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Abstract. Acetylene insertion into Pt(I)-H and
Pt(I1)—SiH; bonds of PtH(SiH;)(PHj3) was investigated
using ab initio molecular orbital and Magller-Plesset
perturbation theory methods. The insertion into Pt—H
was predicted to proceed with a smaller activation
energy (E, = 12.8 kcal/mol) than that into Pt—SiHj
(E, = 20.9 kcal/mol). The reaction energy (AE) of the
insertion into Pt—H is 10 kcal/mol smaller than that for
the insertion into Pt—SiH3, which reflects differences in
bond energies between C—H and C—Si and between
Pt—H and Pt—SiH3. A comparison with ethylene
insertion revealed that the acetylene insertion occurs
more easily, and the latter reaction is more exothermic.
A simple vibronic coupling model combined with
Toyozawa’s interaction mode analysis was used to
examine interesting differences in E, and AE between
insertions into Pt—H and Pt—SiHj3;, and between acet-
ylene and ethylene insertions. This analysis suggests that
the factors determining E, are the stiffness of the Pt—H
and Pt—SiH; bonds and the vibronic coupling strength
of acetylene and ethylene.
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1 Introduction

The insertion reaction of a C—C double or triple bond is
one of the elementary steps in transition-metal-catalysed
hydrosilylation of olefins and acetylene [1]. The impor-
tance of this step was suggested by Chalk and Harrod [2]
and by Schroeder and Wrighton [3]: the insertion into a
Pt—H bond is a key step in the Chalk-Harrod mecha-
nism [2], while that into a Pt—Si bond is a key step in the
modified Chalk-Harrod mechanism [3]. In spite of this
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importance, theoretical investigation of olefin- and
acetylene-insertion reactions has been limited [4-10].

In recent work, we have reported that ethylene in-
sertion preferentially occurs into the Pt—H bond rather
than the Pt—Si bond because of the hardness of the
latter bond [8, 9]. Also, we clearly concluded that the
platinum-catalysed hydrosilylation of ethylene proceeds
through the Chalk-Harrod mechanism, and the modified
Chalk-Harrod mechanism is difficult because of the
much higher activation energy of insertion into Pt—SiHj;
[8]. Compared to ethylene insertion into M(metal)—H
and M—Si bonds, the acetylene insertion reaction is
expected to occur more easily. For instance, it was the-
oretically reported that acetylene is easily inserted into
Pt—B(OH), but ethylene is inserted into it with a much
higher barrier [10]. Therefore, a modified Chalk-Harrod
mechanism could be possible if acetylene is inserted
into Pt—SiH3. Actually, Tanaka et al. experimentally
reported that PtBr(SiR;)(PEt;), is more reactive than
PtHBr(PEts), for acetylene insertion [11]. In this respect,
we thought it would be interesting to investigate theo-
retically acetylene-insertion reactions into Pt—H and
Pt—Si bonds and to estimate their activation barriers.

In this paper, we report a theoretical investigation of
acetylene-insertion reactions into Pt—H and Pt—SiHj;
bonds in PtH(SiH3)(PHj3) which is considered a model of
active species for Pt-catalysed hydrosilylation of alkene
and alkyne. Hereafter, these reactions will be referred to
as Path 1 and Path 2, respectively (Scheme 1).

(a) Acetylene insertion into the Pt-H bond (Path 1)

SiRs SiRs
Pt e Pt/
P H s
He==cH CH=CH
(b) Acetylene insertion into the Pt-Si bond (Path 2)
H H
l?t/ —
i SR SiR3
HC==CH CH=CH

Scheme 1. Reaction paths for acetylene insertions

Since olefin insertion easily occurs via four-coordinate
complexes when the central metal takes a d® electron
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configuration [4, 12, 13], we will examine insertion
reactions  starting from model complexes of
PtH(SiH3)(PH3)(C,H;) and its isomer. A discussion is
also given on the characteristic features of acetylene
insertion in comparison with ethylene insertion on the
basis of a simple vibronic coupling model [15] combined
with Toyozawa’s interaction mode analysis [16].

