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The significance of T-bonded intermediates in reactions of hydrocarbons on 
transition metal catalysts is generally discussed. Mechanisms are briefly reviewed 
in the light of this theory for the exchange of paraffins, olefins, and aromatics with 
deuterium, for hydrogenation, dehydrogenation, and isomerization reactions. It is 
shown that a rational explanation of many apparently unrelated phenomena in 
these reactions is afforded on the basis of the proposed theory. The close similarity 
of the reactions of surface intermediates to homogeneous reactions of corresponding 
r-bonded ligands in transition metal complexes is also emphasized. 

The surface atoms in metals seem to possess chemical properties which are in 
many ways identical with those of the free atoms or ions. By analogy with the bond 
strengths in corresponding compounds, heats of chemisorption of r-bonded inter- 
mediates, and thus catalytic activity and selectivity should be a function of the 
position of the metal in the periodic table. This concept is discussed with reference 
to the hydrogenation of benzene and the decomposition of formic acid. Some selec- 
tivity and activity sequences for the hydrogenation of acetylene, ethylene, and 
diolefins are also considered. 

Following the discovery of ferrocene and 
the elucidation of its structure, some ten 
years ago, the preparation and properties 
of an enormous number of r-bonded 
organometallic compounds have been 
described. More recently, there has been a 
rapid increase in the number of publica- 
tions concerning the role of transition 
metal ions and complexes as homogeneous 
catalysts for the oxidation, isomerization, 
hydrogenation, and polymerization of ole- 
fins, acetylenes, and dienes. While the 
catalytic activity of transition metals and 
their oxides or sulfides for organic reactions 
has been known for a much longer period, 
theoretical developments in the hetero- 
geneous field have paid little attention to 
the significant advances in the homogene- 
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ous field. It may well be the case however, 
that both fields are intimately related and 
that the ability of individual metal atoms 
and ions in the surfaces of solids to form 
n-bonded complexes with organic ligands 
is the origin of their catalytic activity for 
many reactions. 

The concept of n-bonded intermediates 
has been advanced in several recent publi- 
cations (1-5) to explain reactions of hy- 
drocarbons with hydrogen or deuterium on 
metal surfaces. In particular, the exchange 
of cycloalkanes and alkylbenzenes with 
deuterium has provided evidence for this 
theory and progress has been made in 
characterizing different r complexes, the 
conditions under which they are formed, 
and the manner of their reactivity on sev- 
eral metals. 

The first purpose of the present paper 
is to give a more concise but clearer de- 
scription of mechanisms suggested previ- 
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ously and to show that these ideas can be 
applied generally. The second purpose is to 
illustrate the relationship between the 
heterogeneous and homogeneous chemistry 
of the transition metals. The third is to 
show that the theory may help to provide 
an explanation of the sequences of metals 
with regard to selectivity and activity in 
several reactions. 

BIECHANISMS 

The T-bond theory suggests that there 
are two functions of transition metals 
which are important in catalyzing reactions 
of hydrocarbons with hydrogen or its iso- 
topes. One of these is the ability to cause 
stepwise formation of several 7r complexes 
as ligands of the same individual metal 
atom. The range of intermediates depends 
on the nature of the reactant, the metal, 
and the reaction conditions. The second 
funct’ion which is essential for the first to 
operate is the capacity of the surface for 
the reversible formation of a hydride, so 
that the complexes can be successively in- 
terconverted. The metal and its hydride 
are thus providing simultaneously an oxi- 
dizing and reducing system. This oxidizing 
and reducing action of the metal and its 
hydride, respectively, on the surface com- 
plexes can be compared with the reduction 
of x-bonded ligands in organometallic 
molecules or ions by the action of alumi- 
num hydride or sodium borohydride and 
their oxidation by hydride-abstracting 
agents. Many examples of these homoge- 
neous reactions have been described in a 
recent review by Fischer (6). 

Reactions of Olefins and Para!Ti!iins 
with Dcuterium 

The interconversion of monoadsorbed 
alkyl and 1,2-dindjorbed nlkcne i< of 
fundamental importance in the reactions 
of olefins and paraffins with hydrogen or 
deuterium. Two possible ways of bonding 
the diadsorbed species to the Furface can 
be considered, either by two carbon-metal 
u bonds to two adjacent metal atoms or by 
an olefinic 7 bond to one metal atom. It 
was suggested previously that only the 

a-bonded intermediates may be important 
(2) but subsequently, the possible signifi- 
cance of the alternative type of bonding 
was emphasized (4). We now believe that 
there is a need to restate some of the 
earlier ideas, giving a more detailed ac- 
count of reaction mechanisms in order to 
describe the theory more clearly. Where 
possible, general mechanistic schemes will 
be based on the reactions of cyclohexane 
and its unsaturated derivatives. 

