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ABSTRACT: Olefin  epoxidation  is  a  crucial  transformation  in  organic
synthesis,  with  significant  applications  in  the  pharmaceutical  and  fine
chemical  industries.  The  development  of  efficient  catalysts  that  can
use  molecular  oxygen  as  an  environmentally  benign  oxidant  under
mild conditions remains a significant challenge. By employing diverse
neutral  ligands, two novel inorganic–organic hybrid polyoxovanadates
were  successfully  synthesized:  [ZnII(cyclam)(H2O)][VV

8O15(OH)12]  (1)
and  [ZnII(phen)]2[VV

12O32]·H2O  (2)  (cyclam  =  1,4,8,11-
tetraazacyclotetradecane,  phen  =  1,10-phenanthroline).  The  two
compounds  exhibit  unique  two-dimensional  (2D)  layered  structural
characteristics:  compound  1  forms  a  wave-like  2D  layer,  whereas
compound  2  exhibits  a  quasiplanar  2D  extended  structure.  These
structural features make the vanadium active centers more accessible to substrates, thereby significantly improving catalytic
performance. Under optimized conditions, using molecular oxygen as the oxidant, compound 1 achieved a 99.9% conversion
rate with 95.4% selectivity for the terminal alkene styrene at 50 °C and a 97.7% conversion rate with over 99% selectivity for
the internal alkene cyclooctene at room temperature. Similarly, compound 2 also exhibited high catalytic activity. Compared
with  other  catalysts  reported  in  the  literature,  the  two  synthesized  compounds  exhibit  excellent  catalytic  performance  and
stability  under  mild  conditions  and  can  be  recycled  multiple  times  without  significant  loss  of  activity.  Structural  analysis
revealed that the 2D layered structures of these compounds provide additional accessible vanadium active sites, facilitating
interactions between substrates and catalysts and thus enhancing catalytic efficiency.
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 1    Introduction
Polyoxometalates  (POMs)  are  a  class  of  nanoscale  metal  oxygen
clusters  formed  by  connecting  MOx polyhedra  (M  =  Mo,  W,  V,
etc.)  through edge-,  corner-,  or  face-sharing modes [1–5].  Because
of  their  rich  structural  diversity  and  adjustable  valence  state
characteristics,  POMs  have  shown  broad  application  prospects  in
many fields, such as magnetism, optics, catalysis, electronics, energy
storage, and materials science [6–11]. Polyoxovanadates (POVs), an
important  branch  of  the  POM  family,  have  attracted  significant
attention  because  of  their  unique  multivalent  states  and  excellent
redox  properties  [12–16].  Vanadium  typically  exhibits  oxidation

states  of  VV/IV (in  some  cases  reaching  VIII/II),  and  these  different
oxidation  states  can  readily  interconvert  [17–20].  In  contrast,  Mo
(primarily  MoVI)  and  W  (primarily  WVI)  have  singular  oxidation
states and more fixed coordination modes (mostly six-coordinated
octahedral)  [21–25].  Vanadium  can  form  various  coordination
configurations,  including  tetrahedral  (four-coordinated),  square
pyramidal  (five-coordinated),  and  octahedral  (six-coordinated)
geometries.  Furthermore,  different  coordination  units  (such  as
{VO4},  {VO5},  and  {VO6})  can  flexibly  connect  to  form  various
topological  structures,  including  chains,  layers,  cages,  and  clusters
[26–29]. As representative members of these compounds, the {V8}
and {V12} clusters have been discovered and developed into various
novel  structures,  providing strong support  for the advancement of
functional materials.

