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Introduction

Polyoxometalates have stimulated many current research ac-
tivities in broad domains of science, such as catalysis, medi-
cine, and materials.[1] This class of molecular materials offers
the possibility of stereospecifically combining elements,
mainly transition metal cations, in structurally diverse multi-
unit compounds. This enormous potential has led to the gen-
eration of numerous compounds with specific targeted prop-
erties, such as magnetic properties, redox activity, or level of
acidity, for anticipated applications in many areas. The rich
diversity of the lacunary polytungstates makes them attrac-
tive for use as rigid ligands.[2,3] This class of anionic ligands,

Abstract: A study of the borotungstate
system has led to the characterization
of new, original compounds based on
the unconventional Keggin derivative
[H3BW13O46]

8� ion (denoted as 1).
[H3BW14O48]

6� (2) and the dimer
[H6B2W26O90]

12� (3) crystallize as
mixed cesium/ammonium salts and
have been characterized by single-crys-
tal X-ray diffraction analysis. Anion 2
reveals an unusual arrangement, con-
sisting of an outer {W3O9} core grafted
onto the monovacant [BW11O39]

9�

Keggin moiety and exhibits an unpre-
cedented distorted square-pyramidal
arrangement for a cis-{WO2} core. Ele-
mental analysis, supported by bond dis-
tance analysis, is consistent with the
presence of three protons distributed
over the terminal oxygens of the outer
{W3O7} capping fragment. The
[H6B2W26O90]

12� ion (3) is formally de-
rived from the direct condensation of

two [H3BW13O46]
8� subunits. The cisoid

arrangement of the two [BW11O39]
9�

subunits, coupled with the antiparallel
arrangement of the two quasi-linear
O=W···O=W�OH2 chains within the
central {W4O12} connecting group,
breaks any symmetry, thereby resulting
in a chiral compound. Polarography
and pH-metric titrations reveal the for-
mation of the monomeric precursor
[H3BW13O46]

8� (anion 1) under stoi-
chiometric conditions. 183W NMR anal-
ysis of 2 and 3 in solution gives com-
plex spectra, consistent with the pres-
ence of equilibria between several spe-
cies. In the frame of this study, we also
report on a structural re-investigation
of the [H6B3W39O132]

15� ion (4) based

on reliable results obtained in the solid
state by means of single-crystal X-ray
diffraction analysis, and in solution by
means of 1D and 2D COSY 183W
NMR. X-ray diffraction analysis re-
vealed the presence of three attached
aquo ligands on the central {W6O15}
connecting core, generating three O=
W···O=W�OH2 quasi-linear chains,
which are responsible for the chirality
of the trimeric assembly. This structural
arrangement accounts for the 39-line
183W solution spectrum. The 2D COSY
spectrum permits reliable assignments
of the six strongly shielded resonances
(around �250 and �400 ppm) to the
six central W atoms, as well as addi-
tional assignments. The origin of such
strong shielding for these particular W
atoms is discussed on the basis of pre-
viously published results. Infrared data
for compounds 1, 3, and 4 are also pre-
sented.
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ranging from monovacant to hexavacant anions, exhibits
various polyhedral arrangements, which are mainly derived
from the most common archetypal structural motifs, that is,
Dawson or Keggin structures.[4] The number of possible
combinations is further increased by the existence of various
types of isomerism, for example, the Baker–Figgis isomers
in the Keggin series (a, b, g, d, and e).[5] In this context, the
chemistry of the polyvacant heteropolytungstates offers
great potential for the discovery of more and more finely
tuned and specifically designed mixed-metal compounds.
Among the Keggin derivatives, the borotungstate polyan-
ions[6] represent a subclass of compounds with unusual prop-
erties as compared to the silicato and phosphato ana-
logues.[7,8] Boron is an electron-deficient atom, which can
adopt either trigonal or tetrahedral coordination modes.[9]

The structure of the a-[BW12O40]
5� Keggin anion reveals a

central regular {BO4} unit,[10] in agreement with 11B solid-
state NMR data.[11] Formal removal of a {WO}4+ group
leads to the monovacant species [HBW11O39]

8�.[12] However,
contrary to the well-established chemistry of the Si and P
Keggin derivatives, acidification of the monovacant
[HBW11O39]

8� ion in the presence of tungstate ions does not
lead directly to the saturated [BW12O40]

5� ion. Previous stud-
ies by polarography and analytical ultracentrifugation have
revealed the initial formation of a metastable compound
with the formula a-[H3BW13O46]

8�.[13] In unbuffered aqueous
solution, this anion is slowly yet spontaneously converted to
the thermodynamically stable a-[BW12O40]

5� ion, while in
strongly acidic media it con-
denses further leading to the
tri-unit compound, which has
been isolated and character-
ized in its acidic form of
H21[B3W39O132]·69H2O.[13] De-
spite these results, the chemis-
try and properties of the boro-
tungstate ions remain unclear,
and the interconversion
scheme between these species
has yet to be delineated. We
report herein some new in-
sights into borotungstate
chemistry with the synthesis
and characterization of two
new borotungstate species, the
monomeric anion a-
[H3BW14O48]

6� and the dimeric
anion [H6B2W26O90]

12�. We also
present a re-investigation of
the single-crystal X-ray diffrac-
tion determination of the tri-
meric [H6B3W39O132]

15� ion, al-
lowing reconciliation of the
high symmetry observed in the
solid state (C3h) with the lack
of symmetry in solution indi-
cated by the 39-line 183W NMR

spectrum recently reported by Maksimov et al.[14] The 1D
183W NMR analysis of the [H6B3W39O132]

15� ion has been
supported by a 2D COSY 183W NMR, allowing thirteen par-
tial assignments. Finally, structural and 183W NMR character-
izations of the three compounds, that is, the monomer,
dimer, and trimer, each based on the same structural build-
ing block, give indications about the properties of the
[H3BW13O46]

8� ion, especially about its peculiar reactivity.

Results and Discussion

Molecular structures of the anions

Cs5ACHTUNGTRENNUNG(NH4)0.94[H3BW14O48]0.94ACHTUNGTRENNUNG[BW12O40]0.06·10H2O (CsNH4-2):
We begin this section by discussing the structural disorder of
the molecular unit within the crystal, and then proceed to
describe the anion [H3BW14O48]

6� (denoted as 2).
The X-ray structure of CsNH4-2 reveals a disordered mo-

lecular unit incorporating about 6% of the [BW12O40]
5� ion

and about 94% of the [H3BW14O48]
6� ion, both being locat-

ed at the same crystallographic site (Figure 1a; Table 1). The
disordered molecular unit is based on the non-disordered
{BW11O39}

9� moiety with either a {W=O}4+ group located in
its vacancy (giving the [BW12O40]

4� ion) or an outer {W3O9}
grafted core leading to the {BW14O48}

9� ion (2). The tung-
sten atoms labeled W5 and W8, belonging to the outer tri-
tungstic group, were refined with a statistical occupancy