2 Computational details

Electronic structure calculations were carried out with ab
initio molecular orbital (MO) method followed by the
second-, third-, and fourth-order Moller-Plesset pertur-
bation theories with single, double and quadruple sub-
stituents (MP2-MP4SDQ). Geometry optimizations of
precursor complexes, transition states (TS) and products
involved in acetylene insertion reactions were performed
with the MP2 method employing the BS-I basis set defined
below. In optimizing TS, no constraint was included,
while the structure of PH; was fixed to that observed
experimentally [17] and rotations along Pt—P and Pt—Si
bonds were restricted in other geometries. Energy changes
in these reactions were investigated with the MP4SDQ
method using a more elaborate basis set (BS-11), where the
MP2-optimized geometries were referred to. These calcu-
lations were carried out with GAUSSIAN 94 [18].

We used two basis sets as follows. In both basis sets,
effective core potentials (ECPs) were adopted to replace
core electrons of Pt (up to 4d) and P (up to 2p) atoms.
BS-I consists of (311/311/21) for Pt [19], (21/21) for P
[20], (21/21/1) with ECP (up to 2p) for Si [20], MIDI-3
set for C [21], (31/1) for a hydride ligand [22] and (31) for
the other hydrogen atoms [22]. BS-II was prepared by
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expanding the BS-I basis set: (541/541/111) for Pt [23],
(21/21/1) for P [20], (531111/4211/1) without ECP for Si
[22], (721/41/1) for C [22], (311/1) for hydride [24] and
(31) for the other H atoms [22].

3 Results and discussion
3.1 Acetylene insertion into the Pt—H bond

Optimized precursor complexes, a transition state (TS)
and products of Path 1 are shown in Fig. 1. Energy
changes in the reaction are shown in Table 1 where the
energy for PCM1b is taken as a standard. We obtained
two structures for a precursor complex: in PCMla,
acetylene is almost perpendicular to the P-Pt-Si plane,
while in PCM1b it lies on the P-Pt-Si plane. The latter
structure is 4.5 kcal/mol more stable than the former,
which is consistent with the shorter Pt—C distance in
PCM1b than in PCM1a. A binding energy (BE) between
PtH(SiH3;) (PH3) and acetylene defined by

BE = E[PtH(SiH;)(PH;)] + E[C,H,]
— E[PtH(SiH3)(PH;3)(C,H,))

was 17.5 kcal/mol.

In the TS along Path 1 (referred to as TSI in Fig. 1)
the Pt—C distance is 0.17 A shorter than in PCM1b, and
0.06 A longer than in the initial product (PRD1a; see
below). A normal mode analysis showed that the opti-
mized TS had only one imaginary frequency of 811 cm™!.

The C—C distance (1.30 A) of the vinyl group also

Fig. 1. Geometry changes in acetylene insertion into the Pt—H
bond of PtH(SiH3)(PH3)




Table 1. Energy changes in the acetylene-insertion reaction into
the Pt—H bond of PtH(SiH;)(PH3) in kcal/mol. PCM1b is taken as
a reference. See also Fig. 1 defining notations for structures

Method PCMla PCMlb TS1 PRDla PRDIlb PRDIc
RHF* -0.4 0.0 58 -0.6 =319 =315
MP2 7.2 0.0 143 124 -16.5 -13.9
MP3 3.0 0.0 10.7 6.1 =245 =230
MP4DQ) 4.3 0.0 12.6 8.6 =220 =202
MP4(SDQ) 4.5 0.0 128 8.9 -214 -19.6

4 RHF, restricted Hartree-Fock

shows that a triple-bond character for the C—C bond is
maintained and it is shorter than the typical C—C dou-
ble bond (1.33-1.36 A in PRD1a-PRDIc). The Pt—H
bond is elongated by only 0.08 A at TSI, accompanied
by the approach of the hydride ligand to the C# atom.
The activation energy (£,) was calculated to be
12.8 kcal/mol (MP4SDQ), which is almost the same as
that for the corresponding ethylene insertion reaction
(12.7 kcal/mol) reported previously [8].

