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Cyclohexanone and one of its methylsubstituted derivatives (2-, 3-, or 4-
methyleyclohexanone) were hydrogenated competitively in pairs in cyclohexane
solvent at 30°C over group VIII metal catalysts. All of the methyl-substituted
ketones were less reactive than cyclohexanone. The reactivity of a methyleyclo-
hexanone relative to cyclohexanone was dependent upon the reaction mechanism
and the atomic radius of the catalyst. INDO caleulations, on the other hand, re-
vealed that the carbonyl groups of the substituted and unsubstituted ketones are
nearly identical in charge distribution and bond order, thus suggesting that the
methyl substituent effect upon the hydrogenation rate is due primarily to steric

hindrance to adsorption.

INTRODUCTION

The influence of substituents upon re-
action rates has been a subject of con-
tinuing interest. While most of the in-
vestigations have dealt with homogeneous
reactions, there have also been some studies
in the field of heterogeneous catalysis (I—
8). For such studies in heterogeneous catal-
ysis it has been a conventional practice
to compare the relative reactivities of a
series of substituted compounds on a single
solid catalyst. Relative reactivities ob-
tained were usually correlated with the
so-called reaction and substituent constants
using the Hammett equation or similar ones
(1, 2). However, one might suspect that in
heterogeneous catalysis the relative re-
activity depends not only upon the substi-
tuent and the reaction but may also be
affected by the catalyst employed. Indeed,
in the work of Smith and Campbell on the
competitive catalytic hydrogenation of
benzene and its methyl-substituted deriva-
tives (3), the relative reactivities observed
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for Rh and Pt were apparently different.
However, we are aware of no systematic
studies of the relationship between the
effect of the substituent and the nature of
the catalvst. We considered, therefore, that
a study of competitive reactions using a
series of solid catalysts would be valuable.
The hydrogenation of cyclic ketones was
employed for this study becavse the re-
action mechanism has been revealed in
some detail in earlier work at our lab-
oratory (4).

EXPERIMENTAL METHODS

Materials. Four different procedures werg
used in preparing the catalysts. The Co
and Ni catalysts were prepared, usually a
few days before use, from Raney alloys
(Nikko Shokai Raney-Co R-400 of Co:
Al=1:1 by wt and Kawakami Fine
Chemicals Raney-Ni NDy of Ni:Al = 1:1
by wt) using a method which was similar
to that described by Nishimura (5) for
preparation of his type T-4 catalyst. The
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actual procedure was as follows. To a
stirred suspension of 2 g of a Raney alloy
in 10 ml of water was added dropwise 0.4
ml of 20% NaOH. The resulting alkaline
mixture was warmed to 50°C, maintained
at that temperature for about 1.5 hr with
occasional stirring, and then 6 ml of 40%
NaOH were added. After this addition the
suspension was allowed to stand at the
same temperature for another 1-2 hr. The
resulting metal black catalyst was washed
with water until the washings were neutral
to litmus, and further washed successively
with ethanol and cyclohexane.

The Os catalyst was prepared by re-
ducing osmium tetroxide in isopropyl
alechol for 20 min at an initial hydrogen
pressure of 80 kg/cm® (1 kg/em® = 9.8 X
10* N/m?) at progressively increasing tem-
peratures to 60°C using a stirred autoclave.
The resulting metal black was separated by
filtration, washed with water, dried under
reduced pressure at room temperature, and
stored over silica gel.

The Pt catalyst was prepared by reduc-
ing Adam’s oxide (PtO,) in water at a
hydrogen pressure of 35 kg/cm? for 40 min
at room temperature using the stirred auto-
clave. The resulting metal black was
washed, dried, and stored as in the case
of the Os catalyst.

