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ABSTRACT: We report the selective photoinduced reduction of nitroarenes to
N-arylhydroxylamines. The present methodology facilitates this transformation in
the absence of catalyst or additives and uses only light and methylhydrazine. This
noncatalytic photoinduced transformation proceeds with a broad scope, excellent
functional-group tolerance, and high yields. The potential of this protocol reflects
on the selective and straightforward conversion of two general antibiotics,
azomycin and chloramphenicol, to the bioactive hydroxylamine species.

N-Arylhydroxylamines (N-AHA) are versatile organic mole-
cules with useful applications as valuable intermediates in the
synthesis of biologically active molecules, inhibitors of
polymerization, and precursors for the synthesis of other
organic fragments.1 The selective reduction of nitroarenes is
the most convenient protocol to obtain these attractive organic
scaffolds; this transformation is promoted by zinc dust in either
aqueous NH4Cl, aluminum−amalgam, or even enzymatic
biocatalysts.1 However, these reagents are used in stoichio-
metric amounts, a significant drawback; thus, alternative
methodologies have been developed. These alternative
protocols involve heterogeneous catalytic systems (with Pt,
Ru, Ni, Pd, Rh, Ir) and either molecular hydrogen1,2 or
hydrogen donor molecules including borohydrides1,3a,b or
hydrazine hydrate1,3c−e (Scheme 1). The former protocol
requires high pressures and temperatures, while the latter
promotes this selective transformation under milder reaction
conditions but the use of additives is necessary.
Light is the most abundant renewable energy source, and

therefore, photochemistry has emerged as an efficient, green,
eco-friendly approach to promote chemical transformations,
especially organic reductive processes.4 In this direction, the
photoinduced reduction of nitroarenes has been achieved via
photocatalytic hydrogenation or transfer hydrogenation
processes.5 To date, metal-based protocols, including tran-
sition-metal nanoparticles or complexes supported on active
surfaces, promote the transformation of nitroarenes to the
corresponding arylamines6,7 or the corresponding azoxy- and
azo-compounds (Scheme 1A).8 Therefore, the selective

photochemical synthesis of N-AHA from nitroarenes remains
a significant challenge.
Given the importance of N-AHA in organic chemistry and

inspired from metal-based9,10 or photochemical11 method-
ologies developed in our laboratory that facilitate the synthesis
of interesting organic scaffolds,10 we reasoned that it should be
possible to develop a direct photoinduced reduction of
nitroarenes to N-AHA with the use of methylhydrazine as
hydrogen donor molecule (Scheme 1B). To the best of our
knowledge, only specific examples with limited applicability on
the photochemical reduction of 4-nitropyridine-1-oxide12a and
para-X-substituted rich nitroarenes (X = H, Me, MeO)12b−d

into the corresponding hydroxylamines in acidic alcoholic
solvents have been reported.
In order to evaluate the photochemical reduction conditions,

we used 4-nitrotoluene 1 as a probe molecule with different
catalysts, hydrazine, or methyl hydrazine and MeOH or MeCN
as solvents (Table S1). Inspired by metal-based selective
reduction protocols of nitroarenes developed in our
laboratory,9 we initially studied the phototransformation of 1
in the presence of Cu(II) salts or complexes.10a In these cases,
a mixture of the corresponding N-(p-tolyl)hydroxylamine 1a,
toluidine 1b, and azoxy arene 1c was obtained (Table S1,
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entries 1 and 2), while under thermal conditions we observed
that no reaction takes place (Table S1, entry 3). Similar results
were also observed in the reactions with Co(II) salts and
complexes, as catalysts, in MeOH or MeCN (Table S1, entries
4−6) and 9,10-dicyanoanthracene, and rose bengal, as
conventional photosensitizers (Table S1, entries 7 and 8).
The reaction in the absence of any catalyst but in the presence
of hydrazine hydrate (Table S1, entries 9 and 10) yields a
mixture of products, with amine 1b as the major product.
Surprisingly, when we incorporated methylhydrazine in the

absence of any catalyst, 1a was selectively formed in
quantitative yield, and the product could be isolated by a
simple filtration over a short pad of silica, thus omitting
chromatographic purification (Table 1, entry 1). To gain better
insight and rationalize this unexpected result, we performed a
set of reactions. We found that phenylhydrazine also promotes
the selective formation of hydroxylamine 1a, but at a lower
isolated yield (Table 1, entry 2); 1,1-dimethylhydrazine
performs poorly (Table 1, entry 3), whereas the use of 1,2-
diphenylhydrazine, 4-nitrophenylhydrazine, p-toluenesulfonyl-
hydrazine, or hydrazine hydrate suppresses the formation of 1a
(Table 1, entries 4−7). The addition of water (20 μL, 0.2% v/
v) with methylhydrazine did not affect the transformation of 1
to 1a (Table 1, entry 8), whereas under H2 atmosphere
(balloon) no photochemical conversion of 1 was accomplished
(Table 1, entry 9). Further control experiments revealed that
the reaction does not proceed in the absence of methylhy-
drazine or light (Scheme S1) with the use of a cutoff filter at
420 nm or upon white LED irradiation (Table 1, entries 10−
13). Moreover, a smaller amount of methylhydrazine (3 or 4
molar excess) or a shorter reaction time (15 or 30 min) leads
to the formation of 1a in moderate yield (Table 1, entries 14−
17). On the contrary, the use of methylhydrazine, in 10 molar
excess, or prolonged reactions afforded 1a in quantitative yields

