FULL PAPERS

DOI: 10.1002/adsc.200606198

An Inexpensive and Efficient Copper Catalyst for N-Arylation of
Amines, Amides and Nitrogen-Containing Heterocycles

a

Xun Guo,® Honghua Rao,” Hua Fu,** Yuyang Jiang,*® and Yufen Zhao®

Key Laboratory of Bioorganic Phosphorus Chemistry and Chemical Biology, Ministry of Education, Department of

Chemistry, Tsinghua University, Beijing 100084, People’s Republic of China
Fax: (486)-10-6278-1695; e-mail: fuhua@mail.tsinghua.edu.cn

Shenzhen 518057, People’s Republic of China

Received: April 23, 2006; Accepted: August 8, 2006

Key Laboratory of Chemical Biology, Guangdong Province, Graduate School of Shenzhen, Tsinghua University,

Supporting information for this article is available on the WWW under http://asc.wiley-vch.de/home/.

Abstract: An inexpensive and efficient catalyst
system has been developed for the N-arylation of ni-
trogen-containing compounds including a variety of
amines, amides, indole and imidazole. This simple
protocol uses Cul as the catalyst, commercial avail-

able pipecolinic acid as the new ligand, K,CO; as the
base and DMF as the solvent.
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Introduction

The transition metal-catalyzed formation of carbon-
nitrogen bonds via cross-coupling reactions plays an
important role in the preparation of numerous impor-
tant products in biological, pharmaceutical and mate-
rial sciences.!!l Both the Ullmann reaction (copper-
catalyzed N-arylation of amines)” and the related
Goldberg reaction (copper-catalyzed N-arylation of
amides)®! are traditional methods to assemble these
compounds. For a long time, high reaction tempera-
tures, stoichiometric amounts of copper reagents and
low toleration of functional groups prevented further
development of these methods.[**! Although some sig-
nificant achievements in the palladium-catalyzed N-
arylation of amines/amides have been made,* the
drawbacks of the catalyst systems, such as air sensitiv-
ity, high cost and toxicity, limit their applications.
During the past years, great progress on the modified
Ullmann and Goldberg coupling reactions has been
made,"! which relied on the utilization of some special
bidentate additives such as aliphatic diamines,’® 1,10-
phenanthroline and its derivatives,” ethylene gly-
col,®  diethylsalicylamide,®™ amino acids,”) oxime-
type and Schiff base ligands,'” thiophene-2-carboxyl-
ate,'!! bidentate phosphines,'? diphosphinidenecyclo-
butene,[® diphenyl pyrrolidine-2-phosphonate!™* and
pyrrolidine-2-phosphonic acid phenyl monoester. In
this paper, we report a commercially available and ef-
ficient bidentate ligand, pipecolinic acid, for the
copper-catalyzed N-arylation of nitrogen-containg
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compounds including a variety of amines, amides,
indole and imidazole.

Results and Discussion

We first chose aniline and bromobenzene as the
model substrates to optimize the catalysis conditions,
including the copper sources, bases, solvents, amount
of catalyst (Cul) and the ligand (pipecolinic acid), as
well as reaction temperature, in order to achieve the
best results in the Ullmann cross-coupling reactions
(Table 1). The experimental results showed that the
catalyst system containing 10 mol% Cul and 20
mol % ligand relative to aniline in DMF in the pres-
ence of 2 equivs. of K,CO; was highly efficient, and
110°C as reaction temperature could provide high
yield. However, no N-arylation product was obtained
in the absence of the ligand, which showed that the
ligand could promote the N-arylation of amine.
Under our optimal conditions, the standard ligands,
proline® and  N,N,N,N'-tetramethylethylenedia-
mine,'®’ gave 68 and 62% vyields, respectively, so the
results above show that pipecolinic acid also is a good
ligand of the copper catalyst.

The coupling reactions of aryl halides with various
amines were carried out under our standard reaction
conditions. As shown in Table 2, the desired amina-
tion products of aryl bromides and iodides were ob-
tained in good to excellent yields (entries 1-9 and 11—
18), while the coupling reactions for aryl chlorides
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Table 1. Effect of base, solvent and reaction temperature on the coupling of aniline and bromobenzene.!

