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Introduction

Early transition-metal–oxygen-anion clusters (polyoxometa-
lates or POMs) are remarkable because of their molecular
and electronic tunability, and their range of properties and
applications, which are unmatched by any other class of
compounds. In particular, POM-based molecular materials
are a rapidly growing class of compounds.[1–5] Most of them
are class I hybrid materials, that is, they are based on weak,
noncovalent interactions between the POM and the organic
component(s).[6] Hybrid salts based upon organic p-electron
donors and POMs[7] and macrocation–POM ionic crystals[8,9]

are two representative examples. Class II materials, in which
the POM component is covalently grafted into an organic
matrix, are comparatively less developed, although the field
is being explored by some of us and others.[10–13] Because the
synthesis of class II POM-based materials requires prior co-
valent derivatization of the POM, it can be expected that
their development will parallel progress in the functionaliza-
tion of POMs. Building on our experience in the functionali-
zation of Lindqvist-type POMs,[11,14–20] we turned towards
the functionalization of the more attractive Keggin- and
Dawson-type POMs. However, the synthetic methodology
that proved successful in the Lindqvist series is not easily
extended to the Keggin and Dawson species. Thus, a meta-
thetical approach using organic isocyanates RN=C=O
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(based on the analogy between the Mo=O and the C=O
functions), which provides a convenient means of function-
alization of [Mo6O19]

2�, is hampered by competitive reduc-
tion processes in the case of [PM11O39 ACHTUNGTRENNUNG{MoO}]3� (M=Mo,
W).[15,21] To date, the reaction between a preformed lacunary
polyanion and a coordination complex bearing the desired
function appears to be the most convenient route to func-
tionalized Keggin- and Dawson-type POMs. Thus the reac-
tion of [H3PW11O39]

4� with [ReCl3ACHTUNGTRENNUNG(NPh)ACHTUNGTRENNUNG(PPh3)3] in acetoni-
trile in the presence of NEt3 has provided the first Keggin-
type organoimido derivative [PW11O39ACHTUNGTRENNUNG{ReNC6H5}]

4�.[22]

We then turned our attention towards the synthesis of ni-
trido derivatives for the following reasons: 1) they could
serve as precursors to other nitrogenous derivatives through
reactions with electrophiles or nucleophiles: organoimido
derivatives would thus result from the reaction of alkylating
reagents on the nitrido function;[23] 2) a renewal of interest
in nitrido compounds in the context of nitrogen fixation as
recently described by Schrock and Yandulov;[24,25] 3) nitrido
derivatives have demonstrated utility in N-atom transfer re-
actions to organic substrates. In view of the activity of por-
phyrin,[26,27] corrole,[28–30] and Schiff base complexes[31,32] in
aziridination of alkenes and amidation of saturated C�H
bonds, and on considering the intriguing analogy of transi-
tion-metal-substituted POMs to metalloporphyrins, nitrido-
functionalized POMs are of special interest. Yet only two ni-
trido derivatives of POMs[33,34] were mentioned prior to our
preliminary report on [PW11O39 ACHTUNGTRENNUNG{ReVIN}]4� and [PW11O39-
ACHTUNGTRENNUNG{OsVIN}]4�.[35] In this contribution we will discuss various
routes to [PW11O39ACHTUNGTRENNUNG{ReVIN}]4�, describe the syntheses of the
a1 and a2 isomers of [P2W17O61ACHTUNGTRENNUNG{OsVIN}]7�, report 183W and
15N NMR spectroscopic characterization of [PW11O39-
ACHTUNGTRENNUNG{OsVIN}]4�, [a2-P2W17O61ACHTUNGTRENNUNG{OsVIN}]7�, and [a1-P2W17O61-
ACHTUNGTRENNUNG{OsVIN}]7�, and outline a complete analysis of the EPR spec-
trum of [PW11O39 ACHTUNGTRENNUNG{ReVIN}]4�. In addition, as the relationship
between structure and 183W chemical shift in POMs remains
to be established, the 183W NMR spectra of [PW11O39-
ACHTUNGTRENNUNG{OsVIN}]4� and [a2-P2W17O61ACHTUNGTRENNUNG{OsVIN}]7� have been assigned
precisely in order to collect as much 183W data as possi-
ble.

Results and Discussion

Synthesis : A great number of dn transition-metal-substituted
POMs can be obtained from monovacant POMs, especially
the Keggin- and Dawson-type tungstophosphates. The
method can be used for the preparation of oxo, for example,
[a-PW11O39 ACHTUNGTRENNUNG{ReVO}]4�[36] and [a-PW11O39 ACHTUNGTRENNUNG{MoVO}]4�,[37,38] and
organoimido [a-PW11O39ACHTUNGTRENNUNG{ReV

ACHTUNGTRENNUNG(NPh)}]4�[22] derivatives. The
method also applies to the synthesis of the nitrido-function-
alized POMs: it was first used to prepare [a-PW11O39-
ACHTUNGTRENNUNG{TcN}]4�[34] and has now been extended to the synthesis of
[a-PW11O39 ACHTUNGTRENNUNG{ReVIN}]4�, [a-PW11O39 ACHTUNGTRENNUNG{OsVIN}]4�, [a2-P2W17O61-
ACHTUNGTRENNUNG{OsVIN}]7�, and [a1-P2W17O61 ACHTUNGTRENNUNG{OsVIN}]7�. These last four com-
pounds have been obtained by reaction of the monovacant
species [a-PW11O39]

7�, [a2-P2W17O61]
10�, or [a1-P2W17O61]

10�

with the nitrido complexes [ReCl4N]� or [OsCl4N]� , either
in aqueous solution or in acetonitrile, and have been isolat-
ed as [Bu4N]+ salts.

At the beginning of our work on nitrido-functionalized
Keggin-type POMs, the reaction between [(Bu4N)4][a-
H3PW11O39] and [ReCl2N ACHTUNGTRENNUNG(PPh3)2] in CH3CN appeared to be
the most convenient way to prepare [(Bu4N)4][a-PW11O39-
ACHTUNGTRENNUNG{ReVIN}].[35] However, adventitious contamination by
[(Bu4N)4][a-PW11O39 ACHTUNGTRENNUNG{ReVO}], probably as a result of impuri-
ties in [ReCl2N ACHTUNGTRENNUNG(PPh3)2], was revealed by a sharp 31P NMR
spectroscopic signal at d=�14.59 ppm in CD3CN/CH3CN.
Purification of the contaminated samples has been achieved
by means of column chromatography on silica gel, by using
a mixture of CH2Cl2/CH3CN (1:1) as the eluent. Neverthe-
less, there are other routes to obtain [(Bu4N)4][a-PW11O39-
ACHTUNGTRENNUNG{ReVIN}] and a more pure sample has been prepared by the
reaction between [(Bu4N)4][a-H3PW11O39] and [Bu4N]-
ACHTUNGTRENNUNG[ReCl4N][39] in CH3CN, as described in the Experimental
Section. Moreover, in our search for hydrazido-functional-
ized Keggin-type POMs, we found that the reaction between
[ReCl3ACHTUNGTRENNUNG(N2Ph2)ACHTUNGTRENNUNG(PPh3)2]

[40] and [a-H3PW11O39]
4� does not

yield the targeted hydrazido derivative, but instead results
in the formation of [(Bu4N)4][a-PW11O39 ACHTUNGTRENNUNG{ReVIN}] through
cleavage of the nitrogen–nitrogen bond. It was identified
from its electrospray ionization (ESI) mass spectrum (see
below) and by a broad 31P NMR spectroscopic signal at d=

�19 ppm in CD3CN/CH3CN,[35] whereas [(Bu4N)4][a-
PW11O39 ACHTUNGTRENNUNG{ReVIO}] is characterized by a broad signal at d=

�18 ppm.[21] It is worth noting that the synthesis of [ReCl2N-
ACHTUNGTRENNUNG(PPh3)2], from K ACHTUNGTRENNUNG[ReO4] or [ReCl3OACHTUNGTRENNUNG(PPh3)2] and either hy-
drazinium dichloride[41] or phenylhydrazinium chloride,[42]

relies on such nitrogen–nitrogen bond breaking.

