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In this study, the thermal and catalytic behavior of Ni-microsphere and Cu-MOF were investigated with

aspartic acid as the coordinating ligand with different morphologies. The Ni-microsphere and Cu-MOF

with aspartic acid, as the coordinating ligand, were prepared via a solvothermal method. The

morphology and porosity of the obtained Ni microsphere and Cu-MOF were characterized by XRD, FTIR,

TGA, DSC, BET and SEM techniques. The catalytic activity of the Ni-microsphere and Cu-MOF was

examined in Stille and sulfoxidation reactions. The Ni microsphere and Cu-MOF were easily isolated

from the reaction mixtures by simple filtration and then recycled four times without any reduction of

catalytic efficiency.
Cross-coupling reaction is one of the most signicant methods
to create carbon–carbon bonds in organic synthesis. There are
many approaches, including, Suzuki, Stille, and Sonogashira
cross-coupling reactions, which are well recognized and highly
applicable in organic synthesis. Among them, the Stille reac-
tion, which is an increasingly versatile tool for the formation of
carbon–carbon bonds, involves the coupling of aryl halides with
organotin reagents.1 However, these reactions generally require
expensive transition metal catalysts such as Pd.2 Therefore, it is
necessary to develop a new economic, green, and efficient
methodology to reduce the environmental impact of the reac-
tion. They are also important intermediates in organic chem-
istry and have been widely used as ligands in catalysis. The
direct oxidation of suldes is an important method in organic
chemistry. Besides, they are also valuable synthetic intermedi-
ates for the construction of chemically and biologically impor-
tant molecules, which usually synthesized by transition metal
complexes.3 In this regard, different transition metal complexes
of mercury(II) oxide/iodine,4 oxo(salen) chromium(V),5 rhe-
nium(V) oxo,6 H5IO6/FeCl3,7 Na2WO4/C6H5PO3H2,8 chlorites and
bromites,9 NBS10 etc. have been introduced as catalysts.
However, these catalysts have several drawbacks; including,
separation problems from the reaction medium, harsh reaction
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conditions, and generating a lot of waste. In order to solve these
drawbacks, of separation and isolation of expensive homoge-
neous catalysts is the heterogenization of homogeneous cata-
lysts and generation of a new heterogeneous catalytic system.
Metal–organic frameworks (MOFs) are a class of porous crys-
talline materials, which show great advantages, i.e. their enor-
mous structural and chemical diversity in terms of high surface
area,11,12 pore volumes,13 high thermal,14 and chemical stabili-
ties,15 various pore dimensions/topologies, and capabilities to
be designed and modied aer preparation.16 In this sense, it is
worth mentioning that these features would result in viewing
these solids as suitable heterogeneous catalysts for organic
transformations.17–22 MOFs materials are prepared using metal
ions (or clusters) and organic ligands in solutions (i.e. sol-
vothermal or hydrothermal synthesis). MOF structures are
affected by metal and organic ligands, leading to have more
than 20 000 different MOFs with the largest pore aperture (98 Å)
and lowest density (0.13 g cm�3).23 Generally, surface area and
pore properties of MOFs seem quite dependent on their metal
and ligand type as well as synthesis conditions and the applied
post-synthesis modications. The largest surface area was
measured in Al-MOF (1323.67 m2 g�1)24,25 followed by ZIF-8-
MOF (1039.09 m2 g�1),26 while the lowest value was with Zn-
MOF (0.86 m2 g�1),27 followed by g-CD-MOF (1.18 m2 g�1)28

and Fe3O(BDC)3 (7.6 m2 g�1).29 Microspheres are either micro-
capsule or monolithic particles, with diameters in the range
(typically from 1 mm to 1000 mm),29 depending on the encap-
sulation of active drug moieties. In this regard, there are two
types of microspheres: microcapsules, dened, as spherical
particles in the size range of about 50 nm to 2 mm and micro
RSC Adv., 2021, 11, 14905–14914 | 14905
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Scheme 1 (a) Schematic synthesis of Ni microsphere and Cu-MOF
and their application as catalyst (b) topological structure of Cu-MOF (c)
topological of Ni microsphere.
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matrices.30 Microsphere structures have recently attractedmuch
attention due to their unique properties, such as large surface
area,31 which make them suitable for tissue regenerative
medicine,32 i.e. as cell culture scaffolds,33 drug-controlled
release carriers34 and heterogeneous catalysis.35 Many chem-
ical synthetic methods has been developed for their synthesis,
including seed swelling,36 hydrothermal or solvothermal
methods,36 polymerization,37 spray drying38 and phase separa-
tion.39 Among these methods, the solvothermal synthesis has
been used as the most suitable methodology to prepare a variety
of nanostructural materials, such as wire, rod,40 ber,41 mof42

and microsphere.43 In this sense, the synthesis process involves
the use of a solvent under unusual conditions of high pressure
and high temperature.44 The properties of microspheres are
highly dependent on the number of pores, pore diameter and
structure of pore.45 The degree of porosity depends on various
factors such as temperature, pH, stirring speed, type, and
concentration of porogen, polymer, and its concentration.46

