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Magnetic Copper Ferrite Nanoparticles: An Inexpensive, Efficient, Recyclable
Catalyst for the Synthesis of Substituted Benzoxazoles via Ullmann-Type
Coupling under Ligand-Free Conditions
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Abstract: A new sustainable strategy for the synthesis of benzoxa-
zoles from substituted N-(2-halophenyl)benzamides was developed
in which inexpensive, readily available, air-stable, recyclable cop-
per(Il) ferrite serves as a nanocatalyst. The nanocatalyst can be
completely recovered with an external magnet and can be used sev-
en times without significant loss of catalytic activity.
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Heterocycles occur widely in natural products, pharma-
ceuticals, dyes, organic materials, and bioactive mole-
cules. As a result, the development of novel, efficient, and
practical methods for the synthesis of heterocycles contin-
ues to stimulate an impressive number of research groups.
Benzoxazole derivatives are an important subclass of het-
erocycles that occur widely in bioactive molecules. For
example, they are found in a variety of natural products'
and they are used as antimicrobial, antibacterial,® and an-
ticancer agents* and as fluorescent probes.’ The synthesis
of benzoxazoles has therefore received much attention.
The classical method for the preparation of benzoxazoles
involves condensation of 2-aminophenol® with a carbox-
ylic acid in the presence of an acid, or with an aldehyde
under oxidative conditions. Although these methods are
useful, they have some drawbacks that limit their wide-
spread use, such as lack of availability of appropriately
substituted 2-aminophenols or the need to use harsh reac-
tion conditions, for example, strong acids. Recently,
Bolm’ and Peng?® and their respective co-workers attempt-
ed to convert 2-haloanilides directly into benzoxazoles;
unfortunately, a high temperature (140 °C) or the use of a
superbase system (KOH/DMSO) was required. These re-
actions might proceed by a benzyne-type mechanism,
which can result in low selectivity. For example, m-iodo-
anilides as substrates can also be converted into benzoxa-
zoles, even under the optimal reaction conditions.
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Transition-metal-catalyzed transformations are useful
tools in synthetic organic chemistry.’ They can provide
some of the most attractive methods for synthesizing het-
erocyclic compounds from readily accessible starting ma-
terials under mild conditions. Recently, copper-catalyzed
Ullmann-type C—X (X =N, O, S) bond formation has re-
ceived significant attention and has provided a useful
strategy for the synthesis of heterocycles.'®"'? Until now,
benzoxazoles have been synthesized by using a copper
salt-catalyzed C—O cross-coupling reactions.'3

The reaction conditions, media, and catalysts used in the
current chemistry are problematic from the standpoint of
the principles of green chemistry.!'* The recovery of the
catalyst after a catalytic reaction and its reuse without loss
of activity remains a central idea of sustainable chemistry;
furthermore, removal of any traces of metal catalyst from
the end-product is essential, because the presence of metal
contaminants is highly regulated, especially in the phar-
maceutical industry. As a result, many recyclable support-
ed catalytic systems have been developed.'® For example,
Kantam and co-workers reported an efficient method for
the synthesis of benzoxazoles by using copper fluorapatite
as a heterogeneous catalyst.'® Punniyamurthy and co-
workers exploited copper(Il) oxide nanoparticles as effi-
cient catalysts for C-N, C-O, and C-S cross-coupling re-
actions.!” Excellent as these methods are, the small size of
the particles involved often hampers their separation and
recycling, and the efficiency of the recovered catalyst is
somewhat reduced as a result of the filtration step, imped-
ing the application of such methods on a large scale.

Recently, magnetic nanocatalysts have been shown to ex-
hibit attractive catalytic activities in various reactions, in
that they are easily prepared and inexpensive, have low
toxicities and large surface-area-to-volume ratios, and can
be easily separated by using an external magnetic force.'*
Inspired by the use of magnetically separable copper(Il)
ferrite (CuFe,0,) nanoparticles as a powerful catalyst for
many organic transformations,'® we examined the use of
cheap, air-stable, recyclable copper(Il) ferrite as a mag-
netically separable catalyst for the synthesis of substituted
benzoxazoles by an Ullmann-type reaction under ligand-
free conditions. To the best of our knowledge, this report
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represents the first use of magnetic copper(Il) ferrite
nanoparticles for the synthesis of heterocycles by an Ull-
mann-type intramolecular C—O bond formation.

