
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
D

ec
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 5

/8
/2

02
6 

6:
42

:1
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Superparamagne
Faculty of Chemical Engineering, HCMC Un

Thuong Kiet, District 10, Ho Chi Minh City, V

Fax: +84 8 38637504; Tel: +84 8 38647256

† Electronic supplementary informa
10.1039/c7ra11706j

Cite this: RSC Adv., 2017, 7, 55756

Received 23rd October 2017
Accepted 1st December 2017

DOI: 10.1039/c7ra11706j

rsc.li/rsc-advances

55756 | RSC Adv., 2017, 7, 55756–5576
tic nanoparticles as a recyclable
catalyst: a new access to phenol esters via cross
dehydrogenative coupling reactions†

Chung K. Nguyen, Hoang H. Vu, Ha V. Dang, Ngon N. Nguyen, Nhan T. H. Le
and Nam T. S. Phan *

CuFe2O4 superparamagnetic nanoparticles were utilized as a recyclable heterogeneous catalyst for the

direct synthesis of chemical structures containing both phenol ester and benzothiazole moieties via

cross dehydrogenative coupling reactions. Several substrates were reactive towards the transformation in

the presence of the nano catalyst, including benzaldehyde, benzyl alcohol, dibenzyl ether, 2-oxo-2-

phenylacetaldehyde, and 2-iodo-1-phenylethanone. This nano catalyst displayed higher catalytic

efficiency than many homogeneous and heterogeneous catalysts. The nano CuFe2O4 was easily isolated

by using a magnet, and reutilize numerous times without a remarkable deterioration in catalytic

performance. To our best knowledge, these reactions were not previously reported in the literature.
1. Introduction

Esters and their derivatives are prevalent structures existing in
diverse collections of biologically active molecules, with a broad
range of applications in many elds such as pharmaceutical
chemicals, fragrance chemicals, agricultural chemicals, and
functional materials.1–3 Phenol esters are conventionally
generated from phenols and carboxylic acid derivatives utilizing
a considerable quantity of bases, showing numerous draw-
backs, and therefore, synthetic pathways to these skeletons
must be improved.4,5 Benzothiazole derivatives are precious
heterocyclic scaffolds present in numerous natural products or
synthetic chemicals, offering valuable biological activities.6,7

Organic structures containing both phenol ester and benzo-
thiazole moieties would benet from both functional parts in
terms of pharmaceutical and biological activities. Overcoming
drawbacks of traditional synthetic approaches where two
functional groups must be pre-installed in the reactants,
coupling reactions via direct C–H bond activation should
provide more efficacious synthetic routes for these valuable
skeletons.8,9 Previously, Ali and et al. developed the rst illus-
tration of a synthetic method to produce structures containing
both carbamates and benzothiazoles via the Cu(OAC)2-catalyzed
coupling reaction between dialkylformamides and phenols
having benzothiazole directing substituents (Scheme 1a).10

Zheng et al. also synthesized phenol esters possessing cyano,
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azo, and pyridine moieties by using the Cu(OAC)2-catalyzed
transformation between aldehydes and 2-substituted phenols.11

Certainly, the eld still remains to be explored, in which recy-
clable catalysts should be investigated for these
transformations.