There have been numerous studies to investigate the coordi-
nation behavior of a ligand with different metals under the
same conditions.47–49 Herein, we aim at comparing the catalytic
behavior of Ni-microsphere and Cu-MOF with aspartic acid as
the coordinating ligand in Stille and sulfoxidation reactions
(Scheme 1).
Results and discussion

The morphology and porosity of the obtained Ni microsphere
and Cu-MOF were characterized using a eld emission scan-
ning electron microscopy (FESEM), Fourier transforms infrared
spectroscopy (FTIR), the powder X-ray diffraction (PXRD),
thermogravimetric analysis (TGA), differential scanning calo-
rimetry (DSC) and nitrogen adsorption–desorption isotherm. In
Fig. 1 FT-IR spectra of aspartic acid (a), Ni microsphere (b), and Cu-
MOF (c).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD pattern of Ni microsphere (a) and Cu-MOF (b).

Fig. 3 SEM images of Ni microsphere (a–d).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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order to get information for the binding mode of the aspartic
acid to Cu and Ni in the complexes, the FTIR spectrum of the
free aspartic acid compared to the corresponding metal
complexes (Fig. 1).

X-ray diffraction pattern (XRD) analysis employed to inves-
tigate the crystalline structure of the synthesized Ni micro-
spheres. The reection peaks of Ni microspheres with 2q of
44.4�, 50.5 shown in Fig. 2a, indexed to (111), and (200) might
be assign to the cubic phase of Ni.50 Also, X-ray diffraction
pattern (XRD) analysis was carried out to study the crystalline
structure of (Cu-MOF), as shown in Fig. 2b. All observed major
peaks at 16.5� (422), 17.5� (511), 19.1� (440) and other minor
RSC Adv., 2021, 11, 14905–14914 | 14907

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00734c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 5

/3
/2

02
6 

11
:5

4:
22

 P
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
peaks are the characteristics of crystal planes of face-centred
cubic, as reported in the previously reported work.51

The morphologies of Ni microsphere and Cu-MOF consid-
ered by SEM (Fig. 3 and 4) analysis. Fig. 3a and b show the SEM
images of microspheres at distant and close view, respectively.
From the SEM image of Fig. 3a, it could be found that synthe-
sized microspheres were spherical in shape. Fig. 3b shows the
SEM images of hollow ower-like microspheres. It should be
noted that the microspheres/microcapsules in nanometer size
could be described as miniature-sized particles such as nano-
spheres/nanocapsules.30 Moreover, Fig. 4 shows that the
synthesized MOF has different polyhedron morphologies.
Fig. 4a shows the synthesized octahedral and rhombic
dodecahedral crystals. Furthermore, the SEM images of the
Fig. 4 SEM images of Cu-MOF (a–d).

14908 | RSC Adv., 2021, 11, 14905–14914
hexagonal are presented in Fig. 4b. The SEM image with in
Fig. 4d presents a clear view of the surface morphology of Cu-
MOF.

DSC and TG curves under the linear heating rate of
10 �C min�1 with air atmosphere are shown in Fig. 5 and 6,
indicating the thermal decomposition behavior of Ni micro-
sphere and Cu-MOF. Regarding the Ni microsphere, the DSC
curve shows that one intense exothermic peak process starts at
300 �C and, then, terminates at 350 �C, due to the melting
temperature of the Ni microsphere. Fig. 5 shows the TGA of the
Ni microsphere, indicating that the 7%weight loss below 200 �C
can be related to the removal of water which is physically
adsorbed. Furthermore the weight loss of about 12% is
observed at 300 �C, which is related to the thermal evaporation
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TGA and DSC thermograms of Ni microsphere.

