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ARTICLE INFO ABSTRACT

Keywords: In this study, we focused on the deposition of copper nanoparticles onto Cinchonine-functionalized SnFep04
Nano magnetic nanoparticles. This environmentally friendly heterogeneous catalyst was thoroughly analyzed using a
Suzuki variety of techniques including SEM, EDS, TGA, TEM, VSM, XRD, ICP, XPS and FT-IR. In addition, it demon-
:Efg;g" strated outstanding performance as a catalyst for Suzuki reactions and the oxidation of sulfides in environ-

mentally sustainable conditions. The catalyst could be effortlessly separated from the mixture and reused for up
to four cycles without any decrease in its catalytic efficacy. This method provides the advantages of a simple
procedure, high yields of products, convenient handling, environmentally friendly conditions, and short reaction

times.

1. Introduction

Nanomaterials that can be magnetically separated represent a crucial
class of materials with distinctive physicochemical properties, drawing
the interest of numerous researchers [1-5]. Spinel ferrite compounds, as
catalytic support materials, hold significant potential in industry and
technology, serving as environmentally friendly catalysts in diverse
organic functional group transformations and as catalytic supports
[6-8]. Our recent focus on creating heterogeneous catalysts using
nanomaterials led to the development of new catalytic supports func-
tionalized with organic and inorganic ligands and complexes [9]. As we
continue our research, we aim to present the spinel known as SnFe,04 as
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a versatile nanomagnetic catalytic support for synthesizing a new
catalyst. SnFe;04 nanoparticles have garnered interest as heterogeneous
catalysts due to their straightforward synthesis and adaptable surface
properties.

Diaryls are highly valuable organic compounds widely used in the
polymer, life science, and chemical industries due to their diverse
applicability [10]. Many diaryls exhibit significant biological and
pharmacological activities [11]. Given their importance, the develop-
ment of effective synthesis methods remains a challenging and active
area of research, attracting the sustained interest of researchers [12].
Among the various reported protocols, copper-based catalysts are
commonly utilized for the synthesis of these compounds [13]. The most
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Scheme 2. SnFe;0,4@8Si0,-S-C—Cu catalyzed Suzuki reactions.
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Scheme 3. Oxidation of sulfides catalyzed by SnFe;04@SiO2-S-C—Cu.
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Fig. 1. Comparative study of FT-IR spectra of a) SnFe;04, b) SnFe;04@SiO-, c)

SnFe204@Sioz-SH, d) SHF8204@Si02-S-C, e) SnFe204@Si02-S-C—Cu.
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Fig. 2. XRD spectrum of SnFe,04@8Si0,-S-C—Cu.
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prevalent pathways for their generation include Pd- or Cu-catalyzed

Suzuki cross-coupling. While Pd-catalyzed C—C and C—N bond forma-
tions in Ullmann reactions have shown notable progress, Cu-based cat-
alysts are increasingly preferred due to their cost-effective raw
materials, straightforward procedures, and low toxicity [10,14].
Organic sulfoxides serve as essential intermediates in a range of
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Fig. 4. EDS analysis of SnFe;04@Si02-S-C—Cu.

applications across laboratories, industries, pharmaceuticals, and agro-
chemicals [15]. These critical compounds are generally synthesized
through the oxidation of sulfides [16]. Disulfides also play a vital role in
several biological and chemical processes, contributing to sensor
development, oil-sweetening techniques, and functioning as vulcanizing
agents [17,18].

The study presents an innovative and efficient reusable catalyst,
SnFe;04@8Si02-S-C—Cu, which features a novel copper complex
anchored on SnFey0O4. This catalyst is employed for the oxidation of
sulfides and the Suzuki reaction, operating under environmentally
friendly conditions.

2. Experimental
2.1. Preparation of SnFe204@SiO2-S-C—Cu

The synthesis of SnFe;04@SiO2 began with the synthesis of SnFesO4
following established procedures. After dispersing 1 g of SnFe,04@SiO4
in 30 mL of toluene through 15 min of sonication, 3 mL of (3-mercap-
topropyl) trimethoxysilane was introduced to the mixture. The resulting
concoction was then refluxed for 24 h. Subsequently, the obtained
SnFe»04@Si02-SH nanoparticles were washed four times with ethanol
and isolated using magnetic decantation before being dried at 50 °C. For
the next step, 1 gram of SnFe;04@SiO2-SH was dispersed in 30 mL of
toluene through 15 min of sonication, followed by the addition of 3
mmol of cinchonine to the reaction mixture. The mixture was stirred
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under reflux conditions for 24 h. After that, the nanoparticles were
washed multiple times with ethanol, separated through magnetic
decantation, and dried at 50 °C. Following this, a thiol-ene free radical
reaction occurred between the SH groups of the modified SnFe,04@-
Si0,-SH and the C = C double bond of cinchonine under the initiation of
AIBN, leading to the formation of SnFe;04@SiO,-S-C MNPs. The Cu was
finally grafted onto the heterogenized ligand by reacting 1 g of
SnFe;04@8Si0,-S-C with 3 mmol of CuCl in EtOH under reflux condi-
tions for 24 h. Subsequently, the derived SnFe;04@SiO2-S-C—Cu MNPs
were isolated via straightforward filtration, followed by rinsing with hot
water and hot EtOH to remove any unsupported CuCl substrates, and
subsequently dried at 50 °C (Scheme 1).

