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n of alcohols and sulfides via O2

using a Co(II) salen complex catalyst immobilized
on KCC-1: synthesis and kinetic study

Ali Allahresani, * Elaheh Naghdi, Mohammad Ali Nasseri and Kaveh Hemmat

The aim of this study was to immobilize a Co(II) salen complex on KCC-1 as a catalyst that can be recovered

(Co(II) salen complex@KCC-1). Field-emission transmission electron microscopy, FT-IR spectroscopy,

thermogravimetric analysis, elemental analysis, atomic absorption spectroscopy, and XRD were used to

confirm the structure and chemical nature of Co(II) salen complex@KCC-1. The oxidation efficiency was

obtained for an extensive range of sulfides and alcohols using this sustainable catalyst, alongside O2 as

an oxygen source and isobutyraldehyde (IBA) as an oxygen acceptor, with superior selectivity and

conversion for the relevant oxidation products (sulfoxides and ketones or aldehydes) under moderate

conditions. The m-oxo and peroxo groups on the ligands of the Co complex appeared to be responsible

for the superior activity of the catalyst. Essential factors behind the oxidation of alcohol and sulfoxides

were investigated, including the catalyst, solvent, and temperature. In this paper, molecular oxygen (O2)

was used as a green oxidant. Furthermore, kinetic studies were conducted, revealing a first-order

reaction for the oxidation of both benzyl alcohol and sulfide. The reaction progressed at mild

temperature, and the catalyst could be easily recovered and reused for numerous consecutive runs

under the reaction conditions, without any substantial reduction in the functionality of the catalytic system.
Introduction

The simple separation and recovery of a catalyst is a signicant
area within green chemistry. It is complicated to separate
reaction products from homogeneous catalysts; their immobi-
lization on various supports is the most common way. There-
fore, their catalytic performance can be improved by xing
metal complexes onto a solid support with a large surface area.
Although some exciting features including the capability to be
reused numerous times and stability against leaching can be
obtained by heterogeneous catalysts,1 procedures such as
ltration, centrifugation and sedimentation are time-
consuming, and separating the catalyst from the reaction
environment can be ineffective. The performance of homoge-
neous catalysts is higher than that of heterogeneous catalysts.
Thus, catalytic systems that exhibit the benets of both
heterogeneous and homogeneous catalysts are extremely
important in modern chemistry.2 The advantages of conven-
tional catalysts include superior activity and improved stability.3

For essential and challenging reactions, anchoring metal
nanoparticles onto a solid support of choice offers an excellent
opportunity for discovering novel, extremely active nano-
catalysts. At the same time, the additional advantage of recy-
clability is also offered. Among the most signicant study areas
iences, University of Birjand, Birjand
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37981
of advanced functional materials is surface-functionalized
mesoporous materials. Polshettiwar et al.4 reported brous
nano-silica (KCC-1), with a large surface area and effortless
access via its bers (unlike the traditional usage of pores). For
catalysts based on noble metals with superb catalytic efficiency
and excellent availability of the active sites, KCC-1 would be an
ideal catalyst support candidate.4

Metal nanocatalysts may be immobilized in two ways on the
support. One method involves the deposition of presynthesized
metal nanoparticles onto the support by chemical adsorption.5

The precise control on the shape and size of the metal nano-
particles can be achieved by this approach, but the operation
steps are tedious. During the catalytic reaction, the adsorbed
nanocatalysts can also easily leach from the KCC-1 support. The
other method involves the direct growth of metal nanoparticles
on the KCC-1 support using graed organic functional mole-
cules or polymers as a stabilizer.6 This procedure is superior for
holding the metallic nanoparticles. Recently, chelating ligands
of amine bis(phenol) have performed a signicant role in the
study of transition-metal catalysts,7–9 in attempts to regulate the
catalytic performance of the metal complexes. This exciting
class of ligands contains the donor atoms O and N. Accordingly,
the Lewis acidity of the metal centers can be tuned via various
substituents on the phenol rings of these ligands. There have
been several reports of catalysts containing these ligands
coordinated to transition metals within model complexes of
Co(II) and Co(III).10–12
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Preparation of catalyst (Co(II) salen complex@KCC-1).
Reagents and conditions: (a) TEOS, cyclohexane, 1-pentanol; (b) EtOH,
reflux; (c) Co(OAc)2, EtOH; (d) dry toluene, reflux, 48 h.

