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Vanadium-substituted Keggin-type polyoxometalates exhibit a higher negative charge compared to parent polyoxometalates,
which not only enhances their ability to coordinate with metals but also endows them with significant potential for oxidative
catalysis due to the intrinsic high oxidative catalytic capacity of vanadium. In this study, by incorporating vanadium-substituted
Keggin-type polyoxometalates and sodium molybdate, an inorganic-organic hybrid compound, [Cug(phen)s(MogOy,)
(HPMo0,oV;,040)'H,0] (phen = 1,10-phenanthroline), was successfully constructed under hydrothermal conditions. This
compound is composed of two kinds of polyoxometalates, [PMo;oV,040]>~ and [Mo40,,]*", in which {PMo,,V,} and {Mog}
represent [PM010V2040]5 ~and [MOGOzz]S_, respectively. In the catalytic epoxidation of olefins, this hybrid efficiently oxidized
cyclooctene to 1,2-epoxycyclooctane within 4 hours at 35 °C using oxygen as the oxidant (conversion rate of 98.6% and a
selectivity greater than 99%). Moreover, it retained high catalytic activity after five successive cycles and demonstrated broad

substrate scope, effectively catalyzing the epoxidation of various olefins.
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1. Introduction

Epoxides serve as key raw materials and intermediates in
fine chemical synthesis. The epoxidation of olefins re-
presents a significant oxidation reaction in industrial pro-
cesses and organic synthesis, constituting the primary route
for epoxide production!®). Through selective ring-opening
or functional group transformation, these compounds can be
converted into diverse high-value derivatives with extensive
applications in medicinal chemistry, natural product synth-
esis, the functional polymer industry, and fine chemical
fields!”!. In traditional industries, commonly used oxidants
are typically sodium hypochlorite!™, m-chloroperoxybenzoic
acid™, and alkyl peroxides!'”’. However, these oxidants are
not only expensive but also generate pollutants and waste
that pose significant threats to the environment!''l. O, being
readily available, inexpensive, and environmentally friendly,
has gained favor among researchers. Using O, as the oxi-
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dant, catalysts employing transition-metal complexes''*"”,

transition metal substituted heteropolyanions!'®'®! and
supported catalysts''”*?! have been developed. However,
these catalysts often exhibit limitations: single catalytic
sites, difficulty in reuse after reaction and unclear structures.
Therefore, developing heterogeneous catalysts with high
catalytic efficiency, recyclability, and synergistic effects at
multiple sites for olefin epoxidation reactions remains a
noteworthy research topic.

Keggin-type polyoxometalates (POMs) represent the most
quintessential example among polyoxometalate structures,
being the class of heteropoly compounds that has been
studied most extensively and holds the greatest potential for
practical applications. They exhibit strong Bronsted acidity
and oxidative properties. Vanadium-substituted Keggin-type
polyoxometalates retain the composition, structural char-
acteristics, and advantages of Keggin-type polyoxometalates
while exhibiting additional properties such as enhanced the
negative charge density on the surface of polyoxometalate
anions, increased coordination ability, and better oxidative
activity. Consequently, they hold application potential across
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numerous fields, particularly in catalysis'”**”. However,

practical catalytic applications inevitably encounter chal-
lenges. For instance, high solubility in polar solvents hinders
catalyst separation, reuse, and recovery; while agglomera-
tion and poor dispersibility in nonpolar solvents diminish
catalytic activity. To effectively address the aforementioned
challenges, we constructed an inorganic-organic hybrid
system based on vanadium-substituted Keggin-type POMs,
transition metal and organic ligands as basic unit. The ap-
proach not only resolves the technical difficulties associated
with recycling pure polyoxometalates but also combines the
advantages of inorganic components and organic compo-
nents, ensuring outstanding catalytic performance in the
epoxidation of olefins.

