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The Si—H Oxidative Addition to [MCI(CO) (PH3),] (M =Rh or Ir) was theoretically investigated with ab initio
MO/MP2—MP4, SD-CI, and CCD (coupled cluster with double substitutions) methods. This reaction proceeds with a
somewhat high activation energy (E,) and a moderate exothermicity (E.x,); when the oxidative addition occurs in the
CI-M-CO plane, E, =19 kcal mol ™" for Rh and 13 kcal mol ™" for Ir, and E.x, =0.4 kcal mol " for Rh and 17.4 kcal mol ~
for M=TIr. This result is in significant contrast to [M'(PH3),] (M’ =Pd or Pt) and [RhCl (PH3),]: the Si~H oxidative
addition occurs with a very small barrier for [M'(PH3),], but a zero barrier and significantly high exothermicity for
[RhCI(PH3);]. The low reactivity of [MCI(CO)(PH3),] is interpreted in terms of the low energy level of the d orbital, a
considerable weakening of the M—Cl and M—CO bonds, and an exchange repulsion between SiH4 and the M d orbital
in [MCI(CO)(PH3);]. The above results indicate that Vaska-type complexes are less favorable for an oxidative addition
reaction than [M’(PH3);] and [RhCI(PH3),], and that they cannot be used for a catalytic reaction including an oxidative

addition which requires a high activation energy.

Transition-metal catalyzed hydrosilylation is one of the
important catalytic reactions.” This catalytic cycle involves
an oxidative addition of the Si—-H o-bond to the transition-
metal complex, an insertion reaction of alkene or alkyne into
the M—H or M—SiR3 bond, and a Si—C or C-H reductive
elimination as the key elementary processes." Thus, a transi-
tion-metal catalyst that is efficient for hydrosilylation should
have a high reactivity for the oxidative addition of a Si-H o-
bond. In this regard, we need detailed knowledge concern-
ing the factors which determine the ease of Si—H oxidative
addition in order to realize new developments of transition-
metal catalyzed hydrosilylation. However, little is known on
how much the Si-H oxidative addition is influenced by such
factors as the kind of metal, the oxidation state of the metal,
the d electron number, and a co-existing ligand. Although
theoretical investigations are expected to provide such de-
tailed knowledge, only a few have actually been carried out
on a Si—H oxidative addition to [M’(PH3),] (M’ =Pt or Pd)
and [RhCI(PH3),] (Eq. 1),>” whereas many theoretical

ML, + H-SiHs ——scis-[MH(SiH,)L,] 1)

studies have been performed on the oxidative addi-
tiOnS Of H- H’4—ll) C__ H’Za.2b,3,7c,8b,9,IOb,lOc,13,14) and C_C
bonds'lb,7c,8b,]2,]3a.IS)

In this work, a Si—H oxidative addition to Vaska-type
complexes (Eq. 2) is theoretically investigated with ab ini-
tio MO/MP2—MP4, SD-CI, and CCD (coupled cluster with

double substitutions) methods. We selected this reaction for
the following reasons: (i) [RhCI(CO)(PHj3),] has been used
as a catalyst for hydrosilylation,'® and several interesting ex-
perimental results have been reported on the Si—H oxidative
addition to the Vaska complex and similar complexes.'s—'
(ii) Although the oxidative addition to [M’(PH3),] has been
well investigated,>>%*® the oxidative addition to Vaska-type

trans-[MCI(CO)(PH3), ]+H-SiH; —— [MH(SiH3)CI(CO)(PH3):]
(M=Rh or Ir) 2)

complexes has not been theoretically investigated, except
for some pioneering studies,'” in which ab initio MO cal-
culations were carried out on the H-H oxidative addition to
[IrCI(CO)(PH3),1; also, the discussion was mainly presented
concerning the reason that the oxidative addition occurs on
the Cl-Ir-(CO) plane. (iii) Although a comparison between
Vaska-type complexes and [M'(PH3),] is expected to pro-
vide useful information, such a comparison has not yet been
made. Through this theoretical study, we hope (a) to ob-
tain a detailed understanding of the Si—H oxidative addition
to Vaska-type complexes, (b) to elucidate the differences be-
tween Rh and Ir, (c) to compare the reactivity between Vaska-
type complexes, [M'(PH3),], and coordinatively unsaturated
[RhCI(PH3);], and (d) to clarify the characteristic features
which Vaska-type complexes exhibit in oxidative addition.
It is our intention to show clearly that the coordination of CO
greatly disfavors an oxidative addition.
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Computational Details

All of the geometries including the transition state (TS)
were optimized at the MP2 level using the energy-gradi-
ent technique. The TS was determined by calculating the
Hessian matrix. In all of the calculations, the geometry of
PH; was taken to be the same as the experimental struc-
ture of the free PH; molecule.?” Then, MP2-MP4SDQ, SD-
CI, and a coupled-cluster with double substitutions (CCD)
calculations were carried out on those optimized geometries
in order to evaluate the energy changes in the reaction. In
all of these calculations, the core electrons were excluded
from any active space. In the SD-CI calculation, the contri-
bution of higher order excited configurations was estimated
according to Davidson—Silver?” and Pople et al.*® In the
CCD calculation, contributions from single and triple ex-
citations were estimated with a perturbation based on the
CCD wavefunction®® (this method is described here as CCD
(ST4)).

