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ABSTRACT: A hydrogen-bridged bis(silylene) complex,
which can be viewed as a snapshot of a transition state for
1,3-hydrogen migration, was isolated, and its unprece-
dented WSi,H four-membered-ring structure with a short
diagonal Si—Si distance was revealed by X-ray crystallog-
raphy. NMR studies including determination of the W—Sj,
Si—Si, and Si—H coupling constants and theoretical
calculations suggest that a novel multicenter bond is
formed in the WSi,H system, in which the bridging
hydrogen takes on a hydridic nature.

Ithough participation of four-centered transition states is

often presumed in the important reactions involving
metal-mediated cleavage/formatlon of chemical bonds such as
olefin metathesis' and o-bond metathesis,” it is generally very
difficult to get information on such species except through
theoretical calculations. Four-centered transition states are also
postulated to be involved in the 1,3-migration of R groups on
silyl(silylene) complexes A (Chart 1).>* Since this 1,3-
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migration involves activation of usually robust Si—X o-bonds
(X=H, C, O, etc.), it is regarded as one of the fundamental
processes for transformations of silicon compounds.

Our group® and Pannell’s group* previously reported that
1,3-alkyl/aryl migration occurs extensively in the photo-
chemical reactions of disilanyl iron complexes, leading to
scrambling of substituents on silicon atoms. We proved
afterward that this extremely facile 1,3-migration proceeds on
silyl(silylene) complexes,® through the isolation of a silyl-
(silylene)iron complex and the dlrect observation of the
occurrence of 1,3-group migration on it.” We have also isolated
a number of base-stabilized bis(silylene) complexes B that can
be viewed as a snapshot of transition states for the 1,3-
migration of groups having lone pairs on them.”® Here we
report the isolation of the first hydrogen-bridged four-
membered-ring complex C (Chart 1), which can be viewed
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as a snapshot of a transition state for 1,3-hydrogen migration
between two silicon atoms. Unprecedented structural features
and bonding aspects of this complex were elucidated by X-ray
diffraction study, multinuclear NMR studies, and theoretical
calculations.

In a preliminary experiment, we observed that a hydrogen-
bridged complex Cp*W(CO),{Me,Si---H--SiH(t-Bu)} (1)
(Cp* = n°-CsMe;) was formed in C¢Dg as a main product by
the photochemical reaction of Cp*W(CO);Me with a
trihydrodisilane H,SiSiMe,(t-Bu) (Scheme 1).” Thus, the 'H
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NMR spectrum of the reaction mixture (toluene-ds, 230 K)
exhibited two sets of doublet resonances (0.44, 1.01 ppm) for
two inequivalent methyl groups, one doublet resonance (4.43
ppm) for a terminal SiH, and one multiplet resonance (2.69
ppm) assignable to a bridging SiHSi, in addition to two singlet
resonances for #Bu and Cp* groups (see Figure Sl in
Supporting Information (SI)). The multiplet for the bridging
hydrogen (2.69 ppm) was remarkably upfield-shifted compared
with those for normal SiH protons (~3.5 ppm), implying that
the hydrogen is strongly shielded by bonding to two
electropositive silicon atoms. Furthermore, the 'H—'H
correlation spectroscopy (COSY) clearly showed that the
multiplet resonance of SiHSi is correlated with both the two
Me signals and the terminal SiH signal (Figure S2 in SI). These
observations strongly support the hydrogen-bridged structure
of 1. The **Si {'"H decoupled} NMR spectrum (toluene-dg, 250
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K) exhibited resonances at 70.9 and 35.4 ppm with tungsten—
silicon satellite couplings 'J(**W—%Si) = 854 and 96.3 Hz,
respectively. Although isolation of 1 was unsuccessful because
of its extreme instability, by employing a dihydrodisilane
H,MeSiSiMe,(+-Bu) as a starting material, we have succeeded
in isolation of Cp*W(CO),{Me,Si--H---SiMe(¢-Bu)} (2) in
48% yield as yellow-brown crystals.” Complex 2 is air- and
moisture-sensitive and gradually decomposes above 60 °C in
solution, but is stable in the solid state. We also obtained a
deuterated analog of 2 having one deuterium at the bridging
position, Cp*W(CO),{Me,Si---D---SiMe(¢t-Bu)} (2-d), in 41%
yield by the reaction with D,MeSiSiMe,(¢-Bu).

