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We have introduced the SnFe;04@SiO,@P-Pd catalyst for the one-pot synthesis of biphenyl derivatives and
symmetrical sulfides. For this purpose, SnFe;O4 nanoparticles were modified with Phenylalanine. The synthe-
sized catalyst underwent characterization through BET, FT-IR, SEM, XRD, ICP, TGA, VSM, and EDX analyses.
This novel approach offers the advantages of a recyclable heterogeneous catalyst, which can be easily separated
from the reaction mixture using an external magnet, along with shorter reaction times, high product yields, and

cost-effective, environmentally friendly conditions. The SnFe,04@SiO2@P-Pd catalyst can be reused for up to
five cycles without significant loss of catalytic activity. The results indicate that SnFe,04@SiO>@P-Pd is an
effective hybrid catalyst for synthesizing biphenyl derivatives and symmetrical sulfides.

1. Introduction

One of the primary goals in transition metal-catalyzed organic syn-
thesis is the formation of carbon-carbon (C-C) bonds [1]. The
Pd-catalyzed Stille coupling (St) coupling reaction is regarded as one of
the most effective techniques for constructing these bonds [2]. While
numerous approaches such as Kharash coupling, Stille coupling, Negishi
coupling, Himaya coupling, and Kumuda coupling exist for synthesizing
biaryls, the St cross-coupling reaction has recently emerged as the most
favored method. This preference for the St cross-coupling reaction over
other palladium-catalyzed alternatives is not coincidental [3]. The pri-
mary advantages of the St coupling lie in its mild reaction conditions and
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the straightforward accessibility to a variety of commercially available
boronic acids. These acids are more environmentally friendly than other
organometallic reagents [4]. Palladium is particularly versatile among
nanocatalysts used in forming carbon-carbon bonds through coupling
reactions like Stille and Sonogashira. This versatility makes it the most
commonly used nanocatalyst in these processes [5]. The creation of
carbon-sulfur and carbon-carbon bonds is a crucial and effective method
for synthesizing diverse compounds used in agriculture, pharmaceuti-
cals, and electronic materials [6,7]. Researchers are highly interested in
sulfur-containing compounds due to their natural abundance and their
role as essential elements in biologically and medicinally active sub-
stances [8]. These compounds serve various purposes, ranging from
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Scheme 2. Synthesis of symmetrical sulfides catalyzed by SnFe;04@SiO,@P-Pd.

starting materials to valuable intermediates in organic reactions [9].
Symmetrical and unsymmetrical sulfides, along with their sulfoxide
counterparts, have found extensive use as solvents, glycosyl donors in
oligosaccharide synthesis, and intermediates in total organic synthesis,
as well as possessing antibacterial, antifungal, anti-atherosclerotic, and
antihypertensive properties [10]. Consequently, developing new, effi-
cient, and safe methods for producing sulfur-containing compounds is
particularly important. Generally, the synthesis of symmetrical and
unsymmetrical sulfoxides has been attempted through various methods
[11]. These include reactions involving sulfur dioxide with organo-
lithium or Grignard reagents, palladium-catalyzed arylation of alkyl and
aryl sulfonate anions, reactions of aryl benzyl sulfoxides with aryl bro-
mides, benzyl halides with DMSO, thiol additions to olefins and alkynes,
the Reinheckel protocol, Heck vinylations, among others. However,
many of these methods are restricted to a limited range of substrates and
often require complex and harsh reaction conditions.

The formation of the carbon-sulfur bond is a critical chemical re-
action with significant applications in medicinal chemistry, organic
synthesis, and materials science. Transition metal-catalyzed cross-
coupling of aryl halides with thiols is the most prevalent method for
synthesizing diaryl sulfides. However, these C-S coupling reactions face

major challenges due to the use of highly volatile, foul-smelling, and
toxic thiols, posing health risks [12]. While several heterogeneous cat-
alysts are reported for C-S coupling reactions, their recovery process is
often complicated [13]. Consequently, magnetic catalysts have been
suggested as an effective solution. To address these issues, recent ad-
vancements have introduced various sulfur sources for converting aryl
halides to aryl thioesters using transition metal catalysts such as nickel
or palladium nanoparticles [14]. In recent years, researchers have
created a wide range of magnetic nanoparticles that are easy to recycle
and separate. These developments make them highly effective catalysts
in the synthesis of various organic compounds [15-18]. These magnetic
nanoparticles can be effortlessly extracted from reaction mixtures using
a basic bar magnet [19]. Notably, within the realm of heterogeneous
catalysts, SnFe;04 nanoparticles have garnered significant attention due
to their ease of synthesis and straightforward surface modification [20,
211.