Fig. 6 TGA and DSC thermograms of Cu-MOF.
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of organic ligand molecules, while the next weight loss (45%)
between 300–500 �C is due to the microsphere decomposition.
The weight of the microsphere did not decrease further at
temperatures above 500 �C, indicating that only inorganic
matter remained aer decomposition. In the thermostability of
Cu-MOF, an increase in sample mass was observed due to
Table 1 Optimization of the reaction conditions for the C–C couplin
microspherea

Entrya Solvent Temp. (�C) Cat (mg)

1 DMSO 100 50
2 DMSO 100 50
3 DMSO 100 50
4 DMSO 100 50
5 DMF 100 50
6 H2O 100 50
7 PEG 100 50
8 DMSO 100 40
9c DMSO 100 50
10d DMSO 100 —
11 DMSO 80 50

a Reaction conditions: iodobenzene (1 mmol), triphenyltin chloride (0.5 m
experiment conrmed that the reaction did not occur in the absence of bas
the absence of Ni microsphere.

© 2021 The Author(s). Published by the Royal Society of Chemistry
copper oxide formation in a temperature range of 200 �C to
500 �C (Fig. 5).52 Regarding Cu-MOF, the DSC curve shows that
one intense exothermic process starts at 480 �C and, then,
terminates at 550 �C, due to copper oxide formation (Fig. 6).

The N2 adsorption–desorption isotherms and BJH pore size
distribution plots of the samples were presented in Fig. S1 and
S2.† The Brunauer–Emmett–Teller surface area (SBET) Ni
microsphere and Cu-MOF are determined to be 5.88 m2 g�1,
and 9.23 m2 g�1 respectively based on the N2 adsorption–
desorption measurement. The BJH pore size calculations using
the adsorption branch of the nitrogen isotherm indicate
a micropore peak at about 1.22 nm for Ni microsphere
(Fig. S1†), and Cu-MOF (Fig. S2†).
Catalytic study

Aer the preparation and characterization of Ni microsphere
and Cu-MOF, the catalytic activity of these compounds was
investigated for the Stille and sulfoxidation reactions. We
commenced our study with the reaction of iodobenzene and
triphenyltin chloride in the presence of Ni microsphere as
a model reaction, and different parameters which are the
different bases, solvent, and temperature were optimized (the
results are summarized in Table 1).

First, several solvents were screened (Table 1), and, then, the
highest yield was obtained in DMSO (Table 1, entry 2), while the
reaction in other solvents such as PEG, DMF, and water was
ineffective (Table 1, entries 5–7). We investigated the effect of
various bases (e.g., KOH, NaOH, K2CO3, and Na2CO3), and it was
revealed that KOH was the most effective base (Table 1, entry 2).
In the absence of Ni microsphere and Cu-MOF catalyst, no
desired product was formed (Table 1, entry 10). The control
experiment conrmed that the reaction did not occur in the
absence of the catalyst (Table 1, entry 10) as well as the base
g using iodobenzene and triphenyltin chloride in the presence of Ni

Base (mmol) Base Time (h) Yieldb (%)

3 K2CO3 3 : 45 N.R.
3 KOH 4 90
3 NOH 7 53
3 Na2CO3 4 N.R.
3 KOH 4 25
3 KOH 4 N.R.
3 KOH 4 N.R.
3 KOH 4 81
— — 4 N.R.
3 KOH 4 N.R.
3 KOH 4 60

mol), Ni microsphere (mg), base (3 mmol). b Isolated yield. c The control
e. d The control experiment conrmed that the reaction did not occur in

RSC Adv., 2021, 11, 14905–14914 | 14909
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Table 2 Synthesis of biphenyls via reaction of triphenyltin chloride with aryl halides catalyzed by Ni microsphere and Cu-MOF in DMSOa

Entrya Ar–X Product

Time (h) Yieldb (%)

Ni microsphere Cu-MOF Ni microsphere Cu-MOF

1 4 3.5 90 94

2 10 10 78 83

3 24 24 35 39

4 24 20 81 85

5 24 24 75 77

6 4.5 3 80 88

8 24 24 58 66

8 24 24 65 71

9 24 18 76 80

10 14 13 87 87

11 3 3 55 62

a Reaction conditions: aryl halide (1 mmol), triphenyltin chloride (0.5 mmol), catalyst (50 mg), KOH (3 mmol). b Isolated yield.

