 The structure of melampodin B 
has been described in a previous communication4 and was 
mainly deduced on the basis of correlations of 25.5-MHz 
13C and 300-MHz 'H  NM R spectra obtained in acetone-dg 
and pyridine-dj. The 13C NM R data were obtained under 
proton noise decoupled (PND) and single-frequency off- 
center decoupled (SFOCD) conditions.5 The JH NM R  
spectral data of la, which included extensive double reso
nance experiments, are tabulated in Table I.

The stereochemical and conformational assignments in 
melampodin B require further comments. Two initial as
sumptions were made in the structural assignments of me-
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Chart I
Possible Configurations of Melampodin B

lampodin B. From biogenetic considerations and the cooc
currence of melampodin A ,3’6 a compound with known ab
solute configuration,7’8 H-7 was assumed to have an a con
figuration and the C-4(5) double bond to adopt a trans con
figuration. From the inspection of models with a 4,5-cis 
double bond, a torsional angle of about 45° and a coupling 
constant between H-7 and H -8 greater than 5 Hz would 
have been predicted. In contrast, a skeletal arrangement 
with a 4,5-trans double bond dictates a torsional angle of 
80° between H-7 and H -8, a value that correlates well with 
the observed coupling constant (5/ 7,8 =  2.5 Hz).

The stereochemical assignments at C -l in la  are mainly 
based on the torsional angles between H -l and the C -2a 
and C-2b protons, with the torsional angle between the H -l  
and H-9 providing supporting evidence for the orientation 
of the side chain at C -l. The observed J values (J\,2a =  
J 1,2b — 5.5 Hz) can be explained if the C -l hydrogen bisects 
the two C-2 hydrogens with torsional angles between H -l  
and H-2a and H-2b being approximately 45°. Stereomodels 
indicated that there exist two possible configurations each 
with two different conformations around the C3-C 2-C 1 car
bon centers. Both could be in agreement with the above J 
values (compare A and B in Chart I). In order to distin
guish between the two possible configurations in melampo
din B, the torsional angle dependence of the allylic cou
pling between the C -l and C-9 protons was used. Maxi
mum allylic coupling (>3.0 Hz) is observed when the two 
protons that are allylically coupled are perpendicular to 
one another.9 The small coupling constant (J 1,9 =  1.0 Hz) 
found in melampodin B indicated that the torsional angle 
between H -l and H-9 should be substantially smaller than 
90°. From inspection of stereomodels of melampodin B a 
torsional angle of about 45° was derived which seems to be 
in good agreement with the observed coupling constants. 
Conversely, if the medium ring had contained an «-orient
ed C -l substituent in a conformation as shown in B, the 
torsional angle between H -l and H-9 would have been near 
90°, thus a J 1,9 value of about 3 Hz should have been ob
served for melampodin B. Additional evidence for a syn 
orientation of the acetoxy group at C -l and the hydroxyl

group at C-15 as shown in Chart I, A, was derived from 
comparison of ir spectral data of melampodin B (la) and 
cinerenin (2a). The OH absorption in the ir spectrum of la  
appears as a sharp peak at 3450 cm-1 , indicating strong in
tramolecular hydrogen bonding between the OH group at 
C-15 and the C -l' carbonyl function attached to C -l. This 
interaction does not occur in cinerenin, which has, as will 
be shown later, a d-oriented ethoxy group. On the basis of 
the above arguments, we tentatively assigned a /3 configura
tion of the acetoxy group at C -l in la, and a conformation 
as shown in A in Chart I.

Correlation of the spectral data of la with its derivatives 
provided further support for the correctness of the previ
ous structural assignments. Acetylation of la caused a sig
nificant downfield shift of the broadened doublets at 4.34 
and 4.40 ppm due to the two diastereotopic C-15 protons. 
Oxidation of la with Sarett’s reagent10 resulted in a loss of 
the above absorptions and the appearance of an aldehyde 
proton signal at 9.49 ppm. The H-5 signal at 5.99 ppm in la 
was shifted downfield to 6.60 ppm in lc, a position typical 
of a d hydrogen at an a,d-unsaturated aldehyde, thus indi
cating the presence of a primary, allylic alcohol group in la.

la, R =  Ac; R' =  CH2OH 2a, R =  C2H5; R' =  CH,OH
b , R =  Ac; R' =  CH2OAc b, R =  C2H5; R' =  CH2OAc
c, R =  Ac; R' =  CHO c, R =  C,H;; R' =  CHÖ

3a, R =  (CH^HCO; R' =  CH,0II
b, R =  (CH3)2CHCO; R' =  CH2OAc
c, R =  (CHai.CHCO; R' =  CHO

0  0

b, R =  Ac

O

The strong uv maximum at 215 nm and the observed allylic 
coupling between H-5 and H-15 in lc also corroborated the 
above assignments. The mass spectrum of melampodin B 
lacks a parent peak but shows intense peaks at m/e 274, 
256 (base peak), and 228. The acetate lb gives a parent 
peak at m/e 376 and a peak at m/e 333 (M + -  43), which 
indicates the loss of an acylium ion (CH3CO+) from the 
parent ion. The fragment corresponding to m/e 274 (M + —
102) could be formed by a sequential or simultaneous loss
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of CH3COOH (60 mu) involving a McLafferty rearrange
ment of the C-l acetoxy group and the elimination of ke- 
tene (42 mu) from C-15 in lb. Further loss of H2O gives rise 
to the base peak at m/e 256 and the intense peak at m/e 
228 in la and lb must be due to the loss of CO (28 mu) 
from the fragment m/e 256.

Melampodin B was transformed into the tribromide 7 
using a saturated solution of HBr in glacial acetic acid, in
volving substitution reactions at the allylic carbon centers 
C-l and C-15 and an acid-catalyzed Michael addition at 
C-13. The observed coupling constants (Jifia = 11.5, t/i,2b 
= 5.5 Hz) for the H -l doublet of doublets centered at 4.83 
ppm indicates that one of the C-2 protons (H-2a) is anti 
periplanar to the C-l proton while the torsional angle be
tween H-2b and H -l should be approximately 60°. Stereo
models indicated that these requirements can be met with 
H-l adopting either an a  or ft orientation depending upon 
the conformation around the carbon atoms 1, 2, and 3 in 7. 
Therefore, the configuration at C-l in 7 could not be deter
mined from the above coupling data. The multiplet at 3.50 
ppm ( / 7,11 = 11.0, e/n,i3a = J n,13b = 4.0 Hz) in 7 was shown 
by double irradiation to be due to H -ll. The large coupling 
constant 6/ 7,11 = H.O Hz) suggested that the protons have 
an anti periplanar orientation; therefore, since on biogenet- 
ic grounds H-7 was assumed to be a  oriented, H -ll must 
have a /3 orientation. Spin decoupling experiments involv
ing the signals of H -l, H-5, H-6, H-7, H-8, H-9, H -ll, H-13, 
and H-15 verified the structural assignments of 7. The 
similarities of the coupling constants of H-5, H-6, H-7, H-8, 
and H-9 in la and 7 appear to be an expression of their ste
reochemical and conformational similarity.

Cinerenin and Derivatives. Cinerenin (2a), C17H20O6, 
mp 161-163°, is a common constituent in M . c in ereu m  and
M . argop h yllu m . The ir spectrum of 2a contained absorp
tions typical of a/i-unsaturated 7 -lactones (1775, 1750 
cm-1) while signals at 3450 and 1665 cm - 1  indicate a hy
droxyl group and double bonds, respectively. The ir spec
trum of the acetate 2b exhibited no OH absorption indicat
ing the presence of only one OH group in cinerenin. The 
OH group had to be primary since oxidation of 2a with Sar- 
ett’s reagent gave an aldehyde (2c). The NMR spectral fea
tures of 2 c were similar to those of the aldehyde lc derived 
from melampodin B (see Table I). Treatment of cinerenin 
with HBr in glacial acetic acid gave the tribromide 7 which 
had previously been obtained from melampodin B. This 
conversion provided strong evidence that 2 a must have a 
skeletal arrangement similar to melampodin B and the 
structural difference between the two compounds should 
be restricted to the side chain at C-l.

Further information which led to the final structure of 
cinerenin was deduced from correlations of 25.2-MHz 13C 
NMR, :H NMR spectral data, and mass spectral fragmen
tation patterns. The 13C NMR data obtained under PND 
and SFOCD conditions and the ,3C chemical shift consid
erations indicated that cinerenin contains 17 carbon atoms 
and possesses the following skeletal systems: three each of 
> C =  and >CHO, two each of -C (= 0 )0 , -C H = , C-CH2C, 
and C-CH20 , and one each of H2C = , >CHC, and -CH 3. 
Extreme similarities of most 13C NMR parameters of la 
and 2 a strengthened the chemical evidence that melampo
din B and cinerenin must have a structurally similar medi
um ring skeleton. Major differences were apparent for the 
signals due to C-l and the possible two-carbon unit at
tached to C-l. From chemical shift considerations and the 
residual splitting patterns in the SFOCD spectra of 2a 
(triplet at about 65 ppm and quartet at 15.7 ppm) the pres
ence of an ethoxyl moiety in 2a was suggested. Comparison 
of the chemical shifts and the splitting patterns of the 300-

MHz spectra of melampodin B and cinerenin provided fur
ther strong evidence for the structure as shown in 2a. Dou
ble irradiation experiments on cinerenin in acetone-d6 at 
100 MHz led to the structural assignments as summarized 
for 2a in Table I. The major differences between the 'H 
NMR spectra of la and 2a were observed for the proton 
signals due to the medium-ring side chain at C-l. In me
lampodin B, an acetate methyl signal was observed; instead 
a three-proton triplet at 1.11 ppm (C-2') and a two-proton 
quartet centered at 3.42 ppm (C-l') are present in cineren
in. In 2a and its derivatives the quartet due to the two C -l' 
methylene hydrogens showed a double pattern, appearing 
as a narrow-spaced doublet of a quartet, thus indicating 
the diastereotopic relationship of the two C -l' methylene 
hydrogens in cinerenin and analogs. The mass spectral data 
of 2a corroborated the above structural assignments. Cin
erenin showed major mass spectral peaks at m/e 274, 256, 
and 228, typical of the melampodin B skeleton, and a par
ent peak at m/e 320. The peak at m/e 274 could result from 
a loss of ethanol (46 mu) from the parent ion m/e 320 by a 
McLafferty rearrangement, whereas the peaks at m/e 256 
and 228 would be due to the subsequent loss of H2O (18 
mu) and CO (28 mu) from the ion m/e 274.

Unlike melampodin B, which carries an acetoxy group at 
C-l, cinerenin contains a C-l ethoxy substituent. Cinerenin 
could represent an artifact of melampodin B, possibly by 
the introduction of the C-l ethoxy group in the isolation 
procedure which involves lead acetate in ethanol-water. 
However, when la was treated under conditions as applied 
in the isolation process, it was recovered quantitatively and 
no cinerenin was detected.

The stereochemistry at C-l in la was shown to have a (1 
configuration of the acetoxy group which might be differ
ent in 2a. In the ir spectrum of la, the OH absorption ap
pears as a sharp peak at 3450 cm- 1  while in cinerenin the 
OH band is broadened. It could be argued that the alcohol 
group at C-15 undergoes intramolecular hydrogen bonding 
involving the C -l' carbonyl function in la while in cineren
in, owing to the lack of a C -l' carbonyl group, the OH ab
sorption is broadened, possibly owing to a stronger inter- 
molecular contribution to the hydrogen bonding of the hy
droxyl group at C-15. Alternatively, intermolecular hydro
gen bonding in 2 a could be due to the a  orientation of the 
ethoxy group at C-l. The remoteness of the involved atoms 
would not allow hydrogen bonding between the C-15 hy
droxyl group and the C-l oxygen. However, since the :H 
NMR coupling constants of H -l, H-5, H-6 , H-7, H-8 , and 
H-9 in the two compounds indicated close similarity for the 
corresponding proton interactions, the stereochemistries in 
the medium-ring skeleton including C-l in cinerenin can be 
considered identical with that of melampodin B. This is ev
ident from the 300-MHz XH NMR spectral patterns of the 
signals due to H-l, H-2a, H-2b, and the two H-3. The small 
allylic coupling between the H-l and H-9 signals in cinere
nin (J i_9 ~  1.0 Hz) indicated that the torsional angle be
tween the two protons is less than 90°, as in melampodin B. 
From the inspection of stereomodels it was learned that 
these conditions can be best met when the substituent at 
C-l in 2a is /3 oriented; thus, the ethoxy group at C-l in cin
erenin seems to have a /? configuration. Since both melam
podin B and cinerenin appear to have the same configura
tion at C-l, it is suggestive that in 2a the ethoxy group is 
biosynthesized by a reductive process of the acetoxy car
bonyl carbon in la. Processes of this kind are rare in terpe
noids and, to the best of our knowledge, cinerenin repre
sents the first sesquiterpene lactone containing an ether- 
linked side chain.

Melampodin C. Melampodin C (3a), C18H22O7, mp
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199-201°C, cooccurred with melampodin B in M . argo- 
p h yllu m , a rare species in the mountains of northern Mexi
co. 1H NMR spectral parameters and the mass spectral 
patterns of the new compound exhibited gross similarities 
with those of melampodin B. The mass spectra of melam
podin C and its acetate (3b) showed major peaks at m/e 
274 (M+ — 88), 256, and 228 and parent peaks at m/e 362 
and 404, respectively, suggesting that 3a possesses a me
lampodin B type ring skeleton with the grouping C4H7O2 
(88 mu) attached to the medium ring. This was further 
substantiated by the conversion of 3a into the tribromide 7 
and by double irradiation experiments involving H -l, H-5, 
H-6 , H-7, H-8 , H-9, and the two H-13 signals in 3a. In ad
dition, 3a exhibited two three-proton doublets at 1.13 and
1.15 ppm, respectively. The heptet at 2.5 ppm was coupled 
to the above two methyl doublets, indicating the presence 
of an isopropyl group in the side chain. The empirical for
mula, C19H22O7, together with the chemical, mass spectral, 
and 'H NMR data, only allows the presence of an isobutyr
ate group at C-l in 3a. On the basis of the extreme similari
ty of the NMR parameters of la and 3a and their deriva
tives, it appears that melampodin C exhibits the same con
figurational and conformational relationships as melampo
din B.

4(5)-Dihydromelampodin B. This new compound (4a), 
C 17H20O7, mp 204-205°, was isolated from several popula
tions of M . c in ereu m . It showed ir absorptions similar to 
those of melampodin B, indicating a hydroxyl group (3400 
cm-1), a 7 -lactone (1785 cm-1), an «,/3-unsaturated ester 
(1750 cm-1) and double bonds (1665 cm-1). Treatment of 
4a with acetic anhydride in pyridine gave a monoacetate 
(4b), C19H22O8, mp 195-196°. The absence of an OH ab
sorption from the ir spectrum of 4b indicated the presence 
of only one OH group in 4a. The mass spectra of 4a and 4b 
gave parent peaks at m/e 336 and 378, respectively. The 
major peaks at m/e 276, 258, and 230 in 4a and 4b differed 
from those of melampodin B (la) and lb (m /e 274, 256, 
and 228) by two mass units, strongly suggesting that 4a 
represented a dihydro derivative of melampodin B. Further 
evidence concerning the structure of 4a was provided by 
correlations of JH NMR spectra of melampodin B (la), the 
acetate (lb), and the compounds 4a and 4b which involved 
detailed double-resonance experiments. In 4a, doublets at
6.00 and 6.31 ppm and a multiplet at 3.37 ppm signified 
that it represents an «,/3-unsaturated 7 -lactone. Irradiation 
of the multiplet at 3.37 (H-7) collapsed the doublets at 6.00 
and 6.31 (H-13a and H-13b), simplified the multiplet at
3.50 (H-6), and sharpened the broadened singlet at 5.92 
ppm (H-8). Irradiation of the H -8  signal affected the multi
plet at 3.37 (H-7) and collapsed the downfield coublet at
8.03 ppm (H-9) to a broadened singlet. At this point, the 
gross similarities between the 4H NMR data of the new 
compound and melampodin B (la) were apparent. The 
major 1H NMR spectral differences between la and 4a 
were observed in the C-6  and C-15 proton signals. In me
lampodin B, the C -6  lactonic proton appeared as a sharp 
triplet at 4.99 while the H -6  signal in 4a represented a com
plex multiplet at 3.50 ppm. This implied that more than 
one proton is attached to C-5 in 4a. Further evidence that 
4a represents a dihydro derivative of melampodin 3  was 
provided by a two-proton signal at 3.70 ppm suggesting the 
presence of methylene protons (two C-15 protons) which 
are coupled to a proton at C-4. Double irradiation of 4b at 
the center of the signals at 3.87 ppm (C-15 pretons) af
fected the envelope at about 2.00  ppm, while irradiation at
2.00 ppm (H-4) caused the doublet at 3.87 ppm to collapse, 
indicating that 4a and 4b contain a proton at C-4. The 
mass spectral data and the above 1H NMR spectral assign

ments suggest that the structural differences between me
lampodin B and 4a lies in the absence of a 4(5) double 
bond in 4a.

The stereochemistry of the new chiral center at C-4 in 4a 
could not be obtained from the above spectral data. If me
lampodin B represents the biological precursor for the di
hydro compound 4a, then, from a fixed conformation of la 
with a ^-oriented C-15 moiety, the biological reducing re
agent should attack from the outer face of the 4(5) double 
bond in la and directly lead to a product with an «-orient
ed H-4, as is shown for 4a.

Experimental Section11
Iso la tio n  o f  M e la m p od in  B  ( l a )  a n d  C in e re n in  (2 a ). A  collec

tion of M. cinereum DC. var. cinereum was made on July 19, 1973 
(T. F. Stuessy and N. H. Fischer, No. 2015) 8.6 miles northeast of 
Hebbronville, Duval County, Texas, on route 359.

Dried leaves (1475 g) were extracted with cold chloroform and 
worked up as described before.3 The crude syrup was allowed to 
stand at room temperature for several days, resulting in a partial 
crystallization of the syrup. Filtration and washing of the residue 
with ether gave a yellow, crystalline solid. Repeated trituration of 
this material with hot ethyl acetate (EtOAc) left 2.7 g of crude me
lampodin B (la): mp 226-228° dec.; strong uv end absorption; CD 
(c 6.2 X 10s, MeOH), [fl]2i6 -8 .3  X 103, [0]23s + 5.4 X 103, [0]277 -  5.4 
X 102; ir emax (Nujol) 3420 (OH), 1780 (7-lactone), 1730 (ester), 
1655 cm-1 (double bonds); low-resolution mass spectrum m/e 274 
(M -  60), 256 (M -  18 -  60, base peak), 245, 228, 227, 210, 165, 
162, 91, and 43.

Anal. Calcd for C17H180 7: C, 61.07; H, 5.43; mol wt, 334. Found: 
C, 61.28, H, 5.63.

The combined ethyl acetate extracts provided a final yield of 4.0 
g of crude cinerenin (2a). Recrystallization from EtOAc gave color
less crystals: mp 161-163°; uv X (MeOH) 205 nm (r 2.7 X 10-4) 
(end absorption); CD (c 6.25 X 10- °, MeOH), [0]2ia —4.1 X IQ4,
[0]24O +4-7 X 104; ir emalt (Nujol) 3400 (broad, OH), 1770 (7 -lac- 
tone), 1750 (a,/3-unsaturated ester), 1660 cm-1 (double bonds); 
low-resolution mass spectrum m/e 320 (M+), 274 (M — 46), 256 (M 
-  18 -  46), 228, 227, 199,179, 165,147,112 (base peak), 91, and 43; 
13C NMR (acetone-de)12 173.2 (C-14),13a 169.6 (C-12),13“ 153.9 d 
(C-9), 148.1 (C-10), 136.6 (C-4), 133.0 (C -ll), 122.3 d (C-5), 122.3 t 
(C-13), 79.1 d (C-8), 73.4 d (C-6),13b 73.2 d (C -l),13b 65.3 t (C-T),:3c
65.1 t (C-15),13c 49.5 d (C-7), 28.3 t (C-3), 23.2 t (C-2) and 15.7 q 
(C-20.

Anal. Calcd for Ci7H2oOe: C, 63.74; H, 6.29; mol wt, 320. Found: 
C, 63.54; H, 6.20.

M ela m p od in  B  A ce ta te  ( l b ) .  A solution of la  (103 mg) was 
heated in 1 ml of pyridine until all of the crystals were dissolved 
and then 1 ml of Ac20  was added. The solution was left overnight 
at room temperature and then evaporated under reduced pressure 
to give a white residue. Water (5 ml) and a drop of concentrated 
HC1 were added and the slurry was extracted three times with 
50-ml portions of CHCI3; the combined CHCI3 extracts were dried 
(MgSO.*), filtered, and evaporated. The residual white powder was 
recrystallized from EtOAc, providing 70 mg of lb: mo 202-204°; uv 
Xmax (MeOH) 206 nm (c 3 X 104); CD (e 7.1 X 10- \ MeOH) [0]21S 
-2 .9  X 104, [0]233 + 4.5 X 104; ir i/max (Nujol) 1790, 1770 (7 -lac- 
tones), 1735, 1230 (acetate), 1660 cm-1 (double bonds); low-resolu
tion mass spectrum m/e 376 (M+), 333 (M — 43), 274 (M — 42 — 
60), 256 (M -  18 -  42 -  60), 228, 165, 162, 147, 91, and 43 (base 
peak).

Anal. Calcd for Ci9H2oOs: C, 60.64; H, 5.32; mol wt, 376. Found: 
C, 60.55; H, 5.41.

U (1 3 )-D ih y d ro m e la m p o d in  B  (5). A solution of 100 mg of la
in 90 ml of MeOH was hydrogenated for 1 hr over 5 mg of 10% 
Pd/C. After filtration and evaporation, the residue was chromato
graphed over silica gel using EtOAc as an eluent. The fractions 
were analyzed by TLC and combined appropriately. The crude 
residue was recrystallized from EtOAc, providing 30 mg of 11(13)- 
dihydromelampodin B (5): mp 200-202°; ir i/max (Nujol) 3420 
(OH), 1775 (7-lactone), 1735 and 1245 cm-1 (acetate).

Anal. Calcd for Ci7H2o07: C, 60.71; H, 5.99; mol wt, 336. Found: 
C, 60.90; H, 5.95; mol wt, 336 (MS).

O x id a tion  o f  la  w ith  S a re t t ’s R ea g en t. Melampodin B (100 
mg) in 50 ml of acetone under nitrogen was treated with an excess 
of Sarett’s reagent10 in acetone. After 4 hr the brown precipitate 
was filtered and the acetone evaporated. Water (5 ml) was added
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and the slurry extracted twice with 75 ml of CHCI3 and once with 
50 ml of EtOAc. The combined organic extracts were dried over 
MgS04, filtered, and evaporated. The impure brownish crystals 
were dissolved in acetone and chromatographed over silica gel- 
CH2CI2. The column was eluted with CH2CI2, CH2Cl2-EtOAc (1: 
1), and finally with pure EtOAc. The recovered crystals were re
crystallized from acetone-2-propanol, providing 45 mg of colorless, 
crystalline l c :  mp 241-245° dec; uv Xmax (MeOH) 215 nm (e 3.2 X 
104); ir i'maI (Nujol) 1775 (7-lactone), 1740 (acetate), 1660 (double 
bonds), 1700, and 1240 cm-1.

Anal. Caled for Ci7Hi60 7: C, 61.45; H, 4.82; mol wt, 332. Found: 
C, 61.26; H, 4.84; mol wt, 332 (MS).

R e a ct io n  o f  la  w ith  L e a d (I I )  A ce ta te . Melampodin B (100 
mg) was stirred overnight at room temperature in a mixture of 50 
ml of 5% lead(II) acetate in H2O and 50 ml of EtOH. The solution 
was filtered and the filtrate evaporated to approximately 30 ml 
and then extracted three times with 30 ml each of CHCI3. The 
combined CHCI3 extracts were dried and filtered and the solvent 
evaporated. A crude white residue was left, which after recrystalli
zation from acetone gave unchanged la , characterized by melting 
point, mixture melting point, ir, and NMR with authentic materi
al.

R e a ct io n  o f  la  w ith  H B r. A solution of melampodin B (100 
mg) in 25 ml of glacial acetic acid and 3.0 ml of a saturated solu
tion of HBr in glacial acetic acid was refluxed for 20 hr. The sol
vent was evaporated and ethyl ether was added which resulted in 
the precipitation of a white solid. Recrystallization from 2-propa- 
nol yielded 85 mg of pure 7: mp 215-217°; ir j/max (Nujol) 1775 (7- 
lactone), 1650 (double bonds), 1200, and 1000 cm-1.

Anal. Caled for Ci5Hi504Brj: C, 36.08; H, 3.01; Br, 48.10; mol wt, 
499 Found: C, 36.1 ; H, 3.07; Br, 48.00; mol wt, 499 (MS).

C in e re n in  a ce ta te  (2 b ) was obtained from 100 mg of 2a as de
scribed above for lb .  Recrystallization of the crude material from
2-propanol gave 60 mg of pure 2b: mp 187-189°; ir vmax (Nujol) 
1783 and 1770 (7-lactones), 1740, 1235, 1225 (acetate), and 1665 
cm-1 (double bonds); low-resolution mass spectrum m/e 362 (M+), 
333 (M -  29), 316 (M -  46), 274 (M -  42 -  46, base peak), 256 (M 
-  18 -  42 -  46), 228,178,165,162,147,112, and 43.

Anal. Caled for Ci9H2207: C, 62.97; H, 6.12; mol wt, 362. Found: 
C, 62.89; H, 6.11.

O x id a t ion  o f  2a w ith  S a re t t ’s R ea g en t. To a solution of 105 
mg of 2a in 25 ml of acetone in a nitrogen atmosphere an excess of 
Sarett’s reagent was added. After 4 hr, the brown precipitate was 
filtered and the acetone was removed by evaporation. Water (5 ml) 
was added and the slurry was extracted twice with 50 ml of CHCI3 
and once with 50 ml of EtOAc. The combined organic extracts 
were dried (MgS04) and evaporated. The crude brownish crystals 
were taken up in acetone and chromatographed over silica gel; the 
column was eluted with CH2CI2, CH2Cl2-EtOAc (1:1), and finally 
with pure EtOAc, which gave colorless crystals. Recrystallization 
from 2-propanol-CHCl3 gave 50 mg of pure 2c: mp 218-221° dec; 
nv Xmax (MeOH) 216 nm (e 2.7 X 104); ir i/nax (Nujol) 1770 (7 -lac- 
tones), 1700 (a.jS-unsaturated aldehyde), 1655 (double bonds), and 
1110 cm -'.

Anal. Caled for CnHigOe: C, 64.14; H, 5.70; 0 , 30.16; mol wt, 
318. Found: C, 63.93; H, 5.59; O, 30.35; mol wt, 318 (MS).

Reaction of 2a (105 mg) with HBr under conditions described 
above for la gave 80 mg of 7.

Iso la tion  o f  M e la m p od in  C (3a ) fr o m  M. argopbyllum. A col
lection of M. argophyllum was made on July 3, 1974 (T. F. Stuessy 
No. 3599) 30 miles southeast of the Coahuila-Nuevo León border 
on route 53 in the state of Nuevo León, Mexico. Dried leaves (1350 
g) were extracted and worked up as described before.-’ The crude 
syrup (22 g), when allowed to stand at room temperature for 3 
weeks, partially crystallized, providing 2.5 g of crude melampodin 
B. The remaining crude syrup (10 g) was chromatographed over 
300 g of silica gel (Brinkmann 7734) collecting 20-ml fractions. The 
column was eluted using the following solvent mixtures: 1000 ml of 
CHsCla-EtOAc (9:1); 500 ml of CH2Cl2-EtOAc (4:1); 450 ml of 
CH2Cl2-EtOAc (2:1); 700 ml of CHsClo-EtOAc (1:1); 300 ml of 
EtOAc; 500 ml of 5% MeOH in EtOAc; and 500 ml of 15% MeOH 
in EtOAc. The following fractions were collected and combined ac
cording to TLC analysis. Fractions 21-40 contained 610 mg of ar- 
temetin (5-hydroxy-3,4',5',6,7-pentamethoxyflavone). Fractions 
71-100 provided 1.23 g of melampodin C (3a). Recrystallization 
from Et0Ac-Et20  gave colorless crystals: mp 199-201°; uv X 
(MeOH) 205 nm (< 2.9 X 10-4) (end absorption); CD (c 5.5 X 10-5, 
MeOH) [0 )218  —5.2 X 104, [0]238 +3.8 X 10"4, [0]28o -9 .3  X 102; ir 
I'm« (Nujol) 3450 (OH), 1770 (7-lactone). 1725 (ester), and 1655

cm 1 (double bonds): low-resolution mass spectrum m/e 362 (M +), 
344 (M -  18), 274 (M -  88), 256 (M -  18 -  88), 228, 165, 147, 91, 
43 (base peak).

Anal. Calcd for C-j9H220 7: C, 62.97; H, 6.12; O, 30.91; mol wt, 
362. Found: C, 63.07; H, 6.00; O, 30.77.

Fractions 116-130 gave 890 mg of 2a and 3.0 g of la was ob
tained from fractions 140-160.

M ela m p od in  C a ce ta te  (3 b ) was obtained from 170 mg of 3a as 
described above for lb .  Recrystallization of the crude product 
from 2-propanol provided 160 mg of 3b: mp 151-153°; ir umax 
(Nujol) 1780, 1765 (7-lactones), 1225 cm-1 (acetate); low-resolu
tion mass spectrum m/e 404 (M+), 361 (M — 43), 316 (M — 88), 
274 (M -  42 -  88), 256, (M -  18 -  42 -  88), 228, 165, 147, 91, 71, 
43 (base peak).

Anal. Calcd for C2iH2408: C, 62.37; H, 5.98; 0, 31.65; mol wt, 
404. Found: C, 62.53; H, 5.96; O, 31.57.

O x id a t ion  o f  M e la m p od in  C w ith  S a r e t t ’s R e a g e n t. Melam
podin C (150 mg) was dissolved in 25 ml of acetone under nitrogen 
and an excess of Sarett’s reagent, suspended in acetone, was 
added. After 4 hr, the brown precipitate was filtered and the ace
tone was removed by evaporation. The crude residue was chroma
tographed over 25 g of silica gel. The column was eluted with 300 
ml of CH2Cl2-EtOAc (9:1), then with 200 ml of CH2Cl2-Et,OAc (1: 
1). Evaporation of later fractions gave a white powder. Recrystalli
zation from EtOAc provided 71 mg of the pure aldehyde 3c: mp 
207-209°; ir «max (Nujol) 1785 (7 -lactone), 1735 (ester), 1245, and 
1145 cm-1; low-resolution mass spectrum m/e 360 (M+), 359 (M+ 
-  1) 329, 315, 274, 256, 212, 91, 77, 71, 43, 29 (base peak).

Anal. Calcd for C19H20O7: C, 63.33; H, 5.59; O, 31.08; mol wt, 
360. Found: C, 63.46: H, 5.64; O, 30.84.

Reaction of 3a (100 mg) with HBr under conditions described 
above for la gave 60 mg of compound 7.

Iso la tion  o f  4 (5 ' -D ih y d ro m e la m p o d in  B  (4a ). A collection of 
M. cinereum var. cinereum was first made on Oct 4, 1971 (N H. 
Fischer No. 12) 12 miles south of George West, Texas, on Highway 
59 and again on July 7, 1973 (N. H. Fischer No. 29). NMR spectra 
of the crude extracts indicated the presence of the same constitu
ents in the above collections.

The dried leaves (200 g) were extracted and worked up as de
scribed before,3 providing 18 g of crude terpenoid-containing 
syrup. The crude syrup (9 g) was chromatographed over 300 g of 
silica gel (Baker 3405) collecting 15-ml fractions and using the fol
lowing solvent mixtures: fractions 1-40 (C H2C12-  E t.0 A c, 9:1),
41-60 (CH2Cl2-EtOAc, 4:1), 61-100 (CHaCl^EtOAc, 3:1), 100-170 
(CHsCVEtOAc, 1:1), 171-190 (CH2Cl2-EtOAc, 1:4), 191-220 
(pure EtOAc), 220-260 (5% MeOH in EtOAc), and 260-289 
(MeOH-EtOAc, 1:1). The following fractions were combined ac
cording to TLC analysis. Fractions 40-57 gave 50 mg of artemetin, 
mp 159-160°, identical with an authentic sample by mixture melt
ing point and spectral comparison (ir, NMR). Fractions 227-261 
provided 300 mg of 4(5)-dihydromelampodin B (4a): mp 204-205°; 
uv Xmax (EtOH) 202 nm (e 3.2 X  10“ 4); CD (c 1 X 10-\ MeOH) 
[0]2 20  -106 X 103, [6]265 1.60 X 103; ir i/max (Nujol) 3400 (OH), 1785 
(7 -lactone), 1750 (ester), and 1665 cm-1 (double bonds); low-reso
lution mass spectrum m/e 336 (M+), 276 (M — 60), 258 (M — I8 
60), 230, 228, 201,165,162, 91, 43 (base peak).

Anal. Calcd for C]7H2o07: C, 60.71; H, 5.99; mol wt, 336. Found: 
C, 61.01; H, 6.31.

4 (5 )-D ih y d ro m e la m p o d in  B  a ce ta te  (4 b ) was obtained from 
100 mg of 4a as described for lb .  Recrystallization of the crude 
product from Et0Ac-Et20  provided 95 mg of 4b: mp 195-196°; ir 
emax (Nujol) 1777 ',7 -lactone), 1245 (acetate), and 1070 cm-1; low- 
resolution mass spectrum m/e 378 (M+) 335 (M — 43), 276 (M —
42 -  60), 258 (M -  18 -  42 -  60), 230, 165, 162, 149, 111, 91, and
43 (bssG p6dk)

Anal. Calcd for C]9H220 8: C, 60.32; H, 5.82; O, 33.86; mol wt, 
378. Found: C, 60.40; H, 5.80, O, 33.73.

4 (5 ) ,l l (1 3 ) -T e tr a h y d r o m e la m p o d in  B  ( 6 ). A solution of 100 
mg of 4(5)-dihydromelampodin B in 75 ml of MeOH and 5 mg of 
10% Pd/C were p aced in a 100-ml round-bottom flask. After re
moval of air in vacuo the stirred mixture was hydrogenated under 
rapid uptake of hydrogen for about 15 min. The reaction was ter
minated after 1 hr; filtration and evaporation of MeOH provided a 
syrup which was chromatographed by preparative layer chroma
tography using propyl acetate as developing solvent. The band at 
Rf 0.3 was extracted from the silica gel and the resulting crude ma
terial recrystallized from acetone, giving 35 mg of 6: mp 220-222°; 
ir (Nujol) 3500 (OH), 1770, 1750 (7 -lactone), 1725, and 1240 
cm-1 (acetate).
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Anal. Calcd for C17H2207: C, 60.34; H, 6.55; mol wt, 338. Found: 
C, 60.42; H, 6.27; mol wt, 338 (MS).
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The isolation and structure determination of acanthospermal A (la) from Acanthospermum australe (L.) 
Kuntze and acanthospermal B (4a) from A. hispidum DC. is reported. Both compounds belong to the melampol- 
ide subgroup of germacradienolides. la is the first sesquiterpene lactone to possess an a-hydroxyisobutyric acid 
ester side chain.

In continuation of our search for sesquiterpene lactones 
with potential biological activity in Compositae we have ex
amined two local Acanthospermum species (tribe Helian- 
theae, subtribe Melampodiinae). This resulted in the isola
tion of two closely related noncrystalline melampolides, 
acanthospermal A (la) from Acanthospermum australe 
(L.) Kuntze and acanthospermal B (4a) from A. hispidum

0

DC. Structures and stereochemistry were established by 
chemical transformations and extensive use of 'H  and 13C 
NMR spectrometry.

Acanthospermal A (la), C23H30OS (high-resolution mass 
spectrum and elemental analysis), [a]Hg —54°, was an a,f3- 
unsaturated aldehyde (ir band at 1690 cm-1, NMR signal 
at 9.45 ppm) and an «,/3-unsaturated lactone of the type 
shown in A as evidenced by the usual criteria (strong uv 
end absorption due to superposition of the two chromo-

phores, ir bands at 1780 and 1620 cm-1, narrowly split 
NMR doublets of Ha and Hb at 6.25 and 5.73 ppm). At
tempts to locate Hc by spin decoupling were complicated 
by overlapping of signals in the CDCI3 spectrum, but a so
lution of la in benzene-de afforded excellent separation of 
signals (see Table I) and permitted determination of the 
entire carbon framework.

The location of Hc as a multiplet at 2.30 ppm was estab
lished by double irradiation at the frequency of Ha and Hb. 
Irradiation at the frequency of Hc collapsed Ha and Hb into 
singlets and also converted a triplet at 4.97 ppm (J 1 = J2 =  
10 Hz) into a doublet and a narrowly split doublet of dou
blets at 6.99 ppm (Jj = 9, J 2 = 1.5 Hz) into a clean doublet 
(J  =  9 Hz). Thus Ha and He were at 4.97 and 6.99 ppm, re
spectively, or the reverse. The chemical shift of the lower 
field proton suggested that it was under an ester rather 
than under the lactone oxygen, especially since the ir spec
trum indicated the presence of additional carbonyl func
tions near 1740 cm“ 1 associated with esters. Hence the sig
nal at 4.97 ppm was provisionally assigned to Hd and the 
signal at 6.99 ppm to He. The reason for the unusual para
magnetic shift of He will be discussed subsequently.

Irradiation at the frequency of Hd converted Hc into a 
broad singlet and also changed a broadened doublet at 4.39 
ppm (J = 10 Hz, Hf) into a broadened singlet. The broad
ening was due to allylic coupling with a vinylic methyl (Hg) 
which appeared as a narrowly split doublet at 1.63 ppm. Ir
radiation at the frequency of He slightly sharpened Hc and
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4a, R =  H
b, R =  Ac

also converted a doublet of doublets at 5.10 ppm (Hh, J\ =  
9, J2 =  2 Hz) into a doublet (J =  2 Hz). The smaller cou
pling of Hh could be traced to the aldehyde proton Hj. The 
chemical shift of Hh suggested that it might be either ole- 
finic, with allylic coupling to the aldehyde proton (in which 
case Hh would have to be 0 to the aldehyde and less de- 
shielded than usual) or under an ester oxygen with W  cou
pling to the aldehyde proton as in frutescin.2 The ambigu
ity was decided in favor of the second alternative by a sin
gle-frequency off-resonance decoupling experiment in the 
13C NM R spectrum (Table II); irradiation at the frequency 
of Hh collapsed a doublet at 67.8 ppm, clearly associated

with carbon attached to oxygen by a single bond, and not 
one of the doublets (at 159.2 and 126.8 ppm) identifiable 
with -C H = . In a similar vein, irradiation at the frequency 
of He collapsed a doublet at 72.0 ppm, thus showing that in 
spite of its unusually low shift He was attached to a carbon 
atom carrying two carbons and one oxygen. Consequently 
partial structure A could be expanded to B.

The NM R spectrum further exhibited a one-proton dou
blet of doublets (Hj) at 5.79 ppm (J\ = 10, J2 = 9 Hz), pre
sumably the proton /3 to the aldehyde function.3 The iden
tity of this signal was confirmed by single-frequency off- 
resonance decoupling in the 13C N M R  spectrum which re
sulted in collapse of the doublet at 159.2 ppm to a singlet. 
Irradiation at the frequency of Hj also simplified two well- 
separated multiplets at 2.54 and 1.78 ppm which were ob
viously associated with geminally coupled protons (Hh). 
Decoupling experiments further showed that the meth
ylene group of Hi was adjacent to another methylene group 
whose protons (Hi) appeared as multiplets at 1.80 and 1.41 
ppm.

Consideration of these results permitted extension of B 
to C. In accordance with this formula, epoxidation of acan-

0

thospermal A gave a monoepoxide (3), in whose NM R spec
trum (Table I) the split vinylic methyl signal was replaced 
by a sharp methyl signal at 1.70 ppm and the H j and Hf 
frequencies had shifted upfield to 4.27 and 2.60 ppm, re
spectively.

The nature of Ri and R2 was deduced as follows. The 
NM R spectrum exhibited two methyl doublets at 0.86 and
0.87 ppm, each coupled to a one-proton multiplet at 2.11 
ppm, thus pointing to the possibility of an isobutyryl side 
chain. This was confirmed by the loss of 88 mass units and 
the appearance of peaks corresponding to 87, 71, and 43 
mass units in the mass spectrum. The second ester side 
chain had to correspond to C4H 7O3 to fit the molecular for
mula, the extra oxygen atom deriving from a hydroxyl 
group (ir frequency at 3510 cm-1 ) which appeared to be 
tertiary (carbon singlet at 72.2 ppm) and could not be ac
commodated in the ten-membered ring. Since the NM R  
spectrum displayed two additional methyl singlets at 1.22 
and 1.28 ppm, presumably methyls on carbon carrying sin
gle-bonded oxygen, it was concluded that the second side 
chain was a-hvdroxyisobutyrate. In accord with this con
clusion, the high-resolution mass spectrum also showed an 
important peak corresponding to loss of a-hydroxyisobuty- 
ric acid; moreover, the base peak corresponded to the com
bined loss of isobutyric and a-hydroxyisobutyric acid.

The following experiments permitted placement of these 
two ester side chains. Attempted acetylation of acanthos
permal A with pyridine-acetic anhydride furnished a sub
stance lb, C21H 26O7, by replacement of the a-hydroxyiso- 
butyryl side chain with an acetyl function (NMR spectrum, 
see Table I). Hydrolysis of la  with sodium methoxide in 
methanol gave a single product C21H30O7 whose NMR  
spectrum (Table I) fitted in well with structure 2 (exclusive 
of stereochemistry). Apart from methanol addition to the
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Table II
13C NM R Spectra of Acanthospermal A and Ba

la Assignment6 4a Assignment*

193.5 d C-14 193.9 d C-14
176.2 1 IC -1 ' 176.0 C - l '
175.4 1 lc - i " 170.3 Ac
169.0 C-12 168.4 c -1 2
159.2 d C - l c 158.4 d C -l
140.8 . C -10 141.5 c - 1 0
138.3 C-4 141.0 C-4
134.2 C - l l 134.1 C - l l
126.8 d C -5 128.5 d C -5
121.8 t C-13 122.0 t C-13

74.9 d C -6 C 73.6 d C-6
72.2 C -2 " 70.3 d C-8
72.0 d C-8 68.1 d C-9
67.8 d C -9 C 60.4 t C-15
51.0 d C -7 51.2 d C -7
36.9 t C -3 C 41.4 d C -2 '
34.1 d C -2 ' 32.4 t C-3
26.8 t C-2 27.6 t C -3 '
26.8 q C -3 'c 26.6 t C-2
26.8 q C -3 'c 20.7 q Ac
19.0 q C -3 " 16.8 q C -5 '
18.8 q C -3 " 11.5 q C -4 '
16.8 q C -15c

a Run in CDCI3 on Bruker HX-270 instrument. Unmarked sig
nals are singlets. ’  Assignments based on predicted shifts and 
comparisons with cata in the literature and in our files. c Assign
ment established by single frequency off-resonance decoupling.

methylene group of the conjugated lactone, the a-hydro xy- 
isobutyryl group nad been replaced by a methoxyl. The sig
nal of Hh now appeared at 3.56 ppm, whereas the chemical 
shift of He (6.12 ppm) indicated that the corresponding 
carbon atom retained the remaining ester side chain, i.e., 
the isobutyrate unit. Therefore, in acanthospermal A the 
isobutyrate side chain must be at C-8 and the easily dis
placed a-hydroxyisobutyrate chain at C-9.

Before delineating the stereochemistry of acanthosper
mal A, we shall discuss acanthospermal B (4a), C22H 28O8 
(high-resolution mass spectrum), [a]Hg —33°, whose spec
tral properties were very similar to those of la  and indicat
ed the presence of an «,/3-unsaturated lactone, an a,/3-un
saturated aldehyde, two ester side chains, and a hydroxyl 
group. Comparison of the chemical shifts of the various 
protons4 showed the essential identity of the basic germa- 
cradiene system, but in acanthospermal B the vinylic 
methyl of la  was replaced by a hydroxymethylene group 
(AB quartet at 4.50 shifted downfield to 5.00 ppm on acety
lation to 4b).

The two ester groups were also different. One was an ace
tate (singlet at 1.98 ppm); the second— a five-carbon unit 
to be accommodated in the molecular formula— was an di
methyl butyrate as evidenced by the presence of a methyl 
doublet (1.09 ppm) coupled to a one-proton multiplet at 
2.35 ppm. This was also coupled to two one-proton multi- 
plets at 1.60 and 1.43 ppm, each of which was coupled in 
turn to a methyl triplet at 0.87 ppm. In accordance with 
these deductions the high-resolution mass spectrum exhib
ited diagnostically important peaks at m/e 318.1121 (M — 
C5H 10O2), 300.0S94 (M -  C5H 10O2 -  H 20 ) , 276.1004 (M -  
C5H 10O2 -  C2H 20 ) , 258.0886 (M -  C5H 10O2 -  C2H 20 2), 
and 240.0787 (M -  C5H 10O2 -  C2H 40 2 -  H 20 )  and the 
base peak at m/e 85 (C5H9O).

Hydrolysis of acanthospermal B with sodium methoxide-
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methanol afforded a substance C22H 32O8 (5) as the result of 
methanol addition to the lactone and replacement of the 
acetate by methoxyl. Just as in the case of la , displacement 
of methoxyl was accompanied by an upfield shift of the 
H-9 signal from 5.15 to 3.79 ppm, whereas the shift of H -8, 
from 6.69 to 6.11 ppm, was considerably less and not com
patible with conversion of an ester to an ether function. 
Consequently acanthospermal B had formula 4a exclusive 
of stereochemistry.

We now turn to the stereochemistry of la  and 4, which 
because of the similarity of chemical shifts and coupling 
constants had to be the same. The chemical shift of the al
dehyde proton (H-14) which appeared near 9.45 ppm indi
cated clearly that the 1(10) double bond was cis rather than 
trans, a trans aldehyde proton being found at 10 ppm or 
higher.5’6 To determine the geometry of the 4,5 double 
bond, acanthospermal B was oxidized (MnC>2) to the dial
dehyde 6, whose NM R spectrum (Table I) exhibited the 
new aldehydic proton at 10.22 ppm indicating that the 4,5 
bond was trans. Studies of possible NOE’s between the 
C-15 aldehyde proton of 6 (or the C-15 methyl group of la  
or the -C H 2OH of 4a) and H-5 produced the negative re
sults expected for a trans double bond. Hence the acantho- 
spermals belong to the melampolide7 subgroup of germa- 
cranolides.8

If the usual assumption be made that the C-7 side chain 
is equatorial and /3 as in all sesquiterpene lactones of au
thenticated stereochemistry, the large values of Js.e and 
J ej  (see Table I) require that H-6 be trans to H-7 and ¡1, 
and that H-5 be trans to H-6 and a, i.e., that the lactone 
ring be trans fused. This conclusion is reinforced by the 
magnitude of 1/ 7,133 and J-7.1:0, (>3 Hz) which according to 
Samek’s rule12 (apparently applicable to melampo- 
lides2’7'9-11) indicates the presence of a trans lactone ring. 
Such a lactone might be expected to exhibit a negative Cot
ton effect if the absolute configuration is as depicted in the 
formulas.13 However, the «,/3-unsaturated aldehyde chro- 
mophore seems to exert a dominant effect on the CD 
curves which display a negative maximum at 224 nm (6 
—5400 for la  and —40200 for 4a), the much weaker Cotton 
effect of the unsaturated lactone function usually found 
near 250 nm having been swamped.

The stereochemistry at C-8 and C-9 was deduced by 
comparison of the observed coupling constants with those 
deduced from dihedral angles in Dreiding models. The 
small value of J 7,g (1.5 Hz) can be accounted for only by a 
orientation of H -8, whereas the large coupling constant be
tween H -8 and H-9 (9 Hz) shows that H-9 is trans to H -8 
and d- This stereochemistry places H-9 and H-14 into a W  
relationship if the aldehyde carbonyl is oriented such that 
there is maximum overlap between the ir orbitals of the 
1(10) carbon-oxygen double bonds, an arrangement which 
accounts for the long-range coupling between H-9 and 
H-14.

In this orientation of the aldehyde carbonyl group, H-8 
lies in the plane of the carbonyl, relatively close to the car
bonyl oxygen, and should be strongly deshielded as actual
ly observed. That this was the correct explanation for the 
paramagnetic shift of H-8 could be verified experimentally. 
NaBH4 reduction of la  gave the tetrahydro derivative 7 
whose NMR spectrum exhibited the H-8 signal at a normal 
frequency of 5.78 ppm and H -l at 5.75 ppm, as expected. 
Similarly, NaBH4 reduction of 4a gave 8 which had H-8 at
5.70 and H -l at 5.75 ppm.

Thus not only the oxidation pattern, but also the stereo
chemistry of the acanthospermals is identical with that of 
five other melampolides whose stereochemistry has been 
established by X-ray analysis,7’10 either directly or by

chemical correlation.9’11 Possible implications of this find
ing will be discussed elsewhere.

Experimental Section
Experimental details have been specified previously.14
E x tr a c t io n  o f  Acanthospermum australe. Above-ground 

parts of A. australe (L.) Kuntze, wt 6.3 kg, collected by Mr. R. 
Lazor on July 16, 1969 along the Dog Lake Fire Tcwer Road near 
Tallahassee, Fla. (Lazor no. 3742), was extracted with CHCI3 and 
worked up in the usual manner.15 The crude gum, wt 15 g, was 
chromatographed over 500 g of silicic acid (Mallinckrodt 100 
mesh), 50-ml fractions being collected. The CHCL-MeOH (3%) el- 
uates (fractions 10-15) gave a gummy residue which was fairly ho
mogeneous and was purified by repeated preparative TLC over sil
ica gel (Merck PF 254-356) using CHCL-MeOH (6%) to give pure 
acanthospermal A (la, 1.1 g) as a colorless gum which could not be 
induced to crystallize: [a]H„ —54° (c 0.328, CHCI3); CD curve [9)300 
0, [9)250 -8590, [9)235 -31500, [9]224 -54400, [9]2is -401100, [9]20s 0 
(last reading); ir bands at 3510 (-OH), 1770, 1620 (conjugated lac
tone), 1740, 1730 (esters), 1690 (conjugated aldehyde), 1460, 1065, 
990, and 880 cm-1; uv strong end absorption rising from 250 nm 
onwards (6230 8700, MeOH). For unknown reasons, the carbon 
analysis was consistently low, but the high-resolution mass spec
trum afforded the correct composition.

Anal. Calcd for C23H3o08: C, 63.58; H, 6.96; 0 , 29.46; mol wt, 
434.1940. Found: C, 61.58; H, 6.64; 0 , 29.01; mol wt, 434.1975 
(MS).

E x tr a c t io n  o f  Acanthospermum hispidum. Above-ground 
parts of A. hispidum DC., wt 5 kg, collected by Mr. R. F. Doren on 
August 9, 1972 in Gadsden County, Fla. (Doren no. 1500), was ex
tracted with CHCI3 and worked up in the usual manner. The crude 
gum, wt 10 g, was dissolved in CHCI3 and chromatographed over 
400 g of silicic acid, 50-ml fractions being collected. The CHCI3-  
MeOH (2%) eluates gave a gummy residue, wt 1 g, which appeared 
to be reasonably homogeneous and was purified by preparative 
TLC (silica gel, CHCL-MeOH, 6%) to give 0.6 g of acanthospermal 
B (4a) as a colorless gum: [a]Hg —33° (c 0.092, CHCI3); CD curve
[9]3oo 0, [9]250 -8940, [9]235 -  2°4600, [9]224 -40200, [9]215 -29100, 
[9]208 0 (last reading); ir bands at 3480 (-OH), 1750, 1630 (conju
gated lactone), 1740, 1730 (esters), 1685 (conjugated aldehyde), 
1450, 1370, 1130, 990, and 910 cm-1; uv strong end absorption ((230 
14000).

Anal. Calcd for C22H280s: C, 62.59; H, 6.65; 0 , 29.85; mol wt, 
420.1783. Found: C, 62.85; H, 6.71; 0 , 30.44; mol wt," 420.1766 
(MS).

P r e p a ra t io n  o f  l b  a n d  4b. Acetylation of 0.1 g of la  in 1 ml of 
pyridine and 1 ml of acetic anhydride followed by the usual work
up gave a gum ( lb ,  0.06 g) which was purified by preparative TLC 
(silica gel, CHCL-MeOH, 4%) and had ir bands at 1770, 1740, 
1690, 1620, 1220, 1150, and 990 cm-1. The low-resolution mass 
spectrum had significant peaks at m/e 390 (M+), 348 (M — 
C2H20), 330 (M -  C2H40 2), 319 (M -  C2H20  -  CHO), 302 (M -  
C4H80 2), 260 (M -  C2H20  -  C4H80 2), 242 (base peak, M -  
C4H80 2 -  C2H40 2), 231 (M -  C4H80 2 -  C2H20  -  CHO), 213 (M 
-  C4H80 2 -  C2H40 2 -  CHO), and 71 (C4H70).

Anal. Calcd for C2iH260 7: 64.60; H, 6.71; 0, 28.68. Found: C, 
63.82; H, 6.75; 0 , 28.27.

Acetylation of 0.05 g of 4a in the same manner and purification 
of the crude product by preparative TLC (CHCl3-MeOH, 4%) gave 
4b as a gum. It had ir bands at 1770, 1740, 1690, 1620, 1360, 1230, 
and 990 cm-1.

Anal. Calcd for C24H3o0 9: C, 62.33; H, 6.54; O, 31.13. Found: C, 
61.62; H, 6.42; C, 30.50.

P r e p a ra tio n  o f  2 and  5. A solution of 0.1 g of la  in 10 ml of an
hydrous MeOH containing 0.08 g of CH3ONa was stirred at room 
temperature in a nitrogen atmosphere, the reaction being moni
tored by TLC. After 1 hr, when the starting material had disap
peared completely, the solution was acidified with dilute acetic 
acid, diluted with water, and extracted with ethyl acetate. The 
washed and dried, extract was evaporated and the residue purified 
by preparative TLC (CHCI3 MeOH, 6%). The gummy product (2, 
0.03 g) had ir bands at 1770-1720 (broad), 1690, 1620, 1460, 1390, 
1310, and 990 cm-1. The mass spectrum exhibited significant 
peaks at m/e 394 (M+), 365 (M -  CHO), 306 (M -  C4H80 2), 277 
(M — C4H80 2 — CHO), 71 (C4H -0), and 43 (base peak).

Anal. Calcd for C2iH30O7-%H2O: C, 62.53; H, 7.69; O, 29.75. 
Found: C, 62.88; H, 7.41; 0 , 29.71.

Treatment of 0.06 g of 4a with MeOH-MeONa in a similar fash
ion and purification of the product by preparative TLC (CHClj-
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MeOH, 5%) gave 22 mg of gummy 5, ir bands at 3510, 1770, 1730, 
1690, and 990 cm-1. The mass spectrum exhibited significant 
peaks at m/e 424 (M+), 395 (M -  CHO), 322 (M -  C5H I0O2), 304 
(M -  C5H10O2 -  H20), 293 (M -  C5HI0O2 -  CHO), 85 (base peak, 
C5H9O), and 57 (C4H9).

Anal. Calcd for C22H:ioOg: mol wt, 424.2097. Found: mol wt, 
424.2106 (MS).

A ca n th o sp e rm a l A  E p o x id e  (3). A solution of 0.05 g of la  in 5
ml of CHCI3 was stirred with 0.05 g of m-chloroperbenzoic acid at 
room temperature for 48 hr and extracted with CHCI3. The ex
tracted was washed with sodium metabisulfite and water, dried, 
and evaporated. Purification of the crude product by preparative 
TLC (CHCl3-MeOH, 8%) yielded 3 as a gum, ir bands at 3500, 
1770, 1730, 1690, 1620, and 990 cm-1. The mass spectrum exhib
ited significant peaks at m/e 450 (M+), 362 (M — C4H80 2), 347 (M 
-  C4H7O3), 276 (M -  C4H7O -  C4H70 3), 260 (M -  C4H-O3 -  
C4H702), 71 (C4H7O), 59 and 43 (base peak).

Anal. Calcd for C23H30O9: mol wt, 450.1890. Found: mol wt, 
450.1894 (MS).

N a B H i R e d u c t io n s  o f  la  a n d  4a. A solution of 0.05 g of la  and 
0.05 g of NaBH4 in 10 ml of MeOH was stirred at 0° for 4 hr, acidi
fied with dilute acetic acid, evaporated at reduced pressure, dilut
ed with water, and extracted with ethyl acetate. The washed and 
dried extract was evaporated and the residue was purified by pre
parative TLC (CHCl3-MeOH, 8%) to give 7 as a gum, ir bands at 
3540, 3500, 1770, 1740, 1460, 1370, and 990 cm-1. The mass spec
trum exhibited significant peaks at m/e 438 (M+), 350 (M — 
C4H80 2), 324 (M -  C4H803), 316 (M -  C4H80 3 -  H20 ), 246 (M -  
C4H80 2 — C4H80 3), 228 (base peak, M — C4H80 2 — C4H80 3 — 
H20), 71, 59, and 43.

Anal. Calcd for C23H3408: mol wt, 438.2253. Found: mol wt, 
438.2257 (MS).

Reduction of 0.1 g of 4a with 0.1 g of NaBH4 followed by work
up in the same way gave, after preparative TLC (CHCl3-MeOH, 
8%), 8 as a gum, ir bands at 3540, 3490, 1770, 1760, 1730, 1460, 
1230, and 990 cm-1. The mass spectrum exhibited significant 
peaks at m/e 424 (M+), 322 (M — C5H10O;!), 280 (M — C5H10O2 — 
C2H20 ), 262 (M -  C5H10O2 -  C2H40 2), 244 (M -  CsH)0O2 -  
C2H402 — H20), 85 (C5H9O), 57 (base peak), and 43.

Anal. Calcd for C22H320 8: mol wt, 424.2097. Found: mol wt, 
424.2102 (MS).

O x id a tion  o f  4a to  6. A solution of 0.05 g of 4a in 10 ml of spec
tral grade CHC13 was stirred at room temperature with 0.1 g of ac
tive Mn02, the reaction being monitored by TLC. After 24 hr,

when the reaction did not appear to proceed further, the mixture 
was filtered and the precipitate washed repeatedly with CHC13. 
The combined filtrate and washings were evaporated and the resi
due developed as a preparative TLC plate using CHCll3-MeOH 
(6%) as solvent. The major band yielded 40 mg of starting material. 
A minor band yielded 6 mg of the dialdehyde 6 as a gum, ir bands 
at 1770, 1730, 169C, 1680, 1460, 1240, and 1000 cm "1. The mass 
spectrum exhibited significant bands at m/e 360 (M — 2CHO), 258 
(360 -  C5H10O2), 85 (C5H90), and 57.

Anal. Calcd for C22H280 8: mol wt, 418.1628. Found: mol wt, 
418.1632 (MS).

Registry No.— la, 56689-33-9; lb, 56679-16-4; 2, 56679-17-5; 3, 
56679-18-6; 4a, 56679-19-7; 4b, 56679-20-0; 5, 56679-21-1; 6, 
56679-22-2; 7,56679-23-3; 8,56679-24-4.
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The synthesis is described of tabtoxinine-5-lactam, an amino acid produced by various Pseudomonad species 
and also formed on hydrolysis c f tabtoxin. The key intermediate in the synthesis is l-anisyl-6-methoxycarbonyl-
3-methylene-2-piperidone, which is easily obtained by application of the a-methylenelactam rearrangement to di
methyl l-anisyl-2,5-piperidinedicarboxylate. Epoxidation gave a mixture of cis and trans oxides which were indi
vidually treated with ammonia. From the trans epoxide, the major isomer, the corresponding 3-aminomethyl-3- 
hydroxy compound was isolated. Removal of the anisyl protecting group gave the amino acid, cis-3-aminomethyl-
6-carboxy-3-hydroxy-2-piperidcne, identical with tabtoxinine-6-lactam. This synthesis confirms the structure of, 
and establishes the aminomethyl and carboxy groups as cis in, the natural amino acid.

Tabtoxinine-5-lactam (1) is an amino acid produced by 
various Pseudomonad species and is one of the compounds 
found in the hydrolysis of tabtoxin (2) or isotabtoxin (3).1’2 
The other hydrolysis products are tabtoxinine (4) and thre
onine (5).1-3 Tabtoxin (2), the chlorosis-inducing exotoxin 
produced by P seu d om on a s  tabaci, P. co ron a fa cien s, and 
other phytopathogenic P seu d om on a s, is the component re
sponsible for the toxicity of these bacteria to various plants 
(e.g., tobacco, soybean, oat, timothy). Tabtoxin (2) is rela

tively unstable, and at room temperature and pH 7 the bio
logical activity of toxic solutions decreases with a half-life 
of about 1 day3 as ready translactamization occurs to the 
more stable and nontoxic ¿-lactam isomer, isotabtoxin
(3).1,3 Presented here is the total synthesis of (±)-tabtoxi- 
nine-o-lactam (1) which further confirms the structure as
signed to isotabtoxin (3) and to tabtoxin (2), and estab
lishes the relative stereochemistry as shown in structures 1, 
2, 3, and 4.
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Results and Discussion

A key intermediate for the synthesis of tabtoxinine-5- 
lactam (1) appeared to be an a-methylenelactam of the 
general type 6. Epoxidation of these a-methylenelactams 
for which there was precedent4’0 would then yield the epox
ides 7 and 8. Opening of these epoxides by attack at the 
least substituted carbon with ammonia or an amine would 
afford the desired lactam 1 or some derivative of it. Alter
nately, these a-methylenelactams 6 can be ozonolyzed to 
the corresponding a-ketolactams 9,4 which potentially can

CH,

XXCH:ftC A r O

6a. R =  H

n

+
C H A C T  N - ^ o  

R

7a, R =  H

CHOC'

8a. R = H

N^ 0

R
9a, R = H  

h, R =  H,C— $ OCH,

10a, R = H ; R '=  CN lia, R = H ; R' =  CN
b, R =  H; R' =  CH2N02 b, R =  H; R' =  CH2N 02

c, R =  H2C— ° CH3; c, R =  H2C— OCR, ;

R'  =  CN R'  =  CN

d, R =  H2C— OCH3; d, R =  H2C— <f — OCH,;

R' =  CH2N 02 R' =  CH2N02

be elaborated with hydrogen cyanide or nitromethane to 
yield the adducts 10 and/or 11. Reduction of the adducts 10 
would then yield the a-hydroxy-a-aminomethyllactam 1 or 
some derivative of it. Also, the a-ketolactams could be 
treated with dimethyloxosulfonium methylide to produce 
the epoxides 7 and/or 8.

Preparation of the a-methylenelactams 6 appeared to 
offer an ideal application of the a-methylenelactam rear
rangement, i.e., 12 —- 6.6 Since the rearrangement occurs

only when the amino group in the starting cyclic (3-amino 
acid is tertiary, the preparation of the N-subs*ituted amino 
acids 12a and 12b was undertaken. The anisyl group (An) 
and the 2,4-dimethoxybenzyl group (Dmb) were chosen as 
the nitrogen protecting groups because they did not inter
fere with the rearrangement6 and they are easily removable 
at the lactam stage7 to afford the desired NH lactams.

Preparation of these cyclic (3-amino acids 12 was accom
plished by first reducing isocinchomeronic acid (14) and es- 
terifying the piperidine-2,5-dicarboxylic acid. Alkylation 
with anisyl chloride or 2,4-dimethoxybenzyl chloride af
forded the JV-benzyl derivatives 16a and 16b in very poor 
yields owing to the extreme ease with which these benzyl 
chlorides polymerize. To circumvent this problem, the tri- 
chloroacetates, which would be less prone to SNl type dis
sociation, of anisyl alcohol 15a or 2,4-dimethoxybenzyl al
cohol 15b were employed to give the correspcnding benzyl 
derivatives 16a and 16b, now in respectable yields. Selec
tive alkaline hydrolysis of the less hindered /S ester then 
yielded the (3 amino acids 12a and 12b.

Rearrangement of the acid 12a and 12b to the respective 
a-methylenelactams 6b and 6c was readily accomplished in 
refluxing acetic anhydride. Débenzylation of either lactam 
6b or 6c to afford 6a was effected in comparable yield by 
heating the benzyllactams in trifluoroacetic acid at reflux 
in the presence of anisole.7

Reaction of the a-methylenelactam 6a with m-chloroper- 
benzoic acid (MCPBA) failed to yield the epoxides 7a or 8a 
in good yield. This is surprising since the corresponding de- 
methoxycarbonyl compound (3-methylene-2-piperidone) is 
convertible to epoxide. Evidently overoxidation of the lac
tam 6a readily occurs because there is continued peracid
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OCH:1
15a, R =  H

b, R =  OCR,

failed to produce any epoxide, and reaction with nitro- 
methane and sodium methoxide also failed to yield a nitro 
adduct.

As a result of these failures to obtain synthetically useful 
products from the a-ketolactams, we focused our efforts on 
the epoxide 7b. Opening of the epoxide 7b with ammonium 
hydroxide occurred at both carbons of the epoxide and pro
vided the aminol acid 19 (with retention) and the diketopi- 
perazine 20 (with inversion) in a ratio of 2:1, respectively.

19 20

consumption beyond 100 mol %. The NM R spectrum of the 
crude reaction mixture revealed many new absorptions in 
the olefinic region, indicative of pyridone formation and 
perhaps initiated at the labile a-H  at C-6.

Oxidation of a-methylenelactam 6b with MCPBA pro
ceeded smoothly to yield the trans and cis epoxides, 7b and 
8b, in a ratio of 8:1, respectively. The epoxides could be 
separated via column chromatography (silica gel) with sig
nificant loss of material owing to the sensitivity of these ep
oxides to silica gel. Efforts to alter the epoxide ratio by 
varying the solvent (ether, ethyl acetate, and carbon tetra
chloride) or by employing benzonitrile-hydrogen peroxide 
had little or no effect.

The stereochemistry of epoxides 7b and 8b was estab
lished by heating them in acetic acid. Trans epoxide 7b ex
clusively afforded acetate 17, and cis epoxide 8b gave as the 
sole product the lactone acetate 18.

Reaction of the N-2,4-dimethoxybenzyl a-methylenelac- 
tam 6c with MCPBA also failed to produce any epoxide. 
Examination of the reaction mixture revealed almost com
plete disappearance of the aryl methoxy groups and the ap
pearance of numerous new absorptions in the vinyl region. 
This evidence was suggestive of oxidation of the electron- 
rich dimethoxyphenyl nucleus to quinoid-type intermedi
ates.

Ozonolysis of the a-methylenelactams 6a and 6b pro
duced the respective a-ketolactams 9a and 9b in high yield. 
Reaction of the a-ketolactam 9b with dimethyloxosulfon- 
ium methylide afforded the epoxides 7b and 8b in a ratio of 
4:1; however, since other products were present, purifica
tion was difficult and this method for epoxide formation 
was not explored further. Treatment of the a-ketolactam 
9b with nitromethane and sodium methoxide afforded a 
nitro adduct which by NM R appeared to be the nitrolac- 
tone 1 Id (appearance of a two-proton multiplet at 8 4.5-5.3  
for the -C H 2NO2 group and the clean disappearance of the 
methyl ester); however, the mass spectrum of this adduct 
was not commensurate with this structure. Treatment of 
the a-ketolactam 9b with hydrogen cyanide produced what 
appeared to be the cyanohydrin 10c but subsequent at
tempts to reduce it to the amine failed. Treatment of the 
a-ketolactam 9a. with dimethyloxosulfonium methylide

An alternative explanation for the formation of diketopi- 
perazine 20 would be initial formation of the amide from 
ester 7b and intramolecular attack of the amide nitrogen to 
open the epoxide. This path is less likely since none of the 
corresponding amide of 19 was formed. Heating the aminol 
acid 19 in trifluoroacetic acid at reflux in the presence of 
anisole afforded tabtoxinine-5-lactam (1).

The characterization of the synthetic material was total
ly consistent with its proposed structure. Most notable in 
its NM R spectrum is a set of doublets at 8 3.2 with a cou
pling constant of J = 13 Hz which is shown by the natural 
compound and is characteristic of these a-hydroxy-a-ami- 
nomethylcarbonyl systems.1’3 Its mass spectra exhibited 
major peaks at M + — H 2O and M + — (CH2= N H )  as does 
the natural product and is also characteristic of these a- 
hydroxy-a-aminomethylcarbonyl systems.1’3 Finally, our 
synthetic (±)-tabtoxinine-5-lactam showed the same R/ 
values as the natural amino acid in three different systems.

Experimental Section8
D im eth y l 2 ,5 -P ip e r id in e d ica rb o x y la te  (13 ). A  mixture of

2,5-pyridinedicarboxylic acid monohydrate (14, 37 g, 0.2 mol), con
centrated ammonium hydroxide (20 ml), water (200 ml), and rho
dium on alumina (10 g of 5%) was hydrogenated at 1-3 atm for 25 
hr. The mixture was filtered through super-cel, the filtrate was 
evaporated to dryness, water (100 ml) was added to the residue, 
and the solution was again evaporated to dryness. To the residue 
was added methanol (500 ml) and concentrated sulfuric acid (30 
ml), and this solution was heated to reflux for 16 hr. The solution 
was cooled and then poured into 400 ml of a cooled potassium car
bonate solution. After the basic aqueous solution was extracted 
with chloroform (3 X 400 ml), the combined chloroform extracts 
were dried (MgS04) and then evaporated to an oily residue which 
was distilled to produce 32 g (80%) of the dimethyl ester 13, bp
87-90° (0.1 mm) [lit.9 bp 104-106° (0.4 mm)].

p -M e th o x y b e n z y l T r ie h lo r o a c e ta te  (15a ). To a solution of 
anisyl alcohol (13.8 g, 0.1 mol) and 7V,lV-dimethylaniline (12.1 g, 
0.1 mol) in 150 ml of toluene at 0° was added trichloroacetyl chlo
ride (18.2 g, 0.1 mol) in 50 ml of toluene over a period of 30 min. 
After stirring for an additional 1 hr at room temperature, the reac
tion mixture was poured into 200 ml of ice-water and the organic 
layer was washed sequentially with 10% sulfuric acid and aqueous 
sodium bicarbonate. After drying (MgS04), the toluene solution 
was evaporated tc afford a quantitative yield of the trichloroace- 
tate 15a: NMR 5 3.80 (s, 3 H), 5.32 (s, 2 H), 6.86 (d, 2 H, J = 9 Hz),
7.28 (d, 2 H, J = 9 Hz). This crude acetate was used without fur
ther purification in the alkylation reaction; an analytical sample 
was obtained by column chromatography (silica gel, 1:1 hexane- 
ether, R f 0.73).

Anal. Calcd for C10H9O3CI3: C, 42.4; H, 3.2. Found: C, 42.4; H,
3.0.

2 ,4 -D im eth ox y b en z y l T r ie h lo r o a c e ta te  (15b ). The acetate 
15b was prepared in a manner analogous to the procedure de
scribed above using 2,4-dimethoxybenzyl alcohol in place of anisyl 
alcohol. This acetate is relatively unstable and exhibits a high pro
pensity to polymerize when not in solution. Thus it must be used
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immediately or stored in the cold as a solution: NMR (CCI4) b 4.64 
(s, 3 H), 4.70 (s, 3 H), 5.25 (s, 2 H), 6.25-6.46 (m, 2 H), 7.10-7.30 
(m, 1 H); ir (neat) 1760 cm-1.

D im eth y l l - (p -M e th o x y b e n z y I )-2 ,5 -p ip e r id in e d ic a r b o x y -  
la te  (16a ). A mixture of the diester 13 (15 g, 75 mmol', potassium 
carbonate (13.8 g, 0.1 mol), the trichloroacetate 15a (29 g, 0.1 mol), 
and 400 ml of toluene was heated at reflux under nitrogen for 70 
hr. The reaction mixture was cooled, the toluene was removed in 
vacuo, the residue was dissolved in chloroform (200 ml), and the 
chloroform solution was washed first with 200 ml of a potassium 
carbonate solution and then with 200 ml of 10% HC1. Evaporation 
of the chloroform solution produced 15.6 g of the crude piperidine 
hydrochloride as a yellow solid. Boiling this crude precipitate in 
hexane furnished white crystals which on recrystallization from 
150 ml of ethanol afforded 12.5 g (52%) of analytically pure 16a hy
drochloride: mp 168-170°; NMR b 1.3-2.8 (m, 5 H), 3.3-S.9 (m, 4 
H), 3.64 (s, 3 H), 3.74 (s, 6 H), 4.23-4.44 (m, 2 H), 6.70 (d, 2 H, J  =
9 Hz), 7.50 (d, 2 H, J  = 9 Hz); mass spectrum m/e 321 (M+ — 
HC1).

Anal. Calcd for C17H24NO5CI: C, 57.1; H, 6.8; N, 3.9. Found: C, 
57.3; H, 6.8; N, 3.9.

An analytical sample of the free amine, obtained by treatment of 
the hydrochloride with K2CO3, was obtained by GC (glass column
10 ft 3% OV-17, 240°C, flow rate 50 ml/min, retention time 5.7 
min): NMR b 1.4-3.5 (m, 8 H), 3.56 (s, 3 H), 3.64 (s, 3 H), S.70 (s, 3 
H), 3.57-3.69 (m, 2 H), 6.75 (d, 2 H, J  = 9 Hz), 7.15 (d, 2 H, J = 9 
Hz).

Anal. Calcd. for Ci7H23N 05: C, 63.5; H, 7.2; N, 4.4. Found: C, 
63.7; H, 7.3; N, 4.4.

D im eth y l 1 -(2 ,4 -D im e th o x y b e n z y l)-2 ,5 -p ip e r id in e d ic a r b o x - 
y la te  (16b). A mixture of the amino ester 13 (32 g, 0.16 mol), the 
trichloroacetate 15b (62 g, 0.2 mol), potassium carbonate (28 g, 0.2 
mol), and 400 ml of toluene was heated at reflux under nitrogen for 
4 hr. The reaction mixture was cooled, washed with 200 ml of an 
aqueous potassium carbonate solution, dried (MgS04), and evapo
rated in vacuo to furnish an oily residue. Chromatography of the 
residue on 1600 g of silica gel employing 4% methanol-chloroform 
as the eluent produced 44 g (64%) of the alkylated amir.e 16b: TLC 
(2% CH3OH-CHCI3) Rf 0.4: NMR (CC14) b 1.42-3.8 (m, 8 H), 3.55 
(s, 2 H), 3.61 (s, 3 H), 3.69 (s, 9 H), 6.20-6.42 (m, 2 H), 6.92-7.24 
(m, 1 H); ir (neat) 1730,1625,1600 cm-1.

Anal. Calcd for Ci8H25N0 6: C, 61.5; H, 7.2; N, 4.0 Fqund: C, 
61.6; H, 7.2; N, 4.1.

l - A n is y l -6 -m e t h o x y c a r b o n y l -3 -m e t h y le n e -2 -p ip e r id o n e  
( 6b ). A solution of the piperidine hydrochloride 16a (3.47 g, 9.65 
mmol), sodium hydroxide (0.80 g, 20 mmol), methanol (100 ml), 
and water (5 ml) was stirred at room temperature for 20 hr. The 
solution was evaporated to dryness in vacuo, and the residue along 
with triethylamine (10 g, 0.1 mol) and acetic anhydride (100 ml) 
was heated at reflux under nitrogen for 4 hr. The acetic anhydride 
and triethylamine were removed in vacuo, the residue was dis
solved in chloroform and washed with water, and the oil obtained 
after evaporation of the chloroform was chromatographed on 80 g 
of silica gel employing 1:1 hexane-ethyl acetate as the eluent, yield
2.2 g (79%) of lactam 6b: TLC (1:1 hexane-ethyl acetate) Rf 0.43; 
NMR b 1.6-2.2 (m, 2 H), 2.22-2.6 (m, 2 H), 3.60 (s, 3 K), 3.67 (s, 3 
H), 3.86-4.06 (m, 2 H), 5.13-5.34 (m, 1.5 H), 5.40 (s, 0 5 H), 6.30-
6.45 (m, 1 H), 6.69 (d, 2 H, J  = 9 Hz), 7.03 (d, 2 H, J = 9 Hz). An 
analytical sample was obtained by GC (glass column, 10 ft, 3% OV- 
17, 240°, flow rate 50 ml per min, retention time 6.2 min).

Anal. Calcd for C16H19NO4: C, 66.4; H, 6.6; N, 4.8 Found: C, 
66.2; H, 6.8; N, 4.9.

M e th o x y ca rb o n y l-3 -m e th y le n e -2 -p ip e r id o n e  ( 6a ). A solu
tion of the a-methylenelactam 6b  (4.8 g, 16.5 mmol), ar.isole (4.3 g, 
40 mmol), and trifluoroacetic acid (100 g) was heated at reflux 
under nitrogen for 48 hr. After the trifluoroacetic acid and anisole 
were removed in vacuo, the residue thus obtained was chromato
graphed on 300 g of silica gel using ethyl acetate as the eluent to 
produce 2.1 g (75% yield) of the a-methylenelactam 6a: TLC (ethyl 
ether) R, 0.24; NMR (CCL,) b 1.84-2.3 (m, 2 H), 2.31-2 7 (m, 2 H), 
3.67 (s, 3 H), 4.0-4.25 (m, 1 H), 5.1-5.26 (m, 1 H), 5.95-6.15 (m, 1 
H), 7.57-7.58 (s, 1 H); ir (neat) 1730, 1660, 1610 cm“ 1. An analyti
cal sample was obtained by GC (glass column, 10 ft, 3% OV-17, 
190°, flow rate 50 ml/min, retention time 6.0 min).

Anal. Calcd for C8H „N 0 3: C, 56.8; H, 6.6; N, 8.3. Found: C, 56.6; 
H, 6.4; N, 8.2.

l -A n is y l-3 -k e to -6 -m e th o x y c a r b o n y l-2 -p ip e r id o n e  (9 b ). Into 
a solution of the a-methylenelactam 6b (0.90 g, 3 mmol] and meth
anol (50 ml) at —78° was passed a stream of ozone for 40 min (O3 
content, 0.1 mmol/min). Dimethyl sulfide (1 ml) was added to the

solution, which was left standing for 22 hr at —78° under nitrogen. 
After warming to room temperature, the methanol and excess di
methyl sulfide were evaporated, the residue was dissolved in 100 
ml of ether, and the ethereal solution was washed with water (3 X 
50 ml). Evaporation of the ethereal solution after drying (MgS04) 
and chromatography of the crude material on 50 g of silica gel 
employing 5% methanol-ethyl acetate as the eluent gave 0.42 g of 
purified a-ketolactam which crystallized on standing. Recrystalli
zation from methylene chloride-ethyl ether afforded analytically 
pure a-ketolactam 9b: mp 81-83°; mass spectrum m/e 291 (M+); 
NMR b 2.0-2.66 (m, 4 H), 3.50 (s, 3 H), 3.60 (s, 3 H), 3.5-4.3 (m, 2 
H), 4.84 (d, 1 H, J = 15 Hz), 6.55 (d, 2 H, J  = 8 Hz', 6.95 (d, 2 H, J 
= 8 Hz); ir (Nujol) 1735,1680 cm-1.

Anal. Calcd for C15H17NO5: C, 61.8; H, 5.9; N, 4.8. Found: C, 
61.7; H, 5.9; N, 4.9.

3 -K e to -6 -m e th o x y c a r b o n y l-2 -p ip e r id o n e  (9a ). Ozone (flow 
rate 0.1 mmol per min) was passed through a solution of the a- 
methylenelactam 6a (1.1 g, 6.5 mmol) and methanol (50 ml) at 
-78 ° for 65 min. Dimethyl sulfide (5 ml) was added, and the solu
tion was left under nitrogen at —78° for 22 hr. Evaporation of the 
methanol and excess dimethyl sulfide afforded the crude a-keto- 
lactam 9a, which was chromatographed on 100 g of silica gel using 
10% methanol-ethyl acetate as the eluent, yield 0.19 g (17%) of the 
purified a-ketolactam 9a: mass spectrum m/e 171 (M+); NMR b 
2.2-2.8 (m, 4 H), 3.73 (s, 3 H), 4.2-4.5 (m, 1 H), 8.0-8.2 (s, 1 H).

Anal. Calcd for C7H9NO4: C. 49.1; H, 5.3; N, 8.2. Found: C, 48.9; 
H, 5.3; N, 8.2.

6 -M e th o x y c a r b o n y l -3 -e p o x y m e t h y le n e - l - (p -m e t h o x y b e n -  
z y l)-2 -p ip e r id o n e  (7b ) and  8b. A solution of the a-methylenelac- 
tam 6b  (5.0 g, 17 mmol), m-chloroperbenzoic acid (6.0 g, 34 mmol), 
and methylene chloride (100 ml, distilled from P2O5) was stirred at 
room temperature for 40 hr. A precipitate of m-chlorobenzoic acid 
was obtained after 24 hr. The mixture was diluted with chloroform 
(100 ml), and this methylene chloride-chloroform solution was 
washed with a sodium bisulfite solution (5.2 g in 100 ml of water, 
50 mmol) and then with a saturated sodium bicarbonate solution. 
After drying (MgS04), the chloroform was evaporated to yield 5.2 
g of the crude epoxides present in a ratio of 8:1, 7b to 8b , by NMR. 
The epoxides were separated by column chromatography (silica 
gel, 400 g, Camag D-O) with ethyl acetate as the eluent.

Trans epoxide 7b: yield 3.6 g (69%); TLC (ethyl acetate) R f 0.7; 
NMR b 1.5-2.5 (m, 4 H), 2.60 (d, 1 H, J  = 7 Hz), 3.40 (d, 1 H, J = 7 
Hz), 3.58-3.67 (m, 3 H), 3.69 (s, 3 H), 3.70-4.18 (m, 2 H), 5.07-5.43 
(m, 1 H), 6.70 (d, 2 H, J  = 9 Hz), 7.05 (d, 2 H, J  = 9 Hz).

Anal. Calcd for Ci6H19N 05: C, 62.9; H, 6.3; N, 4.6. Found: C, 
62.7; H, 6.5; N, 4.5.

Cis epoxide 8b: yield 0.92 g (17.7%); TLC (ethyl acetate) R f 0.6; 
NMR (CDCls) b 1.46-2.4 (m, 4 H), 2.63 (d, 1 H, J = 7 Hz), 3.20 (d, 
1 H, J = 7 Hz), 3.70 (s, 3 H), 3.74 (s, 3 H), 3.75-4.13 (m, 2 H), 5.09 
(s, 0.5 H), 5.33 (s, 0.5 H), 6.72 (d, 2 H, J  = 9 Hz), 7.C6 (d, 2 H, J = 9 
Hz); high-resolution mass spectrum, calcd for CmHigNOs (M +), 
305.1263; found, 305.1264.

3 -A c e to x y m e t h y l-6 -m e th o x y c a r b o n y l-3 -h y d r o x y - l - (p -m e -  
th o x y b e n z y l)-2 -p ip e r id o n e  (17). A solution of epoxide 7b  (0.30 g, 
1 mmol) and acetic acid (25 ml) was heated at reflux under nitro
gen for 16 hr. The solution was cooled, and the acetic acid was re
moved under reduced pressure. The residue was dissolved in chlo
roform (25 ml) and washed with a solution of saturated sodium bi
carbonate (20 ml). After drying (MgS04), the chloroform was 
evaporated to afford 0.37 g (100%) of the acetate 17, crystallized 
from hexane-ethyl ether: mp 110-112°; mass spectrum m/e 365 
(M+); NMR S 1.62-2.6 (m, 4 H), 1.97 (s, 3 H), 3.3-4.2 (m, 4 H), 3.61 
(s, 3 H), 3.69 (s, 3 H), 5.0-5.4 (m, 1 H), 6.63 (d, 2 H, J  = 9 Hz), 7.02 
(d, 2 H, <7 = 9 Hz).

Anal. Calcd for C18H23O7N: C, 59.2; H, 6.4; N, 3.8. Found: C, 
59.2; H, 6.3; N, 3.9.

3 -A c e to x y m e th y  1 -6 -ca r  b o x y -3 -h y d r o x y - l - (p -m e t h o x y  b e n 
zy l ) -2 -p ip e r id o n e  L a c to n e  (18). The epoxide 8b  was treated as 
above with acetic acid to quantitatively yield the lactone acetate 
18: NMR b 1.6-2.4 (m, 4 H), 2.13 (s, 3 H), 3.6-4.8 (m, 3 H). 3.77 (s, 
3 H), 4.57 (s, 2 H). 6.77 (d, 2 H, J  = 9 Hz), 7.12 (d, 2 H, J = 9 Hz); 
high-resolution mass spectrum, calcd for C17H19O6N (M~), 
333.1212; found, 333.1207.

O p en in g  o f  E p o x id e  7b  w ith  A m m on ia . 6 -C a r b o x y -3 -h y -  
d r o x y - l - (p -m e th o x y b e n z y l)-3 -a m in o m e th y l-2 -p ip e r id o n e  (19) 
a n d  3 -A m in o -6 - c a r  b o x y -1 - (p -m e th o x y b e n z y  1 ) -3 -h y d r o x y -
m e th y l-2 -p ip e r id o n e  L a cta m  (20). A mixture of epoxide 7b  (3 g, 
10 mmol) and concentrated ammonium hydroxide (40 ml) was 
stirred at room temperature for 3 days. The resulting homoge
neous solution was evaporated to dryness in vacuo, water was



Total Synthesis of the Sceletium Alkaloid A-4 J. Org. Chem., Vol. 40, No. 24,1975 3495

added to the residue, and the aqueous solution (pH 6-7) was ex
tracted with chloroform. The chloroform extracts were dried 
(MgS04) and evaporated to afford 0.95 g (33%) of the diketopip- 
erazine 20, crystallized from ethanol: mp 171-173°; TLC (95% eth
anol) R/ 0.55; mass spectrum m/e 290 (M+), 291 (M+ + 1); NMR 6
1.8-2.6 (m, 4 H), 3.34 (s, 2 H), 3.77 (s, 3 H), 3.7-4.0 (m, 1 H), 4.24 
(d, 1 H, J = 13 Hz), 4.61 (s, 1 H), 4.90 (d, 1 H, J = 13 Hz), 6.43 (s, 1 
H), 6.77 (d, 2 H, J  = 7 Hz), 7.13 (d, 2 H, J  = 7 Hz); ir (Nujol) 3380, 
3300,1670,1650 cm "1.

Anal. Calcd for C15H18N2O4: C, 62.0; H, 6.2; N, 9.6. Found: C, 
61.9; H, 6.1; N, 9.6.

The aqueous layer was evaporated to dryness, and the residue 
(~2 g) was chromatographed on 150 g of silica gel using 3:1 1-pro- 
panol-water as the eluent to yield 1.6 g (54%) of the aminol 19, 
crystallized from 95% ethanol: mp 206-208°; TLC (3:1 1-propanol- 
water, v/v, ninhydrin visualization) Rf 0.51; mass spectrum m/e 
308 (M+), 290 (M+ -  H20 ); NMR (D20 ) 6 1 6-2.2 (m, 4 H), 3.04 
(d, 1 H, J  = 13 Hz), 3.36 (d, 1 H, J = 13 Hz), 3.44^.04 (m, 2 H), 
3.64 (s, 3 H), 5.01 (s, 1 H), 5.25 (s, 1 H), 6.77 (d, 2 H, J  = 9 Hz),
7.04 (d, 2 H, J  = 9 Hz).

Anal. Calcd for C15H20N2O5: C, 58.4; H, 6.5; N, 9.1. Found: C, 
58.3; H, 6.5; N, 9.1.

Tabtoxinine-5-lactam (1). A solution of the aminol 19 (200 mg, 
0.65 mmol), anisole (400 mg, 3.7 mmol), and trifluoroacetic acid (5 
ml) was heated at reflux for 44 hr under nitrogen. After cooling to 
room temperature, the excess trifluoroacetic acid was removed 
under reduced pressure, a solution (25 ml) of KH2PO4 (1 g) and 
K2HPO4 (1 g) was added to the residue, and the aqueous solution 
was extracted with chloroform. After again evaporating the aque
ous layer to dryness, the resuiting residue was digested in hot 
methanol. The hot methanolic mixture was filtered, and the fil
trate evaporated to dryness. The residue thus obtained was chro
matographed on silica gel (10 g) employing 3:1 1-propanol-water as 
the eluent to afford 0.080 g (66%) of (±)-tabtoxinine-5-lactam (1). 
An analytical sample was obtained by dissolving the crude crystals 
in hot ethanol-water (1:1 v/v), allowing the solution to cool, and 
inducing crystal formation by the addition of acetone. Repetition 
of this procedure afforded the pure aminol 1: mp 234-236°; TLC 
(3:1 1-propanol-water, ninhydrin visualization) R/ (silica gel 
Camag) 0.15; mass spectrum m/e 170 (M + — H20 , 8.98% RA, 0.37% 
TI), 159 (M+ -  CH2=N H , 29.14% RA, 1.20% TI), 43 (100.00% RA, 
4.12% TI); NMR (D20 ) 6 1.70-2.35 (m, 4 H), 3.07 (d, 1 H, J = 13 
Hz), 3.38 (d, 1 H, J = 13 Hz), 3.81^.12 (m, 1 H).

Anal. Calcd for C7H12N2O4: C, 44.7; H, 6.4; N, 14.9. Found: C, 
44.8; H, 6.2; N, 14.6.

The Rf's of the synthetic and natural material were identical in 
three different systems: (1) silica gel G, 2:1 1-propanol-water, Rf
0.24 (lit.10 Rf 0.24); (2) Whatman No. 1, 2:1 1-propanol-water, Rf
0.23 (lit.10 Rr 0.23); (3) Whatman No. 1, 4:1 phenol-water, R/ 0.49 
(lit.10 Rf 0.48).

Registry N o.— 1 . 56599-17-8; 6a, 56599-18-9; 6b, 56599-19-0; 
7b, 56599-20-3; 8 b, 56599-21-4; 9a, 56599-22-5; 9b, 56599-23-6; 13, 
2207-52-5; 14, 100-23-5; 15a, 56599-24-7; 15b, 56650-75-0; 16a, 
56599-25-8; 16a HC1, 56599-26-9; 16b, 56599-27-0; 17, 56650-76-1; 
18, 56599-29-1; 19, 56599-29-2; 20, 56599-30-5; trichloroacetyl chlo
ride, 76-02-8; anisyl alcohol, 105-13-5; 2,4-dimethoxybenzyl alco
hol, 7314-44-5; ozone, 10028-15-6; m-chloroperbenzoic acid, 937-
14-4.
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An efficient total synthesis of the pharmacologically interesting alkaloid Sceletium A-4 (1) is presented togeth
er with an improved synthesis of mesembrine (3). Key steps in these syntheses utilize the acid-promoted rear
rangement of cyclopropylimine 9 to 2-pyrroline 10 and acid-catalyzed annelation of this intermediate with methyl 
vinyl ketone or methyl 5-oxohept-6-enoate.

Interest in the so-called Mesembrine alkaloids3 has been 
renewed with the discovery4̂ 7 of several new bases found in 
various Sceletium species. Extracts of these plants are used 
by the natives of Southwest Africa in the preparation of a 
pharmacologically interesting drug known as “Channa” or 
“ Koegoed” . Since nearly till of the alkaloids from these 
plants which have been isolated thus far are not available 
in sufficient quantity for biological evaluation, we have 
been actively pursuing a program of total synthesis.8-9 Of 
particular interest in the present study are the pyridine al
kaloids Sceletium A-4 (1) and its seco analog tortuosamine
(2) 6,7 These two substances represent completely new 
structural types and differ from the more common Mesem-

brine alkaloids such as mesembrine itself (3) by the inter
esting addition of a fused pyridine ring.
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Our synthetic planning was dictated by two fundamental 
considerations. The first of these involves the previously 
demonstrated8’9 utility of the acid-catalyzed rearrange
ment of cyclopropylimines (4) to 2-pyrrolines (5) and the 
annélation of these as well as other endocyclie enamines 
with methyl vinyl ketone or analogs thereof as effective 
methods for the generation of cis-fused10 hydroindolones or 
hydroquinolones (6) common to a whole host of otherwise 
superficially unrelated alkaloid families. Secondly, from

what we know about the probable mode of biosynthesis of 
these substances,6 there appears to be a very distinct possi
bility that dihydropyridone 14 might also be a natural 
product— a possibility sufficiently attractive to prompt us 
to employ an appropriate intermediate (12) capable of 
transformation into this substance.

The synthesis of the required 2-pyrroline (10) was exe
cuted by methods described previously8’9 with the very im
portant difference that the cyclopropanation of 3,4-di- 
methoxybenzyl cyanide was improved dramatically by 
employing ethylene dichloride as the alkylating agent and 
lithium diisopropylamide (LDA) as the base instead of eth
ylene dibromide and lithium amide. In this fashion almost 
pure cyclopropane 7 was obtained without need for further 
purification. Selective reduction of this nitrile to the corre
sponding aldehyde (8) employing diisobutylaluminum hy
dride (DIBAL-H) and subsequent imine formation pro
ceeded smoothly as did the ammonium iodide induced re-

OCH,
2LDA DIBAL-H

arrangement of cyclopropylimine 9 to the required 2-pyrro- 
line 10. Annélation of this intermediate with methyl vinyl 
ketone (M VK) employing the improved HCl-catalyzed pro
cedure9,11 provided racemic mesembrine (3) in vastly im
proved overall yield.

With substantial supplies of endocyclie enamine 10 
available, we were now in a position to employ this impor
tant synthon in the synthesis of Sceletium A-4. In princi
ple, this could be accomplished in a single step12 by annéla
tion with 2-vinylpyridine. This prospect appeared rather 
attractive, since it had been demonstrated previously14 
that exocyclic enamines do react with 2-vinylpyridine in 
the manner outlined below. Thus, there appeared to be

ample precedence for the Michael addition step. However, 
in the case of endocyclie enamine 10, after the initial M i
chael addition the proton transfer step is constitutionally 
impossible, thus rendering annelation a feasible possibility. 
Unfortunately, we have been unable to effect this desirable 
transformation under a variety of conditions.

In contrast to this disappointing result, annelation of the 
hydrochloride salt of 10 with enone l l 15 in refluxing aceto
nitrile provided hydroindolone 12 as a readily separated 
and interconvertible mixture of epimers at C-3. The assign
ment of cis stereochemistry to the ring fusion is based on 
all previous annelations of this type10 and ultimately on 
the success of the synthesis. Treatment of this epimeric 
mixture with ammonia in methanol smoothly transformed 
it into the isomeric carbinolamides (13) which, without pu
rification, was dehydrated in neat CF3C 0 2H to dihydropyr
idone 14, thus completing the first synthesis of the basic 
nucleus of Sceletium A-4. The possibility mentioned above 
that this substance might also be a naturally occurring al
kaloid is presently under investigation.16

Completion of the synthesis of Sceletium A-4 itself re
quired adjustment of the oxidation state of the ester side 
chain in 12 to an aldehyde. This was accomplished in high 
yield by protection of the ketone as its dimethyl acetal (15)
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and selective reduction of the ester with DIBAL-H. We had 
originally envisaged hydrolysis of the acetal back to the ke
tone, since it had been demonstrated previously17 that 1,5- 
dicarbonyl systems can be converted to pyridines by treat
ment with hydroxylamine. We were pleasantly surprised to 
discover that the hydrolysis step was unnecessary— treat
ment of acetal 16 with hydroxylamine hydrochloride in re-

fluxing ethanol gave Sceletium A-4 directly identical in all 
respects with the natural product.18

Experimental Section

Infrared spectra were obtained on a Bec-cman IR-8 spectrome
ter. 1H NMR spectra were secured from a Varian A-56/60 spec
trometer in CDCI3 using trimethylsilane as internal standard. 
Mass spectra were recorded on a Consolidated Electrodynamics 
Corp. 21-110 high-resolution instrument. Melting points and boil
ing points are uncorrected.

l-(3,4-Dimethoxyphenyl)cyclopropanecarbonitrile (7). Im
proved Procedure. To a cold solution of diisopropylamine (67.2 
ml, 0.476 mol) in 700 ml of dry THF under N2 was added an equiv
alent amount of rc-butyllithium in hexane. The solution was 
stirred at 0° for 0.5 hr and then cooled to —76°. Dry hexamethyl- 
phosphoramide (88 ml, 0.515 mol) was added dropwise followed by 
30 g (0.17 mol) of (3,4-dimethoxyphenyl)acetonitrile in 150 ml of 
THF after which the temperature was allowed to rise to —20° and

1,2-dichloroethane (70 ml, 0.89 mol) was added slowly. After addi
tion was complete the mixture was cooled again to —76° and 
stirred overnight, allowing the temperature to rise slowly to 25°. 
The solvents were removed under reduced pressure and 200 ml of 
H2O added cautiously to the residue. The mixture was extracted 
with benzene and washed with water (4 X 20 ml) and the solvent 
was removed in vacuo, leaving a dark mass which was sublimed 
(100°, 0.07 mm) providing 29.6 g (86%) of pure nitrile 7.

Hydroindolone 12. The hydrochloride salt (290 mg, 1.33 mmol) 
of pyrroline 10 and methyl 5-oxohept-6-enoate (11, 625 mg, 4 
mmol) were dissolved in 25 ml of dry acetonitrile and the mixture 
was refluxed for 24 hr, after which the solvent was removed under 
reduced pressure and the residue dissolved in benzene and extract
ed with dilute hydrochloric acid. The aqueous phase was neutral
ized with solid NaKCOa and extracted with CH2CI2. After drying 
over Na2S04 the solvent was removed and the residue chromato
graphed on neutral alumina (activity III) using ethyl acetate as el
uent. Hydroindolone 12 (270 mg, 54%) was obtained as an oil: ir 
(neat) 1735, 1710 cm-1; ]H NMR major singlets at 5 6.9 (3 H), 3.93 
(6 H), 3.68 (3 H), and 3.43 (3 H); mass spectrum m/e 375 (M+), 344 
(M -  OCH3), 302 (M -  C3H60 2), 219.

Carbinolamide 13. The keto ester 12 (227 mg, 0.605 mmol) was 
dissolved in dry me'.hanol (5 ml) and placed in a pressure vessel at 
—78°. Approximately 5 ml of liquid NH3 was condensed into the 
vessel, which was then sealed and allowed to warm to room tem
perature and the contents stirred magnetically until homogeneous. 
After 18 hr, the vessel was again cooled to —78°, opened, and al
lowed to warm up very slowly. Excess NH3 and methanol were 
evaporated, leaving a yellow foam (230 mg, 100%). TLC (silica gel, 
CH3OH) indicated that a minimum of three diastereomers were 
present. The foam crystallized from benzene-pentane as a white 
solid (mp 110-116°. with softening at 105°): ir (CH2CI2) 1665 
cm“ 1; 'H NMR 5 6.95 (m, 3 H), 3.86 (s, 6 H), the rest of the spec
trum integrates to 19 H; mass spectrum m/e 360 (M+), 342 (M — 
H20), 327, 251, 221,219.

Dihydropyridone 14. The mixture of isomeric carbinolamides 
(13, 1.68 g, 4.67 mmol) was cooled in an ice bath and 15 ml of 
CF3CO2H was added slowly. The solution was stirred under N2 at 
room temperature for 4.5 hr and the CF3CO2H removed in vacuo. 
The residue was dissolved in CH2CI2 and extracted four times with 
1 N  HC1. Neutralization of the combined aqueous extracts with 
solid NaHCO.3 and extraction with CH2CI2 provided 1.27 g (79%) 
of pure dihydropyr.done 14 as a pale yellow oil: ir (CHCI3) 3420, 
1675, 1588, and 1511 cm“ 1; 'H NMR 6 7.52 (s, 1 H), 6.80 (s, 3 H), 
3.92 (s, 6 H), 2.5 (s. 3 H); mass spectrum, calcd, 342.1943; found, 
342.1972.

Acetal 15. Hydroindolone 12 (479 mg, 1.28 mmol) was dissolved 
in 4 ml of dry methanol containing 2 ml of trimethyl orthoformate 
and 342 mg (1.8 mmol) of p-toluenesulfonic acid and the resultant 
dark red solution stirred overnight. After addition of solid 
NaHC03, 15 ml of water was added and the solution extracted 
with benzene. Removal of the solvent in vacuo left 488 mg (90%) of 
essentially pure acetal: ir (neat) 1738, 1110, 1040 cm“ 1; ‘ H NMR 6
6.6-7.0 (m, 3 H), 3.85 (s, 3 H), 3.82 (s, 3 H), 3.54 (s, 3 H), 3.18 (s, 3 
H), 3.12 (s, 3 H), 2.33 (s, 3 H); mass spectrum, calcd, 421; found, 
390 (M -  CH3O).

Aldehyde 16. To a cooled (Dry Ice-acetone) solution of 298 mg 
(0.71 mmol) of acetal 15 in 20 ml of toluene was added slowly a 
pentane solution of diisobutylaluminum hydride (0.75 mmol). 
After stirring for 1 hr, 15 ml of a pH 2 sulfuric acid solution was 
carefully added and the mixture stirred for 0.5 hr. Methylene chlo
ride was added and the mixture was neutralized with solid 
NaHC03 and extracted three times with methylene chloride. Re
moval of the solvent left 258 mg (92%) of crude aldehyde which 
was sufficiently pure for use in the next step: ir (neat) 1726, 1110, 
1040 cm“ 1; JH NMR 5 9.44 (t, 1 H), 6.5-7.0 (m, 3 H), 3.85 (s, 3 H),
3.82 (s, 3 H), 3.27 (3. 3 H), 3.22 (s, 3 H), 2.77 (s, 3 H).

(±)-Sceletium A-4 (1). A solution of 110 mg (0.28 mmol) of al
dehyde 16 and hydroxylamine hydrochloride (70 mg, 1 mmol) in 4 
ml of ethanol was refluxed under N2 for 2 days. The solution was 
then made basic with 2 N  NaOH and the ethanol removed in 
vacuo. Additional water was added and the solution extracted with 
methylene chloride. After removal of the solvent the crude product 
was chromatographed on neutral alumina (activity III) using ben
zene-chloroform (71:30) as eluent. In this manner 50 mg (55%) of 
pure Sceletium A-4 was obtained which could be recrystallized 
from ethyl acetate mp 149-151°. The ir, JH NMR, and mass spec
tra were identical with those of the natural product as was the 
TLC behavior in 3everal solvents; mass spectrum calcd for 
C20H24N2O2, 324.1837; found, 324.1828.
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To exploit azide chemistry in the nucleoside area, a variety of derivatives of 2,2'-anhydro-l-(d-D-arabinofura- 
nosyDuracil were synthesized as substrates for the reaction of azide ion. These contain 2,2'-anhydro-l-(5'-0-ben- 
zoyl-3'-0-mesyl-j3-D-arabinofuranosyl)-5-brDmouracil (lb ), 2,2'-anhydro-l-(5'-0-benzoyl-.3'-0-tosyl-/3-D-arabino- 
furanosyl)uracil (lc ) and its 5'-chloro-5'-deoxy analog (le), and analogous 2,2'-anhydro nucleoside with 5'-0-tr:t- 
yl and 3'-0-mesyl substituents (Id). These ankydro nucleosides as well as the known 2,2'-anhydro-l-(5'-0-ben- 
zoyl-3'-0-mesyl-/3-D-arabinofuranosyl)uraciI (la) with in situ generated ammonium azide gave 2,3'-imino-l-(5'- 
0-benzoyl-d-D-lyxofuranosvl)uracil (3a), its 5-bromo (3b) and 5'-0-trityl analog (3c). An analogous anhydro nu
cleoside with the 5'-azido group (3e) was obtained from 5'-chloro-5'-deoxy-2',3'-di-0-tosyluridine (4). 3a and 3c 
were deprotected to 2,3'-imino-l-(/3-D-lyxofuranosyl)uracil (3d). 3a was derived to its 2'-0-acetyl (5) and 4-thioxo 
analogs (6). In contrast, 2,2'-anhydro-l-(5'-0-trityl-j3-D-arabinofuranosyl)uracil (7) with the same reagent afford
ed l-(2'-azido-2'-deoxy-5'-0-trityl-/5-D-ribofuranosyl)uracil (9), which was converted to the 3'-0-mesyl derivative
(10) for the NMR measurement.

Introduction of an azide group followed by reductive 
cleavage has long been one of the standard methods for the 
syntheses of amino sugars and amino sugar nucleosides, 
while the use of other aspects of an azide reaction for the 
alterations of nucleosides is notably missing; an azide is 
known to have multiple reactivity leading to a nitrene, 
imine, and/or triazole depending upon reaction conditions 
and the character of a substrate.1 Hence, our recent con
cern has been turned to exploitation of intramolecular nu
cleophilic reactions by an azide group in the nucleoside 
field, which would occur with or without decomposition of 
the introduced nitrogen chain. This paper describes a fac
ile, selective, one-step synthesis of the derivatives of 2,3'- 
imino-l-(/3-D-lyxofuranosyl)uracil (3d, Scheme II) from 
readily available 2,2'-anhydrouracil arabinosides.

Moffatt et al.- have shown that the reaction of 2,2'-anhy- 
dro-l-(/3-D-arabinofuranosyl)uracil (i) with lithium azide 
gives 2'-azido-2'-deoxyuridine (iii), while Hirata3 obtained
2,2,-anhydro-l-(3'-azido-3'-deoxy-j3-D-arabinofuranosyl)- 
uracil (iv) from 2,2'-anhydro-l-(3'-0-tosyl-|8-D-arabino- 
furanosyl)uracil (ii) and sodium azide (Scheme I). For the 
latter reaction an azidonium intermediate (v) has been pro-

Scheme I

posed by Fox and coworkers4 without any direct evidence. 
The proposed intermediate (v) was, however, interesting to 
us, since it suggested eventual synthesis of a compound 
with a “down” 2',3'-imino function under appropriate con
ditions.
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Scheme II

Bz = benzoyl 
Ms=mesyl 
Tos = tosyl 
Tr = trityt

In a ‘ rial experiment using 2,2'-anhydro-l-(5'-0-benzoyl- 
3'-0-mesyl-/3-D-arabinofuranosyl)uracil (la)5 and in situ 
generated ammonium azide,6 a highly crystalline com
pound of mp 250-252° (3a, Scheme II) was obtained as a 
single product, no other products being detected by TLC  
using silica gel and 20% ethanol in benzene, 10% methanol 
in chloroform, and a couple of other solvent systems. This 
product did indicate the incorporation of one nitrogen 
atom with loss of the leaving group, no azide absorption in 
the infrared spectrum, and ultraviolet absorptions at 217 
and 261 nm, the latter band being a low-intensity shoulder 
(see Table I). This characteristically weak second absorp-

Table I
Ultraviolet Absorption Maxima of 2,3'-Imino 
Cyclonucleosides, 3a-e, 5, and 6, in Methanol

Compd nm 6

3a 217,261 33300,4000 sh
3b 220,267 29400,5700 sh
3c 258 5200 sh
3d 215,260 31100,3700 sh
3e 212,263 36600,4080 sh
5 216,261 39400,4400 sh
6 228,324 27600,19400

tion was also observed in the spectrum of the debenzoylat- 
ed compound (3d) and hence was no uridine absorption. 
This absorption pattern is quite similar to that of 2,3'- 
imino-1 - (2-deoxy-d-D-threo-pentofuranosyl)thymine (vi) ,7 
which absorbs at 213 and 257-269 nm with t 22700 and 
4000 (sh), respectively. The structure of this product was 
thus assigned as 2,3'-imino-l-(5'-0-benzoyl-/3-D-lyxofura- 
nosyl)uracil (3a). The NM R signals of 3a with some struc
tural significance were the one-protor. triplet at 3.84 ppm 
(H4') and the doublet at 5.35 ppm (H i) (see Experimental 
SectiQn). The coupling constant, J r x  =  4.0 Hz, was rea
sonably predicted from a model study, on the basis of 
which the dihedral angle between H r and H2' is expected

to be approximately 40°, while for a xylo configuration it 
reaches as large a value as 70°. The signals of H2 , H3-, and 
5'-methylene overlapped each other as a complex multi- 
plet. Accordingly, 3a was acetylated to 2,3'-im ino-l-(2'-0- 
acetyl-5'-0-benzoyl-/3-D-lyxofuranosyl)uracil (5), in the 
spectrum of which the signal of H 2' appeared at 5.38 ppm 
(Jr,2' =  4.0 Hz), clearly separated from the others. In this 
acetylation reaction, formation of two products was indi
cated by TLC but the faster moving one, most probably 
N ,0-diacetate, was unstable and easily collapsed to 5 on at
tempted separation by silica gel chromatography or on 
treatment with aqueous acetic acid.

Spurred by the finding of the new synthesis of an imino- 
bridged nucleoside, 3a, specificity of this reaction was ex
amined using a variety of substituted analogs of 2,2'-anhy- 
dro-l-(/3-D-arabinofuranosyl)uracil (i). Thus, 2,2'-anhydro-
l-(5'-0-benzoyl-3'-0-mesyl-/3-D-arabinofuranosyl)-5-bro- 
mouracil (lb) was obtained from la  and IV-bromoacet- 
amide. The brominated position was confirmed by the ul
traviolet absorption at 227 and 256 nm, and by the appear
ance of the NM R signal of He as a singlet at 8.51 ppm 
which was compatible with the signal at 8.59 ppm shown by 
that of 2,2'-anhydro-l-(5'-0-acetyl-3'-0-benzoyl-|8-D-ara- 
binofuranosyl)-5-bromouracil.8 The 3'-0-tosyl analog (lc) 
was synthesized from 2,2'-anhydro-l-(5'-chloro-5'-deoxy- 
3'-0-tosyl-/3-D-arabinofuranosyl)uracil (le) or directly 
from 5,-chloro-5'-deoxy-2',3'-di-0-tosyluridine (4)9 by 
treatment with sodium benzoate, the former (le) being ob
tained in an excellent yield by treating the latter (4) with 
potassium carbonate. The 5'-0-trityl analog (Id) was also 
prepared by the standard method as described in the Ex
perimental Section. Compounds lc -e  showed uv absorp
tions at around 225 and 248 nm characteristic for a 2,2'- 
anhydro structure.

Reaction of excess ammonium azide with lc, lb, and Id 
gave the above obtained 3a, 2,3'-imino-l-(5'-0-benzoyl-/3- 
D-lyxofuranosyl)-5-bromouracil (3b), and 2,3'-imino-l-(5'-
0 -  trityl-/3-D-lyxofuranosyl)uracil (3c), respectively, but no 
other by-products discernible by TLC. Acidic treatment of 
3c gave 2,3'-imino-l-(d-D-lyxofuranosyl)uracil (3d) above 
obtained from 3a with methanolic ammonia. Compound 3d 
resisted attempted hydrolytic cleavage of the imino bridge 
by 2 N  hydrochloric acid or 3 N  potassium hydroxide, and 
this stability coincides with the previous observations with 
the thymine analog (vi) and its AT-methyl derivative.7 
Treatment of le with a large excess of ammonium azide 
gave 2,3'-imino-l-(5'-azido-5'-deoxy-d-D-lyxofuranosyl)- 
uracil (3e), which was, however, always contaminated with 
unseparable halogen-containing compounds. It was eventu
ally found that 3e was obtainable in pure form directly 
from 4 as exemDlified in the Experimental Section. The 
structures of all these 2,3'-imino nucleosides were estab
lished in terms of uv (see Table I), ir, and NM R spectra. 
Thiation of compound 3a afforded 2,3'-imino l-(5 '-0 -b en -
zoyl-d-D-lyxofuranosyl)-4-thiouracil (6).

