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Abstract

Reaction of Cl3SiR or (EtO)3SiR with [PW11O39]7� affords the disubstituted hybrid anions [PW11O39(SiR)2O]3�. These species have
been characterized by IR spectroscopy in the solid state and by multinuclear NMR (1H, 29Si, 31P and 183W) and cyclic voltammetry in
solution. The hydrosilylation of [PW11O39(Si–CH@CH2)2O]3� has been achieved with Et3SiH and PhSiMe2H. These are the first examples
of hydrosilylation on a hybrid tungstophosphate core. The chromogenic behaviour of hybrid species has been demonstrated in solution.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Modification of the colour of matrices by any excitation
source (light, electric potential. . .) remains an important
challenge [2–4]. For this purpose, polyoxometalates
(POMs) are elected to be valuable objects of investigation.
POMs are formed by transition metals in high oxidation
state (WVI, MoVI) surrounded by oxo-ligands [5]. These
compounds indeed present interesting electrochemical and
photochemical properties [5–7]. The ability of POMs to be
reduced is well-known and the ‘‘heteropolyblue’’ anions
have been extensively studied [8–12]. POMs can be
entrapped into a polymeric network without covalent link-
age [13,14] or hybrid POMs can be linked by covalent bonds
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to a polymeric network through several copolymerization
processes [15]. Numerous works deal with organosilyl deriv-
atives of the tungstosilicates [SiW11O39]8� [14,16] or c-
[SiW10O36]8� [15] while, to our knowledge, [PW11O39]7�,
hereafter {PW11}, was surprisingly scarcely used in this field
[17]. In order to work on {PW11}-containing networks, we
have achieved the linkage of hybrid tungstophosphates and
organosilanes linkers. Some organometallic reactions could
be envisaged for extra Si–C couplings. The hydrosilylation
process, first investigated by Judeinstein on [SiW11O39-
(SiR)2O]4� cores [14], was thought to be efficient to obtain
new types of {PW11}-containing molecular materials rely-
ing on covalent bonding.

In this work, we describe the synthesis and thorough
characterization of new POM-based compounds, using
[PW11O39(Si–CH@CH2)2O]3� as precursor and HSiEt3 or
HSiMe2Ph as second-generation grafting agents, linked
through hydrosilylation. Electrochemical and chromogenic
behaviours of some of these species have also been studied
in organic solvent and are presented therein.

mailto:rth@ccr.jussieu.fr
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2. Results and discussion

2.1. Syntheses of [Bu4N]3[PW11O39(SiR)2O]

2.1.1. Hybrid precursors [Bu4N]3[PW11O39(SiR)2O]

(R = Et, (CH2)nCH@CH2 (n = 0, 1, 4))
The silylated hybrid compounds [PW11O39(SiR)2O]3�

{R = Et (1), (CH2)nCH@CH2 (n = 0 (2), 1 (3), 4 (4))} were
obtained as tetrabutylammonium salts following two dif-
ferent synthetic procedures. The method (a) (Eq. (1a))
started with the isolation of the mixed salt (Bu4N)4-
K[H2PW11O39] as a powder by direct addition of tetrabuty-
lammonium bromide to an aqueous solution of
K7[PW11O39] [18,19]. The product was dissolved in acetoni-
trile and trichloroorganosilane RSiCl3 (R = CH@CH2,
CH2–CH@CH2, (CH2)4–CH@CH2) was added. The
method (b) consisted in the direct reaction in acetonitrile
of a mixture of tetrabutylammonium bromide, K7[PW11-
O39], a slight excess of (EtO)3SiR (R = Et, CH@CH2,
CH2–CH@CH2) and four equivalents of aqueous hydro-
chloric acid under an nitrogen for one night at room tem-
perature (Eq. (1b)). In the method (b), the reaction was a
solid/liquid phase-transfer reaction (Fig. 1). These synthe-
ses should be achieved in organic solvent and not in water
as it had been previously described for {SiW11} analogues
[14] in order to slow down the hydrolysis of silanes and
minimize resulting polymerization. Except for triethoxy-
ethylsilane, the organosilanes were chosen to possess a ter-
minal reactive vinylic function

ðBu4NÞ4KH2½PW11O39� þ 2RSiCl3 þH2O

! ðBu4NÞ3½PW11O39ðSiRÞ2O� þ Bu4NClþ 4HClþKCl

ð1aÞ
ðR ¼ CH@CH2ð2Þ; CH2–CH@CH2ð3Þ;
ðCH2Þ4–CH@CH2ð4ÞÞ
Fig. 1. Schematic procedure of silanes grafting on [PW11O39]7�.

