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Polyoxometalate tri-supported transition metal complexes
containing mixed-valent transition metal ions
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†State Key Laboratory of Inorganic Synthesis and Preparative Chemistry, Department of Chemistry,
College of Chemistry, Jilin University, Changchun, China
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Three compounds, [AsMo8V6O42][Cu(2,2ʹ-bpy)2]2[Cu(2,2ʹ-bpy)]·4H2O (1), [PMo8V6O42][Cu(2,2ʹ-
bpy)2]2[Cu(2,2ʹ-bpy)]·3H2O (2) and [PMo8V6O42][Cu(2,2ʹ-bpy)2]2[Cu(2,2ʹ-bpy)]·3.5H2O (3), have
been synthesized under hydrothermal conditions and characterized by IR, UV–vis, XRD, TG, ele-
mental analysis, and X-ray diffraction analysis. Single-crystal X-ray structure analysis reveals that 1
and 2 are isostructural and isomorphous, whereas 2 and 3 are polymorphs. Polymorphs of 1 have
not been synthesized yet. The mixed-valent transition metal ion in 1–3 has been further confirmed
by TG analyses. Catalytic properties of 1 and 2 have also been studied.

Keywords: Polyoxometalates; Supported; Hydrothermal synthesis; Keggin; Hydrogen bonds

Polyoxometalates (POMs) constitute a unique class of inorganic compounds due to their
structural variety and interesting properties in fields such as catalysis, medicine, and materi-
als science [1]. This class of metal–oxygen clusters is formed by early transition metals of
groups V and VI (V, Nb, Ta, Mo, and W) in their highest oxidation states (e.g. V5+ and
W6+) [2]. The existence of POMs has been known for almost 200 years, but the first
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structural details were only revealed in the last century [3, 4]; the number of POMs
developed at an exponential rate.

Modification of the surface of the POMs has attracted much attention because of their
intriguing structural versatility and potential applications in molecular devices, biochem-
istry, and catalysis [5, 6]. Capped POMs and POM-supported metal complexes have been
regarded as two important families, which have become of increasing interest and relevance
due to their topological and electronic versatility [7–15].

The Keggin POM is a valuable building block since it can be directly used to prepare
materials where the structural integrity of the Keggin POM can be maintained throughout
the construction processes (although with (VO)2+ addition or metal exchange). A large
number of Keggin POM-supported metal complexes have been synthesized, including
Keggin POM mono- [16–22], bi- [23, 24] tri- [25], tetra- [24, 26, 27], and penta- [28] sup-
ported transition metal complexes. In Keggin POM-supported metal complexes, linking
modes of transition metal complexes with the central cluster can be divided into three situa-
tions: (i) terminal-oxygen of the cluster [16, 17, 20–24], (ii) bridging-oxygen of the cluster
[19, 25], and (iii) both terminal- and bridging-oxygens of the cluster [18, 26–28].

Our group has focused on POM-supported transition metal complexes for years. As
continuing work in this system, in this paper we report the syntheses, structures, and
properties of three Keggin POM-supported transition metal complexes formed via both
terminal- and bridging-oxygens, formulated as [AsMo8V6O42][Cu(2,2ʹ-bpy)2]2[Cu(2,2ʹ-
bpy)]·4H2O (1), [PMo8V6O42][Cu(2,2ʹ-bpy)2]2[Cu(2,2ʹ-bpy)]·3H2O (2) and [PMo8V6O42]
[Cu(2,2ʹ-bpy)2]2[Cu(2,2ʹ-bpy)]·3.5H2O (3). Compounds 2 and 3 are polymorphs. Polymor-
phism, defined as the phenomenon of a chemical species having more than one crystal form
[29, 30], attracts attention because different forms may result in difference in terms of struc-
tures and physical and chemical properties. Several polymorphs based on different POMs
have been reported [31–36]. Compounds 2 and 3 are two new examples of polymorphs
based on Mo-V POMs.

