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Recent Developments in Recyclable Copper

Catalyst Systems for C–N Bond Forming

Cross-Coupling Reactions Using Aryl Halides

and Arylboronic Acids

Mannepalli Lakshmi Kantam, Chintareddy Venkat Reddy, Pottabathula

Srinivas, and Suresh Bhargava

Abstract This review covers the recent recyclable protocols for the C–N bond

forming reactions between aromatic, heterocyclic and aliphatic amines such as

imidazoles, benzimidazoles, benzylamines, piperidine, pyrrole, imides, anilines,

hexyl, cyclohexyl amines, and amides as coupling partners with aryl iodides,

bromides, chlorides, and arylboronic acids employing copper-mediated systems.

The physical properties and characterization of the catalysts and their use in organic

synthesis will be outlined.Most importantly, these recyclable versions developed by

many groups in the recent years are potential candidates for commercial exploita-

tion. The effect of additives, solvents, temperature, base, the nature of aryl halides on

reactivity, and recycle studies of the heterogeneous catalysts are included in this
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review. We believe that this information is beneficial for the people who are doing

similar studies in this field. Catalyst optimization is of critical importance to catalyst

development, thus the information we have included in this review contains very

valuable information for the newcomers to the field. To our knowledge this is the

first review that covers the title chemistry.

Keywords Aryl halides � C-N bond formation � Copper catalyst � Cross-Coupling �
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1 Heterogeneous or Reusable Catalysis

Organic synthesis employing heterogeneous catalysts has several beneficial effects to

the environment. Because it involves the reuse of precious metal catalysts, it forms less

waste and results in lower metal contamination in the final pharmaceutically important

molecules. However, solid-supported catalysts are complex assemblies. Their prepara-

tion and characterization are challenging tasks. Minor changes to their preparation

conditions can significantly influence the delicate balance of conflicting demands: high

activity, high selectivity, and a long lifetime [1]. Several varieties of heterogeneous or

reusable catalytic systems are known depending on the type of application.
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2 Green Chemistry of Coupling Reactions

The coupling reactions were carried out mostly under homogeneous conditions

[2]. Although homogeneous reactions have tremendous benefits in terms of ready

availability of the catalyst and defined structure, the separation of the catalyst

from the reaction products poses a problem. Some copper-catalyzed homoge-

neous methods require stoichiometric amounts of additional base that generates

copious amounts of solid waste as a by-product. In general, few reports are

available on heterogeneous cross-coupling reactions compared to the homoge-

neous reactions. Some of the heterogeneous methods have also been considered

as atom economic [3].

3 Copper-Catalyzed Coupling Reactions in Organic Synthesis

Homogeneous copper-catalyzed coupling reactions have been successfully applied

in the natural product synthesis. An excellent up-to-date review on the application

of copper-catalyzed methods in medicinal chemistry was recently published by

Evano, Blanchard, and Toumi [4]. Some selected examples are listed in Fig. 1,

wherein C–N bond formation was mediated by copper species.

Copper-catalyzed C–N bond formation was first applied in the total synthesis by

Ma et al. [5] for the synthesis of benzolactam 1 (Fig. 1), a protein kinase C inhibitor,

involving a coupling reaction between valine and aryl iodide. The compound

structure 2 shown is an intermediate for the synthesis of lotrafiban, a potent

glycoprotein IIb/IIIa receptor antagonist [6]. Copper-catalyzed methodology was

successfully utilized for the synthesis of compound 3, a potential intermediate for

the synthesis of tetrahydroquinoline alkaloid and martinellic acid [7]. Coupling of

cyclic aliphatic amines with iodoarenes was reported for the synthesis of

cyclopropanated iprodione, an analogous intermediate compound shown in 4 [8].

Compounds 5 and 6 are active intermediates for the synthesis of antibiotics,

namely, linezolid and toloxatone [9], prepared by the coupling of carbamate with

aryl bromides in the presence of copper and ligand. Furstner et al. have successfully

employed the copper-catalyzed protocol for the synthesis of compound 7, which is

an intermediate for the total synthesis of macrocyclic spermidine alkaloid

isooncinotine [10]. Ghosh et al. developed a method for the synthesis of compound

8 on a large scale using a copper catalyst and a ligand from oxazolidinone [11].

Buchwald and Chae reported the total synthesis of U86192, a potent hypertensive

agent via a step involving the copper catalyst for the synthesis of compound 9 using

aryl bromide and N-aryl, N-Boc hydrazide [12]. A biologically active compound

Nilotinib, (AMN107) useful for chronic myelogenous leukemia, shown in structure

10 was prepared by employing a copper-catalyzed protocol [13]. Compound 11 is

an intermediate for the synthesis of the naphthalenoid H3 antagonist prepared in

multi-gram scale from the corresponding bromo derivative and pyridazinone using
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a copper catalyst. This method was quite impressive since palladium-based cata-

lytic systems failed to produce compound 11 [14].

4 CuI/L-Proline/[Bmim][BF4] Ionic Liquids with

Aryl/Heteroaryl Bromides

Room temperature ionic liquids (RTILs) are a class of nonmolecular ionic solvents.

The intrinsic properties of RTILs such as low vapor pressure, high polarity,

solubility of metal salts, and reusability have made them more attractive candidates

for solvents in the last two decades [15]. Bao et al. reported the use of RTILs in C–N

bond forming reactions of aryl/heteroaryl bromides with imidazoles and

benzimidazoles using a combination of CuI and L-proline at 105–115�C in the

presence of K2CO3 to give the coupled products in good yields. They found the use

of RTILs, for example, [Bmim]BF4 gave slightly improved yields over bench top

organic solvents (Table 1).

The scope of the method was thoroughly explored using a variety of aryl

bromides with imidazole, and the selected examples are listed in Table 2. In most

cases, good yields of products were obtained, except in the case of o-substituted
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heterocycle bromides such as 2-bromo-4-chloro-3-methylbenzo[b]thiophene which
is much more difficult to couple with imidazole (see Table 2, right column first

entry), probably because the methyl group on the 3-position hinders the coplanarity

of the imidazole and the thiophene moieties which gives a negative effect on

product formation (19% yield). Prolonging the reaction time from 48 to 72 h did

not substantially improve the yield. As can be seen from Table 2, aryl halides

containing electron-withdrawing groups gave slightly lower yields compared to

those containing electron-donating groups. This method is also applicable to the

coupling of benzimidazole moieties with a variety of heterocyclic halides under the

conditions mentioned in the Scheme of Table 3.

Table 2 Copper-mediated coupling of imidazole with various aryl bromides

1. CuI (0.9 mmol)
2. [Bmim]BF4 (3 mL)

3. K2CO3 (5.4 mmol)
4. L-proline (1.8 mmol)
5. 110 °C, 24-48 h

+

Product ProductYield

74%

N
HNAr-Br

N
NAr

Ar-Br Ar-Br Yield

S Br S N N

76%
Br N N

N N

72%
S

Br N N

S

74%
S Br S N N

19%

S
Br

Cl

S

Cl

70%Br N
N

62%BrO2N NO2N
N

MeO

Br

MeO

N N

85%

(5.4 mmol) (5.4 mmol) 19-85%
isolated yields

N
N

Table 1 Solvent effect in copper-catalyzed coupling reactions

Br

N
H

N L-proline/CuI/K2CO3

Solvent, K2CO3
110 °C

+
S

N
N

S

Entry Solvent Isolated yield (%)

1 [Bmim]BF4 76

2 DMF 66

3 DMSO 71
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5 CuI/L-Proline/[Bmim]BF4 Ionic Liquids with Vinyl Halides

Owing to the usefulness of N-vinylimidazoles in organic synthesis as valuable

intermediates, Bao and coworkers developed a method for the coupling of vinyl

bromides with imidazoles [16] using a combination of reagents, L-proline, and

potassium carbonate in ionic liquids in the presence of CuI catalyst (Scheme 1) at

110�C. They found that L-proline has a significant effect in cross-coupling reactions,
for example, only 9% (entry 2 of Scheme 1) of isolated product was obtained in the

absence of L-proline compared to 87% when L-proline is added (Scheme 1, entry 1).

Several other ionic liquids were investigated, and [Bmim]BF4 was found to be the

best solvent. Conventional organic solvents such as DMSO and DMF were incom-

patible for the formation of coupling products; only 25% of coupled product was

isolated using CH3CN as solvent. It was also reported that Z-vinyl bromides were

ineffective under these conditions due to their increased level of steric hindrance.

Product yields were in the range of 60–91% in the coupling of a variety of vinyl

bromides with simple and substituted imidazoles and benzimidazoles (Scheme 2).

Bao et al. have also reported the reusability of the copper/L-proline/[Bmim]BF4

Table 3 Copper-mediated coupling of benzimidazole with various aryl bromides

1. CuI (0.9 mmol)
2. [Bmim]BF4 (3 mL)

3. K2CO3 (5.4 mmol)
4. L-proline (1.8 mmol)
5. 110 °C, 24-48 h

+

Product ProductYield

76%

Ar-Br

Ar-Br Ar-Br Yield

S Br

87%
Br

N

N

H
N

N
N

Ar

N
NS

N
N

N

75%
S

N
N

Br
S

73%
S Br

N
NS

(5.4 mmol) (3.0 mmol) 73-87%
isolated yields

Br

N
H

N
N

L-proline/CuI/K2CO3

Solvent
110 °C

1. Solvent = [Bmim]BF4 (87%)
2. (09%) without L-proline)
3. CH3CN        (25%)
4. DMSO (---) (little coupling product)
5. DMF (---) (little coupling product)

+ N

Scheme 1 Optimization conditions for the synthesis of N-vinylimidazoles
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system by adding additional base quantities for each successive cycle. The system

was quite capable of performing at least four catalytic cycles using β-bromostyrene

and imidazole, albeit with a mild decrease in yield.

6 CuO Nanoparticles

In 2007, Punniamurthy et al. [17] reported the use of commercially available CuO

nanoparticles (Aldrich, particle size 33 nm and surface area 29 m2/g) for C–N

coupling of halobenzene with simple aniline derivatives (Scheme 3).

CuO nanoparticles were found to be the best performing copper source under the

conditions given in Scheme 3. Under these reaction conditions, bromo- and

chloroarenes gave moderate yields of the coupled products. The scope of the

catalyst was well examined, for example, amines containing electron-donating

groups showed greater reactivity compared to those possessing electron-

withdrawing groups when coupled with iodobenzene (Scheme 4).

Aliphatic amines are known to be difficult substrates in C–N coupling reactions,

however, using CuO nanoparticles, good to excellent yields of coupled products

were obtained employing the reactions conditions shown in Scheme 5.

CuO nanoparticles were also found to be effective for the coupling of heterocy-

clic amines such as imidazole, 2-methylimidazole, and benzimidazole with

iodobenzene using 2.5 mol% of catalyst, whereas 1.26 mol% of catalyst was

sufficient for pyrrole and indole (Fig. 2).

The coupling of substituted iodobenzenes containing an electron-donating group

such as 4-iodoanisole with aniline gave 22% yield using 1.26 mol% of catalyst.

Br

N
H

N N

N

75%

Br

N

N

86%

Br N
H

N

N

N

60%

Br

H3CO

N

N

85%

N
H

N

H3CO

1

1

L-proline/CuI/K2CO3

[Bmim]BF4
110 °C

Scheme 2 Synthetic approaches for the preparation of N-vinylimidazoles and benzimidazoles
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CuO nanoparticles were recycled three times efficiently (first cycle 95%, third cycle

91%), with a catalyst recoverability of 95% in the first cycle and 81% in the third

cycle by simple centrifugation.

1. 1.26 mol% of CuO nanoparticles

2. 1 equiv. KOH, DMSO
3. 110 °C, air
4. 4 - 17 h Amine Yield

Benzylamine = 90% 
Furfurylamine = 85%

n-Butylamine (80 °C) = 91%
Cyclohexylamine = 93%

Pyrrolidine = 93%
Morpholine = 89%

R
N
R

R
NH

R

R = H, aryl, 
or cyclic

I+

Scheme 5 Coupling of aryl amines with iodobenzene catalyzed by CuO nanoparticles

(1) 1.26 mol% of CuO nanoparticles

(2) 1 equiv. KOH, DMSO
110 °C, air

(3) 1.5 - 10 h
(4) Iodobenzene

R Yield
p-Cl = 92% 
p-Br = 83%
p-OMe = 94%
p-NO2 = 70%
o-Me = 96%

NH2

R

H
N

R

1.25 equiv.

Scheme 4 Coupling of aryl amines with iodobenzene catalyzed by CuO nanoparticles

(1) 1.26 mol% of copper catalyst

(2) 1 equiv. KOH, DMSO, 110 °C,  
air

(3) 2 - 10 h

X Catalyst Yield
I CuSO4

.5H2O = 46%
I Cu(OAc)2

.H2O = 33%
I CuO = 35%
I CuO nanoparticles = 95%
Br CuO nanoparticles = 95%
Cl CuO nanoparticles = 95%

1.2 equi

NH2

X
+ HN

Scheme 3 Optimization studies using various copper catalysts
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7 Cu2O Catalyst

In 2008, Xu et al. [18] reported the use of simple Cu2O (10 mol%) as an efficient

reusable catalyst for the N-arylation of various heterocycles such as imidazole,

benzimidazole, indole, pyrazole, and pyrrole with aryl iodides, whereas bromides

and chlorides react with imidazole in the presence of two equivalents of a base,

typically KOH. Other bases such as Cs2CO3, K3PO4, and K2CO3 resulted in

moderate to poor yields. Significantly, poor conversion (ca. 24%) was observed

under these reaction conditions when using CuO as catalyst.