Four kinds of basis sets were used. In all of the basis
sets, the core electrons of Rh (up to 3d) and Ir (up to 4f)
were replaced with the effective core potentials (ECPs) of
Hay and Wadt.?* In the BS-1, (311/311/31) and (311/311/21)
basis sets were used for the valence electrons of Rh and Ir,
respectively.? MIDI-3 sets® were employed for C, O, Si, P,
and Cl, and a (31) set was adopted for H.? A d-polarization
function and a p-polarization function were added to Si**®
and an active H atom® respectively, where the active H
atom is the hydride ligand coordinating to the metal and the
hydrogen atom changing into the hydride. The BS-I set
was employed in the geometry optimization. In the BS-II,
(311/311/211) and (311/311/111) basis sets were used for the
valence electrons of Rh and Ir, respectively.?” The MIDI-4 set
was employed for C, O, P, Si, and CI*® along with the (31) set
used for H.2® In BS-II, a d-polarization function® was also
added to C and O without any other modification of BS-II. In
BS-1IV, (531111/4211/1)**" and (311)® were used for the
Si and H atoms, respectively, without any other modification
of BS-MI. The p-polarization function was added to the
active H atom, also in this set. The basis-set effects on the
activation energy (E,) and the reaction energy (AE) were
examined using these BS-II—BS-IV. Finally, the BS-IV set
was adopted for estimating the energy changes.

Results and Discussion

Geometry Changes. = We considered that the reaction
proceeds via the precursor complex (PC) and the transition
state (TS) to yield the cis-silyl hydride complex. Because
there are three possible reaction courses in this oxidative ad-
dition (Scheme 1), we examined all of the possible structures
in PC, TS, and the product. Those optimized geometries
are shown in Figs. 1 and 2. In trans-[RhC1(CO)(PH3),],
the optimized Rh—C1 and Rh—P distances are slightly longer
than those in similar trans-[RhCI(CO)(PPhs),] (R(Rh—Cl)=
2.382 A and R(Rh-P),,=2.322 A),® while the Rh—CO
distance is somewhat longer than in [RhCI(CO)(PPhs);]
(R(Rh—CO0)=1.77 A). In trans-[IrCI(CO)(PH3),], the Ir-PH;
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and Ir-Cl distances are slightly longer than those in [IrCl-
(CO),(PPhs)] (R(Ir-P)=2.332 A and R(Ir-Cl)=2.37 A).**
The calculated Ir—CO distance is somewhat shorter than in
[IrCI(CO),(PPhs),] (R(Ir-C0)=2.04 A), probably because
two CO molecules coordinate to Ir in the latter complex. Itis
believed that the calculated coordinate bond distance is im-
proved by introducing a polarization function on the ligand
atoms.>' 3 However, it was also ascertained that even if the
geometry optimization was carried out with basis sets includ-
ing no polarization function on the ligand atoms, the energy
change might be reliably calculated on those optimized ge-
ometries with basis sets including a polarization function on
the ligand atoms.* Moreover, the discrepancies between the
optimized geometries and the experimental ones are small
in this case. This means that although the bond distance
optimized here would slightly deviate from that in the real
geometry, the energy change presented here is considered to
be reliable.

In all of the possible precursor complexes (PC), SiHj is
distant from the metal complex, and both geometries of SiHy
and [MCI(CO)(PHs;),] distort only slightly from their equi-
librium structures, like the precursor complex observed in the
Si—H oxidative addition to [M’(PH3),].2 Of three PCs, PC3
is the most stable, whereas the energy difference between
PC3 and others is very small, being less than 1 kcal mol~—!.

In all TS structures,® the Si~H bond is lengthened to
1.65—1.5 A for M=Ir and 1.64—1.78 A for M=Rh. This
is in contrast to the TS of the Si—H oxidative addition to
[M’(PH3),] in which the Si—H bond is lengthened only
slightly.? This difference is discussed below in relation to
the activation energy (E,) of the reaction.

Some knowledge concerning the trans-influence is de-
duced from the geometries of the products. Consider-
ing that the M—Cl distance becomes longer in the order
P3<P2<P1, the trans-influence becomes stronger in the
order CO<H<SiH3. Our previous calculations of cis-[M'H-
(SiH3)(PH3),] (M’=Pd or Pt) also indicated that SiHj has a
stronger trans-influence than does H.? The M—CO distance
becomes longer according to P3<P1<P2, indicating that
the trans-influence increases in the order Cl<H<SiH3. The
M-SiH; distance becomes longer in the order P1<P3<P2,
indicating that the trans-influence strengthens in the order
Cl<PH; <CO. The M-PHj; distance also indicates that the
trans-influence increases in the order PHz <H<SiHj3, since
this distance becomes longer in the order P1~P2<P3, and
M-PH; (trans to SiH3) is longer than M-PHj; (trans to H)
(see RhP3 and IrP3 in Figs. 1 and 2). From the above results,
it is reasonably concluded that the trans-influence increases
in the order Cl<PH; <CO<H<SiH3.

Correlation Effects and Basis Set Effects.  Prior to a
detailed discussion, we mention here some correlation effects
on the activation energy (E,) and the reaction energy (AE).
E, is defined as the energy difference between TS and the
most stable PC3, and AE is the energy difference between the
product and reactants. As shown in Table 1, the introduction
of correlation effects considerably decreases E, and AE (i.e.,
increases the exothermicity FEex,) like in the C-H, Si—H, and
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Fig. 1. Geometry changes in the Si—H oxidative addition to RhCI(CO)(PH3),. Bond distances in A and bond angles in degree.