2. Experimental

2.1. General procedures

All chemicals used were of reagent grade without purification. C, H, and N elemental analy-
ses were carried out on a Perkin-Elmer 2400 CHN elemental analyzer. P, As, and metal
contents were determined by inductively coupled plasma (ICP) analysis on a Perkin-Elmer
Optima 3300DV ICP spectrometer. Infrared spectra were recorded as KBr pellets on a Per-
kin-Elmer SPECTRUM ONE FTIR spectrometer. XPS analyses were performed on a
Thermo ESCALAB 250 spectrometer with a Mg-Kα (1253.6 eV) achromatic X-ray source.
UV–vis spectra of DMSO-saturated solutions of 1–3 were recorded on a Shimadzu
UV3100 spectrophotometer. Small-angle X-ray diffraction (XRD) patterns were obtained on
a Siemens D5005 diffractometer using Cu Kα radiation. TG curves were performed on a
Perkin-Elmer TGA-7000 thermogravimetric analyzer in flowing N2 with a temperature ramp
rate of 10 °C min−1.
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2.2. Preparation

2.2.1. Preparation of [AsMo8V6O42][Cu(2,2ʹ-bpy)2]2[Cu(2,2ʹ-bpy)]·4H2O (1). Com-
pound 1 was synthesized hydrothermally from a mixture of (NH4)6Mo7O24·4H2O (0.6 g,
0.49 mmol), H2C2O4·2H2O (0.259 g, 2.05 mmol), Na3AsO4·12H2O (0.284 g, 1.34 mmol),
NH4VO3 (0.233 g, 1.99 mmol), CuCl2·2H2O (0.352 g, 2.06 mmol), 2,2ʹ-bpy (0.162 g,
1.04 mmol), and distilled water (25 mL). The pH of the mixture was 5 after being stirred
for 2 h, and then the resulting suspension was transferred to a 45-mL Teflon-lined autoclave.
The mixture was heated under autogenous pressure at 160 °C for 5 days and then left to
cool to room temperature. Dark block crystals could be isolated in 63% yield (based on
Mo). Elemental analyses (%) Calcd: C, 20.97; H, 1.69; N, 4.89; As, 2.62; Mo, 26.80; V,
10.67; Cu, 6.66. Found: C, 20.75; H, 1.90; N, 4.61; As, 2.52; Mo, 26.47; V, 10.49; Cu,
6.39. FT-IR (KBr, cm−1): 1620, 1597, 1490, 1469, 1443, 1311, 1250, 1224, 1171, 1156,
1103, 1033, 1016, 971, 955, 940, 907, 898, 871, 850, 807, 773, 759, 731, 669, 606, 528,
494, 464, 436, 380.

2.2.2. Preparation of [PMo8V6O42][Cu(2,2ʹ-bpy)2]2[Cu(2,2ʹ-bpy)]·3H2O (2). Com-
pound 2 was synthesized hydrothermally by reacting (NH4)3PMo12O40·xH2O
(FW ≈ 1876.34, 0.499 g, 0.26 mmol), H2C2O4·2H2O (0.253 g, 2.01 mmol), NH4VO3

(0.235 g, 2.01 mmol), Cu(NO3)2·3H2O (0.497 g, 2.06 mmol), 1,4-diazabicyclo[2,2,2]octane
(0.232 g, 1.05 mmol), 2,2ʹ-bpy (0.154 g, 0.99 mmol), and distilled water (25 mL) in a 45-
mL Teflon-lined autoclave. The pH of the mixture was adjusted to 5 with NH3·H2O solu-
tion. The mixture was heated under autogenous pressure at 160 °C for 5 days and then left
to cool to room temperature. Dark block crystals could be isolated in 57% yield (based on
Mo). Elemental analyses (%) Calcd: C, 21.43; H, 1.65; N, 5.00; P, 1.11; Mo, 27.39; V,
10.91; Cu, 6.80. Found: C, 21.05; H, 1.85; N, 4.87; P, 1.11; Mo, 26.84; V, 10.72; Cu, 6.69.
FT-IR (KBr, cm−1): 1653, 1620, 1598, 1491, 1470, 1444, 1312, 1250, 1171, 1156, 1106,
1052, 1034, 1018, 963, 937, 818, 773, 730, 664, 609, 572, 541, 470, 420, 389, 321.

