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The reaction mechanisms for selected insertion processes involving the hydtido-plat- 
inurn complex trans-Pt(PH,kHCl have been studied by an all-valence-electron molecu- 
lar orbital method. Optimized reaction coordinates have been elucidated for the insertion of 
CS2, CO*, and C,H, into the metal-hydrogen bond and the results correlated with available 
experimental data. Following the entry of the reacting hgand into the coordination sphere of 
the metal, transition state and subsequent product formation appear to be largely dependent 
on steric effects. The sensitivity of the activation energies for reaction to specific ligands is 
rationalized in terms of the bonding patterns associated with the different ligands. 

INTRODUCTION 

Systematic experimental study of ligand 
insertion processes in reactions involving 
organometallic species has resulted in a 
diverse range of insertion reactions being 
discovered (1,2). The majority of these in- 
sertion reactions occurs with metal com- 
plexes of the second and third transition 
series and the catalytic behavior exhibited 
by many such systems enhances their po- 
tential importance. Complexes of the heav- 
ier metals of the nickel triad are particu- 
larly interesting in this respect and, 
although metal-carbon bonds provide the 
predominant source of insertion reactions, 
a number of ligand insertions involving 
metal-hydrogen bonds have been docu- 
mented. 

Despite this growing interest in insertion 
reactions, corresponding theoretical inves- 
tigation has been limited (3). We have pre- 
viously advanced a molecular orbital de- 
scription of the Wacker process (4, an in- 
sertion reaction where simultaneous hy- 
drogen migration takes place. In this work 
we now attempt a theoretical analysis of 
insertions into the Pt-H bond, and the 

three representative reactions outlined 
below were selected for detailed study. 

rrans-Pt(PR,),HCl+ CS, + 
trans-Pt(PR,),(CS,H)Cl (1) 

truns-Pt(PR,),HCl+ CO, + 
rrans-Pt(PR,),(CO,H)Cl (2) 

truns-Pt(PR,),HCl + C,H, + 
trans-Pt(PR~),(CzHs)C1. (3) 

METHOD 

The molecular orbital (MO) method pre- 
viously applied to platinum (5) and palla- 
dium (4) complexes has been used in all 
the present calculations. To conserve cal- 
culation time it is expedient to replace the 
PR, ligand, where R is normally an alkyl 
or aryl group, by PH,; previous calcula- 
tions (5) indicate that no significant 
changes in other parts of the molecule are 
induced by heuristic approximations of 
this type. A square-planar pseudo-D,, 
molecular geometry lying in the xy plane 
was assumed for both reactant and prod- 
uct. 

Metal-ligand bond lengths were taken 
from previous papers (6) and the remaining 
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internuclear distances were extracted from 
Refs. (2) and (7). 

The insertion of carbon disulphide, CS2, 
into the platinum-hydrogen bond is postu- 
lated (8) to occur via a four-center inter- 
mediate of type B (Fig. 1) following initial 
formation of the five-coordinate complex 
A. The latter results from addition of the 
entering ligand at the solvent sites either 
above or below the molecular plane. Since 
carbon disulphide itself is the solvent (8), 
no theoretical problems of ligand displace- 
ment arise. Unidentate coordination of 
CS, in the manner shown in complex A 
has previously been suggested for a similar 
rhodium complex (9) and the present cal- 
culations on the analogous Pt system con- 
firm the preferential formation of a plat- 
inum-sulphur bond. Of particular interest 
here, however, is the nature of the transi- 
tion state. While experimental evidence is 
unable to elucidate the structure of the en- 

/p; + 7 
“i’ I ‘+‘3 i: 7 s 

tA) ;: PH, 

r ?/ 7rH s 1 (D) s-c/ (6) p'-g I \ 1 -9 / : 44 / : 7-" 
(C) 

C’ 
r3 /” r3/” -- ,Pt 

PH3 

s-c,H C’yt-\ 

PH3 7 
(E) Pi 

FIG. 1. Reaction sequences for CS, insertions. 

visaged transition state, molecular orbital 
theory is capable of giving a description 
of both the geometric and electronic struc- 
ture of any such intermediate. 

Hypothetically, CS, insertion may result 
in either of two products (8), C and E, and 
possible transition states leading to these 
products are shown in Fig. 1, which dem- 
onstrates the overall reaction sequences. 
Unfortunately, because of the very many 
degrees of freedom involved, complete op- 
timization of the transition-state geometry 
would take an immense amount of com- 
puter time. However, we can reduce the 
problem by assuming a reasonable general 
geometry for the transition state. There- 
fore, using equilibrium bond distances, re- 
stricting the CS, moiety to the xz plane, 
and acquiring theA two most important pa- 
rameters, the S-C-S and C-Pt-H angles, 
by optimization, a reasonable transition- 
state geometry is obtained. 

