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A novel ruthenium-containing silicotungstate of [(CH3)2-
NH2]8K2H2[(�-SiW10O36)2Ru4Cl4O2(OH)4].23H2O (1) was
obtained as a single crystal suitable for X-ray crystallographic
analysis by the reaction of a divacant lacunary �-Keggin
silicotungstate K8[�-SiW10O36] with K2[RuCl5(OH2)]. The
unprecedented dimeric silicotungstate consisted of two [�-
SiW10O36]

8� units sandwiching an adamantanoid ruthenium–
oxygen cluster core [Ru4Cl4O2(OH)4]

4þ.

Polyoxometalates (POMs) are attractive compounds and
used in the fields of analytical chemistry, medicine, electro-
chemistry, photochemistry, and catalysis.1 Since the synthesis
of the di-lacunary [�-SiW10O36]

8� (SiW10) has been reported
by Tézé and Hervé,2 various kinds of monomeric di-metal-
substituted POMs have also been reported.3 Recently, the
di-lacunary SiW10 unit has been utilized as a macroligand to
encapsulate multinuclear metal–oxygen cluster cores, and the
several dimeric and trimeric POMs based on the �-Keggin
units such as [(�-SiW10O35)2M(OH2)2]

10� (M = MnII, CoII,
and NiII), [(�-SiW10O36)2(PhSnOH2)2]

10�, [(�-SiW10O36)2-
{Ti2(�-OH)2(�-O)}2]

8�, [(�-SiW10O36)2{Cu2(�-1,1-N3)2-
(H2O)}2]

12�, [(�-SiW10O36)2Cu4(�-1,1,1-N3)2(�-1,1-N3)2]
12�,

[{(�-SiW10O36)Mn2(�-OH)2(H2O)}(�-1,3-N3){(�-SiW10O36)-
Mn2(�-OH)2(N3)}]

10�, [(� -SiW10O36)3{Fe2(�-OH)3-
(H2O)2}3]

15�, and [(�-SiW10O36)2Zr2(�-OH)2]
10� have been

reported.4

Ruthenium is an attractive element because it displays a
wide range of oxidation states and has the unique redox and
catalytic properties.5 Various kinds of ruthenium-containing
POMs have been synthesized.6 However, structurally character-
ized non-organometallic ruthenium-containing POMs are one of
the least reported compounds, and syntheses of some compounds
are difficult because of the mixed-valence nature of the precur-
sors and of the difficulty of their purification.7 Therefore,
the novel structurally well-characterized ruthenium-containing
POMs will provide significant values to this research area.

Here, we report the synthesis and structural characterization
of a novel ruthenium-containing silicotungstate of [(CH3)2-
NH2]8K2H2[(�-SiW10O36)2Ru4Cl4O2(OH)4].23H2O (1). Com-
plex 1 consisted of two SiW10 units sandwiching an adamanta-
noid tetranuclear ruthenium–oxygen cluster core, of which the
presence was suggested in solution state.8

The ruthenium-containing POM 1 was synthesized by
the reaction of a divacant lacunary �-Keggin silicotungstate
K8[�-SiW10O36] with two equivalents of K2[RuCl5(H2O)] with
respect to K8[�-SiW10O36] in an aqueous solution at room
temperature (ca. 295K) as follows: To an aqueous solution
(15mL) of K8[�-SiW10O36].12H2O (1.0 g, 0.36mmol),

K2[RuCl5(H2O)] (0.27 g, 0.72mmol) was added in a single step.
The pH of the solution was 5.0. After the solution was stirred
for 5min at room temperature, dimethylammonium chloride
(1.0 g, 12mmol) was added in a single step followed by
filtration. Then, the filtrate was stand at room temperature. After
three weeks, reddish brown needle-like crystals suitable for
X-ray crystallographic analysis were collected by filtration
and air-dried. The yield was relatively low (8%, see Supporting
Information), presumably because of the high solubility of the
product in aqueous media. The molecular structure of the anion
part of 1 is shown in Figure 1. Selected bond lengths and angles
are summarized in Table 1.9

The bond valence sum (BVS) values of ruthenium (3.95–
4.55), tungsten (5.24–6.44), and silicon (4.11–4.16) indicate that
the respective valences in 1 are +4, +6, and +4. The BVS val-
ues of O11, O21, O302, and O304 in the central adamantanoid
cluster were 1.04, 1.03, 1.23, and 1.31, respectively and smaller
than those of O301 (1.91) and O303 (2.34), suggesting that O11,
O21, O302, and O304 are monoprotonated (�-OH ligands) and
that the central adamantanoid core in 1 is [Ru4Cl4(�-O)2(�-
OH)4]

4þ. The data of BVS, X-ray crystallographic analysis,
elemental analysis, and thermogravimetric analysis show that
the formula of 1 is [(CH3)2NH2]8K2H2[(�-SiW10O36)2-
Ru4Cl4O2(OH)4].23H2O.

