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Aryl halides are broadly utilized to construct complex structures
in organic syntheses via transition-metal-catalyzed coupling reac-
tions (such as Suzuki coupling, Negishi coupling, and Buchwald/
Hartwig amination/amidation).1,2 The sp2 C-X units are also
important structural motifs in many natural products and synthetic
drugs.3 However, previous halogenations of arenes, such as direct
electrophilic halogenations4 and halogenations of aryldiazonium
salts (Sandmeyer reaction), which are generally produced from
anilines,5 bear some disadvantages, including low regioselectivity
as well as tedious and sometimes dangerous procedures. Thus, new
methods that can selectively construct C-X groups are of impor-
tance. A useful method to achieve highly regioselective halogenation
of arenes has been developed by Snieckus et al. through theortho
metalation followed by nucleophilic halogenation.6 Herein we report
a new process to construct C-X bonds with high regioselectivity
through palladium-mediated aryl C-H group functionalization.

Recent studies have led to many methods that directly function-
alize C-H groups of arenes to construct C-C bonds with transition
metal catalysts.7 Palladium-mediated C-H activation of arenes is
one of the most important processes.8 Formations of C-O/N bonds
via C-H bond activation catalyzed by palladium species have also
been reported by Sanford, Buchwald, and others.9 Under Sanford’s
conditions, the highly regioselective halogenation of electron-
deficient arenes, such as benzo[h]quinoline, can be achieved with
NBS/NCS as the electrophilic halogen sources in CH3CN.9a

Subsequently, Yu’s development of iodination of alkyl groups offers
a useful method to functionalize the sp3 C-H with oxazoline as
the directing group.10 In addition, Hartwig and co-workers have
reported the stoichiometric reductive eliminations of aryl halides
from palladium(II) species with special bulky phosphine ligands.11

On the basis of these preliminary studies, we postulated that, with
proper directing groups and halogen sources, direct catalytic C-X
formation of arenes could be possible through C-X reductive
elimination via Pd-mediated C-H functionalization.

With this in mind, we first tested the chlorination of acetanilide
(Table 1), a starting material previously employed to form C-C
bonds via C-H functionalization catalyzed by Pd(II) species.8h-j

We found that the chlorination took place in the presence of a
stoichiometric amount of Pd(OAc)2 with 2 equiv of CuCl2 as the
chloride source in toluene. Further studies showed that Pd(OAc)2

could be used in catalytic amounts with Cu(OAc)2 as an oxidant,
although the catalytic efficiency was relatively low (entry 4). The
use of polar solvents, such as DMF, CH3CN, and dioxane,
terminated the chlorination. However, the reaction was very efficient
in 1,2-dichloroethane (entry 5). Importantly,ortho-chlorinated
acetanilide was produced with high regioselectivity during this

process, which was predominantly controlled by the acetamino
group. It is noteworthy that strong bases/acids and expensive ligands
are not required for this practical method. Further studies indicated
that (i) both Cu(OAc)2 and CuCl2 are required for the reaction;
and (ii) Pd(OAc)2, Pd(OTFA)2, and Pd(PhCN)2Cl2 are superior to
other Pd species as the catalyst perhaps due to their better solubility
and enhanced electrophilicity. It should be noted that the chlorina-
tion of acetanilide occurred in the Friedel-Crafts manner withpara-
chloroacetanilide as the major product in the presence of palladium
catalyst under Sanford’s conditions, which may be due to the high
electron density of arenes used (entry 16).9a

The scope of substrates was further explored as shown in Table
2. We found that the pivalyl group could be utilized as a directing
group in addition to the acetyl group, albeit with a slight decrease
of the chlorination efficiency. However, formyl, benzoyl, tosyl, and
trifluoroacetyl did not serve as proper directing groups. It is
important to note that 3′-phenylpropionyl group could also be
employed as a directing group for this transformation without
observable chlorination of the sp3 C-H groups at the benzylic
position and of the sp2 C-H groups on the phenyl ring at the 3′-
position (entry 9, Table 2). Starting from different acetanilides, the
C-H chlorination could be broadly applied to yield the chlorinated
acetanilides with high regioselectivity. The regioselectivity of
chlorination ofmeta-substituted acetanilides was dominated by steric
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Table 1. Selective Chlorination of Acetanilide 1aa

entry
Pd

(10 mol %)
Cu(OAc)2

(equiv)
MClx

(equiv) solvent
2a

(%)b

1c Pd(OAc)2 2.0 CuCl2 (2.0) dioxane <5
2c Pd(OAc)2 2.0 CuCl2 (2.0) DMF <5
3c Pd(OAc)2 2.0 CuCl2 (2.0) MeCN <5
4 Pd(OAc)2 2.0 CuCl2 (2.0) toluene 27
5 Pd(OAc)2 2.0 CuCl2 (2.0) DCE 80
6 Pd(OAc)2 2.0 LiCl (3.0) DCE 14
7 Pd(OAc)2 2.0 TBAC (3.0) DCE <5
8c Pd(OAc)2 2.0 DCE <5
9 Pd(OAc)2 CuCl2 (4.0) DCE 36

