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Ullmann type intermolecular coupling of aryl halide with hetero-aromatic compounds, such as phenols,
amines, and thiophenols are key reactions for the formation of carbon-heteroatom bond in organic syn-
thesis. We report a robust and novel method that provides an efficient and economic route for the syn-
thesis of O, N, and S-arylation via Ullman coupling by using nano cerium oxide (ceria, CeO,). CeO, is a
cheaper catalyst compared to related copper based catalysts. This method provides a wide range of sub-
strate applicability in the case of phenols and amines. Less reactive chlorobenzene substituted with
strong electron withdrawing groups such as 4-nitrochlorobenzene and 4-cyanochlorobenzene favor
the reaction. This protocol avoids the use of ligand and gives arylated product in satisfactory yields.

© 2011 Elsevier Ltd. All rights reserved.

Diaryl ethers are important biologically active compounds. K13
and perrottetin are the naturally occurring compounds which con-
tain ether linkage.'® Halituline having N-substituted pyrrole and
VX-745 being an aryl sulfide possesses biological activity.'>¢ Aryl
ethers and N-arylated compounds are widely used in organic syn-
thesis, pharmaceutical, and biological applications.? Polyaromatics
own exclusive characteristics that make them useful as organic con-
ductors or semiconductors. Various reactions have been reported for
the synthesis of aryl ethers and N-arylated compounds. Such com-
pounds are obtained by employing intermolecular reaction between
aryl halide and phenol or amine using Cu or Pd as a catalyst.> Many
copper catalyzed C-0,* C-Nj>* and C-S'> bond formation
reactions have been carried out with or without ligand to form
carbon-heteroatom bond and their applications seem to be impor-
tant.® Various ligands have been used to carry out Ullmann
reaction, such as phosphazene,’® ethylene glycol,”® neocuproine,®¢
N-methyl glycine,”® oxime-phosphine oxide ligand,’® tripod
ligand,”® benzotriazole,” 1,2-diaminocyclohexane,’® p-ketoester,”™
and L-proline.”

The practical applications of nanocrystalline metal oxides as
catalysts in organic synthesis have been increased due to their high
catalytic activity because of high surface area. The recyclability of
the catalyst is the added advantage in the case of these catalysts.
Since the reported catalysts are economically less affordable, there
is a need to develop cheaper catalyst systems. Furthermore,
simpler and more efficient methods for cross-coupling reaction
are also needed. A few reactions are reported in which the catalyst
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is reusable and has the ability to make use of aryl chlorides. Re-
cently, nano Cu0,%* nano Cul,3*" Cu,0,% and Cu nanoparticle®” have
been used for Ullmann type coupling.

The catalytic activity of ceria is well known for CO, fixation and
transalkylation.® In continuation of our interest in exploring the
catalytic activity of CeO, for organic reactions,'® herein we report
its application in O, N, and S-arylation of phenols, amines, and thi-
ols, respectively. CeO, is found to be an efficient, recyclable, and
high yielding catalyst for such reactions. The catalyst was found
to be highly active and afforded good to excellent yield with high
selectivity. The C-0, C-N, and C-S coupling reactions were made
attractive with the use of CeO,, which is cheaper and an alternative
to copper and palladium based catalysts without employing the
ligand.

The CeO, nano particles are prepared by ultrasonically modified
CTAB assisted method.'®'! Figure 1 shows XRD, TEM, SEM, and
EDAX spectra of prepared CeO,. TEM analysis shows particle size
4-5 nm. The calculated surface area was found to be 214 m?/g.

4-Nitrochlorobenzene was chosen as an alkylating agent for
O-alkylation of phenol and this reaction was selected as a model
reaction to test the catalytic activity of the different metal oxides
(Scheme 1).'? Table 1 gives the details about the surface area, par-
ticle size, and catalytic activity of SiO,, ZnO, Al,0s, TiO2, MnO,,
La,03, CeO,, and nano CeO,. The nano CeO, shows better catalytic
activity than bulk CeO, because of the smaller particle size and
high surface area.

This reaction was optimized for various parameters, such as
temperature, base, solvent, and catalyst concentration. The results
are given in Table 2. Initially 20 mol % of nano ceria was used for
optimizing the temperature using DMF as a solvent. It was found
that 87% of the product was formed at 110°C in 3 h. The
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Figure 1. (A) XRD, (B)TEM, (C) SEM, and (D) EDAX spectra of nano CeO, powder.

