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Hydrogenation and isomerization reactions taking place on oxide and/or on sulfide catalysts are
divided into two types depending on the intermediates being either ionic or nonionic. The reactions
via nonionic species such as g-alkyl and o- or #-allyl intermediates require specific structure for
active sites, while the reactions via ionic intermediates such as alkyl cation or allyl carbanion
require no specific structure for active sites and depend entirely on acidity or basicity of the
surface. The reactions on such oxides as Co,0,, Cr,0,, ZrO,, ThO,, and La,O, are the former case,
which are controlled by the structure of active sites. CdO and MgO are a typical case of ionic
intermediates and are active for the hydrogenation of conjugated diene via allyl carbanion
but not for the hydrogenation of olefin. Allyl as well as allyl carbanion bring about both the 1,2- and
1,4-additions, and the relative contribution of these two types of addition depends on kinetic
facility. A larger cis /trans ratio in the 1,4-addition reflects allyl carbanion intermediates because of
preferential Z-conformation of allyl carbanions. From a view of ionic and nonionic intermediates in

catalysis, a new type of hydrogenation reaction via cationic intermediates is predicted.

INTRODUCTION

The concept of ‘‘demanding and facile’”
properties in heterogeneous catalysis pro-
posed by Boudart er al. (/) has been ra-
tionalized on stepped platinum single
crystal by Somorjai and his co-workers
(2). However, we should give due consid-
eration to the fact that apparent structure
sensitivity in heterogeneous catalysis ap-
pears only when the rate-controlling step
or steps is sensitive to the structure of
catalyst. As a catalytic reaction is in gen-
eral composed of several elementary pro-
cesses, and if the reaction includes a
process which proceeds on sites having
specific structures, the catalyst should fulfill
this structural requisite. In this sense, this
catalytic reaction is a structure requisite
reaction. In spite of this, if the structure
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requisite process is not the rate-control-
ling step of the reaction, the reaction will
be structure insensitive. The term *‘struc-
tural prerequisite’” used in this paper has
a more precise and essential meaning
than the term ‘‘structural sensitivity'’ pre-
viously used in heterogeneous catalysis.
The authors (3-5) proved that the isomer-
ization and /or the hydrogen exchange reac-
tion of olefins taking place on MoS, usually
proceeds on the edge plane of MoS, crystal
via alkyl intermediates. However, the iso-
merization of 2-methyl but- [-ene is entirely
catalyzed on the basal plane of MoS, crys-
tal composed of sulfur sheets, and this
isomerization reaction proceeds via a ter-
tiary carbonium cation. These results lead
us to an important concept, that the reac-
tion via alkyl intermediates requires such
specific structures as certain degrees of
coordinative unsaturation for active sites,
but the reaction through ionic intermediates
does not require such specific structures a
priori for the sites. Furthermore, it was
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demonstrated that the alkyl intermediates
for the hydrogenation reaction are strictly
distinctive from those for the isomerization
reaction. Such a distinction of alkyl species
for the hydrogenation and the isomerization
reactions may be caused by the difference
of structural prerequisites of these two re-
actions for the active sites (6-8). An inter-
esting question may arise concerning
whether the intermediates of the hydroge-
nation of 1,3-butadiene and those of the
isomerization of n-butene on basic oxides
are identical or not, because the formation
of ionic spectes such as allyl carbanion and
alkyl cation may not require specific struc-
tures for active sites. Accordingly, another
interesting problem is what different char-
acteristics will be expected for the reac-
tions via ionic and nonionic intermediates.

A general aspect based on ionic and
nonionic intermediates proposed in this pa-
per will predict a new catalytic hydrogena-
tion reaction via cationic intermediates on
heterogeneous catalyst. This type of hydro-
genation reaction has been reported only in
super acid media.

