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Carbocyclic Phenylhydrazines in the Fischer Indole Synthesis. 3. 
Some Rearrangements with l-Phenyl-5-pyrazolidinones

M arcel K. Eberle* and Leszek Brzechffa

Department of Research, Division of Sandoz- Wander, East Hanover, New Jersey 07936 

Received November 24,1975

Reactions of l-phenyl-5-pyrazolidinone 4a,b with a variety of carbonyl compounds are described. Cyclohexanone 
and its higher homologues gave the novel 5-(3-aminopropanoyl)-5//-cycloalk[6]indoles 5a-g. The carbonyl group 
was reduced with diborane to give 5-(3-aminopropyl)-5if-cycloalk[b]indoles 7a-c. Loss of the side chain occurred 
upon treatment of 5a and 5f with LiAlIL to give 6a and 6b, respectively. Cyclopentanone and 4a,b gave the indol- 
ines 8a,b. Upon reduction with LiAlH4, the methyl substituted compound 8b gave the indoline 9 while the unsub
stituted compound 8a gave the indole 7d. From the reaction of 4a with 2,6-dichlorophenylacetaldehyde the enehy- 
drazine 11 was isolated, which underwent thermal rearrangement to the indoline 12.

According to Robinson and R obinson ,1  the mechanism 
o f the Fischer indole synthesis2 involves the formation o f an 
enehydrazine from a phenylhydrazone followed by a [3,3] 

' sigmatropic rearrangement to form the respective indole. 
Scheme I

3

During the course o f  our investigation o f the chem istry o f
1 -phenylpyrazolidine we have isolated3® 1 0 ,1 0 -dim ethyl- 
l,2,3,4,10,10a-hexahydropyrim ido[l,2-a]indole [2 , R i =  R 2 

= Me; R 3 =  H; R 4R 5 = (CELL]. This com pound was obtained 
from the reaction o f 1 -phenylpyrazolidine with isobutyral
déhyde and may be regarded as the equivalent o f an inter
mediate o f  the classic Fischer indole synthesis— a stable 
com pound because o f the presence o f  two alkyl substituents. 
W e have also dem onstrated4 that under our experimental 
conditions system 2  was not isolated but underwent further 
bond reorganization to form  indole 3 when one o f the sub
stituents R i or R 2 was replaced with hydrogen. In all the cases 
described above, we have not isolated any com pounds o f the 
general structure 1, the postulated precursor o f 2. T o  our 
knowledge, the literature contains only three references per

taining to the isolation and characterization o f  enehydra- 
zines5a’b’6 1. These compounds, when treated under conditions 
favorable for rearrangement, gave the respective indoles d i
rectly.

In a recent example ,7 a vinylogous hydrazide was prepared 
and thermally rearranged to an indoline.

W e now wish to report the isolation o f three com pounds 
with the general structure 2 (Ri = H) and o f an enehydrazine 
1, which rearranged thermally to the indoline 2 (Ri = H). 
These indolines did not undergo bond reorganization to give 
the corresponding indoles upon treatment with hydrogen 
chloride, but form ed the indoline hydrochlorides instead.

l-Phenyl-5-pyrazolidinones 4a,b have been known since 
the turn o f the century as summarized recently by Jacquier 
et al.8a’b W e found that their hydrochlorides9 are capable o f 
reacting with cyclic ketones. Equimolar amounts o f 1-phe- 
nyl-5-pyrazolidinone hydrochloride (4a) and cyclohexanone 
were heated under reflux in glacial acetic acid. T h e novel 
product 9-(3-am inopropanoyl)-l,2,3,4-tetrahydrocarbazole 
hydrochloride (5a) was isolated in 8 6% yield and characterized 
by analytical and spectral data. The formation o f this product 
was not observed, however, when the reaction was attempted 
in the absence o f  the acid. The free base o f  the starting m a
terial 4a was recovered unchanged after prolonged heating to 
reflux with cyclohexanone in toluene. Under similar condi
tions 1 -phenylpyrazolidine and cyclohexanone readily4 

formed the corresponding indole. The difference in reactivity 
with cyclohexanone parallels the basicity o f the corresponding 
free base. W e observed pK a = 5.0 for 1 -phenylpyrazolidine 
hydrochloride com pared to p K a = 2.0 for 4a (CM S), the ba
sicity o f the 2-N o f 4a being lowered by the proxim ity o f  the 
amide.

When 5a was treated with lithium aluminum hydide in 
T H F  we isolated tetrahydrocarbazole (6 a). After treatment 
o f  5a with diborane ,10 the reduction product was 9-(3-am i- 
nopropyl)-l,2,3,4-tetrahydrocarbazole (7a). T he maleate of

3775
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Scheme II

a, R =  H
b, R =  CH3

NHo-HCl

LiAlH,

a, R =  H; x = 4
b, R =  CH3; x =  4
c, R =  H; x — 5 
4 R = C H 3; * = 5
e, R =  H; x =  6
f, R =  CH^ x =  6
g, R =  CH3; x = 10

'yBHA

a, R = H; x = 4
b, R =  H; x = 6
c, R =  CH3; x =  6

7a was found to be identical in every respect with an authentic 
sample prepared from cyclohexanone and 1-phenylpyrazoli- 
dine,4 thus proving the structure of 5a.

When l-phenyl-3-methyl-5-pyrazolidinone hydrochloride 
(4b) and cyclohexanone were heated together in glacial acetic 
acid, 9-(3-aminobutanoyl)-l,2,3,4-tetrahydrocarbazole hy
drochloride (5b) was isolated in 79% yield.

Different products were isolated, however, when cyclo- 
pentanone was used as starting material. In this case, a novel 
indoline 8a was isolated in moderate yield following the re
action with 4a, while the methyl substituted analogue 8b was

Scheme III

4a, b HC1

8a, R =  H
b, R =  CH3

H

OdQ ,^COOH
I
SCOOH

9

C x x >  ,^COOH
11
SCOOH

7d

isolated in 83% yield from 4b and the same ketone. Analytical 
and mass spectral data support the assigned structures. While 
the uv spectra for both compounds show absorption usually 
associated with indoles (fine structure), the 13C NMR spectra 
obtained for both 8a and 8b clearly established the presence 
of an indoline ring.

The NMR spectrum of 8a shows the presence of a doublet

at 5 4.33 ppm (1 H), which was assigned to the proton in po
sition 12b of 8a with coupling constants of 7 and 1-2 Hz to the 
vicinal methylene group. A similar doublet was observed for 
the compound 8b, which is superimposed on a multiplet as
signed to the proton at C-5. When the NMR spectra of the 
base 8a,b were recorded in the same solvent, no absorption 
in the region 5 3.7-6.8 ppm was observed. To clarify the sit
uation with respect to a possible equilibrium between 8 and 
the ring open tautomer, it was decided to examine the 13C 
NMR spectra for 8a (base and hydrochloride) and 8b (hy
drochloride).

Discussion of the 13C N M R  Spectra of 8a and 8b. The
fully proton decoupled spectrum of 8a HC1 gave a total of 14 
peaks, corresponding to the number of carbon atoms. Sin
gle-frequency off-resonance decoupling (sford) experiments 
were used to determine the number of protons attached to 
each carbon. The results are listed in Table V. These data 
preclude the presence of an indole in 8a, since the spectrum 
displays only six peaks that can be associated with aromatic 
carbons.11-12 The spectrum of 8a compares favorably, however, 
with spectra13 obtained for three related indolines which we 
had prepared33 earlier. The peak at 87.7 ppm (singlet) was 
assigned to the fully substituted C-3a (for the numbering see 
Scheme III) with two of the substituents being nitrogen. This 
is in good agreement with the chemical shift observed for the 
corresponding carbon of the three models [e.g., 2, Ri = R2 = 
CH3; R3 = H; R4R5 = (CH2)3]. In these cases values between
80.9 and 83.4 ppm were observed. It should be kept in mind 
that our models were substituted ith RjR2 = alkyl and R3 = 
H (Figure 1), thus accounting for the shift to lower field ob
served for 8a. The peak at 51.6 ppm (doublet) was assigned 
to the C-12b. The corresponding carbon of our models showed 
absorptions between ca. 40 [2, Ri = R2 = CH3; R3 = H; R4R5 
= (CH2X3; peak obscured by Me2SO] and 47.8 ppm. These 
deviations are attributed to the differences in the substitution 
patterns. The 13C NMR spectrum of the free base 8a showed 
only minor changes in comparison to the spectrum of the 
hydrochloride. The chemical shifts for the C-3a and C-12b 
appeared at 90.7 and 52.7 ppm, respectively. For additional 
support of the above assignment, see below for the 13C NMR 
spectrum of 12.

The 13C NMR spectrum of 8b (see Table VI) shows the 
expected shifts in comparison to the spectrum of 8a due to the 
presence of the additional methyl group. Particularly, the 
chemical shifts in 8b assigned to C-3a and C-12b are the same 
as observed for 8a. The same is true for the chemical shifts 
observed for the aromatic carbons. The expected shifts to 
lower field are observed for C-5 and C-6.

The presence of the methyl group in 8b can give rise to 
diastereoisomers. That this is indeed the case is borne out by 
the 13C NMR spectrum of 8b. There, every peak is accompa
nied by a small satellite peak, indicating the presence of a 
second isomer to the extent of 7-8% after one recrystallization. 
This stereoisomerism can be attributed to the methyl group, 
excluding the possibility of isomerism at the juncture of the 
two five-membered rings, since 8a consists of a single isomer 
according to the 13C NMR spectrum of that compound. Fur
ther work will be required to determine the stereochemistry 
of 8b.

Reduction of the Hexahydrocyclopenta[b]pyrimi- 
do[l,2-a]indol-7(6U>one System (8a and 8b). When the 
title compound without the methyl group (8a) was treated 
with LiAlH4 the known4 4-(3-aminopropyl)-l,2,3,4-tetrahy- 
drocyclopent[6]indole (7d) was isolated and characterized as 
the maleic acid salt. This was found to identical in every re
spect with an authentic sample. The structure of this com
pound was also verified with the aid of its 13C NMR spectrum, 
which clearly showed the presence of eight aromatic carbons 
for 7d. In light of the results discussed above it may be as
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sumed that the lactam group in 8a was reduced to the corre
sponding amine followed by opening o f the perhydropyrim i- 
dine ring to form  the indole 7d, since base alone did not rear
range the skeleton o f 8a (see Experimental Section).

Surprisingly, when the title compound with the methyl 
group (8b) was reduced under similar conditions as employed 
for 8a, the product was not the indole corresponding to 7d but 
the indoline 9, isolated and characterized as the maleic acid 
salt. This structure is based on the following spectral data. The 
NMR spectrum of 9 did not exhibit the expected triplet as
sociated4 with the methylene group attached to the indole 
nitrogen near 4.2 ppm. Instead the corresponding signal was 
observed in the region between 3.0 and 4.0 ppm. From the 13C 
NMR spectrum of 9 it became clear that the product had to 
be assigned the cyclic tautomer with the same skeleton as the 
starting material 8b. The characteristic peaks for the C-3a and 
C-12b were observed at 90.4 and 51.8 ppm, respectively, in 
addition to six low-field peaks assigned to the aromatic car
bons. The spectrum also showed that the reduction product 
consisted of a single isomer with no detectable amount of a 
second isomer as was present in the starting material 8b. The 
isolation of product 9 from the reduction of 8b also proves the 
sequence of steps (reduction followed by ring opening) in the 
reduction of 8a leading to the indole 7d.

Additional Examples. For the results of reactions between 
4a,b and cycloheptanone, cyclooctanone, and cyclododeca- 
none, which yielded the corresponding indoles, see Tables II 
and III.

To demonstrate the generality of the reduction with dibo- 
rane, both compounds 5e and 5f were subjected to this re
agent. Reduction of the free base of 5e and the subsequent 
treatment with hydrogen chloride lead to the known4 5-(3- 
aminopropyl)-6,7,8,9,10,l I-hexahydro-5//-cyclooct[6]indole 
hydrochloride (7b). Reduction of the free base of 5f (mp 84-85 
°C) gave 5-(3-aminobutyl)-6,7,8,9,10,ll-hexahydro-5//-cy- 
clooct[6]indole (7c), which was isolated as the hydrochloride 
in 65% yield.

Another reductive cleavage as described above for 5a was 
observed when 5f was treated with LiAlH4. Cyclooctenoindole 
(6b) was isolated and found to be identical with a commercial 
sample.

Isolation and Rearrangement of an Enehydrazine.
Acetaldehydes did not tolerate the presence of the strong acid 
in attempted reactions with 4a.

When equimolar amounts of the free base8 l-phenyl-5- 
pyrazolidinone (4a) and 2,6-dichlorophenylacetaldehyde14 
were mixed together, a crystalline product C17H16CI2N2O2 was 
isolated which we assigned structure 10 on the basis of the 
following data. According to the NMR spectrum of 10, the 
amino alcohol seemed to dissociate at least to some degree into 
its components when dissolved in chloroform. Nevertheless, 
we were able to secure a correct elemental analysis for 10 and 
a mass spectrum indicating dehydration of 10 rather than 
reversal to the starting materials. Water was also lost when 
10 was recrystallized from ethanol and a new compound 
C17H14CI2N2O was isolated. Analytical and spectral data are 
in agreement with the structure 11. The NMR spectrum of 
this enehydrazine exhibits two sets of triplets at 2.82 and 3.80 
ppm (J  = 7.0 Hz) assigned to the methylene groups of the 
pyrazolidinone The two vinylic protons of 11 give rise to an 
AB pattern with two doublets centered at 8 5.60 and 6.73 ppm 
and a coupling constant of 14 Hz, indicating the presence of 
a trans double bond15 in 11. This interpretation was verified 
by double resonance experiments. Upon irradiation at 336 Hz, 
a singlet appeared at 8 6.73 ppm in place of the doublet. Ab
sorption for two of the eight aromatic protons was observed 
at lower field (8 7.85 ppm). This is interpreted as being due to 
the free rotation of the unsubstituted phenyl ring.

We found the enehydrazine 11 recovered unchanged even

Scheme IV

after prolonged heating to reflux in toluene. A new isomeric 
substance, however, was isolated after 11 was heated to 179 
°C in refluxing 1,2-dichlorobenzene. The ir spectrum of the 
new compound possesses a NH band indicating that the 
original hydrazine must have undergone a cleavage. The NMR 
spectrum of the new compound is compatible with structure
12. Of a total of seven  aromatic protons we found only one at 
lower field (5 8.10 ppm), probably due to its proximity to the 
carbonyl group. We assigned a broadened singlet at 8 5.44 ppm 
(2 H) to the protons in position 10 and 10a. Under optimal 
conditions this signal could be resolved to a quartet with a 
coupling constant J  = 9 Hz and a calculated16 Av =  6.4 Hz. 
The absorption for the two methylene groups no longer lends 
itself to first-order analysis. At 8 1.90 ppm we found a broad 
signal equivalent to one proton which could be replaced by 
deuterium when the sample was treated17 with D2O.

The NMR spectrum of the hydrochloride of 12 exhibits only 
minor changes compared to the spectrum of the free base. The 
same observation was made when the NMR spectrum of 12 
HC1 was taken in CF3COOH as solvent. From this we conclude 
that the opening of the pyrimidone ring with concomitant 
formation of l-(3-aminopropanoyl)-3-(2,6-dichlorophenyl)- 
indole hydrochloride is not readily accomplished. This is in 
contrast to our observation3® that 2 [Ri = R2 = CH3; R3 = H; 
R4R5 = (CH2)s] in moderately strong acid exists in the ring 
open 3H-indole tautomeric form. We attribute the stability 
of 12 to the presence of a bulky substituent at C-10. It seems 
that not even the 1,4 axis of the 2,6-dichlorophenyl group can 
reach coplanarity with the phenyl ring of the potential indole. 
This hypothesis is supported by the 13C NMR spectrum of 
1 2 .

Discussion of the 13C N M R  Spectrum of 12. The fully 
proton decoupled spectrum of 12 gave a total of 17 peaks 
corresponding to the number of carbon atoms present. This 
implies the nonequivalency for the positions 2',6' and 3',5', 
respectively, of the 2,6-dichlorophenyl ring which is hindered 
in its free rotation. The results of the 13C NMR spectrum, 
which are listed in Table VIII, further indicated the presence 
of only one isomer in 12. Since isomerization is unlikely (see 
above), it may be concluded that the addition of the amide to 
the C =N  double bond of the nine-membered-ring interme
diate occurred in a stereospecific manner, though the ste
reochemistry of 12 is not known at this time.

Single-frequency off-resonance decoupling experiments 
(sford) were used to assign the number of protons attached 
to each carbon. This revealed the presence of two methylene
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Table I. 13C NMR Spectrum of 5a HC1 in Me2SO

Absorptions Rei 
observed intensity Assignment

170.8 83 C - 1 0
135.8 80 C-8a
135.2 87 C-9a
130.1 94 C-4b
124.3 205 C -6
123.5 189 C-7
118.0 ) 217 ( C-5
116.1 1 153 1 C-4a,8
35.6 156 C-12
34.8 180 C -ll
26.1 )

1 132 1fC - 1
23.4 1 149 C-4
21.4 I1 137 ] C-2
20.7 J1 148 11 C-3

and two methine groups and allowed the assignment of the 
peaks at 79.7 and 50.1 ppm to the carbons 10a (NCHN) and 
10, respectively (see also arguments cited in the discussion of 
the 13C NMR of 8a).

Experimental Section
Melting points were determined on a Thomas-Hoover capillary 

melting point apparatus and are not corrected. NMR spectra were 
measured on either a Varian A-60 and/or T -60 spectrometer and are 
recorded in b (ppm) values from Me4Si as internal standard. 13C NMR 
spectra were measured on a Varian XL-100 spectrometer and are 
recorded in parts per million values from Me4Si as internal standard. 
Uv absorption spectra were measured in ethanol on a Cary spec
trometer Model 14. Ir spectra were taken on a Perkin-Elmer Model 
257 or 457. Gas-liqued chromatography was carried out on a Hew
lett-Packard 5750 chromatograph. Mass spectra were taken on a LKB 
9000 mass spectrometer.

9-(3-AminopropanoyI)-l,2,3,4-tetrahydrocarbazole Hydro
chloride (5a). A mixture of 5.0 g (0.025 mol) of l-phenyl-5-pyrazo- 
lidinone hydrochloride9 (4a) and 3.6 g (0.037 mol) of cyclohexanone

was heated under reflux in 50 ml of glacial acetic acid for 3 h under 
an atmosphere of nitrogen. The product 5a precipitated from the cold 
solution, yield 6.0 g (86%), mp 226-228 °C. A sample was recrystallized 
from ethanol: mp 227-229 °C; m /e 242 (M+); 13C NMR, see Table I; 
NMR (CDC13 + Me2SO) 5 1.4-2.1 (m, 4) 2.3-3.8 (m, 8) 6.9-7.4 (m, 3, 
C6H:,) 8.0-8.3 (m, 1, CeH^ 7.3-8.8 (broad, 3, NH3); ir (Nujol) 
2500-3400 (NH), 1692 (C = 0 ), 1614 cm -’ ; uv 244 nm (e 21 760), 266 
(11 900), 294 (6100), 301 (6050). Anal. Calcd for C 15HI8N20.HC1 
(278.8): C, 64.6; H, 6.9; N, 10.0; Cl, 12.7. Found: C, 65.0; H, 6.9; N, 10.0; 
Cl, 12.7.

Tetrahydrocarbazole (6a). A solution of 1.0 g (0.004 mol) of the 
free base of 5a (mp 50-52 °C) in 50 ml of THF was added to a sus
pension of lithium aluminum hydride (0.5 g) in the same solvent. The 
mixture was stirred at room temperature overnight under an atmo
sphere of nitrogen. Excess of the reducing agent was decomposed by 
slowly adding 1.5 ml of water followed by 100 ml of ether. After fil
tration the solvent was evaporated to yield 0.5 g (71%) of tetrahy
drocarbazole (6a), mp 117-118 °C, identical in every respect with a 
commercial sample (ir, NMR, uv, TLC), mmp 117-118 °C.

Cyclooctenoindole (6b). This compound was obtained from 5f 
in 87% yield following th procedures described above. It was found 
to be identical in every respect with a commercial sample (ir, NMR, 
TLC, m/e, melting point, and mixture melting point).

9-(3-Aminopropyl)-l,2,3,4-tetrahydrocarbazole (7a). To 2.0 
g (0.008 mol) of 5a (free base) in 25 ml of cold THF, 25 ml of a com
mercial solution of diborane (1 M) was added. The mixture was kept 
at room temperature overnight. The solution was evaporated under 
reduced pressure. The residue was dissolved in ether, washed with 
2 N sodium carbonate, and worked up in the usual manner to yield
1.4 g (75%) of crude 7a. A sample was converted into the maleate, mp 
194-195 °C after several recrystallizations from methanol/ether. It 
was identical in every respect with an authentic sample4 (ir, NMR, 
uv, TLC), m /e 228 (M+).

5-(3-Aminopropyl)-6,7,8,9,10,ll-hexahydro-5ff-cyclooct- 
[hjindole Hydrochloride (7b) was prepared from 1.0 g (0.003 mol) 
of 5e following the procedures described above: yield 0.4 g (42%); mp 
210-214 °C; recrystallized from MeOH/ether; mp 242-244 °C; iden
tical in every respect with an authentic sample.4

5-(3-Aminobutyl)-6,7,8,9,10,ll-hexahydro-5ii-cyclooct[b]- 
indole hydrochloride (7c) was prepared from 5f in 65% yield as 
above: mp 239-240 °C; m /e 270 (M+); NMR (CDC13 +  Me2SO) b 1.42 
(d, 3, J = 7 Hz, CH3), 1.1-2.6 (m, 10), 2.6-3.6 (m, 5), 4.24 (t, 2, J  = 8 
Hz, indole NCH2), 6.8-7.6 (m, 4, C6H4), 8.2-9.0 (3, NH3); ir (Nujol)

Table II. Physical Properties and Analyses

Compd
St

mat.
Yield,

%
Mp,
°C

m /e
(M+)

Empirical
formula

Mol
wt C

Calcd, % 
H N Cl C

Found, % 
H N Cl

5b 4b 79 215-217 256 C i6H 20N 2O-HC1 292.8 65.6 7.2 9.6 1 2 . 1 65.3 7.0 9.4 11.9
5c 4a 48 206-208 256 c 16h 20n 2o -h c i 292.8 65.6 7.2 9.6 1 2 . 1 65.3 7.6 9.6 12.3
5d 4b 23 177-178 270 C 17H 2 >N20-HC1 306.9 66.5 7.6 9.1 6 6 .2 7.7 9.2
5e 4a 72 195-197 270 c 17h 22n 2o -h c i 306.9 66.5 7.6 9.1 1 1 . 6 6 6 .1 7.5 9.3 1 1 . 8
5f 4b 82 179-180 284 c 18h 24n 2o -h c i 320.9 67.4 7.9 8.7 1 1 . 0 67.6 8 .0 8.5 11.4
5g 4b 65 231-233 340 c 22h 32n 2o -h c i 377.0 70.1 8 .8 7.4 9.4 69.9 9.1 7.4 9.4

Table III. Spectral Data

Ir, cm - 1 (Nujol) Uv, nm (e)
Compd (NH) (C==0 ) in ethanol JH NMR in CDC13 + M e2SO

5b

5c

5d

5e

5f

3200 1675,1620 246 (17 100), 266 (9500), 300 
(5000)

2700-3300 1700, 1590

2500-3400 1695,1600 249 (14 900), 303 (5800)

3500 1680, 1580 248 (15 500), 271 (9500), 298 
(4900) 304 (5100)

3130 1680,1600 248 (15 800), 271 (9700), 304 
(5400)

3130 1680,1600 247 (16 300), 294 (5500), 302 
(5500)

1.47 (d, 3, J  = 7 Hz, CH3), 1 .6 - 2 .2  (m, 4), 2.7-4.2 (m, 7 ),
7.0- 7.5 (m, 3, C6H3), 8.0-8.2 (m, 1 , C6H i), 7.5-8.5 
(NH3)

1 .6- 2 . 1  (m, 6 , 3 CH >), 2.4-2.9 (m, 2 , CH2), 2.9-3.8 (m, 6 , 
3 CH2), 7.0-7 .6 (m, 3, C6H3), 7.6-8.6 (m, 4, C6H i +  
NH3)

1.47 (d, 3, J  = 7 Hz, CH3), 1.6-2.3 (m, 6 , 3 CH2), 2.5-4.3 
(m, 7), 7.2-7.8 (m, 3, C6H3), 8.0-8.4 (m, 1, C6H ,),
8.0- 9.4 (broad, NH3)

1.0- 2.0 (m, 8 ), 2.7-3 .8  (m, 8 ), 7.1-7.6 (m, 3, C6H3),
7.8-8.2 (m, 1 , CeHO, 8.3-8.9 (broad, NH 3)

1.48 (d, 3, J =  6  Hz, CH3), 1.0-2.0 (m, 8 ), 2.6-4.1 (m, 7),
7.1- 7.6 (m, 3, C6H3), 7.8-8.1 (m, 1, CeH i), 8.1-8.5 
(NH3)

1.0- 2.0 (m, 19), 2.3-4.0 (m, 7), 7.0-7.6 (m, 3, C6H3),
7.6-8.0 (m, 1 , CeHi), 8.0-8.6 (NH3)

5g
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Table IV . 13C  N M R  Spectrum of 7d C4H4O4 in Me2SO

Absorption Rel
observed, ppm intensity Assignment

168.5 123 C -l maleic acid
146.3 70 C-4a
141.1 73 C-3a
136.7 157 C-2 maleic acid
124.5 83 C-8a
120.3 93 C-7
119.3 109 C -6
118.7 1 1 1 C -8
117.5 76 C-8 b
110.4 97 C-5
41.5 117 C-9
37.1 77 C -l l
28.2 138 C -l,3
24.8 1 0 2 C-2
24.5 116 lc -10

Table V

13C NM R Spectrum of 8a (Free Base) in Me2SO

Absorption Rel
observed, ppm intensity Sford Assignment

166.9 2 1 C-7
141.8 16 C-8a
133.6 36 C-12a
127.6 133 C-10
124.3 126 C-12
124.2 190 C -ll
116.2 160 C-9
90.7 51 C-3a
52.7 2 0 2 C-12b
38.5 203 C-5
37.5 144 C-3
31.2 217 C-l
30.9 215 C -6

24.3 1 1 2 C-2

13C NM R Spectrum of 8a HC1 in Me2SO in Presence of
Fe(AcAc)2 18

164.8 42 s C-7
141.4 49 s C-8a
131.2 50 s C-12a
128.0 1 60 d [C - 1 0

124.9 69 d C-12
124.4 67 d 1 C -ll
115.0 65 d C-9
87.7 54 s C-3a
51.6 98 d C-12b
37.6 118 t C-3
35.3 62 t C-5
31.8 6 8  t C -l
28.3 67 t C -6

23.8 65 t C-2

2500-3200 (NH), 1600 cm h Anal. Calcd for Ci8H26N2-HCl (306.9): 
C, 70.5; H, 8.9; N, 9.1; Cl, 11.6. Found: C, 69.9; H, 9.1; N, 9.3; Cl,
11.9.

4-(3-Aminopropyl)-l,2,3,4-tetrahydrocyclopent[b]indole (7d).
This compound was prepared from 0.5 g (0.002 mol) of 8a HC1 in 50 
ml of ether in the presence of 1.0 g (0.025 mol) of LiAlH4 and con
verted to the maleic acid salt, which was found to be identical with 
an authentic sample,4 mmp 178-180 °C, 13C NMR spectrum see Table
IV.

1,2,3,4,5,12b-Hexahydrocyclopenta[b]pyrim ido[l,2-a]in- 
dol-7(6if)-one (8a). This compound was prepared from 5.0 g (0.025 
mol) of 4a and 2.5 g (0.03 mol) of cyclopentanone in 30 ml of glacial 
acetic acid as described above: yield 2.0 g (30%); mp 202-203 °C; m/e 
228 (M+); 13C NMR see Table V; NMR (CDCI3 + Me2SO) 5 1.2-2.7 
(m, 6 ), 2.92 (t, 2 , J =  7 Hz, 0= C C H 2), 3.58 (t, 2, J  = 7 Hz, CH2NH2),

Table V I. 13C  N M R  Spectrum of 8b H C 1 in Me2SO

Absorption 
observed, ppm

Rel
intensity Assignment

164.6 75 C-7
141.8 50 C-8a
131.4 92 C-12a
128.4 \ 190 ( C-10
125.5 | 172 C-12
124.6 ) 148 l C -l l
115.5 126 C-9
87.9 104 C-3a
51.7 216 C-12b
45.5 2 1 1 C-5
38.71 185 /  C -6
36.6 J 164 \ C-3
31.7 177 C-l
23.9 175 C-2
19.0 125 CH3

Table V II.  13C  N M R  Spectrum of 9 C4H4O4 in Me2SO

Absorption Rel
observed, ppm intensity Assignment

168.1 26 C -l maleic acid
149.0 36 C-8a
136.5 217 C - 2  maleic acid
130.4 82 C-12a
128.6 140 [C - 1 2
124.9 148 C-10
118.3 155 l C -l l
105.8 140 C-9
90.4 130 C-3a
51.8 203 C -1 2 b
49.4 209 C-5
37.3 160 C-7
33.5 198 C-3
32.7 176 C -6
28.8 159 C-l
25.3 177 C-2
19.0 166 c h 3

1, J  = 7 Hz, HC-12b), 7.1-7.6 (m, 3, C6H3), 7.9-8.2
CfiH,), 10.7 (broad, 2, NH2); ir (Nujol) 2400-2800 (NH), 1680 <C=0), 
1602 c m '1; uv 251 nm (t 12 900), 278 (3300), 286 (2900). Anal. Calcd 
for C u H i6N 20-H C 1  (264.8): C, 63.5; H, 6.5; N, 10.6; Cl, 13.4. Found: 
C, 63.2; H, 6 .6 ; N, 10.5; Cl, 13.6. The free base was prepred from the 
hydrochloride as usual: mp 130-132 °C; 13C NMR see Table V; NMR 
(Me2SO) 5 1.0-2.2 (m, 4), 2.2-2.6 (m, 2 ), 2.8-3.7 (m, 6 ), 6.8-7.3 (m, 3, 
CsHs), 7.7-8.0 (m, 1, C a^).

l,2,3,4,5,12b-Hexahydro-5-methylcyclopenta[b]pyrimido- 
[l,2-a]indol-7(6ff)-one (8b). This compound was prepared from
21.2 g (0.10 mol) of 4b and 12.5 g (0.15 mol) of cyclopentanone in 200 
ml of refluxing glacial acetic acid during 2 h; yield 23.0 g (83%); mp 
243-244 °C; recrystallized from ethanol; mp 253-255 °C; m/e 242 
(M+); 13C NMR see Table VI; NMR (CDC1:, + Me2SO) 6 1.48 (d, 3, 
J = 7 Hz, CH;i), 1.0-3.6 (m, 8 ,4 CH2), 3.6-4.4 (broad, 1 , CHCH;i), 4.20 
(d, 1, J  = 7 Hz, HC-12b), 7.0-7.6 (m, 3, C6H;i), 7.8-8.2 (m, 1, C6H,), 
below 9.0 (broad, 2, NH2); ir (Nujol) 2300-2800 (NH), 1672 (C = 0 ), 
1602 cm -1; uv 251 nm (t 12 610), 278 (3230), 286 (2850). Anal. Calcd 
for C15H 18N20-HC1 (278.8): C. 64.6; H, 6.9; N, 10.0; Cl, 12.7. Found: 

'C, 64.8; H, 6 .8 ; N, 1 0 .2 ; Cl, 12.8. The free base was isolated after a 
mixture of 0.150 g (0.005 mol) of 8b HC1 and 4 ml (0.08 mol) of 2 N 
NaOH was heated to reflux for 2 days in 15 ml of methanol: yield 75 
mg (57%); mp 116-118 °C; m /e  242 (M+); NMR (CDC1.) + Me2SO)
1.23 (d, 3, J  = 6 Hz, CH3), 3.0 (s, 1, exchangeable with D20, NH),
1 .4-3.7 (m, 10), 6.8-7.4 (m, 3, C6H3), 7.8-8.1 (m, 1, C6Hi).

l,2,3,4,5,6,7,12b-Octahydro-5-methylcyclopenta[b]pyrimido- 
[l,2-a]indole (9). To the suspension of 0.2 g (0.005 mol) of lithium 
aluminum hydride in 25 ml of anhydrous ether there was added 0.050 
g (0.0002 mol) of 8b. The mixture was stirred at room temperature 
for 2 h. After the usual workup 0.030 g (73%) of a liquid was obtained 
which was converted to the maleic acid salt: mp 158-159 °C; m/e 228 
(M+); 13C NMR see Table VII; NMR (CDCl:i + Me2SO) <5 1.20 (d, 3,

n t u i m i f m w
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T able VIII. 13C N M R  Spectrum  o f 12 in CHCI3

Absorptions Rel
observed, ppm intensity Sford Assignment

166.9 1 0 1 s C-4
141.3 63 s C-5a
138.1) 55 s 1fC-1'
136.1 65 s C-2'
134.1 J1 50 s ’\ C-6 '
131.1 158 d C-4'
130.5 114 s C-9a
130.111 171 1( C-3'
129.3 J1 169 1( C-5'
128.5)1 163 1rC-7
124.9 176 C-9
123.7 J1 182 d 1lC -8
116.9 142 d C -6

79.7 174 d C-lOa
50.1 2 2 0 d C-10
41.7 168 t C-2
31.7 190 t C-3

J  =  6 Hz, CHCH3), 1.4-2.6 (m, 7), 3.0-4.0 (m, 4), 6.00 (s, 2, maleic 
acid), 6.3-7.3 (m, 4, C6H4); ir (Nujol) 2300-3500 (NH), 1618, 1585 
cm-1; uv 248 nm (r 11 700), 303 (2500). Anal. Calcd for CjsHzoNz- 
C4H4O4 (344.3): C, 66.3; H, 7.0; N, 8.1. Found: C, 66.0; H, 7.0; N,
7.9.

l-[2-(2,6-Dichlorophenyl)-l-hydroxyethyl]-2-phenyl-3-py- 
razolidinone (10). A mixture of 1.6 g (0.01 mol) of l-phenyl-5-py- 
razolidinone8 and 1.9 g (0.01 mol) of 2,6-dichlorophenylacetal- 
dehyde14 was warmed in 50 ml of toluene until a clear solution was 
obtained. Upon cooling the product precipitated as a white solid, mp 
119-120 °C, yield 2.6 g (74%). A small sample was recrystallized from 
ethanol: mp 128-130 °C; m/e 332 (M+ — 18); NMR (CDCI3) <5 2.67 (t, 
J =  7.5 Hz), 3.1-4.0 (m), 4.1119 (d, J =  1.5 Hz), 4.5-5.1 (m), 6.9-7.6 
(m), 7.7-8.0 (m), 9.7 (t, J = 3 Hz); ir (CH2C12) 3580 (NH or OH), 1720, 
1690,1590 cm "1. Anal. Calcd for Ci7H 16Cl2N2C>2 (351.25): C, 58.1; H, 
4.6; N, 8.0; Cl, 2 0 .2 . Found: C, 58.1; H, 4.6; N, 8.1; Cl, 20.1.

1 - ( trans-2,6-Dichlorostyryl)-2-phenyl-3-pyrazolidinohe (11). 
When the crude compound 10 was recrystallized from hot ethanol/ 
water the product precipitated as a white solid: mp 133-134 °C; m /e  
332 (M+); NMR (CDCR) 5 2.82 (t, 2 , J  = 7.0 Hz, COCH2), 3.80 (t, 2 , 
J = 7.0 Hz, NCH2), 5.60 (d, 1, J  = 14 Hz, vinyl H), 6.73 (d, 1, J  =  14 
Hz, vinyl H), 6.8-7.7 (m, 6 , aromatic), 7.7-8.1 (m, 2, 2,6-CfiH2); ir 
(CH2C12) 1710 (C = 0 ), 1645,1594 cm "1; uv 273 nm (c 16 500). Anal. 
Calcd for C17Hi4C12N ,0 (333.2): C, 61.3; H, 4.2; N, 8.4; Cl, 21.3. Found: 
C, 61.2; H, 4.3; N, 8.2; Cl, 20.9.

10-(2,6-Dichlorophenyl)-l,2,10,10a-tetrahydropyrimido- 
[l,2-a]indol-4(3H)-one (12). A solution of 4.0 g (0.012 mol) of 11 in 
50 ml of 0 -dichlorobenzene was heated to reflux under an atmosphere 
of nitrogen during 12 h. The solvent was evaporated under reduced 
pressure. The product solidified upon the addition of ether, mp
201-203 °C, yield 3.6 g (90%). A sample was recrystallized from 
methylene chloride/hexane: mp 203-205 °C; m/e 332 (M+); l:,C NMR 
see Table VIII; NMR (CDCR) <5 1.90 (broad singlet, 1, exchangeable17 
with D20, NH), 2.3-2.8 (m, 2, COCH2), 2.S-3.7 (m, 2, NHCH2), 5.44 
(q, 2, J  = 9 Hz, Ac = 6.4 Hz, 2 CH), 6.6-7.6 (m, 6 , 2 C6H:i), 7.9-8.3 (m, 
1, CfiH); ir (CH2C12) 3300 (NH), 1655 (C = 0 ), 1600,1580,1560 cm“ 1; 
uv 265 nm (e 14 500), 301 (3260). Anal. Calcd for C 17H 14C12N20
(333.2): C, 61.3; H, 4.2; N, 8.4; Cl, 21.3. Found: C, 60.9; H, 4.5; N, 8.3; 
Cl, 21.3.

The hydrochloride of 12 was prepared following the usual proce
dures: mp 258-261 °C (ethanol/ether); NMR (CDCI3 +  Me2SO) <5 2.88 
(t,20 2, J = 6.7 Hz, COCH2), 3.55 (t,20 2, J  = 6.7 Hz, NCH2), 5.96 (q, 
2, J =  9 Hz, Ac = 4.1 Hz, 2 CH), 6.7-7.7 (m, 6 ,2 C6H3), 7.9-8.2 (m, 1, 
CiiH), below 8.5 (broad, 2, NH2); ir (Nujol) 3450 (NH), 1670 cm - 1 
(C = 0 ); uv 249 nm (t 13 700), 279 (3200), 288 (2740). Anal. Calcd for 
C 17H 14C12N20-HC1 (369.69): C, 55.2; H, 4.1; N, 7.6. Found: C, 54.9; 
H, 4.2; N, 7.6.
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5c, 60260-57-3; 5d, 60260-58-4; 5e, 60260-59-5; 5f, 60260-60-8; 5f free 
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5-Amino-3-phenylpyrazole (la) reacts with benzoyl isothiocyanate (2) to yield 5-amino-4-benzoylthiocarbamoyl-
3-phenylpvrazole (lb). On the other hand, the 5-amino-4-arylazopyrazoles lc -e  reacted with 2 to yield thiourea 
derivatives 3b-d which could be cyclized into the pyrazolo[3,4-e]-as-triazine derivatives 5a-c. 5-Amino-4-cyano-
3-cyanomethylpyrazole (If) reacted with 2 to yield 4-amino-3-cyanomethyl-6-mercapto-l/f-pyrazolo[3,4-d]pyrim- 
idine (7). la was diazotized and the resulting diazonium salt was coupled with a variety of active methylene 0 func
tional compounds to afford pyrazolo[l,5-c]-os-triazine derivatives. The intermediate coupling products could be 
isolated in some cases. The behavior of the pyrazolo[l,5-c]-as-triazine derivatives l la -c  toward the action of hy- 
droxylamine, ethanolic sodium ethoxide, and acetic-hydrochloric acid mixture is reported.

The considerable biological and medicinal activities o f 
pyrazolopyrimidines1 4 and o f pyrazolotriazines,5 -7  as adenine 
analogues, antagonists, and antitumor agents8’9 have stim u
lated recent interest in the synthesis o f  derivatives o f  these 
ring systems. In continuation o f our previous work , 10* 15  we 
have investigated a variety o f  synthetic routes to pyrazolo [3,4- 
d jpyrim idines, pyrazolo[3 ,4 -e]-as-triazines, and pyra- 
zolo[l,5-c]-as-triazines. This work has led to  some new pro
cedures for the synthesis o f  several known heterocyclic sys
tems from 5-aminopyrazoles in good yields and under milder 
conditions than previously reported.

The reaction o f 5-aminopyrazoles with acetyl isothiocyanate 
and with ethoxycarbonyl isothiocyanate is straightforward 
and affords the expected pyrazol-5-ylthiourea derivatives 
which cyclize readily to pyrazolo[l,5-a]-as-triazines in 
base. 16* 18 W e have found, however, that 5-am ino-3-phenyl- 
pyrazole ( la )  reacts with benzoyl isothiocyanate (2 ), in re-

la , R = H; R' = C6H 5

b, R = C6 HsCONHCS; R ’ = C 6 H s
c, R = C6 H5 N = N ; R '  = C6 H 5

d, R = p-CH j C6 H„ N = N ; R' = C6 Hs
e, R = C6 H5 N = N ; R' = CH3

f, R = CN; R' = CH2CN
R _____^.N H R"

3a, R = H; R' = C6Hs; R" = CSNHCOC6H5
b, R = H; R' = C6H5; R" = COCH3

c, R = C6H sN =N ; R' = C6H5; R" = CSNHCOC6H5
d, R = p-CH 3H6H4N = N ; R' = C6H5; R" = CSNHCOC6H 5

e, R = C6H5N = N ; R' = CH3; R" = CSNHCOC6H 5

f, R = C 6H5N = N ; R' = C6H5; R" = CSNH2

_____^ /N H 2

J w N— c s n h c o c 6h 5 

m ,  N
4

fluxing acetone, to give 5-am ino-4-benzoylthiocarbam oyl-
3-phenylpyrazole (lb) as the only product. The !H N M R  
spectrum o f this product revealed the absence o f  a signal at 
5 5-7.3 ppm  for C4 proton 19 indicating substitution at this 
position. M oreover, the chemical behavior o f  lb  is different 
from that expected for pyrazolylthiourea derivatives (cf.

possible alternative structure 3a or 4) and resembles that o f 
pyrazole-4-carboxylic acid derivatives. Thus, lb  was recovered 
largely unchanged when refluxed in pyridine solution or in 
aqueous 2 N NaOH solution (cf. the hydrolysis o f  AM pyra- 
zol-5-yl)-AT'-acetylthioureas under these conditions in ref 16 
and 17). W hen lb  was heated with AC2O, 5-acetam ido-3- 
phenylpyrazole (3b) was form ed in 90% yield. Com pound 3b 
was also obtained by the action o f  AC2O on la . These results 
parallel the facile decarboxylation o f 5-aminopyrazole-4- 
carboxylic acid derivatives under acidic conditions.20 Although 
the position o f N H 9 signals depends much on solvent and 
concentration o f solutions, the downfield shift o f  the N H 2 

protons o f lb  (8.18 ppm ) as com pared with previously re
ported values for N H 2 protons in 5-aminopyrazoles19 may be 
attributed to deshielding o f these protons by the adjacent 
benzoylthiocarbamoyl groups at C4. A similar effect on the 
N H 2 protons due to action o f  the adjacent thiocarbamoyl 
m oiety has been observed .21

In contrast to the reaction o f la  with 2 the 5-am ino-4- 
arylazopyrazoles (lc-e) reacted with 2 to give the expected 
pyrazol-5-ylthioureas 3c-e. When these products were re
fluxed with acetic acid-hydrochloric acid mixture for a short 
time, yellow products were obtained in high yields. Structure 
5 was suggested for these reaction products on the basis o f

Ar

5a, R = Ar = C4 HS
b, R = C6 Hs ; Ar = C6 H4 CH3 -p
c, R = CH3 ; Ar = C6 Hs

analytical and spectral data. The reaction o f 3c with hydrazine 
hydrate in refluxing ethanol give the pyrazolylthiourea de
rivative 3f. The cyclization o f 3c-e into 5a-c constitutes a new, 
simple, and efficient route for the preparation o f pyrazolo[3,4-
e]-as-triazines, only a few o f which have been previously re
ported .22’23

5-Amino-4-cyano-3-cyanomethylpyrazole (If) reacted with 
2 to yield the pyrazolo[3,4-d] pyrimidine derivative 7. The 
formation o f 7 from I f  and 2 may be assumed to take place via 
the benzoylthiourea derivative which then undergoes cycli
zation to 6 . The latter then decom poses to the final product 
7 during purification. Com pound 7 was hydrolyzed into the
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6

carboxylic acid 8 by the action of acetic acid-hydrochloric acid 
mixture. The behavior o f I f  toward 2 is similar to that o f  cyclic 
enaminonitriles toward the action o f isothiocyanates .24

Diazotization o f 5-aminopyrazoles in strong acids has been 
reported to afford the corresponding diazonium salts,25’26 

which undergo coupling with phenols to yield pyrazolotriaz- 
ines by intermolecular condensation .26 Pyrazole-3-diazonium 
chloride, when treated with d-keto acids or esters, gave 
products which spontaneously cyclized to pyrazolo[l,5 -c]- 
a s -triazines. 27 Coupling with com pounds such as ethyl cy- 
anoacetate gave azo com pounds which also readily cyclized 
to pyrazolotriazines.27 In the present work 3-phenylpyra- 
zole-5-diazonium chloride (9) was prepared by diazotization

la
NaNO,

HC1

10a, X =  CN
b, X  =  C02C2H5

o f  la  and its reactions with a variety o f active methylene re
agents were investigated. Thus 9 coupled with malononitrile 
or with ethyl cyanoacetate to yield the corresponding pyra- 
zol-5-ylhydrazones 10a,b which readily cyclized to the pyra- 
zolo[l,5-c]-as-triazines l la ,b  in sulfuric acid. Com pound 9

R
l ia ,  X  = CN; R = NH2 g, X  = (C:NOH )NH 2 ; R = CH3

b, X  = CN ; R = OH h, X  = CONH2 ; R = NH2
c, X  = C N ; R  = CH3 i, X  = CONHj ; R = OH
d, X  = C 0 2 C2 Hs ; R = CH3 j, X  = CONH2 ; R = CH3

e, X  = (C:NOH )NH 2; k, X  = C 0 2 H; R = NH 2

R = NH 2 1, X  = C 0 2 H ;R  = 0H
f, X  = (C:NOH )NH 2; m, X  = C 0 2 H; R = CH3

R = OH

reacted with 3-iminobutyronitrile or with ethyl acetoacetate 
to yield directly the pyr azolo[l,5-c]-as-triazine derivatives 
l l c ,d ,  respectively.

The behavior of 1  la - c  toward the action o f hydroxylamine, 
ethanolic sodium ethoxide, and acetic acid-hydrochloric acid 
mixture was also investigated with the aim o f preparing a 
variety o f  6  substituted derivatives o f  11. In this manner,

Table I. L ist of the Pyrazolythiourea Derivatives 3 c -f

Registry
no.

Crystn 
Compd solvent Mp, °C

Yield,
% Formula

60269-77-4 3c EtOH 243 60 C23H 18ON 6S
60269-78-5 3d AcOH 248 60 C24H 20ON6S
59119-57-2 3e EtOH 224 55 c 18h 16o n 6s
60269-79-6 3f AcOH 114 70 c 16h 14n 6s

Table I I .  L ist of the P y ra zo lo [l,5 -c]-as-triazin e
Derivatives 11a --m

Registry Yield, Crystn
no. Compd % solvent Mp, “ C Formula

60269-80-9 11a 80 a 287 C i2HgN6
60269-81-0 l ib 75 h 246 c 12h 7o n 5
60269-82-1 11c 70 b 2 1 0 c 13h 9n 5
60269-83-2 l id 65 b 149 C isH i40 2N4

60269-84-3 l i e 45 c 300 C12H xjON7

60269-85-4 I l f 40 b 244 c 12h 10o 2n 6

60269-86-5 H g 40 b 255 c 13h 12o n 6

60269-87-6 l lh 50 c 300 C i2H]oONe
60269-88-7 l l i 53 d 2 2 2 c 12h 9o 2n 5

60269-89-8 H j 50 b 290 C 13HnON5
60269-90-1 I lk 70 b 300 c 12h 9o 2n 5

60269-91-2 111 75 c 300 C i2H 80 3N4

60269-92-3 11m 72 c 180 c 13h 10o 2n 4

a Pyridine. 6 Ethanol. c Acetic acid. d Methanol.

treatment o f  l l a - c  with hydroxylamine hydrochloride and 
sodium acetate in refluxing ethanol solution has resulted in 
the formation o f the amidoximes l l e - g .

Compounds l l a - c  reacted with ethanolic sodium ethoxide 
to yield the amides l l h - j .

Treatm ent o f  l l a - c  with acetic acid-hydrochloric acid 
mixture has resulted in the formation o f  the carboxylic acid 
derivatives l lk -m .  The ir and 1 H N M R  data for all com 
pounds 1  la -m  were in good agreement with proposed struc
tures (cf. tables).

E xperim en ta l S ection

All melting points are uncorrected. Infrared spectra were recorded 
(KBr) on a Perkin-Elmer Model 337 spectrophotometer. Proton 
magnetic resonance spectra were obtained with a Varian A-60 spec
trophotometer using Me4Si as internal standard and chemical shifts 
are expressed as 5, parts per million. Satisfactory analytical data 
(±0.3%) were obtained for all compounds listed in Tables I and II.

Reaction of la,c-e with Benzoyl Isothiocyanate (2). General 
Procedure. To a solution of 2 (prepared from 0.12 mol of NH4SCN 
and appropriate quantity of BzCl as has been described by Douglass 
and Dains28), 0 .1  mol of the compound in acetone (50 ml) was added. 
The reaction mixture was refluxed for 2 h and then evaporated in 
vacuo. The remaining product was washed several times with water 
and then boiled with 100 ml of ethanol. The solid products, lb, 3c-e, 
were collected by filtration and crystallized from ethanol.

lb: colorless crystals; mp 242 °C; yield 22.5 g (0.07 mol, 70%); ir 1670 
(benzoyl C = 0 ) and 2550-3450 cm- 1  (NH bands); *H NMR 6 7.4-8.0 
(m, 10 H, 2 CgHs), 8.18 (d, 2 H, NH2 lost after D20  exchange), 11.68 
(br, 1 H, amide NH), and 13.28 (br, 1 H, ring NH).

Anal. Calcd for Ci7H 14ON4S: C, 63.35; H, 4.38; N, 17.38; S, 9.96. 
Found: C, 63.22; H, 4.41; N, 17.35; S, 9.67.

/V-(4-Arylazo-3-substituted-pyrazol-5-yl)-AF-benzoylthiourea 
derivatives (3c-e), listed in Table I, showed ir bands at 1670 (C = 0 ), 
3050-3100, and 3320-3340 cm- 1  (NH groups). The ' H NMR spectrum 
of 3c showed signals at & 7.2-8.0 (m, 15 H, 3 CBH5), 11.67 (br, 1 H, 
amide NH), and 13.28 (BR= [ H, ring NH).

Action of AcjO on lb. A solution of lb (3.0 g) in Ac20  (25 ml) was 
refluxed for 3 h and then poured onto water (150 ml). The resulting 
reaction mixture was boiled till complete decomposition of excess 
Ac20  and then left to stand. The solid product, so formed, was col
lected by filtration and crystallized from water.

3b: colorless crystals; mp 147 °C; yield 1.7 g (0.008 mol, 90%); ir 1690 
(acyl CO), 3340c m '1 (NH); ]H NMR 5 2.0 (s, 3 H, CH3), 6.18 (s, 1 H,
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ring NH), 7.2-8.0 (m, 5 H, CeH.s), 11.9 (s, H, amide NH, lost after D20  
exchange), and 13.6 (br, ring NH, lost after D20  exchange).

Anal. Calcd for CnHuON:,: C, 65.67; H, 5.51; N, 20.88. Found: C, 
65.50; N, 5.59; N, 20.68.

Compound 3b was also obtained as follows, la  ( 1 . 0  g) was refluxed 
in AC2O solution (10 ml) for 15 min. The resulting solution was poured 
onto water and excess AC2 O was decomposed by boiling in water for 
a short period. The crystals formed on standing were collected by 
filtration (0.9 g) and the product was identified (melting point, mix
ture melting point, and ir) as 3b.

2- Aryl-2,3-dihydro-7-substituted-3-oxo-4H-.pyrazolo[3,4-
e] -as-triazine (5a-c). To a suspension of each of 3c-e (3.0 g) in acetic 
acid (20 ml), 2 ml of concentrated hydrochloric acid was added. The 
reaction mixture was refluxed for 30 min and then poured onto water. 
The solid products 5a-c were collected by filtration and crystallized 
from acetic acid. Compounds 5a-c are all buff in color.

5a: mp 230 °C; yield 1.62 g (0.006 mol, 80%).
Anal. Calcd for CmHuONs: C, 66.42; H, 3.83; N, 24.21. Found: C, 

66.44; H, 3.79; N, 24.05.
5b: mp 220 °C; yield 1.73 g (0.006 mol, 82%).
Anal. Calcd for C 1 7H 1 3ON 5 : C, 67.31; H, 4.32; N, 23.09. Found: C, 

67.33; H, 4.39; N, 23.08.
5c: mp 120 °C; yield 7.33 g (0.006 mol, 65%).
Anal. Calcd for C 1 1 H 9 ON 5 : C, 58.14; H, 3.99; N, 30.82. Found: C, 

58.07; H, 4.10; N, 31.00.
Compounds 5a-c showed ir bands at 1700 (ring C = 0 )  and 3320 

cm " 1 (NH).
l-(4-Phenylazo-3-phenylpyrazol-5-yl)-2-thiourea (3f). A

suspension of 3c (2.0 g) in ethanol (80 ml) was treated with hydrazine 
hydrate (2 ml, 80%). The reaction mixture was refluxed for 4 h and 
then evaporated in vacuo. The remaining product was triturated with 
water and the resulting solid product was collected by filtration and 
crystallized from acetic acid. Compound 3f is listed in Table I.

4-Amino-3-cyanomethyl-6-mercapto-l Ff-pyrazolo[3,4-d]py- 
rimidine (7). A solution o f 0.1 mol of If in pyridine (100 ml) was 
treated with a solution o f 0 . 1  mol o f 2  (prepared as described above) 
in 50 ml of acetone. The reaction mixture was refluxed for 2 h and then 
evaporated in vacuo. The product, so formed, dissolved in water and 
the resulting solution was acidified with hydrochloric acid. The re
sulting solid product was collected by filtration and crystallized from 
acetic acid to yield 8.0 g (0.04 mol, 40%) o f 7. Recrystallization of this 
product from acetic acid afforded analytically pure sample.

7: mp 220 °C; ir 1650 ( 6  NH 2 ), 2255 (unconjugated CN), 3250 and 
3480 cm “ 1 (V NH2).

Anal. Calcd for C 7 H6 N 6 S: C, 40.78; H, 2.94; N, 40.77; S, 15.52. 
Found: C, 40.58; H, 3.21; N, 40.67; S, 15.59.

4-Amino-3-carboxymethyl-6-mercapto-1 if-pyrazolo[3,4-
d]pyrimidine (8 ). To a mixture o f acetic acid (30 ml) and hydro
chloric acid (8.0 ml), 3.0 g o f 7 was added and the mixture was refluxed 
for 2 h. The solvent was removed in vacuo and the residue was treated 
with a little water. The solid product, which separated on standing, 
was collected by filtration and crystallized from acetic acid to yield
1.5 g (0.008 mol, 44%) o f 8 : mp 260 °C; ir 1700 (CO) and broad band 
from 2500 to 3300 cm - 1  (OH dimer and NH groups).

Anal. Calcd for C 7 H 7 0 2 N 5 S: C, 37.34; H, 3.13; N, 31.11; S, 14.21. 
Found: C, 37.51; H, 3.3; N, 31.00; S, 14.27.

3- Phenylpyrazole-5-diazonium Chloride (9). A suspension of 
la (0 . 1  mol) in acetic acid (80 ml) was treated with hydrochloric acid 
(30 ml, 37.5%). The mixture was heated to produce a clear solution 
and then cooled to 5 °C. A solution of N aN 0 2 (7.0 g) in 30 ml o f water 
was then gradually added with stirring. The reaction mixture was left 
in a refrigerator for 2 h, then poured onto cold water. The solid 
product separated was collected by filtration and washed several times 
with hot ethanol to afford an analytically pure sample of 9, mp 168 
°C, yield 11.4 g (0.055 mol, 55%).

Anal. Calcd for C9 H 7 N 4 C1: C, 52.35; H, 3.38; N, 27.10; Cl, 17.19. 
Found: C, 52.01; H, 3.65; N, 26.89; Cl, 16.97.

3-Phenylpyrazol-5-ylhydrazonomesoxalonitrile (10a). A so
lution of malononitrile (0 . 1  mol) in ethanol ( 1 0 0  ml) was treated with 
a suspension of sodium acetate (10 g) in 50 ml of water. A solution of 
9 (0.1 mol) in 50 ml of acetic acid was then added with stirring. The 
solid product, obtained on standing, was collected by filtration and 
washed several times with hot water. An analytically pure sample of 
10a was prepared by extracting the solid product (13.0 g, 0.005 mol, 
55%) so obtained by hot ethanol and filtration while the solution was 
hot. 10a: mp >300 °C; ir 1630 (C = N ), 2235 (CN), and 3220, 3330 cm " 1 

(NH groups); iH NM R 5 6.2 (1 H, ring CN), 7.4-8.0 (5 H, C6 H5), 12.7 
(1 H, hydrazone NH), and 13.3 (1 H, ring NH).

Anal. Calcd for C 12H8 N6: C, 61.00; H, 3.41; N, 35.58. Found: C, 61.22; 
H, 4.15; N, 35.30.

Ethyl 3-Phenylpyrazol-5-ylhydrazonocyanoglyoxalate (10b).
This compound was prepared from ethyl cyanoacetate and 9 in the 
same manner as 1 0 a and was obtained as a cream-colored solid in a 
60% yield: mp 196 °C; ir 1725 (ester CO), 2190 (conjugated CN), and 
3310-3325 cm“ 1 (NH groups); 'H NMR 6 1.43 (t, 3 H, ester CH8), 4.45 
(q, 2 H, ester CH2), 6.2 (s, 1 H, ring CH), 7.4-8.0 (m, 5 H, C6H5), 12.3 
(br, NH), 13.3 (br, NH), and 13.3 (br, 1 H, ring NH).

Anal. Calcd for C14Hi30 2N5: C, 59.35; H, 4.63; N, 24.72. Found: C, 
59.54; H, 4.61; N, 25.00.

Cyclization o f 10a,b. A mixture of each of 10a,b (3.0 g) and con
centrated H2S0 4 (2.0 ml) was kept at room temperature for 30 min. 
The mixture was then diluted with water and neutralized by addition 
of ammonia, and the resulting products were collected by filtration. 
The reaction products, 1 la,b, are listed in Table II.

6-Cyano-7-methyl-2-phenylpyrazolo[ 1,5-e] -as- triazine 
(11c). This compound was obtained from reaction of 3-iminobuty- 
ronitrile and 9 using the same experimental conditions described for 
coupling of 9 with malononitrile. The reaction product is listed in 
Table II.

6-Ethoxycarbonyl-7-methyl-2-phenylpyrazolo[ 1,5- c] -as- 
triazine (lid ). This compound was prepared by coupling of 9 and 
ethyl acetoacetate as described for synthesis of 1 1 c and is listed in 
Table II.

Reaction o f 1 la -c  with Hydroxylamine. To a suspension of the 
nitrile (0.1 mol) in ethanol (100 ml) a solution of NH20H-HC1 (0.1 
mol) in 30 ml of water and 10 g of anhydrous sodium acetate were 
added. The reaction mixture was refluxed for 3 h and then poured 
onto water. The solid product formed was collected by filtration and 
crystallized from the proper solvent. The amidoxime derivatives 
l le -g  are listed in Table II.

2-Phenyl-7-substituted-pyrazolo[ 1,5-c] -as-triazine-3-car- 
boxyamide ( llh - j) .  To a sodium ethoxide solution (prepared from 
1 g of sodium metal and 80 ml of ethanol), 0.0 2 mol of each of I la -c  
was added. The reaction mixture was then refluxed for 3 h, left to cool, 
poured over water, and acidified with concentrated hydrochloric acid. 
The solid product, so formed, was collected by filtrated and crystal
lized. The reaction products, 11 h -j, are listed in Table II.

2-Phenyl-7-substituted-pyrazolo[ 1,5-c] -as-triazine-3-car- 
boxylic Acid (llk -m ). To a mixture of acetic acid (30 ml), water (5 
ml), and hydrochloric acid (5.0 ml, 35.5%) 3.0 g of each of 1 la -c  was 
added and the mixture was refluxed for 6 h. The solvent was then 
removed in vacuo and the remaining solid product was purified by 
dissolution in sodium carbonate, filtration of insoluble impurities, 
and reprecipitation by acidification. The carboxylic acid derivatives 
llk -m , listed in Table II, were purified by crystallization from the 
proper solvent.
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Synthesis of Imidazo[4,5-h]pyridines and v-Triazolo[4,5-ü>]pyridines. 
Preparation of l-Deaza-6 -thioguanine Analogues1
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Improved methods for the preparation o f 1-deazaguanine (8) and its 8-aza analogue are reported. The prepara
tion of l-deaza-6-thioguanine (13) either by the thiation of 8 or by the rearrangement of the isomeric 4,6-diami- 
nothiazolo[4,5-e]pyridine was unsuccessful. The successful preparation o f 13 was accomplished by the removal of 
the diphenylmethyl group o f 2-amino-6-[(diphenylmethyl)thio]-l-deazapurine with refluxing trifluoroacetic acid.
8-Aza-l-deaza-6-thioguanine (26) was prepared by the reaction o f the corresponding 6-chloro compound with sodi
um hydrosulfide. The reversible rearrangement between 26 and 4,6-diamino[l,2,3]thiadiazolo[4,5-c]pyridine was 
demonstrated. In addition, 2-amino-6-(methylthio)-l-deazapurine and its 8-aza analogue were prepared from
2,3,6-triamino-4-(methylthio)pyridine.

Previously we reported the developm ent o f synthetic 
methods for the preparation o f the 5,7-diamino derivatives 
o f  im idazo[4,5-b]pyridine and p-triazolo[4,5-i>]pyridine, the
1 -deaza and 8 -aza-l-deaza analogues o f 2 ,6 -diaminopurine .2’3 

Further work in this area has resulted in the developm ent o f 
procedures for the preparation o f the 5-am ino-7-thione de
rivatives o f these ring systems, which are the 1 -deaza and 8 - 
aza- 1 -deaza analogues o f  6 -thioguanine.

The synthesis o f the thione 13 from the corresponding 
chloro com pound 24 was unsuccessful because o f  the un- 
reactive nature o f  the chloro group toward nucleophilic dis
placement with sodium hydrosulfide .2’4 In addition the direct 
preparation o f 13 by the cyclization o f a 2,3-diam inopyri- 
dine-4-thione precursor (11) was unlikely since analogous 
reactions in the pyrimidine series provided thiazolopyrimi- 
dines rather than purines.5’6 However, the thiation o f guanine 
with P 4S 10 in pyridine has been reported to give 6 -thiogua
nine7 and it was anticipated that thiation o f the known 1 - 
deaza analogues o f  guanine, 8  and 9, might give the desired

target compounds 13 and 26, respectively. Also this route was 
attractive because both 8 and 9 can be prepared from  the 
com m on intermediate 7. In the original synthesis, 8  was o b 
tained in 30% yield by hydrolysis o f  2-am ino-6-ethoxy-l- 
deazapurine with 48% H Br .8 In addition, the triaminopyridine 
7 was converted with formic acid to 8  in unspecified yield and 
with aqueous nitrous acid to 9 in 9% yield .9’10 M odifications 
o f  these reactions gave higher yields o f 8  and 9. The chloro- 
pyridine l 1 1  was treated with refluxing 98% H CO 2H to hy
drolyze the chloro group. Reaction o f the resulting crude p y 
r id in e -on e  4 with ethanolic K OH  hydrolyzed the urethane 
groups to give the intermediate 3-nitropyridine 6  in an overall 
yield o f 75%. Also, the monourethane 2 12  was converted to 5 
with refluxing formic acid. W hen the crude product from this 
reaction was treated with ethanolic K OH , 6 was obtained in 
an overall yield o f  82%. Catalytic hydrogenation o f 6  to  give 
7 at atmospheric pressure and room  temperature in the 
presence o f Raney nickel was slow and required about 20 h for 
com pletion . 13 T he resulting triaminopyridine 7 was isolated

Cl
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R,HN' 'NHR,
1, Rj =  Rj =  C02Et
2, Rj =  COzEt; R¿ =  H
3, Rj =  It, =  H
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as its dihydrochloride, which was sensitive to air and rapidly 
changed from a white to a purple solid as has been noted for 
the free amino compound . 10 However, the dihydrochloride was 
cyclized to 8  with refluxing H C 0 2H in 43% yield and to 9  with 
aqueous N a N 0 2 in D M F in 47% yield. Thiation o f 8 with P 4Si0 

in refluxing pyridine gave a product that was reprecipitated 
from a basic solution with acid. Although the ultraviolet 
spectrum o f this product was dissimilar to that o f 8 , treatment 
o f the thiation product with hot base led to the recovery o f the 
deazaguanine 8 , indicating that the thiation reaction gave a 
com plex that resulted from  the covalent addition o f  P 4S i0 to
8 . Because o f these results, the preparation and rearrangement 
o f  the thiazolopyridine 12 to give 13 was considered.

Treatm ent o f  2 with NaSH was expected to replace the 
chloro group with a m ercapto group and possibly reduce the 
nitro group to give an amino group. However, purification o f 
the resulting com plex reaction mixture gave only a low yield 
o f the nitropyridine 1 0 , which resulted from  replacement o f 

' the chloro group and cleavage o f the urethane moiety. T o  
avoid the mixtures resulting from  partial hydrolysis o f  the 
urethane group, 3 was prepared by treatment o f  2 with 
methanolic N aOAc . 14 A crude sample o f  3 was also obtained 
by the chlorodehydroxylation o f 6  with POCL. In contrast to 
the conversion o f 2 to give a low yield o f  10, the reaction o f 3 
with NaSH gave 11 directly in good yield. The cyclization o f 
1 1  with formic acid gave a form ylated derivative o f  the thia
zolopyridine 1 2 , which was readily converted to 1 2  by hy
drolysis o f  the form yl groups with methanolic HC1. Also, the 
cyclization o f 1 1  with ethyl orthoform ate in the presence o f 
K 2CO ) was shown by T L C  to give mainly 12. The structure 
o f  12 was supported by its XH N M R  spectrum and was con 
firmed by its alkaline insolubility.

Although thiazolopyrimidines in base are rearranged via 
a ring-opened pyrimidine intermediate to give purines ,5 

treatment o f 12 either with excess aqueous NaOH at room 
temperature or with an equivalent amount o f  base at reflux 
gave little or no reaction; when 1 2  was treated with an excess 
amount o f  hot base, the ultraviolet spectrum o f the product 
indicated that complete decomposition o f the ring system had 
occurred. Apparently, opening o f the thiazolo ring o f 12 gave 
an extremely unstable pyridine intermediate, which was 
supported by the observation that 1 1  was unstable in base.

Simultaneously with the work described above, it was found 
that alkylation o f  M eSN a with 3 in D M F  gave the 4-(m eth- 
ylthio)pyridine 14. This com pound was hydrogenated in the 
presence o f Raney nickel to give 17, which was converted to 
the 8 -aza-l-deazapurine 20 with nitrous acid in low yield. The 
mass spectrum o f the crude product o f this reaction suggested 
that partial replacement o f  the amino group o f 2 0  by a chloro 
group had occurred, indicating that diazotization o f the amino 
group was a side reaction.

Treatment o f 17 with refluxing formic acid gave a good yield 
o f the 1-deazapurine 21. This result indicated that the prep
aration o f an intermediate similar to 2 1  but containing a re
movable S-blocking group might provide a route to 1-deaza-
6 -thioguanine (13). Since 2,4,6-trimethylbenzyl esters are 
cleaved with 2 N H Br in H O A c 15 at room  temperature, this 
group was chosen as the S-blocking group. Alkylation o f 3 with 
the potassium salt o f  2,4,6-trim ethyl-a-toluenethiol gave 15, 
which was hydrogenated in the presence o f  Raney nickel to 
give 18. The cyclization o f 18 was effected with formamide at 
140 °C  to give 22 (mass spectrum ), which was not purified 
when it was found that only partial removal o f  the benzyl 
blocking group was obtained on treatment o f  2 2  for a pro
longed period o f time with hot 30% H Br in HOAc. T o  obtain 
a less stable blocking group, 3 was alkylated with the sodium 
salt o f diphenylmethvlthiol to give 16. H ydrogenation o f  16 
in the presence o f  Raney nickel gave 19, which was isolated 
as the dihydrochloride in 34% yield. For this reduction to

Imidazo[4,5-6]pyridines and y-Triazolo[4,5-6]pyridines
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proceed, the amount o f  Raney nickel used was twice the 
weight o f 16. Under these conditions, over-reduction occurred, 
suggesting that some o f the diphenylm ethyl group was re- 
ductively removed. In other runs, crude 19 was converted 
without purification to 23 with form am ide at about 160 °C. 
The diphenylmethyl blocking group o f 23 was removed in 
refluxing CF 3C 0 2H to give 13.16-17

In earlier work it was dem onstrated that the chloro group 
o f 25 can be displaced with nucleophiles .3 Treatm ent o f 25 
with NaSH in refluxing BuOH gave 26 contaminated with 
some o f the rearrangement product 27. This crude product 
was eluted from silica gel to  give a pure sample o f  26. In ad
dition, on heating 26 in D M A c, a pure sample o f  the rear
rangement product 27 was obtained. The reverse rearrange
ment, 27 —* 26, was shown by T L C  to be practically complete 
when 27 was heated in D M A c containing K 2C 0 3 at 125 
°C.18

The ultraviolet, infrared, and JH N M R  spectral properties 
o f  the 1 -deaza and 8 -aza-l-deaza purines and related com 
pounds are presented in Table I. O f interest is the similarity 
o f the ultraviolet spectra in base o f  1 -deazaguanine (8 ) and 
l-deaza-6 -thioguanine (13) to those o f  the corresponding 
purines. In contrast, the anion o f 8 -aza-l-deaza-6 -thioguanine 
has a maximum at a lower Wavelength than that o f 8 -aza-6 - 
thioguanine (328 nm).

Experimental Section
Melting points were determined on a M el-Tem p or Kolfer-Heiz- 

bank apparatus.
2,6-Diamino-4-chloro-3-nitropyridine (3). A suspension o f 212 

(10.0 g) and NaOAc (16.4 g) in absolute MeOH (700 ml) was refluxed
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Table I. Spectral Properties of 1-Deaza- and 8-Aza-l-deazapurines

Registry Uv absorption“ spectra, Ir absorption6 spectra, KBr, ^  NM R spectral assignments,“
no. ' Compd 0.1 N NaOH selected bands, cm“ 1 chemical shifts, ô (rel area)

60282-59-9 8 262 (10.6), 276 (9.41) 1670,1640, 1610
60282-60-2 9 282 (15.4), 326 (1.14) 1645,1595,1515
60282-61-3 1 2 314 (10.4) 1620,1605,1575

60282-62-4 13 280 (5.83), 317 (9.18) 1640, 1525, 1500
60282-63-5 20 288 (14.7), 306 sh (11.5) 1610 sh, 1590,1550

60282-64-6 2 1 233 sh (15.6), 271 sh (7.10), 
2’77 (7.80), 312 (9.60)

1650 br, 1555,1520

60282-65-7 23 2'73 sh (8.22), 279 (9.20), 318 
(1 0 .1 )

1615 sh, 1600,1555

60282-66-8 26 217 (19.1), 308 (19.7) 1640 br, 1570, 1545
60306-33-4 27 241 sh (10.2), 256 (12.3), 310 

(4.72), 360 (7.85)
1640,1610,1565

6.33 (1,6-CH), 8.30 ( 1 ,2 -CH), ~10 br (6 , NH)
5.72 (1 ,6 -CH), 6.37, 9.88, (4, NH)
5.54 (2 , NH2), 6.14, 6.23 (3,7-CH, NH 2), 8.60 
(1,2-CH)
6.98 (1,6-CH), 7.65 (4, NH), 8.84 (1,2-CH)
2.59 (CH3), 6.40 (6 -CH), 6.57 (NH2), ~12 br 
(NH)
2.65 (3, CH3), 6.69 (1 ,6 -CH), 7.42 br (NH), 8.50 
(1,2-CH)
5.68 (2, NH2), 6.21, 6.43, (1 ,1 ,6 -CH and 
PhvCH), 7.38 m (10, C6H 5), 7.86 (1,2-CH)
6.46 (1 ,6 -CH), 6.82 (2, NH2)
6.18, 6.28 (3,7-CH, NH2), 7.17 (2, NH 2)

* Spectra were determined on a Cary Model 17 spectrophotometer. 6 Perkin-Elmer Model 621 spectrophotometer. c Spectra were 
determined on Me2SO-d6 solutions (3-7% w/v) on a Varian XL-100-15 spectrometer with Me4Si as an internal reference; the relative 
peak areas are given to the nearest whole number.

for 104 h, and evaporated to dryness in vacuo. The residue was washed 
with H20  and dried in vacuo over P2Os: yield 7.16 g (99%); mp 269-270 
°C dec (lit.14 mp 268 °C dec); Xmax, nm (c X 10~3), pH 7, 224 (10.8), 
273 (6.95), 303 (4.17), 397 (14.3).

Also, treatment of 6 (1.0 g) with POCl3 (25 ml) at reflux for 3 h gave 
crude 3 (0.76 g, 68%), which was identified by TLC.

Ethyl 6-Amino-l,4-dihydro-5-nitro-4-oxo-2-pyridinecarba- 
mate (5). A solution of 2 (1.0 g) in 98% H C02H (20 ml) was refluxed 
for 8 h, and evaporated to dryness in vacuo. The resulting residue was 
recrystallized from a mixture of EtOH-HoO and dried in vacuo over 
P9O5 at 78 °C: yield 0.25 g (27%); mp 239-240 °C dec; Amax, nm (e X 
lCr3), pH 7, 255 (11.8), 333 (9.87).

Anal. Calcd for C8H 10N4O5: C, 39.67; H, 4.17; N, 23.13. Found: C, 
39.88; H, 4.07; N, 23.24.

2.6- Diamino-3-nitro-4(lli)-pyridinone (6). A. The crude 
product of 5 obtained from 2 (12 g) as described above was suspended 
in a solution of KOH (24 g) in EtOH (220 ml), and the whole was 
heated in an oil bath at 100 °C for 72 h. The solid material was col
lected by filtration, dissolved in H20  (600 ml), and acidified to pH 1 
(paper) with concentrated HC1 to deposit unreacted crude 5, yield 1.4 
g (13% recovery). The filtrate was adjusted to pH 6 (paper) with 4 N 
NaOH to give a precipitate of 6 , yield 5.6 g (82%). For analyses a 
sample was dried in vacuo over P20.s at 56 °C: mp 257-258 °C dec 
(lit.10 mp 256-258 °C dec); Xmax, nm (« X 10~3), pH 7, 253 (8.62), 334 
(8 .6 6 ), 388 (8.89).

Anal. Calcd for C5H6N40 3: C, 35.29; H, 3.56; N, 32.93. Found: C, 
35.35; H, 3.65; N, 32.71.

B. A solution of 1 (50 g) in 98% HC02H (1300 ml) was refluxed for 
8 h and evaporated to dryness in vacuo to give crude 4: yield 46 g; mp 
150-155 °C (lit.10 mp 164-167 °C). A suspension of this material in 
a solution of KOH (79 g) in EtOH (1000 ml) was refluxed for 86 h. The 
solid was collected by filtration and treated as described above to give 
6 , yield 19 g (75%).

2.3.6- Triamino-4(lJJ)-pyridinone (7) . 13 A mixture of 6 (5.0 g) 
and Raney nickel (8 g, weighed wet, washed with EtOH) in EtOH (80 
ml) was hydrogenated at room temperature and atmospheric pressure 
for 20 h and filtered (Celite) into a flask containing 2.3 N ethanolic 
HC1 (40 ml). A white precipitate was obtained, which rapidly changed 
to a purple solid. Evaporation of the mixture to dryness under reduced 
pressure gave a solid that was dried in vacuo over P2Oa at 56 °C for 
48 h, yield 6 .1  g (93%). This sample decomposed from about 200  °C: 
Amax, nm (t X 10“ 3), pH 7, 224 (9.15), 300 (8.52).

Anal. Calcd for C5H8N4O-2HCl-0.2C2H6O: C, 29.15; H, 5.16; Cl, 
31.87; N, 25.18. Found: C, 28.90; H, 4.96; Cl, 32.26; N, 25.20.

5-Ammo-3fi-imidazo[4,5-/>]pyridin-7( l H)-one (8 ) .10 A solution 
of 7 2HCl-0.2C2H6O (1.0 g) in 98% H C02H (20 ml) was refluxed for 
4 h and evaporated to dryness in vacuo. The residue was heated at 160 
°C (1 mm) for 3 h and extracted with hot H20  (450 ml). After filtra
tion, the filtrate was evaporated to dryness and the resulting solid was 
refluxed in 6 N HC1 for 1 h. This suspension was evaporated to dryness 
in vacuo to give an orange solid, which was dried in vacuo over P20 3: 
yield 0.43 g (43%); mp >300 °C.

Anal. Calcd for C6H6N40-2HC1: C, 32.30; H, 3.62; Cl, 31.79; N, 25.12. 
Found: C, 31.91; H, 3.83; Cl, 31.64; N, 25.30.

5-Amino-3H-triazolo[4,5-b]pyridin-7(41J)-one (9) .9 Solid

NaN02 (0.33 g) was added with stirring and cooling to a solution of 
7 2HCl-0.2C2HsO (1.0 g) in a mixture of DMF (15 ml) and H20  (5 ml). 
After 15 min, the ice bath was removed; the solution was stirred at 
room temperature for 4 h, diluted with H20  (200 ml), and neutralized 
by the addition of solid NaHC03. The solid that deposited was col
lected by filtration and recrystallized from H20, yield 0.33 g (47%). 
This sample underwent decomposition from about 280 °C.

Anal. Calcd for C5HsN6O-0.2H2O: C, 38.81; H, 3.52; N, 45.26. Found: 
C, 38.91; H, 3.26; N, 45.52.

2.6- Diamino-3-nitropyridine-4(lff)-thione (10). A mixture of 
2 (5.0 g) and hydrated NaSH (20 g) in EtOH (250 ml) was refluxed for 
69 h and evaporated to dryness in vacuo. The residue was dissolved 
in water (170 ml) and acidified with concentrated HC1 to pH 2 (paper) 
to deposit a crude mixture (1.3 g) of 10 and its urethane derivative, 
based on TLC and elemental analyses. The filtrate from this solid was 
adjusted to pH 6 with 1  N NaOH and evaporated to dryness. The 
resulting residue was extracted with boiling EtOH (3 X 300 ml) and 
evaporated to dryness, and the residue was washed with CgHe to give 
crude 10, yield 2.4 g. This sample was extracted with 1 N NaOH (50 
ml), and the extract was acidified to pH 5 with 1 N HC1 to give pure 
10, which was dried in vacuo at 78 °C for 4 h: yield 0.54 g (15%); mp 
>300 °C; Amax, nm (e X 1G~3), pH 7, 234 (8.61), 267 (sh) (6.70), 338 
(4.92).

Anal. Calcd for C5H6N40 2S: C, 32.26; H, 3.25; N, 30.11; S, 17.22. 
Found: C, 32.12; H, 3.18; N, 29.88; S, 17.46.

2.3.6- Triaminopyridine-4(lif)-thione (11). A mixture of3  (5.0 
g) and hydrated NaSH (10 g) in EtOH (250 ml) was refluxed for 24 
h and evaporated to dryness in vacuo. The residue was dissolved in 
1 N NaOH (40 ml), the solution was adjusted to pH 5 (paper) with 
concentrated HC1, and the sulfur (1.3 g) that deposited was removed 
by filtration. The filtrate was evaporated to dryness under reduced 
pressure, and the solid was washed by stirring in 3 N HC1 for 1  h. The 
product was collected by filtration, washed with CgHe, and dried in 
vacuo over P20 5 , yield 3.9 g (66%). This sample underwent decom
position from about 222 °C when taken from 200 °C: Amax, nm (e X
lO-3), pH 7, 293 (10.6), 342 (8.91).

Anal. Calcd for C5H8N4S-1.8HC1: C, 27.07; H, 4.45; N, 25.26. Found: 
C, 27.44; H, 4.29; N, 24.96.

4.6- Diaminothiazolo[4,5-c]pyridine (12). A. A solution of 11 
1.8HC1 (1.2 g) in 98% H C02H (20 ml) was refluxed for 18 h, and 
evaporated to dryness in vacuo. The residue was suspended in 10% 
ethanolic HC1 and stirred at room temperature for 18 h. The solid was 
collected by filtration, washed with Et20, and dried in vacuo over 
P20 5: yield 0.70 g (61%); mp 235-240 °C dec.

Anal. Calcd for C6H6N4S-1.25HC1: C, 34.02; H, 3.45; Cl, 20.93; N,
26.46. Found: C, 34.23; H, 3.38; Cl, 20.88; N, 26.39.

A solution of the hydrochloride of 12 (200 mg) in H20  (6 ml) and 
1 N NaOH (6 ml) was stirred at room temperature for 16 h to deposit 
1 2 : yield 83 mg (53% recovery); mp 151-152 °C with decomposition 
from 145 °C when taken from 130 °C; M+ m/e 166.

Anal. Calcd for C6H6N4S: C, 43.36; H, 3.64; N, 33.71. Found: C, 
43.10; H, 3.53; N, 33.96.

B. A powdered mixture of 11 1.8HC1 (222 mg) and K2C 0 3 (500 mg) 
in (EtO)sCH (10 ml) was refluxed for 4 h and evaporated to dryness 
in vacuo. The resulting residue was suspended in H20  and acidified
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to pH 5 (paper) with dilute HC1 to give crude 12, yield 159 mg
(96%).

5-Amino-l,4-dihydro-7Jtf-imidazo[4,5-6]pyridine-7-thione
(13). A solution of 23 (500 mg) and phenol (500 mg) in CF3CO2H (20 
ml) was refluxed for 3 h and evaporated to dryness in vacuo. The re
sulting residue was stirred in 9% methanolic HC1 (25 ml) for 2 h; the 
solid was collected by filtration (142 mg), and recrystallized from 
EtOH to give the HC1, yield 60 mg (20%), mp >265 °C (Mel- 
Temp).

Anal. Caled for C6H6N4S-HC1: C, 35.56; H, 3.48; N, 27.65. Found: 
C, 35.65; H, 3.43; N, 27.57.

The residue obtained from the methanolic HC1 filtrate was re
crystallized from EtOH to give an additional amount of 13 HC1, yield 
17 mg (6%). The total yield was 77 mg (26%).

2.6- Diamino-3-nitro-4-(methylthio)pyridine (14). A solution 
of MeSNa was prepared from NaOMe (3.6 g) in MeOH (190 ml) by 
saturation of the solution with MeSH at 0 °C. A mixture of the solid 
obtained by evaporation of this solution to dryness in vacuo and 3 (6.3 
g) in DMAC (150 ml) was heated at 50 °C for 24 h and diluted with 
H20  (2500 ml). The solid that precipitated was collected by filtration, 
washed with H20, and dried in vacuo over P2O5: yield 5.6 g (84%); mp 
271-272 °C dec; Xmax, nm (t X 10“ 3), pH 7,272 (7.92), 347 (9.04), 398
(12.4).

Anal. Caled for C8H8N40 2S: C, 35.99; H, 4.03; N, 27.98. Found: C, 
36.36; H, 3.83; N, 28.01.

2-(2,4,6-Trimethylbenzyl)-2-thiopseudourea Hydrochloride.
A solution of 2,4,6-trimethylbenzyl chloride (5.0 g) and thiourea (2.5 
g) in EtOH (90 ml) was refluxed for 4 h and chilled. The white solid 
was collected by filtration and dried in vacuo over P2O5: yield 5.2 g 
(71.5%); mp 242-243 °C.

Anal. Caled for CnHi6N2S-HCl: C, 53.97; H, 7.00; N, 11.44. Found: 
C, 54.16; H, 6.96; N, 11.60.

Concentration of the filtrate gave an additional amount of product: 
yield 1.0 g; mp 242-243 °C. The total yield was 6.3 g (86.5%).

2.4.6- TrimethyI-o'-toluenethiol. A solution of 2-(2,4,6-trimeth- 
ylbenzyl)-2-thiopseudourea hydrochloride (26 g) in 2.5 N NaOH (500 
ml) was refluxed for 1  h and filtered. The filtrate was cooled in an ice 
bath and acidified with concentrated HC1. The white precipitate was 
collected by filtration, washed with H20, and dried in vacuo over P2O5: 
yield 15 g (85%); mp 44-45 °C.

Anal. Caled for Ci0H 14S: C, 72.23; H, 8.46. Found: C, 72.18; H,
8.43.

2.6- Diamino-4-[(2,4,6-trimethylbenzyl)thio]-3-nitropyridine
(15). A solution of 3 (5.0 g) and 2,4,6-trimethyl-a-toluenethiol (4.6 
g) in DMAC (100 ml) and anhydrous K 2CO3 (3.7 g) was heated at 50 
°C for 46 h. TLC of the reaction mixture showed the presence of un
reacted 3. After an additional amount of the thiol (1.2 g) was added, 
the reaction mixture was heated for 18 h and poured into cold H20  
(3500 ml). The yellow solid was collected by filtration, washed with 
Et20  (800 ml), and dried in vacuo over P2O5: yield 5.2 g (61%); mp 290 
°C dec. For analysis, a sample (100 mg) was recrystallized from pro
panol: yield 70 mg (70% recovery); mp 293 °C dec; Xmax, nm (e X 10-3),
0.1 N HC1, 224 (24.8), 296 (7.67), 375 (15.4).

Anal. Caled for C15H 18N4O2S: C, 56.59; H, 5.70; N, 17.60. Found: 
C, 56.46; H, 5.65; N, 17.47.

2-(Diphenylmethyl)-2-thiopseudourea Hydrochloride. A so
lution of thiourea (3.8 g) and diphenylmethyl chloride (8.7 ml) in 
EtOH (25 ml) was refluxed for 2.5 h and evaporated to dryness in 
vacuo. The residue was extracted in a hot Soxhlet apparatus with 
MeCN (1400 ml) for 20 h, and the solid that precipitated from the 
cooled extract was collected by filtration: yield 9.0 g (65%); mp 196-199 
°C.

Anal. Clcd for Ci4H 14N2S-HCl: C, 60.31; H, 5.42; N, 10.05. Found: 
C, 60.08; H, 5.83; N, 10.27.

2.6- Diamino-4-[(diphenylmethyl)thio]-3-nitropyridine (16).
A solution of 2-(diphenylmethyl)-2-thiopseudourea hydrochloride 
(6.8 g) in 1 N NaOH (122 ml) was heated in an oil bath at 77 °C for 0.5 
h, acidified to pH 4 (paper) with dilute HC1, and extracted with CHCI3 
(3 X 300 ml). The combined extracts were evaporated to dryness in 
vacuo; the residue (4.7 g) of crude (diphenylmethyl)thiol19 was dis
solved in MeOH (125 ml) containing NaOMe (1.3 g), and the solution 
was evaporated to dryness in vacuo to give the crude sodium salt. A 
mixture of this salt and 3 (3.8 g) in DMAC (100 ml) was heated with 
stirring at 50 °C for 69 h and diluted with H20  (1000 ml). The solid 
was collected by filtration, washed with H20, and dried in vacuo over 
P20 5 to give crude 16, yield 7.6 g. This sample was recrystallized from 
a large volume of C8H6: yield 4.6 g (65%); mp 230-233 °C; Xmax, nm 
(e X l O - 3), 0.1 N HC1, 255 (27.2), 297 (9.93), 377 (19.5).

Anal. Caled for Ci8H i6N40 2S: C, 61.34; H, 4.58; N, 15.90. Found: 
C, 61.04; H, 4.69; N, 15.86.

2.3.6- Triamino-4-(methylthio)pyridine (17). A suspension of 
14 (2.0 g) in EtOH (1000 ml) containing Raney nickel (4 g, weighed 
wet, washed with EtOH) was hydrogenated at room temperature and 
atmospheric pressure. After 3 h, the catalyst was removed by filtration 
(Celite). The filtrate was diluted with concentrated HC1 (2 ml), and 
evaporated to dryness in vacuo: yield 2.2  g (90.5%); mp 248 °C dec; 
Xmax, nm (e X 10"3), pH 7, 222 (sh) (14.4), 236 (18.2), 324 (6.04).

Anal. Calcd for C6H 10N4S-2HC1: C, 29.64; H, 4.97; N, 23.04. Found: 
C, 30.02; H, 4.82; N, 22.95.

2.3.6- Triamino-4-[(2,4,6-trimethylbenzyl)thio]pyridine (18).
A solution of 15 (3.84 g) in a mixture of DMAC (40 ml) and EtOH (350 
ml) was hydrogenated in the presence of Raney nickel (4 g, washed 
with EtOH, weighted wet) at 50 °C for 4.5 h. The catalyst was removed 
by filtration (Celite), the filtrate was evaporated to dryness in vacuo, 
and the resulting residue was washed with petroleum ether and dried 
under reduced pressure at 56 °C: yield 2.80 g (81%); mp 175 °C dec; 
Xmax, nm (e X 10“ 3), 0.1 N HC1, 242 (22.9), 270 (15.3), 333 (9.52).

Anal. Calcd for C15H20N4S: C, 62.47; H, 6.99; N, 19.42. Found: C, 
62.21; H, 6 .8 6 ; N, 19.54.

2.3.6- Triamino-4-[(diphenylmethyl)thio]pyridine (19). A so
lution of 16 (1.0 g) in EtOH (500 ml) containing Raney nickel (2 g, 
weighed wet, washed with EtOH) was hydrogenated at room tem
perature and atmospheric pressure for 5 h. The mixture was filtered 
(Celite) into a flask containing 1  N HC1 (6 ml), and the filtrate was 
evaporated to dryness in vacuo. The resulting residue was recrystal
lized from EtOH: yield 0.38 g (34%); mp 209-211 °C dec with 
presoftening; Xmax, nm (e X 10-3), pH 7, 337 (5.76).

Anal. Calcd for C18H 18N4S-2HC1: C, 54.69; H, 5.10; N, 14.17. Found: 
C, 54.53; H, 5.24; N, 13.71.

An additional amount of crude 19 (0.28 g) was obtained from the 
ethanol filtrate.

5-Amino-7-(methylthio)-lH-v-triazolo[4,5-b]pyridine (20).
To a solution of 17 2HC1 (1.48 g) in H20  (58 ml) containing HOAc 
(3.05 ml) and NaOAc (1.00 g) was added solid NaN02 (0.50 g) with 
stirring. After 2 h the solid was collected by filtration, recrystallized 
from H20, and dried in vacuo over P2O5 at 78 °C: yield 0.29 g (20%); 
mp 279-280 °C with dec from 267 °C.

Anal. Calcd for C6H7N5S.0.39H2O: C, 38.28; H, 4.17; N, 37.20. 
Found: C, 38.54; H, 4.05; N, 36.86.

5-Amino-7-(methylthio)-lfl-imidazo[4,5-/b]pyridine (21). A 
solution of 17 2HC1 (100 mg) in 98% H C02H (5 ml) was refluxed for 
4 h and evaporated to dryness in vacuo. The resulting residue was 
suspended in 1 0 % ethanolic HC1 (5 ml), stirred at room temperature 
for 18 h, collected by filtration, washed with Et20, and dried in vacuo 
over P2O5 at 78 °C: yield 89 mg (88%); mp 254 °C dec with premelting 
from about 180 °C; M+ m /e 180.

Anal. Calcd for C7H8N4S-1.8HC1: C, 34.19; H, 4.02; N, 22.79. Found: 
C, 33.86; H, 3.96; N, 22.79.

5-Amino-7-[ (diphenylmethyl) thio]-l H-imidazo[4,5-b]pyri- 
dine (23). A solution of 16 (3.68 g) in EtOH (2,000 ml) containing 
Raney nickel (8 g, weighted wet, washed with EtOH) was hydroge
nated at room temperature and atmospheric pressure for 5.5 h. The 
H2 absorbed was 17% in excess of the theoretical amount. The catalyst 
was removed by filtration under N2; the filtrate was evaporated to 
dryness in vacuo, and the residue was heated in HCONH2 ( 1 0 0  ml) 
at 160 °C for 18 h. The reaction mixture was evaporated to dryness 
in vacuo. The resulting solid was stirred in 1 N NaOH (64 ml) for 18 
h, and the product was collected by filtration: yield 2.44 g (70%); mp 
~195 °C dec. A portion (100 mg) of this sample was recrystallized from 
EtOH to give the analytical sample: yield 46 mg; mp 228-230 °C.

Anal. Calcd for C19H]6N4S: C, 68.65; H, 4.85; N, 16.86. Found: C, 
68.30; H, 5.01; N, 16.59.

5-Amino-l,4-dihydro-7 ff-v-triazolo[4,5-b]pyridine-7-thione
(26). A solution of 25 (1.50 g)3 in butanol (75 ml) containing hydrated 
sodium hydrosulfide (7.50 g) was refluxed for 18 h, and the resulting 
suspension was evaporated to dryness in vacuo. The residue was 
dissolved in H20, and after acidification with HOAc, the solid was 
collected by filtration, washed with hot C8H8 (2 X 200 ml), and dried 
in vacuo over P20 5 at 110 °C, yield 1.15 g. This solid was dissolved in 
a minimum amount of 1 N NH4OH and poured into a fritted glass 
funnel containing silica gel H (23 g). The whole was washed with 8:2 
CHOI, MeOH and the washings were evaporated to dryness in vacuo 
to give 26 contaminated with 27, yield 0.44 g. Next the silica gel was 
washed with 1 N NH4OH, and the washings were neutralized with 
HOAc to give a precipitate of 26: yield 0.48 g; mp 236-237 °C with 
decomposition and presoftening from 22 0  °C.

Anal. Calcd for C5H5N5S: C, 35.92; H, 3.01; N, 41.89. Found: C, 
35.71; H, 3.25; N, 41.62.

4.6- Diamino[l,2,3]thiadiazolo[4,5-c]pyridine (27). A solution 
of 26 (0.50 g) in DMAC (15 ml) was heated at 125 °C for 30 min, fil
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tered, and evaporated to dryness in vacuo. The residue was washed 
with Et2 0  and recrystallized from MeCN: yield 0.36 g (72%); mp 240 
°C dec.

Anal. Calcd for C5H5N5S: C, 35.92; H, 3.01; N, 41.89. Found: C, 
36.18; H, 3.10; N, 41.81.
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The low temperature 'H NMR spectra of a series of N-acylimidazoles have been examined. All but one exhibited 
doubling of the resonances of H-2 and H-5 at low temperature reflecting the presence of two diastereomers which 
differ in configuration at the carbonyl to nitrogen (amide) bond. In all cases, the predominant diastereomer was 
assigned the E configuration. The configurational assignment involved the use of NMR chemical shifts and cou
pling constants, CNDO/2 calculations, solvent effects, and analogy to imides. Equilibrium constants and free ener
gies of activation for isomerization were determined using variable temperature NMR spectroscopy in methylene 
chloride: IV-formylimidazole, 4.6, 11.6 keal/mol; iV-acetylimidazole, 1.9,10.5 keal/mol; N-propionylimidazole, 1.5,
9.9 keal/mol; N-(2-methylpropionyl)imidazole, 1.6, 9.9 keal/mol; N-trifluoroacetylimidazole, 2.2, 10.2 keal/mol; 
N-trimethylacetylimidazole, no splitting observed. The behavior of the first two of these compounds in three other 
solvents was also examined and the effects of solvent on NMR chemical shifts, the isomerization equilibrium con
stant, and the barrier to stereomutation are discussed. The relation between data for N-acylimidazoles and those 
for imides and iV.N-dimethylamides is discussed.

Am ong the most informative amide torsional barriers are 
those for com pounds in which the nitrogen lone pair forms 
part o f  an aromatic tt system. The torsional barriers in such 
com pounds are lower than in the corresponding N ,N -d ia lk -  
ylamides, and the extent to which the barrier is lowered is 
related to the delocalization o f the nitrogen lone pair and 
hence to the aromaticity o f  the heterocyclic ring. Although 
torsional barriers in amides have been intensively studied over 
the past 2 0  years,3 only few studies have been made on amides 
o f  aromatic heterocyclic amines.4 -7  This paper reports our 
investigation o f the variable temperature N M R  spectra o f  a 
series o f  A'-acylimidazoles, 1, a system which had received no 
attention when our investigation was begun.

The A'-acylimidazoles represented an interesting subject 
for study for another reason as well. The iV-acylimidazoles can 
be considered as analogues o f  imides, a class o f  com pounds 
whose torsional barriers and configurational preferences have 
been o f interest in our laboratory .8 Tw o labile configurational 
isomers are possible for iV-acylimidazoles, E - 1 and Z - 1, which 
can be interconverted by torsion about the carbon-nitrogen 
partial double bond. These two configurations are electroni-

cally related to the E ,E  and E ,Z  configurations o f  the imides 
2. M ost imides prefer one o f these two configurations when 
in solution in nonpolar solvents .8-9 W hile the parent imide, 
diformamide, and its A -m ethyl derivative (2a, R ' =  H, CH 3 ) 
prefer the E ,E  configuration, the higher hom ologues diace
tamide and dipropionam ide and their A -m ethyl derivatives 
(2b, R ' = H, CH 3 and 2c, R ' = H, CH S) adopt the E ,Z  config
uration. The unsymmetrical imide A -acetylpropionam ide

H4v,______^H. a, R = H
> = r  _ [ = } b, R = c h 3

c, R
d, R

= CH2CH 3 

= CH(CH3).
H , R H2 0 e, R = c f 3
£-1 z -1 f, R = C(CH 3 )3

R' R'I R'j

V / Y r 1
R R R O 0  0

E,E-2 E.Z-2 Z ,Z -2



exists as a mixture o f  the two possible £ ,Z  forms. The reversal 
in configurational preference between diform am ide and its 
higher homologues was interpreted by considering a balancing 
between opposing steric and coulom bic factors. The E ,E  
configuration preferred by 2a corresponds to  the form  with 
the minimum dipole m om ent and its greater stability seemed 
to be associated with the decrease in repulsive coulom bic in
teractions reflected in the lower dipole moment. However, the 
E ,E  form brings the two R  groups into close proximity and this 
leads to significant destabilizing interactions when R  is methyl 
or a larger alkyl group. It was, therefore, o f  interest to examine 
configurational preferences in a system in which steric factors 
could be controlled. W e wished to determine whether the 
preference for the E ,E  configuration in diform am ide and 
iV-methyldiformamide was the result o f  coulom bic factors 
alone or whether an H -H  attractive interaction might be 
important. W e also wished to learn whether the reversal in 
configurational preference when R  is changed from hydrogen 
to alkyl might involve coulom bic as well as steric factors.

The iV-acy I imidazole system can be considered as a m odel 
system for ¡mides in which steric factors are controlled. While 
the two configurations E - 1  and Z - 1  are electronically related 
to E ,E - 2 and E ,Z - 2 , steric differences between the two acyl- 
imidazole diastereomers are minimized. Thus, the steric in
teraction between H 2 and R  in £ -1  is comparable to that be 
tween H 5 and R  in Z - l .  As a consequence, electrostatic in
teractions should be the dom inant factor controlling the 
configurational equilibrium in acylimidazoles, 1 .

Results
The ambient and low temperature spectra o f  acylimidazoles 

1 were obtained in methylene chloride solvent. In addition, 
spectra o f  la and lb  were also obtained in tetrahydrofuran, 
acetone-de, CDC13 (for la), and CFCI3-C D C I3 (for lb). The 
ambient temperature spectra, in all cases, feature three 
multiplets for the ring protons at nearly the same chemical 
shifts, ca. 8 8.2, 7.5, and 7.1 . 10 Assignment o f  these three 
multiplets is relatively straightforward and has been reported 
by several groups for Al-ácetylimidazole.7’1 1 -12 The lowest field 
m ultiplet derives from H 2, the multiplet at ca. 8 7.5, derives 
from H 5 , while H 4 gives rise to  the high-field resonance. 
Change o f solvent from methylene chloride to acetone effects 
only small changes in the am bient temperature chemical 
shifts. In lb downfield shifts o f  —0.14 and —0.12 ppm  were 
observed for H 2 and H 5, respectively, the protons flanking the 
acyl group, as well as for the acetylm ethyl group —0.09 ppm. 
The ring proton furthest away from  the acyl group suffered 
an upfield shift (+0.05 ppm ). Very similar behavior was ob 
served for la. Changing the solvent to  tetrahydrofuran pro
duced shifts in much the same directions but o f  much smaller 
magnitudes. M uch larger solvent shifts were observed in the 
low temperature spectra (vide infra) but they were largely 
averaged out by rapid torsion about the amide bond in the 
room temperature spectra.

W hen the temperature is lowered, two o f  the resonances 
derived from the ring protons (those from H 2 and H 5) in la -e  
broaden and split into pairs o f unequally intense peaks (Figure 
1 ) reflecting the presence o f  two diastereomers, in a ratio o f 
65/35 for lb, which interconvert only slowly on the N M R  time 
scale. The resonance corresponding to H 4, which lies furthest 
from the acyl group, did not exhibit an observable difference 
in chemical shift corresponding to the difference in configu
ration at the amide partial double bond. O f the acylimidazoles 
1 examined only the trim ethylacetyl (pivaloyl) derivative I f  
failed to exhibit nonequivalence at the lowest temperature at 
which it was examined (—120 °C ) . 13

In the spectrum o f  lb  in dichlorom ethane at —94 —C (Fig
ure 1), the resonance derived from H 5 in the major isomer
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Figure 1. Low temperature (—94 °C) *H NMR spectrum of N - 
acetylimidazole (lb) in methylene chloride solvent.

appears at lower field (8 7.69) when com pared with that de
rived from the m inor isomer (6 7.47). By contrast, the m ulti
plet derived from  H 2 appears at higher field in the m ajor iso
mer (<5 8.19) as compared with the m inor isomer (5 8.39). The 
same qualitative behavior was observed for the other com 
pounds: H 2 always appeared upfield and H 5 always appeared 
downfield in the major isomer (Table I).

W e have assigned the E  configuration to the major isomer 
for la -e  on several bases. Based upon the analogy with imides 
we would expect the isomer with the lower dipole m om ent to 
be favored. Semiempirical molecular orbital calculations 
(CN D O /2) indicate that the E  isomer has a lower dipole m o
ment than the Z  isomer, supporting the validity o f the analogy 
between £ -1  and £ ,£-2  and between Z - l  and £ ,Z -2. The 
calculated moments for Af-formylim idazole were £ -la , 1.76 
D; Z -la , 3.45 D. T he corresponding calculated m om ents8 in 
.V-methyldiformamide (2a, R  = C H 3) are strikingly similar 
considering the differences in the two com pounds: £ ,£ ,  1.75 
D; E ,Z , 3.49 D. The calculated dipole mom ents in the imide 
series seemed to agree fairly well with estimates based upon 
the experimentally obtained dipole mom ents in imides with 
known (or fixed) configurations. In analogy with the C N DO/2 
calculations for jV-methylformamide, the difference in energy 
between £ -la  and Z -la  was found to be very small.

The chemical shift differences between the resonances for 
H 2 and H 5 in the two isomers provide further support for our 
assignment. The reversal o f the chemical shift differences for 
H 2 and H 5 , and the negligible difference observed for H 4 in
dicate that the anisotropy o f the acyl group is responsible for 
the chemical shift difference. The dependence o f  the ring 
proton chemical shifts as a function o f the R  group in the acyl 
function was relatively small supporting the idea that the 
configurationally dependent changes in the chem ical shifts 
o f H 2 and H 5 are associated with proximity to the acyl oxygen 
rather than the R  group.

M odels for the effect o f  an acyl oxygen in this kind o f  ori
entation can be found in the imide series. In diformamide (2a, 
R ' = H), the two diastereotopic formyl protons in the £ ,Z  form 
can be definitively assigned on the basis o f the vicinal coupling 
constants.8 The formyl proton closest to the carbonyl oxygen 
atom o f  the other acyl group appears at lowest field. The low 
temperature 'H  N M R  spectrum o f  A '-acetylpropionam ide 
provides a second exam ple . 14 This com pound exists as a 
mixture o f  two £ ,Z  diastereomers. In the major isomer the 
methyl group is in the more sterically hindered position close 
to the oxygen atom o f  the propionyl moiety. It exhibits a 
downfield shift o f  0.65 ppm  relative to the resonance o f the 
minor isomer. The propionyl methylene group o f the minor 
diastereomer, which is in a comparable orientation near the 
acetyl oxygen atom, also appears downfield with respect to the
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Table I. Low Temperature NMR Data for TV-Acyl imidazoles, 1

Chemical shifts, 5________________  Equilibrium
Registry ________ E  isomer________  ________ Z  isomer _____  constant

no. Compd R Solvent R h 2 H4b h 5 R h 2 H4fc h 5 (E :Z )a Temp °C

3197-61-3 la H CDCls 9.32 8.27 7.27 7.68 9.21 8.44 7.27 7.52 78/22 -7 0
Tetrahydro- 9.33 8.47 7.21 7.85 9.21 8.47 7.21 7.85 87/13 -9 4

furan
CH2C12 9.29 8.27 7.23 7.69 9.19 8.41 7.23 7.56 82/18 -9 4
Acetone-de 9.54 8.62 7.35 7.93 9.44 8.62 7.35 7.93 8 8 / 1 2 -9 4

2466-76-4 ib c h 3 CFCL-CDCla 2.76 8.14 7.17 7.67 2 .6 8 8.41 7.17 7.34 72/28° -9 4
(2 :1 )

Tetrahydro- € 8.43 7.07 7.72 e 8.35 7.07 7.80 ~ 3 /H -9 4
furan

CH2C12 2.70 8.19 7.16 7.69 2.64 8.39 7.16 7.47 65/35 -9 4
Acetone-dfi 2.82 8 .6 8 7.23 7.80 2.73 8.48 7.23 7.96 78/22d -9 4

4122-52-5 lc c h , c h 3 CH2C12 8 .2 0 7.15 7.71 8.39 7.15 7.48 60/40 -9 3
4122-53-6 id CH(CH3) c h 2c i2 8.26 7.16 7.69 8.38 7.16 7.53 61/39 -9 7
1546-79-8 le c f 3 c h 2c i2 8.26 7.26 7.78 8.52 7.26 7.55 69/31 -9 8

0 These equilibrium constants are estimated to be accurate to ±2%. The E  form is favored in all cases. 6 None of the compounds 
examined exhibited observable chemical shift nonequivalence for H4. c Reported to have an equilibrium constant of 63/37 in CHFC12. 
d Reported to have an equilibrium constant o f 25/75 favoring the Z  isomer.7b The error of this assignment is discussed in text. e The 
solvent peak obscured this resonance. f Small chemical shift differences prevented precise determination of the equilibrium con
stant.

Figure 2. Low temperature (—94 °C) 'H NMR spectrum of N - 
acetylimidazole (lb) in acetone solvent.

methylene group in the major isomer. These observations are 
in accord with the notion that protons adjacent to and in the 
nodal plane o f an imide carbonyl group should suffer down- 
field shifts, just as protons adjacent to and in the nodal plane 
o f  the carbonyl groups o f aldehydes and ketones are shifted 
downfield as a consequence o f the anisotropy o f the carbonyl 
group . 10 On this basis the major isomer is assigned the E  
configuration since in this isomer H 5 is shifted downfield, 
while Ho is shifted downfield in the minor isomer. This pattern 
was observed in the low temperature spectra o f  all o f  the ac- 
ylimidazoles, la -e , in methylene chloride solvent and we have 
assigned the E  configuration to the major isomer in all cases. 
W hile the chemical shifts were not greatly affected by the 
nature o f  the R  group, a slightly larger variation in chemical 
shifts was observed for the protons in closest proximity to the 
R  group (H 2 in E - l  and H 5 in Z -l ) ,  except in the case o f le . In 
this com pound, the chemical shifts o f  these hydrogens show 
little effect from  the replacement o f  an alkyl group by triflu- 
oromethyl while the other two ring hydrogens (furthest from 
the CF 3 group) suffer comparable downfield shifts, possibly 
as the result o f  the inductive effect o f  CF3.

Further evidence supporting the assignment o f  the Z  con 
figuration to the minor isomer o f  TV-trifluoromethylimidazole
( le )  was obtained by examination o f widths at half height in 
the low temperature spectrum. The H 2 proton in the major 
isomer and the Hr, proton in the minor isomer showed extra 
broadening ( W \ / 2 o f 5.8 and 7.5 Hz, respectively, as compared 
with the corresponding protons in the other isomers, W \ / 2 3.8 
and 3.9 H z), probably due to long-range coupling with the

fluorine atoms ( ° J h f )- The through-space mechanism for 
long-range HF coupling allows the prediction that the proton 
nearer to the trifluorom ethyl group will exhibit the larger 
coupling constant. In A',N -dim ethyltrifluoroacetam ide, the 
lower field methyl signal has a larger 5J h f  coupling (1.60 Hz) 
than does the methyl resonance at higher field (0.65 H z ) . 18 -21  

Signal assignment has been controversial, 19’20 but the most 
recent study21 using lanthanide shift reagents clearly indicated 
that the lower field signal should be assigned to  the methyl 
group cis to the trifluoromethyl group supporting the opera
tion o f through-space coupling for hydrogen and fluorine 
atoms in this type o f system.

Additional broadening was also observed in the spectrum 
o f la . The form yl proton resonance in the major isomer has 
a greater half width (2.5 Hz) than that in the minor isomer (1.3 
Hz). This may be a reflection o f long range (5-bond) coupling 
with H r, which has a “ zig-zag”  relationship ,22’23 3, with the

3
formyl proton only in the E  configuration. A similar argument 
based on long-range (5-bond) coupling has been used by El- 
guero and co-workers7d to assign the configuration at the 
amide bond in TV-formylindole.

The appearance o f the low temperature (—94 °C) spectrum 
of lb  in acetone (or tetrahydrofuran) is quite different (Figure
2 ). The H 2 proton o f the major isomer now appears at lower 
field and the H 5 proton appears at higher field with respect 
to the resonances o f the corresponding protons in the minor 
isomer, although the ratio o f  intensities o f  major to minor 
resonances was not greatly changed (Table I). This reversal 
was also noted by Sandstrom and Elguero and co-workers,7b’c 
who concluded that there is a reversal o f  configurational 
preference in this solvent rather than attributing the d iffer
ence to solvent induced changes in chemical shifts. 24 That the 
explanation based upon reversal o f configurational preference 
is incorrect can be easily demonstrated by examination o f 
spectra in mixtures o f  dichlorom ethane and acetone as sol
vent. Such spectra are expected to be intermediate in either 
peak intensities or chemical shifts between the extremes re
corded in the pure solvents. The spectra in intermediate sol
vent mixtures show clearly that the ratio o f  intensities does
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Figure 3. Plot of chemical shifts in IV-acetylimidazole (lb ) in mix
tures of methylene chloride and acetone as a function of solvent 
composition: X, chemical shifts of resonances in Z-lb; O, chemical 
shifts of resonances in £-lb; the symbol ® indicates that the reso
nances of the two configurations could not be resolved because of 
overlap.

not reverse but that the positions o f  the resonances cross over 
as the am ount o f  acetone in the solvent mixture is increased. 
The plot o f  chemical shifts as a function o f solvent com posi
tion (Figure 3) indicates that the changes are not linear. 
Rather, the crossover points, at which the chemical shifts are 
nearly equivalent, occur with solvent com positions with less 
than 50% o f acetone (about 35% v /v  or about 30% when mole 
percentages are used). This is consistent with the idea, dis
cussed in a succeeding section, that the change is due to spe
cific solvation by acetone rather than a bulk solvent change. 
Thus, the configuration o f  the major isomer must be the same 
in acetone as in dichlorom ethane. This reversal is caused by 
very substantial downfield solvent shifts for two protons H 2 

in the E  isomer and H 5 in the Z  isomer. W hile the other ring 
protons, H 5  in the E  isomer, H 2 in the Z  isomer, and H 4 , are 
shifted downfield by only ca. 0.1 ppm, H 2 in the E  isomer and 
H 5 in the Z  isomer suffer much greater shifts on the order o f 
0.5 ppm. Similar but smaller shifts were noted in tetrahy- 
drofuran solvent. The shifts observed in both solvents are il
lustrated in Figure 4. Formylimidazole ( la )  also exhibits 
downfield shifts in these two solvents resulting in coincidence 
between the resonances in the two diastereomers for all o f  the 
ring protons in these solvents. The presence o f  the two dia
stereomers is, however, still reflected in the pair o f resonances 
observed for the formyl proton and the population ratio could 
still be determined by integration o f these resonances.

W e have observed similar acetone shifts in the low tem 
perature (—61 °C ) spectra o f  /V-acetylpyrrole (4). W hile the

- 0.02

H

^O(pro-Z)

low-field signal o f  the pair assigned to the a protons exhibits 
no appreciable shift upon change o f  solvent from  dich loro
methane to acetone (<5 7.47), the high-field signal is shifted 
from 8 7.17 to  8 7.48 at —61 °C. The d protons and the acetyl 
methyl group exhibit small downfield shifts. On the basis o f 
the similarity o f  the acetone shifts in acetylpyrrole to those 
in acetylimidazole and formylimidazole, we can assign the 
low-field signal to the pro-Z  hydrogen and the high-field signal 
to the p ro -E  hydrogen. The two groups4’5 who first investi
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Figure 4. Solvent shifts observed for lb in (a) acetone and (b) tetra- 
hydrofuran. Positive shifts (6 units) refer to upfield shifts relative to 
methylene chloride solvent.

gated slow torsion about the amide bond in iV-acetylpyrrole 
made contradictory tentative assignments o f the signals from 
the a protons on the basis o f the supposed anisotropy o f the 
amide carbonyl group. Elguero and co-workers7d have ex
amined the problem in greater detail and have made assign
ments in this and other iV-acylazoles using lanthanide induced 
shifts and comparison with chemical shifts in configura
tionally fixed model compounds. They concluded that the ring 
proton closest to the carbonyl oxygen atom appears upfield 
from that nearest the R  group o f the acyl function in this and 
other azoles. Our results provide further support for this 
conclusion (except when strong solvent shifts occur). W hile 
this generalization seems to be valid for a fairly large number 
o f com pounds, including the imides as well as IV-acylazoles, 
we agree that assignments o f  configuration in amides should 
not be made on the basis o f  chem ical shifts alone . 7d’16

A small effect o f solvent on the configurational equilibrium 
is evident in the data in Table I. Surprisingly, in the more 
polar solvents, acetone and tetrahydrofuran, the equilibium 
is shifted even further in the direction o f  the less polar isomer. 
A rationale for this behavior is discussed in a subsequent 
section o f this paper. It is also surprising that the solvent ef
fects on the equilibrium are so small when one compares the 
behavior o f  acylimidazoles with that o f furfural where the 
configuration o f more stable isomer changes from E  in CF2CI2 

or C C I4  to Z  in acetone . 25

The negligible differences in the equilibrium constants 
measured in methylene chloride for com pounds lb , l c ,  and 
Id (1.9,1.5, and 1.6, respectively) bearing methyl, ethyl, and 
isopropyl groups at the acyl carbon atom, support our con 
tention that steric factors cannot play a significant role af
fecting the magnitude o f the equilibrium constant and that 
steric interactions are nearly the same in the two diastereo
mers. I f steric interactions were substantially different in the 
two forms, the equilibrium constant would be expected to 
change significantly in this series. The much greater equilib
rium constant in formylimidazole ( la )  (4.6 in methylene 
chloride), then, cannot be ascribed to a decrease in steric bulk 
o f the R  group but rather must result from  some type o f 
electronic effect. By im plication, then, the reversal in the 
configurational equilibrium in the imide series may not be due 
solely to changes in steric interactions but may also reflect the 
same nonsteric factor which is responsible for the differences 
in the equilibrium constants o f  la  and o f lb , c . On the other 
hand, the change in equilibrium constants is much more 
dramatic in the imide series implying that while steric re
pulsion may not be the sole factor accounting for the reversal 
it must certainly be the major factor.

In order to obtain the free energies o f activation for torsion 
about amide bonds in la -e , the coalescence temperatures (T c) 
were measured and the rate constants at the coalescence point 
(fec) were calculated using com puter assisted com plete line- 
shape analysis. The signal broadening due to coupling was 
simulated by adjusting the relaxation times (T 2). The relative 
populations and chemical shift differences were assumed to 
be essentially independent o f  temperature within the tem 
perature range in which coalescence occurs. T he validity o f
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Table II. Dynamic NMR Data and Torsional Barriers for iV-Acylimidazoles, 1

Compd R
Proton

Solvent obsd Av, Hz T c,°C

Equilibrium
constant

(E /Z )
A G * e ^ z , 
kcal/mol

A G * z ^ e , 
kcal/mol

la  H CDC13 h 2 9.5 -5 0 (78/22) = 3.5 12.4 1 1 . 8

H,s 9-8 -5 0 12.5 11.9
CHO 6.4 -5 4 12.3 11.7

THF CHO 6.8 -6 5 (87/13) = 6.7 11.9 1 1 . 1

CH2C12 H 2 8 .2 -5 6 (82/18) = 4.6 1 2 . 2 1 1 . 6

H.5 8 .2 -5 6 12.4 11.7
CHO 6.2 -5 9 1 2 . 1 11.5

Acetone-ds CHO 6.2 - 6 8 (88/12) = 7.3 1 1 . 8 1 1 . 0

lb  CH3 CFC13CDC13 H 2 16.4 - 6 8 (72/28) = 2.6 10.9 10.5
(2 :1 )

H.5 19.7 -6 5 1 1 . 0 1 0 . 6

Me 4.6 -7 6 1 1 . 0 10.7
CH2C12 h 2 1 2 . 1 -7 3 (65/35) = 1.9 1 0 . 6 10.4

Table III. Room Temperature NMR Chemical Shifts (5) in N-Acyl imidazoles

R
R Solvent c h 3 c h 2 CH H h 2 h 4 h 6

H CDC13 9.16 8.17 7.19 7.53
THF 9.19 8 .2 0 7.06 7.57
c h 2c i2 9.19 8.16 7.17 7.53
Acetone-d6 9.39 8.33 7.14 7.65

CH3Me CFC13-CDC13 2.57 8.09 7.06 7.44
THF 2.57 8 .2 2 7.03 7.57
CH2C12 2.56 8 . 1 2 7.08 7.48
Acetone-d6 2.65 8.26 7.03 7.60

CH2CH3 CH2C12 1.29 2.90 8.14 7.07 7.48
CH(CH3) 2 c h 2c i2 1.31 3.22 8.17 7.08 7.50

c f 3 c h 2c i2 8.24 7.19 7.58
C(CH3)3 c h 2c i2 1.45 8.25 7.02 7.56

this assumption was supported by the finding that changes pyrrole, im idazole, triazole, and tetrazole, respectively, and
in Ai> and K eq were within experimental error for lb  in di- 
chloromethane in the temperature range —80 to —105 °C. In 
any event, it is well known that moderately large errors in k c 
result in errors in the free energy o f activation smaller than 
the error introduced by the experimental uncertainty in the 
measurement o f  tem perature .26 T he chem ical shift differ
ences, coalescence temperatures, and free energies o f activa
tion (obtained using the Eyring equation) are collected in 
Table II. In m ost cases, the coalescence o f  more than one set 
o f  signals could be used to calculate the torsional barrier. The 
barriers calculated using signals derived from different pro
tons never differed by more than 0 . 2  kcal/m ol, which is ap
proximately the error derived from  the uncertainty in the 
temperature (about ± 2  °C ).

The energy barriers for iV-acetyl- and /V-formyl imidazoles 
are about 2-3 kcal/mol lower than those for the corresponding 
pyrrole analogues.4’5,7 This implies that the ionic canonical 
structure 5 makes a less im portant contribution to the struc-

X  = CH, N 
R = H, CH3

5

tures o f  imidazoles (X  =  N) than it does to the structures o f 
the corresponding pyrroles (X  = CH). This is in accord with 
the results o f  studies on IV-acylazoles using infrared spectra 
and m olecular orbital calcu lations .27,29 T h e carbonyl 
stretching absorbtion o f the amide group appears at 1734, 
1747, 1765, and 1779 cm - 1  in the W-acetyl derivatives o f

the amide torsional barriers are expected to decrease in this 
order.

The barriers in the imidazole series are comparable to those 
in the imide series. Thus the barrier in la  (11.8 kcal/m ol) is 
slightly smaller than that in diformamide (12.9 kcal/mol). The 
replacement o f  one o f the carbonyl oxygen atoms by a less 
electronegative nitrogen atom would be expected to increase 
the barrier to torsion about the other amide bond. T he aro
m aticity o f  the imidazole ring, on the other hand, leads to a 
lowering o f the torsional barrier. Apparently these two factors 
are nearly balanced and the barrier is not changed apprecia
bly.

T he variation o f the torsional barriers in com pounds 1 
parallels that in the corresponding A/./V-dimethyl amides, 
R C O N (C H 3)2. A plot o f the free energies o f activation for the 
acylimidazoles 1  in methylene chloride as a function o f the 
barriers for the corresponding dim ethylamides in nonpolar 
solvents indicates a good correlation (Figure 5) . 30 This 
suggests that the barriers in both series are dependent on 
approximately the same mix o f steric and electronic effects 
associated with changes in the acyl m oiety .31 Based upon the 
correlation illustrated in Figure 5, an approxim ate torsional 
barrier for iV-trimethylacetylimidazole (If) o f ca. 7.9 kcal/mol 
can be predicted. Based on a chem ical shift difference o f  ca. 
10 Hz and an equilibrium constant o f  1.5, this would corre
spond to a coalescence temperature o f  about —130 °C. This 
prediction is in accord with the failure to detect signal splitting 
as the result o f slow exchange in If at the lowest temperatures 
attained (—120 °C).

