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Abstract: A  transition  metal-free,  environment-friendly  and  practical  protocol  was

developed either for the reduction of nitroarenes or for the deoxygenation of  N-oxide

containing heteroarenes. The reaction proceeded with the use of a non-toxic and cheap

feedstock as elemental  sulfur  in  aqueous methanol  under  relatively  mild conditions.

Green  chemistry  credentials  were  widely  favorable  compared  to  traditional  and

industrial protocols with good  E-factors and a low production of waste. The strategy

allowed the efficient  reduction of a large variety of substituted-nitroarenes including

various  o-nitroanilines  as  well  as  selective  reduction  of  various  poly-nitroarenes  in

excellent yields with a broad substrate scope. The protocol was successfully extended to

the  deoxygenation  of  some  N-oxide  containing  heteroarenes,  like  benzofuroxans,

phenazine N,N´-dioxides, pyridine N-oxides, 2H-indazole N1-oxides, quinoxaline N1,N4-

dioxides and benzo[d]imidazole N1,N3-dioxides. A gram-scale example for the synthesis

of  luminol,  in  green  conditions,  was  reported.  A solid  mechanism of  reaction  was

proposed from experimental evidences.

Keywords:  reduction,  nitroarenes, N-oxide  containing  heteroarenes,  deoxygenation,

elemental sulfur, Green Chemistry.

Introduction

  Nitroarenes and  N-oxide containing heteroarenes are frequently encountered in the

preparation  of  final  product  in  organic  chemistry,  bioactive  compounds  and

intermediates in the production of fertilizing, dyes, pigments, additives and polymers

10.1002/ejoc.202000064

A
cc

ep
te

d 
M

an
us

cr
ip

t

European Journal of Organic Chemistry

This article is protected by copyright. All rights reserved.

mailto:angel.ucv.usb@gmail.com
mailto:hcerecetto@gmail.com
mailto:angel.ucv.usb@gmail.com


2

[1]. Traditionally,  the most common methods for the synthesis of anilines,  from the

nitroarenes as starting materials,  involves the use of large amounts of tin or zinc in

presence of a Brønsted acid at high temperature (e.g. the Bechamp´s reduction) [2]. This

type of reduction is mediated by a direct electron transfer process from metal to nitro

group. Alternatively, the reduction of nitroarene to aromatic amines can be achieved

through  two  chemical  processes:  (i)  catalytic  hydrogenation  or  (ii)  hydrogenation

transfer. The first process requires the use of molecular  hydrogen (H2) and catalytic

amount of specific transition-metal (iron, nickel, palladium or platinum) under special

pressure conditions [3], whereas the strategy based on hydrogenation transfer needs a

hydrogen source such as hydrides (e.g. NaBH4 or hidrosilanes) [4,5], hydrazine hydrate

[4,6], organic reagents (e.g. alcohol or formic acid) [4,7a-b] and more recently, boron

reagents [7c-d]. Despite  the strategies based on these two processes have found in the

last two decades significant improvements from Green Chemistry point of view [4], the

requirements  of  special  high  pressure  equipment  as  well  as  the  use  of  flammable

hydrogen  gas,  hazardous  reagents  and  sophistic  organometallic  complexes/

nanometallic  catalyst  compromise  the  practicality  and  economy  of  these  synthetic

strategies.  Other  disadvantage  of  these  traditional reductive processes  (Beckman's

reduction, catalytic hydrogenation and hydrogenation transfer) is its limited efficacy for

the  selective  reduction  of  nitro  group  in  polynitroarenes.  In  general,  the  selective

reduction of polyarenes represents a challenge for chemist in organic synthesis field and

a limited number of examples are found in literature. Some examples of reduction of

1,3-dinitrobenzene  to  3-nitroaniline  under  catalytic  hydrogenation  conditions  using

specific  metal  nano-catalyst  systems  (PVP-Ru/Al2O3,  Ru/C,  Ru-SnOx/Al2O3 or

supported gold nanocatalyst)  have recently reported [8a-c]. However, these modified

catalytic  hydrogenation  strategies  require  a  rigorous control  of  reaction  condition  to

obtain the monoreduced product from polynitroarenes as well as sophistic and specific

uncommon supported metal  nanosystems are needed for a  good selectivity.  A more

accessible  procedure  sulfur-based  (sulfide,  polysulfide  or  hydrosulfide)  have  been

successfully  employed  to  industrial  level  for  the  preparation  of  some monoreduced

products from the corresponding polynitroarenes,  requiring prolonged time and high

temperature  (>100  ºC)  [8d-e].  Then,  economic,  efficient  and  eco-friendly  synthetic

methods  using  feedstock  material  are  required  for  the  selective  reduction  of

polynitroarenes.
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Scheme 1. Different methods for the reduction of aromatic nitro compounds and  N-

oxide containing heteroarenes and the methods described herein.

    Regarding to the deoxygenation of N-oxide containing heteroarenes, a variety of non

eco-friendly  methods  involving  metals  have  been  described  [9].  Other  non-metal

methods involving the use of sulfur-derived reagents (e.g.  sulfurous acid [10a],  SO2

[10b], sulfur monoxide [11], trimethyl(or triethyl)amine-SO2 complex [12], di-n-propyl

sulfoxylate [13] and CS2 [14]), phosphorus-derived reagents (e.g. PCl3 [15] and PPh3 at

high temperatures [16]) and other organic compounds [17,18] have been also reported

for  the  deoxygenation  of  N-oxide  containing  heteroarenes.  Many  of  these

deoxygenation  protocols  are  far  on  the  Green  Chemistry  principles  involving  some

drawbacks such as the generation of complex metallic  waste, large quantities of the
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reducing reagent, high temperatures, long reaction time, tedious purification procedure

and the use of hazardous and expensive reagents. Curiously, there are a few methods

applicable either for the reduction of nitroarenes or for the deoxygenation of  N-oxide

containing heteroarenes. Zinc dust-ammonium salt system has been utilized separately

either for the reduction of nitroarenes or for the deoxygenation of  N-oxide containing

heteroarenes [19,20]. Tervalent phosphorus such as (EtO)3P [21,22] reduced efficiently

N-oxide  heteroarenes  and,  in  some  cases,  it  has  been  reported  for  reduction  of

nitroarenes.  Recently,  diboron  reagents  such  as  bis-(pinacolato)-  and

bis(catecholato)diboron  also  allowed  efficiently  the  synthesis  of  anilines  [23]  and

azaheterocycles  [24]  from  nitroarenes and  deoxygenation  of  N-oxide  containing

heteroarenes, respectively. Therefore, the design of a common, efficient and selective

protocol  involving the  use  of  feedstock material  as  reductant  and eco-friendly-safer

solvent  (water  or  aqueous  solvent)  under  mild  conditions  is  expected  either  for  the

reduction of nitroarenes to aminoarenes or for deoxygenation of N-oxide heteroarenes.

