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Two highly ordered isonicotinamide (INA)‐functionalized mesoporous MCM‐

41 materials supporting indium and thallium (MCM‐41‐INA‐In and MCM‐

41‐INA‐Tl) have been developed using a covalent grafting method. A surface

functionalization method has been applied to prepare Cl‐modified mesoporous

MCM‐41 material. Condensation of this Cl‐functionalized MCM‐41 with INA

leads to the formation of MCM‐41‐INA. The reaction of MCM‐41‐INA with

In(NO3)3 or Tl(NO3)3 leads to the formation of MCM‐41‐INA‐In and MCM‐

41‐INA‐Tl catalysts. The resulting materials were characterized using various

techniques. These MCM‐41‐INA‐In and MCM‐41‐INA‐Tl catalysts show excel-

lent catalytic performance in the selective oxidation of sulfides and thiols to

their corresponding sulfoxides and disulfides. Finally, it is found that the

anchored indium and thallium do not leach out from the surface of the meso-

porous catalysts during reaction and the catalysts can be reused for seven

repeat reaction runs without considerable loss of catalytic performance.
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1 | INTRODUCTION

The functionalization of metal catalysts on solid supports
has recently attracted great attention owing to the sus-
tainable green chemistry applications it offers. Many
homogeneous catalysts demonstrate higher catalytic
activity and selectivity than their heterogeneous counter-
parts because of their solubility in reaction media, which
increases catalytic site accessibility for the substrate.[1,2]

When homogeneous catalysts are used, their recycling is
often difficult and there is also product contamination
observed. Recently, the replacement of homogeneous liq-
uid catalysts by heterogeneous solid catalysts with good
wileyonlinelibrary.com/
recyclability has been widely applied.[3] Several proce-
dures for heterogenization of homogeneous catalysts have
been developed which are mostly based on inorganic
support systems, dendrimers or organic polymers. It is
commonly recognized that covalent functionalization of
complexes on inorganic supports gives the best recycling
outcomes.[4–11] Among the most efficient supports are
the group of MCM materials, developed by Mobil since
1992, particularly MCM‐41 that is usually selected as a
potential support material for heterogeneous catalysts
due to its high surface area, ordered structure of hexago-
nal channels, regular pore size distribution, good
mechanical stability and surface nature. Organometallic
© 2019 John Wiley & Sons, Ltd.journal/aoc 1 of 18
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TABLE 1 Efficiency of more commonly used hydrogen peroxide in the presence of various catalysts

Entry Substrate Catalyst/solvent Substrate
>Time
(min)

>Yield
(%)

1 Oxidation of sulfides[38] Silica vanadic acid (SVA)/
CH3CN

Ph–S–CH2Ph 10 93
PhCH2–S–CH2Ph 13 91
Ph–S–Me 5 94
Ph–S–Ph 40 88
Ph–S–CH2CH2(OH) 25 91
Me–S–CH2CH2(OH) 20 90

2 Oxidation of sulfides[17] SBA‐15@Creatinine@Y/
solvent‐free

Ph–S–Me 60 96
PhCH2–S–CH2Ph 4 90
Ph–S–Et 30 94
CH3CH2CH2–S–CH2CH2CH3 4 91
Ph–S–CH2CH2(OH) 2 93
Ph–S–CH2Ph 10 92

3 Oxidation of sulfides[39] VO‐2A3HP‐MCM‐41/
solvent‐free

Ph–S–Me 120 96
Ph–S–Ph 1800 86
CH3CH2CH2–S–CH2CH2CH3 100 98
Ph–S–CH2CH2(OH) 15 90
Me–S–CH2CH2(OH) 60 98

4 Oxidation of sulfides[40] MCM‐41@XA@Ni(II)/
solvent‐free

Ph–S–Me 60 90
PhCH2–S–CH2Ph 90 88
Ph–S–CH2CH2(OH) 60 93
Me–S–CH2CH2(OH) 43 95
CH3CH2CH2–S–CH2CH2CH3 50 95

5 Oxidation of thiols[41] Zr‐oxide@MCM‐41/ethanol PhCH2–SH 50 95
p‐MePh–SH 30 99
o‐COOHPh–SH 35 96
Ph–SH 30 98
OHCH2CH2–SH 30 97
COOHCH2–SH 40 90

6 Oxidation of thiols[42] Fe3O4/salen of Cu(II)/
ethanol

PhCH2–SH 60 90
p‐MePh–SH 15 97
o‐COOHPh–SH 120 91
OHCH2CH2–SH 30 91
COOHCH2–SH 15 98

7 Oxidation of thiols[43] Fe3O4@S‐ABENZ@VO/
CH2Cl2

p‐MePh–SH 15 97
o‐COOHPh–SH 105 98
p‐BrPh–SH 100 99

8 Oxidation of thiols[36] Co‐salen‐MNPs/ethanol PhCH2–SH 60 99
p‐MePh–SH 60 98
o‐COOHPh–SH 60 99
OHCH2CH2–SH 2 91
COOHCH2–SH 10 97

