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Cyclohexanone (1) and one of its 2-alkyl (methyl, ethyl, or propyl) derivatives (2) were hydrogenated com-

petitively at 30 °C in cyclohexane over platinum group metals.

The alkyl derivatives 2 were all less reactive

than 1 on all the catalysts used. The relative reactivity R,/R, was given by log;,(Ry/R,) =0%* 4k, with 6** depend-

ing only upon the substituent and & upon the catalyst.
substituent constant g**,
having a smaller atomic radius.

The greater the substituent size, the more negative was the
The catalyst-dependent constant k£ was in general more negative for a catalyst metal
The above empirical rate expression has been interpreted based on the absolute

reaction rate theory. The ¢** values calculated on this theoretical ground were in excellent agreement with the

observed values.

Substituent effects in homogeneous reactions have
been extensively studied, but relatively little work on
heterogeneous catalysis has been reported. Especially,
the influence of catalyst properties on the substituent
effects is still to be explored. Although the application
of Hammett-type equations to heterogeneous catalysis
was attempted by Kraus,) it was successful for only
half of the data tested. Besides, it is not always clear
why the relative hydrogenation rate should correlate
with ¢ or ¢*. Thus it seems desirable to seek a new
approach to the substituent effects in heterogeneous
catalysis. The present series of studies has this primary
aim. In the first paper? of this series, methyl sub-
stituent effects in cyclohexanone (1) hydrogenation were
investigated by means of competitive reactions of cyclo-
hexanone and one of its methyl derivatives over platinum
group metals. The relative rates observed were discus-
sed in relation to the reaction mechanism and the atomic
radius of the catalyst metal.

The present work extends this comparative study to
include 2-ethyl- and 2-propylcyclohexanone (2e and
2p). The main purpose of this extension is to see how
the substituent size affects the hydrogenation rate. The
experiments with 2-methylcyclohexanone (2m) were
repeated to make a comparison with 2e and 2p under
strictly identical conditions including catalyst prepara-
ion and preservation.

Experimental

Materials. Cyclohexane (Wako Pure Chemical Ind.,
“special grade”) was used without further purification after
determining its purity to be 99.96% by GLPC on an Apiezon
Grease L column. 1 and 2m were also commercial products
and distilled before use. 2e was prepared by hydrogenation
of 2-acetylphenol over Raney-Ni® followed by chromic acid
oxidation. Distillation under reduced pressure gave 2e as
aliquid: bp 71.0 °C/17 mmHg. 2p was prepared in a similar
manner using 2-allylphenol as the starting material. Distil-
lation under reduced pressure gave 2p as a liquid: 86.7 °C/17.5
mmHg. The purity of these ketones was greater than 999,
by gas chromatography.

All the catalysts used were unsupported metal powders, and
prepared by reduction of the corresponding metal oxides or
hydroxides. The procedure for the preparation was described
previously® except for Pt. The Pt catalyst was prepared

using PtCl, (Mitsuwa Yakuhin Kagaku KK) as a starting
material. To a hot suspension of PtCl, (1 g) in dilute HCI1
(2000 ml) was added 5—10%, aqueous NaOH in small portions
until the pH reached 8. The resulting black hydroxide sus-
pension was simmered for 30 min and then filtered off. The
hydroxide was washed repeatedly with water until the wash-
ings were neutral, transferred into a 100 ml autoclave, and
about 20 ml of water was added. The hydroxide was reduced
with stirring for 20 min at temperatures up to 30 °C and an
initial hydrogen pressure of 80 atm. The resulting metal
black was filtered off, washed with water until the washings
were neutral, dried under reduced pressure, and stored over
silica gel.