2.2.3. Preparation of [PMo8V6O42][Cu(2,2ʹ-bpy)2]2[Cu(2,2ʹ-bpy)]·3.5H2O (3). Com-
pound 3 was synthesized hydrothermally by reacting (NH4)3PMo12O40·xH2O
(FW ≈ 1876.34, 0.501 g, 0.27 mmol), H2C2O4·2H2O (0.253 g, 2.01 mmol), NH4VO3

(0.234 g, 2.0 mmol), Cu(NO3)2·3H2O (0.495 g, 2.05 mmol), 2-aminopyridine (0.125 g,
1.33 mmol), 2,2ʹ-bpy (0.155 g, 0.99 mmol), and distilled water (25 mL) in a 45-mL Teflon-
lined autoclave. The pH of the mixture was adjusted to 4 with NH3 solution. The mixture
was heated under autogenous pressure at 160 °C for 5 days and then left to cool to room
temperature. Dark block crystals could be isolated in 52% yield (based on Mo). Elemental
analyses (%) Calcd: C, 21.37; H, 1.69; N, 4.98; P, 1.10; Mo, 27.31; V, 10.87; Cu, 6.78.
Found: C, 21.45; H, 1.66; N, 4.97; P, 1.01; Mo, 26.76; V, 10.93; Cu, 6.83. FT-IR (KBr,
cm−1): 1598, 1493, 1469, 1445, 1385, 1309, 1251, 1171, 1158, 1107, 1054, 1020, 986,
971, 947, 898, 873, 839, 775, 765, 728, 664, 637, 609, 538, 476, 417, 392, 315.

2.3. X-ray crystallographic analysis

All the reflection intensity data of 1–3 were collected on a Bruker Apex II diffractometer
equipped with graphite monochromated Mo Kα (λ = 0.71073 Å) radiation at room
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temperature. The structures of 1–3 were solved by direct methods and further refined using
full-matrix least-squares on F2 using the SHELXTL-97 crystallographic software package.
Anisotropic thermal parameters were refined for all non-hydrogen atoms in 1–3. All the
hydrogens of ligands were placed in geometrically calculated positions and refined with
fixed isotropic displacement parameters using a riding model except the lattice water mole-
cules in 1–3. A summary of the crystallographic data and structure refinements for 1–3 are
given in table 1. CCDC: 1,061,363 for 1, 1,061,364 for 2 and 1,061,365 for 3.

3. Results and discussion

3.1. Syntheses

Only when the pH value was 5, and only when the pH was 4, we succeeded in synthesizing
2 and 3. Parallel experiments with pH deviating from those pH values yielded very little tar-
get compound, nothing or some unidentified powders. The presence of H2C2O4·2H2O is
important for preparations of 1–3. It is not only a reducing agent for the reductions of Cu2+

to Cu+ and V5+ to V4+ but also an important reagent to control the final pH of reaction mix-
tures. We also tried to synthesize similar compounds to 1–3 by additions of other carboxylic
acids such as isonicotinic acid, malonic acid, benzoic acid, and pyridinedicarboxylic acid,
but these attempts were not successful.

Table 1. Crystal data and structural refinements for 1–3.

1 2 3

Empirical formula C50H48As1Cu3N10O46Mo8V6 C50H46P1Cu3N10O45Mo8V6 C50H47P1Cu3N10O45.5Mo8V6

Formula weight 2863.71 2801.75 2810.73
Crystal system Triclinic Triclinic Triclinic
Space group P-1 P-1 P-1
a (Å) 11.658(1) 11.683(2) 14.707(3)
b (Å) 13.069(1) 13.132(3) 15.996(3)
c (Å) 13.351(1) 13.290(3) 19.181(4)
α (°) 87.020(1) 87.14(3) 68.88(3)
β (°) 79.057(1) 79.60(3) 67.58(3)
γ (°) 73.413(1) 72.72(3) 72.74(3)
Volume (Å3) 1914.0(3) 1914.9(7) 3824(1)
Z 1 1 2
DC (Mg m−3) 2.484 2.435 2.440
μ (mm−1) 3.305 2.894 2.899
F (0 0 0) 1379 1357 2712
θ for data collection 1.85–25.00 3.04–27.48 3.01–25.00
Reflections collected 9817 18,701 27,759
Reflections unique 6646 8600 12,931
R (int) 0.0160 0.0367 0.0720
Completeness to θ 98.6 98.2 95.9
Parameters 571 571 1114
GOF on F2 1.015 1.070 1.081
Ra [I > 2σ(I)] R1 = 0.0997 R1 = 0.0688 R1 = 0.0875
Rb (all data) ωR2 = 0.2183 ωR2 = 0.1725 ωR2 = 0.2598

aR1 ¼
P jjFoj � jFcjj=

P jFoj.
bxR2 ¼

P
wðF2

o � F2
c Þ2

h i
=
P

wðF2
o Þ2

h in o1
2
.
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3.2. Structure descriptions

3.2.1. Crystal structures of 1 and 2. The crystal structures of 1 and 2 are isomorphous
and isostructural, belonging to the triclinic space group P-1. Here, 1 is described in detail
as an example.