9 Oxidation of alcohols[44] VHPW/MCM‐41/NH2/
toluene

PhCH2–OH 8 97
p‐MePhCH2–OH 8 96
m‐MePhCH2–OH 8 96
PhCHOH–Me 8 93
PhCH2CH2–OH 8 90

10 Oxidation of alcohols[45] PPh4[MoO(O2)2(HPEOH)]/
CH3CN

PhCH2–OH 24 h 63
Me–CHOH–Me 20 h 93
CH3CH2CH2CH2–OH 15 h 60 + 20
HO–CH2CH2CH2–OH 11 h 88

(Continues)
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TABLE 1 (Continued)

Entry Substrate Catalyst/solvent Substrate
>Time
(min)

>Yield
(%)

11 Oxidation of alcohols[46] PW(0.16)‐NH2‐IL(0.4)‐SBA‐
15/solvent‐free

Ph–CHOH–Me 6 h 97
Ph–CHOH–Ph 6 h 95
CH3CH2CH2–CHOH–CH3 6 h 69
PhCH2–OH 6 h 92
CH3CH2–CHOH–CH2–CH3 6 h 88

12 Oxidation of alcohols[47] SiW9Al3/solvent‐free p‐MePhCH2–OH 7 h 100
PhCH2–OH 5 h 100
p‐ClPhCH2–OH 6 h 100
p‐O2NPhCH2–OH 12 h 74
p‐H3COPhCH2–OH 6 h 100

13 Thiocyanation of organic
compounds[48]

Silica vanadic acid (SVA)/
KSCN/H2O

o‐MePh–NH2 1 h 92
m‐MePh–NH2 1 h 85
m‐BrPh–NH2 1.5 h 80
m‐F3CPh–NH2 1.25 h 92
o‐F3CPh–NH2 1 h 89
Ph–N(CH3)2 2 h 90

14 Thiocyanation of organic
compounds[49]

Graphene oxide/KSCN/
H2O

Ph–NH2 3 h 90
o‐H3COPh–NH2 2 h 93
m‐H3COPh–NH2 2 h 87
o‐MePh–NH2 2 h 89
o‐ClPh–NH2 5 h 80
Ph–N(CH3)2 3 h 85

15 Thiocyanation of organic
compounds[50]

SBSA (5%)/KSCN/H2O Ph–N(CH2CH2–OH)2 30 78
Ph–N(CH3)2 14 95
Ph–N(CH2CH3)2 10 92

16 Thiocyanation of organic
compounds[51]

Fe3O4 ‐IL‐HSO4 KSCN/
Water:Ethanol(1:4)

Ph–N(CH2CH2–OH)2 2 h 75
Ph–N(CH3)2 2 h 96
Ph–N(CH2CH3)2 85 92

17 Oxidative aromatization of
Hantzsch 1,
4‐dihydropyridines[52]

Silica vanadic acid (SVA)/
CH3CN

2,6‐Dimethyl‐1,
4‐dihydropyridine

R4 R3,5
H COMe >10 >97
Me COMe >18 >95
Ph COMe >60 >50
H COOEt >10 >95
Me COOEt >13 >90
Et COOEt >45 >90

18 Oxidative aromatization of
Hantzsch 1,
4‐dihydropyridines[53]

H6PMo9V3O40/acetic acid 2,6‐Dimethyl‐1,4‐dihydropyridine
R4 R3,5
H COOEt >30 >98
Me COOEt >70 >97
Et COOEt >20 >99
Ph COOEt >70 >96
4‐MePh COOEt >75 >98
4‐ClPh COOEt >300 >80
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complexes can be reacted with silanol groups through
covalent bonds to create inorganic–organic hybrid
nanocomposites. Such hybrid nanocomposites can incor-
porate some beneficial features of both organic and
inorganic components into the mesoporous support with
reactive and mechanical properties that are different from
either of the completely organic or inorganic species. The
strong covalent bonds thus increase the lifetime of the
catalyst, the performance of these inorganic–organic
hybrid materials is improved and the leaching of



SCHEME 1 Schematic depiction of preparation of catalysts
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catalytically active sites can be avoided.[12–20] Various
indium and thallium compounds can promote a number
of reactions such as C&bond;C bond formations,[21]
FIGURE 1 XRD analysis of MCM‐41, MCM‐41‐INA‐In and MCM‐41
n‐tert‐butoxycarbonylation of amines,[22] acylation of
alcohols, phenols and thiols, geminal diacylation of alde-
hydes[23] and Suzuki cross coupling.[24] Indium is often
selected as the metal centre due to its low toxicity and
high chemoselectivity. What makes indium compounds
attractive in ‘green’ chemistry is their benefits over most
of the metal compounds in terms of their stability in air
or in a humid environment.[25,26] The aim of the work
reported here was to highlight the outstanding efficiency
of indium for oxidation of thiols and sulfides in compari-
son with a neighbouring element in the periodic table
(thallium). Thallium is also unique in group IIIb as a soft
acid on the hard acid–soft base classification of Pearson.