Kinetic Procedures. Competitive hydrogenations were
conducted at 30 °C and in hydrogen of atmospheric pressure
using an equimolar mixture of 1 and 2 in cyclohexane (0.5
mol/1 of each ketone). Reaction mixtures were analyzed by
gas chromatography on a column of 10wt 9% bis(2,3-di-
hydroxypropyl) ether on 60—80 mesh C-22 SK. Of the two
peaks due to the isomer mixture of any cis- and trans-2-alkyl-
cyclohexanols, the one having the shorter retention time was
assigned to the cis isomer and the other to the trans.® Details
on the experimental procedure and the design of the glass
reaction vessel have been given before.?

Data Treatments. In dealing with competitive reac-
tions on solid catalysts it is usual to assume (i) that the reaction
rate is proportional to the surface concentration of the adsorbed
substrate, and (ii) that the substrate adsorption during re-
action obeys the Langmuir isotherm. Applying these as-
sumptions to our reaction systems leads to the following two
rate expressions:

—dC,/di = k,K,C,/(1+ KC, + K,Cy), (1
—dG,/dt = k,K,C,/(1+ K,C, 4+ K,C,), (2)
where C is the concentration, ¢ is the time, k is the rate con-
stant, and K is the adsorption equilibrium constant. Combin-
ing Egs. 1 and 2 and defining R by

R, = —dC,/Cydt, (3)
R, = —dG,/Cydt, (4)

we obtain a relative rate expression such as
&= e () () o

where subscript (i) refers to the initial state at {==0. Equation
5 serves to calculate relative rates from competitive hydroge-
nation data.
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For more rigor, the role of hydrogen should be taken into
account in Egs. 1 and 2. However, we can ignore this
because whatever the involved hydrogen kinetics, we are
always led to Eq. 5 by cancellation.

Results

Reaction Products. With respect to the cis/trans
ratio for the product alcohol, Pd was rather cis selective
(cis%; 85 for 2m, 73 for 2e, and 77 for 2p). The
other metals were less selective, and the observed cis?,
fell in the rather narrow range 58—73 for all the sub-
strates 2m, 2e, and 2p.

In the hydrogenation of 1 and 2 over Pt, more hydro-
gen was consumed than expected from stoichiometry
for complete hydrogenation to the corresponding alco-
hols. This is probably due to accompanying hydro-
genolysis. However, the extent of hydrogenolysis did
not exceed 59, of the total conversion of the ketone.
In the case of Pd, two unidentified gas chromatographic
peaks (one from 1 and one from 2) developed as the
hydrogenation proceeded, but each of the by-products
was always less than 29, of the corresponding alcohol.
For the rest of the catalysts, there were no indications
of any side reactions. Thus it is reasonable to evaluate
Ry/R; based on Eq. 5 which ignores side reactions.

0.2

log Cm)/(;1
e

0 001 0.02 0.03
log Czay/c,

Fig. 1. A typical linear plot according to Eq. 5, observed
for 1 and 2e in competitive hydrogenation on Ir.

Substituent Effects. The log-log plots drawn ac-
cording to Eq. 5 were linear, with the exception of that
for Pt catalyst, which exhibited a slight curvature.
Figure 1 shows a typical linear log-log plot observed
on Ir. The values for relative reactivity R,/R, were
determined from the slope of the straight lines or from
the tangent to the curved line at zero conversion. In
repeated runs using the same reaction mixture and cat-
alyst, the R,/R, values observed were usually reproduci-
ble to within 59,. All the R,/R, values for the same
catalyst were averaged, and log(R,/R,) was plotted in
Fig. 2a against the atomic radius of the catalyst metal.
Here the atomic radius is one-half the internuclear
distance between nearest neighbors in the metal crystal
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Fig. 2. Alkyl substituent effects in cyclohexanone hydro-
genation.
O:2m, A: 2e, []: 2p.
£: catalyst-dependent constant, ¢**: substituent con-
stant.

which is stable under room conditicns. In regard to
the 2m/1 system, the general trend observed earlier
(Fig. 2, Ref. 2) was reproduced here: the greater the
atomic radius the greater the relative reactivity. In
general the agreement on the Ry, /R, value itself is fairly
good between the present and earlier experiments.
Of particular interest in Fig. 2a is the parallelism
of the three correlation lines for the 2m/l1, 2e/1, and
2p/1 systems with almost identical spacings. The
distances between the adjacent data points for Ir also
resemble these spacings. In what follows we are mainly
concerned with explaining these apparent identities.

