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Abstract

The bonding and structural features of a series of dinuclear transition metal bis(u-n>-silane) complexes [L,M(u-n>-HSiR,)],
were studied using density functional theory calculations. These dinuclear complexes consist of two metal fragments doubly
bridged by two (u-n2-HSi) units with a formal metal-metal bond. Each metal fragment conforms to either the 16- or 18-electron
rule dependent on the spatial arrangement of ligands around each metal coordination sphere. These dinuclear silane complexes
display noticeably shorter Si---H distances in the [M(p-n2-HSi)], units when compared with mononuclear n2-silane complexes. The
shorter Si--H distances in the metal—(n>-silane) interactions suggest that these dinuclear complexes are more non-classical than
mononuclear ones. The more non-classical feature is a result of weaker metal(d) to Si-H(c*) back-donation interactions due to
the presence of a metal substituent at silicon. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Studies of transition metal nZ-silane complexes have
been one of the active research areas in the past two
decades [1,2]. The majority of transition metal n2-silane
complexes characterized to date are mononuclear spe-
cies [L,M(n2-HSiR;)] [3]. A variety of these mononu-
clear n*silane complexes [4-9] including mononuclear
bis(n*silane) complexes [10,11] have already been well
investigated theoretically. In contrast to mononuclear
transition metal n>-silane complexes, dinuclear transi-
tion metal n2-silane complexes [L,M(u-n*-HSIiR,)],
which are summarized in Table 1, are much less com-
mon. These complexes are also believed to be involved
in catalytic dehydrogenative polymerization [1,12], and
dehydrocoupling of secondary silane [13].

Structurally, these dinuclear n-silane complexes
have an unsymmetrical and planar [M(p-n>-HSi)], core
with different M-Si distances. A recently synthesized
complex  [(‘Pr,PCH,CH,PPr,)(H)Rh(u-n>-HSiMe,)],
shows a different structural feature in which the two
[Rh(p-n?-HSi)] units are almost orthogonal to each

* Corresponding author. Fax: + 852-2358-1594.

other [13]. The planar structural feature in most sys-
tems and the geometry of this particular rhodium com-
plex are of interest to us. The structural feature of these
dinuclear transition metal bis(u-n>-silane) complexes
has been mentioned briefly [12-21]. However, their
bonding characteristics have not yet been systematically
studied. In our continuing effort to understand the
nature of metal—(n>-silane) interactions, in this work
we attempt to study the bonding feature of these dinu-
clear transition metal bis(p-n>-silane) complexes with
the aid of density functional theory calculations. Quali-
tative bonding pictures [22] will be provided to describe
the orbital interactions in the unsymmetrical [M(u-n>-
HSi)], structural units of these complexes. Comparisons
with mononuclear transition metal n2silane complexes
will also be made.

2. Computational details

Full geometry optimizations of model complexes of
structural types [LM(p-n>-HSiH,)], (1a for M = Pt and
1b for M = Pd), [L;M(u-n>-HSiH,)], (2 for M = Fe and
3 for M = Rh) and [L,M(p-n>-HSiH,)], (4 for M = W)
were performed at the Becke3LYP (B3LYP) [23] level
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Table 1. Examples of characterized dinuclear transition metal bis(u-n>-silane) complexes *

Complex M-M (A) Structure
[LM(u-n*-HSiR)]2 (1)
[P(CeHin)sPt(u-n"-HSiMe2)]2 [17] 2708 A
{(Pme,Ph)Pt[u-n’-HSiHIMP)] }, [20] 2702 ‘?‘}Si\ L
[(Pmes)Pd(u-n-HSiPhy)], [19] 2.691 N M
[(PEts)Pd(u-n>-HSiPhy)], [21] 2.699 15‘9 H
R R
[(Pme3)Pd(u-n*-HSiMePh)], [21] 2.707 .
[LsM(u-n*-HSiR2)], Py &
[(CO);Fe(u-n*-HSiPhy)], [16] (2) 2.759 TN
(OC);Fe—Fe(CO);
i< L
Ph ’/,Ph
2
[(dippe)(H)Rh(u-1n*-HSiMe,)], [13] (3) 2.858
<\Pi13/'/r2 }EI- -SiMe, §H
iP——RIy RE—P'Pr,
\sl/}{ \PiPr
H Me,
3
[LaM(u-m"-HSiRo)], Py
[(COYs(P'Pr)W (u-1-HSiPhy)], [18] (4) 3.226 AN
. 0C)3(Pr; PYW——W (P'Pr)(CO)
{(COYW[p-1"-HSi(C2Hs)o] }2 [14] 3183 (09D \s:'-"-é( s
Ph ’,//Ph
4
[CpM(u-1*-HSiR,)],
[Cp,Ti(u-n*>-HSiHPh)], [12] (5) 3.866 B