In the research reported here, indium and thallium
were immobilized on isonicotinamide (INA)‐functional-
ized mesoporous MCM‐41 through covalent bonding, to
provide two recyclable catalytic systems with high activity
that could provide more economic sustainability. The
novelty of the current research lies in the synthesis of
two novel inorganic–organic hybrid materials and the
use of indium and thallium as the active sites of catalysts
in the oxidation of sulfides and thiols to their correspond-
ing sulfoxides and disulfides for the first time. All reac-
tions proceeded to give excellent yields within quite
short reaction times.

The selective oxidation of sulfides to sulfoxides is a
basic and significant functional group transformation
because organic sulfoxides are useful synthetic intermedi-
ates for the manufacture of various chemically and
biologically important compounds, and sulfoxide reac-
tions are outstanding in drug metabolism and medicinal
chemistry. Likewise, disulfides are significant in biology,
‐INA‐Tl
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industrial procedures and organic synthesis.[27–34] So,
many procedures involving different catalysts and various
oxidants have been presented to carry out these transfor-
mations. There is a continuing requirement for proce-
dures that are easy, mild, effective and especially
selective.[35–37] Due to the environmentally friendly char-
acter of hydrogen peroxide (H2O2), its effective oxygen
content and low cost, oxidation using H2O2 as an oxidant
is preferred.[38] The efficiency of more commonly used
H2O2 reactions in the presence of various catalysts is pre-
sented in Table 1.
TABLE 2 Textural properties of MCM‐41 and metal‐grafted

MCM‐41

Sample

BET
surface area
(cm2 g−1)

Pore diameter
by BJH method
(nm)

Pore
volume
(cm3 g−1)

MCM‐41 1200.0 2.4 1.255

MCM‐41‐INA‐In 1022.1 1.21 1.066

MCM‐41‐INA‐Tl 855.8 1.21 1.192
2 | EXPERIMENTAL

2.1 | Characterization

X‐ray diffraction (XRD) patterns were acquired using
an MPD diffractometer with Cu Kα radiation. Scanning
electron microscopy (SEM)/energy‐dispersive X‐ray
spectroscopy (EDS) measurements were conducted with
an EDS‐equipped SEM instrument (FESEM‐TESCAN
MIRA3) operating at 30 kV. Elemental analyses were
performed using inductively coupled plasma optical
emission spectrometry (ICP‐OES) with a Varian 730‐ES
elemental analyser. Fourier transform infrared (FT‐IR)
spectra were recorded with a Bruker VRTEX 70 spectro-
photometer. Thermogravimetric analysis (TGA) was car-
ried out with a Shimadzu DTG‐60 thermogravimetric
analyser.
FIGURE 2 Nitrogen adsorption–desorption of MCM‐41, MCM‐41‐IN
2.2 | MCM‐41 preparation

Pristine MCM‐41 was prepared by a template
approach.[54] In a typical synthesis, NaOH (2 M, 3.5 ml)
and 1.0 g of cetyltrimethylammonium bromide were
added to deionized water (480 ml), and heated at 80°C
under stirring. When a homogeneous solution was
obtained, 5 ml of tetraethyl orthosilicate was introduced
dropwise with constant stirring for 2 h. Then the slurry
was collected and washed with deionized water. After
that, the powder was dried and calcined at 550°C (5 h).
2.3 | Modification MCM‐41 with
3‐chloropropyltrimethoxysilane group

A mixture of 1.0 g of MCM‐41 and 3‐
chloropropyltrimethoxysilane (1.5 ml) was refluxed in
toluene (40 ml) for 24 h. Then the powder was collected,
washed with n‐hexane and dried in an oven at 75°C to
afford the modified MCM‐41 (MCM‐41‐Cl).
A‐In and MCM‐41‐INA‐Tl
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2.4 | Immobilization of INA onto
MCM‐41‐Cl

A mixture of triethylamine (3 ml), INA (2 mmol, 0.244 g)
and MCM‐41‐Cl (1.0 g) in 40 ml of toluene was refluxed
for 48 h. The resulting powder was then collected and
washed with deionized water. After that, the powder
was dried in an oven at 75°C to afford the desired product
(MCM‐41‐INA).
2.5 | Preparation of indium and thallium
catalysts

MCM‐41‐INA (1 g) was suspended into In(NO3)3
(2.5 mmol, 0.752 g) or Tl(NO3)3 (2.5 mmol, 0.975 g) in
40 ml of ethanol. The mixture was refluxed for 16 h. The
powder was collected and washed with ethanol. After
washing, the powder was dried in an oven at 75°C to afford
each catalyst (MCM‐41‐INA‐M). A schematic of the prepa-
ration of these catalysts is displayed in Scheme 1.
2.6 | Oxidation of sulfides

