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Two Novel Copper–Undecaniobates Decorated by Copper–Organic Cations
[{Cu ACHTUNGTRENNUNG(H2O)L}2{CuNb11O35H4}]

5� (L=1,10-phenanthroline, 2,2’-bipyridine)
Consisting of Plenary and Monolacunary Lindqvist-Type Isopolyniobate

Fragments
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Polyoxoniobates (PONs) have attracted increasing inter-
est in the past several decades because their unique high ba-
sicity and high surface charge characteristics endow them
potential applications in various fields such as nuclear-waste
treatment, virology, and base-catalyzed decomposition of
bio ACHTUNGTRENNUNGcontaminants.[1] In comparison with polyoxotungstates,
-molybdates and -vandates,[2] PONs remains largely unex-
plored due to the low activity of niobium species. Most of
known PON species contain the Lindqvist-type polyoxoan-
ion units [Nb6O19]

8�.[1c,3] Nyman et al. reported several
Keggin-type heteropolyniobates [XNb12O40]

y� (X= SiIV,
GeIV, PV; y=15, 16) and their derivatives [H2Si4Nb16O56]

14�

and [(PO2)3PNb9O34]
15�,[4] as well as a large isopolyniobate

[Nb24O72H9]
15� cluster and a family of copper-linked hexa-

niobate clusters.[1d, 5] Other PON clusters have also been re-
ported.[6] In 2007, our group prepared a family of giant PON
clusters and a hexaniobate monomer decorated by [Cu(2,2’-
bipy)x]

2+ (x=1, 2),[7] which showed that the combination of
transition-metal complexes and the precursor [Nb6O19]

8� in
basic media provided a quite effective way for synthesizing
novel PONs. Here, by introducing aromatic amine ligands
(1,10-phenanthroline=phen, 2,2’-bipyridine=2,2’-bipy) and

Cu2+ ion into the [Nb6O19]
8� system to construct organic–in-

organic hybrid PONs, we have obtained two hybrid copper-
undecaniobates K3Na2[{Cu ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(phen)}2ACHTUNGTRENNUNG{CuNb11O35H4}]·
22 H2O (1) and K4Na[{Cu ACHTUNGTRENNUNG(H2O)(2,2’-bipy)}2{CuNb11O35H4}]·
25 H2O (2), each containing a novel [CuNb11O35H4]

9� (abbre-
viated as {CuNb11}) cluster consisting of plenary and mono-
lacunary Lindqvist-type isopolyniobate fragments, which
also demonstrate impressive antitumor activities. To our
knowledge, both 1 and 2 represent the first examples of
copper–undecaniobates. To date, no such analogue is ob-
served in vanadium, molybdenum, or tungsten oxide clus-
ters.

Clusters 1 and 2 were synthesized by using the diffusion
strategy with the reaction involving K7HNb6O19·13 H2O, Cu-ACHTUNGTRENNUNG(NO3)2·3 H2O, phen/2,2’-bipy, NaOH, and H2O. X-ray struc-
tural analyses[8] indicate that both 1 and 2 contain a similar
copper–undecaniobate cluster {CuNb11} decorated by two
[Cu ACHTUNGTRENNUNG(H2O)L] (L =phen (1), 2,2’-bipy (2)) building blocks
linked to the cluster through two bridging oxygen and two
terminal oxygen atoms (Figure 1 a,b and Figures S1 and S2
in the Supporting Information). Therefore, only the struc-
ture of 1 is described in detail here. The undecaniobate clus-
ter [Nb11O35H4]

11� can be described as the fusion of a plena-
ry Lindqvist [Nb6O19]

8� fragment and a monolacunary
Lindqvist [Nb5O18]

11� fragment by corner-sharing two
oxygen atoms (Figure 1 c,1d). The Lindqvist [Nb6O19]

8� unit
is a well-known polyoxometalate (POM) structure, first re-
ported in 1953 by Lindqvist,[3a] whereas the [Nb5O18]

11� frag-
ment is derived from a plenary Lindqvist [Nb6O19]

8� unit by
removal of one {NbO} group (Figure S3). Although mono-ACHTUNGTRENNUNGlacu ACHTUNGTRENNUNGnary Lindqvist [W5O18]

6� and [Mo5O18]
6� fragments

have been discovered in some POMs,[2a,9] the monolacunary
Lindqvist [Nb5O18]

11� fragment in 1 and 2 has never been
observed to date. Charge-balance considerations of 1 indi-
cate that there must be four protons per [Nb11O35] unit (i.e. ,
[Nb11O35H4]

11�). Moreover, bond valence sum (BVS)[10] cal-

[a] Prof. Dr. J.-Y. Niu, G. Chen, Dr. J.-W. Zhao, P.-T. Ma, Dr. S.-Z. Li,
Prof. J.-P. Wang, Dr. M.-X. Li, Dr. Y. Bai
Institute of Molecular and Crystal Engineering
College of Chemistry and Chemical Engineering
Henan University, Kaifeng, Henan 475004 (PR China)
Fax: (+86) 378-3886876
E-mail : jpwang@henu.edu.cn

jyniu@henu.edu.cn

[b] Prof. B.-S. Ji
College of Pharmacy, Henan University
Kaifeng, Henan 475004 (PR China)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201000824.