While it has been generally accepted that 
the diadsorbed intermediate is bonded to 
two metal atoms, such an intermediate 
may have little or no significance in hydro- 
genation, dehydrogenation, or exchange 
reactions. No direct evidence for this type 
of species has ever been obtained and 
although the same is true for the alter- 
native postulate of a x-bonded intermedi- 
ate, the indirect evidence very strongly 
supports the latter. Chemisorption of ole- 
fins as u-bonded diadsorbed species implies 
that acetylenes also chemisorb and react 
via a-bonded species. Bond (7) has re- 
viewed the deductions which can be made 
on the basis of the geometry of such inter- 
mediates for the chemisorption of ethylene 
and acetylene on the fee metals. It follows 
that acetylene should only adsorb on the 
longer interatomic spacings, e.g., on the 
(100) and (110) but not on the (111) 
faces, whereas ethylene may adsorb on the 
shorter interatomic spacings. However, 
acetylene almost invariably selectively 
retards the hydrogenation of ethylene and 
this must imply that the same sites and 
crystal faces are capable of chemisorbing 
both molecules. Furthermore, the geometric 
approach leads to the conclusion that the 
cph metals, ruthenium and osmium, should 
show considerably lower activity for acet- 
ylene hydrogenation than the fee metals 
because the number of sites possessing the 
required geometry are well reduced in the 
former. However, recent work (8) has 
shown that this is not the case. 

Chemisorption of olcfins and acetylenes 
as ‘in complexes does not involve these 
geometric restrictions and the formation of 
a di-x-bonded complex from acetylene also 
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explains its preferential adsorption in the 
presence of ethylene. The bonding in this 
surface complex is compared with the 
bonding in CZH,[Co(CO),lz in Fig. 1. 

FIQ. 1. Corresponding homogeneous and hetero- 
geneous complexes of acetylene. 

Since the bonding is the same in both ace- 
tylene and ethylene x complexes, both 
compounds are also expected to chemisorb 
on the same sites and all the exposed 
crystal faces may be active. 

Very good evidence has been obtained 
for the participation of r-allylic complexes 
in the exchange of cycloalkanes with deu- 
terium on palladium films (2). The allylic 
complex and the initial alkyl group are 
believed to bond to only one metal atom 
and thus it seems reasonable to assume 
that the intermediate diadsorbed species is 
also bonded to the same individual atom. 
Moreover, current work on homogeneous 
isomerization and hydrogenation of olefins 

by transition metal iuns clearly indicates 
that interconversion of a-bonded alkyl and 
x-bonded olefin is possible in many 
systems. 

Surface potential measurements also 
support the view that olefins and acetylenes 
chemisorb as x complexes. Mignolet (9) 
found that when acetylene and ethylene 
were adsorbed on nickel films at 20°C 
positive potentials of 1.00 and 0.83 v, re- 
spectively, developed. These values suggest 
that there is strong donation of charge 
from the 7 orbitals of the hydrocarbons to 
the acceptor orbitals of the metal. 

One of the most interesting features of 
the x-bond theory which arises from ex- 
perimental observation, is the distinction in 
reactivity towards hydrogen of olefinic and 
acetylenic complexes on the one hand and 
T-allylic, and possibly more delocalized x 
complexes, on the other. These differences 
are shown in Fig. 2, where M denotes one 
metal atom and the asterisk, a site which 
chemisorbs hydrogen. Interconversion of 
alkyl and olefinic intermediates occurs in 
a sterically limited manner which is well 
illustrated by the exchange of cycloalkanes 
with deuterium (9). Formation of the ole- 
finic complex takes place by loss of a 
hydrogen atom from the bottom side of the 

H H H H 

Fro. 2. Interconversion of alkyl, olefinic, and T-allylic complexes. 
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ring and the reverse step also utilizes a hydrogen. In the act of fission of the 
surface “hydrogen” atom (Fig. 2). As a hydrogen molecule, one atom adds to a 
result, t.his exchange process is restricted terminal carbon atom in the allylic com- 
to the initial replacement of hydrogen plex from above the planar center and the 
atoms on one side of the ring in cyclo- other chemisorbs on the surface (Fig. 2). 
alkanes. The exchange of norbornane with If this reaction is possible, the formation 
deuterium on a palladium catalyst (10)) of an allylic complex by elimination of a 
where only two hydrogen atoms are ini- hydrogen atom from the upper side of the 
tially replaced, provides an interesting test ring of the cyclohexene intermediate must 
of this idea. Examination of this molecule also be considered. These reactions which 
shows that T-allylic intermediates cannot involve molecular hydrogen can take place 
be formed. The only exchange process wit’h the inversion of carbon atoms and 
which operates is the interconversion of a mechanism of this nature is undoubtedly 
alkyl and olefinic intermediates and t’he required to explain several features which 
experimental results confirm the view that have been observed in hydrogenation and 
only cis addition of deuterium to the latter exchange reactions. Some of these are the 
is possible. As only two hydrogen atoms initial replacement of hydrogen atoms on 
are initially replaced, propagat,ion of the both sides of the rings in reactions of cyclo- 
exchange reaction must, also be forbidden alkanes with deuterium (2)) racemization 
and this may be clue to the fact that a of optically active paraffins during ex- 
bridgehead carbon atom cannot participate change reactions (lo), and the hydrogena- 

CHiC C*CH+ 
A 

CHp .cH3 H 
Jy, - 

CH3\ .CH3 

M MH H’ 
c-c 

M M 
T ‘H 
M 

FIG. 3. Mechanism for hydrogenation of acetylenes. 

in an olefinic linkage. Consequently, these 
results can also be cited as evidence for 
the formulation of the diadsorbed inter- 
mediate as a x complex. 

