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ne-CuI nanocomposite as a highly
efficient and reusable nanocatalyst for the
synthesis of benzothiazole-sulfide aryls and
heteroaryls†

Mingzhe Sun,*a Wei Liu,b Wei Wu,b Qun Lia and Li Shen *c

Studying diaryl sulfides and benzothiazoles is important in organic synthesis because numerous natural and

medicinal products contain these scaffolds. Over the past few years, research on the synthesis of

compounds containing benzothiazole-sulfide aryls, as important biological molecules, has received

significant attention. Multicomponent reactions are the most popular strategy for performing difficult

reactions and the synthesis of complexed molecules such as benzothiazole-sulfide aryls. In this work,

CuI was successfully immobilized on the surface of magnetic Fe3O4 nanoparticles modified with aniline

and 4-aminobenzoic acid [Fe3O4@ABA-Aniline-CuI nanocomposite] and its catalytic activity was

investigated in the preparation of a broad range of benzothiazole-sulfide aryls and heteroaryls through

the one-pot three-component reactions of 2-iodoaniline with carbon disulfide and aryl or heteroaryl

iodides in the presence of KOAc as base in PEG-400 as solvent. TEM and SEM images revealed that the

shape of the Fe3O4@ABA-Aniline-CuI particles is spherical and the size of the particles is approximately

between 12–25 nanometers.
Introduction

Catalysts are the most important materials in chemical
processes, and during the last decade, research on them has
become one of the most important topics among chemists.1–5 In
the new era of chemistry, especially organic chemistry, chemists
are always looking for environmentally friendly, cost-effective
and efficient catalytic systems to perform chemical
processes.6–11 Each type of catalyst has advantages and
disadvantages.12–14 Two characteristics of efficient catalysts are
their high activity and high selectivity.7 One of the most
important goals of modern chemistry is to combine the benets
of both heterogeneous and homogeneous catalysts.15–19 Nano-
catalysts have the advantages of both the mentioned systems
and their activity, selectivity, high stability and ability to be
recovered from the reaction medium.20–22 Nanoparticles are
a group of materials that are articially produced by combining
atoms, molecules or groups of them.23–25 Magnetic nano-
particles are particles smaller than one hundred nanometers
that have magnetic properties in the presence of an external
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magnetic eld.26,27 Clumping is one of the disadvantages of
magnetic nanoparticles as catalysts and functionalizing the
surface of magnetic nanoparticles is a suitable way to solve this
problem.28–30 Fe3O4 nanoparticles are well known and can be
used as a suitable support for functionalization with metals,
organic catalysts, N-heterocyclic carbenes and chiral
catalysts.31–33 Recent advances have shown that the improve-
ment of catalyst performance can be achieved through struc-
tural modications of magnetic nanoparticles.34 Using Fe3O4

NPs as a support substrate, modern catalysts that have higher
specic surface area than conventional catalysts can be ob-
tained, and in addition to consuming fewer precious metals,
their efficiency, which makes creating a catalyst cheaper and
more effective, can be increased.35–37 Magnetic nanocatalysts are
easily synthesized and can be reused several times without
losing a signicant amount of their activity by being recycled
through an external magnetic eld.38

The chemistry of heterocyclic compounds, which deals with
the properties, synthesis, and applications of this class of
compounds, is considered an important branch of organic
chemistry.39,40 On the other hand, research on organosulfur
chemistry (compounds containing S element) is one of the most
important topics in medicinal, pharmaceutical and industrial
chemistry.41,42 Benzothiazoles are a class of aberrant
compounds that have a benzene ring fused to a thiazole ring.43,44

A useful central structure, benzothiazole forms part of the
molecular structure of a large number of biological molecules,
RSC Adv., 2023, 13, 20351–20364 | 20351
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Fig. 1 Several bioactive molecules containing benzothiazole-sulfide scaffolds.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 3
:1