The copper(Il) ferrite nanoparticles were prepared by the
procedure described in the literature'® and were charac-
terized by X-ray diffraction (Figure 1). The diffraction
patterns of all the peaks matched closely those reported in
the literature. 844
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Figure 1 (a) X-ray diffraction spectrum of native copper(Il) ferrite
catalyst. (b) X-ray diffraction spectrum of reused copper(Il) ferrite
catalyst after the seventh cycle.

Scanning electron microscopy showed that the copper(Il)
ferrite nanoparticles remained in a similar state even after
seven reaction cycles (Figure 2). Moreover, energy-dis-
persive x-ray spectroscopy showed that the spheres con-
sisted of copper, iron, and oxygen, as expected (Figure 1,
EST").

Figure 2 Scanning electron microscopy images of copper(ll) ferrite
nanoparticles before (a) and after (b) seven cycles of use

First, we used N-(2-bromophenyl)benzamide (1a) as a
model substrates to optimize the reaction conditions, in-
cluding the amounts of catalyst, the choice of base and
solvent, and the reaction temperature under a nitrogen at-
mosphere (Table 1). First, we examined the effects of var-
ious solvents by using 0.1 equivalent of copper(Il) ferrite
nanoparticles as the catalyst and two equivalents of potas-
sium carbonate as the base (relative to the amount of ben-
zamide 1a) (entries 1-4). Dimethyl sulfoxide gave the
highest yield among the solvents tested (entry 2). We then
examined the effect of the temperature (entries 5 and 6)
and we found that 120 °C was optimal. Of the bases that
we investigated, potassium carbonate was found to be
most effective (entries 7-9). The yield fell when the
amount of catalyst was reduced (entry 10). A control ex-
periment confirmed that the desired heterocycle was not
formed in the absence of the catalyst (entry 11).
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Table 1 Optimization of Conditions for Magnetic Copper(I]) Ferrite
Catalyzed Cyclization of N-(2-Bromophenyl)benzamide (1a) to 2-

Phenyl-1,3-benzoxazole (2a)
N
O
(6}

H CuFe,04 (10 mol%)
nanoparticles
(o}
Br
1a 2

base solvent, temp

Entry* Base Solvent Temp (°C)  Yield® (%)
1 K,CO; DMF 120 90
2 K,CO;, DMSO 120 96
3 K,CO;, toluene 120 29
4 K,CO; NMP 120 88
5 K,CO4 DMSO 90 35
6 K,CO; DMSO 110 81
7 Cs,CO; DMSO 120 76
8 K;PO, DMSO 120 45
9 Na,CO; DMSO 120 12

10¢ K,CO; DMSO 120 86°

11 K,CO; DMSO 120 -4

 Reaction conditions: N-(2-bromophenyl)benzamide (1a; 0.5 mmol),
catalyst (0.05 mmol), base (1.0 mmol), solvent (1 mL), N,.

® Isolated yield.

¢0.025 mmol of catalyst was used.

4 Not detected.

Next, we investigated the scope of the nanoparticle-cata-
lyzed cyclization of substituted N-(2-halophenyl)benz-
amides (1) under the optimized conditions with 10 mol%
copper(Il) ferrite nanoparticles as the catalyst, two equiv-
alents of potassium carbonate as the base (relative to the
amide substrate), and dimethyl sulfoxide as the solvent at
120 °C under an atmosphere of nitrogen. The correspond-
ing benzoxazoles (2) were obtained in good to excellent
yields from a range of substrates at 90-120 °C (Table 2)."
Among the substituted 2-haloanilides, 2-iodoanilides
showed higher reactivities than the corresponding 2-bro-
moacetanilides, in that the intramolecular O-arylation of
2-iodoanilides occurred at 90 °C, whereas it was neces-
sary to raise the temperature to 120 °C for 2-bromoani-
lides (entries 1, 4, 11, and 15). 2-Chloroanilides also
showed moderate reactivities (entries 1, 2, 4, 8, 11, and
15). Compounds in which the benzoyl substituent R* was
an electron-donating group showed higher reactivities
than those in which it was an electron-withdrawing group.
The magnetic copper(Il) ferrite catalyzed reactions toler-
ated the presence of some functional groups such as triflu-
oromethyl (entries 4 and 11), chloro (entries 6 and 10),
bromo (entries 5, 7, 8, and 9), or nitro (entry 15). Although
the substrates containing aryl substituent R? showed high
reactivity, unfortunately, aliphatic ones were pure sub-
strates.
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Table 2 Magnetic Copper(1l) Ferrite Catalyzed Cyclization of Substituted N-(2-halophenyl)benzamides (1) to Substituted Benzoxazoles (2)