The barriers for la  and lb  measured in the more polar 
solvent acetone are somewhat smaller than those in the less 
polar solvent CDC13 (or CFCI3/CD CI3 for lb). It m ight have
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Figure 5. Linear free energy relationship between torsional barriers 
in /V-acylimidazoles (RCONC 3 H 3 N) and those in the corresponding 
iV,)V-dimethylamides [RCON(CH 3 )2]. The point, A , for R  = C(CH 3 ) 3  

is not a data point but was extrapolated from the linear least-squares 
best fit line from the experimental points, O, using the literature value 
for the barrier in lV,/V-dimethylpivalamide.

been supposed that polar solvents would stabilize the ground 
state, in which the polar canonical structure 5 makes a con
tribution, more than they would in the torsional transition 
state where amide resonance is not possible. Indeed, this is the 
direction observed for the simple amides dimethylformamide 
and dim ethylacetam ide .300 Further, we note that the varia
tions in barriers in la do not correlate quantitatively with 
solvent bulk dielectric constant. Thus, the barrier for la in 
tetrahydrofuran (e 10.6 at —60 °C) is considerably lower than 
that in dichlorom ethane (t 13.3 at —60 °C), but is not very 
different from that in acetone (c 30.0 at —60 °C). W hile we 
cannot offer a conclusive rationale for this phenom enon, nor 
for the effect o f  solvent on the equilibrium constant for the 
configurational equilibrium, the two may very well be related. 
A plot o f the torsional barrier as a function o f the equilibrium 
constant for la results in a surprisingly good correlation 
(Figure 6 ). In those solvents in which the configurational 
equilibrium is most biased, the torsional barrier is the lowest. 
If this correlation is not fortuitous, it suggests that the oper
ation o f a com m on factor is involved. T he im plication is that 
solvation o f a particular region o f  la by acetone and tetrahy
drofuran is more favorable in the E  isomer o f the ground state 
than in the Z  isomer and more favorable in the transition state 
than in either ground-state form. The most positively charged 
carbon atom, according to  our CNDO/2 calculations, is the 
carbonyl carbon atom o f the acyl group which bears a charge 
o f +0.35. It seems most reasonable to suppose that solvation 
o f this carbon atom is involved. This postulate provides a ra
tionale for the solvent effects on chem ical shifts described 
earlier (Figure 4). The greatest shifts observed are those for 
the ring carbon atoms H 5 in the Z  isomer and H 2 in the E  
isomer. The protons would be the closest to solvent molecules 
interacting with the positive end o f the carbonyl bond dipole. 
This solvation would be more favorable in the E  isomer than 
in the Z  isomer, (Figure 7), since solvent is able to interact as 
well with C2 , which is the most positively charged o f  the ring 
carbons, as shown. Solvation even in this form is hindered by 
the peri-like interaction with H 2 and thus solvation can be 
more effective in the transition state where this interaction 
is absent. The more effective solvation o f the transition state 
results in a lowering o f the torsional barrier in these solvents.

Figure 6. Plot of the free energies of activation for torsion in N-  
formylimidazole (la) as a function of the configurational equilibrium 
constant in a series o f solvents: a, deuteriochloroform; b, methylene 
chloride; c, tetrahydrofuran; d, deuterated acetone.

Figure 7. Proposed solvation of la by polar solvents acetone and 
tetrahydrofuran. The charges on the carbon atoms shown are those 
obtained by CNDO/2 calculations.

This model also has the virtue o f  rationalizing the greater e f
fects on chemical shifts, the equilibrium constant, and free 
energy o f activation o f tetrahydrofuran as com pared with 
dichloroethane. W hile the bulk dielectic constant o f  tetra
hydrofuran is slightly smaller than that o f  dichlorom ethane, 
it is better at solvating positive charge.

Experimental Section
A-Acylimidazoles were synthesized and purified as reported by 

Staab and his co-workers . 3 2  Physical and spectroscopic properties 
were in accord with those reported and the assigned structures. N-  
Acetylpyrrole was prepared by transacetylation from A-acetylim- 
idazole according to Reddy . 3 3

’ H NM R spectra were recorded on a Varían A-60A spectrometer 
equipped with a V-6040 temperature controller using 2.5 mol % so
lutions. Temperatures were measured using methanol spectra as 
described in the Varian users manual and are considered accurate to 
±2  °C. Chemical shifts were calibrated by the side band method using 
a Hewlett-Packard 200CDR audio oscillator, and a Beckman FR 67/U 
frequency counter.

Molecular orbital calculations (CNDO/2) were carried out using 
a slightly moiified version of the program given in ref 34. Bond lengths 
and angles used were taken from x-ray crystallographic data for im
idazole3 5  and microwave spectroscopic data for formamide3 6  (sub
script f  refers to atoms in the formvl moiety): Cf-O, 1.19 Á; Cr-Hf, 
1 . 1 0 2  A; C,-N i, 1.376 A; N ,-C ,, 1.349 A; fh -C k  1.369 A; C2-N 3 , 1.326 
A; N 3-C 4 , 1.376 A; C4 -C 5 , 1.358 A; C ,(4 5 )-H, 1.08 A; bond angles 
OCfNt, 123.8°; H A N ], 113.2°; C fN Á , 126.4°; N Á 2 N 3 , 111.3°; 
C2N ,C 5, 107.2°; N 1C 5 C4 , 106.3°.
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l,3-Dipher.yl-2,2-dihaloaziridines (1 -5 ) were prepared by the addition of dihalocarbene (CC1F, CBrF, CCIBr, 
CC12, and CBr?) to iV-benzylideneaniline in n -hexane. These aziridine compounds were reduced with tri-re-butyltin 
hydride in n-pentane at room temperature to give the corresponding l,3-diphenyl-2-haloaziridines (6-8). The re
duction of 1, 2, and 3 proceeded stereospecifically, i.e., with retention of configuration, indicating that the interme
diate 2-fluoro- and 2-chloro-2-aziridinyl radicals are pyramidal, and configurationally stable enough to abstract 
hydrogen from tri-n-butyltin hydride much more rapidly than invert their configurations.

It is known that the configurational stability o f cyclopro
pyl radicals is strongly dependent on the nature o f  the a 
substituent, i.e., the substituent at the radical carbon . 1 The 
energy barriers for inversion o f the cyclopropyl (A), the a- 
chlorocyclopropyl (B), and the a -fluorocyclopropyl (C) radi
cals have been calculated to be 0.8, 4.0, and 10.5 kcal/mol, 
respectively, by use o f  the C N D O /2 approxim ation .2 These 
calculations indicate that the configurational stability o f these 
radicals increases in the order A <  B <  C, which is in good 
agreement with that o f the degree o f stereospecificity observed 
in a number o f  reactions proceeding via these radicals, such 
as the reduction o f cyclopropyl halides with organotin hy
drides, the brominative decarboxylation o f silver cyclopro- 
panecarboxylates, and the thermal decom position o f cyclo- 
propanepercarboxylic acid esters. Thus, cyclopropyl radical
(A ) 3 inverts its configuration so fast that it behaves as if it were 
planar, whereas the a-fluorocyclopropyl radical (C) reacts

stereospecifically, i.e., with com plete retention o f configura
tion, in many reactions . 1 '4’5 The inversion rate o f  the a-ch lo- 
rocyclopropyl radical1 ’6 is between those o f  the radicals cited 
above.

Recently, we have shown that the configurational stability 
o f the a-fluorocyclopropyl radical is also affected by the ft 
substituent. 7 Our findings are again in agreement with the 
prediction made theoretically by Dewar and Bingham .8

As compared with cyclopropyl radicals, however, there have 
been very few studies on the configurational stability o f other 
three-membered-ring radicals containing a heteroatom in the 
ring, such as oxiranyl, 2 -aziridinyl, and thiiranyl radicals. 
Altman and his collaborator have shown both theoretically2 

and experimentally9 that the energy for inversion o f  the ox i
ranyl radical is larger than that o f  the corresponding cyclo 
propyl radical.

We have now extended our studies to the hitherto unexa-
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mined 2-aziridinyl radical, with the expectation that the 2- 
aziridinyl radical might have a larger configurational stability 
than the cyclopropyl radical, as does the oxiranyl radical. In 
the present paper will be described the results of the studies 
on the reduction of l,3-diphenyl-2,2-dihaloaziridines with 
tri-n-butyltin hydride.

Results
Preparation of l,3-Diphenyl-2,2-dihaloaziridines. The

aziridine compounds employed in this study were prepared 
by the reaction of dihalocarbene with IV-benzylideneaniline.10

PhCH=N— Ph +  :CXY

ra-hexane Ph> w <
H N

I

Y

X

Ph
a

1, X = Cl; Y = F 
3s X = Cl; Y = Br 
5, X = Y = Br

Ph
b

2, X = Br; Y = F 
4, X = Y = Cl

All of the aziridine compounds prepared gave satisfactory 
elemental analyses as well as ir, NMR, and mass spectra.

Since chlorofluoro-, bromofluoro-, and chlorobromocar- 
benes and Af-benzylideneaniline are both unsymmetrical, two 
isomers of the aziridine should expectedly be formed. In fact, 
from chlorobromocarbene and the anil, usual treatment of the 
reaction mixture and recrystallization from n -pentane gave 
a mixture of two isomers (3a and 3b) of l,3-diphenyl-2- 
chloro-2-bromoaziridine in 61% yield. The NMR spectrum 
of the product showed the absorptions at 8 3.50 (singlet), 3.66 
(singlet), and 6.90-7.50 (multiplet). Heating the mixture of 
the two isomers in refluxing n-hexane-benzene (1:1) for a 
week resulted in the decomposition of one isomer (3a), with 
the other isomer (3b) left unchanged. The NMR spectrum of 
the remaining unchanged isomer showed the absorptions at 
8 3.66 (singlet, 1 H) and 6.90-7.50 (multiplet, 10 H). Column 
chromatography (silica gel, n -pentane eluent) of the two iso
mers gave pure 3a which had the absorptions at 8 3.50 (singlet, 
1 H) and 6.90-7.50 (multiplet, 10 H) in its NMR spectrum. 
The isomer ratio in the product was 2.3/1, with the isomer (3b) 
having the absorption at 8 3.66 predominating. Although 
neither these NMR data nor the ir and mass spectral data of 
the isomers were sufficient to determine their configurations 
(E  or Z ), the results of the reduction of each isomer allowed 
us to assign the Z  configuration to 3a and the E  configuration 
to 3b.11

In the NMR spectrum of the product obtained from chlo- 
rofluorocarbene and the anil, only one doublet (8 3.48, doublet, 
J  = 3.5 Hz, 1 H) was observed in addition to a complex mul
tiplet due to phenyl protons (5 6.90-7.58,10 H). Similarly, the 
NMR spectrum of the bromofluorocarbene adduct showed 
one alicyclic hydrogen (8 3.50, doublet, J  = 4.0 Hz) and ten 
aromatic hydrogens (8 6.92-7.60, multiplet). These doublets 
are due to the benzylidene proton coupled with the fluorine 
on the adjacent carbon. The magnitudes of the coupling 
constants suggest that these aziridines are the E  isomers (a).12 
The absence of other absorptions which could possibly be 
attributed to the other isomer (b) indicates that these re
crystallized products contain only one isomer (a) and that the 
reaction occurs with high stereoselectivity.14 An analogous 
stereoselective addition was observed in the reaction of excess 
LiCHCh with IV-benzylideneaniline in ether at temperatures 
below —70 °C.15

Reduction of l,3-Diphenyl-2,2-dihaloaziridines with  
Tri-n -butyltin  Hydride. l,3-Diphenyl-2-chloro-2-fluoro- 
aziridine (1) was reduced with a small excess of tri-n-butyltin

hydride in n-pentane at room temperature under nitrogen 
atmosphere for 5 days. The reduction product was isolated by 
use of column chromatography (alumina). The NMR spec
trum of the product proved that only one isomer of 1,3-di- 
phenyl-2-fluoroaziridine (6a) was formed. The NMR spec-

Ph F Ph F
/ Y 7 \  +  rc-BuaSnH ------— / v X/  \ t \ n-pentane /  \

H N x  Hx N nHm

Ph Ph
l a , X = C l  6«
2 a, X = Br

Ph
6 b

not obtained

trum in carbon tetrachloride showed the absorptions at 8 5.03 
(double doublet, J  = 4.0 and 79.0 Hz, 1 H), 3.16 (double dou
blet, J  = 3.5 and 4.0 Hz, 1 H), and 6.90-7.58 (multiplet, 10 H). 
The smaller coupling constant (4.0 Hz) at 8 5.03 is due to the 
interaction between Hm and Hx, and the larger one (79.0 Hz), 
to that between Hm and F. Similarly, the coupling constants 
of 4.0 and 3.5 Hz at 8 3.16 can be attributed to the interaction 
between Hx and Hm, and between Hx and F, respectively. 
These magnitudes of the coupling constantssuggest that the 
reduction product formed was the isomer (6a) whose fluorine 
atom was trans to the hydrogen (Hx) at the adjacent ring 
carbon.12’16 This means that the reduction proceeded with 
retention of the original configuration.

A similar stereospecificity was observed in the reduction 
of l,3-diphenyl-2-bromo-2-fluoroaziridine (2a). 2a was con
verted into 6a, with no sign of 6b being formed.

A mixture of isomers (3a and 3b) of l,3-diphenyl-2- 
chloro-2-bromoaziridine was similarly reduced in n -pentane. 
An attempt to isolate the reduction product (7) by column 
chromatography was unsuccessful because it was too unstable 
under the chromatographic conditions.17 Inspection of the 
NMR spectrum of the reaction mixture in n -pentane revealed 
the peaks at 8 3.20 (doublet, J  =  5.0 Hz), 3.26 (doublet, J  =
2.0 Hz), 4.27 (doublet, J  =  2.0 Hz), 4.32 (doublet, J  = 5.0 Hz), 
and 7.15-7.80 (multiplet) in addition to the peaks due to n - 
pentane, phenyl group, and the n-butyl group of n-butyltin 
bromide. After removal of the n -pentane from the reaction 
mixture, benzene was added to the residue. The NMR spec
trum of the benzene solution showed the peaks at 8 2.87 
(doublet, J  =  5.0 Hz), 3.16 (doublet, J  =  2.0 Hz), 4.08 (doublet, 
J  = 2.0 Hz), and 4.11 (doublet, J  = 5.0 Hz) in addition to the 
peaks due to the n -butyl group of n-butyltin bromide and 
phenyl group. That these four doublets are due to aziridine 
ring hydrogens of the reduction product is supported by the 
comparison of the 8 values and the coupling constants with 
those of l,3-diphenyl-2-chloroaziridine prepared by Deyrup 
et al.15’16 and of other analogous aziridine compounds.18 The 
larger coupling constant (J = 5.0 Hz) is attributed to the cis 
isomer (7b), and the smaller one (J  =  2.0 Hz) to the trans 
isomer (7a).

Each isomer of 3 was reduced separately under the same 
conditions. The NMR spectra of the reaction mixture con
firmed that only one isomer was formed from each of the iso
mers (7a from 3a, 7b from 3b), which indicated that the re
duction of 3 also proceeded stereospecifically.

l,3-Diphenyl-2,2-dichloroaziridine (4) and 1,3-diphenyl-
2,2-dibromoaziridine (5) were similarly reduced in n-pentane.
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Phw Br
Ti-Bu^nH

p h w ’
H  V  Cl

I

in n -pentane

Ph ph

3a 7a

phw cl
7i-Bu3SnH

P \  / '
H V  Br in n-pentane « V s

1
Ph

1
Ph

3b 7b

(no 7b formed)

(no 7a formed)

The reduction products (7 and 8) could not be isolated because 
of their instability under the chromatographic conditions. The 
NMR spectra (in n -pentane and in benzene) of the reaction 
mixture obtained in the reduction of 4 had the peaks, except 
a small one due to the unreacted starting material (4), at the

Phy ^ x
H N X

rt-BuaSnH 
in 7i-pen ta ne

Ph Ph Ph

4, X =  Cl
5, X =  Br

7a, X =  Cl 
8a. X =  Br

7b, X = C1 
8b, X =  Br

same positions as the reaction mixture obtained from an iso
meric mixture of 3. The isomer ratio of the reduction product 
(7b/7a) was calculated from peak areas in NMR to be 1.9/1.

Similarly, the NMR spectrum (in benzene) of the reaction 
mixture obtained in the reduction of 5 showed complex aro
matic peaks and four doublets, two of which (J  =  5.0 Hz) 
centered at 5 2.88 and 4.26, and the other two (J = 2.0 Hz) 
centered at 5 3.25 and 4.17, in addition to the peaks due to the 
n-butyl group of re-butyltin bromide. The isomer ratio (8b/8a) 
was 2.0/1.

application of the same argument to the reduction of 3a and 
3b leads to the conclusion that the 2-chloro-2-aziridinyl rad
icals are also pyramidal and are configurationally very sta
ble.

A similar stereospecificity was observed in the reduction 
of ge/n-halofluorocyclopropanes with tri-n-butyltin hy
dride,4'5 while the other hitherto known «-substituted cyclo
propyl radicals, formed in the reduction of «-substituted cy
clopropyl halides with organotin hydride or in the Huns- 
diecker reaction of «-substituted cyclopropanecarboxylic 
acids, were found to lose their original configurations com
pletely or partly during the reaction. Thus, 7-cyano-, 7-phe
nyl-, or 7-methoxycarbonyl-7-norcaryl radical equilibrates 
between its isomeric configurations before hydrogen ab
straction.22 The 7-chloro-7-norcaryl radical16 can retain its 
original configuration to some extent, but not completely.

These results demonstrate that the 2-aziridinyl radical has 
a stronger tendency to retain its configuration than the cy
clopropyl radical. One of the possible explanations is to at
tribute it to the increase of s charactor of the radical orbital 
of carbon in the aziridinyl radical, caused by the electroneg
ative nitrogen atom.23

The b isomer of l,3-diphenyl-2-chloroaziridine (7) was 
preferentially formed in the reduction of l,3-diphenyl-2,2- 
dichloroaziridine (4). This may be explained by postulating 
that the sterically less hindered chlorine, i.e., the one trans to 
the phenyl group at the adjacent carbon, is abstracted by the 
tri-n-butyltin radical more easily than the cis chlorine24 and 
that the resulting 2-chloro-2-aziridinyl radical retains its 
configuration when it abstracts hydrogen from tri-n-butyltin 
hydride. The preferential formation of the b isomer of 1,3- 
diphenyl-2-bromoaziridine (8) in the reduction of 1,3-di- 
phenyl-2,2-dibromoaziridine (5) might be explained in a 
similar way, but no definite conclusion can be drawn at 
present, because the configurational stability of the 2- 
bromo-2-aziridinyl radical has not been examined so far.

Discussion
The reduction of organic halides with organotin hydride 

have been rationalized as a free-radical chain reaction19 and 
the intermediacy of a free radical has been postulated also in 
the reduction of some 7,7-dihalonorcaranes20 and of some 
gem-dihalocyclopropanes21 with organotin hydride. It is of 
little doubt that the reduction of 1-5 is a radical chain reaction 
which involves intermediate formation of the 2-halo-2-aziri- 
dinyl radical as one of the chain-propagating steps.

The experimental results obtained in the reduction of 1 and 
2 demonstrate that the 2-fluoro-2-aziridinyl radical (9a) thus 
formed is pyramidal and abstracts hydrogen from tri-n- 
butyltin hydride much more rapidly than it inverts its con
figuration to 9b; if it is planar, or if the inversion occurs before

P1\  / F n-Bu,SnH- Ph\ n -Bu3StlH
Phw F/ \ / \  ’ /  

H N X H
I 1

fast H N H 
I

1
Ph Ph

1
Ph
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1
Ph Ph

9b 6 b

hydrogen abstraction, a mixture of the two isomeric 1,3-di- 
phenyl-2-fluoroaziridines (6a and 6b) must be formed. The

Experimental Section
Infrared spectra were obtained with a Shimadzu IR-400 or a Japan 

Spectroscopic Co. IR-DS 402G infrared spectrometer. ]H NMR 
spectra were obtained with a Varian Associates T-60A or a JEOLCO 
4H-100 NMR spectrometer in carbon tetrachloride with tetrameth- 
ylsilane as internal reference. Mass spectra were obtained with a 
Shimadzu LKB-9000 or a Hitachi RMS-4 mass spectrometer. Isomer 
distributions were calculated from peak area in NMR spectra. All 
melting points are uncorrected. All chemicals were reagent grade and 
used without further purification. Solvents were distilled through a 
25-cm Vigreux column and, if necessary, were purified in the usual 
manner prior to use.

Preparation of l,3-Diphenyl-2,2-dihaloaziridines. 1,3-Di- 
phenyl-2-chloro-2-fluoroaziridine (1). To a stirred solution of 18.1 
g (0.10 mol) of A-benzylideneaniline and 4.8 g (0.20 mol) of sodium 
hydride in 200 ml of re-hexane, cooled to 0 °C in an ice bath, was added
32.2 g (0.20 mol) of methyl dichlorofluoroacetate, under a nitrogen 
atmosphere, at such a rate that the temperature should not rise above 
5 °C. After the addition was over, the mixture was warmed up to 20-30 
°C and then for 3 h at room temperature. The reaction mixture was 
suction filtered, the residue was washed three times with re-hexane, 
and the solvent was removed in vacuo from the combined filtrates, 
leaving a dark brown viscous liquid, re-Pentane was added to this 
liquid and then the solution was filtered again. The filtrate (re-pentane 
solution) was stored for 20 h at -2 0  °C to give as precipitates 5.7 g 
(23% yield) of l,3-diphenyl-2-chloro-2-fluoroaziridine (1 ). Recrys
tallization from re-pentane gave pale yellow crystals: mp 54-55 °C; 
ir (KBr) 3040 (w), 1600 (vs), 1495 (s), 1410 (s), 1275 (w), 1235 (m), 1130 
(s), 1040 (w), 840 (w), 760 (s), 695 cm“ 1 (s); NMR 5 3.48 (d, J Hf = 3.5 
Hz, 1 H), 6.90-7.58 (m, 10 H); mass spectrum m/e 249 (P 4- 2), 247 (P), 
229, 227,212. Anal. Caled for C14H„NC1F: C, 67.89; H, 4.48. Found: 
C, 67.98; H, 4.37.

l,3-DiphenyI-2-bromo-2-fluoroaziridine (2a). To a stirred so
lution of 18.1 g (0.10 mol) of A-benzylideneaniline and 22.4 g (0.20 
mol) of potassium tert-butoxide in 200  ml of re-hexane, cooled to 0 
to —10 °C in an ice-salt bath, was added 38.4 g (0.20 mol) of dibro-



Reduction of l,3-Diphenyl-2,2-dihaloaziridines J. Org. Chem., Vol. 41, No. 24,1976 3797

mofluoromethane, under nitrogen atmosphere, over 2 h. After the 
addition was over, the mixture was stirred for 2 h at 0 to —10 °C and 
then for 3 h at room temperature. The reaction mixture was worked 
up as described above. Light-tan crystals of l,3-diphenyl-2-bromo- 
2-fluoroaziridine (2) were obtained in 28% yield: mp 57-59 °C; ir (KBr) 
3035 (w), 1600 (s), 1495 (vs), 1404 (s), 1275 (w), 1230 (w), 1120 (s), 1035 
(w), 835 (w), 755 (vs), 695 cm“ 1 (vs); NMR 5 3.50 (d, J Hf = 4.0 Hz, 1 
H), 6.95-7.55 (m, 10 H); mass spectrum m /e 293 (P + 2), 291 (P), 273, 
271, 212. Anal. Calcd for Ci4Hn NBrF: C, 57.56; H, 3.80. Found: C, 
57.59; H, 3.75.

1.3- D ip h e n y l-2 -b r o m o -2 -c h lo r o a z ir id in e  (3 ) was prepared by 
the same method as described for the preparation of 2. Dibromo- 
chloromethane was used as carbene precusor instead of dibromoflu- 
oromethane. The pale yellow crystals of 3 were obtained in 61% yield, 
mp 89-91 °C. The NMR spectrum of the crystals (in CC14) showed 
absorptions at 5 3.50 (s), 3.66 (s), and 6.90-7.50 (m), indicating the 
existence of a mixture of isomers of 3 (a and b ). Column chromatog
raphy (alumina, re-pentane eluent) gave only one isomer (3a) (as
signment was made from the results of reduction), and the other 
isomer (3b) could not be isolated because of its decomposition. Pure 
3b was obtained by heating a mixture of 3a and 3b in refluxing re- 
hexane-benzene (1 :1 ) for a week, which resulted in the decomposition 
of 3a, with 3b left unchanged. The isomer ratio of 3a /3b  was 1/2.3.

3a: mp 92-94 °C; ir (KBr) 3045 (w), 1590 (vs), 1305 (s), 1265 (w), 
1095 (w), 805 (s), 760 (s), 690 cm“ 1 (s); NMR 5 3.50 (s, 1 H), 6.90-7.50 
(m, 10 H). Anal. Calcd for Ci4H„NBrCl: C. 54.49; H, 3.59. Found: C, 
54.65; H, 3.50.

3b: mp 94-96 °C: ir (KBr) 3045 (w), 1588 (vs), 1306 (s), 1265 (w), 
1100 (w), 805 (s), 760 (s), 690 cm“ 1 (s); NMR S 3.66 (s, 1 H), 6.90-7.50 
(m, 10 H). Anal. Calcd for Ci4Hn NBrCl: C. 54.49; H, 3.59. Found: C, 
54.73; H, 3.48.

Mass spectrum (a mixture of 3a and 3b): m /e  311 (P + 4), 309 (P 
+ 2), 307 (P), 274, 272, 230, 228.

1.3- D ip h en y l-2 ,2 -d ich loroa zirid in e  (4) was prepared in 55% yield 
according to the method of Cook and Fields:25 mp 97-99 °C; ir (KBr) 
3045 (w), 1590 (vs), 1390 (s), 1265 (w), 1100 (w), 820 (s), 765 (s), 695 
cm- 1  (s); NMR 5 3.95 (s, 1 H), 6.90-7.50 (m, 10 H); mass spectrum m/e 
267 (P + 4), 265 (P + 2), 263 (P), 230,228. Anal. Calcd for Ci4H„NCl2; 
C, 63.66; H, 4.20. Found: C, 63.41; H, 4.12.

1.3- D ip h e n y l-2 ,2 -d ib ro m o a z ir id in e  (5 ). To a stirred slurry of 
N-benzylideneaniline (0 . 1 0  mol) and potassium tert-butoxide (0.2 0  
mol) in re-hexane (200  ml), bromoform (0.2 0  mol) was slowly added 
at —20 to —30 °C. The reaction mixture was stirred for 3 h at this 
temperature and then for 5 h at room temperature. The mixture was 
suction filtered, the residue was washed three times with re-hexane, 
and the solvent was removed in vacuo from the combined filtrates, 
leaving a crystalline product. Recrystallization from re-pentane gave 
5 in 35% yield as light-tan crystals: mp 88-90 °C; ir (KBr) 3050 (w), 
1605 (vs), 1400 (s), 1280 (w), 1090 (w), 790 (s), 765 (s), 700 cm“ 1 (s); 
NMR 5 3.58 (s, 1 H), 6.95-7.55 (m, 10 H). Anal. Calcd for Ci4Hu NBr,: 
C, 47.63; H, 3.14. Found: C, 47.31; H, 3.05.

R e d u ct io n  o f  l ,3 -D ip h e n y l-2 -c h lo r o -2 -f lu o r o a z ir id in e  ( la ) .  
In a 50-ml, two-necked flask fitted with an inlet an an outlet tubes for 
nitrogen and a magnetic stirrer was placed a mixture of 5 mmol of
l,3-diphenyl-2-chloro-2-fluoroaziridine and 6 mmol of tri-re-butyltin 
hydride in re-pentane. The mixture was stirred at room temperature 
until an aliquot from the reaction mixture showed no absorption due 
to Sn-H stretching (near 1820 cm-1), which took 5 days. The reduc
tion product was isolated in 55% yield by use of column chromatog
raphy (alumina, re-pentane eluent): mp 6 6 - 6 8  °C; ir (KBr) 3020 (w), 
1585 (s), 1480 (s), 1405 (s), 1265 (m), 1110 (a), 1010 (m), 760 (s), 695 
cm- 1  (s); NMR 5 3.16 (q, J hh — 4.0, / hf = 3.5 Hz, 1 H), 5.03 (q, J hh 
= 4.0, J hf = 79.0 Hz, 1  H), 6.71-7.52 (m, 10 H). The NMR spectrum 
showed that the reduction product formed was one isomer of 6, and 
the magnitudes of the coupling constant suggested that the isomer 
formed had the configuration (a) whose fluorine atom was trans to 
the hydrogen at the adiacent ring carbon. Mass spectrum: m /e 213 
(P), 193, 93,6 6 . Anal. Calcd for C14H 12NF: C, 78.85; H, 5.67. Found: 
C, 78.71; H, 5.58.

The same product (6a) was obtained in 60% yield in the reduction 
of l,3-diphenyl-2-bromo-2-fluoroaziridine (2a) with tri-re-butyltin 
hydride at room temperature for 4 days. The NMR spectrum also 
confirmed the formation of only one isomer (6a).

R ed u ction  o f  l,3 -D ip h e n y l-2 -ch lo ro -2 -b ro m o a z ir id in e  (3a ,b). 
The reduction of a mixture of isomers of 3 (3b /3 a  = 2.3) was con
ducted at room temperature for 24 h. Attempts to isolate the product
(7) by column chromatography (alumina or silica gel, re-pentane el
uent) or by recrystallization from re-pentane were unsuccessful. 
However, the NMR spectrum of the reaction mixture revealed the

formation of a mixture of isomers of 7 (7b /7 a  = 2.5). Each isomer of 
3 was reduced separately under the same conditions (room temper
ature, 24 h). The NMR spectrum of the reaction mixture of 3a in re- 
pentane showed the absorptions at 5 3.25 (d, J  = 2.0 Hz) [3.16 (d, J 
= 2.0 Hz) in benzene] and 4.27 (d, J  =  2.0 Hz) [4.08 (d, J  = 2.0 Hz) in 
benzene] in addition to the peaks due to re-pentane, phenyl group, and 
the re-butyl group of re-butyltin bromide. The NMR spectrum of the 
reaction mixture of 3b in re-pentane showed the absorptions at 5 3.20 
(d, J =  5.0 Hz) [2.87 (d, J  =  5.0 Hz) in benzene] and 4.32 (d, J  = 5.0 
Hz) [4.11 (d, J  = 5.0 Hz) in benzene] in addition to the peaks due to 
re-pentane, phenyl group, and re-butyl group of re-butyltin bro
mide.

R e d u ct io n  o f  l ,3 -D ip h e n y l-2 ,2 -d ic h lo r o a z ir id in e  (4 ). The re
duction was conducted at room temperature for 4 days. The reduction 
product (7) could not be isolated by column chromatography. The 
NMR spectrum of the reaction mixture showed the formation of the 
two isomers of 7 (7b /7a  = 1.9/1).

R e d u ct io n  o f  l ,3 -D ip h e n y l-2 ,2 -d ib r o m o a z ir id in e  (5). The re
duction was conducted at room temperature for 23 h. The starting 
material (5) was completely consumed. The reduction product (8 ) 
could not be isolated by column chromatography because of its de
composition. The NMR spectrum of the reaction mixture showed the 
formation of the two isomers of 8 (8b /8a = 2 .0 / 1 ).

Registry N o .- - la ,  57500-62-6; 2a, 57500-63-7; 3a, 57500-61-5; 3b, 
57500-60-4; 4 ,3543-98-4; 5 ,39072-51-0; 6a, 60253-62-5; 7a, 3683-71-4; 
7b, 952-87-4; 8a, 60253-63-6; 8b, 60253-64-7; CC1F, 1691-88-9; CCIBr, 
13590-47-1; CBrF, 4539-11-1; CBr2, 4371-77-1; N-benzylideneaniline, 
538-51-2; tri-re-butyltin hydride, 688-73-3.

References and Notes
(1) T. Ishihara, K. Hayashi, T. Ando, and H. Yamanaka, J. Org. Chem.. 40, 3264 

(1975).
(2) L. J. Altman and R. C. Baldwin, Tetrahedron Lett., 2531 (1971).
(3) D. E. Applequist and A. A. Peterson, J. Am. Chem. Soc., 8 2 , 2372 

(1960).
(4) T. Ando, F. Namigata, H. Yamanaka, and W. Funasaka, J. Am. Chem. Soc., 

8 9 , 5719 (1967).
(5) T. Ando, H. Yamanaka, F. Namigata, and W. Funasaka, J. Org. Chem., 3 5 , 

33 (1970).
(6) L. A. Singer and J. Chen, Tetrahedron Lett., 939 (1971).
(7) T. Ishihara, E. Ohtani, and T. Ando, J. Chem. Soc., Chem. Commun., 367 

(1975).
(8) R. C. Bingham and M. J. S. Dewar, J. Am. Chem. Soc., 95, 7180, 7182 

(1973).
(9) L. J. Altman and R. C. Baldwin, Tetrahedron Lett., 981 (1972).

(10) 1,3-Diphenyl-2,2-dichloroaziridine has already been prepared by this 
method; e.g., M. K. Meilahn, L. L. Augenstein, and J. L. McManaman, J. Org. 
Chem., 3 6 , 3627 (1971).

(11) The configurations of 3 a  and 3 b  were assigned on the basis of the con
figurations of the reduction products, 7 a  and 7 b ,  complete retention of 
configuration during the reduction being assumed. The alternative as
signment is very unlikely, because it is implausible that the reduction of 
1 and 2  proceed with complete retention while that of 3  proceeds with 
complete inversion.

(12) There are no data, in the literature, on coupling constants (9hfv'c) between 
ring hydrogen and fluorine in the aziridine compounds containing ring flu
orine. This assignment was tentatively made by comparison of the coupling 
constants with those of the gem-halofluorocyclopropanes; Jhfc‘s is
15.5-17.7 Hz and JHF,rans ¡s 3.0-9.4 Hz.4 ’ 3

(13) K. L. Williamson, Y.-F. Li Hsu, F. H. Hall, S. Swager, and M. S. Coulter, J. 
Am. Chem. Soc.. 9 0 , 6717 (1968); H. Yamanaka, T. Yagi, K. Teramura, 
and T. Ando, Chem. Commun., 380 (1971).

(14) The possibility that the b  isomer was formed but was lost during the workup 
may be ruled out, since 1,3-diphenyl-2,2-dichloro- (4 ) and -dibromoaziridine 
(5) are relatively stable under similar conditions.

(15) J. A. Deyrup and R. B. Greenwald, Tetrahedron Lett., 321 (1965).
(16) J. A. Deyrup and R. B. Greenwald, J. Am. Chem. Soc., 8 7 , 4538 (1965).
(17) The instability of 7 was reported by Deyrup et a l.15 They isolated it in

completely from the reaction mixture by column chromatography using 
inactive alumina, but neither their method nor its modification gave satis
factory results in our hands.

(18) M. Ueyama and K. Tori, Nippon Kagaku Zasshi, 9 2 , 741 (1971); M. Ohtsuru 
and K. Tori, J. Mol. Spectrosc., 2 7 , 296 (1968).

(19) H. G. Kuivila, Acc. Chem. Res., 1, 299 (1968), and references cited 
therein.

(20) D. Seyferth, H. Yamazaki, and D. L. Alleston, J. Org. Chem., 28, 703 
(1963).

(21) L. J. Altman and T. R. Erdman, Tetrahedron Lett., 4891 (1970).
(22) T. Ando, K. Wakabayashi, H. Yamanaka, and W. Funasaka, Bull. Chem. 

Soc. Jpn., 4 5 , 1576(1972).
(23) L. Pauling, J. Chem. Phys., 51, 2767 (1969).
(24) The reduction of a mixture of 3 a  and 3 b  with less than stoichiometric n- 

BuaSnH for a shorter period showed that 3 b  was more reactive than 3 a . 
This means that the bromine trans to the phenyl group on the adjacent 
carbon is more reactive than bromine cis to the phenyl group.

(25) A. G. Cook and E. K. Fields, J. Org. Chem., 27, 3686 (1962).



3798 J. Org. Chem., Voi. 41, No. 24,1976 Baumgarten, McMahan, Elia, Gold, Day, and Day

Reactions of Amines. 19. Reactions of 1,3-Di-iert-butylaziridinone and 
2-Bromo-jV-teri-butyl-3,3-dimethylbutanamide with Selected 

Organometallic Reagents1

Henry E. Baumgarten,* D orothy G. M cM ahan, Victor J. Elia, Barry I. Gold, Victor W. D ay , * 2 and
Roberta 0 . Day

Department of Chemistry, University of Nebraska—Lincoln, Lincoln, Nebraska 68588

Received April 27,1976

1,3-Di-ferf-butylaziridinone (lc ) reacts with the phenyl bromide Grignard reagent to give IV-ieri-butyl-2-hy- 
droxy-3,3-dimethyl-2-phenylbutanimine (4cz) and with phenyllithium to give 4cz plus 2-feri-butylamino-3,3-di- 
methyl-l-phenyl-l-butanone (3cz). a-Lactam lc  reacts with an excess of the methyl halide Grignard reagents to 
give mixtures of 2-halo-N-ferf-butyl-3,3-dimethylbutanamide (2c), lV,lV',2,3-tetra-terf-butylbutanediamide (7c), 
)V-tert-butyl-3,3-dimethylbutanamide (8c), N -tert-butyl-2,3,3-trimethylbutanamlde (9cw), 3-ieri-butylamino-
4,4-dimethyl-2-pentanone (3cw), and N -tert-butyl-2-hydroxy-2,3,3-trimethylbutanimine (4cw), The choice of 
halide ion in the Grignard reagent appears to determine the relative amounts of the products, the combined yields 
of 2c and 8c decreasing and the yield of 4cw increasing in the order iodide, bromide, chloride. Dimethylmagnesium 
reacts with lc  to give largely 4cw; and, depending on the conditions, methyllithium reacts to yield either 3cw or 
4cw, or mixtures of these. The a-halo amide 2c (X = Br) reacts with the Grignard reagents to give 4c, 7c, 8c, and 
9c but little or no 3c. The isomerization of 3c to 4c and vice versa is described. The solid-state structure of N -tert- 
butyl-2-hydroxy-3,3-dimethyl-2-phenylbutanimine (4cz) has been determined by single-crystal x-ray diffraction 
and has been refined (anisotropically on C, 0 , and N; isotropically on H) by full-matrix least-squares techniques 
to R (unweighted) = 0.044 and r (weighted) = 0.048 using 1621 independent diffractometer-recorded reflections 
having 20MaK„ < 55° and /  > 3a(l). An intramolecular hydrogen bond is observed in the solid state between the hy
droxyl oxygen atom and imine nitrogen atom.

A number o f papers3-8  have appeared in the past 5 years 
describing the reactions o f organometallic reagents with the 
highly sterically stabilized a-lactam s la -d . Prior to the pub
lication o f  these papers we had conducted an exploratory 
study9 o f the reactions o f several a-lactams, including lc ,  with 
organomagnesium and organolithium reagents as a part o f  a 
more general study of the reactions o f a-lactams. Inasmuch 
as our conclusions differed somewhat from those published, 
we have reexamined and extended our earlier observations. 
W e report here our findings, which we hope will unify and 
clarify the previous reports which have appeared largely in the 
form o f brief, somewhat contradictory, communications with 
a minimum o f  supporting data.

First, it should be noted that the reactions o f  the highly 
sterically stabilized a-lactams, such as la -d , should be ex
pected to be no more typical o f the class o f  a-lactams than the 
reactions o f  d i-terf-butyl ketone are typical o f  the class o f 
ketones. Thus,the subset o f  reactions o f  la -d  with organo
metallic reagents appears to be somewhat more lim ited in 
scope than the set o f  all known reactions9 o f  a-lactam s with 
a given reagent. This will be demonstrated in later papers in 
this series.

Second, since we reported nearly 15 years ago 10 how easily 
a-lactam s react with halide ion to give a-halo amides 2 , any 
conclusions drawn from observations o f  the reactions o f  a- 
lactams with reagents or solutions containing halide ion must 
take into consideration the possibility that 2  may be an in
termediate in the observed reactions.

The first published report of a reaction between an a-lactam 
and an organometallic reagent was that o f  Sheehan and Naf- 
issi-V .3 Although subsequent investigators4-9  have not been 
able to confirm either the observations or conclusions o f 
Sheehan and Nafissi-V, the report apparently has stimulated 
others to examine the behavior o f  la -d  with organometallic 
reagents. Thus, in separate communications Talaty6’7 and 
co-workers reported that la -d  react with /.cri-butyllithium 
at 25-30 °C  to give products tentatively identified as a -h y 
droxy imines6 (4ay-dy) and that lb  and Id react with a variety 
o f  alkyllithiums at —78 °C  to give the a-am ino ketones 
3 b (x -z )  and 3d (x -z ). However, Talaty et al.4'7 reported also

that Id  reacted with the phenyl bromide Grignard reagent (at
0 °C  followed by 3 h at room temperature) to give 78% o f  the 
a-halo amide 2d (X  = Br). This stands in contrast to a later 
report by Lengyel, Mark, and Troise8 that lb  reacted with the 
phenyl bromide Grignard reagent at 0 °C  to  give a 41.2% yield 
o f  the a-amino ketone 3bz. Probably Talaty et al.4 either used 
an insufficient amount o f Grignard reagent or conditions that 
led to destruction o f some o f  the reagent. Unless more than
1  equiv is used with most a-lactam s, the halide 2  may be the 
major product. Even so, we believe that the product obtained 
by Lengyel, Mark, and Troise8 was more probably the a -  
hydroxy imine 4bz and 3bz and that m ost o f  the conclusions 
o f  Talaty et al. 6'7 are correct.

In our experiments (Table I) when l c  was treated with the 
phenyl brom ide Grignard reagent in refluxing ether, the 
principal product was the a-hydroxy imine 4cz. The structure 
o f  this com pound was determined unequivocally by  x-ray 
crystallography (vide infra). When l c  was treated with excess 
phenyllithium at room temperature, a mixture o f  3cz and 4cz 
in the ratio 2:1 was obtained. These two com pounds form  an 
isomeric pair o f the type studied quite thoroughly by Stevens11  

and others. As Stevens1 1 ’12 has carefully pointed out, the 
com position o f a mixture o f  a-am ino ketones and a-hydroxy 
imines o f this type will depend on the environment from which 
they are isolated. The isolation o f 4cz rather than 3cz in the 
reaction with the phenyl bromide Grignard reagent probably 
indicates that, under the conditions o f  the reaction, the 
com plex 6 cz  is more stable than 5cz and that, in the reaction 
with excess phenyllithium, either the position o f  the equilib
rium has changed (stabilization by the metallic ion being less 
significant) or some sort o f kinetic control is being exer
cised.

Since the com position o f a mixture o f  3cz  and 4cz will d e 
pend on the immediate past history o f  the pair , 11  it m ay not 
be profitable to label one or the other as the th erm a lly  more 
stable based on its isolation from the Grignard reaction. Thus, 
when 4cz (or a mixture o f  3cz and 4cz) was heated at 115 °C  
for 18-72 h, a quantitative conversion to 3cz  resulted, 
suggesting that in the melt 3cz is the more stable. Further
more, when 3cz was treated with a large excess o f  the methyl
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Table I. Approximate Analysis of Reaction Mixtures“
Mole

Substrate
(S)

Reagent
(R )

ratio
(S /R )

Tem p,ft
°C

Time,
h 2 c 3cz 4cz 7c 8 c 9cz Other

l c PhMgBr 1 : 1 . 2 RT 3 - 1 0 0
PhLi 1 : 1 . 2 RT 8 2 2 35 Tr 43“

1 : 2 RT 8 67 33
2 c PhMgBr 1 : 1 RT 3 - 1 0 0 Tr

1:2 .5 RT 3 1.5 Tr? 55 17d 15 1 2
1:2 .5 RT 3 6 Tr? 50 2 0 “ 14 1 0

3cz MeMgCl 1 : 1 RT 3 - 1 0 0
1 : 2 RT 3 - 1 0 0
1 :3 1 / RT 3 9 50 4 U
1 :4 0 / RT 3 < 1 70 29#

4cz None ~ 80 18 - 1 0 0
~ 80 96 - 1 0 0

80, 113 18, 18 - 1 0 0
113 18 67 33
115 72 - 1 0 0

“ Based on  ‘ H N M R analysis o f  crude reaction mixture; see Experimental Section. 6RT = room  temperature. “ Recovered 
lc .  dTw o substances in the ratio o f  ca. 12 :5 . “ Tw o substances in the ratio o f  ca. 13:7. /In  tetrahydrofuran. ^Largely an un
identified product [ ‘ H NMR 5 (CDC13) 1.43 (9 H), 2.28 (2 H), 6.99 (1 H); 6 (CC14) 1.42 (9 H), 2.23 ( 2  H), 6.85 (1 H )] plus 
traces o f  other products with 'H  NMR peaks at 5 (CC14) 1.25, 1.00; 6  (CDCI3 ) 1.30, 1.26, 1.00.

chloride Grignard reagent, 3cz was converted into a mixture 
of 4cz and a frequently encountered by-product of undeter
mined structure, which appeared to be a cleavage product [!H 
NMR peaks at <5 1.43 (f-Bu) and 1.36 but no peaks in the 
phenyl region]. This result would appear to support the role 
of the metal complex (5 or 6).

A simplified mechanism is given in the chart for the for
mation of 4 from 1 or 2. Presumably, the transition state for 
the rearrangement step in the sequence 5 —► 6 is similar to that 
proposed by Stevens11 for the thermal rearrangement except 
that the hydrogen-bonded proton is replaced by the metallic 
ion (or complex). Possibly, other a-amino ketones could be 
isomerized to a-hydroxy imines using magnesium salts or 
complexes as intermediates.

The J H NMR spectra of 3cz and 4cz are quite different. In

particular the spectrum of 4cz shows the aldimine proton at 
<5 8.36 (CCI4). Since the spectrum of the product assigned the 
structure 3bz by Lengyel, Mark, and Troise8 showed a 1 H  
singlet at 5 8.33 (CC14) and since their other spectral data (ir 
and 1H NMR) are more in accord with those to be expected 
for 4bz rather than 3bz (based on our values for 3cz and 4cz), 
we conclude that their product was indeed 4bz.

The reaction of the a-halo amide 2c (X = Br) with the 
phenyl bromide Grignard reagent also gave 4cz as the major 
product; however, the reaction was more complex than that 
with lc. In a careful analysis of the *H NMR spectrum of the 
crude reaction mixture (Table I) all of the peaks present could 
be accounted for on the basis that there were four products 
in addition to 4cz and unreacted starting materials. Two of 
these could be regarded as “ dimers” of lc. They were not
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Table II. Approximate Analysis of Reaction Mixtures“

Substrate
(S)

l c

2c (X  = I) 
2c (X  = Br)

4cw

Mole
Reagent

(R )
ratio,
S:R

T em p ,0
°C

Time,
h 2 c“ 3cw 4cw 7c 8 c 9cw

Other
substances

MeMgl 1 : 1 0, RT 3 37 6 6 2 1 6 24
1 : 1 0, RT 3 40 1 0 7 23 1 0 1 0

1 : 1 0, R T 3 30 3 4 40 6 2 0

1:2.5 RT 3 Tr 18 3 67 13
1 : 1 0, RT 4 4 7 8 67 1 2

1 : 1 0, RT 3 Tr? 1 0 7 71 8 4
MeMgBr 1:0 .83 RT 3 - 1 0 0

1:2 .5 RT 3 61 2 2 3 9 4
l-.ld 0, RT 3 42 58 ? ? ?

MeMgCl 1 : 1 “ 0, RT 3 53 2 0 Tr? 27
1:2.5 f RT 3 1 0 84 6

1 :2 .5 “ RT 3 > 9 84 7
1 :2 .5 “ RT 3 > 4 84 6 6

1 :6 .25“ 0, RT 3 4 87 Tr 1 0

1 :5 / 0, RT 3 5 92 3
Me2Mg 1:3 0, RT 2 0 - 1 0 0

Me Li 1:1.5 0, RT 30 > 95 < 5
1 : 2 RT 8 8 6 8 2 1 3
1 : 2 0 , - 7 8 8 2 > 95 < 5
1 : 2 0, - 7 8 ? 2 > 95 < 5

MgBr2 1 : 1 0 R, RT 3 - 1 0 0
18MeMgl 1:1.67 0, RT 3 27 Tr? 55

MeMgBr 1:2.5 RT 3 87 9 6
1 11:2.5 RT 3 2 0 8 1 0 51

MeMgCl 1 :2 .5* RT 3 55/9 23 Tr? 13 Tr?
1:2.5* RT 3 59/10 18 1 6 2 5'
1:2.5* RT 3 48/10 23 4.5 9 2.5 2.5'
1:2.5 RT 3 6 6 / 1 0 13 5 2 4
1:2.5 RT 3 7/6 37 26 15 1 0

1:2.5 RT 3 3/6 2 1 24 5 36 4
1:4/./ RT 3 31/16 6 Tr 9 34 6

1 :2 .5 /./ RT 3 32/17 7 Tr 7 30 7
None 114? 96 - 1 0 0

150 19 9 91
150 69 52 48 l

“ Based on 'H  NMR analysis o f  crude reaction mixture; see Experimental Section. * First temperature is that at which the 
reagent was added. The reaction was then allowed to warm up or coo l dow n to the second temperature (R T  = room  tem per
ature; R = reflux temperature). “ Where tw o values are given the first is for 2c (X  = Br) and the second for 2c (X  = Cl). “¿In 
n-butyl ether. Traces o f solvent made analysis for 7c, 8 c, and 9c infeasible. “ Reagent in tetrahydrofuran diluted to  final vol
ume with ethyl ether. /In  tetrahydrofuran. ^Procedure A  o f  ref 7 fo llow ed ; yield o f  3cw, 87%. * Com pound 2c in solution, 
concentration 0.2 M. ¿Probably l c ;  1 H NMR (CDC1,) 5 2.74, 1 .303, 1 .002; (CC1J 6  2.61, 1.263, 0.987. See note 1 7 . /R e 
agent concentration 0.02 M; anhydrous FeCl3, 3.3 X 1 0 - 4  M. k In refluxing toluene. ¿Small amounts o f  other substances 
were form ed, 1 H NMR 5 (CC14) 1.43 and 1.18; the amounts could not be estimated from  the ‘ H NMR spectrum.

readily separated from each other by the usual techniques. 
Since there are several ways in which two units equivalent to 
lc might be linked together and since these could not be dis
tinguished by simple spectral methods, selected crystals o f  one 
o f the two products from  the mixture were analyzed by x-ray 
crystallographic analysis and shown to be 7c.13 Presumably, 
based on its ¿H N M R  spectrum, the other “ dim er”  was the 
epimer o f 7c, but this has not been established.

The other two products were the reduction product 8c and 
the alkylation or cross-coupling product, /V -terf-butyl-3,3- 
dim ethyl-2 -phenylbutanamide (9cz). Com pounds 7c, 8c, and 
9cz are the products to be expected from a coupling reaction 
o f an alkyl halide (2c) and a Grignard reagent. 14 Traces o f 3cz 
appeared to be present, but the amounts were too small for 
certain identification. I f  com pounds 7c, 8c, and 9cz were 
present in the reaction mixtures resulting from the reaction 
o f lc and the phenyl bromide Grignard reagent, the amounts 
were so small as to be difficult to identify. On the basis o f this 
and the methyl halide Grignard reagent results described 
below we conclude that it is unlikely that 2c is a required  in
termediate in the conversion o f lc to 3cz and 4cz.

Although organolithium reagents appear to attack all a - 
lactams preferentially at the carbonyl group to give ketones 
(or their further addition products, tertiary alcohols), orga- 
nomagnesium reagents generally attack at the a-carbon atom 
cleaving the 1-3 bond to give «-alkylation, a-substitution by

halide ion, or reduction, depending on the reagent used and 
the conditions .9 Thus, the products obtained by us and by 
Lengyel, Mark, and Troise8 from  the reaction o f lb  and lc  
with the phenyl bromide Grignard reagent are atypical. W ith 
these highly sterically stabilized «-lactams the phenyl bromide 
Grignard reagent appears to react (initially at least) in a 
manner similar to that o f  phenyllithium by addition to  the 
carbonyl group. One explanation for the atypical behavior o f 
the Grignard reagents is that the steric requirements o f  lc are 
such that form ation o f the required intermediate com plex or 
transition state for attack at the a-carbon atom is inhibited 
but attack at the somewhat less hindered carbonyl carbon 
atom is allowed. If this reasoning is correct, the course o f  the 
reaction could be dependent on the size and reactivity o f  the 
specific organometallic species involved and the reactivity o f 
the corresponding halide (if any) and might be altered by 
using a smaller reagent (such as the m ethyl halide Grignard 
reagent), by using a less nucleophilic halide, or by substituting 
a dialkylmagnesium for the Grignard reagent. T o  observe 
attack at the carbonyl carbon by the m ethyl halide Grignard 
reagent, lc would have to react with the reagent at a rate at 
least competitive with the rate o f reaction with the magnesium 
halide (or halide ion) present. Therefore, we com pared the 
reactions o f  lc with the Grignard reagents derived from  
methyl iodide, methyl bromide, and methyl chloride and with 
dimethylmagnesium (halide free) (see Table II).
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The reaction o f  the methyl iodide Grignard reagent with 
lc was reported by Sheehan and Nafissi-V3 to give the unique 
insertion product, iV -terf-butyl-4,4-dim ethylpentam ide. 
Although our earlier experiments9 had indicated that 2c (X 
= I) was the major product , 15 we reran the reaction with the 
Grignard reagent prepared from  magnesium from  several 
commercial sources. Since «-lactam  reactions are often de
pendent on reaction conditions, we tried low and high tem 
peratures, normal and inverse addition, and various solvents. 
In no case did we obtain significant quantities o f  products 
besides 2c (X = I) or the further reaction products o f  2c. 
Usually the 2c (X = I) was accompanied by variable amounts 
o f  IV- te r t -butyl-3,3-dim ethylbutanam ide (8c) and small 
amounts o f  IV -ieri-butyl-2 -hydroxy-2 ,3,3-trimethylbutani- 
mine (4cw) and o f  IV-ierf-butyl-2,3,3-trimethylbutanamide 
(9cw). The amide 8c appeared to result from  the reduction 
o f 2c (X = I), and its yield was dependent to some extent on 
the amount o f the excess methyl iodide Grignard reagent used 
[as shown by separate experiments carried out on 2c (X = I)]. 
The origin o f the hydroxy imine 4cw was probably similar to 
that o f 4cz (vide supra). The «-alkylation  product 9cw may 
have formed by alkylation o f lc  or, more probably, by cross
coupling between 2c and the Grignard reagent. 14 Under no 
set o f  experimental conditions have we been able to confirm 
the results and structural assignments o f  Sheehan and N af
issi-V .3 As noted above, two other research groups4-5 have 
independently reached the same conclusion .16

Like the methyl iodide Grignard reagent excess methyl 
bromide Grignard reagent reacted with l c  to give a mixture 
o f  2c (X = Br), 4cw, 7c, 8c, and 9cw in which 2c and 4cw 
tended to predominate. The methyl chloride Grignard reagent 
reacted with lc  to give principally 4cw and only small 
amounts o f  2c (X = Cl) and 8c, and excess dimethylmag- 
nesium reacted with lc  to give only 4cw. M ethyllithium 
reacted with lc to give mixtures o f 3cw and 4cw ranging from 
approximately 0  to 1 0 0 % o f  each product depending on con 
ditions [plus a small amount o f 2c (X = Br) if lithium bromide 
was present]. Talaty ’s conditions7 gave the highest yield o f 
essentially pure 3cw. Magnesium dibrom ide reacted readily 
with lc to give a nearly quantitative conversion to 2c (X = Br). 
Thus, the «-alkylation product 9cw was observed only in the 
experiments with the methyl iodide and methyl brom ide 
Grignard reagents. I f  9cw was present in any o f the other re
actions o f  the methyl organometallic reagents with lc  the 
amount was such that we could not detect it in the XH N M R  
spectra o f  the crude reaction mixtures.

In contrast to the behavior of lc, 2c reacted with the methyl 
bromide and methyl chloride Grignard reagents to give widely 
varying yields o f  4cw, 7c, 8c, 9cw, and (possibly) lc ,17 even 
when the conditions were apparently unchanged and the same 
batch o f Grignard reagent was employed (Table II). For want 
o f  a better explanation, we attribute these variations to the 
presence o f traces o f  transition metal ion im purities14 which 
could have been introduced not only from  the magnesium 
metal used in preparing the reagent but also from the solvents 
or apparatus. Those reactions that gave higher yields o f  9cw 
were visibly more vigorous. Although we have not carried out 
a systematic study o f the effects o f  transition metal ions on 
the coupling reactions o f 2c with organometallic reagents, we 
did observe that 30-34% yields o f  9cw were obtained when 
catalytic amounts o f  ferric chloride were added to the reaction 
o f  2c (X = Br) with a large excess o f  the m ethyl chloride Gri
gnard reagent.

The thermal isomerization o f 4cw to 3cw proceeded much 
more slowly than that o f  4cz to 3cz (Table II). After 69 h at 
150 °C about half o f  the 4cw had been converted to 3cw. 
Small amounts o f degradation or other isomerization products 
also formed, possibly including the alternative isomerization 
product, 2-(lV -tertbutylam ino)-4 ,4-d im ethylpentanone,

Figure 1. An ORTEP drawing showing the solid-state molecular 
structure of N-tert -butyl-2-hydroxy-3,3-dimethyl~2-phenylbutan- 
imine. All atoms except hydrogen are represented by a (50% proba
bility) ellipsoid having the shape, orientation, and relative size con
sistent with the refined anisotropic thermal parameters listed in Table 
IV. Hydrogen atoms are represented by arbitrarily small spheres for 
purposes of clarity.

formed by migration o f the methyl rather than the te r t -butyl 
group; however, migration o f the te r t -butyl group was clearly 
the preferred process as would be expected from the work o f 
Stevens and others . 11

In summary it would appear that the variety o f  results o b 
tained from the reaction o f the highly sterically stabilized 
«-lactam s with organometallic reagents can be attributed to 
variations in the choice o f  anion ,3-4 the am ount o f  reagent,4 

the presence o f  impurities,3-16 as well as the nature o f  the 
specific organometallic reagent. 18 W hen the com petitive at
tack by magnesium halide (or halide ion) is suppressed, the 
characteristic reaction of highly sterically stabilized a-lactams 
with organomagnesium and organolithium reagents appears 
to be addition to the carbonyl group, followed in some in
stances by an amino ketone-hydroxy imine rearrange
m ent. 1 1

The labeling scheme used in the x-ray crystallographic 
analysis to designate the atoms o f  the IV -ierf-butyl-2-hy- 
droxy-3,3-dim ethyl-2-phenylbutanim ine molecule (4cz) is 
given in Figure 1. The final coordinates and anisotropic 
thermal parameters for all atoms except hydrogen are given 
in Tables III and IV, respectively . 19 The final least-squares 
refined positional and isotropic thermal parameters for the 
hydrogen atoms are given in Table V . 19 Covalent bond lengths 
are given in Table VI, and bond angles in Tables VII and
VIII.

The crystallographic identification o f the com pound as a 
hydroxy-substituted imine was based primarily on the 
structural and thermal parameters for the - N = C i- C 2 - 0  

grouping and the successful location and refinement o f  the 
parameters for the hydrogen atoms. Relevant bond lengths 
involving these four atoms are shown in Figure 2. The lengths 
o f  1.479 (3 ) 20 and 1.250 (3) A for the N -C io  and N = C i bonds 
correspond to values for carbon-nitrogen single and double 
bonds, respectively. The C i-C 2 bond length o f 1.525 (4) A is 
essentially the value expected for an sp2-s p 3 carbon-carbon 
single bond. Values o f 1.430 (3) and 0.87 (3) A for the C2- 0  and
O -H o  bond lengths are typical x-ray values for single bonds 
from oxygen to carbon and hydrogen, respectively .21

Although the near (to within 0.03 A ) coplanarity o f  atoms 
Cio, N, C i, H i, and C2 was anticipated from the presence o f 
the C i= N  double bond, the near (to within 0 . 1 1  A) inclusion
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Table VI. Bond Lengths in Crystalline iV-ferf-Butyl-2- 
hydroxy-3,3-dimethyl-2-phenylbutanim ine“

Type»
Bond 

length, A Type6
Bond 

length, A Type6

Bond
length,

0 - C 2 1.430 (3 ) Cp. —CP2 1.392 (4 ) c 4- h 41 0.93 (3)
Cpi—1CP6 1.391 (4 ) c 4- h 4! 0.98 (3)

N -C , 1.250 (3 ) r  — c^P2 ^p3 1.378 (4) c 4- h 43 0.98 (4)
Cp3~Cp4 1.376 (5) c 5- h 51 1.00 (3)

N—C 10 1.479 (3 ) Cp4—1Cp5 1.375 (5) c 5- h 52 0.98 (4)
Cp5—Cp6 1.386 (4) c 5- h 53 0.99 (3)

c , - c 2 1.525 (4) c 6- h 6, 0.98 (3)
C2- C P1 1.533 (4) 0 - H 0 0.87 (3) c 6- h 62 0.95 (3)

c 6- h 63 0.98 (3)
C2—C3 1.569 (4) C .-H , 0.98 (3 ) c 7- h 7, 0.94 (4)
c 3- c 4 1.525 (4) Cp2—Hp2 0.95 (3) c 7- h 72 1.02 (5)
C3- C 5 1.537 (4) c P3- h P3 0.96 (4) c 7- h 73 1.03 (5 )
c 3- c 6 1.526 (4) Cp4- H p4 0.92 (3) C .-H ,, 0.96 (4)
C 10- C 7 1.531 (5) c P5- h P5 0.96 (3) c , - h S2 1.04 (4)
C . . -C , 1.515 (5) ^P6_ -^P6 0.97 (3) C8- H , 3 0.96 (4)
C 10- c , 1.516 (5 ) C9—H 9 j 0.95 (4)

C9- H 92 0.97 (4)
C9- H 93 1.05 (5 )

“ The number in parentheses follow ing each entry is the 
estimated standard deviation in the last significant digit.
* Atom s labeled in agreement with Figure 1. Each symbol 
for a hydrogen atom which is bonded to a carbon carries the 
same subscripts as the carbon atom to  which it is bonded.
In addition, methyl hydrogens carry a second (numerical) 
subscript to distinguish between hydrogens on the same car
bon atom.

Table VII. Bond Angles for Nonhydrogen Atom s in 
Crystalline iV-ierf-Butyl-2-hydroxy-3,3-dimethyl-2- 

phenylbutanimine“

Type6
Bond 

angle, deg Type6
Bond 

angle, deg

C,NC 10 122.4 (2) OC2C3 108.0 ( 2 )
n c ,c 2 119.1 (2) CjCjCp, 113.1 (2 )
C2Cp4Cp2 119.6 (2) C2C3C4 109.1 (2)

CP2Gpi Cp6
122.5 (2) C2C3C5 109.4 (2 )
117.9 (3) C2C 3C6 1 1 1 . 6  ( 2 )

^P1^P2^P3 120.8 (3) C4C3C5 108.6 (3)
c  c  cV̂P2V->P3°P4 120.6 (3) C4C3C6 109.6 (3)
^P3^P4^P5 119.5 (3) c sc 3c 6 108.6 (3)
^P4^p5^P6 120.1 (3) n c 10c 7 104.7 (3)
r  c  r 121.0 (3) n c 10c 8

n c 10c 9
114.9 (3) 
105.4 (3)

c , c 2o 107.6 (2) C ,C ,0C8 110.2 (3)
C ,C 2C3 1 1 0 . 1  ( 2 ) C7C 10C9 110.4 (3)
C ,C 2Cpi 
OC2 cp  !

109.5 (2)
108.5 (2)

0^9 110.9 (3)

“ The number in parentheses follow ing each entry is the 
estimated standard deviation in the last significant digit.
6 Atom s labeled in agreement with Figure 1.

of atoms O and H0 in this five-atom mean plane was unex
pected. However, with atoms C2 and C10 occupying trans po
sitions relative to the C j= N  double bond, appropriate rota
tions about the C 1-C 2 and C2-O  single bonds can give the 
hydroxyl group a favorable orientation for forming an in tra 
m olecu lar  hydrogen bond between atoms 0  and N. Atoms N, 
Ci, C2, 0 , and Ho are coplanar to within 0 .0 1 A and form a 
five-membered ring which contains a 0 -H o—N hydrogen 
bond. The 2.579 (3) A 0 —N and 1.96 (3) A N—Ho separations 
are shorter than their van der Waal’s contact values22 by 0.32 
and 0.74 A, respectively.

The six independent sp2-sp2 phenyl carbon-carbon bonds 
have an average length of 1.383 (4, 7, 9) A 20 while the 24 in
dependent C-H bonds average 0.98 (4, 2 , 7) A .20 The 0.44 (4) 
A elongation of the C2-C 3 bond relative to the other six sp3-sp3 
C-C single bonds which average 1.525 (5, 6, 1 2 ) A 20 is pre-

Figure 2. Diagram showing the primary structural features for the 
planar five-membered ring which contains the intramolecular hy
drogen bond in the iV-fer£-butyl-2-hydroxy-3,3-dimethyl-2- 
phenylbutanimine molecule.

sumably the result of steric crowding within the molecule. 
Crowding between the phenyl ring and the t e r t -butyl group 
attached to C2 is reflected in a 3.6 (2 )° opening of the C3-  
C2-C pl bond angle from the idealized tetrahedral value of 
109.5°.

Intramolecular (solid-state) crowding is also evidenced by 
short contacts involving the two hydrogen atoms of the phenyl 
group that are ortho to the Cpi-C 2 bond. Distances of 2.21 (4) 
and 2.35 (3) A for the Hp6—Hi and Hp2—O contacts, respec
tively, are 0.19 and 0.25 A shorter than the corresponding van 
der Waal’s contact distances.22

Experimental Section
The methyl iodide Grignard reagent was prepared in the usual 

manner using oven-dried Vitro Clear-Seal glassware, flame-dried 
magnesium (Ventron, 99.9999%; or Research Organic/Inorganic 
Chemical Co., 99.95%) and a nitrogen atmosphere. Phenyl bromide 
Grignard reagent was prepared in the same manner using the 99.95% 
magnesium. Dimethylmagnesium was prepared from dimethylmer- 
cury (Ventron) according to the published procedure.23 Commercial 
methyl bromide Grignard reagent (Ventron, 3.0 M in ether or 3 M in 
di-n-butyl ether), methyl chloride Grignard reagent (Ventron, 3.2 M 
in tetrahydrofuran), and methyllithium (Research Organic/Inorganic,
I. 7 M in ether, halide free) were diluted with dry solvent before use. 
Phenyllithium was prepared in the usual manner from bromoben- 
zene.

Analyses were by Micro-Tech Laboratories, Inc., Skokie, 111. 1H 
NMR spectra were determined using a Varian A-60D spectrometer, 
and 13C NMR spectra using a Varian XL-100 spectrometer in the FT 
mode. Ir spectra were determined with a Perkin-Elmer 237 or 621 
spectrometer. All melting and boiling points are uncorrected.

General Reaction Procedure. The following procedure was used 
for most of the experiments reported.

To the chosen quantity of a solution of the organometallic reagent 
a solution of 2.4 mmol of 1,3-di-tert-butylaziridinone23 (lc ) or a so
lution or suspension of 2.4 mmol of N-£erf-butyl-2-bromo-3,3-di- 
methylbutanamide24 (2c, X = Br) in anhydrous ether (or tetrahy
drofuran) was added dropwise at the desired temperature under a 
nitrogen atmosphere. The volume of solvent was such that the con
centration of organometallic reagent was 0.1-0.5 M (average, 0.3 M) 
after addition of the substrate. The concentration of a-lactam lc 
solution was 0.1-0.7 M (average 0.3 M) before addition; the concen
tration of the 2c (X = Br) solution was 0.02-0.1 M (average 0.06 M) 
and of the 2c (X = Br) suspension was 0.1-0.3 M (average 0.2 M). 
When addition was complete, the reaction mixture was stirred for an 
additional 3-30 h at room temperature or as specified in Tables I and
II. Saturated aqueous ammonium chloride was added slowly with 
stirring. The layers were separated, the ethereal layer was washed with 
additional aqueous ammonium chloride, and the aqueous layers were 
extracted with ether. The combined ether layers were dried (MgS04), 
and the ether was evaporated. In general all crude reaction mixtures 
were soluble in CDCL but some were only partially soluble in CCL 
[the a-halo amides (2c) and the “dimer” 7c being least soluble in the 
latter]. The ‘ H NMR spectra of the soluble portion of all crude reac
tion mixtures were run in both solvents, as this procedure was found 
to facilitate analysis of the mixtures. Liquid residues were separated 
and purified by distillation under vacuum, and solid residues were 
separated and purified by extraction followed by repeated recrys
tallizations from appropriate solvents, or occasionally by column 
chromatography using a Florisil column and 0-15% solutions of ethyl 
acetate in Skellysolve B as eluent. The results of typical experiments
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Table VIII. Bond Angles Involving Hydrogen Atoms in Crystalline A/-fert-Butyl-2-hydroxy-3,3-dimethyl-
2-phenylbutaniminea

Type6
Bond angle, 

deg Type6
Bond angle, 

deg Type6
Bond angle, 

deg

C2OH0 1 0 4 (2 ) C3C4H43 109 (2) c i0c 7h 72 105 (3)
h 41c 4h 42 1 1 2 (3 ) c ,0c 7h 73 1 1 0 (3 )

NC,H, 125 (2) h 4 1c 4h 43 109 (3) h 7 1c 7h 72 108 (3)
CjCjH, 116 ( 2 ) h 42c 4 h 43 107 (3) h 7 1c 7h 73 1 1 0 (4 )
^pl ̂ P2^P2 1 1 5 (2 ) C3CsH51 1 1 0 ( 2 ) h 72c 7h 73 1 1 6 (4 )

1 2 4 (2 ) c 3c 5h 52 109 (2) c ,„c 8h 81 1 0 9 (2 )
^pa'-'pisttpa 118 ( 2 ) c 3c 5h 53 1 1 0  ( 2 ) c 10c 8h 82 1 1 2 ( 2 )
^P4^P3ttp3 1 2 1 ( 2 ) h 5 1c 5h s2 1 0 6 (3 ) C ,oC8H83 1 1 1  ( 2 )
^P3^P4^P4 1 2 0  ( 2 ) h s1 c 5h s3 107 (3) h 8 1c 8h 82 1 0 7 (3 )
<-'PsGp4HP4 1 2 1 ( 2 ) h 52c 5h s3 116 (3) h 8,c 8h 83 114 (3)
'-'P-iGpsHpj 1 2 2  ( 2 ) c 3c 6h 61 1 1 1 (2 ) ^82^8^83 104 (3 )
^pó^ps^ps 118 (2 ) c 3c 6h 62 113 (2) C i„C9H91 106 ( 2 )
^■ps^pó-^Pó 1 2 1 ( 2 ) c 3c 6h 63 109 (2) C ioC9H92 103 (3)
^Pl ^Pí^pí 119 (2) h 61c 6h 62 103 (3) C 10C9H93 107 (3)

h 61c 6h 63 105 (3) h 9 1c 9h 92 108 (4)
C3C4H41 1 1 0  ( 2 ) H62C6H63 1 1 6 (3 ) H9 1C9H93 111 (4)
C3C4H42 1 1 1 ( 2 ) c 10c 7h 71 1 0 7 (2 ) h 92c 9h 93 121 (4)

°The number in parentheses follow ing each entry is the estimated standard deviation in the last significant digit. 6Atom s
labeled in agreement with Figure 1. Each symbol for a hydrogen atom which is bonded to a carbon carries the same sub-
scripts as the carbon atom to which it is bonded. In addition, methyl hydrogens carry a second (numerical) subscript to dis
tinguish between hydrogens on the same carbon atom.

Table IX. Properties o f  Reactants and Products0

'H  NM R,c 5

Registry
no. Compd

Mp, °C or 
bp, °C (Torr)

Ir, 6
cm “1 Solvent f Bu-C f-Bu-N

CH or
c h 2

NH or 
OHd

Ph or 
Me

Anal, calcd/found

c H N
14387-89-4 l c 38 (0 .4 )e 1850 CDC13 1 . 0 0 2 1.303 2.73

CC14 0.987 1.265 2.62
14387-96-3 2c (X  = Br) 157—157.5 f ’ S 3410; CDCI3 1.150 1.372 4.03 5.97

1665 CC14 1 . 1 2 2 1.340 3.96
60294-83-9 2c (X  = Cl) 1 3 0 .5 -1 3 2 / 3410; CDC13 1 . 1 1 1.37 3.99 6.08 58.38 9.80 6.81

1665 CC14 1.08 1.34 3.90 58.00 9.75 6.65
30340-20-6 2c (X  = I) 171.5—1 7 3 6 ’ 1 3415; CDC13 1.18 1.35 4.04 5.65

1666 CC14 1.34
60294-84-0 3cw 49 (1 .4 ) 3320; CDC13 0.927 0.990 3.07 1.81 2.24 71.30 12.51 7.56

1703 CC14 0.890 0.970 2.97 1.77 2.16 71.11 12.62 7.32
60294-85-1 3cz 9 8 -9 9 .5 / 3324; CDC13 0.880 1.007 4.04 2 . 1 1 k 77.68 10.19 5.66

1671 CC14 0.867 1.015 3.97 2.09 l 77.59 1 0 . 1 2 5.49
60294-86-2 4cw 27 (0 .4 ) 3350; CDC13 0.937 1.208 7.74 4.77 1.198 71.30 12.51 7.56

1665 CC14 0.895 1 . 2 0 2 7.71 4.33 1 . 1 1 0 71.35 12.77 7.37
60294-87-3 4cz 7 0 -7 1 '" 3300; CDC13 0.933 1.223 8.39 5.45 n 77.68 10.19 5.66

1665 CC14 0.902 1 . 2 2 0 8.36 5.05 0 77.52 10.33 5.49
60319-04-2 7c 239—240 a, m, p 3450, CDCI3 1.063 1.357 2 . 2 1 5.27 70.54 11.84 8.23

1665 CC14 1 . 0 1 2 1.333 2.05 70.58 11.87 8.14
49633-54-7 8 c 1 2 3 .5 -1 2 5 .5 6 3430; CDClJ 1.033 1.352 1.953 5.57 70.12 12.36 8.18

1660 CC14 0.998 1.308 1.848 5.61 70.02 12.45 7.98
30340-21-7 9cw 1 3 8 -1 4 0 .5 3440, CDC13 0.968 1.352 1.80 7 5.21 1.073'-

1670 CC14 0.928 1.308 1.827 5.11 1 .0 2 0 '-
60294-88-4 9cz 147.5—149* 3450, CDClJ 1 . 0 2 2 1.303 2.90 5.30 7 .3 2 f 77.68 10.19 5.66

1673 CC14 0.978 1.270 2.78 5.10 7 .2 8 1 77.51 10.22 5.58
a Satisfactory analytical data (±0 .4% ) for C, H, N were obtained for all new com pounds in this table except 7c, which was 

obtained as a mixture o f  diastereomers essentially free o f  other products (based on ‘ H NMR analysis). The structure o f  7c 
was established by an x-ray crystallographic analysis (to  be published elsewhere) o f  single crystals selected by hand from 
this mixture. The spectral and other data given in the table are for the mixture. 6 In CHC13 . c See Experimental Section for 
procedures used. d Position variable; average valve is given. e L it . 1 7 bp 38°C (0.4 Torr). f  Recrystallized from  petroleum ether 
(bp 30—60° C). ■? L it . 1 7 mp 156—157 °C. 6 Purified by sublimation. ‘ L it .43 mp 168—1 7 0 °C ./ Recrystallized from  methanol.

Phenyl region similar in appearance to phenyl region o f  acetophenone with tw o clusters o f  peaks o f  47 5—486 and 437 — 
457 Hz at 60 MHz. 1 Phenyl region similar in appearance to that o f  acetophenone with tw o clusters o f  peaks at 4 7 0 —485 and 
443—456 Hz at 60 MHz. m Recrystallized from  m ethanol—pentane. n Com plex multiplet at 43 1—460 Hz at 60 MHz. °  Com 
plex multiplet at 42 7—455 Hz at 60 MHz. P An apparent diastereomer o f 7c (which was not isolated) showed the follow ing 
NMR spectra: in CDC13, 8 1 .078, 1 .377, 2.17; in CC1„, 8 1.325, 1.002, 2.03. 7 Quartet, J = 6.9 ± 0.1 Hz. ''D oublet, J =
6.9 ± 0.1 Hz. * L it .43 mp 1 4 7 .5 -1 4 8  DC. * Broad.

are summarized in Tables I and II, and the properties of the purified 
starting materials and products are given in Tables IX and X.

General Analytical Procedure. The 'H NMR chemical shifts in 
the region 0-100 Hz (at 60 MHz) of purified reactants and products 
were determined as precisely as possible in both CDCL and CCL using 
Me4Si and cyclohexane as internal standards (sweep width 100 Hz, 
sweep time 250 s). The values obtained are given in Table IX and are

based on cyclohexane, 5 1.436 in both CCI425 and CDCL.26 For ap
proximately 10 0  measurements (covering all compounds) the average 
deviation was ±0.1 Hz and the maximum deviation was ±0.3 Hz from 
the values given. Fortuitously there was little overlap of peaks in this 
region among the various reactants and products; therefore, identi
fication of products was relatively easy.27 Usually the entire crude 
reaction mixture was dissolved in CDClg and analyzed by ’ H NMR.
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Table X. 13C NMR Spectra0 and Probable Assignments

Phenyl

Compd C = N a-C (CH3)3CN (CH3)3CN (CH3)3CC (CH3)3CC CH3-a-C c, c2 c3 c4
l c
3cz

161.07
172.66

54.17
62.02

55.99
50.40

27.78
30.16

31.31
35.28

27.14
27.34 138.21 128.49 128.14 132.66

4cw
4cz

160.48
159.13

75.28
77.94

56.15
56.55

29.64
29.64

37.30
38.77

25.40
25.56

20.87
142.62 126.31 127.14 127.06

8 c 170.95 30.75 50.87 29.29 29.80 28.77
a D eterm ined in CDC13. The chem ical shifts are given in parts per m illion  d ow n fie ld  from  internal M e4Si.

The solvent was evaporated, and as much of the residue as possible 
was dissolved in CCI4 and analyzed by !H NMR. The composition of 
the reaction mixtures was estimated on the basis of the machine in
tegrals and, wherever possible, through use o f a polar planimeter. 
Because of difficulties encountered due to overlap of the bases of some 
peaks, the results are considered to be no more accurate than ±10% 
(relative) for the larger percentages (<40%) and up to ±30% for the 
smaller values (<10%). The most approximate analysis was that of 
the 7c diastereomers, which frequently gave broad peaks that over
lapped those of 8c sufficiently to make accurate analysis of 7c difficult. 
In some experiments unidentifiable singlet peaks appeared in the 
50-100-Hz region. These were summed and treated as if they were 
caused by terf-butyl groups (the most likely origin based on evalua
tion of the downfield portion of the spectrum) and are reported as 
“ Other Substances” . The results of the analyses are given in Tables 
I and II.

Isomerization of 4cw. A small amount of 4cw (about 0.5 g) was 
heated under reflux in an oil bath held at 150 ±  2 °C. Periodically a 
sample of material was removed and analyzed by lH NM R spectros
copy. In one experiment a solution o f 4cw in a fivefold volume of 
toluene was heated under reflux and periodically analyzed in the same 
manner. The results are given in Table II.

Isomerization of 4cz. The first isomerization was unintentional 
and occurred when a reaction residue (from which most of the 7c and 
much of the 4cz had been removed by fractional extraction) was al
lowed to stand on the steam bath over the weekend, during which time 
the flask became filled with long, slender, needlelike crystals. 'H  NMR 
analysis of these indicated them to be essentially pure 3cz. Since other 
materials were present in the residue, they could have had some effect 
on the rate of isomerization; therefore, 80-200-mg samples of purified 
4cz were heated at selected temperatures on the steam bath or in the 
oven in a lightly stoppered flask for 18-96 h. The contents of the flasks 
were analyzed by ’ H NMR. The results are given in Table I.

Isomerization of 3cz. The isomerization of 3cz and the analysis 
of the resultant crude reaction mixture were conducted by the general 
reaction and analytical procedures described above for the reactions 
of lc  and 2c with organometallic reagents. The results are given in 
Table I.

Crystallographic Analysis of 4cz. 19 Single crystals (mp 70-71 
°C) of CisPEsON, 4cz, suitable for x-ray studies were obtained by 
crystallization from a methanol-pentane solution. They are mono
clinic, space group P2\/c-C2hb (no. 14)28 with a = 13.938 pt 0.002 A, 
b = 6.141 ±  0.001 A, c = 18.793 ±  0.002 A, (1 = 104.42 ±  0.01°, and Z 
= 4 at 20 ±  1 °C [dCaicd = 1-055 g cm-3 , d measd = 1-044 g cm-3 , (Mo 
K a)29 = 0.07 mm-1]. Intensity measurements were made on a Syntex 
Py. Autodiffractometer for a nearly cube-shaped specimen (0.44 X 
0.44 X 0.50 mm) which was sealed under nitrogen gas in a thin-walled 
glass capillary. A total o f 3558 independent reflections having 20m<>ka 
<  55° (the equivalent of 1.0 limiting Cu Ka sphere) were collected 
using l°-wide w scans and graphite-monochromated Mo Ka radiation. 
A scanning rate of 2°/min was employed for the scan between u> set
tings 0.50° respectively above and below the calculated K a doublet 
value (Ara -  0.71069 A). Each 1° scan was divided into 19 equal (time) 
intervals and those 13 contiguous intervals which had the highest 
single accumulated count at their midpoint were used to calculate the 
net intensity from scanning. Background counts, each lasting for 
one-fourth the total time used for the net scan (13/19 of the total scan 
time), were measured at to settings one degree above and below the 
calculated Ka doublet value for each reflection. The data were not 
corrected for absorption since the absorption of x-rays by a spherical 
crystal having the same volume as the crystal actually used would be 
virtually independent of scattering angle30 {¡.ir = 0.02) and deviations 
from this absorption occasioned by the use of the nearly cube-shaped 
specimen are practically negligible.

The 18 nonhydrogen atoms comprising the asymmetric unit ap
peared simultaneously on an E  map which was calculated from a trial 
set of statistical direct methods (MULTAN) phases. All 25 chemically

anticipated hydrogen atoms were located from a difference Fourier 
synthesis calculated from a full-matrix least-squares refined structural 
model [/¿(unweighted) = 0.102, r(weighted) = 0.112 for 1248 reflec
tions having 26m ,>k« < 43° and I  < 3<r(/)] which incorporated unit 
weighting and anisotropic thermal parameters for all nonhydrogen 
atoms. All structure factor calculations employed the atomic form 
factors compiled by Cromer and Mann31 and a least-squares refi- 
neable extinction correction32 of the form 1/(1 + g lc)l/2- The final 
cycles of empirically weighted full-matrix least-squares refinement 
which employed isotropic thermal parameters for hydrogen atoms 
and anisotropic thermal parameters for all others converged to values 
of 0.044 and 0.048 for R and r, respectively, for 1621 independent 
reflections having 2#moK« < 55° and I  > 3<r(/).
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IV-Acyl-lV-alkyl- (11) and IV-acyl-Af-arylhydrazines (5) may be prepared by acylation of (V-alkyl- (9) and N-aryl- 
IV'-carbo-ierf-butoxyhydrazines (3) followed by cleavage of the TV'-carbo-terf-butoxy group. The intermediate 3 
may be prepared by treatment of arylhydrazines with tert-butyl azidoformate (2). The intermediates 9 may be pre
pared by reduction of the corresponding ketone carbo-feri-butoxyhydrazones (8 ) or by the rearrangement [pre
sumably via the diaziridinone (17)] of alkylureas (15). Cleavage of 9 prepared by the latter route has been used for 
the stereospecific synthesis of (/?)-l-phenylethylhydrazine (19a) from (fl)-l-phenylethylamine (13a) (via the urea 
15a).

Recently Moss and Powell3 reported a new synthesis o f 
hydrazines from alkyl diazotates that is sufficiently stereo
selective to convert 1 -phenylethylamine (13a) into 1 -phen- 
ylethylhydrazine (19a) in 40% yield (as the oxalate) with a 
reported 54% net inversion o f configuration. Like M oss and 
his coworkers, we have had a need for a simple, useful syn
thesis o f  optically active hydrazines but have found that most 
o f  the previously reported procedures4'3 are deficient for our 
purpose in one respect or another. In addition we have re

quired monosubstituted hydrazines with a te r t -alkyl sub
stituent and monosubstituted hydrazines acylated on the 
nonterminal nitrogen (i.e., N - aminoamides). This com m u
nication describes the procedures we are currently using for 
the synthesis o f these several types o f  hydrazine derivatives. 
For this purpose the preparation o f IV-benzoyl-N -phenylhy- 
drazine (5), several N-acyl-lV-alkylhydrazines (11), racemic 
and optically active 1-phenylethvlhydrazine (19a), ieri-bu t- 
ylhydrazine (2 2 ), and related substances will be described.
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Several early syntheses of 5 appear in the literature,6’7 but 
none of these is convenient or efficient. Therefore, we have 
used the sequence shown in Chart I, which appears to be a

Chart I. Synthesis of JV-Benzoyl-N-phenylhydrazine
PhNHNH2 +  f-BuOCON3 — <- PhNHNHC02-£-Bu +  HN3 

L i  61%
1 2 3

PhCOCl
67%

PhCO
^ N — NHC02-£-Bu 

Ph

PhCO
1. n a ,m _  t \
2. NaHCO» 96% /

Ph
4 5

potentially general synthesis for /V-aminoanilides from the 
readily available arylhydrazines (1). The superiority of this 
synthesis over those used previously results from the use of 
the easily introduced [via t e r t -butyl azidoformate (2)] and 
easily removed (via mild acidic cleavage) N -c a ib o -te r t -b u to x y  
blocking group.8 The overall yield of 5 from phenylhydrazine 
(1) was 35%. The identities of the products 3 and 5 were readily 
established by the characteristic differences in the ir and 1H 
NMR spectra of IV-acyl-IV-arylhydrazines and AP-acyl-N- 
arylhydrazines9 and confirmed for 5 by comparison with au
thentic samples made by an established procedure.6 This 
identification shows that 1 is preferentially acylated on the 
terminal nitrogen with 2.

Although the foregoing procedure should be useful for many 
arylhydrazines, it might be expected to be less effective with 
alkylhydrazines, which might react with 2 at either N atom. 
Therefore, the procedure in Chart II was developed for the

Chart II. Synthesis o f N -Acyl-N -alkylhydrazines
R

\ = 0  + t-BuOCONHNH2 
R' 7

6

R"CO
\  R"CO

N— NHC02-i-Bu “-----

RR'CH
1 0

1. HCl. EtOH 
,,2 . NaHCO,

R"CO
\

N— NH2
/

RR'CH
1 1

a, R = Ph; R' = CH3
b, R = Ph, R = H
c, R + R' = (CH2)s

R
^ C = N — NHC02-i-Bu 

R'
8

H2, Ptjor b h3-t h f  

R
^CH— NH— NHC02-i-Bu 

R'
9

j HCl, EtOH

R
^CH— NH— NH3+Cr 

R'
1 2

x, R" = CH3
y, R" = Ph

synthesis of 11. This synthesis could be modified (by elimi
nation of the second acylation step) to afford a convenient 
variation on the previously reported10-11 synthesis of alk
ylhydrazines [as the hydrochloride (12)] which used ethyl 
carbazate rather than te r t  -butyl carbazate (2).12 The results 
of a number of preparations of 8 and 9 are summarized in 
Table I. Using the five-step process of Chart II hydrazides 
llax, llay, and llcy were prepared in 43, 38, and 39% overall 
yields, respectively, from the corresponding ketones.

Although the procedure in Chart II is quite general, it 
cannot be used for optically active hydrazines (because the 
reductions of 8 to 9 shown are not stereoselective) nor for 
iert-alkylhydrazines. Attempts to bring about the stereose
lective reduction of the carbo-ter£-butoxyhydrazones of 2- 
methylcyclohexanone with potassium tri-sec-butylborane 
hydride13 were unsuccessful. Attempts to develop a synthesis

of t e r t -alkylhydrazines from 8 were thwarted when the ad
dition of the methyl bromide Grignard reagent or methylli- 
thium across the azomethine bond of 8b gave at most 1-2% of 
9a. Rather than attempt to circumvent these experimental 
difficulties, we developed the route to 9 shown in Chart III.

R'

\
/

CH— NH2

13

Chart III
KNCO
HCl

R
\  1. Pb(OAc)„ DMF

CH— C0NH2 --------------------
/  2. NH3

R

R'

\ .
CH— NHCONH,

15

14
0

R

R'

\  / ° \^CH— N------ NH
KO-i-Bu

17
jKO-t-Bu

i-BuOCl

- r \  a -

CH— NHCON^
R' H.

16

R
\  R\

CH — NH— NHCCM-Bu CH— NHNH3+CF
y /  EtOH /

R' R'
9 12

H.2O^NaHCO,

R
\

R'
CH— N = N — C02-£- Bu

18

R

+ 15

\
R.

R''

R'

V
/

CH— NH— NH2

19

\ C = N — NHC02-£-Bu

a, R = Ph ; R’ = CH3
b, R = Ph;R’ = H

This synthesis begins with an N-alkylurea (15), readily 
obtained from an amine (13) (racemic mixture or a single 
enantiomer) or a carboxamide1 (14) (racemic mixture or single 
enantiomer) by the routes shown. Our expectation was that 
15 would be converted by procedures well established in a - 
lactam14 and diaziridinone15 chemistry to, successively, the 
N-chloro urea (16), the unstable diaziridinone 17, and finally 
the ring cleavage product, the iV'-carbo-fert-butoxyhydrazine 
(9).

A similar procedure using sodium hypochlorite and aqueous 
base and leading directly to the hydrazine (or hydrazine de
rivative) was first reported by Schestakov16 and apparently 
rediscovered recently.17-19 The Schestakov procedure is de
scribed16-18 as proceeding by halogenation on the terminal 
nitrogen atom followed by the Hofmann rearrangement (al
though this mechanistic route has been questioned20). Chlo
rination on the terminal nitrogen is to be expected in a lka line  
m edia  where the reaction may involve displacement on the 
chlorine atom of the hypochlorite by amide anion. However, 
in neutral media N-chlorination by t e r t -butyl hypochlorite 
may involve a four- or six-center transition state21 (steric 
factors permitting) and attack at the more basic (internal) 
nitrogen atom. We have attempted to determine the site of 
N-chlorination in 15b and in 20 by comparison of the JH NMR 
spectra of the ureas with those of the crude IV-chloro ureas.
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Table I. Carbo-ierf-butoxyhydrazonesa

R\

R'/
C = 0

6

r n
—  C = N - 

R'X
— NH— C02— i-Bu 

8

Registry Yield, Ir (CH jClj), cm ’ 1 Registry
no. 6 % 2 !? 0 0 P (N -H ) P (C = 0 ) ■H NMR (CDCI3 ), 6 b n o . (8 )

98-86-2 Acetophenone 8 4 -9 4 1 6 9 -1 7 0 3330 1740 2.17 (s 3) 56572-27-1
93-55-0 Propiophenone 72 1 6 9 -1 7 1 3375 1750 2.65 (q 2) 60295-07-0

119-61-9 Benzophenone 92 1 4 2 -1 4 5 3330 1740 60295-08-1
122-00-9 p-M ethylacetophenone 90 1 4 2 -1 4 4 3355 1735 2.14 (s 3) 60295-09-2
121-97-1 p-M ethoxy propiophenone 90 1 6 3 -1 6 5 3350 1735 2.60 (q 2 ) 60295-10-5
108-94-1 Cyclohexanone 91 1 2 5 -1 2 7 3225** 1695** 0 .90—2.50 e/ 60295-11-6
583-60-8 2-M ethylcyclohexanone 96 1 0 3 -1 0 5 3440? 1730? 1.2—2 .5 e 60295-12-7

78-59-1 Isophorone 97 1 2 9 -1 3 1 2.23 (s 2), 6.0 (m 1) 60295-13-8
98-53-3 4-ferf-Butylcyclohexanone 1 0 0 1 3 7 -1 3 9 3370 1735 1.20—2.75 e 60295-14-9

1192-62-7 2-Acetylfuran 90 14 8 .5 -1 4 9 .5 3350 1740 2.17 (s 3) 60295-15-0
a Satisfactory analytical data (±0.4%  for C, H, N) were obtained for all new com pounds in the table. b For a-CH protons 

only. 1-BuO protons appeared at 5 1 .50—1.54 except where otherwise noted. Aryl protons appeared as two clusters o f  peaks, 
roughly similar to those found in the spectrum o f  the parent ketone, range 5 6 .7 5—8.00. CJ =  7.5 Hz. d In KBr. e All ring 
protons. /f-B u O  protons appeared at 5 1.50. ?  In CC14.

In 15b the -C H gN H - moiety appears as a doublet and triplet. 
The -C H 2-  doublet appears to be shifted downfield upon 
chlorination but the splitting is retained, suggesting chlorin
ation on the terminal N atom. However, there are enough 
other changes in peak shape, position, and area to render any 
decision somewhat ambiguous; thus, it is possible that both 
Af-chloro species are present (or are in a slow equilibrium).

It is known from earlier studies15 on N ,N '-d i - t e r t -butylu- 
rea, which has a single te r t -butyl peak at 5 1.27 (in CC14), that 
chlorination gives an unstable A '-chloro com pound with two 
tert -butyl peaks at 5 1.32 and 1.41 (CC14) (our data, which are 
in close agreement with that reported15), corresponding to the 
i-B uN H  and i-B uN C l moieties, respectively. Chlorination 
o f ierf-butylurea (20) [5 1.37 (CDCU)] under the same con 
ditions15 gives a moderately stable crude solid with its prin
cipal feri-bu ty l peak at 5 1.39 (CDCI3 ) (the only other te r t-  
butyl peaks being caused by small amounts o f  unreacted 2 0  

and feri-buty l alcohol, both o f which are found u pfield  o f  5 
1.39). The very small shift in the position o f the te r t -butyl *H 
N M R peak upon chlorination suggests that chlorination o c 
curs largely (if not exclusively) on the terminal nitrogen atom, 
and not on the nitrogen atom bearing the tert -butyl group, 
possibly because o f steric inhibition o f the transition state for 
the latter.

W e also attem pted to observe the proposed diaziridinone 
intermediate 17 using ir techniques similar to those we de
scribed earlier for the observation o f «-lactam s . 14 N o ir peak 
in the 1850-cm_1 region was observed; therefore, the ring 
opening o f  17 (if it is an intermediate) must be quite rapid. 
Thus, the question o f the mechanism o f  this rearrangement 
remains unresolved. Although we prefer the general route 
shown, it is possible that a Hofmann rearrangement may be 
involved.

The new sequence, whether from 13,14, or 15 to 9, is short 
and simple experimentally. Unfortunately, this synthetic 
sequence is not free from complication. Thus, with 13a it was 
necessary to use a large excess (5-10 mol) o f  potassium te r t-  
butoxide and to add 16a to th e base in the steps 16a —► 17a 
—► 9a. When slightly more than the theoretical amount o f base 
was used, the product was a mixture o f  8a and 9a in ratios 
varying from 1:3 to 1:1 depending on other reaction variables. 
Apparently, the reaction o f  16a with the base is sufficiently 
slow that the product 9a may be oxidized by the as yet uncy- 
clized 16a unless a large excess o f base is used to accelerate the 
removal o f  16a. Presumably 9a is oxidized to the corre-

sponding azo com pound, which then rearranges to 8a. O f 
course any 8a present can be readily hydrogenated back to 9a 
(Chart II). This additional step would increase the overall 
yield o f  9a but would reduce the optical purity o f  the 9a. If 
optical purity is not important, this may be the preferred 
procedure in some instances. For 13a, 8a and 9a could be 
separated.

Cleavage o f 9a with hydrogen chloride went fairly easily in 
ethanol, and subsequent neutralization o f  the resultant hy- 
drazinium salt (12a) gave the free hydrazine 19a. In our hands 
the overall yield o f  19a from (R)-(+)-13a was 56%. Since our 
observed optical rotation for 19a was slightly larger than the 
previously reported value for “ pure”  19a, presumably 19a was 
obtained with essentially com plete retention o f configura
tion .22'23

Application o f this synthetic route to benzylurea (13b) 
(using a large excess o f  base) gave an 82% yield o f  N -benzyl- 
N '-carbo-ieri-butoxyhydrazine (9b) plus a trace o f  benzal- 
dehyde carbo-tert-butoxyhydrazone (8b).

The route shown in Chart III could also be used for the 
synthesis o f te r t -butyl- and phenylhydrazine derivatives; 
however, the yields were substantially lower. In the synthesis 
o f  tert-butylhydrazine (2 2 ) it was again difficult to avoid the 
formation o f the oxidation product 23; furthermore, even

f-BuOH
H^NOONH,

i-BuNH.

HjSO, 
K N C O /

f-BuNHCONH2 — f-BuNHNHCCM-Bu
2 0

HCl

2. KO-i-Bu 

40%

HCl .

i-BuNHNH3+C r
2 2

2 1

EtOH }f° l
i-B uN =N C02-f-Bu

23

when a large excess o f  base was em ployed the yield o f the in
termediate hydrazide 21 was only 40%. However, there was 
also a 52% recovery o f 20. In the synthesis o f  iV-phenyl-AF- 
carbo-terf-butoxyhydrazine (3) the intermediate N -chloro 
urea apparently underwent preferential rearrangement to 
p-chlorophenylurea (25) or was directly halogenated by the

PhNH,
KCNO

HCl
PhNHCONH,

L f-BuOCl 

2. i-BuOK
ci-

24

- o
25

NHCONH, + ^  y — NHNHCCUf Bu 

3
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te r t -butyl hypochlorite, even under the usually favorable 
conditions o f  Chalsty and Israelstram .24 The yield o f  3 was 
31% and that o f  25 was 39% when the latter conditions were 
employed.

Experimental Section
Dichloromethane was distilled from phosphorus pentoxide under 

nitrogen, tert-Butyl alcohol was refluxed over calcium hydride for 
24 h and distilled under nitrogen. Anhydrous ethanol was further 
dried by distillation with magnesium turnings. Benzene was dried by 
azeotropic distillation, tert-Butyl carbazate, ferf-butyl azidoformate, 
and diborane-tetrahydrofuran complex were purchased from the 
Aldrich Chemical Co. Melting points were obtained with a Mel-Temp 
capillary melting point apparatus and are uncorrected. Infrared 
spectra were determined with Perkin-Elmer Models 137,237, or 621 
spectrometers. >H NMR spectra were determined at 60 MHz with a 
Varian A-60 or A-60D spectrometer. Chemical shifts are given in parts 
per million downfield from internal Me4Si except for those deter
mined in D2O, which are based on the internal DOH peak (4.61 ppm). 
Mass spectra were taken on a Hitachi Perkin-Elmer RMU-6D mass 
spectrometer operated at '70 eV. Optical rotations were determined 
with a Perkin-Elmer Model 141 polarimeter using a 1-dm cell (critical 
values were measured on two different instruments of this type). 
Microanalyses were obtained from Micro-Tech Laboratories, Skokie,
111.

IV-Phenyl-lV '-carbo-iert-butoxyhydrazine [ter-t-Butyl 2- 
Phenylcarbazate (3)]. A mixture of 11.44 g (0.0796 mol) of feri-butyl 
azidoformate, 8.6 g (0.0796 mol) of phenylhydrazine, 11.1 ml of tri- 
ethylamine, and 20 ml of water was stirred for 40 h. The solid mass 
was broken up into small pieces. The yellow-orange solid was filtered, 
dried, and recrystallized from petroleum ether (bp 60-90 °C) to yield
10 .0  g (61.0%) of 3 as white needles: mp 90-92 °C (lit.25 91-93 °C); ir 
(KBr) 3.05 (amide NH), 3.10 (amine NH), 5.80-5.95 (ester C = 0 ),
8.3-8.7 m (ester C-O-C); >H NMR (CDCl;i) 5 1.44 (9 H, s, i-Bu), 5.92 
(1 H, s, NH), 6.62-7.37 (6 H, m, Ph + NH).

IV-Benzoyl-lV-phenyl-lV '-carbo-ieri-butoxyhydrazine (4). 
To a solution of 5.0 g (0.024 mol) of 3 in 25 ml of dry pyridine, 3.38 g 
(0.024 mol) of benzoyl chloride was added dropwise over a period of
10 min. The reaction mixture was stirred for 12 h and was poured into 
ice and water. The cream colored precipitate was filtered, dried, and 
recrystallized from ethyl acetate-petroleum ether to yield 5.0 g (67.0%) 
of 4 as white crystals: mp 139-140 °C; ir (KBr) 3.05 (NH), 5.90 (ure
thane C = 0 ), 6.05 (amide C = 0 ), 8.50 p (ester C-O-C); ]H NMR 
(CDCI3) 5 1.43 (9 H, s, i-Bu), 6.88 (1 H, s, NH), 7.05-7.82 (5 H, m, 
Ph).

Anal. Calcd for CisHaoNaCy C, 69.21; H, 6.45; N, 8.97. Found: C, 
69.36; H, 6.48; N, 9.00.

IV-Benzoyl-lV-phenylhydrazine (5). A solution of 4.9 g (0.0158 
mol) of 4 in 50 ml of absolute ethanol was treated with anhydrous 
hydrogen chloride for 30 min. The white solid was filtered, washed 
with ether, and dried to yield 3.4 g (88.0%) of crude 5 hydrochloride: 
mp 196-198 °C; ir (KBr) 3.5-A.O (+NH,i), 6.05 n (C =0). To a solution 
of 4.9 g (0.0158 mol) of cru de 5 hydrochloride in 25 ml of water a sat
urated solution of sodium bicarbonate was added until the mixture 
was basic to litmus. The aqueous solution was extracted with three 
25-ml portions of chloroform. The dried extracts (MgS04) were 
treated with charcoal and evaporated to yield a light yellow oil. The
011 was dissolved in a minimum amount of ethyl acetate and petroleum 
ether added until the solution became turbid. White crystals were 
obtained which were recrystallized in the same manner to yield 1.97 
g (96.0%) of 5: mp 63-65 °C (lit.8 67-69 °C); ir (KBr) 3.05-3.15 (NH2),
6.10 n (amide C = 0 ); >H NMR (CDC1;)) 6 5.03 (2 H, s, NH2), 7.00-7.50 
(10 H, m, Ph + Ph).

Aldehyde and Ketone teri-Butoxycarbohydrazones (8 ). 
General Procedure. Equimolar amounts of tert-butyl carbazate or 
ethyl carbazate and the corresponding aldehyde or ketone (0 .1 - 0.2  
mol) were dissolved in an appropriate amount of absolute ethanol 
(30-75 ml), and the reaction mixture was stirred at room temperature 
until a copious precipitate had formed. A few drops of glacial acetic 
acid were added if the reaction mixture had been stirred for more than 
24 h without formation of a precipitate. After filtration of the pre
cipitate usually further precipitate could be obtained by adding small 
amounts of water to the filtrate. Generally, the combined precipitates 
were recrystallized by dissolving them in a sufficient amount of hot 
95% ethanol and adding water dropwise to the cloud point, then set
ting the solution aside until recrystallization was completed (2-3 
h).

For bulky ketones, such as benzophenone and 2-acetylfluorene, 
0.5-1.0 ml of glacial acid was added at the beginning to the stirred

mixture and the latter was heated under reflux for several hours. 
Benzophenone, 4-methoxypropiophenone, and 2-acetylfluorene 
ferf-butoxycarbohydrazones were recrystallized from a mixture of 
95% ethanol and 1,4-dioxane.

Selected results obtained using this procedure are given in Table
I 26

N-Substituted IV'-Carbo-tert-butoxyhydrazines (9). General 
Procedure. A. To a solution of 0.05 mol of 8 in 50-60 ml of 95% eth
anol was added 0.3-0.4 g of 10% palladium on carbon.27 The solution 
was mixed well and hydrogenated in the Paar shaker hydrogenator 
(starting pressure 45-50 psi). Generally, it took 2-3 h to complete the 
hydrogenation of the carbon-nitrogen double bond. Bulky teri-bu- 
toxycarbohydrazones required a longer reaction time. The reaction 
mixture was filtered through Celite, the filtrate was evaporated, and 
the residual solid was recrystallized from ethanol.

B. A dried three-necked round-bottomed flask was equipped with 
a pressure-equalized funnel, a nitrogen inlet and outlet device, a 
mechanical stirrer, and a condenser fitted with a calcium chloride 
tube. A solution of 8 in 60-80 ml of dry tetrahydrofuran was stirred 
and cooled (ice-salt bath) under a blanket of nitrogen, and twice the 
molar amount of diborane-tetrahydrofuran complex was transferred 
with an Aldrich Flex-needle under nitrogen pressure through a rubber 
septum to the sealed, pressure-equalized funnel. The diborane-tet
rahydrofuran complex was then added dropwise through the funnel 
to the vigorously stirred reaction mixture. The reaction mixture was 
allowed to stand in the ice-salt bath for 1  h and then was stirred 
overnight at room temperature. The excess diborane was carefully 
destroyed by addition of 60 ml of a solution of THF and water (2:1). 
The resulting mixture was neutralized with dilute K 2CO3 and ex
tracted with three 40-ml portions of ether. The organic layer was dried 
(MgS04) and the solvent was evaporated under water aspirator 
pressure. The resulting oily material was dissolved in petroleum ether 
and passed through a silica gel column to remove dissolved inorganic 
material. The light yellow oily solution either yielded a precipitate 
on standing or gave an oily product on evaporation. Solid precipitates 
were recrystallized by dissolving them in a limited amount of 95% 
ethanol and adding water dropwise to the cloud point.

Selected results using these procedures are given in Table II.26 All 
of the examples of 9 shown were prepared by procedure A. Three 
examples were also prepared by procedure B to compare the two 
procedures. The yield of 9a from procedure B was 85%. The ir and JH 
NMR spectra of this product were identical with those for the product 
prepared by procedure A and the mixture melting point was not de
pressed. The other two compounds prepared by both procedures were 
oils but gave appropriate ir and ’ H NMR spectra.

iV-Acetyl-JV-( 1 -phenylethyl)-7V'-carbo- tert-butoxyhydrazine 
( lOax). To a solution of 12.0 g (0.05 mol) of 9a in 75 ml of dry pyridine 
5.1 g (0.05 mol) of acetic anhydride was added; the mixture was heated 
under reflux for 4 h and poured into ice water. The resulting yellow 
oil was extracted with three 50-ml portions of ether. The dried extracts 
(MgS04) were evaporated to a viscous oil. All attempts to crystallize 
the oil using chloroform-petroleum ether, ethyl acetate-petroleum 
ether, and ether-petroleum ether solvents were unsuccessful. The oil 
appeared to be hygroscopic. The yield of crude lOax was 10.1 g 
(72.5%): ir (neat) 3.10 (NH), 5.80 (C = 0 ), 6.05 n (C = 0 ); >H NMR 
(CDCl:i) <5 1.18 (3 H, d, J = 7 Hz, CH,), 1-48 (9 H, s, t-Bu), 2.06 (3 H, 
s, CH:i), 5.93 ( 1  H, q, J  = 7 Hz, CH), 6.88-7.13 ( 1  H, s, NH), 7.33 (5 H, 
m, Ph).

Ar-Acetyl-./V-(l-phenylethyl)hydrazine (lla x ). A solution of
10.0 g (0.036 mol) of crude lOax in 50 ml of absolute ethanol was 
treated with anhydrous hydrogen chloride for 0.5 h. The ethanol was 
removed with a rotary evaporator leaving a thick yellow oil. The oil 
was dissolved in methanol, and ethyl ether was added until the solu
tion became turbid. The mixture was allowed to crystallize to give 5.4 
g (76.5%) of crude hydrochloride of llax : mp 125-127 °C; ir (KBr)
3.4-3.8 (+NH:i), 6.05 m (C = 0 ).

A solution of 5.4 g (0.025 mol) of the crude hydrochloride in 25 ml 
of water was treated with a saturated solution of sodium bicarbonate 
until the solution was basic to litmus. The aqueous solution was ex
tracted with three 25-ml portions of chloroform. The dried extracts 
(MgS04) were treated with charcoal and evaporated to dryness. The 
white solid remaining was recrystallized from chloroform-petroleum 
ether to give 3.9 g (87%) of lla x : mp 53-54 °C; ir (KBr) 3.05-3.10 
(NH2), 6.20 n (C = 0); >H NMR (CDC1:1) b 1.48 (3 H, d, J  = 7 Hz, CH-,), 
2.19 (3 H, s, CH3) 3.55 (3 H, s, NH?), 6.11 (1 H, q, J  = 7 Hz, CH), 7.32 
(5 H, m, Ph).

Anal. Calcd for C10H 14N2O: C, 67.38; H, 7.92; N, 15.72. Found: C, 
67.25; H, 7.93; N, 15.95.

N -  Benzoyl-N-H-phenylethylf-iV'-carbo- tert-butoxyhydra
zine (lOay). To a solution of 5.0 g (0.0212 mol) of 9a in 50 ml of dry
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Table II. Carbo-ferf-butoxyhydrazines+">R'x
6

R\
= 0  — ► ; ch

R'X
— NH— •NH— CO— t-Bu 

9

Yield, Ir (C C lJ c m - 1 Registry
6 % Mp, °C f(NH) 1>(C— O) ‘ H NMR (CDClj), 5 C no. (9 )

Acetophenone 94<*.e 7 2 -7 3 3320 1710 4.17 (q  1 ) / 60295-16-1
Propiophenone 75 6 4 -6 6 3330 1720 3.85 (m 1) 60295-17-2
Benzophenone 93 9 7 -9 9 3440 17 50 ,1 72 0 5.30 (s 1) 60295-18-3
p-M ethylacetophenone 99 7 7 -7 8 .5 3435 1720 4.16 (q 1 ) / 60295-19-4
p-M ethoxypropiophenone 99 6 0 -6 2 3440 1720 3 .5 -3 .9 5  (m 1) 60295-20-7
Cyclohexanone 8 2 8 7 6 -7 8 32 25 " 1695" 0 .9 0 -3 .0 ' 60295-21-8
2-M ethylcyclohexanone 85 Oil 3380 1710 1 .0 5 -3 .0 0 ' 60295-40-1
Isophorone 97 1 5 1 .5 -1 5 3 3220 17 50 ,1 70 0 1.60—2 .6 5 ' * 60295-41-2
4-terf-Butylcyclohexanone 96 Oil 3380 1700 1 .0 - 2 .0 ' 60295-42-3

a Satisfactory analytical data (±0.4%  for C, H, N) were obtained for all new com pounds in the table. "M ade by  hydrogena
tion using Pd/C unless otherwise specified. ^For CHN protons only. t-BuO protons appeared at 6 1 .42—1.45 except where 
otherwise noted. Aryl protons appeared as sharp to broad singlets except for 9 from p-m ethoxyacetophenone which ap
peared in a distorted AB-like AA 'B B pattern, range 7 .2—7.7. Alkyl protons appeared in their normal ranges. d Using 
BF 3 THF com plex for reduction, yield was 85%. "Using 5% Pt/C (1.0 g/10 g o f  hydrazone) 73% o f  product was obtained 
after recrystallization from  ethyl acetate—petroleum ether. f J  = 6.5 Hz. S Obtained with 5% Pt/C (1.0 g /1 0 g o f  hydrazone).
" In KBr. ' All ring protons, i t -BuO protons at 5 1.50. k Ring double bond also reduced.

pyridine 3.0 g (0.0212 mol) of benzoyl chloride was added dropwise. 
The reaction mixture was stirred for 15 h and poured into ice cold 4 
N hydrochloric acid. The aqueous solution was extracted with three 
50-ml portions of chloroform. The dried extracts (MgS04) were 
treated with charcoal and evaporated to dryness. The white solid was 
recrystallized from chloroform-petroleum ether to give 5.3 g (76%) 
of lOay: mp 115-117 °C; ir (KBr) 3.10-3.15 (NH), 5.90 m  (C = 0 ); >H 
NMR (CDC1;1) <5 1.18 (9 H, s, t-Bu), 1.58 (3 H, d, J  = 7 Hz, CH,), 5.83 
( lH ,q ,J  = 7 Hz, CH), 6.77 (1 H, broad s, NH), 7.03-7.67 (6 H, m, Ph 
+ NH).

Anal. Calcd for C20H24N2O3: C, 70.56; H, 7.11; N, 8.23. Found: C, 
70.50; H, 7.13; N, 8.24.

Ar-Benzoyl-lV-(l-phenylethyl)hydrazine (1 lay). A solution of
5.3 g (0.0156 mol) of lOay in 50 ml of absolute ethanol was treated with 
anhydrous hydrogen chloride for 0.5 h. The ethanol was removed by 
evaporation, leaving a thick yellow syrup (the hydrochloride salt was 
hygroscopic). The syrup was treated with 30 ml of a saturated solution 
of sodium bicarbonate until basic to litmus and the solution was ex
tracted with three 50-ml portions of chloroform. The dried extracts 
(MgSOA were treated with charcoal and evaporated to dryness. The 
light yellow oil was dissolved in chloroform and petroleum ether added 
until the solution turned cloudy. White needles of 1 lay were obtained: 
yield 2.1 g (56%); mp 56-67 °C; ir (KBr) 3.05-3.10 (NH,), 6.20 m 
(C = 0 ); 'H NMR (CDCW 6 1.57 (3 H, d, J = 6.5 Hz, CH3), 3.91 (2 H, 
broad s, NH,), 5.33 (1 H, q, J  = 6.5 Hz, CH), 7.30 (5 H, s, PhCH). 7.45 
(5 H, s, PhCO).

Anal. Calcd for CI5H 16N20: C, 74.97; H, 6.71; N, 1 1 .6 6 . Found: C, 
74.75; H, 6.80; N, 11.75.

IV-Benzoyl-iV-cyclohexylhydrazine (1 Icy). To a solution of 10.0 
g (0.0467 mol) of 9c in 30 ml of methylene chloride was added 5.3 ml 
(0.0467 mol) of benzoyl chloride and the reaction mixture allowed to 
stir for 5 h. The methylene chloride was removed with a rotary 
evaporator leaving a white solid which liquefied upon filtration. The 
hygroscopic substance was redissolved in ethanol and the solution was 
treated with anhydrous hydrogen chloride for 30 min. The ethanol 
was evaporated leaving a white solid which was recrystallized from 
ethanol-water to give 7.2 g (61%) of the crude hydrochloride of I Icy; 
mp 176-180 °C; ir (KBr) 3.5-4.0 (+NH3), 6.1 g (C = 0 ); 'H NMR 
(CDCI3) 5 0.68-2.65 (10 H, broad m, CeHio), 3.45-4.12 (1 H, broad s, 
CH), 7.60 (5 H, s, Ph), 9.13 (3 H, broad s, +NH3).

To a solution of 10.0 g (0.0392 mol) of the crude hydrochloride in 
50 ml of water was added a sufficient amount of saturated sodium 
bicarbonate to make the solution basic to litmus. The mixture was 
extracted with three 50-ml portions of chloroform, and the extracts 
were dried (MgSCW and evaporated to dryness, leaving a white solid. 
Recrystallization from water-ethanol gave llc y  as white platelets, 
yield 7.3 g (86%): mp 118-119 °C; ir (KBr) 3.0-3.1 (NH,), 6.1 (amide 
C = 0 ), 6.3 (NH in plane bend), 13.3 (NH, out of plane bend), in 
CHCI3 2.9-3.0 (NH2), 6 .1  (C = 0 ), 6.3 g (NH2 deformation); 'H NMR 
(CDC13) <5 0.92-2.08 (10 H, broad m, CgHioh 3.51-3.91 (1 H, broad m, 
CH), 4.00-4.33 (2 H, broad s, NH2), 7.55 (5 H, s, Ph); mass spectrum 
(80 eV) m /e  rel intensity and pertinent metastables) 218 (27.6), 202

(1), 136 (24.8), 105 (100), 77 (39), 84.8 (218 — 136), 50.6 (218 — 105),
81.1 (136 — 105), 56.5 (105 — 77).

Anal. Calcd for C13Hi8N20: C, 71.52; H, 8.31; N, 12.83. Found: C, 
71.40; H, 8.36; N, 12.72.

N-Substituted Ureas. General Procedure. A solution of 0.10 mol 
of the amine in a mixture of 8.3 ml of concentrated hydrochloric acid 
and 10 0  ml of water was added to a solution of 8 .1  g (0 . 1 0  mol) of po
tassium cyanate in 100 ml of water. The mixture was stirred at room 
temperature for 6 h. The white precipitate was collected by filtration 
and washed with water. For N -tert-butylurea (20) it was necessary 
to remove the water (rotary evaporator) because of the solubility of 
the product in water. The ureas were recrystallized from ethanol.

The yield of 1-phenylethylurea (15a) was 83%: mp 110-112 °C 
(lit.28 mp 112-113.5 °C); 'H NMR (Me2SO-d6) 5 1.31 (3 H, d, J  = 6.5 
Hz, CH3), 4.73 (1 H, q, J =  6.5 Hz, CH), 5.46 (2 H, broad s, NH2), 6.43 
(1 H, d, J  = 6.5 Hz, NH), 7.28 (5 H, s, Ph).

(R )-(+)-l-Phenylethylurea (15a) was prepared from (/?)-(+)- 
1-phenylethylamine ]'H NMR (CC14) 5 1.29 (3 H, d, J  = 6.5 Hz, CH3),
1.47 (2 H, s, NH2), 3.99 (1  H, q, J  = 6.5 Hz, CH), 7.22 (5 H, s, Ph); 
[«Pass +36.47° (neat), [a]25589 + 38.28°,27 [a]25589 + 28.32° (c 2.020, 
EtOH), 94.3% optically pure (lit.29 a 22D  —38.30° (neat, 1 dm); [ a ] 2 sD 
+40.6° (neat))]: yield 84%; mp 118-120 °C [lit.80 mp for (S)-(—)-urea
123.5-124 °C]; ‘ H NMR (Me,SO-d6) 6 1.30 (3 H, d, J  = 6.5 Hz, CH3),
4.73 (1 H, q, J  = 6.5 Hz, CH), 5.48 (2 H, broad s, NH,), 6.46 (1 H, d, 
J =  1 Hz, NH), 7.28 (5 H, s, Ph).

The yield of tert-butylurea31 (20) was 50%: mp 182-184 °C (lit.82 
mp 183 °C); ‘ H NMR (Me2SO-d6) <5 1.21 (9 H, s, t-Bu), 5.23 (2 H, 
broad s, -NH,), 5.82 (1  H, broad s, -NH); 'H NMR (CDCl:t) 6 1.37 (s, 
t-Bu).

The yield of benzylurea (15b) was 93%: mp 145-146 °C (lit.33 mp
146.6 °C); 1H NMR (Me,SO-de) 5 4.20 (2 H, d, J  = 6 Hz, CH2), 5.70 
(2 H, s, NH,), 6.57 (1 H, broad t, J  = 6 Hz, NH), 7.27 (5 H, s, Ph).

The yield of phenylurea (24) was 72%: mp 145-146 °C (lit.33 mp 
147-148 °C); 'H NMR (Me2SO-d6) b 5.90 (2 H, s, NH2), 6.76-7.55 (5 
H, m, Ph), 8.58(1 H, s, NH).

Rearrangement o f 1-Phenylethylurea (15a). To a stirred mix
ture of 1.64 g (0.010 mol) of 15a, 20 ml of dry benzene, and 15 ml of 
dry tert-butyl alcohol kept at 0-5 °C (ice-salt bath) was added 
dropwise but rapidly 1.2 ml (1.09 g, 0.01 mol) of ferf-butyl hypo
chlorite.34 When the mixture became clear (1-2 min), the resultant 
solution (all of the urea had dissolved as it reacted) was added rapidly 
into a precooled (5 °C) solution of 5.6 g (0.05 mol) of potassium tert- 
butoxide in 30 ml of dry benzene and 30 ml of dry tert-butyl alcohol. 
The mixture was stirred for an additional 5-10 min and then poured 
with stirring into 300 ml of ice water. The aqueous layer was extracted 
with 1 : 1  methylene chloride-ether, and the combined organic layers 
were washed with water, dried (MgSCW, and evaporated. The crude 
product (1.94 g, 82%) was a mixture of jV-(l-phenylethyl)-jV '- 
carbo-tert-butoxyhydrazine (9a) and a small amount of 8a. The 
latter was relatively insoluble in n -pentane. Thus, recrystallization 
from n-pentane gave 1.78 g (75%) of 9a: mp 72-73 °C; [H NMR 5 
(CDCW 1.25 (3 H, d, J =  6.5 Hz, CH3), 1.44 (9 H, s, t-Bu), 4.16 (1 H,
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q, J  = 6.5 Hz, CH), 4.00 (1 H, broad s, -NH), 6.16 (1 H, broad s, -NH), 
7.32 (5 H, s, Ph). Alternatively, the crude product could be purified 
by chromatography on silica gel using 1:1 CHCl3-ra-pentane as eluent. 
Compound 9a was eluted before 8a.

Similar treatment of (fl)-(+)-15a, [ f f ] 2 5 r,8 9  +45.11° (c 1.024, EtOH), 
gave 84% of (fi)-(+)-9a: mp 70-74 °C; 'H NMR 6 (CDCh) 1.28 (3 H,
d .J  =  6.5 Hz, CH3), 1.41 (9 H, s, i-Bu). 4.16 (1 H, q, J =  6.5 Hz, CH),
3.99 (H, broad s, -NH), 6.66 (H, broad s, -NH), 7.31 (5 H, s, Ph); 
| «p f>89 +97.44° (c 1.125, EtOH).

Rearrangement o f tert-Butylurea (20). The procedure was es
sentially the same as that used for 15a except that the unreacted 20  
(52%) was recovered by evaporation of the aqueous layers. The yield 
of A7-/,crt-butyl-iV '-carho-tert-butoxyhydrazine (21) was 40%: 
mp 6 6 - 6 8  °C; >H NMR (CDC13) b 1.36 (9 H, s, t-Bu), 1.42 (9 H, s, t- 
Bu).

Anal. Calcd for C9H20N2O2: C, 57.42; H. 10.74; N, 14.87. Found: C, 
57.15; H, 10.87; N, 14.92).

Chlorination of 20. To a solution of 0.387 g (0.0033 mol) of 20 in 
12 ml of methanol, 0.36 g (0.4 ml, 0.0033 mol) of tert-butyl hypo
chlorite was added with stirring at 0 °C (ice-salt bath). After 3 min 
the methanol was removed under vacuum (<0.5 Torr) at —10 to 0 °C. 
The residue (a white solid) was dissolved in CDCI3 and analyzed by 
>H NMR: b (CDCH) 1.28 (s, f-BuOH), 1.37 (s, 20), 1.39 (s, t- 
BuNHCONHCl). The first two peaks were quite small. Addition of 
a small drop of t-BuOCl caused the area of the peaks at b 1.28 and 1.39 
to increase and that at b 1.37 to decrease. Treatment of the crude 
N -chloro compound with potassium fert-butoxide in benzene-ierf- 
butyl alcohol gave essentially the same mixture (based on its 7H NMR 
spectrum) of 20  and 2 1  as that described for the rearrangement of 
2 0 .

