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Abstract — The efficient and chemoselective preparation of 2-substituted
benzimidazoles was established through the coupling of o-phenylenediamine with
aldehydes by using iron(IIl) tetranitrophthalocyanine chloride immobilized on
activated carbon as efficient catalyst in ethanol at room temperature. This method
tolerated a variety of functional groups and had several advantages such as
environmental friendliness, ease of manipulation, and a short reaction time. In
addition, this catalyst can be recovered and reused for multiple cycles without loss

in its catalytic activity.

Among the various nitrogen containing heterocycles, benzimidazole derivatives exhibit antiviral,
antiulcer, antihypertension, and anticancer properties.! The benzimidazoles are biologically potent and
this moiety is an important pharmacophore in drug discovery and also good intermediate for synthesis of
many important organic compounds.” There are two general methods for the synthesis of 2-substituted
benzimidazoles. The one is the coupling of o-phenylenediamines and carboxylic acids® or their
derivatives (nitriles, imidates, or orthoesters),* which often require strong acidic conditions and
sometimes combines with very high temperatures (i.e., phenylpropanolamine, 180 °C) or the use of
microwave irradiation.” These derivatives also often generated from the condensation of
phenylenediamines and aldehydes under oxidative conditions using various oxidative and catalytic
reagents, such as nitrobenzene (high-boiling point oxidant/solvent),® Yb(OTf)s,” CAN (ceric ammonium
nitrate),® FeCls,” (bromodimethyl)sulfonium bromide,'® ZrCls,'! and Co(OH)2/CoO'? have been employed

as the reagents or catalysts for the synthesis of benzimidazoles. Although the reaction was efficiently
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promoted by the above conditions they are often homogeneous catalysts and some of these methods suffer
from one or more disadvantages, such as usage of stoichiometric or more quantity of reagent, high cost of
the catalysts, prolonged reaction times, occurrence of several side reactions, severe reaction conditions,
difficulty in separation of the products from the reaction mixture and strong oxidizing nature of the
reagents. Therefore, the discovery of mild and practicable, stable, cheap, recyclable, and ecofriendly
heterogeneous catalysts for the synthesis of 2-substituted benzimidazoles continues to attract the attention
of researchers.

Metallophthalocyanines (MPcs) have many interesting properties and applications in several important

13 and they are very well known to catalyze a variety of organic reactions,'* so

technological fields,
investigation into the redox properties of MPcs continue to be active areas of research.!> The driving
forces for the catalytic use of phthalocyanines are (i) their economical and facile preparation in a large
scale; (i) the structure analogy with that of porphyrins, which are widely used by nature in the active sites
of oxygenase enzymes; (iii) their chemical and thermal stability.!¢ Despite the various advantages, their
separation from the reaction media is the main drawback from the viewpoint of the application in
catalysis. This problem can be overcome by the immobilization of MPcs on activated carbon supports in
order to make catalysts recoverable and reusable.

Thus, considering the above advantages and in continuation of our research work on designing recyclable
heterogeneous catalytic systems for various organic transformations, herein we report the excellent
chemoselectivity oxidative cyclization of o-phenylenediamine with aldehydes in presence of newly

synthesized iron(Ill) tetranitrophthalocyanine chloride immobilized on activated carbon as recyclable

catalyst using air as an oxidant.

In previous studies, efficient catalytic systems for metal phthalocyanines catalyzed synthesis of

3,4-dialkoxythiophenes through decarboxylation.!>® In a continuation of our ongoing program on the
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e

Scheme 1. Reaction scheme and the structure of metallophthalocyanines used as catalysts
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development of efficient, environmentally benign protocols for the synthesis of 2-substituted
benzimidazoles, we report here the first example of oxidative cyclization reaction to synthesis of
2-substituted benzimidazoles catalyzed by iron(Ill) tetranitrophthalocyanine chloride immobilized on
activated carbon in alcohol under 1 atmosphere pressure of air at room temperature (Scheme 1).