If only cis addition of hydrogen to X- 
bonded olefin is permitted, the same be- 
havior is also expected with acetylenes 
when bonded to the metal in the same way 
as olefins. This is found to be true in the 
hydrogenation of dimethylacetylene on 
palladium (11) where the sole initial prod- 
uct is cis-but-2-ene. A mechanism for this 
reaction is given in Fig. 3. In this mech- 
anism, cis-but-2-ene is formed as a surface 
complex which may desorb directly or 
undergo either hydrogenation or isomeriza- 
tion before desorption. Highly selective 
formation of cis-hex-3-ene has also been 
observed in the hydrogenation of hex-3-yne 
on a nickel catalyst (12). 

While n-allylic con~plcxcs are also capa- 
ble of reacting with surface hydrogen 
atoms there seems to be an additional pos- 
sibility of direct interaction with molecular 

tion of disubstituted benzenes and cyclo- 

alkenes (13) to the corresponding ci.s- and 
truns-cycloalkanes, 

The only obvious reason why olefinic 
and ?;-allylic complexes should differ in 
their reactivity towards hydrogen is that 
the donor and acceptor orbitals which are 
utilized in the metal-adsorbate bonds may 
be different; the allylic species are better 
classified with ligands such as cyclopenta- 
dienyl or benzene. It is commonly believed 
that the acceptor orbital of the metal atom 
for olefin-metal bonding is of the u type, 
whereas the corresponding orbitals for 
arene-metal bonding are of the x type. 
Because of this distinction in bond type, 
n-allylic complexes may have greater re- 
sidual bonding activity above the plane of 
the carbon atoms. 

Exchange and Hydrogenation of Benzene 

Several experimental observations sug- 
gest that benzene is chemisorbed flat on 
metal surfaces with donation of charge to 
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the metal (14, 15). This supports the view resulting sp3 hybridized carbon atom. Since 
that benzene ?r bonds to the surface yield- the molecule is adsorbed flat on the surface, 
ing a complex which is similar to arene- addition of deuterium must occur either to 
metal compounds. At first sight, it may the top or bottom of the ring followed by 
seem surprising that only one metal atom elimination from the bottom or top, respec- 
may be mainly involved in the bonding. tively. These mechanisms are compared 
However, there is the possibility that the with the reversible reduction of the benzene 
electrons acquired by the acceptor orbitals 
of this atom from the filled x orbital of the 
ring disperse to some extent to neighboring 
atoms and throughout the bulk of the 
crystal. The metal atoms adjacent to the 
central metal atom of the complex there- 
fore influence the strength of the x bond in 
a manner which is comparable with the 
stabilizing influence of electron-accepting 
ligands such as carbonyl groups, in arene- 
metal and similar compounds. Dispersion 
of charge from the surface atoms to the 
bulk of the metal may be a factor of gen- 
eral importance in assisting the formation 
of x complexes from hydrocarbons. 

The mechanism of benzene exchange 
with deuterium is of interest, if activation 
of the aromatic ring through r complcxing 
is important. Addition of a deuterium 
atom must be the initial step, followed by 
elimination of the hydrogen atom from the 

manganese tricarbonyl cation (16) in Fig. 
4. The behavior of the aromatic ring is, 
therefore, similar to that of allylic com- 
plexes, in that reaction with molecular 
hydrogen appears to occur. The same inter- 
mediates must be involved in exchange and 
hydrogenation, with successive formation 
of 1,3-cyclohexadiene and cyclohexenyl 
complexes from the cyclohexadienyl inter- 
mediate. In contrast with the mechanism 
of exchange, hydrogenation does not re- 
quire interaction with a hydrogen molecule, 
but can occur by successive addition of 
hydrogen atoms. The disproportionation of 
cyclohexenes and cyclohexadienes on metal 
surfaces demonstrates that simultaneous 
oxidation and reduction of x complexes is 
possible, and a similar disproportionation 
has been noted (17) in the preparation of 
(PdCl * &2,H,) 2 from cyclohexene and 
palladous chloride. While simultaneous hy- 

/ -HD 
H.. 
D “.D 

* 

M 

FIG. 4. Mechanisms for exchange and hydrogenation of benzene. 
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drogenation and dehydrogenation of sur- 
face species is readily observed with 
six-membered rings, because aromatic hy- 
drocarbons are stable compounds, it is 
possible that this type of surface reaction 
is quite general with other cyclic and 
acyclic olefins and dienes (18). 

Isomerization of Olefks 

The chemisorption of olefins as ;r com- 
plexes suggests two mechanisms for double- 
bond isomerization, namely interconversion 

between olefinic and alkyl intermediates, 
and interconversion between olefinic and 
r-allylic complexes. These mechanisms are 
shown in detail for the n-butenes in Figs. 
5 (a) and 5 (b) , respectively. Although both 
mechanisms may occur simultaneously, 
their relative importance should depend on 
the metal and the experimental conditions. 
The interconversion of olefinic and r- 
allylic intermediates may be less important 
at low temperatures for most metals, ex- 
cept palladium. This follows from the 