Similar treatment of A/,iV'-di-£eri-butylurea15 [<5 (CCI4) 1.27 (s, 
£-Bu)] gave a crude product with ’ H NMR (CCR) i> 1.32 (£-BuNH),
1.41 (f-BuNCl) [lit.18 'H NMR (CC14) b 1.33,1.43],

Rearrangement of Benzylurea (15b). The procedure was es
sentially the same as that used for 1-phenylethylurea. A-Benzyl- 
IV'-carbo-tert-butoxyhydrazine (9b) was extracted into pentane 
and purified by distillation to yield 82% of product: bp 100-105 °C 
(0.1 Torr); 'H NMR (CDCE) b 1.44 (9 H, s, i-Bu), 3.92 (2 H, s, CH2),
4.25 (1 H, broad, NH), 6.83 (1 H, broad, NH), 7.27 (5 H, s, Ph).

Anal. Calcd for C12H,8N20 2 : C, 64.84; H, 8.16; N, 12.60. Found: C, 
64.72; H, 7.99; N, 12.40.

A trace of benzaldehyde carbo-tcri-but.oxyhydrazone (8b) was left 
as the pentane-insoluble residue: mp 187-189 °C (lit.115 mp 190-191 
°C); 'H NMR (C D C I3) b 1.52 (9 H, s, i-Bu), 7.25-7.80 (5 H, m, Ph),
7.85 (1 H, s, NH), 8.30 (1 H, s, -C H = ).

Rearrangement o f Phenylurea (24). A. The procedure used for 
the rearrangement of 15b was followed. The methylene chloride-ether 
extracts were washed with water, dried (MgSO<t), and evaporated. The 
crude product was extracted with petroleum ether to give a 15% yield 
of N-phenyl-N'-carbo-ierf-butoxyhydrazine (3): mp 91-92 °C (lit.36 
91-93 °C); "H NMR (CDCI3) 5 1.43 (9 H, s, £-Bu), 5.82 (1 H, broad, 
NH), 6.57 (1 H, broad, NH), 6.67-7.40 (5 H, m, Ph). The petroleum 
ether insoluble residue was essentially pure p-chlorophenylurea (25), 
yield 50%: mp 204-206 °C (lit.37 mp 206 °C); 'H NMR (Me2SO-d<;) 
b 5.94 (2 H, s, NH2), 7.35 (5 H, m, Ar), 8.70 (1 H, s, NH).

B. To a stirred mixture of 1.36 g (0.0100 mol) of phenylurea, 40 ml 
of dry fert-butyl alcohol, and 1.6 g of Borax was added dropwise at 
room temperature 1.2 ml (1.09 g, 0.0100 mol) of feri-butyl hypo
chlorite. The temperature of the mixture rose to 30 °C. When the 
temperature fell to ambient, the resultant solution was added rapidly 
to a precooled (5 °C) solution of 5.6 g (0.050 mol) of potassium tert- 
butoxide in 30 ml of dry benzene and 30 ml of dry tert-butyl alcohol. 
The mixture was stirred for an additional 5-10 min and then poured 
with stirring into 300 ml of ice and water. The aqueous layer was ex
tracted with 1 : 1  methylene chloride-ether, and the combined organic 
layers were washed with water, dried (MgSO,i), and evaporated. The 
crude product (1.20 g, 58%) was extracted with petroleum ether to give 
0.65 g (31%) of 3. The residue gave 0.50 g (39%) of p-chlorophenyl- 
urea.

Cleavage o f N-Substituted IV'-Carbo-tert-butoxyhydrazines. 
General Procedure. In general the carbo-tert-butoxyhydrazines 9 
were cleaved by passing anhydrous HC1 through solutions of 9 in 
absolute ethanol (ca. 20-30 ml/0.1 mol) with stirring at the ice bath 
temperature until the reaction mixture became milky in appearance. 
Passage of the HC1 was continued for ca. 1 h; then the mixture was 
stirred for 1-2 h under nitrogen. Anhydrous ether was added to the 
mixture (in some instances) and he mixture was stored in the freezer 
overnight. The product was collected by suction filtration (under 
nitrogen) and (if desired) recrystallized from a limited amount of 
methanol (adding anhydrous ether as necessary), again with storage

of the recrystallization mixture in the freezer overnight. Suction fil
tration (under nitrogen) and washing with anhydrous ether gave the 
crude hydrazine hydrochloride (12), which was stored under nitrogen 
in a drybox. Elemental analysis of several such hydrochlorides showed 
them to be mixtures of the mono- with relatively small amounts of 
the dihydrochlorides. Further purification of 12 was not particularly 
effective, and, since for our purposes the mixtures sufficed, little effort 
was expended in this direction. The following specific examples 
demonstrate what can be done where a more nearly pure sample of 
the hydrazine (19) is required.

Hydrogen chloride was passed into a solution o f 4.93 g (0.209 mol) 
o f the (R)-(+)-9a described above in 50 ml of absolute ethanol with 
stirring (magnetic) and cooling (ice-salt bath). The reaction tem 
perature was kept under 30 °C. After a white precipitate began to form 
(about 0.5-1 h) the passage of HC1 was continued for 1 h. The mixture 
was diluted with dry ether and stored in the freezer overnight. The 
solid that formed was filtered under nitrogen and washed with dry 
ether, yielding 3.55 g (98.6%) of crude (R)-(+)-l-phenylethylhydrazine 
hydrochloride (12a): mp 179-180 °C; 'H  NMR (D20 ) b 1.27 (3 H, d, 
J  = 7.0 Hz, CH3), 4.08 (1 H, q, J  = 7.0 Hz, CH), 7.17 (5 H, s, Ph).

To a solution of 1.72 g (0.01 mol) o f (ft)-(+)-12a in 30 ml of water 
a 1 N solution of sodium bicarbonate in water was added slowly with 
stirring until the solution was basic to litmus. The mixture was ex
tracted quickly with three 50-ml portions of chloroform, and the 
chloroform solutions were dried (MgSOj) and evaporated under a 
stream o f nitrogen. Distillation of the residue gave 1.2 g (89%) of 
(Ä)-(+)-l-phenylethylhydrazine (19a): bp 74 °C (1 mm) [lit.38 bp 
75 °C (1.1 mm)]; >H NMR (CDC1;J) b 1.26 (3 H, d, J  = 6.5 Hz, CH;i),
3.06 (3 H, s, NH +  NH2), 3.68 (1 H, q, J = 6.5 Hz, CH), 7.30 (5 H, s, 
Ph); [a]25;» , +32.49° (c 1.010, benzene) [lit.22-23 [«]2SD -30 .3° (e 0.784, 
benzene) for the optically pure (S )-(—) isomer].

Treatment of 0.648 g (0.00345 mol) o f 21 in 30 ml o f absolute ethanol 
with hydrogen chloride as described above gave 0.46 g (107%) of crude 
tert-butylhydrazine hydrochloride (22). The crude product was 
dissolved in hot 1:1 methanol-ethyl acetate, filtered, and diluted with 
ethyl acetate until the solvent composition was ca. 1:5. After storage 
in the freezer 0.409 g (95%) of product was obtained: mp 191-192 °C 
(lit.39 mp 192-194 °C); >H NM R (D20 ) b 1.27 (s, £-Bu).

Registry No.— 1, 100-63-0; 2 ,1070-19-5; 3, 42116-43-8; 4 ,60295-
43-4; 5, 579-45-3; 5 HC1, 13815-63-9; 8b, 24469-50-9; (+)-9a, 60325- 
12-4; 9b, 53370-84-6; lOax, 60295-44-5; lOay, 60295-45-6; llax, 
60295-46-7; lla x  HC1, 60295-47-8; Hay, 60295-48-9; llcy , 60295- 
49-0; l lc y  HC1,60295-50-3; (+)-12a, 60362-49-4; (±)-13a,618-36-0; 
(+)-13a, 3886-69-9; 13b, 100-46-9; (±)-15a, 60295-51-4; ( +  )-15a, 
16849-91-5; 15b, 538-32-9; ( +  )-19a, 60325-13-5; 20, 1118-12-3; 20 
W-chloro derivative, 25544-61-0; 21, 60295-52-5; 22, 7400-27-3; 24,
64-10-8; 25, 140-38-5; benzoyl chloride, 98-88-4; acetic anhydride,
108-24-7.
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The copper-catalyzed reactions of Af-sulfinylarylamines la,b with activated carbonyl 2a-d,f and nitrile com
pounds 12 were studied. Each carbonyl compound gave amino ketones 3, 5, 8, 9, and 11 and sulfides 6 and 7. Phe- 
nylacetonitrile (12) yielded /rans-a,/S-dicyanostilbene (13). The formation mechanism of these products was dis
cussed.

Reactions o f  IV-sulfinyl-p-toluenesulfonam ides with vari
ous aldehydes and ketones can lead to N -sulfonylim ines , 1 ’2 

oxathioles ,:i’4 and a-sulfonam ido ketones .5 In this paper we 
report on the reactions o f the less reactive N-sulfinylanilines 
and the effect o f copper6 in these reactions.

A mixture o f AI-sulfinylaniline (la), acetylacetone (2a), and 
copper shavings in mesitylene was refluxed for 6  h to give 4- 
anilino-3-penten-2-one (3 ) 10 in 46% yield; gas was evolved. 
W ithout copper, however, only starting la  and 2a were re
covered. Thus, copper catalyzes the formation o f the enamino 
ketone 3 from la  and 2a.
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The reaction o f 3 with diphenylketene gave 4, analogous to 
the products from enamino ketones and isothiocyanates.'

The reaction between la  and 1,3-cyclohexanedione (2b) 
similarly took place to provide 3 -anilino-2 -cyclohexen-l-one 
(5) in quantitative yield.

Scheme II

In contrast to 2b, use o f 5,5-dimethyl-l,3-cyclohexanedione 
(2c) gave rise to the formation o f unexpected sulfide 6 in 67% 
yield along with two minor products, the sulfide 7 (16%) and 
the anilino ketone 8 ( 1 2 %).

In a separate reaction, treatment o f  8  with sulfur under the 
same conditions gave the sulfide 6  in good yield. Similar 
treatment o f  an equimolar mixture o f  8 and 2 c  with sulfur 
afforded a mixture o f 6 (40%) and the unsymmetrical sulfide 
7 (43%). These results suggest that the sulfides, 6 and 7, were 
formed in the reaction by oxidative coupling between 8 and 
either a second molecule o f 8 or 2 c  in the presence o f elemental 
sulfur. The latter could be produced by reduction o f sulfur 
dioxide or sulfur m onoxide on copper in the reaction sys
tem.
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The difference of reactivities between 2b and 2c with la is 
presumably due to the steric effect of the substituent on the
1,3-cyclohexanedione derivative.

A similar reaction of diethyl malonate (2d) with la in re
fluxing xylene for 6 h gave malonanilic acid ethyl ester (9) in 
43% yield together with diethyl sulfite but not tetracarboe-

P h N = S = 0  +  CH2(COOC2H5)2 
la 2d

— *■ PhNHCOCH2COOC2H5 + 0=S (0C 2H5)2 
9

thoxyethylene as reported in the reaction with IV-sulfinyl- 
p-toluenesulfonamide.3 A reaction of N-sulfinylaniline (la) 
with 2,5-hexanedione (2e) under similar conditions produced 
only 1-phenyl-2,5-dimethylpyrrole (10) in 65% yield. The

0 0

P h N = S = 0
la

CH3C(CH2)2OCH3
2 e

Cu 0 NHPh"
Il I

ch3cch2ch= cch3
-H,0 „ A TN

Ph
10

c h 3

formation of 10 is explicable by intramolecular dehydration 
of intermediate 2-anilino-2-hexen-5-one corresponding to the 
enamino ketones as shown above.

With benzalacetophenone as the carbonyl reagent, (/3-ani- 
Iino-/3-phenyl)ethyl phenyl ketone (11) was obtained in 58% 
yield. For the formation mechanism of the product 11, re-

0

II
P h N = S = 0  +  PhCCH=CHPh 

la 2 f

0

O ^ N — Ph 
Ph— (V  CH— Ph

I
H

duction and hydrolysis of the 1,4 cycloadduct of la  to 2f are 
conceivable, but attempts to isolate the cycloadduct were 
unsuccessful.

In the reaction using phenylacetonitrile (12), in place of
1,3-diketones, as the active methylene compound, copper 
metal also catalyzed the formation of tra n s-a ,/3-dicyanostil- 
bene (13) in 26% yield. Its formation may analogously proceed

2PhCH,CN
1 2

2PhCCN NC Ph
2 p-CH:1C6H)N =S=0 ! —- ./V A--Cu O/__1 Ph A ó CN

j

rNc Ph 1 ncl Ph-SOj c—c ^  ^C=ĉ» CN /  \|_Ph Ph CN 13
via a sequence of sulfinylation of 12 to phenyl cyanosulfine, 
dimerization, decomposition to 2,3-dicyano-2,3-diphenyl-

0

II
— PhCCH£H(NHPh)Ph 

11

thiirane, and successively reductive desulfurization of the 
thiirane by copper metal or heat, as proposed by previous
workers,3« 8,9

However, copper salts such as cuprous or cupric chlorides 
showed no catalytic effect in any of the above reactions.

Experimental Section
All melting points were determined with a Yanagimoto micro

melting apparatus and are uncorrected. The NM R spectra were ob 
tained on a Joellmm 3H-60 spectrometer with tetramethylsilane as 
an internal standard. The ir spectra were recorded with a Jasco IR-E 
spectrometer. The mass spectra were taken with a Hitachi RMU-6E 
spectrometer.

Materials. N -Sulfinylaniline (la) and A-sulfinyl-p-toluidine (lb) 
were prepared from the corresponding amines and thionyl chloride. 
Copper shavings (Wako Chemicals) were dried in vacuo before use.

General Procedure. In a dried, three-necked, 100-ml, round- 
bottomed flask, fitted with a reflux condenser and stirrer, were placed 
A-sulfinylamines (0.03 mol), ketones (0.03 mol), copper shavings (3 
g) and mesitylene (or m-xylene, 30 ml). The reactions were carried 
out at refluxing temperature under dry N 2.

Reaction of N-Sulfinylaniline (la ) with Acetylacetone (2a). 
A solution containing la (4.20 g, 0.03 mol), 2a (3.0 g, 0.03 mol), and 
copper shavings (3 g) in 30 ml of dry mesitylene was allowed to stir 
under reflux for 6 h. The organic layer was separated and concentrated 
in vacuo. The residue was chromatographed on silica gel using hexane 
as eluent to give 2.40 g (46%) of 4-anilino-3-penten-2-one (3), which 
was recrystallized from benzene-hexane affording a pure sample: mp
49-51 °C (lit.10 mp 47-48 °C); ir (Nujol) 1590 (C = 0 )  and 1560 cm ” 1 
(C = C ); NMR (C6D6) <5 1.55 (s, 3 H, CH3C = C ), 2.05 (s, 3 H, COCH3),
4.95 (s, 1 H, C = C H ), 6.50-7.15 (m, 5 H, phenyl protons), and
12.90- 13.10 [broad, 1 H, PhN H C=CCO CH 3 (cis)].

Reaction of 3 with Diphenylketene. Diphenylketene (0.58 g, 3 
mmol) dissolved in 5 ml o f dry benzene was added dropwise to a 
stirred solution of 3 (0.53 g, 3 mmol) in 10 ml o f benzene. The reaction 
took place immediately to give 1.10 g of white crystals. The crude 
white crystals were recrystallized from methylene chloride-benzene 
to give pure l,l-diphenyl-3-acetyl-4-anilino-3-penten-2-one (4): 
mp 174-176 °C; ir (Nujol) 1645 (C = 0 ) , 1580 (C = 0 ) , and 1545 cm -1 
( 0 = 0 ) ;  NM R (CDClj) S 1.70-2.05 [broad, 3 H, CH 3C =C C O C H Ph2 
(cis)], 2.10 (s, 3 H, COCH3), 5.50 (s, 1 H, methine proton), 6.95-7.55 
(m, 15 H, phenyl protons), and 18.50-18.75 [broad, 1 H, 
PhN H C=CCOCH 3 (cis)]; mass spectrum (70 eV) m/e 369 (M +) and 
194 (Ph2CCO)+.

Anal. Calcd for C25H23N 0 2: C, 81.26; H, 6.28; N, 3.79. Found: C, 
81.25; H, 6.22; N, 3.58.

Reaction of A-Sulfinylaniline (la) with 1,3-Cyclohexanedione 
(2b). The reaction was carried out as described above using la (4.2 
g, 0.03 mol), 2b (3.4 g, 0.03 mol), and copper shavings (3 g). After 
similar treatment, 3-anilino-2-cyclohexen-l-one (5) was obtained 
in a yield of 5.55 g (99%): mp 186-186.5 °C (from chloroform -ben
zene); ir (Nujol) 3240 (NH), 1590 (C = 0 ) ,  and 1570 cm -1 (C = C ); 
NM R (CDCW 5 1.65-2.65 [m, 6 H, -(C H 2)3-], 5.50 (s, 1 H, H C = C ),
6.90- 7.45 (m, 5 H, phenyl protons), and 8.25-8.35 (broad, 1 H, NH); 
mass spectrum (70 eV) m/e 187 (M +).

Anal. Calcd for C i2H 13NO: C, 76.97; H, 7.00; N, 7.48. Found: C, 
77.18; H, 6.92; N, 7.36.

Reaction of IV-Sulfinylaniline (la ) with 5,5-Dimethyl-l,3- 
cyclohexanedione (2c). The reaction of la (4.2 g, 0.03 mol) with 2c 
(4.2 g, 0.03 mol) in the presence o f copper shavings (3 g) was carried 
out in a similar manner as described above. After similar treatment, 
the residue was chromatographed on silica gel using hexane-benzene 
and benzene as eluent. The first fraction gave a mixture o f bis(l- 
oxo-3-anilino-5,5-dimethyl-2-cyclohexen-2-yl) sulfide (6 ) and 
(l-oxo-3-anilino-5,5-dim ethyl-2-cyclohexen-2-yl) (1,3-dioxo- 
5,5-dimethylcyclohexan-2-yl) sulfide (7). Pure samples o f indi
vidual 6 (4.61 g, 67%) and 7 (0.90 g, 16%) were isolated by repeated 
recrystallization of the mixture from benzene-hexane.

6 had mp 265-266 °C; ir (Nujol) 1585 (C = 0 )  and 1550 cm -1 
(C = C ); NMR (CDC13) <5 1.00 (s, 12 H, methyl protons), 2.38 (s, 4 H, 
C = C C H 2~) 2.50 (broad s, 4 H, COCH2-) , 7.20-7.40 (m, 10 H, phenyl 
protons), and 11.10-11.25 (broad, 2 H, NH); mass spectrum (70 eV) 
m/e 460 (M +), 246, and 216.

Anal. Calcd for C->8H3aN20 2S: C, 73.02; H, 7.00; N, 6.08. Found: C, 
72.85; H, 6.87; N, 6.05.

7 had mp 208-210 °C; ir (Nujol) 1620 (C = 0 ) ,  1585 (C = 0 ) ,  and 
1550 cm-1 (C = C ); NM R (CDC13) 6 1.00 (s, 6 H, methyl protons), 1.06 
(s, 6 H, methyl protons), 2.25-2.50 (broad, 8 H, methylene protons), 
7.15-7.35 [m, 6 H, phenyl protons (5 H) and methine proton (1 H)],



and 10.50-10.65 (broad, 1 H, NH); mass spectrum (70 eV) m /e 385 
(M+), 246, 215, and 172.

Anal. Calcd for C22H27NO:iS: C, 68.55; H, 7.06; N, 3.63. Found: C, 
68.58; H, 6.69; N, 3.52.

The second fraction afforded 0.82 g (12%) of 3-anilino-5,5-di- 
methyl-2-cyclohexen-l-one (8 ), mp 184-185 °C (benzene-hexane), 
as yellowish needles: ir (Nujol) 3200 (NH), 1590 (C = 0 ), and 1560 
cm ' 1 (C=C); NMR (CDCls) S 1.00 (s, 6 H, methyl protons), 2.05 (s,
2 H, -CH 2C =C ), 2.35 (s, 2 H, COCH2-), 5.30 (s, 1  H, CH =C<),
7.05-7.40 (m, 5 H, phenyl protons), and 8.70-8.80 (broad, 1 H, NH); 
mass spectrum (70 eV) m /e  215 (M+).

Anal. Calcd for Ci4H 17NO: C, 78.10; H, 7.96; N, 6.51. Found: C, 
77.76; H, 7.82; N, 6.28.

Reaction of 3-Anilino-5,5-dimethyl-2-cyclohexen-l-one (8 ) 
with Sulfur. A solution of 1.08 g (5 mmol) of 8 and 0.32 g (10 mmol) 
of sulfur in 15 ml of mesitylene containing copper shavings (1.0  g) was 
refluxed for 3 h. After the reaction mixture was allowed to stand at 
ambient temperature overnight, the resulting solid was filtered and 
recrystallized from benzene to give 0.85 g (74%) of bis(l-oxo-3-ani- 
lino-5,5-dimethyl-2-cyclohexen-2-yl) sulfide, mp 265-266 °C, 
which was consistent with 6 obtained in the above reaction.

Reaction o f a Mixture of 3-Anilino-5,5-dimethyl-2-cyclo- 
hexen-l-one and 5,5-D im ethyl-l,3-cyclohexanedione with 
Sulfur. The reaction was similarly carried out as described above 
using 8 (1.08 g, 5 mmol), 2c (0.70 g, 5 mmol), sulfur (0.64 g, 20 mmol), 
and copper shavings (1.0 g). After removal of the resulting 0.45 g (40%) 
of the sulfide 6, the filtrate was concentrated in vacuo and the residue 
was chromatographed on silica gel to give 0.82 g (43%) of (1-oxo-
3-anilino-5,5-dimethyl-2-cyclohexen-2-yl)(l,3-dioxo-5,5-di- 
methyleyclohexan-2 -yl) sulfide, mp 208-210 °C, which was con
sistent with 7 obtained in the above reaction.

Reaction o f JV-Sulfinylaniline (la ) with Diethyl Malonate 
(2 d). The reaction was carried out at 140 °C for 6 h using the proce
dure described above with la (4.20 g, 0.03 mol), 2d (4.80 g, 0.03 mol), 
and copper shavings (3 g) in m-xylene (30 ml). After removal of solvent 
containing formed diethyl sulfite, of which structure was determined 
by comparison of the retention time with that of an authentic sample, 
the residue was similarly treated to give 2.65 g (43%) of malonanilic 
acid ethyl ester (9): mp 38-40 °C (lit.11 mo 38-39 °C); ir (Nujol) 3300 
(NH), 1730 (C = 0 ), and 1660 cm' 1 (C = 0 ); NMR (CDC13) S 0.85 (t,
3 H, CH2CH3), 3.20 (s, 2 H, COCH2CO), 3.85 (q, 2 H, CH2CH3), 
6.85-7.75 (m, 5 H, phenyl protons), and 9.10-9.30 (broad, 1 H, 
NH).

Reactions o f JV-Sulfinylaniline (la ) with Ketones 2e,f. The
reactions were carried out in a similar manner. After similar workup,
1-phenyl-2,5-dimethylpyrrole (10) and (/S-anilino-j3-phenyl)ethyl
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phenyl ketone (11) were obtained in 65 and 58% yields, respective
ly-

10 had mp 50-51 °C (lit. 12 mp 49-51 °C); white plates; ir (Nujol) 
1590 cm - 1  (C=C); NMR (CDCI3) 6 2.05 (s, 6 H, methyl protons), 5.90 
(s, 2 H, CH =C), and 7.00-7.50 (m, 5 H, phenyl protons); mass spec
trum (70 eV) m /e 171 (M+).

11 had mp 171-172 °C; pale yellow needles; ir (Nujol) 3350 (NH) 
and 1655 cm - 1  (0 = 0 ) ; NMR (CDCl.-,) 6 3.40 (d, J =  7 Hz, 2 H, 
COCH2- ) , 3.85-4.15 (broad, 1 H, NH), 4.98 (t, J  = 7 Hz, 1 H, CH2- 
CH<), and 6.40-7.15 (m, 15 H, phenyl protons); mass spectrum (70 
eV) m /e 301 (M+) and 209 (M+ -  NHPh).

Anal. Calcd for C2iHj9NO: C, 83.69; H, 6.35; N, 4.65. Found: C, 
83.52; H, 6.14; N, 4.69.

Reaction o f JV-Sulfinyl-p-toluidine (lb ) with Phenylaceto- 
nitrile ( 1 2 ). The reaction was carried out at 140 °C for 6 h using the 
procedure described above with lb  (3.06 g, 0.02 ml), 12 (4.68 g, 0.04 
mol), and copper shavings (2 g) in 20 ml of m-xylene. After similar 
treatment, the residue was chromatographed on silica gel to give 0.60 
g (26%) of trans-a,/S-dicyanostilbene (13): mp 161-162 °C (lit.13 mp 
161 °C); ir (Nujol) 2250 cm - 1  (CN); NMR (CDC13) 6 7.10-7.95 (m, 
phenyl protons).

Registry No.— la, 1122-83-4; lb , 15795-42-3; 2a, 123-54-6; 2b, 
504-02-9; 2c, 126-81-8; 2d, 105-53-3; 2e, 110-13-4; 2f, 94-41-7; 3, 
26567-78-2; 4,60224-19-3; 5,24706-50-1; 6,60224-20-6; 7,60224-21-7; 
8, 18940-21-1; 9, 53341-66-5; 10, 83-24-9; 11, 742-43-8; 12, 140-29-4; 
13, 2450-55-7; copper, 7440-50-8; diphenylketene, 525-06-4.
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Intramolecular Diels-Alder Reactions. 12. Competitive [4 + 2] and 
[2 + 2] Cycloadditions of iV-(Phenylpropargyl)-cis-cinnamamidela

L eR oy H. Klemm,* Y oon  Ni Hwang,lb and Thom as M. M cG uire 10 

Department of Chemistry, Uniuersity of Oregon, Eugene, Oregon 97403 
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Refluxing JV-(phenylpropargyl)-cis-cinnamamide in Ac20  gave competitive [4 + 2] and [2 + 2] intramolecular 
cycloadditions in mode 2  to form (a) a mixture of benz[/jisoindole (2 b) and its dihydro derivative 2 a and (b) substi
tuted 3-pyrrolin-2-one 12 (following spontaneous cycloreversion), respectively. Structural studies on 12 and its 
bromo and dideuterio derivatives are reported. Modal selectivity in the cyclizations is interpreted in terms of rela
tive frontier molecular orbital energy levels, while regiospecificity is interpreted in terms of stereochemical rela
tionships. Action of the C = C  in an electron acceptor role in these cycloadditions is discussed.

In a preceding paper in this series2 we described the syn
theses o f  the nine possible unsaturated amides o f  the type 
P h (C 2)C H 2N H C (= 0 ) (C 2)'Ph, where (C2) and (C2)' are var
iously cis-C H = C H -, trans-C H = C H -, and C = C -  units. Six 
o f these amides were investigated for possible intramolecular 
cyclization in refluxing acetic anhydride. O f these six, one [(C2) 
= (C2)' = fran s-C H = C H -] failed to undergo cyclization, while

the other five underwent [4 +  2] cycloadditions either in mode 
1 (“ norm al”  D iels-A lder reaction) or mode 2 “ abnorm al” 
Diels-Alder reaction), or in a combination o f both modes .2 In 
particular, N -(phenylpropargyl)-frans-cinnam am ide (I) 
cyclized in mode 2 to yield an unresolved mixture (2) (ca. 4:1) 
o f A'-acetyl lactams 2a and 2b in 75% yield (eq 1). The present 
paper concerns the cyclization o f  a seventh one o f these am-
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Ph Ph
2 a 2 b

ides, vis., Ar-(phenylpropargyl)-ciS-cinnamamide (3), as well 
as its dideuterio derivative 4 and its p-bromo derivative 5. 
Synthetic routes to 4 and 5 are shown in Schemes I and II. The 
overall yield of intermediate amine hydrochloride 10 from 
p-bromophenylacetylene (6) is 45%.

Scheme I

Ph— C = C — CO,Et

NaOH,
E0OH,

D D
I I

Ph— C = C — C02Et
Lindlar

eat.
D D

► Ph— C—=C—

1. S0C12, py
2. PhC^OCH 2NH3Cl, 

NaOH

D D 0
I I II

Ph— c = c —
V  V

Ph— C = C — CIP
/

NH

Scheme II

1 0

Cyclization of 3 or 5 ir. refluxing acetic anhydride yields two 
crystalline products (eq 2). For 3, these are the same unre
solved mixture 2 (mp 270 °C, 23%, isolated from concentrated 
solution) as formed from 1 , plus a new N-acetyl lactam 12  
(C20H 17NO2, mp 132 °C, 37%, obtained on evaporation of the 
mother liquor from crystallization of 2). For 5, they are the 
mixture 11 (of 11a and lib , mp 286 °C, 27%, isolated as for 2) 
and the N -acetyl lactam 13 (mp 113 °C, 28%, isolated as for
12). Compounds 1 2  and 13 were assigned the same carbon 
skeletal structures on the basis of closely similar ’ H NMR

0

12, R =  H
13, R =  Br

spectra. The only significant difference between these spectra 
was the occurrence of a four-proton A2B2 multiplet centered 
at 8 7.38 for 13, in place of a five-proton singlet for a phenyl 
group at 8 7.34 for 12. Analogously, the NMR spectral 
patterns of 2  and 1 1  were very similar to one another, though 
markedly different from those of 12 and 13. The composition 
of 11, as a mixture of 11a and l ib  (10-15% of the latter), was 
based on :H NMR integrations and the earlier structural 
studies on 2.2

Assignment of the structure of (Z)-l-acetyl-4-(l,2-diphe- 
nyl)vinyl-3-pyrrolin-2-one to 12 is consistent with the fol
lowing observations made on this substance. Ozonolysis pro
duces benzaldehyde. The infrared spectrum in CHCI3 shows 
imide bands at 1730 and 1700 cm-1, while in KBr the spec
trum has absorptions at 845 (trisubstituted alkene), 755, and 
695 cm- 1  (5 vicinal aromatic H).:i The NMR spectrum 
consists of four singlets which correlate with the presence of 
two different phenyl groups, H-2', and Ac, respectively, a 
triplet at 8 6.00 (J aiiyi = 1-5 Hz) for H-3, and a doublet at 8 4.32 
for two H at C-5. The mass spectrum contains prominent 
peaks at m/e 218 (100%) and 202 (29%) that correspond to the 
respective losses of A cN = C = 0  and [CH2N (Ac)=C = 0  + 2 
H] from the molecular ion. An ion fragment at m/e 178 for 
Ci4H io+ implies that the phenyl groups are located on adja
cent carbon atoms. Indicative of a more extensive conjugated 
system in 12 than in its open-chain precursor 3 is a batho- 
chromic shift of the longest wavelength maximum (AX = 60 
nm) in the ultraviolet absorption spectrum after cyclization. 
Corroborating this change is an increase in the ease of po- 
larographic reduction (AE1/2 = 0.45 V vs. SCE) after cycli
zation. A definitive structural assignment for 12, however, was 
obtained only from an x-ray crystallographic study of 13,4 
which established the locations of the double bonds, clarified 
the stereochemistries at C-T and C-2', and correlated rings 
a and b in the open-chain amides 3 and 5 with those in cycli
zation products 12 and 13.

AcjO
(3)

14 15a, R = D 
15b, R =  H
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T o  help elucidate mechanistic details o f  the molecular re
arrangement involved in the transformation 3 —  12, deuter- 
ated compound 4 (96% isotopically pure) was refluxed in acetic 
anhydride in the previous manner to yield 14 (18%, mp 270 °C,

ostensibly free o f any aromatized component, as based on jH 
N M R  and mass spectra), plus a mixture (32%) o f dideuterio 
com pound 15a and monodeuterio com pound 15b (ratio o f 
1.22:1) (eq 3). On the basis o f the cyclizations o f  4 and 5 it is

Scheme III

li2'\2X bonding 
5

ditto

Br

H H
I I

Mode 2: / C = C \  HOMO +  — C = C —  LUMO cases

b2 ';2T  bonding 
5

H H

(a)

(b)

(c)

(d)

Mode 1: / / C= C \  LUM 0 +  —  C = C —  HOMO cases
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y
Scheme IV . LUM O  Control in Mode 2 [4 + 2] and [2 + 2] Cycloadditions of AT-(Phenylpropargyl)cinnamamidesa

H ----------
/

H H 0

NAc

a H  and M  denote Huckel-type and M obius-type molecular orbital energy levels, respectively .* 1

apparent that in the transformation o f 3 into 12 C -l becomes 
C -T , C-2 becomes C-4, C - l ' becom es C-2', and C-2' becom es 
C-3. Hence, during this transformation the bond between C -l ' 
and C-2' is broken, while new bonds between C -l and C -l ' and 
between C-2 and C -2 ' are formed. As noted in the following 
paragraphs, these are the characteristics which are expected 
for an intramolecular, thermally induced, concerted [^2S +  w2a] 
cycloaddition reaction to form a strained cyclobutene inter
mediate, plus the thermally induced, concerted conrotatory 
cycloreversion o f the intermediate ([02a +  „2S] or [„2S +  „2a]) 
to a butadiene structure.

A priori, there are four distinguishable ways in which [„2S

+  r2a] cycloaddition o f 3,4, or 5 can be envisioned (see Scheme
III). In the formality o f Scheme III the (C2) and (Co)' units o f 
5 are shown in the orthogonal conformation for which thermal 
cycloaddition is symmetry allowed.5 In case a the plane o f  the 
vinylene unit is taken to be that o f  the paper and the (C2) (i.e., 
C = C ) linear unit stretches across the double bond. This ge
ometry allows the (C2) and (C 2)' units to approach closely in 
a sterically least hindered manner. Consistent with the studies 
on the deuterated amide 4, new bonds form between the pair 
C - l  and C - l ' and the pair C-2 and C-2'. The process involves 
suprafacial addition to the cis double bond and antarafacial 
addition to the triple bond to form  the hypothetical inter-



mediate 16 (a fused 4,5-bicyclic ring system with a bridgehead 
carbon-carbon double bond). Strained intermediate 16 then 
undergoes conrotatory cycloreversion o f  the four-m em bered 
ring to yield the observed product 13. Suprafacial addition to 
the (C2L unit and antarafacial addition to the (C2) unit implies 
an interaction between H O M O ', the highest occupied m o
lecular orbital energy level o f  the (C2)' unit, and LUM O , the 
lowest unoccupied molecular orbital energy level o f the (C2) 
unit. In other words, the (€ 2)' unit is serving as an electron 
donor and the (C2) unit is serving as an electron acceptor. We 
shall designate this manner o f  [2 +  2] cycloaddition as mode 
2, where mode 1 will involve interaction between LU M O ' and 
HOMO, i.e., with (C2)' in the role o f electron acceptor and (C2) 
in that o f  electron donor. It m ight be noted that 3 undergoes 
both [4 +  2] and [2 +  2] cycloadditions in mode 2, i.e., where 
the C = C  unit is an electron acceptor.2 6

Case b (Scheme III) illustrates an alternative possibility for 
cyclization in mode 2, but with a change in regiospecificity. 
Cases c and d represent mode 1 cyclization, with the same two 
alternatives for regiospecificity. In m ode 1 the C = C  would be 
oriented edgewise to the linear C = C , with, perhaps, some 
increased steric crowding o f substituents on these units in the 
transition state. Addition would occur suprafacially to  (C2) 
and antarafacially to (C2)'.

No evidence for the form ation o f  com pounds 17-19 was 
found. Hence, it is clear that intramolecular [2 +  2] cycload
dition o f 3 occurs with both m odal selectivity and regiospec
ificity. As indicated previously,2 the same considerations apply 
to the intramolecular [4 +  2] cycloadditions o f  1 and 3. Sub
sequent paragraphs will be concerned with the rationalizations 
o f  these observations.

Since conversion o f  c is -cinnam ic acid (and its derivatives) 
into tran s-cinnam ic acid (and derivatives) is a well-known 
isomerization, one might anticipate that the [4 +  2] cycload
dition o f 3 occurs by means o f the pathway 3 —  1 (or N - ace
tyl-1) —>• 2. Experimental evidence, however, indicates that 
isomerization o f  3 prior to D iels-A lder cycloaddition is un
likely. As noted previously,2 spectral examination o f  the re
action mixture o f 3 in acetic anhydride showed no detectable 
concentration o f a trans intermediate after 1 h o f refluxing. 
Likewise, neither cts-cinnam ylam ine2 nor phenylpropargyl 
cis -cinnam ate7 is isomerized on extended refluxing in acetic 
anhydride. M ost likely the routes from 3 to 2 and to 12 involve 
competitive cyclizations o f the acetylated intermediate 20, as

0  H H
Ac20  II I I 2

3 — ► PhC =C C H 2NC— C = C — Ph ^  (4)
i 12

Ac
2 0

indicated in eq 4. W e assume that this pathway is the correct 
one in the arguments which follow.

W e ascribe the preference for mode 2 cyclization o f both 1 
and 3 (as their N -acetyl derivatives) primarily to a com bina
tion o f the high electron affinity and the low electron-donating 
capacity o f  the C = C  bond.2-8’9 This leads to LU M O  control 
o f  the cyclizations as illustrated in the hypothetical M O energy 
level diagram (Scheme IV). In this schem e10 cycloadditions 
which are observed experimentally are represented by solid 
double-headed arrows. Those which are theoretically possible, 
but are not observed experimentally, are represented by 
broken arrows. Yields observed are also shown. Scheme IV is 
constructed on the basis o f  the following postulated rela
tionships. (1) Interaction between addendum units increases 
as the vertical separation o f  energy levels decreases, and vice 
versa. (2) For either end o f  the open-chain starting amide, a
4-ir-electronic system is a better electron donor (higher M O

Cycloadditions of iV-(Phenylpropargyl)-cis-cinnamamide

energy level) than is the corresponding 2 -tt system. (3) O f (C2)' 
units the trans isomer is both a stronger electron donor and 
an electron acceptor than is its cis counterpart. (4) For [4 +
2] thermal cycloadditions, only Huckel-type MO energy levels 
are considered for the addenda. Contrariwise, for [2 +  2] 
thermal cycloadditions a Mobius-type unoccupied M O energy 
level (i.e., a lower energy level than corresponds to the Hiickel 
on e)11 is used for the (C2) or (C2)' unit which adds antarafa
cially.12 (5) M ode 2 selectivity is shown by arrows which con
nect the LUM O quadrant to the H O M O ' quadrant (negative 
slope), while mode 1 selectivity connects L U M O ' and HOMO 
quadrants (positive slope).

Scheme V depicts a stereochemical rationale for the reg- 
ioselectivity o f  [2 +  2] cycloaddition o f 3 by means o f 1,1';2,2'
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Scheme V
Br

1,1';2,2' bonding

b
1,2';2 X  bonding

bonding, in preference to 1,2';2,1' bonding. In order to attain 
a crossed conform ation o f  the C = C  and C = C  bonds the 
molecule must coil with the aryl ends passing over one an
other. In the formal representations o f  Scheme III, the dihe
dral angle (9) shown for the C 1- C 9 and C r -C 2' bonds is 90°. 
However, as shown in Scheme V, maximum p-lobe overlap in 
the transition state will occur for 6 ^  45° or 135°. The former 
conformation (case a) is easily attained without undue strain 
in bond angles elsewhere in the molecule. T he latter confor
mation (case b), on the other hand, will be more difficult to 
attain because o f the requisite stretching o f bond lengths 
and/or alteration o f bond angles in the - C -N -C -  system. Only 
if this system contained a longer chain o f atoms would one 
expect case b to offer energetic com petition or preference to 
case a.

It might be noted that a precedent exists for the same re
giospecificity in an analogous N -free system. Thus, Baldwin 
and Page13 reported the conversion o f 6-substituted 6-hep- 
tenoyl chlorides 21 into bicyclo[3.2.0]heptanones 23 (rather 
than into bicyclo[3.1.1]heptanones 24), presumably via the 
intermediate unsaturated ketene 22 (eq 5). It is apparent that 
the symmetry relationships between the crossed C = C  units 
in 22 are similar to those between the crossed C = C  and C = C  
units in 3, but the mode o f  cyclization o f  22 cannot be ascer
tained from  the product formed.

Under simplistic conditions one would expect Scheme IV 
to reflect approximately the relative yields o f  products from 
com petitive [4 +  2] and [2 +  2] cycloaddition processes. Ob-
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0

II
CH2=C<CH 2)4CC1

R

21 R =  Me or Ph

24 (5)

servation o f exclusive [4 +  2] cyclization from 1 is consistent 
with a higher H O M O ' for the (C 2) '-C = C A r unit than for the 
(C2 )' unit in the substrate. Inclusion o f the M obius-type 
LU M O  energy level for the yne (C2 ) unit in the scheme per
mits a rationalization for the larger yield o f  1 2  (via [2  4- 2 ] 
cycloaddition) than o f 2 ([4 +  2] adduct) from amide 3.

Experimental Section14

p-Bromophenylpropargyl Alcohol (7 ). To a stirred solution of 
ethylmagnesium bromide (prepared from 4.5 g of Mg and 15 ml of 
EtBr) in 120 ml of ether at room temperature in an atmosphere of 
nitrogen was added (all at once) a solution of 30 g of p-bromophe- 
nylacetylene15 (6 ) [ir (CHCI3) 3300, 2120, 830 cm“ 1; NMR (CDCI3) 
5 7.32 (center of A2B2 m, J ab = 8.5 Hz, 4 aromatic H) and 3.07 (s, 1 
H, C=CH)]. After evolution of ethane ceased (2.5 h), a stream of 
anhydrous formaldehyde (from thermal depolymerization of para
formaldehyde) in nitrogen carrier gas was introduced until a test for 
residual Grignard reagent16 was negative. The mixture was treated 
with ice and then with excess 10% H2S 0 4 and extracted with ether. 
Evaporation of the dried (K2C 03) organic layer and sublimation of 
the residue at 70 °C (0.7 mm) gave 23.6 g (67%) of needles: mp 
80.5-81.5 °C; ir (CHC1:)) 3630,3430 (OH), 2240 cm- 1 (w, C=C); NMR 
(CDCI J 5 7.33 (center of A2B2 m, J ab = 8.5 Hz, 4 aromatic H), 4.47 
(s, 2 H, CH,OH), 2.37 (broad, 1 H, OH).

Anal. Caicd for C9H7BrO: C, 51.21; H, 3.34; Br, 37.86. Found: C, 
51.61; H, 3.02; Br, 37.89.

p-Bromophenylpropargyl Chloride (8 ). The conversion of 7 into 
8 followed the procedure used to prepare phenylpropargyl chloride.17 
The product was obtained as a crude solid (86%), converted to plates 
on evaporative distillation at 65 °C (0.7 mm): mp 41-42 °C; ir (CHCI3) 
2270, 2220 cm -1; NMR (CDCI3) ¡5 7.31 (center of A2B2 m, J a b  = 8.5 
Hz, 4 aromatic H), 4.31 (s, 2 H, CH2C1); MS m/e (rel intensity)18“ 232
(12), 230 (44), and 228 (36) (M+), 195 (97) and 193 (100) (M -  Cl), 144 
(33, M -  [Cl + Br]).

Anal. Caicd for C9HfiBrCl: C, 47.09; H, 2.63; total halogen (as Cl), 
30.90; relative isotopic abundances of molecular ions, 0.32/1.3/1.0. 
Found: C, 46.92; H, 2.51; total halogen (as Cl), 31.19; relative inten
sities of molecular ions, 0.33/1.2/1.0.

JV-(p-Bromophenylpropargyl)phthalimide (9). A mixture of
31.2 g (0.136 mol) of 8, 28 g (0.15 mol) of potassium phthalimide, and 
700 ml of dimethylformamide was stirred at 50 °C for 10 h, cooled, 
and poured into water. The precipitate was collected by Filtration and 
combined with product from CHCfi extraction of the filtrate to give 
41 g (89%) of 9 (mp 213-217 °C), purified by recrystallization from 
MeCN and sublimation (160 °C, 0.8 mm) to give prisms: mp 214-215.5 
°C; MS m /e  339 (100, M+).

Anal. Caicd for CI7 H1 0BrN02: N, 4.12. Found: N, 3.85.
p-Bromophenylpropargylammonium Chloride (10). A mixture 

of 31.5 g of imide 9, 3.14 g of hydrazine (97%), and 1.4 1. of methanol 
was stirred and refluxed for 2 h. Then 65 ml of concentrated hydro
chloric acid was added and refluxing was continued for 30 min longer. 
The cooled mixture was filtered (to remove phthalhydrazide). The 
filtrate was concentrated to 30 ml and filtered to collect crude solid 
10 (20 g, 87%), obtained as plates from absolute EtOH: mp 255-259 
°C dec; NMR (Me2SO-dfi) 5 7.61 (center of A2B2 m, J a b  = 8.5 Hz, 4 
aromatic H), 4.72 (broad signal, 2 H, CH2NH2-HC1, exchanged in 
D.>0-DC1), 3.92 (broad signal, 2, CHoN); MS m /e (rel intensity) 186 
210 (97) and 208 (100) (M -  [H + HC1]), 130 (58, M -  [HC1 + 
Br]).

)V-(p-Bromophenylpropargyl)-e.is-cinnamamide (5). Schot- 
ten-Baumann reaction between 10 and cis-cinnamoyl chloride was 
conducted in a previously described manner2 to give crude amide 5 
(needles from benzene-petroleum ether, mp 108.5-109.5 °C, 70%),

recrystallized fromthe same solvent: mp 110-111 °C; NMR (CDCl.i) 
5 7.7-7.1 (m, 9 aromatic H), 6.80 (d, J = 12.5 Hz, 1 H, CH=CHCO), 
5.98 (d, CH=CHCO) superimposed on 6.2-5.7 (broad signal, 2  H total, 
NH), 4.24 (d, J = 5.5 Hz, 2 H, CH,NH); MS m/e (rel intensity)18“ 341
(22) and 339 (24) (M+), 131 ‘(100, PhCH=CHCO+), 103 (6 8 , 
PhCH=CH+) 102 (27), 77 (44, Ph+).

Anal. Caicd for C1 8H]4 BrNO: C, 63.54; H, 4.15; Br, 23.49; N, 4.12. 
Found; C, 63.38; H, 4.11; Br, 23.77; N, 4.17.

JV-(Phenylpropargyl)-a,/3-dideuterio-cis-cinnamamide (4). 
In the manner of Bloomfield and Fuchs19 ethyl phenylpropiolate was 
reduced catalytically in the presence of D2 gas. Hydrolysis of the 
deuterated ester2 gave a,d-dideuterio-ci's-cinnamic acid [NMR (neat) 
5 7.7-6.9 (m, aromatic H), 12.32 (s, C02 H)]. Schotten-Baumann re
action of the acid chloride plus phenylpropargylammonium chloride2 

gave needles of 4: mp 97-98 °C (from benzene-petroleum ether); ir 
(CHCW 3450 (w), 1660 cm" 1 (s); NMR (CDC13) 15 7.8-7.1 (m, aromatic 
H), 6.1-5.5 (broad, NH), 4.27 (d, J = 5.5 Hz, CH2 NH); MS m/e (rel 
intensity)18“ 263 (97, M+), 262 (43), 158 (26, PhC=CCH2 NHCO+), 
133 (100, PhCD=CDCO+), 115 (25, PhC=CCH2+), 105 (71, 
PhCD=CD+), 78 (38), 77 (25).

Anal. Caicd for CisHi3 D2 NO: D, 13.33 atom % excess. Found: D,
12.80 atom % excess.

Cyclization of (V-(Phenylpropargyl)-cjs-cinnamamide (3).
A solution of 0.5 g of amide 32 in 300 ml of Ac20 was refluxed for 6  h, 
concentrated (in vacuo) to 50 ml, cooled, and filtered to give 135 mg 
(23%) of platelets (mp 269-270 °C), identified as Diels-Alder mixture 
2  by direct comparison with the product obtained from analogous 
cyclization of AMphenylpropargyU-irans-cinnamamide. 2

Evaporation of the filtrate gave a red-brown gum, converted to 
faintly yellow prisms on crystallization from ethanol (yield 2 1 3  mg, 
37%, mp 127-128 °C). Recrystallization gave purified 12: mp 131-132 
°C; ir (CHClg) 1730, 1700 cm-1; ir (KBr) 1730, 1670, 845, 755, 695 
cm-1; uv (absolute EtOH) Amax 237 nm (log e 4.25), 310 (4.08); Xmin 
2 2 2  (4.04), 287 (4.04); NMR (CDCW S 7.34 (s, 5 aromatic H), 7.28 (s, 
5 aromatic H), 7.02 (s, 1 H, H at C-2'), 6.00 (t, J = 1.5 Hz, 1 H, H at 
C-3), 4.32 (d, J = 1.5 Hz, 2 H, methylene at C-5), 2.52 (s, 3 H, Ac); MS 
m/e (rel intensity)18“ 303 (73, M+), 261 (28, M -  CH2 CO), 260 (38, M
-  Ac), 218 (100, CnHi4 + or M -  AcNCO, checked by high resolution), 
217 (58), 203 (2 1 ), 2 0 2  (29), 178 (9, C,.iHlf)+, checked by high resolu
tion), 43 (26, Ac+), 188 (metastable, 217 —*■ 202), 157-159 (metastable, 
303 — 219, 303 — 218).

Anal. Caicd for C21lH1 7N02: C, 79.18; H, 5.65; N, 4.62. Found: C, 
79.07; H, 5.36; N, 4.42.

Refluxing a solution of either 2 or 12 in Ac2 0-Ac0D gave no ex
change, as based on the NMR spectra.

Cyclization of Bromoamide 5. A solution of 4 g of 5 in 2.4 1. of 
Ac20 was refluxed in an atmosphere of N2 for 6  h. Concentration of 
the solution to 35 ml gave 1.22 g (27%) of crystalline product 11: mp 
284-286 °C dec; NMR (CDCB) 5 8.1-6.5 (m, 9 H, aromatic H plus 
H-9), 4.0-3.0 (m, 4 aliphatic H), 2.55 (s, 3 H, Ac) for 11a, which con
tains 10-15% of aromatized compound 1 lb as based on singlets at <5
4.70 (methylene) and 2.67 (Ac).

Anal. Caicd for C2(iHi6BrNO>: C, 62.84; H, 4.22; N, 3.67. Found: C, 
62.44; H, 4.22; N, 3.93.

Evaporation of the filtrate from 11 gave a black gum which was 
stirred with 30 ml of ethanol at room temperature. The resultant 
yellow solution was decanted from insoluble black oily residue and 
cooled to —10 °C to yield 1.25 g (28%) of yellow, crystalline 13: mp 
112-113 °C; NMR (CDCl.J 5 7.31 (s, aromatic H in ring a) which is 
superimposed on 7.38 (center of A2 B2 m, Jab = 8.5 Hz, 9 H total, ar
omatic H in ring b), 7.05 (s, 1 H, H at C-2'), 6.01 (t, J = 1.8 Hz, 1 H, 
H at C-3), 4.31 (d, J = 1.8 Hz, 2 H, CH2 NAc), 2.53 (s, 3 H, Ac); MS m/e 
(rel intensity) 1 8 8 383 (48) and 381 (51) (M+), 340 (31) and 338 (29) (M
-  Ac), 298 (36) and 296 (41) (M -  AcNCO), 284 (50) and 282 (70) (M
-  CH2NAcCO), 217 (100, M -  [AcNCO + Br]), 216 (36), 215 (46), 203
(27), 202 (64), 8 6  (AcNCOH+), 43 (97, Ac+).

Anal. Caicd for C2|,Hi6 BrN02: C, 62.84; H, 4.22; N, 3.67. Found: C, 
62.55; H, 4.19; N, 3.27.

Cyclization of Deuterioamide 4. A solution of 2.35 g of 4 in 1.5
1. of Ac20 was refluxed for 6  h, concentrated to 200 ml, and allowed 
to stand at room temperature to deposit 0.5 g (18%) of monodeuter- 
olactim 14: mp 271-272 °C; NMR (CDC13) 5 7.5-6.6 (m, 9 aromatic 
H), 4.1-3.0 (m, 4 aliphatic H), 2.60 (s, 3 H, Ac); MS m/e (rel inten
sity) 1 8 8 304 (100, M+), 262 (70, M -  CH2 CO), 205 (26, M -  
CH2 NAcCO), 204 (27), 203 (34), 179 (65), 43 (33, Ac+). From these 
spectra one can estimate that 14 contains no more than 8 % of aro
matized product.

Evaporation of the mother liquor from 14 and cooling the residue 
to —10 °C gave a yellow solid, recrystallized from EtOH to produce 
0.9 g (32%) of mixture 15: mp 127.5-128.5 °C; ir (CS2) 1730 (vs), 1700
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(s), 840 (w), 780 (m), 750 (m), 690 cm“ 1 (s); NMR (CDCW & 7.33 (s, 
aromatic H), 7.27 (s, aromatic H), 4.30 (s, methylene), 2.52 (s, Ac) for 
15a, plus a weak triplet at 6.0 for the presence of some 15b; MS m/e 
(rel intensity)18d 305 (60, M+), 304 (29), 263 (26, M -  CH2CO), 262 
(38, M -  Ac), 220 (100, M -  AcNCO), 219 (90), 218 (45), 217 (29), 205 
(26, PhCD=CPhC=CH+), 204 (39), 203 (29), 43 (53, Ac+).

Anal. Calcd for C20H 15D2NO2: D, 11.77 atom % excess. Found: D,
9.10 atom % excess (i.e., 55% 15a and 45% 15b).

Polarography. Polarographic reduction of 3 and 12 in the sol- 
vent-electrolyte CH:1CN-Et4NBr was conducted by Dr. D. R. Olson 
in the manner previously described.20 Half-wave reduction potentials 
found are presented in the following table.

- E  m c ~ E  i/2 - E 1/2 —E  a-/
Compd in anhydrous medium with 3.8% H20  added

3 1.986 Poor 1 .8 8 2.43
2.19h wave

1 2 1.53 2.38 1.47 2.44

“ In volts vs. a saturated calomel electrode. b Two half-waves 
of equal heights.

Ozonolysis o f 12. A solution of 0.74 g of 12 in 25 ml of dry CH2CI2 
(containing 1 % pyridine) was treated with a stream of ozone until the 
reaction mixture became green. It was then stirred with a mixture of
1.3 g of powdered Zn and 2.5 ml of glacial HOAc for 2 h, filtered, and 
evaporated. Treatment of the viscous yellow residue with 5 ml of
2,4-dinitrophenylhydrazine reagent21 gave 0.1 g (15%) of benzalde- 
hyde 2,4-DNP derivative, mp 230-232 °C, identified (after recrys
tallization) by direct comparison with an authentic sample.

Registry No.—2a, 59015-42-8; 2b, 59015-46-2; 3, 59015-39-3; 4, 
60224-30-8; 5, 60224-31-9; 6 , 766-96-1; 7, 37614-58-7; 8 , 60224-32-0; 
9, 60224-33-1; 10, 60224-34-2; 11a, 60224-35-3; lib , 60224-36-4; 12, 
60224-37-5; 13, 54153-66-1; 14, 60224-38-6; 15a, 60224-39-7; 15b, 
60224-40-0; potassium phthalimide, 1074-82-4.
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Decomposition of the carcinogen iV-acetoxy-iV-(4-stilbenyl)acetamide in 40% acetone yields 1,2-dihydroxy-l- 
phenyl-2-(4-acetamido)phenylethane as the only major product at pH values up to 7.5. Solvolysis in 40% methanol 
results in a mixture of isomeric l,2-dimethoxy-l-phenyl-2-(4-acetamido)phenylethanes and l-hydroxy-2-methoxy- 
l-(4-acetamido)phenyl-2-phenylethanes, plus a small amount of l,2-dihydroxy-l-phenyl-2-(4-acetamido)phenyl- 
ethane and minor amounts of other, unidentified substances. These products appear to result from nucleophilic 
attack on the (3 carbon of an intermediate delocalized nitrenium ion, followed by 1 ,6  addition of water or methanol 
to the quinone imide methide formed from the first step. In methanolic medium, increasing pH in the range 6 .8- 8.8  
results in increasing replacement of bibenzyl derivatives by 7V-hydroxy-iV-(4-stilbenyl)acetamide. These studies 
suggest a route by which related metabolites are formed in animals treated with IV-(4-stilbenyl)acetamide, and 
offer clues to the structures of adducts between nucleic acid bases and Af-acetoxy-Af-(4-stilbenzyl)acetamide.

Studies in this laboratory are directed toward an under
standing o f the reactions o f N-arylnitrenium ions with nucleic 
acid bases. Such ions are intermediates in the attack o f nu
cleophiles on protonated AT-arylhydroxylamines,2 their es
ters ,3 or on esters o f the corresponding hydroxam ic acids .4 

Such molecules appear to be crucial intermediates in the 
m etabolic activation o f carcinogenic aromatic amines,5 and 
adducts resulting from attack o f nitrenium ions on nucleic 
acids in vivo have already been demonstrated .6 W e are making 
attempts to understand and predict the course o f  such reac
tions by the use o f molecular orbital theory ,7 by a dialectical 
process o f experimentally testing predictions from  M O cal
culations, and m odifying the calculations according to de
viations from  the original predictions. W e are investigating 
the products o f  solvolysis o f  biologically relevant nitrenium 
ion precursors, in the expectation that the products obtained 
thereby will offer clues both to the success o f  our theoretical 
treatment and to the nature o f  com plex adducts with nucle
osides. In this paper is described the solvolysis o f  IV-ace- 
toxy-4-acetam idostilbene (1, a local carcinogen5'8), a model 
for active intermediates o f the potent systemic carcinogen 
lV-(4-stilbenyl)acetamide. Unique features o f  this particular 
com pound are the facts that ( 1 ) it alone, o f  the four carcino
genic A'-acetoxy-jV-arylacetamides so far studied carefully, 
fails to react with the 8 -carbon o f guanine in the resulting 
adduct,9 and (2 ) it is the only one o f these four com pounds 
which reacts significantly with cytidine .5

R esults

A summary o f the solvolysis products is presented in 
Scheme I. Structure proof and assignment o f  configuration 
were obtained by unambiguous synthesis o f  2  from  nitrostil-

Scheme I
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bene oxide (Scheme II). Treatm ent o f  irans-4-nitrostilbene 
with to-chloroperbenzoic acid gave the trans epoxide in about

Scheme II
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50% yield. Treatm ent o f this epoxide with dilute methanolic 
perchloric acid gave a single product, as assayed by silica gel 
TLC. This com pound was methylated, then reduced with 
aluminum amalgam and acetylated, to give a single product 
identical with 2 , which had already been characterized by 
N M R  and mass spectrometry. The product o f  methanolysis 
o f  the epoxide was also reduced directly, then acetylated, to 
yield 15, which was identical with the acetate o f  5. Mass 
spectral analysis established that the m ethoxy group was on 
the d carbon, so that the two syntheses established the stere
ochem istry o f the products as well. Although four isomers 
could conceivably arise from  acid-catalyzed solvolysis o f  1 0  

in methanol, ring opening at the a  position is deactivated by 
the p -n itro  substituent. 10 The structure o f 15 confirm s the 
predicted selectivity o f  ring opening o f the epoxide. W ith the 
lack o f a second product, we must also conclude not only that 
d-attaek occurred, but that it resulted in total inversion o f  
configuration, leading to the final stereochemistry shown. 
Further reactions did not involve the asymmetric centers.

A  phenom enon noted by the M illers is the pH -dependent 
com petitive formation o f a ^-substituted acetamidostilbene 
and « ,d-d ¡substituted acetamidobibenzyl. 1 1  They found that 
/T methylmercapto-/VT-(4-stilbenylacetamide) was the major
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Figure 1. Effect of pH on ratio of stilbene to bibenzyl derivatives upon 
solvolysis of 1 in 40% methanol.

product o f  reaction between 1 and methionine at pH 7.4, but 
noted a tenfold reduction in this com pound at pH 6.5 con
com itant with a corresponding increase in a hydrated 
methylm ercaptoacetam idodibenzyl whose structure was not 
proven . 11  In the systems described here, however, a d-sub- 
stituted acetamidostilbene was not observed. The yield o f  
diols in 40% acetone does not change over a pH range o f
4.5-7.5, nor is there any apparent change in the amount o f the 
other minor products detectable by TLC. In 40% methanol, 
the mixture o f 2 -5  is increasingly replaced by 8  with increasing 
pH in the range 6 .8 - 8 .8  (Figure 1), as assayed by the change 
between the two spectra shown in Figure 2 .

Discussion

The reactions o f nitrenium ions derived from carcinogenic 
/V-arvlacetamides continue to provide useful insights into the 
chemistry o f  aromatic systems. In this case, the products o b 
tained further confirm the previous prediction of the reactivity 
o f the ft carbon o f the /V-(4-st.ilbenyl)-iV-acetylnitrenium ion. 
In fact, from these data, one can conclude that the delocali
zation is so extensive that the intermediate is better referred 
to as a highly stabilized carbonium ion. Hiickel molecular 
orbital calculations predicted the ft carbon to be by far the 
most reactive o f the carbon atoms in this ion, based on frontier 
orbital coefficients. The same calculations, however, predicted 
that the nitrogen would be even more reactive. I f this were so, 
one should expect that 1  would react with guanosine in the 
same manner as (V-acetoxy-2 -acetamidofluorene, AAace- 
toxy-4 -acetam idobiphenyl, and AI-acetoxy-2-acetam ido- 
phenanthrene. As mentioned briefly in the introduction, this 
is not the case, however.9 Unlike what is found with the three 
com pounds mentioned above, the reaction o f 1 with [8 -:!H]- 
guanosine yields a product mixture which retains tritium .9 We 
have found that the major adduct from the reaction of 1 with 
guanosine lacks the stilbene chrom ophore (unpublished), 
which should not result from initial reaction at the nitrogen, 
but rather from reactions like those described in this paper. 
This same adduct does retain [8 -3H] from the starting gua
nosine. Furthermore, it shows no spectral change in the range 
pH 2-11, whereas 8-(AA2-fluorenylacetamido)guanosme12 has 
a pK  o f 8 .8 . Finally, it is a highly polar product, as shown by 
its elution properties on Sephadex LH-20, suggesting mini
mization o f the hydrophobic effect introduced by a large hy
drocarbon group. These preliminary data thus suggest that

Figure 2. Ultraviolet spectra of product mixtures (after silica gel 
TLC) after solvolysis of 1 in 40% methanol at the pH values indicat
ed.

the guanine adduct also results from reaction elsewhere than 
at the nitrogen o f  the intermediate nitrenium ion. M ore 
com plete structural studies on the cytosine adduct (as the 
adduct with 1 -methylcytosine) show that indeed substitution 
has taken place on the a  and ft carbons o f the acetam idostil
bene, yielding a hydroxy, (l-m ethyl)cytosylacetam idobi- 
benzyl.

Thus, it appears that the simple H M O calculations carried 
out previously must be m odified to recognize the large delo
calization o f  charge into the aromatic system. The previous 
M O predictions in this series have been made on the basis o f 
frontier orbital coefficients. If the calculated charge densities 
are instead used as the basis for predictions, the simple theory 
agrees entirely with our observations (Table I). From this 
table, it is clear that the “ A'-aeetyl-AM -stilbenylnitrenium  
ion”  is no such thing, but is indeed a carbonium ion, with a 
small negative charge on the nitrogen. An apparent weakness 
with this approach is that it predicts greater reactivity at 
carbon in all o f  the ions presented. W hether this is in fact a 
weakness can only be determined by additional solvolysis 
studies on the other W -acetoxy-W -arylacetamides.

The ready formation o f 8  in 40% methanol but not in 
aqueous acetone suggests that transesterification o f 1  to an 
alcohol proceeds more readily than simply saponification. 
Comparable transacetylation o f ribose in guanosine and of 
lysine in ribonuclease has been noted previously .9’13

The hydration of an intermediate quinone methide has 
been recognized previously, 14 but this may be the first instance 
o f  solvent addition to a quinone imide methide (Scheme III). 
It is surprising that no rearrangement o f the type observed by 
the M illers was detected . 11 Although it is possible that p - 
phenacylacetanilide may have been a hidden product (its Rf 
on TLC  was identical with that o f  8 ), it was not noticeable in 
either solvolysis system. Similarly, in the methanolic system, 
there was no noticeable am ount (pH  4.5-7.5) o f any material 
which might have been characterized as /3-methoxy-Ar-(4- 
stilbenyl)acetamide. Thus, solvent addition to the interme
diate quinone imide methide appears to com pletely pre
dom inate over its rearrangement in this system. In the reac
tion with methionine, however, rearrangement is the major 
second step at pH  7.4. 11 A plausible explanation is that the
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Table I. Charge Densities in IV -A ryl-iV -acetylnitrenium  
Ions °

Registry no. Aryl substituent Position6 Net charge

60239-50-1 4-Xenyl 2,6 0.017
3.5 0.116
8,12 0.084
9.11 0.025
10 0.079
N 0.090

60239-51-2 2-Fluorenyl 1 0.097
3 0.121
4 0.042
5 0.071
6  -0.005
7 0.094
8 -0.017
N 0.055

60239-52-3 2-Phenanthryl 1 0.277
3 0.054
4 0.056
5 0.048
6  0.003
7 0.061
8 0 .0 0 2
9 0.000
10 0.048
N 0.120

60239-53-4 4-Stilbenyl 2,6 0.087
3.5 0.114
8.12 0.038
9,11 0.025
10 0.078
a 0.118
ß  0.254
N -0.058

0 Calculation method given in ref 4. 6 Numbering as in ref 7.

intermediate sulfonium ion facilitates removal o f the ft proton 
to form a quinone imide methide ylide, which can then accept 
a proton on the nitrogen to re-form  the stilbene electronic 
system and the sulfonium ion.

Scheme I I I
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The nature o f  these reactions suggests that the reaction o f 
1  with nucleosides or nucleic acids will also differ markedly 
from the reactions o f other IV-acetoxy-IV-arylacetamides. The 
compounds already studied all effect attachment o f the imide 
nitrogen to C -8  o f  guanine,e-12-is or attachment o f the aromatic 
ring to an extranuclear amino group .7-16 It appears likely, 
however, that reaction o f 1 with nucleic acids at pH 7.4 will 
result in true alkylation o f the nucleic acid, by reaction o f the 
ft carbon with extranuclear amino groups, or with oxygen . 17

A clear relationship between these findings and carcino

genicity cannot be established at this point. All o f the amides 
mentioned herein produce mammary tumors in female rats, 
with roughly equal potency . 18' 20 The (V-acetoxy-IV-arylace- 
tamides vary widely in the ability to induce tumors locally, 
with no apparent relationship between reactivity (expressed 
as reaction rate, product yield, or product distribution) and 
carcinogenicity .5 -8-9 On the other hand, 1 stands out clearly 
from this group as being highly toxic toward human fibro
blasts in culture, an observation which may indeed be related 
to reactions with nucleic acids suggested by our findings .21 

Finally, Neumann, et al. have found that a major urinary 
metabolite o f  dimethylaminostilbene in the rat is «,/3-dihy- 
droxyacetam idobibenzyl.22 W hether this results from  a hy- 
droxamic acid ester or epoxidation o f the double bond is a 
question requiring further studies o f  other, similar m etabo
lites.

E xp erim en tal Section

Unless noted otherwise, all reagents were obtained from J. T. Baker 
Chemical Co., and were used as received. Melting points were taken 
on a Fisher-Johns apparatus, and are corrected to standards. Infrared 
spectra were determined in KBR pellets on a Perkin-Elmer 257 in
strument. Ultraviolet spectra were obtained with a Beckman ACTA 
III instrument. High-resolution mass spectra and 270-MHz NMR 
spectra were determined by Mr. F.-T. Liu at the University of Chi
cago.

Solvolysis of A-Acetoxy-jV-(4-stiIbenyl)acetamide (1). An
acetone solution (80 ml) of 1 (400 mg, prepared in this laboratory15-29) 
was mixed with 120 ml of water. The mixture was heated until a clear 
solution was obtained, then maintained at 40 °C for another 3 h. The 
acetone was removed on a rotary evaporator, and the aqueous solution 
extracted with five 100-ml portions of ether. Chromatography of the 
product on a silica gel column in 5% CHuOH in CH2CI2 yielded a light 
brown resin which was homogeneous on silica gel TLC in the same 
system and in ethyl acetate-benzene (7:3). The ir spectrum of this 
material (neat, between NaCl plates) showed a broad, intense band 
with maximum at 3300 cm "1. A 1 % solution in CH^Chgave two sharp 
bands at 3600 and 3430 cm "1, corresponding to a free O-H and a free 
secondary amide N-H, respectively. The uv spectrum of the material 
gave Xmax 248 nm (log e 4.28), which is representative of all of the bi
benzyl derivatives reported here. This material could be resolved into 
two fractions by chromatography on Sephadex LH-20 in water. The 
two substances yielded acetates which melted sharply (162-163, 
146-148 °C), had largely identical ir spectra, and yielded the same 
major fragments on low-resolution mass spectroscopy. Elementary 
analysis for the major acetate (mp 163 °C) was as follows. Anal. Calcd 
for l,2-bis(acetoxy)-l-phenyl-2-(4-acetamido)phenylethane: C, 67.61; 
H, 5.92; N, 3.94. Found: C, 67.92, H, 5.99; N, 4.08. Ir maxima of major 
product: 3290, 3190, 3120, 3060, 3050, 3040, 2965, 2940, 1740, 1660, 
1602,1530,1498,1458,1416,1375,1345,1320,1286,1235,1185,1163, 
1128,1108,1080,1035,980,940,868, 840,772,740,710,690,672,660, 
640 cm "1.

An acetone solution (5 ml) of 1 (400 mg) was mixed with 80 ml of 
CH;jOH, then with 120 ml of water. This was heated as described 
above, the methanol removed on a rotary evaporator, and the products 
extracted with ether. The product mixture was chromatographed on 
a silica gel column, 1.5 X 100 cm, packed in CH9CI2, and eluted with 
500 ml each of 1 , 2, and 5% CHuOH in CH9CI2. The first major prod
ucts to emerge were 2 and 3, which were mostly resolved from each 
other. A minor amount of an oil emerged, followed by the mixture of 
4 and 5. These were resolved by repeated rechromatography on a 
column of silica gel, 0.9 X 90 cm in 2% CH3OH in CH2CI2, and could 
be resolved, as well as 2  and 3, by HPLC on a 1 -m column of ODS 
Permaphase (Du Pont Instruments) eluted with water. The only re
maining major band obtained from this column was the mixture of 
diols.

The above solvolysis was repeated using 0.1 M K2HPO4 instead of 
water. After heating as above and removal of methanol, a heavy pre
cipitate was formed and was collected. TLC showed this to consist of 
mostly one substance. Recrystallization from methanol, column 
chromatography on silica gel, and recrystallization from ethyl acetate 
failed to remove a brown contaminant. Elementary analysis and 
comparison of the ir spectrum with that of authentic material showed 
this substance to be A1-hydroxy-A-(4-stilbenyl)acetamide (8 ).

4-Nitrostilbene Oxide (10). 4-Nitrostilbene (9, 1.07 g, prepared 
in this laboratory24) and m-chloroperbenzoic acid (Aldrich, 85%, 1.00 
g) were dissolved in 250 ml of CH2CI2 at room temperature. After 6
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days, TLC on silica gel (10% CH2C12 ir. petroleum ether) showed 
product in about 50% yield. After the solvent was removed, the mix
ture was chromatographed on 60 g of silica gel in 10-30% CH2CI2 in 
petroleum ether. 9 emerged first, followed by 10. Recrystallization 
of the epoxide from petroleum ether and benzene gave a first crop of 
356 mg (mp 128-129.5 °C, lit. 125 °C)2S and a second crop of 64 mg 
(mp 127-128 °C). Anal. Calcd for CI4H „N 0 3: C, 69.71; H, 4.56; N,
5.81. Found: C, 69.51; H, 4.65; N, 5.53. Uv maxima (95% ethanol) 281, 
218 nm (log t 3.14, 3.24); ir maxima at 3110, 3080, 3040, 2980, 2850, 
1605,1515,1462,1430,1390,1350,1290,1250,1222,1180,1165,1115, 
1095, 1077, 1037, 977, 898, 871, 850, 837, 812, 768, 755, 715, 705 
cm-1.

l-Acetoxy-l-(4-acetamido)phenyl-2-methoxy-2-phenylethane
(15). 10 (64 mg) was mixed with 10 ml of CH3OH and 0.5 ml of con
centrated HCIO4. Upon heating to 40 °C, all of the material dissolved. 
After 90 min, 0.8 g of Na0C0CH3-3H20  was added, and the solvent 
evaporated under reduced pressure. The residue was washed with five
2 -ml portions of ether, and the combined ether extracts dried with 
Na2S0 4 and evaporated. Acetic acid was removed with a stream of 
nitrogen, leaving 52 mg of an oil which crystallized on scraping, ir 
peaks at 3460, 2820 cm-1. This material (50 mg, homogeneous on TLC 
on Si02 in CH2CL, and on HPLC on ODS Permaphase in FLO) was 
dissolved in 3 ml of 95% ethanol and heated in a hot water bath (80-90 
°C) with aluminum amalgam prepared from 2 cm2 of minced Reyn
olds heavy duty aluminum foil,26 with occasional replenishment of 
ethanol. After 45 min, 5 ml of ether was added, the mixture filtered, 
and the residue washed twice more with ether. The combined filtrate 
was evaporated under reduced pressure. Ir showed loss o f -N 0 2 with 
retention of -OH, -OCH3. The crude product was treated overnight 
with 0.5 ml of pyridine and 0.3 ml of acetic anhydride, then diluted 
with 5 ml of water. The suspension was extracted with two 5-ml por
tions of ether, and the combined ether extracts washed with 10  ml of 
0.5 M HC1,10 ml of saturated NaHC03, and 10 ml of water, and dried 
over Na2S04. Evaporation of the ether yielded a solid, mp 163-165 
°C (petroleum ether/benzene). Anal. Caicd for C19H21NO4: C, 69.72; 
H, 6.42; N, 4.28. Found: C, 69.69; H, 6.51; N, 4.13. Ir maxima at 3320, 
3200, 3130,3060,3040, 2980, 2930, 2870, 2825,1740,1675,1606,1550, 
1520,1460,1420,1375,1325,1245,1190,1130,1112,1097,1075,1040, 
975, 915,885, 862, 842, 822, 766,710,637 cm -1. Major peaks of mass 
spectrum: 327.1474 (calcd for molecular ion, 327.1470), 207.0850, 
206.0814 (calcd for CH3CONHCfiH4CHOCOCH3+, 206.0817), 
165.0731, 164.0690, 122.0649, 121.0621 (base peak; calcd for 
C6H5CHOCH3+, 121.0653), 120.0455,105.0334.

e r y t h r o -1,2-Dimethoxy-1 -(4-aeetamido) phony 1-2-phenyl- 
ethane (2). After solvolysis of 10 in acidic methanol, 258 mg of 
erythro-\-hydroxy-l-(4-nitro)phenyl-2-methoxy-2-phenylethane 
was dissolved in 5 ml of dimethyl sulfoxide and 5 ml of dimethyl- 
formamide.27 The flask was cooled in ice and 1.5 gof Ba(0H)2-8H20  
was added with magnetic stirring. Dimethyl sulfate (Eastman, 2 ml) 
was added dropwise under nitrogen. After 3 h, the nitrogen was re
moved and stirring continued overnight at room temperature. Con
centrated ammonia (2 ml) was then added slowly and stirring con
tinued for 30 min. The solution was extracted with two 30-ml portions 
of CHC13, and the extract dried over Na2S 04, evaporated under re
duced pressure, redissolved in CHC13, washed with water, dried, and 
evaporated. The product was reduced with aluminum amalgam from 
6 cm2 of minced foil, and the product acetylated. After the usual 
workup and recrystallization from methanol, a product was obtained 
identical with 2 (HPLC on Permaphase/H20, ir), mp 182-183 °C. 
Anal. Calcd for C,8H2lN 03: C, 72.24; H, 7.02; N, 4.68. Found: C, 72.10; 
H, 7.15; N, 4.79.

Spectral Data for e r y th r o -  and i/ireo-l,2-Dim ethoxy-l-(4- 
acetamido)phenyl-2-phenylethane (2 and 3). Ir (2) 3300, 3260, 
3190, 3120, 3060, 3030, 3000, 2930, 2900. 2880, 2820,1670. 1610, 1555, 
1530,1515,1457, 1450, 1415,1375,1320, 1270, 1245,1235, 1210, 1190, 
1108, 1040,1020, 975, 945, 885, 862, 847, 837, 815, 780, 770, 740, 720, 
690,638 cm-1; NMR (2, CDC13, Me4Si reference) <5 2.21 (singlet, 3 H), 
3.19 (singlet, 3 H), 3.20 (singlet, 3 H), 4.33 (quartet, 2 H), 7.17 (mul- 
tiplet, 4 H), 7.30 (multiplet, 3+ H), 7.46 (doublet, 2+ H); mass spec
trum (2) 268.1306 (calcd for M -  OCH3, 268.1337), 179.0916,178.0866 
(base peak; calcd for CH3CONHC6H4CHOCH3+, 178.0868), 137.0676, 
136.0750, 121.0612 (calcd for C6H5CHOCH3+, 121.0653), 120.0456.

Ir (3) 3310, 3190, 3110, 3060, 3030, 2970, 2930, 2900, 2825, 1690, 
1602,1530,1517,1495,1470,1457,1410,1370,1312,1280,1253,1220, 
1188,1160,1115,1090,1080,1055,1012,987,970,960, 868,843,775, 
742, 716, 675, 641 cm -'; NMR (3, CDC13, Me4Si reference) & 2.17 
(singlet, 3 H), 3.28 (singlet, 3 H), 3.29 (singlet, 3 H), 4.32 (singlet, 2 
H), 7.00 (multiplet, 4 H), 7.18 (multiplet, 3 H), 7.36 (doublet, 2 H),
7.56 (singlet, 1 H); mass spectrum (3) 268.1409 (calcd for M — OCH3, 
268.1337), 179.0893. 178.0842 (base peak; calcd for

CH3CONHC6H4CHOCH3+, 178.0868), 137.0698, 136.0777, 121.0614 
(calcd for C6H5CHOCH 3+, 121.0653), 120.0456.

Effect o f pH on Solvolysis o f 1. Stock solutions of 0.1 M K 2HP04 
and 0.1 M KH2P 0 4 were mixed in the series 0:10,1:9, 2:8, 3:7, 4:6, 5:5, 
6:4, 7:3, 8 :2 , 9:1, and 10:0 to give the pH values indicated in Figure 1. 
1 was dissolved in acetone or methanol at a concentration of 150 Mg/ml. 
Two milliliters of either stock solution of 1 was mixed with 3 ml of each 
buffer mixture. All samples were incubated at 37 °C for 24 h. Acetone 
was then removed by evaporation at reduced pressure, and the 
aqueous residue extracted with two 5-ml portions of ether. The 
methanol-containing samples were extracted directly with three 5-ml 
portions of ether. The ether was evaporated under nitrogen in a 10-ml 
test tube. Ethyl acetate (100 jtl) was then added to each sample in an 
ice bath. The tubes were stoppered, the sides washed with the solvent, 
and 20-^1 samples applied to a silica gel TLC plate. The plates were 
developed in 5% CH3OH in CH2C12. Visual inspection under a uv hand 
lamp indicated no variation in the major spots between pH 4.5 and 
pH 7.8. The diol spots (from the acetone reaction mixtures) for pH 
values 4.5, 6.7, and 7.5 were scraped and eluted with 1 ml of 95% eth
anol. Less than a 10% reduction in material was seen over this range. 
The combined spots for 2-5 were similarly assayed, and a major in
crease in stilbene compound detected. All spots from the methanol 
mixture assay plate were assayed (in 2 ml of 95% ethanol), and the 
results shown in Figures 1 and 2.
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Alkylation of nicotine with 1 equiv of iodomethane in either methanol or acetonitrile leads to ca. 2.5:1 mixtures 
of fV'-methylnieotinium iodide (4) and IV-methylnicotinium iodide (3), and not to only 4 as previously indicated 
in the literature. The alkylation results reflect kinetic control of product. Control experiments indicate that the 
products are formed irreversibly under the reaction conditions. Alkylation of the nicotine analogue AlW-dimethyl-
3-aminomethylpyridine with 1 equiv of iodomethane led only to trimethyl-3-picolylammonium iodide. Competitive 
alkylation experiments between nicotine and pyridine and IV-methylpyrrolidine indicate that alkylation on nico
tine’s pyrrolidine nitrogen is decelerated, and the causes for this anomalous example of competitive nitrogen alkyl
ation are discussed.

Nicotine (1) and its nitrogen alkylated products (e.g., 2-4) 
have been of considerable biological and chemical interest for 
many years.2-4 The earliest reported work on the alkylation 
of nicotine was published in 1853 by Kekule5a and in 1854 by 
Stahlschmidt5*1 who treated the alkaloid with iodoethane and 
iodomethane and obtained nicotine diethiodide (2a) and di- 
methiodide (2b), respectively. In 1897, Pictet and Genequand6 
reported their preparation of the two monomethiodides of 
nicotine, IV-methylnicotinium iodide (3) and N'-methylni- 
cotinium iodide (4), as shown in Scheme I. It is of interest to

VN

Scheme I
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Reagents: i, excess CH3I; ii, HI; iii, 1 equiv o f  nicotine; 
iv, 1 equiv o f  CH3I.

note that recent investigators7 have reported the preparation 
of these compounds, in some cases with much difficulty, fol
lowing the old literature procedures.

As a part of our interest in nicotine structure8 and reactiv
ity,9 we now report that alkylation of this alkaloid with 1 equiv 
of iodomethane in either methanol or acetonitrile, following 
the literature procedures,6'70 leads to ca. 2.5:1 mixtures of 4:3 
and not to only 4 as previously reported6'7 (see Figures 1-3).10

However, we have isolated 4 (68%) uncontaminated with ei
ther nicotine or 3 by continuous extraction of the aqueous 
solution of the 3 +  4 mixture with chloroform followed by 
removal of water from the aqueous phase. Rotary evaporation 
of the chloroform phase followed by ether trituration led to 
the isolation of 3 (28%). Alternatively, treatment of an acetic 
acid solution11 of nicotine with 2 equiv of iodomethane at room 
temperature for 3 days followed by removal of the acetic acid 
and trituration with ether yields (58%) pure 3.

The identity of these compounds is evident from their !H 
NM R spectra (see Figures 1-3 and data cited in the Experi
mental Section), elemental analyses, and mode of synthesis. 
In addition, treatment of either 3 or 4 with iodomethane leads 
quantitatively to iV.N'-dimethylnicotinium diiodide (2b). 
Thus, simple high-yield procedures for the preparation of the 
two nicotine monomethiodides, uncontaminated with each 
other, are now available.

The Menschutkin reaction has been shown to be reversible 
in some cases, generally under forcing conditions.13 Treatment 
of pure 3 or a 4.T mixture of 4:3 at 120 °C in acetonitrile in a 
sealed, degassed NMR tube resulted in no discernible chem
ical change after 36 h as judged by 4H NM R of the total re
action mixture. Thus, the reaction product ratios in the ni
cotine alkylations are not complicated by the potential 
equilibration of products and starting material following se
lective quaternization; i.e., the alkylation results reflect kinetic 
rather than thermodynamic product control.

The iodométhylation of nicotine at pH >6 is an unusual 
example of competitive nitrogen quaternization,13’14 especially 
since the pyrrolidine nitrogen of nicotine is almost three orders 
of magnitude more basic than nicotine’s pyridine nitrogen (see 
Table I). While many factors other than basicity have a kinetic 
influence on the Menschutkin reaction, e.g., steric hindrance 
and solvation,15 two limiting conditions could explain the 
nicotine alkylation results: (1) a rate decrease in pyrrolidine 
alkylation caused by the pyridine ring; and (2) a pyridine ni
trogen alkylation rate enhancement due to the presence of the 
pyrrolidine ring. In an effort to distinguish between these two 
possibilities, two competitive alkylation experiments were 
performed. Treatment of a 1:1 mixture of nicotine and N- 
methylpyrrolidine with 1 equiv of iodomethane in methanol 
resulted in the formation of only N, N-d i m ethyl pyrrol i d i n i urn
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Figure 1. NMR spectra of total crude reaction product of nicotine 
and 0.75 equiv of iodomethane in acetonitrile in the presence of so
dium carbonate at 100 MHz. The singlets are the iV-methyl groups 
of nicotine, 3, and 4.

1000 500 0 Hz

Figure 2. NMR spectra of IV-methylnicotinium iodide (3) in aceto- 
nitrile-d.-j at 100 MHz.

iodide; no nicotine methiodides were observed ( < 1%) in the 
:H NM R spectra of the crude reaction product. Similarly, 
treatment of a 1:1 mixture of nicotine and pyridine with 1 
equiv of iodomethane in acetonitrile led to a mixture of pyri
dine methiodide:3:4 (ca. 1:1:2.5). It appears that for nicotine, 
alternative 1 above is operative and 2 above is not.

The p/fm value of nicotine (p K ai =  7.84, p K a2 = 3.04)9-16a 
is 2.34 pH units less than the pK a of IV-methylpyrrolidine 
(pK a = 10.18)16b and 1,2-dimethylpvrrolidine (pK & = 10.2)9 
and 1.43 pH units less than that of l-methyl-2-phenylpyrro- 
lidine (pKa = 9.27).9'16 It is likely that this decrease in basicity 
of nicotine’s pyrrolidine nitrogen will manifest itself in a de
crease in this nitrogen’s nucleophilicity. However, the pK a 
values of nicotine compare extremely well with those of the 
nicotine analogue N,N-dimethyl-3-aminomethylpyridine (5) 
(pR'ai = 7.8, pKa, = 3.1).9 Alkylation of 5 with 1 equiv of io
domethane in acetonitrile results only in the formation of 6;

Me
7

Figure 3. NMR spectra of N'-methylnicotinium iodide (4) in aeeto- 
nitrile-d3 at 100 MHz.

Table I. pKa Values of Nicotine and Selected Nicotine 
Analogues

Compd pA ai p K a2 Ref

Nicotine (1) 7.84 3.04 a, b
l-Methyl-2-phenylpyrrolidine 9.27 a, b
A  -Methylpyrrolidine 10.18 c
1,2-Dimethylpyrrolidine 1 0 .2 a
N ,N - Dimethyl-3-aminomethylpy- 

ridine (5)
7.8 3.1 a

Pyridine 5.19 b

0 Reference 9. 6 Reference 16a. c Reference 16b.

no 7 was detected by evaluation of the ]H NM R of the crude 
reaction mixture. Thus, a correlation between basicity and 
nucleophilicity alone does not account for the entire decel
eration observed for nicotine. See Table I.

There are numerous examples of steric control in the 
Menschutkin reaction,18 and the presence of the pyridine ring 
appears to act by destabilizing the N'-iodomethylation tran
sition state for nicotine. Additional electronic or stereoelec- 
tronic factors can also be cited as important controlling fac
tors. Experiments in progress may serve to elucidate the im
portance of these features.

Finally, it is interesting to note that the difficulty reported 
by many investigators in crystallizing 4 from the reaction of 
nicotine with iodomethane7 stems from contamination with 
the now established major impurity, coalkylation product 
N-methylnicotinium iodide (3). In addition, the purity of the 
“N'-methylnicotinium iodide” obtained by the old literature 
methods6 is open to question.

Experimental Section

The ‘ H NMR spectra were obtained on a Varian XL-100 NMR 
spectrometer equipped with a Digilab NMR-3 FT accessory. The ir 
spectra were obtained on a Perkin-Elmer 621 spectrophotometer 
using Nujol mulls. Uv spectra were obtained on a Beckman spectro
photometer Acta-CV.

Iodométhylation of Nicotine in Acetonitrile. IV'-Mefhylni- 
cotinium Iodide (4) and N-Methylnicotinium Iodide (3). To a
solution of 20.0 g of freshly distilled nicotine (0.123 mol) in 150 ml of 
acetonitrile was added sodium carbonate (9.75 g, 0.092 mol) .10 To this 
rapidly stirred mixture was added iodomethane (13.1 g, 0.0192 mol) 
(Caution: Cancer suspect agent!) in 150 ml of acetonitrile. The reac
tion mixture was stirred at room temperature for 3 days and filtered, 
and the precipitate washed with additional acetonitrile. The precip
itate was tested for iodide by the standard silver nitrate-nitric acid 
method and no iodide was indicated. The filtrate and the washes were 
combined and rotary evaporated, yielding a thick, tan oil. NMR 
analysis of this oil showed it to be a mixture of nicotine:4:3 (see Figures
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1-3). This mixture was dissolved in 60 ml of water and continuously 
extracted with chloroform for 3 days. The combined chloroform 
portions were dried (MgS04) and rotary evaporated yielding an oily 
solid which was triturated with anhydrous ether. The resulting tan 
solid was vacuum dried, yielding 7.9 g (28% yield based on iodo- 
methane used) of N-methylnicotinium iodide (3) identical with that 
prepared as described below.

The aqueous phase from the continuous extraction was rotary 
evaporated yielding a thick, yellow oil which was extremely hygro
scopic. This material was subjected to high vacuum pumping for 1 
week and spontaneously crystallized, giving 19.2 g (6 8 % yield based 
on iodomethane used) of IV'-methylnicotinium iodide (4): mp 135-137 
°C; NMR (CDsCN) 6 2.78 (s, 3), 3.16 (s, 3), 3.88 (m, 2), 5.10 (dd, 2, J 
= 8 .1 ,6.2 Hz), 7.52 (dd, 1, J = 8 ,2 Hz), 8.10 (dt, 1, J = 8 ,2, 2 Hz), 8.76 
(dd, l.J  = 5,2 Hz), and 8 . 8 6  (d, 1, J = 2 Hz); ir (Nujol mull) 3445 (m), 
3000 (m), 1594 (m), 1579 (m), 1432 (vs), 1418 (m), 1333 (m), 1254 (m), 
1027 (m), 1008 (m), 957 (m), 880 (m), 813 (s), and 718 cm" 1 (vs); uv19 

max |H,0) 264.5 nm (e 2320), 258 (3140), 252 (2990), 226.0 
(15 370).

Anal. Calcd for CnH17N2I: C, 43.43; H, 5.63; N, 9.21; 1,41.72. Found: 
C, 43.35, 43.27; H, 5.50, 5.49; N, 9.12, 9.18; 1,42.13, 42.20.

Af'-Methylnicotinium iodide was treated with 2 equiv of picric acid 
in absolute EtOH. The precipitate was crystallized from the reaction 
medium, yielding bright yellow crystals: mp 159-162 °C; NMR 
(Me2 SO-d6) b 2.78 (s, 3), 3.09 (s, 3), 3.77 (m, 2 ), 4.99 (m, 1 ), 7.99 (dd, 
1 , J = 8 , 3.6 Hz), 8.56 (s, 4, picrate), 8.97 (dd, 1, J = 8 ,1.6 Hz), and 9.03 
id. l.J  -  1.6Hz).

Anal. Calcd for C2 3 H2 2 N8 Oi4: C, 43.54; H, 3.50; N, 17.66. Found: 
C, 43.58, 43.53; H, 3.69,3.71; N, 17.45,17.50.

JV-Methylnicotinium Iodide (3). Freshly distilled nicotine (20.0 
g, 0.123 mol) was added cautiously to 130 ml of glacial acetic acid. The 
mixture was allowed to cool to room temperature, and iodomethane 
(35.0 g, 0.246 mol) (Caution: Cancer suspect agent!) was added all at 
once. The resulting solution was allowed to stand at room temperature 
for 3 days. Most of the acetic acid was removed by rotary evaporation 
with mild heating. Trituration with ether (vigorous shaking) led to 
the formation of a nicely crystalline mass which was filtered and 
washed with ether to remove residual acetic acid and unreacted ni
cotine. The precipitate (25.7 g) was treated with concentrated aqueous 
sodium carbonate until the resulting solution reached a pH =r7. This 
solution was rotary evaporated under mild heating to a dryness and 
heated under reflux with 400 ml of chloroform for 2 h. The mixture 
was allowed to cool to room temperature and filtered. The residue was 
reextracted with chloroform under reflux, following the procedure 
above, and the combined chloroform layers were dried (MgS04), fil
tered, rotary evaporated, and crystallized from acetone yielding 21.3 
g (58%) of analytically pure 3: mp 165-165.5 °C (lit. 6 165 °C); NMR 
(CD:iCN) b 2.26 (s, 3), 2.92 (m, 1), 3.28 (m, 1), 3.59 (m, 1), 4.42 (s, 3),
8.02 (br m, 1 ), 8.5 (br d, 1, J = 8  Hz), 8.76 (br d, 1, J = 6  Hz), and 8 . 8 8  

(br s, 1); ir (Nujol mull) 3027 (m), 2775 (vs), 1635 (m), 1503 (s), 1290 
(m), 1190 (m), 1162 (s), 1153 (m), 1049 (s), 906 (m), 899 (m), 811 (s), 
and 671 cm- 1  (vs); uv19 max (H20) 264 nm (« 4620), 224 (14 500),

Anal. Calcd for C n H n N J : c, 43.43; H, 5.64; N, 9.21; I, 41.72. Found: 
C, 43.62; H, 5.66; N, 9.15; f, 41.97.

The filtrate from the above reaction could be re-treated with ad
ditional quantities of iodomethane, thereby increasing the yield of
3.

Competitive Alkylation Experiments. To a solution of nicotine 
(32.4 mg, 0.2 mmol) in ca. 200 /d of acetonitrile-dg in a 5-mm NMR 
tube was added pyridine (15.8 mg, 0.2 mmol) followed by iodomethane 
(28.4 mg, 12.5 /il, 0.2 mmol). The resulting solution was allowed to 
stand at room temperature in the presence of ca. 5 mg of sodium 
carbonate overnight. NMR analysis of the solution indicated that the 
NMR resonance of the N-methyl group of pyridine methiodide ov
erlapped the resonance of the N-methyl group of IV-met.hylnicotinium 
iodide (3). This equivalency was destroyed by addition of a small 
volume of trifluoroacetic acid, protonating 3 and shifting its N-methyl 
group downfield by ca. 2.5 Hz. The ratio of 3:4:pyridine methiodide 
was ca. 1:2.5:1.

To a solution of nicotine (30.8 mg, 0.19 mmol) in ca. 200 p\ of

methanol-d4 in a 5-mm NMR tube was added N-methylpyrrolidine 
(16.4 mg, 0.19 mmol) followed by iodomethane (27.2 mg, 11.9 pi, 0.19 
mmol). The solution was allowed to stand at room temperature 
overnight in the presence of ca. 5 mg of sodium carbonate. NMR 
analysis of the resulting solution indicated only the formation of 
yV,iV-dimethylpyrrolidinium iodide: NMR (methanol-c/4 ) <5 3.12 (s, 
6 ), 3.50 (m, 4), and 2.30 (m, 4). Neither 3 nor 4 (<2%) was observed 
in the reaction mixture.

Alkylation of N , IV- Dim e thy 1 - 3 - a m i n o m e th y 1 p y r i d i n e (5). To
a solution of Af../V-dimethyl-3-aminomethylpyridine (139 mg, 0.98 
mmol) in ca. 5 ml of acetonitrile was added iodomethane (62.3 pi, 0.98 
mmol). The resulting solution was allowed to stand at room temper
ature overnight. NMR analysis indicated only the formation of the 
trimethylammonium iodide 6 : mp 128-130 °C (lit. 17 135 °C); NMR 
(acetonitrile-d3) S 3.28 (s, 9), 4.94 (s, 2), 7.56 (dd, 1 ,J  = 8 , 4.5 Hz), 8.16 
(dt, 1, J = 8 , 2, 2 Hz), 8.72 (dd, 1, J = 4.5, 2 Hz), and 8.92 (d, 1, J = 2 
Hz).

Anal. Calcd for C9 H1 5N2 I: C, 38.86; H, 5.44; N, 10.07; I, 45.63. 
Found: C, 38.73; H, 5.54; N, 9.92; I, 45.84.

Acknowledgment. The authors thank Dr. E. B. Sanders 
for helpful discussions and Dr. W. R. Johnson for stimulating 
our interest in nicotine chemistry.

Registry No.—1, 54-11-5; 3, 21446-46-8; 4, 5959-86-4; 4 picrate, 
60282-17-9; 5, 2055-21-2; 6 , 60306-32-3; iodomethane, 74-88-4; 
AfN-dimethylpyrrolidinium iodide, 872-44-6.

References and Notes

(1) Presented at the American Chemical Society Centennial Meeting, San 
Francisco, Calif., Sept 3, 1976, Abstracts, No. ORGN-224.

(2) P. S. Larson and H. Silvette, “ Tobacco, Experimental and Clinical Studies” , 
Supplement I, Williams & Wilkins Co., Baltimore, Md., 1968, pp 39, 45,
56-59, 90, and 158, and references cited therein.

(3) U. S. Von Euler, Ed., “ Tobacco Alkaloids and Related Compounds” , 
Macmillan, New York, N.Y., 1965.

(4) K. E. Jackson, Chem. Rev., 29, 123 (1941); for numerous leading refer
ences to nicotine quaternary salts, involving synthesis and biological studies 
of many types, see Chem ical Abstracts.

(5) (a) A. v. Planta and A. Kekule, Ann. Chem. Pharm., 87, 1 (1853); (b) see 
also C. von Stahlschmidt, ibid., 90, 218 (1854).

(6) A. Pictet and P. Genequand, Ber. Dtsch. Chem. Ges., 30, 2117 (1897).
(7) For example, see (a) J. hi. Thompson, M. Angulo, L. Choi, M. Roch, and D. 

J. Jenden, Experientia, 28, 1176 (1972); (b) Y. Soeda and I, Yamamoto, 
Agric. Biol. Chem., 32, 568 (1968); (c) R. B. Barlow and N. A. Dobson, J. 
Pharm. Pharmacol., 7, 27 (1955), with correction, ibid., 7, 296 (1955).

(8) J. F. Whidby and J. I. Seeman, J. Org. Chem., 41, 1585 (1976).
(9) J. F. Whidby, L. W. Morgan, and J. I. Seeman, in preparation.

(10) (a) The alkylation of nicotine with iodomethane in acetonitrile was performed 
in the presence of sodium carbonate to exclude the possibility of the for
mation of small amounts of HI which would protonate the more basic pyr
rolidine nitrogen of nicotine, thereby causing pyridine alkylation (cf. nicotine 
alkylation in acetic acid). Identical results were observed, however, in the 
absence of sodium carbonate, (b) The reaction of 5 with iodomethane in 
acetonitrile led only to 6 in spite of the absence  of sodium carbonate.

(11) Alkylation of nicotine in acetic acid was patterned after Jarboe.12 We have 
examined the Menschutkin reactions of nicotine under a wide variety of 
conditions and these results will be published in due course.

(12) C. H. Jarboe and C. M. Schmidt, J. Med. Chem., 13, 333 (1970); (b) J. A. 
Schaeffer and C. H. Jarboe, ibid., 13, 1026 (1970).

(13) D. L. Garmaise and G. Y. Paris, Chem. Ind. (London), 1645 (1967).
(14) (a) K. Oyama and R. Stewart, J. Chem. Soc., Perkin Trans. 1, 673 (1973); 

(b) R. Frampton, C. D. Johnson, and A. R. Katritzky, Justus Liebigs Ann. 
Chem., 749, 12 (1971); (c) J. W. Bunting and W. G. Meathrel, Can. J. Chem., 
48,3449(1970).

(15) (a) D. C. Wigfield and B. Lem, Tetrahedron, 31, 9 (1975), and references 
cited therein, (b) For an interesting discussion of these points, see W. P. 
Jencks, “ Catalysis in Chemistry and Enzymology” , McGraw-Hill, New York, 
N.Y., 1969, Chapter 2.

(16) (a) P. G. Stecher, Ed., “ The Merck Index” , Merck and Co., Rahway, N.J.; 
(b) J. A. Dean, Ed., "Lange's Handbook of Chemistry", 11th ed, McGraw-Hill, 
New York, N.Y., 1973, Tables 5-8.

(17) R. Paul and S. Tchelitcheff, Bull. Soc. Chim. Fr., 2134 (1968).
(18) See, for example, J. McKenna, Top. Stereochem., 5, 275 (1970), and 

references cited therein.
(19) The uv spectra of 3 and 4 are reported in ref 7c (note correction cited) but 

purity criteria for the preparations in this reference are either not cited (for
4) or in question (for 3, note melting point difference).



Reduction of Unsaturated Keto Nucleosides J. Org. Chem., Voi 41, No. 24,1976 3827

Studies on the Sodium Borohydride Reduction of Unsaturated 
Keto Nucleosides. Novel Route to Deoxy Nucleosides

Jean Herscovici, M ichel Bessodes, and Kostas Antonakis*

Institut de Recherches Scientifiques sur le Cancer du Centre National de la Recherche Scientifique, 94 800 Villejuif, France

Received March 5, 1976

Reduction of a,/3-unsaturated (ketohexosyl)purines, which constitute the first examples of unsaturated keto nu
cleosides, with sodium borohydride gave the corresponding deoxy nucleosides. Contrary to the recently reported 
(4',6'-dideoxy-j3-L-,g/ycero-hex-3'-enopyranosulosyl)purines, which were obtained by acetylation of the corre
sponding keto nucleosides, the a anomer, subsequently described, was prepared by oxidation of the partially pro
tected deoxyhexosylpurine. The mechanisms of these reductions were established by a study of the NMR spectra 
of the deoxy nucleosides using NaBHj in deuterated solvents and sodium borodeuteride in light solvents. 1 , 2  addi
tion of the hydride was shown to be the mode of reduction of all the studied a- and /3-unsaturated keto nucleosides. 
The ready availability of these unsaturated keto nucleosides provides extremely useful synthetic intermediate nu
cleosides especially for the preparation of nucleosides containing rare deoxy sugars.

The recent synthesis o f  the first unsaturated keto nucleo
sides1 '2-4 permitted the dem onstration that these new nucle
osides not only exhibit growth inhibitory activity against KB 
cells3 but that they may constitute im portant synthetic in 
termediates in the nucleoside field owing to their stability in 
various media . 1 -5

W e now report a study o f  the reduction o f the recently 
synthesized unsaturated (3-keto nucleosides l 4 and 102 and 
that of the a  isomer (17) subsequently described. These metal 
hydride reductions constitute in addition a new and facile 
route to deoxyhexosylpurines from  (ketohexosyl)purines. It

Scheme I

7, R=R1 8 R=R1 9, R=R1

16,R = R2

Rl= Theophylline 
R2= 6-Chloropurme

is also important to note that the study o f the mechanisms 
could permit us to establish novel approaches to the synthesis 
o f  branched chain sugar nucleosides by nucleophilic addi
tion.

As will be seen, the configuration o f the molecule appears 
to have a real effect upon the direction o f the attack o f the 
carbonyl group. Thus, it was shown that reduction o f both
7-(3 '-0 -acety l-4 ',6 '-dideoxy-L-giycero-hex-3'-enopyranosu- 
losyl) theophylline ( l ) 4 and its 6 -chloropurine derivative ( 1 0 ) 
in methanol led to the saturated dideoxy nucleosides 7 and 
16 having an equatorial O H -2' whereas reduction o f the a 
isomer (17) afforded the dideoxy derivative possessing an axial 
O H -2' (23).

23 24
R-|—Theophy II me

In the N M R  spectra the anomeric protons o f both 7 and 16 
exhibited large coupling constants J y y  =  J r,:v  =  9 Hz (the 
H -l ' proton of the starting compounds 1 and 10 exhibited only 
a singlet) indicating that H -l', H-2', and H -3' are trans diaxial 
and O H -2' equatorial. Considering that the bases are in 
equatorial position to the hexopyranose these correlations are 
possible only for the fl-I.-xylo configuration in the 1 C con
formation.

In the case o f  23 the small coupling constant J y g  = 1 .5  Hz 
indicated that O H -2' was axial. In addition the H -3' proton 
was also axial (J ? / ,4 -ax = 11 Hz) and trans to the equatorial 
nitrogenous base. These relationships indicated that 23 has 
the «-L -ribo  configuration in the C l conformation.

Contrary to 1 and 10 which have been obtained by acety
lation o f the parent 2'-keto nucleosides ,2 ’6 the a  isomer (17) 
was synthesized, as will be seen, by oxidation o f the corre
sponding 3',4'-diacetate (27).

This diacetate could be prepared by acid-catalyzed selective 
acetylation o f 7-(6 '-deoxy-a-L-m annohexopyranosyl)theo- 
phylline (25)7 using acetic anhydride in the presence o f  the

Scheme III

R s: Theophylline
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etherate complex of boron trifluoride.8 The reaction was 
carried out at 50 °C for 30 min and stopped by high vacuum 
distillation. Under these conditions a mixture of two diace
tates (2',4'- and 3',4'-diacetate) was formed, but it contains 
mainly the desired 7-(3',4 '-di-0-acetyl-6'-deoxy-a-L- 
manno-hexopyranosyl)theophylline (27), as could be estab
lished from the nmr spectrum. Purification of the mixture was 
performed by oxidizing the mixture with the Pfitzner-Moffatt 
reagent.14 This procedure gave only one compound which was 
characterized as 7-(3'-0-acetyl-4',6'-dideoxy-a-L-gfycero- 
hex-3'-enopyranosulosyl)theophylline (17). The NM R spec
trum clearly indicated the conjugated structure of 17. The 
H -P proton shifted downfield as expected (6.9 ppm instead 
of 6.4 ppm in the diacetate), also the H-4' proton resonated 
at lower field (7.2 ppm) indicating a vinylic proton in /3 posi
tion to the carbonyl. The H-5' proton was shifted to 4.95 ppm 
(from 4.2 ppm in 27) indicating that this proton is vinylogous 
to a proton in a position to the carbonyl.

All these keto nucleosides are soluble in aqueous methanol. 
The reaction was carried out at room temperature for com
pound 1 and at above —50 °C for 10 and 17, less stable com
paratively than 1.

The reductions appeared to be more stereospecific than 
those of steroidal enol acetates9 since no other isomers were 
detected. The difference in the mode of reduction may be 
explained by invoking the influence of the base.

1,2 addition to the unsaturated.keto nucleosides 1, 10, and 
17 should lead to the alcoholates 2,11, and 18 which undergo 
acetyl group migration to give the enolates 4,13, and 20. These 
enols tautomerize to the corresponding 3'-ketO nucleosides 
6, 15, and 21 which are further reduced to the deoxy nucleo
sides 7,16, and 22. The a-deoxy nucleoside 22 undergoes an
other acetyl migration to give the 3'-acetyl nucleoside 23.

These mechanisms have been established by a study of the 
NM R spectra of the deoxy nucleosides obtained by the re
duction,of 1, IQ, and 17 with NaBH4 in deuterated solvents 
and of the NMR spectra of the same deoxy nucleosides pre
pared by using sodium borodeuteride in aqueous methanol.

There are two possible mechanisms to reduce a,/3-unsatu- 
rated keto nucleosides by sodium borohydride: 1,2- or 1,4- 
hydride addition. The use of NaBD4 led to deuterio analogues 
of the deoxy nucleosides. In the case of 1,2 addition only the 
2' and 3' positions should be labeled whereas labeling of the 
2' and 4' positions should indicate a 1,4 addition.

Since the NM R signals of compound 8 were not well sepa
rated, except for the H -T, we synthesized the diacetate 9 in 
whose spectrum all the sugar protons were resolved. The 
acetylation of 8 was performed with acetic anhydride in pyr
idine. The disappearance of the H-2' and H-3' protons in the 
spectrum of 9 indicated 1,2-nucleophilic addition to 7-(3'- 
0-acetyl-4',6'-dideoxy-|8-L-gfycero-hex-3'-enopyranos-2'- 
ulosyl)theophylline ( l ).4

In the NMR spectrum of the compound 16 (Table I, line 4) 
we also observed the disappearence of the H-2' signal. Inte
gration showed that two protons resonated at 3.6 ppm. In 
order to identify these protons we performed the reduction 
of 10 with NaBD4. The NM R spectrum of the deuterio ana
logue of 16 indicated disappearance of one of the signals and 
appearance of a new signal as a ten-peak multiplet corre
sponding to H-5'. The multiplicity of this signal indicated that 
both H-4'axiai and H-4'equatoriai protons are coupled with H-5'. 
The signal at 3.6 ppm, absent in the spectrum of the deuterio 
analogue, could then be attributed to the H-3' proton of 16. 
Consequently, as the sodium borodeuteride labeled specifi
cally the 2' and 3' positions of 6-chloro-(3'-0-acetyl-4',6'- 
dideoxy-d-L-arahino-hexopyranosyl)purine (16) we can de
duce that 10 is also reduced by the 1,2-addition mecha
nism.

The presence of an acetyl group in the 3' position makes a
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1,4-addition mechanism possible (Scheme IV). As the N M R  
parameters o f  23 did not permit us to ascertain the mode o f

Scheme IV

this hydride reduction, we synthesized the diacetate 24. In the 
N M R  spectrum o f this molecule (24) we observed the disap
pearance.of H -2' and H -3' signals. Consequently, as the 2' and 
3' positions are labeled, 1,2 addition o f the hydride should be 
also the mode o f reduction o f 7 -(3 '-0 -acety l-4 ',6 '-d ideoxy- 
a-L-g/ycero-hex-3'-enopyranosyl-2'-ulosyl)theophylline
(17).

All these results have been confirm ed by a study o f the re
duction o f the unsaturated 2'-keto nucleosides with N aBH 4 

in deuterated solvents.
1,2 as well as 1,4 additions o f  hydride would lead to form a

tion o f the corresponding enols which react with deuterium 
from the solvent to form the saturated deuterio analogues (see 
Scheme V). In the case o f 1,4 addition (2 ',3 ' double bond in the

Scheme V

enolate) the deuterium enters at C-3' whereas for 1 , 2  addition 
(3',4 ' double bond) the reduction yields the 4'-deuterio 
product.

W hen 24 was deuterated no change in the multiplicity o f 
H -2' in the m onodeuterated analogue was observed whereas 
the H -3 ' signal (see T able I, lines 7 and 8 ) was reduced to a 
quartet indicating the disappearance o f the coupling between 
H -3 ' and H -4 'equatoriai- This implies that C-4' is labeled by 
deuterium and consequently that the unsaturated keto nu
cleoside (17) has undergone 1,2 addition.

Reduction o f the unsaturated keto nucleoside (1) occurs by
1,2 addition. The N M R  spectrum o f the deuterio analogue of 
9 showed (see Table I, line 2) disappearance o f the H -3', H- 
4'axiai coupling. The H -3 ' signal resonated as a quartet indi
cating that the C -4 ' position is labeled by deuterium.

Concerning the m onoacetate 23, the presence o f  an acetyl 
group in the 3' position seems inconsistent with a com plete 
reduction o f the unsaturated ketone (successive addition of 
two hydride ions). It is indeed established that the first attack 
leads to the enol acetate 18. In these conditions the mode of 
reduction o f this m olecule should be a 1,4-addition m echa
nism. But this 1,4 addition is inconsistent with the evidence 
inferred from  the isotopic labeling o f  the molecule.

The presence o f  the acetyl in the 3' position could be ex
plained by a migration o f  this group from  the 2 '-axial (2 2 ) to 
the more stable 3'-equatorial position (23).

Figure 1.

Concerning the nucleophilic additions to the 3'-keto nu
cleosides 6,15, and 21, it is well known that in the case o f  the 
«-substituted cyclohexanones the axial attack on the carbonyl 
group is generally favored and N aBH 4 reduction gives mainly 
the equatorial alcohol. 12 This is in accordance with the results 
o f  the hydride addition on the intermediate keto nucleosides
6,15, and 2 1 , which gave exclusively the equatorial alcohol as 
was clearly shown by the coupling constants o f  their N M R  
spectra.

The stereospecific axial attack could be explained in the 
case o f 6  and 15, which possess an equatorial 2'-acetyl, by the 
proxim ity o f the nitrogeneous base. In the case o f  21 the cis- 
axial 2'-acetyl group and the 4'-axial proton prevent the 
equatorial attack.

The unusual attack o f hydride ion exclusively from the most 
hindered side in the case o f the unsaturated /3-keto nucleosides 
1  and 1 0  may consequently be explained by invoking intra
molecular participation o f a neighboring group. Thus, as in 
the case o f  methyl hexopyranosuloses , 13 this group controls 
the direction o f the reduction. Preference o f  the hydride for 
an approach cis to the base support the view that either the 
base or one o f its functional groups participates in the for
mation o f the com plex with N aBH 4 which reduces the car
bonyl stereospecifically (Figure 1).

The study o f the N M R  spectrum o f the «-k e to  nucleoside 
17 shows that, contrary to the reduction o f 1 and 10, the hy
dride attacks from the side trans to the nitrogeneous base. 
This could signify the nonparticipation o f the purine in the 
reduction o f 17. So, as we have previously mentioned, the 
hydride approaches cis to the aglycon when the base controls 
the direction o f  the reduction.

Considering the stability and the facile preparation o f the 
unsaturated ketohexose nucleosides5 this novel approach to 
the synthesis o f deoxy nucleosides, especially those containing 
rare deoxy sugars, provides a direct route to a variety o f 
com pounds possessing considerable biological interest.

Experimental Section

Solutions were evaporated at 40 °C under diminished pressure. Uv 
spectra were measured with a Varian-Techtron Model 635 spectro
photometer. Ir spectra were determined for potassium bromide pellets 
by use of a Perkin-Elmer Model 137 spectrometer. NMR spectra were 
recorded with a Varian T-60 instrument using tetramethylsilane as 
internal standard, and decoupling was effected with a Varian T-6059 
spin decoupler, using the frequency-sweep mode. Optical rotations 
were determined with a Roussel-Jouan “ Quick” polarimeter.

The gas-liquid chromatography of acetylated nucleosides was 
carried out using a Perkin-Elmer Model 990 instrument, with hy
drogen flame ionization. Columns were packed with 100-200 mesh 
Gas-Chrom Z (Applied Sciences Laboratories Inc.) coated with 10% 
SE-30.

Reactions were monitored by TLC on Schleicher and Schull plastic 
sheets using (A) ethyl acetate and (B) chloroform-acetone (80/20). 
Nucleoside spots were detected by visual examination under uv light 
and by spraying with 30% sulfuric acid and heating at 105 °C. PLC 
was carried out on plates (20 X 40 cm) coated to a depth of 5 mm with 
Keiselgel GF254 (Merck) admixed with 15% of CaS04, using ethyl 
acetate.

Melting points were uncorrected. Elemental analysis were obtained 
from the Laboratoire de Microanalyse du CNRS.
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7-(3'-0-acetyl-4',6'-dideoxy-a-L-g7ycero-hex-3'-enopyrano- 
sulosyl)theophylline (17). A solution of 7-(6 '-deoxy-a-L-manno- 
hexopyranosyl)theophylline (27,7 1.5 g, 4.5 mmol) in methanol (30 
ml) was evaporated to dryr.ess in vacuo. The semicrystalline material 
was then dissolved in acetic anhydride (60 ml, 588 mmol) and boron 
trifluoride etherate (36 pi, 2.65 mmol) was added. The solution was 
heated for 30 min at 50 °C and the solvents removed by high vacuum 
distillation. The obtained dark yellow oil containing a mixture of di- 
and triacetyl nucleosides was dissolved in ethyl acetate and purified 
by preparative TLC using ethyl acetate. Two faster moving major 
bands were detected by ultraviolet absorption. The slower moving 
of these bands was eluted with acetone to give a semicrystalline ma
terial which was dissolved in benzene (16 ml) and Me2SO (16 ml). 
Dicyclohexylcarbodiimide (DCC, 2.8 g, 13.5 mmol) and dichloroacetic 
acid (0.3 ml, 3.75 mmol) were added14 and the mixture was kept for 
10 min at room temperature. Ethyl acetate (100 ml) and oxalic acid 
(1 .2  g) dissolved in methanol were added and the mixture was stirred 
for 20  min.

Dicyclohexylurea was filtered off and the filtrate was washed with 
water (3 X 50 ml) and evaporated to a syrup. The crude material was 
dissolved in ethyl acetate and chromatographed on a silica gel (Merck 
0.05-0.2 mm) column eluted with ethyl acetate (500 ml). Evaporation 
gave a syrup which crystallized at 0 °C from chloroform-methanol 
(1:5) to give 17 (0.391 g). The purity of the keto nucleoside was as
certained by GLC at 270 °C (retention time 1.5 min): mp 162-165 °C; 
[a]20D -170° (c 0.1, CHC1S); uv Amax (MeOH) 273 nm (t 10 000); Rf 
0.7 (ethyl acetate); rmax (KBr) 1740 cm' 1 (acetyl); b (C D 3C O C D 3) 7.2 
(d, J 4' 5' = 2 Hz), 6.9 (s), 4.9 (0 , Jr,'.6' = 7 Hz).

Anal. Calcd for C15Hi6N40 6: C, 51.73; H, 4.59; N, 16.09. Found: C, 
51.73; H, 4.68; N, 16.45.

7-(3'-0-Acetyl-4',6'-dideoxy-a-L-ribo-hexopyranosyl)theo- 
phylline (23). To a solution of 17 (348 mg, 1  mmol) in chloroform (2  
ml), methanol (7.5 ml) and water (0.5 ml) were added. The mixture 
was cooled to -5 0  °C and sodium borohydride (300 mg, 7.85 mmol) 
was added. After storage at -5 0  °C for 4 min, chloroform (20 ml) was 
added and the mixture was washed with water (10 ml). Evaporation 
of the solvents gave a syrup which was purified by preparative TLC 
using ethyl acetate The major band at Rf 0.4 was eluted with acetone 
to give a syrup which crystallized from ethanol-pentane and recrys
tallized from ethanol (150 mg): mp 172-174 °C (sublimed at 164 °C), 
[rv]20D +70° (c 0.1, MeOH); Rf 0.4 (ethyl acetate); Amax 274 nm (e 
7400); NMR S (C D 3 C O O D ) 6.4 (d, Jv.v  = 1.5 Hz), 5.3 (o, J 2',r = 3, 
J 3' 4'ax =11 Hz), 1.5 (d, J,v,6- = 7 Hz).

Anal. Calcd for Ci5H20N4O6: C, 51.13; H, 5.68; N, 15.9. Found: C, 
51.15; H, 5.57; N, 16.4.

The acetylation of 23 with acetic anhydride in pyridine gave 7- 
(2',3'-di-0-acetyl-4',6'-dideoxy-a-L-ri6o-hexopyranosyl)theophyl- 
line (24) as a syrup: [a]20D = +92 (c 0.1, ethanol); Amax 274 nm (c 7900); 
NMR (C6D6) acetyl b 1.56, 1.62.

7-(4',6'-Dideoxy-/3-L-xyfo-hexopyranosyl)theophylline (8 ).
Sodium borohydride (21C mg, 6.3 mmol) was added to a stirred so
lution of 7-(3'-0-acetyl-4',6'-dideoxy-d-L-gfycero-hex-3'-enopyra- 
nosulosyl)theophylline ( l ,4 310 mg, 1 mmol) in methanol (10 ml). After 
2 min water was added ( 10  ml) and the mixture was extracted with 
ethyl acetate (3 X 20 ml). The organic phase was dried (Na2S04) and 
evaporated to dryness. 7-(4',6'-Dideoxy-/?-L-xy/o-hexopyranosyl)- 
theophylline (8,180 mg) was crystallized from ethanol: mp 213-214 
°C; [ap°D +5° (c 0.1, acetone); Rf 0.55 (t-Bu0H -H 20); Amax 275 nm 
(e 7300).

Anal. Calcd for C 13H 18N4O5: C, 50.25; H, 5.81; N, 18.05. Found: C, 
50.14; H, 5.80; N, 18.05.

7-(2',3'-Di-0-acetyl-4',6 '-dideoxy-/?-L-xy/o-hexopyrano- 
syl)theophylline (9). Compound 8 (1 ,0  g, 3.22 mmol) was dissolved 
in a mixture of acetic anhydride (5 ml) and pyridine (10 ml). After 45 
min at room temperature, the mixture was evaporated in vacuo, and 
toluene was distilled from the syrupy residue which then crystallized 
from ethanol to give 9 (1.2 g, 95%): mp 210-211 °C; [a]20D +25° (c 0.1, 
acetone); Amax 274 nm (e 7510); ir C = 0  (acetyl) 1740 cm-1; Rf 0.54 
(ethyl acetate).

Anal. Calcd for Ci7H22N40 7 : C, 51.77; H, 5.58; N, 14.4. Found: C, 
51.96; H, 5.61; N, 14.68.

6-Chloro-9-(2'-0-acetyl-4',6'-dideoxy-/3-L-xyio-hexopyrano- 
syl)purine (16). The same procedure was used as for compound 21 
except that 150 mg (0.46 mmol) of 10 was used and the solution was 
stirred for 20 min at —50 °C. After evaporation of the solvents the 
crude material crystallized from chloroform to give pure 16 (90 mg): 
mp 186 °C; [a]20D 0 (c 0.1, MeOH); Amax 264 nm (e 6500).

Anal. Calcd for Ci3C1Hi5N40 4: C, 47.8; H, 4.6; N, 17.15. Found: C, 
48.28; H, 4.76; N, 17.19.

The deuterio analogue was crystallized from chloroform, mp 190 
°C, Amax 264 nm (e 8000).

Anal. Calcd for Ci3C1Hi3D2N40 4: C, 47.5; H, 5.17; N, 17.04. Found: 
C, 47.02; H, 4.61; N, 16.62.

The acetylation of this deuterio nucleoside with acetic anhydride 
in pyridine gave 6-chloro-9-(2',3'-di-0-acetyl-2',3'-dideuterio- 
4',6'-dideoxy-d-L-xy/o-hexopyranosyl)purine, which crystallized from 
ethanol, mp 153°C.

Anal. Calcd for Ci5ClHi6D2N40 5: C, 48.58; H, 4.58; N, 15.11. Found: 
C, 48.63; H, 4.59; N, 15.43.

Preparation of Deuterio Analogues. These analogues were 
prepared by using deuterated or light solvents either with sodium 
borohydride or with sodium borodeuteride. The procedure applied 
was identical with that used for compounds 23,8, and 16.
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The anomeric methyl 2-deoxy-4-thio-D-eryi/iro-pentofuranosides (15, 16), which are useful precursors for the 
synthesis of 2'-deoxy-4'-thionucleosides, were prepared from the readily available methyl 2-0-benzyl-3-0-tosyl-/3- 
L-arabinopyranoside (1). Successive treatment, of 1 with sodium methoxide and 2-methoxypropene-HCl gave 
methyl 2,3-anhydro-4-0-(2-methoxyisopropyl)-/3-L-lyxopyranoside (4). Opening the anhydro ring in 4 with LiAlHr 
furnished, in high yield, a 12:1 mixture of the 2-deoxy (6 ) and 3-deoxy (7) acetals. Benzylation of 6  with benzyl bro
mide-sodium hydride and acetic acid hydrolysis gave methyl 3-0-benzyl-2-deoxy-d-L-fhreo-pentopyranoside (10). 
Tosylation or p-chlorobenzenesulfonylation of 10, followed by nucleophili displacement of the tosyloxy or p-chlo- 
robenzensulfonyloxy groups with potassium thioacetate, afforded methyl 3-0-benzyl-4-S-acetyl-4-thio-2-deoxy- 
a-D-erythro-pentopyranoside (12). Treatment of 12 with sodium-NH;i gave methyl 4-thio-2-deoxy-a-D-eryfhro- 
pentopyranoside (13), which was converted to a mixture of a and /3 anomers (15, 16) of methyl 2-deoxy-4-thio-D- 
erythro-pentofuranoside by acid methanolysis.

