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Cyclohexanone (1) and its 2-alkyl derivatives (2-methyl-, 2-ethyl-, and 2-propylcyclohexanone (2m, 2e, and
2p)) were hydrogenated both individually and competitively in pairs (1+2) in cyclohexane using Ru/ALO,,

Rh/ALO,, and Pt/Al,O, as catalysts.

For all the catalysts, the reaction rates in competitive reaction decreased

in the sequence, 1>>2m>>2e>2p, while those in individual reaction were in the relation, 1">2ma~>2e~2p. By
the analysis of these kinetic data, the relative values of adsorption equilibrium constants have been estimated for
2m, 2e, and 2p. These experimental values are in good agreement with' the theoretical ones which have been
derived on the basis of statistical mechanics using an adsorption model characterized by immobile adsorption of

the substrate ketones.

The first) and third papers? of this series dealt with
alkyl substituent effects in cyclohexanone (1) hydro-
genation catalyzed by platinum group metals. The
substituent effects were studied by means of competitive
hydrogenation of 1 and its alkyl derivatives (2-methyl-,
2-ethyl-, and 2-propylcyclohexanone abbreviated sub-
sequently to 2m, 2e, and 2p). The logarithm of the
observed relative rates was expressed as the sum of sub-
stituent constant 6** and catalyst-dependent constant «;

logyy (Ry/R,) = 0% + k. (1)

A theoretical relative-rate expression corresponding to
this empirical one (1) was derived on the basis of
Eyring’s rate equation using a simple reaction model
in which the substrate ketones lose the translational and
rotational freedom at the transition state. Comparing
the empirical and theoretical relative-rate expressions,
o** was quantitatively correlated as a function of the
mass and the moment of inertia of the two substrate
ketones under comparison. On the other hand, it is
generally accepted in heterogeneous catalysis that the
relative rate R,/R, in competitive reaction can be ex-
pressed as

Rz/R1 = (kZ/kl) (Kz/Kl): (2)

where £ is the rate constant referred to the unit fraction
of the surface covered and K is the adsorption equili-
brium constant.

Thus we can now question whether £,/k; or K,/ K, makes
the chief contribution to ¢**. The main purpose of
the present work is to resolve this question by estimat-
ing these relative values. The results are considered
in the light of a statistical-mechanical treatment of
adsorption equilibrium.

It is more or less conventional to compare the ad-
sorption of the two reaction substrates by subjecting
them to both individual and competitive reactions and
by analyzing the obtained comparative data. This
conventional technique was used in the present work.
The catalysts chosen were Ru/AlL,O,, Rh/Al,O; and
Pt/AL,O,, all in the form of pellets. At the begin-
ning, adsorption estimations on the same powder metal
catalysts that were used in the previous work were at-
tempted but failed owing to the difficulty in obtaining
a good reproducibility in catalytic activity.

Experimental

Moaterials and  Apparatus. Commercial cyclohexane
(Wako Pure Chemical Ind., “Special grade”) was used as
received. Compounds 1 and 2m were also commercial prod-
ucts and distilled before use. The preparation of 2e and 2p
has been described previously.?? The catalysts chosen were
Ru/ALO,, Rh/Al,O,, and Pt/AL, Oy, each containing 0.5 wt %,
of the metal. They were all purchased from Engelhard In-
dustries in the form of pellets (1/8 inch diameter). The glass
reaction vessel has already been illustrated in detail.

Kinetic Procedure. In order to obtain reliable kinetic
data from a series of individual reaction runs using the same
kind but different batches of catalyst, the catalytic activity
must be very similar for all the runs. Such a requisite was
realized by pretreating the catalyst in the following fashion.
One to ten catalyst pellets were weighed into a small glass
test tube, and about 10 ml of cyclohexane was added. The
test tube was placed in a 100-ml autoclave. The autoclave
was charged with hydrogen to about 80 atm, heated to 80 °C,
and allowed to stand at that temperature for 20 min with
occasional gentle swirling by hand. No significant hydrogen
consumption was observed during this pretreatment.

Then, the catalyst pellets were transferred to the glass re-
action vessel pre-charged with cyclohexane that had already
been made air-free by hydrogen flushing, care being taken to
minimize the time of exposure of the catalyst to air. The
reaction vessel was connected to a hydrogen reservoir and
flushed repeatedly with hydrogen. Freshly distilled 1 and/or
2 were introduced into the reaction vessel by a syringe. The
volume of the reaction solution thus prepared was made to be
exactly 5 ml by adjusting the volume of the cyclohexane pre-
charge and by standardizing the flushing procedure. The
reaction was allowed to start by shaking the reaction vessel
at 30 °C and in hydrogen of atmospheric pressure, and the
reaction mixture was sampled at appropriate time intervals
for the following 2 h (up to a conversion of ca. 5%). The
activity of all the catalysts remained constant during this
initial period of reaction. The reaction mixtures sampled
were analyzed using a gas chromatograph.