Into a reaction vessel were placed the catalyst (0.005 g),
hydrogen peroxide (0.6 ml) and sulfide (1 mmol). At
room temperature, the mixture was stirred. After comple-
tion of the reaction (the development of the reaction was
observed with TLC), the catalyst was collected by centri-
fugation. The organic product was separated with ethyl
acetate, washed several times with water and dried over
anhydrous Na2SO4. Finally, the solvents were removed
to afford pure product.
2.7 | Oxidation of thiols

Into a reaction vessel were placed the catalyst (0.007 g),
hydrogen peroxide (0.6 ml), thiol (1 mmol) and ethanol
(3 ml). At room temperature, the mixture was stirred.
After completion of the reaction (the development of
the reaction was observed with TLC), the catalyst was col-
lected by centrifugation. The organic products were
extracted with dichloromethane and washed several
times with water. The combined extracts were dried over
anhydrous Na2SO4. Finally, the organic solvents were
evaporated, and pure product was obtained.
FIGURE 3 FT‐IR spectra of (a) MCM‐41, (b) MCM‐41‐Cl, (c)

MCM‐41‐INA, (d) MCM‐41‐INA‐In and (e) MCM‐41‐INA‐Tl
2.8 | Spectral data

Methylphenyl sulfoxide (Table 6, entry 1). 1H NMR
(400 MHz, CDCl3, δ, ppm): 2.95 (s, 3H), 7.44–7.49
(m, 2H), 7.54–7.56 (m, 1H), 7.80–7.86 (m, 2H).
2,2′‐Sulfinyldiacetic acid (Table 6, entry 3). 1H NMR
(400 MHz, DMSO, δ, ppm): 4.35–4.37 (m, 4H), 7.35
(br. S, 2H, 2 COOH).

2,2′‐Dithiodibenzoic acid (Table 9, entry 1). 1H NMR
(400 MHz, DMSO, δ, ppm): 7.27–7.28 (m, 2H), 7.36–7.40
(m, 2H), 7.49–7.58 (m, 2H), 7.73–7.76 (m, 2H).

Dibenzyl disulfide (Table 9, entry 3). 1H NMR
(400 MHz, DMSO, δ, ppm): 3.88 (s, 2H), 4.16 (s, 2H),
7.28–7.33 (m, 4H), 7.34–7.40 (m, 6H).
3 | RESULTS AND DISCUSSION

3.1 | Catalyst characterization

MCM‐41 was characterized from its small‐angle powder
XRD pattern. The sharp diffraction peak can be attributed
to (100), and the two weaker diffraction peaks can be



FIGURE 4 TGA curves of MCM‐41, MCM‐41‐INA‐In and MCM‐41‐INA‐Tl

FIGURE 5 SEM images of MCM‐41‐INA‐In (left) and MCM‐41‐INA‐Tl (right)

MOLAEI AND GHADERMAZI 7 of 18
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attributed to (110) and (200) reflections,[15] as shown in
Figure 1. These peaks are typically characteristic of a
two‐dimensional hexagonal MCM‐41 structure.[12,55]

After functionalization of MCM‐41, the sharp diffraction
peak is still seen in the XRD patterns of MCM‐41‐INA‐
In and MCM‐41‐INA‐Tl, which clarifies the preservation
of the hexagonal structure in these samples. However,
the peak intensities decrease, resulting from the grafting
of metal complexes inside the walls with a reduction of
local order.[56]

The materials MCM‐41,[15] MCM‐41‐INA‐In and
MCM‐41‐INA‐Tl display type IV nitrogen adsorption
isotherms (Figure 2), characteristic of mesoporous
materials, implying that the mesostructures of the mate-
rials are retained.[12] It can also be clearly seen that
functionalization of the parent MCM‐41 leads to a
FIGURE 6 EDS elemental mapping images of MCM‐41‐INA‐In catal
decrease in the nitrogen gas adsorption uptake. These
results indicate that the metal complexes had been suc-
cessfully incorporated into the mesoporous channels.
The textural parameters of the materials, according to
Barrett–Joyner–Halenda (BJH) and Brunauer–Emmett–
Teller (BET) plots, decrease after the immobilization
stage[57] (Table 2).

The FT‐IR spectra of MCM‐41, MCM‐41‐Cl, MCM‐41‐
INA, MCM‐41‐INA‐In and MCM‐41‐INA‐Tl are presented
in Figure 3. The spectrum of MCM‐41 shows bands for the
O&bond;H stretching vibration of Si&bond;OH and bend-
ing vibration of H2O at 3427 and 1654 cm−1, respectively.
The bands corresponding to the Si&bond;O&bond;Si
asymmetric and symmetric stretching and bending vibra-
tions can be observed at 1093, 802 and 451 cm−1, respec-
tively.[58] The FT‐IR spectrum of MCM‐41‐Cl exhibits
yst
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bands corresponding to the C&bond;H stretching vibra-
tion of 3‐chloropropyltriethoxysilane at 2956 and
2866 cm−1.[12] A new band at 1683 cm−1 in the FT‐IR spec-
trum of MCM‐41‐INA was assigned to the C&dbond;O
vibration of INA, suggesting the successful grafting of
INA onto the MCM‐41 surface. Free INA showed asym-
metric and symmetric stretching vibrations of &bond;
NH2 group at 3370 and 3187 cm−1. Peaks due to carbonyl
(C&dbond;O) and &bond;CN stretching frequencies were
observed at 1668 and 1391 cm−1, respectively. Bands
assigned to pyridine ring vibrations of free INA appeared
at 1595 cm−1.