The formation of 3a-e from la -e  is rationalized by the 
initial attack of azide ion at C-2 followed by intramolecular 
nucleophilic displacement at C-3' with release of a nitrogen 
molecule as visualized in formula 2. Such an introduction 
of an azide group into pyrimidine bases through 0 2-anhy- 
dro nucleosides is unprecedented and seemed to be di
rected by the presence of a leaving group at C-3'. Hence, a 
few trial experiments were done using known 2,2'-anhydro-
1- (5'-0-trityl-|8-D-arabinofuranosyl)uracil (7)10 to ascertain 
the former observation with compound i.2 Reaction be
tween 7 and excess ammonium azide was rather sluggish 
even at a higher temperature (110°) but gave a reasonable 
yield (59%) of l-(2'-azido-2'-deoxy-5'-0-trityl-d-D-ribo- 
furanosyl)uracil (9) (Scheme III) and the starting material
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Scheme III

Tr = triyl 
Ms = mesyl

(33%). Compound 911 showed a uridine absorption at 257 
nm but failed to give a clear-cut NM R spectrum at 60 MHz 
principally owing to the overlapping of H2' and H;< signals. 
A more convincing spectrum was obtained with the mesyl- 
ated derivative, l-(2 ,-azido-2'-deoxy-3'-0-mesyl-5/-0 -  
trityl-/3-D-ribofuranosyl)uracil (10), H3' being extensively 
deshielded relative to H2'. Thus, 10 showed a separate trip
let for H.r at 5.31 ppm with J2\3' (=  J^a') = 5-2 Hz and a 
doublet for Hi - at 5.96 ppm with J\ _2' — 4.3 Hz. While some 
uncertainty attended the assignments of the signals for H 2' 
and H4', the ill-resolved signal envelope at 4.33 ppm con
tained splittings of 4.3 and 5.2 Hz. Although a reasonable 
analysis value was not obtained for this foamy compound 
and its further derivatization was abandoned owing to the 
material shortage, the above NM R data are sufficient to as
sign the structure. Thus, nucleophilic attack by azide ion 
on 7 occurred exclusively at C-2', no side product corre
sponding to 8 being detected. It seems that the leaving 
group at C-3' exerts, irrespective of 5' substituent, a strik
ing “through bond” electronegative influence to C-2, 
whereas the contrasted behavior of ii (Scheme I) is rather 
surprising.12

Experimental Section

All the melting points are uncorrected. The electronic spectra 
were measured on a Jasco Model ORD/UV-5 spectrophotometer. 
The nuclear magnetic resonance spectra were determined using a 
JNM C-60 HL spectrometer and tetramethylsilane as an internal 
standard,1:1 while a few of the 100-MHz spectra were recorded with 
a Varian HA-100 spectrometer in the laboratory of the Takeda 
Chemical Industries Co., Ltd., for which we are grateful. Elemental 
analyses were carried out by Miss Y. Kawai using a Perkin-Elmer 
240 elemental analyzer in this laboratory. Wakogel B-5 silica gel 
and Mallinkrodt silicic acid (100 mesh) were used for thin layer 
and column chromatography, respectively.

2 ,2 '-A n h y d r o -1 - (5 '-  O -b e n z o y l-3 '-  0 -m e s y l- /S -D -a ra b in o fu r a - 
n o s y l)-5 -b r o m o u r a c i l  ( l b ) .  TV-Bromoacetamide (300 mg, 2.15 
mmol) was added to a solution of la 5 (500 mg, 1.22 mmol) in N,N- 
dimethylformamide (DMF) (20 ml) and the mixture was stirred at 
room temperature for 2 days. The yellow solution was evaporated 
in vacuo below 40° to a solid residue, which was digested with ice- 
water (15 ml) to give a pale-yellow precipitate. An aliquot of the 
collected solid was examined by TLC using 20% ethanol in benzene 
to show a single product. Crystallization from methanol gave 270 
mg (62%) of colorless needles ( lb ) :  mp 252.5-254°; Ama, (MeOH) 
227 nm (< 27600) and 256 (12400); NMR (Me2SO-d6) h 3.39 (3 H, s, 
mesyl), 5.56-5.80 (4 H, m, 5'-CH2, H4 and Hr or H2), 5.37-5.51 (2 
H, m, Hi and H>- or H.r), 7.47-8.03 (5 H, m, benzoyl), and 8.51 (1 
H, s, Hfi).

Anal. Calcd for C|7H15N ,0 8SBr: C, 41.90; H, 3.10; N, 5.75. 
Found: C, 41.81; H, 3.17; N, 5.77.

2 ,2 '-A n h y d r o -1 - ( 5 '-  O -b e n z o y l -3 '-  0 -t o s y l- /3 -D -a r a b in o fu r a -  
n o s y l)u r a c il  ( l c ) .  M e th o d  A . A mixture of l e  (1.90 g, 4.74 mmol) 
and sodium benzoate (2.05 g, 14.22 mmol) in DMF (30 ml) was 
stirred at 90° for 7 hr and cooled. The mixture was evaporated in

vacuo and the residue thoroughly triturated with ice-water (80 
ml). The insoluble solid was collected by suction, air dried, and re- 
crystallized from methanol to give 1.47 g (64%) of l c  as colorless 
needles: mp 199-201°; AmalI (MeOH) 224 nm (f 12700) and 249 
(8600, shoulder).

Anal. Calcd for C2;,H20N2O8S: C, 57.02; H, 4.16; N, 5.78. Found: 
57.13; H, 4.33; N, 5.87.

M eth od  B. A mixture of 49 (2.30 g, 4.03 mmol) and sodium ben
zoate (2.30 g, 16.0 mmol) in DMF (30 ml) was stirred at 95-100° 
for 6 hr. The solvent was evaporated off and the residue was ex
tracted with ethyl acetate (3 X 100 ml) in the presence of water (80 
ml). The ethyl acetate solution was dried over sodium sulfate and 
evaporated to give a paste, which was purified by preparative TLC 
using a silica gel plate (20 X 20 cm, 2 mm thick) and 5% methanol 
in chloroform. Elution of the main band with acetone and crystal
lization of the^obtained solid from methanol gave 620 mg (32%) of 
crystals, mp 199-200°, identical with the product in method A in 
terms of infrared and ultraviolet spectroscopy.

2 ,2 '-A n h y d r o - l - (5 '-O -t r ity l -3 '-O -m e s y l-0 -D -a r a b in o fu r a n o -  
s y l)u r a c il  ( Id ) .  To a solution of 5'-0-trityluridine (1.23 g, 2.53 
mmol) in dry pyridine (20 ml) at —20° was added dropwise meth- 
anesulfonyl chloride (0.44 ml, 5.67 mmol) under stirring. After 
standing at 0° overnight, the mixture was treated with methanol (5 
ml) at room temperature for 30 min and evaporated to a syrup, 
which was dissolved in methanol (10 ml) and precipitated into ice- 
water (150 ml). The precipitate was collected by suction, washed 
with water (50 ml), and air dried (1.6 g, 95%). TLC of an aliquot of 
the product revealed a single product with a slight amount of trityl 
alcohol.

A mixture of the above obtained crude 5'-0-trityl-2',3'-di-0- 
mesyluridine (1.60 g, 2.49 mmol) and anhydrous potassium car
bonate (0.35 g, 2.54 mmol) in dry acetone (10 ml) was heated to re
flux for 2 hr. After cooling, the insolubles were filtered off and the 
filtrate evaporated in vacuo to a syrup, which was extracted with 
chloroform (3 X 100 ml) in the presence of water (80 ml). The chlo
roform solution was dried over sodium sulfate, concentrated, and 
applied on a silica gel column (3 X 15 cm). Elution with chloro
form-methanol (95:5 v/v) gave 0.75 g (55%) of a practically homo
geneous foam. The analytical sample was purified by TLC over sil
ica gel (CHCL-EtOAc, 2:1): Amax (MeOH) 248 nm (< 14300, shoul
der).

Anal. Calcd for C29H2sN20 vS: C, 63.72; H, 4.80; N. 5.12. Found: 
C, 63.43; H, 5.06; N.4.97.

2 ,2 '-A n h y d r o -1 - (5 '-c h I o r o -5 '-d e o x y -3 '-  0 -to s y l- /5 -D -a r a b in o -  
fu r a n o sy I )u r a c il  ( l e ) .  A mixture of 49 (0.7 g, 1.23 mmol) and an
hydrous potassium carbonate (415 mg, 3 mmol) in acetonitrile (12 
ml) was heated to reflux for 2 hr. After cooling, the insolubles were 
filtered off, and the Filtrate was treated with Norit and concentrat
ed in vacuo to give 0.43 g (ca. 90%) of crystals homogeneous by 
TLC (mp 227-229°), which were recrystallized from methanol as 
colorless needles: mp 232-234°; Amax (MeOH) 226 nm (c 22100( 
and 248 (8300).

Anal. Calcd for C16H1SN20 6SC1: C, 48.16; H, 3.79; N, 7.03. 
Found: C, 47.91; H, 3.79; N, 6.86.

2 ,3 '- Im in o - l - (5 '-0 -b e n z o y l- /S -D -ly x o fu r a n o s y l)u r a c i l  (3a ). 
M e th o d  A . To a solution of la  (1.02 g, 2.5 mmol) in DMF (20 ml) 
was added sodium azide (980 mg, 15 mmol) and ammonium chlo
ride (810 mg, 15 mmol), and the mixture was stirred at 90° for 10 
hr. After cooling, the insoluble materials were filtered off and the 
filtrate was evaporated in vacuo below 40° to a solid residue, which 
was thoroughly digested with ice-water (10 ml). The insoluble part 
was collected by suction and the aqueous filtrate was extracted 
with chloroform (2 X 100 ml) after adding ca. 20 ml of water. The 
extract was combined with the above obtained solid and recrystal
lized from methanol to give 570 mg (70%) of 3a as colorless nee
dles: mp 250-252°; NMR (Me2SO-d6) S 3.84 (1 H, t, H4 ), 4.26-^1.58 
(4 H, m, H2-, Hr, and 5'-methylene), 5.35 (1 H, d, J r,2- = 4.0 Hz, 
Hr ), 5.46 (1 H. d, Jb,6 = 8.0 Hz, Hs), 6.18 (1 H, br s, 2; OH), 7.32- 
7.98 (6 H, m, Hb and benzoyl), and 8.45 (1 H, br s, N H '.

Anal. Calcd for C1BH15N3O5: C, 58.36; H, 4.59; N, 12.76. Found: 
C, 58.10; H, 4.67; N, 12.70.

M eth od  B . A mixture of l c  (500 mg, 1.03 mmol), sodium azide 
(335 mg, 5.15 mmol), and ammonium chloride (290 mg, 5.15 mmol) 
in DMF (10 ml) was stirred at 90° for 17 hr. The reaction mixture 
was worked up as in method A to give 190 mg (56%) of 3a after re- 
crystallization from methanol. Its identity with the above obtained 
product was confirmed by mixture melting point and infrared 
spectra.

2 ,3 '-Im in o - l - ( 5 ’ -0 -b e n z o y l- /3 -n -ly x o fu r a n o s y I ) -5 -b r o m o -  
u r a c i l  (3 b ). A mixture of l b  (1.25 g, 2.5 mmol), sodium azide



Synthesis of 2,3'-Imino-l-(/3-D-lyxofuranosyl)uracil J. Org. Chem., Vol. 40, No. 24, 1975 3501

(1.0 g, 1.54 mmol), and ammonium chloride (810 mg, 1.53 mmol) in 
DMF (20 ml) was stirred at 90° for 37 hr and cooled. TLC of an al
iquot of the mixture using 20% ethanol in benzene showed the per
sistence of a small amount of the starting material and another 
product which moved slightly slower than the former. The inor
ganic materials were filtered off and the filtrate evaporated in 
vacuo below 40° to a solid residue, which was collected after diges
tion with ice-water (15 ml). Extraction of the filtrate with chloro
form (2 X 50 ml) gave an additional crop. The total product was 
repeatedly recrystallized from methanol to give 390 mg (38%) of 
colorless needles of mp 260-261°: NMR (MeeSO-de) X 3.87 (1 H, 
m, H4), 4.24-4.61 (4 H, m, H2, H3-, and 5'-methylene), 5.42 (1 H, 
d, J , ,2- = 4.0 Hz, Hr ), 6.19 (1 H. d, 2'-OH), 7.36-8.01 (6 H, m, H6 
and benzoyl), and 8.45 (1 H, br s, NH).

Anal. Calcd for CieHuN.iOsBr: C, 47.06; H, 3.47; N, 10.28. 
Found: C, 46.92; H, 3.55; N, 10.27.

2 ,3 '- I m in o - l - (5 '-0 -t r U y l- /? -D -ly x o fu r a n o s y l)u r a c iI  (3 c ). A 
mixture of Id  (550 mg, 1 mmol), sodium azide (400 mg, 6.15 
mmol), and ammonium chloride (330 mg, 6.17 mmol) in DMF (10 
ml) was stirred at 90° for 23 hr, and the reaction mixture was 
worked up similarly as for 3a and 3b. TLC of the crude product 
showed a small amount of the starting material and another slower 
moving product (10% methanol in chloroform). Crystallization 
from methanol gave 260 mg (55%) of 3c as colorless needles: mp 
270-271°; NMR (Me2SO-dfi) S 3.67 (2 H, m, 5'-methylene), 4.17-
4.56 (3 H, m, H2', H.r, and Hr). 5.23-5.61 (2 H, m, Hr and H5), 
6.13 (1 H, br s, OH), 7.08-7.66 (16 H, m, trityl and H6), and 7.76 (1 
H, br s, NH).

Anal. Calcd for C28H2SN.1O4: C, 71.93; H, 5.39; N, 8.99. Found: C, 
72.02; H, 5.48; N, 8.98.

2 ,3 '- Im in o - l-( /3 -D -ly x o fu r a n o s y l)u r a c il  (3 d ). M eth od  A . A
suspension of powdered 3a (200 mg, 0.61 mmol) in a mixture of 
concentrated ammonium hydroxide and methanol (1:3 v/v) (25 ml) 
was stirred at room temperature for 4 hr. The resulting solution 
was evaporated in vacuo at room temperature and the residue was 
triturated with a small amount of ether to give a crystalline solid, 
which was filtered and recrystallized from methanol to give nee
dles (3d) which became slightly brown colored at above 282° but 
did not melt even at 290°: yield 137 mg (73%); NMR (Me2SO-d6) b 
3.54 (2 H, t, 5'-methylene), 3.76 (1 H, t, H4) 4.17 (1 H, m, H2 ), 
4.49 (1 H, t, H.t ), 4.98 (1 H, br s, 5'-OH), 5.3S (1 H, d, JyT = 3.5 
Hz, Hr ), 5.51 (1 H, d, </56 = 8.0 Hz, Hs), 6.16 (1 H, br s, 2' OH), 
7.42 (1 H, d, J 5,e = 8.0 Hz, H6), and 9.42 (1 H, br s, NH).

Anal. Calcd for C9H 11N3O4: C, 48.00; H, 4.92; N, 18.66. Found: 
C, 48.01; H, 4.94; N, 18.40.

M eth od  B . A suspension of 3c (146 mg, 0.31 mmol) in a mixture 
of ether (5 ml), chloroform (5 ml), and saturated hydrogen chloride 
solution in dioxane (1 ml) was stirred at room temperature for 30 
min. The resulting solution was evaporated in vacuo at room tem
perature and the residue triturated with ether (10 ml) to give a 
crystalline solid. The collected solid was dissolved in ethanol and 
neutralized with saturated ethanolic ammonia and the solvent was 
evaporated off to give a solid residue, which was digested with 
water (1 ml) and the insoluble part was collected. Recrystallization 
from methanol gave 45 mg (64%) of needles (3d ), identical with the 
product obtained by method B in terms of infrared and ultraviolet 
spectra.

2 ,3 '- I m in o - l - (5 '-a z id o -5 '-d e o x y - /9 -D - ly x o fu r a n o s y l )u r a c i l  
(3e ). A mixture of compound 4 (1.75 g, 3.08 mmol), sodium azide 
(1.18 g, 18.4 mmol), and ammonium chloride (990 mg, 18.4 mmol) 
in DMF (20 ml) was stirred at 90-95° for 8 hr. The mixture was 
evaporated in vacuo and the residue digested with ice-water (7 
ml). The sparingly soluble part was collected by suction (0.33 g) 
and repeatedly crystallized from hot water to give 0.29 g (37%) of 
3e as needles, which decomposed at around 275° under black col
oration, ir (KBr) VN3 2130 cm-1.

Anal. Calcd for CgHioNeOa-^HsO: C, 41.70; H, 4.25; N, 32.42. 
Found: C, 41.98; H, 4.11; N, 32.15.

2 ,3 '- I m in o - l - (2 '-0 -a c e t y l -5 '-0 -b e n z o y l - /3 -» - ly x o fu r a n o -  
s y l)u r a c il  (5). A mixture of 3a (200 mg, 0.61 mmol) and acetic an
hydride (0.33 ml, ca. 3.3 mmol) in dry pyridine (6 ml) was warmed 
at 50° for a while to effect a solution. The solution was left at room 
temperature overnight and evaporated in vacuo to a paste, which 
was repeatedly coevaporated with ethanol. TLC at this stage using 
a silica gel plate and 20% ethanol in benzene as a developer showed 
two spots in approximately equal amounts. The syrupy mixture 
was then warmed with 20% acetic acid at 90° for 10 min. An ali
quot was taken, thoroughly evaporated, and examined by TLC 
using the same solvent system to show only one spot, the faster 
moving one having now disappeared. The mixture was again evap

orated to a gum, which was repeatedly coevaporated with ethanol 
to give a crystalline residue. Recrystallization of the collected solid 
from a mixture of methanol and ethanol gave 195 mg (86%) of 
prisms of mp 263-266° dec: NMR (MejSO-ds) b 4.20 (1 H. t, H4 ),
4.38 (2 H, m, 5'-methvlene), 4.61 (1 H. m, H.r), 5.38 (1 H, t, Jy  2- =
4.0 Hz, Ho ), 5.51 (1 H. d, J 5.e = 8.0 Hz, H5), 5.72 (1 H, d. Jy,2■ =
4.0 Hz, Hr), 7.34-7.99 (6 H, m, He and 5'-benzoyl), and 8.72 (1 H, 
br s, NH).

Anal. Calcd for C18H 17N;(06: C, 58.22; H, 4.61; N, 11.32. Found: 
C, 58.22; H, 4.84; N, 11.47.

2 ,3 '- Im in o - l - (5 '-0 -b e n z o y l- /S -D -ly x o fu r a n o s y l) -4 -th io u r a c i l
(6). Phosphorus pentasulfide (112 mg, 0.5 mmol) in dry pyridine (5 
ml) was stirred at 95° for 30 min, and to this was added 3a (110 
mg, 0.33 mmol). After stirring at this temperature for 3 hr, the 
mixture was cooled and evaporated to a syrup, which was digested 
with water (3 ml) and the separated solids were collected. TLC of 
an aliquot of the solids indicated one main product with a couple 
of minor by-products Purification by preparative TLC over silica 
gel (10 X 20 cm, 2 mm thick, benzene-EtOH, 8:2) gave, after elu
tion of the main band with acetone, needles which were recrystal
lized from methanol to give 35 mg (30%) of 6 as methanolate: mp 
181-183°; NMR (MeoSO-de) b 3.19 (3 H, s, methanol), 4.22 (1 H, 
m, H4 ), 4.32-4.84 (4 H, m, H2', H3', and 5'-methylene), 5.52 (1 H, 
d, J y ?  = 4.0 Hz, Hr), 6.39 (1 H, br s, 2'-OH), 6.43 (1 H, d, J 5,6 =
8.0 Hz, Hs), 7.23-8.17 (6 H, m, benzoyl and Hr), and 9.22 (1 H, br s, 
NH).

Anal. Calcd for CieHrsNsO-jS-CHsOH: C, 54.10; H, 5.07; N,
11.13. Found: C, 54.30; H, 5.03; N, 11.17.

l - (2 '-A z id o -2 '-d e o x y -5 '-0 - t r i t y I - jS -D -r ib o fu r a n o s y l )u r a c i l  
(9). A mixture of 7ln (500 mg, 1.08 mmol), sodium azide (350 mg,
5.38 mmol), and ammonium chloride (300 mg, 5.60 mmol) in DMF 
(15 ml) was stirred at 110° for 20 hr. After cooling, the mixture was 
filtered and the filtrate evaporated in vacuo to a syrup, which was 
digested with ice-water (10 ml). The separated precipitate was fil
tered by suction, dried by pressing on a porous plate, and taken 
into chloroform (10 ml). The sparingly soluble solid collected by 
suction proved to be practically homogeneous starting material 
(167 mg, 33%). The filtrate was concentrated and submitted to 
preparative TLC using a silica gel plate (20 X 20 cm, 2 mm thick) 
and 10% methanol in chloroform. Elution of the faster moving 
main band with acetone gave 320 mg (59%) of a homogeneous foam 
(9) which resisted crystallization and hence was directly used for 
the next step: ir (KBr) i»Na 2120 cm-1; Amax (MeOH) 257 nm (< 
9400).

l - ( 2 '-A z id o - 2 '- d e o x y -3 '- 0 - m e s y l -5 ’ - 0 - t r i t y l - /S -D -r ib o fu r a -  
n o sy l)u r a c il  (10). Methanesulfonyl chloride (0.06 ml, 0.77 mmol) 
was added to a precooled solution (at —20°) of 9 (320 mg, 0.63 
mmol) in pyridine (4 ml) under stirring and the mixture was left at 
—20° overnight, treated with methanol (1 ml) at room temperature 
for 1 hr, and then evaporated in vacuo. The residue was extracted 
with chloroform (3 X 50 ml) in the presence of water (20 ml) and 
the chloroform extract applied on a silica gel column (2 X 17 cm). 
Elution with chloroform-ethyl acetate (5:1 v/v) gave 300 mg (80%) 
of a practically homogeneous foam (10), a portion of which was 
further purified by TLC over silica gel (10% MeOH in CHCI3) for 
the elemental analysis and spectral measurements: ir (KBr) rN.-i 
2120 cm "1; Xmax (MeOH) 257 nm (« 10100); NMR (CDCI3) b 3.05 (3 
H, s, mesyl), 3.56 (2 H, br s, 5'-methylene), 4.33 (2 H, triplet-like q, 
J = 4.3 and 5.2 Hz, H-2- and H4-), 5.31 (1 H, t, J2'?  = 5.2 Hz, H3-), 
5.49 (1 H, d, J5,6 = 8.0 Hz, H5), 5.96 (1 H, d, J y ?  = 4.3 Hz, Hr ), 
7.33 (15 H, s, trityl). 7.76 (1 H, d, Jan = 8.0 Hz, H6) and 9.10 (1 H, 
br s, NH).

Registry No.— la, 56687-59-3; lb, 56615-01-1; lc , 56615-02-2; 
Id, 56615-03-3; le, 56615-04-4; 3a, 56615-05-5; 3b, 56615-06-6; 3c, 
56615-07-7; 3d, 56615-08-8; 3e, 56615-09-9; 4, 56615-10-2; 5, 
56615-11-3; 6 , 56613-13-5; 7, 3249-94-3; 9, 34407-66-4; 10, 56615- 
14-6; N-bromoacetamide, 79-15-2; sodium benzoate, 532-32-1; 5'- 
O-trityluridine, 6554-10-5; methanesulfonyl chloride, 124-63-0; so
dium azide, 26628-22-8.
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The syntheses and photochemistry of spiro 2-acetylpyrazolidin-3-ones Id, 2d, and 13d, spiro 1-acetylpyrazoli- 
din-3-one 8, and N-unsubstituted spiro pyrazolidin-3-one la  were studied. Upon irradiation these systems were 
shown to give l-acetamidoazetidin-2-ones 6, 5, 15, 6, and l-aminoazetidin-2-one 7, respectively, in good yields. A 
cis-fused bicyclo pyrazolidin-3-one 33a was also synthesized and irradiated to give bicyclo d-lactam 34a in 45% 
isolated yield. /3-Lactam 34a was also syntnesized by a second route which involved amination of /3-lactam 35a ob
tained from the reaction of chlorosulfonyl isocyanate and cyclohexene. The stereochemistry and some reactions of 
these systems are discussed.

There has been considerable interest in the syntheses of 
molecules related to the penicillin and cephalosporin anti
biotics over the last several decades.2 During this time 
many “ established” structure-activity relationships con
cerning these antibiotics have evolved including, among 
others, the necessity of having the 6-amido group in peni
cillin (la) or the ring sulfur in cephalosporin (Ha) in order 
to maintain activity. Recent reports on the syntheses of 
fundamentally different active “ penicillin-like” (Ib-d)3 
and “ cephalosporin-like” (IIb,c)4 systems indicate, how
ever, the tentative nature of some of these “ established” re
lationships and the need for continuing studies of different 
structural analogs of these antibiotics.

O

CChH
la. X =  NH. penicillin
b. X =  O
c. X = CH.
d. X =  NHNH

0

CO.H
Ila, X =  S. cephalosporin

b. X =  0
c. X =  CH,

Our interests in this area include approaches to the syn
theses of 6-azapenicillins (III, n =  2), 7-azacephalosporins 
(III. n = 3), and related spiro systems (IV).5

m. X = a ch . IV. X =  a c h ,
n =  2. 3 n =  3. 4

Toward these goals we have been examining methods ap
plicable to the synthesis of the N-acylaminoazetidin-2-one

moiety, which is the dominant feature of both III and IV. 
Previously we reported on the photochemical rearrange
ment of monocyclic 2-acyl 5,5-dimethylpyrazolidin-3-ones 
to give iV-acylaminoazetidin-2-ones in isolated yields as 
high as 65%. *-6 We have now examined the effects of several 
structural features on this photochemical ring contraction 
reaction as well as the presence of a remote sulfur atom. 
This report includes our findings on the syntheses and pho
tochemical reactions of an assortment of 5- and 6-spiro py- 
razolidin-3-ones and a 6-fused bicyclo pyrazolidin-3-one as 
well as the preparation of an N-acylaminoazetidin-2-one 
related to III (X  =  CH2) using a procedure which involves 
amination and acylation of an azetidin-2-one.

Carbon Spiro Systems. Starting with the known a,f)- 
unsaturated esters, ethyl cyclohexylideneacetate' and ethyl 
cyclopentylideneacetate,8 carbon spiro systems la and 2a 
were prepared by condensation of the respective esters 
with hydrazine.

While la was obtained in quite good yield, the yield of 
2a, the 5-spiro system, was generally 15-20% lower, pre
sumably because of the increased strain involved in the 
ring closure step. Both of these acyl hydrazides were solids 
and were significantly more stable to air oxidation than
5,5-dimethylpyrazolidin-3-one which we had prepared pre
viously.1 Condensation of either la or 2a with 2,2,2-trichIo- 
roethoxycarbonyl chloride (TrOCCl)9 under Schotten- 
Baumann conditions gave 1,2-diacylhydrazides lb and 2b, 
respectively, in good yields.

Acylation of lb or 2b with acetyl chloride and triethyl- 
amine in tetrahydrofuran solvent gave O-acyl derivatives 3 
and 4, which were easily rearranged to their corresponding

Rw R'
r n - , / ri

o a .
1, X =  CH,; 13, X =  S 2

a, R =  R' =  H; b, R =  TrOC. R' =  H;
c. R =  TrOC, R1 =  CH:iCO; d, R =  H. R1 =  CH,CO
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3. X =  CH,; 14, X =  S 4

N-acyl isomers lc and 2c by heating them neat under ni
trogen at 100- 120° for 2 hr.

The TrOC protecting group was removed from lc and 2c 
with zinc dust in acetic acid and the respective 2-acylpyra- 
zolidin-3-ones Id and 2d were extracted from cold aqueous 
carbonate with chloroform and purified by column chroma
tography on silicic acid. Sublimation gave Id and 2d ana
lytically pure as low-melting solids. These 5,5-disubstituted
2-acylpyrazolidin-3-ones, which are 1,1-diacylhydrazides, 
were shown not to rearrange to their 1-acyl isomers upon 
heating.

It is interesting to compare the 13C chemical shifts of the 
junction carbon of 6-5 spiro molecules la and Id with 5-5 
spiro molecules 2a and 2d (see Scheme I). We believe that 
the ca. 10 ppm difference observed for the chemical shift of 
the junction carbon in these two systems is the result of in
creased sp2 character for that carbon in the 5-5 spiro be
cause of its increased strain. This trend continues in the 
more strained spiro /3-lactam (6-4, 5-4) systems (see Exper
imental Section).

Irradiation of either Id or 2d (see Scheme II) in degassed 
methanol with a Hanovia 450-W  immersion lamp equipped 
with a Vycor filter for 2 hr gave /3-lactams 5 and 6, respec
tively, in 50-55% isolated yield. Isolation was performed by 
column chromatography using silicic acid. The yields of 
spiro /3-lactams 5 and 6 were only slightly lower than those 
obtained for the monocyclic 5,5-dimethyl system (see 
Table I).

The 6-spiro /3-lactam 5 was also obtained in high yield by 
acetylation of l-aminoazetidin-2-one 7, which was prepared 
by two independent methods. The first involved photolysis 
of nitrogen unsubstituted pyrazolidin-3-one la for 20 hr in 
degassed methanol. Column chromatography of the crude 
photolysis mixture obtained after removal of solvent gave 7 
in 15% yield. Amine 7 was found to rearrange at 25° in 
acidic methanol back to pyrazolidin-3-one la. The second 
preparation of 7 involved removal of the acetyl group from 
the exocyclic nitrogen of 5.10 Reaction of 5 with 1 equiv of

Table I

Pyrazo-
lid in -3-one

Azetìdin-
2-one p-i R2 r 3

Isolated yield 
of 6 -lactam , %

Ref 1 c h 3 c h 3 H 65
c h 3 H H 45

2d — 6 -(CH 2)4- H 50
Id — 5 -(C H 2)s- H 55

13d' - 15 ^ 'c h 2)2s (c h 2)2- H 45
33a - 34a H -ic h 2>4“ 45

Scheme I
62,32 ppm—. H HN-N 70.39 p p m H  H

X'S!/ V \N—N

C ^ 0 <>>•<
2a

11 o57.70 ppm -n. H 1\  N-N7 65.87 ppm— H

C P -
2d

Scheme II
hn- nh

^  la X
" » - p

H,N
viH \ N ^O

ih  Q Î T

l -
PCI,

v:H
N ^O

PCI5 and quinoline in methylene chloride at 25° followed 
by addition of excess 1-butanol and finally water gave 7 in 
low yield. No attempt was made to maximize the yield of 
this reaction.

Interestingly, we found that /3-lactam 5 could also be iso
lated in 30% yield from the photolysis, in degassed metha
nol for 20 hr, of l-acetylpyrazolidin-3-one 8, which was pre
pared by reaction of la  and acetyl chloride. This is the first 
report of the photochemical ring contraction reaction of a
l-acylpyrazolidin-3-one to give a l-acylaminoazetidin-2- 
one. Success of this approach seems to depend at least on 
the presence of 5,5 disubstitution, since irradiation of 1- 
acetyl-5-methylpyTazolidin-3-one (9) gave no /3-lactam 10. 
(While not established unambiguously, the aromatic N- 
acetylhydroxypyrazole appears to be the major product in 
this case.)

0

9 10

Scheme III outlines a rationale for the formation of /3- 
lactara 5 from the photolysis of l-acetylpyrazolidin-3-one
8. Irradiation of 8 gives 8* which, upon cyclization, would 
give the bicyclic intermediate l l .11 Rearrangement of 11 to 
Id would be expected to occur occasionally; however, we 
feel that rearrangement back to 8 should be the predomi
nant reaction of 11 since the “amide type” nitrogen of the 
hydrazide is the better leaving group. The low concentra
tion of Id would account for the long reaction times re
quired for this transformation. The photochemical rear
rangement of 2-acylpyrazolidin-3-ones, such as Id, to 1- 
acylaminoazetidin-2-ones has been discussed previously.1

Sulfur-Containing Spiro Systems. Sulfur-containing
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Scheme III

I l  Id 5

spiro pyrazolidin-3-one 13 was prepared in a manner simi
lar to that described for carbon spiro systems 1 and 2. The 
«,/3-unsaturated ester, ethyl 4'-thiacyclohexylideneacetate
(12), was synthesized in good yield via a Horner modifica
tion of the Wittig reaction12 using triethyl phosphonate 
and thiacyclohexan-4-one.13 Condensation of the a,/S-un- 
saturated ester with hydrazine gave pyrazolidin-3-one 13a 
in moderate yield. Acylation of the 1 position of 13a with 
TrOCCl occurred readily to give 13b, which was treated 
with acetyl chloride and triethylamine to give the O-acyl 
derivative 14. Heating 14 neat at 150° for 2 hr gave 13c in 
moderate yield. In contrast to the carbon spiro systems, 
however, the sulfur-containing spiro system 14 turned very 
dark upon heating. Removal of the protecting group from 
13c to give 13d required addition of zinc dust in several 
portions. Only partial removal of the protecting group was 
observed when the zinc was added in one portion. Presum
ably sulfur “ poisons” the surface of the zinc metal. After its 
purification by column chromatography, 13d was irradi
ated, in a manner similar to that described above for la 
and 2a, to give /3-lactam 15 in 45% isolated yield. Relative 
to the carbon spiro systems, the presence of the sulfur atom 
in system 13 had only a slight lowering effect on the yield 
of d-lactam (see Table I). That this would be the case was 
not obvious, since sulfides have been shown to undergo 
photochemical reaction with carbonyl chromophores via 
both intra- and intermolecular electron transfer pro
cesses.13'14

In order to further examine structural modifications re
lated to pyrazolidin-3-one system 13, thiovinyl ether 16 was 
synthesized via a Pummerer reaction15 on sulfoxide 17. Re-

0

TrOC J L .
XN-N

16

action of sulfur spiro system 13c with m-chloroperoxyben
zoic acid in methylene chloride at 0° gave sulfoxide 17 in 
40% yield, probably as a mixture of isomers. Treatment of 
17 with refluxing acetic anhydride gave, after work-up, a 
crude material whose 'H  N M R  spectra indicated formation 
of some of the desired thiovinyl ether 16. However, every 
effort to purify this material resulted in its decomposition. 
We feel that the facile decomposition of 16 car. be ex
plained in terms of an initial elimination of the good triacyl 
hydrazide anion to give an unstable diene 18 which would 
be expected to undergo further decomposition. The orbital 
alignment of the ir bond with the C -N  bond of tne spiro 
system should favor such an elimination process.

In addition to the sulfur-containing 6-spiro system 13a, 
we were also interested in the hindered sulfur-containing

HN -N H

r / v X o
S ' V

19

5-spiro pyrazolidin-3-one 19. This was to be synthesized 
from olefin 20 via ketone 21. Ketone 21 was synthesized 
from ethyl 2,2-dimethyl-3-thiahexanedioate by Dieckmann 
cyclization16 and decarboxylation of the intermediate d- 
keto ester.

Wittig reaction of ketone 21 with triethyl phosphonoace- 
tate required long reaction times but gave a moderate yield 
of a mixture of two esters with similar GLC retention 
times. Ir, :H NMR, and mass spectral data from GLC col
lected samples of the two products indicated that they were 
olefinic esters 20 and 22. These isomers could be distin-

20  22

guished by either their ir or *H NM R spectra. The «,/3-un- 
saturated ester 20 had a carbonyl band in its ir spectrum at 
1707 cm-1 , while the /3,7-unsaturated isomer 22 had a car
bonyl band in its ir spectrum at 1731 cm-1 . The !H NM R  
spectrum of 20 contained two triplet absorptions with cou
pling constants of 7 Hz, one of which was also coupled to 
the vinyl proton as determined by double resonance, Vhile 
the ’ H NM R spectra of 22 had absorptions for the two 
methylene groups with only fine coupling. It is interesting 
to note that the olefinic proton absorptions of 20 and 22 
have the same chemical shift. The presence of only the E 
isomer of 20 is not surprising, since the Wittig reaction is 
known to be affected by steric factors.12

Because of the difficulty in the separation of esters 20 
and 22, hydrazine was condensed with a mixture of the two. 
Reaction under a variety of conditions produced, however, 
only intractable material from which no product with the 
properties expected for 19 could be isolated.

Carbon Bicyclo Systems. Although a large number of 
monocyclic pyrazolidin-3-ones have been prepared, a 
search of the literature reveals no examples of a nitrogen - 
unsubstituted pyrazolidin-3-one ring fused to another ring. 
We therefore prepared the two cyclic a,/3-unsaturated es
ters 1-ethoxycarbonylcyclopent-l-ene (23)17 and 1-ethoxy- 
carbonylcyclohex-l-ene (24)18 in order to examine their re
actions with hydrazine. From reaction of the cyclopentene 
system with hydrazine under a variety of conditions we 
were unable to isolate any products with the properties ex
pected for bicyclo compound 25. In contrast, from the reac
tion of the cyclohexene system with 1 equiv of hydrazine at 
120° for 6 hr we were able to obtain, after column chroma
tography, a low yield (5-10%) of the desired bicyclo pyrazo- 
lidin-3-one 26. Also isolated from this reaction was a small 
amount of the «,/3-unsaturated hydrazide 27 which was 
identified by comparison with a sample prepared by an un
ambiguous route.19 The bulk of the material was polymeric.

23, n =  1 25. n =  1 27
24. n =  2 26. n = 2
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Figure 1. 'H NMR spectrum of cis-l-(2,2,2-trichloroethoxycarbonyl)indazolidin-3-one (28a) in CCRD at room temperature. Inserts are 
the absorptions of the bridgehead protons decoupled from the corresponding adjacent methylene (for Ha, Hj ~ 210 Hz; Hb. H j = 160 Hz).

These results on the hydrazine condensation of esters 23 
and 24 indicate that pyrazolidin-3-one formation by this 
method is strongly affected by the strain of a fused ring 
and does not represent a good approach to systems like 26.

Although we were able to obtain 26 pure off a column, 
the best yields of 1-acylated 26 were obtained by using par
tially purified material (see Experimental Section). Acyla
tion of partially purified 26 with TrOCCl gave a product 
which was determined by 13C NM R to be mainly one diast- 
ereomer of 28 containing some of the other diastereomer. 
Recrystallization removed the minor isomer. The identity 
of the major isomer was determined to be the desired cis-28 
(28a) by comparison of its ’ H NM R spectra with the 'H  
NMR spectra of compound 29 (see Figures 1 and 2). After 
correction for the methine vs. methylene difference, Ha and 
Hi, in 29 have the same chemical shifts as the two bridge
head protons of 28a, while the absorption for Hc in 29 is 
upfield. Also the coupling constant of the two bridgehead 
protons of 28a is the same as the two “ cis” (Ha, Hb) protons 
in 29.

The isolation of predominantly 28a from acylation of the 
cis/trans 26 (26a,b) mixture indicates that the predomi
nant isomer formed in the hydrazine condensation was 
probably 26a (13C NMR data indicated that one major di
astereomer was formed). Formation of predominantly 26a 
can be rationalized by favored axial protonation of inter
mediate 30 which can close to give the cis product.20

Reaction of 28a, which is a 5-monosubstituted pyrazoli- 
din-3-one, with acetyl chloride and triethylamlne in tetra- 
hydrofuran gave a 70:30 mixture of N-acetyl cis-31 (31a)

TrOC H.,

CH
H

29

TrOC H
0 . V l

U H

31a

and O-acetyl cis-32 (32a) isomers. This is in contrast with 
the behavior of the 5,5-disubstituted pyrazolidin-3-ones lb, 
2b, and 13b, which, when acylated under similar condi
tions, gave exclusively O-acyl derivatives. Heating the mix
ture of 31a and 32a at 110° for 3 hr gave pure N-acetyl 31a. 
Removal of the protecting group from 31a with zinc gave 
cis-33 (33a) (see Scheme IV). Irradiation of 33a gave cis-34 
(34a), which was isolated by column chromatography in 
45% yield. The presence of a fused six-membered ring ap
parently has only a small effect on the photochemical ring 
contraction reaction (see Table I).

d-Lactam 34a was also prepared from N-unsubstituted 
/3-lactam cis-35 (35a),21 which was prepared by reaction of 
chlorosulfonyl isocyanate with cyclohexene followed by re-

Scheme IV

3Sa 36a

H

H \"

33a26a
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F ig u re  2. *H NMR spectrum of l-(2,2,2-trichloroethoxycarbonyl)-5-methylpyrazolidin-3-one (29) in CCI3D at room temperature.

moval of the chlorosulfonyl moiety with Na0 H -N a2S03.22 
Amination of the anion of 35a with 1 equiv of O-mesitylene 
sulfonylhydroxylamine23 resulted in 1-amino d-lactam cis- 
36 (36a). Acylation of 36a, using conditions similar to those 
used for the acylation of 1-amino £Mactam io, gave 34a 
which was identical by ir, XH NM R, and TLC with the pho
toproduct of 33a.

Further studies on systems of the generalized structure 
III are underway in our laboratories and will be reported at 
a later time.

Experimental Section

Melting points were taken in capillary tubes on a Thcmas-Hoo- 
ver Unimelt and are uncorrected. Infrared spectra were recorded 
on a Perkin-Elmer 457A spectrometer. The 1H NMR spectra were 
taken either on a Varian A-60 spectrometer or on a Perkin-Elmer 
JEOL MH-100 spectrometer and are reported in parts per million 
downfield from tetramethylsilane. The 13C NMR spectra were 
taken on a Varian CFT-20 spectrometer and are reported in parts 
per million downfield from tetramethylsilane. The abbreviations s, 
singlet; d, doublet; t, triplet, q, quartet refer to the multiplicity of 
the absorption in an off-resonance decoupled spectrum. Mass 
spectra were determined on a Perkin-Elmer Hitachi RMU-6D 
spectrometer. Ultraviolet spectra were taken on a Cary 14 record
ing spectrophotometer. Gas chromatography was carried out using 
programmed temperature control on a Hewlett-Packard 5750 B in
strument equipped with 8- and 10-ft stainless steel columns 
packed with SE-30 on 80—100 mesh Chromosorb P. Mallinckrodt 
AR 100 mesh silicic acid was used for all column chromatography. 
Microanalyses were performed by Galbraith Laboratories, Knox
ville, Tenn. Irradiations were carried out using a Hanovia 450-W 
immersion lamp equipped with a Vycor filter unless otherwise 
specified.

P y r a z o lid in -3 -o n e -5 -s p ir o c y c lo h e x a n e  ( la ) .  To 95% hydra
zine (3.05 g, 89.5 mmol) cooled to 0° under a nitrogen atmosphere 
was added dropwise ethyl cyclohexylideneacetate7 (15.00 g, 89.5 
mmol). After the addition was complete, the mixture was allowed 
to warm to room temperature and to stir for 1 hr. The mixture was 
then heated at 120° for 6 hr. Immediately after removing the oil 
bath aspirator vacuum was applied to the reaction vessel to remove 
the ethanol formed. When the reaction vessel had cooled to room 
temperature, it was placed under high vacuum. The crude solid 
(13.7 g, 99%) obtained from this procedure was acylated directly 
without further purification. An analytical sample was obtained by 
recrystallization from ethanol. For la : mp 138-140°; ir (CCI3H)

3430, 3230 (broad), 2930, 2855, 1700 (broad), 1450, 1380, 1310, 
1110, 990, 950, 880 cm-1; JH NMR (CC13D) h 1.20-1.85 (m, 10), 
2.30 (s, 2); 13C NMR (CC13D) h 22.70 (t), 25.57 (t), 43.33 (t), 62.32 
(s), 178.00 (s); mass spectrum (70 eV) m/e (rel intensity) 154 (43, 
M+), 139 (4), 125 (7), 123 (19), 112 (25), 111 (100), 98 (61), 97 (10), 
96 (8), 95 (24), 83 (14), 81 (20), 79 (10), 68 (12), 67 (26), 55 (22), 54
(13), 53 (11), 41 (28); uv (EtOH) 203 nm (« 3900), shoulder 219 
(2100).

Anal. Calcd for C8HuN20: C, 62.31; H, 9.15; N, 18.17. Found: C, 
62.11; H, 9.08; N, 18.10.

1 - (2 ,2 ,2 -T r ic h lo r o e t h o x y c a r b o n y l)p y r a z o lid in -3 -o n e -5 -s p i-  
r o c y c lo h e x a n e  ( l b ) .  To a solution of crude pyrazolidin-3-one-5- 
spirocyclohexane ( la ,  13.7 g, 89.0 mmol) in a mixture of aqueous 2 
N  NaOH (45 ml) and tetrahydrofuran (45 ml) cooled to 10-20° 
under a nitrogen atmosphere was added dropwise 2,2,2-trichlo- 
roethoxycarbonyl chloride (18.8 g, 89.0 mmol). After the addition 
was complete, the mixture was allowed to warm to room tempera
ture and to stir for 2 hr. The precipitate which formed during the 
reaction was filtered off and washed with a little water. Recrystal
lization of the solid from ethanol gave 16.5 g (57%) of pure lb :  mp 
193-194°; ir (CCI3H) 3410, 2940, 2860, 1710 (broad), 1450, 1390, 
1340, 1300, 1140, 910 cm"1; JH NMR (CCI3D) 5 1.00-2.60 (m, 101,
2.76 (s, 2), 4.84 (s, 2); mass spectrum (70 eV) m/e (rel intensity) 
328 (6, 3-C1, M+), 207 (6), 181 (6), 154 (10), 153 (8), 123 (25), 122
(43), 111 (25), 98 (22), 97 (16), 96 (26), 95 (100), 94 (43), 81 (57), 79
(21), 68 (23), 67 (54), 61 (22), 55 (35), 54 (26), 44 (43), 41 (39).

Anal. Calcd for CnH^NjOgCla: C, 40.08; H, 4.59; N, 8.56. 
Found: C, 39.90; H, 4.64; N, 8.42.

2 -  A c e t y l - l - (2 ,2 ,2 - t r ic h lo r o e t h o x y c a r b o n y l )p y r a z o l id in -3 -  
o n e -5 -s p ir o c y c lo h e x a n e  ( l c )  v ia  3 -A c e to x y - l - (2 ,2 ,2 - t r ic h lo -  
r o e th o x y c a r b o n y l) -2 -p y r a z o lin e -5 -s p ir o c y c Io h e x a n e  (3 ). To a 
solution of l-(2,2,2-trichloroethoxycarbonyl)pyrazolidin-3-one-5- 
spirocyclohexane ( lb ,  16.5 g, 50.1 mmol) and triethylamine (5.10 g,
50.1 mmol) in tetrahydrofuran (300 ml) at room temperature 
under a nitrogen atmosphere was added dropwise over a period of 
30 min acetyl chloride (3.95 g, 40.1 mmol). The mixture was stirred 
for an additional 6 hr and the precipitated triethylamine hydro
chloride salt was filtered off. Concentration of the filtrate left a 
solid which was dried under high vacuum. 'H  N M R  analysis re
vealed this to be the O-acylated product 3: 'H  N M R  (CCI3D) l 
1.00-2.00 (m, 10), 2.28 (s, 3), 3.13 (s, 2), 4.87 (s, 2).

Without further purification the O-acylated material was heated 
neat under a nitrogen atmosphere at 110° for 3 hr. Upon cooling 
was obtained a white solid which upon recrystallization from Et20  
gave 14.6 g (73%) of pure lc: mp 117.5-118.5°; ir (CCI3H) 2940, 
2860, 1740 (broad), 1500, 1370, 1260, 970 cm“ 1; ‘H NMR (CCI3D) a
1.10-2.40 (m, 10), 2.52 (s, 3), 2.76 (s, 2), 4.79 (s, 2); mass spectrum
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(70 eV) m/e (rel intensity) no parent, 326 (trace, 3-C1), 293 (trace,
3-C1), 271 (trace, 3-C1), 154 (13), 140 (12), 122 (6), 111 (18), 98 (22), 
97 (20), 96 (25), 81 (48), 68 (22), 67 (45), 61 (30), 60 (57), 55 (25), 54
(26), 45 (92), 44 (98), 43 (100), 42 (51), 41 (39).

Anal. Calcd for C13H17N2O4CI3: C, 42.01; H, 4.61; N, 7.54. 
Found; C, 42.04; H, 4.56; N, 7.57.

2 -A c e ty lp y r a z o lid in -3 -o n e -5 -s p ir o c y c lo h e x a n e  ( I d ) .  To a 
solution of 2-acetyl-1-(2,2,2-trichloroethoxycarbonyl)pyrazoiidin-
3-one-5-spirocyclohexane ( l c ,  5.00 g, 13.5 mmol) in acetic acid (30 
ml) at room temperature under a nitrogen atmosphere was added 
all at once an equal quantity by weight of zinc dust. Cooling with 
an ice bath was applied as necessary to prevent any warming. After 
stirring for 2 hr at room temperature, the mixture was carefully 
poured into ice-cold water (120 ml) containing K2CO3 (90 g). The 
heterogeneous mixture was extracted well with chloroform, which 
was evaporated to leave an oil. Column chromatography of the oil 
on silicic acid with Et20 eluent gave 1.59 g (60%) of a colorless oil 
which was shown to be pure Id : ir (CCI3H) 3280, 2930, 2855, 1749, 
1700, 1412, 1375, 1310, 1280, 970, 905 cm-1; :H NMR (CCI3D) b 
1.30-1.90 (m, 10), 2.48 (s, 6), 2.64 (s, 2), 4.44 (broad s, 1, NH); 13C 
NMR (CCI3D) S 22.70 (t), 24.00 (q), 25.53 (t), 35.52 (t), 45.51 (t),
57.72 (s), 167.50 (s), 173.01 (s); mass spectrum (70 eV) m/e (rel in
tensity) 196 (7, M+), 178 (3), 155 (8), 154 (75), 125 (7), 112 (46), 
111 (100), 98 (94), 97 (13), 95 (8), 81 (11), 79 (8), 68 (7), 67 (14), 58
(8), 55 (13), 54 (8), 53 (9), 43 (57), 41 (26); uv (EtOH) 226 nm (e 
3800), 240 (2750).

Anal. Calcd for Ci0H6N2O2: C, 61.20; H, 8.22; N, 14.27. Found: 
C, 60.95; H, 8.03; N, 14.26.

l-A c e ta m id o a z e t id in -2 -o n e -4 -s p ir o c y c lo h e x a n e  (5 ). F rom  
Irra d ia t io n  o f  Id . A solution of 2-acetylpyrazolidin-3-one-5-spiro- 
cyclohexane (Id , 1.30 g, 6.65 mmol) in methanol (250 ml) was de
gassed with a stream of nitrogen for 2 hr, after which it was irradi
ated for 2 hr. TLC analysis [silicic acid plates with Et20-E t0H  
(90:10 mixture by volume) developer] showed the loss of starting 
material (detected by uv and I2) and the appearance of a new spot 
of slightly smaller Rf (detected by I2). Stripping of the solvent left 
an oil which slowly crystallized. Column chromatography of the 
solid on silicic acid with EtjO-Et.OH (90:10 mixture by volume) el
uent resulted in the isolation of 0.705 g (55%) of a white solid 
which was shown to be pure 5: mp 147.5-148.5°; ir (CCI3H) 3410, 
2935, 2860, 1769, 1710, 1455, 1370, 1305, 1090, 997 cm“ 1; >H NMR 
(CCI3D) b 1.00-1.92 (m, 10), 2.00 (s, 3), 2.60 (s. 2), 8.90 (broad s, 1, 
NH); 13C NMR (CCI3D) b 20.71 (q), 24.10 (t), 25.02 (t), 34.43 (t), 
45.42 (t), 65.90 (s), 168.01 (s), 170.02 (s); mass spectrum (70 eV) 
m/e (rel intensity) 196 (9, M+). 178 (11), 154 (40), 123 (16), 122 
(78), 112 (18), 111 (37), 100 (23), 98 (40), 96 (37), 95 (73), 94 (33), 
81 (100), 79 (43), 75 (50), 68 (421, 67 (88), 56 (23), 55 (56), 54 (40), 
53 (31), 43 (89), 41 (55).

Anal. Calcd for C10H16N2O2: C, 61.20; H, 8.22; N, 14.27. Found: 
C, 61.09; H, 8.34; N, 14.20.

F ro m  Ir r a d ia t io n  o f  8. A solution of l-acetylpyrazolidin-3-one-
5-spirocyclohexane (8, 0.100 g, 0.50 mmol) in methanol (40 ml) was 
degassed with a stream of nitrogen for 2 hr, after which it was irra
diated for 20 hr. Stripping of the solvent left an oil. Column chro
matography of the oil on silicic acid with Et20-Et0 H (90:10 mix
ture by volume) eluent resulted in 0.031 g (31%) of a solid. The 
solid was shown to be pure 5 by ir, TLC, and H NMR comparison 
to 5 obtained from the irradiation of Id.

F rom  A c y la t io n  o f  7. To a solution of l-aminoaetidin-2-one-4- 
spirocyclohexane (7, 0.023 g, 0.15 mmol) and triethylamine (0.016 
g, 0.15 mmol) in benzene (1 ml) under a nitrogen atmosphere and 
cooled to 10° was added slowly acetyl chloride (0.012 g, 0.15 
mmol). After the addition was complete, the mixture was stirred 
for 1 hr at 10° and 5 hr at room temperature. Additional benzene 
(5 ml) was added, the mixture was filtered, and the solvent was 
evaporated to leave an oil which was shown to be 95% 1-acetami- 
doazetidin-2-one-4-spirocyclohexane (5) by ir, 'H NMR, and TLC 
comparison to 5 obtained from the irradiation of Id.

P y r a z o lid in -3 -o n e -5 -s p ir o c y c lo p e n ta n e  (2a ). Compound 2a 
was prepared in 90% yield in a manner similar to that described for 
la . For 2a: mp 95-97’°; ir (CC13H) 3430, 3225 (broad), 2945, 2865, 
1702 (broad), 1455, 1375, 1339, 1080, 962, 880 cm“1; ‘H NMR 
(CCI3D) 5 1.55-1.90 (m, 8), 2.48 (s, 2); 13C NMR (CCI3D) b 24.04 
(t), 37.08 (t), 43.51 (t), 70.39 (s), 178.04 (s); mass spectrum (70 eV) 
m/e (rel intensity) 140 (23, M+), 111 (37), 109 (18), 108 (9), 98 
(100), 97 (21), 82 (21), 81 (11), 68 (31), 58 (15), 41 (29).

Anal. Calcd for C7HI2N20: C, 59.98; H, 8.63; N, 19.98. Found: C, 
59.92; H, 8.56; N, 19.93.

l - (2 ,2 ,2 -T r ic h lo r o e th o x y c a r b o n y l )p y r a z o l id in -3 -o n e -5 -s p i -  
r o cy c lo p e n ta n e  (2 b ). Compound 2b was prepared in 41% yield in 
a manner similar to that described for lb .  For 2b: mp 196-197°; ir
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(CCI3H) 3400, 2945, 2365, 1709 (broad), 1450, 1385, 1340, 1285, 
1130 cm“ 1; 'H NMR (CCI3D) b 1.5-2.10 (m, 6), 2.30-2.65 (m, 2), 
2.75 (s, 2), 4.86 (s, 2); mass spectrum (70 eV) m/e (rel intensity) 
314 (5, 3-C1, M+), 167 (8), 139 (16), 131 (10, 3-C1), 111 (15), 109 
(31), 108 (49), 98 (27), S7 (23), 96 (29), 95 (15), 81 (28), 80 (88), 79
(27), 78 (21), 77 (17), 68 (17), 67 (100), 61 (35), 55 (23), 54 (31), 53
(20) , 44 (67), 41 (47).

Anal. Calcd for C10H13N2O3CI3: C. 38.06; H, 4.15; N. 8.88. 
Found: C, 38.06; H, 4.13; N, 8.81.

2 -A c e t y l - l - (2 ,2 ,2 - t r ic h lo r o e t h o x y c a r b o n y l )p y r a z o l id in -3 -  
o n e -5 -s p ir o c y c lo p e n ta n e  (2 c )  v ia  3 -A c e to x y - l - (2 ,2 ,2 - t r ic h lo -  
r o e t h o x y c a r  b on y  1 ) -2 -p y  r a z o lin e -5 -s p ir o c y c lo p e n ta n e  (4).
Compound 2c was prepared in 66% yield via compound 4 in a man
ner similar to that described for l c  and 3. For 4: NMR (CCI3D)
6 1.45-2.10 (m, 6), 2.23 Is, 3), 2.35-2.70 (m, 2), 3.16 (s, 2), 4.90 (s, 2). 
For 2c: mp 87.5-88.5°; ir (CCI3H) 2955, 1740 (broad). 1450, 1370, 
1260, 1155, 1115, 970 cm"1; >H NMR (CC13D) 6 1.50-2.10 (m, 6), 
2.15-2.45 (m, 2), 2.53 (s, 3), 2.77 (s, 2), 4.80 (s, 2); mass spectrum 
(70 eV) m/e (rel intensity) no parent, 312 (trace, 3-C1), 280 (trace,
3-C1), 238 (trace, 3-C1), 225 (3), 182 (1), 140 (12), 114 (12), 111 (8),
99 (10), 98 (30), 96 (14), 86 (10), 82 (23), 81 (14), 79 (9), 67 (60), 61 
(17), 60 (100). 54 (16), 45 (94), 44 (91), 43 (96).

Anal. Calcd for C12Hi5N20 4Cl3: C, 40.30; H, 4.23; N, 7.83. 
Found: C, 40.22; H, 4.28; N, 7.72.

2 -A c e ty lp y r a z o l id in -3 -o n e -5 -s p ir o c y c lo p e n ta n e  (2 d ). Com
pound 2d was prepared in 51% yield in a manner similar to that 
described for Id . For 2d: mp 69-71°; ir (CCI3H) 3260, 2925, 2870, 
1750, 1700, 1410, 1375, 1340, 1290, 975, 840 cm“ 1; ‘H NMR 
(CCI3D) 5 1.50-1.95 (m, 8), 2.44 (s, 3), 2.74 (s, 2), 5.06 (broad s, 1, 
NH); 13C NMR (CC1SD) 6 23.96 (q), 37.22 (t), 45.83 (t), 65.87 (s),
167.00 (s), 172.40 (s); mass spectrum (70 eV) m/e (rel intensity) 
182 (10, M+), 141 (9), 140 (100), 112 (12), 111 (59), 109 (8), 99 (12), 
98 (84), 97 (32), 82 (17), 81 (14), 79 (11), 67 (43), 60 (23), 54 (22), 45
(21) , 44 (18), 43 (5C), 41 (32): uv (EtOH) 225 nm (e 3700), 244 
(2250).

Anal. Calcd for Cc.Hi4N20 2: C, 59.32; H, 7.74; N, 15.37. Found: 
C, 59.27; H, 7.68; N, 15.35.

l -A c e ta m id o a z e t id in -2 -o n e -4 -s p ir o c y c lo p e n ta n e  (6). Com
pound 6 was prepared in 50% yield in a manner similar to that de
scribed for 5. For 6: mp 95-96°; ir (CCI3H) 3400, 2950, 2870, 1769, 
1710, 1453, 1368, 1333. 1091, 907 cm“ 1; iH NMR (CC1,D) b 1.40-
2.00 (m, 8), 2.00 (s, 3), 2.79 (s, 2), 9.14 (broad s, 1, NH); 13C NMR 
(CCI3D) 5 20.59 (q), 24.12 (t), 33.91 (t), 47.21 (t), 71.53 (s), 168.51 
(s), 170.00 (s); mass spectrum (70 eV) m/e (rel intensity) 182 (2, 
M+), 164 (44), 163 (33), 149 (6), 140 (10), 121 (6), 111 (9), 108 (8),
100 (15), 98 (32), 83 (11), 82 (35), 81 (23), 80 (12), 79 (24), 67 (100), 
62 (31), 61 (13), 60 (12), 59 (27), 58 (12), 44 (13), 43 (35), 41 (32).

Anal. Calcd for C9H14N20 2: C, 59.32; H, 7.74; N, 15.37. Found: 
C, 59.13; H, 7.58; N, 15.26.

l -A m in o a z e t id in -2 -o n e -4 -s p ir o c y c lo h e x a n e  (7 ). F ro m  I r r a 
d ia tion  o f  la . A solution of freshly recrystallized pyrazolidin-3- 
one-5-spirocyclohexane (Id , 1.00 g, 6.50 mmol) in methanol (250 
ml) was degassed with a stream of nitrogen for 2 hr after which it 
was irradiated for 20 hr. Stripping of the solvent left an oil which 
was column chromatographed on silicic acid with Et20-EtOH (80: 
20 mixture by volume) eluent. From the column was obtained
0.171 g (17%) of an oil which was identified from its spectra to be 7: 
ir (CCI3H) 2920, 1745, 1300, 1000, 905 cm"1; >H NMR (CCl:tD) <5
1.10-2.10 (m, 10), 2.48 (s, 2), 3.80 (broad s, 2, NH2); 13C NMR 
(CCI3D) b 24.08 (t), 24.93 (t), 33.33 (t), 45.68 (t), 62.80 (s), 167.59 
(s); mass spectrum (70 eV) m/e (rel intensity) 154 (35, M+), 151 
(12), 139 (16), 138 (14), 123 (34), 122 (100), 111 (15), 110 (25), 99
(16), 96 (18), 95 (84). 94 (23), 81 (55), 79 (26), 68 (21), 67 (51), 55
(45), 54 (26). 41 (34).

Compound 7 was acetylated to give 5, for which a correct analy
sis was obtained (see above, 5).

F r o m  D e a cy la t io n  o f  5. To a solution of PCI5 (0.470 g, 2.2 
mmol) and quinoline (0.516 g, 4 mmol) in methylene chloride (20 
ml) cooled to 0° under a nitrogen atmosphere was added slowly a 
solution of l-acetam:doazetidin-2-one-4-spirocyclohexane (5, 0.370 
g, 1.9 mmol) in methylene chloride (1 ml). After the addition was 
complete, the mixture was allowed to warm to room temperature 
and to stir for 2 hr The mixture was then cooled to 0° and n- 
BuOH (2.96 g, 40 mmol) was added dropwise. After the addition 
was complete, the mixture was allowed to warm to room tempera
ture and to stir for 2 hr. After cooling the solution to 0° NaCl-satu- 
rated water (20 ml) was added dropwise. The mixture was stirred 
at 0° for 2 hr, after which the organic and aqueous layers were sep
arated. The aqueous layer was extracted with methylene chloride 
and the combined organic layers washed with aqueous 2 N NaOH 
and dried over anhydrous K2C02. Evaporation of the solvent left
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an oil which was column chromatographed on silicic acid with 
Et20-Et0 H (80:20 mixture by volume) eluent. From the column 
was isolated 0.045 g (15%) of an oil which was shown to be 7 by ir, 
■H NMR, and TLC comparison to 7 obtained from the photolysis 
of la.

l-Acetylpyrazolidin-3-one-5-spirocyclohexane (8). To a so
lution of pyrazolidin-3-one-5-spirocyclohexane (2a, 1.54 g, 0.010 
mol) and triethylamine (0.79 g, 0.010 mol) in methylene chloride 
(20 ml) cooled to 0° under a nitrogen atmosphere was added acetyl 
chloride (1.01 g, 0.010 mol) over a period of 15 min. The resultant 
mixture was stirred for 4 hr at 0° and 12 hr at room temperature 
after which it was heated to boiling and the insoluble triethyl
amine hydrochloride salt was filtered off. Evaporation of the ben
zene left a white solid. Recrystallization from Et20  gave 0.571 g 
(29%) of pure 8: mp 175.0-176.0°; ir (CCI3H) 3385, 2915, 1707, 
1630,1382, 1300, 1270, 980 cm“ 1; >H NMR (CC13D) b 1.08-1.52 (m, 
3), 1.60-2.04 (m, 5), 2.20 (s, 3), 2.20-2.64 (m, 2), 2.78 (s, 2); 1 !C 
NMR (CC13D) b 22.93 (q), 23.25 (t), 24.72 It), 34.17 (t) 42.88 (t), 
66.83 (s), 162.91 (s), 167.90 (s); mass spectrum (70 eV) m/e (rel in
tensity) 196 (30, M+), 154 (100), 122 (21), 112 (24), 111 (69), 101 
(24), 98 (65), 86 (100), 81 (31), 67 (22), 58 (25), 57 (27), 55 (27), 43
(46), 41 (31); uv (EtOH) 239 nm (e 11000).

Anal. Calcd for CioHigN202: C, 61.20; H, 8.22; N, 14.27. Found: 
C, 61.46; H, 8.38; N, 14.08.

l-Acetyl-5-methylpyrazolidin-3-one (9). Compound 9 was 
prepared in 2J% yield from 5-methylpyrazolidin-3-one24 in a man
ner similar to that described for 8. For 9: mp 138.5-139.5°; *H 
NMR (CCI3D) b 1.40 (d, J = 6 Hz, 3), 2.11 (s, 3), 2.28 (d, J = 17 
Hz, 1), 3.14 (doublet of doublets, J = 9 and 17 Hz, 1), 4.34-4.82 (m, 
1), 10.52 (broad s, 1, NH); 13C NMR (CCI3D) b 19.48 (q), 20.67 (q),
39.00 (t), 52.59 (d), 161.89 (s), 168.92 (s); mass spectrum (70 eV) 
m/e (rel intensity) 142 (16, M+), 100 (64), 85 (32), 69 (35), 58 (29), 
57 (23), 43 (100); uv (EtOH) 238 nm (t 9800).

Anal. Calcd for C6H10N2O2: C, 50.69; H, 7.09; N, 19.71. Found: 
C, 50.64; H, 7.01; N, 19.61.

Ethyl 4'-Thiacyclohexylideneacetate (12). To a mixture of 
57% dispersion of sodium hydride in mineral oil (4.2 g, 0.100 mol) 
in dry benzene (50 ml) under a nitrogen atmosphere was added 
dropwise over a 45-min period triethyl phosphonoacetate (23.5 g, 
0.105 mol). Cooling was applied as necessary to keep the tempera
ture below 35°. After the addition of the triethyl phosphonoace
tate was complete, the almost clear solution was stirred for 1 hr at 
room temperature. To this preformed anion was added thiacyclo- 
hexan-4-one13 (11.6 g, 0.100 mol) over a 45-min period. Cooling 
was applied as necessary to keep the temperature below 25°. After 
addition of the ketone was complete, the mixture was heated to 
60-70° for 15 min. It was then cooled and the liquid decanted off. 
The gummy precipitate was worked three more times with hot 
benzene. The combined benzene layers were distilled to give 15.1 g 
(81%) of product. GLC analysis revealed this to he ma nly 12 con
taining a small amount (ca. 5%) of unreacted triethyl phosphono
acetate which could not be removed by simple distillation. The 
product was therefore used in the next step without further purifi
cation. A pure sample was obtained by preparative GLC. For 12: 
bp 88-90° (0.20 mm); ir (CCI4) 2980, 2900, 1715, 1650, 1430, 1378, 
1309, 1271, 1249, 1203, 1165 (broad), 1130, 1040, 862 cm '1; >H 
NMR (CCI3D) <5 1.26 (t, J = 7 Hz, 3), 2.40-2.90 (m, 6), 3.10-3.35 
(m, 2), 4.12 (q, J = 7 Hz, 2), 5.66 (broad s, 1); mass spectrum (70 
eV) m/e (rel intensity) 186 (68, M+), 157 (24), 141 (38), 139 (11), 
125 (12), 114 (10), 113 (100), 112 (81), 111 (23), 99 (14), 97 (21), 85 
(16), 79 (39), 77 (12), 67 (15), 55 (11), 47 (10), 45 (16), 41 (17).

Pyrazolidin-3-one-5-spiro[4'-thiacyclohexane] (13a). Com
pound 13a was prepared in 92% yield in a manner sim.lar to that 
described for la. For 13: mp 137.5-138.5°; ir (CCI3H) 3430, 3235 
(broad), 2905, 2835, 1701 (broad), 1378, 1270, 972, 860 cm“ 1; >H 
NMR (CCLD) b 1.85-2.10 (m. 4), 2.30 (s, 2), 2.35-2.65 (m, 2),
2.70-3.05 (m, 2); I3C NMR (CC13D) b 24.65 (t), 36.22 (t), 43.98 (t), 
61.14 (t), 177.02 (s); mass spectrum (70 eV) m/e (rel intensity) 172 
(6, M+), 156 (2), 144 (3), 139 (4), 114 (100), 100 (75), 87 (78), 86
(30), 82 (17), 80 (28), 68 (27), 67 (45), 65 (15), 57 (18), 53 (23), 45 
(24), 44 (48), 41 (30).

Anal. Calcd for C7HI2N20  S: C, 48.81; H, 7.02; N, 16.26. Found: 
C, 48.64; H, 7.06; N, 15.97.

l-(2,2,2-Trichloroethoxycarbonyl)pyrazolidin-3-one-5- 
spiro[4'-thiacyclohexane] (13b). Compound 13b was prepared in 
31% yield in a manner similar to that described for lb. For 13b: mp 
225-226° dec; ir (CCI3H) 3410, 2910, 1711 (broad), 1385, 1342, 
1312, 1280, 1135 cm '1; ‘H NMR (CCI3D) b 2.00-2.30 (m, 2), 2.50- 
2.90 (m, 6), 2.72 (s, 2), 4.85 (s, 2); mass spectrum (70 eV) m/e (rel 
intensity) no parent, 254 (4), 196 (2, 3-C1), 154 (12), 114 (90), 111 
(24), 99 (90), 98 (47), 96 (53), 86 (88), 85 (41), 81 (34), 79 (46), 68

(36), 67 (67), 65 (24), 63 (33). 61 (100), 60 (28), 53 (40), 47 (32), 45 
(50), 44 (57), 43 (36), 41 (60).

Anal. Calcd for C10H13N2O3CI3S: C, 34.55; H, 3.77; N, 8.06. 
Found: C, 34.39; H, 3.71; N, 7.97.

2-Acetyl-1 -(2,2,2-trichloroethoxycarbon yl) pyrazolidin-3- 
one-5-spiro[4'-thiacyclohexane] (13c) via 3-Acetoxy-l-(2,2,2- 
trichloroethoxycarbonyl)-2-pyrazoline-5-spiro[4'-thiacyclo- 
hexane] (14). Compound 13c was prepared in 44% yield via com
pound 14 in a manner similar to that described for lc and 3. For 
14: ]H NMR (CCI3D) b 1.95-2.20 (m, 2), 2.24 (s, 3), 2.55-2.90 (m, 
6), 3.10 (s, 2), 4.88 (s, 2). For 13c: mp 97-99°; ir (CCI3H) 2910, 1745 
(broad), 1375. 1320. 1280, 1123, 1035 cm“ 1; *H NMR (CCI3D) b 
1.85-2.20 (m, 2), 2.35-3.10 (m, 6), 2.52 (s, 3), 2.74 (s, 2), 4.81 (3, 2); 
mass spectrum (70 eV) m/e (rel intensity) no parent, 142 (8). 114 
(18), 100 (19), 99 (14), 96 (10), 86 (17), 85 (17), 67 (10), 61 (12), 60 
(96), 59 (12), 45 (93). 44 (79). 43 (100). 42 (19), 41 (31).

Anal. Calcd for C12H15N204C13S: C, 36.99; H, 3.88; N, 7.19. 
Found: C, 37.03; H, 3.85; N, 6.96.

2-Acetylpyrazolidin-3-one-5-spiro[4'-thiacyclohexane] 
(13d). Compound 13d was prepared in 43% yield in a manner simi
lar to that described for Id. For 13d: mp 100.5-101.5°; ir (CCI3H) 
3255, 2905, 2835, 1747, 1699, 1407, 1370, 1275, 972 cm '1; ‘ H NMR 
(CCLD) a 1.85-2.10 (m, 4), 2.30-2.68 (m, 2), 2.45 (s, 3), 2.61 (s, 2),
2.70-3.05 (m, 2), 4.96 (broad s, 1, NH); 13C NMR (CCI3D) b 23.91 
(q), 24.76 (t), 36.42 (t), 45.86 (t), 56.34 (s), 167.00 (s), 171.91 (s); 
mass spectrum (70 eV) m/e (rel intensity) 214 (24, M+), 173 (8), 
172 (89), 195 (100), 116 (8), 112 (8), 111 (74), 100 (13), 99 (16), 98
(53), 97 (17), 86 (7), 85 (13), 60 (18), 45 (24), 43 (63), 41 (20); uv 
(EtOH) 226 nm (e 4140), 246 (2500).

Anal. Calcd for C9HhN20 2S: C, 50.45; H, 6.59; N, 13.07. Found: 
C, 50.34; H, 6.49; N, 13.01.

1- Acetamidoazetidin-2-one-4-spiro[4'-thiacyclohexane]
(15). Compound 15 was prepared in 45% yield in e manner similar 
to that described for 5. For 15: mp 151-154°; ir (CCI3H) 3390, 3240 
(broad), 2910, 1770, 1705, 1368, 1270, 1085, 965 era“ 1; 'H NMR 
(CCI3D) a 2.00 (s, 3), 2.09 (t, J = 5 Hz, 4), 2.62 (s, 2), 2.70 (t, J = 5 
Hz, 4), 8.64 (s, 1. NH); 13C NMR (CC13D) b 20.63 (q), 26.92 (t), 
33.91 (t), 45.03 (t), 64.54 (s), 168.30 (s), 170.81 (s) mass spectrum 
(70 eV) m/e (rel intensity) 214 (22, M+), 196 (11). 172 (76), 144 
(71), 114 (77), 112 (65), 111 (62), 99 (82), 98 (56), 86 (59), 67 (45), 
43(100), 41 (42).

Anal. Calcd for CoHi4N20 2S: C, 50.45; H, 6.59; N, 13.07. Found: 
C, 50.22; H. 6.58; N. 13.06.

2- Acetyl-l-(2,2,2-trichloroethoxycarbonyl)pyrazolidin-3- 
one-5-spiro[4'-thiacyclohexane] 4'-Oxide (17). To a solution of
2-acetyl-1-(2,2,2-trichloroethoxvcarbonyl)pyrazolidin-3-one-5- 
spiro[4'-thiacyclohexane] (13c, 1.00 g, 2.58 mmoi) in methylene 
chloride (25 ml) cooled to 0° under a nitrogen atmosphere was 
added dropwise m-chloroperoxybenzoic acid (0.44 g, 2.58 mmol) in 
methylene chloride (5 ml). After stirring at 0° for 12 hr the mix
ture was allowed to warm to room temperature, after which it was 
washed three times with 15-ml portions of saturated aqueous sodi
um bicarbonate. The methylene chloride was dried over MgSOi 
and evaporated to give an oil. Column chromatography of the oil 
on silicic acid using Et20-Et0H  (90:10 mixture by volume) gave 
0.41 g (39%) of a colorless oil which was shown to be 17: ir (CCI3H) 
2925, 1742 (broad), 1375, 1325, 1290, 1120, 1022 cm“ 1; 'H NMR 
(CCI3D) b 1.90-2.35 (m, 2), 2.40-3.30 (m, 6), 2.55 (s, 3), 2.72 (broad 
s ,2).

Anal. Calcd for C12H15N205C13S: C, 35.53; H, 3.73; N, 6.91. 
Found: C, 35.65; H, 3.71; N, 7.05.

Reaction of 2-Acetyl-l-(2,2,2-trichloroethoxycarbonyl)py- 
razolidin-3-one-5-spiro[4'-thiacyclohexane] 4'-Oxide (17) 
with Acetic Anhydride. A solution of 2-acetyl-l-(2,2,2-trichlo- 
roethoxycarbonyl)pyrazolidin-3-one-5-spiro[4'-thiacyclohexane] 
4'-oxide (17, 0.085 g, 0.208 mmol) in acetic anhydride (5 ml) was 
heated at 120° for 2 hr under a nitrogen atmosphere. Immediately 
after removing the oil bath, aspirator vacuum was applied to the 
reaction vessel to remove the acetic anhydride solvent. When the 
reaction vessel had cooled to room temperature, it was placed 
under high vacuum for a short period of time. 'H NMR analysis of 
the crude product resulted in a spectrum which contained major 
signals for two olefin protons, a doublet at b 5.64 (J = 10 Hz) and a 
doublet at 6.56 (J = 10 Hz), along with the other signals expected 
for 17. Attempts to purify the sample by column chromatography 
on silicic acid or by recrystallization resulted in samples in which 
the olefin signals were either greatly reduced or absent.

2,2-Dimethyl-3-thiacyclopentan-l-one (21). To a solution of 
NaOH (62 g) in a mixture of water (400 ml) and EtOH (250 ml) at 
room temperature under a nitrogen atmosphere was added all at 
once 2-mercaptopropionic acid (82 g, 0.77 mol). After the solution



had cooled to room temperature ethyl 2-bromoisobutyrate (150 g,
0. 77 mol) was added all at once. The resulting solution was stirred 
at room temperature for 5 hr, after which it was cooled in an ice 
bath and aqueous 12 TV HC1 (100 ml) was added. The resulting 
acidic solution was extracted with Et20  which was dried over an
hydrous MgS04 and distilled up to 80°. To the residue was added 
EtOH (1500 ml) and the mixture refluxed overnight. To the still 
warm reaction mixture was added Na2CO.) (25 g) after which the 
EtOH was distilled off. Tc the residue cooled in an ice bath was 
added aqueous 2 N  NaOK (100 ml). The basic solution was ex
tracted with Et20  which was dried over anhydrous MgS04 and dis
tilled to give 153 g (81%) of the sulfide of a-isobutyric acid /(-propi
onic acid diethyl ester: bp 160° (30 mm); mass spectrum (70 eV) 
m/e 248 (M+). The sulfide (153 g, 0.62 mol) in Et20  ( 350 ml) was 
dripped slowly into a suspension of NaOEt (84 g, 1.24 mol) in Et20  
(1250 ml) heated at 50°. During the addition the mixture became 
almost clear and then turned cloudy. The mixture was heated at 
50° overnight, after which most of the Et20  was distilled off. The 
residue was poured into ice-cold water (200 ml) and aqueous 12 N 
HC1 was added slowly until the pH of the solution was strongly 
acidic. The acidic solution was extracted with Et20  which was 
dried over anhydrous MgS04 and distilled to give 81 g (65%) of 
foul-smelling 5-ethoxycarbonyl-2,2-dimethyl-3-thiacyclopentan- 
1-one: bp 71° (0.5 mm); mass spectrum (70 eV) m/e 202 (M+).

The /3-keto ester (30 g, 0 148 mol) in a mixture of water (225 ml) 
and sulfuric acid (25 ml) was refluxed for 4 hr. The cooled solution 
was saturated with NaCl and extracted with Et20 . The combined 
Et20  was washed with aqueous Na2C 03 and then dried over anhy
drous MgS04 and distilled to give 13.94 g (72%) of pure 21: bp 80° 
(20 mm); ir (CC14) 2970, 1740, 1460, 1405, 1381, 1364, 1275, 1140, 
1060, cm“ 1; 'H NMR (CCI3D) b 1.36 (s, 6). 2.56-2.80 (m, 2), 2.84-
3.08 (m, 2); mass spectrum (70 eV) m/e (rel intensity) 130 (63, 
M+), 112 (72), 75 (7), 74 (100), 59 (65), 45 (8), 41 (12).

An analysis was obtained on the p-toluenesulfonic acid hydra- 
zone of ketone 21, mp 157-159°.

Anal. Calcd for CiaHigNcC^Se: C, 52.32; H, 6.08; N, 9.39. Found: 
C, 52.22; H, 6.01; N, 9.26.

E th y l 2 ',2 '-D im e th y l-3 '- th ia c y c lo p e n ty lid e n e a c e ta te  (20) 
and  E th y l 5 ',5 '-D im e th y l -4 '- th ia - l '- c y c lo p e n t e n -r -y la c e ta t e
(22). A Wittig reaction on 2,2-dimethyl-3-thiacyclopentan-l-one 
(21) in a manner similar to that used to prepare compound 12 re
sulted in a 76% yield of distilled product. 'H NMR analysis re
vealed this to be a mixture of approximately 60% 20 and 40% 22. 
Spectral data were obtained on GLC collected samples of the two 
esters. For 20: ir (CCI3H) 1707 cm“ 1; 'H NMR (CCI3H) b 1.28 (t, J 
= 8 Hz, 3), 1.50 (s, 3), 2.95 (t, J = 7 Hz, 2), 3.40 (doublet of triplet, 
J = 4 and 7 Hz, 2), 4.18 (q, J  = 8 Hz), 5.70 (t, J  = 4 Hz, 1); mass 
spectrum (70 eV) m/e (rel intensity) 200 (41, M+), 185 (72), 155
(14), 139 (46), 127 (100), 111 (53), 93 (23), 77 (26). For 22: ir 
(CCI3H) 1731 cm -'; 'H NMR (CCI3H) b 1.28 (t, J = 8 Hz, 3), 1.48 
(s, 3), 3.00-3.10 (m, 1), 3.62-3.72 (pi, 1), 4.18 (q, J = 8 Hz, 2), 
5.63-5.75 (m, 1); mass spectrum (70 eV) m/e (rel intensity) 200 
(46, M+), 185 (100), 139 (44), 127 (21), 113 (26), 112 (25), 111 (79), 
97 (19), 77 (18), 41 (31).

c is -In d a z o lid in -3 -o n e  (26a ), tr a n s -In d a z o lid in -3 -o n e  (26 b ), 
and  C y c lo h e x -  1 -e n e c a r b o x y lic  A c id  H y d ra z id e  (27). 1-Carboe- 
thoxycyclohex-l-ene18 (24) was treated with hydrazine in a man
ner similar to that described for the preparation of la . Column 
chromatography of the crude product on silicic acid resulted in the 
isolation of 0.70 g (5%) of a white solid which was identified as cy
clohex-1-enecarboxylic acid hydrazide (27) by comparison to a 
sample prepared below ard 0.98 g (7%) of an oil which was identi
fied tc be a 90:10 mixture of 26a -26b : ir (CCI3H) 3425, 2930, 2860, 
1705, 902 cm -1; ‘ H NMR (CCI3D) b 1.00-2.40 (m, 8). 2.48-2.78 (m,
1, one of 26a bridgehead proton absorptions), 3.40-3.72 (m, 1, one 
of 26a bridgehead proton absorptions), 6.60 (broad s, 2, NH). 
Trace multiplet absorptions at 5 2.20 and 2.98 were assigned as the 
two bridgehead protons of 26b; I3C NMR (CCI3D) absorptions at b
42.0 (d) and 58.0 (d) were assigned to 26a while absorptions at 5
49.0 (d) and 56.5 (d) were assigned to 26b. The relative intensities 
of the 26a to 26b signals were approximately 9:1; mass spectrum 
(70 eV) m/e (rel intensity) 140 (100, M+), 125 (16), 109 (71), 98 
(67), 97 (43), 81 (67). 71 (24), 67 (32). 54 (22), 41 (22).

The best yields of acylated 26 were obtained by taking the crude 
reaction mixture and pouring it into ice-cold 2 N HC1 (90 ml). 
After washing with Et20  the acidic aqueous layer was poured into 
ice-cold 2 N K2CO3 (100 ml). The basic solution was extracted 
with CCI3H which was dried over K3CO3 and stripped to leave an 
oil. The Et20  soluble (approximately 100 ml Et>0) portion of this 
oil was used in the acylation reaction.

C y c lo h e x -1 -e n e c a r b o x y lic  A c id  H y d ra z id e  (27). To cvclo-

Formation of Spiro and Bicyclo l-Acylaminoazetidin-2-ones

hex-l-enecarboxyiic acid (2.7 g, 0.021 mol) in methylene chloride 
(50 ml) was added 1.50 g (0.011 mol) of anhydrous K2COs. This 
mixture was stirred until no gas evolution (C02) was observed (ca. 
12 hr), at which time it was cooled to 0° and ethyl chloroformate 
(2.5 g, 0.23 mol) in chloroform (10 ml) containing 1% pyridine was 
added dropwise. After the mixture was allowed to stir for several 
hours at 0°, it was poured into a solution of 95% hydrazine (1.0 g, 
0.03 mol) in methylene chloride (50 ml) and allowed to stir for an
other 12 hr. Acid-base work-up gave 1.8 g (60%) of hydrazide 27 as 
a white solid: mp 78-79° (Bz); ir (CHCI3) 3480, 3340, 2930, 1670, 
1625, 1475, 960, and 910 cm“ 1; ‘ H NMR (CDCI3) b 1.61 (m, 4), 2.2 
(m, 4), 4.08 (broad s, 2, absent D20 , NNH2), 6.70 (broad s, 1, 
C=CH), and 7.9 (broad s, 1, absent D20 , CONHNH2); mass spec
trum (70 eV) m/e (rel intensity) 140 (12, M +), 125 (3), 109 (100), 
81 (73), 79 (29), T  (8), 53 (25).

Anal. Calcd for C7H12N20: C, 59.97; H, 8.63. Found: C, 59.82; H, 
8.87.

l - (2 ,2 ,2 -T r ic h lo r o e t h o x y c a r b o n y l ) - c f s - in d a z o l id in -3 -o n e  
(28a ). A partially purified 90:10 mixture of cis- and irons-indazol- 
idin-3-one (26a -26b) was acylated in a manner similar to that de
scribed for the acylation of la  to give lb .  Column chromatography 
of the crude product on silicic acid resulted in the isolation of 0.65 
g (13%) of a white solid which was identified as 28a: mp 173.5- 
175.5°; ir (CCI3H) 3415, 2940, 2860, 1710 (broad), 1450, 1380, 1325, 
1125, 905 cm” 1; 'H NMR (CCI3D) b 1.00-2.40 (m, 8), 2.88-3.12 (m, 
1), 4.44-4.80 (m, 1), 4.87 (s, 2), 9.60 (broad s, 1); 13C NMR (CCI3D) 
b 21.84 (t), 21.92 (t), 22.33 (t), 27.35 (t), 41.19 (d), 58.27 (d), 75.26 
(t), 95.03 (s), 151.83 (s), 173.01 (s); mass spectrum (70 eV) m/e (rel 
intensity) 314 (12, 3-C1, M +), 272 (8, 3-C1), 184 (11), 167 (13), 139 
(99), 131 (46, 3-C1), 109 (60), 81 (79), 67 (82), 44 (100), 41 (60).

Anal. Calcd for C10H 1.3N2O3CI3: C, 38.06; H, 4.15; N, 8.88. 
Found: C, 37.95; H, 4.13; N, 8.88.

1 - (2 ,2 ,2 -T r ic h lo r o e t h o x y c a r b o n y l) -5 -m e th y lp y r a z o lid in -3 -  
o n e  (29 ). Compound 29 was prepared in 57% yield from 5-methyl- 
pyrazolidin-3-one24 in a manner similar to that described for lb . 
For 29: mp 165.5-166.5°; ir (CCI3H) 3410, 2940, 1720 (broad), 1382, 
1332, 1080 cm“ 1; 'H NMR (CC13D) b 1.45 (d, J  = 7 Hz, 3), 2.29 
(doublet of doublets, J = 17 and 3 Hz, 1), 3.07 (doublet of dou
blets, J  = 17 and 9.5 Hz, 1) 4.45-4.75 (m, 1), 4.80 (s, 2), 9.10 (broad 
s, 1, NH); mass spectrum (70 eV) m/e (rel intensity) 274 (3-C1, 3, 
M +), 240 (3-C1, trace), 131 (3-C1, 8), 100 (32), 97 (20), 69 (27), 61 
(36). 44 (100), 42 (47), 41 (55).

Anal. Calcd for C7H9N203C13: C. 30.52; H, 3.29; N, 10.17. Found: 
C, 30.37; H, 3.17; N, 10.15.

2- Acetyl-l-(2,2,2-trichloroethoxycarbonyl)-cJS-indazo- 
lidin-3-one (31a). l-(2,2,2-Trichloroethoxycarbonyl)-cis-indazoli- 
din-3-one (29) was acetvlated in a manner similar to that described 
for the acylation of lb to give 3. 'H  NMR analysis of the crude 
product revealed it to be a 70:30 mixture of the N-acetyl derivative 
31a and the O-acetyl derivative 32a as determined by integration 
of the acetyl methyl singlet absorptions assigned to the two iso
mers. Heating of the mixture of the two isomers neat under a ni
trogen atmosphere at 110° for 3 hr resulted in exclusively the N- 
acetyl isomer. Column chromatography resulted in 0.611 g (58%) of 
an oil which was identified as 31a: 4H NMR (CCI3D) b 1.00-1.96 
(m, 6), 2.08-2.44 (m, 2), 2.54 (s, 3), 2.92-3.16 (m, 1), 2.56-2.92 (m, 
1), 2.82 (AB pattern, J = 12 Hz, 2); 13C NMR (CCI3D) b 21.62,
22.50, 23.76, 27.38, 43.29 (d), 58.87 (d), 75.61 (t), 94.75 (s), 154.51 
(s), 166.04 (s), 172.64 (s).

Anal. Calcd for Ci2H 15N20 4Cl3: C, 40.30; H, 4.23; N. 7.83. 
Found: C, 40.25; H. 4.15; N, 7.77.

2 -A c e ty l-c is - in d a z o lid in -3 -o n e  (33a ). Compound 33a was pre
pared in 46% yield in a manner similar to Id . For 33a: mp 84-86°; 
ir (CCI3H) 2920, 2850, 1748, 1695, 1378, 1286, 1108, 980, 910 cm“ 1; 
'H NMR (CCI3D b 1.00-2.40 (m, 8), 2.44 (s, 3), 2.80-3.08 (m, 1), 
3.48-3.80 (m, 1), 5.52 (broad s, 1, NH); 13C NMR (CC1:1D) b 22.12, 
22.41, 22.82, 23.74, 27.56 (t), 44.65 (d), 53.29 (d), 167.15 (s) 173.21 
(s); mass spectrum (70 eV) m/e (rel intensity) 182 (5, M +), 154
(16). 140 (61), 112 (11), 111 (27), 98 (41), 97 (100), 84 (14), 81 (13), 
67 (14), 55 (10), 54 (10), 41 (29); uv (EtOH) 227 nm (< 3582), 246 
(2885).

Anal. Calcd for CyH]4N20 2: C, 59.32; H, 7.74; N, 15.37. Found: 
C, 59.08; H. 7.74: N, 15.38.

1 -A c e ta m id o -e is -p e r h y d r o b e n z [c ]a z e t id in -2 -o n e  (34a).
F rom  Ir ra d ia t io n  o f  33a. Compound 34a was prepared in a 45% 
yield in a manner similar to that described for 5. For 34a: ir 
(CCI3H) 3410, 3230 (broad), 2940, 2860, 1768, 1702, 1450, 1370, 
1105 cm“ 1; >H NMR (CCI3D) b 1.34-1.98 (m, 8), 1.98 (s, 3), 3.10-
3.36 (m, 1), 4.12-4.32 (m, 1), 9.18 (broad s, 1, NH); mass spectrum 
(70 eV) m/e (rel intensity) 182 (5, M+), 140 (91), 97 (67), 81 (40). 
67 (56), 54 (43), 43 (100), 41 (46).
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Anal. Calcd for C9H14N20 2: C, 59.32: H. 7.74; N, 15.37. Found: 
C, 59.41; H, 7.87; N, 15.32.

F rom  A ce ty la t io n  o f  36a. l-Amino-cis-perhydrobenz[c]azeti- 
din-2-one (36a) was acetylated in a manner similar to that de
scribed for the acetylation of compound 7 to give 5. A 90% yield of 
an oil was isolated which was shown to be 34a by ir, 'H NMR, and 
TLC comparison to 34a obtained from the irradiation of 33a.

l -A m in o -c is -p e r h y d r o b e n z [c ]a z e t id in -2 -o n e  (36a ). To a so
lution of cis-perhydrobenz[c]azetidin-2-one (35a, 0.69 g, 0.56 
mmol) in tetrahydrofuran (which was freshly distilled from lithi
um aluminum hydride) under a nitrogen atmosphere and cooled to 
0° was added over a 10-min period 2.6 M BuLi (0.216 ml). The re
sultant heterogeneous mixture was then stirred for 1 hr at 0°, after 
which a solution of O-mesitylene sulfonylhydroxylamine in tetra
hydrofuran (1 ml) was added over a 5-min period. The resultant 
solution was stirred at 0° for 10 min and then poured in ice-cold 
aqueous 2 N K2CO3 (20 ml). The aqueous mixture was extracted 
with CCI3H which was dried over K2C0. Evaporation of the sol
vent left an oil which was column chromatographed on silicic acid 
with EtoO -EtOH (80:20 mixture by volume) eluent. From the col
umn was obtained 11 mg (14%) of an oil which was identified as 
36a: ir (CCI3H) 2930, 1745 cm“ 1; ‘ H NMR (CCI3D) b 1.20-2.00 (m, 
8), 2.92-3.16 (m, 1), 3.68-3.88 (m, 1), 3.92 (broad s, 2 NH2); mass 
spectrum (70 eV) m/e (rel intensity) 140 (81, M +), 109 (22), 108 
(46), 82 (37), 81 (100), 67 (80), 54 (47), 41 (41).

Compound 36a was acetylated to give 34a for which a correct 
analysis was obtained (see above, 34a).
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Several reactions of 1 amino-4,4-dimethylizetidin-2-one (5) and l-acetamido-4,4-dimethylazetidin-2-one (2) 
have been examined and their chemistry compared with that of isomeric 5,5-dimethylpyrazolidin-3-ones. The 1- 
amino d-lactam system was found to undergo ring expansion reactions under a variety of conditions. The irradia
tion of several 2-alkylpyrazolidin 3-ones to give 1-alkylamino ff-lactams in low yields is also discussed.

As part of our work toward the development of ap
proaches to 1-amino- and l-acylaminoazetidin-2-ones,1 
which we hope to incorporate into total syntheses of peni
cillin-like systems,2 we found that these molecules undergo 
some interesting chemistry, particularly their ring-expan
sion reactions. While not a well-known class of molecules,
l-aminoazetidin-2-one derivatives have been prepared (1) 
by photolysis of nitrogen-unsubstituted1-2 and various 1- or 
¿-substituted1-22 pyrazolidin-3-ones, (2) by amination of 
nitrogen unsubstituted azetidin-2-ones,2-4 (3) by cycloaddi

tion of an acyl hydrazone with ketene,5 (4) by reaction of 
an in situ generated 1,1-disubstituted hydrazine with a 3- 
halo acid chloride,6 and (5) by an unusual N-amino triazole 
decomposition route.7

Results

We have previously reported that 2-acetyl-5,5-dimethyl- 
pyrazolidin-3-one (1) undergoes photochemical reaction 
upon irradiation to give l-acetamidoazetidin-2-one (2) in 
65% yield.1 Since that time, we have found that irradiation
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20 H CH2Ph

of l-acetyl-5,5-dimethylpyrazolidin-3-one (3) gives 2 also, 
in 30% yield. Furthermore, irradiation of the nitrogen un
substituted 5,5-dimethylpyrazolidin-3-one (4) gives the 
parent system l-aminoazetidin-2-one (5) in 15% yield. 
When amine 5 was acetvlated under heterogeneous condi
tions involving acetyl chloride and solid potassium carbon
ate in methylene chloride at 25°, the desired /3-lactam 2 
was not obtained but rather a mixture of products was pro
duced from which l-acetylpyrazolidin-3-one (3) was isolat
ed as the major product (see Scheme I). Ring expansion 
was found not to occur, however, when the reaction was 
carried out under basic homogeneous conditions. Reaction 
of 5 with 1 equiv of acetyl chloride in triethylamine allowed 
isolation of /3-lactam 2 in high yield. When 2 equiv of acetyl 
chloride and triethylamine were employed, diacetylated 8- 
lactam 6 was obtained. We believed that under the hetero-

6

geneous acylation conditions, a low concentration of acid 
developed which catalyzed the rearrangements of 5. This 
contention was supported when it was observed that treat
ment of l-aminoazetidin-2-one (5) with ethanol-HCl for 
several hours at 25° resulted in the formation of pyrazoli- 
din-3-one (4). Furthermore, l-acetamidoazetidin-2-one (2) 
underwent a similar reaction to give 4. We were unable, 
however, to decide whether hydrolysis of the acetyl group 
of 2 occurred before or after rearrangement since 2-acetyl- 
pyrazolidin-3-one (1) also hydrolyzes to give 4 when treated 
under similar conditions.

In contrast to their behavior under acidic conditions, /3- 
lactams 2 and 5 were shown to be stable to mild base such 
as sodium ethoxide in ethanol for several hours at 25° or 
sodium borohydride (NaBH4) in ethanol for 1 hr at 0°. 18- 
Lactams 2, 5, and 6 were also thermally stable, since ir 
spectra of GLC collected samples (200°C) were identical 
with ir spectra of samples obtained by column chromatog
raphy using silicic acid.

While 1,2-diacylhydrazides 2 and 3 were stable to 
NaBH) in ethanol at 0°, 1,1-diacylhydrazide 1 reacted to 
give hydrazide ester 7 as the major product along with two 
unidentified minor products.8 Since neither l-ethyl-2-ace- 
tyl-5,5-dimethylpyrazolidin-3-one (8). prepared from 1- 
ethyl-5,5-dimethylpyrazolidin-3-one (9), nor 2-ethyl-5,5- 
dimethylpyrazolidin-3-cne (10) reacted under similar con
ditions, we feel that a complexed species such as 11 might 
have been important in facilitating the reaction of 1.

8. R = CH jCO; 9. R = H

NaBH, 
Et OH

More vigorous reduction of acetamido /3-lactam 2 using 
lithium aluminum hydride in refluxing tetrahydrofuran did 
not give the expected azetidine 12 but rather gave 2-ethyl-
5,5-dimethylpyrazolidine (13) resulting not only from re
duction but also rearrangement. Because this trialkylhy-

13, R =  H, 14, R =  PhCO

drazine was readily oxidized in air, it was converted to its
1-benzoyl derivative 14.9 The reduction-rearrangement 
product 13 was synthesized unequivocally by LiAlH4 re
duction of 2-ethyl-5,5-dimethylpyrazolidin-3-one (10) pre
pared via l-benzoyl-5,5-dimethylpyrazolidin-3-one (15)10 
as described below. These reactions were found necessary 
at early stages of our work to ensure correct assignment of 
rearrangement isomers.

Finally, to complete our photochemical studies on pyra- 
zolidin-3-ones with various N substituents, the photochem
istry of several 2-alkylpyrazolidin-3-ones was examined. 
The 2-methyl- (19), 2-ethyl- (10), and 2-benzyl- (20) 5,5- 
dimethylpyrazolidin-3-ones were synthesized by alkylation 
of 15,10 to give 16-18, followed by removal of the benzoyl

O

Ph" ^  R
N— N

15,R =  H; 16,R =  Et; 17,R =  Me; 18.R =  OLPh

groups using acid hydrolysis. Irradiation of either the 
methyl 19 or echyl 10 compound for 20 hr in degassed 
methanol with a Hanovia 450-W  immersion lamp equipped 
with a Vycor filter allowed isolation, after careful column 
chromatography, of alkylamino (3-lactams 21 and 22 in low 
yields (5% at best; see Scheme I). These 8-lactams were 
characterized by their spectral properties (see Experimen
tal Section). Although loss of starting material was not 
complete after 20 hr in these photolyses, longer irradiation 
times or variation of other parameters did not improve the 
yields of 8-lactam. In contrast to 19 and 10, irradiation of
2-benzyl 5,5-dioethylpyrazolidin-3-one (20) under a vari
ety of conditions gave no 8-lactam product. In this case 1- 
and 1,2-dibenzyl substituted pyrazolidin-3-ones were iso
lated in varying yields. Apparently cleavage of the 2-benzyl
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group competed effectively with ring contraction. A similar 
problem was encountered in the photolysis of 2-phenylac- 
etyl-5,5-dimethylpyrazolidin-3-one.n Photolysis results 
obtained for the 2-alkylpyrazolidin-3-ones are in line with 
the electron transfer quenching mechanism proposed for 
the photochemical ring contraction reaction of other 2-sub- 
stituted pyrazolidin-3-ones.1 If group R (the original 2 sub
stituent) in intermediate 23 can stabilize the negative 
charge in ylide 24 (e.g., an acyl moiety), good yields of &- 
lactam are usually obtained. On the other hand, R groups 
which cannot stabilize the negative charge of ylide 24 (e.g., 
an alkyl moiety) result in low yields of /3-lactam even with 
longer irradiation times. In these cases side reactions often 
become important.

,R]
+H

- n / R
I<Ar\ LXH

23 24
Experimental Section

Melting points were taken in capillary tubes on a Thomas-Hoo- 
ver Unimelt and are uncorrected. Infrared spectra were recorded 
on a Perkin-Elmer 457 A spectrometer. The 'H NMR spectra were 
taken either on a Varian A-60 spectrometer or on a Perkin-Elmer 
JEOL MH-100 spectrometer and are reported in parts per million 
downfield from tetramethylsilane. Mass spectra were determined 
on a Perkin-Elmer Hitachi RMU-6 D spectrometer. Ultraviolet 
spectra were taken on a Cary 14 recording spectrometer. Gas chro
matography was carried out using programmed temperature con
trol on a Hewlett-Packard 5750 B instrument equipped with 8 - 
and 10-ft stainless steel columns packed with SE-30 on 80-100 
mesh Chromosorb VV. Mallinckrodt AR 100 mesh silicic acid was 
used for all column chromatography. Microanalyses were per
formed by Galbraith Laboratories, Knoxville, Tenn. Irradiations 
were carried out using a Hanovia 450-W immersion lamp equipped 
with a Vycor filter unless otherwise specified.

1- Diacetylamino-4,4-dimethylazetidin-2-one (G). To a solu
tion of l-acetamido-4,4-dimethylazetidin-2-one (2, 0.156 g, 1.00 
mmol) and triethylamine (0 . 1 0 1  g, 1 . 0 0  mmol) in a mixture of ben
zene (5 ml) and tetrahydrofuran (2 ml) under nitrogen was added 
with cooling acetyl chloride (0.078 g, 1.00 mmol) in benzene (1 ml) 
over a period of 30 min. The mixture was stirred for 8  hr at room 
temperature, after which the triethylamine hydrochloride salt was 
filtered off, washed with a little benzene, and the combined fil
trates concentrated. The residue was taken up in ice-cold aqueous 
2 N sodium hydroxide and extracted well with chloroform. The 
chloroform was dried over K0 CO3 and evaporated to leave a white 
solid. Recrystallization of the solid from Et2 0  gave 0.106 g (54%) of 
l-diacetylamino-4,4-dimethylpyrazolidin-3-one (G): mp 92-93°; ir 
(CCI3 H) no NH, 2960, 1780, 1730, 1319, 1225 (broad), 1100, 1000 
cm-1; *H NMR (CCI3 D) 5 1.49 (s, 6 ), 2.43 (s, 6 ), 2.84 (s, 2); mass 
spectrum (70 eV) m/e (rel intensity) 198 (trace, M+), 157 (9), 156
(35), 114 (6 6 ), 101 (8 ), 100 (10), 99 (75), 83 (18), 72 (20), 56 (17), 55 
(16), 43 (100), 42 (12), 41 (17).

Anal. Calcd for C9 H1 4N2O3 : C 54.53; H, 7.13; N, 14.13. Found: C, 
54.73; H, 7.26; N, 13.98.

Ethyl 3-(2'-Acetylhydrazino)-3-methyIbutyrate (7). To a so
lution of 2-acetyl-5,5-dimethylpyrazolidin-3-one’ (2, 1.00 g, 6.5 
mmol) in ethanol (40 ml) cooled to 0° under a nitrogen atmosphere 
was added NaBH4 (1.32 g, 39.0 mmol) all at once. After stirring for 
1 hr the mixture was poured into ice-cold water (40 ml) and ex
tracted with chloroform. The chloroform was dried over K2 CO3 

and evaporated to leave an oil. Column chromatography of the oil 
in silicic acid with EtoO-EtOH (90:10 mixture by volume) eluent 
resulted in the isolation of 598 mg (45%) of an oil which was shown 
to be pure 7: ir (CCI3 H) 3430, 2960, 1720, 1670, 1370, 1520, 1110, 
1022, 850 cm“ 1; >H NMR (CCI3 D) & 1.18 (s, 6 ), 1.26 (t, J = 7 Hz, 3), 
1.98 (s, 3), 2.39 (s, 2), 4.11 (q, J = 7 Hz, 2); mass spectrum (70 eV) 
m/e (rel intensity) no parent ion, 156 (10), 114 (50), 99 (100), 83 
(10), 72 (10), 56 (10), 55 (8 ), 43 (25).

Anal. Calcd for CsHiaNjOs: C, 53.44; H, 8.97; N, 13.85. Found: 
C, 53.26; H, 9.06; N, 13.83.

2- Acetyl-l-ethyl-5,5-dimethvlpyrazolidin-3-one (8 ). To a so
lution of l-ethyl-5,5-dimethylpyrazolidin-3-one (9, 1.00 g, 7.1

mmol) and triethylamine (0.72 g, 7.1 mmol) in tetrahydrofuran 
(100 ml) was added dropwise a solution of acetyl chloride (0.56 g,
7.1 mmol) in tetrahydrofuran (5 ml). The mixture was stirred at 
room temperature for 6  hr, after which it was filtered to remove 
the precipitated triethylamine hydrochloride salt. Evaporation of 
the solvent left an oil which was column chromatographed on silic
ic acid using Et^O-EtOH (90:10 mixture by volume! eluent to give 
0.74 g (58%) of a pure oil which was identified as 8 : ir (CCRH) 
2970, 1750, 1710, 1375, 1305, 1230 (broad), 1130, 1085, 955, 945 
cm"1; 'H NMR (CCRD) h 1.10 (t, J = 7 Hz, 3), 1.35 (s, 6 ), 2.50 is, 
3), 2.52 (s, 2), 3.04 (q, J = 7 Hz, 2); mass spectrum {n0 eV) m/e (rel 
intensity) 184 (trace, M+), 143 (3), 142 (31), 129 (7), 128 (100), 109
(5), 99 (14), 85 (2), 83 (5), 71 (2), 56 (5), 55 (4), 43 (12), 42 (6 ), 41 
(7); uv (EtOH) end absorption 200 nm (e 3200), 227 (3800), 262 
(1000).

Anal. Calcd for CgHieNjOo: C, 58.67; H, 8.75; N, 15.21. Found: 
C, 58.51; H, 8.87; N, 15.03.

1- Ethyl-5,5-dimethy]pyrazolidin-3-one (9). Tc a solution of 
l-benzoyl-5,5-dimethylpyrazolidin-3-one10 (15, 11.4 g, 0.10 mol) in 
EtOH (150 ml) cooled to 10° under a nitrogen atmosphere was 
added all at once acetaldehyde (13.2 g, 0.30 mol). The resulting so
lution was stirred at room temperature for 1 hr and then cooled to 
0°. To the cooled solution was added NaBH4 (20 g, 0.53 mol) in 
several portions at short intervals. After the last adcition the mix
ture was allowed to warm to room temperature and to stir at that 
temperature for 30 min. The solution was again coded and water 
was added. The mixture was extracted well with chloroform which 
was dried over KvCO.t. Evaporation of the solvent left a solid. Col
umn chromatography of the solid on silicic acid using Et2 0 -EtOH 
(90:10 mixture by volume) eluent gave 4.3 g (30%) of pure 9: mp
113.5-114.5; ir (CC1:,H) 3430, 2970, 1695. 1370, 1305, 1100 cm“ 1; ‘H 
NMR (CCl:iD) 5 1.15 (t, J = 7.5 Hz, 3), 1.30 (s, 6 ), 2.38 (s, 2), 2.71 
(q, J = 7.5 Hz, 2); mass spectrum (70 eV) m/e (rel intensity) 142 
(27, M+), 128 (8 ), 127 (100), 99 (36), 85 (10), 84 (7), 83 (24), 71 (9t, 
57 (12) 56 (14), 55 (13), 35 (8 ), 44 (7), 42 (13), 41 (18).

Anal. Calcd for C7 H1 4N2 0: C, 59.13; H, 9.92; N, 19.70. Found: C, 
59.00; H, 10.05; N, 19.77.

2- Ethyl-5,5-dimethylpyrazolidin-3-one (10). A solution of 1- 
benzoyl-2-ethyl-5,5-dimethylpyrazolidin-3-one (1G, 20.0 g, 0.082 
mol) in a mixture of 12 N aqueous HC1 (240 ml) and EtOH (80 ml) 
was refluxed under a nitrogen atmosphere for 20 hr The solution 
was washed with Et2 0 , after which it was cooled in an ice bath and 
solid NaOH was added to it until the pH was strongly basic. The 
basic water was extracted well with CCI3H which was dried over 
K2 CO:). Evaporation of the solvent left an oil which upon distilla
tion gave 8.84 g (76%) of pure 10: bp 65° ( 1  mm); ir 1CCI3 H) 2920, 
1680, 1460, 1400, 1300, 940, 910. 887 cm"1; ‘H NMR (CCI3 D) 6 1.12 
(t, J = 7 Hz, 3), 1.25 (s, 6 ), 2.31 (s, 2), 3.41 (q, J = 7 Hz, 2), 4.88 
(broad s, 1, NH); mass spectrum (70 eV) m/e (rel intensity) 142 
(51, M+), 127 (6 6 ), 99 (58), 85 (90), 83 (81), 58 (42). 56 (100), 55
(36), 43 (50), 41 (42); uv (EtOH) 206 nm (t 5330), 222 (3765).

Anal. Calcd for C7 H1 4N20: C, 59.13; H, 9.92; N, 19.70. Found: C, 
59.14; H, 9.82; N, 19.70.

2-Benzoyl-1 -ethyl-3,3-dimethylpyrazolidine (14). From 2.
To a solution of l-acetamido-4,4-dimethylazetidin-2-one' (2, 0.100. 
g, 0.640 mmol) in tetrahydrofuran (3 ml) cooled to C° under a ni
trogen atmosphere was added in several portions lithium alumi
num hydride (0.292 g, 7.7 mmol). The mixture was allowed to 
warm to room temperature during a period of 30 min after which it 
was refluxed for 24 hr. At the end of the reflux period the mixture 
was cooled in an ice bath and water (10 ml) was added. The aque
ous mixture was extracted well with Et20 which was dried over 
K ;CO.(. Evaporation of the solvent left an oil which was taken up 
in methylene chloride (5 ml). In this solution cooled to 10-20°C 
under a nitrogen atmosphere was suspended a small quantity of 
anhydrous KoCO.-j. Benzoyl chloride (0.200 g, 14.0 mmol) was then 
added to the suspension and the resultant mixture stirred at room 
temperature for 6  hr. At the end of the reaction period the mixture 
was filtered and to the filtrate, cooled in an ice bath, was added 
aqueous 2 N HC1 (approximately 4 ml). The mixture was extracted 
twice with Et20. To the aqueous layer, cooled in an ice bath, was 
added aqueous 2 N NaOH (approximately 6  ml). The resulting so
lution was extracted well with chloroform which was dried over 
K2CO3. Evaporation of the solvent left 0.030 g of an oil which was 
identified to be 14 (20% based on 2) by comparison tc 14 prepared 
by reduction-benzoylation of 2-ethyl-5,5-dimethylpyrazolidin-3- 
one ( 1 0 ).

From 10. To a suspension of lithium aluminum hydride (26.0 
mmol. 1.00 g) in tetrahydrofuran (25 ml) cooled to 0° under a ni
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trogen atmosphere was added a solution of 1 -ethyl-5,5-dimethyl - 
pyrazolidin-3-one (10, 7.00 mmol, 1.00 g) in tetrahydrofuran (5 ml) 
over a period of 30 min. The mixture was allowed to warm to room 
temperature during a period of 30 min after which it was refluxed 
for 40 hr. At the end of the reflux period the mixture was cooled in 
an ice bath and water (25 ml' was added. The mixture was extract
ed with chloroform which was dried over K2CO3 . Evaporation of 
the solvent left an extremely air-sensitive oil. Distillation of the oil 
gave 0.576 g (64%) of l-ethyl-3,3-dimethylpyrazolidine (13): *H 
NMR (CCI3 D) 8 1.11 (t, J = 7.5 Hz, 3), 1.22 (s, 6 ), 1.79 (t, J = 7 Hz, 
2), 2.65 (q, J = 7.5 Hz, 2), 2.73 (t, J = 7 Hz, 2).

