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Catalytic Conversion of Alcohols

XVIIl. Comparison of cis—trans Isomerization of 2-Methylcyclohexanol Isomers and
the Corresponding Methyl Ethers
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Methoxymethylcyclohexane did not undergo cis—trans isomerization over three oxide catalysts
under conditions where the corresponding alcohol undergoes isomerization to the cis—trans equi-
librium composition. The ether underwent elimination to form an alkene to about the same extent
as the corresponding alcohol. The ketone formed from the alcohol but not from the ether.

INTRODUCTION

The stereochemistry of elimination reac-
tions from cyclic systems provides much of
the basis for the current view of the elimi-
nation mechanism (/). It has recently been
recognized that the amount of Hoffman
(i.e., anti-Saytzeff) elimination may be de-
termined by base size as well as base
strength (2a-d). A larger base favors the
Hoffman product.

An important consideration in heteroge-
neous catalysis is the elucidation of the ge-
ometry of the catalytic site. Since instru-
mental techniques are unavailable for
complete characterization of the site, re-
course must be made to indirect methods.
One such approach is to use well-character-
ized, stereochemically demanding organic
reactions and to infer the nature of the site
by analogy with the homogeneous case.

Alumina catalyzes the dehydration of
each 2-methylcyclohexanol isomer with a
high degree of stereoselectivity and without
cis ~trans isomerization of the alcohol reac-
tant. On the other hand, yttria, india, and
zirconia catalyze both dehydration and de-
hydrogenation as well as cis —trans isomeri-
zation; they do not exhibit the stereochemi-
cal selectivity of alumina. In the case of
india, it has been speculated that an enol
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mechanism, with intermediates analogous
to those well established in homogeneous
exchange and elimination chemistry, may
account for the observed preference for the
Hoffman olefin as well as for the dehydra-
tion—dehydrogenation selectivity and facile
cis—trans isomerization (3a —c). In this pa-
per we report results from studies of the
ether analog of 2-methylcyclohexanol with
catalysts that exhibit cis ~trans isomeriza-
tion activity; the enol form should not be a
reaction intermediate in the case of the
ether reactant.

EXPERIMENTAL

The catalysts were prepared by precipita-
tion from a nitrate solution by the rapid
addition of concentrated ammonium hy-
droxide (3a, 4-6). The catalyst, activated
at 500°C in flowing air prior to use, was
placed in a plug flow reactor with glass
beads above the catalyst to serve as a pre-
heater. The reactant was fed by a syringe
pump, and liquid products were collected at
intervals.

The liquid products were analyzed for
degree of conversion by gas chromatog-
raphy (GC) using a 10% Carbowax 20M
column, 6 ft in length with temperature pro-
gramming. The alkene composition was de-
termined by isothermal GC with an OV-1
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column. A diglycerol column, at 95°C,
was used to measure the amount of ¢is- and
trans-2-methylcyclohexanol in the liquid
products. cis- and trans-1-methoxy-2-
methylcyclohexane did not separate using
the above GC columns. Carbon-13 NMR
spectra of the two isomers (Fig. 1) are
sufficiently different to permit a determina-
tion of the relative amount of the two iso-
mers. The peaks at 16.2 and 21.8 ppm, cor-
responding to ring position 4 and 5 carbons,
were used to estimate the amount of the
trans isomer; the peaks at 25.0 and 25.6
ppm, corresponding to the same ring car-
bons, were used for the cis isomer. The 13C
ring assignments are by analogy with the
corresponding alcohol isomer (Sadtler Cat-
alogue Spectra).

Pure (>>99%) cis- and trans-2-methylcy-
clohexanols were purchased from Chem
Samples Company. Each pure isomeric
alcohol was converted, by a stereospe-
cific methanation with sodium hydride and
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methyl iodide, to the corresponding
methoxymethylcyclohexane (7).

RESULTS

The conversion of 2-methylcyclohexanol
over the four catalysts was followed by col-
lecting a series of samples at increasing
time on stream. Thus, the analytical data
for each sample in Tables 1-3 represent an
average integral conversion during the time
between the collection of two samples.