43

2 Abbreviation used: ‘Pr=isopropyl, Ph = phenyl, dippe = 1,2-bis(diisopropylphosphino)ethane, IMP = 2-isopropyl-6-methylphenyl, Me =

methyl.
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Fig. 1. The B3LYP-optimized and experimentally observed bond
lengths (in parenthesis). (a) Model complex [(PH;)Pt(u-n2-HSiH,)],
(1a) and the X-ray determined complex [P(C4H,,);Pt(n-n>-HSiMe,)],.
(b) Model complex [(PH;)Pd(u-n2-HSiH,)], (1b) and the X-ray deter-
mined complex [(PMe;)Pd(pu-n>-HSiPh,)],.

of density functional theory. Here, L represents a neu-
tral two-electron donor ligand (PH; or CO). In these
model complexes, hydrogen atoms were used to replace
alkyl groups in the observed complexes in order to
simplify calculations. The effective core potentials
(ECPs) of Hay and Wadt with double-¢ valence basis
set (LanL2DZ) [24] were used to describe transition
metals and atoms in the third period, while the stan-
dard 6-31G basis set [25] was used for other atoms. The
hydrogen and silicon atoms of the m?-silane ligands
were augmented with polarization functions, namely,
p-polarization functions (i.e. 6-31G**) for hydrogen
and d-polarization functions of Huzinaga (¢ =0.282)
[26] for silicon. All the calculations were performed
with the GAUSSIAN9S software package [27] on Silicon
Graphics Indigo®> workstations and PC Pentium IIT
computers. Natural bond order (NBO) analyses were
performed using the NBO program [28] as implemented
in the GAUSSIAN98 package and the Laplacian (— V?p)
analysis of electron density was carried out with the
MOPLOT package [29].

3. Results and discussion
3.1. [LM(u-n>-HSiR,)], complexes (M = Pt or Pd)

Complexes belonging to this class have received par-
ticular attention among dinuclear transition metal
bis(p-n>-silane) complexes (see Table 1) [17,19-21].
Model complexes 1a and 1b, [(PH;)M(u-n>-HSiH,)],
with M = Pt and Pd, respectively, were optimized at the
B3LYP level of theory. The calculated structural
parameters of 1a and 1b agree quite well with those of
their corresponding observed complexes (Fig. 1). The
major discrepancies are only found in the M-P bond
distances. At the suggestion of one reviewer, the inclu-
sion of d-polarization functions (¢ = 0.340) for phos-
phorous indeed produces much better results, giving the
calculated Pt-P distance (2.289 A) for 1a that is very
close to the experimental distance (2.271 A). The use of
d-polarization functions of phosphorous does not result
in significant changes in the structural parameters re-
lated to the [Pt(u-n>-HSi)], core. The Si---H distance in
the m2-silane ligand changes only 0.001 A. The greatest
change (0.04 A) is found for the Pt-Pt distance (2.744
A).

The optimized structures of la and 1b can be de-
scribed as two distorted square planar metal centers
bridged by two n>silane ligands as represented by 6.

Table 2

Calculated Si---H distances (A) of various mononuclear and dinuclear
transition metal n?-silane complexes, and their corresponding calcula-
tion levels #