The rest of the catalysts (Ru, Rh, Pd,
Ir) were prepared by the following pro-
cedure. To an appropriate hot aqueous
metal chloride, with or without added HCI,
was added 5-10 wt% aqueous NaOH in
small portions. The resulting precipitate
was filtered, washed with water until the
filtrate was neutral, and then placed in the
autoclave together with some water for
reduction. In the case of Pd, the reduction
of the precipitate suspended in water was
carried out by stirring it at temperatures up
to 30°C and an initial hydrogen pressure
of 80 kg/em? until the pressure drop was
imperceptible (ca. 40 min). In the case of
Ru, Rh, and Ir, the reduction was con-
ducted using the same initial hydrogen
pressure (80 kg/em?) but at higher tem-
peratures up to 80°C for 20 to 40 min. The
resulting metal black was washed, dried,
and stored as described above for Os.

The ketones used as reactants were all
commercially available: cyclohexanone
(CH) and 2-methylcyelohexanone (2-
MCH) were Wako “Tokkyu” grade, and 3-
and 4-methyleyelchexanone (3- and 4-
MCH) were Tokyo Kasei G. R. grade. The
purity of these ketones was shown by gas
chromatography to be 99.7, 99.2, 98.3, and
08.8%, respectively. The latter two ketones
were yellow tinted, contaminated with a
trace of the corresponding aleohol, and re-
sulted in slightly turbid solutions upon
dissolution in cyclohexane. The cyclo-
hexane, used as a solvent without further
purification, was Wako “Tokkyu” grade.

Apparatus. Figure 1 illustrates the glass
reaction vessel used for the competitive
hydrogenations. The reaction vessel is
jacketed, and fitted with a gas feed tube
(A), a gas flushing tube (B), and a septum
adapter (C). The reaction vessel proper
(D) has a capacity of about 10 ml. The
entire apparatus could be shaken back and
forth by connecting the fitting (E) to a
motor-driven plunger. The gas feed tube
(A) was connected either to a hydrogen
reservoir or to a gas burette filled with
liquid paraffin. The reaction vessel plus the
gas burette constituted a closed system in
which the competitive hydrogenations were
conducted.

Procedures. Competitive hydrogenations
were carried out with a ketone pair dis-
solved in cyclohexane in the sequence de-
seribed in the following. In the reaction
vessel a weighed sample of catalyst (range,
4-200 mg) was placed along with 5 ml of
an equimolar mixture of CH and a MCH
(0.5 or 1 mol/liter of each) dissolved in
cyclohexane. The reaction vessel was
flushed with hydrogen while it was being
cooled by cold water (8-10°C) in the
jacket to minimize evaporative loss of the
solvent. The cold jacket water was then
replaced by warm water maintained at the
reaction temperature of 30°C, and the re-
action vessel was allowed to stand for 10
to 20 min to reach thermal equilibrium.
Hydrogenation was started by shaking the
reaction vessel and continued at approxi-
mately atmospheric pressure (1-1.05 atm).
The reaction was followed volumetrically
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The fixed axis in out-of-plane
shaking of the vessel,

Fig. 1. Jacketed glass reaction vessel.

by measuring the hydrogen consumption
and also gas chromatographically by ana-
lyzing aliquots of the reaction mixture at
appropriate time intervals.

Using this procedure, 24 runs were car-
ried out with 24 different combinations of
eight metal catalysts and three ketone
mixtures; 2-MCH and CH, 3-MCH and
CH, and 4-MCH and CH (subsequently
abbreviated to 2-MCH/CH, 3-MCH/CH,
and 4-MCH/CH, respectively). The gas
chromatography was performed on a
Shimadzu Model GC-4BP instrument using
helium as the carrier gas. A 3.5m X 3 mm
i.d. column of 10 wt% diglycerol on 60-80
mesh C-22 SK at 85°C was employed for
the runs started with the 2-MCH/CH
mixture, and 2 6m X 3 mm id. column
of 10 wt% polyethylene glycol 20 M ABA
on 60-80 mesh chromosorb WAW at 100
or 120°C for the runs started with the
3-MCH/CH or 4-MCH/CH mixture. Base
line resolution was obtained for all the
ketones and alcohols except for the two
adjacent peaks due to cis- and trans-3-
methyleyclohexanol and also for those due
to ecis- and trans-4-methyleyclohexanol.
The resclution of these adjacent peaks as
defined by Ambrose (6) was 1.4 when the
column packing was fresh, and gradually
fell to 1.1 with use. Quantitative analyses
were performed using standard solutions of

known amounts of the Lketones and

alcohols.

