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The results of the competitive hydrogenation of 14 pair combinations of 10 cycloal-
kenes from solution in cycloalkane solvents on alumina-supported platinum catalysts at
25.0° and 1 atm are reported. The results are found to be in accord with both equilibrium
and rate-controlled chemisorption models. The latter is preferred. The stereochemical
problems represented by the formation of trans-dimethylcyclohexanes from the xylenes
and the pressure-variable ¢is/frans product ratio from dialkyleycloalkenes are discussed

in terms of these results.

Some of the factors which influence chemisorption of cyeloalkenes on platinum surfaces

are considered.

INTRODUCTION

We have recently reported results of
a study of the kinetics of the hydrogenation
of cycloalkenes from solution in cyclo-
hexane on alumina-supported platinum cat-
alysts (I). We report here the results of
experiments in which pair combinations of
many of the same cycloalkenes have been
hydrogenated under the same conditions.
These competitive hydrogenations were
carried out in the hope that the results
might shed some light on the factors which
control the chemisorption of alkenes on
platinum surfaces. It was also hoped that
such information might lead in turn to
a better understanding cf the stereochemical
results observed in the special competitive
situation where geometric isomers are formed
(e.g., 1,4-dimethylcyclohexene — ¢is- and
trans-1,4-dimethyleyclohexane) (2).

EXPERIMENTAL

Apparatus, reactants, solvents, and cat-
alysts. The apparatus used was that de-
seribed previously (7). The alkenes and
solvents were rigorously purified and per-
colated through alumina under nitrogen
immediately before use as before to ensure
the absence of rate-influencing impurities.
The catalyst for a particular experiment was

chosen from the seversl at hand of varying
specific activity (7) so that 20-40 mg gave
convenient hydrogen uptake rates of 1-3 ml
min,

Procedure. In a typical experiment, 0.200
ml of an approximately equimolar mixture
of rigorously purified cyclohexene and
cycloheptene was injected into the hydro-
genation flask containing 37.88 mg of a
0.52% platinum-alumina catalyst and 0.40
ml of cyclopentane. Agitation at 25.0° £+
0.1°C under a constant (& 1 mm) hydro-
gen pressure of 757 mm was interrupted
periodically to permit removal of a sample
for analysis by gas chromatography. Several
experiments with overlapping points fur-
nished composition vs. percent hydro-
genation data as shown in Table 1.

Data for the competitive hydrogenation
of 13 other pairs of cycloalkenes were
obtained from similar replicate hydro-
genation experiments. A doubling of the
amount of catalyst had a proportionate
effect on the rates of hydrogen absorption
but did not change the relative rate at
which each of a pair of cycloalkenes was
hydrogenated, nor did the use of catalysts
differing in platinum content.

Analytical procedure. The samples re-
moved for analysis were completely separated
into solvent, cycloalkene, and cycloalkane
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TABLE 1
ComPETITIVE HYDROGENATION OF CYCLOHEXENE
AND CYCLOHEPTENE®

Mole 9%, Composition

Ce-ene Cs-ane Cr-ene Cs-ane
45.2 0.0 54.8 6.0
42 .6 2.6 44 .5 10.3
40.6 4.6 38.2 16.6
38.0 7.3 26.2 28.5
34.6 10.6 17.4 37.4
30.1 15.2 9.0 45.7
20.1 25.2 1.6 53.2
15.7 29.7 0.0 54.6
3.2 42.0 0.0 54.8
In cyclopentane at 757 mm, 25.0°, 0.529%,

platinum catalyst.

components by gas chromatography. The
compositions were estimated from peak
areas calculated from peak heights and
half-peak widths as measured on the
strip-chart recording using vernier calipers.
The gas-liquid phase chromatcgraphy col-
umns and conditions used to separate the
several mixtures into the five components
to give symmetrical peaks are summarized
in Table 2.
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Fig. 1. Rate of hydrogen absorption: 0.84 mmoles
of cyclohexene and 0.85 mmoles cycloheptene in
cyclohexane, 33.93 mg of 0.529, Pt catalyst, 761 mm,
25.0°%; I in moles min~! g atom™ atm™,

Hydrogen absorption rates. In several
rate experiments of the type described
earlier (1), a mixture of two cycloalkenes
was hydrogenated as the intermediate
sample between two samples of eyclo-
hexene without interrupting the hydro-
genation to remove samples for analysis.

