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Niobocene trihydride reacts directly with the chlorosilanes
SiCl2R�R�� (R�, R�� = Me, Ph) and SiCl3Me to give the dihy-
dridomonosilyl derivatives [Cp2Nb(H)2(SiClnR3−n)] (n = 1, 2),
whereas the analogous reaction with SiCl4 affords [Cp2Nb-

Introduction

Silyl transition metal complexes are of great current
interest as intermediates in silane dehydrogenative coupling
reactions[1�3] and various hydrosilylation reactions.[4�6] It
is therefore not surprising that a large number of silyl com-
plexes have been prepared by oxidative addition of the
H�Si bond.[7,8] We have been developing an alternative ap-
proach to main-group element substituted transition metal
complexes LnM�ERm based on direct interaction of a basic
transition metal hydride with the main-group element
halides.[9�18] The niobocene trihydride Cp2NbH3 was a sub-
strate of choice to test such reactivity because it possesses
basic metal�hydride bonds but lacks any lone pair or a
vacant coordination site, thus eliminating competing reac-
tion pathways.[17] This approach works very well for the
bond construction between metal atoms and group-5 (P, As,
Sb, Bi)[9�15] and heavy group-4 (Ge, Sn, Pb)[16�18] atoms,
but no such study has been done for silicon so far. In the
literature there are only two reports dealing with the reac-
tions of metal hydrides with halosilanes; both consider the
reactivity of electron-rich metal centers bearing metal-cen-
tered lone pairs. Lemke et al. have recently reported that
the reaction between the basic d6 ruthenium complex
[CpRuH(PMe3)2] and chlorosilanes gives silyl derivatives by
an anticipated chloride/metal exchange (Scheme 1).[19,20]

Jutzi et al. have reported a similar reaction with the d2 mo-
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(H)2(SiCl3)] and the bis(silyl) complex [Cp2NbH(SiCl3)2],
whose X-ray structure was determined.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

lybdenum complex [Cp2MoH2], resulting in the silyl hydride
derivatives [Cp2MoH(SiR3)], although no mechanism was
proposed.[21] There is also a practical aspect that motivated
us to study the reactivity of metal�hydride bonds towards
chlorosilanes: Chlorosilanes are precursors for industrially
important silicones, but only a few are available by direct
synthesis.[22] Metal-catalyzed hydrosilylation of unsaturated
hydrocarbons,[4] which circumvents this problem, is believed
to proceed by H�Si bond oxidative addition to metal
atoms to generate metal hydride intermediates.[23,24] There-
fore one can expect that any interaction of the resultant
M�H bond with an excess of chlorosilane should have a
significant impact on the overall process of hydrosilylation,
for example by giving rise to side-products or deactivation
of the catalyst.

Scheme 1

Here we report our investigation of the reactions of
niobocene trihydride [Cp2NbH3] (1) with a series of chloro-
silanes and present evidence for both a single and double
silyl/hydride exchange. This synthetic approach has a poten-
tial for the preparation of silyl complexes not accessible by
the silane oxidative addition route.

Results and Discussion

Synthesis of Mono- and Bis(silyl) Derivatives

The addition of dichlorosilanes SiCl2R�R�� (R�, R�� �
Me, Ph) to 1 in the presence of NEt3 as an HCl sponge
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gives the mono(silyl) complexes 2�4 in moderate to high
yields. Compounds 2�4 are produced as an almost equimo-
lar mixture of the central (a) and lateral (b) isomers, the
latter being stabilized by nonclassical interligand hyperval-
ent interactions (IHI) between the hydrido and silyl li-
gands.[25] The analogous reaction of 1 with the trichlorosil-
ane SiCl3Me affords a mixture, the main component of
which is the lateral isomer [Cp2Nb(H)2(SiMeCl2)] (5b) to-
gether with a small amount of 5a and the monochloride
[Cp2NbCl]2.[26] In contrast, the reaction of HSiCl2Me with
1 does not give the expected complex [Cp2Nb(H)2-
(HSiClMe)]. Instead, 5b is formed in high yield as an Si�H
addition product (this reaction apparently proceeds by con-
ventional H2 elimination to give the transient Cp2NbH,
amenable to oxidative addition[27,28]). Treatment of pure 5b
with SiCl3Me results in a partial isomerization to 5a, but
5b remains the main component of the mixture (65%).
Complexes 2�4 were prepared independently by oxidative
addition of silanes to 1 according to established pro-
cedures.[25] Reaction of 1 with bulkier (SiCl2Et2, SiCl2iPr2)
or less acidic [SiCl(OMe)Me2, SiClMe3] silanes does not
give any significant amount of [Cp2Nb(H)2(SiR3)]. In this
case, the reaction is accompanied by dihydrogen evolution
and formation of a mixture of unidentified products, the
main component of which is insoluble in non-polar sol-
vents. One of the target complexes, [Cp2Nb(H)2(SiCliPr2)]
(6a), was obtained by the reaction of Cp2NbBH4 with
HSiCliPr2 in the presence of NEt3. Only the central isomer
was obtained, the structure of which was determined by an
X-ray diffraction study (vide infra).

