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The selective oxidation of sulphide to sulfoxide is an important transformation process in the industry. In
this work, a novel polyaniline-supported iron catalyst (Fe@PANI) was designed and synthesised for
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catalyzing the reaction. It was found that the material exhibited magnetism and could be recycled by
magnetic separation and reused without deactivation. The magnetic Fe@PANI-catalyzed oxidation
reaction of sulphides could selectively form sulfoxides without the generation of sulfones. The
inexpensive catalyst and mild and green conditions make the reaction practical for large-scale
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Introduction

Sulfoxides are useful synthetic intermediates in the industry
because they widely exist in a variety of medicines and pesti-
cides, such as fipronil, lansoprazole and (R)-omeprazole.' Since
sulphides are easily synthesized via nucleophilic substitution
or coupling reactions, the oxidation of sulphides is considered
to be a direct route to sulfoxides.> However, traditional synth-
esis methods encounter several issues, including the reliance
on noble metals, excessive ligand consumption, the inability to
recycle catalysts, the low conversion rates of catalysts, the use of
chemical oxidants/additives, acidic conditions or high reaction
temperatures that may be intolerable to the sensitive functional
groups of the substrates.> Moreover, sulfoxides may be easily
oxidized to sulfones, and controlling this side reaction is also a
great challenge.? During the past decade, chemists have paid
much attention to developing techniques for the selective
oxidation of sulphides to sulfoxides under mild and green
conditions.”

On the other hand, polyanilines (PANIs) are employed as
supports to develop heterogeneous metal catalysts (M@PANIs)
for a variety of reactions.® PANI-supported noble metals, such
as Pd, Pt, Ag, and Au are found to be efficient catalysts in
coupling reactions with very high catalyst turnover numbers
(TONs).” In comparison with the inorganic supports, PANIs are
versatile and their properties can be adjusted by introducing
functional groups onto the aniline monomers to improve the
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catalytic activities of the supported metals.® Thus, proper ani-
line monomers may be screened out to develop M@PANI
catalysts using relatively cheap metals, such as Cu, Ni, W and
Mo.’ Developing iron-based catalysts is an attractive objective
because Fe is the cheapest metal on earth and shows good
biocompatibility with human beings and animals."® Although
Fe-involved M@PANIs catalysts have already been recently
reported, in most cases, Fe existed as Fe;O, to provide the
magnetic property for the materials, and reports on the use of
Fe@PANISs catalysts for synthesis purposes are rare.'’ Recently,
we successfully developed a magnetic Fe@PANIs catalyst for the
selective oxidation of sulphides to sulfoxides under green and
mild conditions. Herein, we report our findings.

Results and discussion

Fe@PANI materials were synthesized via the traditional oxida-
tive polymerization reaction (Fig. 1). In this method, PANI
monomers were initially dissolved in aqueous HCL and Fe;O,
was then added as the iron source. Aqueous ammonium
persulfate (APS) was then added to the system to initialize the
oxidative polymerization reaction. Iron species were adsorbed
onto the generated PANI fibres, which were then isolated via
centrifugation.

Using polyaniline and p-fluoroaniline as monomers, we
synthesized two types of Fe@PANIs and they were named
Fe@PANI-H and Fe@PANI-F, respectively. Inductively coupled
plasma mass spectrometry (ICP-MS) analysis indicated that the
amount of Fe in Fe@PANI-H and Fe@PANI-F was 4.1% and
1.7%, respectively. The result indicated that introducing
electron-withdrawing fluorine into the system could reduce
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Fig. 1 A diagram of the synthesis of Fe@PANI.

the coordination effect of nitrogen to metals and lead to a
decrease in the Fe content.

Fe@PANI materials were synthesized via the traditional
oxidative polymerization reaction (Fig. 1). In the method, the
PANI monomers were initially dissolved in aqueous HCL, and
Fe;0, was then added as the iron source. Aqueous ammonium
persulfate (APS) was then added to the system to initialize the
oxidative polymerization reaction. Iron species were adsorbed
onto the generated PANI fibres, which were then isolated by
centrifugation. Using polyaniline and p-fluoroaniline as mono-
mers, we synthesized two types of Fe@PANIs and they were
marked as Fe@PANI-H and Fe@PANI-F. Inductively coupled
plasma mass spectrometry (ICP-MS) analysis indicated that the
weight contents of Fe in Fe@PANI-H and Fe@PANI-F were 4.1%
and 1.7%, respectively. The result indicated that introducing
the electron-withdrawn fluorine into the system can reduce the
coordination effect of nitrogen to metals and lead to a decrease
in Fe content.