The efficacy of Cu2O for general N-arylation of imidazole with diverse aryl

halides was examined, and selected examples are listed in Table 4. Interestingly,

imidazole can be selectively arylated in the presence of a free –NH2 group (Table 4,

entry 1). Cyano and ester functionalized aryl iodides (Table 4, entry 4 and 5)

equally participated in the coupling reaction by simply replacing KOH with

N N

93% (2.5 h)

94% (3.5 h)

NN NN N
N

98% (29 h)

91% (24 h) 96% (27 h)

Fig. 2 Coupled products of heterocyclic amines (left to right) pyrrole, indole, imidazole,

2-methylimidazole, and benzimidazole with iodobenzene catalyzed by CuO nanoparticles

Table 4 Cu2O-catalyzed coupling of imidazole with various aryl halides

1. Cu2O (0.1 mmol)
2. KOH (2.0 mmol)

3. DMSO (2.0 mL)
4. 100-130 °C, 16-24 h

+

N
N

(1.0 mmol) (1.5 mmol) 85-92% isolated yields

HN
N

N
N

H2N
X = I, 85%

N
N

F3C X = I, 92%

N
N

X = I, 88%a, 86%b

N
N

NC

EtO2C

X = I, 85%a,b

N
N

X = Br, 90%c

N
N

H3C X = I, 90%

N
NN

X = Br, 91%

N
NN

X = Cl, 89%

N
N

F3C

X = Cl, 88%

(1)

(2)

(3)

(5)

(4)

(6)

(7)

(8)

(9)

R

X

R

a200 mg of 4 Ä molecular sieves were added
bCs2CO3 used in place of KOH
c0.2 mmol of Cu2O used
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Cs2CO3. Other imidazoles such as benzimidazole, indole, pyrazole, and pyrrole

were successfully coupled with iodobenzene to give the corresponding N-arylated
products in good yields employing 10 mol% of Cu2O. The catalyst was reused for

four times with consistent activity for the coupling of iodobenzene with imidazole

at 120�C. In the first cycle 90% yield was obtained while in the fourth cycle 88%

yield was obtained.

8 Copper-Exchanged Fluorapatite

Choudary et al. have chosen [19] a weakly amphoteric apatite as support, since

various kinds of cations and anions can be readily introduced into their framework

due to their large ion exchange ability. Such exchanged apatites are already in use

for several organic transformations [20]. A schematic representation of copper-

exchanged fluorapatite (1) by incorporating the basic species F� in apatite in situ by

co-precipitation and subsequent exchange with Cu (II) is shown (Scheme 6).

N-Arylation of imidazoles and other heterocycles with chloroarenes and

fluoroarenes to afford good to excellent yields of aryl heterocycles by using

CuFAP catalyst is described.

The method is general and amenable to the N-arylation of imidazole with a

wide range of chloro- and fluoroarenes using catalyst 1 (Table 5). As illustrated

in Table 5, chloroarenes (electron withdrawing), 2-chloropyridine, and

2-chloropyrimidine provided excellent yields in shorter reaction times than chloro-

benzene and chloroarenes (electron donating) (entries 1–11). Cyano, nitro, and

trifluoromethyl groups are well tolerated (entries 1, 3, and 4). The N-arylation
results of deactivated chloroarenes using K2CO3 as a base are quite impressive

over the unreactive system using nanocopper and Cs2CO3 base [21]. Another

significant feature is that under similar conditions, the N-arylation of imidazole

with chlorobenzene afforded moderate yields, which could be further improved by

the addition of KOtBu (entry 9). N-Arylation of heterocycles developed here using

the less expensive chloroarenes is more attractive than the methods using the

expensive bromo- and iodoarenes in terms of economic feasibility. The catalyst is

recycled four times with a slight decrease in activity (entry 1). Interestingly,

fluoroarenes composed of several o- or p-electron-withdrawing (EW) groups

(entries 12–15) are also coupled with imidazole to afford the corresponding

N-arylated products in excellent yields. Faster reactivity over the chloroarenes

(entries 1, 5, 13 and 14) and selective coupling involving C–F activation only in

chlorofluoroarene (entry 15) are reported.

As shown in Table 6, benzimidazole, pyrrole, pyrazole, and piperidine are also

coupled with 1-chloro-4-nitrobenzene and 1-fluoro-4-nitrobenzene to give the

corresponding N-arylated products in excellent yields.

To understand the mechanism of the N-arylation of imidazole, a series of

experiments were conducted. The reaction of catalyst (1) with imidazole gives a

deep blue Cu-imidazole complex (3), which is considered to be the first step of the
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Ca(NO3)2.4H2O + (NH4)2HPO4 + Ca10(PO4)6(F)2

Cu(OAc)2
NH4F CuFAP   (1)+

Scheme 6 Preparation of Catalyst CuFAP (1)

Table 5 N-Arylation of imidazole with chloro- and fluoroarenesa

N-H
N +

X=Cl, F

N
N

Ar
CuFAP

DMF, K2CO3

120 °C

Ar-X

Entry Ar–X Time (h) Yield (%)b

1 1-Chloro-4-nitrobenzene 1 100 (90) 90c

2 1-Chloro-2-nitrobenzene 3 100 (88)

3 4-Chlorobenzonitrile 6 98 (95)

4 2-Chloro-5-(trifluoromethyl) benzonitrile 3 100 (92)

5 4-Chlorobenzaldehyde 10 88 (82)

6 2-Chloropyridine 7 96 (92)

7 2-Chloropyrimidine 1 100 (90)

8 4-Chlorobenzophenone 6 96 (88)

9 Chlorobenzene 36 72 (60) 85d

10 4-Chlorotoluene 36 65 (55)

11 4-Chloroanisole 36 62 (52)

12 2-Fluorobenzonitrile 1 95 (82)

13 4-Fluorobenzaldehyde 1 92 (80)

14 1-Fluoro-4-nitrobenzene 0.5 100 (85)

15 3-Chloro-4-fluoronitrobenzene 1 95 (85)
aAryl halide (1 mmol), imidazole (1.2 mmol), catalyst (100 mg), K2CO3 (2 mmol), DMF (4 mL),

120�C
bYields refer to GC yields and yields in parentheses refer to isolated yields
cGC yield after fourth recycle
dGC yield obtained by using 10 mol% of KOtBu

Table 6 N-Arylation of imidazole with chloro- and fluoroarenesa

O2N

X

+ Het-NH

K2CO3 (2 eq)

DMF, 120 °C O2N

N-Het

1.2 eq

1 eq

CuFAP (100 mg)

X = Cl, F

Entry Het-NH

X¼Cl X¼F

Time (h) Yield (%)a Time (h) Yield (%)a

1 Pyrrole 4 90 (80) 2 95 (85)

2 Pyrazole 3 95 (85) 1 90 (80)

3 Benzimidazole 12 85 (72) 9 85 (75)

4 Piperidine 5 90 (80) 1 95 (85)
aYields refer to GC yields and yields in parenthesis refer to isolated yields
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catalytic cycle as described in Scheme 7, since there was no reaction between the

catalyst and chloro- or fluorobenzaldehyde. The XPS of N 1s (3) lines appear at

401.8 and 399.6 eV, which are assigned to the Cu–N and C¼N bonds, respectively

[22]. The FTIR of 3 shows a P-OH vibration at 867 cm�1 which is in agreement

with the similar hydride(enolato)ruthenium(II)apatite complex reported earlier

[23]. Subsequent reaction of complex 3 with chloro- or fluorobenzaldehyde

afforded the final product N-arylimidazole instantly, leaving the [Cu(II)] catalyst

in normal conditions and Cu(I) in nitrogen atmosphere. The FTIR spectrum of

the used catalyst 1, obtained in normal conditions, shows the disappearance of the

P-OH stretching indicating the regeneration of 1 to initiate another cycle. Although

we are unable to isolate any intermediate complexes, the identification of Cu(I)

complex in a nitrogen atmosphere presumes copper assisted nucleophilic displace-

ment of X� of the arene by N�-Het providing the coupled product via transient 4. In
normal conditions, the formed Cu(I) may be reoxidized to 1. Similarly, in a reaction

with the chloroarene, the deep blue complex 3 obtained from 2 also provides the

coupling product. The deep blue complex formed on the treatment of a simple

copper hydroxyapatite with imidazole is inert in the coupling reaction with the

chlorobenzaldehyde. The above results and the identification of intermediates

provide a better understanding of the mechanism and the necessity of strong basic

sites in the apatite for the transformation of 3 to give the coupled product.

The same catalyst showed good activity for the N-arylation of bromo- and

iodoarenes using K2CO3 as base (Table 7) [24]. To identify the best system for

N-arylation of imidazole with bromobenzene, a variety of bases were screened and

it was found that the CuFAP catalyst with K2CO3 (2 eq) afforded good yields (90%)

in DMSO at 110�C. A control reaction conducted under identical conditions devoid

of CuFAP gave no coupled product. CuFAP was recovered quantitatively by simple

filtration and reused, which gave consistent activity even after the fourth cycle

P P

O O

Cu

P P

O OH

Cu

P P

O OH

Cu
Het-NH

Ar-N-Heterocycle

Reductive
elimination

Normal  reaction

Inert condition reaction

N-Het

[1 or 2] [3]

[4]

P P

O OH

Cu

Het-N

X

EW

ArX

Scheme 7 Possible mechanism for the N-arylation of heterocycles. Reproduced with permission

from [19]. American Chemical Society
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(Table 7, entry 5). Moreover the absence of copper in the filtrate was confirmed by

AAS, which reiterates that no leaching of copper occurred during the reaction and

provides evidence for heterogeneity throughout the reaction.

The generality of the CuFAP promotedN-arylation of imidazolewithK2CO3 as base

is shown in Table 7. 4-Bromopyridine, 2-bromopyrimidine, and bromobenzenes with

electron-withdrawing groups, such as 4-nitrobromobenzene and 4-bromobenzaldehyde,

gave excellent yields of coupled products in short reaction times (Table 7, entries 8–11)

compared with bromobenzene. Bromobenzenes with electron-donating groups such as

4-bromotoluene and 4-bromoanisole required longer reaction times and gave moderate

yields (Table 7, entries 6 and 7). Among the iodoarenes tested, iodobenzenes with

electron-withdrawing groups (Table 7, entry 4) underwent smooth reaction with

excellent yields compared to iodobenzenes with electron-donating groups (Table 7,

entries 2 and 3). As expected, iodobenzene provided good yields in a shorter time than

bromobenzene (Table 7, entry 1).

In order to expand the scope of the reaction, a variety of other nitrogen-

containing heterocycles such as benzimidazole, pyrrole, pyrazole, and piperidine

were successfully coupled with bromobenzene to give the corresponding N-arylated
products in good yields. Among these heterocycles, piperidine and pyrrole gave the

corresponding N-arylated products in good yields in short periods (Table 8, entries

3 and 4).

Table 7 N-Arylation of imidazole with bromo- or iodoarenesa

DMSO, K2CO3,110 °C
+

N

H
N

N
NCuFAP

X = Br , I

X
R R

N
N

92%, (6), X = I

N
N

N
N

N
N

90%, (14), X = I

91%, (14), X = I

95%, (3), X = I

H3CO

O2N

N
N

90%, (10), 89%b X = Br

N
N

N
N

N
N

88%, (15), X = Br

85%, (15), X = Br

95%, (4), X = Br

H3CO

O2N

N
N

90%, (8), X = Br

N

N
N

N

N N
N

98%, (2), X = Br

92%, (6), X = Br

OHC(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

aReaction conditions: aryl halide (1 mmol), imidazole (1.2 mmol), CuF AP (0.1 g), DMSO (5 mL),

and K2CO3 (2 equiv.) at 110�C. Isolated yields and reactions times are in parenthesis
bYield after fourth cycle
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9 CuI Nanoparticles

In 2009, Sreedhar et al. reported [25] the use of CuI nanoparticles for the coupling

of aryl bromides and chlorides with various azoles in the absence of both ligands

and strong bases in DMF solvent. Specifically, this method uses inexpensive aryl

chlorides [26].

Aryl chlorides possessing electron-donating (ED) or electron-withdrawing (EW)

groups are coupled using CuI nanoparticles with imidazole, and the results are

shown in Scheme 8. Aryl chlorides with ED group show poor activity (entry 2)

compared to EW groups.

Various other substituted azoles such as pyrazoles, benzimidazoles, and primary

and secondary aliphatic cyclic amines were also successfully coupled with

chlorobenzenes to afford N-arylated products in fair yields (Scheme 9, entries

1–10).