Figure  1(a) summarizes  {V8}  cluster  structures  reported  in  the
literature  [30–33].  These  structures  are  clustered  and  exhibit
excellent  performance  in  carbon dioxide  cycloaddition and sulfide
catalytic oxidation. Figure 1(b) summarizes {V12} cluster structures
reported in olefin epoxidation, sulfide catalytic oxidation, and other
applications  [34–38].  Despite  the  exceptional  performance  and
application  potential  exhibited  by  the  {V8}  and  {V12}  clusters,  the
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structural  diversity  of  these  POVs in  the  literature  remains  scarce.
The  design  and  synthesis  of  new  POV-based  materials  with
enhanced  functional  properties  remain  challenging  but  crucial  for
advancing  this  field.  Although  the  catalytic  potential  of  POVs  in
oxidation  reactions  has  been  well  established,  their  predominantly
three-dimensional  (3D)  cluster  configurations  typically  limit
substrate  accessibility  to  active  sites,  thereby  reducing  catalytic
efficiency [39–43]. Therefore, the development of two-dimensional
(2D)  or  planar  POV  structures  can  enhance  substrate–catalyst
interactions by increasing the surface area and active site exposure,
thereby improving catalytic performance in heterogeneous systems.

Olefin  epoxidation  is  an  industrially  significant  transformation
that  produces  valuable  intermediates  for  fine  chemicals  and
pharmaceuticals  [44–47].  Conventional  epoxidation  methods
typically  rely  on  stoichiometric  oxidants  that  generate  substantial
waste  or  require  harsh  reaction  conditions  [48].  Therefore,  the
development of efficient catalysts that can use molecular oxygen as
the terminal oxidant under mild conditions is an important goal in
sustainable  chemistry.  By  leveraging  the  flexible  intermediate
oxidation states and redox properties of vanadium, coupled with its
ability to form diverse spatial structures, the rational design of novel
catalytic  structures  with  optimized  substrate  binding  sites  and
improved  oxygen  transfer  efficiency  becomes  potentially  feasible
[49–51].

In this study, two new inorganic–organic hybrid POVs, namely,
{V8}  ([ZnII(cyclam)(H2O)][VV

8O15(OH)12]  (1))  and  {V12}
([ZnII(phen)]2[VV

12O32]·H2O  (2))  (cyclam  =  1,4,8,11-
tetraazacyclotetradecane,  phen  =  1,10-phenanthroline),  were
successfully synthesized. Unlike previously reported {V8} and {V12}
clusters,  compounds 1 and 2 exhibit  unique  structural  features:
compound 1 exhibits  a  distinctive  wavy  2D  layer,  whereas
compound 2 exhibits  a  novel  quasiplanar  2D  layer  that  extends
outward.  The  structural  features  of  these  compounds,  particularly
their 2D architectures with accessible vanadium centers, contribute
to their superior catalytic activity compared with conventional cage-
like POM structures.  The experimental  results  demonstrate that at
50 °C, using molecular oxygen as the oxidant, compound 1 achieves
99.9% conversion of  terminal  olefin  styrene with 95.4% selectivity.
At  room  temperature  (25  °C),  with  O2 as  the  oxidant,  the
conversion rate of internal olefin cyclooctene reaches 97.7% with >
99%  selectivity.  This  study  provides  valuable  insights  into
structure–activity  relationships  in  POV  catalysis  and  offers

promising new catalytic systems for environmentally friendly olefin
epoxidation.

 2    Experimental

 2.1    Experiment on catalytic reaction of olefin epoxidation

 2.1.1    Styrene epoxidation

The  catalytic  activity  of  compounds 1 and 2 was  systematically
evaluated using a styrene reaction system with O2. The reaction was
conducted as follows: 2 mL of acetonitrile, 0.1 mmol of styrene, 25
mg of naphthalene (as an internal standard for gas chromatograph
(GC)  analysis),  2  mmol  of  isobutyraldehyde  (IBA),  and  10  mg  of
catalyst  were  successively  added  into  a  25-mL  vial.  During  the
reaction, the vial was periodically replenished with O2 every 10 min.
The  reaction  was  performed  at  50  °C  under  stirring  in  a  parallel
reactor. The oxidation products of the olefin were analyzed via GC.
Quantitative  analysis  was  performed  using  the  internal  standard
method.  After  the  reaction,  the  catalyst  was  separated  via
centrifugation,  washed several  times with ethanol,  and dried in air
for reuse in recycling experiments.

