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The reaction of highly condensed heptadecavanadate with
labile metal compound gave the first reduced tridecavanadate
with hydrogen bonds to make a novel dimeric structure: the pro-
tonated and reduced sites were unambiguously determined by X-
ray analysis. The reduced tridecavanadate was not directly con-
verted chemically or electrochemically into the oxidized form.

Polyoxometalates have been attracting much attention in the
fields of catalysis,1 magnetism,2 and pharmaceutical chemistry.3

Polyoxovanadates have a unique structural chemistry due to the
availability of various coordination environments such as tetra-
hedral {VO4}, square-pyramidal {VO5}, and octahedral
{VO6} building units. Recently, new inorganic host–guest and
supramolecular chemistries have been developed using the ‘‘re-
duced forms’’ of polyoxovanadates containing V(IV) atoms.
These are composed of the square-pyramidal {VO5} units, as
seen in [V15O36(Cl)]

5�,4 [V18O42(X)]
n�,5 (X = H2O, Cl�,

Br�, I�), [V22O54(ClO4)]
7�,6 and [V34O82]

10�.7 On the other
hand, the corresponding chemistry based on the reduced forms
with the octahedral {VO6} units has not been explored. In an ef-
fort to establish the synthetic method of such polyoxovanadates,
we utilized the recently prepared [VV

12V
IV

5O42]
4� anion8 as a

starting material consisting of the octahedral {VO6} units with
V(V) and V(IV) atoms to generate a reduced polyoxovanadates
by simple fragmentation of the V17 framework induced by Lewis
acids. Here, we report the synthesis of the reduced
[H4V

V
9V

IV
4O34]

3� which can not be prepared directly from
the corresponding oxidized form of [VV

13O34]
3�.9

In acetonitrile, the treatment of [(n-C4H9)4N]4-
[VV

12V
IV

5O42] with the Lewis acid, [Cu(CH3CN)4]BF4 gave
deep blue crystals of [(n-C4H9)4N]4[H4V

V
9V

IV
4O34].

10 The
compounds, AgBF4, Pd(PhCN)2Cl2, and VOCl2 also work as
the Lewis acid, but p-TsOH and CCl3COOH do not give the
product and give unknown insoluble greenish yellow precipitate.
The reduced [(n-C4H9)4N]4[H4V

V
9V

IV
4O34] is stable in both

solid and solution: The deep blue color of the acetonitrile solu-
tion is maintained over a week. The color is characteristic of re-
duced polyoxovanadates. The electronic spectra show a broad
absorption band at 680 nm (" ¼ 2300) which is attributed to
the charge transfer between V(IV) and V(V). The IR spectra
show distinct bands assignable to �(V=Oterminal) at 993, 979,
and 952 cm�1 and �(V–Obridge) within the range of 574–
821 cm�1.

The X-ray structure11 of the polyoxoanion is shown in
Figure 1. The anion is composed of thirteen {VO6} units sharing
the edge of the octahedra forming sodium chloride type close-
packed cluster. Comparison of the bond lengths between
[H4V

V
9V

IV
4O34]

3� and [VV
13O34]

3� reveals the volume expan-
sion of the cluster framework due to the four electron reduction.
The average distances of V=O, V–m2-O, V–m3-O, and V–m6-O
in the reduced form are 1.597, 1.859, 1.984, and 2.243 �A, respec-

tively. Those of the oxidized form are 1.581, 1.828, 1.960, and
2.233 �A, respectively.

Redox titration also indicates that there are four V(IV) cen-
ters in the cluster. The bond-valence sum calculations based on
the X-ray data12 display that the reduced sites are V(3), V(5),
V(7), and V(13) with the bond-valence values, 4.26, 4.28,
4.14, and 4.29, respectively. The rest of vanadiums fall in the
range between 4.72–5.02. The reduced sites occupy the farthest
positions from one another in the vanadate framework to mini-
mize the inhomogeneity in the charge, occupying the vertices
of pseudotetrahedral geometry.

The cluster is dimerized through eight hydrogen bonds, and
the protonated sites were also confirmed by bond valence calcu-
lations: the bond valence sums of O(6), O(8), O(18), and O(28)
are 1.36, 1.31, 1.38, and 1.36, respectively. A similar dimeric
structure was reported for [H3V10O28]

3� with six hydrogen
bonds.13

Electrochemical study shows one irreversible three-electron
oxidation wave (Ea ¼ 0:71V) and two reversible one-electron
waves. One reversible oxidation wave at�0:31V (E1=2) is attrib-
uted to the formation of the V8

VV5
IV species and the other re-

duction wave atþ0:21V (E1=2) is attributed to that of V10
VV3

IV.
The four electron oxidation of the reduced form resulted in the
solution color change from deep blue to brown, and
[V12O32(CH3CN)]

4�14 was isolated, which was confirmed by
the IR and NMR spectra by comparison of those of the authentic
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Figure 1. ORTEP view of [H4V13O34]
3� anion. Selected dis-

tances ( �A) are as follows: V(IV)=O, 1.597(2)–1.601(3);
V(V)=O, 1.585(3)–1.608(3); V(IV)–m2-O, 1.928(2)–2.011(2);
V(V)–m2-O, 1.675(2)–1.964(2); V(IV)–m3-O, 1.809(2)–
1.998(2); V(V)–m3-O, 1.917(2)–2.163(2); V(IV)–m6-O,
1.960(2)–2.456(2); V(V)–m6-O, 2.133(2)–2.424(2).

1040 Chemistry Letters Vol.32, No.11 (2003)

Copyright � 2003 The Chemical Society of Japan



sample. This result indicates the conversion between the oxi-
dized tridecavanadate and reduced one is irreversible. It is also
noted that the cyclic voltammogram of the oxidized form shows
only two reversible one electron reduction waves.

In summary, the reaction of [V17O42]
4� in acetonitrile gives

the reduced [H4V13O34]
3� anion which has the dimeric structure

through eight hydrogen bonds. The interconversion of tridecava-
nadate between oxidized form and reduced form is irreversible
electrochemically.
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Figure 2. Perspective view of the (H4V13O34)2
6� dimer. The

dotted line indicates the hydrogen bonds. O(6)� � �O(19) =
2.715, O(8)� � �O(17) = 2.723, O(18)� � �O(7) = 2.763,
O(28)� � �O(1) = 2.732 �A.
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Figure 3. Cyclic voltammogram of 1mM [H4V13O34]
3� in ace-

tonitrile with 1M [(n-C4H9)4N]ClO4 supporting electrolyte at
scan rate 100mV/s referenced to Ag/AgCl. The potential for
1mM ferrocene, E� ¼ 0:082V was observed.
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