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Silyl-bridged dinuclear palladium(I) and platinum(I) complexes with the composition M2-
(SiH3)2(PH3)2 (M ) Pd or Pt) were theoretically investigated with DFT, MP2 to MP4(SDQ),
and CCSD(T) methods. These complexes are more stable than two M(PH3)(SiH3) complexes
by 80.6 kcal/mol for M ) Pd and 105.6 kcal/mol for M ) Pt, where the values calculated
with the CCSD(T) method are given hereafter. Although this complex is understood to take
the silyl-bridged form in a formal sense, the NMR chemical shifts of Si and H atoms and
the Laplacian of electron density indicate that the electronic structure of the SiH3 group
somewhat shifts toward that of the silylene + hydride groups and the agostic interaction is
responsible for this interesting electronic structure. These complexes are represented as
M2(µ-η2-H‚‚‚SiH2)2(PH3)2, in which the formula of H‚‚‚SiH2 indicates that this group is not
a pure silyl group but possesses the characteristics of the hydride and µ-silylene groups to
a considerable extent. The planar geometry of this compound comes from the presence of
the three-center two-electron (3c-2e) interaction between the silyl sp3 orbital and the M-M
moiety, while these complexes become nonplanar in the absence of the 3c-2e interaction.
The agostic interaction between the Si-H bond and the M center contributes to the
stabilization energies of 8.0 and 17.3 kcal/mol for M ) Pd and Pt, respectively. The stronger
agostic interaction and the larger stabilization energy of Pt2(µ-η2-H‚‚‚SiH2)2(PH3)2 than those
of the Pd analogue result from the fact that the d orbital of Pt expands more than that of
Pd.

Introduction

Primary (SiH3R) and secondary (SiH2R2) organosi-
lanes react with transition metal complexes to afford a
variety of products,1 as shown in Scheme 1. For in-
stance, various µ-η2-HSiR2- and µ-η2-HSiHR-bridged
dinuclear Pd(I) and Pt(I) complexes (Scheme 1(B)) were
reported as products of the reactions of primary and
secondary silanes with Pd(0) and Pt(0) complexes.2-4

Also, similar µ-η2-silyl-bridged Rh(II)5 and Ru(I)6,7 di-

nuclear complexes and µ-η2-silyl-bridged heterodinucle-
ar Pd(I) and Pt(I) complexes8 were reported, so far.

These complexes have drawn a lot of attention
because some of them are key intermediates of trans-
formation reactions of silane mediated by transition
metal complexes and some of them contain interesting
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bonding nature and geometries.1 For instance, the µ-η2-
silyl-bridged dinuclear Pd(I) and Pt(I) complexes contain
a nonclassical three-center two-electron (3c-2e) interac-
tion between the µ-η2-silyl group and the M-M moi-
ety,1a,c,9 as shown in Scheme 1(B-1). However, there is
the other plausible way to understand this complex in
terms of a hydride µ-silylene-bridged form in which the
H(hydride) ligand coordinates with the Pd center and
also interacts with the empty p orbital of the bridging
µ-silylene group, as shown in Scheme 1(B-2). This
bonding feature is considered reasonable because the
singlet silylene is electron-acceptable due to the pres-
ence of the empty p orbital and can form a charge-
transfer interaction with the electron-rich hydride
ligand. Actually, the considerably long Si-H distances
were experimentally reported in Pd2(µ-SiHPh2)2(PMe3)2
and the Pt analogues.3a,b,4a,c These long Si-H distances
experimentally suggest that these complexes take the
hydride µ-silylene-bridged form. Thus, it is interesting
to investigate which understanding is correct. Besides
this issue, there remain several important issues to be
investigated in detail, as follows: The first issue is the
planar M2Si2 moiety. In the silyl-bridged dinuclear
Rh(II) complex with the composition Rh2(H)2(SiH3)2-
(PR3)2, the Rh2Si2 moiety is not planar but the dihedral
angle between two Rh-Rh-Si planes is 74.5°.5d It is
worthwhile to clarify the reason for the planar geometry
of Pd2(µ-SiHPh2)2(PMe3)2 and the Pt analogues. Also,
it is important how the 3c-2e and agostic interactions
are formed in these complexes and how much they
contribute to the stabilization of these complexes.

Despite the interesting issues mentioned above, these
complexes have not been theoretically investigated well
except for one pioneering work.9a In this previous study,
the 3c-2e interaction was discussed in detail based on
the Laplacian of electron density. However, no discus-
sion was presented to show how much the 3c-2e and
agostic interactions participate in the geometry and
bonding nature of these complexes.

