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An air-stable, highly active and versatile method for C—N bond forming reactions is
reported. Under mild conditions using a highly reusable support-free Cu(Il)—salen
complex, structurally diverse N-aryl-substituted compounds were obtained via direct
C—N bond forming reaction of HN-heterocycles with aryl iodides or three-
component C—N bond forming reaction of 2-bromobenzaldehyde, aniline deriva-
tives and sodium azide in good to excellent yields. C—N bond forming reaction
for benzimidazole derivatives was also performed in the presence of the catalyst
under ambient conditions. A series of hybrid benzimidazoles bearing morpholine,
tetrazole and quinoxaline backbones were produced using this method. All reactions
were performed in short times under air. The Cu(II) catalyst could be reused up to
eight times in the direct cross-coupling reaction of 9H—carbazole with iodobenzene

without any decrease in its catalytic activity.
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1 | INTRODUCTION

Recently, the Cu(Il) complex-catalysed formation of C—N
bonds has received high priority in the design of N-arylated
products and proved to be challenging to medicinal chemists.
The C—N bond construction strategies employ pre-activated
starting materials such as aryl halides using metal complexes
to react with N-source nucleophiles. Various C—N bond
forming reactions have been carried out using a variety of
metal complexes under mild conditions in relatively cost-
effective manners.'"! In recent decades, developing efficient
procedures under nearly solvent-free conditions (low amount
of solvent) or using environmentally benign solvents for puri-
fication and isolation of products and catalyst has been of
great strategic importance.’! Pd,”*! Co™ and Ni®! complexes
have been well explored for the Buchwald-Hartwig
amination reaction. However, these methods need ligands
including N-heterocyclic carbenes, phosphine and many

C—N bond forming reactions, Cu(II) catalyst, N-heterocyclic compounds, reusable support-free catalyst,

others which are non-reusable, air-sensitive, highly expensive
and toxic.'®

N-Aryl-substituted heterocycles which have many
biological activities can be prepared using a variety of
procedures including direct C—N bond forming reaction
of HN-heterocycles with aryl iodides or three-component
C—N bond forming reaction of 2-bromobenzaldehyde,
aniline derivatives and sodium azide.

Most procedures for indazole derivatives which play
an increasingly important role in modern drug discovery
give mixtures of 1H- and 2H-indazoles. In this regard,
some researchers have focused on the selective synthesis of
2H-indazoles which are discussed below.

A procedure based on copper-catalysed intramolecular
N—N bond formation through 2H-indazoles from easily
accessible starting materials was reported by Rao and co-
workers.!”) Substituted 2H-indazoles were synthesized via
condensation and reductive cyclization of nitrobenzaldehydes
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and anilines promoted by tri-n-butylphosphine.™ A [3 + 2]
dipolar cycloaddition of sydnones and arynes was employed
to afford a series of 2H—indazoles."”! A one-pot multicompo-
nent synthesis of highly regioselective 2H—indazoles via con-
secutive condensation and C—N and N—N bond formations
was reported by Kumar et al.!'"’
Benzimidazole derivatives'!! have also proved to have
a broad range of pharmacological activities such as

TABLE 1 Results of reactions under various conditions®

antimicrobial, antifungal, antiviral, anti-helmintic, anti-HIV,
antioxidant, antihistaminic, antiulcer, anticancer, cardio-
tonic, antihypertensive, angiotensin I receptor antagonism,
proton-pump inhibition and anti-inflammatory. These types
of compounds are generally produced from the condensa-
tion—dehydration of o-phenylenediamines with carboxylic
acid derivatives under strong acid and high-temperature con-
ditions. These compounds are also prepared from aldehydes

o © Metal complex of para hydroxy substituted salen N
Conditions @

3a

Metal-salen complex

Base

Solvent

Entry (amount, Mol%) (amount, mmol) (amount, ml) Temperature (°C) Time (h) Yield (%)b
1 — (CH3);CONa (2.0) DMSO (2.0) 120 24.0 0
2 Cu(OAc), (10) (CH3);CONa (2.0) DMSO (2.0) 120 24.0 31
3 Cu(II)-salen (10) (CH3);CONa (2.0) DMSO (2.0) 120 12.0 94
4 Cu(II)-salen (10) (CH3);CONa (2.0) Peg (2.0) 120 24.0 39
5 Cu(II)-salen (10) (CH3);CONa (2.0) Xylene (2.0) Reflux 24.0 0
6 Cu(II)-salen (10) K,CO3 (2.0) Water (2.0) Reflux 24.0 0
7 Cu(II)-salen (10) (CH3);CONa (2.0) Ethyl acetate (2.0) Reflux 24.0 3
8 Cu(Il)—salen (10) (CH5);CONa (2.0) Acetonitrile (2.0) Reflux 24.0 0
9 Cu(II)-salen (10) (CH3);CONa (2.0) — 120 12.0 88
10 Cu(II)-salen (10) K>CO; (2.0) — 120 24.0 33
11 Cu(II)-salen (10) K5PO, (2.0) — 120 24.0 61
12 Cu(II)-salen (10) NaOH (2.0) — 120 24.0 12
13 Cu(II)-salen (10) EtN (2) — 120 24.0 27
14 Cu(II)-salen (10) (CH3);CONa (2.0) — 110 24.0 88
15 Cu(IT)-salen (10) (CH;);CONa (2.0) — 80 24.0 0
19 Cu(II)-salen (7) (CH3);CONa (2.0) — 110 24.0 89
20 Cu(II)-salen (5) (CH3);CONa (2.0) — 110 24.0 66
21 Cu(II)-salen (7) (CH3);CONa (2.0) — 120 12.0 87
22 Cu(II)-salen (7) (CH3);CONa (2.0) 0.2 120 12.0 94
23 Cu(Il)-salen (7) NaOH (2.0) 2.0 120 7 91
24 Cu(Il)-salen (7) NaOH (2.0) 0.2 120 7 91
25 Cu(II)-salen (7) NaOH (2.0) 0.2 100 10 89
26 Cu(Il)-salen (7) NaOH (2.0) 0.2 80 14 Trace
27 Cu(II)-salen (10) Cs,CO;5 (2.0) 0.2 120 12 95
28 Zn(I)-salen (10) (CH3);CONa (2.0) — 120 24.0 10
29¢ Co(III)-salen (10) (CH3);CONa (2.0) — 120 24.0 0
30 Mn(II)-salen (10) (CH3);CONa (2.0) — 120 24.0 0