Si-Si oxidative addition to [M’(PH3),]% and [RhCI(PH3),].%
In all of the TS, no instability of Hartree—Fock wavefunction
was observed; the eigenvalue for the UHF instability is 0.030
for RhTS1, 0.022 for RhTS2, and 0.026 for RhTS3, 0.035
for IrTS1, 0.039 for IrTS2, and 0.037 for IrTS3, where the
BS-II was used. This means that a single-reference wave-
function can be used to investigate this kind of oxidative
addition. Previous papers®>¥ also reported that a single
reference wavefunction would be reliable in an oxidative ad-
dition to the second-row transition metal complexes. The E,
and AFE values somewhat fluctuate upon going to MP4DQ
from MP2, but fluctuate only little upon going to MP4SDQ
from MP4DQ. The AE value is considerably different be-
tween the SD-CI and MP4SDQ levels, while the E, value

only slightly differs between the two methods. Furthermore,
the CCD (ST4) method yields almost the same E, and AE
values as does the MP4SDQ method. In this work, therefore,
the discussion is based on the MP4SDQ values.

Using the MP4SDQ method, the basis-set effects were
investigated for the Rh system, as shown in Table 2. Upon
going to BS-TI from BS-II, the E, value slightly increases
and the reaction energy becomes somewhat less negative
(i-e., less exothermic). Similar, but slightly smaller, changes
further occur upon going to BS-IV from BS-III. From these
results, we adopted BS-IV in estimating E, and AE.

Relative Stabilities of Products. The previous ex-
perimental work indicated that the H-H oxidative addition
to [IrX(CO)(PR3);] occurs in the X-Ir—CO plane to yield
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Fig. 2. Geometry changes in the Si—H oxidative addition to IrClI(CO)(PH3),. Bond distances in A and bond angles in degree.

Table 1. Correlation Effects on the Activation Energy (E,)
and the Reaction Energy (AE)” of the Si-H Oxidative
Addition to RhCI(CO)(PH3),

E, AE
HF 23.8 20.6
MP2 9.7 —12.3
MP3 13.2 -3.5
MP4DQ 10.8 -9.6
MP4SDQ 10.2 -79
SD-CI(DS)” 11.8 -19
SD-CI(P)® 122 —14
CCD 12.4 -5.8
CCD (ST4) 11.0 —6.1
kcal mol . BS-II was used. a) Reaction path 3.

b) Davidson-Silver correction for higher order excited config-
urations (Ref. 21). ¢) Pople correction for higher order excited
configurations (Ref. 22).

cis, trans-[Ir(H), X(CO)(PR3),] 1 (Scheme 2) when X=Cl
or Br,>® while the oxidative addition occurs in the P-Ir-P

2 PR,
& I PR3
R,P—Ir—PR X Ir—CO
¥ 7 3 7
H H
H
X=Clor Br X=HorCH;
1 : 2

plane to yield cis, cis-[Ir(H),X(CO)(PR3);] 2 when X=H
or CH3.%%3” According to an NMR investigation,'s H is at a
trans-position to SiHj in the product of the H-SiHj3 oxidative
addition to [IrCI(CO)(PR3);] (see 3 in Scheme 2), while H is
at a cis-position to GeHs in the product of a H-GeH; oxida-
tive addition (4 in Scheme 2). Although 3 is not considered
to be a direct product from the Si—-H oxidative addition, 4 is
directly formed through the Ge-H oxidative addition which
occurs in the Cl-Ir«(CO) plane, like the H-H oxidative addi-
tion. From these results, we examined two kinds of reaction
courses (paths 1 and 2 in Scheme 1), leading to products P1
and P2, as shown in Figs. 1 and 2.

However, recent theoretical calculations have indicated
that the H-H oxidative addition to [IrC1(CO)(PH3);] occurs
most easily on the PH;—~Ir-PHj3 plane,''® contrary to the ex-
perimental results.*® Through a detailed inspection, it was
clearly concluded that an oxidative addition to [IrC1(CO)-
(PR3),] occurs on the PH;—Ir—PH; plane because PHj is
weaker o-donating and stronger sr-accepting than PPh;.!'?
Since PH; was adopted here as a model of PR3, the Si—H ox-

H 2
A |
Et;P—1Ir PEt; Et;P—Ir PEt;
oC | H/
Si
H;j Hj
3 4

Scheme 2.
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Table 2. The Binding Energy (BE),” the Activation Energy (E,),” and the Reaction Energy

(AE)? of the Si~H Oxidative Addition to trans-MCI(CO)(PH3),

v Path 1 Path 2 Path 3
Basis set

BE E, AE BE E, AE BE E, AE
M=Rh
BS-II ~27 163 —-61 -26 168 =35 -19 89 -79
BSIII —-29 179 —34 -—28 186 —08 —22 96 -6.9
BS-IV —24 187 —-04 =23 194 0.3 —-19 103 -55
M=Ir
BS-IV 130 -174 131 —153 80 —223
Pd(PH:),? =23 0.5 —6.6 ‘
Pt(PH3),Y =22 24 =219

MP4SDQ level. kcalmol~}. a) The stabilization energy of the precursor complex (PCM) relative to

reactants. b) E,=FE(TS)—E(PC3).

idative addition in the PH3;—Ir—PH; plane (path 3 in Scheme 1)
was also investigated. This reaction course (path 3) is con-
sidered to be a model for a Si—H oxidative addition to [IrCl-
(CO)(PR3),], when PRj is weak o-donating, like phosphite.

