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Synthesis and Characterization of New Organosilyl Derivatives of
Polyoxometalates (nBuyN),[NbWs00,SiRR’,] (R = R’ = Et, iPr, OrBu, Ph;
R = tBu and R’ = Me) — X-ray Crystal Structure of
(nBuyN),[NbWs09SiPh;]
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Reactions of (nBuyN)4[(NbW5045),0] with trialkyl/arylsilan-
ols in dichloromethane and/or acetonitrile forms respectively
(nBuyN),[NbW50,SiRR’,] [R = R’ = Et (1), iPr (3), OtBu (4),
Ph (5); R =tBuand R’ = Me (2)] in ca. 90-64 % isolated yields.
The compounds have been characterized by elemental
analysis, IR, Raman, multinuclear NMR in solution (‘H, 3C,
29Si, 183W) and in the solid-state by 2°Si CP-MAS NMR spec-
troscopy. Multinuclear NMR and IR spectroscopic data sug-
gest that the SiRR',* electrophilic fragment binds selectively
to the terminal NbO oxygen atom which appears the most

reactive site in (nBuyN)3[NbW5049]. This is supported by X-
ray crystallographic analysis of (nBuyN),[NbW;0,9SiPh;3] (5)
which crystallizes in the monoclinic system, space group
P21/a with lattice parameters a = 19.884(5), b = 16.801(2), c
= 20.644(3) A, f = 112.050(12)°, V = 6392(2) A3, and Z = 4.
Hydrolysis of the alkyl/arylsilyloxide derivatives leads to the
back formation of the (NbW50;5),0%" dimer by the cleavage
of the Si-O bond.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Polyoxometalates (POMs) form a class of inorganic
metal-oxygen cluster compounds having a rising popularity
in diverse fields ranging from catalysis to pharmacology.[!!
These interesting properties have increased studies to mod-
ify polyoxometalates and prepare new compounds in order
to well understand polyoxometalates reactivities.”*) One of
the classical methods to obtain derivatized polyoxo-
metalates is the reaction between the nucleophilic oxygen
atom in d° transition metal oxocomplexes and electrophilic
species* ® such as organic and organometallic groups. With
organic groups bearing reactive moieties, these hybrid spe-
cies may be further functionalized to be ultimately grafted
onto surfaces for obtaining photo- or electrochemical mate-
rials. While monosubstituted niobotungstates are relatively
poorly reactive,[’l dimeric species with connecting Nb-O—
Nb bridge(s) are excellent starting materials for the prepa-
ration of organic and organometallic derivatized poly-
oxoanions.!®'!] Herein, we report the preparation and char-
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acterization by IR, Raman, and multinuclear NMR spec-
troscopy of the nBuyN* (TBA) salts of alkyl/arylsilylated
NbY-monosubstituted Lindqvist POMs and the X-ray
structural determination of (nBuyN),[NbWs0,9SiPhs] (5).
In addition the reaction of these anions with respect to hy-
drolysis has been investigated.

Results and Discussion

Synthesis and Reactivity

The substitution of NbY for WV in the inert hexatungst-
ate results in the increase of the overall charge of the poly-
oxometalate and in partial localization of the supplemen-
tary charge on the terminal oxygen atoms bound to the Nb
atom.'”181  Moreover, the oxygen-niobium bond in
NbW;0,y is known to be labile with respect to 'O ex-
change.®!'% Although the terminal ONb oxygen atoms are
not the most basic among the oxygen atoms bound to Nb
atoms both the lability and steric interaction allow reac-
tions with electrophilic species to occur selectively at this
oxygen site.[¥l Actually in the case of the substituted Keggin
anion PW{;NbQy, the reaction of Me;SiSO;CF; leads di-
rectly to the trimethylsilyl derivatives PW;;O3o-
NbOSiMe;.PD In our case the reaction of R;SiSO;CF5
(R = Me, Et) and BuMe,SiSO;CF; with NbWs0,43 leads
invariably to complex mixtures. By reacting alcohols and
silanols with the dimeric form (Nb,W,0;5),0°% instead of
the monomer Klemperer described the clean synthesis of
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terminal alkoxide and organosilyl-Lindqvist derivatives.[>!1
Later Beer!®! applied the same strategy to prepare terminal
alkoxide Lindqvist derivatives by reacting the dimeric form
of NbWs0,9*> with alcohols. In light of the reactivities of
the dimers it was expected that (NbWs0,4),O* could also
react under controlled conditions with silanols to give
NbW;0,4SiRR’,%>" according to Equation (1).