A notable negative shift of the carbonyl frequency
occurs in complexes of amides and other carbonyl
donors. Similarly, the ν(NH) frequencies of the uncoor-
dinated INA have a slight positive shift. When the
FIGURE 7 EDS elemental mapping images of MCM‐41‐INA‐Tl catal
pyridine ring nitrogen is involved in complex formation,
certain vibrational modes increase in frequency.[59] The
FT‐IR spectrum of MCM‐41‐INA exhibits bands for
C&dbond;O and &bond;NH2 stretching at 1687 and
3430 cm−1, respectively, which have been shifted to
higher frequencies. Bands corresponding to pyridine
ring vibrations in the spectrum of MCM‐41‐INA appear
at 1612 cm−1. The FT‐IR spectrum of MCM‐41‐INA
demonstrates all characteristics of INA coordinated
through the ring nitrogen.

The FT‐IR spectra of MCM‐41‐INA‐In and MCM‐41‐
INA‐Tl mesoporous materials exhibit bands for
C&dbond;O stretching centred at 1651 and 1653 cm−1,
respectively, which have been shifted to lower frequen-
cies. These results confirm that In and Tl have been
grafted into the pore channels of MCM‐41‐INA.[60]
yst
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The results of TGA of MCM‐41‐INA‐In and MCM‐41‐
INA‐Tl are depicted in Figure 4. For the two samples,
the weight loss from 25 to 190°C is attributable to the
removal of physically adsorbed water. A further weight
loss from 200 to 400°C can be ascribed to desorption of
the water on the silica surface. Furthermore, the weight
loss from 400 to 550°C is assigned to the decomposition
of the organic species.[61]

SEM images for MCM‐41‐INA‐In and MCM‐41‐INA‐
Tl are presented in Figure 5. It can be observed that
the samples have a uniform spherical morphology.
Furthermore, the MCM‐41‐INA‐In and MCM‐41‐INA‐
Tl catalysts were investigated using mapping images,
and the results are shown in Figures 6 and 7. C, N, Si
and O, and each of In and Tl are uniformly dispersed
in these catalysts. The content of metal was also in
accordance with ICP‐OES analysis, which was 1.6 and
2.1 mmol g−1 for MCM‐41‐INA‐In and MCM‐41‐INA‐
Tl, respectively.
methylphenyl sulfoxide in the presence of MCM‐41‐INA‐In catalyst

using H2O2
a

Entry Solvent
Catalyst
(mg)

H2O2

(ml)
Time
(min)

Yield
(%)b

1 Solvent free 5 0.6 45 95

2 EtOH 5 0.6 180 83
3.2 | Catalytic studies

To compare per site activity of homogeneous and het-
erogeneous reactions (Table 3), oxidation of dibenzyl
sulfide under solvent‐free conditions at room tempera-
ture was selected as a model reaction. At first, the cata-
lytic reaction was performed without any catalyst
(Table 3, entry 1). No reaction was observed under this
TABLE 3 Testing of various catalysts for oxidation of dibenzyl

sulfidea

Entry Catalyst Time (h) Yield (%)b

1 No catalyst 3.5 0

2 MCM‐41 3.5 0

3 MCM‐41‐Cl 3.5 0

4 MCM‐41‐INA 3.5 0

5 INA 3.5 0

6 In(NO3) 3.5 55

7 Tl(NO3)3 3.5 60

8 In supported on MCM‐41 3.5 45

9 Tl supported on MCM‐41 3.5 51

10 INA‐In 3.5 65

11 INA‐Tl 3.5 69

12 MCM‐41‐INA‐In 3.5 88

13 MCM‐41‐INA‐Tl 2.5 90

aReaction conditions: dibenzyl sulfide (1 mmol), H2O2 (0.6 ml) and catalyst
under solvent‐free conditions.
bIsolated yield of product.
condition. We carried out the reaction using MCM‐41,
MCM‐41‐Cl and MCM‐41‐INA (Table 3, entries 2–4) as
the catalysts. Again, no reaction took place under these
conditions after 3.5 h. When the reaction was performed
in the presence of homogeneous‐phase INA (Table 3,
entry 5), no product was obtained after 3.5 h. Then
the oxidation was carried out using In(NO3)3 and
Tl(NO3)3 as catalysts (Table 3, entries 6 and 7), and
the conversion of dibenzyl sulfide was 55 and 60%,
respectively. This result clearly proves that the presence
of In and Tl is essential for this transformation. But
they cannot be reused because of the homogeneous
nature of In(NO3)3 and Tl(NO3)3. When these homoge-
neous catalysts are grafted into MCM‐41, without INA
and 3‐chloropropyltrimethoxysilane (Table 3, entries 8
3 Ethyl acetate 5 0.6 240 80

4 Acetonitrile 5 0.6 280 76

5 n‐Hexane 5 0.6 350 54

6 Solvent free 7 0.6 45 97

7 Solvent free 3 0.6 75 91

8 Solvent free 5 0.8 30 97

9 Solvent free 5 0.4 85 82

10 Solvent free 5 0.2 120 76

aReactions conditions: sulfide (1 mmol), H2O2, catalyst and solvent (3 ml).
bIsolated yield.