In this study, as part of our research program aimed at developing
environmentally friendly catalysts, we prepared SnFe;04@SiO2@P-Pd.
We introduce this new green catalyst as an effective solution for the
reaction of symmetric sulfides and biphenyl derivatives.

X RS
R + Sn—Cl SnFCZO4Q!)5102‘/(_[)P-Pd -
K,CO,, PEG, 120 °C R
X=Cl. Br, I

Scheme 3. Synthesis of Stille reaction catalyzed by SnFe,0,@SiO,@P-Pd.
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Fig. 1. Comparative study of FT-IR spectra of a) SnFe;04, b) SnFe,0,@SiO,, ¢) SnFe;04@SiO>@P, d) SnFe;04@SiO,@P-Pd.

2. Experimental
2.1. Chemicals and apparatus

The initial materials and solvents for this project were obtained from
Fluka, Merck, or Sigma-Aldrich and were used as is, without further
purification. Thin-layer chromatography was carried out using Merck
GF254 silica gel plates. The FT-IR spectra were recorded with a Bruker
FT-IR model Tensor 27 spectrometer using KBr discs within the
400-4000 cm’! range. XRD patterns were obtained using a PANalytical
X’Pert PRO instrument for X-ray diffraction (XRD) analysis. A ther-
mogravimetric analysis (TGA) was performed using a T.A. model Q600
instrument. Magnetic properties were assessed using vibrating sample
magnetometry (VSM) with a Lake Shore 7200 at 300 KVsm. The LBKFB
PerkinElmer model was employed for inductively coupled plasma (ICP)
analysis. Melting points were determined using a Bu'chi B-545 apparatus
with open capillary tubes. Images from the scanning electron micro-
scope were captured using the LEO 1430 VP. The 1 H NMR spectra (400
MHz, DMSO-dg) were obtained using BRUKER AVANCE equipment with
DMSO-dg as the solvent.

2.2. Preparation of SnFe;04@SiO2@P-Pd

The synthesis of SnFe;04@SiO,@P-Pd magnetic nanoparticles
(MNPs) commenced with the preparation of SnFe,04@SiO,, following
methodologies detailed in earlier studies (refer to Scheme 1). To syn-
thesize the SnFe;04@SiO2,@P complex, 3 gs of the previously prepared
SnFe»04@Si04 were dispersed in 60 mL of toluene via sonication for a
duration of 35 min. Subsequently, 3 millimoles of Phenylalanine (P)
were introduced into the flask, which was then stirred at 90 °Celsius for
60 h. Upon completion of the reaction, the resulting SnFe;04@SiO2@P
complex was separated through magnetic isolation, followed by washing
with ethyl acetate and water. The product was then dried at 65 °Celsius
for 14 h. To synthesize the SnFe;04@SiO,@P-Pd complex, a combina-
tion of SnFe;04@SiO>@P (1.5 gs), palladium (II) acetate (3 millimoles),
and 50 mL of ethanol was placed in a flask and stirred at 60 °Celsius for
48 h under reflux conditions. Sodium borohydride (1.5 millimoles) was
subsequently added to the mixture and stirred for an additional 5 h.
Following the conclusion of the reaction, the SnFe;O4@SiO,@P-Pd
complex was isolated, washed with ethanol and water, and finally dried
under vacuum at 65 °Celsius.
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Fig. 2. XRD spectrum of SnFe,04@SiO>@P-Pd.
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Fig. 3. TGA curve of SnFe;04@SiO,@P-Pd.