Fig. 2. Schematic procedure of hydrosilyl
K7½PW11O39� þ 2RSiðOR0Þ3 þ 4HClþH2Oþ 3Bu4NBr

! ðBu4NÞ3½PW11O39ðSiRÞ2O� þ 6R0OHþ 4KClþ 3KBr

ð1bÞ
ðR ¼ Etð1Þ; CH@CH2ð2Þ; CH2–CH@CH2ð3Þ;
ðCH2Þ4–CH@CH2ð4ÞÞ

Tetrabutylammonium salts of the hybrid anions were
isolated as air-stable white powders after several precipita-
tions by ethanol/diethylether mixtures from acetonitrile
solutions or by water from DMF solutions. These salts
are very soluble in acetonitrile, acetone, DMF and
DMSO, and poorly soluble in ether, pentane, water and
ethanol. Attempts of recrystallization of the tetrabutylam-
monium salts in various solvents by several methods have
been tried but always led to crystals non-suitable for X-
ray analyses.

2.1.2. Hydrosilylation between 2 and HSiEt3 or HSiMe2Ph

½PW11O39ðSi–CH@CH2Þ2O�3� þ 2R2R0SiH

! ½PW11O39ðSi–CH2–CH2SiR0R2Þ2O�3�

ðR ¼ R0 ¼ Etð5Þ; R ¼Me; R0 ¼ Phð6ÞÞ ð2Þ

It has been possible to extend the organic part of the
hybrid compound [PW11O39(SiCH@CH2)2O]3� (2) by using
the hydrosilylation reaction between 2 and two different sil-
anes, HSiEt3 and HSiMe2Ph, which led respectively to the
major (see below) products [PW11O39(SiCH2CH2-
SiEt3)2O]3� (5) and [PW11O39(SiCH2CH2SiMe2Ph)2O]3�

(6). The second-generation grafting could be achieved under
reflux in a mixture THF/CH3CN using the platinum
Karstedt’s catalyst (Fig. 2) [20]. At completion of the
reaction, the products were isolated as air- and water-
stable powders and analyzed by several spectroscopic
methods.

2.2. Spectroscopic characterization of

[Bu4N]3[PW11O39(SiR)2O]

2.2.1. IR Spectroscopy

Infrared spectroscopy gives preliminary informations
about the modification of the polyanionic structure. In
the range 1200–300 cm�1, all compounds 1–6 exhibit a
spectrum similar to, but slightly different from that of the
[PW11O39]7� precursor [18,19,21]. The two bands assigned
to P–O vibrations of the central PO4 tetrahedron are
observed around 1065 and 1035–1040 cm�1 for 1–6. They
ation of 2 by Et3SiH and PhMe2SiH.
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are shifted to low wavenumbers with respect to those of the
tetrabutylammonium salt of [PW11O39]7� (1108 and
1052 cm�1). The smaller Dm splitting (25–30 cm�1) for 1–
6, instead of 56 cm�1 for [PW11O39]7�, is in agreement with
a partial saturation of the lacuna [21].

In the 1000–700 cm�1, region of the W–O stretchings,
most of the bands are shifted to high wavenumbers. These
high frequency shifts are also characteristic of the satura-
tion of the structure, as a consequence of the grafting of
silyl groups.

The strong sharp band at 1112 cm�1 could be assigned
to a Si–O–Si group [16,22]. In addition, the IR spectra
exhibit weak features characteristic of the organic
moiety.

These IR features indicate that the reaction leads to the
grafting of RSi groups on the [PW11O39]7� anion, likely
giving [PW11O39(SiR)2O]3� as observed for {SiW11} deriv-
atives [14]; nevertheless further spectroscopic investigations
were performed to ensure this assumption.

In addition, the disappearance of the vibration assigned
to the vinylic groups of 2 (at 1280 cm�1) and the appear-
ance of new weak bands at 1260 and 1241 cm�1 for 5,
and at 1249 and 3050 cm�1 for 6, indicate that hydrosilyla-
tion of 2 occurred as expected. Moreover, the {PW11O39-
(Si)2O} backbone is not modified during hydrosilylation,
since the chemical transformation occurred far enough to
the inorganic {PW11O39} skeleton.

2.2.2. Multinuclear NMR

2.2.2.1. 31P NMR spectroscopy. For compounds 1–6, one
single narrow 31P NMR signal at d = �12.3 ± 0.6 ppm is
observed, indicating that only one POM is present in the
solution.

