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A PEG,,,,-DAIL[CdCI;]-toluene temperature-
dependent biphasic system that regulates
homogeneously catalyzed C-O coupling of organic
halides with phenols and alcohols under ligand-

free conditions

Yu Lin Hu, Xiao Yun Ma, and Ming Lu

Abstract: An efficient, experimentally simple, and convenient procedure for the C—O coupling of organic halides with
phenols and alcohols in a PEGigo0-DAIL[CdCl3]-toluene temperature-dependent biphasic system has been developed. The
product can be easily isolated by a simple decantation, and the catalytic system can be recycled and reused without loss of

catalytic activity.

Key words: C-O coupling, organic halide, ionic liquid, thermoregulated ionic liquid biphasic system.

Résumé : On a mis au point une méthode commode, efficace et expérimentalement simple de faire un couplage C-O
d’halogénures organiques avec des phénols et des alcools dans un systeme biophysique PEGo00-DAIL[CdCl3]-toluéne qui
varie avec la température. Les produits peuvent étre facilement isolés par une simple décantation et le systéme catalytique
peut étre recyclé et réutilisé dans perte d’activité catalytique.

Mots-clés : couplage C-O, halogénure organique, liquide ionique, systéme biphasique de liquide ionique soumis a une

thermorégulation.

[Traduit par la Rédaction]

Introduction

The carbon—oxygen bond-forming reaction is one of the
most fundamental transformations because of the large num-
ber of applications of the resulting compounds (ethers) in or-
ganic, pharmaceutical, and polymer chemistry.!> The usual
synthetic methods for such a conversion include the Wil-
liamson ether synthesis,>* Ullmann coupling,>¢ palladium-
catalyzed couplings of aryl halides,’””' C-O couplings of
arylboronic acids with phenols,!12 iron-catalyzed cou-
plings,!3-14 and other coupling reactions.’>-17 However, these
protocols, are generally associated with one or more disad-
vantages, such as long reaction times, high reaction temper-
atures, high catalyst loading, tedious work-up procedures,
poor substrate scope, moisture sensitivity, costly metal
catalysts, difficulty of catalyst recovery, and environmental
toxicity. To overcome these limitations, some significant
modifications have been made for the Ullmann ether synthe-
sis during the past few years. It has been observed that cer-
tain additives, such as 8-hydroxyquinoline,!® N,N-dimethyl
glycine,!® 1-naphthoic acid,?® 2,2,6,6-tetramethylheptane-
3,5-dione,?! tripod ligands,?? Schiff base,?? PPAMP,2* triphe-
nylphosphine,?> neocuproine,2® nitrogen-based multidentate
ligands,?” phosphorus dendrimer ligands,2® and some cop-

per(I) complexes,? can accelerate the rate of the reactions,
and therefore, the reactions can be performed under milder
conditions. Whilst these remarkable advances in the field of
Ullmann coupling are exceedingly beneficial, most of the re-
actions still require long reaction times of more than 24 h,
elevated reaction temperatures, and high catalyst loading,
and entail difficulties in recycling of the catalyst. Therefore,
the introduction of new and environmentally benign proce-
dures that address these drawbacks continues to be of value
and interest.

The room-temperature ionic liquid, a kind of environmen-
tally friendly solvent and catalyst because of its adjustable
physical and chemical properties, got broad attention from
scholars in various fields such as synthesis, catalysis, separa-
tion, and electrochemistry.’%-3! In view of both the advan-
tages and disadvantages of homogeneous and heterogeneous
catalysis, and to improve catalyst recovery, some novel
temperature-dependent ionic liquid biphasic catalytic sys-
tems have been reported recently,?2-34 and in our research
project group, Luo and co-workers very recently reported a
new PEGjyy-based dicationic ionic liquid (PEG ) -DAIL)
exhibiting temperature-dependent phase behavior with tol-
uene, and applied it successfully in a one-pot synthesis of
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Scheme 1. Carbon—oxygen coupling of organic halides with phenols and alcohols.

