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In order to gain some insight into the mechanism of ketone hydrogenation to
alcohol, cyclohexanone was deuterated over platinum metal catalysts under elevated
pressure at 80°C. The straightforward addition of two deuterium atoms to the car-
bonyl linkage was predominant over the heavy triad (Os, Ir, Pt). In contrast, the
deuteration over the light triad (Ru, Rh, Pd) was accompanied by considerable
isotopic exchange at the C-2 or C-6 position, leading to substantial proportions of
the polydeuterated alcohols. A mechanism for cyclohexanone hydrogenation is pre-
sented which consists of three interlinked hydrogenation paths each having a dif-
ferent half-hydrogenated intermediate. The deuterium incorporation into the C-2 or
C-6 position is attributable to alternation between the l-monoadsorbed and 1,2-di-

adsorbed intermediates.

INTRODUCTION

A ketone exists as a tautometric mixture
of keto and enol forms. Consequently, there
are two simplest conceivable mechanisms
for ketone hydrogenation to alcohol: the
straightforward addition of two hydrogen
atoms to the ketonic linkage or to the
enolic linkage. These two mechanisms may
be distinguished by deuterating a ketone
and examining the positions of the incor-
porated deuterium atoms:

R—C=0 R—CD—0D
, + D ——— ,

R—CH, g R—CH,

R—C—OH R—CD—OH
’ + D / l

R'—CH 2 R—CDH

Apparently, the ketonic mechanism forms
one CD and one OD bond while the enolic
mechanism yields two CD bonds. One can
therefore evaluate the contribution of the
enolic mechanism by comparing the number
of OD or CD bonds with the conversion to
aleohol.

Most of the simple monoketones contain
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so little of the enol form that they can be
regarded as having the keto structure only.
Acetone, for example, has been estimated
to contain only about 2.5 X 10%% of the
enol in the pure liquid (). Despite such
an extremely low content of enol, one might
suspect that the enolic mechanism plays a
significant role in ketone hydrogenation
since olefinic linkages are in general much
more easily reduced than carbonyl linkages
(2). This possibility was investigated for
the first time by Anderson and MacNaugh-
ton (8) using the above-mentioned tracer
method with acetone, n-butyraldehyde, and
several other aliphatic carbonyl compounds
over platinum, nickel, and copper chromite
catalysts. The results showed that at
temperatures of 150 to 250°C the enolic
mechanism occurred to a considerable ex-
tent, while at room temperature only the
ketonic mechanism predominated; however,
their analytical method was later critically
reviewed (4). Friedman and Turkevich (5)
deuterated acetone at room temperature
over a platinum-on-charcoal catalyst, and
the results favored the ketonic rather than
the enolic mechanism. More recently, Kem-
ball and Stoddart (6) studied the reactions
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between acetone vapor and deuterium over
a number of evaporated metal films. The
reaction temperatures used ranged from
~35.5°C for Pt to 230.8°C for Ag, and
the results also supported the ketonie
mechanism.

In his extensive studies employing a
variety of monoketones, Gero (7) revealed
that cyclic ketones are generally more
enolic than comparable open-chain ketones.
For example, at room temperature (ap-
prox 25-28°C),* cyclohexanone contained
1.18% enol in comparison with 0.11% for
2-hexanone and 0.05% for 3-hexanone.
From these results, it would appear that
the role of the enolic mechanism, if any,
is much more significant for cyclic ketones
than for chain kectones. Although Cornet
and Gault (8) deuterated 2-methyleyelo-
pentanone over several metal catalysts, their
purpose was not the evaluation of the im-
portance of the enolic mechanism. Besides,
the isotopic distributions of the resulting
alcohol seem unlikely to allow such evalua-
tion owing to the simultaneous occurrence
of the extensive isotopic exchange. The oc-
currence of considerable cyclopentanone/
deuterium exchange was also reported by
Kemball and Stoddart (9) over some metal
films. Since these two tracer studies were
conducted in the gas phase, we initiated
this research on cyclohexanone deuteration
in the liquid phase in the expectation that
the accompanying exchange would be quite
negligible, and the role of the enolic mech-
anism could quantitatively be evaluated.
However, even in this liquid-phase deutera-
tion, there was substantial isotopic ex-
change over some catalysts. In order to ex-
plain this unexpectedly extensive exchange,
additional experiments were conducted.
These included exchange reaction be-
tween deuterium and cyclohexanol, and
that between ordinary and deuterated
cyclohexanones.