To a solution of l-ethyl-3,3-dimethylpyrazolidine (13, 0.500 g,
3.90 mmol) in aqueous 1 N NaOH (5 ml) cooled to 10° under a ni
trogen atmosphere was added dropwise benzoyl chloride (0.550 g,
3.90 mmol). After the addition was complete the mixture was al
lowed to warm to room temperature and was stirred for 6  hr. At 
the end of the reaction period the mixture was extracted well with 
chloroform which was dried over K2CO3. Evaporation of the sol
vent left 0.154 g (11% based on 10) of an oil which was shown to be 
pure 14: ir (CCU) 2970, 1645, 1410, 1245, 1135, 1025, 910 cm“ 1; *H 
NMR (CCI3 D) 8 0.68 (t, J = 7 Hz, 3), 1.68 (s, 6 ), 2.16 (t, J = 8  Hz, 
2), 2.63 (q, J = 7 Hz, 2), 3.08 (t, J = 8  Hz, 2), 7.28-7.48 (m, 3), 
7.68-7.88 (m, 2); mass spectrum (70 eV) m/e (rel intensity) 232 (5, 
M+), 128 (9), 127 (100), 122 (4), 105 (9), 99 (10), 97 (6 ). 77 (15), 70
(3), 56 (7), 55 (5), 51 (7), 44 (3), 43 (7), 42 (7), 41 (8 ).

Anal. Calcd for CuH2oN2 0: C, 72.38; H, 8 .6 8 ; N, 12.06. Found: 
C, 72.06; H, 8.74; N, 12.03.

l-Benzoyl-2-ethyl-5,5-dimethylpyrazolidin-3-one (16). To a
solution of l-benzoyl-5,5-dimethylpyrazolidin-3-one10 (15, 38.5 g, 
0.176 mol) in 0.4 N ethanolic NaOH (75 ml) under a nitrogen at
mosphere was added ethyl iodide (27.5 g, 0.176 mol). The resultant 
solution was heated to 80° for 12 hr and then cooled. Evaporation 
of the solvent left a solid which was taken up in water ( 1 0 0  ml). 
The water was extracted with CCI3 H which was dried over K2 CO3 

and evaporated to leave a white solid which was recrystallized 
from Et2 0  to give 2 1 . 1  g (49%) of pure 16: mp 146-147°; ir (CCI3 H) 
2960, 1715, 1670, 1340, 1290, 1245, 1175, 1080 cm“ 1; 'H NMR 
(CCI3 D) 8 1.15 (t, J = 7.5 Hz, 3), 1.28 (s, 6 ), 2.49 (s, 2), 3.72 (q, J =
7.5 Hz, 2), 7.3-7. 8  (m, 5); mass spectrum (70 eV) m/e (rel intensi
ty) 246 (5, M+), 141 (13), 106 (9), 105 (100), 99 (8 ), 83 (5), 77 (24), 
56 (4), 55 (3), 51 (7), 43 (4), 42 (3), 41 (4).

Anal. Calcd for Ci4 Hi8 N2 0 2: C, 68.27; H, 7.37; N, 11.37. Found: 
C, 68.58; H, 7.43; N, 11.30.

l-Benzoyl-2,5,5-trimethylpyrazolidin-3-one (17). To a solu
tion of l-benzoyl-5,5-dimethylpyrazolidin-3-one10 (15, 9.50 g, 43.5 
mmol) in aqueous 2 N NaOH (22 ml) cooled to 10-20° under a ni
trogen atmosphere was added dropwise over a period of 30 min di
methyl sulfate (5.50 g, 43.5 mmol). After the addition the mixture 
was allowed to warm to room temperature and to stir for 6  hr. The 
mixture was then extracted with CCI3 H which was dried over 
K2 CO3 and evaporated to leave a white solid. Recrystallization of 
the solid from Et20 gave 6.55 g (65%) of pure 17: mp 125-126°; ir 
(CC14) 2970,1715, 1665, 1415, 1325, 1275,1170,1090, 945 cm“ 1; >H 
NMR (CCI3 D) 5 1.29 (s, 6 ), 2.51 (s, 2), 3.18 (s, 3), 7.30-7.85 (m, 5); 
mass spectrum (70 eV) m/e (rel intensity) 232 (7, M+), 127 (25), 
106 (28), 105 (100), 85 (39), 83 (15), 78 (11), 77 (75), 56 (26), 55
(17), 51 (45), 50 (13), 44 (14), 43 (28), 42 (17), 41 (27).

Anal. Calcd for Ci3H,6N20 2: C, 67.22; H, 6.94; N, 12.06. Found: 
C, 67.39; H, 6.90; N, 12.12.

l-Benzoyl-2-benzyl-5,5-dimethylpyrazolidin-3-one (18). A
solution of l-benzoyl-5,5-dimethylpyrazolidin-3-one1 0  (15, 12.90 g, 
0.059 mol) and benzyl bromide (9.90 g, 0.059 mol) in 0.4 N ethano
lic NaOH (188 ml) was refluxed for 7 hr. After cooling the solution 
was stripped to leave a white solid to which was added ice-cold 
water (100 ml). After stirring for 15 min the undissolved solid was 
filtered off and washed with a little ether. Recrystallization from 
ether-ethanol gave 9.10 g (50%) of pure 18: mp 176-177°; ir 
(CCI3 H) 3030, 2960, 1715, 1360, 1450, 1420, 1380, 1340, 1275, 1245, 
1180 cm“ 1; >H NMR (CC1:1D) 8 1.91 (s, 6 ), 2.5 (s, 2), 4.94 (s, 2), 7.39 
(s, 5), 7.45 (s, 5); mass spectrum (70 eV) m/e (rel intensity) 308 (5, 
M+), 205 (1), 204 (5), 203 (6 ), 162 (1.5), 106 (9.5), 105 (100), 92 (4), 
91 (45.5), 77 (24), 65 (4.5), 56 (3), 55 (2), 51 (5), 44 (2), 41 (4).

Anal. Calcd for C1 9H2 0 N2O2 : C, 74.00; H,6.54; N, 9.09. Found: C, 
73.97; H, 6.59; N, 9.14.

2,5,5-Trimethylpyrazolidin-3-one (19). A solution of 1 -ben- 
zoyl-2,5,5-trimethylpyrazolidin-3-one (17, 15.15 g, 65.0 mmol) in a 
mixture of aqueous 12 N HC1 (180 ml) and EtOH (60 ml) was re
fluxed for 20 hr. After cooling the aqueous solution was washed 
with Et20, cooled in an ice bath, and solid NaOH was added to it

until the pH was strongly basic. The basic aqueous solution was 
extracted well with CCI3H which was dried over K2CO3 and evapo
rated to leave an oil. Distillation of the oil gave 5.00 g (60%) of pure 
19: bp 51° (0.1 mm); ir (CCL,) 2960 1690, 1380, 1090 cm“ 1; ‘ H 
NMR (CCI3D) 8 1.25 (s, 6), 2.31 (s, 2), 2.99 (s, 3), 5.05 (broad s, 1, 
NH); mass spectrum (70 eV) m/e (rel intensity) 128 (89, M +), 113 
(100), 85 (12), 84 (39), 82 (51), 72 (14), 57 (28), 56 (86), 55 (39), 46
(28), 45 (32), 44 (21), 43 (26), 42 (61), 41 (61); uv (EtOH) shoulder 
on end absorption at 214 nm (e 3150).

Anal. Calcd for CeH i2N20: C, 56.23; H, 9.44; N, 21.86. Found: C, 
56.19; H, 9.42; N, 21.69.

2-Benzyl-5,5-dimethylpyrazolidin-3-one (20). A solution of 
l-benzoyl-2-benzyl-5,5-dimethylpyrazolidin-3-one (18, 15.35 g, 
0.050 mol) in a mixture of 12 N  aqueous HC1 (150 ml) and ethanol 
(50 ml) was refluxed for 20 hr. After cooling the mixture was ex
tracted with Et20  to remove the benzoic acid which was formed. 
The aqueous layer was neutralized with NaOH and extracted again 
with Et20 . This E t:0 was dried over K2C 03 and distilled to give
5.90 g (60%) of purs 20: bp 158° (3 mm); ir (CC1.,H) 3030, 2965, 
1695, 1390, 1370, 1280 cm“ 1; >H NMR (CC1:!D) 8 1.11 (s, 6), 2.18 (s, 
2), 4.35 (broad s, 1. NH), 4.45 (s, 2), 7.30 (s, 5); mass spectrum (70 
eV) m/e (rel intensity) 204 (36, M+), 189 (8), 113 (25), 111 (8), 105
(9) , 100 (13), 91 (ICO), 85 (5), 93 (10), 77 (8), 71 (12), 65 (12), 57 
(12), 56 (12), 55 (12), 46 (29), 45 (64), 43 (21), 41 (18); uv (EtOH) 
shoulder on end absorption at 222 nm (e 3350), 280 (150).

Anal. Calcd for Ci2H16N20: C, 70.55; H, 7.90; N, 13.71. Found: 
C, 70.47, H. 8.03; N, 13.60.

l-Methylamino-4,4-dimethylazetidin-2-one (21). A solution 
of 2,5,5-trimethylpyrazolidin-3-one (19, 1.28 g, 0.010 mol) in meth
anol (250 ml) was degassed with a stream of nitrogen for 2 hr, after 
which it was irradiated for 20 hr with a Hanovia 450-W immersion 
lamp equipped with a Vycor filter. TLC analysis indicated the for
mation of one product with a slightly greater Rf value than the 
starting material. (Loss of starting material was not complete but 
longer irradiation times did not significantly change the ratio). 
Evaporation of the solvent followed by columns chromatography 
on silicic acid with Et20-E t0H  (80:20 mixture by volume) eluent 
resulted in the isolation of 0.064 g (ca. 5%) of an oil which was 
identified from its spectra to be 21: ir (CCI3H) 2970, 1755, 1378, 
1278 cm "1; ‘H NMR (CC1:!D) 8 1.40 (s, 6) 2.56 (s, 2), 2.80 (s, 3),
4.21 (broad s, 1, NH); mass spectrum (70 eV) m/e (rel intensity) 
128 (12, M+), 86 (66), 84 (100), 72 (29), 56 (17), 47 (25), 44 (21).

l-Ethylamino-4,4-dimethylazetidin-2-one (22). A solution 
of 2-ethyl-5,5-dimethylpyrazolidin-3-one (10, 1.42 g, 0.010 mol) in 
methanol (250 ml) was treated in a manner similar to the reaction 
of 2,5,5-trimethylpyrazolidin-3-one (19) described above. From the 
column was isolated 0.043 g (3%) of an oil which was identified by 
its spectra to be 22: ir (CCI3H) 2965, 1750 cm-1; !H NMR (CCLD) 
8 1.22 (t, J = 7 Hz, 3), 1.40 (s, 6), 2.50 (s, 2), 3.12 (q, J = 7 Hz, 2), 
4.31 (s, 1, NH).
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The synthesis and some physical properties of hexa(2-pyridyl)benzene (41) and the related phenyl(2-pyrid- 
yl)benzenes 30-40 are reported. These compounds were prepared via Diels-Alder reaction of the appropriate 
acetylene 2G-28 with the intermediary dienones 16-25, which were generated in situ from the corresponding enol- 
ones 7-15. These enolones 7-15 were characterized by analysis of their spectral data.

At the onset of this project, it was hoped that certain sta
ble conformations of poly-2-pyridylbenzenes could be iso
lated owing to the predicted large barrier to free rotation. 
Such examples of atropisomerism have not been previously 
demonstrated. One of the simplest examples is l,2-di(2- 
pyridyl)tetraphenylbenzene, which can exist as either ¡3,(1

or <*,/? isomer; whereas hexa(2-pyridyl)benzene (41) should 
exist as eight nonsuperimposable conformational isomers 
including one enantiomeric pair (Figure 1).

Figure 1. Top view of the possible hexa(2-pyridyl)benzenes. —N— 
(/3) = 2-pyridyl nitrogen above the plane of the central benzene
ring;---- (a) = 2-pyridyl nitrogen below and the 3-pyridyl hydrogen
above the plane of the central benzene ring.

We herein describe the utilization of the Diels-Alder re
action of cyclopentadienones with the appropriate acety
lenes to prepare the previously unknown hexa'2-pyrid- 
yl)benzene (41) as well as the complete series of related 
phenyl(2-pyridyl)benzenes (30-40) (Figure 2). Although 
several phenyl(2-pyridyl)cyclopentadienones and cyclopen- 
tenolones are known, faulty and/or limited literature data 
make an accurate interpretation of these known com
pounds rather tenuous at best. In this paper, we also report 
the structural assignment of the intermediate substituted 
cyclopentenolones (7-15).

Experimental Section2
Substituted Acetones. 2-Pyridylacetonitrile was prepared 

(80%) from 2-chloromethylpyridine3 [bp 100-104° (12 mm)] with 
potassium cyanide in anhydrous dimethyl sulfoxide: bp 79-81° 
(0.4 mm) [lit.4 bp 118-120° (13 mm)]; NMR (CDCI3) 5 3.85 
(PyCH2-, s, 2 H), 6.95-7.8 (PyH, m, 3 H), 8.45 (6-PyH, d, 1 H); ir 
(neat) 2220 cm-1 (C=N).

l,3-Di(2-pyridyl)acetone (6) was prepared (60%) from 2-pyri- 
dylacetonitrile with 2-picolyllithium in anhydrous ether: bp 115— 
120° (0.01 mm) [lit.5 bp 130-135° (0.05 mm)]; mp 80-81° (ether); 
NMR (CCI4) 5 3.6 [CH2 (enol, 60%), s], 3.95 [CH2CO (keto), s], 5.32 
(vinyl H), 6.7-7.7 (PyH, m), 8.1-8.5 (6-PyH, m); ir (CC14) 1720 

■ (C = 0 , w), 1640 (C=tH, s), 1460, and 1325 c m '1.
1- Phenyl-3-(2-pyridyl)propan-2-one (5) was synthesized 

(33%) from phenylacetonitrile with 2-picolyllithium in anhydrous 
ether: bp 167-173° (3.5 mm) [lit.6 bp 140-142° (3 mm)]; NMR 
(CDCI3) 5 3.56 [PhCH2-  (enol, 22%), s], 3.79 (PhCH2CO, s), 3.90 
(PyCH2CO, s), 5.2 (vinyl H, s), 6.6-7.65 [ArH and -OH (exchanged 
with D20)]; ir (neat) 1720 (C = 0 ), 1650 cm-1 (C=COH).

Substituted a-Diketones. Phenyl(2-pyridyl)glyoxal (2) was 
prepared from trans-stilbazole" [mp 90-91° (ethanol)] via seleni
um oxide8 or concentrated nitric acid9 oxidation: bp 128-130° (0.2 
mm); mp 72-73° (ethanol-petroleum ether, lit.8 mp 72-72.5°).

2- Pyridil (3) was obtained from commercial sources and recrys
tallized from absolute ethanol, mp 154-156°.

Substituted Acetylenes. Diphenylacetylene was obtained 
from commercial sources, mp 59-61°.

Phenyl(2-pyridyl)acetylene was prepared (60% overall) from 
irans-stilbazole via l-phenyl-2-(2-pyridyl)-l,2-dibromoethane [mp 
185-186° (benzene), lit.7 mp 185-186°], then treated with alcoholic 
potassium hydroxide: bp 120-122° (0.3 mm) [lit.7 bp 160-164° 
(3-4 mm)]; NMR (CDCI3) 6 6.92-7.7 (ArH and PyH, m, 8 H); ir 
(neat) 2350 cm -' (C=C).

Di(2-pyridyl)acety!ene was prepared from either trans-1,2- 
di(2-pyridyl)ethene10 or 2-pyridil" in greater than 80% yield, mp
69-71° (petroleum ether, lit.'ob mp 69-70°).

Substituted 4-Hydroxy-2-cyclopenten-l-ones. The following 
procedure illustrates the general preparation of aryl- and het- 
eroaryl-4-hydroxy-2-cyclopenten-l-ones.

A mixture of 2-pyridil (2.12 g, 0.01 mol), l,3-di(2-pyridyl)ace- 
tone (2.12 g, 0.01 mol), and potassium hydroxide (500 mg) in abso
lute ethanol (20 ml) was refluxed for 30 min. The mixture was 
cooled and upon standing crystals formed. Recrystallization from 
benzene-ethyl acetate afforded a mixture (95:5) of (4SR,bSR)- and 
(4S/?,5/?S)-4-hydroxy-2,3,4,5-tetra(2-pyridyl)-2-cyclopenten-l- 
one: m p'147-148°; NMR (CDC13) 6 4.68 and 4.82 (C05CH, 2 s, 1 
H), 6.65-7.90 (PyH and -OH, m, 13 H), 8.22-8.70 (6-PyH, m, 4 H); 
ir (CHCI3) 3350 (-OH), 1700 cm“ 1 (C = 0 ).

All of the substituted 4-hydroxy-2-cyclopenten-l-ones are tabu
lated with their physical and spectral data in Table I.

Substituted Cyclopentadienones. 2,3,4-Triphenyl-5-(2-pyri- 
dyl)cyclopentadienone (19). Enolone 10 (1.05 g, 2.5 mmol) in 
ethylene glycol (5 ml) was refluxed for 10 min. Upon cooling, tritu-. 
ration with methanol precipitated dark red crystals, which were 
collected, washed with cold methanol, and recrystallized from 
methanol, affording (50%) 500 mg of 19: mp 220-221° (lit.12 mp 
225-226°); NMR (CDCI3) 6 6.8-7.8 (ArH and PyH, m, 18 H), 
8.42-8.53 (6-PyH, bd, 1 H); ir (Nujol) 1685 cm-1 (C = 0 ); uv-visi- 
ble (MeOH) 290 nm (c 13100), 241 (13900), 443 (12940).
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Anal. Calcd for CstH^NO: C, 87.25; H, 4.97; N, 3.64. Found; C, 
86.99; H, 4.89; N, 3.60.

2,5-Dipheiiyl-3,4-(2-pyridyl)cyclopentadienone (18) was pre
pared (35%) in a similar manner: mp 200-201° (lit.13 mp 200-

201°); NMR (CDCl:l) & 6.50-8.80 (ArH and PyH, m); ir (KBr) 1720 
cm-1 (C = 0 ); uv-visible (MeOH) 250 nm (t 18950), 493 (643).

Anal. Calcd for CjtH iuN.-O: C, 83.92; H, 4.70; N, 7.25. Found: C, 
83.72; H, 4.55; N, 7.20.
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Table I
Substituted 4-Hydroxy-2-cyclopenten-1 -ones“

Starting

materials

a_ Eno-
D i- lone
ke-  A ce - prod- 
tone tone uct

Substituents
2 3 4 5

Product 
v distri-

Y ield , button 
% trans cis

NMR, 6 °PPm

c 5 h __________ fi-Py H__________
C2 C3 C4 Cs (C = 0 )

1 4 r Ph Ph Ph Ph 210 (EtOH) 90 100 0 4.51 1700

n A (8a/ Ph 2-Py Ph Ph 139-140 (EtOH) 60 100 0 4.57 8.37 1700
¿ 4 1 8b Ph Ph 2-Py Ph 0
3 4 9 Ph 2-Py 2-Py Ph 188-189 (C6H6-EtOH) 80 100 0 4.34 8.28 8.36 1700

e (10a 2-Py Ph Ph Ph 147-148 (EtOAc) 83 100 0 4.56 8.60 1630
1 3 (10b Ph Ph Ph 2-Py 0

(11a 2-Py Ph 2-Py Ph 1
(
I

27 100 0 4.27 8.65 8.40 1700

2 5 'lib Ph 2-Py Ph 2-Py(, 148-149 (EtOH) 3 i 4.82 i i i i
h ie Ph Ph 2-Py 2-Py(
(lid 2-Py 2-Py Ph Ph )

3 5 (12a 2-Py 2-Py 2-Py Ph)■ 146-149 (EtOH) 80 Í 90 4.83 8.60 8.28 8.38 1700
(12b Ph 2-Py 2-Py 2-Py) ((10)* 4.66 i i i i i

1 6 13 2-Py Ph Ph 2-Py 170-171 (EtOAc) 80 100 0 4.73 8.62 8.49 1660

2 6 (14a 2-Py 2-Py Ph 2-Py j. 136-137 (EtOH) 70 100 0 4.74 k k k k 1725
(14b 2-Py Ph 2-Py 2-Py

80 |95 4.68 8.66 8.32 8.42 8.50 1700
147-148 (EtOH)3 6 15 2-Py 2-Py 2-Py 2-Py 5 4.82 i i i i i

a Satisfactory analytical data (±0.3% for C, H, N) were reported for all new compounds listed in this table. 6 Reported yields refer to 
actual isolated crystalline products. c 10% w/v, in deuteriochloroform. d In chloroform. e Lit.15 mp 208°. ‘ Lit.16 mp 138-140°. * Lit.16 
mp 186°. ftLit.13 mp 178-180°. ‘ Cannot be determined from limited available data. ■'Either cis-12a or trans-l2b. k Broad overlapping 
multiplet of three hydrogens (5 8.24-8.69).

Table II
Hexasubstituted Benzenes0

Ben
zene

Starting materials ̂  

Enolone Acetylene 
(0 .01 m ol) (mol)

R eac
tion

temp,
°C

Yield,C
%

Mp,4
°c lr,e  cm *

U v /  X,

nm ( e x  10^)

NMR , 6 ppm^

6-PyH ArH, PyH

29 7 [16] 26 300 90 465 1-450, 1350, 780, 725, 692 247 (59.0) 6.81-7.11
30 7 [16] 27 (0.03) 300 80 466J 1580, 1550, 793, 737, 692 247 (52.0) 8.23“ 6.82-7.15
31 9 [ 18] 26 (0.025) 350 95 468“ 1580, 792, 734, 697 246 (62.0) 8.15“ 6.70-7.46
32 11a b [20] 26 (0.03) 350 50 476 1590, 790, 745, 695 245 (73.0) 8.21* 6.82-7.26
33 13 123] 26 (0.03) 320 75 474 1600, 790, 740, 695 244 (58.0) 8.22“ 6.80-7.28
34 12 [22] 26 (0.03) 350 80 473 1580, 784, 731, 695 245 (75.5) 8.20* 6.76-7.41
35 13 [23] 27 (0.03) 300 60 470* 1595, 1150, 800, 735, 695 246 (58.0) 8.21“ 6.68-7.18
36 11a, b [20] 27 (0.02) 300 50 479 1570, 1500, 790, 730, 695 245 (62.0) 8.20* 6.76-7.43
37 9 [18] 28(0.02) 300 57 479 1575, 1550, 800, 745, 695 245 (77.5) 8.22“ 6.74-7.47
38 15 [25] 26 (0.025) 275 75 479 1590, 800, 730, 692 244 (72.5) 8.20* 6.76-7.64
39 11a, b [20] 28 (0.025) 300 35 481 1580, 785, 730, 700 244 (60.5) 8.17* 6.69-7.43
40 14 Í24] 28 (0.03) 250 65 484 1575, 1530, 805, 745, 695 245 (62.0) 8.15* 6.62-7.12
41 15 [25] 28 (0.025) 200 70 486 1595, 1150, 810, 755, 720 247 (58.0) 8.16“ 6.72-7.46

a Satisfactory analytical data (±0.3% for C, H, N) were reported for all new compounds listed in the table. * Preferred starting materials; 
however, alternate combinations have been successful; number in brackets in first column designates enone intermediate. c Reported yields 
refer to the actual isolated recrystallized product, from dimethylformamide. a DTA values, uncorrected. e In Nujol. 1 In 1,2-dichloroethane. 
s Ca. 10% w/v, in dimethylacetamide at 110°, Me,iSi as standard. h Observed doublet (J = 2 H z).' Center of the observed two doublets (J  = 
2 Hz each). /  Lit.16 mp 455°. * Lit.16 mp 455° .1 Lit.16 mp 468-470°.

Hexasubstituted Benzenes. The following procedure illus
trates the general preparation of aryl- and/or heteroarylbenzenes.

A mixture of 4-hydroxy-2,3,4,5-tetra(2-pyridyl)-2-cyclopenten- 
1-one (4.1 g, 0.01 mol) and di(2-pyridyl)acetylene (4.5 g, 0.025 mol) 
was heated under nitrogen to 200° for 15 min. After gas evolution 
and subsequent cooling, the residue was washed with benzene and 
recrystallized from anhydrous dimethylformamide, affording 
(70%) analytically pure hexa(2-pyridyi)benzene: mp 486°; NMR 
(N,N-dimethylacetamide, 150°) Figure 3.

All of the aryl- and/or heteroaryl substituted benzenes are tabu
lated with their physical and spectral data in Table II.

Results and Discussion

Synthesis of Enolones. Classically, cyclopentenolones 
have been prepared by base-catalyzed condensation of the 
appropriately substituted 1,3-disubstituted acetones with

of-diketones; the general reaction has been reviewed14 and 
best exemplified15 by condensation of 1 with 4 to prepare 
(90%) tetraphenyl-4-hydroxy-2-cyclopentenone (7). 2,5- 
Diphenyl-3,4-di(2-pyridyl)cyclopentenolone (9) was pre
viously synthesized1316 from o-pyridil (3) and dibenzyl ke
tone (4) in the presence of ethanolic potassium hydroxide 
at 78°. Although the major isolated reaction product was 
not structurally assigned, the gross structure of 9 was as
signed as based on its thermal conversion to 18, which also 
was not isolated but rather trapped by an appropriate di- 
enophile. Similarly, phenyl(2-pyridyl)glyoxal (2) was con
densed with 4 affording the enolone 8, whose configuration 
was assigned to trans-8a as based on the strong hydrogen 
bonding exhibited in the ir spectrum of the major isolated 
product.16
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All of the substituted 4-hydroxy-2-cyclopenten-l-ones 
were prepared in an analogous manner and the physical 
and spectral data are given in Table I.

Characterization of Enolones. The gross structure 
proof of the 2-pyridylenolones was established by their 
thermal dehydration tc the corresponding dienones, which 
were trapped by a symmetrical acetylene such as diphen- 
ylacetylene (2G). Two additional configurational questions 
need to be clarified: (1 ) cis or trans C4-C 5  substituent ori
entation, and (2) reaction regioselectivity. The structural 
assignments of 7-15 were determined by NM R spectrosco
py coupled with corroborative ir data. In several of the con
densation reactions, product mixtures are possible; how
ever, product analysis indicated strong stereoselectivity 
and regioselectivity. Normally a single isomer was formed 
either solely or at least predominantly. In the cases where 
mixtures were formed, the isomers were inseparable. Typi
cal chromatography and recrystallization techniques, 
which normally would effect separation of such mixtures, 
were unsuccessful. Presence of the minor isomers was de
tected by their spectral data.

In addition to the aromatic and hydroxylic hydrogens, 
the NM R spectrum of 7 exhibited a one-proton singlet at i5
4.51 for the C5 benzylic hydrogen. Condensation of 2 and 4 
afforded a single isolated product, which was assigned 
trans-8a as based on the C5 hydrogen chemical shift (6 
4.57) similarity with 7 suggesting the moiety

The regioselectivity was established by (1) strong hydrogen 
bonding (with C3 pyridyl group) exhibited in the ir spec
trum of 8a and (2) the chemical shift of the C3 6 -pyridyl 
hydrogen. The benzylic hydrogen is cis to the C4 phenyl 
group as indicated by its higher field due to shielding of the 
aromatic ring;17 thus, a trans C4-C 5 diphenyl juxtaposition. 
Condensation of 1 with 5 afforded trans- 10a as assigned by 
chemical shift of the C-, benzylic hydrogen (5 4.56) and the 
isolated C2 6-pyridyl hydrogen (5 8.60). Dibenzyl ketone
(4) was condensed with 3 affording a single isolated re- 
gioisomer 9, whose NM R spectrum indicated a single ben
zylic C5 hydrogen (5 4.34) assigned to the moiety

Pt

The C3  6-pyridyl hydrogen chemical shift (8 8.28) and ir 
spectral data confirm strong hydrogen bonding (with C3  

pyridyl group).
Condensation of benzil (1) and l,3-di(2-pyridyl)acetone

(6) gave a single isolated product trans-13, whose C5 picolyl 
hydrogen (5 4.76) was shifted to lower field indicating the 
moiety

P> — ^<H
0  Py

H

Figure 3. NMR spectrum of hexa(2-pyridyl)benzene in dimethyl 
acetamide at 150°C.

Ph H

Ox  Py
H

Fortuitously, either 14a or 14b affords the single dienone
24.

Only three condensation reactions afforded inseparable 
reaction mixtures. Condensation of 3 and 6 generated a 
mixture of 15 whose isomer distribution cannot arise from 
regioisomers, thus must be the cis, trans C4-C 5 substituent 
geometrical isomers. The NM R spectrum of 15 exhibited 
the C5 picolyl hydrogens at 8 4.68 and 4.82 (trans:cis 95:5) 
whose assignments were based on a greater shielding of the 
C5 hydrogen by the C4 pyridyl group. The second isomeric 
mixture arose from condensation of 3 and 5 affording 12. 
Although two regioisomers are possible, the chemical shift 
(8 4.38) of the major isomer is indicative of the moiety

(compare with 9). The minor (10%) isomer was assigned to 
either cis- 12a or trans- 12b but, owing to limited data, a 
distinction cannot be made.

Condensation of 2 and 5 led to a complex mixture of eno
lones 11. Pyrolysis of this mixture in the presence of 26 
gave predominantly 32, which was synthesized via an alter
nate route; thus, the major isomers were 11a and/or lib . 
The NM R spectrum of 11 exhibited a strong singlet at 8
4.27 indicating the moiety

The strong hydrogen bonding exhibited in the ir spectrum 
of 13 substantiated the expected cis C4 -C 5  hydroxy 1-pyri- 
dyl configuration. Reaction of 2 and 6 afforded 14, whose 
NMR spectrum confirmed the C5  picolyl hydrogen (8 4.74). 
Since the 6-pyridyl hydrogens exhibited a broad three-pro
ton multiplet, it was impossible to distinguish between 
structures 14a and 14b; however, the probable trans C4-C s 
phenvl-pyridyl configuration was assigned on steric basis 
and the hydrogen bonding

(compare with 9 or 12a); thus 11a is the major isomer. The 
minor (ca. 3-5%) isomer was assigned either lib  or 11c as 
based on limited spectral data.

Certain generalizations can be drawn from the NM R  
data of these enolones. (a) Chemical shift data of the Cr, hy
drogen singlet, shown in Figure 2, afforded direct evidence 
to the substituents at C4 and C3 on the five-membered ring,
(b) The major isolated product preferences under these re
action conditions are shown in Chart I. (c) The chemical
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Chart I
6 450-4.60 6 420-440

6 470-4^5

shift of the 6-pyridyl hydrogen also depends, albeit to a 
lesser extent, upon the location of the 2-pyridyl group on 
the five-membered ring, as shown in Table I.

Synthesis of the Cyclopentadienones. The isolation of 
pure dienone 16 from enolone 7 is well documented.15 How
ever, isolation of the 2-pyridyl substituted dienones in an 
analytical form was the exception rather than the rule. Al
though the dienones 17-20 and 22-25 were all generated in 
situ, only 9 and 10a gave crystalline dienones 181S and 19,19 
respectively. All other enolones either resisted normal de
hydration procedures or, if the desired dienone was gener
ated, it either added water during work-up or was contami
nated with starting enolones.

Synthesis of Heteroarylbenzenes. The Diels-Alder 
condensation20 of substituted cyclopentadienones (16-25), 
generated in situ from the corresponding tetraaryl- or -het- 
eroarylcyclopentenolones, with acetylenes 26-28 at 200- 
350° resulted in the formation of the complete series of 
hexa(2-pyridyl)- and phenyl(2-pyridyl)benzenes. Although 
the majority of the pyridyl-containing benzenes were readi
ly available from several different combinations, the sym
metrical benzene 36 can be synthesized by only one combi
nation of enolone and acetylene. Pyrolysis of cyclopenteno- 
lones 11, consisting of predominantly isomer 11a, afforded 
20 along with the minor isomer 21 (<5%  from 11c). The 
generation of the preponderant isomer 20 permitted an un
ambiguous route to 32 and 39 and afforded fortuitously the 
unique regioisomer 36 when condensed with the unsymme- 
trical acetylene 27. The regioselectivity of this Diels-Alder 
condensation is in agreement with frontier orbital predic
tions.21

All of these hexaaryl-heteroarylbenzenes are colorless, 
high-melting solids with similar spectral data (Table II). In 
the uv absorption spectra, all of these compounds have ab
sorption maxima between 245 and 247 nm. The similarity 
of electronic spectra of pyridylbenzenes 30-41 with hexa- 
phenylbenzene 29 suggest that the steric arrangement of 
the aryl-heteroaryl substituents are nearly orthogonal to 
the central benzene ring.22 The absence of a higher wave
length absorption also indicates the lack of appreciable 
conjugation. Thus, these heteroarylbenzenes, like hexa- 
phenylbenzene,22 are semirigid in that the peripheral rings 
oscillate approximately 10° from orthogonality.

NMR variable temperature studies of these compounds 
were performed using (V,Af-dimethylacetamide as solvent 
in the temperature range 70-150°. Owing to the extreme 
insolubility of these compounds at temperatures below 70°, 
the NMR spectral data are available only over a limited 
range. In general, there was no discernible change in the 
NMR spectral patterns of 30-41 over this limited tempera
ture range.

In summary, the complete series of 2-pyridylbenzenes 
(30-41) has been synthesized in an unambiguous manner 
from the corresponding characterized cyclopentenolones 
(8-15). From the current spectral and physical data on
31-41, little useful information can be ascertained con

cerning their atropisomeric properties. However, from our 
limited selective complexation studies coupled with high- 
pressure liquid chromatography, several isomeric mixtures 
of the less complicated compounds (e.g., 31) can be detect
ed. Details of these results will be reported later.
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Epoxides of bridged enediones, such as adducts of cyclopentadiene and cyclahexadienes with p-benzoquinones, 
undergo Favorskii-type ring contraction to 7 -carbethoxy-a,/3-unsaturated cyclopentenones on treatment with 
ethanolic sodium hydroxide. Thermal decarboxylation of the corresponding acids to a,/3-unsaturated cyclopen
tenones involves an anionic-type transition state. Epoxides of unbridged enediones, i.e., adducts of butadienes 
with p-benzoquinone, do not undergo Favorskii-type ring contraction with ethanolic sodium hydroxide, but nu
cleophilic displacement to yield hydroxybenzoquinones.

In the course of earlier work2 we transformed the epox
ide 1 to 2a by treatment with base and thence, by hydroly
sis and decarboxylation, to the cyclopentenone 3. It oc
curred to us that this series of reactions, whose first step in
volved the Favorskii rearrangement of an enedione epox
ide, might offer a general route to alicyclic systems incorpo
rating a cyclopentenone moiety, since the starting materi
als are readily prepared by the Diels-Alder reaction. In the 
present paper we report our study of this procedure with 
some model compounds.

Reaction of 4a and 7a with a small amount of sodium hy
droxide in ethanol indeed resulted in rearrangement to es
ters 5a and 8a in high yield. In the case of 5a, the stereo
chemistry of the rearrangement product was verified by 
photolytic conversion to the cage isomer 6 and is in accord 
with the discussion presented earlier.2

Rearrangement of 4b afforded two isomeric esters in the 
ratio 3:2. The major product 5c and the minor product 5b 
were easily distinguishable by NM R spectrometry, since 
the cyclopentenone vinyl proton of 5c should resonate at 
lower field than that of 5b (7.1 vs. 5.8 ppm) and since these 
signals can be identified readily by being coupled allylically 
to the vinyl methyl group. Similarly, rearrangement of 7b 
gave 8c and 8b in the ratio 3:2, the distinction being made 
on the same grounds (6.9 vs. 5.9 ppm).

In terms of the Loftfield mechanism for the Favorskii re
arrangement, 5b and 8b arise through displacement of an 
oxirane bond by the enolate of C7„ and 5c and 8c by the en- 
olate at C4a. In contrast to the situation prevailing in the 
case of 1, there is obviously little regioselectivity in the sim
ple substances under discussion here, although the prod
ucts arising from attack of enolate on the tertiary center 
are formed in somewhat larger amounts.

The hydrolysis and decarboxylation step was examined 
in the case of 8a. Hydrolysis to 9a followed by pyrolysis af
forded 10a in excellent yield. We have not previously com
mented on the details of the decarboxylation step, which, 
because it results in the exclusive formation of an a,8- in
stead of a /3,7 -unsaturated cyclopentenone, is not likely to 
proceed via the cyclic mechanism of Linstead3 and Barton4 
or the /5-carbonium ion mechanism of Johnson.5 We as
sume that the presence of the ketone group is responsible 
for this departure from the path by which /3,7 -unsaturated 
acids normally undergo decarboxylation and that, in the 
case of 2b and 9a, pyrolytic decarboxylation is initiated by 
(for steric reasons) intermolecular proton transfer from the 
carboxyl to the ketone group. Subsequent decarboxylation 
would lead to an incipient carbanion (stabilized to some ex
tent by the protonated carbonyl) which is in turn proton- 
ated exclusively at the y  position by a second intermolecu
lar proton transfer.6

Evidence against a mechanism involving initial forma
tion of a /3,7 -unsaturated cyclopentenone was also provided

:o

5a. R„R, = H
b, R: =M e;R, =  H
c. R, =  H; Rj =  Me

b, R =  Me

8a, R,,R; =  H 9a, R =  H
b, R, =  Me; R2 =  H b,R =  D
c, R, =  H; R, =  Me

10a, R =  H 
b,R =  D

by the following experiment. Pyrolysis of 9b afforded a 
substance 10b containing the deuterium label exclusively 
at the 7 position, as evidenced in the NM R spectrum by 
collapse of the K-2 and H-3 doublets of doublets to dou
blets. Any series of steps involving intra- or intermolecular
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proton transfer from the carboxyl group to C-2 and subse
quent double bond isomerization to an a,/3-unsaturated cy-

12a, ß-W 13a. R =  H
b, cr-H b, R =  Me

clopentenone would have resulted in scrambling of label 
between C-2 and C-4.

Under the conditions successfully used for the rearrange
ment of 4a, 4b, 7a, and 7b, 12a and the more stable trans 
isomer 12b were recovered unchanged. Use of excess sodi
um hydroxide in aqueous ethanol resulted in formation of a 
highly colored aromatic substance identified as 13a by 
methylation to 13b. This is obviously the result of bimolec- 
ular nucleophilic displacement by external hydroxide ion 
and subsequent elimination in the manner demonstrated 
earlier7,8 for the reaction of 4 and 7 with thiols. In base, the 
initially formed hydroxyenedione A tautomerizes to the 
anion of B which may undergo air oxidation to C. Further 
tautomerization to D and another oxidation step would 
lead to 13a. Thus, exclusion of air resulted in formation of 
a yellow intermediate, possibly A or B, but exposure to air 
during work-up again produced 13a.

0 OH

— c 6 - - c i r
i
0

1
OH

A B

1°'
OH 0

-OH -OU0H-(v
OH 0

D C

Similarly, reaction of I4a and 14b obtained from I2a by 
hydrogenation (ethyl acetate-10% Pd/C) and subsequent
isomerization gave 15a which was characterized as 15b.

14a. d-H
b.a-H

0

0
15a. R =  H

b, R = Me

Thus bridged enedione epoxides uniformly undergo the 
Favorskii rearrangement with base, possibly because of ste- 
ric interference with approach of the nucleophile from the 
endo side, whereas unbridged relatively unhindered ene
dione epoxides like 12 and 14 react by the bimolecular dis
placement-elimination pathway. This behavior would seem 
to limit severely the utility of enedione epoxides as precur
sors of substituted cyclopentenones, although increased 
substitution on the epoxidic carbon atoms might conceiv
ably direct the reaction into the Favorskii rearrangement 
path.10

Experimental Section

Epoxidations. Epoxidations of the Diels-Alder adducts of cy- 
clopentadiene and cyclohexadiene with p-benzoquinone and 
methyl-p-benzoquinone were carried out as described in the litera
ture7’812 to give 4a, 4b, 7a, and 7b in essentially quantitative yield.

Epoxidation of the butadiene-p-benzoquinone adduct required 
low temperature and short reaction time and was carried out as 
follows. To a solution of 8 g of 11 in 20 ml of acetone immersed in a 
freezing mixture was added with stirring (No atmosphere) 10 ml of 
ice-cold freshly prepared 20% sodium carbonate solution followed 
immediately by 40 ml of 30% hydrogen peroxide. After 3 min of 
stirring at low temperature, the mixture was diluted with water 
and extracted with ether. The washed and dried ether layer was 
evaporated and the residue crystallized from petroleum ether, 
yield 5 g (68%) of 12a after recrystallization from petroleum ether, 
mp 72°, NMR signals at 5.6 br (vinyl protons), 3.55 (protons under 
epoxide), 3.25 m (protons at ring junction), and 2.1 in (methylenic 
protons).

Anal. Calcd for CioHlo0 3: C, 67.41; H, 5.66; O, 26.94. Found: C, 
67.00; H, 5.62; O, 27.28.

Chromatography of 1 g of 12a over alumina and elution with 
chloroform produced a 3:1 mixture of 12b and 12a. Recrystalliza
tion of the mixture from chloroform-ether afforded 12b, mp 172°, 
NMR signals at 5.6 c (vinyl protons) and 3.65 ppm (epoxidic pro
tons). The methylene and methinyl region was complex.

Anal. Calcd for Ci,)Hi00 3: C, 67.41; H, 5.66, 0, 26.94. Found: C, 
67.38; H, 5.62; 0 , 27.28.

Favorskii Rearrangements. Rearrangements of 4a, 4b, 7a, and 
7b were carried out as described below for la. To a solution of 2 g 
of 4a in 30 ml of absolute ethanol was added 0.5 ml of saturated so
dium hydroxide solution. After 0.5 hr, the highly colored solution 
was evaporated and reduced pressure, diluted with water, and ex
tracted with ether. The washed and dried ether layer was evapo
rated and the residue was chromatographed over Florisil to furnish
1.8 g of gummy 5a which had ir bands at 1720 (ester), 1695, and 
1640 cm' 1 (conjugated cyclopentenone); Xmax 230, 325 nm (< 12600, 
60), NMR signals at 7.50 d (j  e* 5 Hz, d proton), 5.95 d (AJ, «  pro
ton), 6.00 (2 H, vinylic protons of bridge), 4.27 q (J = 7 Hz, -  
OCH2CH3), 3.00 br (methine), 1.82 (center of AB system, J = 11 
Hz, methylene), 1.30 t ppm (7, methyl).

Anal. Calcd for C13H14O3: C, 71.54; H, 6.47; 0, 21.99. Found: C, 
71.20; H, 6.46; 0,21.89.

Rearrangement of 4b gave a quantitative yield of 5b and 5c (2:3 
ratio). The two compounds were separated by preparative TLC 
(chloroform-ethyl acetate, 9:1). The less polar substance (5b) was 
a gum: ir bands at 1725, 1690, and 1640 cm-1; Xmax 240, 330 nm (< 
12800, 70); NMR signals at 6.05 br (2 H, vinyl protons of bridge),
5.8 br (a-vinyl proton), 4.25 q (2 H, -OCH2CH3), 3.4 br (proton a 
to carbonyl) 3.2 br (bridgehead protons), 2.00 br (vinyl methyl), 1.8 
(center of AB, J = 12 Hz, methylene) 1.30 ppm t (7, -OCH2CH3).

Anal. Calcd for C14H1603: C, 72.39; H, 6.94; O, 20.60. Found: C, 
72.50; H, 6.85; 0, 20.40.

The more polar product (5c) was a gum: ir bands at 1725, 1690, 
1635 cm-1; Xmax 235, 325 nm (< 12500, 70); NMR signals at 7.1 br 
(d proton), 6.00 br (bridge vinyl protons), 4.25 q (J = 7 Hz, 
-OCH2CH3), 3.3 br (3 H, bridgehead proton and proton a to car
bonyl), 1.8 (center of AB, J = 12 Hz, methylenes), 1.65 (o-vinyl 
methyl), 1.30 ppm t (7, -OCH2CH3).

Anal. Calcd for CuHieOs: C, 72.39; H, 6.94; O, 20.60. Found: C, 
72.00; H, 6.70; 0, 20.59.

Rearrangement of 7a gave 8a as a gum in 95% yield: ir bands at 
1720, 1700, and 1640 cm-1; NMR signals at 7.41 d and 6.05 d (J = 
6 Hz, d and a protons of cyclopentenone), 5.95 (J = 3 Hz, 2 vinyl 
protons of bridge), 4.15 q and 1.25 ppm t (J = 7 Hz, ethoxyl).

Anal. Calcd for C,4H1B03: C, 72.39; H, 6.94. Found: C, 71.88; H, 
6.90.

Hydrolysis of 8a with 10% methanolic sodium hydroxide solu
tion, removal of solvent at reduced pressure, acidification of the 
residue, and recrystallization from methanol afforded 9a: mp 
134-135°; ir bands at 3300 (broad) and 1710 (carboxyl), 1705, and 
1645 cm-1 (cyclopentenone); NMR signals similar to those of 8a 
except for the absence of the ethoxyl.

Anal. Calcd for C i ,H „0 3: C, 70.58; H, 5.92. Found: C, 70.99; H,
6.10.

Rearrangement of 7b in the same manner gave a mixture of 
gummy 8b and 8c (90%, 2:3 ratio) which was separated by prepara
tive TLC as described for 5b and 5c. The less polar substance 8b 
had ir bands at 1725, 1695, and 1635 cm-1; Xmax 238, 328 nm (< 
12000, 70); NMR signals at 5.9 m (superimposed o-vinyl and vinyl



bridge protons), 2.00 ppm br (d-vinyl methyl), and the usual eth- 
oxyl resonances.

Anal. Calcd for C15H Ig0 3: C. 73.15; H, 7.37; O, 19.49. Found: C, 
72.83; H. 7.38, O, 19.72.

The more polar product 8c had ir bands at 1720, 1690, 1635 
cm-1; Am,,* 235, 330 nm (e 11800, 68); NMR signals at 6.90 br (ff- 
vinyl proton), 5.9c (two vinyl protons), 1.7 ppm br (a-vinyl meth
yl), and the usual ethoxyl resonances.

Anal. Calcd for Ci5HI80 3: C, 73.15; H, 7.37, O, 19.49. Found: C, 
72.89; H, 7.51; 0, 19.49.

Catalytic Reduction of 12a and 12b. A sc4ution of 2 g of 12a in
30 ml of ethyl acetate was hydrogenated for 24 hr in the presence 
of 0.2 g of Pd/C. Filtration, evaporation at reduced pressure, and 
recrystallization from ether-hexane afforded 14a in quantitative 
yield: mp 60-61°; ir band at 1720 cm-1; NMR signals at 3.65 (2 H, 
epoxidic protons), 3.15 m (proton at ring junction), 1.58 ppm m 
(methylenes).

Anal. Calcd for C10H ,2O3: C, 66.65; H, 6.71; O, 26.64. Found: C, 
66.75; H, 6.77; O, 26.37.

Reduction of 12b in the same fashion and recrystallization of the 
crude product from hexane afforded 14b, mp 53-54°, ir band at 
1720 cm-1. The same substance was obtained by chromotography 
of 14a over alumina and elution with chloroform.

Anal. Calcd for C|oHi20 3: C, 66.65; H, 6.71; O, 26.64. Found: C, 
67.00; H, 6.70; 0 , 26.30.

Reactions of 12 and 14 with Base. Reaction of 12a with base 
under the conditions described for 4a, 4b, 7a, and 7b resulted in 
recovery of starting material 12a and 12b; hence excess base was 
employed. To a solution of 1.0 g of 12a in 30 ml of 95% ethanol was 
added with stirring at ice bath temperature (nitrogen atmosphere) 
15 ml of 19% sodium hydroxide solution. After 20 min, the mixture 
was diluted with water, acidified with HC1, and filtered. Methyl- 
ation of the brown solid 13a with diazomethane in the usual fash
ion afforded 0.9 g of 13b, mp 183° (lit.13 mp 183.5°). Treatment of 
12b with base followed by methylation also gave 13b in 90% overall 
yield.

Reaction of 14a or 14b with base in the manner described in the 
previous paragraph followed by methylation of the crude product 
with diazomethane gave 15 in 90% yield, mp 170-171° (lit.14 mp 
171°, 172°).

Photocyclization of 5a. A solution of 0.5 g of 5a in 50 ml of 
methanol was irradiated for 20 hr in a photocnemical reactor with 
a Hanovia 450 lamp using a Pyrex filter. The solution was evapo
rated at reduced pressure and the residue chromatographed over 
20 g of alumina. Elution with benzene afforded 0.45 g of noncrys
talline 6: ir band at 770 cm-1 (strained cyclopentanone); Amax 285 
nm (< 68); NMR signals at 4.20 q (2 H) and 1.28 t (3 H, 7  = 7 Hz, 
ethoxyl), 2.2-3 ppm c (9 H, methinyl and methylene protons).
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Anal. Calcd for C 3H140 3: C. 71.54; H, 6.47; O, 21.99. Found: C, 
71.25; H, 6.40; O, 21.80.

Decarboxylation of 9a. Decarboxylation was achieved by heat
ing the substance in a slow stream of nitrogen at 150° for 15 min 
until C 02 evolution had ceased. Trituration of the product ( 10) 
with methanol resulted in crystallization. The material, mp 103°, 
was homogeneous an TLC, and had significant NMR signals at
7.60 dd (7 = 6 Hz, ), /( proton) and 6.30 ppm dd (-7 = 6 Hz, 2, o 
proton).

Anal. Calcd for C| H120 C, 87.46; H, 7.55. Found: C, 82.78; H, 
7.51.

A solution of 0.1 g of 9a in 3 ml of CDCI3 was mixed with 2 ml of 
D20  and stirred thoroughly. After 15 min, a portion of the mixture 
was transferred to an NMR sample tube; the NMR spectrum ex
hibited no OH absorption. The mixture was dried by addition of 
anhydrous sodium sulfate, filtered, and evaporated. The residue 
(9b) was pyrolyzed as described in the preceding paragraph. The 
NMR spectrum of tie  crude product (10b) now displayed the d- 
and a-cyclopentenor.e protons as doublets at 7.60 and 6.30 ppm (7 
= 6 Hz). On thin layer examination, 10b exhibited Rf values iden
tical with those of 10a.

Registry No.—4a, 15052-12-7; 4b, 15052-13-8; 5a, 56689-06-6; 
5b, 56689-07-7; 5c, £6689-08-8; 6, 56689-09-9; 7a, 56711-55-8; 7b, 
56711-56-9; 8a, 56689-10-2; 8b, 56689-11-3; 8c, 56689-12-4; 9a, 
56689-13-5; 10a, 56689-14-6; 11, 35043-92-6; 12a, 56689-15-7; 12b, 
56711-57-0; 14a, 56689-16-8; 14b, 56711-58-1.
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Darzens condensation of 3-chloro-l-diazopropanone with nonenolizable aldenydes and base in equal molar 
amount yielded l-diazo-4-R-3,4-epoxy-2-butanones (7) [a, R = Ph; b, R = 4-N02C6H4; c, R = 4-CH3OC6H4; d, R 
= (E)-PhCH=CH; e, R = 2-thienyl]. Under conditions of higher base and excess aldehyde molar ratios, 7 and 
diadducts of 2-diazo-l,5-di-R-4,5-epoxy-l-hvdroxy-3-pentanones (8) were produced. The reactions of 7a-c with 
hydrogen chloride gas in ether generated a-chloro ketones and opened the epoxide ring in the case of 7a and 7c. 
Photolysis of 7a in methanol gave methyl 4-hydroxy-4-phenyl-2-butenoate (32). Pyrolysis of 7a in refluxing meth-

R1RiCHCOCHN2 R^.CHCOCN, R.RUHCOCN, (1)
1

In cases where anion formation could take place at either 
the diazomethyl or the 3 carbon, the greater acidity of the 
diazomethyl hydrogen directed condensation to this posi

anol gave l,l-dimethoxy-4-phenyl-3-buten-2-one (34).

Previous work has established that diazomethyl ketones 
undergo a variety of base-catalyzed reactions in a nonde
structive manner1, i.e., the diazo ketone moiety is main
tained in the products. For the most part these reactions 
result from the facile formation of an anion at the diazo
methyl carbon followed by reaction with electrophile (reac
tion 1).
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tion. Only one case has been reported where reaction occurs 
at the 3 carbon, that of the 5-chloro-l-diazo-2-pentanone
(3), where apparently favorable entropy factors and the 
greater reactivity of the 3-carbon anion make formation of 
2 preferred over 4 .11

We have attempted to find structural factors which will 
direct reaction to the 3 carbon of diazomethyl ketones. 
Substitution of a phenyl group on carbon 3, however, did 
not increase the acidity of the 3-carbon hydrogen suffi
ciently to allow reaction of that center.ld Aldol reaction of 1 
(R t = Ph; R2 = H) took place at the diazo carbon exclusive
ly-

This report contains our success in directing reaction to 
carbon 3 by substitution of a chlorine (1, Rj =  Cl; R2 — H) 
at that carbon. This allows further reaction of the initial 
aldol adduct to form epoxydiazomethyl ketones, overall a 
Darzens condensation. The reactions of these novel com
pounds under acidic, thermal, and photochemical condi
tions were also examined. le-f-2

Results and Discussion

Base-Catalyzed Reaction. Treatment of the w-chloro- 
diazomethyl ketone 3 with sodium hydroxide and benzal- 
dehyde diverted reaction from formation of the intramolec
ular product 2 to the aldol product 6-chloro-2-diazo-l-hy- 
droxy-l-phenyl-3-hexane (5). This indicated that forma
tion of 2 in the absence of aldehyde resulted from the spe
cial properties of 3 and not an inversion in acidity of the di
azomethyl and the 3-carbon hydrogen.

“ OH
3 +  PhCHO — ^  CKCH^COCNXHOHPh

5
A real competitive increase in acidity of the 3-carbon hy

drogen was observed, however, with 3-chloro-l-diazopro- 
panone (6) and led to a general synthesis of epoxydiazo ke
tones 7.2 By control of conditions, with certain aldehydes, 
only 7 or a mixture of 7 with the aldol product was formed 
(Scheme I).

When chlorodiazo ketone 6 was treated with equal molar 
amounts of benzaldehyde in methanol and aqueous sodium 
hydroxide solution, l-diazo-3,4-epoxy-4-phenyl-2-buta- 
none (7a) was formed in 69% yield. The analytical and 
spectral data were all consistent with this structural assign
ment (cf. Experimental Section). The size of the coupling

Scheme I

a, R =  CbH-, (69 %) A R = C SH ,CH =CH (40% )
b, R =  4-NO,CbH4(88%) e, R =  2-thienyl (61%)
c, R =  4-CH:;OQH, (.35-55%)

constant (J = 1.5 Hz) for the epoxymethine protons sup
ports trans stereochemistry for the epoxide ring.3 Thus, the 
behavior of 6 is entirely comparable to Darzens condensa
tion of chloroacetone.4

The scope of the reaction is exemplified by reaction of 6 
with the aldehydes shown in Scheme I in the indicated 
yields. Attempts to extend reaction to o-phthalaldehyde 
and glucose have so far proved unrewarding. No other al
dehydes having a hydrogens have been investigated.

When 6 was treated with a moderate molar excess of so
dium hydroxide and a large excess of benzaldehyde, two 
products were isolated. The epoxydiazo ketone 7a and a di- 
astereomeric mixture of 2-diazo-l,5-diphenyl-4,5-epoxy-l- 
hydroxy-3-pentanone (8a) were formed in 44 and 41% 
yields, respectively. Separation of the diastereomeric mix
ture was effected by fractional crystallization to give two 
isomers. The NM R spectral properties of the mixture and 
of the pure isomers were identical except for one epoxy
methine proton which differed for the two isomers. Further 
confirmation of the diadduct nature of 8a was supplied by 
the basic retro-aldol cleavage5 of the diastereomeric mix
ture of 8a, and both pure isomers to give 7a in 87-91%  
yield.

A diastereomeric mixture 8d of the diadduct of (E)-cin- 
namaldehyde and 6 was isolated by a similar procedure in 
49% yield. No attempt was made to separate the compo
nent stereoisomers of 8d. The structural assignment was 
made on the basis of analogy to 8a, on the physical data, 
and the fact that this mixture was also cleanly cleaved to 
the Darzens product 7d by aqueous base in 70% yield. Un
doubtedly the diadducts of other aldehydes could also have 
been prepared but these reactions were not attempted.

In contrast to the ready Darzens condensation of 6 with 
aldehydes, 3-chloro-l-diazo-3-phenyl-2-propanone (9) un
derwent only aldol condensation with benzaldehyde and 
aqueous sodium hydroxide solution. The oily product, a di
astereomeric mixture of l-chloro-l,4-diphenyl-4-hydroxy-
2-butanone (10), was characterized spectroscopically.

Mechanism of Base-Catalyzed Condensation. The
mechanism postulated for the Darzens condensation415 to 
explain the observed stereospecificity involves initial aldol 
condensation of the chloro ketone anion with the aldehyde 
to form a keto halohydrin intermediate (or its anion). This 
can occur in two distinct ways to form erythro- 11 and 
threo-11. Steric hindrance between the substituent groups

threo-11 cis

is greater in the transition state between threo- 11 and cis 
epoxide than between erythro- 11 and trans epoxide. Thus, 
through the equilibrium, erythro- 11 reacts more rapidly 
forming the trans product. The exclusive formation of
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trans epoxides from G and aldehydes supports a similar in
terpretation for reaction of this chlorodiazo ketone.

The substituent effects observed for Darzens condensa
tion of phenacyl chloride and para-substituted benzal- 
dehvdes6 are also consistent with mnre facile reaction of 
electron-poor aldehydes. The relative yields of 7a, 7b, and 
7c support a similar trend for the reactivity of 6. The yield 
of 7c also increased from 35 to 55% on tripling the reaction 
time, consistent with this interpretation.

The lack of irreversible formation of 12 and 13 from 3 
and 9. respectively, with benzaldehyde probably reflects 
the steric interaction of disubstitution at one a carbon on 
the other observed previously.lb Diazo ketones of the gen
eral type RR'CHCOCHN2 do not form aldol products near
ly as readily as monosubstituted diazo ketones. Low equi
librium concentration of the aldol intermediates does not 
allow subsequent cvclization to 12 and 13.

Some retro-aldol reaction of 15 to 6 probably occurs in 
order for the formation of 7a to compete with the initial 
formation of 15. Both 7a and 8a are then formed by irre
versible reactions and cannot be interchanged, a contention 
consistent with the invariance in the 7a/8a ratio with time. 
No evidence for the presence of 14, 15, or 1G could be found 
nor can the possibility of a 14 «=> 16 equilibrium be assessed 
at this time.

The lack of retro-aldol reaction of 8a when benzaldehyde 
is in excess of hydroxide implies that the predominant base 
is the anion formed by addition of hydroxide to benzalde
hyde. This base is strong enough to allow the 6 = 1 5  equi
librium and the Darzens condensation to take place but not 
for the cleavage of 8a to 7a. The basis for this selectivity is 
not clear.

Reactions with Hydrogen Chloride. In order to ascer
tain if the diazo group and the epoxy group would react in
dependently or if some intramolecular interaction would 
take place, the diazo ketones 7a, 7b, and 7c were treated 
with hydrogen chloride gas in anhydrous ether. The results 
are summarized in Scheme III. The p-nitrophenylepoxydi- 
azo ketone 7b reacted only at the diazo carbon to give 1- 
chloro-3,4-epoxy-4-(4'-nitrophenyl)butanone (17b).2

The effect of base and benzaldehyde molar ratios on for
mation of the mono- and diadducts was also investigated. 
The diazo carbon proton in 6 was more acidic than the 
chloromethylene protons as demonstrated by the deuteri
um exchange (D2O and NaoCCL) exclusively at the diazo 
carbon. Thus, when equal molar amounts of 6, base, and 
benzaldehyde are allowed to react, initial establishment of 
the aldol equilibrium at the diazo carbon forming 15 seems 
most likely (see Scheme II). Slower reaction of 6 at the

Scheme II

If

8a

chloromethylene carbon by the Darzens condensation via a 
low equilibrium concentration of 14 would siphon off 6, 
converting it irreversibly to 7a, which is stable to base. 
Once 7a is formed, it can not undergo aldol reaction to 
form 8a as treatment of 7a under the reaction conditions 
showed. This result is consistent with the hindering of aldol 
reaction at one a carbon by disubstitution at the other dis
cussed above. Some of the 7a formed, however, could come 
from Darzens condensation of 15 to the diadduct 8a via 16 
in an irreversible reaction followed by retro-aldol at the 
diazo carbon to form 7a. Both paths to 7a must be operat
ing. Isolation of a 4% yield of the diadduct 8a worked up 
after a short period of time supports this view.

When 6 was treated with a moderate excess of base and a 
large excess of benzaldehyde, the retro-aldol reaction of 8a 
to 7a became unimportant, a contention supported by the 
lack of cleavage of 8a under these reaction conditions.

Scheme III

0

+  19c

= CH.,0

The phenylepoxydiazo ketone 7a reacted with hydrogen 
chloride to form l,4-dichloro-3-hydroxy-4-phenyl-2-buta- 
none (18a) as the major product and the isomer 1,3-di- 
chloro-4-hydroxy-4-phenyl-2-butanone (19a) as a minor 
by-product, although the latter could not be isolated but 
was identified spectroscopically in the mixture. The reac
tion of 7c with hydrogen chloride gave mainly 1,3-dichloro-
4-hydroxy-4-(4'-methoxyphenyl)-2-butanone (19c) with a 
smaller amount of l-chloro-3-hydroxy-4-(4'-methoxvphe- 
nyl)-3-buten-2-c>ne (20c). Neither 18a nor 19c gave satis
factory elemental analyses, probably because of their un
stable nature and the time necessary to obtain analytical 
data. They did have sharp melting points and satisfactory 
parent ions in their mass spectra, however, consistent with 
the assigned mo.ecular formula.

The structure of 18a is based on the presence of 
PhCHCl+ ions in its mass spectrum which is consistent 
with cleavage of structure 18a. Furthermore, Jones oxida
tion7 of 18a gave chlorophenylacetic acid (21) and chloro- 
acetic acid (22) in 68 and 67% yields, respectively. When a 
mixture of 18a ar.d 19a was oxidized, the NM R spectrum of 
the reaction mixture contained {leaks other than those of
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18a — ^  PhCHClC02H +  CH2C1C02H 
21 22

21 and 22, strongly suggesting that 19a was isomerically 
rather than diastereomerically related to 18a.

Jones oxidation of the p-methoxy derivative 19c, how
ever, resulted in cleavage to 4-methoxybenzoic acid (23). 
Although spectroscopic evidence was adduced for the other 
fragment, chloropyruvic acid, it was not isolated. This dis
tinguished structure 19c from its isomer 18c. The latter 
should be oxidized to 24 instead of 23 as with the oxidation 
of 18a to 2 1 .

The structure assigned the minor product from hydrogen 
chloride reaction of 7c is based on a detailed consideration 
of the physical data. Basically, the mass spectrum, the ele
mental analysis, and spectral data restrict consideration to 
structures 20c, 25, and 26. The vinyl and hydroxyl absorp-

— *  4'CH30C6H.(C02H 

23

4-CH30C6H4CHCIC02H
24

Another line of evidence supporting structure 19c comes 
from a comparison of the NMR spectra of 18a, 19a, and 
19c given in Table I. Note that the CHOH and CHC1 ab-

Table I
Chemical Shifts (6 , ppm)

tions at 5 6.39 and 6.9 ppm (the latter was under part of the 
aromatic absorption) respectively argue against structures 
25 and 26. The hydroxyl proton of 25 and 26 should appear 
near f> 15 ppm; l d ’8 ’9 the vinyl proton of 26 would be expect
ed near 5 8  ppm. 9 The infrared spectrum of 20c showed 
typical enolic hydroxyl adsorption at 2.91 n K> but the hy
droxyl absorption of 25 and 26 would be expected at longer 
wavelengths. 1 *1 ’ 1 1  The ultraviolet spectrum of 20c showed 
two maxima at 235 (e 7060) and 343 nm (e 25000) which 
shifted to 245 (« 10000) and 383 nm (e 14500) on addition of 
sodium hydroxide solution. This behavior, particularly the 
bathochromic shift on addition of base, is typical of an eno
lic a-diketone1 2  but inconsistent with a /3-diketone. 1 3  The 
mass spectrum of 2 0 c showed, in addition to a parent ion 
containing one chlorine atom, a base peak at m /e  1 2 1  and a 
weak peak at m /e  149. These peaks are consistent only with 
structure 2 0 c in the diketo form.

Cl

Proton 18a 19a 19c

CHOH 4.75 4.72 4.70
CHC1 5.20 5.45 5.38
CH2C1 4.33, 3.83 4.38 4.35

The structure assigned 20c also supports the structure 
assigned 19c. The mechanism of formation of 20c (reaction
2 ) could reasonably involve initial formation of isomer 18c

0

sorptions are quite similar in all three compounds but that 
in 18a the two CH2 C1 protons are nonequivalent whereas 
they are equivalent in 19a and 19c. Furthermore, one of

H— 0

these protons in 18a has roughly the same chemical shift as 
those in 19a and 19c, whereas the other CH2 C1 proton is 
shielded by 0.50 ppm. This difference can be rationalized if 
one considers the intramolecular hydrogen bonded form of 
the hydroxy ketone portion of the structure (the diastereo- 
mers shown are those predicted for stereospecific opening 
of the trans epoxides). In the case of 18a one conformation 
allows the phenyl moiety to come close to the CH2 C1 group. 
Partially restricted rotation as well as some conformation 
preference could readily explain the shielding of one CH2 C1 
proton. In the case of 19a and 19c, however, the hydroxy 
ketone hydrogen bond holds the aromatic ring away from 
the CH2 C1 group and provides no basis for shielding. Thus, 
the CH2 C1 protons in 19a and 19c, should be equivalent, as 
was found.

followed by elimination of hydrogen chloride to 20c. If 19c 
was diastereomeric with 18c, then it is difficult to see why 
19c would also not be unstable and give rise to 20c. There
fore, 19c and 18c must be isomeric. Furthermore, treat
ment of 19c with base gave a mixture which did not contain 
the characteristic NMR spectral peaks of 20c.

Mechanistically the formation of 18a with 19a from 7a 
with hydrogen chloride in ether is understandable in terms 
of the push-pull mechanism postulated for epoxide ring 
opening (reaction 3) . 1 4  The transition state under acidic

(3)

conditions is characterized by partial bond formation to an 
electrophile (E) and with a nucleophile (N) simultaneously 
with former predominating. R groups which allow disper
sion of the partially developed positive charge tend to favor 
epoxy ring opening at that carbon under acidic conditions. 
Thus, product 18a is the expected isomer on this basis from 
7a.

The major production of 19c from 7c, however, is not 
consistent with this interpretation. A similar result has
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been observed before. In the case of 27 and 28, 27 gave rise 
only to 2915 when treated with hydrogen chloride in etha
nol, while the p-methoxyl series 28 gave both 30 and 31 al-

0

Ph

4-X-CeH,
27, X =  H
28, X =  CH;10

HCl
ethanol

4-X-C6H4
29, X =  H
30. X =  CH30

-A
CH,OC(>Hl' ' T ) H

31

though the yields were not reported.16 In view of the fact 
that the push-pull mechanism was derived from reactions 
of aryl epoxides,14 not aryl acyl epoxides, and because of 
the dearth of examples of reactions in the literature other 
than those above, it seems imperative that further investi
gation of such systems be made before more definitive 
mechanistic conclusions may be drawn.

The apparent relative reactivity of the epoxy and diazo 
functions and the observed products indicate that the diazo 
group probably reacts first followed by independent reac
tion of the epoxide ring. Under aqueous conditions this is 
apparently not true.2®

Photo and Thermal Decomposition. Irradiation of the 
epoxydiazo ketone 7a in methanol gave methyl 4-hydroxy-
4-phenyl-2-butenoate (32) as a brown liquid in 62% yield.26 
Confirmation of structure 32 came from the manganese 
dioxide oxidation ef the allylic hydroxyl group to the 
known17 methyl 4-oxo-4-phenyl-2-butenoate (33) in 74% 
yield.

7a
h,

CH.OH

Pyrolysis of 7a in refluxing benzene gave an intractable 
red oil.2b Refluxing in methanol over 48 hr, however, gave 
an 83% yield of l,l-dimethoxy-4-phenyl-3-buten-2-one
(34). The keto acetal 34 was synthesized from 4-phenyl-3- 
buten-2-one (36) by selenium dioxide oxidation18 to the 4- 
phenyl-2-oxo-3-butenal (35) followed by refluxing in meth
anol, thus confirming the structural assignment.

Mechanistically the photochemical reaction of 7a proba
bly proceeds by normal W olff rearrangement19 via the ke- 
tocarbene 37 to the epoxy ketene 38. Nucleophilic attack

Scheme IV

0

by methanol on 38 could open the epoxide as shown to give 
the observed product 32. An epoxy ketene has been isolat
ed by others26 on irradiation of 7a in a hydrocarbon matrix 
at low temperature, supporting this mechanism.

The mechanism of the thermal rearrangement probably 
involves initial formation of 35 followed by acetal forma
tion in refluxing methanol. The rearrangement of 7a to 35 
could be brought about by direct intramolecular abstrac
tion of oxygen by a thermally generated ketocarbene20 or 
by cyclization before loss of nitrogen to 39 followed by ring 
opening concerted with nitrogen loss to 35 (Scheme IV).21 
Both mechanisms are consistent with the results of a deu
terium labeling experiment where the diazo carbon hydro
gen of 7a was replaced with deuterium.22 Pyrolysis of 7a-
1-d in methanol 0-d  gave 34-1-d with no change in deute
rium content. This result eliminates the carbon-carbon ep
oxide ring cleavage mechanism observed for vinyl oxi- 
ranes23 which would have given 34-3-d for rearrangement 
of 7a via 40 and 41 (Scheme IV).

If both the thermal and photochemical reactions pro
ceeded through the ketocarbene 37 it is difficult to see why 
the products are different unless the multiplicity of the 
carbene generated in the two ways is different.24 The Wolff 
rearrangement normally takes place through a singlet car
bene.25 If the thermal reaction took place through a triplet 
ketocarbene, then irradiation of 7a with a triplet sensitizer 
should give high yields of the thermal product 34 or 35.26 
Irradiation of 7a with benzophenone as sensitizer gave a 
mixture which lacked the characteristic peaks of 32, 34, or
35. This result implies that neither 32 nor 35 is formed 
through a triplet ketocarbene.

It is possible that 35 is a common intermediate in both 
thermal and photo processes. Formation of 32 could take 
place by rapid secondary irradiation of 35 through an intra
molecular Paterno-Buchi reaction27 (reaction 4) followed 
by opening of the cvclopropanone intermediate as indicat
ed to form 32. Irradiation of 35 in methanol gave an intrac
table mixture, however, which lacked the characteristic 
peaks of 32 in the NM R spectrum.

CH.OH

35 h. 32 (4)

37 38 Ph
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Thus, the most probable mechanism for the photolysis of 
7a is the W olff rearrangement through a singlet ketocar- 
bene. The pyrolysis reaction probably occurs by cyclization 
to 39 prior to nitrogen loss followed by rearrangement to 35 
and addition of methanol to 34.

Experimental Section

General. Melting points were determined on a Fisher-Jones hot 
stage; ir spectra with a Beckman IR-12 or IR-33(i); NMR with a 
Varian A-60; mass spectra with a CEC 491; uv spectra with a Cary
14. Microanalyses were performed by Midwest Microlabs.

Diazomethane. Diazomethane was prepared from bis(7V- 
methyl-iV-nitroso)terephthalamide by a standard procedure.28 
The yield was estimated by standardization of an aliquot by the 
benzoic acid acid procedure.28

l-Chloro-3-diazopropanone (6). Literature preparation29 of 6 
from chloroacetyl chloride and diazomethane was followed by frac
tional vacuum distillation. After the first 40% was discarded 
(which contained an impurity, probably dichloroacetone), 6 was 
collected as a yellow oil (52%): bp 45-47° (1 mm); NMR (CCU) 6 
5.90 (s, 1 H, CHN2), 3.96 ppm (s, 2 H, CH2CI); ir (neat) 4.79 (m, 
C =N 2), 6.17 n (s, C = 0).

3-Chloro-l-diazo-3-phenyl-2-propanone (9). Literature prep
aration30 of 9 from chlorophenyl acetyl chloride and diazomethane 
gave a 61% yield, recrystallized from ether-pentane: mp 60-61° 
(lit.30 62°); NMR b 7.32 (s, 5 H, Ph), 5.65 (s, 1 H, CHN2), and 5.18 
ppm (s, 1 H, CHC1); ir (CHCI3) 4.78 (s, D =N 2), 6.18 m (s, C =0).

6-Chloro-2-diazo-l-hydroxy-l-phenyl-3-hexanone (5). To 
an ice-cold, stirred solution of 0.50 g (3.4 mmol) of 31' in 30 ml of 
methanol and 3 ml of benzaldehyde was added 0.14 g (3.4 mmol) of 
sodium hydroxide dissolved in 5 ml of water. After 20 min water 
was added, the mixture extracted with methylene chloride, the sol
vent distilled, and the residue chromatographed on alumina (activ
ity II, 100 g). Elution with hexane removed starting material, with 
benzene gave 0.39 g (45%) of 5 as a yellow oil: NMR < CDCI3) 7.40 
(s, 5 H, Ph), 6.05 (s, 1 H, CHOH), 4.02 (br s, 1 H, CHOH), 5.08 (t, 2 
H, CHjCl), 2.28-1.95 ppm (m, 4 H, COCH2CH2); ir (neat; 2.93 (w, 
OH), 4.75 (s, C =N 2), 6.18 M (s, C =0).

l-Chloro-3-diazo-l,4-diphenyl-4-hydroxy-2-butanone (10). 
To an ice-cold, stirred solution of 0.5 g (2.6 mmol) of 9 in 30 ml of 
methanol and 3 ml of benzaldehyde was added 0.11 g (2.6 mmol) of 
sodium hydroxide dissolved in 4 ml of water. After stirring for 30 
min, the mixture was poured into 30 ml of water and extracted 
thrice with 50-ml portions of methylene chloride. After removal of 
the solvent, the extract was chromatographed (basic alumina, ac
tivity II, 100 g). Elution with carbon tetrachloride and benzene 
gave unreacted benzaldehyde and 9, respectively. Elution with 
ether-ethyl acetate (2:3) gave on solvent removal 0.39 g (25%) of a 
diastereomeric mixture of 10: NMR (CCL4) b 7.35 (d, 10 H, 2 Ph), 
5.93 (s, CHOH, isomer A), 5.09 (s, sum A + B = 1 H, CHOH, iso
mer B), 5.53 (s, CHC1, isomer B), 5.50 (s, sum A + B = 1 H, CHC1, 
isomer A), 4.22 ppm (br s, 1 H, CHOH); ir (CHCI3) 2.93 (w, OH), 
4.75 (s, C =N 2), 6.17 M (s, C =0).

Darzens Reaction of Aldehydes with 6. General Procedure.
To an ice-cold, stirred solution of 0.5 g (4.2 mmol) of 6 and 4.2 
mmol of aldehyde in 20 ml of methanol was added 0.17 g (4.2 
mmol) of sodium hydroxide in 4 ml of water. After stirring for 30 
min, 50 ml of water was added, and the precipitate was filtered off 
and recrystallized from methanol-water.

l-Diazo-3,4-epoxy-4-phenyl-2-butanone (7a). Reaction of 6 
with benzaldehyde gave 69% of 7a as yellow crystals mp 95-96°; 
NMR (CDCI3) 6 7.33 (s, 5 H, Ph), 5.58 (s, 1 H, CHN2), 3.91 (d, 1 H, 
J  = 1.5 Hz, epoxymethine), 3.48 ppm (d, 1 H, J  = 1.5 Hz, epoxy- 
methine); NMR (CDCI3, D20, Na2CO.i) same as above except lack
ing i> 5.58 peak; ir (CHCI3) 4.76 (s, C =N 2), 6.13 n (s, CO); uv max 
(MeOH) 280 nm (c 15600), 235 ( 20800); mass spectrum (30 eV, 
90°) m/e (rel intensity) 188 (0.6, C10H8O2N2), 160 (5, P -  N2), 159
(12), 120 (12), 106 (39), 105 (100), 103 (11), 91 (12), 90 (11), 77 (11). 
Anal. Calcd for Ci0H80 2N2: C, 63.83; H, 4.25; N, 14.87. Found: C, 
63.77; H, 4.52; N, 14.85. In a second run the reaction was terminat
ed after 5 min, then the mixture was extracted with methylene 
chloride. After concentration, the crystalline precipitate was fil
tered off and recrystallized to give 33% of 7a. The filtrate was 
chromatographed on Florisil (activity II, 20 g) eluted with hexane, 
which gave benzaldehyde and 6, and with benzene-ether (9:1), 
which afforded 4% of the diastereomeric mixture of 8a, mp 79- 
102°, identified by the characteristic NMR spectrum.

l-Diazo-3,4-epoxy-4-(4'-nitrophenyl)-2-butanone (7b). Re
action of 6 with 4-nitrobenzaldehyde gave 88% of 7b as yellow crys

tals: mp 134-135°; NMR (CDC13) i  8.13 (m, 2 H, 4'-nitrophenyl), 
7.50 (m, 2 H, 4'-nitrophenyl), 5.82 (s, 1 H, CHN2), 4.13 (d, 1 H, J  =
1.5 Hz, epoxymethine), 3.50 ppm (d, 1 H, J  = 1.5 Hz, epoxymeth
ine); ir (Nujol) 4.78 (s, C =N 2), 6.18 a (s, C =0). Anal. Calcd for 
C,oH7N304: C, 51.52; H, 3.00; N, 18.02. Found: C, 51.28; H, 3.25; N, 
17.95.

l-Diazo-3,4-epoxy-4-(4'-methoxyphenyl)-2-butanone (7c).
Reaction of 6 with 4-methoxybenzaldehyde gave 30% of 7c as a yel
low solid: mp 83-84°; NMR (CDCI3) b 7.25 (m, 2 H, 4'-methoxy- 
phenyl), 3.76 (s, 3 H, OCH3), 3.88 (d, 1 H, J  = 1.5 Hz, epoxymeth
ine), 3.50 ppm (d, 1 H, J  =  1.5 Hz, epoxymethine); ir (Nujol) 4.75 
(s, C =N 2), 6.20 n (s, C =0). Anal. Calcd for C „H 10N2O3: C, 60.57; 
H, 4.58; N, 12.84. Found: C, 60.33; H, 4.80; N, 12.64. A second run 
as above except for the 1.5-hr reaction time gave a 55% yield of 7c.

l-Diazo-3,4-epoxy-6-phenyl-5-hexen-2-one (7d). Reaction of 
6 with (E)-cinnamaldehyde gave a 46% yield of 7d as yellow crys
tals: mp 77-78°; NMR (CDCI3) 5 7.33 (s, 5 H, Ph), 6.86 (d, 1 H, J  = 
16 Hz, PhCH=), 5.85 (dd, 1 H, J  = 16, J ' = 7.5 Hz, PhCH=CH-), 
3.58 (dd, J ' = 7.5, J"  = 2 Hz, =CHCHO-), 3.47 ppm (d over 3.58 
dd, sum 2 H, J"  = 2 Hz, -COCHO-); ir (Nujol) 4.74 (s, C =N 2),
6.17 n (s, C =0). Anal. Calcd for Ci2H10N2O2: C, 67.31; H, 4.67; N, 
13.08. Found: C, 67.03: H, 4.82; N, 13.25.

l-Diazo-3,4-epoxy-4-(2'-thienyl)-2-butanone (7e). Reaction 
of B with 2-thiophene carboxaldehyde gave a 61% yield of 7e as yel
low crystals: mp 100.5-101.5°; NMR (CDCI3) b 7.18 (m, 4 H, thi
enyl), 5.56 (s, 1 H, CHN2), 4.16 (d, 1 H, J  = 1.5 Hz, epoxymethine), 
3.65 ppm (d, 1 H, J  = 1 Hz, epoxymethine); ir (Nujol) 4.75 (s, 
C =N 2), 6.17 M (s, C =0). Anal. Calcd for C8H6N20 2S: C, 49.48; H, 
3.11; N, 14.42; S, 16.51. Found: C, 49.37; H, 3.34; N, 14.22; S, 16.39.

Diadducts. 2-Diazo-l,5-diphenyl-4,5-epoxy-l-hydroxy-3-
pentanone (8a). To an ice-cold, stirred solution of 0.50 g (4.2 
mmol) of 6 and 2 ml of benzaldehyde in 20 ml of methanol was 
added 0.34 g (8.4 mmol) of sodium hydroxide dissolved in 8 ml of 
water. After stirring for 30 min, 30 ml of water was added and the 
solution extracted with three 50-ml portions of methylene chlo
ride. After removal of the solvent, the residue was chromato
graphed on Florisil (activity n, 60 g). Elution with hexane gave un
reacted starting materials; with carbon tetrachloride, the epoxydi- 
azo ketone 7a in 44% yield; with benzene-ether, the diadduct 8a 
(0.50 g, 41%) as a diastereomeric mixture with mp 77-106°; NMR 
(CDCI3) b 7.35 (d, 10 H, 2 Ph), 6.12 (d, 1 H, CHOH), 4.25 (d, 1 H, 
CHOH), 4.10 (d, J  = 1.5 Hz, epoxymethine, iscmer A), 4.02 (d, 
sum of A + B = 1 H, J  =  1.5 Hz, epoxymethine, isomer B), 3.70 
ppm (d, 1 H, J  = 1.5 Hz, epoxymethine); NMR (CDCL-D20) same 
as above except for b 6.12 (s, 1 H, CHOD) and lacking the b 4.25 
ppm peak; ir (CHCI3) 2.95 (w, OH), 4.77 (s, C = N 2), 6.19 n (s, CO); 
mass spectrum (30 eV, 80°) m/e (rel intensity) 266 (36, C17H14O3), 
248 (40), 247 (37), 246 (25), 199 (10), 197 (10), 161 (10), 160 (81), 
159 (10), 147 (10), 120 (21), 119 (19), 118 (84), 106 (34), 105 (37), 
103 (23), 91 (100), 90 (15), 77 (21), 75 (13), 69 (11), 62 (94), 61 (37), 
59 (10). Anal. Calcd for CI7H,403N2: C, 69.41; H, 4.76; N, 9.52. 
Found: C, 69.17; H, 4.78; N, 9.40.

Fractional crystallization of the diastereomeric mixture of 8a 
from ether gave 80 mg of isomer A: mp 110.5-111.5°; NMR same 
as above except b 4.10 integrated for one proton and lacked the b
4.02 peak. The filtrate from isomer A crystallization was cooled in 
ether-hexane to give 120 mg of isomer B: mp 78.5-80°; NMR as 
above except the 6 4.02 peak integrated for one proton and lacked 
the b 4.10 peak.

A second run with the same amounts of reagents was stirred for 
90 min and worked up as before to give 0.30 g (37%) of epoxydiazo 
ketone 7a and 0.44 g (36%) of the diastereomeric mixture of the 
diadducts 8a identified by the NMR spectrum.

4-Diazo-6,7-epoxy-3-hydroxy-l,9-diphenyl-l,8-nonadien-
4-one (8d). To an ice-cold, stirred solution of 0.50 g (4.2 mmol) of 
6 and 2 ml of (E)-cinnamaldehyde in 30 ml of methanol was added 
0.34 g (8.4 mmol) of sodium hydroxide dissolved in 8 ml of water. 
After 30 min, the precipitation of a solid was completed by addi
tion of 30 ml of water. The solid was filtered and recrystallized 
from acetone to give 0.72 g (49%) of a diastereomeric mixture of 8d 
as a yellow solid: mp 124-130°; NMR (Me2SO) b 7.60-5.9 (m, 15 H, 
2 Ph, 4 vinyl, OH), 5.55 (d, 1 H, CHOH), 4.15-3.75 ppm (m, 2 H, 
epoxymethine); ir (Nujol) 2.94 (w, OH), 4.72 (s, C =N 2), 6.16 n (s, 
C =0). Anal. Calcd for QuHigOaNj: C, 72.83; H, 5.20; N, 8.26. 
Found: C, 73.04; H, 5.36; N, 8.26.

Base Cleavage of 8a. To an ice-cold stirred solution of 200 mg 
(0.68 mmol) of the diastereomeric mixture of 8a in 5 ml of metha
nol was added 0.35 ml of a 2 M  (0.68 mmol) aqueous sodium hy
droxide solution. After stirring for 15 min the precipitated solid 
was filtered to give 115 mg (90%) of 7a, mp 95-96°.
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When the above reaction was carried out with 0.5 ml of benzal- 
dehyde added, followed by acdition of water and extraction with 
methylene chloride, the NMR spectrum of the solvent-free reac
tion mixture showed only adsorptions due to benzaldehvde and 
the starting diastereomeric mixture 8a but lacked the characteris
tic peaks of 7a.

Cleavage of 8a, Isomer A. Treatment of 100 mg (0.34 mmol) of 
8a isomer A. with 0.17 ml of 2 \1 aqueous sodium hydroxide solu
tion as above gave 55 mg (87%) of 7a, mp 94.5-96°.

Cleavage of 8a, Isomer B. Treatment of 100 mg (0.34 mmol) of 
8a, isomer B, with 0.17 mi of 2 M sodium hydroxide solution as 
above gave 58 mg (91%) of 7a, mp 95-96°.

Cleavage of 8d. Treatment of 0.50 g (1.4 mmol) of the diaste
reomeric mixture 8d in 250 ml of methanol with 0.74 ml of 2 M so
dium hycroxide solution followed by the above extractive work-up 
gave on concentration and crystallization from methanol-water 
100 mg (70%) of 7d, identified bv mp (77-78°), mmp (77-78°), and 
NMR spectrum with an authentic sample.

Hydrogen Chloride Reactions of Epoxydiazo Ketones. I- 
Chloro-3,4-epoxy-4-(4'-nitrophenyl)-2-butanone (17b). Dry- 
hydrogen chloride gas was bubbled through a stirred solution of 
250 mg (1.07 mmol) of 7b in 250 ml of anhydrous ether. After 45 
min the reaction mixture was washed with water, dried, and dis
tilled to a solid residue which was crystallized from methanol- 
water to give 180 mg (71%) of 17b: mp 101-102°; NMR (CDCl:i) b 
8.35 (m, 2 H, 4'-nitrophenyl), 7.52 (m, 2 H, 4'-nitrophenyl), 4.28 (s, 
2 H, CH>C1), 4.21 (d. 1 H, J = 1.5 Hz, epoxymethine), 3.77 ppm (d, 
1 H, J -  1.5 Hz, epoxymethine): ir (CHC13) 5.79 a (s , C = 0 ); mass 
spectrum m/e (rel intensity) 243 (2, C i8H83,C1N04), 241 (6, 
CioH8-isClN04), 201 (6), 200 (34), 176 (6), 165 (6), 154 (9), 153 (10), 
152 (100), 150 (12), 136 (52). 135 (81), 118 (9), 107 (12), 106 (14). 92
(10). 91 (6). 90 (11), 89 (19), 84 (16), 77 (30). Anal. Calcd for 
C10H8ClNO4: C, 49.69: H. 3.31; N, 5.71; Cl, 14.70. Found: C, 49.41; 
H, 3.48; N, 5.88; Cl, 14.96.

Reaction of 7a with Hydrogen Chloride. A solution of 500 mg 
of 7a in 30 ml of anhydrous ether was treated as above with hydro
gen chloride gas for 10 min and worked up es above. The crude 
product wes crystallized from ether-hexane, then from chloroform 
to give 330 mg (54%) of l,4-dichloro-3-hydroxy-4-phenyl-2-buta- 
none (18a) mp 100-101°; NMR 5 7.38 (s, 5 H, Ph). 5.20 (d, 1 H, J  
= 5 Hz, CHC1), 4.75 (6r d, 1 H, CHOH), 4.33 (d, 1 H, J  = 16 Hz, 
HCHC1), 3.83 (d, 1 H. J  = 16 Hz. HCHC1). 3.48 ppm (br, 1 H. 
CHOH); NMR (CDC13-D 20 ) same as above except <5 4.75 (d, 1 H, 
J = 5 Hz, CHOD) and lacking the b 3.48 peak; ir (CHCli) 2.83 (w, 
OH), 5.74 n (s, C = 0 ); mass spectrum (24 eV, 150°) m/e (rel inten
sity) 236 (C.47, C,oH1037Cl202), 234 (3, Ci0H10isCl37ClO2), 232 (5, 
CioHnFCbOz). 128 (2.5), 127 (33, C7H637C1), 126 (9), 125 (100, 
C7H635C1), 120 (6), 119 (9), 91 (91). Anal. Calcd for C ioH10O2C12: C, 
51.53; H, 4.32; Cl, 30.42. Found: C, 50.71, 51.02; H, 4.68, 4.55; Cl, 
30.55. Removal of solvent from the above filtrates gave 110 mg of 
the isomeri: mixture of chlorohydrin 18a and l,3-dichloro-4-hy- 
droxy-4-phenyl-2-butanone (19a) which could not be separated 
cleanly. The NMR of this mixture showed peaks due to 18a and in 
addition had peaks of b 5.45 (d, 1 H, J = 3 Hz, CHC1), 4.72 (br d, 1 
H, CHOH), 4.38 (s, 2 H, CH2C1), 3.20 ppm (br, 1 H, CHOH); NMR 
(CDC13-D 20 ) same as above except for b 4.72 id, 1 H, J  = 3 Hz, 
CHOD) and lacking 3.20-ppm peak. The integral area ratio of the b 
5.20 peak of 18a to the 5.45 peak of 19a was 1:3. Total yield of 18a 
was 58% anc of 19a was 13% based on the NMR ratio.

Reaction of 7c with Hydrogen Chloride. Treatment of 560 
mg (2.6 mmol) of 7c with hydrogen chloride as above gave a yellow- 
oil which was crystallized from ether-hexane, then from ether. Fil
tration gave 320 mg (42%) of l,3-dichloro-4-hydroxy-4-(4'-me- 
thoxyphenyl)-2-butanone (19c): mp 80-81°; NMR (CDClt) b 7.41 
(m, 2 H, 4'-methoxvphenyl), 6.88 (m, 2 H, 4'-methoxyphenyl), 5.37 
(d, 1 H, J = 3 Hz. CHC1), 4.68 (d. 1 H, J  = 3 Hz. CHOH), 4.33 (s, 2 
H, CH.C1), 3.77 (s, 3 H, OCH3), 3.20 ppm (br. 1 H. CHOH); ir 
(CHCla) 2.87 (w, OH), 5.80 a (s. C = 0 ); mass spectrum (70 eV, 50°) 
m/e (rel intensity) 264 (0.18, Ci iHi20 33;>Cl3'Cl), 262 (0.3, 
C „H 120 335C12), 229 (4, CnH 120 337Cl), 227 (1.1, CUH120 335C1), 
157 (14). 155 (38), 136 (24, C8H80 2), 135 (38), 12: (100, C8H90), 91
(14), 77 (29), 76 (10). Anal. Calcd for CnH ,2Cl20 3: C, 50.21; H, 
4.60; Cl. 26.95. Found: C, 50.19; H, 4.83; Cl. 25.81, 25.55. In a sec
ond run 300 mg (1.38 mmol) of 7c was treated with hydrogen chlo
ride atid worked up as before. Crystallization of the crude pale yel
low oil from ether-hexane gave 50 mg of 20c (16%), mp 103-108°. 
Recrystallization from benzene gave colorless crystals which 
turned yellow on drying in vacuo. When heated slowly the yellow- 
crystals turned white and melted at 107-108°:" ir (CHC13) 2.91 
(m, OH), 5.94, 6.10, 6.22 (m, m. s. enolic dicarbonyl), 6.59, 7.92,

8.48 a: NMR <CCl4i <3 7.73 (m, 2 H. 4'-CH3OCGH4), 6.8 tm. 3 H. 4’- 
CH iOCfiH4 and -OH. latter removed on deuteration with D20), 
6.38 (s. 1 H. vinyl). 4.43 (s. 2 H, CH2C1). 3.82 ppm (s, 3 H. CH;0); 
uv (C2H5OH) max 234-237 (7060). 342-343.5 nm (25000). which 
changed to 244.5-246 (10600), 381-385 nm (14500) on addition of 
one drop of 3 N sodium hydroxide solution; mass spectrum (70 eV, 
80°) m/e (rel intensity) 228 (6.8). 226 (19.5), 163 (4.4), 149 (8.6). 
148 (3.1), 121 (100), 120 (3). 91 (5.4). 78 (4.9), 77 (6.4), 51 (5.7). 
Anal. Calcd for C „H nO;tCl: C, 58.29; H. 4.89; Cl, 15.64. Found: C, 
58.10; H, 5.05; Cl, 15.67.

Chromic Acid Oxidations of 18a. To a stirred solution of 150 
mg of 18a in 5 ml of reagent grade acetone was added 2 ml of a 1 M 
aqueous chromium rioxide solution containing 0.1 ml of concen
trated sulfuric acid After 8 hr chromium salts were filtered off fol
lowed by addition of 10 ml of water. The mixture was extracted 
twice with ether, distilled to a viscous oil, then evaporatively dis
tilled at 40° (1 mm) to give 40 mg (67%) of d-chloroacetic acid (22): 
mp 56-57° (lit.32 mp 57°); NMR (CDC13) b 11.56 (s, 1 H. COOH), 
4.16 ppm (s, 2 H, CH2C1); mass spectrum (70 eV, 40°) m/e (rel in
tensity) 96 (13, C2H;.37C102), 94 (40, C2H335C102), 51 (40), 50 (42), 
49 (40), 48 (21), 45 (100), 42 (47), 34 (55).

The residue after distillation was triturated, then recrystallized 
from hexane to give 75 mg (68%) of the inactive form of chloro- 
phenylacetic acid (21): mp 77-78° (lit.33 mp 79°); NMR (CDC13) b 
9.84 (br, 1 H, C 02H). 7.40 (m, 5 H, Ph), 5.36 ppm (s, 1 H, CHC1); 
mass spectrum (7C eV, 50°) m/e (rel intensity) 172 (4, 
C8H737C102), 170 (13, C8H73SC102), 125 (86), 91 (100b 90 (52), 89 
(36), 77 (43).

When 70 mg of a mixture of 18a and 19a in 3 ml of acetone were 
oxidized with 1 ml of 1 M aqueous chromium trioxide solution con
taining 0.05 ml of concentrated sulfuric acid for 6 hr followed by a 
work-up as above, a yellow oil resulted, the NMR of which showed 
peaks due to 21, 22, and additional peaks at 6 8.08 (m) and 4.35 
ppm (s).

Chromic Acid Oxidation of l,3-Dichloro-4-hydroxy-4-(4'- 
methoxyphenyl)-2-butanone (19c). Following the procedure 
used for 18a above, 160 mg of 19c was oxidized with 2 ml of acidic 
1 M chromium trioxide solution over 6 hr. The crude product iso
lated as above was crystallized from ether to give 67 mg (73%) of
4-methoxybenzoic acid (23): mp 184-185° (lit.34 mp 185°); NMR 
(CDC13) b 10.50 (br, 1 H, COOH), 7.98 (m, 2 H, CH3OC6H4). 6.98 
(m. 2 H. CH3OC6H4), 3.68 ppm (s, 2 H. OCH3); ir (CHC1,) 3.30 (br. 
OH), 5.86 m (br, C = C ); parent ion in mass spectrum at m/e 152. 
The filtrate showed in addition to the acid 23 peaks, b 4.10 ppm 
(s).

Irradiation of 7a. Methyl 4-Hydroxy-4-phenyl-2-butenoate
(32). A solution of 500 mg (2.6 mmol) of 7a in 150 ml of methanol 
was irradiated in a test tube-like apparatus under a slow stream of 
nitrogen with a Pyrex, 450 WT Hanovia medium pressure lamp in a 
water-cooled, test tube-like, immersion well for 30 min. After re
moval of the solvent the residue was chromatographed on Florisil 
(activity II, 50 g). Elution with hexane-ether (4:1) afforded 330 mg 
(62%) of 32 as a brown liquid: NMR (CCLt) b 7.28 (s, 5 H, Ph), 6.92 
(q, 1 H, CH=CHCHOH, J = 16 J’ = 5 Hz), 6.00 (q, 1 H, C H =  
CHCHOH, J = 16 J" = 2 Hz), 5.15 (q, 1 H, CH=CHCHOH, J' = 
5 J" = 2 Hz), 3.65 (s, 3 H, OCH3), and 3.12 ppm (s, 1 H, CHOH); ir 
(neat) 2.88 (w, OH), 5.82 m (br, C = 0 ). Anal. Calcd for Ch H i20 3: 
C, 68.75; H, 6.25. Found; C, 68.81; H, 6.02. A second irradiation in 
150 ml of benzene with 500 mg of 7a over 30 min gave a light yel
low oil which by TLC had at least three components but which 
proved intractable. Attempted chromatography on silica gel. alu
mina, or Florisil resulted in total decomposition (see ref 2b for 
characterization).

Methyl 4-Oxo-4-phenyl-2-butenoate (33). A solution of 200 
mg (1 mmol) of 32 in 10 ml of anhydrous ether was stirred with 400 
mg of activated35 manganese dioxide for 8 hr. Filtration and re
moval of the solvent gave a yellow oil which was crystallized from 
ether-pentane to give 148 mg (74%) of 33 as yellow crystals: mp
28.5-29.5° (lit.17 mp 29°); NMR (CCLd b 8.15-7.20 (m, Ph and one 
vinyl proton), 6.79 (d, 1 H, J = 16 Hz. vinylic), 3.75 ppm (s, 3 H. 
OCH3); ir (CHC13) 5.83 is, ester C = 0 ), 5.99 m (s , keto C = 0 ).

Sensitized Irradiation of 7a. With Benzophenone. A metha
nol solution (50 ml), 0.0256 M in 7a and 0.404 M in benzophenone. 
was divided equally into five 15-ml Pyrex test tubes. A sixth tube 
contained 10 ml of 0.0265 M  solution of 7a only. The solutions 
were purged with nitrogen for 15 min, sealed, and irradiated at 25° 
±  3° in a Ravonet Merry-Go-Round reactor with a medium pres
sure Hanovia 450-W lamp through a Corning C. S. 7-83 filter to 
isolate the 3660-A mercury line. Tubes were withdrawn periodical
ly, the solvent removed, and the NMR spectrum run. After 108 hr
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all the 7a in the unsensitized tube had been decomposed mainly to 
the ester 32 as revealed by the NMR spectrum. The NMR spec
trum of a sensitized sample, after removal of excess benzophenone 
by crystallization from cold ether, was complex but lacked the 
characteristic peaks of 32.

Attempted Sensitization with Michler’s Ketone. The experi
ment was set up and carried out as above employing a solution 2.5 
X 10~:i M in Michler’s ketone and 2.5 X 10~2 M in 7a. After irra
diation for 96 hr the unsensitized sample was decomposed but the 
sensitized sample showed the NMR spectrum of only starting 7a.

l,l-Dimethoxy-4-phenyl-3-buten-2-one (34). From 7a. A so
lution of 500 mg (2.6 mmol) of 7a in 20 ml of methanol was re
fluxed for 48 hr.36 Removal of the solvent gave a reddish oil which 
was chromatographed on alumina (activity II, 50 g). Elution with 
hexane-ether (7:3) afforded 440 mg (83%) of 34 as a yellow oil: bp 
247-248.5° (capillary); n2'D 1.5641; NMR (CCI4) 6 7.70 Id, 1 H, J 
— 16 Hz, vinylic), 7.40 (m, 5 H, Ph), 6.98 (d, 1 H, J = 16 Hz, vinyl
ic), 4.50 [s, 1 H, CH(OCHs)], 3.38 ppm (s, 6 H, OCHs): ir (neat)
6.17 M (s, C = 0 ). Anal. Calcd for C12H 140:,: C, 69.90: H, 6.80. 
Found: C, 69.67; H, 6.84.

From 36. 4-Phenyl-2-oxo-3-butenal (35). Following the proce
dure of Schank,18 11 g of 36 was treated with 8.2 g of selenium 
dioxide. Distillation gave 7 g (60%) of 35: bp 140-143° (2 mm) 
[lit.18 bp 120-121° (1 mm)]; NMR (CDCl:i) 6 9.50 (s, 1 H, H C = 0),
8.02 (d, 1 H, J -  16 Hz, vinylic), 7.83-7.00 (m, 6 H, Ph and one vi
nylic); ir (neat) 5.82 (s, H C = 0), 5.98 p (s, keto C = 0 ) When 1.0 g 
(6.2 mmol) of 35 was refluxed in 20 ml of methanol for 10 hr, fol
lowed by solvent removal and chromatography of the resultant 
brown oil on alumina (activity II, 50 g), the fraction eluted with 
hexane-ether (7:3) afforded 1.0 g (75%) of 34 with physical proper
ties identical with those above.

Irradiation of 35. In Methanol. A so.ution of 390 mg (2.6 
mmol) of 35 in 150 ml of methanol was irraciated (same procedure 
as for 7a) for 30 min. After solvent removal, the NMR revealed a 
complex spectrum but lacking the characteristic peaks of 32.

In Benzene. 35 was irradiated essentially as above but substi
tuting benzene for methanol. The NMR of the reaction mixture 
was not the same as that for irradiation of 7a in benzene.

Preparation and Thermolysis of 7a-1-d. To a solution of 0.10 
g of 7a in 10 ml of methylene chloride was added ca. 0.05 g of anhy
drous sodium carbonate and ca. 1 ml of D20  (99.5% deuterium). 
After stirring overnight the aqueous layer was separated and the 
organic phase dried with anhydrous magnesium sulfate. Two more 
treatments in the same way gave 7a, mp 93-94°, containing 96.5- 
100% deuterium on C-l as judged by NMR integration. This sam
ple in a carefully dried apparatus was dissolved in 5 ml of metha- 
nol-o-d (99.5% deuterium). The solution was refluxed for 48 hr.36 
Removal of the solvent under reduced pressure gave a crude brown 
oil. The NMR spectrum of this mixture shewed less than 4% of hy
drogen on C-l of 34. Integration clearly established the 1:1 ratio of 
the protons on C-3 and C-4.

Registry No.—3, 28488-90-6; 5, 56468-30-5; 6, 20485-53-4; 7a, 
50629-66-8; 7b, 50629-68-0; 7c, 50629-69-1; 7d, 5C801-37-1; 7e, 
50629-70-4; 8a isomer A, 50763-76-3; 8a isomer B, 50629-67-9; 8d 
isomer A, 56467-94-8; 8d isomer B, 56498-04-5; 9, 54497-04-0; 10 
isomer A, 56467-95-9; 10 isomer B, 56467-96-0; 17b, 56467-97-1; 
18a, 56467-98-2; 19a, 56467-99-3; 19c, 56468-00-9; 20c, 56468-01-0; 
21, 4755-72-0; 22, 79-11-8; 23, 100-09-4; 32, 55980-65-7; 33, 14274-
07-8; 34, 55980-64-8; 35, 6784-05-0; 36, 122-57-6; benzaldehyde,
100-52-7; 4-nitrobenzaldehyde, 555-16-8; 4-methoxy aenzaldehyde,
123-11-5; (£)-cinnamaldehvde, 14371-10-9; 2-thiophenecarboxal- 
dehyde, 98-03-3; sodium hydroxide, 1310-73-2; hydrogen chloride, 
7647-01-0; chromium trioxide, 1333-82-0; fcenzophenone, 119-61-9.
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Reaction of a,or'-dichloroazoalkanes 9 in 7:3 dioxane-water at 25° shows consecutive kinetics. The spectropho- 
tometrically detected intermediate is shown to be a 1-aryldiazoethane (11 or 13); this is stable in basic solution 
but undergoes rapid nitrogen loss in acid. The rate-determining step in the conversion of a,or'-dichloroazoalkanes 
to diazoalkanes was investigatec in detail and shown to be the formation of a stabilized carbonium ion species. 
This is consistent with a large sclvent effect (m = 1.20) and the observation of a rate depression by chloride ion. 
With symmetrically disubstituted substrates (9. Ar1 = Ar2). electron-donating groups aid reaction (p = —3.68). 
However, when the substrates 9 are not symmetrically substituted (Ar1 ^  Ar2) the data deviate markedly from a 
simple Hammett relationship and this is rationalized in terms of the formation c f an often aza-allylic intermediate
(10) rather than a symmetrical chloronium ion (19). The intermediate 10 does not give the expected diazoalkane
(11) directly on fragmentation; instead the isomeric material (13) is formed preferentially. To explain these re
sults a mechanism for the formation of diazoalkane 13 from 10 is suggested involving the chloronium ion 19 as an 
intermediate or transition state.

Extensive mechanistic studies have been carried out on 
the 1,4 addition of halogens to 1,3-dienes (1), including bu
tadiene,2 isoprene,3 and their 2,3-diaza analogs.4 In all 
cases the ionic reaction is stereospecific, leading only to the 
trans isomer 4. This observation has been used to rule out 
the intermediacy of a bridged cyclic intermediate of type 5, 
since it has been rationalized that nucleophilic attack by 
halide ion on 5 would necessarily lead to a cis product 6. In-

X X
6

stead an open vinyl cation (3) or a 1,2-bridged cation (2) 
has been proposed as intermediate. However, recent work 
at low temperature in SbF.ç-SCK has clearly established the 
existence of tetramethylenehalonium ions, which are the 
saturated analogs of 5.5 6 Moreover, solvclysis studies have 
indicated 1,4-halogen participation in the solvolysis of 
¡p-halo-2-alkyl tosylates.'

We have investigated in some detail the mechanism of 
solvolysis of the dichlorides 9. These are the diaza analogs 
of the dihalides 4. It has been suggested4 that the pathway 
for the chlorination of the diene and the solvolysis of the 
dichlorides are similar; thus our observation of both open 
and bridged chloronium ion species in the solvolysis of 9 is 
also relevant to the preferred pathway fol.owed in the halo
génation of 1.

Results and Discussion

A. Preparation of a,a'-Dichloroazoalkanes. The sym
metrical 2,3-diazabuta-l,3-diene (“ ketazine” ) substrates 8 
were prepared directly by the reaction of 2 mol of the ap
propriate aromatic ketone with 1 mol of hydrazine. How
ever, when a ketazine was required with two different sub-

Scheme I
0

Ar1— C— Me +  NH2NH, —  Ar‘Q M e )= N — NH. — '
7

Ar1

,Me

"Ar-
8

jci* -so

Cl Cl

meso-Ar1 -N = N - -A r

Me Me
9

stituents in Ar1 and Ar2, the intermediate hydrazone 7 had 
to be isolated. Such unsubstituted hydrazones are normally 
unstable, rapidly disproportionating to give the ketazine 
and hydrazine. However, electron-withdrawing substitu
ents in Ar1 (e.g., Ar1 = P-NO2C6H4 or p-ClCeH4) provide 
some stability to the hydrazone and where possible the syn
thetic route used (Scheme I) took advantage of this.

Several methods are available for the chlorination step. 
Thus, for example, reaction is reported to proceed well 
when the ketazine is dissolved in petroleum ether,8 meth
ylene chloride,4 sulfur dioxide, or acetyl chloride, and treat
ed with chlorine.4 Earlier workers9 chlorinated the ketazine 
at —60° in the absence of solvent and we have found this to 
be the preferred procedure for the preparation of the novel 
unsymmetrical materials 9 (Ar1 ^  Ar2).

Malament and McBride4 have shown that in solution the 
diazabutadiene 8 (Ar1 =  Ar2) exists at equilibrium in the 
preferred configuration shown, with the bulky aryl groups 
remote from each other. The chlorination is stereospecific 
(see below) so that only one product, the meso isomer 9 
(Ar1 = Ar2 = Ph), is formed. Although the stereochemistry 
of the dichloride formed was not investigated as part of this 
work, we found no kinetic evidence that mixtures of iso
mers were present.

We were unable to obtain the normal chlorination prod
ucts 9 when both aromatic rings had strongly electron- 
withdrawing groups. Thus the ketazine 8 with Ar1 = Ar2 =
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250 270 290 310

A/nm

Figure 1. Repetitive scans of the ultraviolet spectrum of 9 (Ar1 = 
Ar2 = p-ClCgFU) in 7:3 dioxane-water at 25°; the time interval be
tween the various scans is ca. 2 min.

P-N O 2C6H 4 remained unchanged when treated with chlo
rine at —60° after 6 hr. At higher temperature extensive 
decomposition occurred. The m-nitroazine (8, Ar1 =  Ar2 = 
/TI-NO2C6H 4) behaved similarly, but the o-nitro material 
(8, Ar1 = Ar2 = 0 -NO2C6H4) gave a high yield of the hydro
chloride of the starting ketazine on attempted chlorination.

B. Kinetic Experiments. The solvolyses of e.a'-dichlo- 
roazoalkanes 9 were studied in 7:3 (v/v) dioxane-water at 
25°. Under these conditions with a typical substrate (9, Ar1 
= Ar2 = p-ClCehU) two consecutive reactions were ob
served. This is clearly shown by the absence of tight isos- 
bestic points in repetitive scans of the ultraviolet region 
(see Figure 1 for a typical example). This result is surpris
ing in view of Benzing’s report that the solvolysis of 2,2'- 
dichloro-2,2'-azopropane (followed by N2 evolution) in 85% 
aqueous acetone gives good kinetics.9

Although the spectral change with time on solvolysis of 9 
(Ar1 = Ar2 = p-ClCeH4) at a single wavelength showed an 
initial increase in absorbance followed by a decrease (or 
vice versa), it was possible to follow both reactions by a 
careful choice of wavelength. Thus no spectral change was 
observed at 260 nm for the second reaction; the change in 
optical density at this wavelength was thus used to follow 
the first reaction. Similarly the first reaction showed little 
change in optical density at 310 nm and the second reac
tion was best followed at this wavelength when the first re
action was essentially complete. It was more difficult to es
timate the rate constant for the second reaction when its 
rate was equal to or faster than that of the initial reaction; 
under these conditions it was usually possible to estimate 
the rate constant using the rmax technique for series first- 
order reactions of Frost and Pearson.10 Normally, however,

T ab le  I
O bserved R ate Constants for  the S o lvc ly s is  o f 

9 (A r 1 = A r 2 = p -C lC 6H 4) in 7:3 D io x a n e -W a te r  at 25°

Salt (0.01A/) 10  ̂k j ,G sec * 103 kz,b sec-1

NaN3 7.2 c
NaOAc 7.2 c
NaC104 11.0 8.9
NaCl 2.6 3.6
NaOH 4.5 c
HClOj 6.0 c

“ Followed at 260 nm. 6 Followed at 310 nm. ‘ No subsequent
rate observed.

T ab le  II
R ate C onstants for the S olvolysis o f  9

(A r1 =  A r2 = p -CIC6H4) in 7:3 D io x a n e -W a te r  at
25° in P resen ce o f  A dded C h loride Ion

[NaCl ] , Ma [NaClCq], M 1q3 %bsd > sec 1

0.00 0.10 11.0
0.02 0.08 6.9
0.05 0.05 4.9
0.08 0.02 3.4
0.10 0.00 2.6

“ 0.01 M  NaOH added to suppress second reaction (k2 ~  0).

the reaction conditions could be manipulated (see below) 
so that just one of the steps was rate determining and good 
first-order kinetics were then obtained.

A schematic reaction Scheme II is presented. A is the 
starting dichlorodiazoalkane 9; we have carried out a de
tailed kinetic study to determine the nature of the ultimate 
products C and the intermediate B and of the rate-deter
mining steps for the first and second reactions, ki and kz, 
respectively.

Scheme II

1. Solvolysis under Neutral and Basic Conditions 
( ¿ 1). The observed rates of solvolysis of 9 (Ar1 = Ar2 = p- 
CIC6H 4) in 7:3 dioxane-water in the presence of various 
added salts are presented in Table I. As regards the first 
step (fej), perhaps the most significant observation is that 
the reaction shows a remarkable insensitivity to the pres
ence of acid or base. Also the rate is increased by salts such 
as sodium perchlorate and shows a depression in the pres
ence of sodium chloride, a salt with a common ion.11 The 
latter effect was examined in more detail (Table II); these 
measurements were made, for convenience, in the presence 
of 0.10 M  added hydroxide ion in each case since this sup
presses the second reaction and good first-order kinetics 
were obtained in each case.