    Elemental sulfur, a by-product of oil and gas industries, is an ideal raw material as

reductant due to its abundance, low industrial cost (~120 USD per ton), high sulfur-

atom  content  and  lack  of  toxic  by-products.  Moreover,  elemental  sulfur  is  a  user-

friendliness  reagent  by its  non-toxic,  non-volatile,  inodorous,  non-hygroscopic,  free-

flowing and bench-stable  properties.  Elemental  sulfur  in  combination  with base  has

previously been used for the reduction of some nitroarenes; however, the reaction has

proceed  under  extreme  conditions  (high  temperatures  from 130  °C  to  150  °C  and

prolonged time of reactions) with the use of hazardous reagents such as ammonia or

environment  unfriendly  solvent  such  as  DMF,  that  have  a  negative  impact  on  the

different  ecosystems  (Scheme  1)  [25].  With  regards  to  deoxygenation  of  N-oxide

containing  heteroarenes  directed  by  elemental  sulfur,  a  unique  example  has  been

reported for a limited number of deactivated benzofuroxans using morpholine as base

and in ethylene glycol at extreme temperature from 145 ºC to 160 ºC [25e]. In order to

enhance the efficacy of the elemental sulfur as reductant in these reductions, we believe

that  is  crucial  the  optimization  of  redox process  in  solution.  For  this  purpose,  it  is

important to consider two features: (i) the use of a strong base (e.g. NaOH) to facilitate

the oxidation of elemental sulfur to sulfur species with higher oxidation state (equations

1  and  2),  (ii)  the  use  of  a  polar  solvent  more  similar  to  water  (e.g. methanol  or

methanol-H2O mixtures) that allow to an efficient dissolution of the three components

of the reaction,  i.e.  the inorganic base,  the elemental  sulfur and the starting organic
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material. Then, taken into account: (i) these two mentioned issues and, (ii) the twelve

Green-Chemistry principles,  herein we reported a common and eco-friendly protocol

either  for  the  efficient  and  selective  reduction  of  aromatic  nitro  compounds  to  the

corresponding  amines  or  for  the  deoxygenation  of  a  variety  of  N-oxide  containing

heteroarenes,  including  benzofuroxans,  phenazine  N,N´-dioxides,  pyridine  N1-oxides,

2H-indazole  N1-oxides,  quinoxaline N1,N4-dioxides and 2H-benzo[d]imidazole  N1,N3-

dioxides, to the corresponding reduced azaheteroarenes using a feedstock material as

elemental  sulfur  in  aqueous  methanol  milieu  under  relatively  mild conditions.  The

present  strategy  represents  an  economical,  practical  and  eco-friendly  alternative  to

reported protocols either for the reduction of nitroarenes with a high selectivity to the

monoreduction  of  polynitroarenes  or  for  the  deoxygenation  of  some  N-oxide

heteroarenes, in particular, benzofuroxans and phenazine N,N´-dioxides.

N

O

2                    +   2 S   +    2 NaOH N2                    +    Na2S2O3   +    H2O

N
O

O

2                    +   6 S   +    6 NaOH NH22                    + 3 Na2S2O3   +    H2O   Eq. 1

  Eq. 2

Results and discussion

 Our initial study was focused on the optimization of reduction of nitroarenes to anilines

using as model 1,3-dinitrobenzene (1 equiv.), elemental sulfur (from 2 to 5 equiv.), in

presence of NaOH (from 0 to 5 equiv.), in different solvents and mixtures (MeOH, H2O,

DMF and different proportions of MeOH:H2O) at different temperatures and by 1 hour

(Table  1).  Optimization  experiments  were  focused on the  determination  of  minimal

amounts of sulfur and base as well as on the selection of the best solvent for an accuracy

reaction. Initially, working with an excess of sulfur and sodium hydroxide (4.0 equiv.

respect  to  nitroarene  and  according  to  stoichiometry  from Eq.  1),  the  optimization

solvent  results  showed that  methanol:water  mixture  in  proportion  8:2  was the  most

convenient milieu of reaction producing the best yield of final product 2k (82 %, entry

5). It  was better  than sole water,  methanol  or DMF (entries 1-3) and other aqueous

methanol  mixtures  (entries  4,  6  and  7).  For  the  best  mixture  of  solvents,  i.e.

methanol:water (8:2), it was observed a homogeneous reaction milieu after the first 10
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minutes initiated the heating with the complete dissolution of all inorganic and organic

reagents, which probably facilitates the redox process shown in equation 1 and thus, the

efficacy of the reaction. An incomplete dissolution of inorganic base was appreciated

for the sole methanol or methanol:water 9:1 mixture,  while a partial  precipitation of

organic substrate was detected for aqueous methanol with more than 20 % of water.

Thus, the partial dissolution of any of the starting reagents may have an effect in the

reaction efficacy for the mentioned methanol:water mixture as well as for sole methanol

and water solvent (entries 1-2, 4, 6 and 7). Regarding to the minimal quantities of sulfur

and base, the best reaction yields were obtained using four equivalent or more of both

reagents (entries 5 and 8). The reactions were incomplete when less than 3 equivalents

of both sulfur and base were used (entries 9-11). The particular requirement of excess in

sulfur  and  NaOH  (1  equivalent  of  excess  according  to  Eq.  1)  is  associated  to  the

disproportionation further reactions between sulfur and NaOH under heating to form

thiosulfate and sulfur anions (see below in Eq. 7) as well as other collateral reactions

(Eq. 8-10). On the other hands, the reaction temperature was crucially important, and

temperatures between 80 ºC and 90 ºC are essentials (compare entry 5 to entries 12 and

13). Lowering the reaction temperature (e.g. 50 °C) led to the incomplete conversion of

nitroarene to corresponding aniline (entry 12). Sodium hydroxide demonstrated to be

the most optimal base over NaHCO3 (compare entries 5 and 14), which confirm that the

efficient sulfur transformation to oxidized sulfur species requires the use of a strong

base. Under optimized conditions, the complete conversion of 1,3-dinitrobenzene was

achieved in 1 hour. Then, the optimized reaction conditions for the reduction of other

nitroarenes  (1.0  equiv.)  to  the  corresponding  aniline  were  determined  as  the

combination of elemental sulfur (4 equiv.) with NaOH (4 equiv) in a MeOH:water, 8:2,

solvent mixture at 80 °C by 1-16 hours depending on nature of starting material (Table

2). 