The asymmetric unit of 1 is composed of half a bi-capped pseudo-Keggin polyoxoanion
[AsMo8V6O42]

5−, a [Cu(2,2ʹ-bpy)2]
2+, half a [Cu(2,2ʹ-bpy)]+, and two water molecules.

[AsMo8V6O42]
5− can be described as the well-known pseudo-Keggin core with two addi-

tional VO2+ units capping two opposite pits. As–O bond distances are 1.61(2)–1.72(3) Å.
Mo–O bonds can be divided into three groups: Mo–Oc (Oc, central O atoms), 2.38(3)–2.48
(2) Å; Mo–Ob (Ob, bridging O atoms), 1.77(1)–2.10(1) Å; Mo–Ot (Ot, terminal O atoms),
1.66(1)–1.68(1) Å. In addition, V–O distances can be divided into two groups: V–Ob (Ob,
bridging O atoms), 1.92(2)–2.01(2) Å; V–Ot (Ot, terminal O atoms), 1.55(1)–1.57(1) Å.
Bond valence sum (BVS) calculations for the molybdenum and vanadium of 1 were calcu-
lated using parameters given by Brown [37]. Results reveal that the oxidation state of the
four independent molybdenum ions is +6, the oxidation state of one vanadium is +4 and
the oxidation state of the other two vanadium ions is +5. Thus, the formula of the POM is
[AsMoVI8V

IV
4V

V
2O42]

5−.
The anion [AsMo8V6O42]

5− serves as a multidentate ligand coordinating to three copper
ions. Copper ions in 1 could be grouped into two types: [Cu(2,2ʹ-bpy)2]

2+ and [Cu(2,2ʹ-
bpy)]+. The Cu center of the former not only receives the contribution from a terminal oxy-
gen from [AsMo8V6O42]

5− with a Cu–O distance of 2.02(1) Å but also receives contribu-
tions from four 2,2ʹ-bpy nitrogens with Cu–N distances of 1.97(1)–2.09(1) Å. Thus, a
square pyramidal coordination environment around copper is completed. The Cu center of
the latter is coordinated by two nitrogens from a 2,2ʹ-bpy with Cu–N distances of 1.89(3)–
2.01(1) Å and two oxygens from [AsMo8V6O42]

5− with Cu–O distances of 2.18(2)–2.38
(2) Å. Thus, the Cu center exhibits a square planar geometry. In other words, two different
transition metal complexes are supported by [AsMo8V6O42]

5− via both terminal- and bridg-
ing-oxygens, forming a POM tri-supported transition metal unit {[AsMo8V6O42][Cu(2,2ʹ-
bpy)2]2[Cu(2,2ʹ-bpy)]}, as shown in figure 1. The valence of the copper ions can be further
confirmed by BVS calculations using parameters given by Brown [37], which shows that

Figure 1. Ball-and-stick and wire representation of the POM supported transition metal complex in 1.
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the BVS values for the coppers in [Cu(2,2ʹ-bpy)2]
2+ and [Cu(2,2ʹ-bpy)]+ are 1.73 and 1.25,

respectively.
In addition, 1 contains a binuclear water cluster (H2O)2. The water cluster is formed by

Ow(1) and Ow(1a, a: 1 − x,1 − y,1 − z) with a distance of 2.5298(2) Å. There are O–H� � �O
hydrogen bonding interactions between oxygens of the water cluster and oxygens of
[AsMo8V6O42]

5−. O� � �O distances of hydrogen bonds are 2.7999(2)–2.8735(2) Å. Alterna-
tively, each water cluster as a rod joins [AsMo8V6O42]

5− through hydrogen bonds into a
supramolecular chain structure.

There exist π� � �π interactions between phenol rings of different 2,2ʹ-bpy ligands with the
interplanar distance of about 3.50 Å. There also is a C–H� � �O hydrogen bonding interaction
between C(10) of 2,2ʹ-bpy and O(23) of [AsMo8V6O42]

5− with a bond distance of 3.110(2)
Å. Thus, a 3-D supramolecular structure is formed through O–H� � �O, π� � �π and C–H� � �O
interactions.

