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This study demonstrates the efficient synthesis of diarylthioethers via C-S cross-coupling between
diverse aryl halides and arylthiols utilizing a magnetically retractable Fez0,4@SiO,—PrNH,—-SA-Cu(i)
nanocatalyst using K,COsz as a base in DMF. The heterogeneous nanocatalyst was fabricated through a
multistep process. The designed catalyst was characterized using various techniques, such as XRD,
HRTEM, FESEM, STEM, EDAX, elemental mapping, TGA, VSM, XPS, ICP-OES and FT-IR. The catalyst
design provides a dual role of the Schiff base-anchoring copper ions, to accelerate the oxidative addition
and reductive elimination steps. This method makes use of ligand-free synthesis of diarylsulfides,
enabling magnetic recovery and reuse of the catalyst for up to 6 cycles. The nanocatalyst exhibited high
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catalytic activity and a broad substrate scope. The magnetic nature of the nanocatalyst enabled easy
separation from the reaction mixture using an external magnet, thus simplifying the workup. The synthe-
sized nanocatalyst was then utilized for the synthesis of diarylthioethers and heterodiarylthioethers. The
pure compounds were characterized using *H and *C NMR. This catalytic system offers a cost-effective,
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1 Introduction

Diarylsulfides represent an important class of organosulfur
compounds with significant effects in pharmaceuticals,"®
agrochemicals, and materials science.”® Structurally, they
feature an aryl-S-aryl linkage with sulfur as a heteroatom, which
exhibits unique electronic and steric properties essential for
bioactive molecules such as anticancer agents,"”” antifungal
drugs,'® and kinase inhibitors."® Traditionally, the synthesis
of diarylthioethers utilized transition metal-catalyzed C-S cross
coupling, typically employing palladium or copper metal com-
plexes to couple arylhalides and arylthiols.”’ > However, these
approaches face significant limitations, including harsh
chemical conditions and the use of expensive ligands.>® For
example, palladium catalysts often require inert atmospheres
and high temperatures, while copper catalysts in homogeneous
systems suffer poor recyclability and metal leaching, making it
difficult for purification and increasing costs. Also, common
sources of aryl thiols have a foul smell, demanding careful
handling.**>® These challenges highlight the need for sustainable,
efficient catalytic systems that operate under mild conditions, mini-
mize environmental impact, and align with green chemistry princi-
ples. In response, nanocatalysts have emerged as transformative
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efficient, and simple protocol for the formation of the C-S bond.

tools that comprise high surface area and tunable active sites.
Magnetic nanoparticles (MNPs), particularly Fe;O, cores functiona-
lized with silica and organic ligands, offer a platform for immobiliz-
ing catalytic metals, enabling fast recovery via external magnets.””>°
Copper-based nanocatalysts are especially attractive due to their
abundance, low toxicity, and effectiveness in promoting C-S bond
formation. The design of Fe;0,@SiO,~PrNH,-SA-Cu(u) integrates
multiple advantages: (i) the Fe;0O, core permits magnetic separation;
(ii) the SiO, shell, being inert, prevents unwanted aggregation and
provides hydroxyl groups for functionalization;** (iii) the PrNH,-
SA Schiff base acts as a chelating ligand, stabilizing Cu ions and
enhancing catalytic activity.>* Prior studies confirm that such immo-
bilized Cu complexes facilitate Ullmann-type coupling with high
atom economy, while the magnetic support prevents difficult filtra-
tion and reduces metal leaching.**™’ Various researchers have
reported the synthesis of diarylsulfides using different nanocatalysts,
as shown in Scheme 1. In 2020, Yu et al. and co-workers reported the
synthesis of diarylsulfides using a nanocatalyst made of manganese
oxide octahedral molecular sieves modified with copper ions using a
ligand-free condition.*® In 2022, Xu et al. and coworkers reported the
synthesis of diarylthioethers using arylhalides and diaryldisulfide in
the presence of a magnetic nanocatalyst synthesized by the immo-
bilization of a palladium(u) complex on the surface of silica-coated
iron oxide modified with a 2-aminopyridine ligand.** Building on
these advances, we report a magnetically recoverable nanocatalyst
Fe;0,@Si0,-PrNH,-SA-Cu(u) for synthesizing diarylsulfides via
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Scheme 1 Existing reports on the synthesis of diarylsulfides.

cross-coupling of arylhalides (X = Cl and Br) and arylthiols. The
reaction employs K,CO; as a mild, inexpensive base and DMF as a
polar aprotic solvent, ensuring broad substrate compatibility under
aerobic conditions. The catalyst design provides a dual role of the
Schiff base-anchoring copper ions, to accelerate the oxidative addi-
tion and reductive elimination steps. Key innovations include: (i)
eliminating the use of ligands and simplifying the reaction setup, (ii)
achieving the product under mild conditions, and (iii) enabling
magnetic recovery of the catalyst and simplifying the workup
procedure, and (iv) reuse for up to 6 cycles.