Table 1. Conditions optimization for the reduction of nitroarenes.a

NO2
NH2

S
NaOH

solvent 
 T, 1 h

1k 2k
O2N O2N

Entries Solvent NaOH eq. Sulfur eq. T (ºC) Yield (%)b

1 H2O 4 4 80 42
2 MeOH 4 4 80 45
3 DMF 4 4 80 62
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4 MeOH-H2O (9:1) 4 4 80 70
5 MeOH-H2O (8:2) 4 4 80 82
6 MeOH-H2O (7:3) 4 4 80 79
7 MeOH-H2O (6:4) 4 4 80 61
8 MeOH-H2O (8:2) 5 5 80 80
9 MeOH-H2O (8:2) 3 3 80 70
10 MeOH-H2O (8:2) 2 2 80 51
11 MeOH-H2O (8:2) 0 4 80 0
12 MeOH-H2O (8:2) 4 4 50 30
13 MeOH-H2O (8:2) 4 4 90 83
14 MeOH-H2O (8:2) 4c 4 80 52

 aReaction conditions: 1.0 mmol substrate 1a, elemental sulfur (2-5 equiv.), and base (0-5 equiv.) in 6 mL of solvent.
bYield of isolated yields of pure product 2a. cNaHCO3 as base instead of NaOH.

   With the optimal reaction conditions in hand, the scope of the reduction of aromatic

nitro compounds was explored. The nitro group was chemoselectively reduced in the

presence of a variety of electron-withdrawing and electron-donor groups on aromatic

and heteroaromatic rings, affording the desired anilines, in general, in good to excellent

yields (50 to 90 %) (entries 1-22, Table 2). Nitroarenes bearing electron-withdrawing

groups,  such  as  carboxylic  acid,  ketone,  nitrile  and  nitro  groups  gave  the  desired

anilines 2b-2d, 2j and 2k in excellent yields and, in general, at lowest reaction time (1-3

hours) (entries 2-4 and 10 and 11, Table 2). The efficient and selective reduction of p-

nitrobenzonitrile to product  2d represents a valuable result due to that nitrile group is

not  compatible  with  typical  protocols  including  catalytic  hydrogenation,  hydride

addition  and Bechamp´s  reduction.  The low reaction  yield  (38  %) obtained  for  the

substrate 1c (entry 3, Table 2), a ketone-nitroarene, may be associated to the generation

of water-soluble by-products of auto-condensation and other compounds derived from

oxidation  of  acetyl  group  by  action  of  elemental  sulfur,  which  has  recently  been

reported  for  acetophenone  derivatives  [26].  On the  other  hands,  nitroarenes  bearing

mesomeric  electron-donor  groups  (p-mercapto,  p-dimethyamino,  p-methoxy)  and  2-

amino-substituted nitroarenes were efficiently reduced to their corresponding anilines in

good to excellent reaction yields (70-88 %) at longer reaction time by about 8-16 hours

(entries  5-7  and  17-19,  Table  2).  p-Nitrotoluene  and  p-nitrobenzylamine  were

incompatible for our protocol due to that a simultaneous oxidation of benzyl carbon was

detected,  giving  a  complex  reaction  mixture  containing  the  corresponding

benzaldehydes,  benzylimines,  anilines  and the starting materials.  These last  findings

were expected  because  it  is  well  documented  that  the benzyl  carbon in toluenes  or

benzyl derivatives bearing withdrawing groups (e.g. o-NO2 or p-NO2) are susceptible to
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the oxidation by elemental sulfur action under basic conditions [26a, 27, 28]. Thus, a

moderate  reaction  yield  (47  %)  of  the  desired  product  was  obtained  for  the  o-

nitrotoluene (entry 8, Table 2) with the partial oxidation of methyl moiety, whereas a

good conversion was found for the 3-methyl-nitroarene  1i (entry 9, Table 2) without

apparent  oxidation  of  the  corresponding  methyl  group.  Nitro  group  into  nitroarene

bearing azide moiety is well reduced, but the strong basic conditions also reduced the

azide group in an amino group (see entry 9, Table 2). Halogens at 3-position respect to

nitro-moiety were well tolerated under reaction conditions (entries 9, 18, 19 and 21),

proceeding with longer reaction times.  Exotic moieties such as hydrazine and amide

were suitable for the protocol (see entries 12 and 16, Table 2). The reductions of 4-

nitrophenol  and 2-nitrophenol  to the corresponding anilines  were not effective,  even

when increasing the equivalents  of base and sulfur and extending the reaction time,

which could be attributed to the acidity of the phenolic group and to the concomitant

increase  of  the  electron-donor  ability  of  the  phenol  as  phenoxide.  Only  polynitro-

phenols  1m and  1o afforded the reduced products (see entries 13 and 15, Table 2).

Substituted  heteroarenes  such  as  3-nitropyridines  and  nitro-1,4-phthalazindione  also

were  compatible  for  our  reduction  protocol,  obtaining  excellent  yields  of  desired

product (85-88 %) (entries  20-22, Table 2). Finally,  nitro-aliphatic  and nitro-alkenyl

derivatives (e.g. trans-nitrostyrene) were not suitable substrates for this nitro-reduction,

which open the possibility to extend the current technique to the selective reduction of

nitroarenes containing a nitro-alkyl or nitro-alkenyl chain.

Table 2. Substrate scope for the reduction of nitro group in nitroarenes.a

X

NO2

X

NH2S (4 equiv.)
NaOH (4 equiv.)

MeOH:H2O (8:2)
80 ºC, 1-16h

R R

1a-v 2a-v

X= CH or N

Entrie

s
Nitroarenes 1a-v Aniline 2a-vb Time (h)

1

NO2

1a

NH2

2a   (82%)

12 
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2

NO2

COOH
1b

NH2

COOH
2b  (79%)

2 

3

NO2

COCH3

1c

NH2

COCH3

2c  (38%)

2  

4

NO2

CN
1d

NH2

CN
2d  (72%)

3c

5

NO2

SH
1e

NH2

SH
2e   (81%)

12

6

NO2

N(CH3)2

1f

NH2

N(CH3)2

2f   (75%)

16

7

NO2

OCH3
1g

NH2

OCH3

2g  (88%)

16

8

NO2

1h

CH3

NH2

2h  (47%)

CH3

16
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9

NO2

N3

Br
1i

NH2

H2N

Br

2i (47%)

16

10

NO2

COOH

OCH3

1j

NH2

COOH

OCH3

2j  (89%)

12

11

NO2

NO2

1k

NH2

NO2

2k  (89%)

1

12

NO2

NO2

NHNH2
1l

NO2

NH2

NHNH2

2l  (70%)

12

13

NO2

NO2

OH
1m

NO2

NH2

OH

2m  (71%)