(Table 1, entries 18 and 19). The last set of reactions included
the use of other various hydrogen donor molecules, i.e.,
hydrosilanes, boranes, ammonium formate, or formic acid and
isopropyl alcohol, which did not facilitate the selective
reduction (Table S2).
Interestingly, the reaction, except acetonitrile, takes place in

a variety of solvents including ethanol, isopropyl alcohol,
dimethyl carbonate, tetrahydrofuran, 1,2-dichloroethane, and
toluene (Table S3, entries 1−8). The reaction in ethyl acetate
showed lower selectivity (Table S3, entry 9) with significant
amounts of toluidine 1b and azoxyarene 1c. No reaction
occurs in water (Table S3, entry 10), but the use of a solvent
mixture H2O/CH3CN (1:1) promotes the reduction as well as
the formation of 1b (Table S3, entry 11).13

After establishing the optimum conditions, we assessed the
scope of the protocol toward various nitroarenes and focused
on different variations. Remarkably, this photoinduced
protocol shows a broad functional group tolerance, and a
series of nitroarenes (1−22) yielded the desired corresponding
N-AHA (1a−22a) in excellent isolated yields (Scheme 2). The
chemoselective reduction of the nitro group, in the presence of
other reducible functional groups, is a very challenging task;
however, this protocol leads to the selective and sole reduction

Scheme 1. Photo- and Thermal-Catalytic Reductive
Processes of Nitroarenes

Table 1. Hydrazine Evaluation in the Photoinduced
Reduction of 1

relative yieldsb (%)

A/A hydrazinesa 1 1a 1b 1c

1 MeNHNH2 >99
2 PhNHNH2 32 68
3 Μe2NNH2 5 32 63
4 PhNHNHPh 100
5 4-NO2PhNHNH2 100
6 TsNHNH2 100
7 NH2NH2·H2O 23 48 29
8c MeNHNH2 95 5
9 H2 bubbling 100
10 100
11d MeNHNH2 100
12e MeNHNH2 100
13f MeNHNH2 100
14 MeNHNH2 (3 mol-excess) 26 65 9
15 MeNHNH2 (4 mol-excess) 15 85
16 MeNHNH2 (10 mol-excess) 95 5
17 MeNHNH2(15 min) 45 55
18 MeNHNH2(30 min) 16 84
19 MeNHNH2(300 min) 100

aConditions: 1 (0.2 mmol), hydrazine source (1 mmol), MeCN (1
mL), 60 min. bRelative yields of products measured by the
appropriate proton signals from the 1H NMR of the crude reaction
mixture. c20 μL(0.2% v/v) of H2O was added in the reaction mixture.
dIn the absence of light at 28 and 70 °C for 1 h, respectively.
eIrradiation with a cutoff filter at 420 nm, t = 1 h. fIrradiation using
white LED, 11 W, for 24 h.
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of the nitro group to the corresponding hydroxylamine in the
presence of carboxyl, cyano, and carbonyl groups (10a−14a).
Interestingly, under the present protocol, no reductive
dehalogenated process occurs,14 and the corresponding
halogenated aromatic N-AHA 15a−18a species are formed
in excellent yields. To further identify the limitations of the
present light-driven procedure, heterocyclic substrates such as
6-nitrophthalide (21) and 6-nitro-1H-indazole (22) were
reduced, giving quantitatively the corresponding hydroxyl-
amines 21a and 22a, respectively. On the other hand, no
reduction was observed with 1-nitrohexane even after 120 min
of irradiation, a result that supports the necessity of an
aromatic ring to facilitate this transformation. A lab-scale
reaction was also performed using 1 (1 mmol) and
MeNHNH2 (5 mmol) in 3 mL of CH3CN, and the
corresponding N-AHA 1a was isolated after 2 h irradiation
time in 87% yield.
Given the simplicity of the present protocol, when compared

with already known methodologies,2,3 we reasoned that the
approach would be applicable for the synthesis of a series of

biologically interesting molecules. Thus, aiming to expand the
scope of this protocol in pharmaceutical relevant molecules, we
attempted a direct photoinduced reduction of two antibiotics:
azomycin (23) and chloramphenicol (24).15 The hydroxyl-
amine and/or nitroso derivatives of 23 were found to exhibit
high potential for the treatment of latent tuberculosis (i.e.,
imidazole derivatives are also designed to intercalate with
intracellular nucleophiles including DNA) and treatment of
several bacterial infections. At the same time, the correspond-
ing derivatives of 24 were used as an eye ointment to treat
conjunctivitis.15a To the best of our knowledge, the already
known protocols that yield 23a and 24a involve metal-based,
electrochemical, and biosynthetic processes16 with significant
drawbacks such as low yields, difficulty in handling and
separation of the mixture of several unstable products. Notably,
the present simple methodology provides easy, clean, and
straightforward access to the corresponding N-AHA 23a and
24a in high isolated yields 96% and 90%, respectively, within
90 min (Scheme 3).