Scheme 2 Proposes a mechanism for the synthesis of biphenyl via
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(Table 1, entry 9). When the reaction was conducted at 80 �C, the
yields were very low (Table 1, entry 11). The ideal temperature
for the reaction was found to be 100 �C. Moreover, the opti-
mized conditions for Ni catalysts applied to the synthesis of
a variety of biphenyls in the presence of Cu-MOF at 100 �C
(Table 2). As shown in Table 2, a large number of biphenyl was
synthesized from the reaction of aryl halides (1.0 mmol) with
triphenyltin chloride (0.5 mmol) in the presence of Ni micro-
sphere and Cu-MOF. As can be seen from Table 2, a good variety
of aryl halides with both electron-withdrawing and electron-
releasing groups in ortho, para, or meta positions, reacted
effectively with triphenyltin chloride to produce corresponding
biphenyls (Table 2).

The proposed mechanism for the synthesis of biphenyl is
shown in Scheme 2. We hypothesize that Cu-MOF reacts with
reaction of triphenyltin chloride with aryl halides catalyzed by Cu-MOF.

14910 | RSC Adv., 2021, 11, 14905–14914 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Effect of different conditions (Ni microsphere) on the
oxidation of methyl phenyl sulfide

Entrya Cat (mg) Solvent Time (min) Yieldb (%)

1 25 EtOH 45 50
2 25 CH3CN 45 43
3 25 CH2Cl2 45 25
4 25 EtOAc 45 62
5 25 — 45 90
6 30 — 40 90
7 15 — 40 72
8 — — 40 Trace

a Reaction conditions: methyl phenyl sulde (1 mmol), H2O2 30% (0.4
mL) at room temperature. b Isolated yield.
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aryl halide, in which Cu was inserted between phenyl ring and
halide moiety and, then, the coupling product is obtained
through transmetalation and reductive elimination (Scheme 2).

The reactivity of Ni microsphere and Cu-MOF was also
examined for the sulfoxidation reaction. In order to nd the
Table 4 Ni microsphere and Cu-MOF catalyzed selective oxidation of s

Entrya Sulde Sulfoxide

1

2

3c

4

5 Dodecyl methyl sulde Dodecyl methyl sulfoxide

6c

7

8

a Reaction condition: sulde (1 mmol), H2O2 30% (0.4 mL), solvent-free,

© 2021 The Author(s). Published by the Royal Society of Chemistry
best reaction conditions, methyl phenyl sulde was selected as
a model substrate and its oxidation with hydrogen peroxide was
investigated in the presence of Ni microsphere in EtOH,
CH3CN, CH2Cl2, and EtOAc as an organic solvent or in solvent-
free conditions. The results from these experiments are
summarized in Table 3. It was found that when the reaction
proceeded in the presence of Ni microsphere in EtOH, CH3CN,
CH2Cl2, and EtOAc, the observed yield was very low. Moreover,
we investigated the effect of the catalyst the catalyst amount on
the yield of the product was considered. It was observed that
25 mg of Ni microsphere was the optimum value for this
conversion. It is worth mentioning that a good result was ob-
tained when the reaction was performed at room temperature
using Ni microsphere under solvent-free conditions. In order to
clarify the special of Ni microsphere for the selective oxidation
of suldes to sulfoxides in a set of experiments the model
reaction was carried out in the absence of the catalyst and only
trace amounts of the product were observed (Table 3, entry 8).
Additionally, the obtained optimized conditions for Ni catalyst
were applied to the synthesis of a variety of suldes in the
presence of Cu-MOF (Table 4).
Heterogeneity studies

Hot ltration test. In order to determine any leaching of Ni
in the reaction and to show that Ni microsphere is
ulfides to sulfoxides using H2O2 at room temperature

Time (min) Yield (%)b

Ni microsphere Cu-MOF Ni microsphere Cu-MOF

45 35 90 90

5 5 86 87

240 210 70 79

50 38 90 96

120 95 89 89

180 140 80 86

30 20 80 81

45 40 80 87

r.t. b Isolated yield. c The reaction was carried out in aqueous ethanol.

RSC Adv., 2021, 11, 14905–14914 | 14911
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Fig. 7 Catalyst recycling study.

Table 5 Comparison of Cu-MOF and Ni-MOF for oxidation of methyl
phenyl sulfide with previously reported procedures

Entry Catalyst
Yield
(%) Time (h) Ref.

1 Ir–Zr-MOFs 98 6 53
2 Dy-MOF 86 3 54
3 PMo-MOF 98.5 1 55
4 V@MIL(101) 98 1 56
5 CU-MOF 90 35 min This work
6 Ni-MOF 90 45 min This work
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a heterogeneous catalyst, a hot ltration test was done for the
Stille with the reaction of iodobenzene and triphenyltin chlo-
ride as the model substrate. In the study, when the proceeded
reaction passed 50% completion, the catalyst was separated
from the reaction mixture by simple ltration and, then, the
reaction was continued. We found out that no further reaction
occurred aer the separation of the catalyst, which means that
leaching of Ni did not occur.

