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Summary: The influence of electronegative substituents
at silicon and the effect of metal centers on the silane
dissociation energies of transition metal n2-silane com-
plexes, Cp(CO).M[n?-H(SiH3-1Cl,)] (M = Mn, Tc, and
Re; n = 1-3), were studied by ab initio and density
functional theory calculations. The M—Si and Si---H
interactions in relation to the readiness of silane dis-
sociation are also examined. The calculated dissociation
energies are found to increase down the group as a result
of the more diffuse d orbitals for the third-series transi-
tion metal. The dissociation energies also increase with
the number of the chloride substituents. With the in-
crease of the chloride substituents, the M—Si interaction
is significantly enhanced and is responsible for the
increasing dissociation energies. The Si---H distances do
not decrease as a result of increasing M—Si interaction
when the chloride substituents at silicon increase. These
results are related to the tendency of the silicon center
to be hypervalent.

Introduction

Transition metal n2-silane complexes have gained
immense research interest in synthetic, structural, and
theoretical aspects over the past two decades,! as they
are important intermediates in metal-catalyzed hydro-
silylation reactions2 and models for C—H activation.3
Complexes with group 7 metals, Cp(CO).M(5?-HSiR3)
1, are prototypical examples that can be isolated by
oxidative addition reaction of silanes, HSiR; to Cp-
(CO),M.124 However, a complete oxidative addition will
result in a total cleavage of the Si—H bond and lead to
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the formation of hydridosilane, Cp(CO),M(H)(SiR3z). This
oxidative addition reaction may be reversible because
of the facile dissociation of silane from its parent
complex i

The reverse reductive elimination reaction, namely,
silane dissociation of 1, has been thoroughly investi-
gated.*° Detailed studies of the silane dissociation
processes showed that the readiness of silane dissocia-
tion is associated with both the electron-richness of the
metal center and the electronic properties of substitu-
ents at silicon. It was found that silane dissociates more
slowly for complexes with electron-rich metal centers
or more electronegative substituents at silicon.14.10.11
For example, Cp(CO),Re(2-HSiPh3) undergoes silane
dissociation much slower than the corresponding man-
ganese complex, Cp(CO),Mn(72-HSiPhs).5 Also, HSIiCl3
is eliminated 10° times more slowly from Cp(CO),Mn-
(n?-HSiCl3) than HSiPhz from Cp(CO),Mn(52-HSiPhs)
at 100 °C.* It is a common belief that for a L ,M(n2-H—
X) complex, the dissociation of H—X can be facilitated
if the H—X interaction in the parent complex remains
strong. From the experimental observations, it was
therefore inferred that the Si---H distance (see 1 for
structural information) is shorter in Cp(CO),Mn(n?-
HSiPhs) than that in Cp(CO),Mn(»2-HSiCl3).10

In contrast, the previous theoretical studies? on the
family of CpoMXH(SiClyHz-n) (M = Nb and Ta; X =
SiH3, Cl, H, and CH3; n = 0—3) at both the MP2 and
B3LYP levels have demonstrated that stronger Si---H
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interaction is observed for complexes that have more
chloride substituents at silicon. The increasing Si---H
interaction is related to the hypervalency of the silicon
center.1213 Here, “hypervalent” refers to the expansion
of octet surrounding the Si center.

These two different conclusions regarding the influ-
ence on Si---H interaction by substituents on the silicon
moiety have prompted us to undergo a systematic
theoretical study on the nature of transition metal—(3%-
silane) interaction and to investigate the readiness of
silane dissociation in a series of complexes Cp(CO),;M-
[72-H(SiClyHz-p)] (M = Mn, Tc, and Re; n = 1-3).
Through the calculations of structures and silane dis-
sociation energies for these complexes, we attempt to
provide computational evidence to clarify these experi-
mental and theoretical observations mentioned above.
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Computational Details

Model complexes Cp(CO).M[5?-H(SiCl,Hs-n)] (n = 1-3), 2,
3, and 4 with different metal centers (M = Mn, Tc, and Re)
were used to study the influence of metal centers on the
readiness of silane dissociation. To mimic various electronic
environments around the Si center, successive increase of the
Cl substitutions (n = 1—3) at Si is applied to each model. The
descriptors a—c denote complexes with the silane ligand
containing 1—3 chloride substituents.

