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A novel visible light active TiO, nanoparticle was produced by functionalization with a cobalt Schiff base
complex under ultrasonic agitation. It was characterized by different techniques such as FT-IR, EDX, XPS,
ICP-AES and TGA. The particle size of the synthesized nanocomposite was found to be in the range of
22-32 nm according to TEM images. A red-shift of the band-edge and a significant reduction of the

band-gap (2.9 eV) were revealed by UV-DRS. The as-prepared nanocomposite demonstrated high
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Accepted 27th February 2016 oxidation activity and desired selectivity in the aerobic benzylic C—H oxidation of a structurally diverse

set of alcohols and benzylic hydrocarbons. A synergistic effect of the cobalt Schiff base complex and

DOI: 10.1039/c5ra27520b TiO, nanoparticles on the visible-light photocatalytic activity was explored. Spectral results and leaching
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1. Introduction

Aerobic oxidation mediated by heterogeneous catalysts is an
attractive and challenging transformation from a chemical and
industrial points of view.' Different transition metal-based
systems have been successfully used for the aerobic C-H
oxidation producing invaluable oxygen containing compounds
as versatile intermediates. In this regard, several challenges
exist, such as the need of low pressures of O, especially in
flammable organic solvents, mild reaction conditions, low
catalyst loadings, and the avoidance of costly or toxic additives.
Another main issue is the chemoselectivity of the method to
achieve desired transformations when other groups susceptible
to oxidation are present.”

Photocatalytic oxidation with O, has been studied exten-
sively with semiconductor materials such as titanium dioxide.*”
One of the most critical issues for practical application of
photocatalytic processes is the low catalytic activity under
visible light irradiation (A > 400 nm), the main component of
solar irradiance. To date, many strategies have been utilized to
improve the photocatalytic performance of TiO,, including
nano sizing,*'* metal-ion doping," anion doping,'»"* noble
metal loading**** and dye sensitization,'”'* which are easy to be
realized. Self-assembly,”*° biotemplating®** and surfactant
templating® are further developments in this line. However,
design and fabrication of novel visible-light-driven catalysts that
promote the efficiency of aerobic oxidations is still a challenge
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experiments revealed that the heterogeneous catalyst preserved its structure after many reuses.

in modern catalytic science.* In this line of research, herein, we
wish to develop a new visible light photocatalyst by surface
modification of nanocrystalline TiO, with cobalt Schiff base
complex. The catalyst demonstrated high efficiency and desired
selectivity towards aerobic benzylic C-H oxidation of alcohols
and hydrocarbons in acetonitrile (Scheme 1). The additional
advantage of this catalytic system is facile and efficient reus-
ability of the solid catalyst.

2. Experimental
2.1. General remarks

All chemicals were purchased from Merck and Fluka Chemical
Companies. Powder X-ray diffraction (XRD) was performed on
a Bruker D8-advance X-ray diffractometer with Cu Ka (A =
1.54178 A) radiation. The FT-IR spectra were recorded on
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Scheme 1 Aerobic benzylic C—H oxidation catalyzed by Col,@TiO,
nanocomposite.
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NICOLET system. Thermogravimetric analysis (TGA) of nano
powders was performed in air by Shimadzu 50. TEM images
were obtained by TEM instrumentation 906E (Zeiss, Jena,
Germany). Sample for TEM experiment was prepared by
dispersing the samples in ethanol, sonicating for 30 min to
ensure adequate dispersion of the nanostructures, and evapo-
rating one drop of the solution onto a 200 mesh form bar-
coated copper grids. XP spectra were recorded using a BES-
TEC GMBH (10~ '° mw) with Al anode. Diffuse reflectance UV-
Vis spectra were recorded using an Avantes spectrometer
(Avaspec-2048-TEC model). Progresses of the reactions were
monitored by TLC using silica-gel SIL G/UV 254 plates and also
by GC-FID on a Shimadzu GC-16A instrument using a 25 m
CBP1-25 (0.32 mm ID, 0.5 um coating) capillary column. NMR
spectra were recorded on a Bruker Avance DPX 400 MHz
instruments.