Figure 1. Structural representation of the molecular disorder in CsNH4-2 containing 94% [H3BW14O46]
6� ions

and 6% [BW12O40]
5� ions superimposed on the same crystallographic site. a) Molecular units consisting of a

non-disordered monovacant {BW11O39}
9� unit (polyhedral representation) capped by a disordered {W4O9} core

(ball-and-stick representation). b) Representation of the [H3BW14O46]
6� ion (2) showing the outer {W3O9} core

(with space-filling shown transparently) grafted onto the {BW11O39}
9� unit. c) [BW12O40]

5� ion surrounded by
eight water molecules (space-filling model).
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factor of 0.94, while a 0.06 complementary occupancy factor
was found for the single W9 tungsten atom located in the
vacancy. The nine outer oxygen atoms of the {W3O9} core
retain an occupancy factor of 1. In such a disordered
scheme, these oxygen atoms, except for O8, could be either
oxo or hydroxo ligands of the {W3O9} core, or hydrating
water molecules surrounding the [BW12O40]

5� ion. These
oxygen atoms, either oxo/hydroxo ligands or water mole-
cules, interact with the cesium cations (Cs1, Cs2, Cs3, Cs4,
and Cs5) with typical bond lengths (3.013(8)–3.524(8) Q).
The O8 atom, which is common to both anions, corresponds
to the terminal oxygen atom attached to W9 within
[BW12O40]

5�, or the bridging oxygen between the two equiv-
alent W5 atoms within the {W3O9} outer capping core. Thus,
in such an environment, the [BW12O40]

5� ion is surrounded
by eight water molecules, which confer to the overall struc-
ture, {[BW12O40]· ACHTUNGTRENNUNG(H2O)8}

5�, a shape in space-filling volume
similar to that observed for the [H3BW14O48]

6� ion (see Fig-
ure 1b and c). In this structural model, the charge balance of
the disordered molecular unit is ensured by five non-disor-
dered cesium cations and one ammonium cation, also re-
fined with a 0.94 occupancy factor.

The structure of the [BW14O48]
9� ion, shown in Figure 1b,

consists of a {BW11O39}
9� ion, capped by an outer tritungstic

core, {W3O9}. Compound CsNH4-2 crystallises in the Pnnm
space group, in which the [BW14O48]

9� ion exhibits Cs molec-
ular symmetry in the solid state. The {BW11O39}

9� subunit is
directly connected to two equivalent octahedra (W5 tung-
sten atoms) through four corner junctions. Both equivalent
W5 atoms are mutually connected through the O8 oxygen
atom, which ensures a corner junction. The third outer tung-

sten atom (W8) bears two cis terminal oxygen atoms and is
bound to the two m2 O27 atoms and to the single m3 O8
atom. The W8 tungsten atom exhibits an unprecedented
pentacoordinate arrangement, which makes compound 2
unique in the field of polyoxometalates. According to the el-
emental analysis, three protons are required for charge bal-
ance. Unfortunately, bond valence sum (BVS) calculations
did not allow unambiguous location of the protonation sites.
Nevertheless, the six terminal W�O bond distances within
the outer {W3O9} core fall in the range 1.724(11)–1.786(7)
and their mean value is 1.763 Q, slightly larger than that ob-
served in the {BW11O39}

9� subunit (1.713 Q). The three pro-
tons are probably statistically distributed over these six ter-
minal oxygen atoms. Selected bond distances within the
{W3O9} outer capping group are given in Table 2.

Cs6ACHTUNGTRENNUNG(NH4)6H6B2W26O90·12H2O (CsNH4-3): The dimeric anion
[H6B2W26O90]

12� (3) is depicted in Figure 2. The structure
consists of two {BW11O39}

9� ions linked by a {W4O12} core in-
volving the W12, W13, W14, and W15 atoms. The central
{W4O12} linking group consists of four corner-connected oc-
tahedra with W-O-W angles of 150–1578. The arrangement
of the outer {W4O12} core reveals alternating long and short
trans W�O bonds extending along the chain (see Table 2).
For example, the short distance between the W(12) and
O(40) atoms (1.710(15) Q) is consistent with W=O double-
bond character, while the trans W(12)�O(43) bond is seen
to be significantly longer (2.233(15) Q). The third trans
W(13)�O(43) bond is short (1.704(13) Q), in agreement
with W=O double-bond character, while the extended
length of the remaining trans W(13)�O(46) bond

Table 1. Summary of crystal structure data.

CsNH4-2 CsNH4-3 NaH-4

formula H26.58Cs5N0.94BW13.88O57.52 H48Cs6N6B2W26O102 H156Na3B3W39O201

M [gmol�1] 4187.48 7363.62 10644.80
T [K] 296(2) 296(2) 296(2)
crystal size [mm] 0.18R0.08R0.06 0.14R0.06R0.04 0.10R0.10R0.05
crystal system orthorhombic triclinic hexagonal
space group Pnnm P1̄ P63/m
a [Q] 18.4843(3) 12.7814(8) 21.7511(1)
b [Q] 19.6459(3) 18.746(2) 21.7511(1)
c [Q] 15.7813(2) 19.894(2) 21.6353(2)
a [8] 90 74.340(2) 90
b [8] 90 76.165(2) 90
g [8] 90 89.887(2) 120
V [Q3] 5730.9(2) 4446.2(5) 8864.6(1)
Z 4 2 2
1calcd [gcm

�3] 4.853 5.500 3.988
m ACHTUNGTRENNUNG(MoKa) [cm

�1] 30.975 36.029 25.323
l ACHTUNGTRENNUNG(MoKa) [Q] 0.71073 0.71073 0.71073
q range [8] 1.51 to 27.50 1.10 to 27.5 1.08 to 27.49
data collected 36256 49838 55905
unique data 6825 20378 6971
unique data I>2s(I) 5440 14759 4492
no. of parameters 386 1204 382
R(F)[a] 0.0514 0.0525 0.0754
Rw(F

2)[b] 0.1363 0.1405 0.2049
GOF 1.075 1.098 1.048

[a] R1=

P
jF0 j�jFc jP

jFc j
. [b] Rw=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
wðF2

0�F2
cÞ2P

wðF2
0Þ2

r
, 1
w=s2F2

0+ (aP)2+bP.

www.chemeurj.org L 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 7234 – 72457236

E. Cadot, R. Thouvenot et al.

www.chemeurj.org


(2.270(12) Q) is characteristic of a terminal aquo ligand for
O46. Alternating long and short W�O bonds running along
the O=W···O=W�OH2 chain are also observed within the
second {W2O7} fragment involving the W14 and W15 tung-
sten atoms. Such connectivity involving short and long alter-
nating W�O bonds has been reported previously for the
[Si2W23O78(OH)]9� ion, which contains the same {W2O7}
core connecting two g lacunary Keggin anions.[15] Interest-
ingly, the two O=W···O=W�OH2 chains within 3 are ar-
ranged in an anti-parallel fashion (head-to-tail), with the
two water molecules O(46) and O(55) far from each other
(see Figure 2). The coordination sphere of each tungsten
atom within the central core is completed by an additional
terminal oxygen atom. As in the case of 2, elemental analy-
sis requires the presence of six protons. Four of them belong
to the two attached water molecules, while the remaining
two should be statistically distributed over the four terminal
oxygens, O(42), 0(44), O(48), and O(52), according to the
W�O bond distances (1.723(17)–1.751(15) Q). Another
structural feature is the cisoid arrangement of the two
{BW11O39}

