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The catalytic hydrogenation of styrene in the presence of tetrachloropalladate catilysts has 
been studied by an all-valence-electron self-consistent-field method. A molecular orbital de- 
scription of the following react,ion sequence is presentred : the heterolytic breaking of a hydrogen 
molecule by the cat,alyst [PdC14]*- complex wit,h a subsequent substitution of a chlorine by a 
hydrogen, the coordination of the olefin to the planar [PdClaH]*- complex, the movement of 
the coordinated olefin through a collapse mechanism t,owards the hydride, and the final hydro- 
genation through an acid att,ack (HCl) on the Pd-alkyl bond liberating the alkane and regen- 
erating the catalytic species [PdClJ-. Each reaction step is justified through the analysis of 
the energies and charge distribut,ions. A sat,isfactory theoretical explanation of the proposed 
react,ion mechanism is presented. 

I. INTRODUCTION 

Palladium (II) 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 (1). 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- 
lyzed by the anion [PdC1J2-. The mecha- 
nism of the process was established by an 
experimental study which led to a kinetic 
model of reaction rates (9). 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 [PdC14]2-/A-27 (OH-), (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” [l’dCl$ 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 
(Y-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 calculat~ions on [I’dCl,]‘- 
revealed that the charge on the chlorine 
atoms, -0.56, is in fairly good agreement 
with the experimental value, -0.67, est,i- 
mated from NQR measurements (12). The 
excited states of [PdClJ- were computed 
and are presented in Table 2. The agree- 
ment with experiment (1%15), especially 
of the allowed bnnds, can reasonably be 
taken to indicate the general acceptabilit,y 
of the input parameters. 

III. RESULTS AND 11ISCUSSION 

Before analyzing the proposed reaction 
coordinates, it is desirable to discuss the 

TABLE 1 

Vnlrncr st:ttr ioni- Orbital cxponcnts Onc- 

mtion potentink ccntcr 

(cl-) 9 1’ (1 two-clcc- 
- tron in- 

s II 11 trarn1 
(PV) 

Pd 7.28 3AiO X.33 1.34 0.72 2.9 7.3 

Cl 2h.29 13.!Kl 2.183 1.733 16.3 

C 19.44 lO.(i7 1 ..55 1.32rr 15.6 

H 13.00 1.0 17.0 

electronic structure of [PdC1412-. 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 calculations were accordingly per- 
formed on both an isolated [PdClJ- 
species and on [l’dC1,]2- in an elementary 
cell of KJ’dCl4 solid. The resulting I’d 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 

FIG. 1. Renct.ion mechanism for the rat~alytic hydrogenat~ion of st,yrene. 
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TABLE 2 

Calculated and Experimental Electronic 
Transitions for [PdClJ- 

Experi- Extinction Calcd Oscillator 
mental coefficient transition strength 

transit,ion energies 
energies @VI 

(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- 
lytic scission of a hydrogen molecule with 
the subsequent liberation of HCl and for- 
mation of a [PdC13H]2- 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 [PdClJ- a 

PdCW K,PdCI, 

Pd s 0.53 0.56 

d” 
0.56 0.46 
8.67 8.53 

Cl s 1.85 1.92 
P 5.71 5.69 

a As an isolated molecule and present in a K,PdCI, 
simple cell. 

! - 

FIG. 2. Molecular orbital energy ordering for the 
[PdClJ- complex (square planar symmetry) and 
for the KzPdC& crystal cell. 

HCl with the ensuing release of the alkane 
and the production of [I’dClJ”-. 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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FIG. 3. Changes in the bond orders during the heterolyt,ic breaking of H, by the catalyt,ic com- 
plex. The 11 steps of Table 4 are successively given by Nos. 0 to 10 in the abcissa. 

a. lieaction between Hz and [PdClJ- 

The hydrogen molecule approaches the 
palladium coordination sphere above a 
palladium chlorine bond. The Irl-H bond 
is then allowed to increase, with an accom- 
panying decrease in the N-Cl distance. 
Table 4 reports the relevant bond distances 
and also the net. changes on the hydrogen 
atoms. The changes in t’he related bond 
indices (16, 17’) are displayed in Fig. 3. 
The bond index BAU between two atoms A 
and R is defined as 

where PLla 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 &He, C&H4 and C2H2, respectively (16, 
17’). 