Not only are 1 and 2 isomorphous and isostructural to each other, but also they are iso-
morphous and isostructural to [Mo8V7O42][Cu(2,2ʹ-bpy)2]2[Cu(2,2ʹ-bpy)]·2H3O we reported
recently [38]; the main difference of the two and [Mo8V7O42][Cu(2,2ʹ-bpy)2]2[Cu(2,2ʹ-
bpy)]·2H3O is the heteroatom enclosed, it is As and P for 1 and 2, but V for the compound
reported. Compound 2 was almost identical to the compound we synthesized previously
with only slight differences in the numbers of lattice water molecules [39].

3.2.2. Crystal structure of 3. X-ray diffraction analysis reveals that the asymmetric unit
of 3 consists of a bi-capped Keggin polyoxoanion, two [Cu(2,2ʹ-bpy)2]

2+ units, a [Cu(2,2ʹ-
bpy)]+, and three water molecules. [PMo8V6O42]

5− is very similar to [AsMo8V6O42]
5− in 1,

the main difference of the two is the central unit, a disordered AsO3�
4 cube in 1, but an

ordered PO3�
4 tetrahedron in 3. P–O bond distances are 1.52(1)–1.56(1) Å. Mo–O and V–O

distances are all comparable to those in 1. The BVS model clearly indicates that all the
eight molybdenum ions are in the +6 oxidation state, two vanadium ions are in the +5
oxidation state, and the remaining four vanadium ions are in the +4 oxidation state. Thus,
the formula of the POM is [PMoVI8V

IV
4V

V
2O42]

5−.
The role of the POM in 3 is similar to that of 1(2), serving as a multidentate ligand

coordinating to three copper ions. Also, the transition metal complexes of 3 could be

Figure 2. Ball-and-stick and wire representation of the POM supported transition metal complex in 2.
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grouped into two types: [Cu(2,2ʹ-bpy)2]
2+ and [Cu(2,2ʹ-bpy)]+. The Cu center of the former

is similar to that of 1(2) with square pyramidal geometry. The Cu of the latter is also similar
to that of 1(2), displaying a square planar geometry.

The anion [PMo8V6O42]
5− also supports two different types of transition metal com-

plexes: [Cu(2,2ʹ-bpy)2]
2+ and [Cu(2,2ʹ-bpy)]+ with Cu–O contacts via both terminal- and

bridging-oxygens, forming a POM tri-supported transition metal complex containing
mixed-valent transition metal ions {[PMo8V6O42][Cu(2,2ʹ-bpy)2]2[Cu(2,2ʹ-bpy)]} (figure 2).
The valence of copper ions can be further confirmed by BVS calculations [37]. The oxida-
tion state of the copper ion in [Cu(2,2ʹ-bpy)2]

2+ is + 2 and the oxidation state of the copper
ion in [Cu(2,2ʹ-bpy)]+ is +1.

There exist π� � �π interactions between phenol rings of 2,2ʹ-bpy ligands with the interplanar
distance of about 3.50 Å. There also exist C–H� � �O hydrogen bonding interactions between
C(30) of 2,2ʹ-bpy and O(22) of [PMo8V6O42]

5− with a bond distance of 3.0946(9) Å.
Compound 3 is also similar to the compound we synthesized previously with only slight

differences in the numbers of lattice water molecules [39]. However, 2 and 3 are not iso-
morphous and isostructural to each other, but polymorphs. Therefore, the two compounds
we reported previously are also polymorphs [39]. Up to now, only the POM with P as
heteroatom was found to have different polymorphs; however, the POM with As or V as
heteroatom were not found to have polymorphs.

3.3. Properties

3.3.1. XRD analysis. The X-ray powder diffraction patterns of 1–3 are in agreement with
the simulated XRD patterns (figure S1), confirming the phase purity of 1–3. The differences
in reflection intensities are probably due to preferential orientations in the powder samples
of 1–3.