2.3. Preparation of symmetrical sulfides

In this study, 2-thiobarbituric acid (0.5 mmol), along with potassium
hydroxide (KOH, 1 mmol) and an aryl halide (1 mmol), was dissolved in
ethanol (3 mL). To this solution, SnFe;04@SiO>@P-Pd (0.015 g) was
added, and the resulting mixture was stirred under reflux conditions.
Upon completion of the reaction, as confirmed by thin-layer chroma-
tography (TLC), the catalyst was removed using a magnet and subse-
quently washed with ethyl acetate (3 x 8 mL). The desired product was
then purified using silica gel column chromatography, as illustrated in
Scheme 2.

2.4. Preparation of stille reaction

In an experimental setup, a mixture comprising triphenyltin chloride
(0.6 mmol), aryl halides (0.5 mmol), and potassium carbonate (K2COs,
0.7 mmol) was introduced into a flask alongside SnFe;O4@SiO>@P-Pd
(0.015 g) as a catalyst. This reaction medium was dissolved in poly-
ethylene glycol and subjected to stirring at 120 °C. The progress of the
reaction was monitored through thin-layer chromatography (TLC) until

completion was affirmed. Subsequently, the mixture was allowed to cool
to ambient temperature, facilitating the separation of the catalyst using
an external magnetic force. The solution obtained thereafter was
extracted utilizing water and n-hexane, followed by drying over sodium
sulfate (1.5 g). Post solvent removal, the product was purified through
recrystallization with ethanol, as depicted in Scheme 3.

2.5. Selected NMR data

1,1'-biphenyl:1H NMR (400 MHz, DMSO): 8= 7.20-7.76 (m, 10H)
ppm. M/Z:154.068

[1,1'-biphenyl] —4-amine:'H NMR (400 MHz, DMSO): &y=
7.07-7.62 (m, 9H), 5.17 (s, 2H) ppm. M/Z:169.201

4-Methoxy-1,1'-biphenyl:'H NMR (400 MHz, DMSO): &y=
7.20-7.73 (m, 9H), 4.01 (s, 3H) ppm. M/Z:184.080

bis(4-methoxyphenyl)sulfane:1H NMR (400 MHz, DMSO): dy=
6.86-7.38 (m, 8H), 3.83 (s, 6H) ppm. M/Z:246.071

diphenylsulfane:lH NMR (400 MHz, DMSO): éy= 7.51-7.70 (m,
10H) ppm. M/Z:186.050

4,4’-thiodiphenol:1H NMR (400 MHz, DMSO): y= 6.62-6.85 (m,
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Fig. 4. EDS analysis of SnFe,0,@SiO,@P-Pd.
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Fig. 5. SEM images of SnFe,0,@SiO»,@P-Pd (a and b), and recovered catalyst (c).
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Fig. 6. TEM images of SnFe;04@SiO>@P-Pd.

8H), 8.75 (s, 2H) ppm.

2.6. Catalyst characterizations

The prepared SnFe04@SiO2@P-Pd MNPs was characterized by BET,
SEM, XRD, EDS, FT-IR, ICP, TGA and VSM techniques.

To ensure the successful synthesis of SnFe,04@SiO2@P-Pd, FT-IR
spectroscopy of all synthesis steps was performed with KBr pellets.
The absorption bands for SnFe;04 (Fig. 1a), and SnFe,04@SiO; (Fig. 1b)
were consistent with our previous reports respectively. In Fig. 1c, two
prominent bands at 2807 and 2966 cm™! are observed, which are
assigned to the aliphatic Carbon-Hydrogen stretching of organic li-
gands. The presence of absorption bands at 1420 cm ™! can correspond to
Carbon-Nitrogen stretching vibrations, 1547 cm ™! and 1673 cm ™ are
associated with the Carbon- Carbon double bond aromatic ring, which
confirm the successful attach. More importantly, the change in the in-
tensity of the peaks of SnFe,04@SiO2@P-Pd (Fig. 1d) confirms the

Adsorption / desorption isotherm

18

V,/cm3(STP) g1

0 05 p/po

—+—ADS -=—DES

coordination of the nitrogen atom of the amino groups to Pd.

