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Abstract

The formic acid-mediated photoreduction of aromatic nitro compounds in room temperature acetonitrile solutions was investigated.
This mild photoreduction can be accomplished in high yield, with wide functional group tolerance and short reaction times (30 min to
1 h), and allows a very clean method for the conversion of nitro arenes to amines. Also, the photoreduction, as a convenient, versatile and
general method, applies efficiently to polycyclic and heterocyclic nitro arenes.

© 2007 Elsevier Ltd. All rights reserved.

Nitro compounds are important building blocks in
organic synthesis' and routinely serve as precursors to
amines. A vast number of nitroaromatics are commercially
available or easily prepared.” Reduction of nitro aromatics
to the corresponding amines is a synthetically important
transformation,® both in industry and academic laborato-
ries, particularly when a molecule has several other reduc-
ible functionalities. Numerous methods has been developed
for the reduction of nitro compounds to amines,* including
those that involve hydrogenation, electron transfer, and
hydride reductions. Nevertheless, chemists continue to
seek® or call upon® new protocols to carry out such
reductions.

The search for new nitro reduction methods has largely
ignored the potential of formic acid under ultra-violet
wavelength irradiation as a reducing agent. Although suc-
cessful thermal reduction of nitro arenes with HCOOH in
the presence of Zn or 10% Pd-C has been reported.®’
Photoredox reactions of nitro benzenes have been deeply
reviewed and two different reaction pathways could be
addressed: (1) electron transfer and (2) hydrogen abstrac-
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tion. The former is favored in highly polar solvents, for
example, acidic and alkaline media, while the latter is
favored in neutral alcoholic media.” '° The photoreduction
of aromatic nitro compounds in acidic media (HCI, H,SOy,
and HCIO,) has been studied from a mechanistic point of
view and the product distribution of the photoreaction
has been also analyzed.” !

In view of the lack of information regarding the syn-
thetic potential of the photoreduction of aromatic nitro
compounds using organic acids instead of mineral acids,
herein we now present our study on the photoreduction
of a variety of nitro arenes by formic acid in acetonitrile
solution, which resulted in a convenient, versatile, and a
highly optimized procedure to synthesize amino arenes in
one reaction step and in good to excellent chemical yield.

To begin, we simply subjected nitrobenzene (1a) to our
photoreduction conditions. Gratifyingly, these conditions
afforded aniline (2a) within 30 min. To build from this
result, the photoreduction of 1a was screened against differ-
ent concentrations of formic acids, formate sources, sol-
vents, atmosphere, and different excitation wavelengths.

In the absence of formic acid no amine formation was
seen after 1 day of irradiation. Instead, as the concentra-
tion of formic acid is increased, the efficiency of the photo-
reduction of nitrobenzene increases. The reactions were run
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formic acid free but in the presence of ammonium formate
and potassium formate in acetonitrile water (9:1) mixture
(enhancement of formate salts solubilities). No aniline
was obtained after 5h of irradiation but the addition of
formic acid from 0.01 to 0.1 M to the reaction mixture pro-
vided the formation of aniline in around 60-75 min in
fairly good yield (53-65%). Thus, the use of formic acid
in the absence of formate sources is the optimized condi-
tion of photoreduction of nitrobenzene giving aniline in
high yield (98.3%).

Changing the reaction solvent dramatically affected the
reaction efficiency. Solvents such as methanol, isopropanol,
and acetonitrile water (1:1) mixture need a longer irradia-
tion time (4-8 h) to reach a comparable chemical yield as
obtained in neat acetonitrile. The reactions run in DMF
and THF showed to fail as reaction solvents. Therefore,
acetonitrile is the optimal solvent used for the photoreduc-
tion and provides the polar media for photoinduced elec-
tron-transfer processes.*>

Nitro arenes populate the triplet excited state efficiently
under continuous excitation (¢ higher than 0.50) *>** and
this excited state is most likely to be n,x* or n,n* depending
on the nature of the aromatic nucleus (benzenic, naphtha-
lenic or heterocyclic moiety) and on the substituents
attached to the nitro aromatic compounds.’*** Molecular
oxygen (triplet ground state, >O,) quenches efficiently the
lowest triplet excited states of nitro aromatic compounds
and no photoreaction takes place under oxygen atmo-
sphere.”*?® Therefore, the photoreactions were run under
Argon atmosphere (bubbling the solutions during 20 min
before irradiation).