In addition, the rate of the first reaction is very sensitive 
to the aqueous fraction of the solvent, increasing sharply 
with the ionizing power of the medium (Table III). The 
Grunwald-Winstein m value calculated is 1.20; a value of 
this magnitude (m for ferf-butyl chloride is 1.0) is strong 
evidence for an SNl dissociative-type mechanism for the 
first step.12

These data, taken together, support a mechanism involv
ing rate-determining C-Cl bond fission for the first step 
(Scheme III) and confirm the earlier work of Benzing.9 The 
charge on the ion formed, 10 (Ar1 = Ar2 = p-CICeFU), can 
be stabilized by delocalization onto the adjacent azo nitro-
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15 16
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a
14

1
Ar^HlMeXDH Ar'COMe

17 18

Table III
Rate Constants for the Solvolysis of 9 (A r1 = Ar2 = 
p-CICem ) in Varying Dioxane-W ater Mixtures“

Dioxane-water 1C)3 feobsd* ;

55:45 62
60:40 28
65:35 10
70:30 4.5
75:35 2.2

“ Measured at 25° at 260 nm; 0.01 M  NaOH added to suppress 
second reaction (k2 ~  0).

gens (10b and 10c). The formation of 10 is also consistent 
with the substituent effects discussed in detail below.

2. The Intermediate B (¿ 2)- The first structure consid
ered for the spectrophotometrically observable intermedi
ate B was the azocarbonium ion 10. This is, however, un
likely since such a species would be highly reactive in basic 
solution where B is the observed final product of reaction. 
Also no second reaction was observed in the presence of ac
etate or azide ion; the salts (NaN3 and NaOAc) raise the 
pH of the medium, slowing the second reaction. In acidic 
solution no second rate was observed but in this case the 
final spectrum observed is that of the normal final prod
ucts of solvolysis, viz., C. It is clear therefore that B is sta
ble in base but reacts rapidly in acid.

The reaction solution containing B in base is pink (in
deed Benzing9 noted the transitory formation of pink solu
tions during his experiments). This, together with the ki
netic data suggested that the intermediate B was in fact 
the diazoalkane 11, formed by fragmentation of the carbo- 
nium ion 10. Several pieces of evidence support this. Thus 
the uv spectrum of B formed from 9 lAr1 =  Ar2 =  p- 
CIC6H4) in 7:3 dioxane-water containing 0.10 M  NaOH 
was identical with the spectrum of a mixture of p-chloro- 
phenyldiazoethane (11, Ar1 =  p-ClC6H4) and p-chloroace- 
tophenone (which would be formed frcm 12, Ar2 =  p- 
CIC6H 4, on reaction with water) measured under the same 
conditions. In a separate experiment B (formed from 9, Ar1 
=  Ar2 = P-CIC6H 4) was extracted with methylene chloride 
and showed a strong absorption at 2043 cm" 1 in the ir, 
characteristic of diazoalkanes.13

The diazoalkane was actually isolated in one case. Thus 
l,l'-dichloro-l-(p-nitrophenyl)-l'-phenyl-l,l'-azoethane  
(9, Ar1 =  P-NO2C6H4; Ar2 =  Ph) was solvolyzed on a large 
scale in the presence of 0.1 M  hydroxide. The resulting red

solution was extracted with ether and the solid isolated was 
identical with l-(p-nitrophenyl)diazoethane as shown by 
melting point, mixture melting point, ir, and uv compari
son with an unambiguously prepared sample.

It is well established13’14 that diazoalkanes are hydro
lyzed in aqueous solution by an acid-catalyzed mechanism 
to give the corresponding alcohol (in the absence of nucleo
philes other than water). Thus the ultimate products of hy
drolysis of 9 should be a substituted acetophenone and 1- 
arylethanol formed in a 1:1 ratio in neutral and acidic solu
tion. This was confirmed for 9 (Ar1 =  Ar2 =  Ph and Ar1 =  
Ar2 =  P-CIC6H4) by GLC analysis.

Finally the rates of reaction of an unambiguously pre
pared sample of diazoalkane (11, Ar1 =  p-ClC6H 4) in 7:3 
dioxane-water were compared with the measured subse
quent rate (fe2 values) for the solvolysis of 9 (Ar1 = Ar2 =  
P-CIC6H 4), measured under the same conditions. The ob
served rate constants were the same in both cases (within 
experimental error) and varied in the same way with pH 
(over the pH region 4.9-6.3).

Thus it has been established that 9 solvolyzes by an SNl 
mechanism involving the azocarbonium intermediate 10 in 
aqueous dioxane. This step is neither acid nor base cata
lyzed, ruling out competing mechanisms involving nucleo
philic attack on the substrate. Under neutral or basic con
ditions diazoalkanes (such as 11) lie on the reaction path
way. These are also probably formed from 9 in acidic solu
tion but their rapid further reaction (to form alcohols) 
under these conditions precludes their isolation.

The relative magnitudes of the two rate constants, k 1 
and k2, can, however, be varied since k\ is very sensitive to 
the ionizing power of the medium whereas A 2 remains rela
tively unchanged. Alternatively, changing the pH can also 
affect the balance between k \ and k2; k\ is insensitive while 
k2 is increased in acid and tends towards zero in base. Fi
nally k\ is depressed by the addition of a salt containing 
chloride ion, while this has no special effect on k2.

C. Substituent Effects. 1. Kinetic Studies. In Table IV 
are summarized the data for the solvolysis of the dichlo
rides 9 measured under standard conditions (7:3 dioxane- 
water, 25° in the presence of 0.10 M  sodium hydroxide); 
under these conditions k2 =  0 and steady and reproducible 
infinity values were obtained. When the symmetrically di- 
substituted substrates (9, Ar1 =  Ar2) are taken alone, and 
log k\ is plotted against the a value15 of the substituent, 
then an excellent correlation (r =  0.998) is obtained (Fig
ure 2). The slope or Hammett p value is —3.68, implying a 
transition state in which there is a build-up of considerable 
positive charge in the transition state.
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Table IV
Observed Rate Constants for the Solvolysis of 9 
in 7:3 Dioxane-W ater at 25° (p = 0.10, NaOH)

Ar1 Ar 2 10̂  ft, sec * Registry no.

c 6h 5 C 6H5 35 5 6 6 8 8 - 5 4 - 1
/>-M eC6H4 p -M eC 6H4 1 1 0 5 6 5 8 7 - 9 5 - 2
/>-c i c 6h 4 £ - c i c 6h 4 4 . 5 5 6 5 8 7 - 9 6 - 3
w -C1C6H4 ?h-C1C6H4 1 .1 5 6 5 8 7 - 9 7 - 4
£ -B r C 6H4 p - B rC 6H4 4 . 5 5 6 5 8 7 - 9 8 - 5
w -B r C 6H4 w -B r C 6H4 0 .7 4 5 6 5 8 7 - 9 9 - 6
p - c i c sh 4 w -C1C6H4 3 .9 5 6 5 8 8 - 0 0 - 2
¿ -C lC eH4 p -M eC 6H4 31 5 6 5 8 8 - 0 1 - 3
£ -M e C 6H4 />-n o 2c 6h 4 10 5 6 5 8 8 - 0 2 - 4
P - C 1C6H4 />-n o 2c 6h 4 0 .9 8 5 5 5 8 8 - 0 3 - 5
C eH5 p - C 1C6H4 8 .1 5 3 5 8 8 - 0 4 - 6
c 6h 5 ¿>-n o 2c 6h 4 4 . 0 5 3 5 8 8 - 0 5 - 7

Besides 10 another limiting structure 19 can be visual
ized for the intermediate carbonium ion. In 19 the charge is

Me N = N  Me

A .X  + X A ,Ar1 ''n\' Ar2+ . 
" c r

19
symmetrically distributed throughout the molecule so that 
both aryl rings bear an equal fraction of the charge. These 
two possibilities can be distinguished as follows.

When data for unsymmetrically disubstituted substrates 
9 (Ar1 Ar2) are plotted against the sum of the a values of 
both substituents, it is seen (Figure 2) that wide scatter re
sults; the datum points lie above and below the correlation 
line for the symmetrical compounds. No combination of al
ternative a values (e.g., a~, a~, etc.) succeeded in bringing 
all the data onto the correlation line.

However, when the data in Table IV are broken down as 
follows certain patterns emerge. Thus when substrates 9 
with one p-nitrophenyl group (Ar1 = P-NO2C6H4) are con
sidered then a plot of log kj vs. the a value of the substitu
ent in the other aryl ring (Ar2) gives a good correlation with 
p = —2.50 (r = 0.997). Alternatively, when these substrates 
with Ar1 = p-MeCeHi are chosen a similar plot (of log k\ 
vs. cr value of substituent in Ar2) gives a very much reduced 
p =  —1.10 (r =  0.998). Good correlations were not always 
obtained by this technique. Thus when Ar1 =  Ph or Ar1 =  
p-ClCfiH4 plots of log kj vs. a value of the substituent in 
Ar2 are curved.

These data are readily explicable only in terms of an un- 
symmetrical transition state (of type 10). In the substrate 9 
when Ar1 ^  Ar2, two parallel reactions occur but it is clear 
that the C-Cl bond cleaved preferentially is that which lo
cates the charge adjacent to the aryl group carrying the 
most electron-donating group. The p-M e and P-NO2 sub
stituents are respectively the most electron-donating and - 
withdrawing groups used. Thus when Ar2 = P-NO2C6H4 
the charge is located adjacent to Ar1 giving the high p value 
for substituents in Ar1.16 The opposite situation exists 
when Ar1 =  p-M eCfiH4; charge is then located adjacent to 
Ar1 (see 10) and the p value for Ar2 is small. When sub
strates in which a p-ClC6H 4 group is present are consid
ered, the second substituent may have a stronger (e.g., p - 
MeCeH4) or weaker (e.g., P -NO2C6H 4) electron-donating 
power. Ionization at both sites is then competitive and the 
position of preferred bond cleavage will therefore change 
throughout the series leading to the observed curved log k\ 
vs. a plots.

The direct application of the Hammett equation to such 
curved plots is complex since the observed rate constant

La

Figure 2. Hammett plot of log &0bsd vs. Ser for solvolysis of 
XCfiH4CMeClN=NCMeClCeH4Y in 7:3 dioxane-water at 25° (p = 
1.0, NaOH). The solid line has slope —3.68 and correlates data for 
symmetrically disubstituted substrates (X = Y, open circles).

represents the sum of two rate constants for parallel reac
tions, each of which varies as the substituent is changed. 
This difficulty is discussed in detail by Ruasse and Du
bois.17 However, the following simple deduction can be 
made. In a symmetrically disubstituted substrate the ob
served p value (—3.68) is composite representing the contri
bution of the remote and adjacent substituent to the stabi
lization of the ion formed. These individual contributions 
can be estimated as —2.50 and —1.10 (the p values for ion
ization essentially at a single site adjacent to or remote 
from aryl group in which the substituent is changed). 
There is thus unequivocal kinetic evidence available to 
support the formation of an open (10) rather than symmet
rical (19) carbonium ion intermediate, whh preferential 
C-Cl bond cleavage occurring at a site remote from the 
most electron-withdrawing group.

The formation of an open carbonium ion (20) rather than 
a bridged bromonium ion has also been noted by Dubois

Ar1 — CH— CHBrAr2 Ar'CCl=N—  N = C H  Ar2
20 21

and Ruasse in the bromination of stilbenes.16 In this case 
the p values for electron-withdrawing and electron-donat
ing substituents are different, since the carbonium ion 
which is preferentially formed always locates the charge 
adjacent to the most electron-donating aryl group.

The transition state for the formation of 10 may, of 
course, involve some bridging (i.e., partial 19 formation) 
but this is unlikely in view of the following evidence. Any 
degree of bridging by the chlorine in 10 would tend to re
duce the p value for substituents in Ar1. A good test would 
therefore involve comparison with a substrate in which 
participation is unlikely, e.g., compound 9 in which one of 
the Cl groups was replaced by Me. We were, however, un
able to synthesize such 1-chloroazoalkanes. On the other 
hand, data are available for the related system 21 and this 
provides a good model. Thus the p values reported for azo- 
carbonium ion formation from 21 are —2.3 and —1.2 for Ar1 
and Ar2, respectively (measured in 2:3 dioxane-water).18 
These values are remarkably close to those which we have 
obtained for 9, and since bridging cannot occur in 21, nei
ther is it likely to be an important contribution for the re
action of 9.

On an absolute scale 9 is solvolyzed ca. 120-fold more 
slowly than the very reactive imidoyl halides.17 However 9 
is still hydrolyzed ca. tenfold more readily than diphenyl-
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Table V
Ultraviolet Absorption Maxim a for Products Formed 

in Basic 7:3 Dioxane-W aterfrom  Dichlorodiazoalkanes 9

Substrate 9

Ar1 Ar2

x 0A max» 'm a x ’
nm D: azo alkane nm

C6H5 p -N 0 2C6H4 410 11, A r 1 =  p -N 0 2C 6H4 410
p -M eC 6H4 p -N 0 2C6H4 410
P -c i c 6h 4 p-NO ?C 6H4 410
p -M eC 6H4 p -C lC 6H4 300 5, A r 1 =  p -C lC 6H4 300

“ Absorption maximum of diazoalkane formed.

Table VI
Relative Amounts of Two Substituted 

Acetophenones (16 and 18) Formed from 
Unsymmetrically Disubstituted Dichloroazoalkanes 9aS

Substrate 3

Ar2 Ar1
Ar2 :O M e, Ar’ cO M e,

% %

C eH5 C6H5 50 50
P-C1C6H4 c 6h 5 30 70
p -c i c 6h 4 p -M eC 6H4 17 83
p -N 0 2C 6H4 P-C1C6H4 8 92
p -N 0 2C 6H4 p -M eC 6H4 2 98

“ Reaction medium: 7:3 dioxane-water at 25°. “ Products 
analyzed by GLC (column: 2 m, 15% Carbowax 20M on Chromo- 
sorb 80-100 mesh).

carbinyl chlorides,19 indicating that the azo group can pro
vide considerable stabilization by electron donation to an 
adjacent carbonium ion center.

2. Product Analysis. Since it has been demonstrated 
that the carbonium ion 10 lies on the reaction pathway, it is 
expected to fragment to give the diazoalkane 11 and ulti
mately the alcohol 15 and ketone 16. However, the actual 
products isolated in major amounts were the isomeric ma
terials 17 and 18. This result was quite unexpected but was 
supported by data for several substrates. Two methods of 
product analysis were used: (a) spectrophotometric deter
mination of the diazoalkanes formed (in base) and (b) GLC 
analysis of the ketones and alcohols.

Method a gave best results only in those cases in which 
one of the possible diazoalkane intermediates carried a p- 
nitrophenyl group, since this absorbed at an appreciably 
longer wavelength than the other diazoalkanes (typically 
410 vs. 290 nm). The results are summarized in Table V 
and indicate that in all cases the diazoalkane formed pref
erentially is substituted by the more electron-withdrawing 
aryl group present in the original dichloroazoalkane 9. 
Quantitative studies indicate 80-100% p-nitrophenyldia- 
zoalkane formation.

Method b was more rigorous and could be used with any 
dichloroazoalkane substrate; for convenience in most cases 
the relative amounts of the two possible ketones 16 and 18 
(Ar1 +  Ar2) were estimated, since the separation was better 
than in the case of the alcohols. However, the results ob
tained by estimation of either ketone or alcohols were con
sistent. The results (Table VI) indicate that the ketone 
formed in largest amount was that with the most electron- 
donating group. This complements the uv data which indi
cated that the diazoalkane (and consequently the alcohol) 
formed has the most strongly electron-withdrawing group.

There is thus an apparent dichotomy between the kinetic 
results and the product studies. Thus while the kinetics 
clearly show that, say, 10 is formed preferentially from 9 
(Ar1 more electron-donating than Ar2), there is equally

Scheme IV

Me Me
HjO

10 -----► Ar1-
fast

- N = N - -Ar2
fast

o h  a 
22

Me Me

Ar1-
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-N = N =

+

23

-Ar'2 17+ 18

clear evidence that the carbonium ion 10 does not break 
down to give 11 and 12 preferentially but rather to give 13 
and 14. We therefore propose that an extra step(s) must be 
involved before the azocarbonium ion fragments; the three 
most likely are considered below.

(1) Benzing9 proposed a mechanism (Scheme IV) in 
which the carbonium ion reacts with water to form the 
chlorohydroxy material 22. If this pathway is followed then 
rapid loss of Cl~ from 22 gives 23 and eventually the cor
rect products 17 and 18 (Ar1 more electron-donating than 
Ar2). The formation of 22 is not unreasonable, since we 
have found that solvolysis of the chloride 24 under similar 
conditions also occurs via an azacarbonium ion mechanism 
and leads to the formation of the azocarbinol 25.20 How-

24

25

ever, for the mechanism of Scheme IV to be viable then all 
steps subsequent to the formation of 10 must be rapid, 
since no intermediates were detected spectrophotometri- 
cally in the conversion of 9 to 17. In particular, repetitive 
scans of the ultraviolet spectrum of 9 (Ar1 =  p-MeCeH4; 
Ar2 =  P-NO2C6H 4; showed tight isosbestic points in 7:3 di
oxane-water containing 0.01 M  HCIO4 and good first-order 
kinetics were obtained at all wavelengths [although the 
spectral difference between the model compounds 24 and 
25 is small, there is sufficient difference at 300 nm so that 
the presence of 22 would be detectable from nonlinear log 
(absorbance) vs. time plots]. Therefore either (a) the inter
mediate 22 is not present on the reaction pathway or (b) its 
further reaction (22 —* 23) is faster than the formation of 
10 from 9. We regard the latter as unlikely, since this would 
require that the second ionization, which occurs adjacent to 
a relatively electron-withdrawing (e.g., Ar2 =  P-NO2C6H 4) 
group, should be faster than the first adjacent to Ar1 (elec
tron donating, such as p-MeCgH4). In addition 22 has an 
OH group in place of the Cl group in 9. This should, how
ever, have a relatively minor effect on the rates of ioniza
tion of the remote C-Cl bond. Thus 26 (X  = Cl) actually 
ionizes HF-fold faster to give 27 (X  =  Cl) than does 26 (X

Cl
I

C«H5— N = C — X C6H5— N = C — X
26 27
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Scheme VI

1
1 3 + 1 4

= -O A r).21 On the other hand, the Cl group is inductively 
more electron withdrawing than the OH group (the differ
ence in Taft a* values is 0.49),22 but is insufficient to coun
ter the larger difference in electron-withdrawing power be
tween P-NO2C6H 4 and p-M eCsH4.

(2) The mechanism in Scheme V modifies Scheme IV by 
inclusion of a rapid intramolecular displacement of Cl-  by 
the OH group (or its conjugate base 28) to give the A3-
1,3,4-oxadiazoline 29. Such materials have been reported as 
unstable;23 however, nitrogen loss gives rise to epoxides 
(which are relatively stable and would have been detected) 
rather than the observed products 17 and 18.

(3) The mechanism presented in Scheme VI is favored 
on the basis of available evidence. This involves migration 
(or partial migration) of chloride ion from one carbon site 
to the other (possibly via the bridged ion 30). This step 
must occur after the initial rate-determining formation of
10. Complete transfer (to 31) is unlikely (since this is less 
stable than 10) so that fragmentation probably occurs di
rectly from 30. The extra driving force for bridging by chlo
ride ion is provided by the formation (on fragmentation) of 
the most stable carbonium ion 14 (Ar1 is electron donating) 
and diazoalkane 13 (Ar2 is electron withdrawing). This is 
clearly shown in Figure 3, where the log of the relative

0 . 5  1 . 0

Figure 3. Plot of the log o f the relative amounts of ketones formed 
on solvolysis of dichloroazoalkanes (XC6H4CMeClN=NCMe- 
ClCfiH4Y) vs. the difference in the a values of substituents X  and
Y.

Me, ‘_N = N . Me
\  /  \  „A+ ,..c-

K r

Me.

"'Cl' Ar2 Ar1
34

/  \ CI_

C’ = N = N  Me

Cl Ar2
35

fragmentation 32
amounts of the two ketones formed [i.e., log ([Ar1COM e]/ 
[Ar2COMe])] from 10 is shown to vary with the difference 
in electron-donating power of Ar1 and Ar2. The slope of the 
correlation (or p value) is +1.70; this is most satisfactory, 
since it indicates that the presence of an electron-with- 
drawing group in Ar2 accelerates rearrangement of the ini
tially formed carbonium ion 10. Since the p value (for Ar1) 
for the formation of 10 is —2.5 and that for the subsequent 
rearrangement is +1.70, most of the charge in the transi
tion state for the formation of 10 from 9 is lost in the tran
sition state for the subsequent formation of 13 and 14. The 
proposed chloronium ion 30, either as a transition state or 
intermediate, is consistent with this.

The question might be asked: if the chlorine participates 
in the stabilization of the azocarbonium ion during frag
mentation, then why does it not provide stabilization in the 
initial reaction, loss of Cl-  from 9.2 A possible answer arises 
from the stereochemistry of the system.

There is good evidence4 that the starting azo materials 9 
are in the more stable trans configuration 32 (Scheme VII). 
In the transition state for azocarbonium ion formation (33) 
there is partial C’ -C l bond fission; also C1 has moved part
ly down into the N -N  plane to allow eventual overlap of 
the vacant p orbital with the filled (lone pair » orbital on ni
trogen (35). It is clear from molecular models that the dis
tance between the Cl group attached to C2 and C1 is too 
great to allow appreciable bond formation in the transition 
state 34. However once the azocarbonium ion 35 is actually 
formed, the C l-C 1 bond distance can be further reduced to 
allow bonding to occur (see 34). Although it is- proposed 
that both the azocarbonium ion 35 and the chloronium ion 
34 lie on the reaction pathway, we have no evidence as to 
their relative stabilities. However, a priori, there is no rea
son to expet., that 34 is more stable than 35 since (a) in 34, 
being a cis configuration, there is some steric interaction 
between the groups attached to carbon, (b) the possibility 
of stabilization of the carbonium ion by electron donation 
from nitrogen is minimized in 34, and (c) this structure (34) 
places a partial positive charge on C2, the carbon carrying 
the most electron-withdrawing substituent (Ar2).

However, the existence of some bridging by chlorine such 
as 30 on the reaction pathway provides an elegant explana
tion for Malament and McBride’s observation4 that the 
chlorination of diazabutadienes is stereospecific. Chlorina
tion of the diazabutadiene 8 under ionic conditions leads to 
the formation of the same azocarbonium ion (34, 35) as 
formed in the solvolysis of the dichloride 32. If the stereo
chemistry of the intermediate is maintained by bridging by 
the remaining chlorine on the side remote from the depart-
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T ab le  V II
T h e K etazines 8 (A r 1 A r 2)

Substituent

Mp, ®C

Calcd, %

Formula

Found, %

Ar1 Ar2 c H N C H N

p -N C,CflH4 />-M eCeH4 138 69.15 5.76 14.23 C ,;H 17N30 2 68.80 5.43 14.41
p - N 02C 6H, Q H 5 125 68.32 5.33 14.94 C 16H15N30, 68.00 5.48 15.14
/>-N02C 6H| P -c i c 6h 4 155 60.95 4.44 13.33 c 16h 14c i n ,o 2 61.20 4.52 13.30
/>-MeC6H4 P - c 1C6H4 138 71.83 5.98 9.75 C ,rH17ClN2 71.49 5.96 9.85
/>-c i c 6h 4 w -C1C6H4 112 62.95 4.59 9.18 C ,6H14C12N2 62.75 4.62 9.54

T ab le  V III
T h e D ich lorides 9

Substituent Calcd, % Found, %

Ar1 Ar2 Mp, °C C H Cl N Formula c H Cl N

w -3 r C GH4 H /-BrC6H4 88 41.74 3.01 49.66° 6.02 C )GH14B r2Cl2N2 40.83 3.02 49.26 6.31
» f-C lC sH4 P-C1C6H4 106 51.06 3.72 37 .76 ' 7.44 C 18H14C14N2 50.32 3.57 38.00 7.55
/>-MeC6H4 p-c i c 6h 4 115 57.46 4.78 29.85 7.88 c !7h 17c i 3n 2 56.97 4.84 29.92 8.31
p -N 0 2C 6H4 C6H5 

Tota. halogen (Br + Cl).
75 54.54 4.26 20.17 11.43 c 16h ,5c i 2n 3o 2 54.01 4.27 20.33 11.88

ing Cl-  'see 34) then chloride ion attack on 34 gives (by mi
croscopic reversibility) the product of chlorination with the 
observed trans configuration.

Experimental Section

Substrates. l,4-Diaryl-l,4-dimethyl-2,3-diazabuta-1,3-di
enes. The symmetrically disubstituted ketazines (8, Ar1 = Ar2) 
were prepared by the reaction of 1 mol of hydrazine hydrate with 2 
mol of substituted acetophenone in 95% ethanol and recrystallized 
to constant melting point in this solvent. The following hydrazones 
were also prepared: p-nitroacetophenone hydrazone, mp 152° 
(lit.24 151°); p-chloroacetophenone hydrazone, mp 51° (lit.24 55°); 
m-nitroacetophenone hydrazone, mp 75° (lit.24 7 7°). The unsym- 
metrical azines (8, Ar1 ^  Ar2) were prepared from these using 1 
mol of the hydrazone and 1 mol of substituted acetophenone; ana
lytical and melting point data are summarized in Table VII.

l,T-Dichloro-l,l'-diaryl-l,l'-azoethanes. The following is a 
typical example. Acetophenone azine 8 (Ar1 = Ar2 = Ph) (2.36 g) 
was thoroughly dried and finely ground; liquid chlorine at —60° 
(Dry Ice-acetone) was added and the mixture was maintained at 
this temperature for 30 min. The apparatus was protected from 
moisture and light was excluded. The mixture was then allowed to 
warm to room temperature and the residual chlorine was removed 
in vacuo to give the dichloride 9 (Ar1 = Ar2 = Ph) in near-quanti
tative yield, mp 110°. The other dichlorides were prepared similar
ly; melting point and analytical data were in agreement with litera
ture values where available;8 otherwise the data are summarized in 
Table VIII.

Kinetic Studies. Measurements were made in 7:3 dioxane- 
water at 25°, unless otherwise stated. The ionic strength was main
tained at 3.10 M by the addition of sodium perchlorate or sodium 
hydroxide. The dioxane was BDH Analar grade, used without fur
ther purification. The water used was deionized and then twice 
distilled from alkaline permanganate. The rates of reaction were 
measured spectrophotometrically using Unicam SP800 or SP1800 
ultraviolet spectrometers; initial repetitive scans established suit
able wavelength at which the reactions could be followed. The ana
lytical wavelengths used are noted in the tables. The substrate was 
dissolved initially (ca. 10~2 M) in dioxane and a drop of this solu
tion was added to the reaction solution in a 3-ml cuvette. The ap
paratus and treatment of results have been described in detail 
elsewhere.25

Product Analysis. p-Nitrophenyldiazoethane was prepared 
by a literature procedure14 involving the oxidation of p-nitroaceto- 
phenone hydrazone with silver oxide and had mp 87° (70%) (lit.14 
87-88^). The p-bromophenyl and p-chlorophenyl diazoethanes 
were similarly prepared but not actually isolated from the ethereal

solution; ir analysis showed the presence of a strong absorption at 
2049 cm-1 and the absence of absorption at ca. 3200 cm-1 which 
are present in the starting hydrazones. p-Nitrophenyldiazoethane 
was also isolated as a solvolysis product of a dichloride 9 as follows. 
l,l'-Dichloro-l-phenyl-r (p-nitrophenyl)-l,l'-azoethane (9, Ar1 = 
Ph; Ar2 = P-NO2C6H4) (0.328 g) was dissolved in dioxane (25 ml) 
and added dropwise at 25° to 7:3 dioxane-water (75 ml) containing 
sodium hydroxide (C.10 M) over 30 min. The red reaction mixture 
was extracted with ether. Evaporation of the dried ethereal ex
tracts gave p-nitrophenyldiazoethane, mp 84-87°; on recrystalliza
tion from ether this had mp 87° (59% yield) and was shown to be 
identical with an authentic sample.

Solvolysis of Dichlorides 9, under Neutral or Acidic Condi
tions. The following represents a typical procedure. l,l'-Dichloro- 
l,l'-diphenyl-l,l'-azoethane (9, Ar1 = Ar2 = Ph) (0.307 g) was dis
solved in dioxane (73 ml) and water (30 ml) was added dropwise 
with stirring over 30 min. After 4 hr, stirring was discontinued and 
the reaction mixture was extracted with ether (3 X 100 ml). The 
combined ether extracts were dried and reduced to ca. 50 ml. Sam
ples (5 *d) were analyzed using a Perkin-Elmer F ll  gas chromato
graph with a 2 m 15% Carbowax 20M on Chromosorb 80-100 mesh 
at 110°. Authentic samples of the ketone and alcohol were similar
ly made up in ether and analyzed; integration then gave the rela
tive amounts of the two (or four) products formed. The ketones 
were also analyzed by the formation of p-nitrophenylhydrazone or
2,4-dinitrophenylhydrazone. Control experiments showed ca. 90% 
product recovery in this case and when allowance was made for 
this the results were :n agreement with those reported for the GLC 
method (Table VI).
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Acid-catalyzed isomerizations of (fl)-l-(N-phenylcarbamyl)- (la) and (/¿)-l-(N-phenylthiocarbamyl)-2-phe- 
nylaziridine (lb) were investigated to see the effect of the ring phenyl group on the orientation of the ring opening 
and the stereochemistry at the asymmetric carbon atom. Throughout the isomerizations of la and lb, exclusive 
N-CHPh bond cleavage was observed. With protonic acids, la gave partially (40%) racemized 2-anilino-5-phenyl-
2-oxazoline (2a), and with boron trifluorice etherate, it gave highly (95%) racemized 2a. The thiourea lb gave 2- 
anilino-5-phenyl-2-thiazoline (2b) in good yields with protonic acids and in a poor yield with boron trifluoride 
etherate.

A variety of acid-catalyzed isomerizations of 1-acyl- and
1- thioacylaziridines to 2-oxazolines1 or thiazolinesIa-f'2 have 
been observed, and mechanistic studies of these reactions 
have been done by several workers. Heine and coworkersle 
found that l-aroyl-2,2-dimethyl- or l-aroyl-2-phenylaziri- 
dine isomerized in cold sulfuric acid to 2-aryl-5,5-dimethyl- 
or 2-aryl-5-phenyl-2-oxazoline, respectively. Deutsch and 
Fanta2a reported that the isomerization of l-(N-phenyl- 
thiocarbamyl)-2,2-dimethylaziridine with hot concentrated 
hydrochloric acid gave 2-anilino-5,5-dimethyl-2-thiazoline. 
These reactions were considered to proceed via a carboni- 
um ion from the orientation of the ring opening (so-called 
“abnormal” cleavage).

Our previous study3 was planned to see if an “ abnormal” 
cleavage would always give rise to a carbonium ion in the 
acid-catalyzed isomerizations of 1-acyl- or 1-thioacylaziri
dines, and further to correlate the orientation with the 
mechanism of the ring opening. (S)-l-(lV-Phenylcarbamyl)-
2- methylaziridine (la') isomerized to 2-anilino-5-methyl-
2-oxazoline (2a') with 100% retention of configuration ei
ther with protonic acids or with boron trifluoride etherate 
in refluxing benzene. This means that the conversion of
(S)-la' to (S)-2a' (“ abnormal” cleavage) has not proceeded 
via a free carbonium ion. As for the orientation of the ring 
opening, very puzzling results were obtained and no corre
lation could be found between the orientation and the 
mechanism of the ring opening deduced from the stereo
chemistry: la' gave 2a' as the major product (80-90%), 
while l-(lV-phenylthioearbamyl)-2-methylaziridine (lb')

gave nearly equal amount of 2-anilino-5-methyl-2-thiazo- 
line (2b') and 2-anilino-4-methyl-2-thiazoline (3b'). Opti
cally active lb' gave racemic 2b' in some cases in contrast 
with la'.

Replacing the 2-methyl group with a phenyl group 
seemed interesting from the following two points: (1) 
whether in this case, also, the “abnormal” cleavage would 
give the oxazoline with retention of configuration, and (2) 
what would be the orientation of the ring opening especial
ly with the thiourea derivative. Heine and Kaplanle re
ported that the thermal isomerization of cis- L-(p-nitroben- 
zoyl)-2,3-diphenylaziridine gave cis-2-(p-nitrophenyl)-
4,5-diphenyl-2-oxazoline, and the corresponding trans 
compound gave the trans oxazoline. So far, no stereochemi
cal investigation of the acid-catalyzed isomerization of 2- 
aryl- or 2,3-diarylaziridine derivatives has been reported.

The present study deals with the isomerization of (R)-1- 
(N-phenylcarbamyl)- (la) and (ft)-l-(TV-phenylthiocar- 
bamyl)-2-phenylaziridine (lb). (R)-2-Phenylaziridine was 
prepared from (ft)-2-amino-2-phenylethyl alcohol by the 
Wenker method. Reaction of (R)-2-phenylaziridine with 
phenyl isocyanate gave la. (R)-l-(lV-Phenylthiocarbamyl)-
2-phenylaziridine (lb) which was prepared from the same 
aziridine and phenyl isothiocyanate could not be recrystal
lized owing to the tendency to polymerize in solution.

Authentic samples of the isomerization products (2a, 2b, 
3a, and 3b) were prepared. Optically pure samples of (R)-
2-anilino-4-phenyl-2-oxazoline (3a) and (P)-2-anilino-4- 
phenyl-2-thiazoline (3b) were prepared from (ff)-l-(l'-p he-
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PhNH— C = N
I I

Y \  ^CH,
CH '

Ph
2a. Y = 0

b. Y = S

PhNH— C = N  
I I

Y \ X ’HPh
CH,

3a. Y =  0  
b. Y = S

nyl-2'-hydroxyethyl)-3-phenylurea and the corresponding 
thiourea by dehydration with polyphosphoric acid (PPA). 
However, dehydration of both (S)-l-(2'-hydroxy-2'-phenyl- 
ethyl)-3-phenylurea (4a) and the thiourea derivative (4b) 
under the same conditions gave racemic 2a and 2b. It was 
previously4 found that the reaction of l-(3'-phenoxy-2'- 
hydroxypropyl)-3-phenylthiourea with cupric acetate in re
fluxing ethanol gave 2-anilino-5-phencxymethyl-2-oxazo- 
line in 73% yield. Treatment of 4b under the same condi
tions led to extensive decomposition, but at 50°, we ob
tained an optically pure sample of (S)-2a from (S)-4b pre-

PhNH— C— N
CHPh

Y
la. Y = 0  
b. Y = S

CH

Cu(OAc)2 ■ H20
PhNH— C— NHCH.CHPh --------- — —

50°, EtOH

3 OH

(S)-4b

PhNH— C=

(K  /C H , 
CH

Ph

<S>-2a
[a ]30d  +77° (0.2298 
g/10 ml in dioxane)

pared from (S)-l-phenyl-2-aminoethanol and phenyl iso
thiocyanate. We have not succeeded in the preparation of 
optically pure sample of 2b so far.

The isomerization of (fl)-la  was tried with p-toluenesul- 
fonic acid, picric acid, and boron trifluoride etherate in re
fluxing benzene. In all cases, the rearranged product was 
composed of 100% 2a, and no trace of 3a was found by the 
NM R analysis. The specific rotations of the products are 
shown in Table I. The reaction of (R )-lb  with p-toluene- 
sulfonic acid, picric acid, or boron trifluoride etherate was 
carried out in the same way, and gave 100% 2b in every 
case, though in a very low yield with boron trifluoride eth
erate. Results are summarized in Table I.

The isomerization of la to 2a proceeded with 60% reten
tion of configuration on the asymmetric carbon atom with 
protonic acids, and 5% with boron trifluoride etherate. The 
60% retention with protonic acids suggests that the conju
gate bases of the acids should have participated in the reac
tion. An ion-pair formation between the conjugate base of 
the acid and the forming carbonium ion might explain the 
partial retention of configuration since an addition-elimi
nation process should lead to a complete retention of con
figuration. Under similar conditions, p-nitrobenzoic acid 
and la gave an addition product which was found to be 1- 
[2'-(p-nitrobenzoyloxy)-2'-phenylethyl]-3-phenylurea (5). 
Comparison of the optical rorations of authentic (S)-5 and 
the addition product showed that the addition reaction had 
taken place with complete inversion of configuration. An 
intramolecular ion pair seems less likely as an intermediate 
of the isomerization of la to 2a with protonic acids, since 
la gave highly (95%) racemized 2a with boron trifluoride 
etherate. The latter reaction must have proceeded via a 
free carbonium ion.

Table I
Isomerization of la and lb with Acids

Yield of '  of

Acid 2, [ a ]Da retention6

(R ) - la />- Toluenesulfonic 86 -4 7 61
P icr ic 76 -46 60
B F ,-O E t, 69 4 5

(R )- lb /»-T oluenesulfon ic 81 +95
P icr ic 75 +97
BF3- OEt, 9 + 100

a Measured in dioxane. at 28° in the case of 2a. and 24° with 2b 
b Calculated from tne equation -1 0 0 [c»]d /77 . where 77 is a value 
for the specific rotation of (S)-2a.

It is noted in the isomerization of lb  that the specific 
rotations of 2b are almost the same in three cases. There
fore, the optical purity of 2b from the isomerization of 
(R )-lb  is supposed to be fairly high. The ir spectra (in KBr 
pellets) of 2b thus obtained are different from that of 
(R,S)-2b, and a similar difference is also found between the 
spectra of (S)- and (R,S)-2a. Participation of the conjugate 
bases of protonic acids is not likely, since boron trifluoride 
etherate gave 2b of similar specific rotation. Three ways 
may be conceivable which would explain the results: (1) an 
intramolecular ion-pair formation, (2) participation of an
other molecule of lb  as a nucleophile, and (3) intervention 
of a polymer of lb  with iminothioether structures. There 
has been no fact which would favor or disfavor any one of 
the three. However, we would like to think of 1 only after 
the other possibi.ities have been crossed out, since the 
structure of such an ion pair is highly strained.

Previous papers’ *1 have shown that 1-thioacvlaziridines 
polymerize to give polymers with iminothioether struc
tures, and such polymers give thiazolines on heating with 
acids. A low molecular polymer of (R )-lb  (j)sp/c = 0.1) ob
tained by allowing a solution of lb  to stand with a small 
amount of boron trifluoride etherate gave 2b in 55% yield

lb
acid

— S—  C = N — CH — CH—
I ‘ I
NHPh Ph

acid
2b

on heating with p-toluenesulfonic acid in refluxing ben
zene, and the specific rotation of 2b thus obtained was 
+ 101°. When the reaction of lb  with p-toluenesulfonic 
acid was stopped in 5 min, lb  was not recovered but 2b and 
some polymeric material were obtained from the reaction 
mixture. These facts coupled with the results reported pre
viously1'6 suggest that 3 could be possible.

As a summary, the effect of the ring phenyl group defi
nitely appeared in the orientation of the ring opening: 
throughout the isomerizations of la and lb, exclusive N -  
CHPh bond cleavage was observed. This is in marked con
trast to the case with la ' and lb ', where always N -C H M e  
and N-CHo bond cleavages were taking place at the same 
time in varying ratios depending upon the materials and 
the reaction conditions. Stereochemically, la gave 2a with 
60% retention of configuration with protonic acids, while 
la ' isomerized to 2a' with complete retention under the 
same conditions. Moreover, in contrast to the fact that
(S )-la ' gave optica.ly pure (S)-2a' with boron trifluoride or 
boron trifluoride etherate under varying conditions (pre
sumably by an SN: mechanism), (R)-la gave almost race
mic 2a on heating with boron trifluoride etherate in reflux
ing benzene. These facts may be explained by the greater 
ion-stabilizing and the steric effects of the phenyl group in 
la than those of the methyl in la', which would tend to 
favor Sn I reaction rather than S.N2 or SN’i.
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Experimental Section

All melting and boiling points are uncorrected. Ir spectra were 
recorded on a Shimazu Model IR-27G instrument. NMR spectra 
were obtained on a Hitachi Model R-20B spectrometer. Optical 
rotations were determined on a -Jasco Model DIP-SL automatic 
polarimeter.

Preparation of (R)-2-Phenylaziridine. Reduction of (R)-2- 
phenyiglycine with I.iA1H in  THF gave (R)-2-amino-2 phenyleth- 
anol.'mp 76.6-77.8° (lit.7 78-79°). [a]23D -27.6° (0.9928 g/10 ml, 
EtOH) [lit.7 [a]15D -27.5 ±  0.5° (0.993 g/10 ml, EtOH)]

The cyclization of the amino alcohol to (R)-2-phenylaziridine 
was carried out according to the VVenker method via the hydrogen 
sulfate. When an aqueous solution of the sulfuric acid salt of the 
amino alcohol was evaporated under reduced pressure, the salt 
sometimes crystallized out, and this crystallization prevented 
smooth dehydration of the salt to the ester. Therefore, the bath 
temperature was quickly raised to 150° before the crystallization 
began. Starting from 23 g of the amino alcohol, 17 g (84%) of (R)-
2-phenylaziridine was obtained, bp 73° (4 mm).

That racemization was not taking place during the synthesis was 
shown by the fact that the specific rotation was practically the 
same with samples from two separate preparations: [a]26D -43.4° 
(1.0062 g/10 ml, EtOH) and -42.7° (1.0123 g/10 ml, EtOH).

(R)-l-(JV-Phenylcarbamyl)-2-phenylaziridine [(R)-la] was 
obtained by the reaction of (R)-2-phenylaziridine with phenyl iso
cyanate in ether, and recrystallized from benzene and rc-hexane: 
mp 114.0-116.0°; v (KBr) 1655 cmH (C = 0 ); 6 <CDC13) 2.13 (5A),
2.74 (5m), 3.35 (¿x) (AMX, J am = 0.7, J Ax = 3.9, Jmx = 6.8 Hz, 3, 
ring H), 7.20 (m, 10, aromatic H), 7.67 (s, 1, NH); [a]26D —262° 
(0.5078 g/10 ml, dioxane).

Anal. Calcd for Ci5Hi4N20: C, 75.60; H, 5.92; N, 17.76. Found: 
C, 75.78; H, 5.93; N, 11.82.

( R ) -1 - (/V-Phenylthiocarbamyl) -2-pheny laziridine [(B)-
lb], To a solution of 1.3 g (9.6 mmol) of phenyl isothiocyanate in 
20 ml of petroleum ether (bp 35-80°) was added a solution of 1.3 g 
(10.9 mmol) of (R )-2-phenylaziridine in 12 ml of ether dropwise at 
— 10°. After addition, the reaction mixture was stirred for 1 hr at 
-10 °. Meanwhile crystals separated out. They were collected on a 
filter, washed with cold ether-petroleum ether mixture, and dried 
at 0° to give 2 g of crude (R)-lb. All attempts to recrystallize the 
crude product failed. Crude (R)-lb melted at about 8C°; & (CDCI3) 
(at -1 0 °) 2.54 (5a), 2.78 (5M), 3.39 (5X) (AMX, J a m  = 0, J AX = 5.0, 
■Jmx = 3.2 Hz, 3, ring H), 6.8-7.4 (m, 10, aromatic H), 9.31 (s, 1, 
NH). Deterioration of the sample was noted while the NMR was 
taken, and no crystalline material was recovered after evaporation 
of CDCI3 from the solution. Optical rotation was measured with 
the crude samples right after preparation: [a]24D -177° (0.3442 
g/10 ml, dioxane) and —174° (0.0604 g/10 ml, dioxane).

Anal. Calcd for C15H14N2S: C, 70.85; H, 5.55; N, 11.C2. Found: C, 
70.73; H, 5.58; N, 10.83.

Preparation of (Jf)-2-anilino-4-phenyl-2-oxazoline [(R)-3a] 
and (Ji)-2-anilino-4-phenyl-2-thiazoline [(JZ)-3b], From (R)-
2-amino-2-phenylethanol and phenyl isocyanate, (R)-l-(l'-phenyl- 
2'-hydroxyethyl)-3-phenylurea was obtained, mp 164.0-165.5°, v 
(KBr) 1637 cm' 1 (C = 0 ).

A mixture of 7 g of PPA and 7 ml of dioxane was kept at 80°. To 
this was added 1.0 g (3.9 mmol) of above-obtained urea, and the 
mixture was stirred for 8 hr at 80°. Then the reaction mixture was 
poured into ice-cold 2 N  NaOH. Extraction of the basified aqueous 
layer with benzene and evaporation of the solvent gave 0.8 g of 
crude (R)-3a. Recrystallization from a benzene-petroleum ether 
mixture gave 0.7 g (75%) of an analytically pure sample: mp 
119.0-120.5°; v (KBr) 1695-1707 cm“ 1 (C =N ); 5 (CDC13) 4.05 (5X), 
4.58 (oA), 5.00 (5b) (ABX, Jab = 8.7, J AX = 7.7, J BX = 7.4 Hz, 3, 
ring H), 7.0-7.3 (m, 10. aromatic H), 8.51 (s, 1, NH); [a]23D -164° 
(0.4960 g/10 ml, dioxane).

Anal. Calcd for C15H14N0O: C, 75.60; H, 5.92; N. 11.76. Found: 
C, 75.67; H, 5.75; N, 11.83.

In a similar manner, (R)-3b was prepared from (/?)-l-(l'-phe- 
nyl-2'-hydroxyethyl)-3-phenylthiourea (mp 96-100°). Crude prod
uct was recrystallized from benzene and petroleum ether to give an 
analytical sample: mp 132.7-135.0°; i> (KBr) 1639 cm-1 (C=N ); 5 
(CDCI3) 3.07 (¿B), 3.39 (5a), 4.88 (5X) (ABX, J Ab = 10.5, JAX = 6.8, 
■Jr x  = 8.4 Hz, 3, ring H), 6.9-7.3 (m. 10, aromatic H), 8.23 (s, 1, 
NH); [a]2JD —224° (0.5080 g/10 ml, dioxane).

Anal. Calcd for C15H14N2S: C, 70.85; H, 5.55; N, 11.02. Found: C, 
70.90; H, 5.55; N, 11.11.

2-Anilino-5-phenyl-2-oxazoline (2a) and 2-Anilino-5-phe- 
nyl-2-thiazoline (2b). l-Phenyl-2-aminoethanol was prepared by

the LiAlH4 reduction of mandelic amide in THF according to the 
literature8, bp 107-114° (3 mm) [lit.8 bp 116-117° (2 mm)].

Reaction of phenyl isocyanate with the amino alcohol gave 1- 
(2'-hydroxy-2'-phenvlethyl)-3-phenylurea (4a), mp :84.0-185.0°, v 
(KBr) 1633 cm’ 1 (C = 0 ). Dehydration of 4a with PPA and the 
subsequent treatment as mentioned in the preparation of 3a gave 
2a in a quantitative yield. Recrystallization from benzene and pe
troleum ether gave a pure sample: mp 124.0-125.0°: v (KBr) 1642, 
1665 (C =N ), 3210, 3260 cm’ 1 (NH); 5 (CDCI3) 3.73 (5B), 4.17 (5A), 
5.50 (6X) (ABX, J ab = 11.6, J Ax = 8.9, J Bx = 7.7 Hz, 3, ring H), 
around 7.3 (m. 10. aromatic H), 8.10 (s, 1, NH).

Anal. Calcd for C15H14N2O: C, 75.60; H, 5.92; N 11.76. Found: 
C, 75.35; H, 5.91; N, 11.74.

Similarly. l-(2'-hydroxy-2'-phenylethyl)-3-phenvlthiourea (4b, 
mp 127-129°) was prepared from the same amino alcohol and phe
nyl isothiocyanate, and dehydrated to give 2b. Recrystallization 
from benzene and petroleum ether gave a sample melting at 113— 
116°; v (KBr) 1625 (C=N ), 3200. 3250 cm -' (NH); 5 (CDCI3) 3.77 
(5b), 3.99 (5a), 4.83 (5X) (ABX, J Ab = 11.2, J Ax = 6.9. J Bx = 8.0 
Hz, 3, ring H), 7.0-7.4 (m, 10, aromatic H), 7.97 (s, 1, NH).

Anal. Calcd for C^H h NsS: C, 70.85, H, 5.55; N, 11.02. Found: C, 
70.62; H, 5.48; N, 11.01.

Preparation of (S)-2-Anilino-5-phenyl-2-oxazoline [(S)- 
2a]. (S)-l-Phenyl-2-aminoethanol was prepared in the same way 
as mentioned in the preparation of (R,S)-amino alcohol starting 
from (S)-mandelic acid. Crude amino alcohol was recrystallized 
from ether and petroleum ether, mp 61-63° (lit.8 mp 61-62°),
[o]23n +44.8° (0.2088 g/10 ml, EtOH) [lit.8 [a]18D +44.6 ±  2.2° 
(0.206 g/10 ml, EtOH)|.

Reaction of the amino alcohol with phenyl isocyanate gave (S)- 
4a melting at 199.0-200.7°, v (KBr) 1631 cm" 1 (C = 0 ).

Anal. Calcd for Ci5H16N20 2: C, 70.29; H, 6.29; N, 10.93. Found: 
C, 70.55; H, 6.37; N, 10.84.

Compound (S)-4a had no appreciable optical rotation. Dehydra
tion of (S)-4a with PPA gave (R,S)-2a.

(S)- l-(2 ’-Hydroxy-2'-phenylethyl)-3-phenylthiourea [(S)-4b] 
was obtained by the reaction of the (S)-amino alcohol with phenyl 
isothiocyanate. Crude (S)-4b was recrystallized from benzene and 
petroleum ether to give a pure sample, mp 83-87°.

Anal. Calcd for CisHisNiOS: C. 66.16; H, 5.92: N, 10.29. Found: 
C, 66.54: H. 5.99; N, 10.32.

A mixture of 680 mg (2.5 mmol) of (S)-4b, 500 mg (2.5 mmol) of 
Cu(0Ac)2-H20, and 20 ml of EtOH was stirred at 50-55° for 3 hr. 
After the black precipitate of CuS was removed by centrifuge, the 
ethanolic solution was evaporated by rotary. The residue was dis
solved in benzene, and the benzene solution was extracted with 2 
N  HC1 three times. The aqueous layer was cooled and basified 
with NaOH, and was extracted with benzene. Drying the benzene 
solution with Na2S 04 and evaporation by rotary left a brown resi
due. The residue was dissolved in CHCI3, and the solution was 
quickly passed through a silicic acid column. Evaporation of the 
solvent and recrystallization of the residue from benzene and pe
troleum ether gave 105 mg (17%) of (S)-2a, mp 124.0-125.0°, 
H 30d +77° (0.2298 g/10 ml, dioxane). Another cyclization reaction 
gave a sample, [o]28D +84° (0.1062 g/10 ml, dioxane). The ir of 
(S)-2a in a KBr pellet was much different from that of (R,S)-2a, 
especially in the C = N  and NH regions: v (KBr) 1649, 1687 
(C =N ), 3110, 3175 cm-1 (NH). In CHCI3, their ir spectra were 
completely identical: w (CHCI3) 1673 cm-1 (C=N ).

Anal. Calcd for Ci5H,4N20: C, 75.60; H, 5.92; N, 11.76. Found: 
C, 75.75, 75.71; H, 5.95, 5.95; N, 11.48, 11.51.

Dehydration of (S)-4b with PPA gave (R,S)-2b.
Isomerization Reaction of (i?)-la with p-Toluenesulfonic 

Acid. A solution of 1.0 g (5.9 mmol) of p-TosOH in 10 ml of ben
zene was stirred in a 100-ml three-necked flask with an addition 
funnel, a reflux condenser, and a stirrer, and the solution was heat
ed to reflux. To the solution was added a solution of 1.27 g (5.1 
mmol) of (ft)-la in 10 ml of benzene dropwise ir 5 min, and the 
mixture was refluxed for 1 hr with stirring. After cooling, the ben
zene solution was washed with 2 N  NaOH and then with water, 
and dried with Na2S04. Evaporation of the solvent by rotary left
1.1 g (87%) of white residue. The NMR spectrum of the residue 
was completely identical with that of 2a, and no race of la or 3a 
was detected.

The crude product was dissolved in 2 N  H2S 0 4, and the acidic 
solution was cooled and basified with NaOH. Extraction of the 
aqueous suspension with benzene and concentration of the ben
zene solution gave white crystals. After drying, the optical rotation 
of the crystalline product was measured.

Other isomerization reactions were carried out and the products
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were treated in much the same manner. In the case of the reaction 
of lb with BFs-OEt), the crude reaction product was mostly poly
meric, though it had peaks of 2b in the NMR spectrum. Extraction 
of the crude product with 2 N  H2SO4, treatment of the acidic solu
tion with NaOH, and the subsequent extraction of the alkaline 
suspension with benzene gave crystalline 2b in 9% yield on evapo
ration of the solvent. The ir spectrum (KBr pellet) of 2b thus ob
tained was different from that of (E,S)-2b especially in the NH re
gions: 1/ 'KBr) 3090 cm-1 (NH). However, the C = N  regions were 
almost the same: v (KBr) 1624 cm-1 (C =N ).

Reaction of la with p-Nitrobenzoic Acid. A solution of 476 
mg (2 mmol) of (i?)-la and 368 mg (2.2 mmol) of p-nitrobenzoic 
acid in 10 ml of benzene was refluxed for 8 hr. After cooling, crys
tals were collected on a filter and the filtrate was concentrated to 
give an additional crop. The crude product was dissolved in ethyl 
acetate, and the solution was washed with IN  NaOH and water 
and dried with Na2S04. Evaporation of the solvent gave 90 mg 
(12%) of 5 melting at 175-180°, [a]22D +12.4° (0.1770 g/10 ml, 
THF). Recystallization of the crude product from CHCl3-petrole- 
um ether gave a sample: mp 181.0-183.0°; v (KBr) 1631 (urea 
C = 0 ), 1727 (ester C = 0 ), 3350 cm-1 (NH); 5 (in a 1:1 mixture of 
CDCl3-M e2SO-d6) 3.77 (dd, 2, CH2), 6.10 (t, 1, CH), 6.27 (d, 1, 
NH), 6.7-7.7 (m, 10, aromatic H), 7.7 (s, 1, NH), 8.23 (s, 4, aromat
ic H).

Anal. Caled for C22H19N305: C, 65.18; H, 4.72; N, 10.37. Found: 
C, 65.48; H, 4.74; N, 10.60.

When the addition product 5 (20 mg) was treated with a solution 
of KOH (30 mg) in aqueous ethanol (2 ml) at room temperature, 
(S)-4a was obtained, mp 199-201°. [As mentioned before, authen
tic (S)-4a melts at 199.0-200.7°, and (fi,Sl-4a at 184.0-185.0°.] 
The mixture melting point with authentic (S)-4a was 199-201°.

An authentic sample of (S)-5 was prepared by refluxing a solu
tion of (S)-4a (1 mmol), p-nitrobenzoyl chloride (2 mmol), and 
Et3N (2 mmol) in 10 ml of THF for 4 hr. Recrystallization of the 
crude product from CHCla-petroleum ether gave a sample, mp 
182-183°, [a ]22D +11.9° (0.0505 g/10 ml, THF).

The above obtained addition product 5 was found to be identical 
with (S)-5 in all respects.

Polymerization of (R)-lb, and the Reaction of the Polymer 
with p-TosOH. A solution of 635 mg (2.5 mmol) of (ff)-lb and 4 
mg of BFrOEto in 10 ml of benzene was kept at 5° for 1 week. The 
solution was washed with 1 N  NaOH and water and dried 
(Na2SO(i. Evaporation of the solvent left a pale yellow residue. 
The residue was dissolved in a small amount of benzene, and the 
solution was poured into a large volume of ether to give white pre
cipitate, which was filtered and dried. The polymer weighed 313 
mg (50%), melted at about 145°, and had an absorption at 1610 
cm-1 (presumably C = N ) in the ir (KBr pellet). The viscosity in 
benzene solution (c 1 g/100 ml) was determined at 30°.

Anal. Calcd for (Ci5H 14N2S)n: C, 70.85; H, 5.55; N, 11.02; S, 
12.58. Found: C, 70 99; H, 5.56; N, 10.83; S, 12.60.

The polymer (254 mg) and p-TosOH (189 mg) were dissolved in 
5 ml of benzene, and the solution was refluxed for 2 hr. The solu
tion was washed with 2 N  NaOH and water, dried (NaoSCD, and 
evaporated to give 140 mg (55%) of crystalline 2b, |«]22D +101°.
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The reaction of nitriles with thionyl chloride in the presence of hydrogen chloride was investigated. The elec
trophilic attack of thionyl chloride occurred at the a carbon of nitriles rather than the nitrogen atom to give vari
ous products. 2-Methylpropionitrile and 2-methylbutyronitrile gave «-cyano-o-methylethane- and a-cyano-a- 
methylbutanesulfinyl chloride in 48 and 11% yield, respectively. a-Chlorophenylacetonitrile and 2-phenylpro- 
pionitrile gave the corresponding succinonitrile derivatives. On the other hand, some nitriles with two a hydro
gens gave a-chloro-a-cyanoalkanesulfenyl cnlorides in 4-44% yield. Phenylacetonitrile gave also trans-phenyl cy
anosulfine in 5% yield when a smaller amount of hydrogen chloride was used. It was confirmed by H-D exchange 
experiment that nitriles were in equilibrium with a-chloroenamines under the reaction conditions. The reaction 
mechanisms were also discussed.

Reactions of nitriles with electrophiles in the presence of 
hydrogen chloride are generally initiated by the nitrogen 
attack of the electrophiles,1 and there seem to be few exam
ples which involve initial electrophilic attack at the a car-

Table I
Sulfinyl Chlorides 2a,b“ and Sulfenyl Chlorides 7a-d

Yield (recovery

bon atom. Compd of nitriles** ), % Bp, °C (mm) NMR [CCI4), 6, ppm

In this paper we wish to report the reaction of nitriles
with thionyl chloride in the presence of hydrogen chloride 2a 50(37) 82-83(4) 1.80 ( s . l  H),
to give a-cyanosulfinyl and a-cyanosulfenyl chlorides and 1.75 (s, 1 H)
phenyl cyanosulfine via a carbon attack by thienyl chlo- 2b 12(76) 73(3) 1.25 (t, 3 H)4
ride. 1.70 vs) and 1.75

Results (s) (total 3 H),
1 .8 -2 .3  (m, 2 H)

Reaction of Nitriles Possessing one a  Hydrogen. 7a 44(3) 94.5-95.5(0.7) 7 .3 -7 .9  (m)
When 2-methylpropionitrile (la) was allowed to react with 7bc 17(19) 116-116.5 (0.8) 7 .4 -7 .9  (m)
thionyl chloride (3 equiv) in the presence of an excess of 7c 23(62) 45(5) 2.30 ;s )
hydrogen chloride (ca. 6 equiv) at 0° for 7 days using di- 7d 4(80) 45—46(2) 1.35 (t, 3 H),4
ethyl ether as a solvent, a-cyano-a-methylethanesulfinyl 2.10-2.65 (m,
chloride (2a) was obtained in 50% yield (based cn the ni- 2 H)
trile), and 37% of the starting nitrile was recovered. “ All the sulfinyl chlorides 2a-c showed a S = 0  stretching band

R-
T’HCN +  SOCI,

la-c

HCl.in ether 

0°. 7 days
R-

Y X N  (1)

SC

at 1165 cm "1. 6 Recovery of the starting nitriles was determined by 
NMR for 7a and 7b and by GLC for the others. c Mp 47-48°. d J  = 
6.8 Hz. Satisfactory analytical values (±0.3% for C, H, and N) 
were reported for all compounds in Table. Ed.

0
2 a -c

a, R1 =  R2 =  CH;,
b , R1 =  CH:l;R 2 =  CH,1CH2
c, R 1 =  R2 =  CH3CH2

The sulfinyl chloride was identified on the basis of its ir 
and NM R spectra and elemental analyses (Table I). The ir 
spectrum showed, in addition to a C = N  stretching band at 
2230 cm-1 , a strong S = 0  stretching band at 1165 cm-1  
characteristic of sulfinyl chlorides.2 The N M R  spectrum 
(CCI4 ) showed two peaks at 8 1.80 and 1.75 with an area 
ratio of 1:1; the magnetic nonequivalence of the two methyl 
groups may be attributed to asymmetry at the sulfinyl sul
fur.3

The structure of 2a  was further confirmed by can verting 
it into sulfinate ester 3 according to the method of Doug
lass.4

The NM R spectrum of 3 measured in CCI4 showed one 
singlet at 5 1.50 due to the two methyl groups attached to

* To whom all correspondence should be addressed: Dainippon Ink & 
Chemicals, Inc., Synthetic Resin Technical Research Laboratory, 3, 1 
Chome, Takasago, Takaishi, Osaka, Japan.

2a
CH„OH

CH:1

CH;!
:c— cn

1
SOCR,

0
3

the a carbon atom. In benzene, however, two singlets were 
observed at 6 0.95 and 1.10 due to the magnetically non
equivalent two methyl groups.3 The solvent effect is ex
plained in terms of the anisotropy as in the case of methyl 
2-propanesulfinate.5

The reaction was extended to some other nitriles with 
one a hydrogen in order to determine the scope and limita
tions as a route to sulfinyl chlorides. 2-Methylbutyronitrile 
(lb) and 2-ethylbutyronitrile (lc) gave the corresponding 
sulfinyl chlorides 2b and 2c in low yields (12% and trace, 
respectively) and most of the starting nitriles were recov
ered6 (Table I). 2-Chloromethylpropionitrile (Id), however, 
did not afford the expected sulfinyl chloride and 78% of the 
starting nitrile was recovered. 2-Phenylpropionitrile (le) 
gave, instead of the expected sulfinyl chloride, 2,3-di- 
methyl-2,3-diphenylsuccinonitrile (4e) in 16% yield (recov-
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CfiH,CHCN +  SOC1, -S2* QH,— C— C— C„H, (2)

le f  CN
4e. f

e. X =  CHi
f. X =  Cl

ery of le 75%) (eq 2). The nitrile 4e was found to be a mix
ture of meso and dl isomers (ratio 79:7) by N M R .7 a-Chlo- 
rophenylacetonitrile (If) gave only nitrile-hydrogen chlo
ride adduct 58 in 40% yield under the same reaction condi
tions (recovery of If 27%). On the other hand, the reaction 
of If at 50° in chlorobenzene afforded a 5% yield of 2,3-di- 
chloro-2,3-diphenylsuccinonitrile (4f) together with a 27% 
yield of 5 (recovery of If 43%). In this case, the diastereom- 
er ratio was not determined.

In view of the above results, the sulfinyl chloride forma
tion is limited to secondary cyanides bearing only alkyl 
substituents.

C A Ç H -
li

HNV

.NH,
c r

C = C — CSH-,
I I

Cl Cl
o

Reactions of Nitriles with Two a Hydrogens. When 
phenylacetonitrile (6a) was allowed to react with thionyl 
chloride in the presence of hydrogen chloride under the 
same conditions as described in the previous section, a- 
chloro-a-cyanophenylmethanesulfenyl chloride (7a) was 
obtained in 44% yield together with low yields of succinoni- 
trile derivative 4f, «.«-dichlorophenvlacetonitrile (8 ), 
trans-a,/5-dicyanostilbene (9), and benzoyl cyanide (10) 
(recovery of 6a 3%) (eq 3).

C„H5CH2CN +  SOCI, 
6a

Cl

HC1

C„H,— CCN +  C„H,CC1,CN +
I 8 "
S— Cl 

7a
0

C6H5 CN
> = C ^  +  GftCCN +  4f (3)

N r  CeH5 10
9

Sulfenyl chloride 7a was isolated by fractional distilla
tion, and identified by its ir and NM R spectra and elemen
tal analyses. The ir spectrum showed a C = N  and two S-Cl 
bands at 2240, 528, and 498 cm-1 , respectively. The NM R  
spectrum exhibited no peaks other than aromatic proton 
signals.

The sulfenyl chloride is thermally unstable and it was 
readily pyrolyzed at 145-150° under nitrogen to give a mix
ture of 4f (39%), 8 (39%), 9 (4%), and sulfur; this transfor
mation also supports the sulfinyl chloride structure.

Products 8-10 were characterized by spectral and ele
mental analyses or by comparison with authentic samples 
(see Experimental Section).

In order to determine the scope and limitations of the re
action, the reaction of some other nitriles with two a hydro
gens were also carried out under the same reaction condi
tions. p-Chlorophenylacetonitrile (6b), propionitrile (6c),

and n-butyronitrile (6d) afforded the corresponding sulfen
yl chlorides 7b-d in 17, 23, and 4% yield, respectively (eq 4) 
(Table I).

RCH,CN
SOCI,, HCl

6b-d

Cl
I

RCCN
I
S— Cl 
7b-d

b. R = p-(iC„H,
c. R =  CH,
d. R =  CH CH

(4)

Although the reaction of 6b yielded a fair amount of by
products, they were not characterized. In the case of 6c and 
6d, only a small amount of tar was produced as a by-prod
uct and fair amounts of the starting nitriles were recovered 
(Table I).

Chloroacetonitrile (6e), 3-chloropropionitrile (6f), 3- 
phenylpropionitrile (6g), and ethyl cyanoacetate (6h) 
failed to give the corresponding sulfenyl chlorides. Nitrile 
6e gave a nitrile-hydrogen chloride 2:3 adduct8 in 71% 
yield. The reactions of both 6f and 6g resulted in a 70% re
covery of the starting nitriles. Nitrile 6h afforded only an 
intractable tar (recovery of 6h 23%).

Thus, the sulfenyl chloride formation is limited to 
phenylacetonitriles and unsubstituted primary alkyl cya
nides.

Formation of Phenyl Cyanosulfine. It is of much in
terest that a new type of sulfine, i.e., phenyl cyanosulfine 
(thiobenzoyl cyanide N-oxide, 11), was obtained in 5% yield 
together with trans-a,/S-dicyanostilbene (9, 7%) and sulfen
yl chloride 7a from the reaction of phenylacetonitrile (6a) 
with thionyl chloride (3 equiv) in the presence of a smaller 
amount of hydrogen chloride (3 equiv) at 0° for 3 days (eq
5); the recovery of the starting nitrile was 56%.

6a +  SOCf  *- C„H, C CN +  7a +  9 (5 1
11

The reaction in the presence of 6 equiv of hydrogen chlo
ride for both 3 and 6 days also yielded a trace amount of 11, 
the formation of which was confirmed by ir analyses of the 
reaction mixtures.

The structures of the sulfine was established by spectral 
and elemental analyses, and by its disproportionation reac
tion. The ir spectrum exhibited, in addition to the absorp
tion at 767 and 682 cm-1 due to the monosubstituted ben
zene, two C = N  bands at 2215 and 2205 cm-1 , and 
C = S = 0  bands at 1140 and 998 cm“ 1.9'10 The mass spec
trum showed the molecular ion peak at m/e 163 and the 
deoxygenated peak at m/e 147, and the NM R spectrum 
(CDCI3) showed aromatic proton signals at ô 7 .3 -7 .8 (m) 
and 8.1-8.4 (m) with relative areas of 3:2. In addition, by 
analogy to the behavior of some sulfines,911 sulfine 11 de
composed gradually on heating with evolution of sulfur 
dioxide to give trans-a ,jS-dicyanostilbene (9). Thus, when a 
benzene solution of 11 was heated under reflux for 12 hr, a 
54% yield of 9 was obtained together with benzoyl cyanide
(10) (trace) and sulfur (recovery of the starting material 
7%) (eq 6).

H ren-ux" ben̂  9 +  10 +  SO, +  S (6 )
12 hr

In view of the thermal instability of sulfine 11, trans- 
a,/S-dicyanostilber.e (9) in eq 5 must be formed through the 
decomposition of 11 during work-up.
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If two substituents are different, it is possible for sulfines 
to exist in two geometrical isomers.12 In the present case, 
cyanosulfine 11 probably has the trans configuration, i.e., 
the oxygen is trans to the cyano group, in view cf the close 
resemblance of chemical shifts and patterns of its NM R  
signals to those of irons-phenyl chlorosulfine (12).10'12

0 «

C6H — C— Cl 
12

H -D  Exchange of the a Hydrogens of Nitriles in the 
Presence of Deuterium Chloride. Simchen and Kramer 
postulated that nitriles with at least one a hydrogen atom 
were in equilibrium with a-chloroenamine 15 in the pres
ence of hydrogen chloride as shown in eq 7.13

R‘

R2
; c h c n

R1.

R -'

+HC1 

—HC1

R‘v

R-2̂
CH C=N H

13
Cl cr

-HCl

T hcT

"-HCl

R’\  ^ c i  
: c = ( X ^

R2̂
H 15

14

(7)
NH,

Their postulation is based on the observation that a deu
teriums of nitriles are replaced by hydrogens in the pres
ence of hydrogen chloride.13

Since also in the present reactions the a-chloroenamine 
seemed to play an important role, the H -D  exchange reac
tion of a hydrogens of nitriles was investigated to obtain 
mechanistic information.

Nitriles were treated with 3 equiv (for nitriles with one a 
hydrogen) or 6 equiv (for nitriles with two a hydrogens) of 
deuterium chloride in diethyl ether at 0° for 4 days. The 
degree of deuterium exchange was determined by NMR. 
Results are shown in Table II. It is obvious from the table 
that most nitriles examined except for lc  are in equilibri
um with the corresponding a-chloroenamine 15 under the 
reaction conditions.

Table II
H-D Exchange of a  Hydrogens of Nitriles 

Nitrile R1(R2)CHCN

Compd
%

2
R deutération

la c h 3 c h 3 45
lb c h 3 c h 3c h 2 If.
l c c h 3c h 2 c h 3c h 2 0
Id c h 3 c i c h 2 82
le C gH5 c h 3 76
6a c 6h 5 H 85
6c c h 3 H 8C
6f c i c h 2 H 86

Whereas almost maximum deutérations (80-£5%) were 
obtained for nitriles with two a hydrogens independent of 
the a substituents, deutérations of secondary cyanides var
ied significantly, depending on the nature of the a substitu
ents.

For secondary alkyl cyanides, the extent of deuteration 
decreased dramatically on going from la to lc , and this

order is consistent with the order of the decrease in yields 
of the sulfinyl chlorides 2a -c . However, it was difficult to 
generally correlate the deutérations with product yields.

Discussion

Since the nitriles failed to react with thionyl chloride in 
the absence of hydrogen chloride, it is evident that hydro
gen chloride plays a very important role in the present re
actions. In other words, activated species derived from the 
reaction of nitriles with hydrogen chloride, i.e., nitrile-hy
drogen chloride adducts 13-15, take part in the reaction. 
Among them, a-chloroenamine 15 seems to be the most 
plausible species that is subjected to the electrophilic at
tack by thionyl chloride in view of the fact that the de
crease in the yield of sulfinyl chlorides 2a -c  is in line with 
the decrease in percent deuteration of the starting nitriles 
la -c . Nitriles Id and If, however, failed to give the corre
sponding sulfinyl or sulfenyl chloride in spite of their high 
percent deuteration. This may be ascribed to low nucleo- 
philicity of the 0 carbon of the corresponding a-chloro- 
enamine 15 as a result of substitution of a chlorine atom on 
the adjacent saturated carbon atom.

The above speculation that a-chloroenamine 15 is at
tacked rather than 13 and 14 is reasonable in view of the 
resemblance of the present reactions to acid-catalyzed ha
logénation of ketones14 and a-chlorosulfenylation of car
boxylic acid chlorides and ketones,15’16 in which enols (oxy
gen analogs of enamines) rather than ketones or acid chlo
rides themselves are subjected to the electrophilic attack.

The most plausible routes of the present reactions are 
depicted in Scheme I.

Scheme I

R' NH,
J ^ c = c ^ '  +  S0C1,

R- Cl

A

15
+

^NH, Cl R1.-2HC1

Ï N»
SCI
II
0

Rr

16

Cl
I

R1— CCN
I
SCI

X — CN 

SCI
II
0
2

R' = C6Hs; 
R '-H

s
c 6h ,c cn

11

R' -  C A ; 
s R! -  Cl or CHj

4e. f

The reaction probably proceeds by the initial electrophi
lic attack of thionyl chloride at the 0 carbon of a-chloro
enamine 15 to produce iminium salt 16, followed by elimi
nation of hydrogen chloride to give sulfinyl chloride 2 as 
the final product for nitriles la -c  or as the intermediate for 
nitriles 6a-d. The succinonitrile derivatives 4e and 4f 
might also be produced via 2. In the case of nitriles with 
two a hydrogens, the initially formed sulfinyl chloride fur
ther reacts with thionyl chloride to give the sulfenyl chlo
ride 7 possibly via the Pummerer type reaction proposed 
by Krubsack et al. for the chlorosulfinylation of acid chlo
rides and ketones by thionyl chloride.15,16

In the case of phenylacetonitrile, phenyl cyanosulfine
(11) is also produced, the yield of which is very low as a re
sult of suppression of dehydrochlorination from sulfinyl
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chloride 2 (R ! = CeH5; R 2 = H) when a large excess (6 
equiv) o f hydrogen chloride is used.

At a glance, sulfine 11 seems to be in equilibrium with 
sulfinyl chloride 2 (R 1 = C^Hs; R 2 = H). I f that is the case, 
sulfenyl chloride 7a would be produced also from sulfine
11. However, treatment o f  11 with thionyl chloride in the 
presence o f  hydrogen chloride resulted in the almost quan
titative recovery o f the starting material. Thus, the sulfine 
is not in equilibrium with the sulfinyl chloride; this is con 
sistent with the result o f  Strating et al.17

The present reaction is o f  synthetic use since sulfenyl or 
sulfinyl group is introduced into nitriles by one process 
under mild conditions.

Experimental Section18

General Procedure. Anhydrous HC1 (ca. 11 g, 0.30 mol) was 
dissolved into a solution of a nitrile (0.05 mol) in anhydrous ether 
(30 ml) in a 115-ml glass tube under ice coding, followed by addi
tion of thionyl chloride (17.85 g, 0.15 mol). After sealing the tube, 
the mixture was allowed to stand at 0° for 7 days. After the gas
eous products were purged, the solvent and other volatile materials 
were removed under reduced pressure (ca. 2 0  mm) at room tem
perature, then the resulting liquid was fractionally distilled to give 
a sulfinyl chloride or sulfenyl chloride. The distillation residue was 
chromatographed on either alumina or silica gel to give crystalline 
products.

In the case of a-chlorophenylacetonitrile (If) and chloroacetoni- 
trile (Ge), the corresponding nitrile-hydrogen chloride adducts 
precipitated in the reaction mixture.

Sulfinate Ester 3. To a solution of 2a (3.03 g, 0.02 mol) in anhy
drous ether (10 ml) was added 1.0 g (0.031 mol) of methanol at 
—30° and the mixture was stirred for 30 min. After removal of the 
solvent, the resulting liquid was distilled under reduced pressure 
to give 2.53 g (8 6 %) of 3 (colorless liquid): bp 88-89° (5 mm); ir 
(liquid film) 2230, 1460, 1160, 980, and 730 cm"1; NMR (CC14) 6  

1.50 (s, 6  H) and 3.85 (s, 3 H); NMR (C6 H6) 6 0.95 (s, 3 H), 1.1 (s, 3 
H), and 3.25 (s, 3 H).

Anal. Calcd for C5 H9 N02 S: C, 40.80; H, 6.16; N, 9.52. Found: C, 
40.76; H, 6.34; N, 9.95.

Reaction of 2-Phenylpropionitrile (le). According to the gen
eral procedure, le (6.55 g, 0.05 mol) was allowed to react with 
thionyl chloride. The liquid, obtained after removal of the volatile 
material, was distilled under reduced pressure to give 4.92 g (75%) 
of the starting nitrile. The distillation residue was chromato
graphed on alumina. Elution with CC14 gave 1.07 g (16%) of a mix
ture of meso- and d/-2,3-dimethyl-2,3-diphenylsuccinonitrile (4e), 
which was recrystallized from benzene to give colorless prisms: mp 
234-235°; ir (KBr) 2230, 1500, 1450, 1230, 1805, 790, 745, and 695 
cm-1; NMR (CDCI3 ) d 1.80 (s, CH3 of meso isomer) and 2.08 (s, 
CH3 of dl isomer) 7 (area ratio 79:7); mass spectrum (70 eV) m/e 
(rel intensity) 260 (M+), 130 (100, M+/2), 103 (50), and 77 (30).

Anal. Calcd for CiaHifjN2: C, 83.05; H, 6.20; N, 10.76. Found: C, 
83.04; H, 6.26; N, 10.99.

Reaction of a-Chlorophenylacetonitrile (If) at 50° in Chlo
robenzene. Anhydrous HC1 10.80 g, 0.022 mol) was dissolved into 
If (4.5c g, 0.03 mol) in a 80-ml Pyrex tube, and then a mixture of 
thionyl chloride (10.7 g, 0.09 mol) and chlorobenzene ( 6  ml) was 
added. After sealing the tube, the mixture was heated at 50° for 2 
days or. an oil bath. The precipitates formed were filtered, washed 
with a small portion of ether, and dried .n vacuo to give 1.53 g 
(27%) cf 5, which was identified by comparison with an authentic 
sample 8 The filtrate was concentrated and distilled under reduced 
pressure to give 1.94 g (43%) of If. The distillation residue was 
chromatographed on silica gel. Petroleum ether-benzene (4:1 v/v) 
eluted 0.4 g (5%) of 2,3-dichloro-2,3-diphenylsuccinonitrile (4f), 
which was recrystallized from benzene to give colorless prisms: mp 
188-189°; ir (KBr) 1495, 1445, 1180, 1000. 845, 795, 725, and 690 
cm-1; NMR (CDCI3 ) 5 7.1-7.8 (m); mass spectrum (70 eV) m/e (rel 
intensity) 300 (M+), 265 (M+ -  Cl), 230 (100, M+ -  2C1), 215 (32), 
203, and 150(60, M+/2).

Anal. Calcd for C,6 HlnN2 Cl2: C, 63.81; H, 3.35; N, 9.30; Cl. 23.54. 
Found: C, 63.88; H, 3.15; N, 9.62; Cl, 23.82.

Reaction of Phenylacetonitrile (Ga) in the Presence of 6 
Equiv of HC1. Phenylacetonitrile (Ga, 5.85 g, 0.05 mol) was al
lowed to react according to the general procedure. The liquid ob
tained after removal of the volatile materials was fractionally dis
tilled to give 2.53 g of a forerun and 4.85 g (44%) of «-chloro-a-cya- 
nophenylmethanesulfenyl chloride (7a, a yellow liquid). The for

erun was a mixture of 6a, 7a, 8 , and 10. Nitriles 8  (ir 1500, 1457, 
1200, 1022, 870, 797, 727, and 6 8 8  cm“ 1) and 10 (ir 2320 and 1690 
cm-1) were identified by comparison of the GLC retention time 
and ir spectrum with those of authentic samples. 1 9 -2 0  The distilla
tion residue was chromatographed on silica gel. Sulfur (0.05 g),
2,3-dichloro-2,3-diphenylsuccinonitrile (4f, 0.32 g, 4%), and a trace 
amount of a,fl-dicyanostilbene (9) were eluted with petroleum 
ether-benzene (4:1 v/v) and petroleum ether-benzene (1:1 v/v), re
spectively. Dicyanostilbene 9 was recrystallized from EtOH to give 
colorless needles: mp 160-162°; ir (KBr) 2200 (C=N), 1495, 1250, 
755, and 690 cm-1. The mixture melting point of 9 and an authen
tic sample21 showed no depression.

Pyrolysis of 7a. Sulfenyl chloride 7a (8.72 g, 0.04 mol) was 
placed in a 15-ml two-necked flask equipped with a gas inlet tube 
and a gas outlet tube and it was heated on an oil bath at 145-150° 
for 3 hr. A continuous stream of nitrogen was passed through the 
reaction mixture during the pyrolysis. The precipitates formed 
were filtered, washed with a small portion of ether, and dried in 
vacuo to give a mixture of sulfur, 4f, and 9. The filtrate was dis
tilled under reduced pressure to give 2.88 g (3$%) of 8 , bp 82.5-8E° 
(3.5 mm). The mixture obtained by filtration and the distillation 
residue were combined and chromatographed on silica gel. Sulfur 
(0.5 g), 4f (2.36 g, £9%), and 9 (0.17 g, 4%) were eluted with petrole
um ether, petroleum ether-benzene (9:1 v/v), and petroleum ether- 
benzene (1 : 1  v/v), respectively.

Reaction of Phenylacetonitrile (6a) with Thionyl Chloride 
in the Presence of 3 Equiv of HC1. A solution of 6a (5.85 g, 0.05 
mol) in 30 ml of anhydrous ether was placed in a 115-ml glass tube, 
then anhydrous HC1 (5.6 g, 0.15 mol) was dissolved into the solu
tion, followed by the addition of thionyl chloride (17.85 g, 0.15 
mol). After sealing the tube, the mixture was allowed to stand at 0° 
for 3 days. After removal of the volatile materials, the residual oil 
was distilled under reduced pressure to give two fractions, the first
3.45 g (55-85°, 0.1 mm) and the second 1.60 g (85-95°, 0.1 mm). 
The second fraction partially solidified when it was left standing at 
room temperature. The solid that formed was filtered, washed 
with a small portion of n-hexane, and dried in vacuo to yield 0.5 g 
(6 %) of frans-phenyl cyanosulfine ( 11, a yellow powder), which 
was recrystallized from n-hexane-CCL) (10:3 v/v) to give fine yel
low needles: mp 69.5-70°; ir (Nujol) 2 2  2215, 2205, 1592, 1583, 1445, 
1283, 1190, 1140, 1110, 1604, 998, 767, and 682 cm“ 1; NMR 
(CDCln) 6 7.3-7. 8  (m, 3 H) and 8.1-8.4 (m, 2 H); mass spectrum (̂ O 
eV) m/e (rel intensity) 163 (100, M+), 147 (38, M+ — 0), 135 (42), 
and 115 (30); Xmax (CH3 CN) 2 3 (log e) 227 (3.78), 273 (3.43), and 341 
nm (4.07).

Anal. Calcd for C8 HsNOS: C, 58.80; H, 3.09; N. 8.58; S, 19.65. 
Found: C, 58.64; H, 2.99; N, 8.52; S, 19.27.

The filtrate of the second fraction and the first fraction were 
combined, and percent recovery of the starting nitrile was deter
mined by NMR to be 56%.

Pyrolysis of frans-Phenyl Cyanosulfine (11). A solution of 
sulfine 11 (335 mg, 2.1 mmol) in 2 ml of benzene was heated under 
reflux for 12 hr on an oil bath (bath temperature 110-120°). The 
solvent was removed under reduced pressure (ca. 2 0  mm) at room 
temperature and the residue was chromatographed on silica gel. 
Elution with petroleum ether gave 25 mg of sulfur, and further elu
tion with petroleum ether-benzene (2 : 1  v/v) gave a trace amount 
of benzoyl cyanide (10), 23 mg (7%) of irans-phenyl cyanosulfine
(11), and 128 mg (54%) of trans-a,d-dicyanostilbene (9). succes
sively.

H-D Exchange of a Hydrogens of Nitriles. DC1 was prepared 
by dropping D2S04 (96-98%) into a mixture of dried NaCl and DC1 
solution (20%) in E)20 and it was dried by passing through a P2 Or, 
column. DC1 was dissolved into diethyl ether and two DCl-ether 
solutions of different concentration, solution A (3.04 mmol DC1/ 
ml) and solution B (5.60 mmol DCl/ml), were prepared. Solutions 
A and B were used for nitriles with one a hydrogen and for these 
with two a hydrogens, respectively. A mixture of a nitrile (10 
mmol) and 10 ml of the DCl-ether solution in a 20-ml sealed glass 
tube was allowed to stand at 0° for 4 days. After removal of the 
solvent, the residual liquid was distilled at ordinally or reduced 
pressure to give a mixture of undeuterated and deuterated nitriles. 
The percent deuteration was determined by NMR analysis of the 
mixture. 2 4

Registry No.— la, 78-82-0; lb, 18936-17-9; le, 1823-91-2; If, 
22259-83-2; 2a, 56630-18-3; 2b, 56630-19-4; 3, 56630-20-7; meso-4e, 
16510-37-5; dl-ie, 16510-36-4; 4f, 52819-60-0; Ga, 140-29-4; Gb, 
140-53-4; 6c, 107-12-0; Gd, 107-74-0; 7a, 56630-21-8; 7b, 56630-22- 
9; 7c, 56630-23-0: 7d, 56630-24-1; 8, 40626-45-7; 9, 2450-55-7; .0,
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613-90-1; 11, 56630-25-2; thionyl chloride, 7719-09-7; methanol,
67-56-1.
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A critical evaluation using high-pressure liquid chromatography is made of three purification techniques for the 
neutral precursors of the highly conducting organic charge-transfer salt TTF-TCNQ (1 ). The purification tech
niques examined are (a) recrystallization, (b) sublimation, and (c) gradient sublimation. It is demonstrated that 
for the compounds studied gradient sublimation offers no significant advantage over more conventional sublima
tion techniques, and in fact is less efficient than simpler methods. Direct current conductivity data for crystals 
obtained from TTF° and TCNQ0  of the varying purity are also presented. Only in extremely dirty samples do we 
see any significant change in electrical conductivity. We conclude that for impurity concentrations likely to be 
achieved routinely in most laboratories, crystal perfection rather than chemical purity chiefly determines the 
sample-dependent conductivity of TTF-TCNQ.

The best organic conductors o f  electricity known are the 
charge-transfer salt T T F -T C N Q  (tetrathiafulvalinium 
tetracyanoquinodim ethanide, 1), first prepared in these

1

laboratories,2-8 and several o f  its derivatives9 and ana
logs.10'11 T h e chain-like structures5 o f these materials lead 
to conductivities which are highly anisotropic, but metallic 
in magnitude along the chain axis. Since the propagation o f 
conduction  electrons is thus restricted effectively tc one d i
mension, it is natural to  expect chem ical impurities and 
lattice defects to influence transport more profoundly here 
than in conventional three-dimensional metals.

Interest in the problem  o f purification has sharpened 
with the observation2’12-14 that the conductivity c f  T T F - 
T C N Q  is strongly sample dependent. Although it now ap
pears that early reports12 o f truly giant conductivities in 
occasional crystals were overstated,15-17 the variation 
am ong specimens is still large enough that the intrinsic 
conductivity o f  T T F -T C N Q  remains in some doub--. Com 
pounding the uncertainty are claims by at least one labora
tory 12'15'18 o f extreme chem ical purity, based solely upon

accounts o f  the methods o f purification and care em ployed 
in synthesis.

Toward a resolution o f  these questions, we have under
taken to evaluate the methods currently used by various 
laboratories for purification o f the neutral molecules T T F ° 
and T C N Q 0. Using newly available techniques o f  high- 
pressure gel permeation chromatography, we obtain sepa
rations o f  4000-5000 theoretical plates, and by differential 
ultraviolet detection we are able to m onitor im purity con 
centrations as low as 1 ppm. W e find that conventional 
techniques o f recrystallization and sublimation are su ffi
cient to reduce im purity levels in T T F ° below  the sensitivi
ty o f  our instruments. T he same is true o f T C N Q 0 except 
for a tendency to  com plex weakly with acetonitrile. 
T he acetonitrile is removed upon form ation o f the T T F - 
T C N Q  salt. T he gradient sublimation technique intro
duced by M cGhie et al.18 offers no im provem ent for T T F ° 
or T C N Q 0. T he conductivities o f  T T F -T C N Q  crystals o f 
maximum purity are the same as reported previously,2’14’15 
and not significantly different from  those o f  deliberately 
contam inated samples. The latter, however, appear more 
susceptible to inhom ogeneous current distributions which 
give rise to spurious giant apparent conductivities.15’16 W e 
conclude that m ost o f  the variation in conductivity among 
samples o f  T T F -T C N Q  is due to lattice im perfections rath
er than chemical purity.
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Results and Discussion

Three methods o f  purification were examined in this 
study: (a) recrystallization in an inert atmosphere using 
dry, purified solvents, (b) nonfractionating sublimation 
onto T eflon ,19 and (c) fractionating, or gradient sublim a
tion onto Teflon.

A critical evaluation o f  these techniques was accom 
plished by the use o f  high-pressure liquid chrom atogra
phy20 (H PLC). Through the use o f  a differential uv detec
tor operated at 254 nm, this m ethod allowed detection o f as 
little as 1 0 '9 g, depending on the absorbtivity o f  the sam 
ple. Tne use o f  ^-styragel21 gel-perm eation22 columns, 
which are capable o f  separating molecules o f  moderate m o
lecular weights on the basis o f  effective size (including sol
vation sphere), gave chromatographs o f  both T T F ° and 
T C N Q '1 which dem onstrated the presence o f  characteristic 
impurities. In addition, these colum ns avoided the difficu l
ties encountered when more conventional colum ns were 
used. For example, in the case o f  T T F °, “ normal phase”  
(i.e., liqu id-solid  absorption) H PLC proved to be unsatis
factory because o f the low affinity o f  silica toward T TF°. 
“ Reverse phase”  (i.e., liqu id-liquid  partition) H PLC using 
a permanently bonded hydrocarbon on silica phase gave 
satisfactory retention volum es for T T F ° but proved useless 
owing to the sensitivity o f T T F ° to water (aqueous acetoni
trile is required for the separation). Reverse phase H PLC 
was similarly unsatisfactory for T C N Q 0, as was normal 
phase owing to the possible presence o f  nonobservable 
highly polar impurities.

HPLC Analysis. For the analytical runs using T T F °, re- 
crystallized, sublimed, and gradiently sublimed T T F ° 
(samples a, b, and c, respectively, see Experim ental Sec
tion) were injected as approxim ately 0.5 M  solutions in dry, 
deoxygenated TH F. A solution o f the starting material was 
prepared similarly. T he resulting chromatographs are pre
sented in Figures 1 and 2. (All figures appear as supple
mentary material in the m icrofilm  edition. See paragraph 
at end o f  paper for details.) Figure 1 is the chrom atography 
o f  the starting T T F °. T he Auv traces are o f  particular in
terest. For the starting T T F , we note a significant impurity 
at a retention volum e (R V ) o f 15 ml. This peak is due to a 
molecule larger than T T F 0, smaller com pounds being elut
ed later owing to greater penetration o f  the gel pores. This 
impurity is essentially removed (Figure 2a) after three re
crystallizations. After one sublimation onto Teflon  using a 
vertical sublimator, we note that this im purity has, within 
the limits o f detection, disappeared (Figure 2b). Thus it ap
pears that recrystallization and a simple sublimation pro
vide T T F 0 o f excellent purity. Figure 2c dem onstrates that 
gradient sublimation provides no advantage over the sim 
pler method.

In contrast, gradient sublimation o f T T F  which has not 
been extensively recrystallized does r.ot remove the small 
impurity present at RV  15 (Figure 3). Approxim ately the 
same am ount o f  im purity was present before and after two 
gradient sublimations. Thus gradient sublimation o f itself 
does not provide T T F 0 o f  exceptional purity, and can be 
exceeded in purifying ability by much simpler methods.

The analysis o f  T C N Q 0 was carried out essentially as 
that for T T F 0. A minor change was made owing to the low 
solubility o f  T C N Q 0 in T H F . Since a saturated solution at 
room temperature was only about 0.01 M , injections o f 100 
id were used. This did not cause any significant peak 
broadening.

The results o f  the analysis are presented in Figures 4 and
5. Figure 4 is a chromatograph obtained from the starting 
T C N Q 0. This material, which had been sublimed once, ex 

hibited three extraneous peaks at R V  13.5, 18.5, and 20 ml. 
M ultiple recrystallization under argon yielded material 
(Figure 4a) in which the impurities were somewhat re
duced. Sublimation onto T eflon  using the vertical sublim a
tor yielded material (Figure 4b) from  which essentially all 
o f  the impurities at RV  13.5 and 18.5 ml had been removed. 
T he residual peak near RV  15 ml may be due to dihydro- 
T C N Q  (p-bisdicyanom ethylbenzene).22 However, the peak 
at R V  20 ml had not been dim inished significantly. Even 
gradient sublimation (Figure 4c) did not remove this im pu
rity. Likewise, as in the case o f  T T F 0, gradient sublimation 
did not afford material significantly purer than a simpler 
sublimation method.

The persistence o f  the peak at R V  20 ml is particularly 
troublesom e. For some reason the peak does not seem to be 
susceptible to removal by sublimation. Its com position  can 
be inferred by reference to Figure 4. First o f  all, the im puri
ty is smaller than T C N Q 0, being eluted very close to the to 
tally included volum e o f the colum n (that is, the volum e 
which includes all the accessible pores o f  the gel). Second, 
the relative intensities o f  the ARI and Auv detector re
sponses suggest a com pound having an absorbence at 254 
nm only slightly different from that o f  T H F . In view o f  the 
above facts, a likely candidate is acetonitrile, the recrystal
lization solvent.25 A reason for its persistence even during 
sublimation might be a weak charge-transfer interaction 
with T C N Q .20 This hypothesis is supported by the observa
tion o f a typical -C N  absorption at ~2220 cm -1 in the ir 
spectrum o f the peak at R V  20 ml. In addition, gas chrom a
tographic and mass spectrom etric evidence is consistent 
with the presence o f  acetonitrile. The presence o f  acetoni
trile is sublimed T C N Q 0 presents a potential source o f  con 
tamination in crystals o f  T T F -T C N Q . However, H PLC o f 
crystals o f  the salt (which had been grown in acetonitrile) 
showed no evidence o f  the solvent, indicating at least a 20- 
fold  decrease in the am ount o f  acetonitrile present.

W hile certainty remains im possible, we feel strongly that 
no significant impurities have gone undetected in either 
T T F 0 or T C N Q 0. This statement is supported by three o b 
servations. The first is the high theoretical plate values29 
obtained for T T F 0 (~5000) and T C N Q 0 (̂—4000). Second, 
recycling the T T F ° or T C N Q 0 peak in excess o f  five times 
provided no evidence for any impurities not observed in 
one pass through the columns. Third , H PLC traces o b 
tained at wavelengths other than 254 nm (220, 280, 330, 
450, and 500 nm) gave no evidence o f  new impurities. It is 
im portant to note at this point that the particular im puri
ties present will in general depend on the m ethod o f prepa
ration and handling o f any given sample. /

Conductivities. As a test o f  the im portance o f  im puri
ties in the T T F -T C N Q  salt, we com pared the conductivity 
o f  impure crystals to that o f  crystals grown under rigorous
ly clean conditions. One o f  the reasons that other work- 
ers12-1418 claim ed to have obtained extraordinarily pure 
T T F -T C N Q  was their use o f  a quartz apparatus during 
crystal form ation, thus reducing the possibility o f  leeching 
salts from borosilicate glass. In order to  further reduce this 
possibility, we coated the interior o f  two inverted U -tube 
crystallizers with Teflon . W e placed several crystals o f 
NaCl in one o f these to imitate the leeched salts. T he other 
was kept clean. Crystals o f  the salt were grown by diffusion 
o f acetonitrile solutions o f  gradiently sublimed T T F 11 and 
T C N Q 0. Crystals were also obtained from the starting 
T T F 0 and TCN Q".

T he dc conductivities o f  representative “ clean” , “ salty” , 
and “ dirty”  crystals, measured by conventional four-probe 
techniques,10 are summarized in Table I. No significant 
differences are observed am ong the three types o f  crys-
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T ab le  I

Crystal

no.

Crystal

type0

a bmax»
10̂  ohm-  * cm—* “ m ax'VoRT r m£X> K

40 Salty 6.27 15.5 59

41 Salty 5.34 14.2 5 9

42 Clean 8.48 17.5 59

43 Clean 7.67 14.5 59

44 Clean 11.6 20.4 58
45 Salty 5.45 13.1 60
46 Clean 3.08 7.4 59
47 Clean 6.41 13.9 58
51 Clean 3.08 16.3 59
52 Clean 8.08 12.5 59
53 Clean 8.01 14.8 58
55 Salty 3.24 16.6 59
56 Salty 4.53 14.4 58
57 Salty 3.37 13.6 59
91 Dirty 3.53 9.6 65
95 Dirty 5.04 10.3 61
96 Dirty 5.80 16.5 r.n CO

97 Dirty 7.74 23.3 56
39 Salty n . 9 c'd 120. c’ d 59

a “ Clean” indicates crystallization of TTF-c and TCNQ-c from 
CH3 CN in a Teflon-coated inverted U-tube. “Salty” indicates 
crystallization of TTF-c and TCNQ-c from CH3 CN containing 
NaCl in a Teflon-coated U-tube. “Dirty” indicates crystals ob
tained from the starting TTF° and TCNQ0 using a glass appa
ratus. 6 Average values of <7 max taken as the temperature was de
creased and then increased. c These results do not represent the 
true conductivity of this crystal. See text. d Value taken as the 
temperature was decreased. Upon warming this crystal exhibited 
two peaks, 3.4 x 105 ohm^ 1 cm- 1  at 53 K and 1.3 x 105 ohm^ 1 

cm- 1  at 6 6  K.

tais.31 However, a substantial variation in the ratio o f  the 
conductivity at the maximum to the room  temperature 
conductivity ( < r m a x /W r )  is observed within each type; this 
we attribute to crystalline im perfections. Am ong the 
“ dirty”  crystals there is also considerable variation in the 
temperature at which nmax occurs. Here the lowest conduc
tivity peaks appear at the highest temperatures, consistent 
with previous observations.13

One crystal o f the “ salty”  variety, no. 39, does not fit the 
generally consistent conductivity behavior we observed. 
This crystal was particularly large and apparently well 
formed. As the temperature was lowered, it displayed a sin
gle, sharp maximum in the apparent conductivity o f 7.2 X 
104 fi-1 cm -1 (umax/ffRT ~120) at 59 K. This behavior es
sentially duplicates that o f the occasional crystals to which 
Coleman et al.12 assigned giant intrinsic conductivities. In 
this case, however, continuous m onitoring o f the voltage 
checks suggested by Schaefer et al.15 revealed the giant 
conductivity to be an artifact due to inhom ogeneous cur
rent distributions. A detailed analysis o f  these results will 
be presented elsewhere.16 W ith repeated thermal cycling 
the apparent <rmax/<rRT rose to  ca. 350, then rapidly deterio
rated, with auxiliary conductivity maxima appearing at 
higher temperatures. The voltage checks continued to show 
that none o f the cycles measured the true conductivity o f  
the specimen.

Experimental Section

General. Gas chromatography was performed on a Hewlett- 
Packard Model 402 GC using a flame ionization detector. Two col
umns were employed: 5% UC-W98 on Chromosorb P and 10% Car- 
bowax on Chromosorb W. Mass spectra were obtained on a Hitachi 
RMU- 6  mass spectrometer operated at 70 eV.

All manipulations of the TTF° and TCNQ1’ samples were carried

out under an argon atmosphere, using either dry Schlenk appara
tus or glove bag techniques. 3 2  The purified samples were stored 
prior to analysis in argon-filled vials, under argon at -30°.

The solvents used were all dry and oxygen free. Acetonitrile 
(Burdick and Jackson spectrograde) was passed through 50 g of 
Super I AUO3 (Woelm) and deoxygenated by bubbling argon 
through it for 15 min. 3 3 Petroleum ether (Fisher, bp 60-64°) was 
purified by shaking three times with concentrated H2 SO4 , distilla
tion, and finally passage through Super I AI2O3 , and deoxygenated 
using argon. Tetrahydrofuran (Fisher reagent grade) was purified 
by stirring with LÍAIH4 and then distilled under argon. All sol
vents were used immediately after purification.

Sublimations were carried out in two ways.
(1) Vertical Tube Sublimation. Into a sublimator consisting 

of a 25 X 1.5 cm tube fitted with a vacuum connection and lined 
with a piece of Teflon sheeting (5 X 20 cm) was placed a sample of 
TTF or TCNQ. The tube was placed on an efficient vacuum line in 
a vertical position and evacuated and then the lower 2  cm was 
heated using an oil bath. After the sublimation was judged com
plete, the tube was cooled and filled with Ar. The Teflon sleeve 
was taken out and the sublimate was removed for subsequent 
treatment.

(2) Gradient Sublimation. A gradient sublimat on apparatus 
was constructed using as a model McGhie’s18 design. Vacuum con
nections were made via an O-ring high-vacuum seal and a high- 
vacuum Teflon stopcock to further reduce changes of contamina
tion. For a typical run the apparatus was lined with a Teflon sheet 
(10 X 60 cm) fitted with a Teflon cap to assure that no glass sur
face was available to the substrate. After being dried with a flame 
under vacuum, the tube was filled with Ar and the sample was in
troduced via a Teflon boat. The apparatus was evacuated and 
placed in a gradient heater18 which had been preequilibrated to 
the appropriate conditions. When the sublimation was complete, 
the tube was cooled and filled with argon and the sample was re
moved as above. Only that portion of the sublimate present as 
large crystals was collected.

Liquid Chromatography. The instrument used for the HPLC 
was a Waters Associates ALC-201 chromatograph fitted with a 
U-6 K septumless injector. The detection system consisted of a dif
ferential refractive index detector followed by a differential uv de
tector operated at 254 nm. Two 30 cm long 100-Á -̂styragel col
umns were used. The eluting solvent was tetrahydrofuran, the flow 
rate was 1 ml/min, and the temperature was ambient. HPLC 
traces at wavelengths other than 254 nm were obtained using a 
Schoeffel Model SF770 spectroflow monitor coupled with a Model 
GM770 monochromator.

Purification. Tetrathiafulvalene. The starting material was 
prepared by coupling dithiolium perchlorate using triethylamine, 3 0  

and had been recrystallized once from hexane (mp 119.1-119.5). 
TTF-a was obtained after three crystallizations from ligroin. 
TTF-b was obtained after vertical tube sublimation of TTF-a at 
75°. Finally TTF-c was obtained from TTF-b by sublimation over 
a gradient of 80° to 25°. In each case a small amount of the sample 
was removed and stored under Ar at -30° before proceeding to the 
next step.

Tetracyanoquinodimethane. The starting material was ob
tained from Aldrich3 9  and had been sublimed once in a conven
tional manner prior to use (mp 294-296°). TCNQ-a was prepared 
by recrystallization three times from acetonitrile. TCNQ-b was 
prepared from TCNQ-a by vertical sublimation at 155°. TCNQ-c 
was prepared from TCNQ-b by sublimation over a gradient of 
150° to 100°. A small amount of each sample was removed and 
stored under Ar at —30° before proceeding to the next step.

HPLC Analysis. Samples for HPLC analysis were prepared by 
placing a small amount of each in a weighed vial fitted with a 
serum cap. Sufficient THF was injected into the vials to give, in 
the case of TTF°, a 100 mg/ml solution. In the case of TCNQ0, ap
proximately 500 m1 was injected into each vial. The prepared sam
ples were kept in the dark under an Ar atmosphere prior to use. 
The analyses were carried out by injecting 15 fd of the TTF0 solu
tion or 100 41I in the cases of TCNQ0. Repetitive injections were 
made to check the reproducibility of the chromatographic traces.

Complex Formation and Conductivity Measurements. The 
complex of TTF" and TCNQ11 was formed by diffusive crystalliza
tion of their solutions in an inverted U-tube crystallizer. The crys
tallizers were Teflon coated by the following procedure. 11 The U- 
tube, scrupulously clean, was evacuated on an efficient vacuum 
line. After thorough flame drying, approximately 2 Torr of 
CF2 CF2 , obtained from the pyrolysis of Teflon chips, was intro
duced into the tube. Approximately 25 Torr of di-feri-butyl perox
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ide was then added, and the tube was isolated from the vacuum 
line and heated at 150° until a faint opalescence was apparent. 
Success of the procedure was determined by placing a drop of dis
tilled water in the tube. If any surface was wetted, the process was 
repeated.

For the “ salty” crystals, ca. 0.1 mg of reagent grade NaCl was 
placed in each side of the crystallizer.

Conductivity measurements were performed using standard 
four-probe techniques.30
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Variable-temperature carbon-13 magnetic resonance is used to investigate barriers to amide rotation in a series 
of benzoyl- and carboethoxy-substituted six-membered nitrogen heterocycles. Observed barriers are unambigu
ously assigned to amide rotation (as opposed to ring reversal or nitrogen inversion) because of the symmetry 
properties inherent in the carbon-13 technique. Barriers are compared with those obtained by variable-tempera
ture proton magnetic resonance. The amide rotation barriers are relatively insensitive to changes in the nature of 
the ring substituent y to the nitrogen, thereby supporting earlier results which suggested little or no 1,4-transan- 
nular interaction in six-membered heterocycles.

Application o f carbon-13 magnetic resonance spectrosco
py ( 13C N M R ) 2 to  tem perature-dependent phenom ena (13C 
D N M R ) is still in its infancy .2'3 It is the intention herein to 
use 13C D N M R  to provide unambiguous assignment o f  the

nature o f  a dynam ic process in a situation where several 
processes may occur. Variable-tem perature proton magnet
ic resonance spectroscopy OH D N M R ) 4 will be used to  sup
port5 13C D N M R  studies6 in two examples.
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T ab le  I
A m ide R otation  B arriers  in P iperid ides

C om pd Solvent r c , K A C ' , N M R  m ethod R ef

l-A eety l-4 -m eth y lp iperid in e CDCI3 -3 3 0 16.4 a - 'H Caled by re f 9 from  re f 8

CDC13 -3 3 0 16.96 a - 'H Caled by re f 11a from  ref 8

CDC 13 -3 4 3 17.07 a - 'H Caled here from  re f 10
l-A cety l-4 -ph en y lp iperid in e T olu en e-d 3 357 16.96 a - 'H 1 1 a
l-A eety l-2 -m eth y lp íperid in e Neat 288 15.3 CHg-'H 9

T olu en e-d 8 279 15.03 CHgCO-'H 1 1 a
T olu en e-dg 290.5 15.09 CHg-'H 1 1 a

Acetam idom onosaccharides C2C i4 -3 6 0 17.4 a-'H 9
d 2o 303 16.1 a - 'H 9
d 2o 278 15.7 CHgCO-'H 9

1-A cetylm orpholine CHFClg 305 16.5 0 -'H 1 2

CHFC12 315 16.6 a - 'H 1 2

l-B en zoy l-4 -m eth y lp iperid in e CDCI3 -2 8 5 14.77 axial a-*H Caled here from  re f 10
CDClg -3 0 8 15.07 equat a - 'H Caled here from  re f 10

1 -B en zoy l- 3 -  methylpiper idine CDC 13 -3 0 8 15.09 a - 'H Caled here from  re f 10
l-B en zoy l-c fs -2 ,6 -d im eth y lp ip er id in e CDClg -2 5 3 12.30 a - 'H Caled here from  re f 10

CC14 -2 4 2 12.1 a - 'H l i b
CH3OH 247 12.5 a-C H g-'H l i b
CDClg -2 6 3 13.16 a - 'H Here

1-B enzoylpiperidine (la ) CDClg 292 14.82 a - 'H Here
CDClg 316 14.94 a - ' 3C Here
CDC 13 289 14.75 ß - '3C Here

l-B en zo y l-4 -p ip e r id o n e  (lb ) CDClg 273 13.97 a - 'H Here
CDClg 303“ 14.32 a - ' 3C Here

1-B enzoylm orpholine ( lc ) CHFC12 276 14.4 (3-'H 1 2

c h f c i 2 283 14.4 a - 'H 1 2

CDClg 305 14.39 a - ' 3C Here
l-B en zoy l-4 -m eth y lp iperazin e  (Id) CDClg 310“ 14.64 a - ' 3C Here

CDClg 284 14.65 ¿ - ' 3C Here
1-C arbom ethoxypiperidine (le ) CHFCl2f’ 223“ 1 1 .8 8 “ a -  and 

0 - 13C
Here

n Not clearlv defined coalescence because of overlapping signals; ±5°. b Containing a slight amount of CD2CI2 lor external lock. ' Be
cause of line broadening, the coalescence temperatures are somewhat indefinite here. The 7\’s definitely lie between 215 and 235 K, corre
sponding to AG1 of 11.86 and 12.54, respectively, as outer limits.

Piperidides (1) were chosen for investigation since three 
dynamic processes are possible— amide rotation4’7 12 (eq
1 ), ring reversal4’ 12 -14  (eq 2 ), and nitrogen inversion4 1 4 -1 6  

(eq 3). Conform ational isomers related by amide rotation 
(eq 1) should exhibit different 13C N M R  chem ical shifts for 
the ring carbons a  to  the nitrogen, and possibly for the ring 
carbons (1 to the nitrogen, under conditions o f  slow inter- 
conversion .3 Preliminary 13C N M R  studies17  indicated that 
such conform ational equilibria were occurring slowly at 
room temperature for la  and lb, but not slowly for le  and
If. Unless nitrogen inversion has a higher energy require
ment than ring reversal, the latter (eq 2 ) will not be observ
able by 13C D N M R . Similarly, 13C D N M R  will only be use
ful for nitrogen inversion barriers (eq 3) if ring reversal has 
a higher barrier. In summary, 13C D N M R  can be used to 
detect amide rotation in 1 , but cannot discriminate be 
tween ring reversal and nitrogen inversion.

Examination o f the literature suggests that amide rota
tion should have the highest barrier o f  the three possible 
processes in 1. W hile solvent, concentration, and m ethod o f  
data analysis are all found to  be critical,4-7’18 ’19 the overall 
results indicate free energies o f  activation at the appropri
ate coalescence tem peratures20 [ A G t(T ’c)l in the range o f
15-16 kcal/m ol for N .N-dim ethylbenzam ides and N ,N -  
dim ethylcarbamates using 'H  D N M R  techniques. Avail
able 'H  D N M R  data in the 1-acylpiperidines 8 -1 1  (T able I) 
suggest an amide rotation barrier around 16.5 kcal/m ol for 
the 1 -acetylpiperidines and a lower barrier for the 1 -ben- 
zoylpiperidines (although actual barriers were not calculat
ed for the latter com pounds10,21). LeCam and Sandstrom ’s

results12  for partially deuterated acylm orpholines (Table I) 
support these conclusions and suggest that the nature o f  
the ring substituent in a 1,4 relationship to the nitrogen 
may be o f  little significance.