Fig. 1 FT-IR spectra of KCC-1 (a), salen ligand (b), Co(II) salen complex
(c) and Co(II) salen complex@KCC-1 (d).
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Since the oxidation of alcohols to ketones or aldehydes is
a basic conversion in organic synthesis, the selective conver-
sion of alcohols to the corresponding carbonyl compounds is
among the most signicant procedures.13,14 To achieve these
selective oxidation reactions, traditional methods include the
usage of a stoichiometric amounts of oxidants such as chro-
mium oxides15 and manganese(IV) oxide,16,17 which involves
the production of vast quantities of poisonous waste. Catalytic
oxidation procedures that use air or molecular oxygen are
exciting and valuable, because of the increasing requirements
for cost-effectiveness and environmental conservation.18 In the
literature, several methods based on metal catalysts and the
aerobic oxidation of alcohols have been reported, including Au
or Au/CuO-hydroxyapatite,19,20 ruthenium,21,22 cobalt,23,24 and
manganese nanoparticles.25,26 The most widely reported
methods involve catalytic systems dependent on NO radicals
such as NHPI and TEMPO in combination with catalysts.27–29

The use of aldehyde as a reducing factor in oxidation reactions
has been broadly reported for the activation of dioxygen, with
catalysts including Co salen complexes30 and metal-
loporphyrins,31 etc. The efficient oxidation of alcohol via iso-
butyraldehyde (IBA) and Cu(II) meso-tetraphenylporphyrin
(TPP) has been reported by Rahimi et al.32 An effective oxida-
tion procedure of alcohol with IBA and O2 using a ruthenium
tetraphenylporphyrin (TPP) has also been reported.33 Using
IBA as a co-substrate, recently, an organic–inorganic hybrid
cobalt phthalocyanine showed great efficiency for the oxida-
tion of alcohols with high selectivity.34 In efforts to improve
catalysts for organic oxidation procedures, metal salen
complexes have been studied intensively. The oxidation of
olens and suldes by Fe3O4@SiO2/Mn(III) chiral salen
complex with H2O2 and TBHP, respectively, as oxidants,35 and
the selective oxidation of alcohols catalyzed via Co(III) salen
complex with molecular oxygen as the oxidant,36 have also
been reported. Moreover, it has recently been reported37–40 that
in the preparation of biological and chemical molecules such
as medications, the selective oxidation of suldes to the cor-
responding sulfoxides via heterogeneous and homogeneous
catalysts, is benecial. In this process, the application of
a green inorganic and organic oxidant are desirable, due to the
waste resulting frommost common oxidation reactions, which
can be dangerous.

Recently, many reactions for the oxidation of alcohols and
suldes have been performed using cobalt salen complexes.
For example, Vargas et al. showed phenol oxidation with
a Co(II) salen complex catalyst supported on nanoporous
materials via air,41 and Nasseri et al. used CoFe2O4@SiO2@-
Co(III) salen complex nanoparticles for the oxidation of benzyl
alcohols by molecular O2.36 Allahresani et al. applied a Co(III)
@Fe3O4@SiO2 salen complex as a highly selective and recov-
erable magnetic nanocatalyst for the oxidation of benzyl
alcohols and suldes.42 The m-oxo and peroxo groups bonded
to the Co in the complex appear to be responsible for the
superior activity of the catalyst. In this work, the aerobic
oxidation of alcohols and suldes catalyzed by Co(II) salen
complex@KCC-1 in the presence of IBA was developed
(Scheme 1) as an important part of a green oxidation
This journal is © The Royal Society of Chemistry 2020
procedure using O2. For the oxidation of alcohols and suldes,
the catalyst system is effective, exhibiting high yields for
carbonyl compounds under mild conditions.
RSC Adv., 2020, 10, 37974–37981 | 37975
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Fig. 2 TGA patterns of KCC-1 (a) and Co(II) salen complex@KCC-1 (b).

