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Abstract

A simple and efficient procedure was reported for the synthesis of tetrazole derivatives, the chemo and homoselective oxi-
dation of sulfides to sulfoxides in the presence of two Schiff-base complexes of zirconium oxide and copper anchored on
MCM-41 as mesoporous and organometallic catalysts under green conditions. All the products were obtained in excellent
yields with high TOF values indicating the high activity of the synthesized catalysts. These catalysts were characterized
by XRD, TGA, SEM, EDS, FT-IR, TEM, WDX, BET and AAS techniques and can be recycled for several times without
significant loss in catalytic activity. The recovered catalysts were characterized by SEM, FT-IR and AAS analysis which

shown an excellent agreement with fresh catalysts.
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1 Introduction

Catalytic processes play an important role in the chemical
and pharmaceutical industries [1-10]. The recoverability
and recyclability of the catalysts are great factors in cata-
Iytic science [11-15]. Homogeneous catalysts have several
limitations such as purification of the final products, recov-
ering and reusing of the catalyst [16]. These limitations can
be overcome by heterogenization of homogeneous catalysts
using immobilization of homogeneous catalysts on various
solid materials [17-19]. In order to combine the advantages
of both homogeneous (high selectivity and activity) and
heterogeneous (stability and reusability) catalysts, nanoma-
terials such as carbon nanotubes [23], polymers [24], ionic
liquids [25, 26], iron oxide [27], graphene oxide [28, 29],
silica materials [30], boehmite nanoparticles [31, 32] and
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etc. have been widely used as the great and useful supports
for the immobilization of homogeneous catalysts [20-22].
Among the various nanomaterials, the preparation of nano-
structured porous silicate such as MCM-41 has been greatly
explored as support catalysts. MCM-41 have recently been
used in various fields, such as extraction [33], catalysis [34],
drug delivery systems [35], energy [36] and adsorption [37].
Also, MCM-41 has been used in the recovering and recy-
cling of expensive homogeneous catalysts [38]. MCM-41
has unique properties such as homogeneous hexagonal pore
(with 1.5-10 nm of pore diameters), large specific surface
area (> 1000 mz/g), ease of functionalization, relatively
hydrophobic nature, high thermal stability (900 °C) and
simple preparation and separation [39, 40]. High specific
pore volumes (up to 1.3 mL/g) of MCM-41 allow immobi-
lization of the large molecules such as metallic complexes
into channels [41]. Existence of many surface silanol groups
and large surface area could be functionalized with different
compounds such as metal complexes. Therefore, covalent
anchoring of the supported catalysts onto MCM-41 com-
bined with high thermal stability of MCM-41 which allows
organic reactions to proceed in high temperatures [42-46].
To extend the application of active heterogeneous catalysts,
we would like to report synthesis and characterization of
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Scheme 1 Synthesis of Schiff-
base compound (SB-APT) as

ligand H,N

N/ N NH, .

HS

Schiff-base complexes of zirconium oxide and copper cata-
lysts on MCM-41 as efficient and recyclable catalyst for the
synthesis of tetrazoles and the chemo and homoselective
oxidation of sulfides to sulfoxides.

2 Experimental
2.1 Preparation of catalyst

Initially, Schiff-base compound (SB-APT) has been syn-
thesized by stirring of 4,6-diaminopyrimidine-2-thiol
(1 mmol) and salicylaldehyde (2 mmol) in ethanol for 24 h
under reflux conditions; Scheme 1. This ligand has been
characterized by '"H NMR and FT-IR technique as: '"H NMR
(250 MHz, DMSO): 8,y = 10.97 (s, 2H), 6.57 (br, 9 H), 5.01
(br, 2H), 2.48 (s, 1H) ppm.
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IR (KBr) cm™': 3436, 3392, 3253, 3061, 2921, 2856,
2717, 1645, 1627, 1564, 1424, 1313, 1251, 1198, 1018, 971,
942,862, 785, 638, 552, 513, 459.

The modified MCM-41 by CPTMS (Cl1@MCM-41) was
prepared according to the reported procedure [47]. Then,
Cl@MCM-41 (1 g) was dispersed in 25 mL toluene, and
then SB-APT (3 mmol) was added to the reaction mixture
and stirred for 72 h at 100 °C. Then, the resulting powder
(SB-APT@MCM-41) was filtered, washed with ethanol and
dried at 50 °C. Finally, SB-APT@MCM-41 (1 g) was dis-
persed in 25 mL ethanol, and then ZrOCl,-8H,0 (3 mmol)
or Cu(NO;),-9H,0 (3 mmol) were added to the reaction
mixture and was stirred magnetically for 20 h under reflux
conditions. The obtained catalysts (Cu-SB-APT@MCM-41)
or (ZrO-SB-APT@MCM-41) were filtered and washed with
ethanol and water.

