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Abstract: A us-i’ > :-silane complex, [(Cp*Ru) ;(us-7° 377 -
H;SitBu)(u-H);] (2a; Cp*=1n’-CsMes), was synthesized from
the reaction of [{Cp*Ru(u-H)}s;(us-H),] (1) with tBuSiH;.
Complex 2 a is the first example of a silane ligand adopting
a usP Py’ coordination mode. This unprecedented coordi-
nation mode was established by NMR and IR spectroscopy as
well as X-ray diffraction analysis and supported by a density
functional study. Variable-temperature NMR analysis implied
that 2 a equilibrates with a tautomeric us-silyl complex (3 a).
Although 3a was not isolated, the corresponding u;s-silyl
complex, [(Cp*Ru)s(usn’’-H,SiPh)(H)(u-H)s] (3b), was
obtained from the reaction of 1 with PhSiH; Treatment of
2 a with PhSiH; resulted in a silane exchange reaction, leading
to the formation of 3b accompanied by the elimination of
tBuSiH;. This result indicates that the us-silane complex can be
regarded as an “arrested” intermediate for the oxidative
addition/reductive elimination of a primary silane to a trinu-
clear site.

Since Kubas discovered the first n>-H, complex,"! the
significant importance of o-complexation of H-H and C—H
bonds has been widely recognized, in particular in the bond
activation step. To date, many complexes containing an n*-H,
ligand have been synthesized, and the nature of the o-bonding
to a transition-metal center is unambiguously established.”
An Si—H bond has also been shown to coordinate to a metal
center, while retaining an Si—H interaction;® these are often
referred to as o-complexes. The two Si—H bonds of a secon-
dary silane can bind to a dinuclear center via o-coordination,
yielding a p-n?m>silane complex.”! u-Silane complexes are
regarded as “arrested” intermediates of successive oxidative
additions of secondary silanes to a dinuclear center. Its
trinuclear analogue, however, has never been synthesized
before, although it could be the initial stage of multimetallic
activation of primary silanes on a trinuclear site.

We recently synthesized heterometallic trinuclear com-
plexes of Ru and Group 9 metals having a p;-n*n?-silyl ligand,
[(Cp*Ru)y(Cp*M)(ks-n**-H,SiR)(u-H);] (M= Co, Rh, Ir;
R =1Bu, Ph)."! These p,-silyl ligands exhibited a dynamic
behavior, leading to the site-exchange of hydrides and agostic
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Si—H bonds. A p;-n>m*m’*-silane complex has been postulated
as a suitable intermediate for the site-exchange despite the
lack of spectroscopic evidence. A p-n*m>m*coordination of
primary silanes is not only the initial stage of the reaction on
a trinuclear site, but it could also be an appropriate model for
the chemisorption of primary silanes on a metal surface.
Herein, we report the synthesis of a novel p;-n*n>m>silane
complex from the reaction of the triruthenium complex,
[{Cp*Ru(p-H)}5(ws-H),] (1), with tBuSiH;. This is in contrast
to the reaction of 1 with PhSiH;, which led to the formation of
a pg-n7m?-silyl complex.

~ tBu
Ru —Si—|
T/ \\H BuSiH, SRR
HY) Cp*-RIZ———Ru-Cp* )
.- 3 H 1
/RU\H/RU\ rt! _H2 \H>Rl‘14H
Cp*
1 2a

Complex 1 reacted with fBuSiHj; at 25°C to yield a triply
bridging silane complex, [(Cp*Ru);(us-n>m>m>H,SirBu)(u-
H);] (2a) [Eq. (1)]. A singlet at 6 =4.48 ppm appears in the
"H NMR spectrum of a reaction performed in a sealed NMR
tube, which clearly shows the elimination of dihydrogen from
the triruthenium site. Although ps-n*m?m? coordination of
a borohydrido ligand in trinuclear Ru® and Fe complexes!”!
through 3c-2e M—H—B interactions is known, to the best of
our knowledge, 2a is the first example of Group 14 elements
adopting a ps-n*:m*m* coordination mode. This unprece-
dented ps-n?m*m-silane structure was confirmed by NMR
and IR data, as well as X-ray diffraction (XRD) analysis.