Fig. 4 TEM images of KCC-1 (a) and Co(II) salen complex@KCC-1 (b).
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Results and discussion

Co(II) salen complex@KCC-1 was characterized using
a vibrating sample magnetometer (VSM), Fourier transform
infrared spectroscopy (FT-IR), transmission electron micros-
copy (TEM), energy dispersive X-ray (EDX) analyses, thermal
gravimetric analysis (TGA), and powder X-ray diffractometry
(XRD).
FT-IR spectroscopy

Fig. 1 presents infrared spectra of all components of Co(II) salen
complex@KCC-1, which was synthesized in our lab. The KCC-1
spectrum (Fig. 1a) shows peaks at 1091, 915, and 805 cm�1,
attributed to Si–O and Si–OH, respectively. The peak at
3425 cm�1 is attributed to OH. The synthesis of KCC-1 was
conrmed by the above vibrations.7 Fig. 1b presents the infrared
spectrum of the ligand, whose vibrations are in the zones of
1079 and 1633 cm�1, which are attributed to Si and C]N,
respectively.43,44 Fig. 1c presents the infrared spectrum of the
cobalt salen complex, in which the peaks at 1076 and 2923 cm�1

are attributed to Si and the methylene ring, respectively, while
tensile vibrations of C]N are observed at 1620 cm�1.11,36 The
peak at 1616 cm�1 appeared in the heterogeneous catalysts
along with the peak 1089 cm�1 of Si–O–Si, conrming the
successful xation of the homogeneous cobalt complex on the
KCC-1 surface (Fig. 1d).
Fig. 3 XRD pattern of KCC-1 (a) and Co(II) salen complex@KCC-1 (b).

37976 | RSC Adv., 2020, 10, 37974–37981
Thermal gravimetric analysis (TGA)

To assess the thermal stability of KCC-1 and Co(II) salen
complex@KCC-1, TGA was carried out at temperatures ranging
from ambient temperature to 850 �C (Fig. 2). Fig. 2a shows that
the removal of H2O occurred at temperatures below 130 �C
(KCC-1). In Fig. 2b, water removal is the reason for the 4%
weight loss in the range below 253 �C. The weight loss of about
10% in the temperature range of 250–450 �C was attributed to
the removal of oxygen from the functional groups of the Co(II)
salen complex and the 15% weight loss in the temperature
range of 450–700 �C could be carbon removal. There was no
additional weight loss above 700 �C and the total weight loss of
the organic sections was evaluated to be 29% (see Fig. 2).
XRD analysis

XRD was used to investigate KCC-1 and Co(II) salen
complex@KCC-1 (Fig. 3). KCC-1 is a dendritic nanosilica brous
scaffold, and represents an important discovery due to its
unique brous morphology. The complex was distributed
uniformly in all directions, and the sample consisted of parti-
cles with uniform size (Fig. 3a). In Fig. 3b, the peak at 2q ¼ 20–
30� is attributed to amorphous silica. The structural similarity
was conrmed by the comparison of the nanostructure pattern
with that of the desired sample of this complex. Due to the
similarity of the peaks, the structures of the complex and the
nanostructure are the same and exist in an amorphous state.
The width of the pattern is different simply because of the small
size of the particles.
Transmission electron microscopy (TEM)

TEM images of KCC-1 and Co(II) salen complex@KCC-1 are
shown in Fig. 4a and b, respectively. As the images show, the
nanoparticles are spherical.
Fig. 5 Energy dispersive X-ray (EDX) of Co(II) salen complex@KCC-1.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06863b


Table 2 Various benzyl alcohol oxidation reactions with O2/IBA as the
oxygen donor/acceptor in the presence of Co(II) salen complex@KCC-
1a in HOAc. Reaction conditions: benzyl alcohol (1 mmol), IBAb (3
mmol), O2

c (5 mL min�1), in 5 mL HOAc at 60 �C, 0.06 g of Co(II) salen
complex@KCC-1a

Entry Substrate Product
t
(min)

Conversion
(%)

Selectivity
(%)

1 30 95 99

2 30 85 92

3 30 68 90

4 30 30 98

5 30 60 98

6 30 45 93

7 30 80 93

8 30 68 98

9 30 90 98
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Energy dispersive X-ray (EDX)

The Si, Co, O, N, and C composition of Co(II) salen
complex@KCC-1 was conrmed using EDX elemental analysis.
The coordination of cobalt with the Schiff-base of the meso-
porous support is suggested by the peaks shown in Fig. 5.