� 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 7082 – 70867082



culations give the BVS values
of 1.43, 1.45, 1.09, and 1.03 for
O5, O7, O12, and O21 atoms in
{CuNb11} unit, respectively,
which are significantly lower
than 2, suggesting the most
probable positions for binding
protons. It is very common to
see protons that are localized
on the surface of polyoxoanions
in POM chemistry.[1d,3d, 11] In ad-
dition, in order to enhance the
stability of the undecaniobate
[Nb11O35H4]

11� cluster, a Cu2+

(Cu1) ion is incorporated into
the pocket surrounded by the
[Nb6O19]

8� and [Nb5O18]
11�

units. The Cu1 cation exhibits a
five-coordinate distorted
square-pyramidal geometry, in
which O12, O21, O28, and O32
atoms build the square plane
(Cu�O: 1.898(7)–2.128(6) �)
and O33 atom occupies the
apical positions (Cu�O:
2.364(6) �).

As shown in Figure 1 a and
Figure S1 in the Supporting In-
formation, two [Cu ACHTUNGTRENNUNG(H2O)-ACHTUNGTRENNUNG(phen)]2+ units cap to the
{CuNb11} cluster in twin fashion
by means of two bridging
oxygen and two terminal
oxygen atoms forming a hybrid
cluster [{Cu ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(phen)}2-ACHTUNGTRENNUNG{CuNb11O35H4}]

5�. Similar to
the Cu1 cation, both Cu2 and
Cu3 cations in the [Cu ACHTUNGTRENNUNG(H2O)-ACHTUNGTRENNUNG(phen)]2+ twin units also exhib-
it five-coordinate square pyra-
mid, in which the square plane
is defined by two N atoms from
a phen ligand and two O atoms
from the {CuNb11} unit (Cu�N:
1.999(8)–2.020(7) �, Cu�O:
1.913(6)–1.946(6) �), and one
coordinate water occupies the
apical site (Cu�OW: 2.280(8)–
2.321(8)). The dihedral angle
between the two phen planes in
the two [Cu ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(phen)] twin
units is 1.325(3)8, indicating
that these two planes are ap-
proximately parallel. Further-
more, the distance between the
two planes is about 3.7 �, sug-
gesting that there are face-to-

Figure 1. Polyhedral/ball-and-stick views of the anions of a) 1 and b) 2. c) Combination of a plenary Lindqvist
[Nb6O19]

8� fragment, a monolacunary Lindqvist [Nb5O18]
11� fragment and a Cu2+ ion forming the copper–un-

decaniobate {CuNb11} cluster. d) and e) Comparison of the {CuNb11} clusters in 1 and 2, respectively. f) The
2D layer formed by [{Cu ACHTUNGTRENNUNG(H2O)ACHTUNGTRENNUNG(phen)}2{CuNb11O35H4}]

5� hybrid clusters with the help of K+ ions in 1 viewed
along the c-axis.
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face p–p interactions between the two phen ligands; these
interactions will also contribute to the stability of 1. In addi-
tion, 1 can be considered as an infinitely extended 2D layer
built by [{Cu ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(phen)}2ACHTUNGTRENNUNG{CuNb11O35H4}]

5� units through
K2 and K3 bridges (Figure 1 f and Figures S4 and S5 in the
Supporting Information). Similar to 1, the structure of 2 can
be also considered as an extended 2D network (Figures S6–
S8 in the Supporting Information).