Scheme 2 Preparation of Cl
Cu-SB-APT@MCM-41 and OH
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M-SB-APT@MCM-41, M= Cu or ZrO
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Fig.1 SEM images of Cu-SB-
APT@MCM-41 (a) and ZrO-
SB-APT@MCM-41 (b)

SEM MAG: 100.0 kx Det: InBeam |
WD: 4.73 mm Bl: 7.00 500 nm
View field: 2.08 pm Date(m/dly): 12/04/18

G

SEM MAG: 100 kx Det: InBeam
WD: 4.94 mm BI: 7.00 500 nm

y ’
-

View field: 2.08 pm Date(m/dly): 06/25/19

2.2 General procedure for the synthesis
of 5-substituted 1H-tetrazoles

A mixture of NaN; (1.5 mmol) and benzonitrile deriva-
tive (1 mmol) in the presence of Cu-SB-APT@MCM-41
(0.025 g) or ZrO-SB-APT@MCM-41 (0.030 g), were stirred
at 120 °C in poly ethylene glycol (PEG-400) as solvent.
After completion of the reaction (indicated by TLC), the cat-
alyst was isolated by simple filtration and the products were
extracted by aqueous solution of HCI (4 N) and ethyl acetate.
The organic solvent was dried over anhydrous sodium sulfate
and concentrated to give the crude solid product.
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2.3 General procedure for the oxidation of sulfides
to sulfoxides

Sulfide derivatives (1 mmol) and 0.5 mL of H,0, (33%)
were added to 0.0025 g of Cu-SB-APT@MCM-41 in ethyl
acetate or 0.02 g of ZrO-SB-APT@MCM-41 under solvent-
free conditions and the mixture was stirred at room tempera-
ture. The progress of the reaction was monitored by TLC.
After completion of the reaction, the catalyst was separated
by simple filtration and the products were extracted with
water and ethyl acetate. The organic layer was dried over
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Fig. 2 Particle size distribution histogram of Cu-SB-APT@MCM-41
(a) and ZrO-SB-APT@MCM-41 (b)

anhydrous Na,SO, and then was evaporated to obtain the
pure products.

2.4 Selected spectral data

1-(4-(1H-tetrazol-5-yl)phenyl)ethanone: 'H NMR
(250 MHz, CDCl;): & = 8.25-8.13 (d, J = 30 Hz, 2 H),
7.71-7.53 (d, J = 45 Hz, 2 H), 2.68 (s, 3H) ppm; IR (KBr)
cm™!: 3071, 3009, 2921, 2854, 1684, 1568, 1532, 1402,
1357, 1265, 1158, 1082, 1055, 1018, 992, 962, 873, 751,
726, 700, 616, 591, 562, 560, 420.

(sulfinylbis(methylene))dibenzene: '"H NMR (400 MHz,
DMSO): 8y =7.36-7.31 (m, 10 H), 4.19-4.14 (d, ] = 12 Hz,
2 H), 3.89-3.85 (d, J = 12 Hz, 2 H) ppm; IR (KBr) cm™ L
2925, 2854, 1737, 1637, 1620, 1491, 1454, 1411, 1384,
1281, 1132, 1073, 1031, 918, 887, 615, 589, 498, 472.

(benzylsulfinyl)benzene: 'H NMR (400 MHz, DMSO):
Oy =7.52-7.46 (m, 5 H), 7.28-7.20 (m, 3 H), 7.07-7.03 (m,
2 H),4.26-4.21 (d,J=12Hz, 1 H),4.07-4.02 (d,J = 12 Hz,
1 H) ppm; IR (KBr) cm™': 2958, 2854, 1737, 1634, 1582,
1491, 1448, 1413, 1282, 1124, 1071, 1036, 996, 914, 890,
767, 692, 616, 545, 494, 477.
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Fig.3 TEM images of Cu-SB-APT@MCM-41

3 Results and discussion
3.1 Catalyst preparation and identification

In this work, two Schiff-base complexes of copper and zir-
conium on mesoporous MCM-41 and their application as
a reusable catalyst for organic reactions were reported. For
preparation of these catalysts, the modified MCM-41 nano-
particles with 3-choloropropyltriethoxysilane (CPTES) has
been synthesized according to the reported procedure [47].
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Fig.5 Elemental mapping of (a) carbon, (b) nitrogen, (c) oxygen, (d) silica, (e) sulfur, and (f) copper for Cu-SB-APT@MCM-41

In order to immobilize the Schiff-base ligand on the sur-
face of obtained nanoparticles, the terminal chorine groups
were reacted with SB-APT. Finally, zirconium or copper
ions were stabilized on SB-APT@MCM-41 (Scheme 2).
These nanocatalysts were characterized by scanning elec-
tron microscopy (SEM), wavelength dispersive X-ray spec-
troscopy (WDX), energy-dispersive X-ray spectroscopy
(EDS), transmission electron microscopy (TEM), Fourier
transform infrared spectroscopy (FT-IR), N, adsorption—des-
orption isotherms, thermogravimetric analysis (TGA), X-ray

diffraction (XRD), and atomic absorption spectroscopy
(AAS) techniques.