Results

Relative Rates. Under our reaction conditions the
rate of individual hydrogenations of 1 or 2 was propor-
tional to the catalyst weight but unaffected by the fre-
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TABLE 1. THE OBSERVED RATES
Individual reaction
Competitive reaction
Catalyst Ket ———— 108R, 108R,
;a‘i’rne Ry/R, Ketone mol/s g-cat mol/s g-cat Ry[Ry
0.5% 1" 0.5% 1
Ru/ALO, 1 3.63 3.27
14+2m 0.086 2m 1.40 1.40 0.41
142e 0.051 2e 1.57 1.55 0.45
142p 0.029 2p 1.38 1.38 0.40
Rh/ALO, : 1 21.7 18.2
14+2m 0.134 2m 9.2 8.0 0.43
14 2e 0.072 2e 9.7 10.0 0.49
14 2p 0.040 2p 7.8 9.2 0.43
Pt/A1,0, 1 60 58
142m 0.45 2m 30 30 0.51
14 2e 0.23 2e 33 32 0.55
142p 0.13 2p 30 27 0.48

a) Initial concentration of substrate ketone in mol/l.

quency at which the reaction vessel was shaken. It
has also been observed that the hydrogenation rate is
practically independent of ketone concentrations down
to 0.5 mol/l or less for all the catalysts. The data on
individual hydrogenations in Table 1 were all obtained
in this concentration-independent region. Let us as-
sume that R;’, the rate of individual hydrogenation of 1,
may be expressed by

Ry = kK,C/(1+K,Cy), ®)

where k is the rate constant. From the above-men-
tioned zero order kinetics in Cj, it follows that K,C;>1
in Eq. 3. Thus we have

Ry = k. 4)
Since the same argument holds for ketone 2, we are led to
R IR = kylk;. (5)

Numerical values for R’ were all estimated from the
linear plot of product alcohol concentrations against re-
action time. It is to be noted that R," represents the
sum of the rates of cis- and trans-alcohol formation.
The observed cis/trans ratio of product alcohols did
not significantly differ for the three substrate ketones
on a certain catalyst.

The observed values for R’ and R, are given in
Table 1. Interestingly enough, on each catalyst the
R, values for 2m, 2e, and 2p agree to within experi-
mental error. In contrast R;’ is twice as great as R,’.

Also included in Table 1 are the R,/R, values, the
relative rates in competitive reaction. The two charac-
teristic features observed previously for unsupported
metal catalysts were reproduced here with the AL O,-
supported catalysts. One of them is that, for all the
catalysts, R,/R; decreases in the sequence 2m>2e>2p,
i.e., as the substituent size becomes larger. The other
is that the R,/R, value for a particular 2 decreases in
the sequence Pt/Al,O4, Rh/AL,O;, Ru/ALO;, i.e., in the
order of decreasing atomic radius of the catalyst metals.
This indicates that the alkyl substituent effect in cyclo-
hexanone hydrogenation is more pronounced for a
metal having a shorter atomic radius.

Relative  Adsorption. Let us derive equations
which will serve to obtain some relative adsorption data.
Applying Eqgs. 2 and 5 to the 1-2m pair system and
combining the resulting equations yields

log (Kom/Ky) = log (Rym/R,y) — log (R;w/Ry').
Similarly for the 1-2e pair system we have

log (Kye/K;) = log (Rye/R,) — log (Rjo/Ry'). ™)
In these two equations we can equate the last terms

to each other, as the fair agreement was obtained be-
tween Rjn and Ry. Then, from Egs. 6 and 7,

log (Kzo/Ksm) = log (Rye/R;) — log (Rom/Ry). (8)

Analogous considerations with respect to the 1-2m and
1-2p pairs lead to

log (K3p/Ksm) = log (Ryp/R;) — log (Row/Ry)- )
Equations 8 and 9 indicate that the relative adsorption
equilibrium constants can be estimated experimentally

using the relative rate data listed in Table 1. The re-

sults of actual calculations are given in Table 2 under
the heading “Observed.”