An analysis of the X-ray diffraction (XRD) pattern of SnFe,O4@-
SiO,@P-Pd was conducted, and the comparative data are illustrated in
Fig. 2. The results align with the established standards for the SnFe;04
crystal structure. Notably, the catalyst’s phase morphology remained
unchanged throughout the process of grafting the P-Pd complex onto
SHF8204.

Thermogravimetric analysis (TGA) is a compelling and effective
method for examining the thermal stability of magnetic nanoparticles.
This technique is instrumental in confirming and interpreting the bond
formation between magnetite nanoparticles and organic complexes. As
illustrated in Fig. 3, the initial 9 % weight loss below 250 °C is linked to
the removal of physically adsorbed solvents. Meanwhile, the additional
15 % weight loss occurring between 250 °C and 1000 °C corresponds to
the decomposition of organic layers on the SnFe;O4 surface, affirming
the successful grafting of organic groups onto the SnFe;O4 magnetic
nanoparticles.
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1
T
s
N
<
Q

0.5

0

0 0.25 0.5
p/po

Fig. 7. Adsorption and desorption behavior of the as-synthesized catalyst.
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Fig. 8. VSM curves of (a) SnFe,04 (b) SnFe,0,@SiO,@P-Pd.

The elemental composition of SnFe;04@SiO2@P-Pd was analyzed
using EDX. Fig. 4 verifies the presence of Pd, C, Si, N, O, Sn, and Fe in the
nanocatalyst, as indicated by the EDX pattern database.

Subsequently, the morphology of SnFe,04@SiO2@P-Pd was exam-
ined using Scanning Electron Microscopy (SEM), as illustrated in Fig. 5a
and b. The images distinctly reveal that the synthesized nanoparticles
are structured as fine grains. Fig. 2c presents a comparison of SEM
spectra for the catalyst following recycling. As illustrated, the SEM of
SnFe;04@SiO2@P-Pd remains unchanged after recovery, confirming
the stability of this catalyst under the reaction conditions.

To verify the aggregation of nanoparticles, a Transmission Electron
Microscopy (TEM) analysis of the synthesized catalyst was conducted.
These observations were corroborated with data acquired from the
transmission electron microscopy images, as presented in Fig. 6.

To further explore the measurement of the specific surface area of the
as-synthesized catalyst, adsorption and desorption isotherms were
conducted under a nitrogen atmosphere. Fig. 7 presents these isotherms.
By applying the data to the Brunauer-Emmett-Teller (BET) theory, a

Table 1

specific surface area of 3.21 m?/g and a mean pore diameter of 45.61 nm
were obtained. These results suggest potential applications for the as-
synthesized catalyst.

Subsequently, utilizing the Inductively Coupled Plasma (ICP) tech-
nique, the quantity of palladium within the initial nanocatalyst, as well
as the extent of palladium leaching following recycling, was assessed.
The results indicate that the palladium content in both fresh and recy-
cled nanocatalysts is 1.4 x 10 ~*and 1.2 x 10 ~*mol g !, respectively.
This demonstrates that palladium leaching from the SnFe;04@SiO>@P-
Pd framework is minimal.

The magnetic properties of the (a) SnFexO4 and (b) SnFe,O4@-
SiO2@P-Pd nanostructures were examined through Vibrating Sample
Magnetometer (VSM) analysis conducted at ambient temperature, as
illustrated in Fig. 8. The magnetization curves revealed that the satu-
ration magnetization (Ms) values for the (a) SnFe;O4 and (b)
SnFe;04@Si0>@P-Pd nanostructures were 33 emu g and 22 emu g%,
respectively.

Optimization of reaction conditions for carbon-sulfur coupling using 2-thiobarbituric acid and iodobenzene in the presence of SnFe,04@SiO>@P-Pd nanocatalyst.

