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Oxidative Transformation of Ethylbenzene
Utilizing Metal Bound Immobilized Catalysts

In the present contribution, we have investigated the catalytic potential of immobilized metal catalysts for the
oxidation of ethylbenzene. Chloromethylated polystyrene was initially converted to aldehydopolystyrene fol-
lowed by its functionalization with 2-aminothiophenol to get functionalized resin. This resin was successfully
binded with appropriate metal (Mn(ll), Fe(l11), Ni(ll), Cu(Il), VO(II)) salts to prepare different heterogeneous
catalysts which were characterized using CHNS, energy dispersive X-ray spectroscopy (EDX), diffuse reflec-
tance spectra (DRS), fourier transform infrared spectra (FTIR), atomic absorption spectrophotometry (AAS)
and electron paramagnetic resonance (EPR) spectra techniques. Metal binding in mmol per gram of resin for
different catalysts was found in the range 0.96-1.24. The catalytic potential of these supported catalysts was
assessed for the oxidation of ethylbenzene, utilizing hydrogen peroxide (H,0,) and tert-butyl hydroperoxide
(TBHP) as the oxidants. The effects of various reaction parameters, such as temperature, reaction duration,
type of oxidant, and the amount of catalyst used were examined for the oxidation reaction. Under optimized
milder conditions, the results showed that H,O, as oxidants resulted in 53.8 % conversion rates with the cop-
per catalyst. The nickel catalyst, when used with H,O,, showed the highest selectivity for acetophenone,
reaching 83 %. The recovered catalysts retained its original structure, as established by a comparative analy-
sis of DRS and FT-IR spectra of both the original and reused catalysts. Moreover, the catalysts can be em-
ployed repeatedly up to five times under optimum conditions without any noticeable reduction in activity.
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Introduction

Catalysis indeed plays a crucial role in modern chemistry, serving as a cornerstone for sustainable and
efficient chemical transformations. By accelerating reactions, catalysts allow the synthesis of valuable prod-
ucts under milder conditions [1]. Transition metal based catalysts are indeed powerful, widely used in a vari-
ety of chemical transformations like hydrocarboxylation and hydroesterification reaction, olefin polymeriza-
tion, carbonylation of propargylic and allylic compounds, isomerization of olefin, cross-coupling reactions,
C-N and C-O bond-forming reactions, olefinations of aryl halides, olefin metathesis and many other key
reactions in industry [2, 3]. Their adaptability and high efficiency make them indispensable in modern syn-
thetic chemistry. Polystyrene-anchored transition metal complexes represent an important class of heteroge-
neous catalysts due to their stability and versatility in catalyzing a range of organic transformations [4]. The-
se complexes are often chemically inert, preventing unwanted side reactions, and can be reused in multiple
reaction cycles without significant loss of activity, making them both economically and environmentally fa-
vorable [5]. Unlike homogeneous catalysts that are dissolved in the reaction medium, supported catalysts are
often heterogeneous (insoluble), which allows them to be separated by simple filtration or centrifugation.
This significantly simplifies the post-reaction purification process [6]. Polystyrene supports can be chemical-
ly modified into other functional supports, such as aldehyde, carboxylic acid, acid chloride, aminomethylated
and azidomethyl resins [7]. This adaptability allows fine-tuning of the polymer’s reactivity and its ability to
bind different metal catalysts, broadening its application to various catalytic processes [8-10]. These cata-
lysts not only enhance the reaction’s stability and selectivity but also make the process more sustainable due to
their reusability and the use of eco-friendly oxidants. The oxidation of ethylbenzene in the presence of poly-
mer-anchored catalysts can produce a range of products, including acetophenone, benzaldehyde, and benzoic
acid. In a similar manner, acetophenone, an important product derived from the selective oxidation of
ethylbenzene [11], has attracted significant interest. It is widely used as an intermediate in pharmaceuticals,
aldehydes, resins, alcohols, esters, tear gas formulations, and also finds applications in perfumery and sleep-
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inducing drugs [12-16]. Benzaldehyde’s versatility makes it an important compound in various sectors, from
flavors and fragrances to pharmaceuticals and industrial applications. Its distinctive odor and chemical reactivi-
ty contribute to its broad range of uses [17—-20]. Benzoic acid and its salts, such as sodium benzoate, are widely
used as preservatives in food and beverages, cosmetics, intermediate, dyes and pigments etc. [21, 22].

