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Introduction

Benzimidazole and its derivatives have been the
subject of much research due to their importance in
various applications and its widespread biochemical
significance.! For example, substituted 2-butylbenzim-
idazoles bearing a biphenylylmethyl moiety at the 1-posi-
tion have been used as Angiotensin Il receptor antago-
nists.?2 A number of benzimidazoles have been utilized
to prevent the corrosion of iron and steel in acid media.?
The classic study of the formation of 2-substituted
benzimidazoles was conducted by Philips. In Philips’
synthesis, o-phenylenediamine is used as a starting
material that reacts with carbonyl-containing com-
pounds, such as aldehydes, carboxylic acids, esters, or
amides, to form benzimidazole products*® (eq 1). Aque-
ous hydrochloric or polyphosphosphoric acid under reflux
conditions is usually used to assist the final ring-closure
step that involves dehydration.>®
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A variety of organic functional transformations medi-
ated by irradiation semiconductors have been reported.”
For example, it has been well established that a primary
alcohol can be easily oxidized on the semiconductor
surface to its corresponding aldehyde.? We have reported
that irradiation of a primary alcoholic solution of a nitro
compound with suspended TiO; particles gives an amino
compound in a high yield as the reduced product and an
aldehyde as the oxidized product (eq 2).° For simple
oxidation or reduction needs, a photocatalyst does not
offer an overall advantage over conventional chemical
oxidizing or reducing agents and is no different from a
high surface area electrode. For multistep synthesis,
however, an illuminated semiconductor does offer a
unique feature. The charge separation on a semiconduc-
tor particle creates a unique microenvironment that
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contains both a reduction center (conduction band elec-
tron) and an oxidation center (valence band electron
hole). Intermediates generated from one site could be
the substrates at another site. The integrated use of both
reaction sites could complete a sophisticated multistep
synthesis in “one pot”. In addition, most semiconductor
particles are inexpensive and nontoxic. The use of these
nanoparticles could provide environmental benign alter-
natives for organic synthesis. It has been reported that,
in an alcoholic solution of a primary amine, the alcohol
can be photocatalytically oxidized to an aldehyde or
ketone, which couples with the amine to form an imine.
The imine is then reduced to a secondary amine.0:!
Other examples include the photocatalytic conversion of
1,5-pentanediamine to piperidine on Pt/TiO; (eq 3). The
transformation involves a single-electron transfer from
one of the amino functional groups to the electron hole
on the semiconductor and its subsequent hydrolysis to
an aldehyde. The aldehyde terminal is then intramo-
lecularly coupled with the remaining amino group to form
an imine, which then reduces to the secondary amine on
Ti0,.1213 Semiconductor particle-mediated syntheses of
1,2,4-triazolines and 2-phenylindazoles from azoben-
zene!* and tetrahydroquinoline from nitrotoluene!® also
involve a combined redox scheme.

NO, NH,

TiOy, h
2 &)

EtOH

X
X = H, CHO, COCH, CN, CH,, OCH,
N " PUTIO,, Av @
—
LAV VAV H,0

The objective of this work was to investigate the
feasibility of using this type of combined photocatalytic
redox reactions for the synthesis of benzimidazoles via
the reduction of an o-dinitro benzene and the oxidation
of an alcohol. In this paper, the formation of benzimid-
azole on the surface of semiconductor particles is first
described. The reaction mechanism and steps taken to
validate the reaction mechanism are discussed.

Results and Discussion

Irradiation of a suspension of titanium dioxide in
ethanol containing o-dinitrobenzene gave 2-methylbenz-
imidazole in 96% vyield in 1 h (eq 4). In a control
experiment, irradiation of an ethanolic solution of 1,2-
dinitrobenzene alone led to no reaction product, indicat-
ing that TiO, was essential to the reaction. On the other
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Figure 1. Photocatalytic formation of benzimidazole on TiO;
H
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hand, without irradiation under UV light, no reaction
product was detected either.

