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Synthesis and Spectroscopic Characterization of Organophosphono Derivatives
of Lindqvist Niobotungstates — X-ray Crystal Structures of
(nBu4N)3[NbW10038(RP)2] (R = nBu, Hep and Ph)

Hafedh Driss,®Pl Kamal Boubekeur,”! Mongi Debbabi,*!?l and René Thouvenot*!’!
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A series of organophosphonopolyoxoniobotungstates
[NbW,,O35(RP),]*>" {R = Me (1), Et (2), Pr (3), nBu (4), Hex (5),
Hep (6), Cy (7), Ph (8), All (9)} has been prepared by the
reaction of (nBuyN)3[NbW;0,0] with the appropriate organo-
phosphono dichloride, RP(O)Cl,. All of the products were
characterized by infrared and multinuclear (3'P and 83W)
NMR spectroscopy. Compounds 4, 6 and 8 were charac-

terized by single-crystal X-ray diffraction. The hybrid anions
[NbW;(O55(RP),]>~ are made up of two W50 subunits,
which can be viewed as monovacant derivatives of the
niobotungstate precursor linked by a {Nb(OPR),} group.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Polyoxometalates (POMs) make up a unique class of
compounds in terms of compositional and structural diver-
sity. They exhibit remarkable physicochemical properties
and are of interest in various fields such as medicine, bi-
ology, catalysis, materials science and analytical chemis-
try.[ll Derivatization with organic groups that can be linked
either via noncovalent! (e.g., ionic) or covalentl®! interac-
tions alters the POM surface, which may be beneficial for
various applications, for example, by enhancing the effi-
ciency and selectivity of POM-based catalytic processes.®!
The replacement of hexavalent metal centres, for example
WV with lower-valent metals (e.g., NbY, VV or TaV) in-
creases the basicity of the neighbouring oxygen atoms as
well as the reactivity of the whole polyanion. The enhanced
reactivity of these mixed POMs has been largely exploited
in the synthesis of hybrid derivatives by grafting organic or
organometallic electrophilic moieties.[”! As far as organosi-
lyl and organophosphono derivatives are concerned, Keg-
gin and Dawson POMs have been extensively studied,!®!
while for Lindqvist POMs only a few organosilyl derivatives
have been reported,®'% and to the best of our knowledge
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nothing has been published on organophosphono deriva-
tives. Our long-standing experience in the synthesis!'' and
characterization!>!31 of the series of niobotungstates
[Nb, W4 06]®™- (1 = x = 4), led us to investigate their
reactivity towards various electrophilic reagents.'” We re-
port herein the reaction of (nBuyN);[NbWs0,9] with a
series of organophosphono dichlorides, RP(O)Cl,. These
reactions afford a new family of organic-inorganic hybrids
with the general formula [NbW,055(RP),]*" {R = Me (1),
Et (2), Pr (3), nBu (4), Hex (5), Hep (6), Cy (7), Ph (8), All
(9)}, which have been characterized by IR and multinuclear
NMR spectroscopy and, for some of them, by single-crystal
X-ray diffraction.

Results and Discussion

Synthesis and Reactivity

The hexatungstate [W¢O;4]> is known to be quite stable
and inert towards electrophilic attack owing to the weak
basicity and nucleophilicity of its oxygen atoms.['¥ Substi-
tution of NbY for WV! results in mixed niobotungstates
[Nb,W¢ O6]®*¥~ with higher reactivity due to the en-
hanced basicity and nucleophilicity of the oxygen atoms,
especially those bound to Nb.I'>-1¢ Indeed, [NbW 50>~ re-
acts easily with organophosphonic acids RP(O)(OH), or
organophosphonic dichlorides RP(O)Cl,. The reactions
were first carried out in polar basic solvents such as dmf,
dmso or acetonitrile, which resulted in the formation of
[WeO19]* by partial decomposition of [NbWs0,¢]*>~ and
subsequent reaggregation. Hybrid anions of general for-
mula [NbW,,O15(RP),]>~ were nevertheless obtained in
fairly good yield (75 to 90%) by using less polar solvents
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such as dichloromethane. The formation process of
[NbW 4O3g(RP),]>" can be viewed as the (formal) insertion
of a RPO group into two Nb-O-W bridges, followed by
condensation with elimination of one {NbO,} group.

The reaction of (nBuyN);[NbWs0;9] with PhP(O)Cl,
was monitored in solution by *'P NMR and IR spec-
troscopy. Addition of solid (nBusN);[NbWs0¢] to a dilute
solution of PhP(O)Cl, in dichloromethane resulted in the
immediate disappearance of the P NMR signal for
PhP(O)Cl, (6 = 35 ppm) together with the appearance of
numerous signals at lower frequencies (Figure 1). The sys-
tem evolved progressively towards a final state with essen-
tially two major signals with tungsten satellites (Figure le).
As the reaction was followed by IR spectroscopy, addition
of PhP(O)Cl, to a suspension of the POM in dichlorometh-
ane caused immediate disappearance of the v(Nb-O;) band
at 915cm™! together with a significant splitting of the
Vas(M—O,—M ") band at ca. 800 cm ™! (Figure 2).['?)