As shown in Table 2, P3 is the most stable among the three
products; the next is P1 and the least is P3, while P1 is only
slightly more stable than P2. These relative stabilities are
consistent with the experimentally well-known frans-influ-
ence, i.e., C1<PH3; <CO<H<SiHj3 (vide supra), as follows:
In P3, two PHj3 ligands are at the frans-positions to H and
SiH3, which possess a strong trans-influence. This situation
is the best because CO is at a trans-position neither to H nor
to SiHs. In P1, SiH3 and H are at the trans-positions to Cl
and CO, respectively. This situation is slightly better than in
P2 because P2 has SiHj3 at a trans-position to CO, exhibiting
a stronger trans-influence than CL

Here, we mention the stability of 3 (Scheme 2), since 3
was proposed based on an NMR investigation (vide supra).'s)
However, 3 was calculated to be much less stable than IrP1
by 10.6 kcal mol~! (MP4SDQ/BS-II). Thus, it is reasonably
concluded that 3 is the least stable among all of the isomers
of [IrC1(H)(SiH3)(CO)(PH3),]. This result is not surprising,
since 3 has SiHj3 at a trans-position to H, and both SiH;
and H exhibit a strong trans-influence. From these results,
one should consider the possibility that [IrCl(H)(SiH3)(CO)-
(PEt3),] takes a structure like IrP1, and that a detailed re-
examination of the NMR spectra will be necessary.®

Activation Energy (E,) and Reaction Energy (AE) of
Three Reaction Courses.  As shown in Table 2, the Si-H
oxidative addition to [MCI(CO)(PH3),] most easily proceeds
via reaction path 3 with the lowest E, value, to yield P3. As
described above,''® P3 is considered to be the product of
the Si—H oxidative addition when PR3 is weak o-donating.
The other two reaction courses, paths 1 and 2, occur with
a somewhat high E, value of 19 kcalmol™! for Rh and 13
kcalmol™! for Ir. These reaction paths are a model of the
oxidative addition when electron-donating phosphines coor-
dinate to M. From these results, it is reasonably concluded
that the weak o-donating phosphine, such as phosphite and
fluoroalkyl phosphine, favors the Si—H oxidative addition to

¢) AE=E;(Product)—E;(Reactants).

d) Ref. 2d.

a Vaska-type complex, which proceeds via path 3 to yield
a P3-type product. Because a detailed discussion was pre-
sented concerning the reason that the H-H oxidative addition
proceeds via path 3 with a lower E, than those of paths 1 and 2
when PHj3 coordinates to M,''? the discussion is not repeated
here.

We now compare [IrCI(CO)(PH3),] and [RhCI(CO)-
(PH3),]. As clearly shown in Table 2, the Si—H oxidative
addition to [IrC1(CO)(PHj3),] takes place with a much lower
E, and a much higher exothermicity (E.x,) than that to [RhCl-
(CO)(PH3);] in all of the reaction paths. The difference in
exothermicity is easily understood in terms of the bond en-
ergies. The M—H and M-SiH; bond energies are estimated
through MP4SDQ/BS-IV calculations, considering the fol-
lowing equations:

[MCI(CO)(PH3).] + H,——[MCI(H)2(CO)(PHs)2], 3

[MCI(CO)(PH3).] + SigHe —— [MCI(SiH3)2(CO)(PH:)2], (4
[MCI(CO)(PH3),] + H-SiH; —— [MCI(H)(SiH3)(CO)(PH3).]. (5)

As shown in Table 3, these bond energies somewhat fluctuate
going from MP2 to MP3, but fluctuate only slightly upon go-
ing to MP4SDQ from MP4DQ. We discuss the exothermicity
using the bond energy at the MP4SDQ level. The Ir-H and
Ir-SiH; bond energies are much greater than the Rh—H and
Rh~-SiH3 bond energies by ca. 10 and 6 kcal mol~!, respec-
tively. As aresult, the oxidative addition to [IrC1(CO)(PH3);]
is more exothermic than that to [RhCI(CO)(PH3),].

Here, it will be discussed why the Ir—H and Ir-SiH; bonds
are stronger than the Rh—H and Rh—SiH3 bonds. Since the
M-H and M-SiH; bonds are considered to be covalent with
some ionic character, we examine a metal fragment [MCl-
(CO)(PHj3),] which possesses two singly occupied orbitals,
because the homolytic breaking of the M—H and M-SiH;
bonds yields such a metal fragment. The energy levels of
those singly occupied orbitals are calculated for the triplet
state of [MCI(CO)(PHj3);] taking the same structure in P1.
Apparently, the singly occupied d orbitals of Rh are at almost
the same energy to those of Ir (Fig. 3). However, the d orbital
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Table 3. M-H and M-Si-H Bond Energies”

