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Abstract: A highly chemoselective reduction of a wide diversity of aromatic nitro compounds to the corre-

sponding amines have been achieved by a combination of Pd catalysts and HCOOH in ethanol under mild

conditions. Moreover, a direct route to formanilides and benzimidazole derivatives from aromatic nitro

compound bearing different functional groups has been established by using Pd/C catalyst and HCOOH.
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The reduction of nitro compounds is a key step in
the preparation of many pharmaceutical agents and fine

. [1-3
chemicals''™"

. Aromatic amines as important products
can be prepared from the reduction of nitrobenzene and
its derivatives. However, traditional synthetic methods
for the reduction of aromatic nitro compounds involve

hazardous systems'*”’

. Recently, the catalytic transfer
hydrogenation ( CTH) using cheap and easily accessi-
ble hydrogen donor is simpler, safer, highly selective,
and eco-friendly’*). HCOOH, which is one of the
major products formed in biomass processing, can be
as good hydrogen source, simultaneously, the using of
formic acid as hydrogen source can meet the require-
ment of a sustainable chemistry'®’. Amide and benzimi-
dazole derivatives are also used widely as functional
groups in both small and complex synthetic and natu-

rally occurring molecules chem-

[4-5, 10-11

by  medicinal
ists ! The commonly used synthetic procedures
of amide often involve the reaction of amines with pre-
activated carboxylic acid derivatives. The synthesis of
benzimidazole and their derivatives were realized using

1, 2-diaminoarenes as starting materials by coupling of
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carboxylic acids or condensation of aldehydes, howev-
er, both syntheses result in side products.

The direct reductive synthesis of amide and benz-
imidazole derivatives from nitroaromatics is also one of
the most powerful transformations using HCOOH as hy-
drogen and carboxylic acid sources. Such one-pot reac-
tions have been developed as economical, environmen-
tally friendly, and efficient synthetic processes in or-
ganic chemistry. In 2011, Gu groups reported the syn-
thesis of amidation with carboxylic acids over Pt
nanowires, however, H, was used as hydrogen donor
for the reduction of nitroaromatics and then to couple
with the carboxylic acids in this system, and
benzamide was not reported *’. Cao and co-workers ac-
complished the direct conversion of aromatic nitro com-
pounds to the corresponding N-formanilides by using
the HCOONH, and Au/TiO, system, the HCOONH""
serves as hydrogen source for nitro reduction and as a
formylating agent, however, HCOOH as renewable re-
actants was not active'’.

Herein, we develop a highly effective system for

the hydrogenation of nitro compounds to corresponding
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anilines using HCOOH as hydrogen source, and report
a one-pot amidation of nitroaromatics with HCOOH un-
der mild reaction condition, simultaneously, benzimi-
dazole derivatives also can be synthesized through this
method. This system shows the high catalytic perfor-
mance for both hydrogenation of nitroaromatics and

one-pot amidation reactions under mild conditions.

1 Experimental

5% Pd/C was purchased from Alfa-Aesar. Cata-
lytic tests were conducted in a 50 ml Schlenk glass
tube with a magnetic bar; heterogeneous Pd catalyst,
substrate , formic acid and solvent were introduced into
the glass tube, and then it was vacuumed and purged
with Ar three times before it was finally pressurized
with 0. 1 MPa of Ar gas. Subsequently, the reaction
mixture was stirred at targeted temperature. After the
reaction, excess Ar was carefully released, and the in-
ternal standard ( toluene) was added. The resultant
product mixtures were analyzed by an Agilent gas chro-

matograph.

2 Results and discussion

In the course of our recent findings on the suppor-

ted palladium nanoparticles catalysts'>™*' | we have

discovered that Pd@ C acted as an effective and recy-
clable heterogeneous catalyst for the title reaction. Ini-
tially, nitrobenzene was chosen as a model substrate for
optimization of the reaction conditions. Table 1 shows
the hydrogenation of nitrobenzene in different solvents.
In heterogeneous catalytic system, the solvation of re-
acting species and its impact on the overall reaction
mechanism are not clearly understood'*’. However, it
has been stated that hydrogenation of less polar sub-
strate in more polar solvents is preferred " ™"®'. In our
reaction systems, the solvent have a strong influence on
the catalytic efficiency. Table 1 shows the conversion
of the nitrobenzene in different solvents. Pd/C catalyst
is highly active for the hydrogenation of nitrobenzene to
aniline at room temperature in ethanol, and the full
conversion with 97% vyield is obtained within 1 hour
(Table 1, entry 1). Other solvents, such as metha-
nol, tetrahydrofuran, n-hexane, water and CH,Cl, are
less effective solvents, the xylene and acetonitrile as
solvent are almost not active for the transformation ( Ta-
ble 1, entries 2-8). Moreover, H, as hydrogen source
is tested for comparison, only 32% yield was obtained