EXPERIMENTAL METHODS

Materials. The cyclohexanone used was
a Guaranteed Reagent Grade material pur-

* The temperature of the measurements has
been confirmed by private communication.

chased from Junsei Pure Chemical Co.,
Tokyo. The procedure for removing the
cyclohexanol contained (2 mol %) was
similar to that reported by Garland and
Reid (10). The cyclohexanone was first
shaken with sodium bisulfite. The addition
product formed, a white precipitate, was
filtered, washed well with ethanol and
ether, dried under reduced pressure, and
finally treated with concentrated sodium
carbonate. The resulting organic phase was
separated and distilled under reduced pres-
sure. The fraction of bp 59.5-61.0°C/33
mm Hg was collected as eyclohexanone in
a purity of 99.9 mol % as judged by gas
chromatography.

The Os catalyst used was prepared by
reducing an osmium tetroxide suspension in
isopropyl aleohol under a pressure of 80
kg/em? of hydrogen for 20 min at temper-
atures up to 60°C. The metal thus obtained
was washed repeatedly with deionized
water until the filtrate was neutral, dried
under reduced pressure at room tempera-
ture, and stored in a desiccator. For the
preparation of the other catalysts, aqueous
sodium hydroxide was added to an aqueous
solution of the appropriate metal chloride,
and the resulting precipitate was reduced
with hydrogen. The reduction procedure
was the same as that for Os except that the
precipitate was suspended in water in place
of the aleohol and the reduction tempera-
ture was raised to 80°C. The metals ob-
tained were washed, dried and stored in the
same fashion as in Os. Before use, the
catalysts thus prepared were separately re-
fluxed with D,O (99.75 D-atomic %) for
2 hr, filtered off, and finally dried under
reduced pressure. This D,0 pretreatment
was given to eliminate the adsorbed light
water, which, if it remained during the
cyclohexanone deuteration, may have ex-
changed with the gas-phase deuterium
causing complications in the isotopic dis-
tribution of eyclohexanol.

The cyclohexanol was Nippon Rikagaku
guaranteed reagent grade, and used without
further purification.

Cyclohexanone-2,2,6,6-d, was supplied
by Merck Sharp and Dohme of Canada
Ltd. The stated isotopic purity was 98%.



CYCLOHEXANONE DEUTERATION OVER METALS 81

Cyclohexanol-1-d, was prepared by lith-
jium aluminum deuteride reduction of cyclo-
hexanone, and subsequent substitution of
hydroxyl hydrogen for the hydroxyl deute-
rium. The substitution was effected by re-
peatedly shaking the dideuterated cyeclo-
hexanol with fresh water. NMR spectra of
the cyclohexanol thus treated confirmed
specific D-labeling at the C, position
alone.

Cyclohexanol-1,2,2,3,3,4,4,5,5,6,6-d-,; was
prepared by shaking perdeuterated cyclo-
hexanol with fresh water. The perdeu-
terated alcohol was supplied by Merck
Sharp and Dohme of Canada Ltd., and
stated to be 98% in isotopic purity.

Deuterium, 99.9% in isotopic purity, was
obtained from Showa Denko Co., Tokyo,
and used without further purification.

Cyclohexanone deuteration. For this re-
action 4.9¢g (0.05 mol) of cyclohexanone
and 20 mg of a catalyst were placed in a
100-ml stirred autoclave, and subsequently
deuterium at a pressure of 17-20 kg/cm?
was admitted after several flushings. The
autoclave was then transferred to a water
bath thermostated at 80°C. Because of the
temperature rise, the pressure increased by
1-2 kg/em?. Stirring was started about 5
min after thermal equilibrium was estab-
lished, and continued until the pressure
ceased to fall. The reaction time for each
catalyst during which time the mixture was
continually stirred is given in Table 1. The
initial and final pressures of the reaction
mixture are also included. The reaction was
stopped by discontinuing the stirring and
by cooling the autoclave under running
water. The residual deuterium was ana-
lyzed in a mass spectrometer for isotonic
dilution. The liquid phase was separated
from the ecatalyst by decantation or filtra-
tion, and subjected to mass spectrometric
analysis for isotopic distribution, NMR
spectroscopy for hydrogen content at the
C, position, and to gas chromatography for
possible side reaction products and unre-
acted cyclohexanone.