2. Experimental

2.1. Materials and methods

All the chemicals were brought from Merck and Avra (India) and
were used without any purification. Fourier transform infrared
spectra were recorded on a Shimadzu IR Spirit spectrophotometer,
and the XRD data were recorded on a Miniflex 600 diffractometer
using CukK, radiation in the range of 0°-40° (2 theta). An EZ-7
Vibrating Sample Magnetometer was used to assess the magnetic
properties. The progress of the reaction and determination of the
pure compounds were done by thin-layer chromatography (silica
gel 60 F,s, plates, Merck). The pure compounds were isolated
using column chromatography. The TGA was carried out using the
NJA-STA 2500 Regulus Simultaneous TGA/DTA Analyzer. The pure
organic compounds were characterized by using 'H and "*C NMR,
taking TMS as a reference. The purity of the synthesized com-
pounds was monitored on silica gel 60 F,s, plates purchased from
Merck to monitor the reactions.

2.1.1. Preparation of Fe;O, nanoparticles. The magnetic
nanoparticles were synthesized according to the method
reported by Chicea et al.*® 2.1 mmol of FeCl;-6H,0 and 1 mmol
of FeCl,-4H,0 in 100 mL distilled water were ultrasonicated for
30 minutes. The mixture was heated at 80 °C. Then, 10 mL of
25% aq. NH; was added to the mixture dropwise under a
nitrogen atmosphere until a black precipitate was formed,
followed by stirring for 30 minutes. The resulting precipitate
was magnetically extracted from the solution, and the super-
natant liquid was decanted. The solid was then washed with
distilled water to remove excess base, followed by EtOH to
remove other impurities. Later, it was dried at 65 °C for 12 h.
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2.1.2. Preparation of silica-coated magnetic nanoparticles
(Fe;0,@8i0,). This coating was done according to the famous
Stober method.*! 1 g of Fe;0, nanoparticles was dispersed in a
1:2 ratio of distilled water (20 mL) and ethanol (40 mL) while
stirring at room temperature. After 10 minutes, 0.7 mL of tetraethyl
orthosilicate was added dropwise and stirred at room temperature
for 8 h. The resultant product was collected via an external magnet.
It was then washed thoroughly with distilled water and then with
EtOH and dried at 70 °C for 12 h under vacuum.

2.1.3. Preparation of Fe;0,@SiO,-PtNH,. 1 g of
Fe;0,@Si0, was dispersed in 40 mL of toluene and stirred at
room temperature.”> After the dispersion of the compound
uniformly, 1 mmol of (3-aminopropyl)triethoxysilane was
added dropwise, and the mixture was refluxed for 24 h. The
solid was extracted using an external magnet, washed with
toluene to remove unreacted silane, followed by EtOH, and
dried at 70 °C for 12 h under vacuum.

2.1.4. Preparation of Fe;0,@SiO,-PrNH,-SA. 1 g of
Fe;0,@Si0,-PrNH, was dispersed in 40 mL of toluene while
stirring at room temperature. After the complete dispersion of
the compound, 3 mmol of salicylaldehyde (SA) was added to it
dropwise and then refluxed for 24 h. The solid was extracted
using a magnet and washed thoroughly using toluene, followed
by EtOH. Later, it was dried at 70 °C for 12 h under vacuum.

2.1.5. Doping of copper onto Fe;0,@SiO,-PrNH,-SA-
Cu(n). 1 g of Fe;0,@Si0,-PrNH,-SA was added to 40 mL of
DMSO while sonicating at room temperature. After uniform
dispersion, 3 mmol of copper acetate was dispersed in a DMSO
solution, and the mixture was refluxed for 24 h. The resultant
mixture was collected using an external magnet, washed with
distilled water to remove unreacted copper acetate, followed by

Ho, PH on
FeCl; 6H,0 Distilled water Ho EtOH:H,0 (4:1)
+ —> HO OH
FeCl,4H,0  25% of aq. NH; TEOS. 1% aq. NH;
30mins, 80 °C Ho OH 24h, rt Si0
HO &y OH -
Fe;04 NPs Fe;0,@Si0,

APTES, Toluene|
Reflux, 24h

CHO
O\
S|
e @
- 2 Ton o—
HoN Si0,

Toluene
Reflux, 24h

O
S

SiZ-0—
Si0,

Fe;0,@Si0,-PrNH,

Fe;0,@Si0,-PrNH,-SA
N
NS
\‘ l\o o\
c \\

Ej
@

Scheme 2 Stepwise synthesis of the Fes04@SiO,—PrNH,—-SA-Cu(i)
nanocatalyst.
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EtOH, and dried under vacuum at 70 °C for 12 h. This is
denoted as Fe;0,@Si0,-PrNH,-SA-Cu(u) (Scheme 2).