Several studies have reported efficient catalytic systems for the oxidation of ethylbenzene using various
oxidants. Faraji et al. achieved 88.1 % conversion and 98 % selectivity to acetophenone with reusable amino
propyl trimethoxysilane immobilized metformin-cobalt nanocatalyst [Fe;0,@SiO,-APTMS/CC/
Met@Co(ll)] using O,/N-hydroxyphthalimide (NHPI) as an oxidant at 100 °C [23]. Gao et al. employed
Cos0, nanoparticles supported on reduced graphene oxide (Co/rGO) with O,/NHPI, affording 84.1 % con-
version and 96.2 % selectivity in 2 h at 120 °C [24]. Li et al. developed a Co-based single-atom black pow-
dered catalyst anchored on a graphitic carbon nitride (SACo@g-C3;N4) with peroxymonosulfate (PMS) as
oxidant, yielded over 95 % conversion and selectivity under mild conditions [25]. Yang et al. reported
Mn(Il) complexes bearing bis(pyridin-2-ylmethyl)amine ligands that oxidized ethylbenzene with ozone (O,)
in an acetonitrile-water (1:1) medium to give 91 % conversion and 89 % selectivity [26]. Similarly, Yama-
zaki et al. demonstrated complete conversion (100 %) using CrO; and periodic acid (Hs1Og) as oxidant at
room temperature, affording 49 % acetophenone selectivity within 1 h [27]. The aim of this study was to de-
scribe the series of new immobilized catalysts, provide their structural characterization, and demonstrate
their application for the selective oxidation of ethylbenzene using H,O, and TBHP as an oxidants.

Experimental

Materials and Methods

2-aminothiophenol (99 % purity, Sigma-Aldrich), chloromethylated polystyrene (2 % divinylbenzene
cross-linked, 4.5 mmol Cl/g of resin, mesh 200—400) was generously gifted by Thermax Ltd, Pune, India. All
other reagents were purchased from Central Drug House (CDH). Nickel(ll) chloride hexahydrate
(NiCl,6H,0, >98 %, AR grade), iron(l11) chloride hexahydrate (FeCls;-6H,0, 98 %, AR grade), copper(ll)
chloride dihydrate (CuCly2H,O, 99%, AR grade), manganese(ll) acetate tetrahydrate
[Mn(CHsC0O0),-4H,0, 99.5 %, AR grade], vanadyl sulphate pentahydrate (VOSO,6H,0, 97 %, AR grade),
2,4-dinitrophenylhydrazine reagent (99 %, AR grade), hydrogen peroxide (H,O,, 30 % in water), t-butyl
hydroperoxide [(CH3);COOH, 70 % in water], ethylbenzene (98 %, synthesis grade), acetonitrile (CH3CN,
99 %, AR grade), methanol (CHsOH, 99 %, synthesis grade), ethanol (C,HsOH, 99 %, synthesis grade) and
acetone [(CHz3),0, 99 %, synthesis grade] were used for the synthesis. Analytical-grade reagents were dried
according to the standard procedures without any further purification.

The synthesized compounds were analyzed using a range of techniques, including FT-IR, DRS, ESR,
EDS, AAS, and CHNS elemental analysis. FT-IR spectra were recorded from 400 to 4000 cm™* on a Shi-
madzu IR Spirit Fourier transform- infrared spectrophotometer. Diffuse reflectance spectra (DRS) were ob-
tained using a Shimadzu UV-2600 double beam spectrophotometer with BaSQO, as the standard. CHNS anal-
ysis was conducted using a Thermo Scientific Flash 2000 analyzer. Metal content in the polymer-anchored
catalysts was measured titrimetrically and gravimetrically as well as with a Shimadzu ASC-6880 atomic ab-
sorption spectrophotometer (AAS). Energy dispersive X-ray (EDX) spectra were captured with a Hitachi
SU8010 Series FEG scanning electron microscope. Electron paramagnetic resonance (EPR) spectra were
recorded on JES-FA200 X-band (9.45 GHz) spectrometer with a modulation frequency of 100 kHz and
modulation amplitude of 2.0 Gauss. Gas Chromatography-Mass Spectrometry (GC-MS) analysis was per-
formed using an Agilent 7000 GC/TQ system. The gas chromatograph used was equipped with GsBP-624
column and FID detector.