Catalysis has an essential role in the chemical industry, since
it contributes cost-effective, environmentally benign, and
selective routes for what are contrastingly expensive, eco-
hazardous, or even unapproachable.12–14 As inspired by green
chemistry principles, utilizing heterogeneous catalysts is
favored owing to the possibility of separation and reus-
ability.15–17 “Nanocatalysis” has appeared as an speedily
expanding area throughout the last few years, in which nano-
particles have been considered as alternative candidates,
combining benets from both homogeneous and heteroge-
neous catalysts.18–20 Nevertheless, because of their nanometer-
scaled sizes, the isolation from liquid phase and the reutiliz-
ing of the nanoparticles is undoubtedly challenging, and more
efforts are needed to solve this issue.21,22 Superparamagnetic
nanoparticles as catalysts would link the merit of superior
reactivity and good dispersion in reaction media with straight-
forward isolation procedure by using magnets.23,24 Certainly,
both functionalized and unfunctionalized superparamagnetic
nanoparticles have been utilized as catalysts for numerous
organic reactions.25–28 We recently performed the coupling
reaction between dialkylformamides and phenols having ben-
zothiazole directing substituents utilizing nano CuFe2O4 cata-
lyst (Scheme 1a).29 In this work, we would like to describe the
direct synthesis of chemical structures containing both phenol
ester and benzothiazole moieties via cross dehydrogenative
coupling reactions, in the presence of CuFe2O4 super-
paramagnetic nanoparticles as recyclable catalyst (Scheme 1b).
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 The difference between previous works and this work.
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To our best knowledge, these reactions were not previously re-
ported in the literature.
2. Experimental

CuFe2O4 superparamagnetic nanoparticles were obtained from
Sigma-Aldrich. The nanoparticles was subsequently character-
ized by employing different analysis methods (see Fig. S1–S4 in
ESI†). In an illustrative catalytic run, a solution of 2-(benzo[d]
thiazol-2-yl)phenol (0.0568 g, 0.25 mmol) and benzaldehyde
(0.0795 g, 0.75 mmol) in p-xylene (0.5 mL) was introduced into
a pressurized vial as reactor. The catalyst was then added to the
solution, and the reactor was shaken to disperse the solid
catalyst into the liquid phase. The catalyst quantity was utilized
based on the copper/2-(benzo[d]thiazol-2-yl)phenol mole ratio.
Aer that, tert-butyl hydroperoxide (tBuOOH, 70% wt. in water;
0.145 mL, 1.0 mmol) as an oxidant was added. The vial was
magnetically stirred under argon at 80 �C for 24 h. The mixture
was then cooled down to ambient temperature, and diphenyl
ether (0.0425 g, 0.25 mmol) as internal standard was intro-
duced. Samples were withdrawn, and quenched with water
(1 mL). Organic constituents were extracted into ethyl acetate
(2 mL), dried with anhydrous Na2SO4 to remove any water
residue, and analyzed by GC regarding diphenyl ether. The
This journal is © The Royal Society of Chemistry 2017
major product, 2-(benzo[d]thiazol-2-yl)phenyl benzoate, was
puried by column chromatography. 1H NMR, 13C NMR, and
GC-MS analyses were also conducted to verify product structure.
For the catalyst reutilizing experiment, the superparamagnetic
nanoparticles were collected by decantation using a permanent
magnet, washed carefully with p-xylene andmethanol, heated at
150 �C under vacuum on a Schlenk line for 6 h, and then reused
as catalyst for new experiment.
3. Results and discussion

The CuFe2O4 superparamagnetic nanoparticles were explored
as a heterogeneous catalyst for the cross dehydrogenative
coupling reaction between 2-(benzo[d]thiazol-2-yl)phenol and
benzaldehyde to produce 2-(benzo[d]thiazol-2-yl)phenyl
benzoate as the major product (Scheme 1b). Initially, the
inuence of solvent on the formation of the hybrid benzothia-
zole–phenol ester was investigated, having conducted the
reaction in various solvents, including DMSO, dichlorobenzene,
tert-butanol, DMA, dioxane, and p-xylene (entries 1–6, Table 1).
Indeed, liquid-phase organic transformations utilizing metal
catalysts are generally affected by the reaction solvents. Zheng
et al. previously synthesized phenol esters possessing cyano,
azo, and pyridine moieties, and demonstrated that solvent
RSC Adv., 2017, 7, 55756–55766 | 55757
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Table 1 Reaction condition optimization, regarding solvent, temperature, catalyst concentration, oxidant, and oxidant amounta

Entry Solvent Temperature (�C) Catalyst concentration (mol%) Oxidant Oxidant amount (equiv.) Yieldb