2:
34

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
drugs, natural products and industrial chemicals.45–47 Recently,
applications of benzothiazoles with different biological activi-
ties, such as anti-viral, anti-tumor, anti-fungal, anti-bacterial
Scheme 1 Steps of fabrication of Fe3O4@ABA-Aniline-CuI nanocatalyst

20352 | RSC Adv., 2023, 13, 20351–20364
and anti-cancer activities, have been discovered.43,46 In the
past few decades, the formation of carbon-sulfur bonds has
been widely studied by chemists. Studying diaryl suldes is
.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FT-IR spectra of Fe3O4@ABA-Aniline ligand and Fe3O4@ABA-
Aniline-CuI nanocatalyst.
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important in organic synthesis because a large number of
natural and medicinal products contain sulde scaffolds.48–50

Diaryl suldes are one of the most important sulfur-containing
organic compounds in the chemical, biochemical, biological
and industrial industries.51–53 Therefore, extensive studies have
been conducted in order to provide new methods for the
synthesis of these compounds. Compounds containing
benzothiazole-sulde aryls are unique, important heterocyclic
and organosulfur compounds with many biological and phar-
macological activities.54 Several bioactive molecules containing
benzothiazole-sulde scaffolds are listed in Fig. 1.54–56

Therefore, the development of an effectivemethodology for the
synthesis of benzothiazole-sulde aryls is an important research
challenge with high potential for benecial applications in the
pharmaceutical industry. Multicomponent reactions are the most
popular strategy for difficult reactions and the synthesis of com-
plexed molecules such as benzothiazole-sulde aryls. In order to
explore the potential of benzothiazole-sulde aryl compounds, we
developed an efficient protocol to synthesize various analogues of
benzothiazole-sulde aryl compounds from 2-haloaniline, aryl
halides and carbon disulde as the sulfur source for both the
benzothiazole and sulde moieties. A typical reaction was carried
out over heterogeneous Cu complex as catalyst and the target
compounds were obtained in excellent yields.

Result and discussion

In this paper, we report the fabrication of Fe3O4@ABA-Aniline-
CuI nanocomposite as a novel and efficient magnetic catalyst
for the synthesis of a broad range of benzothiazole-sulde aryls
and heteroaryls through the one-pot three-component reactions
of 2-iodoaniline with carbon disulde and aryl or heteroaryl
iodides in the presence of KOAc as base in PEG-400 as solvent.
The steps of the fabrication of Fe3O4@ABA-Aniline-CuI nano-
composite are outlined in Scheme 1. First, magnetic iron
nanoparticles were synthesized from Fe(II) and Fe(III) salts
utilizing the coprecipitation procedure, then these nano-
particles were coated with 4-aminobenzoic acid. A suitable
ligand (Fe3O4@ABA-Aniline nanocomposite) was prepared from
the reaction of Fe3O4@ABA-BA (prepared from the treatment of
Fe3O4@ABA with biacetyl) with aniline in ethanol solvent under
reux conditions. In the last step, by xing copper iodide on the
surface of Fe3O4@ABA-Aniline nanoparticles, the nal catalyst
[Fe3O4@ABA-Aniline-CuI] was successfully synthesized.

Characterization of Fe3O4@ABA-Aniline-CuI nanocatalyst

Aer designing and fabricating the nanocatalyst (Fe3O4@ABA-
Aniline-CuI), various techniques were used to identify the catalyst.