BUT-I-ENE 

H3C-CH CH2C H3 
M 

CY3 ,H CH 

FT 5 
\3 FH3 

H M CH3 
/cJ-c, 
HM H 

11 
JRANS-BUT-2-ENE m-BUT-2-E NE 

FIN. 5(a). Alkyl reversal mechanism for the isomerization of the n-butenes. 
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FIG. 5(b). Mechanism for the isomerization of n-butenes involving r-allylic intermediates. 
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observation that T-allylic complexes play 
an important role in exchange reactions of 
cycloalkanes with deuterium on palladium 
(2) but are relatively insignificant in the 
same reactions on platinum, nickel, and 
rhodium at ambient temperatures. The 
exchange studies also showed that, with 
increasing temperature, 8-allylic complexes 
participate to a greater extent in the sur- 
face processes. At low temperatures and 
high hydrogen pressures, the results of iso- 
merization of the n-butenes may therefore 
reflect the characteristics of the mechanism 
of isomerization by alkyl reversal. Consid- 
ering this mechanism [Fig. 5 (a) 1, it is 
obvious that if desorption of butenes is not 
rate-controlling, the rates of reversal of 
the set-butyl group will determine the rela- 
tive proportion of the but-2-enes formed 
from but-1-ene. If the activated complexes 
in these steps resemble the resulting X- 
complexed but-2-enes, then the strengths of 
adsorption of the latter will influence their 
rates of formation. Measurements have 
shown that cis olefins form more stable r 
complexes with Ag+ ions than the corre- 
sponding trans isomers (19). The order of 
stabilities of corresponding olefinic com- 
plexes on metal surfaces is probably the 
same and thus preferential formation of 
cis-but-2-ene might be expected initially 
when but-1-ene is isomerized by the 
mechanism of alkyl reversal. These con- 
clusions are supported by the observations 
that when pent-1-ene is hydrogenated on 
nickel catalysts (12) under conditions 
where r-allylic complexes are likely to be 
of no importance, cis-pentS-ene is formed 
well in excess of trans-pent-2-ene. 

The l-methyl-~-ally1 complexes shown 
in Fig. 5(b) are geometric isomers. There 
is little that can be said about their rela- 
tive stabilities except that the syn isomer 
of the corresponding complexes with cobalt 
tricarbonyl is converted to the anti isomer 
by heating (go), which suggests that the 
latter is more stable. Consequently, a 
marked preference for the formation of 
cis-but-2-ene is not expected in but-1-ene 
isomerization by this mechanism [Fig. 
5 (b) 1. An interesting feature of the inter- 

conversion of olefinic and ir-allylic com- 
plexes is that it cannot give rise directly 
to cis-trans isomerization. The observation 
that both cis- and trans-but-2-ene isomer- 
ize almost exclusively to but-1-ene at 
375°C in the absence of hydrogen on a 
silver catalyst (21) demonstrates the valid- 
ity of this conclusion, and supports the 
view that r-allylic complexes are important 
intermediates in these and other reactions 
of olefins at high temperatures on metal 
surfaces. 

Hydrogenation of Buta-1,3-diene 

The C,H, complexes [Fig. 5 (b) ] may 
dissociate readily to adsorbed syn and anti 
forms of buta-1,3-diene and the reverse 
processes of hydrogen addition constitute 
mechanisms for the hydrogenation of the 
diolefin. The bonding in the syn complex 
may be compared with that in butadiene 
iron tricarbonyl where the rr electrons of 
the butadiene molecule are apparently 
fully delocalized. The adsorption of the 
anti form involves both u- and x-bonding 
to adjacent metal atoms. According to 
Crawford and Kemball (.S), the benzyl 
intermediate in the reaction of toluene with 
deuterium on nickel surfaces is also bonded 
to the surface in a similar manner. 

The complex nature of the mechanisms 
of hydrogenation of buta-1,3-diene is illus- 
trated by the different distributions of 
mono-olefins obtained on different metals. 
Meyer and Burwell (22) found that a pal- 
ladium catalyst at 40°C gave 53.2% but- 
1-ene, 42.0% trans-but-2-ene, and 4.8% 
cis-but-2-ene. On the other hand, a gold 
catalyst at 200°C gave 70% but-1-ene, 
13% trans-butS-ene, and 17% c&-but-a- 
ene (23). The isomerization of but-1-ene 
on this catalyst under the same conditions 
also gave the same relative proportions of 
but-2-enes. Meyer and Burwell believe that 
buta-1,3-diene is chemisorbed mainly in 
the anti configuration as a 7 complex 
which undergoes both 1,2 and 1,4 addition 
of hydrogen atoms. Predominant adsorp- 
tion of the buta-1,3-diene in the anti con- 
figuration seems reasonable as some 95% 
of the molecules adopt this form in the gas 
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phase (24). The mechanisms given in Fig. 
5(b) then provide a satisfactory explana- 
tion for the results obtained on the pal- 
ladium catalyst. It may be noted that 
direct formation of a x-allylic complex in 
the chemisorption of buta-1,3-diene is pos- 
tulated, Similar reactions occur in the 
homogeneous field, such as the formation 
of isomeric 1-methyl-T-ally1 cobalt tri- 
carbonyls from buta-1,3-diene and cobalt 
carbonyl hydride (20). 