In the product, three isomers were optimized, as
shown by PRD1a—c (Fig. 1). PRD1a is considered as the
initial product directly formed from TSI. Interestmgly,
PRDI]a involves an agostic interaction: the C—H dis-
tance of 1.21 A is much longer than the usual sp>-C—H
bond, and Pt—H' has a length of 1.90 A, which 1nd1cates
that some bonding interaction exists between Pt and H'.
In PRDI1b and PRDlIc, the silyl and vinyl ligands take
the cis-position to each other, suggesting that the sub-
sequent reductive-elimination reactions of vinylsilane
would occur from PRDI1b and PRDlc. PRDla is ca.
30 kcal/mol less stable than PRD1b and PRDlc, be-
cause the trans influence of SiHj is stronger than that of
PH; [25, 26]. The energy difference is very small between
PRDI1b and PRDIlc. In both PRDIb and PRDlc, a
hydrogen bound to CP is too far from Pt to form an
agostic interaction with Pt. Therefore, rotational motion
about the Pt—C bond is expected to occur easily, leading
to a small energy difference between them. PRD1b is the
most stable product and is 21.4 kcal/mol more stable
than PCM1b. In the ethylene insertion reaction, similar
products were reported, but the exothermicity for the
most stable product was 9.3 kcal/mol. This is about 50%
of that for the acetylene insertion reaction.

Since PRD1a produced by the insertion is much less
stable than PRD1b and PRDlc, the isomerization would
occur from PRDla to PRDI1b and to PRDIc. In the
ethylene insertion reaction, the TS for the isomerization
of the products was successfully optimized. The activa-
tion barrier of this process was calculated to be 10 kcal/
mol. In the acetylene insertion (Path 1) investigated here,
any efforts to optimize the corresponding TS led to an
unsatisfactory result. Considering that PRDI1b and
PRDIc are ca. 30 kcal/mol more stable than PRD]a, it is
reasonable to suggest that isomerization from PRD]1a to
PRDI1b or PRDIc might occur with a very low barrier.

3.2 Acetylene insertion into the Pt—SiH; bond

Figure 2 summarizes optimized structures of the reac-
tants, the TS and products involved in Path 2. Structures
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of two precursor complexes, PCM2a and PCM2b, are
essentially similar to PCM1a and PCM1b, respectively.
A planar complex (PCM2b) is 5.8 kcal/mol more stable
than a non-planar one (PCM2a), as shown in Table 2.

In TS2, the Pt—C bond is shorter than that in TS1 by
0.14 A. TS2 has one vibrational mode whose frequency
is imaginary (159c¢cm™!). The C—C bond distance of
1.37 A is almost the same as the usual C—C double bond
distance. The Si—C” distance (1.94 A) suggests that this
bond is almost formed since it is similar in length to
those of PRD2a—2e. The Pt—Si bond is 2.65 A indicat-
ing that this bond has been broken. All these features
suggest that TS2 is considered product-like. Consistent
with this late TS, the E, of this process (20.9 kcal/mol) is
8 kcal/mol higher than that of Path 1.

Five isomers (PRD2a—¢) were optimized as products
of the insertion reaction. Since PRD2a and PRD2c are
14 and 10 kcal/mol more stable than PRD2d and
PRD2e, respectively, and since the rotation about the
C—C double bond usually requires much large E,,
PRD2d and PRD2e seem less important as insertion
products, but they were calculated here to estimate the
strength of agostic interaction. They are trans isomers of
PRD2a and PRD2c, respectively. Judging from the short
Pt—H distance, agostic interaction works in PRD2a and
PRD2c in contrast to PRDIc. Energy differences be-
tween products with and without the agostic interaction
(for instance PRD2c and PRD2e) give an estimated in-
teraction energy of 10 kcal/mol. This energy is reflected
in an energy difference (11 kcal/mol) between PRD2b
and PRD2c. Interestingly, the agostic interaction of the
ethylene-insertion product was estimated to be 5 kcal/
mol, which is 50% of the acetylene-insertion product. It
is well known that this interaction arises from charge
transfer from hydrogen to the unoccupied 5d orbital of

t [27]. Since the vinyl group is more electronegative
than the ethyl group, as will be shown below, the Pt
atom would be more electron-deficient in the acetylene-
insertion product, leading to a stronger agostic inter-
action.

The TS (iso-TS2) for isomerization between PRD2a
and PRD2b (or PRD2c) was optimized as shown in
Fig. 2. The CH=CHSiH; group is at a position almost
trans to PH3. The activation barrier was calculated to be
17.2 kcal/mol which is similar to that of the correspond-
ing isomerization among ethylene-insertion products [§].