This study employed vanadium-substituted Keggin-type
polyoxometalate (HsPMo;(V,04) and sodium molybdate as
precursors, introducing CuCl, and 1,10-phenanthroline
(phen) to synthesize a novel polyoxometalate-based hybrid
compound, [Cug(phen)s(MogO,,)(HPMo,4V,040)-H,0],
under hydrothermal conditions. This compound contains
two distinct types of polyoxometalates, {PMo,,V,} and
{Mog}. It was employed to catalyze the epoxidation reaction
of cyclooctene. The results demonstrated that, at 35 °C with
0O, as the oxidant, the synergistic catalytic effect between the
polyoxometalates and Cu®" centers enabled efficient con-
version of cyclooctene to 1,2-epoxycyclooctane within
4 hours, achieving a conversion rate of 98.6% and selectivity
greater than 99%. Moreover, the compound retained its
catalytic activity after five successive cycles and exhibited
broad substrate scope, effectively catalyzing the epoxidation
of various olefins.

2. Experimental section

2.1 Synthesis of [Cug(phen)s(M002,)(HPMo,3V,04):
H,0]

CuCl,-2H,0 (0.034 g, 0.2 mmol), phen (0.023 g, 0.125 mmol),
Na,Mo0,4-2H,0 (0.024 g, 0.lmmol) and HsPMo;oV,049
(0.174 g, 0.1 mmol) were sequentially dissolved in H,O
(10 mL) with stirring for 1 h. The pH of the solution was
adjusted to about 3.1 with 1 mol-L™" NaOH. The emulsion
mixture was then transferred into a 23 mL teflon reactor and
heated at 160 °C for 3 d, followed by cooling to room
temperature at a rate of 10 °C-h™'. Brownish-yellow blocky
crystals were obtained after filtration and washing, with a
yield of 46.2% (based on Cu). Elemental analysis calcd: C
20.86%, H 1.16%, N 4.06%, O 24.34%, P 0.75%, Mo
37.09%, Cu 9.27%; Found: C 20.84%, H 1.19%, N 4.08%,
0 24.31%, P 0.78%, Mo 37.07%, Cu 9.26%.

2.2 Epoxidation of olefins in title compound

The catalytic activity of the synthesized compound as a
heterogeneous catalyst was investigated using cyclooctene
as a model substrate. Prior to the reaction, the catalyst was
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dried for 12 h at 50 °C in a vacuum oven to activate it. A
mixture of cyclooctene (I mmol), acetonitrile (5 mL), and
biphenyl (internal standard) was added to a 25 mL round-
bottom flask. The flask was placed in an oil bath at a set
temperature and stirred until the mixture dissolved. Subse-
quently, the catalyst and isobutyraldehyde (IBA) were ad-
ded. A condenser was installed, with an oxygen balloon
connected at its top to provide oxygen. Stirring was main-
tained, and the reaction was initiated. Samples were taken at
regular intervals, diluted with an equal volume of acetoni-
trile, and then centrifuged to separate the catalyst. The su-
pernatant was quantitatively analyzed by gas chromatography
to determine conversion rate and selectivity. After reaction
completion, the catalyst was washed and recovered. It was
dried in an oven at 50 °C and reused in subsequent ex-
periments.

2.3 Reusability test of catalyst

Using cyclooctene as the reaction substrate, we evaluated
the recycling performance of the synthesized compound as a
catalyst. After each catalytic reaction, the catalyst was re-
covered by centrifugal separation and washed three times
with an appropriate amount of acetonitrile to remove re-
sidues. Subsequently, the treated catalyst was dried for reuse
in the next recycling experiment.