FR-IR spectroscopy

By using FT-IR spectroscopy and comparing the spectra of
Fe3O4@ABA-Aniline ligand and Fe3O4@ABA-Aniline-CuI
(Fig. 2), it is possible to understand the successful functionali-
zation of the functional groups and CuI complex on the surface
of magnetic Fe3O4 nanoparticles. As can be seen, Fe–O
stretching vibrations appeared near 579 cm−1 and O–H
© 2023 The Author(s). Published by the Royal Society of Chemistry
stretching vibrations appeared at 3400 cm−1. As can be seen in
the spectrum of Fe3O4@ABA-Aniline-CuI nanocatalyst, the
C]N bending vibration bands show a clear shi towards lower
frequency (1642 / 1624 cm−1) compared to the Fe3O4@ABA-
Aniline spectrum, which indicates complex formation
between CuI with C–N ligands.57
Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) shows images of the
surface of Fe3O4@ABA-Aniline-CuI catalyst with high magni-
cation (Fig. 3). In this analysis, the surface of the catalyst is
shown at high magnication and the SEM image conrms the
sphericity of Fe3O4@ABA-Aniline-CuI nanoparticles.
Transmission electron microscopy (TEM)

Transmission electronmicroscopy (TEM) was used to accurately
determine the shape and size of Fe3O4@ABA-Aniline-CuI
particles. As shown in Fig. 4, the shape of the Fe3O4@ABA-
Aniline-CuI particles is spherical and the size of the particles
is approximately between 12–25 nanometers (nm).
X-ray diffraction analysis (XRD)

X-ray diffraction analysis (XRD) was used to determine the
crystal structure and purity of the Fe3O4@ABA-Aniline-CuI
nanocatalyst (Fig. 5). The peaks that appeared are attributed
to the (220), (311), (400), (422), (511) and (440) planes, which
indicate that the structure of the iron nanoparticle (Fe3O4) is
maintained during functionalization.58
Energy dispersive X-ray (EDX)

Energy dispersive X-ray spectroscopy (EDX) was applied in order
to identify the successful formation of Fe3O4@ABA-Aniline-CuI
RSC Adv., 2023, 13, 20351–20364 | 20353
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Fig. 3 SEM images of Fe3O4@ABA-Aniline-CuI nanocatalyst at
different magnifications.

Fig. 4 TEM images of Fe3O4@ABA-Aniline-CuI nanocatalyst at
different magnifications.
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View Article Online
nanocatalyst. As shown in Fig. 6, the presence of the O peak
conrms that the magnetic iron nanoparticle is surrounded by
4-aminobenzoic acid. Also, in this spectrum, the peaks of Fe, N
and Cu elements can be seen, which is a conrmation of the
successful synthesis of the catalyst.
Vibrating sample magnetometer (VSM)

The magnetic property of the synthesized nanocatalyst (Fe3-
O4@ABA-Aniline-CuI) was determined and investigated using
20354 | RSC Adv., 2023, 13, 20351–20364
a vibrating-sample magnetometer (VSM). As seen in Fig. 7, the
magnetic property of the magnetic iron nanoparticle is 73.18
emu g−1. By functionalizing the surface of the nanoparticle with
Fe3O4@ABA-Aniline-CuI, this property was decreased to 36.07
emu g−1, which indicates the stabilization of organic groups on
the surface of the nanocatalyst.
Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was used to determine the
percentage of organic functional groups stabilized on the surface
of the magnetic nanoparticles (Fig. 8). The organic groups adsor-
bed on the nanoparticle surface were decomposed at a high
temperature of 260 °C. The weight loss of 17% at temperatures
between 250–700 °C is related to the decomposition of organic
groups stabilized on themagnetic iron nanoparticles. In total, TGA
analysis showed that the catalyst has a weight loss of about 22.9%.
Inductively coupled plasma optical emission spectroscopy
(ICP-OES)

ICP-OES analysis was used to determine the amount of Cu
immobilized on the surface of the magnetic nanoparticles and
it was determined that the amount of copper is 13.28 ×

10−5 mmol g−1.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XRD analysis of Fe3O4@ABA-Aniline-CuI nanocatalyst.

Fig. 6 EDX analysis of Fe3O4@ABA-Aniline-CuI nanocatalyst.

Fig. 7 VSM analysis of Fe3O4 NPs and Fe3O4@ABA-Aniline-CuI
nanocatalyst.