3.3 Comparison of acetylene-insertion reactions
into Pt—H and Pt—SiH; bonds

E, seems to be correlated to the degree of structural
deformation of the Pt—SiHj3 bond of PtH(SiH3;) (PH3)
moiety in TS (Fig. 1 and 2). For instance, the Pt—SiH;
bond significantly distorts in TS2 but the Pt—H bond
moderately distorts in TS1. In order to quantify the
distortion of this moiety, we define the distortion energy
AEg, as follows:

AEdist = ETS — Ereact ’ (1)

where Et1g and E, are energies of a fragment (e.g.
PtH(SiH;3)(PH3) moiety) in TS and in the precursor
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Fig. 2. Geometry changes in acetylene insertion into the Pt—SiH;
bond of PtH(SiH3)(PH3)

Table 2. Energy changes in the acetylene-insertion reaction into
the Pt—SiH; bond of PtH(SiH;)(PH3) in kcal/mol. PCM2b is taken
as a reference. See also Fig. 2 defining notations for structures

Method PCM2a PCM2b TS2 PRD2a PRD2b PRD2c
RHF 2.1 0.0 160 -119 =170 -21.5
MP2 8.7 0.0 238 89 52 —67
MP3 52 0.0 197 -1.1  —-66 ~-159
MP4(DQ) 6.0 0.0 217 29 21  -121
MP4(SDQ) 5.8 0.0 209 35 -10 -117

complex (PCM1la and PCM?2a), respectively. As shown
in Table 3, AE4is of the PtH(SiH;3)(PH3) moiety is 2.9
and 39.6 kcal/mol for Path 1 and Path 2, respectively,
while AEy;s of the acetylene moiety is 23.1 and 51.3 kcal/
mol for Path 1 and Path 2, respectively. Thus, TS1 may
be classified as an early TS. The interaction energy
(AEi = E, — AEg4;s), which is equivalent to the binding
energy between two distorted moieties in TS, is
—13.2kcal/mol, and compensates the destabilization
due to the distortion energies. For Path 2, the total
distortion energy is 90.9 kcal/mol which is about 3.5
times larger than that for Path 1. The binding energy
between the distorted PtH(SiH3)(PHj3;) and acetylene
moieties is 70.0 kcal/mol. These large distortion and
binding energies of TS2 means that TS2 is more product-
like. Therefore, it should be concluded that the larger
distortion energy for Path 2 is the main reason for the

Table 3. Distortion energies (AEgs) of PtH(SiH;)(PH;) and
acetylene moieties in transition-state geometries, activation energies
(E,) for acetylene insertion and interaction energies (AE;,,) (kcal/
mol)

AEdist Ea AEim
Pt Acetylene Total
Path 1 2.9 23.1 26.0 12.8 -13.2
Path 2 39.6 51.3 90.9 20.9 =70.0

higher activation energy. A similar difference between
the insertions into Pt—H and Pt—SiH; was reported for
the ethylene-insertion reaction investigated previously
[8]. This difference is explained as follows: the SiHj
ligand has such a strongly directional sp® valence orbital
that SiH; should tilt its orientation toward acetylene to
cause a large distortion.

The reaction energy (exothermicity) for Path 1 was
calculated to be —21.4 kcal/mol and that for Path 2
—11.7 kcal/mol. This difference can be explained on the
basis of the energy gain by bond formation and energy
loss by bond scission. We calculated the Pt—H bond
energy by considering the following reactions:

Pt(PH3), + Hy — cis-PtH,(PH3), , (2)
H2 — 2-H . (3)

The Pt—SiH3; bond energy was evaluated with Egs. (4)
and (5) and with the estimated Pt—H bond energy:
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Table 4. Bond energies for Pt—H, Pt—SiH;, Pt-vinyl, Pt-ethyl, vinyl-H (C—H) and vinyl-SiH; (C—SiH3) bonds (kcal/mol)