2.2. The preparation of organosilicon aldehyde

To a solution of (3-chloropropyl) trimethoxysilan (0.74 mL, 4
mmol) in DMSO (0.35 mL, 5 mmol) was added NaHCO; (0.67 g,
8 mmol). The solution was refluxed at 155 °C for 2 h. Then,
water (50 mL) was added to the reaction mixture and the
product extracted with Et,O (2 x 50 mL). The organic layer was
separated and dried over anhydrous CaCl, and filtered. Evapo-
ration of the solvent afforded the desired product (yellow oil,
70% isolated yield). Structural assignments of the product is
based on their FT-IR, '"H NMR.>

2.3. The preparation of Schiff base ligand

To a solution of (3-oxopropyl) trimethoxysilan (0.8 mL, 5 mmol)
in ethanol (10 mL) was gradually added a solution of ethanol
amine (0.3 mL, 5 mmol) in ethanol (10 mL) at 60 °C under
ultrasonic agitation. Then, the reaction mixture remained
under the same conditions for 60 min. Afterwards, the product
which was precipitated after 24 hours at room temperature,
filtered and washed with ethanol and dried in desiccators. (85%
isolated yield) structural assignments of the product is based on
their FTIR, "H NMR.>
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Scheme 2 Preparation of ColL,@TiO, nanocomposite.
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2.4. The preparation of Co(u) Schiff base complex

A solution of cobalt acetate (0.44 g, 2.5 mmol) in ethanol (10
mL) was added to a solution of shiff base ligand (5 mmol, 0.25 g)
in 10 mL ethanol at 60 °C under ultrasonic agitation. Then, the
reaction mixture remained under the same conditions for 3
hours. The complex which was precipitated after cooling the
reaction mixture, filtered and washed with cold ethanol. Finally,
Co(u) Schiff base complex was obtained after drying at 100 °C
under vacuum. (92% isolated yield). Structural assignments of
the product is based on their FTIR, "H NMR.?

2.5. Fabrication of TiO, nanoparticles

To a solution of TiCl; (0.05 mol) in a mixture of double-distilled
water and absolute ethanol (1 :1) was added citric acid (0.15

C
1625
698 478
X W
S 2
e 489
1640
|
1626 a
713
v Tt T 1. . 1 5T 13
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Fig. 1 FT-IR spectra of (a) TiO, nanoparticles, (b) Co(i) Schiff base
complex and (c) Col,@TiO5.
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mol) and ethylene glycol (0.15 mol) subsequently. The resulting for 8 h which turned into a metal-citrate homogeneous complex
mixture was dissolved at 45 °C under ultrasound for 15 min to  with a little color change from clear violet to black-violet. After
give a clear violet solution. The solution was refluxed at 120 °C  cooling down, in order to bring about the required chemical
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Fig. 2 XPS spectra of ColL,@TiO, nanocomposite (a) wide scan, (b) Ti 2p, (c) Co 2p, and (d) O 1s.
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Fig. 3 EDX analysis of TiO,/Col, nanocomposite.
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reactions for the development of polymerization and evapora-
tion of the solvent, the sol was further slowly heated at 90 °C for
6 h in an open bath until a beige wet gel was obtained. During
continuous heating at this temperature, the polymerization
between citric acid, ethylene glycol and complexes is developed
and ultimately sol became more viscous as a wet gel. In the final
step of sol-gel process, the wet gel was fully dried by direct
heating on the hot plate at 150 °C for 6 h. The resultant
production was a black powder. Then it was calcined in
a furnace at 600 °C for 3 h at a rate of 5 °C min~ . Finally TiO,
nanoparticles with a white color were obtained.>®

2.6. Preparation of TiO,/CoL, nanocomposite

To 1.0 g of TiO, nanoparticles was gradually added 1.0 g CoL, in
ethanol over a period of 60 min at 60 °C under ultrasonic
agitation. Then, the as-obtained mixture was refluxed for 6 h.
Afterwards, the product was centrifuged and washed by ethanol.
Finally, CoL,@TiO, nanocomposite was obtained after drying
for 3 h at 70 °C.