Reaction of 1 with an excess of SiCl4 is remarkable in
that, in addition to the central and lateral mono(silyl) com-
pounds [Cp2Nb(H)2(SiCl3)] (7a,b), the major product (60%)
is the bis(silyl) complex [Cp2NbH(SiCl3)2] (8), which is
formed by an unprecedented double hydride/silyl exchange.
This compound was isolated from the more soluble 7a and
7b by washing the mixture with diethyl ether. The 1H NMR
spectrum of 8 shows the hydride resonance at δ �
�3.29 ppm, about 2 ppm downfield from the bis(silyl)-
niobocene complexes with interligand hypervalent interac-
tions (IHI),[25] suggesting a significantly reduced IHI. An
X-ray diffraction study further confirmed this conclusion
(vide infra). Compounds 7a and 7b were obtained indepen-
dently by heating 1 with HSiCl3 at 60 °C.

An important conclusion of this work is that the reac-
tions of halosilanes with basic transition metal hydrides do
not necessarily involve halogen/metal substitution/depro-
tonation steps because niobocene trihydride does not pos-
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sess any metal-based lone-pair. Moreover, this molecule
does not possess a vacant coordination site either, and the
reaction occurs readily at temperatures below 25 °C, where
dihydrogen elimination from pure [Cp2NbH3] does not oc-
cur at any significant rate in the absence of silanes. Another
thinkable pathway to 2�4 and 7 based on deprotonation of
[Cp2NbH3] by an amine, followed by nucleophilic substi-
tution of the chloride of the silane can also be reliably ruled
out, since it has previously been shown that amines cannot
deprotonate [Cp2NbH3].[17] The only reasonable option we
are left with is that the reaction occurs by precoordination
of the σ*-Lewis acid Cl�SiR3 to the basic hydride center,
forming a hypervalent M�H�SiR3�Cl structure 9
(Scheme 2). Bridge formation is known to acidify the
M�H�M� bond drastically,[29] so that the hydride ion can
now be abstracted from the complex 10 by a base as weak
as an amine, affording eventually the silylated product. Sev-
eral observations support this view. First, the hydrido li-
gands in 1 are Lewis bases of moderate strength (basicity
factor Ej � 0.93).[30] Second, it is now recognized that even
in the presence of metal-centered lone-pairs, the hydrido li-
gands are the kinetic sites for protonation,[31,32] and thus
they are expected to be amenable for the interaction with
other Lewis acids, too. It should be noted that Lewis acidity
of silanes has precedents, for example, in the formation of
hypervalent structures like [H2SiPh3]�.[33] Third, the coordi-
nation of transition metal centers to M�H bonds is well
established.[34] It is therefore reasonable to assume that this
direct silyl/hydride exchange mechanism is general even for
dn (n � 0) systems, like the Ru and Mo complexes cited
above. Complications can arise from the substitution of the
silane in 10 by the chloride anion, leading (possibly) to the
transient [Cp2Nb(H)2Cl] and eventually to [Cp2NbCl]2 (as
in the reaction with SiCl3Me), and, in the case of bulkier
or less acidic silanes [such as SiCl2Et2, SiCl2iPr2, SiCl-
(OMe)Me2 and SiClMe3], when Lewis acid induced dihy-
drogen elimination[35] occurs faster than deprotonation.