3.3.2. UV–Vis spectroscopy. UV–vis spectra of 1–3, from 250 to 600 nm, are presented
in figure S2. The UV–vis spectrum of 1 displays an intense sharp absorption at 254 nm
with two shoulder peaks at 287 and 312 nm assigned to O → Mo, O → V charge transfers
and n → π* transitions of 2,2ʹ-bpy in 1. The UV–vis spectra of 2 and 3 exhibit very similar
intense sharp absorptions and shoulders to 1 centered at 255, 288, 312 and 255, 286,
312 nm, respectively, which should be ascribed to transfer bands of O → Mo, O → V and
n → π* transitions of organic ligands in 2 and 3.

3.3.3. XPS spectra. The XPS spectra in the V 2P region present four peaks at 524.2,
523.1, 517.1, and 515.8 eV for 1 (figure S3), 524.7, 523.1, 517.5, and 516.0 eV (figure S3)
for 2, and 524.8, 523.5, 517.3, and 516.0 eV for 3 (figure S3), which should be attributed
to mixture of V5+ and V4+ in 1–3, respectively. The XPS spectra in the Mo 3-D region
show two peaks at 235.6 and 232.6 eV for 1 (figure S4), 235.4 and 232.4 eV for 2 (figure
S4), and 235.8 and 232.5 eV for 3 (figure S4), which should be owing to Mo6+ in 1–3. It
should be noted that the XPS spectra for 1–3 are very similar to each other. The XPS analy-
ses are in agreement with the BVS values.

3820 L.-W. Fu et al.
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3.3.4. TG analysis. The TG curve of 1 can be divided into three stages (figure S5). The
first stage is from room temperature to 277 °C with a weight loss of 2.57%, which is con-
sistent with the release of the crystallization water molecules in 1 (calculated: 2.51%). The
second stage is from 277 to 422 °C with a weight loss of 5.73%, which is due to release of
the 2,2ʹ-bpy in [Cu(2,2ʹ-bpy)]+ in 1. The third stage is from 422 to 720 °C with a weight
loss of 21.60%, which corresponds to combustion of 2,2ʹ-bpy in [Cu(2,2ʹ-bpy)2]

2+ in 1. The
total weight of the TG curve is 29.89%, which is consistent with the calculated result
29.79%. The TG analysis of 1 further demonstrated that there are two different kinds of
transition metal complexes containing transition metal ions with different valences. The
interaction between copper and the 2,2ʹ-bpy ligand is weak for copper ion in [Cu(2,2ʹ-
bpy)]+; thus, the 2,2ʹ-bpy ligand in [Cu(2,2ʹ-bpy)]+ was released first. The interaction
between copper and the 2,2ʹ-bpy ligand is strong for the high-valent copper ion in [Cu(2,2ʹ-
bpy)2]

2+; thus, the 2,2ʹ-bpy ligand in [Cu(2,2ʹ-bpy)2]
2+ was released finally.

The TG analysis of 2 from 35 to 800 °C is similar to that of 1 and can also be divided
into three stages. The first stage is from room temperature to 333 °C with a weight loss of
2.21%, which is ascribed to release of lattice water molecules (calculated: 1.93%). The sec-
ond stage is from 333 to 456 °C with a weight loss of 5.97% for 2, which is associated with
release of 2,2ʹ-bpy in [Cu(2,2ʹ-bpy)]+ (calculated: 5.57%). The third stage is from 456 to
738 °C with a weight loss of 22.53%, which can be owing to the combustion of the 2,2ʹ-
bpy ligand in [Cu(2,2ʹ-bpy)2]

2+ (calculated: 22.30%). Three stages were also observed in
the TG curve of 3. The first stage is from room temperature to 315 °C with a weight loss of
2.11%, consistent with the release of lattice water molecules (calculated: 2.24%). However,
only the first stage of the TG curve of 3 is similar to those of 1 and 2. The second stage is
from 315 to 451 °C with a weight loss of 8.97%, due to release of 2,2ʹ-bpy in [Cu(2,2ʹ-
bpy)]+ and part of the 2,2ʹ-bpy ligand in [Cu(2,2ʹ-bpy)2]

2+. The third stage is from 451 to
683 °C with a weight loss of 18.53% for 3, which corresponds to combustion of part of the
2,2ʹ-bpy in [Cu(2,2ʹ-bpy)2]

2+. However, the total weight of the TG curve of 3 is 28.98%,
which is consistent with the calculated result 30.03%.

The TG analysis of 2 and 3 further demonstrated that there are two different kinds of
transition metal complexes containing transition metal ions with different valences just like
that of 1.