Cyclohexanol-deuterium exchange. The
procedure was analogous to that described
above for cyclohexanone deuteration. Just
5.0g (0.05 mol) of cyclohexanol and 20 mg

of a catalyst were stirred in the autoclave
at 80°C and a pressure of 18 to 22 kg/cm?
of deuterium. The reaction time for each
catalyst was set equal to that of cyclo-
hexanone deuteration over that ecatalyst.
The exchange products, i.e., the deuterated
cyclohexanol and isotopically diluted deute-
rium, were subjected to mass spectrometry.

Cyclohexanone-deuterocyclohexanone
exchange. Two different procedures (a)
and (b) were employed. In (a), a mixture
of 1g of eyclohexanone-2,2,6,6-d, and 4¢
of ordinary cyclohexanone was stirred with
20 mg of a catalyst sample in the autoclave
at 80°C and approximately 22 kg/cm? of
helium. The reaction time for each catalyst
was again taken as the same as that for
cyclohexanone deuteration for that cata-
lyst. The reaction mixture was examined
in a mass spectrometer. In procedure (b),
the catalyst was re-reduced just before use.
For the re-reduction, 20 mg of the catalyst
sample was placed in the autoclave with
2 g of cyclohexanol, subsequently hydrogen
was admitted, and stirring continued for 30
min at temperatures up to 80°C and at a
pressure of 20 kg/cm?. After this reduction,
the hydrogen was purged, the head was
taken off, and a mixture of 1g of cyclo-
hexanone-2,2,6,6-d, and 4g of ordinary
cyclohexanone was added to the catalyst-
cyclohexanol suspension very carefully so
as to avoid any agitation which might lead
to reoxidation of the re-reduced catalyst.
The exchange reaction was conducted under
helium as in procedure (a).

Analyses. NMR spectra were obtained on
a 60 MHz Japan Electron Optics Labora-
tory C-60 NMR spectrometer in a carbon
tetrachloride solution containing tetra-
methylsilane and chloroform as internal
references. The hydrogen content at C-1
was evaluated by comparing the integrated
area of C-1 proton resonance at 6.5 with
that of chloroform proton resonance at
72.75. Control experiments showed that hy-
drogen atoms of chloroform and hydroxyl
deuterium atoms of cyclohexanol do not
exchange appreciably unless the carbon
tetrachloride solution is allowed to stand
for a prolonged period.

The gas chromatograph used was a
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Shimadzu Model 1B instrument equipped
with a flame ionization detector in place
of the thermocouple detector used in the
standard type. Analyses were performed
at 80°C on a 10 wt% diglycerol-on-fire
brick (60-80 mesh) column with nitrogen
as the carrier gas.

All mass spectra were obtained on a
Hitachi RMS-4 mass spectrometer equipped
with an electron multiplier. Analyzing deu-
terated cyclohexanol samples directly in a
mass spectrometer is difficult owing to the
instantaneous exchange of the hydroxyl
deuterium with the water adsorbed on the
instrument walls. In order to avoid this
difficulty, we substituted hydroxyl hydro-
gen for the hydroxyl deuterium prior to
analysis, and the mechanism of deuteration
is discussed on the basis of the number of
CD bonds, i.e., the number of deuterium
atoms incorporated into the ecyclohexyl
ring. The substitution was made by re-
peatedly shaking a deuterated cyclo-
hexanol sample with fresh water. That this
pretreatment does not eliminate any deu-
terium atom directly attached to a carbon
atom was confirmed by preliminary experi-
ments in which perdeuterated cyclohexanol
was exchanged with water resulting ex-
clusively in C,D;;OH. Spectra for the
water-treated cyclohexanol samples were
taken at an ionizing voltage of 8V, at
which voltage the relative intensities of
the most objectionable fragment ions,
M+ 1)+, (M — 1)*, and (M — 2)*, were
minimized. Distributions of isotopic cyclo-
hexanols were caleulated based upon the
molecular ion M* or the fragment ion
(M—water)* formed by loss of H,0, HDO,
or D,0. Corrections were made for the
presence of the naturally occurring heavy
isotopes of hydrogen, carbon, and oxygen.
The calculations based on the (M-water)*
fragment were made by assuming complete
retention of the ring deuterium atoms in
the fragmentation process.