2.2.2.2. 1H NMR spectroscopy. Between 6.3 and 4.7 ppm,
the 1H NMR spectra of compounds 2–4 exhibit the typical
pattern characteristic of the ABX system of the CH@CH2

vinylic group. The methylenic protons in the allyl- and
Fig. 3. Mixed representation of the postulated structure of [PW11O39-
(SiEt)2O]3� polyanion – The tungsten atoms have been labelled according
to IUPAC conventions [23].
hexenyl-containing species appear in the classical range
(0.7–4 ppm) but most of them are hidden by the strong sig-
nals of the tetrabutylammonium cations. In all the spectra,
the integration of selected signals with respect to those of
the tetrabutylammonium cations, agrees with two SiR frag-
ments for three tetrabutylammonium cations. Moreover,
the relative simplicity of the vinylic region argues for the
equivalence of the two SiR groups. Therefore, the structure
of the hybrid anion should consist of {PW11O39} on which
are symmetrically grafted two SiR groups connected
through one Si–O–Si bridge. A schematic postulated struc-
ture of the [PW11O39(SiCH2CH3)2O]3� anion is displayed
in Fig. 3 with atom numbering according to IUPAC con-
ventions [23].

1H NMR spectroscopy also proves unambiguously the
success of the hydrosilylation reaction. Actually, for 5

(resp. 6), the signals of the vinylic groups are missing and
new complex multiplets between 0.2 ppm and 0.7 ppm
may be assigned to –SiCH2CH2Si– moieties as well as to
–CH3 of Et3Si– (resp. Me2Si) fragment. 29Si NMR spectra
(see below) show that minor species are also present, likely
resulting from anti-Markovnikov addition; however the 1H
NMR cannot let us quantify the Markovnikov/anti-Mark-
ovnikov ratio, but is in favour of Markovnikov addition
(see infra). The methylenic protons of the Et3Si– fragment
for 5 are observed as a quartet shouldering the triplet cor-
responding to the methyl group of tetrabutylammonium
cations. Complete transformation of the vinylic group is
also proved by integration of these signals with respect to
those of the tetrabutylammonium cations, which agrees
with two Et3SiCH2CH2Si– (resp. PhMe2SiCH2CH2Si–)
fragments for three tetrabutylammonium counter-cations
for 5 (resp. 6).

2.2.2.3. 29Si NMR spectroscopy. In agreement with the
symmetrical postulated structure, the 29Si NMR spectra
of compounds 1–4 exhibit a single peak at d = �50.3,
�64.9, �56.1 and �50.0 ppm for 1, 2, 3 and 4, respectively,
characteristic of SiO3C environment (T groups) [24]. More-
over, this signal is flanked with satellites corresponding to a
2J(29Si–183W) coupling constant of 12 Hz.

The variation of the 29Si shift follows the trend observed
for other RSi-containing species [24]. A stronger donor
effect of the R moiety (hexenyl > ethyl > allyl > vinyl) [25]
shifts the 29Si signal towards higher frequencies.

The 29Si NMR spectrum of 5 exhibits two main signals
of same relative integrated intensity at d = +8.9 ppm and
d = �51.7 ppm, attributable to SiC4 (SiEt3) and SiO3C
(Si(POM)), respectively. It is noteworthy that the 29Si
NMR signal corresponding to the vinylic substituted sili-
cium atom (at d = �64.9 ppm) is strongly shifted towards
less negative values, indicating a change of electronic envi-
ronment (from Si–C(sp2) to Si–C(sp3)). Actually, the 29Si
NMR shift of Si(POM) in the case of 5 is also close to
the SiEt signal observed for 1. The relative integration of
the signals (1/1) fits with the postulated formula of 5 and
confirms the ‘‘saturation’’ of both vinylic groups.



Fig. 5. Abcissa expansion of 183W NMR signals A, B and C.
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Minor signals likely correspond to the anti-Markovni-
kov addition product as also observed for the hydrosilyla-
tion of simple compounds [20].

2.2.2.4. 183W NMR spectroscopy. The 183W NMR spectra
of 1–4 are quite similar. They exhibit six doublets
(2J(31P–183W) coupling between 1.1 and 1.6 Hz) at
d = �98 ± 2, �102 ± 2, �107 ± 2, �120 ± 1, �197 ± 2
and �249 ± 3 ppm with 2:2:1:2:2:2 intensities, respectively
(Fig. 4) in agreement with Cs symmetry of a monosubsti-
tuted Keggin anion [26].

The 183W NMR spectrum of 5 is consistent with the
presence of two species, one major and one minor, both
of Cs symmetry, with chemical shifts close to those of
the former species 1–4. This may be assigned to two struc-
turally closely related derivatives resulting from the
hydrosilylation reaction; the major product corresponding
likely to Markovnikov addition while the minor one
results from the sterically less favoured anti-Markovnikov
addition [20].