However, the markedly different distri- 
butions of products obtained on the gold 
catalyst suggest that the mechanism of 
hydrogenation in this case may differ con- 
siderably from that shown in Fig. 5 (b). 
The high yield of but-1-ene indicates that 
1,2 addition of hydrogen atoms predomi- 
nates so the route to x-allylic complexes 
may be less direct on this metal. Although 
the diolefin may still adsorb mainly in the 
anti configuration, the bonding in the sur- 
face complexes must be different on pal- 
ladium. It is possible that either one or 
both of the olefinic functions independently 
react with a separate metal atom without 
the direct formation of a x-allylic deriva- 
tive (Fig. 6). Addition of the first hy- 
drogen atom to the terminal carbon atom 
gives a o-bonded butenyl intermediate 
which on further addition of hydrogen can 
only give but-1-ene. Before this occurs, 
there may be partial conversion of the 
u-bonded butenyl complexes to the cor- 

responding x-bonded intermediates so that 
some but-2-enes are formed directly. The 
mechanism for but-1-ene isomeriaation 
(Fig. 6) also includes the o-bonded butenyl 
group as an essential intermediate in the 
conversion of the olefinic complex to the 
corresponding n-allylic derivatives. The in- 
tervention of this u-bonded species in the 
interconversion of olefinic and T-allylic 
complexes may be necessary to account for 
the same distribution of but-2-enes ob- 
tained from the hydrogenation of buta-1,3- 
diene and the isomerization of but-1-ene. 
As distinct from the mechanism in Fig. 
5(b), its inclusion allows the possibility of 
direct cis-tram isomerizat’ion of the but-a- 
enes in addition to double-bond shift. 

ACTIVITY AND SELECTIVITY 

The concept of x-bonded intermediates 
in catalytic reactions suggests that the 
chemical properties of individual surface 
atoms in metals may be of importance in 
catalysis, rather than bulk properties. If 
this is true, an explanation of the sequence 
of activities or selectivities of different 
metals for a particular organic reaction 
may be found by comparing the strengths 
of the metal-ligand bond in appropriate 
organometallic compounds where the 
ligand is identical with the postulated sur- 
face intermediate. Examples already exist 
which encourage the belief that correlations 
of this type may have widespread sig- 

,CH CH2 
H@M ‘CH? 

M 

11 

,CH P-3 H2C/ ‘4 *> C H 
,C!-!O 

M 
H2C/ i 

M 
‘CH3 

FIG. 6. Mechanism for the hydrogenation of buta-l,&diene. 
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nificance. Roberts (25) has shown the 
existence of a relationship between the 
heats of chemisorption of oxygen and the 
heats of formation of the corresponding 
oxides. Similarly, the activities of metals 
for formic acid decomposition (26) have 
been expressed as a function of the heats 
of formation of the metal formates. The 
application by Dowden (27) of crystal 
field theory to explain the catalytic be- 
havior of transition metal oxides also il- 
lustrates the advantages of treating chemi- 
sorption from the point of view of com- 
pound formation. 

Although there is as yet little quantita- 
tive information regarding the strengths of 
n bonds in organometallic compounds, some 
general trends have been established. The 
stabilities of compounds such as the his- 
cyclopentadienyls of a particular transi- 
tion series are very dependent upon the 
total number of electrons in the valency 
shell of the metal atom. Similar variations 
in bond strengths of a-complexed inter- 
mediates on surfaces of metals in a par- 
ticular series might also be expected. There 
is, however, an important distinction be- 
tween the bonding involved in compounds 
and in corresponding surface complexes. In 
the former, the molecular orbitals are lim- 
ited to definite boundaries, whereas in the 
latter they include the surface complex 
and the whole of the metal crystallite. Con- 
sequently, the charge acquired by a surface 
atom from the donor orbital of the ligand 
may be partly dispersed through the bulk 
of the metal. This would permit the elec- 
tron content of the valency shell of the 
surface atom to vary to some extent in 
order to meet the requirements for optimum 
strength of n-complexing. The differences 
in stabilities of a particular surface com- 
plex with metals of the same transition 
series may therefore be less marked than 
differences in bond strengths of the cor- 
responding compounds. 

There is often a considerable increase in 
bond strengths in corresponding organo- 
metallic compounds as the atomic number 
of metals in the same group increases. For 
example, the stabilities of ferrocene, 

ruthenocene, and osmocene increase in that 
order and a similar trend is observed with 
olefinic complexes of the general formula 
(C,H,),M,Cl, where M is nickel, palla- 
dium, or platinum. The increase in stabil- 
ities is probably due to increased donation 
from the rr orbitals of the ligands to 
acceptor orbitals of the metal. This effect 
may be associated with a change in the 
degree of ligand field splitting of the de- 
generate d orbitals as the atomic number 
increases. Orgel (28) states that the energy 
difference between the tpg and e9. orbitals 
in an octahedral field increases by as much 
as 30% from the first to the second transi- 
tion series and by a similar amount from 
the second to the third. 

Where solid metals are of concern, the 
crystal structure should have some influ- 
ence on the type of ligand field splitting of 
the d orbitals of the surface atoms, but the 
degree of splitting should also vary with 
atomic number. Such a variation in atomic 
properties is likely to have a significant 
influence on the strengths of bonds between 
intermediates and metal surfaces and the 
stabilities of a particular complex should 
change systematically for metals in the 
same group or subgroup. 