3 Results and discussion

3.1 Crystal structure of title compound

Single-crystal X-ray diffraction (SCXRD) analysis revealed
that synthesized compound is composed of [PM010V204O]5 -,
{Mog}, Cu(Il), and phen ligands (See Figure la). Within
the [PM010V204O]5_, the central P atom is surrounded by a
cube of eight oxygen atoms, with each position being half-
occupied, a common phenomenon in Keggin-type struc-
tures®*>'1, It crystallizes in the triclinic crystal system with
the space group Pr (See Table 1). All Cu(Il) are penta-
coordinated but exhibit two distinct coordination modes.
One mode involves coordination with a terminal oxygen
from [PMo;oV,040]°", two terminal oxygens of the {Mog}
cluster, and two nitrogen atoms from the phen ligand. The
other mode features coordination with three oxygen atoms
from the {Mog} cluster and two nitrogen atoms from the
phen ligand. This is due to the fact that steric hindrance
effect dictates that Cu(Il) can only coordinate with one
terminal oxygen of the POMSs, thereby forming a penta-
coordination. The polymerization of NaMoO, leads to the
formation of {Mog} clusters (See Figure 1b). This cluster
has a total of 16 terminal oxygen atoms, all of which are
coordinated. We attribute this to the obtuse bond angles
between the two terminal oxygen atoms connected to Mo,
such as the O(1)—Mo(1)—0O(2) angle of 103.9(11)°,
O(1)—Mo(1)—0O(3) angle of 106.4(10)°, and O(2)—Mo(1)—
0O(Q3) angle of 105.6(10)°. These obtuse angles result in a



WANG D., et al. J. Mol. Sci., Vol. 42, 26010408 (2026)

%Y

the hydrogen atoms and lattice water molecules are omitted for clarity

26010408-3

Figure 1 The molecular structure diagram of the synthesized compound (a), the structure of the {Mog} cluster (b), the 1D chain of the compound viewed

along c-axis (c), and the 2D layer structure connected by hydrogen bonds (d)

Table 1  Crystal data and structure refinement for title compounds
Parameter Property Parameter Property
Chemical formula C7,Hy45CugMo16N1,043PV, Reflections collected 38 379
a/nm 1.3080(3) Unique reflections 8731
b/nm 1.3504(2) Rine 0.1428
¢/nm 1.4971(3) Data/restraints/parameters 8731/138/787
al(®) 92.889(7) GOF on F* 1.058
pI°) 95.645(7) Peacl(g-em™) 1.323
v/(°) 98.570(7) w/mm™! 1.674
Volume/nm?® 2.5963(8) F (000) 976.1
26 range 5.18° to 50.06° Ry, wRy [I>206 ()] 0.1562, 0.4285

—15, 15; —16, 16; =17, 17

hmin,max; kmin,max; lmin,max

Ry, wR, [all data] 0.1808, 0.4412

relatively stretched space, enabling the terminal oxygen
atoms on the {Mog} to coordinate with nitrogen atoms on
ligands or oxygen atoms on POMs successfully. We also
measured the distances between atoms in two symmetrically
positioned ligands. Taking nitrogen atoms as an example,
the distance between N(1) and N(3) is 1.3007 nm, and the
same goes for the distance between N(2) and N(4), which is
also 1.3007 nm; similarly, the distance between N(5) and N(7)
is 1.1189 nm, and the distance between N(6) and N(8) is
equally 1.1189 nm. This indicates that the atoms within the
ligands are parallel to each other, and there exists n-m in-
teractions between the ligands. The bond lengths of Cu—O
range from 0.188(2) to 0.264(3) nm, while the bond lengths
of Cu—N are 0.196(3) and 0.202(3) nm, all of which are
consistent with the bond lengths reported in most literature.
To balance the charge, one proton need to be added to
[PM010V204O]5_, allowing this compound to be defined as
[Cug(phen)¢(MogO,,)(HPMo,yV,040)]-H,O. Cu( I') ions are

connected to the terminal oxygens of the {PMo;(V,} and the
{Mog¢}, forming a one-dimensional (1D) chain (See Figure
Ic). Adjacent chains form two-dimensional (2D) layers
through hydrogen bonds (See Figure 1d).