 2.1.2    Cyclooctene epoxidation

The  catalytic  activity  of  compounds 1 and 2 was  also  evaluated
using  a  cyclooctene  reaction  system  with  O2.  The  reaction  was
performed as follows: 2 mL of acetonitrile, 0.1 mmol of cyclooctene,
25  mg  of  naphthalene  (as  an  internal  standard),  2  mmol  of  IBA,
and  5  mg  of  catalyst  were  successively  added  into  a  25-mL  vial.
During the reaction, the vial was replenished with O2 every 20 min.
The  reaction  was  performed  at  25  °C  under  stirring  in  a  parallel
reactor.  The  oxidation  products  were  analyzed  by  GC,  and
quantitative  analysis  was  performed  using  the  internal  standard
method.  After  the  reaction,  the  catalyst  was  collected  via
centrifugation,  washed several  times with ethanol,  and dried in air
for subsequent recycling experiments.

 3    Results and discussion

 3.1    Synthesis and structures of compounds 1 and 2
Hydrothermal  synthesis  is  a  common  approach  for  POVs  even

 

Figure 1    (a) The {V8} cluster structures. (b) The {V12} cluster structures.
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though  obtaining  novel  structures  requires  careful  control  of  key
parameters,  including  pH  value,  reaction  temperature,  and  metal
salt  type.  Systematic  studies  have  demonstrated  that  compound 1
crystallizes  within  the  pH  range  of  3.3–3.9,  whereas  compound 2
crystallizes at a pH of approximately 5.2. The reaction temperature
is  also  crucial.  The  best  crystals  can  be  obtained  at  160  °C.  When
the reaction temperature drops to 140 °C,  compound 1 cannot be
obtained, whereas compound 2 yields rough-surfaced crystals with
a  significant  decrease  in  yield.  In  addition,  the  type  of  metal  salt
affects crystal formation. When other types of metal salts are used,
the target product cannot be obtained. For compound 2, if GeO2 is
not added, the target crystal cannot be formed. It is speculated that
GeO2 plays a structural guide role in the synthesis process.

 3.2    Crystal structures of compounds 1 and 2
Single-crystal  X-ray  diffraction  (SCXRD)  analysis  indicates  that
compound 1 crystalizes  in  the Pnma space  group  of  the
orthorhombic  crystal  system,  and  its  basic  structural  unit  is
composed of a [VV

8O15(OH)12]2− anion cluster and a [Zn(cyclam)]2+

unit  (Fig.  2(a)).  The anionic cluster structure units  of 1 are simple
but  interesting,  and  the  vanadium  in  it  has  different  coordination
modes, including {VO5} and {VO6}. The adjacent {VO5} tetragonal
pyramids with shared edges exhibit different orientations, resulting
in a smaller steric hindrance effect and making the structure more
stable.  In  compound 1,  Zn2+ is  located  in  a  hexa-coordinated
octahedral environment, coordinated by one O atom in H2O, four
N atoms of one cyclam ligand, and one O atom of an anion cluster.
The oxidation states of V and Zn were determined as +V and +II,
respectively,  using the bond valence sum (BVS) method (Table S3
in the Electronic Supplementary Material (ESM)). In compound 1,
[Zn(cyclam)]2+ is  interconnected  with  the  layer  surface  oxygen

through  covalent  bonds  (Fig.  2(b)).  The  structural  units  can  form
2D  layered  structures  by  connecting  {VO5}  and  {VO6}  through
shared  edges  or  corners.  The  {V8}  anion  cluster  forms  a  2D  pure
inorganic  vanadium  oxide  layer  on  the ab plane  (Fig.  2(c)).  The
interlaced  arrangement  of  ligands  connecting  different  layers  was
discovered  through  the  3D  stacking  structure,  thereby  achieving
effective space utilization (Fig. 2(d)). Layers are connected through
N–H···O hydrogen bonds to form a 3D supramolecular framework
(Fig. S1 in the ESM).