In the present study, µ-η2-SiH3-bridged dinuclear Pd-
(I) and Pt(I) complexes with the composition M2(SiH3)2-
(PH3)2 (M ) Pd or Pt) were theoretically investigated
as a model of M2(HSiR2)2(PH3)2 (R ) aryl, etc.) with the
DFT, MP2 to MP4(SDQ), and CCSD(T) methods. Our
main purposes here are to clarify the electronic struc-
ture and the bonding nature of these complexes, in
particular, to show whether the µ-η2-silyl-bridged form
or the hydride µ-sylilene-bridged form is the correct
understanding, how the 3c-2e and agostic interactions
are formed in M2(SiH3)2(PH3)2, and how much these

interactions play important roles to determine the
geometry and the bonding nature of these dinuclear
complexes. In our previous work, we found significant
differences between µ-disilene-bridged dinuclear Pd(0)
and bis(µ-silylene)-bridged dinuclear Pt(0) complexes.10

Thus, it is also our purpose to show the differences and
similarities between Pd2(SiH3)2(PH3)2 and the Pt ana-
logue, and to elucidate the reasons.

Computations

Geometries were optimized by the DFT method with the
B3LYP functional.11,12 We ascertained that the optimized
geometries did not exhibit any imaginary frequency except for
the geometries that were optimized under some constraints.
Energy and population changes were evaluated with the DFT,
MP2 to MP4(SDQ), and CCSD(T) methods. In the CCSD(T)
calculation, the contribution of triple excitations was incorpo-
rated noniteratively with single and double excitation wave
functions.13

The basis set system described below was mainly used for
the calculation. For Pd, the MIDI-4 basis set was used,14 where
one diffuse d function (ú ) 0.124)15 was added and the 5p
orbitals were represented by the same exponents and the same
coefficients as those of the 5s orbital.15 For Si, the Huzinage-
Dunning (11s7p1d)/[6s4p1d] basis set was used.18 For P, a (21/
21/1) basis set was employed for the valence electrons,19 where
core electrons of P (up to 2p) were replaced with the effective
core potentials (ECPs) and one d-polarization function was
added.20 For H, the 6-311G basis set was employed, where a
p-polarization function was added for the H atoms of the silyl
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a M ) Pd or Pt.
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group.21 We used this basis set system for geometry optimiza-
tion and evaluation of energy changes. In the calculations of
NMR chemical shifts, basis sets for Si, P, and H were changed
to the 6-311+G(d,p) basis sets22 without any change for the
other atoms, where a diffuse function was eliminated from the
basis set used for P. This basis set system was selected after
NMR chemical shifts were evaluated with various basis set
systems (see Supporting Information Table S2). For Pt, the
standard LANL2DZ basis set17 was used for geometry opti-
mization, where the basis sets and ECPs for the other atoms
were taken to be the same as those employed for the Pd
system. The optimized geometry of Pt2(SiH3)2(PH3)2 with this
basis set system agrees with the experimental one, as will be
discussed below. The better (541/541/111) basis set17,23 was
employed for Pt with the same ECPs as LANL2DZ to evaluate
energy changes and electron distribution, while the basis sets
for the other atoms were not changed. When the electron
distribution was compared between Pd and Pt complexes, the
(541/541/211) basis set and ECPs17,23 were employed for Pd to
make the comparison with the basis sets of the same quality.

The Gaussian 98 program package was used for these
calculations.24 NMR chemical shifts were evaluated with the
GIAO method25 at the DFT level. Population analysis was
carried out with the method of Weinhold et al.26 The contour
map of molecular orbitals was drawn with the Molden program
package.27 We employed here simple model compounds, M2-
(SiH3)2(PH3)2, because the geometry of the M2Si2 flame is
similar in the model and real compounds, as will be described
below.28

Results and Discussion

Geometrical Features of M2(SiH3)2(PH3)2. Opti-
mized geometries of Pd2(SiH3)2(PH3)2 1a and the Pt

analogue 1b are shown in Figure 1. The Pd-Pd distance
agrees well with the experimental value.3 Although the
Pd-Si distances (2.385 and 2.443 Å) are moderately
longer than the experimental values (2.328 and 2.386
Å), the difference between two Pd-Si distances is well
reproduced by the present computation. The Pd-H
distance agrees well with the experimental value, too.
It is noted that the optimized Si-H bond is much
shorter than the experimental value. However, this
discrepancy in the Si-H bond between computational
and experimental results does not mean that the
computational results are not reliable because the
position of the H atom is not experimentally determined
very well, in general.29 In the Pt analogue 1b, the
optimized Pt-Pt distance and the Pt-Si distances
(2.742 and 2.480 Å) agree with the experimental values.4a