3.3.5. Catalytic properties. The epoxidation of styrene to styrene oxide with aqueous tert-
butyl hydroperoxide (TBHP) using 1 or 2 as a catalyst was carried out in a batch reactor. In
a typical run, the catalyst (1 (10 mg, 3.5 μmol), 2 (10 mg, 3.6 μmol)), 0.114 mL (1 mmol)
of styrene, and 1 mL of CH3CN were added to a 10-mL two-neck flask equipped with a
stirrer and a reflux condenser. The mixture was heated to 80 °C and then 2 mmol of TBHP
was injected into the solution to start the reaction. The liquid organic products were

Table 2. Catalytic activity and product distribution.

Catalysts Styrene conversion (%)

Product selectivity (%)

Styrene oxide Benzaldehyde

Compound 1 93.6 72.5 27.5
Compound 2 90 87.2 12.8
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quantified using a gas chromatograph (Shimadzu, GC-8A) equipped with a flame detector
and an HP-5 capillary column and identified by comparison with authentic samples and
GC–MS coupling. The activity of the reaction system to oxidize styrene to styrene oxide in
the absence of the catalysts was determined. The result showed no conversion of the styrene
after 8 h.

Table 2 shows the reaction results of TBHP oxidation of styrene with 1 and 2 at 80 °C.
As expected, the two catalysts are active for the TBHP oxidation of styrene. Compound 1
shows activity with 93.6% conversion and 72.5% selectivity to styrene oxide after 8 h.
Compound 2 shows lower activity with 90% conversion of styrene and 87.2% selectivity to
styrene oxide.

We have carried out identical catalytic experiments previously with some As–V cluster
compounds as catalysts, and from those experiments, we found that transition metal ele-
ments are essential for catalytic properties of catalysts used and the structures of catalysts
used also affect their catalytic activities [40]. Du et al., Moradi-Shoeili et al., Heikkilä
et al., and Li have demonstrated that molybdenum clusters exhibit high catalytic activity
and stability for olefin epoxidation [41–44]. Both 1 and 2 contain molybdenums and transi-
tion metal elements, so perhaps both molybdenum and transition metal ions are important
for the catalytic properties of the two compounds.

The conventional organic oxidants (TBHP) produce copious amounts of environmentally
undesirable waste [45]. From the sustainable and green chemistry point of view, the use of
molecular oxygen or H2O2 for the oxidation of olefins is a very attractive and desirable idea
[46]. Therefore, H2O2 was used as the oxidant for the epoxidation of cyclooctene to
cyclooctene oxide.

Epoxidation of cyclooctene to cyclooctene oxide with aqueous H2O2 solution using 2 as
catalyst was carried out in a batch reactor. In a typical run, the catalyst (2 (10 mg,
3.6 μmol)), 2 mL of acetonitrile, and 1 mmol of cyclooctene were added to a 10-mL two-
neck flask equipped with a stirrer and a reflux condenser. The mixture was heated to 80 °C
and then 2 mmol of H2O2 was injected into the solution to start the reaction. The liquid
organic products were quantified using a gas chromatograph (Shimadzu, GC-8A) equipped
with a flame detector and an HP-5 capillary column and identified by comparison with
authentic samples and GC–MS coupling. The activity of the reaction system to oxidize
cyclooctene to cyclooctene oxide in the absence of the catalysts was zero after 9 h.

As expected, 2 is active for H2O2 oxidation of cyclooctene. Compound 2 shows 52.26%
conversion and 100% selectivity to cyclooctene oxide after 9 h. It should be noted that the
reaction temperature is very important for the H2O2 oxidation of cyclooctene. We have also
carried out the same catalytic reaction except that the reaction temperature is 60 °C with
only 2.61% conversion and 100% selectivity to cyclooctene oxide after 9 h.

4. Conclusion

We have described three new Mo–V–O compounds synthesized by hydrothermal method.
Compounds 1 and 2 are bi-capped pseudo-Keggin polyoxoanion, [Cu(2,2′-bpy)2]

2+ and [Cu
(2,2′-bpy)]+ as well as water molecules, while 3 is composed of bi-capped Keggin poly-
oxoanion, [Cu(2,2′-bpy)2]

2+ and [Cu(2,2′-bpy)]+ as well as water molecules. Further
research is underway to determine the rules of their synthesis and to explore their
properties.
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