3.2 Characterization of title compound

The synthesized compound was characterized using Fourier
transform infrared (FT-IR) spectroscopy and X-ray powder
diffraction (PXRD). The FT-IR spectrum of the compound
is shown in Figure 2a, displaying characteristic vibration
peaks of the Keggin-type polyoxoanion in the range of 700
to 1100 cm™'. The peaks at 1057, 947, 866, and 781 cm™
can be assigned to the vibrational modes w(P—0,),
v(Mo—0,), v(Mo—Oy—Mo), and v(Mo—O—Mo) within the
polyoxoanion structure, respectively. The characteristic vi-
bration peaks of the ligand phen are observed in the range of
1100 to 1700 cm™". The PXRD results show a high degree
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Figure 2 The FT-IR spectra (a), PXRD patterns (b), PXRD patterns in different pH values aqueous solutions for 24 h (c) and in different solvents for 7 d (d)

of the synthesized compound

of agreement between the synthesized compound and the
PXRD spectrum obtained from single-crystal data fitting
(See Figure 2b), confirming the phase purity of the com-
pound. Finally, we investigated its solvent stability by im-
mersing the compound in different aqueous solutions with
pH values ranging from 1 to 13 for 24 h and in common
solvents (H,O, MeOH = methanol, EtOH = ethanol, acetone,
ACN = acetonitrile, and 1,4-dioxane) at room temperature
for 7 d. As shown in Figures 2¢ and 2d, the PXRD patterns
of the recovered samples match well with those of the
freshly prepared samples, indicating that the compound
possesses good solvent stability and acid-base stability.

3.3 Catalytic activity of the synthesized compound

We evaluated the catalytic activity of the synthesized com-
pound under oxygen as the oxidant, using the epoxidation of
cyclooctene as a model reaction (See Figure 3). Firstly, we
screened different solvents and the results revealed that the
conversion rate and selectivity of cyclooctene were sig-
nificantly higher in aprotic solvents (1,4-dioxane, CHCl;,
ethyl acetate, and CH3;CN) compared to those in protic
solvent (ethanol). Among them, acetonitrile exhibited the
highest conversion rate for cyclooctene (See Table 2, entries
1-5). Therefore, we selected acetonitrile as the optimal

Catalyst o
(o7}

Figure 3 Model reaction of cyclooctene epoxidation using oxygen as an
oxidizing agent

reaction solvent. Subsequently, we examined the effect of
temperature on the catalytic rate. As the temperature was
increased from room temperature to 55 °C (entries 5—8), the
results indicated that the selectivity of cyclooctene remained
above 99% under four different temperature conditions,
while the conversion rate increased as the temperature rose
from room temperature to 35 °C. However, with further
temperature elevation, the conversion rate began to decline,
dropping to 93.6% at 55 °C. This is because the increased
temperature reduced the solubility of oxygen in the liquid
phase, leading to a decrease in conversion rate. Hence, we
chose 35 °C as the optimal reaction temperature. Next, we
further investigated the influence of catalyst dosage on the
reaction while keeping other reaction parameters constant
(entries 6 and 9—11). When the catalyst dosage was 10 mg,
the conversion rate of cyclooctene was 85.4%. However, as
the catalyst dosage was gradually increased to 20 mg, the
number of active sites on the catalyst increased and the
conversion rate was optimal. However, when the catalyst
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Table 2 The conversion and selectivity of cyclooctene epoxidation catalyzed by the synthesized compound with O, as oxidant

Entry Solvent My /Mg npa/mmol t/°C Conv./% Sel./%
1 1,4-dioxane 20 4 RT 16.5 -
2 EtOH 20 4 RT 4.6 -
3 CHCl; 20 4 RT 753 > 99
4 Ethyl acetate 20 4 RT 63.9 > 99
5 CH;CN 20 4 RT 82.5 > 99
6 CH;CN 20 4 35 98.6 > 99
7 CH;CN 20 4 45 95.3 > 99
8 CH;CN 20 4 55 93.6 > 99
9 CH;CN 10 4 35 85.4 > 99
10 CH;CN 15 4 35 94.3 > 99
11 CH;CN 25 4 35 95.2 > 99
12 CH;CN 20 2 35 67.3 > 99
13 CH;CN 20 3 35 89.2 > 99
14 CH;CN 20 5 35 98.6 97.4