RESULTS AND DISCUSSION

So far the isomerization and/or the hy-
drogen exchange of olefin via alkyl interme-
diates have been explained by the reverse
process of the hydrogenation reaction, that
is, common intermediates were tacitly as-
sumed (9). However, it was proved that
isomerization and/or hydrogen exchange
reactions of olefin taking place on sulfided
nickel (4, 6) as well as on molybdenum
disulfide (4, 8, 70) proceeded through alkyl
intermediates which are distinctive from
those of the hydrogenation reaction. Such
distinction of alkyl species is caused by the
fact that the structural prerequisite for the
hydrogenation reaction is different from
that for the isomerization reaction. If the
active sites are entirely isolated from one
another, the isomerization reaction occurs
on the sites having two degrees of coordina-
tive unsaturation to which one hydrogen
atom is bound as shown in Scheme I, while

o
X_ ' H x 1 Hz
~,L ~
se=c{ + /M< = M —rr—>
I X X7
X X
tion
’
~ cl
b oM x/(lz/ t
~ ’ ~N s N T
c=¢c{ + M —_—
7 N “ 1R x7 1T H
X X
HzT l
Xt
N N /7
M. o+ Se-cZ
X7 o W
X
Hydrogenation

ScueMe 1. Different structural prerequisites for
hydrogenation and isomerization reactions.

the hydrogenation reaction will require
three degrees of coordinative unsaturation
for active sites in a similar manner as the
Wilkinson hydrogenation catalyst.

The determination of the importance of
such structural prerequisites for catalytic
reactions was first attempted on reactions
on transition metal oxides (7). If a catalytic
hydrogenation reaction proceeds on such
isolated active sites, the hydrogen molecu-
lar identity will be maintained providing
that the reverse process is slow. In fact, the
reaction of olefin or diene with a mixture of
H, and D, vields dy and d,-adducts on
Cr,0O; (12, 13), Co,0, (/4), and MoS,
(10, 11). However, such precise conserva-
tion of hydrogen molecular identity is not a
specific character of transition metal ox-
ides. The deuteration of 1,3-butadiene on
ZnO (12, 15), CdO (/6), and MgO (/7) also
maintains the deuterium molecular identity
to yield but-1-ene-d, and/or but -2-ene-d,
predominantly. Catalytic activity of various
oxides for the hydrogenation of olefins as
well as of dienes and for the H,-D, equili-
bration reaction is summarized in Table 1.
Relative contributions of the 1,2- and 1,4-
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TABLE 1

Catalytic Activity and Selectivity of Various Oxides in the Hydrogenation of Butadiene and Olefin

Oxides Temperature C=C—(C=C [ _cis_ ] AN Ve H,-D, Reference
() trans Cc=C
1,2-add. 1,4-add. Vs N
(%) (%)

Cdo r.t. 60 40 20 - - 16
MgO 0 10 90 (10) - - 17
Zn0 r.t. 90 10 (10) + + 15
Co,0, r.t. 20 80 (1) + + a
Cr,0, rt. 80 20 () + + a
ThO, 18 10 90 0.1 + + 31
710, 50 16 84 (0.08) + + 30,b
La,0, 0 4 96 0.2 + + 31
MoS, r.t. 100 0 () + + 29

@ Unpublished data.

® In Ref. (30) no activity for the H,-D, equilibration was reported, but Yamaguchi's repeated experiment
according to my suggestion showed activity for the equilibration reaction.

additions of hydrogen to 1,3-butadiene are
also listed. From this table, one can derive
the following characteristics of various ox-
ides for the hydrogenation reaction.

(1) Transition metal oxides are active for
hydrogenation of olefin as well as of diene,
but alkaline earth oxides are merely active
for the hydrogenation of conjugated diene.
Zn0 is exceptional because it is active for
both olefin and diene.

(2) Oxides which are active for the hydro-
genation of olefin are also active for the H,—
D, equilibration reaction.

(3) Hydrogenation of butadiene on oxides
is brought about by both or either the 1,2-
and 1,4-additions, and the 1,4-addition on
basic oxides such as MgO, CdO, and ZnO
yields preferential cis-but-2-ene to trans-
but-2-ene.

(4) Relative contribution of the 1,4-addi-
tion on various oxides has no apparent
trend with respect to the basicity of oxides.