Method D(Pt—H) D(Pt—SiH;) D(Pt-vinyl) D(Pt-ethyl) D(C—H) D(C—SiHs3)
RHF 45.7 39.7 26.6 12.5 89.3 70.8
MP2 59.5 58.0 58.1 42.6 108.5 96.8
MP3 61.5 55.1 S51.3 36.9 107.9 93.1
MP4(DQ) 61.6 55.7 50.5 36.4 108.0 92.2
MP4(SDQ) 61.2 56.0 50.4 37.1 107.3 91.8
Pt(PH H — SiH cis-PtH(SiH:)(PH 4 02F Fig. 4. m and ©* orbital energies
( 3)2 + 37 ( 3)( 3)2 ’ ( ) § | ST — of acetylene in the optimized,
£ 0.1 —_— ;
H—SiH; — -H + -SiH; (5) 2 - TS1 and TS2 geometries
i 0 :>5 0.0 n* orbital
The Pt-vinyl bond energy was evaluated with the 501~
Pt—SiH; bond energy and Egs. (6) and (7): =021~ _
F.03F T orbital
cis-Pt(SiH;)(CH=CH>)(PH3), 5oaf H-HH

— Pt(PH3), + CH,=CHSiH3 , (6)
CHQZCHS1H3 — 'SiH3 + 'CH:CHZ . (7)
The C—H bond energy was simply calculated using
CH,=CH, — -H + -CH=CH.,. (8)

Table 4 indicates that, assuming that the Pt-vinyl bond is
constant (50.4 kcal/mol) independent of -CH=CH, and
‘CH=CH—SiH;, a difference in energy loss between
Pt—H and Pt—SiHj arises from Pt—H and Pt—SiH; bond
energies, from which the insertion into Pt—H is 5 kcal/
mol more favourable than that into Pt—SiHj;. The
difference in energy gain between Pt—H and Pt—SiH;
corresponds to the difference between the vinyl-H and
vinyl-SiH3 bond energies for which the insertion into
Pt—H 1is 16 kcal/mol more favourable than that into
Pt—SiH;. The sum of the difference is 10.3 kcal/mol,
which explains the difference in exothermicity (7.9 kcal/
mol) between Path 1 and Path 2. From the above
discussion, it can be concluded that the larger exother-
micity of Path 1 may be attributed to the fact that the
vinyl-H bond is stronger than the vinyl-SiH3; bond.
Population changes estimated with the natural bond
orbital (NBO) analysis [28] reveal two interesting fea-
tures. As shown in Fig. 3, the electron population of the
acetylene increases more rapidly in Path 2 than in Path
1: 0.32 electrons are transferred to acetylene in TS1 and
0.47 electrons in PRD1a, while acetylene accepts 0.71
electrons in TS2. This difference between TS1 and TS2

0.9
(a) Path 1 () Path2
0.7 —
C:H: ! \
0.5 o ! —
[} 7 1
) .
£ 03 — SiH; .
S S —_—— [ H_
(é 0.1 ,’ v Pt 1/’_— - N
g = e = | P
501 AN PHj}i " PH3 /! —
| A — \ e — " Pt
§-0.3 H N
I
05 '\ SiHs, ]
0.7 PCM PRD PRD PCM PRD PRD
1b 81 la 1c 2b TS2 2a 2¢

Fig. 3a,b. Electron population changes in acetylene insertions
calculated with the NBO analysis: a insertion into the Pt—H bond,
b insertion into the Pt—Si bond

reactant TST ~ TS2

can be related to orbital energy levels of acetylene shown
in Fig. 4 where the orbitals are given for the equilibrium
structure and the distorted one taken in TS1 and TS2.
We see that the energy lowering of one of the two =7*
orbitals, which should be responsible for the charge
transfer mentioned above, is more drastic in TS2 than in
TS1. Thus, the structural distortion is found to enhance
the electron-withdrawing ability of acetylene through the
stabilization of its n* orbital. The other interesting
finding is that, in both reaction paths, the electron
population increases in a similar extent for both H in
Path 1 and for SiH3; in Path 2. This result implies that
dative bonds of H (Path 1) and SiH; (Path 2) weaken as
the reaction proceeds. The bond weakening of Pt—H
(Path 1) and Pt—SiHj; (Path 2) is easily understood in
terms of the Pt-vinyl bond formation at a position trans
to either H (Path 1) or SiHj (Path 2). Consistent with
this understanding, the H population decreases again
upon going from PRD2a to PRD2c and the silyl popu-
lation decreases upon going from PRDIla to PRDIc
since the trams position of SiH; and H are empty in
PRDI1c and PRD2c, respectively.