Computationally studied complex Si-—-H Calculation
(A) level
Mononuclear
Cp,Ti(n>?-trans-HC = CSiHMe,) [9] 1.711 MP2
OsCI(CO)(H)(PH;),(n3-HSiH;) [5] 1.737 MP2
cis-Mo(CO)(PH,),(n?-HSiH;) [9] 1.813 MP2
(NC3Hg)Ru(H)(PH;)(n>-HSiH;) [7] 1.823 B3LYP
Ru(H),(PH;),[(n*>-HSiH;),(OSiH, O)] [10] 1.826 B3LYP
Ru(H),(PH;), 1.842 B3LYP
(k-n*-H-+-SiH,-0-C,H,-SiH,*H) [11]
Ru(H),(PH;),[(n>-HSiH;),C¢H,] [10] 1.848 B3LYP
CpMn(CO),(n*-HSiH,Me) [6] 1.900 MP2
Dinuclear
[(PH;)Pt(u-12-HSiH,)], (1a) 1.679 B3LYP
[(PH;)Pd(p-n>-HSiH,)], (1b) 1.595 B3LYP
[(CO);Fe(u-n>-HSiPh,)], (2) 1.659 B3LYP
[(PH;),(H)Rh(p-n>-HSiH,)], (3) 1.605 B3LYP
[(PH;),(H)Rh(u-n2-HSiH,)], (7) 1.631 B3LYP
[(CO)5(PH;)W(u-n>-HSiH,)], (4) 1.617 B3LYP

4 Abbreviation  used: = Me = methyl,
zolyl)borate, Cp = n°>-CsHs, Cy = cyclohexyl.

Tp = hydridotris(pyra-
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Fig. 2. A Laplacian plot of the electron density of [(PH;)Pd(p-n>-
HSiH,)], (1b) on the plane defined by the [Pd(p-n2-HSi)], unit. Solid
lines represent local electron density concentration, and dashed lines
represent local density depletion.
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Fig. 4. Selected structural parameters derived from the B3LYP-opti-
mized geometry of [(CO);Fe(u-n>-HSiH,)], (2) and the X-ray deter-
mined complex [(CO);Fe(n-n>-HSiPh,)], (in parenthesis).

The coordination sphere for each metal center can be
viewed as a mononuclear n>-silane complex with one of
the alkyl substituents at Si being replaced by a metal
fragment. Thus, it is expected that the structural arrange-
ments around the silicon atom should be more or less the

same in both mononuclear and dinuclear n>-silane com-
plexes.

The non-classical feature of metal—(n2-silane) interac-
tions 1a and 1b can be easily seen, as observed in
mononuclear m?-silane complexes. For example, the
bonded M---H distances are significantly longer than the
normal terminal metal-hydride distances (< 1.70 A for
both Pt-H and Pd-H) [2,30]. The calculated Si---H
distances in the [M(p-n?-HSi)] units are in the range
observed for many other transition metal mZ-silane
complexes, but are noticeably shorter than those of
mononuclear ones (see Table 2). The shorter Si--H
distances suggest that these dinuclear transition metal
bis(u-n>-silane) complexes are more non-classical than
their mononuclear analogues. Calculated Si---H distances
of some other representative mononuclear m2-silane
complexes are summarized in Table 2. Table 2 clearly
shows that the Si--H distances of most calculated
mononuclear nZ-silane complexes are within the range of
1.7-1.9 A, while those of 1a and 1b are 1.679 and 1.595
A, respectively. The shortening of the Si--*H distances in
these dinuclear transition metal bis(u-n>-silane) com-
plexes is an indication of decrease in the accepting ability
of Si-H(c*) orbital due to the presence of a metal
substituent at Si. The presence of this distal metal as a
substituent at Si makes the Si center more electron-rich
when compared with the mononuclear ones. The more
electron-rich Si center therefore prevents further back-
donation interaction of metal(d) to the Si-H(c*) orbital.
The calculated natural charge of Si from the NBO
analyses for 1a and 1b are 0.46 and 0.41, respectively.
These calculated values are indeed less positive than
those calculated for the Cp(CO),M(n>-HSiH;) systems
[M = Mn (0.69), Tc (0.67) and Re (0.65)]. In addition to
their non-classical features, metal-metal bonding inter-
actions are observed for both 1la and 1b, unlike the
situation in the dinuclear (p-silylene) complex,
{(PMe,Ph),Pt[p-SiH(IMP)]}, (Pt--Pt distance is 3.962 A)
[20]. The NBO analyses show that the Wiberg bond
indices of 1a and 1b are 0.15 and 0.11, respectively.

To further elucidate the non-classical feature of these
dinuclear transition metal bis(u-n2-silane) complexes, we
analyze the Laplacian of the election density (— V?p)[31]
of 1b, on the plane defined by the [Pd(u-n-HSi)], unit.
The Laplacian plot, shown in Fig. 2, shows higher
electron density concentrations along the Si--*H bond
path when compared to other non-classical mononuclear
n?-silane complexes studied previously [9,11]. The Lapla-
cian plots for others show similar features.

