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In contrast to the work of Arnold, Smith, and Dodson, the pyrolysis of a misture of cis- and trans-2-methj lcyclohexyl ace- 
tates or pure trans-2-methylcyclohexyl acetate produced almost entirely 3-methylcyclohexene with only a trace of the iso- 
meric 1-methylcyclohexene. These results are in agreement with earlier work which showed that in the pyrolysis of open- 
chain esters the least highly alkylated olefin was formed in a very high yield. It was found that very high temperatures pro- 
moted extensive charring and gasification and caused rearrangements and aromatization. The presence of a carbonaceous 
deposit w : ~  found to reverse to some extent the direction of elimination during the pyrolysis of esters. 

It n-as recently reported3v4 that the pyrolysis of 
simple esters proceeded in a selective manner to  
produce the least highly alkylated olefin according 
to the Hofniann rule. The hydrogen that mas ab- 
stracted during the pyrolysis was abstracted pref 
erentially from a CH, > CH2 > CH. Thus the 
pyrolysis of methylisopropylcarbinyl acetate gave 
almost pure 3-methyl-1-butene and of methyliso- 
butylcarbinyl acetate gave 4-methyl-1-pentene. 
The presence of polar groups, such as methoxy and 
dimethylamino groups in the P-position, does not 
change the direction of e l iminat i~n.~ A phenyl 
group n-ill partially reverse the direction of elimina- 
tion while an unsaturated electron-withdrawing 
group located in the P-position will completely 
reverse the direction of elimination to produce the 
conjugated olef i~i .~ 

There are, however, many examples in the litera- 
ture in which an ester was pyrolyzed to  give a 
mixture of olefins or the most highly alkylated 
olefin in direct conflict with these results. Thus 
Arnold, Smith, and Dodson' found that the pyroly- 
sis of cis-2-methylcyclohexyl acetate (IV) produced 
a mixture consisting of 75% of 3-methylcyclohexene 
(11) and 25% of 1-methylcyclohexene (111), 
while the pyrolysis of trans-2-methylcyclohexyl 
acetate (I) produced a mixture consisting of 45Yc 
of I1 and %yo of 111. Our work with the open- 
chain esters would lead to the prediction that 
both the cis- and trans-2-methylcyclohexyl acetates 
(I and IT') would give primarily the least highly 
alkylated olefin 11. 

Wibaut and van Pelts originally reported that the 
pyrolysis of 1-menthyl acetate gave an 88% yield 
of 3-p-menthene. This result was confirmed by Frank 
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and Berryeg Later, Wibaut, Reyerman, and van 
Leeumen'O and also hlchiiven and Read l1 reinvesti- 
gated this pyrolysis and reported that 1-menthyl 
acetate produced a mixture of olefins consisting of 
65% 3-p-methene and 35y0 2-p-methene. Warnhoff 
and Johnson12 obtained 2-methyl-2-cyclohexenone 
from the pyrolysis of 2-methyl-2-acetoxycyclohex- 
anone. C h i t ~ o o d ' ~  was able to obtain crotyl acetate 
and methylvinylcarbinyl acetate but no 3-butenyl 
acetate from the pyrolysis of 1,3-diacetoxybutane. 
There are many examples in the field of ster~ids'~-' '  
that also conflict with our  result^.^,^ Barton and 
R~senfelder '~ even assigned structures to  their 
starting esters on the basis of the structures of the 
olefins that they obtained from the pyrolysis of 
two geometric isomers. 

The work of Alexander and MudrakI8 on the 
pyrolysis of cis- and trans-2-phenylcyclohexyl 
acetates may not be in conflict with our work since 
me have shown that the introduction of a @-phenyl 
group into the alkyl portion of an ester partially 
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reverses the direction of elimination to produce a 
mixture of the two possible olefins.6 

Since most of the examples in which the py- 
rolysis gave an olefin that would not have been 
predicted from our own ~ 0 r k 3 ~ 4  pertained to cyclic 
esters, it was of interest to  determine the effect of 
the Cyclohexane ring on the direction of elimination. 
For this reason the work of Arnold, Smith, and 
Dodson on the pyrolysis of cis- and trans-2-methyl- 
cyclohexyl acetates (I and IV) was reinrestignted. 