3.4 Vibronic coupling model analysis
on acetylene- and ethylene-insertion reactions

Table 5 shows the activation and reaction energies for
acetylene and ethylene insertions into Pt—H and
Pt—SiH; bonds where we have optimized TS for
acetylene insertions with constraints similar to those
adopted in our previous study! [8, 9]. In these reactions,
insertion into the Pt—H bond is preferential to insertion
into Pt—SiHj. Table 5 also suggests that Path 1 is more
exothermic than Path 2, and that acetylene insertion is
more exothermic than the ethylene insertion in both

I'Pt, two C and hydride (or Si) atoms were placed on the same plane

for TSI and TS2. In Ref. [8] geometries were optimized with the
Hartree-Fock method, while the present study employed the MP2
method. Since the electron correlation effect is expected to be small
in such an insertion reaction as reported in Ref. [8] both methods
would give very similar structures.
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Table 5. Activation energy (E,) and reaction energy (AE) (for a
product whose conformation is similar to PRDIc) for acetylene-
and ethylene-insertion reactions into Pt—H (Path 1) and Pt—SiH;

(Path 2) bonds and their analysis based on the two-electron/two-
orbital vibronic coupling model. Transition state geometry was
optimized with some constraints. See the Footnote 1

Ea AE A VO Q? &p o
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (hartree)
Acetylene insertion
Path 1 11.9 -19.6 3.06 -14.9 4.88 0.512 0.956
Path 2 29.8 -11.7 1.39 -10.7 7.72 0.505 0.967
Ethylene insertion
Path 1 12.7 =7.17 1.35 - 638 5.04 0.489 0.978
Path 2 44.1 5.6 0.62 5.8 -9.39 0.482 1.020

paths. In addition, we see that E, is nearly equal for
acetylene and ethylene insertions when they proceed via
Path 1, while the acetylene insertion occurs more easily
in Path 2 than the ethylene insertion.

We analysed these reactions using the model Hamil-
tonian [15]

H=H,+ Hy + Hint - (9>

The subscripts a and b denote PtH(SiH3)(PH;) and
acetylene (or ethylene), respectively, and the last term
represents the interaction between them. We consider a
two-electron/two-orbital model in which the highest
occupied molecular orbital (HOMO) of PtH(SiH3)-
(PH3) and one n* orbital of acetylene (or ethylene) are
taken into account. These orbitals are illustrated in
Scheme 2. In the harmonic approximation, the first and
second terms may be given by

(a) insertion into the Pt-H bond  (b) insertion into the Pt-Si bond

Scheme 2. Molecular orbitals considered in the vibronic coupling
model

1

H, =¢a'a +§kaq5 , (10)
1

H, :Sbbtb—kzkbq% s (11)

where ¢, and ¢, are displacements from the equilibrium
position in deformation modes which are not necessarily
normal modes. a' and @ are creation and annihilation
operators for the HOMO of the PtH(SiH;)(PHj3)
moiety. b and b are those for the 7* orbital of acetylene
or ethylene. We consider the interaction between these
two moieties represented as

Hip = l(aJ[b =+ bTa) + Vaafaqa =+ 'Y},ber('Ib ) (12)

where ¢ and y are the resonance integral and vibronic
coupling strength. Strictly speaking, the coupling con-
sidered here is the Herzberg-Teller vibronic coupling
which is a correction for the crude adiabatic approxima-
tion leading to the Born-Oppenheimer adiabatic
approximation [29]. Here we investigate an adiabatic

potential based on reactant orbitals |a) and |b) at g, =0
and ¢, = 0 (equilibrium structures), respectively. Such a
model is also known as a small-polaron-type model in
electron transfer studies [30]. Using the linear combina-
tion of atomic orbitals (LCAO) approximation, the
adiabatic potential U is represented by

1 1
U =-kag> + = hkoqi + [(eb + Vaba + Vpqb)

2 2
Vs — 2t + o) +42] , (13)

where ¢, is set to zero for convenience. If the displace-
ment is small enough, the second term in the square
bracket in Eq. (13) may be approximated as follows:

\/(8b — Vaa + 795)° + 422

P4k VpE
~ e+ 4R — Yabh Ga + Yo% g - (14)
\/ & + 412 \/ & + 412

Then, the adiabatic potential for the final state, corre-
sponding to the product, results in