RESULTS AND DISCUSSION 

Before discussing the reaction coordi- 
nates in detail, it is pertinent to examine 
more closely the nature of these transition 
states and their corresponding products. 
Experimental evidence favors the forma- 
tion of product C, and this may be readily 
rationalized by comparison with related 
reactions (Z&II). The calculations are in 
accord with this observation, product C 
being preferred on energy grounds. More 
important, however, is the theoretical pre- 
diction of a lower energy path via transi- 
tion state B than via D. Since the assump- 
tion of the transition state is undoubtedly 
the rate-determining step, this result 
verifies the proposed reaction scheme. It is 
not difficult to trace the underlying reason 
for the additional stability of transition 
state B. 

Carbon disulphide is known to act as a 
r-bonding bidentate ligand. The structure 
of the complex Pt(PH&C&) has been de- 
termined (22) and the SCS angle shown to 
be 136”. Moreover, spectral measurements 
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on free CS, (13) demonstrate the presence 
of an electronically exciied state of CZU 
symmetry in which the SCS angle is 136”: 
This contrasts with the linear geometries 
of the ground state. 

This correlation between excited-state 
and coordinated geometries implies the 
operation of a (r--7~ synergic reinforcement 
mechanism, with significant back-donation 
of electron density from the metal atom to 
the carbon-sulphur V* orbitals (I). Fur- 
thermore, explicit calculation shows that 
the relevant excited-state energies de- 
crease as the SCS angle is reduced from 
180” to 120”. Consequently, in both pos- 
sible transition states, the CS, ligand de- 
viates from linearity, thereby alleviating 
some of the structural strain imposed by 
transition-state formation, in addition to 
strengthening the metal-ligand bonding as 
outlined above. We estimate the SCS in- 
terbond angles to be approximately 150” 

and 120” in B and D, respectively. In the 
free CS, molecule, the total sulphur d-or- 
bital population is found to be 0.15 and the 
carbon-sulphur bond index (14) is 1.95. 
Inspection of Tables 1 and 2 shows sul- 
phur d-orbital involvement in the bonding, 
as evidenced by the significant increase in 
electronic population and the concomitant 
decrease by coordination. Thus, both tran- 
sition states are stabilized by this U-V 
mutual reinforcement mechanism. The in- 
creased internuclear repulsion energy in 
transition state D brings about severe 
geometric distortion of the coordinated 
ligand: This, however, proves insufficient 
to lower the energy of this transition state 
below that of B. 

1. Reaction (I), C& Insertion 

In general, for simplicity the reaction 
coordinates were constructed by systemat- 
ically changing relevant bond angles and 

TABLE 1A 
THE ELECTRONIC DISTRIEUTION IN REACTION 1 LEADING TO PRODUCT (C) 

A 
1 
2 
3 
B 
1 
2 
3 
4 
5 
C 

A 
1 
2 
3 
B 
1 
2 
3 
4 
5 
C 

Pt P Cl H C 5 S2 

+0.257 -0.112 -0.432 -0.179 +0.22 1 -0.072 -0.082 
+0.263 -0.114 - 0.429 -0.181 +0.220 -0.068 -0.086 
+0.274 -0.115 -0.424 -0.183 +0.214 -0.066 - 0.098 
+0.288 -0.115 -0.416 -0.180 +0.198 -0.067 -0.113 
+0.253 -0.122 -0.379 -0.086 +0.246 -0.148 -0.158 
+0.243 -0.102 -0.315 -0.132 +0.240 -0.184 -0.195 
+0.223 -0.092 -0.361 -0.089 +0.203 -0.174 -0.197 
+0.235 -0.097 -0.377 -0.008 h0.151 -0.185 -0.203 
+0.269 -0.100 -0.372 +0.046 +0.115 -0.224 -0.219 
+0.299 -0.101 -0.366 +0.067 -to.110 -0.263 -0.233 
f0.316 -0.101 -0.358 +0.065 -to.109 -0.283 -0.239 