1 DMSO 100 3 TBHP 4 54
2 DMA 100 3 TBHP 4 29
3 t-BuOH 100 3 TBHP 4 50
4 Dioxane 100 3 TBHP 4 50
5 DCB 100 3 TBHP 4 48
6 p-Xylene 100 3 TBHP 4 66
7 p-Xylene RT 3 TBHP 4 11
8 p-Xylene 50 3 TBHP 4 61
9 p-Xylene 60 3 TBHP 4 69
10 p-Xylene 80 3 TBHP 4 72
11 p-Xylene 100 3 TBHP 4 66
12 p-Xylene 120 3 TBHP 4 49
13 p-Xylene 80 0 TBHP 4 3
14 p-Xylene 80 1 TBHP 4 36
15 p-Xylene 80 3 TBHP 4 72
16 p-Xylene 80 5 TBHP 4 89
17 p-Xylene 80 7 TBHP 4 89
18 p-Xylene 80 10 TBHP 4 89
19 p-Xylene 80 5 TBHP 4 89
20 p-Xylene 80 5 TBHP(decane) 4 65
21 p-Xylene 80 5 CHP 4 40
22 p-Xylene 80 5 TBPB 4 16
23 p-Xylene 80 5 DTBP 4 3
24 p-Xylene 80 5 H2O2 4 2
25 p-Xylene 80 5 TBHP 0 0
26 p-Xylene 80 5 TBHP 2 56
27 p-Xylene 80 5 TBHP 3 68
28 p-Xylene 80 5 TBHP 4 89
29 p-Xylene 80 5 TBHP 5 72

a Reaction conditions: 2-(benzo[d]thiazol-2-yl)phenol (0.25 mmol); benzaldehyde (0.75 mmol); solvent (0.5 mL); 24 h. TBHP: tert-butyl
hydroperoxide in water; TBHP (decane): tert-butyl hydroperoxide in decane; DTBP: di-tert-butyl peroxide; TBPB: tert-butyl peroxybenzoate; CHP:
cumyl hydroperoxide; H2O2: hydrogen peroxide; DMSO: dimethyl sulfoxide; DMA: N,N-dimethylacetamide; DCB: 1,2-dichlorobenzene. b GC yield.
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expressed a noticeable inuence on the transformation, in
which DMSO emerged as the best solvent.11 The reaction was
performed at 100 �C for 24 h, with 2 equivalents of benzalde-
hyde, at 3 mol% catalyst, in the presence of 4 equivalents of
aqueous tert-butyl hydroperoxide as oxidant. Compared to other
solvents, p-xylene should be the solvent of choice, and the
reaction conducted in this solvent generated 2-(benzo[d]thiazol-
2-yl)phenyl benzoate in 66% yield aer 24 h (entry 6, Table 1).
Next, we tried to improve the yield of the desired product by
changing the reaction temperature (entries 7–12). The reaction
conducted at room temperature afforded only 11% yield aer
24 h (entry 7, Table 1). As anticipated, boosting the temperature
caused a noticeable enhancement in the generation of the ex-
pected product. Best yield was achieved when the reaction
temperature was extended to 80 �C (entry 10, Table 1). It was
noticed that increasing the temperature to over 80 �C did not
favor the transformation (entries 11 and 12, Table 1). Indeed,
Zheng et al. previously performed the Cu(OAc)2-catalyzed
oxidative esterication of ortho-formyl phenols with aldehydes,
and pointed out that the coupling reaction should be conducted
at 80 �C.30

Next, the required catalyst amount was investigated for the
cross dehydrogenative coupling transformation (entries 13–18,
Table 1). It should be emphasized that the reaction could not
55758 | RSC Adv., 2017, 7, 55756–55766
progress in the absence of the catalyst, and only 3% yield of the
major product was detected aer 24 h (entry 13, Table 1). This
observation veried that the catalyst should be compulsory for
the transformation. Low yield of the expected product was
recorded for the reaction utilizing 1 mol% catalyst (entry 14,
Table 1). This value could be upgraded to 89% for the reaction
conducted with 5 mol% catalyst (entry 16, Table 1). Extending
the catalyst quantity to 7 mol% or 10 mol% was not needed, as
the yield of 2-(benzo[d]thiazol-2-yl)phenyl benzoate was not
augmented markedly (entries 17 and 18, Table 1). It should be
noted that 10 mol% catalyst was previously employed for
similar transformations,11,30 while the cross dehydrogenative
coupling with dialkylformamides reacquired 5 mol% catalyst.10