The Pt-H distance agrees well with the experimental
value, while the Si-H distance somewhat deviates from
the experimental value like that of the Pd analogue.29

Although the Pd-P distance is overestimated by the
computation, the fundamental geometrical features of
the M2Si2H2 moiety3,4a are reproduced well by the
present computations in both the Pd and Pt complexes.30

The optimized Si-H bond distance is longer than the
usual Si-H bond. This result suggests that the Si-H
bond of the µ-η2-silyl group forms an agostic interaction
with the M center. It should be noted here that the
Pd-H distance is much longer than the Pt-H distance
in both experimental3,4a and computational geometries
and that the optimized Si-H distance of 1b is much
longer than that of 1a. These results suggest that the
agostic interaction is stronger in the Pt complex than
in the Pd complex. Their bonding nature will be
discussed below in detail.

The Pt-Pt-P and Pd-Pd-P angles are not 180° but
about 155°. The P-M-Si angle is 99° and 101°, the
M-M-Si angle is 55° and 54°, the M-M-H angle is
96° and 98°, and the P-M-H angle is 109° and 104°
for M ) Pd and Pt, respectively (see Supporting
Information Figure S2). Because the Pt and Pd atoms
have d9 electron configuration in these complexes, the
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(29) In the experimental geometries, the Si-H distance of the Pt
complex is somewhat shorter than that of the Pd complex by 0.08 Å.3,4a

On the other hand, the Pd-H distance is much longer than the Pt-H
distance,3,4a which indicates that the agostic interaction is stronger in
the Pt complex than in the Pd analogue. These results are not
consistent with each other, because the stronger agostic interaction
leads to the longer Si-H distance in general. It is likely that the
experimentally reported Si-H distance (1.75 Å) of the Pd complex is
too long.

(30) Although the same compound was previously optimized,9a the
optimized geometry presented here is much better than the previously
reported one.

Figure 1. Optimized geometries of Pd2(SiH3)2(PH3)2 1a and the Pt analogue 1b. Bond distances in angstroms and bond
angles in degrees. In parentheses are experimental values.3,4a
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singly occupied dσ orbital forms a σ-bond between two
M centers, as schematically shown in Scheme 2. If we
count the agostic interaction of the Si-H bond as one
coordinate bond, one M center possesses one M-M bond,
one agostic interaction, a M-PH3 bond, and the M-Si
bond. Thus, these complexes are understood to take a
distorted four-coordinate structure around the M center,
as discussed previsouly.9

NMR Chemical Shift of Pd2(SiH3)2(PH3)2. To
investigate whether the µ-η2-silyl-bridged form or the
µ2-silylene hydride one is the correct understanding of
this complex, we evaluated the NMR chemical shifts of
H and Si atoms of 1a and compared their chemical shifts
with those of a model hydride silylene complex, trans-
Pd(H)(SiH2)(PH3)2, 2, and a model hydride silyl complex,
trans-Pd(H)(PH3)2(SiH3), 3; see Supporting Information
Figure S3 for their optimized geometries. Usually, the
calculated value of the NMR chemical shift considerably
depends on the basis sets. However, the chemical shifts
of H and Si atoms of these compounds do not depend
very much on the basis sets used here (Supporting
Information Table S2). Although the calculated chemical
shifts of Ha and Hb of 1a are moderately larger than
the experimental values, as shown in Figure 2, the
difference between calculated chemical shifts (3.87 ppm)
of Ha and Hb is almost the same as the experimental
difference (3.58 ppm),3a where Ha, Sia, etc., are defined
in Figure 2. Interestingly, the chemical shift of Ha is
intermediate between those of Hd and Hf, which are the
hydride ligand and the H atom of the silyl ligand in 2
and 3, respectively. Also, it is noted that the chemical
shift of Hb is similar to that of Hc of SiH2 in 2, and the
chemical shift of Sia is almost intermediate between
those of Sib and Sic, which are the Si atoms of SiH2 and
SiH3 groups, respectively (see 2 and 3 in Figure 2).

These results clearly indicate that the SiH3 group of Pd2-
(SiH3)2(PH3)2 is not a pure silyl group, but its Si atom
is intermediate between those of silyl and silylene
groups and the Ha atom is also intermediate between
the usual H atom and the hydride ligand. More inter-
estingly, the calculated NMR chemical shift of Sid is
-24.6 ppm in Pd2(µ-SiH3)2(PH3)2 (7a), in which the
agostic interaction is not involved.31 This value is rather
similar to that of the silyl group of 3 but much different
from that of 1a. These results lead us to the conclusion
that the agostic interaction of the Si-H bond is respon-
sible for the characteristic features of the Sia and Ha in
1a.