Synthesis of Aldehydopolystyrene (PS-CHO)

Chloromethylated polystyrene beads (6 g) were swollen in 100 mL of DMSO for an hour. Sodium hy-
drogen carbonate (7.5 g) was then added, and the mixture was stirred and refluxed at 150 °C for 6 hours. The
resulting aldehyde-functionalized polymer was isolated by vacuum filtration, washed with ethanol, and dried
in a vacuum desiccator at 25 °C.

Functionalization of Aldehydopolystyrene with 2-Aminothiophenol [PS-ATP]

PS-CHO beads (6 g) were first allowed to swell in 30 mL of methanol for an hour. Separately,
2-aminothiophenol (ATP) (30 mmol) was dissolved in 50 mL of methanol and then introduced into the pol-
ymer suspension. The reaction mixture was stirred and refluxed at 80 °C in a water bath for 18 hours. After
completion, the solid was collected by vacuum filtration and repeatedly washed with hot ethanol, hot metha-
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nol, and acetone. The final product was dried in an air oven at 70 °C. The addition of the ligand to the poly-
mer was periodically monitored using the 2,4-DNP test.

Loading of Metal to Functionalized Aldehydopolystyrene Resin

The functionalized resin PS-ATP (4.5 mmol) was initially swollen in 15 mL of methanol for an hour.
A metal salt solution was prepared by dissolving VOSO45H,0, Mn(CH3;COOQ),-4H,0, FeCls;-6H,0,
NiCl,-6H,0 or CuCl,-2H,0 (4.5-9.0 mmol) in methanol, which was then introduced into the resin suspen-
sion. As the reaction proceeded, a noticeable color change was observed in the resin. The mixture was sub-
jected to reflux for 6-18 hours, and then allowed to cool to room temperature. The solid was collected via
vacuum filtration and thoroughly washed with hot methanol, ethanol, and acetone. Finally, the resin was

dried in an oven at 80 °C.

Experiment on Catalytic Performance

Ethylbenzene oxidation using catalysts was performed in a thermostatted oil bath. The reaction was car-
ried out with tert-butyl hydroperoxide/or hydrogen peroxide as oxidants at 60 °C for 3-8 hours, using cata-
lyst amounts of 0.1 and 0.15 g. The catalyst was pre-swollen in 20 mL of acetonitrile for 30 minutes before
adding ethylbenzene (10 mmol) and the oxidant (20 mmol). The reaction was monitored via TLC, and prod-
uct formation was confirmed by GC-MS. A control experiment without the catalyst was also conducted. The
catalyst was recovered, washed, dried under vacuum, and reused.

Results and Discussion

The aldehydopolystyrene was modified with 2-aminothiophenol to form the functionalized resin [PS-
ATP] (Fig. 1). Ligands at the para position of the polymer backbone facilitated metal binding (Fig. 3). The
formation of immobilized metal catalysts (Fig. 2) was initially observed through a change in colour of the
beads and later confirmed by characterization techniques. The ligand attachment was verified by the DNP
test, where the disappearance of the orange color indicated aldehyde group replacement (Fig. 4(a)). Real im-
ages of the functionalized resin and its metal catalysts are shown in (Fig. 4(b-g)).

SH
DMSO @[NH A
O—QCHZ-G 4>O—©7(:Ho S N O—@—/
NaHCO; Reflux HS
12 hr, 150°C 80°C
Chloromethylated Aldehydo Functionalized resin

polystyrene polystyrene (PS-ATP)

Figure 1. Synthesis of polystyrene-anchored ligand
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Figure 2. Synthesis of metal incorporated functionalized resin
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Figure 4. DNP test of [PS-CHO] & [PS-ATP] (a); Sample pictures of [PS-ATP] (b), [PS-ATP-V] (c),
[PS-ATP-Mn] (d), [PS-ATP-Fe] (e), [PS-ATP-Ni] (), [PS-ATP-Cu] (g)

Characterization

The incorporation of the organic ligand onto the polymer backbone was confirmed by CHNS analysis
through the measurement of carbon, hydrogen, nitrogen, and sulfur content. Metal loading in the catalysts
was determined using atomic absorption spectroscopy (AAS) indicating the metal bounded onto the func-
tionalized resin (Table 1), providing insights into the ligand: metal stoichiometry within the polymer struc-
ture.