(NbW50,5),0* + 2SiRR’,OH — 2NbW;0,0SiRR’, + H,O0 (1)

The reaction of (nBuyN)4[(NbW50,5),0] with a stoichio-
metric amount of RR’,SiOH at room temperature, under
argon, in freshly distilled dichloromethane (R = R’ = Et,
iPr; R = tBu, R’ = Me) or in acetonitrile (R = R’ = Ph,
O1Bu) yields NbWsO4SiRR’,?> [R = R’ = Et (1), iPr (3);
R = 7Bu, R’ = Me (2)] in satisfactory yields. For R = Ph
(5) or OrBu (4) the low yields (ca. 25%) in CH,Cl, were
increased by using acetonitrile as the solvent.

As shown by the solution studies the hybrid anions are
relatively stable in CH,Cl, and CH5;CN but they are pro-
gressively hydrolyzed by atmospheric moisture to give
(NbW;0,5),0% which crystallizes from these solutions.

The formation of the dimer is described by Equation (2);
the dimeric anion is in equilibrium with the protonated
monomer according to Equation (3).

2NbW,0,6SiRR’5 + H,O — (NbW0,¢),0* + 2SiRR,OH  (2)

(NbWSOlg)QOAF + HzO 2 2HNbW501927 (3)

This behavior is similar to that observed by Klemperer
on (Nb,W,0,5),0% and by Beer on o-{PW;;05}-
NbOEMe;> 29211 where (E = C, Si). Beer demonstrated
using '70O NMR that the primary hydrolysis product of the
hybrid species is the dimer (0-{PNbW;,030}),0° which hy-
drolyzes further to the monomer a-PNbW ;O4*.
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In our case the reaction stops at the dimer because of its
insolubility in dichloromethane and in acetonitrile.

Moreover, in more polar solvents such as DMSO the spe-
cies are not stable and completely decompose into noniden-
tified species as shown by both IR and '®3W NMR spec-
troscopy.

Vibrational Spectroscopy

IR Characterization

Infrared spectroscopy analysis gives preliminary struc-
tural information in the solid state. Characteristic bands of
the parent anion are present at nearly the same positions
as in (nBuyN)s[NbWs0,] namely at 810 cm ! (v,s M—O,),
584 cm! (vy M=0O,), 446 cm™! (8§ M-0,) indicating that the
Lindqvist structure is kept in the organic-inorganic hybrid.
Nevertheless the strong band assigned to (v,s W-O,)
shifts from 958 cm™ in NbWsO;o> to 971cm™! in
(NbWs0,5),O% and the organosilyl species. Such a high
frequency shift has already been observed for Keggin silyl
derivatives!??! as a consequence of the grafting of organo-
silyl moieties on the POM framework. In the low-wave
number region (from 300 to 1000 cm™") characteristic of the
metal oxygen framework vibration, all compounds exhibit
nearly identical spectra (Figure 1). The absence of the
bands at 692 cm ™! characteristic of the Nb-O-Nb bridge of
the (NbWs0,5),O* shows that the hybrid species is built
up from the monomeric anion while the lack of the Nb-O,
(915 cm™) in the NbWs0,o> 23 pleads in favor of derivati-
zation at this terminal ONb oxygen atom.

Raman Characterization

Raman spectra of the dimer and of all hybrid derivatives
are very similar in the low-wavenumber part (Vv <1050 cm™)
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Figure 1. Infrared (left) and Raman (right) spectra of tetrabutylammonium salts of (a) NbWs0,4>", (b) (NbW;50,5),0*, (c) NbWs0o-
SiEt;% (1), (d) NbW50,4SitBuMe,? (2), (€) NbW50,0SiiPrs>~ (3), (f) NbWs06Si(OBu)s> (4), (2) NbWs0,4SiPh;> (5). The high fre-

quency part (>800 cm ') of the Raman spectra is scaled by half.
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(Figure 1). They differ markedly from the spectrum of
NbW;s0,9°>" in the low frequency region <300 cm™' and
also in the high frequency region (900-1000 cm!); in par-
ticular as for IR the vy(W-0O,) and v,(W-0,) are shifted by
ca. 13cm™! to a higher frequency in the dimer and in the
hybrid species.

