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The catalytic hydrogenation of styrene in the presence of tetrachloropalladate catalysts has
been studied by an all-valence-electron self-consistent-field method. A molecular orbital de-
scription of the following reaction sequence is presented : the heterolytic breaking of a hydrogen
molecule by the catalyst [PdCl, >~ complex with a subsequent substitution of a chlorine by a
hydrogen, the coordination of the olefin to the planar [PdClI;H]?~ complex, the movement of
the eoordinated olefin through a collapse mechanism towards the hydride, and the final hydro-
genation through an acid attack (HCI) on the Pd-alkyl bond liberating the alkane and regen-
erating the catalytic species [PdCl,J*~. Each reaction step is justified through the analysis of
the energies and charge distributions. A satisfactory theoretical explanation of the proposed

reaction mechanism is presented.

I. INTRODUCTION

Palladium (I1I) compounds are chemically
and commercially important due to the
versatility of their catalytic properties. Re-
actions which occur in the presence of these
compounds include the hydroesterification,
hydrogenation, isomerization and oxidation
of olefins (Z). Currently, our understanding
of the electronic interactions and the orbital
involvement which exist in these processes
is very sparse and therefore to amplify our
knowledge of this significant area of chem-
istry we present the results of a molecular
orbital study of one of these processes,
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namely, the hydrogenation of styrene cata-
Iyzed by the anion [PdCl,J?~. The mecha-
nism of the process was established by an
experimental study which led to a kinetic
model of reaction rates (2). The model is
schematically represented in Fig. 1 as a
series of reactions. Calculation of the elec-
tronic structure of the species at points in
the paths of the reactions would therefore
produce an insight into the reaction mecha-
nism and provide evidence for the validity
of the model.

The experimental investigation was ac-
tually carried out as a heterogeneous proc-
ess in which the catalyst was chemically
supported [PdCl,J>~/A-27(0OH-), (3-5).
It is not yet possible to attempt a thorough
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theoretical study of a solid catalyst species.
Therefore, in this study it was necessary to
employ a “soluble” [1’dClyJ*~ complex. We
feel, however, that for this type of complex,
no profound difference exists between the
heterogeneous and homogeneous processes
(3-5).

II. METHOD

The calculations were performed within
a modified CNDO version (6) of the all-
valence electron SCF-MO approach. The
method has been employed in previous
successful investigations of catalytic sys-
tems using transition metal complexes
7-10). The atomic input parameters are
displayed in Table 1, while the molecular
coordinates of the reactant and product
were obtained from the literature (11).

Preliminary caleulations on [PdCl, >~
revealed that the charge on the chlorine
atoms, —0.56, is in fairly good agreement
with the experimental value, —0.67, esti-

mated from NQR measurements (12). The
excited states of [PdCl, >~ were computed
and are presented in Table 2. The agree-
ment with experiment (18-15), especially
of the allowed bands, can reasonably be
taken to indicate the general acceptability
of the input parameters.

III. RESULTS AND DISCUSSION

Before analyzing the proposed reaction
coordinates, it is desirable to discuss the
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TABLE 1
Atomic Orbital Input Parameters

Valence state ioni- Orbital exponents One-
zation potentials center
(eV) s P d two-elee-
-_—_ tron in-
B P d tegral
V)
s p d
——
Pd 7.28  3.60 8.33 1.34 072 283 7.3
Cl 25.29 13.99 2,183 1.733 15.3
C 1944 10.67 1.56 1.325 15.6
H 13.60 1.0 17.0
electronic structure of [PdCl,*~. In our

calculations, we propose to use an isolated
complex with a net negative charge. Now,
it is well known that the effects of the
solvent and the chemical support in the
homogeneous and heterogeneous case, re-
spectively, balance this high negative
charge. Therefore, our first priority was to
establish that these effects would merely
change the absolute values of the total
energy and molecular orbital energies and
neither change the order of orbitals nor
drastically alter the orbital populations.
Trial caleulations were accordingly per-
formed on both an isolated [PdCl -
species and on [PdClL >~ in an elementary
cell of K,PdCly solid. The resulting Pd p-
and d-orbital populations and Cl p-orbital
population for both moieties are presented
in Table 3. It can be seen that no major
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Fia. 1. Reaction mechanism for the catalytic hydrogenation of styrene.
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TABLE 2