10 Pd(OTFA)2 2.0 CuCl2 (2.0) DCE 79
11 Pd(PPh3)2Cl2 2.0 CuCl2 (2.0) DCE <5
12 Pd(PhCN)2Cl2 2.0 CuCl2 (2.0) DCE 77
13 PdCl2 2.0 CuCl2 (2.0) DCE 56
14 PdI2 2.0 CuCl2 (2.0) DCE <5
15 Pd(dba)2 2.0 CuCl2 (2.0) DCE 30
16d Pd(OAc)2 2.0 NCS (2.0) DCE 46

a All the reactions were carried out at 90°C for 48 h under N2. b Isolated
yields. c GC yields with n-decane as an internal standard.d para/ortho-
Isomers) 6:4.
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effects, and only the less hinderedortho-chlorinated acetanilides
were produced (entries 12, 15, and 17, Table 2). The exact structures
of products2a and2m were further determined by single-crystal
X-ray crystallography (S26, Supporting Information). When polysub-
stituted acetanilides were employed as substrates, the corresponding
chlorinated acetanilides were produced in poor to good yields
depending on substrates (entries 17, 19, and 21, Table 2).ortho-
Chlorination of 4-chloro-acetanilide was also tested, and the
corresponding product was obtained with the original C-Cl bond
untouched (entry 16, Table 2). The relatively low yield of this
reaction might be due to the weak electron-withdrawing effect of
the chloride substituent. In addition, we found that the method could
be applied to construct C-Br groups in relatively electron-rich
acetanilides (entries 13, 18, 20, and 22, Table 2). Fused rings, such
as1r, also serve as good substrates (entry 23, Table 2).

We conducted further studies to probe the mechanism of this C-H
functionalization/halogenation reaction. It is well-known that cy-
clopalladation of acetanilide can be achieved under mild conditions
in the presence of Pd(OAc)2.12 Following the reported procedure,
palladacycles3 and4 were obtained in 78 and 70% isolated yields,
respectively. Complex3 could catalyze the formation of2m from
1m in 75% isolated yield in the presence of 2.0 equiv of Cu(OAc)2

and CuCl2 (Scheme 1). It indicated that palladacycle3 could also
be an active species during this catalytic cycle. Furthermore, product
2a could be produced from palladacycles3 and4 in poor yields in

the presence of oxidative chloride sources, such as FeCl3 or CuCl2.
With LiCl as a chloride source,2a was also observed from4 with
much lower efficiency. However, combining PhI(OAc)2 with LiCl
increased the efficiency of this transformation, and2awas obtained
from 4 in 40% isolated yield. Obviously, the use of a proper oxidant
is important for the efficient formation of C-X in this transforma-
tion. Thus, the catalytic pathway may go through a Pd(IV)
intermediate C-Pd-X that reductively eliminates to afford the final
product. It should be noted that a mechanism involving the common
Pd(0)-Pd(II) catalytic cycle could not be completely excluded, in
which copper salts may play a role in oxidizing Pd(0) species to
Pd(II) to complete the catalytic cycle.

In summary, we have developed a highly regioselective halo-
genation of acetanilide via palladium-mediated C-H functional-
ization. Further investigations to understand this catalytic transforma-
tion and to evaluate the process with a broader scope of substrates
and to construct complex structures are in progress in our lab.

Acknowledgment. This research was supported by Peking
University and National Natural Science Foundation of China
(20542001, 20521202).

Supporting Information Available: Experimental details, X-ray
structures of2a, 2m, and other spectral data for products2. This material
is available free of charge via the Internet at http://pubs.acs.org.

References
(1) For reviews on this topic, see: (a) de Meijere, A.; Diederich, F.Metal-

Catalyzed Cross-Coupling Reactions; Wiley-VCH Verlag GmbH & Co.
KGaA: Weinheim, Germany, 2004. (b) Nicolaou, K. C.; Bulger, P. G.;
Sarlah, D. Angew. Chem., Int. Ed.2005, 44, 4442. (c) Hassan, J.;
Se’vignon, M.; Gozzi, C.; Schulz, E.; Lemaire, M.Chem. ReV. 2002, 102,
1359 and references therein.

(2) For reviews on this topic, see: (a) Littke, A. F.; Fu, G. C.Angew. Chem.,
Int. Ed.2002, 41, 4176. (b) Stu¨rmer, R.Angew. Chem., Int. Ed. 1999, 38,
3307 and references therein. (c) Spielvogel, D. J.; Buchwald, S. L.J.
Am. Chem. Soc.2002, 124, 3500. (d) Littke, A. F.; Fu, G. C.Angew.
Chem., Int. Ed. 1998, 37, 3387. (e) Choudary, B. M.; Sridhar, C.; Kantam,
M. L.; Venkanna, G. T.; Sreedhar, B.J. Am. Chem. Soc.2005, 127, 9948.

(3) (a) Evans, D. A.; Katz, J. L.; Peterson, G. S.; Hintermann, T.J. Am. Chem.
Soc.2001, 123, 12411. (b) Pelletier, J. C.; Youssefyeh, R. D.; Campbell,
H. F. U.S. Patent 4920219, 1990.

