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Microwave-assisted copper-catalyzed hydroxylation of
aryl halides in water†

Fang Ke,a Xiaole Chen,a Zhengkai Li,b Haifeng Xiangb and Xiangge Zhou*b
Table 1 Optimization of hydroxylation of iodobenzenea
A simple and efficient protocol for microwave-assisted copper-cata-

lyzed hydroxylation of aryl halides is developed. A variety of phenols

can be obtained in moderate to excellent yields of up to 95%. Its

application is performed to synthesize 2,3-dihydroxy-1,4-naph-

thoquinone, which displays significant anti-proliferation effect.
Entry Cu source Ligand Base T/�C t/min Yieldb (%)

1 CuI L1 NaOH 120 30 70
2 CuI L2 NaOH 120 30 61
3 CuI L3 NaOH 120 30 78
4 CuI L4 NaOH 120 30 63
5 CuI L5 NaOH 120 30 43
6 Cu(OAc)2 L3 NaOH 120 30 34
7 CuSO4 L3 NaOH 120 30 50
8 Cu2O L3 NaOH 120 30 46
9 CuCl2 L3 NaOH 120 30 83
10 CuCl2 L3 KOH 120 30 87
11 CuCl2 L3 K2CO3 120 30 72
12 CuCl2 L3 Na2CO3 120 30 66
13 CuCl2 L3 Cs2CO3 120 30 85
14 CuCl2 L3 KOH 110 30 80
15 CuCl2 L3 KOH 130 30 87
16 CuCl2 L3 KOH 120 20 69
17 CuCl2 L3 KOH 120 40 92
18 CuCl2 L3 KOH 120 50 90
Phenols are important building blocks for constructing phar-
maceuticals, polymers and natural compounds, and can serve
as versatile synthetic intermediates in preparing oxygenated
heterocycles.1 Also, they might be traditionally installed in the
early stages of synthesis, potentially leading to regiocontrol
issues in further arene functionalisation, or to instability towards
oxidation.2 The classical hydroxylation methods to prepare
phenols are usually carried out under harsh reaction conditions.3

For example, the reactions of non-activated substrates to form
phenols are typically proceeded under high temperature around
200–350 �C,4 which would be incompatible with sensitive func-
tionality. The milder catalytic methods through a two-step
coupling procedure was then developed by Hartwig and co-
workers.5 Aer that, several groups have developed efficient
palladium-catalyzed hydroxylation processes of aryl halides with
hydroxide derivatives.6 Considering the cost and environmental
factor, the development of copper or iron catalytic system
enabling the direct hydroxylation of aryl halides has become an
important goal. Recently, an iron-catalyzed method has been
reported for conversion of aryl halides to phenols in water at
180 �C.7 We and others also reported efficient copper-catalyzed
synthesis of phenols from aryl halides under mild conditions.8

On the other hand, microwave (MW)-assisted synthetic
method has been reported in many cases to be able to speed up
19 — L3 KOH 120 40 Trace
20 CuCl2 — KOH 120 40 20
21c CuCl2 L3 KOH 120 40 30

a Unless otherwise noted, the reactions were carried out using
iodobenzene (1.0 mmol), Cu source (10 mol%), ligand (10 mol%),
base (2.0 mmol) and (n-Bu)4NBr (10 mol%) in water (3 mL) under
microwave 200 W. b Determined by GC with 1,4-dichlrobenzene as
internal standard. c Without addition of (n-Bu)4NBr.
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Table 2 Microwave-assisted hydroxylation of aryl halides catalyzed by CuCl2/L3
in watera

Entry Aryl halide Product Yieldb (%)

1
92 (X ¼ I)
79 (X ¼ Br)
52 (X ¼ Cl)

2
84 (X ¼ I)
75 (X ¼ Br)

3
78 (X ¼ I)
63 (X ¼ Br)

4
95 (X ¼ I)
83 (X ¼ Br)

5 88

6
86 (X ¼ I)
78 (X ¼ Br)

7 82

8 72

9 85

10 63

11 79

12 85

13 79

14 84

15 83

16 78

17 73

18 76

19 63

Table 2 (Contd. )