Concerning other reactions via C–H bond activation, an oxidant
should be compulsory for the reaction. We therefore studied the
inuence of oxidant on the transformation (entries 19–24, Table
1). Compared to other oxidants, tert-butyl hydroperoxide in
water expressed better performance, producing 2-(benzo[d]
thiazol-2-yl)phenyl benzoate in 89% yield (entry 19, Table 1).
Indeed, tert-butyl hydroperoxide was also the oxidant of choice
in previous works.10,11,30 Having these results, we also explored
the inuence of oxidant concentration on the transformation
(entries 25–29, Table 1). The reaction could not proceed without
an oxidant, and no trace quantity of the expected product was
This journal is © The Royal Society of Chemistry 2017
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Table 2 The reaction between 2-(benzo[d]thiazol-2-yl)phenol and
benzaldehyde utilizing different catalystsa

Entry Homogeneous catalyst Heterogeneous catalyst Yieldb (%)

1 CuI 67
2 CuBr 61
3 CuCl 77
4 CuBr2 72
5 Cu(OAc)2 78
6 FeCl2 26
7 FeCl3 11
8 Fe(OAc)2 34
9 Nano Fe2O3 5
10 Nano Fe3O4 7
11 Nano NiFe2O4 4
12 Nano CoFe2O4 39
13 Nano CuO 68
14 Nano Cu2O 61
15 Nano CuFe2O4 89

a Reaction conditions: 2-(benzo[d]thiazol-2-yl)phenol (0.25 mmol);
benzaldehyde (0.75 mmol); p-xylene (0.5 mL); tert-butyl hydroperoxide
in water (1 mmol); CuFe2O4 (0.0125 mmol); 80 �C; 24 h. b GC yield. All
catalysts were purchased from Sigma-Aldrich.
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detected aer 24 h (entry 25, Table 1). Best result was recorded
when 4 equivalents of the oxidant was present in the reaction
mixture (entry 28, Table 1). However, extending the quantity of
the oxidant to more than 4 equivalents did not favor the
generation of 2-(benzo[d]thiazol-2-yl)phenyl benzoate (entry 29,
Table 1).

Since the cross dehydrogenative coupling reaction utilizing
the superparamagnetic nanoparticle catalyst was conducted in
solvent, an important issue is the potentiality that a number of
active sites might go into solution phase, and they would be
responsible for the formation of the expected product. To verify
if leaching of active sites was a serious problem for the reaction,
a control experiment was implemented to assess the contribu-
tion of homogeneous catalysis. If more 2-(benzo[d]thiazol-2-yl)
phenyl benzoate was produced aer the catalyst was isolated,
this might imply that the active species were in solution phase
rather than on the solid superparamagnetic nanoparticle cata-
lyst. The reaction was performed in p-xylene at 80 �C for 24 h, in
the presence of 4 equivalents of aqueous tert-butyl hydroper-
oxide as oxidant, at 5 mol% catalyst, with 3 equivalents of
benzaldehyde. The liquid phase was removed from the solid
catalyst aer 4 h reaction time by magnetic decantation, and
subsequently added to a new and clean reactor. Themixture was
consequently stirred at 80 �C for an additional 20 h to verify if
more 2-(benzo[d]thiazol-2-yl)phenyl benzoate was generated
under this condition. Certainly, almost no additional product
was recorded aer the catalyst was isolated. These data veried
that the cross dehydrogenative coupling transformation
required the presence of the superparamagnetic nanoparticle
catalyst, and almost no product was produced via homogeneous
catalysis (Fig. 1).