TABLE 2
ANavysis oF HYDROGENATION MixTUrES BY Gas CHROMATOGRAPHY
A vs. Be Solventb Columne Temp.2 Flow ratee
Cs 1-MeC; CH 1 65° 75
Cs Cs MCH 2 80° 85
Cs C; CH 3 60-175° 120
Cs Cs CH 3 60-200° 120
Cs 1-MeC; cp 1 65° 75
Cs 1-MeC, Cp 4 70-125° 100
Cs 3-1\{6(}6 CP 3 110° 85
Cs 4-MeC; CP 3 110° 85
Cs 4,4-DiMeCq CP 2 70° 45
Cs C; CP 3 75-175° 120
Cs Cs CcP 3 75-200° 120
4-MeCg 4,4-DiMeC; CH 2 80° 45
C; 1-MeC;, CH 2 90° 45
C; Cs CH 3 75-200° 120

¢ Cs is cyclopentene; 1-MeC; is 1-methyleyclopentene, ete.

* CH is cyclohexane, CP is cyclopentane; MCH is methyleyclohexane.

° Columns are as follows: 1, 339, tetramethylene sulfone on 100/120 mesh C-22 firebrick, 12 ft; 2, 159,
diethylene glycol succinate polyester on 100/120 mesh C-22 firebrick, 25 ft; 3, 209, Dow-Corning #200
silicone oil on 60/80 mesh Chromosorb P, 22 ft; 4, 109, Dow-Corning #550 silicone oil on 110/120 mesh

C-22 firebrick, 10 ft.

¢ Constant temperature or programmed at 4° per min through range indicated.

¢ Helium, ml per min.
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The data from such an experiment (33.93
mg of 0.529 Pt catalyst) using a mixture
of cyclohexene (0.84 mmoles) and cyclo-
heptene (0.85 mmoles) are plotted in Fig. 1.

REesvrrs

The composition vs. percent hydro-
genation data for the several pairs of
cycloalkenes were obtained by gas-liquid
chromatographic analysis of samples re-
moved at several stages in the hydro-
genations. We programmed the removal
of samples for analysis from replicate
experiments to give overlapping data points
to improve reliability. The data for a
cyclohexene-cycloheptene mixture given in
Table 1 are an example. Conditions for the
several analyses are summarized in Table 2.

The rates of hydrogen absorption for
several pairs of these cycloalkenes were
measured also. In these experiments, the
mixtures were injected as intermediate
samples between two samples of cyclo-
hexene in cyclohexane, the identical rates
of hydrogenation of the two bracketing
samples of cyclohexene serving to guarantee
the absence of rate-slowing impurities (1).
The results observed for a mixture of
cyclohexene and cycloheptene are presented
in Fig. 1. The initial rate is that for cyclo-
heptene separately; the final rate, that for
cyclohexene (1). Rate plots for other
mixtures exhibited a greater curvature
upward (e.g., cyclohexene-cyclooctene) or
downward (e.g., cyclopentene-cycloheptene),
depending upon the degree of selectivity
and the differences in the separate rates of
hydrogenation of the two components. It
therefore appears that the surface reactions
of one component do not interfere with the
surface reactions of the other; hence, the
hydrogenation of mixed cycloalkenes can
properly be treated as a competitive
reaction. ,