—r t| r+ o ro 1. ¢ &1 1 17T

40 30 20 10
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Figure 1. Formation of [NbW,,Os5(PhP),]*" followed by 3'P NMR
in CD,Cl, solution: (a) PhP(O)Cl,, t = 0, (b) after addition of
(nBugN);[NbWs0,9], t = 2 min, (c) t = 25 min, (d) t = o, (e) expan-
sion of the 17.7-18.4 ppm interval of (d).

All these spectroscopic observations indicate that the ini-
tial step of grafting RP(O)Cl, onto [NbWsO,o]* is very
fast, while the formation of the hybrid species requires some
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Figure 2. Formation of [NbW,053(PhP),]*" followed by IR spec-
troscopy in CH,Cl, solution: (a) (nBuyN);[NbW;sO;o] (* indicates
the Nb-O; band), (b) after addition of a dilute solution of PhP(O)-
Cl, in CH,Cl,, t = 2 min, (¢) t = 5 min, (d) t = 10 min (X indicates
the characteristic vibration of hybrid (nBuyN);[NbW;(,O35(RP),] at
856 cm ™).

hours for completion but no intermediate can be isolated.
The hybrid species are moderately soluble in acetonitrile,
from which they can be purified by crystallization.

IR Spectroscopy

Except for the bands arising from the R group, the IR
spectra of all compounds (nBuyN);[NbW(O33(RP),] are
quite similar in the low-wavenumber region (¥ < 1100 cm™),
which is characteristic of the POM framework (Figures 3
and S1, Supporting Information). This strongly suggests
that all these compounds have quite similar structures,
which is confirmed by multinuclear NMR spectroscopy and
X-ray diffraction (vide infra).

The strong features at ca. 970 cm™' [v,i(W—-0,)], 800
860 cm™! [v,s(M-O-M)], 410-440cm™' and =350 cm™!
[Vas(W—=0,)] are signatures of the Lindquvist structure.!'8! Re-
garding the IR modes of the POM framework, significant
changes with respect to [NbWsO9]>~ are the high-fre-
quency shift of the v,(W-0,) band (ca. 10 cm™"), disap-
pearance of the v(Nb—O,) band at 915 cm™! and splitting of
the v,(M-O,—M) band by ca. 40 cm™!. This might indicate
that the organophosphono groups in the hybrid anion inter-
act, as expected, with O(Nb) atoms only, namely with
O(Nb) and with some of the adjacent O,(NbW) atoms.
Moreover, stretching and bending modes of the RPO;
groups appear in the 1000-1200 cm! and 600-700 cm™!
range, respectively.
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Figure 3. Infrared spectra of (nBuyN);[NbW(Os5(RP),] R = Ph
(a), nBu (b) and Hep (c).

X-ray Crystal Structures

Single crystals suitable for X-ray diffraction study were
obtained for compounds 4, 5, 6 and 8 by slow concentration
of their solutions in acetonitrile. Crystal data and details of
data collection and refinement are reported in Table 6.
Bond lengths and angles are given in Tables I, 2 and 3.
Both alkyl derivatives 4 and 6 crystallize in the chiral P2,
space group, while compound 8 crystallizes in the centro-
symmetric P1 space group. For compound 5, crystal de-
composition during the data collection even at 250 K pre-
vented the determination of the crystal and molecular
structure; only cell parameters could be obtained.

The asymmetric unit for 4 and 6 consists of one
[NbW ,,035(RP),]*" anion and three (nBuyN)* cations in
the general position. The hybrid anions of 4 and 6 do not
have any crystallographically imposed symmetry. The asym-
metric unit of 8 contains three (nBuyN)* cations and two
independent halves of the anion, and the central niobium
atoms are located on two different inversion centres. Except
for the organic moieties, the molecular structures of the
anions in compounds 4, 6 and 8 are quite similar (Figure 4).
These anions are built up from two {WsO,3} Lindqvist la-
cunary moieties connected by a central niobium atom and
two {RP} bridging units. Alternatively, the hybrid anions
can be described as a niobium(V) coordination complex
with two equivalent {WsO;gRPO} entities that act as tri-

Table 2. P-O bond lengths [A] and O-P-O and O-P-C angles [°]
for (nBuyN);[NbW,(Os5(HepP)] (6).

P1-051 1.534(11) 051-P1-Ol1 109.47(63)
P1-Ol1 1.536(11) 051-P1-022 112.14(55)
P1-022 1.544(11) 051-P1-Cl 111.70(69)
P1-Cl 1.765(17) O11-P1-022 109.90(56)
P2-021 1.521(11) O11-P1-Cl 106.0(7)

P2-0101 1.546(10) 022-P1-Cl 107.44(65)
P2-071 1.583(12) 021-P2-0101  111.10(56)
P2 C8 1.840(16) 021-P2-071 110.75(58)
0101-P2-C8 105.73(63)  021-P2-C8 110.57(61)
071-P2-C8 107.63(67)  O101-P2-071  110.88(54)

dentate ligands in facial configuration with the phosphorus
atoms in the trans position (Figure 5).