(Table 1, entry 9). The hydrogenation of nitrobenzene

Table 1 Evaluation of different solvents for the reduction of nitrobenzene®

o -

? Pd (0.5 mol%)
—_————
HCOOH

Entry Catalyst Solvent Conv. /Selec/% Yield"/ %
1 Pd/C Ethanol >99/97 97
2 Pd/C Methanol 74/95 70
3 pPd/C n-hexane >99/57 57
4 Pd/C Tetrahydrofuran 12/82 10
5 Pd/C Water 20/96 19
6 pPd/C Xylene trace trace
7 pPd/C Acetonitrile trace trace
8 Pd/C CH,Cl, 19/73 14

9 Pd/C Ethanol 32/99 32
10° Pd/C Ethanol trace trace

a. Reaction conditions; All reaction were carried out using nitrobenzene (1 mmol), Pd (0.5 mol% , based on nitrobenzene) ,
solvent (2 mL), HCOOH (5 mmol) , Ar protection at room temperature for 1 hour unless otherwise indicated; b. yields based on
nitrobenzene , determined by GC and GC-MS analysis using toluene as internal standard; c.5% Pd/C purchased from Alfa-Aesar

was used in all reactions; d. 0.1 MPa H, as hydrogen source; e. this reaction was performed without the protection of Ar.
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was also performed without Ar protection, only trace
yield was obtained (Table 1, entry 10). Therefore,
formic acid as hydrogen source showed high active for
the hydrogenation of nitrobenzene to the aniline. Based
on above experiments, ethanol was selected as the sol-
vent. Table 2 shows the hydrogenation of nitrobenzene
in different temperature. It is found that the reaction

temperature is critical with higher temperature favoring

the one-pot amidation of nitrobenzene. A reaction tem-
perature of 80 °C results in a yield of 88% formamido-
benzene ( Table 2, entry 4). Both at 0 and 30 °C,
aniline is obtained as main product, with increasing
temperature to 50 °C, the yield of formamidobenzene
increases to 64% (Table 2, entries 1-3). Therefore,
temperature thus mainly influences the later amidation

step rather than the former hydrogenation step.

Table 2 Optimization of reaction temperature *

RS

NO, NH, HN o
Pd (0.5 mol %)
HCOOH
T wgn
Selectivity /%
Entry T /C Conv. /%
A B
1 0 >99 >99 0
2 30 >99 94 6
3 50 >99 36 64
4 80 >99 12 88

a. Reaction conditions; nitrobenzene (1 mmol), HCOOH (5.0 mmol) , ethanol (2 mL), Pd ( 0.5 mol% , based on nitroben-

zene), 1 h, Ar protection

On the basis of above experimental data, ethanol
as solvent, and the temperature of 30 °C were selected
as the reaction condition to investigate the effect of sub-
strate type to establish the scope of the CTH reaction
with the HCOOH-Pd/C system. Table 3 summarizes
the main products and yields under these conditions.
Various structurally diverse aryl nitro compounds, re-
gardless of the presence of electron-withdrawing or
electron-donating functions, can be selectively reduced
to the corresponding amine compounds. High yields
from o-, p- methyl nitrobenzene (Table 3, entries 2-
3) show the good regioselectivity and the yields of the
corresponding anilines are high to 92% . Good chemo-
selectivity is observed for subsirates containing elec-
tron-donating or electron-withdrawing groups ( Table 3,
entries 4-9) , the functional groups do not influence the
In the

case of 2-nitronaphthalene and 2, 4-dinitro-toluene,

reduction of the nitroaromatics significantly.

Pd/C showed the high catalytic performance, the hy-
drogenation yield of 2-nitronaphthalene is 85% and the
hydrogenation yield of 2 ,4-dinitro-toluene is only 63%
because the by-products (2-methyl-5-nitroaniline and
4-methyl-3-nitroaniline) are formed ( Table 3, entries
9 and 10). In the transformation of chloronitroaroma-
tics, it shows the lower yield of the products because
the substrate is reduced to the corresponding anilines
with hydrodechlorination over Pd/C ( Table 3, entries
11 and 12). Hydrogenation of 2-Nitroaniline deriva-
tives also give good yields and produce corresponding
dianilines with yields of 88% and 86% (Table 3, en-
tries 13 and 14).