2.2. Preparation of C-C coupling reaction

Phenylboronic acid (1.1 mmol), aryl halides (1 mmol), potassium
carbonate (1.2 mmol), and 3 ml of HO were combined with the
SnFe;04@Si02-S-C—Cu complex (0.015 g) and stirred at 90 °C in an air
atmosphere. The reaction was tracked using TLC. Once completed, the
mixture was cooled and filtered, then the extracts were washed with
ethyl acetate and dried with 0.7 g of NapSO4. After removing the solvent,
the desired products were obtained with excellent yields, as shown in
Scheme 2.

2.3. A general procedure for the oxidation of sulfid

In a round-bottomed flask, 1 mmol of sulfide and 0.3 mL of 33 %
Hy0, were combined with 0.01 g of SnFep;04@SiO2-S-C—Cu. This
mixture was stirred at 25 °C without any solvent. Once the reaction was
complete, the SnFe,04@Si02-S-C—Cu was removed using a magnet, and
the resulting products were extracted with a mix of water and ethyl
acetate. The organic phase was then dried using 1.0 g of anhydrous
sodium sulfate. The solvent was evaporated to yield pure sulfoxides in
excellent quantities, as depicted in Scheme 3.

2.4. Selected NMR data

4-Nitro-1,1’-biphenyl:'H NMR (DMSO, 400 MHz): 8= 7.24 (m,
5H), 7.41 (d, J = 12 Hz, 4H) ppm.

1,1’-Biphenyl:'H NMR (DMSO, 400 MHz): 5= 8.20 (d, J = 8 Hz,
4H), 8.03-8.09 (m, 6H) ppm.

(Methylsulﬁnyl)benzene:lH NMR (DMSO, 400 MHz): 6y=
7.06-7.11 (m, 5H), 2.32 (s, 3H) ppm.

(Benzylsulﬁnyl)benzene:lH NMR (DMSO, 400 MHz): 6y=
7.27-7.30 (m, 5H), 7.06-7.11 (m, 5H), 3.88 (s, 2H) ppm.

(Enzylsulﬁnyl)benzene:lH NMR (DMSO, 400 MHz): 8= 2.19(m,
4H), 1.12 (m, 6H), ppm.

Catalyst characterizations

For the effective functionalization of SnFe;04@SiO2-S-C—Cu mag-
netic nanoparticles, FT-IR spectroscopy was employed using the KBr
pellet (as illustrated in Fig. 1). The absorption bands for SnFe,O4
(Fig. 1a) and SnFe;04@SiO; (Fig. 1b) matched our previous observa-
tions. In Fig. 1c, the peaks at 2905 and 2997 em tin SnFe,04@Si0,-SH
are linked to C-H stretching vibrations. Fig. 1d shows characteristic
bands at 1483, 1609, and 1732 cm™?, indicative of SnFe;04@8Si05-S-C.
The band at 1483 cm ™! likely corresponds to carbon-nitrogen stretching
vibrations, while the presence of bands at 3407 cm™? is related to OH
vibrations, ensuring successful attachment. Finally, a change in peak
intensity for SnFe;04@SiO,-S-C—Cu indicates the nitrogen atom of the
amino groups coordinating with Cu (Fig. 1e).

Fig. 2 presents the X-ray diffraction (XRD) patterns of SnFe,O4@-
Si02-S-C—Cu. The diffraction peaks are observed at positions [2 2 0], [3
111,[400],[422],[51 1], and [4 4 0], which correspond to the
standard patterns of an inverse cubic spinel magnetite crystal structure.
Moreover, the XRD analysis indicates that the SnFe;O4 phase is pre-
served despite the integration of various organic functional groups
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Fig. 5. SEM images of SnFe;0,@Si0,-S-C—Cu (a and b) and recovered Catalyst (c).

during the catalyst’s modification process.

