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Both benzoxazole and benzimidazole are common hetero-
cyclic scaffolds in biologically active and medicinally signifi-
cant compounds. Reductive cyclization of ortho-substituted
nitrobenzene derivatives provides an attractive route to
benzoxazole or benzimidazole ring formation. Unfortunately,
only a few synthetic methods by reductive cyclization of
ortho-nitro compounds have been reported and the yields are
rather low. In continuation of the development of biomimetic
reductants in synthetically useful organic transformations,
Hantzsch ester 1,4-dihydropyridine (HEH), analogues of
NAD(P)H, has attracted a considerable amount of attention.
Hence, we wish to report that benzoxazoles and benzimid-

azoles can be efficiently synthesized by the reaction of ortho-
substituted nitrobenzene derivatives with HEH catalyzed by
Pd/C. A range of functionalized ortho-nitrophenyl esters or
ortho-nitrophenyl amides were efficiently reduced by HEH
and cyclized to the corresponding benzoxazoles or benzimid-
azoles. Especially, working in the presence of the same sub-
stituents, benzimidazoles could be obtained in higher yields
with respect to the corresponding benzoxazoles. Moreover,
in the present work, the recycling of Pd/C was studied and
was shown to maintain its high catalytic activity over five
runs. On the basis of our experimental results and DFT calcu-
lations, a plausible reaction mechanism was proposed.

Introduction

Benzo-fused azoles such as benzoxazoles!!! and benz-
imidazolest?) are an important class of molecules and are
a common heterocyclic scaffold in biologically active and
medicinally significant compounds. Intrigued by the ap-
pealing pharmaceutical perspective, some methods have
been developed for the synthesis of benzoxazoles and benz-
imidazoles. The most common approaches for 2-substituted
benzoxazoles involve the coupling of 2-aminophenols with
carboxylic acid derivatives®# or the reaction of 2-ami-
nophenols with an aldehyde by oxidative cyclization of
imine intermediates.’”] Similarly, a traditional method for
the synthesis of benzimidazoles is the condensation of 1,2-
diaminoarene derivatives with carbonyl compounds.!®! The
development of alternative routes to benzoxazole or benz-
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imidazole ring formation is an important goal because it
would allow the use of milder reaction conditions and it
would overcome the requirement for using 2-aminophenols
or 1,2-diaminoarenes as precursors. For example, consider-
able progress has been made in the area of metal-catalyzed
direct arylation of five-membered heterocycles.”! Compar-
ing with those intermolecular or intramolecular coupling
methodologies, reductive cyclization of ortho-substituted
nitrobenzene derivatives also provides an attractive route to
benzoxazole or benzimidazole ring formation. Unfortu-
nately, only a few synthetic methods by reductive cycliza-
tion of ortho-nitro compounds have been reported.’®! For
instance, metallic reducing agents such as Fel®d and
SnCL,1®®1 have been employed in the synthesis of benzo-
xazole and benzimidazole but the yields are rather low. The
reduction of ortho-substituted nitrobenzene by catalytic hy-
drogenation,® followed by acid-catalyzed cyclization pro-
vides an efficient approach to synthesize phenanthro[2,3-d]-
imidazoles. However, the reaction has been accomplished
in one pot only in two cases and a pressurized hydrogen
atmosphere was required. Thus, the development of an en-
vironmentally benign and efficient reducing agent should
significantly increase the attraction of this synthetic ap-
proach.
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Hantzsch ester 1,4-dihydropyridine (HEH), an analogue
of NAD(P)H, has been widely used as a biomimetic reduct-
ant in synthetically useful organic transformations.[’! Re-
cently, tremendous progress has been made in the area of
biomimetic enantioselective transfer hydrogenation by em-
ploying the combination of an organocatalyst and a
Hantzsch ester 1,4-dihydropyridine.l'” Following our inter-
est in the exploration of organic molecules as reducing
agents, we have found that the behavior of HEH in Pd/C-
catalyzed reactions contrasts the general trend observed in
organocatalyzed reactions.[''l' For instance, nitro com-
pounds could be reduced to amine by HEH in the presence
of Pd/C,''l whereas they are tolerated in organocatalytic
asymmetric nitroolefin reduction.'®! In the present work,
we wish to report that benzoxazoles and benzimidazoles
can be efficiently synthesized by the reaction of ortho-sub-
stituted nitrobenzene derivatives with HEH catalyzed by
Pd/C.