Calculated and Experimental Electronic
Transitions for [PACl, >~

Iixperi- Extinction Caled Oscillator
mental coefficient  transition strength
transition energies

energies (eV)
(eV)
2.48 67 2.09 0.0
2.78 125 2.20 0.0
3.74 67 2.38 0.0
4.46 12,000 4,96 0.14
5.60 28,200 5.51 0.41

changes in the electronic populations are
produced by the inclusion of the neighbor-
ing positive charges. Furthermore, inspec-
tion of the molecular orbital ordering of
the neutral and anionic species reveals that
they are identical (Fig. 2). Hence we are
confident that our analysis of the reaction
coordinate will be realistic.

The hydrogenation process outlined in
Fig. 1 can be conveniently divided into
four main sequences, namely, the hetero-
Iytic scission of a hydrogen molecule with
the subsequent liberation of HCI and for-
mation of a [PACl;H*~ complex, the co-
ordination of the olefin to this complex,
followed by its later movement towards
the hydrogen, with the creation of an
alkyl group, and finally, the attack by

TABLE 3

The Valence Electron Density Distribution
of [PdCI -«

PdCle~  K.PdCl,

Pd s 0.53 0.56
P 0.56 0.46

d 8.67 8.53

Cl s 1.85 1.92
P 5.71 5.69

@ As an isolated molecule and present in a K;PdCl,
simple cell.

A

a

F16. 2. Molecular orbital energy ordering for the
[PACL >~ complex (square planar symmetry) and
for the K,PdCl crystal cell.

HCI with the ensuing release of the alkane
and the production of [PdCl,J*~. In the
experimental studies of this reaction there
is no information to distinguish between
two plausible mechanisms for stage III.
In the aforegoing outline we stated that
the coordinated olefin moves towards the
hydrogen. It is also possible that the hydro-
gen advances towards the olefin. Prelimi-
nary calculations, however, reveal that a
high activation barrier is created during
the movement of the hydrogen while the
progress of the olefin produces a gain in
stability of the system. (We say that this
stage involves a collapse mechanism because
the complex regains a planar structure).
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Fia. 3. Changes in the bond orders during the heterolytic breaking of H; by the catalytic com-
plex. The 11 steps of Table 4 are successively given by Nos. 0 to 10 in the abeissa.

a. Reaction between Hy and [PdCl 1~

The hydrogen molecule approaches the
palladium coordination sphere above a
palladium chlorine bond. The H-H bond
is then allowed to increase, with an accom-
panying decrease in the H-Cl distance.
Table 4 reports the relevant bond distances
and also the net changes on the hydrogen
atoms. The changes in the related bond
indices (16, 17) are displayed in Fig. 3.
The bond index Bay between two atoms A
and B is defined as

Ban= 2 2 P

pon A con B

where P, is a density matrix element. This
bonding parameter is a useful quantity
with which to categorize the bonding be-
tween atoms A and B, since it signifies the
multiplicity of the bond, e.g., bond indices
of 1, 2, 3 are calculated for the C—C bonds
in C.H,, CoHy and C.H,, respectively (16,
17).

The charge polarization and the weaken-
ing of the H-H bond apnears even before
relaxation of the H-H distance is initiated.
As the reaction proceeds, H., the atom
closer to the Pd, becomes increasingly

negatively charged while H,, the atom
directed towards a chlorine atom, gradually
acquires a positive charge. This is accom-
panied by a progressive increase in the
Pd-H,; and Cl-H; bond strength, with a
concomitant weakening of the Pd-Cl and
H,—H, bonds. Figure 3 represents the bond
description of a heterolytic breaking of
molecular hydrogen, whereby a positively
charged hydrogen (+0.23) combines with
a negatively charged chloride ion while the