(4) de la Mare, P. D. B.Electrophilic Halogenation; Cambridge University
Press: New York, 1976.

(5) Hodgson, H. H.Chem. ReV. 1947, 40, 251.
(6) Snieckus, V.Chem. ReV. 1990, 90, 879.
(7) For reviews on this topic, see: (a) Murai, S.ActiVation of UnreactiVe

Bonds and Organic Synthesis; Springer-Verlag: Berlin, Heidelberg, 1999,
p 47 and references therein. (b) Cho, J.-Y.; Tse, M. K.; Holmes, D.;
Maleczka, R. E., Jr.; Smith, M. R., III.Science2002, 295, 305. (c)
Ishiyama, T.; Takagi, J.; Ishida, K.; Miyaura, N.; Anastasi, N. R.; Hartwig,
J. F.J. Am. Chem. Soc.2002, 124, 390. (d) Murai, S.; Kakiuchi, F.; Sekine,
S.; Tanaka, Y.; Kamatani, A.; Sonoda, M.; Chatani, N.Nature1993, 366,
529. (e) Tan, K. L.; Bergman, R. G.; Ellman, J. A.J. Am. Chem. Soc.
2001, 123, 2685. (f) Lail, M.; Arrowood, B. N.; Gunnoe, T. B.J. Am.
Chem. Soc.2003, 125, 7506. (g) Tsukada, N.; Mitsuboshi, T.; Setoguchi,
H.; Inoue, Y.J. Am. Chem. Soc.2003, 125, 12102. (h) Shi, Z.; He, C.J.
Am. Chem. Soc.2004, 126, 13596.

(8) (a) Jia, C.; Piao, D.; Oyamada, J.; Lu, W.; Kitamura, T.; Fujiwara, Y.
Science2000, 287, 1992. (b) Chen, X.; Li, J.-J.; Hao, X.-S.; Goodhue, C.
E.; Yu, J.-Q.J. Am. Chem.Soc.2006, 128, 78. (c) Campo, M. A.; Huang,
Q.; Yao, T.; Tian, Q.; Larock, R. C.J. Am. Chem. Soc.2003, 125, 11506.
(d) Bressy, C.; Alberico, D.; Lautens, M.J. Am. Chem. Soc.2005, 127,
13148. (e) Hennessy, E. J.; Buchwald, S. L.J. Am. Chem. Soc.2003,
125, 12084. (f) Wang, X.; Lane, B. S.; Sames, D.J. Am. Chem. Soc.
2005, 127, 4996. (g) Kalyani, D.; Deprez, N. R.; Desai, L. V.; Sanford,
M. S. J. Am. Chem. Soc. 2005, 127, 7330. (h) Boele, M. D. K.; van
Strijdonck, G. P. F.; de Vries, A. H. M.; Kamer, P. C. J.; de Vries, J. G.;
van Leeuwen, P. W. N. M.J. Am. Chem. Soc.2002, 124, 1586. (i)
Tremont, S. J.; Rahman, H. U.J. Am. Chem. Soc.1984, 106, 5759. (j)
Zaitsev, V. G.; Daugulis, O.J. Am. Chem. Soc.2005, 127, 4156.

(9) (a) Dick, A. R.; Hull, K. L.; Sanford, M. S.J. Am. Chem. Soc.2004, 126,
2300. (b) Desai, L. V.; Hull, K. L.; Sanford, M. S.J. Am. Chem. Soc.
2004, 126, 9542. (c) Tsang, W. C. P.; Zheng, N.; Buchwald, S. L.J. Am.
Chem. Soc.2005, 127, 14560. (d) Dick, A. R.; Kampf, J. W.; Sanford,
M. S. J. Am. Chem. Soc.2005, 127, 12790. (e) Giri, R.; Liang, J.; Lei,
J.-G.; Li, J.-J.; Wang, D.-H.; Chen, X.; Naggar, I. C.; Guo, C.; Foxman,
B. M.; Yu, J.-Q.Angew. Chem., Int. Ed.2005, 44, 7420.

(10) Giri, R.; Chen, X.; Yu, J.-Q.Angew. Chem., Int. Ed.2005, 44, 2112.
(11) Roy, A. H., Hartwig, J. F.J. Am. Chem. Soc.2001, 123, 1232.
(12) Horino, H.; Inoue, N.J. Org. Chem.1981, 46, 4416.

JA060232J

Table 2. Highly Selective Halogenation of Substituted
Acetanilidesa

a All the reactions were carried out in the presence of 0.5 mmol of1,
0.05 mmol of Pd(OAc)2, 1.0 mmol of Cu(OAc)2, and 1.0 mmol of CuCl2
in 4 mL of DCE at 90°C for 48 h.b Isolated yields.c GC yields with
n-decane as internal standard.d 5 mol % of Pd(OAc)2 was employed in
these reactions.e 5 mol % of Pd(OAc)2 or Pd(OTFA)2 was employed in
these reactions; however, the yields were not enhanced obviously.

Scheme 1

C O M M U N I C A T I O N S

J. AM. CHEM. SOC. 9 VOL. 128, NO. 23, 2006 7417




