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N H heterocycles using rac-BINOL as ligand
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bstract

A highly efficient copper-catalyzed system using commercially available racemic 1,1′-binaphthyl-2,2′-diol (rac-BINOL) as the ligand was

eveloped for amination of aryl halides and heteroaryl halides with alkyl amines and N H heterocycles. Good to high yields were obtained for aryl
romides and heteroaryl chlorides. The commercially available rac-BINOL ligand with excellent stability and high efficiency for aryl bromides
nd heteroaryl chlorides ultimately make this protocol of potentially practical utility.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Transition metal catalyzed formation of carbon–nitrogen
onds via cross-coupling reactions represents a powerful means
or the preparation of numerous important products in pharma-
eutical and material sciences [1]. Although palladium catalyzed

N coupling reactions have received some achievements [2],
opper catalyst systems have attracted much attention, due to
he cheap price and environmental friend [3]. Recently, mild
opper-mediated Ullmann-type processes [4] for N-arylation
f anilines [5,6], amides [7], amino acids [8], amino alcohols
9], hydrazides [10], sulfoximes [11,12], sulfonamide [13], oxa-
olidinones [14] and various N H heterocycles [7a,15] with
ryl halides as arylating reagents have been reported. How-
ver, only limited papers have contributed to N-arylation of
liphatic amines (not chelating substrates) [16–19], and just
everal ligands were found to be effective for the amination of
ryl bromides or chlorides with alkyl amines [5c,15e–15g,16].
herefore, to find more efficient and readily available ligands
specially for the coupling of aryl bromides or chlorides with

lkyl amines and expand the scope of the substrates are still
esirable.
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Our group has embarked on a program aimed at the devel-
pment of ligands that are low-cost and easily prepared in
ew steps from readily available starting materials [17], and
as reported that Cu2O/oxime-phosphine oxide [18a] and
uBr/phosphoramidite [18b] can efficiently catalyze the cou-
ling of aryl iodides with alkyl amines or N H heterocycles,
espectively, and found that hydroxy group was critical for the
fficiency [18a]. Therefore, we suspected that bishydroxy on
he aryl ring might exert an extraordinary effect on the copper-
atalyzed C N coupling reaction. Then we screened a series
f bisphenols. To our delight, rac-BINOL was found to be
ighly efficient in this transformation. As is known, enantiop-
re BINOL has been extensively applied in various asymmetric
eactions [19]. However, rac-BINOL has not been systemati-
ally studied in copper-mediated C N bond formation to the
est of our knowledge. Herein, we reported a highly effective
opper-catalyzed system using rac-BINOL as the ligand for ami-
ation of aryl halides with alkyl amines and N H heterocycles.

. Experimental

All reactions were carried out under an argon atmosphere and

onitored by thin layer chromatography (TLC). Column chro-
atography purifications were performed using silica gel. All

olvents were dried and degassed before use. NMR spectra were
easured in CDCl3 unless otherwise stated on a Bruker DRX-
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Table 1
Screening of ligandsa

Entry Ligand Yield (%)b

1 1,2-Dihydroxybenzene 51
2 1,3-Dihydroxybenzene 11
3 1,4-Dihydroxybenzene 1
4 2,3-Dihydroxypyridine 14
5 2,2′-biphenol 35
6 S-BINOL 28
7 R-BINOL 64
8 rac-BINOL 64
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00 NMR spectrometer (400 MHz) with TMS as an internal
eference. High resolution mass spectra (HRMS) were recorded
n a Mariner 5303 (Applied Biosystems, USA).

.1. Gerneral procedure for copper-catalyzed C N
ross-coupling reaction

Cu powder or Cu powder and CuI, rac-BINOL, aryl halides
if solid), amines (if solid) and Cs2CO3 were weighed in the air
nd transferred into a dried Schlenk tube. The tube was evac-
ated and back filled with argon (three cycles). Aryl halides
if liquid, 1.0 mmol), amines (1.8 mmol) and freshly distilled
MSO (1.0 mL) or DMF (1.0 mL) were injected into the tube

uccessively by micro-syringe at rt. The tube was sealed and
tirred in an oil bath (preheated to the required temperature) for
he required reaction time. The reaction mixture was cooled to
t. Ethyl ether (4 mL) and H2O (10 mL) were added. The aque-
us layer was further extracted by ethyl ether (4× 10 mL). The
ombined organic layers were washed with saturated brine for
wo times, dried with Na2SO4, filtered, and concentrated to give
residue which was purified by column chromatograph on silica
el.
. Results and discussion

To study the efficiency of a series of bisphenols, iodoben-
ene and morphine were used as the model substrates (Table 1).

r

c
b

able 2
opper-catalyzed coupling of aryl iodides with alkylaminesa

ntry Arl Amine

H2N-n-Hex

H2N-sec-Bu

H2N-iso-Bu

NH2Bn

H2N-n-Hex

Morpholine

Piperidine

Piperidine

Pyrrolidine

a 1.0 mmol ArI, 1.8 mmol amine, 0.05 mmol Cu powder, 0.1 mmol rac-BINOL, 2.2
b Isolated yield.
c Benzylamine was undistilled.
d DMF as solvent.
Reaction conditions: 0.5 mmol PhI, 0.9 mmol morpholine, 0.05 mmol CuI,
.1 mmol ligand, 1.13 mmol K3PO4, 0.5 mL DMF, 90 ◦C, 24 h.
b GC yield.

mong the dihydroxybenzene, 1,2-dihydroxybenzene showed
he best activity (entries 1–4). Although 35% yield was observed
or 2,2′-biphenol, 64% yield was obtained for more steric hin-
ered rac-BINOL (entries 5–6). Moreover, R-BINOL gave just
he same result as rac-BINOL did, while S-BINOL gave lower

esult (entries 6–8).