To underline the benet of utilizing the CuFe2O4 super-
paramagnetic nanoparticles as catalyst, numerous homoge-
neous and heterogeneous catalysts were consequently
employed for the transformation (Table 2). The reaction was
conducted in p-xylene at 80 �C for 24 h, in the presence of 4
equivalents of aqueous tert-butyl hydroperoxide as oxidant, at
Fig. 1 Leaching studies verified that 2-(benzo[d]thiazol-2-yl)phenyl
benzoate was not generated after the catalyst was isolated.

This journal is © The Royal Society of Chemistry 2017
5 mol% catalyst, with 3 equivalents of benzaldehyde. Copper
salts were noticed to be more active than iron salts. The reaction
using CuI catalyst afforded 67% yield (entry 1, Table 2), while
61% and 77% yields were observed for the case of CuBr (entry 2,
Table 2) and CuCl (entry 3, Table 2) catalysts, respectively.
Cu(OAc)2 displayed higher activity, producing 2-(benzo[d]
thiazol-2-yl)phenyl benzoate in 78% yield (entry 5, Table 2).
Low yields of the expected product was detected for the reaction
utilizing FeCl2 (entry 6, Table 2), FeCl3 (entry 7, Table 2), and
Fe(OAc)2 (entry 8, Table 2). Moving to heterogeneous catalysts,
the difference in activity between the CuFe2O4 super-
paramagnetic nanoparticles and other catalysts was signicant.
Nano Fe2O3 (entry 9, Table 2), nano Fe3O4 (entry 10, Table 2),
and nano NiFe2O4 (entry 11, Table 2) were almost unactive for
the cross dehydrogenative coupling reaction, while 39% yield
was observed for the case of nano CoFe2O4 catalyst (entry 12,
Table 2). Nano CuO (entry 13, Table 2) and nano Cu2O (entry 14,
Table 2) were more active, affording 68% and 61% yields,
respectively. Compared to these homogeneous and heteroge-
neous catalysts, the nano CuFe2O4 catalyst (entry 15, Table 2)
displayed the best catalytic efficiency, with 89% yield being
recorded.

To achieve more information for the possible pathway of the
cross dehydrogenative coupling reaction between 2-(benzo[d]
thiazol-2-yl)phenol and benzaldehyde to produce 2-(benzo[d]
thiazol-2-yl)phenyl benzoate, additional mechanistic studies
were then performed. The reaction was conducted in p-xylene at
80 �C for 24 h, in the presence of 4 equivalents of aqueous tert-
butyl hydroperoxide as oxidant, at 5 mol% catalyst, with 3
equivalents of benzaldehyde. It was noted that 36% yield was
recorded for the rst 4 hour reaction time. Aer that, (2,2,6,6-
tetramethylpiperidin-1-yl)oxy (TEMPO) or curcumin as a radical
trapping reagent was added to the reactor, and the mixture was
consequently stirred at 80 �C for an additional 20 h. Under these
RSC Adv., 2017, 7, 55756–55766 | 55759
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conditions, 36% yield was detected (Fig. 2). In another experi-
ment series, TEMPO or curcumin was added to the reaction
mixture at the beginning of the reaction. It was noticed that less
than 3% yield of 2-(benzo[d]thiazol-2-yl)phenyl benzoate was
detected aer 24 h. These data suggested that the antioxidant
would decompose the radicals produced in the catalytic cycle,
thus terminating the transformation. Based on these observa-
tions and the literature,10,11 a possible reaction pathway was
suggested (Scheme 2). Chelation of 2-(benzo[d]thiazol-2-yl)
phenol to the copper sites on the catalyst afforded
Fig. 2 The influence of antioxidant on the cross dehydrogenative
coupling reaction.

Scheme 2 Proposed reaction mechanism.

Fig. 3 Recycling of the CuFe2O4 superparamagnetic nanoparticles.