Table 1
Analytical data of functionalized resin and its catalyst
Elemental analysis, % Ligand attachment | Metal binding .
Compound Colour (mmol per gram (mmol per ngand/_
C H N S M . . Metal ratio
of resin) gram of resin)
[PS-ATP] Cream 80.95| 6.92 | 3.89 | 8.42 - 2.78 — —
[PS-ATP-V] | Olive green | 72.54 | 6.71 | 3.20 | 882 | 5.9 2.29 1.16 1.97:1
[PS-ATP-Mn]| Mustard |72.91| 6.96 | 2.74 | 8.99 | 5.3 1.96 0.96 2:1
[PS-ATP-Fe] | Dark brown | 71.65 | 6.49 | 3.20 | 5.89 | 6.7 2.29 1.19 1.92:1
[PS-ATP-Ni] | Off-white | 66.73 | 6.20 | 2.05 | 8.73 | 7.1 1.46 1.18 1.2:1
[PS-ATP-Cu] | Dark green | 65.98 | 6.19 | 2.01 | 8.70 | 7.9 1.44 1.24 1.2:1
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EDX Investigation

EDX analysis confirmed the successful binding of metal ions in all catalysts by detecting their respec-
tive ion signals. The spectra for Cu, Fe, and Ni catalysts displayed CI signals, while the V catalyst exhibited
an S signal, indicating coordination with chlorine and sulfur atoms, respectively (Fig. 5).
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Figure 5. EDX plot of [PS-ATP-V] (a), [PS-ATP-Mn] (b), [PS-ATP-Fe] (c),
[PS-ATP-NI] (d) and [PS-ATP-Cu] (e)

FTIR Investigation

The binding of metal ions to the polymer support was analysed by FTIR spectra (Fig. 6 and Table 2) of
the functionalized resin and its metal catalysts. PS-ATP exhibits a distinct band at 1659 cm ™, corresponding
to the v(C=N) stretch. A shift of 11-21 cm™* to lower wavenumber in this band indicates the coordination of
the azomethine nitrogen to the metal ions [28]. The IR spectrum of the functionalized resin shows a weak
band at 2571 cm* which is assigned to the SH group respectively. The disappearance of this band in the
spectra of the catalysts indicates the deprotonation of the thiol groups upon chelation [29]. The vanadium
catalyst displays a prominent band at 952 cm ™ assigned to (V=0) stretch [30]. The interaction of metal ions
with [PS-ATP] was confirmed by the appearance of M-N, M-O, and M-S bands in the regions of 486-
531 cm™, 564-572 cm™, and 423-449 cm*, respectively [31]. A band in the region 3312-3415 cm™ in the
metal catalysts indicates the coordination of a water molecule [32].
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Figure 6. Overlap and individual FTIR spectra of functionalized resin and its metal catalysts
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DRS Investigation

Diffuse reflectance spectral studies (Fig. 7, Table 2) were performed to examine the structure of the sol-
id, insoluble catalysts. The [PS-ATP] spectrum shows intraligand absorption transitions and 30303 and
39062 cm*, corresponding to n—m* and n—7* transitions, respectively. The [PS-ATP-V] spectrum displays
three well-resolved transitions at 11428, 16366, and 21978 cm ™, consistent with the spectral characteristics
of five-coordinate oxovanadium(lV) complexes possessing C,4, Symmetry. These three observed transitions
can be attributed to By, — °Eg, “Byg — “Byg and “B,y — “Ayq in increasing energy [33]. Manganese shows
two bands at 15037 and 23094 cm ™, corresponding to Ay, — *T14(G) and °A;; — “T4(G) transitions, sug-
gesting an octahedral geometry [34]. Iron catalyst displays distinct bands at 11494, 15873, and 22222 cm
due to °Ay; — *Ti(G)(ve); *Ayy — “To(F) (vo) and Ay — “Ti4(P) (va) transitions respectively [35].
[PS-ATP-Ni] exhibits spin-allowed transitions at 16129 and 22,271 cm™, which correspond to
Aoy — *Toy(G)(v1) and *A,y — *Toy(F)(v,) transitions, respectively, indicating Ni(Il) in an octahedral envi-
ronment [36]. The reflectance spectrum of copper catalyst shows d — d transitions at 16393 cm *, which can
be attributed to “Byy — *Ayg; °B1y — By, 2By — °E transitions, indicative of a square planar geometry [37].