A parallel correlation of the catalytic
activity of metals for the hydrogenation of
olefin and the H,-D, equilibration proves a
necessary condition of hydrogen dissocia-
tion for the hydrogenation reaction on me-
tallic catalyst. In fact, gold is an inactive
metal for either the hydrogenation or the
H.-D, equilibration, but if hydrogen atoms

are furnished to it by diffusing from the
other side of Au foil, the hydrogenation of
cyclohexene is brought about on the Au
surface as Wood and Wise demonstrated
(18). A similar type of hydrogenation reac-
tion can be brought about on an inert sur-
face by using hydrogen donor substances
(19). Quantum chemistry also supports a
necessary condition of hydrogen dissocia-
tion for the catalytic hydrogenation reac-
tion, that is, the orbital symmetry rule
prohibits the direct addition of hydrogen
molecule to the bonding 7r-orbital of olefin.
In conformity with these facts, a correla-
tion observed in Table 1 seems to indicate
the necessary condition of hydrogen disso-
ciation on oxide catalyst for the hydrogena-
tion of olefin. If this is true, a question may
arise as to why CdO and MgO are active for
the hydrogenation of conjugated dienes al-
though they are not active for the hydroge-
nation of olefin as well as for the H,~D,
equilibration reaction. Selective partial hy-
drogenation of diene and/or acetylene has
been observed on several catalysts, and
two mechanisms have been proved in the
past: selective hydrogenation of acetylene
or diene on metals or on transition metal
oxides which is caused by competitive ad-
sorption of diene or acetylene and olefin,
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and the selective partial hydrogenation reg-
ulated by reversible change of catalyst sur-
face. In the former case, if olefin alone is
added to the catalyst, rapid hydrogenation
of it will occur, but in the latter case no
hydrogenation of olefin is brought about.
The partial hydrogenation of acetylene and
of 1,3-butadiene attained on sulfided nickel
is a typical example of the latter case. That
is, the sulfided nickel surface is inactive for
the hydrogenation reaction of acetylene as
well as of ethylene, but it becomes active
for the hydrogenation reaction by contact-
ing with acetylene or 1,3-butadiene. If acet-
ylene or butadiene in the gas phase is con-
sumed, the surface is deactivated which
results in selective partial hydrogenation of
acetylene or diene to olefins ¢, 6).

It should be emphasized here that the
partial hydrogenation of conjugated diene
on CdO and on MgO is attained by an
entirely different mechanism. The charac-
teristics of CdO and MgO are quite similar
to those of alkali metals deposited on alu-
mina (20) and alkali metal hydrides (27)
which are active only for the hydrogenation
of conjugated dienes. In conformity with
these facts, plausible intermediates of the
hydrogenation of conjugated dienes are al-
lyl carbanions. As shown in Scheme I, the
hydrogenation as well as the isomerization
reactions which proceed through o-alkyl
intermediates require specific structures for
active sites, and the different structural
prerequisites for the hydrogenation and the
isomerization reactions distinguish the in-
termediates for the two reactions. In con-
trast to this, the hydrogenation of 1,3-buta-
diene on CdO proceeds through allyl
carbanion intermediates, and the intermedi-
ates for the hydrogenation was proved to be
the same species as those for the double
bond migration reaction of n-butene (/6).
This fact seems to indicate that the catalytic
reaction through ionic intermediates may
require no structural prerequisite a priori
for active sites. In fact, the results on MoS,
single crystal catalyst proved that the iso-
merization reaction via alkyl cation pro-

ceeds on the basal plane of MoS, crystal
composed of sulfur sheets, but the isomer-
ization reaction via o-alkyl intermediates
occurs entirely on the edge plane of MoS,
crystal as shown schematically in Fig. 1(3-
5). According to this concept, the isomer-
ization reaction may be described with
ionic or nonionic intermediates as shown in
Scheme II.