IR spectroscopy : The IR spectra of [(Bu4N)4][a-PW11O39-
ACHTUNGTRENNUNG{OsVIN}] and [(Bu4N)4][a-PW11O39ACHTUNGTRENNUNG{ReVIN}] are quite similar
and display the characteristic features of a Keggin-type
structure: four strong bands are indeed observed, at 1072,
963 (961), 884 (881), and 811 (802) cm�1, which are assigned
to the ñ(PO), ñ ACHTUNGTRENNUNG(M=O), and ñ ACHTUNGTRENNUNG(M�O�M) stretching modes,
respectively.[43–45]

The IR spectrum of [(Bu4N)7][a2-P2W17O61ACHTUNGTRENNUNG{OsVIN}] dis-
plays the characteristic features of a Dawson-type structure:
four strong bands at 1089, 955, 911, and 786 cm�1, which cor-
respond to the ñ(PO), ñ ACHTUNGTRENNUNG(M=O), and ñ ACHTUNGTRENNUNG(M�O�M) stretching
modes, respectively.[46,47]

In all cases, the observation of only one strong band be-
tween 1100 and 1050 cm�1, assigned to the antisymmetric
stretching of the PO4 tetrahedron, implies a relatively strong
interaction between the addendum metal and the oxygen
atom of the phosphate group.[48]

UV-visible spectroscopy: The electronic spectrum of
[(Bu4N)7][a2-P2W17O61ACHTUNGTRENNUNG{OsVIN}] in acetonitrile displays a very
broad band at l=455 nm assigned to the d–d transition that
is also observed at 466 nm for [Bu4N]ACHTUNGTRENNUNG[OsCl4N]. This feature
is responsible for the very dark brown coloration of
[(Bu4N)7][a2-P2W17O61ACHTUNGTRENNUNG{OsVIN}].
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183W NMR spectroscopy of [(Bu4N)4][a-PW11O39ACHTUNGTRENNUNG{OsVIN}]:
The 183W spectrum of [a-PW11O39ACHTUNGTRENNUNG{OsVIN}]4� (contaminated
with [PW12O40]

3�) has been already presented in a prelimi-
nary report.[35] The 12.5 MHz 31P-decoupled spectrum of a
purer sample is shown in Figure 1. As expected for Cs sym-
metry, it exhibits six narrow lines, with an (approximate) rel-
ative intensity ratio of 2:1:2:2:2:2. For the coupled spectrum
all resonances are doublets with 2JW,P couplings of 1.2 to
1.5 Hz.

Generally, assignment of the 183W resonances to the struc-
turally inequivalent W atoms can be done by using the ho-
monuclear coupling constants 2JW,W, which allows determina-
tion of the coupling partners and infers the W–W connectiv-
ity. Some conditions are required: 1) a nonambiguous start-
ing point for the assignment, 2) the absence of degeneracy
or signal overlaps, 3) the presence of well-resolved tungsten
satellites, and 4) a sufficiently large distribution of the cou-
pling-constant values. As a starting point, the line of intensi-
ty 1 (d=�99.5 ppm) is immediately assigned to the unique
tungsten atom (W11) located in the vertical plane of sym-
metry, which also contains the osmium atom (see Figure 2).
However, it is impossible to discriminate its tungsten satel-
lites from those of the nearby 2W line at d=�100.2 ppm
(Figure 1, top), and further assignment requires the use of
homonuclear correlation spectroscopy (2D COSY). The the-
oretical connectivity matrix is displayed in Table 1.

Generally, corner couplings, that is, coupling between
tungsten nuclei in corner-sharing octahedra (W-O-W angle
ca. 1508), are in the range of 20 Hz, whereas edge couplings,
that is, coupling between tungsten nuclei in edge-sharing
octahedra (W-O-W angle ca. 1208), are significantly smaller
(ca. 10 Hz). For lacunary species, a trans effect may cause
some corner couplings to become larger than usual while
others appear abnormally low,[49–52] but filling the lacuna
with an addenda atom restores more or less normal values.
Therefore, according to the theoretical connectivity matrix,

eight correlations are expected: four strong ones, corre-
sponding to corner couplings and four weak ones, for edge
couplings. As seen in Figure 3, only six cross peaks are ac-
tually observed, corresponding to three strong and three
weak couplings, respectively: the two missing correlations
likely imply close resonances, that is, both around d=�100
and �147 ppm.

The correlation between the d=�99.5 (W11) and
�84.7 ppm peaks with a J coupling of approximately 21 Hz
leads to the assignment of the latter as W6 ACHTUNGTRENNUNG(�W7). The
second correlation for the d=�99.5 ppm peak is not ob-
served, which is likely because the expected cross peak falls
near the diagonal; this leads to the assignment of the d=

�100.2 ppm resonance to W10 ACHTUNGTRENNUNG(�W12). Starting from W6
(d=�84.7 ppm), we observe two correlations with the d=

�146.4 and �216.6 ppm peaks, also mutually coupled; all
these resonances are consistently assigned to the triad
W2W5W6 (�W3W8W7) with edge couplings of 10.6 Hz. As
no other correlation is expected for W2 ACHTUNGTRENNUNG(�W3), while two
supplementary ones should be observed for W5 ACHTUNGTRENNUNG(�W8), the
d=�216.6 ppm peak corresponds to W2 ACHTUNGTRENNUNG(�W3) adjacent to
the osmium atom, and the d=�146.4 ppm resonance is as-
signed to W5 ACHTUNGTRENNUNG(�W8). Finally, the remaining signal at d=

�148.3 ppm is assigned to W4 ACHTUNGTRENNUNG(�W9) in the OsW2 triad,
corner-coupled to W10 ACHTUNGTRENNUNG(�W12). The missing correlation be-
tween W4 and W5 is again rationalized by the close chemi-
cal shifts of the coupling partners. With this assignment
completed, reinvestigation of the high-resolution 31P-decou-
pled 1D spectrum allows an analysis of the satellite patterns

Figure 1. 183W ACHTUNGTRENNUNG{31P} NMR spectrum (12.5 MHz) of [a-PW11O39ACHTUNGTRENNUNG{OsVIN}]4�

(1.27 N 10�1 mol L�1 in CD3CN). Bottom: full spectrum; top: abscissa ex-
pansions of the individual signals showing the tungsten satellites. The res-
onance indicated by * originates from [a-PW12O40]

3�.