dosage was further increased to 25 mg, the conversion rate
of cyclooctene slightly decreased. This could be due to
excessive catalyst addition, resulting in catalyst aggregation
and a reduction in the effective contact area between the
catalyst and the substrate, thereby weakening the reaction
activity. Therefore, we selected 20 mg as the optimal cata-
lyst dosage. Under the optimized solvent system, reaction
temperature, and catalyst dosage, we further explored the
effect of isobutyraldehyde (IBA) dosage on the epoxidation
of cyclooctene. As the IBA dosage increased from 2 mmol
to 4 mmol, the conversion rate of the reaction gradually
increased. However, when the IBA dosage was increased to
5 mmol, the conversion rate of cyclooctene did not further
increase, and the selectivity of the product decreased.
Therefore, the optimal IBA dosage was determined to be
4 mmol (See Table 2, entries 6 and 12—14). In summary, we
studied the effects of different solvents, reaction tempera-
tures, catalyst dosages, and IBA additions on the epoxida-
tion of cyclooctene and determined the optimal reaction

conditions: a conversion rate of 98.6% and a selectivity of
over 99% were achieved after 4 h of reaction at 35 °C using
20 mg of catalyst and 4 mmol of IBA in 5 mL of acetonitrile.

3.4 Substrate scope

Given the excellent catalytic activity of the synthesized
compound, we further investigated its catalytic performance
in the epoxidation reactions of various olefins. As shown in
Figure 4, cyclopentene exhibited a conversion rate of 98.1%
and a selectivity of 83.6% after a 4-hour reaction, while
cyclohexene showed a conversion rate of 83.4% and a se-
lectivity of 71.5% after an 8-hour reaction. The decrease in
selectivity was attributed to the formation of by-products
from the dissociation of carbon-carbon double bonds. We
also selected aromatic olefins as reaction substrates. Due to
the benzene ring is connected to the C—C bond in the
olefin, it exerts an electron-donating effect through con-
jugation, thereby accelerating the reaction rate. Styrene ex-

Substrate Product t/h Conv./% Sel./%
0

@ Ly 4 98.1 83.6
O O:O 8 83.4 71.5

o
©/\ ©/<‘ 4 93.6 89.3

o
YQ/\ %/Q/Q 4 >99 67.9
ANNNNF /\/\/\/<? 8 59.9 >99
ANNANANNE a8 48.6 >99

Figure 4 The conversion and selectivity of different olefins catalyzed by the synthesized compound



WANG D., et al. J. Mol. Sci., Vol. 42, 26010408 (2026)

hibited a conversion rate of 93.6% and a selectivity of
89.3% after a 4-hour reaction. Notably, tert-butylstyrene
demonstrated higher reactivity (> 99% conversion) com-
pared to unsubstituted styrene after a 4-hour reaction, albeit
with a lower selectivity of 67.9%. This enhanced reactivity
was attributed to the electron-donating effect of the tert-
butyl group, which increased the electron cloud density of
the carbon-carbon double bond, further accelerating the re-
action rate. However, the corresponding lower selectivity of
the epoxy compound might be due to over-oxidation, lead-
ing to the formation of by-products such as aldehydes and
carboxylic acids. When linear olefins, such as 1-octene and
1-dodecene, were used as reaction substrates, the product
selectivity exceeded 99%. Despite extending the reaction
time to 8 h, the conversion rates were only 59.9% and
48.6%, respectively. The lower conversion rates were at-
tributed to the lower electron cloud density of the carbon-
carbon double bond at the terminal position of linear olefins,
which slowed down the reaction rate. Additionally, we ob-
served a decrease in catalytic efficiency when the number of
carbon atoms in linear olefins increased from 8 to 12. This
can be attributed to the decrease in molecular polarity as the
carbon number increases, leading to reduced solubility in
acetonitrile, which in turn affects the catalytic performance.
The aforementioned analysis demonstrates that the synthe-
sized compound exhibits broad applicability in catalyzing
the epoxidation of olefins, showing good catalytic activity
towards cyclic olefins, aromatic olefins, and linear olefins.