In competitive reactions such as we are
concerned with here, A and B compete for
reaction with C in accord with their molar
concentrations and the reaction constants
which govern the separate reactions. An
equilibrium chemisorption model has been
developed by Wauquier and Jungers (3) for
the special situation where A and B are
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aromatic hydrocarbons and C is a hetero-
geneous catalyst. This treatment has more
recently been applied by Smith and co-
workers (4) in studies of a large number
of aromatic compounds. The chemisorp-
tion of aromatic hydrocarbons A and B
are assumed to follow the Langmuir iso-
therm. When conditions are such that the
overall reactions are first order in the
amount of catalyst, then

d[A]/d[B] = kabalAl/kebs[B] 1)

where ks and kg are the overall rate con-
stants for the two hydrogenation re-
actions, ba and bp are the equilibrium
constants for the chemisorptions, and [A]
and [B] are the respective molar concen-
trations. Integration of Eq. (1) leads to
log [Ao]/[A]

=2l = kb /ksby = kaKan/k 2
Tog [Bol/[B] eaba/ksby sKaz/ks (2)
where K,p is the equilibrium constant for
the process

A(in solution) -+ B(adsorbed) =
A(adsorbed) -+ B(in solution)

A linear log [A] vs. log [B] plot implies
agreement with this model. Multiplication
of the slopes of such plots by ks/ka furnishes
values for K. and thence relative values
for the chemisorption constants for the
several hydrocarbons if an arbitrary value
is chosen for one of them (4).

However, if the fractions of the surface
occupied by A and B are controlled by the
rate of chemisorption of A vs. B, then

d[A]/d[B] = kealA]/kp(B] 3)

where kss and k.p are the rate constants for
the chemisorption of A and B, respectively.
Since Eq. (3) and its integral

log [Adl/[A]
log [Bo]/[B]

are of the same form as Eq. (1) and Eq. (2),
it is obviously not possible to choose
between the equilsbrium chemisorption model
(8, 4) and its rate of chemisorption counter-
part on the basis of the results of the
competitive reactions alone.

The data of Table 1 are plotted in Fig. 2.
Similar plots of the data obtained from

= laa/kaon 4)
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LOG,, [c,] o’ [c

A 2 3
LOG,, [cs] o/ [Cs]

Fre. 2. Logarithmic plot of disappearance of
cycloheptene vs. eyclohexene, data of Table 1.

other pairs of cycloalkenes were also
linear and furnished values for the slopes
which are summarized in Table 3. The last
three columns of Table 3 list the specific
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values for Kap for the several pairs as
calculated from Eq. (2).

According to the rate of chemisorption
model, the slopes listed in Table 3 cor-
respond to kea/kep, the ratio of the rate
constants for chemisorption. These are
better compared, as are also the equilibrium
K 43 values, if they are converted to relative
values. These are summarized in Table 4
based on cyclohexene equal to 10.0 for both
sets. The values in parentheses for the
first three cycloalkenes involve data from
the cyclooctene-cyclohexene system where
the very surprising preferential hydro-
genation of cyclooctene over cyclohexene
was observed repeatedly. We conclude that
cyclooctene exhibits a unique interference
with the chemisorption of cyclohexene but
we cannot offer any reason why this oceurs.

Discussion

We have recently proposed that the
chemisorption of most cycloalkenes on
hydrogenation sites (as distinguished from
olefin exchange sites) of platinum surfaces
near room temperature and 1 atm of
hydrogen is effectively irreversible (7).

reaction rates for the cycloalkenes (1) and [Tetrasubstituted cycloalkenes (e.g., 1,
TABLE 3
SELECTIVITY IN THE COMPETITIVE HYDROGENATIONS OF CYCLOALKENES®
Slope

Ab Bo log[Al/log[B] kae Ige Kapd
Cs 1-MeCs 20.0 121 85 14.0
Cs Cs 8.0 121 113 7.5
Cs Cy 2.2 121 78 1.4
Cs Cs 8.2 121 10 0.68
GCs 1-MeC; 1.8 113 85 1.4
Cs 1-MeGCs 20.0 113 57 10.0
Cq 3-MeCs 1.6 113 103 1.5
Ce 4-MeCs 1.4 113 94 1.2
Ce 4,4-DiMeCq 2.3 113 100 2.0
Cy Cs 4.3 78 113 6.3
Cy 1-MeC; 20.0 78 34 8.7
(6 Cs 4.9 78 10 0.63
Cs Cs 2.2 10 113 25
4-MeCs 4,4 DiMeC, 2.0 94 100 2.1

«In cyclopentane, cyclohexane, or methyleyclohexane; between 755 and 765 + 1 mm; 25.0° + 0.1°;

0.529, Pt on alumina.

b C; is eyclopentene, 1-MeC; is 1-methyleyclopentene, etc.