“Reaction conditions: 9H—carbazole (1.0 mmol), iodobenzene (1.2 mmol), base, solvent and metal-salen complex.

®Isolated yield.

“The partner anion of this complex is acetate ion.
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TABLE 2 Direct C—N bond forming reaction of various structurally diverse N-unsubstituted compounds (1.0 mmol) and aryl iodides (1.2 mmol) in

the presence of NaOH (2.0 mmol) and highly reusable support-free Cu(Il)-salen complex (7 mol%) under nearly solvent-free conditions®

N. N
—N_ _N=
N
o o
HO OH

HetNH — +  Arl HetN-Ar
under optimized conditions

Entry N-unsubstituted compound Aryl halide Product Time (h) Yield (%)° Ref.

1 (Ij 7.0 91 tiel

2 2a 6.5 90 uf
\ \
N
H

3b
3 N 2a 7.0 87 il
[N N
Ly Ly
H
‘ o
3c
4 / 2a /) 6.5 91 e
0y £
H
: )
3d

5 @EN\> 2a @:N\> 7.0 88 [1b)
N N

6 Me 2a Me 7.0 88 201
B 3N
I\?j\Me W ; Me

7 @[SD 2a @ESD 8.0 69 t1b]
N N

3g
8 1b I 6.0 91 {7m]
\
N
Me
2b
Me
3h

(Continues)
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TABLE 2  (Continued)
N_ _N
\Cu/ B
o o
HetNH  +  ArI Ho s HetN-Ar
under optimized conditions
Entry N-unsubstituted compound Aryl halide Product Time (h) Yield (%)° Ref.
9 1a 2b 7.0 90 el
N
Me
3i
10 1c 2b [N\> 7.0 87 1)
N
Me
3j
11 1a ! 8.0 90 el
N
cl
2¢
cl
3k
12 le 2¢ @EN\> 7.0 89
N
Cl
31
13 1d I [ 8.0 87 (2l
N
OMe
2d OMe
3m
14 1b Br 3b 12 34 ]
2e

“Reaction conditions: aryl iodide (1.2 mmol) and N-heterocyclic compound (1.0 mmol) in the presence of NaOH (2.0 mmol) and Cu(Il) catalyst (7 mol%) at 120 °C.

“Isolated yield.

instead of carboxylic acids with subsequent oxidation using
various oxidative reagents. A literature survey has also
revealed the importance of quinoxalines as having miscella-
neous pharmaceutical and biological activities."'*! They
are realized from both natural and synthetic origins and
are also known for their biomedical potential, including as
anti-asthmatic, anti-inflammatory, antihypertensive and anti-
bacterial agents. According to longstanding research for find-
ing new bioactive benzimidazoles containing morpholine and

tetrazole backbones,m] numerous benzimidazole compounds

incorporating morpholine and tetrazole have been produced
in this study. A series of benzimidazole-morpholine
molecules have been proved to elicit anti-inflammatory effect
by blocking activity of Lck."'*! Benzimidazole nucleus can be
substituted with tetrazole to explore the development of
antihypertensive drugs."'*!

Because of low reusability of homogeneous metal
complexes, the anchoring of these catalysts onto various solid
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supports has been found to increase their reusability. These
solid materials are widely used for heterogenization of homo-
geneous catalysts, since they have good stability and mechan-
ical resistance. Although they are acceptable as catalyst
supports, investigation of reusable support-free metal com-
plexes for use umder mild conditions is of great interest. Most
complexes are soluble in organic solvents and so they should
be supported on reusable materials; supporting in this way is
time-consuming and causes pollution and also increases costs.
In this regard, there is still a need to develop metal complexes
without immobilizing them onto any solid support as suitable
catalysts in organic reactions. Very important complex
catalysts can be found in the field of recoverable metal com-
plex catalysts under homogenous conditions where they can
be precipitated by adding suitable solvent."'>! Based on this
concept, numerous carefully modified salen complexes have
been synthesized so that they can be easily recovered after pre-
cipitation with a specific solvent.

As mentioned, a number of approaches for the synthesis
of these types of compounds have been reported, but more
environmentally benign, general and efficient methods are
still needed. With these considerations in mind, based on
our previous studies, which focused on the synthesis of salen
complexes as catalysts and their applications in organic reac-
tions,!'®! herein we report our attempts to develop C—N bond
forming reactions using a mononuclear Cu(I)-salen complex
as an inexpensive, efficient and versatile catalyst.

2 | RESULTS AND DISCUSSION

As part of our continuing interest in the development of Cu-
based procedures'”! for organic reactions, a very simple and
new C—N bond forming methodology based on the use of a

TABLE 3 Results of reactions under different conditions®

Chemistry
Cu(II)-salen complex as a versatile catalyst has been devel-
oped, which could represent an improvement in efficiency
and convenience over previously reported methods.