Rh-H Rh-SiH; Ir-H Ir-SiH3
trans-Ligand®  Cl,CO®  PH; cl Cco PH;  CI,COY PH; Cl CO PH;
MP2 48.1 49.1 48.9 47.8 50.8 56.8 59.2 549 526 563
MP3 50.6 50.8 40.0 39.7 422 60.6 62.2 50.3 48.6 518
MP4DQ 51.0 52.8 45.5 448 46.8 59.8 61.9 524 504 54.1
MP4SDQ 48.2 50.0 444 435 47.6 58.0 60.7 51.5 495 538
Pd-H" Pd-SiH;" pt-HY Pt-SiH;®
MP2 49.4 50.6 577 59.9
MP3 50.1 46.7 59.3 56.4
MP4DQ 51.5 48.0 59.1 57.1
MP4SDQ 52.1 48.8 58.7 57.6
a) BS-IV was used. b) The trans-positioned ligand to the M~X bond (M=Rh or Ir; X=H or SiH3). c¢) The averaged value
from M(H),CI(CO)(PH3),. d) Ref. 2.
43 stronger than the Rh—SiH; and Rh—H bonds. Thus, the Si-H
40} 535 oxidative addition to [IrCI(CO)(PHj3),] is more exothermic
' than it is to the Rh analogue.
—_ 60} A Comparison between RhCl(CO)(PH;3), and RhCl-
e (PH3);. Previously, Koga and Morokuma theoretically
~ 8.08 811 T investigated the Si—H oxidative addition to [RhCI(PH3),].»
Eﬂ 80 —4— 859 -1- ' According to their calculations, this oxidative addition oc-
E.-.; _1_ + 4_ Sl curs with a zero barrier and a much high exothermicity (55
T 00l9? -1- e o2 9.13 kcalmol™' at MP4 level), to yield [RhCIX(SiH3)(PH;),]
;‘5“ ’ 936 o (X=H or SiH3), which takes a distorted trigonal bipyramid
© structure with an XRhSi angle of about 90° and two phos-
120} phines on the Cs3, axis. Thus, there is a significant contrast
between their results and ours, since the Si—H oxidative ad-
dition to [RhCI(CO)(PHj3); ] requires a considerable E, value
1401+ 1360 and exhibits a small exothermicity (vide supra). This contrast
is worthy of a detailed investigation. First, the exothermicity
R RO PP [ RS, H will be compared between two systems. The exothermicity
is mainly determined by the Rh—H and Rh-SiH3; bond en-
a) IrCi(CO)(PH3), ¢) Pd(PH3), ergies. The Rh—SiH3; bond energy of [RhCI(SiH3);(PH3):]
b) RhCCO)(PH;),;  f) I'FHCI(CO)(PH3), (doublet) was estimated to be about 78 kcal mol~! at the MP2 level ¥
¢) RhCI(PH;), g) PH(PH;), (doublet) This value is much larger than the Rh—SiH; bond energy
d) Pt(PHy), in [RhCI(H)(SiH3)(CO)(PH3),], which was calculated to be

Fig. 3. Orbital energies of MCI(CO)(PH3),, M(PH3),, SiH3,
and H. The UHF/BS-IV calculations were carried out for
triplet state of MCI(CO)(PH3), and M(PH3),, and for dou-
blet state for SiHs and H, where the geometry of metal
fragment was taken to be the same as it in the product
(RhP1 and IrP1).

of the third-row transition metal generally expands more than
that of the second-row transition metal (note that Rh—H and
Rh-SiH; bond distances are similar to the Ir—H and Ir-SiH;
bond distances, respectively, as shown in Figs. 1 and 2).
Also, the 6p orbitals of Ir contribute more to the Ir—SiHj3
and Ir-H bonds than do the 5p orbitals of Rh, as shown by
the electron population change: the Ir 6p orbital population
increases by 1.287 e and the Rh 5p orbital population by
1.066 e in the Si—H oxidative addition (the path 1). This
is because the Ir 6p orbital lies at a lower energy than the
Rh 5p orbital.* As a result, the Ir—SiH; and Ir—H bonds are

40—42 kcal mol~! at the MP2 level and 44—47 kcal mol~!
at the MP4SDQ level (see Table 3). Thus, the Si—H oxida-
tive addition to [RhCI(PH3),] is more exothermic than that
to [RhCI(CO)(PH3),].