The charge polarization and the wcsken- 
ing of the H-H bond appears even before 
relaxation of the H-H distance is initiated. 
As the reaction proceeds, Ha, the atom 
closer to the I’d, becomes increasingly 

negatively charged while III, the atom 
directed towards a chlorine atom, gradually 
acquires a positive charge. This is accom- 
panied by a progressive increase in the 
I’d-Hz and Cl-H1 bond strength, with a 
concomitant weakening of the I’d-Cl and 
HI-H2 bonds. Figure 3 represents the bond 
description of a heterolytic breaking of 
molecular hydrogen, whereby a positively 
charged hydrogen (+0.23) combines with 
a negat’ively charged chloride ion while the 

I 1.46 

C’3 H. 

FIG. 4. Interat.omic distances in the [olefirl- 
PdCl,H]2- complex. 



12 ARMSTRONG LO’ AL. 

FIG. 5. Charge distribution of [olefin-PdClaH]?- bond orders, a,tomic valencies and net charges 
(in brackets) are given. 

negatively charged hydrogen replaces a 
chlorine in the planar complex with the 
formation of [YdC13H]2-. 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-Cl 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 distomic inter- 
nuclear distance. 

b. Styrene Coordination 

In this section we analyze the coordina- 
tion of the olefin to the [PdC13H]2- species. 
The styrene enters the bonding sphere of 
the palladium so that the olefinic bond lies 
along the x-axis and the center of the bond 
coincides with the z-axis. (Fig. 4). The 
valencies (1G, 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 HI-H2 bond 

Reaction step 

1 2 3 4 5 6 7 8 9 10 11 

HAI distance (A) 2.44 2.33 1.75 1.69 1.D5 l.G2 1.G2 1.GO 1.51 1.43 1.29 
HI-HZ distance (A) 0.74 0.74 0.74 0.79 0.95 0.95 1.1 1.15 1.2 1.2 1.29 
HP charge +0.035 +0.026 +o.os9 +0.133 f0.139 +0.143 +0.143 +0.1so +0.177 +0.202 +0.229 
H# charge +0.025 +0.020 -0.044 -0.066 -0.132 -0.133 -0.lG8 -0.197 -0.235 -0.257 -0.277 

a HI is the hydrogen atom closer to the chloride. 
b HZ is the hydrogen atom closer to the palladium. 
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TABLR ;i 

l)onliunnt, C:olrt,ril)~~t,iolls of the Five Highest, Occupied RIolecnlar Orbit :tls of the 
Peilta-C(lorditl:tted Complex [Pd CI,B St,yreneJ?- (see kxt Yb 

__-___ -___-- 

hlolecnlar Atolnic orbital coefficients 
orbit al __ 

Pallndirl~~k a-(‘:11.1)011 ((I,) o-cnrhclll (C,) Hydride 

(1, -$ d,, (I.’ (I!,, (1, i, Pr p: 117 pz s 
-__ 

$1 -0.2 -0.10 -0.67 - - -0.20 - -0.35 -0.14 
$, - - - +0.02 +0.1r, - - 

1L1 -0.1 +0.5s -0.14 - - +o.oi -O.Ofi -O.OG +0.04 -0.X 

$4 
$5 -0.2 

- - -0.14 +0.111 - - - - 

-0.44 +0.::4 - - -0.14 -0.1n +0.17 +0.07 -0X 
- -___-- 

a These orbit& nre cnllcd, in order of decressillg c~~crgy $1, $2, $z, $4, :ttld tii. 