Since the separation of the pure isomers I and 
IT' was very tedious, the initial studies were carried 
on with a mixture of these two geometric isomers. 
X mixture of cis- and trans-2-methylcyclohexanols 
was prepared by the catalytic hydrogenation of 
o-cresol and was assumed to contain 68% of the 
frans-isomer, in accord with Jackman, Macbeth, 
and Mills l9 If the mixture of acetates I and IT' 
contained (58% of the trans-isomer I, Arnold's 
work would lead one to predict that the mixture of 
the olefiiis obtained on pyrolysis would contain 
557, of 3-methylcyclohexene (11) and 45% of 
l-mrthylryclohexene (111). If the pyrolysis followed 
the pattern found in the open-chain esters, one 
would predict that the product would be almost 
entirely the 3-methyl isomer 11. 

This mixture of the cis- and trano-esters I and 
IV was dropped through a vertical T'ycor tube 
packed ni th  l,/g-inch Pyrex helices a t  450" unde? 
such conditions that only 52% of the theoretical 
amount of acetic acid was liberated. Under these 
conditions, practically no charring occurred that 
could cause any rearrangement or aromatization. 2o 

The olefin obtained from the pyrolysis was a t  
least 95%, 3-methylcyclohexene (11). I1 was identi- 
fied by the comparison of its physical properties 
with those of an authentic sample prepared by an 
independent synthesis. The infrared absorption 
spectra of the two samples of I1 mere practically 
identical. The sample of 3-methylcyclohexene (11) 
used for comparison was prepared from cyclo- 
hexene by bromination with N-bromosuccinimide 
and by the reaction of the resulting allylic bromide 
with inethylmagnesium bromide.21 A sample of 
l-methylcyclohexene (111) was prepared by the 
dehydration of cyclohexanol. The infrared absorp- 
tion spectrum of I11 was sufficiently different 
from that of I1 to  make the detection of I11 quite 
sensitive. 

It appears, therefore, that the direction of elim- 
ination in the pyrolysis of cyclic esters is governed 
by the same rules that apply t o  the open-chain 
esters, Thus the hydrogen will be preferentially 
abstracted from the CH2 group rather than from 
a CH group in the cyclohexane system as well as 
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TABLE I 

CYCLOHEXYL ACETATES 
PYROLYSIS OF THE LIIXTURE OF Cis- AND t rUnS-2-lIETHYL- 

Jlinimum 
Amount 

Acetic Yield of 
Pyroly- Acid of 3-Methyl- 

sis Liber- Ole- cyclo- 
Run Temp., ated, fin, hesene, 
No. "C. % % n 'd % 
1 450 5 2 !I!; 1 4419-1 44.37 05 
2 500 9 7 06 I 4418-1 34.54 C)Y 
3 500 08 98 1 4418-1 4 4 2 8  08 
4% 560 100 'I:% 1 3420-1 4454 Olb 
5c 600 100 88 I 3420-1 4476 62d 
G e  500 98 95 1 4419-1 4 4 7 2  85 

a Some chai,ring o w i r r e d .  ' Small amount oi material 
other than I1 arid 1x1 present. Extensive charring and 
gasification occurred. 1.arge amount of mzterinl othw 
than I1 and I11 present. e Pyrolysis tube previously co:tted 
with a carbonaceous deposit. 

in open-chain esters. The relative steric relation- 
ship of the tertiary hydrogen and the acetoxy 
group does not appreciably affect this preference. 

An effort vas  made to determine the reason for 
the conflict between the present results and those 
obtained by Arnold, Smith, and Dodson.7 Of 
course, they carried out their pyrolysis in a stain- 
less steel tube while our pyrolysis was carried out 
over Pyrex helices. There has been a great deal of 
information published that would indicate that, 
as long as the surface is inert, it does not make 
much difference whether the packing of the pyroly- 
sis tube is Pyrex, quartz, carborundum, stainless 
steel, or a l ~ m i n u m . ~ ~ , * ~  

Unless the particular type of stainless steel tube 
that was used had some unusual catalytic activity, 
i t  does not appear likely that the change in packing 
and tube could account for the significant difference 
in the products. 