The three catalysts listed in Table 1, yt-
tria, india, and zirconia, were active for the
interconversion of cis- and trans-2-methyl-
cyclohexanol. Earlier work with yttria cat-
alysts has shown that the pure cis-, pure
trans-, and cis —trans mixtures of 2-methyl-
cyclohexanol yield the same alcohol com-
position (33% cis-2-methylcyclohexanol) in
the product (4). Chiurdoglu and Massche-
lein (8) found AG 44, ¢rqns to be 479 cal/mole;
thus, there should be little change in the
equilibrium composition with temperature.
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F1G. 1. *C nuclear magnetic resonance spectra for cis- and trans-1-methoxy-2-methylcyclohexane.,
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TABLE 1

Reaction Products from the Conversion of 2-Methylcyclohexanol and 1-Methoxy-2-methylcyclohexane over

India, Zirconia, and Yttria Catalysts (250°C; Reactant Pressure, 1 atm)

Reactant Time Alkenes Ketone Unconverted Methyl-
(min) alcohol cyclo-

hexene

cis trans
3- 1-

India

trans-2-Methylcyclohexanol 11 3.0 54 26 74
26 2.7 56 29 71 74 26

34 2.1 54 27 73
49 1.8 56 29 71 72 28
cis + trans-Methylcyclohexanol 15 3.7 54 31 69 65 34
27 2.6 56 32 68 75 25
33 2.4 56 31 69 75 25
47 2.6 54 32 68 76 24
trans-1-Methoxy-2-methylcyclohexane 18 2.3 2.5(1.4)¢° — 100 50 50
27 2.0 1.5 (0.4)° — 100 38 62
36 2.0 1.5 (0.5)* — 100 38 62
47 2.0 1.3(0.2)¢ —_ 100 40 60

Yttria
cis-2-Methylcyclohexanol® 64 4 18 33 67 39 61
129 5 19 32 68 40 60
trans-2-Methylcyclohexanol® 117 4 18 32 68 58 42
150 5 17 34 66 60 40
cis-1-Methoxy-2-methylcyclohexane 28 16.1 0.07 100 —_ 19 81
64 10.6 0.4 100 —_ 21 79
113 5.8 0.6 100 — 34 76
trans-2-Methylcyclohexanol 31 6.6 20.7 23 77 33 77
70 2.2 9.4 28 72 36 64
100 2.0 5.6 34 66 42 58
Zirconia

cis-2-Methylcyclohexanol® 105 (5)¢ 4.4 6.6 64 36 52 48
trans-2-Methylcyclohexanol® 175 (5)¢ 4.4 4.4 9.9 90 57 43
trans-1-Methoxy-2-methylcyclohexane 92 14.7 — — 100 56 43
175 9.2 — — 100 54 46
230 11.5 — — 100 50 50
cis-1-Methoxy-2-methylcyclohexane 84 43 — 100 — 32 68
195 39 — 100 _ 33 67
200 36 —_ 100 — 34 66
254 28 —_ 100 —_ 32 68

¢ Number in parentheses is the amount of 2-methyicyclohexanol.
® Data from Ref. (¢) for hydrogen-pretreated yttria, reactor temperature 285-300°C.
¢ Data from Ref. (5) for air-pretreated catalyst; flow rate, and hence the conversion, was not the same for the

alcohol and ether runs.

4 Number in parentheses is the number of samples collected to this time.
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TABLE 2

Conversion Products from Equimolar Mixture of
Cyclohexanone and trans-2-Methylcyclohexanol or
trans-1-Methoxy-2-methylcyclohexane over Yttria
(250°C; Reactant Pressure, 1 atm)

Reactant Time Methylcyclohexene Reactant
(min)
3 1- Percentage  cis trans
formed
trans-2-Methyl- 22 3 38 62
cyclohexanol 37 34 66 1.5 37 63
95 33 67 1 40 60
trans-1-Methoxy- 20 49 51 25 — 100
2-methylcyclo- 50 41 59 0.5 — 100
hexane %0 4 59 0.5 — 100
140 43 57 0.4 — 100

The alcohol composition we obtained at
290-300°C is essentially the same as, that
obtained by Chiurdoglu and Masschelein
for the hydrogenation of 2-methylcyclohex-
anone (33-37% cis alcohol). This means
that under the reaction conditions used, all
three catalysts give near-equilibrium alco-
hol mixtures.

cis- and/or trans-l-methoxy-2-methyl-
cyclohexane were passed over the three
catalysts employing reaction conditions
where methylcyclohexanol had previously
been observed to undergo dehydration, de-
hydrogenation, and cis—trans isomeriza-

tion (4). cis—trans lIsomerization of the
methoxymethylcyclohexane isomer was
insignificant in all three cases. This is true
even for the india catalyst where a minor
quantity of 1-methoxy-2-methylcyclohex-
ane was converted to 2-methylcyclohexa-
none and 2-methylcyclohexanol.