¢ Specific reaction rate for A and B; see ref. (1).

¢ Equilibrium constants for the competitive chemisorption of A and B calculated from Eq. (2); see refs.

(8) and (4).



262

HUSSEY, BAKER, AND KEULKS

TABLE 4
CompaRISON OF RELATIVE RATEs oF CHEMISORPTION AND RELATIVE FQUILIBRIUM
CuemisorrriOoN CONSTANTS FOR CYCLOALKENES ON PLATINUM

Cyecloalkenea Relative rateb Relative equilibrium® ke
Cs 80, 95, 112, (180) 75, 83, 99, (170) 121
Cy 43, 36, (108) 60, 54, (160) 78
Cs (22), 8.9, 9.8 (250), 110, 94 10
Cs 10.0 10.0 113
4-MeCs 71,87 8.3, 10.0 94
3-MeC; 6.3 6.7 103
1-MeC; 5.6, 4.0 7.1, 5.4 85
4,4-DiMeC; 43,36 6.8 100
1-MeC; 2.1 5.0, 4.0 34
1-MeCs 0.50 1.0 7

@ See legend for Table 2.
® Based on cyclohexene = 10.0.
¢ Specific reaction rate; see ref. (7).

2-dimethyleyclohexene and A**-octahydro-
naphthalene) and certain others for which
facile pathways for isomerization exist
(e.g., ethylidenecyclopentane and irans-
cvelodecene) are probably exceptions.] In
the first place, the rates of hydrogenation
of some 18 cycloalkenes all exhibit a zero
order dependency on the concentration of
the cycloalkene (I) under conditions in
which a first order dependency on the
amount of catalyst is observed (i.e., where
transport of hydrogen into the liquid phase
cannot be rate-limiting). In terms of the
Langmuir isotherm, these kinetics require
very strong chemisorption of the alkene
such that the catalyst is saturated with
respect to the substrate throughout the
hydrogenation; hence if desorption does
occur, the rate must be very small relative
to the rate of adsorption.

More to the point, we were unable to
observe any isomerization of thermody-
namically unstable cycloalkenes to their
more stable () and more slowly hydro-
genated counterparts (e.g., 3-methyleyclo-
pentene and 3-methyleyclohexene to their
1-methyl isomers) even though our gas-
liquid chromatography analytical procedure
would easily have revealed the presence of
ag little as 0.19, of such isomers.

Extensive exchange of protium by deute-
rium is observed under these conditions (6).
This requires step (3) of the Horiuti-
Polanyi mechanism for hydrogenation (7)

not only to be reversible but to lead to
a succession of monoadsorbed and di-
adsorbed surface species, as follows:

CH; (Jsz

| | l
—CHMCH—?H + 1l) = —CH—CH—CHD
|

* * * *

o
+ 2% :’IFI -+ —(F—?H—(JHD

* *

If any significant amount of 1,2-diadsorbed
alkane were to desorb from platinum sur-
faces, one would expect considerable 3-
methyleyclohexene, for exsmple, to be
returned to the solution as its l-methyl
isomer. The latter would rapidly accumulate
because it is not only more slowly hydro-
genated but also is very effectively excluded
from readsorption by its precursor (Table 3).
Hence we conclude that chemisorption of
cycloalkenes on the hydrogen addition
sites of platinum surfaces is an irreversible
process and we prefer the rate of chemi-
sorption. model [Eq. (3) and Eq. (4)] for
the competitive hydrogenations reported
here.