TABLE 5 Testing of various oxidants for oxidation of

methylphenyl sulfidea

Entry Oxidant Time (min) Yield (%)

1 H2O2 45 95

2 Molecular oxygen/air 180 88

3 Sodium percarbonate 1440 76

a19 mmol of oxidant; other reaction conditions same as those for Table 4.
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and 9), the conversion of the reaction was reduced.
Loading of the metals is decreased in these cases com-
pared with the homogeneous counterparts. After that,
we used the coordination complexes of the ligand with
In and Tl ions as the catalysts under homogeneous con-
ditions (Table 3, entries 10 and 11), and the product
yield increased compared with the use of In(NO3)3 and
Tl(NO3)3. The ligand coordinates with In or Tl ions in
such a way that the In and Tl act as active catalytic
sites. Finally, to prepare two heterogeneous catalysts,
In(NO3)3 and Tl(NO3)3 were grafted into mesoporous
channels of MCM‐41‐INA (Table 3, entries 12 and 13),
and the product yield markedly increased. Large surface
area facilitates the diffusion of organic molecules into
the mesoporous channels of functionalized MCM‐41
material for interaction with the In and Tl ions.
TABLE 6 Oxidation of sulfides into sulfoxides in the presence of MC

Entry Substrate Product

1

2

3

4

5

6

7

8

9

10

11

aReactions conditions: sulfide (1 mmol), H2O2 (0.6 ml) and catalyst (5 mg).
The catalytic performances of MCM‐41‐INA‐In and
MCM‐41‐INA‐Tl were examined in the oxidation of
sulfide with H2O2 at room temperature. To investigate
the influence of catalyst dosage, solvent and amount of
oxidant on the catalytic performance, methylphenyl
sulfide was selected as a model substrate, and the results
are collected in Table 4. The influence of the solvent on
the catalytic performance of the MCM‐41‐INA‐In catalyst
was initially studied. Acetonitrile, ethanol, ethyl acetate
and n‐hexane were used as solvents; however, a higher
conversion was achieved under solvent‐free conditions.
Then, the influence of catalyst dosage was studied. On
decreasing the catalyst amount from 0.005 to 0.003 g,
the conversion decreased; but with an increase of catalyst
dosage, conversion enhanced slightly. So, 0.005 g of cata-
lyst was selected as the optimum catalyst dosage. Finally,
M‐41‐INA‐In and MCM‐41‐INA‐Tla

MCM‐41‐INA‐In
Time (min); yield (%)

MCM‐41‐INA‐Tl
Time (min); yield (%)

45; 95 40; 96

75; 90 70; 92

5; 93 5; 96

15; 95 15; 97

5; 92 5; 95

10; 90 10; 94

200; 88 150; 90

20; 91 20; 92

15; 90 15; 93

180; 89 180; 92

30; 92 25; 91



TABLE 7 Optimization of reaction conditions for oxidative cou-

pling of thiol using 2‐mercaptobenzoic acid with H2O2 catalysed by

MCM‐41‐INA‐Ina

Entry Solvent
Catalyst
(mg)

H2O2

(ml)
Time
(min)

Yield
(%)b

1 EtOH 3 0.6 15 90

2 EtOH 5 0.6 12 93

3 EtOH 7 0.6 8 96

4 EtOH 9 0.6 7 97

5 Solvent free 7 0.6 20 90

6 Ethyl acetate 7 0.6 20 85

7 Acetonitrile 7 0.6 25 82

8 n‐Hexane 7 0.6 35 78

9 EtOH 7 0.8 5 97

10 EtOH 7 0.4 15 90

11 EtOH 7 0.2 27 78

aReaction conditions: thiol (1 mmol), H2O2, catalyst and solvent (3 ml).
bIsolated yield.

TABLE 8 Testing of various oxidants for oxidation of 2‐

mercaptobenzoic acida

Entry Oxidant Time (min) Yield (%)

1 H2O2 15 90

2 Molecular oxygen/air 45 91

3 Sodium percarbonate 1080 87

a19 mmol of oxidant; other reaction conditions same as those for Table 7.
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the effect of the amount of H2O2 was investigated. It can
be observed that the yield of product is increased by
adding H2O2.