2.7. General procedure for aerobic oxidation of benzyl
alcohols

To a mixture of benzyl alcohol (1 mmol) and TiO,/CoL, nano-
composite (0.5 mol%) in CH;CN (2 mL) was added NHPI (10
mol%, 0.016 g) and the reaction mixture was stirred under 1
atm. O, (7-10 mL min~') and visible light at 70 °C for the
required time. The reaction progress was monitored by GC, and
the yields of the products were determined by GC and NMR
analysis.

2.8. General procedure for aerobic oxidation of alkyl
benzenes

To a mixture of alkyl benzene (1 mmol) and TiO,/CoL, nano-
composite (0.75 mol%) in CH3;CN (2 mL) was added NHPI (10
mol%, 0.016 g) and the reaction mixture was stirred under 1
atm. O, (7-10 mL min~") and visible light at 70 °C for the
required time. The reaction progress was monitored by GC, and
the yields of the products were determined by GC and NMR
analysis.

2.9. Reusability of catalyst

To a mixture of 1-phenyl ethanol (1 mmol) and TiO,/CoL,
nanocomposite (0.5 mol%) in CH3CN (2 mL) was added NHPI
(10 mol%, 0.016 g) and the reaction mixture was stirred under 1
atm. O, (7-10 mL min~") and visible light at 70 °C for 3 h. After
completion of the reaction, TiO,/CoL, nanocomposite was
separated by centrifuging followed by decantation (3 x 5 mL
ethylacetate). The isolated solid phase (TiO,/CoL, nano-
composite) was dried under reduced pressure and reused for
next runs. Catalyst recovery was also investigated in the aerobic
oxidation of alkyl benzenes in acetonitrile according to the
above mentioned procedure.

This journal is © The Royal Society of Chemistry 2016

View Article Online

RSC Advances

3. Results and discussion
3.1. Synthesis and characterization of catalyst

As shown in Scheme 2, organosilicon aldehyde prepared by
oxidation of (3-chloropropyl) trimethoxysilane was used as an
appropriate linker for a new heterogeneous supported catalyst.
Condensation with ethanolamine gave a new Schiff base.>® The
Co Schiff base complex was prepared (CoL,) by condensation of
the Schiff base (HL) with Co(OAc),. It was then immobilized on
TiO, nanoparticles of approximately 18-20 nm diameters>® for
improving the visible light photocatalytic properties of nano-
crystalline TiO, (Scheme 2).

The FT-IR spectra of TiO, nanoparticles, Co(u) Schiff base
complex and CoL,@TiO, nanocomposite, have been depicted in
Fig. 1. Significant spectral changes support the formation of the
respective composite. The major band at 1625 cm ™ is attrib-
uted to imine bond as well as remaining hydroxyl groups on
TiO, surface. A strong peak at 1131 cm™* corresponds to the Si-
O bond. Major bands at 500-750 cm™ ' are related to the
stretching vibrations of Ti-O group and a weak band at 478
em !, which corresponds to the Co-N bond.

XPS was applied to detect elements containing nano-
composite and their oxidation states. According to the spectra
in Fig. 2, the C 1s core level peak at 285 eV of binding energy was

Fig. 4 TEM images of TiO, (left) and ColL,@TiO, nanocomposite
(right).
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Fig. 5 The TGA of ColL,@TiO, nanocomposite.
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taken as the reference. The respective peaks for Ti 2p, Co 2p and
O 1s confirm the presence of these elements in the nano-
composite (Fig. 2a). The high resolution narrow-scan XPS
spectra of Ti 2p and Co 2p and O 1s peaks of the sample are
shown in Fig. 2b-d, respectively. Two intense bands located at
459 and 465 eV binding energy represent the Ti *P5/, and Ti *Py,
2, respectively. Also the peak of Co 2P, located at ~782.92 eV
and that of Co *P,j, at ~801 eV, verify that cobalt was mainly
present in the II oxidation state.”’”** The binding energy at 532
eV is attributed to the contribution of oxygen (O 1s).27°

The presence of Co atoms in nanocatalyst was also
confirmed by the EDX spectroscopy analysis as shown in Fig. 3.
The other peaks have been clearly observed from the spectrum,
which are identified as Ti, Si, O and N.