Compound 2 crystallizes  in  the C2/m space  group  of  the
monoclinic  crystal  system.  Its  basic  structural  unit  comprises  the
[VV

12O32]4− anion cluster, two [Zn(phen)]2+ units, and one crystalline
water (Fig. 3(a)). The anion cluster comprises two {V6O16} units in
different  directions,  which are  connected by shared {VO4}  corners
to form a binuclear cluster structure. In compound 2, [Zn(phen)]2+

is  interconnected  with  the  layer  surface  oxygen  through  covalent
bonds,  and  Zn2+ is  located  in  a  hexa-coordinated  octahedral
environment,  which  is  coordinated  by  two  N  atoms  of  one  phen
ligand and four O atoms of the anion cluster. The oxidation states
of V and Zn were determined as +V and +II, respectively, by BVS
(Table S3 in the ESM). The {V12} anion cluster forms 2D inorganic
vanadium oxide chains on the bc plane (Fig. 3(b)). By stacking 3D
structures,  ligands  connected  by  different  layers  are  interlaced,
achieving  effective  utilization  of  space  (Figs.  3(c) and 3(d)).  These
layers  are  connected  through  C–H···O  hydrogen  bonds  to  form  a
3D supramolecular framework (Fig. S2 in the ESM).

For  compound 1 (Fig.  4(a)),  the  peaks  at  516.6  and  523.8  eV
belong  to  VV 3p3/2 and  VV 3p1/2,  respectively,  indicating  pure
oxidation states.  The peaks at 1021.0 and 1044.1 eV belong to ZnII

3p3/2 and  ZnII 3p1/2,  respectively  (Fig.  4(b)).  For  compound 2
(Fig. 4(c)),  the peaks at 517.1 and 524.4 eV belong to VV 3p3/2 and

 

Figure 2    (a) The structural unit of compound 1. (b) 2D layered structure of compound 1. (c) The 2D layer structure of the anionic cluster structure of compound 1. (d)
3D stacked structure and abstract structure of compound 1.
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Figure 3    (a) The structural unit of compound 2. (b) 2D layered structure of compound 2. (c) 3D stacked structure of compound 2. (d) 3D stacked structure and abstract
structure of compound 2.

 

Figure 4    XPS spectra corresponding to compounds 1 and 2.
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VV 3p1/2, respectively, representing pure oxidation states. The peaks
at  1021.3  and  1044.4  eV  belong  to  ZnII 3p3/2 and  ZnII 3p1/2,
respectively (Fig. 4(d)). The test results are consistent with the BVS
calculations  [52].  The  simulated  and  experimental  powder  X-ray
diffraction  (PXRD)  patterns  of  compounds 1 and 2 are  shown  in
Fig. S4 in the ESM. The experimental and simulated PXRD patterns
of the two compounds are consistent, confirming that they exist as
pure phases.

 4    Catalytic oxidation reaction

 4.1    Catalytic  activities  of  compounds  1  and  2  in  styrene
epoxidation
Olefin epoxidation produces highly reactive epoxides with extensive
applications  in  the  synthesis  of  fine  chemicals  and pharmaceutical
intermediates.  The  use  of  environmentally  benign  molecular
oxygen  as  an  oxidant  presents  significant  challenges  for  catalyst
design  and  performance.  Because  of  the  presence  of  Lewis  acid
active sites and redox properties in POV clusters, they can be used
as highly efficient catalysts  for olefin oxidation.  Owing to their  2D
planar structures, compounds 1 and 2 offer distinct advantages over
cage-like  POM  clusters  by  providing  greater  accessibility  to  active
sites,  potentially  enhancing  their  catalytic  performance.  In  this
study,  styrene  was  selected  as  a  model  substrate  to  evaluate  the
catalytic  properties  of  both  compounds.  Preliminary  catalytic
screening  revealed  that  compound 1 exhibited  superior  catalytic

activity  compared  with  compound 2.  Consequently,  compound 1
was selected as the preferred catalyst for the detailed investigation of
styrene epoxidation reactions.