2.2.2.5. Assignment of 183W NMR spectrum of 1. As for
other monosubstituted Keggin anions which present well
resolved 183W NMR 1D spectra, assignment of the differ-
ent signals to the structurally non-equivalent tungsten
atoms can be done with the help of homonuclear tung-
sten–tungsten coupling constants only. Actually, for all
compounds 1–4, narrow 183W resonances (Dm1/2 < 1 Hz)
allow the observation of the tungsten satellites and the
access to direct measurements of the 2JW–W coupling con-
stants, even in 31P coupled spectra. For that purpose,
abscissa expansions of the six-resonance signals of 1 are
displayed in Figs. 5 and 6.

Let us recall that two types of 2J(183W–183W) coupling
constants can be observed depending on the geometry of
the l-oxo W–O–W bridge. Coupling constants are around
10 Hz for edge-sharing octahedra and around 20 Hz for
Fig. 4. 12.5 MHz 183W NMR of [Bu4N]3[PW11O39(SiEt)2O] (1): conven-
tional 1D spectrum (down) and 1D COSY spectrum (up).

Fig. 6. Abcissa expansion of 183W NMR signals D, E and F.
corner-sharing octahedra [27]. On this basis, we can estab-
lish the theoretical connectivity matrix valid for any mon-
osubstituted Keggin polytungstate (Table 1) [26].
Table 1
Theoretical tungsten–tungsten connectivity matrix of [PW11O39(SiR)2O]3�

Nuclei W2,3 W4,9 W5,8 W6,7 W10,12 W11

W2,3 w w
W4,9 S S
W5,8 w S w S
W6,7 w w S
W10,12 S S w
W11 S w

The strong 183W-183W coupling constants (around 20 Hz) are symbolized
by S and the weak ones (around 10 Hz) by w.



Fig. 7. Cyclic voltammogram of {Bu4N}3[PW11O39(SiEt)2O] (1)

([1] = 1 · 10�3 M in acetonitrile with 10�1 M Bu4NBF4 as supporting
electrolyte).
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The starting point for the assignment is signal C

(d = �108.0 ppm) with relative intensity 1, assigned to
W11 lying in the symmetry plane (Figs. 4 and 5).

Both low-frequency signals E (d = �198.7 ppm) and F

(d = �251.5 ppm) present only one pair of satellites corre-
sponding in each case to a coupling with two tungsten
neighbours, as shown by the relative integration of the sat-
ellites with respect to the central line (Fig. 6). The 2JW–W

values are 22 and 11.7 Hz for E and F, respectively.
According to the theoretical connectivity matrix, E and F

are therefore assigned to W4 (resp. W9) and W2 (resp.
W3). Theoretically, W5 (resp. W8) should present four pair
of satellites, two with small couplings and two with strong
couplings. For W6 (resp. W7) and W10 (resp. W12), only
three pairs of satellites are expected, i.e. with two weak
and one strong coupling constants for W6 (resp. W7),
and two strong and one weak ones for W10 (resp. W12).
Experimentally, it occurs that all corner- (resp. edge-) cou-
pling constants have similar values around 22 Hz (resp.
11 Hz). Therefore, the different satellites cannot be totally
resolved. However, in that case, relative integration of
the satellites with respect to the central line permits to dis-
criminate between W5 (resp. W8), W6 (resp. W7) and W10

(resp. W12). Even visual observation of the sub-spectra is
sufficient to assign A (d = �99.0 ppm) to W6 (resp. W7),
B (d = �104.0 ppm) to W10 (resp. W12) and D (d =
�121.8 ppm) to W5 (resp. W8) (Figs. 5 and 6). Assignment
of D to W5 (resp. W8) is confirmed by the 1D-COSY spec-
trum (Fig. 4 upper trace) which presents four antiphase
doublets at A, B, E and F positions.

While the 2JW–W coupling constants take atypical values
in lacunary POMs [26c,28], grafting of the SiR group on
the {PW11} backbone restores the typical values observed
in complete POM structures for edge- and corner-junctions
(ca. 10 and 20 Hz, respectively).

Moreover, in the particular case of organosilyl deriva-
tives of monovacant tungstates, it is noteworthy that the
tungsten nuclei O-bonded to the silicon atoms are signifi-
cantly shielded with respect to the remote W nuclei, which
give 183W signal in a very narrow range, not markedly
shifted with respect to those of {PW11} signals.