Oroe D

10 mol % Cul
20mol % L

base, solvent

OO

temp, 24 h

Entry Ligand Base Solvent Temp [°C] Yield [%]®

1 Q/L coon K,CO, DMF 110 7
H

2 (N\/L oo K,PO, DMF 110 30
H

3 (ﬁj\ oo Cs,CO, DMF 110 7

4 (Nj\COOH K,CO;, DMSO 110 71
H

5 (Nj\ oo K,CO, DMF 90 37
H

6 (Nj\ coon K,CO; DMF 60 0
H

7 (N\/L oo K,CO, DMF 30 0
H

8 Q\COOH K,CO;, DMF 110 68
H

9 (Me)N  N(Me), K,CO, DMF 110 &

2} Reaction conditions: bromobenzene (2 mmol), aniline (3 mmol), catalyst (0.2 mmol), ligand (0.4 mmol), solvent (3.0 mL)

under N,.
] Isolated yield.

provided low yields (entries 19-22). Aryl iodides
showed a higher reactivity than aryl bromides in the
coupling reactions. For example, the coupling reaction
of 1-bromo-4-iodobenzene  with  2-nitroaniline
(entry 18) yielded the target product 3p containing
bromine on the benzene ring. The results in Table 2
indicate that the reactivity order of the aryl halides is
iodides >bromides > chlorides. Aryl bromides con-
taining electron-donating groups provided slightly low
yields (compare entries 3 and 8, 7 and 12).

Aliphatic amines are good substrates (entries 1, 7,
12 and 13 in Table 2). The steric hindrance of aryl-
amines also gave satisfactory results, and the desired
N-arylation products for arylamines containing a sub-
stituent group at the ortho site were obtained in
slightly lower yields (entries 5, 6, 14, 15 and 16 in
Table 2). Interestingly, the coupling reactions of 2-ni-
troaniline with aryl halides all gave excellent yields
(entries 4, 9 and 18). The reaction of 2-nitroaniline
with 4-bromoanisole yielded monoarylation and dia-
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rylation products (entry 10 in Table 2), and the cou-
pling of 4-nitroaniline with 4-bromoanisole led to
76 % of the diarylation product (entry 11 in Table 2).

Encouraged by the promising results of the cross-
coupling reactions of aryl halides with amines, we
broadened the scope of substrates, and the N-aryla-
tions of amides, indole, and imidazole were also car-
ried out under our standard reaction conditions. As
shown in Table 3, aryl iodides are excellent substrates
(entries 2, 5and 6), and aryl chlorides showed low re-
activity (entries 10 and 11). The coupling reactions of
1-bromo-4-iodobenzene with indole and imidazole
yielded N-arylation products containing a bromine
atom (entries 6 and 9).

The mechanism of the pipecolinic acid-promoted
copper-catalyzed coupling reactions could be similar
to that of amino acid-promoted copper catalysis.”!
Reaction of pipecolinic acid with Cul produced a
five-membered chelate I, and the subsequent oxida-
tive addition of the chelate with aryl halide led to the
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Table 2. Coupling of aryl halides with various amines."
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10 mol % Cul R
— HN/R M A _N/
Ar1 X+ SR KoCO3 DMF TUNR
2 110 °C 3
X =Br, I, Cl Q
R, R =H,aryl alkyl L=
' - ani aly N COOH
H
Entry Aryl halide RR'NH Product Time [h] Yield [%]™
1 ®—| QNHZ 3a 20 93
2 @| QNHZ 3b 20 79
3 er QNHQ 3b 24 72
NO,
4 OBr @NHZ 3¢ 2 87
OCH,
5 QBr QNHz 3d 36 76
6 @Br QNHz 3e 36 60
7 @»m QNHZ 3a 24 86
8 HgCOOBr QNHz 3t 24 67
NO,
9 HgCOOBr @NHZ 3g 24 80
O,N
3h 29!
10 choOBr @—NHZ 3N 24 530
11 H3COOBr OZNONHZ 3i 24 764
12 HscoOBr QNHZ 3 20 81
13 H co@s HN O 3k 20 86
r
’ N
OCH,
14 HaCOOBr QNHz 3l 36 73
COOCHS
15 HgCOOBr 3m 20 75

NH,

=
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Table 2. (Continued)

Entry Aryl halide RR'NH Product Time [h] Yield [%]®!