olefin upon coordination. This is accom- 
panied by the appearance of small pal- 
lndium-olefinic carbon bond indices and a 
decrease in the olefinir bond index from 
the noncoordinated value of 2 to 1.7. The vn- 
lencies of both the p-c:u+on atom (C,) of t,hc 
olefinic bond and the hydrogen atom of the 
[l’dCl,H]Y- , p 7 c&s are lower than normal 
(16, Ii’) indicating that t,hcse atoms arc 
relbively unsatur:lted and hence are posi- 
tions of resctivit)y. The bond indices of t,he 
palladium-ligand bonds arc npprc&bly 
lower than unity as is usual in these highly 
ionic complexes. It, is of interest t,o not,c 
t>hnt t,he I’d-Cl, bond tmtzs to hydrogen is 
weaker t,h:m the ot,hrr I’tl-Cl hmtls. As 

there is also a small bond index Mwcrn C1 
(t,he a-carbon nt,om) and Cl, (not, shown in 
Fig. 5) the possibilit’y of an olcfin-rhlorinc 
interaction or displacement is cluit,c> possihlc 
and must tjhcrcfore 1)~ considrretl. A series 

of computations reveals that movement of 
the olefin t,ownrds the chlorine creates a, 
high energy barrier. The presence of this 
high nct,ivntion harrier produces important 
implicut,ions. First, t,he hetcrolyt#ic breaking 
of H, does not have to precede the coordinn- 
tion of the olrfin. This means that if we 
initially consider an olefin coordinated to 
[l’dCl,]*- the Later entrance of H, and 
the hetcrolyt,ic scission of t,he hydrogen 
bond will not t)c hindered by the con- 
figuration :LS the olcfin cannot move t,o- 
wards the chlorines hecause of the energy 
harrier. This energy harrier may also nc- 
count, for the wry slow formation of Zeise- 
typr anions wit’h [l’tCl,12- and [I’dCl,]?- 
whose formation is :~ctually favored only 
when some lignnds other t,h:m chloride ions 
we prcscnt8 (18). Finally we ran conclude 
t’hat the only displacement left for t,hr 
olcfin is tonwtls the hyclrogcn. 

TABLE G 

Variakm of the Bond Indices between the Pallndiunl ~1,: Ort)it,al and t,he Hydrogen s Orbit,:tl, t.he Carbon 1 p 
orbit~als, rind t,hc Cnrhon 2 p Orbitals over the Rextim St,eps of t,he Collapse React,ion 

-----__ 

hlld Renctioll step 
.___ 

0 1 2 3 4 r, G 
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Cl 

H. 

FIG. 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 &) is by far the most important 
with regard to the olefin-palladium bond- 
ing situation. $5 provides Pd-olefin bond- 

ing through the interaction of the I’d dLz 
and d,, orbitals with the p, and p, orbitals 
of the olefinic CX- and P-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 r*-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 ti2, I&, 
and #a 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 th’e 
second one, +a, has a small contribution 
from d,z and dz2cy2 and the hydrogen s 
orbital thus subscribing also to I’d-H bond- 
ing (as do $Q and $6). The form of the 
highest occupied molecular orbital $1 is 
quite interesting as it is composed of the 
Pd da2 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 I’d-olefin 

Pd-H. 

05- 

Pd-C, 

&-Ho 

0 1 i r 
I 2 3 4 5 6 

FIG. 7. Changes in the bond indices during the collapse. The seven steps of Fig. 6 correspond t,o 
the numbers 0 t,o 6 in t,he abcissa. 
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FIG. 8. Total electron density contour plot,s for four steps (0, 2, 4, 6) of Ore 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 lignnd (the one 
that usually performed a c&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 
lahilizing the l’d-olefin bond. The absence 
of these electrons would imply that the 
highest filled orbitals would be the non- 
bonding (d,,, d,, and d,,) orbit&. The 
highest occupied orbital which is concerned 
with palladium-olefin bonding can there- 

fore be correlated with the preferred movc- 
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). 

c. Collapse Mechanistn 

The “collapse” reaction pat,h was divided 
into seven successive steps for calculational 
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 
so 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 t,he alkyl group is the 
driving force of the reaction. This answers 
the most crucial question of the hydro- 
genation process, namely, why this reac- 
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0 1 2 3 4 5 6 