It has been proposed that desorbed
cyclohexenes are key intermediates in the
hydrogenation of aromatic hydrocarbons (8)
and very small amounts of these (0.002
mole 9, with platinum) have since been
detected (9). Somewhat larger but still small
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amounts have been detected when rhodium
and, particularly, ruthenium catalysts have
been used (70, 11). The question is whether
these are key intermediates or the result of
incidental pathways of minor importance
(9-11). A Kkinetic argument has been used
to support the latter view (70, 11b). An
opposite argument (9, 11a) is that intra-
particle diffusion limitations prevent the
return of more than traces of the inter-
mediate cyclohexenes to the bulk solution,
but that these are nevertheless key inter-
mediates in the hydrogenation of arenes.
Our interpretation of the competitive hydro-
genation of cycloalkenes reported here
supports the contention that desorbed cyclo-
alkenes are incidental in the hydrogenation
of arenes on platinum (70, 11b), and that
some alternative pathway leads directly
from chemisorbed xylenes to almost all
of the trans-dimethylcyclohexanes observed
without the intervention of desorption of
tetrahydroarene intermediales.

It also follows from our choice of a rate
of chemisorption selectivity on platinum
that we do not view the pressure-variable
cis/trans product ratio from dialkyleyelo-
hexenes to be the result of equilibrium
chemisorption at low hydrogen pressures
and of ¢rreversible chemisorption at high (12).
However, we do agree that the cis/trans
ratio observed at high pressures generally
reflects kao/ k2., the ratio of the rate constants
for the two modes of chemisorption, while
the Jow pressure ratio does not (12). We
simply propose that a surface reaction

¢is-A = symmetrical-A 2 trans-A

approaches equilibrium at low hydrogen
pressures but becomes decreasingly impor-
tant as the pressure increases.

According to this proposal a cycloalkene
A which forms cis and trans products, H,A,
chemisorbs irreversibly to give cis-A(ads)
and ¢rans-A(ads), but these are interconvert-
ible by way of a symmetrical intermediate
on the surface. At low pressure the relatively
slow formation of product occurs when the
reversible addition of the first hydrogen to

dlcis]

_ kselosclk1oBa: + k?c(A) Ourllkeck s 4+ kicka9n + los ik 0u”]
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give cis-HA(ads) or trans-HA(ads) is fol-
lowed by associative desorption of the
monoadsorbed alkane intermediate, as in
the following sequence:

koo
A - catalyst — cis-A(ads)
ko
A + catalyst = trans-A(ads)

kC
cts-A(ads) ]::>‘ trans-A(ads)
ic

ke
cis-A(ads) = cis-HA (ads)

e3¢
k 1
cis-HA(ads) + H(ads) — cis-HyA

2
lrans-A(ads) 4+ Hads) ;—i: trans-HA (ads)
-3

kar
trans-HA (ads) + H(ads) — trans-H:A

We define the several fractions (8) of the
surface with suitable subseripts (Ac for
1,2-diadsorbed cis-alkane: HA¢ for 1-mono-
adsorbed trans-alkane, ete.: H for hydrogen:
and MT for vacant) such that

O + Oac + Oac + Omac + Ouac + Our = 1
(5)
The steady state assumption leads to
dﬂAc/dt % 0 = kzc[A]gMT - kcteAc
+ ktcaAt - kScaAcoH + k—ScaHAc (6>
and
dOHAo/dt = 0= ]C3ceAcoH - k—sceHAe
— keOuactu (7)

with equivalent expressions for the trans
counterparts. Equations (6) and (7) lead to

kaoBulkiobas + Foo(A)Our) )
kutk—Bc + kctk400H + k3ck400H2

and the expressions for the frans counter-
parts to

0HAc -

ksbulkcfac + kas(A) Oy

dltrans] — ksdkulkoBac + Koot (A)Onrllkcck—se 4 KotksoBu + kackacfu?]