The materials were then employed as catalysts In the sul-
phide oxidation reactions (Fig. 2). Fe@PANI-F shows better
catalytic activity than Fe@PANI-H, although the Fe loading is
even lower in the reactions (Fig. 2a). Generally, the electron-
enriched sulphides were preferable substrates, leading to
higher product yields of 2a and 2b than the reactions of
electron-deficient ones giving 2c-2e. Introducing electron-
withdrawing groups into the aliphatic chain also led to the
decreased yield of 2g (vs. 2f). The reaction could be retarded by
the steric hindrances of the substrates, i.e., the yields of 2h and
2i were lower than those of 2a and 2f. Besides aryl, benzyl- or
alkyl-substituted sulphides could also provide the related sulf-
oxides 2j and 2k, smoothly. Moreover, as a magnetic material,
Fe@PANI-F could be magnetically separated after the oxidation
reaction of 1a, and it could be reused at least five times to
provide 2a in good yields (Fig. 2b). The reaction of
methyl(phenyl)sulfane can be enlarged to a 10 mmol scale,
giving 2a in 91% yield. Notably, the reaction was specific for
generating sulfoxides, and using excess H,0, (2.0 equiv. vs. 1)
did not lead to any sulfone by-products, as indicated by GC-MS.
Catalysed by Fe@PANI-F, thiols such as p-methylthiophenol
could be sufficiently oxidized to produce p-toluenesulfonic acid
only, and by using sufficient H,O, (4.0 equiv.), its yield could
reach 95%.
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In Fourier transform infrared (FT-IR) spectra of the materi-
als (Fig. 3a), the peaks at 1571 and 1508 cm ™' reflected the
C—=C stretching vibration of quinone and benzene structures.
The peak strength represented the oxidation degree of PANI.
The stretching vibration signals of C-N emerge at 1315 and
1240 cm ™', while the stretching vibration of C=N at 1153 cm ™"
is the characteristic peak of PANL The peak at 829 cm ™' is the
C-H tensile vibration. The peak at 588 cm ™ is the character-
istic peak of Fe-O stretching vibration."> In addition, C-F
stretching vibration is reflected by the signal at 707 cm .
The introduction of the electron-withdrawing fluorine group
causes the signals of stretching and bending vibrations of the
chemical bonds to shift to the high-frequency direction. The high
electronegativity of the fluorine group results in the increase of
the strength of the peaks between 1153 to 1571 cm™ *. Comparison
of the FT-IR spectra demonstrates that by introducing fluorine,
the electron density of the PANI chain decreased, and this may be
the reason for the reduced coordination effect of nitrogen in PANI
with metals leading to the decreased Fe content. However, the
reduced N-Fe coordination may allow the metals to participate in
the catalytic oxidation reactions more freely, resulting in the
improved catalytic activity of Fe@PANI-F vs. Fe@PANI-H (Fig. 2).

Powder X-ray diffraction (XRD) patterns of the materials are
shown in Fig. 3b. Since PANIs are polymers with low crystal-
linity, their diffraction peaks are low and wide, and the signals
are weak. Two peaks at 20 = 19.97° and 25.03° are attributed to
the planes (020) and (022), respectively."® The characteristic
peaks of planes at (220), (311), (400), (422), (511), (440), and
(511) of Fe;O, can also be observed in the XRD patterns,"*
indicating that iron has been successfully loaded into the
material and there is no structural change of Fe;O, during
the formation of the composite. The introduction of fluorine
enhances the strength of the diffraction peak signal of PANI
and leads to the peak shift due to the strong electronegativity of
the element.

It has been reported that PANIs were mostly formed by
filamentous fibres.'> However, scanning electron microscopy
(SEM) images of Fe@PANIs showed that introducing Fe and F
may lead to changes in the morphologies and structures of the
materials (Fig. 3c and d). In Fe@PANI-H, the accumulation of
PANI fibres and amorphous iron particles on its surface pre-
sents a uniform particle morphology (Fig. 3c), but for Fe@PANI-
F, the surface aggregations are in sheet shape with larger pores,
resulting in the enhanced amount of reaction sites that can
provide better contact with the reactants (Fig. 3d). Therefore, in
comparison with Fe@PANI-H, the catalytic activity of Fe@PANI-
F was obviously improved in sulphide oxidation reactions,
regardless of the reduced Fe loading (Fig. 2).

The transmission electron microscopy (TEM) image of
Fe@PANI-F shows that the outer layer of the particles of the
material is covered by transparent matter, reflecting that the
PANI-F covers the surface of Fe;O, (Fig. 4a). Due to the low
content of iron, no crystals were detected in the electron
diffraction pattern and high-resolution transmission electron
microscopy (HR-TEM) image of the material (Fig. 4b and c,
respectively). Energy dispersive X-ray (EDX) spectroscopy

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The Fe@PANIs-catalyzed oxidation reactions of sulphides to sulfoxides: (a) substrate extensions, (b) TON of Fe@PANIs-catalyzed, and (c) catalyst
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Fig. 3 The characterization of the catalysts: (a) the IR-spectra, (b) XRD
patterns, (c) and (d) SEM images of Fe@PANI-H (c) and Fe@PANI-F (d).

analysis showed that Fe was involved in the material (Fig. 4d).
Element mapping images demonstrated that Fe was success-
fully included in the skeletons of PANI-F (Fig. 4e).