Pt-P Pt-Cl Pt-H s,-c s,-c Pt-S C-H 

0.53 1 0.516 0.567 0.131 1.911 1.975 0.000 
0.524 0.517 0.557 0.148 1.910 1.960 0.001 
0.515 0.522 0.544 0.163 1.936 1.907 0.002 
0.503 0.53 1 0.529 0.197 1.953 1.838 0.002 
0.504 0.577 0.440 0.311 1.783 1.723 0.143 
0.532 0.685 0.351 0.330 1.692 1.692 0.243 
0.495 0.635 0.163 0.614 1.448 1.711 0.544 
0.489 0.597 0.083 0.661 1.374 1.681 0.689 
0.498 0.597 0.052 0.627 1.325 1.657 0.786 
0.507 0.604 0.029 0.569 1.289 1.643 0.851 
0.514 0.618 0.02 1 0.532 1.247 1.671 0.870 
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TABLE 1B 
PARTIAL BOND INDICES 

A 0.038 0.009 0.008 0.061 0.00 1 0.003 0.011 0.002 0.000 
1 0.05 1 0.009 0.009 0.052 0.002 0.006 0.014 0.004 0.000 
2 0.055 0.007 0.010 0.047 0.004 0.013 0.017 0.009 0.001 
3 0.05 1 0.006 0.010 0.049 0.009 0.02 1 0.032 0.017 0.003 
B 0.089 0.015 0.010 0.062 0.028 0.023 0.049 0.026 0.008 
1 0.116 0.037 0.011 0.062 0.021 0.020 0.026 0.026 0.010 
2 0.098 0.053 0.014 0.062 0.246 0.057 0.05 1 0.019 0.015 
3 0.109 0.044 0.015 0.05 1 0.303 0.072 0.032 0.014 0.019 
4 0.118 0.036 0.017 0.043 0.302 0.05 1 0.028 0.010 0.020 
5 0.121 0.022 0.019 0.035 0.276 0.028 0.034 0.007 0.024 
C 0.125 0.016 0.020 0.034 0.251 0.018 0.038 0.006 0.025 

Pt(s)-S, PAI Pv-s* PA dp-,A, L-S, d&3, 4,-S, 4,-S, 

S,(s)-Pt p,-Pt P”-Pt pz-pt d,.-,z-Pt d,,-Pt d,.-Pt d,,-Pt d,,-Pt 

A 0.075 0.009 0.008 0.02 1 0.000 0.003 0.013 0.002 0.000 
1 0.078 0.011 0.009 0.02 1 0.000 0.008 0.016 0.004 0.000 
2 0.078 0.012 0.010 0.019 0.001 0.015 0.018 0.009 0.001 
3 0.078 0.015 0.011 0.03 1 0.004 0.023 0.017 0.016 0.003 
B 0.072 0.019 0.013 0.133 0.008 0.019 0.015 0.023 0.009 
1 0.062 0.021 0.017 0.156 0.013 0.011 0.020 0.017 0.013 
2 0.144 0.084 0.017 0.299 0.015 0.006 0.019 0.015 0.016 
3 0.180 0.107 0.017 0.283 0.014 0.007 0.022 0.012 0.019 
4 0.202 0.137 0.019 0.200 0.009 0.010 0.019 0.009 0.022 
5 0.219 0.174 0.021 0.092 0.005 0.015 0.014 0.006 0.023 
C 0.234 0.180 0.022 0.035 0.003 0.018 0.011 0.006 0.024 

distances involving the ligand as the 
system moved along the reaction path. All 
other Pt-X bond distances were kept con- 
stant. The reaction coordinates for CS, in- 
sertion resulting in products C and E are 
depicted graphically in Figs. 2 and 3, 
respectively. Both reaction sequences are 
initiated by platinum-sulphur bond forma- 

tion. The calculations suggest that the CS, 
ligand is loosely bound to the metal com- 
plex, via the sulphur atom, at a distance of 
0.4 nm (i.e., complex A). This situation 
militates against a path leading to product 
E, since the necessary Pt-C bond forma- 
tion requires this Pt-S bond to be broken. 
In both transition states the metal- 

TABLE 1C 
TOTAL d-ORBITAL OCCUPANCIES 

Pt P Cl Sl S2 

A 8.818 0.321 0.106 0.192 0.149 
1 8.830 0.329 0.107 0.224 0.150 
2 8.841 0.341 0.109 0.279 0.152 
3 8.834 0.355 0.112 0.358 0.159 
B 8.754 0.375 0.120 0.414 0.178 
1 8.702 0.364 0.125 0.421 0.171 
2 8.823 0.342 0.115 0.433 0.170 
3 8.847 0.336 0.109 0.427 0.171 
4 8.814 0.336 0.109 0.397 0.172 
5 8.756 0.336 0.109 0.361 0.172 
C 8.764 0.335 0.110 0.341 0.181 
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TABLE 2 
THE ELECTRONIC DISTRIBUTION IN REACTION I LEADING TO PRODUCT (E) 