2.3. Chromogenic studies of the hybrid species

Having in mind the use of these hybrid species to pre-
pare chromogenic materials [14c,14d,14e], we have first
performed a cyclic voltammetry.
Table 2
Redox potentials (vs SCE) of selected hybrid POMsa

Compounda E(1)b (DE(1))c E(2)b (DE(2))c

1 �0.32 V (86 mV) �0.85 V (86 m
2 �0.33 V (74 mV) �0.85 V (74 m
5 �0.40 V (72 mV) �0.92 V (82 m
6 �0.36 V (130 mV) �0.87 V (130 m

a [POM] = 1 · 10�3 M in acetonitrile with 10�1 M Bu4NBF4 as supporting e
b E(i) = 1/2(E(i)ox + E(i)red).
c DE(i) = E(i)ox � E(i)red.
2.3.1. Electrochemical measurements of the hybrid species

Since polyoxometalates are d0 transition metals clusters,
known to be usually easily reduced [7–11], we have investi-
gated the electrochemical behaviour of several species by
cyclic voltammetry in acetonitrile at a glassy carbon work-
ing electrode, using tetrabutylammonium tetrafluoroborate
as supporting electrolyte and SCE as reference electrode.

The results are summarized in Table 2 and Fig. 7 dis-
plays a typical voltammogram for 1.

Between 0 V and �2 V, four (resp. three) monoelec-
tronic reduction waves are observed for 1 and 2 (resp. 5

and 6). The first reduction corresponds to a quasi-revers-
ible monoelectronic process between �0.32 V and
�0.40 V vs. SCE. The shift to less negative values by com-
parison with the first reduction potential of [PW11O39]7�

(�0.7 V) is consistent with the lowering of the charge of
complete structures which become more easily reduced
(compared with [PW12O40]3� �0.34 V). The first reduction
potential is slightly dependent on the nature of the organic
fragment grafted to the [PW11O39]7� subunit. As expected
on the basis of their whole charge, the species reported
herein are more easily reduced than the hybrid tungstosili-
cates reported by Judeinstein [14].

2.3.2. Chromogenic behaviour of the hybrid species in

solution

Polyoxometalates are known to be interesting chromo-
genic units that can be used in several devices as well in
solution as in the solid state [5–9,14]. In order to test the
E(3)b (DE(3))c E(4)b (DE(4))c

V) �1.50 V (98 mV) �1.99 V (86 mV)
V) �1.48 V (80 mV) �1.97 V (115 mV)
V) �1.56 V (114 mV)
V) �1.54 V (140 mV)

lectrolyte.
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chromogenic capacity of these hybrid species, we have
studied their electrochemical and photochemical reduction.

2.3.2.1. Electrochromism. Reduction at a fixed potential
of �0.6 V vs. ECS (for one electron reduction) of a
0.25.10�3 M solution of 2 in CH3CN using 10�1 M
Bu4NBF4 as supporting electrolyte leads to a blue solution.
The UV–Vis spectrum of a reduced solution of 2 presents
two bands at k = 480 nm (e = 1120 L mol�1 cm�1) and
k = 725 nm (e = 2400 L mol�1 cm�1), respectively, corre-
sponding to d–d transitions [9] (Fig. 8). The intervalence
transfer should occur at lower energy in the near IR region.

At the early stage of the reduction process, the absor-
bance at 725 nm is proportional to the reduction time,
which means that the rate of reduction remains nearly
constant. This solution bleaches after electrochemical
back-oxidation at 0 V or after air bubbling. This behav-
iour was observed for several cycles, demonstrating the
stability of the polyanion in both oxidized and reduced
forms.

2.3.2.2. Photochromism. The same compound has been
tested for its photochromic properties. A DMF solution
of 2 has been put into a quartz cell and irradiated using
a 125 W Hg irradiation lamp. After a few minutes, a blue
colouration appeared and the UV–Vis spectrum of the
solution was similar to that of a electrochemically reduced
solution. As for the electrolysis, the blue colouration
increased with the exposure time and air exposure led to
the bleaching of the solution. Because of the quenching
effect of oxygen towards the reduced blue species leading
to colourless species, it is well known that anaerobic
conditions are in favour of the persistence of the blue col-
ouration of the solution. Measurements done in non-
degassed DMF showed a maximum of intensity then a
decrease is observed subsequently. During the irradiation
process, the oxygen dissolved in DMF is probably trans-
formed into ozone, which immediately quenches any
reduced species formed.
Fig. 8. Limit UV–vis spectrum of 2 after reduction at a fixed potential of �0.
supporting electrolyte).
3. Conclusion

The organic part of the ‘‘simple’’ organosilylated POM
[PW11O39(Si–CH@CH2)2O]3�may be extended by hydrosi-
lylation. The new species still exhibit the chromogenic
properties characteristic of the POM inorganic core. This
may be especially interesting for the elaboration of POM-
based chromogenic materials, containing covalently linked
POMs.