1 1
U = 3 kay + 5 kss + (1 +9)7,4

2 a
+ (1= o)ypgp + V0 (15)
where
1
="t , (16)

\/ & + 42

Following Toyozawa and Inoue [16], we use a transfor-
mation defined by

a1+ ) 7p(1 — o)

Ql = Jl 9a + 2 qp (18_"1)
_ _Vb(l — o) /& V2
QZ - 7 <kb da
pa(1+a) (k)"
+%') <k—”> g . (18-b)

Using Q7 and Q,, U can be expressed as
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=5 (@ + )7+ =52 (19)

Interestingly Q) corresponds to the minimum energy
path. The 4 is a displacement along the interaction mode
Q) caused by Hj,, and is given by

yz 1/2
— |Za 2, _
A= ka(H—oc) kb(l ) . (20)

In the initial state, the adiabatic potential is expressed as

Uo:lQ%+1Q§. (21)

The TS in this model corresponds to the crossing point
of U and Uj. Thus, a coordinate Q1 representing the TS,
the activation energy E,, and the reaction energy AE are
represented by

#__ 10 22

Q ;t ) ( )
VZ

E,=-% | 23
272 (23)

AE:%-%%, (24)

respectively. Even if many vibrational modes contribute
to the reaction, we can always define a single interaction
mode using the transformation defined by Eq. (18) as
long as the modes couple with those of dnother moiety
very weakly. Using Eqs. (22-24), 4, W, Q1 and a can be
evaluated with E,, AE and ¢, Values from ab initio MO
calculations (Table 5). In estimating ¢p, orbital energies
of the HOMO of PtH(SiH;)(PH;) and the lowest
unoccupied molecular orbital (LUMO) (7*) of acetylene
(or ethylene) were used.

Table 5 shows that Q7é in Path 1 is smaller than that
in Path 2 for acetylene and ethylene insertions. This
means that the TS structure in Path 1 is more reactant-
like. A difference in A is dominant to that in Ql though
Vo also contributes to some extent. The y2/k, term in Eq.
(20) mainly determines A because o is expected to give a
similar contribution (see Eq. 20 and Table 5). It is rea-
sonable to consider that the deformation mode of the
Pt—SiH; bond is stiffer than that of the Pt—H bond, i.e.
k,(Pt—SiH3) > k,(Pt—H). This is because the sp’
valence orbitals of SiHj3 is expected to be directional
unlike the 1s orbital of H (hydride), as was pointed out
in Sect. 3.3. Thus, the stiffness of the bond to be broken
explains a difference in E, on the basis of Eq. (23).

With respect to AE, the contribution from structural
relaxation (—A?/2) is estimated to be —4.7 kcal/mol, and
that from orbital mixing, i.e. an electronic factor Vg, is
—14.9kcal/mol for the product in Path 1. Comparing
acetylene- and ethylene-insertion reactions into the
Pt—H bond, larger exothermicity also results from a
larger contribution of J;: the contribution from the
vibronic coupling is only —4.7kcal/mol for acetylene
and —0.9kcal/mol for ethylene. Therefore it may be
concluded that the bonding interaction between
PtH(SiH;)(PH3) and acetylene (or ethylene), whose
strength is represented by Fj, determines the exother-
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micity of the reaction. In Sect. 3c, we have pointed out
that a difference in exothermicity can be related to bond
energies. As is shown in Table 4, the energy destabili-
zation of 61.2 kcal/mol in Path 1 is necessary to break
the Pt—H bond, which is compensated by the formation
of a C—H bond (107 kcal/mol) and either a Pt-vinyl
(50 kcal/mol) or Pt-ethyl (37 kcal/mol) bond. The dif-
ference in bond energies for Pt-vinyl and Pt-ethyl bonds
is 13 kcal/mol, which corresponds to the difference in
exothermicity between acetylene- and ethylene-inserted
products (12 kcal/mol).