3.2 Catalyst characterization
SEM technique was used to get information about the mor-
phology and particles size of the catalysts. The SEM images

of Cu-SB-APT@MCM-41 and ZrO-SB-APT@MCM-41
were shown in Fig. 1. The morphology of samples was
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Fig.6 Elemental mapping of (a) carbon, (b) nitrogen, (¢) oxygen, (d) silica, and (e) sulfur, and (f) zirconium for ZrO-SB-APT@MCM-41
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Fig.7 TGA diagrams of ZrO-SB-APT@MCM-41 (a) and Cu-SB-
APT@MCM-41 (b)

found to be uniform spherical with a mean diameter less
than 500 nm. To indicate the Particle size distribution of
these catalysts, the histogram of particles size which have
been obtained from SEM images are shown in Fig. 2.

Also, TEM images of Cu-SB-APT@MCM-41 is shown
in Fig. 3. As it can be seen the morphology of particles

@ Springer

1200
1000
800

600

Intensity / %

400
200

0
0 2 4 6 8 10
20 / degree

Fig.8 The low XRD pattern of ZrO-SB-APT@MCM-41

shown a good similarly to indicate particles in SEM images
of this catalyst. Also, particles size of Cu-SB-APT@MCM-
41 in TEM images are shown a good similarly to obtained
its particle size form SEM images. More importantly,
highly ordered long-range hexagonal arrangement of the
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Fig.9 N, adsorption—desorption isotherm of ZrO-SB-APT@MCM-
41 (a) and Cu-SB-APT@MCM-41 (b)

mesoporous channels were clearly observed in TEM images
of Cu-SB-APT@MCM-41.

The elements content of the catalysts were determined
using EDS analysis. EDS diagrams of Cu-SB-APT@MCM-
41 and ZrO-SB-APT@MCM-41 are shown in Fig. 4. As
depicted, the EDS result of Cu-SB-APT@MCM-41 shows
the presence of oxygen, silica, carbon, sulfur, nitrogen and
copper species in the structure of this catalyst. Also, the
EDS diagram of ZrO-SB-APT@MCM-41 indicates the
presence of oxygen, silica, carbon, sulfur, nitrogen and as
well as zirconium species. These results are shown a good
agreement with the structure of catalysts that are shown in
Scheme 1. The black and red lines in EDS diagrams are

correspond to the calibration curve and obtained results
from the catalysts, respectively. As shown in Fig. 4, a good
agreement was observed between the calibration curve and
obtained results from the catalysts which were confirmed
the high purity of described catalysts. The EDS results of
Cu-SB-APT@MCM-41 and ZrO-SB-APT@MCM-41 were
extended by WDX analysis which is shown in Figs. 5 and
6. As shown in Figs. 5 and 6, a homogeneous distribution
of all elements contained in the structure of these catalysts
was clearly observed.

Also, the exact amounts of copper (in Cu-SB-APT@
MCM-41) or zirconium (in ZrO-SB-APT@MCM-41)
were found to be 2.2 x 107 and 0.076 x 107> mol g7},
respectively.

Figure 7 belongs to TGA curves of ZrO-SB-APT@
MCM-41 and Cu-SB-APT@MCM-41. The small mass loss
about 10% (for TGA curve of ZrO-SB-APT@MCM-41,
Fig. 7a) and 9% (for TGA curve of Cu-SB-APT@MCM-41,
Fig. 7b) at low temperatures (below 200 °C) is associated to
the evaporation of adsorbed solvents [48, 49]. Also, the sec-
ond mass loss in TGA diagrams of ZrO-SB-APT@MCM-41
(about 17 wt%) and Cu-SB-APT@MCM-41 (about 31 wt%)
between 200 and 600 °C corresponded to the calcination of
immobilized organic groups on MCM-41 nanoparticles [31].
The final mass loss above 600 °C, that is 1 wt% and 2 wt%
loss for ZrO-SB-APT@MCM-41 and Cu-SB-APT@MCM-
41 respectively is related to the condensation of the silanol
groups of MCM-41 [16].

Given that the wide range of organic compounds are
usually synthesized in high temperature, thermal stability
of ZrO-SB-APT@MCM-41 and Cu-SB-APT@MCM-41
was also confirmed by TGA analysis. Based on TGA dia-
grams of these catalysts, no weight loss was observed up to
250 °C (except the removal of solvents). As shown in Fig. 7,

Table 1 Textural properties

of MCM-41, ZrO-SB-APT@ Entry Sample Sppr (M%/g) Pore diameter (nm) Eglrsme
ﬁgxﬂ and Cu-SB-APT@ (em’ g™
MCM-41 1113.7 [50] 2.45 [34] 1.39 [50]
ZrO-SB-APT@MCM-41 112.1 1.22 0.30
3 Cu-SB-APT@MCM-41 113.9 1.29 0.27
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Fig. 10 FT-IR spectra of
MCM-41 (a), CI@MCM-41
(b), SB-APT@MCM-41 (c),
Cu-SB-APT@MCM-41 (d) and
ZrO-SB-APT@MCM-41 (e)