X R"OH, PEG10o-DAIL[CACl3] OR"

R R Toluene, K,CO3, 95 °C R R

R, R" = aryls, alkyls; R"= H, aryls, alkyls
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DAIL[CdCI3]; n = 1000, PEGggo-DAIL[CACI] (ii) n = 1000: PEG4gg0-
DAIL[FeCl3] (anion = FeCls); PEG1goo-DAIL[FeCls] (anion = FeCly);
PEG 1900-DAIL[CUCI;] (anion = CuCly); PEGgpo-DAIL[CuCl3] (anion =
CuClz); PEG1gg9-DAIL[ZNCL] (anion = ZnCl3); PEGggo-DAIL[PaCls]

2 [anion] ©

DAIL[AICI4] (anion = AIC,)

(anion = PaCl3z); PEG1p00-DAILIMNCL] (anion = MnCl3); PEG1go0-

benzopyrans.>> They found that the ionic liquid showed
some advantages such as high conversions and selectivity,
stability at high temperatures, and reusability in the reaction,
and it provides a novel route for the separation and recy-
cling of catalysts. Herein, we report a convenient and effi-
cient procedure for the C-O coupling of organic halides
with both phenols and alcohols to synthesize aryl ethers cat-
alyzed by PEGyy-based dicationic ionic liquid (PEG -
DAIL[CdCI;]) under ligand-free conditions (Scheme 1).

Results and discussion

The investigation was initiated by using the coupling of
4-iodonitrobenzene with phenol as a model reaction
(Table 1). At first, catalysts of different types of ionic
liquids were tested in this model reaction (Table 1, entries
1-11) with K,CO5; as base, and the results showed that
PEGgo-DAIL[CdCl3] demonstrated the best performance
(Table 1, entry 3). No product was detected in the absence
of ionic liquid as a catalyst (Table 1, entry 12). For compar-
ison on the efficiency of different bases in the couplings
(Table 1, entries 3 and 14-18), both K,CO; and Cs,CO;
were found to be effective bases for this aryl ether formation
(Table 1, entries 3 and 15). Other bases, including K3;POy,
Na,CO3, and some organic bases such as Et;N and pyridine,
gave lower yields (Table 1, entries 14 and 16-18). The
bases had a large effect on the reaction and were crucial for
achieving high yields because a much lower yield (65%)
was obtained in the absence of a base (Table 1, entry 13).
Therefore, the combination of less expensive base K,COj;
and PEG(y-DAIL[CdCl3] was chosen as the optimal condi-
tion for further exploration.

In addition, the catalytic system could be typically recov-
ered and reused for subsequent reactions with no appreciable
decrease in yields and reaction rates (Fig. 1). The recycling
process involved the removal of the top oil layer (toluene,
containing product) by decantation. The bottom aqueous
layer (PEGggo-DAIL[CdCI5]) was concentrated under vac-
uum and then filtered. Fresh substrates and toluene were
then recharged with the residual PEGyy-DAIL[CdCI;] and
the mixture was heated to react once again.

With these optimized reaction conditions in hand, we em-
ployed a variety of organic halides in an attempt to synthe-
size different aryl ethers, as shown in Table 2. Various types
of aryl, benzylic, allylic, and aliphatic halides were success-
fully converted to the corresponding ethers with phenol
(Table 2, entries 1-24), whereas the aliphatic halides were
less reactive, and higher reaction temperature and longer re-
action time were needed to reach good yields (Table 2, en-
tries 16 and 17). Aryl halides with electron-withdrawing
substituents (Table 2, entries 6-10, 12, 13, and 15) were
more reactive than those with or without electron-donating
substituents (Table 2, entries 1-5, 11, and 14). It was also
observed that the reactions were faster with benzylic and al-
lylic halides (Table 2, entries 18-24) than with aryl halides
(Table 2, entries 1-15). Moreover, the halogen sources
greatly influenced the reaction. Taking aryl halides as an ex-
ample, the reaction activity decreased in the order iodoben-
zene > bromobenzene > chlorobenzene (Table 2, entries 1,
11, and 14). In addition, to examine a greater range of hy-
droxy substrates to better illustrate the scope and limitations
of this protocol, we investigated the reactions with phenols
and alcohols using 4-iodonitrobenzene as a representative
organic halide (Table 2, entries 25-30). The experimental
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Table 1. Optimization studies for the coupling of 4-iodonitrobenzene with