Table 2
FTIR and DRS spectral data for functionalized resin and its metal catalysts
Polymer-
anchored | v(C=N) | v(S-H) |v(V=0) [u(M-CI)| v(H,0) d-d band d-d band
compounds position (cm™) assignment
[PS-ATP] | 1659 | 2571 — — — - -
[PS-ATP-V] | 1639 — 952 — — 11428;16366; 21978 ’B, — °E; “By; °Ay
[PS-ATP-Mn]| 1640 — — — 3415 15037; 23094 i 6A1Q—4> T14(G); 4T§q(G)
. . Arg— "T1g(G)(v1); "Toy(F)
PS-ATP-Fe] | 1638 - - 351 | 3312 |11494; 15873; 22222 ¢ g 9
[ ] (v2): TuP)(vs)
[PS-ATP-Ni] | 1648 — — 357 | 3318 16129; 22271 s — *Too(G)(va); *T1y(F)(vy)
[PS-ATP-Cu] | 1644 — — 355 | 3368 16393 ’B1q— “Aug; “Bag; °E
g ] g ]
EPR Studies

At ambient conditions, EPR spectroscopy was employed to examine vanadium, manganese, and copper
catalysts, as illustrated in Figure 8. The EPR spectrum of the vanadium catalyst [PS-ATP-V] exhibits an axi-
ally symmetric signal, a characteristic feature of V(IV) ions. This suggests that the electron distribution
around the vanadium ion is anisotropic, favoring a specific orientation. Signals appear in both the perpendic-
ular and parallel regions, highlighting the anisotropic nature of the V(IV) ion’s electronic structure. The well-
defined hyperfine splitting indicates that vanadium ions are uniformly incorporated into the polystyrene sup-
port, with no interactions. The spectrum displays anisotropy, with Hamiltonian parameters: A;> A, (A.=86
and A =193); g.> ¢ (9:=1.99 and g, = 1.93). This suggests a square pyramidal coordination geometry,
with the V=0 bond aligned along the z axis and exhibiting C,, symmetry [38]. The EPR spectrum of [PS-
ATP-Mn] exhibits six hyperfine lines, resulting from the interaction between the electron spin and the nucle-
ar spin of ®Mn (I = 5/2, 2nl + 1 = 6). The Hamiltonian parameters, A = 74 G and g = 2.03, are indicative of
Mn(11) species with axial symmetry and an octahedral coordination environment [39]. The copper catalyst
displays a characteristic axial spectrum with g,> g. (g, = 2.27), along with hyperfine splitting in the parallel
region due to *°Cu (I = 3/2, 2nl + 1 = 4). The hyperfine lines divide the parallel component, maintaining an
average separation of 122 G. The spectrum suggests that Cu(ll) species are uniformly incorporated within
the polymer matrix, with no evidence of Cu—Cu interactions. However, the perpendicular region of the spec-
trum appears unresolved. The observed g value implies that the unpaired electron in copper resides in the
dxz_yz orbital. The EPR spectra of the other catalysts were not well resolved, so their EPR parameters could

not be determined [40].
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Catalytic Performance

The catalytic performance of the synthesized materials was evaluated through the oxidation of
ethylbenzene using TBHP and H,O, as oxidizing agents. Control experiments confirmed that both the cata-
lyst and the oxidant were essential for the reaction to proceed. The primary oxidation products obtained were
acetophenone, benzaldehyde, and benzoic acid. To optimize the product yield, we investigated the influence

of several reaction parameters, including the choice of oxidant, duration of the reaction, temperature, and
catalyst dosage.