It follows from the above arguments that 
the strength of binding of a particular 
intermediate to the surface depends upon 
the position of the metal in the periodic 
table, and this should be an important fac- 
tor in determining activity and selectivity 
in several reactions. In order to provide a 
valid test for this theory, only metals 
which have the same crystal structure 
should be considered. It is fortunate that 
the metals of subgroups VIII, and VIII,, 
which are widely used as catalysts all pos- 
sess the fee structure. 

The significance of the position of the 
metal in the periodic table is discussed in 
the following sections in reference to some 
well-known reactions. 

Hydrogenation of Benzene 

The relative activities of several silica- 
supported metals for the hydrogenation of 
benzene at 100°C (29) are given in Table 
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TABLE 1 
RELATIVE ~CTIVWIES OF SILICA-SUPPORTED 

METALS FOR BENZENE HYDROGENATION 
AT 100°C [log/c (Rh) = 01 

Fe 
-2.3 

Ru 
-0.1 

OS 
- 

co 
-1.1 

Rh 
0 
Ir 

Ni 
-1.2 

Pd 
-0.2 

Pt 
$0.4 

1. There is clearly a systemat,ic increase 
in activity with increasing atomic number 
for metals in the same subgroup. When 
corresponding metals of subgroups VIII, 
and VIII, are compared, the differences in 
activities are small although the metals of 
the former subgroup are slightly more 
active. Anderson and Kemball (SO) also 
observed that in the reaction of benzene 
with deuterium on metal films, the ratio of 
the rates of hydrogenation and exchange 
increase from nickel to palladium to 
platinum. 

These systematic trends can be inter- 
preted in terms of the mechanisms given in 
Fig. 4. Certain additional items of informa- 
tion concerning nickel catalysts are also 
relevant in this cont’ext. First, benzene ex- 
changes with deuterium without undergoing 
hydrogenation on nickel films at lower 
temperatures (50). Secondly, Selwood (S1) 
has observed that cyclohexene dissociates 
to give a stable C&H, complex on a bare 
nickel surface at room temperature and 
that the system must be heated before fur- 
ther dissociat,ion occurs. These observa- 
tions suggest that the cyclohexadienyl 
complex is unstable relative to ehemisorbed 
benzene or 1,3-cyclohexadienc. 

In the following mechanism for exchange 
and hydrogenation of benzene, steps (1, 3), 
and possibly (4) are believed to be slow 
compared with step (2). 

+H (1) +H (3) 
CsH, e CsH, = CGH8 

-H (2) --H (4) 

The slow step in exchange is reaction (l), 
whereas the slow step in hydrogenation is 
reaction (3). Since the rate of hydrogena- 
tion is a function of the rate of addition 

of hydrogen to the cyclohexadienyl com- 
plex, the lifetime of this species is an 
important factor. The more labile the 
cyclohexadienyl complex, the more readily 
will it dissociate back to benzene, and on 
nickel films dissociation is so rapid at low 
temperatures that further addition of a 
hydrogen atom is prevented. The cyclo- 
hexadienyl complex increases in stability 
from nickel to palladium to platinum and 
consequently, the rate of hydrogenation 
and the ratio of the rates of hydrogena- 
tion and exchange increase in that order. 
The bond strength in the benzene complex 
should also increase with atomic number 
of the metal and this may also result in 
more rapid formation of the cyclohex- 
adienyl complex. 

Hiroto (.%?) has observed that the ex- 
change of p-xylene with deu’icrium oxide 
occurs on alumina-supported but not on 
silica-supported nickel. This difference is 
probably due to the electron-accepting 
properties of the alumina affecting the 
metal with a consequent increase in dona- 
tion of electrons from the 7 orbitals of the 
ring to the acceptor orbitals of the metal. 
Moreover, the effect of the support was 
more pronounced at low metal concentra- 
tions, which is not unlikely if enhanced 
donation of charge from benzene to t,he 
metal helps to activate the molcculc for 
exchange. 

Selectivities in Acetylene and 
Diolefin Hydrogenation 

Wells (S3) has recently summarized 
selectivities for the hydrogenation of acet- 
ylene and some diolcfins on the noble 
Group VIII metals. Selectivity was defined 
as the ratio of the yield of mono-olefin to 
the total yield of olefin and paraffin and 
some values of this parameter for the reac- 
tion of acetylene, allene, and buta-1,3- 
diene, respectively, on alumina-supported 
metals are reproduced in Table 2. Invari- 
ably, selectivity decreases markedly down 
each subgroup, and with the exception of 
iridium, which shows anomalously low 
values, there is a systematic decrease from 
right to left across the periodic table. 
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TABLE 2 
SELECTIVITIES IN HYDROGENITION USING TIIE NOBLE GROUP VIII METALS SUPPORTED ON ALUMINA 

Acetylene Allene Buta-1,3-diene 

RU Rh Pd Ru Rh Pda Ru Rh Pd 
0.82 0.93 0.95 0.84 0.92 1.00 0.73 0.92 1.00 

OS Ir Pt OS Ir Pt OS Ir Pt 
0.67 0.22 0.83 0.73 0.36 0.89 0.69 0.25 0.81 

o Pumice supported. 