Impressively, many azoles such as pyrazoles, pyrrole, and benzimidazoles

reacted equally well with substituted chlorobenzenes to yield the corresponding

N-arylated products in good yields (Scheme 9, entries 1–4). 1H-benzimidazole

seemed to be a little sluggish to react with aryl chloride compared to imidazole

Table 8 N-Arylation of various nitrogen heterocyclesa

Br

DMSO, 110 °C
+ N-HetHet-NH

N

N

N NN
N

CuFAP

88% (15) 90% (12) 92% (10) 89% (10)

Ph Ph PhPh

aReaction conditions: aryl halide (1 mmol), Het-NH (1.2 mmol), CuFAP (0.1 g), DMSO (5 mL),

K2CO3 (2 equiv), 110�C. Isolated yields and reactions times are in parenthesis

1.25 mol%  CuI

+

1.

2.

X =  I, 95%
= Cl, 56%

3.

4.

5.

6.

DMF, 110 °C, 1-16 h

N

R

36%

99%, 97%a

65%

87%

99%

95%

7.

R = H

Cl

4-CH3

2-NO2

4-CN

4-CHO

4-CF3

4-COCH3

Cl = X

1.2 mmol K2CO3
N

N
H

N

R

aYield after 5th cycle.

Scheme 8 N-Arylation of imidazole with chlorobenzenes

132 M.L. Kantam et al.



(Scheme 9, entry 2). The authors have observed that air is necessary in the coupling

process, which involves oxidative addition followed by reductive elimination;

however, more data is required to propose a reaction pathway.

10 Cu(II)-NaY Zeolite

Zeolites are very useful catalysts for a large variety of reactions, from acid to base

and redox catalysis [27]. Hutchings et al. reported that bis(oxazoline)-modified Cu

(II)-HY catalysts are effective for asymmetric carbonyl- and imino-ene reactions

and aziridination of styrene [28, 29]. Recently Djakovitch and Kohler [30–34]

found that Pd(II)-NaY zeolite activates aryl halides towards Heck olefination,

α-arylation of malonate, and amination reactions. It is well known that alkali-

exchanged faujasite zeolites are solid base catalysts [35]. Owing to the usefulness

of zeolites in organic chemistry, and our interest, we recently reported the use of

modified alkali-exchanged zeolite Y, NaY zeolite [36] with electron rich copper

catalyst in the N-arylation of nitrogen heterocycles with aryl halides to afford

N-arylheterocycles in excellent yields under mild conditions without the use of

any additive.

Catalyst preparation: Cu(II)-NaY zeolite was prepared by ion exchange of

zeolite NaY (10 g) with a solution of copper(II) acetate (2.86 g, 15.75 mmol in

deionized water 150 mL) for 24 h at room temperature. The material was recovered

1

3

4
9

95%

99%
95%

90%

2

Cl + HN-substrate N-substrate

1.25 mol% catalyst,
1.2 mmol K2CO3

DMF, 110 °C, air, 2-9 h

N O

HN

N
N

N
10

95%

97%

98%95%

78%

NN

90%

R

R

NR

NR

R

R

R

R

N OR

N OR

R

HN
R

R = p-CF3Ph

R = p-NO2Ph

R = p-OMePhR = p-OMePh

R = p-OMePh

R = p-OMePh

R = p-NO2Ph

5

6

7

R = p-ClPh

8

R = m-NO2Ph

R = p-COOHPh

Scheme 9 N-Arylation of pyrazole, pyrrole and alkylamines with chlorobenzenes
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by filtration, dried (110�C), and calcined (550�C) in a flow of air. Atomic absorp-

tion spectroscopy analysis showed that the zeolite contained 6.84 wt% of Cu.

As can be seen from Table 9, N-arylation of imidazole with chloroarenes

containing electron-withdrawing groups such as nitro-, cyano-, and trifluoromethyl-

gave quantitative yields (entries 1–3) in shorter reaction times when compared with

4-chloroacetophenone (entry 4). Bromoarenes containing electron-donating groups

afforded the corresponding N-arylated products in high yields after 36 h (entries

5–8). The reaction with iodoarenes resulted in complete conversion in shorter

reaction times (entries 9–11). Reaction of 1-chloro-4-iodobenzene with imidazole

gave selectively N-(4-chlorophenyl)imidazole (entry 12). The catalyst was used for

four cycles successfully with minimal loss of activity (Table 9, entry 7).

After completion of the reaction, the catalyst was separated by simple filtration

and washed with DMF and then with acetone and dried in an oven. AAS results of

the used Cu(II)-NaY catalyst indicate leaching of 1.8% of copper in the N-arylation
reaction of imidazole with 4-bromotoluene after the first cycle and 6.2% leaching

after the fourth cycle. When a fresh reaction was conducted with the filtrate

obtained at the end of the N-arylation reaction, no product formation was observed.

The application of this catalytic system for the coupling of nitrogen-containing

heterocycles with 4-bromo- and 4-iodotoluene was also explored and the desired

N-arylated products were obtained in excellent yields (Table 10). The reaction of

4-chlorotoluene with nitrogen heterocycles provided the products in only trace

amounts even after 48 h.

11 Nanocrystalline Copper(II) Oxide

Nanocrystalline metal oxides find excellent applications as active adsorbents for

gases, the destruction of hazardous chemicals [37, 38], and catalysts for various

organic transformations [39–43]. Recently, we reported the use of nano-CuO as a

catalyst for C–N bond forming reactions [44]. Nano-CuO samples were obtained

from NanoScale Materials, Inc., having a surface area of 136 m2/g and crystallite

size of 7–9 nm.

As illustrated in Table 11, the catalytic system (10 mol% of nano-CuO, K2CO3,

DMF at 120�C) proved to be highly efficient with other activated chloroarenes.

When o-, m-, and p-nitrochlorobenzenes were used, the corresponding N-arylated
products were obtained in excellent yields (Table 11, entries 1, 2 and 3). Cyano,

nitro, and aldehyde groups are well tolerated (Table 11, entries 1, 4, and 6).

2-Chloropyridine, 4-chloropyridine, and 2-chloropyrimidine also provided

excellent yields as can be seen from Table 11 (entries 7, 8, and 10). The sterically

bulky 4-chlorobenzophenone was converted to the corresponding N-arylated prod-

uct (Table 11, entry 9) with excellent yields. This catalytic system is completely

inactive in the case of deactivated chloroarenes such as chlorobenzene (Table 11,

entry 12). The activity of nano-CuO is lower than the Cu(II) fluoroapatite catalyst
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Table 9 Cu(II)-NaY-catalyzed coupling reactions of aryl halides with imidazolea

N
N

N
N

N
N

N
N

O

MeO

99% (30 h), X = Br

99% (20 h), X = Br

N
N

N
NO2N

CN

92%b (20 h), X = Cl

99% (24 h), X = Cl

N
NF3C

N
N

N
N

N
N

N
N

MeO

Cl

99% (24 h), X = I

99% (24 h), X = I

85% (48 h), X = Br 99% (40 h), X = I

N
N

O

95% (48 h), X = Cl

90%b (84%)
c

(36 h), X = Br 99% (36 h), X = I97% (30 h), X = Cl

X
FG

+
N

HN
Cu(II)-NaY Zeolite

K2CO3 (2 eq.)
N

FG
N

X = Cl, Br, I

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

aReaction conditions: aryl halide (1 mmol), imidazole (1.2 mmol), K2CO3 (2 mmol), Cu(II)-NaY

(100 mg) in 3 mL of DMF, GC yields unless otherwise stated, and reactions times are reported in

parenthesis
bIsolated yields
cIsolated yield after third recycle

Table 10 N-Arylation of various nitrogen heterocyclesa

N

N

N
N

N

N

H

H

H

H

Entry Nitrogen 
hetrocycle

Product

N N

N
N

N

N

1

2

3

4 22 99

20 99

22 99

36 99

Yield
(%)b

Yield
(%)b

X + Het-NH
K2CO3

Cu(II)-NaY Zeolite
H3C N-Het

X = Br

Time
(h)

Time
(h)

X = I

48 99

36 99

24 99

20 99

aReaction conditions: aryl halide (1 mmol), imidazole (1.2 mmol), K2CO3 (2 mmol),

Cu(II)-NaY (100 mg) in 3 mL of DMF
bGC yields
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previously reported by us [19] and comparable with Cu2O-coated Cu nanoparticles

reported by Hyeon [21].

Particularly noteworthy is that fluoroarenes composed of o- or p-electron-
withdrawing groups are also coupled with imidazole to afford the corresponding

N-arylated products in excellent yields (Table 12). Similar behavior has been

observed for greater reactivity of C–F over C–Cl bonds for fluoroarenes in the

Suzuki reaction [45].

Chloro-4-nitrobenzene, 4-chlorobenzonitrile, 2-chlorobenzonitrile, 2-chloro-

pyrimidine, and 2-chloropyridine are coupled with indole to give the corresponding

N-arylated products in good to excellent yields (Table 13, entries 1, 2, 3, 4, and 5).

The N-arylated product was obtained in 20% yield by coupling indole with

4-chloroacetophenone using nano-CuO catalyst, while a complex mixture was

obtained in the case of Cu2O-coated Cu nanoparticles [21].

As can be seen from Table 14, other nitrogen-containing heterocycles like

benzimidazole, pyrrole, and pyrazole gave the corresponding N-arylated products

with 1-chloro-4-nitrobenzene and 1-fluoro-4-nitrobenzene in excellent yields.

The nano-CuO catalyst was recovered by centrifugation and reused for several

cycles without any significant loss of activity. Transmission electron microscopy

Table 11 N-Arylation of imidazole using different chloroarenesa

1. 88%, (1.5 h), 0%b

2. 86% (4 h)

3. 81% (17 h)

4. 84% (12 h), 79 (12 h),b 22 (12 h)c

5. 91% (12 h)

6. 83% (18 h)

7. 87% (16 h)

9. 87% (11 h)

10. 94% (1 h)

11. 89% (12 h)

8. 92% (18 h)

Ph

O
NNO2N

O2N

N

NO2

N

NNC

N

CN

NOHC

N
N

N N

N

N
N

O
N

N

12. 0% (24 h)d

N

N

N

N

N

N

N

N

N

N

N

N

DMF, K2CO3
+

N

H
N

N
NNano-CuO, 120 °C

FG
Cl

FG

aReaction conditions: Ar–Cl (1 mmol), imidazole (1.2 mmol), nano-CuO (10 mol%), K2CO3

(2 mmol), DMF (4 mL), 120�C, isolated yields; reaction times are in parenthesis in hours
bRecycle 4
cUsing commercial CuO
dYield without catalyst
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(TEM) studies of both fresh and used catalysts were carried out to determine the

shape and size of the particles. Interestingly, it is observed that the shape and size of

the particles remain unchanged. This confirms that the morphology of the catalyst

remains same even after recycling.

Table 12 N-Arylation of imidazole using different fluoroarenesa

1. 91% (0.5 h), 0b

2. 89% (2 h)

3. 85% (2 h)

4. 83% (1 h)

5. 91% (1.5 h)

6. 83% (2 h)

7. 87% (3 h)

9. 94% (2 h)

CN
8. 87% (1.5 h)

O
NNO2N

N

NO2

NNC

N

NOHC
O

N

NNC

N

Cl

OHC

Cl

N

N

N

N

N

N

N

N

N

DMF, K2CO3
+

N

H
N

N
NNano-CuO, 120 °C

FG
F

FG

aReaction conditions: Ar–F (1 mmol), imidazole (1.2 mmol), nano-CuO (10 mol%), K2CO3

(2 mmol), DMF (4 mL), isolated yields; reaction times are in parenthesis
bYield without catalyst

Table 13 N-Arylation of indole with different chloroarenesa

1. 89% (9)

NO2N NNC N

CN

N
N N

N

N
N

2. 76% (18)
3. 83% (18)

4. 94% (1.5)
5. 77% (23)

+
N
H

NNano-CuO, 120 °C

DMF, K2CO3

FG

Cl

FG

aReaction conditions: Ar–Cl (1 mmol), indole (1.2 mmol), nano-CuO (10 mol%), K2CO3

(2 mmol), DMF (4 mL). Isolated yields, reactions times are in hours
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12 Cu2O-Coated Cu Nanoparticles

Hyeon [21] synthesized uniform Cu2O-coated Cu nanoparticles from the thermal

decomposition of copper acetylacetone followed by air oxidation and used these

nanoparticles as catalysts for Ullmann-type amination coupling reaction of aryl

chlorides.

Ullmann-type amination reaction of imidazole with various aryl chlorides hav-

ing electron-withdrawing groups were conducted using the Cu2O coated copper

nanoparticles as catalysts, the reactions proceeded very well (Table 15, entries 1–8).

The high catalytic activity of the Cu2O-coated Cu nanoparticles seems to result

from the high surface area derived from the nanoparticles. In the case of un-

activated aryl chlorides such as chlorobenzene and 4-methoxychlorobenzene,

there is no reaction (Table 15, entries 9 and 10). Various amines were screened to

obtain the coupled products with 4-chloroacetophenone (Table 16). In the case of

benzimidazole, pyrazole, and pyrrole, the yield of the product is good to moderate.