Scheme 2
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X-ray Studies

The molecular structure of 8 is shown in Figure 1, and
selected bond lengths and angles are given in Table 1. The
Nb�Si bonds for the two chemically equivalent silyl groups
are very short [2.5597(5) and 2.5776(5) Å] due to the pres-
ence of three electron-withdrawing chlorine substituents at
the silicon atom. The Si�Cl bond lengths fall within a nar-
row range [2.0835�2.0989(7) Å] without any significant dif-
ference between the chlorine atoms in and out of the
niobocene bisectral plane. This fact, and the large
Si�Nb�Si bond angle of 109.61(2)°, close to the values in
classical bis(silyl) systems[25,27,28,36] and about 5° larger than
in complexes with IHI, suggests the absence of any signifi-
cant interligand Si�H interactions. This open Si�Nb�Si
bond angle results in long Si�H contacts of 2.14(3) and
2.11(3) Å, about 0.1 Å longer than in complexes with IHI.
This unexpected lack of Si�H interactions is either due to
the low basicity of the Nb�H bond stemming from the

Figure 1. Molecular structure of [Cp2NbH(SiCl3)2] (8); displace-
ment ellipsoids are shown at the 50% probability level; cyclopen-
tadienyl hydrogen atoms are omitted for clarity

Table 1. Selected bond lengths [Å] and angles [°] for 8

2.5776(5) Nb�Si(2) 2.5597(5)Nb�Si(1)
Si(1)�Cl(1) 2.0984(7) Si(1)�Cl(2) 2.0835(7)
Si(1)�Cl(3) 2.0836(7) Si(2)�Cl(4) 2.0841(7)
Si(2)�Cl(5) 2.0926(6) Si(2)�Cl(6) 2.0988(7)
Nb�H 1.79(3) Si(1)�H 2.14(3)
Si(2)�H 2.11(3)
Si(2)�Nb�Si(1) 109.61(2) H�Si(1)�Nb 43.4(8)
Cl(2)�Si(1)�Cl(1) 101.73(3) H�Si(2)�Nb 43.8(8)
Cl(3)�Si(1)�Cl(1) 101.69(3) Cl(2)�Si(1)�Cl(3) 101.69(3)
Cl(1)�Si(1)�Nb 116.57(3) Cl(2)�Si(1)�Nb 116.55(3)
Cl(4)�Si(2)�Nb 116.67(2) Cl(3)�Si(1)�Nb 116.17(3)
Cl(5)�Si(2)�Nb 116.50(3) Cl(4)�Si(2)�Cl(5) 101.92(3)
Cl(5)�Si(2)�Cl(6 100.74(3) Cl(4)�Si(2)�Cl(6) 101.77(3)
Cl(6)�Si(2)�Nb 116.67(2)
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presence of a large number of electron-withdrawing chlor-
ine substituents on both the silyl centers, or due to hyper-
conjugation between the in-plane (Si�Cl)* antibonding or-
bital with the out-of-plane chlorine lone pairs of electrons.
It should be emphasised that high basicity of the hydride
ligand is a prerequisite for this type of interligand inter-
action tooccur because IHI stems from the interaction of
an M�H bonding orbital with the (Si�X)* antibonding
orbital.[25]

Figure 2. Molecular structure of [Cp2Nb(H)2(SiCliPr2)] (6); dis-
placement ellipsoids are shown at the 50% probability level; all hy-
drogens apart from hydrides are omitted for clarity

The molecular structure of 6 is shown in Figure 2, and
selected bond lengths and angles are given in Table 2. The
silyl group is located in the central position in the niobocene
bisectral plane, and two hydrides were found in the lateral
positions with Nb�H distances of 1.65(3) Å. In spite of
the presence of a chlorine substituent at silicon, the Nb�Si
distance of 2.6496(7) Å is similar to the Nb�Si bond length
in related alkyl- and aryl-substituted silyls.[25,27,28,36] Elec-
tron-withdrawing substituents X are known to diminish the
M�Si bond lengths[37] due to the operation of Bent’s
rule.[38] Another exceptional feature in 6 is the long Si�Cl
bond length of 2.1694(9) Å, which can be compared with
the range 2.094�2.149 Å found in classical LnMSiR2Cl
complexes (R � alkyl, aryl).[39�43] Apparently, these struc-