To determine the efficiency of our catalyst, 9H—carbazole
(1.0 mmol) and iodobenzene (1.2 mmol) were selected as
model substrates and investigated under various conditions
(Table 1). In the absence of the catalyst, the starting
substrates were isolated, and C—N bond formation did not
proceed (Tablel, entry 1). When the Cu(Il) catalyst was
employed, the reaction also did not proceed well, whereas
the yield of product increased to 94% by using the Cu(Il)-
salen complex (7 mol%) (Table 1, entries 2 and 3). These
results prompted us to investigate our complex in C—N bond
forming reactions.

In the next step, the effect of various solvents was studied
for the model reaction. It was found that the reaction gave
good to excellent yields in dimethylsulfoxide (DMSO) and
under solvent-free or nearly solvent-free conditions, while
lower yield or no yield of N-substituted product was obtained
in other solvents including poly(ethylene glycol) (PEG 400),
xylene, water, ethanol and acetonitrile (Table 1). In continu-
ation of our research, the effect of various bases and temper-
atures was screened via this C—N cross-coupling reaction
and the results showed that reactions proceeded well when
using sodium fert-butoxide and sodium hydroxide as base
(Table 1, entries 9-13 and 23-27). In the next step, various
metal complexes were also used, but, among them, the Cu(Il)
complex is still the best option (Table 1, entries 24 and 28—
30). Finally, the catalyst loading was screened and 7 mol%
of catalyst was chosen (Table 1, entries 9 and 19-21). As
evident from Table 1, the best result was achieved by carry-
ing out the reaction using Cu(II)-salen (7 mol%), sodium
hydroxide as base (2 mmol) under nearly solvent-free condi-
tions (0.2 ml) at 120 °C for 7 h (Table 1, entry 24).

Entry Metal-salen complex (amount, Mol%) Solvent (amount, ml) Temperature (°C) Time (h) Yield (%)b
1 — DMSO (3.0) 120 24.0 0
2 Cu(II)-salen (7.0) DMSO (3.0) 120 12.0 81
3 Cu(Il)-salen (7.0) DMSO (1.0) 120 12.0 80
4 Cu(II)-salen (7.0) DMSO (3.0) 100 12.0 80
5 Cu(II)-salen (5.0) DMSO (3.0) 120 12.0 75
6 Cu(II)-salen (10.0) DMF (3.0) 120 12 81
7 Cu(Il)-salen (10) Water (1.0) Reflux 24.0 0
8 Cu(II)-salen (10) Peg (400) (2.0) 130 12.0 77
9 Zn(Il)—salen (10) — 120 24.0 0
10 Co(III)-salen (10) — 120 24.0 0
11 Mn(II)-salen (10) — 120 24.0 0

“Reaction conditions: 2-bromobenzaldehyde, sodium azide, aniline, solvent, and metal-salen complex.

“Isolated yield.
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The scope and generality of this cross-coupling reaction In all cases, cross-coupling reactions afforded the desired N-
catalysed by the Cu(II)-salen complex were explored using substituted products 3a-3 m in good to excellent yields
a variety of aryl iodides and N-heterocyclic compounds. (Table 2). The usefulness of this catalyst in a three-component

TABLE 4 Synthesis of 2H-indazole derivatives from various aromatic amines, sodium azide, and 2-bromobenzaldehyde in the presence of sup-
port-free Cu(Il)-salen complex as a highly reusable catalyst under nearly solvent-free conditions at 120°C*

=N _N=
Cu
& o N
H R R
E:\HL + NaNj + HZN@ HO OH @N =
Br NT

under optimized conditions
4 Sa
6a

Entry Aromatic or aliphatic amine Product Yield (%)" Ref.

= 81, 0%, 0%, 0° 1]
azes
=
6a

¢

Sa
2 ~ 82 ey
MC@N H, Me @N\ _
N
Sb 6b
3 =~ 85 19
MCOGN]IZ Mc()@N\
N
Sc 6¢
4 Me Me, ~ 83 [19¢]
NQNHZ N N,
Mc/ Me N
5d 6d
5 ~ 77 119¢]
N

Se 6e

- 83 [19¢]
E104< >*N\ _
N
- 35 [19¢]
'\]\ —
N

EtO

(o)}
7
==
I\

wn

-
[=a)
=

~
o\@
Z
jan)
S

M Me
Sg 6g
8 ~ 80 [19c]
NH, N
O ase
MeO MeO
5h 6h
9 ~ 81 [19¢]
N
k() k0
5i 6i
10 @ = 80
F NH, F N
/ =
5J 6_]
11 =~ 81
NH, N
W
F F
5k 6k

“Reaction conditions: amine (1.0 mmol), NaN3 (1.1 mmol) and 2-bromobenzaldehyde (1.0 mmol) for 8 h.
PIsolated yield.

“Reaction performed using Co(IlI)-salen.

dReaction performed using Mn(II)-salen.

“Reaction performed using Zn(II)-salen.
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C—N bond forming reaction to produce 2-phenyl-2H-indazole
derivative from 2-bromobenzaldehyde, sodium azide and ani-
line was investigated under various conditions (Table 3). The
reaction performed well when using 7.0 mol% catalyst at
120 °C under nearly solvent-free conditions (0.3 ml of
DMSO). With these reaction conditions in hand, we then
explored the scope of this Cu(Il) complex of para-hydroxy-
substituted salen in various indazole syntheses. In all cases,
C—N and N—N bond formation reactions produced desired
products 6a—6 k with good to excellent yields (Table 4). The
reaction was also investigated using other metal-salen com-
plexes, but the best result was obtained using the Cu—salen
complex (Table 3, entries 9-11).