A 
1 
2 
3 
D 
1 
2 
3 
4 
5 
E 

A 
1 
2 
3 
D 
1 
2 
3 
4 
5 
E 

Pt P Cl H 0 S, S2 

+0.257 -0.112 -0.432 -0.179 +0.221 -0.072 -0.082 
+0.287 -0.111 -0.407 -0.141 +0.181 -0.074 -0.145 
f0.337 -0.109 -0.399 -0.106 +0.038 - 0.044 -0.171 
+0.299 -0.119 -0.382 -0.084 +0.046 -0.032 -0.151 
f0.259 -0.126 -0.369 -0.081 +0.157 -0.074 -0.168 
+0.253 -0.126 -0.349 -0.078 +0.116 -0.180 -0.043 
t-O.249 -0.116 -0.316 -0.094 +0.055 -0.204 - 0.000 
+0.262 -0.103 -0.336 -0.084 +0.014 -0.219 +0.004 
+0.268 -0.106 -0.361 -0.047 +0.029 -0.220 -0.029 
+0.268 -0.106 -0.372 +0.006 +0.029 -0.230 -0.068 
+0.274 -0.106 -0.375 +0.024 +0.033 -0.236 -0.094 

Pt-P Pt-Cl Pt-H Pt-C q-c sj-c S,-H 

0.531 0.516 0.567 0.015 1.911 1.975 0.007 
0.540 0.544 0.518 0.110 1.906 1.833 0.106 
0.489 0.549 0.448 0.114 1.812 1.696 0.199 
0.513 0.585 0.405 0.099 1.729 1.714 0.269 
0.526 0.582 0.456 0.204 1.658 1.665 0.223 
0.523 0.624 0.417 0.192 1.681 1.592 0.278 
0.534 0.688 0.347 0.172 1.692 1.454 0.385 
0.506 0.688 0.177 0.288 1.659 1.247 0.683 
0.484 0.649 0.103 0.378 1.651 1.215 0.813 
0.48 1 0.629 0.062 0.423 1.646 1.189 0.889 
0.485 0.626 0.048 0.438 1.616 1.165 0.914 

hydrogen bond distance is assumed to be 
unperturbed by the entering ligand, sub- 
sequent insertion occurring via hydrogen 
migration, as shown. These two reaction 
sequences will now be considered in 
greater depth. 

. ) 

0.6 
X 

FIG. 2. Reaction coordinate A + B + C. 

The electronic properties associated 
with CS, insertion to give product C are 
summarised in Table 1. In addition to elec- 
tronic populations and total bond indices, 
we make use of a partial bond index de- 

FIG. 3. Reaction coordinate A + D 4 E. 
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fined by 

PAB = c 4,, 
oont? 

where PAW is the density matrix element 
between atomic orbitals A and u on atoms 
A and B, respectively. In this way the con- 
tribution of a particular orbital A to the 
total interatomic bonding may be assessed. 
Clearly, summation of these partial bond 
indices must lead to the total bond index 

The increased coordination number of 
Pt arising from CS, attachment results in 
decreased metal-ligand interaction in the 
parent complex Pt(PH,),HCl. However, 
experimental data derived from infrared 
spectra can be interpreted as meaning that 
formation of an intermediate of type A 
increases the metal-hydrogen bond 
strength over that in the parent complex 
and this is attributable to an increase in 
metal oxidation state (8). Conversely, the 
calculations predict a marginal weakening 
in this bond. However, it is impossible to 
ascertain the extent of the influence of the 
nonseparable mass-effects of the other 
ligands in the complex and the marginal 
change in platinum-hydrogen bond index 
incurred through platinum-sulphur 
bonding should not be interpreted as nec- 
essarily opposing experimental evidence. 

