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INTRODUCTION

The catalysis process plays an indispensable role, enabling
the efficient transformation of molecules to create valuable
products while minimizing waste and energy consumption [1].
Transition metal complexes have emerged as powerful catalysts
in various chemical transformations due to their diverse react-
ivity and tenable properties [2]. Due to the easy catalyst separa-
tion and recyclability the development of supported catalysts
has gained significant attention as they combine the advantages
of homogeneous catalysis [3]. Polymer-supported catalysts,
in particular, have acquired interest within the scientific comm-
unity owing to their unique ability to immobilize catalytic
species on a solid support, offering enhanced stability, insolub-
ility, control of degree of crosslinking, compatibility with most
of the solvents and ease of handling and recyclability [4,5].
Among these, amino-methylated transition metal complexes
have emerged as a promising class of catalysts, capable of medi-
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Polymer-supported heterogeneous catalysts were synthesized by anchoring pyrrole-2-carboxaldehyde on amino-methylated polystyrene
and then loading V(IV), Mn(II), Ni(II) and Cu(II) ions on it. The resulting catalysts were characterized by CHNS analysis, FTIR, EDX,
DRS, ESR and AAS spectral study confirming the successful immobilization of the metal complexes. The catalytic activity and selectivity
of the polymer-supported catalysts were analyzed for the liquid phase oxidation of styrene mediated by H2O2 and tert-butyl hydroperoxide.
The influence of reaction time, temperature and concentration of the catalyst for the oxidation of styrene were examined under optimal
conditions (0.1 g catalyst; 6 h reaction time and 60 ºC temperature). A conversion rate of 96.5% was accomplished using a copper catalyst
employing H2O2 as oxidant, while a selectivity of 90.1% for benzaldehyde formation was reached with a nickel catalyst utilizing tert-
butyl hydroperoxide (TBHP) as oxidant. The mechanism of the oxidation of styrene in the presence of synthesized catalyst has also been
proposed. The catalysts were recovered by simple filtration and reused four times without any significant loss in their activity, proving
their truly heterogeneous nature.
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ating a wide range of reactions with high efficiency and selectivity
[6].

The polymer-supported catalysts have special attributes,
such as the potential to modify the electronic and steric prop-
erties of the metal centre to which they are bound. This results
in a catalyst platform that can be tailored to suit specific reaction
requirements. Furthermore, the compatibility of such catalyst
with polymer matrices provides a robust and versatile platform
for immobilizing transition metal complexes [7,8]. The design,
synthesis and application of polymer-supported metal compl-
exes along with their catalytic activity have been explored across
a broad spectrum of chemical transformations [9-12]. Moreover,
authors have explored these catalysts as challenges and prosp-
ects, highlighting their potential for sustainable and environ-
mentally friendly chemical processes ultimately contributing
to the advancement of catalysis and promoting the development
of efficient and sustainable chemical transformations in the
modern era [13-16]. Polymer-supported transition metal catal-
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ysts derived from functionalized polystyrene resin have been
used in various organic reactions, which encouraged to explore
the functionalized polystyrene-supported transition metal com-
plexes for the epoxidation of styrene.

Epoxidation of styrene can introduce functional groups
into the styrene molecule leading to the formation of new com-
pounds with different chemical properties. Epoxidized styrene
derivatives can serve as intermediates in the synthesis of various
chemicals and surface modification of materials, which results
in improving their adhesion properties and it can be a part of
the process to develop functional materials [17-20]. One of the
major products obtained in this epoxidation is styrene oxide,
whose importance lies in its versatility and applications across
different industries. Some key areas highlighting its signifi-
cance are, as a chemical intermediate, precursor in the produc-
tion of polystyrene, in the production of resins, a building block
for the synthesis of surfactant chemicals and in the biological
and medicinal applications [21,22]. The second important
product of this epoxidation is benzaldehyde, which has a distin-
ctive almond-like aroma and is widely used in the flavour and
fragrance industry, utilized as a flavouring agent in various food
products, serves as a building block in the synthesis of pharma-
ceuticals and as a versatile precursor in organic synthesis [23,24].
The other important products in this epoxidation process include
benzoic acid and phenyl ethanol. In this account, V(IV), Mn(II),
Ni(II) and Cu(II) ions have been immobilized on pyrrole-2-
carboxaldehyde functionalized-amino methylated polystyrene
and have been investigated as an effective catalyst activity for
the epoxidation of styrene using oxidants like H2O2 and tert-
butyl hydroperoxide.

