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Transition Metal-free Selenium-mediated Aryl Amines via

Reduction of Nitroarenes

Antonella Capperucci,” Martina Clemente,® Alessio Cenni,”’ and Damiano Tanini*®

A scalable and operationally simple on water seleno-mediated
reduction of nitroarenes to the respective aryl amines with
NaBH, is described. The reaction proceeds under transition
metal-free conditions and is promoted by the formation of
Na,Se, which is the effective reducing agent involved in the
mechanism. This mechanistic information enabled the develop-

Introduction

Aryl amines are ubiquitous motifs in pharmaceuticals, dyes,
agrochemicals, and polymers."? More than 60% of drugs and
drug candidates contain the amine functionality.”! Anilines
constitute substructure of an array of pharmaceutical com-
pounds (Scheme 1, part a), including fosamprenavir,”
dapsone,”  nomifensine,®  procainamide,”  paracetamol.”’
Undergoing a broad range of valuable transformations, aryl
amines are also a privileged scaffold in organic synthesis and
are employed as important intermediates for the preparation of
a plethora of functionalised derivatives."*?

Several methodologies for the synthesis of aryl amines have
thus been developed. The reduction of nitroarenes provides
direct and facile access to aryl amines and is arguably one of
the most commonly employed strategies for their
preparation."®' The reduction of nitroaromatics into amines is
considered the key intermediate stage in the synthesis of life-
science products such as antioxidants, pharmaceuticals and
agrochemicals."? For example, reductive conversion of nitro
groups to amines accounts for almost 20% of all reduction
reactions used in drug candidate synthesis.”

The Bechamp reaction - which relies on the reduction of
nitroarenes using metals (Zn, Fe, Sn) in the presence of a
Bronsted acid at elevated temperature - is traditionally
employed to prepare aryl amines."*'¥ From the industrial point
of view, aniline derivatives are generally synthesized by the
hydrogenation of nitroarenes using noble metal-based thermal
catalysts and H, pressurized gas as the reducing agent.
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ment of a mild NaBH,-free protocol for the selective reduction
of nitro derivatives bearing labile moieties, including nitro-
carbonyl compounds. The selenium-containing aqueous phase
can be successfully reused up to four reduction cycles, thus
further improving the efficiency of the protocol disclosed.

a) Pharmaceutical compounds containing aryl amines
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Scheme 1. Bioactive examples of aryl amines. Selenium-mediated redox
functional group interconversions involving aryl amines.
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However, the cost and the potential hazards of this process
represent significant drawbacks. In addition, whereas the
catalytic hydrogenation of simple nitroarenes poses few
problems and can be effectively carried out on large scales, the
presence of other reducible functional groups hampers its
application to the synthesis of anilines bearing labile moieties.
Thus, in some cases, the use of older, non-catalytic protocols
still prevails despite the large amounts of waste produced
through these processes.">'®

Since the Bechamp reaction was reported,”® a number of
methodologies for the reduction of nitroarenes to aryl amines
have been developed. Different reducing agents, such as H,,
NaBH,, silyl hydrides, hydrazine hydrate, B,(OH),"” have been
efficiently employed."®'" In situ hydrogen generation from
acids or salts (i.e, from formic acid or formates" and
hypophosphites® and from reaction of active metals with
water) has also been exploited."®*” Additionally, non-classical
organic reducing agents have been applied to develop
alternative  MPV  (Meerwein-Ponndorf-Verley) type redox
protocols."” However, although significant progresses have
been made, most of these methodologies require harsh
reaction conditions, employ transition metals, and also share
drawbacks related to the use of hazardous reagents and/or
solvents. In this scenario, the development of sustainable,
efficient and selective approaches for the reduction of nitro-
arenes under safe and eco-friendly conditions is a great
challenge. In this regard, photocatalysed® 2" and
biocatalysed®***' approaches have recently emerged.

Attractive methodologies for the conversion of nitroarenes
to anilines under mild conditions harness the ability of sulfur-
and selenium-containing reagents to behave as reducing
agents under transition metal-free conditions. The use of
negative divalent sulfur species (S*-, HS~, [S,]*") for the
reduction of nitroarenes dates back to 1842, when Zinin applied
it to the synthesis of aniline.”® However, albeit its potential,
with the advent of catalytic procedures the Zinin reduction has
received marginal attention.”?® A few protocols for the
reduction of nitroarenes using elemental sulfur under basic
conditions®*® or sodium dithionite®" have been described.

A limited number of selenium-based methodologies, using
H.Se or Na,Se as the effective reducing agent, have also been
developed. In such procedures H,Se and Na,Se are often
generated upon reaction of elemental selenium with CO or
NaBH,, respectively (Scheme 1, part b).534

Indeed, while selenium-mediated oxidative functional group
interconversions have been widely investigated and have
become a well-established tool in organic synthesis,®¥ the
application of selenium reagents in reductive transformations
have been far less explored. During our studies on the redox
properties of selenium compounds,®® we unveiled an efficient
organoseleno-mediated protocol for the selective oxidative
conversion of anilines to nitroarenes and azoxyarenes
(Scheme 1, part b).?” Spurred by the versatility and the multi-
faceted nature of selenium reagents, we considered to use
reduced Se species (i.e.,, RSe”, Se’” anions) as reductants and
envisaged the possibility to develop a selenium-catalysed
approach for the reduction of nitroarenes to aryl amines.

13]
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Herein, we report our successful development of seleno-
mediated methodologies for the reduction of nitroarenes to
anilines (Scheme 1, part c¢) and detail the role of selenium
species in the reaction mechanism.