13 Resin-Supported Sulfonato-Cu-(salen) Complex

Salen ligands are recognized as efficient auxiliaries, and many metallosalen

complexes have been found to serve as excellent catalysts for various

organic transformations [46]. Styring et al. have reported the Suzuki–Miyaura

cross-coupling reaction by using a polymer-supported salen-type palladium com-

plex [47, 48]. Taillefer et al. examined the efficiency of salen ligands in the N-
arylation of imidazole with bromobenzene in moderate yields [49, 50]. We

synthesized a resin-supported sulfonato-Cu(salen) catalyst 1 (Scheme 10) from

2 (Scheme 11) [51] and tested for the N-arylation of heterocycles with chloro-

and fluoroarenes in the presence of an inexpensive and mild base K2CO3.

Table 14 N-Arylation of various nitrogen heterocyclesa

XO2N + Het-NH N-HetO2N

X = Cl, F

Nano-CuO, 120 °C

DMF, K2CO3

Entry Net-NH

X¼Cl X¼F

Time (h) Yield (%)b Time (h) Yield (%)b

1 Pyrrole 8 82, 0c 2 84, 0c

2 Benzimidazole 4.5 87 3 81

3 Pyrazole 5 84 2 94
aReaction conditions: ArX (1 mmol), Net-NH (1.2 mmol), nano-CuO (10 mol%), K2CO3

(2 mmol), DMF (4 mL)
bIsolated yields
cYield without catalyst

138 M.L. Kantam et al.



Table 15 Catalytic reactions using Cu2O-coated nanoparticles for Ullmann coupling of imidazole

with various aryl chloridesa

Entry Reactant Product

1

2

3

4 85

90

91

95

Yield (%)b

5

6

7

8 88

86

69

97

9

10 0

0

ClO2N

Cl

ClF3C

ClOHC

ClF

ClCl

N Cl

N
Cl

Cl

ClMeO

O

O2N

N
N

N
N

O

F3C N
N

OHC N
N

F N
N

Cl N
N

N N
N

N
N

N

N
N

MeO N
N

a5 mol% Cu2O-coated nanoparticles and 2 eq. imidazole used, Cs2CO3, DMSO, 150�C, 18 h
bIsolated yield

Table 16 Catalytic reactions using Cu2O-coated Cu nano particles for Ullmann coupling

of 4-chloroacetophenone with various aminesa

Entry Reactant Product

1

2

3 63

86

84

Yield(%)b

N

H
N

N

H
N

H
N

N
N

O

N
N

O

N
O

a5 mol% Cu2O-coated Cu nanoparticles used, Cs2CO3, DMSO, 150�C,18 h
bIsolated yield
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After optimizing the reaction conditions (see foot note a of Table 17), the reaction
scope was extended with various aryl halides and azoles. A variety of substituted

chloro- and fluoroarenes possessing a wide range of functional groups are examined.

As illustrated in Table 17, when o- and p-chloronitrobenzenes were used, the

corresponding N-arylated products were obtained in excellent yields (entries 1 and

2). Cyano, nitro, and aldehyde groups are well tolerated. 2-Chloropyridine and

Cl Cl

NEt3

NEt3Cl ClEt3N

Catalyst 1, H2O

2NaCl

N(Et3)21
+ _ +_

Scheme 10 Schematic representation of synthesis of resin-supported catalyst 1

N N

O O SO3NaNaO3S
Cu

2

Scheme 11 Schematic representation of homogeneous catalyst 2 precursor for the synthesis of

Merrifield resin catalyst 1

Table 17 N-Arylation of imidazole with chloroarenes

N

O2N

N

NNC

N

CN

NOHC

N
N

N

N
N

1. 91% (4 h) 87%b

2. 90% (5 h)

3. 87% (12 h)

4. 85% (12 h)

CN

NF3C

5. 92% (5 h)

6. 85% (16 h)

7. 90% (12 h)

8. 85% (10 h)

9. 85% (3 h)

O
N

NO2

N

N

N

N

N

N

N

N

N

DMF, K2CO3
+

N

H
N

N
NCu-Salen-Catalyst -1, 110 °C

FG
Cl

FG

aReaction conditions: catalyst resin 2 (1 mol%), ArCl (1 mmol), imidazole (1.2 mmol),

K2CO3 (2 mmol), DMF (4 mL), 110�C. Reaction times are in parenthesis
bYield after third cycle
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2-chloropyrimidine also provided excellent yields, as can be seen from Table 17

(entries 7 and 9). The sterically bulky 4-chlorobenzophenone was converted to the

corresponding N-arylated product (entry 8) with excellent yields. This catalytic

system is completely inactive in the case of un-activated chloroarenes such as

chlorobenzene.

Particularly, noteworthy is that fluoroarenes containing o- or p-electron-
withdrawing groups are also coupled with imidazole to afford the corresponding

N-arylated products in excellent yields (Table 18).

Table 18 N-Arylation of imidazole using different fluoroarenesa

O2N N

N

NNC

N

CN

NOHC

1. 92% (3 h)

2. 90% (4 h)

3. 91% (2.5 h)

4. 90% (3 h)

5. 91% (3 h)

N

Cl

O2N

6. 90% (3 h)
NO2

N

NN

N

N

N

DMF, K2CO3
+

N

H
N

N
NCu-Salen-Catalyst-1, 110 °C

FG
F

FG

aReaction conditions: catalyst resin 2 (1 mol%), ArF (1 mmol), imidazole (1.2 mmol),

K2CO3 (2 mmol), DMF (4 mL), 110�C, isolated yields. Reaction times are in parenthesis

Table 19 N-Arylation of various nitrogen heterocyclesa

Entry Het-NH
X = F X = Cl

Time (h) Time (h)Yield (%) Yield (%)

1

2

3

4

N
N
H

N
H

N
H

N
H

3 85 7 87

4

12

3

82

80

87

10

18

12

80

82

83

DMF, K2CO3

+ N-Het
Cu-Salen-Catalyst-2, 110 °C

XO2N O2N

X = F, Cl

Het-NH

aReaction conditions: catalyst resin 2 (1 mol%), ArX (1 mmol), Het-NH (1.2 mmol), K2CO3

(2 mmol), DMF (3 mL), 110�C. Isolated yields
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As can be seen from Table 19, other nitrogen-containing heterocycles like

pyrrole, pyrazole, indole, and piperidine gave the correspondingN-arylated products
with 1-chloro-4-nitrobenzene and 1-fluoro-4-nitrobenzene in excellent yields.

Lower reaction rates but comparable yields were observed with resin supported 1

compared to its homogeneous counterpart. The resin supported 1 can be recovered

by simple filtration and reused for three cycles with consistent activity.

14 Silica Immobilized Copper Complexes

Silica modified with different functionalities such as -NH2, -SH, diamines, and

amino acids is reported to be a good support for various metals like Pd, Cu, Sc, Ru,

Pt, and V for different organic transformations [52]. Recently, Likhar et al. [52]

reported the N-arylation of N(H)-heterocycles and benzylamines with aryl halides

and arylboronic acids using silica immobilized copper complexes (Scheme 12).

The FTIR spectrum of chemically modified silica (imine) shows a peak due to

the C¼N bond around 1,640 cm�1, which on complexation with copper shifts to a

lower value. The lowering in frequencies of the C¼N peak is indicative of the

formation of the metal–ligand bond. The difference in the values of the C¼N

stretching band before and after complexation for all the catalysts is shown in

Table 20.

XPS analysis of the catalysts shows that in catalysts cat1-cat5, two intense peaks

appear at 933–935 eV and 952–954 eV. These peaks are attributable to the Cu 2p3/2
and Cu 2p1/2 levels of Cu

0-δ+ species, which may be due to the formation of the

mono/bi/multidentate copper complexes with nitrogen ligands [53, 54]. A

simplified catalyst structure is shown in Scheme 12. The copper content of the

catalysts were estimated by using ICP-AES, and the results are shown in Table 20.

To find the best catalyst for the N-arylation reaction, all the catalysts (5 mol%

Cu) were screened for the reaction of iodobenzene with imidazole using Cs2CO3 at

100�C under nitrogen atmosphere in toluene, and the results are summarized in

Table 21. From Table 21, it can be seen that the catalysts derived from pyridine-2-

carboxaldehyde (Cat2) and 2-bipyridyl ketone (Cat5) were equally good; Cat3

showed moderate activities whereas Cat1 and Cat4 gave poor yields. Interestingly,

when neat Cu(OAc)2, was used there was almost no reaction (Table 21, entry 6).

To explore the scope and limitations of the current catalyst (Cat2), several

haloarenes were used for the arylation of the imidazole under the optimized

conditions, and the results are summarized in Table 22. It was observed that

iodoarenes with an electron-withdrawing group (entries 3 and 4) reacted at a faster

rate than iodoarenes with an electron-donating group (entry 2). Decreasing the

amount of catalyst from 5 mol% to 2 mol% gave good yields only after 24 h

(entry1). Interestingly, heterogeneous Cat2 afforded a comparable yield in shorter

duration when compared with the Buchwalds CuOTf-1,10-phenanthroline system

(entry 3) [55]. To expand the scope of the catalyst, a variety of other nitrogen-

containing heterocycles such as benzimidazole, pyrrole, and pyrazole were suc-

cessfully coupled with iodoarenes to give the corresponding N-arylated products in
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Table 20 Characterization of silica-supported copper catalysts

Entry Catalyst

Stretching frequency of

C¼N (cm�1) before

complexation

Change in C¼N bands

(cm�1) after

complexation

Loading of

Cu (mmol/g)

1 Cat1 – – 0.38

2 Cat2 1,640 1,631 0.43

3 Cat3 1,641 1,338 0.41

4 Cat4 1,645 1,631 0.41

5 Cat5 1,643 Almost no shift 0.39

Table 21 Screening of different copper catalysts for N-arylation of imidazole with iodobenzenea

I
N
H

N
NN+

Catalyst (5 mol%)

toluene, 
Cs2CO3, 8h, N2

Entry Catalyst Yield (%) Leaching of Cu (%)b

1 Cat1 23 25

2 Cat2 92 2.5

3 Cat3 69 7

4 Cat4 31 9

5 Cat5 91 6.5

6 Cu(OAc)2 3 –
aReaction conditions: iodobenzene (1 mmol), imidazole (1.2 mmol), Cs2CO3 (2 mmol), toluene

(3 mL), catalyst (5 mol%), 100�C, N2 atmosphere. GC yields
bDetermined by ICP-AES and expressed as percentage of the total copper charged

NH2

N

SCuAcO

OAc

Cu(OAc)2

N

N

N

SiO2

SiO2

SiO2

SiO2

SiO2
Cu(OAc)2

CuAcO
AcO

CuAcO

OAc

N

NCat1

Cat2

Cat3 Cat4

Cat5

N

O

Scheme 12 Structure of silica tethered copper catalysts
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good yields. Next, benzylamine was reacted with iodobenzene and a good yield was

obtained after 14 h. Benzylamine with electron-donating moieties was found to be

more active than simple benzylamine (entry 9). When dibenzylamine was

employed in the reaction, no product formation was observed (entry 10). This

may be due to the steric hindrance of the benzylamine. Bromoarenes were found

to be unreactive but an increase in temperature from 100�C to 135�C and a change

in solvent from toluene to xylene gave excellent yield of product for bromoarenes

with an electron-withdrawing group (entries 13 and 14). Bromobenzene gave a

satisfactory yield after 24 h (entry 12), whereas bromoarenes with an electron-

donating group gave low yield (entry 15).

Catalyst recyclability: For any heterogeneous system, it is important to know the

ease of catalyst separation and possible reuse. The catalyst (Cat2) can easily be

separated by filtration. The recovered catalyst after washing with acetone followed

by drying at 60�C was used in the next run and minimal decrease in activity was

observed (first cycle: 92%, fifth cycle: 86%) (Fig. 3). This decrease in activity may

be due to the leaching or deactivation of the metal center. To see whether the

reaction was occurring mainly due to the leached metal or the supported catalyst, a

reaction between imidazole and iodobenzene was terminated after a small conver-

sion (45 min, 18% conversion), the catalyst was filtered off by hot filtration, and the

Table 22 N-Arylation of N(H)-heterocylces and benzylamines with aryl halides using Cat 2a

Ar-X

N(H)-heterocycle
+

Ar-N-heterocycle

Ar1-CH2-NH2 Cs2CO3, solvent, 100-135 °C

Cat 2 (5 mol%)

Ar1-CH2-NH-ArX = I, Br

Entry Aryl halide N(H)-heterocycle/amine Time (h) Yield (%)

1 C6H5-I Imidazole 8 89, 72b

2 4-MeO-C6H4-I Imidazole 16, 24c 94, 96c

3 4-MeCO-C6H4-I Imidazole 4 92

4 4-NO2-C6H4-I Imidazole 3 90

5d 4-I-C6H4-I Imidazole 16 85

6 C6H5-I Benzimidazole 14 88

7 C6H5-I Pyrazole 12 90

8 C6H5-I Pyrrole 10 82

9 C6H5-I Benzylamine 12 90

10 C6H5-I Dibenzyl amine 16 0

11 4-MeO-C6H4-I Benzylamine 18 72

12 C6H5-Br Imidazole 24 78

13 4-MeCO-C6H4-Br Imidazole 18 90

14 4-NO2-C6H4-Br Imidazole 12 90

15 4-Me-C6H4-Br Imidazole 24 20
aReaction conditions: aryl halide (1 mmol), amine (1.2 mmol), C at2 (5 mol%), Cs2CO3 (2 mmol),

toluene or xylene (2 mL), 100 or 135�C, N2 atmosphere, isolated yield
bCat2 (2 mol%), reaction time 24 h
cCited from reference 4
d3 mmol imidazole used
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reaction was continued with the filtrate for 10 h. Almost no change in the conver-

sion of iodobenzene was observed. These studies and the non-activity of Cu(OAc)2
in N-arylation of imidazole clearly prove that the reaction occurred heteroge-

neously. Lipshutz et al. [56] also reported that significant amount of supported

metal can be dissolved during the reaction and would redeposit quickly on the solid

during the filtration as a result of unavoidable minor temperature differences during

the filtration. It also may be assumed in this case that during filtration, the solid

matrix (silica) traps the copper species leached from the catalyst during the

reaction.