The preparation of anomeric methyl 2-deoxy-4-thio-D- 
eryt/iro-pentofuranosides (15, 16) has been described by 
Nayak and W histler . 1 '2 The synthesis, which starts from 
l,2:5,6-di-0-isopropylidene-a-D-glucofuranose and comprises 
15 steps, does not readily lend itself to the preparation of the 
relatively large amounts of the sugar intermediate needed for 
the synthesis of nucleosides. We have, therefore, developed 
a shorter route to the synthesis of 15 and 16.

The readily available starting material, methyl 2-O-ben- 
zoyl-3-O-p-toluenesulfonyl-d-L-arabinopyranoside (1), was 
prepared from methyl 2-0-benzoyl-/3-L-arabinopyranoside 
by a slight modification of the procedure of Reist et al.3 It has 
been reported that compound 1 when treated with 2 mol of 
sodium methoxide in methanol at room temperature for 18 
h gives an 80% yield of semicrystalline methyl 2,3-anhydro- 
/3-L-lyxopyranoside3 (2). In addition, Buchanan and Fletcher4 
showed that treatment of the 4-O-acetyl derivative of 1 with 
3 mol of sodium methoxide in methanol at room temperature 
for 6 h gave a 1:5.6 mixture of methyl 3,4-anhydro-/3-L-ara- 
binopyranoside and 2 in 61% yield; formation of the second 
epoxide derivative is thought to be due to migration of the 
epoxide. By modifying the reaction conditions, we were able 
to obtain a nearly quantitative yield of 2. Acetylation of 2, 
using acetic anhydride in pyridine, produced crystalline 
methyl 2,3-anhydro-4-0-acetyl-;3-L-lyxopyranoside (5) in 
quantitative yield. Treatment of compound 2 in a chloro
form-benzene solution with 2-methoxypropene,5 in the 
presence of a catalytic amount of hydrogen chloride, gave 
methyl 2,3-anhydro-4-0-(2-methoxyisopropyl)-d-L-lyxopy- 
ranoside (4) in 94% yield. For large-scale preparations of 4, it 
was more advantageous to introduce the acetal protecting 
group into 1, and subsequent treatment with sodium meth
oxide produced compound 4 in almost a quantitative yield. 
The NM R spectrum of 4 showed a singlet corresponding to 
two C-methyl groups and two singlets for two 0 -methyl 
groups. The signal for the anomeric proton appeared in the 
spectrum as a doublet at 5 4.93.

Anhydro-ring opening of 4 with lithium aluminum hydride 
in ether gave a 94% yield of a 12:1 mixture of 2-deoxy and 3- 
deoxy acetals 6 and 7 which were separated by silica gel 
chromaography. The structures of 6 and 7 were established 
on the basis of their NM R spectra which gave signals for two 
C-methyl and two O-mthyl groups, and signals for the ano
meric protons of 6 (d of d, J i_2,2' = 2.7 and 7.4 Hz) and 7 (d, 
J 1,2 = 3 Hz). It is interesting to note that compound 4 un
derwent LiAlH4 reduction predominantly at C-2, possibly due 
to steric hindrance of the large vicinal trans acetal group. For 
large-scale preparation, separation of 6 and 7 can be omitted.

Benzylation of the crude mixture of 6 and 7 with benzyl bro
mide-sodium hydride in dioxane, or benzyl bromide-sodium 
hydride in Me2SO, followed by mild acetic acid hydrolysis of 
the protecting acetal group, gave a mixture of methyl 3-0 - 
benzyl-2-deoxy-/3-L-ihreo-pentopyranoside (10) and methyl 
2-0-benzyl-3-deoxy-/j-L-i/ireo-pentopyranoside, from which 
10 was separated by fractional crystallization in 63 and 72% 
overall yield, respectively. No attempt was made to increase 
the yield of 10 by separation of mother liquors because of the

1 2 5

l

lia. R =  p-CH:,C,(H4S02 UAc
lib, R =  p-ClCASO, 14
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close similarity o f R /  o f 10 and its 3-deoxy isomer. Treatment 
o f 1 0  with p-toluenesulfonyl or p-chlorobenzenesulfonyl 
chloride in a chloroform -pyridine solution afforded methyl 
2 -d eoxy -3 -0 -b en zy l-4 -0 -(p -to lu en esu lfon y l)-/3 -L -ih reo - 
pentopyranoside (11a) or methyl 2 -d eoxy -3 -0 -ben zyl-4 -0 - 
(p -chlorobenzenesulfonyl) -/3-L-threo -pentopyranoside ( l ib ) ,  
respectively, in almost quantitative yields.

Nucleophilic displacem ent o f the secondary p-toluenesul- 
fonyloxy group with thioacetate1 •2’6,7 has been widely used for 
the introduction o f the thio groups into sugars. W hen polar 
and steric effects in the reacting systems are unfavorable, the 
reaction requires relatively high temperatures to proceed and 
may be accompanied by undesirable side reactions. Because 
the leaving capability o f  the arenesulfonyloxy group in nu
cleophilic displacement reactions increases with increasing 
electron-withdrawing power o f the substituents on the phenyl 
ring ,8 -10  the readily available p-chlorobenzenesulfonate 
should have a rate advantage over the corresponding tosylate. 
Displacement o f p-brom obenzenesulfonate or p-n itroben- 
zenesulfonate, which are also better leaving groups than is the 
tosylate, with thioacetate may be com plicated by aromatic 
ring substitution; these groups have been shown to undergo 
aromatic ring substitution in displacem ent reactions with 
sodium azide 10 and dim ethylamine . 11 Comparison o f 11a to 
l i b  in the reaction with potassium thioacetate showed that 
while the tosyloxy group required 110-117 °C and 24 h for its 
displacement, the p-chlorobenzenesulfonyl group could be 
displaced at 75-80 °C in 16 h. The yield o f  methyl 3-O -ben- 
zyl-4-S-acetyl-4-thio-2-deoxy-o'-D-eryihro -pentofuranoside
(12) from l i b  was 6 6 % as compared with a 45% yield o f  12 
obtained from 1 la  where the tosyl group was used. Deblocking 
o f the benzyl protecting group with concurrent removal o f the 
acetyl group in 12, using sodium in liquid NHa, gave a syrupy 
methyl 4-thio-2-deoxy-a-D -eryfhro-pentopyranoside (13). 
The ir spectrum o f 13 showed no absorption bands corre
sponding to the benzyl and thio acetyl groups. The presence 
o f the mercapto group was indicated by a positive nitroprus- 
side reaction 1 2 1 '1 and the absorption band at 2570 cm - 1  in the 
ir spectrum o f 13. P roof that 13 was not a “ dimer”  was further 
substantiated by preparation o f its di-O-acetyl derivative 14. 
The N M R  spectrum o f 14 gave signals for the O -acetyl and
S-acetyl groups. The presence o f the S-acetyl group was also 
shown by a characteristic absorption band at 1695 cm - 1  in the 
ir spectrum o f 14. Acid methanolysis o f 13 at a reflux tem 
perature afforded a mixture o f  a and (1 anomers o f methyl 
2-deoxy-4-thio-D-ery£hro-pentofuranosides (15 and 16) in 
96% yield.

E x perim en ta l S ection

Melting points were determined on a Thermolyne, No. MP-126000 
melting point apparatus and are not corrected. The NMR spectra 
were recorded on a Varian A-60 or X L-100 spectrometer using MejSi 
as the internal standard. Infrared spectra were recorded on a Per- 
kin-Elmer spectrophotometer. Optical rotation data were determined 
on a Perkin-Elmer 141 polarimeter. Solvents were removed under 
reduced pressure on a Buchler rotary evaporator. Thin layer chro
matography was performed on precoated plastic sheets (silica gel 
N-HR/UV954, Brinkman Instruments, Inc.), in the following solvent 
systems: (A) benzene-acetone (9:1); and (B) chloroform-methanol 
(10:1). The spots were detected by uv absorbance or by spraying the 
sheets with 10% (v/v) sulfuric acid-ethanol and heating. Column 
chromatography was run on silica gel (J.T. Baker No. 3405). Ele
mental analyses were performed by Robertson Laboratory, Florham 
Park, N.J.

Methyl 2-0-Benzoyl-3-0-(p-toluenesulfonyl)-/S-L-arabino- 
pyranoside (1). The following procedure was a modification of the 
method reported by Reist et al.:i Methyl 2-0-benzoyl-/f-l,-arabino- 
pyranoside (60 g, 0.224 mol) in pyridine (200 ml) was cooled below -10 
°C. To this solution was added dropwise with stirring and continued 
cooling a solution of p-toluenesulfonyl chloride (45.2 g, 0.236 mol) in 
anhydrous pyridine (200 ml), precooled to 0 °C. The reaction mixture 
was stirred at 0 °C for 16 h and then at room temperature for 7 h. TLC

(solvent A) showed four spots corresponding to starting material,
3,4-di-O-tosyl derivative, 3-O-tosyl derivative 1, and presumably the
4-0 -tosyl derivative of methyl 2-0-benzoyl-fi-I,-arabinopyranoside. 
The reaction was stopped by the dropwise addition of ice-water (800 
ml) with stirring. The mixture was then stirred at room temperature 
for 16 h. The precipitate, which contained largely the ditosyl by
product and some I was filtered and the filtrate was extracted with 
chloroform (4 X  200 ml). The chloroform extract was washed with 
dilute hydrochloric acid, water, saturated sodium bicarbonate solu
tion, and water. After drying (NaaSOd, it was evaporated to a syrup. 
Crystallization twice from methanol gave 48 g of 1, mp 112.5-112.7 
°C (lit.11111-113 °C).

Fractional crystallization of the precipitate portion from ethanol 
gave an additional 6 g of 1, the total yield of 1 being 54 g (57.5%).

Methyl 2,3-Anhydro-/8-L-lyxopyranoside (2). A chloroform (50 
ml) solution of methyl 2-0-benzoyl-3-0-(p-toluenesulfonyl)-/i-L- 
arabinopyranoside (1, 21 g, 49.8 mmol) was diluted with benzene (200 
ml) and the solution was then cooled to 0 °C. To this solution was 
added with stirring a precooled (0 °C) solution of sodium methoxide 
in methanol (50 ml containing 1.2 g, 52 mmol of sodium). The reaction 
mixture was kept at room temperature and the progress of the reac
tion was followed by TLC (solvent A). After completion of the reaction 
(4 h), the white precipitate (sodium p-toluenesulfonate) was filtered 
and washed with benzene and ether. The combined filtrate-and 
washings were concentrated to a syrup. Methyl benzoate was removed 
at 40 °C (10- 2  mmHg). Methyl 2,3-anhydro-d-L-lyxopyranoside (2) 
crystallized readily from ethyl acetate-petroleum ether as long needles 
(7.15 g, 98%): mp 71-72 °C (lit. 65-66,4 70-70.5 °C3); NMR (ace- 
tone-di;) 3.37 (s, 3 H, OCH:!), 4.85 (d. 1 H, J 1,2 = 3 Hz, H-l).

Methyl 4-0-Acetyl-2,3-anhydro-/3-L-lyxopyranoside (5). 
Compound 2  (2.54 g) was acetylated overnight at room temperature 
using pyridine (50 ml) and acetic anhydride (10 ml). The excess acetic 
anhydride was decomposed by addition of methanol. The reaction 
mixture was poured into ice water and extracted with benzene (3 X  
50 ml). The benzene solution was washed successively with cold dilute 
hydrochloric acid, water, sodium bicarbonate solution, and water. It 
was dried (NaaSOd and concentrated to a syrup which crystallized 
slowly on storing in a desiccator over P2O5: mp 30-31 °C; [cv]2r,D 
+92.8° (c 1.0, CHC1:1) lit.4 [a]D +81.7°); NMR (CDCW 5 2.14 (s, 3 
H, CH:!C = 0 ), 3.46 (s, 3 H, OCH:1), 3.37-4.00 (4 H, H-2, H-3, and H-5),
4.95 (d, 1 H, J  1,2 = 3.0 Hz, H-l), 5.08 (br s, 1 H, H-4).

Methyl 2 -0 -B en zo yl-3 -0 -p -to lu en esulfo n yl-4 -0 -(2-m e- 
thoxyisopropyl)-/3-L-arabinopyranoside (3). Compound 1 (41 g) 
was dissolved in a mixture of alcohol-free chloroform (10 0  ml) and 
anhydrous benzene ( 1 00 mi) with stirring. To this solution was added 
2-methoxypropene (50 g) followed by 5 drops of chloroform saturated 
with gaseous hydrogen chloride. After 1 h at room temperature, the 
reaction was completed as shown by TLC (solvent A). The reaction 
mixture was neutralized by the addition of triethylamine (1 ml) and 
concentrated to a syrup. On addition of absolute ethanol, 3 crystallized 
readily, mp 118-119 °C. The yield was quantitative: [a p ’D +198.3° 
(c 2.9, CHCW; NMR (CDC1:1) 5 1.41 (s, 6 H, 2 CCH,), 2.29 (s, 3 H, tosyl 
CH;i), 3.30 and 3.33 (two s, 6 H, 2 OCR,), 3.77 (m, 2 H. H-5), 4.35 (m, 
1 H, H-4), 4.88-5.63 (m, 3 H, H-l, H-2, and H-3), 6.98-7.88 (m, 9 H. 
aromatic). Anal. Calcd for GyRioOgS: C, 58.3; H, 6.11; S, 6.48. Found: 
C, 58.1; H, 6 .1 ; S. 6 .6 .

Methyl 2,3-Anhydro-4-0-(2-methoxyisopropyl)-/?-L- 
lyxopyranoside (4). A. From 3. Compound 3 (51 g, 0.103 mol) was 
dissolved in anhydrous benzene (500 ml) and the solution was cooled 
toO °C. To this solution was added with stirring a methanolic sodium 
methoxide solution (2.5 g, 0.109 mol of sodium in 125 ml of anhydrous 
methanol) which was precooled to 0 °C. The reaction mixture was 
kept at room temperature for 5 h. The precipitate (sodium tosylate) 
was filtered and washed with anhydrous benzene. The combined fil
trate and washings were evaporated to a syrup, redissolved in benzene 
(1 1.), washed with a small amount of water (50 ml) saturated with 
sodium chloride, and evaporated to a syrup. Methyl benzoate was 
removed at 40 °C (10—- mmHg). The product crystallized as white 
needles during the evaporation: mp 48.5-49 °C; yield 21.7 g (96.5%); 
[« P ’D +56.5° (c 3.3, CHCl:t); NMR (CDCl:l) <5 1.42 (s, 6 H, 2 CCH;!),
3.26 and 3.45 (two s, 6 H, 2 OCR,), 4.93 (d, 1 H, J h2 = 2.2 Hz, H -l). 
Anal. Calcd for CmHisOs: C, 55.0; H, 8.31. Found: C, 54.8; H, 8.4.

B. From 2. Compound 2 (7.3 g, 0.05 mmol) was dissolved in alco
hol-free chloroform (20 ml) and anhydrous benzene (10 ml). To this 
solution was added 2 -methoxypropene (10  g) and a drop of chloroform 
saturated with hydrogen chloride gas. After 1 h at room temperature, 
triethylamine (1  ml) was added and the solution was evaporated to 
a syrup at a bath temperature below 25 °C. The syrup was dissolved 
in absolute alcohol and cooled to 0 °C to give 4 as long needles (10.3 
g, 94%), mp 47-48 °C.
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Methyl 2 -I)eoxy-4-O-(2-methoxyisopropyl)-/3-L-three-pen- 
topyranoside (6) and Methyl 3-Deoxy-4-0-(2-methoxyisopro- 
pyl)-/3-L-threo-pentopyranoside (7). Lithium aluminum hydride 
(9 g) was suspended in anhydrous ether (500 ml) in a 2-1. three-necked 
round-bottomed flask which was equipped with a stirrer, a dropping 
funnel, and a reflux condenser. To the stirred suspension was added 
dropwise a solution of 4 (21.8 g, 0.1 mol) in anhydrous ether (500 ml) 
in such a way as to produce gentle refluxing. After 3 h, TLC (solvent 
A) showed that the starting material disappeared. The excess hydride 
was decomposed by the dropwise addition of ethyl acetate followed 
by water. The white precipitate was filtered and washed thoroughly 
with ethyl ether. To the combined filtrates was added solid sodium 
chloride (20 g) and the mixture was extracted with benzene (4 X 100 
ml). The benzene extract was evaporated to give a crude syrupy 
mixture of 6 and 7 (20.8 g, 94.4%). A portion (2  g) of this mixture was 
separated by chromatography on a dry silica gel column, eluted with 
a benzene-ethyl acetate-triethylamine (1 0 :1 :1 ) mixture to give syrupy 
products 6 (1.8 g) and 7 (0.15 g). For 6 : NMR (acetone-d6) 5 1-35 (s, 
6 H, 2 CCH:i), 3.21 and 3.35 (two s, 6 H, 2 OCH3), 4.48 (d of d, 1  H, 
J  1-2,2' = 2.7 and 7.4 Hz, H-l). Anal. Calcd for C10H20O5: C, 54.53; H,
9.15. Found: C, 55.9; H, 9.1. For 7: NMR (acetone-d6) 5 1.30 (s, 6 H, 
2 CCH:i), 3.2 and 3.35 (two s, 6 H, 2 OCH3), 4.52 (d, 1  H, J x 2 = 3 Hz, 
H-l). Anal. Calcd for C io^oO ^G eH g: C, 57.60; H, 9.03. Found: C, 
57.7; H, 8.9.

Methyl 2-Deoxy-3-0-benzyl-/3-L-threo-pentopyranoside (10).
A. By Benzylation of 6 and 7 with Benzyl Bromide-Sodium Hy
dride in Dioxane. To a crude mixture of 6 and 7 (20.75 g), dissolved 
in freshly distilled dioxane (250 ml), was added sodium hydride (20 
g of 50% oil dispersion, washed with anhydrous ethyl ether and dried 
under reduced pressure) and the reaction mixture was stirred at room 
temperature under nitrogen overnight. To this cooled (5 °C) reaction 
mixture was added dropwise benzyl bromide ( 10  ml) with stirring and 
cooling. The reaction mixture was kept at room temperature for 24 
h and cooled to 5 °C, and more prewashed sodium hydride ( 10  g) 
followed by benzyl bromide (10 ml) was added. This procedure was 
repeated two more times at 24-h intervals. After 7 days, when the 
reaction was completed as shown by TLC (solvent A), triethylamine 
(30 ml) was added to the reaction mixture to convert the excess benzyl 
bromide into quaternary amine salt and the excess sodium hydride 
was decomposed by addition of water while the reaction mixture was 
kept cool by an ice-water bath. The mixture was saturated with solid 
sodium chloride and extracted with benzene (4 X 300 ml). The ben
zene solution was dried (Na2S04) and concentrated at a bath tem
perature of 30 °C to a syrup. The syrup was dissolved in 80% acetic 
acid (50 ml) and stirred at room temperature for 10 min. The reaction 
mixture was evaporated to a syrup which was coevaporated with 
toluene to remove residual acetic acid. Fractional crystallization of 
the residue from benzene-cyclohexane gave 14.2 g (63.3%) of 10 as 
white needles, mp 73-73.5 °C, [a]25D +95.9° (c 1.0, CHCI3).

. B. By Benzylation of 6 and 7 with Benzyl Bromide-Sodium  
Hydride in Me2SO. Sodium hydride (12 g, obtained from 25 g of a 
50% oil dispersion) was added in small portions to a solution of a crude 
mixture of 6 and 7 in freshly distilled Me2SO (200 ml) under nitrogen 
with stirring and cooling in an ice bath. After 4 h, benzyl bromide (10 
ml) was added dropwise to the cooled mixture which was then stirred 
at room temperature for 6 -8  h. Sodium hydride (12 g) followed by 
benzyl bromide (15 ml) were added to the reaction mixture, cooled 
in an ice bath and the mixture then was stirred at room temperature 
for 6 -8  h. This procedure was repeated two more times. Triethylamine 
(30 ml) and water were added to the reaction mixture followed by 
saturation with solid sodium chloride. Extractions of the mixture with 
chloroform (4 X 300 ml) and evaporation of the chloroform solution 
under reduced pressure (10—2 mmHg) and at a bath temperature of 
70 °C gave a syrupy residue which was treated with 80% acetic acid 
(50 ml) at room temperature for 10 min. The reaction mixture was 
worked up as described under A benzylation to give 20.7 g (72%) of 
crystalline 10: mp 73-74 °C; NMR (CDCI3) b 1.65 and 2.24 (two m, 
2 H, H-2), 3.48 (s, 3 H, OCH3), 4.39 (d of d, 1 H, = 2.8 and 8.2 
Hz, H -l), 4.62 (d of d, 2 H, J =  12 Hz, benzylic H), 7.34 (br s, 5 H, ar
omatic H). Anal. Calcd for C 13H 18O4: C, 65.52; H, 7.61. Found: C, 65.8; 
H, 7.5.

Methyl 2-D eoxy-3-0-benzyl-4-0-(p-toluenesulfonyl)-d-L- 
threo-pentopyranoside (11a). To a solution of compound 10 (3.87 
g, 16.2 mmol) in alcohol-free chloroform (3 ml) and dry pyridine (50 
ml) was added a solution of p-toluenesulfonyl chloride (15 g, 78.6 
mmol) in alcohol-free chloroform ( 10  ml) and dry pyridine ( 10 0  ml), 
and the reaction mixture was stirred for 24 h, when TLC (solvent A) 
showed that the reaction was completed. The reaction mixture was 
cooled and poured into 500 ml of ice and water and the mixture was 
stirred at room temperature for 16 h. The mixture was then extracted

with chloroform (4 X 100 ml) and the combined chloroform extracts 
were washed with cold hydrochloric acid, water, dilute sodium bi
carbonate solution, and finally with water until neutral. The solution 
was dried (Na2S0 4 ) and evaporated to yield a syrup which crystallized 
from 95% ethanol: yield 6.26 g (98.5%) of 11a  as small needles; mp
75-76 °C; [a]25D +48° (c 1.0, CHC13); NMR (CDCI3) b 1.66 and 2.27 
(two m, 2 H, H-2), 2.40 (s, 3 H, tosyl CH3), 3.40 (s, 3 H, OCH3), 3.61 
(m, 1 H, H-3), 4.36-4.56 (3 H, benzylic and H-l, overlap), 7.20-7.80 
(m, 9 H, aromatic H). Anal. Calcd for CooH2406S: C, 61.2; H, 6.16; S,
8.17. Found: C, 61.0; H, 6.2; S, 8.0.

Methyl 2-D eoxy-3-0-benzyl-4-0-(p -chlorobenzenesul- 
fonyl)-/3-L-(Areo-pentopyranoside (lib ), l ib  was prepared from 
10 (6 g, 0.025 mol) and p-chlorobenzenesulfonyl chloride (30 g, 0.142 
mol) by the procedure used for the preparation of 11a: yield 1 1 . 2  g 
(98%); mp 126-127 °C; |«]25D +56.7° (c 1.0, CHCl;i); NMR (CDC13) 
b 1.68 and 2.22 (two m, 2 H, H-2), 3.44 (s, 3 H, OCH3), 3.59 (m, 1 H, 
H-3), 4.34-4.62 (3 H, benzylic and H-l, overlap), 7.12-7.88 (m, 9 H, 
aromatic H). Anal. Calcd for C19H21O6SCI: C, 55.3; H, 5.13; S, 7.77; 
Cl, 8.59. Found: C, 55.3; H, 5.2; S, 8.0 ; Cl, 8 .8.

Methyl 2 -D eo x y-3-0 -b en zyl-4 -S -acetyl-4 -th io -a-D -
erythro-pentopyranoside (12). Fjrom 11a. Compound 11a  (2.5 g,
25.6 mmol) and freshly recrystallized potassium thioacetate (2.92 g,
25.6 mmol) were stirred in freshly distilled DMF (50 ml) at an oil bath 
temperature of 117 °C under a current of dry nitrogen for 24 h. The 
reaction mixture was cooled to 0 °C and poured with stirring into dry 
xylene (150 ml). After 16 h at room temperature, the precipitated salts 
were filtered and washed with dry xylene. The combined filtrates were 
evaporated to a syrupy residue at a bath temperature of 40 °C. Ex
traction of the residue with n -heptane (4 X 50 ml) and evaporation 
of the heptane solution gave a syrup, which was dissolved in dry 
pyridine (20 ml) and cooled to 0 °C. Acetic anhydride (5 ml) was added 
to this solution, and the reaction mixture was stirred at room tem
perature for 16 h. The mixture was then poured with stirring into 
ice-water (50 ml) and stirring was continued at room temperature for 
16 h. The mixture was extracted with chloroform and the extract was 
washed with water (2 X 10 ml), dried (Na2S04), and evaporated to a 
syrup. Crystallization of this syrup from 95% ethanol gave compound 
12 (0.85 g, 45%) as long needles: mp 69.5-79 °C; [n]25D +13.4° (c 1.0, 
CHCI3); NMR (CDCI3) b 1.86 (m, 2 H, H-2), 2.38 (s, 3 H, thioacetyl 
H), 3.46 (s, 3 H, OCH3'), 4.42 (d of d, 1 H, J U2#  = 7.0 and 3.5 Hz, H-l),
4.58 (s, 2 H, benzylic H), 7.36 (br s, 5 H, aromatic H). Anal. Calcd for 
Ci5H2o0 4S: C, 60.8; H, 6.80; S, 10.8. Found: C, 60.7; H, 6.9; S, 10.8.

B. From lib . Compound l ib  (20 g, 48.4 mmol) was stirred with 
potassium thioacetate (20 g, 175 mmol) in dry DMF (200 ml) at 75-80 
°C in an oil bath under a current of dry nitrogen for 16 h. The reaction 
mixture was worked up as described above. The yield of 12 was 9.5 
g (6 6 .2%), mp 69-70 °C.

Methyl 2-Deoxy-4-thio-a-D-eryt/u-o-pentopyranoside (13) 
and Methyl 2 -D e o x y-3-0 -a ce tyl-4 -S ’-acetyl-4-th io -a-D - 
eryihro-pentopyranoside (14). Ammonia (200 ml), distilled from 
sodium, was added to a solution of 12 (3.25 g, 11 mmol) in 1,2 dime- 
thoxyethane (20  ml) under nitrogen with stirring at a temperature 
of —78 °C (acetone-dry ice bath). Freshly cut sodium was added in 
small pieces (70-150 mg) to the stirred solution until the blue color 
of the solution persisted for 30 min. The excess sodium was decom
posed by the addition of solid ammonium chloride, and ammonia was 
allowed to evaporate in a current of dry nitrogen. The mixture was 
extracted with chloroform (4 X 50 ml) and filtered and the solid 
washed with chloroform (2 X 10 ml). The combined filtrates were 
evaporated to a syrup (1.3 g). The ir spectrum of 13 showed no benzyl 
and thioacetyl absorption bands, whil it gave mercapto and hydroxy 
group absorption bands at 2570 and 3500 cm-1, respectively. Com
pound 13 gave also a positive nitroprusside reaction.

Syrupy 13 (1.3 g) was acetylated with acetic anhydride (5 ml) in 
pyridine (15 ml) at room temperature overnight. Workup of the re
action gave 14 as syrup in quantitative yield: ir (film) 1695 (-SAc), 
1740 cm- 1  (-OAc); [a]25D +114.4° (c 1.03, CHCI3); NMR (acetone-d6) 
b 1.93 (s, 3 H, acetyl), 2.33 (s, 3 H, thioacetyl), 3.37 (s, 3 H, OCH3), 4.57 
(d of d, 1 H, J u 2 2' = 5.6 and 3.4 Hz, H-l). Anal. Calcd for Ci0H 16O5S: 
C, 48.37; H, 6.50; S, 12.9. Found: C, 48.4; H, 6.7; S, 13.1.

Methyl 2-Deoxy-4-thio-/3- and a-D-erythro-pentofuranosides 
(15 and 16). Methyl 2-deoxy-4-thio-a-D-eryihro-pentopyranoside 
(13, 6.5 g) was dissolved in 0.1% methanolic HC1 solution (500 ml) and 
the solution was refluxed under nitrogen for 90 min, when TLC (sol
vent B) showed that the reaction was completed. The solution was 
cooled to room temperature and neutralized with solid lead carbonate. 
The precipitate was filtered and washed thoroughly with methanol. 
Evaporation of combined filtrates gave a syrupy mixture of 15 anu 
16 which was separated by dry silica gel column chromatography using 
solvent B as the eluent to give methyl 2-deoxy-4-thio-«-D-erythro-
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pentofuranoside (16, 2.39 g, 37%), [a]25D +315.6° (c 1.08, CHCfJ [lit.2 
[a]25D +314° (c 1, CHCI3)], and methyl 2-deoxy-4-thio-j-D- 
eryth-o-pentofuranoside (15, 3.86 g, 59.5%), [o]25D —278° (c 1.02, 
CHC1:,) (lit.2 H 25D -277.6°).
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Reduction of Ketones with Incorporation of Deuterium at the 
a  Position. Anomalous Reduction of Keto Sugar Derivatives1 ’ 2
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Reduction of the 3-keto sugar methyl 2-0-acetyl-4,6-0-benzylidene-a-D-n6o-hexopyranosid-3-ulose (1) with so
dium borohydride in moist methanol proceeded stereospecifically to the allose derivative (2) having the 3-hydroxyl 
group axially oriented. Use of sodium borodeuteride under similar conditions gave the corresponding labeled ana
logue (characterized as its diacetate 11) deuterated completely and exclusively at C-3, indicating equatorial attack 
on 1 by the reductant. In contrast, when the reduction was performed in dry 2-propanol, there resulted a 1:1 mix
ture of the axial 3 alcohol (alio derivative 2) nd the equatorial 3 alcohol (gluco derivative 3). When the latter reduc
tion was repeated with sodium borodeuteride in dry 2 -propanol, the alio product was again found to be labeled com
pletely and exclusively at C-3 (as shown by the NMR spectrum of its diacetate 11), but the gluco product 3 (studied 
as its diacetate 12) was found to be fully protiated at C-3 and fully deuterated at C-2. The labeling experiments thus 
show that the gluco product 3 arises not by axial attack of the reductant at the ketonic (C-3) position of the precur
sor (1), but by stereospecific attack at the a position (C-2) of a presumed enediolic intermediate derived from 1. The 
ready generation of a 2,3-enediol from 1 is demonstrated by preparation of the enediol diacetate 4. Lithium alumi
num hydride in tetrahydrofuran and sodium borohydride in N.lV-dimethylformamide both reduce 1 exclusively 
to the axial 3 alcohol 2. Zinc borohydride in 1,2-dimethoxyethane reduced 1 without cleavage of the 2-O-acetyl 
group to give mainly the alio product (8 ), together with a small proportion of gluco derivative (9). These results in
dicate the need for caution in interpreting results of label incorporation through reduction as a means of locating 
carbonyl groups in sugar derivatives, at least when dry alcoholic media are used. The results also suggest useful 
possibilities for synthesis of specifically labeled sugars.

The reduction o f sugar derivatives having one free ketonic solvent used, reduction may take place exclusively (as is 
group gives mixtures o f two secondary alcohols, isomeric at 
the original carbonyl position, in relative proportions strongly 
controlled by steric factors. The sequence o f oxidation -re
duction is com m only used3 to prepare alcohols o f inverted 
stereochemistry from the precursor and for “ marking”  the site 
o f oxidation with deuterium or tritium by use o f appropriately 
labeled reductants.4,5 The present report developed on the one 
hand from a program6'7 designed to furnish specifically labeled 
sugars o f  use as biochemical probes and for interpretation o f 
com plex N M R  and mass spectral patterns, and on the other 
from  studies8 -10  concerning the mechanism whereby metal 
salts protect cellulose from  oxidative degradation during 
bleaching.

This study describes the use o f  a m odel ketone, methyl 2 -
0-acetyl-4 ,6-0-benzylidene-a-D -nbo-hexopyranosid -3-u l- 
ose 13 ,1 1 ( 1 ), and related derivatives for evaluation of the regio- 
and stereoselectivity o f  its reduction with deuterated hydride 
reductants. It is shown that, according to the nature o f  the

usually supposed) at the carbonyl group, or alternatively by 
attack at the position a to the carbonyl group, to give con
currently the corresponding «-labeled derivative.

Results and Discussion

Reduction of methyl 2-0-acetyl-4,6-0-benzylidene-«-D- 
ribo-hexopyranosid-3-ulose (1) with sodium borohydride in 
aqueous methanol gave methyl 4,6-O-benzylidene-a-D-allo- 
pyranoside (2), iolated in near-quantitative yield, as a chro- 
matographically homogeneous dihydrate. The product was 
further characterized as the anhydrous compound by re
crystallization from benzene. Conversion of 2 under essentially 
nonacidic conditions into methyl 4,6-0-benzylidene-2,3-0- 
isopropylidene-a-D-allopyranoside (5) served to establish the 
2,3-cis geometry of the reduced product. Furthermore, hy
drolysis of 2 led exclusively to D-allose, detected chromato- 
graphically on paper and clearly differentiated from either 
glucose, mannose, or galactose. The free sugar obtained by
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Scheme I

NaBH4 ,
1 ----------------------------- —  2

t-^O-McOH ~~

hydrolysis was also firmly characterized as the crystalline 
phenylosazone. The syrupy 2,3-diacetate (6) of 2 gave an 
NMR spectrum in benzene-dg (see Tables I and II) consistent 
with the alio configuration; in particular the characteristic 
chemical shifts and spin couplings of H -l, H -2, and H-3 stand 
in clear contrast to values for the corresponding D-gluco 
product (7). It may be noted that 2 was quite difficult to 
acetylate to completion; conventional acetylation conditions 
gave mainly a monoacetate.

Similarly, when 1 was reduced with lithium aluminum hy
dride in tetrahydrofuran or with sodium borohydride in 
methanol TV,¿V-dimethylformamide,11 the product was that
(2) having the D-allo configuration. As would be expected, the 
sole product of these hydride reductions is that isomer which 
arises via quasi-equatorial attack of the hydride species from 
the apparent less hindered side of the carbonyl group. Sodium 
borohydride in either methanol or methanol-iV,iV-dimeth- 
ylformamide11 evidently exerts sufficient base strength to 
remove the 2-O-acetyl group.

In sharp contrast to the foregoing results, reduction of the 
ketone 1 in dry 2-propanol, a solvent frequently used in kinetic 
studies12 of reductions by borohydride, gave (after removal 
of the acetyl groups) an approximately 1:1 mixture of two 
products that were found to be the D-allo derivative 2 and its 
3 epimer, namely, methyl 4,6-O-benzylidene-a-D-glucopy- 
ranoside (3). Each product was isolated and characterized on 
a crystalline basis. Conversion of these into their respective 
diacetates 6 and 7 permitted a first-order NMR spectral 
analysis of the ring-proton signals. The spectrum of 7 at 250

L 1AIH4 ,
1 ----------------------------- — 2

tatrahy drofuran —'
MHz in benzene-dg was identical with that of the product 
obtained upon acetylation of the reduction products described 
in the preceding paragraphs.

The use of zinc borohydride in dry 1,2-dimethoxyethane 
gave 64% of crystalline methyl 2-0-acetyl-4,6-0-benzyli- 
dene-o-D-allopyranoside (8), identified by NMR spectroscopy 
(see Tables I and II) and by conversion into the diacetate 6, 
together with 14% of the known14’15 methyl 2-0-acetyl-4,6-
O-benzylidene-a-D-glucopyranoside (9). Interestingly, this 
reduction procedure affords products in which the 2-O-acetyl 
group is retained. Thus it might be supposed at this point that 
the formation of both 2 (or 8) and 3 (or 9) could arise from 
attack of the hydride species on 1 from the equatorial and axial 
directions, respectively.

However, examination of the diacetates of the products 
from the reduction of 1 with sodium borodeuteride in dry 2- 
propanol revealed that, whereas the D-allo isomer 11 was la
beled (as expected) exclusively at C-3, the D-gluco isomer 12 
was monodeuterated in the 2 position, and not (as might be 
expected) at C-3. The crystalline diacetate 12 was identified 
by comparison of its melting point and optical rotation with 
those of the known13 unlabeled compound 7. The NM R  
spectrum of 12 in deuterated benzene (see Table I) was 
identical with that13 of compound 7, except that no H-2 res
onance was observed, and the H -l signal had become a singlet 
(loss of J  1,2 proton-proton coupling) and the H-3 signal was 
evident as a doublet (loss of J2,2, proton-proton coupling), thus 
pinpointing the substitution by deuterium at C-2. A similar 
NM R analysis was conducted on the D-allo diacetate, where
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no H-3 signal was observed, and H-2 resonated as a doublet 
(with loss of J2,3 proton-proton coupling); the H-4 signal was 
not distinct because of overlap with other signals. The mass 
spectra of both 11 and 12 showed molecular ions at mle 367, 
one unit higher than for their nondeuterated analogues.

In a further extension to a related example, the 2-0-benzoyl 
analogue of 1, namely, methyl 2-0-benzoyl-a-D-rtho-hexo- 
pyranosid-3-ulose (10), was reduced under conditions iden
tical with those used for the reduction of 1. After 0-deben- 
zoylation and subsequent acetylation of the products, there 
was obtained an approximately 1:8 mixture of the D-allo (11) 
and D-gluco (12) diacetates. These were separated by column 
chromatography and identified by NM R spectroscopy. Ap
parently, relative to the acetoxy group, the benzoyloxy group 
at C-2 facilitates deuterium incorporation at that carbon 
atom.

Such anomalous incorporations of deuterium a to the ke
tone group appear to be novel. Related precedent is evident 
in at least two publications that have documented epimeri- 
zations, a to a ketone group, occurring during reduction with 
borohydride. One example16 cites the epimerization, with 
sodium borohydride in methanol, of a bicyclic ketone having 
a very acidic «-hydrogen atom. A later publication17 describes 
the epimerization of menthone, 3-thujone, and 3-isothujone 
at the a position as each is reduced by sodium borohydride in 
anhydrous solvents. Moreover, it was found17 in the latter 
studies that the addition of at least 5% of water to the solvent 
was sufficient to inhibit the epimerization, an observation that 
led the investigators to conclude that a very strongly basic 
species exists in anhydrous alcoholic or ethereal solutions of 
sodium borohydride.

Prompted by the latter findings, both compounds 1 and 10 
were reduced with sodium borodeuteride in 19:1 2-propa
nol-water. The product, isolated as its diacetate, was found 
to be entirely the D-allo derivative 11, having deuterium in
corporation exclusively at C-3. No D-gluco isomer (12) was 
evident, despite careful examination of the products by TLC  
and NMR spectroscopy.

The classical reduction mechanism readily accounts for the 
formation of 11, but the D-gluco-2-d product 12 must arise via 
attack of the reductant at C-2. Possibly, in the dry solvent 
containing a base (such as BD4~), an enol A might become the 
substrate, with attack of the hydride from the upper face of 
the molecule to give, under product-development control, the 
D-gluco-2-d isomer B. Such a process would be favored in 
terms of release of steric strain in the species A, and may help 
to account for the fact that the 2-benzoate 10, having a more 
bulky 2 substituent, gives rise to ~80%  of the D-gluco-2-d 
product, compared with only ~50% with the 2-acetate 1. That 
no D-manno product is found may be explained on steric 
grounds; the axial methoxyl group presumably offers suffi
cient hindrance to prevent approach of the hydride species 
from the underside of the molecule. The foregoing mechanism 
invokes a nucleophilic attack on an enediol intermediate, 
normally considered to be an unfavorable process, and other 
possible mechanisms should also be considered. Anchimeric 
participation by the 2-0 -acyl group is one such possibility, but 
such a mechanism by way of a 2,3-ortho ester type of inter
mediate is difficult to reconcile with the observed D-gluco (and 
not D-allo) stereochemistry of the 2-deuterated product 12. 
Further experimental work will be necessary to test the vari
ous possible mechanistic hypotheses.

No enolization between C-3 and C-4 was evident in these 
reactions. Steric factors would probably exert some impedance 
to development of sp2 hybridization at the ring-fusion position 
(C-4), but inductive stabilization by the 2-acyloxy group is 
probably the most important factor influencing formation of 
the 2,3-enol. The 2-benzoyloxy group would be the more ef
fective intermediate of the two 2-acyloxy groups for such
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Table II. First-Order Proton-Proton Coupling Constants“

Compd Solvent V 1,2 J 2,3 s-, CO V J\,h Jbfi Jb,6‘ J 6,6'

l 6 CDC13c 4.25 d d e e e e
2 c6d 6/ 4 3 . 8 3 . 8 1 0 5 1 0 1 0

3 (CD3)2SO“ 3.8 e e e e e e
4 CDCl3t 9 . 1 4 . 6 1 0 . 0 1 0 . 3

5 CDCl3f 4.7 5 . 8 3 . 7 1 0 . 0 5 . 0 1 0 . 5 1 0 . 5

6 c6d 6c 4.1 3 . 5 3 . 5 9 . 5 e e e
11 CeDe'- 4.1 d d 9 . 5 5 . 0 1 0 . 0 1 0 . 0

7 s CeD6c 4.0 10.0 10.0 1 0 . 0 5 . 0 1 0 . 0 1 1 . 2

12 c6d 6/ d d 10.0 1 0 . 0 5 . 0 1 0 . 0 1 1 . 2

8 CDC13c 4.0 4.5 2.6 9 . 5 5 . 0 9 . 4 9 . 4

8 (3-deut) CDCIs'1 4.0 d d 9 . 5 5 . 0 9 . 4 9 . 4

9 CDC1/ 4.5 4.5 e e e e e
10 CDCl3ft 4.4 d d e e e e
13 CDCl3t d d 1 0 . 9 9 . 1 5 . 0 1 0 . 0 1 0 . 0

“ Coupling constants are given in hertz. 6 Shows c/2 ,4  = 1-25 Hz.c At 100 MHz. d Nonexistent proton for coupling. e Not measured 
because of second-order effects. 1 At 250 MHz. s See ref 13. h At 90 MHz.

Scheme III

A B

OII
R = M<zC-

OII
10, R = PhC-
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stabilization. Acetylation of 1 under vigorous conditions (hot 
acetic anhydride-pyridine) gave 74% of the crystalline enediol 
d;acetate 4, whose NMR spectrum clearly indicated that the 
site of unsaturation was C-2-C-3 and not C-3-C-4.

In a further study related to the reduction of the glycos-
3-uloses 1 and 10, the borodeuteride reduction of methyl 3-
0-acetyl-4,6-0-benzylidene-a-D-arabmo-hexopyranosid- 
2-ulose (13), prepared by oxidation of its alcohol precursor15 
with acetic anhydride-methyl sulfoxide, was examined. In 
both aqueous methanol and dry 2-propanol, only the D- 
gluco-2-d product was detected. Similar results have been 
observed18 on reducing the ketone 13 with sodium borohy- 
dride in methanol-JV.IV-dimethylformamide. In this instance, 
the failure to detect any significant proportion of C-3-labeled 
product may arise from steric hindrance by the axial methoxyl 
group at C-l, which would be expected to inhibit axial attack 
by the reagent at C-3 of an enolic intermediate. Vigorous 
acetylation of 13 converted it into the enediol diacetate 4.

The foregoing results point out the need for caution in as
signing structures to products arising from the reduction of 
carbohydrate ketonic intermediates when dry solvents are 
employed. The use of solvents that contain at least 5% of water 
appears to be necessary to ensure labeling exclusively at the 
carbonyl carbon atom. On the other hand, the use of dry sol
vents may provide some new procedures for the synthesis of 
specifically labeled sugars heretofore accessible only with 
difficulty.

Experimental Section

General Methods. Evaporations were performed on a rotary 
evaporator at 45 ± 5 °C. Melting points were measured either on a 
microscope hotstage (Leitz) or in a capillary melting point apparatus 
(Hoover) and are not corrected. Optical rotations were determined 
either with a Quick-Polarimeter (Roussel and Jouan) or a Perkin- 
Elmer Model 141 spectropolarimeter. NMR spectra were recorded 
at either 90,100, or 250 MHz with respectively Briiker WH-90, Varian 
HA-100, or Cameca-250 instruments; chemical shifts are reported on 
the <5 scale (ppm) downfield from the internal standard of tetra- 
methylsilane. Mass spectra (70 eV ionizing voltage) were determined 
with an AEI-MS9 instrument. Thin layer chromatography was per
formed with silica gel G (Merck), and column chromatography with 
silica gel 60 (Merck), 70-230 mesh (gravity flow) or <200 mesh (me
dium pressure in 316 stainless-steel columns at 6-10 atm). Solvents 
used were A, 3:1 dichloromethane-ether; B, 9:1 ether-hexane; C, 1:1 
ether-hexane; or D, 7:3 chloroform-acetone.

General Procedure for Acetylation. To a solution of the alcohol 
in pyridine was added acetic anhydride with stirring. The mixture was 
stirred at room temperature, with protection from moisture, for the 
indicated time, after which the reaction was terminated by the ad
dition of ice, with further stirring for 0.5-1 h. Volatile materials were 
evaporated off, and small portions of toluene were evaporated two 
to five times from the residue to remove traces of pyridine. The 
product was then dissolved in a small volume of chloroform or di- 
chloromethane, washed sequentially with equal volumes of water, 
saturated aqueous sodium hydrogen carbonate, and water, and then 
dried (magnesium sulfate or sodium sulfate), to give, after evaporation 
of the solvent, a product that was processed, either by chromatogra
phy or crystallization, to give the pure acetate.

General Procedure for Processing Borohydride Reduction 
Reactions. After the reduction procedure indicated and decompo
sition of the excess reagent, the solvent was evaporated off, and 
methanol was repeatedly evaporated from the residue to remove boric 
acid as the volatile methyl borate. The product was thendissolved in 
chloroform or dichloromethane, washed with water, and the organic 
extract was dried (magnesium sulfate or sodium sulfate). The solvent 
was then evaporated and the product was either chromatographed 
or crystallized to give the pure compound.

Reduction o f Methyl 2 -0 -Acetyl-4,6 - O-benzylidene-a-D- 
riho-hexopyranosid-3-ulose (1). A. With Sodium Borohydride 
in Aqueous Methanol. To a stirred solution of 800 mg (2.48 mmol) 
of the hexulose 1 in 90 ml of methanol was added 150 mg (3.58 mmol) 
of a solution of sodium borohydride in water. After 3 h, the solution 
was neutralized with a stream of carbon dioxide, and the methanol 
was evaporated off. Processing by the general method described gave 
680 mg (97%) of an oil, homogeneous by TLC (ft/ 0.31, solvent A).

Crystallization from dichloromethane-hexane gave 934 mg (62%) of 
pure 2: mp 58-60, 167-168 °C (anhydrous, from benzene); [a ]21D 
+ 128° (c 1 , chloroform) [lit. 11 mp 60 °C, for the dihydrate, mp
148-149, mp19 175-177 °C, |n|l) +126° (A.N-dimethylformamide11)]; 
for NMR data see Tables I and II.

Anal. Calcd for Ci4H 180 6: C, 59.56; H, 6.43. Found: C, 59.53; H,
6.29.

B. With Lithium Aluminum Hydride. A solution of 500 mg (13.5 
mmol) of lithium aluminum hydride in 30 ml of tetrahydrofuran was 
added dropwise to a cold ( 0  °C), stirred solution of 1.03 g (3.10 mmol) 
of the hexulose 1 in 25 ml of the same solvent. After 2 h at 0 °C, the 
solution was heated under reflux for 1 h and cooled, and the excess 
reductant was decomposed with ethyl acetate. The resultant sus
pension was filtered through a bed of Celite, and the filtrate was 
evaporated to dryness. The residue was triturated in chloroform, and 
the remaining salts, which were precipitated upon addition of a few 
drops of saturated aqueous sodium hydrogen carbonate, were filtered 
off. The organic extract, after conventional processing, gave 700 mg 
(78%) of 2 as an oil that was homogeneous by TLC. Crystallization as 
in the preceding experiment gave product 2 (mp 58-59 °C) that was 
identical by [a]D and NMR spectrum with that from the preceding 
borohydride reduction of 1 .

C. With Sodium Borohydride in 2-Propanol. To a solution of 
644 mg (2.00 mmol) of the glycos-3-ulose 1 in 250 ml of dry 2-propanol 
(reagent grade) was added 76 mg (4 equiv) of sodium borohydride, 
portionwise, with stirring and protection from moisture. After 0.5 h, 
the excess of reagent was decomposed by addition of a few drops of 
acetic acid. Processing by the general method described gave an oil 
that was dried and dissolved in 50 ml of dry methanol to which a 
10-mg pellet of sodium had been added. After 1 h the solution was 
neutralized with carbon dioxide, and the solvent was evaporated off. 
The crude, deacetylated product was applied to a column of silica gel 
(45 g) and eluted successively with chloroform and then 9:1,8:2, and 
7:3 chloroform-methano (250 ml each) to give 186 mg (33%) of methyl
4,6-O-benzylidene-a-D-glucopyranoside (3), mp 164-165 °C, [a]D 
+ 112° (c 1, chloroform) [lit.20mp 163-164 °C, [«]D  +110° (c 2, chlo
roform)], and 198 mg (35%) of methyl 4,6-O-benzylidene-a-D-allo- 
pyranoside dihydrate, identical by melting point and [a]D with the 
products from the foregoing reductions A and B. An additional 43 mg 
(8.5%) of 2 and 3 was obtained as a mixture.

D. With Zinc Borohydride. To a solution of 363 mg (1.12 mmol) 
of 1 in 8  ml of dry 1,2-dimethoxyethane was added 4 ml (~2 mmol) 
of a solution of zinc borohydride21 in the same solvent. After 0.5 h, 
TLC indicated complete reduction of 1, and the excess of borohydride 
was decomposed by the addition of a 1 M solution of sodium hydrogen 
tartrate. The solvent was evaporated, and the residue was processed 
to give 290 mg of an oil that by TLC (solvent A) revealed two com
ponents (ft/ 0.70 and 0.56). Chromatography on a column (1.4 X 60 
cm) of silica gel (solvent A, 250 ml) gave 232 mg (64%) of methyl 2- 
0-acetyl-4,6-0-benzylidene-«-D-allopyranoside (8 ) that was crys
tallized from ethyl acetate-hexane: mp 69-71 °C; [a]2i,D +59.5° (c 0.8, 
chloroform); for NMR data see Tables I and II.

Anal. Calcd. for C1 6H2 0 O7: C, 59.25; H, 6.22. Found: C, 59.28; H,
6.08.

With an additional 120 ml of solvent, 51 mg (14%) of methyl 2-0- 
acetyl-4,6-0-benzylidene-o-D-glucopyranoside (9) was obtained: mp
133-134 °C; [a ]25D +112° (c 1.2, chloroform) [lit. 2 2  mp 133-134 °C, 
[a ]29D +112° (c 0.9, chloroform)].

Methyl 2,3-D i-O -acetyl-4,6- O -benzylidene-a-D -allopyra- 
noside (6 ). By the general procedure described, 200 mg (0.71 mmol) 
of 2 in 2 ml of pyridine was acetylated for 3 days with 2 ml (2.16 g, 21 
mmol) of acetic anhydride. The oily product was applied to a column 
of silica gel (15 g) which was eluted with 65 ml of solvent A to give 256 
mg (99%) of pure 6  as a syrup, [a ]23D +54° (c 1, chloroform), m/e 366 
[M-+]. For NMR data see Tables I and II.

Anal. Calcd for C1 8H2 2O8 : C, 59.01; H, 6.05. Found: C, 59.02; H, 
5.95.

Acetylation o f Methyl 2 -0 -Acetyl-4,6 - O-benzylidene-a- 
D-allopyranoside (8 ). A solution of 100 mg (0.31 mmol) of 8  in 5 ml 
of pyridine was acetylated during 2 0  h with 1 ml (an excess) of acetic 
anhydride. TLC (solvent B) of the oily product showed two zones (ft/ 
0.58, identical with 6 ) and unreacted 2  (ft/ 0.28). Column chroma
tography (solvent C, 100-200 psi, 1 X 50 cm) resolved the mixture to 
give 71 mg (6 8 %) of 6 , [a ]23D +54° (c 1, chloroform), identical with 
authentic 6  by NMR spectroscopy; also obtained was 21 mg (19%) of 
unreacted 8 , mp 69-70 °C.

Methyl 4,6- O-Benzylidene-23- O -isopropylidene-a-D-allo- 
pyranoside (5). To a solution of 1.33 g (4.71 mmol) of 2 in 15 ml of 
dry acetone was added 1.5 g of anhydrous copper(II) sulfate. After 
stirring for 50 h at 20 °C, the suspension was filtered, and the filtrate
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was evaporated to dryness to give an oil that by TLC (solvent A) was 
shown to be a mixture of starting material 2 (Rf 0.31) and a new 
product (Rf 0.94). Chromatography over a column (1.4 X 60 cm) of 
silica gel with solvent A gave 256 mg (19%) of an oil that eluted in 
65 ml of solvent. Crystallization from dichloromethane-hexane gave 
124 mg (8%) of pure 5, mp 119-121 °C, [a]25D +131° (c 1.4, chloro
form).

Anal. Calcd for C n feO g : C, 63.34; H, 6 .8 8 . Found: C, 63.33; H, 
6.89.

Nonreacted 2  was recovered by eluting the column with an addi
tional 235 ml of the solvent, yield 930 mg (69.9%), mp 59 °C.

Hydrolysis of Methyl 4,6- O-Benzylidene a-D-allopyranoside
(2) and Identification of the Product as D-Allose. A. Hydrolysis.
A solution of 50 mg (0.18 mmol) of 2, obtained from either of the 
proceeding experiments (A or B), in 10 ml of 0.1 M hydrochloric acid 
was heated for 1 h under reflux. After cooling, the acid was neutralized 
by passing the solution through a small column of Amberlite MB-3 
resin. Concentration of the aqueous eluate gave 19 mg of a crystalline 
product that was indistinguishable on paper chromatography (Rf 0.29, 
1:4:1 pyridine-ethyl acetate-water, detection with aniline phthalate 
and sodium metaperiodate-benzidine) from allose and clearly dis
tinguishable from glucose (Rf 0.26), mannose (Rf 0.32), and galactose 
(Rf 0.20).

B. Conversion into the Phenylosazone. To a solution of 400 mg 
of crude hydrolysate from 2  in 60 ml of water was added a solution of 
phenylhydrazine (0.5 ml) in acetic acid (0.5 ml), and the mixture was 
heated for 2 h at 100 °C. Cooling to 5 °C produced 359 mg of a yellow, 
semicrystalline product which, after nine crystallizations from 1 : 1  
ethanol-water, gave yellow needles, mp 166-169 °C (lit.23 mp 167-168 
°C), [ff]25D —38° (c 0.44, 2:3 pyridine-ethanol) [lit.23 [«]d —36.7° —► 
(3 h) —48.4° (c 0.4, pvridine-ethanol)].

Reduction of Methyl 2 -0 -Acetyl-4,6 -O-benzylidene-a-D- 
ribo-hexopyranosid-3-ulose (1) with Sodium Borodeuteride. A. 
In Dry 2-Propanol. To a solution of 533 mg (1.65 mmol) of 1 in 90 
ml of anhydrous 2-propanol [dried over 3A molecular sieves (Linde)] 
was added portionwise 60 mg (3.46 equiv) of sodium borodeuteride 
with stirring and protection from moisture. After 0.5 h, 2-3 drops of 
acetic acid were added to decompose the excess of hydride, and the 
solution was evaporated to dryness. Analysis by TLC (solvent D) of 
the product obtained by the general processing procedure described 
revealed that the starting ketone 1 was absent, and that two closely 
migrating zones (Rf 0.70-0.75) were present. Acetylation of the crude 
product with 2 ml (an excess) of acetic anhydride and 10  ml of pyridine 
for 8 h at 25 °C gave a product containing three components (Rf 0.74, 
0.58, and 0.28, solvent B). Subsequent pressure-column chromatog
raphy as in the preceding experiment gave sequentially as follows: (a) 
195 mg (32%) of methyl 2,3-di-0-acetyl-4,6-0-benzylidene-a-D-glu- 
copyranoside-2-d ( 1 2 ), mp 106.5-107 °C (lit.24 for the nondeuterated 
product mp 108-109 °C), [a ]23D +74° (c 1, chloroform) (lit.23 [a]D  
+75.5° in chloroform), m /e  367 [M-+], R; 0.74; (b) 139 mg (23%) of 
methyl 2,3-di-0-acetyl-4,6-0-benzylidene-a-D-allopyranoside-3-d 
(11), [â D +54° (c 1, chloroform), m /e 367 [M-+],R/ 0.58, and (c) 148 
mg (28%) of unreacted monoacetate (as the 3-d analogue of 8), mp 
69-70 °C, Rf 0.29. In addition 62 mg (10%) of a mixture of 1 1  and 12  
was obtained.

B. In 19:1 2-Propanol-Water. The foregoing reduction was re
peated using 250 mg (0.78 mmol) of 1, 30 mg (3.6 equiv) of sodium 
borodeuteride, and 60 ml of 19:1 2-propanol-water. Processing and 
acetylation as in procedure A revealed a product that showed two 
zones by TLC analysis (solvent B), Rf 0.58 and 0.29, corresponding 
to the alio diacetate 6 ( 1 1 , 3-deuterated isomer) and the alio monoa
cetate 8 (as the 3-deuterated analogue), respectively. Column chro
matography as in A gave 231 mg (81%) of 11, [o]d +54° (c 1, chloro
form), identical with 11 from A by NMR spectroscopy, together with 
24 mg (8%) of the 3-deuterated monoacetate identical with 8 by 
melting point.

Reduction of Methyl 2-0-Benzoyl-4,6-0-benzylidene-a-D- 
rfbo-hexopyranosid-3-ulose (10) with Sodium Borodeuteride. 
A. In Dry 2-Propanol. As in the reduction of 1, 384 mg (1 mmol) of 
1025 was reduced with 42 mg (4 equiv) of sodium borodeuteride with 
100 ml of anhydrous 2-propanol as solvent. The product obtained by 
the general procedure described was dissolved in 50 ml of anhydrous 
methanol. A 20-mg pellet of sodium was added, and the solution was 
stirred for 1  h, at which time the solution was neutralized with acetic 
acid, and the solvent was evaporated off. The crude product was 
acetylated with 2 ml (an excess) of acetic anhydride in 10  ml of pyri
dine for 8 h at 25 °C to give a product that by TLC (solvent B) showed 
three carbohydrate components (Rf 0.74,0.58, and 0.29) identical with 
those from reduction of 1. Chromatography as in the foregoing ex
ample resolved the mixture as follows: (1) 302 mg (83%) of the D-gluco

derivative 12, m p 106-107 °C, [a]D +74° (c 1, chloroform ); (2) 38 mg 
(10%) o f the D-allo derivative 11, [a]23D +4° (c 1, chloroform), Rf 0.58;
(3) a trace o f the D-allo m onoacetate 8 (as its 3-deuterated analogue), 
R, 0.29.

B. In 19:1 2-Propanol-Water. As in the preceding reduction, 77 
mg (0.2 mmol) of 10 in 30 ml of 19:1 2-propanol-water was reduced 
with 10 mg (5.8 equiv) of sodium borodeuteride. The products, after 
acetylation (30 h), were examined by TLC (solvent B). Only the zones 
having Rf 0.58 (major) and 0.29 (trace) were present. Column chro
matography as in part A gave 56 mg (75%) of the alio diacetate-3-d 
(11), [a]D +54° (c 1, chloroform), identical with the product from the 
identical reduction of 1 by NMR spectroscopy. No gluco product (12) 
was detected.

Methyl 3 -0 -Acetyl-4,6 -O-benzylidene-a-D-ara b in o -h e x o -  
pyranosid-2-ulose (13). To a solution of 8 ml of acetic anhydride and 
16 ml of methyl sulfoxide was added 1.63 g (5.06 mmol) of methyl
3-0-acetyl-4,6-0-benzylidene-a-D-glucopyranoside,15 and the mix
ture was stirred for 24 h, with protection from moisture. The mixture 
was evaporated to an oil that was applied to a column of silica gel (45 
g) which was eluted with solvent A to afford 1.12 g (61%) of 13 that 
crystallized from chloroform-hexane, mp 104-106 °C, [o]25D +74° 
(c 0.9 chloroform), Rf 0.78 (solvent A).

Anal. Calcd for C^Hi^O-rHA): C, 56.48; H, 5.92. Found: C, 56.62;
H, 6.18.

For the anhydrous compound, Kondo et al.18 reported mp 103-104 
°C, [o]14d +36° (c 0.6, chloroform).

Reduction of Methyl 3-0-Acetyl-4,6-0-benzylidene-a-D- 
xy7o-hexopyranosid-2-ulose (13). A. With Sodium Borodeuteride 
in Aqueous Methanol. To a solution of 200 mg (0.59 mmol) of the 
glycosulose 13 in 20 ml of 1:1 water-methanol was added portionwise, 
with stirring, 200 mg (5.28 mmol) of sodium borodeuteride. After ~30 
min, carbon dioxide was added and the solvents were evaporated off. 
The residue was processed by the general procedure described to give 
a product (Rf 0.23, solvent A) that was acetylated in 2 ml of pyridine 
with 2 ml of acetic anhydride for 48 h to yield 210 mg of an oil (Rf 0.91, 
solvent A) that crystallized from chloroform-hexane to give 133 mg 
(55%) of 12, identical with authentic 2-deuterated 12 by NMR spec
troscopy, mp 106 °C, [cr]26D +70° (c 1, chloroform).

B. With Sodium Borodeuteride in D ry 2-Propanol. To a solu
tion of 302 mg (0.89 mmol) of the 2-ulose 13 in 5 ml of dry 2-propanol 
was added portionwise 1 1 0  mg (2.60 mmol) of sodium borodeuteride. 
The reaction was processed exactly as in A, to give, after column 
chromatography (15 g of silica gel, solvent A) of the acetylated 
product, 227 mg (70%) of pure 12, identical with 2-deuterated 12 by 
NMR spectroscopy, mp 105 °C, [a ]2flD +70° (e 1, chloroform).

Methyl 2,3-i-0-acetyl-4,6-0-benzylidene-a-D-erythro-hex- 
2-enopyranoside (4). To a solution of 500 mg (1.55 mmol) of methyl
2- 0-acetyl-4,6-0-benzylidene-a-D-n'6o-hexopyranosid-3-ulose (1) 
in 10 ml of dry pyridine was added 2.5 ml of acetic anhydride, and the 
mixture was heated with stirring for 3 days at 70 °C, at which time 
TLC revealed a new zone having Rf 0.85 (solvent A, Rf 0.78 for 1). The 
solution was evaporated, and toluene (5 X 10 ml) was evaporated from 
the residue, which was finally dissolved in benzene (30 ml) and 
decolorized (animal charcoal). The oil (717 mg) obtained upon solvent 
evaporation was chromatographed on a column of silica gel (35 g) with 
solvent A to give, in 45 ml of eluent, 415 mg (74%) of the product 
having Rf 0.85. Crystallization from dichloromethane-heptane gave 
4: mp 187-190 °C; [« ]2SD +117° (c 1.34, chloroform); NMR data, see 
Tables I and II.

Anal. Calcd for C 18H2l)0 8: C, 59.33; H, 5.53. Found: C, 59.56; H, 
5.78.

Further elution of the column gave 168 mg of unreacted 1.
The same product was obtained by similar acetylation of methyl

3 - 0 -acety l-4 ,6 -0 -ben zyliden e-a-D -ara6 ino-h exopvranosid -2-u lose
(13).

A ck now ledgm en ts. The authors thank Mr. C. Boeder for 
preliminary experimental work on the reduction o f compound
I .
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Synthesis of the ABC Ring System of Batrachotoxin 
and Several Related Highly Functionalized Cholane Derivatives1
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The objective of this work is the synthesis of the ABC ring system of the powerful neuropoison batrachotoxin (1) 
from cholic acid (2 ), utilizing intermediates which permit subsequent elaboration to the entire toxin molecule. 
Thus, stereoselective routes to a series of highly functionalized cholane derivatives are described, culminating with 
an efficient synthesis of 58 as follows: 2 5 — 38 — 51 —■ 53 —■ 58. It was also shown that earlier established side-
chain degradation procedures are applicable in this series, 7 — 22 and 40 —* 45, as potential entries to the D,E ring 
system of 1. Unsuccessful approaches to the ABC ring system of 1 included the synthesis from 2 of epoxides 8 and 
9. Whereas earlier the oxidative cyclization of 18 — 20 had been described, epoxides 8 and 9 afforded ketones 12 
and 13 under the cyclization conditions without formation of the desired 21. In another approach, rather than 
3«,9o?-oxide 24, dione 23 was obtained in high yield by treatment of epoxide 17 with methoxide ion. While 23 was 
convertible into ketone 25, this last substance afforded neither hydrazone 28 nor epoxide 34, two key intermediates 
required for a fragmentation approach to the ABC ring system. In another attempt 25 was reduced to an epimeric 
mixture 29 of C-7 alcohols. Mild MeOH-acid treatment of 29 led to a mixture of unsaturated keto steroids rather 
than to the desired 3a,9a-oxido ketal 33.

Batrachotoxin (1) is one o f four rare, powerfully toxic ste
roid alkaloids found in the skin o f a small, brightly colored 
Colombian frog o f the genus P h yllo b a tes .3 The molecule has 
proven important as a tool for the study o f ion m ovements in 
electrogenic membranes .4 Following the elegant structural 
elucidation studies o f W itkop ,3 batrachotoxin has been the 
target o f  synthetic studies, those o f Wehrli culminating in the 
formal total synthesis o f  the molecule from other steroids .5 

We have already described in preliminary form the synthesis 
o f  the ABC ring system o f  I from the readily available cholic 
acid (2) . 1 We now present the details o f this work together with 
the stereoselective synthesis and some reactions o f several 
highly functionalized cholane derivatives which have proven 
useful in our initial evaluation o f practical synthetic routes 
to the ABC ring system o f batrachotoxin.

Our initial plan called for the synthesis o f  an intermediate 
possessing functional groups in the ABC portion o f the m ol
ecule which would be relatively inert toward reagents required 
for the elaboration o f the DE portion o f the molecule, yet be 
readily convertible into the ABC system after the DE syn
thetic operations were com pleted. M ethyl 3a,7a-diacetoxy- 
9a ,lla -ox idoch olan ate (6 ) seemed ideal in view o f the re
markable chemical stability exhibited by the 9 a ,lla -o x id o  
grouping in several AB-cis steroids.6 Moreover, Fieser7 showed 
that the closely related alcohol 18 could be converted directly 
into the ll-oxo-3/3-hydroxy 3a,9a-oxide 20 by oxidation with 
CrO;j.

Accordingly, epoxide 6  was synthesized from cholic acid as 
follows. Cholic acid (2 ) was converted into enone 3 by the 
m ethod o f  Fieser.8 Desulfurization o f the corresponding di- 
thioketal 4 afforded olefin 5, epoxidation o f which with m -  
chloroperoxybenzoic acid (M CPA) led to the desired epoxide
6 . The oxide ring was assigned the a orientation in accordance 
with the rule o f  rear attack ,9 the distinctive N M R  splitting 
pattern o f the C u  axial proton , 10 and the chemical shifts o f 
the protons attached to C-18 and 19.11 The overall process 
afforded 50 g o f 6 starting with 200 g o f cholic acid.

As a first step toward construction o f the DE ring system 
o f batrachotoxin, the acid 7 was prepared from epoxide 6 by 
selective hydrolysis o f 6  with aqueous K 2C0 3 -M e 0 H, a f
fording acid alcohol 8 in 96% yield. Acetylation o f 8  produced
7. Treatment o f 7 with Pb(OAc).i12 gave olefin 2 2  in high yield. 
A22-Steroids have been employed by others13 for efficient 
production o f either bisnor acids or C-20 ketones.

Before proceeding further with the DE ring elaboration it 
seemed prudent to demonstrate the synthesis o f  the ABC 
system from epoxide 6  using Fieser’s7 oxidative cyclization 
procedure (18 —► 20). Unfortunately, all attempts to  oxidize 
acid 8 or its methyl ester 9 employing variations o f  Fieser’s 
m ethod uniformly led in near-quantitative yield to keto ep 
oxides 12 and 13 with no hint o f  the desired oxide 21. At the 
time it seemed likely that in 8 the l a  (axial) acetoxy group 
sterically prevented formation o f the 3 «,9 «-ox id e  linkage 
present in 20. In the light o f  our synthesis o f  ester 54 by an-
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Chart I

1,R =

N
H

5, R =  H, H 9, X  =  H ;Y =  A c;Z =  Me
10, X =  Y =  H; Z =  Me
11, X =  Ac; Y =  H;Z =  Me

r =  rv v

H 17,X =  Y =  0; Z =  Me

13,X =  D,Y =  /  ;Z  =  Me H
18,X =SOAc

H
14,X =  0 ;Y  =  (x ;Z =  Me

HO'
^ 0 .

OH
H

i 9 , x = r  x  
^ 0

: Me

15,X =  ) ; Y  =  0 ;Z = M e  
AcO

20, Y =  H; Z =  Me
21, Y =  OAc; Z =  H

other route (see below) this explanation seems tenuous. Ep
oxide 12 was characterized as its ester 13, which on treatment 
with methoxide ion in methanol gave alcohol 14.

These results required that the ABC ring system be as-

sembled in a multistep manner from one of the above inter
mediates. The following exploratory chemistry was carried 
out. Treatment of diacetate 6 with methoxide ion afforded diol 
10 in 93% yield. Reacetylation'of 10 led to alcohol 11, oxidation 
of which gave the 7-ketone 15. Earlier,14 a compound prov
isionally assigned the structure 15 was obtained as a by
product from the oxidation of a A7-9’ ’ ’ ’-steroid. Its properties 
differed somewhat from those we have observed for 15 and are 
inconsistent with that structure (see Experimental Sec
tion).

Gentle methoxide treatment of 15 afforded alcohol 16. Fi
nally, dichromate oxidation of diol 10 produced diketone 17. 
With this latter substance in hand we had hoped to go directly 
to 3n,9a-oxide 24 by reaction with methoxide ion in methanol. 
Instead, dione 23 was obtained in greater than 90% yield. This 
substance could not be made to undergo cyclization to 24 
under a variety of either acidic or basic conditions.

17

A second attempt to produce the 3a,9a-oxide linkage also 
proceeded from epoxide 17. Thus, while Fieser7 was able to 
effect a near-quantitative conversion of 3-oxo-9a,lla- 
oxido-5/3-steroids into ll/?-chloro-3a,9a-hemiacetals using 
HC1, our 3,7-dioxo-a-epoxide 17 failed to react with HC1 under 
Fieser’s conditions.

At this point we formulated a new plan toward the ABC ring 
system of batrachotoxin (see Scheme I) which required the 
synthesis of intermediates selectively ketalized at C-3. Ex
change ketalization of dione 23 with TsOH and 2-methyl-2-

•*—  23 — ►

25, R = R X = Y  =  0  31
26, R =  Ac; X =  Y =  0
27, R =  Ac;X =  S; Y = 0

H
28, R =  H; X =  O; Y =  N— NTS
29, R =  H; X =  O; Y =  H,OH
30, R =  Ac;X =  0;Y=H ,O H

ethyldioxolane led to a complex mixture from which ketal 25 
could be isolated in only 7% yield. Moreover, the highly se
lective15’16 reagent, DMF ethylene acetal, and 23 under mild 
conditions led to dienone 31 (tentative assignment) in 30% 
yield. Formation of 31 is remarkable since the hydroxy group 
in 23 is a vinylogous a-hydroxy ketone.

An alternative synthesis of ketal 25 in good overall yield 
resulted from the selective ketalization of dione epoxide 17 
with DMF ethylene acetal to produce ketal 19, followed by 
treatment with methoxide ion. Efforts to execute the plan of 
Scheme I which envisaged a novel methoxide ion induced 
fragmentation (32 —  33) of the tosylhydrazone 28 were 
thwarted by our inability to prepare 28 in acceptable yield 
from ketone 25. Similarly, an intended use of the Wharton 
reaction17 in the conversion of epoxy ketone 34 to olefin 35 was 
prevented by the extreme resistance of the double bond of 25 
toward a variety of epoxidizing agents, including MCPA and 
alkaline FECE. With the aim of removing the C-7 ketone
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Scheme I

function of 25 for another series of experiments, this substance 
was converted into acetate 26 and then treated with eth- 
anedithiol. Rather than formation of the C-7 thioketal, we 
observed complete exchange at C-3, producing dithioketal
27.

Our final efforts toward utilization of these substances for 
batrachotoxin-oriented synthetic work involved NaBH4 re
duction of ketone 25 to a crystalline epimeric mixture 29 of 
alcohols at C-7. Witkop3 indicated that the ring system pro
duced by NaBH.; reduction of batrachotoxinin A underwent 
facile acid-catalyzed rearrangements to a mixture of enediols 
involving C-7, 8, 9, and 11. We therefore treated intermediate 
enediol 29 with very dilute HC1 in MeOH with the hope of 
trapping the correct isomer as the 3a,9a-oxide 33. Even under 
very mild conditions we observed a clean conversion to what 
appeared to be a mixture of A8-3,7-dione and A8-3,ll-dione 
steroids. Similarly, acetate 30, prepared by NaBH4 reduction 
of 26, failed to afford the desired ring system present in 33.

During the course of the above experiments there appeared 
a report from the Wehrli laboratory18 of a successful osmy- 
lation of a 3-oxo-A9(11)-5/3-steroid. Whereas in Fieser’s6 ac
count of the inertness of the 5d-A9(11,-steroids toward 0 s 0 4 
reaction conditions were not given, Wehrli18 achieved osmy- 
lation in pyridine at 25 °C over 7 days. An ideal candidate for 
the osmylation and subsequent introduction of the ring B 
double bond in our series was keto acetate 37. This substance 
was obtained in high overall yield from diacetate 5 via selective 
hydrolysis to alcohol 36 followed by esterification to 39 and 
subsequent oxidation.

In keto acetate 37 the axial 7a-acetate group was expected 
to retard still further reaction with the bulky osmium reagent. 
In the event the reaction required 8 days (followed by TLC). 
Chromatography afforded crystalline osmate ester 41 in 50% 
yield together with starting 37 (34%) and a crystalline by
product, enone 42, in 15% yield. Formation of this latter 
product is interesting in that to our knowledge, allylic oxida
tion during osmylation is without precedent, although Cross19 
observed the oxidation of secondary alcohols during osmyla
tion. Cleavage of osmate 41 proceeded well with H2S -N H 4C1, 
producing hemiacetal 43 (see below for a discussion of hemi- 
acetal vs. ring open equilibria) in 93% yield.

Our synthetic series at this point was linked to earlier work 
through the conversion of acetate 37 into alcohol 38 followed

Chart II

37, X  =  O; Y =  A c; Z =  Me
38, X =  0 ;Y  =  H ;Z=M e

H
39, X =  N; Y =  Ac; Z =  Me

HO'
H

40, X =  \ ;Y  =  A c;Z= H
Act/

0  • 2 py

1

by dehydration with POCI3 in pyridine to the known14 
A7'9(u )-ket0ne 44.

A series of A9(11)-22-dienes were also prepared at this stage 
as potential candidates for osmylation studies. Thus, acety
lation of 36 gave acid 40, oxidative decarboxylation of which 
with Pb(OAc)4 afforded crystalline diene 45 in 90% yield. 
Ketones 47 and 48 were then prepared from intermediate al
cohol 46 by oxidation followed by deacetylation as in the 
previous preparations of the corresponding C-24 esters 37 and
38. Preliminary studies indicated that the presence of an

AcO
H

46, X =  \ ;Y = A c
H (/

47, X =  0 ;Y  =  Ac
48, X =  0 ;Y  =  H
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unprotected hydroxyl group in the 7a position greatly facili
tated the reaction of the 9(11) double bond with OSO4. We 
were thus led to the discovery of the facile reaction of alcohol 
ester 38 with 0 s 0 4 in which hemiacetal 51 was obtained after 
1 day reaction in 98% yield.

Originally we had prepared 51 by deacetylation of 43. Ac
etate 43 was at first converted into acetal 49 by treatment with 
acidic MeOH and thence to diacetate 50 by acetylation. To 
our surprise, prolonged reflux of 49 with methoxide ion in

50, R =  Ac

53, R =  Ac
MeOH did not effect deacetylation at C-7 to give diol 52. This 
suggested that, once formed, diol acetal 52 might undergo 
selective acetylation at C -ll, producing lla-acetate acetal 53. 
Accordingly, diol hemiacetate 51 was converted into acetal 52 
and treated with acetic anhydride-pyridine, affording 53 in 
near-quantitative yield.

Thus far we have indicated the structure of steroids 43 and 
51 as hemiacetals although equilibrium with the ring-opened 
isomer is possible. Indeed, inspection of the NMR spectra (see 
Experimental Section) of the well-characterized crystalline 
steroids 43 and 51 shows quite clearly that 7a-acetate 43 exists 
(at 25 °C in CDCI3) primarily in the ring-opened 3-keto 90- 
alcohol form 43b, whereas 51 appears to be a slowly (NMR  
time scale) equilibrating mixture of closed and open forms. 
These conclusions follow by noting the position of the C-19 
methyl resonance in the ring-closed acetal form as compared 
with that of its “hemiacetal” precursor.

It is worth noting here that 7a-acetate 43 is structurally 
similar to the intermediate which would have likely been 
formed during the attempted oxidative fission of alcohol ep
oxides 8 or 9 to 21 under Fieser’s conditions (see above). Since 
acetate 43 did not assume the closed form postulated for that

43

C02Me

54, R =  H
55, R =  Me

intermediate, some support is lent to the steric argument 
advanced above to explain the failure of 3a,9a-oxide forma
tion from 8 or 9. We further examined this process by oxidizing 
43 to the 11-keto hemiacetal 54, purified as the acetal 55. In
terestingly, however, the angular methyl resonances of keto 
acetate 54, when compared with those for acetal 55, indicated 
that when a C -ll  keto group was present, the ring closed form 
is dominant at equilibrium (cf. 43 above).

Returning to the completion of the synthesis of the toxin’s 
ABC ring system, dehydration of 1 la-acetate 53 with POCE

56, X =  Me,Y =  A c;Z=M e
57, X =  H; Y =  Ac; Z =  Me
58, X =  Y =  Z = H
59, X =  Y = H ;Z  =  Me

in pyridine afforded A7-acetal 56 as a colorless oil. The pro
tective methyl acetal of 56 was then hydrolyzed with dilute 
perchloric acid, giving crystalline A7-hemiacetal 57. Finally, 
alkaline hydrolysis of 57 afforded the ABC ring system of 
batrachotoxin as contained in 3/3,lla-dihydroxy-3a,9a- 
oxido-5/3-chol-7-enic acid (58), mp 172-174 °C, and its methyl 
ester 59.

Experimental Section20

Methyl 3a,7a-Diacetoxy-5/S-chol-9( 11 Renate (5). To a solution 
of methyl 3«,7a-diacetoxy-12-oxo-5d-chol-9(ll)-enate (3,8 50.2 g, 0.10 
mol, mp 154-156 °C) in CHCI3 (50 ml) was added 1,2-ethanedit.hiol 
(42 ml) and the solution was cooled to —15 °C. (N9 ). Anhydrous HC1 
(ca. 2  1.) was then passed through the solution after which the tem
perature was raised and maintained at 0 °C for 20 h. The usual workup 
gave 50.5 g of crude 4 (87%) suitable for further reaction, m/e 578 
(M+). To a solution of crude 4 (10.0 g) in absolute EtOH (200 ml) was 
added Raney nickel (ca. 65 g) and the mixture was refluxed (N2 ) for 
8  h. The usual workup afforded 8.10 g of foam. Crystallization from 
hexane gave 5 (7.16 g, 85%, mp 104-108 °C) as colorless needles suit
able for further reaction. Two additional crystallizations from hexane 
gave the analytical sample as colorless needles: mp 114-115 °C; NMR 
5 0.62 (s, 3, C-18 H), 1.10 (s, 3, C-19 H), 2.04 (s, 6 , COCH;i), 3.72 (s, 3, 
C02 CH;1), 4.62 (m, 1 , C-3 H), 5.12 (m, 1 , C-7 H), 5.51 (m, 1 , C-ll H); 
m/e 428 (M — AcOH), 413, 368, 353. Anal. Calcd. for C2 9 H4 4 O6 : C, 
71.28; H, 9.08. Found: C, 71.63: H, 9.26.

Methyl 3a,7a-Diacetoxy-9a,lla-oxido-5d-cholanate (6 ). To 
a solution of 5 (15.0 g, 30.7 mmol) in CHCL (80 ml) was added MCPA 
(6.0 g). The mixture was stirred at 45 °C overnight. The usual workup 
followed by crystallization from hexane and then MeOH gave 6  (12.0 
g, 77%, mp 123-126 °C) as colorless prisms. Preparative TLC afforded 
the analytical sample: mp 125.5-127 °C; NMR 5 0.67 (s, 3, C-18 H),
1.16 (s, 3, C-19 H), 2.05 (s, 3, C-7 COCH3 ), 2.11 (s, 3, C-3 COCH3 ), 3.15 
(m, 1 , C-ll H), 3.73 (s, 3, C02 CH3), 4.70 (m, 1 , C-3 H), 5.21 (m, 1 , C-7 
H); m/e 504 (M+), 462, 444, 402, 384. Anal. Calcd for C2 9 H4 4 C)7 : C, 
69.02; H, 8.79. Found: C, 69.25; H, 8 .8 8 .

3a-Hydroxy-7a-acetoxy-9a,lla-oxido-5|8-choIanic Acid (8 ).
A mixture of 6  (500 mg), K2 C()>. (700 mg), MeOH (10 ml), and water 
(4 ml) was heated briefly on the steam bath until a clear solution was 
obtained. The temperature of the solution was then maintained at 
40-45 °C for 6  h. The usual workup produced a colorless oil which was 
crystallized from MeOH-water, affording pure 8  (430 mg, 96%) as 
long, colorless needles: mp 177-179 °C; m/e 448 (M+), 446, 416, 388, 
294, 280. Anal. Calcd for C2 6 H4oOe: C, 69.61; H, 8.99. Found: C, 69.83; 
H, 9.12.

3«,7a-Diacetoxy-9«,l la-oxido-5|8-cholanic Acid (7). A solution 
of 8  (225 mg), pyridine (0.75 ml), and Ac20 (0.4 ml) was heated (N2) 
at 100 °C for 0.5 h. The usual workup gave a light yellow oil which was 
crystallized from acetone-hexane to yield 7 (218 mg, 89%, mp 175-180 
°C) suitable for further reaction. Recrystallization from acetone- 
hexane gave the analytical sample: mp 182-183 °C; m/e 490 (M+), 448, 
430, 388, 370. Anal. Calcd for C2sH4 2 0 7 : C, 68.55; H, 8.63. Found: C, 
68.47; H, 8.74.

3a,7a-Diacetoxy-9o:,lla:-oxido-5/S-24-norchol-22-ene (22). To
7 (188 mg) was added benzene (2.75 ml), Pb(OAc) 4 (330 mg), 
Cu(OAc)a (16 mg), and pyridine (0.15 ml). This mixture was heated 
(N-. i on the steam bath for 0.5 h. Filtration and removal of the solvent 
gave a green oil (246 mg). Chromatography over silica gel (4 g) gave 
22 (54 mg) as a colorless oil. Yields approaching 90% have been ob
tained with longer reaction periods (4-6 h). Crystallization occurred 
on slow evaporation of a hexane solution giving 2 2  as small, colorless 
needles: mp (liquid transition at 80 °C) 103-106 °C; m/e 444 (M+),
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402, 384,368, 342. Anal. Calcd for C2 7H4 0 O5 : C, 72.94; H, 9.07. Found: 
C, 72.85; H, 9.24.

Methyl 3a-H ydroxy-7a-acetoxy-9a,lla-oxido-5/3-cholanate
(9). An ethereal solution of 8  (50 mg) was treated with excess CH2N2 . 
The ether was then removed to afford 9 as an oil which crystallized 
from hexane as long, colorless needles (49 mg, 9596): mp 114-114.5 °C; 
m/e 462 (M+). Anal. Calcd for C2 7H4 206: C, 70.10; H, 9.15. Found: C, 
70.31; H, 9.37.

3-Oxo-7a-acetoxy-9ff,lla-oxido-5/?-cholanic Acid (12) and 
Methyl 3-Oxo-7a-acetoxy-9a,lla-oxido-5/3-cholanate (13). Fol
lowing the method of Fieser,8  alcohol 8  (33 mg) was dissolved in HOAc 
(0.75 ml) and cooled to 9 °C at which point a solution of chromic acid 
(35 mg) in water (0.06 ml) was added. After the solution had stood at
4 °C for 16 h, the usual workup gave 1 2  (30 mg, 91%) as a waxy, white 
solid: NMR 5 0.71 (s, 3, C-18 H), 1.28 (s, 3, C-19 H), 2.06 (s, 3, COCH3),
3.17 (m, 1, C-ll H), 5.21 (m, 1, C-7 H), 9.67 (1, C02H). Crude 12 (28 
mg) was taken up in MeOH (1 ml) and a trace of 48% HBr added. The 
mixture was allowed to stand overnight. Removal of the solvent gave 
13 (28 mg, 97%) as a colorless oil. Two recrystallizations from hexane 
gave the analytical sample: mp 132-133 °C; m/e 460 (M+), 418,400. 
Anal. Calcd for C2 7 H4 o06: C, 70.41; H, 8.75. Found: C, 70.39; H, 9.17. 
The keto acid 12 was also obtained when this chromate oxidation 
procedure was carried out at 25 °C. At 40 °C a complex mixture of 
products was produced. Methyl ester 9 also afforded ketone 13 when 
oxidized with chromic acid at 9 °C or with sodium dichromate in acetic 
acid at 25 °C.

Methyl 3-Oxo-7a-hydroxy-9a,lla-oxido-5d-cholanate (14).
To 13 (20 mg) was added excess NaOMe-MeOH solution. After a 2-h 
reflux (N2 ), the usual workup afforded 14 (16 mg, 8 8 %) (acetone- 
hexane) as long, colorless needles: mp 137-138 °C; m/e 418 (M+), 400, 
385,382. Anal..Calcd for C2SH3 8 0 5c C, 71.74; H, 9.15. Found: C, 71.78;
H, 9.47.

Methyl 3«,7a-Dihydroxy-9a,l la-oxido-5d-cholanate (10). To
6  (9.80 g) was added a solution formed from Na (1.2 g) added to MeOH 
(80 ml) and the reaction mixture was refluxed (N2) for 2 h. The usual 
workup afforded 10 as white needle clusters (7.6 g, 93%, mp 114-120 
°C) (aqueous EtOH) suitable for further reaction. Chromatography 
and then recrystallization from methylcyclohexane afforded the an
alytical sample of 10 as long, colorless needles: mp 126-126.5 °C; m/e 
420 (M+), 402,384. Anal. Calcd for C2 5H4 0O5: C, 71.39; H, 9.59. Found: 
C, 71.42; H, 9.67.

Methyl 3a-Acetoxy-7a-hydroxy-9a,l la-oxido-5|8-cholanate 
(11). To 10 (50 mg) was added (N2) at 0 °C a solution of Ac20 in 
pyridine (16:1, 2 ml). The resulting solution was stirred at 25 °C for
5 h. The usual workup yielded 59 mg of crude, partly crystalline ma
terial. Chromatography over silica gel (2 g) gave pure 11 (44 mg, 80%) 
as small, colorless needles: mp 129-130 °C; m/e 462 (M+), 444, 402, 
384. Anal. Calcd for C2 7H4 2 06: C, 70.10; H, 9.15. Found: C, 70.04; H,
9.22.

Methyl 3a-Acetoxy-7-oxo-9«,l 1 a-oxido-5/5-cholanate (15). To
11 (26 mg) in HOAc (0.5 ml) was added a solution of sodium dichro
mate dihydrate (9 mg) in HOAc (0.1 ml) and the dark solution was 
left at 25 °C for 3 h. Pouring the solution over ice and dilution with 
water gave a precipitate which was filtered to yield 25.0 mg of a white 
powder. Recrystallization from hexane afforded pure 15 (20.0 mg, 
76%) as colorless needles: mp 147-147.5 °C; NMR 5 0.69 (s, 3, C-18 
H), 1.38 (s, 3, C-19 H), 2.00 (s, 3, COCH3), 3.12 (m, 1, C-ll H), 3.68 (s, 
3, C02CH3), 4.80 (m, 1 , C-3 H); m/e 460 (M+), 432, 416, 400,189. Anal. 
Calcd for C2 7 H4 0 O6: C, 70.41; H, 8.75. Found: C, 70.29; H, 8.75.

Fieser14 had provisionally assigned the same structure 15 to a by
product isolated after perbenzoic acid oxidation of methyl 3a-ace- 
toxychola-7,9(ll)-dienate. He found for 15 mp 152-153.5 °C. Found: 
C, 70.81; H, 8.91. His materia] crystallized from cold CHClg-MeOH, 
a solvent system too polar for recrystallization of 15.

Methyl 3a-Hydroxy-7-oxo-9a,lla-oxido-5/3-cholanate (16). 
To 15 (15 mg) was added excess NaOMe-MeOH solution. The re
sulting solution was refluxed for 0.5 h (N2). The usual workup followed 
by chromatography over silica gel (0.5 g) afforded 16 ( 8  mg, 50%) as 
small needles, Recrystallization from acetone-hexane gave the ana
lytical sample, mp 145-145.5 °C. Anal. Calcd for C2 6 H3 8 0 5; m/e 
418.272. Found: m/e 418.271.

Methyl 3,7-Dioxo-9«,lla-oxido-5/9-cholanate (17). To 10 (6 . 0 0  

g) dissolved in HOAc (80 ml) was added a solution of sodium di
chromate dihydrate (3.4 g) in HOAc (30 ml). The resulting dark so
lution was stirred overnight at 25 °C and then poured into water (3.5
I. ). The usual workup followed by crystallization from acetone-hexane 
gave slightly dark 17 (4.50 g, 76%, mp 165-170 °C). An analytical 
sample was prepared by chromatography over silica gel: mp 171-173 
°C; m/e 416 (M+), 401, 398, 388, 372; ORD 4>3 0 2 2 2  -133°, -¡>2 6s2 2  

+3100°. Anal. Calcd for C2 5 H3 6 0 5: C, 72.08; H, 8.71; m/e 416.256.

Found: C, 71.67; H, 8.53; m/e 416.253. Treatment of 17 with a satu
rated solution of HC1 in CHC13 after the method of Fieser15 gave after 
workup complete recovery of 17.

Methyl 3,7-Dioxo-lla-hydroxy-5/3-chol-8-enate (23) and
3,7-Dioxo-lla-hydroxy-5/3-chol-8-enic Acid. To 17 (1.00 g) was 
added a solution of NaOMe prepared from MeOH (25 ml) and Na (0.1 
g). The reaction mixture was then heated briefly on a steam bath to 
give a clear solution which was cooled and stirred at 25 °C for 0.5 h. 
White needles of enone 23 began to separate out during this period. 
The mixture was cooled to 0 °C and neutralized with HOAc, and the 
product was precipitated with water (800 ml). Filtration gave crude 
23 (890 mg, 89%, mp 195-198 °C). Recrystallization from MeOH af
forded long, colorless needles (765 mg, 76.5%): mp 200-201 °C; NMR 
S 0.65 (s, 3, C-18 H), 1.64 (s, 3, C-19 H), 3.66 (s, 3, C02 CH3), 4.82 (m, 
1, C-ll H); ir 3595 (w), 3450 (w), 2945 (s), 1710 (s), 1668 cm' 1 (s, 
enone); m/e 416 (M+), 414,412, 398, 383; uv max EtOH) 252 nm (log 
e 3.95). Anal. Calcd for C2 5H3 6 0 5: C, 72.08; H, 8.71. Found: C, 71.77; 
H, 8.69.

The corresponding C-24 acid of 23 was obtained as colorless needles 
by treatment of 17 with KOH in MeOH. This acid, which readily gave 
23 on reaction with diazomethane, analyzed as the monohydrate (mp
189-191 °C>. Anal. Calcd for C2 4H3 40 5 -H20: C, 68.55; H, 8.63. Found: 
C, 68.43; H, 8.36.

Methyl 3-Ethylenedioxy-7-oxo-5d-chola-8,l 1-dienate (31). To
a solution of 23 (700 mg) in CH2 C12 (25 ml) were added dimethyl- 
formamide ethylene acetal (2.5 ml) and HOAc (2.5 ml). This solution 
was refluxed (N2) for 3 h. The usual workup followed by chromatog
raphy over silica gel (10 g) afforded 31 (213 mg, 30%) as light yellow 
needles. Recrystallization from hexane gave the analytical sample: 
mp 144-146 °C; NMR & 0.67 (s, 3, C-18 H), 1.27 (s, 3, C-19 H), 3.67 (s, 
3, C02 CH3), 3.90 (s, 4, OCH2-), 6.03 (d, J = 10 Hz, 1, C-ll H), 6.78 (d, 
J = 10 Hz, 1, C-12 H); ir 2950 (s), 1726 (s), 1644 cm- 1  (s, dienone); m/e 
442 (M+), 427,411, 397,327, 300; uv max (EtOH) 310 nm (log«3.88). 
Anal. Calcd for C2 7 H3 8 0 5: C, 73.27; H, 8.65. Found: C, 73.23; H,
8.77.

Methyl 3-Ethylenedioxy-7-oxo-9a,l la-oxido-5|8-cholanate
(19) and 3-Ethylenedioxy-7-oxo-9a,lla-oxido-5/3-cholanic Acid.
To a solution of 17 (2.00 g) in CH2 C12 (55 ml) were added dimethyl- 
formamide ethylene acetal ( 6  ml) and HOAc ( 6  ml). The resulting light 
yellow solution was refluxed (N2) for 3 h. The usual workup afforded
3.5 g of a yellow solid wet with high-boiling liquids. Extraction of this 
material into hot heptane (4 X 50 ml) left a dark yellow residue (350 
mg). On cooling to 0 °C the heptane solution yielded 19 (529 mg, mp 
162-166 °C) as hard white crystals. Chromatography of the mother 
liquor over silica gel (30 g) (benzene) afforded an additional 889 mg 
of 19. The combined portions of 19 (1.42 g, 64%, mp 162-166 °C) were 
suitable for further reaction. The analytical sample was obtained by 
recrystallization from heptane: mp 169-171 °C; m/e 460 (M+), 445, 
442,432, 416. Anal. Calcd for C2 7H4 0 O6: C, 70.41; H, 8.75. Found: C, 
70.55; H, 8.75.

Several attempts were made to prepare epoxide 34 by treatment 
of 19 in f-BuOH/water/NaOH, with 30% H2 0 2 , 2 1 In all cases saponi
fied 19 was isolated in near-quantitative yield as small, colorless 
needles: mp 189-190 °C; m/e 446 (M+), 444,428,413; uv max (EtOH) 
250 nm (log c 3.93). The elemental analysis showed fractional retention 
of water. Anal. Calcd for C2 6H3 806: C, 69.93; H, 8.58. Found: C, 69.54;
H, 8.99.

Methyl 3-Ethylenedioxy-7-oxo-1 la-hydroxy-5/3-chol-8-cnate
(25) . To 19 (200 mg) was added a solution of NaOMe prepared from 
MeOH (20 ml) and Na (100 mg). The mixture was briefly heated (N2), 
forming a light yellow solution which was cooled to 25 °C and stirred 
for 0.5 h. The usual workup followed by crystallization from ace
tone-hexane afforded 25 as colorless plates (174 mg, 87%): mp 140-141 
°C; NMR <5 0.58 (s, 3, C-18 H), 1.35 (s, 3, C-19 H), 3.63 (s, 3, C02 CH3),
3.87 (s, 4,0CH2-), 4.58 (m, 1, C-ll H); ir 2487 (w), 2947 (s), 1727 (s), 
1666 cm- 1  (s, enone); m/e 460 (m+), 442,427,411,328; uv max (EtOH) 
250 nm (log e 3.93). Anal. Calcd. for C2 7 H4 0 O6: C, 70.41; H, 8 .7 5 ; m/e 
460.282. Found: C, 70.41; H, 9.21; m/e 460.280.

Methyl 3-Ethylenedioxy-7-oxo-11 a-acetoxy-5/3-chol-8-enate
(26) and Methyl .3-Fthylenedithio-7-o\o - 1 1  a-aceta\y-53-ehol-
8-enate (27). To 25 (100 mg) was added pyridine (3 ml) and Ac20  (0.5 
ml) and the solution was heated (N2) at reflux for 3 h. The usual 
workup followed by chromatography over silica gel ( 2  g) afforded 
acetate 26 (110 mg) as a colorless oil which would not crystallize: NMR 
<5 0.62 (s, 3, C-18 H), 1.32 (s, 3, C-19 H), 2.02 (s, 3, COCH3), 3.63 (s, 3, 
C02 CH3), 3.88 (s, 4, OCH2-), 5.63 (dd, J = 7,4.5 Hz, 1, C-ll H).

To a solution of crude 26 (130 mg) in CHC13 (2 ml) was added
I, 2-ethanedithiol (0.025 ml). After cooling to —15 °C (N2), dry HC1 
was bubbled through the solution for 1 min. After 20 h at 5 °C, the 
bright red solution was basified with solid Na2C03, diluted with ether,



and filtered. The ether solution was washed successively with cold 5 
N NaOH, water, 2 N HC1, water, and brine. After drying (Na2S04) 
the solvent was removed, affording 101 mg of a yellow oil. Chroma
tography over silica gel gave 27 as a light yellow oil. Dissolving this 
oil in methanol and allowing the solvent to evaporate overnight pro
vided long, thin, yellow needles of 27 (89.5 mg, 65%): mp 105 °C dec; 
NMR 6 0.58 (s, 3, C-18 H), 1.33 (s, 3, C-19 H). 2.03 (s, 3, COCH3), 3.28 
(s, 4, SCHr-), 3.67 (s, 3, C 02CH3), 5.60 (m, 1, C -ll H); ir 2960 (m), 1729 
(s), 1676 cm- 1  (m, enone); m/e 534 (M+), 492,474, 459, 443, 416,414, 
359, 328, 305; uv max (EtOH) 248 nm (log e 4). Anal. Calcd for 
C29H42O5S2: C, 65.13; H, 7.92. Found: C, 65.17; H, 8.03.

Isomerization o f Intermediates 30 and 29. To a solution of crude 
26 (148 mg) in MeOH (2 ml) was added NaBH4 (100 mg). The mixture 
was stirred (N2) for 3 h at 25 °C. The usual workup afforded 142 mg 
of a white powder. Extraction into hot hexane and removal of the 
solvent gave 30 (130 mg, 88%) as a white powder (mixture of C-7 ep- 
imers): NMR 6 0.60 (s, 3, C-18 H), 1.67 (s, 3, C-19 H), 2.01 (s, 3, 
COCH3), 3.67 (s, 3, C 0 2CH3), 3.92 (s, 4, OCH2-), 4.13 (m, 1, C-7 H), 
5.63 (m, 1, C -ll H); m/e 444 (M -  AcOH), 442,426,411, 395,364,312. 
Attempts to isomerize 30 to the A7-9-ol with aqueous oxalic acid/ 
dioxane, HCl/MeOH/water, or THF/water/HC10 4  led to products 
spectrally identified as diones and enones. Alcohol 29 (prepared as 
above from 25 and NaBH4) gave mixtures of enones [uv max (EtOH) 
253 nm] upon treatment with aqueous acid.

3a-Hydroxy-7a-acetoxy-5/J-chol-9(ll)-enic Acid (36). A mix
ture of 5 (8.10 g), K2C 03 (11.5 g), MeOH (160 ml), and water (65 ml) 
was heated briefly on the steam bath and then maintained at 40-45 
°C for 6 h. Concentration under vacuum, dilution with water, and 
addition of HOAc (9 ml) gave a flocculent white precipitate. Filtration 
and drying gave crude 36 (7.15 g, 99%) as a white powder: NMR S 0.58 
(s, 3, C-18 H), 1.05 (s, 3, C-19 H), 2.00 (s, 3, COCH3), 3.50 (m, 1, C-3 
H), 5.00 (m, 1, C-7 H), 5.43 (m, 1, C -ll H), 7.10 (C02H); m/e 432 (M+), 
417, 372, 357, 354,339. 300. The crude product resisted all attempts 
at crystallization and was used without further purification. Anal. 
Calcd for C26H40O5: m /e 432.288. Found: m /e 432.290.

Methyl 3a-Hydroxy-7a-acetoxy-5/3-chol-9(ll)-enate (39) and 
Methyl 3-Oxo-7a-acetoxy-5/3-chol-9(l 1 )-enate (37). To the crude 
acid 36 (6.94 g) dissolved in dioxane (50 ml) was added to solution of 
diazomethane in ether until the yellow color persisted. Removal of 
the volatiles under vacuum gave 39 (7.00 G, 98%) as an essentially pure 
colorless oil: m /e 446 (M+), 386, 371. 368, 353. Anal. Calcd for 
C27H42O5: m /e 446.303. Found: m /e 446.307.

To crude ester alcohol 39 (6.90 g) in HOAc (65 ml) was added a 
solution of sodium dichromate dihydrate (1.95 g) in HOAc (20 ml). 
After 10 h at 25 °C, the usual workup followed by chromatography 
over silica gel (20 g) gave pure 37 (6.34 g, 92%) as a colorless oil: NMR 
6 0.64 (s, 3, C-18 H), 0.96 (d, J  = 5.0 Hz, 3, C-2 1 H), 1.18 (s, 3, C-19 H),
2.10 (s, 3, COCH3), 3.68 (s, 3, C 02CH3), 5.15 (m, 1 , C-7 H), 5.66 (m, 
1, C -ll H); m/e 444 (M+), 412,384,369,353. Anal. Calcd for CfeHtaOs: 
C, 72.94; H, 9.07. Found: C, 72.51; H, 9.15.

Methyl 3-O xo-7a-acetoxy-9a,l la-dihydroxy-5/3-cholanate 
Osmate Ester (41) and Methyl 3,12-Dioxo-7a-acetoxy-5/?-choI- 
9 (ll)-enate (42). To a solution of 37 (1.00 g) in pyridine (7 ml) was 
added osmium tetroxide (0.5 g) and the solution kept in the dark (N2) 
for 8 days. The reaction was monitored by TLC and exhibited maxi
mum formation of 41 between 5 and 7 days and a slow, steady increase 
of by-product 42. The pyridine was removed under vacuum and the 
dark brown residue was extracted with benzene.

The benzene-soluble portion was chromatographed over silica gel 
(10 g) giving recovered 37 (340 mg, 34%), crystalline 42 (160 mg, 15%), 
and the crude dark crystalline osmate ester 41 (960 mg, 50%). Crude 
41 could be recrystallized from ether as small, white needles of the 
dipyridine adduct, mp 168 °C dec. Enone 42 was recrystallized from 
hexane as long, colorless needles: mp 150-150.5 °C; NMR 5 0.99 (s, 
3, C-18 H), 1.03 (d, J = 6 Hz, 3, C-21 H), 1.34 (s, 3, C-19 H), 2.00 (s, 
3, COCHs), 3.68 (s, 3, C 02CH3), 5.26 (m, 1 , C-7 H), 5.97 (d, J  = 2.4 Hz, 
1, C -ll H); ir 2946 (m), 1722 (s), 1679 cm- 1  (s, enone); m /e 458 (M+), 
427, 398, 328, 257, 243; uv max (EtOH) 236 nm (log e 4.03). Anal. Calcd 
for CsvHagOs: C, 70.72; H, 8.35. Found: C, 70.84; H, 8.46.

Methyl 3|8,lla-Dihydroxy-3a,9a-oxido-7a-acetoxy-5/3- 
cholanate (43). To the crude osmate 41 (869 mg) were added dioxane 
(20 ml) and saturated aqueous NH4CI (20 ml). H2S was bubbled 
through this mixture for 1 h after which it was heated to 65 °C for 1
h. The cooled mixture was filtered through Celite with EtOAc wash
ings. The solvents were removed and the crude product crystallized 
from acetone-hexane to provide 43 (450 mg, 93%, mp 112-116 °C) as 
light yellow crystals which contained a trace amount of osmate 41. The 
analytical sample was obtained by chromatography over silica gel: mp
117-119 °C; NMR 5 0.72 (s, 3, C-18 H), 0.95 (d, J =  6 Hz, 3, C-21 H),
1.20 (s, 3, C-19 H), 2.10 (s, 3, COCH3), 3.68 (s, 3, C 0 2CH3), 3.94 (m,
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1, C -ll H), 5.08 (m, 1, C-7 H); ir 3491 (w), 2956 (s), 1726 cm“ 1 (s); m/e 
478 (M+), 460, 418, 400,147. Anal. Calcd for C97H42O7: C, 67.76; H, 
8.84. Found: C, 67.87; H, 8.97.

Methyl 3-Oxo-7a-hydroxy-5j3-chol-9(l I )-enate (38). To 37 (436 
mg) dissolved in MeOH (3 ml) was added a solution of MeONa pre
pared from MeOH (2 ml) and Na (ca. 100 mg) and the resulting so
lution was refluxed for 3 h. The usual workup gave a colorless oil which 
afforded 38 (364 mg, 88%, mp 123-126 °C) as white needles on crys
tallization from hexane. Chromatography over silica gel (6 g) gave the 
analytical sample: mp 127-128 °C; NMR 5 0.66 (s, 3, C-18 H), 0.95 (d, 
J =  5 Hz, 3, C-21 H), 1.16 (s, 3, C-19 H), 3.68 (3, s, C 0 2CH3), 4.07 (m, 
1, C-7 H), 5.65 (m, 1, C -ll H); ir 3605 (w), 2945 (s), 1710 cm- 1 (s); m/e 
402 (M+), 400, 384, 369, 332, 314. Anal. Calcd for Ci3H.w0.t: m/e 
402.277. Found: m/e 402.276.

Methyl 3-Oxo-5/?-chola-7,9(ll)-dienate (44). To 38 (100 mg) 
dissolved in pyridine (5 ml) was added P0C13 (0.5 ml) and the re
sulting solution was stirred (N2) at 25 °C overnight. The usual workup 
followed by crystallization from acetone-hexane gave 44 (88 mg, 92%) 
as small, white needles, mp 140-142 °C (lit.14 143.5-144 °C).

3a,7a-Diacetoxy-5/?-chol-9(ll)-enic Acid (40). To 36 (1.00 g) 
were added pyridine (4 ml) and Ac20  (2 ml) and the resulting solution 
was heated at 100 °C (N2) for 0.5 h. The usual workup gave a colorless 
oil which formed long needles of 40 (920 mg, 84%, mp 198 °C) on 
crystallization from acetone-hexane. Recrystallization from ace- 
tone-hexane gave the analytical sample: mp 205 °C; m/e 474 (M+), 
414,399,354. 339. Anal. Calcd for C28H420 6: C, 70.86; H, 8.92. Found: 
C, 70.94; H, 8.80.

3a,7a-Diacetoxy-24-nor-5/?-choIa-9( 11),22-diene (45). To 40
(500 mg) were added benzene (7.5 ml), Pb(OAc)4 (900 mg), Cu(OAc)2 
(44 mg), and pyridine (0.4 ml). This mixture was heated at 100 °C (N2) 
for 2.5 h. After cooling, the mixture was filtered and the filtrate was 
evaporated, giving a green oil which was chromatographed on silica 
gel (5 g) to give pure 45 (405 mg, 90%, mp 101-103 °C) as small, white 
needle clusters: m/e 428 (M+), 413, 368, 353, 308. Anal. Calcd for 
C27H4o0 4: C, 75.66; H, 9.41; m/e 428.293. Found: C, 75.26; H, 9.56; m/e 
428.288.

3a-Hydroxy-7a-acetoxy-24-nor-5/S-chol-9( 11),22-diene (46) 
and 3-Oxo-7a-acetoxy-24-nor-5/3-chola-9(ll),22-diene (47). A
mixture of 45 (200 mg), K2C03 (280 mg), MeOH (4 ml), and water (1.6 
ml) was heated briefly at 100 °C to form a clear solution and then 
stirred at 45 °C for 6 h. Removal of most of the methanol under vac
uum, dilution with water, and extraction with CHC13 gave crude 46 
as a light yellow oil (180 mg): NMR 5 0.62 (s, 3, C-18 H), 1.07 (s, 3, C-19 
H), 2.00 (s, 3, COCH3), 3.48 (m, 1, C-3 H), 4.80 and 4.96 (m. 2, C-23 
H), 5.00 (m, 1 , C-7 H), 5.48 (m, 1, C -ll H), 5.60 (m, 1, C-22 H). Alcohol
46 (180 mg) was oxidized without further purification by dissolving 
in HOAc (2 ml), adding solid sodium dichromate dihydrate (50 mg), 
and allowing the solution to stand at 25 °C for 12 h. Dilution with 
water and extraction with CHC13 gave crude 47 which was chroma- 
torgaphed over silica gel (4 g) to afford pure 47 (131 mg, 73% from 45) 
as a colorless oil: NMR S 0.68 (s, 3, C-18 H), 1.06 (d, J  = 6 Hz, 3, C-21 
H), 1.18 (s, 3, C-19 H), 2.00 (s, 3, COCH3), 4.84 (dd, J =  2 and 5 Hz, 
1, C-23 H), 4.96 (dd, J  =  12 and 2 Hz, 1, C-23 H), 5.17 (m, 1, C-7 H),
5.70 (m, 2, C -ll H and C-22 Hi; m/e 384 (M+), 340, 324, 309. Anal. 
Calcd for C26H360 3: m/e 384.266. Found: m/e 384.268.

3-Oxo-7a-hydroxy-24-nor-5/S-chola-9(ll),22-diene (48). To
47 (100 mg) was added excess MeONa solution. The resulting solution 
was refluxed (N2) for 2 h. The usual workup followed by crystallization 
from hexane afforded pure 48 (74 mg, 83%): mp 109-110 °C; m/e 324 
(M+), 327, 324, 314, 313. Anal. Calcd for C23H340 2: m/e 342.256. 
Found: m/e 342.256.

Methyl 3(?,7a,lla-Trihydroxy-3a,9a-oxido-5j3-cholanate (51). 
A. From 43. To 43 (120 mg, mp 112-116 °C) was added a MeONa 
solution prepared from MeOH (5 ml) and Na (ca. 100 mg). The re
sulting solution was refluxed (N2) for 2 h. The usual workup followed 
by two recrystallizations from methylcyclohexane gave pure 51 (79 
mg, 82%) as long, colorless needles: mp 185-185.5 °C; NMR 5 0.71 (s, 
3, C-18 H), 0.96 (d, J  = 5 Hz, 3, C-21 H), 1.18 (s, temperature sensitive, 
C19 H), 3.67 (s, 3, C 02CH3), 4.04 (m, 2, C-7 H and C -ll H), 4.16^.34 
(1 , variable, OH); ir 3940 (very broad), 2945 (s), 1705 cm" 1 (s, sh); m/e 
436 (M+), 418, 400. Anal. Calcd for C25H4o0 6 : C, 68.78; H, 9.23. Found: 
C, 68.45; H, 9.42.

B. From 38. To 38 (71 mg) was added pyridine (1.5 ml) containing 
75 mg of Os04. After 1 h the reaction was complete. Chromatography 
yielded the osmate ester dipyridine adduct (145 mg, 100%) as a brown 
solid which gave, on osmate cleavage (see 43) crude diol hemiacetal 
51 (76 mg, 98%) identified by its NMR spectrum and melting 
point.

Methyl 3/S-Methoxy-3a,9a-oxido-7a-acetoxy-l la-hydroxy- 
5/J-cholanate (49). To a solution of 43 (50 mg) in MeOH (5 ml) was
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added a drop of 48% HBr. After 0.5 h at 25 °C, the solution was neu
tralized by addition of solid NaHC03. The usual workup gave crude 
49 as a colorless oil which was chromatographed over silica gel (1 g), 
affording 49 (41 mg, 79%) as a pure oil which would not crystallize: 
NMR <5 0.70 (s, 3, C-18 H), 0.96 (d, J =  5 Hz, 3, C-21H), 1.00 (s, 3, C-19 
H), 2.07 (s, 3, COCH3), 3.47 (s, 3, OCH3), 3.67 (m, 1, C -ll H), 4.98 (m, 
1, C-7 H); ir 3578 (w), 2950 (s), 1725 cm" 1 (s); m /e 492 (M+), 432,400, 
390, 279. Anal. Calcd for C28H44O7: C, 68.26; H, 9.00; m /e 492.309. 
Found: C, 67.81; H, 8.96; m /e 492.305.

M ethyl 3;8-M ethoxy-3a,9a-oxido-7a,l la-diacetoxy-5/3- 
cholanate (50). A solution of 49 (20 mg) in pyridine (1.5 ml) and AcoO 
(0.25 ml) was heated at 40 °C for 6 h (N2). Evaporation of the solvent 
gave an oily residue which was dissolved in EtOAc and filtered 
through alumina. Removal of the solvent gave a colorless oil which 
crystallized from hexane at —10 °C, affording white crystals of 50 (15 
mg, 71%) which liquefied to a pure oil: NMR 6 0.78 (s, 3, C-18 H), 0.95 
(s, 3, C-19 H), 2.08 (s, 6 , COCH3), 3.50 (s, 3, OCH3), 3.67 (s, 3, 
CO2CH3), 5.00 (m, 2, C-7 and C -ll H); ir 2956 (m), 1727 cm- 1  (s); m /e  
534,492, 432,414. Anal. Calcd for CacfteOs: m /e 534.319. Found: m/e 
534.319.

Methyl 3/3-Methoxy-3a,9a-oxido-7a,l la-dihydroxy-5/3-cho- 
lanate (52). To a solution of 51 (22 mg) in MeOH (2 ml) was added 
a trace of 48% HBr. After 0.5 h, the usual workup followed by chro
matography over silica gel gave pure 52 (19 mg, 85%) which crystal
lized from hexane as long, colorless needles: mp 155-156 °C; NMR 
6 0.70 (s, 3, C-18 H), 0.96 (d, J  = 5 Hz, 3, C21 H), 1.00 (s, 3, C-19 H),
3.30 (s, 3, OCH3), 3.67 (s, 3, C 02CH3), 3.5-4.0 (m, 2 , C-7 H and C -ll 
H); ir 3580 (w), 3500 (s), 2945 (s), 1726 cm“ 1 (s); m /e 450 (M+), 432, 
364, 302, 293. Anal. Calcd for CaeH^Oe: C, 69.30; H, 9.39; m /e 450.298. 
Found: C, 69.31; H, 9.86; m /e 450.296.

Methyl 3jS-Methoxy-3a,9a-oxido-7a-hydroxy-1 la-acetoxy- 
5/S-cholanate (53). A solution of 52 (50 mg) in pyridine (1.5 ml) and 
AC2O (0.25 ml) was heated to 40 °C for 6 h (No). The usual workup 
gave 53 (55 mg, 100%) as a pure, colorless oil which would not crys
tallize: NMR <5 0.80 (s, 3, C-18 H), 0.95 )d, J  = 5 Hz, 3, C-21 H), 0.96 
(s, 3, C-19 H), 3.40 (s, 3, OCH3), 3.68 (s, 3, C 0 2CH3), 3.74 (m, 1, C-7 
H), 5.10 (dd, J  = 11 and 5 Hz, 1, C -ll H); ir 3505 (w), 2945 (s), 1676 
cm- 1  (s); m /e 492 (M+), 461,432, 346,302. Anal. Calcd for C28H44O7: 
m /e 492.309. Found: m /e 492.308.

Methyl 3/5-Hydroxy-3a,9a-oxido-7a-acetoxy-ll-oxo-5/J-cho- 
lanate (54) and Methyl 3/S-Methoxy-3a,9a:-oxido-7a-acetoxy- 
1 l-oxo-5|8-cholanate (55). To a solution of 43 (45 mg) in CH2CI2 (1 
ml) was added 6 equiv of a 5% CH2CI2 solution of Cr0 3 -pyridine 
complex22 at 10 °C. After 0.5 h the solvent was removed under vacuum 
and the organic material was taken up in benzene and chromato
graphed over silica gel to afford hemiacetal 54 (27 mg, 60%) as a tacky, 
colorless oil: NMR 5 0.61 (s, 3, C-18 H), 1.10 (s, 3, C-19 H), 2.13 (s, 3, 
COCH3), 3.67 (s, 3, CO2CH3), 5.06 (m, 1 , C-7 H), Acetal 55 was im
mediately prepared from 54 (27 mg) by treatment with HBr in 
methanol (1 ml) (see 49). Chromatography over silica gel gave pure 
55 (18 mg, 64%) as a clear oil: NMR 5 0.62 (s, 3, C-18 H), 1.10 (s, 3, C-19 
H), 2.10 (s, 3, COCH3), 3.42 (s, 3, OCH3), 3.67 (s, 3, C 02CH3), 5.09 (m, 
1, C-7 H); ir 2960 (s), 1712 cm“ 1 (s); m/e 490 (M+), 472,420,402. Anal. 
Calcd for C28H42O7: m /e  490.293. Found: m /e 490.293.

Methyl 3/S-Methoxy-3a,9a-oxido-l la-acetoxy-5;8-chol-7-enate
(56) . To a solution of 53 (50 mg) in pyridine (2.5 ml) was added POCI3 
(0.25 ml) and the solution was stirred overnight (N2) at 25 °C. The 
usual workup gave 56 (47 mg, 100%) as a pure, colorless oil which 
would not crystallize. Chromatography over silica gel provided the 
analytical sample: NMR 6 0.66 (s, 3, C-18 H), 0.88 (s, 3, C-19 H), 0.91 
(d, J  = 5 Hz, 3, C- 2 1  H), 2.09 (s, 3, C O C H 3), 3.32 (s, 3, O C H 3), 3.67 (s, 
3, O C H s), 3.67 (s, 3, C O 2C H 3), 5.09 (dd, J  = 1 1  and 5 Hz, 1 , C -ll H),
5.21 (m, 1, C-7 H); ir 2946 (s), 1725 cm“ 1 (s); m /e 474 (M+), 432,414, 
399, 367, 328, 299,149. Anal. Calcd for C28H49O6: m/e 474.298. Found: 
m /e 474.295.

Methyl 3|8-Hydroxy-3a,9a-oxido-lla-acetoxy-5/3-chol-7-enate
(57) . To a solution of 56 (40 mg) in HOAc (0.5 ml) and water (0.5 ml) 
was added 60% HCIO4 (0.02 ml). After 1 2  h at 25 °C, the usual workup 
gave crude 57 (33 mg) which contained some of the corresponding 
acid. Treatment with CH2N2 and then chromatography over silica 
gel gave pure 57 (30 mg, 77%) which crystallized from acetone-hexane 
as small needles: mp 100-103 °C; NMR h 0.66 (s, 3, C-18 H), 0.88 (s, 
3, C-19 H), 0.92 (d, J = 5 Hz, 3, C-21 H), 2.10 (s, 3, COCH3), 3.68 )s, 
3, CO2CH3), 5.09 (dd, J  = 11 and 5 Hz, 1 C -ll H), 5.21 (m, 1, C-7 H); 
ir 3576 (w), 2946 (s), 1732 cm - 1  (s); m /e  460 (M+), 419,412, 400, 385, 
382, 371, 327. Anal. Calcd for C27H40O6: m /e  460.282. Found: m /e  
460.281.

3/3,1 la-Dihydroxy-3a,9a-oxido-5/9-chol-7-enic Acid (58) and 
Methyl 3/3,1 la-Dihydroxy-3a,9a-oxido-5/3-chol-7-enate (59). To
a solution of 57 (24 mg) in EtOH (2 ml) was added 0.2 N NaOH (2 ml) 
and the mixture was boiled for 1 h. The EtOH was removed under 
vacuum and the mixture was poured into dilute HOAc. The white 
precipitate was crystallized twice from acetone-hexane to give 58 (14.7 
mg, 70%, mp 170-173 °C). Recrystallization from CH3CN gave the 
analytical example: mp 172-174 °C; NMR 5 0.56 (s, 3, C-18 H), 0.94 
(s, 3, C-19 H), 0.96 (d, J  = 5 Hz, 3, C-21 H), 3.84 (dd, J  = 12 and 5 Hz,
I, C -ll H), 5.26 (m, 1, C-7 H); ir 3571 (w), 2942 (s), 1710 mm“ 1 (s); m/e 
404 (M+), 386, 371, 368, 353, 316. Anal. Calcd for C24H3605-1/3H20 : 
C, 70.22; H, 9.00; m /e 460.256. Found: C, 70.21; H, 8.98; m /e  
460.256.

The methyl ester 59 was prepared by treating 58 (8 mg) with excess 
CH2N2 in ether. Chromatography of the crude product over silica gel 
gave 33 (6 mg, 72%) as an amorphous white solid which formed gels 
on attempted crystallization from acetone-hexane or methylcyclo- 
hexane: NMR 6 0.56 (s, 3, C-18 H), 0.94 (s, 3, C-19 H), 3.68 (s, 3, 
CO2CH3), 3.84 (m, 1, C -ll H), 5.26 (m, 1, C-7 H); ir 3586 (w), 2945 (s), 
1731 cm“ 1 (s); m /e 418 (M+), 400, 385,382,367,346, 313, 285. Anal. 
Calcd for C25H38O5: m /e 418.272. Found: m /e 418.268.
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In an effort to effect stereoselective and regioselective total syntheses of the sesquiterpenes intermedeol (1) and 
tauresmisin (5), homoannular dienes (2) (5-epi-10-epieudesma-l,3,ll-triene) and 4 (6 , llftf/-eudesm a-l,3-dien-
6,13-olide) were subjected to photochemical oxygenation. Diene 2  gave a complex mixture of products, while 4 gave 
mixtures of santonin and hyposantonin, the result o f a photochemical ene reaction. The expected endoperoxides 
could not be detected. 1,3-Cholestadiene ( 18) was also subjected to photochemical oxygenation and gave 1,4-choles- 
tadien-3-one (19) as the only isolable product derived from 18. These results are discussed in terms of the steric re
quirements for endoperoxide formation. The syntheses of compounds 2 and 4 are described, and methods o f prepa
ration o f 1,3-cholestadiene are discussed.