Ouse = Tk e+ R & Fodosde )
From the rate expression
d[H,A/dt = Fy0rabs (10)
dlcis)/dltrans] = kfmac/kabua, (11)
whence [from Eqgs. (8), (9), and (11)]
(12)
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At very low hydrogen pressure 6y and
fyr will be very small relative to the fraction
of the surface occupied by hydrocarbon.
Under these conditions, Eq. (12) simplifies
to

dlcis]/dftrans] = ks Kse/ kK Ky (13)

where K;. and K are the equilibrium
constants for

Afads) + H(ads) = HA(ads)

and K.; is the equilibrium constant for the
nterconversion of cis-A(ads) and {trans-
A(ads) on the surface.

At very high hydrogen pressures, on the
other hand, the rates of the hydrogen
addition steps become so large relative to
the interconversion of cis and irans surface
species that Eq. (6) simplifies to

d@AC/dt = O = k?c[A]oMT - kSceAceﬁ (14)
and Eq. (7) to
dbuac/dt =20 = (ks,0ac — kabuac)fa  (15)

In combination with the equivalent ex-
pressions for the trans surface species,
Eqgs. (11), (14), and (15) lead to

dleis|/dltrans] = keo/ks: (16)
for very high hydrogen pressures.

Thus the postulate that cis- and frans-1,
2-diadsorbed alkanes can interconvert on
the catalyst surface serves equally well
to explain both the pressure-variable cis/
trans product ratio observed in the hydro-
genation of dialkyleyclohexenes and also
the pressure-variable formation of irans-
dialkyleyclohexanes from dialkylarenes. This
postulate is consistent with the results
of the competitive reactions reported here
and appears to be required to explain the
failure to observe more than traces of
1,2-dimethylcyclohexene in the course of
hydrogenations of o-xylene which lead to
very considerable amounts of trans-1,2-
dimethyleyclohexane (10, 11b).

The conditions implicit in Egs. (14) and
(15), hence those of Eq. (16), may not be
attainable under practical laboratory pro-
cedures: therefore 1009, cis-dialkyleyclo-
hexanes from dialkylarenes is probably
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a limit which can only be approached. Also,
some small amounts of tetrahydroarene
intermediates clearly do desorb (9-11), and
to the extent that they do, some still smaller
amounts of trans products will be formed
via this pathway. We regard desorbed
tetrahydroarenes as incidental, however,
and they will not make any significant contri-
bution to the product isomer ratio when
platinum catalysts are used. Even with
ruthenium catalysts (71b) their effect will
likely still be negligibly small.

It is incumbent to comment concerning
some of the factors which influence the
chemisorption of cycloalkenes on platinum
surfaces. Three factors appear to be impor-
tant: (a) the degree of substitution at the
double bond: (b) internal strain: and (c)
substituents at a distance from the double
bond. The first is the largest (compare
GCs, Cs, and C; in competition with their
1-methyl homologs, Tables 3 and 4). The
lagt is much the smallest.

The preferential chemisorption of cyelo-
pentene and cycloheptene, when they com-
pete with cyclohexene, suggests that internal
strain in the cycloalkene in solution relative
to that of its 1,2-diadsorbed surface species
is important. Thus pseudo-chair cyclohexene
in solution proceeding to eclipsed 1,2-di-
adsorbed cyclohexane on the surface is less
energetically favored than cyclopentene
in solution (eclipsed) to 1,2-diadsorbed
cyclopentane (also eclipsed) or flexible
cycloheptene in solution to flexible 1,2-di-
adsorbed cycloheptane.

The effect on chemisorption of a substitu-
ent facing the catalyst surface at a distance
from the double bond appears to be rather
small (compare cyclohexene, 4-methyl- and
4 4-dimethyleyclohexene, Tables 3 and 4).
Such a small effect intervening in the tran-
sition state to chemisorption can reasonably
be expected to have an equally small coun-
terpart effect upon the magnitude of K.,
the equilibrium constant for the interconver-
sion of cis and trans surface species. Hence
the selectivity in the formation of cis vs.
{rans products using platinum catalysts
might be expected to be small; as 1t is found
to be (2).
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