Multinuclear NMR Characterization

The presence of several NMR active nuclei allows the
structural characterization of POMs by multinuclear NMR
spectroscopy.l?* 28] Moreover, the high solubility of the
TBA salt of POMs in some polar organic solvent permits
us to prepare the concentrated solutions required for '$3W
and 2°Si NMR spectroscopy. Multinuclear NMR ('H, 13C,
29Si, and '83W) measurements have been performed in
dichloromethane and acetonitrile solutions. Because of the
presence of the organic moieties, NbWs0,9SiRR’, hybrids
are soluble in the less polar organic solvents such as
CH,Cl,.

The 'H and '3C spectra of the hybrid species present the
signals characteristic of the organosilyl part along with
those of the TBA cations (see experimental part). The rela-
tive integration of the signals agrees with two TBA for one
SiRR’, group according to the formula (nBuyN),-
[NbW;04SiRR";].

Room-temperature solid-state 2°Si CP-MAS spectra were
obtained for compounds 1, 2, 3, and 5 (Table 1). They all
present only one isotropic signal; while for 3 the signal is
relatively narrow (Avy, ca. 100 Hz, 1.3 ppm), it appears
broader for the three other compounds (Av;, 300 to
500 Hz, see Table 1); this differential behavior is likely due
to more or less rapid rotation around the Si-O bond, lead-
ing to different motional narrowing of the 2°Si resonances.
No significant signal could, however, be obtained for com-
pound 4, even with a large contact time, likely because of
inefficient transfer between the silicium nucleus and the
more remote protons. The 2°Si solution spectra present also
a single line; contrary to the 2°Si spectra of the silyl deriva-
tives of Keggin polyoxometallates,”>2”1 no '83W satellites
could be detected for the NbW5 hybrids; this is again in
favor of the SiRR’, group grafted on O,~Nb. The observed
chemical shifts are as expected for the M (SiOC3) group in
the case of 1, 2, 3, and 5 and for a Q (SiO,) group for 4 (see
Table 1). The close values of the isotropic chemical shifts in
solution and in the solid-state indicate that hybrid anions
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keep their structures in solution; at variance with the solid-
state case, the line in the solution spectra are, however, very
narrow, which agrees with rapid reorientation of the or-
ganosilyl part in solution.

The '83W NMR spectra of all compounds exhibit two
narrow signals around 28-35 ppm (4 W) and 75-79 ppm
(1 W) assigned to four equatorial and one axial tungsten
atoms, respectively (Figure 2). Each signal presents a pair
of satellites due to homonuclear tungsten—tungsten coup-
ling with a coupling constant value (9 Hz) in the classical
range characteristic of an “edge-sharing-junction” in iso-
and heteropolyanions.[**2-28 This is again consistent with
an effective C,, symmetry of the hybrid anions in solution,
with rapid reorientation of the organosilyl group grafted
onto the terminal O,~Nb oxygen atom.
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Figure 2. '33W NMR solution spectra of the siloxide derivatives:
from top to bottom, NbWs0,,SiPh;> (5), NbWs0,,Si(O7Bu);>
4), NbW;06SiiPrs> (3), NbW;0oSitBuMe,> (2), and
wa5019SiEt327 (1)

The '83W chemical shifts are known to be extremely sen-
sitive to subtle structural changes.

In the present case changing the substituent on the Si
atom induces chemical shift variations of ca. 7 and 4 ppm

Table 1. '83W and °Si NMR spectroscopic data for NbY-monosubstituted Lindqvist polyoxometalates.

Compound 183w 298i

3(W )l A(Wg)! AJI®) 3l Bisol Avyl
NbW;0,,SiEt> (1) 75.9 34.9 +41 25.8 26.8 400 (5)
NbWs0,,Si/BuMe,? (2) 76.3 345 +41.8 25.6 25.5 500 (6.3)
NbW:0,,SiiPrs2 (3) 75.9 353 +40.5 248 2 100 (1.3)
NbW;0,,Si(07Bu)> (4) 75.9 27.7 +48.2 21007
NbW:0,,SiPhs? (5) 79.0 30.7 +48.3 15 2151 300 (3.7)
(NDW;0,5),0% 75.0 24.5 +50.5
NbW0,o° 30.5 74.1 436