2.1.6. General procedure for C-S cross coupling reaction using
Fe;0,@Si0,-PrNH,-SA-Cu(u). 0.025 mmol of Fe;0,@Si0,-PrNH,—~
SA-Cu(u) was added to a mixture of aryl halide (1 mmol), arylthiols
(1.2 mmol), and K,COj; (2 mmol) in DMF under a N, atmosphere.
The progress of the reaction was monitored by TLC. After the
completion of the reaction (monitored by TLC), the reaction
mixture was diluted with ethyl acetate. Later, the nanocatalyst
was magnetically removed, washed with ethyl acetate, and used
for subsequent runs. The organic layer was washed thoroughly with
water and dried over anhydrous sodium sulfate. The solvent was
evaporated, and the resulting crude was purified by column
chromatography to afford the pure product.

3. Results and discussion

3.1. Characterization techniques

The structure of the fabricated Fe;0,@SiO,~PrNH,-SA-Cu(u)
was characterized using various characterization techniques,
such as FESEM, STEM, HRTEM, VSM, XRD, FTIR, EDAX, XPS,
ICP-OES, elemental mapping, and TGA.

3.1.1. FESEM and STEM analysis. Fig. 1(a) and (b) show the
FESEM image of the catalyst. The particles appear irregular and
closely-packed, showing the successful surface modification.
These images demonstrate a compact surface morphology of
the nanocatalyst, indicating successful layer-by-layer functiona-
lization. The SiO, coating and other organic groups likely
increased the surface roughness.**** Fig. 1(c) and (d) are
dark-field STEM images. This combined data provides evidence
of successful surface modification and metal incorporation.
Fig. 2 shows the size distribution analysis of the synthesized
nanocatalyst.

3.1.2. High-resolution transmission electron microscopy
(HRTEM). Fig. 3(a) and (b) show the HRTEM images of the
synthesized nanocatalyst Fe;0,@SiO,-PrNH,-SA-Cu(u) at

Fig. 1 (a) and (b) represent FESEM images, and (c) and (d) represent STEM
images of Fes04@SiO,-PrNH,-SA-Cu(n).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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20 nm magnification. The images reveal that the particles
possess quasi-spherical morphology.

3.1.3. Energy dispersive X-ray analysis (EDAX). EDAX of the
Fe;0,@8Si0,-PrNH,-SA-Cu(u) nanocatalyst was carried out to
confirm the presence of the elements present in it (Fig. 4). The
EDAX data shows the presence of Fe, Si, O, N, C, and Cu in the
sample. According to the data, the elements C, N, O, Si, Fe, and
Cu have atom percentages of 18.5%, 4.46%, 47.1%, 1.4%,
25.25%, and 3.29%, respectively. Also, the K, values of carbon
and nitrogen are nearly identical, so the nitrogen signal over-
laps with that of carbon in the image. This confirms the
successful deposition of all the elements in the nanocatalyst.

3.1.4. Elemental mapping. To further confirm the ele-
ments present in the sample, elemental mapping was per-
formed (Fig. 5). This analysis helps in visualizing and
analyzing the distribution of elements within the nanocatalyst.
The results demonstrate how the elements are dispersed and

Full scale counts: 1666
Integral Counts: 32237
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Fig. 4 EDAX data of the Fez04@SiO,-PrNH,-SA-Cu(i) nanocatalyst
showing the expected elements.
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Fig. 5 Elemental mapping of the synthesized Fez0,4@SiO,—PrNH,—SA—
Cu(i) nanocatalyst.

confirm the expected elements in the sample. Each square
represents a map that shows the distribution of elements
within the sample on a microscopic level. The image provides
visual data of the elements: C (carbon) is shown in red, N
(nitrogen) is shown in light blue, O (oxygen) is shown in yellow,
Si (silicon) is shown in light green, Fe (iron) is shown in pink,
Cu (copper) is shown in white. In Fig. 4, the brighter spots
indicate the higher concentration of the respective element
present in the sample. This data further confirms that the
nanocatalyst contains all the expected elements in the sample,
and it agrees with the EDAX data.