Catalytic performance of Co(II) salen complex@KCC-1 for the
aerobic oxidation of suldes and alcohols

The catalytic performance of Co(II) salen complex@KCC-1 for
benzyl alcohol (BzOH) aerobic oxidation to benzaldehyde (BzH)
and sulde (–S–) to sulfoxide (–SO–) was investigated for the
rst time. The optimum test conditions were determined by
carrying out reactions at 60 �C, with dichloromethane (DCM),
ethanol (EtOH), acetic acid (HOAc), acetonitrile (CH3CN), and
water as solvents, IBA as an oxygen acceptor, and Co(II) salen
complex@KCC-1 as a catalyst (see Table 1, entries 1–7). The
results show that the oxidation in acetic acid (HOAc) solution
was more efficient than other solvents under the same condi-
tions. However, there was no substantial oxidation reaction of
water or ethanol (see Table 1, entries 1 and 2). Conversion by
20% could be obtained aer 100 min of reaction with
dichloromethane (DCM) and chloroform as solvents (see Table
1, entries 5 and 6). Moreover, the oxidation reaction efficiency
Table 1 The effect of diverse reaction conditions on the oxidation of
benzyl alcohol with O2/IBA as the oxygen donor/acceptor in the
presence of Co(II) salen complex@KCC-1. Reaction conditions: IBA (X
mmol), benzyl alcohol or sulfide (1 mmol), IBAb (3 mmol), O2

c (5
mL min�1), Co(II) salen complex@KCC-1a (Y g)

Entry Cata (g)
T
(�C)

IBAb

(mmol)
Solvent
(mL)

t
(min)

Conversion
(%)

1 0.06 60 3 H2O (5) 90 30
2 0.06 60 3 EtOH (5) 45 35
3 0.06 60 3 EtOAc (5) 120 70
4 0.06 60 3 CH3CN (5) 35 85
5 0.06 60 3 CH2Cl2 (5) 100 20
6 0.06 60 3 CHCl3 (5) 100 20
7 0.06 60 3 HOAc (5) 30 95
8 — 60 3 HOAc (5) 180 10
9 0.03 60 3 HOAc (5) 30 50
10 0.04 60 3 HOAc (5) 30 55
11 0.07 60 3 HOAc (5) 30 70
12 0.06 RT 3 HOAc (5) 180 55
13 0.06 80 3 HOAc (5) 180 45
14 0.06 60 — HOAc (5) 30 40
15 0.06 60 1 HOAc (5) 30 58
16 0.06 60 2 HOAc (5) 30 64
17 0.06 60 4 HOAc (5) 30 70

a Co(II) salen complex@KCC-1 as the catalyst. b IBA as co-substrate. c O2
as oxidant.

a Co(II) salen complex@KCC-1 as a catalyst. b IBA as co-substrate. c O2 as
oxidant.

This journal is © The Royal Society of Chemistry 2020
was increased in an acidic environment. Acetic acid is a useful
solvent that has been applied in the aerobic oxidation of alco-
hols and suldes. It has previously been reported that acidic
conditions can activate catalysts and increase oxygen
consumption.45

It has been reported that aldehydes (RCHO) should be
utilized to activate O2. This means that IBA is signicant in the
aerobic oxidation method, and without it, the reaction would
instantly cease (see Table 1, entry 14). In the current process,
this suggests that the oxidation procedure takes place through
a free-radical mechanism. Also, in the presence of 2,6-di-tert-
butyl-4-methylphenol as a radical scavenger, a delay in the
oxidation of benzyl alcohol also supports this claim. The opti-
mized quantity of IBA was dened as 3 mmol. Due to the
reduction in the amount of catalyst, signicantly lower
conversions were predictable (see Table 1, entries 8–10). The
optimal result was obtained by using 0.06 g of Co(II) salen
complex@KCC-1 and 3 mmol of IBA in 5 mL of acetic acid at
60 �C (see Table 1, entry 8).