With the best rac-BINOL ligand in hand, the optimal reaction
onditions were subsequently screened. DMSO was proved to
e the best solvent. Cs2CO3, K2CO3, K3PO4, and K3PO4·3H2O

Product Yield (%)b

99

77

82

84 (79c)

86

84

88

75

96d

5 mmol Cs2CO3, 1 mL DMSO, 90 ◦C, 24 h.
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ll showed effective [20], while CH3ONa, tBuONa and organic
ase Et3N gave trace corresponding product. Cs2CO3 was the
est of choice [21]. Copper powder and Cu(I) source gave similar
esults, of which copper powder was found to be the best copper
ource [22]. Under the optimal conditions, ethylene glycol [16a]
ave a yield 49% lower than rac-BINOL gave for the model
eaction.

Subsequently, to explore the scope of the copper-catalyzed

N coupling reactions, 5 mol% Cu powder/10 mol% rac-

INOL in DMSO with Cs2CO3 as the base at 90 ◦C were used
s the general conditions to catalyze the couplings between dif-
erent aryl iodides and different amines. The results were listed

u
i
t
1

able 3
oupling of aryl bromides with aliphatic primary aminesa

ntry ArBr Amine

1 NH2Bn

2 H2N-n-Hex

3 H2N-n-Hex

4 NH2Bn

5 NH2Bn

6 NH2Bn

7 NH2Bn

8 NH2Bn

9 NH2Bn

10 NH2Bn

11 NH2Bn

12 NH2Bn

13 NH2Bn

a 1.0 mmol aryl bromides, 1.8 mmol amine, 0.05 mmol Cu powder, 0.05 mmol CuI
b Isolated yield.
c 40 h.
sis A: Chemical 256 (2006) 256–260

n Table 2. Different primary amines including n-hexylamine,
ec-butylamine, iso-butylamine and benzylamine were coupled
uccessfully (entries 1–5). Good to high yields were obtained
or cyclic secondary amines (entries 6–9).

Later, we used double amount of copper catalyst to cat-
lyze the couplings between bromobenzene and primary alkyl
mines. Although 59% yield was obtained for n-hexylamine, as
or benzylamine, TLC indicated that there was only trace prod-

ct produced. We suspected that there might also be the same
nduction period in our system as reported by Twieg [16i]. Then
he efficiency of a mixture of copper powder and CuI (2:1, 1:1,
:2) [23] was studied using bromobenzene and benzylamine as

Product Yield (%)b

95

69

67

82c

92

88c

68c

93

93

89

62c

75

96c

, 0.2 mmol rac-BINOL, 2.3 mmol Cs2CO3, 1.0 mL DMF.
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Table 4
Coupling of aryl bromides or heteroaryl chlorides with benzimidazole or pyrazolea

Entry ArX Amine Product Yield (%)b

1 Pyrazole 89c

2 88a

3 Pyrazole 85a

4 Pyrazole 82c,d

5 Pyrazole 98c

a 1.0 mmol ArI, 1.8 mmol amine, 0.1 mmol Cu powder, 0.2 mmol rac-BINOL, 2.3 mmol Cs2CO3, 1.0 mL DMSO, 125 ◦C, 48 h.
b Isolated yield.

l CuI
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c 1.0 mmol aryl bromides, 1.8 mmol amine, 0.05 mmol Cu powder, 0.05 mmo
d 40 h.

he model substrates and the ratio of 1:1 was found the best of
hoice. DMF showed better than DMSO, providing high yield of
5%, which was the best result reported so far (Table 3, entry 1).

The optimal reaction condition was subsequently used to
xamine C N bond couplings involving functionalized aryl bro-
ides as well (Table 3). Acetyl, carboxyl, methoxy, chloro,
ethyl and t-butyl groups were tolerated on the aryl bro-
ide component. n-Hexylamine provided moderate yields

entries 2–3). For para-substituted aryl bromides, electron-
onating substituted substrates gave better results than electron-
ithdrawing substituted substrates (entries 4–7). High yields
ere obtained for meta-substituted aryl bromides (entries 8–10).
rtho-Substituted aryl bromides typically gave lower yields
entry 11). o-Bromobenzoic acid could be efficiently reacted to
ive good yield (entry 12). As for 3-bromopyridine, high yield
as provided (entry 13).
Apart from the above substrates, we found that our system

ould also catalyze the arylation of pyrazole and benzimidazole
Table 4). Good to high yields were obtained (entries 1–5).

. Conclusion

In conclusion, we have developed an efficient copper-
atalyzed system for the amination of aryl halides and heteroaryl
alides with amines and N H heterocycles using rac-BINOL as
he ligand. The commercially available rac-BINOL ligand with

xcellent stability and high efficiency for aryl bromides and het-
roaryl chlorides ultimately make this protocol of potentially
ractical utility in many cases. Further studies to expand the
pplication of this method to other catalytic reactions are cur-
ently under the way.
, 0.2 mmol rac-BINOL, 2.3 mmol Cs2CO3, 1.0 mL DMF, 110 ◦C, 36 h.
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