Many drugs including albendazole, omeprazole, thiaben-
dazole as antihelminthics; lansoprazole, pantoprazole as
proton pump inhibitors; telmisartan as antihypertensive;
astemizole as antihistaminic; candesartan, cilexitil and
mebendazole have been prepared via optimization of substit-
uents around the benzimidazole nucleus. According to the
importance of this heterocyclic compound for some activities,
there are many reports in the literature.!'" In continuation of
our previous researches and with an aim of helping medicinal
chemists in developing heterocyclic-based analogues, there is
a need to couple various bioactive heterocyclic compounds
using a mild and simple method. Herein we report an efficient
protocol for the synthesis of some novel hybrid benzimid-
azoles bearing 2-morpholin-4-ylquinoline and [1,2,4]
triazolo[4,3-a]quinolone backbones via benzimidazole
formation catalysed by the reusable Cu(Il)-salen complex as

Chemistry

the key step. In order to establish the optimum reaction
conditions, the condensation reaction between 2-morpholin-
4-ylquinoline-3-carbaldehyde (8a; 1.0 mmol) and o-
phenyldiamine (7a; 1.0 mmol) was studied varying the
parameters such as catalyst loading, solvent and temperature.
Initially, the effect of solvent was examined and among the
solvents tested, EtOH was the most suitable reaction media
for the condensation reaction of 8a with 7a (Table 5, entries
6 and 10). Lower yields were obtained for desired substituted
benzimidazole 9a using solvents such as CH3CN, CHCls,
CH,Cl,, tetrahydrofuran (THF) and dimethylformamide
(DMF) (Table 5). In the next step, we found that the loading
level of the hydroxy-substituted Cu(Il)-salen complex also
had an effect on the yield of product. According to Table 5
(entries 6-8), 5 mol% catalyst was needed for benzimidazole
synthesis. It should be noted that if the amount of catalyst
loading was decreased the yield of 9a decreased, whereas
increasing the Cu(II)-salen complex concentration did not
lead to a considerable increase in the yield. Increasing the
temperature was found to be efficient for decreasing the reac-
tion time; 50 °C was chosen according to green chemistry
concepts (Table 5, entry 6). At the end of the reaction the cat-
alyst was recovered by centrifugation and the solvent was
evaporated. The remaining solid mixture was recrystallized
from acetonitrile to afford desired product; because of high
yield of products, most products were purified by recrystalli-
zation (Table 5).

To study the scope and limitation of this method, several
reactions were performed employing condensation of

TABLE 5 Copper-catalysed condensation reaction of o-phenyldiamine (7a, 1.0 mmol) and morpholin-4-ylquinoline-3-carbaldehyde (8a,

1.0 mmol) under various conditions

N~/

C
(¢]

9

u

/

3 Crp

~ NH O —
2 / HO
U ; + H \ N
"NH,
< N 8a
Ta )

O

/
\ N
L L. N,
under optimized conditions < > 9
a

O

Entry Solvent Catalyst (Mol%) Temp. (°C) Time (h) Yield (%)*
1 CH;CN 5 25 24 54
2 THF 5 25 24 45
3 CHCl; 5 25 24 10
4 CH,Cl, 5 25 24 11
5 DMF 5 25 24 <10
6 EtOH 5 25 15 80
7 EtOH 3 25 24 62
8 EtOH 10 25 15 80
9 EtOH 5 50 6 86
10 EtOH 5 70 6 86

“solated yield.
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TABLE 6 Synthesis of benzimidazole derivatives from various aldehydes and o-phenyldiamines®
Entry 0-Phenyldiamine Aldehyde Product Time (h) Yield (%)" Ref.
1 ©i\”l 6 86
B I
NH, \ 1\{ ’ \ 7
Ta N “(71\1
) )
8a 9a
2 5 AE 8a 6 80
‘ = A \\ -
N NH, ‘ PN N
b NoH (N
o/
9b
3 0 8a 6 81
. o NH
| =
NH,
Tc
4 H;C- : NH, 8a 6 85
NH,
7d
5 cl X 8a 6 81
| Z
NH
Te
6 7a 6 82
4
R
N, .N
N
8b
7 7d 8b 6 85
8 Te 8b 6 86
9 7a >_© 3 88 (1e1
8c
10 7a 7\ 3 89 1201
A=
8c

(Continues)
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TABLE 6 (Continued)
Entry 0-Phenyldiamine Aldehyde Product Time (h) Yield (%)b Ref.
11 7a Q N 3 89 ti2el
O O
" N
8c 9k
12 7a Q N 3 90 w2
O (LD
H N
H
8c 9]
13 7a Q N 3 81 1120
Do D
i N
8c 9m

“Reaction conditions: o-phenyldiamine (1.0 mmol), aldehyde (1.0 mmol), ethanol (5 ml), catalyst (5 mol%) at 50 °C.

“Isolated yield.

structurally diverse aldehydes with o-phenylenediamines. Ini-
tially, benzimidazoles bearing 2-morpholin-4-ylquinoline
and [1,2,4]triazolo[4,3-a]quinolone backbones were gener-
ated from starting materials with good to excellent yields
(Table 6). Using the optimized conditions, some other
benzaldehydes and o-phenylenediamines bearing electron-
donating and electron-withdrawing groups were reacted to
give the corresponding products. It was found that the nature
and electronic properties of the substituents on the aromatic
ring of aldehydes affected the conversion rate, and aromatic
aldehydes with electron-donating groups on the aromatic ring
reacted faster (Table 6).

O\
LI HN-Source
Ar-N-Source ( /Cu 1 NaOtBu
(6]
Nal
HOtBu
(o) Ar
u
/N
o N-source 0\
B ( Cu—N-Source
/
(0] A

RN

Ar-1

(0]
hydroxy salen —— (
(0]

SCHEME 1 Proposed mechanism for synthesis of N-substituted
compounds catalysed by Cu(II)-salen complex

Similar to previous reports, we propose a plausible
mechanism for the Cu(Il)-salen complex-catalysed C—N
bond formation reaction.”'~*'*! Although metals are not active
enough for the cross-coupling reactions, coordinated metals
can increase the rate and yield of organic reactions. It is well
known that in the absence of a suitable ligand, no or low
yield of product was obtained. Firstly, in the presence of base,
N-source compound can be coordinated to the metal centre by
its electron pair. In the next step, oxidative addition produces B
in which arene and halide are both ligated to the metal centre.
Finally, reductive elimination generates a C—N bond and
regenerates the Cu(Il)-salen catalyst (Scheme 1).