A mechanism for the production of benzimidazole is
proposed as illustrated in Figure 1. First, the solvent
ethanol is oxidized to aldehyde I while the dinitro
compound is reduced to 2-nitroaniline, 1l. The condensa-
tion between aldehyde | and the amino group of 11 forms
an imine, 111. At room temperature and in the presence
of a considerable amount of water, 111 is in equilibrium
with the aniline and aldehyde. However, the further
reduction of Ill into hydroxylamine, 1V, pushes the
equilibrium away from Ill. The nitrogen atom in the
hydroxylamine group attacks the imino carbon to close
the ring. Further dehydration leads to a benzimidazole.
The stiochiometry of the overall reaction demands a 10-
electron reduction for each dinitro compound and a two-
electron hole oxidation for each ethanol. In addition,
some conduction band electrons are also used to reduce
surface protons. As a consequence, therefore, some
residual acetaldehydes are found in a postreaction analy-
sis of the suspension. As all protons generated from
oxidation are consumed in the reduction of nitro com-
pounds or into hydrogen, no protons should be ac-
cumulated during the reaction. It is consistent with our
observation that the pH of the suspension remained
relatively constant throughout the reaction. The surface
hydroxyl groups are likely to serve as a cache-buffer zone
for the generated protons before being used in the
reduction sequences.

A number of experiments were conducted to verify the
reaction mechanism. For the involvement of the solvent,
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Figure 2. o-Diaminobenzene under photocatalytic condition.

the photocatalyzed reaction of a 3,4-dinitrotoluene in
ethanol with intentionally added 1-propanal successfully
gave 2-ethyl-6-methylbenzimidazole as the product. This
result provided supporting evidence for the involvement
of an aldehyde in the formation of benzimidazole. Ac-
cording to the proposed mechanism, the reductions of the
two nitro groups are not simultaneous. A time-depend-
ent study of the photocatalytic reaction of o-dinitroben-
zene showed that 2-nitroaniline was an intermediate. In
addition, irradiation of a suspension of TiO, containing
2-nitroaniline instead of o-dinitrobenzene produced benz-
imidazole as well. This is consistent with the fact that
2-nitroaniline was found in the formation of benzimida-
zole as a transient product.

Irradiation of an alcoholic solution of p-dinitrobenzene
gave a high yield of p-diaminobenzene as the only product
via a p-aminonitrobenzene intermediate (eq 5). The
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p-aminonitrobenzene intermediate can be isolated in a
high yield if the irradiation time is carefully controlled.
This is consistent with the fact that a ring-closure
reaction is needed to drive the condensation between an
aniline and an aldehyde toward the imine as shown in
Figure 1.

Irradiation of o-phenylenediamine in ethanol in the
presence of TiO; failed to produce 2-methylbenzimidazole.
Although monoanil and dianil might have been formed
in this reaction mixture, they could not proceed further
to form benzimidazole compounds (Figure 2) as in the
Philips synthesis,**¢ due to the lack of oxidizing reagents.
Although the electron hole in the valence band is often
used in the oxidation of organic functional groups, the
monoanil or dianil clearly cannot compete efficiently with
the alcohol solvent. This result indicated that the second
nitro group is not reduced all the way to an amino group
in the pathway to benzimidazole.