In view of the structural and electronic characteristics
described above, one can consider these dinuclear com-
plexes as consisting of two T-shaped ML, fragments (see
6), i.e. L;M-ML,; if each (n>-H-Si) moiety is viewed as
a pseudo ligand. This simplified consideration signifi-
cantly benefits the relevant bonding description. A sche-
matic diagram, shown in Fig. 3, illustrates the orbital
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interactions between two T-shaped ML, fragments. For
each T-shaped ML, fragment, the frontier fragment
orbital a, is responsible for the formation of a metal-
metal bonding orbital. The ‘t,,” set and ‘d_,” orbitals
give a set of eight approximately non-bonding molecu-
lar orbitals. The occupations of these eight orbitals
together with the metal-metal bonding orbital lead to a
dinuclear complex with an electron count of 30. In

1.605
2.553 2.342
2526 ANLDESH . (2324)
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2781
2,
aed  (2858)
1.831
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P
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Fig. 5. (a) Selected structural parameters derived from the B3LYP-
optimized geometry of [(PH;),(H)Rh(u-n2-HSiH,)], (3) and the X-ray
determined complex [(dippe)(H)Rh(u-n>-HSiMe,)], (in parenthesis).
(b) Selected structural parameters of the optimized model complex
[(PH;),(H)Rh(p-n>-HSiH,)], (7).

Ph \\\Ph
7\ /\
PH.
N M (H3P),HRH RhH(PHj),
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pid h
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Scheme 1.

other words, the bonding of these dinuclear transition
metal bis(u-n>-silane) complexes can be described as
follows. Each metal center satisfies the 16-electron rule
with the presence of a formal metal-metal bond. It is
not unexpected that these complexes follow the 16-elec-
tron rule since one of the three p orbitals for each metal
center is not utilized due to the planar arrangement of
ligands around each metal center. The B3LYP calcula-
tions clearly show the above-mentioned molecular or-
bitals for both 1a and 1b, giving further support to the
orbital interaction argument here.

3.2. [L;M(u-n>-HSiR,], complexes (M = Fe or Rh)

Model complexes [(CO);Fe(u-n>-HSiH,)], (2) and
[(PH,),(H)Rh(pu-n>-HSiH,)], (3) were used to simulate
their corresponding observed complexes. The optimized
structures of 2 and 3, respectively illustrated in Figs. 4
and 5(a), are in good agreement with the observed
complexes. Major discrepancies are again found in the
Rh-P distances. An inclusion of polarization functions
for phosphorus should improve the results. Due to the
large size of the systems studied here, no further exam-
ination was performed. Once again, the Si--H distances
in these complexes are shorter than those found in
mononuclear nZ-silane complexes (see Table 2). Both
optimized structures consist of two metal moieties dou-
bly bridged by two n>-silane ligands. Each metal center
adopts a distorted octahedral geometry if a mZsilane
ligand is considered as a ligand and the metal-metal
bond is viewed as a metal-ligand bond. A noticeable
structural difference between 2 and 3 is the arrange-
ment of the two bridging nZsilane ligands. For model
2, the two bridging n?-silane ligands are frans to each
other, allowing the [Fe(u-n>-HSi)], unit of 2 to remain
planar (see Fig. 4). The two [Rh(pu-n>-HSi)] units of 3
are almost orthogonal to each other (see Fig. 5(a)).

The non-classical metal-(n>silane) interactions in
both models 2 and 3 are also clearly indicated by their
long M--H and short Si---H distances [2]. Calculated
Fe---H and Rh---H distances are 1.615 and 1.831 A,
while the Si-~H distances are 1.659 and 1.605 A, for 2
and 3, respectively. These results indicate that these
dinuclear transition metal bis(u-n>-silane) complexes
with formula of [L,M(u-n>-HSiR,], are again more
non-classical than mononuclear n*silane complexes. In
addition, significant metal-metal interactions are also
observed in both complexes. The Wiberg bond indices
of 2 and 3 are 0.15 and 0.21, respectively.