Discussion

Empirical Formulations. Figure 2b is a reproduc-
tion of Fig. 2a with omission of the data points. In
order to derive an empirical expression for the observed
relative rates, let us draw a reference line, shown as a
dotted line in Fig. 2b: although the location and phys-
ical meaning of this reference line is defined later by
our reaction model, at this point suffices it to say that
the reference line lies between the horizontal line at
log,4(Ry/Ry)=0 and the correlation line for the 2m/1
system. We refer to the distance between the horizon-
tal and reference lines as & (catalyst-dependent con-
stant) and the distances between the reference and cor-
relation lines as ** (substituent constant): the sub-
script to ¢** indicates the substituted ketone. Ob-
viously, the relative reactivity can be written as

logyg (Ry/R,) = o + k. (6)

One may speculate that ¢** is related to the substrate
size and « to the catalyst property. It will be demon-
strated below that such speculation may indeed be
justified on the basis of the absolute reaction rate theory.

Theoretical Treatment. Now we aim at deriving
Eq. 6. The argument developed herein is not intended
to be very rigorous. Since we are dealing with hetero-
gencous catalysis in the liquid phase, we will be forced
to be rather speculative and to employ a few ad hoc
approximations. One of the basic assumptions we
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make is that when converted to the activated complex,
ketones 1 and 2 are adsorbed on the catalyst and are
“immobile” with complete loss of translational and
rotational freedom.

In deriving Eq. 5 we have assumed that both 1 and
2 are in adsorption equilibrium during reaction. Then,
the overall hydrogenation rate must be controlled by
one of the following steps: (i) the reaction of adsorbed
ketone with adsorbed hydrogen to form a half-hydro-
genated intermediate, (ii) the reaction of this inter-
mediate with adsorbed hydrogen to form adsorbed alco-
hol, or (iii) the desorption of the adsorbed alcohol. If
step (i) is rate-determining, the overall rate will be
given by®

_ dC; _ 1/2 ﬂj —f1+ —&
dt - CH: CICB h F}liszl(l)j; exp kT > (7)

dC, kT | —&,

G = aractl gl e (37) @
where factor £7/h has its usual meaning, f is the
complete partition function, F is the partition func-
tion per unit volume, & is the apparent activation
energy, i.c., the true activation energy subtracted by
the heat of adsorption, subscript s indicates a vacant
dual site that can accommodate both an adsorbed
ketone molecule and a hydrogen atom, subscript { re-
fers to the liquid state, and superscript # indicates the
activated complex. It is to be noted that we are deal-
ing with competitive reactions and that 1 and 2 are
not very much different in molecular size. This permits
us to make an approximation that the adsorption site
s is common to reactions of both 1 and 2. Hence we
can regard quantities Cg and f; as identical for Egs. 7
and 8. Combining Eqs. 7 and 8 and referring to Egs. 3
and 4 we have

Ry/R; = (Fy f& [Fe /i) exp { — (ea—&,) [k T} ©

Even if we consider step (ii) or (iii) as the rate-determin-
ing, we will still be led to Eq. 9 by cancellation. Thus,
Eq. 9 can be regarded as a general expression which
is applicable to different kinetics or different rate-de-
termining steps.