The X-ray crystal structure analysis of 2 revealed its four-
membered-ring structure having an almost planar WSi,H
framework (Figure 1): The dihedral angle between the W1—

(a) Top view

(b) Side view

Figure 1. Molecular structure of 2: (a) top view (b) side view. The
thermal ellipsoids represent S0% probability. Hydrogen atoms are
omitted for clarity except HI. Selected bond lengths (A) and angles
(deg): W1-Sil, 2.489(2); W1-Si2, 2.487(2); W1—Cl, 1.942(9);
W1-C2, 1.945(9); C1-01, 1.179(11); C2—02, 1.167(11); Sil---Si2,
2.455(3); Sil---H1, 1.71(8); Si2---H1, 1.75(9); Sil—-WI1-Si2,
5$9.11(8); W1—Sil—H1, 106(3); WI1-Si2—H1, 105(3); Sil—HI1—
Si2, 90(4).

Si2—Sil and Si2—Sil—H1 planes is 179(4)°. Both W—Si bonds
(2.489(2) and 2.487(2) A) are longer than the known W=Si
double bonds (2.35-2.42 A)' but are close to those of
tungsten complexes of type B (2.49—2.50 A)."' The HI atom
bridges two Si atoms nearly symmetrically. The Si—H bonds
(1.71(8) and 1.75(9) A)'* are about 17% longer than the
typical Si—H single bond in tetrahedral silanes (1.48 A) and
comparable with those of M—Si—H three-center two-electron
(3c-2¢) bonds in #*-Si—H transition metal complexes."> The
most striking structural feature is the Si--Si distance (2.455(3)
A), which is within the known Si—Si single bond lengths
(2.34—2.70 A)'* and significantly shorter than those of the type
B com}glexes (2.56—2.72 A),® which have no direct Si—Si
bonds."® These structural features imply the existence of Si-+-H
and Si---Si bonding interactions.
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'H, 3C, and ?°Si NMR, and IR spectral data of 2 are all
consistent with the solid state structure. The 'H NMR
spectrum of 2 (C¢Dy at 298 K) exhibits a resonance of SiHSi
at 2.92 ppm as a pseudo-decet due to the coupling with the
protons of inequivalent three methyl groups whose signals
appear at 0.51, 0.57, and 0.93 ppm. The observation of this
coupling with 9 protons confirms that the hydrogen is bridging
two Si atoms rather than taking a terminal position. The
upfield-shift of the resonance (2.92 ppm) for the bridging
hydrogen atom resembles that of 1. The **Si NMR spectrum
(C¢Dg, 298 K) of 2 shows two resonances for SiMe, and
SiMe(+-Bu) at 43.6 and 70.2 ppm with satellite couplings,
J(W=Si) = 86.5 and 94.8 Hz, respectively: The assignment
was confirmed by 'H -**Si COSY spectrum (Figure S4 in SI).
Importantly, we were able to determine three coupling
constants, J(W—Si), J(Si—H), and J(Si—Si), which provide
valuable information about the bonding aspects. In general, the
spin—spin coupling constants reflect the s character of the
nuclei involved in the bond. The tungsten—silicon coupling
constants J(W—Si) for 1 (85.4 and 96.3 Hz) and 2 (86.5 and
94.8 Hz) are nearly intermediate between those of silyl (sp® Si)
and silylene ligands (sp® Si) in tungsten complexes, e.g., J(W—
Si) = 30.5 Hz for WSiMe; and 154.9 Hz for W=SiMes, in
Cp*W(CO),(SiMe;)(=SiMes,).!" These values are close to
those reported for tungsten complexes of type B (92—132
Hz)."” In the case of 2, the silicon—hydrogen coupling constant
J(Si—H) was estimated to be 23 Hz by the "H homodecoupling
method."® This value is slightly larger than Schubert’s criterion
(20 Hz), which indicates the existence of weak Si—H bonding
interaction.”® In accord with this fact, a weak and broad Si—H
stretching-vibration band was observed at 1288 cm™" in the IR
spectrum, which is considerably low-wavenumber-shifted from
the stretching vibration bands of normal Si—H ¢-bonds (~2100
cm™). The corresponding Si—D stretching band of 2-d
appeared at 951 cm™' in the theoretically expected region,
which confirms the assignment. Furthermore, the Si—Si
coupling constant J(Si—Si) was determined to be 28.2 Hz by
an INEPT-INADEQUATE »Si NMR measurement of 2.
This value is substantially larger than those in 1,3-cyclo-
disiloxanes (3.8—4.8 Hz) that have no direct Si—Si bond,"”
although it is far smaller than ty{)ical values in disilanes having a
Si—Si single bond (80—90 Hz). ® The value of 28.2 Hz is more
than twice as large as the J(Si—Si) value (13.2 Hz) for
Cp*W(CO),{Me,Si--(OMe)---SiMe(t-Bu)} (3), a type B
complex of tungsten (vide infra).'” These observations suggest
that a significant bonding interaction is formed between two Si
atoms in 2.