Results and Discussion

Our initial studies focused on 2-nitrophenyl benzoate
(1a), a substrate that is known to undergo reductive cycliza-
tion by Fe and SnCl,. We began our investigation by using
the conditions previously developed for the reductive cycli-
zation of 1,2-epoxy-3-(2-nitroaryloxy)propanes.''dl Under
these conditions, only 3a’ was isolated in 80% yield
(Table 1, Entry 1). A similar result was obtained by heating
a mixture of the substrate, HEH, and Pd/C in toluene at
reflux (Table 1, Entry 2). However, compound 3a’ easily af-
forded 3a under careful dehydration in acidic medium.
Thus, performing the reaction in refluxing acetic acid, 3a
was obtained in 84 % yield (Table 1, Entry 3). The reductive
cyclization proceeded efficiently also when the amount of
the catalyst was decreased to 2 wt.-% of HEH (Table 1, En-
try 4). Importantly, no conversion was observed when the
reaction was carried out in the absence of Pd/C (Table 1,
Entry 5) or at room temperature (Table 1, Entry 6).

The optimized procedure was as follows: an acetic acid
solution (20 mL) of 2-nitrophenyl benzoate (1a, 1.0 mmol),

Table 1. Screening reaction conditions.

HEH (3.6 mmol), 10% Pd/C (2 wt.-% of HEH) was stirred
at reflux under a N, atmosphere for 15 h. Upon completion
of the reaction, as monitored by TLC, the mixture was fil-
tered through Celite, and the filtrate was evaporated in
vacuo. 2-Phenylbenzo[d]oxazole (3a) was isolated in 83%
yield after column chromatography (silica gel). The product
was identified by 'H NMR and '*C NMR spectroscopy and
mass spectrometry (EI).

By using this procedure, a range of functionalized ortho-
nitrophenyl esters were efficiently reduced by HEH and cy-
clized to the corresponding benzoxazoles (Table 2). The re-
action works well with electron-rich substituents, methyl,
tert-butyl, or methoxy groups, on the nitrobenzene ring
(Table 2, Entries 2-4). However, when the R? substituent
was ethoxycarbonyl (Table 2, Entry 5) or trifluoromethyl
(Table 2, Entry 6), the yields were moderate, giving 3e and
3f in 70 and 56 % yield, respectively. In particular, the prod-
uct naphthoxazole (3g) was obtained in 90% yield (Table 2,
Entry 7) by using 1-nitronaphthalen-2-yl benzoate (1g) as
the starting material. Interestingly, the substituent located
on the benzoyl ring of the 2-nitrophenyl benzoates had no
appreciable effect on the reaction outcome. For instance,
when the R! substituent is an electron-rich (Table 2, En-
try 8) or an electron-deficient (Table 2, Entry 9) aryl com-
pound, the corresponding product 3h or 3i was obtained in
86 and 80% yield, respectively. Similarly, 2-nitrophenyl 1-
naphthoate (Table 2, Entry 10) can be also cyclized in good
yields (85%). Furthermore, this reductive cyclization pro-
cedure is also applicable to 2-nitrophenyl alkanoates. For
example, several 2-alkylbenzoxazoles were successfully syn-
thesized with good yields (Table 2, Entries 11-15).