Scheme 3 Synthesis of 5-sub-
stituted 1H-tetrazoles in the
presence of ZrO-SB-APT@
MCM-41 or Cu-SB-APT@
MCM-41

@ Springer

ZrO-SB-APT@MCM-41 (catalyst I)

or
CN
T Cu-SB-APT@MCM-41 (catalyst II) 7\ —N
R4 + NaN - 7\
= 3 X _
PEG-400, 120 °C R N
H



Journal of Porous Materials (2020) 27:671-689 679

Tablgg Optimization reagtion Entry Catalyst Amount of Solvent Temperature Time (min) Yield (%)*

C(?l’ldlthIlS f0.r the synthesis catalyst (mg) °C)

of tetrazoles in the presence

of ZrO-SB-APT@MCM-41 1 _ _ PEG 120 240 _b

MOV (onatyoctly 2 CatalystT 20 PEG 120 215 58
3 Catalyst I 30 PEG 120 130 86
4 Catalyst I 40 PEG 120 60 92
5 Catalyst I 40 Toluene 120 ? ?
6 Catalyst I 30 H,0 100 240 51
7 Catalyst I 30 DMSO 120 180 80
8 Catalyst I 30 PEG 100 150 62
9 Catalyst I 30 PEG 80 210 49
10 Catalyst IT 15 PEG 120 140 55
11 Catalyst IT 20 PEG 120 115 64
12 Catalyst IT 25 PEG 120 55 92
13 Catalyst IT 25 H,0 100 240 59
14 Catalyst IT 25 DMSO 120 180 82
15 Catalyst IT 25 Toluene 120 260 47
16 Catalyst IT 25 Dioxane 120 215 53
17 Catalyst IT 25 PEG 100 120 70
18 Catalyst IT 25 PEG 80 210 50

Tsolated yield, "No reaction

ZrO-SB-APT@MCM-41 and Cu-SB-APT@MCM-41 are
stable even to 250 °C.

The small- angle powder XRD pattern for ZrO-SB-APT @
MCM-41 is shown in Fig. 8. The low angle XRD pattern
of ZrO-SB-APT@MCM-41shows the peak at 20 = 2.26°
and also two weak peaks at 20 = 4.08° and 5.14° which are
related to 1 0 0, 1 1 0 and 2 O O diffraction plans, respec-
tively. All the obtained results are in good agreement with
standard XRD pattern of MCM-41 with the hexagonal unit
cell of channels [38]. The decreasing intensity of the peaks
at 20 = 4.08° and 5.14° is due to immobilization of organic
layers and zirconium complex in MCM-41 channels [16].

The N, adsorption—desorption isotherms of ZrO-SB-
APT@MCM-41 and Cu-SB-APT@MCM-41 are shown in
Fig. 9 which display typical type IV isotherms related to
characteristic of mesoporous materials based on the [TUPAC
classification [47]. Also, textural properties of MCM-
41, ZrO-SB-APT@MCM-41 and Cu-SB-APT@MCM-
41 are summarized in Table 1 which is determined from
N, adsorption—desorption analysis. As shown in Table 1,
surface area, pore volumes and pore diameters of ZrO-
SB-APT@MCM-41 are 112.1 m? g7!, 0.30 cm® g~! and
1.22 nm respectively. Also, surface area, pore volumes and
pore diameters of Cu-SB-APT@MCM-41 are 113.9 m? g/,
0.27 cm® g~! and 1.29 nm respectively. In comparison to the
textural properties of MCM-41 (Table 1, entry 1), decreas-
ing in surface area, pore volumes and pore diameters of

Ni- ZrO-SB-APT@MCM-41 and Cu-SB-APT@MCM-41
are due to the grafting of organic layers and metal complexes
into channels of MCM-41 [16].

The FT-IR spectra of MCM-41, Cl@eMCM-41, SB-
APT@MCM-41, ZrO-SB-APT@MCM-41 and Cu-SB-
APT@MCM-41 are outlined in Fig. 10. In FT-IR spectrum
of mesoporous MCM-41, three peaks at 460, 807, and
1084 cm™! corresponded to the Si—O-Si vibrations [16]
indicated these bands are present in all the FT-IR spectra.
Also, stretching vibrational modes at (2925 and 2854 cm™")
and (696 cm™!) in the FT-IR spectrum of CI@ MCM-41 is
associated to the C—H and C—Cl bonds, confirmed modifica-
tion of the MCM-41 by CPTMS [27] which are not indicate
in FT-IR spectra of MCM-41. Several peaks at 1645, 1564,
1313, 1198, 971, 942, 862, 785, 638 and 552 cm™' in FT-IR
spectrum of SB-APT@MCM-41 confirmed that SB-APT
was successful supported on MCM-41.