Mass spectra for cyclohexanone samples
were also obtained at the same low voltage
(8 V), and the isotopic distributions were
calculated based upon the molecular ion.

Mass spectra for residual-deuterium sam-
ples were taken at 80 V. The compositions

of H,, HD, and D, were taken as parallel
to the peak heights of m/e at 2, 3, and 4
after subtraction of the contribution to
m/e 2 by the atomic D* ion. The D* con-
tribution was determined to be 0.6% by
comparing the intensities of D* and D,*
peaks for a sample of pure gas-phase deu-
terium. The contribution to m/e 3 by H:*
was shown to be negligible from the mass
spectra, for ordinary hydrogen.

In all calculations of isotopic distribu-
tions, the conventional assumption of equal
molar intensity was made for detection of
isotopic molecular ions and of isotopic
fragment ions (M-water)*. The deviations
from this assumed rule were examined using
cyclohexanol-d,, -1-d,, and -1,2,23344,.-
5,5,6,6-d.;. The observed ratio of molecular
peaks d,/d, was 1.00 and that of dy,/d, was
1.40, and the corresponding values for the
fragment ion (M-water)* were 1.06 and
0.80, respectively. These results indicate
that the distributions derived based on the
above assumptions are not seriously erratic
unless cyclohexanol samples are extensively
deuterated.

REsurnTs AND DiscussioN

The deuteration of cyclohexanone to iso-
topic cyeclohexanols was quantitative with
every catalyst used. Gas chromatography
disclosed no peaks for starting ketone or
any deuterogenolysis product.

Distribution of isotopic cyclohexanols.
The observed distributions of isotopic cyclo-
hexanols are given in Table 1. Isotopic
compositions are accurate to *0.1% for
the minor components, and probably a
little worse for the major components. In
viewing these data, it should be remembered
that all of the cyclohexanol samples were
water-treated before the mass spectro-
metric analysis so that if there was no deu-
terium exchange, the relative importance
of the simple ketonic and enolic mechanisms
could be evaluated from the proportions of
the d; and d, species. However, there was
more or less isotopic exchange on all cata-
lysts, forming d, as well as d; and even
more highly deuterated species. Over the
heavy triadic metals (Expts 4, 5, and 6)
the extent of exchange was rather small,
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and d, predominated. This suggests that
ketone hydrogenation over these metals
proceeds predominantly through the ketonic
mechanism, In contrast, the exchange on
the light triadic metals (Expts 1, 2, and 3)
was quite extensive resulting in a much
broader distribution pattern over the d, to
ds species, and there were even traces of
more highly deuterated species up to ds.
Obviously, neither the simple ketonic nor
the enolic mechanism accounts for these
extensive isotopic exchange. Experiments
7 and 8 show the reproducibility of the dis-
tribution of isotopic cyclohexanols for Rh
and Os. The effect of amine addition upon
the isotopic distribution was examined with
Rh in Expt 9 which showed that amine ad-
dition reduces deuterium exchange to some
extent.