We have previously demonstrated that irradiation of
nitrobenzene with TiO; gives a high yield of aniline while
the same reaction using ZnO particles instead generates
hydroxylamine as the final product (eq 6).>7 Irradiation
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of o-nitroaniline in ethanol with ZnO for ca. 1 h gave
2-methylbenzimidazole. In this case, ethanol solvent
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Table 1. Synthesis of Benzimidazoles via TiOz-Mediated Photocatalysis
GC/IMS 1H NMR (CCl3—d)d, yield
reactant/solvent product m/z (%) J (Hz) (%)
1,2-dinitrobenzene/ethanol 2-methylbenzimidazole 132.0 (100) 2.6 (s, 3H); 6.77—7.6 (m,4H) 96
1,2-dinitrobenzene/1-propanol 2-ethylbenzimidazole 146.0 (70) 1.46 (t, 3H, J = 7.5); 2.94—-3.03 92
(g, 2H, 3 =7.5); 7.21-7.58 (m, 4H)
3,4-dinitrotoluene/ethanol 2,6-dimethylbenzimidazole 146.0 (90) 2.43 (s, 3H); 2.53 (s, 3H); 6.33 95
(br, 1H); 7.01-7.43 (m, 3H)
3,4-dinitrotoluene/1-propanol 2-ethyl-6-methylbenzimidazole 160.0 (67) 1.41 (t, 3H, J = 7.5); 2.44 (s, 3H); 97
2.91-3.01 (g, 2H, J = 7.5);
7.01-7.45 (m, 3H), 8.55 (br, 1H)
4-ethoxy-2-nitroaniline/ethanol 5-ethoxy-2-methylbenzimidazole 176.0 (100) 1.40 (t, 3H, J = 5.0); 2.60 (s, 3H); 94
3.96—4.05 (g, 2H, J = 7.5);
6.83—7.44 (m, 3H)
4-ehtoxy-2-nitroaniline/1-propanol 5-ethoxy-2-ethylbenzimidazole 190.0 (62) 1.37-1.43 (m, 6H); 2.90—2.99 96
(q,2H,J =7.5); 3.77—-4.04
(g, 2H, 3 = 7.5); 6.82—7.44 (m, 3H)
1-chloro-3,4-dinitrobenzene/ethanol 6-chloro-2-methylbenzimidazole 166 (100) 2.63 (s, 3H); 7.16—7.52 (m, 3H) 89
1-chloro-3,4-dinitrobenzene/1-propanol  6-chloro-2-ethylbenzimidazole 180 (54) 1.43 (t, 3H, J = 7.5); 2.93—-2.99 84
(9, 2H, 3 =7.5); 7.16—7.52 (m, 3H)
ethyl 3,4-dinitrobenzoate/ethanol 6-(ethoxycarbonyl)-2-methyl- 204 (43) 1.40 (t, 3H, J = 7.5); 2.67 (s, 3H); 78
benzimidazole 4.35-4.43 (q, 2H, J = 7.5);
7.53—-8.28 (m, 3H)
ethyl 3,4-dinitrobenzoate/1-propanol 6-(ethoxycarbonyl)-2-ethyl- 218 (69) 1.37-1.48 (m, 6H); 2.97—3.02 70
benzimidazole (q,2H,J =7.5); 4.35—-4.43
(g, 2H, 3 = 7.5); 7.53—8.29 (m, 3H)
Zn0, hy H
CH;CH,0H ————» CH4CHO NO, 70, hv N-OH
—>
@[NHZ CH,CHO @EN:CHCHa Zn0, hy C: N-OH NH,
—_—> EEE—— H
NO NO + CH,CHO,
2 2 -H,0
H
H N=0
N=CHCH, N @: My ©:N H 2e oH*
@[ — @: »)—CHy N= CHCH3 N=CHCH,
NHOH N

Figure 3. Irradiation of o-nitroaniline with ZnO.

could still be oxidized to aldehyde by ZnO particles, and
the nitro group of o-nitroaniline was reduced only to
hydroxylamine after condensation of the amino group
with aldehyde. This result confirmed that, after the
formation of 111, it is not necessary for the second nitro
group to be reduced into an amino group (Figure 3).
When o-dinitrobenzene was used, 2-methylbenzimidazole
was also found on the irradiated ZnO particles. This
seems to be inconsistent with the reaction mechanism
illustrated in Figure 1 since it is the amino group that is
required for the first step, and only hydroxylamine can
be formed on ZnO particles. A possible explanation is
that the o-(dihydroxylamino)benzene from o-dinitroben-
zene may undergo an intramolecular redox reaction in
which one hydroxylamino group is oxidized into a nitroso
group while the other is reduced into an amino group.
The generated o-nitrosoaniline is then converted to
2-methylbenzimidazole as shown in Figure 4.
Irradiation of substituted dinitrobenzenes in the pres-
ence of alcohol solvents gave the corresponding substi-
tuted benzimidazoles in high yields (Table 1). The
products were isolated and purified via thin-layer chro-
matography. The structure of each product was con-
firmed with its mass and 'H NMR spectra (Table 1). The
reaction product and reaction rate were strongly solvent
dependent. When ethanol was used as a solvent, 2-meth-
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Figure 4. Involvement of o-nitrosoaniline.