A more detailed discussion of the structure of the hybrid
anions will be restricted to (nBuyN);[NbW;,Os5(HepP),]
(6). The NbOg octahedron in 6 is slightly elongated with
Nb-O(P) bonds of 2.02 A, while the four equatorial Nb—
O(W) bond lengths range from 1.96 to 1.98 A. These Nb-O
bonds are in the usual range for a single bond with bridging
oxygen atoms.”!% All O-Nb-O bond angles are close to
90° (Table 1). The RPOj tetrahedron represents the classical
geometry for organophosphono groups grafted onto poly-
oxometalate frameworksP! with P-O(M) and P-C bonds in
the range 1.52-1.58 A and 1.76-1.84 A, respectively
(Table 2).

The lacunary {WsO;g} moieties present trans bond-
length alternation for the WO, bonds (Figure 6a, Table 3),
a feature which was already reported in various derivatized
Lindqvist anions;['>!1 the difference, 4, between average
long and short bonds within the Nb1-W4-W1-W2-P1 oxo
ring is 0.17 A. No such trans bond-length alternation is ob-
served in the equatorial ring, W2-W3-W4-W5 (Figure 6b);
on the contrary, the W-O bond lengths along this ring are
quite similar with a difference between minimum and maxi-
mum values of 0.05 A. Special mention should be made of
the four “surface” oxygen atoms of the lacunary {WsOg}
fragment, i.e., those bound to Nb and P atoms. In the or-
ganosilyl derivative [NbWs0,,SiPh;]*~, the four O-O dis-
tances between these oxygen atoms are very similar (2.67 to
2.70 A, mean value 2.68 A), which leads to a quasi-square
arrangement consistent with the virtual C,, symmetry of
the hybrid anion.'” While in [NbW,,035(HepP),]*~ the Op—
Oy, distances within the {Ws0,g} framework are also in the
same range (2.62 to 2.75 A, mean value 2.69 A), coordina-
tion of the “surface” oxygen atoms to phosphorus and ni-
obium induces severe deviations from these values. Phos-
phorus acts as a pincer which forces the 022 and OS51
atoms to approach each other, leading to a noticeably short

Table 1. Nb-O bond lengths [A] and O-Nb-O angles [°] for (nBuyN);[NbW,,055(HepP)] (6).

Nb1-091 1.962(9) 091-Nb1-081 88.35(39) 081-Nb1-031 90.86(39)
Nbl1-081 1.962(10) 091-Nb1-041 92.44(39) 0O81-Nbl1-0O11 90.06(41)
Nbl1-041 1.978(9) 091-Nbl1-0O11 90.15(39) 081-Nb1-021 90.17(41)
Nbl1-031 1.983(9) 091-Nb1-021 89.24(39) 041-Nb1-031 88.34(38)
Nbl1-Ol11 2.022(10) 031-Nbl1-0O11 90.61(39) 041-Nbl1-0O11 90.21(40)
Nbl1-021 2.025(10) 031-Nb1-021 90.00(39) 041-Nb1-021 89.57(40)
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W1-01 1.724(12) W3-03 1.714(12) W5-05 1.713(14)
Wi1-014 1.840(11) W3-031 1.892(12) W5-015 1.890(12)
W1-013 1.877(11) ‘W3-023 1.925(10) W5-045 1.911(11)
W1-015 1.989(11) W3-034 1.928(11) W5-025 1.952(11)
W1-012 2.021(10) W3-013 2.010(12) W5-051 2.052(13)
W1-0100 2.273(13) W3-0100 2.295(11) W5-0100 2.331(11)
W2-02 1.700(12) W4-04 1.715(13) W6-06 1.712(12)
W2-012 1.864(12) W4-041 1.891(12) W6-069 1.896(11)
W2-023 1.915(10) W4-034 1.954(11) W6-068 1.913(11)
W2-025 1.920(11) W4-045 1.962(11) W6-0610 2.009(11)
W2-022 2.048(12) W4-014 2.033(12) W6-061 2.022(11)
W2-0100 2.305(10) W4-0100 2.344(11) W6-0200 2.290(14)
W7-07 1.674(12) W8-08 1.696(11) W9-09 1.711(10)
W7-061 1.874(12) W8-078 1.887(11) W6-091 1.894(12)
W7-0107 1.922(11) WS8-081 1.918(12) W6-0910 1.913(10)
W7-078 1.934(10) W8-089 1.920(11) W6-089 1.937(11)
W7-071 2.018(13) WS8-068 1.980(11) W6-069 1.998(12)
W7-0200 2.292(11) WS8-0200 2.325(11) W6-0200 2.332(11)
W10-0O10 1.698(11) W10-0910 1.922(10) W10-0101 2.029(12)
W10-0610 1.883(13) W10-0107 1.959(12) W10-0200 2.322(10)
: @) 2.021 1.840 (b)

"’& 3 VI PG

‘ 1.864 2.033 @) 0]

$ A ~<M /O / \ 192

Figure 4. Combined polyhedral and ball-and-stick representation
of the molecular structures of [NbW,¢Os3(RP),]*7; from left to
right, R = nBu, Hep, Ph.