It is very interesting to investigate the reason that the Rh~H
and Rh—SiH; bonds are stronger in [RhCI(H)(SiH3)(PH3);]
than in [RhCI(H)(SiH3)(CO)(PH3),;]. The d orbital energy is
one of the important factors concerning the bond energy. Two
singly occupied orbitals of the metal fragment are compared,
as shown in Fig. 3. Although one d orbital of [RhC1(PH3);]
lies at a similar energy, the other is at a slightly higher en-
ergy than those of [RhCl(CO)(PH3),]. These orbital energies
seem not to give rise to a significant difference in the bond
energy. The trans-influence is also considered to be an im-
portant factor for this difference. In the trigonal bipyramid
structure of [RhCI(H)(SiH3)(PH3),], the Rh—H and Rh—SiHj3
bonds are at a trans-position to a nearly vacant site, which
leads to very strong Rh—H and Rh-SiH; bonds. In [RhCI-
(H)(SiH3)(CO)(PH3),] RhP1, on the other hand, H and SiHj3
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are at the trans-positions of CO and Cl because of a steric
constraint of the six-coordinate complex. Since CO and Cl
exhibit a much stronger trans-influence than does the va-
cant site, the Rh—H and Rh—SiH; bonds in RhP1 are much
weaker than in [RhCI(H)(SiH3)(PH3),]. Also, the Rh—H
and Rh—-SiH; bond formation by Egs. 2, 3, 4, and 5 would
weaken the Rh—Cl, Rh—CO, and Rh—PHj; bonds, which is
one of the plausible factors for determining the bond energy.
For instance, RhP1 and RhP2 have much longer Rh—Cl and
Rh—CO bonds, and RhP3 has much longer Rh—PH3 bonds
than those of [RhCI(CO)(PHj3),] (Fig. 1). This is not sur-
prising because such strong ligands as H and SiHj are at
the trans-position to Cl and CO in P1 and P2 and at the
trans-position to PHy in P3. The bond weakening destabi-
lizes the products, P1, P2, and P3, which leads to the small
Rh-H and Rh-SiH; bond energies. On the other hand, al-
though only a Rh—Cl bond is weakened, the Rh—PH3 bond
is somewhat strengthened by the Si—H oxidative addition to
[RhCI(PH3),]; R(Rh—C1)=2.375 A and R(Rh-P)=2.395 A in
RhCI(PH3),, and R(Rh—-Cl1)=2.462 A and R(Rh-P)=2.361 A
in [RhH(SiH3)CI(PH3),].*9 The other factors, such as a steric
repulsion, more destabilize [RhCI(H),(CO)(PHs3),], [RhCl-
(SiH3),(CO)(PH3),], and [RhCI(H)(SiH3)(CO)(PHj3);,] than
[RhCIX(SiH3)(PH3),], because the former six-coordinate
complexes are more crowded than the latter five-coordinate
complex. From all of these factors, the formation of Rh—H
and Rh-SiH3 bonds yields less energy stabilization of P1,
P2, and P3 than that of [RhCI(H)(SiH3)(PH3),]; therefore,
the Si—H oxidative addition to [RhCI(CO)(PH3),] is much
less exothermic than to [RhCI1(PH3),].

The situation at TS is also much different between [RhCl-
(PH3);] and [RhCI(CO)(PH3);]. In the TS of the Ir and
Rh reaction systems, the Si—H bond to be broken is not
lengthened very much, but still exist. We thus investigate
the bonding nature at the TS, considering the interaction be-
tween [MCI(CO)(PH3),] and SiHy. There are three impor-
tant interactions in the oxidative addition: one is the charge-
transfer (CT) interaction from SiHy4 to [MCI(CO)(PHj3),];>4"
the second is the CT interaction from [MCI(CO)(PH3),] to
SiH4;>*" and the third is the exchange repulsion between
SiH, and the occupied d, orbital.>® Thus, the occupied d,;
and d, and the unoccupied sp orbitals play important roles
in the oxidative addition. In the oxidative addition to [RhClI-
(CO)(PH3),], SiH4 must approach Rh along the z-axis (see
Scheme 1). Because Rh(I) has a doubly occupied d,» orbital

Exchange
repulsion
z
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in [RhCI(CO)(PH3),], the Si—H o-bond causes an exchange
repulsion with the Rh d,2 orbital (Scheme 3), which disfavors
an oxidative addition to [RhCI(CO)(PH3);]. On the other
hand, SiH4 approaches Rh along the x-axis in the oxidative
addition to [RhCI(PH3);]. Since the Rh d,._,» orbital is un-
occupied in a formal sense, the approach of SiH4 causes only
a small exchange repulsion with [RhCI1(PH3),]. This unoc-
cupied d,»_,2 orbital also enhances the CT from the Si-H o
orbital to Rh in the oxidative addition to [RhCI(PH3),;]. The
CT from the Rh d,; orbital to the Si—-H o™ orbital of SiH,
depends on the Rh d, orbital energy. As clearly shown in
Fig. 4(a), the d; orbital of [RhCI(PH3),] is at a higher energy
than that of [RhCI(CO)(PH3);] by ca. 0.4 eV, probably be-
cause of the s7-back bonding between Rh and CO in the latter
complex. In other words, [RhCI(CO)(PH3),] should distort
to push up the d, orbital to a higher energy, which would
cause some energy destabilization of [RhCI(CO)(PHs),], and
would lead to a high E, value. From all of these factors, the
oxidative addition to [RhCI(PH3),] is much more favorable
than to [RhCI(CO)(PH3),] from the viewpoints of both the
activation energy and the reaction energy.

Comparison between Vaska-Type Complexes [MCIl-
(CO)(PH3),;] and [M'(PH;3),] (M'=Pd or Pt). Itisveryin-
teresting to compare Vaska-type complexes with [M'(PHj3);].
As clearly shown in Table 2, the Si—H oxidative addition
to [MCI(CO)(PH3),] proceeds with a much higher E, than
that to [M'(PH;),], while the exothermicity is similar be-
tween [IrCI(CO)(PH3),] and [Pt(PH3),] and between [RhCl-
(CO)(PH3);] and [Pd(PH3);]. Again, this similarity in the
exothermicity is easily interpreted in terms of the bond en-
ergies. Interestingly, the Ir-H and Ir—SiH; bond energies
are almost the same as the Pt—H and Pt-SiH3 bond energies,
respectively. Also, the Rh—H and Rh-SiH3; bond energies
are almost the same as the Pd—H and Pd—SiH; bond energies,
respectively.