9� moieties, as shown in Figure 3a. Such a cisoid
configuration, associated with the antiparallel arrangement
of the two O=W···O=W�OH2 chains, results in the loss of
any element of symmetry within the molecule. Alternatively,
the dimer may be described in terms of the association of

two chiral {H3BW13O46}
8� units,

as shown in Figure 3b. Actual-
ly, the observed structure is
built up from two enantiomeri-
cally equivalent {H3BW13O46}

8�

units. The resulting molecular
dimer remains chiral, but both
enantiomers are present in the
racemic crystal (P1̄ centrosym-
metric space group for CsNH4-
3).

Na3H18B3W39O132·56H2O
(NaH-4): Because the 183W
NMR spectrum of 4 cannot be
fully understood on the basis

of the reported solid-state structural data,[13,14] we decided to
reconsider the structural determination of the anion 4. The
structure of the [H6B3W39O132]

15� ion is shown in Figure 4.

NaH-4 crystallises in the hexagonal P63/m space group,
giving the highly symmetrical C3h {H6B3W39O132} motif. The
general structural description is maintained and consists of
three {BW13O46} subunits, mutually linked by six corner-shar-
ing octahedra. Actually, we found that a slight disorder, fun-
damental for the molecular symmetry, involves the six tung-
sten atoms within the central {W6O15} core. These atoms
appear equally distributed over two close positions, labeled
A and B and separated by 0.565(2) Q (see Figure 4b). Such
a disorder is rationalized by alternating long and short W�O
bonds along the O=W···O=W�OH2 chain, statistically ori-
ented over two opposite directions (see Figure 4a). The posi-
tional disorder affects only the tungsten atoms, and not the

Table 2. Bond lengths [Q] within the outer Keggin groups for compounds 1, 2, and 3.

ACHTUNGTRENNUNG{W3O9} in 1 ACHTUNGTRENNUNG{W4O12} in 2 ACHTUNGTRENNUNG{W6O15} in 3

W5�O8 2.0983(19) W12�O40 1.710(13) W14�O47 1.694(12) W7B�O25 2.241(11)
W5�O29 1.754(8) W12�O41 1.752(15) W14�O48 1.740(15) W7B�O26 1.697(3)
W5�O31 1.786(7) W12�O42 1.914(14) W14�O45 1.930(13) W7B�O22 1.842(7)
W5�O27 1.943(8) W12�O24 1.983(13) W14�O49 1.964(13) W7B�O24#2 2.003(10)
W5�O22 1.958(6) W12�O39 2.164(15) W14�O50 2.208(12) W7B�O24 1.840(11)
W5�O20 2.226(6) W12�O43 2.235(13) W14�O51 2.219(13) W7B�O10 1.983(10)

W8�O27 1.958(7) W13�O43 1.704(14) W15�O52 1.724(13) W7A�O25 1.677(11)
W8�O15 1.726(11) W13�O44 1.737(14) W15�O50 1.735(12) W7A�O10 2.007(10)
W8�O2 1.774(13) W13�O45 1.875(13) W15�O42 1.878(14) W7A�O22 1.878(8)
W8�O8 1.977(8) W13�O28 1.937(14) W15�O53 1.951(14) W7A�O24 1.856(11)

W13�O35 2.120(13) W15�O54 2.148(15) W7A�O24#2 1.967(10)
W13�O46 2.271(14) W15�O55 2.237(14) W7A�O26 2.261(3)

Figure 2. [H6B2W26O90]
12� dimeric ion (3) showing the connections be-

tween two {BW11O39}
9� units in polyhedral representation and the central

{W4O12} linking core (ball-and-stick). Large spheres correspond to the di-
protonated oxygen atoms (aquo ligands) and the dark dotted lines repre-
sent the long W�O bonds within the O=W···W�OH2 chains.

Figure 3. a) Top view of the anion 3 showing the cisoid arrangement of
the two {BW11O39}

9� subunits, highlighted by the relative positions of two
hatched ditungstic groups (white ellipse=water molecule). b) Represen-
tation of the two enantiomers generated by the chiral {H3BW13O46}

8�

moiety; anion 3 is built from two enantiomerically equivalent
{H3BW13O46}

8� units.
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oxygen atoms involved in the coordination of the disordered
tungsten atoms. The O25 atom corresponds to an aquo
ligand when bound to W7B and to a doubly-bonded oxo
ligand when bound to W7A. The resulting alternating short
and long bond distances within the O=W7A···O=W7B�OH2

chain are 1.676(11), 2.260(3), 1.696(3), and 2.240(11) Q, re-
spectively (see Table 2). Thus, the {WO6} octahedra for
atoms W7A and W7B are axially distorted, which is a
common feature of WVI atoms. From such considerations,
three aquo ligands have to be postulated in the molecular
formula of the anion [H6B3W39O132]

15�. Similar to the dimer-
ic anion, [H6B3W39O132]

15� may be viewed as a fusion of
three {BW13} chiral subunits, but in contrast to the dimer,
the three {BW13} subunits are mutually connected in trans-
oid fashions. Accordingly, a statistical distribution of the
three O=W···O=W�OH2 chains within the central {W6O15}
linking group may formally generate two diastereoisomers.
In the first one, the three outer terminal aquo ligands are lo-
cated over the same face of the {W6} trigonal prism and,
consequently, the three outer W=O groups are located over
the opposite face. Such an arrangement has to be excluded
because the resulting C3 symmetry should produce thirteen
183W NMR resonances, which would then be inconsistent
with the experimental 39-line spectrum.[14] Conversely, the
second diastereoisomer consists of a distribution of one oxo
and two aquo ligands over one face and of one aquo and
two oxo ligands over the opposite face (see Figure 4a). Such
an anion is chiral, but the racemic crystal (P63/m space
group) contains both enantiomers, statistically distributed

over the same highly symmet-
rical crystallographic site (6̄) to
give the observed local disor-
der. In the anion 4, the three
{BW13} subunits are therefore
mutually connected by three
different bridges, W7A-O24-
W7A, W7A-O24-W7B, and
W7B-O24-W7B, which display
different angles of 152.6(5)8,
144.2(6)8, and 131.4(6)8, re-
spectively.