phenol.
Entry Ionic liquid Base Time (h) Yield (%)*
1 PEGg0-DAIL[CACl3] K>CO3 8 87
2 PEGgpo-DAIL[CdCI3] K,CO3 8 92
3 PEGp00-DAIL[CACI3] K>CO3 8 95
4 PEG p00-DAIL[FeCl3] K>CO3 8 82
5 PEGp00-DAIL[FeCl4] K»CO;3 8 91
6 PEG 000-DAIL[CuCl;] K>CO3 8 84
7 PEG000-DAIL[CuCl3] K»COs3 8 81
8 PEGp00-DAIL[ZnCl3] K,CO3 8 89
9 PEGp00-DAIL[PACl3] K>CO3 8 86
10 PEG000-DAIL[MnCls] K>CO3 8 74
11 PEGp00-DAIL[AICl4] K»CO;3 8 71
12 — K»CO3 24 0
13 PEG000-DAIL[CACI3] — 14 65
14 PEG00-DAIL[CdCIs] K3POy4 8 88
15 PEG00-DAIL[CdCI;] Cs,CO3 8 94
16 PEGp00-DAIL[CACl3] Na,CO3 8 85
17 PEG000-DAIL[CdACl3] Et;N 8 76
18 PEG000-DAIL[CACl3] Pyridine 8 81

Note: DAIL, dicationic ionic liquid. The reactions were carried out with 4-iodonitro-
benzene (2.4 mmol), phenol (2 mmol), base (2 mmol), and ionic liquid (0.4 mmol) in

toluene (5 mL) at 95 °C.
“Isolated yield.

Fig. 1. Repeating reactions using recovered PEG1opo-DAIL[CdCl3].
DAIL, dicationic ionic liquid.
100 ¢

Tield (%)
o
m

70
1 2 3 4 a B 7 g

Cyele

results indicated that substituents on the phenol ring have a
great influence on the reaction. For example, substitution of
a methyl or methoxy group at the position of phenol incurs a
reduction in both yield and reaction rate (Table 2, entries 25
and 26). Finally, the reactions are faster with phenols
(Table 2, entries 25-28) than with alcohols (Table 2, entries
29 and 30).

The excellent reaction results of the catalytic system sug-
gest that the coupling among organic halides, phenols, or al-
cohols, K,COs;, toluene, and PEGyy-DAIL[CdCI;3] has a
particular catalytic process, which is schematically depicted
in Fig. 2. Before the coupling, there exists an obvious bipha-
sic system, and the bottom layer consists of PEG -
DAIL[CdCI;] and K,CO3;, and the top layer consists of tol-
uene and substrates. During the process of coupling, the bi-
phasic system disappears and a homogeneous reaction
medium is formed. After the completion of the reaction, a
complete phase separation is formed again after being
cooled to room temperature. The next process involves the

removal of the oil layer by decantation; the bottom aqueous
layer is concentrated by removing the water produced in the
reaction under vacuum and then filtered. Fresh substrates
and toluene are then recharged to the recovered PEGg-
DAIL[CdCI3] and then recycled. The PEGyy-DAIL[CdCI5]
plays a very important role in the coupling process to locally
concentrate the reacting species by exhibiting a temperature-
dependent phase behavior with methylcyclohexane (i.e., the
thermoregulated biphasic behavior of monophase under high
temperature and biphase under room temperature), which
leads to a large increase in the effective reactant concentra-
tion and excellent results of the coupling.

Conclusion

In conclusion, we have developed an experimentally sim-
ple and efficient protocol for the C—O coupling of organic
halides with phenols and alcohols in a PEGyy-
DAIL[CdCl3]-toluene temperature-dependent biphasic sys-
tem. A wide range of aryl, benzylic, allylic, and aliphatic
halides were found to be applicable to the catalytic system.
Advantages of our procedure include simplicity of operation,
high yields, easy isolation of products, good thermoregulated
biphasic behavior of the ionic liquid, and excellent recycla-
bility of the catalyst. Efforts to define the coupling mecha-
nism and expand the utility of the environmentally benign
catalytic system to other organic synthesis are currently
under study in our laboratory.