Figure 5. Representation of [NbW,,035(RP),]* as a NbY coordina-
tion complex with two tridentate {Ws0,sRPO} ligands in facial
configuration and two RPO groups in trans positions.

0-0 distance of 2.55 A (Figure 6c¢). Conversely, for the 041
and O31 atoms bound to niobium, there is an increase in
d(0-0) to 2.76 A. Moreover, the two other distances, 022—
031 and 041-051, are especially long (ca. 3.2 A), because
of the steric constraint imposed by the P-O-Nb bridge. All
other interatomic distances and bond angles in 6 are usual
for polyoxometalate structures. These structural considera-
tions derived from the analysis of metric data of compound
6 are also valid for the two hybrid anions 4 and 8.
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Figure 6. (a) trans-Bond alternation along the axial rings Nb1-W4—
WI1-W2-PI. (b) Regular geometry of the equatorial ring W2-W3—
W4-WS5. (c) Distortion of the 022-031-041-O51 polygon in-
duced by niobium and phosphorus linkage.

Although there are no crystallographic elements of sym-
metry for 4 and 6, and 8 has only inversion centres at the
niobium atom positions, all the hybrid anions, excluding the
organic part, adopt a geometry consistent with virtual C,,
symmetry. The pseudomirror plane is defined by the ni-
obium and the two phosphorus atoms; it also contains the
two axial tungsten atoms W1 and W6 and the two central
oxygen atoms O100 and 0200. This pseudomirror ex-
changes W2 and W5, W3 and W4, W7 and W10, and W8
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and WO. The virtual C, axis exchanges the two phosphorus
atoms and the two {WsO,g} moieties.

This is likely the case for all the obtained compounds, on
the basis of the similarity of their IR spectra (vide supra).

31p NMR Spectroscopy

According to the apparent symmetry of the hybrid anion
[NDW,,055(RP),]* (C»;), the two phosphorus atoms are
equivalent, and a single 3'P NMR signal is expected in solu-
tion. Actually, this is observed for 1 and 9 only; the {'H}-
3IP NMR spectra of the other hybrid species (2 to 8) exhibit
two signals with very close chemical shifts (A6 = 0.1 to
0.2 ppm) (Figure 7, Table 4). The relative integrated inten-
sities of the two resonances depend on R, the high-fre-
quency signal always being less intense than — or at most
equal to — the low-frequency one. All these signals display
tungsten satellites with 2J(W—P) coupling constants of 7.4
to 8 Hz; when possible, integration of these satellites with
respect to the central line shows that the P atom is con-
nected to two tungsten atoms.

Cy
Hex
nBu
Et
L l LI ) ) ) 1 LI 1 | LI 1 LI 1 LI 1 I T
34 33 32
d [ppm]

Figure 7. {'H}-*'P NMR spectra of [NbW,033(RP),]*>". Condi-
tions: CD3CN/CH;CN, room temperature, 100 gL'

Taking into account the 3'P chemical shifts, depending
on the nature of R, the 2J(W—P) coupling constants and the
relative integrated intensities of the satellites, the structures
correspond to RP groups grafted onto the polyoxotungstate
surface through two P-O-W bridges.[*>! The relatively low
coupling constants are consistent with the geometry of this
bridge with an acute P-O-W angle (ca. 130-135°).%]

For compounds 2 to 8 the presence of two *'P NMR
signals is rather puzzling: (i) the 2-line spectrum is obtained
immediately after dissolution of crystallographically pure
species, (ii) the spectrum does not evolve at all with time,
(iii) crystals obtained from the NMR solution present the
same IR spectrum as that of the initial crystals used for the
NMR experiment. These observations may be tentatively
explained by the presence, in solution, of two species in
equilibrium which is established quasi-instantaneously after
dissolution of the solid hybrid. Both the rapid equilibrium
and very close 3'P chemical shifts argue for similar struc-
tures for these species. If we consider the NbOg octahedron
with the two chelating tridentate {Ws0,3RPO} ligands, the
actual X-ray structure of the hybrid anion represents one
of the three possible facial configurations, with the two
RPO groups in the trans position. The two other configura-
tions (Figure 8), with the RPO groups in the cis position,
may be generated without bond breaking by a Bailar twist-
type isomerization process through an intermediate
“eclipsed” trigonal prismatic configuration (Scheme 1).2%
Note that these facial configurations are the two enantio-
meric forms of the same asymmetric complex, and they
must therefore present the same NMR spectrum in an achi-
ral medium. This could explain the experimental *!P NMR
spectrum with one signal for the frans species and one for
the two other enantiomeric cis species. For the methyl and
allyl derivatives, the cis—trans equilibrium might be dis-
placed towards the more stable complex.

