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mately 3 ml of the hexane solution was withdrawn with a Pasteur 
pipet and stored in a vial. The first few drops of the aqueous layer 
were discarded and the remainder of the solution was stored in a 
vial until analysis. 

To prepare samples for the reference beam for the spectrophoto- 
rhetric analysis of both the hexane and the aqueous layers, an ex- 
traction was carried out exactly as described above except that  2 
ml of 70% aqueous ethanol was used in place of the ester solution. 

The 70% aqueous ethanol solution was prepared by weight, 
employing the appropriate corrections for b~oyancy . '~  Reagent ab- 
solute ethanol (Pharmco) and distilled water were used without 
further purification. The solvent was stored in a sealed 2-1. erlen- 
meyer flask, equipped with a siphoning device. 

Kinetic runs were carried out in 3-ml quartz uv cells (Pyrocell 
Manufacturing Company) which had a 1-cm path length. The cells 
had ground-glass stoppers, which were tightly sealed during the ki- 
netic runs to minimize evaporation. 

Beers' law plots of absorbance a t  2610 8, us. concentration were 
linear for both the exo and endo p -  nitrobenzoate esters over the 
range of concentration through which the solvolysis kinetics were 
followed. Similar plots for p-nitrobenzoic acid both at 2710 8, 
(A,,, of the acid) and a t  2610 8, (A,,, of the ester) were linear. 

Rate constants were calculated from a sub-routine for plotting 
In (A, - A us. time of a computer program devised by York,18 
modified by Dr. Michael Marron and used previously by Dr. John 
Conkling for calculating the rates of solvolysis of deuterated nor- 
bornyl b r o ~ y l a t e s . ~ ~  An IBM 7094 computer was used for the cal- 
culations, giving the first-order rate constant and standard devia- 
tion for each run. 
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The methyl substituent effects on the rates and products of the solvolysis reactions of exo- and endo-2-methyl- 
bicyclo[3.2.0] hept-6-en-2-yl p-nitrobenzoates (6-OPNB and 5-OPNB, respectively) were investigated by compar- 
ing those of the demethylated analogs (7-OTs and 2-OTs, respectively) to elucidate the nature of the bicyclo- 
[3.2.0]hept-6-en-2-y1 carbonium ion 3. The acetolysis rate of 7-OTs indicates a rate enhancement of 3500 (25') 
when compared to that of 2-OTs, while 6-OPNB undergoes solvolysis a t  a rate only 2.8 times as fast as 5-OPNB 
a t  25'. The acetolysis of 7-OTs gives exclusively anti-7-norbornenyl acetate 14, while 2-OTs undergoes acetolysis 
to a 35:65 mixture of 7-OAc and 14. On the other hand, 5-OPNB and 6-OPNB yield exclusively 6-OH through 
one common classical carbonium ion 15. The above results suggest that  3 is mainly stabilized by a homoallylic in- 
teraction to lead to the initial carbonium ion 12, which rearranges to the stable bishomocyclopropenyl carbonium 
ion 13. 

Although there is no straightforward demonstration of 
the existence of homoallylic carbonium ion intermediates, 
the unusual reactivities and stereospecific products of the 
solvolysis reactions of some rigid polycyclic ring com- 
pounds have been interpreted by homoallylic interactions 
between electron-deficient carbinyl carbon and electron- 

cl0[5.2.0.O~~~]nona-3,8-dien-6-yl tosylate ( I -OTS)~  we ob- 
served that the rate of acetolysis of 1-OTs is enhanced by a 
factor of 7.3 X 104 when compared to that of endo-bicyclo- 
[3.2.0]hept-6-en-2-y1 tosylate (2-OTs) which is in the par- 
tially similar ring system. In connection with this result, it 

OTs 
rich double bond.2 In our recent study of anti- tricy- l-rns 2 - m s  3 

seems to be of some interest to further investigate the na- 
ture of the bicyclo[3.2.0]hept-6-en-2-y1 carbonium ion 3.2-4 
Thus, exo- and endo-2-methylbicycl0[3.2.0]hept-6-en-2-y1 
p-nitrobenzoates (6-OPNB and 5-OPNB, respectively) and 
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Table I 
Kinetic Da ta  for Solvolysis of exo- and endo-2-Methylbicyclo[3.2.0]hept-6-en-2-y1 p-Nitrobenzoates 

(6-OPNB and 5-OPNB), e~o-Bicyclo[3.2.0]hept-6-en-2-y1 Tosylate (7-OTs), and Related Compounds 
* 