3.1.5. X-ray diffraction analysis. X-ray diffraction data of
Fe;0,@Si0,-PrNH,-SA-Cu(u) are displayed in Fig. 6. The
results of the analysis confirmed that the Fe;O, nanoparticles
retained their phase even after the surface modifications. The
Fe;0, XRD data are in good agreement with the standard value
of Fe;0, (JCPDS file no: 65-3107). The typical characterization
peaks of Fe;O, at 20 = 30.1°, 35.4°, 43.4°, 53.53° 57.1°, and
62.99° can be indexed to the (220), (311), (400), (422), (511), and
(440) planes of Fe;0, in its cubic phase, respectively. The XRD
data of Fe;0,@SiO,-PrNH,-SA-Cu also show all the peaks of
Fe;0,. The diffraction peak at 20 = 35.4° shows increased
intensity, indicating strong crystallinity of the catalyst due to
fabrication. The XRD data obtained in this study align with
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Fig. 6 XRD data of FesO4 and Fes0,4@SiO,-PrNH,-SA-Cu(i) nanocatalyst
incorporation.
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literature reports.*> The XPS analysis further confirms the
presence of copper in its +2 oxidation state. A noticeable change
in the shift of the diffraction peak 20 = 57.1° to 20 = 54.1° is due
to the change in the lattice parameters. The shift in the XRD
peak during doping is due to a change in the lattice parameter
and is related to the ionic radius of the dopant compared to that
of the host. The leftward shift of the peak indicates that the ionic
radius of the Cu is slightly larger, thus increasing the interplanar
spacing and shifting the peaks to lower 20 values. Additionally, a
weak diffraction peak around 32° and 67° in the XRD pattern of
the Fe;O, nanoparticles may be attributed to the presence of
trace maghemite phase, indicating partial oxidation of Fe;O,
due to exposure to air. The peak intensity is less prominent after
the SiO, coating and further surface functionalization, indicat-
ing successful core-shell modification.

3.1.6. Fourier transform infrared spectroscopy (FTIR).
Fig. 7 shows the stepwise FTIR analysis of the nanocatalyst.
(a) Fe3O, nanoparticles, (b) Fe;0,@Si0,, (¢) Fe;0,@SiO,-
PrNH,, (d) Fe;0,@SiO,-PrNH,-SA, and (e) Fe;0,@SiO,-
PrNH,-SA-Cu(n). In Fig. 7a, the presence of stretching vibra-
tions at 582 cm™ ' is attributed to the Fe-O band. Also, the
stretching vibration of adsorbed water molecules on the surface
of the Fe;0O, nanoparticles at 3385 cm ™' is noticeable. This
confirms the successful formation of Fe;O, nanoparticles. In
Fig. 7b, the broad band at around 3300 cm ™' is attributed to
surface silanol groups (Si-OH). The Fe-O band remained intact.
The stretching band at around 1089 cm ™" is attributed to the
Si-O-Si bond. This confirms the condensation reaction between
the hydroxyl groups of Fe;O, and the alkoxysilane of TEOS. In
Fig. 7c, the Fe-O and Si-O-Si stretching bands remained intact.
The absorbed peak at 3400 cm ' corresponds to the N-H
stretching vibration of the NH, group of APTES. The band at
around 2900 cm™ ' is attributed to the stretching vibration of the
C-H bond of the methylene group of APTES. This confirms the
presence of APTES chain molecules. The presence of a band at

— @

O-H

[—m 1o

Transmittance (%)

$i-0-8i

Si-O-Si

™ Wavenumbér(em™) ™

Fig. 7 FTIR spectrum of (a) FesO4 nanoparticles, (b) Fes0,4@SiO,, (c)
Fes04@SiO5-PrNH,, (d) Fes04@SiO,-PrNH,-SA, and (e) Fes0,4@SiO,-
PrNH,-SA-Cu(n).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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around 1439 cm ™' is attributed to the C-H bending mode of the
methylene groups in APTES. In Fig. 7d, the presence of the
characteristic C—=C band of the benzene ring at 1605 cm '
confirms the successful incorporation of salicylaldehyde onto
Fe;0,@Si0,-PrNH,. The band at around 1624 cm ' corre-
sponds to the C=N stretching band, confirming the successful
formation of the Schiff base. The peak at 3437 cm™ " corresponds
to the aromatic O-H. In Fig. 7e, slight changes in the intensity of
the peaks indicate the successful incorporation of copper onto
the surface of Fe;0,@Si0,-PrNH,-SA.