Figure 2. Postulated structures of [a-PW11O39 ACHTUNGTRENNUNG{OsVIN}]4� (left) and [a2-
P2W17O61 ACHTUNGTRENNUNG{OsVIN}]7� (right) in polyhedral representations.

Table 1. Theoretical tungsten–tungsten connectivity matrix for [a-
PW11O39 ACHTUNGTRENNUNG{OsVIN}]4�.[a,b]

Nucleus 2,3 4,9 5,8 6,7 10,12 11

2,3 d e e
4,9 d c c
5,8 e c d e c
6,7 e e d c
10,12 c c d e
11 c e d

[a] The atom numbering (see Figure 2) is given according to IUPAC con-
vention. [b] The off-diagonal entries are coupling constants: e=edge
(small) couplings; c=corner (large) couplings.
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(Figure 1, top) and the determination of all homonuclear
coupling constants, including those related to AB systems.
The resulting assignment is displayed in Table 2. As can be
seen, the various coupling constants are all in the normal
range, that is, 10 Hz for edge coupling and approximately
20 Hz for corner coupling, which implies that the osmium
atom restores the regular geometry of the tungsten frame-

work. Note also that the W2 ACHTUNGTRENNUNG(�W3) nuclei “corner-connect-
ed” to Os are shielded with respect to [a-PW12O40]

3� by
130 ppm. This agrees with previous observations made by
Domaille who studied numerous monosubstituted Keggin
anions: the most shielded tungsten nucleus is always that
which is corner-connected to the addenda atom.[53]

183W NMR spectroscopy of [(Bu4N)3][a-PW11O39ACHTUNGTRENNUNG{ReVIIN}]:
Six lines are expected in the 183W NMR spectrum of [a-
PW11O39 ACHTUNGTRENNUNG{ReVIIN}]3�, as found for the previous monosubsti-
tuted Keggin anion [a-PW11O39ACHTUNGTRENNUNG{OsVIN}]4� and according to
the Cs symmetry. Actually, only five resonances are ob-
served, with an (approximate) relative intensity ratio of
2:4:2:2:1 (d=�55.5 (2W), �83.6 (4W), �84.2 (2W), �87.5
(2W), �92.4 ppm (1W); see Figure 4); this indicates that,
due to the narrow chemical-shift dispersion (Dd=37 ppm),
two resonances are accidentally degenerate, and the spec-
trum may be effectively reconciled with Cs symmetry. The
small 183W chemical-shift variation for [a-PW11O39-

ACHTUNGTRENNUNG{ReVIIN}]3� contrasts with [a-PW11O39 ACHTUNGTRENNUNG{OsVIN}]4� (Dd=
132 ppm) and, more generally, for all monosubstituted
Keggin anions incorporating dn metal cations for which the
183W chemical-shift range amounts to more than
100 ppm.[54,55] Actually, it has already been noticed that sub-
stitution of a d0 configuration cation (V5+ , Mo6+) for W6+ in
a polyoxotungstate framework induces relatively small 183W

NMR chemical-shift variations,
usually in the range of 50 ppm
for V and of 10 ppm for
Mo.[21,53, 56–58]

183W NMR spectroscopy of
[(Bu4N)7][a2-P2W17O61 ACHTUNGTRENNUNG{OsVIN}]:
The spectrum of [a2-P2W17O61-
ACHTUNGTRENNUNG{OsVIN}]7� exhibits the nine
lines, labeled A to I in the

order of decreasing frequency, with a relative (approximate)
intensity ratio of 2:2:1:2:2:2:2:2:2 expected for Cs symmetry
(see Figure 5). The theoretical connectivity matrix is shown

Figure 3. 183W NMR 2D COSY spectrum (20.8 MHz) of [a-PW11O39 ACHTUNGTRENNUNG{OsVIN}]6� (1.27 N 10�1 mol L�1 in CD3CN). Left: full matrix; right: zoom of the
region between d=�80 and �160 ppm.

Table 2. Experimental tungsten–tungsten connectivity matrix for [a-PW11O39 ACHTUNGTRENNUNG{OsVIN}]4�.[a]

Nucleus 2,3 4,9 5,8 6,7 10,12 11

2,3 �216.6 10.6 10.6
4,9 �148.3 23.5 AB 20.2
5,8 11.2 23.5 AB �146.4 11.2 21
6,7 10.6 10.6 �84.7 20.8 AB
10,12 20.5 20.5 �100.2 10 AB
11 20.5 AB 10 AB �99.5

[a] On-diagonal entries are chemical shifts [ppm]; off-diagonal entries are coupling constants [Hz].

Figure 4. 183W NMR spectrum (20.8 MHz) of [a-PW11O39 ACHTUNGTRENNUNG{ReVIIN}]3�

(1.46 N 10�2 mol L�1 in CH3CN/CD3COCD3).
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in Table 3 with no distinction between the two types of
corner couplings, that is, intergroup (between dyad and/or
triads) and interbelt couplings expected in the range of 20
and 30 Hz, respectively.

The line C (d=�146 ppm), with intensity 1 was immedi-
ately assigned to the tungsten atom located in the unique
position in the vertical plane of symmetry, which also con-
tains the osmium atom (W16, see Figure 2). Further assign-
ment can be made by means of selective 31P-decoupling ex-
periments (Figure 5, right). Actually, with continuous wave
(CW) low-power irradiation at the resonance frequency of
the most shielded 31P atom (d=�12.61 ppm), five 183W reso-
nances, namely, A (d=�116.5 ppm), C (d=�146.0 ppm), E
(d=�174.4 ppm), F (d=�182.3 ppm), and H (d=
�216.0 ppm), become singlets, instead of doublets without
decoupling (under high-resolution conditions). All these
lines (183W and 31P) must therefore be assigned to the PW9

subunit. In the second selective decoupling experiment, the
four remaining 183W resonances B (d=�139.0 ppm), D (d=
�163.2 ppm), G (d=�202.9 ppm), and I (d=�300.9 ppm)
become singlets, in agreement with their assignment to the

four inequivalent tungsten atoms of the PW8OsN subunit
(see Table 4).

Further steps in the assignment may be done with the
help of the 2JW,P coupling constants, which, in saturated spe-

cies, discriminate between cap
(2JW,P�1.2 Hz) and belt (2JW,P>

1.2 Hz) sites. The three high-
frequency lines, A, B, and C, all
with 2JW,P of approximately
1 Hz, can then be assigned to
tungsten atoms W2 ACHTUNGTRENNUNG(�W3),
W17 ACHTUNGTRENNUNG(�W18), and W16, respec-
tively.

Before continuing, we note
the chemical-shift variations of
the cap resonances with respect
to that of [a-P2W18O62]

6� pres-
ent as an impurity. It appears
that all nuclei are shielded, with
the most-affected (W16, Dd=

�30.4 ppm) and least-affected

Figure 5. Left: 183W NMR spectrum (12.5 MHz) of [a2-P2W17O61 ACHTUNGTRENNUNG{OsVIN}]7� (ca. 2.64 10�2 mol L�1 in DMF/CD3COCD3). The intense signals from [a-
P2W18O62]

6� present as a major impurity are truncated. Right: abscissa expansion of the individual lines for different 31P-decoupling conditions; bottom,
no decoupling; middle, CW 31P irradiation at d=�11.4 ppm (PW8Os); top, CW 31P irradiation at d=�12.6 ppm (PW9).