Since the activated complex has been assumed to
possess no translational and rotational freedom, we need
to consider merely its vibration. Thus

S* =L (10)

We are not aware of any theories of liquids which permit
us to formulate F; exactly. However, what is needed
herein is merely the ratio Fy () /Fz @, not the F, formulation
itself. The ratio can be estimated by an extension of
Keii’sidea.” As a rough approximation, let us suppose
that Henry’s law holds for the dissolution of 1 and 2
in cyclohexane and also that the Henry’s-law constant
is the same for these two ketones. Then

Fl(t)/FZ(l) = Fl(g)/F2(g)’

(11)

where subscript g refers to the gas phase. The sub-
stitution of F, for F; underlies the conventional theo-
retical treatments of isotope effect problems in liquid
phase reactions. A fair success in such treatments®?
gives indirect further support to Eq. 11. The F, is
usually expressed by
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3/2 2 1/2(f T)3/2

F,= (znmll;T) 8n (anaza)hs (& T) (12)

where m is the mass, [ is the product of the three prin-

cipal moments of inertia, and ¢ is the symmetry number.

Applying Eq. 12 to both ketones 1 and 2, taking Eqgs. 9,

10, and 11 into account, and omitting the symmetry
number!® we obtain

Ry — [ k& L)llg[fzfvibfl.vib] {—(52“'51)}

r= () () () ew (=050} 0
Let us consider the magnitude of the quantity in the
square brackets. Most stretching and bending mo-
lecular vibrations related to the C-C, C-H, and C=0O
bonds absorb at frequencies higher than 1000 cm~1, and
hence their contributions to the partition function are
negligible. Some skeletal and adsorption-bond vibra-
tions probably absorb at lower frequencies, thus con-
tributing somewhat to the partition function. How-
ever, these contributions are expected to cancel out
almost completely in the square brackets. Therefore,
it might not be a serious error to set the quantity in
the square brackets equal to unity. Based on this ap-
proximation Eq. 13 can be reduced to

fvib;

3 1
loge (Ro/R;) = bl logyg (my/ms) + 9 logyy (41/1,)

£y — &

© 2.303kT "

The first and second terms of the right side of Eq. 14

depend only upon the substrates, while the third term

probably reflects the catalyst property. Our empirical

expression 6 becomes identical to the theoretical Eq. 14,
if we put

(14)

1

3
ok = ?Iogw (my/my) + 5 logyo (Iy/13), (15)
and
£ = —(g5—)/2.303k T. (16)
Substituent Constants. As evident from Eq. 15, o**

depends only upon the m and I values of the substrates
under comparison. In order to calculate I exactly, all
the probable conformations of the cyclohexanone ring
and the substituted alkyl group should be considered
with the appropriate statistical weight. However, ow-
ing to a lack of necessary data for such a rigorous treat-
ment, we had to be content with an approximation
in which only the most likely conformation is considered.
The actually assumed conformation was the chair form
with the alkyl substituent in the equatorial position.
For the sake of convenience, all the carbon atoms of
the substituent were set so as to lie in the C(2)-C(1)=0
plane. The bond lengths and bond angles used were:
r(C=C)=0.124 nm, r(C-C)=0.154 nm, r(C-H)=0.109
nm; ${C(2)-C(1)~C(6)}=117°, ${C(1)-C(2)-C(7)}=
113.25°, any other ¢ (C-C-C)=109.5°, ¢(H-C-H)=

TABLE 1. THEORETICAL VALUES FOR g%*
Paired 3 my 1 I, ok
substrates E_IOgm;z ?IOngz g
2m/1 —0.087 —0.20 —0.29 (%%
2e/1 —0.16 —0.41 —0.57 (o
2p/1 —0.23 —0.61 —0.84 (o%F)
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109.5°. The details of I calculations based on these
data will be published elsewhere, and the ¢** values
and related data are summarized in Table 1.