It has been reported that HCOONH, could be as a
formylating agent,"*’ we envisioned that HCOOH as a
inexpensive and easily available agent could afford a
green and efficient protocol for the direct synthesis of

formanilides from nitro compounds. Using of the Pd/C
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Table 3 Reduction of nitroarenes to anilines®

Entry Substrate

Product t/ h Yield"/ %
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a. Reaction conditions; All reaction were carried out using substrate (1 mmol) , Pd (0.5 mol% , based on nitroarenes) , Ethanol

(2 mL) at room temperature unless otherwise indicated; b

. Determined by GC and GC-MS analysis, yields based on nitroarenes,

determined by GC using toluene as internal standard; c. the aniline was produced as by-product.

show good regioselectivity in the one-pot amidation,
and the yield of the corresponding amide is high. Ni-
troaromatics containing both electron-donating ( Table
4, entries 1-5) or electron-withdrawing ( Table 4, en-

tries 6 and 7) groups are efficient converted into corre-

sponding amides with high yields following the proce-
dure as depicted in Table 4. In the case of 2-ni-
tronaphthalene and 2 ,4-dinitro-toluene, the amidation
yield of 2-nitronaphthalene is 89% and the 2, 4-
dinitro-toluene is only 66% because the by-products
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( N-(5-amino-2-methylphenyl ) formamide and N-(3-a- ative lower yields could be attributed to the hydrode-
mino-4-methylphenyl ) formamide) were formed ( Table chlorination in this system ( Table 4, entries 10 and
4, entries 8 and 9). For chloronitroaromatics, the rel- 11).

Table 4 One-pot amidation of nitroarenes”

Entry Substrate Product t/ h Yield" /%

NO, 99

5
]

3 ™ N 5 92
0— 0—
=0
; Covon “ ; 2
/=0
5 }104<j>7N02 HO NH 8 92
—0 —0 /=0
6 },—ONOZ 16 88
(0] (0]
/=0
7 HOOCONOZ HOOC: NH 24 88
NO, HN">0
O,N O//—NH
9 Qi%m2 QKE & 24 66
=0
10 CI—ONOZ Cl N/H_ 24 69
Cl Cl
=0
11 @N ol N 24 62
NH, N\7
" Wt O " ”
HO NO, HO N
A\
13 \C[ \@ % 16 78
NH, ll'q[
NO, N
14 :@ j@l\} 16 86
NH, H

a. Reaction conditions; nitro compounds (1 mmol) , HCOOH (10 mmol) , ethanol (2 mL), catalyst (Pd: 0.5 mol% , based on
nitroarenes ) , 50 °C, Ar protection; b. Determined by GC and GC-MS analysis using toluene as internal standard. Yields based

on nitroarenes, determined by GC using toluene as internal standard.
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The benzimidazole scaffold is a useful structural
motif for displaying chemical functionality in biological-
ly active molecules, and the synthesis of benzimidazole
and their derivatives are realized using 1,2-diaminoare-
nes as starting materials by coupling of carboxylic
acids. On the basis of the above experimental results,
we conceived that the HCOOH could be as both the hy-
drogen and carboxylic acid source to realize the one-pot
synthesis of benzimidazole and their derivatives. In our
HCOOH-Pd system, 2-nitroaniline, 4-amino-3-nitro-
phenol , 4 |5-dimethyl-2-nitroaniline substrates can effi-
ciently convert to the corresponding benzimidazole and
their derivatives with high yields (Table 4, entries 12-
14). Recently, it reported that the synthesis of ben-
zimidazole and their derivatives with the carbon diox-
ide, however, the toxic silane as hydrogen source lim-
ited the scope of the method. "In contrast, the present
HCOOH-Pd system has the following significant advan-
tages: 1) the reaction is much more efficient even at
lower temperature ; 2) the HCOOH is a major products
formed in biomass processing and the only 10 equiva-

lents is employed.

3 Conclusions

We have developed an efficient and highly chemo-
HCOOH-mediated

CTH method for the hydrogenation of nitroaromatics

and regioselective Pd-catalyzed,

and direct amide, benzimidazole and their derivatives
synthesis from nitroaromatics in a one-pot reaction.
Most of reported synthesis of amide, benzimidazole and
their derivatives require harsh conditions, such as high
temperature. It is worth noting that these products can
be efficiently synthesized using this new approach un-
der very mild conditions. In this process, HCOOH
serve as two distinet functions; as hydrogen source and
as reagent. The mild reaction conditions and the using
of HCOOH, which major produce in biomass process-
ing, can greatly facilitate the synthesis of anilines,
amide, and benzimidazole and their derivatives in both

laboratory and industrial production.
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