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Abstract

Research on the preparation of diallyl sulfides and selenides is always an important challenge among chemists because these
compounds are of high biological, pharmaceutical, industrial and chemical importance. For this purpose, in this attractive
and highly efficient approach, we wish to report that copper (I) chloride immobilized on magnetic nanoparticles modified
with benzothiazole—pyrimidine ligand (Fe;0,@BTH-Pyr-CuCl) is a novel and efficient magnetically recoverable catalyst
for C—S and C-Se bonds formation through reaction of a category of heterocyclic compounds with aryl iodides, sulfur and
selenium sources. The structure of Fe;O,@BTH-Pyr-CuCl nanocatalyst was well identified with FT-IR, SEM, TEM, EDX,
elemental mapping, TGA, XRD, VSM and ICP-OES techniques. The recycling tests confirmed that the Fe;0,@BTH-Pyr-
CuCl nanocatalyst was reused for 6 times without considerable reduction in its activity. This method is almost better than
other methods reported in the literature for C—S and C—Se coupling of heterocycles for the following reasons, such as the
use of an environmentally friendly solvent, high yields of products, the use of a catalyst that can be separated and reused
and the performance of the reaction in a shorter time, presentation of well-analysis for catalyst and full NMR for products.
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Introduction

The immobilization of catalyst in particular transition met-
als on the surface of solid supports is one of the popular
and efficient strategies in catalysis field [1, 2]. Therefore,
choosing a suitable and active solid support plays an
important role in the performance of the catalyst [3]. An
ideal catalyst from the point of view of green chemistry
should have a large active surface and be separable [4].
The high active surface along with the ability to separate
the catalyst at the end of the reaction has made nanocata-
lysts a bridge between homogeneous and heterogeneous
catalysts [5-8]. In metallic nanocatalysts, the nanomaterial
support and the metal catalyst together form a nanocom-
posite that is suitable for achieving the best performance
[9-13]. Recently, magnetic nanoparticles are widely used
as a catalyst support, because these nanoparticles have fea-
tures such as catalytic capacity, high stability and strength,
easy recovery, biocompatibility and low toxicity [14—17].
Magnetic nanoparticles with a core—shell structure form
a new type of catalysts, whose shell contains catalytically
active species, and the magnetic core acts as a holder that
allows separation and recovery of the catalyst [18-20].
One of the most attractive and popular features of mag-
netic nanocatalysts is the easy separation of this catalyst
from the reaction mixture [21, 22]. The catalyst fixed on
the magnetic nanoparticles can be easily separated from
the reaction medium by an external magnet and can be
reused [23-25]. Among the magnetic nanoparticles used
as a support for the immobilization of transitional metal
complexes as catalyst, Fe;O, nanoparticles are more popu-
lar because they are available, their preparation is easier,
their surface modification is easily possible, and they have
high stability and magnetic properties [25-28].

The formation of carbon—sulfur bonds is an essential
step in the preparation of important organic compounds
and intermediates [29, 30]. Diaryl sulfides are one of the
most important sulfur-containing organic compounds
that play a unique role in chemistry, biochemistry, and
organic synthesis [31-33]. These compounds are used as
multipurpose reagents in organic synthesis and are use-
ful structural parts for the synthesis of sulfur-containing
organic compounds [34-36]. Aryl sulfides have shown
activities as anti-inflammatory agents, treatment of dia-
betes, Alzheimer’s disease and Parkinson’s disease, or as
inhibitors for the treatment of human immunodeficiency
virus, asthma and obstructive pulmonary disease [37-39].
On the other hand, the synthesis of diaryl selenides has
recently become a very attractive and important research
field in organic chemistry [40, 41]. Aryl selenides play an
important role in medicinal and biological chemistry in
particular as anticancer and antiviral drugs [42—45]. The
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utilization of sulfur and selenium sources for the C—S and
C-Se coupling reactions is one of the most popular and
efficient strategies for the preparation of diaryl sulfides and
selenides [46]. In the past decades, reactions in which tran-
sition metals were used as catalysts have played an impor-
tant role in the progress of organic chemistry. Copper is
one of the most popular and widely used transition metals,
which has been recently used for coupling reactions, due
to its characteristics such as being cheap, environmentally
friendly and having various oxidation states [47, 48].