3.3 Catalytic activity

After synthesis and characterization of catalysts, our stud-
ies were directed towards the investigation of the catalytic
activity of ZrO-SB-APT@MCM-41 and Cu-SB-APT@
MCM-41 for chemical synthesis of the tetrazole derivatives
(Scheme 3) and the chemo and homoselective oxidation of
sulfides to sulfoxides (Scheme 3).
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Table 3 Synthesis of tetrazoles in the presence of ZrO-SB-APT@MCM-41

Entry Nitrile Product Time (min) TON TOF (h™") Yield* (%) Obtained Melt- Reported Melt-
ing point (°C)  ing point (°C)
1 CN N/N\ 60 408.7 408.7 94 221-223 220-221 [47]
O
ON N
O,N
2 CN N’N 130 3783 174.6 87 183-185 180-183 [31]
@ I \IN
N
Cl H
Cl
3 CN N’N\ 100 391.3 23438 90 233-234 233-235[31]
jo
HO N
HO
4 CN N’N\ 65 404.3 3732 93 221-223 224-226 [31]
OH H
OH
5 CN N’N\ 160 3869 145.1 89 150-152 149-151 [51]
| N
N
H
NO,
NO,
6 CN N’N\ 150 369.5 147.8 85 249-250 253-256 [47]
/©/ | N
NC N
NC
7 CN N’N\ 75 386.9 320 92 213-215 209-210 [47]
CC
CN N
CN
8 CN N’N\ 90 395.6 263.8 91 172-174 173-176 [31]
| N
N
H
(0]
(0]
50 386.9 464.3 89 133-135 129-132 [31]

Cl

O

@)

z

;z\

Tz .z
Z

Cl
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Table 3 (continued)

Entry Nitrile Product Time (min) TON TOF (h™") Yield* (%) Obtained Melt- Reported Melt-
ing point (°C)  ing point (°C)
10 CN N’N\ 130 3739 172.6 86 210-213 212-214 [51]
| N
N
H
11 NC/\CN NC /N\N 60 373.9 3739 86 111-113 114-116 [47]
HN—
12 CN N—N 75 395.6 316.5 91 257-260 260-262 [51]
Br g
Br
solated yield

It is well known that organic reactions are dependent on
procedure conditions. Therefore in this regard, the various
conditions including the amount of catalysts, nature of sol-
vent and temperature were examined in the [2 + 3] cycload-
dition reaction of benzonitrile with sodium azide for the
synthesis of 5-phenyl-1H-tetrazole as model reaction, and
the obtained results were summarized in Table 2. As shown
in Table 2, the best results were obtained in the presence
of 30 mg of ZrO-SB-APT@MCM-41 (Table 2, entry 3) or
25 mg of Cu-SB-APT@MCM-41 (Table 2, entry 12). No
product was obtained in the absence of catalysts (Table 2,
entry 1). Also, in order to study the solvent effect, the model
reaction was examined in various solvents. As shown, the
model reaction could proceed better in PEG-400. Finally, the
effect of temperature was examined in the model reaction
and the best results were obtained at 120 °C.

After the optimization of the reaction conditions, we
extended the catalytic activity of ZrO-SB-APT@MCM-41
(Table 3) and Cu-SB-APT@MCM-41 (Table 4) for other
nitrile derivatives including aromatic and aliphatic nitriles.
Also, various benzonitrile derivatives bearing electron-donor
and electron-withdrawing functional groups were investi-
gated and all products were obtained in good yields and high
TOF values. Dicyano substituted of aliphatic and aromatic
nitriles such as malononitrile (Tables 3 and 4, entry 11),
phthalonitrile (Tables 3 and 4, entry 7) and terephthalonitrile
(Tables 3 and 4, entry 6) were also investigated which all of
them afforded the monoaddition products. Therefore, these
methodologies are effective for the synthesis of a wide range
of tetrazol derivatives.

The chemo and homoselective oxidation of sulfides to
sulfoxides were studied in the presence of ZrO-SB-APT@
MCM-41 and Cu-SB-APT@MCM-41 (Scheme 4).

In order to obtain the reaction conditions, the oxidation
of 2-phenylthioethanol was selected as a model substrate.
The effect of different parameters such as the amount of
catalysts and the nature of the solvent was examined in the
model reaction (Table 5). Among the various conditions,
0.020 g of ZrO-SB-APT@MCM-41 under solvent-free
conditions (Table 5, entry 3) or 0.0025 g of Cu-SB-APT@
MCM-41 in ethyl acetate (Table 5, entry 1) appeared to be
the best conditions for oxidation of 2-Phenylthioethanol
to 2-(phenylsulfinyl)ethanol. Higher amount of catalysts
did not change the amount of product and reaction time
(Table 5, entries 3, 10 and 11).

The scop of catalytic activity of ZrO-SB-APT@MCM-
41 and Cu-SB-APT@MCM-41 was explored in the oxida-
tion of various sulfides. Therefore aliphatic and aromatic
sulfides were examined and all products were obtained
in excellent yields and TOF values. The obtained results
are summarized in Tables 6 and 7. All sulfoxides were
obtained in high purity without over oxidation or any by-
product such as sulfon.