Aerward, the efficacy of Co(II) salen complex@KCC-1 was
determined for other benzylic alcohols (see Table 2).

Then, the efficiency of the catalyst was determined for other
suldes (see Table 3). In the present system, the transformation
of several suldes to the corresponding sulfoxides occurred
with high conversion.

Molecular oxygen was utilized as an oxidant in this heter-
ogenous reaction system. In the O2 system, a hot ltration test
RSC Adv., 2020, 10, 37974–37981 | 37977
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Table 3 Oxidation of various sulfides with O2/IBA as the oxygen
donor/acceptor in the presence of Co(II) salen complex@KCC-1a in
HOAc. Reaction conditions: sulfide (1 mmol), IBAb (3 mmol), O2

c (5
mL min�1), in 5 mL HOAc at 60 �C, 0.06 g of Co(II) salen com-
plex@KCC-1a

Entry Substrate Product
t
(min)

Conversion
(%)

Selectivity
(%)

1 30 82 99

2 30 90 99

3 30 97 98

4 30 94 98

5 30 80 97

a Co(II) salen complex@KCC-1 as a catalyst. b IBA as co-substrate. c O2 as
oxidant.

Scheme 3 An acceptablemechanism for Co(II) salen complex@KCC-1
catalyzing the oxidation of alcohol using IBA and O2.
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was used to characterize the nature of the heterogeneous cata-
lyst. As a model reaction, the aerobic oxidation reaction of
sulde and benzyl alcohol using Co(II) salen complex@KCC-1 in
acetic acid was performed (Scheme 2). To remove the catalyst,
ltration was used, achieving a conversion of 50%. Aerward,
the ltrate was allowed to carry on reacting under the optimal
reaction conditions. Aer 4 h, there was no substantial increase
in the conversion. In this catalytic system, the high stability of
the catalyst and its heterogeneous nature were conrmed via
the hot ltration approach.
Possible mechanism

It has been reported that the activation of molecular oxygen via
aldehydes occurs through a procedure involving free radicals.
2,6-Di-tert-butylphenol was utilized as an inhibitor of free-
radical oxidation to verify the free-radical mechanism. The
oxidation reaction was quenched when this inhibitor was
added.

It has been reported by Beller that oxo ruthenium complexes
are effective catalysts for the asymmetric oxidation of alkenes.46

The mechanism of the reaction can include the contribution
of Co-oxo species resulting in a reaction between O2 and Co(II)
Scheme 2 Oxidation of benzyl alcohol and sulfide by Co(II) salen
complex@KCC-1.

37978 | RSC Adv., 2020, 10, 37974–37981
salen complex@KCC-1 via a series of radical chains in the
presence of IBA. The production of carbonyl compounds
corresponds to the reaction of Co-oxo species via alcohol, fol-
lowed by the elimination of b-hydride. Based on the explanation
given, in the presence of O2 and IBA, an acceptable mechanism
for benzyl alcohol oxidation catalyzed via Co(II) salen
complex@KCC-1 is presented in Scheme 3.

Firstly, an acyl radical is derived from thermal hydrogen
abstraction at the carbonyl position. Radical propagation
occurs to generate peroxyacid. Then, the smooth interaction
among peroxy acid and Co(II) salen complex (a) should initiate
the reaction to produce Co(II)–OOH (b).47,48 Then, Co-oxo (c) is
formed from the heterolytic cleavage of the O–O bond of species
(b). The production of a carbonyl compound corresponds to the
reaction of the Co-oxo species with alcohol via a transition
species (d), because of the electrophilic character of Co-oxo (c)
followed by b-hydride elimination.49,50
Kinetic study

To investigate the kinetic data of the proposed nanocatalyst,
pseudo-rst and second-order models were studied.