On the other hand, the occupation number of the
Si-H bond that forms the agostic interaction is 1.883e
in 1a. This value is not very much different from that
(1.989e) of the usual Si-H bond. Moreover, the opti-
mized Si-H distance is moderately longer than the
usual Si-H bond, as mentioned above. Thus, it is likely
that the Si-H bond is kept in Pd2(SiH3)2(PH3)2 but the
electronic structures of the Si and H atoms considerably
shift toward those of the silylene group and the hydride
ligand, respectively, due to the agostic interaction. All
these results indicate that this compound should be
described as Pd2(µ-η2-H‚‚‚SiH2)2(PH3)2, in which the
formula of H‚‚‚SiH2 represents that the µ-η2-H‚‚‚SiH2
group is not a pure silyl group but possesses the
characteristics of the hydride and µ-silylene group to a
considerable extent.

The NMR chemical shift of Sia of 1a is understood,
as follows: Because the Si-H bond becomes longer by
the agostic interaction, the Si-H σ* orbital becomes
lower in energy. This Si-H σ* orbital at low energy
plays a similar role to that of the empty p orbital of the
silylene moiety.

In the Pt complex 1b, the optimized Si-H bond is
much longer than that of the Pd complex 1a. The
occupation number (1.765) of the Si-H bond that
participates in the agostic interaction is much smaller
than that of 1a. These features suggest that the
electronic structure of the SiH3 group shifts more toward
the silylene and hydride groups in 1b than in 1a. Thus,
NMR chemical shifts of 1b are interesting and should
be experimentally investigated in detail; however, the
NMR chemical shifts of the Pt analogue could not be
calculated here because the nonrelativistic calculation

(31) In 7a, the silyl group is rotated by 180°, so that the H atom
does not take a position close to the Pd center. A detailed discussion
is given below in the section of the energy contribution of the agostic
interaction.

Figure 2. DFT-calculated NMR chemical shifts of Pd2(SiH3)2(PH3)2 1, trans-Pd(H)(SiH2)(PH3)2 2, trans-Pd(H)(SiH3)(PH3)2
3, and Pd2(SiH3)2(PH3)2 7a without agostic interactions.

Scheme 2
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with all-electron basis sets is not reliable in the Pt
complexes and the relativistic calculation with all-
electron basis sets is difficult.

How Do the 3c-2e and Agostic Interactions
Determine Geometry and Bonding Nature of These
Dinuclear Complexes? It is of fundamental impor-
tance to estimate how much each bonding interaction
contributes to the geometry and stabilization energy of
the complex. To inspect their roles, we investigated the
assumed reaction shown in Figure 3. In the first step
from Pd(PH3)2 4a to 5a, the Pd(PH3) moiety distorts so
as to form the Pd-Pd bond, where 4a, 5a, etc., are
shown in Figure 3. Thus, the energy change (∆E1) by
the first step corresponds to the distortion energy of the
Pd(SiH3)(PH3) moiety. In the second step, from 5a to
6a, the M-M bond is formed, while the 3c-2e interaction
between the SiH3 group and the M-M moiety is not
formed yet in 6a; note that the Pd-Pd-Si angle is fixed
to be 90°, not to form the 3c-2e interaction. If it was not
fixed, the 3c-2e interaction was formed and 5a directly
converted to 7a. The energy change (∆E2) by the second
step corresponds to the M-M bond energy. In the third
step, from 6a to 7a, the Pd-Pd-Si angle is relaxed to
form the 3c-2e interaction between SiH3 and the Pd-
Pd moiety. However, the agostic interaction is not
formed yet in 7a, because the rotation of the SiH3 group
is fixed so as to place the H atom at a position distant
from the Pd center. The absence of the agostic interac-
tion in 7a will be discussed below in more detail.31

However, the energy change (∆E3) of this step does not
correspond to the 3c-2e interaction, as will be discussed
below. In the final step from 7a to 1a, the rotation of
the SiH3 group is relaxed and the agostic interaction is
formed in 1a. The energy change (∆E4) of this step
corresponds to the agostic interaction. Each geometry
was optimized with the DFT method, and the energy
changes by these steps were evaluated with the DFT,
MP2 to MP4(SDQ), and CCSD(T) methods.