Isotopic distribution within cyclohexanol
molecule. Before presenting a detailed
mechanism for ecyclohexanone hydrogena-
tion, it is useful to consider the distribution
of deuterium within the cyclohexanol mole-
cule. In approaching this subject, the work
of Ward and Williams (11) is instructive.
They took mass spectra of specifically deu-
terated cyclohexanols and showed that at
ionizing voltages of 12 and 70V, most of
the (M—water)* fragments are formed by
directly eliminating the hydroxyl group

D H D
QOH+I: ]+QOH+)
* * M

and one hydrogen atom at C-4. There was
also a significant elimination of the C-3
and C-5 hydrogens, but very little loss of
the C-2 and C-6 hydrogens, and negligible
loss of the C-1 hydrogen. Table 1, on the
other hand, shows that the isotopic eyeclo-
hexanol compositions worked out from the
molecular ion M* are in excellent agreement
with those obtained from (M-water)+. This
agreement, in light of the results obtained
by Ward and Williams, suggests that most

of the deuterium atoms entering the cyclo-
hexyl ring are located in the C-2 and C-6
positions as well as the C-1 position. These
locations are consistent with the lack of
significant formation of de- and more highly
deuterated species since only five deuterium
atoms can be accommodated in the three
positions, C-1, C-2, and C-8. With the ex-
ception of Os, the hydrogen content at
C-1, He., is nearly equal to or slightly
higher than the d, composition. The slight
excess of He, seems very reasonable since
a small fraction of deuterated species may
have hydrogen at C-1 as a result of isotopic
exchange. The unreasonable excess of d
composition on Os may possibly be attrib-
uted to errors in the NMR measurement
of HC—l-

Mechanism for isotopic exchange. In
order to establish the mechanism for cyclo-
hexanone hydrogenation, we must decide
whether or not the process responsible for
the isotopic exchange during deuteration,
i.e., the process causing the exchange at the
C-2 or C-6 position, is involved in the se-
quence of steps of the hydrogenation. As
such exchange processes outside the se-
quence, the following four mechanisms are
conceivable: (i) exchange of cyclohexanol
with gas-phase deuterium through a disso-
ciatively adsorbed intermediate

where * representing the adsorption site,
(ii) dissociative adsorption of eyclohex-
anone to form an oxoallylic species,

H

O — O+ |

followed by deuteration, (iii) ordinary non-
catalytic tautomerization, and (iv) surface
catalyzed tautomerization such as

D D H H
<:>TO+[\=‘<}OH +l#<}on+l\-——\QTo+|
hx x o * *x % * %

D
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TABLE 2
Isotoric ANALYSES oF REacTtioN PropuUCTS IN
ExcHANGE OF CYCLOHEXANOL WITH
Gas-PHAsE DEUTERIUM

Cyclohexanol® (%)

Cat. do d D (%)
Ru 97.55 2.45 74.9
Rh 99.71 0.29 73.5
Pd 99.71 0.29 741
Os 99.35 0.65 78.6
Ir 99.60 0.40 71.1
Pt 99.82 0.18 68.9

¢ Hydroxyl deuterium was replaced by ordinary
hydrogen before mass spectrometric analysis.
® D-atomic 9, for the gas-phase deuterium.

Table 2 shows the results of the exchange
reactions between cyclohexanol and gas-
phase deuterium attempted to examine the
possibility of (i). It is seen that only a
trace of cyclohexanol-d, was formed with
every catalyst used while the gas-phase
deuterium underwent considerable isotopic
dilution. There were no d. peaks or any
polydeuterated species. As previously noted,
the mass spectrometric analysis of isotopic
cyclohexanol was preceded by an operation
for replacing the hydroxyl deuterium, so
these results suggest that little deuterium
entered into the cyclohexyl ring, thereby
ruling out process (i). The isotopic dilution
in the gas phase is almost entirely attrib-
utable to the exchange with the hydroxyl
hydrogen. If process (ii), (iii), or (iv) is
involved, the catalysts used would catalyze
the deuterium exchange between ordinary

35

and 2,2,6,6-tetradeuterated ecyclohexanones,
even in the absence of gas-phase hydrogen.
Two catalysts, Rh and Pd, were chosen to
check this possibility in view of their most
extensive isotopic exchange during cyclo-
hexanone deuteration. The results of these
exchange experiments are shown in Table
3. Apparently, neither of these two metals
catalyzed the exchange to any appreciable
extent. This excludes process (ii), and sug-
gests that tautomerizations (iii) and (iv)
are so slow as to be responsible for the ob-
served isotopic exchange. Therefore, the
process of isotopic exchange during deuter-
ation must be involved in the steps of the
deuteration or hydrogenation.