Table 3. Theoretical tungsten–tungsten connectivity matrix for [a2-P2W17O61ACHTUNGTRENNUNG{OsVIN}]7�.[a,b]

Nucleus 2,3 4,9 5,8 6,7 10,15 11,14 12,13 16 17,18 Subunit Type

2,3 d c c PW8Os cap
4,9 d e c PW8Os belt
5,8 c e d c c PW8Os belt
6,7 c c d c PW8Os belt
10,15 c d e c PW9 belt
11,14 c e d c c PW9 belt
12,13 c c d c PW9 belt
16 c d e PW9 cap
17,18 c c e d PW9 cap

[a] The atom numbering (see Figure 2) is given according to the IUPAC convention. [b] The off-diagonal en-
tries are coupling constants: e=edge (small) couplings, c=corner (large) couplings.

Table 4. Comparison of the 183W NMR data of solutions of [a2-P2W17O61-
ACHTUNGTRENNUNG{OsVIN}]7� and [a-P2W18O62]

6� as a [Bu4N]+ salt in DMF/CD3COCD3.
[a]

[a-P2W18O62]
6� [a2-P2W17O61 ACHTUNGTRENNUNG{OsVIN}]7�

PW9 Dd PW8Os Dd Nucleus

�115.6 (cap) �116.5 �0.9 17,18
�139.0 �23.4 2,3

�146.0 �30.4 16
�159.6 (belt) �163.2 �3.6 6,7

�174.4 �14.8 12,13
�182.3 �22.7 11,14

�202.9 �43.3 5,8
�216.0 �56.4 10,15

�300.9 �141.3 4,9

[a] Chemical shifts (d) [ppm]; Dd=dACHTUNGTRENNUNG(P2W17OsN)�d ACHTUNGTRENNUNG(P2W18).
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nuclei (W17 ACHTUNGTRENNUNG(�W18), Dd�0 ppm) belonging to the trimetal-
lic group on the opposite side to the osmium atom.

The twelve tungsten nuclei of the two belts are also
shielded with respect to [a-P2W18O62]

6�. Both the less-shield-
ed nuclei D (Dd=�3.6 ppm) and the more-shielded nuclei I
(Dd=�141.3 ppm) belong to the PW8Os unit. By analogy
with [a-PW11O39ACHTUNGTRENNUNG{OsVIN}]4� (see above), the more-shifted
signal can be assigned to W4 ACHTUNGTRENNUNG(�W9) corner-connected to the
osmium atom. On the contrary, the tungsten W2 ACHTUNGTRENNUNG(�W3)
edge-connected to the osmium atom in the cap resonates
closer to [a-P2W18O62]

6� (Dd=�23.4 ppm). This may be the
result of two opposing effects: shielding experienced by all
tungsten atoms likely due to an anionic charge increase,
which is counterbalanced by a deshielding effect for a tung-
sten edge-connected to the perturbed atom.[53] Note that the
shielding effect is expected to decrease with increasing tung-
sten–osmium distance, because the influence of the supple-
mentary negative charge should probably vanish.

Assignment of the PW9 belt requires either correlation
spectroscopy or determination of the connectivity through
observation of the coupling constants. However the low con-
centration (less than 3 N 10�2

m) precludes any 2D experi-
ment and the signal-to-noise ratio for the 1D spectrum re-
mains too low to observe all tungsten satellites. Alternative-
ly, it may be helpful to use the method proposed by Pope
and Sveshnikov, based on peak height.[59]

As W2 ACHTUNGTRENNUNG(�W3), W4 ACHTUNGTRENNUNG(�W9), W16, and W17 ACHTUNGTRENNUNG(�W18) have al-
ready been assigned, W5 ACHTUNGTRENNUNG(�W8), and W6 ACHTUNGTRENNUNG(�W7) for the
PW8Os group and W10 ACHTUNGTRENNUNG(�W15), W11 ACHTUNGTRENNUNG(�W14), and W12-
ACHTUNGTRENNUNG(�W13) for the PW9 belt remain.

For the PW8Os belt, the height of the three lines is in the
order I>D>G. According to the theoretical connectivity
matrix, they are then consistently assigned to W4 ACHTUNGTRENNUNG(�W9)
(two couplings), W6 ACHTUNGTRENNUNG(�W7) (three couplings), and W5 ACHTUNGTRENNUNG(�W8)
(four couplings), respectively. For the PW9 belt, line F is
smaller than the two other ones. It may be assigned to W11-
ACHTUNGTRENNUNG(�W14) (four couplings). The two last signals (E and H)
have equal height in agreement with the same number of
couplings (three). E presents satellites with an AB pattern,
which leads to its assignment as W12 ACHTUNGTRENNUNG(�W13) corner-coupled
to W11 ACHTUNGTRENNUNG(�W14) at the close d=�182.3 ppm. Consequently,
line H corresponds to W10 ACHTUNGTRENNUNG(�W15). All these data are sum-
marized in Table 4.

It appears then that, with respect to the Dawson [a-
P2W18O62]

6� anion, the most shielded 183W nuclei are, in de-
creasing order, W4 ACHTUNGTRENNUNG(�W9), W10 ACHTUNGTRENNUNG(�W15), W5 ACHTUNGTRENNUNG(�W8), and
W16. Except for W5 ACHTUNGTRENNUNG(�W8), they correspond to tungsten
atoms mutually in trans positions when starting from the
osmium addendum atom, and which are removed in the
hexavacant [H2P2W12O48]

12�.

183W NMR spectroscopy of [(Bu4N)7][a1-P2W17O61 ACHTUNGTRENNUNG{OsVIN}]:
Seventeen lines are expected in the 183W NMR spectrum of
the unsymmetrical chiral anion [a1-P2W17O61ACHTUNGTRENNUNG{OsVIN}]7�. As
for the a2 isomer, the various samples were always contami-
nated by the nonsubstituted highly symmetrical anion [a-
P2W18O62]

6�. The amount of this impurity, as shown by

31P NMR spectroscopy, may drop to 10–15 %; even with
such a low concentration, the two 183W NMR resonances of
[a-P2W18O62]

6� nevertheless remain of comparable intensity
and even larger than each individual [a1-P2W17O61ACHTUNGTRENNUNG{OsVIN}]7�

signal. The 12.5 MHz spectrum of a solution of [a1-
P2W17O61ACHTUNGTRENNUNG{OsVIN}]7� in acetonitrile with less than 15 % [a-
P2W18O62]

6� is presented in Figure 6. Only eleven isolated

signals of the same integrated intensity are effectively iden-
tified at d=�102.3, �106.8, �132.1, �157.2, �161.4, �168.3,
�178.6, �192.7 �206.2, �252.0, and �287.2 ppm. Except for
very small signals from the a2 isomer, the spectrum also
presents a single line at the chemical shift of [a-P2W18O62]

6�

(d=�115.3 ppm, intensity ca. 2) and two strongly overlap-
ping multiplets around d=�160 and �174.4 ppm (with in-
tensities ca. 4 and 3, respectively). The six missing signals of
[a1-P2W17O61ACHTUNGTRENNUNG{OsVIN}]7� are likely partially degenerated and
contribute to these three resonances along with the two sig-
nals of [a-P2W18O62]

6�. No assignment can be performed
except for the two low-frequency signals at d=�252.0 and
�287.2 ppm, which likely correspond to the two tungsten
nuclei in the belt corner-connected to the osmium adden-
dum atom.