55760 | RSC Adv., 2017, 7, 55756–55766
a cyclometalated intermediate. Next, oxidative addition of acyl
radical formed a copper(III) species, which consequently
underwent the reductive elimination step to produced the
desired product and copper(I) sites. Finally, the oxidation of
copper(I) species by tert-butyl hydroperoxide regenerated the
catalyst.

As noted earlier, the CuFe2O4 superparamagnetic nano-
particles were more active towards the cross dehydrogenative
coupling reaction between 2-(benzo[d]thiazol-2-yl)phenol and
benzaldehyde to produce 2-(benzo[d]thiazol-2-yl)phenyl
benzoate than numerous homogeneous and heterogeneous
This journal is © The Royal Society of Chemistry 2017
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Table 3 The reaction between 2-(benzo[d]thiazol-2-yl)phenol or 2-(benzo[d]oxazol-2-yl)phenol with different benzaldehydes utilizing the
CuFe2O4 superparamagnetic nanoparticles as catalysta

Entry Reactant 1 Reactant 2 Products Yieldb (%)

1 83

2 82

3 88

4 84

5 70

6 74

7 71

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 55756–55766 | 55761
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Table 3 (Contd. )

Entry Reactant 1 Reactant 2 Products Yieldb (%)

8 83

9 73

10 56

11 59

12 55

13 75

14 59

a Reaction conditions: 2-(benzo[d]thiazol-2-yl)phenol (0.25 mmol); benzaldehydes (0.75 mmol); p-xylene (0.5 mL); tert-butyl hydroperoxide in water
(1 mmol); CuFe2O4 (0.0125 mmol); 80 �C; 24 h. b Isolated yield.
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catalysts. To additionally highlight the meaning of employing
this catalyst, the simplicity of catalyst recycling was then
explored over 8 successive runs. The reaction was conducted in
55762 | RSC Adv., 2017, 7, 55756–55766
p-xylene at 80 �C for 24 h, in the presence of 4 equivalents of
aqueous tert-butyl hydroperoxide as oxidant, at 5 mol% catalyst,
with 3 equivalents of benzaldehyde. Aer each run, the
This journal is © The Royal Society of Chemistry 2017
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Table 4 The reaction between 2-(benzo[d]thiazol-2-yl)phenol or 2-(benzo[d]oxazol-2-yl)phenol with other substrates utilizing the CuFe2O4

superparamagnetic nanoparticles as catalysta

Entry Reactant 1 Reactant 2 Products Yieldb (%)

1 60

2 65

3 63

4 75

5 66

6 60

7 73

8 75

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 55756–55766 | 55763
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Table 4 (Contd. )

Entry Reactant 1 Reactant 2 Products Yieldb (%)

9 69

10 80

11 68

12 51

13 52

14 60

a Reaction conditions: 2-(benzo[d]thiazol-2-yl)phenol (0.25 mmol); second substrate (0.75 mmol); p-xylene (0.5 mL); tert-butyl hydroperoxide in
water (1 mmol); CuFe2O4 (0.025 mmol); 100 �C; 24 h. b Isolated yield.
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nanoparticles were collected by decantation using a permanent
magnet, washed carefully with p-xylene andmethanol, heated at
150 �C under vacuum on a Schlenk line for 6 h. The recovered
superparamagnetic nanoparticles were consequently reutilized
for new catalytic experiment under similar conditions to the
rst run. It was noticed that the CuFe2O4 nanoparticles could be
reutilized many times for the cross dehydrogenative coupling
reaction, and its performance as catalyst was maintained
throughout the experiment sequences. Certainly, 2-(benzo[d]
55764 | RSC Adv., 2017, 7, 55756–55766
thiazol-2-yl)phenyl benzoate was produced with 86% yield in
the 8th catalytic run (Fig. 3). The fact that the CuFe2O4 nano-
particles could be reutilized many times was accordingly of
signicance, as compared with organic transformations using
conventional homogeneous catalysts.