Fig. 8 TGA analysis of Fe3O4@ABA-Aniline-CuI nanocatalyst.
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Catalytic study

At the beginning of the laboratory work, the reaction of 2-
iodoaniline (1, 0.5 mmol) with carbon disulde (2, 1 mmol) and
iodobenzene (3, 0.5 mmol) was selected as the model reaction
and the optimization parameters for this reaction were
© 2023 The Author(s). Published by the Royal Society of Chemistry
investigated. First, the effect of the catalyst was evaluated on the
preparation of model product 4a (Table 1): no product was
observed in the absence of catalyst. To investigate the effect of
the catalyst, the model reaction was investigated in the presence
of different catalysts [Fe3O4 NPs (5 mg), Fe3O4@ABA (5 mg),
Fe3O4@ABA-BA (5 mg), Fe3O4@ABA-Aniline (5 mg) and Fe3-
O4@ABA-Aniline-CuI (5 mg)]. The maximum yield was seen
when the model reaction was catalyzed by Fe3O4@ABA-Aniline-
CuI nanocatalyst. Then, the effect of the catalyst amount on the
progress of the reaction was investigated and it was found that
amounts greater than 20 mg of Fe3O4@ABA-Aniline-CuI catalyst
do not have much effect on the progress of the reaction. In this
reaction, the nature of the solvent plays a vital role in the activity
of the catalyst and the yield of the products. It is evident from
the results obtained in Table 2 that the best result is obtained in
polyethylene glycol 400 (PEG-400) as solvent at 100 °C. The
product 4a was obtained in good yields when the model reac-
tion was carried out in dimethyl sulfoxide, dimethyl formamide
and ethanol solvents. Also, the results showed that water
solvent is not favorable for this reaction. Only 36% and 6% of
product 4a were obtained in toluene and solvent-free condi-
tions, respectively.

Next, the role of the base in the model reaction was investi-
gated and the reaction was carried out in the presence of
different bases (Table 3). A category of bases was used for the
RSC Adv., 2023, 13, 20351–20364 | 20355

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03069e


Table 1 Catalyst effect on the preparation of model product 4a

Entry Catalyst (mg) Time (h) Yielda (%)

1 No catalyst 24 No
2 Fe3O4 NPs (5 mg) 6 4
3 Fe3O4@ABA (5 mg) 6 9
4 Fe3O4@ABA-BA (5 mg) 6 5
5 Fe3O4@ABA-Aniline (5 mg) 6 10
6 CuI (5 mg) 6 37
7 Fe3O4@ABA-Aniline-CuI (5 mg) 6 62
8 Fe3O4@ABA-Aniline-CuI (10 mg) 6 75
9 Fe3O4@ABA-Aniline-CuI (15 mg) 6 81
10 Fe3O4@ABA-Aniline-CuI (20 mg) 6 86
11 Fe3O4@ABA-Aniline-CuI (25 mg) 6 86

a Isolated yields.
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synthesis of product 4a; the reaction in the presence of two
bases, potassium carbonate (K2CO3) and potassium acetate
(KOAc) bicarbonate, gave the best results and KOAc was chosen
as the optimal base. Then, to expand the scope of application of
Table 2 Solvent effect on the preparation of model product 4a

Entry Solvent (°C)

1 DMF (100 °C)
2 EtOH (reux)
3 H2O (reux)
4 DMSO (100 °C)
5 Toluene (100 °C)
6 PEG-400 (100 °C)
7 PEG-400 (110 °C)
8 PEG-400 (120 °C)
9 PEG-400 (90 °C)
10 Solvent-free (100 °C)

a Isolated yields.