EXPERIMENTAL

Amino-methylated polystyrene cross-liked with divinyl-
benzene obtained as a gift from Thermax Chemical Limited

Pune, India, pyrrole-2-carboxyaldehyde (Sigma-Aldrich),
vanadyl sulphate pentahydrate, nickel acetate tetrahydrate,
copper chloride, manganese acetate tetrahydrate, silver nitrate,
ammonium thiocyanate, dimethylformamide, conc. nitric acid,
hydrogen peroxide (30%), tert-butyl hydroperoxide (TBHP)
(70%), acetonitrile and methanol (CDH) were used. All the
reagents used were of analytical grade and were dried follow-
ing the standard procedures without further purification.

Characterization: The FT-IR spectra were obtained using
a Shimadzu IR Spirit Fourier transform infrared spectrophoto-
meter in the range of 4000-400 cm-1. The reflectance spectra
were recorded from UV-2600 Shimadzu doubled beam spectro-
photometer using BaSO4 as standard. Energy-dispersive X-ray
(EDX) spectra were recorded in FEG scanning electron micro-
scope Hitachi SU8010 Series, CHNS was recorded on Thermo
Scientific flash 2000, EPR spectra were recorded on JES-FA200,
Metal analysis was done using atomic absorption spectrophoto-
meter (Shimadzu ASC-6880) and GC-MS was recorded in
Agilent 7000 GC/TQ.

Acid catalyzed synthesis of polymer-supported ligand:
Amino-methylated polystyrene [PSCH2-NH2] (2 g) was susp-
ended in methanol (20 mL) for 1 h. Pyrrole-2-carboxyaldehyde
(0.86 g) dissolved in 15 mL methanolic solution, a small amount
of ethanoic acid was added to the suspension to keep the pH
of mixture between 3.5 to 4.0. The mixture was refluxed while
stirring at 80 ºC for 8 h. During reflux, the colour of the solution
becomes yellowish after 1 h and becomes mustard yellow after
3 h. The mixture was cooled, vacuum filtered and washed mult-
iple times with hot methanol, ethanol and acetone and finally
dried in air oven at 80 ºC. The same reaction required 48 h to
reach completion without the presence of an acid catalyst
(Scheme-I).

Synthesis of polymer-supported metal catalyst: Polymer-
supported ligand [PSCH2-PCA] (4.5 mmol) was allowed to be
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Scheme-I: Synthesis and mechanism of acid catalyzed synthesis of polymer-supported ligand
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suspended in methanol (15 mL) for 1 h. VOSO4·5H2O/CuCl2/
Mn(CH3COO)2·4H2O/NiCl2·6H2O (4.5-9.0 mmol) dissolved
in methanol was then added to the above suspension. The colour
of the resin starts changing with the progress of the reaction.
After refluxing it for 8 h, it was cooled to room temperature,
filtered under vacuum and washed repeatedly with hot methanol,
ethanol and acetone. It was dried in the oven at 80 ºC (Scheme-
II).

Catalytic oxidation reaction: The reaction for catalytic
oxidation was conducted in a round-bottom flask immersed
in a thermostatted oil bath. As per the procedure, the catalyst
was pre-soaked in acetonitrile (20 mL) for 30 min. Subsequen-
tly, styrene (10 mmol) and the oxidant (10 mmol) were added,
followed by the catalyst (0.05-1.0 g). The progress of the reaction
was monitored using thin-layer chromatography (TLC). Various
reaction conditions were explored, including different catalyst
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Scheme-II: Synthesis of polymer-supported metal catalysts
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amounts (0.05-0.1 g), types of oxidants (TBHP, H2O2), reaction
temperatures and reaction times (4-8 h). The catalyst was separ-
ated by filtration upon reaction completion and the product
formation was confirmed using GC-MS analysis.