15N NMR spectroscopy of [(Bu4N)4][a-PW11O39ACHTUNGTRENNUNG{Os15N}],
[(Bu4N)7][a2-P2W17O61 ACHTUNGTRENNUNG{Os15N}], and [(Bu4N)7][a1-P2W17O61-
ACHTUNGTRENNUNG{Os15N}]: The signals of [a-PW11O39ACHTUNGTRENNUNG{Os15N}]4� and [a2-
P2W17O61ACHTUNGTRENNUNG{Os15N}]7� are observed at the same chemical shift
(d=421.8 and 421.6 ppm, respectively), whereas that of [a1-
P2W17O61ACHTUNGTRENNUNG{Os15N}]7� is shifted to a higher frequency (d=
441.6 ppm), nearly at the same position as that of the
[OsCl4N]� precursor (d=446.4 ppm). The shift between cap
and belt nitrido ligands (Dd ACHTUNGTRENNUNG(15N)=20 ppm) is similar to that
observed by 17O NMR spectroscopy for the terminal oxo
groups of [a-P2W18O62]

6� (dcap=739 ppm; dbelt=759 ppm).[60]

EPR spectroscopy of [(Bu4N)4][a-PW11O39 ACHTUNGTRENNUNG{ReVIN}]: The ex-
perimental frozen-solution and powder spectra of [(Bu4N)4]
[a-PW11O39 ACHTUNGTRENNUNG{ReVIN}], registered at conventional (X-band,

Figure 6. 183W NMR spectrum (20.8 MHz) of [a1-P2W17O61 ACHTUNGTRENNUNG{OsVIN}]7� (ca.
7N 10�2 mol L�1 in CH3CN/CD3CN). The resonances indicated by * are
due to [a-P2W18O62]

6�.
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9.3 GHz) and high (190 GHz) frequencies, are shown in Fig-
ure 7a and b, respectively. The 190 GHz spectrum, owing to
the overwhelming electronic Zeeman term, is much simpler.

It is dominated by two sets of six hyperfine lines that are
well separated into a “parallel” and a “perpendicular”
region that arise from the interaction of the unpaired elec-
tron with nuclear spin I=5/2 of both rhenium isotopes,
187Re (gn=1.2879, natural abundance=62.6 %) and 185Re
(gn=1.2748, natural abundance=37.4 %) in which gn is the
Lande nuclear factor. There is also a strong shift of the g
tensor components below the spin-only value. Similar to
other [Ln ACHTUNGTRENNUNG{ReVIN}] complexes,[39] no traces of the nitrogen su-
perhyperfine structure were detected. A closer inspection of
the “perpendicular” part of the spectrum reveals small ani-
sotropies of the x and y components. Because the two Re
isotopes have very similar nuclear magnetic moments, their
isotope hyperfine splitting could not be resolved at the ob-
served line widths. Yet, besides the main signal, one addi-
tional weak component could be detected near each of the
principal “parallel” hyperfine lines in the 190 GHz spectrum
(Figure 7b). The intensity of this signal is too low in compar-
ison with that expected from the natural abundance of both
isotopes, and it is not seen at 9.3 GHz; it can therefore not
be assigned to the 185Re isotopomer. Because of slightly dif-
ferent g values, a more likely assignment is to a minor close-
ly related {ReVIN} species with slightly different parameters.

The major feature of the frozen-solution X-band spectrum
is an extremely large anisotropic rhenium hyperfine splitting
with very uneven spacings of the primary lines. However, in
contrast to frozen-solution spectra of [(Bu4N)6][a2-P2W17O61-
ACHTUNGTRENNUNG{ReVIO}] of the Dawson structure reported earlier,[61] no sig-
nificant changes in the line widths were observed. This lack
of change indicated that the effects attributable to random
strain or structural distortions are much smaller in our case.
Although some of the “parallel” (z) hyperfine bands can be
readily assigned by comparison to the 190 GHz spectrum,
the prevailing “perpendicular” (x and y) features are mixed

with weaker lines. These weaker lines are assigned to “for-
bidden” secondary (DmI=�1) and tertiary (DmI=�2) tran-
sitions, induced by strong mixing of the nuclear and elec-
tronic states that are of comparable energy at the X-band
level.[62,63] The intensities of those transitions have nonzero
values in the range 0<q<908, so they appear between the
allowed transitions (DmS=�1, DmI=0), and become impor-
tant when the quadrupole interaction is greater than � 1=10

of the metal hyperfine interaction. The positions of the al-
lowed transitions are not very suitable for determining the
quadrupole parameters, and secondary and tertiary lines
provide a better means of their reliable quantization.

The resultant spin Hamiltonian describing the EPR spec-
tra may be written as shown in Equation (1):

h ¼ beS � g � Bþ S �A � I�bngnI � Bþ I � P � I ð1Þ

in which be and bn are the electron and nuclear Bohr magne-
tons, respectively, S and I are the electron and nuclear spin-
operator vectors, and B represents the magnetic field. The
first term describes the electron Zeeman interaction gauged
by the g tensor; the second term is the electron-spin–nucle-
ar-spin hyperfine interaction (tensor A). The last two terms
account for nuclear Zeeman and quadrupole interactions
(tensor P). Computer simulations of the spectra were per-
formed by using an exact diagonalization of the spin-Hamil-
tonian matrix.

The Cs symmetry of the [(Bu4N)4][a-PW11O39 ACHTUNGTRENNUNG{ReVIN}] par-
amagnet implies a monoclinic EPR spectrum; however, the
x–y anisotropy (gxx�gyy and Axx�Ayy) and the noncoinci-
dence between the g and A tensor principal axes were found
to be rather small (b=4�1) in comparison with those of
[(Bu4N)6][a2-P2W17O61ACHTUNGTRENNUNG{ReVIO}] (b=158).[61] Figure 7a shows
the experimental 9.3 GHz spectrum along with the best-fit
simulation. The following spin-Hamiltonian parameters
were obtained: gx=1.910(3), gy=1.894(1), gz=1.779(2),
ACHTUNGTRENNUNG jAx j=1248(4) MHz, jAy j=1208(5) MHz, jAz j=
2382(8) MHz, jPx j=48(6) MHz, jPy j=42(6) MHz, jPz j=
91(5) MHz, bA=3�18, with the principal axes of A and P
nearly coincident. In order to determine the absolute signs
of the principal values of the quadrupole tensor, one must
know the absolute signs of the principal values of the hyper-
fine tensor. From the solution spectra of [(Bu4N)4][a-
PW11O39 ACHTUNGTRENNUNG{ReVIN}] we found jAav j �1590 MHz, thus all three
principal values of the A tensor have to exhibit the same
sign.