Results and Discussion
Selenium-catalysed reduction of nitroarenes with NaBH,

We began our investigations studying the reduction of nitro-
benzene to aniline. Considering that the reduction of elemental
selenium with sodium borohydride readily occurs using polar
protic solvents such as alcohols,?®*® an initial set of experi-
ments was performed in ethanol, methanol, and water (Table 1,
entries 1-3). In all cases, an excess of NaBH, (4.0 equiv.) was
employed along with NaOH (1.0 equiv.) and elemental selenium
(0.2 equiv.).”” However, no traces of aniline 1a were detected
conducting the reaction at ambient temperature in ethanol and
methanol (Table 1, entries 1 and 2). Indeed, a mixture of N-
phenylhydroxylamine 2a, azobenzene 3a, and azoxybenzene
4a in variable ratios was always formed. Traces of aniline 1a
were formed when H,O was used as the solvent; notably, under
these conditions N-phenylhydroxylamine 2a proved to be the
largely predominant reaction product (Table 1, entry 3). In all
cases the starting material was completely consumed after 3 h
of reaction (Table 1, entries 1-3), even though none of these
conditions proved to be suitable for the effective reduction of
nitrobenzene to aniline. Conversely, in absence of the base

Table 1.

Se? (0.2 equiv.)
NaBHj, (4.0 equiv.) o
; o
NaOH (1.0 equiv.) T
Ph—NO, ————————— Ph—NH, + PhNHOH + Ph{ =N + Pho =NJ

solvent N "Ph N"® Ph
temperature, 3 h 1a 2a 3a 4a
Entry  Solvent Temp.  Conv.[%]®  Yield [%]
1a 2a 3a 4a
1 EtOH RT >96 - 40 22 38
2 MeOH RT >96 - 59 10 31
3 H,0 RT >96 5 90 - 5
4 EtOH reflux >96 - 15 65 20
5 H,0 reflux >96 9P 4 - 4
6 EtOH/THF reflux <5 - - - -
7 EtOH/H,0  reflux >96 - 43 31 26
8 EtOH/H,0  RT >96 - 30 9 61
91 H,0 reflux >96 64 15 N 10
10 H,0 reflux >96 94 6 - -
11 H,0 reflux >96 60 15 6 19
121 H,0 reflux >96 89 - - 1
139 H,0 reflux >96 86 6 - 8
14 H,0 reflux 26 94 - 6 -
151 H,0 reflux >96 91 - - 9

[a] Conversion was determined via 'H NMR spectroscopy using internal
standard. [b] 88% isolated yield. [c] 0.1 equiv. instead of 0.2 equiv. of Se°
was used. [d] 0.4 equiv. instead of 0.2 equiv. of Se® was used. [e] 2.0 equiv.
instead of 4.0 equiv. of NaBH, was used. [f] CSOH was used in place of
NaOH. [g] KOH was used in place of NaOH. [h] 0.2 equiv. of NaOH was
used; 64% of nitrobenzene remained unreacted. [i] 4.0 equiv. of NaOH

was used.

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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NaOH, the reduction of nitrobenzene was completely sup-
pressed and the starting material was recovered unreacted.

We then evaluated the effect of the temperature and
performed the above-described reaction under refluxing con-
ditions (Table 1, entries 4 and 5). Although aniline 1a was not
formed in refluxing ethanol, the decreased amount of azox-
ybenzene 4a in favour of the more reduced diazobenzene 3a
highlighted the key role of the temperature in determining the
nature of the reaction products. Indeed, we were pleased to
find that the reduction of nitrobenzene with Se/NaBH,/NaOH in
refluxing H,0 afforded aniline 1a as the main reaction product
(Table 1, entry 5). The formation of aniline was not achieved
when mixed solvents (i.e. EtOH/THF, EtOH/H,0) were used
under different conditions (Table 1, entries 6-8).

We found that reducing the amount of selenium (from
0.2 equiv. to 0.1 eq, Table 1, entry 9) led to a significant erosion
of selectivity, whilst its increasing (from 0.2 equiv. to 0.4 equiv.,
Table 1, entry 10) improved only slightly the reaction outcome.
When the amount of NaBH, was decreased from 4.0 equiv. to

2.0 equiv. (Table 1, entry 11), the selectivity of the reaction
resulted significantly diminished.

The effect of the nature of the inorganic base was also
investigated and found not to significantly influence the
reaction outcome; comparable results with respect to the use of
NaOH were obtained either employing CsOH or KOH (Table 1,
entries 12, 13). Finally, while decreasing the amount of the base
to 0.2 equiv. proved to be detrimental for the formation of
aniline 1a (Table 1, entry 14), the use of a large excess of base
(4.0 equiv.) did not further improve the selectivity of the
reduction (Table 1, entry 15 vs entry 5 or 10).

With the optimised conditions in hands, we next set out to
explore the scope and the limitations of this selenium-mediated
reduction methodology (Scheme 2). A series of structurally
diverse nitro derivatives was thus submitted to the optimised
reduction protocol. The reaction was amenable to nitroarenes
bearing electron-donating and electron-withdrawing substitu-
ents at different position of the aromatic ring. The three ortho-,
meta-, and para- isomers of toluidine 1b-d were smoothly
achieved in good yields. Reduction of 2,6-dimethylnitrobenzene

Se (20 mol%)
NaBH, (4.0 equiv.)
NaOH (1.0 equiv.)