If this concept is applicable to the hydro-
genation reaction, the characteristics of the
hydrogenation reaction may be described
by the intermediates which are either ionic
or nonionic species. The hydrogenation via
ionic intermediates might be controlled by
the surface acidity or basicity, while the
hydrogenation reaction via o-alkyl and o-
or 7-allyl intermediates will be controlled
by the structures of active sites as de-
scribed in Scheme III. The catalytic hy-
drogenation of 1,3-butadiene on CdO and
MgO seems to verify the hydrogenation
reaction via ionic intermediates. The ba-
sicity of CdO and MgO surfaces may be
sufficient to make allyl carbanion in the
reaction of conjugated diene with hydro-
gen molecule, and allyl anions are also
formed by hydrogen abstraction from
olefins. However, these oxides have no
active sites which fulfill the structural
prerequisite for the catalytic hydrogena-
tion reaction via nonionic intermediates
such as o-alkyl and o- or m-allyl species.
As a result, the hydrogenation reaction of
olefins cannot be brought about on these

¢
6-CoC-C

C=6-G-C

FIGURE 1. Structure required and nonrequired reac-
tions taking place on edge and basal plane of MoS,.



REACTIONS ON OXIDE CATALYST 5

+
+ - H
et ——> c-c=ce

2

- +H
C=C=C~C —— C-C=C-C

lonic intermediates

£-C-C-C ——= C-C=C-C 4 (M)

(H+i1)/4H M

C=C-C-C

CrCmG-C ——»  C-C=C—C +(-8)
M-H

Nonionic _intermediates

ScHEME II. Characteristics of the isomerization
reaction via ionic and nonionic intermediates.

oxides because the surface basicity is not
strong enough to stabilize alkyl carban-
ions.

Schlosser and Hartmann (22) showed
that the delocalization of m-electrons in
allyl carbanion depends on countercations,
and the conformation of 2-butenyl metallic
compounds, [CH,CH-CH-CH,]"M*, in
hexene increasingly prefers the Z-confor-
mation (cis) as the electropositivity of M*
increases. The electropositivity of metal
ions may correspond to the values of oppo-
site sign of electronegativity of metal ions
given by Tanaka and Ozaki (23). The delo-
calizability of m-electrons influences the res-
onance stabilization of allyl carbanion, and
the larger the resonance stabilization the
higher the rotational barrier about the car-
bon-carbon bond. For example, the rota-
tional barrier of allyl alkali metal complexes
changes, being 10.7 kcal/mole for allyl-Li,
16.7 kcal/mole for allyl-K, and 18.0
kcal/mole for allyl-Cs in THF solution, and
free allyl carbanion might have more than
18 kcal/mole of rotational barrier about the
carbon—carbon bond (24). On the other
hand, the resonance energy of the allyl
radical is 9.6 kcal/mole (25) but that of the
allyl carbanion is 14.5 kcal/mole (26). This
fact suggests that the rotation about the
carbon-carbon bond will be more prohib-
ited from free rotation in reaction via allyl
carbanion intermediates. In fact, the iso-

merization of cis-but-2-ene on Na/AlO.
(27) and on CdO (/6) gives preferential but-
1-ene formation although trans-but-2-ene is
thermodynamically favored. The rotational
barrier of allyl carbanions formed on CdO
and Na/Al,Q, is higher than that on ZnO
and MgO, which indicates that the rota-
tional barrier of allyl carbanions formed on
oxides depends on the electropositivity of
the sites on which the allyl carbanions are
stabilized.

In contrast to this, the rotational barrier
of - or w-allyl species formed on transition
metal oxides is undoubtedly lower than that
of allyl carbanions. As a result, the hydro-
genation of butadiene on transition metal
oxides gives rather small values of the
cis /trans ratio. It is worthy of note that the
isomerization of but-1-ene on Cr,0; gives a
wide range of the cis /irans ratio depending
on pretreatment of the oxide (28), and this
unusual ratio remains to be proved.

If the intermediate of hydrogenation of
1,3-butadiene is o-allyl, but-1-ene will be a
predominant product as is the case on MoS,
catalyst (29). However, the hydrogenation
of butadiene on transition metal oxides
gives but-2-ene as well as but-l1-ene in a
variety ratio as shown in Table 1, which
reflects the contribution of the 1,2- and 1,4-
additions. The hydrogenation of 1,3-butadi-
ene on transition metal oxides gives both
but-1-ene and but-2-ene, but it is not ob-
vious whether the 7-allyl species formed on
transition metal oxide would react in a form
of 1,2-addition without the = to o-allyl
interconversion on active sites. On the
other hand, it was proved that allyl carban-
ion formed on CdO reacts to give the 1,2-
and 1,4-additions without the o— intercon-
version, and that their relative contribution
in the hydrogenation reaction depends on
the kinetic facility of these two types of
addition (/6).