Substrate Temp, C k, sec-' A H * ,  kcal /mol  AS , e u  k re1 

6-OPNB' 125 (1.71 rt 0.02) x lomsb 29.8 jl 0.3 -6.1 ~t 0.8 
150 (1.68 0.02) x 

25 3.80 X 10'"' 2.8 
5-OPNB' 125 (3.45 i 0.07) x 28.2 i 0.2 -13.2 + 0.5 

150 (3.06 + 0.03) x 
25 1.38 X (1 .O) 

7- OTsd 25 (9.59 i 0.11) x 10'66 23.9 j: 0.2 -1.5 i 0.7 3.5 x 103 

2-0"s 25 2.70 x 10-98 28.1 i 0.6e -3.6 i 1.5e (1 .O) 
I-OTS 25 1.97 x 10-48  25.2 * 1.4@ +9.0 * 4.8e 7.3 x 104 

50 (2.35 ~t 0.04) x 

Ca 0.006 M in 50% acetone-50% water by volume. b The errors are deviation from the average of two runs. Value extrapolated from 
data at  higher temperature. Ca 0.02 M in acetic acid buffered with 0.045 M sodium acetate. e Reference 3. 

the demethylated analogous tosylates (7-OTs and 2-OTs, 
respectively) have been synthesized and studied to obtain a 
quantitative assay of the methyl substituent effects on 3 
formed in the solvolysis reactions. These results would pro- 
vide some evidence for the existence of the homoallylic in- 
teraction in the transition state of the solvolysis reactions. 

Results and  Discussion 
The known ketone 45 was treated with freshly prepared 

methyllithium to produce exclusively 5-OH in 83% yield, 
which was converted to 5-OPNB in the usual fashion. The 
exo epimer (6-OH) was obtained by an acid-catalyzed 
isomerization of 5-OH in low yield (17%) and converted to 
6-OPNB. The stereochemical assignments for the exo and 
endo epimers were based upon the methyllithium reaction 
of 4 and their nmr spectral data. Since attack of methylli- 
thium on ketones would usually occur from the less hin- 
dered side of carbonyl groups, the only one product ob- 
tained here might be the endo epimer (5-OH). The nmr 
spectra of 5-OPNB and 6-OPNB show that the methyl 
group of 6-OPNB absorbs a t  6 1.20 which is shielded by 
0.13 ppm more than of 5-OPNB as expected by a result of 
diamagnetic anisotropic shielding effect. The exo alcohol 
(4-OH)4b was obtained by inversion of 2-OTsS with tetra- 
n- butylammonium acetate in dry acetone6 followed by lith- 
ium aluminum hydride reduction and was converted to 7- 
OTs (23% based on 2-OTs) (Scheme I). 

Scheme I 

n+ 
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The solvolytic reactivity of 7-OTs was measured in buff- 
ered acetic acid by the uv absorbance method,3 and the 

reactivities of 5-OPNB and 6-OPNB were measured in 50% 
aqueous acetone by the titrimetric m e t h ~ d . ~  The kinetic 
data are summarized in Table I where literature values for 
related compounds are involved for comparison. 

Generally, it has been known that the introduction of 
electron-releasing substituents a t  a cationic center leads to 
diminution in participation by double bonds resulting in a 
classical carbonium i0n.*~3~ For example, the acetolysis rate 
of anti-7-norbornenyl tosylate (9) is enhanced by a factor 
of 10l1 over that  of 7-norbornyl tosylate (8),s while 7-p-ani- 
syl-anti-7-norbornenyl p-nitrobenzoate (1 1) undergoes sol- 
volysis a t  a rate only 2.5 times greater than 7-p-anisyl-7- 
norbornyl p-nitrobenzoate Thus, a comparison of the 
exo/endo rate ratio for 5-OPNB and 6-OPNB to that for 
2-OTs and 7-OTs will account for the natures of the initial 
intermediates formed on ionization of these isomeric com- 
pounds. 

8 (1P 9 (10") 11 (2.5) 

k re1 in parentheses. 

I t  is clear from Table I that 7-OTs is 3.5 X 103 times 
more reactive than 2-OTs while 6-OPNB undergoes solvol- 
ysis a t  a rate 2.8 times as fast as 5-OPNB a t  25O. This re- 
sult suggests that the high reactivity of 7-OTs might be 
mainly due to participation of the double bond in the ion- 
ization a t  the reaction site to produce the homoallylic car- 
bonium ion 12. Here, it is interesting to note that even 7- 
OTs is less reactive than I-OTs in spite of the fact that the 
similar homoallylic interaction should be expected in their 
transition states. The difference in the reactivity of I-OTs 
and 7-OTs (ca. 20) appears to result from a combination of 
two factors. First, an increase in reactivity of 1-OTs proba- 
bly results from a grounddstate interactionlo with the anti- 
cyclobutene ring providing relief of strain a t  the transition 
state. Second, there is likely a more favorable geometry for 
the homoallylic interaction by the double bond in 1-OTs 
than in 7-OTs; since the s m r  spectral study of 7-OTs 
suggests 7-OTs in a "boat" conformation,11 this conforma- 
tion would provide decrease in the homoallylic interaction 
because of the prolonged distance between the reaction 
center and the double bond, compared to the rigid tricyclic 
tosylate (I-OTs). 

