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In contrast to the work of Arnold, Smith, and Dodson, the pyrolysis of a mixture of ¢is- and trans-2-methyleyclohexyl ace-
tates or pure {rans-2-methylcyclohexyl acetate produced almost entirely 3-methyleyclohexene with only a trace of the iso-
meric 1-methyleyclohexene. 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 was found to reverse to some extent the direction of elimination during the pyrolysis of esters.

It was recently reported®* that the pyrolysis of
simple esters proceeded in a selective manner to
produce the least highly alkylated olefin according
to the Hofmann rule. The hydrogen that was ab-
stracted during the pyrolysis was abstracted pref-
erentially from a CH; > CH,; > CH. Thus the
pyrolysis of methylisopropylcarbinyl acetate gave
almost pure 3-methyl-1-butene and of methyliso-
butylecarbinyl acetate gave 4-methyl-1-pentene.
The presence of polar groups, such as methoxy and
dimethylamino groups in the g-position, does not
change the direction of elimination.® A phenyl
group will partially reverse the direction of elimina-
tion while an unsaturated electron-withdrawing
group located in the B-position will completely
reverse the direction of elimination to produce the
conjugated olefin.®

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-methyleyclohexyl acetate (IV) produced
a mixture consisting of 759, of 3-methyleyclohexene
(I1) and 259% of 1-methyleyclohexene (III),
while the pyrolysis of trans-2-methyleyclohexyl
acetate (I) produced a mixture consisting of 457
of II and 559, of I1I. Our work with the open-
chain esters would lead to the prediction that
both the e7s- and trans-2-methyleyclohexyl acetates
(I and IV) would give primarily the least highly
alkylated olefin II.

Wibaut and van Pelt? originally reported that the
pyrolysis of I-menthyl acetate gave an 8879, yield
of 3-p-menthene. This result was confirmed by Frank
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and Berry.® Later, Wibaut, Beverman, and van
Leeuwen!® and also McNiven and Read!! reinvesti-
gated this pyrolysis and reported that l-menthyl
acetate produced a mixture of olefins consisting of
659, 3-p-methene and 359, 2-p-methene. Warnhoff
and Johnson'? obtained 2-methyl-2-cyclohexenone
from the pyrolysis of 2-methyl-2-acetoxycyclohex-
anone, Chitwood!? 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 steroids¢—"
that also conflict with our results.®* Barton and
Rosenfelder!* 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 Mudrak!® on the
pyrolysis of c¢is- and {rans-2-phenyleyclohexyl
acetates may not be in conflict with our work since
we have shown that the introduction of a 3-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.®

Since most of the examples in which the py-
rolysis gave an olefin that would not have been
predicted from our own work®* 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 ¢is- and trans-2-methyl-
cyclohexyl acetates (I and IV) was reinvestigated.

Since the separation of the pure isomers I and
IV was very tedious, the initial studies were carried
on with a mixture of these two geometric isomers.
A mixture of c¢is- and trans-2-methyleyclohexanols
was prepared by the catalytic hydrogenation of
o-cresol and was assumed to contain 689, of the
trans-isomer, in accord with Jackman, Macbeth,
and Mills '* If the mixture of acetates I and IV
contained 689, of the trans-isomer I, Arnold’s
work would lead one to predict that the mixture of
the olefins obtained on pyrolysis would contain
559, of 3-methyleyclohexene (II) and 459, of
I-methyleyclohexene (I11). 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 II.

This mixture of the cts- and trans-esters I and
IV was dropped through a vertical Vycor tube
packed with !/g-inch Pyrex helices at 450° under
such conditions that only 529, of the theoretical
amount of acetic acid was liberated. Under these
conditions, practically no charring occurred that
could cause any rearrangement or aromatization.
The olefin obtained from the pyrolysis was at
least 959, 3-methyleyclohexene (II). IT 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 II were practically
identical. The sample of 3-methylcyclohexene (IT)
used for comparison was prepared from cyclo-
hexene by bromination with N-bromosuccinimide
and by the reaction of the resulting allylic bromide
with methylmagnesium bromide.?* A sample of
1-methylcyclohexene (III) was prepared by the
dehydration of cyeclohexanol. The infrared absorp-
tion spectrum of III was sufficiently different
from that of IT to make the detection of III 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 to the open-chain
esters, Thus the hydrogen will be preferentially
abstracted from the CH, group rather than from
a CH group in the cyclohexane system as well as
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TABLE 1

PyroLysis oF THE MIXTURE OF cis- AND {rans-2-METHYL-
CYCLOHEXYL ACETATES

Minimum
Amount
Acetic  Yield of
Pyroly-  Acid of 3-Methyl-
sis Liber-  Ole- cyclo-
Run Temp., ated, fin, hexene,
No. °C. % % n% %
1 150 52 99 1.4419-1 4437 95
2 500 a7 96 1 4418-1 4454 93
3 500 98 08  1.4418-1.4428 98
47 560 100 93 1.4420-1.4454 91°
5¢ 600 100 88  1.4420-1.4476 ¢2¢
6° 500 98 95 1.4419-1.4472 85