Entry Aryl halide Product Yieldb (%)

20 79

21 82

22
83 (X ¼ I)
75 (X ¼ Br)

23 83

24 78

a Reactions were carried out using aryl halide (1.0 mmol), CuCl2 (10 mol
%), L3 (10mol%), KOH (2.0 mmol) and (n-Bu)4NBr (10mol%) in water (3
mL) at 120 �C for 40 min under 200 W. b Isolated yield aer column
chromatography.
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the rates of reactions as well as improve yields and inuence
selectivities.9 The combination of microwave and metal catal-
ysis has become one of the ways in future “green” catalytic
protocols.10 Moreover, water has attracted much attention as a
reaction medium because of its low cost, availability, safety and
environmental-friendliness.11 In continuation of our endeavors
to develop environmentally friendly protocols,12 herein we
disclose hydroxylation of aryl halides catalyzed by readily
available CuCl2 with proline lithium in water under microwave
irradiation.

To optimize the reaction conditions, iodobenzene was rstly
chosen as the model substrate. Selected results from the
screening experiments are summarized in Table 1. Screening of
several ligands indicated the most tful one was proline lithium
L3 with 78% yield (Table 1, entries 1–5), which also exhibited
high efficacy in other copper catalyzed coupling reactions
involving aryl halides.13 Among the copper salts used, CuCl2 was
superior to others including CuI, CuSO4, Cu(OAc)2, and Cu2O
(Table 1, entries 6–9). Control experiments conrmed that
either of copper salt and ligand was essential for the reaction
(Table 1, entries 19 and 20). Test of different bases revealed
KOH to be better than others to gave the product in 87% yield
(Table 1, entries 10–13). The effects of reaction time and
temperature were also studied, 120 �C and 40 min were optimal
reaction conditions. Meanwhile, phase transfer reagent seemed
to be benecial for the reaction, and only 30% yield was
obtained in the absence of it (Table 1, entry 21). Therefore, the
optimal reaction conditions for the microwave-assisted copper-
catalyzed hydroxylation were aryl halide (1.0 mmol), CuCl2
(10 mol%), ligand (10 mol%), (n-Bu)4NBr (10 mol%), and KOH
This journal is ª The Royal Society of Chemistry 2013
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(2.0 equiv.), at 120 �C with water (3.0 mL) as the solvent for
40 min under 200 W microwave.

With the optimal reaction conditions established, a variety
of substituted aryl halides were examined and the results are
summarized in Table 2. In general, aryl iodides were more
reactive than aryl bromides and aryl chlorides with higher
yields, and diphenyl ethers were not detected in the reaction.
Catalytic hydroxylation reactions of dihalogenated aryl halides
resulted in good chemoselectivity between aryl iodide, bromide
or chloride (Table 2, entries 10–12). Electron-withdrawing
substituents seemed to be more benecial to the reaction, and
the highest yield (95%) was obtained by using 4-iodoni-
trobenzene (Table 2, entry 4). Functional groups such as methyl,
methoxy, nitro, hydroxy, ketone carboxyl acid, aldehyde, cyano
and uoro groups were well-tolerated under the reaction
conditions (Table 2, entries 2–10). Moreover, sterically
demanding such as ortho substituents did not hamper the
reaction and the corresponding products were obtained in good
yields (Table 2, entries 13–17). Furthermore, the copper catalyst
also exhibited efficiency in coupling reactions to obtain more
challenging phenols bearing heterocycles such as pyridine,
pyrimidine, and quinoline, thus allowing access to heterocyclic
phenolic derivatives in numerous appealing compounds (Table
2, entries 22–24).

Due to the increasing interests in naphthalene derivatives for
their activities in biological, medicinal and pharmaceutical
applications, the catalytic system was then successfully applied
in the synthesis of 2,3-dihydroxy-1,4-naphthoquinone.14 As
show in Scheme 1, the desired product could be achieved in
high yields under the optimized reaction conditions up to 93%.
Furthermore, the obtained 2,3-dihydroxy-1,4-naphthoquinone
was then used in MTT assay, which displayed signicant anti-
proliferation effect on both tested human cancer cell lines, K562
and CNE2 (Fig. 1). And the IC50 values obtained against K562
cells and CNE2 cells were 3.0 mM and 3.1 mM, respectively.
Fig. 1 Relationship between inhibition rate for K562 and CNE2 cells and initial
concentration.