With doubly unsaturated hydrocarbons 
it, is possible to obtain x complexes which 
contain two metal-ligand bonds. Conse- 
quently, it would be expected that these 
compounds will be more strongly adsorbed 
than the corresponding olefins. Thus acet- 
ylene and diolefin can effectively prevent 
the readsorption of mono-olefins after the 
latter have been eliminated from the sur- 
face. It follows that initial hydrogenation 
of doubly unsaturated molecules to paraf- 
fins takes place during one sojourn of the 
hydrocarbon species on the surface and is 
not due to readsorption and further reac- 
tion of olefinic products, although this may 
be important during the latter stages of 
the reaction (33). Selectivity is therefore a 
function of the ratio of the rate of desorp- 
tion of olefins and the rate of further addi- 
tion of hydrogen to adsorbed olefins. Since 
the rate of desorption of the olefin de- 
creases with increasing strengt,h of adsorp- 
tion, selectivity should likewise decrease 
in the same direction. It can be concluded, 
therefore, that the stabilities of olefinic 
complexes increase down the periodic 
table. There should also be an increase in 
bond strength corresponding to a decrease 
in selectivity from right to left across the 
table if the above postulates are correct. 
Previously determined heats of adsorption 
of ethylene on metals (34) are in agree- 
ment with this view. 

The Decomposition of Formic Acid 

The reciprocal of the absolute tempera- 
ture T,, at which the logarithm of the rate 
of decomposition of formic acid attains a 
value of -0.8 mole/site-l set-l has been 
measured for various supported metal cat- 
alysts (55). These values are plotted as a 
function of the transition series number in 

Fig. 7. Apart from the Group IB metals, 
the rates increase markedly for correspond- 
ing metals from the first to the third transi- 
tion series. It has been shown previously 
(35) that these increases in rates are due 
to a decrease in the heat, of adsorption 
when the kinetics approximate to zero 
order, and that a decrease in rate is also 
caused by a decrease in the heat of adsorp- 
tion when the kinetics approximate to first 
order, as on silver and gold. There is, there- 

TRANSITION SERIES NUMBER 

FIQ. 7. Activities of metals for the decomposi- 
tion of formic acid. T, is the temperature at 
which log(rate) = -0.8 mole site-’ set-‘. 

fore, a general decrease in heats of adsorp- 
tion on passing from corresponding mem- 
bers of the first, transition series to those 
of the third. The relationships between 
103/T, and series number are linear and 
virtually parallel for Subgroups VIII, and 
VIII,. This emphasizes that there is a 
systematic variation in activity both across 
and down the periodic table, the trend 
down the table being the more important. 

The dependence of activity on the posi- 
tion of the metal in the periodic table 
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suggests that the intermediate involved in 
the decomposition is the formate radical, 
covalently bonded to the metal, in agree- 
ment with the conclusions of Eischens 
(36). Moreover, the complex is probably 
of the x type bonded to one metal atom so 
that there is a close comparison with X- 
allylic derivatives. Additional support for 
this formulation is provided by the evi- 
dence obtained by Kemball and Stoddard 
(37) that a triadsorbed species is impor- 
tant in the catalytic exchange of acetone 
with deuterium on metal films. The follow- 
ing intermediat,es may be compared: 

\ 
H,C-A 

bH, 
\: 

H--Ch 

b 
$ 

where a methylene group is successively 
replaced by an isoelectronic oxygen atom. 
The electronegativity of the oxygen atoms 
will markedly affect the degree of donor 
and acceptor interact,ion of the 7 orbitals 
in the formate radical with the metal 
orbitals. Transfer of charge from the metal 
to the formate group is believed to be of 
major importance in determining bond 
strengths whereas donation from ligand to 
metal is thought to be decisive in stabi- 
lizing bonds between T-complescd hydro- 
carbons and surface atoms. Thus the 
strongest bonding of the formate group is 
found with the metals of the first transi- 
tion series while hydrocarbons appear to 
form most stable 7 complexes with the 
members of the third series. The formate 
complex may, therefore, have considerable 
ionic character, which together with the 
bond strength, decreases as the atomic 
number of corresponding met,als increases. 
This interpretation is supported by the 
conclusions of Eischens and Pliskin (38) 
that complexes of the carboxylic acids with 
platinum have a higher degree of covalent 
bonding than the corresponding complexes 
with nickel. 

Rates of Hydrogenation of Ethylene 
and Acetylene 

The relative activities of various metals 
for the hydrogenation of ethylene (39, 3.9) 

TABLE 3 
RELATIVE VALUES OF THE LOGARITHMS OF THE 

SPECIFIC ACTIVITIES OF METALS FOR 
ETHYLENE HYDROGENATION AT 0°C 

[log k,(Rh) = 0] 

Silica-supported metals hktal films 

Fe co J% Ni 
-3.4 -2.1 -1.5 -2.5 

Ru Rh Pd Pd 
-0.3 0.0 -0.0 -0,s 

OS Ir Pt Pt 
- -2.0 -1.5 -1.65 

are summarized in Table 3. It can be seen 
that the second row metals possess higher 
activities than those of the first or third 
series. A value for osmium is absent, but 
recent work (33) has shown that this metal 
is somewhat less active than ruthenium. 
The second row metals are also the most 
reactive for acetylene hydrogenation (40). 
The higher activity of the second row 
metals is unexpected if the strength of 
chemisorption of ethylene and acetylene 
control the rate of hydrogenation and 
therefore this factor must be of little im- 
portance. This conclusion is also supported 
by the observation t,hat the activation 
energies for et,hylene hydrogenation are 
independent of the metal ($29, 39). It is 
possible that the rate-controlling step in 
these reactions is the rate of dissociative 
adsorption of hydrogen on surfaces which 
are already substantially covered with 
hydrocarbon species. The invariance of the 
activation energies for hydrogenation may 
therefore be due to the fact that the differ- 
ences in the initial heats of adsorption of 
hydrogen on these metals are quite small, 
and would be even less on surfaces already 
well-covered with hydrocarbon species. 