Experimental

All the chemicals were obtained from commercial sources
without any pretreatment. All reagents were of analytical
grade. The ionic liquids were synthesized according to liter-

Published by NRC Research Press



Can. J. Chem. Downloaded from www.nrcresearchpress.com by George Mason University on 02/18/13
For personal use only.

474

Table 2. Catalytic coupling of various organic halides.

Can. J. Chem. Vol. 89, 2011

Entry Organic halides R;0H

Time (h)  Products and yields (%)"

5
o
2

7
%
?

ature procedures.3%-35 'H NMR spectra were recorded on a
Bruker 400 MHz spectrometer using CDCl; as the solvent
with tetramethylsilane (TMS) as an internal standard. High-
performance liquid chromatography (HPLC) experiments
were performed on a liquid chromatograph (Dionex Softron
GmbH, America), consisting of a pump (P680) and UV-vis

OH

OH

OH

OH

OH

OH

11
91

b Yo

14
92
2
o :
14
OCH; g
3

14
14 \©
90

light detector (UVD) system (170U). Elemental analyses
were performed on a Vario EL III instrument (Elmentar An-
alysen Systeme GmbH, Germany).

General procedure for coupling reactions
To a stirred solution of organic halide (2.4 mmol), R;OH
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Table 2. (continued).

475

Entry Organic halides

R;0H

Time (h)  Products and yields (%)“

11

2
g
R
>
:

NO,

(2 mmol), and PEG-DAIL[CdCl3] (0.4 mmol) in toluene
(5 mL) was added K,COj3; (2 mmol). Stirring was continued
at 95 °C for an appropriate time, the reaction progress being
monitored by HPLC. Upon completion, the mixture was

OH

O

.
.
.
.
.

SO

8
NO, 95
7
O
- ©
C

8

SO

N 95
CD)
94

9
O
8
F 92
10
O :
14
86
11
O :
10
12

cooled to room temperature. The organic phase was sepa-
rated by decantation and then rinsed with water (3 X
10 mL) and dried with anhydrous sodium sulfate. The crude
mixture was purified by column chromatography on silica
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Table 2. (continued).
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Entry Organic halides R;OH Time (h)  Products and yields (%)*
Br o} i
OH
13 @ 10
(0] (6] 91
13
Cl OH (@) :
14 © 18 ©
82
14
Cl OH (0) :
15 NO, (5 14 O=N \©
89
15
I NN
(0)
OH
16 /\/\/\CI 24b
81
16
N N
(@)
OH
17 /\/\/\Br 24b
84
17
o/\/
OH
18 X" 7
89
18

gel to afford the product with high purity. The next run was
performed under identical reaction conditions. All the prod-
ucts were confirmed by 'H NMR or elemental analysis or
compared with their authentic samples.

Spectral data of selected products

1-Methyl-4-phenoxybenzene (2)

'H NMR (400 MHz, CDCls) 8: 2.31 (s, CH;, 3H), 6.89—
7.01 (m, Ar-H, 4H), 7.05-7.09 (m, Ar-H, 1H), 7.12-7.16
(m, Ar-H, 2H), 7.29-7.35 (m, Ar-H, 2H). Anal. calcd for
Cy3H,0: C 84.73, H 6.56, O 8.69; found: C 84.75, H 6.57,
O 8.68.

1-Methoxy-4-phenoxybenzene (3)

'H NMR (400 MHz, CDCl5) 8: 3.78 (s, CH3, 3H), 6.86—
6.93 (m, Ar-H, 2H), 6.96-7.02 (m, Ar-H, 4H), 7.05-7.11
(m, Ar-H, 1H), 7.27-7.33 (m, Ar-H, 2H). Anal. calcd for
Cy3H,0,: C 77.95, H 6.04, O 15.99; found: C 77.98, H
6.04, O 15.98.

1-Nitro-4-phenoxybenzene (7)

'H NMR (400 MHz, CDCl3) 8: 6.93-6.97 (m, Ar-H, 2H),
7.01-7.05 (m, Ar-H, 2H), 7.24-7.27 (m, Ar-H, 1H), 7.47—-
7.54 (m, Ar-H, 2H), 8.11-8.16 (m, Ar-H, 2H). Anal. calcd
for C;,HgNO5: C 66.94, H 4.23, N 6.50, O 22.32; found: C
66.97. H 4.22. N 6.51. O 22.30.
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Table 2. (continued).