12

14

NO2

NO2

OCH3
1n

NO2

NH2

OCH3

1n    (81%)

12

15

NO2

NO2

OH

1o

O2N

NO2

NH2

OH

2o   (87%)

O2N 8

16

NO2

NO2

1p

H2NOC

NH2

NO2

NH2

2p  (83%)

H2NOC

NH2

8
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17

NO2

NH2

1q

NH2

NH2

2q  (72%)

16

18

NH2

NO2

Br
1r

NH2

NH2

Br
2r  (88%)

16

19

NH2

NO2

F
1s

NH2

NH2

F
2s  (70%)

16

20
N NH2

NO2
1t

N NH2

NH2

2t  (89%)

16

21
N NH2

NO2
1u

Cl

N NH2

NH2

2u   (85%)
Cl

8

22
NH

NH

O

O

NO2

1v

NH

NH

O

O

NH2

2v  (88%)

1

aReaction conditions: To a solution of substrate  1a-v (1.0-2.0 mmol) dissolved in methanol (5 mL),

followed by a minimal amount of water (1 mL) was added elemental sulfur (4.0-8.0 mmol, 4 equiv.) and

sodium hydroxide (4.0-8.0 mmol, 4 equiv.) and heated at 80 ºC. bIsolated yields of pure product 2a-v after

purification. cYield (%) determined from 1H-NMR analysis of isolated product. 

   In order to extend the applicability of our protocol to typical challenge in reduction of

nitro group, we worked on: (i)  the selective reduction of a series of symmetric  and

asymmetric dinitrobenzenes (six examples, entries 11-16, Table 2) to the corresponding

nitroanilines, and (ii) the reduction of o-nitroamines (six examples, entries 16-21, Table

2),  a  common toxic  pollutant  and harmful  waste  from industrial  waste-water,  to  o-

diamines. The protocol showed to be highly selective for a variety of asymmetrical 1-

substituted-dinitrobenzenes, obtaining exclusively a mono-reduced product in excellent
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yields at acceptable reaction time and with a good group tolerance (entries 11-16, Table

2). In particular, the nitro group ortho to the substituent (OH, OCH3, NHNH2, etc) was

preferentially reduced in the asymmetrical 1-substituted-2,4-dinitrobenzenes, which is

in concordance with the Zinnin´s finding for asymmetrical polynitroarenes [29a-b]. A

trinitroarene such as 2,4,6-trinitrophenol also was selectively reduced to the 2-amino-

4,6-dinitrophenol  in  excellent  yield  (87  %)  without  evidences  of  any  poly-reduced

product. We think that the preferential reduction of  ortho-nitro in these 1-substituted

polyarenes  may  be  associated  to  the  extra  reactivity  that  may  bring  substitutions

possessing electron pair (OH, OCH3, NHNH2, etc) to the sulfur atom in intermediate A

(Figure 1), a chelating structure generated under basic environment, which is a more

stable intermediate than that formed from 4-nitrosubstitution.  Recently,  T.B. Nguyen

and co-workers demonstrated that nitro-arenes have the ability to form the Ar-N(O)S(O)

functionalization, which is stabilized by a nucleophilic vicinal ortho-carbanion to form

sultams as a reaction stable product [29b]. This fact supports our proposal that  ortho-

electron donor possessing free electron pair may stabilize the intermediate X generated

during  reduction  process  mediated  by  elemental  sulfur.  In  summary,  the  current

technique emerges as an alternative for the selective reduction of polynitro-arenes: (i) to

traditional  methods  (e.g.  Bechamp's  reduction,  hydrazine-Pd/C  reaction  or  catalytic

hydrogenation),  that  are  poorly  selective  giving  mixture  of  reduced  product  or

exclusively the di-reduced product (phenylendiamines) from 1,3-dinitrobenzenes [29c]

and, (ii) to catalytic hydrogenation based on metal nano-catalyst [8a-c], which are in

general tedious, costly, with further separation and waste disposal. In addition, for the

selective  reduction  of  polynitro-arenes,  our  protocol  is  significantly  valuable  from

economical  and  environment  point  of  view  compared  with  industrial  selective

procedures  sulfur-based  (sulfide,  polysulfide  or  hydrosulfide)  by  its  low  cost,  low

potential toxic effects, low corrosion impact and facile manipulation of elemental sulfur

feedstock sources [8e-f] (see details in Supplementary material).

N
O S

O

O
N

O S

O

O

OH

II

N
O

I
A

S
OHO+





O2N O2N O2N

O

Figure 1. Proposed chelating intermediate X from an intramolecular  ortho interaction

(compound 1m is used as model).
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  With regards to the reduction of o-nitroanilines, they were successfully reduced to give

the corresponding o-phenylendiamines in excellent yields (> 70 %) with a good group

tolerance  (entries  16-21,  Table  2),  representing  an  attractive  technique  with  a  low

environment  impact  to  remove  o-nitroanilines  from industrial  waste-water  and other

sources. Furthermore, it is important to mention that the isolating procedure to obtain

the corresponding anilines was extremely simple and practical, requiring to evaporate

the methanol, under vacuum, filter off the product from resulting aqueous solution and

purified by flash chromatography whether is not sufficient pure from direct filtration

(see details in Supporting material). 

     Next,  we proceeded  with  the  deoxygenation  of  a  series  of  N-oxide  containing

azaheteroarenes including benzofuroxans, phenazine  N,N´-dioxides, pyridine  N-oxides,

2H-indazole  N1-oxides, quinoxaline  N1,N4-dioxides, and 2H-benzo[d]imidazole  N1,N3-

dioxides.  Optimization  experiments  were  performed  taken  into  account  the  optimal

condition found for reduction of nitroarenes (see Table 1). Then, we initiated with the

deoxygenation  of  benzofuroxans  using  benzofuroxan  as  model,  elemental  sulfur  (2

equiv.) and sodium hydroxide (2 equiv.) in methanol:water (8:2) as solvent at 80-90 ºC

by 4-5  hours  (entry  4,  Table  3).  Further  optimization  conditions  including  variable

amount of sulfur (1-3 equiv.) and base (0-3 equiv.), temperature (50-90 ºC) and time

were investigated (entries 1-3 and 5-10, Table 3). Two equivalents of elemental sulfur

and base were sufficient to afford a good conversion to the corresponding benzofurazan

according to stoichiometry from Eq. 2 (entry 4, Table 3). An incomplete conversion of

benzofuroxan substrate was appreciated when 1 equiv. of elemental sulfur and 1 equiv.

of NaOH were employed (entry 7, Table 3). No reaction occurred in absence of base

(entry 8, Table 3). Similarly to reduction of nitroarenes, aqueous methanol offered the

best results being the methanol:water in proportion 8:2 the most convenient mixture,

while a decrease in yield was appreciated for pure methanol (41 %), methanol:water

(9:1) (72 %), methanol:water (7:3) (68 %) and pure water (0 %) as solvent (compare

entries 1-5, Table 3). No detrimental impact on yield was observed when more than two

equivalents (three or four equiv.) of both sulfur and base were used (i.e. entry 6, Table

3). Reaction time of three to six hours and temperature of 80 ºC were found as the most

convenient conditions for the total conversion of benzofuroxan (entries 9 and 10, Table

3). Next, having the optimized conditions in hand (2.0 equiv. of sulfur, 2.0 equiv. of

NaOH  in  methanol:water  (8:2)  solvent  at  80  ºC  by  5  hours),  we  investigated  the
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substrate  scope  of  the  transformation  using  a  variety  of  substituted  benzofuroxans

(Table 4). 