In this attractive and highly efficient approach, we fab-
ricated copper (I) chloride immobilized on magnetic nano-
particles modified with benzothiazole—pyrimidine ligand
(Fe;O,@BTH-Pyr-CuCl) and evaluated its catalytic activity
for the preparation of heteroaryl-aryl sulfides and selenides
through reaction of a category of heterocyclic compounds
with aryl iodides, sulfur and selenium sources.

Result and discussion

Details of fabrication of Fe;O0,@BTH-Pyr-CuCl nanocata-
lyst are shown in Scheme 1. First, magnetic Fe;O, nanopar-
ticles were coated with 3-amino-4-mercaptobenzoic acid in
order to prepare the Fe;0,@AMBA nanocomposite. Next,
Fe;0,@BTH-Pyr nanomaterial as ligand was prepared
through treatment of Fe;0,@AMBA nanocomposite with
pyrimidine-2-carbaldehyde in ethanol under reflux con-
ditions. Finally, CuCl was successfully immobilized on
Fe;O,@BTH-Pyr ligand in order to fabricate the Fe;0,@
BTH-Pyr-CuCl nanocatalyst.

Characterization of Fe;0,@BTH-Pyr-CuCl
nanocatalyst

The structure of Fe;O,@BTH-Pyr-CuCl nanocatalyst was
well identified with FT-IR, SEM, TEM, EDX, elemental
mapping, TGA, XRD, VSM and ICP-OES techniques.

XRD and TGA analysis

In order to study the structure and nature of Fe;0,@
BTH-Pyr-CuCl nanocatalyst, XRD analysis was used.
XRD spectra of Fe;O0,@BTH-Pyr-CuCl nanocatalyst are
shown in Fig. 1. The X-ray analysis of the catalyst is in full
agreement with the magnetic analysis of the nanoparticles
reported in the references, which indicates that the nature
of the Fe;0,@BTH-Pyr-CuCl catalyst has not changed
despite the immobilization of the functional groups and
CuCl on the surface of magnetic Fe;O, nanoparticles [49].
TGA analysis of Fe;O, NPs and Fe;0,@BTH-Pyr-CuCl
nanocatalyst is shown in Fig. 1. The weight reduction of
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Scheme 1 Details of construction of Fe;0,@BTH-Pyr-CuCl nanocatalyst
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about 7% to the removal of surface hydroxyl groups and
solvents does not affect the surface of the particles. Also, a
weight loss of about 15% was observed at the temperature
of 225-600 °C, which is related to the decomposition and
removal of functional groups and copper complex immo-
bilized on magnetic nanoparticles.

FT-IR spectroscopy

FT-IR spectra of Fe;O,@BTH-Pyr ligand and Fe;0,@
BTH-Pyr-CuCl nanocatalyst are shown in Fig. 2. The for-
mation of Fe—O bond is confirmed by an obvious peak at
about 570 cm™! in both spectra. The broad peaks at about
3400 cm™! are related to O—H groups on the surface of mag-
netic nanoparticles. C—H aromatic bonds were also con-
firmed by several small peaks at about 28003000 cm™!.
The C-N bond was also confirmed by a characteristic peak
at about 1630 cm™!. The peak related to the C—N bond
in the Fe;0,@BTH-Pyr ligand appeared in the region of
1662 cm™', while the same peak in the Fe;0,@BTH-Pyr-
CuCl nanocatalyst appeared in the region of 1632 cm™'. The
shift of the peak location to the lower region is due to the
presence of the ligand bond with the Cu metal.
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EDX, elemental mapping and ICP-OES spectroscopic
techniques

EDX and elemental mapping techniques were used to
determine the elements in the structure of the Fe;0,@
BTH-Pyr-CuCl catalyst (Fig. 3). The presence of Fe, O,
C, N, S and Cu elements in the structure of the Fe;O,@
BTH-Pyr-CuCl catalyst was well confirmed by these tech-
niques. ICP-OES analysis was used to find out the amount
of copper in the structure of the Fe;O0,@BTH-Pyr-CuCl
nanocatalyst, and the results showed that the amount of Cu
in the structure of the nanocatalyst is 14.25 x 10~ mol g~1.