Interestingly, the dinuclear complex Pd2(SiH3)2(PH3)2,
5a, without the 3c-2e interaction, is not planar, in which
the dihedral angle between the two Si-M-P planes is
76°, unlike 1a. The reason for the nonplanar geometry

is easily interpreted in terms of the four-electron repul-
sion between the two dπ orbitals of Pd, as follows:
Because of the steric repulsion between SiH3 and PH3,
the P-Pd-P angle is larger than 90° in 6a. As a result,
the dπ orbital becomes higher in energy by the anti-
bonding overlap with the lone pair orbital of PH3 and
the sp3 orbital of SiH3, as shown in Scheme 3(A). In the
planar structure, these dxz and dxy orbitals of one M
center overlap with those of the other center to give rise
to the considerably large four-electron repulsion, as
shown in Scheme 3(B). In the nonplanar geometry, on
the other hand, the dxz and dxy orbitals of the left M
center are at different energies from those of the dxz and
dxy orbitals of the right M center, respectively, as shown
in Scheme 3(C), which gives rise to the smaller four-
electron repulsion of these dxz and dxy orbitals in the
nonplanar geometry than in the planar one. As a result,
the nonplanar geometry is more stable than the planar
one in 6a.

Interestingly, the nonplanar 6a changes to the planar
7a in step 3, as shown in Figure 3. In 7a, the three Si-H
bond distances are 1.498 Å, which clearly shows that
the agostic interaction is not formed in 7a. Also, it
should be noted that the Pd-Pd distance becomes
considerably longer in 7a. This result suggests that the
3c-2e interaction weakens the Pd-Pd bond probably
because the 3c-2e interaction induces distortion of the
Pd2Si2 moiety, which will be discussed below. In step 4,
going to 1a from 7a, one of the Si-H bonds becomes
considerably longer than the others, while the other
geometrical changes hardly occur. These results mean
that the formation of the agostic interaction is only one
important change in this step.

The energy changes of these steps were evaluated
with various methods, as shown in Table 1. Although
the ∆E2 value somewhat fluctuates around the MP2 and
MP3 levels, the DFT, MP4(SDQ), and CCSD(T) methods
present similar values, indicating that the bond energy
calculated by these methods is reliable. On the other
hand, the DFT-calculated ∆E3 and ∆E4 values are
considerably smaller than the MP4(SDQ)-calculated
values. Because these energy changes converge upon

Figure 3. Geometry change along the assumed reaction from Pd(SiH3)(PH3) to Pd2(SiH3)2(PH3)2. Bond distances in
angstroms and bond angles in degrees.
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going from MP2 to MP4(SDQ) and CCSD(T), we will
discuss the energy changes based on the CCSD(T)
computational results. The ∆E3 value (17.8 kcal/mol) is
unexpectedly small. However, the ∆E3 value does not
explicitly correspond to the 3c-2e interaction, because
the dσ-dσ bonding overlap considerably decreases in this
step, as will be discussed below; in other words, this step
involves the destabilization by the weakening of the dσ-
dσ bonding interaction and the stabilization by the 3c-
2e interaction. The sum of the M-M bond energy and
the 3c-2e interaction is 70.3 () ∆E2 + ∆E3) kcal/mol.
Because the energy change (∆E4) in the final step
corresponds to the stabilization by the agostic interac-
tion, the strength of one agostic interaction is evaluated
to be about 8 kcal/mol.

Geometry changes of the Pt system along the assumed
reactions are shown in Figure 4. Several interesting
differences are observed between Pt and Pd complexes.
The starting Pt(SiH3)(PH3) species is much different
from the Pd analogue; the P-Pt-Si angle is not 180°
but near 100° in Pt(PH3)(SiH3). This is probably because
PH3 tends to avoid the position trans to SiH3; remember
the strong trans-influence of SiH3.32 The sum of the Pt-
Pt bond energy and the 3c-2e interaction energy is 74.6
kcal/mol () ∆E2 + ∆E3), which is not very different from
that (70.3 kcal/mol) of the Pd analogue. Because it is
likely that the Pt-Pt bond is stronger than the Pd-Pd
bond in 1, the 3c-2e interaction contributes more to the
stabilization of 1a than that of 1b. On the other hand,
the agostic interaction contributes much more to the
stabilization of 1b than that of 1a. The considerably
strong agostic interaction between the Si-H bond and
the Pt center was previously reported in a theoretical
work.33 The difference in the agostic interaction between
1a and 1b is almost the same as the difference in total
stabilization energy between them. In conclusion, the
Pt-Pt bond and the agostic interaction of 1b are
stronger than those of 1a, the 3c-2e interaction contrib-
utes more to the stabilization of 1a than that of 1b, and
the agostic interaction leads to the significant difference
between 1a and 1b.