The acetolysis of 7-OTs gives exclusively anti-7-norbor- 
nenyl acetate 14, while 2-OTs undergoes acetolysis to a 35: 
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65 mixture of 7-OAc and 14 in accord with Story's result.2a 
From the kinetic data and the solvolysis studies, it is sug- 
gested that the incipient positive center of 7-OTs is stabi- 
lized first by the homoallylic interaction to produce the ini- 
tial carbonium ion intermediate 12,12 which rapidly rear- 
ranges to the bridged carbonium ion 13. On the other hand, 
2-OTs leads predominantly to 13 and, a t  the same time, 
partially to 7-OAc by attack of solvent. Both epimeric p -  
nitrobenzoates, 5-OPNB and 6-OPNB, however, yield ex- 
clusively 6-OH as only the monomeric alcohol, suggesting 
one common classical carbonium ion intermediate 15 which 
is captured by solvent from the less hindered side. The ob- 
servations are summarized in Scheme 11. 
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The difference in the activation energies of 7-OTs (AH* 
= 23.9 kcal/mol) and 2-OTs (AH* = 28.1 kcal/mol) also 
suggests the significant difference in the stabilization of 
their transition states. The conformational studies of these 
bicyclic ring systems by X-ray analysis are under investiga- 
tion. 

Experimental Section 
Melting points were taken on a Yamato MP-21 melting point 

apparatus and uncorrected. Infrared spectra were recorded on a 
Shimadzu IR-400 spectrophotometer and ultraviolet spectra were 
determined with a Shimadzu UV-200 spectrophotometer. Nuclear 
magnetic resonance spectra were recorded using a Hitachi R-24 in- 
strument with the chemical shift (6) given in parts per million 
down from TMS. Gas-liquid chromatography was performed on a 
Shimadzu GC-4B instrument. Mass spectra were determined with 
a JEOL-QlO mass spectrometer. Microanalyses were determined 
in the microanalytical laboratory of Institute of Physical and 
Chemical Research, Wako-shi, Saitama, Japan. 
endo-2-Methylbicycl0[3.2.0]hept-6-en-2-01 (5-OH). To 

freshly prepared methyllithium in ether (ca. 0.05 mol) was added 
dropwise a solution of 43 (4.0 g, 0.037 mol) in 20 ml of ether a t  
room temperature under nitrogen atmosphere. The resulting solu- 
tion was stirred for 30 min. The excess methyllithium was de- 
stroyed by addition of ammonium chloride, and water was careful- 
ly added to the flask. After separation of the organic layer, the 
aqueous layer was extracted with ether. The ethereal solution was 
combined with the organic layer, and the combined solution was 
washed with water and dried (MgS04). After removal of ether dis- 
tillation gave the endo alcohol 5-OH as a clear oil [3.8 g, 83%, bp 
60-61.0' (9 mm)]: ir (film) 3350 (OH), 3050, 2930, 1290, 1150, and 
1120 cm-'; nmr (CC14) 6 6.15 and 6.03 (2 d,  AB, 2 H,  vinyl, J = 2.6 
Hz), 3.50 (s, 1 H, -OH), 3.05 (m, 1 H, Hs), 2.75 (d, 1 H, HI,  J = 3.6 
Hz), 2.20-1.70 (m, 1 H), 1.60-1.20 (m,  3 H), and 1.10 (s, 3 H, 
-CH3); mass spectrum mle 124 (M+), 109, and 106. 