SEM and TEM spectroscopic techniques

The morphology and structure of particles in Fe;0,@
BTH-Pyr-CuCl nanocatalyst were studied by SEM and
TEM photographs (Fig. 4). The SEM and TEM images
clearly showed that the formed particles are spherical and
uniform and their size is in the range of nanometers. TEM
images showed that that the particles have a size in the
range of 20 nm.
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Fig.2 FT-IR spectra of Fe;0,@
BTH-Pyr ligand and Fe;O,@
BTH-Pyr-CuCl nanocatalyst
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VSM analysis

The magnetic property of all fabricated-nanocomposites for
the preparation of the Fe;0,@BTH-Pyr-CuCl nanocatalyst
was measured by vibrating-sample magnetometer (VSM)
analysis (Fig. 5). Magnetic Fe;O, nanoparticles with a mag-
netic property of 61.85 (emu g~!) were prepared, and its
amount gradually decreased by modifying its surface with
3-amino-4-mercaptobenzoic acid and pyrimidine-2-car-
baldehyde. As you can see in Fig. 5, the results showed that
the catalyst was prepared with an amount of 45.875 (emu
g~ 1), which is a high amount and indicates the high magnetic
property of this synthesized nanocatalyst.

Catalytic investigation of Fe;0,@BTH-Pyr-CuCl
in C-H arylation

First the reaction of benzo[d]thiazole, iodobenzene and Sy as
sulfur source for the preparation of 2-(phenylthio)benzo[d]
thiazole (product 4a) was considered as the sample reaction
for the optimization of conditions. In the absence of catalyst,
the product 4a was not formed in the presence of KOH in
DMF (Table 1, Entry 1). By using Fe;0,@BTH-Pyr-CuCl
catalyst, the progress of the reaction increased significantly.
By increasing the amount of the Fe;0,@BTH-Pyr-CuCl
catalyst up to 8 mol%, the yield of the desired product also
increased, but no change in the yield was seen at amounts
higher than 8 mol% (9 and 10 mol% of the catalyst). There-
fore, the amount of 8 mol% of the Fe;O,@BTH-Pyr-CuCl

| 1 L I

1500
Wavenumber cm-1

catalyst was chosen as the optimal amount (Table 2, Entry
5). The presence of base in the reaction had a great effect
on the reaction because in the absence of base the desired
reaction did not take place (Table 2, Entry 1). Among tested
bases, the best results were seen in the presence of KOAc as
base (Table 2, Entry 9). Finally, in order to select the best
medium reaction, a number of solvents were tested under the
optimized amount of Fe;O,@BTH-Pyr-CuCl nanocatalyst
in the presence of KOAc as base. The results confirmed that
PEG is the best solvent for the preparation of 2-(phenylthio)
benzo[d]thiazole (product 4a) (Table 3, Entry 6). The yield
of the obtained product 4a decreased at a temperature lower
than 120 °C (Table 3, Entry 7), while temperatures above
120 °C did not affect the efficiency and progress of the reac-
tion (Table 3, Entries 8-9). Only, 10% of the model product
was obtained in the absence of solvent after 12 h (Table 3,
Entry 10).

In next stage of experimental works, we decide to study
the scope of various heterocyclic compounds and aryl or
heteroaryl iodides for synthesis of heteroaryl-aryl and di-
heteroaryl sulfides and selenides catalyzed by Fe,O,@BTH-
Pyr-CuCl nanomaterial (8 mol%) in the presence of KOAc
in PEG at 120 °C for 4 h (Table 4). The obtained results
clearly showed that this catalytic system is very efficient
because different derivatives of the heteroaryl-aryl and di-
heteroaryl sulfide and selenide products were synthesized
with high yields under the described conditions. One of the
attractions of this method is that various derivatives of het-
erocyclic sulfides and selenides can be easily synthesized by
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Fig.3 EDX and elemental mapping analysis of Fe;0,@BTH-Pyr-CuCl nanocatalyst

this catalytic system. Although all the obtained heteroaryl-
aryl and di-heteroaryl sulfide and selenides products are
known and previously reported, synthesis of this number
of heteroaryl-aryl and di-heteroaryl sulfides has never been
reported by any methods.