(@ 100 91
89 89
85 85
82 82
© 90 30
2 80
)
Z 70
=
60
50
1 2 3 4 5 6 7 8
RUNS
(b) o
81 79 79 78 78 47 .
< 73
8 70
w
=

o

50

80
7
6
1 2 3 4 5 6 7 8

RUNS

FIGURE 1 Catalytic activity of Cu(IT)-salen complex in eight cycles
for (a) reaction of 9H—carbazole (1a; 1.0 mmol) with iodobenzene

(2a; 1.2 mmol) and (b) three-component C—N bond forming reaction of
2-bromobenzaldehyde, aniline derivative (5a) and sodium azide under
optimized reaction conditions
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The possibility of recycling the catalyst was examined
using the reaction of 9H-carbazole (la; 1.0 mmol) and
iodobenzene (2a; 1.2 mmol) under nearly solvent-free condi-
tions at 120 °C. The catalyst recovery was also investigated
for the three-component C—N bond forming reaction of 2-
bromobenzaldehyde (4), aniline (5a) and sodium azide. The
recovered Cu(Il) complex was reused eight times in each of
these two C—N bond forming reactions (Figure 1). Upon
completion, ethyl acetate (30 ml) was added to the reaction

®runl Mrun2 run 3 run4 Xrun5

100

90 Q

80
70 7Y
60
50
40
30
20
10

0 M
0 2 4 6 8

REACTION PROGRESS (HOUR)

>

YIELD %

»x o

mixture and shaken vigorously. Finally, insoluble catalyst
was centrifuged. In the third reaction, it was recovered several
times for the model reaction. In this case in order to reuse the
catalyst, the reaction mixture was centrifuged and washed
with ethanol. After drying under reduced pressure, the recov-
ered catalyst was used for further runs.

Kinetic curves (conversion versus time) of five recycling
runs of the reaction between la (1.0 mmol) and 2a
(1.2 mmol) were also plotted (Figure 2).to compare the

FIGURE 2 Conversion versus time for
five recycling runs of reaction of 9H—
10 12 carbazole (1a; 1.0 mmol) with iodobenzene
(2a; 1.2 mmol) under optimized reaction

conditions

TABLE 7 Literature screening: comparison of various types of C—N bond forming reaction

Starting materials

Reagents and conditions Ref.

Direct C—N bond forming Indole and iodobenzene
reaction of HN-heterocycles
with aryl halides Imidazole and iodobenzene
Indole and iodobenzene
Indole and o-dihalobenzenes

Imidazole and 4-iodotoluene

Indole, iodobenzene

Three-component C—N
bond forming reaction of
2-bromobenzaldehyde,
aniline derivatives and
sodium azide

C—N bond forming reaction
towards benzimidazole
derivatives

4-me-o-phenylenediamine and benzaldehyde

2-Bromobenzaldehyde, aniline, and NaNj;
2-Bromobenzaldehyde, aniline, and NaN;

2-Bromobenzaldehyde, aniline, and NaN;
2-Bromobenzaldehyde, aniline, and NaNj;

o-Phenylenediamine and 4-chlorobenzaldehyde

o-Phenylenediamine and benzaldehyde

Cul (10 mol%), K,COj5 (2 equiv.), glycerol as solvent, [6el

DMSO as additive (1 mmol), 120 °C, 24 h, 88%
Polymer anchored Cu catalyst (0.05 g), K,CO3 (2.0 Lhl
equiv.), DMSO, 120 °C, N, atmosphere, 12 h, 95%

Cul (10 mol%), 1,2-diamine (20 mol%), Cs,CO5 6s]
(2 equiv.), DMF, 130 °C, 6 h, 93%

Cul (10 mol%), benzotriazole (20 mol%), K5PO, t6al
(2 equiv.), DMSO, 120 °C, 30 h, 65%

Cu,0 (10 mol%), 2,2-dihydroxy-1H-indene-1,3 6cl

(2H)-dione (20 mol%), KOH (2 equiv.), DMSO,
110 °C, Ar atmosphere, 24 h, 91%

CuO nanoparticles (5 mol%), K,COs (1 equiv.),
DMF, reflux, 8 h, 98%

[6i]

CuO nano (2.5 mol%), Cs,COj3 (2 eqiv.), DMSO, [20a]
120 °C, 2.5 h, 87%

Cu-Al hydrotalcites, DMSO, 120 °C, 6 h, 91% ey
Cu,0 nano (5 mol%), PEG, 120 °C, 6 h, 90% [17¢c]
Cul (15 mol%), TMEDA (15 mol%), DMSO, 12081

120 °C, 12 h, 98%

CuFe, 0,4 nanoparticles (ca 13 mol%), toluene, (21a]
110 °C, O, 24 h, 92%

Cu(ID)-TD@ nSiO5 (10 mg, 0.34 mol% cu(Il)), [21b]
EtOAc, 50 °C, 25 min, 95%

Cul nano (10 mol%), CHsCN, r.t., O,, 1 h, 91% [21e]



SHARGHI ET AL.

activity of the catalyst in each cycle. For this purpose, the
reaction between la and 2a was selected under optimized
conditions to evaluate the reactivity of the catalytic system
for every cycle.