Ring reversal barriers in piperidines, m orpholines, and 
piperazines are observed with AG H T C) o f  10-13 kcal/ 
m ol,4’1 2 -14  and should be considerably lower (by 4 -5  kca l/ 
mol) in the 4-piperidones . 14 ’23 N itrogen inversion barriers 
in acylpiperidines15 ’ 16’24 should be below the range detect
able by 'H  D N M R  and 13C D N M R  studies. Nevertheless, 
as pointed out by Lam bert,15® almost all o f  the 'H  D N M R  
studies o f  piperidines and piperidides are am biguous as to 
the nature o f  the specific dynam ic process being observed. 
However, as indicated previously, 13C D N M R  studies o f  p i
peridides ( 1 ) will provide unambiguous evidence whether a 
given dynam ic process is amide rotation or not. In addition, 
because o f the sim plicity o f  the observed exchange process 
in the proton-decoupled spectra, the A G *(T C) should be 
obtained with reasonable accuracy . 20’22

The results for com pounds 1 are presented in T able I. In 
each instance, the benzamides (la-d) exhibit amide rota
tion barriers o f  14-15 kcal/m ol under conditions o f  !H 
D N M R  and 13C D N M R  analysis in CDCI3 solutions. T he 
13C D N M R  method is especially useful for 1-benzoylm or- 
pholine26 ( l c ) ,  a com pound whose 'H  N M R  spectrum ap
pears as a slightly broadened singlet at both 60 and 1 0 0  

M H z and is, therefore, not amenable to  'H  D N M R  analysis 
without the preparation o f  deuterated derivatives . 12 On the 
other hand, 'H  D N M R  is more useful than 13C D N M R  for
l-benzoyl-4-piperidone (lb), since overlapping signals in
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T ab le  II
13C N M R  D ata in CDC13

Compd Temp, K a to N° ß to Na

l a c 249 48.5 (524), 42.8 (534) 26.3 (478), 25.5 (475)
275 48.5 (370), 42.8 (323) 26.4 (443), 25.5 (418)
287 48.4 (190), 42.9 (186) 26.3 (257), 25.6 (270)
291 48.4 (152), 42.9 (148) 26.0 (124)
299 48.4 (118), 42.8 (119) 26.0 (361)
303 Broad d 26.0 (424)
315 C oa lescen ce 26.0 (611)
317 Broad s 26.0 (702)
321 Broad s 26.1 (822)
329 45.8 (401) 26.1 (872)

lb ä 248 46.1 (211), 40.6 (286) 41.3 (475)
273 46.0 (220), 40.7 (346) 41.1 (516)
299 Broad d 40.9 (521)
306 Broad s 40.9 (582)
311 Broad s 41.0 (712)
322 43.8 (249) 41.1 (811)
332 43.9 (237) 41.0 (732)

l c e 248 47.9 (383). 42.2 (401) 66.6 (760)
273 48.0 (92), 42.3 (88) 66.6 (611)
300 Broad d 66.6 (797)
305 C oa lescen ce 66.6 (654)
309 Broad s 66.6 (717)
333 45.4 (212) 66.7 (816)

I d ' 248 47.3 (261), 41.6 (246)6 54.8 (264), 54.3 (256)*
273 47.4 (165), 41.9 (173) 54.6 (280) d
281 47.4 (227), 41.7 (247) 54.9 (292), 54.5 (306)
286 47.3 (182), 41.8 (235) 54.7 (418) broad
299 47.4 (50), 42.0 (58) 54.9 (412)
305 Broad d 54.9 (810)
310 C oa lescen ce 54.9 (1036)
323 Broad s 54.9 (475)
331 44.8 (210) 54.8 (1050)

le* 248 44.6 (921) 25.7 (889), 25.5 (879)
299 44.8 (1893) 25.8 (1814)

If* 248 42.8 (941) 41.1 (783)
299 43.0 (981) 40.9 (876)
303 43.0 (233) 41.0 (263)

“ Relative peak intensities indicated in parentheses where relevant. 6 Signals n and J to the amide nitrogen, respectively in the columns. 
' Amide CO, 169.8-170.0; y  to N, 24.4-24 5: Ar, 136.2-136.8. 129.2-129.3. 128.2-128.3. 126.6-126.8. "Amide CO. 170.3-170.6: ring CO. 
206.0-21)6.9; Ar. 134.8-135.5, 129.9-130.0, 128.4-128.5, 126.8-127.0. "Amide CO, 170.0; Ar. 134.9-135.7, 129.6-129.7. 128.4-128.5. 126.9- 
127.0. < Amide CO, 169.5-169.9; NCH3, 45.7-46.0; Ar, 135.2-136.1, 129.3-129.5; 128.1 128.3; 126.8-127.0. * Amide CO. 155.4; 7  to N, 24.4- 
24.6; OCH2, 60.9-61.1; CH3. 14.7-14.8. » Amide CO, 155.1-155.3; ring CO, 207.2; OCH->. 61 6-61.7; CHS, 14.7.

the r3C N M R  spectrum interfere with accurate assignment 
o f  the coalescence temperature. Neither technique provides 
an advantage for l-benzoyl-4-m ethylpiperazine (Id), since 
overlapping signals are a problem  in both approaches.

T he urethanes le and If behave som ewhat strangely. No 
change is observed in the 13C N M R  spectrum  o f  1 -carbo- 
ethoxy-4-piperidone (If) on cooling to 248 K in CDCI3 or to 
181 K  in CHFCI2, at which tem perature precipitation be
gins to occur from  each solvent. T he behavior o f  1 -car- 
boethoxypiperidine (le) in CDCI3 is som ewhat puzzling. 
The signal attributed 17 to  the ring carbons a  to the nitro
gen becom es less intense relative to the other signals on 
cooling, but does not obviously broaden or split. However, a 
small splitting (5 H z) is observed at 248 K  for the signal o f  
the ring carbons 0  to  the nitrogen. An accurate coalescence 
temperature could not be obtained but the AG 1 at 270 K 
would be 14.47 kcal/m ol. On switching to CHFCI2 as the 
solvent, splittings o f  4.9 Hz are observed for the ring car
bons both a  and 0  to the nitrogen. 3ecause o f  problem s 
caused by line broadenings, coalescence is estimated to 
occur at 223 K  (outer lim its are 215 and 235 K ), corre
sponding to  A G *(TC) o f  11.88 kcal/m ol (outer limits o f

11.86 and 12.54 kcal/m ol, respectively). This large solvent 
effect using quite similar solvents has no obvious explana
tion.

As previously noted ,7 1 0  the barriers to rotation are lower 
in the carbamates than in the benzamides, a result which 
differs from  that observed in the acyclic analogues. T he pi- 
peridide system differs from  the acyclic case in that the six- 
m em bered ring minimizes rotation o f  the nitrogen end o f 
the amide group, leaving C = 0  rotation as the m ajor isom 
erization pathway. In addition, as pointed out by LeCam 
and Sandstrom , 12  repulsions between the iV-acyl group and 
the vicinal equatorial hydrogens would cause m ore sp 3 

character on nitrogen in the piperidides than in the acyclic 
analogues, leading to a lower barrier to am ide rotation in 
the piperidides than in the (V.N-dim ethylam ides, as o b 
served in this work.

It is also apparent that the am ide rotation barriers are 
alm ost insensitive to the nature o f  the substituent in the 4 
position o f  the piperidine ring. All o f  these systems exist in 
chair conform ations ; 17 however, changing the atom  in the 4 
position would change the bond lengths, bond angles, and 
dihedral angles in the ring, as well as changing the electron
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T a b le  III
13C N M R  D ata  in CHFCl2a

Compd Tem p, K a  toN 1 0 to

l e c 194 44.9 (280), 44.7 (320) 26.1 (392), 25.9 (348)
211 45.1 (1726), 44.9 (1899) 26.2 (2070), 26.0 (2071)
215 45.1 (116), 44.9 (120) 26.2 (144), 26.0 (140)
223 M ultip licity? M ultip licity?
240 45.1 (553) 26.2 (591)
253 45.3 (509) 26.2 (455)

If" 182 43.1 (283) 41.4 (256)
211 43.3 (462) 41.4 (443)

° Containing a trace of CD2CI2 for field-frequency stabilization. b Signals in the ring a and 0  to the amide nitrogen, respectively. c Amide 
CO, 156.1-156.2; 7  to N, 24.7-25.0; OCH2, 61.6; CH3, 14.8-14.9. a Amide CO, 155.4-155.6; OCH2. 62.0; CH3, 14.7-14.8.

distribution. T he amide rotation barriers in 1 appear to be 
insensitive to such changes. T he results, therefore, corrobo
rate those determined earlier17  in that no significant trans- 
annular electronic effects are observed between 7  posi
tions28 in saturated six-m em bered heterocycles by 13C 
N M R  methods.

E x p erim en ta l S ection

All compounds were commercially available or prepared as pre
viously reported17 except for l-benzoyl-4-methylpiperazine (Id), 
which was prepared from 1 -methylpiperazine and benzoyl chloride 
by the method of Harfenist.29

'H  NMR spectra were recorded on a Varian A-60A spectrometer 
using deuteriochloroform or 1 ,1 ,2 ,2 -tetrachloroethane solutions. 
Variable-temperature studies were performed with the aid of a 
Varian 6040 temperature controller. The temperature was cali
brated by the peak separation of ethylene glycol,30 and the instru
ment was retuned at each temperature by optimization of the aro
matic singlet.

13C NMR spectra were recorded on a JEOL PS-100 NMR spec
trometer equipped with a JEOL JNM-PFT-100 pulse unit, a 
JEOL JEC-6  computer, and a JEOL VT-3C temperature control
ler. Field frequency stabilization was established by the deuterium 
signal of solvent deuteriochloroform or by the deuterium signal of 
a trace amount of dideuteriodichloromethane in solvent fluorodi- 
chloromethane (Matheson Genetron 2 1 ). The chemical shifts are 
expressed in parts per million relative to internal Me4Si, and are 
believed to be accurate to 0.2 ppm. Relative peak intensities are in
dicated in parentheses after chemical shift values. Temperatures 
are accurate to ±2°. Results are shown in Tables II and III.
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Conformational preferences in the l-(jV,/V-dialkylamino)-l-phenyl-2-propanol and 2-(iV,Af-dialkylamino)-l- 
phenyl-l-propanol series of amino alcohols and their benzoate esters have been studied by nuclear magnetic reso
nance and infrared spectroscopy. The threo amino alcohols reside almost exclusively in the intramolecularly hy
drogen bonded form of the anti rotamers, while the erythro alcohols prefer the intramolecularly hydrogen bonded 
form of the gauche rotamers.

Conform ational equilibria in the 2 -am in o-l,2 -diphen- 
ylethanol system have been studied in detail by N M R 4 and 
infrared spectroscopy . 1 These earlier studies led to working 
hypotheses regarding the factors controlling conform ation 
in that system. The present study was undertaken to test 
the applicability o f  these working hypotheses in related 
systems to further refine our understanding o f the control
ling factors. The com pounds chosen for this study belong 
to  the l-a m in o-l-p h en y l-2 -propanol (I) and 2 -am in o-l- 
ph enyl-l-propanol (II) systems.

The stereoisomeric 7V,AT-dialkylamino alcohols in Table I 
were prepared by either nucleophilic scission o f the C - 0  
bond o f trarcs-l-phenyl-l-propene oxide, hydroboration o f 
the appropriate enamine, or reduction o f the corresponding 
am ino ketone. T he well-docum ented trans nature o f  the 
epoxide opening established the configuration o f the eryth
ro5 amino alcohols in these systems. In each case structure 
and hom ogeneity were established by N M R  spectroscopy.

T he vicinal coupling constants, J a3, were conveniently 
obtained from  the N M R  spectra and reflect a weighted 
mean dependent on the relative populations o f  the three 
possible staggered rotam ers .6 This study, as the earlier one, 
is concerned with identifying trends and evaluating their 
conform ational im plications. T he calculations o f  approxi
mate anti to gauche rotamer ratios using the previously 
suggested working values, J anti =  10.3 and J gauche = 2 .6  

H z ,4 are consistent with the objective.
It is apparent from  the values o f  J ab (Table I) that the 

threo am ino alcohols 1 and 3 highly populate the anti ro 
tamers tA  and tA ' (Charts I and II), respectively. Intram o
lecular hydrogen bonding (O H —N) undoubtedly contrib
utes to the stability o f  these rotamers, already favored on 
steric grounds. The intrinsic stablizing influence o f  the d i
vision o f the four bulkiest groups into two pairs separated 
from  one another by hydrogen atoms has been noted pre
viously in the 2 -am in o-l,2 -diphenylethanol system .4

A t high dilution in carbon tetrachloride, on ly  hydrogen 
bonded OH stretching bands appear in the infrared spectra 
o f  threo piperidino alcohols la  and 3a (Table II); therefore, 
the highly populated anti rotamers tA  and tA ', respective
ly, exist com pletely in the intram olecularly hydrogen bon d 
ed form. In addition to the strong intramolecular O H —N  
absorption bands, the corresponding threo pyrrolidino al
cohols lb  and 3b exhibit weak absorptions at 3590 and 
3621 cm -1 , respectively. T he band at 3590 cm - 1  ( lb )  as
signed to  intramolecular O H —x  (phenyl), is consistent with 
a small population o f  gauche rotamers. Similarly, the ap
pearance o f unassociated OH stretching in the spectrum o f

C hart I
R otam ers in the 1 -A m in o -l-p h en y l-2 -p rop a n ol System  (I)

Threo
H H H

Erythro
H H H

eA eB eC

C h art II
R otam ers in the 2 -A m in o -l-p h e n y l-l-p ro p a n o l 

System  (II)
Threo

H H H

H RoN CH
tA' tB' tC'

Erythro

3b is also com patible with the presence o f  gauche rotamers. 
These conclusions are consistent with the slightly lower 
vicinal coupling constants observed for the threo pyrrolidi
no alcohols, and suggest that the subtle differences in the 
steric requirements o f  the piperidine and pyrrolidine 
groups noted in the more encum bered 2 -am ino-1 ,2 -diphen- 
ylethanol system 4 manifest themselves here as well.

The lower J ab values (<5.1 H z) observed in the erythro
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T ab le  I
N u clear M agn etic  R eson an ce  D ata“

Chemical shift**
Ha Hb c h 3 r abC [antil/tgaucheĵ

Compd thr3 ere thr er thr er thr er thr er

C6H —  CHa—  CHb- 
1 1

- c h 3

X OR 
I

1 , R H
Am ino A lcohols

a, X =  1 -piperidino 186 183 245 260 55 51 10.2 5.1 / 0.47

2 ,

b,

R

X =  1 -pyrrolid ino 

benzoyl

207 179 248 255 
E sters

49 49 9.8 3.2 / 0.09

a, X =  1 -piperidino 204 211 342 344 62 85 8.8 7.9 4.3 2.2
b, X =  1 -pyrrolid ino 209 189 337 327

C6H5— CHa— CHh—

70

•c h 3

65 5.3 3.2 0.54 0.09

OR X
II

Am ino A lcoh ols
3, R — H

a, X = 1 -piperidino 253 285 g  g 46 48 9.9 4.1 / 0.23
b, X =  1 -pyrrolid ino 247 301 g  g 43 48 9.1 3.2 5.3 0.09

E sters
4, R = benzoyl

a, X =  1 -piperidino 360 366 180 179 53 68 9.0 5.9 4.9 0.75
b, X =  1 -pyrrolid ino 268 378 185 g 54 68 6.1 3.7* 0.82 0.16

o Spectra were determined at room temperature on a Varian Model A-60A (60 MHz) spectrometer in CCR or CDC13 solution at a concen
tration of ca. 15%. 6 In hertz relative to internal tetramethylsilane. 1 An average of ten runs. Values are accurate to an estimated ±0.1 Hz. 
d Ratio of the population of rotamer A or A' to the gauche rotamers. e thr = di-threo; er = cd-erythro. 1 >90% anti. § Signal overlaps the 
NCH2 signal. h Spectrum was determined on 10 mg of sample and the value is accurate to an estimated ±0.2 Hz.

T ab le  II
In frared  Sp ectra l P roperties o f  A m ino A lcoh o ls“

Compd

v i £u>, -1Ccm

OH OH- •. t OH- • -N 4 OH-*- t O H --->

t h r e o -la 3415 206
lb 3590 (w) 3425 31 196
3a 3355 266
3b 3621 (w) 3385 236

e ry th r o -la . 3600 (s) 3475 21 156
lb 3595 (w) 3515 31 106
3a 3621 (m) 3425 196
3b 3621 (w) 3480 141

0  All spectra were determined in carbon tetrachloride solution 
(<0.005 M). b s = strong; m = medium; w = weak. Probable errors: 
±1.5 cm- 1  for unassociated OH; ±2.5 cm- 1  for bonded OH ab
sorptions. c 3621 cm- 1  for the free OH stretch is used in calculating 
these values. a Strong, broad absorptions in all cases.

am ino alcohols 1 and 3 reflect the dom inance o f gauche ro
tamers. In the erythro series, in contrast to the threo.amino 
alcohols, intramolecular hydrogen bonding and steric fac
tors act as opposing forces, with the former effect dom inat
ing. This observation serves to  underscore the profound 
role o f intramolecular hydrogen bonding in the control o f 
conform ation in poor hydrogen acceptor solvents. As in the
2-am ino-l,2-diphenylethanol system, the conform ational 
bias toward gauche rotamers is greater in the pyrrolidine 
than in the piperidine com pounds. Space-filling CPK  m o
lecular models suggest that this phenom enon has a com 
m on origin in the systems studied.4

At high dilution the infrared spectra o f  the erythro 
amino alcohols la  and lb  confirm  the im portance o f  intra
molecular hydrogen bonding. In addition to the presence o f 
strong O H —N stretching bands, absorption characteristic 
o f  O H —rr (phenyl) appears in the spectra o f  both  com 
pounds. The OH —7r peak o f la  is more intense than the 
O H —N band, but that o f  lb  is less intense than the OH —N 
band. This is consistent with the conclusion, derived on the 
basis o f  N M R , that the substitution o f pyrrolidine for p i
peridine in 1 leads to a decrease in the population o f the 
anti rotamer tA, believed responsible for intramolecular 
O H - tt.

The high-dilution spectra o f  erythro am ino alcohols 3a 
and 3b exhibit absorption characteristic o f  intramolecular 
O H —N and unassociated OH. The fact that the unassoci
ated OH absorption peak is weaker in 3b than in 3a again 
implicates the greater conform ational bias o f  the pyrrol
idine com pound for the gauche rotamers.

The reported vicinal coupling constants o f  the benzoate 
esters (Table I) permit an analysis o f  the factors controlling 
conform ation in the absence o f  the superimposed influence 
o f  intramolecular hydrogen bonding. In contrast to the cor
responding amino alcohols, both threo and erythro ben 
zoates 2a heavily populate the anti rotamers tA and eA, re
spectively, most likely as a result o f  the stabilization con 
ferred by division o f the four bulky groups into two groups 
separated by hydrogen atoms. However, in the correspond
ing pyrrolidino esters 2b, this control is apparently offset 
by other factors, as gauche rotamers are preferred. An ex 
amination o f space-filling CPK  models suggests a possible 
explanation o f this discrepancy.

M olecular models o f  the erythro benzoates 2a and 2b
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T ab le  III
E ffect o f  Substituents on the C ou pling  Constant 

in P h C H a(O R )C H b (X )R 'a

Entry X R ‘ R T & Jerythro ^ threo

1 1 -P iperid ino Ph M s" 9 .6 1 0 . 4

2 1 -P iperid ino Ph Ac 8 .7 1 0 . 7

3 1 -P iperidino Ph c h 3 7 . 7 9 .2

4 1 -(N -M ethylpiperidino) Ph H 2 .9 1 0 . 7

5 1 -(N -M ethylpiperidino) Ph c h 3 2 . 2 1 0 . 4

6 1 -P iperidino c h 3 Bz 5 .9 9 .0

“ Data are taken from ref 4 and Table I of this paper. i,Jab in 
hertz. c Ms = mesitovl.

suggest, as in the cases o f  the erythro pyrrolidino esters in 
the 2-am ino-l,2-diphenylethanol system,4 that the dom i
nance of the gauche rotamers in the pyrrolidino com pound 
2b is the result o f  unfavorable steric interactions between 
the pseudo-axial hydrogens at positions 2 and 5 o f  the pyr
rolidine ring and the carbon atoms o f phenyl in the anti ro- 
tamer eA. In contrast, in the gauche rotamer eB, the most 
favorable orientation o f  the amino group about the C -N  
bond leads to greater steric interaction in the piperidine 
com pound, while the pyrrolidine m oiety is relatively strain- 
free in this conform ation.7 Similar, but apparently not as 
pronounced, steric influences account for the more highly 
populated gauche rotamers in threo ester 2b.

As expected on steric grounds, the N M R  data for the 
threo piperidino ester 4a reveals a heavily populated anti 
rotamer tA '. In the erythro piperidino ester 4a the concen
tration o f the gauche rotamers slightly exceeds that o f  the 
anti rotamer. In the absence o f  intramolecular hydrogen 
bonding this is unexpected, since in rctamer eA ', just as in 
tA, the four bulky groups are divided into two pairs sepa
rated by hydrogen atoms. This contrasting behavior is ex
plicable in the disposition o f the two bulkiest vicinal 
groups, phenyl and amine; anti in tA ’ and gauche in eA'. 
This unfavorable latter interaction is relieved in eB ', but 
not in eC ', which is probably negligibly populated.

If the above analysis is valid, conform ational equilibria 
should be quite sensitive to the steric requirements o f OR, 
X , and R ' in e ry th r o -5, but not in th reo- 5. The com pounds

Ph— CH.CHi,— R-
I I
OR X 

5
listed in Table III dem onstrate that this is indeed the case. 
In the erythro series (a) a decrease in the steric require
ment o f  the ester group favors rotamer eB ' (entries 1-3 );
(b) an increase in the size o f  the am ino group increases the 
proportion o f  gauche rotamer eB ' (entries 3 and 5); and (c) 
an increase in the size o f  R ' favors rotamer eA ' (entries 1, 2, 
and 6).

T he gauche rotamers o f  the pyrrolidino benzoates 
(th reo - and e ry th r o -4b) are more highly populated than in 
the corresponding piperidino benzoates 4a. Inspection o f  
molecular models suggests that in the anti rotamers o f  ester 
4, the methyl and am ino groups occupy the same relative 
orientation toward one another as the phenyl and amino 
groups in the tA  and eA rotamers o f  esters 2. Consequently, 
the less favorable m ethyl-am ine interaction in the pyrroli
dino com pounds should destabilize the anti rotamers. 
M odels suggest that the effect should be less pronounced 
than in ester series 2, where the more severe am ine-phenyl 
interactions operate. This view is supported by the data, 
since the anti/gauche ratio for both  th reo - and e r y th r o -4b 
is greater than that for erythro-2b.

T ab le  IV
P roperties o f  the A m ino A lcoh o ls  and 

T heir B enzoate E sters“

M p, ° C ,

C om pd % y ie ld or eluent

t h r e o -la 71 95.5-96.5
e r y t h r o - la 63 82-83
t h r e o -  lb 20 81-82
e r v t h r o -  lb 69 82.5-83.5
t h r e o  -2a 66 Hexane
e r y t h r o -2i. 68 Hexane
t h r e o -2b 78 3% EtOAc
e r y t h r o  -2b 80 10% EtOAc
t h r e o  -3 a 39 55-56
e r y t h r o  -3a 1 84-85
t h r e o  -3b 12 60-61
e r v t h r o  -3b 6 70-71
t h r e o -  4a 75 10% EtOAc
e r y t h r o  -4a 34 3% EtOAc
t h r e o -Ah 82 4% EtOAc
e r y t  h r o - A b 34 7% EtOAc

atisfactory analytical data were obtained for all compounds
listed in the table.

Experimental Section

All melting points are uncorrected and were determined on a 
Mel-Temp melting point apparatus. The nuclear magnetic reso
nance spectra were recorded on a Varian Associates A-60A spec
trometer using tetramethylsilane as an internal standard. Infrared 
spectra were determined in potassium bromide or as a thin film on 
a Perkin-Elmer 137 spectrophotometer. High-dilution infrared 
studies were carried out on a Beckman IR-12 spectrophotometer 
using previously described techniques.1 The microanalyses were 
performed by Midwest Microlab, Ltd., Indianapolis, Ind.

Ring Opening of £rans-l-Phenyl-1-propene Oxide with 
Pyrrolidine. A solution of 2.0 g (0.015 mol) of irans-l-phenyl-1- 
propene oxide and pyrrolidine (5 ml) was heated at the reflux tem
perature for 41 hr. The solvent was removed in vacuo and the resi
due poured into water (40 ml). The material which solidified was 
isolated by filtration. Fractional crystallization from hexane af
forded the crystalline, isomeric amino alcohols: 2.12 g (69%) of dl- 
ery£hro-l-(l-pyrrolidino)-l-phenyl-2-propanol (lb) and 0.184 g 
(6%) of df-eryihro-2-(l-pyrrolidino)-l-phenyl-l-propanol (3b).

Ring Opening of trans-l-Phenyl-l-propene Oxide with Pi
peridine. Using the above procedure with a reaction time of 54 hr, 
the following amino alcohols were prepared: dl-erythro-l-(l-piper- 
idino)-l-phenyl-2-propanol (la) in 50% yield and dl-erythro-2-(l- 
piperidino)-l-pher.yl-2-propanol (3a) in 1% yield.

l-Phenyl-2-(l-piperidino)-l-propene. Using the method of 
Munk and Kim,8 16.0 g (0.12 mol) of phenylacetone and 34.5 g 
(0.41 mol) of piperidine afforded 10.9 g (45%) of the enamine: mp 
40-42°C; NMR (CCL,) 6 7.1 (m, 5, Ph), 5.48 (s, 1, CH=), 2.9 (m, 4, 
CH2N), 1.89 (s, 3, CH3), and 1.5 (m, 6, CH2). Short-path distilla
tion followed by crystallization afforded the analytical sample.

Anal. Calcd for G14H19N: C, 83.51; H, 9.53. Found: C, 82.88; H, 
9.80.

Hydration of l-Phenyl-2-(l-piperidino)-l-propene. To a so
lution of 0.507 g (0.013 mol) of sodium borohydride and 2.057 g 
(0.010 mol) of l-phenyl-2-(l-piperidino)-l-propene in dry THF (25 
ml) was added dropwise 1.59 g (0.014 mol) of boron trifluoride eth- 
erate in THF (7 mi). The solution was heated at the reflux temper
ature for 1 hr and cooled in an ice bath and water (10 ml) was 
added followed by 6 ml of sodium hydroxide (1 N) and 30% hydro
gen peroxide (4 ml). The solution was heated at the reflux temper
ature for 4 hr, poured into a solution of saturated sodium chloride 
(50 ml), and extracted with three 50-ml portions of ether. The 
combined ether extracts were dried (MgSCb) and the solvent re
moved in vacuo. Crystallization of the residue afforded 0.894 g 
(39%) of dl-threo 3a.

Hydration of l-Phenyl-l-(l-piperidino)-l-propene. The
above procedure afforded dl-threo la in 71% yield.

Hydration of l-Phenyl-l-(l-pyrrolidino)-l-propene. To a
solution of 0.544 g (0.014 mol) of sodium borohydride in dry THF 
(15 ml) was added dropwise 1.5 ml (0.012 mol) of boron trifluoride
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etherate in THF (10 ml). The solution was stirred at room temper
ature for 2 hr and cooled in an ice bath and 0.953 g (0.053 mol) of 
l-phenyl-l-(l-pyrrolidino)-l-propene in THF (10 ml) was added 
dropwise. The solution was stirred at room temperature for 5 hr 
and cooled and a solution of 1 N  sodium hydroxide (4 ml) was 
added simultaneously with a solution of 30% hydrogen peroxide (3 
ml). The solution was stirred for 12 hr, poured into a saturated so
dium chloride solution, and extracted with three 50-ml portions of 
1 M  hydrochloric acid and the combined acid extracts were made 
basic by the addition of sodium hydroxide pellets. The basic solu
tion was extracted with ether and dried (MgSCh) and the solvent 
was removed in vacuo. Crystallization of the residue from hexane 
afforded 0.207 g (20%) of dl-threo-lb.

Reduction of 2-(l-pyrrolidino)-l-phenyl-l-propanone. The 
sodium borohydride reduction of the amino ketone in me'hanol af
forded a mixture of dl-threo- and dl-erythro-Zb in high yields. 
The d/-threo and (//-erythro amino alcohols (Table IV) could be 
isolated in low yields from the mixture by fractional crystallization 
from hexane.

Benzoate Esters 2 and 4. A solution of benzoic anhydride (0.01 
mol), pyridine (2 ml), and amino alcohol (ca. 0.002 mol) was heated 
on a steam bath for 2-24 hr. The solution was poured into a mix
ture of saturated sodium bicarbonate (50 ml) and ether (25 ml). 
The solution was magnetically stirred for ca. 1 hr, extracted with 
three 50-ml portions of ether, and dried (MgSCh) and the solvent 
was removed in vacuo. The oily benzoates were purified by chro
matography over alumina.
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Fourteen primary amides of varying structures were converted to isocyanates by treatment with lead tetraace
tate. Generally the isocyanates were not isolated but were converted to carbamates by using a reaction solvent 
such as benzyl or, preferably, (erf-butyl alcohol. Alternatively, the reaction was run in dimethylformamide and 
the isocyanate was converted to the unsym-urea by treatment with feri-butylamine. The carbamates could be 
easily cleaved to the corresponding amines las the hydrochlorides) by treatment with HC1 in alcohol, ether, or 
acetic acid. The rearrangement was shown tc proceed with retention of configuration about the migrating carbon 
atom.

Som e years ago we reported3 the oxidative rearrange
m ent o f  N -am inooxindole to 3-cinnolinol using lead tetra
acetate (L T A ) as the oxidant. Because this rearrangement 
appeared to resemble in som e aspects the classical H o f
mann rearrangement o f  N -halo amides, we next showed4 
that the rearrangement o f  iV-am inooxindole could be car
ried out via the N -ch loro derivative. These observations led 
logically to the conclusion and subsequent dem onstration5 
that a H ofm ann-like oxidative rearrangement o f  amides (1) 
could be brought about with LT A . By a som ewhat different

RCONH, ^  R— N = C = 0  R— NHC02R'
1 2 3

R'N'H, | H C l \ J h O  |HCI

R— NHCONHR' R— NH +Cl"
5 4

pattern o f  reasoning Beckwith6“9 and his coworkers came 
independently to the same conclusion. T hey have described 
in som e detail their investigations o f  this quite general and

im mensely practical version o f  the H ofm ann rearrange
m ent.10

Even earlier Tscherniac11 had noted an apparent similar
ity in the behavior o f  iodosobenzene and the hypohalites 
and reported the first example known to  us o f  a H ofm ann- 
like rearrangement using a tw o-electron oxidant other than 
positive halogen. This com m unication describes som e o f 
our efforts to explore the scope and limitations o f  the rear
rangement as a practical synthetic method.

As was reported in the preliminary com m unication,5 the 
rearrangement can be run very rapidly in dim ethylform am 
ide solution in such as a way as to  perm it isolation o f the 
intermediate isocyanate (2) or to proceed directly via acid 
hydrolysis to the amine hydrochloride (4). However, for 
many amides isolation o f 2 is tedious, if not d ifficult,6 and 
acid-catalyzed hydrolysis o f  2 without isolation may result 
in lower yields o f  4 than may be obtained by the less direct 
routes described here. Nevertheless, the use o f  d im ethyl
form am ide is very advantageous in those rearrangements 
involving a subsequent reaction with an amine to form  a 
urea° (5) or a subsequent cyclization o f  the isocyanate



Rearrangement of Amides with Lead Tetraacetate J. Org. Chem., Voi 40, No. 24, 1975 3555

Et,N HC1
RCONH2 +  LTA +  PhCH2OH RNHC02CHPh — *• RNH.Cl

Table I
Yields o f Carbamates and Amine Hydrochloride from the Reactions

Yield, % b
Registry Yield, %,b amine

no. R Scale,0 mol Solvent Temp,0 °C carbamate hydrochloride

56730-65-3 Cyclobutyl 0.01 DMF 66
7137-58-6 Cyclohexyl 0.01 MeCN 40, 80 76

Cyclohexyl 0.01 DMFC 25, 120 67
Cyclohexyl 0.03 DMF 25, 120 12d 63"

39896-97-4 Benzyl 0.01 DMF 0, 60 65e 54'
Benzyl 0.01 DMFc 25, 68 64
Benzyl 0.01 MeCNc 60, 60 38

3422-02-4 Phenyl 0.01 DMFcd 25, 75 3 3 /
0 First temperature given is that of oxidation step; second, that of conversion of isocyanate to carbamate. Based on 

amide. c Benzyl alcohol added at start of reaction. d Et3N not used. e Mp 95—95.5° (lit.52 mp 90—91° ) . /M p  62—63° (lit.53 
mp 64e). g Mp 77° (lit.53 mp 78°). Mp 2 05 -20 7° (lit.42 mp 203-204°). ' Mp 245 -24 7° (lit.43 mp 246-250°).

group with some other functional group in the same m ole
cule.9 D im ethylform am ide appears to serve both  as a good 
solvent and as a catalyst for the oxidative rearrangement.5

In our experiments the rearrangement o f  amides pro
ceeded slowly in pure benzene, chloroform , and methylene 
chloride, although the reaction in these solvents could be 
accelerated by addition o f  alcohols, triethylamine, or pyri
dine. Beckwith and coworkers have used benzene-aliphatic 
acid and benzene-alcohol mixtures successfully in prepar
ing acylamines7 and carbamates,8 respectively. The form er 
solvent-reactant mixture gave a relatively slow reaction 
and the latter a relatively fast reaction.10 W e found that 
the rearrangement also took  place slowly in pure acetic 
acid. This solvent has been used (usually with benzene) in 
the preparation o f  acylamines,7 but again the times given 
for disappearance o f  L T A  are quite long com pared with 
those in dim ethylform am ide0 or benzene-alcohol m ix
tures.8

Although the use o f  alcohols as solvent-reactants has 
certain easily dem onstrated disadvantages, we have chosen 
to concentrate our attention on their use for two reasons:
(1) the rearrangement reaction is or can be made quite 
rapid in the alcohols, and (2) the resultant carbamates (3) 
afford excellent intermediates for clean, high-yield conver
sion to  the corresponding amines or to  other useful prod 
ucts. T he principal disadvantages in the use o f  alcohols as 
solvent-reactants are the preferential oxidation o f the a lco
hol (rather than the am ide) in some instances,5’8 and the 
difficulty that is som etim es encountered in cleaving pri
mary alkyl carbamates.12 Thus, for example, L T A  reacts 
with m ethanol at the reflux tem perature at approxim ately 
the same rate (or faster) that it reacts with som e amides. 
Acott, Beckwith, and Hassanali8 have used primary and 
secondary alcohols successfully with a num ber o f amides 
and benzene-alcohol mixtures with those for which the al
cohol cxidation appeared to  be faster than the oxidative re
arrangement. T h ey  did not obtain satisfactory results with 
tert-butyl alcohol, possibly because their reactions cond i
tions were not optim ized. Although simple alkyl carba
mates are not readily hydrolyzed in alkaline solutions,12 
acid-catalyzed hydrolysis is generally very satisfactory. 
Therefore, we have concentrated our attention on alcohols 
that yield very easily cleaved carbamates, benzyl alcohol 
and, especially, te r t -butyl alcohol.

The benzyl carbamates were prepared by oxidative rear
rangement o f  the amide in D M F  or acetonitrile solution 
with L T A , follow ed by  reaction with benzyl alcohol (cata
lyzed by triethylamine). T h e carbamates could be hydro
lyzed with hydrogen chloride in acetic acid. T he results are 
given in Table I. T he reaction was satisfactory with ali

phatic amides on a small scale but less so on a large scale, 
probably because o f difficulties associated with the isola
tion o f the product. Benzamide gave unsatisfactory results 
in this system. Because the concurrent developm ent o f  the 
use o f  te r t -butyl alcohol appeared to be more promising, 
the use o f  benzyl alcohol was not studied further.

T he procedure that appears to  us to  be the simplest and 
m ost effective means to  date for obtaining amine hydro
chlorides from simple amides via L T A  oxidation consists o f  
the preparation o f the tert-butyl carbamates (3, R ' =  t-B u) 
follow ed by cleavage o f the carbamate to the corresponding 
amine hydrochloride by treatment with anhydrous hydro
gen chloride. T he te r t -butyl carbamates were obtained in 
good to  excellent yields by treating the appropriate amide
(1) in anhydrous ierf-bu ty l alcohol with L T A  at the reflux 
tem perature.13 This procedure has the advantage o f  giving 
a stable, solid intermediate product (3) that can be purified 
by recrystallization or chrom atography and then readily 
and quickly converted to  the amine hydrochloride when re
quired.

W hen cyclohexanecarboxam ide was treated with L T A  in 
refluxing te r t -butyl alcohol for 3 hr, the yield o f  te r t -butyl 
iV-cyclohexylcarbam ate was 64%, but, when phenylacetam - 
ide was treated in the same way for only 1 hr, a yield o f  83% 
o f  te r t -buty l ALbenzylcarbamate was obtained. T he slower 
o f  the two successive reactions, oxidative rearrangement o f 
the amide and addition o f  the alcohol to the isocyanate, is 
alm ost certainly the alcohol-isocyanate reaction in all the 
examples studied. However, there are a number o f  catalysts 
which may be used to  accelerate this reaction. Although we 
have found no study o f the catalysis o f  the tert-butyl a lco
hol-isocyanate reaction, a com parison o f the effectiveness 
o f  various catalysts for the n -butyl alcohol-phenyl isocya
nate reaction has been reported.15’16 The following order o f 
increasing catalyst effectiveness was determ ined by com 
paring reaction rates: triethylam ine «  stannic chloride <  
d i-n -butyltin  dilaurate.17 Use o f  any o f  these catalysts 
raised the yield o f  tert-butyl AT-cyclohexylcarbamate to 
80-87% , probably by accelerating the alcohol-isocyanate 
reaction and minimizing, thereby, the com petitive dehy
dration reaction.18 The yields o f  tert-butyl carbamates 
from  aromatic carboxam ides were not im proved by these 
catalysts, probably because the aryl isocyanates react with 
tert-butyl alcohol alm ost as rapidly as they are form ed. 
The lower yields o f  tert-butyl carbanilates are attributed to 
side reactions other than those brought about alcohol dehy
dration.

The oxidation o f  aliphatic primary amides with L T A  in 
anhydrous tert-butyl alcohol proceeded quite selectively at 
the amide function except for cinnam am ide and tra n s-2 -
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Yields o f  tert-Butyl Carbamates and Amine H ydrochlorides Obtained from  the Reactions
Table II

RCONH, +  LTA +  f-BuOH — —-  RNHCO.-cBu (1)

RNHCO/i-Bu +  HC1 — *  RNH,C1 (2)

Reaction Y ie ld ,3
time for Y ield,3 amine

carbamate ferf-butyl hydro-
Registry formation, carbamate, chloride.

no. R Scale, mol Catalyst hr« % %

1503-98-6 Cyclobutyl 0.277 Et3N 10.0 87.2 81 .5«
Cyclobutyl 0.006 d 3.0 b 81.9
Cyclobutyl 0.03 m 72.6

1122-56-1 Cyclohexyl 0.01 None 3.0 63.5
Cyclohexyl 0.01 Et,N ' 1.3 79.9 /
Cyclohexyl 0.01 Et3N' 1.5 79.4 f - h
Cyclohexyl 0.01 Et3N 3.0 86.8
Cyclohexyl 0.10 Et3N 9.0 77.6 72.8
Cyclohexyl 0.01 SnCl4 1.0 84.5
Cyclohexyl 0.01 SnCl„ 1.5 8 3 .4 /
Cyclohexyl 0.01 d 3.0 80.4
Cyclohexyl 0.03 m 30

1503-87-3 Cyclohexylm ethyl 0.10 Et3N 10.0 77.9
56760-76-0 1,2,2-Trimethyl-

3-carbom ethoxy-l-
cyclopentyl 0.0086 SnCl4 19.0 87.1 78.3

1,2,2-Trimethyl-
3-carbom ethoxy-1 -
cyclopentyl 2.13 d 13.0 b 80.7

103-81-1 Benzyl 0.01 None 0.8 8 8 .8 /
Benzyl 0.10 None 1.0 83.5
Benzyl 0.10 d 3.0 b 90.0
Benzyl 0.10 E t3N 10.0 88.7 86.1

102-93-2 2-Phenethyl 0.1 Et3N 10.0 83.3 74.6
939-88-8 irans-2-Phenyl-

cyclopropyl 0.01 None 2.5 12.9 '
98-92-0 3-Pyridyl 0.01 None 1.5 78.9?

3-Pyridyl 0.01 None 2.0 e 73 .0a
3-Pyridyl 0.01 Et3N 7.0 61.7

55-21-0 Phenyl 0.01 None 0.5 76.2
Phenyl 0.1 None 1.0 e 76.8
Phenyl 0.1 None 1.5 75.2#
Phenyl 0.3 None 2.0 e 8 2 .7  k
Phenyl 0.05 None 2.5 89.1/
Phenyl 0.01 Et3N 10.5 68.6
Phenyl 0.1 d 3.0 b 75.5
Phenyl 0.03 m 75.5 75.5

619-56-7 4-Chlorophenyl 0.01 None 1.0 70.6
4-Chlorophenyl 0.01 SnCl„ 3.0 68.3
4-Chlorophenyl 0.03 d 10.0 b 71.5
4-Chlorophenyl 0.03 m 70.5

619-80-7 4-Nitrophenyl 0.01 None 0.5 73.1
4-Nitrophenyl 0.01 None 1.0 78.5
4-Nitrophenyl 0.01 None 3.0 78.9
4-Nitrophenyl 0.01 SnCl4 24.0 77.7 75 .4C
4-Nitrophenyl 0.03 m 35.0

2008-58-4 2,6-Dichlorophenyl 0.03 None 1.0 b 74 .8C
2,6-Dichlorophenyl 0.01 SnCl„ 10.0 81.6

4380-68-1 2,4,6-Trim ethylphenyl 0.01 SnCl4 9.0 78.3
a Yields are based on the amide. * The carbamate was not isolated. c “ Free”  amine. d Di-n-butyltin dilaurate. e The car

bamate was purified with activated a lum in a./T h e carbamate was precipitated by adding ferf-butyl alcohol solution to  ice 
water. •? The carbamate was precipitated by adding acetone solution to  ice water. h The L T A  was added as a 10% acetic acid 
paste. ' Added after 15 min at reflux, i A  fivefold excess o f  amide was used; yield based on LTA. k A  threefold excess o f  
amide was used; yield based on LTA. ' 37% o f  start.ng amide recovered. m Et3N used as oxidative rearrangement catalyst 
(see Experimental Section). « Optimum reaction times were not determined; some times are greater than necessary to  obtain 
the maximum yield.

phenylcyclopropanecarboxam ide, which suffered som e at
tack at the double bond and three-ring, respectively. A p 
parently isolated olefinic bonds are not oxidized under sim 
ilar conditions.8 T he yields o f  t e r t -butyl carbam ate were 
usually in the range 80-90% . Arom atic am ides also gave 
good yields (60-80% ) o f  t e r t -butyl carbanilates despite the 
form ation o f  colored by-products, the nature o f  which was 
not determ ined. Our results are summarized in T able II.

Although A cott, Beckwith, and Hassanali8 obtained at 
best a 37% yield o f  ethyl TV-pyridylcarbamate from  the ox i
dative rearrangement o f  nicotinam ide in ethyl alcohol or 
ethyl alcohol-benzene, we experienced no difficu lty  in pre
paring the t e r t -butyl carbam ate in yields up to  79%.

N -C arbo-ierf-bu toxy  protective groups19 have been re
m oved by treatment o f  the derivative, usually a peptide, 
with anhydrous hydrogen chloride in ether,5 diethyl phos-
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phite,20 benzene,20 or nitrom ethane,21 as well as with other 
acids.22 Although m ost o f  the te r t -butyl carbamates lost 
the carbo-f cri- butoxy group when treated with anhydrous 
hydrogen chloride in ether, we found that cleavage pro
ceeded m ost satisfactorily in anhydrous ethanol to give 
high yields o f  the corresponding amine hydrochloride 
(Table II).23

Incom plete kinetic studies still in progress25 indicate 
that in 0.01 M  solutions in 1:1 methylene ch loride-feri- 
butyl alcohol at 22° the rate o f  reaction (as measured by 
disappearance o f L T A ) is accelerated by the addition o f 
pyridine as a catalyst by roughly a factor o f  2 -3  at 50% 
com pletion o f the reaction. However, variations in the rate 
o f  this same order o f  magnitude may result from  the use o f  
different batches o f  L T A  (or o f  te r t -bu ty l alcohol in d iffer
ent stages o f  dryness). It is not known at this time whether 
pyridine8'26 (and other bases such as triethylam ine5 and 
D M Ff ) serves as a catalyst or as a scavenger o f  acetic acid. 
Acetic acid does appear to  depress the rate o f  this reaction 
as it does for other L T A  oxidations o f  organic nitrogen 
com pounds.27,28 Fortunately, at the reflux tem perature o f  
tert-butyl alcohol these rate variations are not particularly 
important, and catalysts for the oxidative rearrangement 
are not required in practical applications o f  the m ethod, 
provided that the amides and solvents used are reasonably 
dry and the L T A  reasonably free from  excess acetic acid.

T he detailed mechanism o f  the oxidative rearrangement 
o f  amides cannot be specified on the basis o f  available evi
dence. although sim plified mechanisms have been suggest
ed.5’8 T w o reasonable alternatives consistent with available 
evidence are summarized in sequences 1 —  6 —> 7 —► 2 and 
1 —  8 —* 9 —» 2. These two alternatives could be considered

R— C
\

0 p / ° -  “•«-*- R -
n h . NH,

+

L T A  ,

0

R— C H
Î / )A6

/  \  /
H PbfOAc),

L T A w
O— Pb(OAc),

R— C  A ) Ac
\ n
+ N— H

\
H

1

In view o f the proposed29 eight-coordinate, distorted d o 
decahedral structure for L T A  in the crystal, 10 would be a 
reasonable structure. At the tim e o f  rearrangement the 
structure might be distorted toward either 7 or 9, especially 
under the influence o f  nucleophilic solvents (alcohols) or 
presumed catalysts (pyridine, D M F ).

It is also possible that a discrete nitrene intermediate 
may result from  the decom position o f  7, 9, or 10; however, 
attempts to demonstrate the existence o f the nitrene by 
trapping experiments on the presumed nitrene obtained 
from the oxidation o f urethane (E t02C N H 2) with L T A  
were unsuccessful. Although carboethoxynitrene (from  the 
azide) has been trapped with cyclohexene,30 cyclohexane,30 
and benzene,31’32 we have obtained none o f  the expected 
cycloaddition or insertion products from the reaction o f 
urethane with L T A  in the presence o f  these hydrocarbons. 
Acott, Beckwith, and Hassanali6 reported a similar failure 
with cyclohexane and urethane. Unfortunately, these nega
tive results provide less than com pelling evidence o f the 
absence o f  an intermediate nitrene, for in our experiments 
urethane was not oxidized by L T A  at an appreciable rate 
and ultimately the oxidant was consum ed in other reac
tions, presumably with the solvents present. However, at
tem pts to trap the presumed nitrene intermediate in the 
oxidative rearrangement o f  cyclohexanecarboxam ide with 
cyclohexane or benzamide with dim ethyl sulfoxide33 also 
failed. In the latter solvent the principal product was the 
s y m -urea.

On the reasonable assumption that the oxidative rear
rangement o f  amides, like the H ofm ann34 and Curtius35 re
actions, proceeds with retention o f configuration, Acott, 
Beckwith, and Hassanali8 assigned the 17/3 configuration 
to  the methyl carbamate obtained from  3/3-acetoxyandrost-
5-ene-17/3-carboxamide. W e have established that the reac
tion does indeed proceed with retention o f configuration by 
the sequence shown in Chart I and by the conversion o f 
tra n s-2-phenylcyclopropanecarboxam ide (11a) into tert- 
butyl N -(ir o n s -2-phenylcyclopropyl)carbam ate ( l i b )  al
beit in low yield. After this work had been com pleted S i

m ons26 reported the apparently stereospecific conversion 
o f  exo-3-carbam yl-exo-2-norborneol to norbornyl[2,3-d]-
2-oxazolidinone.

From the foregoing discussion it is clear that the oxida
tive rearrangement o f  amides using L T A  in te r t -butyl a lco
hol affords a useful alternative to the classical H ofm ann, 
Schmidt, Curtius, and Lossen rearrangements. T he ques
tion then arises as to whether or not some other tw o-elec
tron oxidant, such as iodosobenzene diacetate,2 m ight give 
even better results. A num ber o f other oxidants will be 
com pared in a subsequent com m unication; however, for 
m ost (but not all) purposes L T A  appears to be the reagent 
o f  choice based on cost, availability, ease o f use, and overall 
results.

extreme forms o f  a third alternative in which the lead atom 
is bonded to  both  oxygen and nitrogen in the R C O N H - 
Pb(O Ac)a com plex (10).

R— CC >b(0Ac),
NH
10

E x p er im en ta l S ection

All melting points are uncorrected. The NMR spectra were ob
served with a Varian A-60 spectrophotometer. Infrared spectra 
were observed with Perkin-Elmer Models 137 and 237 spectrome
ters. tert-Butyl alcohol was dried by refluxing over calcium hy
dride (approximately 10 g/1.) for 4-10 hr, followed by distillation. 
N ,N - Dimethylfoi mamide (DMF) was dried by refluxing over cal
cium oxide (approximately 50 g/1.), followed by distillation. Tri-
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Chart I
Stereochemistry of Oxidative Rearrangement“

Me CO,H

H c o 2h
12

[a p D +  47.7°
([ap D +  47.76°)36

Me CONH.

CH3OH
HCl
76%

H C02Me 
13

[a ]Z5D +  52.3° 
([ap D  +  51.52°)37

1. PCI,
2. nh3

84%

H C02Me 
14

[a p D  +  79.8° 
([a p D  +  57.15°)38

H C02Me 
15

[<*Pd +  51.0°

HCl

HCAc
97%

Me NH,C1

KOH
H ,0

H C02H 
16

[ « P d +  44.8°
([«]%> +  4130)39

“ Values in parentheses taken from literature.

H C02H 
17

[a p D  +  54.5° 
([a ]25D +  54.7°)39

ethylamine was dried by refluxing over barium oxide, followed by 
distillation and storage over potassium hydroxide. Acetonitrile 
(practical grade) and benzyl alcohol were dried by refluxing over 
phosphorus pentoxide for several hours, followed by distillation. 
Di-rc-butyltin dilaurate was purchased from K & K Laboratories, 
Inc. Lead tetraacetate (LTA) (Arapahoe Chemical Co.) was stored 
in a desiccator over sulfuric acid (which removes most of the acetic 
acid stabilizer). The reagent was added as a dry powder in most re
actions and directly from the reagent bottle (added in 10% excess 
to allow for the acetic acid present) in a few instances.

tert-Butyl Carbamates. General Procedures. Most of the re
actions were carried out using 0.1 or 0.01 molar equiv of amide and 
LTA and no catalyst for the oxidation step. The 0.1-mol reactions 
were carried out by warming 250-500 ml of anhydrous tert- butyl 
alcohol with the appropriate amide until dissolution was complete. 
The reaction flask was equipped with a mechanical stirrer and a 
reflux condenser protected with a drying tube. The 0.01-mol reac
tions were run in 50 ml of anhydrous tert-butyl alcohol. The reac
tion flask was equipped with a magnetic stirrer and reflux con
denser, protected with a drying tube. When stannic chloride or di- 
n-butyltin dilaurate was used as a catalyst for the isocyanate-alco
hol reaction, the catalyst was added via a syringe prior to LTA ad
dition (for example, see the preparation of tert-butyl IV-cyclohex- 
ylcarbamate). When triethylamine was used as the catalyst, it was 
added via a pipette 0.25-2 hr after the addition of LTA (for exam
ple, see the preparation of tert-butyl N-benzylcarbamate). In all 
reactions, the LTA was weighed as rapidly as possible and added 
to the tert-butyl alcohol-amide solution in one lot. The reaction 
temperature was then raised to reflux as rapidly as possible.

After the reaction, the tert-butyl alcohol was removed on a 
bench evaporator. The residue was extracted with ether, which was 
then filtered through Celite. The lead diacetate remaining in the 
reaction flask was agitated and washed with several portions of 
ether to remove any entrained carbamate.

In the early experiments, the ethereal filtrate was reduced in 
volume and washed with 300 ml of 10% potassium carbamate to re
move the acetic acid. This was found later to be unnecessary. The 
ethereal filtrate was evaporated and the carbamate was recrystal
lized from Skellysolve B (bp 60-69°). If the carbamate was not to 
be purified, the ethereal filtrate was evaporated, the residue was 
dissolved in anhydrous ethanol, and the carbamate was converted 
to the amine hydrochloride as described below. The carbamates

were isolated whenever stannic chloride or triethylamine was used 
as a catalyst, since recovery of the amine hydrochloride was other
wise difficult. Purification of N-aryl carbamates was effected by 
column chromatography in a few instances.

In several small-scale (1-2 g) experiments the TV-alkyl carba
mates were recovered by pouring the cooled mixture into ice water. 
A modification of the method was found to be effective in recov
ering tert-butyl carbanilates without purification using a column 
of alumina. After the reaction of the benzamide and LTA was com
plete, the tert-butyl alcohol was removed, the residue was extract
ed with acetone, and the extract was filtered to remove lead diace
tate. The volume of the filtrate was reduced and the concentrated 
acetone solution was poured into water. The carbanilate which 
precipitated was considerably cleaner than that obtained when the 
reaction mixture (tert-butyl alcohol as solvent) was poured into 
water.

The foregoing general procedures are illustrated below with 
three typical amides: cyclohexanecarboxamide, phenylacetamide, 
and benzamide. Other examples are summarized in Table II. Prop
erties of the carbamates are given in Table III.

In several experiments triethylamine was used as a catalyst for 
both the oxidative rearrangement and the alcohol-isocyanate reac
tion. This procedure would appear to be useful when it is necessary 
to use the mildest conditions possible. To a solution (or suspen
sion) of 0.03 mol of the amide and 0.03 mol of dry, powdered LTA 
in 70 ml of dry tert-butyl alcohol warmed with stirring to 50° on 
the steam bath (thermometer in the reaction mixture), 10 ml of tri
ethylamine was added very slowly (ca. one drop every 3-4 sec) with 
no additional heating. The initial reddish color of the reaction so
lution faded to colorless (or pale pink) within a few minutes. At 
this point, the conversion to the isocyanate was essentially com
plete and the remainder of the triethylamine could be added more 
rapidly. The reaction mixture was allowed to stand up to several 
days to permit the isocyanate to react with the tert-butyl alcohol. 
The disappearance of the isocyanate infrared peak at ca. 2260 
cm-1 could be used as a qualitative test for completeness of con
version. The reaction mixture was evaporated at room temperature 
to a volume of ca. 30 ml, and this solution was poured into a mix
ture of crushed ice and 15 ml of acetic acid [to neutralize triethyl
amine and prevent precipitation of lead(II) salts]. After a few min
utes the white or tan urethane was collected by filtration, air dried, 
and recrystallized from petroleum ether. Examples of carbamates 
made by this procedure are cited in Table II.

tert-Butyl JV-Cyclohexylcarbamate. A mixture composed of
1.27 g (0.01 mol) of cyclohexanecarboxamide, 50 ml of anhydrous 
tert-butyl alcohol, and 0.2 ml of stannic chloride, in a 100-ml flask 
fitted with a magnetic stirrer and a reflux condenser with a drying 
tube, was stirred at 50° until dissolution of the amide was com
plete. The addition of 4.43 g (0.01 mol) of LTA was carried out as 
rapidly as possible, after which the reaction mixture was refluxed 
for 1 hr. The tert-butyl alcohol was removed, the residue was ex
tracted with ether, and the ethereal extract was filtered through 
Celite, reduced in volume to 15 ml, and diluted with 150 ml of 
Skellysolve B, whereupon the tert-butyl IV-cyclohexylcarbamate 
precipitated, yield 1.68 g (84.4%), mp 76-78°.

In another experiment using the same quantities of reagents, 0.1 
ml of stannic chloride, and a reflux time of 1.5 hr, the cooled reac
tion mixture was poured directly into ice water. The carbamate 
was collected by filtration and recrystallized from Skellysolve B, 
yield 1.66 g (83.4%), mp 76-78°.

In another experiment 4.87 g (0.01 mol plus 10%) of LTA taken 
directly from the reagent bottle was added to 1.27 g (0.01 mol) of 
cyclohexanecarboxamide in 60 ml of anhydrous tert-butyl alcohol. 
After the mixture had been heated under reflux for 15 min, 2.0 ml 
of triethylamine was added and the mixture was heated under re
flux for an additional 1.5 hr. The cooled reaction mixture was 
poured into ice water, and the carbamate was collected and recrys
tallized from Skellysolve B, yield 1.58 g (79.4%), mp 76-78°.

tert-Butyl iV-Benzylcarbamate. A mixture of 1.35 g (0.01 
mol) of phenylacetamide and 4.43 g (0.01 mol) o f LTA in 25 ml of 
tert-butyl alcohol (no added catalyst) was heated rapidly to reflux 
and held there for 1 hr. After cooling, the reaction mixture was 
poured into 250 ml of ice water. The carbamate was recovered by 
filtration and recrystallized from Skellysolve B, yield 1.84 g (88%), 
mp 53-54°.

tert-Butyl carbanilate was prepared by treating 2.42 g (0.02 
mol) of benzamide with 8.86 g (0.02 mol) of LTA in 50 ml of anhy
drous tert-butyl alcohol. The reaction mixture was refluxed for 1.5 
hr, the alcohol was removed, the residue was extracted with ace
tone, and the resultant mixture was filtered through Celite to re-
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Table III
Properties o f  Carbamates, R N H C 0 2-f-Bu

Infrared, Anal., %
cm 1 a

C H N NMK (CC14 ), 5, ppm
Registry V V Caled Caled Caled 6 5

no. R Mp, °C (NH) ( C = 0 ) (found) (found) (found) (f-B u )/(N H )? 6(R )
56700-66-4 c-C4H7 7 9 -8 0 3450 1710 63.13 10.00 8.18 1.42 4.80 1.65—2.30*

(63 .00) (10 .10) (8 .20 ) (6 H m, ring 
C H j’s), 4.10 
(1 H m, CHN'

3712-40-1 c-C .H ,, 7 7 .5 -7 9 3450 1705 66.29 10.62 7.03 1.40 5.40 0 .9 6 -2 .1 0 *
(66 .40) (10 .43) (6 .96 ) (10 H m, ring 

C H .’s), 4.02 
(1 H m, CHN)

56700-67-5 c-C6H u CH, 5 0 -5 1 3455 1705 67.56 10.87 6.57
(67 .52) (10 .81) (6 .69 )

42116-44-9 C6H sCH2 53—54* 3455 1710 1.46 4.78 4.24 (2 H d,
CH ,), 7.21 

(5 H s, C6H5)
38427-90-6 C6H sCH2CH, 5 5 -5 6 3455 1710 70.55 8.65 6.33 4.50 2.71 (2 H t,

(70 .61) (8.66) (6 .22 ) <7=13 Hz, 
CH 2)

3.21 (2  H t,
J =  13 Hz,
CH2), 7.11 
(5 H s, C6Hs)

3422-01-3 c 6h 5 134—135.5C 3460 1715 1.52 6.60 7.32 (5 H t,
C6Hs)

18437-66-6 4-ClC6H4 d 1 0 5 -1 0 6 3435 1730 58.02 6.20 6.16 1.49 6.58 7.2 (4 H s, C„H4)
(57 .91) (6.16) (6 .35 )

18437-63-3 4-NOjC6H4 1 1 0 .5 -1 1 1 .5 3435 1735 55.45 5.92 11.76 1.57 7.02 7.64 (2 H d,
(55 .66) (5.92) (11 .69) J =  9 Hz, 

o-CH ), 8.25 
(2 H d, </ = 9 
Hz, m-CH)

56700-68-6 2,6-CLC6H3 e 9 6 -9 7 3430 1735 50.39 5.00 5.34 1.50 6.12 7.21 (3 H m,
(50 .61) (4 .97 ) (5 .53 ) C6H3)

56700-69-7 2,4,6-M e3C6H2 7 0 -7 1 3440 1720 71.45 9.00 5.95 1.41 6.17 2.11 (6 H s, 2,6-
(71 .32) (9 .01 ) (6 .02 ) M e2), 2.21 

(3 H s, 4-Me),
6.69 (2 H s, 
C6H2)

56700-70-0 3-C5H4N 1 1 7 -1 1 8 3440 1710 61.83 7.27 14.42
(62 .11) (7 .33 ) (14 .41)

a In CHClj. * Lit.40 mp 5 7 -5 8 °. c Lit.41 mp 13 6 .3 -136 .5 °. d Caled: Cl, 15.57. Found: Cl, 15.50. e Caled: Cl, 27.05. Found: 
Cl, 26.60. /  9 H s T l H s ,  broad. * At 60 MHz.

move the lead diacetate. After removal of tine acetone, the carba- 
nilate was dissolved in ether, and the ethereal solution was re
duced tc 75 ml and put on a 2.5 X 50 cm column of activated alu
mina (8C g) in Skellysolve B (bp 60-69°). After elution with 300 ml 
of Skellysolve B, followed by 750 ml of ether, 2.98 g (77.3%) of the 
carbanilate was recovered, mp 134-135.5°. Further elution with 
150 ml of 10% methanol-ether yielded 0.294 g (12.1%) of benzam- 
ide: mp 127-128.5°; ir (CHC13) 3510, 3400, 1680, 1580, 1475 cm "1. 
No other compounds were characterized.

For ordinary preparative purposes the above procedure could be 
simplified by passing the ethereal solution (without concentration) 
through 100 g of activated alumina in a Büchner funnel.

In another experiment tert-butyl carbanilate was prepared by 
adding 44.34 g (0.1 mol) of LTA to 12.11 g (0.1 mol) of benzamide 
in iert-butyl alcohol. The reaction mixture was refluxed for 1.5 hr, 
the alcohol was removed, the residue was extracted with acetone, 
and the extract was filtered. The volume of filtrate was reduced 
until the carbanilate was just kept in solution. The solution was 
poured into 750 ml of ice water. The carbanilate was recrystallized 
from Skellysolve B, yield 14.52 g (75.2%), mp 134-136°.

Conversion of tert-Butyl Carbamates to Amine Hydrochlo
rides. General Procedure. The tert-butyl carbamate was dis
solved in the minimum volume of anhydrous ethanol (approxi
mately 35 ml for 0.01-mol reactions, and 150 ml for 0.10-mol reac
tions). Anhydrous hydrogen chloride was passed into the solution 
for 1.5-2 hr. The reaction flask was fitted with a magnetic stirrer 
and a reflux condenser, protected with a drying tube. The volume 
of ethanol was reduced, and the amine salt was brought out by the 
addition of ether and recovered by filtration. Subsequent fractions 
were recovered by removing the ether, reducing the volume of eth

anol, and adding more ether. If methanol was substituted for etha
nol, two layers sometimes formed at this stage, complicating recov
ery. If necessary, the amine salts were recrystallized from metha
nol or ethanol. A large quantity of decolorizing carbon was used to 
purify the aromatic amine hydrochlorides (2-3 g/10 g of amine hy
drochloride) when the carbanilate had not been purified prior to 
cleavage. This procedure was used in most of the examples in 
Table II, and was more satisfactory than the following for unpuri
fied carbamates.

Alternatively, dry hydrogen chloride could be passed into a solu
tion of terf -butyl carbamate in anhydrous ether (ca. 150 ml/g of 
carbamate) for 10-15 min. Usually the solution became filled with 
a fine, white precipitate, which was collected by filtration and 
dried in over sulfuric acid under mild vacuum, yields 79-90%.

Purification of solid aromatic amines was best carried out by 
neutralizing the crude hydrochloride with aqueous potassium hy
droxide and recrystallizing the amine from Skellysolve B (bp 60- 
69°).

The amine hydrochlorides obtained gave the following melting 
points: cyclobutyl, 183-184° (Anal. Caled for C4H10CIN: C, 44.66; 
H, 9.37; Cl, 32.95; N, 13.02. Found: C, 44.54, H, 9.35; Cl, 32.68; N, 
13.13); cyclohexyl, 205-207° (lit.42 mp 203-204°); benzyl, 247-248° 
(lit.43 mp 246-250°); 2-phenethyl, 218-219° (lit.44 mp 217°); ani
line, 196-198° (lit.45 mp 198°). The free amines gave the following 
melting points: p-chloroaniline, mp 69-71° (lit.46 mp 70-71°); p- 
nitroaniline, mp 146-148° (lit.47 mp 145°); 2,6-dichloroaniline, mp 
37-37.5° (lit.48 mp 39°).

eis-3-Carbomethoxy-l,2,2-trimethylcyclopentanecarboxyl- 
ic acid (13). d-Camphoric acid (12) (Aldrich) was recrystal
lized49 from ether: mp 187-188°; [a ]20D +47.7° (/ 2, c 0.04, etha-
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Table IV
Preparation o f  Ureas, RNHCONH-f-Bu

Baumgarten, Smith, and Staklis

Infrared, cm 1 a
Registry

no. R Yield, % Mp, °C Lit. mp, °C v(NH) O II O

5336-24-3 tert-Butyl 96 240 ± 2 b 242—243c 3440 1680
2387-23-7 Cyclohexyl 8 8 226 ± 2 * 227d 3440 1668
5472-16-2 Cyclohexylm ethyl 74 150—151e 3440 1670

56700-71-1 2-M ethy!-2-phenylpropyl 97 1 9 2 -1 9 3 / 3435 1665
a In CHC13 solution. b On K oeffler hot bench calibrated to  accuracy shown. c R. N. Lacy, J. Chem . S oc., 1633 (1960). 

d B. Brauner, Ber., 12, 1875 (1879). e Anal. Calcd for C 12H24N20 :  C, 67 .89; H, 11.39; N, 13.20. Found: C, 67 .57 ; H, 11 .56; 
N, 1 2 .9 1 ./A n a l. Calcd for C 15H24N20 : C, 72 .53; H, 9 .68; N, 11.28. Found: C, 72.27, H, 9 .75; N, 11.61.

nol) [lit.49 mp 187°; lit.36 [a ]20D +47.76° (l 2, c 0.93, ethanol)]. An
hydrous hydrogen chloride was passed into a stirred solution of
20.02 g (0.100 mol) of 12 in 250 ml of methanol for 2 hr. The meth
anol was evaporated and the residue was taken up in 5% aqueous 
sodium bicarbonate. The sodium bicarbonate solution was added 
until effervescence ceased, then 100 ml of 5% aqueous sodium hy
droxide was added. The diester was removed by extraction with 
ether and discarded. The aqueous layer was acidified with 10% hy
drochloric acid and extracted with ether. The ethereal extract was 
dried (MgSOU and evaporated, and the residue was recrystallized 
from Skellysolve B (bp 60-69°): yield 16.2 (76%); mp 77.0-77.5°; 
[a ]Z5D +52.3° (l 2, c 0.04, ethanol) [lit.37 mp 75-76°; [a ]25D +51.52° 
(l, c not given)]; ir (CHCL) 3490, 1720 cm“ 1 (acid C = 0  and ester 
C = 0 , broad peak).

cis-3-Carbam oyl-2,2,3-trim ethylcyclopentanecarboxylate 
(14). To 10.5 g (0.049 mol) of 13 susupended in 60 ml of petroleum 
ether was added 12 g (0.057 mol) of phosphorus pentachloride, and 
the mixture was stirred for 1 hr at room temperature. To 250 ml of 
anhydrous acetonitrile, which had been saturated with anhydrous 
ammonia at -30 °, was added dropwise the mixture of acid chlo
ride and phosphoryl chloride in petroleum ether. The temperature 
was kept at -3 5 ° until addition was complete. The m.xture was 
stirred for 1 0  min following addition of the acid chloride, the ace
tonitrile was removed on a bench evaporator, and the residue was 
taken up in hot ethyl acetate. The solution was filtered through 
Celite and evaporated. The amide was recrystallized from ethyl ac
etate: yield 8.83 g (84%); mp 141-142°; [a ]27D +79.8° (/ 2, c 0.025, 
ethanol) (lit.38 mp 139°, [a ]27D +57.15°); ir (CHCI3) 3540, 3410, 
2950 (broad), 1725, 1660, 1580 cm "1; NMR (CDCL) 5 3 70 (3 H s, 
CH.iO), 2.83 (1 H m), 1.5-2.5 (4 H m). 1.30 (3 H s), 1.21 (3 H s),
0.86 (3 H s).

tert-Butyl N -( c is -1,2,2-trimethyl-3-carbomethoxy- 1-cyclo- 
pentyl)carbamate (15) was prepared from 1.85 g (0.0086 mol) of 
14, using stannic chloride (0.1 ml) as a catalyst for the a.cohoi-iso- 
cyanate reaction. The reaction mixture was heated under reflux for 
19 hr. After removal of the tert -butyl alcohol, the residue was 
taken up in ether and washed with 10 0  ml of 10 % potassium car
bonate. The carbamate was recrystallized from Skellysolve B (bp 
60-69°); yield 2.5 g (87.1%); mp 78.8-79.2°; [a]25n +51.0° (l 2, c 
0.029, ethanol); ir (CHC1:!) 3450, 1715 cm“ '; NMR (CDCL) 5 3.68 
(3 H s, CH:iO), 2.63 ( 1  H m), 2.0 (4 H m), 1.41 (9 H s), 1.33 (3 H s),
1.11 (3 H s), 0.85 (3 H s). Anal. Calcd for C15H27O4N: C, 63.13; H, 
9.54, N, 4.91. Found, 63.11; H, 9.46; N, 4.99.

cis-3-Amino-2,2,3-trimethylcyclopentanecarboxylic Acid 
Hydrochloride (16). A mixture of 2.00 g (0.0070 mol) c f 15 and a 
solution of 10 ml of hydrochloric acid (37%) and 15 m_ of glacial 
acetic acid was heated under reflux for 1 1  hr, after which the acetic 
acid, methanol, and water were removed. The amine salt was re
crystallized from ethanol and brought out by adding ether: yield
1.41 g (97%); mp 254-256°; [a]26D +44.8° ( l  2, c 0.028, water) [lit.39 
mp 261-222°; [a]26D +41.3° (c 0.1, water)]; NMR (D2O) .5 4.80 (5 H 
s), 3.00 (1 H m), 2.15 (4 H d), 1.40 (3 H s), 1.20 (3 H s), 1.09 (3 H s).

cfs-3-Amino-2,2,3-trimethylcyclopentanecarboxylic Acid 
(17). To 20 ml of 3% aqueous potassium hydroxide was added 1.57 
g (0.0075 mol) of 16. The water was carefully evaporated until the 
amino acid precipitated. The amino acid was recovered by filtra
tion and washed with water: yield 0.973 g (97%); [a ]25D +54.5° ( l  2, 
c 0.0202, water) [lit.39 [o]25D +54.7° (c 0.05, water)].

tert-Butyl N -( irans-2-phenylcyclopropyl)earbam ate was 
prepared by treating /rans-2 -phenvlcyclopropanecarboxamide 
(1.61 g, 0.01 mol) with 4.43 g (0.01 mol) of LTA in tert-butyl alco
hol. After removal of the alcohol and filtration of the ethereal ex
tract, the ethereal filtrate was evaporated and the residue was 
taken up in hot Skellysolve B (bp 60-69°). The solution was 
cooled, and the crystalline mixture, which was removed by filtra

tion, was recrystallized from Skellysolve B (bp 60-69°). The solid 
which was insoluble in Skellysolve B was identified as trans-2 - 
phenylcyclopropanecarboxamide (0.594 g, 36.9%): mp 189-191°; ir 
(CHCW 3515, 3405, 1675, 1585 cm“ 1. Only 0.30 g (12.9%) of the 
carbamate was recovered: mp 80-81° (lit.50 mp 80-82°); ir (CHCL) 
3440, 2915, 1715,1590,1355 cm“ 1; NMR (CDCL) 5 7.2 (5 H s), 4.96 
(1 H s), 2.69 (1 H m), 2.05 (1 H m), 1.46 (9 H s), 1.13 (2 H m).

3-Aminopyridine. The oxidation of 1 2 .2  g (0 .1 0 0  mol) of nico
tinamide with 44.39 (0.100 mol) of LTA in 500 ml of tert-butyl al
cohol was carried out with no catalyst present. The mixture was 
heated under reflux for 2 hr, and the terf-butyl alcohol was re
moved. To the gummy, red residue was added 400 ml of ether in 
100-ml portions, each of which was filtered through Celite to re
move the lead diacetate. The combined ethereal filtrates were re
duced to a volume of 50 ml and placed on a 4.5 X 25 cm column of 
250 g of activated alumina in ether. The column was eluted with
2.5 1. of ether, from which the carbamate was recovered and dis
solved in 500 ml of methanol. Anhydrous hydrogen chloride was 
passed into the solution for 2  hr, after which the mixture was 
stirred overnight.

The volume of methanol was reduced to 50 ml, 200 ml of ether 
was added, and the amine dihydrochloride was collected by filtra
tion. The dihydrochloride was neutralized with 10 g of potassium 
hydroxide in 10 0  ml of water, and the solution was saturated with 
sodium chloride and extracted with 250 ml of chloroform. The 
chloroform extracts were dried (MgSO.i), filtered, and reduced to a 
volume of 75 ml. Addition of 75-100 ml of petroleum ether (bp 
30-60°) and cooling yielded 6.87 g (73.1%) of 3-aminopyridine: mp 
60-61.5° (lit.51 mp 64°); ir (CHCL) 3370, 3380, 1620,'l580 cm“ 1' 
NMR (CDCL) <5 8.1 (2 H m), 7.0 (2 H m), 3.85 (2 H s).

tert-Butyl Isocyanate. To a solution of 10.0 g (0.100 mol) of 
tert-butyl carboxamide in 100 ml of dry DMF was added 44.3 g 
(0.100 mol) of lead tetraacetate. The mixture was distilled through 
a 2-ft, heated Vigreux column (with magnetic stirring of the reac
tion mixture in the still pot). The fraction boiling at 83-85° (lit.54 
bp 85.5°) was collected, yield 4.4 g (44%). When the oil bath tem
perature reached 150° the distillation was stopped. The infrared 
spectrum (CCI4) of the distillate showed the expected peaks at 
2980 MCH)], 2260 [r (N = C = 0 )], 1540 (f-Bu), and 1365 cm“ ' (f- 
Bu) and no amide r (C = 0 ) absorption. An infrared spectrum of 
the still pot residue showed an intense band at 2260 cm“ 1, indicat
ing that not all of the isocyanate was recovered from the reaction 
mixture.

Alkyl tert-Butyl Ureas. General Procedure. A solution of 
0.02 mol of the amide in 100 ml of dry DMF was stirred while 8.86  
g (0.02 mol) of dry LTA was added. The addition caused the solu
tion to become light red. As the reaction progressed to completion 
the temperature rose to ca. 60° and the color faded. When the so
lution became colorless, 7 ml of tert-butylamine was added. Al
though the product could be isolated by removing the DMF under 
reduced pressure, usually the solution was poured over ca. 10 0  g of 
crushed ice and water, and the urea was collected and washed 
thoroughly with water The yields and properties of the ureas are 
summarized in Table IV.

Benzyl Carbamates. General Procedure. A solution of 0.01 
mol of the amide in 20-30 ml of dry DMF or dry acetonitrile was 
stirred while 4.43 g (0.01 mol) of LTA was added. The reaction 
mixture was kept at the initial temperature (Table I) for 20-90 
min, then heated at the final temperature overnight (1 0 - 1 2  hr). 
The reaction mixture was cooled and poured into 500 ml of ice 
water. The carbamate was collected and recrystallized from Skelly
solve B. For reaction at the 0.1-mol scale, the volume of the reac
tion mixture was reduced before it was poured into 1  1. of water.

Hydrolysis o f Benzyl Carbamates. The benzyl carbamates, 
prepared as described, were hydrolyzed by refluxing a solution of
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the purified carbamates in a mixture of glacial acetic acid and con
centrated (37%) hydrochloric acid for 2-4 hr. After removal of the 
solvent mixture by distillation, the amine salt was taken up in 
methanol and precipitated by adding ether. The results for these 
preparations are summarized in Table I.

Registry No.— 1 (R = C6H5CMeEt), 828-40-0; 4 (R = cyclo
butyl), 6291-01-6; 4 (R = cyclohexyl), 4998-76-9; 4 (R = 1,2,2-tri- 
merhyl-3-carbomethoxy-l-cyclopentyl, 56700-72-2; 4 (R = benzyl), 
3287-99-8; 4 (R = 2-phenethyi), 156-28-5; 4 (R = 3-pyridyl), 462-
08-8; 4 ,R = phenyl). 142-04-1; 4 (R = 4-chlorophenyl), 20265-96-7; 
4 (R = 4-nitrophenyl), 100-01-6; 4 (R = 2,6-dichlorophenyl), 608-
31-1; 12, 124-83-4; 13, 29607-02-1; 14, 56760-77-1; 15, 56760-78-2; 
16, 56700-74-4; 17, 56700-79-3; fert-butyl l,2,2-trimethyl-3-carbo- 
ethoxy-l-cyclopentylcarbamate, 56700-73-3; t e r t - butyl t ra n s -2- 
phenylcyclopropylcarbamate, 56700-75-5; lead tetraacetate, 546- 
67-8; benzyl alcohol, 100-51-6; fert-butyl alcohol, 75-65-0; hydro
chloric acid, 7647-01-0; terf-butylamine, 75-64-9.

Supplementary Material Available. The experimental proce
dures used to prepare the amides 1 will appear following these 
pages in the microfilm edition of this volume of the journal. Photo
copies of the supplementary material from this paper only or mi
crofiche (105 X 148 mm, 24X reduction, negatives) containing all 
of the supplementary material for the papers in this issue may be 
obtained from the Business Office, Books and Journals Division, 
American Chemical Society, 1155 16th St., N.W., Washington,
D.C. 20D36. Remit check or money order for $4.00 for photocopy or 
$2.50 for microfiche, referring to code number JOC-75-3554.
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Reaction of acetoacetic esters (3) with acetyl nitrate (1) at —10 to 15° in the presence of catalytic amounts of 
strong protic acids or Lewis acids afforded 90-97% yields of the corresponding nitroacetoacetic esters (6). Under 
similar conditions, ethyl 3-acetoxy-2-butenoate (10b) produced 63% Gb and 35% 3,4-bis(ethoxycarbonyl)furazan
2-oxide (9b) at 15°. In the absence of catalyst, reaction of ethyl acetoacetate (3b) was slow at 25° and the yields of 
6b and 9b were 39 and 52%, respectively. A slow transformation of 6b to 9b took place at 22° in the presence of 
catalytic amounts of H2SO4 and the reaction was accelerated by acetic anhydride. Proton exchange evidence inci- 
cated that the crucial function of the acid catalyst in the nitration is to protonate 1 to provide an active nitrating 
species 2, rather than merely accelerate enolization of 3. In the presence of water, alcohols, or ammonia 6 cleaved 
quantitatively to nitroacetate esters and correspondingly acetic acid, acetate ester, or acetamide. The cleavage 
with water and alcohols was acid catalyzed. The combination of nitration and cleavage reactions affords a practi
cal synthesis of nitroacetate esters.

Reaction o f  acetoacetate esters with absolute n tric acid 
in acetic anhydride at about 32° affords moderate (40-50% ) 
yields o f  nitroacetate esters, the balance consisting mainly 
o f  the corresponding 3,4-bis(ethoxycarbonyl)furazan 2-ox
ides . 2 Nitric acid in acetic anhydride exists largely as acetyl 
nitrate .3 In view o f the m ode o f  reaction o f  this reagent 
with enol esters,4 it appeared reasonable that nhroaceto- 
acetate esters are form ed at least as intermediate species 
during the reaction with acetoacetate esters. Recently 
methyl nitroacetoacetate was synthesized by Babievskii et 
al.5 by means o f condensation reactions o f  m ethyl nitroace
tate. T h e authors advanced the hypothesis that failure to 
prepare nitroacetoacetates by nitration o f acetoacetates is 
due to the hydrolytic instability o f  the former, by analogy 
with the known hydrolytic instability o f  form ylnitroacetic 
ester .6

R esu lts and D iscu ssion

Reaction o f ethyl acetoacetate (3b, Scheme I) with a so
lution o f 99% nitric acid (1 m ol) in 2 m ol o f  acetic anhy
dride (essentially acetyl nitrate in acetic acid) failed to pro
ceed appreciably at 0 ° and was slow at am bient tem pera
ture. T w o main products were detected by GLC, identified 
as ethyl nitroacetoacetate (6b) and 3,4-bis(ethoxycarbon- 
yl)furazan 2-oxide (9b). In the presence o f  catalytic 
amounts o f  strong inorganic acids, such as sulfuric or per
chloric, or Lewis acids, such as boron trifluoride etherate, 
reaction was fast even at —1 0 ° and 6 b was form ed :n essen
tially quantitative yield (reaction 1 ).

C H 3CO CH 2CO 2R +  A cO N 0 2 —
CH 3C O CH N O 2CO 2R +  AcO H  ( 1 )

p -T oluenesulfon ic acid was a less efficient catalyst and 9b 
was produced in significant amounts along with 6b (Table
I). The reaction was also carried out using 70% nitric acid, 
in which case a larger amount o f  acetic anhydride was used 
in order to react with the water present in the 70% acid. 
T he product was isolated from the reaction mixture by 
neutralizing the acid catalyst with anhydrous sodium  car
bonate and distilling under reduced pressure. I f neutraliza
tion o f  the catalyst was om itted, extensive decom position 
o f 6b to 9b with simultaneous form ation o f  acetic acid o c 
curred on heating (vide infra). In similar manner the m eth
yl, isopropyl, and cyclohexyl esters o f  acetoacetic acid were 
nitrated to  the corresponding nitroacetoacetate esters. T he 
N M R  spectra o f  6  in chloroform  solution indicated the 
presence o f  21-32% enol (7) in equilibrium with the keto 
form  (Table II).

The behavior o f  the enol acetate o f  ethyl acetoacetate 
(10b, ethyl 3-acetoxy-2-butenoate, a mixture o f  cis and 
trans isomers) under the nitration conditions is o f  interest. 
In the presence o f  catalytic amounts o f  sulfuric acid, reac
tion was very slow at 0°. At 15° reaction was com plete in 
about 50 min. T he products form ed were 6b and 9b in 63 
and 35% yield, respectively. Under the same conditions 3b 
gave essentially only 6b (run 5 in Table I). W hen the reac
tion mixture from  the nitration o f  either 3b or 10b, con 
taining 1  mol % o f sulfuric acid, was allowed to  stand with-

T ab le  I
Nitration of CH3COCH2CO2R (3) by AcONC>2a

Run
R

(formula)
N itration 
reagent

Catalyst 
(m ol %) Tet£P-'’ Time,®

min

Yield , % °

6 9

1 Me (a) d HCIO4 (0.25) -10 60 97 e
2 Et (b) f HCIO4 (0.20) -10 60 97 2
3 Et (b) d BF3 (1.0) -10 45 98 1
4 Et (b) d h 2so 4 (1.0) -10 60 97 2
5 Et (b) d H2S04 (1.0) 15 20 96 3
6 Et (b) f p -TSAf (2.5) -5 65 91 7

7 Et (b) / None 25 60 39 52
8 ¿ -P r  (c) d HCIO4 (0.25) -10 60 93 e
9 Cyclohexyl (d) d HCIO4 (0.25) -10 60 90 e

" All quantities of chemicals are referred to 3. ° Temperature at which the last reagent (3 or the catalyst) was added to the nitration mix
ture. which was then maintained at that temperature for the stated time. •' Yields determined by GLC. The yield of 6 was very close to the 
yield of ('H2NO2CO2R obtained in a subsequent cleavage with an alcohol or water and isolated by distillation. d AC2O (6.0 rr.ol) and 70.4% 
HN().i (1.02 moll. '■ Not determined. 1 Ac20  (2.10 mol) anc 99% HNO3 (1.05 mol). g p-Toluenesulfonic acid.
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P roperties o f  N itroacetoaceta te  Esters C H 3 C O C H N O 2 C O 2 R  (6 ) C H sC (O H ) = C N 0 2 CC>2 R (7)
Table II

R 0 Bp,
(formulai C (mm)

It
(neat), cm

NMR (CDCI3) , 5a (m ultiplicity/’ n amber o f protons)

C H3CO CH3C= CHNC2 R
Enol

(7), * c

Me (a) 7 5 (0 .5 )
Et (b) 7 5 (0 .2 )
f - P r ( c )  6 6 (0 .1 )
C yclo- 70 (0.15)

hexyl (d)
0 Relative to tetramethylsilane. b s = sing.et. d = doublet, t = triplet, q = quartet, m = nultiplet. b = broad, 

protons; number in parentheses calculated from CHNO2 protons.

1755, 1560 2.36 (s, 2.29) 2.23 (s, 0.71) 6.05 (s, 0.68) 3.81 (s, 3) 27 (32)
1750, 1567 2.40 (s, 2.24) 2.26 (s, 0.76) 6.13 (s, 0.69) 1.31 (t, 3) 4.35 (q, 2) 25 (30)
1743, 1568 2.39 (s, 2.38) 2.25 (s, 0.62) 6.09 (s, 0.73) 1.32 (d, 6) 5.15 (m, 1) 21 (27)
1740, 1560 2 36 (s, 2.13) 2.22 (s, 0.87) 6.07 (s, 0.68) -1 .5  (b, 10) 4.9 (b, 1) 29 (32)

Calculated from CH3 O

out prior neutralization o f the acid catalyst, 6b was slowly 
transformed to 9b. T he reaction followed first-order kinet
ics with respect to 6b with a half-life o f  22 hr at 22°. No 
such transformation took place if  the acid catalyst was neu
tralized by addition o f anhydrous sodium carbonate. Pure 
6b in acetic acid solution was indefinitely stable at room 
temperature but decom posed to 9b at a similar rate in the 
presence o f  10 m ol % o f sulfuric acid. T he rate increased by 
one order o f  magnitude when the solvent was a 1 : 1  (v /v) 
mixture o f  acetic acid and acetic anhydride (Table III).

The following reaction mechanism i3 consistent with the 
experimental results o f  the nitration o f 3b and 10b and the 
transformation o f 6b to 9b (Schem e I). T he active nitrating 
species in a mixture o f  acetic anhydride and nitric acid is 
the protonated acetyl nitrate (2 ) .3 The concentration o f  2  is 
greatly increased in the presence o f  a strong protic acid. A 
Lewis acid apparently creates an equally strong electro-

Scheme I
-A cO H  H+

Ac20  +  HNO:s „ — h AcONOi — -
AcOH

1

H+ -H  +
5= t  ch3 c :o h )CH,co ,r 5 = * -

-H H+

(AcOHNO,) 

2

2 + 4

CH,C(0H )=CHCOoR (2) 
4

+
CHjC< OH )CH NO ,CO,R + AcOH (3)

~H
5 «=► CH,COCHNO,CO,R or CH,C(OH)=CNO,CO,R (4) 

H+
6 7

j+0  — N =C C 02R +  A .’OH +  H

2 8

8

CO,R CO,Rw
(5)

(6 )

Nv.0^N

2 +  CHlC(OAc)=CHCOR — »
10

CH3C(0Ac)CHND2C02R +  AcOH (7) 

11
- A c +

11 < * 6 or 7 (8 )
A c+

11 — ► 8 +  Ac,0 +  H+ (9)

R= Me (a). Et(b). /-Pr (c). cyclohexvl (d)

T ab le  III
C onversion  o f Ethyl N itroa cetoaceta te  (6 b) to 

D iethyl 2 -O xofu raza n d ica rb oxy la te  (9b)n

Rmi Reaction medium Additive (m ol H alf-life , hr

1 0 AcOH h 2s o 4 (10) 24
1 1 AcOH A c 20  equal 

volum es
h 2s o 4 (10) 2.1

1 2 Aliquot from  
run 4c-d

None* 22

13 Aliquot from None® No reaction
run 4 c' e

a Reaction at 22’ , concentration of 6 b was 0.25 M. unless other
wise mentioned. " Referred to fib. c Concentration of fib was —1.3 
M :  Ac20 -A cOH — 350:400 (molar ratio). d Aliquot taken before 
addition of Na2 COj. r Aliquot taken after addition of Na2 C0 3 .

phile by withdrawing electrons from  1 ; e.g., in the case o f  
boron trifluoride the species ACONO2B F 3 is assumed. O b
viously the role o f acid in the nitration also involves cataly
sis o f  the enolization o f  1 (reaction 2). Proton N M R  spectra 
o f  a 2 0  voi % solution o f ethyl acetoacetate in acetic acid - ¿ 4  

revealed exchange o f  the active methylene protons at 0 ° 
w’ith a half-life equal to 52 min. Addition  o f  2 mol % o f  sul
furic acid accelerated the rate o f  exchange by a factor o f 
about 5 (half-life 10 min). In both cases the ester existed in 
the enol form, 4b, to the extent o f  about 20%. As stated ear
lier, no appreciable nitration o f  ethyl acetoacetate took 
place at 0 ° in the absence o f  acid catalyst upon treatment 
with 1 in acetic acid. It is evident that 1 does not react with 
4 unless it is first activated via protonation to 2. T he pro
ton exchange data show that the acid catalyst also acceler
ates the rate o f  enolization o f 3. It is clear from  the experi
mental data, however, that the crucial function o f the acid 
is in assisting the form ation o f  the nitrating species 2. This 
species adds to 4 with form ation o f acetic acid to yield the 
o-nitrohydroxycarbonium  ion, 5 (reaction 3). E jection o f a 
proton from  5 affords nitroacetoacetate ester 6 and/or its 
enol form 7 (reaction 4). T he form ation o f 9 can be ex
plained by cleavage o f  5 to a nitrile oxide 8, which then d i
merizes (reactions 5 and 6 ). T he high yields o f  6  obtained 
during the acid-catalyzed nitration o f 3 indicate that reac
tion 4 is much faster than reaction 5. T h e first-order trans
form ation o f 6b to 9b in the presence o f  acid catalyst is rea
sonably explained by reversal o f  reaction 4, followed by re
actions 5 and 6 .

The increased yields o f  9b obtained during nitration o f 
10b can be explained in the following manner. T he carboni- 
um ion, 11b, form ed in this case cannot, unlike 5b, be 
transformed to 6b by sim ple ejection o f a proton but must 
rather eject an acylium ion (reaction 8 ). Cleavage to  acetic 
anhydride and 8b (reaction 9) is apparently a com petitive 
alternative. The acceleration o f  the acid-catalyzed transfor
mation o f 6b to 9b in the presence o f  acetic anhydride pre
sumably involves form ation o f lib  via 5b and/or 7b fol-
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T ab le  IV
C leavage  o f  Ethyl N itroa cetoaceta te  (Gb;°

S ch em e II
OH

H+ R'OH
c  -7—*- 5  ---------*- C H C C H N O C O R

Run N ucleophile ^ Additive (m ol %)c H alf-life , min Product^

14 MeOH None 6 6 AcOMe ' - H + -R 'O H u
15 MeOH NaOMe (10) 2.3 x 102 AcOMe HOR

16 EtOH None 5.8 x 102 AzOEt 12

17 EtOH Et3N (140) > 1 0 4 AzOEt OH
18 EtOH HCIO4 (10) < 1 AzOEt 12 — -  CH ,CCf +  CH,NO„COR
19 EtOH HCIO4 (1) 5.5 AzOEt OR'
2 0 H20 <’ None 40 AzOH
2 1 n h 3' None < 1 AzNH 2 -H+ltlT

° Reaction at 22°. concentration of (ib was 0.5 M  h Neat, unless ▼ 1
ttherwise mentioned . ‘ Referred to 6b. ” Besides ethyl ni roacetate. AcOR'
Mixed with two volumes of acetone. ' As 14 M  aqueous solution. R =  Me (a), Et (b). i-Pr (c). cyclohexyl (d)

lowed by reactions 9 and 6. Form ation o f oxofurazans dur
ing nitration o f  enol esters o f  simple ketones has not been 
observed.4 It is likely that the role o f  the ethoxycarbonyl 
group o f  l i b  is to stabilize the nitrile oxide (8) by delocaliz
ing the C = N  triple bond. Transient form ation o f  nitrile ox 
ides has been postulated in the decom position o f a-n itro 
ketones with excess strong mineral acid.7 In that medium 
the nitrile oxides hydrolyze to  carboxylic acids and hydrox- 
ylamine salts, which are the products isolated from  the re
action mixture.

T he nitroacetoacetate esters cleaved quantitatively to ni- 
troacetate esters upon reaction with water, alcohols, or am 
monia. T h e cleavage by water and alcohols was catalyzed 
by acids and followed first-order kinetics with respect to 
the substrate. T h e rate o f  cleavage decreased in the order 
water >  m ethanol >  ethanol (Table IV). T h e mechanism 
that best fits these data is fast protonation o f  6 to 5 fo l
lowed by nucleophilic attack o f alcohol or water on 5 and 
cleavage o f the hemiketal, 12, form ed (Schem e II). H em ike- 
tals have been postulated as intermediates in the acid-cata
lyzed cleavage o f a -n itro ketones in alcohol solution.8 In 
the presence o f  base the cleavage o f 6b  by alcohols was in
hibited. Since base-catalyzed cleavage o f a -n itro  ketones is 
known,9 an explanation is in order. T h e m ost likely reason 
for the inhibition is the fact that 6b is a relatively strong 
acid with pK a estimated to be about 2.4. Owing to  the acid
ity o f  6b, less than stoichiom etric am ounts o f  added base 
are com pletely neutralized. T he acidity o f  the reaction m e
dium is reduced in the process, and as a result the acid-cat
alyzed cleavage is hindered w ithout com pensation by a 
base-catalyzed reaction. In the presence o f  excess base 6b is 
com pletely ionized and therefore less am enable to attack 
by R O -  or O H ". Aqueous ammonia, however, cleaved 6b to 
ethyl nitroacetate and acetam ide in a few minutes at room 
temperature.

For preparative purposes it is not necessary to isolate 6 
in order to obtain nitroacetate esters. Ethyl nitroacetate 
was very conveniently prepared in over 90% yield by nitrat
ing ethyl acetoacetate in the presence o f  an acid catalyst 
and cleaving the nitroacetoacetate form ed without isola
tion by adding ethanol to the reaction mixture after all the 
acetoacetate had reacted. T h e catalyst was then neutral
ized by addition o f  sodium  carbonate and the mixture was 
fractionally distilled under reduced pressure. Failure to 
neutralize the catalyst resulted in partial decom position  o f 
ethyl nitroacetate during distillation accom paniec by for 
mation o f  9b. The distilled nitroacetate had a faintly yellow 
color but otherwise was indistinguishable from  authentic 
material. Colorless material could be obtained in an alter
nate work-up, in which the nitration mixture was treated 
with water and then extracted with dichlorometharie. Ethyl 
nitroacetate was recovered by  fractional distillation o f  the 
extract. This w ork-up is very similar to the practice o f  early

R '= H , Me. Et

workers2 and explains why 6b had not been observed in the 
past in the nitration products o f  ethyl acetoacetate.

In conclusion it should be noted that the com bination  o f 
nitration and cleavage reactions reported here constitutes a 
practical, high-yield synthesis o f  nitroacetate esters from  
acetoacetate esters.

Experimental Section

GLC analyses were carried out on a Packard gas chromatograph 
using 6 -ft, 3-mm i.d. Pyrex columns of 10% SE-30 on acid-washed 
Chromosorb W or 10% Carbowax 20M on Teflon 6 . Proton NMR 
spectra were recorded on either Varian A-60 MHz or HA-100 MHz 
instruments. All preparative reactions were routinely carried out 
under a nitrogen atmosphere.

Methyl acetoacetate (3a) and ethyl acetoacetate 13b) were pur
chased from Eastman. Other acetoacetates were prepared from 3a 
by base-catalyzed transesterification with the appropriate alcohol; 
isopropyl acetoacetate (3c), bp 55° (4.5 mm); cyclohexyl acetoace
tate (3d), bp 92-95° (2 mm). Both esters were characterized by 
NMR spectra. Nitric acid, 70.4%, was Baker and Adamson reagent 
grade. Nitric acid, 99%, was obtained from Essex Chemical, Clif
ton, N.J. It was distilled prior to use to afford a colorless fraction.

Proton Exchange of Ethyl Acetoacetate (3b) in Acetic 
Acid-d.i. Acetic acid-d4 (0.40 ml) was mixed at 0° with 3b (0.10 
ml) and the NMR spectrum at 100 MHz was recorded at the same 
temperature immediately and every 15 min thereafter for 1 hr. 
The intensity of the peaks for -COCH jCO- (3.47 ppm, s) and 
C = C H - (4.95 ppm, s) diminished with first-order kinetics owing 
to proton-deuteron exchange. The half-life of the exchange was 52 
min. The mole ratio of the enol to keto form, taken as equal to 2 H 
(4.95)/[2 H (4.95) + H (3.47)], remained essentially constant at 
0.22 ±  0.02 during the experiment. When 0.8 /ul of D2SO4 was 
added, the half-life of the exchange was reduced to 1 0  min.

Ethyl 3-Acetoxy-2-butenoate (10b). This was prepared by 
acetylation of 3b with acetyl chloride in pyridine.10 Analysis by 
GLC and NMR showed that the product consisted of a mixture of 
two cis-trans isomers in the ratio 30:70. The major component was 
the isomer with the methyl group cis to the ethoxycarbonyl group: 
bp 95-97° (10 mm); NMR (CDCb) 5 1.26 (t) and 1.28 (t, total 3 H),
2.02 (d, J =  1.10 Hz, 1 H) and 2.36 (d, J  = 0.92 Hz, 2 H), 2.19 (s,
2.2 H) and 2.24 (s, 0.8 H), 4.13 (q) and 4.18 (q, total 2 H), 5.60 (q, J 
= 1.10 Hz, 0.35 H) and 5.67 (q, J  =  0.92 Hz, 0.65 H). The doublets 
at 6 2.36 and 2.02 were assigned correspondingly to the methyl 
groups cis and trans to the ethoxycarbonyl function in accordance 
with numerous literature examples11 showing that in similar sys
tems the allylic methyl group of the cis isomer appears at lower 
field than the corresponding group of the trans isomer. 12 The as
signment is consistent with the fact that the vinyl proton cis to the 
acetoxy function appears at a lower field (5 5.67) than the corre
sponding trans proton (6 5.60).14

Anal. Calcd for C8HI20 4 : C, 55.81; H, 7.03. Found: C, 56.25; H, 
6.96.

Ethyl Nitroacetoacetate (6b). Concentrated H2S 0 4 (0.055 ml, 
0.001 mol) was added to 57 ml (0.60 mol) of Ac20. The mixture was 
cooled to 10°, then 6.30 ml (0 .1 0 2  mol) of 70.4% HNO3 was added 
dropwise while the solution was well stirred and the temperature 
maintained at 10-15° with external cooling. The reaction mixture 
was cooled to —10° and 13.0 g (0.100 mol) of ethyl acetoacetate
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Table V
Spectral Properties of Nitroacetate Esters

NMR (CDCl^), 6 ° (m ultiplicity ,5 number o f  protons)

It (neat), c m '1 CH2NC>2 R Registry no.

Et 1760,1567 5.20 (s, 2) 1.28 (t, 3) 4.25 (q, 2) 626-35-7
/-P r  1750,1560 5.16 (s, 2)° 1.30 (d, 6) 5.1 (m, 1)° 31333-37-6
Cyclohexyl 1740,1560 5.12 (s, 2) ~1.5 (b, 10) 4.9 (b, 1) 75-36-5

0 Relative to tetramethylsilane. 6 s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, b = broad. c Imperfectly resolved.
(3b) was added within 5 min. Temperature was maintained at 
—10° during addition and subsequently for 1 hr. Then the reaction 
mixture was allowed to warm to 21° and 0.31 g (0.003 mol) of an
hydrous Na2CC>3 was added. The color changed from pale yellow to 
yellow-orange. Analysis by GLC indicated that 3b had reacted 
completely and that 6b had been produced in 97% yield and 9b in 
2% yield. The bulk of volatiles was eliminated below 50° in the ro
tary evaporator. The residue was filtered and distilled under vacu
um15 to give 9.5 g (54%) of yellow liquid 6b. Physical properties are 
shown in Table II.

Anal. Calcd for C6H9N 05: C, 41.15; H, 5.18; N, 8.00. Found: C, 
41.37; H, 5.25; N, 7.66.

Sodium Salt of Ethyl Nitroacetoacetate. A solution of 1.75 g 
(0.010 mol) of 6 b in 10 ml of MeOH was made and immediately 
treated at room temperature with a solution of 0.70 g (0.013 mol) 
of MeONa in 3 ml of MeOH. A white, crystalline precipitate 
formed. EtOH (30 ml) was added and the reaction mixture was 
stirred for 10  min and filtered. The product was washed with 
EtOH and dried in vacuo at 70°, yield 1.46 g (74%), mp 222-224° 
dec.

Anal. Calcd for CsHsNOsNa: C. 36.54; H, 4.09; N, 7.11. Found: 
C, 36.32; H, 4.37; N, 6.83.

Estimate of the pK a of Ethyl Nitroacetoacetate (6b). The
sodium salt of 6b (0.197 g, 1.00 mmol) was dissolved in 30 ml of 
0.0167 N  HC1 (0.50 mequiv). The pH of the solution was moni
tored for 10  min at 2 2 ° with a combination glass-calomel elec
trode. The pH drifted from 2.71 to 4.04 during this time. A plot vs. 
time extrapolated at the origin to pH 2.4, which was taken as equal 
to the pK a of 6b. A second plot was obtained by mixing equimolar 
quantities of 6b and its sodium salt dissolved respectively in 
MeOH and water. The total initial concentration of 6b and its 
anion in the mixture was 0.035 M  and the ratio of MeOH to water 
was 1:5 by volume. The two plots differed by less than 0.2 pH units 
at any time point and extrapolated to essentially the same value at 
the origin.

Ethyl Nitroacetate. A. With 70.4% Nitric Acid. The nitration 
procedure described in the synthesis of 6b was repeated on a ten
fold scale. Caution: When working on this scale it is important to 
control the temperature as closely as possible. Best control was 
obtained by maintaining a Dry Ice-acetone bath on a jack below 
the reactor and lifting it as required. Addition of 3b was complete 
in 10 min. At the end of the nitration the temperature was raised 
to 21° and 500 ml of EtOH was added. The reaction mixture was 
allowed to remain for 1 hr at 30°, then 2.1 g (0.02 mol) of Na2C0 3  
was added and the mixture was concentrated in the rotary evapo
rator. The residue was filtered and the filtrate was fractionated 
under vacuum to yield 125 g (94%) of faintly yellow liquid ethyl ni
troacetate: bp 70° (1.5 mm); ir (neat, NaCl plates) 1760, 1567 
cm-1; NMR (CDCW S 1.28 (t, 3 H), 4.25 iq, 2 H), 5.20 (s, 2 H). 
Both-spectra were similar to the spectra o: a sample of ethyl ni
troacetate prepared according to a literature method. 16 Identity 
was further confirmed by coinjection in two GLC columns with the 
same sample of ethyl nitroacetate.

B. With 99% Nitric Acid. To 200 ml (2.10 mol) of Ac20  were 
added dropwise with good stirring 44 ml (1.05 mol) of colorless dis
tilled 99% nitric acid. The temperature during addition was main
tained at 0-5° by external cooling. The mixture was kept at 5° for 
an addi'.ional period of 5 min; then it was cooled to —15° and 130 g 
(1.00 mol) of 3b was added at this temperature. No reaction was 
evident To the reaction mixture was added dropwise a solution of 
0.20 ml (0.002 mol) of 70% HC104 in 5 ml of acetic acid. Vigorous 
evolution of heat was evident during addition of catalyst but the 
temperature was maintained at —10°. Addition was complete in 
about 13 min. Caution: It is important to maintain good tempera
ture control. This was best accomplished by maintaining a Dry 
Ice-acetone bath on a jack under the reaction vessel and lifting it 
as required. In large-scale reactions with 99% HNO^ the reaction 
was best controlled by adding the catalyst last. After 1 more hr at

— 1 0 °, the reaction mixture was allowed to reach 2 1 ° and was 
worked up as described under part A. Similar yields of ethyl ni
troacetate were obtained and the product was faintly yellow. In an 
alternate work-up, the nitration mixture was stirred for 2  hr with 
500 ml of water at room temperature, the mixture was extracted 
with methylene dichloride, and the extract was fractionated. The 
distilled product was colorless in this case, but the yield was the 
same.

Other Nitroacetoacetate Esters. Methyl nitroacetoacetate 
(6a), isopropyl nitroacetoacetate (6c), and cyclohexyl nitroaceto
acetate (6d) were prepared in a similar manner as 6b (Table I) and 
were characterized by ir and NMR spectra (Table II).

Other Nitroacetate Esters. Methyl nitroacetate, isopropyl ni
troacetate, and cyclohexyl nitroacetate were obtained by cleavage 
of the corresponding crude nitroacetoacetates. The yields, based 
on the nitroacetoacetates charged, were essentially quantitative 
(GLC). The nitroacetates (except methyl nitroacetate) were char
acterized by ir and NMR spectra (Table V). The identity of methyl 
nitroacetate was confirmed by coinjection in two GLC columns 
with material prepared by a literature method.16

3,4-Bis(ethoxycarbonyl)furazan 2-Oxide (9b). This was iso
lated from the residue remaining after distillation of 6b: yellow liq
uid, bp 98° (0.35 mm); NMR (CDCI3) 6 1.39 (t) and 1.44 (t, total 6 
H), 4.45 (q) and 4.50 (q, total 4 H).

Anal. Calcd for CgHudSLOe: C, 41.74; H, 4.38; N, 12.17. Found: 
C, 41.71; H, 4.50; N, 12.38.

Nitration of Ethyl 3-Acetoxy-2-butenoate (10b). Concentrat
ed H2SO4 (0.011 ml, 0.0002 mol) was added to 11.4 ml of Ac20. 
The mixture was exiled to 10°, then 1.30 ml (0.021 mol) of 70.4% 
HNO3 was added dropwise with good stirring while maintaining 
the temperature at 10-15° with external cooling, followed by 3.44 g 
(0.020 mol) of 10b. After 50 min at 15°, NaaCOs (0.10 g, 0.001 mol) 
was added and the mixture analyzed by GLC. It contained 6b 
(63%) and 9b (35%). The identities of both 6b and 9b, were con
firmed by coinjection with the authentic compounds in two GLC 
columns.

Conversion of Ethyl Nitroacetoacetate (6b) to 3,4- 
Bis(ethoxycarbonyl)furazan 2-Oxide (9b). The conversion of 
6b to 9b was carried out in vials immersed in a water bath main
tained at 22°. The progress of the reaction was monitored by GLC. 
The concentration of 9b was plotted vs. time as for a first-order re
action. The fit was reasonably good. The results are summarized in 
Table III.

Cleavage of Ethyl Nitroacetoacetate (6b). The cleavage of 6b 
by various nucleophiles was carried out in vials immersed in a 
water bath maintained at 2 2 °. The progress of the reaction was 
monitored by GLC. The concentration of 6b was plotted vs. time 
as for a first-order reaction. The fit was reasonably good. First- 
order kinetics were assumed whenever the reaction was too fast to 
permit multiple analysis. The results are summarized in Table IV.

Acknowledgments. The author wishes to thank Mr. 
George E. Babbit for the NMR experiments.

Registry No.—3a, 105-45-3; 3b, 141-97-9; 3c, 542-08-5; 3d, 
6947-02-0; 6a, 29291-62-1; 6b, 51026-98-3; 6b Na salt, 56689-02-2; 
6c, 51026-99-4; 6d, 51027-00-0; 7a, 30414-52-19; 7b, 56689-03-3; 7c, 
56689-04-4; 7d, 56689-05-5; 9b, 18417-40-8; irons-10b, 27750-19-2; 
cis- 10b, 26805-39-0; acetyl chloride, 75-36-5.

References and Notes

(1) Described in part in S. Sifniades, U S. Patent 3,761,510 (1973). as
signed to Allied Chemical Corp.

(2) (a) L. Bouveault and A. Wahl, Bull. Soc. CNm. Fr., 31, 847 (1904); (b) F. 
Arndt and T. D. Rose, J. Chem . Soc., 1 (1935).

(3) F. G. Bordwell and E. W. Garbisch, Jr., J. Am. Chem . Soc.. 82, 3588
(1960), and references cited therein.

(4) (a) A. A. Griswold and P. S. Starcher, J. Org. Chem ., 31, 357 (1966); (b)



3566 J. Org. Chem,., Vol. 40, No. 24, 1975 Jenkins and Cohen

G. B. Bachman and T. Hokama, ibid.. 25, 178 (1960); (c) D. Sheehan 
and A. F. Vellturo, U.S. Patent 3,574,756 (1971).

(5) K. K. Babievskii, V. M. Belikov, and N. A. Tikhonova, Izv. Akad. Nauk 
SSSR, Ser. Khim., 1161 (1970); Dokl. Akad. Nauk SSSR, 193, 1055 
(1970).

(6) K. K. Babievskii et ai., Dokl. Akad. Nauk SSSR, 186, 1079 (1969).
(7) T. Simmons and K. L. Kreuz, J. Org. Chem., 33, 836 (1968).
(8) H. Feuer and P. M. Pivawer, J. Org. Chem., 34, 2917 ( 19691.
(9) R. G. Pearson, D. H. Anderson, and L. L. Alt, J. Am. Chem. Soc., 77, 

527 (1955).
(10) L. Claisen and E. Fiaase, Chem. Ber., 33, 1242 (1900).
(11) (a) J. B. Stothers and E. Y. Spenser, Can. J. Chem., 39, 1389 (1961); 

(b) R. R. Fraser and D. E. McGreer, ibid., 39, 505 (1961); (c) L. M. Jack

man and R. H. Wiley, J. Chem. Soc., 2886 (1960).
(12) The stereochemistry of the compounds of ref 11a and 11b has been 

presented erroneously in a subsequent compilation.13
(13) W. Brugel, “ Nuclear Magnetic Resonance Spectra and Chemical Struc

ture” , Vol. 1, Academic Press, New York, N.Y., 1967, p 145.
(14) H. O. House and V. Kramar, J. Org. Chem., 28, 3362 (1963).
(15) Distillation was carried out without a fractionating co umn. No attempt 

was made at quantitative recovery of 6b. The distillation residue con
tained 9b in much larger quantities than present in the initial charge, in
dicating decomposition of 6b to 9b. Attempted distillation of 6b on a 
larger scale resulted in extensive decomposition to 9b.

(16) H. Feuer, H. B. Hass, and K. S. Warren, J. Am. Chen. Soc., 71, 3078 
(1949).

Deuterium Isotope Effects and the Influence of Solvent 
in the Redox and Rearrangement Reactions of 

2-Picoline iV-Oxide and Phenylacetic Anhydride1

Jerry A. Jenkins*

Department of Chemistry, Otterbein College, Westerville, Ohio 43081

T heodore Cohen

Department of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

Received M ay 20, 1975

The reaction of 2-picoline IV-oxide with phenylacetic anhydride proceeds by two paths: rearrangement to pro
duce picolyl phenylacetate (6), 2-(/j-phenylethyl)pyridine (7), other minor rearrangement products, and CO2, and 
oxidation to give benzaldehyde, 2-picoline, and CO2. The ratio of the competing processes is sensitive to the incor
poration of deuterium at appropriate sites in the reactants, thereby permitting a convenient method for deter
mining hydrogen isotope effects. For rearrangement, a primary kinetic isotope effect value (3.8—4.2) is obtained 
when reactions of methyl-deuterated and undeuterated 2-picoline IV-oxide are compared, confirming earlier work 
on related systems that anhydro base (5) formation is rate determining. Oxidation, however, manifests an inverse 
isotope effect (0.76-0.81, deuterium labeling at the methylene groups of phenylacetic anhydride) which, along 
with other evidence, suggests reversible enol or enolate formation prior to an SNl'-like rate-determining step to 
generate the reactive carbocation 3 or its conjugate base. Solvent polarity also significantly, but not dramatically, 
affects the ratio of the competing pathways. A trend is established which supports the proposed mechanisms if 
they are modified to include ion pairing phenomena. Furthermore, the influence of solvent polarity is found to be 
consistent with a dual mode of fragmentation of anhydro base intermediate 5.

For over two decades there has been considerable inter
est in both the m echanistic and synthetic aspects of the re
actions o f  carboxylic acid derivatives with the AT-oxides o f 
pyridine and picoline. The four-electron oxidative decar
boxylation o f anhydrides (or a mixture o f  the correspond
ing acid and acetic anhydride) which possess an acidic a 
hydrogen by pyridine IV-oxide produces aldehydes or ke
tones, carbon dioxide, and pyridine as major products .2 -5  

For example, the oxidation o f phenylacetic anhydride by 
pyridine IV-oxide produces benzaldehyde and proceeds ac
cording to the following stoichiom etry.