The most important advantage of heterogeneous catalysis is
the ease of separation aer reaction by simple ltration and also
its reusability. The recyclability of Ni microsphere and Cu-MOF
was examined for the oxidation of methyl phenyl sulde under
the optimized reaction conditions. Upon completion of the
reaction, the catalyst was separated by simple centrifugation,
washed with ethyl acetate and acetone, dried in a vacuum and,
nally, reused for the subsequent reactions up to 4 times
(Fig. 7). The result shows that the catalytic activity of Ni
microsphere and Cu-MOF was highly stable and recyclable in
each reaction cycle.

To attain further evaluation of the efficiency of the catalytic
system, we compared the catalytic activity of Cu-MOF and Ni-
MOF for the oxidation of methyl phenyl sulde with some of
the previously reported procedures (Table 5). Comparison of the
results shows a better catalytic activity for Cu-MOF and Ni-MOF
for the oxidation of methyl phenyl sulde (Table 5).
Conclusion

In summary, the thermal and the catalytic behaviour of Ni-
microsphere and Cu-MOF was studied with aspartic acid, as
a coordinating ligand with different morphologies, prepared via
14912 | RSC Adv., 2021, 11, 14905–14914
the solvothermal method. Aerwards, they were characterized
and, then, employed as heterogeneous catalysts for Stille and
sulfoxidation reactions. Cu-MOF exhibited high activity in the
Stille and sulfoxidation reactions. The major advantages of the
mentioned catalytic systems are the use of eco-friendly and
cheap materials, easy and simple workup procedure and high
chemoselectivity. Moreover, the nanocatalyst can be easily
recovered and reused at least four times without any noticeable
loss of its activity.
Experimental
Synthesis of copper-based metal organic frameworks

In the present study, aspartic acid (1 mmol) was added in 5 mL
double-distilled water, then 2 mmol CuCl dissolved dime-
thylformamide (20 mL) was added. The mixture of metal and
ligand is stirred for 10 min, then transferred into the autoclave
at 160 �C for 15 h. The solid Cu-MOFs sample was ltered,
washed with ethyl acetate. Finally, the precipitate was dried at
60 �C in a vacuum.
Synthesis of nickel microsphere

In a typical experiment, aspartic acid (1 mmol) was dissolved in
5 mL double-distilled water, followed by mixing 2 mmol Ni
(NO3)2$3H2O in dimethylformamide (20 mL). The obtained
mixture was vigorously stirred for 10 min, then transferred into
the autoclave at 160 �C for 15 h. Ni microsphere was ltered and
washed with ethyl acetate. Finally, the precipitate was dried at
60 �C in a vacuum.
General protocol for the synthesis of biaryl

To a mixture of aryl halide (1.0 mmol) and triphenyltin chloride
(0.5 mmol) in DMSO (4 mL) Ni microsphere and Cu-MOF (50
mg) and KOH (3 mmol) were added. The reaction mixture was
heated to 100 �C and the reaction was monitored by TLC. At the
end of the reaction, the mixture cooled and extracted with ethyl
acetate. The organic layer was washed successively with brine
and water, and dried with Na2SO4. Ethyl acetate ltrated. The
ltrate was concentrated under vacuum and the residue was
subjected to column chromatography on silica gel using hex-
ane : ethylacetate (10 : 1) as eluent to afford the pure coupled
product.
General protocol for the oxidation of sulde to sulfoxide

To a mixture of sulde (1 mmol), H2O2 30% (0.4 mL) at 25 �C
under solvent-free conditions Cu-MOF or Ni microsphere as
catalyst (25 mg) was added. At the end of the reaction, the
mixture was extracted with ethyl acetate (2 � 20 mL). The
organic layer was washed successively with brine and water, and
dried with Na2SO4. Ethyl acetate ltrated. The ltrate was
concentrated under vacuum and the residue was subjected to
column chromatography on silica gel using hex-
ane : ethylacetate (8 : 2) as eluent to afford the pure coupled
product.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Selected spectral data

1,10-Biphenyl. 1H NMR (CDCl3, 500 MHz) d ¼ 7.27 (s, 2H),
7.37 (t, J ¼ 7.5 Hz, 2H), 7.47 (t, J ¼ 7.6, 1.2 Hz, 3H), 7.61 (d, J ¼
5 Hz, 3H).