20356 | RSC Adv., 2023, 13, 20351–20364
this catalytic system, a number of aryl and heteroaryl iodides
were used for the synthesis of benzothiazole-sulde aryl deriv-
atives and the results of these experiments are summarized in
Table 4. As shown in Table 4, iodobenzene derivatives carrying
Time (h) Yielda (%)

6 86
6 83
6 52
6 89
6 36
6 91
6 91
6 89
6 87
24 6

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Base effect on the preparation of model product 4a

Entry Base Time (h) Yielda (%)

1 K2CO3 6 91
2 Pyridine 6 72
3 DABCO 6 61
4 Et3N 6 82
5 Cs2CO3 6 90
6 NaOH 6 55
7 t-BuOK 6 13
8 DBU 6 80
9 KOAc 6 94
10 No base 24 No

a Isolated yields.
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electron-withdrawing and electron-donating groups obtain
products in high to excellent yields. Also, various derivatives of
heteroaryl iodides were used in the reaction with carbon
disulde and 2-iodoaniline and the benzothiazole-sulde het-
eroaryl products were synthesized with high yields. Moreover,
aryl bromides were found to be more easily reactive than aryl
chlorides due to the latter being less reactive as electrophilic
partners. This is because the reactivity of electrophilic partners
is based on their leaving groups, with iodine being the most
reactive followed by bromine, chlorine, and uorine. Chloride
electrophiles are the least reactive as they are less willing to
participate in reactions.

Based on previous reports on the synthesis of benzothiazoles
and diaryl suldes in the presence of copper catalysts, we
propose the following scheme for the synthesis of benzothiazole-
sulde aryls (product 4a as model reaction) catalyzed by Fe3-
O4@ABA-Aniline-CuI nanocomposite (Scheme 2).

Reusability of Fe3O4@ABA-Aniline-CuI nanocatalyst

The possibility of recycling and reusing a catalyst in catalytic
reactions is a very valuable factor. To achieve this goal, the
reusability of Fe3O4@ABA-Aniline-CuI nanocatalyst was evalu-
ated for the synthesis of product 4d (as a model reaction) under
the standardized conditions. Aer completion of the reaction,
the catalyst was isolated by applying an external magnetic eld.
Then, the recovered catalyst was washed with ethyl acetate three
times and used for the next reaction. The results clearly showed
that the Fe3O4@ABA-Aniline-CuI catalyst can be reused at least
7 times without signicant reduction in its catalytic activity
(Fig. 9). ICP-OES analysis was used to determine the amount of
Cu in the structure of the catalyst aer 7 runs and results
© 2023 The Author(s). Published by the Royal Society of Chemistry
conrmed that the amount of copper is 13.22 × 10−5 mmol g−1.
Also, SEM and TEM techniques were used to study the structure
and shape of the recovered nanocatalyst aer 7 runs. As shown
in Fig. 10 and 11, the shape of the nanoparticles is spherical and
a little clumping and accumulation is observed in the nano-
particle structure.

Hot ltration and metal leaching tests

The nature of Fe3O4@ABA-Aniline-CuI composite catalyst was
tested by hot ltration and ICP-OES metal leaching tests. The
results showed that when the solid catalyst was removed, the
conversion rate was only 1%, similar to the reaction without
a catalyst. However, the ICP-OES analysis revealed that there
was minimal Cu leaching into the reaction medium, indicating
that the active components of the catalyst remained intact
during the reaction.

Conclusion

In this paper, CuI was successfully immobilized on the surface
of magnetic Fe3O4 nanoparticles modied with aniline and 4-
aminobenzoic acid and its catalytic activity was investigated in
the preparation of a broad range of benzothiazole-sulde aryls
and heteroaryls through the one-pot three-component reactions
of 2-iodoaniline with carbon disulde and aryl or heteroaryl
iodides in the presence of KOAc as base in PEG-400 as solvent.
The preparation of the catalyst from cheap and available raw
materials, the efficiency of the catalyst in performing the reac-
tion and its easy separation by applying an external magnetic
eld are the most important advantages of this catalytic system.
The recycling results clearly showed that the Fe3O4@ABA-
RSC Adv., 2023, 13, 20351–20364 | 20357
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Table 4 Scope of Fe3O4@ABA-Aniline-CuI nanocatalyst in synthesis of benzothiazole-sulfide arylsa,b,c