[a] & values, ppm. [b] Ad = 6(W,y) — d(Weg). [c] & values, ppm; solution spectra. [d] § values, ppm; solid-state CP-MAS spectra. [e] Full
width at half maximum of the isotropic signal; in Hz and ppm (in brackets).
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for equatorial and axial W nuclei, respectively. These small
variations are nevertheless relatively important if we con-
sider that these W atoms are five- and seven-bond remote
from the substituting atom. Moreover, by comparison with
the monomeric nonderivatized anion, the signals of the two
types of W nuclei exchange their position and shift to the
opposite direction in (NbW;s0,4),O* and in the silicon de-
rivatives, i.e. the equatorial Ws are shielded by ca. 40 ppm
in the organosilyl derivatives and by ca. 50 ppm in the di-
mer while the axial Ws are deshielded by about 45 ppm
(Figure 3). This behavior has been already noticed by Finke
on niobium derivatives of the Keggin anion: dimerization
of SiNb;W, by formation of three Nb—O-Nb bridges in-
duces the shielding of the proximal W by ca. 30 ppm.[!
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Figure 3. Comparison of the '3W NMR spectra of: from top to
bOttOm, NbW50193 5 (NbW5018)204 B and NbW50193iPh32 (left)
and schematic representation of the formation and cleavage of
NbW;0,,SiPh;?>".

%3Nb NMR was registered for two compounds namely 2
and 4; as was observed by Beer et al. for the dimeric form,
the >Nb resonances of the silyl derivatives are very broad
compared with that of underivatized monomeric NbW;s0O .
While the line width for a concentrated viscous solution of
NbW;0,4*> in DMSO does not exceed 5 kHz, it amounts
to 12 and 25 kHz for 4 and 2 in diluted solution in the low-
viscosity solvents acetonitrile and dichloromethane, respec-
tively. This large °>Nb line width originates from very rapid
quadrupolar relaxation of the *Nb nucleus (I = 9/2); such
a rapid relaxation (7, < 3 ps) explains the narrow '$3W
resonance due to an effective self-decoupling of the **Nb
nucleus.
4360
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X-ray Diffraction Analysis of (nBuyN),[NbW50,SiPh;] (5)

Whatever the nature of the solvents, attempts to grow
crystals of hybrids suitable for X-ray crystallographic study
were unsuccessful. Actually in all cases the crystals which
formed were proved to contain the poorly soluble p-oxo-
bridged dimer (NbW;0;5),O* which was formed by hy-
drolysis of the organosilyl NbWs0,,SiR 3%~ compounds (see
above). Nevertheless, good quality crystals of (nBuyN),-
[NDbW;s0,4SiPh;] were formed slowly at room temperature
on the bottom of the firmly taped NMR tube containing
the concentrated acetonitrile solution. The molecular struc-
ture of the anion 5 is shown in Figure 4. The X-ray single
crystal study confirmed the monomeric structure of 5, in
fact the structure of the hybrid anion is built up from the
monosubstituted Lindqvist anion NbWs0,9 on which is
grafted the {Si(C4Hs);} fragment through the terminal O,
Nb oxygen atom. The asymmetric unit contains one
NbW;50,6SiPh;?>~ anion and two TBA cations. The hybrid
anion NbWs0,,SiPh;> does not possess any crystallo-
graphic symmetry element in the solid state. However, in
solution, because of rapid reorientation of the organosilyl
fragment, the symmetry of the hybrid anion is consistent
with C,, as shown by '3W NMR spectroscopy. Moreover,
the grafting of this fragment to the Lindqvist anion hinders
the random orientational disorder of the NbWs0,o unit[!?
and allows differentiation of the Nb from the W atoms and
access to precise metrical data for these anions (Table 2).

structure  of

molecular
NbW;0,4SiPh;>". Left: combined polyhedral and ball and stick
model; right: Cameron representation with ellipsoids drawn at the
30% probability level.

Figure 4. Representations of the

The Nb-O bond length of 1.871(9) A in the Nb-O-Si
bridge compares well with similar bonds in (nBuyN);-
[Nb,W,0,0{Si(Me),(CMes)}] [1.86(2) A], while the Nb-O—
Si bridge is more open (167°) in 5 than in the Nb,W,;0 4
derivative (154°). The mean terminal and bridging W-O
(1.70 and 1.92 A, respectively) are also similar to those ob-
served in W¢0,92 (1.69 and 1.92 A).129)

Concerning the metal-central oxygen distances, Nb—O;
(2.262 A) is significantly shorter than the W—O mean value
for the equatorial bonds W—O; (2.32 A) and than the axial
WO, (2.373 A); the relatively short Nb-O, distance is a
consequence of the reduced trans influence of O; in the Nb—
O-Si bridge. Analogous contractions have been observed in

Eur. J. Inorg. Chem. 2007, 4357-4363
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Table 2. Selected bond lengths [A] and angles [°] for (nBusN),-
[NbW;50,4SiPhs] (5).