In the X-ray photoelectron spectroscopy (XPS) spectra of the
materials, signals at 284.6, 285.8, and 286.4 eV in the C 1s
spectra are attributed to C-C/C-H, C-N/C=N, and C-O in the
PANI skeleton (Fig. 5a). In N 1s spectra, the peaks at 398.7 and
401.8 eV correspond to two different chemical states of nitro-
gen (Fig. 5b). It is also indicated by the Oy, spectra that three
different states of oxygen are involved in the material, in which
O, is considered to be the adsorbed oxygen, while O, is the
crystal oxygen in Fe;O,, and the signal strength is determined
by the oxygen vacancy concentration (Fig. 5c). In Fe,, spectra,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The characterization of Fe@PANI-F: (a) the TEM image, (b) electron
diffraction pattern, (c) HR-TEM image, (d) EDX pattern and (e) element
mappings.

two signals emerged at around 711.5 and 724.7 €V, corres-
ponding to Fe,n3, and Fe,p s, respectively. By analysing O,
and Fe’" composition in XPS spectra, it is found that the
oxygen vacancy concentration in Fe@PANI-F is higher than
that in Fe@PANI-H, affording more active sites to improve
the catalytic efficiency of the material in the oxidation reactions
(Tables S1-S4 in ESIt)."°

A series of control experiments were then performed to
obtain sufficient information for the mechanism study. First,
using stoichiometric H,O0, (1 equiv. vs. 1a) resulted in
decreased 2a yield (Table 1, entries 2 vs. 1), and this was
probably because the EtOH solvent of the reaction as a reduc-
tive chemical might have consumed a part of the oxidant.
However, considering its green features as well as the cheap
price, we continued to use EtOH as the solvent of the reaction.

Mater. Adv., 2024, 5, 267-273 | 269
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Further enhancing the dosage of H,0, could hardly enhance
the product yield (Table 1, entries 3 vs. 1), but no sulfone by-
product was observed by thin-layer chromatography (TLC). The
result showed that the reaction condition at 25 °C could resist
the over-oxidation reaction of sulfoxide to sulfone. The reaction
with PANI-F as a catalyst led to 2a in very poor yield, similar to
the results of the blank reaction without a catalyst, showing
that Fe was the essential catalyst for oxidation (Table 1, entries
4 and 5). Comparatively, the Fe;O,-catalyzed oxidation of 1a
produced 2a in only 28% yield (Table 1, entry 6). Using soluble
FeSO, as a catalyst also led to poor 2a yield (Table 1, entry 7).
These results verified that PANI-F was an essential support that
could obviously enhance the catalytic activity of Fe. Since the
reaction could be restrained by 2,2,6,6-tetramethylpiperidoxyl
(TEMPO), it is supposed to be a free radical reaction (Table 1,
entry 8)."” Salicylic acid trapping experiment further confirmed

Table 1 Control experiments?

(0]
catalyst, additive I
ph” S e * 202 EtOH, 25°C,4h  pp” " “Me
1a 2a
Entry H,0,/1a’ Catalyst, additive® Yield? (%)
1 2.0 Fe@PANI-F (1.8) 93
2 1.0 Fe@PANI-F (1.8) 77
3 3.0 Fe@PANI-F (1.8) 92
4 2.0 PANI-F (0) 20
5 2.0 — 19
6 2.0 Fe;0, (1.8) 28
7 2.0 FeSO, (1.8) 37
8 2.0 Fe@PANI-F (1.8), TEMPO (100) <5

4 0.5 mmol of 1a was employed. ? Molar ratio of the employed H,0,/1a.
¢ Percentage (%) of catalytic metal or additive vs. 1a inside the brackets.
? Yield of 2a on the basis of 1a.
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that the hydroxyl radical was involved
(Fig. S1 in ESI¥)."®
Thus, on the basis of the experimental results as well as