AF_N02

Ar—NH,

H20, 100 °C, 3 h

NH, NH, NH NH,
NH, NH, NH, NH2 NH, 2 NH,
(ONG S OH NH,
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@(s"z”“ @ @ @
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Scheme 2. Reaction scope for the selenium-mediated reduction of nitoarenes with NaBH,. Isolated yields are given. [a] Yields in parentheses refers to reactions
performed on a 10 mmol scale. [b] 2.0 equiv. of NaOH were used. [c] The yield refers to the product obtained upon reduction of 4-nitroaniline. [d] The yield
refers to the product obtained upon reduction of N-(4-nitrophenyl)acetamide. [e] The yield refers to the product obtained upon reduction of 4-nitrobenzoic
acid. [f] The yield refers to the product obtained upon reduction of methyl 4-nitrobenzoate. [g] 4 equiv. of Se® were used. [h] Epimerization at C-1 was
observed using the enantioenriched nitroarene precursor (see Supporting Information for details). [i] The yield refers to the product obtained upon reduction

of the corresponding nitrocarbonyl compounds.
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afforded 2,6-dimethylaniline 1e in moderate yield, highlighting
that the reaction is sensitive to the steric hindrance. 4-Anisidine
1f, 4-thioanisidine 1g, 4-aminophenol 1h, 1,2-diaminobenzene
1i, and 1,4-diaminobenzene 1j were efficiently obtained from
the corresponding nitroarenes bearing methoxy, methylthio,
hydroxy, and amino electron-donating groups. Notably, owing
to the acidity of phenols, which readily react with NaOH leading
to its consumption, the reductive conversion of 4-nitrophenol
to 1h required the use of an excess of the base (2.0 equiv. of
NaOH).

Nitroarenes bearing electron-withdrawing substituents were
easily reduced to the corresponding substituted aryl amines
(Scheme 2). Aminobenzenesulfonamides 1k-m were therefore
prepared in good yield. Similarly, 4-aminobenzoic acid 1n and
2-methyl-4-aminobenzoic acid 10 were successfully synthesised
upon reduction of the corresponding nitrobenzoic acids.
Notably, the aminoacid 1n was also formed conducting the
reduction reaction on ethyl-4-nitrobenzoate. Indeed, as ex-
pected, the hydrolysis of the ester functionality readily occurred
under NaBH,/NaOH/H,O conditions. 4-Aminobiphenyl 1p was
also prepared upon reduction of the corresponding nitro
derivative. However, a higher amount of Se® (0.4 equiv. instead
of 0.2 equiv.) was necessary to obtain satisfactory yield of amine
1p. This simple protocol was efficiently extended to the
synthesis of polycyclic amines such as a- and f-naphthylamine
1q and 1r, and 2-aminofluorene 1s. Interestingly, the reduction
of 4-nitrocinnamyl alcohol selectively provided 4-aminocinnam-
yl alcohol 1t, thus highlighting how the methodology well
tolerates the presence of both alcohols and alkenes. The
synthesis of the polyfunctionalised aminoalcohol 1u via reduc-
tion of the parent nitroarene further demonstrates the func-
tional group tolerance of the reaction with respect to free
hydroxy and amino functionalities. However, epimerisation at
the hydroxy-substituted C-1 carbon of 1u was observed under
these Se’/NaBH,/NaOH conditions. The reaction scope was also
enlarged to include nitroderivatives bearing heteroaromatic
moieties, enabling the synthesis of 4-(p-aminobenzyl)pyridine
1v and 5-aminoindole 1w in good yield (Scheme 2).

We next turned our attention to the reactivity of nitroarenes
bearing carbonyl groups. Sodium borohydride is the reagent of
choice to reduce aldehydes and ketones to the corresponding
primary and secondary alcohols, respectively. Thus, as expected,
the reduction of nitro aldehydes and ketones under the
standard conditions provides access to the corresponding
aminoalchols. Although the reduction of the nitro group was
efficiently accomplished using this selenium-mediated protocol,
the reduction of competing carbonyl functionalities could not
be avoided. Nonetheless, this simple methodology enables the
direct synthesis of aminobenzyl alcohols 1x,y and amino-a-
methylbenzyl alcohols 1z,aa from the corresponding nitro-
benzaldehyde and nitroacetophenone precursors. Furthermore,
the protocol here unveiled well tolerates protected carbonyl
groups, as showcased by the efficient synthesis of aniline
derivative 1ab, bearing the aldehyde functionality masked as
1,3-dithiolane. Amides were also well tolerated, thus enabling
the application of the methodology to the selective reduction
of nitrobenzamide to anthranilamide 1ac, which is a valuable

ChemSusChem 2023, 16, 202300086 (4 of 8)

intermediate in the synthesis of biologically- and technologi-
cally-relevant compounds (Scheme 2). The reaction was found
to be robust on a large scale, giving products 1g, 1q, and 1y in
89%, 70%, and 75% yield, respectively on a 10 mmol scale
(Scheme 2). Unfortunately, a number of nitroarenes bearing
other labile moieties (i.e., boronic acids, nitriles, sulfones) were
not selectively reduced under these reaction conditions. Addi-
tionally, a competitive nucleophilic aromatic substitution occur-
ring with halo-substituted nitroarenes, hampers the application
of this selenium-mediated approach to the synthesis of halo-
substituted anilines. The substrate limitation of the Se’/NaBH,/
NaOH methodology here developed is reported in the
Scheme S1 (Supporting Information).