183W NMR characterization of
[H6B3W39O132]

15� (4): The 1D
and 2D 183W NMR spectra of 4
are shown in Figure 5 and
Figure 6, respectively. NMR
data are given in Table 3. As
already reported by Maksimov
et al. ,[14] the 183W NMR spec-
trum of 4 is remarkable in that
it contains 37 resolved reso-
nances over a large chemical
shift range (between d=�110
and �400 ppm). The very
sharp line at d=�132.40 ppm
is assigned to the presence of a

minor amount of [BW12O40]
5� as an impurity, initially pres-

ent at a level of less than 3%, but which slowly increases
with ageing. Of the 36 remaining peaks, 33 exhibit the same
intensity ratio, while three of them in the high-frequency
region at d=�129.1, �122.9, and �119.7 ppm appear to be
accidentally degenerate (relative intensity of 2).[16] There-
fore, the 183W NMR spectrum can be interpreted as a 39-
line spectrum. This feature is related to the lack of any sym-
metry of the [H6B3W39O132]

15� anion, as discussed above.
Obviously, a complete assignment of these resonances to the
39 tungsten nuclei cannot be established. Nevertheless, par-
tial assignments may be proposed on the basis of tungsten–
tungsten connectivity by means of a 2D COSY experiment
(Figure 6a and b). In favorable cases, that is, sharp and well-
resolved resonances, 183W 2D NMR correlation spectroscopy
(COSY[17] or INADEQUATE[18]) has been successfully ap-
plied to establish structures of polyoxometalates and to
assign all of the tungsten resonances of the anion, even for
chiral polyoxometalates.[19] A striking feature of the spec-
trum is the presence of strongly low-frequency shifted reso-
nances, specifically two isolated sets of three resonances
near d=�400 and �250 ppm; the remaining resonances, ob-
served as five separated sets of 3W (�207 to �213), 9W
(�188 to �170), 3W (�160 to �152), 6W (�150 to �135),
and 12W (�135 to �115 ppm), fall in the usual range ob-
served for Keggin derivatives.[20] As suggested by Maksimov
et al. , such peculiar low-frequency resonances could be re-
lated to the unusual arrangement of the six central W atoms.
While the W atoms of the {BW11} moiety share four m2-O

Figure 4. a) Top: polyhedral representation of the [H6B3W39O132]
15� anion (4), the C3h symmetry observed in

the solid state is highlighted by the hatched ditungstic group within each {BW11O39]
9� subunit. Bottom: expan-

sion of the central {W6O15} core, showing the distribution of the attached aquo ligands (large gray spheres)
and the directions of the three O=W···O=W�OH2 chains. b) Representation of the {BW13O46} subunit in 4
(ball-and-stick) showing the disordered {W2O7} group grafted onto the {BW11O39}

9� moiety (polyhedral
model).

www.chemeurj.org L 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 7234 – 72457238

E. Cadot, R. Thouvenot et al.

www.chemeurj.org


atoms, distributed as two edge and two corner junctions,
each of these six central W is connected to five neighboring
W exclusively through corner junctions. In addition, three of
them, that is, W7B, adopt a peculiar arrangement. They are
bound to a terminal aquo ligand, while in the trans position
the oxygen atom O26 interacts smoothly through a long
bond (2.260(3) Q) with the adjacent W7A atom. Conse-
quently, the W7B atoms have no “true” terminal oxo ligand
in their coordination sphere and such a situation could be
invoked as a qualitative explanation for the pronounced
shielding of these nuclei. Theoretical studies based on
HWckel molecular orbital (EHMO)[21] or effective core DFT
calculations[22] have established a relationship between the
183W chemical shift and the atomic charge on the tungsten
atom and indicate that increasing positive charge on the
metal results in a shielding of the nucleus. pp–dp interac-
tions with the oxygen atom orbitals contribute to the shield-
ing of the W nucleus. Such interactions are strong with the
terminal oxygen atom, leading to double-bond character,
and to a lesser extent with the bridging oxygen atoms. There
are few reported examples of tungsten atoms with such co-
ordination schemes, that is, no true terminal oxygen atom
and four equatorial corner junctions. The 183W NMR spec-
trum of [HSi2W23O78]

9� features a peculiar signal at very low
frequency (d=�300 ppm) related to the presence of a {O=

WA···O=WB�OH} chain,[15] similar to that described for 4.
In such an arrangement, the pseudo terminal O atom at-
tached to WB [(WB�O)=1.72(1) Q] interacts smoothly
with WA [(WA···O)=2.31(1) Q]. Another example showing
the influence of the number of equatorial corner junctions
on the chemical shift is found in the large Preyssler anion,
[NaP5W30O110]

14�, which exhibits four resonances, all of

them in the low-frequency region.[23] The most shifted sig-
nals at d=�288 and �275 ppm, assigned on the basis of
their intensity ratio, correspond to equatorial W atoms that
share only corner junctions with their four equatorial W
neighbours, whereas the other two resonances at d=�208
and �209 ppm correspond to W atoms that share one edge
and three corner junctions.[24] As a consistent extension of
such considerations, a further increase in the number of
edge junctions around the tungsten atom results in a signifi-
cant deshielding, as observed for [BW12O40]

5� (two edges
and two corners; d=�133.5 ppm)[25] and for the Lindqvist
ion, [W6O19]

2� (only edges; d=++58.9 ppm).[26] The relation-
ship between the types of junctions and the W shielding was
first proposed and justified theoretically by Kazansky
et al.[27] In summary, the magnitude of the 183W shielding in
a {WO6} environment increases: i) with increasing involve-
ment of the terminal O atoms in outer interactions, ii) with
increasing number of equatorial corner junctions. In the
[H6B3W39O132]

15� ion, the W7B atoms with attached terminal
aquo ligands atoms show both features, that is, four corner
junctions in their equatorial planes and no “true” terminal
oxygen atom. Thus, on the basis of above considerations,
these W7B atoms should be responsible for the set of three
resonances at d=�400 ppm. From this first assignment, 2D
COSY 183W NMR allows other partial assignments, as pre-
sented in Table 3. The lack of symmetry requires unambigu-
ous identification of the 39 W to complete the labelling of
the W atoms. Keeping the labels used for X-ray diffraction
analysis, the three {BW13} subunits may be distinguished by
a, b, and b’ sub-labels, as shown in Figure 7. The a moiety
has its outer W7A=O directed towards a face of the central
{W6} core, while the b and b’ subunits are both directed to-

Figure 5. 183W 1D NMR spectrum of the [H6B3W39O132]
15� ion with expanded spectral regions (!= [BW12O40]

5� impurity).

