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ABSTRACT

An efficient microwave-assisted, palladium-catalyzed hydroxylation of aryl chlorides in the presence of a weak base carbonate was developed,
which rapidly converts aryl and heteroaryl chlorides to phenols, and can be used when the aryl chloride is functionalized with a ketone, aldehyde,
ester, nitrile, or amide.

Phenols are important moieties of various pharmaceu-
ticals, polymers, and natural products and serve as useful
intermediates.1 Their preparations by nonoxidative meth-
ods include nucleophilic substitution of activated aryl
halides, copper-catalyzed conversion of diazoarenes, and
addition of benzyne.2 These methods are hampered by
harsh conditions and limited availablility of starting ma-
terials. Copper-catalyzed hydroxylation of aryl halides
with various ligands was reported recently,3 as was the

transformation of aryl iodides and bromides into phenols
under aqueous conditions using FeCl3 as the catalyst.4

However, a much longer reaction time was required for
copper- or iron-catalyzed reactions when compared to
palladium. Additionally, palladium is the most efficient
catalyst for the synthesis of phenols from aryl halides as
shown by the palladium-catalyzed hydroxylation of aryl
halides with bulky dialkyl or trialkylphosphine ligands,5

even though the reactions required several hours to 2 days.
However, none of the aforementioned studies5 used an
amide-derivatized aryl halide, and only one example of a
substrate containing an ethyl ester has been reported,
which used K3PO4 3H2O as a base affording a phenol
product in moderate yield. To shorten the reaction time,
microwave (μW) irradiation has beenwidely applied to the
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organic synthesis. Leadbeater et al.6 reported that the
copper-catalyzed conversion of aryl halides to phenols
between 180 and 300 �C proceeded more rapidly with
μW irradiation.
With the ultimate goal of shortening the reaction time

and increasing the types of substrates that can be used, we
report herein that the use of aweakbase and μWis suitable
for the Pd-catalyzed hydroxylation of 6-chloroquinoline.
Moreover, although aryl chlorides are less expensive, they
are less reactive substrates5b than aryl iodides and bro-
mides. We report an efficient process for hydroxylation of
aryl chlorides catalyzed by palladium using dialkylpho-
sphine ligands in DMF/H2O (9:1) in the presence of
potassium or cesium carbonate under μW irradiation.
During our study of quinazoline derivatives,7 6-chlor-

oquinoline served as a model reactant when optimizing
hydroxylation conditions. For the present study, initially
the catalyst Herrmann’s palladacycle was used in a closed
microwave vessel, and the solvent and base were varied.
Themixed solventDMF/H2O (9:1) provided a satisfactory
yield (87%;Table 1, entry 3).Neither an increased 6-chloro-
quinoline concentration nor the use of Cs2CO3 improved
the yield (Table 1, entries 5 and 6). A comparable yield was
obtained with DMA/H2O as the solvent (89%; Table 1,
entry 8). To avoid carbonylation or other possible side

reactions induced by high pressure,8 some of the reactions
were carried out in open vessels, which, interestingly,
improved the yield when the reaction was run at a lower

Table 1. Optimization of Pd-Catalyzed Hydroxylation of 6-Chloroquinolinea

entry solvent concn (M) temp (�C) base heating mode yield (%)b

1 DMF/H2O (1:1) 0.2 125 K2CO3 CVc 37

2 DMF/H2O (3:1) 0.2 125 K2CO3 CV 68

3 DMF/H2O (9:1) 0.2 125 K2CO3 CV 87

4 DMF/H2O (24:1) 0.2 125 K2CO3 CV 81

5 DMF/H2O (9:1) 0.4 125 K2CO3 CV 85 (82)d

6 DMF/H2O (9:1) 0.4 125 Cs2CO3 CV 79

7 DMF/H2O (9:1) 0.4 100 K2CO3 CV 81

8 DMA/H2O (9:1) 0.2 125 K2CO3 CV 89

9 DMF/H2O (9:1) 0.2 115 K2CO3 OVe 99

10 DMF/H2O (9:1) 0.2 100 K2CO3 OV 51

11 dioxane/H2O (9:1) 0.2 100 K2CO3 OV tracef

12 MeCN/H2O (9:1) 0.2 100 K2CO3 OV trace

13 DMF/H2O (9:1) 0.2 115 K2CO3 Oil bath 91g

14 DMF/H2O (9:1) 0.2 100 KOH OV trace

15 DMF 0.2 115 K3PO4 3H2O OV 66

16 DMF 0.2 100 Na2CO3 3H2O OV trace

17 DMF 0.2 125 Na2CO3 3H2O OV trace

18 H2O 0.4 120 K2CO3 CV 36

a 6-Chloroquinoline (1.0mmol), 2mol%Herrmann’s palladacycle, 8mol% t-BuXPhos, base (3.0mmol), solvent (2.5mL for 0.4Mand 5mL for 0.2
M),Ar,μW,20min. bDeterminedby 1HNMRof crude product using dibromomethane as an internal standard. cCV:Close vessel. d Isolated yield. eOV:
Open vessel. fMonitored by TLC. g 11 h.