Although extremely large differences in geometry and
bonding nature were previously observed between Pd2-
(µ-Si2H4)(PH3)4 and Pt2(µ-SiH2)2(PH3)4,10 the differences
between 1a and 1b are moderate; for instance, the
bonding nature is essentially the same, while the Pt-
Pt bond in 6b and the agostic interaction of 1b are

(32) The more the (n+1)p orbital mixes into the nd orbital (n ) 3 to
5), the stronger the trans-influence becomes. The nd-(n+1)p separa-
tion energy is smaller in the Pt atom than in the Pd atom, as shown
by the fact that the ground state of Pt is d9s1 but that of Pd is d.10 As
a result, the trans-influence in the Pt complex is stronger than that
in the Pd complex.

(33) Sakaki, S.; Mizoe, N.; Sugimoto, M. Organometallics 1998, 17,
2510.

Scheme 3

Table 1. Energy Changesa (in kcal/mol) along the
Assumed Reaction Leading to M2(SiH3)2(PH3)2 (M

) Pd or Pt)
(A) M ) Pd

∆E1
b ∆E2 ∆E3 ∆E4

c ∆Etotal

DFT 7.0 -48.0 -48.1 -13.4 -68.5
MP2 -6.5 -60.0 -20.1 -18.2 -108.4
MP3 5.2 -42.3 -16.7 -15.5 -69.4
MP4(DQ) -0.3 -49.4 -18.0 -16.9 -84.0
MP4(SDQ) -3.0 -55.4 -18.3 -16.7 -93.4
CCSD(T) 5.7 -52.5 -17.8 -15.9 -80.6

(B) M ) Pt

∆E1
b ∆E2 ∆E3 ∆E4

c ∆Etotal

DFT 6.0 -60.4 -3.3 -27.3 -85.0
MP2 3.1 -79.1 -12.0 -40.6 -128.6
MP3 3.1 -55.7 -8.3 -35.4 -96.3
MP4(DQ) 3.1 -67.5 -9.2 -36.4 -109.9
MP4(SDQ) 3.1 -73.2 -9.5 -35.2 -114.7
CCSD(T) 3.3 -65.4 -9.2 -34.6 -105.3

a The negative value represents the stabilization energy and
vice versa. b The distortion energy of two M(SiH3)(PH3). c This
value corresponds to the stabilization by two agostic interactions.
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considerably stronger than those of the corresponding
Pd analogues, 6a and 1a, respectively. These differences
are interpreted in terms of the size of d orbitals, as
follows: The d orbital of Pt expands more than that of
Pd; actually, the radius of maximum charge density of
the d orbital is 0.55 au in Pd(0) and 0.65 au in Pt(0).34

Also, the dσ-dσ overlap integral is considerably larger
in the Pt-Pt pair than in the Pd-Pd pair, and the dσ-
1s overlap between Pt and H atoms is considerably
larger than that between Pd and H atoms, as shown in
Figure 5. As a result, the M-M bond and the agostic
interaction are stronger in the Pt complex than in the
Pd complex.

Orbital Interactions. In 5, each M center takes a
distorted T-shaped coordinate structure in which the
M-M bond is involved but the 3c-2e interaction is not
formed yet, as follows: The dσ orbital interacts with that
of the other M center to form the M-M σ-bonding and
σ*-antibonding orbitals, as was shown in Scheme 2, and
the σ-bonding orbital is doubly occupied because the
Pd(I) and Pt(I) centers have d9 electron configuration.
In the M-M σ-bonding orbital, the lone pair orbital of
PH3 and the sp3 orbital of SiH3 mix in a bonding way
to form the M-SiH3 and M-PH3 coordinate bonds.

Upon going to 7 from 6, the 3c-2e interaction is formed
and the geometry becomes planar, where the position
of PH3 somewhat deviates from the M-M line in 7 (see
Figures 3 and 4). Because of this deviation, the P-M-
Si angle is not very much different from 90° in 7. As a
result, one dσ orbital still keeps two bonding interactions
with PH3 and SiH3 in 7. However, the dσ-dσ overlap
decreases by this deviation, which induces M-M bond
lengthening.