As shown in Figure 1, the polyanion 1 consisted of two
lacunary SiW10 units sandwiching the adamantanoid tetra-

Figure 1. (a) ORTEP representation and (b) polyhedral and
ball-and-stick representation of the anion part of 1.
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nuclear ruthenium–oxygen cluster and possessed approximately
D2d symmetry. Each ruthenium in 1was in disordered octahedral
environments and the coordination number was six. One axial
position of the ruthenium atom was occupied by the chlorine
atom (Cl ligand), and the average Ru–Cl bond length was
2.328 Å. The average Ru–O–Ru angle in 1 was 138.0� in
accord with the angles (125–140�) reported for the oxo(hy-
droxo)-bridged cluster compounds with adamantanoid M4O6

cores (M = Ti, Cr, Mn, Ru, In, and Ta).8 The average
Ru–O bond length and Ru���Ru distance in 1 were 1.966 and
3.649 Å, respectively, and were longer than those reported for
the tetranuclear RuIV cation [Ru4(�-O)6(H2O)n]

4þ in aqueous
solution determined by EXAFS measurements (Ru–O:
1.833 Å, Ru���Ru: 3.401 Å).8 This is likely due to the protonation
of the oxygen atoms (O11, O21, O302, and O304) in the central
adamantanoid core. In the {�-SiW10Ru2} monomeric Keggin
building unit of 1, two ruthenium centers were out of the build-
ing pocket and corner sharing. Thus, each ruthenium center was
coordinated to two terminal oxygen atoms of the SiW10 unit
without direct interaction with the internal SiO4 tetrahedron.
Similar di-metal-substituted �-Keggin POMs with the ‘‘out-of-
pocket’’ structure have been reported.3d,4e

The UV–vis spectrum of an aqueous solution of 1 showed
broad bands at 265 nm (" ¼ 7:7� 104 M�1 cm�1 per 1) and
330 nm (" ¼ 3:9� 104 M�1 cm�1 per 1), which are assignable
to O ! W charge-transfer (CT) bands of the �-Keggin silico-
tungstate.10 In addition to the O ! W CT bands, a broad ab-
sorption band at 440 nm (" ¼ 6:5� 103 M�1 cm�1 per Ru) due
to RuIV species was observed.11 In the cyclic voltammogram
of 1 (0.5mM) in 0.2M HClO4 solution, two quasi-reversible
redox waves were observed and the half-wave potentials ðE1=2 ¼
ðEpc þ EpaÞ=2Þ were 0.62 and 0.47V (vs. NHE). These E1=2

values were in close agreement with those reported for tetra-
nuclear RuIV cation [Ru4(�-O)6(H2O)n]

4þ (E1=2 ¼ 0:653 and
0.469V).12 All these results suggest that the structure of 1 in

the solid state is likely kept in an aqueous solution.
In summary, the novel ruthenium-containing silicotungstate

with adamantanoid tetranuclear ruthenium–oxygen cluster core
has been synthesized by the reaction of K8[�-SiW10O36] with
K2[RuCl5(H2O)] and the molecular structure was successfully
determined.
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Table 1. Selected bond lengths and angles in 1

Bond length/Å

Ru11–Cl11 2.322(7) Ru21–Cl21 2.347(8)
Ru11–O11 2.089(17) Ru21–O21 2.131(14)
Ru11–O301 1.849(17) Ru21–O301 1.854(17)
Ru11–O302 2.006(16) Ru21–O304 1.959(17)
Ru11–O113 1.992(16) Ru21–O213 2.030(17)
Ru11–O116 2.036(17) Ru21–O216 2.049(17)
Ru12–Cl12 2.328(8) Ru22–Cl22 2.316(8)
Ru12–O11 2.066(18) Ru22–O21 2.031(15)
Ru12–O303 1.836(15) Ru22–O302 2.025(17)
Ru12–O304 2.025(19) Ru22–O303 1.724(15)
Ru12–O114 1.98(2) Ru22–O214 2.010(18)
Ru12–O115 2.014(16) Ru22–O215 1.994(16)
Ru11���Ru12 3.787(3) Ru12���Ru21 3.634(2)
Ru11���Ru21 3.550(3) Ru12���Ru22 3.497(3)
Ru11���Ru22 3.652(2) Ru21���Ru22 3.773(3)

Bond angle/deg

Ru11–O11–Ru12 131.4(10) Ru12–O304–Ru21 131.6(9)
Ru11–O301–Ru21 146.9(9) Ru12–O303–Ru22 158.4(10)
Ru11–O302–Ru22 129.9(8) Ru21–O21–Ru22 130.0(8)
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