3.1.7. Thermogravimetric analysis (TGA). To evaluate the
thermal stability of the nanocatalyst, thermogravimetric analysis
was performed (Fig. 8). The initial weight loss of approximately
3% below 190 °C is attributed to the evaporation of physically
adsorbed water molecules. This is further supported by the FT-IR
spectrum (Fig. 7), which displays only a weak -OH stretching
band, confirming minimal moisture content on the catalyst
surface. A subsequent weight loss of around 7% observed in
the range of 190-370 °C is mainly due to the decomposition of
the aminopropyl linkage and the Schiff base moieties. Another
significant weight loss of about 4% between 470 and 610 °C is
associated with the breakdown of a more thermally stable Schiff
base complex with copper. Beyond 600 °C, the TGA curve
becomes flat, indicating no further mass loss and confirming
the presence of a thermally stable inorganic core.’® These
observations suggest that the nanocatalyst remains thermally
stable up to 250 °C, making it suitable for applications in
thermally demanding organic transformations.

3.1.8. Vibrating sample magnetometer (VSM) analysis. To
evaluate the magnetic properties of the nanocatalyst, vibrating
sample magnetometer analysis was conducted at room tempera-
ture (Fig. 9). The resulting M-H curve, which plots magnetic
moment (emu g~ ') on the Y-axis against the applied magnetic
field (Oe) along the X-axis, displays a nearly symmetrical S-shaped
plot with a narrow hysterical loop indicating minimal energy loss
during magnetization and demagnetization. The curve flattens
near +40 emu g~ ' when the strong field is applied, indicating
that the material has reached saturation magnetization (Ms).

——— Fe,0,@Si0,-PrNH,-SA-Cu(ll) |
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Fig. 8 Thermogravimetric analysis data of the Fez04@SiO,-PrNH,-SA-
Cu(i) nanocatalyst.
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Fig. 9 VSM data of the Fez0,4@SiO,-PrNH,-SA-Cu(i) nanocatalyst show-
ing the magnetic properties.

This saturation value shows that the material is strongly magnetic
and can be easily separated using an external magnet. Addition-
ally, the curve crosses the X-axis around 0-100 O, indicating low
coercivity (H,). This low coercivity suggests that the catalyst loses
its magnetization rapidly once the external magnet field is
removed, which shows that the catalyst is ideal for reusability.
Overall, these characteristics indicate that the nanocatalyst
exhibits supermagnetic behaviour, making it highly suitable for
magnetic separation and repeated use in catalytic applications.

3.1.9. X-ray photoelectron spectroscopy (XPS). Fig. 10
shows the XPS curve of Cu 2p. The Cu 2p spectrum exhibits
two predominant peaks at binding energies 933.68 eV and
953.58 €V, due to spin-orbit splitting of Cu 2p into Cu 2pz,
and Cu 2p,,,, respectively. The satellite peaks at 942.38 eV and
962.68 eV confirm the presence of Cu** species.*’

3.1.10. Inductively coupled plasma-optical emission spec-
trometry (ICP-OES). To determine the percentage of copper
present in the nanocatalyst Fe;0,@SiO,-PrNH,-SA-Cu(u), ICP-
OES analysis was carried out. It was found that the catalyst
contained 5.257 wt% of copper (0.83 mmol of Cu per gram of
the catalyst).

3.2. Experiments on catalytic activity

The catalytic activity of Fe;0,@Si0,-PrNH,-SA-Cu(u) was eval-
uated for C-S cross-coupling reactions. To establish the opti-
mum reaction conditions, the influence of various parameters,
such as base, solvent, and temperature, was investigated using
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Fig. 10 XPS analysis of the Fez04@SiO,-PrNH,-SA-Cu nanocatalyst.

Mater. Adv.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00112b

Open Access Article. Published on 17 April 2026. Downloaded on 4/19/2026 12:33:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

4-bromonitrobenzene and thiophenol as model substrates
(Table 1).