The scope of this protocol was subsequently expanded to the
cross dehydrogenative coupling reaction between 2-(benzo[d]
thiazol-2-yl)phenol and several benzaldehydes utilizing the
CuFe2O4 nanoparticles (Table 3). The reaction was conducted in
This journal is © The Royal Society of Chemistry 2017
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p-xylene at 80 �C for 24 h, in the presence of 4 equivalents of
aqueous tert-butyl hydroperoxide as oxidant, at 5 mol% catalyst,
with 3 equivalents of benzaldehyde. The end of the experiment,
expected products were puried on silica gel using column
chromatography. Under these conditions, 2-(benzo[d]thiazol-2-
yl)phenyl benzoate was obtained in 83% isolated yield (entry
1, Table 3). Benzaldehydes containing substituent was also
reactive in this transformation. 2-(Benzo[d]thiazol-2-yl)phenyl 2-
methylbenzoate (entry 2, Table 3) was produced in 82% yield for
the case of 2-methylbenzaldehyde. Similarly, 2-(benzo[d]thiazol-
2-yl)phenyl 3-methylbenzoate (entry 3, Table 3) and 2-(benzo[d]
thiazol-2-yl)phenyl 4-methylbenzoate (entry 4, Table 3) were
achieved in 88% and 84%, respectively, for the case of 3-meth-
ylbenzaldehyde and 4-methylbenzaldehyde. Moving to 4-chlor-
obenzaldehyde, the reaction generated 2-(benzo[d]thiazol-2-yl)
phenyl 4-chlorobenzoate (entry 5, Table 3) in 70% yield, while
2-(benzo[d]thiazol-2-yl)phenyl 3-chlorobenzoate (entry 6, Table
3) and 2-(benzo[d]thiazol-2-yl)phenyl 2-chlorobenzoate (entry 7,
Table 3) were formed in 74% and 71% yields for the case of 3-
chlorobenzaldehyde and 2-chlorobenzaldehyde, respectively.

Similarly, the reaction between 2-(benzo[d]thiazol-2-yl)
phenol and 4-methoxybenzaldehyde afforded 2-(benzo[d]
thiazol-2-yl)phenyl 4-methoxybenzoate (entry 8, Table 3) in
83% yield. Interestingly, cyclohexanecarbaldehyde was reactive
towards the cross dehydrogenative coupling reaction. Under
these conditions, 2-(benzo[d]thiazol-2-yl)phenyl cyclo-
hexanecarboxylate (entry 9, Table 3) was produced in 73% yield.
Heteroaromatic aldehydes were found to be less reactive
towards the reaction utilizing the CuFe2O4 superparamagnetic
nanoparticles as catalyst. Indeed, the reaction between 2-(benzo
[d]thiazol-2-yl)phenol and thiophene-2-carbaldehyde proceeded
with more difficulty, though 56% yield of 2-(benzo[d]thiazol-2-
yl)phenyl thiophene-2-carboxylate (entry 10, Table 3) was ob-
tained. Similarly, 2-(benzo[d]thiazol-2-yl)phenyl furan-2-
carboxylate (entry 11, Table 3) was achieved for the case of
furan-2-carbaldehyde. As shown in the proposed mechanism
(Scheme 2), the benzothiazole moiety worked as a directing
group for the transformation. We then decided to explore the
cross dehydrogenative reaction of phenols containing benzox-
azole moiety. It was noticed that 2-(benzo[d]oxazol-2-yl)phenol
was also reactive towards the reaction, conrming the impor-
tance of the benzoxazole moiety. Under similar reaction
conditions, the coupling of 2-(benzo[d]oxazol-2-yl)phenol with
benzaldehyde afforded 2-(benzo[d]oxazol-2-yl)phenyl benzoate
(entry 12, Table 3) in 55% yield. Moving to 4-methox-
ybenzaldehyde, the transformation generated 2-(benzo[d]
oxazol-2-yl)phenyl 4-methoxybenzoate (entry 13, Table 3) in
75% yield. Similarly, 2-(benzo[d]oxazol-2-yl)phenyl thiophene-2-
carboxylate (entry 14, Table 3) was produced in 59% yield for the
case of thiophene-2-carbaldehyde.