Transmission electron microscopy (TEM) clearly revealed
spherical morphology for TiO, and CoL,@TiO, nanocomposite
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with size ranging between 18-20 nm and 22-32, respectively
(Fig. 4).

The TGA curve of CoL,@TiO, nanocomposite (Fig. 5)
demonstrates its thermostability up to 237 °C. The organic parts
decomposed completely at 573 °C. From the TGA, the amount of
Co was evaluated to be 3.2 wt%, which is in good agreement
with the value determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES; 3.08%).

3.2. The catalytic activity of TiO,/CoL, nanocomposite

The CoL,@TiO, nanocomposite was initially investigated for
the oxidation of 1-phenyl ethanol with O, (1 atm) in acetonitrile
(2 mL), as this did not proceed in the absence of the catalyst
under any conditions. The reaction conditions optimized with
respect to different factors such as solvent nature, temperature,
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Fig. 6 The screening of the (i) solvent nature (ii) temperature (iii) solvent amount (iv) catalyst amount (v) NHPI amount and (vi) oxidant nature on
the oxidation of 1-phenyl ethanol (1 mmol) catalyzed by Col,@TiO, after 3 h.
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Table 1 Oxidation of benzylic alcohols using NHPI/O, oxidative system catalyzed by ColL,@TiO, nanocomposite®
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Entry Alcohol Product” Time (h) Yield“% (isolated yield%)
©/\OH ©AO
2 3 91 (86)
OH o
3 2 100 (95)
O,N O,N
4 2.5 94 (88)
NO, NO,
/©/\OH /@AO
5 3 93 (88)
@(\OH @O
6 3 91 (85)
OH ~o
7 4 98 (91)
Cl Cl
OH ~o
8 4 88 (80)
Cl Cl
OH \O
9 4 92 (84)
MeO MeO
OH o
10 3 97 (91)
OH 0]
11 ‘)\‘ “ 2 95 (86)
OH (0]
12 E:é 2.5 100 (96)

5

This journal is © The Royal Society of Chemistry 2016
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Table 1 (Contd.)
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Entry Alcohol Product” Time (h) Yield“% (isolated yield%)
AN A
AN
13 OH 0 2.5 100 (95)
OH ~o
14 45 72 (65)
~ S ~ S
O, O,
15 ‘ | 4 96 (87)
() [ )~
OH 0]

@ Reaction conditions: 1000 : 100 : 5 molar ratio for alcohol : NHPI : catalyst in CH;CN (2 mL) under continues stream of O, (5-7 mL min~ ") at 70
°C. ? The products were identified by "H NMR spectroscopy or by comparison with the retention times of authentic samples in GC analysis. The

selectivity of products were >99% based on GC analysis.  GC yield.

solvent amount, catalyst amount, NHPI amount and oxidant
nature (Fig. 6).

Oxidation of 1-phenyl ethanol under the optimized condi-
tions (0.5 mol% CoL,@TiO, and 10 mol% NHPI at 70 °C) using
a continuous stream of O, in acetonitrile, gave solely aceto-
phenone in 93% yield within 3 h under visible light irradiation.
CoL,@TiO, exhibited high efficiency and selectivity toward
aerobic oxidation of a wide range of primary and secondary
benzylic alcohols under optimized conditions (Table 1). Our
results revealed that, the oxidation performance affected by
electronic properties of substrates. Electron-accepting groups
on the phenyl rings of alcohols accelerated the reaction (Table
1, entries 3 and 4), while electron-releasing ones retarded it
(Table 1, entries 9 and 10). For example, full oxidation of 4-nitro-
and 4-methoxybenzyl alcohol took 2 and 4 h, respectively.