Table 2. Selected bond lengths [Å] and angles [°] for 6

2.6496(7) Si(1)�C(11) 1.906(3)Nb(1)�Si(1)
Si(1)�Cl(1) 2.1694(9) Si(1)�C(12) 1.922(3)
Nb(1)�H(1) 1.65(3) Nb(1)�H(2) 1.65(3)
C(11)�Si(1)�C(12) 103.99(11) C(11)�Si(1)�Cl(1) 101.02(8)
C(12)�Si(1)�Cl(1) 99.70(8) C(11)�Si(1)�Nb(1) 117.37(8)
C(12)�Si(1)�Nb(1) 119.34(8) Cl(1)�Si(1)�Nb(1) 112.55(3)
Si(1)�Nb(1)�H(2) 56.0(10) Si(1)�Nb(1)�H(1) 64.5(10)
H(1)�Nb(1)�H(2) 120.4(14)
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tural abnormalities are caused by the steric bulkiness of the
two isopropyl groups at the silicon atom. Indeed, in the
bulky silyl complex fac-[Ir(H)2(SitBu2Cl)(PMe3)3] both the
Si�Cl bond of 2.187(4) Å and the Ir�Si bond of 2.392(3)
Å are unusually long.[44] In the related complex
[Ir(H)2{Si(H)Cl(C6H3-Mes2-2,6)}(PEt3)3], with one very
bulky substituent at the silicon atom, the Si�Cl bond
length is 2.148(3) Å.[45]

Conclusion

This work has shown that halosilanes can interact with
basic metal hydrides in the absence of metal-centered lone
pairs, leading (depending on the silane) either to silyl de-
rivatives or decomposition products. This reaction suggests
new opportunities for the synthesis of silyl transition metal
complexes and must be taken into account as a feasible (un-
desired) route during transition metal catalyzed hydrosilyl-
ation reactions of halosilanes.

Experimental Section

General Remarks: All manipulations were carried out using conven-
tional Schlenk high vacuum and argon techniques. Solvents were
dried with sodium or sodium benzophenone ketyl and distilled into
the reaction vessel by high-vacuum gas-phase transfer. NMR spec-
tra were recorded with a Varian VXR-400 spectrometer (1H,
400 MHz; 13C, 100.4 MHz). IR spectra were obtained in Nujol
with an FTIR Perkin�Elmer 1600 series spectrometer. Silanes were
purchased from Aldrich.

General Procedure for the Preparation of [Cp2Nb(H)2(SiClR2)]:
NEt3 (2 mL, 6�7 equiv.) and 0.5 mL (ca. 2 equiv.) of the dichloro-
silane were added to a solution of 1 (2�3 mmol) in diethyl ether
(20 mL). A white voluminous precipitate formed immediately. The
mixture was stirred for 3 h during which time a light-brown color
developed. The solution was filtered and the residue washed with
diethyl ether (10 mL). Volatiles were removed from the combined
fractions in vacuo to give a brown solid. The material was recrys-
tallized from a saturated diethyl ether solution at �26 °C to give
the product as a mixture of two isomers. Yields: 29% (2a,b), 83%
(3a,b), 35% (4a,b). 2a,b: Characterization data as reported pre-
viously.[25] 3a: 1H NMR ([D6]benzene): δ � �4.06 (s, 2 H, Nb�H),
4.53 (s, 10 H, Cp), 7.21�7.01 (Ph of 3a and 3b), 8.14 (d, JH,H �

7.1 Hz, 4 H, Ph) ppm. 13C NMR ([D6]benzene): δ � 148.39, 134.72
(Ph), 89.62 (s, Cp) ppm. 3b: 1H NMR ([D6]benzene): δ � �3.93
(s, 1 H, Nb�H), �3.48 (s, 1 H, Nb�H), 4.62 (s, 10 H, Cp),
7.21�7.01 (Ph of 3a and 3b), 8.26 (d, JH,H � 7.4 Hz, 4 H, Ph)
ppm. 13C NMR ([D6]benzene): δ � 145.78, 134.60 (Ph), 90.28 (s,
Cp) ppm. C22H22ClNbSi (442.9): calcd. C 59.67, H 5.01; found C
59.34; H 5.14. 4a,b: IR: ν(Nb�H) � 1725, 1694 cm�1. 4a: 1H
NMR ([D6]benzene): δ � �4.15 (s, 2 H, Nb�H), 0.57 (s, 3 H, Me),
4.53 (s, 10 H, Cp), 7.20�7.02 (Ph of 4a and 4b), 8.26 (d, JH,H �

7.7 Hz, 4 H, Ph) ppm. 13C NMR ([D6]benzene): δ � 89.15 (s, Cp)
ppm. 4b: 1H NMR ([D6]benzene): δ � �4.50 (s, 1 H, Nb�H),
�4.24 (s, 1 H, Nb�H), 0.91 (s, 3 H, Me), 4.50 (s, 5 H, Cp), 4.73
(s, 5 H, Cp), 7.20�7.02 (Ph of 4a and 4b), 8.15 (d, JH,H � 7.2 Hz,
4 H, Ph) ppm. 13C NMR ([D6]benzene): δ � 90.17 (s, Cp), 89.23
(s, Cp) ppm. C17H20ClNbSi (380.8): calcd. C 53.68, H 5.29; found
C 53.47; H 4.90.
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Preparation of [Cp2Nb(H)2(SiiPr2Cl)] (6): NEt3 (2 mL) followed by
HSiiPr2Cl (0.32 mL, 1.89 mmol) was added to a solution of
Cp2NbBH4 (0.45 g, 1.89 mmol) in 40 mL of toluene. The mixture
was stirred overnight. All volatiles were removed in vacuo and the
residue was extracted with diethyl ether, filtered and concentrated
under reduced vacuum until a yellow compound started to form.
Keeping the mixture at �20 °C afforded 6 in the form of yellow
crystals. The cold solution was further concentrated and decanted.
Yield: 0.511 g (1.36 mmol, 72%). IR: ν(Nb�H) � 1736 cm�1. 1H
NMR ([D6]benzene): δ � �4.64 (s, 2 H, Nb�H), 1.35 (d, JH,H �

4.5 Hz, 6 H, Me), 1.32 (m, 2, CH), 1.19 (d, JH,H � 6.0 Hz, 6 H,
Me), 4.66 (s, 10 H, Cp) ppm. 13C NMR ([D6]benzene): δ � 88.5
(s, Cp), 23.2 (CH), 18.9 (Me), 18.8 (Me) ppm. C16H26ClNbSi
(374.8): calcd. C 51.27, H 6.99; found C 51.03; H 7.08.

Reactions of 1 with SiCl4. Reaction a: NEt3 (1.2 mL, 8.6 mmol, 2.5
equiv.) and SiCl4 (0.42 mL, 3.66 mmol) were added to a solution
of 1 (0.773 g, 3.42 mmol) in toluene (20 mL). A white precipitate
formed immediately and the solution became amber, accompanied
by gas evolution. The mixture was stirred overnight. The mixture
was filtered and the residue washed with toluene (2 � 20 mL). Vol-
atiles were removed from the combined fractions in vacuo to give
a red crystalline substance. This was washed with diethyl ether (3 �

15 mL) and the volatiles were removed from the combined fractions
affording a light amber crystalline solid, which according to the 1H
NMR spectrum was a mixture of 8, 7a and 7b, along with some
minor by-products. Yield: 0.361 g. The pink residue (0.100 g,
0.203 mmol, 6%) from the toluene-soluble fraction left after wash-
ing with diethyl ether was pure 8. Reaction b: Compound 1 (0.77 g,
3.41 mmol) was added to a solution of NEt3 (1.1 mL, 7.9 mmol,
1.1 equiv.) and SiCl4 (0.8 mL, 7.0 mmol) in toluene (20 mL).
Within 5 min, the solution became red-brown, accompanied by
evolution of a gas that was not condensable by liquid nitrogen (ap-
parently dihydrogen). After 0.5 h of stirring, a precipitate had
formed. The mixture was then stirred overnight. The mixture was
filtered and the residue washed with toluene (20 mL). The volatiles
were removed from the combined fractions in vacuo to give an
amber crystalline substance which, according to its 1H NMR spec-
trum, was 8 along with a small amount of 7a and 7b. This material
was recrystallized from diethyl ether. Yield: 0.21 g (0.43 mmol,
12%). 8: IR: ν(Nb�H) � 1694 cm�1. 1H NMR ([D6]benzene): δ �

�3.29 (br. s, 1 H, Nb�H). 4.77 (s, 10 H, Cp) ppm. 13C NMR
([D6]benzene): δ � 96.6 (s, Cp) ppm. C10H11Cl6NbSi2 (492.98):
calcd. C 24.36, H 2.25; found C 24.20, H 2.60. 7a: IR: ν(Nb�H) �

1716 cm�1. 1H NMR ([D6]benzene): δ � �3.86 (s, 2 H, Nb�H),
4.65 (s, 10 H, Cp) ppm. 13C NMR ([D6]benzene): δ � 90.4 ppm. 7b:
IR: ν(Nb�H) � 1766 cm�1. 1H NMR ([D6]benzene): δ � �3.81 (s,
1 H, Nb�H), �3.69 (s, 1 H, Nb�H), 4.68 (s, 10 H, Cp) ppm. 13C
NMR ([D6]benzene): δ � 92.2 ppm. C10H12Cl3NbSi (359.58):
calcd. C 33.41, H 3.36; found C 32.95, H 3.21.

X-ray Crystallographic Study. Crystal Data for 6: C16H26ClSiNb,
Mr � 374.82, a � 9.32040(10), b � 11.8553(2), c � 15.60840(10)
Å, β � 99.54°, V � 1700.82(4) Å3, Z � 4, d � 1.464 g cm�3,
monoclinic, P21/n. Data collection: Bruker Smart three-circle dif-
fractometer with CCD area detector with Mo-Kα radiation and
graphite monochromator, µ(Mo-Kα) � 0.921 mm�1, T � 120(2)
°C, data-collection mode, 2.17° � Θ � 26.99°, 3706 reflections
measured, 3041 symmetry-independent reflections with I � 2σ(I).
The structure was solved by direct methods and refined by full-
matrix least-squares procedures with anisotropic approximation for
all non-hydrogen atoms, using the SHELXTL software.[46] The hy-
drogen atoms were found from difference maps and refined iso-
tropically, reflection/parameter ratio in the final refinement was
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13.4, R1 � 0.0290, wR2 � 0.0578 and GOF � 1.100. Crystal Data
for 8: C10H11Cl6Si2Nb, Mr � 492.98, a � 9.1658(2), b � 14.3502(4),
c � 13.3894(4) Å, β � 99.620(1)°, V � 1736.36(8) Å3, Z � 4, d �

1.886 g cm�3, monoclinic, P21/n. Data collection: Bruker Smart
three-circle diffractometer with CCD area detector with Mo-Kα

radiation and graphite monochromator, µ(Mo-Kα) � 1.737 mm�1,
crystal size 0.30 � 0.30 � 0.08 mm, T � 120(2) °C, data-collection
mode, 2.66° � Θ � 30.15°, 3984 reflections measured, 3678 sym-
metry-independent reflections with I � 2σ(I), multi-scan absorp-
tion correction with maximum and minimum transmission equal to
0.8735 and 0.6238, respectively. The structure was solved by direct
methods and refined by full-matrix least-squares procedures with
anisotropic approximation for all non-hydrogen atoms, using
SHELXTL software.[46] The hydrogen atoms were found from dif-
ference maps and refined isotropically, reflection/parameter ratio in
the final refinement was 18.4, R1 � 0.0226, wR2 � 0.0575 and
GOF � 1.041. CCDC-219856 (6) and -190915 (8) contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/conts/retriev-
ing.html [or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; Fax: (internat.) � 44-
1223-336-033; E-mail: deposit@ccdc.cam.ac.uk].
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