Inspired by these observations, we then expanded the
research scope to other substrates. As mentioned in Scheme 2,
the acyl radical was produced in the catalytic cycle. Therefore,
benzyl alcohol was tested in place of benzaldehyde. It was
noticed that benzyl alcohol was less reactive towards the cross
dehydrogenative coupling reaction with 2-(benzo[d]thiazol-2-yl)
phenol than benzaldehyde. Nevertheless, performing the
This journal is © The Royal Society of Chemistry 2017
experiment at 100 �C in the presence of 10 mol% catalyst,
reasonable yields was obtained (Table 4). Moving to benzyl
alcohol, 60% yield of 2-(benzo[d]thiazol-2-yl)phenyl benzoate
(entry 1, Table 4) was achieved. Similarly, 2-(benzo[d]thiazol-2-
yl)phenyl 2-methylbenzoate (entry 2, Table 4), 2-(benzo[d]
thiazol-2-yl)phenyl 3-methylbenzoate (entry 3, Table 4), 2-
(benzo[d]thiazol-2-yl)phenyl 4-methylbenzoate (Table 4, entry
4), and 2-(benzo[d]thiazol-2-yl)phenyl 4-chlorobenzoate (entry 5,
Table 4) were obtained in 65%, 63%, 75%, and 66% yields,
respectively. We found that dibenzyl ether could be used in
place of benzaldehyde or benzyl alcohol. Certainly, the reaction
using dibenzyl ether afforded 2-(benzo[d]thiazol-2-yl)phenyl
benzoate (entry 6, Table 4) in 60% yield. Interestingly, 2-oxo-2-
phenylacetaldehyde was also reactive in this reaction,
producing 2-(benzo[d]thiazol-2-yl)phenyl benzoate (entry 7,
Table 4) in 73% yield. Moreover, it was found that 2-iodo-1-
phenylethanone could be used in place of benzaldehyde, and
2-(benzo[d]thiazol-2-yl)phenyl benzoate (entry 8, Table 4) was
achieved in 75% yield. 2-Bromo-1-phenylethanone (entry 9,
Table 4) was less reactive than 2-iodo-1-phenylethanone, though
the desired product was achieved in 69% yield. Interestingly, 1-
phenylethane-1,2-diol (entry 10, Table 4) and (dimethoxy-
methyl)benzene (entry 11, Table 4) could also be alternative
substrates, affording 2-(benzo[d]thiazol-2-yl)phenyl benzoate in
80% and 68% yields, respectively. As expected, 2-(benzo[d]
oxazol-2-yl)phenol was also reactive toward these reactions
(entries 12–14, Table 4).
4. Conclusions

CuFe2O4 superparamagnetic nanoparticles exhibited high
catalytic efficiency in the direct synthesis of chemical structures
containing both phenol ester and benzothiazole moieties via
cross dehydrogenative coupling reactions. Several substrates
were reactive towards the transformation in the presence of the
nano catalyst, including benzaldehyde, benzyl alcohol, dibenzyl
ether, 2-oxo-2-phenylacetaldehyde, and 2-iodo-1-
phenylethanone. To our best knowledge, these reactions were
not previously reported in the literature. The CuFe2O4 super-
paramagnetic nanoparticles were more active than nano
NiFe2O4, nano CoFe2O4, and nano Fe2O3. Moreover, the nano
CuFe2O4 catalyst also offered higher catalytic efficiency than
numerous conventional homogeneous catalysts. At the end of
each catalytic reaction, the nano CuFe2O4 was isolated from the
reaction mixture by utilizing a magnet. It was possible to
reutilize the recovered catalyst numerous times for the cross
dehydrogenative coupling reaction without a remarkable dete-
rioration in catalytic performance. The fact that chemical
structures containing both phenol ester and benzothiazole
moieties were achieved using a recyclable nano catalyst was
accordingly of signicance.
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