3.5 Mechanism study

To investigate the mechanism of the synthesized compound
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in catalyzing the epoxidation of cyclooctene, we conducted
control experiments to identify the active sites of the cata-
lytic system (See Figure 5a). In the absence of a catalyst,
cyclooctene showed almost no reaction, indicating the ne-
cessity of adding a catalyst. When using two POMs,
H;3;PMo;,049 and HsPMo;(V,04, as catalysts in the optimal
reaction system, the conversion rates of cyclooctene were
45% and 58.4% respectively. This demonstrates that POMs
are active in the epoxidation of olefins, and their oxidative
catalytic ability improves with the number of vanadium
substitutions increasing. When CuCl, was used as a catalyst,
the substrate conversion rate was 75.2%, indicating that
Cu(Il) also has a catalytic effect on the reaction. When a
simple physical mixture of PMo;(yV,049 and CuCl, (abbre-
viated as PMo,,V, + CuCl,) was used as a catalyst, the
conversion rate of cyclooctene was 86.8%, which was sig-
nificantly lower than that of the synthesized compound. This
suggests that the excellent catalytic activity of the com-
pound is attributed to the synergistic effect between
HsPMo(V,04 and the metal center CuCl, rather than a
simple addition of their catalytic activities.

To explore the potential active species and ascertain their
functions in the catalytic process of the synthesized com-
pound, we carried out radical trapping experiments, as
shown in Figure 5b. First, the addition of 2,2,6,6-tetra-
methylpiperidinyl-1-oxyl (TEMPO, a carbon radical sca-
venger) almost completely inhibited the reaction, indicating
the presence of carbon-centered free radicals in the reaction
system. Then, the addition of the oxygen radical scavenger
diphenylamine (DPA) resulted in a conversion rate of only
15.9% for the product, suggesting the presence of oxygen-
active free radicals in the reaction system. To further de-
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monstrate the type of oxygen free radicals, we added iso-
propyl alcohol (IPA, a hydroxyl radical scavenger) and p-
benzoquinone (p-BQ, a superoxide radical scavenger) to the
reaction. The addition of IPA had no significant inhibitory
effect on the reaction, with a conversion rate of 92.4% for
cyclooctene, indicating the absence of hydroxyl radicals in
the system. However, the addition of p-BQ reduced the
conversion rate of cyclooctene to 16.6%, suggesting that the
oxygen-active radicals in the system are superoxide radicals.
To explore the mechanism of -O,” formation, we introduced
p-BQ into the reaction system, employing HsPMo;qV,049
and CuCl, as catalysts individually. This led to a reduction
in the conversion rate of cyclooctene to 15.8% and 18.9% (See
Figure S5c). These findings suggest that both HsPMo;gV,04
and CuCl, are capable of activating O, to generate -O,” and
contributing to the epoxidation process of cyclooctene.
Based on the above experimental results and existing lit-
erature, we proposed a possible reaction mechanism for the
epoxidation of cyclooctene to epoxycyclooctane catalyzed
by the synthesized compound, as shown in Figure 6. First,
vV in {PMo,(,V,} promotes the rapid oxidation of iso-
butyraldehyde to an 1sobutyryl radical, while itself i 1s re-
duced to V" . Subsequently, VvV is oxidized back to V" by
0,, generating ‘O, . Meanwhile, the metal active site Ccu'
oxidizes isobutyraldehyde to an isobutyryl radical, reducing
itself to CuI, which is then oxidized back to Cu" by O,,
also producing ‘O, . The isobutyryl radical generates iso-
butyl peroxyacid through two pathways: the first pathway
involves direct reaction with O, and isobutyraldehyde to
form isobutyl peroxyacid; the second pathway involves the
combination of the isobutyryl radical with -O,” and H" to
form isobutyl peroxyacid. Finally, cyclooctene is converted
to epoxycyclooctane under the action of isobutyl peroxyacid.