Nb1-07 1.871(9) Nbl-021-W2  117.51(50)
Nb1-01 2.262(9) Nbl-031-W3  116.09(46)
Nbl-021  1.945(9) Nbl-O41-W4  116.25(50)
Nbl-031  1.968(12) Nbl-O51-W5  117.33(45)
Nbl-041  1.951(11) NbI-O7-Sil  167.15(56)
Nbl-0O51  1.952(12) 07-Sil-Cl 110.58(51)
W2-01 2.318(9) 07-Sil-C7 108.48(51)
W3-01 2.318(11) 07-Sil-CI13  106.51(64)
W4-01 2.318(11) Cl1-Sil-C7  111.22(75)
W5-01 2.341(11) Cl1-Sil-C13  111.76(81)
Si1-07 1.638(9) C7-Sil-C13  108.11(67)
Sil-C1 1.838(16)

Sil-C7 1.871(17)

monofunctionalized Lindqvist-type polyoxometallates such
as Nb,W,0,4Si(Me),(CMe;)> where Nb-O, and W,,—O,
amount to 2.27 and 2.37 A, respectively. The remaining
geometrical parameters of the NbWs0O;9 core are very sim-
ilar; for example Nb—-O-W bridge angles (between 116.09
and 117.51°) are only slightly smaller than the W-O-W
ones (between 117.09 and 118.93°).

The tetrahedral Si atom displays a slight distortion from
ideal geometry toward the terminal O-Nb bond with C-Si—
C and O-Si-C angles on average 110.0° and 108.3°, respec-
tively. The Si—C distances, which range from 1.823(19) to
1.871(19) A, are longer than Si-O [1.633(11) A].

Conclusions

In this work we report a valuable method for the clean
preparation of organosilyl derivatives of monosubstituted
hexaniobotungstate in good yields. Equation (1) features
this functionalization which consists of a selective coordina-
tion of an electrophilic fragment {SiRR’,}* [R = R’ = Et
(1), iPr (3), OtBu (4), Ph (5); R = tBu and R’ = Me (2)] to
the terminal Nb-O, oxygen atom which leads to the forma-
tion of a terminal organosilyloxide-derivatized monosubsti-
tuted niobotungstate. This organic-inorganic hybrid has a
good solubility in a variety of polar organic solvents that
makes it easily studied and characterized in solution by
multinuclear NMR spectroscopy. Spectroscopic studies,
along with an X-ray study of NbW5s0,4SiPh;>~ show that
derivatization of NbWs0;o> occurs selectively at the ter-
minal Nb-O, rather than the bridging Nb-O,~W oxygen
atoms. Grafting of R;3Si* permits the resolution of the dis-
order problem in crystal structure. Hydrolysis of the silox-
ide derivative occurs at the Si—O bond and leads to the back
formation of the starting material (NbW;s0,4),0%.

Experimental Section

Reagents and Methods: Solvents (analytical grade) and the follow-
ing reagents were purchased from commercial sources and used
without further purification: triphenylsilanol, triethylsilanol, triiso-
propylsilanol, zert-butyldimethylsilanol, tri-zert-butoxysilanol, di-
ethyl ether. Acetonitrile and dichloromethane were distilled under
argon from CaH,. Syntheses of (nBuyN)4(NbW;05),0] and
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(nBuyN);[NbW;Oo] followed literature procedures described.[-1?]
All subsequent reactions were performed under an inert atmo-
sphere of argon in a Schlenk line to avoid the polymerization of
the silanols by the air moisture. The 'H and '3C spectra were ob-
tained at 300 K from CD,Cl, and CD;CN solutions in 5-mm o.d.
tubes at 300 and 75.5 MHz, respectively, with Bruker AC300 or
Bruker Avancell spectrometers. 2°Si and '83W spectra were re-
corded at 300 K from CH,Cl,/CD,Cl, solution in a 10-mm o.d.
tube with the Bruker AC300 (59.6 and 12.5 MHz) and Bruker
DRX 500 (99.3 and 20.8 MHz) spectrometers. Chemical shift val-
ues for 'H, *C, and ?°Si were internally referenced to tetramethyl-
silane (TMS) using the solvent peak as secondary standard and for
183W are given with respect to an external 2 M Na,WO, solution in
alkaline DO, using a saturated solution of dodecatungstosilicic
acid (SiW,049H,) as a secondary standard (6 = —103.8 ppm). The
solid-state 2°Si NMR CP-MAS spectra were obtained at room tem-
perature with a Bruker Avance 400 spectrometer operating at
79.5 MHz; spinning rates of 5 kHz, contact times of 3 to 10 ms,
and a recycling delay of 5 s were used for obtaining spinning-side-
band-free spectra in ca. 10 h. Chemical shifts of the isotropic line
are reported with respect to TMS. FTIR spectra were recorded
from KBr pellets with a Bio-rad FTS 165 IR-FT spectrometer with
a resolution of 4 cm~!'. Raman spectra were collected with a Kaiser
Optical Systems HL5R Raman spectrometer equipped with a near-
IR laser diode working at 785 nm. The laser power was adjusted
to 10-15 mW at the sample position for all spectra. The average
resolution is equal to 3 cm'. Elemental analyses were performed
by the Laboratoire Central d’Analyses du CNRS (Vernaison,
France).