4-Phenoxybenzonitrile (8)

&

Entry Organic halides R;0H Products and yields (%)*
=
- o /\/\©
. ©/\/\
92
19
0]
CH,CI OH \©
20
94
20
(0]
H>ClI
GHac o |®
96
21
(0]
S
OH
OCHs
OCH, o7
22
0]
CH,CI \©
OH
NO,
NO, 90
23
0]
CH.CI OH \©
2 90
96
24

'H NMR (400 MHz, CDCl3) 8: 6.89-6.93 (m, Ar-H, 2H),
6.97-7.01 (m, Ar-H, 2H), 7.17-7.21 (m, Ar-H, 1H), 7.34—
7.38 (m, Ar-H, 2H), 7.71-7.76 (m, Ar-H, 2H). Anal. calcd
for C;3HgNO: C 79.96, H 4.66, N 7.17, O 8.21; found: C
79.98, H 4.65, N 7.17, O 8.20.

1-Methyl-4-(phenoxymethyl)benzene (21)

'H NMR (400 MHz, CDCl3) 8: 2.32 (s, CH3, 3H), 5.13 (s,
CH,, 2H), 6.92-7.03 (m, Ar-H, 3H), 7.08-7.17 (m, Ar-H,
4H), 7.27-7.34 (m, Ar-H, 2H). Anal. calcd for C4H4,0: C

84.77, H 7.13, O 8.09; found: C 84.81, H 7.12, O 8.07.

1-Methoxy-4-(phenoxymethyl)benzene (22)

'H NMR (400 MHz, CDCls) 8: 3.81 (s, CHs, 3H), 5.12 (s,

1-Methoxy-4-(4-nitrophenoxy)benzene (26)

'H NMR (400 MHz, CDCls) 8: 3.81 (s, CH;, 3H), 6.94—
6.97 (m, Ar-H, 2H), 7.16-7.19 (m, Ar-H, 2H), 7.38-7.42
(m, Ar-H, 2H), 8.14-8.18 (m, Ar-H, 2H). Anal. calcd for
Ci3sH;{NOy4: C 63.63, H 4.52, N 5.71, O 26.12; found: C
63.67, H 4.52, N 5.71, O 26.10.

1-(Cyclohexyloxy)-4-nitrobenzene (29)

'H NMR (400 MHz, CDCly) 8: 1.32 (m, CH,, 2H), 1.46
(m, CH,, 4H), 1.87 (m, CH,, 4H), 3.72 (m, CH, 1H), 7.32-
7.38 (m, Ar-H, 2H), 8.12-8.16 (m, Ar-H, 2H). Anal. calcd

477

CH,, 2H), 6.89-7.06 (m, Ar-H, 7H), 7.29-7.35 (m, Ar-H,
2H). Anal. caled for Cy,H;,0,: C 78.46, H 6.59, O 14.94;
found: C 78.48, H 6.59, O 14.93.

Published by NRC Research Press



Can. J. Chem. Downloaded from www.nrcresearchpress.com by George Mason University on 02/18/13
For personal use only.

478

Table 2. (concluded).

Can. J. Chem. Vol. 89, 2011

Entry Organic halides R;0H Time (h)  Products and yields (%)*
OH Q
25 © © 14
NO, NO, 91
25
OH O
.0 s
NO, OCH3 NO, 89
26
OH O
;O o
N02 N02 N02 98
27
<
| OH O
e O
NO, CN NO, 97
28
O :
OH
29 24¢
NO, NOz g4
29
O/\/
30 © _~_OH 24¢
NO2 g2
NO, 30

Note: Unless otherwise noted, the reactions were carried out with organic halide (2.4 mmol),
R;0H (2 mmol), K,CO3 (2 mmol), PEG0-DAIL[CdCl;5] (0.4 mmol), in toluene (5 mL) at 95 °C.

“Isolated yield.
" The reaction was carried out at 105 °C.

Published by NRC Research Press



Hu et al.

479

Fig. 2. Thermoregulated ionic liquid biphase catalytic process for the C-O coupling.
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for C,HsNO3: C 65.10, H 6.83, N 6.34, O 21.71; found: C
65.14, H 6.83, N 6.33, O 21.69.
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