X
H , Lo
i X N\H/R 10 mol% CuFe,04 nanoparticlesm_l/\ N\>_R2
L= « 0 K»CO3, DMSO (2.0 equiv) L o
1 2
X =Cl, Br, |
Entry 1 2 Yield® (%)
N N
A\ 96; X = Br
1 o g 95,90% X =
X 67: X = Cl
X =Cl, Br, | 2a
la
H
C-0-
99; X =Br
., O ;
? X © 65, X = Cl
X =Cl, Br 2b
1b
N
b CLQ
o
3 0 97
Br
1c 2¢
CF,
H
Np N
N
4 @[ o ®[> < > s 88; X = Br
X © 94, 82 X =
X =Br, | 2d
1d
Kj )
” O~
N X N Br
3 7 g 95
o)
Br 2e
le
cl
H N
: i LI s
6 93
Br O ©
' of
1f
H N
-0
7 Br 0o 93
Br Z Br ©
2g
1g
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Table 2 Magnetic Copper(1l) Ferrite Catalyzed Cyclization of Substituted N-(2-halophenyl)benzamides (1) to Substituted Benzoxazoles (2)

(continued)
.y
H 5 4\ ~/
il X N R 10 mol% CuFe,04 nanoparticlesw_l/\ N\>7R2
= 5 O KoCO3, DMSO (2.0 equiv) NG
1 2
X=Cl,Br, |
Entry 1 2 Yield® (%)
HYQ/
N N
s fo@: Jo s o Sa—
Br X Br O 61;X=Cl
X =Cl, Br 2h
1h
”p\ QN> Q
N N
? /@ o) Br o 94
Br Br
1i 2i
i, L L
” o,
10 /@i o cl (o] 95
Cl Br
2j
1j
H
FsC | S N FsC N
\
N, O [ I >_® 85; X = Br
! X © 99,90% X =1
X =Br, | 2K
1k
y N
® -0
Br
21
11
(o]]
H N
N -0
13 90
B © ©
' 2m
1m
i, L JOSS O
\
1 i : o
Br
2n
In
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Table 2 Magnetic Copper(1l) Ferrite Catalyzed Cyclization of Substituted N-(2-halophenyl)benzamides (1) to Substituted Benzoxazoles (2)

(continued)
7\
H 2 L o
N R .
RN 10 mol% CuFe,04 nanoparticles x—N
R'<F \ﬂ/ , R‘—:/ \>—R2
N 5 O K2COs, DMSO (2.0 equiv) NG
1 2
X=Cl, Br, |
Entry 1 2 Yield® (%)
NO
H
”wﬁ )
\ N LY =
15 /@[ S /@ O, 83; X _Br
X 0o 96% X =1
X=Br, | 20
1o
16 /@[ \([.) 90
Br
Ip
* Reaction conditions: N-(2-halophenyl)benzamide (1; 0.5 mmol), CuFe,0, (0.05 mmol), K,COj; (1.0 mmol), DMSO (1.5 mL), 120 °C, 24 h,
under N,.
® Isolated yield.
€90 °C for 24 h.

We also studied the recyclability of the catalyst by exam-
ining the copper(Il) ferrite catalyzed cyclization of N-(2-
bromophenyl)benzamide under the optimized conditions
(Figure 3). After completion of the reaction, the mixture
was cooled to room temperature, and the catalyst was
magnetically separated, washed with deionized water and
diethyl ether, air dried, and then used directly for further
catalytic reactions. The catalyst showed no significant
loss of activity after seven cycles.