20358 | RSC Adv., 2023, 13, 20351–20364 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 (Contd. )

a Isolated yields. b The reaction was carried out using bromobenzene. c The reaction was carried out using chlorobenzene.
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Aniline-CuI catalyst can be reused at least 7 times without
signicant reduction in its catalytic activity.
Experimental
Materials and methods

The chemicals and solvents used were purchased fromMerck and
Sigma-Aldrich. The purity of the products and the progress of the
reactions were checked by TLC on silica gel plates (SILG/UV254).
FTIR (USA, PerkinElmer, 400–4000 cm−1) was used to identify
the catalyst functional groups. XRD patterns were examined at 2
theta = 20–80° (1.5405 Å = XRD-BRUKER) to dene the nano-
particle crystallography. A STA503 instrument (Germany, BAHR,
30 °C to 800 °C, 10 °Cmin−1 rising rate, 70 cm3 min−1 argon ow)
© 2023 The Author(s). Published by the Royal Society of Chemistry
was used for thermogravimetric analysis. EDX analysis (VEGA II
Detector, TESCAN, Czech Republic) determined the elemental
components on the heterogeneous catalyst surface. FESEM
(FESEM/TE/SCAN, Philips) and TEM (TEM/CM 120, Philips) anal-
yses examined the catalyst surfacemorphology. A vibrating sample
magnetometer (VSM, model EZ-9, G. Colombo 81, 20133 Milano,
Italy) measured the nanocatalyst's magnetic characteristics.
Preparation of Fe3O4@ABA-Aniline-CuI nanocomposite

First, Fe3O4 magnetic particles were synthesized through co-
precipitation of Fe2+/Fe3+ salt solution in an alkaline environ-
ment as previously reported.59 The nanoparticles of Fe3O4 (1.0 g)
were ultrasonically dispersed in a solution containing ethanol
(100 ml) by ultrasonic irradiation for 30 minutes. Then, an
RSC Adv., 2023, 13, 20351–20364 | 20359
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Scheme 2 Plausiblemechanism for preparation of benzothiazole-sulfide aryls (product 4a as model reaction) catalyzed by Fe3O4@ABA-Aniline-
CuI nanocomposite.

Fig. 9 Reusability of Fe3O4@ABA-Aniline-CuI nanocatalyst in preparation of product 4d.
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ethanolic solution of 4-aminobenzoic acid (3 mmol in 10 ml of
ethanol) was added dropwise to the resulting suspension. Aer
stirring for 2 h at reux temperature, the Fe3O4@ABA particles
were magnetically separated from the suspension and washed
20360 | RSC Adv., 2023, 13, 20351–20364
with DI water and ethanol. The desired magnetic nanoparticles
were dried in the vacuum oven at 50 °C for 4 h. Aniline was
introduced to the Fe3O4@ABA MNPs using a two-step procedure.
The magnetic Fe3O4@ABA (1.0 g) was dispersed in 100 ml of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 SEM image of the recovered Fe3O4@ABA-Aniline-CuI nano-
catalyst after 7 runs.
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ethanol by ultrasonic irradiation for 30 min. Then, biacetyl (3
mmol) was added to the reaction medium. Aer stirring for 10 h
at reux temperature, the as-prepared magnetic Fe3O4@ABA-BA
powder was magnetically separated from the suspension, rinsed
with ethanol and dried in the vacuum oven at 50 °C for 4 h. In the
next step, 1.0 g of dried magnetic Fe3O4@ABA-BA dispersed in
100 ml ethanol (ultrasonication for 30 min) was treated with
3 mmol aniline. Aer stirring for 10 h at reux conditions in an
inert gas atmosphere, the Fe3O4@ABA-Aniline nanocomposite
particles were separated by magnetic decantation and the ob-
tained powder was rinsed twice with ethanol to remove excess
aniline. The nal particles were dried in an oven at 60 °C for 4 h.
Fig. 11 TEM image of the recovered Fe3O4@ABA-Aniline-CuI nanocatal