4. Experimental

Silanes, nBu4NBr, Ph4PBr, Karstedt catalyst and DMF
were purchased from Aldrich and used as received.

(Bu4N)4KH2[PW11O39] was prepared following a pro-
cedure adapted from the literature from K7[PW11O39] Æ
14 H2O and tetrabutylammonium bromide [18,19]. Both
precursors were checked by IR and compared to the liter-
ature data. Acetonitrile was distilled on CaH2 under
argon atmosphere prior use. THF was distilled on Na/
benzophenone under dry inert atmosphere. All experi-
ments were performed under dry nitrogen atmosphere.
The IR spectra (4000–250 cm�1) were recorded on a
Bio-Rad FTS 165 IR FT spectrometer in KBr pellets.
1H (300.13 MHz) and 31P (121.5 MHz) NMR spectra
were recorded at 300 K in 5 mm o.d. tube on a Bruker
AC 300 spectrometer equipped with a QNP probehead.
29Si (99.4 MHz) and 183W (12.5 MHz) NMR spectra were
recorded at 300 K in 10 mm o.d. tube on a Bruker
Avance 500 spectrometer equipped with a VSP probehead
(29Si) and on a Bruker Avance 300 equipped with a spe-
cial low-frequency VSP probehead (183W). The chemical
shifts are given according to the IUPAC convention, with
respect to Me4Si (1H, 29Si), H3PO4 (31P) and 2 M
Na2WO4 aqueous solution (183W). Electrochemical mea-
surements were performed using glassy carbon as working
electrode, platinum as counter-electrode and SCE as the
reference. Each studied product was dissolved in distilled
acetonitrile at a concentration of 10�3 M using Bu4NBF4
6 V vs. SCE ([2] = 0.25 · 10�3 M in acetonitrile with 10�1 M Bu4NBF4 as
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as electrolyte (10�1 M). The reduction was carried out at
a fixed potential of �0.6 V vs. SCE using large area plat-
inum electrodes. The coulometry experiments have been
performed using an IG5-Tacussel integrator. Photochro-
mic studies were performed by irradiation of a freshly
degassed DMF solution of the hybrid POM by a 125 W
Hg-lamp directly in the UV cell. UV–visible spectra were
registered every 15 min.

4.1. Synthesis of (Bu4N)3[PW11O39(SiEt)2O] (1)

4.1.1. Method b

To a suspension of K7[PW11O39] Æ 14H2O (3.0 g,
0.93 mmol) in freshly distilled acetonitrile (30 mL) was
added tetrabutylammonium bromide (1.5 g, 4.65 mmol).
Then pure ethyltriethoxysilane (0.40 mL, 2.046 mmol)
was added dropwise at 0 �C. A 2.4 M HCl solution
(1,65 mL, 3.96 mmol) was added to the mixture. After
one night of stirring at room temperature, volatiles were
removed under vacuum. The solid obtained was redis-
solved in DMF, filtered and precipitated again several
times by addition of water. The white precipitate of 1
was washed successively with ethanol and diethylether.
Yield: 1.40 g (42%).

(1) 1H NMR (CD3CN) d = 0.80 (q, 4H, SiCH2CH3), 1.02
(t, 36H, (CH3CH2CH2CH2)4N), 1.17 (t, 6H, SiCH2CH3),
1.50 (m, 24H, (CH3CH2CH2CH2)4N), 1.85 (m, 24H,
(CH3CH2CH2CH2)4N), 3.45 (m, 24H, (CH3CH2CH2-
CH2)4N). 29Si NMR (CH3CN/CD3CN) d = �50.3. 31P
NMR (CD3CN)d = �12.35; 183W NMR (CH3CN/CD3CN)
d = �251.6 (2W, 2JP–W = 1.4 Hz, 2JW–W = 11.7 Hz (2W)),
�198.8 (2W, 2JP–W = 1.6 Hz, 2JW–W = 22 Hz (2W)),
�122.1 (2W, 2JP–W = 1.2 Hz, 2JW–W = 11 Hz (2W),
2JW–W = 22 Hz (2W)), �108.3 (1W, 2JP–W = 1.5 Hz,
2JW–W = 11 Hz (2W), 2JW–W = 22 Hz (2W)) �104.0 (2W,
2JP–W = 1.1 Hz, 2JW–W = 11 Hz (1W), 2JW–W = 22 Hz
(2W)), �99.2 (2W, 2JP–W = 1.1 Hz, 2JW–W = 11 Hz (2W),
2JW–W = 22 Hz (1W)). IR (KBr pellets) m = 1270 (Si–C),
1112 (Si–O–Si), 1065 (P–O), 1036 (P–O), 982 (W@O), 964
(W@O), 868 (W–O–W), 823 (W–O–W), 392 and 346 (a-iso-
mer signature). C52H118N3O40P1Si2W11 (3535.01 g mol�1);
C Found 17.38 (calc. 17.67), H 3.33 (3.36) N 1.07 (1.19).