To demonstrate the chemoselectivity of the method, 2-
cyclohxen-1-ol and cinnamyl alcohol as allylic alcohols were
subjected to oxidation procedure. The related unsaturated
carbonyl compounds were produced in high yields and the
olefin moiety remained intact in both cases (Table 1, entries 13
and 16). Moreover, a molecule containing both primary
benzylic hydroxyl group and sulfide group, oxidized selectively
to the corresponding aldehyde in 72% yield and sulfide group
which is more susceptible to oxidation was tolerated (Table 1,
entry 14). Notably, no trace of ester and benzoic acid was
observed resulting from over oxidation of secondary and
primary alcohols, respectively. It should be mentioned that
attempts to oxidize saturated aliphatic alcohols under different
conditions failed.

Encouraged by the above promising results, we applied the
catalytic system for oxidation of benzylic hydrocarbons.

25040 | RSC Adv., 2016, 6, 25034-25046

Complete transformation of ethylbenzene to acetophenone
occurred within 6 h using a continuous stream of O, at 70 °C in
the presence of 0.75 mol% CoL,@TiO, nanocomposite and 10
mol% NHPI in acetonitrile under visible light irradiation. The
high yields (76-97%) and excellent selectivity (>99%) to
carbonyl compounds were achieved for different benzylic
hydrocarbons (Table 2). A salient feature of the method is effi-
cient and selective oxidation of toluene to benzaldehyde (Table
2, entry 2) while the formation of benzoic acid resulting from
over oxidation reaction well controlled. As observed for alcohol
oxidation, electron-accepting groups on the phenyl rings of
benzylic hydrocarbons accelerated the reaction (Table 1, entry
3), while electron-releasing one retarded it (Table 1, entry 4). For
example, 4-nitro- and 4-methoxyethylbenzene gave 95 and 86%
yields of the corresponding acetophenones after 3.5 and 6.5 h,
respectively. Furthermore, the catalytic system provided herein
was capable of the facile oxidation of sterically hindered
secondary benzylic hydrocarbons to the corresponding carbonyl
compounds (Table 2, entries 5-7, 9).

The method possesses novelty regarding the chemo-
selectivity. 2-Phenylethanol oxidized to 2-hydroxyacetophenone
while, hydroxyl group was tolerated in the reaction (Table 2,
entry 8).

Table 3, summarizes the results for catalytic oxidation of
various benzyl alcohols obtained under catalytic influence of
CoL,@TiO, nanocomposite in comparison with free CoL,
as well as CoL, supported on magnetic nanoparticles (CoL,@
SMNP) in our previous report.> The results clearly highlight the
superiority of title nanocatalyst in conversion rate (Table 3).

Notably, the replacement of CoL,@TiO, by another nano-
oxometals such as M00O;,* m-ZrO,,** y-Fe,O; and TiO,, as well

This journal is © The Royal Society of Chemistry 2016
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Table 2 Oxidation of alkyl benzenes using NHPI/O, oxidative system catalyzed by ColL,@TiO, hanocomposite®

Entry Alcohol Product” Time (h) Yield“% (isolated yield%)
1 ©) Ej/L 0 6 97 (92)
N
3 /©/\ /©/k ? - 100 (95)
O,N
O,N
4 /O/\ /(j/L 0 6.5 92 (86)
MeO
MeO
(0]
5 ‘/\‘ ‘)J\‘ 3 92 (36)
(0]
6 ©© E;ij 1 98 (92)
(0]
7 3 98 (92)
OH O
8 ©/\/ ©*/OH 55 o1 (84)
(0]
9 @ g 8 o

“ Reaction conditions: 1000 : 100 : 7.5 molar ratio for alkane : NHPI : catalyst in CH;CN (2 mL) under O, (5-7 mL min~?) at 70 °C. * The products
were identified by "H NMR spectroscopy or by comparison with the retention times of authentic samples in GC analysis. The selectivity of products
were >99% based on GC analysis. ¢ GC yield.