Influence of Catalyst Dosage

Figure 9 illustrates the impact of catalyst dosage on the oxidation of ethylbenzene. The data reveal that
with 0.1 g of catalyst, the reaction proceeded at a slower rate, resulting in lower conversion under the given
conditions. An increase in catalyst loading to 0.15 g led to a noticeable enhancement in conversion. Howev-
er, further increasing the catalyst amount beyond this point did not yield any significant improvement in the
oxidation process.

Influence of Oxidant

In the present work, H,O, and TBHP were chosen as oxidants as they are green and environmentally
benign, producing only water or tert-butanol as by-products and avoiding the use of halogenated or toxic ox-
idants. Preliminary trials with molecular oxygen under similar conditions resulted in very low conversion.
The investigation examined how TBHP and H,O, influenced the catalytic performance of polystyrene-
supported catalysts in ethylbenzene oxidation. As shown in Tables 3 and 4, both oxidants facilitated a con-
version rate of 53.8 % when used with the copper catalyst. Notably, the highest selectivity for acetophenone,

reaching 83.9 %, was observed when H,O, served as the oxidizing agent in combination with the copper cat-
alyst.
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Figure 9. Influence of time on the oxidation of ethylbenzene in presence of different catalysts

Influence of Time

The reaction progress was tracked by performing ethylbenzene oxidation using a 1:2 ratio of
TBHP/H,0,, with 0.1 g / 0.15 g of catalyst at an optimized temperature (60 °C). During the first two hours,
minimal conversion was observed, suggesting an induction phase. As the reaction proceeded, ethylbenzene
conversion gradually increased across all catalysts. As illustrated in Figure 9, a comparison between 3-8
hours indicated that the maximum conversion occurred at the 6-hour mark. Furthermore, product selectivity
remained relatively stable despite extended reaction times.

Influence of Temperature
At room temperature, no detectable products were formed. As the temperature was increased to 60 °C,
ethylbenzene conversion improved significantly. However, beyond 60 °C, no significant improvement in
conversion was observed at 70 °C and 80 °C. Therefore, 60 °C was identified as the optimal temperature for
maintaining both selectivity and conversion efficiency.
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Table 3
Conversion of ethylbenzene and product selectivity
[HB—\ _ Catalyst @—(O + (M—cHOo + (MB—coon
H,0,/CH;CN
Selectivity, %
Catalyst . .
Catalysts concentra)t/ion, g Time, hr| Conversion, % 20: @ Cro @— CooH Others

3 75 75.8 18.1 25 36
. 4 85 76.1 183 26 3.0
Blank Reaction 5 9.1 772 183 26 1.9
6 105 772 18.4 27 17
3 38.1 66.5 213 29 9.3
o1 4 395 66.9 212 21 9.8
' 5 417 67.1 19.8 1.9 11.2
6 431 67.5 19.7 17 111
[PS-ATP-V] 3 38.7 66.8 193 25 114
015 4 401 675 19.2 24 10.9
5 475 68.3 18.9 21 10.7
6 511 69.2 18.8 1.9 10.1
3 241 62.1 225 39 115
o1 4 255 62.8 224 37 111
' 5 283 63.1 221 37 111
6 309 64.3 21.9 36 10.2
[PS-ATP-Mn] 3 20,6 623 21.9 35 123
015 4 304 635 218 33 114
5 321 63.9 215 32 114
6 342 65.4 214 31 10.2
3 308 68.1 211 3.2 76
o1 4 326 69.3 20.9 31 6.7
' 5 32.9 69.7 20.7 29 6.7
6 355 70.2 20.6 28 6.4
[PS-ATP-Fe] 3 33.2 69.2 206 25 77
015 4 348 69.9 205 23 73
5 412 70.9 19.9 23 6.9
6 436 713 19.8 2.2 6.4
3 351 78.3 172 11 34
W 4 36.2 79.2 171 11 26
: 5 383 803 171 12 14
. 6 402 80.8 16.9 1.2 11
[PS-ATP-NI] 3 38.7 78.9 14.9 14 48
015 4 40.1 80.7 15.1 13 2.9
' 5 445 824 15.1 13 2.9
6 50.1 83.9 148 11 0.2
3 39.1 712 15.6 27 105
o1 4 405 723 16.8 21 8.8
: 5 432 72.9 16.8 21 8.8
6 452 731 16.7 1.9 83
PS-ATP-Cu 3 401 725 19.1 15 6.9
015 4 422 73.8 193 16 53
5 487 74.4 195 16 45
6 53.8 75.1 193 14 42