15 Bio-degradable Cellulose-Supported Copper(0) Catalyst

Cellulose is a natural biopolymer, which is biodegradable, environmentally safe,

widely abundant, inexpensive, and easy to handle [57]. Cellulose and its derivatives

are widely used in chemical and bio-chemical applications and also as supports for

the synthesis of organic molecules [58]. Interestingly, the cellulose fibers also act as

a nanoreactor for the stabilization of metal nanoparticles [59]. However, its use as a

support for catalytic applications is not well explored. Recently, Choplin and

coworkers reported cellulose as the support for water soluble Pd(OAc)2/5 TPPTS

system in the Trost–Tsuji allylic alkylation reaction [60]. To corroborate the above

concept in the cross coupling of aryl halides and boronic acids, we reported

N-arylation of imidazoles with aryl halides using a cellulose-supported Cu(0)

catalyst (CELL-Cu(0) [61] . The prepared catalyst was well characterized using

various instrumental techniques. For example, the X-ray diffraction pattern of

CELL-Cu(0) catalyst clearly indicates the presence of Cu (111) and Cu (200)

phases which are attributed to Cu(0) [46]. Further, the high resolution XPS narrow

scan spectrum of the fresh CELL-Cu(0) catalyst shows a Cu 2p3/2 peak at

932.72 ev, which is attributed to Cu (0) [22].

The scope of the cellulose-supported copper catalyst has been examined in

the case of aryl halides, and the results are summarized in Table 23. A very good

yield (89%) was observed for the reaction of imidazole with 4-iodoanisole

60
65
70
75
80
85
90
95

100

0 1 2 3 4 5 6

Y
ie

ld
 (

%
)

Number of cycles

Fig. 3 Reusability study of Cat2 for the N-arylation of imidazole with iodobenzene. Reproduced

with permission from [52]. Copyright 2007, Elsevier
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(Table 23, entry 2). On the other hand, 2-iodoanisole gave lower yields, which may

be because of steric factors (Table 23, entry 3). In the case of bromoderivatives,

4-bromoacetophenone and bromobenzene afforded 70% of the coupled product

(Table 23, entries 4 and 5). Further, the catalyst was screened for chloroderivatives

(Table 23, entries 6–8) for the N-arylation of imidazole. Among them p-nitrochlor-
obenzene with a strong electron-withdrawing group resulted in quantitative yield

(Table 23, entry 6), whereas 4-chloroacetophenone only gave low yield (Table 23,

entry 7). N-Arylation of imidazole with chlorobenzene gave no coupled product

under the above conditions. However, an increase of catalyst loading (0.1 g) with a

longer reaction time provided 20% yield of the coupled product (Table 23, entry 8).

The catalytic couplings of benzimidazole and indole resulted in good yields of

products (Table 23, entries 9–11).

Reusability of the catalyst: The catalyst was recovered by simple filtration and

washed with acetone and oven dried. The recovered catalyst was reused for

N-arylation of imidazole and aryl halide (Table 23, entries 1, 2 and 6). These results

indicate that the CELL-Cu(0) catalyst can be used for several cycles successfully

with minimal loss of activity. The high resolution XPS narrow scan spectrum of the

used CELL-Cu(0) catalyst shows two peaks at 932.72 and 935.25 for Cu 2p3/2,

which are attributed to Cu(0) and Cu(II), respectively. ICP-AES results of the used

CELL-Cu(0) catalyst indicate leaching of 0.8% of copper in the N-arylation

Table 23 N-Arylation of nitrogen heterocycles with aryl halides using CELL-Cu(0) catalysta

N
N

N
N

N
N

N
N

O

N
NO2N

N
N

N

N
NO2N

95%, 90%b, <10c, X = I

70%, X = Br 20%d, X = Cl

50%, X = Cl

95% (91%) b X = Cl

40%, X = I

60%, X = I

85%, X = Cl

N
N

O
70%, X = Br

N
NH3CO

N
N

OCH3

89% (85%)b, X = I

40%, X = I

DMSO, K2CO3

130 °C 
12-48h

N
H

N
+

X
N

N

R

R

CELL-Cu(0)

X = I, Br, Cl

1

2

3

4

5

6

7

8

9

10

11

aReaction conditions: 2 mmol of aryl halide, 2 mmol of imidazole, 4 mmol of K2CO3, CELL-Cu(0)

catalyst (0.05 g) DMSO, 130�C
bYield after fourth cycle
cReaction temperature 80�C
dReaction with 0.1 g of CELL-Cu(0) catalyst
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reaction of imidazole with iodobenzene after the first cycle and 3.5% after the

fourth cycle.

16 Polyaniline-Cu Catalyst

Polyaniline (PANI) is one of the most widely studied conducting polymers

for electronic and optical applications. It is also receiving considerable attention in

modern organic synthesis as a support and a promoter for metal-catalyzed organic

transformations due to its easy preparative protocol from inexpensive startingmaterial,

high environmental stability, easy acid–base doping–dedoping, and redox properties

[62]. Recently, Choudary et al. have reported polyaniline-supported Os-, Sc-, In-, and
Pd-catalyzed organic transformations [63]. Later, we reported [64] the preparation,

characterization, and catalytic properties of polyaniline-supported cuprous iodide

(Scheme 13) in the N-arylation of N(H)-heterocycles and benzylamines with aryl

halides and arylboronic acids.

PANI-Cu was prepared by stirring CuI and polyaniline in acetonitrile for 24 h

followed by filtration. The prepared PANI-Cu was fully characterized using FTIR,

XPS, ICP-AES, SEM, and EDAX. The most important bands in the FTIR spectrum

of PANI are located at 1,584, 1,494, 1,376, 1,308, 1,163, and 830 cm�1. They are

attributed to the stretching vibrations of quinoid (υC¼N + υC¼C), benzenoid (υC¼C)

units of the polymer, deformations of the C–N bond, stretching vibrations of

the C–N bond, in-plane deformations of CH bonds present in the aromatic rings

of the undoped polymer, and the out-of-plane deformations of CH bonds in the

1,4-substituted aromatic ring, respectively [65]. Upon incorporation of CuI into

PANI, no appreciable shifts in the quinoid or benzenoid ring bands positions have

been observed. XPS analysis of PANI-Cu showed a Cu 2p3/2 line at 932.4 eV and

Cu 2p1/2 line at 952 eV, which confirmed the oxidation state of copper in PANI-Cu

to be +I [22]. The PANI catalyst was analyzed by XPS for the N 1s, and it showed

three types of N, namely, -N (398 eV, proportion 45%), -NH� (399.4 eV, propor-

tion 45%), and -N+ (402 eV, proportion 10%). Similarly, PANI-Cu showed the

presence of -N (397.7 eV, proportion 13%), -NH� (400 eV, proportion 65%), and

-N+ (401.9 eV, proportion 22%). The decrease of imine nitrogen indicates that more

of the copper was bound with the PANI via imine nitrogen than the amine nitrogen.

To explore the scope and limitations of the current catalytic protocol for

N-arylation, several haloarenes and nitrogen-containing heterocycles were allowed

to react under the optimized conditions, and the results are summarized in Table 24.

It was observed that iodoarenes with electron-withdrawing groups (Table 24,

entries 4 and 5) reacted at a faster rate than iodoarenes with electron-donating

groups (Table 24, entries 2 and 3). Sterically hindered 2-iodotoluene took a longer

time to afford a good yield (Table 24, entry 6). Benzylamine with electron-donating

moieties was found to be more active than the simple benzylamine (Table 24,

entries 11 and 12). When dibenzylamine was employed, no product formation was

observed (Table 24, entry 13). This is may be due to steric hindrance of the
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benzylamine. Bromoarenes react at 100�C in DMF to give good yields of products

(Table 24, entries 16–22). The recovered catalyst, after washing with acetone

followed by drying at 80�C, was used in the next run. Almost consistent activity

was observed over five cycles in the reaction of iodobenzene with imidazole

(Table 24, entry 1). The difference between the copper content of the fresh catalyst

and the used catalyst (fifth cycle) is only 2.4%.

N N NH
H
NHN

N N NH
H
NHN

CuI

d+

d+

Scheme 13 Possible

structure of PANI-Cu

Table 24 N-Arylation of N(H)-heterocycles and benzylamines with aryl halides using PANI-Cua

Entry Aryl halide N(H)-heterocycle/amine Time (h) Yield (%)

1 C6H5-I Imidazole 12 92, (90, 89, 90, 87)b

2 4-Me-C6H4-I Imidazole 16 85

3 4-MeO-C6H4-I Imidazole 18 82

4 4-MeCO-C6H4-I Imidazole 8 98

5 4-NO2-C6H4-I Imidazole 6 95

6 2-Me-C6H4-I Imidazole 24 65

7 C6H5-I Benzimidazole 16 84

8 C6H5-I Pyrazole 14 92

9 C6H5-I Pyrrole 12 88

10 C6H5-I Benzylamine 15 90

11 C6H5-I 4-Methylbenzylamine 12 92

12 C6H5-I 4-Methoxybenzylamine 10 90

13 C6H5-I Dibenzyl amine 24 0

14c C6H5-Br Imidazole 15 90 (80, 65)b

15c 4-MeCO-C6H4-Br Imidazole 10 95

16c 4-NO2-C6H4-Br Imidazole 8 90

17c 4-Me-C6H4-Br Imidazole 18 90

18c 4-MeO-C6H4-Br Imidazole 30 88
aReaction conditions: aryl halide (1 mmol), amine (1.2 mmol), PANI-Cu (2.5 mol%), Cs2CO3

(3 mmol), CH3CN (2 mL), 80�C, N2 atmosphere, isolated yield
bYields after consecutive cycles
cDMF used as solvent and reaction temperature 100�C
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17 Copper–Aluminum Hydrotalcite

Hydrotalcites are a class of layered materials of current interest. They are

represented by a general formula [M(II)1�x M(III)x (OH)2]
n� An�

x/n.y H2O,

where M(II) and M(III) are divalent and trivalent cations such as Cu2+, Mg2+, and

Al3+, respectively. The compensating anions may be OH�, Cl�, NO3
�, CO3

2�, etc.
(see for a recent review [66]). Copper-containing LDHs act as the best heteroge-

neous catalysts for the production of substituted amines via Ullmann-type cross-

coupling reactions of unreactive aryl chlorides with aryl and aliphatic amines under

ligand-free conditions [67]. This method tolerates a variety of functional groups and

does not require any additive (Schemes 14 and 15).

Chlorobenzenes with electron-withdrawing groups substituted at para and ortho
provided moderate to good yields (Scheme 14, entries 1–7). In the case of 2,4-

dichlorobenzaldehyde, the chloro group at the ortho position was N-arylated
(Scheme 14, entry 4). The C–N coupling product bearing an aldehyde group is

oxidized to an acid (Scheme 14, entry 3) while in the case of 2,4-

dichlorobenzaldehyde, no oxidation of the aldehyde group occurred (Scheme 14,

entry 3 vs. 4). Electron-neutral and electron-donating chloroarenes such as chloro-

benzene and 4-chloroanisole (Scheme 14, entries 8 and 9) did not form any coupled

products under these conditions.

This protocol was successfully applied to cycloalkylamines (Scheme 15) using

the amine as self-solvent, with good isolated yields and negligible amount of Cu

leaching. Cu/Al-HT was recovered quantitatively by simple filtration and reused.

Consistent activity is observed even after the fourth cycle (91% in the first cycle and

90% in the fourth cycle) (Scheme 15, entry 1) for the coupling reaction between

o-nitrochlorobenzene and cyclohexylamine. A similar observation was made when

a C–N coupling product bearing an aldehyde in the para-position was oxidized

to an acid, while in the case of 2,4-dichlorobenzaldehyde, no oxidation of the

aldehyde group occurred (Scheme 15, entry 3 vs. 6).