Investigation of the reaction mechanism

To glean insight into the mechanism of this unprecedented
selenium-mediated reduction, we performed a series of experi-
ments to confirm the nature of the key reactive intermediates
and identify the effective reducing species involved in the
reaction. An initial set of control experiments was conducted in
order to understand whether the reaction could proceed
through a radical pathway. Buthylhydroxytoluene 5 and the
sulfide 6 were thus employed as radical inhibitors in two
separate reactions under standard conditions (Scheme 3, reac-

Se (20 mol%)

NaBH, (4.0 equiv.) ©)
NaOH (1.0 equiv.) o]
BHT (1.0 equiv.)
H,0, 100 °C, 2 h

|
a) Ph—NO, Ph/g\\N/Ph + Ph/N\\N/Ph

4a, 60% 3a, 40%
Se (20 mol%)
NaBH, (4.0 equiv.) ©
NaOH (1.0 equiv.) Q N Ph
b) Ph—-NO, ———————— N+ _Ph Na-
? (2.0 equiv.) PNt PN

H,0, 100 °C, 2 h 4a, 72% 3a, 28%

Se (20 mol%)

NaBH, (4.0 equiv.) S

NaOH (2.0 equiv.) i Ns _Ph
¢) Ph—NO, Ph—NHz + o Ny -Ph + pp 5N

BHT (1.0 equiv.) ®

H,0,100°C,2h 1a,48% 4a, 32% 3a, 20%

Se (20 mol%)

NaBH, (4.0 equiv.) S

NaOH (5.0 equiv.) 7 Ns _Ph
d) Ph—NO, Ph—NH, + _ N .Ph + pp " N~

6 (4.0 equiv.) Ph"@ N

H,0,100°C,2h 1a,41% 4a, 43% 3a, 16%

Radical inhibitors

Scheme 3. Control Experiments with radical inhibitors.
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tions a and b). Notably, in both cases the formation of aniline _
resulted completely suppressed, and a mixture of diazobenzene a) Se + Ho\/g\o@N ® NaOH (5.6 equiv.) Na,Sel!

3a and azoxybenzene 4a was achieved. However, these results
do not provide a direct evidence of a radical mechanism.
Indeed, an acid-base reaction between the phenolic proton(s)
of BHT or 6 (pK,~10.0)*” and NaOH leading to the consump-
tion of the base - which was demonstrated to be critical for the
formation of aniline — quickly occurs. The neutralisation of the
base, rather than the radical inhibition, may account for the
results obtained in the presence of phenol-derived systems 5
and 6. To elucidate this point, two additional reactions
(Scheme 3, reactions ¢ and d) were performed using BHT and 6
(1.0 equiv. and 4.0 equiv., respectively) in the presence of an
excess of NaOH (2.0 equiv. and 5.0 equiv., respectively). The
formation of aniline 1a, obtained under these conditions, led us
to rule out a radical mechanism and further highlighted the key
role of the base in the reduction methodology here unveiled.

The methodology here developed relies on the hypothesis
that Na,Se, insitu generated from elemental selenium and
NaBH, in the presence of NaOH, is the active reducing species
involved in the reaction mechanism. To test this hypothesis
Na,Se was freshly prepared upon reduction of Se® with rongalite
(Scheme 4, reaction a)*" and treated with nitrobenzene. The
reaction, conducted in water in absence of any other additional
reducing agent, afforded aniline 1a in good yield and high
selectivity (Scheme 4, reaction b). Additionally, treatment of
nitrobenzene with NaBH,/NaOH in H,O at 100°C in absence of
selenium (Scheme 4, reaction c¢) provided only low yield of
azoxybenzene 4a, thus further corroborating the key role of
selenium-containing reducing species in the reaction mecha-
nism.

Azoxybenzene 4a is obtained via condensation of N-phenyl-
hydroxylamine 2a with nitrosobenzene, two key intermediates
commonly formed during the reduction of nitrobenzene to
aniline."*? During our studies on the optimisation of the
reaction conditions we noticed that significant amounts of 4a
were often formed. We therefore investigated whether azox-
ybenzene could be a plausible reaction intermediate under our
reduction conditions. However, neither the NaBH,/NaOH system
nor the Na,Se were effective in promoting the reduction of 4a
to 1a. (Scheme 4, reactions d and e). Notably, while azoxyben-
zene 4a remained unreacted upon treatment with NaBH,/
NaOH, it smoothly reacted with Na,Se in H,0 at 100°C to give
1,2-diphenylhydrazine 7a in excellent yield and selectivity.
These results clearly ruled out a possible involvement of 4a in
the pathway leading to aniline. Finally, to evaluate whether N-
phenylhydroxylamine 2a could be a plausible intermediate, we
attempted its reduction with both NaBH,/NaOH and Na,Se
(Scheme 4, reactions f and g). Intriguingly, 2a was efficiently
reduced by Na,Se to give aniline 1a in good yield, whilst
remaining completely unreacted upon treatment with the
NaBH,/NaOH system. Such results clearly support a direct
reduction mechanism, albeit the condensation-reduction path-
way is generally favoured under basic conditions."®

Based on our control experiments and literature
reports'®¥3*44 we propose the mechanism shown in Scheme 5.
The reduction of the nitro derivative with Na,Se — generated

ChemSusChem 2023, 16, 202300086 (5 of 8)

a H,O
Rongalite, 1.8 equiv. ggec 2h

Na,Se (4.0 equiv.)
H,0, 100 °C, 2 h

1a, 78%"!
, ©
NaBH, (4.0 equiv.) Q
NaOH (1.0 equiv. N+ _Ph
c) Ph—NO, ( quiv.) Ph"@® N
H,O
100°C, 2 h 4a, 32%°

0®  NaBH, (4.0 equiv.)
N~ _ph NaOH (1.0 equiv.)

[d]
d) Ph N n.r.
® H,0
4a 100 °C, 2 h
0° '
Na,Se (4.0 equiv.)
_Ns. _Ph 2
e) Ph@N pr NP
H20 H
4a 100 °C, 2 h 7a, 94%0)
NaBHy (4.0 equiv.)
NaOH (2.0 equiv.)
f)  PhNHOH n.r.l
H,0
2a 100 °C, 2 h
Na,Se (2.0 equiv.)
g)  PhNHOH Ph—NH,
H,0
2a 100 °C, 2 h 1a, 81%!