Chem. Eur. J. 2007, 13, 7234 – 7245 L 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7239

FULL PAPERNovel Borotungstate Structures

www.chemeurj.org


wards W7B�OH2. The opposite face contains the W7B�
OH2 of the a-{BW13} subunit and the two W7A=O of both
b- and b’-{BW13}. In addition, the tungsten atoms have to be
labeled A and B to distinguish those distributed on either
side of the crystallographic plane (see Figure 7b). The A-la-
beled atoms within a {BW13} subunit are located on the
same side of the W7A central atom and the B-labeled
atoms are distributed towards W7B. Then, except for the in-
plane atoms W1z, each tungsten atom may be identified by
the notation WXYz, where X=2 to 7, Y=A or B, and z=
a, b or b’. As discussed above, the three low-frequency reso-
nances are assigned to the three W7Bz atoms. According to
the 2D COSY data (see Figure 6 and Table 4), these three
lines are correlated to three groups of three close resonan-
ces {�248.7/�243.0/�236.1}, {�212.0/�209.7/�208.2}, and
{�184.1/�182.8/�179.2}. This corresponds to 2JW-O-W cou-
plings[28] of W7Bz atoms with W7Az atoms of the {W6} cen-

tral core, and with W3Bz and W6Bz atoms belonging to the
{BW11} subunits. The signal at d=�389.4 ppm is correlated
to those at both d=�248.7 and �236.1 ppm and, similarly,
the signal at d=�243.0 ppm is correlated to those at both
d=�397.5 and �385.2 ppm. This coupling scheme is consis-
tent with the four corner junctions within the {W6} central
core, involving W7Ba connected to W7Ab and W7Ab’ and
W7Aa connected to W7Bb and W7Bb’. The set of three res-
onances at around d=�240 ppm can therefore be assigned
to the W7Az atoms within the {W6} core. This assignment
for W7Az is consistent with the four equatorial corner junc-
tions of these atoms (see above). In addition, cross-peaks
observed for the d=�397.5 and �385.2 ppm lines on the
one hand, and for the d=�248.7 and �236.1 ppm lines on
the other hand, are consistent with the corner junctions be-
tween adjacent W7Bb and W7Bb’ or W7Ab and W7Ab’. In
summary, the signals at d=�389.4 and �243.0 ppm can only
be assigned to W7Ba and W7Aa, respectively. Discrimina-
tion between the tungsten atoms belonging to the b or b’
subunit is precluded because the W7Ab and W7Ab’ atoms
exhibit exactly the same coupling patterns with the initially
assigned W7Aa atoms. The same holds for W7Bb and
W7Bb’ with respect to W7Ba. Other partial assignments can
be attempted, since correlations between the {W6} core and
W3Yz and W6Yz, belonging to the three a-, b-, and b’-
{BW11} subunits, are clearly observed. The W7Bz atoms are
connected to the {d=�212.0/�209.7/�208.2 ppm} and {d=
�184.1/�182.8/�179.2 ppm} ensembles, while the W7Az
atoms are connected to those at (d=�174.5/�174.3/
�173.4 ppm) and (d=�146.4/�146.0/�144.0 ppm). Among
these four ensembles, the two groups {d=�212.0/�209.7/
�208.2 ppm} and {d=�174.5/�174.3/�173.4 ppm) are mutu-
ally correlated through large off-diagonal peaks, which origi-
nate from the corner junctions between W3Az and W3Bz.
This assignment is reinforced by the lack of any other corre-
lations between the remaining W6Az and W6Bz groups,
consistent with edge junctions between these atoms.[29] The
three resonances {d=�212.0/�209.7/�208.2 ppm} are thus
attributed to the three W3Bz (z=a, b, and b’) and those at
{d=�174.5/�174.3/�173.4 ppm} to the three W3Az atoms.
The remaining groups, at {d=�184.1/�182.8/�179.2 ppm}
and at {d=�146.4/�146.0/�144.0 ppm}, can then be attrib-
uted to W6Bz and W6Az, respectively. Eighteen lines have
been partially assigned to the W7Yz, W3Yz, and W6Yz
tungsten atoms, corresponding to the six central W atoms
and to the twelve W belonging to the Keggin subunits,
lining the lacuna. The assignments of the W7Ba and W7Aa
atoms therefore permit assignment of the d=�212.0,
�184.1, �174.3, and �145.9 ppm lines to the correlated
W3Ba, W6Ba, W3Aa, and W6Aa atoms, respectively (see
Table 3). Further partial assignments can be attempted from
the connectivity of the W6Yz and W3Yz atoms, but the
close chemical shifts of the correlated peaks and the lack of
any correlations through weak edge couplings allow only:
i) assignment of the groups of three close resonances to the
different ensembles of three tungsten atoms {WXAa/
WXAb/WXAb’} and {WXBa/WXBb/WXBb’}, denoted as

Figure 6. 2D COSY 183W NMR spectrum of 4 : a) full spectrum; b) expan-
sion of the �150/�400 ppm region.
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WXA and WXB triads, respectively; ii) the proposal of
some partial assignments, because some ambiguities remain.
The results of the assignments made with the aid of the 183W
COSY spectrum are summarized in Table 3. The connectivi-
ty matrix (experimental and theoretical) based on 2JW-O-W

corner couplings between the eleven triads within the
{BW11O39} subunit is shown in Table 4. The expanded 2D
COSY spectrum, showing the complete correlation pathway,
is given in the Supporting Information (Figures S1a–c). Ac-
cording to their remaining connections, no other cross-peaks

are observed for either the
W3Az or W3Bz triads. On the
other hand, each triad, W6A
and W6B, exhibits two differ-
ent cross-correlations related
to the corner junctions W6Y–
W2Y and W6Y–W5Y (Y=A
or B). From these observa-
tions, the {d=�131.9/
�129.1(R2) ppm} and {d=
�156.9/�155.9/�154.4 ppm}
groups are assigned to the
W2A or W5A triads and the
{d=�141.8/�141.3/
�139.3 ppm} or {d=�124.3/
�112.8(R2) ppm} triads are as-
signed to the W2B or W5B
triads. However, these assign-
ments must remain partial be-
cause the lack of any edge cor-
relation precludes assignment
of these ensembles to the W2Y
or W5Y triads, respectively.
The remaining triads, W4A,
W4B, and W1, are also mutual-
ly corner-connected according
to the observed cross-correla-
tions between the {d=�178.5/
�176.9/�174.8 ppm}, {d=
�119.7(R2)/�117.8 ppm}, and
{d=�128.5/�127.6/
�126.5 ppm} ensembles. The
two groups at {d=�119.7(R2)/
�117.8 ppm} and {d=�128.5/
�127.6/�126.5 ppm} exhibit
close chemical shift values
(jDd̄j=8.4 ppm), most probably
due to the four-bond remote-
ness of the W4A and W4B
triads starting from the origin
of the dissymmetry within the
anion, that is, the {W6} central
core. Finally, the remaining iso-
lated set of resonances {d=
�178.5/�176.9/�174.8 ppm} is
attributed to the W1 triad.

IR spectroscopy: The IR spec-
tra of Cs-1, CsNH4-2, CsNH4-3, and Cs-4 (shown in the Sup-
porting Information, Figure S2) differ significantly from that
of the monovacant precursor K8 ACHTUNGTRENNUNG[HBW11O39]·10H2O. The n-
ACHTUNGTRENNUNG(W-O-W) stretching mode gives absorptions in the range
from 850 to 650 cm�1. Direct connections between the graft-
ed cores {W2O7} within multi-unit compounds give rise to
strong characteristic absorptions at 726 cm�1 and 799 cm�1

for the dimer (CsNH4-3) and the trimer (CsH-4), respective-
ly.