Table 3. Condition optimization for the deoxygenation of benzofuroxan.a

N
O

N

O
  equiv. S
equiv. NaOH

MeOH-H2O 
  T ºC, time

N
O

N

3a 4a

Entries Solvent NaOH eq. Sulfur eq. T (ºC) Yield (%)b

1 H2O 2 2 80 0
2 MeOH 2 2 80 41
3 MeOH-H2O (9:1) 2 2 80 72
4 MeOH-H2O (8:2) 2 2 80 79
5 MeOH-H2O (7:3) 2 2 80 68
6 MeOH-H2O (8:2) 3 3 80 74
7 MeOH-H2O (8:2) 1 1 80 59
8 MeOH-H2O (8:2) 0 2 80 0
9 MeOH-H2O (8:2) 2 2 50 22
10 MeOH-H2O (8:2) 2 2 90 78

 aReaction conditions: 1.0 mmol substrate  3a, elemental sulfur (1-3 equiv.), and NaOH (0-3 equiv.) in solvent (6

mL).bIsolated yields of pure product 4a from column chromatography. 

     In  general,  a  good  group  tolerance  was  found  for  the  deoxygenation  of

benzofuroxans  with  good to  excellent  reaction  yields  (from 54  % to  92  %).  Some

notable points can be noted from Table 4: (i) the protocol showed to be compatible for

benzofuroxan bearing methyl and protected formyl groups (see entries 2, 7 and 8, Table

4), which is very interesting because it is well documented that they are sensitive to

oxidize by the action of elemental sulfur under basic conditions [26,27,30,31]; (ii) lower

reaction time for benzofuroxans bearing electron-withdrawing moieties were requires,

which put in evidence that electron-deficient benzofuroxan (3-4 h) are more reactive

than electron-rich benzofuroxan (4-5 h); (iii) higher reaction yields were detected for

benzofuroxans  bearing  electron-donor  moieties  (from 72  to  92  %)  such  as  methyl,

protected  formyl  or  ethoxy  moieties  compared  to  benzofuroxans  bearing  electron-

withdrawing  groups  (from  54  to  63  %),  which  may  be  associated  to  the  partial

decomposition  of  more  reactive  electron-deficient  benzofurazans  under  basic

conditions;  (iv)  small  amount  (by  about  10%)  of  benzothiofuroxane  (or  benzo[c]

[1,2,5]thiadiazole)  was identified  from  1H-NMR as by-product into all  final  mixture

reactions. These results put in evidence that the appropriate selection of the solvent and

base  led  a  significant  improvement  in  the  reductive  efficacy  of  elemental  sulfur
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compared  to  other  related  sulfur-procedures.  Moreover,  comparison  with  traditional

methods [32], our protocol represents a competitive and eco-friendly alternative for the

deoxygenation of benzofuroxans to benzofurazans due to that many of them required

the  use  of  highly  toxic  reagents  (e.g. trisubstituted  phosphines  and  phosphites,  and

sodium azide), high cost of reagents, extreme conditions of temperature (between 140

and 250 °C), complex isolating procedure, the use of unfriendly solvent such as xylene,

benzene or ethyleneglycol and the generation of toxic hazardous waste (e.g. explosive

hydrazoic  acid  when  azide  reagent  is  used  or  phosphorus  species  when  is  used

phosphines or phosphites).

Table 4. Substrate scope for the deoxygenation of benzofuroxansa

N
O

N

O    2.0 equiv. S
2.0 equiv. NaOH

MeOH-H2O (8:2)
   80 ºC, t

N
O

N
R3 R3

3a-h 4a-h

Entrie

s
Substrate Productb

Time

(h)

1
N

O
N

3a

O

N
O

N

4a  (79%)

4 

2
N

O
N

3b

H3C
O

N
O

N

4b  (92%)

H3C

5 

3
N

O
N

3c

Br
O

N
O

N

4c  (54%)

Br

4 

4
N

O
N

3d

Cl
O

N
O

N

4d  (61%)

Cl

3  

5
N

O
N

3e

EtO
O

N
O

N

4e  (78%)

EtO

4 
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6
N

O
NHOOC

3f

O

N
O

NHOOC

4f  (63%)

3

7
N

O
N

3g

O

O

O

N
O

N

4g  (80%)

O

O
5 

8
N

O
N

3h

H3C

O

O

N
O

N

4h   (72%)

H3C

O 4 

aReaction conditions: To a solution of substrate 3a-h (0.5-1.0 mmol) dissolved in methanol (5 mL), followed by a

minimal amount of water (1 mL) was added elemental sulfur (1.0-2.0 mmol, 2 equiv.) and sodium hydroxide (1.0-2.0

mmol, 2 equiv.) at 80 ºC. bIsolated yields of pure product 4a-h after column chromatography or recrystallization. 