In 2009, Sreedhar et al. [68] expanded the scope of amination with various

amines and aryl halides using Cu/Al-HT. In this study, the authors had chosen a

coupling reaction between octylamine and 2-nitro-chlorobenzene (Scheme 16) with

a catalytic amount of Cu catalyst under ligand-free conditions. From Table 25, it

can be seen that Cu/Al-HTB is the best catalyst among the catalysts screened

(Table 25, entry 6). The catalysts screened were (Cu-(HAP) copper hydroxyapatite,

Cu-(FAP) copper flouroapatite, and Cu/Al-HTs (HT, Hydrotalcite of Cu/Al in

different ratios) Cu/Al-HTA, 3:1(Cu: Al); Cu/Al-HTB, 2.5:1; and Cu/Al-HTC, 2:1)

The scope of the methodology was examined on many aryl chlorides using the

Cu/Al-HTB as catalyst. Selected examples are listed in Table 26. Although this

method works for variety of amines, some of the aryl chlorides, for example

chlorobenzene and 2-methyl chlorobenzene, did not participate in the coupling of

cyclopentyl and octylamine under the same reaction conditions. As can be seen,

aryl chlorides with electron-donating and electron-withdrawing groups coupled

with equal ease in many cases.
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Using the same catalyst system, Cu/Al-HTB, the scope was extended in the case

of heterocyclic amines such as imidazole, benzimidazole, pyrazole, and morpholine

with aryl chlorides, bromides, and iodides in good to excellent isolated yields.

Selected examples are listed in Table 27. However, some of the chlorides either

participated sluggishly or were unreactive towards coupling reactions under the

same reaction conditions. Many examples of the methodology were studied for

coupling partners on both sides.

R1
H
NN

H S
OO

R2

R1 N
S

OO

R2

Cu(OAc)2, PhB(OH)2
TEA, THF, 4 Ä sieves

R3

1
2

TFA-DCM (1:1)

Scheme 16 N-Arylation of solid-supported sulfonamides with phenylboronic acid catalyzed by

Cu(OAc)2

Neat

Cyclohexylamine
temp. 160 °C
8-9 h

Cl
FG

1. p-NO2 = 71%
2. o-NO2 = 91%, and 90%

in 4th cycle
3. p-CHO insitu converted 

to -COOH = 89%
4. p-COOH = 88%
5. o-CN = 59%
6. p-CHO, m-Cl = 56%

Cu/Al HT catalsyt (20 wt%)
K2CO3 (1.1 eq.)

H
N

FG

Scheme 15 Cu/Al LDHs-catalyzed C–N bond forming reactions beween cyclohexylamine and

chloroarenes

Neat
BnNH2
160 °C
8-12 h

Cl NH

Ph

FG

1. p -NO2 = 77%; 
76% in 4th cycle

2.o -NO2 = 80%
3. p-CHO insitu converted 

to -COOH = 68%
4. p-CHO, m-Cl = 69%
5. p-COOH = 46%
6. o-CN = 52%
7. p-CN = 45%
8. PhCl = no reaction
9. p-OCH3 = no reaction

Cu/Al HT catalyt (20 wt%)

K2CO3(1.1 eq.)

FG

Scheme 14 Cu/Al LDHs-catalyzed C–N bond forming reactions beween benzylamine and chloro

arenes
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Table 26 Coupling of aryl chlorides with amines catalyzed by Cu/Al-HTBa

DMF 
100 °C
6-32 h

Cl NHR2R3

Cu/Al-HTB catalyst 
K2CO3

R1
+ HNR2R3

R1

Entry R1 R2 R3 Time (h) Yield (%)

1 2-Me H n-C8H17 32 42

2 4-COOH H n-C8H17 8 97

3 4-Cl-2-CHO H n-C8H17 8 95

4 H H Cyclopentyl 16 n.r.b

5 2-Me H Cyclopentyl 20 n.r.b

6 4-COOH H Cyclohexyl 14 73

7 4-Me –(CH2)5
� 28 52

8 4-I –(CH2)5
� 9 81

aAryl chloride (1.0 mmol), amine (1.2 mmol), catalyst (2.5 mol%), K2CO3 (1.2 mmol), DMF

(2.0 mL) stirred at 100�C
bn.r ¼ no reaction

Table 25 Cu/AI LDHs-catalyzed C–N bond forming reactions between octylamine and 2-nitro

chlorobenzenea

Octylamine
100 °C
6-8 h

Cl NH

Cu/Al HT catalyst 
K2CO3 (1.2 eq.)

NO2 NO2

Entry Catalystb Yield (%)

1 Cu(HAP) n.r.c

2 Cu(FAP) n.r.c

3 Cu(II)-NaY 32

4 SiO2-Cu(OAc)2 36

5 Cu/Al-HTA 65

6 Cu/Al-HTB 96,97d

7 Cu/Al-HTC 90
a1-Chloro-2-nitrobenzene (1.0 mmol), amine (1.2 mmol), catalyst (2.5 mol%), K2CO3 (1.2 mmol)

DMF (2.0 mL) stirred at 100�C
bCu-(HAP), copper hydroxyapatite; Cu-(FAP) copper flouroapatite, Cu/Al-HTs (HT, Hydrotalcite

of Cu/Al in different ratios) Cu/Al-HTA, 3:1(Cu: Al); Cu/Al-HTB, 2.5:1; and Cu/Al-HTC, 2:1)
cn.r ¼ no reaction
dIsolated yield after fifth cycle
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18 C–N Bond Forming Cross-Coupling Reactions Using

Arylboronic Acids

Significant improvement in copper-catalyzed N-arylation is realized after the intro-
duction of arylboronic acids as the aryl donors independently by Lam et al. [69, 70],

Chan et al. [71], and Evans et al. [72] utilizing stoichiometric amount of Cu(OAc)2.

Combs et al. [73] reported the first examples of polymer-supported aryl-

heteroaryl C–N cross-coupling reactions and dramatically decreased reaction

times upon microwave irradiation. The methodology provides easy access to

N-arylated heterocycles from heterocycles bearing an N–H bond and readily

available arylboronic acids in the presence of copper(II) acetate and pyridine.

Later Combs et al. [74] reported a general and mild method for the N-arylation of
sulfonamides on solid supports. Copper acetate, triethylamine-mediated coupling

of arylboronic acids at room temperature to solid-supported sulfonamides gave

good to excellent yields of the desired N-arylsulfonamides. Sulfonamide bond

cleavage of the o, p-dinitrobenzene(N-aryl) sulfonamide provides a route to

N-arylated secondary amine products.

N-arylated primary and secondary aliphatic amines are important substituents in

many biologically active compounds. The predominance of arylpiperidines and

arylpiperazines in CNS drugs is particularly noteworthy [75–77].

Copper acetate, triethylamine-mediated CN cross-coupling reaction of

arylboronic acids at room temperature to solid-supported primary and secondary

amines gave good to excellent yields of the desired N-arylated products [78]. This

method demonstrates the generality of this methodology for the solid-phase

synthesis of combinatorial libraries (Scheme 17).

Table 27 Coupling of aryl halides with N(H) heterocyclic amines catalyzed by Cu/Al-HTB

DMF 
100 °C
6-26 h

X NHR2R3

Cu/Al-HTB catalyst 
K2CO3

R1
+ HNR2R3

R1

Entry X R1 –NR2R3 Time (h) Yield (%)a

1 Cl H Imidazol-1-yl 18 n.r.b (92, 80)

2 Cl 4-Me Imidazol-1-yl 12 27 (89)

3 Cl 4-NO2 Imidazol-1-yl 8 90 (95)

4 Cl CN Imidazol-1-yl 12 95

5 Cl 2-CF3 Imidazol-1-yl 7 97

6 Br 4-Cl Imidazol-1-yl 8 98

7 l 4-COMe Benzimidazol-1-yl 15 88

8 l 4-OMe Benzimidazol-1-yl 18 85

9 L 4-OMe Pyrazol-1-yl 20 80

10 Cl H Morpholino 26 n.r.b

aIsolated yields in parenthesis are of iodo- and bromoarenes, respectively
bn.r ¼ no reaction
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Chiang et al [79] reported the preparation of polymer-supported copper complex

by immobilization of copper on to modified Wang resin. This catalyst is effective in

cross-coupling reactions between N- or O-containing substrates and arylboronic

acids. The copper catalyst is air stable and can be recycled with minimal loss of

activity. A series of N-containing substrates and phenols were tested (Table 28),

and the reactions were complete after 24 h, with yields varying between 48% and

93%. The reaction is not general for amides and only starting material was recov-

ered. (entries 8 and 9). Both electron-withdrawing and –donating phenols worked

well (entries 11–13) and the phenolic OH group can be arylated in the presence of

an amide group (entry 14).

We have reported [80] the coupling of imides with various arylboronic acids

using Cu–Al hydrotalcite in refluxing methanol with continuous bubbling of air

through the mixture without employing base or ligand to afford N-arylated products
in very good yields (Scheme 18, Table 29). Cu–Al hydrotalcite is used for four

cycles successfully with minimal loss of activity.

Wang Lei et al. [81] reported the Ar–N coupling of arylboronic acids with

imidazoles by using 3-(2-aminoethylamino)propyl functionalized silica gel

immobilized copper(II) catalyst (10 mol%) in methanol without any additives and

bases. The reactions generated the corresponding cross-coupling products in good

yields. Furthermore, silica-supported copper can be recovered and recycled by a

simple filtration procedure and used for five consecutive trials without decrease in

activity.

We reported [82] the N-arylation of imidazoles and amines with arylboronic

acids with copper-exchanged fluorapatite (Cu-FAP) in methanol at room tempera-

ture. The products N-arylimidazoles and N-arylamines were isolated in good to

excellent yields. A variety of arylboronic acids were converted to the corresponding

N-arylimidazoles and N-arylamines, demonstrating the versatility of the reaction.

In an effort to evolve a better catalytic system, various catalysts were screened

for N-arylation of imidazole and phenylboronic acid in methanol at room tempera-

ture. The results are summarized in Table 30. Homogeneous Cu catalyst, Cu(OAc)2
and CuI gave very low yield (Table 30, entries 1–2). Copper-exchanged hydroxy-

apatite (CuHAP) also gave a very low yield (Table 30, entry 4), while CuFAP

afforded a very good yield (Table 30, entry 5). Moreover, the controlled N-arylation
reaction conducted under identical conditions devoid of CuFAP gave no coupled

product despite prolonged reaction time (Table 30, entry 6). CuFAP was recovered

quantitatively by simple filtration and was reused several times, with consistent

N

MeO

O

NH

Me

HN

MeO

O Me

R

Cu(OAc)2 (2 eq.), R-PhB(OH)2

(4 eq.) TEA (4 eq.), THF, 4 Ä sieves

TFA/DCM (1:1)

Scheme 17 N-Arylation of solid-supported secondary amines with arylboronic acids catalyzed by

Cu(OAc)2
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Table 28 Copper-mediated coupling of N- and O-containing compounds with arylboronic acids

using the generalized conditionsa

R1

B
OH

OH

+R XH

X = N, O

CH2Cl2, rt, 24 h

2.6 equiv base
4 Ä mol. sieves

X R1R

X - N, O

Cu

Entry Starting 
material R1 Product Isolated

yield (%)

H
N

H
N

H
N

H
N

H
N

H
N

O N

O

O

Cl

N
H

O

N

O

N

O

H
N

O

O

O

O

HO

I

OMe

MeO

O

N
H

O

54

48

66b

93b

78

54b

55b

0

0

75b

56b,c

83b,c

67c

50c

Me

Me

Me

Me

Me

Me

Me

Me

Me

Me

Me

Me

NH2

NH2

NH2

NH2

NH2

NH2

O

Cl

N
H

O

H
N

O

NH2

HO
OH

I
OH

OMe
OH

OH

MeO

O

N
H

O

O NH

O

N
H

O

1

2

3

4

5

6

7

8

9

10

11

12

13

14

H

H

aAll reactions were run using 1.5 equiv of catalyst, 3 equiv of arylboronic acid, and NEt3 as the

base
bRecycled catalyst
cPerformed with 4 equiv of boronic acid
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activity even after the fourth cycle (Table 30, entry 5). The absence of copper in the

filtrate was confirmed by Atomic Absorption Spectroscopy which confirms no

leaching of copper during the reaction and provides evidence for heterogeneity

throughout the reaction.

Our method was successfully amenable to a wide range of arylboronic acids,

allowing preparation of N-arylimidazoles and N-arylbenzimidazoles in high yield

and the results are shown in Table 31. Phenylboronic acids with an electron-

donating group afforded better yields (Table 31, entries 2–4) than with electron-

withdrawing groups (Table 31, entries 5–7). Similar observation was made when

benzimidazoles were used in place of imidazoles to obtain the corresponding

N-arylbenzimidazoles (Table 31, entries 8–10), but the reactions took longer time

compared to imidazoles.

After achieving excellent results with imidazoles, we further applied this cata-

lytic system for the N-arylation of aromatic amines and aliphatic amines. The

results are shown in Table 32 and Table 33. Table 32 shows the results of

N-arylation of aniline with several arylboronic acids.