The TGA analysis, illustrated in Fig. 3, was carried out to assess the
thermal stability of the catalyst. In the TGA curve for SnFe,04@SiO2-S-
C—Cu, the initial weight loss occurring below 250 °C is due to the
evaporation of physically adsorbed water molecules within the com-
pound. The subsequent weight loss between 250 and 550 °C is linked to
the decomposition of the SiO,-S-C—Cu organometallic complex situated

Fig. 6. TEM images of SnFe;04@Si0,-S-C—Cu.

on the surface of SnFe;04 MNPs. Importantly, SnFes04@Si02-S-C—Cu
remains stable and does not decompose, making it suitable for catalytic
reactions at temperatures up to 350 °C.

The SnFes04@Si02-S-C—Cu catalyst underwent EDX analysis to
identify its elemental composition. Fig. 4 verifies the presence of ele-
ments such as Sn, Si, S, N, Fe, O, Cu, and C within the catalyst, as
indicated by the EDX pattern database.
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Fig. 7. XPS: SnFe,04@Si0,-S-C—Cu (a), Sn (b), and Cu 2p (c).
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Fig. 8. VSM curves of (a) SnFe;O4 (b) SnFe;04@Si0,-S-C—Cu.

The SEM analysis concentrated on examining the size and
morphology of SnFes04@SiO,-S-C—Cu. The SEM image showed that the
catalyst is composed of quasi-spherical nanoparticles, with an average
diameter of about 50 + 5 nm, as seen in Fig. 5a and b. Fig. 5c presents a
comparison of the SEM spectra of the catalyst after recycling. According
to the figure, the SEM analysis of SnFe,04@SiO2-S-C—Cu remains un-
changed post-recovery, confirming the catalyst’s stability under reaction
conditions.

The nanoparticles’ structures and morphologies were analyzed
through transmission electron microscopy (TEM) (See Fig. 6). As
depicted, the nanoparticles exhibited a core-shell structure, with a dark-
colored core for SnFe;04@SiO2 nanoparticles and a light-colored shell
for -S-C—Cu.

To explore the composition and chemical environment, the com-
pound SnFe;04@Si02-S-C—Cu was characterized using X-ray photo-
electron spectroscopy (XPS), with findings displayed in Fig. 7. The
overall survey spectra reveal the presence of Cu, Fe, O, Si, C, Sn, and N,
as illustrated in Fig. 7(a). The Cu 2p region, depicted in Fig. 7(c), in-
dicates the presence of Cu in the +1 oxidation state with binding en-
ergies of 935.3 eV for the Cu 2p3/2 energy levels. These levels are
comparable to the known Cu™ binding energy value of 957.5 eV for Cu
2pl/2. Additionally, the Sn spectra in Fig. 7(b) show binding energies of
486.4 and 494.9 eV for the Sn II and Sn IV energy levels, respectively.
The XPS results confirm the successful synthesis of SnFe;04@SiO2-S-
C—Cu.

By employing the ICP technique, we assessed the copper levels in the
initial catalyst and analyzed the copper leaching after recycling. The
results showed copper concentrations in both the fresh and reused
nanocatalysts to be 2.0 x 10 (9 and 1.9 x 10 (**) mol. g’l, respec-
tively, indicating minimal copper leaching from the SnFe;O4@SiO-S-
C—Cu framework.

The magnetization of both SnFe;04 and SnFe;04@Si02-S-C—Cu was
examined at room temperature using a VSM, as depicted in Fig. 8. The

magnetization curves demonstrated that SnFe,O4 had a saturation
magnetization of 57 emu/g, while SnFes04@Si03-S-C—Cu exhibited a
lower value of 25 emu/g. This reduction in saturation magnetization for
the prepared catalyst is attributed to the stabilization of the S-C-Cu
complex on the SnFe,04 surface.

Catalytic studies:

3.3. Catalytic study

To fine-tune the reaction conditions, the coupling of iodobenzene
with phenylboronic acid served as a model reaction. The study sum-
marized the influence of various parameters such as base, solvent,
temperature, and nanocatalyst quantity (SnFe,04@Si02-S-C—Cu), with
results presented in Table 1. Initially, as shown in Table 1, entry 1, the
reaction was conducted without a catalyst in H,O at 70 °C, resulting in
no product formation. Subsequently, the reaction was repeated with
varying amounts of SnFe;04@Si02-S-C—Cu under the same conditions,
which led to a substantial yield increase, reaching up to 98 % with 0.015
g of the catalyst (Table 1, entries 2-5). The next phase examined the
impact of different solvents on the coupling reaction, where performing
the reaction in DMF did not produce favorable results (Table 1, entries
5-9). The subsequent analysis focused on various bases used in the re-
action model. Entries 10-13 in Table 1 indicated that a high yield was
achieved, showing KyCO3 to be an effective base. Lastly, the effect of
different temperatures was assessed (Table 1, entries 14, and 15),
revealing that 70 °C is optimal for product formation. As shown in
Table 1, the results indicate that the optimal conditions for this reaction
are 0.015 g of SnFey04@Si02-S-C—Cu, 1.2 mmol of K5COg as the base,
in HyO at 70 °C.