Formation of transition state B is facili- 
tated by increased metal-sulphur bonding, 
which offsets in part the increased nuclear 
repulsion energy. Occupation of the m* 
anti-bonding orbitals of the CS, ligand is 
accompanied by a decreased C-S bond 
index. The v-donor capabilities of this 
ligand, characteristic of this type of 
bonding, is evident from the electronic 
polarization of the CS, moiety toward the 
metal complex. In contrast with $, which 
does not participate directly in metal- 
ligand bonding, the d-orbital population of 
S, increases markedly with the degree of 

coordination. Inspection of the partial 
bond indices (Table 1) shows that the pr 
orbital of S1, being primarily responsible 
for the ligand c-donor properties, plays an 
important role in Pt-S bond formation. At 
this stage of the process the diffuse plat- 
inum s orbital also contributes extensively 
to the overall bonding. It is also note- 
worthy that, in the transition state, there 
is direct C-H bonding (which reduces the 
Pt-H bond index) and, hence, the system 
may be considered as a “four-center” 
intermediate of the type suggested by Pa- 
lazzi et al. (8). Consistent with this, the 
total energy data show that formation of 
the labile intermediate B constitutes the 
activation energy barrier. 

Product formation appears to take place 
with hydrogen migration permitting com- 
plete CS2 insertion. The decreasing Pt-H 
and S-C bonding is offset by increasing 
Pt-S, and C-H interactions, the net result 
being energetically favored. As the CS* 
ligand approaches the x-axis (Fig. l), the 
importance of the metal dzz-lll orbital is 
enhanced and Pt-S bonding in the product 
is governed by interactions with this or- 
bital. In a similar manner, the S, s-orbital 
contribution to the Pt-S, bond takes over 
the role of the previously dominant S, p 
orbital. Also, while the S,-C bond be- 
comes essentially single, the Z&-C bond re- 
tains much of its double-bond character. 
Electron-density contour maps for the 
reaction (Fig. 4) bring out this point well. 

The alternative product, E, resulting 
from CS, insertion, requires assumption of 
a transition state of type D. Here, direct 
Pt-C bonding replaces the Pt-S interac- 
tion found in the initial complex A. This, 
in addition to the less favorable steric com- 
mitments imposed by such a transition 
state, precludes the formation of product 
E. Nevertheless, it is instructive to exam- 
ine briefly the reaction coordinate shown 
in Fig. 3. Inspection of Table 2 shows that 
the transition state is achieved by S-H 
and Pt-C bond formation at the expense of 
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FIG. 4. Electron density contours for CS, insertion. 



58 ARMSTRONG, FORTUNE AND PERKINS 

Pt-H and C-S bonds. The strong distor- 
tion of the CS, ligand leads to distinctly 
weaker C-S bonding compared with tran- 
sition state B. Also, the Pt-C bonding is 
weaker (i.e., the associated bond index is 
far lower) than the comparable Pt-S 
bonding, indicating the relative instability 
of transition state D. Retention of double- 
bond character for C-S, together with the 
single-bond nature of C-S2, is rather simi- 
lar to that found in the previous process. 
The increase in Pt-Cl bond index and the 
decrease in Pt-P bond index are also man- 
ifest in both reaction sequences. It may, 
therefore, be concluded that the Cl- 
Pt(PH& moiety does not exert a major 
influence in product determination, the nu- 
clear repulsions dictating the course of the 
reaction. 

2. Reaction (2), CO1 Insertion 
Although the analogous insertion of CO2 

into a platinum-hydrogen bond has not 
been reported, this ligand is known to in- 
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FIG. 5. Reaction coordinate for CO, insertion. 

sert into certain metal-carbon bonds (15). 
It is therefore of interest to compare CO2 
and CS2 insertion into the Pt-H bond. The 
transition state was optimised as before by 
varying 6 and 4 and the electronic proper- 

TABLE 3 
THE ELECTRONIC DISTRIBUTION IN REACTION 2 

Pt P Cl H C 0, 4 

A’ 
1 
2 
3 
B’ 
1 
2 
3 
4 
C’ 

A 
1 
2 
3 
B’ 
1 
2 
3 
4 
C’ 

+0.272 -0.109 -0.432 -0.178 -to.502 -0.228 -0.232 
+0.272 -0.112 -0.432 -0.183 +0.505 -0.22 1 -0.226 
+0.275 -0.116 -0.432 -0.191 +0.509 -0.211 -0.217 
+0.282 -0.122 -0.426 -0.199 +0.521 -0.217 -0.214 
+0.317 -0.126 -0.382 -0.083 +0.512 -0.336 -0.306 
+0.357 -0.112 -0.312 -0.126 +0.459 -0.390 -0.319 
+0.380 -0.121 -0.343 -0.085 +0.381 -0.372 -0.285 
+0.379 -0.123 -0.369 -0.017 t-O.316 -0.364 -0.259 
+0.388 -0.122 -0.378 +0.018 +0.272 -0.374 -0.243 
+0.396 -0.122 -0.377 +0.014 +0.249 -0.375 -0.229 