In terms of electron count and valence bond description, the
bonding in type C complexes such as 1 and 2 can be
represented by a combination of two canonical forms in which
a Si—H “o-bonding electron pair” on the silyl ligand interacts
with an empty p orbital of the silylene ligand (Chart 2). This
could also be viewed as an agostic interaction of the Si—H bond
with the silylene silicon center. This sort of coordination of a -
bonding electron pair to a silylene ligand is unprecedented,
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although there is an example of coordination of a 7-bonding
electron pair to a silylene ligand.*® In this representation, the
SiHSi moiety can be regarded as a 3-electron-donor ligand in a
covalent model. Thus, the tungsten center satisfies the 18
electron rule, which is consistent with the stability of these
complexes.

To understand this unusual bonding, we performed DFT
calculations of 2 with the B3PWO91 functional using the
Gaussian 09 program.” Important bonding orbitals of the
optimized structure, 2-opt, are depicted in Figure 2.>' The

Figure 2. Important Kohn—Sham orbitals of 2-opt.

HOMO-2 represents the W—Si o-bonding interaction between
the d,, orbital of the W center and two sets of sp>-hybrid
orbitals of two Si atoms. The HOMO-6 consists of the d,,
orbital of the W center, two sets of sp*-hybrid orbitals of two Si
atoms, and the s orbital of the bridging hydrogen atom. The
HOMO-8 is mainly composed of two p-type orbitals of Si
atoms and 1s orbital of the bridging hydrogen, which
corresponds to a Si,H 3c-2e interaction (see also Figure S7
in SI). A unique combination of these three bonding orbitals
results in a novel four-center bonding at the WSi,H moiety.
Notably, the Si---Si and Si---H bonding interactions are involved
in the HOMO-6 and HOMO-8. The Wiberg bond indices
(WBIs) between two Si atoms in 2-opt were calculated to be
0.35, which are roughly half of the calculated value for the Si—Si
single bond of Me;Si—SiMe; (0.92). Similarly, the WBI
between the bridging hydrogen and each Si atom (0.42, 0.45)
is about half of that (0.96) for the Si—H bond in H;Si—SiH,.
These data indicate that the Si--Si and Si“H bonding
interactions are weaker than the corresponding single bonds
but are sufficiently significant to stabilize this peculiar four-
membered-ring structure of 2. In addition, calculated charge
distribution indicates that the Si centers are highly electrophilic
while the bridging hydrogen is hydridicc: NBO charges of
q(Si1), q(Si2), and gq(H1) are +14S, +1.36, and —0.15,
respectively (see Table S4 in SI).

As it can be expected from the charge distribution, complex 2
reacted with MeOH at room temperature with evolution of
dihydrogen to give Cp*W(CO),{Me,Si--(OMe)---SiMe(t-
Bu)} (3) in 71% isolated yield (Scheme 2). Complex 3 was
characterized as the B-type complex based on its spectroscopic
features: i.e., the downfield-shifted *Si NMR resonances (97.5
ppm for SiMe, and 111.4 ppm for SiMe(t-Bu) and the upfield-
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shifted '"H NMR resonance for the bridging methoxy group
(2.86 ppm).”

In summary, we have isolated hydrogen-bridged bis(silylene)
complex 2, as the first example of type C complex. This
complex has a WSi,H four-membered-ring structure with a
short diagonal Si—Si distance, which can be regarded as a
snapshot of a transition state for 1,3-hydrogen migration on
silyl(silylene) complexes. A novel multicenter bond consisting
of a four-center interaction and a 3c-2e interaction at the
WSi,H moiety of the complex was characterized by multiple
NMR measurements, X-ray diffraction study, and DFT
theoretical calculations. Further investigations on reactivity
and dynamic behavior of 2 are in progress.
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