Scheme 4. Control experiments. [a] Na,Se was freshly prepared and readily
used as it quickly decomposes at ambient temperature. See Supporting
Information for details on the isolation of Na,Se. [b] Isolated yield is reported.
[c] Conversion is reported; 68 % of nitrobenzene remained unreacted. [d]
Only the unreacted substrate was recovered after the reaction.

in situ from elemental selenium under NaBH,/NaOH conditions
in water — provides the nitroso compound 8 and elemental
selenium, which is easily reduced back to Na,Se by the NaBH,/
NaOH reducing system (Scheme 5, step I). Control experiments
(vide infra) indicated that, to a certain extent, the reduction of
nitroarenes to 8 might also occur under selenium-free con-
ditions, using the NaBH,/NaOH system. However, the low
conversion value observed for the reaction performed in
absence of selenium (vide supra, Scheme 4, reaction c¢)
suggested that the Se-free reduction plays only a marginal role
in this step. Subsequently (Scheme 5, stepll), the nitroso
derivative 8 is reduced to the corresponding hydroxylamine 2
by either Na,Se or NaBH,.”” The mechanism can then proceed
through the two following alternative routes: i) a direct
reduction pathway (Scheme 5A), involving the sequential reduc-
tion of nitrosobenzene 8 to hydroxylamine 2 and, finally to
aniline 1; ii) a condensation-reduction pathway (Scheme 5B),

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Scheme 5. Proposed reaction mechanism.

involving the reaction of nitrosobenzene 8 with hydroxylamine
2 to afford the azoxybenzene 4, which can be subsequently
reduced to diazobenzene 3, 1,2-diphenylhydrazine 7 and,
finally, to aniline 1. Our control experiments highlighted that
4a does not undergo complete selenium-mediated reduction
to give aniline 1a (only 1,2-diphenylhydrazine 7a was formed,
see above), thus clearly indicating that the mechanism proceeds
through a direct reduction pathway. Additionally, as the
hydroxylamine 2a proved to be completely unreactive under
the selenium-free reductive conditions (Scheme 4, reaction f),
the reduction of 2 to 1 (Scheme 5, step lll) is reasonably the
selenium-demanding step. In absence of selenium 2 is not
reduced and undergoes condensation with 8 to yield the azoxy-
derivative 4. On the other hand, in the presence of Na,Se, 2 is
promptly reduced to 1, thus limiting the formation of 4. Indeed,
our results highlighted that the step lll cannot occur in absence
of selenium. On the other hand, as the formation of
azoxybenzene 4 - arising from condensation of 8 with 2 - is
significantly reduced using Na,Se, reasonably selenium also acts
enhancing the constant rate of the stepll. However, the
formation of 4 under selenium-free conditions provides
evidence that Il is not a selenium-demanding step.

To elucidate the nature and the oxidation state of selenium
species formed at the end of the reaction, the aqueous phase
was analysed by ”7Se NMR spectroscopy. No signal related to
water-soluble selenium species was detected. This result,
coupled with an insoluble greyish powder always observed
after the reaction, is supportive of the formation of Se°.

Having elucidated the reaction mechanism and identified
the selenium species formed after the reduction cycle, we
sought to evaluate whether the aqueous phase could be
recovered and reused as the selenium-containing medium to
perform further reductions. In a model experiment, the aqueous
phase recovered after the reduction of a-nitronaphthalene
(10 mmol scale) was efficiently reused to prepare 1q upon
simple treatment with NaBH, and NaOH. No additional Se° was
required and the aqueous phase could be employed for the
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reduction of a-nitronaphthalene to a-naphthylamine 1q up to
four cycles with no substantial yield decrease (see Supporting
Information Figure S1).

Reduction of nitroarenes with Na,Se

Having demonstrated that sodium selenide is the reducing
agent effectively involved in the conversion of nitroarenes to
anilines, we sought to develop an alternative sodium borohy-
dride-free approach for the reduction of nitro derivatives and to
evaluate its selectivity. Thus, a series of differently substituted
nitroarenes were reacted with an excess of freshly prepared
Na,Se using water as the solvent (Scheme 6). Simple aryl amines
1b and 1f were achieved in comparable yield with respect to
the selenium-mediated reduction with NaBH, (see Scheme 2).
Considering the mildness of Na,Se as a reducing agent, we
were attracted by the possibility to selectively reduce the nitro
group in the presence of labile functionalities. Our attention
was therefore focused on the reactivity of nitrocarbonyl
compounds. Thus, 2-nitroacetophenone was treated with an
excess of Na,Se in H,O and warmed at 100 °C for 1 h. Pleasingly,
a selective reduction of the nitro functionality smoothly
occurred, leading to 2-aminoacetophenone 1ad (Scheme 6). 3-
Aminoacetophenone 1ae and 4-aminoacetophenone 1af were
also obtained in good yield via reduction of the corresponding
nitro ketones with Na,Se. To the best of our knowledge, in spite
of their importance, examples of metal-free protocols for the
selective reduction of nitrocarbonyl compounds to the corre-
sponding aminocarbonyl derivatives are very rare.”” Attracted
by the selectivity and the versatility of our selenium-based
approach, we explored the reactivity of the more challenging
nitro aldehydes. Remarkably, 4-aminobenzaldehyde 1ag was
easily prepared simply warming 4-nitrobenzaldehyde with
aqueous sodium selenide. Similarly, selective reduction of 4-
nitro-2-methoxybenzaldehyde provided the amino aldehyde
1ah in good yield. Finally, in order to further evaluate the
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NO, NH, amines using NaBH,. The reaction scope encompasses a broad
X Na,Se (4.0 equiv.) N variety of differently substituted nitro derivatives. Careful
| X m X mechanistic investigations highlighted that sodium selenide
R R (Na,Se) is reasonably the effective reducing agent involved in
the process and provided evidence that the conversion of a N-
NH, NH; oH NH, O arylhydroxylamine to the corresponding aniline is the key
: selenium-demanding step. These results also enabled the
©/ © T OH development of an alternative simple and mild methodology
S HoN NH; relying on the use of Na,Se in water, in absence of any other
1b, 68% 1g, 81% (15,2S)-1u, 66%! 1ad, 57% additional reducing agent. This approach proved to be highly