In terms of resource conservation, the selection of simple and cost-effective catalysts are also an
important topic. Initially, we performed the oxidative cyclization of o-phenylenediamine with
benzaldehyde in the presence of MPcs and air as an oxidant. The related results are listed in Table 1. In
the control experiment, the oxidative cyclization could not occur without the metal phthalocyanine
catalyst (Table 1, entry 1). During further catalyst screening, we found that MPcs could catalyze the
reaction under air or oxygen atmosphere (Table 1, entries 2-9, 11), but only iron(Ill) phthalocyanine
complexes have excellent chemoselectivity to synthesis of 2-substituted benzimidazole (Table 1, entries 4
and 11). Next, we prepared the iron(Ill) tetranitrophthalocyanine chloride immobilized on activated
carbon, and catalyzed this reaction. We were pleasantly surprised to find that it exhibited higher chemical
activity and selectivity of oxidative cyclization of o-phenylenediamine with benzaldehyde (Table 1, entry
12). Subsequently, we changed the amount of catalyst or the reaction time, the results show that they were
little change compared with entry 12 (Table 1, entries 13-14). It is interesting that the iron(III)
tetranitrophthalocyanine chloride immobilized on activated carbon catalyst was more reactive than the
other MPcs, especially in the presence of a catalytic amount of acetic acid, giving good conversions at

room temperature (Table 1, entry 15).

Table 1. Optimization of the reaction conditions®

NH, Cat., air N N
+ PhACHO————» ©: D—Ph+ @[ H—Ph
EtOH N N
: )

NH,
1 I pn
Entry Catalyst Atmosphere  Temperature (°C) Yield® (%)
I II
1 none air reflux trace trace
2 Cu(Il)Pc air reflux 30 26
3 Fe(II)Pc air reflux 32 28
4 Fe(II)PcCl air reflux 67 -
5 Co(IT)Pc air reflux 27 23
6 Mn(IT)Pc air reflux 28 27
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7 Zn(IT)Pc air reflux 25 22
8 Ni(Il)Pc air reflux 30 26
9 Fe(IIT)PcCl 02 reflux 74 -
10 Fe(IIT)PcCl N2 reflux n.r.

11 NOz-Fe(I1I)PcCl air reflux 76 -
12 NOz-Fe(III)PcCl/C air reflux 81 -
134 NOz-Fe(IIT)PcCl/C air reflux 81 -
14¢ NOz-Fe(IIT)PcCl/C air reflux 82 -
15 NO,-Fe(IlI)PcCl/C air rté 94 -

Catalytic conditions: o-phenylenediamine (1.0 mmol), benzaldehyde (1.0 mmol), catalyst
(2 mg), solvent (10 mL), 1 h. ®Yield of the isolated product. °No reaction. ‘Catalyst (4 mg).
2 h. fAdd in AcOH (2 drops). ért = room temperature.

The oxidative cyclization could be accomplished with ease in the presence of a catalytic amount of
iron(Ill) tetranitrophthalocyanine chloride immobilized on activated carbon stirred in alcohol at room
temperature. The progress of the reaction was monitored by TLC using petroleum ether/ethyl acetate (4:1)
as eluent, after completion of the reaction, the catalyst was filtered off, and the resulting solid was treated
with ethanol and filtered again to recover the catalyst. The filtrate was added an equal volume of water,
and natural crystallization. So the products could be easily separated from the system, in good yields and
purities, using a facile filtration. In order to understand the scope and generality of the reaction, a wide
range of aldehydes was subjected to the reaction with o-phenylenediamine under these reaction conditions
(Table 2). All of the products are known compounds and characterized easily by comparison with
authentic samples.®'>!72° As can be seen, the catalytic system worked exceedingly well in case of
aromatic aldehydes with both electron-rich and electron-withdrawing groups, and giving excellent yields

of the corresponding 2-substituted benzimidazoles.

Table 2. NO»-FePcCl/C catalyzed synthesis of 2-substituted benzimidazoles?