OH
SnFe,0,@Si0,@P-Pd

N

Y

HO N SH

2 +
EtOH, A, Base

Entry Catalyst (g) Solvent Base Temperature ( °C) Time (h) Yield (%) "
1. - EtOH KOH Reflux 12 days N.R
2. 0.01 EtOH KOH Reflux 3 42
3. 0.015 EtOH KOH Reflux 3 56
4. 0.02 EtOH KOH Reflux 3 83
5. 0.03 EtOH KOH Reflux 3 96
6. 0.04 EtOH KOH Reflux 3 96
7. 0.03 H,0 KOH Reflux 3 35
8. 0.03 PEG-200 KOH Reflux 3 48
9. 0.03 Acetonitrile KOH Reflux 3 N.R
10. 0.03 DMSO KOH Reflux 3 82
11. 0.03 MeOH KOH Reflux 3 90
12. 0.03 EtOH t-BuOK Reflux 3 40
13. 0.03 EtOH Na,CO3 Reflux 3 65
14. 0.03 EtOH Et3N Reflux 3 88
15. 0.03 EtOH CsoCO3 Reflux 3 N.R
16. 0.03 EtOH NaOH Reflux 3 40
17. 0.03 EtOH K>CO3 Reflux 3 30
18. 0.03¢ EtOH KOH Reflux 3 -

@ Reaction conditions: 2-thiobarbituric acid (0.5 mmol), iodobenzene (0.5 mmol), SnFe,04@Si0,@P-Pd (0.015 g), base (1 mmol).

b Isolated yield.
¢ Catalyzed by SnFe,0,@SiO,@P.
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Table 2
Catalytic coupling reaction of various aryl halides with triphenyltin chloride in the presence of catalytic amounts of SnFe,04@SiO>@P-Pd.

SN SnFe,0,@Si0,@P-Pd S
2 ’ | PN EtOH, Reflux, KOH
HO™ "N~ SH » eriux

Entry Aryl halide Product Time (h) Yield (%) TON TOF

(min™)

: S : 3 96 228 76
: S : 4 84 200 50
Me Me

OMe
s\©
©:OMe
S 4 75 178 44
Me/©/ \©\Me
©/S\© 3 90 214 71
OMe OMe
S 3 94 223 74
Me0/©/ \©\OM9

; S ; 4 85 202 67
OMe OMe

: S : 4 80 190 47
S 3 94 223 74
X X
(0
N N
S 5 35 83 16
HO : : OH
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11 ©/\Br ©/\S/\© 2 95 226 113
12 /©/Br /©/S\©\ 4 75 178 44
Me Me Me
13 : Cl : S : 4 35 83 21
14 : Cl : S : 5 50 119 24
O,N O,N NO,
15

/©/Cl /©/S\©\ 5 40 95 19
HO HO OH

2.7. Catalytic studies

Upon successful preparation and characterization of SnFe;O4@-
SiOo@P-Pd, its catalytic efficacy was evaluated in facilitating the syn-
thesis of both biaryl compounds and symmetrical sulfides.

In order to determine the optimal conditions, the catalytic activity of
SnFe;04@Si02@P-Pd was investigated through its application in the
reaction between 2-thiobarbituric acid and iodoarene, serving as a
model reaction. As illustrated in Table 1, an initial examination of the
reaction parameters was conducted. This included assessing the influ-
ence of temperature, various solvents, and the quantities of base and
catalyst utilized. The most favorable outcomes were observed when
using KOH as the base, with 0.03 g of SnFe;04@SiO2@P-Pd magnetic
nanoparticles in 4 ml of ethanol under reflux conditions.

Table 3

As illustrated in Table 2, we explored the range of substrates under
the optimized reaction conditions. To demonstrate the chemoselectivity
of the proposed protocol, a diverse array of aryl halide derivatives was
synthesized under optimal conditions. The reactions involving both
electron-rich and electron-deficient aryl halides successfully produced
the corresponding sulfide derivatives with excellent yields, regardless of
the electronic properties of the substituents.

Previous reports detail the catalytic cycle for synthesizing symmet-
rical sulfides using SnFe;04@SiO»@P-Pd, as illustrated in Scheme 3.
Initially, 2-thiobarbituric acid reacts with potassium hydroxide to yield
potassium thiolate. Subsequently, an aryl halide undergoes oxidative
addition with palladium, forming intermediate (I). Following this, po-
tassium thiolate interacts with intermediate (I) to create intermediate
(ID). This is then converted into a thiol anion in the presence of potassium

Optimization of the reaction conditions for the coupling reaction of iodobenzene with triphenyltin chloride in the presence of SnFe;04@SiO,@P-Pd.