Three of the catalysts used in this study
catalyze both dehydrogenation of the alco-
hol to the ketone and dehydration to al-
kenes. To determine the role of a ketone in
the isomerization, an equimolar mixture of
a ketone, cyclohexanone, and trans-1-
methoxy-2-methylcyclohexane (or trans-2-
methylcyclohexanol) was passed over the
yttria catalyst. The cyclohexanone, in the
presence of the alcohol or the ether, under-
went condensation to higher-molecular-
weight ketones. Thus, there is no doubt
that some of the ketone was absorbed on
the catalyst surface. However, even in the
presence of the high ketone concentration,
the trans-1-methoxy-2-methylcyclohexane
did not undergo detectable cis —trans isom-
erization (less than 1 mole% conversion).

Alumina catalyzes the Meerwein—Pon-
dorff-Verley reaction (9, 10) in the temper-
ature range used in the present study. A
mixture of 2-butanone and cis-2-methylcy-
clohexanol was converted over an acidic
alumina at 180°C. The formation of 2-buta-

TABLE 3

Conversion Products from cis-2-Methylcyclohexanol for a Mixture of 2-Butanone (45.5%) and
cis-2-Methylcyclohexanol (54%) with an Alumina Catalyst (180°C, 1 atm Total Pressure without Diluent,

LHSV = 29)
Time Methylcyclo- 2-Methylcyclo- Methylcyclo- (Dehydrogenation/
(min) hexene® hexanone? hexanol® Isomerization)?
3 1- cis trans
3 Discard
7 16 (28)° 40 15 23 5.4 2.8
12 16 (29F 39 17 23 4.5 3.8
24 12 (26)° 34 13 38 3.8 33
34 9.6 (22)° 33 1 43 2.9 39

% Weight percentage based on alcohol charged.

® Based on formation of 2-methylcyclohexanone and trans-2-methylcyclohexanol.
¢ Percentage of 3-methylcyclohexene is in parentheses.
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nol and 2-methylcyclohexanone verified
that the Meerwin-Pondorff-Verley reac-
tion did take place. 2-Methylcyclohex-
anone formation was 26—31% relative to the
amount of dehydration to methylcyclohex-
enes. The corresponding amount of trans-2-
methylcyclohexanol formed was 7 to 12%
of the amount of methylcyclohexenes
formed. The amount of dehydrogenation by
hydrogen transfer was about three times as
great as the isomerization of the cis-2-
methylcyclohexanol. Thus, both dehydra-
tion and hydrogen transfer are more rapid
than the alcohol isomerization.

Under similar reaction conditions the al-
cohol and the corresponding methyl ether
behave similarly in regard to the degree of
dehydration to alkenes. This observation is
somewhat qualitative since catalyst aging is
a factor; the rate of aging may depend on
catalyst activation, etc., so that a quantita-
tive comparison may not be possible. The
ratio of the alkenes formed from trans-2-
methylcyclohexanol with or without the
cyclohexanone present over a ytteria cata-
lyst is independent of the concentration of
added ketone.

DISCUSSION

The conversion of 1-methoxy-2-methyl-
cyclohexane isomers differs from that of
the corresponding alcohols in two impor-
tant respects: (1) a ketone is a major prod-
uct from the alcohol but not from the ether
and (2) cis—trans isomerization is a rela-
tively rapid reaction with the alcohol but
not with the ether.

Had the methoxymethylcyclohexane un-
dergone isomerization analogous to the iso-
meric alcohol, the resuit would have been
definitive in showing that the hydroxyl hy-
drogen was not directly involved in the
cis—trans isomerization. Obtaining this
definitive result would show that a carban-
ion-like structure was the intermediate for
cis—trans isomerization and, by analogy,
probably for dehydrogenation. However,
this definitive result was not obtained since
no cis—trans isomerization occurred with

the ether. An alkoxide, or strongly hydro-
gen bonded alcohol, is apparently required
if cis—trans isomerization is to occur at a
rate competitive with elimination. The
absence of cis-trans isomerization with
methoxymethylcyclohexane indicates that
the hydroxyl hydrogen plays a role in this
reaction. Clearly, abstraction of the hydro-
gen from the hydroxyl carbon (as hydride)
with readdition from the opposite side of
this carbon does not occur.