1 1
R\CENH2 i NO,-PcFeCl/C, air R\©:N>_R2
. lkibaiiled
NH, R2 H EtOH, 1 h N

H
Entry R! R? Yield® (%) Ref
H H 91 11
b H Ph 94 8

C H 2-F-CsHa 88 17
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d H 3-F-C¢H4 90 18
e H 4-F-CsHa 91 19
f H 4-Cl-CeHy 91 12
g H 3-Br-CeH4 90 19
h H 2,4-Cl-CeH3 89 10
i H 2-OH-CsH4 85 8
j H 4-OH-CeH4 90 8
k H 4-MeO-C¢Ha 90 12
1 H 3-MeO-4-OH-C¢H3 87 20
m H 3-OH-4-MeO-CsH3 85 20
n H 4-N(Me)2-CsH4 86 8
0 H 3-NO2-CsH4 83 9
p H 4-NO2-CeH4 91 9
q H 2-furanyl 90 12
r NO2 Ph 89 12

*Reaction conditions: diamines (1.0 mmol), aldehydes (1.0 mmol), catalyst (2
mg), solvent (10 mL), AcOH (2 drops), room temperature, 1 h, air.
®Yield of the isolated product.

The recovered catalyst is capable of being reused in subsequent cycles after washing with ethanol.
Furthermore, we found that the recovered catalyst could be successfully used more than eight times
without loss of catalytic activity and selectivity was observed compared with the fresh catalyst. The
results obtained by recycling of the catalyst are shown in Table 3. The recycling result suggests

heterogeneity of the catalyst.

Table 3. Recycling studies for iron (III) tetranitrophthalocyanine chloride on activated carbon®

Cycle Time (h) Yield® (%)
1 1 94
2 1 93
3 1 94
4 1 95
5
6
7

1 93
1 94
1 94
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8 1 93

aReaction conditions: o-phenylenediamine (1.0 mmol), benzaldehyde (1.0 mmol),
catalyst (2 mg), solvent (10 mL), AcOH (2 drops), room temperature, 1 h, air.
®Yield of the isolated product.

According to the above experimental phenomena, a plausible reaction mechanism for the oxidative
cyclization reaction using NO>-FePcCl/C as a catalyst has been proposed as shown in Scheme 2. First, the
reaction proceeds via o-phenylenediamine with aldehyde condense followed by imine formation and this
resulting imine further reacts with another -NH> group of 1,2-phenylenediamine resulting in the formation
of dihydrobenzimidazole 7. The catalytical cycle begins with the catalyst 1 combined with acetic acid to
form complex 2. In the next step the replacement of the acetic acid with oxygen takes place affording 3,
which combined with another catalyst 1 followed by oxidative cleavage give oxoferryl radical cation 4.
The first electron transfer leads to formation of radical cation 8 which after remove a proton gives the
radical 9. The oxoferryl radical cation 4 with subsequent protonation to form hydroxyferryl complex 5.
By this process the iron(IV) does not change its oxidation state but free oxygen radical is paired and
stabilized. The second electron transfer leads to formation of protonated imidazole 10 which after
deprotonation gives the product I. The catalyst 1 is regenerated by reductive elimination of water

molecule and thus closing the catalytic cycle.?!

NO,
v:‘g, —
q \#:j

; \EQ
H
e e
R=— R HOAG
N N
1 H 10H
. Cl 1
H -e
N N +H H20
CrbCrp o
H 9 H OH H\Q)LMe
b
Cl 5 Cl 2

Scheme 2. A possible mechanism.
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If the imine 6 continue to aldehydes condensation to double imine derivatives 11, it will be formed
byproducts II. Therefore, this is a competitive reaction of single imide oxidative cyclization and double
imine derivatives formation. If the double imine derivatives formative rate more than single imide
oxidative cyclization, it will generate 1,2-disubstituted benzimidazoles. This catalyst can activate
molecular oxygen, and have fast rate and high efficiency to oxidation of dihydrobenzimidazoles 7, thus

avoiding the formation of byproducts II.

EXPERIMENTAL

'"H NMR spectra were measured on an INOVA-400 spectrometer at 400 MHz. NMR spectra were
obtained on solution in CDCI3 using TMS as internal standard, the chemical shifts are relative to TMS.
Infrared spectra (KBr) were recorded on BRUKER EQUINOXS5S5 FT-IR spectrometer. Mass spectra were
recorded on a BRUKER micrOTOF-QII Mass spectrometer. The melting points were determined using
XT-4 melting point microscope apparatus.