Table 2. Pd-Catalyzed Hydroxylation of 6-Chloroquinoline
with Different Pd-Catalysts and Ligandsa

entry cat. (mol %) yieldb

1 Herrmann’s palladacycle (2 mol %)/

L1 (8 mol %)

99%

2 Pd2(dba)3 (2 mol %)/L1 (8 mol %) 82%

3 Pd(OAc)2 (2 mol %)/L1 (8 mol %) 94%

4 Pd(OAc)2 (2 mol %)/L2 (8 mol %) 27%

5 Pd(OAc)2 (2 mol %)/L3 (8 mol %) tracec

6 Herrmann’s palladacycle (2 mol %) no

reaction

a 6-Chloroquinoline (1.0 mmol), K2CO3 (3.0 mmol), solvent (5 mL),
Ar, μW, 115 �C, 20 min. bDetermined by 1H NMR of crude product
using dibromomethane as an internal standard. cMonitored by TLC.
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temperatureof 115 �C (99%;Table 1, entry 9).However, at
100 �C with DMF/H2O, dioxane/H2O, or MeCN/H2O as
the solvent, the yield dramatically decreased (Table 1,
entries 10�12). Conventional heating at 115 �C also pro-
duced a high yield, but a longer reaction time (11 h) was
needed (Table 1, entry 13) when compared to μW irradia-
tion (20 min) under the same reaction conditions (Table 1,
entriy 9). A significant amount of Pd-black was formed
with the use of KOH, and the catalytic efficiency was
decreased with the use of L1 and KOH because the
palladium catalyst was not stable (entry 14).5a A decreased
yield might also have resulted fromDMF instability in the
presence of KOH.9 Lower yields were obtained when the
hydrate of a base was used rather than the cosolvent
H2O (DMF/H2O (9:1); Table 1, entries 15�17). With the
K2CO3/H2O system, the yield was only 36% (Table 1,
entry 18).

Different palladium sources and ligands were also
screened with the use of K2CO3 (Table 2). In addition to
Herrmann’s palladacycle, Pd2(dba)3 and Pd(OAc)2 pro-
vided satisfactory yields in combination with L1 (entries 2
and 3). Additionally, a ratio of 1:2 or 1:4 of palladium
to ligand gave comparable results (entries 1�3). The
catalytic activity decreased substantially with the use of
dicyclohexylphosphine (L2, entry 4) or [(t-Bu)3PH]BF4 (L3,
entry 5). The reaction did not occur in the absence of ligand
(entry 6).
Having established reaction conditions that produced a

substantial yield of 6-hydroxyquinoline, different electron-
poor and electron-rich aryl chlorides were used as sub-
strates to explore the scope of the reaction (Table 3).
Aldehyde, nitrile, methyl ketone, and amide were toler-
ated under the reaction conditions (entries 1�4). To our
knowledge, hydroxylation of an aryl chloride bearing a
free amide group has not been reported. Additionally,
the vulnerable methyl ester derivative gave a high
yield without hydrolysis (entry 5). Aryl chlorides con-
taining a substituent at the ortho position reacted
smoothly (entries 6 and 7). The deactivated aryl chlo-
rides gave lower yields (entries 8, 9, 11, and 12), and
therefore the reaction required a higher temperature.
In general, Cs2CO3 provided better results than did
K2CO3. For example, Cs2CO3 was needed for the deac-
tivated para nitrogen-substituted substrates (entries 8
and 9) since the substrates could not be completely
converted by K2CO3 within 30 min. K3PO4 also pro-
vided a moderate yield with 4-chloroanisole as the
substrate (entry 11).

Table 3. Pd-Catalyzed Synthesis of Phenols from Aryl Chlor-
idesa

aArCl (1.0mmol), palladacycle (2mol%),L1 (8mol%),K2CO3 (3.0
equiv), DMF/H2O (9:1, 5 mL), μW, 115 �C, 30 min. b Isolated yield.
cYield in parentheses was determined by 1H NMR of crude product
using dibromomethane as an internal standard. dVolatile compound.
eWith Cs2CO3 (3 equiv) at 150 �C. fWith K3PO4 at 130 �C.

Table 4. Pd-Catalyzed Synthesis of Phenols from Heteroaryl
Chloridesa

aArCl (1.0mmol), palladacycle (2mol%),L1 (8mol%),K2CO3 (3.0
equiv), DMF/H2O (9:1, 5 mL), μW, 115 �C, 30 min. b Isolated yield.
cWith Cs2CO3 (3 equiv) at 150 �C. dWith Cs2CO3 at 130 �C.

(9) Armarego, W. L. F.; Chai, C. L. L. Purification of Laboratory
Chemicals, 6th ed.; Butterworth-Heinemann: Oxford, 2009; p 130.
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Microwave irradiation/Pd catalysis was also applied
to heteroaryl chlorides (Table 4). The chloro-substituted
quinoline and quinoxaline derivatives were converted to
the corresponding hydroxy derivatives in high yield (entries
1�3). Again, introduction of a para electron-donating
group gave lower yields (entries 4�6) as for aryl chlorides
(entries 8, 9, 11, and 12, Table 3). 2-Methyl benzothiazole
stayed intact during the hydroxylation (entry 6).
In summary, an efficient protocol for palladium-

catalyzed hydroxylation of aryl and heteroaryl chlorides
was developed. To our knowledge, carbonate has not
been reported as an efficient base for either copper- or
palladium-catalyzed hydroxylation. The present catalytic

systemdoes not substantially hydrolyze potentially vulner-
able functional groups and can be used with either con-
ventional heating or microwave irradiation.
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