FIG. 9. Orbital energies over the collapse reaction coordinate. Only t,he five highesf, 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 
[PdC1412-. 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. S. The 
I’d-H, and C2-H1 bond indices smoothly 
decrease and increase, respectively. The 
CI-C2 bond becomes a single bond at the 
end of the reaction path although the 
C&C2 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 I’d 
atom can play the role that the d,, orbital 
performed in the initial coordinated inter- 
mediate structure. The very conspicuous 
weakening of the I’d-C1 bond index at the 
middle step of the collapse reaction is dis- 

cussed further in the analysis of t,he 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 Cz 
over the reaction coordinate is well illus- 
trated by the electron densit)y plots of 
Fig. S. 

The changes in the energies of orbitals 
$I to 1+55 over the reaction path of stage III 
are presented in Fig. 9. It can be seen that 
the energies of $1 and $5 alter quite con- 
siderably over the reaction coordinates. 
The energy of $3 varies slightly while the 
energy of Gp and #4 decrease slowly and 
monotonically over the reaction path. 
Clearly the total energy decrease is related 
to the lowering of these energy levels, $1 
to $6, especially $1 the highest bonding 
orbital. 

The variations in the major atomic 
orbital constituents of molecular orbitals 
$1, & and $6 over the reaction steps are 
plotted in Fig. 10. Molecular orbit& ti2 
and qi4 always maintain the same dominant 
contributions, i.e., the d,, and d,, orbitals 
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of palladium, respectively. The atomic 
orbital cont’rihutions of &, $2 and $5, on 
the other hand, change quite significantly. 
Initially, a.11 these three molecular orbitals 
possess varying cont’ributions from the 
palladium cl,, and dZ2 orbitals. #3 becomes 
nonbonding with regard to ethylene-hydro- 
gen interactions as the reaction proceeds. 
During st,epx 2-5 t,he l’d d,~ contribut,ion is 
dominant; however, at the final step the 
orbital is largely I’d d,, in character. The 
hydrogen s orbital character of this mo- 
lecular orbital is not given in Fig. 10 bc- 
cause it merely decreases over the reaction 
coordinate. There is a significant contribu- 
tion from the Cz p, orbital whose participa- 
tion reaches a maximum at step 2. With 
the movement of the ethylene there is intcr- 
action with the I’d 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 Ca 11~ orbital 
while the ethylene moves from one co- 
ordination site to another. Thus, energy is 
not needed to break the I’d-G bond before 
the ethylene can be transferred. 

Molecular orbitals $1 and #5 show many 
similarities; both display an increase in the 
participation of hydrogen s orbital and I’d 
dzz orbital over the middle stages of the 
reaction. Also the p, and p, orbitals of C1 
play an increasingly important role in both 
molecular orbitals as the reaction proceeds. 
This is especially true of $1 where initially 
the C1 pz orbital is prominent, as the move- 
mcnt of ethylene occurs. The C1 p, orbital 
portion increases until at step 3 the con- 

tributions are equal. As the reaction con- 
tinues the p, coefficient further increases 
while bhe I)& contribution decreases. It 
would appear, therefore, that the I’d d,, 
orbital is acting as a transfer orbital and 
t,his is so. The behavior of the H,-I’d d,,, 
Cl p-1%~ d,, and Cz [)-I’d d,, bond indices 
over the seven reaction steps are recorded 
in Table 6. It can be seen that in the initial 
stages of the react,ion all three interactions 
are important. The H s-I’d d,, and Cz 
p-l’d d,, bond indices show a decline after 
step 1 when t,he C2-H interaction becomes 
substantial. The C1 p-Pd d,, bond index 
reaches a maximum at step 4 after which 
t,hc Cl p orbitals bond with the I’d p and d 
orbitals lying in the zp plane. The role of 
the I’d d,, orbital is to provide a bonding 
interaction for the H s and the Cl P, 
orbitals before they bond with Cz and I’d, 
respectively. The conduct of the Pd dZZ-ys 
orbital in $1 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 
Cl P, orbital. At the end of the movement 
this latter interaction provides the major 
contribution of G1. 