as their nanocomposites such as CoL,@Mo00;, CoL,@SMNP Considering the results presented in Table 3 and Fig. 7, the
and SMNP prolonged the oxidation of 1-phenylethanol under catalytic performance of CoL,@TiO, nanocomposite can be
the same conditions (Fig. 7). explained on the basis of oxidation activity of Co(u) centers***>

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 25034-25046 | 25041
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Table 3 The comparison of catalytic activity of CoL,@TiO, nanocomposite with Col, and ColL,@y-Fe,Oz on the oxidation of benzylic alcohols

<l X OH Catalyst _ N \0
1 MeCN /NHPI |
F 0O, (1 atm) 7
[CoL,]* [CoL,]@Fe,0;° [CoL,]@Ti0,”

Entry X Yield® (%) [time (h)] Yield® (%) [time (h)] Yield® (%) [time (h)]
1 H 100 [14] 97 [16] 91 [3]

2 4-NO, 40 [14] 35 [16] 100 [2]

3 2-NO, 48 [14] 44 [16) 94 [2.5]

4 4-OMe 78 [14] 72 [16] 92 [4]

5 4-Cl 51 [14] 44 [16) 98 [4]

6 2-Cl 67 [14] 60 [16] 88 [4]

7 4-Me 62 [14] 57 [16] 93 [3]

“ Reaction conditions: 1000 : 100 : 5 molar ratio for alcohol : NHPI : catalyst in CH;CN (3 mL) under continues stream of O, (5-7 mL min~ ) at 70
°C. ? Reaction conditions: 1000 : 100 : 5 molar ratio for alcohol : NHPI : catalyst in CH;CN (2 mL) under continues stream of O, (5-7 mL min ") at

70 °C. © GC yield.
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Fig. 7 The comparison of catalytic activity of ColL,@TiO, nano-
composite with other nanocomposites and nanooxometals on the
oxidation of 1-phenylethanol (1 mmol) in CHzCN (2 mL) using NHPI (10
mol%) under continues stream of O, (5-7 mL min~1) and visible light at
70 °C.

combined with photocatalytic activity of TiO, core which also
acts as support.

To support of photocatalytic property of TiO, at the core of
title nanocomposite, oxidation of 1-phenylethanol under UV
light, visible light as well as in dark using NHPI (10 mol%)
under continues stream of O, at 70 °C after 2 h were investi-
gated. Accelerated reactions under light radiation particularly
UV light demonstrated the photocatalytic effect of TiO, core on
the oxidation efficiency of CoL,@TiO, nanocomposite (Fig. 8).

Also, for investigation of this important issue, band gap
energy values of as-prepared TiO,, CoL, and CoL,@TiO, were
assayed. The UV-vis-DR spectra of different samples along with
tangent drawn for band gap calculation are presented in Fig. 9.

The absorption threshold of pure titania at ~400 nm indi-
cates the major light absorption in the UV region. Nevertheless,

25042 | RSC Aadv., 2016, 6, 25034-25046
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Fig. 8 The screening of photocatalytic activity of ColL, and Col,@TiO,
nanocomposite in the oxidation of 1-phenyl ethanol using NHPI (10
mol%) under continues stream of O, (5-7 mL min~%) at 70 °C after 2 h.
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Fig.9 Diffuse reflectance UV-vis spectra of (a) bare TiO, NPs, (b) CoL,
and (c) ColL,@TiO,.
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a red-shift of the band-edge of CoL,@TiO, to wavelengths
higher than 400 nm demonstrates higher visible light absorp-
tion than those of TiO,, and CoL, samples, making it more
favorable for photocatalytic applications under visible light
radiation. Diffuse reflectance UV-vis using the Kubelka-Munk
formula and Tauc plot,* revealed significant reduction of the
band-gap of CoL,@TiO, nanoparticles (2.9 eV) compared with
that of TiO, nanoparticles (3.2 eV). So, according to obtained
results, a synergistic effect of cobalt Schiff base complex and
TiO, nanoparticles can be considered for visible-light photo-
catalytic modification of title nanocatalyst.