It should be noted that the Fe---H distance (1.615 A)
of 2 is only slightly longer than the average
Fe-H(terminal) distance (1.575 A). This suggests that
the dinuclear bis(u-n>-silane) complex also shows the
hydridic  character based on the calculated
metal-hydrogen distances in spite of the more non-clas-
sical nature. In literature, two types of M---H---Si inter-
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actions, i.e., M-«(H-Si) and M—H---Si, have been dis-
cussed. The former type emphasizes the non-classical
feature while the latter describes the hydrido—silicon
hypervalent interaction [5,11]. The dinuclear bis(u-n2-si-
lane) complexes studied here seem to manifest the two
types of interactions. Further studies are necessary in
order to categorize these bis(u-n>-silane) complexes.

Similarly, these complexes can be viewed as a combi-
nation of two ML, fragments, i.e. LsM—ML, despite the
different arrangement of the two bridging mZ-silane
ligands in 2 and 3. Each ML, fragment has a o-type
hybrid and the ‘t,,’ orbitals. The o-type hybrid orbital
is available for the formation of a metal-metal bond. The
‘t,, orbitals remain non-bonding. Full occupations of
these non-bonding orbitals together with the metal-
metal o bonding orbital give an electron count of 34. In
other words, these complexes conform to the 18-electron
rule with a formal metal-metal bond.

To understand the orthogonal arrangement of the two
[Rh(p-n2-HSi)] units in 3, model complex 7 with planar
[Rh(p-n2-HSi)], core was calculated. Selected structural
parameters of the optimized structure of 7 are shown in
Fig. 5(b) for comparison. It is found that the differences
in the relevant bond lengths that involved in the metal—
(n*silane) interaction between 3 and 7 are small (Fig.
5(a,b)). In addition, computational results show that the
energy difference is only 0.17 kcal mol ~!, with 7 being
more stable. These results suggest that a planar structure
is also possible for the Rh complex if adequate ligands
are used (Scheme 1).

3.3. [LyM(p-n>-HSiR)], and [Cp,M(u-n*-HSiR,)],
complexes

Complexes of structural types [L,M(u-n>-HSiR,)], 4
and [Cp,M(p-n>-HSiR,)], 5 can also be appreciated using
similar arguments discussed above. These complexes are
isoelectronic to complexes 2 and 3. Both cases conform
to the 18-electron rule with a formal metal-metal bond.
The typical structural characteristics, such as the unsym-
metrical and planar [M(p-n2-HSi)], unit and the non-
classical metal—(nZ-silane) interaction, are also found in
these dinuclear transition metal bis(u-n>-silane) com-
plexes. For the titanium complex [Cp, Ti(u-n>--HSiHPh)],
(5), the existence of a metal-metal bond may be question-
able because of the extremely long Ti---Ti distance (3.866
A). However, previous computational studies of a similar
dimer complex [Cp,Zr(n-PH'Bu)], also suggest the exis-
tence of metal-metal bonding, despite the fact that the
metal atoms are separated by more than 3.5 A [32].

4. Summary

Density functional theory calculations together with
molecular orbital interaction arguments have been em-

ployed to understand the bonding and structural fea-
ture for a variety of dinuclear transition metal
bis(u-n>-silane) complexes [L,M(u-n%-HSiR,)],. In gen-
eral, one can consider these dinuclear complexes as
consisting of two metal fragments bridged by two (p-
Nn>-HSi) units. A formal metal-metal bond exists be-
tween the two metal centers for each complex. In such
a consideration, each metal fragment conforms to either
the 16- or 18-electron rule depending on the metal
coordination sphere in each fragment is planar or not.
In these dinuclear transition metal bis(u-n2-silane) com-
plexes, our studies indicate that the Si---H distances in
the M(p-n>-HSi) moieties are noticeably shorter than
those found in mononuclear metal n2-silane complexes.
The shorter Si--H distances are explained in terms of
weaker metal(d) — Si-H(c*) back-donation interactions
due to the presence of a metal substituents at Si. The
metal substituent makes the Si center more electron-
rich, and therefore weakens the back-donation interac-
tions. We conclude here that these dinuclear transition
metal bis(u-n2-silane) complexes are even more non-
classical when compared with mononuclear metal 12-si-
lane complexes. For the [(dippe)(H)Rh(pu-n>-HSiMe,)],
complex, our calculation suggests that another struc-
tural isomer with a planar [Rh(u-n2-HSi)], unit is also
possible.
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