    Regarding to the deoxygenation of phenazine N,N´-dioxides, pyridine N-oxides, 2H-

indazole  N1-oxides,  quinoxaline  N1,N4-dioxides  and  2H-benzo[d]imidazole  N1,N3-

dioxides, we performed the reaction using the optimized condition of the reduction of

nitroarenes  (see  Table  1)  and  deoxygenation  of  benzofuroxans  (Table  4),  which  in

general employs NaOH as base, a methanol:water (8:2) mixture as solvent, a reaction

temperature from 80 to 90 ºC and elemental  sulfur as reductant.  Then, optimization

experiments were focused on the determination of the minimal amounts of sulfur and

NaOH for the reactions. Experiments revealed that three equivalent of elemental sulfur

in combination with three equivalent of sodium hydroxide in methanol:water (8:2) at 80

ºC  were  the  optimal  conditions  for  the  deoxygenation  of  N,N’-dioxide  containing

heteroarenes  (phenazine  N,N´-dioxides,  quinoxaline  N1,N4-dioxides  and  2H-

benzo[d]imidazole  N1,N3-dioxides), while two equivalent of elemental sulfur and two

equivalent of base are sufficient for the deoxygenation of pyridine  N-oxides and  2H-

indazole  N1-oxides (Table 5). Similarly to previous reaction,  herein the use of water

resulted to be essentially important for a good efficacy of the deoxygenation of these

five  heterocyclic  systems.  A substrate  scope was  performed and general  results  are

listed in Table 5. Results reflected the difference in reactivity among the five studied

heterocyclic systems. In general, the phenazine N,N´-dioxides reacted notably faster than

pyridine  N-oxides,  quinoxaline  N1,N4-dioxides,  2H-indazole  N1-oxides  and  2H-

benzo[d]imidazole  N1,N3-dioxides (compared entries 1-6 to entries 7-16). From scope

phenazine, a series of 2-amino-substituted and 2-hydroxy-substituted phenazines were
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prepared in good yield (73-95 %) under relatively mild conditions (entries 1-6, Table 5).

It should be noted that substitution on both benzenic ring has an important effect on the

reactivity of the phenazine dioxides. In particular, the substitution of an amine moiety

by  a  hydroxyl  moiety  on  phenazine  ring  reduced  partially  the  reactivity  to  the

deoxygenation (compared entry 1 with entry 5, Table 5). It is associated to the phenolic

acid nature of hydroxyl group, which increase its electron-donor ability, reducing the

reactivity of nitrogen atoms. The 2-hydroxyl-substituted phenazine required, in general,

more reaction time than 2-amino-susbtituted phenazine dioxides. On the other hand, the

incorporation  of  a  methyl  group  at  the  8-position  of  phenazine  ring  decreased  the

reactivity of the system, displaying a complex mixture of product constituting mainly by

the starting material and by a product partially reduced of phenazine N-oxide (entry 4,

Table 5) (see spectra in Supporting material). A high conversion was found for the 2-

aminophenazine dioxides bearing bromine, fluorine and hydrogen at 8-position, giving

the deoxygenated product in excellent yields (76-95 %) and relatively shorter reaction

time (entries 1-3, Table 5). In particular,  the fluorine atom attached at  8-position of

phenazine dioxide 5b reacted simultaneously with methoxy anion from reaction milieu

to form the deoxygenated 2-amino-8-methoxyphenazine, which is expected due to the

susceptibility  of  fluorine  atom  to  aromatic  nucleophilic  substitution  under  basic

conditions. As last example, a partially activated phenazine dioxides such as phenazine

5f was  less  reactive  toward  the  total  deoxygenation than  2-aminophenazine  N,N´-

dioxides 5a-c, requiring longer reaction time and generating a complex mixture between

mono-reduced and deoxygenated derivatives (entry 6, Table 5). 

    On other hands, some other azaheteroarenes N-oxides such as pyridine N-oxides, 2H-

indazole  N1-oxides, quinoxaline  N1,N4-dioxides  and benzo[d]imidazole  N1,N3-dioxides

showed a  limited  substrate  scope.  For  examples,  only  pyridine  N-oxides  containing

withdrawing NO2-moiety were compatible with the protocol (entries 7 and 8, Table 5),

yielding  the  products  with  complete  moiety-reductions  (nitro  and  N-oxide  groups),

while other pyridine N-oxides were practically inert (entries 9 and 10, Table 5). Similar

phenomenon  was  found  for  2H-indazole  N1-oxides  and  quinoxaline  N1,N4-dioxides

where  the  heterocyclic  system  bearing  withdrawing  moiety  were  significant  more

reactive (entries 11 and 13, Table 5), while electron-donor-substituted 2H-indazole N1-

oxide 9b and quinoxaline N1,N4-dioxide 11b did not react under reaction conditions or

more  extreme  ones.  Finally,  2H-benzo[d]imidazole  N1,N3-dioxides  displayed  an
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incomplete  reaction  after  24  h  under  over-reflux,  giving  near  to  60  %  of  desired

products according to 1H-NMR analysis (entries 15 and 16, Table 5).

Table 5. Substrate scope for the deoxygenation of N-oxide containing heteroarenes.a

   S (3 eq.)
NaOH(3 eq.)

MeOH-H2O(8:2)
      T, 2-24 h

N

N
O

O
N

N

5a-f, 11a-, 13a-b
6a-f, 12a-b, 14a-b

N
O

N

CN

Ar

   S (2 eq.)
NaOH(2 eq.)

MeOH-H2O(8:2)
     T, 24 h

9a-b

N
N

CN

Ar

10a-b

GROUP II:

GROUP I:

GROUP III:

N

7a-d

O
   S (2-5 eq.)
NaOH(2-5 eq.)

MeOH-H2O(8:2)
    T, 2-16 h

N

8a-d

R R

Entrie

s
Substrate Productb Time (temperature)

1
N

N

5a

NH2

O

O

N

N

6a  (87%)

NH2

4 h (80 ºC)

2
N

N NH2F

5b

O

O

N

N NH2H3CO

6b  (95%)

3 h (80 ºC)

3
N

N NH2Br

5c O

O

N

N NH2Br

6c  (76%)

3 h (80 ºC)

4
N

N NH2H3C

5d

O

O

N

N NH2H3C

6d  (mixture)

24 h (80 ºC)
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5
N

N OH

5e

O

O

N

N OH

6e  (73%)

16 h (80 ºC)

6c

N

N

5f

O

O
N

N

6f  (mixture)

12 h (80 ºC)

7d
N NH2

NO2
7a

O
N NH2

NH2

8a  (68%)

16 h (80 ºC)

8d
N NH2

NO2
7b

Cl

O N NH2

NH2

8c   (81%)

Cl 8 h (80 ºC)

9d
N

COOH
7c

O
N

COOH
8c  (traces)

24 h (90 ºC)

10e
N

7d

O N

8d   (traces)

24 h (90 ºC)

11e

N
N

O

I

9a

CN

N
N I

10a  (71%)

CN

24 h (90 ºC)

12
N

N

O

OH

9b

CN

N
N OH

10b  (no conversion)

CN

24 h (90ºC)

13
N

N NH2

CN

Cl

Cl

11a O

O

N

N NH2

CN

Cl

Cl

12a (67%)

16 h (90ºC) 
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14d

N

N

11b O

O

N

N

12b (traces)

24 h (90ºC) 

15f

N

N

O

O

13a

N

N

14a  (62%)

 

24 h (80 ºC)

16f

N

N

O

O

13b

Cl N

N

14b  (64%)

Cl  

24 h (80 ºC)

aReaction conditions: To a  solution of  substrate  (0.5-1.0  mmol)  dissolved in  methanol  (5  mL),  followed by  a

minimal amount of water (1 mL) was added corresponding elemental sulfur and sodium hydroxide at  80-90 ºC.
bIsolated yields of pure product after column chromatography or recrystallization. cYield from 1H-NMR analysis. d5

equiv. of elemental sulfur and 5 equiv. of NaOH were used. e2 equiv. of elemental sulfur and 2 equiv. of NaOH were

used. fYield determined from 1H-NMR analysis of isolated product.