Pt-P Pt-Cl Pt-H Pt-0, 0,-c 0*-c C-H 

0.541 0.523 0.575 0.034 1.911 1.939 0.000 
0.538 0.524 0.571 0.036 1.901 1.937 0.000 
0.533 0.526 0.564 0.034 1.884 1.928 0.000 
0.527 0.537 0.542 0.034 1.852 1.894 0.018 
0.542 0.609 0.367 0.130 1.597 1.741 0.324 
0.539 0.729 0.259 0.149 1.457 1.749 0.487 
0.498 0.706 0.116 0.370 1.226 1.816 0.746 
0.495 0.658 0.063 0.434 1.120 1.842 0.862 
0.500 0.643 0.041 0.427 1.046 1.865 0.913 
0.504 0.648 0.038 0.408 1.001 1.886 0.919 
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B. The results also indicate that there will 
be a higher energy barrier to CO, insertion 
and this may account for its presently 
being unobserved. Subsequent product for- 
mation closely follows the CS, insertion, 
with the Pt-0 bond remaining weaker than 
the Pt-S bond throughout the reaction. 
The absence of low-lying formally unoc- 
cupied d orbitals in oxygen and the con- 
sequent nonexistence of accessible r* or- 
bitals probably accounts for the observed 
differences between the two systems. 

t 
Fig. 6. Reaction coordinate for C,H, insertion. 

ties of the systems along the reaction coor- 
dinate A’ --, B’ + C’, depicted in Fig. 5, 
are outlined in Table 3. It turns out that 
this reaction sequence is similar to the CS, 
insertion, the major differences being due 
to the increased ionicity of coordinated 
CO,. The CO, ligand also deviates from 
linearity on coordination, the extent of the 
distortion being slightly greater than in the 
CS, case. The low Pt-0, bond index in the 
intermediate B’ underscores the impor- 
tance of the U-T synergic mechanism 
which operates in CS, insertions. The 
Pt-H bond is found to be weaker and the 
C-H bond stronger than in transition state 

3. Reaction (3), C2H, Insertion 

A related reaction of potential impor- 
tance in catalytic hydrogenation is the in- 
sertion of ethylene into the platinum- 
hydrogen bond (16). As in the case of CS 
insertion, the r* orbital of ethylene allows 
a u-rr reinforcement mechanism (17), so 
stabilizing the transition state. The calcula- 
tions show that initial coordination of eth- 
ylene at ca. 0.25 nm above the molecular 
plane directly generates the transition 
state. The subsequent reaction sequence 
shown in Fig. 6 necessitates the formation 
of a metal-carbon a-bond. This, in con- 
junction with hydrogen migration, is found 
to be energetically favorable, formation of 
the penta-coordinate Pt(PH,),HCl(C,H,) 

TABLE 4 
THE ELECTRONIC DISTRIBUTION IN REACTION 3 

Pt P Cl H C, G 

F f0.262 -0.146 -0.457 -0.190 -0.02 1 -0.045 
1 +0.266 -0.148 - 0.428 -0.177 -0.062 - 0.022 
2 +0.261 -0.151 -0.396 -0.122 -0.157 +0.038 
3 +0.302 -0.122 -0.337 -0.009 -0.282 -0.015 
4 +0.239 -0.132 -0.395 +O. 126 -0.169 -0.155 
G +0.268 -0.128 -0.407 +0.038 -0.180 -0.095 

Pt-P PbCl Pt-H G-G C,-H Pt-C, Pt-C, 

F 0.511 0.521 0.541 1.885 0.000 0.099 0.096 
1 0.507 0.547 0.519 1.842 0.049 0.119 0.099 
2 0.499 0.582 0.449 1.641 0.187 0.142 0.091 
3 0.499 0.709 0.133 0.949 0.754 0.324 0.127 
4 0.449 0.611 0.048 0.946 0.844 0.512 0.086 
G 0.468 0.595 0.041 0.983 0.916 0.516 0.062 
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being the rate-determining step. The elec- 
tronic properties summarized in Table 4 
show the expected reduction of carbon- 
carbon double-bond character upon initial 
coordination. Further destruction of the 
double bond accompanies Pt-C, and G-H 
bond formation, both occurring within 
narrow geometric limits. 

In conclusion, it appears that insertion 
reactions of this type are largely domi- 
nated by internuclear repulsion energies. 
Any feature of the bonding which offsets 
this, such ‘as a o-r coordination mecha- 
nism, should facilitate product formation. 
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