NH, NH, NH,

NH,
NH,
e
(6] \©\ -~
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1ae, 52% 1af, 65% 1ag, 58%[! 1ah, 61% 1ai, 73%

Scheme 6. Reduction of nitroarenes with Na,Se. Isolated yields are given. [a]
Synthesised from the corresponding enantioenriched functionalised nitro-
arene. [b] Partial decomposition was observed during purification on silica

gel.

functional group tolerance of this methodology, the reaction
was applied to additional nitro derivatives bearing labile
functionalities, including sulfones, boronic acids, and nitriles.
Interestingly, the reduction of the nitro group occurred with
high selectivity in the presence of the potentially competing
sulfone leading to the sulfonylaniline derivative 1ai, which
could not be prepared under Se°/NaBH,/NaOH conditions
(Scheme 6). On the other hand, nitroarenes bearing halogens,
cyano or boronic acid moieties cannot be selectively reduced
under these conditions. Particularly, halo-substituted nitro-
arenes undergo aromatic nucleophilic substitution with Na,Se
to afford a mixture of the corresponding amino-substituted
diaryl selenides and diselenides. The substrate limitation of the
reduction with Na,Se is reported in the Schemes S2 and S3
(Supporting Information).

The possibility to recycle the aqueous phase to regenerate
Na,Se was also evaluated. Black/reddish selenium was recov-
ered from the aqueous layer by filtration; in our hands, 87 % of
the used selenium could be recovered upon simple filtration of
the aqueous layer. The recovered black/reddish selenium was
then treated with rongalite and NaOH to afford white Na,Se
(vide supra), which could be successfully used to reduce
nitrobenzene to aniline in good yield. The recovered selenium
could also be efficiently used in the selenium-catalysed
reduction of nitrobenzene using the NaBH,/NaOH system as
described above (Scheme 2).

Conclusions

In conclusion, we have unveiled an on water selenium-
mediated approach for the reduction of nitroarenes to aryl
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chemoselective for the reduction of nitro groups and was
efficiently applied to the synthesis of aminoketones, amino-
aldehydes, and aminosulfones.

Experimental Section

Reduction of nitroarenes to aryl amines with Se®/
NaBH4/NaOH

Elemental selenium (Se% 32 mg, 0.4 mmol, 0.2 equiv.) was sus-
pended in H,0 (4 mL) and treated with NaBH, (304 mg, 8.0 mmol,
4.0 equiv.) and NaOH (80 mg, 2.0 mmol, 1.0 equiv.). The initial
suspension was stirred at room temperature for 10 min, after which
the suspension turned to a colourless-slightly yellow solution. Then,
the nitroarene (2.0 mmol, 1.0 equiv.) was added and the mixture
was stirred under reflux at 100°C for 3 h. Afterwards, the aqueous
reaction mixture was extracted with EtOAc (3x5 mL). The com-
bined organic phases were washed with brine (10 mL), dried over
Na,SO, and concentrated under reduced pressure. The crude
material was purified by flash chromatography to yield the pure
aryl amine 1.

Preparation of Sodium selenide (Na,Se)

Elemental selenium (Se°, 0.40 mg, 5.06 mmol) was added to an
aqueous solution (5 mL) of rongalite (sodium hydroxymethanesulfi-
nate, 1.43 g, 9.25 mmol) and NaOH (1.13 g, 28.13 mmol) and the
resulting mixture was stirred at 60°C for 1 h. 2After this time, the
formation of a white precipitate was observed. The mixture was
cooled in an ice bath and the formed solid was quickly recovered
by filtration under inert atmosphere (N,). Partial decomposition of
the white Na,Se, with the concomitant formation of a brown-
reddish solid, occurred upon storing Na,Se. Thus, freshly prepared
white Na,Se was always used.

Reduction of nitroarenes to aryl amines with Na,Se

Freshly prepared Na,Se (500 mg, 4.0 mmol, 4.0 equiv.) was sus-
pended in H,0O (8 mL) and the nitroarene (1.0 mmol, 1.0 equiv.) was
added. The mixture was stirred under reflux at 100°C for 2 h.
Afterwards, the aqueous reaction mixture was extracted with EtOAc
(3% 10 mL). The combined organic phases were washed with brine
(10 mL), dried over Na,SO, and concentrated under reduced
pressure. The crude material was purified by flash chromatography
to yield the pure aryl amines 1.

Acknowledgements

We thank MIUR-Italy (“Progetto Dipartimenti di Eccellenza 2018-
2022” allocated to Department of Chemistry “Ugo Schiff”). Open

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH

35U9017 SUOWIWOD SA1IERID 3|cedl|dde ay) A peusenof afe Saoile WO ‘9Sn JO s3I 10} Akeud13UIUO AB]IAA UO (SUONIPUOI-PUR-SLUBIALI0D" AS 1M AReIq 1 U1 [UO//:SANY) SUOTIPUOD PUe SWB 1 U1 35S *[202/20/G2] UO Aleiqiauluo A8]IM euwsIsIS azualiH 1 BISPAIN AQ 98000EZ02 9SS9/200T 0T/I0p/W0d" 48| 1M ALeiq Ul juo'adone-Alis IWsyd//:sdny Wwoy papeojumod ‘ST ‘€02 ‘X95r98T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202300086

Access funding provided by Universita degli Studi di Firenze within
the CRUI-CARE Agreement.