   The  mechanism of  reaction  proposed herein  was inspired  into  previous  findings

derived from Zinnin's protocol for the reduction of nitroarenes [33]. In general, kinetic

and analytical studies have identified to the nitroso-arene and hydroxylamine-arene as

potential organic intermediates as well as to the thiosulfate as oxidized sulfur specie,

both formed during the reaction [33]. With these principles in mind, we performed two

groups  of  experiments:  (i)  focusing  on  the  identification  of  sulfur  anionic  species

formed  post-reaction  and,  (ii)  other  focusing  on  the  identification  of  organic

intermediate species by in situ 1H-NMR experiments. Firstly, the expected presence of

thiosulfate  anion  (S2O3
2-)  was  confirmed  by  four  analytical  tests  including:  (i)

permanganate discoloration test, (ii) iodine/iodide discoloration test, (iii) precipitation

with aluminum (III) solution and, (iv) complexation with silver chloride [34a-d], which

all these resulted positive according equations 3-6 for crude aqueous layers either from

the  reduction  of  1,3-dintrobenzene  reduction  or  from  the  deoxygenation  of

benzofuroxan.  Also,  the  presence  of  sulfur  anion  (S2-)  was  detected  through  the

cadmium test. This sulfur anion can be derived from the disproportionation of elemental

sulfur under strong basic and heating conditions according to Eq. 7 and 8 [34e]. The

elemental sulfur may react with sulfide and sulfite anions generated from equations 7

and 8 accordingly to equations 9 and 10. These all reactions contribute to decrease the

effective amount of elemental sulfur needed for the reduction processes, which obligates
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to use a small excess of elemental sulfur for an optimal reduction of nitro-arenes or

deoxygenation  of  N-oxide  azaheteroarenes  as  was  described  in  optimization

experiments (see Tables 1 and 3). 

2 MnO4
- + 16 H+  +   10 S2O3

2- H2O
2 Mn2+ + 5 S4O6

2-  +   8 H2O

2 Al3+ + 3 S2O3
2-  +   3 H2O

H2O
3 SO2  + 3 S  +   2 Al(OH)3

2 S2O3
2-  +   I2

H2O
 S4O6

2-  + 3 I-

AgCl +   2 Na2S2O3
H2O

Na2[Ag(S2O3)2]  +   NaCl

(3)

(4)

(5)

(6)

6 NaOH +   4 S
H2O

2Na2S    +  Na2S2O3 +   3H2O (7)

Na2SO3  +   S
H2O

(10)

Na2S +   n S
H2O

Na2S(n+1) (9)

Na2S2O3

6 NaOH +   3 S
H2O

2Na2S    +  Na2SO3 +   3H2O (8)

  Regarding to the identification of organic intermediates, an experiment on resulting

reaction  mixture  was  performed  for  the  incomplete  reduction  of  N,N´-dimethyl-4-

nitroaniline. This substrate was selected because it was the unique nitroarene in which it

was possible to evidence the formation of several intermediates during reaction using

TLC analysis. The reaction was stopped at 2 hour, solvent was evaporated and resulting

crude was  analyzed  by a  1H-NMR experiment.  From  1H-NMR spectra,  the  starting

material, the aniline product, N,N´-dimethyl-4-hydroxylaminoaniline, a small amount of

N,N-dimethyl-4-nitrosoaniline, and a good proportion of the diazene intermediate (see

details and spectrum in Supporting information material) were identified. The chemical

shifts  of hydroxylamine,  nitroso- and diazene intermediates  are in concordance with

typical data reported for analogues of them [35]. The detected diaryl diazene  N-oxide

intermediate  is  derived  from  coupling  between  the  N,N´-dimethyl-4-

hydroxylaminoaniline  and  N,N-dimethyl-4-nitrosoaniline,  and  its  formation

demonstrated that both reduced intermediates are formed during the studied reduction of

nitroarenes (see Figure 2). The condensation between N,N´-dimethyl-4-hydroxylamino

aniline and N,N´-dimethyl-4-nitroso intermediates under a variety of reaction conditions

has been widely reported [36]. It is important to mention that the diaryl diazene N-oxide

intermediate was only detected for the reduction of N,N´-dimethyl-4-nitroaniline, which

may  be  associated  to  the  presence  of  the  electron-donating  group  of  dialkylamine,

faciliting the nucleophilic  attack from hydroxylamine nitrogen to nitroso nitrogen to
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form the diaryl diazene N-oxide after dehydratation process. Multiple small peak nearby

to chemical shifts of all  mentioned intermediates suggested that other short life-time

intermediates  containing  sulfur  may  be  involved  into  the  formation  of  nitroso-  and

hydroxylamino-intermediates. The formation of intermediates containing N-S(O) bond

has been previously reported for reduction of nitro group using sulfur reductant agents

[29b, 37]. Then, with these all information in hand, we proposed a tentative mechanism

of reaction for the reduction of nitroarenes (Figure 2). Firstly, elemental sulfur reacts

with sodium hydroxide under heating in solution to form oxy-sulfur specie (HO-S-). The

nucleophilic oxy-sulfur (HO-S-) anion attacks to positive nitrogen atom of nitro group in

substrate  1a to  form  an  unstable  sulfinyl-nitroso  intermediate  I,  which  releases

nitrosoaryl  intermediate II and  hydro-sulfoxylate  anion through  a  new nucleophilic

attack of hydroxide anion to sulfur atom in intermediate I. Intermediate II may react: (i)

with  a  nucleophilic  thio-hydrosulfoxylate  species  [HOS(O)S-]  (a  thiosulfite  anion)

derived from reaction  between  the  hydro-sulfoxylate  (HO-SO-)  anion and elemental

sulfur  to  form  an  intermediate  III  or,  (ii)  with  a  nucleophilic  oxy-sulfur  to  form

intermediate  IV.  Then, intermediate  III and  IV are attacked by hydroxide anion on

sulfur atom to form the hydroxylamino intermediate V, releasing thiosulfate and hydro-

sulfoxylate anions, respectively. The hydro-sulfoxylate anion reacts with elemental to

generate  other  molecule  of  thiosulfite  anion.  Finally,  nucleophilic  oxygen  of

hydroxylamine  attack  to  sulfur  atom of  thiosulfite  anion  to  form intermediate  VII,

which  disproportionates  to  release  the  desired  aniline  VIII and  two  molecules  of

thiosulfate anion. During the reaction, three molecules of thiosulfate are formed by each

two molecules of nitroarenes, requiring six equivalents of sulfur and six of hydroxide.