TrEATMENT OF KINETIC DATA

In this report, we are dealing with
hydrogenation of a ketone pair (CH and
one MCH). Let us assume that the hydro-
genation of each ketone is first order in
the amount of the adsorbed species, and
that the adsorption obeys the Langmuir
isotherm. Based on these assumptions, the
rate of CH hydrogenation may be given by

dCp = koK 4Ca , (1)
dt 14+ K.Cs + KpCs

where C4, Cg and C are the concentrations
of CH, MCH, and cyclohexanol, respec-
tively, K, and K; are the adsorption co-
efficients, and k, is the rate constant. Simi-
larly, for the reaction of MCH we have

dCq _ kK Cs )
dt 14+ KiCa +TKBCB

where C, is the concentration of the
methyleyclohexanol produced, and k is the
rate constant. Note that as far as the
initial stage of the reaction is concerned
the aleohols produced are present only in
very small amounts, and therefore the
terms due to alcohol adsorption are not
ineluded in Eqs. (1) and (2). Dividing Eq.
(2) by Eq. (1) gives rise to
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CB koKA CA

Let C.i, and Cgiy represent the initial
concentrations of CH and MCH, respec-
tively. Then

Ca=Caiy— Cp 4)

and
CB = CB(i) - CQ. (5)

Inserting Eqgs. (4) and (5) into Eq. (3)
and integrating between Cp = 0 and Cp =
Cr and between Cq = 0 and Cy = Cy leads

to
Cri) ) kKp ( Cagy )
1 — lo .
o8 (CB(i) — Cq koK 4 Caspy — Cp
(6)

The factor kKz/k.K, represents the ratio
of the reactivity for MCH (R) to the
reactivity for CH (R,), and will subse-
quently be referred to as the relative rate
or relative reactivity. Equation (6) is then
rewritten as

R _ kKp
Ro ™ kK4
Cre ) / ( Cao )
=1 | .
Og (CB(l) CQ g CA(z) - CP

(7)

If the assumed first-order kinetics are valid,
the plOt of IOg[CB(i)/(CB(i) - CQ)] against
log[Caeiy/(Caciy — Cp)] should be linear,
and the relative reactivity R/R, can be
obtained from such a linear plot.

REsuLTs

Side reactions. In the derivation of Eq.
(7), it was tacitly assumed that there were
no side reactions. Therefore, before dis-
cussing the relative reactivity it is desirable
to refer to side reactions observed in some
cases. In catalysis over Pd, the reaction
mixture 2-MCH/CH developed two un-
identified gas chromatographic peaks as the
reaction progressed, but the combined
amount of these impurities was less than
3% of all the products. With catalysis over
Pt, the molar excess of hydrogen uptake

over ketone consumption and also the
molar excess of the ketone consumption
over aleohol formation were indieative of
accompanying hydrogenolysis, but its ex-
tent usually did not exceed 10% of the
total conversion. There were no indications
of any side reactions for the rest of the
catalysts. Therefore, Eq. (7) is applicable
to the correct or approximate evaluation
of the relative reactivity.