@ Some charring oreurred. ” Small amount of material
other than II and III present. ¢ Extensive charring and
gasification occurred. © Large amount of muterial other
than II and III present. ¢ Pyrolysis tube previously coated
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 was made to determine the reason for
the conflict between the present results and those
obtained by Arnold, Smith, and Dodson.” 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 aluminum.??%

Unless the particular type of stainless steel tube
that was'used had some unusual catalvtic activity,
it 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 at 500°, it appeared that these more
vigorous conditions might be responsible for the
formation of the l-methylcyclohexene (III) from
the 2-methylhexyl acetates I and IV. For this
reason the mixture of cis- and trans-acetates I and
IV was pyrolyzed at 500° under a variety of addi-
tion rates and contact times. In all cases, only
slight carbonization occurred even though as
much as 989, of the theoretical amount of acetic
acid was liberated. The olefin obtained in every
case consisted of 93 to 989, 3-methyleyclohexene
(IT). 1-Methyleyclohexene (III) was identified as
another component which was present as up to
7% of the product. Since the effect of temperature
at 500° was slight, a pyrolysis was carried out at
560°. A substantially quantitative yield of acetic
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acid was realized but heavy carbonization occurred.
Even at this relatively high temperature, a 939,
yield of a mixture of olefins consisting of 919 of
the 3-methyl isomer II was obtained. However,
the infrared absorption spectrum indicated the
presence of substances other than II and III. At
600° extensive carbonization and gas formation
occurred during the pyrolysis. The hydrocarbon
fraction was obtained in only 889 yield and it con-
tained only approximately 629 of 3-methyleyelo-
hexene (IT). The infrared absorption spectrum in-
dicated that only a small amount of the other
hydrocarbons was l-methyleyclohexene (III). 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. It was clear from these pyrolyses
that the difference in temperatures of pyrolysis
alone could not explain the formation of the large
amount of l-methyleyclohexene 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 l-methyl isomer (III).
Since a stainless steel tube cannot be cleaned as
conveniently as a glass tube and the extent of
carbonization is much more difficult to determine in
a metal tube, it seemed likely that a layer of carbo-
naceous material could have been present in their
pyrolysis tube. For this reason a pyrolysis was
carried out at 500° in a tube containing a carbona-
ceous deposit. When the mixture of ¢zs- and trans-2-
methyleyclohexyl acetates (I and IV) was pyro-
lyzed under these conditions, a mixture of olefins
which contained at least 159, of the 1-methylcyclo-
hexene was obtained. It seems possible that a heav-
ier or more acidie deposit could have been responsi-
ble for the large amount of the 1-methyl isomer ob-
tained by Arnold, Smith, and Dodson. At least it
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 previously?* that carbon deposits increased
the extent of pyrolysis. Although the acidic carbon
deposit may have rearranged some of the 3-methy!
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 1-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-methyleyclohexyl acetate (I) was pre-
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pared according to their directions. When this pure
isomer I was pyrolyzed at 500° under conditions
such that very little charring occurred, the olefin
produced was at least 919} 3-methyleyclohexene
(I1). Even though some 1-methylcyclohexene (1IT)
was formed under these fairly vigorous conditions,
the amount was in striking contrast to the 559 ob-
tained by Arnold, Smith, and Dodson.” Of course,
even though our results differ in the quantitative
nature of the experimental work from that of Ar-
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.

EXPERIMENTAL®

Mizture of cis- and trans-2~methylcyclohexanols. According
to the procedure of Jackman, Macbeth, and Mills,® 800 g.
(7.4 moles) of o-cresol (Eastman Kodak) was hydrogenated
at 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 ¢is- and trans-
2-methyleyclohexanols, b.p. 53-54° (3.5 mm.), n% 1.4604.
Reported? constants for c¢is-2-methyleyclohexanol are b.p.
43-45° (1-2 mm.), n% 1.4620, and for {rans-2-methylcyclo-
hexanol, b.p. 60.7-61° (10.5 mm.), n%} 1.4596. It was assumed
from these constants as well as the method of preparation®
that the mixture contained 68% trans-2-methylcyclohexanol.