RESULTS AND DISCUSSION

The cross-linked aminomethylated polystyrene was funct-
ionalized with pyrrole-2-carboxaldehyde in the presence of a
few drops of ethanoic as catalyst, which leads to the formation
of polymer-supported ligand [PSCH2-PCA] (Scheme-I). The
attachment of ligand with the polymer was primarily confirmed
by the ninhydrin test. It is important to mention that the same
reaction took 48 h to complete in the absence of an acid catalyst.
The polymer functionalized with ligands at the para position
of phenyl ring of its backbone is depicted in Fig. 1. The binding
of the metal salts with functionalized beads to form polymer-
supported metal catalysts (Scheme-II) was initially indicated
by the colour change of the beads.

The analytical data for the polymer-supported ligand and
its metal catalysts, derived from CHNS and AAS analyses, are

shown in Table-1. From these data, the amount of ligand and
metal incorporated in amino-methylated polystyrene was deter-
mined which suggests the ligand to metal stoichiometry.

The loading of the ligand and the incorporation of the metal
ion into the polymer support were also confirmed through EDX
analysis (Fig. 2). [PSCH2-PCA] exhibits only C and N signals,
confirming the anchoring of ligand to the polymer. The pre-
sence of metal ion signals in all catalysts indicates the binding
of the respective metal ions to [PSCH2-PCA]. In the EDX spectra
of copper and nickel catalysts, a Cl signal is observed, while the
vanadium catalyst shows an S signal, suggesting the coordi-
nation of Cl and S atoms, respectively.

FT-IR spectral studies: The overley spectra of the comp-
ounds are shown in Fig. 3. The significant IR bands of the
polymer-supported pyrrole-2-carboxaldehyde [PSCH2-PCA]
and its metal catalysts are shown in Table-2. The spectrum of
pyrrole-2-carboxaldehyde (PCA) showed a broad absorption
band at 1651 cm-1 and 1722 cm-1 due to ν(C=C) and ν(C=O),
respectively. Comparatively, in [PSCH2-PCA], a new absor-
ption band at 1652 cm-1 may be ascribed to ν(C=N) stretching
suggests the formation of azomethine functionality. The comp-
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Fig. 1. Functionalized amino-methylated polystyrene beads (neglecting the cross-linking with divinylbenzene)

TABLE-1 
ANALYTICAL RESULTS FOR PSCH2-PCA AND ITS METAL CATALYST 

Elemental analysis (%) Incorporation (mmol/g of resin) 
Compound Colour 

C H N S M Ligand Metal 
Ligand:Metal 

ratio 

[PSCH2-PCA] Light brown 85.1 8.1 6.6 – – 2.4 – – 
[PSCH2-PCA-V] Greenish yellow 68.7 6.1 4.7 4.1 6.7 1.68 1.31 1.3:1 
[PSCH2-PCA-Mn] Yellow 76.9 7.0 6.0 – 4.9 2.14 0.89 2.4:1 
[PSCH2-PCA-Ni] Dijon yellow 77.0 7.1 6.2 – 5.6 2.21 0.95 2.2:1 
[PSCH2-PCA-Cu] Light brown 77.3 7.3 5.7 – 5.6 2.04 0.88 2.3:1 
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Fig. 3. Overley FT-IR spectra of functionalized polymer and polymer-
supported metal catalysts

arison of the infrared spectra of [PSCH2-PCA] and its metal
catalysts demonstrated that the ligand bonds to metal ions in a
bidentate mode. The band due to ν(C=N) shifts to lower freq-
uencies, appearing in the range of 1645-1629 cm–1 in various
metal catalysts, which indicates coordination of the azomethine
nitrogen to the metal ions. A considerable shift in the N–H stret-
ching frequency at 3380 cm–1 in [PSCH2-PCA] was observed
in all the catalysts, suggesting the involvement of the N–H
group [25]. Binding of metal ion with [PSCH2-PCA] is further
confirmed by the presence of M-N, M-O and M-Cl bands in
the 453-424, 597-539 and 353-359 cm-1 regions, respectively.
[PSCH2-PCA-Mn] exhibits band in the regions at 1558 cm-1