In an attempt to broaden this approach to the synthesis
of benzo-fused azoles by the reductive cyclization of ortho-
substituted nitrobenzene derivatives, we firstly employed 2a
as a model compound in the reaction with HEH
(3.6 mmol), 10% Pd/C (2 wt.-% of HEH) at 120 °C in acetic
acid for 15 h under an atmosphere of N,. At the end of the
reaction the mixture was filtered through Celite, and the
filtrate was evaporated in vacuo. The residue was purified
by column chromatography on silica gel, and desired cyclic

(0] H \H (0]
EtOWOEt
M N° M
O\n,Ph © H © 0o O OH
g o O
NO, conditions N H
1a 3a 3a’'

Entry Conditionsl?! Product (% yield)
1 10% Pd/C (5 wt.-% of HEH), ethanol, reflux, 15h 3a (0), 3a’ (80)
2 10% Pd/C (5 wt.-% of HEH), toluene, reflux, 15h 3a (0), 3a’ (92)
3 10% Pd/C (5 wt.-% of HEH), acetic acid, reflux, 15 h 3a (84), 3a’ (0)
4 10% Pd/C (2 wt.-% of HEH), acetic acid, reflux, 15 h 3a (83), 32’ (0)
5 no catalyst, acetic acid, reflux, 15 h 3a (0), 3a’ (0)
6 10% Pd/C (2 wt.-% of HEH), 20 mL acetic acid, r.t., 15h 3a (0), 32’ (0)

[a] Reactions were performed by using 1a (1.0 mmol), HEH (3.6 mmol), and the solvent (0.05 m/[substrate]).
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Table 2. The synthesis of benzoxazoles.[?!
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[a] Substrate (1.0 mmol), HEH (3.6 mmol), 10% Pd/C (2 wt.-% of HEH), AcOH (20 mL), 120 °C, 15 h. Yields are isolated yields. All
products are known compounds and were characterized by MS (EI) and 'H and '3C NMR spectroscopy. [b] Product is an unknown

compound.

product 4a was obtained in 95% yield. Therefore, the scope
of this reduction was further extended to a variety of ortho-
substituted nitrobenzene derivatives. As shown in Table 3,
the reduction worked well and the yield exceeded 90% in
all cases (Table 3, Entries 1-8).

Again, good functional group tolerance was observed for
the reductive cyclization reaction on the benzimidazole
units. Both electron-rich and electron-poor substituents be-
haved well in this reaction, and most yields were higher
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than 95%. Especially, working in the presence of the same
substituents, benzimidazoles could be obtained in higher
yields with respect to the corresponding benzoxazoles
(Table 2, Entry 1; Table3, Entryl; Table2, EntryS§;
Table 3, Entry 4). Gratifyingly, not only benzoyl-substituted
(Table 3, Entries 1-5) but also 1-naphthoyl (Table 3, En-
try 6) and alkanoyl (Table 3, Entries 7 and 8) ortho-nitro-
anilines furnished the desired benzimidazoles in excellent
yields.
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Table 3. The synthesis of benzimidazole.

H H
"R en, pac N
o) : @E )R
NO, AcOH N
Entry Substrate Product % Yield
1 95
No2
2a
2 94
No‘i
2b
3 \”)ij\ i 91
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2¢ 4c
4 T(©/ 99
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5 \n/©/ 99
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O
8 @[ N 99
No2

4h

[a] Substrate (1.0 mmol), HEH (3.6 mmol), 10% Pd/C (2 wt.-% of
HEH), AcOH (20 mL), 120 °C, 15 h. Yields are isolated yields. All
products are known compounds and were characterized by MS
(EI) and 'H and '3C NMR spectroscopy.

The role of Pd/C is crucial for the HEH-based reductive
cyclizations. Preliminary experiments well established that
Pd/C is the more advantageous catalyst for HEH-based re-
ductive reactions.''l Moreover, in this work, the recycling
6630
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of Pd/C was studied with 2-nitrophenyl benzoate (1a) as a
model substrate. As reported in Table 4, Pd/C maintains its
high catalytic activity over five runs.