After determining the optimal conditions for the Suzuki reaction
using SnFe;04@Si0,-S-C—Cu as a catalyst, the activity of different aryl
iodides and aryl bromides was evaluated, and the results were recorded
in Table 2. All reactions showed high efficiency and generated minimal
byproducts. The catalyst was particularly effective in successfully
coupling aryl chlorides, aryl iodides, and aryl bromides with para, meta,
and ortho groups. Additionally, the potential of SnFe;04@SiO2-S-C—Cu
in facilitating the C—C coupling reaction between phenylboronic acid
and aryl halide was examined, with the results also presented in Table 2.

A possible mechanism for the anthrax reaction has been suggested.
Initially, the aryl halides undergo oxidative addition to the Cu complex,
resulting in intermediate 1. Subsequently, the transmetallation of 2
leads to the formation of intermediate 3. This is then followed by
reductive elimination, which restores the original SnFe;O04@SiO2-S-
C—Cu species and yields the intended product (Scheme 4).

To optimize the reaction conditions, an investigation was carried out
on the oxidation process of methyl phenyl sulfide, selected as a repre-
sentative compound. This study utilized HyO5 under various reaction
parameters, including time and product yield (refer to Table 3 for
detailed findings). It was noted that without SnFe,04@SiO2-S-C—Cu,
the reaction was incomplete even after 6 h. However, by using a
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Optimizing the reaction model of iodobenzene with phenylboronic acid, using SnFe;,0,@Si0»-S-C—Cu as a catalyst.

OH
I B
©/ N ©/ OH  SnFe,0,@Si0,-S-C-Cu
K,CO3, H,0, 70 °C

Entry Cat. (g) Solvent Base Temperature (°C) Time (min) Yield (%)
1 - H0 K2COs 70 8h -
2 0.008 H0 K2CO3 70 30 42
3 0.01 H20 K2COs 70 30 84
4 0.015 H20 K2COs 70 30 98
5 0.02 H0 K2COs 70 30 98
6 0.015 PEG K2COs3 120 30 71
7 0.015 EtOH K2CO3 Reflux 30 90
8 0.015 DMF K>CO;s 70 30 N.R
9 0.015 DMSO K2COs Reflux 30 95
10 0.015 H0 Na2CO3 70 30 92
11 0.015 H0 KOH 70 30 61
12 0.015 H0 CS2CO3 70 30 52
13 0.015 H0 NaOH 70 30 Trac
14 0.015 H0 K2COs r.t 30 N.R
15 0.015 H0 K2COs Reflux 30 98
16 0.015 H0 K2COs 70 30 N.R?

2 catalyst by SnFe;O4@Si0,-S-C.

catalytic amount of SnFe304@SiO2-S-C—Cu (0.01 g) in solvent-free
conditions at room temperature, HyO, effectively achieved full conver-
sion of methyl phenyl sulfide to methyl phenyl sulfoxide.

This method’s versatility is demonstrated by the straightforward
conversion of aryl, cyclic, benzylic, and linear sulfides, as shown in
Table 4. The sulfoxides were quickly obtained with high yields. To
highlight the process’s selectivity, sulfides with oxidation-prone and
acid-sensitive functional groups such as CHO, OH, and CO2CH3 were
used in the sulfoxidation reaction. Importantly, these functional groups
remained unchanged during the conversion from sulfide to sulfoxide, as
illustrated in Table 4.

Earlier research outlines Scheme 5 as introducing a possible mech-
anism for the oxidation of sulfides, facilitated by the catalyst
SnFe;04@Si02-S-C—Cu. In this catalyst, copper plays a key role as a
magnetic nanocatalyst, forming the active oxidant complex. This setup
aids in the transfer of oxygen to sulfur, resulting in the formation of
sulfoxide.

4. Catalyst recyclability

To investigate the catalyst’s durability, we analyzed the reaction
between iodobenzene and phenylboronic acid as a model in ethanol,
utilizing 0.015 g of SnFep04@SiO2-S-C—Cu. The catalyst was easily
retrieved with a magnet, as outlined in the experimental section.
Moreover, SnFe;04@SiO2-S-C—Cu was effectively reused for four cycles

without any reduction in catalytic activity, as shown in Fig. 9.