Geometry optimizations were performed at both the second-
order Mgller—Plesset perturbation theory** (MP2) and Becke-
3LYP (B3LYP) levels. These two levels of calculations have
been shown to reproduce experimental structural parameters
well for several types of nonclassical transition metal com-
plexes including transition metal »?-silane and dihydrogen
complexes.*?1316 The standard 6-31G basis set'” was used for
elements of the first and second periods, while effective core
potentials (ECPs) of Hay and Wadt with double-£ valence basis
set (LanL2DZ)* were used to describe other heavy elements.
The hydrogen and silicon atoms involved in the #2-silane
moiety were augmented with polarization functions, namely,
p-polarization functions (i.e., 6-31G**) for H and d-polarization
functions of Huzinaga®® (£ = 0.282) for Si. In addition to the
dissociation energies calculated at the MP2 and B3LYP levels,
single-point CISD? calculations based on the optimized struc-
tures at both levels were also performed. For these single-point
CISD calculations, the active spaces being chosen do not
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Notes

Table 1. Selected Bond Lengths (A) that Involve
the M--+(2-HSi) Interaction of Model Complexes 2,
3, and 4 for n = 1-3 at the MP2 and B3LYP Levels

MP2 B3LYP

a b c a b c
(n=1 (n=2) (n=3) (n=1) (n=2) (n=3)

2 Mn-=Si 2297 2255 2216 2369 2328 2302
Mn—H 1457 1463 1469 1550 1544 1.545
Si-+H 1841 1815 1806 1.728 1.734 1.732

3 Tc—Si 2440 2403 2375 2475 2443 2420
Te—H 1.643 1642 1.642 1671 1.669 1.666
Si-+-H 1969 1960 1935 1879 1.882 1.881

4 Re—Si 2450 2415 2389 2480 2451 2431
Re—H 1.654 1651 1650 1.673 1671 1.668
Si-+-H 2.043 2.036 2.018 2.011 2.018 2.028

include core orbitals, the o-bonding orbitals of the Cp and CO
ligands, and the lone pairs of O and Cl atoms. To further
reduce the computational cost, virtual orbitals higher than 5.00
au in their orbital energies are also excluded from the active
space.

One of the reviewers was concerned about the LanL2DZ
basis set adequately representing the transition metal bonding.
We optimize 2c at the B3LYP level with the Stuttgart/Dresden
ECP (SDD) basis set,?* which augments diffuse functions for
valence orbitals, for the heavy elements. The calculation with
this larger basis set gives almost no change in the structural
parameters when compared to the those from the correspond-
ing LanL2DZ results. The changes in bond lengths and angles
are within 0.04 A and 1°, respectively. The silane dissociation
energy was calculated to be 29.23 kcal/mol, only slightly
greater than the corresponding LanL2DZ result (27.69 kcal/
mol). All the calculations were performed with the Gaussian98
software package?®? on a Silicon Graphics Indigo? workstation.

Results and Discussion

M--+(p2-HSi) Interaction in Cp(CO),M[p?-H-
(SiH3-nCl,)] Complexes. Structural parameters in-
volving the M:--+(»2-HSi) interaction of the optimized
structures of models 2, 3, and 4 for various chloride
substitutions (n = 1—3) are summarized in Table 1.
Among these model complexes, the theoretically deter-
mined bond lengths involving the M-++(2-HSi) interac-
tion in 2c, Cp(CO),Mn(52-HSiCl3), and those of the
experimentally observed complex MeCp(CO),Mn(n?-
HSiCl3), as determined by X-ray crystallography, are
in good agreement at both levels (Figure 1a). To further
assess the accuracy of theoretical levels used in our
calculations, geometry optimization was done for Cp-
(CO)2Mn(5?-HSiFH,). Comparison is also made with the
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Figure 1. Comparison between experimental and MP2 (B3LYP) calculated geometries. (a) The X-ray determined complex
MeCp(CO),Mn(n?-HSiCl3) and model complex Cp(CO),Mn(#2-HSICl3), 2c. (b) The neutron diffraction determined complex
MeCp(CO),Mn(n2-HSiFPh,) and model complex Cp(CO).Mn(52-HSiFH,). For the experimental complexes, each phenyl

group on Si is substituted by one atom for clarity.

neutron diffraction determined complex MeCp(CO),Mn-
(n>-HSiFPhy) (Figure 1b). The agreement between the
calculated and experimental geometries is also good.