2 5 [ T

reaction cycle

97
96
95 |
fo9q
©93
92
a1 r
90

yield (%)

Figure 3 Yields from recycled copper(Il) ferrite catalyst

Finally, we investigated the mechanism of formation of
the benzoxazole derivatives. Reactions of N-(3-iodophe-
nyl)benzamide or N-(3-bromophenyl)benzamide under
the optimized reaction condition gave none of the cycliza-
tion product, indicating that the reaction does not proceed
by a benzyne-type mechanism (Scheme 1).

© Georg Thieme Verlag Stuttgart - New York

CUFGQO4 10 mol%)
nanoparticles @N>_©
\
K>COj3 (2.0 equiv), DMSO (o]

p 90 °C or 120 °C not detected

Scheme 1 Reactions of N-(3-iodophenyl)benzamide or N-(3-bromo-
phenyl)benzamide under the optimized reaction conditions

Next, the reaction of benzamide 1a was tested in the pres-
ence of one equivalent of 2,2,6,6-tetramethylpiperidine 1-
oxyl (TEMPO) as a radical scavenger. No significant dif-
ference was observed in the yield (Scheme 2), ruling out
the presence of radicals during the reaction.

uFe204 (10 mol%)
nanoparticles @N >_®
A\
©: K>COj3 (2.0 equiv) (o]
DMSO, 120 °C

95%

Scheme 2 Reactions of N-(2-bromophenyl)benzamide in the pres-
ence of TEMPO under the optimized reaction conditions
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On the basis of these results and reports in the literature,'?
we propose the mechanism shown in Scheme 3. Initially,
copper(Il) ferrite nanoparticles react with the substrate on
their surface to generate intermediate A. This is then
transformed into intermediate B in the presence of base,
which completes the catalytic cycle by reductive elimina-
tion of the coupled product.

H
RZ
SO
\>—R2 RI—
4 (0]

CuFe204 X
nanopartlcl 1

H 2

N R

oy o

B base

Scheme 3 Possible mechanism for copper(Il) ferrite catalyzed syn-
thesis of benzoxazoles

In conclusion, we have developed a simple and efficient
magnetic copper ferrite nanoparticle-catalyzed method
for the synthesis of substituted benzoxazoles by Ullmann-
type coupling under ligand-free conditions. The protocol
uses cheap, readily available, air-stable, recyclable cop-
per(Il) ferrite as the catalyst and substituted N-(2-halophe-
nyl)benzamides as starting materials, and it gives the
corresponding benzoxazoles in good to excellent yields
under mild conditions. This method provides a new strat-
egy for the synthesis of heterocycles. The strategy, which
involves inexpensive, and efficient recyclable magnetic
copper ferrite catalyst, will attract much attention in both
academia and industry. Studies on further applications of
copper(Il) ferrite magnetic nanoparticles in the synthesis
of heterocycles are in progress in our laboratory.
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J=7.6Hz,2H),7.80(d,J=3.2Hz, | H),7.61 (d,J=3.6
Hz, 1 H), 7.62-7.54 (m, 3 H), 7.38 (d, J= 6.0 Hz, 2 H). 1*C
NMR (200 MHz, CDCl;): § = 163.1, 150.8, 142.1, 131.5,
128.9,127.6,127.2,125.1,124.6,120.0, 110.6. ESI-MS: m/z
=196.3 [M +HJ".

6-Chloro-2-phenyl-1,3-benzoxazole (2j)

Eluent: PE-EtOAc (20:1); white solid; yield: 109 mg (95%);
mp 107-108 °C. 'H NMR (400 MHz, CDCl,): & = 8.26 (d,
J=6.0Hz,2 H), 7.71-7.69 (d, J = 8.4 Hz, 1 H), 7.62-7.53
(m, 4 H), 7.36 (d, J= 8.4 Hz, 1 H). *C NMR (200 MHz,
CDCl;): 6=163.7,151.0, 141.0, 131.8, 130.7, 129.0, 127.7,
126.7, 125.3, 120.5, 111.3. ESI-MS: m/z = 230.5 [M + H]".
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