In order to study reusability of Fe;O0,@BTH-Pyr-CuCl
nanocatalyst in this methodology, the reaction of benzo[d]
thiazole, iodobenzene and Sg as sulfur source for the prepa-
ration of 2-(phenylthio)benzo[d]thiazole (product 4a) was
considered as the sample reaction. After the compilation of
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the reaction, Fe;O,@BTH-Pyr-CuCl nanocatalyst was eas-
ily separated with an external magnet (washed several times
with ethyl acetate and reused for next runs. As shown in
Fig. 6, the Fe;0,@BTH-Pyr-CuCl nanocatalyst was reused
for 6 times without considerable reduction in its activity. As
shown in Fig. 6, VSM analysis of the reused Fe;O,@BTH-
Pyr-CuCl nanocatalyst after 6 times has still high magnetic
nature (43.524 emu g~!). ICP-OES analysis was also used to
find out the amount of copper in the structure of the reused
Fe;0,@BTH-Pyr-CuCl nanocatalyst after 6 times, and the
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Fig.4 SEM and TEM images of Fe;0,@BTH-Pyr-CuCl nanocatalyst

results showed that the amount of Cu in the structure of the
nanocatalyst is 14.19x 10 mol g\,

In order to investigate the efficiency of Fe,O,@BTH-Pyr-
CuCl nanocatalyst for C—S coupling heterocycles, we com-
pared the results of this methodology with other reported
methods in the literature for the preparation of 2-(phenylthio)
benzo[d]thiazole (product 4a) as the template reaction. As

shown in Table 5, this method is more preferable than other
methods, such as the use of an environmentally friendly sol-
vent, high product yield, the use of a catalyst that can be
separated and reused, the use of milder conditions and the
performance of the reaction in a shorter time.
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Fig.5 VSM analysis of Fe;0, NPs, Fe;0,@AMBA, Fe;0,@BTH-Pyr ligand and Fe;0,@BTH-Pyr-CuCl nanocatalyst

Conclusion

In summary, we constructed a novel magnetically recov-
erable copper nanocatalyst through copper (I) chloride
immobilized on magnetic nanoparticles modified with
benzothiazole—pyrimidine ligand (Fe;O,@BTH-Pyr-
CuCl) and studied its catalytic activities in preparation of
heteroaryl-aryl sulfides and selenides. One-pot three-com-
ponent reactions of reaction of a category of heterocyclic
compounds with aryl iodides, sulfur and selenium sources
were successfully catalyzed by Fe;O0,@BTH-Pyr-CuCl
nanocomposite and the desired aryl sulfide and selenide
products were afforded with high yields. The recycling
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tests confirmed that the Fe;O,@BTH-Pyr-CuCl nanocata-
lyst was reused for 6 times without considerable reduction
in its activity.

Experimental
General procedure for preparation of C-S and C-Se
bonds formation catalyzed by Fe;0,@BTH-Pyr-CuCl

nhanocomposite

In a round bottomed flask, a mixture of aryl iodides
(0.5 mmol), sulfur or selenium source (0.4 mmol), KOAc
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Table 1 Effect of catalyst on the preparation of 2-(phenylthio)benzo[d]thiazole (Product 4a)
S H Catalyst S,
e O
KOH, DMF, 120 °C
GED = o=

2-(phenylthio)benzo[d]thiazole

Product 4a

Entry Catalyst (mol%) Time (h) Yield %*
1 No catalyst 24 X
2 Fe;0,@BTH-Pyr-CuCl (5 mol%) 4 72
3 Fe;0,@BTH-Pyr-CuCl (6 mol%) 4 79
4 Fe;0,@BTH-Pyr-CuCl (7 mol%) 4 84
5 Fe;0,@BTH-Pyr-CuCl (8 mol%) 4 87
6 Fe;0,@BTH-Pyr-CuCl (9 mol%) 4 87
7 Fe;0,@BTH-Pyr-CuCl (10 mol%) 4 87
#Yields referred to isolated products
Table 2 Effect of several base on the preparation of 2-(phenylthio)benzo[d]thiazole (Product 4a)
(8 mol%)
S H Fe30,@BTH-Pyr-CuCl S,
Vi + 1 > r%is
Base, DMF, 120 °C
m Ss m 2-(phenylthio)benzo[d]thiazole
O a=®d o
Entry Base Time (h) Yield %*
1 No base 24 X
2 KOH 4 87
3 K,CO, 4 84
4 NaOH 4 58
5 DBU 4 51
6 t-BuOK 4 44
7 EtN 4 84
8 Na,CO; 4 80
9 KOAc 4 92