It would be interesting to understand the reason that the
Ir-H and Ir-SiH; bonds are as strong as the Pt-H and Pt-SiHj;
bonds. First, the orbital energies are compared between [Pt-
(PH3);,] and [IrCl(CO)(PHj3),] which both take the geome-
tries in the product.*” As shown in Fig. 3, the d orbital of
[Pt(PH3),] is at a similar energy to that of [IrCI(CO)(PH3),],
while the sp orbital of [Pt(PH3);] is at a much higher energy
than the d orbital of the Ir complex. If we consider the first
bond-dissociation energy (Egs. 6 and 7), the important factor

no Exhcange
repulsion

Scheme 3.
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Fig. 4. Energy levels of dg, d, and spg orbitals vs. distortion angle.

cis-[M'(H)(SiH3)(PH3)2]——[M'(H)(PH:):] + -SiH;  (6)

MCIH)(SiH3)(CO)(PH3)2]—— [MCI(H)(CO)(PH3):]
+-SiH; @)

is the d, orbital energy of the doublet [M’(H)(PH3),] and
[MCI(H)(CO)(PH3),]. Again, the Ir d,; orbital energy (—8.6
eV) was calculated to be much more close to the radical or-
bital of -SiHj than to the Pt d,, orbital (—7.1 V), as shown in
Fig. 3, while the first bond-dissociation energies of Ir-SiH3
and Pt—SiH; were calculated to be similar (81.1 and 83.4
kcalmol~! respectively at the MP4SDQ level). These re-
sults suggest that the Ir-H and Ir-SiH3 bonds involve a much
stronger covalent interaction than the Pt—H and Pt—SiH;
bonds. Here, we must remember that although [RhCI(H)-
(SiH3),2(PH3),] has much stronger Rh—H and Rh—SiH; bonds
than does [RhCI(H)(SiH3)(CO)(PH3),], the d orbital energy
is not responsible for this result. This result is interpreted in
terms of a trans-influence, steric repulsion, and Rh—Cl and
Rh-CO bond weakening. Of these three factors, the steric
repulsion is also one of the plausible factors here. In [PtH-
(SiH3)(PH3),], SiH; and H receive a steric repulsion from
two PH3 ligands, while they receive a steric repulsion from
three ligands in [MCI(H)(SiH3)(CO)(PH3),]; in P1, for in-
stance, H receives a steric repulsion from two PH3 and Cl,
and SiHj receives it from two PH; and CO. The trans-influ-
ence should also be examined. SiHj is at a trans-position to
PHj; in [PtH(SiH3)(PH3),], at a trans-position to Cl in IrP1,
at a trans-position to CO in IrP2, and at a trans-position to
PH; in IrP3. However, the Ir-SiH; bond energy is similar
in IrP1, IrP2, and IrP3 (see Table 3), whereas the bond
length considerably depends on the trans-positioned ligand.
Thus, the trans-influence is not a main reason that the Pt—X
bond (X=H or SiH3) is as strong as the Ir—X bond in spite
of the Pt sp orbital at a higher energy. The coordinate bond
weakening of a co-existing ligand is also important for the
energy change of Egs. 2, 3, and 4. The Pt—PHj3 bond (2.314
A in Pt(PH3),) lengthens to 2.456 A (averaged value) in cis-
PtH(SiH3)(PH;),, while the Ir~PH3 bond (2.355 A in [IrCl-
(CO)(PH3),]) lengthens to 2.492 A (averaged value) in IrP3.

The bond weakening seems to be similar in both the Pt and Ir
reaction systems. From the above discussion, it is reasonably
concluded that although the covalent interaction is stronger
in the Ir-SiH; and Ir-H bonds than in the Pt-SiH3 and Pt—-H
bonds, H and SiHj in cis-[PtH(SiH3)(PH3),] suffer a smaller
steric repulsion than those in [IrCI(H)(SiH3)(CO)(PH3),1; as
a result, the Pt—-H and Pt-SiH; bonds are as strong as the
Ir-H and Ir-SiH; bonds.

It is also worth clarifying the reason that although the
Si—H oxidative addition to [MCI(CO)(PHj3),] is exothermic,
similarly to the oxidative addition to [Pt(PH3),], the former
reaction requires a much higher E, than the latter reaction.
The d,, do, and sp, orbital energies are given as a function
of the distortion (see Fig. 4). Apparently, the d, orbital
(HOMO) of [M’(PH3),] is at a much higher energy than
that of [MCI(CO)(PH3);], even if the distortion is taken into
consideration (the [Cl-Ir-CO)] angle is 154° for IrTS1 and
the P-Pt-P angle is 157° for the TS of Pt reaction system).?
Thus, the CT interaction from [MCI(CO)(PHj3),] to SiHy is
much weaker than that from [M’(PH3),] to SiH4. As a result,
the Si—H bond should be more lengthened to effectively form
this CT interaction in the oxidative addition to [MCI(CO)-
(PH3),] than it is to [M/(PH3),]. This means that the SiH,4
part is more destabilized in the TS, which disfavors the Si—-H
oxidative addition to [MCI(CO)(PH3);]. The occupied d,
and unoccupied sp, orbitals of [MCI(CO)(PHj3);] lie at lower
energies than those in [M’(PH;),], which yields a stronger
CT interaction from SiH,4 to [MCI(CO)(PH3),] and a smaller
destabilization from the two-orbital four-electron repulsion
between SiH, and [MCI(CO)(PHj3);] than in the oxidative
addition to [Pt(PH3),]. Thus, the higher E, value in the
oxidative addition to [MCI(CO)(PHj3),] is mainly attributed
to the low-lying d orbital.