The amounts of Cu leaching into products were detected
through inductively coupled plasma analysis for the two
reactions. Results indicate that 1.49 and 1.78% (for first
and second reaction, respectively) of copper content was
leached during the eight reaction cycles. Although,
hydroxy-functionalized salen ligand and normal salen
ligand produced the desired product in the same yield, for sev-
eral reasons we used hydroxy-functionalized salen ligand.
One reason is the function of the hydroxy group of the com-
plex where the reusability of the catalyst greatly increases in
comparison with simple Cu—salen complex. A second reason
is that leaching during the process was much decreased. For
all reactions, the infrared (IR) spectra of the catalyst and the
recovered catalyst exhibit Y(N=C) band at around 1620 cm
~! and v(p-OH) band at around 2500-2900 em™ L.

Finally, a comparison with other copper catalysts is
needed for these C—N bond forming reactions to reveal some
advantages of the present catalytic system over most others in
terms of higher yield and shorter reaction time (Table 7).

3 | CONCLUSIONS

In summary, a highly active, air-stable and versatile proce-
dure for C—N bond forming reactions for synthesis of N-aryl
compounds under nearly solvent-free conditions was devel-
oped. This system shows several advantages including com-
mercially available starting materials, easy purifications and
nearly solvent-free and mild conditions. In addition, we
explored the synthesis of some hybrid molecules (benzimid-
azoles bearing 2-morpholin-4-ylquinoline and [1,2,4]
triazolo[4,3-a]quinolone backbones) via benzimidazole for-
mation catalysed by the reusable Cu(II) complex as the key
step. Further investigations of the application of these effi-
cient metal catalysts in other transition metal-catalysed reac-
tions are in progress in our laboratory.

4 | EXPERIMENTAL

Chemical materials and solvents were purchased from
Aldrich, Fluka and Merck. IR spectra were obtained using a
Shimadzu FT-IR 8300 spectrophotometer. NMR spectra
were recorded with a Bruker Avance DPX-250 (‘"H NMR,
250 MHz; B¢ NMR, 62.9 MHz) spectrometer in pure deuter-
ated solvents with tetramethylsilane as an internal standard.
Mass spectra were obtained with a Shimadzu GCMS-QP
1000 EX instrument at 70 or 20 eV. Melting points were
determined in open capillary tubes with a Biichi-535 circulat-
ing oil melting point apparatus. Column chromatography was
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carried out on short columns of silica gel 60 (70-230 mesh)

in glass columns.

4.1 | General procedure for direct synthesis of
N-substituted compounds from various
structurally diverse N-unsubstituted
compounds and aryl iodides in presence of
NaOH and Cu(II)-salen complex

To a mixture of N-heterocycles (1.0 mmol), aryl iodides
(1.2 mmol) and NaOH (2.0 mmol) was added Cu(II)-salen
complex (7.0 mol%) and stirred at 120 °C under nearly
solvent-free conditions. Progress of reactions was monitored
by TLC using n-hexane—ethyl acetate. Upon completion,
ethyl acetate (30 ml) was added to the reaction mixture and
shaken vigorously. Finally, insoluble catalyst was centri-
fuged. After separation of the catalyst, the organic layer was
washed with deionized water (3 X 20 ml) and brine
(3 x 20 ml). The organic layer was dried (CaCl,) and evapo-
rated in vacuo to give the crude product, which was purified
by silica gel column chromatography employing n-hexane—
ethyl acetate.

4.2 | General procedure for synthesis of 2H-
indazole derivatives in presence of Cu(Il)—salen
complex

To a mixture of 2-bromobenzaldehyde (1.0 mmol), amine
(1.0 mmol) and NaN;3 (1.1 mmol) was added Cu(II)-salen
complex (7 mol%) and stirred at 120 °C under solvent-free
conditions. Progress of reactions was monitored by TLC
using n-hexane—ethyl acetate. Upon completion, ethyl acetate
(30 ml) was added to the reaction mixture and shaken vigor-
ously. Finally, insoluble catalyst was centrifuged. After sepa-
ration of the catalyst, the organic layer was washed with
deionized water (3 X 20 ml) and brine (3 X 20 ml). The
organic layer was dried (CaCl,) and evaporated in vacuo to
give the crude product, which was purified by silica gel col-
umn chromatography employing n-hexane—ethyl acetate as
eluent.

4.3 | General procedure for synthesis of
benzimidazoles

To a mixture of aldehyde (1.0 mmol) and diamine (1.0 mmol)
was added Cu(Il)-salen complex (5 mol%) and stirred at
50 °C in ethanol (5 ml). Progress of reactions was monitored
by TLC using n-hexane—ethyl acetate. Upon completion, the
catalyst was centrifuged and after that products (9a—9 h) were
purified by recrystallization from acetonitrile; other products
were purified by silica gel column chromatography
employing n-hexane—ethyl acetate as eluent.
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4.4 | Analytical data
4.4.1 | 2-(3-Fluorophenyl)-2H-indazole

Yellow solid; m.p. 80-82 °C. 'H NMR (CDCls, 250 MHz, 6,
ppm): 7.00-7.08 (m, 2H), 7.26 (t, J = 6.50, 1H), 7.37-7.46
(m, 1H), 7.61-7.72 (m, 4H), 8.34 (s, 1H). '*C NMR (CDCl;,
62.9 MHz, 8, ppm): 108.5, 1.8.9, 114.9, 116.1, 116.2, 118.0,
120.4, 122.8, 127.2, 131.0, 165.2. Anal. Calcd for C;3HoFN,
(212.22) (%): C, 73.57; H, 4.27; N, 13.20. Found (%): C,
73.61; H, 4.30; N, 13.17.