Starting Materials. All chemicals were commercially available and used without further purification. All
the phthalocyanine complexes were prepared according to the methods described in the literatures.??*
General procedure for the synthesis of 2-substituted benzimidazoles. The o-phenylenediamine (1.0
mmol) was dissolved in EtOH 95% (10 mL), and added aldehydes (1.0 mmol), two drops of acetic acid
and catalyst (2 mg) were magnetically stirred in the reaction flask at room temperature. The progress of
the reaction was monitored by TLC using petroleum ether/EtOAc (4:1) as eluent. The reactions were
stopped after 1 h. After completion of the reaction, the catalyst was separated from the reaction mixture
by filtration, the filtrate was added an equal volume of water, natural crystallization, filtration, and dried
to give the products. The all products of Table 2 were confirmed from the ESI-MS, IR and 'H NMR.
Benzimidazole (a). White solid; mp 170-172 °C; ESI-MS: m/z (C7HeN2) 119.0607 (caled. for [M+H]"
119.0609); IR cm': 3443, 1619, 1585, 1456; '"H NMR (400 MHz; DMSO-ds) &: 12.46 (s, 1H), 7.18 (m,
8H).

2-Phenyl-1H-benzimidazole (b). Pale yellow solid; mp 294-296 °C; ESI-MS: m/z (C13HioN2) 195.0934
(caled. for [M+H]" 195.0922); IR cm™': 3047, 1805, 1587, 1540; 'H NMR (400 MHz; DMSO-dj) &: 12.90
(s, 1H), 7.19-8.18 (m, 9H).

2-(2-Fluorophenyl)-1H-benzimidazole (¢). Brown solid; mp 206-208 °C; ESI-MS: m/z (Ci13HoN>F)
213.0845 (calcd. for [M+H]" 213.0828); IR cm™: 3443, 1620, 1583, 1464; 'H NMR (400 MHz;
DMSO-ds) 6: 12.69 (s, 1H), 7.22-8.27 (m, 8H).

2-(3-Fluorophenyl)-1H-benzimidazole (d). Pale yellow solid; mp 255-257 °C; ESI-MS: m/z (C13HoN2F)
213.0845 (calcd. for [M+H]" 213.0828); IR cm™: 3051, 1615, 1587, 1485; 'H NMR (400 MHz;
DMSO-ds) 8: 13.03 (s, 1H), 7.20-8.05 (m, 8H).



2160 HETEROCYCLES, Vol. 91, No. 11, 2015

2-(4-Fluorophenyl)-1H-benzimidazole (e). Pale yellow solid; mp 253-255 °C; ESI-MS: m/z (C13H9N2F)
213.0853 (caled. for [M+H]" 213.0828); IR cm™: 3445, 1597, 1497; 'H NMR (400 MHz; DMSO-ds) &:
12.93 (s, 1H), 7.17-8.24 (m, 8H).

2-(4-Chlorophenyl)-7H-benzimidazole (f). Pale yellow solid; mp 292-294 °C; ESI-MS: m/z
(C13HoN2C1) 229.0549 (caled. for [M+H]" 229.0533); IR cm™': 3444, 1589, 1429; 'H NMR (400 MHz;
DMSO-ds) 6: 13.01 (s, 1H), 7.21-8.21 (m, 8H).

2-(3-Bromophenyl)-7/ H-benzimidazole (g). White solid; mp 296-300 °C; ESI-MS: m/z (Ci3HoN2Br)
273.0039 (calcd. for [M+H]" 273.0027); IR cm': 3445, 1647, 1561, 1540, 1439; 'H NMR (400 MHz;
DMSO-dg) 8: 13.05 (s, 1H), 7.20-8.37 (m, 8H).

2-(2,4-Dichlorophenyl)-1H-benzimidazole (h). Pale yellow solid; mp 226-228 °C; ESI-MS: m/z
(C13HsN2Clz) 263.0164 (caled. for [M+H]" 263.0143); IR cm™: 3102, 1590, 1557, 1423; 'H NMR (400
MHz; DMSO-ds) 6: 12.79 (s, 1H), 7.21-7.93 (m, 7H).

2-(2-Hydroxyphenyl)-1 H-benzimidazole (i). White solid; mp 241-243 °C; ESI-MS: m/z (Ci13H10N20)
211.0881 (calcd. for [M+H]" 211.0871); IR cm™: 3235, 1627, 1590, 1488; 'H NMR (400 MHz;
DMSO-ds) 6: 13.23 (s, 1H), 13.17 (s, 1H), 7.01-8.07 (m, 8H).