(PhC H 2C 0 )20  +  2C5H 5NO —
PhCH O  +  2 C5H 5N  +  C 0 2 +  P hC H 2C 0 2H

The reaction is thought2 -5  to involve acylation o f pyri
dine IV-oxide, probably reversibly ,6 to  yield the A '-acyloxy- 
pyridinium  ion 1 (R  = H) (Schem e I). The latter cation, by 
reaction with a second molecule o f  pyridine IV-oxide and 
loss o f a pyridine molecule, is then believed to  produce the 
intermediate AI-(«-carboxybenzyloxy)pyridinium  ion 4 (R  
=  H) or the corresponding carboxylate zwitterion .2 5 Decar- 
boxylative fragmentation o f 4 (R  = H ) (or its conjugate 
base) as shown would yield benzaldehyde, carbon dioxide, 
and pyridine .7

Although there is substantial evidence for the interm edi
ate 4 (or its conjugate base),5-8® the mechanism o f  the con 

version o f  1 to  4 is not entirely clear. It has been suggest- 
ec[2,4,5,8a that pyridine is displaced from  the enol 2 (R  =  H) 
o f 1 (R  =  H) by pyridine IV-oxide in an Sn I ' or Sn 27 m an
ner. Enolization is consistent with the requirem ent for an a 
hydrogen atom .2b’3c’5 On the basis o f  the experimental fin d 
ing that pyridine IV-oxide is much more nucleophilic than 
pyridine toward the intermediate, an Sn 17 attack involving 
the a-carboxybenzylcarbenium  ion 3, or its conjugate base, 
has been favored.8® Som e such electrophilic intermediate 
has been trapped by acetic acid and by pyridine, each u ti
lized as solvent .5 Further evidence for a cationic interm edi
ate o f  type 3 has been found in the oxidation o f  2,3-diphen- 
ylpropanoic acid by pyridine IV-oxide;8b in addition  to at
tack by IV-oxide to ultimately yield the expected oxidation 
product, the reactive electrophilic species undergoes loss o f  
an adjacent proton to produce an «,/I-unsaturated carbox
ylic acid and it is also attacked by acetate to give the 2 -ace- 
toxy derivative o f  the starting acid.

T he reaction o f 2-picoline IV-oxide with phenylacetic an
hydride yields, by a similar path, the products o f  oxidative 
decarboxylation, benzaldehyde, carbon dioxide, and 2 -p ico- 
line (Schem e I, R  =  M e). By an alternative path, the rear
rangement products 2-pyridylm ethyl phenylacetate (6 ), 3- 
and 5-phenylacetoxy-2-picoline, 2-(/3-phenylethyl)pyridine
(7), and 3- and 5-benzyl-2-picoline are also obtained9 

(Schem e I). The rearrangement process is thought to  pro-
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S ch em e 1°

CH_OC()CH Ph 4- other esters 
6

CH CH Ph +  CO +  benzylpicolines 
7

“ k\ and k >’ are the corresponding rate constants for the reactions of methyl-labeled N-oxide and benzyl-labeled anhydride, respective
ly.

ceed through the anhydro base intermediate 5 which arises 
by proton abstraction from  the acylated N -oxide 1 (R  = 
H ).910 Dissociation o f 5 to a picolyl acylate ion pair,91112 
followed by recom bination o f the ion fragments, leads to 
ester products, while homolysis o f  the N - 0  bond, with con 
certed decarboxylation, leads to 7 and benzylpicolines.9 
Traynelis13® and O aeI3b have presented evidence which 
suggests that anhydro base form ation is the rate-limiting 
step in the rearrangement process when 2-benzylpyridine 
N -oxide and 2- and 4-picoline iV-oxide are treated with 
acetic anhydride.

The 2-picoline iV -oxide-phenylacetic anhydride system 
readily lends itself to an internal com petition m ethod o f 
determining hydrogen isotope effects14 and identifying 
rate-determining steps in both the oxidative decarboxyla
tion and rearrangement mechanisms. If 2-picoline N -oxide 
is treated with phenylacetic anhydride-c^, and if an a deu 
terium atom o f the anhydride is involved in the rate-deter
mining step o f the oxidation process, such as in the form a
tion o f an enol or enolate species, or in an equilibrium im 
mediately prior to the rate-determ ining step, the rate con
stant for oxidation (ki\  Schem e I) would differ from that 
(k i)  observed for nonlabeied reactant while the rate con 
stant for rearrangement (fei) would not be expected to 
vary.15 The ratio o f  rate constants is proportional to the 
ratio o f  the yield o f  oxidation product to that o f  rearrange
ment products. A hydrogen isotope effect value, kw/k-Q, 
may then be calculated for the redox process by comparing 
the ratio obtained in a control reaction o f  unlabeled reac
tants (fe 2/k  1 ) to the one obtained in the labeled reaction 
(k 2'lk\). Confirm ing evidence that anhydro base form ation 
is rate determining in the rearrangement process may be 
obtained by similarly calculating the hydrogen isotope e f
fect when m ethyl-deuterated 2-picoline V -ox ide  is allowed 
to react with unlabeled phenylacetic anhydride.

The 2-picoline N -oxide-phenylacetic anhydride system

is also ideally suited for a study o f the effect o f  solvents on 
the oxidation and rearrangement mechanisms. Further
more, if the proposed dual mechanism o f fragmentation in 
the rearrangement process is operative,9 the degree o f 
hom olytic vs. heterolytic cleavage should vary with solvent. 
In the present paper, we present the results o f  these kinetic 
investigations.

It should be noted that in this system the determination 
o f  hydrogen isotope effects by the m ethod o f com petition 
has an inherent advantage over a direct measurement o f  fen 
and kt). Variations in product ratios reflect simply the rela
tive rates o f  decom position o f  acylated iV-oxide 1 (R  = 
M e), whereas fen (or fen>) would contain a contribution from 
a pre-rate-determining equilibrium (acylation) step.6 The 
latter could conceivably be subject to a secondary isotope 
effect when phenylacetic anhydride-c^ is allowed to react. 
Determination o f hydrogen isotope effects by com petition 
avoids the necessity for knowing the uncertain magnitude 
o f that effect.

R esu lts

The synthesis o f  2-trideuteriom ethylpyridine N -oxide 
was attem pted by the sodium deuteroxide catalyzed equili
bration o f the methyl protons o f  2-picoline N -oxide with 
the deuterons o f deuterium oxide.16 However, successive 
exchanges resulted in the incorporation o f  deuterium into 
the a  position o f the pyridine ring as well as into the m eth
yl group. Since a deuterium atom  on the ring should have 
no significant effect on the reaction mechanism, the com 
pound 2-trideuteriom ethyl-6-deuteriopyridine N -oxide 
was therefore prepared. Analysis by N M R  spectroscopy 
indicated a deuterium content o f  98% in the methyl group. 
Phenylacetic a n h yd rid e -^  containing 97% deuterium in 
the benzyl positions was prepared as described in the Ex
perimental Section.

In the first series o f  reactions the production o f benzal-
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Table I
Variation in Benzaldehyde and Ester Products with 

Deuterium Labeling

% yields0.*
---------------------------------- Ratio o f  benz-

Reac-
tion«-* Benzaldehyde

Picolyl
phenylacetates

aldehyde to picolyl 
phenylacetates«

I 21.5 ± 0.8 25.3 ± 1.3 0.851 ± 0.016
II 36.2 ± 0.8 11.3 ± 0.1 3.21 ± 0.10

III 49.1 ± 0.4 11.6 ± 0.3 4.24 ± 0.10
a Yields were determined by VPC (FID). * Results are for 

duplicate experiments, except for I, which was run in tripli
cate. Reactions were perform ed simultaneously. « I = 2-pic- 
oline N -oxide, phenylacetic anhydride; II = 2-picoline N - 
oxide-d4 (98% ), phenylacetic anhydride; III = 2-picoline 
N -ox id e-d „ (98% ), phenylacetic anhydride-d4 (97% ). d 4 
equiv o f  N -oxide and 1 equiv o f  anhydride in 25 ml o f  ben
zene heated at reflux under nitrogen for 24 hr. «T h e ratio 
o f  each run was determined and the average reported here.

dehyde and esters17 was taken as a measure o f the relative 
im portance o f  oxidation and rearrangement pathways, re
spectively, i.e, &2 /& 1  — % benzaldehyde/%  esters. T he 
yields in control and labeled reactions are presented in 
Table I. The reaction o f labeled N -ox ide  with phenylacetic 
anhydride (reaction II) gave a ratio o f  aldehyde to esters 
( k i /k i )  o f  3.21 ±  0.10. A ratio o f  0.851 ±  0.016 was o b 
tained in the nonlabeled control reaction ( k ^ k f )  (reaction
I). Therefore, a hydrogen isotope effect value o f  about 3.8 
for the rearrangement process may be calculated from eq 1.

(&H/&D)rearr =  k\/k\ =  (k 2/k  \') / (k 2/ h l) 3.8 ±  0.2 (1)

Reaction II produced benzaldehyde containing 3%  deute
rium. The deuterium incorporation probably arose (see 
below) from the exchange o f phenylacetic acid -d i (pro
duced in the form ation o f  the anhydro base intermediate) 
and unreacted phenylacetic anhydride.

W hen 2-picoline N -ox ide  was allowed to react with the 
labeled anhydride, the product benzaldehyde was found to 
contain only 25.5% deuterium. Such a result is suggestive o f 
considerable loss o f  deuterium in the anhydride by ex
change with water, phenylacetic acid, or ester products. It 
was then shown that under the reaction conditions phenyl
acetic anhydride readily exchanges a  deuterons in the pres
ence o f  acetic acid, 2-picoline, and water. Because o f this 
exchange th e reaction  o f  2 -p ico lin e  N -o x id e  and labeled  
a n h ydrid e does not p erm it a direct d eterm in a tion  o f  th e  
h yd rogen  isoto p e  e ffec t for  th e oxid a tive process.

However, if deuterated anhydride is treated with deuter- 
ated N -oxide, the ratio o f  benzaldehyde to  ester products is 
now a measure o f  k 2 lk \ .  T he quotient o f  this value and 
the nonlabeled reaction value is

k2' / k i ' ±  k 2/k i  =  k x /k i 'X  k z / k 2 (2)

where k\/k\ = 3.8 ±  0.2 (vide supra).
W hen the reaction o f 2-picoline N -ox id e -d 4 and phenyl

acetic anhydride-d j (reaction III) was conducted under 
strictly anhydrous conditions, a ratio o f  aldehyde to  esters 
o f  4.24 ±  0.10 was obtained. Equation 2 may then be solved 
for k j k f , the hydrogen isotope effect for the oxidation 
pathway, to give 0.76 ±  0.07, or (&D/&H)oxidn =  1-3 ±  0.1.

The kx-ilky, values determ ined above for both rearrange
ment and oxidation were checked at an earlier stage o f  the 
reaction. When 2-picoline N -ox id e -d 4 and unlabeied phe
nylacetic anhydride were heated in refluxing benzene for 30 
min, an aldehyde to ester ratio o f  3.46 was observed. This 
corresponds to an isotope effect o f  4.1 for the rearrange
m ent process. Com parison o f  the ester yield with that at 
the end o f 24 hr indicated 70% reaction. Similarly, a m ix
ture o f  labeled N -oxide and labeled anhydride heated in re-

Table II
Variation in 2-Picoline and Ester Products with 

Deuterium Labeling

Reac
tion«^

% yields«.* Ratio o f  
2-picoline 
to picolyl 

phenylacetates«2-Picoline
Picolyl

phenylacetates

I 23.9 ± 0.1 25.6 ± 0.5 0.936 ± 0.020
II 37.0 ± 0.4 9.39 ± 0.16 3.94 ± 0.03

III 53.5 ± 0.7 11.0 ± 0.2 4.87 ± 0.16
a Yields were determined by isothermal VPC (TC). 6 R e

sults are for duplicate experiments. c Reactions correspond 
to those in Table I. d 4 equiv o f  1.0 M  N -ox id e  (benzene) 
and 1 equiv o f  anhydride heated at reflux under nitrogen 
for 24 hr. «T h e ratio o f  each run was determined and the 
average reported here.

fluxing benzene for only 5 min gave an aldehyde to ester 
ratio o f  4.95, corresponding to  a &h /&d value o f 0.65 for ox i
dation. T he reaction was 38% complete.

Under experimental conditions in which N -ox id e  is the 
limiting reagent it had been shown that som e product 
benzaldehyde was consum ed in a Perkin-type condensation 
with excess phenylacetic anhydride.9 Conceivably, then, 
the variation in benzaldehyde yields in the above series o f 
reactions (particularly reaction III) could reflect an un
known contribution from  changes in the am ount o f  product 
destruction due to  a condensation isotope effect. In order 
to  eliminate that uncertainty, a second series o f  reactions 
was perform ed in which 2-picoline was analyzed as a m ea
sure o f  the oxidation pathway. The results are presented in 
Table II. By the m ethod discussed above, hydrogen isotope 
effects o f  4.2 ±  0.1 and 0.81 ±  0.06 can be calculated for the 
rearrangement and oxidation processes, respectively. The 
values are in good agreement with those determ ined in the 
first series o f  reactions.19

The effects o f  several solvents on the ratio o f  oxidation 
to rearrangement and o f  hom olytic to heterolytic fragm en
tation are summarized in T able III.

Discussion

The magnitude o f the &h/&d value for the rearrange
ment process (3.8-4.2) is clearly indicative o f  a primary iso
tope effect and is further confirm ation o f the suggestion13 
that removal o f  a methyl proton from  1 (R  =  M e) to form  
the anhydro base intermediate 5 is the rate-determ ining 
step in that pathway. Oae et al.,13b utilizing a kinetic m eth
od which results in an overall isotope effect for the rear
rangement rather than an isotope effect proceeding from  
the N -acyloxypicolinium  ion as in the present report, 
found a value o f 6.3 for the reaction o f  acetic anhydride 
with 2-picoline N -oxide in dioxane.

A more striking observation to be noted from  the deute
rium labeling study is that the replacem ent o f  hydrogen by 
deuterium atoms at the benzylic position o f phenylacetic 
anhydride enhances  the production o f  benzaldehyde, i.e., 
&d/&h is 1.2-1.3 for the oxidative decarboxylation process. 
Such an inverse isotope effect may be readily rationalized if 
one assumes that the hydrogen transfer step is reversible.20 
Consistent with this assumption is an equilibrium  involv
ing form ation o f  an enol or enolate prior to the rate-deter
mining step (Schem e I, with dotted arrow as a real arrow). 
Since a chem ical equilibrium depends upon the rates o f  the 
forward and reverse reactions, the position o f enol or eno
late equilibrium would be slightly affected by the substitu
tion o f  deuterium for benzylic hydrogen atoms. T h e d irec
tion o f  shift would be expected to  be toward enolization 
since the zero-point energy for the stretching vibration o f 
the OH bond is greater than for the CH bon d .148 T he equi-
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Table III
Variation in Yields o f  Oxidation and Rearrangement Products with Solvent

Solvent (e)

% yields“

Picolyl
Benzaldehyde phenylacetates

Ratio o f  
benzaldehyde 

to picolyl 
phenylacetates

Ratio of
2-(ß-PhenyI- 2-(|3-phenylethyl)- 

ethyl)- pyridine to picolyl
pyridine, phenylacetates

Benzene (2 .3 ) 21.5 ± 0.8
(23.1 ± 0.5)“

o-D ichlorobenzene (9 .9 ) 22.5
Benzonitrile (25 ) 32.5
Sulfolane (44 ) 31.0 ± 1.3

(31 .7 )“

25.3 ± 1.3 
(28 .6  ± 1.1)
26.7
29.4
20.7 ± 0.5 

( 20 .1 )

0.851 :  0.016 
(0.808 ± 0 .013 ' 
0.845 
1.11
1 50 ± 0.09 

(1 .58 )

7.01 ± 0.31 0.268 r 0.004

d d
6.40 0.217
2.75 ± 0.20 0.133 : 0.006

“ Yields were determined by VPC (FID ). Results are for duplicate experiments where ranges are given. * Yields are relative, 
not absolute (see Experimental Section). “ 2,6-Lutidine added. dN ot determined.

librium constant is increased, and the oxidation reaction 
rate therefore is accelerated.

T he possibility o f  enolization or enolate anion form ation 
being rate determining is eliminated since a value o f (k u !  
fen lox irtn  less than unity was obtained (0.76-0.81). In view o f  
the kinetic work by Koenig,4 in the case o f  reaction o f 4- 
picoline (V-oxide with phenylacetic anhydride, in which the 
disappearance o f anhydride was found to be first order in 
N -o x id e  concentration, and consistent with our earlier 
study o f pyridine and pyridine iV-oxide nucleophilicities,8® 
the present finding o f  an inverse isotope effect strongly 
suggests that the slow step for the oxidation process is the 
SN l ' attack o f  pyridine N -o x id e  on the enol 2 (R  = M e) or 
its enolate anion. T hat is, fragmentation o f  2 or its conju 
gate base to picoline and 3 or its conjugate base is rate de
termining.

The variation in yields o f  oxidation and rearrangement 
products with solvent (Table III) establishes a trend that is 
in agreement with the postulated mechanisms. One would 
expect the rate constant for oxidation, ^ 2, to remain rela
tively unaffected as solvent polarity is varied, since charge 
is neither created nor destroyed in the equilibrium  step 
(enolization or enolate form ation) or in the rate-determ in
ing step (the loss o f  picoline from  the enol or enolate). 
However, k\, the rate constant for rearrangement, should 
decrease significantly as the solvent polarity increases, 
since the process proceeds through a transition state in 
which charged species are neutralized (anhydro base for
mation). T he effect o f  increasing solvent polarity on these 
rate constants, as reflected in the yield ratio o f  benzalde
hyde to picolyl phenylacetates, is a 31% increase in the rate 
o f  oxidation relative to that o f  rearrangement upon pro
ceeding from  benzene to benzonitrile and a corresponding 
increase o f 76% from  benzene to sulfolane. The result is 
thus consistent with a decrease in the rate constant for re
arrangement (k\) with an increase in solvent polarity.

Although the trend is in the expected direction, the mag
nitude o f rate change is som ewhat surprising since one 
might expect k i to decrease by several powers o f  ten when 
the dielectric constant o f  the solvent is increased 20-fold 
(benzene to sulfolane).21 T he observed change in W & i o f  
less than twofold might be rationalized by assuming that 
the cationic intermediate 1 (R  =  M e) and the phenylace- 
tate anion exist as an ion pair.22 If this is so, the reaction 
paths o f  1 would only be marginally susceptible to the e f
fect o f dielectric change.

If the phenylacetate were indeed a counterion to the a - 
carboxybenzylcarbenium  ion 3, it would seem that a signifi
cant amount o f  phenvlacetylm andelic acid (8), resulting 
from attack o f the phenylacetate counterion on the cation 
3, should form. Since this is not the case,5 we prefer form a
tion o f the enolate 9 around which no counteranion is likely 
to be present. T he phenylacetate ion is neutralized by pro
ton abstraction from 1 (R  = M e) to give the acid and eno-

OCOCHPh 0
' '  |

PhCHCOR PhCH=CONC6HT —  PhCHCO. +  C.HN
8 9 10

late species (9) which then loses 2-picoline to give the zwit-
terion 10.25'26

In view o f  the suggestion that intermediate 1 (R  = M e) 
proceeds to react in an ion pair, then the addition o f  base to 
the reaction solution, for the purpose o f  attem pting to de 
termine whether an enol or enolate species is involved in 
the equilibrium prior to the rate-determ ining step, would 
not be expected to  change k-2/k i  appreciably. In agreement 
with this expectation no significant change in the yield 
ratio o f  benzaldehyde and esters was observed when 2,6- 
lutidine was added (in a mole ratio o f  1:1 with the anhy
dride) to  the reaction in solvents benzene or sulfolane 
(Table III).

A final aspect o f  this study concerns the effect o f  sol
vents on the modes o f cleavage which the anhydro base 5 
may undergo (Table III). H eterolytic fragm entation o f the 
NO bond, (Schem e I), produces the 2-picolyl cation and 
phenylacetate anion which recom bine to produce picolyl 
phenylacetates. On the other hand, hom olytic fragm enta
tion, k4 (Schem e I), with concerted decarboxylation, pro
duces 2-picolyl and benzyl radicals, which upon recom bina
tion yield 2-(/l-phenylethyl)pyridine and benzylpicolines.9 
T he rate constant ratio o f  hom olytic to heterolytic frag
mentation (k 4/k ¡ )  is proportional to  the ratio o f  the yields 
o f  2 -(d-phenylethyl)pyridine27 and esters. Table III records 
the yield ratios observed in several solvents.

T he rate constant for heterolytic fragmentation (k ,d , a 
process in which ionic species are form ed, would be expect
ed to increase as solvent polarity increases, whereas the 
rate constant for hom olytic fragm entation (k 4) should be 
rather insensitive to solvent changes. As shown in Table 
III, the yield ratio o f  2-(d-phenylethyl)pyridine to picolyl 
phenylacetates does indeed decrease as solvent polarity is 
increased. This result reflects the expected increase in 
and lends additional support to the proposed dual m echa
nism o f  fragmentation o f  anhydro base intermediate 5. 
Furthermore, the 20-fold change in solvent dielectric (ben 
zene to sulfolane) once again has a rather small effect on 
the ratio o f  rate constants, which decreases only twofold. 
The small solvent effect on the com petition  between heter
olysis and homolysis can once again be explained by ion 
pairing; the anhydro base 5 probably rearranges to the 
ester 6 by way o f  a tight ion pair, a suggestion which is con 
sistent with Oae’s labeling studies24 and is in com plete ac
cord with current theory.10-12

Experimental Section28

2-Picoline iV-Oxide-dj. To a solution of 50.0 g (2.50 mol) of 
deuterium oxide (99.8% D, Stohler Isotope Chemicals) and 100 ml 
of dry dioxane in a flask equipped with a reflux condenser and
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magnetic stirrer was added piece by piece 1.4 g of freshly cleaned 
metallic sodium. The resulting sodium deuterioxide concentration 
was approximately 5%. Then 54.5 g (0.500 mol) of 2-picoline N- 
oxide was introduced into the two-phase system and the reaction 
mixture was stirred and heated at reflux (100°) for 3 hr. After 
being cooled, the aqueous sodium deuteroxide layer was removed 
by pipet. The remaining solution was filtered, and the filtrate neu
tralized with a concentrated solution of deuterium chloride in deu
terium oxide. (A deuterium chloride solution of approximately 35% 
concentration was prepared by slowly adding 11 g of freshly dis
tilled thionyl chloride to 20 g of deuterium oxide.) Removal of the 
cosolvent on a rotatory evaporator left the pale yellow crude liquid 
N-oxide and solid sodium chloride. The crude N-oxide was 
subjected to three additional exchanges. Each exchange utilized
50.0 g (5 equiv) of deuterium oxide, 1.4 g of sodium, ar.d 100 ml of 
dioxane under the procedure outlined above. Before the final ex
change was accomplished, the dioxane was heated at reflux over 
calcium hydride overnight and distilled at 101°, and all glassware 
used was flame dried.

Carbon tetrachloride was added to the crude liquid A'-oxide and 
sodium chloride suspension, ar.d the salt was removed by filtration 
through a medium porosity sintered-glass filter. Thorough evapo
ration of the solvent left the crude N-oxide. Vacuum distillation 
(93-95°, 0.25 mm) of the material afforded 55.0 g (97%) of the 
pure, white, crystalline product, which was stored in a vacuum des
iccator (CaS04). Decreases in the integrated XH NMR signals at r
1.7 (a-H) and 7.6 (-CH3) indicated 98% deuterium incorporated at 
each site.

Phenylacetic Anhydride. Phenylacetic anhydride was pre
pared in 72% yield by the method of Cohen and Fager.9 The anhy
dride was further purified by dissolving in ether, washing the solu
tion successively with 10% sodium carbonate solution and water, 
drying it over calcium sulfate, and cooling in powdered dry ice to 
give a white, crystalline solid: mp 72.0-72.5° (lit.9 mp 72.5-73.0°); 
'H NMR (CC14) T 6.4 (s, 4 H), 2.85 (s, 10 H).

Phenylacetic Anhydride-<¡4. Phenylacetonitrile-d2 was pre
pared as follows. A vigorously stirred solution of 58.5 g (0.500 mol) 
of phenylacetonitrile, 50.0 g (2.50 mol) of deuterium oxide (99.8% 
D, Columbia Organic Chemicals), and 150 g of pyridine which had 
been dried over 4 Ä molecular sieve (Linde) was heatec at reflux 
(100°) for 23 hr. Then 10% aqueous hydrogen chloride was added 
to the reaction mixture until it became acidic to litmus. The solu
tion was extracted with ether, and the combined extracts were 
dried over Drierite. Evaporation of the solvent left colorless, par
tially deuterated phenylacetonitrile. The nitrile was subjected to 
three additional exchanges by the same procedure. Each exchange 
utilized 5 equiv of deuterium oxide in a 75% pyridine solution. An 
ir spectrum of the deuterated phenylacetonitrile indicated a de
crease in the signal at 3.38-3.44 ß, the appearance of the signal at 
4.73 ß, and the disappearance of the signal at 7.08 ß (C-H stretch, 
C-D stretch, and C-H bend, respectively). An integrated 1H NMR 
spectrum was consistent with essentially complete deuteration. No 
a protons were detectable in the r 6.25-6.35 region.

To a solution of 30 g (1.5 mol) of deuterium oxide and 120 ml of 
dry dioxane was added piece by piece 11.5 g (0.50 mol) of freshly 
cleaned metallic sodium. The phenylacetonitrile-d2 from above 
was added, and the solution was vigorously stirred and heated at 
reflux (100°) for 84 hr. Throughout this period the reaction solu
tion was swept with dry nitrogen to remove ammonia. Evaporation 
of the solvent left a pink solid. The crude solid was wasned with 
anhydrous29 ether to whiteness to yield, after drying in an oven at 
110°, 78.9 g (98%) of pure white material. An integrated 'H NMR 
spectrum of the sodium phenylacetate-d2 (D20) indicated no a hy
drogens in the r 6.3-6.8 region.

Phenylacetic anhydride-d4 was then prepared as follows.31 To a 
suspension of 10.0 g (0.063 mol) of sodium phenylacetate-d2, 40 ml 
of acetonitrile (refluxed over calcium hydride overnight and dis
tilled at 80.5°), and 5 g of activated 3 Ä molecular sieves was added 
dropwise and with stirring a solution of 5.96 g (0.031 mol) cf pure32 
p-toluenesulfonyl chloride in 20 ml of acetonitrile. The reaction 
mixture was heated at reflux (81°) for 2 hr. Evaporation of the sol
vent left a white solid which was added to 150 ml of annydrous 
ether. The suspension was filtered and the filtrate cooled in pow
dered dry ice to give a white, crystalline solid which was collected 
in a Büchner funnel and dried in a vacuum desiccator (CaS04) to 
yield 6.7 g (84%) of pure product, mp 72.5-73.0°. An integrated *H 
NMR spectrum of the phenylacetic anhvdride-d4 indicated 97% 
deuteration in the a position at r 6.4.

General Procedure for the Reaction of Phenylacetic Anhy
dride with 2-Picoline IV-Oxide in Benzene. In the first series of

reactions approximately 3.5 g of 2-picoline N-oxide (bp 104-108, 
0.3 mm) or its labeled derivative was transferred within a drybox 
to the reaction flask. Anhydrous benzene (25 ml) and sufficient la
beled or unlabeled phenylacetic anhydride (about 2.0 g) to give a 
4:1 mole ratio of N-oxide to anhydride were added. The solution 
was heated at reflux (80°) for 24 hr under an atmosphere of dry ni
trogen. Quantitative analysis of the yields of benzaldehyde (15% 
Carbowax 20M column at 130°, 14 min) and picolyl phenylacetates 
(3% OV-17 column at 200°, 20-28 min) in an aliquot were deter
mined directly by VPC (FID). Durene (9.3 min) and triphenyl- 
methane (42 min), respectively, were employed as internal stan
dards.

In the second series of reactions approximately 34 ml of 1.0 M
2-picoline N-oxide in anhydrous benzene was added to phenylace
tic anhydride (mole ratio 4:1). After heating the solution at reflux 
for 24 hr under nitrogen, an aliquot was analyzed by VPC (TC, 3% 
OV-17) for yields of 2-picoline (7.2 min at 90°) and picolyl phe
nylacetates (23-26 min at 240°). Triphenylmethane (30 min at 
240°) was used as an internal standard. Benzaldehyde, 2-picoline, 
and esters were identified by comparison of retention times with 
those of authentic samples. A summary of the yield data in both 
series of labeled and unlabeled runs is presented in Tables I and II.

The benzaldehyde product in reactions II and III (Table I) was 
analyzed for deuterium content. Respectively, 3 and 74% deuteri
um enrichments were found.

Product Yields at an Earlier Stage o f the Reaction. A mix
ture of 3.37 g (29.8 mmol) of 2-picoline N-oxide-d4 and 1.88 g (7.4 
mmol) of phenylacetic anhydride in 25 ml of dry benzene was heat
ed at reflux under nitrogen for 30 min to yield 27.3% benzaldehyde 
and 7.90% picolyl phenylacetates, i.e., k2/fti' — 3.46.

Similarly, a mixture of 3.80 g (33.6 mmol) of 2-picoline N-oxide- 
d4, 2.16 g (8.4 mmol) of phenylacetic anhydride-d4, and ca. 6 g of 
activated 3 A molecular sieves in 25 ml of dry benzene heated at 
reflux for 5 min gave 16.8% benzaldehyde and 3.40% esters, i.e., 
kz/ki' = 4.95.

Reaction of Anhydride with N-Oxide in Solvents Other 
than Benzene. By the general procedure outlined above 2-picoline 
N-oxide and phenylacetic anhydride (mole ratio 4:1) were heated 
at 80° in 0-dichlorobenzene, benzonitrile (aniline free), and sulfo
lane. The yields of benzaldehyde and esters are recorded in Table
III.

Comparison of retention times with those of an authentic sam
ple33 enabled the identification of 2-(/3-phenylethyl)pyridine (3% 
OV-17 at 150°, 42.5 min). A relative yield was obtained by assum
ing an arbitrary response factor (area ratio of sample to standard 
vs. weight ratio of sample to standard) of 2.00. Aliquots from the 
reactions run in benzene, benzonitrile, and sulfolane were ana
lyzed, using triphenylmethane (60 min) as an internal standard. 
The yields are given in Table III.

Reaction of Anhydride with N-Oxide and Added Base. A 
mixture of 2.85 g (26.2 mmol) of 2-picoline N-oxide, 1.66 g (6.52 
mmol) of phenylacetic anhydride, and 0.712 g (6.65 mmol) of 
freshly distilled 2,6-lutidine in 25 ml of dry benzene heated at re
flux for 24 hr under nitrogen gave 22.7% benzaldehyde and 27.6% 
picolyl phenylacetates. In a duplicate run in benzene the corre
sponding yields were 23.6 and 29.7%. A mixture of 2.80 g (25.7 
mmol) of 2-picoline N-oxide, 1.64 g (6.46 mmol) of phenylacetic 
anhydride, and 0.691 g (6.46 mmol) of 2,6-lutidine in 25 ml of dry 
sulfolane yielded 31.7% benzaldehyde and 20.1% picolyl phenylace
tates after heating at 80° for 24 hr.
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Cyclic ethers are cleaved by magnesium bromide and acetic anhydride in acetonitrile to yield bromoacetates. 
The reaction occurs readily at room temperature with tetrahydrofuran and substituted tetrahydrofurans. Te- 
trahydropyrans require higher temperature for cleavage. When cis- and irans-2,5-dimethyltetrahydrofuran are 
individually subjected to cleavage conditions a single diastereoisomeric bromoacetate is produced from each. The 
bromoacetates in turn when exposed to sodium hydroxide in warm ethylene glycol are converted to the specific 
isomers from which they were formed. Since the reclosure reaction must occur with inversion, the cleavage reac
tion must also be an inversion process. The mechanism of cyclic ether cleavage with magnesium bromide-acetic 
anhydride is thus shown to be exclusively an Sn2 process.

The ability of Lewis acids and acid anhydrides to cleave 
ethers has been known since the early part of this century. 
The reactions have been extensively studied from the 
standpoints of product composition, mechanism, and stere
ochemistry, and the subject has been reviewed in detail.1'2 
Despite the “textbook” nature of the process, the search for

methods for the formation and cleavage of ethers remains 
of interest. Ethers serve as effective stable blocking groups 
for hydroxyl functions and their use in this regard is ubiq
uitous in organic synthesis. Recently reports of the devel
opment of two ether cleavage reagent systems using acid 
anhydrides have appeared.3 4
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Table I

Temp, Yield
Ether time, hr Products (ratio)

Q

a ,
2

O '

Am bient, A cO '' 
12

'B r

CH,

CH,

15

O  AT 2b ie n t ,C C Br

97

70
(4 .1 :1 )

85
(2 .7 :1 )

88

50

80

Karger and Mazur3 have described the cleavage o f both 
cyclic and noncyclic ethers with the m ixed anhydride ace
tyl p-toluenesulfonate. In the second recent report, Ganem 
and Small, using a system originally reported by K noeven- 
agel, investigated the scope o f  ether cleavage affected by 
acetic anhydride and ferric chloride. Both reports also de 
scribe efforts to specify the m echanistic aspects o f  these re
actions, whether the cleavage o f  a specific type o f  ether 
with a given reagent is an SN l or an Sn 2 reaction or some 
com bination o f the two. Unfortunately the results in many 
o f  these cases cannot be interpreted unambiguously with 
regard to  a specific mechanism. W e wish to describe here a 
Lewis acid -acid  anhydride cleavage reagent for cyclic 
ethers, and the results o f  an experim ent which clearly de
fine the stereochemical aspect o f  the mechanism for cleav
age o f a substituted tetrahydrofuran.

Cyclic ethers, particularly tetrahydrofuran and alkyl- 
substituted tetrahydrofurans, are cleaved by  acetic anhy
dride in the presence o f  zinc chloride.5 Such reactions have 
been alm ost invariably carried out at elevated tem pera
tures, 190-250°C . The yields o f  cleavage products rarely 
exceed 60-70% , and other Lewis acids have not been em 
ployed to  any great extent. In contrast both  cyclic and acy
clic ethers have been cleaved in the presence o f  a variety o f 
Lewis acids in conjunction with acetyl chloride1'2 (a more 
effective cleavage agent than acetic anhydride). M agne
sium salts, however, have been reported to  be singularly in
effective as cleavage catalysts.6 On the basis o f  previous 
work, one would expect that the com bination o f  acetic an
hydride and magnesium brom ide at moderate temperature 
would be among the least efficacious m ethods for the cleav
age o f  a cyclic ether. It was surprising, therefore, to find 
that such a melange provides a mild and effective means o f 
converting tetrahydrofurans and other cyclic ethers to the 
corresponding co-bromoacetates.

Treatm ent o f  tetrahydrofuran at room  tem perature with 
1 molar equiv o f  magnesium brom ide and 2 equiv o f  acetic 
anhydride in acetonitrile affords 4-brom obutyl acetate (1) 
in 97% yield. M ethyl-substituted tetrahydrofurans are sim 
ilarly cleaved in yields ranging from  70 to  88% as shown in 
T able I. In contrast to its reactivity with acetic anhydride- 
zinc chloride, 2-m ethyltetrahydrofuran (2) affords 70% o f  
the substitution products 3 and 4 when treated with acetic

anhydride-m agnesium  brom ide. Under the form er cond i
tions a 70% yield o f  olefinic acetate elim ination product is 
obtained.7 T he finding that the major cleavage product o f
2-m ethyltetrahydrofuran is the secondary brom ide 3 
suggests that the ring opening reaction is largely an SN l 
process. Such a conclusion would be com m ensurate with 
the findings o f  Burwell and coworkers8 for the cleavage 
methyl se c -butyl ether. The latter affords 2-ehlorobutane, 
the product o f  displacem ent at the m ost substituted car
bon, 50% racemized, when exposed to  acetyl chloride and 
zinc chloride, a result suggested to be in accord with a car- 
bonium  ion process. W e shall show, however, for the case o f  
a methyl tetrahydrofuran, that cleavage o f  the ring and 
substitution o f  a nucleophile at the most substituted car
bon is, at least stereochemically, an Sn 2 process.

As shown in Table I, acetic anhydride-m agnesium  b ro 
mide also cleaves tetrahydropyrans and epoxides. As ex 
pected,1,2 the rate o f  tetrahydropyran opening is considera
bly slower than that o f the five-m em bered cyclic ether. E le
vated temperature is necessary to  affect cleavage in a rea
sonable time, and a considerable portion o f the product 
from  an attem pted cleavage o f 2-m ethyltetrahydropyran 
was unsaturated acetate. The opening o f  the epoxide ring is 
relatively unexceptional but for the fact that magnesium 
brom ide alone is known to  rearrange epoxides under a vari
ety o f  conditions.9 W e should also note that simple saturat
ed acyclic ethers are not appreciably cleaved by magnesium 
brom ide-acetic anhydride at room  temperature, and that 
neither reagent by  itself affects tetrahydrofuran under the 
described reaction conditions.

M ech an ism  an d  S tereoch em istry . T he com m only ac
cepted m echanism 1,2 for the cleavage o f ethers by  acid an
hydrides and Lewis acids is illustrated in eq 1-3 . A  similar

(RC0),0 +  MX,, —  RCO +  (RCOjMX,)-  (1) 

RCO+ +  R'OR" —*  R'— 6 — COR (2)
I
R"

R'— 0— COR + (RCO.MX,,)“ — *-
I
R"

Goldsmith, Kennedy, and Catmpbell

sequence may be written 
lides.

M ost investigations o f  the details o f  this sequence have 
focused on step 3, the actual substitution reaction, in order 
to  determine i f  concerted displacem ent or stepwise form a
tion o f  a cation followed by attack o f  a nucleophile occurs. 
In their recent work on cleavages prom oted by acetic anhy
dride-ferric chloride Ganem and Small4 follow ed the ste
reochemical course o f  the reaction o f  optically active m eth
yl and benzyl 2-octyl ethers. Since ferric chloride is used in 
these reactions in only catalytic amount, all o f  the products 
are acetates. As a consequence the position o f  substitution 
(primary vs. secondary) cannot be specified on the basis o f 
product structure. T hey did observe that the resulting 2- 
octyl acetate was largely racemized: 96% for the methyl 
com pound and 85% for the benzyl case. N et inversion was 
also found in the cleavage o f the methyl ether and net re
tention o f  configuration for the benzyl com pound. A  vari
ety o f  pathways for the substitution step o f the mechanism 
(eq 3) may be envisioned to  explain such results. For exam 
ple, in the case o f  benzyl 2-octyl ether, racemization could 
result from  a relatively equal m ix o f  Sn 2 substitution o c 
curring at both oxygen-bearing carbons, from S n I reaction

0 )

ÎR'OCOR and/or R"OCOr1 

Î ROi and/or R"X J

for reactions involving acid ha-
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at the secondary position, or from  some com bination o f 
both types. N et retention would only require som e excess 
o f  cleavage at the benzyl position, either concertedly or 
nonconcertedly. Ganem and Small quite reasonably con 
cluded that the cleavage step occurred by SN l and/or S n 2.

In the case o f  the cleavage o f  2-m ethyltetrahydrofuran 
with acetic anhydride-m agnesium  brom ide it is clear that, 
regardless o f  specific mechanism, the preferred position for 
substitution is the secondary carbon. Further insight into 
the details o f the substitution step may be gained from  an 
examination o f the stereochemical outcom e o f  the cleavage. 
One may employ, however, as a substrate, not the optically 
active material, but the epim erically different com pounds, 
cis- and tra n s-2,5-dim ethyltetrahydrofuran. Loss o f  con 
figurational integrity in the cleavage o f either o f  these 
ethers can be observed as a diastereoisomeric change rather 
than as an enantiom eric one. T o  whatever extent either o f  
these ethers yields a mixture o f  diastereoisomeric products 
one may invoke the intermediacy o f  a planar cationic inter
mediate.

The isomeric ethers cis- and tra n s-2,5-tetrahydrofuran 
were separated from  a com m ercial mixture by  spinning 
band distillation. As little as 10% o f one isomer could be de
tected in the presence o f  the other by G LC analysis on ei
ther an SE-30 or Carbowax 20M  liquid phase. The 13C 
chem ical shifts o f  the m ethyl and m ethine carbons o f each 
ether are also readily distinguished and both  analytical 
methods showed that the lower boiling cis com pound used 
for subsequent experiments contained less than 10% o f  the 
trans isomer. Each isomer when exposed to anhydrous 
magnesium brom ide-acetic anhydride in acetonitrile pro
duced a single  brom oacetate. T h e latter com pounds, 
though undistinguishable by norm al spectroscopic m eth
ods, are readily separable by GLC.

The production o f  a single brom oacetate from  each o f 
the isomeric dim ethyltetrahydrofurans dem ands that the 
cleavage reactions occur with either com plete retention or 
com plete inversion o f  configuration. Thus c is -5 must open 
either with inversion to give th r eo -7 or with retention to 
yield eryth ro - 8. Similarly tra n s-6 m ust yield e r y th r o -8 by 
inversion or th r eo -7 by retention. T he identification o f  the

Br
/  \ MgBr2—Ac20 CH3. .  I " H

c h 3- ^ C > - C H 3 
x 0  \ H0e T H ;

H H AcO
cts-5 threo-7

H

r ~ \ MgBr2—Ac20 CH:i ^  J ; ' Br
CH3* - ,C > - h HOe ^CH

H c h 3 AcO
transS erythro-8

configurations o f  the brom oacetates was made by reconsti
tuting the original ethers from  the cleavage products. Each 
o f the isomeric brom oacetates was treated with potassium 
hydroxide in ethylene glycol. The resulting 2,5-dim ethylte- 
trahydrofurans (ca. 40% yield in each case) were isolated by 
distillation. T he brom oacetate from  c is -5 gave only c is -5 
again after base treatment, and the one obtained from 
tra n s-G similarly afforded only tra n s-6. Since re-form ation 
o f the ethers from  the brom oacetates must be a simple Sn 2 
inversion reaction, th e initial cleavage reaction  m u st also  
occur cleanly w ith inversion. If, for example, c is -5 had un
dergone either Sn I cleavage or som e com bination o f  con 
certed and nonconcerted opening a mixture o f  both c is -5 
and tra n s-6 would have been obtained on reclosure. In the

event that cleavage had occurred with retention o f  configu
ration tra n s-G would have been the ultim ate product from  
the opening and reclosure o f  c is -5. Our results show there
fore that the cleavage o f a secon d a ry  cyclic ether is stereo- 
chem ically an Sn 2 process.

T he finding that 2-m ethyltetrahydrofurans are opened 
at a secondary position with clean inversion o f  retention 
cannot necessarily be extended to  the cleavage reactions o f 
other ethers. Five-m em bered heterocycles are in general 
more easily opened than their higher hom ologues. Harley- 
M ason10 has found, for example, that substituted pyrroli
dines are cleaved by anhydrides under conditions where 
the corresponding piperidines are inert. Tetrahydrofuran 
cleavage may more closely resemble epoxide opening than 
the cleavage o f an acyclic ether. As a consequence the tran
sition state for opening o f  the ring o f  the intermediate acyl 
oxonium  ion in a concerted displacem ent may display con 
siderable positive character at carbon. B ond breakage may 
to  a large extent precede bond cleavage but w ithout the ac
tual form ation o f  a sym m etric intermediate. T he finding 
that concerted displacem ent occurs preferentially at a sec
ondary site is com patible with such a pathway.11

COCH

Experimental Section

Gas chromatographic analyses were performed on an F & M 720 
chromatograph. Infrared spectra were determined with Perkin- 
Elmer spectrometers, Models 137-B and 257. Proton NMR spectra 
were recorded in the indicated solvent with either a Varian T -60 or 
a Jeol 100-MHz spectrometer and 13C spectra on a Varian CFT-20 
instrument. Tetramethylsilane was used as internal reference for 
both nuclei. Chemical shifts are given in parts per million down- 
field from Me4Si. Elemental analyses were performed by Atlantic 
Microlab, Inc., Atlanta, Ga. Solvents were purified according to 
standard procedures.12

4-Bromobutyl Acetate (1). General Procedure for the 
Cleavage of Tetrahydrofurans. Anhydrous magnesium bromide 
was prepared by the addition, under an argon atmosphere, o f 2.16 
ml (26 mmol) of 1,2-dibromoethane to 0.63 g (26 mmol) of magne
sium turnings suspended with stirring in 25 ml of dry ether. When 
formation of the salt was complete the ether was removed under 
vacuum and replaced with 25 ml of dry acetonitrile. To this stirred 
suspension, cooled in an ice-water bath, was added 2.05 ml (26 
mmol) of dry tetrahydrofuran and 5.2 ml (52 mmol) of acetic anhy
dride. The reaction mixture was brought to room temperature and 
stirred for 12 hr. Saturated sodium bicarbonate solution was then 
added and the mixture was stirred to destroy excess acetic anhy
dride. Ether extraction followed by drying of the extract over sodi
um sulfate and evaporation of the solvent under reduced pressure 
afforded a dark brown oil. Evaporative distillation of the oil yield
ed 4.89 g (96.5%) of 4-bromobutyl acetate: bp 85-87° (1.8 mm) 
[lit.13 92-93° (12 mm)); ir (CHC13) 1742 c m '1; >H NMR (CC14)
1.6-2.2 (m, 4 H, CHa), 2.02 (s, 3 H, COCH3), 3.46 (t, 2 H, CH2Br, J 
= 6 Hz), 4.08 ppm (t, 2 H, CH20 - ,  J =  6 Hz).

Anal. Calcd for CeHnBrOo: C, 36.95; H, 5.69; Br, 40.97. Found: 
C, 36.95; H, 5.68; Br, 40.89.

Cleavage of 2-Methyltetrahydrofuran. 4-Bromopentyl Ace
tate (3) and 5-Bromo-2-pentyl Acetate (4). Cleavage of 2.6 ml 
(26 mmol) of 2-ir.ethyltetrahydrofuran under the previously de
scribed conditions gave, after distillation, 3.79 g (70% yield) of a 
mixture of 3 and 4. Analysis of the mixture by GLC on a 10 ft X 
0.25 in, 10% diisocecyl phthalate column at 145° showed the ratio 
3 to 4 to be 4.1:1: ir (mixture) (CC14) 1730 cm-1; 'H NMR (mix
ture) (CCD 1.22 (d, 3 H, CH3CHOAc, J =  6 Hz), 1.74 (d, 3 H, 
CH3CHBr, J ~ 7 Hz), 1.7-2.0 (m, 4 H, CH2CH2), 2.02 (s, 3 H, 
OCOCH;,), 3.42 (t, 2 H, CH2Br, J =  6 Hz), 3.98-4.30 (m, 3 H, 
BrCHC- and -CH20 ), 4.96 ppm (m, 1 M, -CCHOAc).

Anal. Calcd for C7H ,3Br02: C, 40.21; H, 6.27; Br, 38.22. Found: 
C, 40.35; H, 6.28; Br, 38.14.

Cleavage of 3-Methyltetrahydrofuran. The title compound 
exposed to the standard reaction conditions afforded, after distil
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lation, 4.63 g (85%) of a mixture of 3- methyl-4-bromobutyl acetate 
and 2-methyl-4-bromobutyl acetate in a ratio of 2.7:1. The propor
tions of the isomers were obtained from the integrated intensities 
of the NMR signals for the methylene protons of the acetate-bear
ing carbons in the two compounds; ir (CHCI3) 1730 cm-1; NMR 
(CC14) 0.98 (d, 3 H, CH3, J  = 6  Hz), 1.07 (d, 3 H, CH3, J =  7 Hz),
1.5-2.2 (m, 3 H, -CH and CCH2C), 2.04 (s, 3 H, OCOCH3), 3.35-
3.6 (t, 2 H, CH2CH2Br and d, 2 H, -CHCH2Br), 3.96 (d, 2 H, 
-CHCH 2O, J  =  6 Hz), 4.12 ppm (t, 2 H, CH2CH20 - , J  = 7 Hz).

Anal. Calcd for C7Hi3Br0 2: C, 40.21; H, 6.27; Br, 38.22. Found: 
C, 40.31; H, 6.31; Br, 38.16.

Cleavage o f 2,5-Dimethyltetrahydrofuran. A mixture of cis- 
and trans-2,5-dimethylfuran (2.6 g, 26 mmol) under the standard 
conditions afforded 5.22 g (88%) of the diastereoisomeric 2-methyl-
4-bromopentyl acetates: ir (CHCI3) 1730 cm-1; NMR (CCI4) 1.20 
(d, 3 H, CH3CH-O, J =  6 Hz), 1.60-1.95 (m, 4 H, CH2), 1.69 (d, 3 
H, CHsCHBr, J  =  7 Hz), 2.00 (s, 3 H, CH3CO2-) , 4.13 (m, 1 H, 
CHBr), 4.9 ppm (m, 1 H, -CHO).

Anal. Calcd for CgHi5Br02: C, 43.07; H, 6.77; Br, 35.82. Found: 
C, 43.10; H, 6.78; Br, 35.85.

Cleavage o f Tetrahydropyran. Application of the usual condi
tions with the exception of the reaction temperature, 85° in the 
present case, to tetrahydropyran (2.53 ml, 26 mmol) yielded 3.32 g 
(50%) of 5-bromopentyl acetate:13 JH NMR (CCI4) 1.4-1.3 (m, 6 H, 
CH2) 2.0 (s, 3 H, OCOCH3), 3.45 (t, 2 H, CH2Br, J  = 6 Hz), 4.08 
ppm (t, 2 H, CH20 , J  =  7 Hz).

Cleavage o f Cyclohexene Oxide. The title compound (2.55 g, 
26 mmol) after treatment with magnesium bromide-acetic anhy
dride and subsequent distillation gave 4.58 g (80%) of trans-2-bro- 
mocyclohexyl acetate:14 JH NMR (CCI4) 1.15-2 (m, 8 H), 2.05 (s, 3 
H), 3.87-4.16 (m, 1 H, CHBr), 4.74-5.0 ppm (m, 1 H, CHOAc).

cis-2,5-Dimethyltetrahydrofuran ( c i s - 5 ) .  Distillation of com
mercial 2,5-dimethyltetrahydrofuran at atmospheric pressure 
through a Nester-Faust annular Teflon spinning band column op
erating at a reflux ratio of 30:1 afforded cis-2,5-dimethyltetrahy
drofuran: bp 90-91° (lit.15 90-91°); JH NMR (CCI4) 1.15 (d, 3 H, 
CH3, J  = 6 Hz), 1.28-2.24 (m, 4 H, CH2), 3.81-4.41 (m, 2 H, CH); 
13C NMR (CDCI3) 21.60 (CH3), 33.38 (CH2), 75.36 ppm (CH). 
Both GLC analysis on SE-30 silicone rubber and Carbowax 20M 
and peak height measurements of the 13C NMR spectrum of the 
cis compound indicated the presence of no more than 19% of the 
trans isomer irons-2,5-dimethyltetrahydrofuran (trans-6).

trans-2,5-Dimethyltetrahydrofuran (trans-6). The higher 
boiling fraction from spinning band distillation afforded the title 
compound: bp 91-92° (lit.15 92-94°); iH NMR (CCD 1.13 (d, 3 H, 
CH3, J  =  6 Hz), 1.28-2.41 (m, 4 H, CH2), 3.81-4.41 (m, 2 H, CH); 
13C NMR (CDC13) 21.48 (CH3), 34.31 (CH2), 74.55 ppm (CH).

Cleavage and Reconstitution o f the Isomeric 2,5-Dimethyl- 
tetrahydrofurans. Each of the above isomers was subjected to the 
cleavage conditions described previously. The distilled products 
were analyzed on a Carbowax 20M column at a programmed tem
perature rate increase of 2°/min from an initial temperature of 
110°. The retention time for threo-7 (from cis-5) was 10.3 min and 
that for erythro-8 (from trans-6 ) was 11.5 min. Analysis of mix
tures of the isomers indicated that 10% of one isomer was detect
able in the presence of the other. The bromoacetate threo-1 (2.26 
g, 10 mmol) was dissolved in 25 ml of ethylene glycol containing 
0.7 g of potassium hydroxide. The solution was heated at 60° for 6 
hr. Distillation through a Vigreaux column at 92° and atmospheric 
pressure followed by separation of water and drying yielded cis-5 
(0.44 g, 44%). Gas chromatographic and spectroscopic analysis as 
described above indicated the presence of 10% or less of the trans 
isomer. Application of the same procedure to erythro-S (2.26 g, 10 
mmol) afforded pure trans-6 (0.42 g, 42%).

Registry No.— 1, 4753-59-7; 2, 96-47-9; 3, 26923-92-2; 4, 26923- 
93-3; 5, 2144-41-4; 6, 2390-94-5; 7, 56761-56-9; 8, 56761-57-0; tetra- 
hydrofuran, 109-99-9; 3-methyltetrahydrofuran, 13423-15-9; 3- 
methyl-4-bromobutyl acetate, 56761-58-1; 2-methyl-4-bromobutyl 
acetate, 56761-59-2; 5-bromopentyl acetate, 15848-22-3; tetrahy
dropyran, 142-68-7; cyclohexene oxide, 286-20-4; trans-2-bromocy- 
clohexyl acetate, 5837-71-8.
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An Unusual Rate Law for Vinyl Ether Hydrolysis. Observation of 
H3 PO4  Catalysis at High pH
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An unusual rate law has been observed for hydrolysis of several vinyl ethers in phosphate buffets in the pH 
range 5.5-7.6 . In addition to the expected terms in [H+] and [H2P 0 4~] alone, a term in [H+][H2P 0 4_] was also ob
served. After determination of the pK 'a of H3PO4 (1.62 ±  0.06) in the 5% dioxane, 11 = 1.0  M (KC1), solvent sys
tem used for the kinetics, and evaluation from a Br0 nsted correlation of the contribution expected from H.3PO4 
catalysis, it has been shown that the unusual rate law does not represent a new mechanism, but rather direct ob
servation of H3P 0 4 catalysis at pH values more than four units higher than its p K 'a. The consequences of this 
observation are listed.

In the study o f the hydrolysis o f  vinyl ethers to their cor
responding ketones, w e1-2 and others38 have shown repeat
edly that these species undergo hydrolysis by the rate law

^  =  M H +] +  I > hA,[H A,] (1)

where k+ is the observed, pseudo-first-order rate constant, 
and HA, is a general acid catalyst. W e were therefore rath
er surprised when, while studying the hydrolysis o f  com 
pounds 1 and 2 in phosphate buffers,4 we observed appar
ent conform ity to the rate law
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k -t -  r h [ H + ] +  & H 0P0 J H 0P O 4 ] +  ^ h »p o 4,h [ H + ] [ H 2 P 0 4 ]
( 2)

The cross term in eq 2  in [H +] and [H 2P 0 4“ ] is hitherto 
unprecedented, and it presented the possibility that an un
usual mechanism was operating in these hydrolyses which 
had previously not been observed. Another explanation o f 
this term in eq 2 is that catalysis by undissociated H 2P 0 4 

was being observed at pH values m ore than fou r units  
higher than its p K a. In this paper, we dem onstrate that the 
rate law o f eq 2  is rigorously followed, and then resolve 
these two kinetically equivalent possibilities, with the re
sult that one may evaluate H 3PO 4 catalysis in buffers o f  
H 2P 0 4~ -H P 0 4= in vinyl ether hydrolysis.

R esu lts

The hydrolysis o f  all com pounds was carried out in ei
ther 5% ethanol, 25° (1 and 2), or 5% dioxane, 29.9° (3 and
4), with the ionic strength maintained at 1.0 M  with KC1;> OCH;

FT T
c — och

CH xXx'"CH
1. R, = CH ; R =  CO 3. X =  H

2 . R = CO.“ : R =  H 4. X =  OCH

excellent pseudo-first-order kinetics were observed. In 
Table I are summarized the hydrolysis data for these com 
pounds. As we have observed before, plots o f  the observed 
pseudo-first-order rate constant, k.j,, vs. total phosphate, 
[Pt ], at a constant pH were strictly linear over the concen 
tration range examined (0.05-0.20 M ) .  Because o f the 
strong buffer catalysis, the intercepts o f  such plots, which 
are extrapolated quantities, are a very small fraction o f  the 
observed rate constants, and the percent error in these in
tercepts is therefore quite large. W e shall, however, make 
no use o f  these intercepts in this work. The slopes o f  such 
plots are the quantities o f  interest here, and they are deter
mined with excellent precision. For a single acid, eq 1  may 
be rewritten

=  &h [ H + ] +  £ Ha/ h a [P t ] (3 )

in which / h a  is the fraction o f the buffer in the acid form. If 
fecat is the observed slope o f the k^ vs. [P t ] plot, then fecat is 
given by

& ca t  =  ^ h a / h a  (4)

and a plot o f  k cat vs. / h a  should be linear through the ori
gin. It is clear from Figure 1  that this behavior is not o b 
served for com pounds 1-4 when HA = H 2 P 0 4~. Although 
the plots appear to emanate from  the origin, evidently sig
nificant positive deviations from  linearity are observed at 
/ h a  >  0.5. In contrast, we have previously shown that eq 4 
is followed by a-m ethoxystyrenes when the catalyzing acid 
is m onprotic . 1,2 The data in Figure 1 may be fit, however by 
the equation

kcat =  (^h2po4 +  &H2P04,h [H+]) /ha (5)

with the parameters given in T able II; this equation is 
equivalent to eq 2. It should be noted that fitting the data 
in Figure 1  with a simple linear equation gives a severely 
deteriorated correlation with a substantially negative inter
cept at / h a  =  0 ; such an intercept is physically meaningless 
since it has been shown that hydrolysis o f  these vinyl 
ethers is not accom panied by a salt e ffect2 over the range o f 
buffer concentrations used in this work.

T ab le  I
Sum m ary o f  H ydrolysis D ata  fo r  V in y l Ethers l-4 ;

PH / h a " A/“* min”* feg»c min"*

Hydrolysis of 1, Phosphate Buffers'1

5.49 0.932 1 0 .2  ± 0 .9 2.48 ±  0.01
5.78 0.876 10.0 ± 0.1 1.46 ± 0.01
6.08 0.780 8.15 ± 0.44 (7.50 ± 0.66) x lO-1
6.30 0.681 6.26 ± 0.16 (5.96 ± 0.20) x 10’ 1
6.44 0.608 5.33 ± 0.61 (4.69 ± 0.78) x 10"1
6.63 0.500 4.61 ± 0.19 (2.67 ± 0.19) x 10'1
6.83 0.38? 3.43 ± 0.26 (1.97 ± 0.28) x 10_1
7.05 0.275 2.11 ±  0.14 (1.43 ± 0.13) x 10-1
7.37 0.154 1.37 ± 0.06 (5.44 ± 0.49) x 10"1
7.70 0.078 0.810 ± 0.048 (2.01 ± 0.34) x 10"2

Hydrolysis of 2, Phosphate Buffers'1

5.37 0.948 7.20 ± 0.60 (3.65 ± 0.80) x 10’ 1
5.43 0.941 7.50 ± 0.06 (2.41 ± 0.05) x lO-1
5.59 0.916 6.48 ± 0.06 (1.91 ± 0.05) x 10'1
5.76 0.881 5.83 ± 0.04 (1.30 ± 0.05) x 10’ 1
6.06 0.788 4.39 ± 0.16 (9.72 ±  0.24) x lO’ 2
6.32 0.671 3.49 ± 0.13 (7.20 ± 0.24) x lO"2
6.47 0.591 2.86 ± 0.07 (6.36 ± 0.84) x lO'2
6.65 0.489 2.38 ± 0.02 (4.61 ± 0.27) x lO'2
6.83 0.387 1.88 ± 0.06 (2.70 ± 0.06) x lO’ 2
7.01 0.294 1.42 ± 0.01 (1.87 ± 0.02) x lO'2
7.32 0.170 0.888 ± 0.006 (5.72 ± 0.99) x 10’ 3
7.51 0.119 0.618 ± 0.006 (2.39 ± 0.01) x 10'3

Hydrolysis of 3, Phosphate Buffers6
5.54 0.900 1.74 ± 0.18 (1.49 ± 1.24) x lO'2
5.94 0.800 1.30 ± 0.02 (9.30 ± 1.16) x 10‘ 3
6.24 0.700 1.07 ± 0.07 (5.70 ± 4.81) x lO-3
6.49 0.600 (9.02 ± 0.48) x IO'1 (4.18 ± 2.04) x lO"3
6.61 0.500 (7.10 ± 0.19) x 10'1 (3.60 ± 1.29) x 10"3
6.82 0.400 (5.14 ± 0.12) x 10"1 (2.95 ± 0.81) x 10'3
7.02 0.300 (3.75 ± 0.14) x 10"1 (2.45 ± 0.96) x 10‘ 3
7.30 0 .2 0 0 (2.59 ± 0.01) x 10'1 (4.03 ± 0.93) x 10'J
7.63 0 .1 0 0 (1.28 ± 0.01) x IQ'1 (5.00 ± 9.96) x 10'3

Hydrolysis of 3 ,Other Buffers6

Acetate.
4.70 0.500 4.27 ± 0.08 ( 2 .0 1  ± 0 .1 0 )  x 1 0 ’ 1

Formate,
3.62 0.500 80.1 ± 4.4 1.72 ± 0.15

Hydrolysis of 4. Phosphate Buffers6
5.54 0.900 2 0 .1  ± 2 .8 (3.11 ± 1.93) x IO'1
5.94 0.80C 17.9 ±1.0 (1.08 ± 0.66) x 10“1
6.24 0.70C 14.5 ± 0.7 (7.75 ± 5.18) x IO'1
6.49 0.60C 1 2 .2  ± 0 .2 (6.20 ± 1.30) x IO’ 1
6.61 0.50C 9.39 ± 0.36 (4.73 ± 2.44} x IO'1
6.82 0.400 7.65 ± 0.11 (2.34 ± 0.78) x IO'2
7.02 0.300 4.86 ± 0.18 (4.90 ± 1.26) x IO-2
7.30 0 .2 0 0 3.39 ± 0.16 (7.09 ± 10.9) x 10'3
7.63 0 .1 0 0 1.77 ± 0.03 (5.85 ± 1.94) x IO*3

“ Equation 3. ’’ Equation 4. ‘ k o  -  fen(H+ ]; eq 1, 2. or 3. The
values of ko are generally of very low precision, especially at the 
higher pH values. This fact is due to the very strong buffer cataly
sis. which means that ko. an extrapolated number, is a very small 
percent of the values of k ¿  actually observed, whereas the error in 
ko  is of the same crder as the errors in k c .  d 25°, 5% ethanol, n = 
1.0 M  (KC1). e 29 9°. 5% dioxane. n =  1.0 M  (KC1). ' In each case, 
the parameters k, „ , and ko  (see note c) were determined by a plot 
of k i  vs. (P, ] at constant pH. varying the value of |Pi j from 0.05 to 
0.20 M . The concentrations of the individual buffer species H2P 0 4 

and H P042~ can be calculated from the mass action law and the 
pK4'o fH 2P 04 .
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Figure 1. Slopes of buffer plots (eq 5) plotted vs. the fraction of 
the buffer in the H2P 0 4~ form. The points are experimental, and 
the lines are calculated from eq 5 and the parameters in Table II. 
The parameters were determined by a weighted, nonlinear least- 
squares fit of the points using eq 5.

Figure 2. Dilution plot for determination of the pK \  of H3PO4 in 
5% dioxane, n = 1.0 M  (KC1). The error bars are standard devia
tions in log (Mo — [H+]), assuming a constant data, error of 0.03 in 
pH. The line is calculated for a slope of 0.49 and intercept of pK 'J  
2  = 0.81, determined by a weighted least-squares fit of the data.

T ab le  II
P aram eters o f  E quation  5 for  H ydrolysis o f  

V iny l Ethers 1-4

C o m p d 0 -V"1 min-1 °  4, h  f min *

1 (1.44 ± 0.06) X 10'1 (1.14 ± 0.17) x 104
2 (7.58 ± 0.20) x 10‘2 (1.57 ± 0.08) x 104
3 1.33 ± 0.04 (2.53 ± 0.47) x 105
4 18.6 ± 0.6 (2.62 ± 1.00) x 10s

0 1 and 2 in 5% ethanol. 11 = 1.0 M  (KC1): 3 and 4 in 5% dioxane.
n = l.OM(KCl).

T o  evaluate the possible contribution o f  catalysis by 
H 3P O 4 it was necessary to determine its operational pKa in 
the solvent systems used here. W hereas operational pK a 
values may be determined for weak acids by half-neutral
ization, this procedure is not satisfactory for stronger acids 
because o f “ buffer failure” .3 For H 3PO 4, we used a variant 
o f  the Ostwald dilution procedure, as follows, to determine 
the p K a o f  H 3PO 4 in the 5% dioxane, m = 1.0 M  (KC1), sys
tem. When an acid H A is present in solution at M 3 mol/1. 
stoichiom etric concentration, the mass action law becom es

K HT h t a N

7HA /
(6)

where x / M 0 is the degree o f  dissociation o f  the acid, and 7 , 

is the activity coefficient o f  species 1 referred to 1 M  in fi
nitely dilute solution in th e 5 %  dioxane, ^ = 1.0 M  solvent 
system  u sed  for the kinetics. In logarithmic form , recogniz
ing that x =  [H +], we have

p [H +] = p K ' j 2  -  % log (M 0 -  [H +]i +  % log (7)
7HA

We have previously determined the relationship in this sol
vent system between pH meter reading and p[H +], namely, 
that the two are by coincidence equal;! thus, we have a 
method for determining [H+]. A plot o f  pH vs. - l o g  (M o — 
[H^j) should have slope 0.5 and intercept '!>pK’a +  '/Uog 
•7 h 7 a / 7 h a ) .  If we assume that HA makes a small pertur
bation in the nature o f  the medium (e.g. the change in 
ionic strength over the entire range o f  H 3PO 4 concentration 
used was found to be about 4%), then the activity coe ffi
cient term may be ignored. The linearity and slope o f  a plot 
o f  the data according to eq 7 are tests o f  this assumption, or 
o f  the less restrictive but operationally equ.valent assum p

tion that variations in the various activity coefficients are 
self-com pensating. This is, o f  course, the advantage o f 
using a high ionic strength medium: contributions o f  buffer 
com ponents at low concentration cause only a negligible 
change in the nature o f the solvent. Figure 2 is a dilution 
plot constructed from eq 7; the slope is 0.49 ±  0.01, at the 
theoretical prediction; the intercept o f  0.81 ±  0.03 trans
lates into a p K 'a o f 1.62 ±  0.06 for H 3PO 4 in the 5% dioxane 
solvent system.

D iscu ssion

It is clear from Figure 1 that the observation o f the rate 
law o f eq 2  for vinyl ether hydrolysis, first observed for 1 

and 2 , is not unique to a particular structure, and is proba
bly general for this reaction. The curves presented in F ig
ure 1, which were adequately reproduced by eq 2 or 5, may 
equally well be represented by eq 8 .

k-j. = &h [H+] + feHiTojFEPCL- ] + fcrriPojHuPCL] (8)

The equivalency between the two expressions is given by 
the relation

&H 2P 0 4,h K VH3P 0 4 -  k  H4PO4 0 )

in which TC'h.iPOj is the dissociation constant o f  H3PO4 d e
termined above. In deciding between the two kinetically 
equivalent alternatives o f eq 2  and 8 , we were required to 
have a reasonable estimate o f  what to expect for catalysis 
by H3PO4. A direct measurement o f  ^ h:)po4 is precluded by 
the fact that the observed rate constants at pH values such 
that [H ¡PO4] would be present in measurable concentra
tion would be immeasurably fast (ca. 1 0 3 m in -1 ) by the 
m ethod used here. A Br^nsted a  determ ined for n-m e- 
thoxystyrene hydrolysis is 0.62 (acetate and form ate bu ff
ers); this value differs from that previously given 1 ’2 because 
the previous value o f 0.46 was based on the difference be 
tween acetate and phosphate; in fact, H 2PO 4-  catalysis is 
faster by nearly a factor o f  1 0  than that predicted from 
Br0 nsted plots o f carboxylate buffers, in accord with Kres- 
ge’s3 and ou r 1 ’4 observation o f  positive electrostatic assis
tance o f  vinyl ether hydrolysis by negatively charged acids. 
Kresge and coworkers“ have found that the hydrolysis o f 
ethyl cyclopentenyl ether and ethyl isopropenyl ether, two 
vinyl ethers only slightly less reactive than o-m ethoxystyr- 
ene, shows a = 0.63 ±  0.03 and 0.64 ±  0.04, respectively, for 
catalysis by carboxylic acids, in excellent agreement with
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the value o f  0.62 found above. Extrapolation o f  the Br<£nst- 
ed correlation (with statistical corrections) to the pK 'a o f  
H 'PO.4. determ ined as discussed in the Results section, 
gives an expected value for &H3PO4 o f  1.07 X 103 A/ - 1  m in-1 ; 
the observed value (Table II, eq 9) is 6.25 X 103 M - 1  m in-1 , 
a factor o f  5.8 larger than predicted. Since it has been 
shown by direct measurement o f  6 h ,po4 for ethyl vinyl 
ether that this catalytic constant lies about 0.5 log unit (a 
factor of 3) above the Br^nsted prediction based on car
boxyla se buffers, our observed fcH,,P0 4 is thus within a fac
tor o f  2 o f  the expected value. T he significance o f  the re
maining difference is questionable in view o f the assum p
tions and approxim ations made in this and other3 work. 
The calculated values o f  ^ h .̂ pcu for 1, 2, and 4 show similar 
agreement with observed values when we assume that the 
p K 'a of H3PO4 in the 5% ethanol, n = 1.0 M  (KC1) system is 
the same as that in the dioxane system. This last assum p
tion is quite reasonable, since a num ber o f acids o f  diverse 
types show such an identity in pK 'a in the two solvents.

Several conclusions result from  this work. ( 1 ) Kresge’s 
caution ,3’6 that one should construct Br</>nsted plots from 
the same type o f  catalysts, is further underscored. (2 ) 
H; PO 4 is confirm ed to  be an unusually active catalyst in 
vinyl erher hydrolysis, and probably in similar reactions as 
well. (3) Catalytic constants determ ined for com ponents o f 
polyprotic acids should be based on an exploration o f the 
full range o f  pH covered by the buffer, because (4) strong 
acids, even if present in miniscule am ounts, may have d e 
tectable catalytic activity. (5) In favorable cases such as 
this, catalytic constants for the stronger acids in a polypro
tic array may be evaluated without direct measurement at 
pH values at which the strong acid dom inates, at which the 
reaction under consideration may be too  fast to measure, 
and at which buffer failure leads to troublesom e com plica
tions in measuring buffer catalysis. (6 ) Finally, effects sim i
lar to those observed here might be anticipated for poly 

basic amines in reactions during which negative charge is 
present in the rate-determining step.

Experimental Section

The synthesis of all compounds, product analyses, and kinetic 
methods have been previously described.1 4

To determine the pK\ of H4PO4, standard 0.1 M phosphoric 
acid was established by potentiometric titration with standard 
KOH. Known molarities, Mo. of H3PO4 were formulated in the 5% 
dioxane, n = 1.0 M (KC1) solvent system, and the pH was deter
mined on a Radiometer Model 26 instrument using a combination 
electrode standardized at several pH values. The hydrogen ion 
concentration was determined from the pH meter reading (see Re
sults section for a justification of this procedure) and a dilution 
plot. Figure 2, constructed according to eq 7. A weighted, linear 
least-squares analysis' was carried out to obtain the parameters of 
fit.
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The oxidation of terminal olefins by Jones reagent in the presence of a catalytic quantity of mercury(II) affords 
good yields 070%) of the corresponding methyl ketones. Similar oxidations of 1,2-disubstituted olefins gives fair 
(20-70%) yields; in the case of unsymmetrically substituted olefins, mixtures of ketones are produced.

The W acker process for oxidation o f olefins to ketones 
has three mechanistically distinct parts :3 first, activation o f 
the olefinic double bond toward nucleophilic attack by 
coordination with Pd(II) and addition o f a hydroxide m oi
ety to this electrophilic double bond; second, conversion o f 
the resulting 2-hydroxyethylpalladium (II) com pound to 
ketone and a (form ally) Pd(0) atom by a series o f  palladi- 
um(II) hydride addition-elim inations involving vinylic al
cohol intermediates; third, reoxidation o f the palladium(O) 
to palladium (II) by copper(II). W acker oxidation is an ex
tremely useful and general reaction. It is, nonetheless, 
worthwhile to try to develop procedures for oxidizing o le 
fins that use as catalysts metals less expensive than palla
dium, and which involve reactions (and possibly generate

products) different from those o f  the W acker oxidation. 
M ercury(II) is an obvious candidate for the catalyst for 
new oxidation reactions: it resembles palladium (II) in its 
ability to  activate olefins for nucleophilic attack ,4 but d if
fers in that decom position o f the oxym ercuration products 
normally generates cations by loss o f  mercury(O) rather 
than olefins by loss o f  mercury hydride. ’ Unfortunately, 
neither we nor others6 have been able to discover a satisfac
tory solution to the principal problem  in developing a mer- 
cury(II)-catalyzed analog o f  the W acker oxidation: viz., an 
efficient regeneration o f  m ercury(II) from mercury(O). In 
the absence o f  a solution to this problem , there are, how 
ever, ways o f involving m ercury(II) in catalytic oxidation o f 
olefins other than in a direct analog o f a W acker oxidation.
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Oxidation of Terminal Olefins by Jones Reagent Catalyzed bv Mercury(II)

Isolated

Table I

Olefin Registry no. Product Registry no. yield , '

l-O cten e 1 1 1 - 6 6 - 0 2-Octanone 111-13-7 82
U ndecylenic acid 112-38-9 10-Oxoundecanoic acid 676-00-6 83
3 ,3 -D im eth y l-1-butene 558-37-2 3 , 3-D im ethyl-2-butanone 75 -97 -8 86
2 -  A lly lcyc lododecanone 32539-89-2 P -O xo-2 -propy lcyclododecan on e11 56666-10-5 70
Styrene 1C0-42-5 Acetophenone6 98 -86 -2 26
1 .3-H exadiene 592-48-3 P olym er

a In addition, a 7% yield of 2-allvl-2-hydroxycyclododecanone was obtained. 6 Benzoic acid (16%) was also isolated, together with polymer.

One, explored in this paper, utilizes mercury(II) in oxym er- 
curation o f an olefin, oxidizes the hydroxyl m oiety o f the 
resulting 2-hydroxyalkylm ercury(II) com pound to an acid- 
labile 2 -ketoalkylmercury(II) derivative, and regenerates 
m ercury(II) by proteolysis o f  the carbon-m ercury bond o f 
this substance (eq 1). Thus, the m ercury(II) perform s the

OH

R C H =C H 2 +  [HgOAc]+ RCHCH2HgOAc

|[0] (1)

0  0
II + H+ II

RCCH3 +  [HgOAc]+ —  RCCH,HgOAc

essential function o f olefin activation, but is regenerated 
without leaving the mercury(II) oxidation level. Tnis cycle 
is, in a sense, one in which mercury(II) catalyzes the hydra
tion o f the double bond, and in which the reaction :s driven 
in the direction o f the therm odynam ical.y less stable hy
drated form by trapping this form  by oxidation to ketone.

Results and Discussion

Jones reagent (Cr0 3 - H 2S0 4 - H 2 0 ) oxidizes alcohols to 
ketones efficiently, and is relatively unreactive toward ole
fins .7 W hen Jones reagent is added to an acetone solution 
o f  an olefin at 2 0 °, a slow, nonselective oxidation takes 
place. Addition o f mercuric acetate or mercuric propionate 
( 2 0  mol % based on olefin) to  the solution results ir. a rapid 
consum ption o f the oxidant. Term inal olefins are converted 
to methyl ketones in yields o f  80-90%  (Table I); 1,2-disub- 
stituted olefins react readily, but give low yields o f  ketones 
under these conditions. The yield o f  methyl ketones result
ing from the catalyzed Jones oxidation o f terminal olefins 
is relatively insensitive to the amount o f  mercuric salt 
added (Figure 1 ). T he catalyzed oxidation o f terminal o le
fins by sodium dichrom ate-trifluoroacetic acid solution 
showed similar insensitivity to  the am ount o f  mercuric salt 
added; the yields were, however, substantially lower than 
those obtained using Jones reagent (Figure 1). N ote that 
the plots in Figure 1  are based on data collected under 
roughly com parable conditions, but that these conditions 
are not necessarily those that generated the highest yield o f 
product. In particular, in plot A o f Figure 1, the maximum 
detected yield o f  2-octanone was approxim ately 50%, while 
the best yield isolated under optim ized synthetic condi
tions was 82% (see the Experimental Section for details). 
The major function o f the plots in Figure 1 is to establish 
the relative sensitivities o f  primary and secondary olefins 
to catalysis by mercury(II) and to provide a qualitative es
timation o f the absolute activity o f  mercury(II) as a cata
lyst in reactions based on Jones reagent and dichrom ate 
ion as oxidants.

T he yield o f  ketones from 1,2-disubstituted olefins can

Hg(ll)/0lefino
Figure 1. The yield of ketone depends on the ratio of equiva

lents of mercury(II) to olefin present at the start of the reaction: A, 
(EtC02)2Hg-catalyzed oxidation of 1 -octene to 2-octanone (25°, 
acetone, Jones reagent, 18 hr); B, (EtC02)2Hg-catalyzed oxidation 
of 1-octene to 2-octanone (25°, dioxane, Na2Cr2 0 7 -2 H2 0 -  
CF3CO2H, 18 hr); C, (EtC02)2Hg-catalyzed oxidation of a mixture 
of ci's- and trans-2-octene to a mixture of 2- and 3-octanone (25°, 
dioxane, Na2Cr2 0 7 -2 H20 -CF 3C0 2 H, 18 hr). Note that the maxi
mum yield shown in A does not correspond to an optimized yield 
(see the text for a discussion of this point).

be im proved using different reaction conditions (Table II); 
however, each 1 ,2 -disubstituted olefin required different 
optim um  conditions. M ercuric acetate oxym ercurates o le
fins efficiently in aqueous tetrahydrofuran or dioxane4’8 

and these solvents also proved useful as oxidation media. 
Experiments in these solvents were carried out using sod i
um dichrom ate as oxidant, and making the solution acidic 
with trifluoroacetic acid. T he yields o f  ketones from  the o x 
idation o f  1 ,2 -disubstituted olefins were significantly poor
er when other chromate salts, Jones reagent, hydrogen per
oxide, or hypochlorite ion were used as oxidants. Yields 
were also poorer when mercury(II) chloride, nitrate, and 
tosylate were used in place o f  m ercury(II) propionate.

Several metal ions other than mercury(II) were explored 
briefly, and found to be unsatisfactory as catalysts. N o re
action took place on treating 2 -octene with sodium d ichro
m ate-trifluoroacetic acid solution in the presence o f  thalli-
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T ab le  II
O xid ation  o f  1 ,2 -D isubstituted O lefin s by Sodium  D ich ro m a te -T riflu o ro a ce tic  A cid  Solution

C atalyzed by  M ercu ry (II)

Olefin Registry no. Product Registry no.

Isolated 

y ield , %

c ís -2 -O cte n e 7642-04-8 2 -  Octanone (64%) +
3 -  odan on e (36%) 106-68-3

56“

t r a n s -2-O ctene 13389-42-9 2 -  Octanone (63%) +
3 -  octanone (37%)

54“

Cyclohexene 110-83-8 Cyclohexanone 108-94-1 41*
C yclododecenec 1501-82-2 Cyclododecanone 83 0-1 3 -7 36*
N orbornene
A2,3-C holestene

49 8 -6 6 -8
15910-23-3

N orcam phorä 
No reaction

497-38 -1 20“

“ Oxidation was carried out in the presence of 0.2 equiv of mercuric propionate. 6 Oxidation was carried out in the presence of 0.5 equiv of 
mercuric propionate. c A mixture of cis and trans isomers. d The product was isolated as the 2.4-dinitrophenylhydrazone.

um (I), suggesting that olefin activation was slow. Similar 
treatment o f  2-octene in the presence o f  gold(III), palladi- 
u m (I f ,  and rhodium (III) afforded mixtures o f  2- and 3- 
octanone in yields o f  30, 1 0 , and 2 %, respectively. G old (0 ) 
and palladium(O) deposited on the walls o f  the reaction 
vessel in substantial am ounts during the oxidation.

Evidence for the mechanism o f the m ercury(II)-cata- 
lyzed oxidations (eq 1) is inferential. Treatm ent o f  cyclo 
hexene with aqueous m ercury(II) acetate gives tr a n s -2- 
hydroxycyclohexylm ercuric acetate9 ( 1 ), which is oxidized 
to cyclohexanone in yields very similar to  those obtained 
from  cyclohexene under the same reaction conditions. Sim 
ilarly, 2 -(chlorom ercuri)cyclohexanone (2 ) is converted 
rapidly and in high yield to  cyclohexanone by aqueous sul
furic cr trifluoroacetic acid. Com pound 1 is itself relatively

(3%, Jones reagent, acetone) 
(38%, Na2Cr20 7, aqueous 

dioxane, H+>

1

< 100% )

2

stable toward the acid conditions encountered in the oxida
tion. Oxidation products arising directly from  the /3-hy- 
droxyalkylm ercury(II) cation therefore seem unlikely. M er- 
cury(C) has been observed to  form  in small am ounts only at 
elevated temperatures; no H g(0) was observed under the 
conditions described. T he j3-hydroxymercury(II) cations 
have previously been shown to  be stable in acid solution . 10 

T he difference in the yields o f  ketones from 1 - and 1,2-di- 
substituted olefins under strongly acidic (Jones reagent) or 
weakly acidic (NagCrjOv—CF 3CO 2H ) conditions is reason
ably attributed to  differences in the oxidative and/or solvo- 
lytic 1 1  stabilities o f  primary and secondary carbon -m ercu 
ry bonds. W e have tested these stabilities under the con d i
tions o f  these reactions by examining the behavior o f  cyclo- 
hexylmercuric acetate (3) and n-hexylm ercuric acetate (4) 
toward Jones reagent in acetone. Com pound 3 reacts rapid
ly; oxidation is com plete in 30 min at 20°, yielding cyclo 
hexanone in 65% yield. Under the same conditions, the car
bon-m ercury bond o f 4 does not react appreciably: n -h ex 
ylmercuric sulfate can be recovered in good yield. C om 
pound 1  does not solvolyze appreciably when treated with 
the com ponents o f  the Jones reagent w ith ou t the chrom i
um trioxide (that is, acetone, water, and sulfuric acid): a 
small quantity o f  2 -hydroxycyclohexylm ercuric sulfate pre

cipitates, but no metallic m ercury is form ed and no organic 
solvolysis products can be detected. Thus, it appears that 
the rapid disappearance o f  1 when treated with Jones re
agent may be an oxidative reaction (eq 2). Cyclohexanol 
can be detected in ca. 5% yield after 5 min reaction time.

O~Hg0AC (̂ ) HgOCrO.H

3 I

Jones
reagent

o
|h ,oo

+  Hg(II) +  CrdV)

OH

( 2 )

C on clu s ion s

Jones reagent or trifluoroacetic acid -sod ium  dichrom ate 
solution oxidizes olefins to ketones in the presence o f  cata
lytic quantities o f  m ercury(II); o f  the various metals tried 
as catalysts for the oxidation— thallium (I), gold(III), palla- 
dium (II), rhodium (III), and m ercury(II)— m ercury(II) 
gives the best yields. Qualitative evidence described above 
suggests that these transform ations occur by the sequence 
o f reactions outlined in eq 1. This oxidation provides a use
ful alternative to  several o f  the procedures presently used 
to convert olefins to ketones. It is less com plex than W ack- 
er oxidation: the problem s that arise in applying W acker 
oxidation to high molecular weight, water-insoluble sub
stances do not seem to be im portant, and it is unnecessary 
to have present the large excess o f  copper salts normally 
used to  make the W acker oxidation catalytic. It can be ap
plied to unprotected olefinic carboxylic acids, where dibo- 
rane-chrom ic acid results in destruction o f  the carboxylic 
acid moiety. It is more direct and more econom ical than the 
several procedures (oxym ercuration-reduction , epoxida- 
tion -reduction ) that generate an alcohol prelim inary to a 
Jones oxidation.

E x p er im en ta l S e c tio n

G e n e ra l. Melting points, determined on a Thomas-Hoover cap
illary melting point apparatus, are not corrected. GLC analysis was 
performed using a 10 ft X 0.125 in. 15% Carbowax 20M column on 
a F & M Model 810 gas chromatograph equipped with a hydrogen 
flame detector and a Hewlett-Packard Model 3373B electronic in
tegrator. All solvents were reagent grade and were used without 
further purification. 1-Octene, 2-octene (a mixture of cis and trans 
isomers), cis-2-octene, and trans-2-octene (Chemical Samples Co.) 
were used as supplied. Norbornene, cvclohexene, styrene, cvclodo-
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decene (a mixture of cis and trans isomers), 3,3-dimethyl-l-butene, 
and undecylenic acid (Aldrich) were used as supplied. Mercuric ac
etate and sodium dichromate dihydrate (Mallinckrodt), trifluo- 
roacetic acid (Matheson Coleman and Bell), gold(III) chloride, pal- 
ladium(ll) chloride, and thallium(I) acetate (Fisher Scientific), 
and rhodium(III) chloride (Alfa) were used without further purifi
cation. Elemental analyses were performed by Robertson Labora
tory, Florham Park, N.J.

Mercuric Propionate. Red mercuric oxide (108 g) was added in 
10-g portions to 100 ml of hot propionic acid. The oxide dissolved, 
giving a slightly yellowish solution which was fdtered and allowed 
to cool to room temperature. The resulting crystals were recrystal
lized from propionic acid, washed with cold, dry acetone, and dried 
under vacuum (0.04 mm) at room temperature for 24 hr. The yield 
of product was 168.7 g (97%) as white needles having mp 114-116°.

General Procedure for the Mercury(II)-Catalyzed Oxida
tion of Olefins. Method A. To a 500-ml erlenmeyer flask was 
added 22.0 g (74 mmol) of sodium dichromate dihydrate 50 ml of 
water, and 300 ml of dioxane. With stirring, 6.8 g (20 mmol) of 
mercuric propionate and 35 ml of trifluoroacetic acid were added. 
The dark orange-red solution was stirred until the salts had dis
solved (ca 10 min), and the flask was placed in a water bath. With 
continued stirring, 100 mmol of olefin was added. The solution be
came dark and warm; ice was added as necessary to maintain the 
temperature at 25 ±  5°. The solution was stirred for 18 hr, poured 
into water (300 ml), and extracted with hexane (3 X 75 ml). The 
combined extracts were washed with water (3 X 50 ml), saturated 
sodium chloride solution (1 X 50 ml), and water (1 X 50 ml) and 
dried (MgSO<i).

General Procedure for the Mercury(II)-Catalyzed Oxida
tion of Olefins. Method B. To a 500-ml erlenmeyer rlask was 
added 200 ml of acetone, 5 ml of water, and 6.8 g (20 mmol) of 
mercuric propionate. The flask was placed in a water bath and, 
with stirring, 100 mmol of olefin was added to the bright yellow so
lution. Jones reagent7 (2M , 75 ml) was added dropwise during 4 hr.

Ice was added as necessary to maintain the temperature at 25 ± 
5°. The dark greenish-brown solution was stirred for an additional 
4 hr and then poured into water (200 ml) and extracted with di
ethyl ether (3 X 75 ml). The combined extracts were washed with 
water (3 X 50 ml), saturated sodium chloride solution (1 X 50 ml), 
and water (1 X 50 ml) and dried (MgSCb).
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Substituent effects arising from intramolecular van der Waals-London attractions are examined. For substitu
ents adjacent to reaction centers at which a single bond is converted into a double bond, or close to a site acquir
ing a charge, order-of-magnitude calculations (using London’s formula) show appreciable stabilization of the new 
unsaturated species, or the species that has gained a negative charge, or lost a positive one, and increasing in the 
sequence F < C l< B r r s :H < I <  Me.

Stabilization o f anions, and destabilization o f cations, by 
halogen substituents bound to sp2-hybridized C atoms, 
which increases in the order F <  H <  Cl <  Br <  I (or 
roughly this order), has long been known for aromatic com 
pounds in aqueous media.1-3 This order is prom inent in the 
acidities, in water, o f  som e a-halogeno nitroalkanes4-6 
forming anions X -C (Y )= N 0 2 ~  (see Table I); i.e., effects 
opposing the normal inductive effect (acid strengthening 
by X : H «  I <  Br <  Cl <  F) are im portant here. The (ex
ceptionally) large anion destabilization by F (relative to H) 
in F -C (Y )= N 0 2 _ 4,5 has been attributed4 to (a) an in
crease in the order I <  Br <  Cl <  F in the sum o f m esomer- 
ic electron donation by Hal and Hal p-electron-ir-electron 
repulsions (both are zero for H ), (b) a weakening o f the 
C -F  bond on changing from  sp3 to sp2 hybridization, (c)

double bon d -n o  bond resonance effects. However, much 
evidence militates, in turn, against each o f these explana
tions: (a)7 e.g.2a d the ionization potentials8 o f  com pounds 
H al-CH =CH -> and H al-C eH 5 [IP lowest for iodides; i.e. 
electron donation plus repulsion greatest with I; 
ICH (N 02)2 should be the weakest HalCH(N02>2 acid]; (b) 
C -F  bond lengths,2ad r (F -C sp2) <  r (F -C spi); (c) numerous 
instances where F is greatly acid strengthening despite2® 8 
similar possibilities o f  double b on d -n o  bond resonance.

In addition, in com pounds M e-C H Y N 02 , M e is acid 
w ea ken in g9 unless Y  is strongly electron withdrawing— a 
very rare situation for M e attached to an sp2-hybridized 
atom.

This article deals with a relevant and neglected nonpolar 
substituent effect, viz., intramolecular van der W aals-L on-
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Table IIonization Constants of Nitroalkanes
P *Y pi»*

Nitroalkane** Obsd6 C  OIT Nitroalkane^ Obsd6 Corr

HCHjNO. 10.21 10.7 HCH(NO,)2 3.6g 3.93
FjCHNO,® 12.4 FCH (N 02)2 7.70
CICHjNOj 7.22 7 .52 C1CH(NC>2), 3.80
BrCHjNO; 8.2 8.5 BrCH(NO: )2 3.58
MeCHBrNO;® 7.3 ICH(NO,), 3.19
MeCHjNOj 8.5 8.8 MeCH(NO-). 5.30
Me,CHNO, 7.7
FCHCINO, 10.14
MeCHClNÖ, 6.8

a If 'he number of ionizable hydrogen atoms (n) exceeds one. a statistical correction (leg n I has to be added. 6 Data from ref 4. 5. 6. and 9. 
c No data available for FCH2N 02 or ICH2N 02. a Registry no. are. respectively. 75-52-5. 1493-05-6, 1794-84-9. 563-70-2, 563-97-3. 79-24-3. 
79-46-9, 2375-33-9. 598-92-5. ® Registry no. are. respectively, 625-76-3, 7182-87-8. 921-13-1. 996-67-8. 29610-14-8. 600-40-8.

don attraction. T he stabilizations produced by this are pro
portional to the products o f  the polarizabilities o f  the inter
acting units, and inversely proportional to about the sixth 
power o f the separations between them (see eq 1). Order- 
of-m agnitude calculations for various substituents X  in 
systems such as X C H = N 0 2_ give an increase in stabiliza
tion in the order F < C l < B r = i H < I <  Me.

Qualitatively, the relevant rules are: (1 ) a n y  ch em ica l  
cha n ge in  w hich  a m o lecu la r  m o ie ty  b ecom es  m ore p o la r i
za b le  is fa c ilita ted  in crea s in g ly  as th e  p o la r iza b ility  o f  th e  
su b stitu en t 10in crea ses . Loss o f  a positive charge or acqui
sition o f a negative one raises the polarizability (denoted by
a) by 1 - ca. 0.5 A3 per atom or m olecule [principally at the 
charge center, but in part also for other nearby electrons 
(as these, too, are held less firm ly after loss o f  a proton; and 
on account o f  the Silberstein12b e ffect— normally mutual 
exaltation o f polarizability)]. Also, conversion o f  a pair o f  
CH bonding electrons into a CC 7r-electron pair raises a  by 
ca. 0.5 A 3 (from  0.65 A 3 to 1.15 A 3).2'1'1 Hence, an  in crea se  
in th e  p o la r iza b ility  o f  a su b s titu e n t  ( 2 ) o b s tru c ts  ca tion  
fo rm a tion , (3 ) a ssists  a n ion  fo rm a tion , a n d  (4 ) r esu lts  in  
an in crea sed  p r e fe r e n c e  b y  th e  s u b s titu en t fo r  a tta ch m en t  
to  an  s p 2- ra th er  tha n  an  s p 3-h y b r id iz ed  atom .

Quantitative treatment is difficult, but a basis for semi- 
quantitative calculations is provided by L ondon ’s formula 
(eq l ) 12 for the cohesion energy E l for a pair o f  interacting 
units (A and B), where h is P lanck ’s constant, I  a , I b , « a , 
and « e are respectively the ionization potentials and polar
izabilities o f  A and B, and R  is the distance between the 
centers o f  their oscillating dipoles.

/ a / b

/ a  +  I b  R6
( 1 )

Interactions at close range, within molecules with many 
(and different) units, present numerous problem s. Chiefly, 
formula 1 is good, and the dependence on l /R 6 holds accu
rately only at long distances R . A t short distances R , an ap
preciable interelectronic repulsion which also depends on 
« a , o b . and R , and which is difficult to estimate, is not al
lowed for by formula 1. It is proposed to overcom e this by 
use o f  a net cohesion energy E l* (E\. minus the repulsion 
energy). A reasonable value2c for E \ *  is ca. xk E i, if
0.507(aA1/4 +  a s 1/*)/R  is in the range o f ca. 0.6-0.7 [but if 
this quantity >  ca. 0.7, the ratio E l * / £ l diminishes rapid
ly; 0.507a1/4 is the approxim ate (average) zero-point e lec
tronic oscillation am plitude2® in L on don ’s sim plified oscil
lator123]. Further, a a and qb will ordinarily be orientation 
dependent,11 b and the com plexity o f  the orientation aver
aging required, and the absence o f  strict pairwise additiv
ity, precludes accurate calculations o f  intramolecular inter

actions. In the present work only the principal interaction 
o f interest within a molecule, and its change in the reaction 
concerned, has been calculated, and anisotropy in a  was ne
glected.2®

T he units, normally, are electron pairs, and the interac
tions o f  im portance, usually, are those between a d ja cen t  
electron pairs; e.g. in the x -electron -C F  interaction in 
F C H = C H 2 the C -F  bonding electrons make the main con 
tribution, and the nonhonding electrons on F are too  far 
away to have much effect.

T he values o f  /  and a  per electron pair here used were es
timated from those observed for sim ple m odel com pounds, 
and som e assumptions,2d but the uncertainties introduced 
are expected to be relatively minor. T he estimation o f R 
can be difficult. T he centers o f  the o scilla tin g  dipoles, 
taken to be the centroids o f  the electron pair clouds (not 
nuclear positions!), are given (or roughly given) by2c by 
symm etry for C = C  and C -C  bonds, and known from  X -ray 
diffraction results13 for C -H  bonds. However, for C -H al 
bonds their locations had to  be estimated from  dipole m o
ment data.2® There is thus a sizable uncertainty in the nu
merical values of R e used, in addition to  that about the an
alytic dependence o f E \ *  on R . T he size o f  the total margin 
o f  error in the absolute magnitude o f E l* is not known.

The chemical changes treated were

X C H 2N 0 2 —  X C H = N +( - 0 - ) 2 +  H + X  =  H, Hal, or Me
(I)

p -X C 6H 4N +H 2 (or p -X C 6H 4OH ) —
p -X C 6H 4N H 2 (or p -X C 6H 40 - )  +  H+ (II)

For or and /  for the x  electrons in C H 2= N 0 2_ the 
C H 2= C H 2 values were taken, approxim ate cancellation o f 
the effect o f the positive charge on N and o f the two (more 
distant) negative ones on O being assumed (giving rise also 
to approxim ately central positioning o f  the C— N x elec
trons); the intem uclear distance r (C = N )  used was 1.29 
A 3.23-® The change in E l (-1El) was calculated for the in
teraction between the C -X  bonding electrons and the elec
trons which, in the dissociation reaction (I), are converted 
from  C -H  into x electrons. The reduction in (the relevant) 
R 6 on dissociation was ignored to  avoid overestimating o f  
A £[..

For reaction II the approach was different. T he interac
tions (by X ) o f  im portance were taken to  be those between 
the C -X  bonding and four adjacent C -C  a as w ell as two 
adjacent x  electrons. Acquisition o f  a positive charge by 
N H 2, or loss o f  a negative one by O ',  by protonation, pulls 
the latter six electrons away from  C -X , and is estim ated23 ®
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M ain  C om ponents o f  C ohesion  E nergies E L, and C hanges T h erein  on Ion ization  A E L (K ilo ca lo r ie s /M o le )
Table II

Group X H F Cl Br I Me

Of B° ' b 0.55 0.16 0.65 0.91 1.41 0.56

r (C -cC X )a,c'd 0.35 0.371 1.05 1.05 1.05 0.75

Values for Nitronate Ions.'1’ 0 and A £ Lfor Deprotonation Reaction (I)

h i  a  I n /  (If.  +  4 ) a , / 5.81 6.32 5.62 5.52 5.42 5.51
R l ,d 1.39 1.31 1.48 1.48 1.48 1.21
O v in ia /71 +  ffB,/4)/R * 0.71 C.64 0.66 0.70 0.73 0.79
-E -J 21 1 7 .4 1 13.9 19.0 28.9 39.7

- E l ** 10.5 3.7 7.0 8.5 13 14?

—A E l ** 4.6 1.6* 3.0 4.1 5.7 6?

A E Lfor Deprotonation Reaction (II)“- ^

—A E  l * 1.13 0.47 0.81 1.11 1.7 2.6
-A  E l * * 0.56 0.23 0.40 0.55 0.8 0.9

a See ref 2b. b In A3 per (bonding) electron pair. 1 Distance from charge centroid of C-X bonding electrons to C nucleus. d In A. e aA for 
tr electrons, taken as 1.15 A3, tin electron volts. *E L and AEL by formula 1; EL* and A A,,* estimated from these,'1 having special 
regard where necessary to the index of repulsion 0.507(<*\1/4 + an174)/#,' the minus sign denotes attraction, or gain therein. n See text. 
1 A reduction by % in the assessed CF bond moment gives n.C-cCX) = 0.82 A, Ej, = -9.2, and AEi,* = 2.0 kcal/mol.

to raise (the mean) R for these interactions by about 0.01 
k ; i.e., a change o f R , rather than that in a, is used in the 
calculation o f  AEl .

T he results obtained with eq l 14 are shown in T able II 
(as are some o f the quantities used in the calculation211). 
These cohesion energies E l *, and the substituent effect on 
E ]_*, are substantial. T he substituent effects on the 
changes AEl* on (de)protonation are appreciable when 
com pared with the substituent effects on the free energies
(AG ) o f (de)protonation observed in aqueous m edium , for 
both reaction I and IL1’2®

Put in the simplest qualitative terms, as far as E l* is 
concerned F is acid weakening relative to  H because the 
polarizability o f  the C -F  bonding electrons is only about a 
quarter o f  that o f  the C -H  electrons, and M e is acid 
strengthening because the C -C  (a) bonding electrons are 
much closer to  the nucleus o f  the sp2-hybridized C atom 
(and hence to the it electrons) than are the CH  electrons 
(see values for electron centroid-nucleus separations, and 
for R , in Table II).

M eaningful quantitative com parisons o f  calculated sub
stituent effects on E l* with inductive effects (e.g.. m ono
pole-perm anent dipole interactions) or inductom eric e f
fects [e.g., m onopole-induced (permanent) dipole interac
tions] are hardly practicable at present.15 T he absolute 
values o f  E l* are too  uncertain, and the unidirectional p o 
larizabilities required for the calculation o f  induction e f
fects in unsymmetrical bonds are not available. However, 
in the ionization (I), the N + atom  moves closer to X  while a 
negative charge is acquired farther away; this partial can
cellation o f charge fields experienced by X  reduces the im 
portance o f  polar effects, e.g., inductive and inductom eric, 
and substituent effects on AEl* are brought more to the 
fore.17

Intramolecular van der W aals-L ondon  attraction should 
have appreciable effects on many other properties,2 e.g., in 
the acid strengthening and base weakening (relative to H) 
produced by unsaturated groups, and by many ortho sub
stituents in benzene rings; also on bond lengths and heats 
o f  formation.

Comparisons o f heats o f  form ation o f alkenes C 2H 4_nX n 
with those o f  their hydrogenation products C2Hfi_ nX n give 
a measure o f  the preference by X  for attachm ent to  an sp2 
rather than an sp3 C atom. T he relevant quantity, n _1 X 
|[A//f(parent alkene) — AHf(substituted alkene)] — 
[A H f(parent alkane) — AH ¡{substituted alkane)]), while

varying somewhat with n  (and relative group dispositions, 
in cases of multiple substitution), appears to increase in the 
order F < Cl < H < Br < Me. This quantity (zero by defi
nition for X  = H) is always negative for F and positive for 
Me; the data,18 unfortunately, are unsystematic, and in the 
range Cl, H, Br, where the differences are small, of uncer
tain reliability. Substituent effects on E l* are probably the 
main factor in producing this sequence of preference for 
sp2 attachment.

Supplementary Material Available. A fuller treatment will 
appear following these pages in the microfilm edition of this vol
ume of the journal. Photocopies of the supplementary material 
from this paper only or microfiche (105 X 148 mm, 24X reduction, 
negatives) containing all of the supplementary material for the pa
pers in this issue may be obtained from the Business Office, Books 
and Journals Division, American Chemical Society, 1155 16th St., 
N.W., Washington, D.C. 20036. Remit check or money order for 
$4.50 for photocopy or $2.50 for microfiche, referring to code num
ber JOC-75-3580.
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An algorithm, logarithm of the number of Kekulé structures, gives resonance energies for benzenoid hydrocar
bons that are equivalent to results of highly parameterized SCF-LCAO-MO calculations. The relationship also 
holds for odd alternant cationic and anionic species. Reactivity indices based on the structure count algorithm 
correlate with various types of experimental reactivity data.

A simple parameterized structure-resonance theory has 
recently been developed1,2 that allows one to calculate reso
nance energies for many types o f  7r-molecular systems that 
correlate precisely with the results o f  sem iempirical S C F - 
M O (Dewar3) calculations, or with those obtained from 
open chain reference structure m odified Hiickel M O (Hess 
and Schaad4) procedures. During the course o f that devel
opm ent an exponential relationship between the Kekule 
structure count (SC) and the Dewar resonance energy was 
noted.0 The purpose o f  this paper is to show that this rela
tionship extends to cations and anions postulated as inter
mediates in reactions o f  benzenoid aromatic hydrocarbons. 
Consequently, accurate correlations and predictions o f 
reactivities are quickly and precisely obtainable.

N o attempt will be made here to give a quantum m e
chanical interpretation o f  the relationships described. A 
sufficient justification is the excellent quantitative agree
ment o f  experimental and theoretical data with the em piri
cal SC function. However, it should be noted that the high 
correlative accuracy cannot arise from  accidental or m athe
matical congruities6 o f resonance theory with the H M O  
formulation. H M O  reactivity indices have been shown in 
most cases to yield poor correlations o f  reactivity data in 
comparison to the results o f  SCF calculations. Som e illus
trations o f  this fact will be given in tables to follow.

Resonance Energies of Benzenoid Hydrocarbons. 
The variable d and bond length SCF calculations, param et
erized with therm ochem ical data, o f  Dewar and coworkers3 
can be taken to provide a reliable reference set o f  resonance 
energies. As shown previously,5 there is an exact linear re
lationship between the logarithm o f the SC and the De- 
w arib resonance energy (RE ) given in eq 1. Alternant and 
nonalternant benzenoid hydrocarbons, including com 
pounds with essential single bonds, are included in the cor
relation.

RE (eV) = 1.185 In SC (1)

Their structures were enumerated using the graph-theo
retical m ethods described previously.' T he correlation 
coefficient o f  the calculated resonance energies is 0.998, 
and the average deviation o f  the SC algorithm from the 
SCF result is ±0.042 eV, less than 1 kcal.

The calculations for acene derivatives summarized in 
Table I provide a stringent test o f  the SC algorithm. The 
SCF results were obtained by Herr8 in an attem pt to un
derstand tautomeric equilibria o f  the types shown in eq 2 
and 3. Assuming that the enthalpy differences between

CH, CH.

pairs o f molecules are constant except for ir energy d iffer
ences, the energy o f reaction, AE w, should be a linear func
tion o f the logarithm o f  the ratio, SC o f product P to SC o f 
reactant R; cf. eq 4.

E  = a (In SCP -  In SC r ) +  b =  a In (SC ,,/SCR) +  b (4)

T he structure count function parallels the calculated SCF 
energy differences very closely as evidenced by the correla
tion coefficients for the two groups o f reactions, 1.000 and
0.990, respectively.

Som e kinetic data suitable for testing eq 1 and 4 have 
been published by Dewar and Pvron.9 They determ ined the 
rate o f  D iels-A lder addition o f maleic anhydride to the aro
matic com pounds listed in Table II. T he logarithm o f the 
SC ratio is obviously a paralocalization energy and is highly 
correlated with the logarithm o f the second-order rate con 
stant, supporting the postulation o f  a cyclic transition state 
for the cycloadciition reaction. A calculation based on the 
assumption o f rate-determ ining form ation o f a biradical in
termediate (see next section) only gives a correlation coe ffi
cient o f  0.738, in com plete agreement with the prior SCF 
calculations and conclusions.9

Aromatic Substitution Reactions. Electrophilic Sub-
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Table I
x Energy D ifferen ces for A cene D erivatives

¿ / / a(R )-A H a (P), In

Registry no. Compd SC eV° (SCp/SCR)

108-88-3 T olueneb 2 -1 .400 -0.693
3217-87-6 3-M ethvlene -1,4 -cyclohexadiene 1

90 -12 -0 1 -Methylnaplr.halene 3 -0.998 -0.405
40476-27-5 1.1 -D ihvdro -4 -methvlenenaphthalene 2

610-48-0 1 -M ethylanthracene 4 -0.821 -0.288
40476-28-6 1.1 -D ihvdro-4 -m ethyleneanthracene 3

779-02-0 9 -M ethylanthracene 4 -0.428 0.0
40476-29-7 9 ,9 -D ihydro-1 0 -m ethyleneanthracene 4
40476-21-9 1 -Methylnaplr.hacene 5 -0.745 -0.223
40476-30 -0 1,1 -D ihydro -4 -methy lenenaphthacene 4
14214-56-3 5 -Methylnaplr.hacene 5 -0.179 -  0.182
40476-31-1 5,5 -D ihydro -12 -methylenenaphthacene 6
40476-23-1 1 -Methy lpentacene 6 -0.702 -0.182
40476-32-2 1,1 -D ihydro -4 -methylenepentacene 5
40476-24-2 5 -Methylpentac.ene 6 -0.061 + 0.288
40476-33-3 5,5 -D ihydro -14 -m ethylenepentacene 8
40476-25-3 6 -M ethylpentacene 6 + 0.111 -+0.405
40476-34-4 6 ,6 -D ihydro -13 -m ethylenepentacene 9

c o r r  coeff 1.000
20244-36-4 5,14 -D ihydropentacenec 8 + 0.165 + 0.118
13574-08-3 6,13 -Dihydropentacene 9
40476-37-7 5 ,16-D ihydrohexacene 10 -0 .2 3 7 -  0.182
40476-38-8 6.15 -D ihydrohexacene 12
40476-39-9 5,18 -Dihydroheptacene 12 ^0.276 -0 .2 2 3
40476-40-2 6,17 -D ihydroheptacene 15

6.17 -D ihydroheptacene 15 -0 .0 7 2 -0 .0 6 5
404 7 6 -41 -3 7,16 -D ihydroheptacene 16
40476-42-4 6.19 -D ihydrooctacene 18 -0 .1 1 0 -0 .1 0 5
40476-43-5 7 ,18-D ihvdrooctacene 20
40476-44 -6 7.20-D ihvdrononacene 24 -0 .0 3 9 -  0.041
40476-45-7 8,19 -D ihydrononacene 25

c o rr  coe ff 0.990
a Reference 8 . ” Reactions analogous to eq 2. The second compound in each pilir is taken to be the product of the reaction. r Reactions

analogous to eq 3.

T ab le  II
D iels A lder R eactions o f  A rom atic  C om pounds0

Registry no. Reactant SCp/SCj^

In

(SCp/SCR)

In
4 ft(ft * 10 )

120-12-7 Anthracene 4/4 0.0 4.324
56-55-3 B enzM anthracene 6/7 -0.154 1.934
92 -24 -0 Naphthacene 6/5 + 0.182 7.230

215-58-7 Dibenz[i7,r|anthracene 10/13 -0.262 1.275
53-70-3 Dibenzln./z janthracene 9/12 -0.287 -0.293

224-41-9 Dibenz[(7,i]anthracene 9/12 -0.287 -0.393
c o rr  co e ff 0.989

“  Reference 9. Reaction with maleic anhvdrid?, diethvl succinate solution at 129.7°C. * Rate constant k  in 1. mol - 1 sec *.

cationic intermediates and the neutral reactant aromatic 
molecule. Som e o f the <x+ values are estimated from  older 
reactivity data.lflc T he most reliable H M O reactivity in 
dices are the localization energy, L r+,14 and Dewar’s 
perturbational M O reactivity number, N r .1415 T hey do not 
correlate with the values as well as do the calculations 
that use S C F -M O  procedures. The C N D O /2 calculations o f 
Streitwieser et al.12 are highly correlative but only 18 o f the 
26 listed com pounds have been investigated. It should be 
pointed out that the C N D O /2 m ethod also handles some 
substituted and nonalternant aromatic hydrocarbons in a 
satisfactory manner.12

The SC ratio in Table III is simply the ratio o f  Kekule 
structures for the postulated cation and the neutral reac
tant. T he structures for the cations were enum erated by

stitu tion . A set o f  <r+ constants that are generally applica
ble to electrophilic aromatic substitution reactions have 
been derived from extensive studies o f  rates o f  protodetri- 
tiation o f polycyclic aromatic hydrocarbcns.10 These data 
have also been used to test various types o f  M O calcula
tions,1 1-1:1 with the assumption that the reaction involves 
the formation o f a symmetrical W heland transition inter
mediate; cf. eq 5.

T

Table III lists a+ values and several types o f  calculated 
localization energies, i.e., the ir energy differences between
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T ab le  III
L ocalization  E nergies and a

R e g is try  n o .

C o m p d

(p o s i t i o n  o f  su b stitu tio n ) (7* SC r a t i o 3

In

(S C  ra t io ) Lr* (HM O)6
Kr

(D e w a r )  c

A £

(CN DO/2)*
A E e 

(PPP)

71 -43 -2 Benzene 0.00 3/2 0.405 2.54 2.31 12.141 0.00
92-52 -4 Biphenyl (2) 0.24 9/4 0.811 2.40 2.07 0.199

Biphenyl (4) 0.24 9/4 0.811 2.45 2.07 0.198
91-20-3 Naphthalene (1) 0.35 7/3 0.847 2.30 1.81 13.115 0.907

Naphthalene (2) 0.25 6/3 0.693 2.48 2.12 12.698 0.498
Anthracene (1) 0.41 12/4 1.099 2.25 1.57 13.577 1.304
Anthracene (2) 0.36 10/4 0.916 2.40 1.89 13.101 0.832
Anthracene (9) 0.72 16/4 1.386 2.01 1.26 14.410 1.870

85 -01 -8 Phenanthrene (1) 0.34 13/5 0.956 2.32 1.86 13.222 1.057
Phenanthrene (2) 0.25 11/5 0.788 2.50 2.18 12.884 0.653
Phenanthrene (3) 0.29 12/5 0.875 2.45 2.04 13.003 0.831
Phenanthrene (4) 0.33 12/5 0.875 2.37 1.96 13.070 0.881
Phenanthrene (9) 0.37 13/5 0.956 2.30 1.80 13.320 1.060

217-59-4 Triphenylene (1) 0.32 23/9 0.938 2.38 2.00 13.136 0.962
Triphenylene (2) 0.26 22/9 0.894 2.48 2.12 13.040 0.849

129-00-0 Pyrene (1) 0.67 21/6 1.253 2.19 1.51 14.093 1.465
Pyrene (2) 0.22 13/6 0.773 2.55 2.31 12.695
Pyrene (4) 0.36 17/6 1.041 2.28 1.68 13.438
T etracene (5) 0.80 27/5 1.686 1.93 1.02

213-01-9 Chrysene (6) 0.46 26/8 1.179 2.25 1.67 13.714 1.451
193-55-0 Perylene (3) 0.74 40/9 1.492 2.14 1.33 14.487 1.886
191-07-1 Coronene (1) 0.44 68/28 1.224 2.31 1.80 1.430

Benz[«]anthracene (7 or  12) 0.64 29/7.27/7 1.386' 2.10 1.43
Dibenz[a,/t]anthracene (7) 0.65 48/12 1.386 2.13 1.51

59-32 -8 BenzoUJpyrene (9) 0.86 45/2 1.609 1.96 1.51 2.273
191-26-4 Anthanthrene (7) 0.81 58/10 1.758 1.93 1.03 2.453

c o rr  coeff 0.977 -0.873 -0 .900 0.987 0.932
See text. 6 Units of 4. ref 14. ‘ Reference 15. d eV, ref 12. e eV relative t o  benzene, ref 11. ' Average value.

summing the absolute values o f  the unnormalized coe ffi
cients of eigenvectors o f  the nonbonding orbital for each 
cation.6-' The In (SC ratio) is a really excellent reactivity 
index for electrophilic substitution as indicated by the cor
relation coefficient with a+ o f  0.977. A comparison o f the In 
(SC ratio) with the S C F -M O  calculations gives the fo l
lowing correlation coefficients: C N D O /2 ,12 0.989, and 
P P P ,11 0.993.

