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types (Figure 1) and that 1 may serve as a building block for
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Evolution of Polyoxoniobate Cluster Anions**
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Early transition metals such as V, Mo, and W are well known
to form complex polyoxoanions over a wide pH range,!! for
example, some exceptionally large ring-shaped oxo-molyb-
denum clusters that contain up to several hundred metal
centers.’! In contrast, polyoxoniobates can be stabilized only
under basic conditions, and their chemistry was initially
dominated by the hexaniobate Lindqvist anion [NbgOy]*~ in
solution and by its alkali salts in the solid state.”] More
recently, the dodecaniobate Keggin ion [TNb,,0,,]"~ (T=Si,
Ge, P) and its lacunary derivatives were also synthesized by
using hydrothermal processing and slightly lower alkalinity.™!
The isolation of alternative polyoxoniobate cluster types in
the solid state, especially through nonhydrothermal synthetic
routes, has been hindered by the narrow working pH range
(10.5-12.5) and the pervasiveness of the oxido—niobium
Lindqvist and Keggin ions. The only other polyoxoniobate
clusters known to date are [Nb;O]° P its structural
analogue [Ti,NbgO]*~,”® and the dimeric derivative
[Nby,Os,]*~.P The unique characteristics of the polyoxonio-
bate family (high charge/surface ratio and basicity) justify
further exploration of potential practical applications in
virology,® nuclear-waste treatment,*>*®<l and the base-cata-
lyzed decomposition of biocontaminants.!®!l

Herein we report the synthesis and crystal structure of a
new polyoxoniobate cluster type {Nb,,0,,H,}"*~ (1). To the
best of our knowledge, 1 has no analogues among the known
polyoxometalate cluster geometries and is the largest iso-
polyniobate cluster reported to date. We also show that its
structure could be derived from two fundamental structural
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even larger clusters and extended structures.

a)

A-type NbOg
B-type NbOg

Figure 1. a) The Lindqvist anion [NbsO,]*; O, and O, depict bridging
(Nb—O,—Nb) and terminal (Nb—O,) oxygen atoms, respectively; b) the
cyclic {NbgOs0} unit (dark blue) in the pyrochlore frameworks
HNbO;-0.5H,0 and RbNb,OsF (gray);® c) top view of the cluster
anion {Nb,,0,,H.}">~ (1) consisting of three Lindqvist {NbsO;sH,}
clusters (light blue) linked by a cyclic {NbsO3oH,_,} cluster (dark blue);
d) side view of 1.

The reaction of rubidium hexaniobate, copper(II) nitrate,
ethylenediamine (en), and water at near-ambient temper-
ature  yielded crystals of (H,en)s[Cu(en),(H,O),]s-
[({ND,07,Ho}{Cu(en),(H,0)},{Cu(en),}),]-66 H,O (2)."" The
new cluster anion 1 is shown in Figure 1c. It can be described
as three Lindqvist {NbsO,,} clusters linked together by a cyclic
{NbOs} cluster. The same {NbsOs} structural motif is found
in Nb-based solids of the pyrochlore type, such as
HNbO;-0.5H,0 and RbNb,O,F (Figure 1b).’! The {NbsO,}
ring consists of six NbOg octahedra sharing common (j,-O)
corners. Three of these NbOg octahedra (A-type NbOy) link
two adjacent {NbsO,,} clusters through corner atoms, and the
remaining three (B-type) NbOg octahedra each share three
edges with a Lindqvist cluster (Figure 1c). The B-type NbOg
octahedron is also bonded to the face of the Lindqvist
superoctahedron and hence together may be alternatively
described as a heptaniobate cluster.

A number of differentiating structural features of the
{NbgO5} ring in 1 emerge in comparison with the pyrochlore
motif (NbsO,,Fs) mentioned above.’! The NbOg octahedra in
the pyrochlore motif are only slightly tilted with respect to
each other (Figure 1b). In comparison, the A-type NbOy
octahedra in 1 are considerably more tilted and their O—
Nb=0, axes (Nb=0,~1.75 A, trans-Nb—O,~2.45 A) point
almost parallel to the equatorial plane of the ring (Fig-
ure 1c,d). Another significant difference is the presence of
trans terminal (p,-O,) oxygen atoms in each A-type NbOg
octahedron in 1 (Figure 1c¢). In contrast, all O/F atoms in the
pyrochlore motif are bridging (u,-type), all occupy one
crystallographically independent position, and the Nb—O(F)
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bond lengths are equal and on the order of 2.0 A (see the
Supporting Information).”) All six short Nb=0 bonds in the
{NbgOj;} ring are located on the same side with respect to the
equatorial plane of the Nbg ring (Figure 1c¢), and the same is
also true for their long trans-oriented Nb—O counterparts.