and 1406 cm-1 corresponding to νas(OAc) and νs(OAc) stretch
respectively, which are in agreement with the acetate groups
being monodentate and indicating the covalent nature of metal-
oxygen bond. In [PSCH2-PCA-V], a band at 974 cm-1 confirms
the presence of ν(V=O) stretch. A band observed in the 1105-
1025 cm–1 region may be assigned to bidentate sulphate [νas(SO4)
and νs(SO4)] coordination [26].
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Diffused reflectance spectra: The overlap reflectance
spectra of polymer-supported metal catalysts are shown in Fig.
4. The reflectance spectra are very helpful to investigate the
structure of solid insoluble compounds (Table-3). The reflect-
ance spectrum of [PSCH2-PCA] shows intra-ligand absorption
maxima corresponding to ϕ→ϕ*, π→π* and n→π* transitions
at 4854, 3460 and 2865 cm-1, respectively which get shifted
after complexation. The reflectance spectrum of the vanadium
catalyst exhibits three distinct transitions in the region of 12626,
16103 and 24154 cm-1. These transitions fall within the range
reported for five coordinated (C4v symmetry) oxovanadium(IV)
compounds [27]. These transitions can be assigned to 2B2→2E
(dxy→dxz;yz), 2B2→2B1 (dxy→dx2-y2) and 2B2→2A1 (dxy→dz2) in
increasing energy. Manganese catalyst shows two weak bands
due to 6A1g→4T1g(G) and 6A1g→4T2g(G) at 16207 and 20367
cm-1, which suggests its octahedral geometry [28]. Three spin-
allowed bands at 9940, 15699 and 24155 cm–1 are observed in
the electronic spectrum of the nickel(II) catalyst. These bands
may be attributed to the 3A2g→3T2g(G) (ν1), 3A2g→3T1g(F) (ν2)
and 3A2g→3T1g(P) (ν3) transitions, respectively, confirming the
presence of Ni(II) d8 ions in an octahedral coordination environ-
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TABLE-2 
FTIR DATA FOR THE PSCH2-PCA AND ITS COMPLEXES 

Polymer-supported 
compounds ν(C=N) ν(N-H) 

νsy(OAc)/ 
νasy(OAc) 

νsy(SO4)/ 
νasy(SO4) 

ν(V=O) ν(M-N) ν(M-O) ν(M-Cl) 

[PSCH2-PCA] 1652 3380 – – – – – – 
[PSCH2-PCA-V] 1640 3362  1105, 1025 974 427 597 – 
[PSCH2-PCA-Mn] 1629 3369 1558, 1406   453 539  
[PSCH2-PCA-Ni] 1645 3368    424 – 353 
[PSCH2-PCA-Cu] 1641 3362    450 – 359 

 

TABLE-3 
REFLECTANCE SPECTRAL DATA OF POLYMER SUPPORTED METAL COMPLEXES 

Polymer-supported metal catalysts d-d Band position (cm-1) d-d Band assignment 

[PSCH2-PCA-V] 12626, 16103, 24154 2B2→2E, 2B2→2B1, 
2B2→2A1 

[PSCH2-PCA-Mn] 16207, 20367 6A1g→4T1g(G), 6A1g→4T2g(G) 
[PSCH2-PCA-Ni] 9940, 15699, 24155 3A2g→3T2g(G) (ν1), 

3A2g→3T1g(F) (ν2), 
3A2g→3T1g(P) (ν3) 

[PSCH2-PCA-Cu] 10870, 12151, 20366 2B1g→2A1g, 
2B1g→2B2g, 

2B1g→2Eg 
 

ment [28]. The octahedral geometry was further supported by
ν2:ν1 ratio (1.6) found for the usual octahedral nickel comp-
ounds. The reflectance spectra of copper catalyst exhibit d→d
bands at 10870; 12151 and 20366 cm-1, attributed to 2B1g→2A1g

(dx2-y2→dz2); 2B1g→2B2g (dx2-y2→dxy); 2B1g→2Eg (dx2-y2→dxz,yz)
transitions, respectively, due to the distorted octahedral geo-
metry (D4h) [28].