Substituent effects. The relative re-
activity R/R, may be regarded as a mea-
sure of the methyl substituent effect upon
the reaction rate in hydrogenation of CH
and MCH’s. The first-order log-log plots
from Eq. (7) were either linear or slightly
curved depending upon the ecatalvst and
the reaction mixture. Values for R/R, were
determned from the slope of such a plot
when it was linear, and from the tangent
at zero conversion when it was curved.
Table 1 lists the R/R, values thus de-
termined. It is seen that all of the E/R,
values, with the exception of that for the
system 4-MCH/CH-on-Pd, are less than
unity. This indicates that methy! substitu-
tion generally retards the hvdrogenation of
the carbonyl linkage. The exceptional
R/R, value greater than unity for Pd
should not be taken too seriously unless it
is confirmed by further experiments. If the
three R/R, values are compared for a cer-
tain catalyst it may be seen that as the
substituted methyl group is located further
away from the carbonyl linkage (in the
order of the carbon positions 2, 3, and 4)

TABLE 1
RELATIVE REACTIVITIES
R/R,
2-MCH/ 3-MCH/ 4-MCH/
Catalyst CH CH CH
Co 0.043 0.43 0.87
Ni 0.047 0.37 0.75
Ru 0.044 0.33 0.49
Rh 0.033 0.64 0.81
Pd 0.141 0.94 1.04
Os 0.055 0.37 0.51
Ir 0.111 0.47 0.57
Pt 0.79 0.75 0.66
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Fic. 2. Correlation of relative reactivity with atomic radius of catalyst metal.

the effect of methyl substitution decreases
except in the case of Pt catalysis where
rather an opposite trend is observed. In
Fig. 2, log(R/R,) is plotted against the
atomic radius of the catalyst metal. Here
the atomic radius is one-half the inter-
nuclear distance between nearest neighbors
in the metal crystal which is stable under
room conditions (7).

Before considering the results of Fig. 2, it
may be useful to refer to our previous
work (4) on the deuteration of 4-tert-
butyleyclohexanone over platinum metals.
This tracer study revealed that over four
platinum metals, Ru, Os, Ir, and Pt, a
simple addition mechanism predominates
which is characterized by direct addition of
two hydrogen atoms to the carbonyl link-
age. By contrast, over the other platinum
metals, Rh and Pd, a more complex mecha-
nism is operative which involves a C,, C,-
or C,, Cs-diadsorbed species as an inter-
mediate.

Interestingly, the results given in Fig. 2
also distinguish Rh and Pd from the other
platinum metals. While the tetrad (Ru, Os,
Ir, Pt) falls on a smooth curve the dyad
(Rh and Pd) deviate from it; downward in
the case of the 2-MCH/CH mixture, and
upward in the case of both mixtures
3-MCH/CH and 4-MCH/CH. In each of
these two metal groups, the greater the
atomic radius of catalyst metal the greater
the value for log(R/R,), whatever the re-
action mixture. In other words, as the
atomic radius is increased the effect of
methyl substitution becomes less pro-
nounced. Co and N1, like Rh and Pd, devi-

ate from the tetrad curve, but always
upward.

INDO calculations. In order to see
whether the observed methyl substituent
effects are steric or electronie, calculations
were made of the charge distributions and
the bond orders for CH and MCH’s using
the INDO method on a Fujitsu computer
Facom 230-60. For these calculations, the
bond lengths and bond angles of CH and
2-MCH in the chair conformation were
taken from the electron diffraction studies
of Romers (8). The methyl group of
2-MCH may be regarded as occupying the
equatorial orientation (8), and the methyl
hydrogens as taking the staggered position
with respect to the hydrogen on the vicinal
carbon. Because of a lack of crystal-
lographic data on 3- and 4-MCH, it was
assumed that upon methyl substitution the
geometry of the cyclohexanone ring in the
chair form remains unaltered, and that the
methyl group takes the equatorial position
with its hydrogen atoms staggered with
respect to the hydrogen on the vicinal
carbon.