Scheme 1 Synthesis of 2,3-dihydroxy-1,4-naphthoquinone in water.

This journal is ª The Royal Society of Chemistry 2013
In summary, we have developed a simple, economical and
efficient microwave-assisted copper-catalyzed method for the
synthesis of phenols. Proline lithium was used as ligand during
the copper catalysis, and environmentally friendly water was
used as solvent. The microwave irradiation as an efficient
source of energy lowered the environmental impact of the
transformation, allowing us to accomplish the hydroxylation in
a few minutes. By using this protocol, the hydroxylation of aryl
iodides, bromides and even aryl chlorides proceeded well under
mild conditions. The method is of high tolerance towards
various functional groups in the substrates, and the synthesis of
these compounds will attract much attention in academic and
industrial research. Further studies into the reaction mecha-
nism, and its application in synthesis will be reported in due
course.

This project was supported by Natural Science Foundation of
China (no. 21072132 and 21272161) and Research Fund of
Fujian Medical University (2011BS006), Fujian Provincial
Foundation (2012J05150).
Notes and references

1 J. H. P. Tyman, Synthetic and Natural Phenols, Elsevier, New
York, 1996.

2 (a) H. Hock and S. Lang, Ber. Dtsch. Chem. Ges. B, 1944, 77,
257–264; (b) D. A. Whiting, in Comprehensive Organic
Chemistry: The Synthesis and Reactions of Organic
Compounds, ed. D. Barton and W. D. Ollis, Pergamon
Press, Oxford, 1979, vol. 1, pp. 717–737; (c) P. Hanson,
J. R. Jone, A. B. Taylor, P. H. Walton and A. W. Timms,
J. Chem. Soc., Perkin Trans. 2, 2002, 1135–1150.

3 (a) E. J. Rayment, N. Summerhill and E. A. Anderson,
J. Org. Chem., 2012, 77, 7052–7060; (b) R. E. Jr Maleczka,
F. Shi, D. Holmes and M. R. III Smith, J. Am. Chem. Soc.,
2003, 125, 7792–7793; (c) T. George, R. Mabon,
G. Sweeney, J. B. Sweeney and A. Tavassoli, J. Chem. Soc.,
Perkin Trans. 1, 2000, 2529–2574; (d) S. Bracegirdle and
E. A. Anderson, Chem. Commun., 2010, 46, 3454–3456; (e)
S. Paul and M. Gupta, Tetrahedron Lett., 2004, 45, 8825–
8829; (f) R. Paul, M. A. Ali and T. Punniyamurthy,
Synthesis, 2010, 4268–4272; (g) A. G. Sergeev, J. D. Webb
and J. F. Hartwig, J. Am. Chem. Soc., 2012, 134, 20226–
20229.

4 Patai Series: The Chemistry of Functional Group. The Chemistry
of Phenols, ed. Z. Rappoport, Wiley, Chichester, 2003.

5 G. Mann, C. Incarvito, A. L. Rheingold and J. F. Hartwig,
J. Am. Chem. Soc., 1999, 121, 3224–3225.

6 (a) K. W. Anderson, T. Ikawa, R. E. Tundel and
S. L. Buchwald, J. Am. Chem. Soc., 2006, 128, 10694–10695;
(b) M. C. Willis, Angew. Chem., Int. Ed., 2007, 46, 3402–
3404; (c) B. J. Gallon, R. W. Kojima, R. B. Kaner and
P. L. Diaconescu, Angew. Chem., Int. Ed., 2007, 46, 7251–
7254; (d) A. G. Sergeev, T. Schulz, C. Torborg,
A. Spannenberg, H. Neumann and M. Beller, Angew. Chem.,
Int. Ed., 2009, 48, 7595–7599; (e) T. Schulz, C. Torborg,
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