Catalytic Hydrogenation

V. An Example of Trans Hydrogenation of an Ethylenic Double Bond*
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Liquid phase hydrogenations of (i) 23-dimethylbicyclo{2,22]oct-2-ene, (ii) 3-
methyl-2-methylenebicyclo[2,2,21octane, and several of their mixtures have been
studied over Raney nickel, Adams palladium, and Adams platinum. The stereo-
chemistry observed on the platinum catalyst cannot be explained by the Horiuti-
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INTRODUCTION

Stereochemical studies of hydrogenation
of disubstituted cycloalkenes (1) have
shown that hydrogenation and double-bond
migration occur simultaneously on the cata-
Iytic surface.

The Horiuti and Polanyi mechanism
(2) can account, in most cases, for the
stereochemistry observed: this mechanism
involves o—af diadsorbed species which re-

ot
act stepwise with adsorbed hydrogen atoms

and with their face in contact with the
catalyst. Accordingly, the “normal” product
of hydrogenation of a disubstituted cyelo-

alkene—for example, 1,2-dimethyleyclo-
hexane (1,2-DMCH)}—is the cis stereo-
isomer, e.g., cis-1,2-dimethyleyclohexane.

Reversibility of the “semihydrogenation”
step allows desorption of positional isomers
of the initial olefin [2,3-dimethyleyclo-
hexene (23-DMCH) and 2 methyl-1-
methylenecyclohexane (2 M-1-MCH)].
These isomers may lead to cis or {rans satu-
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one or other face. It will be noted that the
only way of passage between a disubsti-

* For previous papers in this series, see Ref.
1¢)]

** Present address: Service de Chimie Générale,
Batiment C,, Cité Scientifique de Lille-Annappes,
B.P. 36, 59-Lille, France.
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mechaniem Di
Polanyi mechanism. Direct trans hydrogenation occurs or

n this catalvst,
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tuted cycloalkene and its trans saturated
produet involves desorption and re-adsorp-
tion of a positional isomeric olefin.

However, some experimental data sug-
gest that adsorbed species are =-bonded to
active centers (3) so that adsorbed sp*
carbon atoms have a planar configuration.
These planar centers may be able to react
with hydrogen at their upper or lower face
(4). This is supported by experimental ob-
servations such as racemization of optically
active (4} 3-methyihexane during isotopie
exchange with deuterium on several metals
(5).

Kinetic studies may be of interest in the
choice between these two mechanisms, the
if desorbed posi-
tional isomers are required intermediates
in trans hydrogenation of tetrasubstituted
olefins. The problem is complex: positional

isomers exhibit very large differences of
reactivity according to the degree of subh-
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stitution at the carbon—carbon double hond
(6). Increase of substitution at the double
bond decreases the competitive hydrogena-
tion rate. On the other hand, the thermo-
dynamic stability of a double bond gener-
ally follows a symmetry rule: the more
symmetrical positional isomer is often the

lllOlC bUdUlL one. SU, in l/h\: abuvt, UAdllllle
of 1,2-DMCH, the order of decreasing
thermodynamie stabilities is also the order
of increasing reactivities:
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Competitive reactivities:

2-M-1-MCH > 2,3-DMCH > 1,2-DMCH,
Thermodynamic stabilities:

2-M-1-MCH < 2,3-DMCH < 1,2-DMCH.

2-M-1-MCH, thermodynamically unstable,
is selectively hydrogenated: it will never
reach large concentrations in the reaction
mixture, but only traces, perhaps, may take
an important part in the hydrogenation of
tetrasubstituted isomer

The above exampw is too co
furnishes experimental data which cannot
be easily computed for quantitative ki-
netics, beeause of the number of positional

isomers to be taken in account. Qur pur-
nose was to qfnrly the hvdrogenation of a

pose was to study the hydrogenation
“simple” ethylenic system limited to two
positional isomers and leading by hydro-
genation to cis and trans saturated prod-
ucts, Kinetics of such a system may be
studied by a method (7) which we have
previously used to account for hydrogena-
tion with isomerization of pairs of po<i-
tional isomeric olefins. We have chosen the
case of 23-dimethylbicyclo[2,22]octenes
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Fic. 1. Reaction paths in the hydrogenation of
2 3-dimethylbicyclo[2,2,2]oct-2-ene.
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(Fig. 1), attempting to solve the question

of the direct passage (a) between tetrasub-
atitutad olafin  and }ts
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product.!
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methylbieyclo[2,2,2] oct-
2- 1

methylenebicyelo

1
(1 1-2-methylenehicy
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Pure 2,3-di
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*We have already described (8) the organic
chemistry part of this work, viz, the synthesis and
characterization of the two ethylenic isomers and
the cis saturated hydrocarbon.
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TABLE 1
HyYDROGENATION oF 3-METHYL-2-
METHYLENEBICYCLO|2,2,2]0CTANE
Maximum percentage of positional isomer ob-
served; (2,3-dimethylbicyclo(2,2,2loctane, trans (3),
cis (4)].