Selectivity in organic process are important from
both green chemistry and industrial [55-60]. In order
to indicate the chemoselectivity of these catalysts, other
functional groups such as hydroxyl groups or olefin
bands (that can compete in the oxidative reaction) were
investigated in the oxidation of sulfides in the presence
of ZrO-SB-APT@MCM-41 and Cu-SB-APT@MCM-
41. As shown in Scheme 5, these functional groups are
remained intact during the oxidation of sulfides to sul-
foxides (Tables 6 and 7, entry 3) which confirmed the
selectivity of these catalysts in oxidation of organosulfur
compounds.

Homoselectivity is an interesting property of some
organic reactions which can be observed in the same
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Table 4 Synthesis of tetrazoles in the presence of Cu-SB-APT@MCM-41

Entry  Nitrile Product Time (min) TON TOF (h™)) Yield® (%) Obtained melt- Reported melt-
ing point (°C)  ing point (°C)
1 CN N’N\ 60 16.9 16.9 93 217219 218-220 [51]
oy Ly
O,N N
O,N
2 CN N’N\ 130 15.6 7.2 86 180-182 180-183 [31]
@ / \'N
N
Cl H
Cl
3 CN N’N\ 10 17.1  102.5 94 229-231 230-232 [51]
/© / /N
HO N
HO
4 CN N’N\ 20 16.7 50.2 92 222-224 224-226 [31]
@ / \IN
OH H
OH
5 CN N’N\ 30 17.6 353 97 148-150 149-151 [51]
| N
N
H
NO,
NO,
6 CN N’N\ 30 16.5 33.1 91 251-253 253-256 [47]
o
NC N
NC
7 CN N’N\ 15 16.2 64.7 89 209-212 209-210 [47]
©: | N
CN N
CN
8 CN N’N\ 95 16.4 10.3 90 170-173 173-176 [31]
| N
N
H
O
O
15 16.9 67.6 93 130-131 129-132 [31]

Cl

NeJ

@

Z

;\\z

TZ Y
Z

Cl
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Table 4 (continued)

Entry  Nitrile Product Time (min) TON TOF (h™") Yield® (%) Obtained melt- Reported melt-
ing point (°C)  ing point (°C)
10 CN N’N\ 55 16.7 18.2 92 212214 212-214 [51]
| N
N
H
11 NC/\CN NC /N\N 25 15.8 63.3 87 113-114 114-116 [47]
HN—
12 CN N—N 50 16 19.2 88 257-260 260-262 [51]
i) 5
Br H
Br
solated yield

ZrO-SB-APT@MCM-41 (catalyst I)
H,0,, Solvent-Free, r.t. o
or Il
R’S‘R' R'/S‘R
Cu-SB-APT@MCM-41 (catalyst II)
H,O0,, Ethyl acetate, r.t.

Scheme 4 Oxidation of sulfides in the presence of ZrO-SB-APT@
MCM-41 or Cu-SB-APT@MCM-41

functional groups [57-60]. The homoselectivity of this
procedure was examined in the oxidation of thianthrene
which has two sulfides functional groups with same posi-
tion in its structure. As shown in Scheme 6, this procedure

was shown a good homoselectivity in the oxidation of
thianthrene.

3.4 Reusability of the catalysts

In order to show the stability and reusability of ZrO-SB-
APT@MCM-41 and Cu-SB-APT@MCM-41, the reusability
of Cu-SB-APT@MCM-41 was studied in the synthesis of
5-phenyl-1H-tetrazole and also the reusability of ZrO-SB-
APT@MCM-41 was studied in the oxidation of methyl phe-
nyl sulfide. For this purpose, at the end of each reaction, the
catalysts were isolated by centrifugation and further used
in the next run under optimized conditions. The obtained
results from reusability of these catalysts were summarized
in Fig. 11. It was found that these catalysts can be reused

Table 5 Optimization reaction

" Lo Entry Catalyst Amount of cata-  Solvent Time (min) Yield (%)*
condmops for the oxidation of lyst (mg)
sulfides in the presence of ZrO-
SB-APT@MCM-41 (catalyst 1 - - Solvent-free 130 Trace
2;;13;?3 -APT@MCM-41 2 Catalyst I 10 Solvent-free 80 76
3 Catalyst I 20 Solvent-free 60 87
4 Catalyst I 30 Solvent-free 45 91
5 Catalyst I 20 Ethyl acetate 90 49
6 Catalyst I 20 Ethanol 110 51
9 Catalyst I 20 Dichloromethane 150 37
10 Catalyst I 2.5 Ethyl acetate 10 88
11 Catalyst IT 5 Ethyl acetate 10 90
12 Catalyst IT 10 Ethyl acetate 7 93
13 Catalyst II 2.5 Dichloromethane 15 56
14 Catalyst II 2.5 Acetonitrile 10 62
15 Catalyst II 2.5 Solvent-free 20 80
“Isolated yield
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Table 6 Oxidation of sulfides to sulfoxides in the presence of ZrO-SB-APT@MCM-41