Reaction Condition; Acetonitrile (20 mL), ethylbenzene (10 mmol), and H,O, (20 mmol) at 60 °C.
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Table 4
Conversion of ethylbenzene and product selectivity
[ﬂﬂﬂ—\ _ Camlyst 2 MB—cuo + (MM—cooH
TBHP/CH,CN M +
Catalyst Selectivity, %
) o S
Catalysts concentration, g Time, hr | Conversion, % P | @@—cro | @@—coon | Others

3 75 59.1 17.2 5.1 18.6
) 4 8.1 59.2 17.5 5.2 18.1
Blank Reaction 5 85 59.2 17.6 52 18.0
6 9.7 59.3 17.6 5.3 17.8
3 20.1 65.5 18.3 4.9 11.3
01 4 21.5 65.6 18.5 5.1 10.8
' 5 21.9 65.6 18.5 5.2 10.7
6 23.3 65.7 18.6 5.3 10.4
[PS-ATP-V] 3 21.5 65.6 18.5 5.4 10.5
0.15 4 22.2 65.8 18.6 5.6 10.0
' 5 23.1 65.9 18.9 5.3 9.9
6 26.1 66.1 19.1 5.1 9.7
3 16.1 58.7 21.4 39 16.0
01 4 16.5 58.9 21.4 35 16.2
' 5 17.4 58.9 215 33 16.3
6 19.9 59.1 21.6 3.2 16.1
[PS-ATP-Mn] 3 16.8 58.3 215 45 15.7
0.15 4 17.5 58.9 21.6 45 15.0
' 5 19.9 59.2 21.8 4.7 14.3
6 21.2 59.4 21.9 4.8 13.9
3 16.1 68.1 21.1 3.2 7.6
01 4 16.8 69.3 20.9 3.1 6.7
' 5 17.4 69.7 20.7 2.9 6.7
6 20.6 70.2 20.6 2.8 6.4
[PS-ATP-Fe] 3 16.9 69.2 20.6 25 7.7
0.15 4 17.6 69.9 20.5 2.3 7.3
' 5 20.1 70.9 19.9 2.3 6.9
6 22.2 71.3 19.8 2.2 6.4
3 16.1 67.3 16.9 6.1 9.7
N, 4 17.5 67.6 17.1 6.3 9.3
' 5 20.3 68.1 17.2 6.4 8.3
) 6 24.2 68.8 17.2 6.4 7.6
[PS-ATP-Ni] 3 20.7 67.7 145 33 14.5
0.15 4 21.9 67.7 14.7 3.2 14.4
' 5 23.5 68.9 14.7 3.2 13.2
6 24.9 69.1 14.8 3.1 13.0
3 18.1 62.1 16.5 37 17.7
01 4 18.5 63.2 16.6 3.6 16.6
' 5 19.9 63.2 16.6 3.6 16.6
6 21.3 63.7 16.7 3.1 16.5
PS-ATP-Cu 3 18.9 62.3 18.1 2.6 17.0
0.15 4 19.1 63.8 18.2 25 15.5
' 5 20.7 63.9 185 2.6 15.0
6 23.8 64.1 185 2.3 15.1

Reaction Condition: Acetonitrile (20 mL), ethylbenzene (10 mmol), and TBHP (20 mmol) at 60 °C.
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Reusability Evaluation

The reusability of polymer-supported metal complexes in ethylbenzene oxidation was assessed. Each
cycle was followed by filtration, washing, drying, and reusing of the catalysts under the same conditions.
Product yields and selectivity remained stable, though a slight decline in conversion was noted after five cy-
cles (Table 5, Figure 10). IR and DRS spectra showed no significant structural changes, indicating catalyst
integrity. AAS analysis detected minor metal leaching in the fifth cycle, but overall stability ensured effec-
tive reuse, making the catalysts cost-efficient and environmentally friendly.