Conflict of Interests

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: Selenium - reductions - nitroarenes - anilines - on

water reactions

[1] S. C. Mitchell, R. H. Waring, Ullmanns Encyclopedia of Industrial Chemistry,
Wiley-VCH, Weinheim, 2000.

2] S. A. Lawrence, Amines: Synthesis, Properties and Applications, Cambridge

University Press, Cambridge, 2004.

S. D. Roughley, A. M. Jordan, J. Med. Chem. 2011, 54, 3451-3479.

S. Agnello, M. Brand, M. F. Chellat, S. Gazzola, R. Riedl, Angew. Chem. Int.

Ed. 2019, 58, 3300-3345.

[5] L. Jiang, Y. Huang, Q. Zhang, H. He, Y. Xu, X. Mei, Cryst. Growth Des.
2014, 14, 4562-4573.

[6] A.D. Pechulis, J.P. Beck, M. A. Curry, M. A. Wolf, A. E. Harms, N. Xi, C.
Opalka, M. P. Sweet, Z. Yang, A.S. Vellekoop, A. M. Klos, P. J. Crocker, C.
Hassler, M. Laws, D.B. Kitchen, M. A. Smith, R.E. Olson, S. Liu, B.F.
Molino, Bioorg. Med. Chem. Lett. 2012, 22, 7219-7222.

[7] L. Halby, C. Champion, C. Sénamaud-Beaufort, S. Ajjan, T. Drujon, A.
Rajavelu, A. Ceccaldi, R. Jurkowska, O. Lequin, W. G. Nelson, A. Guy, A.
Jeltsch, D. Guianvarc’h, C. Ferroud, P. B. Arimondo, ChemBioChem 2012,
13, 157-165.

[8] I. M. Taily, D. Saha, P. Banerjee, Org. Lett. 2022, 24, 2310-2314.

[9] N. Ono, The Nitro Group in Organic Synthesis, Wiley, New York, 2001.

[10] H. K. Kadam, S. G. Tilve, RSC Adv. 2015, 5, 83391-83407.

1] D. Formenti, F. Ferretti, F. K. Scharnagl, M. Beller, Chem. Rev. 2019, 119,

2611-2680.

[12] H.-U. Blaser, C. Malan, B. Pugin, F. Spindler, H. Steiner, M. Studer, Adv.

Synth. Catal. 2003, 345, 103-151.
] A. Béchamp, Ann. Chim. Phys. 1854, 42, 186-196.
] S. E. Hazlet, C. A. Dornfeld, J. Am. Chem. Soc. 1944, 66, 1781-1782.

[15] A. Corma, P. Serna, Science 2006, 313, 332-334.
]
]

=Y

H. U. Blaser, Science 2006, 313, 312-313.

D. Chen, Y. Zhou, H. Zhou, S. Liu, Q. Liu, K. Zhang, Y. Uozumi, Synlett
2018, 29, 1765-1768.

[18] A. H. Romero, ChemistrySelect 2020, 5, 13054-13075.

[19] S. Letort, M. Lejeune, N. Kardos, E. Métay, F. Popowycz, M. Lemaire, M.
Draye, Green Chem. 2017, 19, 4583-4590.

[20] Z.-N. Hu, J. Liang, K. Ding, Y. Ai, Q. Liang, H.-b. Sun, Appl. Catal. A 2021,

626, 118339.

A. Cheruvathoor Poulose, G. Zoppellaro, I. Konidakis, E. Serpetzoglou,

E. Stratakis, O. Tomanec, M. Beller, A. Bakandritsos, R. Zbofil, Nat.

Nanotechnol. 2022, 17, 485-492.

[22] W.Z. Gao, Y. Xu, Y. Chena, W. F. Fu, Chem. Commun. 2015, 51, 13217-
13220.

[23] Z. Yu, Z. Chen, Y. Chen, Q. Peng, R. Lin, Y. Wang, R. Shen, X. Cao, Z.
Zhuang, Y. Li, Nano Res. 2018, 11, 3730-3738.

[24] A. Bornadel, S. Bisagni, A. Pushpanath, I. Slabu, J. LePaih, A. H. Cherney,
S. M. Mennen, S. J. Hedley, J. Tedrow, B. Dominguez, Org. Process Res.
Dev. 2021, 25, 648-653.

[21

[25] Q. Zhang, L. Yu, B. Liu, F. Li, B. Tang, Sci. Rep. 2020, 10, 2810.

[26] N. Zinin, J. Prakt. Chem. 1842, 27, 140-153.

[27] H. K. Porter, Org. React. 1973, 20, 455.

[28] J. P.Idoux, J. Chem. Soc. C 1970, 435-437.

[29] A. H. Romero, H. Cerecetto, Eur. J. Org. Chem. 2020, 1853-1865.

[30] M. A. McLaughlin, D. M. Barnes, Tetrahedron Lett. 2006, 47, 9095-9097.
[31] A. H. Romero, J. Salazar, S. E. Lopez, Synthesis 2013, 45, 2043-2050.

[32] X.Liu, S. Lu, J. Mol. Catal. A 2004, 212, 127-130.

[33] T. Miyata, K. Kondo, S. Murai, T. Hirashima, N. Sonoda, Angew. Chem. Int.

Ed. 1980, 19, 1008.

[34] K. Yanada, H. Yamaguchi, H. Meguri, S. Uchida, J. Chem. Soc. Chem.
Commun. 1986, 1655-1656.