Table 3. 183W NMR data for [H6B3W39O132]
15�.[a]

Relative
integral

d [ppm] d̄

[ppm]
Assignment Remarks

�397.5 W7Bz (Z=b or b’)
no true terminal oxygen atoms; four corner

junctions; {W6} central core
3W �389.4 �390.7 W7Ba

�385.2 W7Bz (z=b or b’)

�248.7 W7Az (z=b or b’)
four corner junctions; {W6} central core3W �243.0 �242.6 W7Aa

�236.1 W7Az (z=b or b’)

�212.0 W3Ba

W atoms lining the lacuna of {BW11}

3W �209.7 �210.0 W3Bz (z=b or b’)
�208.2 W3Bz (z=b or b’)

�184.1 W6Ba
�182.8 �182.0 W6Bz (z=b or b’)
�179.2 W6Bz (z=b or b’)

�178.5
9W �176.9 �176.7 W1z (z=a, b or b’)

�174.8

�174.5
�174.1

W3Az (z=b or b’)
W atoms lining the lacuna of {BW11}�174.3 W3Aa

�173.4 WAz (z=b or b’)

3W
�156.9

�155.6
W2Az or W5Az
(z=a, b or b’)

�155.5
�154.4

6W

�146.4
�145.4

W6Az (z=b or b’)
W atoms lining the lacuna of {BW11}�145.9 W6Aa

�144.0 W6Az (z=b or b’)

�141.8
�140.8

W2Bz or W5Bz
(z=a, b or b’)

�141.3
�139.3

* �132.4 ACHTUNGTRENNUNG[BW12O40]
5� (impurity)

6W

�131.9 �130.0
W2Az or W5Az
(z=a, b or b’)�129.1(R2)

�128.5
�127.5

W4Az or W4Bz
(z=a, b or b’)

�127.6
�126.5

6W

�124.3 �123.5
W5Az or W5Bz
(z=a, b or b’)�122.8(R2)

�119.7(R2) �119.1
W4Az or W4Bz
(z=a, b or b’)�117.8

[a] Mean value of the three chemical shifts of each triad.
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Synthesis and properties in solution : TDzD et al. have report-
ed on the addition of tungstate to the monovacant
[HBW11O39]

8� ion. They evidenced the {BW13O46} species in
solution by polarography and ultracentrifugation but with-
out any structural characterization, for example, by 183W
NMR or single-crystal X-ray diffraction analysis. Neverthe-
less, the three {BW13}-containing anions, derived as the mo-
nomer (2), dimer (3), and trimer (4), constitute probes for

the structural relationship be-
tween these species. The con-
densation of tungstate ions
onto the [HBW11O39]

8� ion in
acetate buffer can be moni-
tored by polarography. As the
amount of added [WO4]

2� ions
is increased, the first reduction
wave of the [HBW11O39]

8�

ions, observed at E1/2=

�0.81 V versus Ag/AgCl, grad-
ually decreases at the expense
of a new electron exchange at
�0.52 V versus Ag/AgCl. The
limiting diffusion currents for
both exchanges versus the {W}/ ACHTUNG-
TRENNUNG{BW11} ratio are shown graphi-
cally in Figure 8 and clearly
evidence a slope breaking for
two equivalents of added tung-
state ions, in agreement with
the findings of TDzD et al.[13]

Under such conditions, no other compound is evidenced for
higher {W}/ ACHTUNGTRENNUNG{BW11} ratios, and the {BW13} anion formed ap-
pears to be indefinitely stable under the polarographic con-
ditions (about 10�3 molL�1 in 1 molL�1 sodium acetate
buffer). A pH-metric titration with hydrochloric acid was
carried out on a mixture containing [HBW11O39]

8� and
[WO4]

2� in a 1:2 ratio. The curve (Supporting Information,

Figure 7. Tungsten atom-labeling scheme in the chiral [H6B3W39O132]
15� anion. a) The three {BW13} subunits

are labelled a, b, and b’; b) each of them is divided into two halves, A and B, with respect to the crystallo-
graphic plane, providing WXYz labels with X=2 to 7, Y=A or B, and z=a, b or b’ (except for the in-plane
W1z atom).

Table 4. Part of the connectivity matrix ({BW11} moiety) of [H6B3W39O132]
15�, including on the diagonal the mean experimental d values.[a]

W1z W2A W2Bz W3Az W3Bz W4Az W4Bz W5Az W5Bz W6Az W6Bz

W1z �176.7 ACHTUNGTRENNUNG(edge) ACHTUNGTRENNUNG(edge) corner corner

W2Az ACHTUNGTRENNUNG(edge) �155.6 or
�130.0

ACHTUNGTRENNUNG(edge) corner corner

W2Bz ACHTUNGTRENNUNG(edge) ACHTUNGTRENNUNG(edge) �140.8 or
�123.5

corner corner

W3Az �174.1 corner ACHTUNGTRENNUNG(edge) ACHTUNGTRENNUNG(edge)

W3Bz corner �210.0 ACHTUNGTRENNUNG(edge) ACHTUNGTRENNUNG(edge)

W4Az corner ACHTUNGTRENNUNG(edge) �127.5 or
�119.1

corner ACHTUNGTRENNUNG(edge)

W4Bz corner ACHTUNGTRENNUNG(edge) corner �127.5 or
�119.1

ACHTUNGTRENNUNG(edge)

W5Az corner ACHTUNGTRENNUNG(edge) ACHTUNGTRENNUNG(edge) �155.6 or
�130.0

corner

W5Bz corner ACHTUNGTRENNUNG(edge) ACHTUNGTRENNUNG(edge) �140.8 or
�123.5

corner

W6Az corner corner �145.4 ACHTUNGTRENNUNG(edge)

W6Bz corner corner ACHTUNGTRENNUNG(edge) �182.0

[a] Bold=observed corner coupling; in brackets=unobserved edge coupling.
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Figure S3) shows a first pH jump for about 4.5 equivalents
of protons and a second, less well defined one, for about 6–
8 equivalents of protons. These results can be interpreted in
terms of successive acidobasic processes occurring in a
narrow pH range, which consist of i) the acidic condensation
of tungstate onto the [HBW11O39]

8� ions according to Equa-
tion (1),

½HBW11O39�8� þ 2WO4
2� þ 4Hþ

Ð ½H3BW13O46�8� þH2O
ð1Þ

consistent with the polarographic results, ii) protonation of
the resulting [H3BW13O46]

8� ion according to Equation (2),
and iii) the dimerization process according to Equation (3),

½H3BW13O46�8� þHþ Ð ½H4BW13O46�7� ð2Þ

2 ½H4BW13O46�7� þ 2Hþ Ð ½H6B2W26O90�12� þ 2H2O ð3Þ

which occurs below pH 3. In the light of these results, the
[H4BW13O46]

7� ion was prepared in acetate buffer at about
pH 4.8. Elemental analysis of the isolated cesium salt was
consistent with the expected 1:13 ratio of B to W. Seven
cesium ions per anion were found, consistent with �7 for
the anionic charge and four attached protons. Thus, on the
basis of the structural characterizations of the anions 2, 3,
and 4, the formula [H4BW13O46]

7� could be proposed, the
protons most probably being distributed over the six termi-
nal oxygen atoms as an aquo and two hydroxo groups
within the {W2O7} outer cap. However, various attempts to
obtain single crystals containing the [H4BW13O46]

7� ion
failed. In aqueous ammonium chloride solution, crystals re-
sulting from the syn-crystallization of the [H3BW14O48]

6�

and a-[BW12O40]
5� ions were obtained. This result indicates

that the [H4BW13O46]
7� anion is unstable in unbuffered

medium and is slowly transformed into [BW12O40]
5� and

[H3BW14O48]
6� according to Equation (4).