endo-2-Methylbicycl0[3.2.0]hept-6-en-2-y1 p-Nitroben- 
zoate (5-OPNB). To  a solution of 5-OH (500 mg, 4.04 mmol) in 15 
ml of dry pyridine was added p-nitrobenzoyl chloride (760 mg, 4.10 
mmol) in small portions a t  Oo. After completion of the addition, 
the resulting solution was allowed to stand in a refrigerator for 5 
days and then poured into ice-water (100 g) containing 5 ml of 
concentrated hydrochloric acid. The product was extracted into 
chloroform, which was washed with dilute hydrochloric acid, 
water, 5% sodium bicarbonate solution, and water and dried 
(MgS04). Removal of the solvent gave a precipitate which was re- 
crystallized from hexane to yield 810 mg (74%) of 5-OPNB: mp 
109.5-110.5°; ir (Nujol) 1720 (C=O), 1610, 1525, 1350, 1310, 1290, 
1120,1110, and 720 cm-l; nmr (CD3COCD3) 6 8.20 (AzB2,4 H, aro- 
matic, J = 9.0 Hz), 6.08 and 5.99 (2 d, AB, 2 H, vinyl, J = 2.6 Hz), 
3.40 (d, 1 H, HI, J = 3.2 Hz), 3.21 (m, 1 H, Hs), 2.70-1.90 (m, 3 H), 
1.70-1.40 (m, 1 H), and 1.51 (5, 3 H, -CH3). 

Anal Calcd for C15H15N04: C, 65.92; H,  5.53. Found: C, 66.05; 
H, 5.46. 

exo-2-Methylbicyclo[3.2.0]hept-6-en-2-ol (6-OH). To a solu- 
tion of 5-OH (3.4 g, 0.0275 mol) in 100 ml of pentane a t  0' was 
added a solution of 50% sulfuric acid (50 ml). The resulting mix- 
ture was allowed to stir for 10 hr a t  Oo end 40 hr a t  water-bath 
temperature, following the progress of the reaction by glpc (FFAP 
15%, 3 m X 3 Q column). After separation of the organic layer the 
aqueous layer was extracted with ether. The ethereal solution was 
combined with the organic layer, and the resulting solution was 
washed with water, 5% sodium bicarbonate solution, and water and 
then dried (MgS04). Evaporation of the solvent gave a mixture of 
5-OH, &OH, and an unidentified ketone (<3%). The mixture was 
purified by chromatography on a silica gel column, eluting with 
25% ether in benzene to give 567 mg (16.6%) of 6-OH as a clear liq- 
uid, which is crystallized on standing: mp 42-43.5O; ir (CC14) 3620 
(free OH), 3320 (OH), 3040,2930,1060, and 1040 cm-'; nmr (CC14) 
6 6.00-5.70 (m, 2 H, vinyl), 3.07 (s, 1 H, HI), 2.43 (br s, 1 H, Hb), 
2.13-1.23 (m, 2 H), 1.40 (s, 1 H, -OH), 1.21-0.75 (m, 2 H), and 1.11 
(s, 3 H, -CH3): mass spectrum mle 124 (M+), 109, and 106. 
exo-2-Methylbicyclo[3.2.0]hept-6-en-2-y1 p-Nitrobenzoate 

(6-OPNB). The exo alcohol 6-OH (100 mg) was converted to the 
p-nitrobenzoate (6-OPNB) as described above for 5-OH: yield 170 
mg (78%); mp 78.0-79.5'; ir (Nujol) 1720 (C=O), 1610, 1530, 1350, 
1270,1110, and 720 cm-l; nmr (CDzCOCD3) 6 8.15 (AzBz, 4 H, aro- 
matic, J = 10.0 Hz), 6.11-5.76 (m, 2 H,  vinyl), 4.30 (9, 1 H, HI), 
2.78 (br s, I H, H5), 2.10-1.59 (m, 3 H) ,  1.40-1.03 (m, I H), and 1.20 

Anal. Calcd for C15HljN04: C, 65.92; H,  5.53. Found: C, 65.63; 
H, 5.39. 

Kinetic Measurements. The ratio of acetone to water was 50: 
50 by volume. For each run, approximately 80 mg of each 5-OPNB 
and 6-OPNB was weighed into a 50-ml volumetric flask and then 
filled with the 50% aqueous acetone. Eight tubes, containing 6 ml 
of the above solution, were sealed under nitrogen and heated in a 
constant temperature controlled oil bath (f0.3'). After the com- 
pletion of the run, 5 ml of the solution was removed for titration. 
To the solution, 15 ml of water was added with a few drops of 0.1% 
Bromothymol Blue indicator in 50% ethyl alcohol. This mixture 
was titrated with 0.003 M sodium hydroxide in methanol under ni- 
trogen.3 

The exo-tosylate (7-OTs) was solvolyzed in acetic acid contain- 
ing sodium acetate, and the rates were measured as previously de- 
scribed.3 The kinetic data are shown in Table I. 