It is clear from Table 32 that N-arylation proceeds very effectively and afforded

the corresponding N-arylated products in good to excellent yields under very

mild conditions. No spectacular electronic effects were observed in N-arylation
of aniline; only a slight decrease in the reaction rate was noted with the

3-nitrophenylboronic acid. Next we examined the N-arylation of various primary

amines such as aliphatic, cyclohexyl and heterocyclic amines with phenylboronic

acid using CuFAP catalyst at room temperature, and the results are listed in

Table 33. All the reactions proceeded very efficiently at room temperature and

yielded the corresponding N-arylated products. It was interesting to note that the

formation of the conceivable diarylated product is not observed in our conditions.

We [83] reported the N-arylation of nitrogen heterocycles with a variety of

arylboronic acids to afford the corresponding coupled products in good to excellent

yields without using external ligands or additives as promoters using cellulose-

supported Cu(0) catalyst. The catalyst was recovered by simple filtration and reused

for several cycles.

Preliminary experiments are carried out by taking phenylboronic acid as a test

molecule for the N-arylation of imidazole (Scheme 19). In order to determine the

best reaction medium, we tested different solvents and methanol is found to be the

best solvent for the N-arylation of imidazole (98%). The nature of base has a

pronounced effect in these reactions. Reaction of imidazole with phenylboronic

acid in presence of K2CO3 and KOtBu gave no coupled product, while

(HO)2B+
R

Cu-Al Hydrotalcite

MeOH, Reflux, Air
No base or Ligand

NH

O

O

N

O

OR = H,OCH3,F,Cl,CH3

R

Scheme 18 N-Arylation of pthalimide with arylboronic acids using Cu–Al hydrotalcite

Recent Developments in Recyclable Copper Catalyst Systems for C–N Bond. . . 155



Table 29 N-Arylation of imides with boronic acids by Cu–Al hydrotalcitea

Entry Imide Time [h]Aryl boronic acid Product Yield [%]b

N1 (HO)2B N 915

N2 (HO)2B N 906

N3 (HO)2B N 906

N4 (HO)2B N6 87

N5 (HO)2B N6 91

N7 (HO)2B N7 88

OCH3 OCH3

F F

Cl Cl

N6 (HO)2B N7 87

N8 (HO)2B N4 91

CF3

N9 (HO)2B N4 90

N10 (HO)2B N4 89

OCH3

OCH3

OCH3

OCH3

H

H

H

H

H

H

H

H

H

H

CF3

O

O

O

O

O

O
O

O
O

O

O

O
OO

O
O

O
O

O

O

O
O

O
O

O

O

O
O

O

O

O
O

O
O

O

O

O

O

O

O

aReaction conditions: phthalimide (1.2 mmol), arylboronic acid (1 mmol), catalyst (0.15 g) in

refluxing methanol
bIsolated yields after chromatography
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triethylamine and pyridine provided good yield. However, we continued the

reactions in triethylamine instead of pyridine because of toxicity reasons.

The reaction temperature plays an important role, the reaction at room tempera-

ture afforded 80% of the coupled product after 18 h (87%, 24 h), while the duration

of the reaction is drastically decreased to 2.5 h under reflux conditions to provide

quantitative yields (Table 34, entry 1). After optimizing the reaction conditions,

different arylboronic acids were coupled with imidazole using CELL-Cu(0) cata-

lyst, triethylamine as base and methanol as solvent under refluxing conditions, and

the results are summarized in Table 34. Various structurally and electronically

diverse arylboronic acids gave the corresponding N-arylated products in high

yields. However, methyl-, acetyl-, and methoxy-substituted boronic acids required

longer reaction times (Table 34, entries 5, 6 and 8) compared to chloro-, fluoro-, and

trifluoromethyl-substituted boronic acids (Table 34, entries 2, 3 and 4). o- and p-
substituted arylboronic acids were equally effective for the coupling with

imidazoles (Table 34, entries 7 and 8).

Later we reported [84] the N-arylation of imidazoles, imides, amines, amides,

and sulfonamides with arylboronic acids using a recyclable Cu(OAc)2·H2O/[bmim]

[BF4] system in the absence of a base or additive to afford the corresponding

N-arylated products in good to excellent yields.

Similarly, the cross-coupling reaction between imidazole and phenylboronic

acid was performed with different ILs, and the results are grouped in Fig. 4.

Among the ILs tested, hydrophilic [bmim][BF4] was found to be superior (95%

yield) than that of hydrophobic [bmim][PF6] (80% yield), whereas the cross-

coupling reaction was not successful in other molten salts such as n-tetrabuty-
lammonium bromide (n-Bu4Br) and 1-n-butyl-3-methylimidazolium bromide,

[bmim][Br], under similar reactions conditions. These results clearly indicate that

both the cation and anion play a significant role in this cross-coupling reactions.

Under optimized reaction conditions, a wide range of structurally diverse

arylboronic acids were coupled with imidazole (Table 35, entries 1–7) using

Table 30 N-Arylation of imidazoles using different copper catalystsa

HN N PhB(OH)2 N NPh+
Methanol

rt

Entry Catalyst Time (h) Yield (%)b

1 Cu(OAc)2 6 25

2 Cul 6 30

3 Cu power 6 25

4 CuHAP 6 20

5 CuFAP 6 88, 82c

6 None 24 0
aConditions: imidazole (1.2 mmol), phenylboronic acid (1 mmol, Methanol (3 mL), rt
bIsolated yields
cYield after fourth cycle
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Cu(OAc)2�H2O/[bmim][BF4] system to produce the corresponding substituted N-
aryl imidazoles in good to excellent yields. Finally, upon completion of the

reaction, the ionic liquid phase containing [bmim][BF4] and catalyst was almost

quantitatively recovered by simple extraction of the product with Et2O. The

recovered ionic liquid phase containing the catalyst was reused for several cycles

with consistent activity (Table 35, entry 1).

In an endeavor to expand the scope of the above methodology, the catalytic

system was applied to imides, amines, amides, and sulfonamides. A series of

substituted arylboronic acids were coupled with phthalimide (Table 36, entries

Table 31 N-Arylation of imidazoles with different arylboronic acidsa

HN N

HN N

HN N

HN N

B(OH)2

B(OH)2

MeO

B(OH)2

Me

B(OH)2O2N

HN N

HN N

HN N

B(OH)2

MeO

OMe

B(OH)2

F
B(OH)2

F3C B(OH)2

B(OH)2

MeO

B(OH)2

Me

N
H

N

N
H

N

N
H

N

Entry Imidazole Arylboronic acid Time (h)

1

2

3

4

5

4

5

8

88

86

90

785

6

7

5 85

5 85

(25)c 80d

8 80

8

9

10

12

12

88

85

86

(25)c 83d

12

Yield (%)b

aReaction conditions: imidazole (1.2 mmol), arylboronic acid (1 mmol), CuFAP (100 mg),

methanol (4 mL), r.t
bIsolated yields
cCu(OAc)2 homogeneous reaction under identical conditions
dYield after fourth cycle
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1–6) and succinamide (Table 36, entries 7 and 8) under the generalized reaction

conditions to afford the corresponding N-aryl imides in good to excellent yields.

Similarly, aniline was subjected to cross coupling with substituted arylboronic

acids and o-, p-substituted anilines with phenylboronic acid, and the corresponding

N-aryl amines were obtained in satisfactory yields (Table 37, entries 1–9). The

coupling of alkylamines with phenylboronic acid gave the N-alkyl anilines in

moderate yields (Table 37, entries 10–14). However, the reaction of amides and

sulfonamides with phenylboronic acid afforded the corresponding products albeit in

lower yields (Table 37, entries 15 and 16).

Table 32 N-Arylation of aniline with various arylboronic acidsa

B(OH)2

B(OH)2

MeO

B(OH)2

Me

B(OH)2

B(OH)2

Cl

B(OH)2

F

B(OH)2

F3C
B(OH)2

Br

B(OH)2

NO2

1

2

3

4

3

4

4

3

93

90

875

6

7

3 87

3 89

4 90

8

9

2

6 79

Entry Arylboronic acid Time (h) Yield(%)b

90

91

R

B(OH)2 NH2 CuFAP
H
N

rt, MeOH
+ R

Me

aConditions: aniline (1.5 mmol), arylboronic acid (1 mmol), CuFAP (100 mg),

methanol (4 mL)
bIsolated yields
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In general, the reactions are facile, clean for the synthesis of a variety of

N-arylated products. Several functional groups such as Cl, CF3, F, CH3, COCH3,

and OCH3 remain unaffected under the present reaction conditions.

We have used silica tethered copper complexes as reusable catalysts in the

N-arylation of N(H)-heterocycles and benzylamines with arylboronic acids [85]

(Table 38). N-arylated products were isolated in good to excellent yields,

demonstrating the versatility of the protocol. Moreover the catalyst was easily

recovered by simple filtration and reused for several cycles with consistent activity.

19 Recently Reported Copper Heterogeneous Systems

Recently Nageswar et al. reported that copper iodide along with trans-1,2-
diaminocyclohexane as a ligand (reported by Buchwald in homogeneous

conditions) acts in water, as a simple, efficient, cheap, and recyclable catalytic

system (Scheme 20) [86].

N-heterocycles like indole, substituted indoles, pyrazole, imidazole, benzamide,

morpholine, benzimidazole, thiobenzamide, aniline, benzylaniline, octylaniline,

heptylaniline, and cyclohexylaniline couple with aryl iodides and bromides in the

Table 33 N-Arylation of amines with phenylboronic acida

B(OH)2

+
CuFAP

R-NH2

NH R

rt, MeOH

Entry Amines Time (h) Yield (%)b

1 n-Butylamine 3 93

2 n-Hexylamine 4 90

3 n-Heptylamine 4 92

4 n-Octylamine 4 95

5 Benzylamine 2 90

6 Cyclohexylamine 3 88

7 Allylamine 4 87

8

O

NH2 2 90

aConditions: amine (1.5 mmol), arylboronic acid (1 mmol), CuFAP (100 mg), methanol (4 mL)
bIsolated yields

B(OH)2

N
HN+

Cu(0)-Cellulose

TEA, MeOH, Reflux

N
N

R R

R =H, Cl, CH3, OCH3,

COCH3, CF3

Scheme 19 N-Arylation of imidazole with arylboronic acids using cellulose-supported Cu(0)
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Table 34 N-Arylation of imidazole with various arylboronic acids using CELL-Cu(0) catalysta

N
N

N
N

N
N

N
N

N
N

N
N

Cl

F

F3C

H3C

H3COCH3COC

B(OH)2

H3C

B(OH)2

F3C

B(OH)2

F

B(OH)2

Cl

B(OH)2

B(OH)2

Substrate Product Time (h) Yield (%)b

2.5

2.5

2.5

2.5

4.0

5.0

5.0
B(OH)2

OCH3
OCH3

N
N

98

82

87

83c

93

95

80

77c

83

Entry

1

2

3

4

5

6

7

8

H3CO

B(OH)2

N
N

H3CO
5.0 86

87c

80d

aReaction conditions: imidazole (1 mmol), triethylamine (2 mmol), CELL-Cu(0) catalyst

(0.025 g), phenylboronic acid (1 mmol), methanol (5 ml), reflux
bIsolated yields
cYield after fourth cycle
dReaction performed at room temperature for 18 h

N N+
( )

3

Br- N N+
( )

3

PF6
- N N+

( )
3

BF4
-

No reaction 80% 95%

n-Bu4Br

No reaction

Fig. 4 Screening of ILs for the N-arylation of imidazole (1 mmol) with phenylboronic acid

(1 mmol) using 10 mol% Cu(OAc)2�H2O at 70�C in 3.0 h
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presence of K2CO3 as base and water as solvent to give the N-arylated products in

good to excellent yields. For aryl iodides, the reaction proceeded at 80�C, whereas a
higher reaction temperature of 95–100�C was needed to activate aryl bromides.

Ortho-substituted aryl iodides afforded poor yields of the product owing to steric

reasons.

This copper catalyst system along with the aqueous phase were recyclable up to

four times without loss of catalytic activity, and FT-IR spectrum on the used

catalyst did not indicate any copper oxide formation.

Chaudhari et al. reported encapsulation of copper complexes in zeolite-Y and

MCM-41 or by tethering of copper complexes on various supports like zeolite-Y,

silica, charcoal, or clay [87]. These materials were then characterized by a plethora

of sophisticated analytical techniques like EPR, diffused reflectance UV–vis, XRD,

IAS, ICPES, SEM, and TEM and employed for the amination of aryl iodide to

synthesize diphenyl aniline or triphenyl amine (Scheme 21).

For encapsulated catalysts, amination reaction was carried out in a high pressure

autoclave containing aniline, iodobenzene, catalyst, and potassium tert-butoxide
(KOt-Bu) at 408 K for 14 h. For tethered catalysts, the amination reaction was

carried out in a two necked flask under reflux at 385 K for 10–12 h.