In the course of a general synthetic program in the sesqui
terpene field, a variet of approaches to the 1 0 -epieudesmane 
group of these natural products have been explored.2 A major 
goal of this program was a convenient total synthesis of int
ermedeol3 (5-epi-10-epieudesma-ll-en-4j3-ol, 1), a presumed 
biosynthetic precursor of the valencene-nookatone group of 
sesquiterpenes. An attractive regioselective and stereoselective 
synthetic approach to 1 involved the photooxygenation of
5-epi-10-epieudesma-l,3,ll-triene (2), to give endoperoxide 
3 which could be converted to intermedeol in a relatively few 
steps. In addition, the photooxygenation product of the re
lated diene (4) derived from santonin4 could serve as a pre
cursor for another sesquiterpene, tauremisin (5).5

1 2 3
0

4 5 11, R = OH
12, R = Cl

13, R, R' = 0  14 16
15, R = H; R' = OOH

17 18 19

Triene 2 was prepared from 4-epi-5-epi-10-epieudesm-
ll-en-3-one (6)6 as outlined in Scheme I. Utilizing a modifi
cation of a procedure employed in a total synthesis of occi- 
dentalol,7 ketone 6 was condensed with ethyl formate and the 
resulting formyl compound brominated to give a-bromo ke
tone 7, which was smoothly dehydrohalogenated to enone 8. 
Reduction of 8 with potassium tri-sec-butylborohydride8 
quite unexpectedly gave 4-epi-5-epi-10-epieudesm-ll-en~

Scheme I

2

10

3/3-ol (9), the result of conjugate reduction, as the only isolable 
product.9 The structure and stereochemistry of 9 were con
firmed by its preparation from ketone 6 by reduction with 
potassium tri-sec-butylborohydride. In contrast, lithium 
aluminum hydride reduction of enone 8 gave a crystalline 
alcohol which, on the basis of its spectral properties (see Ex
perimental Section), was assigned structure 10 in which the 
hydroxyl group is quasi-equatorial. Attempted dehydration 
of 10 by means of toluenesulfonic acid at room temperature7 
gave complex mixtures, while von Rudloffs procedure 0 af
forded recovered alcohol. The dehydration of 10 was finally 
accomplished by use of the procedure utilized by a Syntex 
group for preparation of steroidal 1,3-dienes.11 Reaction of 
alcohol 10 with thionyl chloride gave an unstable allylic 
chloride which on heating in dimethylformamide-pyr:dine 
afforded triene 2. Photooxygenation of 2, followed by treat
ment with basic alumina to convert the endoperoxide to the 
corresponding hydroxy enone, 12 gave a mixture of at least 
seven compounds, which on the basis of spectral data con
tained little if any of the desired product. In view of simulta
neous experiments with diene 4 (see below) this reaction was 
not investigated further.

Base treatment of the endoperoxide derived from diene 4 
would be expected to lead to a convenient synthesis of tau
remisin (5), a sesquiterpene isolated simultaneously some 
years ago by two groups.5 Although one total synthesis of this 
compound has been reported,13 the final stages of the syn
thesis were carried out without the isolation or purification 
of intermediates and in very poor overall yield. Diene 4 has
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been prepared by Corey in five steps from santonin and used 
in the synthesis of dihvdrocostunolide.4 In this synthesis of 
4 the mixture of epimeric precursor alcohols (11) was dehy
drated directly; however, in this work compound 4 was pre
pared from the mixture of epimeric allylic chlorides in the 
same manner used for the preparation of triene 1. Photooxy
genation of 4, followed by treatment with basic alumina, gave 
no trace of tauremisin (5), but afforded instead mixtures of 
santonin (13) and hyposantonin (14). These products un
doubtedly both arise from hydroperoxide 15, santonin by the 
normal mode of decomposition of hydroperoxides, and hy
posantonin by a variation of the dienol-benzene rearrange
ment. Hydroperoxide 15 is in turn derived from 4 by way of 
a photochemical ene reaction. 14 Although the photochemical 
ene reaction of singlet oxygen with homoannular dienes has 
been observed as a competing reaction with endoperoxide 
formation in a few cases,14 at the time this work was completed 
the only other apparent example of the exclusive occurrence 
of the ene reaction of a cisoid conjugated diene was in the case 
of a highly hindered triterpene derivative.15 The failure of the 
normal 1,4-cycloaddition reaction of singlet oxygen in that 
case was attributed to “ steric hindrance” . Following the 
completion of this work, however, Sasson and Labovitz re
ported that photooxygenation of diene 16 afforded only 
products from a photochemical ene reaction, while a similar 
diene lacking the angular methyl group reacted normally, 
giving the endoperoxide as a major product. 16 These authors 
attribute the failure of diene 16 to form an endoperoxide to 
“ a strong 1,3-diaxial interaction between the angular methyl 
group and an ethylenic bridge” . This explanation cannot, 
however, be correct, because the diaxial interactions in the 
endoperoxides derived from dienes 16,4, and 2  are no worse 
than those in the endoperoxides derived from 2,4-cholesta- 
diene17 or two dienes (17, R = isopropyl18 or isopropenyl19) 
closely related to 2 and 16, which readily form endoperox
ides.

In order to gain additional insight into the steric affects in 
the reactions of homoannular dienes, 1,3-cholestadiene (18)20 
was subjected to photooxygenation. When diene 18 which had 
been prepared from 3/3-chlorocholest-l-ene by heating in di- 
methylformamide11’200 was subjected to photooxygenation, 
two crystalline compounds were obtained. The major product 
was l,4-cholestadien-3-one (19), the result of the ene reaction, 
while the minor product (ca. 10 %) was identified as the en
doperoxide derived from 2,4-cholestadiene.17 Since there is 
no reasonable mechanism for the formation of this endo
peroxide from diene 18, this product was assumed to be an 
artifact derived from 2.4-cholestadiene present as a contam
inant in diene 18. To confirm this conclusion, 1,3-cholesta- 
diene was also prepared from the tosylhydrazone of 1 -choles- 
ten-3-one.20b Photooxygenation of 18 prepared in this manner 
gave a product which contained no endoperoxide, but which 
did contain a small amount of 2 -cholestene, which was un
doubtedly an impurity in the starting diene. The 2,4-choles
tadiene present in the 1,3-diene prepared by Dauben’s method 
probably arises from the pyridine hydrochloride catalyzed 
isomerization of 18 (see Experimental Section). The 2-cho
lestene present in 18 prepared by Herz’s method may originate 
from some 3-cholestanone present in the l-cholesten-3-one 
precursor of 18, or it may arise during the reaction of the tos
ylhydrazone with methyllithium.

It is quite apparent that the photooxygenation of dienes 
structurally similar to 1,3-cholestadiene leads exclusively, or 
nearly exclusively, to products arising from photochemical ene 
reactions. This can be explained neither in terms of diaxial 
interactions (see above) nor in terms of “ steric hindrance” , 
since 1,3-cholestadiene is a relatively unhindered diene. Ex
amination of Dreiding models of the endoperoxides derived

from 1,3-cholestadiene and 2,4-cholestadiene indicates that 
there is considerable strain inflicted in the endoperoxide de
rived from the 1,3-diene as a result of fusing a second ring in 
a trans relationship to a full boat 2-cyclohexene system. Al
though there is also appreciable strain of the same type 
present in the endoperoxide derived from the 2,4-diene, 
qualitatively the strain appears to be less. Since a diene similar 
to 16 without the angular methyl group gives a endoperoxide 
in reasonable yield,16 it is apparent that diaxial interactions 
must also play a role in determining the course of these reac
tions.21

Experimental Section22

2|3-Bromo-4-epi-5-epi-10-epieudesm-ll-en-3-one (7). A solu
tion of 6.45 g of 4-epi-5-epi-10-epieudesm-ll-ene-3-one (6 ) 6  in 100 
ml of dry ether was added slowly to a cold (ice bath), stirred mixture 
of 4.50 g of sodium hydride (50% dispersion), 50 ml of ethyl formate, 
8  drops of methanol, and 200 ml of dry ether. The reaction mixture 
was then allowed to warm to room temperature and stirred for 18 h 
under nitrogen. Sufficient water was added to decompose the excess 
hydride and the reaction mixture extracted with three portions of iced 
10% aqueous sodium hydroxide. The combined aqueous extracts were 
washed with ether, acidified with cold dilute hydrochloric acid, and 
extracted with ether. The ethereal extracts were washed with water 
and dried and the solvent removed at reduced pressure to give 5.83 
g of formyl compound as a brown oil which was brominated without 
further purification.

To a stirred solution of 6.23 g of the above formyl compound in 150 
ml of ethanol containing 30 g o f barium hydroxide was added slowly
8.05 g of pyridimium bromide perbromide in 150 ml o f ethanol. The 
reaction mixture was stirred at room temperature for 0.75 h, poured 
into water, and extracted with three portions of ether. The extracts 
were combined, washed with water, and dried and the solvent removed 
to give a yellow oil which slowly crystallized. Recrystallization from 
hexane gave 6.09 g (69%) of material, mp 53-63 °C, which was suffi
ciently pure for subsequent reactions. The analytical sample, mp
77-78 °C, was prepared by repeated recrystallizations from hexane: 
ir 5.76 m; NM R <51.10 (d, J = 7 Hz, CH 3 CH), 1.20 (s, 3 H, CH:i), 1.69 
(s, 3 H, CH 3 C = ), 4.75 (m, 2 H, CH 2= C ).

Anal. Calcd for C i5 H 2 3 BrO: C, 60.20; H, 7.75; Br, 26.71. Found: C, 
60.23; H, 7.90; Br, 27.02.

4-Epi-5-epi-10-epieudesma-l,ll-dien-3-one (8 ). To a solution 
of 5.76 g of bromo ketone 7 in 200 ml of dry dimethylformamide was 
added 6.0 g of lithium bromide and 8.0 g of lithium carbonate. The 
mixture was heated, with stirring, at 125 °C under nitrogen for 18 h, 
cooled, and poured cautiously into dilute aqueous acetic acid and the 
resulting suspension extracted with three portions o f ether. The 
ethereal extracts were combined, washed well with water, and dried 
and the solvent removed to give a pale yellow oil. Distillation (150-170 
°C, bath temperature, 0.04 mm) gave 3.44 g (83%) o f ketone 8  as a 
colorless liquid: ir 5.99, 6.01 p; NM R 5 1.08 (s, 3 H, CH3), 1.09 (d, 3 H, 
CH 3 CH), 1.65 (d, J  = 1 Hz, CH 3 C = ) , 4.69 (m, 2 H, CH 2= C ) ,  5.48 (1 
H d, J  = 9 Hz, C H = C H C = 0 ), 6.25 (d, 1  H, J  = 9 Hz, C H =  
C H C = 0 ).

For analysis the compound was converted to the 2,4-dinitrophen- 
ylhydrazone, mp 129-131 °C, from ethanol-ethyl acetate.

Anal. Calcd for C2 1 H 2SN4 O4 : C, 63.30; H, 6.58; N, 14.06. Found: C, 
63.20; H, 6.45; N, 14.01.

4-Kpi-5-epi-10-epieudesm-l I-en-3/3-ol (9). A. A solution of 0.714 
g of 4-epi-5-epi-10-epieudesm a-l,ll-dien-3-one (8 ) in 20 ml of dry 
tetrahydrofuran was added to 60 ml of a cooled (0 °C) 0.5 M solution 
of K-Selectride in tetrahydrofuran. The reaction mixture was stirred 
under nitrogen at 0 °C for 2 h and the excess hydride destroyed by the 
cautious addition of water. To the stirred reaction mixture was then 
added 50 ml of 2 N sodium hydroxide, followed by the cautious ad
dition of 35 ml o f 30% hydrogen peroxide. The reaction mixture was 
stirred at ambient temperature for 18 h, and the aqueous layer sep
arated and washed with two portions of ether. The ethereal washings 
were combined with the original orgainc layer, washed with water and 
brine, and dried and the solvent removed at reduced pressure to give 
0.504 (70%) of alcohol as a colorless oil. This material was identical 
with that prepared in part B below.

B. Reduction o f 0.183 g of 4-epi-5-epi-10-epieudesm-ll-en-3-one
(6 ) using 20 ml o f K-Selectride following the procedure described in 
part A gave 0.145 g (79%) of alcohol 9 as a colorless oil. Distillation (bp
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140-150 °C, bath, 0 . 1 2  mm) gave the analytical sample as a viscous, 
water-white liquid: ir 2.91,6.13,11.33 m; NMR <5 0.88 (s, 3 H, CH3). 0.88 
(d, 3 H, J = 6  Hz. CH jCH), 1.71 (s, 3 H, CH;tC = ) ,  3.78 (m, 1  H, 
CHOH), 4.82 (m, 2 H, CH-,=).

Anal, calcd for CisH-jgO: C, 81.02; H, 11.70. Found: C, 81.14; H, 
11.65.

4- Epi-5-epi-l0-epieudesma-l,ll-dien-3/3-ol (10). To a cooled 
(0 °C) solution of 2.76 g of unsaturated ketone 8  in 200 ml of dry ether 
was added 1.00 g of lithium aluminim hydride. The reaction mixture 
was allowed to warm to room temperature and stirred for 2  h. Crushed 
ice was added cautiously to decompose the excess hydride and the 
ethereal solution decanted from the precipitated solids. The inorganic 
salts were washed with ether, the ethereal solutions combined and 
dried, and the solvent removed to give 2.48 g (90%) of oil which crys
tallized on standing. This material was essentially homogeneous to 
TLC and was used without purification for subsequent transforma
tion. For analysis a small quantity of the alcohol was recrystallized 
from methanol-water to give white needles: mp 87-88 °C; ir 3.02, 6.18,
11.30 M; NMR h 0.99 (s, 3 H, CH ,), 0.99 (d, J  = 5 Hz, 3 H, CH:iCH),
I. 72 (s, 3 H, CH 3 C = C ), 3.77 (br d, J = 8  Hz, 1 H, CHOH), 4.88 (m, 2 
H, C 3 H 2= C ) ,  5.45 (s, 2 H, C H =C H ).

Anal. Calcd for C 1 5 H 2 4 O: C, 81.76; H, 10.98. Found: C, 81.86, H,
II. 00.

5- Epi-10-epieudesma-l,3,ll-triene (2). To a cooled (0 °C) so
lution of 0.280 g of allylic alcohol 10 in 25 ml o f dry benzene was added, 
with stirring, 1 ml of thionyl chloride. The reaction mixture was stirred 
at 0 °C for 0.5 h, allowed to warm to ambient temperature, and stirred 
for an additional 1 h. The solvent was removed at reduced pressure 
with gentle warming, and the residue taken up in ether. The ethereal 
solution was washed with 5% aqueous sodium carbonate and water 
and dried and the solvent removed to give the 3-chloro compound as 
an unstable, pale yellow oil. This material was taken up in 20 ml of 
dimethylformamide, 1  ml of pyridine was added, and the mixture was 
heated at reflux under nitrogen for 18 h. After cooling, the reaction 
mixture was poured into water and extracted with three portions of 
hexane. The hexane extracts were washed with successive portions 
of water, iced 5% hydrochloric acid, 5% sodium carbonate, and water 
and dried and the solvent removed at reduced pressure to give a yellow 
oil. This oil was taken up in hexane and chromatographed on 10 g of 
Merck alumina. Elution with hexane gave 0.170 g (53%) o f hydro
carbon 2  as a colorless liquid which slowly decomposed on standing: 
ir 6.10, 1 1 . 2 1  M; NM R b 0.82 (s, 3 H, CH3), 1.78 (br s, 6  H, CH 3 C = ),
4.85 (br s, 2 H, CH2= ) ,  5.60 (m, 3 H, C H = C H C H = C -); uv max 
(CH 3 OH) 267 nm (t 3600); mass spectrum m/e (rel intensity) 202 
(100), 187 (58), 159 (100), 157 54), 145 (92).

6,lldH-Eudesma-l,3-dien-6,13-olide (4). Allylic alcohol 11 was 
converted to diene 4 by the method described above for the prepa
ration of 5-epi-10-epieudesm a-l,3,ll-triene. From 0.50 g of alcohol 
there was obtained, after recrystallization from hexane, 0.21 g (46%) 
of material, mp 83-86 °C (lit. mp 95-97 °C4). The spectral properties 
were in agreement with those reported by Corey, and the material was 
homogeneous to TLC (silica gel G, hexane-benzene, 1:1).

Photooxygenation of 6,ll/3i-i-Eudesina-l,3-dien-6,13-olide. A 
solution of 0.340 g of 4 in 170 ml of 95% ethanol containing 0.025 g of 
eosin and 1.5 ml o f pyridine was irradiated at 0 °C with a 275-W 
Westinghouse sun lamp for 18 h while oxygen was bubbled through 
the solution. The solvents were removed at reduced pressure, and the 
residue was taken up in benzene-ether (1 :1 ) and absorbed on 8  g of 
Merck alumina. After standing for 3 h, the column was eluted with 
benzene-ether ( 1 :1 ) to give 0.154 g o f semisolid which TLC (silica gel 
G, benzene-ethyl acetate, 6:1) showed was a mixture of five com 
pounds, two of which accounted for the bulk of the material. The Rf 
value of the principal component of this mixture corresponded to that 
of santonin, while the Rf value of the other major component corre
sponded to that o f hyposantonin. Trituration of the crude mixture 
with ether afforded 0.063 g o f santonin (13), mp and mmp 169-171 
°C. In another run, 0.138 g of crude material was dissolved in benzene 
and chromatographed on 10 g of Woelm silica gel. The first ben
zene-ethyl acetate (5:1) fractions gave 0.021 g o f hyposantonin (14), 
which was identical with a sample prepared earlier, 2 3  while the final 
fractions eluted with the same solvents gave 0.026 g of santonin. The 
intermediate fractions afforded 0 . 0 2 1  g o f mixtures of santonin, hy
posantonin, and two minor constituents of the reaction mixture.

1,3-Cholestadiene (18). This compound was prepared either by 
the method of Dauben'20b or that of Herz.20c Using Dauben’s proce
dure, 9.96 g of crude l-cholesten-3/3-ol gave 2.74 g (29%) of diene: mp 
59-60 °C; [ a ] 21D  +84° ( c  0.57) (lit. mp 60-61 °C, [ a ] 23D  +78° 20b). 
Neither the yield nor quality of the product could be improved by 
purification of alcohol or the intermediate allylic chloride. From 2.00 
g of the tosylhydrazone of l-cholesten-3-one, mp 166-168 °C dec (lit.

mp 168-170 °C dec20c), using Herz’s procedure there was obtained 
0.390 g o f diene, mp 55-58 °C, [ a ] 20D  + 6 6 ° (c 0.96) (lit. mp 67-68 °C, 
[ f f ] 20D  +  73° 20c), plus a quantity of unreacted hydrazone. The spectral 
properties of material obtained by both methods were in agreement 
with those reported by Dauben.20c

When a sample of 0.121 g o f diene 18 was heated at reflux in 25 ml 
of dimethylformamide for 24 h, it was recovered unchanged; however, 
the addition of 1 ml of pyridine and 3 drops of concentrated hydro
chloric acid (conditions which duplicate Dauben’s dehydrohaloge- 
nation) gave a gummy mixture of hydrocarbons. 1,3-Cholestadiene 
as originally prepared by Tamm and Albrecht2 0 8  was reported to have 
mp 67-68 °C, [a]D +73°.

Photooxygenation of 1,3-Cholestadiene. Diene 18 prepared by 
Dauben’s method was photooxygenated in the manner described 
above for photooxygenation o f 4. From 1.160 g of diene in 200 ml of 
1:1 benzene-ethanol containing 4 ml of pyridine and 0.030 g o f eosin, 
there was obtained, after treatment with basic alumina, 1.107 g of 
crude material which was dissolved in hexane-benzene (4:1) and 
chromatographed on 100 g of Merck alumina. Elution with hexane- 
benzene (3:1) gave 0.103 g of the endoperoxide derived from 2,4- 
cholestadiene, mp 107-109 °C, which was identical with a sample 
prepared by photooxygenation of the diene . 17 Elution with hexane- 
benzene (1:1) gave 0.528 g of l,4-cholestadien-3-one (19), mp and mmp 
108-111 °C. The spectral properties were identical with those of a 
sample prepared by an alternate route. Elution with benzene gave 
0.049 g of a mixture containing dienone 19 and small quantities of two 
other unidentified compounds.

Photooxygenation of 0.311 g o f diene 18 prepared by Herz’s pro
cedure gave 0.083 g o f dienone 19 and 0.063 g o f 2-cholestene as nee
dles from acetone, mp 67-69 °C. This material has an infrared spec
trum identical with that of a sample, mp 67-68 °C, prepared by the 
method of Mauthner, 2 4  mmp 67-69°C.

Registry No.—2, 60184-24-9; 4, 4678-04-0; 6, 28290-27-9; 7, 
60184-25-0; 8 , 60184-26-1; 8  2,4-DNPH, 60184-27-2; 9, 60209-18-9; 
10,60184-28-3; 11,4678-03-9; 18,4117-49-1.
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The isolation and structural elucidation o f the new potent antileukemic principles, gnidilatin 20-palmitate (1), 
gnidilatidin 20-palmitate (2), and gnidilatin (3), and the new toxic diterpenoids, gnidilatidin (4) and gnidiglaucin
(5), are reported. Esters I and 2 were proven to be C-20 palmitate esters of gnidilatin (3) and gnidilatidin (4), re
spectively, by acylation of 3 and 4 with palmitoyl chloride. Methanolysis o f 1,3, and 5 afforded the tetrol 6  as a com 
mon parent diterpenoid ortho ester. The tetrol 7 was obtained from 2 and 4. Catalytic hydrogenation of 3 and 4 gave 
dihydrognidilatin (8 ).

In the course of a continuing search for tumor inhibitors 
from plant sources, we found that alcoholic extracts of Gnidia  
la tifo lia  Gilg.3 and G nidia  g laucus  Fres.4 (Thymelaeaceae) 
showed significant activity in vivo against P-388 leukemia in 
mice.5 We report herein the isolation and structural elucida
tion of the potent antileukemic principles, gnidilatin 20 -pal- 
mitate (1), gnidilatidin 20-palmitate (2), and gnidilatin (3), 
and the companion toxic principles gnidilatidin (4) and 
gnidiglaucin (5).

OR'

1, R ' =  COPh; R2 =  COCi5H3i 
3, R ' =  COPh; R 2 =  H
5, R ' =  C0CH3; R 2 =  H
6 , R ' =  H; R 2 =  H

2, R ' =  COPh; R 2 =  COC15H31 

4, R ' =  COPh; R2 =  H 
7, R ' =  H; R 2 =  H

OCOPh

Fractionation of the ethanol extract of G. la tifo lia , guided 
by a combination of an in vivo assay for antileukemic activity 
(P-388) and a goldfish toxicity test,6 revealed that both the 
antileukemic and piscicidal activity were concentrated in the 
chloroform layer of a chloroform-water partition. Column 
chromatography on SilicAR yielded two active fractions (A 
and B) upon elution with ethyl acetate-benzene (1:9 and 3:7, 
respectively). Column chromatography of fraction A on silica 
gel and subsequent preparative layer chromatography on silica 
gel gave two closely related compounds, gnidilatin 20 -palmi
tate (1 ), C53H78O11 , and gnidilatidin 2 0 -palmitate (2 ), 
C 53H 74O 11 . Successive column chromatography of fraction B 
on silica gel, then Celite, followed by preparative TLC on silica 
gel gave two closely related compounds, gnidilatin (3 ), 
C37H48Oio, and gnidilatidin (4), C37H44O10.

The initial spectral data (ir, NMR) of these compounds 
indicated that they were structurally related to gnididin (9)7 
and huratoxin (10),8 previously isolated from G nidia  lam - 
p ra n th a  Gilg. (Thymelaeaceae) and H ura c rep ita n s  L. (Eu- 
phorbiaceae), respectively. The NMR spectrum of gnidilatidin
(4) was almost identical with that of gnididin (9) except for 
the signals for the diene vinyl protons (at C-2', 3', 4', and 5'),8
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which were identical with those of huratoxin (10). These data 
indicated that the only difference between 4 and 9 was the 
position of the benzoate and decadienoate esters, a conclusion 
supported by the uv spectra. While gnididin (9) showed ab
sorption at 260 nm (characteristic of dienoate esters), gnidi- 
latidin (4) showed absorption at 232 nm (characteristic of 
conjugated dienes). Methanolysis of 9 gave methyl decadi
enoate,7 while 4 gave methyl benzoate and the tetrol 7, 
C30H40O9. Although C-5 and C-12 proton absorptions each 
appear as a singlet, the site of benzoate attachment in 4 can 
be assigned on the basis of chemical shift. In the NMR spec
trum of 4 the methine resonance (r 4.88, s, 1 H), which was 
shifted to r 6.09 in the spectrum of 7, was consistent with es
terification at the C-12 position. Moreover, the C-5 methine 
resonance of 4 remains essentially unchanged from that of 7 
and occurs downfield from the absorption which would be 
expected if the hydroxyl at C-12 were free. Hence gnidilatidin 
was assigned the structure 4. The stereochemistry of the 
double bonds in the 2,4-decadienoate group remains to be 
established.

A comparison of the molecular formulas and spectral data 
of gnidilatidin 20-palmitate (2) and gnidilatidin (4) indicated 
that gnidilatidin 20-palmitate (2 ) was the palmitate ester of 
gnidilatidin (4). Proof was obtained by direct transformation; 
thus upon treatment with palmitoyl chloride in pyridine, 
gnidilatidin (4) was converted to gnidilatidin 20-palmitate (2). 
In addition, methanolysis of 2 afforded tetrol 7. The structural 
problem which remained at this point was the determination 
of the site of attachment of the palmitate group to gnidilatidin
(4). The NMR signals for the C-20 protons of 2 appeared at 
lower magnetic field by ~0.4 ppm than the corresponding 
signals of gnidilatidin (4) (see Table I), which indicated that 
C-20 was the point of attachment of the palmitate ester. Thus 
gnidilatidin 20 -palmitate was shown to have the structure 
2.

The molecular formula of gnidilatin (3) indicated that it was 
a tetrahydro derivative of gnidilatidin (4), and, as expected, 
the NMR spectrum of 3 did not have signals corresponding 
to decadienoate vinyl protons. Catalytic hydrogenation of 
gnidilatin (3) and gnidilatidin (4) over 10% palladium-carbon 
gave dihydro and hexahydro derivatives, respectively. Spectral 
data and TLC comparisons indicated the identity of these 
compounds.

Gnidilatin 20-palmitate (1) was shown to be the 20-palmi
tate of gnidilatin (3) by the same method as that used for the 
structural elucidation of gnidilatidin 2 0 -palmitate (2 ).

By an isolation procedure very similar to that described 
above, gnidiglaucin (5) was isolated from an alcoholic extract 
of G nidia  g la u cu s  Fres.

The molecular formula C32H46O10 was advanced for 
gnidiglaucin (5) on the basis of high-resolution mass spec
trometry. The presence of an acetate ester was indicated by 
the loss of 42 and 43 amu in the mass spectrum. Furthermore, 
there appeared in the NMR spectrum a signal for the acetate 
group at r 8.16 (3 H, s). The other signals of gnidiglaucin (5) 
were very similar to that of gnidilatin (3) except for the ab
sence of signals corresponding to a benzoate group, which 
indicated that gnidiglaucin (5) was the 12-acetate of the tetrol
6. Methanolysis of gnidiglaucin (5) gave a deacetyl derivative 
which was identical with the tetrol 6 obtained from gnidilatin
(3). A comparison of the NMR spectrum of gnidiglaucin (5) 
with that of tetrol 6 led to the conclusion that the position of 
the acetate group was at C-12.

Gnidilatin 20-palmitate (1) and gnidilatidin 20-palmitate
(2 ) exhibited substantial inhibitory activity at optimal doses 
of 0.5-2 mg/kg of body weight against the P-388 leukemia in 
mice, and gnidilatin (3) showed moderate inhibitory activity 
at about 80 Mg/kg. On the other hand, gnidilatidin (4) and
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gnidiglaucin (5) showed no inhibitory activity. These data 
indicate that the 12-benzoate and 20-palmitate esters may act 
as important carrier moieties (e.g., in processes concerned with 
cell penetration or selective molecular complex formation).9 
Investigations are in progress to determine the significance 
of the epoxide, the cyclopentenone, the ortho esters, and of 
the other structural features which may be important for the 
antileukemic activity of these diterpenoid esters.

Experimental Section
General. Uv spectra were measured on a Beckman Model DK-2A 

recording spectrophotometer. Infrared spectra were determined on 
a Perkin-Elmer Model 257 recording spectrophotometer. NMR 
spectra were determined on a Varian HA-100 spectrometer or a JEOL 
PS-100 pulsed FT NMR spectrometer interfaced to a Texas Instru
ment JEOL 980 A computer, and chemical shifts are reported using 
the r scale. Mass spectra were determined on Hitachi Perkin-Elmer 
Model RMU-6 E or AEI Model MS-902 spectrometers. Values of [a]D 
were determined on a Perkin-Elmer Model 141 automatic polarim- 
eter. All thin layer chromatography was carried out on commercially 
prepared plates; silica gel refers to silica gel 60 F-254 (E. Merck) and 
ChromAR to ChromAR 7GF (Mailinckrodt). For column chroma
tography silica gel refers to silica gel 60 (E. Merck), SilicAR to SilicAR 
CC-7 (Mallinkrodt), and Celite to Celite 545 (distributed by Sar- 
gent-Welch). Visualization of TLC was effected with vanillin spray 
(2.5 g vanillin-10 ml ethanol-50 ml concentrated sulfuric acid).

Extraction and Preliminary Fractionation of Gnidia latifolia. 
The dried ground wood of stems and stem bark (30 kg) was extracted 
at room temperature by stirring with 95% ethanol (2161.) for 24 h. The 
extraction mixture was filtered and concentrated below 30 °C in vacuo 
to a syrupy residue (~900 ml). The residue was partitioned between 
chloroform (3X8 1.) and water ( 1 0  1.) and the combined chloroform 
layers were concentrated to give a brown tar (440 g), which was 
chromatographed on a SilicAR CC-7 column (5 kg) by eluting with 
benzene followed by benzene containing increasing amounts of ethyl 
acetate. Elution with 10% ethyl acetate in benzene gave fraction A (35 
g), which was found to be active against P-388 lymphocytic leukemia 
in the mouse (PS). Elution with 30% ethyl acetate in benzene gave 
fraction B (58 g), which showed activity against PS and toxicity 
against goldfish.

Isolation of Gnidilatin 20-Palmitate (1) and Gnidilatidin 
20-Palmitate (2). Careful column chromatography of fraction A on 
silica gel (600 g) with hexane containing increasing amounts of acetone 
gave a fraction which was shown to contain two closely related com
pounds. Preparative thin layer chromatography of this fraction on 
silica gel gave gnidilatin 20-palmitate (1,62 mg, 0.0002%) [[«]23d +45° 
(c 0.58, CHCh); uv (MeOH) \max 231 nm («18 000); ir (CHCh) 2.83,
3.41, 3.50, 5.79, 6.12, 6.24, 6.29, 7.90 g; mass spectrum m/e 890.5539 
(M+, calcd for C5 3 H7 8 O11 890.5544)], and gnidilatidin 20-palmitate 
(2 , 45 mg, 0.00015%) [[«P d +27° (c 0.15, CHC13); uv (MeOH) Araax 
232 nm U 41 000); ir (CHCh) 2.85,3.42,3.52,5.80,5.91,6.04,6.13,6.24,
6.30, 7.90 m; mass spectrum m/e 886.5237 (M+, calcd for C53H74O11, 
886.5231)].

Isolation of Gnidilatin (3) and Gnidilatidin (4). Column chro
matography of fraction B on SilicAR (700 g) with chloroform con
taining increasing amounts of methanol gave an active fraction (7 g). 
Partition chromatography on Celite ( 1 0 %  CHCh-heptane:17% 
aqueous methanol) followed by preparative TLC on silica gel gave 
gnidilatin (3, 37 mg, 0.0 0 0 1 2 % )  ] [ « ] 23D  +52° (c 0.24, CHCh); uv 
(MeOH) Amax 231 nm (e 15 000); ir (CHCh) 2.83, 3.41, 3.49, 5.79, 5.89, 
6.12, 6.24, 6.28, 7.89 p; mass spectrum m/e 652.3240 (M+ calcd for 
C37H48O10, 652.3248)] and gnidilatidin (4, 33 mg, 0.00011%) ][«]2:iD 
+28° (c 0.16, CHCh); uv (MeOH) Amax 232 nm (e 36 000); ir (CHCh) 
2.84, 3.42, 3.50,5.85, 5.90,6.14,6.25,6.28,7.87 p; mass spectrum m/e 
648.2927 (M+, calcd for C37H44O10, 648.2935)].

Methanolysis of Gnidilatidin (4). To 0.5 ml of 0.1 N sodium 
methoxide in methanol was added gnidilatidin (4,3 mg). The mixture 
was stirred at room temperature for 18 h. The reaction mixture was 
dried with a stream of nitrogen, and separated by preparative TLC 
on ChromAR to give methyl benzoate and the tetrol 7 (2.3 mg): uv 
(MeOH) Amax 231 nm U 30 0 0 0 ); ir (CHCh) 2.90, 5.89, 6.05, 6.14, 6.24 
m; mass spectrum m/e 544.2672 (M+, calcd for C3 0 H4 0 O9 , 
544.2672).

Acylation of Gnidilatidin (4) with Palmitoyl Chloride. To a
solution of gnidilatidin (4, 5 mg) in 0.5 ml of pyridine was added 
palmitoyl chloride (50 /id) ar.d the reaction mixture was kept at room 
temperature for 2 h. The reaction mixture was evaporated to dryness 
with a stream of nitrogen and separated by preparative TLC on
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ChromAR to give a palmitate (5.1 mg), which was found to be identical 
with gnidilatidin 2 0 -palmitate (2 ) by comparison of spectral data.

Methanolysis of Gnidilatidin 20-Palmitate (2). Methanolysis 
o f gnidilatidin 20-palmitate (2,15 mg), as described above for gnidi
latidin (4), gave the tetrol 7 (2.5 mg), methyl benzoate, and methyl 
palmitate, identified by comparison with authentic samples.

Catalytic Hydrogenation of Gnidilatin (3). Gnidilatin (3, 5 mg) 
was subjected to atmospheric pressure hydrogenation in absolute 
ethanol (5 ml) using 10% palladium on charcoal (5 mg) as catalyst. 
After 2 h the catalyst was removed by filtration and the solvent was 
evaporated to afford a colorless glass (5 mg). Preparative TLC on 
ChromAR with 3% methanol in chloroform gave dihydrognidilatin 
(8 ,4.2 mg): uv (MeOH) Amax 231 nm (« 17 000); ir (CHCI3 ) 2.83, 5.80,
5.83, 6.13, 6.25, 6.29, 7.89 p\ NM R (CDC1S) r 9.16-9.04 (9 H, m, 16-, 
17-, and 10'-H), 8.78 (~16 H), 8.73 (3 H, d, J  = 7 Hz, 18-H), 8.29 (3 H, 
br s, 19-H), 7.57 (1 H, q, J  = 7 Hz, 11-H), 6.60 (1 H, d, J = 2 Hz, 8 -H),
6.50 (1 H, s, 7-H), 6.32 (1 H, br s, 10-H), 6.31,6.15 (2 H, AB q, J  = 12 
Hz, 20-H), 5.90 (1 H, s, 5-H), 5.50 (1 H, d, J  = 2 Hz, 14-H), 4.90 (1 H, 
s, 12-H), 2.56 ( 1  H, br s, 1-H), 2.64-2.07 (5 H, PhCOO); mass spectrum 
m/e 654.3408 (M +, calcd for C3 7 H5 0 O 1 0 , 654.3405).

Catalytic Hydrogenation of Gnidilatidin (4). Gnidilatidin (4,
5 mg) was hydrogenated as described above for gnidilatin (3) to give 
hexahydrognidilatidin (4.3 mg), which was characterized by direct 
spectral comparison with 8  described above.

Acylation of Gnidilatin (3) with Palmitoyl Chloride. Acylation 
of gnidilatin (3,5 mg) with palmitoyl chloride, as described above for 
gnidilatidin (4), gave the palmitate (4.8 mg), characterized as gnidi
latin 2 0 -palmitate ( 1 ) by direct spectral comparison with the authentic 
sample.

Methanolysis of Gnidilatin (3). Methanolysis o f gnidilatin (3,3 
mg), as described above for gnidilatidin (4), gave the tetrol 6  (2.2 mg): 
uv (MeOH) Amax 241 nm (e 6000); ir (CHCL) 2.90, 5.89, 6 . 1 2  p\ mass 
spectrum m/e 548.2980 (M +, calcd for C 3 0 H 4 4 O9 , 548.2985).

Methanolysis of Gnidilatin 20-Palmitate (1). Methanolysis of 
gnidilatin 20-palmitate (1, 5 mg) by the same method used for gni
dilatidin (4) afforded methyl benzoate, methyl palmitate, and the 
tetrol 6  (2 . 8  mg), which was identified by spectral comparison with
6  described above.

Isolation of Gnidiglaucin (5). The dried ground roots (30 kg) of
Gnidia glaucus Fres. were extracted by the same method described 
for G. latifolia  to give a brown tar (1.45 kg), which was partitioned 
between chloroform (4 +  2 + 21.) and water (4 1.). The combined 
chloroform layers were concentrated to give a brown tar (335 g), which 
was further partitioned between 1 0 % aqueous methanol ( 2  1.) and 
petroleum ether (2 +  11.). The combined petroleum ether layers were 
concentrated to give a brown oil (135 g), which was chromatographed 
on a SilicAR column (1.5 kg) by eluting with chloroform containing 
increasing amounts of methanol. Elution with 2% methanol in chlo
roform gave a fish-toxic fraction (2.5 g), preparative TLC of which 
on silica gel yielded gnidiglaucin (5, 30 mg, 0.0001%): [ a ] 24D  +36° (c 
0.50, CHCI3); uv (MeOH) Amax 241 nm (t 7600); ir (CHC13) 2.82, 5.72,
5.90, 6.14, 8.00 p; mass spectrum (chemical ionization: methane re
agent gas) m/e 591.3140 (M + +  H, calcd for C32H47O10, 591.3166).

Methanolysis of Gnidiglaucin (5). Methanolysis o f gnidiglaucin 
(5,5 mg), as described above for gnidilatidin (4), gave the tetrol 6  (3.8 
mg), identified by spectral comparison with 6  obtained from gnidilatin
(3).

Registry No.— 1, 60195-67-7; 2, 60195-68-8; 3, 60195-69-9; 4, 
60195-70-2; 5,60209-66-7; 6,60209-62-3; 7,60195-71-3; 8,60195-72-4; 
9, 55306-11-1; 10,33465-16-6; palmitoyl chloride, 112-67-4.
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a -D e h y d ro b io t in  has been synthesized fro m  the  b icyc lic  su lfo n iu m  s a lt 7. T h e  five -ca rbon  ac id  side cha in  was 
e labora ted  b y  cleavage o f  the  s u lfo n iu m  rin g  w ith  acetate ion , h yd ro lys is  to  a h yd ro x y p ro p y l side cha in , o x id a tio n  
to  a p rop ion a ldéh yde  side cha in , and cou p ling  w ith  t r ie th y l phosphonoacetate. A  new reagent, o rthop hosp ho ric  
acid, was used to  e ffec t débenzy la tion  o f the  urea m o ie ty .

a-Dehydrobiotin (1) is an extremely effective antagonist 
of biotin that has been isolated from a natural source as a

consequence of its antibiotic activity against a variety of 
bacteria and fungi.2 Subsequently, it was reported that a - 
dehydrobiotin is accompanied by two other biotin antago
nists3 and that it is a product of the catabolism of biotin.4

We undertook synthesis of this biologically interesting 
molecule since we had available experience and intermediates 
derivingfrom the synthesis of biotin itself.5 The approach we 
followed was to divert the biotin synthesis cited above at a 
stage in which the difficult stereochemical problems have been 
solved and in which a reactive center is present where the 
double bond is to be formed.

Debenzylated Series. The intermediate which was ex
pected to be the most useful in this kind of approach is the 
cyclic sulfonium salt 2;5c however, as will be seen, an unex
pected difficulty developed. The first step is oxidation of the 
terminal carbon atom of the latent side chain in 2 to the oxi
dation level of an aldehyde. Analogy from the biotin synthesis5 
suggests that sulfonium salt 2 can react as if it were a covalent 
bromide with the appropriate side chain. Accordingly 2c6 was 
reacted with the sodium salt of 2-nitropropane,7 to give a 
compound assigned structure 3c, a hemiacetal form of desired 
aldehyde. Since a priori sulfonium salt 2 has two other points 
where attack of the nitronate anion could have occurred, 
hemiacetal 3c was submitted to x-ray crystallographic analysis 
for confirmation of its structure. Two stereoscopic views of 
the result are shown in Figure 1. Additional confirmation was 
obtained by reaction of 3c with methanol or aniline under 
acidic conditions to give 4c or 5c, respectively. Reaction with 
hydroxylamine gave oxime 6c, the only compound of the series 
with an actual rather than a latent side chain.

The next operation to be carried out is addition of the re
maining two carbon atoms of the side chain. Reaction of 3c 
with triethyl phosphonoacetate8 should have been feasible, 
but we could obtain no product. Perhaps the hemiacetal ring 
is so stable that there is no appreciable concentration of the 
aldehyde form. Reaction of 3c with malonic acid and piperi

dine gave a product whose elemental analysis and mass 
spectrum are consistent with a dimer of a dehydration product 
of 3c. This propensity of 3c to self-condense was also evident 
when treatment of 3c with acetic anhydride gave a similar 
“ dimer” acetate. Since these products did not appear to have 
any synthetic utility, their structures were not investigated 
further. The NMR spectrum of the “ dimer” is not readily 
interpretable, but is clearly not consistent with any symmet
rical dimer.

Racemic Series (a). These unproductive results forced a 
retreat to the precursor of 3, the dibenzyl derivative 7 (X = 
Br). Here we chose a lengthier reaction sequence. The ring was 
cleaved with acetate ion to give 8a whose basic hydrolysis gave 
alcohol 9a. The next operation was to specifically oxidize the 
alcohol function to an aldehyde without affecting the thioether 
function. This was achieved with dimethyl sulfoxide/dicy-

Scheme I

O

Dimer-H20 dimer acetate -  2HzO
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Figure 1.

clohexylcarbodiimide combination9 in 60% yield. The two- 
carbon fragment was added with the sodium salt of triethyl 
phosphonoacetate8 to give 11a in 50% crude yield. There re
mained only removal of the benzyl protecting groups to 
complete the synthesis.

Two reagents for débenzylation of the cyclic urea moiety 
are known. Neither one proved very satisfactory owing to the

Scheme II
0  o
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Q ,
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9, R = CH2OH

O

A .
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C02Me
15

reactivity of the a,/3-unsaturated ester functionality. Using 
one, sodium in liquid ammonia,5® on 1 la we obtained a reac
tion mixture whose NMR spectrum contained peaks for the 
vinyl hydrogens at only about half the expected intensity. 
Presumably the conjugated double bond was partially reduced 
and consequently this method was not investigated further. 
Using the other, concentrated hydrobromic acid, we obtained, 
after brief heating, a product in 67% yield to which structure 
13a was assigned on the basis of its NMR spectrum (no vinyl 
protons). Prolonged heating under reflux gave a poor yield of 
material presumed to be the hydrobromide of the debenzy- 
lated zwitterion 14. Since we feared a fragmentation reaction10 
as indicated by the arrows on 14, this crude reaction product 
was treated directly with methanolic hydrogen chloride to 
esterify the carboxyl group. Treatment of this reaction mix
ture with sodium bicarbonate then gave a low yield of methyl 
ester 15 which on alkaline hydrolysis gave di-a-dehydrobiotin
(la)  .

Optically Active Series. Synthesis of d-dehydrobiotin
(lb) followed along the same lines; that is, the sulfonium salt 
7b (X = d-camphorsulfonate) was converted to aldehyde 10b, 
the side chain was lengthened with triethyl phosphonoacetate, 
and then the benzyl groups were removed. However, some 
experimental modifications could be incorporated with profit. 
Since we had available large quantities of the optical antipode 
7c (X -  = d-camphorsulfonate) a good many model experi
ments were made with material derived from this sub
stance.

Optically active aldehyde 10b could not be obtained crys
talline. On the suspicion that impurities associated with the 
dimethyl sulfoxide/carbodiimide method were preventing 
crystallization and easy purification, other methods of oxi
dation were examined. Both the Collins reagent11 and pyri- 
dinium chlorochromate12 gave 10b in approximately 40% yield 
accompanied by some sulfoxide 7b. Thus both of these 
methods possess a good degree of specificity for oxidation of 
an alcohol group in the presence of a sulfide. Even though the 
aldehyde still remained an oil, at least it was demonstrated 
that these three methods are about equivalent in this case.

The problem of removing the benzyl groups of l ib  was 
solved in a much more efficient manner than previously by 
using orthophosphoric acid containing phenol as a benzyl 
acceptor. The yield of lb  from l ib  was 53% without any in
dication of cyclized products such as 13 and 14 which had been 
obtained using hydrobromic acid. A possible explanation for 
these differing results might be that the sulfonium salts are 
formed only by displacement of bromide ion from an inter
mediary j3-bromo acid derived by addition of hydrogen bro
mide to the double bond.

It does not appear that orthophsphoric acid has been rec
ognized previously as a useful reagent for removing benzyl 
groups. However, polyphosphoric acid has been used for the 
removal of a-methylbenzyl groups from amides.13 Here it was
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ineffective. Thus the use of orthophosphoric acid allowed 
completion of a short synthesis of the antibiotic d-a-dehy- 
drobiotin (1) from the sulfonium salt 7b with all steps going 
in reasonable yield.

Experimental Section
Melting points are uncorrected. NM R spectra were recorded on 

Varian T-60 and HA-100 instruments and are reported in parts per 
million from internal tetramethylsilane. Infrared and mass spectra 
were recorded on Perkin-Elmer 137 and CEC-110B instruments, re
spectively. Elemental analyses were conducted under the supervision 
of Dr. F. Scheidl o f our microanalytical laboratory.

3-Hydroxy-1,2,3,6,6aa,7,8aa,8ba-octahydro-5.H-pyridofl,-
2.3- cd]thieno[3,4-d]imidazol-5-one (3). A mixture o f 18 ml of 2- 
nitropropane and 65 ml of 3 N sodium hydroxide was heated on the 
steam bath until the pH was about 7-8. Then 13.2 g of 2c was added 
and the mixture was heated under reflux for 3.5 h. It was then cooled 
in an ice bath and the solid collected to give 7.7 g (75%) of product, 
mp 184-185 °C dec. Recrystallization from water gave colorless bars, 
50% recovery: mp 168-178 °C dec; NM R (M e2 SO) i  6.65 (s, 1, NH),
5.52 (d, 1, J  = 4 Hz, OH), and 5.20 ppm (m, 1, NCHO); ir (KBr) 1590 
and 1640 cm-1 .

Anal. Calcd for C8H 12N 20 2S: C, 47.97; H, 6.04; N, 13.99. Found: C, 
47.63; H, 6.04; N, 14.14.

Crystallography. Crystals of 3 are monoclinic, space group P 2 U 
with a = 6.44 (1), b = 8.39 (1), c = 8.38 (1) A, 0 = 103.67 (5)°, and Z 
= 2. The intensity data were measured on an automated diffracto
meter by a peak-top scan technique (narrow 9-28 scans). Nickel-fil
tered Cu K a radiation and pulse height discrimination were used. An 
empirical correction was applied to convert the peak top data to in
tegrated scan data; no absorption correction was made (ju = 29.3 
cm “ 1). The crystal used for data collection was approximately 0.05 
X 0.15 X 0.20 mm in size. A total o f 643 independent reflections were 
recorded for 0 <57°, o f which 582 were considered observed. The 
structure was solved by standard Patterson and Fourier methods and 
was refined by full matrix least squares. The hydrogen atoms were 
located on a difference map calculated after anisotropic refinement 
of the heavier atoms. In the final cycles of refinement, anisotropic 
thermal parameters were used for the heavier atoms and isotropic 
temperature factors were used for the hydrogen atoms. The hydrogen 
atom parameters were refined. The final unweighted and weighted 
discrepancy indices are R = 0.036 and wR = 0.049 for the 582 observed 
reflections. There are no features greater than ±0.3 eA-2 on the final 
difference map.

3- Methoxy- l,2,3,6,6aa,7,8aa,8ba-octahydro-5fi-pyrido[ 1,2,- 
3-cd]thieno[3,4-<i]imidazol-5-one (4). A mixture of 2 g of 3, 0.2 g
of p-toluenesulfonic acid, and 100 ml of methanol was heated under 
reflux for 50 min and then cooled to room temperature. Solid sodium 
bicarbonate was added until the mixture was neutral. The mixture 
was then filtered, and the filtrate was concentrated in vacuo to dry
ness. The residue was crystallized from methanol to give 2.2 g of 4, mp 
155-160 °C. Recrystallization from methanol gave colorless prisms: 
mp 160-163 °C; ir (KBr) 1720 and 1670 cm -1 ; N M R (M e2SO-de) 5
1.4- 2.4 (m, 4, -C H 2C H ^), 2.63 (d, 1, J ab gem = 12 Hz, CHAHBS), 2.94 
(dd, 1, J ab gem = 12 Hz, J Bx vie = 4 Hz, CHaH bS), 3.12 (s, 3, 
-O C H 3), 3.47 (m, 1, -C H S), 4.19 (m, 2, NCHCHN), 4.79 (m, 1, 
NCHO), 6.75 ppm (s, 1, NH).

Anal. Calcd for C9H 14N20 2S: C, 50.45; H, 6.58; N, 13.07. Found: C, 
50.43; H, 6.86; N, 12.83.

Preparation of 5. A mixture o f 3 g o f 3, 1.5 ml o f aniline, 5 ml of 
benzene, and a trace of p-toluenesulfonic acid was heated on the steam 
bath for 10 min. The solid was collected from the cooled mixture and 
washed with benzene to give 3.5 g of crude product, This was dissolved 
in 50 ml o f methylene chloride and washed with 50 ml of saturated 
sodium bicarbonate solution. The methylene chloride phase was dried 
over sodium sulfate and evaporated in vacuo to give 3.3 g of foam 
which was crystallized from ethyl acetate to give 2.5 g of 5, mp 167-170 
°C. Recrystallization from ethyl acetate/ethanol gave colorless nee
dles: mp 181-184 °C (sinter 177 °C); uv max 290 nm (e 1800) and 243 
(13 550); ir (CHC13) 3450, 3440 (NH), and 1700 c m -1; NMR 
(Me2SO-d6) S 1.35-2.50 (m, 4, -C H 2 CH 9- ) , 2.78 (m, 2, J  gem = 13 Hz, 
CH2S), 3.41 (m, 1, CHS), 4.14 (m, 2, NCHCHN), 5.17 (m, 1, NCHN),
5.90 (d, 1, J  = 6 Hz, NHPh), 6.54 (s, 1, NHCO), and 6.40-7.2 ppm (m, 
5, Ph).

Anal. Calcd for CuHnN.sOS: C, 61.08; H, 6.22; N, 15.26. Found: C, 
61.08; H, 6.15; N, 15.23.

4- (3-Hydroxy iminop ropy I )perhydro-2H-t,hieno[.3,4-rf]i mid- 
azol-2-one (6). A mixture of 1 g o f 3 ,0.5 g o f hydroxylamine hydro

chloride, 0.6 g o f sodium acetate, 5 ml of ethanol, and 5 ml of water 
was heated under reflux for 1 h. The reaction mixture was cooled and 
concentrated in vacuo. The residue was triturated with water and 
recrystallized from ethanol/hexane to give 0.5 g o f 6 , mp 202-205 °C 
dec. Recrystallization from ethanol/hexane gave colorless prisms: mp
202-204 °C dec; N M R (M e2 SO) 6 6.65 (m, 1, -C H = N ).

Anal. Calcd for CsHi3 N 30 2S: C, 44.64; H, 6.09; N, 19.52. Found: C, 
44.42; H, 6.02; N, 19.25.

Dehydration of 3. A mixture of 1 g o f 3, 1 ml of piperidine, 10 ml 
of methanol, 1 0  ml of water, and 1  g ofmalonic acid was allowed to 
stand at room temperature for 24 h and then warmed on the steam 
bath for 0.5 h. It was then concentrated in vacuo. The residue was 
crystallized from water to give an amorphous white solid. Recrystal
lization from ca. 40 ml of water gave 0.7 g. Recrystallization from 
methanol/ether gave white needles: mp 200-210 °C dec; MS m/e 
364.

Anal. Calcd for C1(5H 2oN4 0 2S2: C, 52.72; H, 5.53; N, 15.37. Found: 
C, 52.96; H, 5.41; N, 14.55.

Treatment of 3 with Acetic Anhydride. A mixture of 1 g of 3 and
10 ml of acetic anhydride was heated under reflux for 4 h. The reaction 
mixture was filtered to remove a small amount of white insoluble 
material and the filtrate was concentrated in vacuo. The residue was 
crystallized from ether to give 0.8 g o f product, mp 220-230 °C. Re
crystallization from 2-propanol gave fine white needles: mp 258-263 
°C dec; MS m/e 448.

Anal. Calcd for C 2oH2 4 N 4 0 4 S2: C, 53.55; H, 5.40; N, 12.50. Found: 
C, 53.34; H, 5.59; N, 12.34.

/-t,3-Dibenzyl-2-oxohexahydrothieno[.3,4-J]imidazole- 
4-propanol Acetate (8b). A solution o f 47.6 g (80 mmol) c f  (-3,4- 
(T,3'-dibenzyl-2'-ketoimidazolido)-l,2-trimethylenethiophanium 
d-camphorsulfonate (7b) and 16 g (0.2 mol) o f anhydrous sodium 
acetate in 1 1. o f ethanol was stirred and heated under reflux for 2.5 
h, and then cooled and concentrated in vacuo. The residue was diluted 
with 1  1. o f water to give 30.8 g (90%) of 8b, mp 95-98 °C. A pure 
sample was obtained as colorless prisms on two recrystallizations from 
2-propanol: mp 98-100 °C; ir (CHCI3 ) 1730 and 1692 cm“ 1: [a p 5D 
-5 0 .3 ° (c 1 , CHCI3 ).

Anal. Calcd for C2 4 H 2 8 N 2 0 3 S: C, 67.89; H, 6,65; N, 6.60; 3, 7.55. 
Found: C, 68.24; H, 6.51; N, 6 .6 8 ; S, 7.62.

Preparation of 8a. An analogous reaction of 7a bromide gave 8a 
as colorless prisms from 2-propanol, mp 100-103 °C.

Anal. Found: C, 67.89; H, 6.56; N, 6.63.
I-l,3-Dibenzyl-2-oxohcxahydrothieno[3,4-d]imidazole-

4-propanol (9b). A solution of 25.4 g (60 mmol) o f 8b in 500 ml of 
ethanol and 60 ml of 1 N sodium hydroxide was heated under reflux 
for 3 h and allowed to stand overnight at room temperature. After the 
solution had been diluted with water and brine, it was extracted with 
methylene chloride in three portions. The residue obtained after the 
methylene chloride extracts had been dried over sodium sulfate and 
concentrated in vacuo was crystallized from methylene chloride/ 
petroleum ether to give 18.8 g (82%) of 9b, mp 75-77 °C. Recrystal
lization from methylene chloride/petroleum ether gave colorless 
needles: mp 85-87 °C; ir (CHCI3 ) 3650 and 1690 cm “ 1; [a]2SD —54° 
(c 1, CHCI3 ).

Anal. Calcd for C2 2 H 2sN2 0 2S: C, 69.09; H, 6.85. Found: C, 69.09; 
H, 6.89.

Preparation of 9a. This compound was obtained similarly from 
8a as colorless prisms from methylene chloride/petroleum ether, mp
105-107 °C. Anal. Found: C, 69.33; H, 6 .6 6 .

d/-l,3-Di benzyl-2-oxohexahydrothieno[3,4-J]im id azole-1- 
propionaidehyde (10a). To 10 ml of dry dimethyl sulfoxide were 
added in this order 3.5 g o f 9a, 5.6 g of A/lV'-dicyclohexylcarbodiimide, 
0.7 ml of pyridine, and 0.5 ml of trifluroacetic acid. This mixture was 
stirred for 4 h, and excess carbodiimide was decomposed by addition 
of 5 g of oxalic acid in 25 ml o f methanol and some ether. After having 
been stirred for 1  h, the mixture was filtered and the precipitate 
washed with ether. The filtrate was diluted with water and extracted 
with four portions o f ether. The ethereal extracts after drying and 
concentrating gave 3.8 g of an oil. This oil was dissolved in benzene 
and adsorbed on 90 g of silica gel which was then eluted with 250 ml 
of benzene, 300 ml o f methylene chloride, and 250 ml o f methylene 
chloride/ethyl acetate (4:1). Crystallization of the residue left on 
concentrating of the last eluate from hexane gave 2.5 g (62%) of crude 
10a, mp 95-106 °C. Recrystallization from methylene chloride,Oiexane 
gave off-white prisms: mp 110-113 °C; ir (CHCI3 ) 1720 and 1690 cm-1; 
NM R (CDCI3 ) 9.74 ppm (-CHO).

Anal. Calcd for C2 2 H 2 4 N 2 0 2S: C, 69.45; H, 6.36; N, 7.36; S, 8.41. 
Found: C, 69.39; H, 6.48; N, 7.10; S, 8.32.

Oxidation of 9b with Pyridinium Chlorochromate. A mixture 
of 50 g (0.13 mol) o f 9b, 298 g o f pyridinium chlorochromate, and 31.
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of methylene chloride was stirred at room temperature for 1.5 h. The 
methylene chloride solution was then decanted from the black tars, 
washed with 2 X 11. of 3 N hydrochloric acid, and dried over sodium 
sulfate. It was then filtered through 500 g of Florisil in a sintered glass 
funnel. The Florisil was washed with 41. of methylene chloride. The 
eluates were combined ar.d concentrated in vacuo to give 19.9 g of 
crude 10b as an oil. Next, the Florisil was eluted with 31. of tetrahy- 
drofuran. The eluate was concentrated in vacuo and the residue was 
crystallized from ether to give 4.7 g of crude 12b, mp 80-84 °C. Re
crystallization from benzene/ether gave colorless prisms, mp 85-90 
°C.

Anal. Calcd for C22H24N2O3S: C, 66.65; H, 6.10; N-, 7.07. Found: C, 
66.94; H, 6.02; N, 7.31.

Oxidation of 9c with Dipyridinechromium Oxide. To a mixture 
of 200 g of dipyridinechromium oxide, 5 g of phosphorus pentoxide, 
and 2 1. of methylene chloride was added a solution of 50 g of 4c in 200 
ml of methylene chloride with good stirring. A dark tar began to 
separate immediately and stirring was stopped. After 20 min the 
methylene chloride solution was filtered through Celite and the re
sidual tar washed with methylene chloride. The combined methylene 
chloride filtrates were concentrated in vacuo to 500 ml, washed with 
2 X 250 ml of N hydrochloric acid, 250 ml of water, and 250 ml of brine, 
and dried over sodium sulfate. This solution was filtered through 200 
ml of Florisil. The Florisil was washed with methylene chloride. 
Concentration of the first 500 ml of eluate in vacuo left 27.2 g of 
brownish oil. A further 14.9 g of less pure product was obtained on 
concentration of the second 500 ml of eluate (TLC 1:1 ether/benzene; 
silica gel G plates).

dl-l,3-Dibenzyl-2-oxohexahydrothieno[3,4-d]imidazole-4- 
a-pent,a-A“-enoic Acid Ethyl Ester (1 la). To a suspension of 0.25 
g (50% oil dispersion, 5 mmol) of sodium hydride in 30 ml of dry tet- 
rahydrofuran was added dropwise a solution of 1.2 g (5 mmol) of 
triethyl phosphonoacetate in 20 ml of dry tetrahydrofuran at 10 °C. 
The solution was stirred for 1 h at room temperature, and then cooled 
to 10 °C. A solution of 1.9 g (5 mmol) of 10a in 25 ml of tetrahydro
furan was added dropwise at 5-8 °C. The reaction mixture was then 
stirred for 1 h in the ice bath, diluted with water, and extracted with 
three portions of ether. The residue from the dried ether extracts 
(sodium sulfate) was crystallized from ethyl acetate/hexane to give
1.4 g (60%) of crude 11a, mp 79-85 °C. Recrystallization from ethyl 
acetate/petroleum ether and from aqueous ethanol gave colorless 
prisms: mp 96-100 °C; NMR (CDCI3) & 5.80 (d, 1, J = 15.5 Hz) and
6.8 ppm (m, 1, -CH=CH-).

Anal. Calcd for C26H30N2O3S: C, 69.30; H, 6.71; N, 6.22; S, 7.12. 
Found: C, 69.27; H, 6.78; N, 6.57; S, 6.97.

Preparation of lib. Treatment of 10b in an analogous fashion gave 
a 50% yield of crude lib from hexane/petroleum ether, mp 70-75 °C. 
Recrystallization from petroleum ether/hexane gave colorless plates, 
mp 90-92 °C. Anal. Found: C, 69.40; H, 6.90; N, 6.10; S, 7.21.

d7-l,3-Dibenzyl-2-oxo-6-carboxymethyldecahydroimidazo- 
[4,5-c]thieno[l,2-a]thiolium Bromide (13a). A mixture of 2.2 g (5 
mmol) of 1 la and 22 ml of 48% hydrobromic acid was heated under 
reflux for 0.5 h, cooled, washed with benzene, and concentrated in 
vacuo. The residue crystallized from water to give 1.7 g (67%) of 13a, 
mp 203-208 °C. Recrystallization from methanol gave colorless 
prisms, mp 214-216 °C.

Anal. Calcd for C24H27BrN20:iS: C, 57.25; H, 5.41; N, 5.56; S, 6.37. 
Found: C, 57.39; H, 5.44; N, 5.47; S, 6.50.

Preparation of 13c. Treatment of 5 g of 11c in a similar manner 
gave 2 g of 13c from 2-propanol, mp 182-188 °C. For characterization 
this material was dissolved in 20 ml of warm water to give a cloudy 
solution which was filtered and then neutralized with solid sodium 
bicarbonate. The inner salt which precipitated was collected and re
crystallized from chloroform to give colorless needles: mp 113-115 
°C dec; ir (CHCI3) 1700 and 1600 cm“ 1.

Anal. Calcd for C24H26N2O3S: C, 68.22; H,6.20; N, 6.63. Found: C, 
67.90; H, 6.32; N, 6.45.

6-Carboxymethyl-2-oxodecahydroimidazo[4,5-c]thieno- 
[l,2-a]thiolium Inner Salt (14c). A mixture of 5 g of 11c, 10 ml of
xylene, and 100 ml of 48% hydrobromic acid was heated under reflux 
for 5.5 h with an apparatus such that the heavier of the two phases was 
returned to the flask. The reaction mixture was cooled, treated with 
charcoal, and concentrated in vacuo. The residue was dissolved in 
water, and the solution passed through a column of 125 ml of Am- 
berlite IRA-400 ion exchange resin in the hydroxide form using water 
to elute. Concentration of the first 100 ml of eluate in vacuo left 1.25 
g of crude 14c, mp 140-150 °C (with foaming). Recrystallization from 
ethanol/water gave colorless needles: mp 217-221 °C; ir (KBr) 1680, 
1650, and 1560 cm-1; uv max none above 200 nm; NMR (D2O) no 
band in the vinyl region.

Anal. Calcd for C10H14N2O;!S: C, 49.57; H, 5.82; N, 11.56. Found: 
C, 49.81; H, 5.91; N, 11.60.

d-a-Dehydrobiotin (lb). A. Via Hydrobromic Acid Deben- 
zylation. A mixture of 2 g of 1 lb and 50 ml of 48% hydrobromic acid 
was stirred for 1 h at room temperature. During this time most of the 
ester dissolves. The solution was then slowly heated to reflux and slow 
distillation maintained for 1 h. During this time 10 ml of hydrobromic 
acid and 0.8 ml of immiscible material distilled out. The solution was 
heated under reflux without distillation for 1 h, and then the distillate 
was collected for 0.5 h to give a further 15 ml of hydrobromic acid and 
1 ml of immiscible material. The solution was washed with benzene 
and concentrated in vacuo to 1 g of residue. This residue was diluted 
with 1 ml of 48% hydrobromic acid and 100 ml of anhydrous methanol 
and the solution stored at room temperature for 2 days. The solution 
was stirred with excess sodium bicarbonate for 5 h at 25 °C, filtered, 
and concentrated in vacuo. The residue was dissolved :n methylene 
chloride. The solution was filtered, washed with saturated sodium 
bicarbonate, dried, and concentrated in vacuo. The residue was 
crystallized from acetone/ether to give 0.3 g (25%) of crude methyl 
ester 15b, mp 133-140 °C. This ester was warmed on the steam bath 
for 5 min with 1.2 ml of 1 N sodium hydroxide; the solution was fil
tered and kept for 0.5 h ax room temperature. The acid lb was pre
cipitated by addition of 1.7 ml of 1 N hydrochloric acid to give 0.2 g, 
mp 235-242 °C. This material was combined with that from three 
similar reactions and recrystallized from water with addition of 
chloroform to dissolve any monobenzyl derivative which might be 
present. Two more recrystallizations from water with charcoal and 
one from methanol gave white prisms: mp 256-257.5 °C; ir (KBr) 3420, 
1710,1675 cm-1; [«]25d + 105.7° (c 1.2,0.1 N NaOH) [reported2 mp 
238-240 °C; [«]25d +92° (0.1 N NaOH)[.

Anal. Calcd for CiH^NjOgS: C, 49.57; H, 5.82; N, 11.50. Found: C, 
49.29; H, 5.62; N, 11.38.

B. Via Phosphoric Acid Debenzylation. A mixture of 12 g of 1 lb,
2.8 g of phenol, and 120 g of orthophosphoric acid14 was heated in an 
oil bath at 150 °C for 3 h. The reaction mixture was cooled, diluted 
with ice to 11., and extracted with 2 X 500 ml of ether. The ether was 
washed with 200 ml of water. The aqueous layers were combined, 
neutralized with solid potassium carbonate, and made strongly basic 
with solid sodium hydroxide. The alkaline solution was heated on a 
steam bath for 1 h, cooled, and extracted with 800 ml of ethyl acetate. 
It was then acidified with concentrated sulfuric acid. The precipitate 
was collected, dissolved in 1 N sodium hydroxide, and reprecipitated 
with sulfuric acid to give 3.4 g of a-dehydrobiotin (lb), mp 255-258 
°C.

dl -a-Dehydrobiotin Methyl Ester (15a). Treatment of 1 la ac
cording to procedure A above and treatment of the residue of the 
neutralized esterification solution with saturated aqueous sodium 
bicarbonate solution which had been adjusted to pH 8 with 3 N so
dium hydroxide gave crude 15a, mp 160-170 °C. Recrystallization 
from methanol/ether gave colorless plates, mp 169.5-172 °C.

Anal. Calcd for C11H16N2O3S: C, 51.54; H, 6.29; N, 10.93. Found: 
C, 51.84; H, 6.63; N, 11.01.

dl-a -Dehydrobiotin (la). Alkaline hydrolysis of 15a and re
crystallization from ethanol gave la as colorless needles, mp 238-240 
°C.

Anal. Calcd for Ci0H14N2O3S: C, 49.57; H, 5.82; N, 11.56. Found: 
C, 49.36; H, 5.78; N, 11.38.

Registry No.— la, 27368-91-8; lb, 10118-85-1; 2c, 60209-09-8; 3c, 
60184-13-6; 4c, 60184-14-7; 5c, 60184-15-8; 6c, 60184-16-9; 7a (X = 
Br), 60209-10-1; 7b (X = d-camphorsulfonate), 68-91-7; 8a, 27368-
86-1; 8b, 27368-82-7; 9a, 27368-87-2; 9b, 27368-83-8; 10a, 27512-85-2; 
10b, 29455-31-0; 11a, 27368-88-3; lib, 27368-84-9; 11c, 60209-11-2; 
12b, 60184-17-0; 13,27368-89-4; 14,60184-18-1; 15a, 27368-90-7; 15b, 
60209-12-3; 2-nitropropane, 79-46-9; methanol, 67-56-1; aniline, 
62-53-3; hydroxylamine hydrochloride, 5470-11-1.

Supplementary Material Available. Tables of positional and 
thermal parameters for the structure of 3 (2 pages). Ordering infor
mation is given on any current masthead page.
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A convenient and economical synthesis of octaethylporphyrin, which proceeds via 2-Ar,Ar-diethylaminomethyl-
5-ethoxycarbonyl-3,4-diethylpyrrole, is reported.

Octaethylporphyrin (OEP, 1) is, by reason of its symme
try, high solubility, and stability, one of the more important 
and widely used models for the study of porphyrin chemistry. 
In the past, its synthesis has been tedious and erratic, par
ticularly whenever more than a few grams were required. The 
usual syntheses, those of Inoffen et al.1 and of Whitlock and 
Hanauer2 (based on earlier work of Eisner, Lichtarowicz, and 
Linstead),3 are summarized by Scheme I.

Scheme I

We report here an improved means of converting the 
common intermediate, 2-ethoxycarbonyl-3,4-diethyl-5-

methylpyrrole (2), to OEP by procedures that are both facile 
and expeditious, which avoid the need to isolate overly sen
sitive intermediates such as 8, 10, 11, or 12, and which give 
improved overall yields. We also report procedures of im
proved convenience and reliability for the synthesis of the 
pyrrole 2 in especially high purity, using unpurified ethyl 
propionylacetate.

The Grignard synthesis of ethyl propionylacetate from ethyl 
cyanoacetate4 requires a large excess of expensive ethyl iodide, 
some of which is wasted in formation of the cyanoacetate ester 
anion. The ethyl propionylacetate formed, however, is of high 
purity. An alternative synthesis has been devised by Kenner5 
and MacDonald:6 Ethoxymagnesium diethyl malonate and 
propionyl chloride give diethyl propionylmalonate, which, 
after isolation in pure form by vacuum distillation, was hy
drolyzed in boiling water. The hydrolysis gave ethyl pro
pionylacetate, in moderately good yield, contaminated, 
however, by regenerated diethyl malonate, which was difficult 
to separate by distillation without an especillly efficient col
umn. MacDonald,6 unlike Kenner,5 took note of this impurity 
and purified his ethyl propionylacetate via the bisulfite 
complex, not, however, without loss of yield.

We prefer to carry this impurity into the Knorr reaction 
with 2,4-pentanedione, and thereby maximize use of the ethyl 
propionylacetate. Nitrosation converts part of the diethyl 
malonate impurity to diethyl oximinomalonate which under 
the Knorr conditions with 2,4-pentanedione gives the other
wise useful 2-ethoxycarbonyl-3,5-dimethylpyrrole7 (22).

Even when pure ethyl propionylacetate was used, pyrrole 
22 was still generated via the Fischer-Fink8 side reaction. As 
this impurity requires removal at a later stage in any case, 
purification of ethyl propionylacetate made from diethyl 
malonate was clearly superfluous for our purposes.

Although 2-ethoxycarbonyl-3,5-dimethylpyrrole (22) can 
be removed from the /1-acetyl pyrrole (21) by several recrys
tallizations, considerable loss of product ensues, and so we 
have found it desirable to carry this impurity through the 
subsequent diborane reduction, which it survived intact. 
Treatment of the crude reduction product at reflux with ex
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cess diethylamine and formaldehyde effected quantitative 
conversion of the impurity (22) to the Mannich base9 (23), 
which was then removed by acid extraction.

It should be noted in passing that the direct nitrosation of 
diethyl propionylmalor.ate (15) in the hope of obtaining ethyl 
oximinopropionylacetate (19), instead led exclusively to di
ethyl oximinomalonate (20).

Our synthesis of OEP, like Inhoffen’s,1 makes use of the 
cv-methyl substituent of 2 to provide the porphyrin meso 
carbons, unlike Whitlock and Hanauer,2 who amputated both 
pyrrolic a  carbons only to replace one by a delicate Mannich 
reaction. Bromination of 2 generated the sensitive a-bro- 
momethylpyrrole (3) which was not isolated, but instead im
mediately quenched with an excess of diethylamine. The 
pyrrylmethylamine (4) was then purified by extraction into 
ice-cold acid followed by prompt regeneration by basification 
with ammonia.

Conversions of a-methylpyrrole (2) to the amine 4 as high 
as 90% have been obtained. However, we have so far been 
unable to devise conditions which guarantee such high yields 
reproducibly, and hence this reaction should never be at
tempted on too large a scale. The pyrrylmethylamine (4) is an 
oil, indefinitely stable at room temperature, and a convenient 
and reliable precursor to OEP, into which it can be converted 
in 1 day, in 50+% yield. Saponification of the ester function 
with ethanolic potash gave the labile, aminomethylpyrrole 
carboxylate salt, which was treated in situ with excess acetic 
acid and warmed to reflux in a stream of air. The porphyrin 
crystallized as the reaction proceeded, occasionally contam
inated by the crystalline intermediate octaethylporphyrinogen
(6). Refluxing the crude product in toluene under air effected 
completion of the oxidation of this intermediate to OEP.

It has been claimed10 that transition-metal halides could 
convert propionaldazine to 3,4-dimethylpyrrole at reflux 
temperatures. All attempts to repeat the synthesis, or to effect 
the analogous conversion of butyraldazine to 3,4-diethyl- 
pyrrole, proved fruitless. Instead, pyrazoles [3(5)-ethyl-4- 
methyl- and 3(5)-n-propyl-4-ethyl-] were obtained. These had 
undoubtedly arisen from the well-known11 internal aldoliza- 
tion of the azine, followed by oxidation of the intermediary

pyrazolines. No pyrroles were ever detected, either in the 
crude reaction mixture or after workup. The conversion of 
azines to pyrazolines is well documented,11-13 anc these have 
afforded the corresponding pyrazoles upon oxidation. Had the 
synthesis in fact succeeded, the resulting 3,4-diethylpyrrole 
would have greatly facilitated the large-scale production of 
OEP via the Whitlock-Hanauer route.2

Experimental Section
Diethyl Propionylmalonate.5 Magnesium turnings (300 g, 12.34 

mol) were placed in a 12-1. round-bottom flask equipped with a stirrer, 
addition funnel, gas inlet, and efficient condenser. A solution of di
ethyl malonate (1920 g, 12 mol) in absolute ethanol 960 ml) was 
prepared. Absolute ethanol (300 ml), followed by a portion of this 
solution (~300 ml), was added to the magnesium anc with a slow 
stream of nitrogen passing through the apparatus, carbon tetrachlo
ride (5 ml) was added to initiate the reaction. Stirring was begun as 
soon as the vigorously exothermic reaction set in. The remaining di
ethyl malonate solution was added cautiously so that the reaction 
proceeded vigorously, but not violently. If the malorate addition 
should be interrupted, even briefly, and then resumed the reaction 
may not immediately restart. Instead, after an initial induction period 
the reaction may suddenly boil up and foam. To ensure tnat a buildup 
of unreacted diethylmalonate does not occur the mixture should be 
heated on a steam bath to maintain reflux temperature. As the reac
tion proceeded solid appeared and the reaction mixture became too 
thick to stir.

When the addition was complete the mixture was al.owed to cool 
and absolute ether (3200 ml, 5 lb) was added. The mixture was then 
refluxed until only traces of metal remained. Freshly distilled pro- 
pionyl chloride (1110 g, 12 mol) was slowly added to the stirred mix
ture, which was then allowed to stand overnight at room tempera
ture.

Sulfuric acid (588 g, 6 mol) was poured onto excess crushed ice and 
diluted to 3500 ml with additional water. The cold acid was added 
dropwise to the stirred ethereal solution. The mixture was separated 
and the organic layer thoroughly washed with water. The solvent was 
removed and the remaining oil distilled under vacuum. The fraction 
boiling at 123-140 °C (20 mm) was collected. Yields varied in this 
reaction from 1800 to 2200 g.

’H NMR ¿MejSi (CCI4) (K = keto and E = enol tautomers) 1.04 (E, 
t, J = 7 Hz, CHsCTTCO), 1.26 (E + K, t ,J  = 7 Hz, CHjCHA)), 1.29 
(K, t ,J  = 7.3 Hz, CH:fCH2CO), 2.44 (E, q, + = 7.3 Hz, CH:iCH,CO),
2.60 (K, q, J = 7.3 Hz, CH:!CH2CO), 4.16 (E, q, J = 7 Hz, CH:!CH,0), 
4.19 (K, q, J = 7.5 Hz, CH3CH20), 4.23 (E, q, J = 7.5 Hz, CH:iCH20),
4.42 (K, s, methine H), 13.35 (E, bs, OH). In CC14 the sample contains 
almost equal amount of the enol and keto tautomers.

Ethyl Propionylacetate.5 A stirred mixture of diethyl propion
ylmalonate and water (2 ml/g) was slowly distilled at atmospheric 
pressure for 4.5 h. Additional water was occasionally adced to replace 
that which had distilled over. After cooling, the distillate was com
bined with the still-pot residue. The mixture was separated and the 
aqueous phase extracted twice with ether. The organic layers were 
combined and the solvent removed. The remaining oil was then dis
tilled at 26 mm. The fraction boiling at 90-115 °C was collected. NMR 
spectroscopy showed this material to contain approximately 75% ethyl 
propionylacetate and 25% diethyl malonate. Diethyl propionyl
malonate (1 kg) was hydrolyzed in two equal lots, and the product 
collected as fractions boiling at 23.5-24 mm: bp 81- 90 0 3,33.23 g; bp
90.5-96.5 °C, 339.88 g (by NMR consisting of 83% ethyl propionyl
acetate and 17% diethyl malonate); bp 96.5-110 °C, 162.C3 g (by NMR 
75% ethyl propionylacetate and 25% diethyl malonate.. Total yield 
of crude distillate 535.14 g.

*H NMR §Me4si (CCI4) 1.01 (K + E, t, J = 7 Hz, CH:iCH,CO), 1.23 
(K + E + malonate, t, J = 7.5 Hz, CRiCHvO), 2.21 (E, q, J  = 7.5 Hz, 
CH3CH2CO), 2.54 (K, q, J = 7.5 Hz, CH:!CH,CO), 3.28 (malonate, 
s, OCOCH2COO), 3.38 (K, s, OCOCH2CO), 4.12 (K, q J = 7.5 Hz, 
OCH2CH3), 4.15 (E or malonate, q, J = 7.5 Hz, OCH2C H:t), 4.94 [E, 
s, OCOCH=C(OH)-], 12.08 (E, br, OH). Keto-enol ratio approxi
mately 9:1; malonate content variable.

4-Acetyl-2-ethoxycarbonyl-3-ethyl-5-methylpyrrole17 (21). 
The quantities given below are for a reaction on the molar scale. The 
reaction may be conveniently carried out on a 4-6-mol scale. The re
action vessel for the Knorr reaction requires 1.5-2 l./mol.

Into an ice-cooled Erlenmeyer flask equipped with a magnetic 
stirrer were placed crude ethyl propionylacetate (148 g) and glacial 
acetic acid (200 ml). A solution of sodium nitrite (69 g) n water (110 
ml) was added dropwise to the stirred solution at such a rate as to



An Improved Synthesis of Octaethylporphyrin J. Org. Chem., Vol. 41, No. 24,1976 3859

maintain the temperature below 45 °C. The solution was ready for 
the Knorr reaction as soon as the nitrite addition was complete.

Into a 200-ml three-necked round bottom flask, equipped with a 
mechanical stirrer and addition funnel, were placed 2,4-pentanedione 
(150 ml, 1.5 mol) and glacial acetic acid (200 ml). The ethyl oximi- 
nopropionyl acetate solution was added dropwise and zinc dust (260 
g, 4 mol) was added in portions so as to maintain the temperature close 
to reflux. The zinc dust is best added as a thick aqueous slurry, which 
avoids much of the clumping the zinc otherwise suffers. Halfway 
through the addition additional 2,4-pentanedione (50 ml) and acetic 
acid (200 ml) were added. When the addition was complete the re
action was essentially over, and before the temperature fell below 100 
°C the solution was decanted from the residual zinc which was washed 
with acetic acid. The combined supernatant and washings were di
luted to four times their volume with water. The product oiled out and 
then crystallized.

When solid, the product was collected by filtration and thoroughly 
washed with water. The solid was dissolved in methylene dichloride, 
which caused the water present to separate. The two phases were 
filtered to remove any residual zinc. The organic phase was separated 
and washed with water. The methylene dichloride was removed on 
a steam bath and toward the end was replaced by hot hexane. Boiling 
was continued until all the methylene dichloride had been removed 
and the remaining hexane barely covered the crystallized solid. After 
cooling the product was collected by filtration, washed with hexane, 
and air dried to give the product (21) contaminated with 2-ethoxy- 
carbonyl-3,5-dimethylpyrrole (22). The yield of 21 based upon the 
ethyl propionylacetate was 55%: NMR ¿Mê Si (CDCfi) 1.20 (t, 3 H,
J = 7.5 Hz), 1.38 (t, 3 H, J = 7.5 Hz), 2.48 (s, 3 H), 2.58 (s, 3 H), 3.11 
(q, 2 H, J = 7.5 Hz), 4.36 (q, 2 H, J  = 7.5 Hz), 10.58 (bs, 1 H).

The impurity 2-ethoxycarbonyl-3,5-dimethylpyrrole (22) had the 
following 'H NMR spectrum in CDCR 5 1.36 (t, 3 H, J  = 7.5 Hz), 2.26 
(s, 3 H), 2.31 (s, 3 H), 4.32 (q, 2 H, J = 7.5 Hz), 5.78 (d, 1 H, J = 3 Hz), 
9.98 (br, 1 H).

2-Ethoxycarbonyl-3,4-diethyl-5-methylpyrrole. The reduction 
procedure of Whitlock and Hanauer2 was used with a few modifica
tions. For large-scale reactions less solvent was required, but the re
action mixture became viscous, and care had to be exercised while 
quenching the excess diborane with glacial acetic acid. The use of 
glacial acetic acid is superior to quenching with water since the volume 
of hydrogen liberated is reduced by two-thirds, and the final mixture 
is far less viscous.

Into an ice-cooled 12-1. round-bottom flask equipped with a me
chanical stirrer, additional funnel, gas inlet, and condenser was placed, 
under nitrogen, crude 4-acetyl-2-ethoxycarbonyl-3-ethyl-5-methyl- 
pyrrole (1000 g). Tetrahydrofuran (5500 ml) was added, and the 
mixture stirred until the solid dissolved. Sodium borohydride (312 
g, 8 mol) was added to the chilled solution, followed by the dropwise 
addition of boron trifluoride etherate (1600 g) so as to maintain the 
temperature at 10 °C. When the addition was complete the mixture 
was stirred for a further 1 h. An excess of glacial acetic acid was then 
cautiously added until gas evolution ceased, after which excess water 
was added. The aqueous phase was separated, and the organic layer 
filtered to remove boric acid, which was washed with ether. The 
combined THF/ether solution was taken down to dryness and the 
residue was dissolved in 95% ethanol (2000 ml).

Diethylamine (250 ml) and 37% aqueous formaldehyde (250 ml) 
were added, followed by concentrated HC1 (5 ml). The mixture was 
refluxed overnight, the solution taken down to dryness, and the res
idue dissolved in ether. The ethereal solution was extracted with 
water, and then with 5% hydrochloric acid until the washings re
mained acid. Virtually all of the brown color passed into the acidic 
solution, from which the Mannich base, 2-ethoxycarbonyl-4-N,lV- 
diethylaminomethyl-3,5-dimethylpyrrole, may be recovered by the 
addition of aqueous ammonia. The ethereal solution was given a final 
wash with water and the volume reduced to 1500 ml. On cooling the 
product crystallized. To this mixture was then added 70% aqueous 
methanol (2000 ml). The resulting slurry was filtered, and the product 
washed with 70% aqueous methanol and air dried: yield 740 g [85% 
based on the /3-acetylpyrrole (21) in the starting material]; mp
75.5-76.5 °C (lit.18 75 °C); *H NMR 5Me4Si (CDC13) 1.04 (t, 3 H, J =
7.5 Hz), 1.13 (t, 3 H, J = 7.5 Hz), 1.33 (t, 3 H, J = 7.5 Hz), 2.20 (s, 3 H),
2.35 (q, 2 H, J  = 7.5 Hz), 2.67 (q, 2 H, J  = 7.5 Hz), 4.28 (q, 2 H, J  = 7.5 
Hz), 10.29 (br, 1 H).

5-lV,lV-Diethylaminomethyl-2-ethoxycarbonyl-3,4-diethyl- 
pyrrole. To an uncooled stirred solution of dry 2-ethoxycarbonyl-
3,4-diethyl-5-methylpyrrole (104.5 g, 0.5 mol) in anhydrous ether 
(1500 ml), under dry nitrogen, was added, dropwise and rapidly, a 
solution of bromine (83 g, 0.52 mol) in dichloromethane (270 ml). The 
reaction was exothermic and the mixture refluxed. After 20 min the

addition was complete and the mixture was stirred for a further 20 
min. Diethylamine (175 ml, 1.69 mol) in absolute ether (500 ml) was 
added to the rapidly stirred solution over a period of 5 min causing 
the mixture to reflux and change from deep red to pale yellow. The 
mixture was stirred for a further 30 min. Water (1000 ml) was added 
and the mixture separated. The organic phase was washed with water, 
and then excess crushed ice added. The water was separated, and 37% 
hydrochloric acid (100 ml) was diluted to 1000 ml with ice and water 
and used to wash the organic phase. The aqueous layer was then 
quickly washed with ether and added to 30% ammonium hydroxide 
(100 ml) in water (100 ml). The product, which immediately oiled out, 
was extracted from the aqueous phase with petroleum ether (300 ml, 
bp 20-40 °C). The organic layer was washed with water, dried over 
sodium sulfate, and filtered, and the solvent removed under vacuum, 
yield 135 g (90%). Note, however, that yields of about 60% are obtained 
until the operator becomes familiar with the reaction! Prolonged 
contact of the product with aqueous solution of amine hydrochloride 
greatly reduces the yield by conversion to the dipyrromethane.

Anal. Calcd for CmHasNsOs: C, 68.52; H, 10.08; N, 10.00. Found: 
C, 68.47; H, 10.24; N, 10.32.

‘H NMR ¿Me4Si (CDCfi) 1.00 (t, 6 H, J = 7 Hz), 1.05 (t,3H ,J = 7 
Hz), 1.12 (t, 3 H, J = 7 Hz), 1.32 (t, 3 H, J  = 7 Hz), 2.38 (q, 2 H, J = 
7 Hz), 2.48 (q, 4 H, J  = 7 Hz), 2.70 (q, 2 H, J = 7 Hz), 3.48 (s, 2 H), 4.26 
(q, 2 H, tl = 7 Hz), 9.43 (bs, 1 H).

Octaethylporphyrin. 5-Ar,A-Diethylaminomethyl-2-ethoxycar- 
bonyl-3,4-diethylpyrrole (28.0 g, 0.1 mol) in 95% ethanol (100 ml) was 
treated with a solution of potassium hydroxide (13.2 g, ~0.2 moll in 
water (20 ml). The mixture was heated on a steam bath for 3 h and 
then diluted to 200 ml with water. The mixture was cooled in an ice 
bath and acetic acid (200 ml) was added. The mixture was then boiled 
with magnetic stirring. When the solution had become very dark, air 
was passed through it. After boiling for 1 h, by which time the solution 
was reduced to half its original volume, the solution was diluted with 
an equal volume of methanol; after cooling to room temperature, the 
product was collected by filtration, and washed with methanol to give
7.0 g (52%) of OEP.

Occasionally the product was a mixture of octaethylporphyrinogen 
and octaethylporphyrin. This mixture when heated under reflux in 
toluene (20 ml/g) was oxidized to the porphyrin and on cooling gives 
a high recovery of the pure product. The porphyrin itself can be re
crystallized from toluene, with the aid of a Soxhlet extractor.

3(5)-Ethyl-4-methylpyrazole. Propionaldazine was prepared by 
dropwise addition of freshly redistilled propionaldehyde to ice-cooled 
hydrazine hydrate in stoichiometric amount, dried by extraction into 
toluene, and distilled at atmospheric pressure, bp 140-141.5 CC. The 
azine (50 g) and anhydrous nickel chloride (0.69 g, Alpha Inorganics, 
used without further purification) were refluxed under argon (heating 
mantle) for 24 h, and (after no pyrroles could be found) then refluxed 
in air for another 24 h. The crude reation mixture was then distilled 
at atmospheric pressure, mostly in the range of 202-232 °C. Main cut, 
bp 212-222 °C, 15.49 g, was slightly impure 3(5)-ethyl-4-methylpy- 
razole:14 *H NMR16 b 1.21 (t, 3 H, J = 7.5 Hz), 1.98 (s, 3 H), 2.60 (q, 
J  = 7.5 Hz, 2 H), 7.17 (5,1 H), 13.13 (br, H). This spectrum agrees with 
the previously published spectrum, as does the infrared spec
trum.15

3(5)-Propyl-4-ethylpyrazole. Butyraldazine, prepared similarly, 
bp 179-187 °C, led to 3(5)-propyl-4-ethylpyrazole, characterized by 
NMR: b 0.94 (t, J = 7.5 Hz, 3 H), 1.18 (t, J = 7.5 Hz, 3 H), 1.66 (sextet, 
J  = 7 Hz, 2 H), 2.42 (q, J = 7.5 Hz, 2 H), 2.59 (t, J = 7.5 Hz, 2 H), 7.26 
(s, H), 12.22 (br, H).

This product was obtained by overnight reflux of the azir.e in p- 
xylene in the presence of such diverse catalysts as anhydrous cobalt 
iodide or ammonium chloride, and air.
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The 13C NM R characteristics o f a group o f spiro-bislactonic phenolic metabolites of Leucadendron and Leucos- 
permum species o f the Proteaceae have been studied. The structure of a new member o f this group, leudrin, has 
been established.

The great promise which 13C NMR spectra have held for 
the characterization of natural products2 has been richly 
fulfilled by the many studies now appearing. This tool has 
beer, used to establish the nature of alkyl chains unambigu
ously,3 to demonstrate functional groups in puzzling cir
cumstances,4 to confirm or correct empirical formulas, and, 
in happy circumstances, to establish, together with lH NMR, 
the structures of surprisingly complex molecules without 
degradative or x-ray crystal studies.5 However, in general, 
fruitful study of complex natural products has been possible 
only within the context of a series of closely related materials,6 
for knowledge of the factors which determine the chemical 
shifts of carbons in alicyclic and heterocyclic systems is still 
growing.7 We describe here 13C NMR studies of a group of 
plant phenolics not previously so studied which exemplify 
these problems, and which, with the support of the data of JH 
spectra taken at the field of a superconducting magnet, have 
led to the structure of a novel compound.

Previous studies on the phenolic constituents of the family 
Proteaceae have elucidated the structures and the stereo
chemistry8 of leucodrin (l),9 conocarpin (4),10 conocarpic acid
(8), and its methyl ester reflexin (9).11 The structure and 
stereochemistry of leucodrin have been confirmed by an x-ray 
crystallographic study,12 but those of the other compounds 
are based on interconversion and degradative studies, and on 
the spectral properties of the products. The configurations 
of C-4 in 1 and 4 have been established as R  and S , respec
tively, by degradation of each to the corresponding p- 
methoxyphenylsuccinic acid, while that of C-10 is S' in each 
case, as the chain of atoms C-8, C-10, and C -ll can be excised 
from both molecules in the form of L-glyceraldehyde. A key 
transformation in these studies is the conversion of conocarpin 
by bromine water to the spiroquinomethide ether (5), possible 
only for the configurations of C-4, C-5, and C-9 shown. The 
dienone-phenol rearrangement of 5 to a chroman such as 6 
is attended by an upfield shift of H-8 in that compound,10 
which seems best accommodated by the configuration shown. 
Thus the configurations of all centers of the conocarpin series 
are firmly established with the exception of that at C-8. This

paper particularly examines the 13C NMR characteristics of 
this series of compounds.

13C Characteristics. The 13C resonances obssrved in the 
XH noise-decoupled spectra are readily divided into several 
functional group categories2 and methine and methylene 
carbons are readily recognized by off-resonance decoupled 
spectra. Within the aromatic group, C-15 is readily differen-

1, leucodrin, R =  R ' =  H 4. conocarpin
2, leucodrin methyl ether,

R =  CH:(, R' =  H
3, dimethyl! eudrin,

R =  CH3, R' =  OCH3

7, norleucodrinic acid 
methyl ether

OH

8. conocarpic acid, R =  H
9, reflexin, R =  CH3



I:,C NMR of Phenolic Metabolites of Proteaceae J. Org. Chem., Vol. 41, No. 24,1976 3861

Table I. Chem ical Shifts in Dim ethyl Sulfoxide Solution (ppm from M ejSi)

Carbon atoms

Compd 2 3 4 5 6 8 9 10 11 12 13 14 15 16 17

Leucodrin (1) 175.0 33.6 41.3 90.3 172.3 80.2 69.5 68.4 61.6 123.7 130.3 115.8 157.4 115.8 130.3
Leucodrin 174.9 33.5 41.3 90.2 172.2 80.3 69.6 68.4 61.7 125.6 130.4 114.4 159.4 114.4 130.4

methyl ether (2) o c h 3 55.4
Norleucodrinic 174.6 33.3 41.3 89.3 171.2 77.4 72.4 168.7 125.2 130.4 114.5 159.6 114.5 130.4

acid methyl ether (7) o c h 3 55.4
Dimethyl- 174.9 33.4 41.5 90.2 172.2 80.3 69.5 68.4 61.5 125.9 111.9 148.9°'148.7°'112.8 121.4

leudrin (3) o c h 3 55.6
Conocarpin (4) 174.7 32.7 47.6 88.0 172.7 79.4 73.4 67.8 61.8 122.8 130.5 115.3 157.2 115.3 130.5
Reflexin (9) 177.7 34.0 46.8 79.7 173.2 80.3 75.9 69.1 62.3 127.8 131.4 115.0 156.6 115.0 131.4

Conocarpic acid (8)
o c h 3 51.5

169.5 31.2 44.8 74.9 173.9 82.7 79.0 69.4 61.4 126.6 129.6 115.6 157.1 115.6 129.6
° These values can be interchanged.

tiated from C-12 and C-14/16 from C-13/17 by established 
hydroxyl substitution values.2 The corresponding peaks of the 
phenol ethers, 2 and 7, show the anticipated downfield shifts 
for C-15 and upfield shifts for C-14 and C-16. Of the meth
ylene carbons recognized in the off-resonance spectra, that 
at high field is readily assigned to C-3, and that in midfield to 
C -ll; the latter is, of course, absent in the spectrum of 7. The 
two carbonyl peaks present in all of the spectra are differen
tiated by the observation that the one near 172 ppm (C-6) 
remains fairly constant throughout the series, while that at 
175 ppm in the dilactones (C-2) is shifted in the compounds 
with ring A open. The remaining singlet at midfield is the 
signal of C-5. Pour methine carbons are recognized by off- 
resonance spectra; that at high field clearly corresponds to C-4, 
but the distinction of C-8, C-9, and C-10 poses a more difficult 
problem. Because H-9 in the ’H NMR spectra of this series 
of compounds is a doublet well separated from the signals of 
the other *H nuclei, it is possible to demonstrate by single 
frequency decoupling at the H-9 'H frequency that the signal 
near 70 ppm in the 13C NMR spectra corresponds to C-9; the 
1H resonances of H-8 and H-10 are, however, closely coupled. 
Assignment of the resonances of carbon atoms C-8 and C-10 
is based on the observation that the resonance at lower field 
shows more variation with stereochemical and structural 
changes; it is therefore C-8. The resonance at higher field is 
more nearly constant throughout the series, and is more 
suitable for C-10, distant from the site of these changes. The 
choice is consistent with the effects anticipated from the larger 
number of heavy atoms separated by two bonds from C-8.

The spectra of these compounds in dimethyl sulfoxide show 
the intriguing characteristic of broadened lines for the un
substituted aromatic carbon atoms, C-13/17 and C-14/16, 
reflected to a lesser extent by other peaks. That this broad
ening results from an exchange of chemical shifts is supported 
by the spectra at higher temperatures in which the peaks are 
sharpened to widths characteristic of the resolution of the 
spectrometer. The phenomenon is dependent on the solvent, 
for the spectra of leucodrin (1) in methanol are sharp at room 
temperature, but broaden on chilling to —40 °C. Although the 
effect may result only from viscosity effects and more effective 
relaxation, earlier findings11 indicated unusual steric crowding 
between the aromatic ring and the 9-hydroxyl of conocarpin. 
Inspection of Dreiding molecular models of this series of 
compounds clearly shows further strong steric interactions 
of the aromatic atoms C-13/17 and H-13/17 with the atoms 
at position 9 and, in the ring A opened compounds, at position 
5. It was therefore interesting to compare the spectrum of 
conocarpin with that of leucodrin in a mobile solvent. Meth
anol is unsatisfactory for this purpose, however, as the more 
strained lactone system of conocarpin readily opens in

methanol.11 This difficulty was obviated by conversion of 
conocarpin to its tetrakistrimethylsilyl ether by reaction with 
trimethylsilylimidazole. A chloroform solution of this deriv
ative shows aromatic peaks of normal half-width for all carbon 
atoms. The broadening of the peaks for C-13/17 and C-14/16 
thus may be ascribed to the solvation of the oxygen-containing 
groups in the parent compounds.

D iscu ssio n

It is clear from the evolving knowledge of the relation of 13C 
chemical shifts to the structures of cyclic systems that the 
effects of substituents and stereochemistry are subtle and 
complex.7 Apparently, beyond the carbon directly substituted, 
the stereochemistry of a substituent is more important than 
its electronegativity.71 The effect of ring size may depend 
primarily on the dihedral angles of the ring atoms and the 
attached 1HJS In any event, the steric compression of attached 
!H can give rise to either shielding or deshielding.70-1

In the series studied here, such effects produce chemical 
shift differences which cannot be completely explained. Gross 
structural changes do indeed produce anticipated major 
changes in the spectra. Thus, the opening of the lactone ring 
(4 vs. 8) results in an upfield shift of the carbinyl carbon, C-5, 
of 13.5 ppm and an upfield shift of 5.2 ppm in the carboxyl 
carbonyl. However, C-8, C-9, and C-12 are shifted substan
tially downfield, 3.3, 5.6, and 3.8 ppm. Of these, C-9 is two 
bonds away from the site of change, and might be expected 
to show a downfield shift. (The chemical shift of C-2 of butyl 
acetate is 31.2, while that of 1-butanol is 35.3.) However, the 
more distant C-8 and C-12 clearly show effects not paralleled 
in acyclic compounds. Comparison of leucodrin (1) to cono
carpin (4) allows an evaluation of the effect of the steric 
compression noted in the chemistry of these compounds.11 
Two of the carbon atoms at the site of compression, C-4 and 
C-9, show downfield shifts (6.3 and 3.9 ppm) in conocarpin, 
while two show upfield shifts (C-5, 2.3, and C-12, 0.9 ppm). The 
remaining carbon atoms of the two diastereomers show es
sentially the same chemical shifts. It is perhaps even more 
surprising that the simple conversion of conocarpic acid (8) 
to its ester, reflexin (9), is accompanied by substantial alter
ation of the shifts in the unaffected lactone ring and aromatic 
system: C-5 and C-12 are shifted downfield 4.8 and 1.2 ppm, 
while C-8, C-9, and C-13/17 are shifted upfield, 2.4, 3.1, and
1.8 ppm.

If the changes produced by minor modifications of these 
structures are not readily intelligible, however, it is indeed 
clear that the chemical shifts very sensitively reflect the exact 
structural arrangement and shape of these molecules, and can 
be used as a fingerprint of the structural moieties involved.

An opportunity to utilize this empirical observation arose
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Table II. >H Characteristics (in CDCI3 Solution) of the Trimethylsilyl Ether Derivatives

4H chemical shifts Trimethylsilyl ethers

Compd 3a CO 8 9 10 11a lib  13 14 16 17 C-9 C-15 C-10,11

Leucodrin (1) 2.88 3.34 4.19 3.65 4.87 3.81 3.54 3.38 7.30 6.83 6.83 7.30 0.33 0.32 0.17,
-0.04

Dimethylleudrin (3) 2.83 3.30 4.14 3.66 4.86 3.76 3.51 3.35 6.95 6.85 6.90 0.27' 0.12 -0.03
Conocarpin (4) 2.83 3.33 3.88 4.02 4.69 3.88 3.51 3.68 7.25 6.90 6.90 7.25 0.26 0.13 -0.06,

0.11
Norleucodrinic acid methyl 2.72 3.15 4.12 3.78 4.73 7.33 6.90 6.90 7.33 0.25

ether(7)
Conocarpic acid (8) 2.85 3.31 3.78 3.78 5.05 3.56 3.36 3.46 7.11 6.76 6.76 7.11 0.22 0.20 -0.06,

0.09
]H coupling constants, Hz

Compd 3a,3b 3a,4 3b,4 8,9 8,10 10,11a 10,lib 11a,lib 13,14

Leucodrin (1) —17.1“ 8.9° 13.4" 8.4" 1.7“ 6.8 7.5 -10.0 8T
Dimethylleudrin (3) -17.5 8.7 13.2 8.2" 1.4“ 6.8 8.0 -10.0 2.0 (13,17)

9.0 (16,17)
Conocarpin (4) -17.1 5.8 8.3 3.5“ 5.9" 6.5 4.5 -10.8
Norleucodrinic acid methyl ether (7) -17.1" 8.6" 13.0“ 8.2"
Conocarpic acid (8) -17.5 2.0 5.9 8.5 2.0 8.2 6.3 -9.4 8.8 (J(4,9) = 1.

“ Verified by INDOR.

in the study of a phenolic dilactone leudrin.13 Preliminary 
characterization of this compound suggests that it shares 
many structural characteristics common to the dilactones of 
the leucodrin series and that its structure could be that of 
leucodrin carrying a further hydroxy substituent at position
14. In particular, the ]H NMR spectrum at 220 MHz allows 
the determination of the chemical shifts and coupling con
stants of the alicyclic system, which correspond closely to 
those earlier observed for leucodrin. To allow a close com
parison of such values, and an evaluation of their significance, 
the 4H spectra of a group of compounds within the series were 
studied as their trimethylsilyl ether derivatives, and the re
sults are collected in Table II. However, the close correlation 
of the 13C chemical shifts of Table I, in the context of the 
strong dependence of these values demonstrated above, not 
only supports the proposed structure of dimethylleudrin but 
also indicates its stereochemistry.

Experimental Section
*'!C spectra were determined on a Varían XL-100 NMR spec

trometer equipped with a Digi-Lab Fourier transform accessory. 
Exciting pulses at approximately 300 Hz below the frequency of te- 
tramethysilane were used, the free induction decay being sampled 
at 12 kHz, to fill an 8K data table, giving an effective resolution of 1.5 
Hz. Typically, 70 000 FID’s were collected overnight. Homonuclear 
INDOR experiments were conducted on the XL-100 at 100 MHz. 
High-field spectra were obtained on a Varian HR-220 spectrome
ter.14

Trimethylsilyl ethers were formed by mixing the phenols with 
approximately threefold (by weight) quantities of trimethylsilylim- 
idazole at room temperature. Mass spectra were determined after a 
few nours on an LKB-2000 mass spectrometer. Solutions so prepared 
were stable for several days.

Leucodrin (1): m/e (rel intensity) 614 (1), 613 (3), 612 (5, 
C27H48Si40«), 597 (1), 540 (1), 525 (1). 509 (2), 480 (4), 465 (1), 464 (2), 
463 (7), 451 (1), 423 (5), 408 (1), 391 (2), 219 (16), 218 (8), 217 (35), 205 
(9), 192 (20), 177 (11), 147 (15), 133 (4), 124 (3), 120 (5)', 117 (10), 103 
(12), 75 (11), 74 (10), 73 TOO), 45 (8).

Norleucodrinic acid methyl ether (7): m /e  (rel intensity! 466 
(C2iH;))OsSÍ2, 1), 451 (1), 361 (1), 291 (1), 149 (2), 148 (3), 147 (25), 
134 (4), 125 (11), 98 (15), 89 (3), 88 (6), 86 (39), 85 (4), 84 (57), 83 (6), 
75 (3), 74 (3), 73 (37), 70 (4), 69 (7), 68 (100), 67 (10), 59 (5), 49 (13), 
47 (19), 45 (9), 43 (11), 41 (70), 40 (37), 39 (12), 38 (9), 35 (8), 28
(25)

Conocarpin (4): m/e (rel intensity) 614 (1), 613 (3), 612
(C27H48Si40 H, 5), 597 (2), 509 (2), 480 (4), 463 (3), 451 (3), 423 (6), 292 
(2), 293 (2), 219 (20), 217 (28), 205 (12), 193 (4), 192 (18), 177 (8), 147

(16), 133 (4), 129 (2), 120 (5), 117 (11), 103 (11), 75 (12), 74 (9), 73 (100), 
6 8  (5), 59 (3), 45 (6 ), 41 (3), 28 (6 ).

Dimethylleudrin (3): m/e (rel intensity) 585 (2), 584 (G2(;H4 4 0i)Si:(,
5), 217 (5), 191 (2), 164 (5), 149 (3), 148 (3),147 (18), 141 (2), 140 (17), 
125 (12), 103 (2), 98 (16), 8 8  (2), 8 6  (50), 84 (70), 75 (4), 74 (4), 73 (46), 
70 (3), 69 (7), 6 8  (100), 67 (11), 59 (2), 51 (2), 49 (14), 47 (20), 45 (7), 
43 (8 ), 42 (5), 41 (64), 40 (34), 39 (7), 38 (5), 35 (5), 28 (24).

Registry N o.— 1, 14225-07-1; 1 trimethylsilyl derivative, 59873-
48-2; 2, 59873-49-3; 3, 59873-50-6; 3 trimethylsilyl derivative, 
59873-51-7; 4, 30358-74-8; 4 trimethylsilyl derivative, 59905-86-1; 7, 
13565-22-5; 7 trimethylsilyl derivative, 59873-52-8; 8, 39236-59-4; 8 
trimethylsilyl derivative, 59873-53-9; 9, 40036-19-9.
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Line separations due to splitting o f the natural abundance 13C signal by neighboring hydrogens are reported for 
a variety of di- and trisubstituted alkenes. For the trisubstituted alkenes, these line separations should be very close 
to true coupling constants. Qualitatively, the splittings conform to the prediction that carbon should show decreas
ing three-bond coupling constants in the order sp1 >  sp2  >  sp3  with regard to the hybridization of the coupling car
bon nucleus. However, the ranges of the coupling constants are not well separated for cis nuclei and also overlap 
for trans nuclei. The splittings are sufficiently regular in incidence that they are of use in assigning E or Z  character 
to trisubstituted alkenes.

A number of papers have emphasized the parallelism be
tween H-H NMR coupling constants and 13C-H coupling 
constants.1-4 Since proton coupling constants in alkenes such 
as 1 have been used for years to distinguish between E  and Z  
isomers, the question arises whether 13C-H coupling constants 
might not be of equal use with more highly substituted alkenes 
such as 2. DeHaan and Van de Ven and Roberts et al. have

R
\

R— CH=CH— R' C=CH— R"
R'

1 2
advanced a useful method of determining alkene configuration 
based on 13C chemical shifts.5 However, this method seems 
best applied in cases where both the E  and the Z  isomers are 
available for comparison purposes. If only a single isomer is 
available the assignment of configuration would be difficult 
if unusual steric or electronic effects were present.6-7

The use of additivity relationships, based on substituent 
effects on 'H chemical shifts, seems to be an even more pow
erful method for determining alkene configuration.6 However, 
deviations from additivity predictions for carbonyl and other 
alkene substituents have been noted.

It was hoped that I3C-H coupling constants would show 
sufficient regularity so that these data also could be used to 
identify E  or Z  isomers. Studies of chemical shifts and of 
coupling constants would complement one another, and 
provide the researcher with a battery of techniques for con
figuration assignment.8

Marshall and Seiwell have reported that a very large 3J ch 
value (14.5 Hz) is found between carbonyl and trans hydrogen 
in 3, and a smaller value (6.8 Hz) is found for cis nuclei in 4, 
rather similar to the variation in H-H coupling constants with 
geometry in other molecules.9-10 The coupling constant for 
trans 13C-H nuclei was substantially higher than for certain 
oy/Tunsaturated ketones briefly investigated in our labora
tory.11 A secondary objective of the present study was to ob
serve the range in coupling constants as structure was var
ied.

In other studies, Karabatsos and Orzech suggested that 
bond angle variations imposed by steric constraints gave rise 
to sizable variations in 13C-H coupling constants,1 but elec
tronegativity effects were not considered to be very impor
tant. lc Perlin’s data, however, could be interpreted in terms 
of a sizable electronegativity effect.12 Lemieux and co-workers

also emphasized the importance of stereoelectronic factors 
on variations in V ch-13,14

In earlier studies, H-H coupling constants in alkenes were 
shown to vary over a twofold range for trans nuclei and over 
a fivefold range for cis nuclei, depending upon the type of al
kene substitution.15 The effects of electronegativity, as de
termined by Banwell and Sheppard and by Schaefer, are given 
in eq 1 and 2, where E \  is an electronegativity parameter for 
the substituent X .16

J cis =  11 71  (1  -  0 .3 4  Ex) (1 )

Jtrans =  19 -0  (1  -  0 . 1 7 £ x )  (2 )

If 13C-H coupling constants indeed parallel H-H coupling 
constants, similar electronegativity effects would be expect
ed.17

In considering the various factors that may affect the 
magnitude of V ch, the hybridization of carbon deserves 
special mention. This factor, of course, is not present in H-H 
coupling constants. Karabatsos pointed out that 3J ch should 
decrease in the order sp1 > sp2 > sp3 if the Fermi contact 
mechanism of spin coupling were dominant.16-18-19 A third 
objective of this study was to observe the effect of hybridiza
tion on 3J ck, although these effects are hard to differentiate 
from electronegativity effects in certain cases.

Table I lists the 13C NMR data for over 40 alkenes. The data 
quoted in Table I are line separation(s) (LS) measured directly 
from the spectra rather than true coupling constants (3J ch), 
which must be derived from the LS by computer simulation. 
The LS values should be of more use to the practicing chemist. 
In Table I, the data for trisubstituted alkenes are of foremost 
interest. In such alkenes, couplings between cyanide or car
bonyl and hydrogen represent an AX spin system, and thus, 
LS and :iJ ch are identical. For methyl substituted alkenes, 
an AM;jX spin system is present, where M are the methyl 
protons; LS should again be very close to 3J ch-

The deviation of LS from 3J ch should be most serious for 
disubstituted alkenes. These alkenes were investigated in 
order to observe the variation of LS with structure in com
pounds whose configuration has been firmly established by 
other means. For disubstituted alkenes such as (E)-cinnamic 
acid (28), the carbonyl 13C nucleus represents X of an ABX 
spin system, where the alkene hydrogens are A and B. Owing 
to the large difference in chemical shift of A and B, among 
other factors, the deviation of LS from ‘J e n  is small (—0.2 Hz). 
For propenylbenzene, the methyl 13C represents X of an 
ABM;.X spin system. For the Z  isomer 8, computer simulation 
shows that LS is again very similar to 3J ch, within the error 
in data acquisition, ±0.25 Hz. However, for the E  isomer, LS 
does not correspond to 3J ch because of the small chemical 
shift difference between A and B, and large J a b  and | J ax — 
J bx| terms.156 For simplicity, all splittings will be termed LS 
whether or not they also correspond to true coupling con
stants.
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Table I. Line Separations Due to Coupling of the 13C Nucleus with the 'H Nucleus Indicated

Registry Orientation of
no. Compel Isomer Structure coupled nuclei LS, Hz

674-76-0 5 E i-C ,H ,C H =C H -----CH3 Cis ~ 6
690-08-4 6 E t-Ct H,— C H = C H — CH3 Cis 6.9

4894-61-5 7 E Cl-----CH2-----C H = C H — CH3 Cis 6.0
E Cl— CH2---- C H = C H — CH3 Cis ~7

766-90-5 8 Z Ph-----C H = C H — CH3 Trans 10.0
873-66-5 9 E Ph-----C H = C H — CH3 Cis 6.6
104-54-1 10 E Ph-----C H = C H -----CH2OH Cis 6.8

21087-29-6 11 E Ph-----C H = C H -----CH2Q Cis 8.0
833-81-8 12 E Ph-----C H = C (C H 3 )Ph Trans 8.3

98-83-9 13 H, C = C (  CH3 )Ph Cis 6.6
Trans 11.1

541-47-9 14 H 0 2C-----C H = C (C H 3)2 Cis 7.1
Trans 8.4

141-79-7 15 CH3— CO— C H = C (C H 3)2 Cis 7.0
Trans 8.0

54435-79-9 16 Z Ph---- CO-----C H = C (C H 3 )Ph Cis 6.7
22573-24-6 17 E PhCO-----C H =C (C H 3 )Ph Trans 7.8
23652-86-0 18 Z CH3CO— C H = C (C H 3)NHCH2Ph

Ph
Cis 6.1

60135-00-4 19 0 = / \— COrCH, Cis 6.2

53-27-5 20 Cis

Trans

5.7

-10

17434-21-8 21 E Trans 8.5

E Cis ~ 6

14182-01-5 22 E
0

Ph----C H = C (C H 3 )— CO— Ph Trans 8.5
E Ph----C H = C (C H 3 )— CO— Ph Cis 6.4

123-73-9 23 E CH3— C H = C H — CHO Cis 6.0
E CH3— C H = C H — CHO Cis 8.8

104-55-2 24 E Ph— C H = C H — CHO Cis 8.8
33603-90-6 25 Z Ph-----C H =C (B r)----CHO Cis 7.8

584-45-2 26 Ph----C H = C (C 0 2- ) 2 Cis 7.3
Ph----C H = C (C 0 2- ) 2 Trans 10.8

17041-60-0 27 CH3----C H = C (C 0 2CH3)2 Cis 7.0
CH3— C H = C (C 0 2CH3)2 Trans 12.2

140-10-3 28 E Ph— C H = C H — CO“ (D20 ) Cis 6.3
E Ph----C H = C H ----C 0 2H(CDC13)

Cl

J

Cis 7.0

704-96-1 29 Z Trans 12.0
U j / — C H = C H — COa-

705-54-4 30 Z Ph----C H =C (C 1)C 02- Cis 5.0
557-24-4 31 z ~ 0 2C----C H = C H ----CONH2 Trans 11.5

z ~ 0 2C----C H = C H ----CONH2 Trans 12.2
498-23-7 32 z " 0 2C— C(CH3 ) = C H — CO“ Trans 10.8

z - 0 2C-----C(CH3) = C H — C 0 2- Cis 7.3
498-24-8 33 E - 0 2C-----C(CH3) = C H — c o 2- Cis 6.7

E ~ 0 2C-----C(CH3) = C H — CO " Trans 8.3
584-99-6 34 E " 0 2C-----C (B r)=C H -----C 0 2- Trans 9.5
644-80-4 35 z "  0 2 C-----C ( Br ) = C H -----C 0 2~ Cis 4.3

80-62-6 36 CH30 2C---- C(CH3) = C H 2 Cis ~ 6.5
CH30 2C---- C(CH3) = C H 2 Trans ~ 12

60135-01-5 37 E CH30 2C-----C (C N )=C H — CH(CH3)2 Cis ~ 6
E CH30 2C-----C (C N )=C H -----CH(CH3)2 Trans 13.8

14533-86-9 38 E CH30 2C---- C (C N )=C H — Ph Cis ~ 7
E CH30 2C---- C (C N )=C H ---- Ph Trans 14.0

1885-38-7 39 E NC— C H = C H — Ph Cis 8.7
2700-22-3 40 (NC)2— C = C H — Ph Cis 8.4

(NC)2-----C = C H — Ph Trans 14.4
53587-72-7 41 E NC-----C(CH3 )= C H — Ph Cis 8.8

E NC-----C(CH3 )= C H — Ph Trans 8.2
13343-78-7 42 Z Ph-----C = C — C H = C H — Ph Trans 15.0
13343-79-8 43 E Ph— C = C ---- C H = C H — Ph Cis 8.2
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Hybridization 
of carbon

sp1 (CN, C = C ) 
sp2 (CO) 
sp3 (CH2X)

Table II
Ranges of LS values, Hz 

(common values)
Cis nuclei Trans nuclei

8.2— 8.7 (~8)  14-15 (~14)
4 .3 -  10 9.5-16.9
5.7—8.0 (~6) 7.7-11.0 (~8)

In Table I, the compounds are loosely grouped in the order 
sp3, sp2, sp1 with regard to the hybridization of the carbon 
coupled to the alkene proton. Table II shows a summary of 
these results. For cis nuclei, the range of LS between nuclei 
of different hybridization is not large. For trans nuclei, the LS 
roughly follow the predicted order sp1, sp2, sp3, although 
considerable overlapping of ranges occurs.19b

Table III illustrates the effect of varying the type of 13C 
nucleus coupled to H in an otherwise constant hydrocarbon 
skeleton. The acid chloride and aldehyde groups show the 
largest LS values for carbonyl groups. In Table I, the al
dehydes 23, 24, and 65 exhibit similarly large values. Car
boxylic acid, ester, and amide groups are not well differen
tiated (compare also 26-33, 36-38, and 57-59). Ketones con
sistently have the smallest LS values (cf. Scheme I). The 
presence of a conjugating group such as phenyl substituted 
at carbonyl (e.g., 55) has little effect compared to alkyl groups 
(e.g., 56; also Scheme I). It is noteworthy that rigid (21) and 
nonrigid (22) ketone groups have similar LS values.20 Except 
for the aldehyde group and oxime, the LS values are arranged 
such that 13C nuclei that have large LS values lie upfield in 
chemical shift and vice versa.21-22 The LS values parallel lJ ch 
values for H -CO-X, again except for X = H.23

As with H-H couplings, the effects of electronegative groups 
appears to be quite large. Comparison of bromomaleic acid 
(34) with citraconic acid (32) shows that the former has the 
lower LS (9.5 vs. 10.8 Hz). The difference between 35 and 33

Scheme I

is even greater (4.3 vs. 6.7 Hz), similar to the case in H-H 
couplings where the electronegative substituent is trans to one 
proton (cf. eq 2 vs. eq 1). This series involves substituents of 
similar size, and thus differential steric effects are not likely 
to be important. The bromo aldehyde 25 shows a lower LS 
than 24 or 53. Chlorocinnamic acid (30) has a lower L3 than 
phenylcinnamic acid (49), although steric effects are variable 
in these compounds.

Table III. LS of Substituted Stilbenes
Ph

Ph— C H = C ^
X

Registry Registry
z * Compd* LS (trans) no. Compd6 LS (cis) no.

CN 44 (Z ) 14.2 6114-57-4 45 (E ) 9.0 16610-80-3
O
ll_ci 46 (Z ) 16.9 60135-02-6 47 (E ) 9.9 51388-67-1

0
II0—OH

48 (Z ) 12.5 91-47-4 49 (E ) 7.3 91-48-5

O
IIC—OCH<

c 50 (£) 7.4 36854-27-0

0
1 /Ph
c—nT 51 (Z ) 11.5 60135-03-7 52 (£) 6.8 60135-04-8

CH;,
0
« 53 (E ) 10.0 1755-47-1
C—H
N—OH
« 54 (£) 9.2 60135-05-9
c—H
0
IIC---Ph
0
IIC—CH,

55 (E ) 6.0 7474-65-9

56 (E ) ~6 38661-88-0
a Stilbene substituent. b The letter in parentheses refers to the configuration of the compound. c' Data for a slightly impure 

compound are 12.5 Hz.
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Electronegative substituents substituted on the carbon 
coupled to hydrogen appear to increase LS values. The series
9,10, and 11 shows an increasing LS as the electronegativity 
of the substituent increases from H (LS 6.6 Hz), OH (6.8 Hz), 
to Cl (8.0 Hz). In 7, the chloromethyl group has an apparent 
larger LS than methyl.19b'24 Moving from 2-methyl-l,3-di- 
phenyl-2 -propen-l-one (2 2 ) to its bromomethyl analogue 
results in an increase in LS from 8.5 to 10 Hz. However, 
comparison of 39 and 43 indicates only a slightly larger LS for 
cyanide than alkyne.25

With regard to the effect of substitution on the C=C double 
bond, disubstituted alkenes appear to have larger LS than 
trisubstituted alkenes for trans CH3-H  couplings (the dif
ference would be still larger if 3Jch values were calculated as 
'Vch > LS). Thus 8 and 13 show LS of 10-11 Hz, whereas 12,
14,15, and 17 show LS of ca. 8 Hz. However, for CO-H cou
plings, disubstituted alkenes have larger LS in some cases but 
not in others.

The LS values discussed above show significant variation 
with structure, but these variations are by no means worse 
than variations in 3Jhh previously used to assign configura
tion in compounds of general structure l . 15 Using the data of 
Table I, certain molecules were investigated whose state of 
isomerism could not be assigned in any other way.26 These 
compounds are shown in Scheme I. Compounds 57 and 58 
were obtained as an inseparable mixture upon condensation 
of methyl acetoacetate with benzaldehyde. The major com
ponent, 57, showed a large LS for the ester carbonyl and a 
small LS for the ketone; 57 is thus the Z  isomer. Compound 
58 shows the reverse LS characteristics, and it is therefore the 
E  isomer. Compound 59 (mp 89 °C) was obtained by con
densation of ethyl benzoylacetate with benzaldehyde and it 
is clearly the E  isomer.

The configuration of the azlactone and rhodanine deriva
tives (60 and 61, Scheme I) was predictable on the basis that 
the maximum path for resonance between CO and Ph should 
be present.27 In both cases, the CO and alkene proton are cis, 
as indicated by the low LS value, and CO and Ph are therefore 
trans as predicted. However, for the isoxazolinone 62, the CO 
and Ph are cis as shown by the large LS, thus confirming 
previous assignments.28 In this case a steric effect between the 
ring methyl and phenyl probably destabilizes the E  isom-
e r  27c,29

In citraconic, mesaconic, and itaconic acids (Scheme II), a 
relatively complete survey of all LS values was obtained. The 
two-bond coupling constants (i.e., line separations, strictly 
speaking) were not characterized by a particularly large 
variation in absolute magnitude, unlike a number of literature 
examples.30a,b

For phenylitaconic acid (64), the LS values confirm the 
earlier assignment of configuration based on chemical trans
formations.31 In tigalcehyde (65) some uncertainty exists in 
the assignment of splittings, but generally the aldehyde group 
is seen to have large LS values not only to the alkene proton, 
but to other protons in the molecule. LS values for couplings 
to CHO are also sizable.