The photoreduction of 1a was also carried out at two dif-
ferent wavelengths, 254 and 313 nm, and aniline (2a) was
obtained in 98.3% and 95.0% yield, respectively. This result
means that the lowest triplet excited state, which is most
likely to be n,n" excited state, is the photo reactive excited
state.”* Thus, our optimal conditions were determined to
be the first conditions examined, namely, 0.01-0.05 mmol
of nitro arene, /v (254 or 313 nm) and 0.5-1.0 M of formic
acid in acetonitrile (25 mL) under Argon atmosphere at
room temperature. To the best of our knowledge, this is
the first example of a photoreduction of nitro compounds
in the presence of an organic acid. Also, the procedure is
much simpler, milder, and selective than any other photo
induced reduction of nitro arenes.’>*?’

Substrate screening of a variety of nitro-substituted
arenes and heteroarenes was thus initiated. In practice, this
photoinduced reduction scheme is also applicable to a wide
variety of nitrobenzene derivatives with different electron-
releasing and electron-withdrawing substituents in para-
position (Scheme 1). In all cases, the yields are high
(75-100%; see Table 1). Chemoselectivity is observed for
the photo reaction, so the nitro group is photoreduced in
the presence of reducible groups: nitrile and carbaldehyde
groups. Selectivity of the photo reaction is also observed.
Thus, photoreduction of p-dinitro-(1b) and m-dinitro-
benzene (1c¢) gives the corresponding anilines (2b and 2c)

Table 1
Photoreduction of functionalized nitro arenes with formic acid®
N02 hv NH2
(j HCOOH Na2C03 N
MeCN (Ar) R/ z
rt 30min-3h
la- 2a-k
Substrate R Irradiation time (min) Yield (2a-k) (%)
la H 35 98
1a° H 30 95
1a° H 15h No reaction
1a¢ H 300 No reaction
1b 4-NO, 60 100
1c® 3-NO, 30 98
1d 4-CN 75 96
le 4-CHO 65 77
1f 4-Me 25 81
1g 4-OH 310 79
1h 4-SMe 300 75
1i 4-OMe 250 82
1j 4-NH, 145 85
1k 4-NMe, 135 91

# Reaction conditions: 0.10—-0.50 mmol of substituted-nitro arene, formic
acid (1.0 M), excitation wavelength: 254 nm, quartz vessel, degassed
MeCN (50 mL), under Ar, room temperature.

® Excitation wavelength: 313 nm.

¢ Potassium formate (0.5 M), formic acid free, solvent: MeCN-H,O
(9:1).

4 Standard condition, non-Argon degassed solution.

¢ m-Dinitrobenzene.

in 100% and 98% yield, respectively, in 30—60 min of irradi-
ation. Longer period of irradiation time (2—4 h) provided a
significant formation of the 1,3-diamino- and 1,4-diamino-
benzene in 30-50% yield. Chemoselectivity of p-chloride-
and p-bromo nitrobenzenes are not observed. Instead,
aniline is formed in 70% yield as the main photoproduct
along with significant amounts of the corresponding p-
chloro- and p-bromoanilines (10-15% yield). This behavior
is attributed to the photochemically dehalogenation of the
p-chloro- and p-bromo nitro arenes from their lowest trip-
let excited state through a C-X (X: Cl; Br) homolytic
cleavage.”®

The photolysis of nitro arenes with electron-releasing
groups in para position, such as, hydroxy (1g), methoxy
(1i), and thiomethoxy (1h) groups, requires a longer period
of photolysis time (240-300 min). However, the corres-
ponding p-substituted anilines (2g-h) are obtained in good
chemical yields. This behavior is due to a charge transfer
excited state, which is more stable than the lowest triplet
excited state, and disfavors the photoinduced electron
transfer process that is the photoreduction driving-force.**
In the cases of p-nitroaniline (1j) and p-nitro-N,N-dimethyl-
aniline (1k) the photo reduction takes place efficiently and
the corresponding anilines (2j-k) are formed in good chem-
ical yields (Table 1). The protonation process of the amino
group, which avoid a charge transfer excited state, favors
the photoinduced electron transfer process. The presence
of a weak releasing group in para-position, like the methyl
group (1f), does not affect in a significant extent the photo-
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Scheme 1. Photoreduction of polycyclic nitro arenes and heterocyclic
nitro arenes with formic acid.

reduction of the nitro group and p-toluidine (2f) is obtained
in 81% yield.