Table 35 N-Arylation of imidazole with various arylboronic acids using Cu(OAc)2�H2O/[bmim]

[BF4] system
a

B(OH)2

Entry

1

2

3

4

Arylboronic acid Time (h) Product Yield (%)b

B(OH)2

B(OH)2

B(OH)2

B(OH)2

B(OH)2

B(OH)2

5

6

7

3.0

4.0

4.0

4.0

4.5

5.0

5.0

N
N

N
N

N
N

N
N

N
N

N
N

N
N

95 (90) c

90

85

85

88

80

80

F3C F3C

F
F

Cl
Cl

H3C
H3C

H3COC
H3COC

OCH3
OCH3

aReaction conditions: imidazole (1 mmol), arylboronic acid (1 mmol), Cu(OAc)2�H2O

(10 mol%), [bmim][BF4] (1 mL)
bIsolated yield
cIsolated yield after fourth cycle
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The results of amination reaction as obtained by different copper catalysts are

tabulated in Table 39.

Recyclability and stability studies were carried out for both encapsulated and

tethered copper catalysts. For encapsulated Cu(Phen)–Y catalyst, the catalyst

Table 36 N-Arylation of imides with various arylboronic acids using Cu(OAc)2�H2O/[bmim]

[BF4] system
a

B(OH)2

Entry

1

2

3

4

Arylboronic acid Time (h) Yield (%)bProduct

B(OH)2

B(OH)2

B(OH)2

B(OH)2

B(OH)2

5

6

7

3.0

5.0

4.0

7.0

6.0

4.0

5.0

92

85

90

90

88

80

90

F3C

F

Cl

H3COC

Imine

NH

O

O

4

N

O

O

N

O

O

N

O

O

N

O

O

N

O

O

N

O

O

N

O

O

4

4

4

4

NH

O

O
5

8 5 5.0 88

Cl

CF3

COCH34

85c

B(OH)2

B(OH)2

N

O

O

F

aReaction conditions: imide (1 mmol), arylboronic acid (1 mmol), Cu(OAc)2�H2O (10 mol%),

[bmim][BF4] (1 mL)
bIsolated yield
cIsolated yield after fourth cycle

Recent Developments in Recyclable Copper Catalyst Systems for C–N Bond. . . 163



Table 37 N-Arylation of various N nucleophiles with various arylboronic acids using

Cu(OAc)2�H2O/[bmim][BF4] system
a

B(OH)2

Entry

1

2

3

4

Arylboronic acid Time (h) Yield (%)bProduct

B(OH)2

5

6

7

4.0

4.0

75 (70) c

72

70

65

75

68

70

F

Amine

6

8 65

7

NH2

H
N

H
N

6
F

B(OH)2 4.0Cl

H
N

6

Cl

B(OH)2 4.5

H
N

6

B(OH)2
5.0H3COC

H
N

6

COCH3

B(OH)2 5.06

5.0

H
N

5.0

H
N

5.0

4.0

OCH3

NH2Cl 7

7

H
N

OCH3

Cl

NH2

Cl

NH2

tBu

NH2

Cl

79

H
N

tBu

60

7

H
NPh

6010

NH2

NH

7

CONH2

SO2NH2

12 5.0

H
N

55

O NH

13

14

16

15

N 60

60

7

7

7

7

5.0

5.0

6.0

6.0

NO

CONHPh

SO2NHPh 30

30

NH2

H
N

Ph 604.011 7

aReaction conditions: amine (1 mmol), arylboronic acid (1 mmol), Cu(OAc)2 (10 mol%), [bmim]

BF4 (1 mL)
bIsolated yield
cIsolated yield after fourth cycle

164 M.L. Kantam et al.



activity and selectivity remained constant even after five reaction cycles.

Encapsulated Cu(Bipy)-MCM-41 lost its catalytic activity with every reuse

indicating leaching of copper from the support. This is justified from the fact that

wide openings of pore and channel diameter of MCM-41 (~35 A˚˜) results in some

washing of copper complex under the reaction conditions. Thus Cu(Bipy)-MCM-41

loses its heterogeneity and performs as a homogeneous catalyst during the course of

the reaction. Recyclability experiments on tethered Cu(Phen)(PPh3)Br-PTA-Y

Table 38 N-Arylation of N(H)-heterocycles with arylboronic acids using silica tethered

Cu-complexa

arylboronic acid

Cat (2 mol %)

MeOH, 80 °C
aryl-N-heterocycle Cat =

NH-heterocycle

+

B(OH)2

Entry

1

2

3

4

Arylboronic acid Time(h)NH-heterocycle

B(OH)2

B(OH)2

B(OH)2

B(OH)2

B(OH)2

B(OH)2

5

9

10

N
HN

N
HN

N
HN

N
HN

N
HN

40

2

1

1.5

2.5

2

3

Me

F

B(OH)26

O2N

B(OH)27

B(OH)28

N
HN

N

H
N

5

1

2.5

Yield /%

92b

91, 88c

90

88

90

94

90

92

93

90

N

H
N

N

H
N

N
HN

Me

MeO

Me

Me

SiO2
N

NCuAcO

OAc

aReaction conditions: N(H)-heterocycle (1 mmol), arylboronic acid (1.2 mmol), Cat (2 mol%),

MeOH (2 mL), 80�C, air
bRoom temperature
cYields after fifth cycle
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catalyst revealed that the catalyst was stable even after fifth recycle, and no leaching

of copper or tungsten occurred. The catalyst was found to give a higher turnover

number (TON) of 69 compared to its homogeneous counterparts (TON 27).

The authors also presented a plausible reaction pathway for the amination of aryl

iodide catalyzed by zeolite-supported copper complex, wherein they experimen-

tally demonstrated the formation of PhNHK type of salt as an intermediate.

The various types of immobilized copper complexes described in this work aim

to eliminate the problems encountered in homogeneous amination of aryl halides.

The catalysts displayed good activity and recyclability depending upon the nature

of the support.

Islam et al. reported, in 2011, the synthesis of a heterogeneous polystyrene-

supported Cu(II) catalyst (Cu-PAR) for the N-arylation of N–H heterocycles with

aryl halides as well as arylboronic acids to afford the corresponding coupled

products in good to excellent yields [88].

Cu-PAR catalyst was employed for theN-arylation of imidazole with various aryl

halides under N2 atmosphere at 100�C using DMSO as the solvent and K2CO3 as the

base (Scheme 22). Iodoarenes with electron-withdrawing groups reacted faster than

that with electron-donating groups. Sterically hindered 2-iodotoluene afforded good

yield of the corresponding of the N-arylated product albeit at longer reaction time

(20 h). Bromoarenes as well as other N-containing cycles such as benzimidazole,

pyrazole, and pyrrole also reacted well under these reaction conditions.

Cu-PAR catalytic system was also found to be applicable for N-arylation of N–H
heterocycles with arylboronic acids (Scheme 23) under mild conditions in less time.

Methanol was found to be the best solvent as other solvents gave trace amount of

the coupled product under identical conditions. No organic co-solvent or additive or

base was needed to promote the reaction. Arylboronic acids with electron-

withdrawing groups reacted at a slower rate yielding moderate to good yield of

the corresponding product. 3-nitrophenylboronic acid, a relatively tough substrate,

was also found to be reactive under these reaction conditions. Cu-PAR catalytic

I

N
H

N

CuI (5 mol %)
trans-1,2 diaminocyclohexane

(10 mol %)

K2CO3, H2O
80 °C, 18 h

+

Scheme 20 Copper-catalyzed C–N cross coupling

I NH2

N
N
H

Cu catalyst

toluene, KOt-Bu
+

+

TPA DPA

Scheme 21 Amination of aryl iodide using copper catalyst
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system also worked well for imide, amide, phthalimide, and sulfonamide yielding

decent yield of the N-arylated product.

The scope of this catalytic system was even extended for the amination of

aromatic amines with boronic acids using DMSO as solvent and KOH as base at

Table 39 Amination of iodobenzene by aniline using heterogenized copper complexes

Sr.

No. Catalyst

Aniline

Conv (%)

DPA

selectivity

(%)

DPA

yield (%)

TPA

yield (%)

DPA/TPA

ratio
aCu(Phen or Bipy) complex

encapsulated in NaY
b1 Na–Y 40 58 23 8 2.9
c2 4% Cu–Y 60 69 41 7 5.9
b3 1% Cu(Phen)–Y 85 80 68 4 17.0
c4 4% Cu(Phen)–Y 88 84 74 3 24.7
c5 4% Cu(Bipy)–Y 89 87 78 2 39.0
d6 8% Cu(Phen)–Y 90 66 60 15 4.0

eCu(Bipy) complex

encapsulated in MCM-41

7 MCM-41 18 16.6 3 6 0.5

8 4% Cu-MCM-41 32 28.1 9 15 0.6

9 4% Cu(Bipy)-MCM-41 80 6.3 5 71 7.0

f4% Cu(Phen or neocup)(PPh3)

Br complex tethered catalyst

10 Cu(Phen)(PPh3)

Br-PTA-Y

86 10.5 9 72 0.1

11 Cu(neocup)(PPh3)Br-

PTA-Y

70 15 10.5 60 0.2

12 Cu(Phen)(PPh3)Br-PTA-

alumina

78 10.2 8 55 0.15

13 Cu(Phen)(PPh3)Br-PTA-

titanium oxide

74 17.6 13 26 0.5

14 Cu(Phen)(PPh3)Br-PTA-

clay

80 8.8 7 32 0.2

15 Cu(Phen)(PPh3)Br-PTA-

charcoal

50 48 24 25 0.96

16 Cu(Phen)(PPh3)Br-PTA-

silica

56 35.7 20 22 0.9

aIodobenzene: 2.0 mmol; aniline: 2.1 mmol; KOt-Bu: 6.4 mmol; toluene: 20 ml; temperature

408 K; time: 14 h
bCatalyst 900 mg
cCatalyst 225 mg
dCatalyst 115 mg
eIodobenzene: 2.0 mmol; aniline: 2.1 mmol; KOt-Bu: 6.4 mmol; 4% Cu(Bipy)-MCM-41: 225 mg;

toluene: 20 ml; temperature: 408 K; time: 14 h
fIodobenzene: 8.2 mmol; aniline: 4.0 mmol; KOt-Bu: 16.0 mmol; 4% Cu catalysts: 550 mg;

toluene: 20.0 ml; naphthalene (IS); 0.25 g; temperature: 385 K; time: 10 h
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120�C for 12 h (Scheme 24). The amination reaction proceeded smoothly and good

to excellent yields of the products were recorded in all cases.

Cu-PAR is a very versatile catalyst and offers excellent stability, activity, and

reusability for multiple reaction cycles.

Wang et al. in 2011 [89] developed a polystyrene immobilized phenanthroline–Cu(I)

catalyst and applied it successfully for the synthesis of 2-aminobenzothiazoles from

2-halobenzeneamines and phenyl isothiocyanates (Scheme 25).

The optimum reaction conditions were found to be 2.5 mol% copper loading in the

catalyst withDABCOas base and toluene as the solvent at 60�C for 8 h. The efficiency

of the catalytic system was then tested by using 2-chloroaniline, 2-iodoaniline, and

various substituted 2-bromoanilines possessing electron-withdrawing as well as

electron-donating groups along with phenyl isocyanate. Even substituted phenyl

isocyanates bearing methoxy, chloro, methyl, nitro, and trifluoromethyl groups were

found to react appreciably with 2-bromoaniline as well as 2, 4-dibromoaniline. In all

cases good to excellent yields (69–95%) of the corresponding 2-aminobenzothiazoles

were obtained. Even a less active substrate, 2-bromo-5-trifluoromethylaniline, reacted

surprisingly well with phenyl isothiocyanate to give a decent yield (71%) of the

corresponding product. The catalytic system was even found to tolerate sterically

hindered substrate like 2,4-dibromo-6-fluoroaniline to give an excellent yield (84%)

of the corresponding 2-aminobenzothiazole product.

Recyclability studies of the catalyst using 2-iodoaniline and phenyl isothiocya-

nate as the model substrates demonstrated that the catalyst can be separated from

the reaction mixture simply by filtration, washed dried, and reused for at least ten

reaction cycles with almost no leaching of copper from the support (<0.20 ppm).

I

H

N

N
H

N

N

Cu-PAR

DMSO, K2CO3
100 °C, 14 h

+

Scheme 22 Cu-PAR-catalyzed N-arylation of imidazole with iodobenzene

B(OH)2
N

N
H

+
Cu-PAR

methanol
40 °C, 12 h

N

N

Scheme 23 Cu-PAR-catalyzed N-arylation of imidazole with phenyl-boronic acid

B(OH)2

+

NH2
NHCu-PAR

DMSO, 120 °C
12 h

Scheme 24 Cu-PAR-catalyzed amination of aniline with phenylboronic acid
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20 Summary and Outlook

In summary, we have gathered information from the recent published methodologies,

wherein heterogeneous or reusable copper-catalyst systems were used for the

C(aryl)–N bond formation employing aryl halides and arylboronic acids as coupling

partners. Among the methods we discussed here for the arylation of aryl halides,

most of the reactions were conducted at 100–160�C. To our knowledge no room-

temperature reports have appeared under heterogeneous conditions.

The challenges and opportunities in copper-catalyzed heterogeneous catalysis

are enormous as less research was carried out compared to homogeneous systems

[4, 90]. The development of less expensive and robust new catalysts with higher

activities and turnover numbers is desirable. It is also important to exploit these

heterogeneous catalysts for the synthesis of biologically important molecules.
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