4.2. Synthesis of (Bu4N)3{PW11O39(SiCH@CH2)2O} (2)

4.2.1. Method a
To a solution of (Bu4N)4K[H2PW11O39] (3.5 g,

0.96 mmol) in freshly distilled acetonitrile (35 mL) was
added dropwise vinyltrichlorosilane (0.30 mL, 2.4 mmol)
at room temperature. After one day of stirring, the yel-
low solution was filtered then precipitated by addition
of an ethanol/ether mixture. The white powder obtained
was redissolved in DMF and precipitated again several
times by water, in order to remove the excess of hydro-
lyzed silane. The white precipitate of 2 was washed suc-
cessively with ethanol and diethylether. Yield: 1.42 g
(41%).
4.2.2. Method b

To a suspension of K7[PW11O39] Æ 14H2O (3.0 g, 0.93
mmol) in 30 mL of freshly distilled acetonitrile was added
tetrabutylammonium bromide (1.5 g, 4.65 mmol). Then tri-
ethoxyvinylsilane (0.43 mL, 2.05 mmol) were added drop-
wise at 0�C. A 2.5 M HCl solution (1.6 mL, 4.00 mmol)
was added to the mixture. After one night of stirring at
room temperature, volatiles were removed under vacuum.
The solid obtained was redissolved in DMF and precipi-
tated again several times by addition of water. The white
precipitate of 2 was washed with ethanol and ether. Yield:
2,85 g (87%).

(2) 1H NMR (CD3CN) d = 1.02 (t, 36H, (CH3CH2-
CH2CH2)4N), 1.50 (m, 24H, (CH3CH2CH2CH2)4N), 1.80
(m, 24H, (CH3CH2CH2CH2)4N), 3.45 (m, 24H, (CH3CH2-
CH2CH2)4N), 5.10–6.40 (3m, 6H, Si–CH@CH2). 29Si
NMR (DMF/[D6]acetone) d = �64.9. 31P NMR (CD3CN)
d = �12.2. 183W NMR (DMF/[D6]acetone) d = �246.2
(2W), �195.2 (2W), �119.2 (2W), �105.9 (1W) �101.5
(2W), �97.2 (2W). IR (KBr pellets) m = 1274 (Si–C), 1112
(Si–O–Si), 1066 (P–O), 1039 (P–O), 983 (W@O), 964
(W@O), 871 (W–O–W), 824 (W–O–W), 392 and 346 (a-iso-
mer signature). C52H114N3O40P1Si2W11 (3531.06 g mol�1);
C 17.60 (calc. 17.69), H 3.61 (3.25) N 1.46 (1.19) %.

4.3. Synthesis of (Bu4N)3[PW11O39(Si–CH2–

CH@CH2)2O] (3)

Compound 3 was obtained using the same procedure as
for 2 (method a) replacing CH2@CH–SiCl3 by allyltrichlo-
rosilane (0.35 mL, 0.45 mmol). Compound 3 was isolated
as a white powder. Yield: 1.16 g (34%).

(3) 1H NMR ([D6]acetone) d = 1.03 (t, 36H, (CH3CH2-
CH2CH2)4N), 1.50 (m, 24H, (CH3CH2CH2CH2)4N), 1.80
(m, 4H, SiCH2CH@CH2), 1.85 (m, 24H, (CH3CH2CH2-
CH2)4N), 3.45 (m, 24H, (CH3CH2CH2CH2)4N), 4.8–6.1
(m, 6H, SiCH2CH@CH2). 29Si NMR (DMF/[D6]acetone)
d = �56.1. 31P NMR (CD3CN) d = �12.3. 183W NMR
(DMF/[D6]acetone) d = �247.4 (2W), �195.2 (2W),
�120.2 (2W), �106.6 (1W) �101.6 (2W), �97.0 (2W). IR
(KBr pellets) m = 1260 (Si–C), 1112 (Si–O–Si), 1066 (P–O),
1037 (P–O), 983 (W@O), 964 (W@O), 871 (W–O–W),
824 (W–O–W), 392 and 348 (a-isomer signature).