Fra. 4. Interatomic
PACI;H]2 complex.

distances in the [olefin-
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Fr1a. 5. Charge distribution of [olefin—-PdCl;H ]~ bond orders, atomie valencies and netl charges

(in brackets) are given.

negatively charged hydrogen replaces a
chlorine in the planar complex with the
formation of [PAdCLHTJ*~. Perhaps the
most interesting aspect of this diagram is
the materialization of the transition state
as a multiple crossing point between the
7th and Sth step’s of the reaction sequence.
At this situation we find the H-H distance
to be between 1.10 and 1.15A and the
H-CI bond length is between 1.60 and
1.62 A, an increase for both bond measure-
ments of 0.3-0.4 A over the diatomic inter-
nuclear distance.

b. Styrene Coordination

In this section we analyze the coordina-
tion of the olefin to the [PdCl;H J*~ species.
The styrene enters the bonding sphere of
the palladium so that the olefinic bond lies
along the z-axis and the center of the bond
coincides with the z-axis. (Fig. 4). The
valencies (16, 17) and net charges of each
atom together with the bond indices of this
pentacoordinated complex are displayed in
Fig. 5. It can be seen that there is a small
net transfer of electronic charge to the

TABLE 4
Charge Polarization of the H,—H, bond

Reaction step

1 2 3 4 5 6 7 8 9 10 11
H-Cl distance (&) 2.44 2.33 1.75 1.69 1.65 1.62 1.62 1.60 1.51 1.43 1.29
H;-H; distance (&) 0.74 0.74 0.74 0.79 0.95 0.95 1.1 1.15 1.2 1.2 1.29
He charge +0.035 +0.026 +0.089 -0.133 +0.139 +0.143 -40.143 +0.160 +0.177 +40.202 +0.229
H:b charge +0.025 +0.020 —0.044 -~0.056 -0.132 —0.133 —0.168 —0.197 -0.235 —0.257 -0.277

e H, is the hydrogen atom closer to the chloride.
b H, is the hydrogen atom closer to the palladium.
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TABLE 5

Dominant Contributions of the Five High

ext Ocecupied Molecular Orbitals of the

Penta-Coordinated Complex [Pd CI;H Styrene ]~ (see fext)®

Molecular Atomic
orbital —_— ————
Palladium
d, _y? d:z d:? dyz (lfll
Y1 —0.2 —=0.10 —0.67 —_ —
2 — — — +0.92 +0.15
V3 —0.1 4058 —-0.14 — —
¥ — — — —-0.14 4091
¥s —-0.2 —-044 4034 — —

@ These orbitals ave called, in order of decreasing ene

olefin upon coordination. This is accom-
panied by the appecarance of small pal-
ladium—olefinic carbon bond indices and a
decrease in the olefinic bond index from
the noncoordinated value of 2 to 1.7. The va-
lencies of both the g-carbon atom (C,) of the
olefinic bond and the hydrogen atom of the
[PACIH >~ species are lower than normal
(16, 17) indicating that these atoms are
relatively unsaturated and hence are posi-
tions of reactivity. The bond indices of the
palladium—ligand bonds are appreciably
lower than unity as is usual in these highly
ionic complexes. It is of interest to note
that the Pd-Cl; bond trans to hydrogen is
weaker than the other Pd-Cl bonds. As
there is also a small bond index between C,
(the a-carbon atom) and Cl; (not shown in
Trig. 5) the possibility of an olefin—chlorine
interaction or displacement is quite possible
and must therefore he considered. A series

orbital coefficients

. a-(k\PlET{(Bﬁ‘ﬂ-(fm‘bnn (Ca) Hydride
e e o .
— —0.29 — —0.35 —0.14
+g._07 ~;.()(3 —(T.()(’) +8?()4. —0_.3(')
~K14 —;;19 +E17 +0_.()7 —;)—.38