Table 5
Recyclability Test
Selectivity, %
Catalyst Cycle Conversion, % 50 - o @ coon Others
1 51.1 69.2 18.8 1.9 10.1
2 51.1 69.2 18.8 1.9 10.1
[PS-ATP-V] 3 50.0 69.2 18.8 1.9 10.1
4 49.9 69.2 18.8 1.9 10.1
5 49.9 69.2 18.8 1.9 10.1
1 34.2 65.4 21.4 3.1 10.2
2 34.1 65.4 21.4 3.1 10.2
[PS-ATP-Mn] 3 34.0 65.4 21.4 3.1 10.2
4 33.9 65.4 214 3.1 10.2
5 33.9 65.4 21.4 3.1 10.2
1 43.6 71.3 19.8 2.2 6.4
2 435 71.3 19.8 2.2 6.4
[PS-ATP-Fe] 3 43.4 71.3 19.8 2.2 6.4
4 43.3 71.3 19.8 2.2 6.4
5 43.3 71.3 19.8 2.2 6.4
1 50.1 83.9 14.8 1.1 0.2
2 50.1 83.9 14.8 1.1 0.2
[PS-ATP-Ni] 3 50.0 83.9 14.8 1.1 0.2
4 49.9 83.9 14.8 1.1 0.2
5 49.9 83.9 14.8 1.1 0.2
1 53.8 75.1 19.3 14 4.2
2 53.8 75.1 19.3 14 4.2
[PS-ATP-Cu] 3 53.7 75.1 19.3 1.4 4.2
4 53.6 75.1 19.3 14 4.2
5 53.6 75.0 19.3 1.4 4.2

60 fe W1

MCu RN vin BV
| || | |
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y
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Figure 10. Recyclability test of polystyrene-anchored metal catalyst
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Probable Mechanism for Oxidation of Ethylbenzene

Figurell illustrates a proposed pathway for the oxidation of ethylbenzene using peroxides such as hy-
drogen peroxide or tert-butyl hydroperoxide (TBHP) in the presence of a metal-based catalyst. Initially, the
metal catalyst interacts with the oxidant to produce a reactive hydroperoxide intermediate, accompanied by
the release of counterions like chloride or acetate. This is followed by the formation of a resonance-stabilized
benzylic carbocation, which undergoes a nucleophilic attack by the tert-butylperoxide anion. The resulting
phenylethanol intermediate subsequently rearranges and experiences bond cleavage within the peroxide moi-
ety, ultimately producing benzaldehyde and acetophenone as final oxidation products [41].

NV o N
o Ci“ QX
N, Roou ©\/ /‘ Nyx N RN )
- — T e ——
7 M R ~.-7Z—~OR  RoOH ROOH ~. <~ —-OR
0—o HX o) -HX
R=H, ‘Bu :5
X=Cl, H,0 &
OH EM.X Q
- = a < )
ROOH o
Acetophenone Benzaldehyde

Figure 11. Proposed mechanism for the H,O,/TBHP facilitated oxidation of ethylbenzene catalyzed
by supported catalyst

Conclusions

In summary, new catalytic systems {[PS-ATP-V], [PS-ATP-Mn], [PS-ATP-Fe], [PS-ATP-Ni], and [PS-
ATP-Cu]} were developed and characterized. Their catalytic efficiency was assessed using ethylbenzene as a
model substrate. Oxidation reactions were performed under optimized conditions (0.15 g catalyst, 6-hour
reaction time, 60 °C) with H,O, or TBHP as oxidants. Among the catalysts, [PS-ATP-Cu] exhibited the
highest ethylbenzene conversion (53.8 %) with H,O,, whereas [PS-ATP-Mn] showed the lowest conversion
(21.2 %) with TBHP. The best selectivity for acetophenone (83.9 %) was achieved using [PS-ATP-Ni] with
H,0,, while [PS-ATP-Mn] had the lowest selectivity (59.4 %) with TBHP. These catalysts demonstrated
excellent stability, maintaining their activity over five reuse cycles with minimal loss, indicating their poten-
tial for broader applications in heterogeneous catalysis.
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