1
o O

SnFe,0,@Si0,@P-Pd

K,CO;,PEG, 120 °C

- O

Entry Catalyst (g) Solvent Base Temperature ( °C) Time (min) Yield (%)
1 - PEG K»CO3 120 1 day N.R
2 0.005 PEG K»CO3 120 25 50
3 0.01 PEG K»CO3 120 25 81

4 0.02 PEG K»CO3 120 25 93
5 0.03 PEG K»CO3 120 25 97
6 0.035 PEG K»CO3 120 25 97
7 0.03 H,0 K2CO3 120 25 36
8 0.03 hexane K»CO3 120 25 48

9 0.03 Acetonitrile K»CO3 120 25 75
10 0.03 EtOAc K>CO3 120 25 82
11 0.03 EtOH K»CO3 120 25 92
12 0.03 PEG Cs,CO3 120 25 85
13 0.03 PEG EtsN 120 25 82
14 0.03 PEG NaOH 120 25 42
15 0.03 PEG KOH 120 25 32
16 0.03" PEG K»CO3 120 25 -

# Catalyzed by SnFe,0,@SiO,@P.
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Table 4
Catalytic coupling reaction of various aryl halides with triphenyltin chloride in the presence of catalytic amounts of SnFe;0,@SiO,@P-Pd.

X=Cl, Br, I

X .
R ©/ N @S“_ o SnFe,0,@Sio,@P-Pd
% K,COs, PEG, 120 °C R

Entry Aryl halide Product Time Yield (%) TON TOF (min™)

(min)

1 : I 25 97 233 557
2 I 40 91 216 360
o O
O,N
3 I 45 92 219 292
o 0O
Me
4 1 20 91 216 720
oy =0
HO
5 1 20 90 214 713
o O
MeO
6 1 30 96 228 456
oy e
H,N
7 Br 60 95 226 226
" O
MeO
8 I 30 96 228 456
MeO
OMe
9 Br 55 91 216 237
10 25 90 214 521

3
;

O,N

(continued on next page)

10



A. Kumar et al.

Table 4 (continued)
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n Br 30 94 223 446
o Oy
HO
12 Br 65 94 223 171
o w0
H,N
13 : Cl 30 91 216 432
14 Cl 130 85 202 96
oS,
H,N
15 Cl 55 67 159 73
IR O,
OHC
16 Cl 95 91 216 135
O,

HO

hydroxide. The thiol anion further reacts with intermediate (I) through
oxidative addition, resulting in compound (III), which is then reduced.
Upon completion, the catalytic cycle resumes with the release of
SnFe204@Si02@P—Pd.

The subsequent step involved using the reaction between iodo-
benzene and triphenyltin chloride as the model reaction. By fine-tuning
the catalyst quantity and selecting the suitable base and solvent, along
with careful temperature control and timing, the reaction progression
and product yield were improved. As illustrated in Table 3, by repeating
the experiment under varying conditions, KoCO3 (2.5 mmol) emerged as
the ideal base, with PEG serving as the solvent for the reaction. It’s
important to note that altering the catalyst amount significantly impacts
the reaction. Conducting the reaction with different bases led to reduced

1 2

97

98

97

96

95

94

93

92

91

M Series2 97

efficiency. Based on the results, the optimal conditions for this reaction
involve a catalyst amount of 0.03 g and K,COj3 (2.5 mmol) as the base in
PEG at 120 °C.

After determining the ideal conditions for the coupling reaction be-
tween triphenyltin chloride and iodobenzene (CgHsl), research was
expanded to explore the catalytic potential of SnFe,04@SiO2@P-Pd in
reactions involving other aryl halides and triphenyltin chloride. The
study included various aryl chlorides, bromides, and iodides in coupling
reactions with triphenyltin chloride, facilitated by SnFe,04@SiO2@P-
Pd. Aryl halides with both electron-rich and electron-poor characteris-
tics were used in acetylation reactions, successfully yielding the desired
biphenyl derivatives with yields ranging from 67 % to 98 %, as detailed
in Table 4.