3.6 Recyclability and stability of the synthesized com-
pound

The reusability of a catalyst is a crucial factor in evaluating

/k\{PMoszv}

H {PMo1oV>"}

-0,

Figure 6 Possible mechanism for the epoxidation of cyclooctene cata-
lyzed by the synthesized compound
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its practical application. To assess the recyclability and
stability of the synthesized compound, cyclic experiments
were conducted on the catalytic epoxidation of cyclooctene
under optimal conditions (See Figure 5d). After each ex-
periment, the catalyst was separated by centrifugation, wa-
shed with acetonitrile, and dried for use in the next cycle.
The experimental results showed that after five cycles, there
was no significant decrease in the catalyst's activity, and
both the conversion rate and selectivity of the product re-
mained largely unchanged. Characterization of the catalyst
after recycling using PXRD and FT-IR revealed that the
peak positions in the PXRD patterns (See Figure 5e) and FT-
IR spectra (See Figure 5f) of the recovered catalyst closely
matched those of the freshly prepared catalyst, indicating
good agreement. These results demonstrate that the synthe-
sized compound, as a heterogeneous catalyst, not only exhibits
structural stability but can also be recycled efficiently.

4 Conclusion

In this work, utilizing vanadium-substituted Keggin-type
polyoxometalate and sodium molybdate as a precursor, we
introduced metal Cu(Il) ions and the organic ligand phen to
synthesize a novel polyoxometalate-based hybrid com-
pound, [Cus(phen)s(MogO,2)(HPMo,0V;,040) H,0],
hydrothermal method and explored its oxidative activity. We
analyzed the possible reasons for the formation of the {Mog}
cluster structure. Subsequently, we employed this compound
to catalyze the epoxidation of cyclooctene using O, as the
oxidant. Under conditions of 35 °C for 4 h, the conversion
rate of cyclooctene oxide reached 98.6% with a selectivity
greater than 99%. After five cycles, the catalyst maintained
high conversion and selectivity, indicating that the synthe-
sized compound exhibits excellent recyclability and stabi-
lity. Mechanistic studies revealed that the outstanding
catalytic performance of the synthesized compound is at-
tributed to the synergistic catalysis of multiple sites from the
metal center Cu(ll) and PMo,yV,, which promoted the
generation of ‘O, active species upon reaction with O,,
accelerating the reaction. Furthermore, the synthesized
compound demonstrated good catalytic activity for the
epoxidation of several other types of olefins, exhibiting
excellent substrate universality. This work provides new
insights into the design and synthesis of polyoxometalate-
based hybrid catalysts with multiple-site synergistic cata-
lysis for promoting olefin epoxidation reactions.
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—MEEFEL SR ERFT R A TR &I E AL RN

FhRF, kMW ARA LR IRT, KEHK, A ARE
ZRACITVE KAk 222 B B TR S RS A R ME 28 E SR EE s =, FAk K 3R 130024

WE P Keggin®l £ B T HAHAZ B A H R0 S0, Xy miigss 7 L5 &Bmafe s, A s THnEa
FR B AA AR 7T, AR S TR AT R K R R 77 . A Fid@ A LI I K eggin By 2 TR FIAHRREN, 1E/KIGRALE
N DAL T — BTN BB ): [Cug(phen)s(MogO2)(HPMo1gV,04) H,O] (phen = 1,10-FER&HE), 435 R RA RN 2 42
JB U [PMo,6V,040]” F1[Mos02]% ({PMojgV,} = [PMo09V204]’, {Mog} = [MogO2]* VAL, TEMIEI AL, 2RI AR
SRR, DLEACREULT, £E35 °CF RBP4/, RIRDREER 20 U A o L 2- SR AR 4, 3 518 98.6%, B i
99%. WAk, ZMEAFIES RIFIERTEN:, ELEHS MG SRR mEYE, JFRI T Z RRYE A, T 2 2 R
JE R AL o

KR IR MKeggin™ £ &R AR £h; THL-AHRY; MRl
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