Certain experimental difficulties reduce the effectiveness 
of this technique for configurational assignment. The data 
acquisition is fairly time consuming, often requiring an 
overnight run. A sizable concentration of sample must be used 
(in our hands, a 10 % w/v solution was near the minimum, in 
CDCI3 or about 5% in D20). Alkyl groups other than methyl 
groups were difficult to study even using block acquisition due 
to extensively split signals. The disc data systems now coming 
into use may eliminate this difficulty, however. From the data 
in Table I, it is seen that the LS values for methyl groups cis 
or trans to an alkene proton are not sufficiently differentiated 
in some cases to warrant a firm assignment of configura
tion.

~0.7

65

Experimental Section
Compounds 5 ,6 ,7,10,11,13,14,23,24,28,31,32,33,36,39,63, and 

65 were commercial products, mostly from Aldrich Chemical Co.; 
these were used without additional purification. Their ,3C NM R 
spectra indicated a reasonable level o f purity. Compound 20 was an 
undergraduate laboratory preparation, that was recrystallized several 
times, mp 104.5-106.0 °C (lit.32105-106 °C). Compound 2 1  was ob 
tained from Dr. Henry Baumgarten. The remaining chemicals were 
synthesized by the method given in the literature reference given with 
the physical properties, except as noted.

(E )- and (Z)-Propenylbenzenes (8 and 9) were available from 
a previous study.33“ These were prepared by a Witting reaction using 
the method of Shemyakin.33b

(E)-l,2-Diphenyl-l-propene (12), mp 81-82 °C (lit . 3 4  80-82 
°C).

Mesityl oxide (15), bp 126-130 °C (lit. 3 5  1 26-131 °C).
Dypnone (16 and 17), bp 155 °C (1 mm) [lit. 3 6  155 °C ( 1  mm)]; the 

product obtained was a mixture of about 85% the E  isomer and about 
15% Z. Despite the low concentration of the Z  isomer, accurate NMR 
data could be obtained in this particular case.

Methyl 3-(AT-benzylamino)-2-butenoate (18) was prepared in 
situ by adding molar equivalent quantities o f benzylamine and methyl 
acetoacetate,37“ followed by rapid NM R determination. Although 
NMR gave evidence for both isomers, the longer time period necessary 
for 13C NMR gave the mixture time to isomerize, and 1 !C NM R data 
for only the Z  isomer could be obtained . 3 7 6

4-Carbomethoxy-3-methyl-5-phenyl-2-cyclohexenone (19), 
mp 85 °C, was available from an earlier study . 3 8  The NM R for a re
lated compound, 3,5-dimethyl-2-cyclohexenone, was very similar to 
that given for 19.

(i?)-2-Methyl-l,3-diphenyl-2-propenone (2 2 ), bo 167 °C (0 . 6  

mm) [lit. 3 9  190 °C (28 mm)].
(Z)-2-Bromo-3-phenyl-2-propenal (25), mp 68-69 °C (lit. 4 0  70.5 

°C).
Benzylidenepropanedioic acid (26) was prepared by condensa

tion of malonic acid with benzaldehyde, mp 196.5 CC dec (lit.41a 
195-196 °C). Compound 27 was similarly prepared, bp 1 1 0 - 1 1 2  °C 
(15 mm) [lit. 4 1 6  1 1 0 - 1 1 2  °C (15 mm)].

(Z)-o-Chlorocinnamic acid (29) was prepared by irradiating the 
E isomer in a quartz flask with a 100-W Hanovia lamp for 1 week, and 
fractionally recrystallizing the resulting mixture of isomers. The 
higher melting isomer was sacrificially eliminated, plus any Z  isomer 
carried along in the precipitation. The resulting product, had mp 
133-135.5 °C (lit . 4 2  136 °C).
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(Z)-2-Chloro-3-phenyl-2-propenoic acid (30), mp 136-137 °C 
(lit. 4 3  138-139 °C).

(jE)-Bromobutenedioic acid (34), mp 146-147 °C (preheated oil 
bath, rapid heating) (lit . 4 4  1 40-141 °C).

(Z)-Bromobutenedioic acid (35), mp 180-181 °C (lit. 4 5  180-183 
°C).

(J?)-Methyl 2-Cyano-4-methyl-3-pentenoate, (37). A center cut 
of a large distillation was taken, bp 1 1 0  °C (20 mm). The compound 
was prepared as in ref 46: N M R (5% CDCI3  b 1.15 [d, 6 , CH(CH 3 )2], 
~3 [m, 1 , CH(CH3)2], 3.88 (s, 3, CH 3 O2 C), and 7.47 (d, 1 , J =  10.2 Hz, 
C H =C ); mass spectrum (70 eV) m/e (rel intensity) 153.06 (M +, 21.9), 
138 (82.8), 125 (20.8), 121 (100), 110 (67.9), 106 (78.9), 94 (86.4), 67
(34), and 43 (25).

( /?)-Methyl 2-cyano-3-phenyl-2-propenoate (38), mp 88-89 °C 
(lit. 4 6  89 °C).

Benzylidenepropanedinitrile (40), mp 83-84 °C (lit. 4 7  87 °C).
(JE')-2-Methyl-3-phenyl-2-propenenitrile (41), bp 108-110 °C 

(4 mm) [lit. 4 8  1 20 °C (14 mm)].
(E ) and (Z)-l,4-Diphenyl-l-buten-3-ynes (42 and 43) were 

prepared by the general procedure of Brandsma,49a whereby phe- 
nylacetylide was added to styrene oxide, and the resulting alcohol was 
converted to the tosylate, and thence to the alkene using potassium 
feri-butoxide; from the resulting mixture o f products, the E  isomer 
could be obtained by crystallization, mp 94-96 °C (lit.49b 97 °C). The 
remaining oil appeared to be roughly an equimolar mixture o f E  and 
Z  isomers by NMR. In our hands, either isomerization or decom po
sition occurred on attempted distillation. The 13C resonances of the 
two isomers were well separated and did not interfere with one an
other.

Z  isomer: >H NM R (60 MHz, CDC13) b 5.88 (d, 1, J  =  12.0 Hz, 
P H C =C -C H ), 6.63 (d, 1, J  = 12.0 Hz, PhCH), and 7.2 (m, 10, Ph).

E  isomer: >H NM R (60 MHz, CDC13) b 6.35 (d, 1, J  = 16.5 Hz, 
P hC =C -C H ), 7.01 (d, 1, J  = 16.5 Hz, PhCH), and 7.2 (m, 10, Ph).

(Z)-2,3-Diphenylpropenitrile (44), mp 86-87 °C (lit. 5 0  8 8  °C).
(i?)-2,3-Diphenylpropenitrile (45). This material was prepared 

by dehydrating the corresponding oxime. The literature51 preparation 
was a solid, mp 49-51 °C, but we were unable to crystallize this com 
pound. The compound was purified by column chromatography on 
silica gel (eluted with a 1:9 mixture of ether and Skellysolve B). Thin 
layer chromatography showed only a single spot in eight solvent 
systems: NM R (5% CDCI3 ) b 7.0-7.4 (m, 1 1 , Ph, and C H = C ); mass 
spectrum (70 eV) m/e (rel intensity) 205.0893 (M +, 100), 204 (93.7), 
203 (21.5), 202 (13.9), 191 (14.7), 190 (36.1), 178 (27.8), 177 (35.6), and 
176 (27.53).

(Z)-2,3-Diphenyl-2-propenoic acid (48), mp 138-139 °C (lit. 3 2  

136-137 °C). The Z  acid chloride 46 was prepared from this acid using 
PClr, or SOCI2 . Considerable difficulty was encountered upon at
tempts to purify and crystalline the acid chloride (isomerization 
and/or hydrolysis), and so in later runs, the crude acid chloride was 
run (NMR) immediately after synthesis: NMR (5%, CDC13) b 6.87 (s, 
1, C H = C ) and 7.1-7.5 (m, 10, Ph).

(K)-2,3-DiphenyI-2-propenoic acid (49), mp 172-173 °C (lit . 32

173-174 °C). The acid chloride 47 was prepared similarly to 46. The 
ester 50 was prepared by Fischer esterification o f 49, mp 75-76 °C 
(lit. 3 2  75-76 °C).

(jF)-Al-Methyl-JV,2,3,-triphenylpropenamide (52). PClr, (3.0 
g, 14.4 mmol) and 49 (3.0 g, 13.4 mmol) were added to 100 ml of 
CH2C12 and stirred overnight. The solvent and the POCI3 side product 
were distilled off under reduced pressure. Pyridine (10 ml) and N- 
methylaniline (5 ml) were added and allowed to stand for several 
hours. The product was taken up with ether, and extracted with 
several portions o f 1  M HC1 until the aqueous layer was acidic. The 
ether was extracted with water and then with 5% NaHCCH, dried 
(MgSO,j), and evaporated, yielding a yellow solid, which was recrys
tallized from 95% ethanol giving 2.0 g (44% yield) o f 52: mp 109-110 
°C; ’ H NM R (5% CDCI3) b 3.32 (s, 3, NCH:i), 6.8-7.2 (m, 16, aryl and 
alkene protons); mass spectrum (70 eV) m/e (rel intensity) 313.1465 
(M +, 58.5), 207 (65.1), 180 (25.2), 179 (100), 178 (48) and 77 (13).

The Z  amide 51 was prepared by adding a large excess of N - 
methylaniline to 1.1 g (4.4 mmol) o f the Z  acid chloride, followed by 
stirring for 1 h. Ether was added, and the mixture was extracted with 
3 M HC1 until the wash was acidic, followed by extractions with water 
and dilute N aH C0 3 and saturated NH 4 C1. The solution was dried 
(MgSCU) and ether was evaporated. The resulting solid was recrys
tallized from ether-pentane, giving 0.6 g of product (48% yield): mp 
132-133 °C; NM R (5%, CDC13) b 3.33 (s, 3, NCH 3 ), 6.62 (5,1, C H =C ), 
and 7.3-7.4 (m, 15, Ph); mass spectrum (70 eV) m/e (rel intensity) 
313.1453 (M +, 45), 207 (59), 179 (100), 178 (45), and 77 (4)_.

(£))-2,3-Diphenyl-2-propenal (53), mp 92-94 °C (lit . 5 2  94 °C). 
The 3-(4-tolyl) analogue of 53 gave very similar NMR results.

(i£)-2,3-Diphenyl-4-propenal oxime (54), mp 164-166 °C (lit. 53  

165 °C).
( E)-l,2,3-Triphenyl-2-propen-l-one (55) was obtained in some 

runs as an oil, bp 144-146 °C (1.5 mm) [lit. 5 4  136° (0 . 2  mm)]. In other 
runs, a solid was obtained, which was recrystallized to purity, mp
54-56 °C). The solid was used for the NM R run.

(E )- and (Z)-Methyl 2-aceto-3-phenyl-2-propenoates (57 and 
58) were obtained as an inseparable mixture by condensing methyl 
acetoacetate with benzaldehyde, bp 110-115 °C (1.5 mm) [lit. 5 6  

158-162 °C (12 mm)].
(E)-Ethyl 2-benzoyl-3-phenyl-2-propenoate (59) was prepared 

similarly to 57 and 58, except that the isomer indicated could be ob
tained in a crystalline state, mp 98.5-99.5 °C (lit . 5 7  95.0-96.5 °C).

4-Benzylidene-2-methyl-2-oxazolin-5-one (60) was prepared 
by condensation of the parent azlactone with benzaldehyde, mp
149-150 °C (lit. 5 8  146-147 °C).

Benzylidenerhodanine (61) was similarly prepared, mp 197-200 
°C (lit. 5 9  2 00 °C).

4-Benzylidene-3-methyl-2-isoxazolin-5-one (62), mp 140-141 
°C (lit. 6 0  1  42 °C).

Phenylitaconic acid (64) was prepared by the Stobbe condensa
tion, mp 191-192 °C (lit . 61 192 °C dec).

13C NMR Spectra. Spectra were run on a Varian X L -100 instru
ment at normal probe temperature. The concentration of the samples 
was 0.3-1.0 g/3.0 ml of solvent. The higher concentration was used 
whenever possible to improve data acquisition statistics. Both coupled 
and decoupled spectra were run; the latter utilized 5K spectral width, 
and the former utilized a IK spectral width or very infrequently a 2K 
spectral width. In runs using a IK  width, the error in LS indicated by 
the computer was 0.25 Hz. For runs in D20  (mostly carboxylic acids 
in the form of their potassium salt), the level o f base added (potassium 
carbonate) was just adequate to ensure solubility (pH usually 6 - 8 ). 
The gated mode of decoupler operation was used for coupled spec
tra . 6 2

In a typical run (for 30), 0.3 g o f substrate was dissolved in 3 ml of 
CDCI3  (plus 0.5 ml of Me2SO-de to improve solubility); a IK spectral 
width was used with acquisition time of 4 s, pulse delay o f 1.5 s, and 
a pulse width of 20 ms (ca. 30° tipping angle); 5K of transients were 
collected, and a 500-Hz filter was used.

In this particular study, the attempted use of Cr(acac);! to enhance 
relaxation rates and reduce the time for data acquisition was unsuc
cessful, probably owing to the interaction of Cr(acac) 3  with the pro
tons of the molecule. However, in other studies, this reagent was 
successfully used to improve observations o f :!1P - 13C coupling con
stants.
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The bromination rate constants o f 30 trisubstituted alkenes (A3) with various small or bulky alkyl substituents, 
measured in methanol, are high— between 48 and 1.26 X 105 M - 1  s_1. Comparisons with the reactivities o f mono- 
and disubstituted alkenes show that in the A 3  series, the steric decelerating effect o f an alkyl group becomes more 
important than its polar effect. This steric effect is observed in A3  for small groups whereas in less substituted ole
fins it arises only when substituents are bulky. We conclude that the overall congestion o f the molecule rather than 
the individual bulk of each substituent is the principal rate-determining factor in bromination o f alkenes. Isoreacti
vity of Z-E  isomeric pairs is also observed and is attributed to the preservation o f ground state interactions in the 
bromonium-ion-like transition states. The increasing importance of steric effects with increase in the number of 
substituents is understood in terms o f predominant bromine-substituent interactions in the rate-determining 
step.

The systematic study of the bromination of ethylenic 
compounds carried out in this laboratory has enabled us to 
account for the influence of several parameters on this reac
tion—structure, solvent, salts,1 and reactant concentra
tion3—and to deepen our knowledge of the mechanism by the 
discovery of a 7r complex as the first unstable intermediate 
whose ionization leads to the a complex, the intermediate 
formed in the rate-determining step.4

However, it is not easy to set up general and informative 
structure-reactivity relationships for alkene bromination, for 
essentially two reasons. 13’6 Firstly, owing to the fact that the 
starting substrate is an olefin, there are two carbon atoms 
concerned by the ionization processes, whereas the empirical 
substituent parameters are generally defined by reactions 
involving one carbon atom. Secondly, bromination is in
fluenced by both polar and steric substituent effects. Thus, 
the reactivity of only a limited number of compounds can be 
expressed in terms of classical free-energy relationships. 
Moreover, such relationships can account neither for the re
activity differences of cis and trans alkenes nor for the cu
mulative but not strictly additive effects of substituents, even 
when there are only two substituents to the carbon-carbon 
double bond.

We have therefore studied the reactivity of trisubstituted 
alkenes in order to determine whether the conclusions based 
on less substituted alkenes could be transposed to alkenes 
which are more crowded in the vicinity of the double bond.

Kinetic Results. To extend the data previously obtained111 
for nine trisubstituted alkenes (A3), we measured the bromi
nation rate constants of 30 other A3 in the same conditions— 
MeOH, 0.2 M NaBr, 25 °C—by the previously described 
couloamperometric method.5 The results are given in Table 
I.

In methanol, in the presence of bromide ions, two bromi- 
nating agents, Br2 and Br3_ , are in equilibrium, Br2 + Br~ ^  
Br:r ,  so that the measured rate constants k ,:x[) are composite.6 
Elementary rate constants, &Br2 ar>d ^Br ,-, were obtained by 
varying the bromide ion concentration for trimethyl- 7 and 
d¡methyl-ieri-butylethylenes.fib The rate constant60 ratios, 
Q =  39.4 and 18, respectively, for these compounds are higher 
than the limit, Q =  16, established for methanol66 and below 
which feexp does not parallel k s I2. Moreover, the previously 
determined equation,63 log feBr2 = log &exp + 1.13, by which 
k s r 2 can be estimated from fcexp remains valid here. Conse
quently, the variations of the overall rate constants in Table 
I can be used to measure the variations of the elementary rate 
constants &Br2-

Attenuation of the Polar Contribution of the Substit
uents and Enhancement of Their Steric Effects in A3 
Relative to A2 and Ai Alkenes. T he contribu tion  o f  an alkyl 
g rou p  R to the reactivity of the A3 population can be com-

A] A2 A;j
pared to that of the same group R in the corresponding mono- 
and disubstituted alkenes: CH2=CH R, MeCH=CHR, and 
MeCH=CMeR with R = Me, Et, n-Pr, i-Pr, sec-Bu, and 
f-Bu.

The reactivity ratios, I  = /zexp(R)/kexp(Me), which represent 
the effect of R relative to the methyl, depend markedly on the 
number of substituents. These ratios shown in Figure 1 reveal 
an attenuation of the accelerating polar effect of a substituent 
and a considerable enhancement of its decelerating steric ef
fect when the number of substituents increases from two to 
three. Thus, the replacement of a methyl by an ethyl group 
increases the reactivity by a factor of 1.58 for AL alkenes, 1.60 
for cis- A2, and by only 1.19 for Z-A3. In the same way, the 
introduction of a ter t- butyl in the place of a methyl decreases 
the reactivity by a factor of 2.3 for Ai, 2.0 for cis- A2, and 18.4 
for Z- or E - A 3.

Similar analysis of the reactivity of the g em -tr isu b stitu ted  
alkenes, (Ri)2C=CHR, reveals a comparable variation of the 
contribution of an alkyl group. Data on Ai and A2 showed that 
the replacement of a methyl group by an ethyl enhances the 
reactivity by a factor of approximately 1.5. This factor can 
legitimately be attributed16 to the enhancement of polar ef-

2.25 X 10s

X  \
p olar e ffe c ts  steric e ffe cts
X 1 .5  X 1 .5  X 1 /3 .2 5

/  X
M e2 C = C H E t E t2 C = C H E t

1 X 10s 7.31 X 104
fects on passing from methyl to ethyl. This increase in reac
tivity does not remain valid for the trisubstituted alkenes. For 
example, the replacement of the two gem-methyl groups in 
2 -methyl-2 -pentene by two ethyls diminishes the reactivity. 
If we calculate the expected increase in reactivity by en
hancement of polar effects, the decrease which can be at
tributed to enhancement of steric effects is a factor of 3.25.
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Table I. Bromination Rate Constants of Trisubstituted 
Alkenes

Registry no. No. Alkene s la

627-97 -4 1 Me2C=CH-rc-Bu 7.23 X  104

16993-86-5 2 Me2C=CH-n-Pe 7.16 X  104

16789-51-8 3 Et2C=CH-Et 7.31 X  104

19781-31-8 4 Et2C=CH-re-Bu 5.76 X  104

4485-13-6 5 n-Pr2C=CH-Et 2.83 X  104

59643-66-2 6 i-Bu2C=CH-Et 4.80 X  10
10574-36-4 7 Z-Me-n-PrC=CH-Me 4.85 X  104

20710-38-7 8 E-Me-rc-PrC=CH-Me 4.73 X  104

4914-89-0 9 Z-Et-MeC=CH-Et 1.26 X  105

3899-36-3 1 0 £-Et-MeC=CH-Et 1.10 X  105

4914-91-4 1 1 Z-i-Pr-MeC=CH-Me 2.16 X  104

4914-92-5 1 2 E -i -Pr-MeC=CH-Me 2.03 X  104

19550-81-3 13 Z-sec-Bu-MeC=CH-Me 1.05 X  104

19550-82-4 14 E -sec -Bu-MeC=CH-Me 1.05 X  104

39 761-64-3 15 Z-i-Bu-MeC=CH-Me 3.63 X  103

39761-57-4 16 E-t-Bu-MeC=CH-Me 3.60 X  103

42067-48-1 17 Z-i-Pr-EtC=CH-Me 3.88 X  104

42067-49-2 18 £-i-Pr-EtC=CH-Me 9.50 X  103

14255-24-4 19 Z-n-Pr-MeC=CH-Et 5.98 X  104

13714-85-7 2 0 E-n-Pr-MeC=CH-Et 5.95 X  104

59643-67-3 2 1 Z-Me-EtC=CH-sec-Bu 8.06 X  103

59643-68-4 2 2 £-Me-EtC=CH-sec-Bu 8.06 X  103

59643-69-5 23 Z-Et2CH-EtC=CH-Me 5.36 X 102

59643-70-8 24 E-Et2CH-EtC=CH-Me 5.36 X  102

59643-71-9 25 Z-Et-MeC=CH-f-Bu 1.90 X  104

59643-72-0 26 £-Et-MeC=CH-t-Bu 1.90 X  104

59643-73-1 27 Z-i -Pr-MeC=CH-n -Pr 1.98 X  104

59643-74-2 28 E-i'-Pr-MeC=CH-n-Pr 1.98 X  104

59643-75-3 29 Z-i -Pr-MeC=CH-Et 3.03 X  104

27 656-50-4° 30 Z- + E -n eo -Pe- 1.80 X 102

2 7 6 5 6 -4 9 - le MeC=CH-f-Bu

Figure 1. Increase of the decelerating effect of an alkyl group R from 
Ai to A3 alkenes.

Table II. Decelerating Steric Effects of Two gem-Alkyl 
Groups on the Reactivity of Di- and Trisubstituted 

Alkenes

“ &exP measured in methanol, 0.2 M NaBr at 25 °C. Standard k Te\, Registry k Teh Registry
deviation: ±4-7% from five to six runs. 6 Z. CE. Ri (Rt)2C=CH2 no. (Ri)2C=CHEt no.

Analogous decreases are observed for the two other tri- 
subs^ituted alkene pairs for which the reactivity of the gem - 
diethylalkene is always less than that of the gem-dimethyl. 
The observed steric decelerating factors in Et2C=CHR rel
ative to Me2C=CHR, calculated after taking into account the 
polar factor of 1.5 X  15, are 2.73 and 2.82 for R = Me and 
rc-Bu, respectively. Thus, with the introduction of two ethyl 
groups, and although the individual steric contribution of 
ethyl groups is generally considered to be small, the en
hancement of the steric effects compensates the increase in 
the inductive effects and the gem-diethyl trisubstituted alk
enes are less reactive than the corresponding gem - dimethyl 
alkenes. When this comparison is carried out for two bulky 
groups in geminate position, the relative decrease in reactivity 
is still higher (Table II). The decrease observed in A2 series 
for bulky groups only appears in A3 even when the geminate 
substituents are ethyl groups.

In conclusion, although the reactivity of the trisubstituted 
ethylenes is higher than that of mono- and disubstituted 
ethylenes, the reactivity enhancement caused by increasing 
the degree of substitution is substantially lower than that 
expected from polar substituent effects estimated in less 
substituted olefins.8 The accumulation of alkyl substituents 
on the double bond results in an increasingly important con
tribution from total steric effects.

Isoreactivity of the Z  and E  Isomers. Prom Table I, it 
appears that the Z  and E  isomers have very similar reactivities 
with bromine, excluding only the isolated case10 of the couple 
17-18. The position of the R3 substituent, relative to R] or R2, 
the geminate substituents, is unimportant whatever the size 
of R3. This can be understood in part by considering the dif-

Me 1.00 115-11-7 1.00 625-27-4
Et 1.65 760-21-4 0.73 16789-51-8
i-Bu 4.65 X  10“ 3 5857-68-1 0.48 X  10“ 3

ferences in reactivity between disubstituted cis and trans 
alkenes. The higher reactivity of the cis isomer has been at
tributed10’11 to easier approach of the bromine: in the cis 
isomer, whose substituents are in the same part of the olefinic 
plane, steric repulsions between bromine and substituents can 
be avoided if the bromine attacks off the perpendicular and 
approaches from the side opposite the substituents. For the 
trans isomer, bromine approach must be perpendicular 
without possible minimization of repulsions. In Z  and E  iso
mers, there are always two substituents in the trens configu
ration so that minimization of repulsions by off perpendicular 
attack is impossible. Thus, it is not surprising that these A3 
isomers exhibit similar reactivities. However, the reactivity 
differences between cis and trans isomers depend on the size 
of the substituents and similar differences might oe expected 
for A:i when one bulky group is cis or trans to another small 
one. In particular, for compounds where R2 is bulky and Ri, 
R:) are small, the Z  compound could react slightly more rapidly

than the E  isomer. This is not, however, confirmed by the 
isomeric couples 15-16, 23-24, or 27-28.

Furthermore, complementary thermodynamic and con-
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formational reasons can be advanced to explain the similar 
reactivities of the Z  and E  isomers.

No conformational studies of trisubstituted alkenes are at 
present available. However these A3 alkenes have pairs of 
substituents in geminate, cis, and trans configurations at the 
same time. Recent calculations and experimental data12 in
dicate that, in cis olefins, repulsions between nonbonded 
atoms are minimized by opening of the C -C=C angle13 rather 
than by twisting the molecule or deformation of the double 
bond. For the simplest g em -disubstituted olefin, isobutene,14 
this angle is not significantly deformed but for more bulky 
substituents one would expect it to be somewhat closed. With 
three alkyl groups on the double bond, supplementary steric 
constraints must exist. Therefore, in addition to the C -C=C 
angle deformation, the occurrence of some twist about the 
sp2-sp2 bond, apparently absent in A2 alkenes, is not impos
sible. Isoreactivity of Z -E  isomers suggests a similar crowding 
of the two sides of the double bond. Until detailed structural 
data on these crowded olefins are available, it is difficult to 
state with certainty how the Z  and E  isomers become sterically 
equivalent toward bromine attack.

T h erm od yn a m ic d ata  on  A s a lk e n e s 15'16 show that the 
enthalpies of formation of Z  and E  isomers differ very little, 
whereas between cis and trans alkenes15-19 these differences 
can amount to several kcal M-1 (Table III). In bromination, 
it has been shown19 that the reactivity differences of A2 alk
enes are very small compared to the large stability differences 
between their ground states, which means that these differ
ences are retained in the transition states. It is, therefore, 
reasonable to expect an even smaller difference in reactivity 
for the Z -E  isomers whose ground states are energetically very 
similar.

Interactions in the Bromonium-Ion-Like Transition 
States. The overall crowding of the olefin influences the re
activity more than the steric effects of individual alkyl groups, 
so that steric effects of substituents increase and become more 
important than their polar effects, as the number of substit
uents increases. Moreover, the fact that steric tensions in the 
ground state are preserved in the transition state might 
suggest that the latter are bromonium-ion-like. It was thought 
that steric repulsions between nonbonded atoms increase on 
passing from the alkene to the bromonium ion,20 whereas in 
an a-bromocarbonium ion these interactions can be mini
mized since the hybridization of one carbon atom changes 
from sp2 to sp3.21 In fact, this hypothesis is not valid: Yates 
et al.19 have shown that transition state tensions are similar 
to those of ground states, regardless of the carbonium or 
bromonium nature of the intermediates.

To determine the nature of the intermediate of A3 bromi
nation we measured the stereoselectivity of the reaction in 
chloroform of the Z  and E  3-methyl-2-pentene.23 The di
bromides obtained result from an anti addition with a ste
reospecificity of at least 99%, as observed for disubstituted 
alkenes. Moreover, detailed analysis of reactivity-structure 
correlations,24 including the least crowded A3 alkenes, shows 
that bromonium ion intermediates account for the substituent 
effects better than carbonium ions. Thus, there is at present 
no evidence for carbonium ion intermediates in A3 bromina
tion and it is reasonable to assume that the intermediate re
mains a bromonium ion, even for the most heavily substituted 
olefins.

The type of interaction which controls the rate-determining 
step is that between bromine and substituents26 and not the 
modifications of the interactions between nonbonded sub
stituents as was advanced for nitration.25

This is clearly evidenced by the retention of the ground 
state tensions in the transition states.19 Thus, the interactions 
controlling the rate can only be those between bromine and 
substituents. The high sensitivity of the reactivity of alkenes

Table I I I .  Differences of Enthalpies of Formation 
between Isomeric Alkenes

Registry no.
Cis Trans Alkene pair A A H f°a Ref

624-64-6 590-18-1 cis-tra ns- 1.0 15

627-20-3 646-04-8
MeCH=CH-Me

cis-tra ns- 0.88 15

7688-21-3 4050-45-7
MeCH=CH-Et

cis-trans- 0.37 15

691-38-3 674-76-0
MeCH=CH-n-Pr

cis-trans- 0.96 15

762-63-0 690-08-4
MeCH=CH-[-Pr

cis-tra ns- 4.90 18

15840-60-5 692-24-0
MeCH=CH-t-Bu

cis-tra ns- 1.0 15

690-92-6 690-93-7
EtCH=CH-i-Pr

cis-tra ns- 5.12 19

10557-44-5 692-70-6
EtCH=CH-i-Bu

cis-tra ns- 1.96 19

692-47-7 692-48-8
i-PrCH=CH-i-Pr

cis-trans- 10.5 16

922-62-3 616-12-6
f-BuCH=CH-i-Bu

Z -E - 0.22 15
(Z )

11 &AHf° =

(E )

■ A H °  (cis)

Me-EtC=CH-Me
Z -E -

Me-n-PrC=CH-Me
Z -E -

Me-i-PrC=CH-Me 
Z -E -

Et-MeC=CH-Et 
— AH [° (trans) or AH(°

0 15 

0 15 

0.62 16 

(Z ) -  A H (° (E )
in kcal M *.

to total steric crowding, which determines the ease of approach 
of the bromine toward the olefinic carbon atoms, is consistent 
with this view.

Experimental Section
Starting Materials. The alkenes are commercial products 

(Chemical Samples) with the exception of 2,2-dimethyl-3-tert- 
butyl-3-hexene, which was synthesized in the laboratory.27 All the 
compounds were purified by GLC. The structures and geometries (Z  
and E ) of all alkenes were checked by NMR, ir, and mass spectros
copy. NaBr (Prolabo RP) was used after drying for 24 h at 120 °C. 
Absolute methanol was freed of impurities likely to be brominated 
by two distillations over bromine and its water content was less than 
0.03% (w/w).

Kinetic measurements were performed by the method of coulo- 
amperometry developed in this laboratory.4 The concentration-time 
data (second-order kinetics) were handled by a computer. In the 
particular case of a Z -E  mixture where the alkenes 30 (mixture ca. 
50/50) could not be separated by GLC, the measurements were per
formed on the purified GLC mixture. The logarithmic plot obtained 
from the kinetic data is a straight line up to 95% of the reaction. If 
there is any reactivity difference between the Z and E  isomers, it is 
less than the experimental error (5%) and we have therefore attributed 
to the two isomers the same reactivity.

Acknowledgment. The authors thank Drs. J. S. Lomas and
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Lim, who purified all the olefins by GLC.
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The bromination rate constants of 15 tetrasubstituted A4 alkenes have been measured in methanol. Comparison 
of the effect of R in the trimethylalkylethylenes Me2C=CMeR with that of the same R in less substituted alkenes, 
RCH=CH2, RCH=CHMe, or Me2C=CHR, shows that the rate-diminishing steric effect is enhanced as the num
ber of methyl on the double bond increases. Furthermore, the reactivity diminishes progressively when the methyls 
of tetramethylethylene are successively replaced by ethyl groups. Thus, substituent steric effects become more im
portant than polar ones for the tetrasubstituted alkenes. Whereas for less substituted alkenes reactivity-structure 
correlations in terms of a* are obtained, a correlation with 2ESC only accounts for the reactivity of tetrasubstituted 
alkenes. The importance of steric effects is further underlined by the absence of any relationship between the reac
tivity and the ionization potentials in the A4 series and by the similarity of the substituent effects on bromination 
and on the addition reactions of bulky electrophiles whose rates are controlled by steric effects.

The systematic study of the bromination of ethylenic 
compounds has focused on several olefin populations: alk
e n e s .1'2 arylalkenes (styrenes and diphenylethylenes),3 and 
cyclcalkenes.4 In order to complete previous studies on mono-, 
di-, and trisubstituted alkenes, we measured the reactivity of 
tetrasubstituted alkenes for which only the simplest struc
tures, tetramethyl- and trimethylethylethylenes, have so far 
been studied.2’9

On the basis of early data of Dubois and Mouvier, the ki
netic effect of different alkyl groups, their number, and their 
relative positions were evaluated.2 Polar and steric effects, 
expressed in terms of linear free energy relationship, are ad
ditive for only a limited number of alkenes. The polar reaction 
constant has been determined from monoalkenes where it has 
been shown that steric effects are weak and negligible. The 
study of tetraalkylethylenes should allow us to determine the 
role of steric effects on their reactivity.

Results
We shall use the abbreviation A4 for the tetrasubstituted 

alkenes and Aj, A2, and A3 for the mono-, di-, and trisubsti
tuted ones, respectively.

Ri Ri Rz Rj R, R; R, Rj R2

1  y  \  )  y  x
r2 r2 r„ r3 R,

A , A 2 A 3 A 4

For our study of the A4 series, we have chosen 15 alkenes, 
either commercial or synthetized in the laboratory,5 with 
substituents ranging from methyl to neopentyl. The rate 
constants, measured competitively6 or directly7 :n our usual 
medium (methanol with 0.2 M NaBr at 25 °C), are given in 
Table I. In addition, we measured under the same conditions 
the rate constants of two g e m -A2 alkenes whose values were 
useful in the discussion which follows:

n-Bu-MeC=CH2 &exp = 2.27 X 103 M _ 1  s_1

n-Pe-MeC=CH2 k exp =  1.98 X 103 M _ 1 s_1

Table I shows distinct series in the A4 population. The first 
group contains the trimethylalkylethylenes, Me2C=CMeR, 
with variable R (compounds no. 1-8). The second one contains
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Table I. Bromination Rate Constants of Tetrasubstituted Alkenes

Registry no. No. Alkene h aKexp Ref Precision, %

563-79-1 1 Me2C=CMe2 9.16 X 105 b 4
10574-37-5 2 Me2C=CMe-Et 6.5 X  105 c 9

7145-20-2 3 Me2C=CMe-n-Pr 3.32 X  105 d 1
3074-64-4 4 Me2C=CMe-n-Bu 3.55 X 105 d 1.5

19781-18-1 5 Me2C=CMe-n-Pe 3.38 X  105 d 1
565-77-5 6 Me2C=CMe-i-Pr 1.03 X  105 d 1

32540-07-1 7 Me2C=CMe-i-Bu 3.76 X  104 d 1
33175-59-6 8 Me2C=CMe-rceo- Pe 1.78 X  103 d 1

10557-44-5 9 cis-Me-EtC=CEt-Me 3.83 X  105 c 8
19550-88-0 10 tra ns-Me-EtC=CEt-Me 3.66 X  105 c 8
19780-67-7 11 Me2C=CEt2 1.56 X 105 c 4
50787-13-8 12 Et2C=CMe-Et 1.08 X 105 c 3

868-46 -2 13 Et2C=CEt2 2.56 X  104 c 3

19780-61-1 14 Me2C=CEt-n -Bu 8.83 X  104 c 6.5
50787-14-9 15 Et2C=CEt-n -Pr 1.43 X  104 c 6

° Rate constants in M 1 s 1 measured at 25 °C in methanol, 0.2 M NaBr. 6 Reference 2. c Couloamperometrically measured, ref 
7. d Measured by competitive method described in Experimental Section and in ref 6.

only those A4 alkenes with methyl and ethyl substituents (no. 
1, 2 , and 9-13).

The elementary rate constant8 for the free bromine addi
tion, /?Br2! and Q ratio, k&tJ k Br3-, have been measured else
where9 for trimethylethylethylene. The Q  value, 21.6, is higher 
than the limit of 16 established previously10 and the rate 
constant &Br2, calculated by the relationship8 log k T2 = log ftexp 
+ 1.13, is in satisfactory agreement with the experimental &Br2 
value, 1.23 X  107 M _1 s“ 1.9

Consequently, it can be assumed that the variations of k exp 
parallel those of k\>,r_ and that the structural effects measured 
on k exp are representative of those on k s r2.

Specific Effect of a Variable Alkyl Group R on the 
Reactivity. In Figure 1  are shown the effects of a group R on 
the reactivity of the trimethylalkylethylenes (A4) compared 
to the effect of the same R in ethylene- (series Ax) or methyl- 
(A2) and dimethyl- (A3) alkenes. 1-2

The balance between the accelerating polar and retarding 
steric contributions is revealed when R is methyl and ethyl 
(left-hand side of Figure 1). The progressive introduction of 
methyl groups on ethylene increases the reactivity nonaddi- 
tively, the last methyl giving the smallest acceleration. The 
replacement of methyl by ethyl enhances the reactivity by a 
factor of 1.5 for Ax and A2, of only 1.15 for A3, and finally 0.60 
for A4. Thus, the replacement of methyl by ethyl in A4 di
minishes the reactivity: the steric contribution becomes more 
important than the polar one, even with a group as small as 
ethyl.

When R is a bulky group, the steric contribution is the most 
important factor (right-hand side of Figure 1 ). The greater the 
number of methyl substitutents, the greater the reactivity 
decreases. Thus, the neopentyl diminishes the reactivity by 
a factor of 5.3 for Ax, 32.7 for A2, and 514 for A4.

Therefore whereas steric effects exceed the polar ones in 
Ai, A'2, and A3 only when R is bulky, they are preponderant 
in the A4 series even when the methyl group is replaced by the 
small ethyl group: consequently, tetramethylethylene is the 
most reactive acyclic alkene. 11

Predominant Steric Contribution of an Ethyl Group 
in A 4 Alkenes. Inspection of Table I shows a continuous de
crease in reactivity of tetramethylethylene by progressive 
replacement of methyl by ethyl groups. If the increase in the 
electron-donating polar effect on passing from methyl to ethyl 
results in an acceleration of 1.5, as shown by uncrowded mono- 
and disubstituted alkenes,2 we can calculate that reactivity

Figure 1. Increase in the steric deceleration by R of alkene bromi
nation with the number of methyl groups on the double bond.

of tetraethylethylene is reduced by a factor of 180 owing to the 
intervention of steric effects.

Analogous introduction of one or several ethyl groups :n less 
substituted alkenes did not lead to similar attenuations in 
reactivity.2 In Figure 2, we compare the effect of the replace
ment of the methyl groups by ethyl in the A4 series with the 
effect of progressive replacement of the hydrogens of ethylene 
by ethyl groups. We observe a large increase in reactivity on 
passing from mono- to di- and triethylethylenes, the dimi
nution being evident only with the introduction of the fourth 
ethyl, whereas in A4 the decelerating effect is observed upon 
the first replacement of methyl by ethyl.

We observed generally2-9 for disubstituted alkenes the re
activity sequence trans < cis < gem. However, if we compare 
compounds 9, 10, and 11, we obtain, considering only the 
relative positions of the ethyl groups, the sequence cis ^  trans 
»  gem: the reactivity of the gem-dimethyldiethylethylene is
3.4 times smaller than would be expected from the k gem/kcis
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Figure 2. Effects of ethyl substituents on alkene reactivity: acceler
ating polar contribution in mono-, di-, or triethylethylenes; deceler
ating steric contribution in tetrasubstituted ethylenes.

ratio of the corresponding diethylethylenes. Thus, the accu
mulation of substituents affects not only the overall reactivity 
of the alkenes but also the relative reactivities of the geometric 
isomers.

The inversion of the reactivity sequence of geometric iso
mers could also result from the enhancement of substituent 
steric effects in the geminate position. The same effect was 
previously observed in disubstituted alkenes when the alkyl 
substituents are particularly bulky. For example for the di- 
ferf-butylethylenes, the sequence is trans a* cis »  gem.2-9

Criteria for the Participation of Steric Effects. It can 
be confirmed by several criteria that the influence of steric 
effects on the reactivity of A4 alkenes toward bromine is im
portant. We examine successively a physicochemical criterion, 
the ionization potential, which is related to the substituent 
inductive effect, and two kinetic criteria based on the com
parison of the bromination rate constants of A4 with those of 
other addition reactions where steric effects have been iden
tified as the rate-determining factor.

A. Ionization Potentials. Our recent photoelectron spec
troscopic study of numerous alkenes allowed us to show that 
the electronic effects of substituents on the ionization po
tential (IP) are the most important, their steric effects having 
only a secondary effect.13

The increasing electron-donating effect of alkyl groups 
leads to a diminution of the IP and to an increase in electro
philic reactivity. Consequently, if there were an IP/log ftexp 
correlation, it should have a n ega tive  slope. Such correlation 
has been observed for the bromination of the less crowded 
methylalkenes.14 For A4 alkene bromination, there does not 
exist any linear relationship between IP and log ft; at best, a 
tendency toward a positive correlation can be observed. This 
confirms our preceding conclusion that polar effects play only 
a minor role in bromination of A4.

Table II. Steric Effects on Reactivity of Alkenes as a 
Function of the Electrophile

Relative reactivities

Br2
A4 this work NO17 0 218

Me2C=CMe2 1.0 1.0 1.0
Me2C=CMe-Et 0.58 0.88 0.69
Me2C=CMe-n -Pr 0.36 0.57 0.66

B. Kinetic Data on Various Additions to A4. The addi
tion of 0 2 to very crowded olefins is very sensitive to steric 
effects of alkyl substituents15 but the only study on A4 is 
concerned with the reaction products alone16 for compounds 
no. 1,2,9,10, and 11. The only kinetic data on A4 are the rates 
of photooxidation of NO in the presence of alkenes17 and the 
deactivation of singlet oxygen 0 2 ('Ag).18 The sa m e rea ctiv ity  
d ecrea se  is observed for the only three structures studied in 
the three reactions (Table II).

The steric effects of alkene substituents are less marked in 
NO addition and singlet oxygen deactivation because these 
electrophilic reagents are probably less voluminous than 
bromine. Therefore these data could signify that the electro
phile-substituent interactions are an important rate-deter
mining factor.

We have also compared the kinetic effect of an alkyl group 
R on the bromination of A4 alkenes with the effect of the same 
R in the addition of two bulky reagents to less crowded R- 
substituted alkenes, since other data are not available. In these 
latter reactions, additions of bis-3-methyl-2-butylborane19 
and 2-4-dinitrobenzenesulfenyl chloride,20 the steric effect 
very clearly predominates over the inductive one21 because 
of the very large steric requirements of the electrophile. Be
tween the A4 bromination and these additions, we obtain 
(Figure 3) four satisfactory linear correlations of the form

log ft (R) = a log ftexp(R) + b

where R = Me, Et, n -Pr, n-Bu, i -Pr, ¿-Bu, i-Bu, and neo-Pe; 
ftexp(R) is the rate constant for the bromination of RMe- 
C=CM e2; and ft(R) are the rate constants obtained by 
Pritzkow20 and Brown19 for 1-alkenes RCH=CH2 and for the 
cis and trans 2-alkenes, RCH=CHMe.

This comparison of the kinetic data confirms that the 
contribution of steric effects to the reactivity of A4 toward 
bromine is important.

Linear Free Energy Relationships, Log i cxp = fC E E s ). 
For the bromination of alkenes mono-, di-, or trisubstituted 
by small linear groups, we have obtained2 a linear free energy 
relationship with polar constants, a*, and thus determined 
the sensitivity of bromination to polar effects of substituents: 
p =  —3.10. As expected from our qualitative observations on 
the substituent effects by crowding of the alkenes, we obtain 
no relationship between log ftexp and a* for the A4 alkenes, 
even for n -alkyl substituents.

Since from the previous analysis of substituent effects, we 
established that steric effects are of considerable importance, 
we now attempt to correlate the reactivity of A4 alkenes by 
means of the empirical E s parameters. We have used two 
scales of steric constants, those of Taft,22 E s, and those of 
Hancock, E sc, calculated from the former so as to correct for 
hyperconjugation.23 With Taft’s E s, we observe an almost 
correct linear relationship only for the trimethylalkylethy- 
lenes:

log ftexp = 1.55 (±0.10) E s + 5.98 (±0.08)

(r = 0.986 and T = 0.13)
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Figure 3. Effects of alkyl substituents on additions controlled by 
steric effects: hydroboration18 of mono- (O), cis (▲), and trans (•) 
dialkylethylenes vs. bromination; addition of 2,4-dinitrobenzene 
sulfenyl chloride19 to monoalkylethylenes (a ) vs. bromination of te- 
traalkylethylenes. For trimethyl-tert-butylethylene, the bromination 
rate constant has been extrapolated from Figure 4.

The use of Hancock’s constants allows us to include all the 
A4 alkenes in a unique correlation:24

log k exp = 1.29 (±0.11) 2 £ sc + 6.32 (±0.12)

(r = 0.962 and 'k = 0.29)

These relationships are shown in Figure 4.
Considering present and earlier data for the bromination 

of the various alkene sets, we obtain2 very different free energy 
relationships: log k = /(Sir*) for alkenes with a very few simple 
substituents, then log k =  f { 2<r*, 2E s) for alkenes with bulkier 
substituents, and finally log k = /(2 E S) for the A4 .

The diversity of the structure-reactivity correlations in 
bromination exhibits clearly the increasing weight of steric 
effects as the degree of substitution of the alkene increases. 
Assuming, in the absence of contradictory data, that the 
mechanism of bromine addition is the same for all the alkenes, 
the absence of a general relationship shows that the classical 
structural parameters and the notions of independence and 
additivity of substituent effects, applied successfully to nu
merous reactions,25 ca n n o t be tra n sp osed  to  a m uch  m ore  
co m p lex  rea c tion  c e n te r  such  as th e  e th y le n ic  d ou b le  
bond.

The initial hypothesis that the E s values are additive, 
contested in particular by Miller26 and by Shorter,25 for po- 
lysubstituted compounds, fails to account adequately for all 
the observed reactivities of alkenes. On a very crowded reac
tion center, the interactions between the nonbonded alkyl 
groups are large27 and the enhancement of the steric effects 
results from mutual hindrance to the free rotation of the alkyl

Figure 4. Correlation of the bromination rate constants for tetraal- 
kylethylenes with steric parameters Es.

groups. The calculation of these supplementary steric re
strictions, for example, in the forms of increments

H E S = E s(R i) + A E s(R i — R 2) +  A E S(R 2 — R 3) + . . .
¿=1

for a given reaction and a restricted set of compounds is pos
sible but we think that it is only of limited interest.

Conclusion
The absence of stereochemical and thermodynamic data 

on A4 prevents us discussing the reaction mechanism as we 
did for A3 . 1 It is nevertheless likely that for the A4 as for the 
A3 , the importance of steric effects indicates a clear predom
inance of bromine-substituent interactions in the rate-de
termining step.

The synthesis and the kinetic, thermodynamic, and ste
reochemical studies of new A4 are worthwhile in order to 
confirm these conclusions on the remarkable evolution of the 
balance between polar and steric effects.

Another important result of our study on crowded olefins 
is the demonstration that the steric effects of a given alkyl 
group depend markedly on the other substituents on the al
kene, i.e. on  its en v iron m en t. Therefore, it is not possible to 
attribute a value to a steric parameter without defining its 
environment. This notion has already been advanced in the 
acid-catalyzed migration of alkyl groups in ketones.2,3 If the 
environment influences the steric effect, it becomes impossible 
to obtain quantitative structure-reactivity relationships and 
it is, then, necessary to develop new approaches where these 
steric effects will be defined by taking into account the overall 
topology of the molecule. Developments of reactivity-topology 
treatment29 might be more fruitful than the classical approach 
based on empirical parameters of individual alkyl groups.

Experimental Section
Starting Materials. The alkenes were either commercial samples 

(Chemical Samples) or were synthesized in the laboratory5 (com
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pounds no. 7,8,12,13, and 15 of Table I). All the alkenes were purified 
by GLC (Intersmat IGC 12M apparatus) on the following columns: 
(a) 40% AgNOs, saturated solution in ethylene glycol on Firebrick 
FBC 22 (length 1.50 m, diameter 6 mm); (b) 20% DEGS on FBC 22 
(3 m X 6 mm).

The purity of the reactants as checked by GLC was always better 
than 99%. The retention times were determined on column b under 
the following conditions: H2 20 ml/min; air 300 ml/min; He (carrier 
gas) 10 ml/min; oven temperature 25 °C; injector 150-200 °C. The 
structure of all the alkenes was checked by NMR, ir, and mass spec
troscopy. The ir spectrum is not very useful, the C=C band at 
1620-1670 cm-1 being always very weak and disappearing completely 
for the two symmetrical alkenes. Nevertheless, the absence of bands 
associated with vinylic protons is a good criterion of purity of the A4. 
The NMR spectra (JEOL, solvent CC14, MerSi internal standard, 60 
MHz) were always sufficient for the unambiguous verification of the 
structures of the alkenes. The mass spectra were used in support of 
the NMR spectra.

NaBr and MeOH were purified as described previously.2'7
Kinetic Measurements. Direct measurements were performed 

by couloamperometry.7 For all the alkenes studied, the reaction is 
overall second order and the appropriate log plot is a straight line to 
at least 90% reaction. We have checked particularly the rate constant 
of tetramethylethylene, which was determined by another method, 
coulometric concentrostat,2 and was substantially corrected after 
improvement of the method. The two values are in agreement: kexp 
= 9.16 X 106 M_I s-1 (by couloamperometry, ±3.6 X 104, that is, the 
standard deviation on 12 runs is 4%).

Competitive measurements were performed by GLC as described 
previously.6 The partial order relative to the alkene is unity in all 
cases. The reactivities relative to tetramethylethylene (^tme) are 
determined with an error always less than 2%. To improve the preci
sion, alkenes 7 and 8 of Table I, of low reactivity, were studied in 
competition with two alkenes of known rate constant.

Precision. The time-concentration data (direct method) and 
concentration data (competitive method) were handled by a com
puter. The agreement between the values determined by the two 
methods is excellent and is in accord with the idea that there is a single 
mechanism for direct and competitive bromination of alkenes.6 For 
these very rapid reactions, the competitive method is more precise 
than couloamperometry.
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w h ic h  Ea° is  c a lc u la te d ;  it  is  n o t s u rp r is in g  th a t  th e  c o r re la t io n s  lo g  kexp 
=  f ( 2 E s) w ith  Es° a re  s l ig h t ly  le s s  g o o d  th a n  th o s e  w ith  E s fo r  th e  e ig h t  
t r im e th y la lk y le th y le n e s  b u t s l ig h t ly  b e t te r  fo r  a ll 15  A 4 b e c a u s e  o f  th e  d e 
c re a s e ,  in  th e  s e c o n d  c a s e , o f  th e  s ta t is t ic a l  w e ig h t  o f  te t r a m e th y le th y 
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Reactions used for the bromination and lithiation of cross-linked polystyrene resins have been explored. In the 
presence of bromine and catalytic amounts of a thallium(III) salt, polystyrene resins are smoothly brominated and 
give homogeneous reactive resins with a highly reproducible degree of functionalization. These resins can be lithiat- 
ed easily by reaction with an excess of n-butyllithium in benzene. Other swelling agents such as tetrahydrofuran 
gave incomplete removal of the bromine. The direct lithiation of polystyrene with n-butyllithium and tetrameth- 
ylethylenediamine gave lithiated polymers containing approximately 2 mequiv of functional group per gram, while 
direct lithiation in the presence of triethylenediamine gave lower degrees of functionalization. The lithiated resins 
were used to prepare polymers containing carboxylic acid, thiol, sulfide, boronic acid, amide, silyl chloride, phos
phine, alkl bromide, aldehyde, alcohol, or trityl functional groups for applications in polymer-assisted syntheses.

Functionalized resins have found numerous applica
tions1’2 recently as supports in solid-phase synthesis,3 re
agents4 or protecting groups5’6 in organic synthesis, and 
supports for chromatography or catalysis.2’7 The reactions 
which are used in the functionalization of insoluble resins are 
similar to those carried out on soluble materials, but are 
usually more difficult to control and evaluate owing to the 
insolubility of the resins, which makes the reaction hetero
geneous and often prevents the simple characterization of the 
products by the usual methods of analysis.

A large number of the functional resins which have been 
prepared to date were synthesized by chemical modification 
of cross-linked polystyrene. When functional groups are to be 
introduced by modification of a preformed polymer, the purity 
of the starting material must be ascertained8 since minute 
amounts of surface impurities remaining from the emulsion 
polymerization reaction may prevent the introduction of 
certain types of functional groups. This is particularly true 
with solvent-swellable cross-linked polystyrene beads which 
are much more sensitive to surface impurities than highly 
cross-linked macroreticular resins since the latter contain 
pores of well-defined size and accessibility. It should be em
phasized, however, that the washed solvent-swellable resins 
are usually more reactive and often give better yields than 
their macroreticular counterparts.5’9 In addition, since the 
degree of functionalization of a resin prepared via several 
successive reactions is usually wholly dependent on the control 
of the first functionalization reaction, it is important to design 
these reactions in such a way that they are easily reproducible 
and yield reactive polymers with easily replaceable functional 
groups.

A review of the literature shows that two versatile types of 
functional resins are those in which some of the aromatic rings 
are halogenated or metalated, yet the procedures commonly 
used in the halogenation or metalation of polystyrene resins 
are often described incompletely or are impractical, difficult 
to control, and sometimes even yield unreactive resins. In 
other cases, the metalation reactions are incomplete and leave 
behind other functional groups which may prove troublesome 
in further reactions or in the characterization of the poly
mers.

Halogenation of Polystyrene Resins. The method used 
most often in the bromination of insoluble polystyrene resins 
was developed by Heitz and Michels10 and involves the reac
tion of polystyrene with bromine in the presence of ferric 
chloride as catalyst. This procedure gave resins containing 
from 2.2 to 3.9 mequiv of bromine per gram. The reaction has, 
however, been reported to give unreproducible results11 and

often yields a colored resin of low quality and lacking homo
geneity.12 In addition, we have observed that in a number of 
cases the polymer is less reactive than that prepared by other 
methods. A second procedure, first described by Camps et 
al.,11 uses the reaction of a stoichiometric amount of thallium 
acetate with the resin followed by bromination to produce a 
polymer containing about 1 mequiv of bromine per gram. This 
procedure was also used by Weinshenker et al.12’13 to prepare 
polymers containing up to 4 mequiv of bromine per gram. The 
major drawbacks of this procedure are that a large amount of 
costly thallic acetate is used in the reaction (e.g., 100 g of 
thallic acetate sesquihydrate for 50 g of cross-linked poly
styrene13) and that an extensive washing procedure is required 
to remove the considerable amount of sparingly soluble 
thallium salts generated by the reaction. However, this 
method affords a polymer which is visually cleaner than that 
obtained in the ferric chloride catalyzed bromination, and the 
reaction is presumed to occur at the para position of the aro
matic rings of the polystyrene.

We have reinvestigated the bromination of cross-linked 
polystyrene with the aim of obtaining a reliable procedure for 
the preparation of a clean and homogeneous polymer with a 
predictable degree of substitution of the aromatic rings.

A number of catalysts, solvents, and reaction conditions 
were studied for the bromination of cross-linked polystyrene. 
As can be seen in Table I, the ferric chloride catalyzed brom
ination of polystyrene gave reasonably consistent results when 
the reaction was carried out in refluxing carbon tetrachloride 
for short periods of time in the dark. The degree of substitu
tion could be controlled by varying the amount of bromine 
used in the reaction. High degrees of functionalization were 
obtained by using a slight excess of bromine, but under the 
reaction conditions, polybromination was not observed. We 
also studied the bromination of 1% cross-linked polystyrene 
in the presence of thallic acetate. Our results indicate that the 
thallic acetate is not required in stoichiometric amount but 
that very small amounts of the reagent are sufficient to cata
lyze the reaction. Once again the reactions were carried out 
in carbon tetrachloride with a short refluxing period in the 
dark. The polymers obtained were almost colorless and had 
a cleaner appearance than those obtained by the ferric chlo
ride method; in addition, the reaction seemed to proceed more 
easily than with ferric chloride as a smooth disappearance of 
the bromide was observed to occur rapidly at reflux temper
ature. As can be seen in Table I, the degree of functionalization 
obtained in each reaction was found to be independent of the 
amount of thallic acetate used and was only a function of the 
amount of bromide. Thus the reaction was easily performed
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Table I. Bromination of 1% Cross-Linked Polystyrene0

Expt Catalyst
Molar ratio 
catalyst/PS

Molar ratio 
bromine/PS

mequiv bromine 
per gram

Degree of 
functionalization

1 FeClj 1:77 1.12:1 4.97 0.85
2 FeClj 1:61 1.12:1 5.32 0.96
3 FeCl3 1:37.5 0.39:1 2.87 0.39
4 Tl(OAc)3 1:9.6 0.42:1 2.89 0.39
5 T1(OAc)3 1:50 0.41:1 2.66 0.35
6 T1(OAc)3 1:105 0.21:1 1.76 0.21
7 TI(OAc)3 1:62 0.44:1 3.10 0.43
8 t ic i3 1:58 1.25:1 6 .O50 >1
9 t ic i3 1:68 1.16:1 5.16 0.91

10 t ic i3 1:78 0.4:1 2.95 0.40
11 t ic i3 1:61 0.43:1 3.15 0.43
12 T1 salt“ 0.48:1 3.19 0.44

“ Typical reaction conditions were as follows: reaction in CC14 1 h at room temperature followed by 1.75 h at reflux. b Re
action at reflux temperature for 24 h. “ Thallium salt recovered from expt 4.

Table II. Carboxylation of Lithiated Polystyrene

Product

Starting 
resin Br, 
mequiv/g

Molar
ratio

BuLi/Br Solvent

COOH,
mequiv/

g

Br,
mequiv/

g
2.89 4:1 THF 1.4 1.53
2.89 3:1 Cyclohexane 1.3 1.45
2.89 3:1 Benzene 2.9 0
2.78 2.4:1 Toluene 2.7 0

with small amounts of thallic acetate and yielded polymers 
with desirable physical aspect and easily controlled degree of 
substitution.

To ascertain whether other thallium (III) salts were also 
useful catalysts in this bromination, the reaction was at
tempted using catalytic amounts of thallic chloride, and, in 
every case, the reaction gave results comprable to those ob
tained for thallic acetate. In one instance we observed the 
introduction of more than one bromine atom per aromatic 
ring, but this result was only obtained in a reaction involving 
an excess of bromine and a 24-h reaction period at reflux 
temperature.

Excellent results were also obtained when a small amount 
of an unknown thallium salt recovered after a previous 
bromination with thallium acetate was used as catalyst in a 
new bromination reaction. Other catalysts such as zinc chlo
ride in tetrahydrofuran or stannic chloride in carbon tetra
chloride gave polymers with very low degrees of functionali
zation and would therefore only be suitable for applications 
involving the introduction of small numbers of functional 
groups. An interesting result was obtained when the bromi
nation reaction was carried out in acetic acid: the reaction 
mixture containing the cross-linked polymer became gradually 
homogeneous as the polymer dissolved. Cleavage of the 
polymer chains was extensive as evidenced by the low viscosity 
([77] = 0.115, 30 °C, toluene) of the brominated polymer after 
1 day of reaction. This depolymerization was, however, only 
observed when acetic acid was used in conjunction with the 
catalyst.

The iodination of cross-linked polystyrene proved to be 
more difficult and we observed that the degree of function
alization depended on the amount of thallic trifluoroacetate 
used. Thus, unlike the bromination reaction in which the 
thallium salt acted as a catalyst, a stoichiometric amount of 
thallic trifluoroacetate was required to effect the iodina
tion.

Lithiation of Cross-Linked Polystyrene. Two main re
action routes have been studied for the lithiation of soluble 
polystyrene. The first one, developed by Braun,14 involved the

reaction of a solution of halogenated polystyrene with an ex
cess of n-butyllithium. The reaction was usually carried out 
on substrates obtained by polymerization of p-iodostyrene. 
The second route, developed by Chalk,15 involved the direct 
lithiation of a solution of polystyrene by reaction with a 1 : 1  
complex of n-butyllithium and A1,_/V,/V,,Af'-tetrarnethyleth- 
ylenediamine. This reaction was studied further by Evans et 
al.,16 who showed that both meta and para lithiation occurred 
with a meta-para ratio of 2 :1 .

A number of workers have used the first route and prepared 
cross-linked polystyryllithium intermediates by the two-step 
bromination-lithiation procedure.11-13  We have also used this 
reaction route in a number of preparations and have found 
that the outcome of the reaction varied considerably de
pending on the type of polymer used, its degree of bromina
tion, and the solvent used for the lithiation. Thus, brominated 
macroreticular resins were found to react completely with 
n-butyllithium in tetrahydrofuran,17 even when the starting 
resin contained a large proportion of brominated aromatic 
rings. In contrast, the lithiation of 1% cross-linked resins in 
THF gave varying results depending on the degree of func
tionalization. In the case of brominated polymers containing 
approximately 1-1.5 mequiv of bromine per gram, we obtained 
almost complete removal of the bromine in one reaction with 
n-butyllithium, while more highly substituted polymers re
quired several successive treatments with this reagent. For 
example, a polymer containing 3 mequiv of bromine per gram, 
when allowed to react with excess n-butyllithium in THF and 
quenched with methanol, yielded a product which still con
tained 1.9 mequiv Br/g. A second treatment under the same 
reaction conditions reduced the bromine content to 0.6 
mequiv/g, and a third treatment resulted in complete removal 
of the bromine from the polymer. In contrast to this behavior, 
a single treatment with n-butyllithium in benzene was suffi
cient to effect complete removal of the bromine from a 1 % 
cross-linked polymer containing 3 mequiv of bromine per 
gram. These results were confirmed by a second study in 
which the 1 % cross-linked polymer was brominated, then al
lowed to react with an excess of n-butyllithium, and the re
sulting product quenched by addition of a slurry of dry ice in 
tetrahydrofuran. The results of this study, shown in Table II, 
indicate clearly that the lithiation reaction is incomplete in 
tetrahydrofuran or cyclohexane but occurs quantitatively in 
benzene or toluene. The difference in behavior for the lithia
tion in cyclohexane vs. benzene or toluene can be explained 
easily if one considers the swelling properties of these solvents. 
In benzene or toluene, the 1% cross-linked resin is fully swollen 
and allows easy penetration of the reagent while in cyclo
hexane the resin is only partially swollen and therefore a 
number of reactive sites are located in pores which are inac
cessible to the reagent.
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Table III. Direct Lithiation of Cross-Linked Polystyrene“

Solvent
Polystyrene,

mequiv
Amine used 

(mmol)
n-BuLi
mmol

Reaction
conditions

(P)-COOH,
mequiv/g

Cyclohexane 27 TMEDA (25) 34 65°C, 4.5 h 2.0
Cyclohexane 25 TMEDA (25) 27 70°C, 1.5 h 1.4
Cyclohexane 25 TMEDA (56) 30 67°C, 4 h 2.0
Heptane 26 TMEDA (25) 27 68°C, 3 h 1.52
Benzene 26 TMEDA (25) 27 70°C, 3.5 h 0.15
Tetrahydrofuran 24 TMEDA (25) 35 75°C, 3 h 0
Cyclohexane 30 TEDA (24) 25 65°C, 3 h 0.4
Cyclohexane 19 TEDA (18) 18 70°C, 4 h 0.6
Cyclohexane 24 TEDA (22) 32 70°C, 24 h 1.1

“ TMEDA = tetramethylethylenediamine; TED A = triethylenediamine.

This explanation does not hold true for a comparison o f the 
lithiation reaction in tetrahydrofuran vs. benzene or toluene 
since all three solvents have excellent swelling properties. It 
is more likely that in the more polar solvent, tetrahydrofuran, 
ionic repulsions limit the accessibility o f  the reagent thus 
causing the reaction to stop once a fraction o f the functional 
groups have reacted with n-butyllithium .

The direct lithiation o f 2% cross-linked polystyrene by re
action with a 1:1 com plex o f n-butyllithium  and N ,N ,N ',N '-  
tetramethylethylenediamine was recently reported by Fyles 
and L ezn off . 19 The resulting lithiated polym er, after 
quenching with carbon dioxide, yielded a carboxylated resin 
containing 0.6-0.9 mequiv o f  functional group per gram . 19 

Better results were obtained with a macroreticular polymer, 
which after lithiation and quenching with carbon dioxide, gave 
resins containing from  1.1 to 1.5 mequiv o f  functional group 
per gram. This one-step lithiation reaction is advantageous 
for applications in which the position o f  the functional group 
on the aromatic ring is unim portant since, as was m entioned 
earlier, the lithiation occurs on both meta and para positions. 16 

W e have investigated the direct lithiation with the aim o f 
improving the degree o f  functionalization since, in a number 
o f applications, it might be desirable to obtain more highly 
functionalized resins. Our procedure involved the reaction o f 
an amine-M-butyl lithium complex with the resin at 65-70 °C 
in a nonpolar solvent. The minimum degree o f functionali
zation o f the lithiated resins was estimated by acid-base ti
tration o f the carboxylic acid resin obtained by rapid 
quenching o f the lithiated resin with carbon dioxide. As can 
be seen in Table III, best results were obtained with tetra
methylethylenediamine (TM ED A) in a nonpolar hydrocarbon 
solvent such as cyclohexane or heptane.

An increase in the molar ratio T M E D A -n -B uL i from 0.7:1 
to 1.9:1 did not change the degree o f functionalization while 
shorter reaction times decreased it noticeably. Other solvents 
such as benzene or tetrahydrofuran were unsuitable for the 
reaction. In another series o f  experiments, triethylenediamine 
was used instead o f T M E D A  but the reaction was more 
sluggish and longer reaction times were required to achieve 
a degree o f functionalization greater than 1 mequiv per 
gram.

In our experiments with T M E D A -n -butyllith ium  we o b 
served that the degree o f  functionalization o f  2  mequiv per 
gram, which is obtained readily under the conditions shown 
in Table III, seemed to  be the maximum which could be o b 
tained after carboxylation. This functionalization corresponds 
to the introduction o f carboxyl groups on 23% o f the aromatic 
rings o f  the polystyrene resins. Presumably this is due to the 
fact that the solvents chosen for the reaction are unable to 
swell the resin and thus the penetration o f the relatively bulky 
TM E D A  -butyllithium com plex in the pores o f  the resin is 
severely limited and only the most accessible sites can be 
functionalized. It must be remembered, however, that the 
actual percentage o f aromatic rings which are lithiated is

probably higher than 23% since the carboxylation reaction 
which is used for the measurement o f  the degree o f  function
alization is not quantitative.

A comparison o f the brom ination-lithiation vs. direct 
lithiation procedure would therefore indicate that the two- 
step lithiation is probably the m ethod o f choice if  control o f 
the position o f lithiation and o f the degree o f functionalization 
is desired, since predictable results can be obtained in the 
bromination over a very broad range o f  degrees o f  function
alization; in addition, since the resin is fully swollen during 
the bromination, a more even distribution o f  the functional 
groups can be expected.

T o  test the reactivity o f  the polystyryllithium resin and 
explore its application to the preparation o f polystyrene resins 
containing various functional groups, a number o f  reactions 
were studied (Schemes I and II). In all cases the lithiated

Scheme I

v m
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resins were prepared in situ from their brominated precursor 
since this procedure allowed the calculation o f a functional 
group yield for every reaction. T he results o f  these reactions 
are shown in Table IV. In most cases the functional yield could 
be estimated either by direct titration 18 for resin II, or by el
emental analysis for sulfur, boron, nitrogen, silicon, phos
phorus, or bromine for resins III-IX . As can be seen in Scheme
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Table IV. Reactions of Lithiated Resin \ a
Precursor (P)-Br Product

mequiv/g

Degree of 
functiona
lization Reagent Structure mequiv/g

Degree of 
functiona
lization

Functional 
yield, %

2.89 0.39 c o 2 II (P)-COOH 2.9 0.35 90
2.8 0.37 s 8 III ®-SH 3.9* d d
3.1 0.43 c h 3s s c h 3 IV (p)-s c h 3 2.6 0.31 72
2.89 0.39 B(OCH3)3 V ®-B(OH)j 3.15 0.38 97
2.89 0.39 c 6h sn = c = o Vl(P)-CONHC6H5 2.2 0.31 80
3.1 0.43 Si(CH3 )2CI2 VII (P)-Si(CH3 )2C1 2.2 0.28 65
2.8 0.37 C1P(C6Hs)3 VIII (P)-P(C6 H5 )2 1.92 0.31 84
1.76 0.21 BrCH,CH2Br IX (P)-CH2CH2Br 1.13 0.14 67
2.8 0.37 (CH3)2NCHO X (P)-CHO 2.3c 0.26 70A

X I® -C H 2CH2OH2.89 0.39 c h 2— c h 2 2.8C 0.33 85
2.8 0.37 c„ h 5c o c 6h 5 XII (P)-C(C6 Hs )2 OH 1.4c 0.20 54

a Reactions performed using 1% cross-linked brominated polystyrene using n-butyllithium in benzene for the lithiation. 
b 3.9 mequiv of S per gram. The resin contains S-S bonds in addition to S—H bonds. c Calculated from the elemental analysis 
of a derivative; see Scheme II. d See ref 20.

Scheme II
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II, the estimation o f the yields for resins X , X I, X II was done 
by the preparation o f derivatives XIII, X IV , and X V  for which 
reliable elemental analyses for nitrogen or chlorine could be 
carried out. The yields quoted for X -X I I  should be taken as 
minimum yields since an additional step was required for the 
analysis. In all cases no attempts were made to optimize the 
yields.

W e are presently studying polym eric reagents and pro
tecting groups derived from  resins III—VII.

Experimental Section
The resins used in this research were a solvent-swellable 1% di- 

vinylbenzene-styrene copolymer, Bio-Beads SX 1, purchased from 
Bio-Rad Laboratories, and a macroreticular resin, Amberlite XE-305,

purchased from British Drug House. Tetrahydrofuran (THF) used 
in the experiments below was purified by distillation from lithium 
aluminum hydride. Benzene, cyclohexane, and toluene were dried over 
calcium hydride. All other chemicals were reagent grade and used 
without further purification unless specified. All the lithiation reac
tions and the reactions involving lithiated resin intermediates were 
carried out under inert atmosphere in a specially designed flask fitted 
with a coarse porosity fritted glass filter. This one-piece reaction vessel 
allowed the addition or removal of solvents and excess reagents or 
by-products, the washing of the resin, etc., without t ransfer or expo
sure to the atmosphere. Infrared spectra were recorded on Perkin- 
Elmer 457 or Beckman IR-20 A spectrophotometers using potassium 
bromide pellets. Elemental analyses were performed by Chemalytics 
Inc., Galbraith Laboratories, or in this laboratory (halogen analyses 
only) using a Parr peroxide bomb with 200-300-mg samples of the 
halogenated resins.

Washing of Cross-Linked Polystyrene Resins. The resins used
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were washed routinely to remove surface impurities.8 The following 
solutions were used at 60-80 °C with, in each case, a contact time of 
30-60 min with the resin: 1 N NaOH, 1 N HC1, 2 N NaOH-dioxane 
(1:2), 2 N HCl-dioxane (1:2), H2O, dimethylformamide. The resins 
were then washed at room temperature with the following: 2 N HC1 
in methanol, H®, methanol, methanol-dichloromethane (1:3), 
methanol-dichloromethane (1:10). The resins were then dried under 
reduced pressure at 50-70 °C. In general the washing was accompa
nied by a loss of weight of up to 10%.

Bromination of Cross-Linked Polystyrene Resins. A. Partial 
Bromination of 1 % Cross-Linked Polystyrene Beads. To a sus
pension of 20 g of washed resin in 300 ml of carbon tetrachloride was 
added 1.18 g of thallic acetate. The reaction mixture was stirred in 
the dark for 30 min, then 13.6 g of bromine in 20 ml of carbon tetra
chloride was added slowly. After stirring for 1 h at room temperature 
in the dark, the mixture was heated to reflux for 1.5 h. The reaction 
mixture, which had lost all the coloration due to free bromine, was 
collected on filter and washed with carbon tetrachloride, acetone, 
acetone-water (2:1), acetone, benzene, and methanol. After drying 
under vacuum, 26.3 g of resin containing 3.10 mequiv of bromine per 
gram was obtained (24.8% Br). Thus the resin obtained in this prep
aration had functional groups on 43% of the aromatic rings (theory 
44%). Similar reaction conditions were used in bromination reactions 
with thallic chloride or ferric chloride as catalysts. The results of the 
bromination reactions are shown in Table I. In one instance (expt 4, 
Table I), the spent thallium salt was recovered after the reaction and 
used as catalyst (0.1 g for 2 g of resin) in the bromination of a fresh 
sample of polystyrene (expt 12, Table I). The reaction carried out as 
described above gave a very homogeneous, almost colorless, bromi- 
nated resin containing 3.19 mequiv Br/g. In all cases the resins ob
tained from the thallium salt catalyzed reaction were visually cleaner 
than those obtained from the ferric chloride catalyzed reactions.

B. Bromination of a Macroreticular Resin with an Excess of 
Bromine. One hundred grams of dry Amberlite XE-305 resin was 
suspended in 1 1. of dry carbon tetrachloride and 1 g of anhydrous 
ferric chloride was added. The reaction mixture was stirred in the dark 
while a solution of 60 ml of bromine in 250 ml of carbon tetrachloride 
was added slowly. The reaction mixture was then stirred overnight 
at room temperature. The resulting mixture, which still contained 
free bromine, was filtered and the resin washed repeatedly with ace
tone until all the bromine coloration had disappeared. Further 
washings were made with dioxane-water (2:1) and butanone. After 
drying in vacuo at 60 °C the cream-colored polymer weighed 145.1 
g and contained 3.93 mequiv of bromine per gram. The resin obtained 
by this procedure was, however, not very homogeneous.

A duplicate experiment carried out under the same reaction con
ditions yielded a colored product containing 3.3 mequiv of bromine 
per gram.

Lithiation of 1 % Cross-Linked Brominated Resin. A. In Tet- 
rahydrofuran Followed by Methanol Quenching. A brominated 
resin (2.45 g) (3 mequiv Br/g) was swollen in 30 ml of dry THF and 
4 ml of 2.5 M ra-BuLi in hexane was added. After 1.5 h at room tem
perature the liquid phase was removed and 30 ml of dry THF was 
added followed by 4.5 ml of 2.5 M n-BuLi in hexane. The reaction 
mixture was stirred and heated to 65-70 °C for 1.5 h. After removal 
of the liquid phase, a new 30-ml portion of dry THF was added fol
lowed by 3 ml of methanol. The brown coloration of the polymer 
disappeared instantly. After filtration, the polymer was washed with 
THF, methanol, THF-water (2:1), water, THF-water (2:1), THF, and 
finally methanol. After drying, 2.23 g of polymer was obtained. Ele
mental analysis for bromine revealed that the polymer still contained
1.95 mequiv of Br/g. The above reaction sequence was repeated using
1.81 g of the polymer recovered above (1.95 mequiv Br/g) and two 
successive additions of 2.5 M n-BuLi (3 ml at room temperature, and
3.5 ml at 65-70 °C). After quenching with methanol and washing as 
above, 1.61 g of a resin containing 0.68 mequiv Br/g was obtained. 
After a third treatment with two successive portions of n-BuLi (2 ml 
at room temperature, then 3 ml at 65-70 °C) followed by quenching 
with methanol and washing, the resin was found to have lost all its 
bromine.

B. In Tetrahydrofuran Followed by Quenching with Carbon 
Dioxide. A stirred suspension of 1.73 g of brominated resin (2.89 
mequiv/g) in 20 ml of dry THF was treated with 5 ml of 1.6 M n-BuLi 
in hexane for 1.5 h at room temperature. The liquid phase was re
moved and 20 ml of dry THF was added followed by 3 ml of 1.6 M 
n-BuLi; after 1 h of stirring at room temperature the liquid phase was 
again removed and a third portion of 20 ml of dry THF and 4 ml of
1.4 M i-BuLi were added. After 1 h of stirring at room temperature, 
the liquid phase was removed, the resin was washed twice with dry 
THF, and a slurry of powdered dry ice in dry THF was added. After

washing twice with THF-2 N HC1 (3:1) the resin was washed further 
as described above in A, then dried to yield 1.59 g of a resin which still 
contained 1.53 mequiv of Br/g. In addition, acid-base titration of the 
resin18 showed that it contained 1.4 mequiv of -COOH group per 
gram.

C. In Cyclohexane Followed by Quenching with Carbon 
Dioxide. The lithiation was carried out by heating a suspension of
2.04 g of brominated resin (2.89 mequiv/g) in 20 ml of cyclohexane 
with 10 ml of 1.6 M re-BuLi in hexane at 68 °C for 3 h. After quenching 
with solid carbon dioxide in THF, washing and drying, 1.92 g of a resin 
containing 1.45 mequiv Br/g and 1.3 mequiv -COOH/g was ob
tained.

D. In Benzene or Toluene Followed by Quenching with Car
bon Dioxide. The lithiation was carried out using 2.04 g of bromi
nated resin (2.89 mequiv/g) swollen in 30 ml of dry benzene by adding 
10 ml of 1.6 M n-BuLi and stirring the suspension at 60 °C for 3 h. 
After quenching with powdered carbon dioxide in THF, washing, and 
drying, 1.86 g of a polymer containing 2.9 mequiv of -COOH per gram 
was obtained. The infrared spectrum of the polymer included very 
broad hydroxyl and carbonyl absorptions. Similar results were ob
tained using toluene as solvent (see Table II).

Direct Lithiation of Cross-Linked Polystyrene Resin. Washed 
polystyrene (2.8 g, 27 mequiv) was suspended in 20 ml of dry cyclo
hexane containing 4 ml (25 mmol) of tetramethylethylenediamine 
(TMEDA) and 13.5 ml of 2.5 M n-BuLi were added to the stirred 
mixture. The reaction mixture turned red gradually during 4.5 h of 
heating at 65 °C. After the liquid phase was removed, the resin was 
rinsed twice with dry cyclohexane to yield the desired lithiated 
resin.

The lithiated resin prepared above was quenched by addition of 
a slurry of dry ice in tetrahydrofuran. After washing as described 
above and drying, the resin contained 1.99 mequiv of -COOH per 
gram.

Similar reactions were carried out under different reaction condi
tions with TMEDA or triethylenediamine. The reaction conditions 
and results of these experiments are summarized in Table III.

Applications of Lithiated Resin I to the Preparation of Se
lected Functional Polymers. All the reactions shown in Schemes 
I and II were carried out on a lithiated resin prepared by reaction of 
a 1% cross-linked solvent-swellable brominated resin using an excess 
of n-BuLi in benzene (65 °C, 2.5 h). After cooling and removal of the 
liquid phase, the lithiated resin was washed two or three times with 
dry benzene. After addition of enough dry THF or benzene to fully 
swell the resin, an excess of the required reagent was added as de
scribed below.

Preparation of Polymeric Thiol III ®-SH. Resin I was prepared 
from 3.14 g of brominated polystyrene (2.8 mequiv/g). The resin was 
suspended in 35 ml of dry THF and 3.31 g of sulfur was added. The 
reaction mixture turned dark red instantly, then became brown as 
heat was evolved. After 1 h at room temperature, 30 ml of 3 N HC1 was 
added and the stirring was continued for 30 min. After filtration, the 
resin was washed repeatedly with THF-water (3:1), THF, CCI4, CS2 , 
ether, ethanol, water, THF-water (2:1), THF, and finally methanol 
After drying, 3.0 g of resin III were obtained.

The infrared spectrum of the resin included a -SH absorption at 
2560 cm“ 1.

Anal. S, 12.6 (3.9 mequiv/g); Br, none. This result indicates that
S-S bonds as well as SH bonds must be present in the polymer.20

Preparation of Polymeric Sulfide IV ®-SCH3. The lithiated 
resin was prepared from 10 g of brominated polystyrene (3.1 me
quiv/g). The resin was suspended in 100 ml of dry THF and 11 ml of 
methyl disulfide was added with stirring. After 15 min at room tem
perature and 30 min at 65 °C, the resin was collected on a filter and 
washed successively with THF, ether, THF-water (2:1), water, THF, 
benzene, and finally methanol. After drying 8.64 g of resin IV was 
obtained.

Anal. S, 8.33 (2.6 mequiv/g); Br, none.
A similar resin has been prepared on macrocreticular Amberlite 

XE-305 by other workers.13
Preparation of Polymeric Boronic Acid V ®-B(OH)2. Resin 

I was prepared from 15 g of brominated polystyrene (2.78 mequiv/g). 
The resin was suspended in 150 ml of dry THF and 18 ml of trimethyl 
borate was added. After stirring at room temperature overnight, the 
liquid phase was removed and the resin washed with THF. After ad
dition of 140 ml of dioxane, 12 ml of water, and 36 ml of HC1, the 
mixture was heated to 60 °C with stirring for 1.5 h. The resin was then 
collected on a filter and washed repeatedly with dioxane-water (3:1), 
dioxane, acetone, and finally methanol. The dry resin weighed 12.96 
g and its infrared spectrum included a large hydroxyl absorption.

Anal. B, 3.4 (3.15 mequiv/g).
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A similar resin has been prepared in our laboratory® using Am- 
berlite XE-305.

Preparation of Polymeric Amide VI ® - C O N H C s H r , .  The lith- 
iated resin was prepared from 1.91 g of brominated polystyrene (2.89 
mequiv/g). The resin was swollen in 20 ml of dry benzene and 3 ml of 
phenyl isocyanate was added. After 15 min of stirring at room tem
perature, the mixture was stirred at 65 °C for 30 min. The resin was 
collected on a filter and washed successively with ethanol, THF, water, 
THF-water (2:1), THF, ether, and finally methanol. After drying, 2.13 
g of VI was obtained. The infrared spectrum of VI showed a large 
carbonyl absorption at 1650 cm-1 and NH peaks at 3380 and 3300 
cm-1.

Anal. N, 3.04 (2.2 mequiv/g); Br, none.
Preparation of Silylated Polymer VII ®-Si(CH2)2Cl. Resin I 

was prepared from 2.46 g of brominated polystyrene (3.1 mequiv/g). 
The resin was suspended in 35 ml of dry benzene and 4 ml of dichlo- 
rodimethylsilane was added. After 45 min at room temperature, the 
polymer was collected on a filter and washed repeatedly with dry 
benzene to yield VII. Resin VII could be used directly without further 
purification (removal of lithium chloride). For analytical purposes 
the chloride was hydrolyzed to the corresponding silanol by addition 
of water in pyridine. After washing with pyridine, THF, THF-water 
(3:1), water, THF, benzene, and finally ether, the resin was dried 
under vacuum to yield 2.45 g of a resin which exhibited large hydroxyl 
absorptions at 3600 and 3380 cm-1, and bands a*t 1250 (Si-C), 820 
(Si-OH), 770 cm"1 (Si-C).

Anal. Si, 6.16 (2.2 mequiv/g).
Preparation of Polymeric Phosphine VIII ©-P(CfiHl5)2. The 

lithiated resin was prepared from 2.49 g of brominated polystyrene 
(2.8 mequiv/g). The resin was suspended in 30 ml of dry THF and 5 
ml of chlorodiphenylphosphine was added. After 1.75 h at room 
temperature the resin was collected on a filter and washed as above 
for IV. After drying the resin weighed 2.87 g.

Anal. P, 5.96 (1.92 mequiv/g); Br, none.
A polymer prepared by other workers11 via a similar reaction se

quence contained 0.7 mequiv P/g.
Preparation of Polymeric Bromide IX ®-CH2CH2Br. Resin 

I was prepared from 2.30 g of brominated polystyrene (1.76 mequiv/g). 
Resin I was added to a solution of 7 ml of 1,2-dibromoethane in 40 ml 
of dry benzene and the mixture was stirred at room temperature for
2.5 h. After filtration the resin was washed as described above for IV. 
After drying, 2.19 g of IX was obtained.

Anal. Br, 9.04 (1.13 mequiv/g).
Preparation of Polymeric Aldehyde X ©-CHO and Its Oxime

XIII. Resin I was prepared from 2.6 g of brominated polystyrene (2.8 
mequiv/g). The resin was suspended in 35 ml of dry THF and 5 ml of
N.N-dimethylformamicle was added with stirring. After 1.75 h at room 
temperature, the resin was collected on a filter and washed with 
THF-water (2:1), THF-water-HCl (8:2:1), water, THF-water (2:1), 
THF, and finally methanol. After drying, the resin weighed 2.25 g. The 
ir spectrum of X included absorptions at 2720 ad 1690 cm-1.

For analytical purposes, the oxime XIII was prepared by reaction 
of 0.79 g of X with 1 g of hydroxylamine hydrochloride in 10 ml of 
pyridine. After 4 h at 90 °C, the resin was washed successively with 
pyridine, water, THF-water (2:1), THF, benzene, dichloromethane, 
and methanol. After drying, 0.8 g of resin XIII was obtained. The ir 
spectrum of XIII showed a large hydroxyl absorption at 3350 cm-1 
and no residual carbonyl absorption.

Anal. N, 3.1 (2.2 mequiv/g).
The minimum degree of functionalization of X could be calculated 

from this analysis and corresponds to 2.3 mequiv of aldehyde func
tional group per gram.

Preparation of Polymeric Alcohol XI ®-CH2CH2OH and Its 
3,5-Dinitrobenzoate XIV. Resin I was prepared from 1.73 g of 
brominated polystyrene (2.89 mequiv/g). The resin was suspended 
in 25 ml of dry THF at —50 °C and 8 ml of condensed ethylene oxide

was added. The mixture was allowed to reach room temperature 
gradually ( 1  h) and the resin was collected on a filter, then washed 
successively with THF-water (3:1) THF-water-HCl (8:2:1), water, 
THF, methanol, and finally ether. After drying, the resin weighed 1.49 
g and exhibited a large hydroxyl absorption in the ir spectrum.

For analytical purposes the 3,5-dinitrobenzoate XIV was prepared 
by reaction of 0.46 g of XI with 0.63 g of 3,5-dinitrobenzoyl chloride 
in 10 ml of dry pyridine. After 1.5 h at 85 °C, the resin was filtered and 
washed as described above to yield 0.66 g of XIV. The ir spectrum XIV 
included a large carbonyl absorption at 1730 cm-1.

Anal. N, 5.07 (3.62 mequiv N/g). The minimum degree of func
tionalization of XI could be calculated from this analysis and corre
sponds to 2.80 mequiv of -CH 2CH2OH functional group per gram.

Preparation of Polymeric Alcohol XII ©-CfCeHsROH and Its 
Chloride XV. Resin I was prepared from 13 g of brominated poly
styrene (2.8 mequiv/g). The lithiated resin was suspended in 100 ml 
of dry THF and 1 1  g of benzophenone in 40 ml of THF was added. An 
exothermic reaction occurred immediately. After 2 h at room tem
perature the resin was collected on a filter and washed as described 
above for IV. After drying under vacuum 14.24 g of XII was obtained. 
The ir of XII included large hydroxyl absorptions at 3430 and 3580 
cm“ 1. The degree of functionalization calculated from the gain in 
weight of the resin corresponds to 1 .6  mequiv of functional group per 
gram. This is confirmed by the analysis of chloride XV which contains
1.4 mequiv of chlorine per gram. The preparation of chloride XV has 
been described previously.5
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4-exo-Methyl- and 2-methylbicyclo[3.1.0]hex-2-ene-6-ercdo-carboxaldehyde (lb  and 12, respectively) each rear
range thermally to a mixture of (E)-2 -methyl- and CE)-3-methyl-2-cyclopenten-l-ylideneacetaldehyde (23 and 24, 
respectively). The ratio of 24:23 obtained from lb  is ~10, whereas that from 12 is ~0.2. Mechanistic evidence is pre
sented that supports the conclusion that the formation of the mixture of aldehydes is a consequence of competition 
between concerted homodienyl [1,5] and homotrienyl [1,7] hydrogen migrations that initiate the reaction. The ki
netic preference for the latter mode of rearrangement is rationalized on the basis of the relative energies of the mo
lecular orbitals involved in the two different sigmatropic processes.

In 1968, Bickelhaupt et al.2 reported that bicyclo[3.1.0]- 
hex-2 -ene-6 -ercdo-carboxaldehyde ( 1 ), which at ambient 
temperatures is in equilibrium with 2-oxabicyclo[3.2.1]octa- 
3,6 -diene (2),3 rearranged at elevated temperatures to (E )- 
2-cyclopenten-l-ylideneacetaldehyde (3). They provided

H

H
2 1 3

evidence that the reaction proceeded by way o f  the sequence 
shown in eq 1 by trapping isomers 4b and 4c with dim ethyl 
acetylenedicarboxylate. Furthermore, 4b and 4c could also

be generated from 3, demonstrating thereby the reversibility 
o f  the last two 1,5-hydrogen shifts.

At the time o f their report, there existed ample precedent 
that suggested that the first step in the scheme, viz., conver
sion o f 1 to 4a, reasonably could occur via a hom odienyl [1,5] 
hydrogen shift;4 homotrienyl [1,7] hydrogen migrations were 
then unknown. However, it appeared to us that 1 might well 
be rearranging by com peting hom odienyl [1,5] and hom o
trienyl [1,7] sigm atropic pathways, even though orbital ori
entations (vide infra) might suppress the im portance o f  the 
latter process.

There is a paucity o f data in the literature that bears on the 
possible relationship between the rates o f  com peting sigma
tropic reactions o f  a specific type, e.g., hydrogen migration, 
and the respective orders o f  these reactions, although there 
is some evidence suggesting that the higher order pathway is 
kinetically favored.5 Thus, the diene 5 appears to undergo [1,7] 
hydrogen migrations at 121 °C  to produce 6 , but it is only after 
being heated to 190 °C that 5 can be induced to undergo a [1,5] 
hydrogen shift to produce 7.5a Certainly to the extent that the 
transition state for a sigmatropic hydrogen migration can be 
characterized as a hydrogen atom interacting with the termini 
o f  the ir system over which the transfer is occurring, and if 
other factors such as strain and steric effects are neglected,

7 5 6

molecular orbital theory would predict greater stability for 
the transition state affording the more delocalized it system. 
The obvious consequence o f this is that for two com peting 
processes o f  different order, the higher order pathway would 
be kinetically preferred.

There clearly are conform ational factors as well as signifi
cant differences in product stabilities that hamper definitive 
interpretation o f the meaning o f the greater rate in 5 o f  the 
[1,7] hydrogen shift as com pared to the [1,5] process. In this 
context, the possibility o f  the two analogous pathways oper
ating in the rearrangement o f  1  appeared all the more inter
esting because their existence would provide an excellent 
opportunity to evaluate the relative rates o f  com peting sig
matropic reactions in a substrate in which gross steric and 
conform ational factors, as far as can be evaluated from m o
lecular models, were equivalent and in which differences in 
stabilities o f  initially form ed products could be minimized. 
Thus an investigation was undertaken to test for the possible 
existence o f  com peting m odes o f rearrangem ent o f  
bicyclo[3.1.0]hex-2-ene-6-endo-carboxaldehydes.

The conceptalization o f derivatives o f  1 appropriate for a 
differentiation o f a homodienyl [1,5] from  a homotrienyl [1,7] 
hydrogen migration in the ring-opening reaction described 
above is uncomplicated. Clearly, a label at either C-2 or C-4 
(or at C -l or C-5) would introduce the molecular asymmetry 
necessary to make the products o f  the two pathways distinct 
(eq 2). A methyl group was chosen as the label in this work

H
CHO

CHO
^  CHO

H
.  CHO _+Ckhomo 

[1,7] > (2 )
CHO

both to facilitate the synthesis o f  the desired substrates and 
to minimize perturbations in the basic bicyclic system.

Results
Synthesis of Bicyclic Aldehydes. A facile entry into the 

bicyclo[3.1.0]hex-2-ene ring system has been reported by
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Table I. 1H NMR Data for l b  and 10

Com pd Chemical shift (5 ), multiplicity [coupling constant, Hz]

10

CH3

1 . 1 0  d 
[7 .0 ]

0.87 d 
[7 .0 ]

H, Hs

1.64—2.65 m

4.42 bs 6.26 m

H6

5.16 m

H2

5.91 t
[ 2 .0 ]

5.67 m

H3

4.95 t
[ 6 .0 ]

H4 H , CH O

2.85 dq —  9.12 d
[7.0, 2 .0 ] [6 .5 ]

2.0—2.65 m

M einwald et al.6 These workers found that reaction o f bicy- 
clo[2 .2 .1 ]hepta-2 ,5-diene (8a) with buffered peroxyacetic acid 
afforded bicyclo[3.1.0]hex-2-ene-6-en,do-carboxaldehyde (la), 
and provided evidence that im plicated the epoxide 9a as the 
precursor to la (eq 3) .7 It was felt that application o f  this re-

a, R = H
b, R =  CH3

(3)

action to 7-m ethylbicyclo[2.2 .l]h epta -2 ,5-diene (8b) might 
initially provide 9b which, in turn, would isomerize to a bi- 
cyclic aldehyde, viz., 4-exo-m ethylbicyclo[3.1.0]hex-2-ene-
6 - endo-carboxaldehyde (lb), suited to our purposes. Of 
course, such an outcome required that peroxidation occur not 
only stereoselectively exo but also regioselectively anti to the
7- methyl substitutent. The former requirement has ample 
precedent in M einwald’s work6 as well as in that o f  others ,8 

whereas the latter is supported by the observation that in
troduction o f a syn-7-m ethyl group in the bicyclo[2.2.1]- 
hept-2 -ene system retards the rate o f epoxidation by a factor 
o f  ca. 100 relative to the unsubstituted com pound .9 Conse
quently, a synthetic approach to lb via 8b appeared highly 
attractive . 10 ’12

In fact, peroxidation o f 8b afforded, in 62% yield, a 3:1 
mixture o f  an aldehyde and two contaminants; we did not 
characterize the latter com pounds, but they have been iden
tified by Padwa and Koehn as the two endo epoxides that can 
be formed from lb.11 Attempts at achieving separation o f the 
crude reaction mixture by either GLC or colum n chrom a
tography were unsuccessful owing to the extensive polym er
ization and/or decomposition that attended these techniques. 
Consequently, a chemical approach to purification was first 
developed, although it ultimately was discovered that the 
desired aldehyde could be isolated by low-temperature (—78 
°C) fractional crystallization. The chemical sequence involved 
reduction o f the reaction mixture with lithium aluminum 
hydride, column chromatographic isolation o f the desired 
alcohol, and regeneration o f the aldehyde function by oxida
tion with Collins’ reagent (eq 4 ) . 14 That structural rear
rangement had not attended the purification sequence out
lined in eq 4 was demonstrated by the identity o f  the ’ H N M R 
spectrum o f  the aldehyde isolated in this manner with that 
o f the aldehyde obtained by low-temperature fractional 
crystalization.

The assignment o f structure lb  to the aldehyde is based on 
the method o f synthesis and spectroscopic analyses. Although 
the com plete data for the assignment are contained in the 
Experimental Section, a summary o f the arguments will be 
presented here. The ]H N M R  spectrum o f  lb is consistent

with that expected for bicyclo[3.1.0]hex-3-ene-6-endo-carb- 
oxaldehyde as resonances assignable both to it and to the 
hom o-oxy Cope rearrangement product, 10, expected3’15  to 
be in equilibrium with it are present (Table I). Integration o f 
the methyl resonances revealed a ratio o f  lb:10 o f 3. The endo 
configuration o f the aldehyde m oiety is assigned by analogy 
to the observations o f Meinwald et al.6 and o f Klumpp et al.3'16 

by the shift upfield o f  the formyl proton o f lb by 0.3 ppm  
relative to  cyclopropanecarboxaldehydes , 16 as a result o f  the 
shielding effect o f the double bond, and by the existence o f  the 
equilibrium between lb and 10. Finally, the all-im portant 
assignment o f the C-4 methyl group as exo is based on the 
following considerations: (1) Aldehyde lb, the major product 
o f peracid oxidation o f 7-methylbicyclo[2.2.1]hepta-2,5-diene 
(8b), is expected on stereochemical grounds to result from  
epoxidation anti to the 7-methyl group, the ultimate conse
quence o f which is exo stereochemistry for the methyl group 
o f  lb. (2) The coupling constant, J h4-H5, is 0 -2  Hz, a m agni
tude in accord with that predicted from the Karplus equa
tion 17 for vicinal coupling between hydrogens at a dihedral 
angle o f ca. 90°, and a value observed in the closely analogous 
com pounds, 11a18 and lib .19 (3) The chemical shift o f  the

a, R, =  CH3; R  =  R, =  H; R = ;-P r
b, R, = R> =  R4 = Ph; R3 =  H

methyl group is insensitive to the transformation o f the 
functionality at C - 6  from  the alcohol (5 1.0 ppm ) to  the alde
hyde (<5 1 . 1  ppm) or the acetate (<5 1.0 ppm). (4) The propensity 
for thermal rearrangement (vide infra). All these data are in 
accord with structure lb .20

T he considerably more com plex scheme em ployed for 
synthesis o f 2-m ethylbicyclo[3.1.0]hex-2-ene-6-endo-carb- 
oxaldehyde (12) is outlined in Chart I. T h e evidence sup-
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Chart I. Synthesis of 2-Methylbicyclo[3.1.0 ] hex-2-ene-6- 
endo-carboxaldehyde (12)

CHO CH.,OBz

98% yield

16, Rj = 0 ; R, =  H,
17, R: =  H2; R2= 0

14, R1 = 0H; R, =  H
15, R, =  H; R, =  OH

rated by either fractional distillation or colum n chrom atog
raphy.

It had originally been envisioned that 16 could be trans
form ed to a precursor, 2 1 , o f  1 2  by alkylation followed by 
base-induced decom position o f the tosylhydrazone, 2 0  (eq
5) .25 However, our initial lack o f  success at monoalkylating

(5)

column
chromatography

CH2OBz

0

16

CH,OBz

+
CHO

h - A " H&CH,

12

1. SOCL
2. L iA lH 4

3. N a/N H j
4. Collins’

reagent 6% yield

porting the structural assignments is contained in the Ex
perimental Section, and only some o f the more salient features 
o f  the synthesis will be described here. The aldehyde m oiety 
o f la  was protected as the benzyl ether since attempts at acetal 
formation under either protic or aprotic conditions led, in our 
hands, to  a variety o f  uncharacterized products. T he hydro- 
boration o f 13 to produce a mixture o f  alcohols 14 and 1521 
was, as anticipated ,22 somewhat regioselective as judged by 
ir and ’ H N M R  spectra o f  the ketones 16 and 17 obtained from 
the alcohols by Sarett oxidation .23 Thus, the major product 
had vq= o 1739 cm -1 ’ a value consistent with a nonconjugated 
cyclopentanone ,24 and possessed high molecular symmetry 
as adjudged from  its ]H N M R  spectrum: the exo and endo 
protons at C-2 and C-4 were revealed as an AB quartet, J gem 
=  19.5 Hz, and the low-field half o f this quartet, which rep
resents the exo protons, was split into a pair o f  doublets, J v¡c 
= 5 Hz, by coupling with the protons on C -l and C-5; fur
thermore, the C-7 protons showed magnetic equivalence, 
appearing as a sharp doublet. In contrast, the minor product 
had v c = 0 1723 cm -1 , a frequency consonant with the presence 
o f a five-m em bered ring ketone conjugated with a cyclopro
pane ring ,24 and provided a 4H N M R  spectrum devoid o f  ev
idence o f  molecular symmetry; e.g., the aliphatic protons at 
C -l, C-3, C-4, and C-5 appeared as a broad multiplet, and the 
diastereotopic protons at C-7 were now a broad, rather than 
sharp, doublet. Consequently, these data support the con 
tention that the major product, present in a 2 : 1  ratio relative 
to 17, was the desired ketone 16. The ketones could be sepa-

16 [f -BuO ~/M eO Ts/D M F (polyalkylation) and Stork-D ow d 
¡mine alkylation26 (lack o f deprotonation o f the imine sus
pected)] encouraged us to pursue the route shown in Chart I.27 

The ratio o f  allylic alcohols, 18 and 19, form ed by reduction 
o f  the a-hydroxym ethylene ketone obtained from  16, was ca. 
9:1 as shown by integration o f the vinylic and aromatic regions 
o f  the ]H N M R  spectrum o f the crude mixture. Treatm ent o f 
the mixture o f alcohols with thionyl chloride followed by re
duction with lithium aluminum hydride afforded 21 (eq 5) in 
41% yield. In accord with the structure assignment, the 'H  
N M R  spectrum o f 21 revealed an allylic methyl group at 8 1.75 
as a broad singlet and a single vinyl proton at 8 4.4-5.2 ppm  
as a broad multiplet.

The deprotection o f 21 was accom plished in 44% yield by 
reduction with sodium in liquid ammonia, and the resulting 
alcohol, without purification, was oxidized to the desired bi- 
cyclic aldehyde, 12, with Collins’ reagent. 14 The isolated 12 
proved to be contaminated with ca. 2 0 % o f two other al
dehydes as shown by 4H N M R  analysis, and owing to the 
sensitivity o f 1 2  to mild acids, bases, and oxygen, further pu 
rification could not be achieved.

Evidence for the assignment o f  the aldehyde as 2-methyl- 
bicyclo[3.1.0]hex-2-ene-6-endo-carboxaldehyde (12) rests on 
spectral analysis and on the fact that 1 2  thermally rearranges 
to a mixture o f the same two products as are obtained from 
the isomeric aldehyde lb  (vide infra). In analogy with lb  the 
XH N M R  spectrum o f 12 supports the existence o f  an equi
librium between the bicyclic aldehyde and its hom o-oxy Cope 
isomer (2 2 , eq 6 ) although the presence o f impurities make an

accurate assessment o f  the equilibrium impossible in this case. 
Thus, 12 is characterized by a doublet (J  =  6.5 Hz) at 8 9.1 
(CHO), narrow multiplets at 8 5.4 (vinyl) and 1.8 (methyl), and 
a broad, unresolved m ultiplet at 8 0 .8 - 2 .8  ppm , whereas 2 2  is 
revealed by multiplets at 8 4.6 (H i), 5.0 (H4), 5.7 (H 2), 6.0 (H 5); 
the H -4 and H-7 protons are buried in the broad m ultiplet 
centered at ca. 8 2  ppm.

Synthesis of Rearrangement Products. By analogy to 
the report o f  Bickelhaupt et al. ,2 the major products o f the 
thermal rearrangement o f  aldehydes lb and 12 were antici
pated to be (E )-2 -met,hyl-2 -cyclopenten-l-ylideneacetal- 
dehyde (23) and (E )-3-m ethyl-2-cyclopenten-l-ylideneace-
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Chart II. Synthesis of Expected Rearrangement Products

/ ^ N_ R
_7g

R = cyclohexyl

N— R

28 24 216

taldehyde (24), respectively. Authentic specimens o f these two 
products were readily prepared by application o f the “ directed 
aldol condensation” , developed by W ittig and From m eld ,28 

to 2- and 3-methylcyclopent-2-enone, respectively (Chart II). 
Thus treatment o f  these ketones with the anion o f Al-cyclo- 
hexylacetaldehydeimine afforded the corresponding /3-hy
droxy ¡mines 27 and 28 in 70% yield. Hydrolysis and dehy
dration o f these hydroxy ¡mines and isolation o f  the resulting 
unsaturated aldehydes were accom plished in one step by 
steam distillation in the presence o f  oxalic acid.

Treatm ent o f 27 in this manner afforded, in 55% yield, a 
mixture o f two aldehydes in a ratio o f ca. 90:10. The structure 
o f the major com ponent was tentatively assigned as the E  
isomer 23 on the expectation that the m ethod o f synthesis 
would provide the thermodynamically more stable isomer. 1H 
N M R  analysis o f  the reaction mixture supported this con 
clusion and provided evidence over and above the m ethod o f 
synthesis for the gross structure o f  23. Thus, the aldehydic 
proton appeared as a doublet at 5 9.78 (J  =  7.5 Hz), the ring 
vinylic proton as a broad singlet at 5 6.00, the exocyclic vinylic 
proton as a doublet o f  triplets with fine splitting at <5 5.76 (J  
=  7.5, 2 Hz), and the remaining protons as multiplets at <5 2.70 
(H 5), 3.20 (H4), and 1.57 ppm  (CH 3). The assignments were 
supported by decoupling experiments in the following way: 
saturation o f the aldehydic resonance at 5 9.78 collapsed the 
resonance at 8 5.76 to a triplet; irradiation at this latter fre
quency converted the six-line multiplet at 8 3.20 to a lopsided 
triplet; and, finally, decoupling o f  the resonance at 8 3.20 
considerably sharpened the broad singlet at 8 6 .0 0  ppm. 
Furthermore, the resonance for the aldehydic proton o f the 
minor isomer was deshielded by 0.06 ppm relative to the major 
component o f the mixture. Such deshielding suggests that this 
aldehydic proton is in the deshielding cone o f the double bond 
o f the cyclopentyl ring, as would be expected if the minor 
isomer were assigned the Z  configuration.

The analogous hydrolysis and dehydration o f  hydroxy ¡mine 
28 also yielded a mixture o f  two aldehydes in a ratio o f  ca. 
60:40. The major isomer was again assigned the E  configura
tion, i.e., structure 24, on the basis that the aldehydic and vi
nylic protons were deshielded by 0.06 and 0 .8  ppm , respec
tively, relative to the major isomer. Additionally, examinations 
o f  models suggested that there is less steric compression be
tween the aldehyde moiety and the C-5 hydrogens o f  the ring 
than between the vinyl hydrogen o f  the ring and the aldehyde 
group.29-

Thermal Rearrangements. A dilute solution o f lb in a 9:1
mixture o f hexane and tetrahydrofuran was first degassed and 
then heated in an evacuated, sealed Pyrex ampule at 160 °C

Table II. Analyses of Thermolysis Mixtures
Run Substrate Temp, °Ca Time, h 23, % 24, %
1 b lb 130 48 91 9
2  c lb 130 48 92 8
3c lb 130 48 91 9
4C lb 160 1 2 8 8 1 2
5c lb 160 1 2 89 1 1
6 C 1 2 130 48 18 82
76 24 135 1 2 0 1 0 0 d
a Temperature fluctuation during an individual run was 

ca. ±4 °C. 6 Analysis via hydrogenation—ozonolysis 
sequence with quantitation by GLC; maximum error is 
estimated to  be ±1%. c Analysis via GLC; maximum error is 
estimated to  be ±2%. d A small amount o f  polymerization 
was the only observable reaction.

for 12 h. Under these conditions, a 90% yield o f  rearranged 
aldehydes was obtained. That the product mixture was con
stituted o f the a,/3,7 ,(5-unsaturated aldehydes 23 and 24 was 
shown by GLC and ’ H N M R  analysis. Furthermore, inte
gration o f the areas o f the respective GLC peaks showed that 
23 predominated over 24 by a factor o f  ca. 9:1, a fact that was 
consonant with the observation that the ’ H N M R  spectrum 
o f the mixture was essentially superimposable with that o f
23.30.3!

Because the GLC peaks o f 23 and 24 were broad and reso
lution o f them was not complete, a second method o f analysis 
o f the thermolysis mixture was developed. This m ethod in
volved catalytic hydrogenation o f  the more labile 7 ,8 ir bond 
o f the cyclopentene ring followed by reductive ozonolysis o f  
the remaining double bond (eq 7). The mixture o f  2- and 3-

29

(7)

m ethylcyclopentanones (29) that resulted was then readily 
analyzed by GLC techniques. The results o f  this m ethod o f 
analysis as well as o f  the direct GLC analysis o f  the unsatu
rated aldehydes 23 and 24 are collected in Table II.

Runs 1-3 clearly illustrate the reproducibility o f  the ana
lytical techniques, and runs 6  and 7 demonstrate that the re
arrangement is under kinetic rather than therm odynam ic 
control, i.e., equilibria o f  the type lb <=> 12 and 1 5=* 4a (eq 1) 
are not established under the reaction conditions. T he slight 
dependence o f the product ratio on temperature is shown by 
runs 4 and 5.
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Owing to the limited quantities o f  the isomeric starting al
dehydes lb and 12, an extensive investigation o f  the hom o
geneity o f  their thermal rearrangements was not possible. 
However, such studies were carried out on a model system, the 
unmethylated aldehyde la. Therm olysis o f  la under condi
tions identical with those used for rearrangement o f  lb and 
12 except for addition o f catalysts showed that both acidic 
(protic and aprotic) and basic (pyridine) catalysts prom oted 
polymerization and rearrangement reactions that were not 
observed in the uncatalyzed thermal process. These obser
vations, combined with the previously reported kinetic study 
o f the rearrangement o f  la ,1 support our belief that the 
thermal isomerizations o f  lb and 12 are homogeneous, uni- 
molecular pocesses.

Discussion

The observation o f a mixture o f  aldehydes 23 and 24 upon 
thermolysis o f  lb (runs 1-5, Table II) can be rationalized 
mechanistically in several ways, as the following discussion 
illustrates; fortunately, our results appear consistent with only 
a single mechanistic concept. One possible mechanism invokes 
a rapid preequilibrium between lb  and 1 2 , possibly via par
ticipation o f the carbonyl oxygen, followed by rate-deter
mining homodienyl [1,5] hydrogen shifts (eq 8 ). This pathway

to products is rendered untenable by comparison o f the 
product ratios from  runs 1-3 with that from run 6 . Obviously, 
the proposal o f  this rapid preequilibrium would prom pt the 
prediction that the ratio o f  23 and 24 be essentially indepen
dent o f whether lb or 12 was the starting aldehyde. This 
prediction is dramatically refuted by the results.

A second mechanism that accounts for formation o f 23 and 
24 from lb involves com petition between a hom odienyl [1,5] 
shift and an intramolecular retroene reaction from 10 (eq 9). 
However, examination o f molecular models suggests that there 
is little, if any, overlap between the C - 8  hydrogen atom o f 10 
and the ir bond syn to it, whereas the C-4 hydrogen atom o f 
lb can lie within the van der Waals radius o f  the carbonyl 7r 
bond. Yet the observed product radio would require the for
mer process to dom inate kinetically over the latter were this 
mechanism to be operating. Another factor that appears to 
militate against such a com bination o f  processes is the con 
siderable difference between the known energy o f  activation 
(42-45 kcal/m ol) 32’33 o f  the retroene reaction that converts 
vinyl isopropyl ether to  propane and acetaldehyde, and the

energy o f activation o f 29.3 kcal/m ol reported for the con
version o f  la to 3.1 T he observed difference o f  some 13-17 
kcal/mol in energies o f  activation cannot easily be accounted 
for by favorable strain or geometrical factors present in the 
bicyclic system relative to the acyclic model. Thus, although 
this more com plex mechanism rationalizes the form ation o f 
the two aldehydes 23 and 24, it appears to account neither for 
the ratio o f the two products nor for the energy o f  activation 
for rearrangement o f a substrate, la, that is extremely anal
ogous to lb and 12.

T he thermolysis results recorded in Table II, therefore, 
seem most appropriately interpreted as being the consequence 
o f kinetically com petitive hom odienyl [1,5] and homotrienyl
[1,7] hydrogen migrations. T hat the mode o f opening o f  the 
cyclopropyl ring is kinetically controlled is shown by the fact 
that lb and 12 produce such markedly different ratios o f 
products under identical reaction conditions and by the o b 
servation that one o f the rearrangement products, 24, is stable 
to the reaction conditions. It is possible, therefore, to exclude 
establishment o f  an equilibrium that interconverts 1 and 4a 
(eq 1 ), a possibility that previously had been untested, and the 
intervention o f which would make the reaction subject to 
thermodynamic control. Furthermore, the strong dependence 
o f product ratio upon whether lb or 12 is the substrate for the 
thermolysis conclusively excludes the generation o f common 
intermediates, e.g., 30, that m ight be anticipated were the 
rearrangement to be stepwise in nature and supports the 
contention that the reaction is initiated by transfer o f  the 
endocyclic allylic proton to the carbonyl oxygen in concert 
with irreversible cyclopropyl ring opening.

Our data show the hom otrienyl [1,7] hydrogen migration 
to be kinetically favored over the homodienyl [1,5] process by 
a factor o f  8-10. If it is assumed that the preexponential fac
tors for the two processes are identical, a reasonable as
sumption since the same geometry (see below) appears to be 
required for each reaction, then the [1,7] process is seen to be 
favored energetically by ca. 1 . 8  kcal/mol.

Evaluation o f the basis for the energetic difference between 
the two pathways requires examination o f the geometric and 
electronic features o f  their respective transition states. From 
consideration of molecular models as well as the overall course 
o f the first step o f the rearrangement (eq 1 ), the optimum 
ground state conform ation for reaction is that depicted in 
Figure 1. As shown in Figure 1, the aldehyde moiety essentially 
bisects the [3.1.0] skeleton so that the aldehydic and C - 6  hy
drogen atoms are eclipsed, an orientation m ost conducive to 
double bond formation between their respective carbon atoms. 
This geometry also affords maximum overlap between the 
carbon-carbon bonds o f the cyclopropane ring and the p or
bital o f  the aldehydic carbon atom. An obvious consequence 
o f this molecular geometry is that the endo hydrogen atom at
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Figure 1. Reactive conformer of bicyclo[3.1.0]hex-2-ene-6-erado- 
carboxaldehyde; orbital interactions shown for homo [1,5] (—) and 
homo [1,7] (---- ) hydrogen shifts (see text).

C-3 is transferred to the same lobe o f  the p orbital on oxygen 
independent o f  whether a hom odienyl [1,5] or a homotrienyl
[1,7] hydrogen shift is occurring. The same basic conformation, 
therefore, appears ideal for both modes o f  rearrangement 
observed in the bicyclo[3.1.0]hex-2-ene-6-endo-carboxal- 
dehyde system. According to this analysis, geometric factors 
do not account for the observed regioselectivity.

From the electronic standpoint, both modes o f isomeriza
tion are “ allowed”  pericyclic transformations. As depicted 
with arrows in Figure 1, the hom odienyl reaction can be 
characterized as [„4S +  ^2S] and the homotrienyl process as [„4S 
+  tt2s +  r2a] .34 The two isomerizations alternatively could be 
classified as having transition states corresponding to a Hückel 
(4n +  2 ) and a M öbius (4n) rr-electron array, respectively, 
thereby fulfilling the requirement that thermally allowed 
reactions controlled by orbital symmetry possess aromatic 
transition states.35'36

Unfortunately, use o f an argument based upon the relative 
delocalization energies o f  Hückel benzene and M öbius cy- 
clooctatetraene to explain the preference for the homotrienyl 
process in our system is precluded by the absence o f  both 
theoretical and experimental data on the M öbius system. 
However, an alternate approach yields a clue to the origin o f 
the differences in the energies o f the transition states for the 
two com peting modes o f  rearrangement.

This approach views the two transition states as possessing 
characteristics o f  the corresponding hom odienyl or hom o
trienyl radicals. Although there are no experimental data 
available on the delocalization energies (DE) o f  such radicals, 
the estimated difference in D E between a dienyl and a trienyl 
radical is ca. 5 kcal/m ol in favor o f  the latter species ,37 and 
some portion o f this difference should apply to the corre
sponding homo species. Even if the full 5 kcal/m ol difference 
applied, attenuation o f this value to the 1 . 8  kcal/mol necessary 
to rationalize our results is consistent with the expectation 
that the transition state for hydrogen transfer with concom 
itant ring opening is anticipated to be more reactant- than 
productlike .40

The attenuation o f the energy difference between trienyl 
and dienyl radicals, as measured by the ratios o f  products 
form ed by hom o [1,7] vs. homo [1,5] sigmatropic rearrange
ments in our bicyclic aldehydes, may also be partly a conse
quence o f geometrical factors. As noted by Schäkel and 
K lum pp ,41 the dihedral angle between the endo hydrogen 
atom at C-4 and the bent cyclopropyl bond between C-5 and 
C - 6  is near 0 ° in the bicyclo[3.1.0] system (cf. Figure 1); this 
orientation o f orbitals would appear to be stereoelectronically 
ideal for the simultaneous cleavage o f these bonds, the process 
we believe to be occurring in the hom odienyl [1,5] hydrogen 
shift. A similar analysis o f  the dihedral angle between the p 
orbital at C-2 and the C - l -C - 6  cyclopropyl bond shows this 
angle as well as that between the endo hydrogen at C-4 and 
the p orbital at C-3 to be nonzero and leads to  the conclusion 
that the geometries o f  bonds associated with the homotrienyl

[1,7] process are less than ideal from  a stereoelectronic 
standpoint. The consequence, then, is a narrowing o f the en
ergy gap between the two com peting processes .42

It can be noted in passing that the data o f Table II also 
suggest a slightly greater preference for the homotrienyl 
pathway in lb as compared to 12. A potential rationale for this 
preference may lie in the fact that the 1,5-disubstituted cy- 
clopentadiene initially arising from  the hom otrienyl rear
rangement o f  lb is probably more stable than the 2,5-disub- 
stituted cyclopentadiene resulting from  the corresponding 
process in 12.43 T he relative energies o f  the transition states 
for the homotrienyl rearrangement from lb and 12 may reflect 
this anticipated difference in stabilities o f the products formed 
initially.

In conclusion, the thermal isomerization o f 2-m ethyl- 
and o f  4 -exo-m eth y lb icyclo [3 .1 .0 ]h ex-2 -en e-6 -en do-car- 
boxaldehyde (lb and 12, respectively) leads to a mixture o f 
(E )-2 -m ethyl-and  (jE )-3-m ethyl-2-cyclopenten-l-y lidene- 
acetaldehyde (23 and 24, respectively). A mechanistic analysis 
o f  these rearrangements supports the conclusion that there 
is a direct correlation between orbital energies and relative 
rates o f  closely analogous concerted reactions occurring via 
transition states having essentially identical geometries.

Experimental Section
Infrared spectra (ir) were obtained with a Beckman IR-5A spec

trophotometer. Proton magnetic resonance (JH NMR) spectra were 
recorded with either a Varian Associates A-60 or HA-100 spectrom
eter; all spin decoupling was performed on the HA-100. Chemical 
shifts are reported in parts per million (ppm) downfield from tetra- 
methylsilane at 0.00 ppm. Unless otherwise noted, *H NMR data are 
reported in the following manner: ppm downfield from Me4Si, number 
of protons, multiplicity, absolute number of the coupling constant 
(if measurable), and the carbon atom(s) to which the hydrogen(s) are 
attached (if known). The solvents for JH NMR samples were carbon 
tetrachloride and deuteriochloroform.

All melting points and boiling points are uncorrected with the 
former being taken in open capillaries with Mel-Temp apparatus.

Gas-liquid phase chromatography (GLC) analyses were performed 
with a Varian Aerograph A-90-P3. Helium was used as the carrier gas 
at a flow rate of ca. 60 ml/min unless otherwise noted, and retention 
times were recorded with respect to air. The following columns were 
used: column A, 4 m X 0.25 in., 10% Carbowax 20M on 60/80 mesh 
Firebrick; column B, 4 m X 0.25 in., 30% SE-30 on 60/80 mesh Fire
brick; column C, 1  m X 0.25 in., 15% FFAP on 60/80 mesh Chromosorb 
P (acid washed); column D, 4 m X 0.25 in., 15% FFAP on 60/80 mesh 
Chromosorb P (acid washed); column E, 6 ft X 0.25 in., 3% SE-30 on 
Aeropak 30.

Microanalyses were performed by Chemalytics, Inc., Tempe, Ariz., 
and Galbraith Laboratories, Inc., Knoxville, Tenn.

4-exo-Methylbicyclo[3.1.0]hex-2-ene-6-endo-carboxaldehyde
(lb). Oxidation of 7-Methylbicyclo[2.2.1]hepta-2,5-diene (8b).45
A mixture of anhydrous sodium carbonate (24.3 g, 0.23 mol), dry 
methylene chloride (105 ml), and 7-methylbicyclo[2.2.1]hepta-2,5- 
diene (8b, 1 2 .8  g, 0 .1 2  mol) in benzene (approximately 1 2  ml) was 
cooled to ca. 5 °C, and peroxyacetic acid (40%, 14.5 ml, 0.09 mol), 
which contained anhydrous sodium acetate (0.5 g), was added at such 
a rate as to maintain the temperature below 15 °C. The reaction 
mixture was stirred for 2-3 h at room temperature (negative peroxide 
test) and filtered. After the filter cake was washed with methylene 
chloride, the filtrates were combined, dried, and concentrated in 
vacuo. The residue was fractionally distilled to give 6 .8  g (62%) of a 
mixture of exo-methyl aldehyde, lb, bp 74-77 °C (30 mm), and two 
endo epoxides.11

Spectral data: !H NMR of mixture, four methyl doublets centered 
at b 1.1 and 0.9 (exo aldehyde) and 1.0 and 0.83 (endo epoxides); ir 
1692 cm-1.

4-exo-Methyl-6-en<?o-hydroxymethylbicyclo[3.1.0]hex-2-ene.
To a stirred slurry of lithium aluminum hydride (0.53 g, 14 mmol) in 
anhydrous ether (50 ml) was added the mixture from (6.8 g, 56 mmol) 
in anhydrous ether (25 ml). Hydrolysis was accomplished by the 
successive addition of water (1.6 ml), 15% sodium hydroxide (0.5 ml), 
and water (0.5 ml). The reaction mixture was filtered, and the filter 
cake was stirred with hot ethyl acetate and refiltered. The filtrates 
were combined and concentrated in vacuo. The light-colored residue 
was distilled to give 5.7 g (84%) of product alcohols, bp 6 8 -8 8  °C (10
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mm). The desired 4-exo-methyl alcohol was isolated by column 
chromatography with silica gel. Elution (100-ml fractions) was ac
complished in the following manner.

Fractions 1-8, benzene, discard; 9-17, benzene-ether, 95:5, pre
sumed endo epoxides (0.33 g); 18-20, benzene-ether, 95:5, 0.15 g of 
product. At this point the column was dismounted and its contents 
were extracted with ethyl acetate. The extracts were combined and 
concentrated in vacuo to give 4.3 g of the pure alcohol as established 
by GLC analysis (column A, 100 °C; column C, 100 °C; column E, 90 
°C).

Spectral data: >H NMR 8 5.70 (2 H), bs [vinylic H]; 4.31 (1 H), bs 
[OH]; 3.30 (2 H), d, J =  7 Hz [-CH20]; 2.6-1.9 (2 H), bm [Cj-C., H[; 
1.56-1.12 (2 H), m [C5-C 6 H[; 1.0 (3 H), d, J  = 7.0 Hz [CH3]; ir 3400 
cm- 1  [OH].

Anal. Molecular ion, m /e 124.0889 (calcd for CsHi20, 124.0888). 
Calcd for C8H 120: C, 77.38; H, 9.74. Found: C, 77.60; H, 9.66.

Conversion of the 4-exo-methyl alcohol to its acetate was accom
plished by addition of the alcohol (0 .1 g, 8 mmol) to a solution of acetic 
anhydride (4 g, 40 mmol) in anhydrous pyridine (4 ml). After workup, 
the acetate was purified by vacuum line transfer (0 .0 0 1 mm, 25 °C) 
and was found to be homogeneous by GLC analysis (column A, 100 
°C; column C, 90 °C; column E, 90 °C).