Crystal-Structure Analysis: Crystal structure data are summarized
in Table3. A colorless parallelepiped crystal (0.08 X 0.10 X
0.25 mm) of (nBuyN),[NbW;0,,SiPh;] was glued to a glass fiber,
covered with a thin layer of epoxy cement, and examined by X-ray
crystallography. Data were collected with a Kappa-CCD Bruker
AXS diffractometer at 300 K using graphite-monochromated Mo-
K, radiation (4 = 0.71073 A). Lattice parameters were obtained by

Table 3. Crystal data and structure refinement for (nBuyN),-
[NbW;0,6SiPhs] (5).12!

Empirical formula Cs5oHg7N,NbO19SiW 5

Formula mass [gmol ] 3762.25
Crystal system monoclinic
Space group P2\/a

a [A] 19.884(5)
b [A] 16.801(2)
c[A] 20.644(3)
AN 112.050(12)
v [A? 6329(2)

Z 4

4 [em™] 9.219
Pealed. [8 Cmil] 2.141

0 range [°] 4-22
Index range 27=h=20, - 23=k=22,-29=[/=29
Reflections collected 63469
Independent reflections 18157
Reflections with 7> 3c([) 6674
Parameters refined 533
Goodness of fit, S 1.09

R 0.0434

R * 0.0517

Ap (max/min) [e-A ] 2.54/-1.82

[a] Weighting scheme of the form w = w’' {1 — [(||F,|- |FJ|)/65(F,)]*}>
with w' = 1/Z, 4, T(X) with coefficients 2.56, 0.00658, 2.13 for a Cheby-
shev series for which X = F/F (max).
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least-squares refinement of the diffraction data of 151 reflections
within the range of 4° < 20 < 22°. The index ranges of data collec-
tion were 27 = h = 20, -23 = k = 22, -29 = [ = 29. Intensity
data were collected using 6674 reflections with 7 = 3c(7). The struc-
ture was solved by direct methods and refined with full-matrix le-
ast-squares technique on F using the SHELXS86!'31 and CRYS-
TALS! programs. Hybrid anion atom parameters were refined
anisotropically and TBA cations were refined isotropically. The val-
ues of the discrepancy indices R; (Ry;) for all data were 0.0434
(0.0517). The molecular structure was drawn with Diamond and
Cameron programs!'>!% and reported in Figure 4.

CCDC-635634 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

(nBugN);[INbWs06SiEt;] (1): To a suspension of (nBuyN)y-
[(NDBW;50,5),0] (1 g, 0.28 mmol) in 30 mL of dry dichloromethane
was added (C,Hs);SiOH (0.086 mL, 0.56 mmol). The resulting
solution was stirred vigorously at ambient temperature under a
static argon atmosphere for 24 h, then centrifuged at 4000 rpm for
15 min. The supernatant was added with diethyl ether, whilst stir-
ring, precipitation of the hybrid has generally to be initiated by
scraping the beaker walls with a glass spatula; the white precipitate
was filtered and washed three times with 100 mL of diethyl ether
and dried under vacuum to give 788 mg of crude product (73%
yield). C3gHg;N,NbO9SiWs (1916.23): caled. C 23.79, H 4.57, N
1.46, Nb 4.84, W 47.99; found C 23.73, H 4.57, N 1.33, Nb 4.16,
W 47.35. 1R (1300-400): ¥ = 446 (s), 583 (m), 706 (m), 718 (m), 742
(m), 792 (vs), 809 (vs), 884 (w), 938 (m), 971 (vs), 1239 (w) cm '. "H
NMR (CD,Cl,): ¢ = 3.28 (t, 16 H, N-CH,~CH,-CH,-CH,;), 1.71
(g, 16 H, N-CH,-CH,-CH,-CH3), 1.49 (m, 16 H, N-CH,-CH,—
CH,-CH3), 1.08 (m, 33 H, N-CH,-CH,-CH,-CH3), 0.75 (q, 6 H,
Si-CH,~CH3) ppm. '*C NMR (CD,CL): 6 = 59.06 (N-CH,~CH>
CH,-CH3), 24.34 (N-CH,-CH,-CH,-CH3), 20.09 (N-CH,-CH,—
CH,-CHs), 13.89 (N-CH,~-CH,-CH,-CHs), 6.61 (Si-CH,~-CH3;),
7.47 (Si-CH,~CH3) ppm. 2°Si NMR (0.06 M, CH,Cl,/CD,Cl,): 6 =
25.8 ppm. '33W NMR (0.06 M, CH,CL,/CD,CL,): 6 = 34.9 (Jyw.w =
8.8 Hz, 4 W, W,y). 75.9 (Jw_w = 8.8 Hz, 1 W, W) ppm.