Charge-balance considerations of 2 dictate that there
must be nine protons per {Nb,,05,} unit (i.e., {Nb,,0,,Hs}"*").
The very high number of crystallographically independent
atoms and variable parameters prevented direct location of
the protons from the Fourier maps.”) Bond-valence calcula-
tions did not provide an obvious solution as a result of atypical
distortions and the relatively wide variation of the Nb—O
bond lengths.'”! These bond lengths are summarized and
compared with those of protonated Rbs[Nb,O;,H,]-9 H,0O and
nonprotonated Rbg[NbO,0]-14H,0O Lindqvist clusters in the
Supporting Information.™ The typical lengthening of the Nb-
Ww,-OH bonds in protonated {NbsO,o} clusters is further
masked by additional distortions that result from the linking
of the {NbsO,s} and {NbgOs;} units, which makes the
unambiguous assignment of the protonated oxygen atoms in
1 challenging. Neutron-diffraction studies have shown that
the protons in HNbO;:0.5H,0, HTaWO;, and HTaWO4-H,O
pyrochlores are present as framework hydroxy groups.”” The
three long Nb—O, bonds (2.27-2.45 (1) A) of the A-type NbOj
octahedra in {Nb,O;} (Figure 1b,c) indicate the most obvious
sites for protonation. Bond valence sum (BVS) calculations
gave values of 0.2-0.3 for each of these Nb—O, terminal
oxygen atoms."”! The expected oxygen BVS of 2 could be
completed by assuming a hydrogen atom at bonding distance
of 0.7-0.8 A.

In several earlier infrared and Raman studies of {NbsO .},
the bands corresponding to terminal Nb—O, and bridging Nb—
O,—Nb vibrations were identified and assigned as Nb—O, >
800 cm™! and 400 < Nb—O,—Nb < 750 cm~"."! In our FTIR
and Raman studies on RbgNbsO;9]-14H,0, Rbg-
[NbsO,4H,]-9H,0, and 2, we observed systematic and meas-
urable shifts towards higher energies of the same bands in the
spectra of the protonated clusters relative to the nonproto-
nated clusters (see the Experimental Section). This observa-
tion indicates that the same types of oxygen atoms (bridging)
of the Lindqvist ions in 1 are most probably protonated. This
conclusion is also in accordance with recent structural studies
on protonated Lindqvist salts such as Rb[NbsO,,H,]-14H,0
which showed that the protons are associated with two
adjacent bridging (u,-O) sites.* Even stronger evidence
comes from the structural characterization of several related
{Cu(en),}*"-linked {NbsO,;oH,} phases that feature the same
doubly protonated cluster faces.®™™ All of the above evidence
strongly suggests that six of the nine protons in 1 are located
as neighboring p,-O,H pairs on the three Lindqvist units and
the other three are on the oxygen atoms of the three long
terminal Nb—O, bonds of the A-type NbOg octahedra of the
{NbO5} ring.

Each {Nb,,0,,H,}"*" cluster is “decorated” by two termi-
nal {Cu(en),(H,0)} units with Cu—N bond lengths ranging
between 1.90(1) and 2.17(1) A (Figure 2). One is connected to
the O, oxygen atom of the A-type NbOg octahedron with Cu—
0,=230 (1)A and Cu—OH,=2.71(1)A. The second
{Cu(en),(H,O)} unit is connected to a bridging (u,-O,)
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Figure 2. The dimer [({Nb,,05,Hs}{Cu(en),(H,0)},{Cu(en),}),]'*". The
clusters of 1 are shown in blue; copper, oxygen, carbon, and nitrogen
atoms are shown as yellow, red, and light- and dark-green spheres,
respectively.