(6)

TABLE 2. (OBSERVED AND CALCULATED RELATIVE
ADSORPTION EQUILIBRIUM CONSTANTS

Catalyst Obsd Calcd
Ru/ALO, logo(Kse/Kom) —0.24 —0.28
logy(Kyp/Kom) —0.46 —0.55
Rh/ALO, logo(Kpo/Kam) —0.27 —0.28
log,o(Kop/Kam) —0.53 —0.55
Pt/ALO, logo(Kse/Kam) —0.28 —0.28
logyo(Kap/Kom) —0.54 —0.55
Discussion

We intend herein to derive theoretical expressions
corresponding to Eqs. 8 and 9, based on statistical mech-
anics employing a simple model for competitive ketone
adsorption during hydrogenation. Let us recall that
our reaction systems consist of a solid catalyst and a
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cyclohexane solution of 1 and 2 under hydrogen of
atmospheric pressure. We assume that during reac-
tion both 1 and 2 are in adsorption equilibrium com-
peting for the same adsorption sites. We also assume
that the adsorption of the solvent and the product alco-
hols is negligible. The latter assumption seems reason-
able in view of the use of nonpolar cyclohexane as the
solvent and of our concern about only the initial stage
of reactions up to a conversion of 5%,.

Employing the Langmuir adsorption model, the parti-
tion function Q, for the adsorbed phase is given by

Q,= {L!/Ml!M2!(L_Ml—Mz)!}Qf&)qg&): (10)

where L is the number of adsorption sites, M is the
number of adsorbed molecules, ¢ is the molecular parti-
tion function, and subscript a refers to the adsorbed
state. The chemical potential of adsorbed molecules 1
is expressed as

M@ = (—0kTIn Q,/0M))y u, v
= —kT{=In M;+In (L—M,— M) +In g;¢u}. (11)
Similarly for adsorbed molecules 2,
bow = —kT{—InMy+In (L—M,—M,)+In ¢} (12)
On the other hand, the partition function Q, for a
ternary solution containing Ny, N,, and Ngpveny MO-

lecules of the indicated constituents is approximately
described by®%

_ (Nt Ny N

Q, N,IN,IN,! 418 950> (13)
where the subscript [ refers to the liquid state. Based

on Eq. 13 the chemical potentials of 1 and 2 in the solu-
tion are given by

i = —kT{In (Ny+N,+N))-In Ny +Ing,p} (14)
and

taw = —kT{ln (Ny+Ny+N,)—In No+In gyn }.  (15)
Since at adsorption equilibrium the relations

Mo = Mes lo = he (16)
hold, Egs. 11, 12, 14, and 15 yield

M,/ N, = & — N10%w . a7)

M,|N, K, 9291

We now come to the problem of how to express the
molecular partition functionsin Eq. 17.  If the adsorbed
1 and 2 are immobile with loss of translational and

rotational freedom, only ¢,ip¢ationy Should be con-
sidered. Thus

2w/t = (o vnw/f,nw) exp {— (wa—wy)/kT}, (18)
where w is the heat of adsorption. On the other hand,
until now no theories of liquids have been developed
which allow one to express exactly the molecular parti-
tion function ¢ for a molecule in the liquid phase. As
an approximation, however, it is often assumed that
the internal molecular motions of a molecule in the
liquid phase are identical with those of the same mo-
lecule in the gas phase.®»® Employing this assumption
for our reaction solutions would not be seriously in error,
because nonpolar cyclohexane is used as the solvent
and we eventually deal with only relative values of like

olecules. The problem of seeking a ¢, expression now
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reduces to that of evaluating merely the translational
partition function ¢ . According to Eyring and
Hirschfelder® g,y can be expressed as ¢y, (gas times
g, where u; represents the free volume. Then we have
Qmk T)3/2 8n2(8n3I)1/2(k T )3/2

9= (2 7 ) Vg (8 U)h3( ) 9vibs (19)
where m is the mass, I is the product of the three prin-
cipal moments of inertia, and ¢ is the symmetry number.
Applying Eq. 19 to both ketones 1 and 2 we obtain

fey _ (ﬂ)wz(_@_)lﬂ( Ut,2 ) <92,v1b) (20)
470 my L Ur,1 91,v1b ’

where the symmetry numbers are omitted since we are
eventually concerned with rate processes.”® An ap-
proximation

U1 = U2 (21)

reduces Eq. 20 to

w _. (ﬂ)alz(Jg_)l/z(%.vib). (22)
AT my I 91,vip

Alternatively, one can derive Eq. 22, as was done in the
preceding paper,? by assuming Henry’s law and the
identical Henry’s-law constants for the dissolution of 1
and 2 in cyclohexane. Inserting Eqs. 18 and 22 into
Eq. 17 yields