Extension of the methodology to nitro-substituted poly-
nuclear aromatics and heteroaromatics afforded the
expected amines in high yields, but not without some nuan-
ces. 1-Nitronaphthalene (3) was photoreduced, in our stan-
dard conditions, giving 4 in 94% yield (80 min of
irradiation). 2-Nitronaphthalene (5) was easily photore-
duced in 15 min to 2-aminonaphthalene (6) but significant
amounts of naphthalene (7) was formed (17%). Irradiation
of l-nitro- and 2-nitronaphthalene at 254 and 366 nm,
respectively, produces the expectable amino derivatives in
good chemical yields (see Table 2) indicating that the lowest
triplet excited state (m,m* electronic transition)!>16:1%:25:302 i
the photo reactive excited state. 9-Nitroanthracene (8) was
not photoreduced in our standard conditions to the corre-
sponding amino derivative while 9-hydroxy-10-anthraqui-
none (9) and 9,10-anthraquinone (10) were formed in 62%
and 38% yield, respectively. The Barton reaction, a photo-
induced isomerization of the nitro group to the nitrite
group, takes place and accounts for the formation of the
quinones above mentioned.? In contrast to the aforemen-
tioned polynuclear aromatics, o-nitrobiphenyl (11) is
reduced to the corresponding amino derivative 12 in 89%
yield (see Table 2) without modification of the standard
conditions. Likewise, 1-nitrocarbazole (13) and 3-nitrocar-
bazole (15), as examples of nitro heterocyclic arenes, are

Table 2
Photoreduction of polycyclic and heterocyclic nitro arenes with formic
acid®

Substrate Irradiation time (min) Yield (aminoarene) (%)
3 79 94 (4)
30 55 75 (4)
3¢ 120 64 (4)
5 15 82 (6), 15 (7)
5° 15 83 (6); 17 (7)
8 120 62 (9); 38 (10)
11 30 89 (12)
13 35 95 (14)
15 45 96 (16)

# Reaction conditions: 0.10-0.50 mmol of nitro arene, formic acid
(1.0 M), excitation wavelength: 313 nm, unless indicated otherwise, quartz
vessel, degassed MeCN (50 mL), under Ar, room temperature.

® Excitation wavelength: 254 nm.

¢ Excitation wavelength: 366 nm.

easily reduced to the corresponding amine derivatives, 14
and 16, respectively, in good chemical yields and in
45 min according to our standard conditions (see Table 2).

With regard to mechanism, the findings herein and from
other studies® led us to surmise that these photoreductions
advance via nitroso and then hydroxylamine intermedi-
ates.”” The precise method by which these intermediates
are formed and subsequently reduced is not entirely clear.
To rationalize the reaction mechanism according to our
experimental evidence, we propose that the photoreduction
of nitro arenes is initiated by a PET reaction. A simplified
mechanism for this reaction is shown in Scheme 2. Charge
transfer following excitation gives the nitro arene anion
radical and formyl radical. Abstraction of hydrogen from
the solvent and proton transfer produces the nitroso arene
hydrate intermediate that loses a molecule of water to give
the nitroso arene intermediate. Subsequently, the PET
reaction takes place over the nitroso arene and the hydroxyl-
amine arene, which are more reactive than the nitro arene,
to give the corresponding amino arene. Our ongoing
assessments of such possibilities will be reported later in
terms of time-resolved spectroscopy characterization of

ky
hv 1 « Orsc .
AINO, —— 'ArNO," ——= 3AINO,’
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Scheme 2. Proposed reaction mechanism.
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triplet species and ion-radical transients formed by a PET
reaction of nitro arenes.

In summary, formic acid-mediated photoreduction in
neat acetonitrile at room temperature, rapidly and mildly
reduce nitro-substituted arenes, polynuclear nitro arenes,
and nitro heteroarenes to their corresponding amines in
good to high yields. The photoreduction is initiated through
a PET process and at different excitation wavelength. This
method exhibit good functional group compatibility, show
chemoselectivity on m- and p-dinitrobenzene and can be
considered as a general and wide useful methodology.
Finally, the method is inexpensive, with simple work-up
and does not need the use of mediated-metals reduction
agents.

General method for the synthesis of substituted anilines:
The photoreactions were carried out by using a final vol-
ume of 3 mL of 0.05M acetonitrile solutions of the nitro
arenes in the presence of 0.5 M formic acid. The solutions
were contained in rubber-stoppered quartz tubes provided
with a stir bar. These were exposed to four 15 W lamps
(Applied Photophysics) of different wavelength emissions:
254, 313, and 366 nm while a steam of dry argon saturated
with the appropriate solvent was passed in the solution
through a needle. To the photolyzed solution 1 mL of
water and an excess of solid Na,CO; were added and
two layers were formed. The organic layer was separated,
dried with Na,SO,4 and filtered-off. This organic solution
was then subjected to chromatographic analysis. The prod-
ucts formed were determined by capillary GC (HP-1 or
HP-5) on the basis of calibration curves in the presence
of cyclododecane as the internal standard after appropriate
work-up of the solution. Nitro arenes 1-11 and their
photoproducts were purchased from Aldrich Co. and Mal-
linkrodt. Compounds 13-16 were prepared according to
published procedure.®!
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