Mechanism for hydrogenation. A pos-
sible reaction scheme for cyclohexanone
deuteration is shown in Fig. 1. A character-
istic feature of this mechanism is that the
1,2- or 1,6-diadsorbed intermediate, II, is
not derived by direct adsorption of the
enolic form of cyclohexanone. If such an
adsorption process was involved, it would
be followed by steps IIIy; and IIIg or steps
IITy, and IIIys, thus resulting in the enolic
mechanism. However, the enolic mechanism
seems unlikely to be operative under our
reaction conditions, in view of the lack of
tautomerization in the absence of hydrogen,
coupled with the very low enol content of
cyclohexanone. The argument of Anderson
and MacNaughton (3) for the enolic mecha-
nism may be vitiated by neglect of iso-
topic exchange during ketone deuteration.

Although in recent years evidence has
grown for w-adsorbed and w-coordinated
carbonyl compounds (72-15), we have not

TABLE 3
Devuterivm ExcHANGE BETWEEN ORDINARY AND 2,2/6,6-TETRADEUTERATED CYCLOHEXANONES

Procedure (a)

Composition (%) over Rh

Composition (%) over Pd

Procedure (b);
compostion (%) over Rh

Isotopic

species Initial Final

Initial

Final Initial Final

7 79. 7

—
= o P
0T = D
W= OO
e - 0

—
—
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«] Ot = 00 B

8 7 79.
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Fic. 1. Reaction scheme for cyclohexanone hydrogenation.

assumed a w-adsorbed intermediate because
our experiments do not indicate either its
existence or its absence.

The data of Table 2 are used in consider-
ing the nature of the last three steps, IIl,,
IIlg, and IIlys. Since there was negligible
formation of deuterated species, and hence
little deuterium entering the cyclohexyl
ring, steps I1Ig and IIly; do not reverse. On
the other hand, calculations show that the
observed isotopic dilution of the gas-phase
deuterium agrees closely with the value re-
quired for an isotopic exchange equilibrium
with the hydroxyl hydrogens of cyclo-
hexanol. Therefore, step III, is reversible.

Details of hydrogenation and exchange
processes. The proposed reaction scheme
for cyclohexanone hydrogenation (Fig. 1)
consists of three interlinked hydrogenation
paths: path 1: sequence I, 11,, I114; path
2: sequence I, IIg, IIIg; path 3: sequence
I, I1g, IIly,, III,., ITly,;. Let us consider
what isotopic aleohol is formed through
each reaction path when eyclohexanone is
deuterated. In ignorance of hydroxyl deu-
terium, both paths 1 and 2 should lead to
the exclusive formation of the d;-cyclo-
hexanol deuterated at the C-1 position.
Path 3, on the other hand, yields the d,-
species with one deuterium atom in C-1
and the other in C-2 or C-6. The appear-
ance of the polydeuterated d.ds species
must be attributed to the alternation be-

tween intermediate II, and III,, followed
by the reduction through step ILlg or se-
quence III,,, IIly,. If the C-1 to metal
bond of III, is axial, one hydrogen at C-2
and one at C-6 are placed toward the cata-
lyst surface, and the other two are directed
away from it. Therefore, the two hydro-
gens close to the catalyst could be substi-
tuted by deuterium through the IT,~IIT,
alternation, while the remote two are left
intact. Thus, the isotopic cyclohexanols
formed by the subsequent deuterium addi-
tion to C-1 should be limited up to ds. If
the C-1 to metal bond is equatorial in-
stead, the four hydrogens at C-2 and C-6
are all placed toward the catalyst at exactly
the same distance from the surface plane,
and they can be replaced by deuterium
with the same probability. Accordingly,
the isotopic cyclohexanols up to ds would
be formed in this situation. The results of
Table 1 favor the III, intermediate with
its adsorption bond in the equatorial posi-
tion over that with the axial adsorption
bond although the latter species may also
be involved in the reaction. Table 1 also
suggests that over the heavy triadic metals,
the straight-through path 1 or 2, or both
predominate, while over the light triadic
metals, the path 2 or 3 each intervened by
the II,~IIT, alternation plays an important
part.