© 2023 The Author(s). Published by the Royal Society of Chemistry
To synthesize Fe3O4@ABA-Aniline-CuI nanocatalyst, Fe3O4@ABA-
Aniline (1.0 g) powder was sonicated for 30min in 100ml of DMF.
Then, 3 mmol of CuI salt was added and the suspension was
reuxed for 4 h in an inert gas atmosphere at 80 °C. The prepared
particles were magnetically separated from the mixture and
washed with ethanol three times. A vacuum oven was used to dry
the nal nanoparticles at 40 °C (Scheme 1).
General procedure for preparation of benzothiazole-sulde
aryls catalyzed by Fe3O4@ABA-Aniline-CuI nanocomposite

In a round bottomed ask, a mixture of 2-iodoaniline (0.5
mmol), carbon disulde (1 mmol), KOAc (1.5 equiv) and Fe3-
O4@ABA-Aniline-CuI catalyst (20 mg) was stirred in PEG-400 at
100 °C for 2 h. Then, the aryl and heteroaryl iodides (0.5 mmol)
were added to the reaction mixture and the reaction proceeded
for 4 h, monitored by thin-layer chromatography (TLC). The
Fe3O4@ABA-Aniline-CuI catalyst was easily separated with an
external magnet, the organic layer was separated, and the
aqueous layer was extracted with ethyl acetate. The obtained
organic phase was dried over Na2SO4 and concentrated in vacuo.
The crude material was puried with a chromatography column
on silica gel (gradient eluent of EtOAc/petroleum ether) to give
the benzothiazole-disulde aryl and heteroaryl products.
NMR data for several examples of benzothiazole-sulde aryls
and heteroaryls
yst after 7 runs.

RSC Adv., 2023, 13, 20351–20364 | 20361
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2-(Phenylthio)benzo[d]thiazole. 1H NMR (500 MHz, CDCl3)
d 8.04–8.01 (m, 2H), 7.62–7.60 (m, 2H), 7.59–7.45 (m, 5H); 13C
NMR (126MHz, CDCl3) d 162.1, 135.9, 135.6, 134.8, 134.2, 130.5,
129.3, 129.2, 128.3, 127.2, 127.0, 126.1, 125.7, 124.3, 123.4.

2-(p-Tolylthio)benzo[d]thiazole. 1H NMR (500 MHz, CDCl3)
d 7.96 (dd, J = 7.8, 1.3 Hz, 1H), 7.54–7.51 (m, 2H), 7.51–7.47 (m,
3H), 7.46–7.42 (m, 2H), 7.40–7.26 (m, 1H), 2.49 (s, 3H); 13C NMR
(126 MHz, CDCl3) d 163.2, 138.4, 137.7, 135.9, 132.9, 132.7,
129.5, 129.3, 127.6, 1272, 124.8, 21.8.

2-((4-Ethylphenyl)thio)benzo[d]thiazole. 1H NMR (400 MHz,
CDCl3) d 8.08–8.02 (m, 2H), 7.62–7.56 (m, 1H), 7.56–7.42 (m,
2H), 7.42–7.30 (m, 2H), 7.28–7.24 (m, 1H), 2.30 (s, 2H), 1.3 (s,
3H); 13C NMR (101 MHz, CDCl3) d 159.6, 143.6, 137.7, 136.4,
132.6, 130.8, 129.2, 128.7, 126.5, 125.8, 124.7, 26.5, 20.7.