Since Arnold, Smith, and Dodson carried out 
their study a t  500°, it appeared that these more 
vigorous conditions might be responsible for the 
formation of the l-methylcyclohexene (111) from 
the 2-methylhexyl acetates I and 11'. For this 
reason the mixture of cis- and trans-acetates I and 
IV was pyrolyzed a t  500" under a variety of addi- 
tion rates and contact times. In  all cases, only 
slight carbonization occurred even though as 
much as 98% of the theoretical amount of acetic 
acid was liberated. The olefin obtained in every 
case consisted of 93 to  98y0 3-methylcyclohexene 
(11). l-hIethylcyclohexene (111) was identified as 
another component which was present as up to 
7y0 of the product. Since the effect of temperature 
a t  500" was slight, a pyrolysis was carried out a t  
560". A substantially quantitative yield of acetic 
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acid \vas realized but heavy carbonization occurred. 
Even at this relatively high temperature, a 93% 
yield of a mixture of olefins consisting of 91% of 
the 3-methyl isomer J I  was obtained. However, 
the infrared absorption spectrum indicated the 
presence of substances other than I1 and 111. At 
800" extensive carbonization and gas formation 
occurred during the pyrolysis. The hydrocarbon 
fraction was obtained in only SSV, yield and it con- 
tained only approximately 6291, of 3-methylcyclo- 
hexene (11). The infrared absorption spectrum in- 
dicated that only a small amount of the other 
hydrocarbons was 1-methylcyclohexene (111). Ap- 
parently extensive disproportionation to form 
cyclohexane or aromatic derivatives and rearrange- 
ment to other olefins had occurred. A free radical 
decomposition of the ester at this elevated temper- 
ature was at  least partially responsible for these ex- 
traneous products. I t  was clear from these pyrolyses 
that the difference in temperatures of pyrolysis 
alone could not explain the formation of the large 
amount of 1-methylcyclohexene obtained by Ar- 
nold, Smith, and Dodson. 

It appeared more likely that a carbonaceous de- 
posit formed during the pyrolysis was responsible 
for the formation of the 1-methyl isomer (111). 
Since a stainless steel tube cannot be cleaned as 
conveniently as a glass tube and the extent of 
carbonization is much more difficult t o  determine in 
a metal tube, it  seemed likely that a layer of carbo- 
naceous material could hare  been present in their 
pyrolysis tube. For this reason a pyrolysis was 
carried out a t  500" in a tube containing a carbona- 
ceous deposit. When the mixture of cis- and trans-2- 
niethylcyclohexyl acetates (I and IV) was pyro- 
lyzed under these conditions, a mixture of olefins 
which contained at  least 15% of the l-methylcyclo- 
hesene was obtained It seems possible that a heav- 
ier or more acidic deposit could have been responsi- 
ble for the large amount of the 1-methyl isomer ob- 
tained by Arnold, Smith, and Dodson. iit least i t  
has been demonstrated that the presence of carbon 
deposits will promote a direction of elimination in 
the pyrolysis of an ester that is different from that 
obtained in the absence of carbon. It had been 
shown previouslyz4 that carbon deposits increased 
the extent of pyrolysis. Although the acidic carbon 
deposit may have rearranged some of the 3-methyl 
compound to the more stable 1-methyl isomer dur- 
ing the pyrolysis, it  appears more probable that 
the carbon promoted a competing acid-catalyzed 
elimination reaction to  produce the I-methyl isomer 
directly from the ester. 

In  order to eliminate the possibility that the 
difference in the results between our work and that 
of Arnold, Smith, and Dodson? was due to the dif- 
ference in the starting material, a sample of pure 
trans-2-methylcyclohexyl acetate (I) was pre- 

(24) Bailey and Hewitt, J .  Org. Chem., 21,543 (1956). 

pared according to their directions. When this pure 
isomer I was pyrolyzed at  500" uiider ronditions 
such that very little charring occurred, the olefin 
produced was a t  least 91% 3-methylcy clohexene 
(11). Even though some 1-methylcyclohexene (111) 
was formed under these fairly vigorous conditions, 
the amount was in striking contrast to the 55% ob- 
tained by Arnold, Smith, and D ~ d s o n . ~  Of course, 
even though our results differ in the quantitative 
nature of the experimental work from that of ,4r- 
nold, Smith, and Dodson, their conclusions con- 
cerning the mechanism of the pyrolysis are not 
changed. 

Several of the other conflicts with our work on 
the direction of elimination in the pyrolysis of es- 
ters are under investigation and these results will be 
reported separately. 

EXPERIMENTALz5 

Mixture of cis- and trans-9-methykyclohexanols. According 
to the procedure of Jackman, Macbeth, and Mills,*O 800 g. 
(7.4 moles) of o-cresol (Eastman Kodak) was hydrogenated 
a t  150' and 2600 pounds pressure in the presence of Raney 
nickel catalyst. After the catalyst was removed by filtration, 
the filtrate was fractionated through a 12-inch, helix-packed 
column to yield 808 g. (96%) of a mixture of cis- and trans- 
2-methylcyclohexanols, b.p. 53-54' (3.5 mm.), nz: 1.4604. 
Reported' constants for cis-2methylcyclohexaaol are b.p. 
43-45" (1-2 mm.), ny 1.4620, and for trans-2-methylcyclo- 
hexanol, b.p. 60.7-61' (10.5 mm. j, nz: 1.4596. It was assumed 
from these constants as well as the method of preparationz0 
that the mixture contained 68% Irans-2-methy~cyc~ohexano~. 