Entry Product Time (min) TON TOF (h™!) Yield® (%) Obtained Reported
Melting point Melting point
§®)] (O]
1 S S 25 560.0 1344 84 130-132 134-136 [52]
1
O
2 S. (0] 30 620.0 1240 93 61-63 61-64 [48
C12H25/ Me g [ ]
C]2H25/ \Me
3 SV\OH ('S') 60 520.0 520 78 Oil Oil [53]
o
4 /\/S\/\ ICI) 35 606.7 1040 91 Oil Oil [53]
/\/S\/\
5 /\/S\/\ (I? 80 620.0 465 93 Oil Oil [48]
S
6 0 55 593.3 647.3 89 114-115 116-120 [54]
I
Cr o
7 S (I)I 180 573.3 573.3 86 70-72 68-70 [55]
00 o
8 N~ S\/\/ 9 30 600.0 1200 90 Oil Oil [52]
DN NG
9 S\ 9 45 606.7 808.9 91 33-34 30-32 [48]
» Sh
300 533.3 106.7 80 139-141 142-145 [54]

Tsolated yield

up to 6 runs. As shown, these catalysts did not show any
significant change in their activity after 6 runs.

3.5 Characterization of recycled catalysts

The structural stability of recovered ZrO-SB-APT@MCM-
41 and recovered Cu-SB-APT@MCM-41 were character-
ized by SEM, EDS, WDX, XRD, FT-IR and AAS technique.

The comparison of FT-IR spectra of recovered and fresh
catalysts are shown in Fig. 12, which any change of catalysts
after recovering was not observed. These results are a good
witness for stability of ZrO-SB-APT@MCM-41 and Cu-SB-
APT@MCM-41 after recycling, therefore these catalysts can

@ Springer

be recovered and reused for several runs without any change
in their structure.

The morphology and particle size of Cu-SB-APT@
MCM-41 and ZrO-SB-APT@MCM-41 after recycling
have been compared with fresh of them by SEM technique.
The SEM images of recovered Cu-SB-APT@MCM-41 and
recovered ZrO-SB-APT@MCM-41 are shown in Fig. 13.
As shown in Fig. 13, the size and morphology of these cata-
lysts after recycling were shown a good similarly to fresh
catalysts.
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Table 7 Synthesis of tetrazoles in the presence of Cu-SB-APT@MCM-41
Entry Sulfide Product Time (min) TON TOF (h™!) Yield® (%) Obtained Reported
Melting point Melting point
§®)] (O]
©/\ /\@ ©/\ /\@ 160.0 872.7 88 131-133 134-136 [52]
1
2 \ 169.1 1268.2 93 62-64 61-64 [48]
CioHys™ g
C]2H25 Me
3 SV\OH ('S') 158.2  949.1 87 Oil 0il [53]
SR
4 /\/S\/\ (I)I 156.4 1340.2 86 Oil 0il [53]
/\/S\/\
5 /\/S\/\ (I? 170.9 1281.8 94 Oil Oil [48]
6 \/@ V@ 161.8 970.9 89 113-115 116-120 [54]
I
7 S (I? 100 163.6  98.2 90 69-71 68-70 [55]
¢ SR®
8 \/\/S 9 160.0 192 88 Oil 0il [52]
DN NG
9 ©/ S\ 9 170.9 788.8 94 33-34 30-32 [48]
o

Isolated yield

3.6 Leaching study of the catalysts

Metal leaching of Cu-SB-APT@MCM-41 and ZrO-SB-
APT@MCM-41 was studied by AAS analysis and poison-
ing test. In this regard, [2 + 3] cycloaddition reaction of
benzonitrile with NaN; was repeated under optimized con-
dition (Tables 3 and 4, entries 10) and the catalysts were
isolated from reaction solution after completion of each
reaction. Based on obtained results from AAS analysis,
amount of zirconium in fresh and recovered catalyst (ZrO-
SB-APT@MCM-41) were found to be 0.076 x 107> mol g™!
and 0.1 x 107> mol g~!, respectively. In the other hand, the
amount of copper in fresh and recovered catalyst (Cu-SB-
APT@MCM-41) were found to be 2.2 x 10~ mol g~! and
1.96 x 10~ mol g™, respectively. Exact amount of metal
content in recovered catalysts is shown a good agreement to
fresh catalyst, which was confirmed the heterogeneity nature
of these catalysts.

Poisoning test is a useful method for heterogeneity/homo-
geneity nature of catalysts which can be studied by PVP or
mercury [61, 62]. Therefore oxidation of dibenzylsulfane in
the presence of PVP and Cu-SB-APT@MCM-41 or ZrO-
SB-APT@MCM-41 was performed under solvent-free con-
ditions at room temperature. In these experiments, 86% of
(sulfinylbis(methylene))dibenzene was obtained in the pres-
ence of Cu-SB-APT@MCM-41 after 10 min and 85% of
this product was obtained in the presence of ZrO-SB-APT@
MCM-41 after 30 min. These results are shown good agree-
ment with obtained results in the absent of PVP (Tables 6 and
7, entries 1) which proves that Cu-SB-APT@MCM-41 and
ZrO-SB-APT@MCM-41 have heterogeneous nature.