vgy ¥, o, s, Ygy and Yo,

of computations reveals that movement of
the olefin towards the chlorine creates a
high energy barrier. The presence of this
high activation barrier produces important
implications. First, the heterolytic breaking
of H; does not have to precede the coordina-
tion of the olefin. This means that if we
initially consider an olefin coordinated to
[PdCl, >~ the later entrance of H, and
the heterolytic scission of the hydrogen
bond will not be hindered by the con-
figuration as the olefin cannot move to-
wards the chlorines because of the energy
barrier. This energy barrier may also ac-
count for the very slow formation of Zeise-
type anions with [PtCl, 2~ and [PdCl, P~
whose formation is actually favored only
when some ligands other than chloride ions
are present (18). Iinally we can conclude
that the only displacement left for the
olefin is towards the hydrogen.

TABLE 6

Variation of the Bond Indices between the Palladium
orbitals, and the Carbon 2 p Orbitals over th

- Orbital and the Hydrogen s Orbital, the Carbon 1 p
e Reaction Steps of the Collapse Reaction

Bond Reaction step
0 1 2 3 4 5 6
H s-Pd d,. 0.0044 0.0273 0.0262 0.0019 0.0079 0.0017 0.0000
C, p-Pd d., 0.0827 0.0869 0.0085 0.0058 0.0016 0.0010 0.0004
C, p-Pd d.. 0.0760 0.0670 0.0046 0.1075 0.0285 0.0017

0.0135
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€l Pd C

H.

Fra. 6. Collapse reaction. Schematic representa-
tion of the movement, in seven steps, of the olefin
towards the coordinated hydrogen.

The major atomic orbital contributions
of the five highest occupied molecular
orbitals are reported in Table 5. For sim-
plicity the orbital coefficients of the chlorine
atoms are not included. Although they are
not negligible they remain almost constant
over the reaction coordinate of the hydro-
genation process and so they do not repre-
sent any relevant influence in the chemical
mechanisms which are of interest. The
lowest lying of these five orbitals (we shall
call it y;5) is by far the most important
with regard to the olefin—palladium bond-
ing situation. ys provides Pd-olefin bond-

18 Gi-C,

Pd-Ho

Pd-C,
C2-Ho

1

ing through the interaction of the ’d d.:
and d.. orbitals with the p, and p, orbitals
of the olefinic a- and B-carbon atoms. Of
particular interest are the opposite signs of
the p, orbitals of the olefinic carbon atoms.
This allows positive overlapping of these
orbitals with the corresponding lobes of the
d.. orbital but negative overlap between
the carbon atoms. They are therefore con-
tributing to the =*-orbital of the ethylene.
Here we observe, therefore, an important
back-donation effect of the type predicted
by Cossee (19) and which explains the
aforementioned decrease in the bond index
between these carbons.

The next three molecular orbitals 2, ¥s,
and ¢4 are essentially nonbonding as re-
gards the Pd-olefin interaction. These three
orbitals are basically Pd d,., d.. and d., in
order of increasing energy although the
second one, ¢s, has a small contribution
from d,: and d,>_,» and the hydrogen s
orbital thus subsecribing also to Pd—H bond-
ing (as do ¥; and ¢¥5). The form of the
highest occupied molecular orbital ¢, is
quite interesting as it is composed of the
Pd d.: orbital and the p, orbitals of the
olefinic carbon atoms. The signs of these
coefficients indicate that this interaction is
antibonding with respect to the Pd-olefin

L Y E—— T T
4

3 5 6

Frc. 7. Changes in the bond indices during the collapse. The seven steps of Fig. 6 correspond to

the numbers 0 to 6 in the abeissa.
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(b)

(C)

(d

Fic. 8. Total electron density contour plots for four steps (0, 2, 4, 6) of the collapse reaction.

bond. We consider this to be an important
characteristic of this complex as this mo-
lecular orbital effectively labilizes such a
bond. In other words the two excess elec-
trons of the dianion go into this orbital fa-
cilitating the olefin’s possible displacement.