The reaction conditions were optimized to achieve maximum
efficiency, starting with solvent screening using 4-bromoaceto-
phenone and thiophenol as starting materials in the presence of
0.017 mmol of catalyst load and Cs,CO; as a model base. Various
solvents such as DMF, DMSO, ethanol, methanol, MeCN, H,O,
ethanol:H,O, toluene, and dioxane were examined under reflux
conditions and gave 61%, 40%, 42%, 43%, 35%, 45%, 51%, 25%,
and 20% yield, respectively (entries 1-7, 10 and 11). Also, DCM and
THF under reflux conditions gave trace yields (entries 8 and 9).
Among these, DMF demonstrated superior performance. Subse-
quent base optimization was performed using DMF as a solvent.
Bases like Na,CO;, Et;N, DBU, K,CO;, NaOH, KOH, and K;PO, were
examined and gave 54%, 15%, 11%, 69%, 58%, 54%, and 21% yield,
respectively (entries 12-18). Among these, K,CO; gave the highest
yield of the product. With the solvent and base optimized,
temperature optimization trials were conducted across the gra-
dient (60-110 °C) to evaluate thermal effects on the reaction
(entries 20-25). Again, a marked improvement occurred at
100 °C (entry 24), where the yield peaked. Later, the catalyst
loading was systematically varied from 0.017 to 0.029 mmol to
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assess its impact on the yield. A marked improvement was
observed at a catalyst load of 0.025mmol (entry 29). A clear
correlation was observed: increasing the catalyst from 0.017 to
0.029 mmol progressively improved the yield, suggesting that
sufficient catalytic sites were critical for driving the reaction to
completion. Collectively, the starting materials with K,CO; as the
base in DMF solvent, a catalyst load of 0.025 mmol, and a
reaction temperature of 100 °C were selected. Under the opti-
mized reaction conditions, the scope of this method was further
investigated using various substituted arylhalides and substi-
tuted arylthiols to afford aryl-substituted diarylsulfides. Various
derivatives of diarylsulfides were synthesized. Various monosub-
stituted aryl halides (X = Br and Cl) and arylthiols were investi-
gated. Scheme 3 shows the various diarylsulfide derivatives
synthesized.

The substrate scope of the reaction was investigated using various
bromo-substituted arylhalides and arylthiols, such as thiophenol,
p-chlorothiophenol, p-tolylthiophenol, and p-nitrothiophenol. Initi-
ally, thiophenol 2a was employed as a thiol partner with different
aryl bromides. The coupling of p-bromobenzonitrile afforded diaryl-
sulfide 3a in 90% yield. Similarly, p-bromonitrobenzene afforded 3d
in 92% yield, and p-bromobenzaldehyde produced 3g in 87% yield.

Table 1 Optimization of the C-S coupling reaction conditions using Fez0,4@SiO,—PrNH,-SA-Cu(i)

SH
/©/ ©/ Fe30,@Si0,-PrNH,-SA-Cu
+
O,N Base, Solvent, Temperature
1 2

WA T

3
S. no. Catalyst load (mmol) Base Solvent Temperature (°C) Yield” (%)
1 0.017 Cs,CO;3 (1.5 mmol) DMF Reflux 61
2 0.017 Cs,CO;3 (1.5 mmol) DMSO Reflux 40
3 0.017 Cs,CO; (1.5 mmol) Ethanol Reflux 42
4 0.017 Cs,CO; (1.5 mmol) Methanol Reflux 43
5 0.017 Cs,CO; (1.5 mmol) MeCN Reflux 35
6 0.017 Cs,CO; (1.5 mmol) H,0 Reflux 45
7 0.017 Cs,CO; (1.5 mmol) Ethanol: H,0 (1:1) Reflux 51
8 0.017 Cs,CO; (1.5 mmol) DCM Reflux Traces
9 0.017 Cs,CO; (1.5 mmol) THF Reflux Traces
10 0.017 Cs,CO;3 (1.5 mmol) Toluene Reflux 25
11 0.017 Cs,CO; (1.5 mmol) Dioxane Reflux 20
12 0.017 Na,COj; (1.5 mmol) DMF Reflux 54
13 0.017 Et;N (1.5 mmol) DMF Reflux 15
14 0.017 DBU (1.5 mmol) DMF Reflux 11
15 0.017 K,CO; (1.5 mmol) DMF Reflux 69
16 0.017 NaOH (1.5 mmol) DMF Reflux 58
17 0.017 KOH (1.5 mmol) DMF Reflux 54
18 0.017 K3PO, (1.5 mmol) DMF Reflux 21
19¢ — K,CO; (1.5 mmol) DMF Reflux No reaction
20 0.017 K,CO; (1.5 mmol) DMF 60 24
21 0.017 K,CO; (1.5 mmol) DMF 70 36
22 0.017 K,CO; (1.5 mmol) DMF 80 51
23 0.017 K,CO; (1.5 mmol) DMF 90 70
24 0.017 K,CO; (1.5 mmol) DMF 100 80
25 0.017 K,CO; (1.5 mmol) DMF 110 80
26 0.017 K,CO; (1.8 mmol) DMF 100 85
27 0.017 K,COj3 (2 mmol) DMF 100 88
28 0.021 K,CO; (2 mmol) DMF 100 90
29 0.025 K,CO; (2 mmol) DMF 100 92
30 0.029 K,CO; (2 mmol) DMF 100 92
31 Fe;0,@8Si0,-PrNH, K,CO; (2 mmol) DMF 100 No reaction
32 Fe;0,@8Si0,-PrNH,-SA K,COj; (2 mmol) DMF 100 No reaction