Mixture of cis- and trans-2-methylcyclohexvl acetates (I  and 
IV). To 1430 g. (14 moles) of acetic anhydride heated under 
reflux was added dropwise at such a rate as to maintain the 
reflux 808 g. (7.1 moles) of the mixture of cis- and trans-2- 
methylcyclohexanols. After the reaction mixture had been 
heated under reflux for 12 hours, the cooled solution was 
poured into a cold saturated sodium bicarbonate solution. The 
aqueous layer was extracted with two 5Wml. portions of 
ether. The extracts were combined with the original organic 
layer and the mixture was dried over magnesium sulfate. 
The dried solution was fractionated through a 12-inch, 
helix-packed column to yield 962 g. (88%) of a mixture of 
cis- and trans-2-methylcyclohexyl acetates ( I  and IV j, b.p. 
52' (3.5 mm.), nzg 1.4363 [reported7 for the cis-isomer, 
b.p. 68.5-69.5' (16 mm.), n g  1.4376, and for the trans- 
isomer, b.p. 63-64' (11.5 mm.), n'; 1.43531. 

trans-2--Methyclyclohexyl 8,6-dinitrobenzoafe. A mixture 
of 460 g. (2.0 moles) of 3,5-dinitrobenzoyl chloride, 1500 g. 
of pyridine, and 228 g. (2.0 moles) of a mixture of cis- and 
trans-2-methylcyclohexanols was heated at 60' for 2 hours 
and then the cooled mixture was poured into a large excess 
of water. Seven recrystallizations of the precipitate from 
methanol produced 292 g. (36%) of trans-2-methylcyclo- 
hexyl 3,5-dinitrobenzoate, m.p. 114.5-1 16' (reported' . -  
m.p. 113.5-115'). 

trans-9-Methylcyclohexunol. A mixture of 292 g. (0.95 
mole) of trans-2-methylcyclohexyl 3,bdinitrobenzoate, 302 
g. (5.4 moles) of potassium hydroxide, 2400 ml. of methyl 
alcohol, and 1100 g. of water was heated under reflux for 2 

(25) The authors are grateful to Dr. Robert A. Spurr, 
Dr. Joseph Wenogrsd, and Kathryn Gerdeman for the 
infrared absorption spectra. The spectra were obtained on 
the pure liquids by the use of a Perkin-Elmer model 12-C 
infrared spectrophotometer, modified for double-pass oper- 
ation. 
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hours. The reaction mixture was exhaustively extracted 
with ether and the extracts were fractionated t,hrough a 
6-inch, helix-packed column to yield 93 g. (87%) of trans-2- 
methylcyclohexanol, b. p. 52" (5 mm.), n'z 1.4597 [reported' 
b.p.6O.7-6lo(1O.5mm.),n'; 1.45963. 

trans-2-2-:Methylcyclohexy~ acetate (I). By the use of the 
same procedure described for the mixture of acetat.es I and 
IV, 93 g. of trans-2-methylcyclohexanol was esterified to 
yield 119 g. (94%) of trans-2-methylcyclohexyl acetate 
(I), b.p. 54' ( 5  mm.), n'," 1.4353 [reported' b.p. 63-64' 
(11.5mm.), n'," 1.43533. 

I-Jlethylcgclohexene (111). To the ether solution of methyl- 
magnesium iodide [prepared from 158 g. (1.1 moles) of 
methyl iodide] was added dropwise 98 g. (1  mole) of cyclo- 
hexanone. The complex was decomposed by the addition of 
10% hydrochloric acid, and the resulting ether layer was 
washed with a sodium bicarbonate solution and then with 
water. The ether was removed by distillation and the resi- 
due, to which had been added 0.5 g. of iodine, was distilled 
through an 18-inch, helix-packed column. The olefin layer 
of the distillate was dried over magnesium sulfate and frac- 
tionated through the same column to yield 76 g. (79%) of 
1-methylcyclohexene (111), b.p. 109-109.5", n': 1.4503 
(reported2@ b.p. 109-109.5", nzg 1.4503). 

3-Methylcyclohexene (11). According to t,he method of 
GuillemonatZ7 and WilkinsonZ1 a mixture of 267 g. (1.36 
moles) of N-bromosuccinimide, 120 g. (1.48 moles) of cyclo- 
hexene, 1000 ml. of carbon tetrachloride, and 0.5 g. of 
benzoyl peroxide was heated under reflux for 1 hour. The 
succinimide was removed by filtration and the filtrate was 
fractionated through a 6-inchJ helix-packed column to yield 
149 g. (68%) of 3-bromohexene, b.p. 63-64' (15 mm.), 
n'," 1.5261 [reportedz7 h.p. 65" (19mm.1, n1g8.' 1.52531. 