The XRD analysis of 2a was carried out using a single
crystal obtained from a cold pentane solution.®! Although
there were two independent molecules, 2a and 2a’, exhibiting
similar geometric parameters in the asymmetric unit, only 2a
is shown in Figure 1. The triruthenium plane forms an
isosceles triangle (Rul—Ru2 2.9827(6) A, Ru2—Ru3 2.9764-
(5) A, Rul-Ru3 3.0530(5) A). While the Ru3-Sil bond
(2.4163(14) A) is slightly lengthened compared to the Rul—
Sil (2.3697(14) A) and Ru2-Sil bond (2.3335(15) A), which
is most likely due to Jahn-Teller distortion, these lie in the
reported range for the Ru—Si distances forming Ru—H—Si
interactions (2.167-2.675 A).”) Owing to the steric repulsion
between the rBu group and the Cp* groups, all of the Cp*
groups are directed in the opposite face of the p;-silane ligand
with respect to the Ru; plane. Although the positions of the
hydrido ligands were not determined, density functional
theory (DFT) calculations on 2a demonstrated that three of
the hydrido ligands bridge the Ru—Si bonds, forming 3c—2e
Ru—H-Si interactions, while the other three hydrides bridge
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Figure 1. Molecular structure and labeling of 2a with ellipsoids set at
30% probability. Selected distances [A] and angles [°]: Rul-Ru2
2.9827(6), Ru2—-Ru3 2.9764(5), Rul-Ru3 3.0530(5), Ru1-Si1 2.3697-
(14), Ru2-Si1 2.3335(15), Ru3-Si1 2.4163(14); Ru2-Rul-Ru3 59.079-
(12), Rul-Ru2-Ru3 61.639(13), RuT-Ru3-Ru2 59.282(13).

the Ru—Ru edges (Supporting Information, Figure S15).
Furthermore, Wiberg bond indices for the Si—H bonds
(0.4340, 0.3209, 0.2640) indicated that tBuSiH; coordinates
to the triruthenium plane while maintaining a bonding
interactions between Si and H atoms. While silyl ligands
bound to a metal center through three or more M—H-Si
interactions have been elucidated by several groups,'”! to the
best of our knowledge, 2a is the first trinuclear example, in
which the central silicon ligand is coordinated to a M; center
through the three Si—H bonds of primary silane.

The o-coordination of the Si—H bond was also confirmed
by means of IR spectroscopy. In the IR spectrum of 2a, while
v(Ru-H-Ru) was not detected,"!! a broad and intense band
assignable to v(Ru-H-Si) was observed at 1888 cm™". The lack
of sharp adsorption around 2000 cm ' clearly showed that 2a
possesses neither Ru—H nor non-coordinated Si—H bonds,
which usually appear in the range of 2000-2100 cm™' as
a sharp and intense peak.“!?! Although the red-shift upon
deuteration was not clearly seen in the differential spectrum,
the broad band disappeared in the IR spectrum of
[(Cp*Ru);(ps-n*m*m?-DsSirBu)(u-D)s] ([Dg]-2a; Supporting
Information, Figure S12). This indicates that the absorption
observed at 1888 cm™' in the IR spectrum of 2a is derived
from v(Ru-H-Si).

In the '"H NMR spectrum of 2a recorded at —100°C, only
one sharp signal at 6 =—16.81 ppm was observed for the
hydrides. This indicated that the hydrides undergo rapid site-
exchange within the NMR timescale. Satellite peaks were
observed with an apparent Jgy value of 21 Hz. Since the
coupling constant must be an average of the six Jgy values
owing to the site-exchange, the true Jg;y value for Ru—H-Si
can be estimated to be about 42 Hz.!"! This lies in the
reported range for n*-Si—H bonds (20-140 Hz)."*

The signal for the Cp* groups was observed to be
equivalent and resonated at 6=1.94ppm at —100°C.
Although the shape of the Cp* signal did not change at
20°C, the hydride signal became broader with elevating
temperatures, and underwent a noticeable downfield shift of
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0.15 ppm (Supporting Information, Figure S9). This spectral
change can probably be ascribed to the equilibrium between
2a and the tautomeric ps-n*:m-silyl complex, [(Cp*Ru);(ps-
n?m>-H,SirBu)(u-H)5(H)] (3a), which was formed via Si—H
bond cleavage (Scheme 1). The formal oxidation state of 2
can be estimated at (II, II, II). Since 3 was formed by