In previous studies (7-9, 20) on several
other catalytic processes we have encoun-
tered a situation where the molecular
orbital which directly contributes to the
bonding of the most labile ligand (the one
that usually performed a cis~-migration as
the catalyzed reaction proceeded) is always
the highest occupied one. In this hydrogen-
ation process the dianionic charge is crucial
as it means that the two extra electrons go
into an antibonding molecular orbital thus
labilizing the Pd-olefin bond. The absence
of these electrons would imply that the
highest, filled orbitals would be the non-
bonding (d.,, d.. and d,,) orbitals. The
highest occupied orbital which is concerned
with palladium—olefin bonding can there-

fore be correlated with the preferred move-
ment of the olefin towards the hydrogen.
This is in contrast to the Ziegler-Natta
process where the highest occupied orbital
is localized about the titanium-alkyl bond
and is interconnected with the movement
of the alkyl species towards the olefin
7, 8).

¢. Collapse Mechanism

The “collapse” reaction path was divided
into seven suceessive steps for caleulational
purposes and these are depicted in Fig. 6.
It was found at each of these steps that the
total energy of the system was lowered and
$0 no activation energy barrier to the move-
ment of the olefin is present. The decrease
in the total energy of the system during
the formation of the alkyl group is the
driving force of the reaction. This answers
the most crucial question of the hydro-
genation process, namely, why this reac-



16 ARMSTRONG ET AL.

T T T

0 1 2 3

|
|

—
4

Fic. 9. Orbital energies over the collapse reaction coordinate. Only the five highest occupied

molecular orbitals are represented.

tion, which in the absence of the catalyst
implies a prohibitively high activation
barrier, occurs so readily in the presence of
[PdCl,*~. We must remember that the
free movement of the olefin is possible only
when a hydrogen atom is present on the
coordination site and, furthermore, that
the inverse movement of the hydrogen to-
wards the olefin is highly unfavored.

The changes in the relevant bond indices
over the reaction path are illustrated in
Fig. 7 while the total electron density
contour plots at four points of the reaction
coordinate are displayed in Fig. 8. The
Pd-H, and C»—H; bond indices smoothly
decrease and increase, respectively. The
C:~C; bond becomes a single bond at the
end of the reaction path although the
C—C; bond index increases as the styrene
starts its movement. This augmentation
can be readily explained by reference to
the back-donation effects on the palladium-
olefin bond. As the styrene moves, the
electron-migration towards the olefin is less
important because no d orbital on the Pd
atom can play the role that the d,. orbital
performed in the initial coordinated inter-
mediate structure. The very conspicuous
weakening of the Pd—C; bond index at the
middle step of the collapse reaction is dis-

cussed further in the analysis of the indi-
vidual molecular orbitals. We also observe
that bond-breaking occurs simultaneously
with the formation of new bonds and hence
the absence of an energy barrier can be
rationalized in terms of the latter processes
providing more than sufficient energy for
the former reactions to take place. The
increasing interaction between H and C,
over the reaction coordinate is well illus-
trated by the electron density plots of
Fig. 8.

The changes in the energies of orbitals
¥1 to 5 over the reaction path of stage 11T
are presented in Fig. 9. It can be seen that
the energies of y¥; and ¥; alter quite con-
siderably over the reaction coordinates.
The energy of 5 varies slightly while the
energy of ¢, and ¢4 decrease slowly and
monotonically over the reaction path.
Clearly the total energy decrease is related
to the lowering of these energy levels, ¢,
to s, especially ¢ the highest bonding
orbital.