Now, let us start to investigate how the 3c-2e interac-
tion leads to the planar geometry. As discussed above,
the dσ orbitals form the dσ-dσ bonding and dσ-dσ
antibonding orbitals, φ(dσ-dσ) and *φ(dσ-dσ). The sp3

orbitals of two SiH3 groups construct sp3-sp3 bonding
and antibonding couples, φ(sp3-sp3) and *φ(sp3-sp3),
as shown in Scheme 4. Its bonding couple φ(sp3-sp3)
overlaps with the dσ-dσ bonding couple φ(dσ-dσ) to
afford φ1 and φ3. These orbital overlaps do not yield the
net stabilization energy between the sp3 orbital of SiH3
and the M center, because both φ1 and its antibonding
counterpart φ3 are doubly occupied. The antibonding
couple *φ(sp3-sp3) overlaps with the dσ-dσ antibonding
couple *φ(dσ-dσ) to afford φ2 and φ4, which yields the
net stabilization energy between the sp3 orbital of SiH3
and the M center because the φ2 orbital is doubly
occupied but the φ4 orbital is unoccupied, as shown in
Scheme 4. If the geometry is not planar, the dσ-dσ
bonding and antibonding couples do not overlap well
with the sp3 orbital of SiH3, as shown in Scheme 5(A),
because the dσ orbital of the right M center does not
interact with the sp3 orbital of SiH3 which is bound with
the left M center. This situation is not favorable for the
interaction between SiH3 and M centers. In the planar
geometry, on the other hand, the sp3 orbital of SiH3 that
mainly interacts with the left M center somewhat
overlaps with the dσ orbital of the right M center in a
bonding way, as shown in Scheme 5(B). Because of these
orbital overlaps, the 3c-2e interaction is formed in the
planar geometry. This is the reason that the 3c-2e
interaction is responsible for the planar geometry. It is
noted here that the deviation of the dσ orbital from the
M-M line is favorable for the bonding interaction
between the sp3 orbital of SiH3 and the dσ orbital of the
right M center (Scheme 5(B)); in other words, this
deviation leads to the weakening of the M-M bond, but

(34) Fraga, S.; Saxena, K. M. S.; Karwowski, J Handbook of atomic
data; Elsevier: Amsterdam, 1976.

Figure 4. Geometry change along the assumed reaction from Pt(SiH3)(PH3) to Pt2(SiH3)2(PH3)2. Bond distances in
angstroms and bond angles in degree.

Figure 5. Overlap integrals between M and H atoms and
between two M centers. Minimal basis sets, (5/5/4), (5/5/
3), and (5) sets, were used for Pd, Pt, and H, respectively.
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its destabilization is compensated well by the stabiliza-
tion energy of the 3c-2e interaction.

Finally, 7 converts to 1 with formation of the agostic
interaction. Complex 1 includes all interactions dis-
cussed above. Actually, the dσ-dσ bonding and anti-
bonding orbitals are observed in the HOMO-9 and
LUMO, respectively, as shown in Figure 6(A). Obvi-
ously, HOMO-9 and LUMO correspond to the φ1 and
φ4 orbitals of Scheme 4, respectively, in which the dσ
orbital somewhat deviates from the M-M line. Also, it
is noted that the sp3 orbital of SiH3 overlaps well not
only with the dσ orbital of one M center but also with
the dσ orbital of the other M center, as discussed above.
The φ2 orbital is found in the HOMO-10, as shown in
Figure 6(B). The dπ orbitals form bonding and antibond-
ing molecular orbitals, as shown in Figure 6(C). Because
both are doubly occupied, the dπ orbitals do not contrib-
ute at all to the stabilization energy. The agostic
interaction is formed between the Si-H σ-bonding
orbital and the unoccupied d orbital, in general.35 Such
interaction is observed in the HOMO-16 orbital, in
which the Si-H bonding orbital overlaps with the dσ-
dσ antibonding couple in a bonding way, as shown in
Figure 6(D). In the Pt analogue, essentially the same
orbitals are observed, which is shown in Supporting
Information Figure S4.

These bonding pictures are consistent with the Lapla-
cian of electron density shown in Figure 7(A). Unexpect-
edly, the negative value is not observed between two M
centers, as reported previously.9 This means that the

Pd-Pd bond is not strong, as discussed above. The area
with the largest negative value is observed between the
Si1 and Pd1 centers, while the area with the moderately
smaller negative value is observed between the Si1 and
Pd2 centers (see Figure 7(A) for Si1, etc.). These two
areas represent the presence of the 3c-2e interaction.
The considerably large negative value is observed in the
area of the Si-H bond. Also, the negative value is
observed in the area between the H1 and Pd2 centers.
The presence of these areas indicates the presence of
the agostic interaction. The Laplacian of electron density
of the Pt analogue is omitted here, because it is
essentially the same as that of the Pd complex (see
Supporting Information Figure S5).