ylbenzimidazole compounds were formed, whereas 2-eth-
ylbenzimidazole compounds were produced when 1-pro-
panol was used. When a secondary alcohol such as
2-propanol was used as a solvent, no benzimidazole
compounds were obtained. The oxidation of 2-propanol
generated acetone instead of acetaldehyde. Compared
with acetaldehyde, acetone is much less apt, due to the
steric effect, to undergo condensation with nitroaniline
to form an imine. For the same reason, with a bulky
primary alcohol such as 1-butanol, the reaction was also
slow. The condensation reaction between the amino
compound and the aldehyde is clearly the rate-limiting
step of the entire reaction. Therefore, the larger the
alcohol the slower the reaction proceeds. Methanol,
however, is an exception. The reactions using methanol
as a solvent were slower than those using ethanol as a
solvent. For formaldehyde, the formation of hemiacetal
with solvent was predominant. The amount of free
formaldehyde was, therefore, small.

The substitutents on the benzene ring also have a
significant impact on the reaction kinetics. Electron-
withdrawing groups that lower the electron density on a
nitro group facilitate the conversion of the nitro group
into an amino group. The electron-withdrawing groups
also reduce the nucleophilicity of the resulting aniline,
hence lowering the reactivity for the condensation with
an aldehyde. The overall guantum efficiency, therefore,
depends upon the balance of these two effects. Prelimi-
nary results reveal that 3,4-dinitrotoluene has a higher
overall quantum efficiency than o-dinitrobenzene, which
in turn has a higher quantum efficiency than a reactant
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bearing an electron-withdrawing group, such as 1-chloro-
3,4-dinitrobenzene. A time-dependent study for the
irradiation of a TiO, suspension containing 1-chloro-3,4-
dinitrobenzene revealed that the benzimidazole was
undetectable until all the starting material was com-
pletely converted into its nitroaniline intermediate. The
reaction of 3,4-dinitrobenzene gave a similar result.
These results indicated that the first reaction step, in
which the reactant was converted into an amine inter-
mediate, was faster than the second step, in which the
nitroaniline intermediate was converted into a benzim-
idazole product. This is consistent with the fact that a
dinitrobenzene compound is already electron deficient
enough and the basicity of nitroaniline or aniline is not
very high.

Conclusion

Substituted benzimidaloes have been prepared via a
semiconductor-mediated photocatalytic process in which
the reduction product of an o-dinitrobenzene and the
oxidation product of an alcoholic solvent are coupled.
Although the coupled reactive intermediate can be easily
hydrolyzed via an equilibrium with water, the ring-
closure reaction pushes the reaction further to the final
benzimidazole product. The utilization of both oxidation
and reduction aspects of the semiconductor charge sepa-
ration is proven to be useful.

Experimental Section

Materials. 3,4-Dinitrotoluene, 1,2-dinitrobenzene, 1-chloro-
3,4-dinitrobenzene, and 4-ethoxy-2-nitroaniline were obtained
from Aldrich. o-Nitroaniline and trioxane were obtained from
Eastman Kodak. 3,4-Dinitrobenzoic acid was obtained from
Lancaster. Titanium dioxide (P-25) was obtained as a gift from
Degussa Corp. All reagents were used upon receipt without
further purification. 3,4-Dinitro-1-ethoxycarbobenzene was pre-
pared from 3,4-dinitrobenzoic acid by reacting with ethanol
under acidic condition. GC—MS spectra were obtained on a
Hewlett-Packard Model 5890 series Il gas chromatograph with
a Model 5917A mass spectrometer. 'H NMR spectra were
obtained on a Bruker AC250 250 MHz spectrometer. All
products were identified by GC—MS and confirmed by 'H NMR
and MS. Photolysis experiments were conducted with a Rayonet
photochemical reactor equipped with 350 nm bulbs or a home-
made flow photochemical reactor that was built based on setups
described in the literature.r’-2° The photon flux in the home-
made photochemical reactor was ca. 1.9 x 107 quanta/min-cm?
or ca. 2.6 x 108 quanta/min-cm? in a Rayonet photochemical
reactor.