95 93

Fig. 9. Recyclability of SnFe;0,4,@SiO,@P-Pd in the synthesis of Stille reaction.
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Table 5
Comparing catalytic activity of SnFe,04@SiO>@P-Pd with previously reported methods in the Stille reaction.
Entry Ar-X Cat. Condition reaction T (min) Yield (%) Ref.
1 Iodobenzene Pd-BTU NaOAc, PEG-400, 25 °C 1h 94 [22]
2 Iodobenzene MNPs Pd-Fe304 DMF, K,COs3, 100 °C 10h 95 [23]
3 Iodobenzene Fe30,@SiO,@NHCSPh-PA(II) DMF, K,COs3, 90 °C 6 h 95 [24]
4 Iodobenzene Pd NPs PEG, K,COs3, H0, 80 °C 1h 90 [25]
5 Iodobenzene SnFe,0,@Si0,@P-Pd EtOH, K,CO3, 60 °C 25 97 This work

Drawing upon previous studies and the aforementioned evidence,
the catalytic cycle for the Stille reaction in the presence of SnFe;04@-
SiO,@P-Pd is depicted in Scheme 5. Amines, functioning as electron-
donating groups on the Phenylalanine ligand, play a crucial role in
activating Pd(0). The process initiates with the oxidative addition of aryl
halides to the SnFe;04@SiO2@P-Pd complex, resulting in the formation
of intermediate 1. Subsequently, the Ar-X bond within the catalyst is
cleaved, facilitating the establishment of Pd-Ar and Pd-X bonds. In the
third stage, an organoborane compound undergoes transmetalation with
intermediate 1, in the presence of a base, producing intermediate 2. This
series of reactions culminates in the final step, yielding product 3.

3. Catalyst recyclability

Subsequently, to evaluate the stability of the catalyst’s activity, the
reaction between aryl iodide (CgHsl) and triphenyltin chloride was
utilized as a model system in ethanol, employing 0.03 g of SnFe;04@-
SiO@P-Pd. The synthesized nanocatalyst was conveniently recovered
using a magnet, as detailed in the experimental methodology. Remark-
ably, the catalyst SnFe,04@SiO2@P-Pd was reused over five consecu-
tive cycles without any diminishment in catalytic performance, as

OH

()
HO N/)\SII - 4
OK
\N -
KOH | O

SnFe,04@Si0,@P-Pd

illustrated in Fig. 9.

In the following step, the behavior of different nanocatalysts is
compared with SnFe;04@SiO2@P-Pd in the Stille reaction, as docu-
mented in the literature and summarized in Table 5. According to
Table 5, the SnFe,04@SiO2@P-Pd nanocatalyst demonstrates greater
efficiency than the other catalysts mentioned.

4. Conclusion

In this study, we have successfully developed SnFe;04@SiO,@P-Pd
as a novel and environmentally friendly recoverable catalyst. Compre-
hensive characterization of the synthesized catalyst was conducted
using BET surface area analysis, Fourier-transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), transmission electron microscopy
(TEM), energy-dispersive X-ray spectroscopy (EDS), thermogravimetric
analysis (TGA), vibrating sample magnetometry (VSM), scanning elec-
tron microscopy (SEM), and inductively coupled plasma (ICP) tech-
niques. The catalyst demonstrated significant activity across a diverse
array of substrates, exhibiting a high turnover frequency. Its facile
recyclability contributes to its cost-effectiveness and appeal in
addressing environmental concerns. The catalyst was effectively

Scheme 4. Proposed mechanisms for the synthesis of symmetrical sulfides.



A. Kumar et al.

O~

Reductive
Elimination

3

P

AN

Journal of Molecular Structure 1324 (2025) 140803

X

Oxidative
Addition

Transmetalation

<N

XPh,SnCl

Ph3Sn(‘|

Scheme 5. Proposed mechanism for Stille reaction.

employed in the synthesis of symmetrical sulfides and utilized in the
Stille reaction. Furthermore, the nanocatalyst offers advantages in terms
of reusability, easy separation, and robust catalytic performance
(Scheme 4).
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