Mixture of cis- and trans-2-methylcyclohexyl 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 ¢is- and trans-2-
methyleyclohexanols, 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 500-ml. 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-methyleyclohexyl acetates (I and IV), b.p.
52° (3.5 mm.), n35 1.4363 [reported’ for the cis-isomer,
b.p. 68.5-69.5° (16 mm.), n% 1.4376, and for the trans-
isomer, b.p. 63-64° (11.5 mm.), n% 1.4353].

trans-2-Methyclyclohexyl 3,6-dinitrobenzoate. 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 ¢is- and
trans-2-methyleyclohexanols 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. (369%) of trans-2-methyleyclo-
hexyl 3,5-dinitrobenzoate, m.p. 114.5-116° (reported’
m.p. 113.5-115°).

trans-2-Methyleyclohexanol. A mixture of 292 g. (0.95
mole) of {rans-2-methyleyclohexyl 3,5-dinitrobenzoate, 302
g. (5.4 moles) of potassium hydroxide, 2400 ml. of methyl
aleohol, and 1100 g. of water was heated under reflux for 2

(25) The authors are grateful to Dr. Robert A. Spurr,
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ation.
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hours. The reaction mixture was exhaustively extracted
with ether and the extracts were fractionated through a
6-inch, helix-packed column to yield 93 g. (87%) of trans-2-
methyleyclohexanol, b. p. 52° (5 mm. ), n% 1.4597 [reported’
b.p.60.7-61° (10.5 mm.), n% 1.45961.

trans-2-Methylcyclohexyl acetate (I). By the use of the
same procedure described for the mixture of acetates I and
IV, 93 g. of trans-2-methyleyclohexanol was esterified to
vield 119 g (949%) of trans-2-methylcyclohexyl acetate
(I), b.p. 54° (3 mm.), n%5 1.4353 [reported’ b.p. 63-64°
(11.5 mm.), n%5 1.4353].

1-Methyleyclohexene (I1I1). 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 ecomplex was decomposed by the addition of
109% 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. (799%) of
1-methyleyclohexene (IIT), b.p. 109-109.5°, n’ 1.4503
(reported? b.p. 109-109.5°, 2% 1.4503).

3-Methyleyclohexene (II). According to the method of
Guillemonat? and Wilkinson?! 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
suceinimide was removed by filtration and the filtrate was
fractionated through a 6-inch, helix-packed column to yield
149 g. (68%) of 3-bromohexene, b.p. 63-64° (15 mm.),
n%5 1.5261 [reported?® b.p. 65° (19 mm.), n'3 ® 1.5253].

This 3-bromohexene was added dropwise to an ether so-
lution of methylmagnesium bromide [prepared from 92 g.
(0.95 mole) of methyvl bromide]. After the mixture had been
allowed to stand overnight, the precipitate was removed by
filtration and the filtrate was distilled through an 18-inch,
helix-packed column to vield 48.5 g. (56%) of 3-methyl-
cvelohexene (IT), h.p. 100-101°, n% 1.4424 [reported” b.p.
100-100.8°, n%y 1.4442].

Pyrolysis of the mizture of 2-methyleyclohexyl acetates (1 and
IV). A series of pvrolyses of the mixture of 68%, trans-2-
methylevelohexyl acetate (I) and 329% cis-2-methyleyelo-
hexvl acetate (IV) were conducted under various conditions
of temperature, drop rate, and packing of the pyrolysis tube.
The results of several representative runs are listed in Table
I. A typical pvrolysis is deseribed below for one run at 500°.

In every pyrolysis but one the pyrolysis tube 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 heen purposely coated with a carbon deposit
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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 {rans-2-methyleyclohexy! acetates (I
and IV) was added dropwise to the top of a Vycor pyrolysis
tube packed with !/s¢-inch Pyrex helices and externally
heated at 500° as described previously.? The apparatus was
continuously flushed with a slow stream of oxygen-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 979, of the theoretical amount of
acetic acid had been liberated.) The water-white organic
layer was fractionated through an 18-inch, helix-packed
column to yield in 16 fractions 37.5 g. (96%) of impure 3-
methyleyclohexene (II), b.p. 101-103.5°, n%5 1.4418-1.4454.
For 74% of the olefin fraction n?%5 was 1.4418-1.4425 and
for the total product n% was 1.4423. The purity of the 3-
methylcyclohexene (1) 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 IT and III 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-methyleyclohexene (I1).
Only the higher boiling fractions showed any of the isomeric
1-methyleyclohexene (ITI). The results of these determina-
tions showed that olefin obtained from the pyrolysis con-
tained at least 939, 3-methyleyelohexene (I1) and not over
7% l-methyleyclohexene (I1T).

Pyrolysis of trans-2-methylcyclohexyl acetate (I1). 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 at 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 98.59, of the theoretical
amount of acetic acid had been liberated.) Fractionation of
the organic layer through an 18-inch, helix-packed column
vielded 59.2 g. (96%) of slightly impure 3-methylcyclo-
hexene (II), 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 919 3-methyleyclo-
hexene (II) and not over 99 1-methyleyclohexene (11T).
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