CONCLUSIONS 

While the theory outlined in the fore- 
going sections is only qualitative, it may 
help to serve as a guide towards a better 
understanding of activities and selectivities 
of different metals for catalytic reactions. 
However, there are still many details of 
catalytic behavior which are peculiar to the 
individual metals concerned and bear no 
relationship to their position in the periodic 
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table. For example, palladium (d), cobalt 6. FISCHER, E. O., AND WERNER, H., Angew. 
(41), and iron (18) films readily convert Chem. Intern. Ed. Engl. 2, 80 (1963). 
olefinic complexes to x-allylic derivatives. 7. BOND, G. C., in “Catalysis by Metals,” p. 283, 

In reactions of olefins and paraffins where Academic Press, New York, 1962. 

there is the possibility of forming both 8. BOND, G. C., AND WEBB, G., Platinum Metals 

types of intermediates; the order if im- 
portance of x-allylic complexes on different 
metals appears to be: 

9. 

10. 

Rev. 6, 12 (1962). 
MIGNOLET, J. C. P., Discussions Faraday Sot. 

8, 105 (1950). 

Fe > Pd > Co > Ni z Pt > Rh. 
BURWELL, R. L., JR., SHIM, B. K. S., AND 

ROWLINSON, H. C., J. Am. Chem. Sot. 79, 
5142 (1957). 

On the other hand, approximately the re- 
verse order of activities is observed in pro- 
moting the exchange of cycloalkanes and 
other paraffins with deuterium (18, 41, 4.2). 
This suggests that when the bonding or- 
bitals of the surface atoms are highly 
appropriate for the formation of a-allylic 
complexes they are less suited to the dis- 
sociative chemisorption of paraffins as 
alkyl groups and hydrogen atoms which are 
both a-bonding entities. There is no obvious 
explanation why there should be this ap- 
parent conflict between U- and x-bonding 
characteristics of atomic orbitals of differ- 
ent metals, but it may be noted that pal- 
ladium forms a-allylic complexes more 
readily in homogeneous reactions than 
nickel, platinum, or rhodium (21). 

11. 

lb. 

19. 

HAMILTON, W. M., AND BUR~ELL, R. L., JR., 
Actes Congr. Intern. Catalyse, d”, Paris, 1960 
1, 987 (Editions Technip, Paris, 1961). 

BROWN, J. C., AND BROWN, C. A., J. Am. 
Chem. Sot. 85, 1003 (1963). 

SIEGEL, S., AND DUNEEL, M., Advan. Catalysis 
9, 15 (1957). 

14. 

16. 

SELWOOD, P. W., J. Am. Chem. Sot. 79, 4637 
(1957). 

16. 

17. 

18. 

SHURMANN, E., WEDLER, G., AND KRUGER, G., 
Z. Elektrochem. 63, 155 (1959). 

WINKHAUS, G., PRATT, L., AND WILKINSON, 
G., J. Chem. Sot., p. 3807 (1961). 

H~TTEL, R., KRATZER, J., AND BECHTER, M., 
Chem. Ber. 94, 766 (1961). 

ERKELENS, J., GALWEY, A. K., AND KEMBALL, 
C., Proc. Roy. Sot. (London) A260, 273 
(1961). 

Much more detailed information about 
the precise nature of the metallic bond is 
required before a full description of surface 
?r complexes is possible. It is obvious there- 
fore, that many of the ideas described in 
this paper are preliminary in character and 
will require further modification and de- 
velopment. However, they may help to 
clarify the type of approach which appears 
to be necessary if progress is to be achieved . . 

19. 

$0. 

a. 

i%. 

2s. 

94. 

2%. 

MUHS, M. A., AND WEISS, F. T., J. Am. Chem. 
Sot. 84, 4697 (1962). 

GUY, K. G., AND SHAW, B. L., Advan. Znorg. 

Chem. Radiochem. 4, 77 (1962). 
FOSTER, N. F., AND CVETANOVIC, R. J., J. Am. 

Chem. Sot. 82, 4274 (1960). 
MEYER, E. F., AND BURWELL, R. L. JR., J. Am. 

Chem. Sot. 85, 2881 (1963). 
WEBB, G., AND ROONEY, J. J., unpublished 

work. 
SMITH, W. B., AND MASINGILL, J. L., J. Am. 

Chem. Sot. 83, 4301 (1961). 
ROBERTS, M. W., Nature 188, 1020 (1960). 

in understanding the fundamental or%lns $6. SCHUIT, c. c. A., VAN REIJEN, L. L., AND 
of catalytic activity of the transition SACHTLER, W. H., Actes Congr. Intern. 
metals for organic reactions. Catalyse, d”, Paris, 1960 1, 893 (Editions 
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