3.7 Comparison study of the catalysts

In order to evaluate the efficiency of ZrO-SB-APT@MCM-41
and Cu-SB-APT@MCM-41, in the oxidation of methyl phenyl
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\\//

o
2
S
©/S\/\OH ©/ OH ©/ ~X0
0%

100%

catalyst I, H,O,

o e
catalyst I, H,O,

(0]
| |

S
e I one
0% 0%

\\//

/\/\/\ /\/\/\ |>\/S\/<l

catalyst I, H,O, 100%

/\/S\/\

or

catalyst II, H,0, O |>\/ \/<|

0%

0% 0%

S\/Q +/\/\/<?

0% 0%

Scheme 5 Chemoselectivity oxidation of sulfides using ZrO-SB-APT@MCM-41 and Cu-SB-APT@MCM-41

Scheme 6 Homoselectivity

\\//

oxidation of thianthrene in the
presence of ZrO-SB-APT@ S catalyst I, H,0, @ D @[ :@ @[ j@
OO
S
100% 0% 0%
100 The products were obtained in higher yields and TOF values
ab when ZrO-SB-APT@MCM-41 or Cu-SB-APT@MCM-41
e 80 was used as catalyst.
=
.a 60
- 4 Conclusions
g 40
2 In conclusions, we modified MCM-41 and two Schiff-base
20 complexes of copper and zirconium were stabilized on
0 its surface (ZrO-SB-APT@MCM-41 and Cu-SB-APT@

Run number

Fig. 11 The reusability of Cu-SB-APT@MCM-41 in the synthesis
of 5-phenyl-1H-tetrazole (a) and the reusability of ZrO-SB-APT@
MCM-41 in the oxidation of methyl phenyl sulfide (b)

sulfide to (methylsulfinyl)benzene, this work was compared
with previously reported catalysts in the work of literatures
(Table 8). It can be seen that described catalysts in this work
are superior to others in terms of efficiency and reaction time.

@ Springer

MCM-41). These catalysts were characterized by XRD,
TGA, TEM, TF-IR, SEM, EDS, WDX, BET and AAS
techniques. Then, catalytic activities of these catalysts
were described in the synthesis of tetrazole derivatives and
also in the chemo and homoselective oxidation of sulfides
to sulfoxides. All the products were obtained in good to
excellent yields and high TOF values. Also, the reusability
of these catalysts was described which shows good reus-
ability in described reactions. The recovered catalysts were
characterized by SEM, FT-IR and AAS analysis which
shown an excellent agreement with fresh catalysts.
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Fig. 12 FT-IR spectra of Cu-
SB-APT@MCM-41 (a), recov-
ered Cu-SB-APT@MCM-41
(b), ZrO-SB-APT@MCM-41
(¢), and recovered ZrO-SB-
APT@MCM-41 (d)

Fig. 13 SEM images of recov-
ered Cu-SB-APT@MCM-41 (a)
and recovered ZrO-SB-APT@
MCM-41 (b)

4

-

7
s
\

Ao

SEM MAG: 200 kx Det: InBeam
WD: 4.97 mm BI: 7.00
View field: 1.04 pm | Date(m/dly): 11/14/19

|
200 nm

MIRA3 TESCAN| SEM MAG: 200 kx Det: InBeam
WD: 4.83 mm BI: 7.00
View field: 1.04 ym Date(m/dly): 11/14/19

S|
200 nm

MIRA3 TESCAN

@ Springer



688

Journal of Porous Materials (2020) 27:671-689

Table 8 Comparison of ZrO-SB-APT@MCM-41 or Cu-SB-APT@
MCM-41 in the oxidation of methyl phenyl sulfide with previously
reported procedures

Entry Catalyst Time (min) Yield(%) [References]
1 DSA @MNPs 360 98 [63]
2 Polymer-anchored Cu(I) 180 90 [64]
3 Cu-SPATB/Fe;0, 95 98 [65]
4 Cd-salen-MCM-41 150 98 [66]
5 VO,F(dmpz), 300 95 [67]
6 Ni-salen-MCM-41 156 95 [66]
7 TsOH, PhI(OAc), 240 88 [68]
8 Ni-dithizone@boehmite 80 96 [53]
9 SVA 5 94 [69]
10 M@PEI@Br 120 87.3 [70]
11 Cu-SBTU@MCM-41 70 97 [71]
12 2NaBO;-4H,0, SSA, 240 80 [72]
KBr, wet SiO, (50%
W/W)
13 Cu-Adenine@boehmite 60 98 [48]
14 ZrO-SB-APT@MCM- 45 91 [this work]
41
15 Cu-SB-APT@MCM-41 13 94 [this work]
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