OH Cl Metal O
_Oxide Table 2
* Influence of the reaction conditions on the O-arylation of phenol®
NO, NO,

Sr. no. Catalyst (mol %) Solvent Base Temp Yield® (%)
Scheme 1. O-arylation of phenol with 4-nitrochlorobenzene catalyzed by various 1 20 DMF K>COs3 RT -
metal oxides. 2 20 DMF K;COs3 60 21
3 20 DMF K,CO3 80 80
4 20 DMF K»CO3 110 87
5 20 Dioxane K,COs3 110 22
Table 1 6 20 Toluene K>CO4 110 20
Influence of the various metal oxides on the O-arylation of phenol® 7 20 Ethanol K>CO3 110 —
Sr. no. Metal oxides Surface area Size Yield ® (%) g ;g gmgg :Zggz é(l)O gg
1 Sio, 60-120 mesh 48 10 20 DMSO K,CO3 80 53
2 Zn0O 12.16 mZ/g - 45 11 20 DMSO KOH 110 96
3 Al,03 — 150-300 mesh 51 12 20 DMSO K3PO4 110 95
4 TiO, 14.68 m?/g — 47 13 20 DMSO NaHCO; 110 12
5 MnO, — 22 pm 28 14 20 DMSO N(Et)3 110 -
6 La,03 - 14 pm 23 15 15 DMSO KOH 110 94
7 CeO, 11 m?/g — 78 16 10 DMSO KOH 110 95
8 CeO; (nano) 214 m?[g* 4-5nm 87 17 5 DMSO KOH 110 96
18 25 DMSO KOH 110 96
2 Reaction conditions: phenol (1.2 mmol), 4 nitro chlorobenzene (1 mmol),
potassium carbonate (1.2 mmol), 1 mL DMF, and 20 mol % catalyst for 3 h at 110 °C. 2 Reaction conditions: phenol (1.2 mmol), 4 nitro chlorobenzene (1 mmol), base
" Isolated yield. (1.2 mmol), and 1 mL solvent for 3 h.

¢ Calculated by formula. b Isolated yield.
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Table 3
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O-arylation of phenol with different chlorobenzene®

Sr. No Chlorobenzene Time (h) Yield ® (%)
1 Chlorobenzene 10 —

2 Bromobenzene 10 —

3 Iodobenzene 10 —

4 4-Nitrochlorobenzene 3 96

5 2-Nitrochlorobenzene 3 92

6 4-Cyanochlorobenzene 4 65

7 4-Chlorobenzaldehyde 5 <10

8 4-Chlorotoluene 10 —

9 4-Dichlorobenzene 10 —
2 Reaction conditions: phenol (1.2 mmol), chlorobenzene (1 mmol), KOH

(1.2 mmol), 1 mL DMSO and 2.5 mol % catalyst at 110 °C in air.

b Isolated yield.

Table 4

0, N and S-arylation with 4-nitrochlorobenzene®

temperature below 110 °C lowers the yield. DMSO was found to be
the best solvent after screening various solvents. KOH as base gave
maximum yield in comparison with bases, such as K3PO4, N(Et)s,
NaHCOs3, and K,COs. The 2.5 mol % catalyst concentration was suf-
ficient to give maximum yield of the required product.

We have also explored different aryl chlorides for the same
reaction under the optimized conditions. The results are shown
in Table 3. It was observed that chlorobenzene with electron with-
drawing groups gives the respective product. The reactivity of
chloro compound decreased in the order of 4-NO,, 4-CN, and 4-
CHO groups. 2-Nitrochlorobenzene also gave excellent yield of
the product which ruled out the steric effect. The results also show
that chlorobenzene, iodobenzene, and bromobenzene were inef-
fective for the reaction. Hence it was concluded that the cerium

Sr.no. Phenol/amine/thiophenol Product Time (h)/Yield® (%)
OH o
1 ©/ \© 3/96
OH o}
2¢ ©/ \©\ 45 min/98
NO,
OH e}
3 /©/ O @ 6/83
O,N O,N NO, /
OH (o}
4 IS JOMb! 1584
cl cl NO,
OH o}
5 /© /© @ 2/72
NO,
OH o}
6 IS oL 2/54
(H3C)3C (H3C)3C NO,
OH o}
g CL 4
NO,
NH, H
N
8 @ ©/ @ 6/46
NO,
/1 - N—@—No
9 Q C 2 8/80
H
N N=\
I \N—©—No
10 <—N» & 2 8/90
H
/ -
11 (N\/© 6 NO, 1.5/91
H
H N=\
N
: fo O
N
(\O /~\
13 HY_J o\_/N—<i>—No2 10/96
/\ /\ —/\
14 ” _/N-Q—Noz 9/42
SH S
15 @ @ 2/80
NO,