Reaction conditions: 4-bromobenzonitrile (1 mmol), thiophenol (1.2 mmol), solvent (3 mL). “ Without nanocatalyst. ? Isolated yield.
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Scheme 3 Synthesis of diarylthioethers using the optimized reaction
conditions.

Later, we checked the scope with 1-bromonapthalene with 2a. The
coupled sterically hindered product 3j was obtained in 77% yield.
The reactions with heteroaryl substrate 1-bromopyridine and 2a
furnished the product 31 in 75% yield, respectively. To further assess
the reactivity of halides, chloro-substituted aryl halides were inves-
tigated. The coupling of p-chlorobenzaldehyde with thiophenol
provided product 3c in 53% yield, while p-chlorobenzonitrile
afforded 3i in 74% yield. The reaction of 4-chloroacetophenone with
thiophenol furnished 3n in 65% yield. The C-Cl bond requires a
higher activation energy to undergo oxidative addition compared to
the C-Br bond. Additionally, the lower yield with the -CHO and -CN
derivatives is likely due to the relatively poor leaving ability of the
chloride ion. Next, the scope was extended to other arylthiols.
The reaction of p-tolylthiophenol 2b with p-benzonitrile and
p-bromobenzaldehyde afforded 3k and 3b in 94% and 92% yield,
respectively, whereas the same aryl bromide with p-nitrothiophenol
yielded 3e in 80% yield. The coupling of p-bromonitrobenzene with
p-chlorothiophenol gave 3h in 75% yield, and p-bromobenzonitrile
with p-chlorothiophenol produced 3f in 78% yield. Finally, hetero-
arylthiols were explored. The reaction of 1-bromopyridine with 2d
and p-bromoacetophenone with 2e afforded 3m and 3p in 50% and
71% yield, respectively. The reduced yield may be attributed to steric
hindrance around the reactive sites.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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4. Test for reusability and
heterogeneity

To evaluate the catalytic efficiency and reusability of the synthe-
sized nanocatalyst Fe;0,@Si0,-PrNH,-SA-Cu(u), a recycling study
was performed using 4-bromobenzonitrile with p-tolylthiophenol.
Upon completion of each reaction cycle (monitored by TLC), the
mixture was diluted with ethyl acetate to extract the organic
components. The nanocatalyst was then separated using an exter-
nal magnet, washed thoroughly with ethyl acetate, followed by
ethanol to remove any impurities, and dried before further use.
This regenerated catalyst was subsequently used in the next cycle
under similar conditions. It was observed that the catalyst retained
its activity and provided high yields for up to 6 consecutive cycles.
However, the activity dropped in the 7th cycle indicating the
loss of reactive sites over repeated use (Fig. 11). Approximately
93-97% of the catalyst was recovered after each cycle, indicating
efficient recovery and good stability. The changes in peak intensity
in the FT-IR and XRD data, shown in Fig. 12 and 13, respectively,
indicate the loss of the originally fabricated nanostructure. The
FTIR spectrum shows noticeable variation in the characteristic
bands corresponding to C—=N, Fe-O, and Si-O-Si, confirming the
loss of the coating, and XRD data align with this. This is most likely
due to the structural degradation of surface functional groups and
leaching of Cu(u) species. This is further confirmed by FESEM data
shown in Fig. 14. The change in the surface of the nanocatalyst was
observed, and the quasi-spherical shape was no longer preserved.
The surface seems to be rough, and this can be attributed to the
copper leaching and the surface being covered with organic
moieties. This interpretation is further supported by EDAX data
shown in Fig. 15.

A hot filtration test was performed under the optimized reaction
conditions (Fig. 16). After 1 h, the nanocatalyst was magnetically
separated from the reaction mixture, and the filtrate was allowed to
react further. No additional increase in the yield of the product was
observed, which is consistent with the results of entry 19 (Table 1)
and confirms the heterogeneous nature of the nanocatalyst.