Systematic  screening was performed to investigate the influence
of  reaction  temperature.  The  results  demonstrated  that  styrene
conversion reached its maximum at 50 °C. Further increases in the
reaction  temperature  did  not  significantly  improve  the  conversion
rate;  however,  the  selectivity  of  styrene  oxidation  decreased
(Fig.  5(a)).  Conversely,  when  the  temperature  approached  room
temperature,  the  conversion  rate  dropped  significantly.
Subsequently, the influence of catalyst dosage was also investigated
(Fig.  5(b)).  At  a  catalyst  dosage  of  5  mg,  the  conversion  rate  of
styrene  was  89.2%.  An  increase  in  the  catalyst  dosage  to  10  mg
provided  additional  active  sites,  thereby  enhancing  styrene
conversion.  The  influence  of  IBA  concentration  on  styrene
epoxidation  was  also  investigated.  Multiple  experimental  trials
revealed that 2 mmol of IBA was the optimal concentration (Fig. S6
in the ESM). Subsequently, the reaction solvent was also optimized,
and  acetonitrile  exhibited  the  highest  conversion  rate  as  a  solvent
(Fig.  5(c)).  Finally,  to  deeply  explore  the  primary  active  sites  in
compound 1,  a series of control experiments was conducted using
the  precursors  of  compound 1 as  catalysts  based  on  optimal
catalytic reaction conditions (Fig. 5(d)).

The optimal reaction conditions for styrene epoxidation were as
follows:  styrene  (0.1  mmol),  catalyst  (10  mg),  solvent  acetonitrile
(2  mL),  IBA  (2  mmol),  O2 (1  atm),  temperature  (50  °C),  and
reaction  time  (40  min).  Under  these  optimized  conditions,  the

 

Figure 5    The impact of various parameters on reaction activity: (a) reaction temperature; (b) the amount of catalyst; (c) in different solvents; (d) the catalytic oxidation
reaction of styrene with different catalysts.
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styrene epoxidation experiment was conducted using compounds 1
and 2 as  catalysts.  Compound 1 exhibited  exceptional  catalytic
performance,  achieving  99.9%  conversion  with  95.4%  selectivity
within  40  min  (Fig.  6(a)).  Compound 2 exhibited  slightly  lower
efficiency  with  99.8%  conversion  and  91.1%  selectivity  under
identical conditions (Fig. 6(b)).

In  addition,  by  expanding  the  substrate  types,  the  universal
applicability and effect of compound 1 in the catalytic system were
verified.  Considering  the  excellent  catalytic  performance  of
compound 1, the catalytic activity of styrene derivatives was further
investigated.  Styrene  derivatives  with  electron-withdrawing  groups
(e.g., –F  and –Cl)  were  oxidized  to  the  corresponding  epoxides,
achieving  high  conversion  rates  (96.8%  and  96.5%,  respectively)
and selectivity (94.5% and 95.6%, respectively; Table 1, entries 2 and
3,  respectively).  Styrene  derivatives  with  electron-donating  groups
(e.g., –CH3, –OCH3) exhibit excellent conversion rates (98.9% and
99.9%,  respectively),  whereas  the  selectivity  of  the  corresponding
epoxides drops to 92.3% and 93.5%, respectively (Table 1, entries 4
and 5, respectively). Among the two groups, the electron-donating
group  exhibits  an  electron-donating  effect  through  conjugation,
increasing  the  electron  density  on  C=C  and  enhancing  reactivity,
thereby  reducing  epoxide  selectivity.  In  conclusion,  compound 1
exhibits  outstanding  catalytic  performance  for  various  terminal
alkenes.