The variations in the major atomic
orbital constituents of molecular orbitals
Y1, ¥s and ¢; over the reaction steps are
plotted in Fig. 10. Molecular orbitals ¢
and ¢4 always maintain the same dominant
contributions, i.e., the d,, and d,, orbitals
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of palladium, respectively. The atomic
orbital contributions of ¢, ¥; and ¥5 on
the other hand, change quite significantly.
Initially, all these three molecular orbitals
possess varying contributions from the
palladium d,, and d.: orbitals. ¢s becomes
nonbonding with regard to ethylene-hydro-
gen interactions as the reaction proceeds.
During steps 2-5 the P’d d,: contribution is
dominant; however, at the final step the
orbital is largely Pd d.. in character. The
hydrogen s orbital character of this mo-
lecular orbital is not given in Fig. 10 be-
cause it merely decreases over the reaction
coordinate. There is a significant contribu-
tion from the C; p, orbital whose participa-
tion reaches a maximum at step 2. With
the movement of the ethylene there is inter-
action with the Pd d,. orbital before bond-
ing with the hydrogen commences. Hence
the role of the Pd d,. orbital is to provide
a ‘“bonding platform” for the C; p. orbital
while the cthylene moves from one co-
ordination site to another. Thus, energy is
not needed to break the Pd-C; bond hefore
the ethylene can be transferred.

Molecular orbitals ¢; and ¢ show many
similarities; both display an increase in the
participation of hydrogen s orbital and ’d
d., orbital over the middle stages of the
reaction. Also the p, and p, orbitals of C,
play an increasingly important role in both
molecular orbitals as the reaction proceeds.
This is especially true of ¥; where initially
the C; p, orbital is prominent, as the move-
ment of ethylene occurs. The C, p, orbital
portion increagses until at step 3 the con-

tributions are equal. As the reaction con-
tinues the p. coeflicient further increases
while the p, contribution decreases. It
would appear, therefore, that the Pd d..
orbital is acting as a transfer orbital and
this is so. The behavior of the H,—Pd d,.,
C. p—Pd d.. and C; p-Pd d,. bond indices
over the seven reaction steps are recorded
in Table 6. It can be seen that in the initial
stages of the reaction all three interactions
are important. The H s-Pd d.. and C.
p—Pd d,. bond indices show a decline after
step 1 when the Co—H interaction becomes
substantial. The C; p~Pd d.. bond index
reaches a maximum at step 4 after which
the C; p orbitals bond with the Pd p and d
orbitals lying in the zp plane. The role of
the Pd d.. orbital is to provide a bonding
interaction for the H s and the C; P,
orbitals before they bond with C; and Pd,
respectively. The conduct of the Pd d,2_,z
orbital in ¢, over the reaction path is
worthy of note. During the initial stages of
the ethylene movement, it is bonding with
respect to the hydrogen. At step 3, how-
ever, it is antibonding with regard to the
hydrogen but bonding with respect to the
C, P, orbital. At the end of the movement
this latter interaction provides the major
contribution of ;.

From Fig. 9 it is seen that ¢; and ;5 pass
through an energy maXximum and energy
minimum precisely at the position inter-
mediate between the z and x axis (the
trigonal bipyramidal structure). At this
point the antibonding contributions of
Pd-C, present in ¢, almost cancel the bond-

TABLE 7
Variation of Atomic Charges over the Reaction Steps of the Collapse Reaction

Atom Reaction step
0 1 2 3 4 5 6
Pd +0.152 +0.144 +0.179 +0.278 +0.173 +0.125 +0.101
H —0.222 —0.253 —0.290 —0.386 —0.207 —-0.077 4-0.024
Cy —0.049 —-0.076 —-0.092 —0.210 —0.199 —0.185 —0.172
—0.048 +0.310 +0.420 —-0.013 —0.090

Ce —0.067 —0.073
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Fig. 10. Dominant atomic orbital contributions
to the following molecular orbitals: (a) ¢1; (b) ¢3;
(c) ¢¥s.

ing contributions of Pd—C; found in ¢ and
hence provide an explanation for the low
bond index of Pd-C, observed in Fig. 7.

d. Liberation of the Product and Catalyst
Regeneration

The last stage of the overall reaction
consists simply of the attack of HCI on the

final complex of Fig. 6, i.e., on the Pd-
alkyl bond. The hydrogen reacts with the
alkyl moiety to form the alkane while the
chlorine enters the coordination sphere of
palladium and regenerates the original
[PdCl,J*~ complex. As the mechanism im-
plies no specific catalyst action we did not
calculate the reaction coordinate in detail.
Figures 11 and 12 portray the electronic
structures of [alkyl-PdCl; >~ and [alkyl-
PdCl; *--HCI, respectively. In the latter
species the HCI was coordinated at a dis-
tance of 2 A from the palladium and posi-
tioned along the z-axis so that the z-axis
coincided with the midpoint of the H-CI
bond.