(nBugN);[NbW;s0,4SirBuMe,]| (2): This compound was prepared by
the same procedure as for 1 using [C(CH3)3(CHj3),]SiOH (0.16 mL,
0.56 mmol) instead of (C,Hjs);SiOH (yield of crude product:
977 mg, 91%). C33Hg;NoNbOoSiW5 (1916.23): caled. C 23.79, H
4.57, N 1.46, Nb 4.84, W 47.99; found C 23.62, H 4.53, N 1.33,
Nb 4.43, W 47.5. IR (1300-400): ¥ = 446 (s), 583 (m), 683 (w), 738
(sh), 777 (vs), 810 (vs), 881 (w), 938 (m), 970 (vs), 1029 (w), 1066
(w), 1108 (w), 1152 (w), 1253 (m)cm'. 'H NMR (CD,Cl,): 6 =
3.28 (t, 16 H, N-CH,-CH,-CH,~CH3;), 1.72 (q, 16 H, N-CH»-
CH,-CH,CH3), 149 (m, 16 H, N-CH,-CH,-CH,-CH3), 1.08
(m, 33 H, N-CH,-CH,-CH,-CH;), 0.24 [s, 6 H, Si(CH;),C-
(CH3)3] ppm. 13C NMR (CD,Cl,): 6 = 58.57 (N-CH,~CH,~CH>—
CHs;), 25.31 [Si(CH;),C(CH3)s], 23.98 (N-CH,-CH,-CH,-CH3),
19.67 (N-CH,~CH,-CH,~CH3;), 19 [Si(CH3),C(CHjs);], 13.54 (N-
CH,-CH,-CH,-CH3), -3.85 [Si(CH;3)>,C(CHj3)s] ppm. #Si NMR
(0.06 M, CH,CI,/CD5Cl,): 6 = 25.7ppm. '33W NMR (0.06 M,
CH,CL/CD,CL): 6 = 345 (Jw.w = 8.8Hz, 4W, W), 76.3
(Jw-w = 8.8 Hz, 1 W, W,,) ppm.