2 ½H4BW13O46�7� þ 3Hþ

Ð ½BW12O40�5� þ ½H3BW14O48�6� þ 4H2O
ð4Þ

Various attempts to characterise the [H4BW13O46]
7� ion by

183W NMR in solution resulted in complex spectra character-
istic of mixtures of several species, always containing the a-
[BW12O40]

5� anion (single sharp resonance at d	
�132.5 ppm) (Supporting Information, Figure S4). The
[H3BW14O48]

6� ion exhibits similar behavior and gives a 183W
NMR spectrum characteristic of an equilibrium involving
several species, such as isopolytungstates (d=59.4 and
50.8 ppm) (Supporting Information, Figure S5). In more
acidic solution, at pH in the range 2–3, the [H4BW13O46]

7�

anion undergoes self-condensation to give the
[H6B2W26O90]

12� dimeric anion (3) according to Equilibri-
um (3). However, the dimeric compound is also unstable in
this pH range and is spontaneously converted into the
[BW12O40]

5� anion and by-products, as shown by the 183W
NMR spectrum (Supporting Information, Figure S6). Finally,
the condensation process is achieved in strongly acidic
medium (about 1 molL�1 in sulfuric acid)[13] and leads to the
formation of the ultimate condensed species
[H6B3W39O132]

15�, isolated and morphologically described as
hexagonal borotungstic acid about a century ago.[30] Alkali-
metric titration of the mixed salt Na3H18[B3W39O132]·56H2O
(NaH-4) in aqueous solution shows a first pH jump corre-
sponding to the simultaneous neutralization of twelve pro-
tons (Supporting Information, Figure S7). A second step is
clearly observed corresponding to the exchange of three ad-
ditional protons at pH 5.5 (pKa	4.5). Above pH 7, no fur-
ther pH jump is observed. Thus, among the eighteen pro-
tons, twelve are strongly acidic and three correspond to
weak acidities (pKa	4.5). The acidities of the three remain-
ing attached protons are too low to be observed before hy-
drolysis of the compound (pH>7). The results are fully con-
sistent with the presence of three aquo ligands, correspond-
ing to six weakly acidic protons.

Conclusion

New insight into the borotungstate system has been gained.
Two novel molecular structures, each based on the
[H3BW13O46]

8� precursor have been described, and the
origin of the lack of symmetry within the trimeric
[H6B3W39O132]

15� anion has been elucidated through X-ray
structural reinvestigation supported by 1D and 2D COSY
183W NMR. The origin of the strong shielding of the central
tungsten atoms (d	�400 and �250 ppm) has been dis-
cussed in relation to the geometrical peculiarities of these
atoms. Breaking the C3h symmetry within the
[H6B3W39O132]

15� ions gives rise to 39 resonances, distributed
over thirteen groups of three lines. Moreover, detailed anal-
ysis of the 2D COSY spectrum permits the assignment of
the 13 groups of resonances to the overall tungstic triads.
The formation of the three species 2, 3, and 4 is mainly con-

Figure 8. Limiting diffusion currents versus W/ ACHTUNGTRENNUNG{BW11} ratio of E1/2=

�0.81 V (Ag/AgCl) (~, [HBW11O39]
8�) and E1/2=�0.52 V (Ag/AgCl) (*,

[H3BW13O46]
7�).
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trolled by pH. A notably rare pentacoordinated arrange-
ment for a WVI atom is observed within [H3BW14O48]

6�, re-
vealing the remarkable complexing ability of the
[H3BW13O46]

8� precursor, which appears to represent a good
candidate for the formation of novel mixed-metal com-
pounds. Moreover, the most striking property of the
[H3BW13O46]

8� anion is its ability to produce chiral multi-
unit compounds, that is, [H6B2W26O90]

12� and
[H6B3W39O132]

15�. The structure of the monomeric precursor,
deduced from its dimeric and trimeric forms, most likely
arises from grafting of the {O=W···W�OH2} core onto the
[HBW11O39]

8� moiety. This anion, which is therefore chiral,
should be a good candidate for chiral POM synthesis under
conditions of chiral induction (for the synthesis of non-race-
mic mixtures).[31]

Experimental Section

Preparation of the compounds : All chemicals were reagent grade, and
were purchased from commercial sources and used without further purifi-
cation. The precursor K8HBW11O39·13H2O and the anion
[H6B3W39O132]

15� (4) were synthesized according to reported proce-
dures.[13] According to analysis by proton titration, thermogravimetry, ele-
mental analysis, and X-ray diffraction, three sodium cations per anion
were found, giving the formula as H18Na3[B3W39O132]·56H2O.

Cs7H4BW13O46·11H2O (Cs-1): K8a-HBW11O39·13H2O (10 g, 3 mmol) was
suspended in 150 mL of sodium acetate/acetic acid buffer (pH 4.8;
1 molL�1). 1 molL�1 Na2WO4 solution (6 mL) was then added, instanta-
neously clarifying the cloudy starting solution. After 15 min, cesium chlo-
ride (10 g, 60 mmol) was slowly added until an oily colorless residue was
deposited. After 1 h, the solution was decanted from the beaker and the
sticky oily phase was treated with ethanol until a white powder was ob-
tained, which was collected by filtration and dried by rinsing with diethyl
ether. Yield: 12 g (	93%). IR (KBr): ñ=1000(w), 949(m), 891(m),
846(m), 821(m), 771(m), 719(w), 648(w), 523(m), 348 cm�1 (m); elemen-
tal analysis calcd (%) for H26Cs7BW13O57: Cs 21.8, B 0.23, W 55.98;
found: Cs 22.57, B 0.25, W 56.60.