As far as we know, the {CuNb11} clusters in 1 and 2 are
the first examples of copper–undecaniobate clusters. Differ-
ent from the typical PON clusters reported previously (Fig-
ure S9–S13 in the Supporting Information),[1d,4,6, 7] clusters 1
and 2 contain monolacunary Lindqvist [Nb5O18]

11� frag-
ments. On the other hand, the {CuNb11} cluster is decorated
by two copper–organic complexes, forming two novel hy-
brids [{Cu ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(phen)}2{CuNb11O35H4}]

5� and [{Cu ACHTUNGTRENNUNG(H2O)-ACHTUNGTRENNUNG(2,2’-bipy)}2{CuNb11O35H4}]
5�. The above two organic–inor-

ganic hybrid clusters are a result of a new synthetic route of
incorporating other larger aromatic ligands into PON sys-
tems to construct larger structures or multidimensional het-
eropolyniobates. More interestingly, although both 1 and 2
crystallize in the triclinic achiral space group P1̄, the
{CuNb11} clusters in the two compounds are not identical;
instead, they are enantiomers (Figure 1 d,e). Considering the
potential applications of chiral POMs in medicine, nonlinear
optics, and catalysis,[12] we plan to firstly separate the
{CuNb11} clusters by mean of the recognition role of chiral
amino acids, thereby, making the chirality of the polyoxoan-
ions transfer to the whole framework constructing novel
PONs. This explorative work is in progress.

Thermogravimetric analyses on 1 and 2 indicate that both
1 and 2 show two steps of weight loss (Figure S14 in the
Supporting Information). For 1, the first weight loss of
14.47 % from 25 to 221 8C corresponds to the release of 22
lattice water molecules. The second weight loss of 15.93 %
up to 453 8C is ascribed to the removal of two coordinated
water ligands, two phen ligands, and the dehydration of four
protons. For 2, the first-step weight loss of 16.63 % between
25 and 211 8C involves the loss of 25 lattice water molecules,
followed by the loss of 14.37 %, assigned to the removal of
two coordinated water ligands, two bipy ligands, and the de-
hydration of four protons. Surface photovoltage spectrosco-
py (SPS) and electric-field-induced surface photovoltage
spectroscopy (EFISPS) of 1 and 2 were measured to investi-
gate their photoelectric properties under external electric
fields. Figure S15 (Supporting Information) shows the
EFISPS of 1 and 2 in the range of 300–600 nm under exter-
nal electric fields (�2, �1, 0, +1, + 2 V). The variations of
SPS response intensity under external electric fields show
that increasing positive electric field increases the surface
photovoltage (SPV) response intensity, while the SPV re-
sponse intensity decreases with decreasing the negative elec-
tric fields, indicating that 1 and 2 are n-type conductors.[13]

UV/Vis spectra of 1 and 2 (Figure S16, S17 in the Sup-
porting Information) in aqueous solution display four ab-
sorption bands centered at about 193, 223, 267, 664 nm for 1
and 198, 221, 300, 656 nm for 2. The higher energy absorp-

tion bands (193, 223 nm for 1 and 198, 221 nm for 2) are ten-
tatively assigned to the O!Nb charge-transfer transitions,
whereas the lower energy band (267 nm for 1, 300 nm for 2)
is attributed to ligand-to-metal (CuII) charge-transfer
(LMCT) transitions[14] in comparison with UV spectra of the
copper complexes. The absorption band in visible region
(664 nm for 1, 656 nm for 2) results from the CuII d–d transi-
tions. Cyclic voltammetry measurements of 1, 2, and the pre-
cursors in 0.5 m KCl aqueous solution all exhibit one pair of
well-defined redox waves in the potential range of �1.0 to
+1.0 V, which result from the cooperation of the redox pro-
cesses of the NbV atoms and [Cu ACHTUNGTRENNUNG(H2O)L]2+ ions (Figure S18
and Table S1 in the Supporting Information). Additionally,
CV curves of 1 and 2 in 0.5 m KCl at different scan rates
were measured (Figure S19 in the Supporting Information).
It can be clearly observed that the peak potentials change
gradually when the scan rate increases: the cathodic peak
potentials shift to the negative direction and the anodic
peak potentials toward the positive direction, meanwhile the
peak-to-peak separation between the cathodic and anodic
peaks increases, but the average peak potentials do not
change. When the scan rates are lower than 220 mV s�1, the
peak currents are proportional to the scan rates (Fig-ACHTUNGTRENNUNGure S19c,d in the Supporting Information), indicating that
the redox processes of 1 and 2 are surface-controlled.[15]

To investigate the stability of 1 and 2 in aqueous solution,
both aqueous systems are monitored by the in-situ UV stud-
ies (Figure S20 in the Supporting Information). Both 1 and 2
(1 �10�5 molL�1) remain stable for at least 30 days at ambi-
ent temperature, which is further confirmed by the in-situ
CV curves of 1 and 2 in aqueous solution (Figure S21 in the
Supporting Information). It is known that the polyoxonio-
bates are commonly sensitive to the pH value of the studied
media, so the influences of the pH value on the stability of 1
and 2 in the aqueous solution were also elaborately probed
by means of UV spectra and CV curves at different pH con-
ditions. As depicted in Figure S22–S25 in the Supporting In-
formation, the UV spectra and CV curves slightly change
when the pH values vary in the range of 4–12, indicating
that the anion frameworks of 1 and 2 are still retained.
However, when the pH values are lower than 4 or higher
than 12, the UV spectra and CV curves change significantly,
suggesting that the polyoxoanion frameworks have been de-
composed. These data indicate that 1 and 2 are stable in the
pH ranges of 4–12.