16 choOBr QNHZ 3n 36 66

17 HgCOOBr ONHMe 30 36 57
NO,

18 IOBr @NHZ 3p 2 93

19 Ou <j>ﬂ\m2 3b 36 15
NO,

20 Qm @NHZ 3¢ 36 31

O,N
21 Qm @ 3q 36 25
NH,
2 Qu OzNONHZ 3r 36 27

[a]
amine (3 mmol).

Isolated yield.
N-Monoarylation product.
N-Diarylation product.

[b]
[e]
[d]

intermediate II. Treatment of amine with II in the
presence of the base potassium carbonate provided
the complex III, and then reductive elimination of III
gave the N-arylation product and the chelate I
(Scheme 1). The mechanism could explain the reactiv-
ity order of aryl halides, Arl> ArBr> ArCl, and the
affect of substituent groups on the aryl rings of the
aryl halides: electron-withdrawing group > electron-
donating group.

N base H/'i oxidative addition HN o
OH cu-© N
Ar
| X
reductive elimination HNRR'
(-\ base
, O
ArNRR ’\t HX
HY _o
(6]
/C \
AT NRR

Scheme 1. Possible mechanism of the copper-catalyzed N-ar-
ylation reaction.
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Reaction conditions: Cul (0.2 mmol), ligand (0.4 mmol), K,CO; (4 mmol) in DMF (3 mL) under N,; aryl halide (2 mmol),

Conclusions

We have developed a general and efficient protocol
for the N-arylation of aromatic amines, aliphatic
amines, amides, indole and imidazole. The Cul-cata-
lyzed Ullmann and Goldberg coupling reactions were
promoted by the new bidentate ligand, pipecolinic
acid, which is commercially available and inexpensive.
The catalyst system can be widely used for the N-ary-
lation of nitrogen-containing compounds.

Experimental Section

General Procedure for the Preparation of
Compounds 3 and 5

A flask was charged with Cul (38 mg, 0.2 mmol), pipecolinic
acid (52 mg, 0.4 mmol) and potassium carbonate (552 mg,
4 mmol), evacuated and backfilled with nitrogen at room
temperature. Aryl halide (2 mmol), amine (3 mmol), and
DMF (3 mL) were added to the flask under a nitrogen at-
mosphere. The flask was immersed in an oil bath, and the
reaction mixture was stirred at the indicated temperature
for the corresponding reaction time (see Table2 and
Table 3). The reaction mixture was cooled to room tempera-
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Table 3. Coupling of aryl halides with amides, indole, imidazole."!

R 10 mol % Cul

Ar—X + HN/\R' 20mol %L
K,CO3 DMF

1 4 110 °C

X =Br, I, Cl

4 = amide, nitrogen-containing heterocycle

Entry Aryl halide RR'NH Product Time [h] Yield [%]™
)~ i
1 Br Sa 36 78
)J\NHZ
) i
2 | 5 36 86
ANHZ N
0
3 @Br Hl\@ 5b 36 70
H
4 er N Sc 24 91
/
s
5 OI @E/) 5c 24 95
s
6 IOBr ©/\) 5d 24 941¢l
Y/
N
!
7 QBr (N» Se 24 76
H
N
8 chOOBr [N> st 24 71
H
N
9 IOBr [N> 5g 24 841l
H
H
N
10 @m ©/\) 5c 24 36
/
) i
11 cl 5a 30 24
ANHQ

[} Reaction conditions: Cul (0.2 mmol), ligand (0.4 mmol), K,CO; (4 mmol) in DMF (3 mL) under N,; aryl halide (2 mmol),

amine (3 mmol).
] Isolated yield.
[ Product: N-(p-bromophenyl)indole.
4l Product: N-(p-bromophenyl)imidazole.

ture, 20 mL of ethyl acetate were added, and the resulting
suspension was filtered. The filtrate was concentrated, and
the residue was purified by column chromatography on
silica gel (hexane-EtOAc=40:1 to 6:1) to provide the de-
sired product.
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