oxygen atom from the diametrically opposite [NbyOy]
Lindqvist unit with bond lengths of Cu—O, =2.36(1) A and
Cu—OH,=2.71(1) A (Figure 2). A pair of
{Nb,,0,,Ho}{Cu(en),(H,0)}, clusters are linked together by
two {Cu(en),} bridges through one terminal oxygen atom
(Cu—0,=2.47(1) A) and one bridging oxygen atom (Cu—
0, =2.67(1) A) from Lindqvist units on adjacent clusters of 1
to form dimers [({Nb,,0,,Ho}{Cu(en),(H,0)},{Cu(en),}),]"*
(Figure 2). The remaining overall charge balance is provided
by isolated, disordered [Cu(en),(H,0),]*" complexes and
(H,en)*" molecules, which, together with water molecules, fill
the space between the clusters. An extended network of O—
H--O hydrogen bonds between all of the lattice species
provides the 3D connectivity in the overall structure.

Although not unique to polyoxometalates,'? the fact that
the countercations in 2 are charged copper complexes and
protonated organic species is quite unusual for polyoxonio-
bates. All of the structurally characterized Lindqvist-based
clusters to date are charge compensated only by alkali cations,
which generally have higher charge density than organic
cations.”! It is tempting to assume that in polyoxoniobate
chemistry, large cations with relatively low charge density
similar to [CuL,]*" favor the formation of larger clusters such
as 1. Supporting this idea is the fact that the only other
structurally characterized polyoxoniobates different from the
Lindqvist or Keggin anions, namely [Nb;,Ox]®~ and
[Nb,,Os]*", have been also isolated by using low-charge-
density cations (tetramethyl- and tetrabutylammonium,
respectively).”* All these considerations suggest that the
use of organic cations or metal-ligand cations could provide
new avenues towards diversification of polyoxoniobate clus-
ter geometries, as well as an insight in their non-aqueous
chemistry.

In conclusion, we have followed the structural evolution
of the simple NbO; octahedron to two basic structural units—
the Lindqvist {NbsO,o} and the pyrochlore cyclic {NbyO;}
clusters. We have demonstrated that their combination results
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in the unique polyoxoniobate cluster anion {Nb,,O;,H,}""
(1), the {Cu(en),(H,O)}-coordinated species, the dimer
[({Nb,04,Ho}{Cu(en),(H,0)},{Cu(en),}),]"*", and finally the
complex overall 3D structure of 2. Synthetic studies towards
related polyoxoniobate-counterion systems are currently
under way.

Experimental Section

Synthesis of 2: Rubidium hexaniobate was synthesized as previously
reported.B! RbgNbO,-14 H,O (0.95 g, 0.5 mmol), Cu(NO,),-2.5H,0
(0.48 g, 2.0 mmol), ethylenediamine (10 g, 167 mmol), and water
(10 g, 550 mmol) were mixed in a 50-mL beaker by stirring at 60 °C for
30 min. The beaker was covered with parafilm and left at room
temperature. Prismatic deep-purple crystals up to 0.5 mm in size
began forming at the bottom of the beaker after 3 days. After 5 days,
the sample was filtered, and a few crystals were selected for single-
crystal X-ray diffraction analysis. Elemental analysis (Galbraith
Laboratories, Inc.): expected formula (XRD) (Cu,sNb,,C),N,,
O7Hi51)-33H,0; found  (Cuy34Nbyy 0C373N0330H15001)- 18 H,O;  the
difference in the number of water molecules of crystallization is
due to prolonged storage. Infrared spectra were recorded on a Perkin
Elmer Spectrum One spectrometer within the range 400-4000 cm™! as
KBr pellets. Raman spectra were measured by using the Ar™ laser line
(488.0 nm) and a CCD single spectrometer (spot diameter 5-7 pum,
0.6 mW, average laser power density of 1000-2000 Wem2). IR: 2: 7 =
530s, 704s, 751s, 848s cm™'; Rbg[NbsO;]-14 H,O: #=523s, 691s, 736s,
825s cm™'; Rbg[NbsOoH,]-9H,0: #=531s, 969s, 749s, 867scm .
Raman: 2: 7=480s, 533s, 561s, 816m, 856m, 897vscm™'; Rbs-
[NbOo]- 14H,0:  #=463, 536, 828m, 876vscm™'; Rb,-
[NbsO,H, - 9H,O: 7 =474s, 536s, 5565, 820m, 848m, 892vs cm ",
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