EPR study: The EPR spectra of vanadium, manganese
and copper catalysts were obtained at room temperature and
are presented in Fig. 5. The vanadium catalyst displays an axially
symmetrical signal typical of the V(IV) ion. The eight well-
resolved lines [51V; I = 7/2; 2nI + 1 = 8) appear in both parallel
and perpendicular regions attributed to the coupling of an unp-
aired electron of V(IV) to its own nuclear spin. The well-resolved
hyperfine lines suggest that the V4+ ions are uniformly dispersed
within the polymeric support, with negligible vanadium-vanadium
interactions. The spectrum is anisotropic with Hamiltonian
parameters: g⊥ > g|| (g⊥ = 2.0. and g|| = 1.90) and A⊥ > A|| (A⊥ =
193 G and A|| = 77 G). The values represent square pyramidal
complexes with V=O bond along the z-axis with C4v symmetry
[29]. EPR of the Mn(II) complex (Fig. 5b) shows six hyperfine
lines, arising from the interaction of the electron spin with the
nuclear spin (55Mn, I = 5/2, 2nI + 1 = 6). The A values are also
consistent with an octahedral coordination. The Hamiltonian
parameters obtained from the analyses of the spectra were A
= 90.3 G and g = 1.997, which are characteristic of Mn(II)
complexes with axial symmetry and octahedral geometry [30].
Copper catalyst exhibits a typical axial spectrum with g|| > g⊥

> ge (g|| = 2.27 and g⊥ = 2.07), revealing hyperfine splitting in
the parallel region (55Cu, I = 3/2, 2nI + 1 = 4) (Fig. 5c). The
hyperfine lines split the g|| signals with an average spacing of
133 G, indicating the uniform distribution of Cu(II) complexes
within the polymer matrix and the absence of Cu–Cu inter-
actions. However, the perpendicular region of the spectrum is
less resolved. On the other hand, the perpendicular region of
the spectra is not well resolved. The g value indicates that the
unpaired electron of copper resides in dx2-y2 in orbital [30].

Catalytic activity: The effectiveness of the synthesized
catalysts was evaluated through oxidation reactions of styrene.
Polymer-anchored V(IV), Mn(II), Ni(II) and Cu(II) catalysts
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were employed in these reactions. The reaction yielded benzal-
dehyde, styrene oxide and benzoic acid as primary products,
along with minor quantities of unidentified byproducts. We
systematically investigated the influence of oxidants, reaction
time, reaction temperature and catalyst dosage on product
yield. This comprehensive study aimed to optimize reaction
conditions and enhance the overall efficiency of the oxidation
process.

Effect of oxidant: To optimize catalytic performance, we
investigated the effectiveness of TBHP and H2O2 for styrene
oxidation. Without an oxidant, the reaction failed to proceed.
According to Tables 4 and 5, TBHP in an acetonitrile medium
proved to be the most efficient oxidant for styrene oxidation,
possibly due to TBHP’s inertness without a catalyst and its
solubility in acetonitrile. Conversely, H2O2 exhibited higher
efficiency than TBHP for the styrene conversion.
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TABLE-4 
CONVERSION OF STYRENE AND PRODUCT SELECTIVITY 

Ph

H

O

Ph

OH

O

PhPh
H2O2, catalyst

CH3CN
+ +

 
% Selectivity# 

Catalyst Amount of 
catalyst (g) 

Time (h) % 
Conversion# 

H

O

Ph

 

OH

O

Ph

 Ph
 

Others 

 4 6.5 84.4 5.9 3.7 6.0 
 5 9.7 85.2 5.8 3.6 5.4 Blank test 
 6 9.8 88.6 6.9 2.1 2.4 

4 59.1 70.5 10.4 2.5 16.6 
5 79.2 77.8 9.6 9.8 2.8 0.05 
6 88.5 76.7 10.4 10.2 2.7 
4 61.2 75.4 11.0 8.8 4.8 
5 84.1 77.2 10.4 7.9 4.5 

[PSCH2-PCA-V] 

0.1 
6 93.2 76.5 10.4 10.0 3.1 
4 48.8 80.8 10.6 5.0 3.6 
5 72.2 82.4 10.0 6.4 1.2 0.05 
6 78.0 82.4 10.1 5.8 1.7 
4 66.8 82.2 8.5 4.9 4.4 
5 79.9 82.0 8.9 5.0 4.1 

[PSCH2-PCA-Mn] 

0.1 
6 86.1 82.4 10.2 5.8 1.6 
4 45.0 70.8 7.5 13.0 8.7 
5 66.0 77.8 7.9 12.2 2.1 0.05 
6 70.0 78.0 7.5 13.2 1.3 
4 56.2 78.0 7.5 13.1 1.4 
5 73.8 78.0 7.5 13.1 1.4 