From Fig. 9 it is seen that J/l and $5 pass 
through an energy maximum and energy 
minimum precisely at the position inter- 
mediate between the z and II: axis (the 
trigonnl bipyramidal structure). At this 
point the antibonding contributions of 
I’d-Cl present in #1 almost cancel the bond- 

TABLE 7 

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

Atom Reaction st,ep 

0 1 2 3 4 ;i 0 

Pd $0.152 to.144 to.179 +0.278 j-0.173 +0.125 +0.101 
H -0.222 -0.253 -0.200 - 0.386 -0.207 -0.077 +0.024 
Cl -0.040 -0.076 -0.002 -0.210 -0.199 -0.185 -0.172 
C, -0.067 - 0.073 - 0.048 +0.310 +0.420 -0.013 -0.090 
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dz’ 

FIG. 10. Dominant atomic orbital contributions 
to the following molecular orbitals: (a) +I; (b) &; 
(cl $3. 

ing contributions of I’d-Cl found in I& and 
hence provide an explanation for the low 
bond index of Pd-C1 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 HCl on the 

final complex of Fig. 6, i.e., on the I’d- 
alkyl bond. The hydrogen reacts with the 
alkyl moiety to form the alknne while the 
chlorine enters the coordination sphere of 
palladium and regenerates the original 
[I’dClJ”- 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-PdC13]2- and [alkyl- 
PdCl,]*-.HCI, respectively. In the latter 
species the HCl was coordinated at a dis- 
tance of 2 A from the palladium and posi- 
tioned along the x-axis so that the z-axis 
coincided with the midpoint of the H-Cl 
bond. 

In the case of [alkyl PdC1S]2- we can see 
that the a-carbon atom possesses excess 
charge while the palladium is positively 
charged. Furthermore, the calculated valen- 
ties of I’d and C1 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 I’d-C1 and H-Cl bonds while 
the appearance of the new I’d-Cl and 
H-Cl 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 bonds, 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 st’&c, 
a more stable state is obtained. 

The charges on the a.toms at the seven 
steps of the previous stage are presented 
in Table 7. A survey of these values reveals 
that the negative charge on t’he ac-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 it,s 
collapse to the x-axis. This possibility is 
based both on the attainment of a muxi- 
mum negative charge on the a-carbon atom 
and of a minimum in the I’d-alkene bond 
order at the intermediate position of the 
reaction coordinate of Fig. 6. (i.e., the 
trigonal bipyrnmidal situa.tion). 

CONCLUSIONS 

The main features of the mechanism dis- 
cussed above are the demonstration of the 
capability of the [PdClJ”- complex to 
produce a heterolytic breaking of HS, the 
description of the movement of the co- 
ordinated olefin towards the hydrogen 
(collapse mechanism), and the explanation, 
through the charge distribution, of t,hc 
attack of HCl on the coordinated alkyl. 

-0.60 Cl 

-058 Cl 
H 

H 

FIG. 11. Charge distribut~ion of [nlkyl-PdC&y-. 

-010 c 

/t 

FIG. 12. Charge distribution of [alkyl-PdC13J”-.HCI. 

The collapse process merits a more de- 
tailed discussion. It has been shown that 
in catalytic reactions involving cis-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 situn- 
tion arises. The molecular orbital that gives 
a bonding contribution to the I’d-styrene 
bond is rather low (orbital $5 in Fig. 9). 
The highest occupied orbital is in fact anti- 
bonding between palladium and styrcnc. 
This apparent difYerencc with previously 
studied catalyzed reactions permits, how- 
ever, the establishment, of a common dc- 
scription 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 (pentwoordination for 
palladium or platinum and hexacoordina- 
tion for titanium) as an unst,able situation 
which soon collapses to 3 lower coordina- 
tion (scluare planar structures for palla- 
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dium or platinum, and trigonal bipyrnmidal 
for titanium). It is our conclusion 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 
[I’dClJ2- cat’alyst is the significance at- 
tached to the two anionic electrons. We 
have seen, in fact, that t,he two extra 
electrons occupy the antibonding orbital, 
i.e., they effectively labilize the pslladium- 
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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