Subsequently,  under  the  optimal  catalytic  conditions,  cyclic
experimental tests were conducted with compound 1 (Fig. 7). After
each  reaction,  the  catalyst  was  recovered  by  centrifugation  and
washed  with  ethanol.  The  conversion  rate  of  the  reaction  did  not
significantly  decrease  in  the  five-cycle  experiment.  In  addition,  no
significant changes were observed in the Fourier transform infrared
(FTIR)  spectra  and  PXRD  patterns  before  and  after  the  reaction,
indicating  that  the  cycling  stability  of  compound 1 was  excellent.
The thermal filtration test was conducted with the {V8} catalyst for
the ring oxidation reaction of  styrene.  After the reaction lasted for
10  min,  the  solution  was  recovered  via  centrifugal  filtration  to
remove  the  catalyst  and  then  subjected  to  another  30  min  of
reaction under  the  same conditions.  No significant  increase  in  the
yield  was  observed  after  the  catalyst  was  removed,  indicating  that
the  {V8}  catalyst  has  heterogeneous  characteristics  (Fig.  S7  in  the
ESM).

Table  S4  in  the  ESM  summarizes  recently  reported  precious
metal  heterogeneous  materials  (entry  1),  polymetallic  oxides
(entries  2  and  7–9),  metal–organic  frameworks  and  their
composites  (entries  3,  4,  and 6),  and non-metallic  materials  (entry
5)  as  catalysts  for  styrene  epoxidation  reactions.  In  catalytic
oxidation  experiments,  catalyst  selection  should  follow  the

nonpollution and nonrisk  principles.  Therefore,  the  use  of  oxygen
as an oxidant is the ideal choice. Among entries 1–3 oxygen is used
as  the  oxygen  source.  Furthermore,  catalytic  styrene  oxidation
involves  the  oxidation  of  products  such  as  styrene,  benzaldehyde,
and benzoic acid.  Among these products,  oxidized styrene has the
highest  application  value  and  serves  as  an  important  intermediate
in  chemical  synthesis.  In  entries  5–7  in  Table  S4  in  the  ESM,  the
main product of this series of catalysts is benzaldehyde, whereas the
products in the other entries are styrene oxide.  Finally,  these types
of  catalysts  have  limitations  such  as  relatively  high  reaction
temperatures,  long  reaction  times,  and  low  product  selectivity
(Table S4 in the ESM). In comparison, compounds 1 and 2 feature
moderate reaction temperatures, shorter reaction times, and higher
conversion  rates  and  selectivity,  thereby  standing  out  among
numerous  catalysts  (entries  10  and  11  in  Table  S4  in  the  ESM).
Compared  with  cage-type  cluster  configurations,  the  2D  layered
structures  of  compounds 1 and 2 offer  increased  accessibility  to
vanadium  active  sites,  thereby  strengthening  substrate–catalyst
interactions and improving catalytic efficiency.

 4.2    Catalytic  activities  of  compound  1  in  cyclooctene
epoxidation
Following  previous  studies  on  terminal  alkene  epoxidation,  this
section  explores  cyclic  olefin  transformation  reactions.  In
cyclooctene epoxidation, compound 1 performed exceptionally well
as  a  catalyst,  operating effectively at  room temperature.  To further
demonstrate  the  epoxidation performance of  olefins,  compound 1
was  evaluated  as  a  catalyst  with  cyclooctene  serving  as  a  model
substrate.  Through  comprehensive  experiments,  the  optimal
reaction  parameters  were  established,  and  the  principal  factors
influencing its catalytic efficiency were examined.

In  an  O2 atmosphere,  the  influence  of  different  reaction
temperatures on the reaction was evaluated (Fig. S8(a) in the ESM).
The  results  demonstrate  that  at  25  °C,  the  conversion  rate  of
cyclooctene is high. In addition, the effect of catalyst amount on the
reaction  was  investigated  (Fig.  S8(b)  in  the  ESM).  When  5  mg  of
catalyst  was  used,  the  conversion  rate  of  cyclooctene  was  97.7%.
The  effect  of  IBA  loading  on  cyclooctene  epoxidation  was  also
examined (Fig. S8(c) in the ESM), and analysis of multiple datasets
indicated  that  the  optimal  IBA dosage  was  2  mmol.  Similarly,  the
reaction solvent was also optimized, and the highest conversion rate
was obtained using acetonitrile as the solvent (Fig. 8(a)). To further
investigate the key active sites in compound 1, control experiments
were conducted using the precursor of compound 1 as the catalyst
under optimal catalytic conditions (Fig. 8(b)).