in the process

the literature reports, a plausible mechanism is proposed
(Scheme 1). First, as indicated by the XPS spectra, Fe** species
were involved in the material (Fig. 5d), and it could initiate the
free radical chain via the single electron transfer (SET) reaction
with H,0, to furnish the hydroxyl radical.'® Fe** was oxidized to
Fe’, which might be reduced by the organic solvent to main-
tain the Fe*" content in the catalyst material.*® The reaction of
the hydroxyl radical with sulphide (1) led to the radical inter-
mediate 3, which could react with another molecule of H,O, to
produce intermediate 4 and regenerate the hydroxyl radical to
continue the radical reaction chain.?’ Dehydration of 4
occurred quickly to produce the final product 2. Bearing a
S—O, the electron density of sulphur in 2 significantly
decreased. Thus, it could hardly react with the hydroxyl radical
so the reaction could keep high selectivity at the sulphide
generation step, while no sulfone by-product was produced
even with an excess of the H,0, oxidant (Table 1, entry 3).>?
PANI-F is undoubtedly good support that can enhance the
activity of Fe: (1) in comparison with PANI-H, the surface
structure of PANI-F in the sheet shape with larger pores may
enhance the number of reaction sites that can better contact
with the reactants; (2) the electron-withdrawing features of
fluorine group reduces the N-Fe coordination, leading to the
metal participating in the catalytic oxidation reactions more
freely; (3) the enhanced oxygen vacancy concentration of the
catalyst after the introduction of the fluorine group may also
provide more active sites for the oxidation reactions.

Conclusions

In conclusion, we have synthesized a novel Fe@PANI-F material
that can be used as an efficient catalyst for sulphide oxidation
reaction to selectively produce sulfoxides. The material is
magnetic and can be magnetically separated after the reaction.
It can be reused at least five times giving good product yields.
In comparison with references, the green and mild reaction
conditions are the advantages of this method. Moreover, to the
best of our knowledge, this is the first example of using

© 2024 The Author(s). Published by the Royal Society of Chemistry
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magnetic Fe@PANI materials as catalysts for synthesis pur-
poses. Therefore, this work may inspire new ideas for the
design of new catalysts in the synthesis industry.

Experimental
General methods

Reagents and solvents were purchased from the reagent sup-
pliers and used directly, as received, without any special treat-
ment. The reagents were analytically pure (AR). The melting
points of the products were determined using the WRS-2A
digital instrument. Fourier Transform infrared (FT-IR) spectra
of the products were obtained using an Antaris II spectrometer.
NMR spectra were recorded on a Bruker Avance 400 instrument
using CDCl; as the solvent and Me,Si as the internal standard.
Chemical shifts for 'H NMR were referred to internal Me,Si
(0 ppm) and J-values are shown in Hz. XPS spectra were
measured on the Thermo Fisher Scientific ESCALAB 250Xi X
photoelectron spectrometer. The morphologies of the catalysts
were analyzed using FE-SEM on a Zeiss_Supra55 field emission
scanning electron microscope. HR-TEM images were captured
on a Tecnai G2 F30 field emission transmission electron
microscope. ICP-MS analysis was performed on a PerkinElmer
Optima 7300 DV inductively coupled plasma spectrometer. The
crystal structure of the catalyst was studied using the AXS D8
powder diffractometer at an applied current of 40 mA.

Procedures for the preparation of Fe@PANI-F

Fe@PANI-F nanocomposites were fabricated by oxidative poly-
merization of 4-fluoroaniline using ammonium persulphate
(APS) in an acidic medium. To a 250 mL beaker, 4.7 mL of 4-
fluoroaniline and 50 mL aqueous HCI (1 mol L") were added.
After stirring for 10 min, 200 mg of Fe;O, was added to the
beaker. Then, APS solution (2.0 g APS in 40 mL 1 M HCI) was
added and stirred to initiate the oxidative polymerization.
The mixture was then kept standing at room temperature for
24 h, and neutralized using 1 mol L™" of aqueous NaOH. The
precipitate was separated by centrifugation and washed with
deionized water and EtOH 6 times. After drying at 60 °C under
vacuum for 24 h, the Fe@PANI-F material was obtained.

General procedures for the Fe@PANI-F-catalyzed selective
sulfide oxidation

0.5 mmol of substrate 1, 30 mg of Fe@PANI-F catalyst, and a
piece of the magnetic bar were initially added into a 25 mL
Schlenk tube. H,0, could be introduced into the system using
two protocols: (1) the solution of 1 mmol of H,0, (30 wt%) in
2 mL of EtOH was injected into the system at one time; (2) the
solution of 1 mmol of H,0, (30 wt%) in 2 mL of EtOH was
injected into the system in four portions during the reaction
processes (0.25 mmol of H,0, was added every 0.5 h). The
reaction mixture was stirred at 25 °C for 4 h. After that, a
magnet was placed outside the bottom of the reaction tube,
while the reaction liquid was being separated. By adding fresh
reactants, the recycled catalyst in the Schlenk tube can be

© 2024 The Author(s). Published by the Royal Society of Chemistry
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directly reused without any purification. The solvent in the
reaction liquid was then removed by distillation with a rotary
evaporator and the residue was separated by preparative TLC
on silica (GF-254) with petroleum ether/EtOAc 1:1 to afford the
related product 2.
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