2-((4-Methoxyphenyl)thio)benzo[d]thiazole. 1H NMR (600
MHz, CDCl3) d 8.02 (d, J = 9.1 Hz, 2H), 7.60 (m, 2H), 7.45–7.43
(m, 2H), 6.97 (d, J = 9.0 Hz, 2H), 3.77 (s, 3H); 13C NMR (126
MHz, CDCl3) d 158.6, 154.0, 136.1, 128.7, 128.4, 128.4, 128.2,
127.6, 113.8, 55.6.

2-((4-Nitrophenyl)thio)benzo[d]thiazole. 1H NMR (500 MHz,
CDCl3) d 8.07–8.02 (m, 2H), 7.51–7.50 (m, 2H), 7.50–7.43 (m,
2H), 7.19–7.15 (m, 2H); 13C NMR (126 MHz, CDCl3) d 166.1,
20362 | RSC Adv., 2023, 13, 20351–20364
164.0, 158.7, 136.1, 133.1, 133.1, 131.1, 131.0, 129.6, 129.3,
128.0, 117.0, 116.9.

1-(4-(Benzo[d]thiazol-2-ylthio)phenyl)ethan-1-one. 1H NMR
(500 MHz, CDCl3) d 8.11 (d, J = 8.0 Hz, 2H), 8.06 (d, J = 7.9 Hz,
2H), 7.52 (m, 2H), 7.50–7.46 (m, 2H), 2.67 (s, 3H); 13C NMR (151
MHz, CDCl3) d 197.4, 163.7, 141.6, 139.9, 135.0, 130.8, 129.4,
128.6, 126.7, 125.7, 25.9.

2-((3-Methoxyphenyl)thio)benzo[d]thiazole. 1H NMR (500
MHz, CDCl3) d 8.15 (d, J = 8.4 Hz, 2H), 8.06 (d, J = 8.6 Hz, 2H),
7.53–7.49 (m, 2H), 7.49–7.44 (m, 2H), 3.96 (s, 3H); 13C NMR (126
MHz, CDCl3) d 165.1, 166.0, 138.9, 133.0, 133.4, 129.9, 128.7,
127.3, 126.4, 125.8, 52.8.

2-(Pyridin-2-ylthio)benzo[d]thiazole. 1H NMR (500 MHz,
CDCl3) d 9.24 (d, J = 1.7 Hz, 1H), 8.82 (dd, J = 4.8, 1.6 Hz, 1H),
8.28 (ddd, J = 8.0, 2.2, 1.7 Hz, 1H), 7.57–7.45 (m, 4H), 7.44 (ddd,
J = 8.0, 4.9, 0.8 Hz, 1H); 13C NMR (126 MHz, CDCl3) d 161.8,
155.2, 149.7, 136.0, 135.8, 132.3, 129.9, 128.4, 126.3, 122.6.

2-(Furan-2-ylthio)benzo[d]thiazole. 1H NMR (400 MHz,
CDCl3) d 8.02 (d, J= 9.0 Hz, 2H), 7.43 (d, J= 8.9 Hz, 2H), 6.97 (d,
J = 8.9 Hz, 2H), 6.91 (d, J = 9.0 Hz, 1H); 13C NMR (101 MHz,
CDCl3) d 164.6, 161.4, 137.5, 130.1, 129.4, 119.1, 115.4, 114.1.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2-((1-Methyl-1H-benzo[d]imidazole-2-yl)thio)benzo[d]thia-
zole. 1H NMR (400 MHz, CDCl3) d 8.13 (d, J = 8.1 Hz, 1H), 7.87
(d, J= 8.3 Hz, 1H), 7.79 (dd, J= 8.2, 1.1 Hz, 1H), 7.60 (dd, J= 7.1,
1.2 Hz, 1H), 7.51–7.41 (m, 3H), 2.32 (s, 3H); 13C NMR (101 MHz,
CDCl3) d 163.8, 136.0, 134.2, 132.6, 128.7, 126.4, 125.1, 124.9,
123.1, 122.1, 31.0.
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