Figure 8. Postulated structures of the two chiral cis isomers of the
[NbW ,4O15(RP),]* hybrid anion.

While the X-ray structural analysis of the well-shaped
crystals shows exclusively the trans species, the presence of
both isomers in the solid material cannot be totally ex-

Table 4. {'H}-3'P NMR spectroscopic datal®! for (nBuyN);[NbW,(O35(RP)].

Me Et Pr Bu Hex Hep Cy Ph All 2J(W-P)bl
o(P1) 322 33.92 32.76 32.12 3291 32.04 33.15 17.9 27.09 8
o(P2) - 34.07 32.85 32.35 32.98 32.11 33.27 18 — 7.4
o(P2)-o(P1) - 0.15 0.09 0.23 0.07 0.07 0.12 0.1 —
pe - 4 3 2 1 5 1 -

[a] Chemical shifts in ppm relative to 85% H3PO,. [b] 2J(W-P) in Hz. [c] p (relative integrated intensity) = I(P1)/1(P2).
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Scheme 1. Scheme of the Bailar twist-type interconversion between
the different isomers of [NbW ,O33(RP),]>.

cluded. A single isotropic signal is observed in the solid-
state CP-MAS 3'P NMR of the hybrid species; however,
regardless of what R is, the linewidth of the signal is more
than 300 Hz (ca 2 ppm), which does not allow the identifi-
cation of the two close resonances, which are at best only
0.2 ppm apart (Figure S2, Supporting Information).

183 NMR Spectroscopy

The low receptivity of the '83W nucleus requires the use
of highly concentrated solutions to obtain NMR spectra in
a reasonable time interval. The solubility of (nBuyN)s-
[NDW,oO35(RP),] decreases from dmf and dmso (up
to 0.3molL' at room temperature) to CH;CN
(3% 102 molL! at room temperature) and CH,Cl,. Solu-
tions in dmso or dmf were investigated first and revealed
total decomposition of [NbW,,O33(RP),]*" into yet un-
identified products. Attempts were made in acetonitrile at
70 °C, where the solubility is twice that at room tempera-
ture. The 20.8 MHz spectrum of (nBuyN);[NbW,(Os;-
(PhP),] (8), obtained after ca. 40 h, shows essentially three
broad features (Av;,, = 40 Hz) between 24 and 0 ppm along
with two narrow signals at 59.6 ppm (W¢O;9>) and
—34.2 ppm (unidentified species) (Figure S3, Supporting In-
formation). Using CH;CN/dmso (ca. 70:30 v/v), in which
the solubility at room temperature reaches ca.
8 X 102 mol L™, yields '®3W NMR spectra with a satisfac-
tory signal/noise ratio in 5 to 10 h for R = Pr, nBu, Hex
and Ph. In these conditions there is nevertheless slow de-
composition of the original hybrids, but their '®3W reso-
nances could be still identified; for the other compounds,
the spectra remained very complex because of advanced de-
composition.

The spectrum of (nBuyN);[NbW;(Os5(PhP),] (8), ob-
tained in ca. 5h, is given in Figure S4 (Supporting Infor-
mation). Two signals at —140.3 and —142.1 ppm, absent in

Eur. J. Inorg. Chem. 2008, 3678-3686

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

the acetonitrile solution spectrum, correspond to partial de-
composition of the hybrid species. The other signals are in
the same narrow spectral range as those in the acetonitrile
solution spectrum (Figure 9). Surprisingly, the lines of the
room-temperature, mixed-solvent spectrum are significantly
sharper than those in the high-temperature acetonitrile one;
they remain, however, too broad for the observation of
tungsten satellites.

T
20 10 0
6 [ppm]

Figure 9. Part of the 20.8 MHz '3W NMR spectrum of (nBusN);-
[NbW4O35(PhP),]. Experimental conditions: T = 300K,
8 X 102 molL ! in dmso/CDsCN, 17320 transients, total spectrom-
eter time 5 h. For full spectrum see Figure S3 (Supporting Infor-
mation).