& — (ﬂ)slz (i)llz(ql,vibQLVib(n) )
K, my I, 92,vib91,vib(a)
X exp {———_ (u;:; 1) } 23)

Applying Eq. 23 to substrates 2m and 2e and combining
the resulting equations gives

Koo - < mzm)s/z( I )1/2 ( 92m,vivd20,vib(a) )
Kom Mg L, 926,vib92m,vib(a)

X exp {———‘ (i —tt) } (24)

In Eq. 24 we assume as an approximation that
Wom = Waes (25)
Qom, vibT2e,vib(a) [ 926, vibd2m, viv ) = - (26)

Approximation 25 is consistent with the observed iden-
tity R’y =R’y because this identity can be interpreted
as indicating that 2m and 2e are similar not only in
the transition state but also in the adsorbed state. Ap-
proximation 26 also seems to be justified based on this
resemblance in the adsorbed state although we can
hardly develop rigorous arguments based on the concept
of normal vibrations. Let us divide each substrate mo-
lecule into two parts: the carbonyl group and the rest.
The rest part would undergo little or no change when
the substrate molecule goes from the dissolved to the
adsorbed state. Thus, merely considering the carbonyl
group will suffice for estimating the value for the left-
hand side of Eq. 26. 'With thisin mind we could equate
Jom,vib tO dac,vip Since there seems to be no significant
difference between 2m and 2e in the nature of the
carbonyl group. Nor can we expect any significant
difference between ¢om.vib@ and ¢oe,vib@ i view of
the above-discussed resemblance between the adsorbed
2m and 2e. Thus we are led to approximation 26.
Approximations 25 and 26 reduce Eq. 24 to
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1
10g (KuulKim) = 5-10g (mymfae) + 5 108 (nfD). (27)

By applying a similar argument to the 2m-2p pair
system we are led to

3 1
log (Kyp/Kym) = -5 10g (mymamay) + 5-10g (Lon/Typ).  (28)

Equations 27 and 28 correspond to Egs. 8 and 9, re-
spectively. In Table 2, the theoretical values for rel-
ative adsorption equilibrium constants predicted by Eqs.
27 and 28 are compared with the observed values based
on Egs. 8 and 9. The agreement between theory and
experiment is excellent.

Concluding Remarks. The most important experi-
mental results are summarized in two reactivity se-
quences: 1>>2m>2e>2p in competitive hydrogenation
and 1>2m~2e~2p in individual hydrogenation. The
identity of the three 2’s in the latter sequence suggests
that the reactivity of the carbonyl group itself and the
interaction of the substituent with the catalyst surface
remain unchanged when the methyl is replaced by the
ethyl or propyl group. In other words, these three
substituents are very similar in their chemical nature,
and can be considered as “‘pseudo-isotopes.”” The ob-
served reactivity sequence in competitive reaction is
regarded as reflecting the effect of these pseudo-isotopes
upon substrate adsorption. Indeed, the results in com-
petitive reaction have been quantitatively accounted for
based on this concept by means of a statistical mecha-
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nical treatment. As for the immobile adsorption model
employed in this theoretical treatment, it was referred
to by Glasstone et al.% as early as 1941 as the “entropy
of activation in adsorption.”

We thank Dr. F. Scott Howell of Sophia University
for his linguistic comments on the original manuscript

of this paper.
References

1) K. Tanaka, Y. Takagi, O. Nomura, and I. Kobayashi,
J. Catal., 35, 24 (1974).

2) T. Chihara and K. Tanaka, Bull. Chem. Soc. Jpn., 52,
507 (1979).

3) E. A. Moelwyn-Hughes, “Physical Chemistry,” 2nd
revised ed, Pergamon Press, London (1961), pp. 820—821.

4) G. S. Rushbrooke, “Introduction to Statistical Mechan-
ics,” The Clarendon Press, Oxford (1951), Chap. 18.

5) H. Eyring and J. Hirschfelder, J. Phys. Chem., 41, 249
(1937).

6) E. A. Moelwyn-Hughes, “Physical Chemistry,” 2nd
revised ed, Pergamon Press, London (1961), p. 730.

7) K. J. Laidler, “Chemical Kinetics,” McGraw-Hill,
New York (1965), pp. 84—385.

8) D. M. Bishop and K. J. Laidler, J. Chem. Phys., 42,
1688 (1965).

9) S. Glasstone, K. J. Laidler, and H. Eyring, “The
Theory of Rate Processes,”” McGraw-Hill, New York (1941),
pp- 396—399.