Details of these calculations will be pub-
lished elsewhere, but some of them are
given in Table 2. There is no significant
difference between CH and any of the
MCH’s in either the charge distribution or
the bond order of the carbony! group. This
result rules out any electronic factor as the:
main cause of the methyl substituent effect
upon the hydrogenation rate, and leads us
to the conclusion that the effect must be
explained largely, if not exclusively, by
steric factors.
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TABLE 2
INDO CaLrcuLaTioNs oF CYCLOHEXANONE AND ITs METHYL-SUBSTITUTED DERIVATIVES
CH 2-MCH 3-MCH 4-MCH
0 —0.311 —0.312 —0.312 —0.312
Cy 0.295 0.293 0.291 0.295
Charge C, —0.007 —0.002 —0.008 —0.010
Cs —0.007 -0.009 —0.006 —0.010
Me 0.007 —0.011 —0.011
=0 1.873 1.875 1.872 1.873
C,-C, 1.006 0.986 1.008 1.006
Bond order C-Cq 1.006 1.006 1.006 1.006
oné order Co-Me 1.023
Cs—Me 1.023
Cy—Me 1.023
Discussion foregoing section, both CH and 2-MCH

Equation (7) indicates that the relative
reactivity R/R, is determined by two fac-
tors, the ratio of the rate constants k/k,
and the ratio of the adsorption coefficients
Ky/K,. In other words, methyl substitution
may lower the reactivity of the adsorbed
species or hinder the adsorption of the re-
actant molecules. While the present experi-
ments do not aid in determining which is
the main factor, most of the results can be
interpreted qualitatively in terms of Kp/K,,
or more conveniently in terms of the rela-
tive surface concentrations of CH and
MCH.

2.MCH. Upon adsorption, whatever the
adsorption mode, the methyl group of
2-MCH 1is expected to be close enough to
the catalyst surface to undergo repulsive
interaction. If this is true, steric hindrance
to 2-MCH adsorption would be greater
than steric hindrance to CH adsorption.
The lower reactivity of 2-MCH relative to
CH may be attributed to this excess
hindrance because of which the catalyst
surface would be more densely populated
by CH than by 2-MCH upon contact with
the equimolar 2-MCH/CH mixture.

In the case of the tetrad metals, the ob-
served correlation of the relative reactivity
with the atomic radius may be easily un-
derstood in terms of the distance between
the methyl group and the catalyst surface.
Since a simple addition mechanism is
obeyed by these metals, as mentioned in a

must be adsorbed at either the C, position
or the carbonyl oxygen in their half-hy-
drogenated state. In either case the length
of the adsorption bond should increase with
increasing radius in the -catalyst metal
because the radius of the carbon or oxygen
atom plus the radius of the metal atom is
equivalent to the adsorption bond length.
The greater the adsorption bond length, the
greater would be the distance between the
methyl group of 2-MCH and the catalyst
surface, and consequently the smaller
would be the nonbonding repulsive inter-
action between the methyl group and the
surface. The observed correlation between
log(R/R,) and atomic radius for the tetrad
metals thus appears very reasonable.

As was mentioned in a foregoing section,
the reaction mechanism over Rh and Pd is
complex, and is characterized by the exis-
tence of a C,, C,- or C,, C,-diadsorbed
species as an intermediate. In order to ex-
plain the downward deviation of these
metals from the tetrad curve shown in Fig.
2, let us assume that the C,, C,-interme-
diate rather than the C;, C;-intermediate
is predominant in the reaction of 2-MCH.
Since the C,, C,-intermediate may be re-
garded as an adsorbed tetrasubstituted
olefin whose hydrogenation is effected only
with difficulty owing to large steric hin-
drance, it is not surprising that Rh and Pd
are cspecially low in log(R/R,) value for
their atomic radii. Trying to test the as-
sumption of the C,, C,-diadsorbed inter-
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mediate, we are now studying deuteration
of 2-MCH.