4.4.2 | 2-(4-Fluorophenyl)-2H-indazole

Yellow solid; m.p. 95-97 °C. "H NMR (CDCls, 250 MHz, 6,
ppm): 7.00-7.28 (m, 4H), 7.20 (d, J = 8.50, 1H), 7.69 (d,
J = 8.75, 1H), 7.75-7.81 (m, 2H), 8.25 (s, 1H). >°C NMR
(CDCls, 62.9 MHz, &, ppm): 116.3, 116.6, 117.9, 120.3,
120.5, 122.6, 122.7, 122.8, 126.9, 149.8, 160.0, 164.0. Anal.
Calcd for C13HoFN, (212.22) (%): C, 73.57; H, 4.27; N,
13.20. Found (%): C, 73.63; H, 4.29; N, 13.24.

4.4.3 | 2-(4-ethyl-phenyl)-2H-indazole

'H NMR (CDCls, 250 MHz, &, ppm): 1.32 (t, J = 7.5 Hz,
3H), 2.78 (q, J = 7.5 Hz, 2 H), 7.09-7.46 (m, 5H),
7.66-7.83 (m, 3 H), 8.41 (s, 1 H). *C NMR (CDCls,
62.9 MHz, &, ppm): 15.5, 28.9, 117.9, 118.2, 120.5, 120.7,
122.40, 126.8, 127.5, 129.4, 146.1.

4.4.4 | 3-(1H-benzo[d]imidazol-2-yl)-2-
morpholinoquinoline

Grey solid; m.p. 248-249 °C. "H NMR (CDCls, 250 MHz, 6,
ppm): 3.27 (t, J = 4.5, 4H), 3.90 (t, J = 4.5, 4H), 7.31-7.35
(m, 2H), 7.41-7.47 (m, 1H), 7.51-7.55 (m, 1H), 7.66-7.72
(m, 1H), 7.78 (d, J = 8.2, 1H), 7.85-7.94 (m, 2H), 8.96 (s,
1H), 11.30 (s, 1H). '*C NMR (CDCl;, 62.9 MHz, 6, ppm):
51.4, 66.8, 121.9, 124.0, 124.8, 127.5, 129.2, 132.6, 143.1,
149.2, 158.7, 189.9. IR (KBr, cm™"): 586 (w), 617 (w), 748
(s), 848 (w), 918 (w), 964 (m), 1041 (m), 1118 (s), 1226
(m), 1272 (m), 1319 (w), 1365 (m), 1427 (s), 1488 (m),
1558 (m), 2831 (w), 2962 (w), 3055 (w). Anal. Calcd for
CooH;sN4O (330.38) (%): C, 72.71; H, 5.49; N, 16.96. Found
(%): 72.73; H, 5.40; N, 16.88.

4.4.5 | 3-(3H-Imidazo[4,5-b]pyridin-2-yl)-2-
morpholinoquinoline

Yellow solid; m.p. 178-179 °C. "H NMR (CDCls;, 250 MHz,
S, ppm): 3.41-3.42 (m, 4H), 3.89-3.90 (m, 4H), 7.39 (t,
J =70, 1H), 7.62-7369 (m, 1H), 7.78-7.92 (m, 2H), 8.10—
8.14 (m, 2H), 8.71 (s, 1H), 8.77 (s, 1H). >*C NMR (CDCls,

62.9 MHz, 6, ppm): 56.3, 71.4, 114.0, 127.4, 129.6, 132.4,
133.3, 135.6, 138.1, 142.1, 142.8, 145.2, 152.6, 153.1,
153.8, 159.5, 164.6. IR (KBr, cm™'): 586 (m), 694 (m),
748 (s), 825 (m), 948 (s), 1110 (s), 1149 (m), 1195 (m),
1242 (m), 12625 (m), 1357 (m), 1419 (m), 1505 (m), 1612
(s), 1658 (m), 2839 (m), 2916 (w), 2962 (w), 3178 (m),
3278 (m), 3386 (w), 3456 (m). Anal. Calcd for C;9H;7,N5O
(331.37) (%): C, 68.87; H, 5.17; N, 21.13. Found (%): C,
68.89; H, 5.22; N, 21.16.

4.4.6 | (2-(2-morpholinoquinolin-3-yl)-1H-
benzo[d]imidazol-5-yl)(phenyl)methanone

Yellow solid; m.p. 178-179 °C. "H NMR (CDCls, 250 MHz,
5, ppm): 3.20-3.22 (m, 4H), 3.83 (s, 4H), 7.40-7.87 (m,
12H), 8.88-8.95 (m, 1H), 11.57 (s, 1H). '>*C NMR (CDCl,,
62.9 MHz, &, ppm): 51.11, 66.87, 110.88, 117.39, 119.54,
122.82, 123.58, 125.44, 125.64, 127.81, 128.10, 130.74,
133.53, 139.94, 143.40, 146.95, 149.60, 158.13. IR (KBr,
cm™): 585 (w), 620 (w), 642 (m), 662 (w), 693 (s), 766
(m), 791 (m), 832 (w), 846 (w), 879 (m), 897 (w), 930 (m),
953 (m), 1037 (m), 1063 (w), 1083 (w), 1149 (m), 1181
(m), 1228 (m), 1259 (w), 1325 (m), 1362 (s), 1409 (s),
1448 (s), 1491 (s), 1522 (s), 1559 (w), 1570 (w), 1598
(W), 1617 (s), 2849 (s), 2918 (s), 2960 (m), 3060 (m), 3293
(br), 3422 (br). Anal. Calcd for Cy7HpN,O, (434.49) (%):
C, 74.64; H, 5.10; N, 12.89. Found (%): C, 74.67; H, 5.02;
N, 12.97.