Spectral data: *H NMR <5 5.6 (2 H), bs [vinylic H]; 3.81 (2 H), d, wfs, 
J  = 7.5 Hz [-CH20[: 2.6-1.9 (2 H), bm [C1-C 4 H[; 1.6-1.2 (2 H), m 
[C5-C<i H]; 1.92 (3 H), s [CH3C = 0 ]; 1.03 (3 H), d, J  =  7.0 Hz 
[CH3C4[.

4-exo-Methylbicyclo[3.1.0]hex-2-ene-6-endo-carboxaldehyde 
(lb). The 4-exo-methyl alcohol (0.62 g, 5 mmol), dissolved in meth
ylene chloride, was added dropwise (10-15 min) to a suspension of 
Collins’ reagent14 (10 g, 36 mmol) in anhydrous methylene chloride 
(200 ml). The reaction mixture was allowed to stir for an additional 
30 min and was filtered. The dark filtrate was washed successively 
with water, 0.3 N hydrochloric acid, and saturated brine solution and 
concentrated in vacuo. The light brown residue was purified by vac-‘ 
uum line transfer to yield 0.38 g (62%) of aldehyde which was found 
to be subject to polymerization at room temperature.

Spectral data: ‘ H NMR for lb  6 9.12 (1 H), J  =* 6.5 Hz, d [H C=0];
5.91 (2 H), unresolved t [vinylic H]; 2.86 (1 H), dq, w fs ,J H  c h 3 = 7-0, 
J 45 = 0-2.5 Hz [C4 H[; 1.45-2.7 (3 H), m [Ci, C6, C6 H]; 1.1 (3 H), d, 
J =  7.0 Hz [CH3], Ir 1692 cm“ 1 [C=0[. :H NMR for 7 8 6.26 (1 H), m 
[C6 HI; 5.67 (1 H), m [C3 H[; 5.16 (1 H), m [C7 H]; 4.95 (1 H), t, J  = 6 
Hz [C4 H[; 4.42 (1 H), bs [Ci H[; 2.0-2.65 (2 H), m [C5, C8 H[; 0.87 (3 
H), d, J  = 7 Hz [CH3],

At ambient temperatures, the ratio of lb  to 7 was found to be 3:1 
by integration of the respective methyl doublets.

2-Methylbicyclo[3.1.0]hex-2-ene-6~endo-carboxaldehyde (12).
6-endo-Hydroxy methylbicyclo[3.1.0]hex-2-ene. Bicyclo-
[3.1.0]hex-2-ene-6-eredo-carboxaldehyde (la,6 12.6 g, 117 mmol) was 
reduced with lithium aluminum hydride (1.11 g, 29.2 mmol) according 
to the procedure described above. Distillation provided 8.1 g (87%) 
of the alcohol, bp 83-85 °C (13 mm).

Spectral data: 'H NMR 8 5.58 (2 H), tt [vinylic H]; 3.83 (1 H), bs 
v [OH); 3.32 (2 H), d, J 6 7 = 7.5 Hz [C7 H[; 2.8-0.9 (5 H), m [Ci, C4, C5, 
C6 H];ir 3450 cm“ 1 [OH].

6-endo-Benzyloxymethylbicyclo[3.1.0]hex-2-ene (13). Ben- 
zylation was accomplished by a modification of the procedure of Tate 
and Bishop.46 The alcohol 10 (8.1 g, 81 mmol) was added dropwise 
over ca. 10 min to a slurry of sodium hydride (5.6 g, 260 mmol) and 
anhycrous benzyl chloride (130 ml). After the addition was complete, 
the reaction mixture was heated to 120 °C and stirred for 3 h. After 
filtration of the reaction mixture and extraction of the filter cake with 
hexane, the combined filtrates were concentrated under reduced 
pressure. Fractional distillation of the residue afforded the product 
(89%), bp 88-90 °C (0.5 mm), which was contaminated with a small 
amount of benzyl chloride (GLC analysis, column E, 150 °C).

Spectral data: >H NMR 6 7.2 (5H), s [ArH[; 5.7-5.32 (2 H), m [vi
nylic H[; 4.36 (2 H), s [-CH2Ar[; 3.21 (2 H), d, J  ~  7 Hz [CH20[;
2.43-0.9 (5 H), bm [remaining H[.

6-ejido-Benzyloxymethylbicyclo[3.1.0]hexan-3-ol (14) and
6-enG1o-Benzyloxymethylbicyclo[3.1.0]hexan-2-ol (15). Diborane 
was produced by the dropwise addition of sodium borohydride (9.7 
g, 256 mmol) in diglyme (270 ml) to a solution of boron trifluoride 
etherate (65.5 ml, 512 mmol) in diglyme (60 ml).47 The diborane 
generated was carried via a stream of nitrogen into an ice-cold solution 
of the alkene (113.5 g, 567 mmol) in anhydrous THP (250 ml).

The reaction mixture was stirred for 10 h at room temperature and 
then was hydrolyzed by successive addition of water (55 ml), 3 N so
dium hydroxide (88 ml), and 30% hydrogen peroxide (88 ml), while 
the temperature was maintained at 30-50 °C. Ether (200 ml) was 
added, and the reaction mixture was stirred for an additional 1 hr. The

ethereal layer was decanted, and the aqueous layer was extracted with 
ether. The organic extracts were combined, dried (MgS04), and 
concentrated (aspirator) to yield 121.3 g (98%) of an oily residue which 
was not further purified: 1H NMR, no vinylic protons.

6-endo-Benzyloxymethylbicyclo[3.1.0]hex-3-one (16) and
6-en</o-BenzyloxymethyIbicyclo[3.1.0]hex-2-one (17). The al
cohols 14 and 15 (121.3 g, 567 mmol), dissolved in anhydrous pyridine 
(114 ml), were added in one portion to a mixture of chromic anhydride 
(114 g, 1.14 mol) and pyridine (1200 ml)23 contained in a 2-1. Erlen- 
meyer, and the reaction mixture was stirred for 12 h. Ethyl acetate 
(500 ml) was added to precipitate the chromium salts. After an ad
ditional 0.5 h of stirring, the reaction mixture was filtered through 
a bed of Celite, and the filtrate was concentrated in vacuo to a volume 
of ca. 150 ml. The concentrate was dissolved in ether and washed 
successively with 3 N hydrochloric acid, 5% sodium bicarbonate, and 
brine solution. The ethereal extracts were dried (MgS04) and con
centrated under reduced pressure. The light-colored residue was 
distilled through a 1 0 -cm Vigreux and the fraction with bp 102-130 
°C (0.01 mm) was collected, 113 g (94%). However, this fraction was 
contaminated with some low-boiling components and contained ap
proximately a 2:1 mixture of 16 (3-one) to 17 (2-one) as shown by GLC 
analysis (colunm E, 175 °C).

By repeated fractional distillation, the major product (16) was 
obtained in greater than 90% purity, 20 g, bp 130-131 °C (0.01 mm); 
the boiling point of 17 was higher, 132-137 °C (0 .0 1 mm).

Separation of the two ketones was also effected by column chro
matography on silica gel (50 g per gram of crude ketone) when the 
column was eluted in the following manner (1 0 0 -ml fractions).

Fractions 1 - 6 , benzene, discard; 7-9, benzene-ether (90:10), discard; 
10-11.5, benzene-ether (85:15), 3-one (1.2 g); 11.5-12.5, benzene-ether 
(75:25), mixture of 3-one and 2-one (0.2 g) (2:1); 12.5-14, benzene- 
ether (75:25), 2-one (0.26 g).

Spectral data: *H NMR of 16 5 7.2 (5 H), s [ArH]; 4.35 (2 H), s 
[benzylic H[; 3.21 (2 H), d, J  ^  7.5 Hz [CH20[; 2.41 (2 H), dd, wfs, Jsem 
c* 22.4, Ai*gem ^  22.4, Jvic ^ 5 H z  [exo C2, C4 H); 2.03 (2 H), d, J gem 
= 19.5, Jv¡c =  O H z [endo C2, C4 H[; 1.9-0.9 (3 H), m [cyclopropyl 
H[.

Anal. Molecular ion, m /e 216.1146 (calcd for Ci4Hi602, 216.1150). 
Calcd for Ci4H 160 2: C, 77.75; H, 7.46. Found: C, 77.59; H, 7.75.

Spectral data: *H NMR of 17 8 7.21 (5 H), s [ArH]; 4.43 (2 H), s 
[benzylic H[; 3.47 (2 H), bd, J  =4 7.5 Hz [CH20]; 2.4-1.2 (7 H), bm 
[remaining H[; ir (mixture) 1739 [3-one], 1723 cm - 1  [2-one].

2-Hydroxy methylenc-6-endo-benzyloxy methyl bicycjo-
[3.1.0]hex-3-one. A modification of the procedure of Weisenborn, 
Remy, and Jacobs was used for hydroxymethylation,48 Anhydrous 
benzene (500 ml), purified ethyl formate (33 g, 45 mmol), and sodium 
hydride (4.35 g, 180 mmol) were combined, and the ketone 16 (19.2 
g, 89 mmol), dissolved in benzene (100 ml), was added dropwise. The 
resulting reaction mixture was allowed to stir under a static nitrogen 
atmosphere for 2 days. Excess sodium hydride was destroyed by ad
dition of methanol (20 ml) in ether (100 ml). Water was added until 
all suspended solids were in solution, and the organic layer was de
canted. Following extraction of the aqueous layer with ether, it was 
neutralized (pH 5) with 6 N hydrochloric acid and extracted with 
ether. The ethereal layer was washed with saturated brine, dried 
(Na2S04), and concentrated to give an oily residue (21.7 g, 98%) that 
was used without further purification.

Spectral data: ir 3560-2500 and 1725-1640 cm“ 1 [hydroxymetljy- 
lene ketone].

2-Hydroxymethyl-6-ejido-benzyloxymethylbicyclo[3.1.0]- 
hex-2-ene (18) and 2-Methylene-6-endo-benzyloxymethylbi- 
cyclo[3.1.0]hexan-3-ol (19). The hydroxymethylene ketone (21.8 
g, 89 mmol) in anhydrous ether (100 ml) was added dropwise to a 
slurry of lithium aluminum hydride (8.64 g, 220 mmol) in anhydrous 
ether (11.). After the addition was complete, the reaction mixture was 
stirred and heated at reflux for 8 h. Hydrolysis and workup yielded 
10 g (49%) of an oily mixture of the alcohols 18 and 19 which resisted 
further purification.

Spectral data: ‘H NMR 8 5.1 [1 H], m [vinylic H]; ir 3420 [OH], 1653 
and 1625 cm“ 1 [C=C],

2-Chloromethyl-6-en</o-benzyloxymethylbicyclo[3.1.0]- 
hex-2-ene. The crude alcohols 18 and 19 (10 g, 43 mmol) in ether (25 
ml) were added dropwise to a stirred solution of purified thionyl 
chloride (6.62 g, 55.6 mmol) and anhydrous ether (25 ml). After stir
ring the solution for 1  h, the ether was removed under reduced pres
sure, and the residue was subjected to a vacuum of 0 .0 1 mm to remove 
trace amounts of volatile impurities. The crude product was used 
immediately in the next step: ir, disappearance of OH stretch.

2-Methyl-6-endo-benzyloxymethylbicyclo[3.1.0]hex-2-ene. 
The procedure of White and Gupta27 was modified by the use of tet-
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rahydrofuran rather than diisopropyl ether as solvent. The chloride(s) 
from above (0.043 mmol) was reduced with lithium aluminum hydride 
to yield, after short-path distillation, 3.8 g (41%) of products, bp
89-130 °C (0.08 mm), which was used directly in the next step.

Spectral data: 'H NMR b 7.21 (5 H), s [ArH]; 5.2-4.9 (1 H), bm 
[vinylic H]; 4.38 (2  H), s [OCHa]; 1.75 (3 H), bs [allylic methyl).

2-Methyl-6-endo-hydroxymethylbicyclo[3.1.0]hex-2-ene. The 
benzyl ether (3.8 g, 14.8 mmol) in anhydrous ether (10 ml) was added 
to 300 ml of liquid ammonia. Sodium (1.2 g, 50 mg-atoms) was added, 
and the reaction mixture was stirred for ca. 30 min. The deep blue 
color was discharged by the dropwise addition of methanol, and the 
ammonia was allowed to evaporate.

Pentane (50 ml) and water (100 ml) were added to the residue, and 
the layers were separated. The aqueous layer was extracted with ether, 
and the organic extracts were combined, washed with saturated brine 
solution, dried (sodium sulfate), and concentrated. The residue was 
distilled to give 1.7 g of a colorless liquid, bp 65-99 °C (10 mm). The 
liquid was purified by GLC (column C, 100 °C) to give 420 mg of 
product (44%).

Spectral data: ‘ H NMR 6 5.33-5.00 (1 H), m [vinylic H[; 3.81 (1 H), 
bs [OH]; 3.31 (2 H), m [CH20]; 1.8-1.6 (3 H), m [allylic methyl]; 0.8-2.7 
(5 H), m [remaining H],

2-Methylbicyclo[3.l.0]hex-2-ene-6-endo-carboxaldehyde (12).
2- Methyl-6-endo-hydroxymethylbicyclo[3.1.0]hex-2-ene (0.21 g, 2 
mmol) was oxidized with Collins’ reagent14 (3.3 g) in methylene 
chloride according to the procedure described previously. The alde
hyde 12  was purified by vacuum transfer (0 .0 0 1 mm) at room tem
perature to give 65 mg of crude product, estimated to be ca. 80% pure 
by *H NMR analysis.

Spectral data: 4H NMR 1 9.2 (1 H), d, J  =* 6.5 Hz [CHO]; 5.4 (1 H), 
m [vinylic proton]; 1.8 (3 H), m [allylic methyl]; 2.8-0.8 (5 H), bm 
[remaining H].

4H NMR for 7-methyl-2-oxabicyclo[3.2.1]octa-3,6 -diene (22): b 5.95 
( 1  H), m [C6H]; 5.71 ( 1 H), m [C3 H]; 5.0 ( 1  H), m [C4H]; 4.6 ( 1  H), m 
[Ci H]; 1.9 (3 H), m [allylic methyl]; 2.8-0.8 (2 H), m [C5, Cs H].

(E )- and (Z)-2-Methyl-2-cyclopenten-l-ylideneacetaldehyde 
(23 and 25). Diisopropylamine (2.0 g, 0.02 mol) in ether (10 ml) was 
slowly added to an ice-cold solution of anhydrous ether (40 ml) and 
methyllithium (11.8 ml of 1.7 M in ether, 0.02 mol). Acetaldehyde 
cyclohexylimine28 (2.5 g, 20 mmol) in ether (5 ml) was added, the re
sulting solution was cooled to -7 8  °C, and 2 -methyl-2 -cyclopenten-
1 -one49 (1.9 g, 20 mmol) in ether (10 ml) was added dropwise. The 
reaction mixture was allowed to warm to room temperature and was 
stirred for 12 h. Hydrolysis of the reaction mixture, followed by con
centration of the organic layer provided 3.3 (75%) of the hydroxy imine 
27 as a viscous oil.

A portion of this oil (1.0 g, 4.5 mmol) was dissolved in ether (50 ml), 
and the ethereal solution was added to oxalic acid ( 10  g) and water 
(50 ml); the mixture was rapidly steam distilled. The distillate was 
saturated with salt and extracted with ether. The extracts were dried 
(Na2S04) and concentrated under reduced pressure. Low temperature 
crystallization (approximately —78 °C) from ten volumes of ether 
provided 0.3 g (55%) of the desired aldehydes. GLC analysis (column 
C, 135 °C) revealed the presence of a two-component mixture with 
overlapping peaks with the minor isomer 25 being eluted first. The 
ratio of 23 to 25 was approximately 92:8.

Spectral data: 'H NMR (HA-100) & 9.78 (1 H), d: J  = 7.5 Hz [CHO];
6.00 (1 H), bs [vinylic H of cyclopentene ring]; 5.76 (1 H), dt wfs, J  =
7.5, 2 Hz [vinylic H of exo-methylene]; 2.70 (2 H), 6 -line m [H at C-5 
of cyclopentene ring]; 3.20 (2 H), 6 -line m [H at C-4 of cyclopentene 
ring]; 1.57 (3 H), 6 -line m [CH3j.

(E )- and (Z)-3-Methyl-2-cyclopenten-l-ylideneacetaldehyde 
(24 and 26). A mixture of the aldehydes 24 and 26 was prepared from
3- methy]-2-cyclopenten-l-one50 (20 mmol) in an overall yield of 57% 
by the procedure previously described for the preparation of 20  and
2 2 . Low temperature crystallization at ca. —78 °C from ten volumes 
of ether provided the two aldehydes as a low-melting (ca. 25 °C) solid 
which polymerized readily upon exposure to air. GLC analysis (col
umn C, 132 °C) indicated that the ratio of 24 to 26 was approximately 
60:40.

Spectral data: 4H NMR of 24 b 9.75 (1 H), d, J  7.0 Hz [aldehydic 
H]; 6.16-6.02 (1 H), m [vinylic H of cyclopentene ring]; 5.92-5.68 (1 
H), m [vinylic H of exo-methylene]; 3.18-2.38 (4 H), m [CH2 of cy
clopentene ring]; 2.05 (3 H), bs [CH;j], 4H NMR of 26 b 9.81 (1 H), d, 
J  ^  7.0 Hz [aldehydic H]; 7.00-6.80 ( 1 H), m [vinylic H of cyclopen
tene ring]; 5.68-5.50 (1 H), m [vinylic H of exo-methylene]; 3.18-2.38 
(4 H), m [CH2 of cyclopentene ring]; 2.05 (3 H), bs [CH3],

Thermal Rearrangements and Product Analyses. Thermolyses 
of lb, 12, and 23 were conducted on degassed samples contained in 
sealed Pyrex glass ampules which were heated in an aluminum-tube

oven controlled by a variable transformer. The temperature of the 
oven fluctuated by no more than 3-4 °C during the course of ther
molysis once equilibrium temperature had been established.

Thermolysis of 4-exo-Methylbicyclo[3.1.0]hex-2-ene-6- 
ent/o-carboxaldehyde (lb). The thermolyses were conducted on 
dilute, degassed solutions of lb (0.5%) in hexane-tetrahydrofuran 
(10:1). The thermal rearrangements were conducted at 130 ±  3 and 
160 ±  4 °C for 48 and 12 h, respectively.

After opening of the ampules and removal of solvent, the oily res
idue was purified by vacuum line transfer at room temperature (0.0 01  
mm) to provide 23 and 24 in a yield of 90%. Analysis of the purified 
products was accomplished by GLC (column C, 140 °C). The products 
were shown to be identical with authentic samples by comparison of 
relative GLC retention times. Furthermore, the 4H NMR spectrum 
of the mixture resulting from the thermolysis of lb at 130 °C was 
found to be virtually superimposable with the spectrum of an au
thentic sample of the 2-methyl aldehyde 23.

Degradation of the Thermal Rearrangement Products 23 and 
24. The mixture of rearranged aldehydes 23 and 24 (325 mg, 2.66 
mmol) in 5 ml of ethyl acetate was hydrogenated over 10% palladium 
on charcoal (30 mg). After 1 equiv of hydrogen had been consumed, 
the solution was filtered and the filtrate was concentrated to give the 
a,d-unsaturated aldehydes (324 mg) in a yield of 98%.

A solution of these aldehydes (324 mg, 2.61 mmol) in chloroform- 
methanol was ozonized at -1 0  °C. The ozonolysis mixture was acid
ified with glacial acetic acid and reduced with excess potassium iodide 
solution. After reduction of liberated iodine with sodium thiosulfate, 
and extraction of the aqueous layer with pentane, the organic extracts 
were combined, dried (MgS04), and concentrated at -1 0  °C under 
aspirator vacuum to yield a mixture of 2- and 3-methylcyclopentanone
(29). Preparative GLC (column D at 10 0  °C) provided pure samples 
of the ketones. The ir spectra of these products were superimposable 
with the ir spectra of authentic samples.51 GLC retention times of 
these products were identical with those of authentic samples.

Thermolysis of 2-Methylbicyclo[3.1.0]hex-2-ene-6-eiido- 
carboxaldehyde (12). A degassed solution of 12 in hexane-tetra
hydrofuran (10:1) was heated at 130 °C for 48 h. Removal of the sol
vent and purification of the residue by vacuum line transfer provided 
the two rearrangement aldehydes 23 and 24 which were quantitated 
by GLC (column C, 140 °C).

Thermolysis of 3-Methyl-2-cyclopenten-l-ylideneacetal- 
dehyde (24). A degassed solution of 24 (0.5%) in hexane-tetrahy
drofuran was heated at 135 °C for 12 h. This resulted in the formation 
of a small amount of polymer, but in no isomerization to 23 as evi
denced by GLC analysis (column C, 140 °C).
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In methanolic solution, 2,6-dinitro-4-trifluoromethylsulfonylanisole (4a) gives a Meisenheimer 1 ,1 -dimethoxy 
adduct 6a which is completely formed in a solution with methoxide ion concentration as low as 5 X 10- 4  M. The ki
netics of formation and decomposition of 6a have been studied between pH 4 and 13.5 by using buffer solutions. 
Whereas the reaction 4a + CH30~ -► 6a is the only one observed above pH 12, the formation of 6a arises partly 
from the attack of a methanol molecule on the parent ether 4a between pH 10 and 11. Ths is apparently the first 
report of this kind in the field of benzenic Meisenheimer complexes. At pH >14.2, i.e., in methanolic solutions of 
potassium methoxide 3 X 10- 3  -  0.2 M, the formation of the transient 1,3-dimethoxy adduct 5a precedes that of 
6a. The kinetic and thermodynamic parameters for formation and decomposition of 5a and 6a are compared with 
data obtained in this work for the analogous 1,3 and 1,1 adducts 5b and 6b derived from 2,6-dinitro-4-methylsul- 
fonylanisole 4b as well as with data previously reported for the trinitro 1,3 and 1,1 adducts 9 and 8. The results em
phasize the much greater stabilizing effect exerted by the SO2CF3 group on the Meisenheimer adducts as compared 
with that of the nitro and methylsulfonyl groups. The adducts 5a and 6a are in fact the most stable benzenic 1,3 and
1,1 adducts yet observed in methanol. The dimethyl sulfoxide influence on the reactions is also discussed.

N M R  studies have shown that the reaction o f various sub
stituted 4-X-2,6-dinitroanisoles 1 with m ethoxide ion in 
M e2SO initially yields the 1,3 complex 2 which is subsequently

a comprehensive kinetic and thermodynamic analysis o f  the 
formation and decom position o f 5a and 6a in m ethanol and 
m ethanol-M e2SO mixtures. Following a preliminary com -

converted into the thermodynamically more stable 1 , 1  com 
plex 3.2 -5  K inetic studies o f  this interaction in m ethanol- 
M e2SO mixtures allowed a better understanding o f its 
mechanism .6’7 Decreasing the M e2SO content in the mixtures 
results in a dramatic decrease in the stability and the lifetime 
o f 1,3 complexes which are thus less easily observed in m ix
tures rich in methanol.6-8  As could be expected, the minimum 
M e2SO amount necessary to their detection is, however, de
pendent to a large extent on the electron-withdrawing power 
o f the X  substituent. Whereas 1,3 complexes form ed from
4-fluoro- and 4-chloro-2,6-dinitroanisoles6a are only observ
able in mixtures with >70%  M e2SO by weight, those formed 
from 2,4,6-trinitroanisole7 and 3,5-dinitro-4-m ethoxypyri- 
dine6c (considered to be a 4-aza-2,6-dinitroanisole) can be seen 
in pure methanol despite very short half-lives o f  about 0 . 1 0  

and 0.40 s, respectively, at 25 °C.
The Ham mett a parameters determined for the SO 2CF 3 

group from p K a measurements on anilines, phenols, and 
benzoic acids containing this substituent indicate that it is the 
strongest neutral electron-withdrawing group which has ever 
been studied .9 This is clearly reflected in nucleophilic aromatic 
substitution reactions. Both l-chloro-2-nitro-4-trifluoro- 
methylsulfonyl- and l-chloro-4-nitro-2-trifluorom ethylsul- 
fonylbenzenes react faster than does l-ch loro -2 ,4-dinitro
benzene with nucleophiles such as methoxide ion or amines.10 

In view o f these findings, we could reasonably expect the re
action o f methoxide ion with 2,6-dinitro-4-trifluorom ethyl- 
sulfonylanisole to give a 1,3 com plex as well as a 1,1 com plex 
which are more stable than the respective com plexes o f less 
activated substrates. This is, o f course, o f interest with respect 
to general implications o f  the formaton o f such species in 
nucleophilic aromatic substitution reactions. 1 1  As a contin 
uation o f our work in this area, we have therefore carried out

0CH3 OCH,

0 ,N - -NO, o,N. -NO, 0 ,N -
c h 3o ^ . o c h 3

so2cx3
T OCH3 
S 0 2CX3 S 0 2CX3

X = F 4a 5a 6a

X = H 4b 5b 6 b

munication , 12 we now report detailed results and additional 
data for this study. For the purpose o f  comparison, we report
also rate and equilibrium data for the reaction o f m ethoxide 
ion with 2,6-dinitro-4-methylsulfonylanisole (4b) in the same 
mixtures.

Results

2,6-Dinitro-4-trifluoromethylsulfonylanisole (4a). A.
1,1-Complex Formation in Methanol. The reaction o f 
methoxide ion with 4a in methanol results in the immediate 
formation o f the yellow-colored 1 , 1  adduct 6a, the absorption 
spectrum o f which is shown in Figure 1 (Xmax 465 nm, e 15 300 
M - 1  cm -1 ). At this wavelength, the parent m olecule has 
negligible absorption. The form ation o f 6a, which was iden
tified by N M R  spectroscopy ,5 appears, in fact, to be complete 
in a solution with methoxide ion concentration as low as 5 X 
10- 4  M. W e had, therefore, to use buffer solutions in the range 
pH 4-13.5 to carry out a comprehensive study o f the formation 
and decomposition o f 6a. The buffer solutions were prepared 
from various carboxylic acids and phenols AH  and made up 
so as to give a total ionic strength o f 0.01 M  from the buffer 
species A -  alone without any added neutral salt. As we have 
shown previously ,13 the mean activity coefficient 7 ± could 
then be calculated by using a simplified D ebye-H ückel type 
equation (log 7 ± = —Bz2 V p ) , thus allowing the hydrogen ion 
concentration [H+] o f the methanolic solutions to be deduced 
from the measured activity an+ o f  the solvated proton ([H +] 
=  a H + / y ± ) .  The pH values are relative to the standard state 
in methanol.

A plot (not shown) o f the variations at 465 nm o f the optical 
density obtained at equilibrium as a function o f  pH shows that
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Figure 1. Absorption spectra of complexes 5a and 6a in methanol.

the 1 ,1  complex 6a is half formed at pH 1 0 .6 8 .  In view of the 
relatively high value of the coefficient B in methanol13 (B =
1 . 8 0 ) ,  this pHi/2 value corresponds to the pKa value for the 
formation of 6a (eq 1 )  at g = 0 . 0 1  M. Assuming y<ia ca 1 in eq 
2, which is here a reasonable assumption, the thermodynamic 
pKa value at zero ionic strength was determined by a Debye- 
Hückel extrapolation from similar pHi/2 measurements at g 
= 2.5 X 1 0 - 3 ,  5 X 1 0 - 3 ,  and 2 X 1 0 “ 2 M: pA a4a = 1 0 .9 0  ±  
0 . 0 3 .

4a +  CH3OH ïs 6a +  H+ K a = (1)
Û 4a

pAa = pH 1/2 - l o g ^  (2)
74a

Employing the stopped-flow method as well as conventional 
methods, we have investigated the kinetics of the formation 
and decomposition of 6a at 465 nm. In all cases, the appear
ance or disappearance of 6a was a clear first-order process. 
The pH dependence of the observed first-order rate constant 
&obsd for the combined formation and decomposition of 6a is 
shown in Figure 2. Variation of buffer concentration at con
stant pH did not significantly change the value of k ohsd with 
experimental error, indicating the absence of catalysis by 
buffer, at least at the low concentrations used. In addition, a 
smooth pH-rate profile was obtained despite the fact that 
buffers of varying chemical types were used, showing as ex
pected in methanol that buffer species (particularly phenoxide 
anions) do not react with 4a. We have observed essentially 
similar behavior in the case of 2,4,6-trinitroanisole (7),14 and
2,4-dinitro-5-methoxythiophene and -selenophene (10 and
12)15 (see structures in discussion).

The rate constant &0bsd reflects the rate of approach to 
equilibrium between 4a and 6a and is the sum of the indi
vidual pseudo-first-order rate constants kf and k<j, respec
tively, for the formation and decomposition of 6a. As shown 
previously,15’16 kf and kc\ for such a system may be calculated 
from eq 3 and 4 where an+1/2 = 10-pHi/2.

, ^obsd /0\k [=  — ------------  (3)

a H + i/2

kd = ---------------  (4)
l  J a H+l/2 

a  h +

Complete data are graphically represented in Figure 3, 
which shows the pH dependence of kf and kd.

As those observed for 7, 10, and 12’ 4-15 as well as for 4,6- 
dinitro-7-methoxybenzofurazan (14)lc (see structure in dis
cussion), these pH-rate profiles fit very well to equations of 
the form

kf = +  ¿ 2 [CH 30~ ] = (5 )
a H + 7 ±

k A =  k - 1[H +] +  k - 2 =  ^ ^  +  k - 2 (6)
7±

pH
Figure 2. The pH dependence of fe0bsd (s-1) for the formation and decomposition of the adduct 6a in methanol: 20 °C, n = 0.01 M.
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Figure 3. The pH dependence of kf (s *) and fed (s 11 for the formation and decomposition of the adduct 6a in methanol: 20 “C, n -  0.01 
M.

Scheme A shows the reactions to which the various con
stants refer, viz., fe1 CHs°H and k 2 represent attack o f 4a by 
methanol and methoxide ion, respectively, while k -\  and k - 2 
refer to H +-catalyzed and spontaneous decom position o f 6a, 
respectively. The various rate coefficients have been easily

Scheme A
£ OH (OH

4a +  CH:,OH » 1 ' ~ 6a +  H+ (7)

_ k.,

4a +  CH;iO  ̂ ■— 6a (8)
'*’-2

determined from the two linear portions o f each o f fef and fed 
pH -rate profiles (high and low pH  regions o f  each, respec
tively). W e thus obtain fejCHsOH = 5 X 10- 5  s -1 , fe _ i =  1.66 X 
10fi M - 1  s-1 , fe2 =  141 M " 1 s " 1, k - 2 =  1.17 X H T 4 s - 1  ( K s =
10-16.86 at 20 °C 13).

Inserting these values into the expression given by eq 9 for 
fe„bsd, we see that at low pH  (pH <9), fe0bsd = fedi i.e., only the 
reverse reaction 6a + H + —► 4a +  CH :iOH is im portant while 
above pH 12 fe„bs<l = kf, i.e., only the reaction 4a +  CH 3O -  —»• 
6a is important. This is in agreement with our experimental 
results. In the intermediate pH range, values o f the terms 
k 2K j a y i + y ±  and/or k - i a n + /y ±  cannot be neglected relative 
to the sum fe_ 2 +  k iCH'J°H so that no plateau appears in the 
experimental pH profile (see Figure 2 ).

feobsd = +  k - 2 +  k .ch .oh +  M l  (9 )
7± flH+7±

The formation o f the adduct 6a has also been studied in 
dilute solutions o f  potassium m ethoxide 5 X 10-4 -3  X 10- 3  

M , keeping the ionic strength /u constant at 0.01 M  by adding 
NaBr as necessary. In this case, only the reaction 8  occurs and 
the observed first-order rate constant fe0bsd is given by the 
reduced equation

feobsd = k - 2  +  &2 [CH:;0 _ ] ( 1 0 )

A  plot o f  fe0bsd against the methoxide ion concentration 
afforded a good straight line with a slope equal to k 2 and an 
intercept equal to k - 2. As expected from the data obtained 
in buffer solutions, the intercept was, in fact, not distin
guishable from zero and did not allow a new estimation o f k - 2. 
In contrast, a nice agreement was observed between the value 
o f 150 M _1 s'"1 so obtained for k 2 and that determined (141 
M _1 s-1 ) from the pH profile o f  Figure 3 (see Table I).

B. 1,3-Complex Formation in Methanol. When the 
methoxide ion concentration was greater than 3 X 10~3 M, the 
oscilloscope pictures revealed that the appearance o f 6a is 
preceded by the much faster formation o f a therm odynam i
cally less stable species which is com pletely form ed in a so
lution o f potassium m ethoxide 0.20 M. In view o f previous 
results in analogous systems,2̂ 1 there was little doubt that this 
species, which shows an absorption band at 430 nm (e 14 000 
M _1 cm -1 ), was the 1,3 adduct 5a (Figure 1). W e have, in fact, 
recently confirm ed the structure o f  this transient 1,3 adduct 
by N M R  spectroscopy in M e2SO -d 6-5

Scheme B

Scheme B describes the interaction which consists o f  two 
separated steps. The first step is the fast equilibration between 
4a and 5a. Assuring pseudo-first-order conditions with an 
excess o f the methoxide reagent (concentration range o f 5 X 
10- 3-0 .2  M ) the observed first-order rate constant fe'(,bsd for 
this process is given by eq 1 1 .

k'obsd = k - 3 +  fe3 [CH 30 - ] ( 1 1 )

Values o f k 3 and k - 3 were easily obtained from a plot o f  k '„bsd 
vs. [CH30 - ], which is linear: k 3 =  750 M - 1  s-1 , k - 3 =  25 s-1 . 
W e calculated the equilibrium constant K 3 = 30 M - 1  from K :i
= k 3/ k - a.
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Table I. Rate and Equilibrium Constants for the Formation and Decomposition of Benzenic or Heterocyclic gcm- 
Dimethoxyl Complexes 6a, 6b, 8, 11, 13, and 15 in Methanol at 20 °C

6aa 6b° 8 l l d 13d 15e

k 2, M-1 s- 1 141 1.75 11.86 28.2 71 2.52 X 105
fc_9, S“ 1 1.17 X 10-4 1.68 X 10-2 6.05 X 10-4 6 7.8 X 10-5 1.04 X 10-5 4.9 X 10-6AqCHsOH S- 1 5 X 10-5 1.50 X 10-7 1.80 X 10-6 c 10 -7 5.75 X 10-7 4.46 X 10-3
6 - ! H+, M-1 S- 1 1.66 X 106 4.7 X 107 2.9 X 106 c 1.05 X 104 2.65 X 103 1.7 X 103
p K a 10.68 14.86 12.586 11.16 9.86 5.93

° This work. b Calculated at 20 °C from data in ref 4b. ' Reference 14. d Reference 15. p Reference 16.

The second step is the slow equilibrium formation o f  the 
stable 1,1 adduct 6a from the molecule which is considered to 
be in instantaneous equilibrium with 5a. As previously 
shown ,6’7 the pertinent expression for the corresponding ob 
served first-order rate constant fe"0bsd is given by

obsG = k -
fe2 [CH 3Q -]

i  +  k 3 [c h 3o -
( 1 2 )

Neglecting &_2, which is small compared with the second term 
at these base concentrations, eq 1 2  reduces to

_  fe2 [CH 3Q -] 
ob8d 1  +  K 3 [CH 30 - ]

(13)

Whereas a plot o f fe' obsd vs. [CH30  ] is curved (Figure 4), an 
inversion plot according to

fc"obsd A2 [CH 30 - ]  +  k 2 (14)
is linear. The intercept and the reciprocal o f  the slope provide 
K 2/k 2 =  0.182 s and k 2 =  174 M - 1  s-1 , respectively, leading 
to a value of 31.7 M - 1  for K :i. In view o f the differences in the 
ionic strength o f the solutions, the results compare well with 
our earlier determinations. On the other hand, and as ex
pected, &"0bsd reaches a plateau at the highest base concen
trations where we have a com plete initial formation o f  5a 
(Figure 4). Since this latter com plex undergoes a com plete 
conversion into 6a, the maximum value o f fe"0bsd, which is 
given by

A"„bsdmax = - ^  =  -fe- 2 § 2  (15)
R 3 tv3

can be used as a reference for its lifetime. A half-life o f  about 
0.14 s is thus calculated for 5a in pure methanol (t 1/2  =
0.693/&"obsdmax).

C. 1,1- and 1,3-Complex Formation in Solutions of Po
tassium Methoxide in Methanol-Me2SO Mixtures. In
m ethanol-M e2SO mixtures with a M e2SO content equal to 
or greater than 13.35% Me-2SO by weight, the formation o f  5a 
was found always to precede that o f  6a, even at the lowest 
m ethcxide ion concentrations used. Scheme B was therefore 
analyzed as just described in methanol. In mixtures containing
13.35 and 25.3% M e2SO by weight, both & 3 and & _ 3 could be 
determined from the linear plots o f  fe'obsd vs. [CH30 - ] and 
consequently K 3 from the ratio &3/fc_3. Measuring k "obsd for 
the appearance o f 6a also allowed the determination o f  k 2 and 
K 3. At higher M e2SO concentrations, fc_ 3 was too small for an 
accurate determination and plots o f  fe'obsd vs. [CH 30 - ] af
forded only k:i values. On the other hand, the plots o f& "„bsd 
vs. [CH 30 _ ] are limited to the plateau corresponding to  the 
maximum value o f U’Vbsd, preventing also a determination o f 
k 2 and K 3 from eq 14.

The rate and equilibrium parameters for the formation and 
decomposition o f 6a in methanol are compared in Table I with 
analogous data reported for the most stable gem -dim ethoxyl 
complexes 8 , 11, 13, and 15 previously studied. Table II 
summarizes the various kinetic and equilibrium parameters

Figure 4. Plots of 6 "„i,sd against methoxide ion concentration b for 
the appearance of 6a in methanol (a), 13.35% (b), 25.3% (c), and 47.5% 
(d) Me2SO.

associated with the form ation and decom position o f 5a and 
6a in the m ethanol-M e2SO mixtures.

2,6-Dinitro-4-methylsulfonylanisole (4b). In the con
centration range o f 5 X 10- 4-1 0 - 1  M , the reaction o f  m eth
oxide ion with 4b in methanol and m ethanol-M e2SO mixtures 
with less than about 35% M e2SO by weight gives directly the 
pink-colored 1,1 complex 6b [Amax (CH 3OH) 512 nm (e 19 000 
M ' 1 cm -1 )]. The observed first-order rate constant &obsd for 
the equilibrium attainment o f  4b is therefore given by eq 10. 
Plotting feobsd vs. [CH 30 - ] easily yields values o f  k 2 and k ~ 2 
for formation and decom position o f 6b. T he equilibrium 
constant K 2 was calculated from K 2 =  k 2l k - 2.

In the mixtures with higher M e2SO concentrations, the 
form ation o f the 1,3 adduct 5b [Amax 455 nm (c 20 600 M “ 1 

cm -1 )] occurs first followed by the much slower appearance 
o f 6b. A kinetic analysis o f the interaction according to scheme 
B leads to the rate and equilibrium parameters for the for 
mation and decom position o f 5b and 6b which are listed in 
Table III.

Discussion

General Features. As can be seen in Tables I and IV, the 
stability o f the trifluoromethylsulfonyl 1,1 and 1,3 complexes 
6a and 5a is respectively 70- and 12-fold higher than that o f 
the trinitro analogues 8 and 9 which are usually considered 
to be the references for this type o f complex. Replacing the
4 -S 0 2CF3 group o f 4a by a 4 -S 0 2CH 3 group still causes a more 
dramatic decrease in the K  values for com plex formation. 
Whereas the 1,1 com plex 6b is about 104-fold less stable than 
6a, the 1,3 com plex 5b is not observable in pure methanol as 
opposed to 5a. Using an estimated value o f 0.08 for K / ,h in
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Table II. Kinetic and Equilibrium Parameters for the Reaction of Methoxide Ion with 4a in Methanol and Various
Methanol-Me2SO Mixtures at 20 °C

Solvent composition 
% Me2SO 
by weight

1,3 complex 5a 1,1 complex 6a

ft-obscì > 
S - 1

11 / 2 , 
S

£ 3,
M “ 1 s_1

k -3 ,
S“ 1

k 3, ki,
M “ 1 s“ 1

k —% 
s-1

k 2,

0 750 25 30 141,150 1.17 X IO“ 4 1.2 X 106 ^ 5 ^0.14
13.35 1 530 8.3 185 350 1 .9 0.365
25.3 2 300 3.7 620 450 0 . 7 3 0.95
47.5 7 750 9.8 X 10"2 7.05
57.5 20 000 2.7 X 10“ 2 25.6
67 44 000 7.4 X IO-3 93.5
76 100 000 1.86 X 10"3 372
84.8 4.1 X 10“ 4 1690
92.6 6.3 X IO“ 5 11 000

Table III. Kinetic and Equilibrium Parameters for the Reaction of Methoxide Ion with 4b in Methanol and Various
Methanol-Me2SO Mixtures at 20 °C

Solvent composition 
% Me2SO 
by weight

1,3 complex 5b 1,1 complex 6b

k3, k -s , K  3 , 
M - i s - 1 s“ 1 M - 1

k2, k -2 ,
M -1 s_1 s_1

k 2,
M “ 1

*obsd"maX,
S“ 1 t 1/2 , S

0 1.75 1.68 X 10“ 2 101
13.35 2.74 1.12 X IO“ 2 245
25.3 5.8 8 X IO“ 3 720
47.5 362 30 12 17 1.4 0.5
57.5 1 150 14.7 78 37 0.59 1.17
67 3 160 5.5 575 117 0.204 3.4
76 10 000 0.06 11.5
84.8 33 000 0.017 40.8
92.6 =H40 000 2.75 X IO-3 2.5 X 102

methanol (see further in discussion) a ratio K / ,:i/ K x ’h o f 
about 375 is obtained. These results clearly emphasize the 
much stronger electron-withdrawing character o f the SO 2CF 3 

group as compared with that o f  the N O 2 and SO2CH3 groups.

It is o f interest to note that complexes 5a and 6a are the most 
stable benzenic 1,3 and 1,1 complexes which have ever been 
observed to form in methanol.

The differences in the ratios and K :f :i/K o 9 reveal
that the effect o f  the SO 2CF 3 group on the com plex stability 
is greater when it is located in the para rather than in the ortho 
position o f  the sp3 carbon. This behavior is essentially the 
same as that observed for the nitro group and therefore 
suggests a higher capacity o f  resonance stabilization by a para 
SO 2C F 3 group than by an ortho SO 2CF 3 group. This also 
confirms previous conclusions9'17 that the SO 2CF 3 group ex
erts a large conjugative effect, presumably involving the d 
orbitals o f the sulfur atoms,18 in addition to an expected large 
inductive effect. In the present case, this would allow an ex
tensive delocalization o f the negative charge o f the 1 , 1  complex 
6a, thus enhancing its stability.

The higher stability o f  6a and 5a com pared with that of 
trinitro analogues 8 and 9 or methylsulfonyl analogues 6b and 
5b derives both from an increase in the rate o f  formation and 
a decrease in the rate o f  decom position. For m ethoxide ion 
attack on the methoxyl-bearing carbon o f the parent ethers, 
the second-order rate constant is 141 M_1 s f o r  4a compared 
with 11.8 M-1 s_ 1  for 7 and 1.75 M_1 s- 1  for 4b. For attack on

the unsubstituted 3 carbon, the second-order rate constants 
are 750 M_1 s - 1  for 4a, 690 M_1 s- 1  for 7, and 35 M_1 s - 1  for 
4b. This dependence o f the rates on the substituent are o f the 
same order o f  magnitude than those observed by Shein et al. 
in comparing the nucleophilic attack o f  m ethoxide ion on
2,4-dinitrochlorobenzene with that on related 4- (or 2-) tri- 
fluorom ethylsulfonyl or methylsulfonyl 2- (or 4-) nitrochlo- 
robenzenes . 10 A more noteworthy feature is the occurrence 
o f methanol attack on the methoxyl-bearing carbon o f 4a. As 
shown by the simple calculation o f each term o f eq 9, the 
methanol attack contributes for about 10-15% to the rate o f 
appearance o f 6a between pH 10 and 11. This is really a 
striking result since such a process appeared to be negligible 
in the pH range where the adducts 8 and 6b are form ed and 
was found to contribute only to a very small extent to the 
formation of the roughly similarly stable five-membered ring 
adducts 11 and 1315 (about 2-3%  in the most favorable con
ditions for 13). As can be seen in Table I, the methanol attack 
on 4a is, however, much less significant than that which occurs 
on the m ethoxyl carbon o f 4,6-dinitro-7-m ethoxybenzofur- 
an (14) to give the more stable adduct 15.16

____

° 2N < x > 0CH3

____/NO 2
/ p V - O C H a

10  ( x =s ) 11
12 ( X =Se) 13

n o 2 NÜ21 *

f Y \

o c h 3

o 2n ' % P n ^ /
c h 3o 0CH3

14 15
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Table IV. Effect of Substituent on the Rate and Equilibrium Constants for Formation and Decomposition of 1,1 and 1,3
Complexes in Pure Methanol

X s o 2c f 3 n o 2 - N - CN s o 2c h 3 c f 3 Cl F H

k 2, M - 1  s_ 1 141“ 1 1 .8 * 16.5d 2.82e 1.75“ 0 A h 1.2 X 2.5 X 1.5 X

k - 2, s“ 1 1.17 X 6.05 X 5.75 X 1.68 X 1.68 X 8 X
1 0 - 2  6 

56
10-3 6

30 b
10-3 6 

20 h

K 2; M “ 1
1 0 ~4a 

1.2 X 106 “
10-4 6

19 500b
10-3 d

2870d
1 0 - 2  a 

168e
1 0 - 2  a

1 0 P
1 0 - 2  6 

5 6 2.5 X 10-3ft 8.5 X 7.5 X

^ 2so2cf3/£ 2x 1 11.9 8.5 50 80

(2

350

(4.3 X 
1 0 - 3R 

1.17 X 104

1 0 -® h 

5.65 X 104

1 0 -s  6 

(9 X lO“ 5)/

9.4 X 104
k - , * / 1 5.2 49 144 144 585 4.3 X 104 2.56 X 105 1.7 X 10s

fe_2S02CF3

K 2_  SO2CF3/ 1 61.5 418 7.15 X 103 1.19 X 104 2.4 X 105 5 X  1 0 8 1.41 X 1010 1.6 X 1010
K 2*

k 3, M “ 1 s' 1 750° 690 ‘ 275 d 60/ 35s 2.5h 2h l b
k - 3, S_ 1 25° 270‘' 25d 420/ 440« 1400b 2000h 50006
K 3, M - 1 30° 2.56c U d 0.143/ 0.08« 1.8 X 10-3 6 2 X 10“ 4h

k3SO,CF3/ksX 1 1.09 2.72 12.5 21.4
10-3 6

300 375 750
k —3X/ 1 10 .8 1 16.8 18 56 80 20 0

/j_3s0 2CF3
^ 3so2cf3/. 1 11.7 2.73 2 1 0 375 1.67 X 104 3 X 104 1.5 X 10 s

k 3x

“ This work at 20 °C. b Calculated at 20 °C from ref 4b. c Calculated at 20 °C from ref 7. d Reference 6c. e Reference 6b . f  Extrapolated 
from data in ref 6b. * Extrapolated from data of this work. h Extrapolated from data in ref 6a. 1 Reference 22. > Reference 21.

As pointed out by the following ratios, 6a and 5a decompose 
spontaneously more slowly than their nitro or methylsulfonyl 
analogues: k - 28/ k - 26>l =  5, k - 28h/ k - 28a = 144, &_39/& -35a =
10.8, &_35b/fc_35a = 18. The H +-catalyzed decom position o f 
6a is similarly slower than that o f  8 and 6b: the ratios fe -i8/  
fe_i6a and le_i6b/fe_ iBa are equal to 1.7 and 28.3, respectively. 
Also, the high value o f k~\ for 6a should be noted with respect 
to those found for the similarly stable five-membered ring 1 , 1  

adducts 11 and 13. Whereas these latter decom pose sponta
neously 1.5- and 11-fold slower than 6a, respectively, they 
have a much lower susceptibility to the H +-catalyzed de
com position than 6a: the ratios k -\ 6a/fc_ in  and _ [ 6a/fe—i 13  

are equal to 158 and 630, respectively. Unfortunately, the 
available data do not warrant an extensive discussion o f pos
sible reasons for this interesting contrast at this time.

Effect o f Solvent. Adding M e2SO to the methanolic so
lutions causes a strong increase in the equilibrium constants 
K 2 and X 3 for the formation o f 1,1 com plexes 6a and 6b and
1,3 complexes 5a and 5b. This reflects both an increase in the 
rate constants o f  form ation k 2 and k 3 and a decrease in the 
rate constants o f  decom position k - 2 and fc_3, respectively. 
Rather than emphasizing these findings, which are quite 
similar to those previously found for other Meisenheimer 
complexes ,6’8,19 it is more interesting to point out some other 
striking features.

Let us turn our attention to Figure 5, where the available 
data for formation and decomposition o f 1,1 and 1,3 complexes 
derived from all the substituted 4-X-2,6-dinitroanisoles 
studied to date are summarized. As can be seen, good parallel 
straight lines are obtained on plotting log k 2, log k 3 as well as 
- l o g  fe-2, log k _ 3 vs. the molar fraction o f M e2SO, implying 
that the effect o f  solvent com position is approxim ately inde
pendent o f  the nature o f  the substituent and o f the type of 
com plex which is formed. This is in agreement with previous 
observations o f  the existence o f  such linear relationships be 
tween the specific rate or equilibrium constants o f  various 
Meisenheimer adducts and the amount o f  M e2SO cosol
vent.66’8’19 ’20 As a consequence, the relative  thermodynamic 
stability o f 1,1 and 1,3 complexes is practically unaffected by 
a change in the M e2SO concentration, which is an interesting

Figure 5. Plots of the rate constants for the formation k (— ) and
decomposition k (------ ) of 1,3 and 1,1 complexes against molar fraction
of Me2SO: 5a, 6a (X = S0 2CF3); 5b, 6b (X = S 0 2CH3); 5c, 6c (X = 
CN); 5d, 6d (X = -N  ); 5e, 6e (X = CF3); 5f, 6f  (X = Cl); 5g, 6g (X = 
F).

result with respect to the lifetime o f transient 1,3 complexes. 
As mentioned before, the maximum value o f the observed 
first-order rate constant &"0bsd can be used as a measure for 
this lifetime. In view o f the independence o f the ratio K 2/ K 3, 
eq 15 thus shows that the influence o f  M e2SO on fe0bsd ,,m ax  is 
similar to that observed on the rate constant k - 3 for the d e 
com position o f 1,3 complexes. Increasing the M e2SO con 
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centration therefore results in a strong decrease in & 0bsd"max 
which is paralleled by a strong increase in the lifetime of these 
transient species. Whereas the half-life of 6a is about 0.14 s 
in methanol, it is almost 11 000 s in a mixture containing 92.6% 
Me2SO, i.e., 105-fold greater than in the absence of Me2SO 
cosolvent. Similarly, the half-life of 6b is changing from 0.5 
s in 47.5% MegSO to 250 s in 92.6% Me2SO. These results, 
which are best appreciated on inspection of Tables II and III 
which list the i 1/2 values in the various mixtures, allow us to 
account for the possible NM R observation of such transient 
species in Me2S 0 .4b’5’21

The linear correlations of Figure 5 are also useful to safely 
estimate rate and equilibrium constants not directly mea
surable in a given solvent. This is in particular the case in 
methanol where the values of k %  k - 2 , and K - >  for formation 
and decomposition of 1,1 complexes with X  = CF3, Cl, F, H 
as well as values of k 3 , k - 3 ,  and K 3 for formation and decom
position of 1,3 complexes with X  =  CN, SO2CH3, CF3, Cl, F 
have thus been obtained by extrapolation of the data available 
in methanol-Me2SO mixtures. In the case of X  =  CF:!, Cl, H 
the values so calculated for K 2 are equal to 5,2.5 X 10" 3, and
7.5 X 10-5 , respectively, which compares fairly well with the 
values of 2, 4.3 X 10-3 , and 9 X 10-5 previously determined 
by using the acidity function method.22’23 This agreement 
between these two sets of values further supports the reli
ability of the extrapolation procedure. All the calculated pa
rameters, together with those of the complexes which could 
be directly studied in methanol, are summarized in Table IV. 
They allow a general analysis of the effect on the X  substituent 
on the stabilities of 1,1 and 1,3 complexes in the 4-X-2,6- 
dinitroanisole series. First, we note that going from X  = 
SO3CF3 to X  = F results in a much larger decrease in the 
equilibrium constant K 2 for 1,1 complex formation than in the 
equilibrium constant K 3 for 1,3 complex formation: the ratios 
X 2S02CF3/ x 2f an(j X 3S02CF3/X 3F are respectively equal to 1.6 
X 1010 and 1.5 X 105. This difference in the effect of the sub
stituent X  on the equilibrium constants of 1,1 and 1,3 com
plexes, respectively, mainly reflects the well-known fact that 
complex stability is more sensitive to changes in the substit
uent para to the site of nucleophilic attack than ortho to it.4’6’24 
On the other hand, it appears from the ratios /e2s° 2CF3A 2X and 
k - 2X/k-2S° 2CFi that changes in the equilibrium constant K 2 
for 1,1 complex formation are more dependent on changes in 
the rates of decomposition than of those in the rates of for
mation, suggesting a somewhat reactant-like transition state. 
When going from X  = SO2CF3 to X  = H, we note, however, 
that the changes in k 2 become more and more coresponsible 
for the changes in K 2, indicating that the transition state must 
progressively move closer to the complex as the electron- 
withdrawing power of the X  substituent is decreased. Since 
complex stability is decreasing at the same time, such an effect 
would be consistent with Hammond’s postulate.25 Table IV 
shows also that the changes in the if  3 values for 1,3 complex 
formation are more dependent on the changes in fe3 than of 
those in k - 3, the difference between the two factors increasing 
with decreasing electron-withdrawing power of X . Again in 
agreement with Hammond’s postulate, this now suggests a 
transition state which is more and more complex-like.

A rigorous discussion of the origin of the observed solvent 
effects on the rate parameters for formation and decomposi
tion of complexes has to be made in terms of the changes in 
the activity coefficients of the reactants, transition states, and 
products.1915’26’27 The rate constants k 2, k 3 and k - 2, k ~ 3 in 
M eOH -M e2SO mixtures are in fact related to those in pure 
methanol by the equations196’26

k 2M e O H - M e 2S O  — ^ „ M e O H  7  e t h e r T 'c H n O K

7'2*

fc M eO H -M e2SO =  fcJMeOH 7  ether7  CHijOK

7  3*
h  M eOH -M e2SO =  b  „MeOH 7  1,1 c o n v e xK—2 —2 , ±

7 2

u  M eO H -M e2SO =  u  „MeOH 7  1,3 com plex 
rç—3 n' ~  o . +

7  3 *

where the - / ’s represent the transfer activity coefficients for 
the various species, i.e., the activity coefficients in the mixed 
solvent com pared to pure methanol as the standard state ( 7 '  
= YMeOH- Me2SO/ 7 MeOH). The fact that the solvent effects on 
the rate constants are independent o f the substrates and o f 
the type o f com plex thus suggests that the ratios T 'e th e rA /*  
and T 'co m p ie xA /*  are themselves independent o f  these factors. 
Since Fendler et al.25 have shown that the stabilizing effect 
o f  M e2SO is in the order complex >  transition state >  parent 
ether and increases with increasing the M e2SO concentration, 
one possibility would be that the relative changes in 7 'ether, 
7 ,+ , and 7 'compiex are the same in a given mixture whatever the 
substrate and the form ed com plex may be. This is not un
reasonable in the case o f 7 'ether and 7 ' COmpiex but this further 
supposes in the case o f 7 ' *  that the transition state would keep 
the same structure when changing the substituent in a given 
series (1,1 complex or 1,3 complex) or changing the series (1,1 
com plex and 1,3 com plex). Such a conclusion is then in
consistent with those derived on the basis o f  a com parison o f 
the contributions o f changes in k and k values to the variations 
in the K  values, and therefore with the application o f H am 
m ond’s postulate to our results. Another possibility would be 
that the changes in 7 'ether, 7 ,+ , and 7 'complex are dependent on 
the substrates and o f the type o f  com plex but that the ratios 
7 'e th e r/7 /*  and 7 'compiex/7 ' *  are fortuitously the same. This 
would rule out, o f  course, any physical meaning to the corre
lations observed between log k values and the M e2SO con 
centration but would not be inconsistent with changes in the 
structures o f the transition states. Evidently, the experimental 
data do not permit us to choose between these two conflicting 
situations which point out that due care must therefore be 
taken in interpreting solvent effects observed on rate and 
equilibrium constants for form ation and decom position o f 
Meisenheimer complexes.

Experimental Section
Materials. 2,6-Dinitro-4-trifluoromethylsulfonyl- and 4-methyl- 

sulfonylanisoles (4a and 4b) were prepared as previously described:5 
4a, mp 59 °C; 4b, mp 206 °C. Methanol and methanolic potassium 
methoxide solutions were prepared as previously described. 130 The 
various buffers used for the rate measurements were purified ac
cording to classical methods. Buffers used were trichloroacetate (pH
4-5), dichloroacetate (pH 5-6.5), salicylate (pH 6.8-8.1), succinate 
(pH 8.3-9), benzoate (pH 8.6-9.7), 2,4,6-trichlorophenoxide (pH
9.8-10.6), 2,6-dichlorophenoxide (pH 10.7-11.5), 4-cyanophenoxide 
(pH 11.4-12.4), and 4-chlorophenoxide (pH 12.9—13.5 >.

Rate and pH Measurements. Stopped-flow determinations were 
performed on a Durrum stopped-flow spectrophotometer, the cell 
compartment of which was maintained to ±0.5 °C. Other kinetic 
measurements were made using a Beckman DB-G spectrophotometer. 
All kinetic runs were carried out under pseudo-first-order conditions 
with a substrate concentration of about 3 X 10“ 5 M. Rate constants 
are accurate to ±3%.

The pH was measured on a Radiometer Model pH meter according 
to a method previously reported.13 The pH values are relative to the 
standard state in pure methanol.

Registry No.—4a, 19822-29-8; 4b, 39880-50-7; 5a, 35344-09-3; 5b, 
40203-33-6; 6a, 35298-04-5; 6b, 40203-26-7; methoxide ion, 3315- 
60-4.
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Conformational Analysis. 32. Conformational Energies of Methyl Sulfide, 
Methyl Sulfoxide, and Methyl Sulfone Groups1
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Conformational energy (—AG) values for the title groups have been determined by low-temperature 13C NMR 
signal area measurements. The values for CH3SO2, 2.5 kcal/mol, and CH3SO, 1 .2  kcal/mol, were determined by a 
“ counterpoise” method, taking the ratio of the areas of the decoalesced spectra (at -9 5  ±  5 °C) of cis-4-methylcy- 
clohexyl methyl sulfone and eis-4-methylcyclohexyl methyl sulfoxide and allowing for -1 .7  kcal/mol as the AG 
value of the methyl group. The value for CH3S, 1.0 kcal/mol, was determined both by an analogous method and by 
direct low-temperature 13C NMR analysis of cyclohexyl methyl sulfide; it is in good agreement with the value in 
the literature.

Recently we reported 1 that the CH 3S group attached at 
C(5) in a 1,3-dioxane has a stronger preference for the equa
torial conformation than it does when attached to a cyclohexyl 
ring. 2’3 In contrast, similarly placed methylsulfinyl (CH 3SO) 
and methylsulfonyl (C H 3SO 2) groups prefer the axial con 
formation. In the latter two cases, unfortunately, comparison 
with cyclohexyl methyl sulfoxide and sulfone was tenuous; in 
the case o f the sulfone function, only a rather inaccurate value 
(2.5 kcal/mol) for phenylsulfonyl (C6H 5SO2) derived by N M R 
from an extremely one-sided equilibrium 4 was available; and 
the sulfoxide value5 (1.9 kcal/m ol) rested on the now discre
dited kinetic method. It is clear, however, even from the crude 
data, that cyclohexyl methyl sulfide, sulfoxide, and sulfone 
all exist with the sulfur function quite predom inantly in the 
equatorial conformation.

The availability o f  I3C N M R  spectroscopy now makes it 
possible to determine, by signal area measurement at low 
temperature, conform ational equilibria for a variety o f  sub
stituents in a number o f  systems which were heretofore d if
ficult to study .6 However, measurement o f  signal areas7 is 
difficult for conform ations constituting less than 5% o f  the 
total. This difficulty can be obviated through use o f  a “ coun
terpoise”  m ethod .8 Thus, for cyclohexyl m ethyl sufide (1), it 
is adequate to measure the equilibrium shown in Scheme I, 
since the minor isomer constitutes about 6% o f the total at —90 
°C. But for cyclohexyl methyl sulfoxide (2 ), this value drops 
to 3.5% and for the sulfone 3 to much less than 1%; for the

Scheme I
X

A E
AG X =  - R T  ln K

1 , X =  CH3S
2, X =  ORSO
3, X =  CH,S(),

Scheme II

A E
AG\ = -R T  In K'

4, X =  CH3S
5, X = CH:,SO
6 , X =  CH3S02

sulfoxide and sulfone functions it is desirable to measure the 
equilibrium shown in Scheme II, and this is preferable even 
for C H 3S. Here the equilibrium constants correspond to 12% 
o f the minor isomer for 4, 19% for 5, and 10% for 6 , values
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Table I. 13C Signal Assignments in Compounds 1-15 (ppm from Me4Si in CDCl3)n

Compd MeS C (l) C(2,6)* 0(3,5)* C(4) C (a )c C(p)d

1 13.26 44.92 33.17 26.16 25.94
13.20e 44.94e 33.29e 26.24e 26.18e

2 35.14 60.82 (26.07)1 (25.55)1 (25.16)1
(24.82)1 (25.40)1

3 37.26 62.47 (25.07)1 (25.45)1 (25.07)1
4 14.35 44.38 30.34 29.71 31.22 21.28
5 36.31 61.29 24.25 30.23 30.03 20.44

22.44 30.75
6 37.82 61.74 20.60 30.21 27.07 18.00
7e 13.08 44.85 33.71 27.62 47.54 32.34 27.53
8 35.27 60.80 26.36 26.56 47.32 32.39 27.46

25.28 26.36
35.21e 60.58e 26.27e 26.49e 47.25e 32.30e 27.43e

25.07e 26.31e
9 37.35 62.47 (26.08)1 (25.81)1 46.93 32.36 27.43

37.38e 62.43 e (26.06) e’l (25.79) e-l 46.92e 32.34e 27.42e
1 0 e 14.73 44.29 31.09 21.96 48.41 32.54 27.48
1 0 -d4 14.72 43.97 21.75 48.35 32.55 27.48
1 1 37.10 61.49 27.17 23.14 47.69 32.57 27.36

25.08 22.41
37.11e 61.33e 27.05e 23.07e 47.57e 32.49e 27.32e

l l - d 4 37.08 61.08 2 2 .8 8
» 22.16 47.52 32.52 27.34

1 2 39.68 57.76 25.12 22.14 47.06 32.58 27.44
39.69e 57.79e 25.10e 22.13e 47.04e 32.56e 27.44e

1 2 -d 4 39.68 57.46 21.94 46.93 32.58 27.45
13 13.19 44.58 33.24 35.31 32.16 22.35
14 35.25 60.51 25.96 34.06 31.97 22.15

24.77 33.88
15 37.42 62.24 25.40 33.52 31.59 21.99

a In 8% solution unless otherwise indicated. b For the sulfoxides C(2,6) are diastereotopic and display two signals; the same is true 
for C(3,5). Assignment to one or other of the diastereotopic nuclei in each set has not been attempted. c CH3 in methyl compounds, 
Cquat in tert- butyl compounds. d CH3 in tert-butyl compounds. e In “concentrated” solution. 1 These assignments may have to be 
interchanged. However, the assignment of C(3,5) in 2 is supported by the calculations of conformational averaging of chemical shifts 
presented below.

which are all easy to measure. For the equilibrium shown in 
Scheme II, AG' = AGx — A G c h 3 whence AG x = AG' +  A G c h 3 

= AG' -  1.7 kcal/mol, on the usual assumption that confor
mational energies are additive.

Results

The sulfides, sulfoxides, and sulfones 1-6 and the corre
sponding trans- and cis-4-tert-butyl analogues 7-12 and

X

7, X =  CH3S 10, X =  CH jS
&, X =  CHsSO 11, X =  CHjSO
9, X =  CH3S02 12, X =  CH3S02

irons-4-methyl analogues 13-15 (desired for spectral com
parison) were prepared by standard literature methods (see

13, X =  CH3S
14, X =  CH3SO
15, X =  CH3S02

Experimental Section). The 13C NM R spectra of these com
pounds are recorded in Table I. Signal assignments were made 
on the basis of off-resonance decoupling, intensity measure
ments, and parametrization. The C-methyl, C(4), and C(3,5) 
signals can be assigned on the basis of Grant’s parameters for 
corresponding cyclohexanes with due allowance for the upheld

shift of the X  substituent in the axially substituted isomers 
4, 5, and 10-12.9 Data for fert-butylcyclohexane required for 
reference are on record.10 The methyl group on the X  sub
stituent as well as C(l) and C(2,) were readily assigned among 
the remaining signals. Only in a few cases were signals too close 
together for secure assignment; such situations are indicated 
by parentheses in Table I.

In the case of three compounds (10, 11, and 12) 2,2,6,6- 
tetradeuterated analogues were available whose spectra 
supported the assignments made for the protiated species. In 
some cases spectra were run at two concentrations; the effect 
of concentration is minor (<0.2 ppm).

With the chemical shift information of the conformationally 
homogeneous (anancomeric) compounds 7-15 in hand, it 
became easy to assign chemical shifts to individual confor
mational isomers of compounds 1 and 4 -6  at —90 °C. (The 
minor conformers in 2 and 3 were not seen in the low-tem
perature spectra, presumably because they are present in in
sufficient amounts.) The pertinent information is reported 
in Table II which includes (in parentheses) relative area 
measurements of the signals in question.

On the basis of the area ratios measured, AG° values were 
calculated at the appropriate temperatures. A listing of these 
data is presented in Table III, corrected, in the case of com
pounds 4-6, by 1.7 kcal/mol (the AG value for methyl). In 
Table IV the averaged values for each of the three functional 
groups studied are compared with values in the literature.

It is possible, also to calculate the conformational equilib
rium constants K  and corresponding AG’s from averaged 
chemical shifts by means of the equation K  =  (5a — — <5e)
developed by one of us.11 Inspection of entries 7 ,8 ,10 , and 11
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Table II. Low-Temperature 13C NMR Spectra of Compounds 1 and 4-6 (ppm Downfield from Me4Si)

Compd MeS C (l) C(2,6) C(3,5) C(4) C(Me)

1A“ 14.70 (1) 44.28 30.41 (1) 21.39 (1) b
1E“ 13.27 (16) 44.78 33.42 (15.8) 26.90 (16.9) 26.14
4AC 14.94 (6.64) 43.79 (7.57) 30.28 29.77 33.08 23.11 (8.12)
4EC 13.43 (1) 45.21 (1) 27.34 31.88 26.71 17.25 (1)
5Ad'e 36.65 (3.93) 60.42 26.26 (4.55/) 30.91 32.60 23.04 (4.550

24.65 (4.26) 30.16
5Ed-? 34.76 (1) 59.95 20.91 (1) b 26.58 17.13 (1)

18.40 (1) b
5A s-e 36.96 (4.23) 60.59 26.26 30.85 32.57 23.03

24.59 30.03
5E*'e 35.13 (1) 60.25 20.67 b 26.48 17.06

18.56 b
BA* 39.07 (1) b 24.40 (1) b 32.19 22.93 (1)
6EA 37.08 (9.05) 61.4 19.13 (8.78) 30.15 26.21 16.99 (8.98)
6Ad 38.95 (1) 55.84 (1) 24.48 (1) b 32.2 23.01 (1)
6Ed 36.95 (11.1) 61.27 (8.89) 19.17 (9.06) 30.20 26.39 16.98 (10.2)

13“ ! 13.35 44.40 33.17 35.24 32.42 22.73
[13.07] [44.83] [33.69] [35.74] [32.63] [22.55]

° In 1:1 acetone-dß/trichloroethylene at -9 0  °C, concentration ca. 30%. b Not observed. c In 1:1 acetone-d6/methylene chloride
at —95 °C, concentration ca. 30%. d In 1:1 acetone-dg/trichloroethylene at —100 °C, concentration ca. 20%. e See footnote b, Table
I, regarding the doubled signals at C(3,5) and C(2,6). f After correction for an overlapping peak o f the minor isomer. * In 1:1 acetone-
dß/methylene chloride at —95 °C, concentration ca. 20%. h In 1:1 acetone-dg/methylene chloride at -9 0  °C, concentration ca. 20%.
1 This compound is anancomeric; the data were recorded to check effect of temperature and (cf. Table I) of solvent. The data in brackets
were obtained at room temperature.

Table III. Calculated -AG ° Values (kcal/mol) for Sulfur Functions

Signal integrated

Compd Temp, °C MeS C (l) C(2,6) C(3,5) C(4) C(Me)

1 “ -9 0 1.01 md.6 1.00 1.03 n.d.
4C -9 5 1.03 0.98 n.d. n.d. n.d. 0.96
5“ -1 0 0 1.19 n.d. 1.18 n.d. n.d. 1.18
5C -9 5 1.22 n.d. n.d. n.d. n.d. n.d.
6C -9 0 2.50 n.d. 2.49 n.d. n.d. 2.50
6“ -1 0 0 2.53 2.45 2.46 n.d. n.d. 2.50

“ In acetone-d6/C H C l=C C l2. 6 Not determined, usually because the corresponding signal in the minor isomer was not seen or not 
well resolved. c In acetone-dg/CL^C^.

in Table I discloses that, for the sulfides and sulfoxides, only 
C(3,5) provides an adequate spread (5e — 6a) o f chemical shifts 
to make such a calculation reliable. The shifts 5e and 5a may 
then be taken to be the shifts o f  C(3,5) in 7, 8 and 10,11, re
spectively, corrected by the known global /3e effect o f  a tert- 
butyl substituent o f  0.59 ppm .12 Insertion o f these values, and 
the chemical shifts <5 at C(3,5) for com pounds 1 and 2 gives K  
=  (21.37 -  26.24)/(26.24 -  27.03) = 6.16, AG =  -1 .0 8  kcal/mol 
for CH 3S, and K  =  7.14 or 9.67, AG = —1.16 or —1.34 kcal/mol 
[depending on which o f the two signals for the diastereotopic 
carbons at C(3,5) is chosen] for CH 3SO. The former value is 
in excellent agreement13 with the low-temperature value 
(Table IV) and the agreement o f  the average o f the latter 
values, —1.25 kcal/m ol, with the value in Table IV is satis
factory also.13 The calculation for the eis-4 -m ethyl-substi
tuted com pounds 4 -6  is more com plex, since the anticipated 
shifts for the axial (A) and equatorial (E) conformers in 
Scheme II must be com puted by applying the effect o f  the 
equatorial or axial methyl substituent to the shifts calculated 
(vide supra) for the A and E models in Scheme I. If this is done 
at C(3,5), it turns out, unfortunately, that the calculated shifts 
for the A and E isomers in Scheme II are nearly the same. 
Fortunately, for the sulfones (6 ,9 ,12 ) one can instead use the 
C (l)  signals for which the corrections for the distant alkyl 
groups12 are small: —0.28 ppm  for tert-butyl, —0.30 for M ea, 
and —0.48 for M ee. W ith these values, K  = 5.88, AG =  —1.05

Table IV. -AG ° Values (kcal/mol) for Sulfur Functions

c h 3s  c h 3s o  c h 3s o 2

This work“ 1.00 ±  0.05 1.20 ±  0.05 2.50 ±  0.05
Lit. 1.07 ±  (1.9V (2.5d)

“ Values at —90° to —100 °C, in acetone-dg/CHCl=CCl2 or 
acetone-d6/CI-LCL. Because of the small temperature range and 
the apparent absence of variation in the two solvent systems, all 
values in Table III have been averaged. b Value for CD3S at —79 
°C in CS2, ref 4. c Value of ref 6 for the phenylsulfinyl group; 0 
°C, in 90% 2-propanol, determined by the kinetic method. d Value 
of ref 5 for the phenylsulfonyl group, room temperature in
CC14.

kcal/m ol for 6 which gives a —AG value o f 2.75 kcal/m ol for 
the sulfone group, in acceptable agreement with the low- 
temperature value.13

Discussion

The —AG° value at —90 °C for the methylthio group (Table
IV) is in excellent agreement with that previously determined4 
by low-temperature 'H  N M R  spectroscopy. The value pre
viously determined by the chemical shift method in 'H  NM R,
0.7 kcal/m ol,3 is clearly too low, either because o f  inaccuracy 
o f the measurement, or unsuitability o f the model compounds,
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Scheme III

X =  0  or unshared pair

sulfide Me/CH2 Me/CH2
sulfoxides Me/CH2; 0 /C H 2 Me/CH,; O inside 

Me/CH* 0/CH 2;sulfone Me/CH* O/CH*
O inside 0  inside

„CH, X x ,

1A x 2 ^  X,

sulfide Me/CH, Me/CH2
sulfoxides Me/CB,; 0 /C H 2 Me/CH2; 2  0/CH 2
sulfone Me/CH* 3 0/CH 2 Me/CH,; 3 O/CH,

.X ,

CH;,
sulfide 2Me/CH,
sulfoxides 2Me/CH,; O/CH,
sulfone 2 Me/CH* 2 O/CH,

or both. The sulfone value is much larger, as would be ex
pected from the fact that the unshared electron pair, which 
confronts the ring in the sulfide , 14 is supplanted by a space- 
requiring oxygen atom. In both o f these cases, part o f  the 
equatorial preference is undoubtedly entropic. If one assumes 
that the axial CH 3S and CH 3SO 2 groups will avoid the con
formation in which the methyl group points into the ring, each 
will have two mirror-image conformations (“ methyl-out” ) and 
therefore an entropy o f mixing o f R In 2. For the equatorial 
groups one has the choice o f CH 3 gauche to one or two ring 
methylenes in the sulfide and the combinations o f one CH 3 

gauche and three 0  gauche or two CH 3 gauche and two 0  
gauche in the sulfone (Scheme III). From the literature it 
appears that both the C H 2-C -S -C H 3 gauche interaction 15  

and the C H 2-C -S -O  gauche interaction 16 are near zero. 
Therefore the entropy o f mixing for the equatorial CH 3S and 
CH 3SO 2 groups will approach R  In 3 and the entropy differ
ence in both cases will be almost R  In 3 — R  In 2 or 0.8 eu, 
contributing 0.24 kcal/m ol to the conform ational energy at 
room temperature.

It follows that the additional steric interaction o f the “ in
side”  oxygen o f the axial sulfone is (2.50 — 0.24) — (1.00 — 0.24) 
or 1.50 kcal/mol.

T he axial sulfoxide will therefore exist very largely (over 
90%) with the pair confronting the ring and the methyl group 
and oxygen atom pointing out. For an individual enantiomer 
o f the (chiral) sulfoxide this allows only a single rotational 
arrangement when CH 3SO is axial as against three (vide 
supra) when it is equatorial. The entropic advantage for 
equatorial CH 3SO will therefore be R  In 3 or 2 .2  eu, 1.4 eu 
more than for CH 3S. Thus at —95 °C , if  one assumes A H  to 
be the same for CH 3S and CH 3SO, AG should be 0.25 kcal/mol 
more negative for the sulfoxide. This is in excellent agreement 
with the experimental findings (Table IV) showing that the 
rather primitive assumptions (equal A H  for MeS and MeSO, 
three equally populated conform ations for the equatorial 
groups) are at least grossly correct.

Experimental Section

The 13C NMR spectra were recorded on a Varian XL-100 pulsed 
Fourier transform nuclear magnetic resonance spectrometer. Samples 
were dissolved in CDCI3 with tetramethylsilane (2%) as an internal

standard. 'H NMR spectra were recorded on a Varian XL-100 or 
Jeolco C-60 HL NMR spectrometer. The proton and carbon chemical 
shifts of samples as 5-20% (w/3) solutions are presented in parts per 
million (6) downfield from internal tetramethylsilane (Me4Si), and 
these values are accurate to ± 0 .0 1 ppm unless otherwise indicated. 
The low-temperature 13C spectra were recorded on a Varian XL-100 
using a 50:50 mixture of CH2CI2-CD 3COCD3 (or CC12=CHC1- 
CD3COCD3) as solvent system with Me4Si (at the same temperature) 
as internal standard. Melting points were obtained in an Electro
thermal melting point apparatus. Analyses were performed by Mid
west Microlab, Ltd., Indianapolis, Ind., and Galbraith Laboratories, 
Inc., Knoxville, Tenn.

The compounds required for this study were prepared either by 
following standard literature procedures or as described below.

4-Methylcyclohexyl-l,l-dithioI from 4-Methylcyclohexanone, 
n-Butylamine, and Hydrogen Sulfide. The procedure used was 
similar to that of Magnusson.17 Fifty-six grams (0.5 mol) of 4-meth- 
ylcyclohexanone and 5 g (0.068 mol) of rc-butylamine were dissolved 
in 150 ml of THF in a 1-1. three-neck flask equipped with a stirrer, gas 
inlet tube, thermometer, and calcium chloride tube. Fifty grams of 
anhydrous potassium carbonate was added, stirring commenced, and 
the mixture was cooled to -2 0  °C. Hydrogen sulfide was passed into 
the reaction mixture for 1  h, the temperature allowed to rise to 0 °C, 
and H2S passage continued for an additional 5 h. The K2CO3 was 
filtered and washed with THF and the washings were added to the 
reaction mixture which was then cooled to —20 °C and acidified with 
2 N hydrochloric acid. The solution was extracted with ether (3 X 150 
ml) and the combined organic layer was washed with a saturated so
lution of sodium bicarbonate and brine and dried over anhydrous 
MgS04.

The dried organic layer was concentrated to ca. 250 ml, and using 
23 g of LiAlH4 in 150 ml of THF, the dithiol was reduced to monothiol. 
(The LiAlH4 reaction mixture was decomposed by the addition of 45 
ml of water and 250 ml of 10% sulfuric acid.) The reaction mixture was 
extracted with THF and dried over anhydrous MgS04 and the solvent 
removed on a rotary evaporator. The residue was distilled to yield 39 
g (60%) of 4-methylcyclohexyl mercaptan, bp 48 °C (5 Torr) [lit.18 bp 
74-75 °C (17 Torr)].

!H NMR (CDCI3) « 0.87 (bd, 3 H, CH3C), 0.97-2.1 (m, 9 H, C2.6,3,5,4 
H), 2.4-2.83 and 3.03-3.37 (broad m and narrow m, 1 H, Ci H).

4-M ethylcyclohexyl Methyl Sulfide. The procedure used was 
similar to that of Weibull.19 Exactly 35 g (0.27 mol) of 4-methylcy
clohexyl mercaptan was placed in a 500-ml flask equipped with a 
magnetic stirrer and reflux condenser. To this was added 30 g of so
dium hydroxide in 130 ml of water and 50 ml of ethanol. Then 34 g 
(0.27 mol) of dimethyl sulfate was added all at once and stirring was 
commenced. An exothermic reaction immediately took place and the 
temperature rose to 60 °C. When the solution had cooled to room 
temperature it was extracted with ether (3 X 100 ml). The ether ex
tracts were combined, washed once with water and once with satu
rated brine, and dried over anhydrous MgS04. The ethereal solution 
was filtered, the solvent removed (flash evaporator), and the oily 
residue distilled at reduced pressure to obtain 30 g (77%) of a 45:55 
mixture of cis- and trans -4-methylcyclohexyl methyl sulfide, bp 58-59 
°C (10 Torr). The diastereoisomers were separated using 20% QF-1 
on Chromosorb A mesh 50-80,10-ft column at 130 °C.

'H NMR (CDCI3) cis 5 0.83 (d, J = 5.5 Hz, 3 H, CH3C), 1.18-1.75 
(m, 9 H, CH2’s and C4 H), 1.92 (s, 3 H, CH3S), 2.54-2.75 (m, 1 H, Ci 
He); trans a 6.87 (d, J =  6 Hz, 3 H, CH3C), 0.96-2.07 (m, 9 H, CH2’s 
and C4H), 2.07 (s, 3 H, CH3S), 2.27-2.6 (m, 1 H, Cx Ha).

cis-4-MethylcyclohexyI Methyl Sulfoxide. A mixture of 1.81 
g (12.5 mmol) of sulfide and 2.8 g (13 mmol) of NaI04 in 30 ml of water 
was stirred at 0 °C in an ice bath for 9 h. The reaction mixture was 
then let stand overnight (15 hr) in an icebox. The solid was filtered 
and washed several times with methylene chloride. The methylene 
chloride solution was washed once with water and dried over anhy
drous MgS04. The methylene chloride was removed (flash evaporator) 
to obtain 1.61 g of crude sulfoxide containing 1 - 2% of sulfone. The 
impurity was removed by adsorbing the crude material dissolved in 
ether on an alumina column and eluting the sulfone with ether. The 
pure sulfoxide was then obtained by eluting with chloroform and 
further purification was effected by sublimation at 60 °C (0.2 Torr) 
to give 1.25 g (62%) of sulfoxide, mp 58-59 °C (hygroscopic).

‘ H NMR (CDCI3) a 0.95 (d, J  = 6 Hz, 3 H, CH3C), 1.1-2.3 (m, 9 H, 
CH2’s and C4 H), 2.45-2.75 (m, 1 H, Ci He), 2.57 (s, 3 H, CH5SO).

trans-4-Methylcyclohexyl Methyl Sulfoxide. The trans sulf
oxide was similarly obtained in 70% yield and recrystallized from 
pentane to give white plates, mp 66-67 °C.

'H NMR (CDCI3) a 0.91 (d. J  = 6 Hz, 3 H, CH3C), 0.99-2.68 (m, 10 
H, CH2’s and CH’s), 2.53 (s, 3 H, CH3SO).
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eis-4-Methylcyclohexyl Methyl Sulfone. A mixture of 0.72 g (5 
mmol) of cis sulfide, 15 ml of 1:1 mixture of acetic acid-acetic anhy
dride, and 5 ml of 30% hydrogen peroxide was stirred for 3 h. Water 
(50 ml) was added to the reaction mixture which was then extracted 
with a 1 : 1  mixture of CHCI3-CH2CI2 (3 X 50 ml). The organic layer 
was washed with saturated solution of sodium bicarbonate and then 
once with water. The dried (MgS04) organic layer was concentrated 
(flash evaporator) to obtain crude sulfone which was purified by re
crystallization from hexane to give 0.6 g (68%) of white solid, mp 71-72 
°C.

!H NMR (CDCI3) 5 0.99 (d, J  = 7 Hz, 3 H, CH3C), 1.47-2.2 (m, 9 
H, CH2’s and C4 H), 2.71-2.95 (m, 1 H, C4 He), 2.86 (s, 3 H, 
CH3SO2).

Anal. Calcd for C8Hi3S0 2: C, 54.51; H, 9.15. Found: C, 54.70; H,
9.03.

irans-4-Methyl cyclohexyl Methyl Sulfone. In a similar manner,
0.72 g (5 mmol) of trans sulfide yielded 0.62 g (71%) of sulfone after 
recryst&llization from hexane, mp 100-101 °C.

4H NMR (CDCI3) <5 0.92 (d, J  =  6.5 Hz, 3 H, CH3C), 0.99-2.36 (m, 
9 H,CK2’s andC4H), 2.83 (s,3H,CH3S 0 2) ,2.62-2.97 (m, 1  H,C, Ha).

Anal. Calcd for CsHi6S02: C, 54.51; H, 9.15. Found: C, 54.24; H,
8.93.

irans-4-ierf-Rutylcyclohexyl Mercaptan. This material was 
prepared by the procedure of Magnusson17 as previously described,3’20 
and similarly as described above for the 4-methyl analogue. The yield 
of crude material was 84%, bp 98-99 °C (11.5 Torr). Gas chromato
graphic analysis indicated the composition to be 71.7% trans, 28.3% 
cis (10-ft QF-1 column at 150 °C). The material was purified either 
by distillation through a 48-in. double-vacuum-jacketed Podbielniak 
column at reduced pressure (10 Torr), using diphenylmethane as a 
chaser solvent (the trans isomer is the higher boiling), or (or followed 
by) oxidation to the disulfide by means of iodine in benzene. The di
sulfide was recrystallized from ethanol, mp 102-103 °C.

Anal. Calcd for C2oH38S2: C, 70.11; H, 11.18. Found: C, 70.05; H, 
11.25.

The pure disulfide was reduced back to the trans mercaptan by 
means of lithium aluminum hydride in tetrahydrofuran20 in 84% yield, 
bp 99.5-101 °C (10 Torr), n20D 1.4861, purity (by GLC) > 99.5%.

irans-4-tert-Butylcyclohexyl Methyl Sulfide. This thioether 
was prepared from the mercaptan as described for the 4-methyl an
alogue above, bp 114-115 °C ( 1 2  Torr), n20D 1.4887 [lit.21 bp 103-104 
°C (7.5 Torr), re20D 1.4885].

JH NMR (CDCI3) 5 0.86 [s, 9 H, (CH3)3C], 0.95-1.47 and 1.75-1.95 
(m, 9 H, CH2’s and C4 H), 2.09 (s, 3 H, CH.S), 2.4 (broad m, 1 H, C, 
H).

Anal. Calcd for C1 1H22S: C, 70.89; H, 11.90. Found: C, 71.09: H,
11.99.

cis-4-tert-Butylcyclohexyl methyl sulfide was prepared as 
previously described,21 or by methylation17 of the cis mercaptan (see 
below), bp 115.5-117 °C (16 Torr), n20D 1.4871 [lit.21 bp 99-100 °C 
(7.5 Torr), n20D 1.4912],

!H NMR (CDC13) 6 0.85 [s, 9 H, (CH3)3C[, 0.95-1.95 (m, 9 H, CH2’s 
and C4 H), 2.03 (s, 3 H, CH3S), 3.01 (narrow m, 1 H, Ci H).

cis-4- tert-Butylcyclohexyl Methyl Sulfoxide. A solution of 3.72 
g (20 mmol) of cis-4-teri-butylcyclohexyl methyl sulfide in 40 ml of 
p-dioxane was cooled in an ice bath and 4.28 g (20 mmol) of NaI04 
in 40 ml of distilled water was slowly added over a period of 30 min 
with stirring. Stirring was continued for an additional 5 h at 0 °C, after 
which the reaction mixture was stored overnight in the refrigera
tor.

The mixture was poured into 100 ml of water and the sulfoxide was 
extracted with methylene chloride (3 X 50 ml). The methylene chlo
ride was washed several times with water and then dried over anhy
drous MgS04. The solvent was concentrated (flash evaporator) and 
the crude sulfoxide was recrystallized from hexane to give 2.57 g (64%) 
of pure sulfoxide, mp 152.5-153.5 °C.

!H NMR (CDCI3) <5 0.88 [s, 9 H, (CH3)3C[, 0.96-2.06 (m, 9 H, CH2’s 
and C4 H), 2.65 (s, 3 H, CH3SO), 2.5-2.96 (m, 1 H, Ci He).

irans-4-iert-Butylcyclohexyl Methyl Sulfoxide. The trans 
isomer was obtained in an analogous fashion, except that the solution 
was stirred in a cold-water bath overnight instead of being stored in 
the refrigerator. The trans sulfoxide was recrystallized from ligroin 
to give 0.9 g (32% based on the amount of starting material recovered 
from the mother liquor: ca. 1 . 1  g of sulfide) of pure trans sulfoxide, 
mp 74-75 °C.

>H NMR (CDCI3) 6 0.87 [s, 9 H, (CH3)3C[, 0.9-2.7 (m, 10 H, CH2’s, 
CH’s), 2.5 (s, 3 H, CH3SO).

c/s-4-ieri-Butylcyclohexyl-2,2,6,,6'-di Methyl Sulfide. The
procedure used was similar to that described21 for the undeuterated 
compound.

A solution of 1.6 g (10 mmol) of 2,2,6,6-tetradeuterio-trares-4- 
terf-butylcyclohexanol22 was converted to 2.88 g (91%) of crude tos- 
ylate as described.23

The crude tosylate 2.88 g (9 mmol) in 20 ml of N-methylpyrrolidone 
was allowed to react with 30 ml (20 ml of N-methylpyrrolidone and 
10 ml of methanol) of a 0.5 M solution of potassium methyl sulfide 
prepared by reaction of potassium with methanethiol and the re
sulting mixture was heated on a steam bath for 14 h. The reaction 
mixture was poured into a mixture of ice and aqueous HC1 and ex
tracted three times with 25-ml portions of CH2C12. The combined 
methylene chloride extracts were washed three times with water and 
dried over MgS04. Removal of methylene chloride yielded an oil 
which on distillation from Kugelrohr afforded 1.55 g (80%) of CiS-4- 
tert-butyl-2,2,6 ,6 -tetradeuteriocyclohexyl methyl sulfide, 15% of
4-tert-butylcyclohexene, and ca. 5% of unknown material.

The pure cis isomer was obtained by preparative gas chromatog
raphy.

!H NMR (CDCI3) 5 0.85 [s, 9 H, (CH3)3C[, 1.0-1.6 (m, 5 H, C354  H),
2.03 (s, 3 H, CH3S), 2.97 (broad s, 1  H, Ci He).

cis-i-tert-B u tylcycloh exy\ -2 ,2 ,6 ,6 -d i Methyl Sulfoxide. In 
a similar manner as described for the undeuterated compound, 0.3  
g (1.6 mmol) of cis-4-iert-butylcyclohexyl-2,2,6,6-d4 methyl sulfide 
yielded 0.22 g (67%) of sulfoxide after purification of the crude ma
terial by sublimation [ca. 100 °C (0.03 Torr)], mp 149.5-151 °C.

*H NMR (CDCI3) 5 0.85 [s, 9 H, (CH3)3C[, 1.0-1.86 (m, 5 H, C3 5 4 
H), 2.52 (s, 3 H, CH3SO), 2.7 (broad s, 1  H, Ci He).

cis-4-tert-Butylcyclohexyl-2,2,S,6-d4 Methyl Sulfone. Using 
2 ml of a 1 : 1  mixture of HOAc/Ac20  and 1  ml of H20 2 (30%), from 150 
mg (0.73 mmol) of sulfoxide, 130 mg (59%) of sulfone was obtained, 
mp 174.5-175.5 °C.

*H NMR (CDCI3) 5 0.83 [s, 9 H, (CH3)3C[, 1.03-1.7 (m, 5 H, C3 5 4 
H), 2.8 (s, 3 H, CH3SO2), 2.97 (broad s, 1 H, Ci He).

cis- and trans-4-tert-butylcyclohexyl sulfones were prepared 
from the sulfides in 80 and 91% yield, respectively, in the manner 
described for the 4-methyl analogue. The cis isomer melted at
175.5-176.5 °C (lit.3 176.5-177.5 °C).

!H NMR (CDCls) 5 0.88 [s, 9 H, (CH3)3C[, 1.5-1.9 and 2.25-2.6 (m, 
9 H, CH2’s and C4 H), 2.91 (s, 3 H, CH3S 0 2), 3.09 (narrow m, 1 H, Ci 
He).

The trans isomer melted at 136.5-137.5 °C (lit.2 136-137 °C).
:H NMR (CDCI3) 5 0.88 [s, 9 H, (CH3)3C], 0.93-2.4 (m, 9 H, CH2’s 

and C4 H), 2.78 (s, 3 H, CH3S 02), 2.78-3.03 (broad m, 1 H, Cj Ha).
Anal. Calcd for CnH220 2: C, 60.55; H, 10.09. Found: cis isomer. C, 

60.23; H, 10.19; trans isomer, C, 60.54; H, 10.21.
Cyelohexyl methyl sulfoxide and sulfone were prepared as de

scribed24 from cyclohexyl methyl sulfide (Aldrich).
Sulfoxide: ir (neat) 1040 cm' 1 (S-O) (lit.24 1040 cm-1).
'H  NMR (CDC13) a 1.03-2.2 (m, 10 H, C23 4  5 H), 2.47 (s, 3 H, 

CH3SO), 2.27-2.7 (m, 1 H, CiH).
Sulfone: ir (neat) 1140 and 1310 cm - 1  (lit.24 1138 and 1309 

cm-1).
'H NMR (CDCI3) a 0.93-2.4 (m, 10 H, C23 45 H), 2.75 (s, 3 H, 

CH3S 02), 2.5-2.96 (m, 1  H, Ci H).
cis-4-tert-Butylcyclohexyl Mercaptan. cis-4-tert-Butylcy- 

clohexyl Thiocyanate. trans-4-tert-Butylcyclohexyl p-tolu- 
enesulfonate23 (31.0 g, 0.10 mol) was placed in a 500-ml three-neck 
round-bottom flask equipped with reflux condenser and mechanical 
stirrer and dissolved in the minimum amount (ca. 150 ml) of hot 95% 
ethanol. After addition of 29.4 g (0.30 mol) of KSCN the mixture was 
stirred under reflux for 1 2  h, cooled, and filtered, the precipitated 
potassium salt being thoroughly washed with ethanol which was 
added to the original filtrate. The ethanol solution was concentrated 
to one-fourth its original volume, diluted with 10 0  ml of water, and 
extracted with three 100-ml portions of ether. The combined ether 
extracts were washed with saturated brine, dried over MgS04, filtered, 
and concentrated and the product was distilled, bp 119-120 °C (2.3 
Torr), yield 6.01 g (30.6%).

cis-4-tert-Butylcyclohexyl Mercaptan. To 31.8 ml of a 1.15 M 
ethereal lithium aluminum hydride solution (0.0365 mol) contained 
in a dry 250-ml round-bottom three-neck flask equipped with a reflux 
condenser protected by a drying tube, mechanical stirrer, and pres
sure-equalized addition funnel was added 7.18 g (0.0365 mol) of cis-
4-tert-butylcyclohexyl thiocyanate in 100 ml of anhydrous ether 
dropwise and with stirring. After addition was complete stirring was 
continued for 0.5 h, the solution was cooled and hydrolyzed by careful 
addition of 10  ml of water, and the solids were dissolved by addition 
of 10% sulfuric acid. The product was worked up in standard fashion 
and the residue distilled, bp 104 °C (15 Torr), yield 3.46 g (55.3%).

Anal. Calcd for Ci0H20S: C, 69.70: H, 11.70. Found: C, 70.31; H, 
11.62.
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cis-4-tert-Butylcyclohexyl disulfide was prepared in the same 
fashion as the trans isomer in 85% yield, mp 116-117 °C after two 
recrystallizations from ethanol.

Anal. Calcd for C2oH38S2: C, 70.11; H, 11.18. Found: C, 70.13; H,
11.14.
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Reaction of diethyl squarate (diethoxycyclobutenedione) with 2 equiv of hydrosulfide ion gives the 1,2-dithio- 
squarate ion (DTS2-) and reaction with 1 equiv gives the 3-ethoxycyclobutenedione-4-thiolate ion (9), which can 
be hydrolyzed to the monothiosquarate ion (MTS2-). Thiosquarate ions are readily alkylated at sulfur to give alkyl - 
thio-substituted cyclobutenediones. For example, 3,4-bis(ethylthio)cyclobutenedione (2b) is prepared from DTS2- 
and 3-ethoxv-4-ethylthiocyclobutenedione (10b) is obtained from 9. Reaction of 10b with 1  equiv of dimethylamine 
selectively replaces the ethoxy group, and reaction of 2b with excess diethylamine gives a ring-opened product. The 
ir and 1H NMR spectra of the compounds are discussed.

The m onocyclic oxo carbon anions (C „O nm -, n =  3 -6 ), 
because o f their unique electronic structures, have a number 
o f unusual physical and chemical properties.1 '2 Several years 
ago we became interested in synthesizing sulfur analogues o f 
oxo carbons and chose the four-membered ring series because 
o f the chemistry already known for squaric acid (dihydroxy- 
cyclobutenedione) and its derivatives.3 Addition-elimination 
reactions o f  oxygen and nitrogen nucleophiles were well known 
for cyclobutenediones with leaving groups on the vinyl car
bons ,3 -6  and some displacement reactions o f  sulfur nucleo
philes have recently been reported .7 -1 4  For example, a -to- 
luenethiol and dichlorocyclobutenedione ( 1 ) in the presence

—
1

C 1
ZPhCHjSH

c f
—

\ l
2ET3N

c f

BCR Ph

\
SCH,Ph

1 2 a

o f base give 3,4-bis(benzylthio)cyclobutenedione (2a), a di- 
thioester o f  squaric acid .7,15

Since our preliminary report o f  the monothiosquarate ion 
(3, M T S 2 -) and the 1,2-dithiosquarate ion (4, D T S 2 - ) ,7 others 
have reported the 1,3-dithiosquarate and tetrathiosquarate 
ions (5 and 6 ) and the 1,2-dithiocroconate ion (7 ) . 14 >16 In this

0

5 6 7
paper the chemistry o f  M T S 2- and D T S 2- and related com 
pounds is described.

Results and Discussion

Synthesis of Thiosquarates. The thiosquarate anions
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Table I. ‘ H NMR Chemical Shifts (ppm ) o f  Cyclobutenediones and Acetates

cr i t '

Registry no. Compd R R' 5 OCH2- S s c h 2- 5 NCH3

5231-87-8 8 OEt OEt 4.71
52427-65-3 9a OEt S- M e4N+ 4.80
60282-05-5 9b OEt S-K+ 4.79
52427-62-0 2 b SEt SEt 3.46
60282-06-6 1 0 a OEt SMe 4.78 (2 .85 )“
60282-07-7 1 0 b OEt SEt 4.80 3.38
60282-09-9 1 2 SMe 0 "M e 4N+ (2 .73 )“
19230-33-2 13 OEt NMe2 4.80 3.37, 3.23*
60282-10-2 1 1 a SMe NMe2 (2 .93 )“ 3.38, 3.23
37669-71-9 l i b SEt NMe2 3.53 3.40, 3.25

NMe2 NMe2 3.27 *
CH3C(== 0 ) R

141-78-6 OEt 4.05
625-60-5* SEt 2.84“
127-19-5 NMe2 2.94, 3.02

“ S-Methyl groups. Add 0.6 ppm to compare to ethyl groups. * From ref 19. “ R. Radeglia, S. Scheithauer, and R. Mayer, 
Z. Naturforsch. B, 24, 283 (1969).

M T S2-  and D T S 2- are synthesized by reactions o f  hydro
sulfide ion and diethyl squarate (diethoxycyclobutenedione, 
8 ). Tw o equivalents o f potassium or sodium hydrosulfide 
convert diethyl squarate to D T S2- in good yield .7 With 1  equiv 
o f  potassium or tétraméthylammonium hydrosulfide, dis
placement o f  one ethoxy group occurs, yielding the 3-eth- 
oxycyclobutenedione-4-thiolate anion (9). Hydrolysis o f  9 with

OEt
■--- f HS~

1

0 ^ \ > E t O

1

OEt
8

2 HS“

9a, Me4N+ salt 
b, K+ salt

joH -

° w s ~

4a, K2DTS 
b, NaaDTS

(MTS2~)

3a, (Me4N)2 MTS 
b, (Me4N)2Zn (MTS)2

The M T S 2- ion has a higher frequency carbonyl band than 
D T S 2- (1735 vs. 1705 cm “ 1). In this ion, the equivalent ca
nonical forms 3 and 3' can reduce the a-dicarbonyl interaction,

3 3' 3 "  3 " '
and incorporation o f carbon-sulfur double bond character (3" 
and 3" ') is not as important.

Reactions of Thiosquarate Anions. Alkylation o f D T S2- 
with iodoethane occurs rapidly, yielding 3,4-bis(ethylthio)- 
cyclobutenedione (2b) which has spectral properties similar

v 1
A \

^/SEt
I

0 ^
1

N'SEt
DTS2-

2 b

° Y

O. SR \
— I ----►

0 \ ) E t
\

OEt o '
hydroxide is nearly quantitative, giving M T S 2- which has 
been isolated and characterized as the hygroscopic tétra
méthylammonium salt (3a) and as the ternary zinc salt 3b.

The symmetrical delocalized structure o f  the squarate ion 
was originally proposed because no carbonyl band was ob 
served in the ir. 17 The D T S2- ion has strong bands at 1705 and 
1630 cm -1 , suggesting that 4 is the major resonance contrib
utor to the structure o f D T S 2 - . However, the carbonyl 
stretching bands are shifted to higher frequency in the coor
dination complexes bonded through sulfur (1750-1655 cm -1 ) 
and in the S-alkylated com pounds 2a,b (1770-1745 cm - 1 ) . 7 

Therefore resonance forms 4' and 4 V may also contribute

4 4' 4 "

9 10a, R =  Me lia, R =  Me
I b, R =  Et b, R =  Et

V ° Y

^SM e
1

o
V 1o

■
/ 1o

Y

MTS2
12 ,Me4N+ salt

to those o f 2a, the dibenzyl dithioester .7 The 3-ethoxycyclo- 
butenedione-4-thiolate ion (9) is also easily alkylated, forming 
3-ethoxy-4-alkylthiocyclobutenediones I0a,b. Reaction o f 
10a,b with 1  equiv o f dimethylamine gives only displacement 
o f  the ethoxy groups, yielding 3-dim ethylam ino-4-alkylthio- 
cyclobutenediones Ila,b.18 The M T S 2- ion reacts only at 
sulfur with excess iodomethane to form the S-methylated ion 
1 2 .

significantly to the structure o f the free anion. The driving 
force for the incorporation o f some carbon-sulfur double bond 
character may be the unfavorable a-dicarbonyl dipole inter
action in 4 which is reduced in 4' and 4".

T he structural assignments for com pounds 2 and 9-12 are 
clear from  the 'H  N M R  data summarized in Table I. The 
chemical shifts o f the O -methylene and S -methylene protons 
are downfield from those o f  the corresponding acetates by
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Table II. Infrared Spectra o f  Phosphorus- and 
Sulfur-Substituted Cyclobutenediones

vc = o >
cm ' 1

yC4> 
cm 1

0  / P h2 

1

O
Y -

^ S R

1

0  PPh2 c / “ \ r

15 2a, R = PhCH j 2b, R =

1770 1765 1770
1760 1747 1747
1447 1453 1454
1128 1124 1133

0 .6 - 0 .7  ppm, and dimethyl squaramides have N -methyls that 
appear 0.3-0.4 ppm  downfield from dimethylacetamide.

Dialkylamino-substituted cyclobutenediones 13 and 14 
undergo relatively slow rotation about the C -N  bond, giving

13 14

R = Me, Et, CH,Ph

Reactions o f  D T S 2~ and transition metal ions have led to 
interesting coordination com pounds ,7'25 and the reaction o f 
M T S 2- with aqueous copper(II) ion to give the bicyclic anion 
18 has been reported . 13

2MTS2-
Cudi)

18

Reaction of Thiosquarate Esters with Amines. R eac
tions o f  dichlorocyclobutenedione ( 1 ) and diethyl squarate 
(8 ) resemble those o f carboxylic acid chlorides and esters38’6 

and carboxylic thioesters have long been known to react like 
esters. 26 T o  see if alkylthio groups could easily be removed 
from cyclobutenediones, several experiments were carried out. 
Reaction o f 3-ethoxy-4-alkylthiocyclobutenediones 10a,b with 
dimethylamine gave displacement o f  the ethoxy groups rather 
than the alkylthio groups (vide supra).

When 3,4-bis(ethylthio)cyclobutenedione (2b) was treated 
with an excess o f diethylamine, formation o f the expected 
squaramide 19 did not occur. The product in nearly quanti-

rise to nonequivalent alkyl groups in the 1H N M R  spectra . 19 

Hindered rotation was also observed in the N M R  spectra 
o f lla,b, and a variable temperature study o f lib  showed 
coalescence o f  the IV-methyls at 62.5 ±  1  °C , corresponding 
to an activation energy o f 17.5 kcal/m ol. Similar activation 
energies (15.7-17.3 kcal/mol) were found for the amides 13 and 
14.19

The ir spectra o f  cyclobutenediones with 2p-element sub
stituents (CH 3, N R 2i OR) have two C = 0  stretching 
frequencies in the 1600-1900-cm "1 region and a strong C = C  
band at 1500-1600 cm - 1 .20 The ir spectra o f 3-ethoxy-4-alk- 
ylthiocyclobutenediones 10a,b and 3-dim ethylam ino-4-alk- 
ylthiocyclobutenediones lla,b are similar, having the ex
pected C = 0  and C = C  bands, but the spectra o f  3,4-bis(alk- 
ylthio)cyclobutenediones 2a,b lack the C = C  band in the 
1500-1600-cm“ 1 range. Compounds 2a,b have in common four 
especially strong bands at frequencies very near those pre
viously assigned to C = 0  and cyclobutene stretching modes 
in 3,4-bis(diphenylphosphino)cyclobutenedione21 (15, Table
II).

Protonation o f D T S2- gave a yellow solid with an S -H  band 
in the ir, but rapid decomposition with loss o f hydrogen sulfide 
discouraged further characterization.

Silylation o f D T S2- yielded an extremely moisture-sensitive 
red-orange com pound (16) which readily dissolved in ether 
and carbon tetrachloride. Although 16 regenerated D T S2- on

O.
Y

I
Me3SiCl /  < Me^SUaNH

O ' 's r

DTS2-

r
,NRR'

NRR'

Me3SiON S
\ __ J

/ —\
Me,SiO S

16

O
^  —  Ar ^

OSiMe,

17a, R =  H; R' =  cyclohexyl 
b, R =  R' =  Et

reaction with hydroxide, comparison o f the ir spectrum with 
that o f  3,4-bis(ethylthio)cyclobutenedione (2b) ruled out 
structural assignment as the S ,S '-d isily l derivative. C om 
parison to the ir spectra o f  dithiosquaramides 17a,b22 and the 
report o f O-silylation o f potassium thiobenzoates23 suggested 
that 16 was the O-silylated derivative o f  D T S 2 - . 24

0  SEt 

¡3Et

K N E t
o  ,NEt2

J I
0  NEt2

2 b 19

tative yield was identified from spectral data as fumaramide 
20. The trans geometry was established by comparison o f the 
observed chemical shift o f  the vinyl proton (6 7.65) with the 
chemical shifts calculated from substituent constants27 for 
fumaramide 20 (5 7.64) and the corresponding maleamide (6 

6 .8 6 ). The reaction probably proceeds by addition o f amine 
to the carbonyl groups followed by base-catalyzed ring 
opening to a sulfur-stabilized enolate ion which can go on to 
the observed product.28 Diphenylcyclobutenedione undergoes 
similar ring-opening reactions with ethanol and aromatic or 
acetylenic Grignard reagents.2 9 -31

Nucleophilic addition at the carbonyl groups o f  3,4- 
bis(ethyIthio)cyclobutenedione (2b) rather than at the vinyl 
carbons as seen in the reactions o f diethyl squarate (8 ) 3a-6 is 
consistent with a smaller contribution o f dipolar resonance 
forms. Contributions by canonical forms 2b', 2b'', 8 ', and 8 "  
are expected to decrease electron deficiency at the carbonyl 
carbons and make the vinyl carbons more susceptible to nu
cleophilic attack. Because o f the much greater bond energy 
o f carbon-oxygen double bonds than carbon-sulfur double 
bonds ,32 the dipolar resonance forms 2b' and 2b" should be 
much less important that 8 ' and 8 " .
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2b 2b' 2b"
+

8  8 '  8 "

It has been pointed out (vide supra) that the ir spectra o f 
dithioesters 2 a,b differ from spectra o f cyclobutenediones with 
2 p-elem ent substituents, and the observed reactivity o f  2 b is 
quite different from that o f diethyl squarate (8 ). Dithioesters 
2 a,b, as well as other alkylthiocyclobutenediones, obviously 
have unique chemical properties which cannot necessarily be 
predicted from those o f the alkoxycyclobutenediones.

E x p erim en ta l S ection

General Methods. The following instruments were used for 
spectral measurements: 'H NMR, Varian A-60A; ir, Perkin-Elmer 
457; uv-visible, Cary 14; mass spectra, AEI-MS 902, ionization po
tential 70 eV. Gas-liquid chromatography was carried out on a Bar- 
ber-Coleman 5340 with a thermal conductivity detector. Microanal
yses were performed by Galbraith Laboratories, Knoxville, Tenn. 
Melting points and boiling points are uncorrected.

Squaric acid was obtained from Aldrich or Columbia Organic 
Chemicals.

Diethyl squarate (8 ) was prepared by reaction of squaric acid and 
ethanol3“’6 and had the following spectral properties: ir (CHC13) 1810 
(m), 1735 (s), 1605 (s), 1480 (m), 1425 (m), 1380 (m), 1335 (m), 1080 
(m), 1025 cm“ 1 (m); >H NMR (CC14) 6 4.71 (q, 2 H), 1.50 (t, 3 H); ]H 
NMR (CD3CN) <5 4.68 (q, 2 H), 1.40 (t, 3 H).

Dipotassium and Disodium 1,2-Dithiosquarate (4a,b). A 130-ml 
portion of 0.47 M anhydrous potassium methoxide in methanol (0.61 
mol) was cooled to 0 °C and saturated with hydrogen sulfide. Addition 
of 5.1 g (0.27 mol) of diethyl squarate (8 ) was carried out over 15 min 
while stirring at 0 °C and hydrogen sulfide addition were continued. 
The reaction mixture was then stirred at 0 °C for 1 h, allowed to warm, 
and stirred at room temperature for 1 h, and heated at reflux for 0.5 
h. Evaporation of solvent gave 7.8 g of yellow solid which was recrys
tallized from 100 ml of 90% aqueous methanol and dried (CaS04) to 
give 6.13 g (85%) of dipotassium 1,2-dithiosquarate monohydrate (4a): 
ir (KBr) 1705 (s), 1630 (s), 1340 (s), 1325 (s), 1205 (s), 920 (m), 565 
cm - 1  (m); uv-visible (water) Xmax 347 nm (log « 4.42), 322 sh (4.30), 
250 (4.12), 231 (4.04). Anal. Calcd for C40 2 S2K2-H20 : C, 19.99; H, 0.84. 
Found: C, 19.89; H. 0.89.

Drying at 100 °C in vacuo removed ca. 0.33 mol of water. Anal. 
Calcd for C4O2S2K2-0.67H2O: C, 20.49; H, 0.60; S, 27.45. Found: C, 
21.18; H, 0.58; S, 27.35.

Reaction of diethyl squarate with sodium hydrosulfide in ethanol 
under similar conditions, followed by recrystallization from aqueous 
ethanol and drying in vacuo at 100 °C, gave 4b (80%) hydrated with 
ca. 2.67 mol of water. Anal. Calcd for C40 2S2Na2-2.67H20: C, 20.16; 
H, 2.03; S, 26.92; O, 31.36. Found: C, 20.17; H, 2.25; S, 26.81; O,
31.33.

Tétraméthylammonium 3-Ethoxycyclobutenedione-4-thiolate 
(9a). To a hydrogen sulfide saturated solution of 12 ml (0.033 mol) 
of 2.77 M tétraméthylammonium hydroxide in methanol and 50 ml 
of absolute ethanol at 0 °C was added 5.1 g (0.030 mol) of diethyl 
squarate (8 ). The reaction mixture was then stirred at 0 °C for 1  h, 
allowed to warm to room temperature, and stirred for 1  h, and heated 
at reflux for 30 min. Evaporation of solvent gave a yellow solid which 
was recrystallized from 25 ml of absolute e'hanol to give after drying 
(CaS04) 5.1 g (74%) of 9a: mp 151-154 °C; ir (KBr) 3020 (w), 2970 (w), 
1755 (s), 1675 (s), 1500 (s), 1445 (s), 1360 (s), 1315 (s), 1295 (s), 1260 
(s), 1045 (s), 955 (s), 940 (s), 770 cm“ 1 (s); ‘ H NMR (CD:iCN) Ô 4.80 
(q, 2 H), 3.15 (s, 12 H), 1.38 (t, 3 H); uv-visible (water) Xmax 316 nm 
(log e 4.50). Anal. Calcd for CioH17SN 03: C, 51.92; H, 7.41; N, 6.06; 
S, 13.86. Found: C, 52.03; H, 7.48; N, 6.11; S, 14.00.

Potassium 3-Ethoxycyclobutenedione-4-thiolate (9b). Under 
conditions similar to those used in the preparation of 9a, 1.00 g (5.88 
mmol) of diethyl squarate (8 ) was added to a solution of 6.00 ml (5.99 
mmol) of 0.998 N methanolic potassium hydroxide and 20 ml of 
methanol saturated with hydrogen sulfide. Several recrystallizations

from ethanol gave 0.75 g (65%) of 9b: ir (KBr) 1755 (s), 1650 (s), 1510 
(s), 1390 (m), 1305 (s), 1040 (m), 995 (m), 975 cm- 1 (m); 'H NMR 
(CD;,CN) <5 4.79 (q), 1.38 (t). Anal. Calcd for C6H50 3SK: C, 36.72; H, 
2.57. Found: C, 36.62; H, 2.48.

Bis(tetramethylammonium)zinc(II) Bis(monothiosquarate) 
(3b). A solution of 6.1 g (0.0264 mol) of 9a and 9.0 ml (0.0249 mol) of
2.77 N methanolic tétraméthylammonium hydroxide in 10 ml of water 
was heated at reflux until the pH of the solution became neutral (90 
min). A solution of 3.71 g (0.0125 mol) of zinc nitrate hexahydrate in 
10  ml water was added and the solution was heated for 20 min longer. 
Evaporation of water and methanol, recrystallization from ethanol, 
and repeated recrystallization from methanol gave 0.9 g (14%) of light 
yellow (Me4N)2Zn(MTS)2 (3b): ir (KBr) 3010 (w), 1750 (s), 1650 (s), 
1550 (s, br), 1480 (s), 1370 (s), 1280 (s), 1100 (m), 1040 (m), 950 is), 
800 (m), 680 cm" 1 (m); uv-visible (water) Xma- 324 nm (log e 4.81), 269
(4.34). Anal. Calcd for Ci6H2406S2N2Zn: C, 40.88; H, 5.15. Found: C, 
40.86; H, 5.02.

Tétraméthylammonium Monothiosquarate (3a). A solution of
5.0 g (0.022 mol) of tétraméthylammonium 3-ethoxycyclobutene- 
dione-4-thiolate (9a) and 12 ml (0.033 mol) of 2.75 M methanolic 
tétraméthylammonium hydroxide in 35 ml of methanol and 5 ml of 
water were heated at reflux for 1 h. Methanol and water were removed 
under vacuum and the solid residue was recrystallized from absolute 
ethanol to yield 4.7 g (71%) of highly hygroscopic 3a: ir (KBr) 3005 
(w), 2950 (w), 1735 (s), 1590 (s), 1540 (s), 1485 (s), 1400 (m), 1280 (s), 
1130 (m), 955 cm - 1  (s).

When the uv-visible spectrum of a solution of 9a and excess sodium 
hydroxide in water was monitored, nearly quantitative hydrolysis to 
the monothiosquarate ion was evidenced by the appearance in several 
hours of the following spectrum: Xmax 324 nm (log e 4.49), 269 
(3.99).

3.4- Bis(ethylthio)cyclobutenedione (2b). A solution of 31.0 g 
(0.129 mol) of dipotassium 1,2-dithiosquarate monohydrate (4a) in 
200 ml of DMF and 20 ml of water was treated with 54.5 g (0.35 mol) 
of freshly distilled iodoethane. After stirring for 4.5 h at room tem
perature, the reaction mixture was added to 1 1 . of water and extracted 
with one 400-ml and four 200-ml portions of pentane. The combined 
organic extracts were washed with saturated aqueous sodium chloride, 
dried (MgS04), and concentrated, and the yellow liquid was distilled 
(85-90 °C, 0.05 Torr) to give 23.6 g (91%) of 2b. GLC analysis (20% 
QF-1 , 202 °C) showed one peak with a retention time of 2 2  min. The 
following data were obtained: ir (CCI4) 1770 (s), 1747 (s), 1454 (s), 1421 
(m), 1378 (m), 1265 (m), 1133 (s), 1078 (m), 1040 (m), 872 cm“ 1 (m); 
’ H NMR (CC14) è 3.46 (q, 2 H), 1.48 (t, 3 H); mass spectrum (10 eV) 
m /e (rel intensity) 204 (11), 203 (12), 202 (100, M+), 174 (10), 148 (4), 
147 (4), 146 (37); uv-visible (cyclohexane) Xmax 321 nm sh (log « 4.22), 
311 (4.36), 302 sh (4.29), 290 sh (4.17), 213 (4.07). Anal. Calcd for 
C8H 10S2O2: C, 47.50; H, 4.98; S, 31.70. Found: C, 47.32; H, 4.88; S, 
31.65.

3.4- Bis(benzylthio)cyclobutenedione (2a). A solution of 2.0 g 
(0.0171 mol) of cr-toluenethiol and 2.4 g (0.0170 mol) of triethylamine 
in 5 ml of chloroform was added dropwise in 1 h to a stirred solution 
of 1.28 g (0.0085 mol) of dichlorocyclobutenedione ( l )33 at 0 °C and 
stirred for an additional 1 h. The reaction mixture was washed twice 
with 25 ml of 2% aqueous hydrochloric acid and twice with water, 
dried (Na2S04), and evaporated to yield 2.8  g (103%) of a yellow oil, 
75% 2a by [H NMR. Several recrystallizations from hexane and 
hexane-benzene yielded 1 .0  g (36%) of yellow 2a: mp 69-70 °C; ir 
(CC14) 3060 (w), 3030 (w), 2915 (w), 2845 (w), 1765 (s), 1747 (s), 1495 
(w), 1453 (s), 1415 (w), 1124 (s), 1070 (w), 690 cm“ 1 (m); iH NMR 
(CDCls) <5 7.24 (s, 5 H), 4.75 (s, 2 H); mass spectrum m/e (rel intensity) 
326 (12, M+), 235 (10, M+ -  C7H7, M* at 169.5), 207 (8 ), 123 (31), 91 
(100), 65 (12).

3-Ethoxy-4-methylthiocyclobutenedione (10a). A solution of
2.31 g (0.0100 mol) of 9a in 25 ml of acetonitrile was treated with 2.3 
g (0.016 mol) of freshly distilled iodomethane. After the mixture had 
been stirred at room temperature for 20  min, solvent and excess io
domethane were evaporated. The residue was dissolved in 50 ml of 
water and extracted with one 75-ml and six 25-ml portions of hexane. 
The organic extracts were combined, dried (Na2S04), and evaporated, 
and the residue Kugelrohr distilled (80-100 °C, 0.15 Torr) to yield
1.22 g (71%) of 10a as a light yellow liquid: 'H NMR (CDCI3) 5 4.80 
(q, 2 H), 2.85 (s, 3 H), 1.48 (t, 3 H); ir (CC14) 2980 (w), 2940 (w), 1790 
(s), 1745 (s), 1565 (s), 1340 (m), 1315 (m), 1260 (m), 1035 cm" 1 Im); 
mass spectrum m/e (rel intensity) 172 (34, M+), 144 (24), 115 (84.1, 88
(45), 87 (100), 72 (10), 59 (22), 58 (23); m /e 172.01945 (calcd for 
C7H80 3S, 172.01941).

3-Ethoxy-4-ethylthiocyclobutenedione (10b). To a solution of
1.00 g (4.32 mmol) of 9a in 10 ml of dimethylformamide was added
0.97 ml (12 mmol) of freshly distilled iodoethane. The mixture was
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stirred for 15 min and then partitioned between 25 ml of hexane and 
35 ml of water. The aqueous layer was washed with five 25-ml portions 
of hexane and the combined organic layers were washed with 25 ml 
of saturated aqueous sodium chloride, dried (MgSCh), concentrated, 
and Kugelrohr distilled (80-90 °C, 0.15 Torr) to give 0.63 g (78%) of 
10b. GLC (20% QF-1, 225 °C) showed one peak at 11.7 min. Analysis 
of samples purified by preparative GLC gave the following data: ir 
(CC14) 1785 (s), 1740 (s), 1560 (s), 1315 (m), 1255 (m), 1030 cm“ 1 (m); 
!H NMR (CC14) 5 4.78 (q, 2 H), 3.38 (q, 2 H), 1.50 (t, 3 H), 1.45 (t, 3 
H); uv-visible (cyclohexane) Xmax 285 nm (log e 4.34), 258 (3.98); mass 
spectrum (10 eV) m/e (rel intensity) 188 (8), 187 (12), 186 (100, M+), 
158 (62), 129 (20), 101 (9). Anal. Calcd for C8Hi0SO3: C, 51.59; H, 5.41; 
S, 17.22. Found: C, 51.39; H, 5.25; S, 17.45.

3-Dimethylamino-4-methylthiocyclobutenedione (11a). A 
solution of 0.13 g (2.9 mmol) of dimethylamine in 10 ml of ether was 
added dropwise to a stirred solution of 0.50 g (2.9 mmol) of 3-eth- 
oxy-4-methylthiocyclobutenedione (10a) in 10 ml of ether. After 
stirring at room temperature for 10  min, solvent was removed and the 
residue recrystallized from hexane/benzene to give 0.35 g (70%) of light 
yellow 1 1 a: mp 114-115 °C; ir (CHC13) 1780 (s), 1725 (m), 1710 (m), 
1610 (s), 1425 (m), 1350 (m), 1320 (m), 1180 cm" 1 (m); >H NMR 
(CDCI3) S 3.38 (s, 3 H), 3.23 (s, 3 H), 2.93 (s, 3 H); mass spectrum m/e 
(rel intensity) 173 (3), 172 (5), 171 (50, M+), 143 (24), 115 (81), 100 
(100), 95 (24), 85 (32), 81 (9), 70 (10); m /e 171.0353 (calcd for 
C7H9N 0 2S, 171.0354). Anal. Calcd for C7H9NO2S: C, 49.10; H, 5.30; 
N, 8.18; S, 18.73. Found: C, 49.12; H, 5.37; N, 8.09; S, 18.98.

3-Dimethylamino-4-ethylthiocyclobutenedione (lib). A so
lution of 0.200 g (1.07 mmol) of 3-ethoxy-4-ethylthiocyclobutenedione 
(10b) in 10  ml of methylene chloride was cooled to -7 8  °C and treated 
with 0.080 ml (1.2 mmol) of dimethylamine. The solution was allowed 
to warm slowly to room temperature in 30 min. 'H  NMR analysis of 
the crude product showed only peaks for lib  plus a trace of an im
purity at <5 3.0 (integration ca. 5% of triplet at 6 1.43). Recrystallization 
of the crude yellow oil from ether gave 0.155 g (78%) of 1 lb: mp 58-60 
°C (lit.10 59 °C); ir (CHC13) 1780 (s), 1715 (m), 1610 (s), 1425 (m), 1350 
(m), 1175 cm- 1 (m); ’ H NMR (CDC13) 5 3.53 (q, 2 H), 3.40 (s, 3 H), 3.25 
(s, 3 H), 1.43 (t, 3 H); mass spectrum m /e (rel intensity) 185 (M+, 75), 
157 (8 ), 129 (65), 101 (31), 100 (100), 96 (30), 85 (31), 70 (10); m /e  
185.05112 (calcd for C8H n N 0 2S, 185.05105).