Turning back to Fig. 2b, it is seen that one can cal-
culate Ae** values (o3Ff—0df% and off —oFk) from the
experimental data. In Table 2 the experimental and
theoretical Ao** values are compared. The agreement
between theory and experiment is remarkable except
for Pd. The exceptional result with Pd is not un-
expected since the reaction mechanism is complex for
this metal 11-18)

TABLE 2. COMPARISON OF EXPERIMENTAL AND
THEORETICAL Ag**¥
Ao®*
Catalyst
e B
Ru —0.27 —0.54
Rh —0.25 —0.54
Pd (—0.074) (—0.153)
Observed ¢ Os —0.27 —0.53
Ir —0.28 —0.55
Pt —0.27 —0.56
Average® —0.27 —0.54
Caled from Eq. 15 —0.28 —0.55

a) Averaged over all the metals except Pd.

Catalyst-Dependent Constant.
to the question why & is invariant among the three
reaction systems: 2m/l1, 2e/l, and 2p/1. This con-
stancy means that ¢ is the same for the three 2’s. The
constancy of ¢ is explained by assuming a particular
model for the activated complex of 2 that is adsorbed
on the catalyst. Figure 3 illustrates the assumed model.

catalyst surface for 1
k<:a\talyst surface for 2

Fig. 3. Adsorption model for substituted (2) and unsub-
stituted cyclohexanone (1). R=H, methyl, or ethyl.

Important in this assumption is that in the case of 2m
one hydrogen at the C(7) position points away from
the catalyst surface while the other two hydrogens point
toward it. It must be this “pointing away” hydrogen
that is replaced by a methyl or ethyl group upon going
from 2m to 2e or 2p. In this situation, no significant
difference is expected among these 2’s either in the heat
of adsorption or in activation energy. As for 1, how-
ever, it lacks the excess repulsive interaction between
the substituent and the catalyst surface. Consequently,
as shown in Fig. 3, the adsorption bond for 1 is probably
shorter and hence stronger compared with that for 2.

For both 1 and 2, there must be two different forms
of adsorption depending upon which face of the six-
membered ring is directed toward the catalyst surface.

We are now brought -
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By cis-addition of two hydrogen atoms from the catalyst
side, one form is converted to the cis alcohol, and the
other to the trans alcohol. In general both forms must
be quite different from each other in adsorption strength.
Thus, in principle, one should treat the rates of cis-
and trans-alcohol formation separately in a theoretical
consideration such as the one we made above. Never-
theless, we have been quantitatively successful in Ao**
correlation without such a separation. This is pre-
sumably aided by the observed fortuitous practical
constancy of cis/trans ratio for different substrate ketones.

Concluding Remarks. Looking back at Eq. 14, let
us remember that relative reactivity R,/R; in a com-
petitive reaction depends only upon the masses and the
moments of inertia provided that & =¢g,. Such con-
ditions would be brought about if the substituent
neither affects the functional group nor interacts with
the catalyst surface. In other words, these conditions
will be realized when the polar, steric, and “anchor”
effects of the substituent are absent or negligible. The
requirement for such substituent inertness may be ful- -
filled by an inactive substituent like alkyls unless they
interact with the catalyst surface upon adsorption.
Thus, the theoretical treatment presented in this paper
would be expected to find a wider use even beyond
ketone hydrogenation.

Measuring R,/R; at various temperatures would pro-
vide a means to test the validity of our reaction model
and its theoretical treatment: in Eq. 14 log(R,/R,)
should vary linearly with the reciprocal of absolute
temperature if & % ¢,, and be temperature independent
if &;=¢,.

We are indebted to Mr. Okio Nomura of this la-
boratory for his help in deriving Eq. 14 and in making
numerical calculations of the moment of inertia. It is
a pleasure to acknowledge the helpful discussions with
Dr. Takayoshi Kobayashi and Mr. Yasuaki Kawamura,
both of this Institute, Professor Samuel Siegel of Uni-
versity of Arkansas, and Professor Robert W. Taft, Jr.,
of University of California at Irvine. Thanks are also
extended to Dr. John M. Morris of University of
Melbourne and Dr. F. Scott Howell of Sophia Uni-
versity for their linguistic comments on the original
manuscript of this paper.
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