It is interesting to compare 1a with a model silylene-
bridged dinuclear complex, [Pd2(µ-SiH2)2(PH3)2]2+, 8, in
which two H atoms are eliminated and pure silylene
groups are involved. Interestingly, the geometry of 8 is
essentially the same as that of 1a except for the absence
of two H atoms, as shown in Figure 7(B). Moreover, the
Laplacian of electron density around the Si atom is
similar in 1a and 8. These results are consistent with
the above discussion that the electronic structure of the
Si atom is intermediate between those of the silyl and
silylene groups and that of the H atom is between those
of the usual H atom and the hydride ligand. These
Laplacians of electron density are consistent with the
idea that 1 should be described as M2(µ-η2-H‚‚‚SiH2)2-
(PH3)2.

Conclusions

Dinuclear palladium(I) and platinum(I) complexes
with the composition M2(SiH3)2(PH3)2 (M ) Pd or Pt)
were theoretically investigated with DFT, MP2 to MP4-
(SDQ), and CCSD(T) methods. NMR chemical shifts are
interesting, as follows: The NMR chemical shift of the
Si atom is intermediate between those of the typical silyl
and silylene groups, and that of the H atom is inter-
mediate between those of the usual H atom and the
hydride ligand. The agostic interaction is responsible
for these interesting chemical shifts. Consistent with
the NMR chemical shifts, the Laplacian of electron
density around the Si and M atoms is similar in M2-
(SiH3)2(PH3)2 and the assumed µ-silylene complex, [M2-

(35) (a) Koga, N.; Obara, S.; Morokuma, K. J. Am. Chem. Soc. 1984,
106, 4625. (b) Obara, S.; Koga, N.; Morokuma, K. J. Organomet. Chem.
1984, 270, C33. (c) Koga, N.; Obara, S.; Kitaura, K.; Morokuma, K. J.
Am. Chem. Soc. 1985, 107, 7109.

Scheme 4

Scheme 5
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(SiH2)2(PH3)2]2+. Thus, it is reasonably concluded that
the electronic structure of the µ-η2-silyl-bridged group
considerably shifts toward that of the hydride and
µ-silylene-bridged group. This means that these com-
plexes should be represented as M2(µ-η2-H‚‚‚SiH2)2-
(PH3)2, in which the formula of H‚‚‚SiH2 indicates that
the µ-η2-H‚‚‚SiH2 group is not a pure silyl group but
possesses the characteristics of the hydride and µ-si-
lylene group to a considerable extent. The bonding
nature is schematically shown in Scheme 6.

These complexes are more stable than two M(PH3)-
(SiH3) complexes by 80.6 kcal/mol for M ) Pd and 105.3

kcal/mol for M ) Pt, where the values calculated with
the CCSD(T) method are given. The M-M bond and the
three-center two-electron (3c-2e) interaction between the
silyl sp3 orbital and the M-M moiety provide energy
stabilization of 70.3 and 74.6 kcal/mol for M ) Pd and
Pt, respectively. The planar geometry of these com-
pounds comes from the presence of the 3c-2e interaction,
which is clearly interpreted in terms of the interactions
of the sp3 orbital of the silyl group with the dσ-dσ

bonding and antibonding couples of the M-M moiety.
Because it is likely that the Pt-Pt bond is stronger than
the Pd-Pd bond in 1, the 3c-2e interaction contributes
more to the stabilization of 1a than that of 1b. It is
noted that the agostic interaction between the Si-H
bond and the Pt center (17.3 kcal/mol) is much stronger
than that (8.0 kcal/mol) of the Pd complex. This energy
difference is similar to the total energy difference
between 1a and 1b. These results indicate that the
agostic interaction plays important roles in these di-
nuclear complexes; one is to induce a significantly large
energy difference between 1a and 1b, and the other is
to shift the electronic structure of SiH3 to that of the
hydride and silylene group. Although the bonding

Figure 6. Contour maps (Hartree-Fock orbital) of several important molecular orbitals of Pd2(µ-η2-H‚‚‚SiH2)2(PH3)2.
Contour maps are shown with an interval of 0.01.

Figure 7. Laplacian of electron density of Pd2(µ-η2-H‚‚‚SiH2)2(PH3)2 1a and [Pd2(µ-SiH2)2(PH3)2]2+ 8. Values are given
with an interval of 0.01 (in e/au5).

Scheme 6
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nature of 1b is essentially the same as that of 1a,
the Pt-Pt bond and agostic interaction of 1b are
stronger than those of 1a, which is easily interpreted
in terms that the d orbital of Pt expands more than that
of Pd.
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