The most important issues that must be resolved for
heterogeneous catalysts are the lifetimes of the catalyst and the
possibility that the active component can leach from the solid
into solution, thereby leading to gradual deactivation of the
catalyst.

The heterogeneous nature of the catalyst was confirmed in
a filtration experiment. For this purpose, the catalyst was
recovered by centrifuging and decantation of the reaction
mixture. No catalytic activity was observed in the filtrate solu-
tion, while, aerobic oxidation of 1-phenylethanol to acetophe-
none proceeded well by using the recovered catalyst after that it
was washed with ethylacetate and dried under vacuum (Table 1,
entry 1). The ease of recovery, combined with the intrinsic
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stability of the CoL,@TiO, nanocomposite, allows the catalyst
to be recovered efficiently over at least four times in aerobic C-H
oxidation under conditions used in this study (Fig. 10).

The comparison of TEM images and FT-IR spectra of used
CoL,@TiO, nanocomposite (Fig. 11) with fresh one confirms
that the catalyst maintains its structural integrity and size and
morphology of the catalyst remained almost intact after four
times recovering.

Table 4 shows the merit of this operationally simple catalytic
protocol in comparison with those previously reported
methods, in terms of oxygen source, conversion rate, catalyst
loading and conditions used in the oxidation of benzyl alcohol
as model substrate. For example, full oxidation of benzyl
alcohol to benzaldehyde took only 3.5 h under O, in CH;CN and
using a low catalyst loading of 0.5 mol% (0.004 g).

Therefore, title methodologies are cost effective and indus-
trially important because of using O, as an environmentally
oxidant, visible light as energy source, reusing of an active
catalyst with low catalyst loading, easy isolation of organic
products. These advantages make the method amenable to
scalability readily. As an example, under a semi-scaled up
procedure (20.0 mmol) acetophenone was secured in 85% yield
in the oxidation of 1-phenylethanol in the presence of CoL,@
TiO, nanocomposite within 3 h.
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Fig. 10 Recycling of the catalytic system for oxidation of 1-phenylethanol (left) and ethylbenzene (right) under conditions used in this study.
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Fig. 11 The TEM image and FT-IR spectra of reused ColL,@TiO, nanocatalyst after 4 times reuses.
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Table4 The comparison of catalytic activity of CoL,@TiO, nanoparticles with other previously reported catalysts for oxidation of benzyl alcohol
as model substrate

Conversion  Selectivity
Entry  Catalyst Catalyst amount Conditions Time (h) (%) (%) Ref.
1 CoL,@TiO, 0.5 mol% (0.004 g)  MeCN/O,/70 °C 3.5 91 100 a
2 [COLZ@SMNP]b 0.5 mol% MeCN/O,/70 °C 12 97 100 25
3 UiO-66-Sal-CuCl, 0.5 mmol MeCN/O,/60 °C 24 99 99 44
4 Au hollow nanospheres 5 wt% MeOH/H,0,/55 °C 8 99 87 45
5 CoPc@cell” 0.05¢g o0-Xylene/O,/r.t. 8.5 83 100 46
6 Co(Schiff base),@SiO, 0.25 mol% MeCN/O,/60 °C 25 100 13 47
7 Polyaniline-supported molybdenum 22 mg PhMe/0,/100 °C 12 92 >98 48
8 Nanoshell carbon (NSC) 10 mg 1,4-Dioxane/O,/70 °C 5 96 92 49
9 Pd@SBA-15 0.4 mol% PhMe/air/80 °C 5.5 99 83 50
10 Pd@SBA-15 0.4 mol% PhMe/0,/80 °C 3.5 83 100 50
11 C0;0,@AC? 01g PhMe/0,/80 °C 3 100 87.3 51
12 Ru/CNTs® 5.9 mol% PhMe,H,0/0,/85 °C 3 98 100 52
13 AR//TiO,/TEMPO 80 mg Benzotrifluoride/0,/85 °C 18 80 98 53
14 [Co(L);}¢ 0.01 mmol MeCN/TBHP/80 °C 24 51 100 54
15 RuHAP-y-Fe,0," 0.5 mol% PhMe/0,/90 °C 1 99 98 55
16 2,2":6',2"-Terpyridine 1 mmol MeCN/air/r.t. 10 99 100 56
17 Co-birnessite 0.3 g mmol ! PhMe/0,/110 °C 24 84 100 57
18 [Tetrakis(o-chlorophenyl) 80 mg MeCN/H,0,/70 °C 5 97.1 97.7 58
porphyrinato] Co(u)
19 [Co(m)L,{(NO;); - 2CH;0H 0.05 mmol H,O/H,0,/r.t. 8 34 85 59
20 [Co(n)L/,}(NO,),- 2CH;0H - H,0 0.05 mmol H,O/H,0,/r.t. 8 94 93 59
21 Cobalt(ir) complexes of amino 0.005 mmol H,0,py/0,/80 °C 4 84 100 60
acids-Schiff bases