From these results, it may be concluded
that the cis /trans ratio in the 1,4-addition
reflects allyl carbanion intermediates, while
the relative contribution of the 1,2- and 1,4
additions depends on the kinetic facility of
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the two types of reactions. In this sense,
ThO, and La,0; are interesting oxide on
which preferential 1,4-addition taking small
values of cis /trans ratio is brought about.
Imizu et al. (31) conjectured allyl carbanion
intermediates for the hydrogenation of con-
jugated dienes on these oxides for reason of
preferential 1,4-addition, but it carries no
validity as cited above. The characteristics
of ThO, and La,0; in Table 1 are quite
analogous to the transition metal oxides
which are active for the hydrogenation of
olefin as well as for the H,-D, equilibration
reactions. These results suggest that the
active sites for the hydrogenation reaction
on La,0; are perhaps oxygen vacancies
with certain degrees of coordinative un-
sturation. The La,0, surface has undoubt-
edly some basicity which catalyzes the iso-
merization of n-butene via allyl carbanion
intermediates. The basic strength of La,Os,
however, may not be sufficient to promote
the hydrogenation of conjugated dienes by
making allyl carbanion intermediates.
These results suggest a dual character of
the La,O; surface which is similar to the
MoS; surface shown in Fig. 1, that is, the
La,0, surface is composed of lanthanum
ions with certain degrees of coordinative
unsaturation and oxygen ions with some
basicity. The hydrogenation of olefin as
well as of conjugated diene proceeds on
lanthanum ions which fulfill the structural
prerequisites for the catalytic hydrogena-
tion reaction. The isomerization reaction of
n-butene on La,0; occurs mainly on basic
sites via allyl carbanion intermediates. In
fact, cis /trans ratio in the hydrogenation of
1,3-butadiene on La,0O, has the low value of
0.22 as shown in Table 1, but the ratio in the
isomerization reaction of but-1-ene to but-
2-ene is as high as 7 to 8 at 0°C (32).
Preferential frans-but-2-ene formation in
the hydrogenation of 1,3-butadiene on
these oxides was explained by the transoid
conformation of butadiene in the gas phase
(31), but it seems to be a temporizing idea

because they assumed high rotational bar-
rier for butadiene with no evidence.

As a goal of this paper, we wish to
propose the following reaction scheme for
the catalytic hydrogenation reaction on ox-
ides where the nature of the intermediates,
being either ionic or nonionic, govern the
characteristics of the reaction whether it
requires specific structures for active sites
or not.

A general idea proposed in this paper
suggests a new type of hydrogenation re-
action which proceeds through cationic
intermediates. As far as we know, the hy-
drogenation reaction through cationic
intermediates has never been recognized in
heterogeneous catalysis. However, this
type of hydrogenation reaction has been
found in super acids (33 ), which is undoubt-
edly a structure nonrequired reaction be-
cause it contains no transition metal com-
plexes or ions. As Brouwer and Hogeveen
(34) showed explicitly, the reaction of sec-
ondary carbonium cations with H, in super
acids is about 10°-10° times faster than the
tertiary cations. In conformity with the
thermodynamic stability of the carbonium
cations, the formation of primary and/or
secondary cations on solid surface may
need exceedingly high proton activity, and
if we keep this in mind, the hydrogenation
of primary and/or secondary carbonium
cations on solid surfaces will be recognized
in the future. The hydrogenation reaction
via cationic intermediates might be strong
for poisons because this type of reaction
requires no specific structures which are
sensitive for poisoning. Accordingly, this
type of hydrogenation reaction will be an
advantage for heavy duty systems such as
coal hydrogenation reaction, and ZnCl, cat-
alyst for coal hydrogenation might perhaps
be a case of this type of hydrogenation
reaction.
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