Table 4. Reuse of Pd/C in the reaction.

ooyl o0
- - /
NOCZ) AcOH N

% Yield of 3a

Run

(O N O N S
]
oo

We also observed the evolution of hydrogen gas in a re-
fluxing alcoholic solution containing HEH and catalytic
Pd/C.''el DFT calculations on the ambient-temperature
transformation of HEH to pyridine and hydrogen
(Scheme 1) predict a strongly exergonic reaction in the gas
phase at 298 K, AG = —19.79 kcal/mol.l'?! Actually, a sig-
nificant amount of hydrogen gas was detected and HEH
was converted into pyridine in quantitative yield when
HEH was heated at reflux with 10% Pd/C (2 wt.-% of
HEH) in acetic acid for 3 h.'3 On the other hand, a re-
fluxing solution containing 2-nitrophenyl benzoate (la),
HEH, and catalytic Pd/C produced only a trace amount of
hydrogen gas, which indicates that most of the hydrogen is
consumed before evolution. On the basis of our experimen-
tal results and the report of Gigante,['Y we believe that the
present reductive cyclization is very efficient and that 1a is
reduced by the hydrogen gas generated in situ from HEH
in the presence of Pd/C. A plausible reaction mechanism is
shown in Scheme 2. The aromatization of HEH catalyzed

QHHQ EtO,C._~_CO,Et
EtOWOEt H v H
Me ” Me Me™ N~ Me
AG = -19.79 kcal/mol
Scheme 1.
QHHQ g) o Ph
EtO OEt @ @
Pd/H
AG = -19.79 kcal/mol
= o Ph
N Me
Pd/C NH2

0,y O -
@N’*Ph “H,0 e

Scheme 2. Plausible mechanism.
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by Pd/C causes the formation of palladium hydride, which
can generate hydrogen if it is not captured by l1a. The re-
duction of 1a could lead to the formation of 2-aminophenyl
benzoate. The amine can undergo intramolecular cycliza-
tion to give dihydrobenzoxazol-2-ol, which loses a water
molecule in the presence of acetic acid to produce desired
product 2a.

Conclusions

In summary, a mild and efficient method for the synthe-
sis of benzo-fused azoles has been developed by using
Hantzsch ester 1,4-dihydropyridine (HEH) as a biomimetic
reducing agent. To the best of our knowledge, the reported
procedure represents the first application of the model com-
pound of coenzyme NAD(P)H in the synthesis of benzo-
fused azoles. Extension of this method to other potential
substrates is in progress in our laboratory.

Experimental Section

General: 'H and '3*C NMR spectra were recorded with a Varian
instrument (300 and 75 MHz, respectively) or a Bruker instrument
(400 and 100 MHz, respectively) and internally referenced to the
tetramethylsilane signal or residual protio solvent signals. Mass
spectra were recorded by EI methods, and IR spectra were recorded
with a Nicolet NEXUS 670 FTIR spectrometer. HRMS data were
determined with a Bruker Daltonics APEXII 47e FTICR spec-
trometer. All reactions under standard conditions were monitored
by thin-layer chromatography (TLC) on gel F254 plates. Silica gel
(200-300 mesh) was used for column chromatography. The em-
ployed solvents were dried by the standard procedures. Commer-
cially obtained reagents were used without further purification.

General Procedure for the Synthesis of Benzo-Fused Azoles: To a
stirred solution of 1la—o or 2a-h (1.0 mmol) in acetic acid (20 mL)
was added HEH (3.6 mmol) and 10% Pd/C (2 wt.-% of HEH), and
the reaction mixture was heated at reflux for 15 h under an atmo-
sphere of N,. Then the mixture was filtered through Celite, and the
filtrate was evaporated in vacuo. The residue was purified by col-
umn chromatography on silica gel to give the corresponding prod-
uct.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental details and copies of the "H and '*C NMR spec-
tra.
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