After analysis of all recorded spectra, a group of three
lines in an approximate intensity ratio of 2:1:2 could be as-
signed to the frans-isomer anion in agreement with its ap-
parent C,;, symmetry (Table 5). The line at 6 = +21.2 ppm
appears as a hardly resolved doublet [2J(W-P) = 10 Hz],
which is likely due to coupling with 3'P. It could be assigned
to the four equivalent W(OP) atoms connected to the phos-
phono groups. The signal at 6 = +1.8 ppm is assigned to
the four equivalent W(OND) atoms connected to niobium
and the intermediate signal, with an intensity of ca. 1 (0 =
+14.0 ppm), to the apical W(OW) atoms. The two remain-
ing broad lines in the spectrum of 8 could be tentatively
ascribed to the chiral cis-isomer species; actually, according
to the C, symmetry of this chiral anion, five '83W signals
are expected (two doublets and three singlets with equal
intensity), in fact, the local Cg; symmetry of each W50,z
moiety would simplify the spectrum to three lines (2:2:1;
one doublet, two singlets). In the frame of this hypothesis,
the third signal of this species, corresponding to the cap
W nuclei, would be missing; however, on the basis of the
broadness of the different resonances, the relatively narrow

Table 5. W NMR spectroscopic datal®l for (nBuyN)s-
[NbW4035(RP),].
Assignment R
Pr Bu Hex Ph

W(OND) +1.5 +1.2 +3.3 +1.8
W(OP) +19.0 +19.9 +20.2 +21.2
W(OW) +12.8 +13.1 +14.2 +14.0
[a] Chemical shifts in ppm.
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spectral range and the low accuracy of quantification, acci-
dental degeneracy can not be excluded.

Finally, it should be noticed that all tungsten atoms in
the hybrid complexes are strongly shielded with respect to
the starting NbWs0,4* species.[!]

Conclusions

A novel series of organophosphonate—polyoxometalate
hybrids of general formula (nBusN);[NbW;(O35(RP),] have
been obtained by reaction of (nBuyN);[NbW:sO;9] with
RP(O)Cl, in dichloromethane. These compounds have been
characterized in solution (IR and multinuclear NMR) and
in the solid state (IR and single-crystal X-ray diffraction).
The anions [NbW,O35(RP),]* are made up of two W50,
subunits linked by a {Nb(OPR),} group according to C,,
symmetry. This new type of hybrid anions can be viewed as
resulting from the formal insertion of RPO groups into the
Nb-O-W bridges of NbWs0,o>. Further functionalization
of the organic groups by coupling reactions would allow
preparing extended polymeric networks.

Experimental Section

Analytical grade solvents and organophosphono dichlorides were
obtained from commercial sources and used without further purifi-
cation. (nBuyN);[NbW;s0,o] was prepared according to the litera-
ture.’'1 All syntheses were performed under an argon atmosphere.
Dichloromethane was distilled from CaCl, and bubbled for 5 min
with argon immediately before use.

(nBugN)3[NbW,(035(MeP),] (1): Finely ground (nBuyN);NbW;0
(3 g, 1.46 mmol) was suspended in degassed dichloromethane
(100 mL). Then, MeP(O)Cl, (0.19 mL, 1.46 mmol) was added
dropwise, under argon, to the resulting suspension, which was
stirred vigorously at room temperature overnight. The mixture be-
comes homogeneous after ca. 15 min. The clear colourless solution
was concentrated by using a rotary evaporator until a viscous oil
was obtained. Addition of ethanol (50 mL) to this oil followed by
scraping with a glass spatula yielded a white powder. This powder
was separated by suction filtration (glass frit porosity 4) and
washed successively with ethanol (50 mL) and diethyl ether
(50 mL). The crude product was dissolved in a minimum amount of
acetonitrile, then ethanol (50 mL) was added, and the precipitated
product was collected by suction filtration (glass frit porosity 4),
washed successively with ethanol (50 mL) and diethyl ether (50 mL)
and dried under vacuum. The white solid was dissolved again in a
minimum amount of lukewarm acetonitrile. The clear solution was
concentrated to dryness by slow spontaneous evaporation of the
solvent. The product was recrystallized twice from acetonitrile.
Yield: 1.94 g (78 % based on W). CsoH,14N3NbO3sP, W (3358.69):
caled. C 17.9, H 3.4, N 1.2; found C 18.2, H 4.1, N 1.3. IR (KBr
pellets, 1200250 cm™'): ¥ = 351 (m), 416 (s), 439 (s), 530 (m), 608
(8), 649 (s), 740 (sh), 816 (vs), 857 (s), 970 (vs, W=0), 1029 (vs, P
0O) cm L.

(nBuyN);[NbW O35(EtP),]-1.5nBuyNCl (2): This compound was
prepared by the same procedure as that for 1 by using EtP(O)Cl,
(0.15mL, 1.46 mmol) instead of MeP(O)Cl,. Yield: 2.2 g (88%
based on W). C;4H;7,Cl; sN4 sNbO3gP, W, (3803.61): caled. C
24.0, H 4.5, N 1.6; found C 23.7, H 4.8, N 1.7. IR (KBr pellets,
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1200-250 cm1): ¥ = 274 (s), 419 (s), 441 (s), 606 (s), 658 (s), 740
(sh), 817 (vs), 856 (s), 969 (vs, W=0), 1025 (s, P-0O), 1060 (s), 1093
(sh) em™!.