[PSCH2-PCA-Ni] 

0.1 
6 76.4 78.2 7.5 13.1 1.2 
4 55.0 70.5 18.0 8.5 3.0 
5 76.2 68.9 18.0 8.5 4.6 0.05 
6 85.0 70.0 18.0 8.5 3.5 
4 70.2 70.0 17.0 9.2 3.8 
5 90.2 70.4 18.0 7.9 3.7 

[PSCH2-PCA-Cu] 

0.1 
6 96.5 70.2 18.0 8.5 3.1 

*Conditions: 20 mL CH3CN, 10 mmol styrene, 10 mmol H2O2, 60 ºC; #GC-MS. 
 

6 8.570.2
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TABLE-5 
CONVERSION OF STYRENE AND PRODUCT SELECTIVITY 

Ph

H

O

Ph

OH

O

PhPh
TBHP, catalyst

CH3CN
+ +

 
% Selectivity# 

Catalyst Amount of 
catalyst (g) 

Time (h) % 
Conversion# 

H

O

Ph

 

OH

O

Ph

 Ph
 

Others 

 4 5.8 80.6 9.0 4.2 6.2 
 5 7.2 82.6 9.0 2.0 6.4 Blank test 
 6 10.5 85.6 9.9 2.1 2.4 

4 55.7 70.5 5.0 20.1 4.4 
5 68.8 73.4 6.8 19.0. 0.8 0.05 
6 83.2 71.5 5.9 20.8 1.8 
4 47.8 69.0 7.0 22.6 1.4 
5 70.5 71.2 5.8 20.2 4.8 

[PSCH2-PCA-V] 

0.1 
6 88.7 72.0 5.9 20.6 1.5 
4 48.9 80.5 5.0 18.0 1.0 
5 66.8 81.2 3.8 12.9 2.1 0.05 
6 72.2 81.5 5.7 12.4 2.4 
4 56.9 81.0 5.8 12.8 0.4 
5 76.9 83.5 4.0 10.2 2.3 

[PSCH2-PCA-Mn] 

0.1 
6 85.6 81.5 5.7 10.5 2.3 
4 68.8 85.8 2.0 7.8 4.4 
5 79.1 88.8 2.0 5.2 4.0 0.05 
6 85.5 90.0 2.2 6.1 1.7 
4 67.8 89.2 1.8 7.2 1.8 
5 85.2 91.5 2.1 4.4 2.0 

[PSCH2-PCA-Ni] 

0.1 
6 93.2 90.1 2.3 6.1 1.5 
4 48.4 65.0 20.0 12.8 2.2 
5 63.3 65.8 17.2 14.8 2.2 0.05 
6 75.4 67.0 18.0 13.8 1.2 
4 52.7 67.0 18.0 13.8 1.2 
5 75.1 67.5 18.0 12.5 2.0 

[PSCH2-PCA-Cu] 

0.1 
6 90.8 67.5 18.2 13.4 0.9 

*Conditions: 20 mL CH3CN, 10 mmol styrene, 10 mmol TBHP, 60 ºC; #GC-MS. 
 

6 13.467.5

Effect of reaction temperature: The impact of reaction
temperature on the progress of styrene oxidation employing
the synthesized catalysts were studied. Oxidation reactions
were conducted with varying temperatures ranging from 40 ºC
to 80 ºC, employing a 1:1 mmol ratio of styrene to TBHP or
H2O2 in an acetonitrile medium for 8 h and the results are
summarized in Tables 4 and 5. As expected, styrene conversion
increased with rising reaction temperature, however, no conver-
sion was observed at temperatures below 40 ºC. The optimal
temperature for the epoxidation process was found to be 60 ºC.

Effect of reaction time: The reaction progress was moni-
tored by conducting styrene reactions with TBHP and H2O2 in
a 1:1 ratio, using catalyst amounts of 0.05 g and 0.1 g at 60 ºC
with continuous stirring. A negligible reaction occurs during
the initial 2 h, indicative of an induction period. Subsequently,
styrene conversion steadily increased with prolonged reaction
times for all catalysts. Comparison of results between 3 to 8 h,
as depicted in Fig. 6, demonstrated that the highest styrene
conversion rate was achieved after 6 h. Also, the selectivity
for different products remained largely unchanged with increa-
sing reaction time.