The  optimal  reaction  conditions  for  cycloalkene  epoxidation
 

Figure 6    (a) Catalytic performance of compound 1 under optimal reaction conditions. (b) catalytic performance of compound 2 under optimal reaction conditions.
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were  determined  as  follows:  acetonitrile  solvent  (2  mL),  substrate
(0.1 mmol), catalyst (5 mg), IBA (2 mmol), O2 (1 atm), temperature

(25 °C), and reaction time (2 h). The conversion rate of compound
1 is 97.7%, and the selectivity is > 99% (Fig. S9 in the ESM).

Given  the  exceptional  catalytic  efficacy  of  compound 1,  its
activity  was  subsequently  evaluated  across  diverse  olefinic
substrates.  The  test  results  demonstrate  that  cycloalkenes  with
smaller steric hindrance are more prone to reaction than those with
larger  steric  hindrance.  When  compound 1 was  used  to  catalyze
cyclopentene  and  cyclohexene,  the  conversion  efficiency  of
cyclopentene  and  cyclohexene  reached  92.9%  and  95.7%,
respectively,  after  2  h  (Table  2,  entries  2  and  3,  respectively).  The
conversion  rates  of  both  substrates  decreased  compared  with  the
oxidation  of  cyclooctene.  This  phenomenon  is  attributed  to  the
lower  C=C  bond  dissociation  energies  in  cyclopentene  and
cyclohexene than in cyclooctene. In contrast, norbornene achieves a
conversion efficiency of 91.5% (Table 2, entry 4). When indene and
trans-stilbene  with  higher  steric  hindrance  were  selected,  the
conversion  rate  decreased  significantly  (19.1%  and  13.2%,
respectively; Table  2,  entries  5  and  6,  respectively).  In  conclusion,
compound 1 demonstrates  outstanding  catalytic  performance  and
broad applicability in the epoxidation of various cyclic alkenes.

Compound 1 exhibited excellent recyclability and robust stability
over  five  reaction  cycles  (Fig.  9).  Even  after  repeated  recovery  via
centrifugation  and  ethanol  washing,  no  significant  decrease  in
conversion was observed. The structural stability of the catalyst was
verified  by  FTIR  and  PXRD  analyses,  which  showed  no  notable
changes in the post-reaction material. Similarly, a thermal filtration
experiment  was  conducted.  After  40  min  of  the  reaction,  the
catalyst was removed by centrifugation, and the filtrate was allowed

 

Table 1    The  conversion  and  selectivity  of  different  styrene  derivatives  by
compound 1a,b

Entry Substrate Production Time
(min)

Conv.
(%)

Sel.
(%)

1 40 99.9 95.4

2 40 96.8 94.5

3 40 96.5 95.6

4 40 98.9 92.3

5 40 99.9 93.5

aReaction conditions: temperature (50 °C), CH3CN (2 mL), styrene (0.1
mmol), O2 (1 atm), catalyst 1 (10 mg), IBA (2 mmol), and reaction time (40
min). bDetermined by GC analysis.

 

Figure 7    (a) Five consecutive reuse cycles for compound 1 in the styrene epoxidation. (b) The FTIR spectra of the cycled compound 1 following its reuse in the styrene
epoxidation. (c) The PXRD patterns of the cycled compound 1 following its reuse in the styrene epoxidation.
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to  react  for  an  additional  80  min  under  the  same conditions.  The
results  demonstrated  that  the  yield  did  not  significantly  increase
after  the  catalyst  was  removed,  confirming  the  heterogeneous
catalytic nature of the {V8} catalyst (Fig. S10 in the ESM).