The cis—trans isomerization reaction of
alcohols may be bimolecular and resemble,
in the extreme case, a Meerwein—-Pon-
dorff- Verley reaction (9, 10). Accompany-
ing considerable cis-trans alcohol isomeri-
zation, dehydrogenation to the ketone oc-
curred. Since the ketone was not formed
in significant amounts from 1-methoxy-2-
methylcyclohexane, it could be postulated
that cis—trans isomerization failed to occur
with the ether reactant because of the ab-
sence of ketone. However, passing an equi-
molar mixture of ketone and ether over yt-
tria did not result in cis—frans isom-
erization of the ether compound. The
corresponding 2-methylcyclohexanol iso-
mer underwent isomerization to an equilib-
rium mixture when passed over yttria with
or without added ketone. Thus, it does not
appear that the cis —trans isomerization is a
bimolecular reaction requiring a ketone ac-
ceptor for hydrogen transfer with dehydro-
genation catalysts.

We found that trans-2-methylcyclohex-
anol was converted more rapidly than
cis-2-methylcyclohexanolwithalumina(/17);
this agrees with other workers (/2).
Also the dehydration is stereospecific with
trans-2-methylcyclohexanol producing 78—
82% 3-methylcyclohexene and trans-2-
methylcyclohexanol producing 18-22% of
the 3-methylcyclohexene isomer (/7); this
also agrees with the results of others (12).
The alkene distribution obtained from
dehydration of cis-2-methylcyclohexanol
mixed with 2-butanone (Table 3) is similar
to that obtained from dehydration of the
pure alcohol. This result shows that dehy-
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dration of the trans-2-methylcyclohexanol
formed during conversion of the alcohol-
ketone mixture did not undergo an ap-
preciable amount of dehydration as a
secondary reaction. Neither the pure cis-
nor trans-2-methylcyclohexanol underwent
isomerization or dehydrogenation when
converted using an alumina catalyst. The
presence of about two times as many moles
of ketone as alcohol did cause some cis—
trans isomerization; however, it was still
less than 10% of the total alcohol conver-
sion. Thus, the results suggest that isomeri-
zation is about three times slower than hy-
drogen transfer and about ten times slower
than dehydration.!

Infrared studies show that many alcohols
form alkoxides on metal oxides that cata-
lyze dehydration (e.g., alumina (/3)). Alk-
oxide intermediates have also been well
characterized in instances where dehydro-
genation and cis—trans reactions are effec-
tively catalyzed [e.g., ZnO (/4a, b) and
thoria (/5a-c)]. For the three catalysts
used in this study, 1-methoxy-2-methylcy-
clohexane undergoes elimination to about
the same extent as do the 2-methylcyclo-
hexanol isomers. In contrast, the alcohol,
but not the ether, undergoes dehydrogena-
tion and cis —trans isomerizaiton. The same
alkoxide would be formed from both the
alcohol and the ether so, if this intermediate
formed, both reactants should yield the
same products. The fact that the two reac-
tants produce the same amount of elimina-
tion products at the same space velocity
suggests a similar elimination pathway for
the two reactants. Therefore, an alkoxide is
not likely to be the intermediate that leads
to elimination.

The data are consistent with a common
intermediate for dehydrogenation and cis-
trans isomerization. This intermediate may
differ from that leading to elimination prod-
ucts. This implies that the catalytic site is
multicentered. Complex interactions that

! The conversion of the ketone—alcohol mixture was
prompted by a reviewer’s comment.

may include both geometrical (steric) and
basicity factors must be involved in the al-
cohol conversions. The dehydration—dehy-
drogenation (and cis—trans isomerization)
selectivity would be determined by the rela-
tive extent of the C—OH and CO-H bond
weakening (or full ionization) perhaps in
concert with appropriate weakening of the
other bonds involved in the elimination.

When we undertook the investigation of
alcohol conversion with a large number of
metal oxides, it was with the view of using
the alkene and dehydration selectivity, by
analogy with the well-founded homoge-
neous elimination, to arrange metal oxide
catalysts in order of base strength. The al-
kene and dehydration selectivity from the
conversion of 2-methylcyclohexanol, with
a demanding steric requirement for syn and
anti elimination, do show a catalyst sensi-
tivity (5, 14-18). However, much more
work, including detailed tracer studies, are
needed before this reaction can be used to
define in detail the catalytic site.
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