The following rst-order model (eqn (1)) was employed with
integration conditions of C0 ¼ 0.2 M to C ¼ Ct at t ¼ 0 to t ¼ t,
expressed as eqn (2).
Fig. 6 Alcohol oxidation-pseudo-first order (a1) and sulfide oxidation
pseudo-first order (a2); alcohol oxidation-pseudo-first order (b1) and
sulfide oxidation-pseudo-first order (b2).

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 TEM image of the recycled catalyst.
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dC/dt ¼ k1(C0 � Ct) (1)

ln(C0/Ct) ¼ k1t (2)

The rst-order rate constant k1 can be obtained from the slope
of the ln(C0/Ct) versus t plot illustrated in Fig. 6a. k1 was found to
be 0.0873 and 0.1063 min�1 for the oxidation of benzyl alcohols
and suldes, respectively. On the other hand, the pseudo-
second-order model given as follows (eqn (3)), was integrated
for the above boundary conditions, which are simplied in eqn
(4).

dC/dt ¼ k2(C0 � Ct)
2 (3)

1/Ct � 1/C0 ¼ k2t (4)

k2 (mL mmol�1 min�1) is the rate constant of the second-order
model, which can be determined by plotting 1/Ct� 1/C0 versus t.
k2 values of 1.6722 and 1.3069 were obtained for the oxidation of
benzyl alcohols and suldes, respectively. Also, Fig. 6b shows
that the correlation coefficient values of the pseudo-rst-order
model were higher than those of the pseudo-second-order
model for both benzyl alcohols and suldes, suggesting that
the oxidation procedure using the proposed nanocatalyst
follows rst-order kinetics.
Recycling of the catalyst

The ability to reuse a catalyst is very important both economi-
cally and practically. Thus, the reusability of Co(II) salen
complex@KCC-1 for the alcohol and sulde oxidation reactions
was investigated in the O2 system under the optimized condi-
tions. In each run, centrifugation was applied to recover the
catalyst aer 30 minutes. At 60 �C, it was reused aer washing
with ethanol and drying. In the case of the O2 system, Co(II)
salen complex@KCC-1 showed high catalytic performance for at
least ve runs (see Fig. 7 and 8).

Next, we compared the present results with some previously
reported data to evaluate the catalytic efficiency and reusability
of Co(II) salen complex@KCC-1 for aerobic epoxidation of
olens with molecular oxygen (Table 4).
Fig. 7 Recyclability of Co(II) salen complex@KCC-1 in the oxidation of
benzyl alcohol and sulfides.

This journal is © The Royal Society of Chemistry 2020
Experimental
Synthesis of KCC-1

KCC-1 was prepared using a microwave-assisted hydrothermal
technique. CTAB (cetyltrimethylammonium bromide, 2 g, 5.48
mmol) and urea (2.4 g, 40 mmol) were stirred (1500 RPM) in
water (300 mL) for 15 min. TEOS (tetraethyl orthosilicate, 10
mL) was taken in cyclohexane (100 mL) and added dropwise to
the above solution, and the solution was stirred further for
15 min, followed by the dropwise addition of 1-pentanol (6 mL,
55.2 mmol). The resultant solution was stirred for 30 min at
room temperature. Then the reaction mixture was transferred
into a Teon-sealed 1 L microwave (MW) reactor, at 120 �C, and
irradiated (800 W power) for 4 h under moderate stirring. Aer
completion of the reaction, the solid product was isolated by
centrifugation, washed several times with water and ethanol,
and dried at 80 �C for 8 h. The as-synthesized material was then
calcined at a rate of 2.5 �C min�1 at 550 �C for 6 h in the air to
yield calcined brous nano-silica (KCC-1).

Synthesis of salen ligand

The Schiff base was prepared as follows. 3-Amino-
propyltrimethoxysilane (1.2 mmol) was added to a mixture of 2-
hydroxybenzaldehyde (1.0 mmol) in ethanol (10 mL) and stirred
under reux conditions for 3 h. The color of the reaction solution
changed to yellowish, due to imine formation, and the solvent of
mixture was eliminated at 70 �C, to obtain an oily product.