(18) Matthews, R. W. AU Patent B 76028, 1987.

(19) Turchi, C. S.; Mehos, M. S. Chemical Oxidation: Technologies
for Nineties; 2nd International Symposium, Vanderbilt University,
Nashville, TN, Feb 19—21, 1992.

(20) Hofstadler, K.; Bauer, R.; Novalic, S.; Heisier, G. Environ. Sci.
Technol. 1994, 28, 670—674.

J. Org. Chem., Vol. 62, No. 15, 1997 5225

General Procedure for Irradiation with TiO,. Analyti-
cal Scale. In a5 mL shell vial equipped with a magnetic stir
bar were mixed 2.0 mL of a 0.005 M alcoholic solution of a
reactant and 2.0 mL of a TiO; suspension (1.0 g/L) in the same
solvent. The vial was sealed with a rubber septum and purged
with nitrogen for 5 min. The mixture was irradiated while
stirring in a Rayonet photochemical reactor for a specific
duration (typically 15—30 min). After the irradiation, the
mixture was filtered with a 0.2 um HPLC syringe filter to remove
TiO; particles. The resulting solution was injected into the GC—
MS for analysis.

Yield Determination. The experimental procedure was
basically the same as that of the analytical scale with the
following modifications. A 20.0 mL sample was placed in a shell
vial. After the irradiation and filtration, the solvent was
removed with a rota-evaporator. The resulting reaction mixture
was dried on a vacuum line before being dissolved in CCl3D for
IH NMR analysis. A known amount of trioxane was added as
an internal standard. The yield was determined on the basis of
the integrated area ratio between a product peak and the peak
from trioxane.

Small Preparative Scale. The reaction chamber has an
outside tube with a 33.0 mm inner diameter and an inside tube
with a 28.0 mm inner diameter. Both are 400 mm long. The
suspension of the semiconductor particles with an organic
substrate in solvent is pumped through the jackets of the
reaction chambers during the irradiation. A typical flow rate
is ca. 20 mL/min. After the reaction, the suspension is filtered
and the semiconductor particles can be reused. This type of
batch-flow reactor can handle up to ca. several liters of reaction
mixture. In a typical run, a 100 mL three-neck round-bottom
flask equipped with a magnetic stir bar was employed as a
reservoir for the reaction mixtures. A reaction suspension was
prepared by mixing 100.0 mL of 0.01 M reactant solution and
100.0 mL of 1.0 g/L TiO; suspension. The suspension was
pumped through the flow reactor. The reaction mixture was first
purged with nitrogen for 30 min and then irradiated for 4 h.
After the irradiation, the mixture was filtered to remove TiO,
particles. The solvent was then removed with a rota-evaporator.
For a photochemical flow reactor with immobilized TiO,, a
similar workup procedure was employed. The resulting oily
mixture was placed on a TLC plate (SIL G-200 UV2s4, 20 mm x
20 mm) for separation using chloroform as the eluent. After
the separation, the components were analyzed and characterized
with 'H NMR and GC—MS.

Acknowledgment. Financial support from the Na-
tional Science Foundation and the Petroleum Research
Fund, administered by the American Chemical Society,
is gratefully acknowledged.

Supporting Information Available: *H NMR spectra of
new compounds in lieu of combustion analysis (8 pages). This
material is contained in libraries on microfiche, immediately
follows this article in the microfilm version of the journal, and
can be ordered from the ACS; see any current masthead page
for ordering information.

JO970253J