Variable temperature 1H NMR measurements on l ib  in bromo- 
benzene were carried out from room temperature to 100 °C. Tem
peratures were measured by thermocouple ( ± 1  °C) before and after 
spectral determination. Coalescence of the N-methyls occurred at 62.5 
°C, and, at 10 0  °C, a single sharp peak was observed for lla ,b  at ô
2.90.

Tétraméthylammonium 3-Methylthiocyclobutenedion-4-olate
(12). A solution of 13.0 g (5.62 mmol) of tétraméthylammonium 3- 
ethoxycyclobutenedione-4-thiolate (9a) and 2.0 ml (5.54 mmol) of 2.77 
N methanolic tétraméthylammonium hydroxide in 10 ml of methanol 
and 2.0 ml of water was heated at reflux in the dark for 3 h. Solvents 
were evaporated and the crude tétraméthylammonium monothio- 
squarate (3a) obtained was dissolved in 10 ml of Me2SO and 2 ml of 
water and treated with 2.1 g (15 mmol) of freshly distilled iodo- 
methane. After stirring at room temperature for 10 min, the mixture 
was filtered by suction. Water and Me2SO were removed by Kugelrohr 
distillation, leaving 1.09 g (89%) of crude 12. Recrystallization from 
dichloromethane gave 0.89 g (73%) of 12 as a yellow solid: mp 112-116 
°C; ir (KBr) 3020 (w), 2940 (w), 1760 (s), 1690 (s), 1670 (s), 1605 (sh), 
1565 (s), 1490 (m), 1330 (ml, 1270 (s), 1120 (m), 1055 (m), 960 (m), 950 
(s), 930 cm“ 1 (m); 'H NMR (CD3CN) 6 3.31 (s, 12 H), 2.73 (s, 3 H); 
uv-visible (water) Xmax 310 nm (log « 4.30), 257 (4.11). Anal. Calcd for 
C9H15NO3S: C, 49.75; H, 6.96; N, 6.45; S, 14.76. Found: C, 49.67; H, 
6.97; N, 6.43; S, 14.54.

Silylation of DTS2-. A 2.34-g (0.010 mol) sample of 4a found to 
have the formula K2C4O2S2-0.67H2O was suspended in 50 ml of dry 
ether and stirred under dry nitrogen in the dark with 5.1 ml (0.040 
mol) of trimethylchlorosilane and 1.0 ml (0.005 mol) of hexamethyl- 
disilazane for 5 days. The resulting red-orange solution was filtered 
in a glove bag and a known fraction of the clear filtrate was added to 
excess aqueous potassium hydroxide. Measurement of the uv-visible 
spectrum and comparison to the spectrum of DTS2- indicated that 
the ethereal filtrate contained disilylated DTS2- in 82% yield. 
Evaporation of ether and excess silylating agent from the filtrate 
yielded a red-orange, highly moisture-sensitive oil: ir (CCI4) 2960 (m), 
1665 (s), 1425 (s), 1335 (s), 1295 (s), 1255 (s), 1110 (m), 1100 (m), 980 
(s), 940 cm- 1  (m).

3,4-Bis(cyclohexylamino)cyclobutenedithione (17a) and
3,4-bis(diethylamino)cyclobutenedithione (17b) were prepared 
by the reported method.38-22 Compound 17a was prepared in 80% yield 
using hexamethylphosphoric triamide as solvent and recrystallized

from Me2SO: mp 348-350 °C (darkens at 290 °C); ir (Nujol) 3230 (m), 
3170 (m), 3120 (m), 1705 (s), 1570 (s), 1330 (s), 1270 (s), 1250 (s), 1230 
(s), 1140 (m), 1080 (m), 945 (m), 885 cm- 1  (m); mass soectrum m /e  
(rel intensity) 308 (M+, 53), 225 (23), 193 (15), 183 (11), 145 (14), 144 
(26), 143 (32), 116 (18), 111 (14), 105 (13), 83 (38), 55 (100), 44 (58). 
Anal. Calcd for Ci6H24N2S2: C, 62.29; H, 7.84; N, 9.08; S, 20.79. Found: 
C, 62.25; H, 7.81; N, 8.97; S, 20.85.

Compound 17b was prepared in 24% yield using THF as solvent and 
recrystallized from benzene: mp 160-162 °C; ir (Nujol) 1675 (s), 1550 
(s), 1310 (s), 1270 (s), 1250 (s), 1205 (m), 1170 (s), 1100 (m), 1070 (m), 
1055 (m), 1010 (m), 795 (m), 560 cm“ 1 (m); ]H NMR (CDCI3) 6 3.89 
(q, 2 H), 1.33 (t, 3 H); uv-visible (MeOH) Xmax 403 nm (log 1 4.60), 371 
sh (4.48), 283 (4.34); mass spectrum m /e (rel intensity) 258 (11), 257
(16), 256 (100, M+), 241 (5), 227 (36), 213 (16), 170 (18), 140 (17), 128
(11), 116 (14), 112 (1 1 ), 110 (11), 88 (16), 84 (30), 72 (45). Anal. Calcd 
for C12H20N2S2: C, 56.20; H, 7.86; N, 10.92; S, 25.01. Found: C, 56.16; 
H, 7.82; N, 10.97; S, 25.01.

N,iV,7V',Ar'-Tetraethyl-2-ethylthiofumaramide (20). A solution 
of 0.40 g (2.0 mmol) of 3,4-bis(ethylthio)cyclobutenedione (2b) and
0.58 g (8.0 mmol) of diethyiamine in 10  ml of ether was stirred at room 
temperature for 2.5 h. Evaporation of solvent and Kugelrohr distil
lation of the residue (135-140 °C, 0.1 Torr) gave 0.55 g (95%) of 20: 
>H NMR (CCR) S 7.65 (s, 1 H), 3.72 (q, broad, J  = 7 Hz, 4 H), 3.39 (q, 
J =  7 Hz, 2 H), 3.17 (q, J  = 7 Hz, 2 H), 2.64 (q, J =  8 Hz, 2 H), 1.0-1.5 
(m, 15 H); ir (neat) 2980 (m), 1630 (s), 1580 (s), 1555 (s), 1450 (m), 1330 
(m), 1220 (m), 1115 cm- 1  (m); mass spectrum m/e (rel intensity) 286
(13), 187 (13), 186 (100), 158 (61), 129 (15), 128 (15), 126 (15), 114 (35), 
100 (10), 98 (27), 97 (14), 96 (19), 86 (11), 82 (10), 72 (22), 68 (10), 59
(11), 56 (38); m /e 286.1727 (calcd for Ci4H26N20 2S, 286.1715). Anal. 
Calcd for Ci4H26N20 2S: C, 58.71; H, 9.15; N, 9.78; S, 11.19. Found: C, 
58.57; H, 8.97; N, 9.76; S, 10.96.
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The crystal and molecular structure of irans-biphthalyl, the main product of the reaction of phthalic anhydride 
with triethyl phosphite, has been elucidated by x-ray crystallographic techniques. The yellow substance crystallizes 
in the monoclinic system, space group P 2 y c with four asymmetric units per unit cell. The structure was refined by 
full-matrix least-squares techniques to a final R factor on F  of 3.5% based on 571 observations above background. 
The molecule is planar, and some of the bond angles formed by the trigonal carbon atoms are significantly larger 
(A ~  12°) than the normal 120° value. It is suggested that the flexibility inherent in C-C-C, C-C-O, and C-O-C 
bond angles permits (a) the observed angle expansions which are required to allow for coplanarity of the chromo- 
phore 0 = C -C = C -C = C -C = C -C = 0  in the crowded molecule; and (b) the observed angle contractions, which are 
required to establish the five-membered rings. This effect accounts for the existence of octaphenyl-, octachloro-, 
and octabromo-frans-biphthalyl, although there is no assurance that the octahalo compounds have completely pla
nar molecules.

The classical researches on the structure o f  phthalic an
hydride, phthaloyl chloride, phthalaldehydic esters, and 3- 
alkoxyphthalides (Scheme I) led to a series o f  yellow and

Scheme I

colorless isomers o f  the formula CigHsOi, known as “ bi- 
phthalyls” .2,3 Some o f  those experiments were later repeated4 

and extended .5

Structurally related CmHfi0 4 com pounds have been re
cently obtained from  benzocyclobutene-l,2 -diol dinitrate6 

(Scheme II), and from  the photolysis7 -9  o f  benzocyclobuta- 
dienoquinone .6

Scheme II

R3N
+ c16h a  

_____1

The biphthalyls were initially formulated as the trans and 
cis isomers, 1  and 2 , o f  the bis-y-lactone o f o ,o '-d icarboxy- 
benzoin .2’3 However, the work o f Cava6 and o f Bird 10 suggests 
that, with one exception ,7’8 the colorless substance designated 
as cis -BP (2) 1 1  is identical with the biisocoumarin (3) that was 
obtained as a by-product o f  the benzocyclobutadienoquinone 
synthesis6 (Scheme II). Thus, the acich-catalyzed isomeriza
tion

H(+)
yellow irons-B P  (1) — * -  colorless “ cis-B P  (2 )”  5 

is actually
H(+)

irons-B P  (1) — ■*- biisocoumarin (3) 10

Scalar molecular models disclose an increasing degree o f  in
tramolecular crowding in the series: 3 <  1 «  2. Nevertheless 
(and this constitutes the exception mentioned above), Staab7’8 

has reported the isolation o f authentic cis-BP (2, 5%), together 
with 1 (25%) and 3 (4%) from the photolysis o f  benzocyclo-

1h v
2 3
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butadienoquinone .6 The thermal c is -2 —* tran s- 1 isomeriza
tion was observed at 200 °C.

In 1959 we reported the deoxygenative coupling o f P A 1 1  to 
trans-B P (1), by means o f triethyl phosphite . 12 '13 Bird and 
W ong 14 confirm ed these results, and made the significant 
observation that biisocoumarin6 (3) was form ed as a by
product in about 25% yield. These authors , 15  as well as 
M arkgraf et al. , 16 have extended the biphthalyl condensation 
to thiophthalic anhydride.

There is in the literature a fourth related C i6H 80 4  isomer, 
the spirolactone17  4. This substance was obtained by Brown9 

0

II

(but not by Staab7’8) from the photolysis o f  benzocyclobuta- 
dienoquinone, and has been isomerized into trans-BP (1), 
thermally 17 (250-300 °C ), and on heating with tertiary
amines.9,17,18

X O

5, X =  H
6 , X =  Cl
7, X =  Br
8 , X =  C6H5

X O

10, X =  Br
11, X =  c bh 5

The present investigation had three purposes: (1) to study 
the molecular structure o f  yellow B P (1) by x-ray crystallog
raphy; (2 ) to confirm the BP structure (9) previously as
signed 13 to the yellow-orange crystals obtained from  tetra- 
chloro-PA (6 ) and triethyl phosphite, and to extend the re
action to other hindered PA derivatives, 7 and 8 ; (3) to cor
relate the new and the published data in order to arrive at a 
rational explanation for the form ation o f tran s- and cis-B P , 
and o f biisocoumarin, in the various reactions mentioned 
above.

Experimental Section
Reaction of Phthalic Anhydride with Triethyl Phosphite. A

mixture of phthalic anhydride and freshly distilled triethyl phosphite 
(lk mol ratio) was stirred under argon for 24 h at ca. 190 °C. A third 
molar equivalent of the phosphite was introduced, and the mixture 
was stirred for an additional 24-h period. The crystals which separated 
at 20 °C were collected, and were washed repeatedly with warm 
benzene; they represented 65% of the expected frans-BP (1), mp ca. 
350 °C (see Table II). The pale-yellow crystals used in the x-ray 
analysis were obtained after recrystallization from mesitylene.

The mother liquid which remained after filtration of the trans -BP
(1) was distilled under vacuum to remove triethyl phosphate. Un
reacted phthalic anhydride was recovered by sublimation, and the 
residue was submitted to TLC (Table II). A spot attributed to biiso
coumarin (3) was observed at Rf 0.48; the remaining 1 gave a spot at 
Rf 0.61, and there was a relatively weak spot at Rf 0.37.

The crystals of 1 obtained from xylene or from mesitylene sublimed 
at ca. 260 °C during slow heating on a hot stage. In open capillary, 
sublimation was also detected at ca. 260 °C. The sublimate resublimed 
at about the same temperature. On relatively rapid heating, the ma
terial melted to a clear liquid at 352-354 °C. When a sealed tube 
containing crystals of irares-biphthalyl was immersed in a bath pre

heated to 370 °C and the sample was kept for 2.5 h at that tempera
ture, a clear melt was produced. This melt resolidified to a material 
which proved to be identical with the initial 1 , according to ir spectrum 
(Nujol mull) and TLC behavior.

Crystal Data, trans-Biphthalyl, Ci6H80 4: monoclinic; P 2i/C; a =  
10.196 (6), b =  3.778 (3), e = 15.090 (8 ) A, cos 0 =  -0.1228 (2 ); (XCuKa 
= 1.5418 A at 2 1  °C); Z =  2 (half a molecule per asymmetric unit); 
dcalcd = 1-52 g cm-3, dmeas (by flotation in benzene-diiodomethane) 
= 1.50 (1) g cm-3; p(Cu Ka) = 9.38 cm-1.

Data Collection and Structure Refinement. Precession and 
Weissenberg photographs of the (hk0), (hkl), (0kl), (1 kl), and (hOl) 
zones showed systematic absences (M l) for l odd and (OfeO) for k odd 
implying space group C2hb =  P 2i/c. The cell dimensions were deter
mined by a least-squares fit of the observed 26 angles for 26 reflections 
centered automatically on a four-circle diffractometer.

Intensity data were collected from a light yellow crystal of rectan
gular prismatic habit and dimensions 0.3 X 0.1 X 0.05 mm. The crystal 
was mounted on a glass fiber and oriented along b* (the prism axis). 
Data were obtained on a computer-controlled Picker four-circle dif
fractometer19 using nickel-filtered Cu Ka radiation. Two independent 
sets of data (hkl and hkl) were collected for 28 (Cu Ka) < 55°. The 
1337 observations gave 571 independent reflections with F a2 >  
3ccount(Eo2) with <r(F02) being based on Poisson counting statistics. 
The intensities of two standard reflections were measured periodi
cally, and there was no evidence of crystal deterioration. Data were 
collected by 9-26 step scans using a fixed scan width A20 = 2.00° and 
a step size 528 of 0.02°. The center of the scan range was set at the 
Bragg angle calculated for 1.5418 A. Background was measured as the 
average of the first and last ten points of the scan. The take-off angle 
was 3.0° and pulse height-pulse shape discrimination system was 
used.

Structure factors were derived in the usual way; no absorption 
correction was necessary. Normalized structure factors (E’s) were used 
in a multiple solution direct methods technique as described by 
Germain, Main, and Woolfson20 to determine phases from which an 
E  map revealed the coordinates of all nonhydrogen atoms. The 
structure was refined by full-matrix least squares, minimizing the 
function ZwA2 with A = |F0| — |FC| with weights w = 4F02/<r2(jF0) 2 
and tr2(F02) =  <rCount2(7) + (0.03F2)2. All hydrogen atom positions were 
located by difference Fourier synthesis following isotropic refinement. 
The atomic scattering factors for all nonhydrogen atoms were taken 
from a standard source,21 while that for hydrogen atoms was the best 
spherically averaged value of Stewart et al.22

The final least-squares cycles included anisotropic thermal pa
rameters for the nonhydrogen atoms and individual isotropic thermal 
parameters on the hydrogen atoms. The final values of /?i = 2| |F0| 
-  |FC||/2|F0| andR -2 = IM  |F0| -  |FC| |2]/SicF02|1/2 were0.035and 
0.043, respectively,23 and the error in an observation cf unit weight 
was 2.34. The maximum density in a final difference electron density 
synthesis was 0.15 electrons A-3, approximately 25% of the height of 
a hydrogen atom. The final parameters are presented in Table 
III.24

Reaction of Tetrasubstituted Phthalic Anhydrides with 
Triethyl Phosphite. Tetrachloro-PA (6) or tetrabromo-PA (7) was 
mixed with 10  molar equiv of triethyl phosphite and the mixture was 
stirred, under N2, for 5 min at 155 °C. The mixture was cooled, and 
the yellow crystals were filtered off and washed repeatedly with warm 
benzene, for octachloro-BP (9), or with warm toluene for octabro- 
mo-BP (10). A mixture of tetraphenyl-PA (8 ) and triethyl phosphite 
(10 molar equiv) was stirred for 48 h at 180 °C, and the crystals of 
octaphenyl-BP (11) were washed with warm benzene. Additional data 
are furnished in Table II.

Anal. Calcd for Ci60 4Br8: C, 21.5; Br, 71.4. Found: C, 21.3; Br, 71.2. 
Calcd for C64H4o0 4: C, 88.0; H, 4.6. Found: C, 88.0; H, 4.7.

The octahalo-BP undergo extensive decomposition on prolonged 
heating with trialkyl phosphites.

Reaction of Biphthalyls with Concentrated Sulfuric Acid.
frans-BP (1) was mixed with concentrated H2S 04, and the mixture 
was stirred for 2 h at 140 °C, cooled to 20 °C, and poured into ice. The 
colorless crystals of crude biisocoumarin (3) (ca. 50%) were purified 
as described;10 cf. Table II. The same procedure was applied to the 
octachloro- and octabromo-BP (9 and 10) but in those cases no pure 
new compound could be isolated.

Results and Discussion

Molecular Structure of trans-BP (1). The structure and 
numbering system for the atoms in an individual molecule, 
whose two halves are related by the center o f  symmetry, are 
shown in Figure 1 . The 50% probability vibrational ellipsoids



Crystal and Molecular Structure of trans-Biphthalyl J. Org. Chem., Voi 41, No. 24, 1976 3911

Figure 1. Stereoscopic drawing of an isolated molecule of trans-biphthalyl (1), (' ] ,';H -.Oi. The 50% probability ellipsoids are shown (hydrogen 
atoms are isotropic).

Figure 2 . Stereoscopic drawing showing the contents of the unit 
cell with all molecules, Ci6H804, completed (Z  = 2). In addition, there 
are two complete molecules no parts of which lie within the unit cell; 
these appear at the far upper left and near lower right hand corners, 
and are included to show the packing arrangement. The asymmetric 
unit consists of half a molecule (or C8H4O2), and there are four 
asymmetric units per unit cell. The view is approximately along 6, and 
c is vertical.

are also displayed in Figure 1 . The packing of the molecules 
in the crystal is depicted in Figure 2. The interatomic dis
tances, bond angles, and their standard deviations are sum
marized in Table I and were calculated from the positional 
parameters given in Table III24 and the correlation matrix. 
Some significant least-squares planes are presented in Table 
IV.24

The data confirm the structure and the configuration as
signed to the main product of the reaction of phthalic anhy
dride with triethyl phosphite.12’13 The molecule of irans-BP
(1) is perfectly planar, as shown in Table IV .24 The bond dis
tances are unexceptional, and the most interesting features 
of the molecule reside in the bond angles which are empha
sized in the partial formula.

Angles C (l')-C (l)-C (2 ) and C(l)-C(2)-C(3) are signifi
cantly larger than the trigonal 120° value. Angle 0(1)-C(1) 
-C(2) is smaller than 120°. The net effect of these bond angle 
deformations is to move H(3) away from 0(10- The non- 
bonded distance H (3)-0 (l') is 2.575 A, while the estimated25 
van der Waals radii for H and O are about 1 . 1  and 1.40 A, re
spectively. There is enough available space in the planar 
molecule to accommodate at least a hydrogen atom on the 
aromatic C(3) position.

A second set of expanded bond angles included 0 (2 )- 
C(8)-C(7) and C(8)-C(7)-C(6), and this effect increases the 
separation between H(6) and 0(2); cf. the nonbonded distance 
H(6)-0(2).

Table I. Bond Distances (À) and Angles (Deg)

Distances Angles

A. In Five-Membered Ring

C (l)-C (l')a 1.329 (4) C (r)a-C(l)-C(2) 132.7 (3)
C(l)-C(2 ) 1.452 (3) C(l')-C (l)-0(1) 118.4 (3)
C(2)-C(7) 1.388 (3) C(l)-C(2)-C(3) 132.6 (2)
C(7)-C(8) 1.460 (3) C(l)-C(2)-C(7) 106.7 (2)
C(8)-0(l) 1.395 (3) C(2)-C(7)-C(8) 108.4 (2)
0(1)-C(1) 1.397 (3) C(7)-C(8)-0(l) 107.4 (2)
0(2)-C(8) 1.196 (3) C(8 )—0(1)—C(l) 108.6 (2 )

0(1)-C(1)-C(2) 108.8 (2 )
0(2)-C(8)-C(7) 132.6 (2)
0(2)-C(8)-0(l) 119.9 (2)
C(8)-C(7)-C(6) 129.7 (2)

B. In Six Membered Ring6

C-C 1.386 (6) C-C-C 120.0 (2 2 )
C-H 0.99 (3) H-C-C 120 .0  (80)
“ Atom' C(l') is related to C(l) by the 1center of sym

metry. 6 These are average quantities. The estimated standard 
deviation in parentheses is the larger of an individual deviation 
or the standard deviation as calculated on the assumption of 
equivalence.

Table II. Properties of trans-Biphthalyl, Biisocoumarin, 
and Some Octasubstituted Biphthalyls

Compd Subst X Mp, °C
Ir bands,“ 
cm- 1  C = 0 Rf b Yield," %

Biphthalyls
1 H 352-354d 1780 0.61 65
9 Cl 375-377° 1780 44

1730
10 Br 408-409f 1780 40

1730
11 c6h 5 407-409« 1780 0.79 45

Biisocoumarin6

3 H 330-334' 1720-' 0.48
0 Nujol mulls. b On unactivated silica gel plates, using toluene

(1) or toluene-ethyl acetate, 19:1 (11). No suitable solvent was 
found for 9 or 10. c Based on the corresponding phthalic anhy
dride. d From xylene or mesitylene. The crystals sublime at ca. 
260 °C; the melting point was obtained on rapid heating, in open 
or sealed capillaries. e From o-dichlorobenzene. f Before and after 
repeated washings with warm toluene. g Before and after repeated 
washings with warm benzene. h Prepared as described in ref 10.
' From toluene. J A sharp band at 1175 cm- 1  is useful for char
acterization purposes.

The five-membered rings have bond angles which are close 
to those of the regular pentagon (108°).

It appears that the flexibility inherent in C-C-C, C-C-O, 
and C-O-C bond systems permit the bond angle expansions 
which are required to allow for the coplanarity of the chro- 
mophore 0 = C -C = C -C = C -C = C -C = 0  in the relatively



3912 J. Org. Chem., Voi. 41, No. 24,1976 Ramirez, Ricci, Tsuboi, Marecke, and Yamanaka

crowded irons-BP (1). This angle flexibility permits also the 
contractions which are required to establish the five-mem- 
bered rings in the shape of a regular pentagon.

There are no unusual intermolecular distances in the 
crystals of irons-BP (1); however, the packing shows an in
teresting feature (cf. Figure 2). Pairs of molecules (at the upper 
and lower edges of the figure) are perfectly stacked, but other 
pairs (in the middle of the figure) are not stacked with respect 
to each other or in relation to the stacked pairs. This relatively 
inefficient packing may account for the sublimation that is 
observed at about 260 °C. We speculate that there could be 
another phase transition above this temperature leading to 
a more efficient packing which would account for the observed 
melting point of 352-354 °C. However, the postulated second 
phase transition was not detected in the present investiga
tion.

Reaction of Tetrasubstituted Phthalic Anhydrides 
with Triethyl Phosphite. The data in Table II support the 
conclusion that the yellow-orange substance isolated from the 
reaction of tetraphenyl-PA (8) is also the irans-BP derivative, 
11. The estimated25 half-width of the benzene ring is 1.85 Á; 
and with a van der Waals radius of 1.40 Á for the divalent 
oxygen, it is evident that a planar octaphenyl derivative 11 
analogous to 1 requires even greater bond angle deformations 
than those observed in 1. Yet the similarities of the C = 0  
stretching bands of 11 and 1, as well as the color of the two 
substances, suggest similar molecular structures.

The steric problem may be comparable or worse for the 
octachloro-frans-BP (9) (Cl radius25 ~T.80 Á), and much 
worse for the octabromo-trans-BP (10) (Br radius ~1.95 A). 
The Nujol mulls of the analytical samples of both yellow oc- 
tahalo derivatives exhibited two carbonyl bands. Repeated 
recrystallizations of the chloro compound, 9, did not alter the 
spectrum. The bromo compound, 10, could not be recrystal
lized. Neither halogen derivative could be analyzed by TLC 
for lack of solubility. It is possible, but unlikely, that the 
1730-cm-1 peak is due to contamination of the crystals with 
the corresponding octahalobiisocoumarin (analogous to 3). 
The latter compounds, however, could not be made from the 
reaction of concentrated sulfuric acid with the octahalo-BP 
(9 and 10). If the two C = 0  bands in the spectra of 9 and 10 
result, indeed, from the pure compounds, the phenomenon 
may indicate that these very crowed molecules are not entirely 
planar. In the planar tra n s -BP (1) the two carbonyl groups 
are aligned in opposite directions, and the symmetric vibration 
mode does not result ir. a change in dipole moment; conse
quently, one expects only a single carbonyl band, due to the 
asymmetric mode, despite the fact that extensive vibrational 
coupling is taking place, of the type that is responsible for the 
well-known doublet in symmetrical anhydrides.26 This re
striction need not apply if the molecule is not entirely planar. 
All efforts to obtain single crystals of 9 or 10 suitable for x-ray 
analysis have failed.

Mechanisms of the Biphthalyl Condensation and Re
lated Reactions. We suggested the possible intervention of 
the bisketene (14)12 and the related carbene (15)12,13 in the 
formation of frans-BP (1) from PA (5) and triethyl phosphite. 
These hypothetical intermediates may arise via a cyclic oxy- 
phosphorane12’27 (12), or via a dipolar 1:1 adduct13 (13), which 
represent the attack by the phosphite at the carbon or at the 
oxygen of the carbonyl function of PA (5), respectively. The 
reactions of trivalent phosphorus compounds with carbonyl 
functions can give rise to a variety of products28 which may 
be pictured as arising from the two types of 1:1 adducts, 
X 3P+-C -0_ and X 3P+-0-C ~. Apparently, these adducts can 
be subject to relative rapid equilibration, rearrangements, 
eliminations, and additions of other reagents, including a 
second molecule of the carbonyl compound.28 In the bi
phthalyl condensation, which occurs at relatively high tem

perature, there are no compelling reasons to exclude either of 
these modes of attacks by the phosphite on PA (5) as the 
source of the carbene (15).

The irans-BP (1) may arise by direct dimerization of the 
carbene (15),1213 or via the phosphite ylide (16)29 which rep
resents the trapping of the carbene (15) by the phosphite. 
From the ylide (16) and PA (5), irans-BP (1) is formed

O

17
through the steps of the Wittig olefin synthesis.29 The 
phthalidephosphonate (17), which is observed when dialkyl 
phosphites are present during the reaction of PA (5) with 
trialkyl phosphites, represents the trapping of the carbene by 
dialkyl phosphite.

The biisocoumarin (3) recently detected by Bird14 among 
the by-products of the biphthalyl condensation may result 
from a dimerization of the bisketene (14, Scheme III).

Scheme I I I
bisketene (14) O

biisocoumarin (3)

In support of the bisketene (14) ^  carbene (15) hypothesis, 
one can mention the results of the photolysis7-9 of the qui- 
none6 as has been pointed out by Stabb7’8 and by Brown9 
(Scheme IV). The dimerization of the carbene (15) to tra n s -  
and cis-BP (1 and 2), and of the ketene (14) to biisocoumarin
(3), as well as the carbene insertion on the quinone to give the 
spirolactone (4), are reasonable. The trapping of the carbene 
by ethanol to give the 3-alkoxyphthalide7 8 (18, Scheme IV) 
provides an analogy for the similar trapping by dialkyl phos
phite.
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benzocyclobutadienoquinone
0

Scheme IV
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I______________
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The carbene (15) is a likely intermediate in the early work2’3 
with phthaloyl chloride (Scheme I). Moreover, the formation 
of frcms-BP (1) and/or biisocoumarin (3) from phthalal- 
dehydic esters2-3 or from 3-alkoxyphthalides5 (Scheme I) 
suggest also a carbenoid mechanism (via 19 and 20).

biisocoumarin (3)
The homolytic acyl-oxygen bond cleavage required in the 

cis —»• trans isomerization6’7 could be facilitated by resonance 
stabilization in species 24. A similar effect in species 25 would

O
II

24

account for the thermal spirolactone tra n s -BP rearrange
ment;9’17 this picture is analogous to that suggested9 for the 
amine catalysis of that reaction.

We have found that traras-BP (1) and octachloro-BP (9) are 
recovered unchanged after heating to 370 and 175 °C, re
spectively, and have verified the acid-catalyzed tra n s-BP (1) 
-*■ biisocoumarin (3) isomerization,10 which could simply be 
an acylium cation mediated rearrangement, Scheme V.

The formation of tra n s-BP (1) from the phosphite ylide (16) 
via the Wittig reaction29 seems more reasonable than the 
simple carbene dimerization, and has been favored by several 
authors.10’14-16’30 Phosphite ylides are known31’32 and there 
is precedent for the formation of certain phthalylidene de
rivatives from phosphine ylides and phthalic anhydride.33 
However, neither the phosphite ylide (16), nor the carbene
(15) are m a n d a tory  intermediates in the biphthalyl conden
sation. There is a reasonable pathway in which the dipolar ion
(13) adds to PA (5) carbonyl to yield the 1,3,2-dioxaphos- 
pholane (21).34 Subsequent steps have precedent, in other 
related reactions of cyclic oxyphosphoranes.27-29 as was rec
ognized by Markgraf.16 The 1,2-oxaphosphetane (23)35 de-

Scheme V

—OP(OR).
Q  P(OR)3 
/ u " - o

^  P V C\ H _  3 

1121 22

1
+ROR), Ç P(OR)3 - o p <o r >3 ,  , , N 

1 1 ------------► trans-BP (1)
— C— 0

0 ^ C

1
23

Registry No.— 1,1 9 3 5 7 -6 4 -3 ;  3 ,7 4 3 3 -9 2 -3 ;  5 ,8 5 -4 4 -9 ;  6 , 1 1 7 -0 8 -8 ;  
7 ,6 3 2 -7 9 -1 ;  8 , 4 7 4 1 -5 3 -1 ;  9 ,6 0 2 6 0 -5 0 -6 ;  10,6 0 2 6 0 -5 1 -7 ;  11,6 0 2 6 0 -5 2 -8 ; 
triethyl phosphate, 1 2 2 -5 2 -1 .

picted in this pathway is the intermediate in the Wittig olefin 
synthesis.

In view of the intramolecular crowding revealed by the x-ray 
analysis of the unsubstituted frarcs-BP (1), one may raise the 
question of prohibitive steric hindrance in the various inter
mediates discussed above, the 1,2-oxaphosphetane (23),
1,3,2-dioxaphospholane (21), and epoxide36 (22). In that case, 
the direct carbene dimerization could still provide a plausible 
mechanism for the biphthalyl condensation.

Several isomerizations of the various CjgHsO* structures 
discussed above have been discussed:

Supplementary Material Available. Positional and thermal 
parameters (Table III) and equations of best least-squares planes 
(Table IV) (2 pages). Ordering information is given on any current 
masthead page.
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Of the isomeric carboxybenzyl bromides, o-carboxybenzyl 
bromide (1) is krfown to undergo solvolytic reactions many 
times more rapidly than p -carboxybenzyl bromide (2).1 This 
difference—the ortho isomer (1) reacts some 84-87 times as 
fast as the para isomer (2)—reverses the usual order of reac-

tivity among isomers of this type. Although differences are 
rarely this dramatic, the para isomer is nearly always more 
reactive.2 The greater reactivity of 1 is attributed to internal 
participation by the un-ionized carboxyl group.3 Such par
ticipation is not possible for 2 because of unfavorable molec
ular geometry. Manifestly the equation above does not show 
how the solvent acts.

Solvolyses of benzyl halides have been studied extensively.4 
The findings cannot be interpreted in terms of simple Sn I or 
simple Sn2 mechanisms. It has been suggested that the 
mechanisms of benzyl halide solvolysis be interpreted as Sn2
(1) and Sn2 (2); in the former, bond ionization plays the pre

dominant role, while the latter is more like the conventional 
Sn2 type, nucleophilic attack being more important.5 Two 
possible transition states can be postulated for the particular 
reaction now being discussed:

1 H.,0
fast

products

products

If the reaction proceeds through the transition state I, suffi
cient stretching of the reactive bond must occur to produce 
an ion-pair-like species. The subsequent nucleophilic attack 
on the ion is expected to be very fast. In this case, the carboxyl 
group can be said to act as an electrophilic catalyst. Reactions 
proceeding through this state should be little affected by 
nucleophiles but appreciably sensitive to the ionic strength 
or dielectric constant of the solvent medium. If the reaction 
goes through the transition state II, less bond stretching is 
required. The reactive bond is stretched only enough to in-



Notes J. Org. Chem., Vol. 41, No. 24,1976 3915

Table I. Effect of Added Nucleophiles on Solvolysis Rate Constants for Carboxybenzyl Bromides and Benzyl Bromide
in 50% Aqueous Dioxane"

[Buffer]
pH mol/1.

o -Carboxybenzyl 
bromide (1 )

10 5 fes, s- 1 _____
p-Carboxybenzyl 

bromide (2 )
Benzyl

bromide

Hydroxylamine/Hydroxylamine Hydrochloride
7.10 0.500 480 ± 6 335 ±  1 252 ±  9

0.375 446 ±  6 228 ± 2 123 ±  2
0.250 463 ± 9 125 ± 5 61.6 ±  1.9

Morpholine/Morpholine Hydrochloride

7.05 0.500 364 ± 6 239 ±  13 147 ±  3
0.375 359 ±  6 87.0 ±  0.3 92.8 ±  0.4
0.250 370 ±  14 22.9 ±  1.0 52.4 ±  2.5

Sodium Acetate/Acetic Acid

5.68 0.500 246 ±  5 32.8 ±  0.8 30.7 ±  0.7
0.350 248 ±  1 30.0 ±  0.0 25.2 ±  0.2
0.200 241 ±  1 24.0 ±  0.3 18.3 ±  0.4

“ Temperature 40.0 °C and total ion concentration maintained at 1 M with NaCl.

Table II. Effect of Added Salt on Hydrolysis Rate Constants for Carboxybenzyl Bromides and Benzyl Bromide in
Aqueous Dioxane, 60.4 °C

Aqueous 106 fe,- , s-1
dioxane, [KN03], o -Carboxybenzyl p -Carboxybenzyl Benzyl

% molA- bromide (1) bromide (2) bromide

80 0.000 30.7 ±  0.8 0.272 ±  0.008 0.626 ±  0.010
0.050 39.6 ±  0.6 0.328 ±  0.011 0.659 ±  0.018
0.100 43.2 ±  0.4 0.364 ±  0.003 0.701 ±  0.015
0.150 44.3 ±  0.6 0.405 ±  0.014 0.743 ±  0.031
0.000° 68.5 ±  0.4 0.740 ±  0.005
0.0006 13.4 ± 0 .1

60 0.000 114 ±  0 1.81 ±  0.02
0.000» 217 ±  3 5.01 ±  0.05
0.000 6 56.9 ±  0.5 0.722 ±  0.021

50 0.000 183 ±  9 3.56 ±  0.12 4.50 ±  0.16
0.100 187 ±  7 4.24 ±  0.08 10.8 ±  0.2
0.300 195 ±  5 5.45 ±  0.19 20.9 ±  0.8
0.500 210 ±  3 6.75 ±  0.14 32.5 ±  0.5
0.750 210 ±  3
1.000 7.12 ±  0.09
0.000» 325 ± 9 8.74 ±  0.14
0.000» 86.1 ±  3.8

» Temperature 70.6 °C. h Temperature 50.6 °C. c Temperature 40.0 °C.

crease the charge polarization so that nucleophilic attack in 
the rate-determining step is facilitated. In this case the car
boxyl group can be said to act as a general acid catalyst.

We report here a series of experiments in which the nu- 
cleophilicity and ionic strength of the media have been varied 
and the resulting rate constants determined. From these data, 
we have tried to interpret the catalytic role of the carboxyl 
group in the solvolysis of o-carboxybenzyl bromide.

Results and Discussion

The carboxybenzyl bromides (1 and 2) and benzyl bromide 
were solvolyzed in 50% aqueous dioxane in which one of three 
nucleophiles was initially present. The nucleophiles used were 
hydroxylamine, morpholine, and acetate anion, each in the 
form of a buffer containing the free base and conjugate acid. 
Sodium chloride was added to give uniform ionic strength. In 
these experiments (Table I) the benzyl halides reacted at a 
convenient rate with all the nucleophiles used and the 
pseudo-first-order rate plots were linear through 3 half-lives. 
The rates of reaction for 2 and benzyl bromide increase lin
early with the nucleophile concentration, total buffer con

centration, while the rate of reaction of 1 is independent of the 
nucleophile concentration (Figure 1). It should be noted, also, 
that the behavior of the ortho isomer toward varying nucleo
phile concentration is not dependent on the amount of un
ionized carboxyl group present. The amount of un-ionized 
carboxyl group present at pH 5.68 is significantly greater than 
the amount present at pH 7.1.6 This independence suggests 
that the reaction of 1 is proceeding predominantly by Sn I 
while on the other hand 2 and benzyl bromide react by SN2. 
Additional support for this hypothesis is obtained by com
paring the ratios of the solvolysis rates of 1 and 2  in glacial 
acetic acid and aqueous ethanol, respectively. Jones and 
Thornton have suggested that the ratio, r, of solvolysis rates 
in the solvents of different nucleophilicities but the same 
ionizing power (i.e., the same Y  value) measures the nucleo
philic sensitivity of a substrate relative to te r t-butyl chloride.7 
Solvolysis of this substance is used as a standard for reference 
because it is judged to need little nucleophilic assistance. In 
general, r values for primary substrates are considerably 
larger. Consequently larger ratios are expected for substrates 
reacting by Sn2 mechanisms. The ratios calculated for 1 and
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Figure 1. Solvolysis rate constants vs. total buffer concentration for
1 (□), 2 (O), and benzyl bromide (• ) in hydroxylamine buffer, pH 
7.1.

2 were 24 and 254, respectively.8 The smaller r for 1 indicates 
appreciably less sensitivity to nucleophilic attack; this is 
consistent with the prior inference of a Sn I reaction mecha
nism.

Further information about the transition state of 1 was 
sought by determining the effect of varying ionic strength. 
Potassium nitrate was added to solutions of 50 and 80% 
aqueous dioxane and the rate constants determined (Table
II). In 80% aqueous dioxane, the effect of adding 0.1 M KNO3 
initially is to increase the rate constant by 41% for 1, by 34% 
for 2, and by 12% for benzyl bromide. These values are within 
the range of increase expected for a SNl reaction.9 The mag
nitude of a salt effect for either SNl or Sn2 reactions is ex
pected to be greater in a medium of low dielectric constant 
since charges operate more effectively in media of low di
electric constant. 10 This inverse relationship between mag
nitude of salt effect and dielectric constant of the medium is 
observed for 1; in 50% aqueous dioxane, addition of 0.1 M 
KNO3 initially increases the rate constant only 2% as com
pared to 41% in 80% aqueous dioxane. The increases in rate 
constants due to salt effects for 2 and benzyl bromide in 50% 
aqueous dioxane are 19 and 40%, respectively, values consid
erably larger than for 1. Furthermore, as the salt concentration 
is increased to the saturation point in 50% dioxane, the rate 
constants for 2  and benzyl bromide continue to increase sig
nificantly. These results are sufficiently different from those 
anticipated to merit further examination.

Although we cannot exclude the possibility that an ordinary 
salt effect is responsible for these observed differences in the 
rate constants, it is probable that these differences result from 
differences in the relative contributions of the SNl and Sn 2 
components in the reactions of 2 and benzyl bromide. If an 
increase in salt concentration can increase the ability of the 
medium to stabilize a SNl transition state without signifi
cantly changing its ability to stabilize a Sn2 transition state, 
it is probable that any change in the relative contribution of 
the two component reactions will favor the Sn I component 
with little concurrent suppression of the Sn2 component. We 
have already inferred that the reactions of 2 and benzyl bro
mide proceed chiefly by Sn2. Accordingly, as addition of salt 
increases the ionizing power of the medium, the Sn I compo
nents of these reactions should increase, too. Thus overall rate 
constants for these hydrolyses are expected to increase. Since

Table III. Activation Parameters for Hydrolysis of o- 
and p-Carboxybenzyl Bromides

o-Carboxybenzyl 
bromide (1)

p  -Carboxybenzyl 
bromide (2)

Solvent
AH*,

keal/mol
AS*,

eu
AH*,

keal/mol
AS*,
eu

80% aqueous 
dioxane 17.3 - 22.9 21.2 - 20.1

60% aqueous 
dioxane 14.1 -30 .0 21.7 -15 .3

50% aqueous 
dioxane 8.81 -30 .8 19.4 -20 .8

1 reacts initially chiefly via SnI, the overall rate enhancement 
is not so evident. The activation parameters for the hydrolyses 
of 1 and 2, shown in Table III, are consistent with reactions 
by different mechanisms for the two isomers.

These data, then, support the hypothesis that o-carboxy- 
benzyl bromide is hydrolyzed in aqueous dioxane by Sn I 
mechanism. The more rapid hydrolysis of o-carboxybenzyl 
bromide as compared with its para isomer is attributed to the 
action of the o-carboxyl group as an intramolecular electro
philic catalyst.

Experimental Section

Materials. The isomeric carboxybenzyl bromides were prepared 
from the corresponding toluic acid according to previously published 
procedures.1 Other compounds employed were all reagent grade or 
were recrystallized before using.

Kinetics. All solvents used were purified according to standard 
procedures and distilled in all-glass apparatus. The mixed solvents 
(v/v) were prepared at room temperature, i.e., 80% dioxane—20 vol
umes of water and 80 volumes of dioxane.

In most runs, the method used in investigating the rates of hy
drolysis of the various bromo compounds were essentially the same 
as that employed in previous investigations.1'3 The change in reactant 
or product concentration was also followed spectrophotometrically. 
In these cases, the sample solution was placed in the thermostated 
cell in a Beckman DB spectrophotometer. The reactions were gen
erally followed to about 80% of completion. At least three separate 
runs were made to determine all rate constants. Solvolysis rate con
stants were determined using the equation

In ([RBr]i/[RBr],) = kat

The ks values were determined using a least-squares computer pro
gram.

Registry No.— 1, 7115-89-1; 2, 6232-88-8; benzyl bromide, 100- 
39-0.
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The electron-impact induced1 and pyrolytic28-3 eliminations 
of xanthic acid from S-methyl xanthates are formally analo
gous to each other, and to the electron-impact induced4 and 
pyrolytic2t><:’3 eliminations of acetic acid from acetates. These 
reactions proceed largely through six-membered cyclic tran
sition states, and involve predominant elimination of a d hy
drogen. A recent investigation of the reactions of cis- and 
tra n s -4-iert-butylcyclohexyl acetate confirmed that the py
rolytic elimination of acetic acid occurs with clean cis stereo
chemistry for these compounds.5 In contrast, the electron- 
impact induced elimination from tra n s -4-terf-butylcyclo- 
hexyl acetate (II) occurs with very predominant elimination

behave as equatorial or axial esters; information about such 
factors is, of course, lacking. However, the early study dem
onstrated that xanthate mass spectra typically exhibit an 
intense peak corresponding to ionized alkene, that the reaction 
is largely site specific for (1 hydrogen abstraction, and that it 
generates a significant metastable peak. Preliminary studies 
on unlabeled ci.s-4-ierf-butylcyclohexyl-A-methyl xanthate
(III) and the -2 ,2 ,6 ,6 -d i analogue were consistent with these 
observations. The ionized alkene was formed with 91-96% 
elimination of deuterioacetic acid as the ionizing voltage was 
varied from 70 eV to threshold; similarly, the fragmentation 
of trans-4-tert-butylcyclohexyl-S-methyl xanthate-2,2,6,6-d4 
is 81-90% site specific. The ionized alkene peak is the base 
peak in the spectra of III and IV at 70 eV, and its formation 
generates intense first and second field-free region metast
ables.

The stereochemistry of electron impact induced xanthic 
acid elimination from cis-4-tert-butylcyclohexyl-S-methyl 
xanthate was assessed from the mass spectra of c is -4 -te r t -  
butylcyclohexyl-S-methyl xanthate-cis-2 -d (Ille) and 
-tran s-2 -d  (Ilia). The intensity ratio [M — DOC2S2H3]-+/[M

Hie

S

O— C— SCH:,

III, R = C— SMe IV, R = C— SMe
of the trans equatorial hydrogen (k ax/keq ~  0.26).5 This di
chotomy was considered to be evidence for a nonconcerted 
mechanism for the electron-impact induced process, although 
other explanations could not be excluded.5-6 Further, although 
the electron-impact induced elimination from the cis axial 
acetate I was predominantly cis (k aJ k eq = 0.51), the reaction 
was less stereospecific than the fragmentation of the equa
torial acetate II. An equatorial acetate group can approach 
either a cis or trans hydrogen well within the requisite 1.8 A7 
for hydrogen abstraction; in contrast, if the cyclohexyl ring 
remains intact and in its stable chair conformer, an axial ac
etate group can only approach the cis equatorial hydrogen 
atom. There was little basis to decide whether the considerable 
trans elimination actually observed was attributable to cy
clohexyl ring cleavage (eq 1 ), to fragmentation through

high-energy boatlike conformers, or to operation of an elec
tronic effect favoring trans abstraction when the product is 
an ionized alkene.

An investigation into the stereochemistry of the electron- 
impact induced reactions of the S-methyl xanthates III and 
IV was initiated to shed light on the generality and origins of 
these effects. The pioneering study of the mass spectral be
havior of cyclohexyl-S-methyl xanthates permits no firm 
conclusions about the stereochemistry of reaction of axial and 
equatorial derivatives. 1 The compounds studied (cis- and 
trans-2 -methylcyclohexyl-S-methyl xanthate) can each exist 
in two stable chair conformers. Depending on the conformer 
distribution after ionization and the relative rates of reaction 
of axial and equatorial derivatives, these xanthates might

— HOC2S2H3]-+ in the two spectra is related to the stereo
chemistry of the eliminations. If the reasonable assumptions 
are made that the isotope effects for abstraction of an equa
torial and an axial deuterium are similar, and that secondary 
isotope effects can be ignored, a modification of Curtin’s an- 
alysis43-8 can be applied. Thus, for example, for Ille

[M -  DOC2S2H3]-+ k eqI

[M -  HOC2S2H3]-+ k eq +  2 k ax + ki

For Ilia
[M -  DOC2S2H3].+ k axl

[M -  HOC2S2H3]-+ k ax +  2 k eq + fej

For cis-4-f erf-butylcyclohexyl-S-methyl xanthate-2 ,2 ,6',6'-
d  4

[M -  DOC2S3H3]-+ [2keq + 2feax]7 
[M -  HOC2S2H3].+ k;

In all three equations k eq and k ax are the rate constants (av
eraged over all ions energies) for abstraction of a 7 -equatorial 
hydrogen and a 7 -axial hydrogen, respectively, k, is the rate 
constant for hydrogen elimination from other than the 7  po
sition, and I  is the isotope effect (kn/ku). These equations can 
be solved for k ax/keq, the relative rates of axial and equatorial 
hydrogen abstraction. The results of these calculations appear 
in Table I.

These experiments demonstrate that cis elimination is the 
very predominant mode of reaction of the axial xanthate III; 
at 14 eV, cis elimination is about 30 times as facile as trans 
elimination. The much more extensive trans elimination ob
served in the mass spectrum of the acetate I is most plausibly 
attributed to the greater facility of the a-cleavage process for 
acetates, since conformational populations and electronic 
effects should be similar for these closely related reactions. 
Comparison of the mass spectra of the acetate (V) and xan
thate (VI) derived from 4-heptanol demonstrates that a - 
cleavage is a much more favorable process for the former
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Table I. Electron-Impact Induced Elimination of Xanthic Acid from Stereospecifically Labeled 4-tert-
Butylcyclohexyl- S'-methyl Xanthates

Registry Isotopic Ionizing
D loss/H lossbc ^ax/^eqCno. Compd purity voltage, eV"

60239-10-3 as-4-ieri-Butylcyelohexyl-.S’ -methyl 98% D 70 0.375 ±  0.015
xanthate-cis-2-d (Ille) 12 0.39 ±  0.03

0.06 ±  0.03 (70) 
0.03 ±  0.03 (12)

60239-11-4 cis-4-feri-Butylcyclohexyl-S-methyl 98.7% D 70 0.033 ±  0.006
xanthate-trans-2-d (Ilia) 12 0.007 ±  0.006

60239-12-5 irons-4-ierf-Butylcyclohexyl-iS-methyl 97.5% D d 0.11 ±  0.002
xanthate-trans-2-d (IVe)

1.6 ±  0.2
60239-13-6 trans-4-ieri-Butylcyclohexyl-S-methyl 98% D d 0.21 ±  0.002

xanthale-cts-2-d (IVa)

° Ionizing voltages are nominal. h All data are corrected for isotopic impurities and the occurrence of a small amount o f 1,3 and 1,4 
elimination. c Error limits represent the extreme values observed in at least three separate measurements. d Independent of ionizing
voltage between 70 and 12 eV.

Table II. First and Second Field-Free Region Metastable Ion Intensities from Stereospecifically Labeled 4-tert-
Butyleyclohexyl-S-methyl Xanthates

Compd Transition (m i*)“ (m2* )b

cis-4-ierf-Butylcyclohexyl-S-methyl xanthate-cis-2-d (Ille) 247 — 139 
247 — 138 0.34 ±  0.02 0.30 ±  0.05

cis-4-ieri-Butylcyclohexyl-S-methyl xanthate trans-2-d (Ilia) 247 — 139 
247 — 138 0.025 ±  0.02 0.08 ±  0.05

frans-4-ieri-Bntylcyclohexyl-,S’ -methyl xanthate-irans-2-d (IVe) 247 — 139 
247 — 138 0.11 ± 0.01 0.15 ±  0.05

irons-4-ferì-Butyleyclohexyl-.S-methyl xanthate trans-2-d (IVa) 247 — 139 
247 — 138 0.22 ±  0.01 0.25 ±  0.05

a Error limits represent the extreme ratios observed in at least four measurements. 6 Data obtained from repeated measurements 
on chart paper. Error limits are estimated.

compound. In acyclic compounds, the a-cleavage process is 
readily detected since it generates a fragment ion; thus, the 
intensity ratio [M -  C3H7]+/[M  -  HORJ-+ is a measure of the 
relative rates of the a-cleavage and elimination reactions. The 
ratio is ca. 2.0 at all ionizing voltages in the spectrum of acetate 
V; in contrast, it is less than 0.05 in the mass spectrum of 
xanthate VI.

VI, R =  C— SCH3

The stereochemistry of the electron-impact induced elim
ination of xanthic acid from trans-4-tert-butylcyclohexyl-
S -methyl xanthate was assessed from the spectra of the 
trans-2-d  (IVe), cis-2-d  (IVa) and 2,2,6,6-d^ derivatives. As

S S

IVe IVa

the results in Table I indicate, the equatorial xanthate frag
ments with little stereospecificity. This result is not surprising. 
The carbon-sulfur double bond of the xanthate IV should be 
much longer than the carbon-oxygen double bond of the ac
etate II.9 Since sulfur-hydrogen single bonds are typically 
much longer than oxygen-hydrogen single bonds,9 hydrogen 
migration to the thion sulfur may occur over longer distances 
than migration to the carbonyl oxygen. Both effects will 
weaken steric interactions between the cyclohexyl ring and 
the abstracting group in the transition states for hydrogen 
abstraction. It is notable, however, that the xanthate IV ex
hibits a slight preference for cis elimination (kax/k eq = 1.6), 
in contrast to the preferential trans elimination of the acetate 
II (kax/k eq =  0.26). In light of existing uncertainties about the 
mechanism of xanthate fragmentation, it is pointless to 
speculate about the origin of the small energy differences that 
correspond to a rate ratio of 1.6. However, these experiments 
do demonstrate that trans elimination from equatorial ester 
derivatives is not a general phenomenon.

An unusual10 aspect of the electron-impact induced be
havior of the xanthates III and IV is that their spectra exhibit 
intense first11 and second field free region metastable peaks 
for loss of xanthic acid. Thus, the stereochemistry of the re
action can be studied as a function of ion lifetime. The results 
of these studies appear in Table II. Within experimental error, 
there is no difference between the stereospecificity of xanthic 
acid elimination at 70 eV and in the metastable regions. T his 
result is unexpected, since metastable ions should be less 
energetic, and are expected to fragment with greater stereo
specificity than ions decomposing in the source.12 Further
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Table III. Pyrolytic Elimination of Xanthic Acid from Stereospecifically Labeled 4- tert-Butylcyclohexyl-S-methyl
Xanthates

Compd D loss/H loss“ ’6 kaJ k eq I

a's-4-ieri-Butycyclohexyl-S-methyl xanthate-cis-2-d (Ille) 

cis-4-tert-Butylcyclohexyl-S-methyl xanihaie-trans-2-d (Ilia) 

trans-4-ieri-Butylcyclohexyl-S-methyl xanthate-iraras-2-d (IVe)

0.025 ±  0.015 

0.53 ±  0.02 

0.47 ±  0.01

0.08 ±  0.05 1.65 ±  0.2

0.04 ±  0.04 2.0 ±  0.2
trans-4-tert-Butylcyclohexyl-S-methyl xanthate-a's-2-d (IVa) 0.01 ±  0.01

“ Numbers appearing in this table were obtained by injecting 5-jul sample onto a stainless steel column at 300 °C. Injection onto 
a Pyrex glass column gave values which agreed within experimental error. 6 Error limits represent extreme values observed in at least 
three pyrolyses.

experiments will be required to establish the generality of this 
result. It may simply reflect the existence of a competing hy
drogen-deuterium randomization process whose rate is 
fortuitously close to that of the elimination process among the 
metastable ions.

The pyrolytic elimination of xanthic acid has been much 
more thoroughly investigated than the electron-impact in
duced reaction. There is considerable evidence to indicate that 
the concerted cyclic Ej mechanism is not the exclusive elimi
nation pathway.2 Perhaps the most thoroughly studied re
action is the pyrolysis of cis- and trans-2-methylcyclohexyl-
S-methyl xanthates.3 The trans isomer pyrolyzes with a 
normal isotope effect (&h/&d »  1.6) and gives the expected 
products. In contrast, pyrolysis of the cis isomer VII generates

D

1

1

+  other 
alkenes

an olefin mixture containing 28% A'-methylcyclohexene; this 
alkene is 44% monodeuterated, and the isotope effect for its 
formation is 1. These effects were rationalized by postulating 
a carbonium ion intermediate which either loses a proton or 
deuteron directly, or isomerizes to the more stable carbonium 
ion. Other cases of net trans elimination have been reported.2 
It is notable that in every case where such anomalous behavior 
has been reported in the cyclohexyl ring system, an a carbon 
was substituted such that cis elimination to form the more 
stable alkene product was impossible. It appeared worthwhile 
to measure the facility of the trans elimination process in a 
cyclohexyl system devoid of alkene stabilizing groups on the

a  carbon. The results of pyrolyzing the labeled S-methyl 
xanthates Ille, Ilia, Ille, and IVa appear in Table III. Inter
estingly, these experiments demonstrate that the pyrolysis 
of cyclohexyl-S-methyl xanthates unsubstituted at the a 
carbon occurs with predominant cis elimination and normal 
isotope effects regardless of the stereochemistry of the starting 
xanthate. Thus, the unusual effects observed in earlier studies 
must be strongly facilitated by a  substituents. Trans elimi
nation is only a minor pathway to alkene formation in the 
pyrolysis of cyclohexyl-S-methyl xanthates unsubstituted at 
the a  carbons. Further, these experiments demonstrate that 
the pyrolytic and electron-impact induced eliminations of 
xanthic acid from cis- and trans-4-tert-butylcyclohexyl-
S-methyl xanthate occur with similar stereochemistry.

Experimental Section
Xanthate mass spectra were obtained on an AEI MS902 mass 

spectrometer using a direct insertion technique. The source tem
perature was maintained below 40 °C during all measurements. Py
rolyses were accomplished by injection of neat 5-/xl samples of the
S-methyl xanthates onto a 10-ft glass or stainless steel column (0.25 
in. o.d.) mounted in a Hewlett-Packard 5450 gas chromatograph- 
maintained at 300 °C. Helium flow rate was adjusted to allow a re
action time of ca. 5 min. Under these conditions, reaction was essen
tially complete. The 4-fer£-butylcyclohexene was isolated by pre
parative gas chromatography performed on a Hewlett-Packard 5750 
gas chromatograph containing a 6 ft X 0.125 in. column packed with 
10% UCW 98 on 80-100 Chromosorb S and maintained at 130 °C. The 
isotopic composition of the alkene was determined by repeated mass 
spectral measurements.

NMR spectra were obtained using deuteriochloroform solvents on 
a Varian Model A-60 spectrometer. The chemical shift values are 
expressed in ô values (parts per million) relative to a tetramethylsilane 
internal standard.

trans-4-£er£-Butylcyclohexanol-c;s-2-d and -trans-2-d and cis-
4-£erf-butylcyclohexanol-cis-2-d and -trans-2-d were prepared as 
already described.5 Conversion to the corresponding S-methyl xan
thates were accomplished by analogy to the procedure of Briggs and 
Djerassi.1-3

trâns-4-tert-Butylcyclohexyl-S-methyl xanthate (IV) was
purified by preparative TLC (silica gel, hexane, repeated elution) or 
preparative gas chromatography (on a 10 ft X 0.125 in. Teflon-lined 
column packed with 3% OV-210 on 80/100 Chromosorb W-HP at 130 
°C). The resulting white solid exhibited mp 45-46 °C; NMR ò 0.87 
[9 H, s, (CH3)3C-], 2.53 (3 H, s, CH3S), 5.44 (1 H, m, broad, HCOCS-), 
0.88-2.5 (9 H, aliphatic H); mass spectrum, M+ at 246.1103 
(C12H22S2O requires 246.1112).

cis-4-tert-Butylcyclohexyl-S-methyl xanthate (III) was pu
rified similarly. A sample exhibited mp 56-57 °C; NMR ô 0.87 [9 H, 
s, (CH3)3C-], 2.53 (3 H, s, CH3S), 5.83 (1 H, m, HCOCS-), 0.88-2.5 
(9 H, aliphatic H); mass spectrum, M+ at 246.116 (C12H22S2O requires 
246.1112).
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Lambert and Putzlb have recently suggested from stereo
chemical studies that the substitution product formed during 
the acetolysis of cyclohexyl tosylate arises from nucleophilic 
attack on an intimate ion pair (IIP). This interpretation is 
based upon the observation that cyclohexyl acetate was se
lectively formed with inversion of configuration. To our 
knowledge, this is the only study of the intermediate(s) leading 
to substitution on an unsubstituted cyclohexyl system, al
though Winstein and Holness2 had previously suggested 
similar behavior in the solvolysis of irans-4-ferf-butylcyclo- 
hexyl tosylate. On the other hand, Elakovich and Traynham3 
concluded from a study of the special salt effect that the cy
clohexyl acetate was formed from a solvent separated ion pair 
(SSIP) during a chlorinolysis in acetic acid. With the excep
tion of the work discussed above, most reports on the cyclo
hexyl system have been oriented toward the study of the 
possible conformation of the transition state.4

In this paper we report studies involving the special-salt 
effect and hydride shifts which are directed toward the elu
cidation of the product determining intermediates in the ac
etolysis of cyclohexyl tosylate. The results of the acetolysis 
of 2,2,6,6-tetradeuteriocyclohexyl tosylate at 50 °C are sum
marized in Table I.

Substitution. The observation that the 0.13 D at position 
1 of unreacted tosylate in the absence of LiCICL is suppressed 
by the presence of this salt clearly suggests the intermediacy 
of an external ion pair. Although Winstein5 did not observe 
a special salt effect upon the rate of similar reactions, a con
tradiction does not necessarily exist. The special salt effect 
upon each of various reaction steps can sometimes be hidden

in measurement of the overall rate since not all of the indi
vidual rate constants play a rate-determining role. Winstein, 
himself, recognized this as he admitted the possibility of ex
ternal return, especially in the light of a very large normal salt 
effect (b = 37.2 at 50 °C). In terms of Winstein’s6 classic 
scheme

RX R+X~ R + //X " £=*  R+ +  X~ (1)
i i p  k"  s s i p  k-3

this result indicates that the equilibrium goes at least as far 
as the SSIP, suggesting the possibility of a reaction involving 
such a species, even in the absence of LiCICL.

The intermediacy of a SSIP in the substitution reactions 
seems logical upon consideration of the following results. 
There is no change in the extent of deuterium scrambling in 
the acetate buffered reaction upon the inclusion of LiCICL in 
the reaction mixture. Observation of two identical patterns 
of deuterium scrambling for products arising from two dif
ferent kinds of ion pairs is unlikely.7 Since addition of LiC104

D D

Scheme I

acetate
(15% migration)

\  /
ssip/cior

D D

presumably increases the SSIP/IIP rates, the observed in
crease in the substitution/elimination (S/E) ratio upon ad
dition of this salt suggests that the SSIP is more prone to 
substitution than the IIP.

The present suggestion that the SSIP might be an inter
mediate in the substitution may, at first, seem in contradiction 
with the stereoselective inversion reported by Putz and 
Lambert.lb Nevertheless, there exists no definitive proof that 
a SSIP intermediate cannot react with such stereoselectivity, 
especially if the nucleophile is not the particular solvent 
molecule thought to separate the ions. In fact, reaction of a 
SSIP to form an inverted alcohol has been recently proposed 
by Shiner et al.8 Such a possibility has also been recently 
suggested in two recent reformulations of the original W in
stein equilibrium.9’10

We suggest two possible mechanisms that are consistent 
with substitution of a SSIP with inversion of configuration:

(a) The nucleophile could be an acetic acid that attacks the 
SSIP from the rear. This idea is in accord with a recent 
suggestion by Schleyer et al.9

(b) Another possibility is the simple collapse of the so-called 
anion-cation-stabilized intermediate (ACSI) which has re
cently been proposed by one of us as an alternative model for 
the SSIP10 (reaction 3).

AcO —  C+ //OTs~~

H SSIP

AcO- +  OTs (2)



Notes J. Org. Chem., Vol. 41, No. 24,1976 3921

Table I. Extent o f  Migration during Acetolysis

Number o f  atoms o f deuterium per atom o f  hydrogen at position 1,2 . .  . 
and total deuterium D Tfl

Cyclohexyl acetate Cyclohexene Recovered tosylate

7 days at 50 °C in 1.4 M 
anhydrous acetic acid

- ^ — ^ r  -OCOCH,
3 2 S 33 2 OTa

S/E* 1 2 3 4 D t 1 2 3 D rp
% ROTs 

1 Z)T recovered
With base

0.053 M CH3 COOK 
With base and perchlorate

10/90 0.15 0.86 0.07 0 3.96 0.40 0.38 0.21 3.17 0.13 3.97 10

45/55 0.15 0.86 0.07 0 3.96 0.51 0.49 0.03 3.08 0 3.97 10
0.053 M CH3 COOK 
0.0053 M ClO.Li

Without base 3 0 /7 0 c 0.26c 3.75^ 0.50 0.47 0 2.89 0.05C 3.84e 60C

a Quantitative isotopic distributions were done by NMR and MS errors are + 3%. * Substitution/elimination ratio is deter-
mined chromatographically. c These results are not significant since both HOTs and HOAc add to  cyclohexene under these 
conditions.

Ts
\  Ò* I r

AcO -- — C -O H --O A c

—  AcO—  C ^ - +  OAc-  +  HOTs (3)

Elimination. The elimination reaction at 50 °C (in the 
presence of KOAc and absence of LiC104) yields cyclohexene 
that exhibits a substantially greater amount of hydride shift 
than for the substitution product. Addition of LiC104 sup
presses these shifts to a great extent. The cyclohexene pro
duced exhibits a deuterium distribution consistent with that 
observed for the cyclohexyl acetate if we assume that ku/kr> 
for the proton transfer from carbocation to base is reasonably 
small. These results clearly suggest the intermediacy of dif
ferent species for the eliminations in two cases. Analysis of the 
three different sets of reaction conditions used can be inter
preted in terms of the different kinds of SSIP’s which might 
serve as possible intermediates: (a) R+//OTs-  in the absence 
of KOAc and LiC104; (b) R+//OTS-  and R+//OAc-  in the 
presence of KOAc; (c) R+//C104-  in the presence of both 
KOAc and LiC104.

The extensive migration observed in the presence of KOAc 
might be related to the relatively strong basicity of the OAc-  
anion. This particular point will be developed in a further and 
more detailed paper.

In conclusion, the most important point to emphasize is that 
LiC104 and KOAc can have a significant effect upon the extent 
of hydride migration and the product distribution of the ac
etolysis of cyclohexyl tosylate. Furthermore, it seems rea
sonable that both the substitution and elimination products 
are formed via the intermediacy of a SSIP.

Experimental Section

The reaction products were analyzed by GLC on a Girdel Model 
75 chromatograph using a 3 m X 2 mm column of 20% PEG 20M on 
60-80 mesh Chromosorb W NAW.

Cyclohexyl acetate and cyclohexene were purified by preparative 
GLC on an Aerograph Autoprep 700 using a 3 m X 6 mm column of 
the same packing.

The isotopic purity of the cyclohexanone was verified by mass 
spectroscopy on an EAI Model MS 12. Deuterium substitution in the 
products was measured by integration of the *H NMR signals vs. those 
of an internal standard using a Perkin-Elmer R12B spectrometer. 
Evaluation of this method using known amounts of a very pure non- 
deuterated sample indicated an error range of 1-3% depending upon 
the concentrations.

Cyclohexanone-2,2,6,6-di (I). This compound was produced 
according to the method discussed by Hammond and Warkentin.11 
After three exchanges with DoO and triethylamine a product 98.5% 
D (94% d4 and 6% d3) was obtained.

Cyclohexanol-2,2,6,6-d4 (II). A solution of 30 g (0.3 mol) of I in 
anhydrous ether was added dropwise to a suspension of 15 g (0.04 mol) 
of LiAlH4 in 300 ml of anhydrous ether. The reaction mixture was 
refluxed overnight, cooled, and hydrolyzed with 10% HC1, then ex
tracted with ether. The ethereal solution was neutralized with 
NaHCCL, washed with water, dried with anhydrous Na2S0 4, and then 
distilled, yield 21 g (0.21 mol), 70% of II.

Cyclohexyl Tosylate-2,2,6,6-d4 (III). Toluenesulfonyl chloride 
(19 g, 0.1 mol) was added to a stirred solution of 8 g (0.08 mol) of II in 
80 ml of anhydrous pyridine maintained in an ice bath. Stirring was 
continued for 2 h, after which the reaction mixture was let stand for 
18 h at room temperature. The mixture was then recooled in an ice 
bath after which 350 g of ice was slowly added. The precipitate was 
filtered, washed with cold water, and dried. Recrystallization from 
petroleum ether gave 16 g (0.06 mol) of III (85% yield, mp 43.5 °C).

Acetolysis.12 Ill (8 g, 0.03 mol) was added to 80 ml of anhydrous 
acetic acid containing 5.2 g (0.053 mol) of anhydrous potassium ace
tate (acetolysis in the presence of base) and 0.56 g (0.0053 mol) of 
LiC104 (acetolysis in the presence of LiC104). The mixture was stirred 
for 7 days at 50 °C in a thermostated reactor fitted with a reflux 
condensor. At the end of the reaction period, the mixture was cobled 
in an ice-water bath, neutralized to pH 8 with chilled 30% KOH, and 
then extracted with ether. The collected ether layers were washed with 
water, dried, then analyzed by GLC to determine S/E. The ether was 
then distilled taking care to keep the liquid temperature below 45 °C. 
Cyclohexene and cyclohexyl acetate were separated from the un
reacted tosylate by vacuum distillation and trapped with liquid ni
trogen. These products were then separated and purified by prepar
ative GLC. The unreacted tosylate was recrystallized from petroleum 
ether.

!H NMR Analysis of Solvolysis Products. The extent of deu- 
teration was determined using the following internal standard: tri
chloroethylene (for the acetate); the phenyl protons of the tosyl group 
(for the tosylate); chloroform (for cyclohexene); bromobenzene (for 
total deuterium interpretation). The relative amounts of deuteration 
in the various positions of cyclohexyl acetate were determined by 
integration of simplified spectra obtained upon the addition of a shift 
reagent, Eu(DPM)3. Each value in Table I represents an average of 
two or three experiments, each of which was integrated ten times.

The error in the integration was of the order of 1% of the proton 
signal in the most favorable cases (those where total proton content 
was measured) and 2-3% in the less favorable cases (where proton 
content per position was measured). These errors, when translated 
into deuterium content, are approximately the following: (a) total D 
in cyclohexene, ±0.06 D; (b) total D in cyclohexyl tosylate or acetate, 
±0.10 D; (c) D per position in cyclohexyl acetate, ±0.02 D; (d) D per 
position in cyclohexene, ±0.03 D. The small deuterium content in 
position 3 of cyclohexene formed in the presence of LiC104 was spe
cifically confirmed by 270-MHz spectra.

Registry No.—1,1006-03-7; II, 21273-03-0; III, 98-59-9; toluene
sulfonyl chloride, 967-93-1; potassium acetate, 127-08-2; LiC104, 
7791-03-9.
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The reduction of alkenes by diimide is believed to consist 
of a single step in which the diimide, formed in situ, transfers 
a pair of hydrogen atoms to the olefinic center by a synchro
nous suprafacial process via a transition state of negligible 
ionic character.2-5 The relative rates of diimide reductions of 
nearly 40 cyclic, exocyclic, and acyclic alkenes have been de
termined by Garbisch, Schildcrout, Patterson, and Sprecher.6 
They concluded that the major factors that contribute to the 
differences in reactivity are torsional strain, bond angle 
bending strain, and the a-alkyl substituent effect and, in 
support, cited the good agreement between the calculated and 
observed values for the relative rates. Bird, Franzus, and 
Surridge7 concluded that the relative rate of reduction of the 
nonconjugated dienes (nonbornadienes) is a function of the 
degree of substitution of the double bond attacked. In our 
previous paper8 we proposed that Garbisch’s general approach 
(for estimating the contribution of torsional strain and bond 
angle strain to the relative reactivities of alkenes) can be ex
tended to conjugated dienes by an appropriate estimate of the 
conjugation energy which diminishes as the geometry of the 
conjugated system departs from planarity.8’9

To provide additional information on the effect of ring size 
upon the reactivity of cycloalkadienes, we have determined 
the relative rate constants for the sequential reduction of some 
conjugated and nonconjugated cycloalkadienes to the derived 
cycloalkenes and cycloalkanes, and through a series of com
petitive reactions, the relative rates of reduction of cycloalk
enes and cycloalkadienes of different ring size (C5 —̂ C 1 2 )- The 
reductions were carried out at 25 °C with diimide which was 
generated from the decomposition of azodicarboxylic acid 
produced by the slow addition of a methanol solution of acetic 
acid to potassium azodicarboxylate in methanol.7’8

Results and Discussion

The competitive reductions of cycloalkenes by diimide 
generated from the decarboxylation of azodicarboxylic acid 
at 25 °C yielded relative rate constants whose values are 
compared in Table I to those calculated and found experi
mentally by Garbisch et al.6 Each constant represents the 
average obtained from six to ten samples of the reaction 
mixtures which were removed at arbitrary intervals of time 
in each experiment. Some cross checks were done to verify the 
relative rates obtained indirectly. Since our experiments were 
done at 25 °C, rather than 80 °C, the relative rates were found 
to be larger than those reported by Garbisch et al.6 but the 
general trend in the observed relative reactivities of the alk
enes is in good agreement. Cyclopentene, cycloheptene, and 
cis -cyclooctene are considerably more reactive than cyclo
hexene and, according to Garbisch et al., cis-cyclononene and 
c i s -cyclododecene are only slightly more reactive.6 
Bicyclo[2.2.1]heptene and tra n s -cyclooctene are by far the 
most reactive of the alkenes, a fact that is attributed to the 
unusually large bond angle bending and torsional strains 
(estimated to be 23.6 and 17.8 kcal/mole, respectively) ,10 
which are relieved in part upon reaching the transition state. 
The highly strained trans-cyclooctene is 22 000 times more 
reactive than cyclohexene at 25 °C.

For the 12-member ring, the cis isomer, which possesses a 
very low strain energy,6 was found to react 1.4 times as fast as 
cyclohexene while Garbisch reports a relative rate of 0.6 
(calculated 1.5).6 However, the trans isomer was found to react 
eight times as fast, a fact attributed again to the relief of tor
sional strain as well as to the absence of the vicinal meth
ylene-methylene interactions which are present in the cis 
isomer.

With respect to ring size, the trend found for the cycloal
kadienes, however, was opposite to that of the cycloalkenes 
(Table II). The most reactive compound was 1,3-cyclohexa- 
diene while cyclopentadiene, 1,3-cycloheptadiene, and 1,3- 
cyclooctadiene were reduced more slowly. Indeed the conju
gated 1,3-cyclohexadiene was reported by Siegel, Forman, 
Fisher, and Johnson8 to be more reactive than the corre
sponding nonconjugated diene as well as cyclohexene, when 
the rates are adjusted for the reactivity per double bond. They 
suggested that the expected rate-diminishing effect of con
jugation in this instance is small because of the nonplanarity 
of the conjugated system which is due to internal torsional and 
bond angle strains.8’9 The lower reactivity of other cyclic 
dienes relative to 1,3-cyclohexadiene arises because the de
creased torsional strains in those dienes not only permits a 
more effective conjugative interaction in the diene (rate di
minishing) but also results in a smaller driving force from the 
release of torsional strain at the transition state.

Ring size (Table II) influences the relative reactivity toward 
diimide of nonconjugated dienes in a manner which indicates 
the importance of the release of torsional strain as a driving 
force. Thus 1,5-cyclooctadiene, which has been estimated to 
have a torsional strain energy of 13.3 kcal/mol, 10 was found 
to react five times as fast as 1,3-cyclooctadiene while the un
conjugated 1,4-cyclohexadiene, whose torsional strain appears 
to be relatively small,9 has a lower reactivity than the corre
sponding conjugated diene, 1,3-cyclohexadiene.

The determination of the relative reactivity of a particular 
cyclic diene and the resulting monoene was obtained directly 
as before (Table III).8 While for 1,3- and 1,4-cyclohexadiene, 
the reactivity (per double bond) of the diene is greater or equal 
to that of the monoene, the other cycloalkadienes examined 
are less restrictive per double bond than the corresponding 
monoene. This fact suggests again that although conjugation 
is important in tending to lower the reactivity of the alkenyl 
double bond, torsional strain (as in 1,3-cyclohexadiene) may
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Table I. Summary of Relative Rates (Cross Checks) in the Reduction of Cycloalkenes with Diimide at 25 °C°

k jk ß c
Alkene (Garbisch

Registry 
no. (A) A B

k j k f h
(direct) k j k 6b

et al.) 
80 °C

142-29-0 C-Cs c-C ef 22 ±  1.5 22 ±  1.5 15.5
628-92-2 c-C7 c-Cß 18 ±  1.0 18 ±  1.0 12.1
931-87-3 c-C8 (cis) c-C7 1.69 ± 0 .2 30.4 ±  0.9d 17.0
931-89-5 c-Cg (trans) C-C7 1200 ±  80 2.2 X 103 ±  500

c-C8 (cis) c-C6 30.5 ±  1.0 30.5 ±  1.0 17.0
c-Cg (trans) c-C8 (cis) 740 ±  30 2.2 X 103 ±  500d

1129-89-1 C-C12 (cis) c-C8 (cis) 0.05 ±  0.01 1.46 ±  0.3 0.64
1468-75-5 c-C ]2 (trans) c-C8 (cis) 0.26 ±  0.12 8.0 ±  0.5
279-23-2 Bicyclo[2.2.1]-C7 c-Cß 690 ±  20 690 ±  20

Bicyclo[2.2.1]-C7 C-C7 36 ± 3 648 ±  40d 4.5 X 102
Bicyclo[2.2.1]-C7 c-C8 (cis) 24 ±  2 732 ±  50 4.5 X 102

1192-37-6 Methylenecyclohexane Methylenecyclopentane£’ 1.8 ±  0.3 3.5

0 Diimide generated from decomposition of azodicarboxylic acid at 25 °C. 6 k R is for cyclohexene. c See ref 6. d- Calculated from 
k \ lk §  = ( k j k ^ i k ^ / k a ) .  e Calculated value according to Garbisch et al. should be 1.5 (ref 6 ). f  Registry no., 110-83-8. * Registry no., 
1528-30-9.

Table II. Relative Rates fo r  Com petitive R eduction  o f  C yclic  Dienes to M onoenes w ith Diim ide G enerated at 25 °C"

Registry no. Dienes
k A/kK

(direct)
^6dA a 6,c
(indirect)A B A B

592-57-4 542-92-7 1,3-Cyclohexadiene Cyclopentadiene 2.0 ±  0.15 (1.00)
628-41-1 1,3-Cyclohexadiene 1,4-Cyclohexadiene 22 ±  2.0

25.0d
1,3-Cyclohexadiene 1,3-Cycloheptadiene 9.0 ±  1.0

1700-10-3 1,3-Cyclohexadiene 1,3-Cyclooctadiene 27 ±  2
4054-38-0 1,3-Cycloheptadiene 1,3-Cyclooctadiene 3.2 ±  0.6 8.6

111-78-4 1,5-Cyclooctadiene 1,3-Cyclooctadiene 5.5 ±  1.0 5.0
1,3-Cyclohexadiene 1,5-Cyclooctadiene 5.0 ±  0.5

a Diimide generated from decomposition of azodicarboxylic acid at 25 °C. b k6v  is for 1,3-cyciohexadiene reduced to cyclohexene. 
c Calculated from k^/k^D = {k . d From ref 8.

Table III. Relative Reactivities o f  C ycloalkadienes and 
P roduct M onoenes in the Reduction  o f  Diim ide at 25 °C a

ki hi
diene -*  monoene —► saturated

Diene Monoene k^/ki6

c-Cs-diene Cyclopentene 1.75 ±  0.3
1.3- c-Cß-diene Cyclohexene 0.04f
1.4- c-Ce-diene Cyclohexene 0.45 ±  0.1
1.3- c-C7-diene Cycloheptene 6.5 ±  0.9
1.3- c-Cg-diene cis-cyclooctene 35 ±  4.0

“ Diimide generated from the decomposition o f azodicarboxylic 
acid. b Per double bond, the relative reactivities are 3.5, 0.08,0.9, 
13, and 70 (in descending order in the table). ‘ Value obtained 
from ref 8.

reduce the planarity of the conjugated system and thus the 
conjugative interaction as well.

Experimental Section
Dienes and Alkenes. The cycloalkenes and cycloalkadienes were 

purchased from Chemical Samples Co. or Aldrich Co. and used 
without further purification except for 1,5-cyclooctadiene and cis- 
and trans-cyclododecene, which were obtained from Columbian 
Carbon Co. and were redistilled before use. The identity of each 
compound was checked by examining its NMR and infrared spectra 
and its purity was at least 99% as determined by GLC.

Reduction with Diimide. Competitive reductions with diimide 
generated from the decarboxylation of azodicarboxylic acid in 
methanol at 25 °C followed the procedure of Bird et al.7 with relatively 
minor modifications.8

Analytical Procedure. 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 300 ft X 0.02 in. capillary 
column coated with 10% Apiezon L. All peaks were identified by 
comparison with mixtures of authentic standards and the molar re
sponse factor of each component was determined. The peak areas were 
obtained with a digital integrator, Varian Model 485. The calculations 
of the relative rate constants from competitive reductions or the 
consecutive reactions of a diene were obtained by the equations and 
methods described in our previous paper.8

Registry No.—Diimide, 3618-05-1.
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When a chemist wishes to prepare a primary aromatic 
amine the classic approach has been to nitrate the nucleus in 
question and then to reduce the nitro compound thus ob
tained. In this paper we show that if l-amino-2-methyl- 
naphthalene is the desired compound, an alternate approach 
is preferable. l-Amino-2-methylnaphthalene was needed as 
a precursor to several disubstituted naphthalenes of interest 
in the synthesis of compounds desired for testing in the cancer 
program.

In the first place, nitration is a reaction which often pro
ceeds with less selectivity than many other electrophilic aro
matic substitution reactions. This means that often the ni
tration product is a mixture of isomers. Frequently the yield 
of crude nitration product is cited and also the melting point 
of the desired isomer but too often there is no indication of 
what yield of pure isomer is to be expected. Furthermore, the 
products of nitration are quite sensitive to the nitrating 
species.3 In the present case, nitration of 2-methylnaphthalene 
near 0 °C has been reported4 to yield 58% of l-nitro-2 -meth- 
ylnaphthalene (1) (plus 42% of an unknown mixture of

1 (X =  NOo) 2 (X  =  Br)
3 (X =  COOH)
4 (X =  NH2)

other nitro-2 -methylnaphthalenes) and to yield 1 , mp 80-81 
°C, in unspecified yield from 60% of solid nitro compound.5 
That even the 58% of l-nitro-2-methylnaphthalene was not 
pure is indicated by the fact that monobromination of the
l-amino-2 -methylnaphthalene produced by reduction of 1 
needed several recrystallizations to afford a pure sample of
l-amino-4-bromo-2-methylnaphthalene in 31% yield*5 (some 
impurities may have resulted from the bromination proce
dure). In our experience with the nitration of 2-methyl- 
naphthàlene, we have found that the yield varies from run to 
run and that recrystallization to obtain pure 1 is tedious and 
accompanied by large diminutions in yield. Accordingly we 
have developed the method described below.

Bromination7 of 2-methylnaphthalene affords an 88% yield 
of almost pure l-bromo-2-methylnaphthalene (2). This ma
terial is converted via the Grignard reagent into 2 -methyl- 
1-naphthoic acid (3), shown to be almost pure by subjecting 
to acid-catalyzed esterification. Acids other than 3 are ester- 
ified and hence easily separated from the sterically hindered 
acid, 3, which is obtained pure in 77% overall yield from 2. 
Finally, 3 is converted into l-amino-2 -methylnaphthalene (4) 
in high yield (see Experimental Section) by treating a sulfuric 
acid solution (90.8% by weight) with sodium azide. Because 
4 is sensitive to air it is best converted to the TV-formyl de
rivative, 5, if it is to be brominated.

The extreme sensitivity to sulfuric acid strength of the 
Schmidt reaction in converting 3 to 4 is noteworthy. If 96% 
sulfuric acid was used, the amine formed was sulfonated and 
only water-soluble products were obtained. If 90% sulfuric acid 
(possibly weaker as no titration was performed) was used, 
mostly unchanged 3 was recovered. The best yield was ob

tained with 90.8% sulfuric acid by weight, but no other reac
tions in which titrated H2SO4 was used were studied.

We believe that the route we have developed is preferable 
to the nitration route because higher yields of purer product 
may be obtained even though an extra step is involved. It is 
noteworthy that separation of the desired isomer is accom
plished by taking advantage of chemical reactivity (the in
ability of the desired acid, 3, to be esterified) rather than 
having to rely on a physical method, i.e., recrystallization, for 
purification of 1 .

Experimental Section

1- Bromo-2-methylnaphthalene (2). A solution of 320 g of bro
mine in 180 ml of acetic acid was added during 3 h to a well-stirred 
solution of 284 g of 2-methylnaphthalene8 in 375 ml of glacial acetic 
acid containing 10 g of A1C1;! and 1 ml of pyridine (the rate of bromi
nation is less if the pyridine is omitted). After 2 more h the mixture 
was poured into 1.5 1. of water and the product taken into 1:1 ether- 
benzene. After a conventional workup (which included a wash with 
NaHSOn) the solvent was removed on a rotary evaporator and the 
residue was vacuum distilled through a short column to yield 409 g 
(92%) of 2, bp 148-149 °C (8 mm). In other runs when material having 
a slightly larger distilling range was collected some further purification 
procedures were applied prior to attempting to prepare the Grignard 
reagent. One procedure involved boiling with a small amount of 
aqueous alcoholic KOH followed by washing the solvent-free product 
thus obtained with 75% H2SO4 until no color was observed in the 
H2SO4 layer. Whether or not this purification is advisable could be 
found out by treating a small amount of crude 2 with alcoholic AgNO;s. 
If no precipitate of AgBr was formed no side-chain bromination had 
occurred and then alkaline treatment is unnecessary. The other 
procedure involved shaking a chloroform solution of crude 2 with 
portions of 75% H2SO4 as often as color was formed in the H2S04 
layer. The product was then recovered and distilled. Overall yields 
of 83-88% of pure 2 suitable for facile conversion to Grignard reagent 
were the rule.

2- M ethyl-l-naphthoic Acid (3). In a typical reaction, a solution 
of 155 g of 2 in 400 ml of ether containing 2 ml of ethylene dibromide 
was added to a stirred mixture of 20 g of Mg and 180 ml of ether 
(previously activated by treatment with a small amount of ethylene 
dibromide9) during 2 h. As soon as a trace of oily layer was apparent 
sufficient benzene was added to dissolve the oily layer. In all about 
200 ml of benzene was needed. After being held at reflux for 1 h the 
cooled Grignard reagent was poured rapidly on crushed solid C 02 (a 
large but unmeasured excess) in a 4-1. beaker. A conventional workup, 
which included extraction of the acid by 15% KOH solution, yielded 
crude 3 which was promptly treated with ethanol, benzene, and an 
acid catalyst at reflux under a phase-separating head. After several 
hours at reflux (the amount of acid esterified by this treatment is so 
small that a second layer is not seen in the head) the pure acid is re
covered bv a conventional workup as an almost colorless solid, mp 
125-127 °C (lit.10 mp 126-127 °C), in 77-80% overall yield from 2. The 
small amount of ester recovered from the neutral fraction had two 
components [NMR CH3 peaks when methanol was used for esterifi
cation at 1.18 ppm (minor component) and 1.23 ppm],

l-Amino-2-methylnaphthalene (4). Our best results were ob
tained by adding 7.8 ml of water to 100 ml of commercial concentrated 
H2SC>4 (97% by titration). To a stirred solution-of 25 g of 3 in 200 ml 
of 90.8% H2SO4 held at 0-5 °C was added 13 g of NaN2 in small por
tions during 2 h. After another 3 h the yellow-orange solution was 
poured on 500 ml of ice and water. The mixture was made basic by the 
addition of 900 ml of 40% NaOH. The amine was taken into ether- 
benzene and after the usual workup was distilled to yield 16.2 g (77%) 
of pure 4, bp 150 °C (4 mm) [lit.11 bp 141-143 °C (5 mm)]. In smaller 
runs (5 g of 3) higher yields (80-85%) were occasionally obtained and 
on a larger run (65 g) the yield dropped to 70%. The amine darkens 
rapidly on standing and should be used as soon as convenient.

Registry No.—2, 2586-62-1; 3, 1575-96-8; 4, 2246-44-8; 2-meth- 
ylnaphthalene, 91-57-6.
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1,2-Naphthalic anhydride (1) has long been used for the 
elaboration of compounds in the benz[a]anthracene series.3 
An early synthesis of 1 involved cyclization of ethyl 3-carbo- 
ethoxy-2-oxo-5-phenylpentanoate (2) to 3,4-dihydronaph- 
thalene-l,2-dicarboxylic acid anhydride (3) followed by aro-

2 3 1

matization by heating with sulfur.4 Later, 1,2-dihydronaph- 
thalene-l,2-dicarboxylic anhydride (4), together with a small 
amount of 1, were prepared by heating a-bromostyrene (5) 
with maleic anhydride5 but no developmental work on this 
route to 1 has been reported. An attempt to convert d-bro- 
mostyrene to 4 by heating with maleic anhydride failed.6 We 
have tried to use a-chlorostyrene instead of 5 but obtained 
none of the desired 4. In this note we record our observations 
on an improved preparation of 1 by the styrene route.

We have converted styrene dibromide to 5, by using phase 
transfer catalysis.7 In the final dehydrogenation of 4 by 
heating with sulfur, we have found that the 1 produced always 
contains some sulfur compound which is not removed by re
crystallization. However, by boiling 1 in aqueous alkali, 
acidification, and cyclization to the anhydride pure sulfur-free 
1 can be obtained in satisfactory overall yield.

Br
5 4

In our opinion it is much easier to prepare quantities of 1 
by the styrene route than by the earlier cyclization of the keto 
diester4 as it is relatively simple to carry out the reactions 
involved on a large (2-3 mol) scale.

Experimental Section

a-Bromostyrene (5). In the best experiment, a solution of 336 g 
of bromine in 250 ml of CHCI3 was added to a cooled (ca. 5 °C) solu
tion of 208 g of freshly distilled styrene in 250 ml of CHCI3. The 
temperature was not allowed to rise above 15 °C but cooling to 5 °C 
near the end is not advisable because the product will crystallize

prematurely. After all of the bromine was added the reaction mixture 
was allowed to stand at room temperature for 1 h. The solvent was 
then removed to constant weight on a rotary evaporator. The yield 
of styrene dibromide is practically quantitative.

In the best of many runs, a solution of the crude styrene dibromide 
thus obtained in 800 ml of benzene was added fairly rapidly to a 
well-stirred mixture at 70 °C of 528 g of KOH, 800 ml of water, and 
10 g of Aliquat 336.8 The mixture was held at reflux for 3 h.9 After 
cooling, the benzene layer was washed with water and saturated salt 
solution, passed through a cone of anhydrous MgS04, and fractionally 
distilled to afford 301 g (82.7%) of 5, bp 80-83 °C (10 mm). In other 
similar runs which varied in detail yields of 52-79% were obtained. 
The yield is somewhat dependent on the skill of the operator in con
ducting a rapid distillation. If the distillation is conducted too slowly 
thermal decomposition occurs and the yield is lower. The use of a hot 
salt bath and a free flame to hasten distillation is recommended.10

1,2-Naphthalic Anhydride (1). In the best of many runs, a solu
tion of 408 g of 5 and 326 g of maleic anhydride in 1.51. of xylene was 
refluxed for 48 h (to ensure escape of most of the HBr formed). The 
solvent was then distilled and the residue was rapidly vacuum distilled 
to yield crude 4, bp 150-165 °C (1 mm), which was immediately placed 
in a Claisen flask with 71 g of sulfur. The mixture was heated rapidly 
to 230-235 °C with a salt bath and held at this temperature for 1 h, 
then at 250 °C for 1 h. Rapid vacuum distillation afforded 300 g (69%) 
of crude 1, mp in the 160-164 °C range. The yields in this step varied 
from 63 to 75% (small-scale run). This product contains sulfur-con
taining impurities and cannot be effectively purified by crystallization. 
The best method of purification involved heating at reflux for 4 h
131.5 g of crude 1 with excess 20% NaOH. On acidification of the fil
tered solution followed by heating of the acid with 11. of (AchO, there 
was obtained 116.9 g (89%) of 1 in three crops. The melting points lay 
in the 165-167 °C range and this material was suitable for further 
work. No sulfur was present as shown by the absence of m/e over 
198.

Registry No.— 1, 5343-99-7; 4, 60224-29-5; 5, 98-81-7; styrene, 
100-42-5; styrene dibromide, 93-52-7; maleic anhydride, 108-31-6.
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The cycloadditions of ¡mines with ketene-sulfur dioxide 
adduct ( l ) lb’c to give substituted thiazolidin-4-one 1,1-diox-

Oy
c h 2

S02 /  \
1 o = C  so,

ides was described in earlier publications,la b and extended 
by Kagan et al.2 to substituted ketenes. More recently, Bellus 
reported that ketenes containing carbanion stabilizing sub
stituents, generated in situ in the presence of sulfur dioxide,
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also gave the corresponding substituted thiazolidin-4-one
1,1-dioxides, when treated with benzylideneaniline.3

The reaction of imines with 1 was first shown to occur with 
benzylideneaniline,Ia'b but we have since found that other 
compounds containing the imino function also react readily, 
thereby illustrating the generality of this reaction.

C = N — R, +  1
R,

so,
- 7 8  °C

R,

R— C— N— R, 
/ \o,sv /;= () 

ch2
2, R = C6Hs ; R, = H; R 2 = CH3
3, R, R, = 9-fluorenyl; R 2 = C6HS

In order to further extend the reactions of the ketene-sulfur 
dioxide adduct to other dipolarophiles, we have examined the 
reactions of both aldehyde and ketone azines (4a—i) with 1 at 
—78 °C, in liquid sulfur dioxide, and observed the following 
results.

Ri

;C = N — N = C

4a-

C— N— N —
R.

o = a

+  l

R

+ X Ri

XS0,

R .
;C = N — N—

0 = C  ,SO: 
CH2

R ,

CH, 5a-i

a, R = 2-furyl R, = H
b, R = 5-methyl-2-furyl R, = H
c, R = 2-thienyl R, = H
d, R = phenyl R , = H
e, R = 3,4-dim ethoxyphenyl R, = H
f, R = 3-m ethoxyphenyl R, = H
g, R = styryl R, = H
h, R = furyl R, = CH
i, R = phenyl R , = CH

In contrast with two recent reports,4’5 ketone azines un
derwent cyclization with 1. This observation not only supports 
the existence of a ketene-sulfur dioxide adduct,lb,c since di
phenyl ketene in ether was found unreactive, but also suggests 
that 1 is a reactive 1,3-dipolar species.

In all cases (5a—i), the reaction took place at only one of the 
two available azomethine functions. This finding is in agree
ment with previously unpublished observations that hydra- 
zones from either aldehydes or ketones do not react with 1 
under a variety of conditions. Starting material was quanti
tatively recovered from these reactions along with ketene 
polymer. The azomethine group of the hydrazone structural 
unit (>C =N -N -) is inert to 1, ketenes, and alkoxydiazenium 
salts, although in the latter case a reaction occurred on the 
amino nitrogen.5

Although the reason for this lack of reactivity has not been 
established, it is possible that delocalization of the type 
shown

^ ; c = n — n  -<-► y : — n = n

would decrease both the nucleophilicity of the carbon-ni
trogen double bond and the electron deficiency of the carbon. 
This delocalization is similar to that observed in the anion of 
hvdrazones in Wolff-Kishner reductions. In the azine, once 
cycloaddition has occurred at one of the azomethine groups, 
the product is structurally analogous to a hydrazone and 
therefore capable of similar delocalization.

Aldehyde and ketone azines containing aliphatic substit
uents polymerized under the conditions used.

Experimental Section
Ir spectra were recorded on a Perkin-Elmer Model 137 Infracord 

and NMR spectra were recorded on a Varian A-60A spectrometer with 
tetramethylsilane as an internal standard. All melting points were 
determined on a Thomas-Hoover Unimelt apparatus and are cor
rected. Ketene was generated by the pyrolysis of acetone over a ni- 
chrome coil at 500-700 °C in a calibrated ketene generator and col
lected at dry ice-acetone temperature. Anhydrous grade sulfur dioxide 
was obtained from commercial sources and dried further by first 
bubbling it through concentrated sulfuric acid and then a column 
containing calcium chloride, phosphorus pentoxide, and indicator 
grade calcium sulfate desiccants at which point it was condensed at 
-78  °C for use. With one exception, 4b, all aldehyde and ketone azines 
(4a—i) were known compounds.

Reactions of Imines with 1. 3'-Phenyl-4'-oxospiro[fluorene- 
9,2'-thiazolidine] l',l'-Dioxide (3). Fluorenylideneaniiine (0.2 g, 
0.001 mol) was mixed with 100 ml of liquid sulfur dioxide at -7 8  °C. 
Ketene was then generated and bubbled through the suspension for 
15 min at a rate of 0.24 mol/h. When the addition was completed, the 
delivery tube was replaced with a stopper. The suspension was stirred 
for 1 h at room temperature whereupon excess sulfur dioxide was 
removed in vacuo and the residue was heated with 15 ml of methanol, 
separated, washed with cold methanol, and recrystallized from acetic 
acid to give 0.22 g (80% yield) of 3, mp 264-265 °C. Anal. Calcd for 
C21H15NSO3: C, 69.80; H, 4.16; N, 3.88; S, 8.86. Found: C, 69.64; H, 
4.14; N, 3.80; S, 9.06. Ir (KBr) 1675 (C = 0 ), 1340 and 1140 cm“ 1 (S02); 
NMR (Me2SO-d6) h 5.00 (s, 2 H, CH2), 6.65-7.30 (m, 5 H, NC6H5), and
7.30-8.00 (m, 8 H, fluorene nucleus).

2-Phenyl-3-methyl-4-thiazolidinone 1,1-Dioxide (2). Benzyl- 
idenemethylamine (12 g, 0.1 mol) was mixed with 100 ml of liquid 
sulfur dioxide at —78 °C. Ketene was generated and bubbled through 
the suspension for 30 min at a rate of 0.30 mol/h. The reaction mixture 
was then treated as described for 3 with the exception that the residue 
was treated with 800 ml of diethyl ether instead of methanol. The 
product was recrystallized from ethanol to give pure 2, mp 121.5-123.5 
°C. Anal. Calcd for CmHnNSO;,: C, 53.33; H, 4.88; N, 6.22; S, 14.00. 
Found: C, 53.02; H, 5.18; N, 6.23; S, 14.12. Ir (KBr) 1675 (C = 0 ), 1320 
and 1130 cm“ 1 (S02); NMR (acetone-d6) 5 2.90 (s, 3 H, NCH3), 4.00 
(s, 2 H, CH2), 5.85 (s, 1 H, CH), and 7.50 (m, 5 H, C6H6).

5-Methyl-2-furfuraldehyde Azine (4b). A solution of 1.6 g (0.05 
mol) of 95% hydrazine in 10 ml of absolute ethanol was added drop- 
wise to a stirred solution of 11.0 g (0.10 mol) of 5-methyl-2-furfural- 
dehyde in 20 mi of absolute ethanol. The precipitate that formed on 
cooling was collected and recrystallized from absolute ethanol to give
20.1 g (93% yield) of yellow needles: mp 114-115 °C; ir iKBr) 1630 
(C=N ) and 1580 cm“ 1 (C=C); NMR (CDCI3) 5 2.45 (s, 3 H, CH3),
6.10-7.00 (q, 2 H, furyl), and 8.70 (s, 1 H, CH =N). Anal. Calcd for 
Ci2H12N20 2: C, 66.67; H, 5.56; N, 12.96. Found: C, 66.53; H, 5.76; N, 
12.71.

General Procedure for the Reaction of 1 with Azines. Sulfur 
dioxide (25 ml) was condensed at —78 °C into a two-necked flask 
fitted with a Dewar condenser filled with a dry ice-acetone mixture. 
Ketene was then generated and bubbled into the flask for 30 min at 
the rate of 0.25 mol/h. A solution containing the appropriate azine 
(0.015 mol) in 25 ml of methylene chloride was then added dropwise 
to the solution of 1 over a period of 10 min. The reaction mixture was 
then warmed to room temperature, and stirred for 2 h. Methylene 
chloride and excess sulfur dioxide were removed under reduced 
pressure and the resulting residue was triturated with absolute 
methanol or ethanol. The solid that formed was removed by filtration 
and recrystallized from acetone. Additional product could be obtained 
by evaporation of the mother liquor. Yields of products ranged be
tween 69 and 97%.

2-(2-Furyl)-3-[(furfurylidene)amino]-4-thiazolidinone 1 ,1 - 
Dioxide (5a). The reaction was carried out as described for 5a using
2.82 g (0.015 mol) of 4a.B Methanol was added to the residue at 0 °C 
to afford a white solid which was recrystallized from acetone to give
4.27 g (97% yield) of 5a: mp 160-161 °C dec; ir (KBr) 1700 (0 = 0 ) ,  
1625 (C=N), 1320 and 1145 cm' 1 (S02); NMR (Me2SO-d6) 5 4.69 (s, 
2 H, CH2), 7.10 (s, 1 H, CH), 6.50-7.90 (m, 6 H, furyl), and 8.30 (s, 1 
H, CH =N). Anal. Calcd for Ci2Hi0N2SO5: C, 48.98; H, 3.40; N, 9.52; 
S, 10.88. Found: C, 49.08; H, 3.38; N, 9.46; S, 11.12.

2-(5-Methyl-2-furyl)-3-[(5-methyIfurfurylidene)amino]- 
4-thiazolidinone 1,1-Dioxide (5b). The reaction was carried out as 
described for 5a using 3.24 g (0.015 mol) of 4b. Addition of methanol 
to the reaction mixture at 0 °C gave a white solid which was recrys
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tallized from acetone to yield 4.30 g of 5b (89% yield): mp 161-162 °C 
dec; ir (KBr) 1725 (C = 0 ), 1625 (C=N ), 1320, and 1145 cm- 1 (S02); 
NMR (Me2SO-d6) 5 2.22 (s, 3 H, CH3), 2.42 (s, 3 H, CH3), 4.60 (s, 2 H, 
CH2), 6.00-7.00 (m, 4 H, furyl), and 8.15 (s, 1 H, CH=N). Anal. Calcd 
for Ci4H,4N2OsS: C, 52.18; H, 4.38; N, 8.69; S, 9.93. Found: C, 52.29;
H, 4.51; N, 8.84; S, 9.95.

2-(2-Thienyl)-3-[(thenylidene)amino]-4-thiazolidinone
I, 1-Dioxide (5c). The procedure described for 5a was employed with
3.3 g (0.015 mol) of 4c.7 The reaction mixture was treated with 
methanol at 0 °C to give 4.41 g (90% yield) of 5c as a white solid which 
was recrystallized from a 1:1 mixture of acetone-carbon tetrachloride: 
mp 160-161 °C dec; ir (KBr) 1700 (C = 0 ), 1600 (C=N ), 1310, and 
1145 cm“ 1 (S02); NMR (Me2SO-d6) a 4.72 (broad s, 2 H, CH2),
7.00- 8.00 (m, 7 H, thienyl and H-2), and 8.60 (s, 1 H, CH =N). Anal. 
Calcd for Ci2H i0N2S3O3: C, 44.17; H, 3.07; N, 8.59; S, 29.45. Found: 
C, 44.17; H, 3.07; N, 8.43; S, 29.22.

2-(Phenyl)-3-[(benzylidene)am ino]-4-thiazolidinone 1,1- 
Dioxide (5d). This reaction was carried out as described for 5a using
3.12 g (0.015 mol) of 4d.6 Addition of methanol to the reaction mixture, 
at 0 °C, gave 3.15 g of 5d (67% yield). The product was recrystallized 
from a 1:1 mixture of chloroform-acetone: mp 199-201 °C; ir (KBr) 
1700 (C = 0 ), 1600 (C=N ), 1310, and 1140 cm“ 1 (SO,); NMR 
(Me,SO-d6) 6 4.70 (broad s, 2 H, CH,), 6.85 (s, 1 H, H-2), 7.50 (s, 10 
H, phenyl), 8.15 (s, 1 H, CH =N). Anal. Calcd for C16H14N20 3S: C, 
61.15; H, 4.46; N, 8.92; S, 10.19. Found: C, 61.22; H, 4.65; N, 9.10; S,
10.24.

2-(3,4-Dimethoxyphenyl)-3-[(veratrylidene)amino]-4-thiazo- 
lidinone 1,1-Dioxide (5e). The same procedure described for 5a was 
used with 4.92 g (0.015 mol) of 4e.8 Addition of methanol yielded 6.18 
g (95% yield) of 5e. This compound was recrystallized from acetone: 
mp 164-166 °C; ir (KBr), 1710 (C = 0 ), 1600 (C=N ), 1310, and 1140 
cm" 1 (S02); NMR (Me2SO-d6) & 3.8 (s, 12 H, OCH3), ¿A 4.72, oB 4.53 
(q, 2 H, JAH = 17 Hz, CH2), 6.70 (s, 1H, CH), 7.20-7.30 (m, 8 H, phe
nyl), and 8.25 (s, 1 H, CH=N). Anal. Calcd for C20H22N2SO7: C, 55.30; 
H, 5.10; N, 6.45; S, 7.37. Found: C, 55.44; H, 5.15; N, 6.34; S, 7.66.

2-(3-Methoxyphenyl)-3-[(3-methoxybenzylidene)amino]- 
4-thiazolidinone 1,1-Dioxide (5f). The same procedure described 
for 5a was followed with 4.02 g (0.015 mol) of 4f.9 The white solid 
obtained was recrystallized from acetone to give 4.77 g of 5f (85% 
yield): mp 155-156 °C; ir (KBr) 1710 (C = 0 ), 1600 (C=N), 1320 and 
1135 cm“ 1 (SO,); NMR (Me2SO-d6) <5A 4.88, 6B 4.70 (q, 2 H, J AB =
17.5 Hz, CH,), 3.75 (s, 3 H, OCH3), 6.85 (s, 1 H, CH), 6.90-7.60 (m, 8 
H, phenyl), and 8.25 (s, 1 H. CH =N). Anal. Calcd for C]8Hi8N205S: 
C, 57.75; H, 4.85; N, 7.48; S, 8.55. Found: C, 57.49; H, 4.72; N, 7.28; S,
8.68.

2-trans-Styryl-3-[(cinnamylidene)amino]-4-thiazolidinone
1.1- Dioxide (5g). The procedure described for 5a was followed using 
trans-cinnamaldehyde azine6 (3.90 g, 0.015 mol). The product ob
tained was recrystallized from acetone to afford 4.40 g (80% yield) of

5g: mp 153-155 °C dec; ir (KBr) 1720 (C = 0 ), 1640 (C=C). 1590 
(C=N), 1330, and 1140 cm' 1 (S02); NMR (Me2SO-d6) 6A 4.77, <5B 4.58 
(9, 2 H, J AB = 17 Hz, CH2), 6.30-7.83 (m, 15 H, aromatic and olefinic 
protons), 8.45 (q, 1 H, CH =N). Anal. Calcd for C20H18N2SO3: C, 
65.57; H, 4.95; N, 7.65; S, 8.74. Found: C, 65.27; H, 5.23; N, 7.80; S,
8.80.

2-(2-Furyl)-2-methyl-3-[(a-methylfurfurylidene)amino]- 
4-thiazolidinone 1,1-Dioxide (5h). This reaction was carried out 
as described for 5a using 3.24 g (0.015 mol) of 4h.7 The product sep
arated as a white solid and was recrystallized from acetone to afford
4.12 g (85% yield) of 5h: mp 189-190 °C dec; ir (KBr) 1700 (C = 0 ), 
1600 (C=N ), 1325, and 1145 cm“ 1 (S02>; NMR (Me2SO-d6) 5 1.90 
(s, 3 H, CH3), 2.20 (s, 3 H, =CC H 3), 4.54 (d, 2 H, CH2), and 6.50-7.90 
(m, 6 H, furyl). Anal. Calcd for Ci4Hi4N20sS: C, 52.18; H, 4.38; N, 8.28; 
S, 9.93. Found: C, 52.34; H, 4.50; N, 8.48; S, 9.92.

2-Methyl-2-phenyl-3-[(a-methylbenzylidene)amino]-4-thia- 
zolidinone 1,1-Dioxide (5i). The procedure described for 5a was 
carried out using 3.54 g (0.015 mol) of 4i:10 mp 174-175 °C; ir (KBr) 
1710 (C = 0 ), 1600 (C=N ), 1305, and 1145 cm“ 1 (S02); NMR 
(Me,SO-de) a 2.10 (s, 3 H, CH3), 2.14 (s, 3 H, =CCH 3), 5A 4.67, dB 4.48 
(q. 2 H, J AB = 17 Hz, CH,), and 7.45 (s, 10 H, phenyl). Anal. Calcd for 
C,8Hi8N20 3S: C, 63.15; H, 5.30; N, 8.18; S, 9.35. Found: C, 63.44; H, 
5.46; N, 8.07; S, 9.60.

Registry N o — 1, 27393-94-8; 2, 43056-12-8; 3, 60253-51-2; 4a, 
5428-37-5; 4b, 60253-52-3; 4c, 24523-46-4; 4d, 588-68-1; 4e, 17745-86-7; 
4f, 40252-74-2; 4g, 13362-71-5; 4h, 24523-53-3; 4i, 729-43-1; 5a, 
60253-53-4; 5b, 60253-54-5; 5c, 60253-55-6; 5d, 60253-56-7; 5e, 
60253-57-8; 5f, 60253-58-9; 5g, 60253-59-0; 5h, 60253-60-3; 5i, 
60253-61-4; fluorenylideneaniline, 10183-82-1; sulfur dioxide, 
7446-09-5; ketene, 463-51-4; benzylidenemethylamine, 622-29-7; 
hydrazine, 302-01-2; 5-methyl-2-furfuraldehyde, 620-02-0.
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Communications
Cyclobutene Derivatives as
Isoprene Equivalents in Terpene Synthesis.
The Metathesis of 1-Methylcyclobutene

S u m m a ry: The metathesis of 1-methylcyclobutene leads to 
head-to-tail isoprenoid homologation and can convert the 
monoterpene geraniol acetate into the sesquiterpene farnesol 
acetate.

Sir: As part of a general program of natural products syn
thesis, a portion of our efforts are directed toward uncovering 
fu n d a m en ta lly  new  a p p roa ch es  to terpene synthesis. This 
is a difficult task, since terpene chemistry is a mature science 
and the head-to-tail linking of isoprene units has long been 
an objective of organic synthesis.1’2 A new and potentially 
quite general approach to terpenoid synthesis involves the use 
of 1-methylcyclobutene (1) as an isoprene synthon. This 
molecule contains the five carbons required for an isoprene 
unit as well as ~26-kcal/mol strain energy4 to drive reactions 
to completion.5 We have recently described3 the synthesis of 
terpenoid 1,3-dienes using cyclobutenes as reactive isoprene 
synthons. Since 1,5-dienes are more common (geraniol, far
nesol, squalene, etc.), we now disclose a method for “ insertion” 
of an isoprene unit into an unactivated double bond, resulting 
in the head-to-tail linking of isoprene units.

The olefin metathesis reaction6 has been the object of a 
flurry of recent activity, with only limited application to 
natural products synthesis.7 Since Dall’Asta had reported the 
metathetical polymerization of cyclobutenes to l,5-dienes8a 
(eq 1), we felt that this unique reaction might have application 
to terpene chemistry.

□
CH,

(1)

(2)

1
1-Methylcyclobutene (1) reacts exothermically9 with the 

metathesis catalyst WCle/SnfCH,-)).»10 giving a polymer (eq 2) 
whose gross structure is that of polyisoprene (natural rub
ber).815 After this work was completed, a detailed examination 
of the metathetical polymerization of 1-methylcyclobutene 
was published.11 The polymer produced is 84-87% Z  and more 
importantly 10.1/1 head-to-tail, the regioisomerism crucial 
for the production of terpenoid products. Based on the cur
rently accepted mechanism,fia the selectivity is a consequence 
of factors which favor a more highly substituted metalloear- 
bene.12

At the outset a model system was investigated which avoids 
regioisomer problems. The crossed metathesis of 1-methyl
cyclobutene (1) with excess 3-hexene (2) in chlorobenzene 
gives compound 3 in 20-30% yields13'14 (eq 3). Compound 3

2 3
(a mixture of E/Z  isomers) was prepared by an independent 
route shown in eq 4. Wittig reaction of methyl levulinate gives

CH, CH:!
Wittig 1. D1BAL

2. Wittig
(4)

the unsaturated ester 5 which was converted to 3 via the al
dehyde. The materials were identical from the two path
ways.15

The interconversion of terpenes was then attempted. There 
are few reports in the literature concerning the metathesis of 
trisubstituted olefins.16 Presumably because of steric hin
drance they react much slower. In addition, there seems to be 
no systematic study of the effect of functional groups on the 
metathesis reaction.17 Since alcohols quench the metathesis 
catalyst the corresponding acetates were used, and appear to 
be compatible.18 When geraniol acetate (6) and excess 1 were 
reacted [WCl6/Sn(CH3)4 in chlorobenzene] for prolonged 
periods and the polymer was precipitated with methanol, 
1-2% farnesol acetate (7) (E/Z isomers) could be detected

CH, OAc

ch3
ch3 J 

'  */ WC16

CH, CH3

X J
(3)

(6)

SnfCHj), ' I X
ch3 I

ch3

(GC/MS). A mechanistic rationale for formation of farnesol 
acetate involves metathesis12 at the 6,7 double bond of geranyl 
acetate (metathesis at the 2,3 double bond is degenerate.)

Although far from being preparatively useful at this time, 
we feel that investigation of some of the newer soluble cata
lysts, isolable carbene initiators19 or the photochemically in
itiated metathesis,20 possibly with other protecting groups 
may lead to a viable terpene homologation. Further applica
tions of this unique reaction to terpene synthesis will form the 
basis of subsequent reports.
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Synthesis of Unsymmetrical Olefins by Titanium(O) 
Induced Mixed Carbonyl Coupling. Some Comments 
on the Mechanism of the Pinacol Reaction

Sum m ary: Unsymmetrical olefins can be synthesized in useful 
yields by titanium induced ketone coupling if one component 
is used in excess. Mixed coupling is particularly efficient for 
diaryl ketones, and a mechanism is proposed to account for 
this.

Sir: We recently reported an improved carbonyl coupling 
procedure employing active titanium(O). Olefins were isolated 
in high yields.1 Since the reaction occurs by a two-step path
way involving initial reductive dimerization of the carbonyl 
to a pinacol, followed by deoxygenation to olefin, one might 
expect the intermolecular version of this reaction to be limited 
to the synthesis of symmetrical olefins.

0“ cr

2 R ,C = 0  R C — C R  — ► R C = C R >

Pinacol formation is generally presumed to occur by di
merization of anion radicals,2 and the synthesis of unsym-

Table I. Titanium Induced Mixed Coupling Reactions 
between Acetone and Other Ketones (Acetone/Ketone, 4:1)

Isolated
yield,

Entry Ketone Products

1 Adamantanone Isopropylidenead- 63
amantane

Biadamantylidene 12
2 4-feri-Butyl- 4-ferf-Butylisopropyl- 55

cyclohexanone idenecyclohexane
Bi-4-ferf-butylcyclo- 22

hexylidene
3 3-Cholestanone 3-Iso propylidene- 54

cholestane
Bi-3-cholesteryIidene 29

4 Cycloheptanone Isopropylidenecyclo- 50
heptane

Bicycloheptylidene 26
5 1-Indanone 1-Isopropylidenein- 71

dan
Bi-l-indanylidene 24

6 Acetophenone 2-Methy 1-3-phenyl- 65
2-butene

2,3-Dipheny 1-2-butene 16
7 Benzophenone 1 ,l-D iphenyl-2-m ethyl- 94

propene
Tetraphenylethylene tr

8 Fluorenone Isoptropylidene- 84
fluorene

Bifluorenylidene 0

“ The crude product mixtures were purified by column 
chromatography on silica gel and the products identified by 
spectral methods (NM R, MS).

metrical olefins by our method therefore requires that we be 
able to carry out mixed pinacol couplings. There is little in
formation in the literature concerning mixed pinacol reac
tions,3-6 but the few scattered reports that do exist indicate 
that one generally obtains a mixture of the three possible pi- 
nacols in a nearly statistical ratio. Recently, while this work 
was in progress, another report appeared describing several 
mixed pinacol reactions. Again, the mixed products appear 
to be found in approximately statistical amounts, although 
complete product analyses were not reported.7

We felt, therefore, that our olefin-forming reaction would 
probably only be synthetically useful in cases where an excess 
of one inexpensive carbonyl component could be used and 
where the major olefinic by-product could be easily removed. 
Acetone is the obvious choice as one component of the reaction 
since it may be used in excess and its self-coupling product,
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tetramethylethylene, is volatile. We therefore examined un- 
symmetrical olefin formation by reaction of acetone with other 
ketones. Our results are given in Table I.

In all cases, the isopropylidene products can be isolated in 
synthetically useful yields. The isopropylidene group is a 
common structural unit of many sesquiterpenes, and, since 
the Wittig reaction is not applicable to the synthesis of these 
tetrasubstituted olefins, this one-step mixed coupling may 
prove of value. Further, the synthesis and spectroscopic study 
of wc-diisopropylidene compounds such as that derived from 
pulegone (reaction 12) has been an active field recently,8 and 
the present synthesis is quite efficient.

In examining these results, we were struck by the fact that, 
while mixed coupling of acetone with most other ketones gave 
the mixed product in a nearly statistical amount, reaction with 
the diaryl ketones, benzophenone and fluorenone, gave es
sentially on ly  mixed product. Indeed, even when acetone and 
benzophenone were reacted in equimolar amounts, mixed 
coupling was still highly favored.

This is most surprising when one considers that the re
duction potentials (£ rtdn) of benzophenone and fluorenone 
are both 1.0-1.5 V less negative than that of acetone.9 One 
would expect the corresponding anion radicals to form more 
rapidly than that of acetone, leading to a preponderance of 
symmetrical coupling. Since this is not the case, we consider 
it unlikely that the mixed pinacol reaction of acetone with 
diaryl ketones is in fact a radical coupling process.

An alternate mechanistic hypothesis can be devised. Sta
bilized radical anions, such as those derived from diaryl ke
tones, are known to reduce further to dianions, and the f?.e,in 
for this second reduction is less negative than £ redn for ace
tone.9 We suggest that these dianions are formed and that 
mixed coupling results by nucleophilic addition to acetone.

Ar
x c=o  2-

A v '

While we have no evidence to suggest that normal pinacol 
reactions between similar species are other than radical cou
plings, the nucleophilic addition of a stabilized dianion to a 
free ketone may well be general for mixed reactions in which 
one component is much more easily reduced than the other. 
This then suggests that our olefin synthesis need not be lim
ited to cases where one inexpensive component is used in ex
cess. Rather, we ought to be able to obtain good yields of mixed 
coupling of any two ketones as long as one component reduces 
to a dianion before the other reduces to an anion radical. We 
have carried out several such reactions successfully and the 
results are given in Table II.

In a representative procedure, anhydrous TiCfi (2.87 g, 18.6 mmol) 
was slurried in 30 ml of dry dimethoxyethane under argon, and lith
ium10 pieces (0.45 g, 65 mg-atoms) were added. After 1-h reflux, the 
black mixture was cooled, and a solution of benzophenone (0.42 g, 2.3 
mmol) and cyclohexanone (0.226 g, 2.3 mmol) in 2.0 ml of dime
thoxyethane was added. The mixture was stirred for 2 h at room 
temperature and then refluxed for 20 h. After the mixture cooled to 
room temperature, 50 ml of petroleum ether was added over 15 min. 
The organic layer was decanted from the black residue, filtered 
through a 1-cm pad of Florisil, and concentrated. Chromatography 
on 15 g of silica gel gave bicyclohexylidene (11 mg, 6%, hexane elution), 
cyclohexylidenediphenylmethane (445 mg, 78%, hexane/benzene 
elution), and tetraphenylethylene (74 mg, 19%, benzene elution).

Table II. Titanium Induced Mixed Carbonyl Couplings o f  
Diaryl Ketones with Other Partners (Ratio o f  Ketones, 1 :1 ).

Isolated
yield,

Entry Ketones Products %

1 Benzophenone + l,l-D iphenyl-2 - 81
acetone methylpropene

Tetraphenylethyl- 14
ene

2 Benzophenone + Cyclohexylidene- 78
cyclohexanone diphenylme thane

Tetraphenylethylene 19
Bicyclohexylidene 6

3 Benzophenone + 3-Cholesterylidene- 82
3-cholestanone diphenylmethane

Tetraphenylethylene 14
Bi-3-cholesterylidene 5

4 Benzophenone + 1,1-D iphenyl-l- 84
hexanal heptene

Tetraphenylethyl- 9
ene

6-Dodecene 8
5 Benzophenone + Tetraphenylethyl- 90

di-ferf-butyl ketone ene
6 Fluorenone + acetone Isopropylidene- 74

fluorene
Bifluorenylidene 8

7 Fluorenone + Cycloheptylidene- 77
cycloheptane fluorene

Bifluorenylidene 7
Bicycloheptylidene 17

8 Fluorenone + 70
acetophenone

2,3-Diphenyl-2- 15
butene

Bifluorenylidene 8
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MEM chloride

The recent introduction1 o f /Tmethoxyethoxy- 
methyl (M EM ) ethers as protected derivatives of 
primary, secondary, and tertiary alcohols provides a 
valuable addition to the organic chemist’s armamen
tarium o f protective methods. Because o f the ease o f 
formation and specificity o f cleavage conditions, the 
MEM group serves as a valuable addition to the more 
traditional hydroxyl protecting groups such as tetra- 
hydropyranyl and benzyl.

MEM ethers are cleaved by either anhydrous zinc 
bromide or titanium tetrachloride in methylene 
chloride solution at room temperature. The specificity 
of the cleavage conditions is hypothesized to be due to 
the formation o f a cyclic complex with the Tewisacid 
(ZnBr2, TiCl4) which facilitates the cleavage o f the

/ " A  r..
,0 o -c h 2-o r CH30  O

X s'- X /
Zn Zn D
/ \ /  V , R

Br Br Br O
\

H ,0

C H 2Br

MEM ethers are stable to strong bases, organo- 
metallic reagents, oxidizing agents and mild acids.

The formation of MEM ethers can be effected either 
under aprotic basic conditions by reaction o f the 
sodium or lithium salt o f the alcohol with MEM 
chloride in THF ordimethoxyethane, or underaprotic 
neutral conditions by reaction o f the alcohol with 
MEM-triethylammonium chloride in acetonitrile. 
Although the ammonium salt is hygroscopic, it can be 
prepared readily from MEM chloride and triethyl- 
amine.

1) NaH or BuLi

MEM ethers can also be prepared from the alcohol 
and MEM chloride in the presence o f diisopropyl- 
ethylamine in CH2Cl2. Yields o f the MEM derivatives 
by these methods are excellent, usually exceeding 90%.

ROH +  CH2(O H )2 +  CH3O C H 2CH2OH

MEM ether. Thus, the cleavage o f methoxymethyl 
ethers is markedly slower than that o f the correspon
ding MEM derivative under the same conditions. 
1 HP, benzyl, acetyl, benzoyl, z-butvIdimethvlsilyl and 
other silyl protecting groups are readily anc selectively 
cleaved in the presence o f MEM ethers.
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