The hydroxylamine intermediate V may react with the nitroso-arene intermediate II to

display the diaryl diazene N-oxide intermediate VI. This last intermediate VI only was

detected in the reduction of N,N´-dimethyl-4-nitroaniline. From proposal mechanism, it

is clear that a strong base is essential to induce the first oxygenation of the elemental

sulfur to form the oxy-sulfur anion, which is highly rich-electron specie to initiate the

electron transfer to nitro group. Furthermore, the high nucleophilic power of hydroxide

as well  as the relative  stability  of S-O bond facilitates  the formation  of oxygenated

sulfur species (e.g. thiosulfate) leading the reduction of oxidized nitrogen moieties. The

reaction  between oxygenated  sulfur  anions  and elemental  sulfur  suggests  that  polar

mixture solvent such as methanol-water that has the ability to dissolve partially both the

elemental sulfur and hydroxide sodium is essential for an optimal redox process.
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Figure 2. Plausible proposed mechanism of reaction for nitro-arenes (compound 1a is

used as model).
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Figure 3. Plausible proposed mechanism for N-oxide azaheteroarenes.

   Regarding to  N-oxide containing azaheteroarenes,  no intermediates  were detected

from the  1H-NMR experiments; however, we think that short-life sulfur intermediates

may be involved in the deoxygenation of N-oxide heteroarenes. Initially, oxygen of N-

oxide moiety of substrate IX (Figure 3) ensemble with empty orbital in elemental sulfur

to form intermediate  X, which may easily to release the sulfinyl intermediate  XI. The

formation of intermediate  XI is well supported by the generation of thiobenzofurazan,

which  were  detected  for  the  deoxygenation  of  benzofuroxans.  Subsequently,  the

desulfinylation of  XI mediated by nucleophilic action of hydroxide anion lead to the

desired  heteroarene XII and  hydrosulfoxylate  anion  according  to  Figure  3.  A thio-

hydrosulfoxylate  derived  from  coupling  between  hydro-sulfoxylate  (HO-SO-)  and

elemental  sulfur  may  deoxygenate  other  N-oxide  unit  from  other  molecule  of

benzofuroxan or a second  N-oxide unit  in a  dioxide  derivative  to  form the  reduced

product  XIV,  passing  by  intermediate  XIII.  In  particular,  N-oxide  containing

heteroarene  such  as  benzofuroxan,  pyridine  or  indazole  needed  one  equivalent  of

elemental  sulfur  by  substrate,  while  the  N,N-dioxides  required  two  equivalents  of

elemental sulfur by substrate. 

   Next, we evaluated the green chemistry credentials for our protocol using  E-factor

(see details  in Supporting information for calculations) [38]. In general,  the protocol
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presented good E-factor values from 3.26-7.85 for reduction of nitroarenes, from 1.98-

3.01 for the deoxygenation of benzofuroxans and from 1.60-2.38 for the phenazine N,N
´-dioxides.  A moderate  AE  value  was obtained  for  the  reduction  of  nitroarenes  and

deoxygenation of N-oxide containing heteroarenes. To evaluate the purity of the water-

waste  used  as  a  solvent  in  our  protocol,  we  analyzed  through  a  simple  1H-NMR

experiment  the  resulting  water  mixture  after  reaction  and  the  extraction  with  ethyl

acetate. It should be noted that water solution was free of organic compounds, which

demonstrated together to the good E-factor value the sustainability of the reaction (all

these  details  can  be  seen  in  supporting  information  material).  Furthermore,  we

demonstrated that resulting water solution can be re-used for further reduction of 1,3-

dinitrobenzene  using  only  two  equivalents  more  of  elemental  sulfur  and  sodium

hydroxide, putting in evidence the sustainability and reusability of the protocol.

   To verify the scalability of the protocol, a gram-scale (2 g) synthesis of the luminol

was performed (Figure 4). Luminol is a chemiluminescence agent that presents a variety

of applications including the detection of ion concentrations in aqueous solutions [39],

monitoring H2O2-dependent reactions [40] and the detection of blood at crime scenes

[41].  In  our  conditions,  the  reaction  proceeded  during  1  hour  under  optimized

conditions of reduction with an excellent yield by about 89 % and a facile and practical

isolating procedure. Previous reports permitted the synthesis of luminol with moderate

yield using sophistic reagent such as dithionite or hazardous reagents such as ammonia

and hydrogen sulfur [42]. Therefore, our protocol represents an efficient, competitive

and eco-friendly procedure for the preparation of luminol to gram-scale.

NH

NH

O

O

NO2
   4 equiv. S
4 equiv. NaOH

MeOH-H2O (8.2)
   80 ºC, 1 h

NH

NH

O

O

NH2

2 g

-High reaction yield (89%)
-Practical and simple isolating procedure
-Eco-friendly protocol
-Use of raw material and safer solvent
-Mild conditions
-Low production of water waste
-Excellent sustainability and reusability1.53 g

Figure 4. A gram-scale example for the synthesis of Luminol.

Conclusion

 We developed  a  transition  metal-free,  practical  and  eco-friendly  procedure  for  the

reduction of nitroarenes and for the deoxygenation of N-oxide containing heteroarenes

using  a  non-toxic  and  economical  raw  reducing  agent  such  as  elemental  sulfur  in

aqueous  methanol  solvent  under  relatively  mild  conditions.  Our  protocol  provide  a
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variety  of  important  compounds  in  organic  chemistry  such  as  substituted  anilines,

benzofurazans,  phenazines,  pyridines,  indazoles,  quinoxalines  and  benzimidazoles,

emerging as a powerful route to the synthesis of bioactive molecules and intermediates

in organic chemistry. Compared to other reported method of reduction of nitroarenes

and deoxygenation of  N-oxide containing heteroarenes, the current protocol highlights

by  its  simplicity,  efficiency  and  eco-friendly  characteristic  with  reduced  compound

manipulations in work-up and purification procedures. Finally, this strategy represents a

valuable strategy for industrial applications in: (i) the preparation of valuable chemical

agent such as luminol to a gram-scale in excellent yield (89 %), (ii) selective reduction

of  symmetric  and  asymmetric  substituted  dinitrobenzene  to  nitroanilines,  and  (iii)

effective  conversion  of  pollutant  o-nitroaniline  to  o-diamines  with  good  Green

chemistry metrics. 
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