The extent of isotopic exchange, i.e., the
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number of deuterium atoms incorporated
into the eyclohexyl ring, would be affected
by (i) the importance of step IIg relative
to Il,, or (ii) the importance of step III,,
relative to IIIg. While it is impossible to
determine from our experiments which is
the primary factor in the observed metal-
to-metal variation in the extent of the ex-
change, it is possible to explain the effect
of amine addition with Rh in terms of fac-
tor (i) by assuming the participation of
positively charged hydrogen. There is some
evidence that chemisorbed hydrogen is
positively charged on some transition
metals (16-18). The hydroxyl group of the
produced cyclohexanol may also be a source
of the charged hydrogen. When intermediate
II, is attacked by a charged hydrogen, in-
teraction is likely with the negatively
polarized hydroxyl oxygen. This interaction
will probably favor the formation of inter-
mediate III, over III,. Adding amine should
reduce the concentration of charged hydro-
gens because of its strong affinity for posi-
tively charged species. This would explain
the observed decrease due to amine addi-
tion in the extent of the isotopic exchange.

Correlation with olefin isomerization. In
addition to the detailed mechanism of ke-
tone hydrogenation, it is interesting to con-
sider the relationship between the observed
isotopie exchange and the isomerization of
the olefinic double bond. Experiments 1-6
in Table 1 show that D,, the mean number
of deuterium atoms incorporated into a
cyclohexanol molecule, falls in the sequence,

Rh > Pd > Ru > Pt >~ Ir >~ Os,

which is the reverse of the order of in-
creasing D,, as shown in Table 1. This is
to be expected since the greater the number
of deuterium atoms entering cyclohexanol,
the greater the dilution of the gas-phase
deuterium by hydrogen. Interestingly
enough, the above sequence for Dy, is simi-
lar to that pointed out by Bond and Wells
(19) for the relative activity of metals in
olefin isomerization or exchange at 100°C,

Rh >Pd > Ru>O0s >Pt~1Ir

More recently, Wells and Wilson (20)
measured the activity for butene isomeri-

zation using group VIII metal catalysts,
and the observed sequence was

Rh~Pd ~Ru~Pt > Ir > Os.

This sequence is also similar to ours for
D,, especially in that the light triad is
more active than the heavy triad.

Olefin isomerization is believed to occur
by either an addition-abstraction mecha-
nism or an abstraction-addition mechanism
(21). The addition-abstraction mechanism
is characterized by the pre-formation of a
metal-hydrogen bond followed by its inter-
action with the olefin to form a o-bonded
alkyl intermediate. The subsequent abstrac-
tion of a hydrogen atom from a different
carbon atom results in the isomerization.
The central part of this mechanism is
shown as

+H
RCHZ——(I:H—ClHZ—*- RCH;— (liH—CH3

e
-H
R(IZH—CllH—CHB.

* *

x *

Comparison of this scheme with Fig. 1
shows that the reverse and forward process
of step III,, corresponds to this central
part of olefin isomerization. This corre-
spondence explains the close parallel be-
tween deuterium-ketone exchange and ole-
fin isomerization.

Additional remarks. The formation of
traces of cyclohexanol-ds to -ds over the
light triad calls for additional explanation.
In these highly deuterated species, deu-
terium atoms must be incorporated into the
C-3 and C-5 positions in addition to the
C-1, C-2, and C-6 positions. The deuterium
incorporation into the C-3 and C-5 posi-
tions may be effected by the formation of
2,3- or 5,6-diadsorbed species which is led
from 12- or 1,6-diadsorbed intermediate
11,

The extent of deuterium incorporation
into the produced alcohol was much greater
in the work of Cornet and Gault (8) with
2-methyleyclopentanone than in this work
with cyclohexanone. Especially, in their
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runs with Rh, there was even considerable
formation of the perdeuterated alcohol.
This striking difference in the extent of
isotopic exchange may possibly be attrib-
uted to the difference in reaction eonditions,
particularly in reaction phase; the gas-
phase deuteration in their study vs the
liquid-phase deuteration in ours.
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