Additional tables detailing the congruence o f  In SC func
tions with theoretical and experimental results for many 
types o f  chemical reactions could be given. However, the 
same molecular ir systems are repeatedly used in most in
vestigations, so I have chosen to summarize results by giv
ing only the reaction type, correlations, number o f com 
pounds considered, and brief comments. In each case the In 
(SC ratio) function com pared is the same as that given in 
Table III, or, for arylmethyl systems, is calculated in an 
analogous manner.

Nucleophilic Substitution. Rates o f  deuterium ex 
change with lithium cyclohexylam ide in cyclohexylam ine at 
50 °C ,ie polycylic aromatic reactants, carbanion interm edi
ates. Expt: CN D O /2, nine com pounds, corr coeff 0.930. 
Expt: P P P ,17 0.844. Expt: In (Sc ratio), 0.863. CN D O /2: In 
(SC ratio), 0.980. PPP: In (SC ratio), 21 com pounds,11
0.992.

None o f  the experim ental-theoretical correlations are 
outstandingly good. T he S C F -M O  calculations again show 
almost perfect correlations with the SC algorithm. The 
D ew ar-T hom pson11 variable 0  P P P  results exhibit the best 
correlations with In (SC ratio) as in the previous calcula
tions on electrophilic substitution.

Solvolytic Reactions, Arylmethyl Systems. a+ con 
stants derived from  rates o f  acetolysis o f  polycyclic aryl
methyl tosylates and other derivatives,16' 20 arylmethyl car- 
boniuir. ion intermediate; cf. eq 6. a+ \ C N D O /2 ,19 nine

com pounds, corr coeff 0.930. <r+: P P P ,11 13 com pounds,
0.919. <r+: In (SC ratio), 14 com pounds, 0.937. C N D O /2 :19 In 
(SC ratio), nine com pounds, 0.986. P P P :11 In (SC ratio), 16 
com pounds, 0.993. The remarks regarding the correlations 
for aryl carbanions in the previous paragraph also apply to 
this series.

Acidities of Methylarenes. Rates o f  hydrogen isotope 
exchange, catalyzed by lithium or cesium cyclohexylam ide 
in cyclohexylam ine, arylmethyl carbanion interm edi
ate.17-21 Expt: C N D O /2 ,1' nine com pounds, corr coe ff 0.940. 
Expt: P P P ,11 0 988. Expt: In (SC ratio), 0.976. Expt: 
H M O ,21 0.757. C N D O /2:17 In (SC ratio), ten com pounds,
0.954. P P P :11 In (SC ratio), 12 com pounds, 0.996. T he lower 
correlation o f C N D O /2 calculations with the SC function, 
coupled with the excellent agreement o f  P P P  results, the 
SC function, and the experimental data, may indicate some 
error in the C N D O /2 calculations.

Summary

An extended discussion is not warranted in view o f the 
empirical nature o f  the algorithm that has been tested in 
this work. The most significant results are the astonishing
ly precise agreements o f  sophisticated sem iempirical MO 
calculations with the SC algorithms. The high correlation 
coefficients, from 1.000 to as low as 0.980 (for exception see 
previous paragraph), should not be accidently obtainable. 
In any event, a quantitative relationship between numbers
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o f structures and S C F -M O  calculations has now been es
tablished, and a theoretical explanation is desirable.

The failures o f  the H M O  m ethod to correlate the data 
reviewed were attributed1217 to the lack o f  consideration o f 
electron repulsion effects in the H M O  treatment. If the SC 
algorithm is justified in future theoretical work, that previ
ous conclusion may require m odification. N o explicit e lec
tronic charge effects are included in a structure-resonance 
theory that only includes Kekule resonance structures.

At present, the efficacy o f  the SC approach has only been 
dem onstrated for alternant tt systems, and this may consti
tute a limit to use o f  this idea. The extension to r.onalter- 
nant systems is under investigation.
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Synthesis of Arylphosphonous Dichlorides, Diarylphosphinous Chlorides, 
and 1,6-Diphosphatriptycene from Elemental Phosphorus
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Reaction of elemental white phosphorus with aryl halides at temperatures ranging from 280 to 350° C in the 
presence of Lewis acid catalysts gave arylphosphonous dichlorides and diarylphosphinous chlorides. Reaction of 
white phosphorus with o-dichlorobenzene in the presence of FeCL-TiCL produced in addition to o-chlorophenyl- 
phosphonous and di(o-chlorophenyl)phosphinous chloride 1,6-diphosphatriptycene, a novel, phosphorus-contain
ing heterocyclic compound.

T he preparation o f phenylphosphonous dichloride (la) 
and diphenylphosphinous chloride (lb) has been investi
gated earlier by several research groups. One o f the best 
routes to  la developed previously involved the reaction o f 
benzene with phosphorus trichloride in the presence o f alu
minum chloride in stoichiom etric quantities.1

Cfi, +  PCI, C.H-PC1 +  HC1
la

The resulting phenylphosphonous dichloride (la) forms 
strong com plexes with the aluminum chloride catalyst. The 
extraction o f the product is therefore difficult. An im prove
ment o f  the isolation procedure was introduced by adding 
phosphorus oxychloride in stoichiom etric quantities as a 
com plexing agent to remove the aluminum chloride.2’3 

Since phenylphosphonous dichloride (la) disproportion- 
ates in the presence o f  aluminum chloride to yield diphen
ylphosphinous chloride (lb) and phosphorus trichloride4-6

Aid
2C.H PC1, ------► (C,H-)PC1 +  PCI

la lb

the reaction o f benzene with phosphorus trichloride and 
aluminum chloride may be used to produce diphenylphos
phinous chloride directly without isolating phenylphospho
nous dichloride. The com plex o f diphenylphosphinous 
chloride with aluminum chloride form ed during the d ispro
portionation may be split by addition o f potassium ch lo 
ride.4

In this paper we wish to report the synthesis o f  phenyl
phosphonous dichloride and diphenylphosphinous chloride 
in high yield by a new and simple m ethod from  chloroben
zene and elemental white phosphorus.7

R esu lts an d  D iscu ssion

The subject reaction is carried out by heating elemental 
phosphorus in an excess o f  the chlorobenzene in a sealed
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glass tube at 350° C for several hours. The reaction is cata
lyzed by small quantities o f  aluminum chloride or brom ide 
or the corresponding ferric halides.

This method may be em ployed also for the preparation 
o f substituted arylphosphonous dichlorides and diaryl- 
phosphinous chlorides from elemental phosphorus and 
substituted aryl chlorides.

In a typical experim ent the aryl halide (4.0 m ol) was 
heated with elemental white phosphorus (2.2 g-atom s) in 
the presence o f  0.05 mol o f  anhydrous ferric or aluminum 
chloride at elevated temperatures for 8 hr. Reactions with
o- or p -dichlorobenzene, o-, m -, or p-chlorotoluene, 1,2,4- 
trichlorobenzene, or 1-chloronaphthalene gave satisfactory 
yields when heated at 325°C. T he reaction with chloroben
zene required higher temperatures (350°C).

In addition to ferric chloride and aluminum chloride we 
have found also titanium tetrachloride to be an effective 
catalyst. T he results o f  these reactions are summarized in 
Table I.

If the catalyst was allowed to  stand in the reaction m ix
ture for several days before the heating was started it be 
came inactive. It seemed that the metal chloride had react
ed with the white phosphorus form ing a new product (pos
sibly a metal phosphide) which is inactive as catalyst.

In the absence o f  any catalyst the main reaction taking 
place under identical conditions was the conversion o f 
white phosphorus into its red m odification. In some cases 
the form ation o f  arylphosphonous dichlorides or diaryl- 
phosphinous chlorides occurred, but at a much slower rate 
than in the presence o f  a catalyst. In general, only traces o f  
these reaction products were formed.

The reaction o f  elemental white phosphorus with aryl 
halides containing nitro groups such as l-ch loro-2 -n itro- 
benzene led to violent reactions which caused the tubes to 
break. This was probably due to a sudden deoxygenation o f 
the nitro group involving the interaction with phosphorus.

Synthesis of 1,6-Diphosphatriptycene. In an effort to 
optim ize the conditions for the form ation o f  som e o f  these 
arylphosphonous and arylphosphinic halides we observed 
that in the reaction o f  o-dichlorobenzene with white phos
phorus the com position o f the reaction product mixture 
was strongly influenced by the type o f catalyst, reaction 
time, and temperature. T h e reaction proceeded sm oothly 
at 325°C in the presence o f  a small quantity o f  ferric ch lo 
ride. In a typical experim ent 70 g o f  white phosphorus, 8 g 
o f  ferric chloride, and 585 g o f  o-dichlorobenzene were 
heated for 7 hr at 325°C in a sealed tube. T h e resulting re
action mixture was a clear dark liquid which, on distilla
tion, gave 76 g o f  o-chlorophenylphosphonous dichloride 
(2a) and 80 g o f  di(o-chlorophenyl)phosphinous chloride 
(2b).

If ferric chloride was replaced by titanium tetrachloride 
(see Table II) a much higher yield o f  com pounds 2a and 2b 
was produced. This points out the m uch greater reactivity 
o f  titanium tetrachloride vs. ferric chloride. In addition the 
form ation o f  a small quantity o f  crystalline material in the 
reaction mixture was observed. A com bined catalyst o f  fer
ric chloride and titanium tetrachloride produced a large 
quantity o f  this crystalline substance (10) and som e liquid 
material. T h e liquid material com prised a mixture o f  the 
above m entioned o-chlorophenylphosphonous dichloride,

Table I *
Arylphosphonous Dichlorides and Diarylphosphinous 

Chlorides from  Elemental White Phosphorus 
and Aryl Halides
d

a, RP
X I R

P— Cl

Compd R Bp, °C (m m ) Mp, °C % yld
la Phenyl 4 8 -5 1

( 0 .7 ) “
49.5

lb Phenyl 1 2 4 -1 2 6
(0 .6 )*

35.3

2a o-Chlorophenyl 7 0 -7 1
(0 .7 )“

30.0

2b o-Chlorophenyl 1 4 8 -1 5 3
(0 .3 )*

9 2 -9 4 16.4

3a p-Chlorophenyl 6 7 -6 9
(0.3)rf

20.2

3b p-Chlorophenyl 1 4 3 -1 4 6
(0 .3 )“

5 2 -5  3 16.0

4a o-Methylphenyl 6 7 -6 8
(0 .4 ) /

27.1

4b o-Methylphenyl 1 4 6 -1 4 7
(1 .1 )*

13.6

5a m-Methylphenyl 5 8 -6 0
(0.5)/-7

16.5

5b m-Methylphenyl 1 3 5 -1 3 8
(0 .9 )

16.1

6a p-M ethylphenyl 7 0 -7 1
(0 .7 )

16.3

6b p-M ethylphenyl 1 2 9 -1 3 0
(0 .6 )

16.1

7a 3-Chloro-4-
methylphenyl

8 4 -8 9
(0 .8)?

19.3

7b 3-Chloro-4-
methylphenyl

1 7 6 -1 8 2
(1 .1 )

21.5

8a 2,4-Dichloro-
phenyl

8 8 -9 1
(0 .2 )

17.6

8b 2,4-Dichloro-
phenyl

1 7 6 -1 7 9
(0 .3 )

15.2

9a 1-Naphthyl 1 3 0 -1 3 1  
(0 .8 )m ’ "

5 1 -5 4 9.7

9b 1-Naphthyl 2 2 7 -2 2 9
(0 .6 )o

1 3 0 -1 3 2 40.2

“ E. L . Gefter, Zh. Obshch. K him ., 28, 1338 (1958 )
[Chem . A bstr., 52, 19999 (1 9 5 8 )] reports a boiling point 
o f  58—59°C (0 .8 —1 mm) and B. Buchner and L. Lockhart,
J. A m . Chem . S oc., 73, 755 (1951), give bp 95°C (15 mm). 
*M . P. Brown and H. B. Silver, Chem. Ind. (L on d on ), 24 
(1961), give bp 110—1 12°C (0.35 mm ), “  L. D. Quin and 
J. S. Humphrey, J. A m . Chem . S oc., 83, 4126 (1961 ), re
port bp 76—77°C (0 .53 m m ). d D. R. Nijk, R eel. Trav.
Chim. Pays-Bas, 41, 461 (1922), gives bp 132—133°C (20 
mm). This substance was oxidized to  p-chlorophenylphos- 
phonyl dichloride, the NMR spectrum o f  which showed 
after phosphorus spin decoupling a A ,B 2 type o f pattern 
which is consistent with the para substitution o f  the ben
zene ring. Further proof o f  this structure was obtained 
by hydrolysis o f  the p-chlorophenylphosphonyl dichloride 
to p-chlorophenylphosphonic acid, the melting point o f  
which agreed with that reported (188°C ) by G. O. Doak 
and L. D. Freedman, J. A m . Chem . S oc., 73, 5658 (1951). 
e F. M. Kharrasova, G. Kh. Katai, R. B. Sultanova, and R. R. 
Shagidullin, J. Gen. Chem. U SSR (Engl. Transi), 37, 643 
(1967), give mp 50—52 °C ./ B. Buchner and L. Lockhart,
J. A m . Chem . S oc., 73, 755 (1951). x L. D. Quin and J. S. 
Humphrey, J. A m . Chem . S oc., 83, 4126 (1961 ), report bp 
117—U S X  (2.0 mm). h V. M. Piets, Dissertation, Kazan, 
1938, reports mp 37°C and bp 253—257°C (15 m m ). 'P. 
Melchinger, Ber., 31, 2915 (1 8 9 8 )./A .  Michaelis, Justus 
Liebigs A nn. Chem ., 293, 193 (1896). * 2 9 4 , 1 (1896 ). 'A  
Michaelis and H. Lange, Ber., 8, 1313 (1875). m M. Green 
and R. F. Hudson, J. Chem. S oc., 3129 (1958 ), report mp 
54°C and bp 113—120°C (0.5 m m ). n T. Weil, B. Prjs, and 
H. Erlenmeyer, Helv. Chim. A cta , 36, 1314 (19 53 ), give mp 
55°C and bp 135—137°C (0.5 mm ). °  A . B. Burg and R. I. 
Wagner, U.S. Patent 2 ,934,564, report bp 2 7 0 -2 8 0 °C  (15 
mm). P All com pounds listed in Table II had C, H, P, and 
Cl analyses within 0.4% o f  theoretical.
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Table II
Reaction o f  540 g o f  o-D ichlorobenzene with 

70 g o f  White Phosphorus

Expt
Lewis acid 

catalyst
Temp,

°C

Reaction
time,

hr Products

A 8 g FeCl3 325 7 76 g 2a 
80 g 2b 

no 10
B 1.3 g T iC l4 300 7 141 g 2a 

134 g 2b 
1 g 10

C 1.3 g TiCl4 
+ 7 g FeClj

325 4 116 g 2a 
64 g 2b 
45 g 10

di(o-chlorophenyl)phosphinous chloride, som e phosphorus 
trichloride, and unreacted o-dichlorobenzene.

T h e crystalline substance was separated from  the liquid 
by filtration and recrystallized from  tetrachloroethylene. 
The purified material melted at 313-315°C  (corrected). 
Gas chrom atographic analysis revealed that in addition to 
the main product an impurity (about 6%) was present 
which was removed by further recrystallization from  tetra
chloroethylene.

The results o f  the elemental analyses suggested that the 
new com pound had the empirical formula CigH ^Pg. This 
was confirm ed by the mass spectrum o f  10, which showed a 
strong parent peak at m /e  290. On the basis o f  these data 
structure 10 was proposed for this substance. 10 :s a nov
el bicyclic 5,10-o-benzeno-5,10-dihydrophosphanthrene 
which we named 1,6-diphosphatriptycene.

+  white phosphorus
tvri -Tin,

10. R =  H
11. R =  ('l

In agreement with the structure proposed for 10, its 
N M R  spectrum showed two groups o f arom atic protons,

Figure 1. Top: NMR spectrum of diphosphatriptycene (co 
(Me4Si) = 5994716 Hz). Bottom: JH spectrum with 31P de
coupled (i’i = 24285265 Hz).

one in the area from  481 to 470 Hz and the other one in the 
area from 437 to 427 Hz. Furthermore, the areas under the 
peaks indicated that both groups o f  protons are present in 
equal numbers. T he one group belongs to the protons in 
ortho position to each o f  the P atoms, the other group to 
the corresponding protons in meta position to the P atoms.

T he splitting in this spectrum is very com plex, since the 
molecule has 14 nuclei with spins o f  % (12 ! H and 2 31P). 
T he coupling o f protons in different rings to  the 31P nuclei 
makes them interdependent. This interdependence, how 
ever, may be removed by spin decoupling the 31P. Assum 
ing that structure 10 is correct and that protons in different 
rings are not coupled, the expected spectrum then should 
show independent sets o f  only four spins grouped into two 
symm etrically equivalent pairs. T he spectrum obtained in 
this spin-decoupling experiment was exactly identical with 
that expected for structure 10 and provided final p roo f for 
the correctness o f  this structure.7

The im purity accom panying the 1,6-diphosphatripty
cene before recrystallization from  tetrachloroethylene is ac
cording to  its mass spectrum a m onochloro 1,6-diphospha
triptycene (parent peak in mass spectrum  m /e  324) which 
has structure 11.

Oxidation o f  1,6-diphosphatriptycene (10) with peracetic 
acid produced 1-6-diphosphatriptycene dioxide (12), while 
treatment o f  10 in warm carbon disulfide with sulfur gave
1,6-diphosphatriptycene disulfide (13).

Effect of Catalyst on Formation of 1,6-Diphospha- 
triptycene. In a preliminary com m unication8 we had re
ported the synthesis o f  1,6-diphosphatriptycene (10) at 
281°C using ferric chloride alone as catalyst. Since then, we 
have experienced very little success in repeating this syn
thesis. W e believe, therefore, that the initial success in pre
paring 10 with ferric chloride alone at 281°C  has been due 
to som e unusual activity o f  the ferric chloride used in those 
early experiments (possibly because it contained traces o f  
titanium tetrachloride).

Experimental Section
The elemental phosphorus (N.F. yellow sticks) used was pur

chased from Fisher Scientific Co., Fair Lawn, N.J. The melting 
points were determined in a Thomas-Hoover capillary melting 
point apparatus and are uncorrected. Ir spectra were recorded on a 
Beckman IR 4 infrared spectrophotometer. Mass spectra were 
taken on an AEI MS-12. The microanalyses were carried out by 
Spang Microanalytical Laboratory, Ann Arbor, Mich., and by 
Clark Microanalytical Laboratory, Urbana, 111.

G e n e r a l R em a rk s . All reactions were carried out in a Pyrex 
glass tube of 20 in. length, 2.25 in. o.d., and %6 in. wall thickness. 
The charging of the tube with the catalyst, phosphorus, and the 
aryl halide was done under argon or nitrogen. Before sealing the 
tube it was cooled in dry ice-acetone. After sealing the tube was 
wrapped with asbestos paper and inserted into a 3-1. rocking auto
clave. About 360 ml of hexane was added to the autoclave as a heat 
exchange medium and to provide an outside pressure on the glass. 
Then the autoclave was pressurized with 500 psi of nitrogen and 
heated to the reaction temperature.

After the reaction was completed the tube was cooled in liquid 
nitrogen and opened.

P h e n y lp h o sp h o n o u s  D ic h lo r id e  ( l a )  a n d  D ip h e n y lp h o sp h i-  
n ous C h lo r id e  ( l b ) .  A mixture of 62 g (2 g-atoms) of elemental 
white phosphorus, 450 g (4 mol) of chlorobenzene, and 7.5 g (0.053 
mol) of anhydrous aluminum chloride was heated for 8 hr at 350°C 
(see general remarks) in a sealed tube. After cooling, the reaction 
product was distilled in vacuo, yielding 180 g of phenylphospho
nous dichloride ( la ) ,  bp 48-51°C (0.7 mm) (49.6% of theory based 
on phosphorus), and 155 g of diphenylphosphinous chloride ( lb ) ,  
bp 124-126° (0.6 mm) (34.7% of theory based on phosphorus).

o -C h lo r o p h e n y lp h o s p h o n o u s  D ic h lo r id e  (2 a ), D i ( o - c h lo r o -
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p h en y l)p h osp h in ou s  C h lo r id e  (2 b ), a n d  1 ,6 -D ip h osp h a tr ip ty - 
ce n e  (10). A mixture of 68.2 g (2.2 g-atoms) of elemental phospho
rus, 588 g (4 mol) of o-dichlorobenzene, 7 g (0.043 mol) of anhy
drous ferric chloride, and 1.3 g (0.0068 mol) of titanium tetrachlo
ride was heated for 4 hr at 325°C (see general remarks) in a sealed 
tube. After cooling the reaction product was filtered through a 
coarse fritted glass filter funnel. The crystalline 1,6-diphospha- 
triptycene (10, 45 g) was washed with methanol and recrystallized 
from tetrachloroethylene. It melted at 313-315°C; ir spectrum 
(KBr) bands at 3050, 1431, 1258, 1230, 1160, 1102, 1085, 1050. 940, 
745 anc 725 cm"1.

The filtrate was distilled in vacuo, yielding 50 g of phosphorus 
trichloride. 116 g of o-chlorophenylphosphonous dichloride (2a), 
and 64 g of di(o-chlorophenyl)phosphinous chloride (2b).

1.6- D ip h o sp h a tr ip ty ce n e  D io x id e  (12). In a three-neck 500-ml 
flask, fitted with a stirrer, condenser, and dropping funnel, a clear, 
hot solution of 12 g of 1,6-diphosphatriptycene (10) in 250 ml of 
tetrachloroethylene was placed. Then 28 ml of a 25% peracetic acid 
solution in ethyl acetate was added slowly at about 90°C. The re
action was exothermic and the temperature rose to about 120°C 
while a white, crystalline precipitate separated. Stirring was con
tinued with gentle heating for another 1 hr. After cooling to room 
temperature the crystalline material was filtered off and recrystal
lized from 1-propanol: mp 488-490°C; ir spectrum (in chloroform) 
bands at 3020, 2375, 1450 m, 1240, and 1120 cm-1.

Anal. Calcd for Ci8H12P20 2: C, 67.08; H, 3.72; P, 19.25. Found: 
C, 67.35; H, 3.73; P, 19.18.

1.6- D ip h o s p h a tr ip ty ce n e  D isu lf id e  (13). To a solution of 2.9 g 
of 1,6-d phosphatriptycene in 70 ml of carbon disulfide was added 
a slurry of 0.64 g of sulfur in 50 ml of carbon disulfide. The mixture 
was refluxed for 4 hr. After standing overnight at room tempera
ture the reaction mixture was filtered and the filtrate evaporated 
to dryness at reduced pressure. The crude material (4.2 g) melts at 
400-402°C and was recrystallized from 300 ml of hot ethyl acetate: 
melting point of recrystallized product 396-399°C; ir spectrum (in

chloroform) bands at 3010, 2375, 1450, 1268, 1235, 1110, and 1055 
cm-1.

Anal. Calcd for C i8H i2P2S2: C, 61.02; H. 3.38: P, 17.51; S. 18.07. 
Found: C, 61.30; H. 3.45; P. 17.30; S, 17.79.
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The stereochemistry of the reduction of alkenes by diimide is compared with the stereochemistry of catalytic 
hydrogenation. Within selected groups of alkenes, mainly alkylidenecycloalkanes, the relation between the struc
ture of the alkene and the ratio of saturated stereoisomers formed with diimide parallels that obtained on a plati
num catalyst at high hydrogen pressures. This kind of correlation is not general; however, the comparisons afford 
a qualitative estimate of the importance and manner in which intramolecular, nonbonded interactions affect the 
stereochemistry of these reductions and help reveal the occurrence of exceptional catalytic mechanisms. The cis 
and trans l-alkyl-4-ieri-butylcyclohexanes which were obtained are separable by GLC (300 ft capillary coated 
with Apiezon L); the more stable trans isomer precedes the cis if the 1-alkyl group is methyl or ethyl but the elu
tion order is reversed if the substituent is 2-propyl or iert-butyl.

T he mechanism for the transfer o f  hydrogen from  d i
imide diimine or diazene)2 to a carbon-carbon  double 
bond is believed to  consist o f  a single elementary process, 
the two hydrogen atoms being transferred simultaneously 
from nitrogen to carbon.3 T he apparent sim plicity o f  the 
reaction com m ends it as a reference for the study o f  the 
stereochemistry o f  other cis addition reactions, and indeed 
van Tam elen and T im m ons have com pared the proportions 
o f  geometrical isomers obtained on the reduction o f  several 
olefins by diim ide with the proportions obtained from cata
lytic hydrogenation, but the treatment was cursory.4 In this 
paper we extend this com parison to learn how it may assist 
the disentanglement o f  the com plex mechanisms o f catalyt
ic hydrogenation.

Substituted cyclo- or sem icyclic alkenes, which yield a

pair o f  geometrical isomers via cis addition to the opposite 
faces o f  the double bond, are suitable objects o f  this study. 
The ratio o f  isomers (cis/trans), which is obtained from a 
particular alkene upon reduction with diim ide, is a measure 
o f  the difference in conform ational energy’ o f  the diastereo- 
meric transition states o f  the product controlling reaction, 
one leading to the cis isomer, the other to the trans. B e
cause diim ide is a small molecule, nonbonding interactions 
between it and the alkene at the transition state are likely 
to  be small and virtually the same for both approaches.3 
Apparently, there are a few exceptions to this expecta
tion.43

If other reducing agents are used, the ratio may be d iffer
ent because in comparison to the transition state for reduc
tion by diimide, (1) the reaction centers have a com pletely
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Table I
Comparative Stereochemistry o f  the Reduction o f 

E xocyclic Alkenes (% Cis)

Catalytic"

Low High 
pres- pres-

Alkene (N o.) sure& sure" Diimide

4-iert-Butylmethylene- 
cyclohexane

4-icr/-Butylethylidene- 
cyclohexane

4-fert-Butylisopropylidene- 
cyclohexane

2-Methylmethylene- 
cyclohexane 

)3-Pinene
2-M ethyIcyclopentylidene- 

cyclopentane
"Catalyst is P t0 2 in acetic acid. Temperature ca. 27°. 

b 0 .2 5 -1  atm. " 8 0 -1 0 0  atm. d Reference la . " Reference

(1) 87d 61 d 49 (49)"

(2) 32 17 46

(3) 21 11 30

(4) 7 0d 67 d 61 (61)"
(5) 8 5 / 9 0 / 96"

(6) 21 g 24?

4; temperature o f  reduction was 55°. fJ . Sellick, M. S. 
Thesis, University o f  Arkansas, 1965. S Reference 6.

different arrangement, (2) the geom etry o f the reaction 
centers is similar (e.g., coplanar) but the degree o f  advance
ment through the product controlling step is different, i.e., 
the transition state may be relatively more product- (or 
reactant-) like, and (3) the preferred geometry o f the reac
tion centers is similar but the effective size o f  the reagent 
introduces a steric effect which favors the form ation o f  one 
o f the stereoisomers.

If the application o f  these principles o f  comparative 
stereochemistry to the mechanisms o f catalytic hydrogena
tion is to be fruitful, one needs an adequate description o f 
the transition state o f  the reference reaction, som e notion 
o f  the elementary processes which occur in catalytic hydro
genation, and the knowledge o f the circumstances under 
which a particular process is likely to be product control
ling. This is the order in which our subject will be dis
cussed.

Stereochemistry of Reductions by Diimide. In their 
detailed analysis o f  the structural factors which govern the 
relative reactivity o f  olefins toward diim ide, Garb.sch et al. 
assumed a structure for the activated com plex in which the 
“ reaction orbitals”  are coplanar.3 T h e 7r-bond order o f  the 
olefinic double bond was assumed to be large so that rota
tion about this bond was not expected to be significant. A c
cordingly, for the cis cycloalkenes no appreciable ring con 
form ation change between the starting and transition 
states was expected. Similar considerations lead them to 
conclude that, in general, changes in nonbonded repulsive 
energies could be neglected. T hey predicted that the reduc
tion o f bicyclo[2.2.1]heptene, cyclopentene, and cyclohep- 
tene through cyclononene should be stereoselective. In 
these com pounds, differences in the torsional energy o f  the 
diastereom eric transition states arise from  the opposite ap
proaches to the double bond. T he stereoselectivity ob 
served in the reduction o f  4 -fe r t -bu ty l-1-m ethyl cyclohex
ene, however, was not anticipated. This failure was attrib
uted to the approxim ate manner in which the torsional p o 
tential for the activated com plex was treated. It was noted 
that o f  the alternative approaches o f  diim ide to the double 
bond (Figure 1) approach a, leading to  the trans isomer, 
causes the dihedral angle 4>i ,6 to  increase and 4>2.3 to de
crease whereas in the b approach the change is reversed. 
The a approach is favored because eclipsing a C -H  bond 
with C -R  results in a larger torsional strain than eclipsing 
C -H  bonds. These effects m ight also be called cnanges in 
nonbonded interactions due to changes in conform ation, 
and although small enough to  be neglected in the calcula-

Approoch b — -  CIS-1,4 -

Approoch a —»■ T ran s-1 ,4
Figure 1. Model of the transition state for the transfer of hydro
gen from diimide to an alkene according to Garbisch et al., ref 3.

t-Bu

HN = NH

Figure 2. Change in geometry of an alkene from the ground to the 
diastereomeric transition states in its acceptance of hydrogen from 
diimide.

tions o f  the relative reactivities o f  alkenes whose structure 
differs markedly, they are significant factors in the deter
mination o f the stereochemistry o f  a particular alkene.

Results and Discussion of Diimide Reductions. T he 
reduction o f a series o f exocyclic alkenes, 4 -teri-butylm eth- 
ylenecyclohexane (1), 4-ieri-butylethylidenecyclohexane
(2), and 4-terf-butylisopropylidenecyclohexane (3) yield 
increasingly larger proportions o f  the trans isomer (Table
I). The result is in accord with the m odel o f  the transition 
state (Figure 2) which, according to  Garbisch et al., occurs 
at about one-third o f the “ distance”  along the reaction 
coordinate (x ) o f  this elementary step.3 Apparently, the 
change in conform ation o f the alkene has introduced repul
sive interactions between the vinyl substituents and the 
axial hydrogens at C-3 and C-5. I f  the conform ation o f  the 
alkene did not change, all three com pounds should yield 
the same cis/trans ratio with possibly som e preference for 
the cis isomer if  the diim ide molecule exerted a steric e f
fect. A small steric contribution may account for the excess 
cis isomer from  2-m ethylm ethylenecyclohexane (4) and a 
larger contribution for /3-pinene (5). Com pounds obtained 
by replacing the methylene groups o f  either 4 or 5 by iso- 
propylidene groups should give proportionally greater 
amounts o f  the trans isomer. Accordingly, we were not sur
prised to find that 2-m ethylcyclopentylidenecyclopentane
(6) gives 76% tra n s-2-m ethyl-l-cyclopentylcyclopentane.6>7

Similarly, conform ational effects are noted in com 
pounds with endocyclic double bonds (Table II). In both
2,3-dim ethylcyclopentene (7) and 2,3-dim ethylcyclohexene
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Table II
Comparative Stereochemistry o f  the Reduction o f 

E ndocyclic Alkenes (% Cis)

Catalytic“

Low High
Alkene (N o.) pressure6 pressure“ Diimide

2.3- Dimethylcy- 
clopentene

2.3- Dimethylcy-
(7 ) 484 37 d 31

clohexene
1,4-Dimethylcy-

(8) 814 70 4 29 (24 ¥

clohexene
l-methyI-4-ferf-

(9 ) 55 4 65 4 45

butylcyclo-
hexene (10 ) 35 4 47 4 30f

1,4-Di-ierf-
butylcyclo-
hexene (11>? 9 0 (R h) 88 (R h) 38

4-M ethyl-l-ferf-
butylcyclo-
hexene (12 ) 4 9 /

2,4-Di-ferf-
butylcyclo-
hexene (13) 45 (Rh)£ 4 8 /
a Catalyst is P t0 2 with the exception  o f  11 and 13, for 

which 5% R h /A l20 3 (R h) was used. Temperature ca. 27°. 
b 0 .2 5 -1  atm. c 8 0 -1 0 0  atm. 4  Reference la . e Reference
4. /R eferen ce  3. S Reference 21.

(8), the predom inance o f the trans isomer corresponds to  a 
preferred approach o f  diim ide to the double bond which 
permits the methyl groups to m ove away from  one another. 
Garbisch’s explanation for the stereoselective reduction o f
4 -ierf-butyl-l-m ethylcyclohexene ( 10)3 can be applied un
altered to the reduction o f  1,4-di-fert-butylcyclohexene
(11); however, the stereoselectivity o f  1,4-dim ethylcyclo- 
hexene (9) and 4 -m ethyl-l-terf-butylcyclohexene (12)3 is 
virtually nil. In G arbisch’s m odel for the reduction o f  10, 
the ierf-bu ty l group is restricted to a pseudoequatorial p o 
sition; a methyl group would not be as restricted because 
the difference in energy o f a pseudoequatorial-pseudoaxial 
methyl group is certain to  be much less, less than the 1.6 
kcal/m ol difference between axial and equatorial m ethylcy- 
clohexane.8 Accordingly, a lower stereoselectivity is to be 
expected for com pounds 9 and 12 relative to 10 and 11. W e 
have nothing to add to the previous speculations con 
cerning the low stereoselectivity in the reduction o f 13.3

Effect upon the Rate of Reaction with Diimide of 
Substituting a Methyl Group for a Vinyl Hydrogen 
Atom. The relative rates o f  reduction by diimide at 80° o f 
m ethylenecyclohexane (14) and the 4-terf-butylalkylidene- 
cyclohexanes (1, 2, and 3) are (3.3), 3.4, 0.59, and 0.21, re
spectively, the scale being norm alized to  cyclohexene by as
suming that the relative rate constant for 14 is the value 
previously reported.3 T o  com pare the effect o f  substituting 
a methyl group for a vinyl hydrogen in this series with pre
vious work, the relative rates are corrected to  the rate o f  at
tack at the favored face o f  the double bond; the corrected 
values are 3.5, 0.64, and 0.29, respectively, for 1, 2, and 3. 
Substituting one vinyl hydrogen o f  1 by  a methyl group re
duces the rate by  a factor o f  0.19 (com pare with 0.14 ±  0.03 
reported)3 and the second substitution reduces the rate by 
only 0.45. In both  instances the substitution has introduced 
a strain which is associated with cis-dialkyl substituents 
and this counters the expected stabilizing hyperconjugative 
interaction o f  the methyl and vinyl groups.9 T he only part 
o f  the observed relative reactivity in this series which can 
be attributed to  changes in conform ation is the change in 
stereospecificity with the change in vinyl substituents.

Conform ational changes between the ground and transi
tion state appear to affect the relative reactivity o f  certain

groups o f alkenes. For example, Garbisch et al. found that
1-substituted cyclohexenes are about 50% more reactive 
than the corresponding 4,4-dim ethylcyclohexene whether 
the substituent is methyl, ierf-bu ty l, or phenyl and they 
suggested that it is due, in part, to a hindered approach o f 
diim ide past the axial C-4 m ethyl group. We suggest, how 
ever, that the changes in geometry on proceeding through 
the transition state engender a repulsive interaction be 
tween the emerging axial hydrogen at C-2 and an axial 
methyl group at C-4, the effect being independent o f  the 1 
substituent. The relative rate o f  about 1.5 at 80° corre
sponds to a AAG } o f 0.3 kcal/m ol, which is approxim ately 
one-third o f  the value o f  a single butanelike gauche interac
tion, one-third being the fraction o f  change effected on at
taining the transition state.3

The above discussion illustrates the rationale em ployed 
to  account for the stereochemistry o f  diim ide reductions. 
Catalytic hydrogenations are more com plex reactions but a 
similar analysis should apply to a series o f  com pounds if 
the product-controlling step is the same for each com 
pound. The correspondence with the ratio o f  isomers o b 
tained from diimide will be the greater, the closer the tran
sition states in the reaction series resemble the transition 
states o f  the reference reaction.

Comparison of the Stereochemistry of Catalytic Hy
drogenation with Reductions by Diimide. T he m echa
nism o f the addition o f hydrogen to  alkenes catalyzed by 
various group 8 elements, in the form  o f  films or small crys
tallites supported upon finely divided inert solids, is gener
ally thought to proceed via the H oriuti-P olanyi m echa
nism, which is represented conventionally as follow s.10

H

H, T  2* » 2* the * represents a 
catalytic site

\
/ c=c /

\ +  2* ^

(li

(21

— C— C—  +  H ^  —  C—  C—  + 2* <:>>
I I I  M* * * * H

I l  I I
— C— C—  +  H — ► — C— C—  + 2* (4)

I l  I I I
* H * H H

T he stereoselectivity (cis/trans ratio) found in the reduc
tion o f  a com pound such as 4-fert-butylm ethylenecyclo- 
hexane (1) should depend, therefore, on which o f the reac
tions (2, 3, or 4) is product controlling.1®’13 For example, 1 
is hydrogenated over reduced platinum oxide, one o f the 
more stereoselective catalysts, to  give a ratio o f  cis/trans 
products which changes with increasing pressure from  6.7 
at 0.25 atm to 1.6 at 100 atm. T he possibility that reaction 
4 is product controlling can be excluded because isom eriza
tion o f 1 to 4-tert-buty l-l-m ethylcyclohexene (10), the 
more stable and less reactive alkene, is not observed. The 
results can be understood if one assumes that increasing 
the pressure has changed the product controlling reaction 
from  (3) the form ation o f the “ half hydrogenated”  state to
(2) the form ation o f  the (a,/3-diadsorbed) alkane. Similar 
results are obtained with various other cyclic and sem icy- 
clic alkenes.

T he geometry o f the transition state for reaction 2 is 
likely to  be closely related to the geom etry o f the transition 
state for the reduction o f an olefin with diim ide.la l3b In 
both reactions, the carbon atoms o f the double bond be-
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com e attached to a pair o f  atoms located to one side o f  the 
m olecule, and if the transition state is to  conserve the com 
bined sym m etry o f  the reactants, the new bones will be 
form ed in an eclipsed conform ation. T he transition states 
o f  these two reactions are unlikely to lie at the same degree 
o f  advancem ent along the reaction coordinate (defined as 
x )3 but the similarity in the required geometry o f  the reac
tion centers in the transition states should affect similar 
changes in the conform ational energy associated with the 
rest o f  the olefin  structure. Consequently the differences in 
the ratio o f  saturated epimers which are produced from  
these two reactions will reflect differences in x as well as 
differences in nonbonded interactions between reagent and 
unsaturated substrate, the classical steric effect. The de 
gree o f  advancement, x, should be greater for reaction 2 
than for the transfer o f  hydrogen from  diim ide because the 
enthalpy o f adsorption o f an alkene on the catalyst is cer
tain to be less than the heat o f  reduction by diimide; ac
cordingly, the change in intramolecular com pressions also 
will be greater. On the other hand, the catalyst w ould be 
expected to exhibit the larger “ classical steric e ffect”  which 
affects the cis/trans ratio in the opposite sense.

As a variation o f  the above mechanism, the adsorbed al
kene m ight be represented as a ir com plex.11*’12’131*’14 The 
transition state for reaction 2' could have the geom etry as-

\
/

C =C /
\ +

* Í  I
* H

( 2 ' )

(3 ')

cribed above to  the transition state o f  reaction 2 because 
the geometry o f  the alkene in the x  com plex corresponds to 
that o f  an intermediate stage in the conversion o f  the al
kene to the eclipsed conform ation o f  the a,/3-diadsorbed al
kane postulated by Burwell.12 T he interactions enumerated 
for the transition state o f  reactions 2 or 2' will be intensi
fied in the transition state for 3 or 3' because, in the later, 
the alkene is more tightly bound to the catalyse. The x- 
com plex m odel is appropriate for hydrogenations catalyzed 
by soluble com plexes o f  transition elements in which both 
hydrogen and alkene are associated with a single metal 
atom prior to  the transfer o f  hydrogen to the alkene carbon 
atom and may be the better description for the surface cat
alyzed reaction too .15' 18

Results and Discussion of Stereochemistry of Cata
lytic Hydrogenations Relative to Reduction by Di
imide. I f  reaction 2 (or 20 is product controlling as it ap 
pears to be for 1 and 10 over reduced platinum oxide at 
high hydrogen pressure,131* then the ratio o f  stereoisomers 
obtained under these conditions should parallel the ratio 
obtained with diimide. T h e data in colum ns 2 and 3 (Table 
I) shows the anticipated parallelism, and with one excep
tion, 5, the differences in the ratios are those to  be expected 
if  the platinum catalyst exerts a greater steric effect than 
diim ide, the cis isomer being favored.

T he data in colum n 1 also parallel that in colum n 3 but 
the difference is som ewhat greater than in the preceding 
com parison. The m odel for the transition state for reaction 
3 (or 3 ') conform s to  these results; however, the conclusion 
that the product-controlling reaction is the same for this 
series (low hydrogen pressure on platinum ) must be accept
ed with caution.

Isomerization may occur undetected (except by tracer 
experim ents) if  the isomeric product is hydrogenated more 
rapidly than its precursor, a situation com m on am ong high

ly alkylated ethylenes, particularly if the pressure o f  h ydro
gen is low .11’12

T he data in Table II are not so easily rationalized. In 
each instance, diim ide yields less o f  the cis isomer than 
does catalytic hydrogenation on platinum. However, there 
is no obvious parallelism for the data in the several co l
umns. This implies that the structures o f  the transition 
states are not generally related, perhaps because the cata
lyst causes the alkene to  adopt a conform ation which is 
quite different from  that attained in the transition state for 
reductions by diim ide or because the mechanism is not 
constant within the series.13’19

Som e com parisons seem useful. For example, 2,3-di- 
m ethylcyclopentene (7) yields with diim ide about the same 
fraction o f  the cis isomer (31%) as does 2,3-dim ethylcyclo- 
hexene (8). At high pressure on platinum, 8 yields much 
m ore o f  the cis isomer (70%) than does 7 (37%).20 The ex 
planation for the stereochemistry o f  the diim ide reductions 
is the same as that for 10; the repulsive interaction between 
the adjacent methyl groups is less in the transition state 
which leads to the trans isomer. T he proportion o f geom et
rical isomers obtained upon catalytic hydrogenation o f 
2,3-dim ethylcyclohexene (8) is opposite to that given by d i
imide, i.e., mainly cis, but the proportion o f cis isomer o b 
tained from  2,3-dim ethylcyclopentene (7) differs only 
slightly. W e attribute this difference in behavior o f  8 and 7 
to the greater flexibility o f  the six-m em bered cycle which 
can relieve  the methyl group interactions more easily than 
can the five-m em bered ring. The driving forces for the 
above change in stereochem istry are the nonbonded inter
actions between the olefin and the catalyst, the corre
sponding interactions with diim ide being small.

The strikingly different results given by 1,4-di-tert- 
butylcyclohexene (11) when hydrogenated over a rhodium  
catalyst, ~90%  cis, com pared with the 38% cis obtained 
with diim ide, indicates im portant differences in the geom e
try o f  the transition states o f  the product-controlling steps 
o f  these reactions. The high proportion  o f  the cis isomer 
appears inconsistent with the ratio o f  isomers obtained cat- 
alytically from  9 and 10, albeit on a platinum catalyst, and 
indicates that it is the mechanism on rhodium  which is ex 
ceptional. The dissociative mechanism discussed by Smith 
and Burwell, may permit 11 to  isomerize preferentially 
(steric effect?) to cis-3,6-di-fer£-butylcyclohexene (14) 
which would yield only cis-l,4-di-£er£-butylcyclohexane 
upon the addition o f hydrogen.21

Equilibration and Chromatographic Separation of 
c is - and trans-1  -Alkyl-4- teri-butylcyclohexanes. F ol
lowing known procedures, the 1,4-disubstituted cyclohex
anes were characterized as cis or trans by equilibrating a 
mixture o f  the epimers obtained by hydrogenating a partic
ular alkylidenecyclohexane over P t/C . T he equilibration 
was accom plished at 250° by heating the resulting m ixture 
and 5% P d /C  in a sealed tube.3 From  the measured ratio o f  
epimers the difference in free energy, A G °, was calculated 
to be 1.8, 2.1, and 2.3 keal/m ol for the products obtained 
from  1, 2, and 3, respectively. These results agree satisfac
torily with previous estimates o f  the free energy difference 
between axial and equatorial methyl, ethyl, and 2-propyl 
groups.8

T he G LC analysis o f  mixtures o f  these pairs o f  epim ers 
varies in difficulty in part because the order o f  elution is 
apparently a function o f  the shape or size o f  the alkyl sub
stituent. The more stable, trans isomer precedes the cis if  
the 1-alkyl group (l-a lkyl-4 -ieri-buty lcyclohexane) is 
methyl or ethyl but the order is reversed if  the substituent 
is 2-propyl or t e r t -butyl. For such hydrocarbons, the order 
o f  elution can be expected to follow  the order o f  increasing
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boiling point. In their critical review o f  the Auwers-Skita 
rule, van Bekkum, van Veen, Verkade, and W epster have 
noted that, although generally the isomer o f lower enthalpy 
has the lower boiling point, the reverse relationship applies 
to the epimers o f  1,4-diisopropylcyclohexane and 1,4-di- 
ierf-butylcyclohexane.22 W e found that o f  the epim eric 
pairs encountered the cis- and tran s-l-ethy l-4 -feri-bu ty l- 
and 1,4-di-tert-butylcyclohexanes were the most difficult 
to  separate by G LC.21-23

Conclusions

Changes in conform ation between the ground and transi
tion state affect the relative rates o f  reduction o f  alkenes by 
diimide through changes in repulsive nonbonded interac
tions. Although the effects are small in com parison to the 
range o f effects caused by other structural factors, they are 
important in determining the stereospecificity o f  the reac
tion.

Comparisons between the stereochemistry of reductions 
by diimide and hydrogenations conducted on a platinum 
catalyst at high pressure indicate similarities in their prod
uct-controlling transition states. However, com plications 
resulting from com peting reactions, or differences in the 
nature o f  the product-controlling step as a function o f the 
catalyst or the conditions, probably account for the lack o f 
any general correlation between the stereochemistry o f  
these catalytic hydrogenations and reductions by diimide. 
Nevertheless, a com parison may furnish an indicator o f  un
usual or exceptional catalytic behavior.

Nishimura et al. have shown that a supported iridium 
catalyst is exceptionally stereospecific for the addition o f 
hydrogen to alkenes such as 1,2-dim ethylcydohexene.24 
The catalyst has relatively little tendency to cause alkene 
isomerization. Accordingly we expect that the use o f  such 
catalysts to saturate the alkenes given in Table I and II at 
any pressure o f  hydrogen will yield ratios o f  stereoisomers 
similar to those obtained with platinum catalysts at high 
pressures o f  hydrogen. This conclusion is based upon our 
belief that the high stereospecificity and low isomerization 
activity o f  the iridium catalysts indicate that the adsorp
tion o f alkene on these catalysts is virtually irreversible and 
accordingly product controlling.

Experimental Section

A lk en es . With the exception of 2-methylcyclopentylidenecy- 
clopentane (G), whose preparation and properties are described in 
the following paper,6 all of the alkenes have been reported pre
viously. As judged by GLC analysis, the samples used were >99% 
pure. When necessary, the alkenes were purified by preparative 
chromatography. The assigned structures were consistent with 
their ir and NMR spectra.23 (3-Pinene was obtained through the 
generosity of Hercules Inc., Wilmington. Del. Compound 3 was 
prepared initially by Keulks via the Reformatsky reaction of 4- 
ieri-bjtylcyclohexanone with ethyl a-isobutyrate and zinc.25 It 
has been more recently prepared by Corey and Kwiatkowski.26

H y d rog en a tion s  and  R e d u ct io n s  b y  D iim id e . The hydrogena
tion procedures have been described previously.1* 13 Except where 
noted, the diimide reductions, including the competitive reactions, 
followed the procedure of Garbisch et al., in which benzenesulfon- 
ylhydrazide is decomposed at 80° in diglyme containing triethyl- 
amine. In the alternative procedure, diimide was generated at 5° 
by the acid-catalyzed decomposition of potassium azodicarboxy- 
late dissolved in methanol.3

A n a ly tica l P r o c e d u r e s . Mixtures were analyzed by GLC using 
either the Perkin-Elmer Model 881 gas chromatograph fitted with 
a flame ionization detector or an instrument equipped with a 
Beckman Hydrogen Flame Detector. For most analyses a column

50 ft X  0.125 in.. 2% polyethylene glycol 1000 distearate supported 
on 80/100 mesh Chromosorb W. acid washed, was used. To sepa
rate the cis- and irans-4-ieri-butyl-1-ethylcyclohexanes the col
umn used was 45 ft X  0.125 in., 2.5% Carbowax 750 on Chromosorb 
W, acid washed. The separation of the cis- and trans- 1,4-di-ieri- 
butyl cyclohexanes required a capillary column, 300 ft X  0.02 in., 
coated with purified Apiezon L.21 The analysis of a mixture con
taining 6 and its reduction products is given in the following 
paper.6

Equilibration Experiments. Following the procedure of Gar
bisch et al., the 1.4-disubstituted cyclohexanes were characterized 
as cis or trans by the equilibration of the hydrocarbon mixtures 
obtained from the complete reduction of 0.15 ml of the olefin (1, 2, 
and 3) at 4 atm over 0.02 g of 5% Pt/C in 5 ml of cyclohexane.3 One 
milliliter of the resulting mixture was placed with 0.05 g of 5% 
Pd/C in 8 mm x ca. 15 cm Pyrex tubes which were sealed and 
heated at 250° in a steel bomb. After 72 hr, the tubes were re
moved from the bomb, cooled in a Dry Ice-2-propanol bath, and 
carefully opened. The reaction mixtures were analyzed by GLC.

Registry No.— 1, 13294-73-0; 2, 14033-64-8; 3, 14033-75-1; 4, 
2808-75-5; 5,127-91-3; G, 56761-48-9; 7,16491-15-9; 8, 1759-64-4; 9, 
2808-79-9; 10, 3419-74-7; 11, 5009-02-9; 12, 3419-69-0: 13, 3419-75-
8.
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The stereochemistry of hydrogenation of 2-methylcyclopentylidenecyclopentane (1) on PtOo, is examined to 
test the hypothesis that in the process of adsorption on a catalyst, an alkene experiences a change in geometry 
which is appreciable at the transition state for adsorption. The theory is supported by the formation of more 
trans- than cis-l-methyl-2-cyclopentylcyclopentane from 1 at high hydrogen pressures, a result which is contrary 
to expectation based upon traditional views of adsorption on surfaces. The stereochemistry of hydrogenating sev
eral isomers of 1 is determined to assess their possible role in the hydrogenation of 1. At low pressures, the hydro
genation of tetrasubstituted ethylenes which have not been rigorously purified gives erratic stereochemical re
sults; alkenyl peroxides or their decomposition products are implicated.

T he classical interpretation o f  the stereochemistry o f 
catalytic hydrogenation focuses attention upon the manner 
in which an unsaturated molecule can be fitted best to the 
catalyst’s surface which is assumed to be flat (catalyst hin
drance).3’4 T he transfer o f  hydrogen from  the surface to the 
underside o f  the adsorbed m olecule yields the product. A c
cording to current theory, the preceding view must be an 
oversim plification not only because the adsorption o f  the 
unsaturated species need not be the product-controlling 
step but even if it is, the geometry o f the unsaturated m ole
cule is altered upon adsorption.2’5 T h e resulting change in 
torsional strain and intramolecular nonbonding interac
tions will depend upon which face o f  the double bond be 
comes attached to the catalytic site.2 Because these effects 
can oppose “ catalyst hindrance” , the relative am ount o f  the 
saturated stereoisomers which is obtained from  a particular 
alkene can be the inverse o f  that predicted from  classical 
theory. This kind o f argument furnished an explanation for 
the fact that upon hydrogenation at high pressures over re
duced platinum oxide, one o f  the more stereoselective cata
lysts, 2,3-dim ethylcyclopentene, yields more tran s- than 
cis- 1,2-dim ethylcyclopentane.6 The observed effect in this 
instance is small; however, larger deviations from  the clas
sical norm can be anticipated.

T o  test the above ideas, we selected 2-m ethyl-1-cyclo- 
pentylidenecyclopentane (1) for this study because, clearly, 
the prediction based on classical theory is that more cis-
(2) than irans-2-m ethyl-l-cyclopentylcyclopentane (3) will 
be form ed.

Me
3

W e anticipated that the change in geometry o f  1 on ad
sorption, however, would introduce repulsive interactions 
between the 2,2' and 5,5' ring positions which are much 
greater in the transition state which leads to the cis isomer 
than the transition state which leads to the trans isomer. 
Furthermore, the change in geom etry would also tend to re
duce “ catalyst hindrance”  involving the 2-m ethyi group. 
Our predictions drew support from  the inspection o f  space 
filling m odels o f  the a,/3-diadsorbed alkane which are rep
resented in eclipsed conform ations by the perspective d i

agrams in Figure l .2,5 Because they are not com pressible 
the models overemphasize intramolecular steric hindrance; 
however, their use alerted us to the possible operation o f  
the effects noted above. The hydrogenation o f  2 -cyclo
pen tylidenecyclopentanol over a nickel catalyst gives m ain
ly tra n s-2-cyclopentylcyclopentanol, but this result has 
been said to demonstrate the directive effect o f  the hydrox
yl group.7

The preceding argument applies if adsorption o f the al
kene is virtually irreversible; however, other elementary 
processes may be product controlling. For example, if the 
addition o f hydrogen proceeds via the H oriuti-P olanyi 
mechanism or one o f  its variations,8’9,10 then the product- 
controlling reaction may be chem isorption (reaction 2), the 
form ation o f the “ half-hydrogenated state”  (reaction 3), or 
the com bination o f the latter with hydrogen to  produce al
kane (reaction 4).2’5 W hether reaction 2 or 3 is product con-

H, +  2* =*=*= 2H* 

/ R R\

(1)

„ / c =
C'  +  2* H— C— C— H

| I
* *

(2)

R R R R

H— C— C— H +  H* =s=fe H— C— C— H +  2* (3)I I  I I* * * h

R R R R

I I  I I
H— C— C— H +  H* — ► H— C— C— H +  2* (4)I I  I I

* H H H

trolling, the change in intramolecular interactions, from  al
kene to the respective transition states, will affect the 
product ratios in the same direction, although not identi
cally.2’5 If reaction 4 is product controlling, however, alkene 
isomerization should be faster than the addition o f  hydro
gen and the distribution o f  saturated products should ap
proach the equilibrium value.5,11

T he reduction o f a tetrasubstituted alkene may proceed 
via isomerization to one which is less substituted so that 
the stereochemistry observed is characteristic o f  the hydro
genation o f the products o f  isomerization rather than o f  the 
initial alkene.12 Increasing the pressure o f  hydrogen, how 
ever, causes more o f  the tetrasubstituted alkene to be hy
drogenated directly.5,13 Accordingly, the stereochem istry o f  
the hydrogenation o f  alkenes which might be form ed by the 
double-bond isomerization o f 1 and the effect o f  hydrogen
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pressure on the ratio o f  saturated stereoisomers which form  
also were examined.

Although not anticipated from  our previous experience, 
the ratio o f  stereoisomers obtained from 1 on hydrogena
tion over platinum oxide, particularly in the lower pressure 
range, seemed to be a function o f  the history o f  the alkene. 
Apparently, the effect is connected to the ease o f  peroxida
tion o f the alkene because experiments conducted so as to 
mitigate exposure o f  the alkene to oxygen and with care to 
remove traces o f  peroxide, which m ight be present, lead to 
reproducible results.14 In retrospect, the presence in alk
enes o f  variable amounts o f  hydroperoxides or their decom 
position products may account for some o f the stereochem 
ical anomalies which have been reported.613,15

Results and Discussion

Platinum Oxide. In accord with our expectations, 2- 
m ethyl-l-cyclopentylidenecyclopentane (I ) yields mainly 
the trans dialkylcyclopentane, 3, when hydrogenated over 
reduced platinum oxide, a catalyst which ordinarily exhib
its a relatively high stereospecificity. However, several fa c
tors tend to lim it the significance o f  this result. At pres
sures near atmospheric, the stereochemistry is sensitive to 
the history o f  the alkene, that is, samples o f  1 which had 
been kept in the laboratory for several days yielded larger 
percentages o f  the trans isomer than the freshly prepared 
material. Generally, the older samples also hydrogenated 
more slowly. Apparently the effect is due to peroxides 
form ed on exposure o f  the cycloalkene to the atmosphere 
because after the alkene was percolated through alumina in 
the manner recom m ended by Hussey, Kuelks, Nowak, and 
Baker, the ratio o f  saturated stereoisomers was the same as 
that given by a fresh sample.14 Likewise, 2 -m eth yl-l-cyclo- 
pentylcyclopentene (4) gave erratic results at low pressures 
o f  hydrogen; the more slowly reacting samples produced 
the larger p rop ortion  o f  the cis isomer 2 (Figure 2). U ncon
trolled variations in stereochemistry have been reported for
1,2-dim ethylcyclopentene and 9,10-octalin but without 
com m ent about the likely cause o f the irregular behav
ior.6,12

At low pressures, the platinum -catalyzed hydrogenation 
o f tetrasubstituted alkenes proceeds mainly via isomeriza
tion to more easily hydrogenated and generally less substi
tuted alkenes.5,12 T he hydrogenation o f 1 was always ac
com panied by the appearance o f 4 although the concentra
tion o f  the latter remained small, less than 2%. In com peti
tion, 4 reacts about twice as rapidly as 1. Chart I indicates

Chart I
Isomers of 1 and the Percentage ofcis-2-Methyl-1-cyclopentylcyclopentane (2) Formed 

from Each at 1 Atm (Pt02)a

C r p - t > p - O p
-  CH5 .  C H , x CM,
4(46) \  1(21) \  5(0)

CrO O - p  O p
CH, 

6 (271 7(11)
CH,

8 lioo)
” Structural formulas 1, 5, 6, and 7 represent one of the epimeric 

forms of each compound designated,

the isomers to which 1 is m ost likely to be converted and 
the percentage o f the cis isomer, 2, each produces when hy
drogenated on platinum oxide at 1 atm o f hydrogen.

W ith the exception o f  6, each o f  the isomers could be 
form ed from  1 via a 1,3-hydrogen sh ift.16 I f  the mechanism

Figure 1. Diastere oisomeric adsorbed species of 1 represented as 
a,d-d ¡adsorbed alkanes. A proceeds to give cis (2) and B to trans
(3).

20 5 0 10,0
P ressu re . Atm

Figure 2. Percentage of cis isomer (2) which is formed over PtC>2 
from 2-methyl-l-cyclopentylcyclopentene (4) or 2-methylcyclo- 
pentylidenecyclopentane (1) as a function of the hydrogen pres
sure. Darkened symbols represent experiments with freshly puri
fied alkenes (see discussion): 4, □, ■; 1, O, •. The subscripts indi
cate the number of separate experiments which yielded the same 
result; symbols which lack a subscript represent the result of a sin
gle experiment.

o f  isomerization involved an allylic intermediate as sug
gested by Smith and Burwell,12 then the principal product 
o f  isomerization is likely to be 4 because it would be form ed 
through the breaking and subsequent re-form ation o f a ter
tiary hydrogen to carbon bond. The intermediate adsorbed 
7r-allylic structure could retain the planarity o f  the groups 
about the double bond in 1 and would include the 2-m ethyl 
group in the same plane, Adsorption o f  the alkene with this 
same orientation would also allow the form ation o f 7 and 8 
by an analogous dissociative mechanism or lead to  cis-2- 
m ethyl-l-cyclopentylcyclopentane (2) through the accep
tance o f  hydrogen from  the catalyst. Adsorption o f 1 on its 
opposite face would perm it the form ation o f  7 and 5 by  a 
dissociative mechanism or the trans saturated isomer, 3, by 
the simple abstraction o f  hydrogen from  the catalyst. B e
cause 1 yields more trans (3) than does 4, the latter cannot 
be the only intermediate even though it is the only isomer 
o f  1 which is observed to  form. If any o f  the other isomers 
were produced as intermediates they would escape detec
tion because being less substituted alkenes, in com petition, 
they are hydrogenated more rapidly than 1 or 4. Clearly the 
observed product distribution obtained from  1 at low pres
sures can be accounted for as arising via isomerization to 
som e com bination o f the alkenes 4, 5, 7, and 8.16 In the sec
tion on catalysis by palladium on carbon, we shall return to 
this question.

M ore definite conclusions regarding the stereochemistry 
o f  the direct addition o f  hydrogen to  1 can be inferred from 
experiments conducted at high pressure. Evidently, in 
creasing the pressure o f  hydrogen increases the fraction o f 
an alkene, including tetrasubstituted alkenes, which add 
hydrogen directly without prior isomerization.5,12,13 Thus, 
4 gives 43% cis at 0.25 atm and 62% at 80-100 atm. In this
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instance, direct addition should yield only the cis isomer, 2; 
the proportion  o f  trans (3) actually form ed is an indicator 
o f  the fraction o f  4 which isomerizes to  more easily hydro
genated alkenes such as 6 and 7. Increasing the pressure 
causes 1 to  yield more o f  the trans dialkylcyelopentane, 3, 
and accordingly, 3 must be the principal direct reduction 
product o f  1. T h e product-lim iting step at very high pres
sure is likely to  be the adsorption o f  the alkene, reaction 1.

Som e support for the preceding interpretation o f  stereo
chem istry may be gained from  a com parison o f  catalytic 
hydrogenation at high pressure with reduction by diim ide.2 
An alkene probably adopts a geom etry in the transition 
state for adsorption on a catalyst which is quite similar to 
that attained in the transition state for the transfer o f  hy
drogen from  diim ide to  the carbon -carbon  double bond. 
D ifferences in the ratios o f  geom etrical isomers form ed by 
these procedures can be attributed to the expected larger 
interactions between the catalyst and the alkene at the 
transition state for adsorption. T he cis to trans ratios ob 
tained from  1, 6, and 7 by catalytic hydrogenation at high 
pressure are remarkably like those obtained from  diim ide 
(Table I), indicating that intram olecular forces largely de
termine the ratio o f  stereoisomers under these conditions.2 
N ot surprisingly, 5 yields only trans, 3, with either reagent.

Table I
Comparative Stereochemistry o f  Catalytic (P t0 2) and 

Diimide Reductions o f  1 and Its Isomers

%  cis (2 )

Com pd
PtO, 

(1 atm)
P t0 2 

(80 atm) Diimide

1 23 21 24
4 46 62 100
6 27 20 24
7 11 12 26
5 0.0 0.0 0.0

Effect of Impurities. Apparently the impurities in the 
alkene affect the stereochemistry as well as the rate o f  hy
drogenation o f 1 and 4, the effect being to  decrease  the 
ratio o f  cis (2) to trans (3) isomers obtained from  1 and in 
crease  the ratio o f  these products form ed from  4. A t least 
for the latter, the effect is in the direction expected for an 
increase in the ratio o f  simple addition to  isom erization- 
addition.17 I f  the same explanation applied to the effect o f 
impurities on 1, then the simple addition o f  hydrogen to  1 
at low pressures is m ore stereospecific [greater proportion 
o f  trans (3)] than addition at high pressures o f  hydrogen. 
This result would be expected i f  the mechanism were the 
same as that which we have postulated and supported with 
evidence obtained with less substituted alkenes, i.e., that 
the product-controlling step for the addition o f  hydrogen at 
low pressures is the form ation o f  the “ half-hydrogenated 
state”  while the addition at high pressures is the adsorp
tion o f  the alkene.5’6 However, the fraction o f  saturated 
products which are form ed via this mechanism cannot be 
determ ined from  the stereochemical evidence alone. T he 
dom inant reaction path apparently involves isomerization 
to  less substituted and more reactive alkenes.

Samples o f  4 which had not been percolated through alu
mina prior to use gave a ratio o f  cis to  trans isomers which 
decreased with conversion, from  51% cis at 6% redaction to 
38% cis at 37% reduction. Rigorously purified samples did 
not show this effect. This trend in stereochemistry corre
sponds to a decrease in the relative rates o f  addition to 
isomerization resulting from  a progressive change in the 
catalyst, as if  the impurities, which had tended to  favor 
sim ple addition-hydrogenation, were being destroyed.17

Tetrasubstituted alkenes appear to be more easily affected 
in this way by adventitious impurities, presumably perox
ides, than are less substituted alkenes.

Reduction over Palladium. Alkene isomerization char
acteristically accompanies hydrogenation on palladium  cat
alysts and the hydrogenation o f 1 is unexceptional in this 
regard.18 Isomerization yields mainly 2-m ethyl-1-cyclo- 
pentylcyclopentene (4) and fran s-2 -m eth y l-l-(l-cy c lopen - 
tenyl)cyclopentane (5). The latter is more easily hydroge
nated than either 1 or 4 and consequently the am ount d e 
tected after less than 60% o f  1 remains (Table II) must rep
resent only a fraction o f that actually form ed initially. 
Smaller amounts o f  7 and an unidentified product, possibly 
c /s-2 -m ethyl-l-(l-cyclopentenyl)cyclopen tan e, are also 
present at this stage o f the reduction. Know ledge o f the 
distribution o f the product as a function o f the fraction o f  1 
converted would have afforded a better measure o f  the ini
tial distribution o f  products. Although this inform ation is 
lacking, the principal alkene form ed appears to  be 5 rather 
than 4, although the latter is likely to  be an initial product 
too. W hether the mechanism o f  form ation o f  5 is dissocia
tive or associative, the first step would require the adsorp
tion o f  1 on the face which, ordinarily, would be thought to 
be the more hindered side o f  the m olecule.19

Table II
Survey Hydrogenations o f  1 and 4a

Com pd Catalyst P, atm
%

redn
%

cis*
% other 
products

1 5% Pt/C 0.25 29 15 1 .6 (4 )
1.0 100 11

135 66 13 2 .1 (4 )
1 5% Pd/C 0.25 36 11 10 (4 ), 13 (5 )

1.0 47 10 1 1 (4 ) ,  9 ( 5 )
133 100 13

1 5% Rh/C 134 100 45
1 5% R u /A ljO j 67 45 45 0.2 (4 )
4 5% Pd/C 0.25 7 32 0.7 (7 )
4 5% Rh/C 134 100 94

a Temperature 27 ± 2° . * Percent o f  saturated product

In comparison, the initial product o f  isomerization o f 4 
appears to  be 7 rather than 6. Although 1 is not form ed ini
tially, it would undoubtedly appear later as the reaction 
proceeded, since isomerization is a dom inant feature o f  the 
hydrogenations o f  alkenes on palladium catalysts. Usually 
the more stable isomers predominate in the products o f  hy
drogenation when palladium catalysts are used, and in this 
respect the results in Table II are not unexpected.

Other Catalysts. Several other catalysts were used in a 
few  experiments and the results are shown in T ab le  II. 
W ith  ruthenium and rhodium catalysts, 1 yields larger p ro
portions o f  the cis product than is given by platinum  at the 
same pressure. The fact that 1 gives 55% cis at high pres
sure may sim ply reflect the fact that 4, a principal product 
o f  the isomerization o f 1, yields the cis isomer alm ost exclu
sively (94% cis) under the same conditions. The ratio o f  sat
urated isomers obtained with platinum on carbon is similar 
to the ratio obtained on reduced platinum oxide; however, 
too  few experiments were done to  warrant much com m ent. 
For com parison we note that W eitkam p reports that the 
hydrogenation o f  A9’10-octalin at 25°C  and 25 atm o f  hy
drogen gives 67, 95, and 85% cis-decalin with platinum, ru
thenium, and rhodium catalysts, respectively; the metals 
were supported on charcoal.13b

Experimental Section20

2-Methyl-l-(l-cyclopentenyl)cyclopentene (9). The alkenes 
1 and 4 were separated from a mixture obtained by hydrogenating



the diene, 2-methyl-l-(l-cyclopentyl)cyclopentene (9), until the 
equivalent of 1 mol of hydrogen per mole of 9 had been adsorbed. 
The diene was prepared as follows.

To a solution of methylmagnesium iodide (0.8 mol in 250 ml of 
ether) was added dropwise an equal volume of an ethereal solution 
of 2-cyclopentylidenecyclopentanone (120 g. 0.80 mol) which had 
been prepared by the self-condensation of cyclopentar.one.21 The 
solution was refluxed on a hot water bath for 20 min. The flask was 
cooled; the contents were poured over 800 g of ice and 120 ml of 
concentrated hydrochloric acid was added. The ether layer, con
taining the product, was separated from the water layer, washed 
with a sodium bicarbonate solution until neutral, and dried over 
magnesium sulfate. The ether was removed by distillat.on and the 
remainder was distilled through a short fractionating column, bp 
73-74° (2 mm), 226-227° (730 mm). The product consisted of 
three hydrocarbons from which 2-methyl-1 -(1 -cyclopentenyl)cy- 
clopentene (9) was separated by preparative chromatography 
using a 15 ft X 0.375 in. o.d. column filled with 20% Carbowax 20M 
on 30/60 mesh Chromosorb P at 165 or 130°. The yield of 9 was 47 
g (40%); n 25D 1.5351; d25 0.9264; Xmax (C2H5OH) 238 nm U 27000) 
(conjugated double bond); 'H NMR r 4.58 (s, 1 H, vinylic), 7.65 
(m, 8 H, allylic, 8.20) (m, 7 H, ring hydrogen plus terminal allylic 
methyl); ir (neat) 3040 (m, vinylic C-H stretch) 2590, 2840, (s, C-H 
stretch), 1640 and 1595 (w and very w, C-C stretch, conjugated 
diene), 1440, 1380, 1315, 1295, 1025, 960 (C-H bending), 800 (tri- 
substituted double bond C-H bending), and 565 cm-1.22,23

Anal. Calcd for ChHi6: C, 89.11; H, 10.98. Found: C, 88.70; H, 
10.98.

The above data do not exclude unequivocally 2-methyl-3-cyclo- 
pentylidenecyclopentene (10); however, when the diene is half re
duced with diimide, the alkene remaining is 4. Diimide selectively 
reduces trisubstituted double bonds in preference to tetrasubst- 
ituted;24 if the diene were 10, reduction of the trisubst.tuted dou
ble bond would leave alkene 1.

2 -M e th y l- l -c y c lo p e n ty lid e n e c y c lo p e n ta n e  (1 ). Diene 9 was 
selectively hydrogenated in glacial acetic acid at 1 atm hydrogen 
over 5% Pd/C. The isomers were separated on a 30 ft X 0.375 in. 
o.d. column containing 20% Carbowax 20M on 45/60 mesh Chro
mosorb P (Wilkens Instrument Co.) or a 35 ft X 0.375 in. o.d. col
umn containing 30% Carbowax 20M on the same support. The 
product was approximately 45% 2-methyl-1-cyclopentylidenecy- 
clopentane (1): bp 202° (721 mm); n 25D 1.4944; d25 0.8817; >H 
NMR r 9.02 (d, J  = 7 Hz, 3 H, methyl), 8.35 (m, 8 H, ring hydro
gens). and 7.86 (m, 7 H. allylic hydrogens).

Anal. Calcd for CnHig: C, 87.93; H, 12.07. Found; C, 87.68; H,
12. 11.

The remainder was the endo isomer, 2-methyl-1-cyc.opentylcy- 
clopentene (4): bp 199.5° (721 mm); n2aD 1.4925; d25 0.8906; 'H 
NMR t  8.42 (m, 13 H, ring hydrogens plus terminal allylic methyl) 
and 7.78 (m, 5 H, allylic hydrogens).

Anal. Calcd for CUH18: C, 87.93; H, 12.07. Found: C, 87.93; H,
12.19.

The exo olefin (1) used for hydrogenation experiments was a 
minimum of 98.2% pure, although, for most reductions, the purity 
was 99.4% or better, the main impurity being 2-methyl-1-cyclo- 
pentylcyclopentene. The 2-methyl-l-cyclopentylcyclopentene (4) 
was at least 98.5% pure.

2 -M e th y l-3 -c y c lo p e n ty lc y c lo p e n te n e  ( 6 ), 3 -M e th y l-2 -c y c lo -  
p e n ty lc y c lo p e n te n e  (7 ), a n d  t r a n s -2 -M e t h y l - l - ( l - c y c lo p e n t y l -  
)cy c lo p e n ta n e  (5 ). 2-Cyclopentylidenecyclopentanone was hydro
genated over 5% palladium on carbon (without solvent) to 2-cyclo- 
pentylcvclopentanone,26 which was then combined with methyl- 
magnesium bromide to give 2-cyclopentyl-1-methylcyelopentanol 
(11), bp 105° (8 mm). When heated with 85% phosphoric acid, the 
alcohol gave a mixture, bp 105-107° (45 mm), consisting of 4, 5, 6 , 
7, and unidentified alkenes in the proportion 56:13:11:5:15.26 If 11 
is converted to the chloride27 which, in turn, is heated with potas
sium teri-butoxide,28 the alkenes 4, 5, 6 , and 7 are obtained in the 
proportion 61:5:12:17 with 5% unidentified material. Chromatogra
phy of either mixture of alkenes through a 20 mm X 950 mm col
umn containing 25% silver nitrate supported on basic alumina 
(W'oelm activity grade 1) using a 95:5 volume mixture of 30-60° 
petroleum ether-benzene as eluent, gave pure 4 and 7 and a mix
ture of 5 and 6 . The order of elution was 4, 6 , and 5, followed by 7. 
Alkenes 5 and 6 were separated by preparative GLC at 175° on a 
35 ft X 0.375 in. column containing 30% Carbowax 30M on 45/60 
mesh Chromosorb P. On analytical columns of either Carbowax 
1000 or Apiezon L, the order of elution was 5, 7, 4, and 6 , although 
4 and 6 were not resolved. Compounds 6 , 7, and 5 were character
ized and their structures assigned as follows.
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2 -  M e th y l-3 -c y c lo p e n ty lc y c lo p e n te n e  ( 6 ) is a clear liquid: ir 
(10% in CCLi) 3030 (=CH), 2960, 2870, 1740 (C=C), 1450, 1370, 
1280, 1240, 1150. 1120, 1065, 1015, and 910 cm“1; ‘H NMR 
(CDCI3) t  8.0-9.0 (m, 14 H, ring and allylic methyl), 7.25-8.0 (m, 3 
H, allylic), 4.76 (m 1 H, vinylic); mass spectrum (70 eV) m/e (rel 
intensity) 150 (6, M~), 81 (100), 80 (30).

Anal. Calcd for C,,H18: C, 87.93: H. 12.07. Found: C, 87.98; H,
11.93.

3 -  M e th y l-2 -c y c lo p e n ty lc y c lo p e n te n e  (7) is a clear liquid: ir 
(10% in CCI4) 305C (=CH), 2960, 2780, 1740 (C=C). 1450, 1370, 
1115, and 1065 cm“ 1; 'H NMR (CDC13) r 8.99 (d, 3 H, J = 7 Hz, 
methyl), 8.0-8.99 Im. 9-10 H, ring), 7.3-7.9 (m, 4-5 H, allylic), 4.80 
(m, 1 H, vinylic); mass spectrum (70 eV) m/e (rel intensity) 150 
(30, M+), 135 (43), 82 (32), 81 (100), 80 (22), 79 (33), 67 (53).

Anal. Calcd for CnH,* C, 87.93; H, 12.07. Found: C, 87.89; H.
11.94.

t r a n s -2 -M e t h y l- l ( c y c lo p e n t y l)c y c lo p e n ta n e  (5) is a clear liq
uid: ir (10% in CC14) 3050 (-CH), 2950, 2870, 1740, (C=C), 1455, 
1380, 1115, 1065, 1080, 945 cm“ 1; 'H NMR (CDCI3) r 9.08 (d, 3 H. 
J = 5.5 Hz, methyl), 8.0-8.5 (m, 9-10 H, ring), 7.6-8.0 (m, 4-5 H, 
allylic), 4.78 (m, 1 H, vinylic); mass spectrum (70 eV) m/e (rel in
tensity) 150 (39, M+), 135 (44), 83 (22), 82 (100), 81 (36), 80 (21), 
79 (82), 77 (27), 68 ;29), 67 (91).

Anal. Calcd for CnH18: C, 87.93: H, 12.08. Found: C, 88.00; H,
11.93.

cis- (2 ) and  t r a n s -2 -M e t h y l- l - c y d o p e n t y lc y c lo p e n ta n e  (3). 
When saturated with hydrogen (Adams’ Pt02 in acetic acid), each 
of the above cyclopentenes, other than 5, yielded a mixture of two 
hydrocarbons which were separated by GLC on 35 ft X 0.375 in. 
30% Carbowax 20M on 45/60 mesh Chromosorb P at 130°. Sam
ples of each isomer (0.15 ml in 0.5 ml of cyclohexane) were placed 
with 0.02 g of 5% palladium on carbon in separate 8 mm X 15 cm 
Pyrex tubes and sealed. The tubes were heated at 250° for 180 hr, 
cooled to room temperature, and opened, and the contents were 
analyzed by GLC.29 The proportion of the isomers present in each 
tube was identical: 86.6% of the compound with the shorter reten
tion time. The more stable isomer was assumed to be trans-2- 
methyl-l-cvclopentylcyclopentane (3): ir (neat) 2950, 2870. 1450, 
1370, 905 w, 890 cm“ 1 w; !H NMR (CDC13) r 9.02 (d, 3 H, J = 9 
Hz, methyl), 8.1-8.9 (m, 17 H, ring); mass spectrum (70 eV) m/e 
(rel intensity) 152 (41. M+), 83 (50), 82 (100), 81 (44). 69 (28), 68
(40), 67 (88).

Anal. Calcd for CnH*,: C, 86.76; H. 13.24. Found: C, 86.97; H, 
12.92.

The less stable isomer (longer retention time) is the only prod
uct of the reduction of 4 by diimide and is accordingly cis-2- 
methyl-l-cyclopentvlcyclopentane (2): ir (neat) 2950, 2870, 1455, 
1370,' 905 ¿m“ > w; >H NMR (CDC13) r 9.29 (d, 3 H, J = 8 Hz, 
methyl), 8.1-8.9 (m. 17 H, ring); mass spectrum (70 eV) m/e (rel 
intensity) 152 (28. M+), 83 (53), 82 (100). 81 (47), 69 (28), 68 (41), 
67 (90).

Anal. Calcd for C„H 20: C, 86.76; H, 13.24. Found: C, 87.15; H,
13.19.

R ea g en ts . Reagent grade acetic acid, cyclohexane (99.8% pure 
Phillips Petroleum Co.), and triethylamine (Matheson Coleman 
and Bell) were used as obtained. Diglyme, bis(2-methoxyethyl) 
ether (Matheson Coleman and Bell), was distilled over lithium alu
minum hydride before use as solvent in diimide reductions.

Platinum oxide (Adams’ catalyst) and 5% palladium on pow
dered charcoal (batch no. 6457) were purchased from Matheson 
Coleman and Bell. Rhodium, 5% on calcium carbonate (batch no. 
C2200), was purchased from Englehard Industries, Inc. The cata
lysts were used as obtained.

Procedures. With the exception of the additional attention 
given to the condition of the alkene prior to its use in an experi
ment (see below) the hydrogenations were performed in the man
ner previously described;°b the acidic solvent was extracted from 
the hydrocarbon mixture before the latter was analyzed. Mixtures 
obtained from hydrogenations in other solvents were analyzed di
rectly. On a 19 ft X 0.25 in. column packed with 20% Carbowax 
1000 on 60/80 mesh Chromosorb P, the relative retention times at 
130° were 1.00 (3), 1.08 (5), 1.13 (2), 1.43 (7), 1.55 (4), 1.56 (6), 1.72
( 1 ).

Reductions by diimide generated in diglyme by the action of tri
ethylamine on benzenesulfonylhydrazide followed the procedure of 
Garbisch, Schildcrout, Patterson, and Sprecher.30

Because the first series of hydrogenations of 1 and 4 gave in
consistent results the experiments were repeated with alkenes 
which were chromatographed over basic alumina (Woelm’s activity 
grade 1), using pentane as eluent, immediately before it was
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used.1' The solution of alkene in pentane under a nitrogen atmo
sphere was concentrated to a volume of about 0.5 ml (approxi
mately 10% alkene by volume) and added to the reaction chamber 
containing the reduced catalyst (1.5 mg) and the acetic acid (5 ml).

Registry No.— 1, 56761-48-9; 2, 935-80-8; 3, 935-81-9; 4, 51874-
03-4; 5. 56761-49-0; 6, 51874-04-5; 7, 56761-50-3; 9, 56761-51-4; 2- 
cyclopentylidenecyclopentanone. 825-25-2; methyl iodide. 74-88-4.
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The reduction o f unsaturated groups by the use o f  hy
drazine, or certain o f its derivatives, is thought to proceed 
via the formation o f  diimide, a reactive intermediate which 
apparently transfers its two hydrogen atoms to the unsatu
rated group in a concerted process.2,3 For simple alkenes 
and nonconjugated dienes,4 the relative rate o f  reduction is 
a function o f  the degree o f  substitution o f the double bond 
attacked but the effect o f structure on the reactivity o f  con 
jugated dienes is unreported.5 Such inform ation, we b e 
lieved, would assist us in identifying a diene whose struc
ture was not resolved on the basis o f  the spectral evidence 
available to us.6 T o  be valid, the argument required that 
the possibility o f  the 1,4 addition o f hydrogen be excluded 
and, although this assumption can be justified by argu
ments based upon the W oodw ard-H offm ann rules, some 
experimental support seemed in order.7

Accordingly three readily available dienes, isoprene (4),
2,3-dim ethyl-1,3-butadiene (5), and 2,5-dimethyl-2,4-hexa- 
diene (6), were selected as test com pounds which might 
show marked variations in the rate o f  the possible 1,4 rela
tive to the 1,2 addition o f  hydrogen. Thus 1,4 addition to 6 
yields an alkene which is less substituted than the product

o f  1,2 addition while the converse is true for 5. Further, the
1,4 attack on 6 would be at the more highly substituted car
bon atoms whereas the 1,4 attack on 5 would be at the least 
substituted vinyl carbons. Isoprene (4) represents an inter
mediate situation. 1,3-Cyclohexadiene (7) was reduced with 
dideuteriodiim ide to determine w'hether the cyclic struc
ture had any influence on the orientation o f  the transfer o f  
hydrogen.

The relative reactivity o f  these dienes and 1,4-cyclohexa- 
diene (8) toward diimide, generated at 80° from benzene- 
sulfonylhydrazide, was determined to extend the structure- 
reactivity relationships observed by Garbisch et al.3 Also 
measured were the relative reactivity o f  1,3-cyclopenta- 
diene (9), cyclopentene (10), and dienes 7 and 8 with d i
imide which was generated at 25° in methanol from  the 
thermal decom position o f azodicarboxylic acid.8

Results and Discussion

There was no evidence o f  the 1,4 addition o f hydrogen to 
any o f the dienes examined. Table I summarizes the results 
o f  com petitive experiments by listing the average relative 
rate constant com puted from  the com position o f the reac
tion mixtures which were sampled at arbitrary intervals o f 
time.3 For convenience in comparing the results with previ
ous data, the relative reactivity p er  double bond, referred 
to cyclohexene (1) or methylenecyclohexane (2), is listed in 
colum n 2 o f Table II; the ferei for 2 was assumed to be the 
value given by Garbisch et al.3 The relative reactivities o b 
tained through our com petitive experiments are with refer
ence to either 1, denoted by A, or to 2, by B. In the adjacent 
colum ns are listed the name and relative reactivity o f  the

Table I
Results o f  Com petitive Diimide Reductions o f  Dienes and Reference Compounds^

A B k A / k B

M ethylenecyclohexane (2 )
2 .3- D im ethyl-l,3-butadiene (5) 
Isoprene (4)
2 .3- Dim ethyl-l,3-butadiene (5)
1.3- Cyclohexadiene (7 ) 
M ethylenecyclohexane (2)
1.3- Cyclohexadiene (7 )

1.3- Cyclohexadiene (7 )

4-ferf-Butylm ethylenecyclohexane (3 ) 
Cyclohexene (1)
2 .3- D im ethyl-l,3-butadiene (3)
2,5-Dimethyl-2,4-hexadiene (6)
4-ferf-Butylm ethylenecyclohexane (3 )
1.4- Cyclohexadiene (8)
1.4- Cyclohexadiene (8)

Cyclopentadiene (9)

0.95 ± 0.05 
6.2 ± 0.2 
2.2 ± 0.2 
6.1 ± 0.8 
8.5 ± 0.2 
1.85 ± 0.08 

13.7 ± 2.1 
25*

2. 0*

a Diimide generated from  benzenesulfonylhydrazide in diglyme at 80° except where noted. * Diimide from  the decom 
position o f  azodicarboxylic acid at 25°.

Table II
Relative Reactivity o f  Dienes toward Diimide from  Competitive Reductions at 80 °.

Relative Reactivity per Double Bond (fcrel) Is Referred to Either Cyclohexene (A ) or M ethylenecyclohexane (B)a

Diene or m onoene ferel M onoene ferel

Cyclohexene (1 ) (1 .00 )
M ethylenecyclohexane (2) (3 .27 )
4-fer<-Butylmethylenecyclohexane (3) 3.43 (B)
2-M ethyl-l,3-butadiene (4) 13.6 (A )
2 ,3-Dim ethyl-l,3-butadiene (5 ) 3.1 (A )
2,5-Dim ethyl-2,4-hexadiene (6) 0.5 (A )
1,3-Cyclohexadiene (7) 14.5 (B)
1,4-Cyclohexadiene (8 ) 0.86 (B)

1
2

1- Pentene
2- M ethyl-l-pentene 
2-Methyl-2-pentene

1
1

( 1. 00 )
3.27

20
2.04
0.28

( 1.00 )
( 1 .00 )

a Garbisch et al. (ref 3) report ferel for 2 as 3.27. We used two reference com pounds, 2 and 1, and assume that their rela
tive rate is 3.27 in order to place the tw o sets o f  measured relative reactivities on the same scale. The letter A or B indicates 
that one can com pute the rate relative to 1 or 2, respectively, from  the data in Table I.
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Table III
Relative Reactivities o f  Dienes and Product Alkenes 

Com puted from  the Distribution o f  Products as a Function 
o f  the Fraction o f  Diene Transformed»

Diene Product alkene

(5) (11 ) 0.45 ± 0.04

(6 ) (12 ) 1 4  ± 0.1

O  (7) 0 (1 ) 0.04»

o >
1 0.45 t 0.05

0  (9 ) 0 (10 ) 1.7 5c d

» Diimide generated at 80° from benzenesulfonylhydra-
zide. * These are the relative rate constants o f  eq 1. The 
rate o f  reduction per dou ble bond  o f  the diene re.ative to 
the rate o f  reduction o f  its product m onoene is 1.1, 0.36, 
13., 1.1, and 0.29 for dienes 5, 6, 7, 8, and 9. » T heresu ltof 
a single experiment. The precision o f  the measurement is 
probably comparable to that reported for the other dienes. 
d Diimide generated at 25° from  decom position  o f  azodi- 
carboxylic acid.

reported alkene which has the same number o f alkyl sub
stituents per double bond as the diene in the colum n to  the 
left. Apparently, the substitution o f an alkyl group for a 
vinyl hydrogen has about the same effect upon the relative 
reactivity o f  dienes as it does upon monoenes.

Although the com parison between colum ns 2 and 4 o f  
Table II indicates that isoprene (4) is less reactive than 1- 
pentene (presum ably the less substituted double bond in 4 
is the more reactive), dienes 5 and 6 appear to  be more re
active than the equally substituted monoenes 2 -m eth yl-l- 
pentene and 2-m ethyl-2-pentene, respectively. However, a 
direct and more appropriate measure o f the effect o f  conju 
gation upon the relative reactivity can be obtained from 
the reductions o f  the symmetrical dienes. The m ethod em 
ploys eq 2, which was derived by Frost and Pearson for 
consecutive first-order irreversible reactions.9 The symbols 
a i and 012 represent the fractions [A]/[A]o and [B]/[A]o 
where [A]o is the initial concentration o f A and * equals 
k 2/k i .  Ciola and Burwell have shown that the equation is 
equally applicable if the transformation o f both  A and B is 
the same function o f any o f  the other reaction variables.10 
T he results from this m ethod o f analysis o f  the data ob 
tained from  dienes 5, 6, 7, 8, and 9 are listed in descending 
order in Table III; the rate o f  reduction per dou ble bond  o f  
each diene relative to  the rate o f  reduction o f  its product 
m onoene ( k i /2 k 2) is 1.1, 0 .35,13, 1.1, and 0.29.

« 2  = --------7  («1 -  ai') (2)
k — 1

W ith the exception o f  1,3-cyclohexadiene (7) and possi
bly 5, each conjugated diene is less reactive p er  double  
bond  than the monoene produced from  it. These direct 
com parisons are undoubtedly more significant than those 
determined indirectly through com petitive experim ents by 
different investigators. However, the relative reactivities o f
1,3- and 1,4-cyclohexadiene against cyclohexene recorded 
in T able III com pare well with the directly measured rela
tive reactivity o f  these com pounds given in T able I and to 
the values assigned through the indirect com parison (via 2) 
with G arbisch ’s standard, cyclohexene.

A recent paper reports the relative rates o f  reaction o f 
cis-diim ide in the gas phase with the alkenes as ethylene
(1.0), tra n s-2-butene (0.33), cis-2-butene (0.11), 1,3-buta- 
diene (0.065), 1,3-cyclohexadiene (—0.05), and 2,3-di- 
m ethyl-2-butene (~0.02).5 T he effect o f  structure upon re
activity thus displayed compares well with the results o f  
com petitive experiments in solution.3 One should note that
1.3- butadiene is less reactive than either cis- or tr a n s -2- 
butene, which, judged by the results o f  Garbisch (in the liq 
uid phase),3 are likely to be less reactive than 1-butene. 
Clearly conjugation reduces the reactivity o f  a double bond 
toward diimide.

T he exceptional reactivity o f  1,3-cyclohexadiene (7) 
com pared to the other conjugated dienes illustrates the im 
portance o f  the release o f torsional strain as a driving force 
for this reaction.311 The lack o f planarity in the ground 
state o f  7 results from the partial relief o f  bond angle and 
eclipsing strain involving the 5,6-m ethylene groups which 
opposes the ir-conjugative interaction; the later is at a m ax
imum for the planar m olecule.11 T he stabilizing influence 
o f  conjugation which exists in the ground state will be par
tially lost at the transition state (rate retarding) and some 
o f  the torsional strain is released (rate enhancing); appar
ently the latter change is overriding. In comparison 1,3-cy- 
clopentadiene (9) may owe its appreciably lower reactivity 
than cyclopentene to its greater energy o f conjugation, al
though its torsional strain also would be relieved in part on 
reduction.11 Similarly, acyclic dienes are stabilized through 
conjugation, but to a lesser extent than in 9, and indeed the 
effect may be reduced markedly if rotation about the cen 
tral bond is required to relieve torsional strain as in 5, 
where nonbonding interactions involving the 2- and 3- 
methyl groups would increase the potential energy o f  the 
planar conform ation about the central bond (com pare 5 
and 6, Table III).12

The apparent equal reactivity per double bond o f  1,4- 
cyclohexadiene and cyclohexene seems curious when one 
recalls that 1,4- and 1,3-cyclohexadienes have alm ost the 
same heats o f  form ation.11-13 I f  correct, it implies that the
1.4- diene derives stability from  som e interaction which in
volves the double bonds14 and because this interaction 
must be lost upon reduction, the effect should retard this 
reaction. Experimental evidence and theory indicate that 
the molecules o f  the 1,4-diene are planar, oscillating be
tween boatlike conform ations.1516 Apparently, the transi
tion state is attained with a smaller increase in torsional 
strain than for cyclohexene and this com pensates for the 
stabilizing effect noted. Thus the alm ost equal reactivity 
per double bond o f  1 and 8 results from  different propor
tions o f  the opposing effects o f  changes o f  hom oconjugation 
(not present in 1) and torsional or bond angle bending 
strain.

From this qualitative argument it seems clear that the 
general approach o f  Garbisch et al. for estimating the con 
tributions o f  resonance, torsional strain, and bond angle 
strain to the relative reactivities o f  alkenes may be extend
ed to the dienes by an appropriate estimate o f  the conjuga
tion energy as a function o f  the nonplanarity o f  the con ju 
gated system .16 A further advance in developing these 
structure-reactivity relationships into a more quantitative 
theory probably will require the incorporation o f  more ac
curate measures o f  changes in torsional and bond angle 
bending strain, from  ground to transition state, perhaps 
through the use o f  calculations based upon molecular m e
chanics.11-17

Experimental Section

Dienes and Alkenes. Isoprene (4), 2,3-dimethyl-l,3-butadiene 
(5), and 2,5-dimethyl-2,4-hexadiene (6) were used as obtained
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from Aldrich Chemical Co. Cyclohexene (1), methylenecyclohex- 
ane (2), 1,3-cyclohexadiene (7), and 1,4-cyclohexadiene (8) were 
purchased from Chemical Samples Co. Each of the preceding ma
terials was at least 99% pure by GLC. 4-fert-Butylmethylenecyclo- 
hexane (3) was prepared from 4-fert-butylcyclohexanone via the 
Wittig reaction.18 Cyclopentadiene (9), obtained from the dedim
erization of dicyclopentadiene, was redistilled before use (99.8% by 
GLC).

Other alkenes which were used as authentic reference com
pounds for GLC analyses were obtained from Chemical Samples 
Co.

O th e r  M a ter ia ls . Benzenesulfonylhydrazide (from Aldrich 
Chemical Co.) and triethylamine and diglyme (from Matheson 
Coleman and Bell) were used in diimide reductions as obtained. 
Potassium azodicarboxylate was prepared by the hydrolysis of azo- 
dicarbonamide (Aldrich Chemical Co.).4 Deuteriomethanol and 
deuterioacetic acid (99% O -D ) were obtained from Diaprep Inc.

R e d u ct io n s  w ith  D iim id e . The procedure for generating di
imide from benzenesulfonylhydrazide was similar to that de
scribed by Garbisch et al.3 Solutions consisting of benzenesulfon
ylhydrazide (ca. 1.0 g), diglyme (10 ml), triethylamine [ca. 10 g), 
and either one or two of the unsaturated hydrocarbons 'ca. 0.20 g 
each) were prepared. Eight 1-ml aliquots of the reaction solution 
were sealed in 8 mm X ca. 15 cm Pyrex tubes. The tubes were kept 
at 80° by suspending them in either a constant-temperature oil 
bath or refluxing reagent grade benzene. At appropriate times a 
tube was removed from the constant-temperature apparatus, 
cooled in dry ice-2-propanol, and carefully opened. The contents 
were poured into ca. 1.0 ml of pentane and the pentane extracts 
were washed twice with 1-ml portions of 5% sulfuric acid, 5% sodi
um hydroxide, and finally with water. The extracts were dried over 
magnesium sulfate, sodium sulfate, or Linde 3A molecular sieve 
and stored in a freezer until analysis by GLC. In those instances 
where pentane interfered with the product analysis, other solvents 
such as benzene, toluene, or xylene were used.

Competitive reductions with diimide generated from the decar
boxylation of azodicarboxylic acid in methanol at 25° followed the 
procedure of Baird, Franzus, and Surridge.4 Reaction solutions 
consisting of 50 ml of methanol, ca. 1.0 g of a mixture of the two 
unsaturated hydrocarbons and the internal standard (benzene or 
toluene), and ca. 3.5 g of potassium azodicarboxylate was stirred in 
a three-necked flask equipped with a vibrating stirrer (Vibro 
Mischer). a pressure equalizing addition funnel, and a outlet 
through which a positive pressure of nitrogen was maintained. A 
solution of 1.2 g of glacial acetic acid in methanol (15 ml) was 
added dropwise to the bright yellow reaction mixture. For analysis, 
a 1-ml portion of the mixture was removed, added to 1 ml of xy
lene, and washed with small portions of 5% sodium hydroxide and 
water. The xylene extracts were dried over Linde 3A molecular 
sieve and analyzed by GLC.

A n a ly tica l P r o c e d u r e . The mixtures were analyzed by GLC 
(flame ionization detector) on either a 45 ft X 0.125 in. column of 
2.5% Carbowax 600 and 2.5% Carbowax 750 on Chromosorb W 
(AW) 60/80 mesh (for the cyclic dienes and products) or a 25 ft X 
0.25 in. column of 30% silver nitrate in triethylene glycol on 60/80 
mesh Chromosorb P, which was used for the separations of the ali- 
cyclic dienes and products. All peaks were identified by compari
son with synthetic mixtures of authentic standards and the molar 
response factor of each component was determined.19 The columns 
were not able to separate 2-methyl-1-butene from 3-methyl-l-bu- 
tene; however, this did not impair the ability to distinguish 1,2 and
1,4 addition to isoprene (4) because in the analysis on the AgNC>3 
column 2-methyl-2-butene, the result of 1,4 addition, is cleanly 
separated from the other components of the reaction mixture.

R e d u ct io n  o f  1 ,3 -C y c lo h e x a d ie n e  w ith  N 2D 2. The deuteriodi- 
imide was generated at 10° in CH3OD (50 ml) containing the diene 
(0.4 g) from potassium azodicarboxylate (3.5 g) and deuterioacetic 
acid (1.2 g) as described by Baird et al.4 Upon completion of the 
reaction, the mixture was diluted with water (100 ml) and extract
ed with three 40-ml portions of pentane. The solution was concen
trated to a volume of ca. 5 ml and the concentrate was subjected to 
preparative chromatography. The *H NMR spectrum (Varian 
A-60) of the cyclohexene which was isolated was integrated and 
gave a ratio of 2.0:3.1:3.1 for the relative areas of the signals for the 
vinyl, aliyl, and homoallyl protons. The ratio compares well with 
the value 2:3:3 expected for the product of 1,2 addition and not 
with the value 2:2:4 expected for 1,4 addition.

C a lcu la tio n s  o f  R e la t iv e  R a te  C on stan ts . A . C o m p e titiv e  
R e d u ct io n s . With the exceptions noted in Table I, the composi
tion of the mixtures from three to six different conversions of the

alkenes or dienes were used to compute the relative reactivities, 
kjk-g,. from the equation k j k ^  = (log [A]0 -  log [A])/(log [B]0 -  
log [B]) where [A]o and [B]o represent the initial mole fractions of 
A and B, respectively, and [A] and [B] are the fractions when the 
mixture was sampled.3

B. Consecutive Reactions o f a Diene. The value of k2/k i (k), 
the relative rate constants of the consecutive reactions of a diene 
— ene — ane, was computed using eq 2 in the form of (k — l)a2 = 
a i[l — ai“-1].9,10 The value of k was obtained through successive 
approximations using a hand-held calculator; the number reported 
is that for which the ratio of the right- to the left-hand side of the 
above equation is 1.000 ±  0.002. The precision of the values ob
tained for different conversions (average deviations) is indicated in 
Table III.

Registry No.— 1. 110-83-8; 2, 1192-37-6; 3, 13294-73-0; 4, 78-
79-5; 5, 513-81-5; 6, 764-13-6; 7, 592-57-4; 8, 628-41-1; 9, 542-92-7; 
10,142-29-0; 11,563-78-0; 12,3404-78-2.
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Direct Dehydrogenation of Aporphine Alkaloids
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T he dehydrogenation o f  aporphines to the corresponding 
dehydroaporphines, som e o f which are naturally occurring 
alkaloids, has been accom plished by the use o f various 
chem ical oxidants, including permanganate, DDQ, m ercu
ric salts, and iodine.1

W e now report the direct catalytic dehydrogenation o f a 
num ber o f  aporphines to dehydroaporphines in high yield 
and under remarkably mild conditions. T he reaction pro
ceeds particularly well in refluxing acetonitrile, using 10% 
palladium on charcoal catalyst. Under these conditions, nu- 
ciferine (1) afforded dehydronuciferine (4) in 90% yield 
after 15 min reaction time. Other examples o f  this reaction
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Table I
Dehydrogenation of Some Aporphines to 

Dehydroaporphines“

R eac-

IC% tÍOL

Pd 1C, Pro- tim e, Y ie ld ,6

Aporphine used (wt, mg) mg duct mir

Nuciferine (1) (100) 100 (4) 15 90
Dicentrine (2) (140) 140 (5) 15 85
Ocopodine (3) (150) 150 (6) 15 80
Thalicarpine (7) (140) 140 (8) 60 55
Acetonitrile solvent (10 ml) in all cases. 6 Yields of crystalline

products, identical with authentic samples (melting point, ir).1

are indicated in Table I. The selective dehydrogenation o f 
the aporphine m oiety o f  thalicarpine (7) is worthy o f note. 
In accord with this result, the simple benzylisoquinoline

2, R =  H
3, R =  OMe

5, R =  H
6, R =  OMe

base laudanosine (9) was recovered unchanged after being 
subjected to the general dehydrogenation procedure.

The method described here would appear to displace 
chemical oxidations as the m ethod o f  choice for the conver
sion o f a nonphenolic aporphine to the corresponding dehy- 
droaporphine. Preliminary dehydrogenation experiments 
using noraporphines or phenolic aporphines indicate the 
formation o f  products which are rapidly attacked by air 
during work-up, as might be expected from  the results o f 
chem ical oxidation o f similar substrates.1

Experimental Section

In a typical experiment, a mixture of the aporphine (see Table I) 
and 10% Pd/C in acetonitrile was refluxed under nitrogen for 15 
min. The catalyst was filtered off and the solvent was removed in 
vacuo. The yellow-green residue was crystallized from acetone or 
methanol. Dehydrothalicarpine (8) was isolated by PLC (silica gel 
plates, CHCI3 + 10% MeOH), followed by crystallization.
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During the course o f  our investigations toward the syn
thesis o f  9,13b-dihydroisoindolo[2 ,l-d][l,4]benzodiazepin- 
6-one1 it was reported that 2-chloro-5-m ethylm orphanthri- 
d in e -6 ,ll(5 //) -d io n e  (1), in the presence o f  ammonia and 
N H 4CI, rearranged in good yield to 3-am ino-3-(5-chloro-2- 
m ethylam inophenyl)isoindolin-l-one (2). This observation

prom pted further investigations into the possible rear
rangements o f  other morphanthridines functionalized at 
the 11 position. W e now wish to report several successful 
examples o f  such rearrangements.

When 2-chlorospiro[m orphanthridine-ll,2 '-oxirane]-6- 
one (3a) was allowed to react with ammonia in a steel ves
sel at 120°, it rearranged to form 4-(2-am ino-5-chlorophe- 
nyl)-3,4-dihydro-4-hydroxyisocarbostyril (4a) in 30% yield 
(Scheme I). If the morphanthridine was substituted on the 
nitrogen, e.g., 3b, the reaction proceeded in much higher 
yield to 4b. Similarly, the treatment o f  3a with hydrazine 
afforded 4-(2-am ino-5-chlorophenyl)-3,4-dihydro-4-hy- 
droxy-(2-am ino)isoearbostyril (5a) in 50% yield.
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Scheme I Scheme II

Cl

The structures o f  4 and 5 were established by their char
acteristic N M R  spectra. T he aromatic proton b  in the an
gular phenyl group o f 4a appears as a m ultiplet at b 7.00, 
proton c, a doublet, appears at 5 6.74, but protor. a, also a 
doublet, is strongly shifted upfield to b 6.08. This shift is 
caused partly by the influence o f  the nuclear substituents 
but mainly it is due to  the geom etry o f  the molecule. M o d 
els indicate that the phenyl group is aligned almost 90° to 
the plane o f the isoquinoline nucleus and the proxim ity o f  
the a proton to the shielding cone o f  the condensed arom at
ic ring causes the shift. W hen R j =  N H 2 in formula D, the

O

- F.tOH

methylene protons H e and H f, which are magnetically non 
equivalent owing to the asym metric center at carbon 4, ap
pear as an AB quartet and their chem ical shifts are b 4.36 
and 3.42. W hen R j = H  and R 2 =  H  or CH 3 it is observed 
that further coupling o f the farther downfield geminal p ro
ton (H e or H f) to the amide proton occurs and, instead o f  
the doublet, a multiplet is seen.

It is believed that the rearrangement proceeds by attack 
o f  ammonia (or hydrazine) on the epoxide ring to  form  the 
intermediate amino alcohol A follow ed by a nucleophilic 
attack o f the amine on the amide carbonyl at the 6  position 
with concom itant ring opening.

W e observed further that at 180°, 6  rearranged to form  
spiro com pound 7 in 47% yield. The structure o f  7 was con 
firmed based on the following spectral evidence. In the in 
frared two carbonyl absorptions at 1772 (lactone) and 1680 
cm - 1  (cyclic lactam) were observed. In the N M R  spectrum, 
two separate aromatic regions were observed. T he phthalan 
protons appeared between b 8.10 and 7.60 while the qu ino
line protons were shifted slightly upfield, probably owing 
to the shielding effect o f  the other aromatic ring. T w o 
methylene protons appeared as a singlet at b 3.16.

The rearrangement (Schem e II) is believed to proceed by

a nucleophilic attack o f the hydroxy on the amide carbonyl 
possibly forming the bridged intermediate B which then 
opens to the intermediate C. This in turn spontaneously 
cyclizes with loss o f  ethanol to form  product 7.

Treatm ent o f  6  with hydrazine leads to the carbostyril 8  

isolated as the hydrazine salt.2 T h e assignment o f  structure 
8  was based on comparison o f its N M R  spectrum with that 
o f  l-m ethyl-4-phenylcarbostyril3 (9).

Experimental Section
Melting points were determined on a Thomas-Hoover Unimelt 

apparatus and are uncorrected. The infrared spectra were recorded 
on Perkin-Elmer Model 257 and 457 spectrophotometers. All pure 
materials were run as Nujol or halocarbon mulls. Nuclear magnetic 
resonance spectra were determined on Varian A-60 and T-60 spec
trophotometers using tetramethylsilane as an internal reference. 
Mass spectra were determined on an LKB 9000 spectrometer. All 
elemental analyses were performed by Mr. William Bonkoski and 
associates at Sandoz, Inc.

2 -C h lo r o s p ir o [m o r p h a n th r id in e -l  l ,2 '-o x ir a n e ]-6 -o n e  (3a ). 
A mixture of 10.0 g (0.039 mol) of 2-chloromorphanthridine- 
BTKSHl-dione1 ar.d 5.1 g (0.120 mol) of 57% sodium hydride in 
150 ml of MeaSO was stirred at room temperature for 30 min. To 
the resulting red solution was added 12.0 g (0.059 mol) of trimeth- 
ylsulfonium iodide in two equal portions after which the mixture 
was stirred at room temperature for 4 hr. The reaction mixture was 
poured onto 1500 ml of cold water and the resulting precipitate 
was filtered, washed twice with water, and dried, yielding 6 .2  g of 
3a (60%). The material was found pure enough for further use. A 
sample was recrystallized from methylene chloride-ether: mp 
204-207°; ir (CHClj) 3480, 3180, 1660, 1370 cm“ 1; NMR (CDCI3 + 
Me2SO) b 10.43 (s, broad, 1), 8.20-7.20 (m, 7), 3.06 (s, 2).

4 - (2 -A m in o -5 -c h lo r o p h e n y l ) -3 ,4 -d ih y d r o -4 -h y d r o x y is o c a r -  
b o s ty r i l  (4a ). The spirooxirane 3a (4.0 g, 0.015 mol) was added to 
15 ml of anhydrous liquid ammonia containing 0.1 ml of methanol. 
The mixture was heated in a steel cylinder at 120° for 24 hr. The
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cylinder was cooled to room temperature and the ammonia was 
evaporated. The resulting solid was crystallized from methanol, 
yielding 1.3 g of 4a (30%): mp 271-274°; ir (Nujol) 3440, 3390, 
3360, 3210 (broad), 1670, 1650 cm-1; NMR (Me2SO) 6 8.10>7.30 
(m, 4), 7.80 (s, 1), 7.00 (m, 1), 6.74 (d, 1), 6.54 (s, 1), 6.08 :d, 1), 5.42 
(s, 2), 4.10 (m, 1), 3.48 (d, 1).

Anal. Calcd for Ci5H 1 3N20 2Cl: C, 62.4; H, 4.5; N, 9.7; Cl, 12.3. 
Found: C, 62.5; H, 4.4; N, 9.8; Cl, 12.5.

4 -(2 -M e th y la m in o -5 -e h lo r o p h e n y l)-3 ,4 -d ih y d r o -4 -h y d r o x y - 
is o c a r b o s ty r il  (4 b ). The reaction was performed as in the previ
ous example (3b) and 4b  was isolated in 71% yield: mp 238-240°; ir 
(Nujol) 3380, 3190 (broad), 1670, 1460 cm“ 1; NMR (Me2SO) 6

8.10-7.30 (m, 4), 7.82 (s, 1), 7.15 (m, 1), 6.75 (s, 1), 6.64 d, 1), 6.02 
(q, 1), 5.98 (d, 1), 4.20 (m, 1), 3.46 (d, 1), 2.75 (d, 3).

Anal. Calcd for CigH^NsOaCl: C, 63.5; H, 5.0; N, 9.3; Cl, 11.7. 
Found: C, 63.3; H, 5.3; N, 9.0; Cl, 11.5.

4 - (2 -A m in o -5 - c h lo r o p h e n y l ) -3 ,4 -d ih y d r o -4 -h y d r o x y - (2 -  
a m m o )is o c a r b o s ty r il  (5a ). A suspension of 0.4 g of 3a in 5 ml of 
anhydrous hydrazine was refluxed for 2.5 hr. The resulting solu
tion was poured onto 150 ml of cold water. The mixture was ex
tracted into ethyl acetate and the organic phase dried over sodium 
sulfate. The solvent was removed under reduced pressure to yield 
300 mg of solid which was successively washed with methylene 
chloride, methanol, and ether to yield 225 mg of 5a '50%): mp 
266-268°; ir (Nujol) 3440, 3360, 3295 (broad), 1650, 1625, 1465 
cm” 1; NMR (Me2SO) 6 8.08 (m, 1), 7.80-7.30 (m, 3), 7 01 (m, 1),
6.74 (d, 1), 6.58 (s, 1), 6.36 (d, 1), 5.26 (s, 2), 5.03 (s, 2), 4.36 (d, 1),
3.42 (d, 1).

Anal. Calcd for C 1 5H 14N3O2CI: C, 59.3; H, 4.7; N, 13.8; Cl, 11.7. 
Found: C, 59.0; H, 4.8; N, 14.0; Cl, 11.7.