¢ Reaction conditions: phenol/amine/thiophenol (1.2 mmol), 4-nitrochlorobenzene (1 mmol), KOH (1.2 mmol), 1 mL DMSO, and 2.5 mol %
catalyst at 110°C in air.

b Isolated yield.

¢ Using 4-nitroiodobenzene.
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Table 5

Recyclability of nano CeO,*
Run Fresh Run 1 Run 2 Run 3
% Yield® 96 95 91 90

¢ Reaction conditions: phenol (1.2 mmol), 4-nitrochlorobenzene (1 mmol), KOH
(1.2 mmol), 1 mL DMSO, and 2.5 mol % catalyst at 110 °C for 3 h.
b Isolated yield.

oxide can only catalyze the coupling reaction in which strong elec-
tron withdrawing group is attached to the aryl chloride.

Various substituted phenols, amines, heterocyclic amines, and
thiophenols were also successfully coupled with 4-nitrochloroben-
zene to obtain respective O, N, and S-arylated products (Table 4).
Both the electron donating and electron withdrawing substituents
on the phenol afforded the corresponding O-arylated product with
good to excellent yield. Thiophenol also reacts with 4-nitrochloro-
benzene and gives the product with satisfactory yield.

The reusability of the catalyst was checked for three cycles. The
catalyst was separated by centrifugation, washed twice with
dichloromethane, dried and then used for subsequent run. It was
found that the catalyst activity decreases slightly for the next cycle
(Table 5).

In conclusion, we have prepared nano CeO, catalyst for Ullmann
type coupling between 4-nitrochlorobenzene and variety of phe-
nols, amines, and thiophenols. The given methodology is an effi-
cient, inexpensive, and environmentally benign heterogeneous
catalyst system for the efficient carbon-heteroatom coupling un-
der ligand-free conditions. This recyclable catalyst offers advanta-
ges like simple work-up and high yields.
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General procedure for synthesis of nano ceria: CeO, nanoparticles were prepared
by adding ammonia solution to an aqueous solution of cerium (III) nitrate in
the presence of CTAB. In a typical procedure, added 1g of Ce(NOs); in a
solution of CTAB dissolved in 100 cm?® of water. Mole ratio of Ce/CTAB was kept
at unity. pH of the solution was adjusted between 10-11 by adding 25%
ammonia solution under vigorous stirring for 2-3 h. The resulting mixture was
ultrasonicated for 10 min and then filtered off. The obtained precipitate was
washed with water and subsequently with acetone and dried at 120 °C for
12 h. It was then calcined at 500°C for 3 h. The prepared CeO, was
characterized with various techniques, such as X-ray diffractograms (XRD),
Fourier Transform Infra-Red Spectroscopy (FT-IR), Transmission Electron
Microscope (TEM), Field Emission Gun-Scanning Electron Microscopes (FEG-
SEM) coupled with EDAX.

General procedure for the O-alkylation with 4-nitrochlorobenzene: In a 25 mL
round bottomed flask was taken a mixture of phenol/amine/thiophenol
(1.2mmol, 0.112g), 4-nitrochlorobenzene (1 mmol, 0.157 g), base KOH
(1.2 mmol, 0.08 g) and 1 mL DMSO was added. Further 2.5 mol % catalyst
(4.5 mg) was added to the reaction mixture. The reaction mixture was heated
to 110 °C for appropriate time. Reaction is monitored on TLC. After completion
of the reaction the catalyst was separated by centrifugation and subsequently
washed with dichloromethane. The reaction mixture was diluted with water
and the product was extracted by dichoromethane (3 x 10 cm?). The organic
layer was dried over anhydrous sodium sulfate and was evaporated under
reduced pressure to give the product. The product was purified by column
chromatography by using pet ether and ethyl acetate solvent system. The
purified product was then confirmed by its spectral analysis after analyzing by
IR, 'TH NMR, and mass spectra.
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