Table  S5  in  the  ESM  summarizes  recently  reported  metal
hydroxides  (entry  2),  multimetal  oxides  (entries  3,  9,  11,  and  12),
metal–organic  frameworks  and  their  composites  (entries  1,  4,  5,
and  7),  and  non-metallic  materials  (entry  8)  as  catalysts  for
cyclooctene  epoxidation.  Although  the  cyclooctene  epoxidation
reaction  generally  exhibits  high  selectivity,  its  efficient  progress
typically  depends  on  harsh  conditions  above  room  temperature.
Compound 1 can  efficiently  catalyze  reactions  at  25  °C  in  the
absence  of  light  systems.  The  mild  catalytic  conditions  of
compound 1 highlight its unique application potential and research
value (entries 13 and 14). In contrast to cage cluster structures, the
2D  layered  architectures  of  the  synthesized  compounds  provide  a
higher  number  of  accessible  vanadium  active  sites,  facilitating
effective  interactions  between  catalysts  and  substrates  and
consequently improving catalytic performance.

Using compound 1 as a model catalyst, the possible mechanism
of  alkene  epoxidation  was  investigated  (Fig.  10).  During  the
catalytic process, IBA is adsorbed onto the {VV

8} surface. Due to the

presence of IBA, VV is reduced to VIV, which is accompanied by the
formation of an isobutyryl radical.  Subsequently,  VIV is  re-oxidized
to  VV by  molecular  oxygen,  generating  a ·O2

− radical  species.  The
isobutyryl  radical  reacts  with  the ·O2

− radical  to  form
peroxyisobutyric acid anions.  The alkene is  then oxidized by these
peroxyisobutyric  acid  anions  to  produce  the  corresponding
epoxide, thereby completing the catalytic cycle. Finally, the catalyst
is regenerated and re-enters the next catalytic cycle, demonstrating
the efficient redox mechanism underlying the epoxidation process.

 5    Conclusions
In  this  study,  two  novel  layered  isopolyoxovanadates  were
successfully  synthesized  using  the  hydrothermal  method.  The
structures of the two compounds were characterized using SCXRD.
Unlike  conventional  3D  cage-like  POV  clusters,  both  compounds
exhibited  unique  2D  layered  structures,  which  significantly
expanded  the  structural  diversity  of  POV  clusters.  Compound 1
demonstrated  excellent  catalytic  activity  in  the  catalytic  oxidation
experiments  of  terminal  and cyclic  alkenes under mild conditions,
using  environmentally  benign  and  readily  available  molecular
oxygen  (O2)  as  the  oxidant  source.  This  outstanding  performance
can be attributed to the variable  valence state  of  vanadium and its
distinctive  layered  structure  that  provides  additional  accessible
active  sites.  The  catalyst  demonstrated  high  conversion  rates,
excellent  selectivity,  and  significant  stability  in  olefin  epoxidation
experiments.  This  study  provides  meaningful  insights  into  the
design and research of POV-based catalysts in the field of efficient
epoxidation of terminal and internal olefins with green oxidants.

 Electronic  Supplementary  Material: Supplementary  material
(experimental  section,  crystallographic  data,  bond  lengths  and
angles,  BVS  calculation  data,  supplementary  structure  figures,  IR
spectra,  PXRD patterns,  TG curves,  EPR spectrum) is  available  in
the  online  version  of  this  article  at https://doi.org/10.26599/
POM.2026.9140124.

CCDC  2514693-2514694  contain  the  supplementary
crystallographic data for this paper.
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Figure 8    (a)  and (b)  The  impact  of  various  parameters  on  reaction activity:  (a)  in  different  solvents;  (b)  the  catalytic  oxidation reaction of  cyclooctene  with  different
catalysts.
 

Table 2    The conversion and selectivity of  different  cyclooctene derivatives by
compound 1a,b

Entry Substrate Production Time (h) Conv. (%) Sel. (%)

1 2 97.7 99

2 2 92.9 99

3 2 95.7 99

4 2 91.5 99

5 2 19.1 99

6 2 13.2 —

aReaction conditions: temperature (25 °C), CH3CN (2 mL), cyclooctene
(0.1 mmol), O2 (1 atm), catalyst 1 (5 mg), IBA (2 mmol), and reaction time
(2 h). bDetermined by GC analysis.
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