[35] For books see:Nummerierung? a) E. J. Lenardao, C. Santi, L. Sancineto,
New Frontiers in Organoselenium Compounds, Springer, Heidelberg,
2018; b) F. V. Singh, T. Wirth in Organoselenium Chemistry. Synthesis and
Reactions, (ed. T. Wirth) Wiley-VCH, Weinheim, Germany, 2012, p. 321-
360. For reviews see: c) X. Xiao, C. Guan, J. Xu, W. Fu, L. Yu, Green Chem.
2021, 23, 4647-4655; d) V. Rathore, C. Jose, S. Kumar, New J. Chem.
2019, 43, 8852-8864; e) J. Mtochowski, M. Brzaszcz, M. Giurg, J. Palus, H.
Wojtowicz, Eur. J. Org. Chem. 2003, 4329-4339.

[36] a) A. Capperucci, A. Petrucci, C. Faggi, D. Tanini, Adv. Synth. Catal. 2021,
363, 4256-4263; b) D. Tanini, A. Capperucci, Adv. Synth. Catal. 2021, 363,
5360-5385; c) G. Mloston, A. Capperucci, D. Tanini, R. Hamera-Fatdyga,
H. Heimgartner, Eur. J. Org. Chem. 2017, 6831-6839.

7] D. Tanini, C. Dalia, A. Capperucci, Green Chem. 2021, 23, 5680-5686.

8] D. L. Klayman, T.S. Griffin, J. Am. Chem. Soc. 1973, 95, 197-199.

[39] M.D. Milton, S. Khan, J.D. Singh, V. Mishra, B.L. Khandelwal,

Tetrahedron Lett. 2005, 46, 755-758.

[40] F.G. Bordwell, Acc. Chem. Res. 1988, 21, 456-463, and references cited
therein.

[41] a) J. Mtochowski, L. Syper, Sodium Selenide, e-EROS Encyclopedia of
Reagents for Organic Synthesis 2001; b) G. Sommen, A. Comel, G. Kirsch,
Synlett 2003, 855-857.

[42] F.Haber, Z. Elektrochem. 1898, 22, 506.

[43] J. H. Boyer, S. E. Elizey, Jr, J. Am. Chem. Soc. 1960, 82, 2525-2528.

Manuscript received: January 18, 2023

Revised manuscript received: February 22, 2023
Accepted manuscript online: March 27, 2023
Version of record online: June 26, 2023

ChemSusChem 2023, 16, 202300086 (8 of 8)

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH

35U9017 SUOWIWOD SA1IERID 3|cedl|dde ay) A peusenof afe Saoile WO ‘9Sn JO s3I 10} Akeud13UIUO AB]IAA UO (SUONIPUOI-PUR-SLUBIALI0D" AS 1M AReIq 1 U1 [UO//:SANY) SUOTIPUOD PUe SWB 1 U1 35S *[202/20/G2] UO Aleiqiauluo A8]IM euwsIsIS azualiH 1 BISPAIN AQ 98000EZ02 9SS9/200T 0T/I0p/W0d" 48| 1M ALeiq Ul juo'adone-Alis IWsyd//:sdny Wwoy papeojumod ‘ST ‘€02 ‘X95r98T


https://doi.org/10.1021/jm200187y
https://doi.org/10.1002/anie.201802416
https://doi.org/10.1002/anie.201802416
https://doi.org/10.1021/cg500668a
https://doi.org/10.1021/cg500668a
https://doi.org/10.1016/j.bmcl.2012.09.050
https://doi.org/10.1002/cbic.201100522
https://doi.org/10.1002/cbic.201100522
https://doi.org/10.1021/acs.orglett.2c00439
https://doi.org/10.1039/C5RA10076C
https://doi.org/10.1021/acs.chemrev.8b00547
https://doi.org/10.1021/acs.chemrev.8b00547
https://doi.org/10.1002/adsc.200390000
https://doi.org/10.1002/adsc.200390000
https://doi.org/10.1021/ja01238a049
https://doi.org/10.1126/science.1128383
https://doi.org/10.1126/science.1131574
https://doi.org/10.1002/slct.202002838
https://doi.org/10.1039/C7GC01622K
https://doi.org/10.1016/j.apcata.2021.118339
https://doi.org/10.1016/j.apcata.2021.118339
https://doi.org/10.1038/s41565-022-01087-3
https://doi.org/10.1038/s41565-022-01087-3
https://doi.org/10.1039/C5CC04030B
https://doi.org/10.1039/C5CC04030B
https://doi.org/10.1007/s12274-017-1944-1
https://doi.org/10.1021/acs.oprd.0c00464
https://doi.org/10.1021/acs.oprd.0c00464
https://doi.org/10.1002/prac.18420270125
https://doi.org/10.1039/j39700000435
https://doi.org/10.1002/ejoc.202000064
https://doi.org/10.1016/j.tetlet.2006.10.079
https://doi.org/10.1016/j.molcata.2003.12.004
https://doi.org/10.1002/anie.198010081
https://doi.org/10.1002/anie.198010081
https://doi.org/10.1039/c39860001655
https://doi.org/10.1039/c39860001655
https://doi.org/10.1039/D1GC00961C
https://doi.org/10.1039/D1GC00961C
https://doi.org/10.1039/C9NJ00964G
https://doi.org/10.1039/C9NJ00964G
https://doi.org/10.1002/adsc.202100611
https://doi.org/10.1002/adsc.202100611
https://doi.org/10.1002/adsc.202101147
https://doi.org/10.1002/adsc.202101147
https://doi.org/10.1039/D0GC04322B
https://doi.org/10.1021/ja00782a034
https://doi.org/10.1016/j.tetlet.2004.12.035
https://doi.org/10.1021/ar00156a004
https://doi.org/10.1021/ar00156a004
https://doi.org/10.1021/ja01495a032