Bu Bu
| Si-H bond
H/s'\H cleavage SizH
Cp* Ru I-I\Ru -Cp* Cp*-RI=—— ZH- H\Ru -Cp*
H>R Si-H bond \H_ )
formation Ru
Cp* H Cp*
2a 3a

Scheme 1. Equilibrium between 2a and 3a via Si—H bond cleavage/
formation.

oxidative addition of one of the Si—H bonds in 2, the
oxidation state of 3 is formally increased by 2 and becomes
(IV, II, II). A similar equilibrium, which involves reversible
B—H bond cleavage/formation, was also observed in the us-
n'mPm*borohydrido  complex,  [Rus(CO)o(us-n*m*m*
H;BH)].[!

Although no spectral and structural data were obtained
for 3a, py;-n’m-silyl complex 3b was exclusively obtained
from the reaction of 1 with PhSiH; [Eq. (2)]. Unlike the
'"HNMR spectrum of 2a, the 'HNMR spectrum of 3b
recorded at —120°C showed four broad hydride signals
resonating at 0 =—21.09, —19.08, —13.29, and —11.56 ppm
with an intensity ratio of 1:2:1:2 (Supporting Information,
Figure S10). The four broad hydride signals coalesced at
—100°C, and resonated at 6=-15.86 ppm at —30°C as
a sharp singlet. At —120°C, the signals derived from the
Cp* groups broaden and were buried under the baseline,
while they coalesced and appeared as a sharp singlet at
—30°C. These spectral features observed at —120°C are
consistent with the ps-silyl structure in 3b exhibiting a non-
crystallographic Cg symmetry. These spectral change suggest
that the hydrides in 3b undergo rapid site-exchange, which is
most likely via the formation of the ps-silane intermediate 2b
as shown in Scheme 1.

\ﬁlr Ph

Ru\ SH
PhSiH, PATRR
(H.H\ — > Cp* Ru ==Ru-Cp* (2)
)
rt,-H, \H_R ZH
SHT H o o
3b

The ps-silyl structure of 3b is confirmed by the presence of
a terminal Ru—H, which was detected as a sharp absorption at
1931 cm ™" in the IR spectrum. Along with the v(Ru-H) mode,
a broad absorption assignable to v(Ru-H-Si) was also
observed at around 1790 cm ™.

The *Si signal of 3b recorded at ambient temperature

appeared at 0 =194.2 ppm. This appeared at a considerably
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lower magnetic field in comparison with that of the p;-silane
complex 2a (0 =175.5 ppm). Although the *Si signal of free
PhSiH; (6 = —59.8 ppm) appears at a higher magnetic field
than that of BuSiH; (6 = —39.8 ppm), the *Si signal of 3b
appeared at a lower magnetic field than that of 2a after
complexation to the triruthenium core. This opposite trend
would be due to the difference of the coordination modes in
these complexes, while conclusive evidence does not come
from only chemical shifts because the signal of *Si appears
over a wide range.*>

The molecular structure of 3b was determined by XRD
analysis, as shown in Figure 2. The positions of the hydrido
ligands were successfully determined using Fourier synthesis,
which agreed with the NMR and IR data. Unlike the

Figure 2. Molecular structure and labeling of 3b with ellipsoids set at
30% probability. Selected distances [A] and angles [°]: Rul-Ru2
3.0009(5), Ru2—Ru3 3.0956(5), Rul-Ru3 3.9988(5), Ru1-Sil 2.3394-
(13), Ru2-Si1 2.3561(13), Ru3-Si1 2.3759(12); Ru2-Rul-Ru3 62.123-
(12), Rul-Ru2-Ru3 58.906(12), Rul-Ru3-Ru2 58.971(12).

molecular structure of 2a, one of the Cp* groups attached
to the Rul atom bent upwards with respect to the Ru; plane.
This is probably due to the presence of the terminal hydride,
H4, at Rul. Although no significant difference was observed
between the Ru—Si distances (Rul—Sil 2.3394(13) A, Ru2—
Sil 2.3561(13) A, Ru3-Sil 2.3759(12) A), the orientation of
the Cp* at Rul strongly indicates that oxidative addition of
the Si—H bond occurred at Rul.