This 3-bromohexene was added dropwise to an ether so- 
lut,ion of methylmagnesium bromide [prepared from 92 g. 
(0.95 molej of met,hyl bromide]. After the mixture had been 
allowed to stand overnight, the precipitate was removed by 
filtration and the filtrate was distilled through an %inch, 
helix-packed column to yield 48.5 g. (56%) of 3-metfhyl- 
cyclohexene (IT). h.p. 100-101 O ,  n'g 1.4424 [report,ed' b.p. 

Pyrolysis of the mixture qf 2-methylcyclohexyl acetates (I and 
IV). A series of pyrolyses of the mixture of 68% trans-2- 

lohexyl acetate (I) and 32% cis-2-methylcyclo- 
hexyl acetate (TT') were conducted under various conditions 
of temperature, drop rat.e, and packing of the pyrolysis tube. 
The results of several representative runs are listed in Table 
I. A typical pyrolysis is described below for one run a t  500'. 

In every pyrolysis but one the pyrolysis t'ube had been 
carefully cleaned with refluxing nitric acid, followed by ex- 
tensive washes with water and acetone. In  pyrolysis No. 6, 
a tube that had been purposely coated with a carbon deposit 

100-100.8", nfy 1.41421. 

by the pyrolysis of an ester in the presence of a trace of 
oxygen was used as such without any further treatment. 

At the rate of 1.2 g. per minute, 63.8 g. (0.41 mole) of a 
mixture of cis- and trans-2-methylcycloheuyl acetates ( I  
and IV) was added dropwise to the top of a Vycor pyrolysis 
tube packed with l,'s-inch Pvrex helices and externally 
heated at  500" as described previously.28 The apparatus was 
continuously flushed with a slow stream of olvgen-free ni- 
trogen to minimize charring. Very little carbon formation 
was noted. The pyrolysate was condensed in a 6-inch spiral 
condenser and collected in a side-inlet flask cooled in a Dry 
Ice-chloroform-carbon tetrachloride bath. The pyrolysate 
was extracted with water to remove the acetic acid and the 
organic layer was dried over magnesium sulfate and po- 
tassium carbonate. (Titration of an aliquot of the aqueous 
extracts indicated that 97% of the theoretical amount of 
acetic acid had been liberated.) The water-a hite organic 
layer was fractionated through an 18-inrhJ helix-packed 
column to yield in 16 fractions 37.5 g. (96%) of impure 3- 
methylcyclohexene (11), b.p. 101-103.5", n'g 1.4418-1.4454. 
For 74% of the olefin fraction n*; was 1.4418-1.4425 and 
for the total product nzz was 1.4423. The purity of the 3- 
methylcyclohexene (I) was estimated from the refractive 
indices of each of the fractions and from the infrared ab- 
sorption spectra of the individual fractions and of the total 
product. The absorbancies at several peaks in the infrared 
spectra of both I1 and I11 were plotted against concentra- 
tion from a series of standard mixtures. The middle fractions 
of the distillation possessed an infrared absorption spectra 
indistinguishable from the pure 3-methylcyclohexene (11). 
Only the higher boiling fractions showed any of the isomeric 
1-methylcyclohexene (HI). The results of these determina- 
tions showed that olefin obtained from the pyrolysis con- 
tained at least 93% 3-methylcyclohexene (11) and not over 
7% I-methylcyclohexene (111). 

Pyrolysis of trans-2-methylcyclohexyl acetate (I). At the 
rate of 1 g. per minute, 100 g. (0.64 mole) of trans-2-methyl- 
cyclohexyl acetate (I) was dropped through the apparatus 
described above which was heated a t  500". The pyrolysate 
was washed with water to remove the acetic acid and the 
organic layer was dried over magnesium sulfate and po- 
tassium carbonate. (Titration of the aqueous extracts with 
standard base indicated that 98.5% of the theoretical 
amount of acetic acid had been liberated.) Fractionation of 
the organic layer through an 18-inchJ heliu-packed column 
vielded 59.2 g. (96 %, of slightly impure 3-methylcyclo- 
hexene (11), b.p. 101-103°, n'; 1.4422-1.4440, collected in 
18 fractions. Infrared absorption studies on this material 
indicated that the product was at least 91 % 3-methylryclo- 
hexene (11) and not over 9% 1-methylcycloheuene (111). 
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