Synthesis of Co(II) salen complex

Functionalized salen ligand (1.0 mmol) was dissolved in
ethanol (20 mL). Then NaOH (1.67 mmol) and Co(II) acetate
monohydrate (1 mmol) were added and the reaction was
reuxed under argon gas for 3 h. The reaction mixture was
cooled to 0 �C and the precipitate was ltered. The precipitate
was washed with methanol, water, and diethyl ether, in
sequence, to purify it. Dark green sediment formed following
drying at 80 �C in an oven under vacuum.

Synthesis of Co(II) salen complex@KCC-1

The Co(II) salen complex@KCC-1 nanocatalyst was synthesized
according to the following procedure: KCC-1 (0.25 g) was
RSC Adv., 2020, 10, 37974–37981 | 37979
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Table 4 Comparison of results using Co(II) salen complex@KCC-1 with various catalystsa

Entry Catalyst Oxidant Solvent Yield (%) Ref.

1 Ni(II)DPDME O2/IBA CH3CN 33 50
2 Mn6Ni4 O2 Toluene 89 51
3 Co–Ni ferrite TBHP/hy CH3CN 18.9 52
4 Fe (THPP)Cl@MWCNT O2/IBA DMF 89 53
5 Rd2(OAc)4 O2/iPrCHO Acetone 88 54
6 CoO–MCM-41 O2/IBA 1,2-Dichloroethane 90 55
7 Co(II) salen complex@KCC-1 O2/IBA HOAc 95 This work

a Reaction conditions: benzyl alcohol (1 mmol), IBAb (3 mmol), O2
c (5 mL min�1), in 5 mL HOAc at 60 �C, and 0.06 gram of Co(II) salen

complex@KCC-1.
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dispersed in 30 mL of dry toluene for 30 min. Then, 0.7 g of
homogeneous Co(II) salen complex was added into the
suspension. Aer reuxing for 20 h, the immobilized catalyst
was ltered and the precipitate was washed 3 times with dry
toluene, 3 times with ethanol, and 3 times with dichloro-
methane. Then, the solid mixture was dried at 80 �C under
vacuum for 8 h.

General procedure for the oxidation of alcohol

For the aerobic oxidation of alcohols, 0.06 g of Co(II) salen
complex@KCC-1, 1 mmol alcohol, 3 mmol IBA and 5 mL of
acetic acid were added to a 10 mL ask, which was placed under
oxygen gas conditions. At 60 �C, the mixture was stirred for
30 min. Through the reaction, dioxygen was bubbled at a rate of
5 mL min�1. The reaction was monitored using TLC on silica
gel.

General procedure for the oxidation of sulde

For the aerobic oxidation of sulde, 0.06 g of Co(II) salen
complex@KCC-1, 1 mmol sulde, 3 mmol IBA (IBA) and 5mL of
acetic acid were added to a 10 mL ask, which was placed under
oxygen gas conditions. At 60 �C, the mixture was stirred for
30 min. Throughout the reaction, dioxygen was bubbled at
a rate of 5 mL min�1. The reaction was monitored using TLC on
silica gel.

Conclusions

In brief, in the presence of molecular oxygen and IBA, Co(II)
salen complex@KCC-1 has been shown to be an excellent
catalyst for the oxidation of suldes and alcohols. The chemical
properties and structural stability of the catalyst were
conrmed. We demonstrated that the eco-friendly system
provides a novel and precise catalyst for the oxidation of a broad
range of suldes and alcohols into the corresponding sulfoxides
and aldehydes/ketones under green and moderate conditions.
Because Co is widely available and inexpensive, this catalyst can
be discovered, easily. Also, our catalyst can overcome the
current problem in the oxidation of suldes: over-oxidation of
sulfoxides to the relevant sulfones. The effects of different
reaction parameters, including catalyst, solvent, and tempera-
ture were evaluated on the selectivity and activity. Moreover, the
37980 | RSC Adv., 2020, 10, 37974–37981
catalyst was reused in alcohol and sulde oxidation reactions
for ve successive cycles.
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