In view of the noncoincidence of the g and A principal
axes, molecular analysis of the spin-Hamiltonian parameters
can be performed within the Cs symmetry.[36] The nearest en-
vironment of the rhenium ion is a distorted octahedron con-
stituted by four oxygen atoms at a distance of 1.9 T, a more
distal axial oxygen atom at 2.4 T, and a terminal nitrogen
atom at 1.6 T. By following a procedure by Nilges et al. ,[61]

we defined a coordinate system with the z (directed along
the terminal Re�N bond) and y axes lying in the symmetry
plane, with the x axis being normal and bisecting the O�
Re�O bonds. Taking into account that the Re�N bond

Figure 7. Experimental (gray line) and simulated (dotted line) X-band as
a frozen solution at 90 K (a) and 190 GHz as a powder at 5 K (b) EPR
spectra of [(Bu4N)4][a-PW11O39ACHTUNGTRENNUNG{ReVIN}].
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strongly dominates the ligand field, the g, A, and P tensors
exhibit nearly UaxialV values with gz@gx�gy, Az@Ax�Ay

and Pz@Px�Py, which implies a ground state singly occu-
pied molecular orbital (SOMO) composed mainly of dx2-y2

with small admixtures of dyz and dz2, allowed by the Cs sym-
metry. Indeed, because the nitrogen superhyperfine splitting
was not resolved, no lobe of the SOMO should be directed
toward the nitrogen ligand, thus any contribution of dyz and
dz2 to the SOMO should be rather small. In such a case, the
largest gz and Az components are directed approximately
(within a few degrees) along the Re�N bond.

The Re hyperfine tensor can be expressed in terms of iso-
tropic and anisotropic contributions as shown in Equa-
tion (2):

A ¼ aisoE þ T ð2Þ

in which aiso represents the Fermi contact term, E is the unit
matrix, and T is the dipolar term. As usual we assume that
aiso=<A>= 1=3 ACHTUNGTRENNUNG(Ax+Ay+Az). The values of aiso and T can
next be used to determine the coefficients of s and d orbitals
in the SOMO. Neglecting the contribution due to the spin–
orbit coupling, at the first approximation, the resultant hy-
perfine tensor of rhenium can be decomposed in the follow-
ing way:

in which A/h is in MHz and h is PlanckVs constant. Spin-
orbit coupling perturbs these results, adding terms to the di-
agonal matrix components on the order of PACHTUNGTRENNUNG(gii�ge).[64] Elu-
cidation of this problem, along with detailed analysis of the
quadrupole effects, will be the subject of another paper.

By applying the generally accepted formalism,[65] the spin-
density repartition (c2) over the 6s and 5d orbitals can be
obtained from the simple formula c2

s �aRe
iso/ARe

0 and c2
d�BRe/

BRe
0 , where ARe

0 =35490 MHz is the atomic isotropic hyper-
fine constant and BRe

0 =462.8 MHz is the atomic dipolar hy-
perfine constant for 187Re. The negative value of aiso is con-
sistent with the fact that spin polarization dominates over
the direct contribution of the j6 s> orbital to the SOMO, so
it cannot reliably be assessed. For estimation of both 5d co-
efficients, we obtain c2

ACHTUNGTRENNUNG(dx2�y2)=a2=391 MHz/462.8 MHz=
0.85 and c2

ACHTUNGTRENNUNG(dyz)=b2=13 MHz/462.8 MHz=0.029. The re-
maining part is distributed over 5 dz2 (c2) and the ligands.
These values are in agreement with those previously found
for other transition-metal ions such as W, Mo, or V hosted
in Keggin structures.[66]

The observed g tensor is in full accordance with the re-
sults of the hyperfine structure analysis. Taking into account
that dx2�y2 dominates in the SOMO, thus, the minor quadrat-
ic terms can be ignored, we obtain the experimentally ob-
served sequence gzz�ge�8lRea

2/(Exy�Ex2�y2)<gyy�ge�2alRe-
ACHTUNGTRENNUNG(a�p

3c)/(Exz�Ex2�y2), gxx�ge�2alRe ACHTUNGTRENNUNG(a+
p

3c)/(Eyz�Ex2�y2)

for c<0.[61] For the observed cyz/cx2�y2 hybridization ratio, the
noncoincidence angle bA between the A and g tensors dif-
fers by only approximately 18, again in good agreement with
the simulation results.

To summarize, the EPR data show that the odd electron
in [(Bu4N)4][a-PW11O39ACHTUNGTRENNUNG{ReVIN}] is primarily localized on the
rhenium 5dx2-y2(dp) orbital overlapping with 2pp orbitals of
the in-plane oxygen ligands. The high-valence Re metal
center exhibits Cs symmetry, and can be stabilized within
the Keggin framework. The weak mI dependence of the line
widths indicates a well-ordered local surrounding of the ni-
trido-rhenium magnetophore.

Cyclic voltammetry of [(Bu4N)4][a-PW11O39 ACHTUNGTRENNUNG{ReVIN}]: Four
reversible waves at +0.51, �0.46, �1.43, and �1.88 V versus
SCE and one irreversible wave at �2.56 V are observed in
the voltammogram of [(Bu4N)4][a-PW11O39 ACHTUNGTRENNUNG{ReVIN}] record-
ed in acetonitrile at a carbon electrode (see Figure 8 and

Table 5). The four former waves correspond to one-electron
processes, which are attributed, respectively, to the oxidation
of ReVI to ReVII and to the successive reductions of ReVI to
ReV, ReIV, and ReIII.[36] The latter wave is a multielectron
process owing to the reduction of the polyoxotungstate
framework. Interestingly, the relatively low oxidation poten-
tial of [(Bu4N)4][a-PW11O39ACHTUNGTRENNUNG{ReVIN}] (0.51 V) suggests that
[(Bu4N)3][a-PW11O39 ACHTUNGTRENNUNG{ReVIIN}] can be prepared easily.
Indeed, it has been synthesized by oxidation of [(Bu4N)4][a-
PW11O39 ACHTUNGTRENNUNG{ReVIN}] by (Bu4N)Br3.

[35]

Figure 8. Cyclic voltammogram of [(Bu4N)4][a-PW11O39 ACHTUNGTRENNUNG{ReVIN}]
(1 mmol L�1 in CH3CN, 0.1 mol L�1 (Bu4N)BF4, E vs. SCE [V] at a carbon
electrode, 100 mV s�1).

Table 5. Electrochemical data (in V) versus SCE recorded on a CH3CN
sample of [(Bu4N)4][a-PW11O39ACHTUNGTRENNUNG{ReVIN}].

Re6+/Re7+ Re6+/Re5+ Re5+/Re4+ Re4+/Re3+

Epa 0.54 �0.42 �1.39 �1.83
Epc 0.47 �0.49 �1.46 �1.92
1=2 ACHTUNGTRENNUNG(Epa+Epc) 0.51 �0.46 �1.43 �1.88
Epa�Epc 0.07 0.07 0.07 0.09
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ESI mass spectrometry of [(Bu4N)4][a-PW11O39 ACHTUNGTRENNUNG{OsVIN}] and
[(Bu4N)4][a-PW11O39ACHTUNGTRENNUNG{ReVIN}]: The ESI mass spectrum of
[(Bu4N)4][a-PW11O39 ACHTUNGTRENNUNG{ReVIN}] displays a base peak centered
at m/z 960 and another isotopic cluster at m/z 1559 (5 %)
(see Figure 9). These quasi-molecular species are character-

ized by a D ACHTUNGTRENNUNG(m/z)= 1=3 and 1=2 Thomson increment, which im-
plies triply and doubly charged species, respectively. The
signal at m/z 1559 is thus assigned to the [Bu4N][a-
HPW11O39ACHTUNGTRENNUNG{ReVIN}]2� aggregate, whereas the signal at m/z
960 is attributed to [a-HPW11O39 ACHTUNGTRENNUNG{ReVIN}]3�. Aggregates be-
tween POMs and [Bu4N]+ ions are precedented in the liter-
ature and have been observed, for example, with the
[Bu4N]+ salts of [a2-P2W17O61ACHTUNGTRENNUNG{ReVIO}]6�,[61] [a-PW11O39-
ACHTUNGTRENNUNG{ReVNPh}]4�,[22] and [a-PW11O39 ACHTUNGTRENNUNG{MoVO}]4�.[21]

The ESI mass spectrum of [(Bu4N)4][a-PW11O39 ACHTUNGTRENNUNG{OsVIN}]
displays a base peak centered at m/z 1442 characterized by
a D ACHTUNGTRENNUNG(m/z)= 1=2 Thomson increment (see Figure 9), and was
attributed to [a-H2PW11O39ACHTUNGTRENNUNG{OsVIN}]2�.