The behavior of multiple catalysts in the Suzuki reaction as reported
in Table 5 of the literature reveals the superior efficiency of the
SnFe;04@Si02-S-C—Cu catalyst in comparison to others listed.

5. Conclusion

In this research endeavor, the synthesis of SnFes0O4@Si02-S-C—Cu
was successfully achieved, yielding an efficient, convenient, and envi-
ronmentally friendly recoverable catalyst. Characterization of the pre-
pared catalyst was conducted through TEM, XRD, SEM, TGA, VSM,
FTIR, ICP, and EDS analyses. The newly developed catalyst demon-
strated its applicability in the oxidation of sulfides and Suzuki reaction.
Moreover, the ease of preparation from commercially available mate-
rials further enhances the practicality of SnFe;O4@SiO2-S-C—Cu.
Notably, the catalyst exhibits advantageous traits including ease of
separation, recyclability, exceptional catalytic activity, high yield, and
selectivity, rendering it a proficient facilitator for both oxidation of
sulfides and Suzuki reactions.
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Table 2
Synthesis of Suzuki reaction from aryl halides using SnFe,04@SiO»-S-C—Cu.

OH
X B
R©/ X ©/ OH  SnFe,0,@Si0,-S-C-Cu
K,CO;, H,0, 70 °C R
Entry Aryl halide Product Time (min) Yield (%) TON TOF
(min)
1 : | 30 98 326 652
2 | 30 91 303 606
o7 ol
O,N
3 | 40 96 320 533
; Me
Me
4 | 30 89 296 592
JO R OaY,
Me
5 | 30 90 300 600
o w00
HO
6 | 40 93 310 516
; MeO
OMe
7 Cl 60 78 260 260
o w0
OHC
8 Cl 30 91 303 606
0 el
HO
9 ©/Br .Q .O 30 95 316 632
10 ©/CI 40 94 313 521
11 Br 60 76 253 253
ot e -0
HO
12 60 80 266 266

Q
3

OMe
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Table 3
Optimizing the reaction conditions for the oxidation of methyl phenyl sulfide using SnFe;04@SiO,-S-C—Cu as a catalyst.

s 0
©/ Me  g1pe,0,@Si0,-5-C-Cu ©/ S~ Me
Solvent-free, H,0,, 1.t
Entry Cat. (g) Solvent H>0; (mg) Time (min) Yield
1 - Solvent-free 0.3 6h --
2 0.005 Solvent-free 0.3 30 71
3 0.01 Solvent-free 0.3 30 98
4 0.02 Solvent-free 0.3 30 98
5 0.01 EtOH 0.3 30 45
6 0.01 PEG 0.3 30 40
7 0.01 H,O 0.3 30 56
8 0.01 DMSO 0.3 30 30
9 0.01 Solvent-free 0.2 30 92
10 0.01 Solvent-free 0.4 30 94
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Table 4
The process involves the oxidation of sulfides into sulfoxides using the catalyst SnFe;04@SiO2-S-C—Cu.

0]
SnFCZO4@Si02-S-C-Cu 11
/S\R _So
R Solvent-free, H,O,, r.t R R
Entry  Substrate Product Time(min) Yield TON TOF
(%) ()

s. o 30 98 490 980
Me I
s.
1 ©/ ©/ Me
©/\s/\© O/\s/\© 30 90 450 900
1l
2 O

s 9 50 93 465 582
0 Oig
4 S. O 40 96 480 800
ot
™M
: o
Cl

5 s~ s~ 40 90 450 750
|
\O

6 ©/s\/ 0 60 88 440 440

7 _S H (a 30 92 460 920
\/\n/ L

(o]
8 S. 0 60 91 455 455
Me I
/©/ Su
F o
F
9 S o 45 90 450 600
\/S\/
10 NN ™ AN 60 88 440 440

10
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Table 5
A comparison of the catalytic activity of SnFe,04@SiO5-S-C—Cu with previously
reported methods in the Suzuki reaction.

Entry  Ar-X Catalyst Time Yield Ref
) (%)

1 : i MCM-DCA-Cu 2 94 [19]

2 | PANI-Pd 240 91 [20]
©/ min

3 : | Pd/Au NPs 24 88 [21]

4 : i Pd NP 12 95 [22]

5 : .|  MCM-Cu 24 74 [23]

6 : .|  MCM-41-VO 12 100 [24]

7 | SnFe;0,@Si05-S- 30 98 This
©/ C—Cu work
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