2 -C h lo r o -5 -m e th y l-5 ,6 -d ih y d r o -l l -h y d r o x y -6 -o x o m o r p h a n -  
th r id in e -11-a c e t ic  A c id  E th y l E s te r  (6 ). To a suspension of 14.0 
g (0.215 mol) of zinc (activated, 10 mesh) in 75 ml of benzene was 
added a solution of 1 0 . 0  g (0.06 mol) of ethyl bromoacetate and
11.0  g (0.041 mol) of 1 in 75 ml of benzene. When the reaction 
started, the mixture was refluxed for 5 hr and then poured onto 
400 ml of 20% acetic acid and extracted with ethyl acetate. The or
ganic phase was washed twice with water and dried over sodium 
sulfate. The solvent was removed under reduced pressure to yield
10.4 g of 6  (72%): mp 15 1- 154 °, recrystallization from ether raised 
the melting point to 162-165°; ir (CHCI3) 3450 (broad), 1705, 1630 
cm“ 1; NMR (CDC13) <5 8.10-7.10 (m, 7), 5.46 (s, 1 ), 4.04 iq, 2), 3.64 
(s, 3), 3.26 (d, 1), 3.02 (d, 1), 1.04 (t, 3).

Anal. Calcd for C i9H 18N 0 4C1: C, 63.4; H, 5.0; N, 3.9; Cl, 9.9. 
Found: C, 63.5; H, 4.9; N, 3.8; Cl, 10.3.

6 '- C h lo r o - l '- m e t h y l s p i r o [ p h t h a la n - l ,4 '( 3 f i ) - q u in o l i n e ] -  
2 ',3 ( l 'i i ) - d io n e  (7 ). Twelve grams of 6  was heated at 140°. The 
temperature was then raised to 180° over a period of 2 0  min and 
kept there for 1  hr, during which time the material was constantly 
stirred. The resulting solid was extracted in a Soxhlet apparatus 
using ether as the solvent. After 5 days, the ether was removed 
under reduced pressure to afford a solid which was crystallized 
from methylene chloride-ether to yield 5.0 g of 7 (47%): mp 234- 
235°; ir (CHCI3) 1775, 1680 cm“ 1; NMR (CDCl;, + Me2SO) 5 
8.20-7.50 (m, 4), 7.40 (m, 1), 7.10 (d, 1), 6.75 (d, 1), 3.48 (s, 3), 3.16 
(s, 2 ).

Anal. Calcd for C 1 7 H 1 2 NO3CI: C, 65.1; H, 3.9; N, 4.5. Found: C, 
65.2; H, 3.8; N, 4.5.

6- C h lo r o -1 -m e th y l-4 -(2 -c a r b o x y p h e n y l)c a r b o s ty r il  H y d ra 
z in e  S a lt  (8 ). A mixture of 1.0 g of 6  and 0.5 ml of anhydrous hy
drazine in 10 ml of ethanol was refluxed for 4 hr. The solvent was 
removed under reduced pressure and the resulting foam was dis
solved in 25 ml of methylene chloride. After the solution is formed, 
immediate crystallization occurs yielding 0.65 g of 8  (6 8 %): the ma
terial has no definite melting point; ir (KBr) 1640 (broad), 1580 
cm- 1  (broad); NMR (MeoSO) 6 8.20-7.00 (m, 12), 6.42 (s, 1), 3.68 
(s, 3).

Anal. Calcd for C 17H 16N3O3CI: C, 59.0; H, 4.7; N, 12.2. Found: C, 
58.8; H, 4.6; N, 11.9.

The free acid of 8  was isolated by dissolving the hydrazine salt in 
2 N  sodium hydroxide followed by acidification with 2 N  hydro
chloric acid: mp >300°; ir (KBr) 1710, 1635, 1570 cm“ 1; NMR 
(Me2SO) 6 8.05 (m, 1), 7.76 (m, 4), 7.44 (m, 1 ), 6.96 (m, 1 ), 6.51 (s, 
1), 3.69 (s, 3), exchangeable acid proton falls in with the water peak 
of the solvent.

Anal. Calcd for C 1 7 Hi2N 0 3Cl: C, 65.2 ; H, 3.8; N, 4.5. Found: C, 
65.0; H, 4.2; N, 4.3.

Tne values for the N-methyl protons and the proton in the 3 po
sition of 9 were 5 3.68 and 6.49, respectively. These chemical shifts 
were in close accord with those of the free acid of 8  (see above).
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W e wish to report the first preparation o f  four d iketo
heptadecanolides (10). Tw o known cyclohexadecanediones 
(8 and 9) tire also obtained as products o f  the reaction em 
ployed. T he m ethod involves the thermolysis o f  the cyclic 
diperoxide 3 which is prepared by the reaction o f  1 with 
ozone. T h e preparation o f the diperoxide 3 will first be out
lined and then the thermolysis reaction to yield the large- 
ring products will be discussed.

Criegee first reported1 the isolation o f a solid (<10%  
yield) upon ozonolysis o f  4,5,6,7-tetrahydroindan (1) in pe
troleum ether and proposed that this com pound was the 
cyclic diperoxide 3, form ed by dimerization o f the interm e
diate Criegee zwitterion 22 (Schem e I). In a previous paper3

S ch e m e  I

0

CH;0  OOH

4

we reported that ozonolysis o f  1 in methylene chloride 
gave, in addition to the expected diketone 6, a 17% yield o f
3. This product was not form ed when the ozonolysis reac
tion was conducted in methanol, as 2 was converted to  the 
hydroperoxide 4 before it had an opportunity to  dimerize. 
Although our analytical data for diperoxide 3 differ som e
what from  that reported by Criegee,1 our spectral data (ir, 
N M R , and mass4) and molecular weight determination (see
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Scheme II

10a. x =  1; y  =  3; z =  1
b, x =  1; y =  2; z =  2
c, x =  2; y  =  2; z =  1
d, x =  2; v =  1; 2 =  2

Experimental Section) are entirely consistent with the 
structure proposed. Criegee also reported2 the form ation o f 
a cyclic diperoxide upon ozonolysis o f  9,10-octalin and O v
erton5 isolated the same type o f  com pound upon ozonolysis 
o f  d-pinene.

Story reported6 that thermolysis o f  dicyclohexylidene d i
peroxide yielded cyclodecane, undecalactone, and cyclo 
hexanone. Later, he published a review7 on the thermolysis 
o f  related di- and triperoxides as well as kinetic studies8-10 
on the decom position o f these com pounds. W e wish to re
port that thermolysis o f  diperoxide 3 in refluxing decane 
(174°) yielded three types o f  products: (i) 1,5-cyclono- 
nanedione (6), which was isolated as the cyclized product,3 
bicyclo[4 .3 .0]-l(6 )-nonen-2-one (7, 18%), (ii) 1,8- (8) and
1,9-cyclohexadecanediones (9, 50%), and (iii) four diketo- 
heptadecanolides (10,16%) (Schem e II).

The form ation o f these three types o f  products may be 
explained in the following way. Hom olysis o f  an oxygen - 
oxygen bond in 3 gives 5 which after a double /3-scission6 
yields dione 6 and a m olecule o f  singlet oxygen.8 Loss o f 
two molecules o f  carbon dioxide from  5 and recom bination 
o f the resulting radicals6 gives diones 8 and 9. Both  o f  these 
diones have been prepared11 previously by another m ethod 
and comparison o f the spectral properties, particularly the 
mass spectra, confirm ed the identity o f  these com pounds. 
T he diones, which are form ed in equal amounts, are the 
major products o f  the thermolysis reaction and as they may 
be separated by GC this is an alternative m ethod11 for the 
preparation o f  either 8 or 9.

Finally, rearrangement o f  diradical 5 to the three possi
ble acyl peroxides followed by loss o f  a molecule o f  carbon 
dioxide6-9 leads to the four possible macrolides (10). Using 
a polar silicone phase (OV-210) for the GC separation, it 
was possible to isolate 10a and lOd as crystalline solids 
while the other two, 10b and 10c, were not resolved. The 
structures proposed for these macrolides are supported by 
microanalysis, ir, and mass spectrom etry, with the latter 
being most useful for differentiating the isomers. Mass 
spectrom etry has previously been show n12-13 to be o f  con-

Scheme III

m/e 97 m/e 84

siderable value in elucidating the structures o f  naturally 
occurring macrolides. In the present case, the major peaks 
in the mass spectrum o f 10a were m /e  167, 97, 84, and 55. 
Schem e III outlines a possible m ode o f form ation o f  each o f 
these peaks. M cLafferty rearrangement o f  the parent ion o f 
10a by transfer o f  a C-4 hydrogen atom  yields 11, which 
upon «-cleavage (path a or b) yields either ion m /e  167 or 
m /e 55, respectively. Formation o f  ketene 1214 follow ed by 
«-cleavage gives fragment m /e  97 and form ation o f  carbox
ylic acid 1313 followed by a M cL afferty  rearrangement in
volving transfer o f a C - l l  hydrogen atom yields ion m /e  84. 
Similar fragmentation patterns account for the mass spec
tra o f  lOd as well as the mixture o f  10b and 10c. T he M + — 
H 2O (m /e  278) ion is a significant peak in the spectra o f  all 
these macrolides and the same peak has been reported pre
viously in the mass spectra o f  large-ring lactones.15

M any macrolides are known to  possess antibiotic activi
ty 16 and several approaches to the synthesis o f  these struc
tures have been reported.17 Conform ational aspects o f 
these com pounds have also received attention.18 In this re
port we have outlined the facile synthesis o f  a num ber o f 
diketoheptadecanolides19 by an approach which should be 
suitable to the preparation o f  other diketom acrolides o f 
different ring sizes.

Experimental Section20

Preparation o f 10,11,21,22-tetraoxadispiro[8.2.8.2]docosane- 
4,16-dione (3). A solution of 10.0 g (81 mmol) of 4,5,6,7-tetrahy-
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droindan (l)21 in 50 rnl of methylene chloride was stirred rapidly 
at —70° while a stream of ozone from a Wels'bach generator (200
W) was bubbled through the solution for 45 min. An aqueous solu
tion of 5 g of potassium iodide was added and the reaction mixture 
was allowed to warm to room temperature The iodine color was 
discharged with an aqueous solution of sodium thiosulfate and the 
organic phase was separated, washed with water, and dried 
(MgSOr). The methylene chloride was removed and ethanol was 
added to precipitate 2.34 g (17%) of a white solid (3), which was re- 
crystallized from ethanol: mp 186-187°; ir (CHCI3) 1700, 1470, 
1450, 1075 cm” 1; NMR (CDCI3) r 7.3-7.6 (8 H, m), 7.8-8.5 (20 H, 
m); mass spectrum m /e (rel intensity) 154 (14), 126 (40), 112 (46), 
98 (89), 55 (100); mol wt (osmometric) calcd 340, found 347.

Anal. Calcd for CisHasOe: C, 63.51; H, 8,29. Found: C 63.47; H, 
8.48.

Thermolysis of 3. A sample of 0.30 g (0.88 mmol) of diperoxide 
3 was added in portions to 3 ml of refluxing n -decane and the re
sultant solution was refluxed for 1.5 hr. The cooled reaction solu
tion was chromatographed on silica gel (60-200 mesh) using pen
tane to elute the n -decane and 3% ethyl acetate-chloroform to 
elute the 0.22 g of thermolysis products. GC analysis (190-270°) of 
these products indicated 18% of 7, 50% of diones 8 and 9, 16% of 
macrolides 10, and smaller amounts of several other components.

Identification of Thermolysis Products from 3. A. Product 7, 
the first major GC peak, was collected and found to be identical 
with a sample of bicyclo[4.3.0]-l(6)-nonen-2-one prepared pre
viously.3

B. Compounds 8 and 9 analyzed as two partially resolved GC 
peaks of equal area. The first peak was collected, recrystallized 
from petroleum ether (bp 60-80°), and shown to be 1,8-cyclohexa- 
decanedione (8) on the basis of the following data and comparison 
of this data with that published previously:11 mp 68-69°; ir (CCI4) 
2940, 2870, 1712, 1460, 1370, 1125 cm-1; mass spectrum m/e (rel 
intensity) 252 (M+, 14), 234 (13), 195 (21), 140 (17), 125 (18), 112
(37), 97 (41), 84 (74), 55 (100). Similarly, the second peak of the 
doublet was collected, recrystallized from petroleum ether, and 
shown to be 1,9-cyclohexadecanedione (9) by com pari.‘ on of the 
following data with that published previously:11 mp 80-81° (lit.11 
78-79°); ir (CC14) 2940, 2870, 1719, 1465, 1370, 1115, 1325 cm"1; 
mass spectrum m /e (rel intensity) 252 (M+, 23), 195 (13), 169 (14), 
126 (46), 111 (30), 98 (88), 83 (56), 55 (100).

C. The lactones 10 upon GC analysis (266°) showed three peaks 
in a ratio of 1:2:1. These peaks were collected by preparative GC 
and the following data were found for each peak (in order of GC 
elution). 5,14-Diketoheptadecanolide (10a): mp 50.5-51.0° (re
crystallized as plates from petroleum ether, bp 60-80°) ir (CCI4) 
2930, 2855, 1736, 1716, 1158, 1128 cm-1; mass spectrum m/e (rel 
intensity) 296 (M+, 14), 278 (19), 167 (56), 97 (100), 84 (86), 55 
(62).

Anal. Calcd for C17H28O4: C, 68.89; H, 9.52. Found: C. 68.73; H,
9.46.

Mixture of 5,13-Diketoheptadecanolide (10b) and 6,14-Di- 
ketoheptadecanolide (10c). This GC fraction was an oil: ir (CCI4) 
2930, 2860, 1734, 1714, 1160 cm-1; mass spectrum m /e  (rel intensi
ty) 296 (M+, 12), 278 (9), 167 (19), 153 (28), 111 (56), 98 (80), 97 
(65), 84 (61), 55 (100). 6,13-Biketoheptadecanolide (lOd). This 
last GC peak was recrystallized from petroleum ether (bp 60-80°): 
mp 59.0-59.5°; ir (CC14) 2935, 2860, 1738, 1718, 1135 cm-1; mass 
spectrum m /e  (rel intensity) 296 (M+, 7), 278 (8), 153 (33), 111
(70), 98 (100), 55 (90).

Anal. Calcd for C17H28O4: C, 68.89; H. 9.52. Found: C, 68.85; H,
9.75.
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OV 210 liquid phase on HP Chromosorb W, 80-100 mesh, 6 ft X 0.25 
in. Peak areas were determined by triangulation and were not corrected 
for differences in thermal response. Elemental analyses were per
formed by H. S. McKinnon, Chemistry Department, University of Guelph, 
or A. B. Gygli, Microanalysis Laboratory, Toronto, Canada.

(21) H. O. House and C. J. Biankley, J. Org. Chem., 33, 47 (1968); E. M. Kai
ser and R. A. Benkesser, Org. Synth., 50, 88 (1970).
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In the pyridine route to steroids,1-2 it has been shown 
that 6-substituted a-picolines (1) may be converted to  3- 
substituted cyclohexenones o f  the type 3. Fortunately, in 
the m ost relevant cases (i.e., where R  represents a cycloal- 
kanone ketal substituted at its a  position), the 2,6 -diketone 
intermediate 2 suffers aldolization to  give 3 rather than its 
isomer, 4. System 4 is, in fact, the predom inant product

2 4

where R in diketone 2 represents a straight-chain alkyl 
group.3-4 The structural factors which are decisive in p ro
m oting one mode o f cyclization over the other are being in 
vestigated.5 T he issue o f  isomeric possibilities in the aldoli
zation process does not arise for 4-acylbutyraldehydes (6). 
Such systems should be derived by reductive hydrolysis o f
2-substituted pyridines (5). Below are described som e ap-
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plications of this concept to the synthesis of the «-substi
tuted cyclohexenones (7). We believe that the pyridine

6 7

route to such systems offers advantages in terms of simplic
ity of operations and accessibility of starting materials.

Catalytic reduction of 2-vinylpyridine (8) affords 2- 
ethylpyridine (9). Compound 9 was treated with 1.1 equiv 
of sodium in ammonia containing 10 equiv of ethanol. The 
residue, upon evaporation of the ammonia, was treated 
with 2% aqueous ethanolic sodium hydroxide. A 57% yield 
of 2-m3thylcyclohexenone (10) was obtained. Efforts to op
timize the yield of this conversion were not persued when 
it was found that 2-vinylpyridine itself could be converted 
to 2-methylcyclohexenone in 56% yield. For this purpose, 
a 6:1 molar ratio (i.e., 1.50 equiv) of sodium:2-vinylpyridine 
was employed. The yield for the direct conversion of 8 —«• 
10 was increased to 63% by the use of lithium rather than 
sodium.

The feasibility of consolidating the reduction of a conju
gated double bond with the reduction of a pyridine to the 
dihydro level was demonstrated with the readily available 
trans-2-stilbazole (11) (prepared by condensation of a-pic- 
oline with benzaldehyde).6 Compound 11 was converted to
2-benzylcyclohexenone (12) in 52% yield. The feasibility of 
reducing the pyridine ring in the presence of the benzene 
ring is thus also established.

In the light of the trans-2-stilbazole result, it was not 
surprising to find that 2-benzylpyridine (13) could be con
verted in good yield to 2-phenylcyclohexenone (14) by re
ductive hydrolytic cyclization.

13 Ph
14

Previous methodology for obtaining compound 10 in
volves (1) selective functionalization of 2-methylcyclohexa- 
none7 or (2) manipulations which start with 2-methylcyclo- 
hexane-l,3-dione.8 Similarly, compound 12 has been pre
pared9 from the relatively inaccessible 2-phenylcyclohexa- 
none,E 2-phenylcyclohexane-l,3-dione,10 and 1-phenylcy- 
clohexene.11 Compound 14 has been obtained by equilibra
tion of 2-benzylidenecyclohexanone12 or through oxidative 
manipulations starting with 1-benzylcyclohexene.1314 The 
pyridine route, which produces such systems in one step 
from readily available starting materials, is the most conve
nient and efficient.

The inability to achieve higher yields was apparently due 
to different factors in the various cases. In the reduction of

9 and 11, substantial amounts of basic material were recov
ered. NM R analysis of this material indicated the absence 
of pyridine absorption. In the case of 13, the basic extract, 
ca. 40%, was largely starting material.

It was surprising to find, even after many attempts, that
2,5-lutidine did not produce any recognizable amounts of
4-methylcyclohexenone. The bulk (87%) of the material 
was obtained as a basic fraction which was largely starting 
material. Mass spectral analysis of some minor products, 
partially purified by preparative GLC, indicated the pres
ence of reductively dimerized materials (m/e 216 and 218) 
in the reaction mixture.

Similarly, attempted conversion of 3-methyl-2-stilba- 
zole10 to 2-benzvl-6-methylcyclohexenone was not success
ful. The reasons for the nonextendability of this reduction 
method to systems with substitution in the 3 or the 5 posi
tions are not clear, particularly in the light of the applica
bility of the reaction to 4-substituted systems.16a-b

Experimental Section17

Conversion of 2-Vinylpyridine (8) to 2-Methylcyclohexe- 
none (10). To a solution prepared from the dissolution of lithium 
metal (3.45 g, 0.496 mol) in 1000 ml of dry NHg was quickly added 
a solution containing 2-vinylpyridine (10.5 g, 0.1 mol) and absolute 
ethanol (36.8 g, 0.8 mol) in 300 ml of anhydrous ether. After the 
disappearance of the blue color, the ammonia was evaporated in a 
stream of nitrogen, and the residue was dissolved in 480 ml of eth
anol. A solution of sodium hydroxide (12.0 g, 0.3 mol) in 240 ml of 
H2O was then added, and the resulting system was stirred at room 
temperature under an atmosphere of nitrogen for 2.5 hr. The solu
tion was acidified by the addition of 10% HC1. The resulting solu
tion was extracted four times with 200-ml portions of ether. The 
combined ether layers were washed twice with saturated NaHCO i 
and then once with saturated brine. The organic solution was dried 
over anhydrous sodium sulfate. Evaporation of the solvents fol
lowed by distillation of the residue afforded 6.97 g (63%) of 10: bp
61-62° (10 mm); r (CHC13) 2920, 1667 cm "1; 5 (CDCls) 1.73 (m, 3 
H), 1.9-2.6 (m, 6 H), 6.65 (m, 1 H); Xmax (95% ethanol) 236 nm (« 
9600); m/e 110; 2,4-DNP mp 207.5-209° (lit.7 207-208°).

Neutralization of the aqueous acidic layer with NaHCOs fol
lowed by extraction with three 150-ml portions of ether afforded a 
residue of 3.01 g whose NMR spectrum showed essentially no ab
sorption in the region of 6 6-9 ppm.

Conversion of irans-2-Stilbazole (11) to 2-Benzylcyclohex- 
enone (12). To a solution prepared from the dissolution of sodium 
metal (3.8 g, 0.165 mol) in 500 ml of ammonia (freshly distilled 
from sodium) was quickly added a solution comprised of trans-2- 
stilbazole (5.0 g, 0.0276 mol) and absolute ethanol (10.5 g, 0.229 
mol) in 200 ml of absolute ether. After disappearance of the blue 
color, the ammonia was evaporated under a stream of nitrogen. 
The residue was dissolved in 120 ml of ethanol and the resulting 
solution was worked up as before to give 3.17 g of crude neutral 
material which was chromatographed on 60 g of silica gel. Elution 
with benzene afforded 2.61 g (52%) of 2-benzylcyclohexenone (12): 
l (CHCla) 2899, 1667,1600, 1488 cm -'; NMR (CDC1:!) 6 1.8-2.6 (m, 
6 H), 3.43 (d, J = 1 Hz, 2 H), 6.63 (t, 1 H), 7.06 (s, 5 H); m/e 186;
2,4-DNP mp 152-153.5° (lit.14 153°).

The acidic aqueous layer was neutralized with solid NaHCOs 
and extracted with three 25-ml portions of ether. After the com
bined organic layers were dried over anhydrous sodium sulfate, re
moval of the solvents afforded a residue of 1.87 g. The NMR of this 
material contains essentially no absorption in the region 5 6-9 
ppm.

Conversion of 2-Benzylpyridine (13) to 2-Phenylcyclohexe- 
none (14). To a solution prepared by the dissolution of lithium 
(621 mg, 0.09 molt in 300 ml of ammonia (freshly distilled from so
dium) was quickly added a solution of 2-benzylpyridine (2.53 g, 
0.015 0.015 mol) and absolute ethanol (6.9 g, 0.150 mol) in 100 ml 
of anhydrous ether. After the disappearance of the blue color, the 
ammonia was evaporated under a stream of nitrogen. The residue 
was dissolved in 60 ml of ethanol and the resulting solution was 
worked up in the manner described above to give 1.81 g of crude, 
crystalline 2-phenylcyclohexenone (14). Recrystallization from 
hexane-ethyl acetate gave pure 14: mp 93-94° (lit.11 96-97°); i> 
(CHCU 2976, 1680 cm“ 1; h (CDCW 1.9-2.8 (m, 6 H), 6.93 (t, 1 H). 
7.32 (s, 5 H ); m/e  172.
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The aqueous acidic layer was neutralized with solid NaHCOa 
and extracted with three 50-ml portions of ether. After the com
bined organic layers were dried over anhydrous sodium sulfate, 
evaporation of the solvents afforded a residue of 637 mg whose 
NMR spectrum was very similar to that of starting 13.
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Purine iV-Oxides. LXII.
2,4-Dioxopyrido[2,3-d]pyrimidine IV-Oxides1
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Our interest in analogs of the oncogenic 3-hydroxyxan- 
thine,2 the recent synthesis of 3-hydroxy-2,4-dioxopy- 
rido[2,3-d]pyrimidine,3 and the antitumor activity re
ported4 for the parent compound 2,4-dioxopyrido[2,3-ci]py- 
rimidine0 against Walker muscle carcinosarcoma in rats, 
prompted us to synthesize the two other possible N-oxides, 
1 and 15.

Chemical6-10 and biochemical11’12 studies have shown 
that the oncogenicity of 3-hydroxyxanthine and some of its 
derivatives are paralleled by unique chemical reactivities of 
their esters.2 Thus 3-acetoxyxanthine (2) (Chart I) under
goes, under mild conditions, an Sn T  reaction with nucleo
philes to yield 8-substituted xanthines.6-9 A series of ring 
analogs of 3-hydroxyxanthines are being investigated to de
termine the structural features of the ring system which 
permit the facile Sn T  reaction, and eventually the pert
inence of that reactivity to oncogenicity. Our initial studies 
showed that the esters of ring systems with electron-rich tt

Chart 1

¿ 0

OH
1

H b r ^ Y

o ' .\T

o c o c h 3
2
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, ¿ 0
HN'

OH
3

OH
4

systems are more likely to undergo an elimination- 
substitution reaction similar to that of the esters of 3-hy- 
droxyxanthine. Thus the esters of the pyrrolo[2,3-d] pyri
midine analog of 3-hydroxyxanthine,13 a ring system with 
our electron-rich ir system, undergo a reaction similar to 
that of the esters of 3-hydroxyxanthine, whereas esters of 
the electron-deficient pteridine analogs,14 3, do not under
go a similar reaction, and the esters of quinazoline ana
logs,15 4, undergo a similar reaction only under very vigor
ous conditions. The pyridopyrimidine analog is a slight 
modification of 3 or 4 and its reactivity is, as expected, in
termediate between them.

The starting material for the synthesis of 1-hydroxy-
2,4-dioxopyrido[2,3-d]pyrimidine (1) was l-hydroxy-2,4- 
dioxo-6-aminopyrimidine16 (5), which was condensed with 
nitromalonaldehyde17’18 by heating under reflux with di
lute sodium hydroxide to yield l-hydroxy-6-nitropyrido[2,3-
d]pyrimidine (6) in 73% yield (Scheme I). This method16 
was chosen because the mild conditions do not affect the 
sensitive N -O H  bond. Hydrogenation of 6 in the presence 
of Pd/C gave 7 in 40% yield. Deamination of 7 was achieved 
by refluxing its diazonium salt in ethanol to give 1 in 89% 
yield. The structure of each compound (6, 7, 1) was con
firmed by its NM R spectrum. When 6 was reduced with so-

0
Scheme I

1. HNO,
2. EtOH + heat

1
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dium dithionite, two products were isolated, the expected 
amino compound 7 in 40% yield, and a second compound 
which analyzed as a hemihydrate of C7H5N 40 6SNa. The 
structure was assigned as sodiumi l-hydroxy-2,4-dioxo-6- 
aminopyrido[2,3-d]pyrimidine-7-sulfonate (8) based on the 
distinctive ir19 and NM R spectra, its water solubility, and 
its strong FeCl3 test. That structure was substantiated by 
hydrolysis and deamination to 2,4-dioxo-7-hydroxypyrido- 
pyrimidine, the structure of which was confirmed by NM R  
that give a pair of doublets in the aromatic proton region 
with a large 5-6  proton spin-spin coupling constant (9 
Hz).20 A similar observation was reported21 in reduction of
2,4-dioxo-5-nitropyrimidine with sodium dithionite to give 
some 2,4-dioxo-5-aminopyrimidine-6-sulfonic acid. When 7 
was treated with sodium bisulfite under conditions similar 
to those for the addition of sulfite to cytosine or uracil and 
its derivatives,22'23 the starting material was recovered un
changed (Scheme I).

When 1 was refluxed in acetic anhydride only the ace- 
toxy derivative 9 was obtained. Boiling in water hydrolyzed 
9 to 1. No products comparable to those from 3-hydroxy- 
xanthine results. Treatment of 1 with tosyl chloride in boil
ing pyridine resulted in a stable 1-sulfonyloxy derivative 
10, in contrast to the substitution product, 8-sulfonyloxy- 
quinazoline,15 obtainable from 4. When 1 was refluxed with 
phosphorus oxychloride and phosphorus pentachloride, a 
substitution with elimination of the N-hydroxy group did 
occur, and 2,4-dioxo-6-chloropyrido[2,3-d] pyrimidine (11) 
was obtained. A similar result was obtained with the 1-hy- 
droxyquinazoline 4 under the same conditions.13 The 
mechanism of the reaction must be similar to that of the 
formation of 6-chloro-2,4-dioxoquinazoline from 4. The 
chlorine of 11 is assigned to the 6 position from the NMR  
spectrum. That structure was also established by unambig
uous synthesis from 2,4-dioxo-6-aminopyrimidine (12) con
densed with sodium nitromalonaldehyde to afford the nitro 
compound, 13. That was hydrogenated to the amino com
pound 14, and subsequent treatment of its diazonium salt 
with cuprous chloride yielded authentic 11 (Scheme II).

2,4-Dioxopyrido[2,3-d]pyrimidine 8-oxide (15), the third 
N-oxide isomer, was obtained in 42% yield by direct oxida
tion of 2-amino-4-oxopyrido[2,3-d]pyrimidine ( 16)18 with 
30% H2O2 in CF3COOH, followed by refluxing with 18% 
HC1 to deaminate the N-oxide of 16 to 15. Only a trace,
1.3%, of the 1 isomer, 1, was produced during the oxidation.

Thus the nitrogen of the pyridine ring in 16 is more suscep
tible to N-oxidation than nitrogen 1 of pyrimidine ring de
spite the activation of the latter by an ortho amino substit
uent. The structure of 15 was established by comparison of 
its NM R spectrum with those of the two other isomers 
(Scheme III).

Scheme III

18f»HCl +  1

The l-hydroxypyrido[2,3-d] pyrimidine (1) can undergo 
an elimination-substitution reaction to yield 11 only when 
it is treated with phosphorus oxychloride and phosphorus 
pentachloride. As expected an ester of 1 is found to be more 
reactive than the corresponding ester of the pteridine ana
log, 3,13 and less than that of the quinazoline analog, 4.14 In 
view of this relatively mild reactivity, it is improbable that 
1 should be an oncogen. On the other hand, 1 might exhibit 
an antitumor activity such as that found for its parent com
pound.4

Experimental Section
1-Hydroxy-2,4-dioxo-6-nit ropy rido[2,3-</]pyrimidine (6). A

mixture of 1-hydroxv-2,4-dioxo-6-aminopyrimidine16 (0.43 g, 0.003 
mol) and sodium nitromalonaldehyde monohydrate (0.529 g, 
0.0033 mol) in 15 mi of 1% NaOH was refluxed for 2.25 hr. The so
lution was cooled, acidified with glacial acetic acid to pH 5, and fil
tered to yield 0.49 g (73%) as a yellow solid, mp >300° dec. A FeCl3 
test was positive. An analytical sample was obtained by recrystalli
zation from acetic acid: NMR (Me2SO-d6) S 8.76 (d, H-5), 9.45 (d, 
H-7), 11.68 [broad singlet, OH + NH, exchangeable with D2O (J5/7 
= 2.5 Hz)]; uv max (~pH) 318 nm (1), 318 (5), 280, 415 (12).

Anal. Calcd for C7H4N4O5 : C, 37.51; H, 1.79; N, 24.99. Found: C, 
37.42; H, 1.90; N, 24.81.

1-Hydroxy-2,4-dioxo-6-aminopyrido[2,3-i/]pyrimidine (7).
A. 6 (1.46 g, 0.0065 mol) was dissolved in H2O (250 ml) by adding 
sufficient NH4OH and 10% palladium on charcoal (0.4 g) was 
added. The theoretical amount of H2 was absorbed during 1.5 hr. 
The reaction mixture was heated to 60° and filtered, and the fil
trate was evaporated in vacuo nearly to dryness. The precipitate 
was collected to yield 0.5 g (40%), mp >300° dec. A FeCl3 test was 
positive. An analytical sample was obtained by recrystallization 
from H2O: NMR (Me-iSO-dfi) S 5.50 (s, NH2, exchangeable with 
D20), 7.55 (d, H-5), 8.20 (d, H-7) [two exchangeable protons (D20 ) 
in the offset: OH, NH] ( j 5,7 = 3 Hz); uv max (~pH) 256 nm, 333
(1), 266, 362 (5), 281. 398(12).

Anal. Calcd for C7HGN4O3: C, 43.30; H, 3.11; N, 28.85. Found: C, 
43.15; H, 3.21; N, 28.60.

B. Sodium dithionite (0.79 g, 0.0045 mol) was added in small 
portions, at room temperature, to a stirred solution of 6 (0.29 g, 
0.0013 mol) in H2C‘ (20 ml) and 1 N NaOH (5.5 ml). The color of 
the solution changed from red to yellow. After 2 hr the reaction 
mixture was acidified to pH 5 with glacial acetic acid and evapo
rated in vacuo to half of its original volume. The precipitate of 7 
thus formed was collected, yield 0.1 g (40%). Concentration of the 
filtrate almost to dryness gave sodium l-hydroxy-2,4-dioxo-6-ami- 
nopyrido[2,3-d]pyrimidine-7-sulfonate, 0.1 g, yellow solid. A FeCli 
test was positive. An analytical sample was prepared by recrystalli
zation from H2O: NMR (MeoSO-de) 5 5.92 (broad singlet, NH? ex
changeable with D2O), 7.70 (s, H-5); uv max (~pH) 227 nm, 269, 
383 (2, 5), 229, 250 s, 289, 416 (12); ir showed characteristic sulfon
ic group absorptions,19 1240, 1198, 1055, and 731 cm-1.

Anal. Calcd for C7HftH406S1Nai-1/i?H20 : C, 27.54; H, 1.97; N, 
18.36; S, 10.49. Found: C, 27.41; H, 2.32; N, 18.08; S, 10.20.

1-Hydroxy-2,4-dioxopyrido[2,3-£f]pyrimidine (1). Sodium ni
trite solution (0.81 g, 0.012 mol, in 16 ml of H20 ) was added drop- 
wise to a cooled (0-5°) and stirred solution of 7 (1.62 g, 0.0083 mol) 
in 18% HC1 (35 ml). Stirring was continued for 15 min and H_>0 
was added (150 mil. The supernatant liquor was decanted, and the
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ethanol (500 ml) was added to the residue. This mixture was then 
refluxed for 3 hr. Carbon black was added to the hot solution; fil
tration and evaporation in vacuo to 30 ml yielded, after fdtration, 
1 (1.33 g, 89%, mp 310-311° dec). An analytical sample was ob
tained by recrystallization from methanol: NMR (Me2SO-d6) 5
7.33 (dd, H-6), 8.35 (dd, H-5), 8.75 (dd, H-7), two exchangeable 
protons (D2O) in the offset, OH, NH (t/5,6 = 8.0, J ej = 5.0, Jr,~ =
I . 8 Hz); uv max (~pH) 251 nm, 313 (1, 5),’ 259, 291, 368 (12).

Anal. Calcd for C7H.SN3O3: C, 46.93; H, 2.81; N, 23.45. Found: C,
46.79; H, 2.71; N, 23.28.

l-Acetoxy-2,4-dioxopyrido[2,3-d]pyrimidine (9). 1 (0.09 g, 
0.005 mol) was refluxed with acetic anhydride (3 ml) for 2.5 hr. 
After cooling, ether was added and the precipitate was collected 
and washed with ether to yield 9 (0.051 g, 46%). At room tempera
ture 9 hydrolyzes in H2O very slowly to 1. In boiling H2O or in 
NaOH (pH 13) 9 is hvdrolyzed very rapidly to 1: NMR (Me2SO- 
dG) 6 7.43 (dd, H-6), 8_.41 (dd, H-5), 8.71 (dd, H-7), 12.2 (NH, ex
changeable with D2O).

Anal. Calcd for C9H7N3O4: C, 48.87; H, 3.19; N, 18.99. Found: C, 
48.96; H, 3.28; N, 18.94.

l-Tosyloxy-2,4-dioxopyrido[2,3-d]pyrimidine (10). To a
stirred solution of 1 (0.090 g, 0.0005 mol) in dry pyridine (10 ml), 
tosyl chloride (0.105 g, 0.00055 mol) was added in small portion at 
room temperature. The solution was heated at 90° for 2.5 hr. Most 
of the pyridine was evaporated in vacuo, H2O was added, and the 
precipitate was collected and recrystallized from methanol to yield 
10 (0.069, 36%): colorless needles; mp 221-222° cec; NMR 
(Me2SO-d6) b 2.45 (s, CH3), 8.50 (m, H-6, H'-3, H'-5), 7.93 (d, H'-2 
+ H'-6), 8.36 (dd, H-5), 8.50 (dd, H-7), 12.08 (s, NH) = 8.0, 
J&~ — 5.0, J 57 = 2 Hz); uv max (~pH) 303 nm (1), 306 (12).

Anal. Calcd for CuHnNsOsSi: C, 50.44; H, 3.32; N, 12.60; S, 
9.62. Found: C, 50.34; H, 3.26; N, 12.54; S, 9.78.

2.4- Dioxo-6-chloropyrido[2,3-tf]pyrimidine (11). A. A solu
tion of 1 (0.09 g, 0.005 mol) and phosphorus pentachloride (0.329 
g) in phosphorus oxychloride (5 ml) was refluxed for 3.5 hr. The 
cooled solution was poured into ice water NaHC03 was added to 
pH 5, the solution was extracted with ether (3 X 100 ml), and the 
ether was dried over Na2SC>4 and evaporated to dryness. Concen
trated HC1 (4 ml) was added to the residue and the solution was 
heated under reflux for 3 hr. After evaporation of the solution to 
dryness, H2O was added to the residue (3 ml). The 11 was precipi
tated by adjusting the acidity of the solution to pH 5 with 
NaHC03 to yield 14 mg (14%): mp 307° dec; NMR (Me2SO-d6) b 
8.20 (d, H-5), 8.61 (d, H-7), 11.56 (s, NH, exchangeable with D20),
II. 80 (s, NH, exchangeable with D20 ) (</5-7 = 2.5 Hz); uv max 
(~pH) 248 nm, 321 (1), 247, 319 (5), 240 (s), 271, 333, 364 (s) (12).

Anal. Calcd for C^NaOs-Cl-^HjO: C, 40.66; H, 2.42 N, 20.33; 
Cl, 17.18. Found: C, 40.74; H, 2.45; N, 20.33; Cl, 17.10.

B. To a stirred solution of 14 (0.4 g, 0.0022 mol) in 18% HC1 (10 
ml) at 0° was added dropwise a solution of sodium nitrite (0.225 g, 
0.0032 mol) in water (5 ml). After 10 min the cold diazonium chlo
ride solution was slowly poured with stirring into a cold cuprous 
chloride solution in concentrated HC1 (25 ml) prepared from 0.78 g 
of CuS04-5H20. The thick mixture was allowed to warm at room 
temperature, then warmed at 60° for 1 hr. The reaction mixture 
was cooled, NaHC03 was added to ~pH 6, and the precipitate was 
collected to yield 11, 0.360 g (83%), mp 307° dec. Recrysrallization 
from 50% CH3COOH gave light yellow needles: uv max (~pH) 249 
nm, 323 (1, 5), 240 (s), 272, 335, 364 (s) (12).

Anal. Calcd for C7H4N30 2C1: C, 42.55; H, 2.04; N, 21.26; Cl, 
17.94. Found: C, 42.67; H, 1.96; N, 21.40; Cl, 17.89.

2.4- Dioxo-6-nitropyrido[2,3-d]pyrimidine (13). A mixture of
2,4-dioxo-6-aminopyrimidine (12, 3.81 g, 0.03 mol) and sodium ni- 
tromalonaldehyde monohydrate (5.18 g, 0.033 mol) in 5C ml of 1% 
NaOH was refluxed for 5 hr. A precipitate started to form in a few 
minutes after refluxing. After cooling the precipitate was filtered 
to yield 13 (4.6 g, 73.7%) as light yellow crystals, mp 346° dec.

The analytical sample was prepared by recrystallizadon from 
50% acetic acid: NMR (Me2SO-d6) b 8.76 (d, H-5), 9.38 (d, H-7), 
10.53 (s, broad, N*H, N3H, exchangeable with D20 ) (J57 = 2.8 
Hz); uv max (~pH) 292 nm (s), 313 (1, 5), 370 (12).

Anal. Calcd for C7H4N40 4: C, 40.39; H, 1.93; N, 26.92. Found: C, 
40.57; H, 1.90; N, 26.83.

2.4- Dioxo-6-aminopyrido[2,3-cf]pyrimidiee (14). To 13 (1.0 g, 
0.0048 mol) in H20  (200 ml) NH4OH was added until it all dis
solved. This was hydrogenated with 10% palladium on charcoal 
(0.25 g) until 360 ml of H2 was absorbed. The palladium on char
coal was removed by filtering the boiling hot reaction mixture. 
Concentration of the filtrate in vacuo to ~50 ml yielded 14 (0.480 
g, 56%), mp >360°. The analytical sample was obtained ty  recrys

tallization from H20: uv max (~pH) 243 nm, 312 (1), 260, 354 (5), 
266,360(12).

Anal. Calcd for C7H6N40 2: C, 47.19; H, 3.39; N, 31.44. Found: C, 
46.33; H, 31.5; N. 30.43.

l,7-Dihydroxy-2,4-dioxopyrido[2,4-<i]pyrimidine. The above 
sodium sulfonate compound, 8 (41.57 mg) was dissolved in 0.1 N  
NaOH (7 ml) and stirred on a steam bath for 3 hr. The solution 
was acidified to pH 5.5 with acetic acid, and the solution was vapo
rized to dryness in vacuo. The residue was diazotized with 2 ml of 4 
N HC1 and sodium nitrite (50 ml) at 0°. After stirring at the same 
temperature for 15 min the mixture was added with water (25 ml). 
The precipitate thus formed was collected by centrifuging and was 
then heated under reflux for 4 hr in ethanol (25 ml). The resulting 
product was absorbed on a Dowex-50 [H+] column. Elution with 
water gave the title compound (16 mg) in a first fraction, mp 225° 
dec. Further elution with water gave some 1: NMR (Me2SO-dfi) 6 
7.70, 6.17 ppm (J5 6 = 9 Hz).

Anal. Calcd for C7H5N30 4-H20: C, 39.45; H, 3.31; N, 19.71. 
Found: C, 39.35; H, 3.40; N, 19.61.

2,4-Dioxopyrido[2,3-</]pyrimidine 8-Oxide (15). To a stirred 
solution of 2-amino-4-oxopyrido[2,3-d]pyrimidine (16, 2.1 g, 0.013 
mol) in CF3COOH (32 ml) was added 30% H20 2 (1.6 ml). After 4 
days at room temperature the solution was evaporated to dryness 
in vacuo, and 18% HC1 (140 ml) was added to the residue which 
was refluxed for 15 hr. The solution was evaporated in vacuo, and 
H20  (50 ml) and a few drops of NH3 were added to the residue, 
which was heated to boiling, and chromatographed on a Dowex-50 
[H+] (200-400 mesh) column (2.5 X 25 cm) that was eluted with 
hot H20. Fraction 1 (1-253 ml) contained decomposition products. 
Fraction 2 (299-828 ml) was evaporated to yield 15 (0.97 g, 42%), 
mp 338° dec. Fraction 3 (897-1265 ml) was evaporated to yield 1 
(0.031 g, 1.3%), mp 310-311° dec. 15 was recrystallized from H20  
for analysis: NMR (CF3COOH) 5 7.71 (dd, H-6), 8.88 (2 superim
posed dd, H-5, H-7) (t/5,6 = 8.0, Jr,i -  7.0, J 5- = 1 Hz); uv max 
(~pH) 266 nm s, 338 (1, 5), 280, 372 (12).

Anal. Calcd for C7H5N30 3: C, 46.93: H, 2.81; N, 23.45. Found: C, 
47.07; H, 2.80; N, 23.12.
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/3-(3,4-Dihydroxyphenyl)alanine (1), usually referred to 
as Dopa, is a primary precursor in both catecholamine1 and 
melanin biosynthesis.2 The levo isomer of 1 is also current-

3.4-(OH),C6H3CH,CHCO,H
"I
NH_,

1

ly therapeutically useful in treating Parkinson’s disease.3 
As a result of other studies in our laboratory, and because 
of the potential physiological significance of methylated 
analogs of 1, a study of the alkylation of Dopa with diazo
methane was undertaken. Previous studies of the reactions 
of some amino acids with diazomethane were conducted in 
moist ether, absolute ethanol, or ethanol-water.4 In the 
present study, reactions were conducted in methanol-ether 
(1:1). Such a common solvent mixture slightly enhances 
solubility of the amino acid (relative to ether alone) and en
ables a study of the reactions of three functional groups in 
a nonaqueous medium.

Reactions were performed by suspending 0.05 mmol (10 
mg) of 1 in 5 ml of methanol and adding 5 ml of a 0.2 M  so
lution of diazomethane (20 molar excess) in ether. Dopa 
was initially relatively insoluble in the solvent system, but 
solution was effected between 4 and 8 hr. In order to main
tain a constant temperature, to minimize loss of reagent 
and solvent, and to avoid artifacts due to light, the reac
tions were carried out at 4°C , in a glass stoppered flask, in 
the dark. The reaction times varied from 5 min to 24 hr and 
the reaction products were studied by comparison of both 
TLC and VPC with known synthetic products In several 
reactions, analyses of products were confirmed by ir spec
tra and G C -M S data.

The treatment of Dopa with diazomethane led to eventu
al alkylation of each functional group present, i.e., carbox
yl, phenolic, and amino. With respect to time, the appear
ance of each compound was in the order of increased meth- 
ylation, i.e., 2 was detected before 3, 3 before 4, and 4 prior 
to 5. Interestingly, traces of the trans cinnamate methyl 
ester (6) appeared at 24 hr. At the end of 24 hr, the reaction 
solution was clear and almost colorless, and at times longer 
than 24 hr, no further change was observed in the reaction 
products, an indication that all of the diazomethane react
ed and/or evaporated. Essentially all of the reacted Dopa 
could be accounted for by compounds 3 -6  at the 24-hr time 
period.

3,4 (OH>,C6H3CH,CHCO,CH3 ArCHXHCOCH;
'I  '  'I
NH, NH,

2 3

ArCH.CHCO.CH,

I
NHCH,

4

ArCH.CHCO.CH,

'I
N(CH,),

5

ArCH=CHCO_CH„

6

Ar =  3. 4-dimethoxyphenyl

Although Dopa is quite insoluble in methanol-ether, es
terification commenced instantaneously as evidenced by

the formation of 2 within 5 min. After 8 hr, essentially all of 
1 had reacted. The phenolic groups were rapidly methyl
ated and small amounts of 3 were detected at 5 min. At the 
end of 16 hr, all traces of catechol (2) had disappeared. The 
insolubility of l is apparently the prime cause for the slow 
rate of esterification and methyl ether formation, since 
both carboxyl and phenolic methylation of solubilized sub
strates are usually quite rapid.

In the TLC observations, at least three additional spots 
appeared at R/ values between that of 2 and 3. These spots 
were observed as early at 5-10  min, reached maximum in
tensity at 30-60 min, noticeably decreased after 2 hr, and 
completely disappeared at the end of 16 hr. Attempts to 
isolate the compounds causing these spots after a large- 
scale reaction were fruitless. These substances could be un
stable intermediates or other products which may have also 
interfered with VPC analysis. Attempts to determine which 
of the phenolic groups was first methylated were also pre
cluded by the fact that the methyl esters of 3-0-m ethyl- 
Dopa and 4-O-methyl-Dopa appeared at Rf values very 
close to that of the unidentified spots mentioned above.5

The amino group was the slowest to react and N-methyl- 
ation occurred only after the carboxyl and phenolic func
tions had begun to react. However, N-alkylation was ob
served before complete esterification was achieved. The 
monomethyl analog 4 was detected within 1 hr and traces 
of the N,N- dimethyl derivative 5 were observed at the 2-hr 
time period. That the reaction pathway does not involve a 
continuous direct methylation of the amino esters was 
demonstrated by the fact that no reaction occurred at the 
end of 24 hr when methanolic solutions of 3 or 4 were treat
ed with ethereal diazomethane. These results could be ex
plained by assuming small amounts of the dipolar ions con
tinuously generated from Dopa and which can be slowly al
kylated to the N-methylated zwitterions. In the present 
study, the intermediate dipolar N-methylated amino acids 
were not detected by TLC methods when the reaction was 
conducted in the absence of water. However, when the re
action was conducted in moist ether, the amino acids of 3, 
4, and 5 were readily detectable. These observations are 
also consistent with that of Kuhn and co-workers, who 
demonstrated that when water was present in ether solu
tions of diazomethane, N-methylated dipolar ions were 
formed.4 In absolute ethanol using dry diazomethane, the 
esters were not converted into dipolar ions.4b With increas
ing amounts of water, greater quantities of the dipolar ions 
were formed, partly owing to the hydrolysis of the amino 
methyl esters.

The cinnamate ester (6), however, was not obtained from 
the uncharged amino methyl esters. To ensure that loss of 
ammonia from 3 or dimethylamine from 5 to give 6 was not 
base catalyzed, a mixture of 3 and 5 in M e0H -E t20  for 24 
hr also gave no reaction. When the free acid form, 7, was

3. 4-<OCH.),CdH,CH,CHCO,H

I
NH_,

7
treated with diazomethane, the formation of 3, 4, 5, and 6 
was observed.

Two plausible pathways leading to the formation of the 
cinnamate ester (6) may be envisaged. Elimination of tri- 
methylamine from 8 gives the unsaturated acid 9, which 
upon additional methylation may produce 6. Similarly, 
Hofmann elimination of the permethylat.ed analogue 10 
would furnish 6 directly.6

In no case could the trimethyl betaine (8) be isolated. 
Even when water was used in place of methanol, the be
taine could not be obtained. Several different methods of
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ArCH2CHC02 _n<ch,),
----------------- ► ArCH=CHCQ,H

+N(CH.,)3

8 9

1
ArCH2CHC02CH;) HX

| ------ -------* 6
X +N(CH3)3

10
Ar =  3.4-dimethoxypheny.

alkylation, including the use of dimethyl sulfate and meth
yl iodide, failed to produce the betaine from 1. Kuhn had 
isolated the trimethyl betaine of phenylalanine in 39% 
yield (plus a 50% yield of amino ester)48 but no mention of 
a betaine was made when tyrosine was made to react with 
diazomethane.7 The presence of alkoxy groups on the aro
matic nucleus may enhance the formation of the conjugat
ed cinnamyl system.

The syntheses of compounds 2-6  were achieved without 
much difficulty, but provided some interesting observa
tions. The formamide 11 was utilized in the preparation of

4. In the NM R of 11, the methyl protons of the carbome- 
thoxy group and the proton of the formyl group each ap
peared as two peaks of approximately equal height, with 
the former at 6 3.73 and 3.75 and the latter at 5 7.84 and
8.00, respectively. These results may be explainec by as
suming two different configurations, i.e., the cis and trans 
rotamers of 11, which are quite common :n N-substituted 
formamides.8 Similar observations in the NMR have been 
previously reported for esters of substituted formamides.9 
Thus, the protons giving rise to two peaks exist in different 
chemical environments having a population of approxi
mately 50% each. One might also expect to observe two 
peaks for the N-methyl protons as well. Although two dis
tinct peaks were not observed, the NCH3 peak at 6 2.86 had 
a break in it and was not as sharp as the NCH3 peaks of 4 
and 5. Addition of deuteriobenzene clearly separated the 
N-methyl peaks, resulting in a significant upfield shift of 
the methyl trans to the amide carbonyl.8b

The N,N- dimethyl analogue 5 could be prepared in 
quantitative yield by catalytic reductive alkylation of 3.10 It 
was essential that the free base was used, since the hydro
chloride of 3 apparently gave the isoquinoline derivative, 
the NMR of which was similar to that of analogous com
pounds previously reported.11

Finally, the hydrochlorides of 3, 4, and 5 were converted 
to analytical samples of the free amines by passing metha- 
nolic solutions of the hydrochlorides through an anion 
(OH- ) exchange column and elution with methanol. Very 
little ester hydrolysis was observed in this very useful but 
apparently seldom used procedure12 for conversion of the 
amine salt to the free amino ester.

Experimental Section
Ir spectra were obtained with CHCl.i solutions recorded on a 

Perkin-Elmer Infracord Model 137B. NMR spectra were obtained 
from a Varian 60-MHz instrument with CDClrt solutions (except 
where noted otherwise) using Me4Si as an internal standard. Re
ported NMR data are expressed in 6 units. Mass spectra were ob
tained using a LKB Model 9000 gas chromatograph-mass spec

trometer. VPC was performed employing a Varian Model 1860 
unit in the fid mode; column conditions 6 ft X 0.125 in. stainless 
steel 3% OV-1 on Supelcoport, 160°, 30 ml/min He flow. Recorded 
/?/ values are the averages of at least five runs on silica gel GF 
plates (250 |im thick, Analtech) with C6H6-CH :iOH (6:1) as a sol
vent. Prior to use, the plates were dried at 120°C for 2 hr, then 
transferred immediately to a desiccator containing Drierite. For 
comparison on TLC the amino acids of 3, 4, and 5 were obtained 
by hydrolysis of the related esters. Melting points were observed in 
capillaries in a Thomas-Hoover apparatus and are uncorrected. 
Purified compounds gave one spot on TLC, and one peak on VPC. 
Elemental analyses were performed by Spang Microanalytical 
Laboratory, Ann Arbor, Mich. Dopa was purchased from Nutri
tional Biochemical Corp. and was found to be chromatographically 
(TLC) pure.

General Procedure for the Reactions of Dopa with Diazo
methane. An ethereal solution of diazomethane was prepared 
from N.N'-dimethyl-Ai.Ai'-dinitrosoterephthalamide.1'1 Titration 
with benzoic acid14 indicated the diazomethane solution to be 0.2
M. To a 50-ml round-bottom flask containing a Teflon-coated 
magnetic stirring bar and a suspension of finely powdered 1 (10 
mg, 5.1 X 10-2 mmol) in absolute methanol (5.0 ml) was added 0.2 
M diazomethane-ether (5.0 ml, 20-fold excess). The reaction flask 
was stoppered lightly and placed in the cold room at 4° in the 
dark. Single reaction runs were made at 5, 10, 15, 20, 30, and 45 
min. Duplicate studies were made at 1, 2, 4, 8, 16, and 24 hr. The 
solvent was removed at the rotary evaporator at 25° or less and the 
reaction residue was treated with 1.0 ml of absolute methanol. 
Both TLC and VPC results were compared with standard solu
tions prepared from the synthetic compounds. Identification of the 
amino acid methyl esters was also confirmed in a few reactions by 
gas chromatography-mass spectrometry, and by observing the de
crease of ir absorbance of the N-H bond (ca. 3300-3400 cm-1) as 
time progressed.

<77-0-(3,4-Dihydroxyphenyl)alanine Methyl Ester (2). The 
methyl ester hydrochloride of 1 was prepared in greater than 95% 
yield by either of two methods: (a) refluxing in CHsOH saturated 
with HC1 gas for several hours or (b) gentle refluxing for 1-2 hr in 
SOClj-CHsOH. The free amine was liberated from the hydrochlo
ride using the method of O’Neill et al.15 Recrystallization from 
CHCfi-petroleum ether (bp 30-60°) gave white crystals, mp 124- 
126° (lit.15 126°), Rf 0.32.

<47-07(3,4-Dimethoxyphenyl)alanine Methyl Ester (3). Using 
the procedure of Schrecker and Hartwell,16 jV-formyl-0-(3,4-di- 
methoxyphenyDalanine was refluxed in CH3OH saturated with 
gaseous HC1 to give 3 HC1 in 97% yield. Recrystallization from 
CH30H -E t20  gave white crystals, mp 183.5-184° dec (lit.16 185- 
186° dec). A solution of the hydrochloride (551 mg, 2.0 mmol) in a 
minimum amount of methanol was placed on a chromatography 
column (1 X 30 cm) containing Bio-Ftad Dowex A g-lX -8 (200-400 
mesh, OH-  form) and eluted with CH3OH.12 After 1 ml of forerun,
2-ml fractions were collected and monitored by TLC. Fractions
5-13 were combined to yield 393 mg (82%) of the free amine 4 as a 
straw-colored oil: R/ 0.47; ir 3400, 3340 (NH2), 1735 cm-1 (0 = 0 ) ;  
NMR & 1.50 (broad, NH2), 2.98 (d, 2, CH2), 3.2-2.4 (m, 1, CH), 3.71 
(s, 3, C 02CH2), 3.86 (s, 6, ArOCH3), 7.73-7.80 (m, 3, ArH); m/e 239 
(M+), 180 (M + -  C 02CH3), 151 (M+ -  H2NCHCO,CH:t). Anal. 
Calcd for C!2H17N 04: C, 60.24; H, 7.16; N, 5.85. Found: C, 59.78; 
H, 7.03; N, 5.60.

<77-7V-Formyl-7V-methyl-0-(3,4-dimethoxyphenyl)alanine 
Methyl Ester (11). The preparation of 11 was conducted similar 
to a procedure described by Olsen.1' To a solution of .V-formyl-0- 
(3,4-dimethoxyphenyl)alanine16 (1.012 g, 4.0 mmol) in 20 ml of 
freshly distilled anhydrous DMF was added 1.2 ml (19.6 mmol) of 
CH:fI, followed by freshly prepared Ag20  (2.784 g. 12.0 mmol). The 
reaction mixture was stirred for 12 hr at room temperature and fil
tered, and the solid was washed twice with 1-2 ml of DMF. CHCL 
(100 ml) was added to the filtrate and a slight precipitate formed. 
The filtrate was transferred to a separatory funnel and washed 
with 5% aqueous KCN (2 X 20 ml) and distilled H20  (4 X 20 ml or 
until neutral to pH paper), then dried (MgS04) overnight. The so
lution was decanted and evaporated (under 40°) to an oil. Last 
traces of solvent were removed at 35° (0.5 mm), giving 760 mg of 
yellow-brown oil. White crystals could be obtained from the oil in 
either of two ways: (a) addition of EtOAc to about twice the vol
ume of oil and storage of the solution in the refrigerator for several 
days, or (b) chromatography on silicic acid, eluting with CH2C12 
and then CH2C12-C H 30H (9:1). Recrystallization from EtOAc 
gave mp 92.5-105°.18 Attempts to recrystallize from at least 13 dif
ferent solvent systems either failed to give crystals or did not fur
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ther affect the melting point range: ir 1735 (ester C = 0 ), 1665 
cm" 1 (amide C = 0 ); NMR S 2.86 (s, 3, NCH3), 3.20 (d, 2, ArCH2),
3.4-3.6 (m, 1, CH), 3.73 and 3.75 (s, s, 3, C 02CH3), 3.84 (s, 6, 
ArOCH.,), 6.67-6.83 (m, 3, ArH), 7.84 and 8.00 (s, s, 1, CHO); upon 
addition of CfiDfi all peaks shifted upfield with separation of the 
NCH.j and ArOCH.i signals into each of two distinct peaks; m/e 
281 (M +), 222 (M+ -  C 02CH3), 151 [M+ -  CH3(CHO)- 
NCHC02CH3, base]. Anal. Calcd for Cu H19N 05: C, 59.78; H, 6.81; 
N, 4.98. Found: C, 59.54; H, 6.61; N, 4.87.

d/-Ar-Methyl-d-(3,4-dimethoxyphenyl)alanine Methyl Ester
(4). Using the procedure above for the preparation of 3, 155 mg 
(0.05 mmol) of 11 was converted to the hydrochloride of 4. Recrys
tallization from CfiHB-CH jOH gave 92 mg (58%) of 4 HC1 as a 
white solid (one spot on TLC). Utilizing the ion-exchange proce
dure described above, 66 mg of free amine was obtained as a clear 
oil: Rf 0.50; ir 3300 (NH), 1725 cm" 1 (0 = 0 ) ;  NMR & 1.60 (broad, 
NH), 2.35 (s, 3, NCH3), 2.90 (d, 2, CH,), 3.28-3.50 (m, 1, CH), 3.67 
(s, 3, CCUCH.,), 3.87 (s, 6, ArOCH3), 6.70 (m, 3, ArH); m/e 253 
(M + ), 194 (M+ -  CO,CH3), 151 (M+ -  H3CNHCHCO,CH3), 102 
(H;,C+N H =CH C 02CH3, base). Anal. Calcd for CiaHigNO.,: C, 
61.64; H, 7.56; N, 5.53. Found: C, 61.67; H, 6.99; N, 5.45.

d/-Ar,7V-Dimethyl-d-(3,4-dimethoxyphenyl)alanine Methyl 
Ester (5). To a solution of 3 (95.6 mg, 0.4 mmol) in 2 ml of CH3OH 
were added paraformaldehyde (85 mg), 10% Pd/C (50 mg), and an
hydrous MgS04 (50 mg). The mixture was subjected to a reductive 
alkylation at 45° similar to the procedure of Bowman and Stroud10 
to give 5 (107 mg, 100%) as a colorless, clear oil. An analytical sam
ple of the free amine was prepared by making the solid hydrochlo
ride, and recrystallization, followed by the ion-exchange procedure 
described above: Rf 0.60; ir 1725 cm-1 (C=0); NMR b 2.38 (s, 6, 
NCH3), 2.94 (dd, 2, CH2), 3.28-3.47 (m, 1, CH), 3.59 (s, 3, 
C02CH3), 3.84 (s, 6, ArOCH3), 6.75 (s, 3, ArH); m/e 267 (M+), 151 
[M+ -  (H3C)2N=CHC02CH3], 116 [(H3C)2+N=CHC02CH3, 
base). Anal. Calcd for C14H91NO4: C, 62.90; H, 7.92; N, 5.24. 
Found: C, 62.81; H, 7.86; N, 5.15.

When the hydrochloride of 3 was treated under identical condi
tions stated above, the major product appeared to be the isoquino
line analogue. Ion exchange produced an oil: NMR b 2.53 (s, 3, 
NCH3), 3.04 (d, J = 6 Hz, 2, ArCH^CHCIV), 3.54 (t, -J = 6 Hz, 1, 
CH), 3.72 (s, 3, C 02CH3), 3.83 (s, 8, two ArOCH3 + ArCH2N), 6.54 
(s, 1, ArH), 6.60 (s, 1, ArH).

3,4-Dimethoxycinnamic Acid Methyl Ester (6). The cinna- 
mate ester was prepared from the free acid by gentle refluxing in 
SOCl2-CH 3OH, mp 60-62° (lit.19 68-69°), Rf 0.88.
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Communications
Peroxy Radical Cyclization as a Model for 

Prostaglandin Biosynthesis

Summary: Unsaturated lipid hydroperoxides are converted 
into prostaglandin analogs by free-radical initiators

Sir: The biosynthesis of prostaglandins has been the focus 
of extensive investigation over the past several years.1 A 
peroxy radical cyclization mechanism leading to intermedi
ate endoperoxides has been proposed for this biosynthesis 
(Scheme I). The intermediacy of endoperoxides has, in

•0 — 0
1

fact, been concretely established by the isolation of two 
such compounds, PGG and PGH, from tissue homogenates 
which were actively engaged in the production of prosta
glandins.2

Recently, we reported a method for generating specific 
peroxy radicals from the corresponding hydroperoxide.3 
This method is based on the fact that hydroperoxy hydro
gens are readily abstracted by free radicals. Thus, hydro
peroxides act as a source of the corresponding peroxy radi
cal when treated with appropriate free radical initiators. 
We report here the application of this method to a hydro
peroxide which should lead to a peroxy radical analogous to
1.

Polyunsaturated fatty acids are converted into hydroper
oxides by a class of enzymes known as lipoxygenases (fatty 
acid: oxygen oxidoreductase). These enzymes have been 
identified in extracts from a variety of plant sources in
cluding soybeans,4 potato tubers,5 and wheat flour.6 With 
the soybean enzyme,7 7 -linolenic acid (all-cis-6,9,12-octa- 
decatrienoic acid) could be converted into a 1:1 mixture of 
the o)-10 and co-6 hydroperoxides 2  and 3 . The reaction was 
carried out on the ammonium salt of the fatty acid at pH 7 
for 2 min.8 The crude hydroperoxide fatty acids were then 
converted into the hydroperoxide methyl esters 2  and 3 by 
reaction with diazomethane. 2  and 3  could be separated by 
high performance liquid chromatography (HPLC) with 6 ft 
X % in. of Corasil II and 0.24% isopropyl alcohol in hexane 
solvent. Thus, pure 2  could be isolated in an overall 15-20%  
yield based on starting fatty acid. The structures of 2  and 3

were assigned by conversion to the ketostearates followed 
by mass spectral analysis.411

Incubation of 2  (10.8 mg, .0333 mmol) with di-feri-butyl 
peroxyoxalate (DBPO; 3.22 mg, 0.014 mmol) in (^-saturat
ed benzene at 25° for 16 hr led to complete consumption of
2 . The products of the reaction, all of which were more 
polar than starting hydroperoxide, were reduced with 
NaBH4 (25 mg, 0.661 mmol in 10 ml of CH:iOH) and then 
converted into the trimethylsilyl ethers for analysis by gas 
chromatography (GLC). Chromatography of the reduced 
and silylated product mixture on a 1% OV-17 column at 
220° revealed at least four volatile products with retention 
times expected for PGF-type products from a C-18 fatty 
acid.9

Combined GLC-M S analysis of the product mixture in
dicates that two of these four compounds (retention times
9.5 and 10.5 min) are structurally analogous to authentic 
PGFi„. Prominent fragments of one of these compounds 
and PGFja analyzed under identical G LC-M S conditions 
are presented in Table I.

Table I
Mass Spectral Data (I.P. =  70 eV) of Trimeth.vsilyl 

Ethers and Methyl Esters of PFGi„ and 
Synthetic C-18 PGF (Retention Time 9.5 min)

PGFla C-18 PGF

Fragment1 m/e % Fragment0 m/e %

M -  90 496 2 M -  90 468 2
355 24 355 48

M -  233 353 100 M -  233 325 72
M -  251 335 72 M -  251 307 61
M -  277 309 80 M -  277 281 75
M -  289 297 62 M -  289 269 100

295 50 295 22
° Fragments between 200 and 500 m/e are shown and referred to 

the largest peak in this region as base.

The mass spectra of the synthetic PGF’s (which have 
carboxyl side chains smaller than PGFi„ by C2H4, 28 m/e) 
are strikingly similar to PGF]a.10 Every fragment from the 
synthetic PGF‘s between 200 and 500 m/e with a relative 
intensity greater than 20% of base corresponds either to a 
fragment of the same mass (loss of the carboxyl side chain) 
or to a fragment of m/e — 28 (retention of carboxyl side 
chain) from PGFi„.u

A mechanism consistent with our observations is pre
sented in Scheme II. iert-butoxy radicals generated by de-
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composition of DBPO abstract the labile hydroperoxide 
hydrogen3 from 2 giving the peroxy radical. Cyclization of 
this radical to the endoperoxide followed by reduction12 
leads to PGF-type products.

Scheme II

4

The work reported here lends support to the notion that 
prostaglandin biosynthesis is a controlled free-radical reac
tion.1 Other workers have noted the formation of prosta
glandins in autoxidizing lipid.11"13 The method reported 
here has the advantage of producing specific peroxy radi
cals for study as compared to the rather random autoxida- 
tion format.
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A Suggested Mechanism for the Production 
of Malonaldehyde during the Autoxidation of 
Polyunsaturated Fatty Acids. Nonenzymatic 
Production of Prostaglandin Endoperoxides 

during Autoxidation

Summary: Autoxidation of methyl linolenate is shown to 
yield materials which give positive tests for both prosta
glandin E and malonaldehyde, and it is suggested that both 
tests respond to prostaglandin-like endoperoxides which 
can be formed by autoxidation.

Sir: When polyunsaturated fatty acids (PUFA) or esters 
containing three or more double bonds undergo autoxida
tion, a material is produced which develops color in a sensi
tive test with thiobarbituric acid (TBA).1-9 This TBA test 
is the most frequently used index of lipid peroxidation both 
in vitro and in vivo. Although the TBA-reactive material is 
frequently referred to as malonaldehyde,5,6'9’10 it has been 
known for some time3,4 that this material is predominantly 
nonvolatile; therefore, it is not malonaldehyde, but rather 
is a nonvolatile precursor of malonaldehyde.

In 1962, Holman et al.4 suggested that a five-membered 
monocyclic peroxide is the nonvolatile malonaldehyde pre
cursor. However, their mechanism does not appear to ac
commodate all the known facts of TBA-color production 
during PUFA autoxidation.1 A more attractive mechanism, 
in our view, is one in which the nonvolatile malonaldehyde 
precursor is a bicyclic endoperoxide analogous to that 
which is formed in the biosynthesis of prostaglandins.11-20 
Figure 1 shows this mechanism as applied to methyl lino
lenate (18:3). Abstraction of an “ internal” allylic hydrogen 
followed by reaction with O2 leads to peroxy radicals 4 and
5. Radical 4 has a structure which allows cyclization to en
doperoxide radicals 9, which are allylic, probably via the 
oxy-bridged radicals 6. Radicals 9, then, can become con
verted into endoperoxides 10 or l l . 21-23 Radicals 4 and 5 
also can lead to the conjugated hydroperoxides 7 and 8 
which are known products of autoxidations.

Our first indication that the nonvolatile malonaldehyde 
precursor is an endoperoxide came from comparisons of the 
responses of autoxidized solutions of 18:3 to the TBA test 
and a test developed for prostaglandin E (PGE).19'24,25 The 
PGE test, which involves rapid formation of absorption at 
278 nm upon addition of alcoholic base,19,24,25 probably is 
relatively unspecific, but it is believed to convert PGE 
compounds into conjugated dienones such as PGB.24 Since 
base is known to rapidly decompose secondary dialkyl per
oxides to form ketones and alcohols,26-28 we expected that 
endoperoxides, if produced in our autoxidations, would be 
converted by base into PGE-type compounds. The PGE- 
type compounds would then react further with base to give 
PGB-type chromophores and a positive PGE test. It ap
peared reasonable a priori that endoperoxides could be 
formed nonenzvmatically by autoxidation in our system 
since the suggested mechanism for their biosynthesis in
volves a radical cyclization;11-20 furthermore, Nugteren et 
al.29a have shown that autoxidation of 8,11,14-eicosatri- 
enoic acid gives prostaglandins. Thus, we hypothesized 
that endoperoxides are produced on autoxidation of 18:3 
and are the precursors of malonaldehyde under TBA-test 
conditions and PGB under conditions for the PGE test. 
(Note that 10 and 11 should give malonaldehyde but only 
11 should give a PGE test.)

Indeed, autoxidized 18:3 does give a PGE test. This is 
true regardless of whether the oxidation is spontaneous 
(i.e., effected by pure air), or is initiated1,2 by ozone or NO2. 
On the other hand, 18:2, autoxidized under the same condi-
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Figure 1. Mechanism for conversion of methyl linolenate to conju
gated hydroperoxides and to prostaglandin-like endoperox des.

tions and to the same degree of reaction, gives either no re
sponse or a much lower response to both the PGE and TBA  
tests.29b

When the formation of total peroxidic material, conju
gated dienes, and TBA- and PGE-test reactive material is 
followed as a function of time for autoxidizing 18:3, with 
added a-tocopherol to produce a significant induction peri
od,1,2 curves such as shown in Figure 2 are obtained. It can 
be seen that during the induction period the rates of forma
tion of both TBA- and PGE-test reactive material are very 
much smaller than the rates of appearance of total perox
ide and conjugated diene. These data suggest that the 
TBA-test and the PGE-test reactive materials have com
mon precursors, namely endoperoxides, which are different 
from the conjugated hydroperoxide products. [The 
amounts of PGE material in Figure 2 were calibrated by 
adding authentic PGE (generously supplied by Upjohn 
Co.) to our runs.]

The malonaldehyde precursor is a labile peroxide. Shak
ing an ether solution of autoxidized 18:3 with aqueous 
SnCh not only destroys the peroxidic material (determined 
iodometrically), but also destroys both the TBA- and the 
PGE-test reactive material. Partial reduction indicates 
that the malonaldehyde precursor is reduced faster than is 
the total peroxidic material. We also have followed the 
rates of disappearance, during heating under an inert gas, 
of the total peroxidic materials and the TBA- and PGE- 
test reactive materials in a sample of autoxodized 18:3.

160

80

60

E
A.

3 0  9 0  150 210  2 7 0
HOURS

Figure 2. Formation of total peroxide (O), conjugated dienes (•), 
TBA-test reactive material (X), and PGE-test reactive material 
( a )  with time, during the autoxidation of methyl linolenate con
taining 1 mg of vitamin E/ml of ester, exposed to 0.25-l./min flow 
of air containing 1.5 ppm O3. Left ordinate is for peroxide and con
jugated dienes; right ordinate is for TBA-reactive material and 
PGE-reactive material.

Each of these materials is found to disappear at 80° by a 
first-order process, with the following rate constants (X 10° 
in reciprocal seconds): total peroxide, 3.4 ±  0.6; TBA, 5.5 ±  
2; and PGE, 5.8 ±  l .30 Although the reproducibility of the 
rate constants is, for unknown reasons, less than we would 
have wished, it appears likely that the TBA- and PGE-test 
reactive materials disappear faster than do conjugated hy
droperoxides like 7 and 8. Thus, the former materials can
not be identical with the type of conjugated hydroperox
ides, such as 7 and 8, which are the principle hydroperox
ides produced.

Although VPC indicates the presence of a large number 
of product fractions, we have isolated one which appears to 
contain the reduced and derivatized endoperoxides.30“ The 
product mixture from autoxidation of 18:3 was reduced 
with SnCb, which converts hydroperoxide into alcohol and 
endoperoxide into diol,11,14 and separated into five frac
tions by silica gel chromatography using cyclohexane as 
solvent (to remove unreacted 18:3) followed by preparative 
thin layer chromatography (TLC) using ethyl acetate-iso- 
octane-water, 1:1:2 as solvent. Fraction 1 was subjected to 
further TLC (50:50 CHCL-ethyl acetate) into five frac
tions. The second of these, IB (Rf 0.22), which represents 
81% of fraction 1 and 20% of the total isolated product, was 
investigated by uv, ir, and NM R spectroscopy. This frac
tion showed no significant absorbance below 220 nm, indi
cating that it does not contain a conjugated diene. The ir 
spectrum reveals very strong alcohol OH stretching, very 
little if any vinyl hydrogen stretch, and a slightly broad
ened carbonyl peak. The NM R spectrum indicates that the 
material is a mixture but is consistent with PGFi-type 
compounds being a major component.

Trimethylsilyl and acetate derivatives14,15,31 were pre
pared from fraction IB and the mixture was subjected to 
gas chromatography-mass spectroscopic analysis. The 
mass spectra are similar to spectra obtained for similar dér
ivâtes of PGFio14,15,32 and to spectra obtained by Porter 
from cyclization of 6,9,12-octadeeatrienoic acid.33

There are two major conclusions from the work reported 
here. The first is that autoxidation of methyl linolenate, 
and, by extension, other PUFA esters containing three or 
more double bonds, produces endoperoxides. This finding 
complements that of Nugteren et al.29 who found that aut
oxidation of a trienoic acid gave prostaglandins.34 It is one
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of the basic tenets of free-radical biology that autoxidation 
of PUFA in vivo, and particularly lipids in membranes, is 
responsible for important biological consequences.34’35 The 
extent to which cyclic peroxides, endoperoxides, and PG 
analogues, with either natural (i.e., enzymatically pro
duced) or unnatural structures, may be involved in free- 
radical biology obviously warrants considerable further re
search effort. The second hypothesis suggested by our work 
is that PG-like endoperoxides decompose both thermally 
and under the mild acid catalysis of the TBA test to pro
duce malonaldehyde, and that endoperoxides are the prin
cipal nonvolatile precursor of malonaldehyde under our 
conditions.
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A New Approach for the Stereocontrolled 
Synthesis of Acyclic Terpenes

Summary: A short stereoselective approach to farnesol, 
geranylgeraniol, and dimethyl 3,7-dimethyl-(£,E)-2,6-de- 
cad iene-l,10-dioate based upon the regioselectivity and 
stereospecificity of allylic alkylation via 7r-allylpalladium 
complexes is reported.

Sir: The problems of synthesizing trisubstituted double 
bonds of defined geometry came to the fore in the squalene 
problem.18 Renewed interest developed as a result of the 
structural elucidation of the juvenile hormone.Ib The acy
clic polyisoprenoids in general represent an important class 
of natural products because of their myriad of applications 
as well as their importance as biosynthetic intermediates. 
We wish to report (1) an unusual chemospecificity in the 

-  formation of ir-allylpalladium complexes, (2) a stereoselec
tive approach to acyclic terpenoids2 involving a direct 
homologation of simpler building blocks, (3) a new ap
proach to prenvlation, and (4) the first application of ir-al- 
lylpalladium complexes in natural products synthesis.3

Treatment of methyl geraniate with palladium chloride 
under standard conditions4 (PdCl, NaCl, CuCl2, NaOAc, 
HOAc, 95°, 68%) gave a single ir-allylpalladium complex, 
mp 117-118°, assigned structure l 5 (see Scheme I). The 
NM R spectrum indicated that the ¿ ’ -«,/3-unsaturated sys
tem was intact [5 5.74 (s, 1 H, 2.18 (s, 3 H)] and the stereo
chemistry of the ir-allyl unit was syn [5 3.75 (s), 3.50 (t, J =  
7 Hz), 2.70 (s), each 1 H], The preference for the nonconju- 
gated double bond is somewhat surprising in light of the 
importance of the acidity of the abstracted hydrogen on the 
rate of formation of x-allyl complexes6 and by consider
ation of the usual factors affecting stability of the initial 
olefin-palladium ir complex.7 Thus, ir basicity of the olefin 
appears to be the predominant factor determining this che
mospecificity.
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Scheme I
1 1 (3'-Methyl-4'-carbomethoxy- ( £)-3'-butenyl ) ]-
2-methyl-ir-allylpalladium Chloride Dimer as a 

Synthon“

° All yields are for compounds purified by chromatography or 
distillation and are not optimized. b NaCH(C0 2CH3)2, diphos, 
THF. 25°. .18 hr, c Lil, 3H20, NaCN. DMF, 120°, 17 hr.
d (CH:i)>C-CH-C(S02Ph)C0 2CH.1 Na+, diphos, THF, 25°, 24 hr.
' Dibal, PhCH.i-hexane. -40 ° to0°. ' Li/C2H5NH2, -78 °.

Formation4 of the rr-allyl complexes from methyl farne- 
soate also involve only the nonconjugated double bonds 
with a preference for the sterically less crowded terminal 
olefin (2:3, 9 :l) .8 The enoate system of 29 [ê 5.63 (1 H, s),

3 ,10%

2.15 (3H, s)] and the central trisubstituted double bond [5
5.12 (1 H, m), 1.61 (3 H, brs)] are unaffected. The 7r-allyl 
system is syn [6 3.69 (s), 3.54 (m), 2.65 (s), each 1 H, 2.06 (3 
H, s)].

Activation of complex 1 by adding l,2-bis(diphenylphos-

phino)ethane allows smooth condensation with dimethyl 
malonate with complete regioselectivity and stereospecific
ity. Décarbométhoxylation10 completes this short stereose
lective synthesis of the dimethyl ester of a pheromone of 
the Monarch butterfly (4).11

Prénylation was accomplished using the anion derived 
from the sulfone ester 5, mp 60-70°, available as shown in 
eq 1. NM R analysis indicates this material to be a 1.8:1

CHO
+  PhSO,CH,CO.CH;

HOAc. PhH

H
Dean-Stark trap.

81%

SOPh SO.Ph

CO CH ; +  ^ ( 1 )

COjCH,
5a 5b

mixture of the conjugated and unconjugated isomers 5a [6
7.18 (d, J = 11 Hz), 3.10 (m), 1.12 (d, J  =  7 Hz)] and 5b [5
5.12 (d, J  = 11 Hz), 4.62 (d, J  =  11 Hz), 1.76 (s), 1.58 (s)]. 
Since both give the same anion, their separation is obviat
ed. Conversion to their anion (NaH, THF, room tempera
ture) and alkylation with 1 produced 6 [5 5.64 (1 H, s), 5.35 
(1 H, s), 5.19 (1 H, m), 3.12 (1 H, d, J  =  15 Hz), 2.94 (1 H, 
d, J = 15 Hz)] as the sole product. The stereochemistry of 
the 6,7 double bond as E was indicated by the NM R spec
trum (<5 1.60, 3 H, s) and the subsequent conversion to all- 
trans-farnesol. Décarbométhoxylation and reduction of the 
ester produced the hydroxy sulfone 7 which was reductive- 
ly cleaved to all-trans-farnesol, identical with an authentic 
sample.12 Spectroscopic13 and chromatographic analysis 
did not reveal the presence of other geometric isomers.

The utility of this approach is further illustrated by the 
prénylation of methyl farnesoate to geranylgeraniol (see 
Scheme II) using the same sequence as above. Alkylation

Scheme II
Synthesis of Geranylgeraniol“

S0,Ph

4 4 *

° All yields are for product after purification by chromatography
or distillation and have not been optimized. 6 (CH2)2C-CH-C- 
(S02Ph)C02CH3 Na+, Ph;îP, THF, 25°, 20 hr. ° Lil, 3H2~0, NaCN 
DMF, 120°, 17 hr. d Dibal, PhCH-,, -40 °. * Li/C2H5NH2, -78°.

proceeded without any detectable (by NMR) formation of 
alternative isomers. The alkylation product 8 showed five 
olefinic methyl groups [5 2.13 (3 H), 1.76 (3 H), 1.56 (6 H), 
and 1.44 (3 H)], four vinyl protons [5 5.58 (s, 1 H), 5.28 (s, 1 
H), 5.16 (m, 2 H)], and a clean AB (J  =  15 Hz) pattern (ê
3.10 ;*nd 2.76) for the C-12 methylene group. The standard 
methods of décarbométhoxylation and reduction com
pleted the synthesis of geranylgeraniol.
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The direct and chemospecific prénylation of simpler ter- 
penes to more complex terpenes should prove to be a useful 
approach to such compounds. The fact that trisubstituted 
double bonds can be created with complete stereochemical 
control enhances the utility of this scheme for such a pur
pose.
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Redactions with Copper Hydride. New Preparative 
and Mechanistic Aspects

Summary: Simple copper hydride reagents are described 
which reduce conjugated carbonyl compounds to the satu
rated derivatives; a special effect of added sec-butyl alco
hol allows reduction of acrylates and labeling experiments 
establish the sources of the added hydrogens.

Sir: Since the first suggestions of unique reduction reac
tions promoted by complex copper hydrides,1 related re

agents have been shown to be of general utility for conver
sion of organic halides and sulfonate esters to hydrocar
bons,2“4 and for conversion of o,/3-unsaturated ketones into 
saturated ketones.4-5 The reagents suggested to be most ef
fective are obtained by generation of CuH at -5 0 ° ,  solubil
ization with a second ligand, and filtration at low tempera
ture.4-5 No general procedures for reduction of «,/1-unsatu- 
rated esters have been reported.

Using the general technique of earlier workers,1-2 we 
have developed simple preparations of effective copper- 
based reagents which provide efficient 1,4 reduction of 
both conjugated ketones and esters, including two exam
ples of acetylenic esters. The reductions show features as
sociated with electron-transfer processes, including a dra
matic increase in efficiency in difficult cases with 2-butanol 
in the medium. In contrast to reduction of halides to hy
drocarbons,2 these reactions involve transfer of a hydrogen 
atom from the copper hydride to carbon, specifically the 0 
carbon of the unsaturated carbonyl system.

The complex hydrido-metallic species are prepared ac
cording to eq 1 and 2. The species involving the lithium 
cation (eq 1, here referred to as Li complex) and the paral
lel species with the sodium cation (eq 2, Na complex) are 
obtained as brown-black suspensions in tetrahydrofuran by 
simply mixing the reagents at 0° under argon and stirring 
for 30 min. A series of unsaturated ketones and esters were 
studied in reaction with both the Li complex and the Na 
complex; the more efficient conversions are displayed in 
Table I. Cyclic enones are best reduced with the Li com
plex, as the Na complex gives lower yields (60-70%). With 
chalcone and the ester examples, the Na complex gives bet
ter results, especially in the presence of excess 2-butanol. 
In the examples of entries 6, 7, 9, and 10, high molecular 
weight products were the main products with the Li com
plex and with the Na complex in the absence of added alco
hol.

2LiAlH(OCH3)3 +  CuBr “Li complex” (1)
T H F

NaAlH2(OCH2CH2OCH3)2 +  CuBr -iU -
T H F

“ Na complex” (2)

The procedure is exemplified by the reduction of methyl
3,4,5-trimethoxycinnamate. Vitride6 (70% in benzene, 2.24 
ml, 16.0 mmol of hydride) was added dropwise to a suspen
sion of cuprous bromide7 (1.44 g, 8.0 mmol) in 15 ml of 
THF at 0°. After 30 min, the mixture was cooled to —78° 
and 2-butanol (1.6 ml, 18.0 mmol) was added, followed by a 
solution of methyl 3,4,5-trimethoxycinnamate (252 mg, 1.0 
mmol) in 4 ml of THF. The mixture was stirred at —20° for 
2 hr, quenched with 4 ml of water, and poured into saturat
ed aqueous ammonium chloride. After dilution with ether, 
the organic layer was washed successively with water and 
aqueous ammonium chloride solution and concentrated to 
afford a residue of essentially pure methyl (3,4,5-tri- 
methoxyphenyl)propionate. Short-path distillation [90° 
(0.01 Torr)] gave a pure sample,8 242 mg, 93% yield.

The reductions of 2,2,6,6-tetramethylhept-4-en-3-one 
and methyl cinnamate were studied in some detail. Both Li 
complex and Na complex give high yields and selective 1,4 
reduction with the ketone. Neither reagent gives high 
yields of methyl 3-phenylpropionate when allowed to react 
with methyl cinnamate in THF. In this case, a major prod
uct (isolated in 20-28% yield) is dimethyl meso-3,4-diphen- 
yladipate (l).9 The formation of 1, an example of hydrodi
merization characteristic of electrolytic reduction,10 and 
the tendency to form higher molecular weight products
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Table I
Reductions with Copper Hydride^

CuH
Entry Substrate com plex0 Products (% yield)

1

2

3

4

5

6
7

8 

9

Li

Li

Li

Li

Na

Nad
Nad

Na

Nad

0  OH

PhCOCH2CH2Ph (65 )e PH C H (O H )C H =C H P h (0 )
/\ ^ C O M e (S4)

x lv^CO iMe 1921 

/ V ^ C O *  (82)'
Ph

10

11

Nad

CH3C = C C 0 2Me N a /

12 P h C = C C 0 2Me N a /

MeO

MeO- <o
COoMe

MeO

'  CO.Me (29)

CO,Me

X  ' (25)

CO Me

'
(18)

/ = \
Ph CO,Me (56)

CO Me
/ = / (21)
Ph

CO,Me

Z - 7 (6)
Ph

(92)'

a All reactions were run for 1 hr at —20° according to  the general procedure detailed in the text w ithout added 2-butanol 
unless otherwise noted. The yields were determined by quantitative GPC analysis, after isolation o f  the crude organic pro
duct mixture, using internal standards and pure samples o f  each o f  the products for calibration. All reactions were com 
plete unless otherwise noted. * Li refers to  the Li Com plex o f  eq 1. Na refers to  the Na Com plex o f  eq 2. c The yield is 
based on pure material isolated by distillation. d The medium contained 15 m ol equiv o f  2-butanol. e The yield is based on 
starting material not recovered (85% conversion). /T h is  reaction was quenched after 15 min at —20°.

may be rationalized by means o f an initial electron-transfer 
step to give an intermediate radical anion, 2 . This transient 
intermediate could account for oligom eric products 
through preferential coupling (path a) or condensation 
with the starting ester (path b), instead o f  the hydrogen 
transfer (path c) that leads to the desired m onom eric re
duction product. Consistent with this scheme and previous 
studies o f  electron-transfer reactions o f  enones,11 addition 
o f  2-butanol (~ 15  mol equiv) to the reaction mixture tends 
to favor the simple reduction product.

T h e source o f  “ H ”  in step c is clearly the hydride origi
nating from the aluminum hydride species in eq 1. For ex-

Ph'”’ ^  OMe

H
P h .

V T O M e
1  .CO,Me

Ph"' T '

+e

OMe (from CuH) ph 

a. dimerize
"H”

condensation

OMe

H 0 “

X X
Ph OMe

H
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ample, when the Li complex was prepared from LiAl- 
D(OCH3)312 and allowed to react with methyl cinnamate, 
methyl 3-deuterio-3-phenylpropionate was obtained in 20% 
yield.”  With same reagent, 2,2,6,6-tetramethylheptenone 
gave 2,2,6,6-tetramethyl-5-deuterio-3-heptanone in 87% 
yield.14 With the Li complex under the usual conditions, 
but with D2O being added instead of water during isola
tion, methyl cinnamate led to 3-phenylpropionate with 
deuterium only in the a position.15 These results suggest 
that the hydrogen added in the f} position arises from the 
copper hydride, while the hydrogen added in the a position 
results from protons in the medium or added during isola
tion.

That the 2-butanol acts as a proton donor (and not a hy
drogen atom donor, from C-2) was shown by the formation 
of unlabeled methyl phenylpropionate (82% yield) from re
duction of methyl cinnamate in the presence of 2-deuterio-
2-butanol.16 On the other hand, 2-butanol-O-d leads to 
methyl phenylpropionate with 24% deuterium at the a po
sition (~50% labeling of one proton) and <1% deuterium in 
the 0 position. The effectiveness of 2-butanol appears to re
sult from selective proton transfer— slow toward the cop
per hydride but rapid enough toward an intermediate (e.g.,
2) to inhibit oligomerization reactions.17

Two acetylenic esters undergo successful reduction. The 
reaction with methyl phenylpropiolate is highly selective 
for single stage reduction, giving predominately the cis- 
unsaturated ester upon proteolytic isolation. Consistent 
with an a-carboxyvinyl metal intermediate (e.g., 4), the 
yield and geometry of the products depend on temperature 
and duration of reaction before quenching.18 Longer reac
tion times give lower yields and more trans isomer. 
Quenching with D2O provides a mixture of cis- and trans- 
cinnarr.ates with >98% a deuterium (i.e., 5) from methyl 
phenylpropiolate and the Na complex.19’20

mass spectrum suggested replacement of one hydrogen by deuterium 
to the extent of ~85 %.

(14) The position of the deuterium in the 2,2,6,6-tetramethyl-5-deuterio-3-
heptanone was obvious from the 1H NMR spectrum (COCI3). The multi- 
plet which appears as a triplet (J  =  7.8 Hz) of area 2 at 6 1.50 in
2,2,6,6-tetramethylheptan-3-one now appears as triplet of triplets at 5
1.50, of area 1.1 -  7.8 Hz, Jh^ d „ =  1.0 Hz). The area of the
signals (doublet of triplets) due to the a  hydrogens is 2 . 0  (no deuterium 
incorporation). The relative abundances of ions in the parent ion region 
of the mass spectrum also Indicated the presence of one deuterium in 
~90  % of the molecules.

(15) The extent of incorporation was low (45% of one hydrogen in the /3 po
sition), perhaps owing to exchange with aqueous solutions during isola
tion. The experiment was designed to show the absence of proton (deu- 
teron) delivery to the 0  position.

(16) The labeled alcohol was prepared by reduction of acetone with lithium 
aluminum deuteride and contained >96 %  deuterium at C-2 by NMR 
analysis.

(17) On the other hand, methyl alcohol is too reactive toward the copper hy
dride species and drastically decreases the reducing ability, while tert- 
butyl alcohol has no significant effect on the reactions.

(18) Maximum yield is obtained after 15 min at —20° (cis, 55%; trans, 21%) 
but drops if the reaction is quenched after 30 min at 0° (cis, 14%; 
trans, 13%).

(19) The extent of deuterium incorporation was determined by NMR spectral 
analysis, using integration of the signal appearing at 6 5.90 (d, a  H, J  =  
13 Hz, cis Isomer), and 5 6.38 (d, a  H, J  =  16 Hz, trans Isomer). Cf„ K. 
Brocklehurst, H S. Price, and K. Williamson, C hem . Com mun., 884 
(1968).
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National Institutes of Health (AI-08687).
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(1973-1978).

(22) NIH Postdoctoral Trainee, 1972-1973.

Olin Chemistry Laboratory M. F. Semmelhack*21
Cornell University R. D.Stauffer22
Ithaca, New York 14853

Received August 6,1975

Metal Assisted C— C Bond Formation. 
Use of a Methyl Vinyl Ketone Complex in 

Michael Condensations
H X

K
Ph CO,Me

4, X = Cu
5. X =  D
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Summary: Methyl vinyl ketone complexed by CsH5Fe- 
(CO)2+ is shown to be a powerful acceptor of nucleophiles 
in Michael-type reactions.

Sir: The addition of kinetically generated enolates to vinyl 
ketones is generally complicated by polymerization of the 
acceptor component under the aprotic conditions required 
to minimize proton transfer and consequent equilibration 
of the donor enolate.1

It has recently been shown2 that the polymerization 
problem may be resolved through the use of a-silylated 
vinyl ketones, and a number of such reagents have been 
successfully employed with regiospecifically generated lith
ium enolates in ring annelation reactions.2’3

Since we had previously reported4 that enolates of /3-di- 
carbonyls could be condensed with isolated olefins activat
ed by coordination with ij5-C5H 5Fe(CO)2+ (eq 1), we were

Nu" T  
Fp+

( 1 )

Fp =  ij’-C5H.,Fe(CO),

led to consider extension of these reactions to Michael con
densations. Moreover, the powerful activating influence ex
erted upon an olefin by metal complexation left open the 
possibility that such reactions might also be effected with 
regiospecifically generated enol derivatives.

The present paper describes the use of a novel methyl 
vinyl ketone acceptor component (2) in both electroneutral 
and cationic Micnael-type condensations.



3622 J. Org. Chem., Vol. 40, No. 24, 1975 Communications

Complex 2, which is readily obtained in high yield from 
methyl vinyl ketone epoxide5 following a procedure pre
viously reported6 may be stored at 0° for prolonged peri
ods. A brief description of its preparation follows. Methyl 
vinyl ketone epoxide (1.3 g, 15 mmol) was added to an 
equivalent of CsHsFeiCO^Na7 in 30 ml of THF cooled to 
0°. After 30 min at 0°, the reaction mixture was cooled to 
-7 8 °  and 30 mmol of HBF4-Et20  was added dropwise. The 
resulting yellow solid was collected and recrystallized from 
acetone-ether at 0° to give 4.87 g (97%) of 2: ir (KBr) 2092, 
2049, 1704 cm-1 ; NM R (acetone-d6) r 3.93 (s, 5, Cp), 4.73 
(dd, 1 , J =  8, 14 Hz, C H = ), 5.32 (d, 1 , J  = 8 Hz, cis- 
CH2= ) ,  5.92 (d, 1, J =  14 Hz, tra n s-C H ^ ).

2

The complex cation is an effective and powerful acceptor 
of nucleophiles. Thus, when acetonitrile solutions of 2 are 
treated at —78° with cyclohexanone lithium enolate, the 
adduct (3) is obtained in 45% yield. This substance may be 
cyclized, with concurrent loss of the Fp group, to the octa- 
lones (4,8 76%) on refluxing in methylene chloride solutions 
for 19 hr in the presence of activity I basic alumina. The 
facile loss of the organometallic group under these relative
ly mild conditions suggests that cleavage of the metal-car
bon bond may be promoted by the acyl group through base 
attack on the organometallic group and release of an eno
late ion.

0  0  
3 4

The regiospecifically generated enolate (5), formed by 
LiCuMe2 addition to cyclohexenone10-3“ similarly gave the 
adduct (6, 70%), as a mixture of diastereomers.11 Cycliza- 
tion with 2% KOH in methanol led, as before, to concurrent 
removal of the Fp group and to the formation of methyl oc- 
talones (7,12 70%).

6 7

Significantly, complex 2 may serve as an acceptor com
ponent with uncharged donors as well. Both cyclohexanone 
and cyclopentanone enamines react rapidly at 0° with 2 af
fording 3 or the corresponding cyclopentone adduct (8), 
both in 85% yield. The latter was cyclized to the hydroinda- 
none (9)14 in 72% yield by refluxing in CH2CI2 solution in 
the presence of basic alumina for 6 hr.

0  0

Except in terms of the mildness of reaction conditions, 
these reactions provide no synthetic advantage over the use 
of the nonactivated acceptor component in a normal enam- 
ine reaction. However, the use of silyl enol ethers as reac
tion partners with 2 provides a means for carrying out M i
chael condensations under mild conditions with regiospeci
fically generated enol derivatives.16 Thus, cyclohexanone 
enol silyl ether (10) was found to react at 0° in 2 hr with 2 
in acetonitrile solution. Cyclization of the crude adduct (3) 
in the presence of basic alumina gave 4 in 65% overall yield. 
The regioisomeric enol silyl ether (11), also added within 1 
hr at 0° to 2, affording the methyloctalone (13)17 in 58% 
yield, after cyclization of 12 in the presence of basic alumi
na.

Our experience with Fp(olefin) complexes of simple mo- 
nosubstituted olefins suggests that similar cationic com
plexes of other vinyl ketones should prove as accessible at
2. The use of these components as well as cationic com
plexes of cyclic enones and of substituted vinyl ketones as 
components in metal-assisted Michael reactions is being 
examined.
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The Naphthalene-1,8-disulfinic Acid- 
Naphtho[l,8-ed]-l,2-dithioIe 1,1,2-Trioxide 

Equilibrium. A Sulfinic Acid-Sulfinyl Sulfone 
Equilibrium Where the Sulfinyl Sulfone is Strongly 

Favored Even in Aqueous Solution

Summary: In aqueous dioxane the equilibrium between the 
cyclic sulfinyl sulfone, naphtho[l,8-cd]-l,2-dithiole 1,1,2- 
trioxide, and naphthalene-1,8-disulfinic acid strongly fa
vors the sulfinyl sulfone; this is in dramatic contrast to the 
usual situation in aqueous media, where no detectable 
amount of sulfinyl sulfone can be found in equilibrium with 
the corresponding sulfinic acid.

Sir: Aryl sulfinyl sulfones, A rS (0)S 02Ar, are the anhy
drides of aromatic sulfinic acids.1 The equilibrium constant 
for their formation (eq 1) is normally so small that in a me-

0
K, II

2ArS0,H ArS— SAr +  H,0 (1)
II II
0  0

dium containing an appreciable amount of water, such as 
60% dioxane, the concentration of sulfinyl sulfone present 
at equilibrium is <0.01% of the concentration of the sulfin
ic acid.2 We have now found, however, that in this same 
solvent in the case of naphthalene-1,8-disulfinic acid (1) 
and the cyclic sulfinyl sulfone 2, naphtho[l,8-cd]-l,2-di- 
thiole 1,1,2-trioxide, the equilibrium (eq 2) strongly favors 
the sulfinyl sulfone, the equilibrium concentration of 2 
being almost three times that of 1. The evidence for this is 
outlined in the following paragraphs.

A concentrated aqueous solution of sodium naphthalene- 
1, 8-disulfinate (3)5 (synthesized by reaction of hydrogen 
peroxide anion with the known7 cyclic thiolsulfonate, na- 
phtho[l,8-cd]-l,2-dithiole 1,1-dioxide) was acidified with 
hydrochloric acid in the expectation that 1 would precipi
tate. Instead of 1 the sulfinyl sulfone 2 precipitated in 
~35% yield.8 That the isolation of 2 rather than 1 was not 
the result of a solubility phenomenon but rather because of 
2 being favored over 1 at equilibrium was demonstrated in 
the following way.

Treatment of a very dilute (1.7 X IO-4 M) solution of 2 
with excess standard sodium hydroxide in 60% dioxane re
sulted in immediate hydrolysis of 2 to 3, as evidenced by a 
change in the uv spectrum from that associated with 2 
(curve A, Figure 1) to that for sodium naphthalene-1,8-di
sulfinate (curve B). This solution of the disulfmate was 
then acidified with sufficient concentrated perchloric acid 
to give a solution with [H+] =  0.01-0.10 M. Immediately 
after acidification, the spectrum of the solution was as 
shown in curve C. (This is presumably the spectrum associ
ated with naphthalene-1,8-disulfinic acid, 1.) Upon stand
ing the spectrum of the acid solution initially changed 
quite rapidly, but after ~ 60  min at room temperature one 
observed a final spectrum (curve D) that did not change 
further with time. This spectrum is very similar to, but not 
identical with, the spectrum of 2, and is consistent with 
that expected for an equilibrium mixture of 1 and 2 in 
which the majority of the material is present as 2. The

wave length, nm
Figure 1. Curve A (--------): 2, 1.7 X 10-4 M in dioxane. Curve B
(.......... ): 2, 1.7 X 1C -4 M in 60% dioxane after addition of sodium
hydroxide to hydrolyze 2 to 3. Curve C (........ ): solution of curve B
immediately after addition of sufficient concentrated perchloric
acid to give final [H+] = 0.1 M. Curve D (----------): solution of curve
C after standing for 60 min at 25°.

same change was observed when solutions of the disulfinate 
were added to trifluoroacetate buffers having a pH from
2.81 to 3.81. Kinetic measurements showed that the experi
mental first-order rate constant for the approach to equi
librium, fcexpti, was independent of pH and equal to 2.5 ± 
0.2 X 10-3 se c '1 at 25°.

When the disulfinate was added to a chloroacetate buffer 
having a pH of 5 18, there was no spectral change indicat
ing the formation of 2. On the other hand, when 2 was 
added to this buffer or to more alkaline chloroacetate or 
formate buffers having pH’s from 5.48 to 6.8 a spectral 
change occurred 'hat indicated that 2 was undergoing irre
versible hydrolysis. Its rate of hydrolysis under these con
ditions contains both a pH-independent term and one 
whose rate is proportional to the concentration of the buff
er anion. The pH independent term, which is presumably 
equal to the rate uf spontaneous hydrolysis of 2 under these 
conditions, has a value of 0.7 ±  0.1 X 10~3 sec-1 .

These various results are all accommodated by the 
scheme shown in eq 3. In reasonably acid solutions (pH 
<3.8) 3 is protonated to 1. and 1 is in equilibrium with 2, 
with 2 being markedly favored at equilibrium. The mea
sured rate constant for approach to equilibrium, /zexpti, will 
be equal9 to kf -f <?r. At pH >5.2 the hydrolysis of 2 is irre
versible because 1 is deprotonated as soon as it is formed. 
The pH-independent rate of hydrolysis under these condi
tions should be equal to kr. From the measured values of 
(kf + kT) and kr, K '2 (eq 2) is estimated to be 2.6 ±  0.4, indi-
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eating that at equilibrium in 60% dioxane the concentra
tion of 2 will be about three times that of 1.

As noted earlier, a sulfinyl sulfone is the anhydride of the 
corresponding sulfinic acid. Given the thermodynamics as
sociated with other acid-anhydride equilibria,10 it is most 
remarkable, even allowing for the intramolecular nature of 
sulfinyl sulfone formation in eq 2, that 2 should actually be 
favored over 1 at equilibrium in aqueous dioxane. It be
comes even more striking when one recalls the marked 
thermal instability of aryl sulfinyl sulfones.11

The behavior of the 1 <=t 2 equilibrium suggests that the 
enthalpy difference between ArSC^H and ArS(0)S02Ar in 
sulfinic acid-sulfinyl sulfone equilibria generally must be 
considerably less than in usual acid-anhydride equilibria, 
such as those involving carboxylic acids and their anhy
drides. We have confirmed that this is indeed the case by 
measuring AH° for the reaction PhS(0 )S02Ph +  H2O —► 
2PhS02H in 60% dioxane. This turns out to be only —0.3 ±
2.0 keal/mol, far less than AH° of -1 4 .0  keal/mol for the 
hydrolysis of acetic anhydride10® or the AH° of —16.3 ±  2.0 
keal/mol that we find for the hydrolysis of phenyl a-disul- 
fone (PhS02S02Ph +  H 2O —*■ PhSOsH +  PI1SO2H) in 60% 
dioxane.12

These various results and conclusions have a number of 
important consequences for the chemistry of mono- and 
disulfinic acids. Reports in the literature of inability to iso
late certain disulfinic acids14a'b or of their exhibiting pecu
liar behavior14'  could well be due to a favorable equilibrium 
constant for formation of the cyclic sulfinyl sulfone and 
subsequent decomposition reactions of the sulfinyl sulfone. 
These points are under further investigation and will be re
ported in detail in subsequent publications.
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D D Q : Reagent of choice 
for dehydrogenation

DDQ (2,3-dichloro-5,6-dicyano-1.4-benzoquinone), a 
quinone o f high oxidation potential, is often the reagent o f 
choice for dehydrogenation and selective ox dation in 
organic synthesis. Thus, DDQ effects the dehydrogenation 
o f the methano-bridged A to give the novel 107r-electron an- 
nulene B in excellent yield.1

DOO S

DDQ has been used to prepare salts o f stable aromatic 
cations by oxidation o f the parent hydrocarbons 2

i w
DDQ

Ph

H Ph

Ä,

HCIO,

DDQ
Ph HCIO,

cio,-

Ph

æ K c k>4-
Ph Ph

The use o f DDQ in extending aromatic systems is ex
emplified by the preparation o f dictamnine3 (C) and the 
hvdrocarbon D.4

The oxidation o f appropriately substituted phenols to 
quinone methides leads to many useful synthetic applications 
o f DDQ. Thus, mesitol is oxidized in methanol to the cor
responding p-carboxaldehyde by two equivalents o f  DDQ.9

OH OH
C H . ^ y C H , 1 l  ° ° °  C H .y ^ v C H ,

2. HjO
CH, CHO

Similarly, 6-hydroxytetralin gives the corresponding 
tetralone.10

>C O  “ °o° J Ü Ö
2 DDQb

CH,OH J -Q J
o-Alkenylphenols undergo oxidative cyclization to the 

corresponding ethers."
^OH .Ph

0 0 "
DDQ Ph

This cyclodehydrogenation procedure has been applied to 
the synthesis o f uliginosin B.12

The dehydrogenation o f 3-ketosteroids is one example o f 
the extensive use o f DDQ in the steroid field (for a review, see 
ref 5). Saturated 3-keto steroids give the corresponding A 1-4- 
3-keto derivative,6-8 while A4-3-ketosteroids yield the same 
A 1-4 product under aprotic conditions, and the A4-” diene in 
the presence o f hydrogen chloride7 or p-toluenesulfonic 
acid.8

R eferen ces :
1) E. V o g e l. W . K lu g , and  A  B reuer. Org. Svn., 54, II (1 9 7 4 ).
2) D .H  R e id  et al.. Tetrahedron Lett.. 530 (1 9 6 1 ).
3) E. P ia z /i .  P. V en tu rella , an d  A . B e llin o , Org. Prep. Proved. Int., 3, 223

(1 9 7 1 ) ; Chem. Ahstr.. 76, 4 0 4 8 p  ( 1972).
4 ) J.H . M u ller . D . C ia g n ia n t, and  P . C ia g n ia n t, Bull. Soc. Chim. Fr., 4364

(1 9 7 2 )  .
5 ) I ). W a lk e r  an d  J .H . H iebert, Chem. Rev.. 67, 153 (1 9 6 7 ).
6 ) J .A . Z d c r ic .  H. C a rp io , an d  D  C . L i m ó n , /  Org. Chem ., 27, 1 1 2 5 (1 9 6 2 ).
7) H .J . R in g o ld  an d  A . T u rn er, Chem. fnd.. 211 (1 9 6 2 ).
8 ) A .B  T u rn e r  and  H J .  R in g o ld , /  Chem. Soc. C. 1720 (1 9 6 7 ).
9 ) H -I ) .  B ecker. /  Org. Chem.. 30, 982  (1 9 6 5 ).

10) J .W .A .  E indlav  an d  A .B . T u rn e r  Chem . Ind., 158 (1 9 7 0 ).
11) O . C a rd il lo . R C r ic c h io ,  an d  L . M erlin i, Tetrahedron Ijett.. 9 0 7 (1 9 6 9 ).
12) I . M e ik le  und R S teven s, ¡hid., 4 78 7  (1 9 7 2 ).

D6040-0 2,3-Dichloro-5,6-dicyano-................... 10g SI 1.75
1,4-benzoquinone 100g $77.50

Aldrich Chemical Company, Inc.
Craftsm en in C hem istry

Corporate Offices:
Aldrich Chemical Co., Inc. 
940 W. Saint Paul Ave. 
Milwaukee. Wisconsin 53233
U. S. A.

Great Britain:
Aldrich Chemical Co., Ltd. 
The Old Brickyard, New Road 
Gillingham, Dorset SP8 4JL 
England

Belgium/
Continental Europe: 
Aldrich-Europe 
B-2340 Beerse 
Belgium

West Germany/ 
Continental Europe: 
EGA-Chemie KG 
7924 Steinheim am Albuch 
West Germany

I ï au. 25i3v


	THE JOURNAL OF ORGANIC CHEMISTRY 1975 VOLUME 40 NO.24 NOVEMBER
	Contents
	Author Index
	D-Homo Steroids. Effects of Methyl Substitutions on the Formolysis of an Axial Cyclohexyl Tosylate1
	Synthesis of a-Methylene Lactones by Reductive Amination of a-Formyl Lactones. Scope and Limitations
	New Germacranolide Sesquiterpene Dilactones from the Genus Melampodium (Compositae)
	Acanthospermal A and Acanthospermal B, Two New Melampolides from Acanthospermum Species1
	Synthesis of Tabtoxinine-o-Iactam
	General Methods of Alkaloid Synthesis. XI. Total Synthesis of the Sceletium Alkaloid A-4 and an Improved Synthesis of (±)-Mesembrine
	A Convenient Synthesis of 2,3'-Imino-1-(B-D-lyxofuranosyl)uracil and Its Derivatives Using Azide Ion
	Photochemical Formation of Spiro and Bicyclo l-Acylaminoazetidin-2-ones. Models for the Syntheses of Penicillin-like Systems. II 1
	Aspects of the Chemistry of 1-Aminoazetidin-2-ones and Pyrazolidin-3-ones
	Chemistry of Heterocyclic Compounds. 21. Synthesis of Hexa(2-pyridyl)benzene and the Related Phenyl(2-pyridyl)benzenes. Characterization of Corresponding Substituted CyclopentenoloneIntermediates1a
	Reaction of Enedione Epoxides with Base1
	Epoxydiazo Ketones. Synthesis and Reactions
	Substituent Effects on the Solvolysis of a,a'-Dichloroazoalkanes. Evidence for Open Aza-allylic Ion Intermediates on Reaction Pathway1
	Acid-Catalyzed Isomerization of 1-Acyl- and 1-Thioacylaziridines. III. 2-Phenylaziridine Derivatives
	Reaction of Nitriles with Thionyl Chloride in the Presence of Hydrogen Chloride. Formation of Sulfinyl and Sulfenyl Chlorides and Phenyl Cyanosulfine
	Chemical Purity and the Electrical Conductivity of Tetrathiafulvalinium Tetracyanoquinodimethanide
	Barriers to Amide Rotation in Piperidides and Related Systems. Unambiguous Assignments Using Carbon-13 Magnetic Resonance
	Conformational Equilibria in the 1-Amino-1-phenyl-2-propanol and 2-Amino-1-phenyl-1-propanol Systems. III. Nuclear Magnetic Resonance and Infrared Studies1,2
	Reactions of Amines. XVIII. The Oxidative Rearrangement of Amideswith Lead Tetraacetate1,2
	Nitration of Acetoacetate Esters by Acetyl Nitrate. A High Yield Synthesis of Nitroacetoacetate and Nitroacetate Esters1
	Deuterium Isotope Effects and the Influence of Solvent in the Redox and Rearrangement Reactions of 2-Picoline iV-Oxide and Phenylacetic Anhydride1
	Cleavage of Cyclic Ethers by Magnesium Bromide-Acetic Anhydride. SN2 Substitution at a Secondary Site
	An Unusual Rate Law for Vinyl Ether Hydrolysis. Observation of H3PO4 Catalysis at High pH
	The Oxidation of Terminal Olefins to Methyl Ketones by Jones ReagentIs Catalyzed by Mercury(II)
	The Oxidation of Terminal Olefins to Methyl Ketones by Jones ReagentIs Catalyzed by Mercury(II)1
	Intramolecular van der Waals-London Cohesions and Chemical Properties. Acid Weakening by Halogens and Related Effects.
	Resonance Theory. VIII. Reactivities of Benzenoid Hydrocarbons
	Synthesis of Arylphosphonous Dichlorides, Diarylphosphinous Chlorides, and 1,6-Diphosphatriptycene from Elemental Phosphorus
	Comparative Stereochemistry of Catalytic and Diimide Reductions of Alkenes
	Stereochemistry of Catalytic Hydrogenation of Alkenes Contrary to the Classical Model of Adsorption1ab
	Notes
	Communications