While the reaction of 1 with /BuSiH; afforded ps-silane
complex 2a, ps-silyl complex 3b was obtained from the
reaction of 1 with PhSiH;. To gain insight into the stability of
Ws-silane complex 2 and ps-silyl complex 3, DFT calculations
on 2a,b and 3a,b were examined. The calculated structures
and important geometrical parameters are listed in the
Supporting Information, Tables S3 and S7. The optimized
structures for 2a and 3b are in a reasonable agreement with
the results from XRD analyses. Although experimental data
are insufficient, the calculations provided plausible structures
for 2b and 3a. The Gibbs energies of 2a and 3a show that 2a
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is slightly more stable than 3a by 0.13 kcalmol ' at 298 K. On
the other hand, 3b is more stable than 2b by 4.94 kcalmol .
This opposite trend of the stabilities are consistent with the
fact that 2a and 3b were major isomers.

It has been known that oxidative addition of an Si—H
bond occurred readily when it possesses an electron-with-
drawing substituent because of its lower o*(Si—H) level."!
Thus, the preference of PhSiH; to 3 can be rationalized by the
electronic factors. Furthermore, the steric repulsion between
the substituent and the Cp* groups also appear to dominate
the thermodynamic stability of 2 and 3. In the optimized
structure of 3, one of the Cp* groups bends upwards with
respect to the Ru; plane and is directed to the same side as the
Si atom. When the Si atom possesses a bulky tBu group, 3a
becomes unstable owing to the steric repulsion between the
tBu group and the Cp* groups. Therefore, all of the Cp*
groups bend towards the other side of the Si atom with respect
to the Ru; plane, and form 2a. In contrast, when the Si atom
contains a smaller phenyl group, the ps-silyl structure is
favored over the p;-silane form.

Fehlner and co-workers demonstrated the related equi-
librium in [Fe;(CO)y(CH,)], namely the equilibrium among
us-methylidyne, ps-methylene, and p-methyl complexes.!'”)
However, a pz-methane complex was not observed. The
equilibrium between p;-silyl complex 3 and p,-silane complex
2 via reversible Si—H bond formation/scission implies that the
Ws-silane complex could be an intermediate of the elimination
of a primary silane from a trinuclear site. In fact, treatment of
2a with 3.4 equiv PhSiH; resulted in a silane-exchange
reaction, namely the formation of 3b accompanied by the
liberation of rBuSiH; [Eq. (3)].

tBlu
HSiH PhSiH;
S H<H™ (3.4 eq)
Cp*-RL'\./\ ==Ru-C
HREH ,3h
J 41% ®
Cp* o conv.
Ph
2a \
'BuSiH;

33%

3b (37%)

On the other hand, 3b did not react even with a large
excess amount of rBuSiH;, and PhSiH; was not eliminated
from the Ru; plane. While several silane exchange reactions
controlled by the electronic!"® and steric factors!'”! have been
elucidated for monometallic silyl complexes, this thermody-
namic preference implies that PhSiH; interacts with the Ru;
center stronger than rBuSiH;, which is probably due to the
preference for the p;-silyl complex.

We previously reported the reaction of 1 with linear
alkanes leading to the formation of the closo-ruthenacyclo-
pentadiene complex, and demonstrated the mechanism of the
skeletal rearrangement performed on the Ru; plane."
However, the initial stage of the reaction, namely the
incorporation of an alkane into the Ru; plane, is still
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unknown. The p;-n?:m?m?silane complex could be a suitable
model for the initial stage of alkane activation by a trinuclear
complex.

In summary, an unprecedented py-silane complex 2a was
synthesized from the reaction of 1 with fBuSiH;, and its
unique ps-1>:m*:m*-coordination mode was established by
NMR and IR data as well as an XRD analysis. The spectral
change in the 'H NMR spectra implies that 2a equilibrates
with the tautomeric ;-silyl complex 3a via oxidative addition
of an Si—H bond. While the formation of 3a was not directly
observed, 3b was exclusively prepared by the reaction of
1 with PhSiH;. As for other o-complexes, the py-silane
complex can be regarded as an arrested intermediate of
oxidative addition to the trinuclear site. Moreover, it could be
a model for the chemisorption of saturated compounds on
a metal surface.
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