Regarding the mechanism of this photochemical trans-
formation, it is essential to note that the addition of an
equimolar amount of 9,10-dicyanoanthracene (9,10-DCA, 0.2
mmol) retards the reaction process (1a in 45% and 1c in
22%); however, the presence of 0.2 mmol of 1,3,5-
trimethoxybenzene (TMB) does not affect the reaction
conversion (1a in 90%) significantly (Scheme S3). In the
same context, the addition of the radical inhibitor TEMPO in
an equimolar amount did not suppress the reaction, which
suggests that a free radical pathway is not predominate in this
photochemical transformation (Scheme S3). These results
support a possible proton-coupled electron transfer (PCET)
process between the excited form of the nitroarene and the
methylhydrazine; however, a hydrogen atom transfer (HAT)
cannot be excluded.17

No formation of the N-AHA 5a was observed during the
photochemical reaction of the corresponding azoxy- (5c), azo-
(5e), and hydrazobenzene (5d) under the same conditions and
in the absence or in the presence of 0.2 mmol of H2O as
additive (Scheme S4). This result supports the presence of a
direct route of the reduction process.
In addition, the photoinduced reaction between 5 and

methylhydrazine was monitored by UV−Vis spectroscopy
(Figure S1); the formation of the corresponding N-AHA 5a
was observed as the only product.
Of note is that the reaction of nitrosobenzene 5f with 5, 3, 2,

or even 1 equiv of methylhydrazine at 28 °C in CD3CN yields,

Scheme 2. Photoinduced Synthesis of Various N-AHA
Using Methylhydrazine

Scheme 3. Application of the Present Methodology to the
Selective Photo-reduction of the Antibiotics Azomycin 23
and Chloramphenicol 24
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within 15 min, 5a in >85% yield (Table S9), proven by direct
1H NMR monitoring. This result supports the, possible, in situ
formation of a nitrosoarene intermediate, which is transformed
into the corresponding hydroxylamine in the presence of
methylhydrazine through a nonphotochemical pathway,
although an electrochemical reductive pathway18 can also
take part during the photoreaction.
It is well-known that hydrazine hydrate produces harmless

side products such as nitrogen and water under photo-
irradiation.19 Thus, for examining the possibility of decom-
position, we performed a set of photoreductions using
methylhydrazine and phenylhydrazine, accordingly. In the
former, a significant amount of methane was measured using a
gas chromatography−thermal conductivity detector (GC−
TCD) (Scheme S5); however, in the presence of phenyl-
hydrazine, a significant amount of benzene was verified by 1H
NMR spectroscopy during the photochemical reduction of 1
into 1a (Scheme S6). Moreover, the corresponding hydrazone
of formaldehyde, a decomposition product of methylhydrazine,
was identified in the reaction mixture by 1H NMR spectros-
copy (Figure S2).19a These results indicate the presence of a
radical degradation process of the methylhydrazine in the
presence or absence of the nitroarene,17,20 and support further
the necessity of methylhydrazine molar excess based on
nitroarene amount.
Based on these experimental data, we envisage a plausible

mechanistic pathway shown in Scheme 4. The first step

involves the excitation of nitrobenzene (PhNO2*), followed by
a PCET or HAT pathway, between PhNO2* and methylhy-
drazine, to give PhṄO2H and PhṄO2

− radicals in an
equilibrium form. Preliminarily kinetic studies performed in
CD3CN and monitored directly by 1H NMR, showed a faster
reduction for the electron-withdrawing substituted nitroarene
(4-MeOOC, 10) against the electron-donating substituted
nitroarenes (4-Me, 1 and 4-MeO, 6) (Figures S3−S5). This
result may support the formation of the above-proposed

radicals. Then the PhṄO2H, through a second PCET or HAT
process with methylhydrazine, is transformed to N-phenyl-
dihydroxylamine (PhN(OH)2) and subsequently to the
nitrosobenzene intermediate, after the loss of a water molecule,
which can be directly reduced to the desired N-phenyl-
hydroxylamine (PhNHOH) through a nonphotochemical
process (Scheme 4).19,20 Although this is a plausible
mechanistic pathway, theoretical calculations and electro-
chemical studies are in progress to support this hypothesis.
In conclusion, we present an efficient methodology that

selectively reduces nitroarenes to the corresponding N-AHA.
The cooperation of nitroarenes and methylhydrazine orches-
trates a light-driven, in situ generation of nitrosoarenes which
yields N-AHA in a fast and clean manner. The protocol has a
broad scope, excellent functional group tolerance, absence of
byproducts, while other reducible functional groups remain
intact. The present photoinduced reduction methodology is
simple and applies to the bioactive molecules azomycin and
chloramphenicol, giving rise to a plausible approach for a series
of pro-drug molecules, thus opening new research avenues
with high synthetic and biological impact.
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