22 TiO, 25 mg Benzotrifluoride/O,/r.t. 4 42 98 61
23 Si/Ti 25 mg Benzotrifluoride/O,/r.t. 4 46 98 61
24 Cds/TiO,, hv 45 mg MeCN/0,/50 °C 1 65 >99 62
25 Au,(DPg5)/P25" 20 mg PhMe/O,/r.t. 4 85 79 63
26 1% Pd/TiOZ—O.OOSAPTESl 25 mg S.F/0,/120 °C 7 61.5 81.4 64
27 5% RGO-TiO,™ 8 mg H,0/0,/25 °C 4 37 90 65
28 SEG-TiO," 8 mg H,0/0,/25 °C 4 50 90 65

“ This work. » Magnetic nanoparticles (y-Fe,03;, MNP) coated with starch (SMNP). ¢ Cobalt(u) phthalocyanine covalently anchored to cellulose.
4 Activated carbon (AC). ° Carbon nanotubes (CNTs). 7 Alizarin red (AR). ¢ Tris-chelate complexes of cobalt(m) with N-[di(alkyl/aryl)
carbamothioyl] benzamide derivatives. " Ruthenium-hydroxyapatite-encapsulated superparamagnetic y-Fe,O; nanocrystallites.  4'-(2-Thienyl)-
2,2':6' ,2"-ter-pyridine (L'). 7 4'-(2-Thienyl)-2,2':6',2"-ter-pyridine (L'). ¥ Au,(DPy)/P,5 catalysts prepared at higher calcination temperatures (>673
K), deposition-precipitation (DP) method. ‘ Aminopropyltriethoxysilane (APTES). ™ Reduced graphene oxide-TiO,nanocomposite (RGO).
" Solvent exfoliated graphene-TiO, (SEG).

enable the industrially important reactions to be carried out
efficiently under aerobic and practically attainable conditions.

4. Conclusions

In conclusion, immobilizing of cobalt Schiff base complex on

nanocrystalline TiO, improved its visible light photocatalytic ACknOWledgementS
properties. Our results demonstrated well the synergistic effect

of cobalt Schiff base complex and TiO, nanoparticles on the
visible-light photocatalytic activity. According to DRS analysis,
the band gap energy of TiO, decreased significantly after func-
tionalization with cobalt Schiff base complex. The nanocatalyst
showed high oxidation stability and desired activity and selec-
tivity in the aerobic benzylic C-H oxidation of structurally diverse
set of benzylic alcohols and hydrocarbons. The additional
advantage of this catalytic system is facile and efficient reus-
ability of the solid catalyst. The use of O, as an environmentally
friendly oxidant, visible light as a safe energy source under the
influence of a reusable and durable active catalyst with low
catalyst loading, along with easy isolation of organic products
are the strengths of the presented work providing the scalability
of the methods. Thus, our methods are cost effective which
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