For a given metal, Table 1 clearly shows that succes-
sive substitution of H atoms by Cl atoms at silicon
results in a considerable decrease in the M—Si dis-
tances, greater than 0.05 A (the change in M—Si from
n = 1 to 3), whereas the M—H distances almost remain
constant upon substitution for all models at both levels.
In contrast, the Si---H distances decrease only moder-
ately from n = 1 to n = 3 at the MP2 level and show
little change at the B3LYP level. We can see that the
overall changes in the Si---H distances are much less
significant when compared to the changes observed for
the M—Si distances. These results are in good agree-
ment with the experimental observation in which the
Si---H distances do not change much upon substitution
of electronegative substituents at silicon.t For example,
the reported Si---H distances of Cp(CO),Mn(5?-HSiPhs)
and Cp(C0O),Mn(#2-HSiCl,Ph) are 1.76 and 1.79 A,
respectively.1¢

To make a comparison of the Si---H distances between
models with different metal centers, we found that the
corresponding Si---H distances increase significantly
from M = Mn to Tc, and then to Re. Indeed, the long

Si---H distances in the Re complexes, 4a—c, which are
greater than 2.0 A, indicate that these transition metal
complexes are more classical. Experimentally, the X-ray
determined Si---H distance of Cp(CO),Re(y?-HSiPhg) is
2.19 A.2a The increasing Si---H distance down the group
is related to their greater reducing ability and more
diffuse d orbitals of higher period transition metals. It
is also worthy to note that the M—Si distances increase
down the group. The M—Si distances increase more
significantly from the first-row transition metal com-
plexes to the second-row complexes. This trend is
consistent with the changes in the radii of the transition
metal atoms that increase down the group, especially
between the first two rows.

Dissociation Energies of Cp(CO).M[5?-H-
(SiH3-nClh)] Complexes. The dissociation energies of
model complexes 2, 3, and 4 calculated at the MP2,
B3LYP, CISD//IMP2, and CISD//B3LYP levels, as de-
fined by DE = E{Cp(CO),M[5?>-H(SiH3-nCl)]} — {E[Cp-
(CO);M] + E[SiH3-nCln]},?® are listed in Table 2. It is
found that the calculated dissociation energies at the
MP2 level differ greatly from those at the B3LYP level
(see values in parentheses in Table 2). However, the
results from the CISD//MP2 and CISD//B3LYP calcula-
tions are reasonably consistent for the Tc and Re
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Table 2. Calculated Silane Dissociation Energies
(kcal/mol) of Model Complexes 2, 3, and 4 for n =
1-3 at the CISD Level?

CISD//MP2 CISD//B3LYP

a b c a b c
(n=1 (h=2) (n=3) (n=1) (=2 (=3

2(Mn) 534 974 1287 2063 2434 27.63
(73.78) (77.22) (83.13) (21.90) (23.98) (27.69)
3(Tc) 3678  40.75 4373  36.74 4073  43.79
(59.71) (64.97) (68.74) (30.58) (33.52) (36.08)
4(Re) 5136 5572 5852 5140 5580 58.72
(70.06) (75.39) (79.18) (43.16) (46.33) (48.86)

a8 The corresponding dissociation energies (kcal/mol) predeter-
mined at the MP2 and B3LYP levels are given in parenthesis.

complexes. From Table 2, it also can be seen that the
B3LYP dissociation energies do not differ much from
the CISD dissociation energies. These results are con-
sistent with the claim that dissociation energies deter-
mined at the B3LYP level are more reasonable, and
MP2 calculations tend to significantly overestimate
dissociation energies.?* The optimized geometries for the
Tc and Re complexes at the MP2 level do not differ much
from those obtained at the B3LYP level. Therefore, the
CISD//IMP2 and CISD/B3LYP levels of theory give
consistent results for both the Tc and Re complexes.