3- and 4-MCH. When these substituted
ketones are adsorbed, the methyl group is
expected to be too remote from the catalyst
surface to cause any appreciable steric
hindrance to adsorption. However, the re-
sults shown in Fig. 2 undoubtedly demon-
strate a definite substituent effect upon the
hydrogenation rate even for 3- and
4-MCH. Such an effect is understandable
if the cross sections of the two competing
ketones are compared. Due to the presence
of a bulky methy! group, 3- and 4-MCH
are greater than unsubstituted CH in the
cross section. Consequently, in adsorption
from a binary equimolar mixture of CH
and 3- or 4-MCH, the unsubstituted ketone
would exceed the substituted one in surface
concentration unless interaction among ad-
sorbed ketone molecules is negligible. This
difference in surface concentration may
possibly be responsible for the observed
negative values for log(E/R,).

Additional remarks. Relevant to our dis-
cussion of the substituent effects is the
study of Sparks (9) on hydrogenation of
a binary mixture of 2- and 4-MCH using
Rh, Pt, and PtO, as catalyst. The reaction
rates of the two ketones were similar over
the Pt and PtO. catalyst, but over the Rh
catalyst 4-MCH reacted much more
rapidly than 2-MCH. This is consistent
with our observation that 2-MCH/CH and
4-MCH/CH mixtures were very similar in
R/R, value over Pt while over Rh the
value for 4-MCH/CH was much greater
than that of 2-MCH/CH.

It is instructive to refer to the study by
Mitsui and his coworkers (10-12) dealing
with stereochemistry in catalytic hydroge-
nation of a variety of cyclic olefins and
aziridines. Based on this study, Mitsui
(13) concluded that “catalyst hindrance”
decreases in the sequence, Ni > Pd > Pt,
ie., decreases as the atomic radius in-
creases. Here, “catalyst hindrance” is the
concept defined by Linstead and others
(14) as a steric hindrance between the
catalyst and the substrate. In this paper,
this concept has been referred to as “steric

hindrance to adsorption” rather than called
by Linstead’s term.

Interestingly, the work of Mitsui and
others agrees with ours in emphasizing the
importance of “catalyst hindrance” in
catalytic hydrogenation, and also in claim-
ing that “catalyst hindrance” decreases
with increasing atomic radius in catalyst
metal. The observed unique feature of Rh
and Pd in log(R/R,), on the other hand,
suggests that the reaction mechanism is as
important as the atomic radius in deter-
mining the substituent effects in heteroge-
neous catalysis.

AppITIONAL DATA

In addition to the relative reactivity or
the substituent effects, it seems worthwhile
to note some of the other data which con-
cern reaction order, catalyst activity, and
a few more subjects.

Reaction order. If the assumed first
order-kineties in the adsorbed ketones is
valid, the log-log plot based on Eq. (7)
will be linear. If zero-order kinetics holds
instead, we obtain

CQ = (k/ko)CP, (8)

and hence the plot of Cy against Cp» must
be linear. All of the runs were examined
for these two types of linearity, and the
results are summarized in Table 3. Ob-
viously, in the case of the reaction mixture
2-MCH/CH, all the metals except Pt
obeyed first-order kinetics and deviated
from zero-order linearity. Figure 3 shows a
typical example of such a kinetic behavior.
The other two reaction mixtures either did
not follow any.of the Kkinetics or arbitrarily
obeyed both kinetics, depending upon the
catalyst. Possibly this complication is due
to participation of the product alcohols in
hydrogenation kinetics. A typical example
of the deviation from both kinetics is given
in Fig. 4. From this it is seen that in the
initial stage of the reaction the deviation
from first-order linearity is so slight that
the R/R, values (Table 1) calculated based
on this linearity may be accepted with
reasonable confidence.