The effect of various oxidants on the efficiency of
the oxidation of sulfides was studied using the model
reaction. Hydrogen peroxide, molecular oxygen/air and
sodium percarbonate were selected as oxidants. As evi-
dent from Table 5, when the reaction was performed
using hydrogen peroxide, a maximum conversion took
place in a shorter reaction time.

Under the optimized reaction conditions, oxidation
of other sulfides was performed in the presence of
MCM‐41‐INA‐In and MCM‐41‐INA‐Tl (Table 6). In all
reactions, good to excellent yields were achieved with
excellent selectivity to target products.

For another part of our study, we evaluated the cata-
lytic performance of MCM‐41‐INA‐In and MCM‐41‐
INA‐Tl in the oxidation of thiols with H2O2 at room
temperature. The reactions were optimized according to
the oxidation of 2‐mercaptobenzoic acid through the
study of the effect of catalyst dosage, solvent and amount
of oxidant (Table 7). At first, the effects of catalyst dosage
were studied. Increasing the catalyst amount from 0.003
to 0.007 g caused an increase in conversion. However, a
further increase of catalyst amount had only a slight
influence on the conversion. So, 0.007 g of catalyst was
selected as the effective amount. Then, the influence of
various solvents was investigated. Acetonitrile, ethanol,
ethyl acetate and n‐hexane were used as solvents; a
higher yield was obtained in ethanol in comparison with
the other solvents. Finally, we investigated the influence
of the amount of H2O2. It was evident that the product
yield was increased by adding H2O2.

The effect of various oxidants on the efficiency of the
oxidation of thiols was investigated using the model
reaction. Hydrogen peroxide, molecular oxygen/air and
sodium percarbonate were selected as oxidants and the
results are summarized in Table 8. When the reaction
was carried out using hydrogen peroxide, a maximum
conversion took place in a shorter reaction time.

We then investigated the catalytic performance of
MCM‐41‐INA‐In and MCM‐41‐INA‐Tl in the oxidation
of other thiols (Table 9). In all reactions, good to excellent
yields were achieved with excellent selectivity to target
products.
3.3 | Homoselectivity and
chemoselectivity of oxidation of sulfides

To study homoselectivity and chemoselectivity of
oxidation of sulfides, the reaction was performed in
the presence of 2,2′‐disulfanediyldibenzoic acid and
2‐(phenylthio)ethanol with H2O2 and molecular oxygen/
air as two oxidants.

When 2,2′‐disulfanediyldibenzoic acid was subjected
to oxidation (Table 6, entry 11), homoselective mono‐
sulfoxidation took place, and further oxidation to
disulfoxidation or mono‐sulfonation did not take place in
the presence of H2O2 and molecular oxygen/air as two oxi-
dants (Scheme 2).

Also, there is chemoselectivity in the oxidation of
2‐(phenylthio)ethanol (Table 6, entry 8). For this sub-
strate, the sulfide functional group was converted to sulf-
oxide, but alcohol oxidation did not occur during the
conversion, and the primary hydroxyl group remained
intact in the course of the reaction in the presence



TABLE 9 Oxidative coupling of thiols into disulfides in the presence of MCM‐41‐INA‐In and MCM‐41‐INA‐Tla

Entry Substrate Product

MCM‐41‐INA‐In
Time (min); yield
(%)

MCM‐41‐INA‐Tl
Time (min); yield
(%)

1 8; 96 5; 96

2 4; 95 2; 97

3 20; 91 15; 92

4 10; 94 8; 96

5 2; 92 1; 95

6 4; 94 4; 95

7 10; 93 5; 96

8 5; 94 5; 94

9 5; 92 3; 94

10 3; 94 3; 95

aReactions conditions: thiol (1 mmol), H2O2 (0.6 ml), catalyst (7 mg) and ethanol (3 ml).
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of H2O2 and molecular oxygen/air as two oxidants
(Scheme 3).
3.4 | Reusability of catalysts

The reusability of the MCM‐41‐INA‐In and MCM‐41‐
INA‐Tl catalysts was evaluated in the oxidation of
dibenzyl sulfide and in the oxidation of mercaptosuccinic
acid under the optimum conditions for seven runs
and the results are presented in Figure 8. After each
catalytic cycle, the catalyst was collected by centrifuga-
tion, washed with water followed with ethyl acetate
and dried at 100°C. As shown in Figure 8, the catalysts
were found to maintain their activity after seven runs.
This could be attributed to the low leaching of indium
and thallium from the catalysts in the reaction.
Also, the SEM images (Figure 9) and FT‐IR spectra
(Figure 10) of MCM‐41‐INA‐In and MCM‐41‐INA‐Tl
after seven runs indicate that the structures of the novel
MCM‐41‐INA‐In and MCM‐41‐INA‐Tl catalysts have
been retained.