4.4. Synthesis of (Bu4N)3[PW11O39(Si((CH2)4-

CH@CH2)2O] (4)

Compound 4 was obtained using the same procedure as
for 2 (method a) replacing CH2@CH–SiCl3 by CH2@CH–
(CH2)4SiCl3 (0.52 g, 0.45 mmol). Compound 4 was isolated
as a white powder. Yield: 2.83 g (81%).

(4) 1H NMR ([D6]acetone) d = 0.80 (m, 4H, Si-CH2),
1.03 (t, 36H, (CH3CH2CH2CH2)4N), 1.50 (m, 24H,
(CH3CH2CH2CH2)4N), 1.60 (m, 4H, CH2-CH@CH2),
1.85 (m, 24H, (CH3CH2CH2CH2)4N), 3.44 (m, 24H,
(CH3CH2CH2CH2)4N), 4.6–6.2 (3m, 6H, CH2CH@CH2).
29Si NMR (DMF/[D6]acetone) d = �50.0. 31P NMR



D. Agustin et al. / Journal of Organometallic Chemistry 692 (2007) 746–754 753
(CD3CN) d = �12.4. 183W NMR (DMF/[D6]acetone) d =
�251.9 (2W), �199.8 (2W), �121.7 (2W), �108.2 (1W)
�104.4 (2W), �99.2 (2W). IR (KBr pellets) m = 1260 (Si–
C), 1112 (Si–O–Si), 1065 (P–O), 1039 (P–O), 983 (W@O),
964 (W@O), 871 (W–O–W), 822 (W–O–W), 391 and 344
(a-isomer signature).

4.5. Reaction of (2) with Et3SiH

Compound 2 (0.5 g, 0.142 mmol) was filled up into a
Schlenk tube on inert atmosphere with a 1/1 CH3CN/
THF mixture (10 mL). Et3SiH (0.09 ml, 0.56 mmol) was
added dropwise to the solution followed with two drop-
lets of Karstedt’s catalyst. After some minutes, the colour
of the solution turned yellow then blue. The solution was
left at 70�C during ten hours. The solution turned back
yellow after cooling. The resulting solution was first dried
using vacuum pump and the crude dissolved in pure ace-
tonitrile. A yellowish solid was precipitated by addition of
EtOH. The powder was purified in several steps dissolving
it in the minimum amount of acetonitrile then precipitat-
ing a first fraction of the product by EtOH. The filtrate
was kept and a second precipitation by Et2O afforded
the compound with a relative good yield as a beige
powder.

(5) 1H NMR (CD3CN) d = 0,20 (m, 12H, SiCH2CH3),
0.50 (m, 8H, SiCH2CH2Si), 0.97 (t, 18H, SiCH2CH3),
1.03 (t, 36H, (CH3CH2CH2CH2)4N), 1.43 (m, 24H,
(CH3CH2CH2CH2)4N), 1.70 (m, 24H, (CH3CH2CH2-
CH2)4N), 3.25 (m, 24H, (CH3CH2CH2CH2)4N). 29Si
NMR (CD3CN) d = �51.7 (Si–POM), +8.9 (SiEt3). 31P
NMR (CD3CN) d = �12.3. 183W NMR (CD3CN/CH3CN)
d = �250.2 (2W), �197.3 (2W), �122.4 (2W), �108.8 (1W)
�104.6 (2W), �99.2 (2W). IR (KBr pellets) m = 1112 (Si–
O–Si), 1065 (P–O), 1036 (P–O), 981 (W@O), 963 (W@O),
869 (W–O–W), 824 (W–O–W), 392 and 346 (a-isomer
signature).

4.6. Reaction of (2) with PhMe2SiH

Compound 6 was obtained as a white powder using the
same procedure as for 5 replacing Et3SiH by PhMe2SiH.

(6) 1H NMR (CD3CN) d = 0.35 (m, 12H, (CH3)2Si), 0.70
(m, 4H, CH2Si), 1.02 (m, 36H, (CH3CH2CH2CH2)4N), 1.20
(t, 4H, CH2Si), 1.43 (m, 24H, (CH3CH2CH2CH2)4N), 1.66
(m, 24H, (CH3CH2CH2CH2)4N), 3.45 (m, 24H, (CH3CH2-
CH2CH2)4N)), 7.37 (m, 4H, CHAr), 7.6 (m, 4H, CHAr),
7.93 (m, 2H, CHAr).

31P NMR (CD3CN) d = �12.33. IR
(KBr pellets) m = 1112 (Si–O–Si), 1065 (P–O), 1035 (P–O),
982 (W@O), 963 (W@O), 870 (W–O–W), 824 (W–O–W),
392 and 346 (a-isomer signature).
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