Finally, we mention here the difference between
[M’(PH3),] and [RhCI(PH3),]. The d,; orbital of [M'(PH3),]
is ata higher energy than that of [RhCI(PH3),]. Nevertheless,
the Si—H oxidative addition to [RhCI(PH3),] can occur with
a zero barrier, as for [M’(PH3),]. The trans-influence should
be considered first: In [RhCI(H)(SiH3)(PH3),], H and SiH3
suffer a small zrans-influence (vide supra), while H and SiHj
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suffer a considerable trans-influence of PHj in cis-[M'H-
(SiH3)(PH3),]. The other is the energy level of the acceptor
orbital of [M'(PH3),] and [RhCI(PH3),]. In [RhCI(PH3),],
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Electron populations of
metal d, s, and p orbitals.
p
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Electron distribution changes in the Si—H oxidative addition to IrCI(CO)(PH3), and Pt(PH3),. The positive value represents

the unoccupied d,> _,» orbital can form a CT interaction from
SiH,, while only a high-lying sp,, orbital of [M'(PH3),] can
participate in the CT interaction (Fig. 5). Also, the exchange
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repulsion between [RhCI(PHj3);] and SiH, is much less than
that between [M'(PH3),] and SiHy, since the unoccupied
dy2_2 orbital of [RhCI(PH3),] does not cause such an ex-
change repulsion with SiHy, but the occupied d,. orbital of
[M'(PH3);] causes it. Thus, the Si—H oxidative addition to
[RhCI(PH3),] easily proceeds like it to [M’(PH3),],whereas
the d orbital of [RhCI(PH3),] is at a rather low energy.

Changes in Electron Distribution. The electron re-dis-
tribution is also interesting. As clearly shown in Fig. 5, sev-
eral similarities are observed between the Ir and Pt systems
(since similar results are observed in Rh and Pd systems,
a discussion concerning them is omitted here for brevity).
(1) The Ir atomic population increases in the product, which
arises from a considerable increase in the Ir p orbital popula-
tion (Figs. 5(a) and 5(b)). (2) The Ir s orbital population, on
the other hand, decreases. (3) A similar electron re-distribu-
tion is observed in the Pt reaction system (Fig. 5(c)). These
changes are interpreted in terms of a hybridization change
caused in the reaction; the dsp? hybridization of square pla-
nar [IrCI(CO)(PH;),] changes into the d?sp® hybridization
of octahedral-like [IrCI(H)(SiH3)(CO)(PHs3),], while the sp
hybridization of linear [Pt(PH3),] changes into the dsp2 hy-
bridization of square planar [PtH(SiH3)(PH3),]. Both hy-
bridization changes lead to an increase in the electron pop-
ulation of the metal p-orbital. The decrease in the s-orbital
population would arise from the significant increase in the
p-orbital contribution to the coordinate bond. (4) The elec-
tron populations of H and SiH3 decrease in both the Ir and
Pt systems, against our expectation based on the oxidative
addition. (5) Consistent with these population changes of H
and SiH3, the d orbital populations of Ir and Pt decrease little.
(6) The electron population of PHs considerably decreases
in the Pt system, while that of CO significantly decreases,
but that of PHj3 little changes in the Ir system. This can be
attributed to the stronger donating ability of CO than that of
PH3;; because the charge-transfer (CT) from CO is greatly
enhanced in the product, the CT from PH; does not need to
increase very much in the Ir reaction system.

In conclusion, the electron re-distribution caused by the
Si—H oxidative addition to [MCI(CO)(PH3),] is similar to it
in the oxidative addition to [M’(PH3),]. The main features
of the electron re-distribution arise from the hybridization
change.

Concluding Remarks

The Si—H oxidative addition to Vaska-type complexes,
[MCI(CO)(PH3),] (M=Rh or Ir), was theoretically inves-
tigated with ab initio MO/MP2—MP4, SD-CI, and CCD
methods, where all of the geometries were optimized us-
ing the energy-gradient technique at the MP2 level. The
introduction of electron correlation effects is indispensable
for correctly estimating the E, and Ey, values of this Si-H
oxidative addition, as expected. The MP4DQ, MP4SDQ,
CCD, and CCD(ST4) methods provide similar E, and E,
values, while the MP2 and MP3 methods yield somewhat
different E, and E., values, and the SD-CI method yields
considerably small E., values. The Si—H oxidative ad-
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dition to [IrCI(CO)(PH3),] occurs with a smaller E, and a
larger Eey, than to [RhCI(CO)(PH3),], which is interpreted
in terms that the Ir-H and Ir-SiH3 bonds are stronger than
the Rh—H and Rh—SiH3 bonds respectively. The oxidative
addition to Vaska-type complexes exhibits some similarities
to and some differences form [M’(PH3),]: the exothermicity
is similar in both reaction systems, while the Si—H oxidative
addition to Vaska-type complexes requires a higher E, than to
[M'(PH3);]. The lower reactivity of Vaska-type complexes
arises from the d, orbital at a low energy and the greater
steric repulsion in the product. The electron re-distribution
is similar in both systems, which is interpreted in terms of
a hybridization change. The reactivity of the Vaska-type
complex is very different from that of [RhCI(PH3),]. The
lower reactivity of [RhCI(CO)(PHj3),] is explained in terms
of the greater weakening of Rh—Cl and Rh—CO bonds, the
larger steric repulsion in the octahedral geometry, and the
greater exchange repulsion between SiH, and the Rh d, or-
bital. From the above discussion, it is reasonably predicted
that the CO coordination to metal greatly disfavors oxidative
additions.
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