2-(4-Hydroxyphenyl)-1 H-benzimidazole (j). Brown solid; mp 277-279 °C; ESI-MS: m/z (C13H10N20)
211.0883 (calcd. for [M+H]" 211.0871); IR cm™': 3604, 3450, 1608, 1564, 1496; 'H NMR (400 MHz;
DMSO-dg) 8: 12.66 (s, 1H), 9.98 (s, 1H), 6.19-8.02 (m, 8H).

2-(4-Methoxyphenyl)-/H-benzimidazole (k). Pale yellow solid; mp 225-227 °C; ESI-MS: m/z
(C14H12N20) 225.1041 (caled. for [M+H]" 225.1028); IR cm™: 3743, 1614, 1582, 1500; '"H NMR (400
MHz; DMSO-ds) 6: 12.75 (s, 1H), 7.10-8.13 (m, 8H), 3.84 (s, 3H).

2-(3-Methoxy-4-hydroxyphenyl)-7 H-benzimidazole (I). Pale yellow solid; mp 221-222 °C; ESI-MS:
m/z (C1aH12N202) 241.0992 (caled. for [M+H]" 241.0977); IR cm™': 3539, 3318, 1595, 1503; 'H NMR
(400 MHz; DMSO-ds) 6: 12.66 (s, 1H), 9.55 (s, 1H), 6.91-7.75 (m, 8H), 3.89 (s, 3H).
2-(3-Hydroxy-4-methoxyphenyl)-/ H-benzimidazole (m). Red-brown solid; mp 222-225 °C; ESI-MS:
m/z (C1aH12N202) 241.0992 (caled. for [M+H]" 241.0977); IR cm™: 3608, 3271, 1616, 1588, 1502; 'H
NMR (400 MHz; DMSO-ds) 8: 12.68 (s, 1H), 9.32 (s, 1H), 7.08-7.63 (m, 8H), 3.85 (s, 3H).
2-(4-Dimethylaminophenyl)-7H-benzimidazole (n). Pale yellow solid; mp 232-234 °C; ESI-MS: m/z
(C15H1sN3) 238.1363 (caled. for [M+H]" 238.1344); IR cm™': 3416, 1610, 1503, 1443; '"H NMR (400
MHz; DMSO-ds) 6: 12.53 (s, 1H), 6.82-8.00 (m, 8H), 3.00 (s, 6H).
2-(3-Nitrophenyl)-/H-benzimidazole (0). White solid; mp 200-202 °C; ESI-MS: m/z (Ci13HoN30O»)
240.0789 (calcd. for [M+H]" 240.0773); IR cm™: 3457, 1685, 1623, 1437, 1520, 1347; '"H NMR (400
MHz; DMSO-ds) 6: 13.32 (s, 1H), 7.23-9.03 (m, 8H).

2-(4-Nitrophenyl)-/H-benzimidazole (p). Yellow solid; mp > 300 °C; ESI-MS: m/z (Ci13H9N30O»)
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240.0791 (caled. for [M+H]" 240.0773); IR ecm’': 3035, 1601, 1514, 1435, 1338; 'H NMR (400 MHz;
DMSO-ds) 6: 13.32 (s, 1H), 7.26-8.43 (m, 8H).

2-(2-Furanyl)-1H-benzimidazole (q). Brown solid; mp 281-284 °C; ESI-MS: m/z (C11HsN>O) 185.0721
(caled. for [M+H]" 185.0715); IR cm™': 3442, 1628, 1587, 1521; '"H NMR (400 MHz; DMSO-dj) &: 12.93
(s, 1H), 6.74-7.96 (m, 7H).

5-Nitro-2-phenylbenzimidazole (r). Orange solid; mp 208-209 °C; ESI-MS: m/z (C13HoN30O) 240.0761
(caled. for [M+H]" 240.0768); IR cm™: 3423, 1642, 1563, 1538, 1328; 'H NMR (400 MHz; DMSO-ds) §:
13.60 (s, 1H), 8.47-7.55 (m, 8H).
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