Catalyst activity. et U, represent
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TABLE 3
ComPaRrISON BETWEEN FIRsT-ORDER Lo0G-LoG PLoT Basep oN Eq. (7) AND
ZErR0-OrDER Cp-Co PLOT Basep onN Eq. (8)

Linearity of first-order plot for

Linearity of zero-order plot for

Catalyst 2-MCH/CH 3-MCH/CH 4-MCH/CH 2-MCH/CH 3-MCH/CH 4-MCH/CH
Co Yes No Yes No No Yes
Ni Yes No Yes No No Yes
Ru Yes No No No No No
Rh Yes Yes Yes No Yes Yes
Pd Yes Yes Yes No Yes Yes
Os Yes No No No No No
Ir Yes No No No No No
Pt No No No No No No

koK./(1 + K,C4 + KzCg) in Eq. (1), and
insert Eq. (4) into Eq. (1). Then, we have

dCp )

dt

If we neglect the variation of U, with time,
Eq. (9) represents a first-order rate law.
Integration of this equation leads to

Cacy )
. 1
(CA(i) — Cp (10)

Similarly, from Egs. (2) and (5) we have

Uo(CA(i) bt Cp)

_2.303 Cr )
U= 7 IOgm (CB(;‘) — CQ ’ (11)
where U represents kKz/(1 + K,C4 +

KpCg). The sum U, + U divided by the

—0.02
Losp{1/(1-C)} A

1 L s
0.6

o TR
F1e. 3. Obedience to first-order kinetics and de-
viation from zero-order linearity: reaction mixture

2-MCH/CH over Ir.

catalyst weight may be regarded as a mea-
sure of catalytic activity. In order to make
an estimation of this catalytic activity, the
logarithmic terms of Eqgs. (10) and (11)
were plotted against time for all of the
runs conducted with 2-MCH/CH. With the
exception of the Pt-catalyst run, straight
lines were obtained for all or most of the
regions investigated. Values for the sum
U, + U were then estimated from the
slopes of these linear plots. For the Pt run,
the catalyst activity was estimated by
drawing tangents to the curved plots at the
points of half conversion. Table 4 shows
comparisons of the catalyst activities thus
determined. From this it may be seen that
Pt and Ru are the most and Pd the least
active among the platinum metals.

0.10
T

-0.06

-0.04

Los;0{0.5/¢0.5-Co)}

-

' H0.02

L065{0.5/¢0.5-Cp)} 4

YT ARSI A
0.05 0.10

L |
0.15

Fic. 4. Deviations from both first- and zero-order
linearities: reaction mixture 4-MCH/CH over Os.
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TABLE 4
EstiMaTtes oF CATALYST ACTIVITY BASKED ON
2-MCH/CH Sgries Runs

(U + Uy)/W  Comparison of

Catalyst (hr1 g™1) activities

Co 0.27 0.003

Ni 1.08 0.01

Ru 86 1

Rh 35 0.4

Pd 0.27 0.003

Os 25 0.3

Ir 20 0.2

Pt 88 1

Stereoselectivity. The molar ratio be-
tween the cis- and trans-alcohol produced
was invariant with time or conversion in
most of the runs, but in some runs it varied
slightly with conversion. In the latter case
the isomeric ratio was determined by draw-
ing & tangent to the cis- versus trans-al-
cohol concentration curve at zero conver-
sion and by reading the slope of the
tangent. Table 5 lists the values of the
isomeric ratios for all the runs. Note that
the numerical values for 3-MCH refer to
the trans/cis ratio while those for 2- and
4-MCH refer to the cis/trans ratio.
Hence, all the values in Table 5 approx-
imate the molar ratios of the axial- to the
equatorial-aleohol.

In contrast to the relative reactivity
R/R,, there appears to be no direct cor-

TABLE 5
Isoumeric RaTios IN HYDROGENATION OF BINaRry
MixTURES OF CYCLOHEXANONE AND
A METHYLCYCLOHEXANONE

Reactant ketone and product alcohol

2-MCH 3-MCH 4-MCH

Catalyst cis/trans  lrans/cis cis/trans
Co 1.8 0.9 1.2
Ni 2.5 1.9 2.6
Ru 2.3 2.7 3.2
Rh 1.3 3.2 2.9
Pd 2.2 4.0 4.7
Os 2.4 1.7 2.3
Ir 1.4 0.8 1.0
Pt 3.3 0.8 1.7

relation between the stereoselectivity and
the atomic radius, although the difference
in stereoselectivity among the substituted
ketones becomes less distinet in the se-
quence, Pt > Ir > Os = Ru, namely, an
order of decreasing atomic radius. Interest-
ingly, Rh and Pd are again distinguished
from the other metals in that only these
two display a marked rise in axial/equa-
torial ratio when going from 2-MCH to
either 3- or 4-MCH.