(nBuyN)3[NDbW (O35(nPrP),|-nBuyNCl (3): This compound was
prepared by the same procedure as that for 1 by using nPrP(O)-
Cl, (0.18 mL, 1.46 mmol) instead of MeP(O)Cl,. Yield: 2.1 g (83%
based on W). C;oH;53CINJNbO;3P, W, (3692.71): caled. C 22.8,
H 4.3, N 1.5; found C 22.6, H 4.3, N 1.5. IR (KBr pellets, 1200—
250 cm™'): ¥ = 276 (s), 416 (s), 437 (s), 526 (m), 607 (s), 661 (s),
753 (sh), 815 (vs), 855 (s), 971 (vs, W=0), 1023 (vs, P-0), 1044
(sh), 1109 (s) cm ™.

(nBugN)3INbW,4O35(nBuP),] (4): This compound was prepared by
the same procedure as that for 1 by using nBuP(O)Cl, (0.2 mL,
1.46 mmol) instead of MeP(O)Cl,. Yield: 2.1 g (83% based on W).
Cs6H26N3NbO3sP, W (3442.85): caled. C 19.5, H 3.7, N 1.2;
found C 20.4, H 3.8, N 1.2. IR (KBr pellets, 1200250 cm™): ¥ =
276 (s), 412 (s), 435 (s), 529 (w), 593 (s), 617 (s), 691 (s), 740 (sh),
831 (s), 858 (s), 971 (vs, W=0), 1030 (vs, P-0), 1124 (w), 1147 (m)
cm !

(nBugN)3INbW,4O55(nHexP),] (5): This compound was prepared
by the same procedure as that for 1 by using nHexP(O)Cl,
(0.25mL, 1.46 mmol) instead of MeP(O)Cl,. Yield: 2.3 g (89%
based on W). CgoH;34N3NbO3gP,W i (3498.95): caled. C 20.6, H
39, N 1.2; found C 20.7, H 3.2, N 1.4. IR (KBr pellets, 1200—
250 cm 1): V= 275 (s), 414 (s), 436 (s), 528 (m), 607 (s), 649 (s),
744 (sh), 817 (vs), 855 (s), 969 (vs, W=0), 1031 (vs, P-0O), 1160 (w)

cm L.

(nBugN)3[NbW,4035(nHepP),| (6): This compound was prepared
by the same procedure as that for 1 by using nHepP(O)Cl, (0.32 g,
1.46 mmol) instead of MeP(O)Cl,. Yield: 2.2 g (85% based on W).
CoH3gN3NbO3gP, Wi (3527.01): caled. C 21.1, H 3.9, N 1.2;
found C 20.9, H 3.8, N 1.5. IR (KBr pellets, 1200-250 cm™'): ¥ =
352 (m), 414 (s), 438 (s), 529 (w), 609 (s), 624 (s), 736 (sh), 826 (s),
856 (s), 969 (vs, W=0), 1022 (s, P-0), 1064 (s), 1160 (w) cm.

(nBuyN)3[NDbW(035(CyP),] (7): This compound was prepared by
the same procedure as that for 1 by using CyP(O)Cl, (0.29 g,
1.46 mmol) instead of MeP(O)Cl,. Yield: 2 g (78 % based on W).
CgoH30N3NbO3sP, W (3494.92): caled. C 20.6, H 3.7, N 1.2;
found C 20.0, H 3.7, N 1.2. IR (KBr pellets, 1200-250 cm™!): ¥ =
275 (m), 414 (s), 437 (s), 530 (mw), 605 (s), 650 (s), 744 (sh), 818
(vs), 856 (s), 970 (vs, W=0), 1026 (vs, P-0), 1107 (w), 1152 (w)
cm !

(nBugN)3[NbW4035(PhP),|-nBuyNCl (8): This compound was pre-
pared by the same procedure as that for 1 by using PhP(O)Cl,
(0.2 mL, 1.46 mmol) instead of MeP(O)Cl,. Yield: 2.3 g (90%
based on W). C;5H;54CINJNbO;3gP, W, (3760.74): caled. C 24.3,
H 4.1, N 1.5; found C 24.0, H 3.8, N 1.4. IR (KBr pellets, 1200—
250 cm™1): ¥ = 275 (s), 414 (s), 436 (s), 530 (m), 605 (s), 648 (s),
740 (sh), 818 (s), 858 (s), 970 (vs, W=0), 1026 (vs, P-0), 1107 (w),
1159 (w) cm L.

(nBugN)3INbW,4035(AlIP),] (9): This compound was prepared by
the same procedure as that for 1 by using AIIP(O)Cl, (0.17 mL,
1.46 mmol) instead of MeP(O)Cl,. Yield: 1.9 g (75% based on W).
Cs4H | 1gsN3NbO3gP,W g (3410.76): caled. C 19.0, H 3.5, N 1.2;
found C 20.2, H 3.3, N 1.2. IR (KBr pellets, 1200-250 cm™'): ¥ =
276 (s), 411 (s), 432 (s), 524 (w), 585 (s), 602 (s), 736 (sh), 816 (s),
855 (s), 968 (vs, W=0), 1020 (vs, P-0), 1149 (w), 1640 (m) cm!.