#Yields referred to isolated products
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Table 3 Influence of solvent on the preparation of 2-(phenylthio)benzo[d]thiazole (Product 4a)

Fe;0,@BTH-Pyr-CuCl

(8 mol%)

S - O
@ - oo
* R e

KOAc, Solvent (°C)

Sos e

2-(phenylthio)benzo[d]thiazole

Product 4a

Entry Solvent (°C) Time (h) Yield %*
1 DMEF (100 °C) 4 92
2 EtOH (Reflux) 4 77
3 Toluene (120 °C) 4 34
4 DMSO (120 °C) 4 88
5 Anisole (120 °C) 4 89
6 PEG (120 °C) 4 95
7 PEG-400 (110 °C) 4 92
8 PEG-400 (130 °C) 4 95
9 PEG-400 (140 °C) 4 95
10 Solvent-Free (100 °C) 12 10

#Yields referred to isolated products

(2 equiv) and Fe;0,@BTH-Pyr-CuCl catalyst (8 mol%)
was stirred in PEG-400 at 120 °C. After 30 min, heteroaryls
(0.3 mmol) were added to reaction mixture and stirred for
4 h. (The progress of the reaction was monitored by thin-
layer chromatography (TLC).) After completion of the reac-
tion, the Fe;0, @BTH-Pyr-CuCl was magnetically separated
and reaction mixture was cooled to room temperature and
H,O (4 mL) was added. The product was extracted with

@ Springer

EtOAc (3 x4 mL) and dried over anhydrous Na,SO,. The
crude material was purified with chromatography column
on silica gel (EtOAc/n-hexane) which gives the heteroaryl-
aryl and di-heteroaryl sulfides products with 84-97%. All
heteroaryl-aryl and di-heteroaryl sulfide and selenide prod-
ucts are previously reported and known [35, 55-64]. HNMR
and CNMR were used in order to identify the structure of the
heteroaryl-aryl and di-heteroaryl sulfide products.
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Table4 Scope of Fe;0,@ pry—
BTH—Pyr—CuCl nanocatalyst Fe;0,@BTH-Pyr-CuCl X
. A Heteroaryl—H  + Ar—| Heteroaryl” " “Ar
in synthesis of heteroaryl-aryl = o ) KOAc, PEG, 120°C, 4 h
1 XS xamples
and di-heteroaryl sulfides and ) -5, 50 | ue o kil
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QD
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O O =0
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~ o
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Table 4 (continued)
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Reusability-Results on Product 4a
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Fig.6 Reusability-results of Fe;O,@BTH-Pyr-CuCl nanocatalyst and VSM analysis of the recovered Fe;0,@BTH-Pyr-CuCl nanocatalyst

Table 5 Compression of efficiency of this methods with other methods for synthesis of 2-(phenylthio)benzo[d]thiazole (product 4a)

This Work

(8 mol%)

Fe304@BTH-Pyr-CuCl

S
GD =
SURN 0+ o I
o

KOAc, Solvent (°C)

OO

95%

Product 4a

Entry Catalyst Conditions Yield% [Ref]
1 Cu(OAc),.H,0 (20 mol%) 1,4.dioxane, 100 °C, 5 h 77 [50]
2 TMS;SIH, AIBN (5 mol%) Toluene, 110 °C, 4 h 90 [51]
3 NiCl,.6H,0, Bpy, Zn powder Et;N, Bill milling, 30 Hz, 2 h 82 [52]
4 Cul, cyclohexane-1,2-diamine K,CO;, DMSO, 120 °C, 8 h 86 [53]
5 Cul, BiPy Na,CO;, DMF, 140 °C, 24 h 90 [54]
6 CuO K,CO;, DMF, 140 °C, 24 h 78 [43]

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13738-024-03015-9.
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