SCHEME 2 Homoselective oxidation of

2,2′‐disulfanediyldibenzoic acid to its

mono‐sulfoxide derivative in the presence

of H2O2 and molecular oxygen/air as two

oxidants

SCHEME 3 Chemoselective

sulfoxidation of 2‐(phenylthio)ethanol in

the presence of H2O2 and molecular

oxygen/air as two oxidants

FIGURE 8 Reusability of MCM‐41‐INA‐In and MCM‐41‐INA‐Tl catalysts for oxidation of dibenzyl sulfide (A) and oxidation of

mercaptosuccinic acid (B)
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ICP‐OES analysis of spent MCM‐41‐INA‐Tl was
conducted to determine the amounts of metal after
each reaction run. The results are presented in Table 10.
The catalytic performance of MCM‐41‐INA‐In and
MCM‐41‐INA‐Tl in the oxidation of dipropylsulfane
and oxidation of phenylmethanethiol was compared



FIGURE 9 SEM images of recovered MCM‐41‐INA‐In (left) and MCM‐41‐INA‐Tl (right)

FIGURE 10 FT‐IR spectra of recovered

(a) MCM‐41‐INA‐In and (b) MCM‐41‐

INA‐Tl

TABLE 10 Recycling of MCM‐41‐INA‐Tl catalyst used in oxidation of dibenzyl sulfide

Run 1 2 3 4 5 6 7

Metal amount (mmol g−1) 2.03 2.00 1.96 1.93 1.88 1.83 1.79
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TABLE 11 Comparison of MCM‐41‐INA‐In and MCM‐41‐INA‐Tl catalysts for oxidation of dipropylsulfane and oxidation of

phenylmethanethiol with previously reported catalysts

Entry Substrate Catalyst:amount Solvent Temp. (°C) Time (min) Yield (%)

1 Dipropylsulfane VO‐salen‐MCM‐41:15 mg Ethanol RTa 15 94[62]

2 Dipropylsulfane Cu‐Salen‐MCM‐41:20 mg Ethanol RTa 27 92[63]

3 Dipropylsulfane Fe3O4@PTA‐VO(IV):15 mg Solvent‐free RTa 12 97[64]

4 Dipropylsulfane VO‐2A3HP‐MCM‐41:4 mg Solvent‐free RTa 100 98[39]

5 Dipropylsulfane Fe3O4‐AMPD‐Cu:5 mg Solvent‐free RTa 25 93[65]

6 Dipropylsulfane Fe3O4‐Adenine‐Ni:5 mg Solvent‐free RTa 65 95[66]

7 Dipropylsulfane VO‐AMPD@SBA‐15:4 mg Solvent‐free RTa 35 98[67]

8 Dipropylsulfane MCM‐41‐INA‐In:5 mg Solvent‐free RTa 5 92 (this work)

9 Dipropylsulfane MCM‐41‐INA‐Tl:5 mg Solvent‐free RTa 5 95 (this work)

10 Phenylmethanethiol Fe3O4‐Adenine‐Zn:5 mg Ethyl acetate RTa 90 96[68]

11 Phenylmethanethiol Boehmite‐SSA:2 mg Ethyl acetate RTa 75 97[69]

12 Phenylmethanethiol VO@MCM‐41‐Cys:8 mg Neat condition RTa 60 98[56]

13 Phenylmethanethiol DSA@MNPs:4 mg Ethanol RTa 60 90[70]

14 Phenylmethanethiol Ni‐SMTU@boehmite:8 mg Ethanol RTa 225 95[71]

15 Phenylmethanethiol Zn‐2A3HP‐MCM‐41:10 mg Ethanol RTa 65 93[72]

16 Phenylmethanethiol MCM‐41@creatinine@La:5 mg Ethanol RTa 65 96[73]

17 Phenylmethanethiol Fe3O4@MCM‐41@Ni‐P2C:10 mg Ethanol RTa 35 92[74]

18 Phenylmethanethiol MCM‐41‐INA‐In:7 mg Ethanol RTa 30 91 (this work)

19 Phenylmethanethiol MCM‐41‐INA‐Tl:7 mg Ethanol RTa 20 92 (this work)

aRoom temperature.
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with that of previously reported catalysts (Table 11). The
MCM‐41‐INA‐In and MCM‐41‐INA‐Tl catalysts provide
the highest activity for oxidation of dipropylsulfane
and oxidation of phenylmethanethiol compared with
the other catalysts.
4 | CONCLUSIONS

We have successfully developed two novel indium‐ and
thallium‐grafted functionalized mesoporous MCM‐41
materials using a post‐grafting method. Surface
functionalization and INA condensation followed by
indium or thallium impregnation resulted in indium‐

and thallium‐grafted functionalized mesoporous MCM‐

41. These novel mesoporous MCM‐41‐INA‐In and
MCM‐41‐INA‐Tl catalysts showed excellent catalytic per-
formance in the oxidation of sulfides and thiols to their
corresponding sulfoxides and disulfides at room tempera-
ture under mild conditions. Some attractive features of
these protocols are high yields, short reaction times
and inexpensive and simple procedure. These catalysts
showed only slight leaching of indium or thallium and
can be reused for seven successive reaction runs without
considerable loss of catalytic performance.
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