Conclusion

In this paper, the synthesis of [a2-P2W17O61 ACHTUNGTRENNUNG{OsVIN}]7� and
[a1-P2W17O61ACHTUNGTRENNUNG{OsVIN}]7� as tetrabutylammonium salts are de-
scribed for the first time. We also present two alternative
routes to the synthesis of [(Bu4N)4][a-PW11O39 ACHTUNGTRENNUNG{ReVIN}] that
we have previously reported.[35] Several methods including
183W and 15N NMR, EPR, IR, and UV-visible spectroscopies,
electrochemistry, and ESI mass spectrometry have been
used to characterize [a2-P2W17O61ACHTUNGTRENNUNG{OsVIN}]7�, [a1-P2W17O61-
ACHTUNGTRENNUNG{OsVIN}]7�, [a-PW11O39 ACHTUNGTRENNUNG{ReVIN}]4�, and [a-PW11O39 ACHTUNGTRENNUNG{OsVIN}]4�

thoroughly. Work in progress includes nitrogen-atom trans-
fer reactions from nitrido derivatives and synthesizing other
nitrogenous heteropolyanion derivatives, such as organoimi-
do and phosphorane iminato species.

Experimental Section

Materials : K10[a2-P2W17O61], K10[a1-P2W17O61],[67] [(Bu4N)4][a-
H3PW11O39],[68] [Bu4N] ACHTUNGTRENNUNG[OsCl4N],[69] and [Bu4N]ACHTUNGTRENNUNG[ReCl4N][39] were prepared
as described in the literature. [ReCl3 ACHTUNGTRENNUNG(N2Ph2) ACHTUNGTRENNUNG(PPh3)2] was obtained by
using a slight modification to the procedure described by Dilworth
et al. :[40] 5.7 equiv of N,N-diphenylhydrazinium chloride were used and
the reaction time was extended to 5 h. Tetrabutylammonium tetrafluoro-
borate was synthesized from commercial (Aldrich) sodium tetrafluorobo-
rate and tetrabutylammonium hydrogen sulfate and was dried overnight
at 60 8C. Triethylamine was purchased from Aldrich and stored on
sodium wire. Reagent-grade acetonitrile was dried over calcium hydride
before distillation. Reagent-grade diethyl ether and methanol were used
as received.

Preparation of [(Bu4N)7][a2-P2W17O61ACHTUNGTRENNUNG{OsVIN}]: [Bu4N] ACHTUNGTRENNUNG[OsCl4N] (0.120 g,
0.204 mmol) in methanol (5 mL) was added to a suspension of K10[a2-
P2W17O61] (0.904 g, 0.198 mmol) in distilled water (25 mL). The reaction
turned very dark brown immediately. After 19 h at room temperature,
(Bu4N)Br (0.402 g, 1.250 mmol) in distilled water (50 mL), acetonitrile
(25 mL), and dichloromethane (10 mL) was added. The organic layer was
separated (additional CH2Cl2 may be required to completely separate the
phases), dried over K2CO3, the solvents were removed in vacuo, and the
product was washed once with diethyl ether. Yield: 0.931 g (74 %). This
black solid was found to be [(Bu4N)7][a2-P2W17O61 ACHTUNGTRENNUNG{OsVIN}] contaminated
with approximately 4.5% of [(Bu4N)6][a-P2W18O62] as judged by using
31P NMR spectroscopy (d=�11.9 ppm). The material can be recrystal-
lized from acetonitrile/diethyl ether. 31P NMR (CD3CN): d=�11.4,
�12.6 ppm ; 15N NMR (DMF/CD3COCD3): d=421.6 ppm ; 183W NMR
(DMF/CD3COCD3): d=�116.5 (2 W), �139.0 (2 W), �146.0 (1 W),
�163.2 (2 W), �174.4 (2 W), �182.3 (2 W), �202.9 (2 W), �216.0 (2 W),
�300.9 ppm (2 W); IR (KBr): ñ=2961 (m), 2935 (m), 2872 (m), 1484
(m), 1381 (w), 1089 (s), 955 (s), 911 (s), 786 (s), 525 (w), 383 (m),
327 cm�1 (m); UV/Vis (CH3CN): lmax=455 nm; elemental analysis calcd
(%) for C112H252N8O61P2W17Os: C 22.18, H 4.19, N 1.85; found: C 21.73,
H 4.20, N 1.97.

Preparation of [(Bu4N)7][a1-P2W17O61ACHTUNGTRENNUNG{OsVIN}]: [Bu4N] ACHTUNGTRENNUNG[OsCl4N] (0.204 g,
0.347 mmol) in methanol (8 mL) and distilled water (30 mL) were added
to K10[a1-P2W17O61] (1.504 g, 0.333 mmol). The mixture was stirred at
room temperature in the dark. After 17 h, (Bu4N)Br (0.654 g,
2.030 mmol), acetonitrile (40 mL), CH2Cl2 (40 mL), and additional distil-
led water (50 mL) were added. The organic layer was separated (addi-
tional CH2Cl2 may be required to completely separate the phases), dried
over anhydrous K2CO3, the solvents were removed in vacuo, and the
product was washed once with diethyl ether. Yield: 1.355 g. This black
solid was found to be [(Bu4N)7][a1-P2W17O61 ACHTUNGTRENNUNG{OsVIN}] contaminated with
approximately 19% of [(Bu4N)6][a-P2W18O62] as judged by using
31P NMR spectroscopy (d=�11.9 ppm). 31P NMR (CD3CN): d=�11.5,

Figure 9. ESI spectra of [(Bu4N)4][a-PW11O39 ACHTUNGTRENNUNG{ReVIN}] (top) and enlarge-
ment of the base peaks of [(Bu4N)4][a-PW11O39 ACHTUNGTRENNUNG{ReVIN}] (middle) and
[(Bu4N)4][a-PW11O39 ACHTUNGTRENNUNG{OsVIN}] (bottom).
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�12.3 ppm; 15N NMR (CH3CN/CD3CN): d=441.6 ppm; 183W NMR
(CH3CN/CD3CN): d=�102.3 (1 W), �106.8 (1 W), �115.3 (1 W), �132.1
(1 W), �157.2 (1 W), �160.0 (2 W), �161.4 (1 W), �168.3 (1 W), �174.4
(3 W), �178.6 (1 W), �192.7 (1 W), �206.2 (1 W), �252.0 (1 W),
�287.2 ppm (1 W).