4-Methoxy-1,10-biphenyl. 1H NMR (CDCl3, 400 MHz) d ¼ 3.92
(s, 3H), 7.07–7.04 (m, 2H), 7.41–7.38 (m, 2H), 7.52–7.50 (m, 2H),
7.65–7.63 (m, 3H).

3-Methoxy-1,10-biphenyl. 1H NMR (CDCl3, 500 MHz) d ¼ 3.86
(s, 3H), 6.93 (d, J¼ 10 Hz, 1H), 7.15 (s, 1H), 7.21 (d, J¼ 5 Hz,1H),
7.39–7.37 (m, 2H), 7.47 (t, J ¼ 5 Hz, 2H), 7.62 (d, J ¼ 10 Hz, 2H).
FT-IR (KBr) nmax (cm): 516, 565, 613, 758, 788, 839, 1076, 1176,
1217, 1270, 1420, 1479, 1599, 2835, 2933, 3002, 2032, 3060.

Benzyl phenyl sulfoxide. 1H NMR (DMSO, 400 MHz) d 4.10
(d, J ¼ 12 Hz, 1H), 4.29 (d, J ¼ 12 Hz, 1H), 7.11–7.08 (m, 2H),
7.30–7.27 (m, 5H), 7.54–7.59 (m, 2H), 7.61–7.58 (m, 1H).

Dibutyl sulfoxide. 1H NMR (CDCl3, 500 MHz) d ¼ 0.91 (t, J ¼
5 Hz, 3H), 1.47 (m, 2H), 1.75 (m, 2H), 2.90 (t, J¼ 7.5 Hz, 2H). FT-
IR (KBr) nmax (cm): 494, 513, 547, 587, 733, 813, 919, 1028, 1100,
1133, 1191, 1236, 1272, 1294, 1382, 1411, 1465, 2873, 2961.

Di-benzyl sulfoxide. 1H NMR (500 MHz, DMSO) d ¼ 3.88 (d, J
¼ 10 Hz, 2H), 4.19 (d, J ¼ 10 Hz, 2H), 7.40–7.34 (m, 6H), 7.30–
7.28 (m, 4H). FT-IR (KBr) nmax (cm): 472, 540, 588, 613, 697, 758,
780, 827, 916, 1032, 1072, 1130, 1281, 1302, 1330, 1416, 1492,
1542, 1601, 2849, 2923, 3029, 3061, 3084.
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1 C. Cordovilla, C. Bartolomé, J. M. Mart́ınez-Ilarduya and
P. Espinet, ACS Catal., 2015, 5, 3040–3053.

2 V. Farina, V. Krishnamurthy and W. J. Scott, The Stille
Reaction, John Wiley & Sons, Inc., 1998.

3 K. Suwanborirux, K. Charupant, S. Amnuoypol,
S. Pummangura, A. Kub and N. Saito, J. Nat. Prod., 2002,
65, 935–937.

4 K. Orito, T. Hatakeyama, M. Takeo and H. Suginome,
Synthesis, 1995, 1357–1358.

5 R. Sevvel, S. Rajagopal, C. Srinivasan, N. I. Alhaji and
A. Chellamani, J. Org. Chem., 2000, 65, 3334–3340.

6 J. B. Arterburn and S. L. Nelson, J. Org. Chem., 1995, 61, 2260–
2261.

7 S. S. Kim, K. Nehru, S. S. Kim, D. W. Kim and H. C. Jung,
Synthesis, 2002, 2484–2486.

8 K. Sato, M. Hyodo, M. Aoki, X. Q. Zheng and R. Noyori,
Tetrahedron, 2001, 57, 2469–2476.

9 M. Hirano, H. Kudo and T. Morimoto, Bull. Chem. Soc. Jpn.,
1994, 67, 1492–1494.
© 2021 The Author(s). Published by the Royal Society of Chemistry
10 K. Surendra, N. S. Krishnaveni, V. P. Kumar, R. Sridhar and
K. R. Rao, Tetrahedron Lett., 2005, 46, 4581–4583.

11 R. Antwi-Baah and H. Liu, Materials, 2018, 11, 2250.
12 Y. Z. Chen, B. Gu, T. Uchida, J. Liu, X. Liu, B. J. Ye and

H. L. Jiang, Nat. Commun., 2019, 10, 1–10.
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