It is interesting to note that the E, for acetylene is
very close to that for ethylene when the insertion occurs
via Path 1. This similarity is fortuitous since both A and
) are different for these molecules. Although 14 is larger
in magnitude for acetylene, a larger / compensates the
resultant destabilization of TS. This trend is also true for
Path 2: for ethylene, V; is 56% of that for acetylene, but
A decreases to 39% of that for the latter. In these cases, a
force constant of a deformation mode ¢, does not ex-
plain a difference in A: the elongation of the C—C bond
occurs in insertion reactions and would be included in
qp»- The k;, for acetylene would be larger than that for
ethylene because the C—C triple bond is stiffer than the
C—C double bond. If this factor is important, the eth-
ylene insertion would proceed with a lower activation
energy, which is inconsistent with the calculated results.
Therefore, we suggest that the vibronic coupling
strength, 7,, is a dominant factor for A rather than 4,
and that y, is larger in acetylene insertion.

The parameter y may be interpreted as a measure of a
response of a reactant to the interaction due to another
molecule. Since the orbital mixing is accompanied by
a flow of electrons from the Pt moiety to acetylene
or ethylene, it is reasonable to consider that a value of
y would reflect such a geometric response to charge
transfer. Actually, the NBO analysis shows that the
electron population on acetylene largely increases by
0.70 ¢ on going from PCM2b to TS2, while that on
ethylene increases by 0.58 e.

In order to examine this more closely, we estimated
the structural relaxation energies of acetylene and eth-
ylene after one electron is attached. Figure 5 shows
schematic potential energy curves for these molecules
where the equilibrium structures of neutral and anion
states were optimized with the MP2 method employing
BS-1, followed by the MP4(SDQ)/BS-II calculation to
estimate energy changes. As seen in Fig. 5, the anion-
ization energy of acetylene is 28 kcal/mol larger than
that of ethylene when structural relaxation is not
allowed. This means that charge transfer from the Pt

33.8 %7.9
98.7 Y 4.9 70.8 62.9
141.6 2.8
neutral neutral i
(a) acetylene (b) ethylene

Fig. 5a,b. Schematic potential energy curves for acetylene, ethylene
and their anions
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moiety to acetylene is unfavourable without relaxation.
When the geometry is relaxed after anionization, the
acetylene anion becomes lower in energy than ethylene
anion. Therefore, the potential curve of the acetylene
anion is expected to show a steeper gradient at the
equilibrium structure of the neutral state than that for
the ethylene anion. This seems to support the fact that
y is larger in acetylene, namely it is more susceptible
to charge transfer than ethylene.

4 Conclusions

Acetylene insertion reactions into Pt—H and Pt—SiH;
bonds of PtH(SiH;)(PH3) were studied with ab initio
MO/MP2-MP4(SDQ) methods. The insertion into the
Pt—H bond was found to proceed with a lower
activation barrier than that into the Pt—SiH; bond.
This result is similar to the ethylene-insertion reaction
studied previously [8, 9]. The higher barrier of insertion
into Pt—Si may be interpreted in terms of the fact that
this bond must be distorted in the TS to tilt the SiHj3
group toward acetylene. This is due to the strongly
directional sp® orbital of SiH3. These insertion reactions
were also found to be exothermic, and the reaction
energy for the insertion into Pt—H was 9.7 kcal/mol
larger than that into Pt—Si. We have shown that
calculated bond energies can be related to a difference
in exothermicity.

We analysed E, and AE calculated with ab initio
methods on the basis of a simple vibronic coupling
model combined with Toyozawa’s interaction mode
analysis. These quantities and the TS geometry were
expressed with a displacement (1) along the interaction
mode (Q;) and electronic factors (7 and ¢;). The height
of the activation barrier is dependent on the ratio ¥p/A
for which a difference between insertions into Pt—H and
Pt—Si mainly originates from A. Consistent with the
above conclusion, difficulty of the insertion into the
Pt—Si bond arises from the stiffness of this bond: a
larger force constant of a bond-distortion mode results
in smaller 4 and, thereby, larger E,.

The model also successfully explained differences in
energetics for acetylene and ethylene insertions into the
Pt—H bond. A dominant contribution to AE results from
the electronic factor }{, which may be related to bond
energies. £, was found to be similar for acetylene and
ethylene because larger }; for acetylene is compensated by
larger A. This leads to similar TS geometry for these
reactants and results in almost the same E,. A difference
in / mainly reflects the difference in vibronic coupling
strength, and ab initio calculations suggest that the
vibronic coupling is stronger in acetylene than in ethylene.
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