(nBugN),;[NbW;50,6SiiPr;] (3): This compound was prepared by the
same procedure as for 1 using [CH(CH;),]sSiOH (0.11 mL,
0.56 mmol) instead of (C,Hs);SiOH (yield of crude product:
923 mg, 84%). C4;Ho3N,NbO4SiW5 (1958.27): caled. C 25.12, H
4.78, N 1.43, Si 1.43, W 46.96; found C 24.87, H 4.74, N 1.23, W
46.12. IR (1300-400): v = 445 (vs), 583 (m), 611 (w), 668 (sh), 687
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(w), 739 (sh), 788 (vs), 809 (vs), 883 (m), 969 (vs), 1062 (w), 1107
(w), 1152 (w), 1247 (w) cm™!. 13C NMR (CD,Cl,): 6 = 58.42 (N-
CH,-CH,-CH,-CH3), 23.59 (N-CH,-CH,-CH,-CHs;), 19.46 (N-
CH,-CH,~CH,-CH3), 17.1 [SiCH(CH3),], 13.06 (N-CH,~CH,—
CH,-CH3), 0.81 [SiCH(CH3),] ppm. 2’Si NMR (0.06 m, CH,Cl,/
CD,Cl,): 6 = 24.8 ppm. '3W NMR (0.06 M, CH,Cl,/CD,Cl,): 6 =
353 (Jww =9 Hz, 4 W, W), 759 (Jw.w = 9 Hz, 1 W, W,,,) ppm.
(nBuyN),[NbW50,Si(OrBu);] (4): To a suspension of (nBuyN),-
[(NBW;505),0] (1 g, 0.28 mmol) in 30 mL of dry acetonitrile was
added, under argon, [OC(CH3)3]5SiOH (148 mg, 0.56 mmol). The
resulting clear colorless solution was stirred vigorously at room
temperature for 24 h. This solution was centrifuged at 4000 rpm
for 15 min and then diethyl ether was added to the supernatant
from which a white powder was precipitated under vigorous stir-
ring. It was washed twice with diethyl ether and dried under vac-
uum to give 1013 mg in 88% yield. IR (1400—400): V = 447 (s), 511
(W), 540 (w), 584 (m), 651 (m), 705 (m), 741 (m), 791 (vs), 811 (vs),
880 (m), 938 (m), 968 (vs), 996 (m), 1031 (m), 1077 (vs), 1189 (s),
1244 (s), 1367 (s), 1390 (m) cm!. 3C NMR (CD,Cl,): 6 = 59.31
(N-CH,-CH,-CH,-CH3), 31.43 [SiOC(CH;);], 24.37 (N-CH,—
CH,-CH,-CHs), 20.32 (N-CH,-CH,-CH,-CH3;), 13.89 (N-CH,-
CH,-CH,-CH3) ppm. ?Si NMR (0.06 M, CH,Cl,/CD,Cl,): 6 =
~100.7 ppm. '33W NMR (0.05M, CH,CL/CD-Cly): 6 = 27.7
(Jw-w = 9Hz, 4 W, W), 75.9 (Jw-w = 9 Hz, 1 W, W,,) ppm.
(nBugN);INbWs04SiPh;] (5): To a mixture of (nBuyN),-
[(NDWs05),0] (1 g, 0.28 mmol) and (CgHs);SiOH (0.155 g,
0.56 mmol) was added with stirring 30 mL of dry acetonitrile. The
resulting slightly cloudy solution was stirred vigorously at room
temperature for 48 h under a static argon atmosphere. This solution
was centrifuged for 15 min and then diethyl ether was added to
the supernatant from which a white powder was precipitated under
vigorous stirring. It was washed twice with diethyl ether and dried
under vacuum to give 745 mg of air- and moisture-stable micro-
crystalline white powder, in 64% yield. CsoHg;N,NbO;4SiW5
(2060.23): caled. C 29.12, H 4.25, N 1.36, Si 1.36, Nb 4.5, W 44.64;
found C 29.15, H 4.26, N 1.32, Si 1.65, Nb 3.48, W 43.65. IR
(1450-400): v = 445 (vs), 504 (m), 517 (m), 552 (w), 584 (m), 703
(m), 710 (m), 787 (vs), 810 (vs), 879 (w), 951 (m), 971 (vs), 1002
(sh), 1030 (w), 1066 (w), 1106 (sh), 1117 (s), 1162 (w), 1190 (w),
1262 (w), 1430 (m) cm™'. '"H NMR (CD,Cl,): 6 = 3.42 (t, 16 H, N-
CH,-CH,-CH,-CH3), 1.8 (q, 16 H, N-CH,~CH,-CH,-CH3),
1.45 (m, 16 H, N-CH,-CH,-CH,-CHs), 1 (t, 24 H, N-CH,-CH,~
CH,-CH3), 7.46 (m, 6 H, meta), 7.5 (dd, 3 H, para), 7.75 (dd, 6 H,
ortho) ppm. C NMR (CD,Cl,): 6 = 137.5, 142.3, 141.6, 135.2
(Ph), 59.1 (N-CH,~CH,-CH,-CHs;), 24.24 (N-CH,-CH,~CH,—
CH3), 20.09 (N-CH,-CH,-CH,-CH3), 13.66 (N-CH,~CH,-CH,—
CH;) ppm. 2°Si NMR (0.06 M, CH,Cl,/CD,Cl,): 6 = ~12.8 ppm.
183W NMR (0.04 M, CH,CL/CD,Cly): 6 = 30.7 (Jw.w = 8.7 Hz,
4W, W), 79.0 (Jw_w = 9.2Hz, 1 W, W,,) ppm. The product is
contaminated by a very small amount of hexatungstate W40,9>" as
shown by '*3W NMR spectroscopy.
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