In the case of [alkyl PdCl; >~ we can see
that the a-carbon atom possesses excess
charge while the palladium is positively
charged. Furthermore, the calculated valen-
cies of Pd and C; are 2.62 and 3.69, respec-
tively, indicating relative unsaturation at
these atoms and readily implying that
these atoms are points of attack for the
HCI. On addition of HCI, a weakening
occurs in the Pd-C; and H~CI bonds while
the appearance of the new Pd-Cl and
H-C, bonds is significant. Hence we envis-
age this reaction stage to proceed with
increased weakening and strengthening of
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these afore-mentioned honds, respectively,
by the parallel lengthening and shortening
of the appropriate bond distances. Indeed
we find that as the complex of Fig. 11
rearranges to a four-center transition state,
a more stable state is obtained.

The charges on the atoms at the seven
steps of the previous stage are presented
in Table 7. A survey of these values reveals
that the negative charge on the a-carbon
atom reaches a maximum at the middle
step and remains high to the end. This im-
plies that the above attack by IICl could
happen before the olefin has completed its
collapse to the z-axis. This possibility is
based both on the attainment of a maxi-
mum negative charge on the e-carbon atom
and of a minimum in the Pd-alkene bond
order at the intermediate position of the
reaction coordinate of Fig. 6. (i.e., the
trigonal bipyramidal situation).

CONCLUSIONS

The main features of the mechanism dis-
cussed above are the demonstration of the
capability of the [PdCl,J*~ complex to
produce a heterolytic breaking of H,, the
description of the movement of the co-
ordinated olefin towards the hydrogen
(collapse mechanism), and the explanation,
through the charge distribution, of the
attack of HCI on the coordinated alkyl.

-060 Cl

-058 Cl

Fia. 11, Charge distribution of [alkyl-PdCl; >,

~0.09 Cl »

-059 ¢l

~06] Cl

~010 CA——

Fic. 12. Charge distribution of [alkyl-PdCl; 2~-HCL.

The collapse process merits a more de-
tailed discussion. It has been shown that
in catalytic reactions involving cts-migra-
tion of one of the reactants, the molecular
orbital analysis always indicates that the
bond between this reactant and the metal
is quite labile (7, 8). Furthermore we find
that such a bond is generally associated
with the highest occupied molecular orbital.
In the present calculations a different situa-
tion arises. The molecular orbital that gives
a bonding contribution to the Pd-styrene
bond is rather low (orbital ¢s in Fig. 9).
The highest occupied orbital is in fact anti-
bonding between palladium and styrenc.
This apparent difference with previously
studied catalyzed reactions permits, how-
ever, the establishment of a common de-
seription of all these processes. In all cases
we have a labile bond which in the present
calculations comes from the contributions
of a bonding and an antibonding molecular
orbital. We here propose that this is a con-
sequence of the very transient nature of
the over-coordinated complexes. The in-
volved metals only support the higher co-
ordinated structure (pentacoordination for
palladium or platinum and hexacoordina-
tion for titanium) as an unstable situation
which soon collapses to a lower coordina-
tion (square planar structures for palla-
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dium or platinum, and trigonal bipyramidal
for titanium). It is our coneclusion that the
high activity that such catalysts present
is a measure of their tendency to reduce
their coordination number. The role played
by d orbitals as transfer agents for ligands
in order to attain this lower coordination
number is therefore very critical.

One interesting characteristic of the
[PdCl, >~ catalyst is the significance at-
tached to the two anionic electrons. We
have seen, in fact, that the two extra
electrons occupy the antibonding orbital,
i.e., they effectively labilize the palladium—
olefin bond. This situation is not altered
by solvent or support effects, as these tend
to balance the overall charge but do not
alter the charge population of the complex
itself.
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