Cs5ACHTUNGTRENNUNG(NH4)0.94[H3BW14O48]0.94ACHTUNGTRENNUNG[BW12O40]0.06·10H2O (CsNH4-2):
Cs7H4BW13O46·11H2O (1 g, 0.233 mmol) was dissolved in 1 molL�1 aque-
ous ammonium chloride solution (20 mL). The solution was left to stand
in an open vessel for crystallization. After three days, well-shaped color-
less parallelepipedic crystals, suitable for X-ray diffraction analysis, were
collected. Yield: 0.32 g (35%). The stoichiometry of the compound
CsNH4-2 was inferred from X-ray structural data. IR (KBr): ñ=997(w),
950(m), 852(w), 823(m), 773(m), 722(m), 648(w), 521(m), 381(m),
364(w), 350(vw), 228 cm�1 (vw); elemental analysis calcd (%) for
H26.58Cs5N0.94BW13.88O57.52 : Cs 16.85, N 1.10, B 0.25, W 60.10; found: Cs
16.87, N 1.50, B 0.25, W 61.44.

Cs6ACHTUNGTRENNUNG(NH4)6H6B2W26O90·12H2O (CsNH4-3): K8HBW11O39·13H2O (10 g,
3 mmol) was suspended in water (60 mL). Then, 1 molL�1 Na2WO4 solu-
tion (6 mL) and 4 molL�1 hydrochloric acid solution (ca. 5 mL) were
added until pH 2.5 was attained. After 30 min, cesium chloride (1.6 g,
9.5 mmol) was added, leading to the precipitation of a white solid. The
crude product was collected by filtration, washed with ethanol, and dried
by rinsing with diethyl ether. The solid (5.0 g) was dissolved in 1 molL�1

ammonium chloride solution (100 mL) under moderate heating (40 8C).
The cloudy solution was filtered and allowed to stand for crystallization.
After two days, well-shaped colorless parallelepipedic crystals, suitable
for X-ray diffraction analysis, were collected. Yield: 2.5 g (	50%). IR
(KBr): ñ=999(w), 956(m), 898(m), 853(w), 828(m), 726(m), 632(m),
518(w), 374(m), 337 cm�1 (m); elemental analysis calcd (%) for
H54Cs6N6B2W26O102 : Cs 10.83, N 1.46, B 0.29, W 64.91; found: Cs 10.89, N
1.21, B 0.25, W 65.71.

Cs15H6B3W39O132·15H2O (CsH-4): Na3H18B3W39O132·56H2O (NaH-4) (1 g,
0.094 mmol) was dissolved in water (10 mL). Cesium chloride (0.5 g,
0.1 mmol) was added. The resulting cesium salt was isolated by filtration,
washed with ethanol, and dried by rinsing with diethyl ether. Yield:
1.08 g (	100%). IR (KBr): ñ=1006(w), 962(m), 855(sh), 829(m),
799(m), 685(m), 383(m), 337 cm�1 (m); elemental analysis calcd (%) for
H36Cs15B3W39O147: Cs 17.22, B 0.28, W 61.88; found Cs 17.35, B 0.28, W
61.86.

Physical measurements

FT-IR spectroscopy : Infrared spectra were recorded on a Nicolet
Magna 550 FT-IR spectrophotometer with samples in pressed KBr pel-
lets. Selected IR spectra of the characteristic compounds Cs-1, CsNH4-3,
and CsH-4, along with the IR spectrum of K8HBW11O39·13H2O for com-
parison, are shown in Figure S1 in the Supporting Information.
183W NMR spectroscopy : 183W NMR spectra (300 K) were recorded from
solutions in 10 mm o.d. tubes at 12.5 MHz on a Bruker AC300 spectrom-
eter (1, 2, and 3) and at 20.8 MHz on a Bruker DRX500 spectrometer
equipped with a standard tunable BBO probehead (4). Chemical shifts
are referenced to 2 molL�1 Na2WO4 solution in alkaline D2O (d=0 ppm)
according to the IUPAC recommendations: a positive d corresponds to a
high-frequency shift (deshielding) with respect to the reference. They
were measured by the substitution method, using a saturated solution of
dodecatungstosilicic acid (H4SiW12O40) in D2O as a secondary standard
(d=�103.8 ppm).

Saturated aqueous solutions of 1, 2, and 3 as their sodium salts (Na-1,
Na-2, and Na-3, respectively) were obtained by cationic exchange of the
corresponding mixed ammonium/cesium salts by means of a Dowex
50W-X2 resin (Na+-form). The eluate was concentrated to dryness and
the residue was redissolved in H2O/D2O (1:1) in order to obtain a poly-
anion concentration of 0.8 molL�1. The spectra of Na-1, Na-2, and Na-3
are shown in Figures S2, S3, and S4 in the Supporting Information, re-
spectively.

For 1D and 2D 183W NMR measurements of 4, a nearly saturated aque-
ous solution was prepared by dissolving 6.5 g of the mixed salt NaH-4 in
less than 2 mL of D2O to give a final volume of about 2.5 mL (ca.
0.25 molL�1).

The 183W 2D-COSY spectrum was obtained at 20.8 MHz using a simple
Jeener (908 – incremental delay – 908 – acquisition – relaxation delay)
pulse sequence. The spectral width was 6400 Hz (308 ppm) and 6000 tran-
sients were acquired with the sum of acquisition time and relaxation
delay amounting to 500 ms. The number of stored experiments (t1 dimen-
sion) was 128, requiring a total spectrometer time of more than three
days (75 h). The data were zero-filled and apodized with a sine bell func-
tion before Fourier transformation. The resulting COSY map (Figure 6)
is presented as a power spectrum after symmetrization of the trans-
formed matrix. Despite the very high concentration of anion 4 in the so-
lution and the significant spectrometer time, the lack of any symmetry of
the species and the low receptivity of 183W result in a relatively poor
signal-to-noise ratio, which precludes detection of the low-intensity cross-
peaks, especially those near the diagonal.

X-ray crystallography : Intensity data collections were carried out at
room temperature on a Siemens SMART 1K CCD for CsNH4-2 and
NaH-4 and on a Bruker X8 APEX2 CCD for CsNH4-3, both using the
MoKa wavelength (l=0.71073 Q). Crystals of CsNH4-2, CsNH4-3, and
NaH-4 were mounted in sealed Lindeman tubes to prevent any loss of
water of crystallization. An empirical absorption correction was applied
using the SADABS program[32] based on the method of Blessing.[33] The
structures were solved by direct methods and refined by full-matrix least-
squares using the SHELX-TL package.[34] Relevant crystallographic data
of compounds CsNH4-2, CsNH4-3, and NaH-4 are reported in Table 1; se-
lected bond distances and angles are given in Table 2. The heavier atoms
(W and Cs) in each structure were initially located by direct methods.
The remaining non-hydrogen atoms were located from Fourier differen-
ces and were refined with anisotropic thermal parameters. The disor-
dered atoms, that is, the alkali metal cations and the oxygen atoms of the
water of crystallization, were refined isotropically. Further details con-
cerning the crystal structure determinations can be obtained from the Fa-
chinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen,
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Germany (Fax: (+49) 7247–808666; e-mail : crystaldata@fiz-karlsruhe.de)
on quoting the depository numbers CSD-417446, CSD-417447, and CSD-
417445 for CsNH4-2, CsNH4-3, and NaH-4, respectively.
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