Preparat ive Solvolyses of 5-OPNB a n d  6-OPNB. The endo- 
p-nitrobenzoate (5-OPNB, 200 mg) in 100 ml of 50% aqueous ace- 
tone containing 154 mg of 2,6-lutidine was sealed in six test tubes 
under nitrogen and heated for 47 hr at 150'. The cooled tubes were 
opened, and the acetone was removed by a rotary evaporation. The 
product mixture was isolated by ether extraction. After removal of 
the solvent, the product was purified by chromatography on a sili- 
ca gel column, eluting with 20% ether in benzene to give 31 mg 
(34%) of a product which was identified as 6-OH by nmr compari- 
son. 

The exo-p-nitrobenzoate (6-OPNB) was solvolyzed as men- 
tioned above except for being heated for 10 hr at 150'. The exo al- 
cohol was obtained in 30% yield. 

The low isolated yields of these reactions are attributed to subli- 
mation during drying and an unidentified hydrocarbon which has 
a very short retention time in glpc. The absolute yields by glpc 
(FFAP 15%, 3 m X 3 @) analyses were shown to be 45% for 5- 
OPNB and 51% for 6-OPNB. 

Prepara t ive  Acetolyses of 2-OTs and 7-OTs. The endo-tosyl- 
ate (2-OTs, 200 mg) in 25 ml of acetic acid containing 84.5 nig of 

(s, 3 H, -CH3). 
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sodium acetate was sealed in four test tubes under nitrogen and 
heated for 48 hr a t  100'. The cooled tubes were opened, and the 
solution was neutralized with sodium bicarbonate and extracted 
with ether. The ethereal solution was washed with saturated sodi- 
um chloride solution, dried (MgS04), and concentrated. The prod- 
uct was purified by chromatography on silica gel column, eluting 
with 20% ether in petroleum ether affording 82 mg (64%) of a mix- 
ture of 1413 (65%) and 7 - 0 ~ ~  (35~7~).  The eno-tosylate ( 7 - 0 ~ ~ ,  
67.8 mg) was solvolyzed at  50" to give 25 mg (58%) of 14. 
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dent between 35 to 95' in CCI.,. The author wishes to thank Dr. K.  Sato 
and Mrs. S. Yoshida for measurement of the temperature-dependent 
nmr spectra of these alcohols. 

(12) In our study of 1-OTs, we suggested the possible existence of an initial 
carbonium Ion intermediate, which rearranges to the stable norbor- 
nenyl-type carbonium ion.3 This intermediate may be similar to the car- 
bonium ion 12, which was also reported by Cook and Story.4b 

(13) E. I. Snyder and 9. Franzus, J. Amer. Chem. Soc., 86, 1166 (1964). 
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The rearrangement of diphenyl-2-pyridylmethane N-oxide (8) with acetic anhydride in acetonitrile was investi- 
gated. The product was identified as diphenyl-2-pyridylmethyl acetate (10). An intramolecular pathway was elu- 
cidated by a combination of oxygen-18 labeling studies and the conversion of 1-acetoxy-2-benzhydrylpyridinium 
perchlorate (14) to product by a base (Dabco) other than added acetate ion. 

The reactions of aromatic N-oxides with acid anhydrides 
have been studied extensively since the first report in 1947 
that pyridine N-oxide was converted to 2-pyridyl acetate 
when heated in acetic a n h ~ d r i d e . ~  Twenty years ago several 
groups observed that alkyl substituents a t  C-2 of pyridine 
N-oxide altered the pathway to afford 2-pyridylmethyl ace- 
t a t e ~ . ~ - ~  Since that time mechanistic aspects of these reac- 
tions have been thoroughly investigated and excellent re- 
views are The generally accepted mechanism 
for side chain rearrangement is represented in eq 1-3, the 
key feature of which is the generation of an anhydrobase 
intermediate (3), which rearranges intramolecularly uia an 
ion pair to product (4).9 

The present work stemmed from our observation that 
nearly all reported examples of this rearrangement with 2- 
alkylpyridine N-oxides (1) involved structures with an a- 
methylene group. At the time this work was commenced we 
were aware of only two cases in which disubstitution a t  the 
a position of the side chain was involved; both compounds, 
55 and 6 , ' O  were reported to undergo no rearrangement in 
acetic anhydride. Since the failure to observe the antici- 
pated reaction with 5 and 6 could be attributed to an intra- 
molecular interaction between the N-oxide moiety and the 
a-acetoxy group, it seemed desirable to test a simpler case 
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of disubstitution such as 7. The choice of diphenyl-2-pyri- 
dylmethane N-oxide (8) was based on product consider- 
ations. Side chain rearrangement of 7 (R = alkyl) to a terti- 
ary acetate would, upon acid hydrolysis, afford an alcohol 
capable of undergoing an undesirable dehydration. Subse- 