Preparation of [(Bu4N)4][a-PW11O39ACHTUNGTRENNUNG{ReVIN}]

Method A : Et3N (0.020 mL, 0.150 mmol) and [ReCl3ACHTUNGTRENNUNG(N2Ph2) ACHTUNGTRENNUNG(PPh3)2]
(0.068 g, 0.059 mmol) were successively added to a solution of [(Bu4N)4]
[a-H3PW11O39] (0.183 g, 0.050 mmol) in distilled CH3CN (5 mL). Within
a few minutes under reflux conditions, the initially brown suspension
turned violet; this was left at reflux for 1 h and filtered. Deep-violet crys-
tals were grown by means of slow diffusion of Et2O into the filtrate.
These crystals were found to be contaminated with approximately 5.3%
of [(Bu4N)4][a-PW11O39ACHTUNGTRENNUNG{ReVO}] as judged by using 31P NMR spectrosco-
py (d=�14.59 ppm).

Method B : Et3N (0.400 mL, 2.800 mmol) was added to a solution of
[(Bu4N)4][a-H3PW11O39] (0.365 g, 0.100 mmol) and [Bu4N] ACHTUNGTRENNUNG[ReCl4N]
(0.058 g, 0.100 mmol) in distilled CH3CN (10 mL). After a few minutes,
the initially yellow solution turned violet. After the solution had been
stirred for three days, deep-violet crystals of [(Bu4N)4][a-PW11O39-
ACHTUNGTRENNUNG{ReVIN}] were grown by means of slow evaporation.

Instrumentation : IR spectra were recorded from KBr pellets on a Bio-
Rad Win-IR FTS 165 FTIR spectrophotometer, and UV-visible spectra
were recorded on a Shimadzu UV-2101 spectrophotometer. 31P NMR
spectra (121.5 MHz, external 85% H3PO4) were obtained at room tem-
perature in 5 mm o.d. tubes on a Bruker AC 300 spectrometer equipped
with a QNP probe head. The 183W NMR spectrum was recorded in
10 mm o.d. tubes on a Bruker AC 300 or Bruker DRX 500 spectrometer
operating at 12.5 or 20.8 MHz, respectively. The AC 300 spectrometer
was equipped with a triple-resonance low-frequency VSP probe head
with a 31P decoupling coil. Chemical shifts were measured with respect to
a 2m Na2WO4 solution in alkaline D2O by using saturated H4 ACHTUNGTRENNUNG[SiW12O40]
as a secondary external standard (d=�103.8 ppm).[70] The 31P-decoupling
experiments were performed with a B-SV3 unit operating at 121.5 MHz
and equipped with a B-BM1 broad-band modulator. 15N NMR spectra
were recorded from 90% 15N-enriched samples in 10 mm o.d. tubes on a
Bruker AM 500 spectrometer operating at 50.6 MHz. They were refer-
enced to neat CH3NO2 (d=0 ppm) using CH3CN as a secondary standard
(d=�135.83 ppm). 183W 2D COSY spectra were obtained at 20.8 MHz
on a Bruker DRX 500 instrument by using a simple Jeener (908–incre-
mental delay–908–acquisition–relaxation delay) pulse sequence. The spec-
tral width was 3300 Hz and 3200 transients were acquired with a sum of
acquisition time and relaxation delay of 500 ms. The number of stored ex-
periments was 128 for a total spectrometer time of approximately 60 h.
The data were zero-filled and apodized with sine bell functions before
Fourier transformation. The resulting COSY map is presented as a power
spectrum after symmetrization of the transformed matrix. The [a-
PW11O39 ACHTUNGTRENNUNG{OsVIN}]4� NMR sample was obtained by dissolving [(Bu4N)4][a-
PW11O39 ACHTUNGTRENNUNG{OsVIN}] (980 mg), prepared as previously described,[35] in
CD3CN (2 mL), resulting in a 1.27 N 10�1 mol L�1 concentration. This
sample was contaminated by a very small amount of [(Bu4N)3][a-
PW12O40] as can be seen on the 183W NMR spectrum. The [a-PW11O39-
ACHTUNGTRENNUNG{ReVIIN}]3� NMR sample has been obtained by dissolving [(Bu4N)3][a-
PW11O39 ACHTUNGTRENNUNG{ReVIIN}] (105 mg), prepared as previously described,[35] in a mix-
ture of CH3CN (2 mL) and CD3COCD3 (0.3 mL), resulting in a 1.46 N
10�2 mol L�1 concentration. The [a2-P2W17O61ACHTUNGTRENNUNG{OsVIN}]7� NMR sample
was obtained by dissolving [(Bu4N)7][a2-P2W17O61 ACHTUNGTRENNUNG{OsVIN}] (760 mg) in a
mixture of DMF (2 mL) and CD3COCD3 (0.5 mL). This sample was con-
taminated by approximately 40 to 50 % of [(Bu4N)6][a-P2W18O62] as esti-
mated by using 31P NMR spectroscopy. Consequently, there is less than
400 mg of [(Bu4N)7][a2-P2W17O61 ACHTUNGTRENNUNG{OsVIN}] in the NMR tube, which corre-
sponds to a 2.64 N 10�2 mol L�1 concentration. The [a1-P2W17O61ACHTUNGTRENNUNG{OsVIN}]7�

sample was obtained by dissolving [(Bu4N)7][a1-P2W17O61ACHTUNGTRENNUNG{OsVIN}]
(1.10 g) in a mixture of CH3CN (2 mL) and CD3CN (0.5 mL). This
sample was contaminated by approximately 15 % of [a-P2W18O62]

6� as es-
timated by using 31P NMR spectroscopy. X-band EPR spectra were re-
corded on a Bruker ESR 300 X-band spectrometer. A microwave power
of 4 mW was used with a modulation amplitude of 0.5 mT. The 190 GHz

spectra were obtained on a standard HF-EPR Grenoble spectrome-
ter.[71, 72] Spectra of frozen and powdered samples were recorded at 90 K
for X-band and at 5 K for 190 GHz. Spectra processing was performed
with software provided by Bruker, whereas simulation of the spectra was
carried out with the EPRsim32[73] and SIMPIPM programs.[74] For the
least-squares optimization a hybrid genetic algorithm, combined with
Powell refining and the Simplex method, was used. Electrochemical data
were recorded in acetonitrile, with sample concentrations of 10�3

m and
0.1m (Bu4N)BF4 as the supporting electrolyte. Cyclic voltammetry at a
carbon electrode was carried out on a PAR model 273 instrument. A
standard three-electrode cell was used, which consisted of the working
electrode, an auxiliary platinum electrode and an aqueous saturated calo-
mel electrode (SCE) equipped with a double junction. All potentials are
relative to the SCE. The ESI mass spectra were recorded by using an
ion-trap mass spectrometer (Bruker Esquire 3000, Bremen, Germany)
equipped with an orthogonal ESI source. The capillary high voltage was
set to +3500 V. The capillary exit, skimmer 1 and skimmer 2, were typi-
cally set to (�)80, (�)25, and (�)6 V, respectively, in order to avoid in-
source decomposition. Sample solutions (10 pmolmL�1 in acetonitrile)
were infused into the ESI source by using a syringe pump at a flow rate
of 120 mLh�1. A low declustering potential (DCE-Sk=40 V) was used to
keep the POM intact.
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