X-ray Crystal Structure Analysis: Suitable single crystals of 4, 5,
6 and 8 for X-ray structure determination were obtained by slow
concentration of corresponding solution in acetonitrile. In each
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Table 6. Crystal data and structure refinement for 4, 5, 6 and 8.
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4 5lal 6 8
CCDC deposit no 669713 669714 669715
Formula Cs6H26N3NbO3sPoW CeoH134N3NbO3sP,W g CooHy3sN3sNbO3sPoW g CeoH118N3NbO3sP-W
M [gmol ] 3442.96 3498.95 3527.01 3482.83
Crystal system monoclinic monoclinic monoclinic triclinic
Space group P2, (No. 4) - P2, (No. 4) P1 (No. 2)
a[A] 11.8460(15) 11.8220(3) 11.9080(13) 12.039(2)
b[A] 32.544(3) 33.3132(6) 34.423(4) 19.4500(10)
c[A] 12.5570(8) 12.4557(4) 12.6680(15) 24.125(3)
a [°] 90 90 90 70.616(9)
L1° 103.421(9) 102.745(3) 102.969(8) 82.145(9)
y [} 90 90 90 80.294(7)
VA3 4708.7(8) 4784.5(5) 5060.3(10) 5232.8(11)
Z 2 - 2 2
4 [em ™ 12.380 - 11.527 11.141
Peated. [gcm 1] 2.428 - 2.315 2.10
6 range [°] 1.767-27.503 - 3.20-30.0 2.13-30.0
Index range 14 <h<I15 - 42<k< “d<h<le,48<k< -l6<h<l6,27<k<
42, -16 <[/ < 13 46, -17 <1< 17 27,-33 <[< 33
Refl. collected 41870 - 43898 111761
Used reflections 19960 - 26929 30313
Reflections with
1>20(]) 14123 - 16602 14780
Parameters refined 706 - 734 799
Goodness of fit S 0.961 - 0.972 0.991
R[F? > 20(F?)] 0.0587 - 0.0502 0.0635
WR(F?)P] 0.1421 - 0.0998 0.1741

[a] Crystal decomposition during data collection. [b] The weighted R-factor wR and goodness of fit S are based on F. Weighting details:
w = U[c*(F?) + (aP)*> + bP] where P = (F,2 + 2F.2)/3. a = 0.0868, 0.0457, 0.1099 A; b = 35.7431, 0.00, 40.1271 A for 4, 6 and 8,

respectively.

case, a colourless prismatic crystal was selected and mounted on
an Enraf-Nonius Kappa-CCD diffractometer using graphite-mo-
nochromated Mo-K, radiation (2 = 0.71073 A). Data were col-
lected at 250 K. Refinement of cell parameters has been performed
by Dirax/Isq (Duisenberg & Schreurs, 1989-2000) and data re-
duction by EvalCCD (Duisenberg & Schreurs 1990-2000). The
crystal data and details of data collection and structure refinement
are summarized in Table 6. The structures were solved by direct
methods (metal atoms and most of the oxygen atoms of the anions)
by using SHELXS86.1221 The structures were refined by full-matrix
least-squares techniques (on F?) and difference-Fourier maps (the
remaining non-hydrogen atoms) by using SHELXL97% and
CRYSTALS.?Y The H atoms were simply introduced at idealized
positions (riding model) in the structure factor calculations. Molec-
ular structures were drawn with Diamond.**!

CCDC-669713, -669714 and -669715 contain the supplementary
crystallographic data for this paper for compounds 4, 6 and 8,
respectively. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

183\ NMR Spectroscopy: W NMR spectra were recorded in 10-
mm o.d. tubes at 20.8 MHz with a Bruker DRXS500 spectrometer.
Chemical shifts are given with respect to an external Na, WO, solu-
tion (2 M) in alkaline D,0, by using a saturated solution of dodeca-
tungstosilicic acid (SiW[,049H4) as a secondary standard (0 =
—103.8 ppm).

3P NMR Spectroscopy: *'P NMR spectra were recorded in 5-mm
o.d. tubes at 121.49 MHz with a Bruker AC300 spectrometer
equipped with a QNP probe head. The chemical shifts are given
according to the [UPAC convention, with respect to 85% H;PO,.
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IR Spectroscopy: IR spectra of the solid samples were recorded
from KBr pellets with a Bio-Rad FTS 165 FT-IR spectrometer with
a resolution of 4 cm™!. The formation of the hybrids was monitored
with a Bruker Tensor 27 FT-IR spectrometer equipped with a dia-
mond ATR accessory.

Supporting Information (see footnote on the first page of this arti-
cle): IR spectra of 1 to 9 (Figure S1), solid-state CP-MAS 3'P
NMR spectrum of 8 (Figure S2), '3W NMR spectra of 8 in aceto-
nitrile (Figure S3) and in mixed acetonitrile/dmso solution (Fig-
ure S4).
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