5. Plausible mechanism

A plausible mechanism for the diarylsulfide synthesis is shown
in Scheme 4.”* In the first step, the oxidative addition of an

94
92
90
88
86
84
82
80

% YIELD

1 2 3 4
RUNS
Fig. 11 Reusability test of the Fes0,4@SiO,-PrNH,-SA-Cu(il) nanocatalyst.

N
(o)}
~
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Fig. 12 Comparative FT-IR spectra of the synthesized Fez0,@SiO;-

PrNH,-SA-Cu(il) nanocatalyst and recycled Fez04@SiO,-PrNH,-SA-Cu(i)

nanocatalyst after the 7th cycle.

400 am Fe,0,@Si0,-PINIT,-SA-Cu
300
200
3100 = g
)l g § %
= S =
= " A
5
Seol G11) Recycled Fe;0,4 SiO,-PINTL-SA-Cu
400
300 ~
3
200 =
100 4 g _g: b2y
o] o " "
20 40 60 80
26 (degrees)

Fig. 13 Comparative XRD data of the synthesized FezO,@SiO,-PrNH;-
SA-Cu(i) and recycled Fez04@SiO,-PrNH,-SA-Culi) after the 7th cycle.

Fig. 14 FESEM image of the recycled FezO4@SiO,-PrNH,-SA-Cu(n)
nanocatalyst.

arylhalide with the catalyst yields Intermediate 1. The base
abstracts a proton from the arylthiol and generates an arylthio-
late ion. The arylthiolate ion generated undergoes nucleophilic
coordination with Intermediate 1, to yield Intermediate 2.
Intermediate 2 undergoes reductive elimination to give diaryl-
sulfides and thus regenerates the nanocatalyst.

In Table 2, various nanocatalysts reported for C-S cross-
coupling reactions are listed. Although the catalysts operate at
lower reaction temperatures, they have certain drawbacks,
including metal leaching, complex separation methods, harsh
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Fig. 15 EDAX analysis of the recycled catalyst.
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Fig. 16 Test for heterogeneity of the catalyst.

reaction conditions, and limited recyclability. In contrast, the
Fe;0,@Si0,~-PrNH,-SA-Cu(u) catalyst synthesized has merits
over the others reported. This catalyst effectively overcomes the
drawbacks by combining magnetic recoverability with a stable

OO
Reductive

Elimination Oxidative

Addition

Intermediate 2

S
Nucleophilic \©
coordination

H
BH Q

Intermediate 1

Y
B

Scheme 4 Synthesis of diarylthioethers using the optimized reaction
conditions.
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Table 2 Comparison of the catalytic activity of the Fez04@SiO,—PrNH,—
SA-Cu(i) nanocatalyst with other reported catalysts

S. no. Nanocatalyst Conditions Ref.

1 CuFe,0, MNPs Na,COs, PEG, 40 °C 48

2 M-MCM-41@TU-ZrO PEG200, KOH, 80 °C 49

3 Fe;0,@SBTU@Ni(n) DMSO, KOH, 130 °C 50

4 Pd@COF-TB DIPEA, DMF, 120 °C 51

5 Fe;0,@8Si0,-PrNH,-SA-Cu(u) K,COj3, DMF, 100 °C This work

SiO, coating and strong chelation of Schiff-base and Cu(u)
centres. This structural design minimizes the metal leaching
as well as ensures the formation of a coupled product in higher
yields and recycled up to 6 cycles. Thus, the synthesized catalyst
is found to be stable, reusable, and sustainable, making it a
good choice for catalytic applications.

6 Conclusions

The Fe;0,@Si0,-PrNH,-SA-Cu(u) nanocatalyst has been success-
fully developed for the sustainable C-S cross coupling of arylhalides
and arylthiols using optimized reaction conditions. The nanocatalyst
exhibits high catalytic activity with a broad substrate scope. The
magnetically separable nature of the nanocatalyst facilitates effort-
less recovery and allows it to be reused for up to 6 consecutive cycles
without much loss in activity. This catalytic system eliminates the
use of toxic and expensive ligands and catalysts, relying instead on a
low-cost, copper-based Schiff base framework supported on a silica-
coated magnetic core. The novelty of this work lies in its potential to
address the key challenges, such as high catalyst cost, and tedious
separation of the catalyst. By integrating all the properties of the
catalyst, such as magnetic, heterogeneous nature, and cost-effective
method, this method offers an industrially feasible alternative to
traditional cross-coupling reactions. The catalytic activity can be
explored for other C-heteroatom coupling reactions, such as C-O
and C-N. By further optimizing the reaction conditions for aqueous
or solvent-free media to enhance sustainability, its potential for
large-scale applications can be explored.
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