Taking into account that POMs exhibit significantly bio-
logical activities,[1a,16] we have studied the ability of inhibit-
ing tumor cell growth for K7HNb6O19·13 H2O, 1, and 2, and
also calculated the IC50 values (compound concentration
that render 50 % of cell death) in micromolar units
(Figure 2 and Table S2 inn the Supporting Information).
Preliminary in vitro screening shows that both 1 and 2 ex-
hibit remarkably higher antitumor activities (IC50: 0.38�
0.05 mm for 1 and 0.10�0.03 mm for 2), while the precursor
K7HNb6O19 has no effect (IC50>100 mm) against human leu-
cocythemia cancer K562 cell line. Evidently, the introduc-
tion of the Cu2+ ions and organic ligand (phen and 2,2’-
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bipy) into the hexaniobate system remarkably enhances the
antitumor potency, which indicates that the Cu2+ ion in the
copper–undecaniobate cluster and the decorative copper
complex fragments in 1 and 2 play a significant role in their
growth inhibitory activity.[17] Additionally, the antitumor ac-
tions of [Cu ACHTUNGTRENNUNG(phen) ACHTUNGTRENNUNG(NO3)2] (3) and [Cu(2,2’-bipy) ACHTUNGTRENNUNG(NO3)2] (4)
(as shown in Figure 2) further testify our hypothesis. With
detailed studies, the new compounds could be helpful in de-
signing more potent antitumor agents for further stages of
screening in vitro and/or in vivo.

In summary, two organic–inorganic hybrid PONs 1 and 2
have been successfully synthesized by the diffusion strategy,
representing the first copper–undecaniobates consisting of
plenary and monolacunary Lindqvist-type isopolyniobate
fragments. The successful syntheses of 1 and 2 enriches the
structural diversity of PONs and further proves that the con-
cept that the use of organic cations or metal–ligand cations
could provide new avenues towards diversification of PON
cluster geometries. In addition it provides us an enlightening
synthetic strategy for the introduction of other transition-
metal cations or large aromatic ligands or chiral ligands into
this system to construct organic–inorganic hybrid multidi-
mensional PONs or chiral PONs. In addition, the good solu-
bility and stability in aqueous solution at pH 4–12 and im-
pressive antitumor activity suggest that 1 and 2 have the po-
tential of being antitumor agents for therapeutic use.

Experimental Section

Syntheses of 1 and 2 : K7HNb6O19·13H2O was prepared according to the
literature method[18] and identified by IR spectra. Phen (0.099 g,
0.50 mmol)/2,2’-bipy (0.078 g, 0.50 mmol) was added to the solution of
Cu ACHTUNGTRENNUNG(NO3)2·3H2O (0.242 g, 1.00 mmol) in water (5 mL) under stirring.
Then the resulting blue solution was added dropwise to the solution of
K7HNb6O19·13H2O (1.370 g, 1.00 mmol) in water (60 mL) under stirring.
Subsequently, the mixture was adjusted to pH 11.2 using NaOH
(1 mol L�1) solution, condensed to 30 mL at 55 8C for 8 h, filtered, and
then transferred to a straight glass tube. Ethanol was carefully layered
onto the resulting dark green solution (Scheme S1 in the Supporting In-
formation). Diffusion between the two phases over a period of 3 weeks
produced block-shaped light-blue single crystals of 1 or 2.

Data for 1: Yield: 40 % based on K7HNb6O19·13 H2O; elemental analysis
calcd (%) for C24H68 Cu3K3N4Na2Nb11O59: C 10.55, H 2.51, N 2.05;
found: C 10.32, H 2.73, N 1.87; IR (KBr pellet): ñ =3393 (s), 1588 (w),

1519 (m), 1429 (m), 1146 (w), 1107 (w), 852 (s), 754 (s), 698 (s), 535 (m),
422 cm�1 (m).

Data for 2 : Yield: 45% based on K7HNb6O19·13H2O; elemental analysis
calcd (%) for C20H74Cu3K4N4NaNb11O62: C 8.72, H 2.71, N 2.03; found: C
8.56, H 2.89, N 1.84; IR (KBr pellet): ñ =3378 (s), 1601 (m), 1588 (w),
1446 (m), 1162 (w), 1107 (w), 854 (s), 750 (s), 688 (s), 535 (m), 414 cm�1

(m).
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