Certain features of Raney-Ni. When this
catalyst was used, ketone hydrogenation by
the hydrogen inherent in the ecatalyst oec-
curred in advance of the admission of gas
phase hydrogen. Whatever the reaction
mixture, this particular hydrogenation by
inherent hydrogen gave a lower axial- to
equatorial-aleohol ratio and a greater value
for R/R, (smaller substituent effect) in
comparison to ordinary hydrogenation by
gas phase hydrogen. This result suggests
that the adsorbed state of hydrogen has
some bearing on substituent effects and

stereoselectivity, and stimulates further
study to verify it.
ACKNOWLEDGMENTS

We express our appreciation to Professor S.
Siegel (Univ. of Arkansas) for helpful correspon-
dence, in particular for drawing our attention to
Ref. (9). Thanks are also extended to Mrs. N. C.
Knight (National Center for Atmospheric Re-
gearch, Colorado) for her linguistic comments on
the original manuseript.

REFEREN CES

1. Kraus, M., in “Advances in Catalysis” (D. D.
Eley, H. Pines and P. B. Weisz, Eds.), Vol.
17, p. 75. Academic Press, New York, 1967.

2. Yonepa, Y., in “Proceedings of the Fourth
International Congress on Catalysis,” Vol. 2,
p. 449. Akademiai Kiado, Budapest, 1971.

3. Smrre, H. A, anp Cameseir, W. E, in
“Proceedings of the Third International
Congress on Catalysis” (W. M. H. Sachtler,
G. C. A. Schuit and P. Zwietering, Eds.),
p. 1373. North-Holland, Amsterdam, 1965.

4. Takac1, Y., TErATANI, S., anp Tanaxka, K., in
“Proceedings of - the Tifth . International
Congress on Catalysis” (J. W. Hightower,
Ed), p. 757. North-Holland, Amsterdam,
1973.



SUBSTITUENT EFFECTS IN HETEROGENEOUS CATALYSIS 33

5. N1sHIMURA, S., Bull. Chem. Soc. Jap. 32, 61
(1959).

6. AMsrosg, D., i “Gas Chromatography” (R. P.
W. Scott, Ed.), p. 423. Butterworth, Lon-
don, 1960.

7. MacGiravey, C. H. anp Rieck, G. D, in
“International Tables for X-Ray Crystal-
lography” (K. Lonsdale, General Ed.), Vol.
3, pp. 281-282. Kynoch Press, Birmingham,
1962.

8..Romers, C., Recl. Trav. Chim. Pays-Bas 75,
956 (1956).

9. Sparks, B., PhD thesis, Univ. of Arkansas,
Fayetteville, AR, 1965.

10. Mirrsur, 8., Nacanisa, Y., Tomomura, K., anp
SuioNoya, M., Shokubar 10, 74P (1968).

11. Svar, Y., anp Mrrsut, S., Shokubai 11, 54P
(1969).

12. Suci, Y., anp Mirrsui, S., Bull. Chem. Soc.
Jap. 42, 2984 (1969).

13. Mirsul, S, in “Yuki Hanno Kiko (Organic
Reaction Mechanism)” (M. Imoto, Ed.),
Vol. 13, p. 44. Tokyo Kagaku Dojin, Tokyo,
1970.

14. Lansteap, R. P., Doering, W. E., Davis, S. B,
Leving, P, anp WHETSTONE, R. R., J. Amer.
Chem. Soc. 64, 1985 (1942).