4.4.7 | 3-(5-methyl-1H-benzo[d]imidazol-2-yl)-
2-morpholinoquinoline

Yellow solid; m.p. 227-228 °C. "H NMR (CDCls, 250 MHz,
5, ppm): 2.52 (s, 3H), 3.28 (t, J = 4.7, 4H), 3.91 (t, J = 4.5,
4H), 7.15 (dd, J; = 1.2, J, = 8.2, 1H), 7.33-7.48 (m, 2H),
7.64-7.66 (m, 1H), 7.68-7.75 (m, 1H), 7.82 (d, J = 8.0,
1H), 7.93 (d, J = 8.5, 1H), 8.97 (s, 1H), 11.11 (s, 1H). '*C
NMR (CDCls, 62.9 MHz, 8, ppm): 21.3, 50.7, 66.5, 117.1,
125.1, 125.2, 127.4, 127.6, 130.2, 139.2, 146.4, 157.7. IR
(KBr, cm™"): 456 (w), 475 (m), 499 (w), 603 (m), 621 (m),
635 (W), 707 (w), 751 (s), 784 (s), 810 (s), 846 (m), 879
(W), 913 (W), 924 (w), 954 (w), 1039 (s), 1015 (m), 1116
(s), 1147 (w), 1205 (w), 1231 (s), 1205 (s), 1300 (m). Anal.
Caled for CyHooN,O (344.41) (%): C, 73.23; H, 5.85; N,
16.27. Found (%): C, 73.25; H, 5.90; N, 16.31.

4.4.8 | 3-(5-Chloro-1H-benzo[d]imidazol-2-yl)-
2-morpholinoquinoline

Grey solid; m.p. 238-240 °C. "H NMR (CDCls, 250 MHz, §,
ppm): 3.22 (t, J = 4.5, 4H), 3.87 (1, J = 4.7, 4H), 7.23-7.28
(m, 1H), 7.39-7.45 (m, 2H), 7.64-7.75 (m, 3H), 7.89
(d, J = 8.2, 1H), 8.88 (s, 1H), 11.40 (s, 1H). '3C NMR
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(CDCls, 62.9 MHz, 8, ppm): 51.31, 66.93, 117.01, 123.74,
125.56, 125.93, 127.96, 128.19, 130.98, 140.03, 147.08,
158.13. IR (KBr, cm™"): 601 (m), 621 (m), 703 (m), 724
(w), 752 (s), 785 (s), 812 (s), 879 (m), 863 (m), 925 (s),
940 (m), 954 (m), 1039 (m), 1056 (m), 1065 (m), 1118 (s),
1147 (m), 1205 (w), 1226 (s), 1257 (m), 1298 (m), 1321
(m), 1361 (s), 1410 (w), 1432 (w), 1599 (m), 1616 (m),
2833 (m), 2852 (m), 2959 (m). Anal. Calcd for CooH;,CIN,O
(364.83) (%): C, 65.84; H, 4.70; N, 15.36. Found (%): C,
65.91; H, 4.68; N, 15.09.

4.4.9 | 4-(1H-benzo|d]imidazol-2-yl)tetrazolo
[1,5-a]quinoline

Yellow solid; m.p. 277-280 °C. '"H NMR (CDCls, 250 MHz,
8, ppm): 7.25-7.39 (m, 2H), 7.58-7.61 (m, 1H), 7.73-7.85 (m,
2H), 7.88-7.96 (m, 1H), 8.09 (d, J = 7.5, 1H), 9.07 (s, 1H),
11.76 (s, 1 H). '*C NMR (CDCl;, 62.9 MHz, §, ppm):
111.8, 116.9, 119.7, 123.14, 124.4, 128.8, 130.0, 132.1. IR
(KBr, cm™Y): 477 (s), 504 (w), 633 (s), 664 (m), 712 (m),
756 (s), 913 (s), 961 (m), 1008 (m), 1097 (m), 1141 (m),
1161 (m), 1193 (m), 1208 (m), 1231 (m), 1257 (m), 1285
(m), 1314 (s), 1337 (s), 1374 (m), 1410 (s), 1441 (m), 1456
(m), 1517 (s), 1544 (s), 1581 (m), 1605 (s), 3064 (m), 3328
(s). Anal. Caled for Ci¢H;oNg (286.29) (%): C, 67.12; H,
3.52; N, 29.35. Found (%): C, 67.07; H, 3.59; N, 29.50.

4.4.10 | 4-(5-methyl-1H-benzo[d]imidazol-2-
yDtetrazolo[1,5-a]quinoline

Yellow solid; m.p. 241-242 °C. "H NMR (CDCl;, 250 MHz,
8, ppm): 2.46 (s, 3H), 7.04 (t, J = 8.0, 1H), 7.26-7.30 (m, 1H),
7.39-7.48 (m, 1H), 7.74 (t, J = 7.5, 1H), 7.89 (t, J = 7.7, 1H),
8.06(d, J=17.7, 1H), 8.65 (d, J = 8.2, 1H), 8.97 (s, 1H), 11.56
(s, IH). >*CNMR (CDCls, 62.9 MHz, 8, ppm): 21.83, 111.03,
114.6, 116.7, 119.0, 124.0, 125.0, 125.8, 128.6, 129.8, 130.2,
130.4, 131.7, 134.1, 141.7, 144.7, 145.5. IR (KBr, cm™'): 468
(s), 490 (s), 596 (s), 671 (br), 713 (w), 729 (m), 750 (s), 773
(m), 798 (s), 863 (m), 906 (m), 945 (m), 1012 (w), 1100 (s),
1126 (m), 1140 (m), 1212 (s), 1280 (s), 1316 (s), 1337 (m),
1398 (m), 1539 (br), 2915 (s), 3255 (s). Anal. Calcd for
C;7H5Ng (300.32) (%): C, 67.99; H, 4.03; N, 27.98. Found
(%): C, 67.91; H, 4.08: N, 30.02.
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