Maximum Remaining (3) 4 (4)
Catalyst (W (% 2)(%) (%)
Raney Ni 15 ~0 ~85
Adams Pd 93 3 4
Adams Pt 1.5 ~0 98 .5
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tane (2), and several of their mixtures have
been hydrogenated in liquid phase (20%
in ethyl alcohol) at 25°C on different cata-

Adams nal-
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lvsts
lysts,
ladium and platlnum.

On these three catalysts, hydrogenation
is accompanied by positional isomerization
of the double bond. The importance of this
isomerization greatly depends on the nature
of the eatalyst. Table 1 summarizes the
maximum percentages of isomer observed
during hydrogenation of pure (2).

Reverse isomerization from tetrasubsti-
tuted to methylenic isomer is more difficult
to observe because of the very low stability
(0.6% at thermodynamic equilibrium at
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Fic. 2. Hydrogenation of mixtures of 23-di-
methylbieyclo[2,22]oct-2-ene and  3-methyl-2-
methylenebicyclo[2,22]octane: % cis stereoisomer
in final products.
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room temperature) and the great reactivity
of the latter.

For each mixture and catalyst studied,
Fig. 2 shows the percentage of cis-23-di-
methylbicyclo[2,2,2]octane  (4) in  the
products of complete hydrogenation as a
function of initial ethylenic mixture
composition. :

DiscussioN

The low stability of the methylenic
isomer is very unfavorable for an accurate
determination of relative rate constants.

Positional isomerization of the double
bond during hydrogenation decreases in the
order:

Pd > Ni > Pt

as noted by Gostunskaya et al. (9) in the
hydrogenation of several hexenes. It is very
fast on the palladium catalyst, on which
positional isomers reach the equilibrium.
Accordingly, the stereochemistry of the
products does not depend on the composi-
tion of the initial ethylenic mixture.

For the tetrasubstituted isomer the ex-
tent of trans hydrogenation increases in
the order:

Ni < Pd < Pt

as noted by Van Bekkum et al. (10) in hy-
drogenation of tetrasubstituted olefins and
diene with very similar structural features.
However, this order is reversed in hydro-
genation of methylenic isomer.

The Horiuti and Polanyi mechanism is
sufficient to account for the stereochemistry
observed on Raney nickel: tetrasubstituted
olefin gives more cis saturated product than
its methylenic isomer, as is usually ob-
served with other hydroearbons (dimethyl-
cyclopentene,dimethyleyclohexene . . ) on
each catalyst. Methylenic isomer leads
prineipally to frans saturated compound; it
is not forbidden to think that the whole
trans saturated hydrocarbon given by hy-
drogenation of tetrasubstituted olefin is
produced via the methylenic isomer (rate
constant of path a = 0). Only accurate de-
termination of rate constants, which is
lacking in this example, will permit the
verification of this hypothesis.

On the other hand, the Horiuti and
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Polanyi mechanism is unable to explain
the results obtained on Adams platinum
catalyst. As far as we know, it is the only
example of a catalyst on which hydrogen-
ation of a tetrasubstituted olefin gives more
trans product than hydrogenation of the
methylenic isomer. Obviously, this stereo-
chemistry cannot be explained without a
direct passage between tetrasubstituted
olefin and its trans saturated product. This
result, in spite of the lack of accurate de-
termination of rate constants, allows us to
conclude that, at least on platinum, direct
trans hydrogenation occurs.

We do not attempt to explain here this
direct trans hydrogenation, but only to
point out the observed stereoselectivity,
which is very poor in comparison with the
results of Van Bekkum et al. (10) about
hexamethyl Dewar benzene. Plane =-ad-
sorbed allylic species, which are eurrently
postulated as intermediates in this reaction
(11, 12), are unlikely in this structure be-
cause of the bulk of the bicyeclic skeleton.
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