Effect of amount of catalyst: The influence of catalyst
amount on the oxidation of styrene was studied for 0.05 g and
0.1 g catalyst, keeping the styrene/TBHP/and H2O2 conc. 10
mmol, temperature 60 ºC and time 6 h. Tables 4 and 5 demons-
trate how varying the catalyst amount influences the oxidation
of styrene over time. Furthermore, an experiment was conduc-
ted using styrene in the presence of TBHP and H2O2 but without
adding a catalyst. It was observed that in the absence of any
added catalyst, the conversion of styrene ranges from 5.8% to
10.5%. At a low catalyst concentration of 0.05 g, moderate
conversion of styrene was achieved. Increasing the catalyst
amount from 0.05 g to 0.1 g resulted in higher conversion
rates of styrene. This could be attributed to the increased avail-
ability of active sites on the catalyst, facilitating greater accessi-
bility of substrate and oxidant molecules to the catalyst. Further
increases in catalyst amount did not significantly affect styrene
conversion, which remained nearly constant.

Catalyst reusability: To assess the reusability of the
polymer-anchored metal catalysts, recycling experiments were
conducted for the oxidation of styrene. After each experiment,
the catalyst was separated via simple filtration, washed, dried
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(a) 0.05 g catalyst using H O2 2 (b) 0.1 g catalyst using H O2 2

(a) 0.05 g catalyst using TBHP (b) 0.1 g catalyst using TBHP
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Fig. 6. Effect of percentage conversion of styrene with time at different amounts of catalyst

under vacuum and then used for the next run under identical
reaction conditions. The catalytic process was repeated with
additional substrate added in appropriate amounts under optimal
conditions and the nature and yield of the final product were
comparable to those of the initial run. It is evident that after
four cycles, there was a slight decrease in conversion, while
the product selectivity remained consistent (Fig. 7). The recov-
ered catalyst was analyzed using IR and DRS spectra, which
indicated no changes even after multiple reuses. After the separ-
ation of the catalyst by filtration, the metal content was also
determined by AAS. At the end of the fourth recycle, there
was slight loss in the metal content was observed. Based on
these findings, it is concluded that these catalysts remain
unchanged after their use in the reaction.

Plausible mechanism: Scheme-III shows the probable
mechanism for the oxidation of styrene mediated by peroxide
(H2O2/TBHP) and catalyzed with polymer-supported metal
catalyst. Firstly, the metal catalyst interacts with the peroxide
to generate hydroperoxyl intermediate (I), which looses tert-
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Fig. 7. Recyclability test of polymer-supported metal catalyst

BuOH/H2O molecule to give metal-oxyl species (II). Inter-
mediate II interacts with the pi-bond of the styrene to generate
styrene oxide. In the next step, the carbon-carbon bond of the
styrene oxide gets broken to generate the benzaldehyde as a
major product.

Conclusion

Polymer supported metal catalysts viz. [PSCH2-PCA-V],
[PSCH2-PCA-Mn], [PSCH2-PCA-Ni] and [PSCH2-PCA-Cu]
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were synthesized by reacting aminomethylated polystyrene
and pyrrole-2-carboxaldehyde followed by the reaction of
functionalized resin with V(IV), Mn(II), Ni(II) and Cu(II) metal
salts. They were analyzed by different analytical and spectro-
scopic techniques. The potential of the catalysts was investi-
gated for styrene oxidation using 30% H2O2 and 70% TBHP.
The oxidation of styrene gave three major products namely
benzaldehyde, styrene oxide and benzoic acid. Under optimized
reaction conditions (0.1 g catalyst concentration, 6 h reaction
time and 60 ºC temperature), the percentage conversion of
styrene was recorded best for [PSCH2-PCA-Cu] (96.5) and
poorest for [PSCH2-PCA-Ni] (76.4) in the presence of H2O2 as
an oxidizing agent. The percentage selectivity for benzalde-
hyde formation was highest for [PSCH2-PCA-Ni] (90.1) and
lowest for PSCH2-PCA-Cu] (67.5) mediated by TBHP as an
oxidant. These catalysts have been successfully reused three
times without any loss in their initial activity. All these facts
have allowed us to view them as promising heterogeneous
catalysts for other transformations that are currently under
investigation.
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