However, for the Mn complexes the optimized geom-
etries at MP2 and B3LYP differ significantly in the Mn-
(CO), moiety. The MP2 calculations severely underes-
timate the Mn—CO distances. For example, the experi-
mental observed Mn—CO distance in Cp(CO),Mn(?-
HSICl3) is 1.785 A, whereas the MP2 calculation gives
only 1.671 A (see Figure 1a). The poorly optimized
geometries obtained at the MP2 level for the Mn
complexes result in the significant underestimation of
dissociation energies at the CISD//MP2 level.

To further understand the discrepancy between the
MP2 and B3LYP results, calculations at the MP2//
B3LYP and B3LYP//MP2 levels were performed for Cp-
(CO)2Mn(n2-HSiClz). The dissociation energy calculated
at MP2//B3LYP is 68.69 kcal/mol, significantly greater
than the CISD calculations. This result reveals that the
overestimation of dissociation energies is inherent at the
MP2 level. The dissociation energy calculated at B3LYP//
MP2 (13.67 kcal/mol) is close to that calculated at the
CISD/IMP2 level (12.87 kcal/mol). This result suggests
that the geometries obtained at the MP2 level, which
inadequately reproduces the Mn—CO interactions, give
much smaller dissociation energies.

Chemically more important are the trends observed
from these calculations. Table 2 clearly shows that for
a given metal dissociation energies increase as the
number of Cl substituents at silicon increases. This

(23) Maseras, F.; Lledods, A. Organometallics 1996, 15, 1218.
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Chemistry; Lipkowitz, K. B., Boyd, D. B., Eds.; VCH: New York, 1996;
Vol. VIII, pp 63—144.

Notes

trend is consistent with the experimental observations
that HSICl; dissociates much slower from Cp(CO),Mn-
(7?-HSICl3) when compared to the dissociation of HSiPh;
from Cp(CO),Mn(n?-HSiPhs).* When going down the
group, calculation results indicate that dissociation
energies also increase. Among these model complexes,
the Re complexes, 4a—c, give the greatest dissociation
energies. These results are in good agreement with the
experimental observation for which Cp(CO).Re(5?-
HSiPh3) undergoes a silane dissociation much slower
than for the corresponding manganese complex.> The
more diffuse d orbitals of higher period transition metals
are apparently responsible for the observed trend. The
same trend was also observed for the first carbonyl
dissociation of the group 6 M(CO)s complexes.2®

Summary. In this note, silane dissociations of Cp-
(C0O)2M[72-H(SiH3-,Cl,)] complexes for M = Mn, Tc, and
Re; n = 1-3, were investigated theoretically. The
variation of the M---(»?-HSi) interactions in these
complexes upon CI substitutions and the effect of the
metal center were also studied. For a given metal center,
the silane dissociation energies increase with the in-
crease of the Cl substituents. Structurally, we observed
that with the increase of the CI substituents the M—Si
distances are significantly shortened while the M—H
distances remain approximately unchanged. The
Si---H distances, however, do not change significantly.
At the MP2 level, the distances slightly decrease, while
the B3LYP results show little change. These results
suggest that the increase of the dissociation energy with
the increase of Cl substituents is a result of increasing
M—Si interaction. Contrary to the common belief, the
M=Si interaction does not increase at the expense of
weakening the Si---H interaction. This suggests that the
behavior of Si is rather different when compared to
other second-row main group atoms. In other LnM(#?-
H—X) complexes when the H-bonded atom in the X
group is a second-row element, it is expected that the
stronger the M—X interaction, the weaker the H---X
interaction. However, due to the tendency of the silicon
center to be hypervalent, the commonly accepted view-
point is not necessarily applicable. The silane dissocia-
tion energies increase down the group because of more
diffuse d orbitals for a heavier metal. The Si---H
distances increase as well, following the normal trend
as expected. These results are in accord with the notion
that the substitution of more electronegative ligands at
silicon plays a more significant role toward the hyper-
valency of silicon.
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