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Abstract: Nitro compounds are an important class of organic molecules with broad application in
organic synthesis, medicinal chemistry, and materials science. Among the variety of methodologies
available for their synthesis, the direct oxidation of primary amines represents an attractive alterna-
tive route. Efforts towards the development of oxidative procedures for the synthesis of nitro deriv-
atives have spanned over the past decades, leading to a wide variety of protocols for the selective
oxidative conversion of amines to nitro derivatives. Methods for the synthesis of nitroarenes via
oxidation of aryl amines, with particular emphasis on recent advances in the field, are summarised
in this review.
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1. Introduction

Nitro compounds occupy an important position in organic chemistry. Owing to their
easy availability and their potential to be converted into a broad range of functional
groups, nitro derivatives are widely employed in organic synthesis [1]. Nitroarenes are
used as versatile building blocks for the synthesis of relevant chemicals, including phar-
maceuticals [2,3], dyes [4,5], materials [6], and perfumes [7]. A number of nitro-containing
compounds such as nitroxoline [8], nitrofural [9], nitrofurantoin [10,11], and chloram-
phenicol [12] are market-available drugs. Nitro derivatives also play a significant role in
the development of mechanistic concepts [13]. A great deal of attention has thus been
devoted to the development of practical and convenient methodologies for their synthe-
sis. The synthesis of aromatic nitro compounds was reviewed almost ten years ago by Yan
and Yang [14]. The “classical” route towards nitroarenes—relying on the electrophilic ni-
tration of aromatic derivatives—is arguably one of the most extensively studied organic
transformations. The harsh reaction conditions, along with the imperfect functional group
tolerance and the poor regioselectivity, represent the main drawbacks of this route. Many
aromatic nitro derivatives remain difficult to synthesise through such a route [15]. A
broad range of alternative nitration reagents and methodologies—including transition-
metal-catalysed ipso-nitration methodologies—have emerged as powerful tools for the
synthesis of nitroarenes [14,16].

In this context, the direct oxidation of primary amines enables issues related to regi-
oselectivity to be overcome and provides an attractive, alternative, and fascinating route
for the synthesis of nitro derivatives. Several methods for the oxidative transformation of
primary amines to nitro compounds have been developed over the past decades, and par-
ticular attention has been devoted to the investigation of environmentally benign proto-
cols. One of the issues that should be considered when investigating the oxidation of
amines is related to the selectivity of the process. For example, considering the oxidation
of aniline to nitrobenzene, azoxybenzene 2 and nitrosobenzene 3 represent typical by-
products that can be formed alongside the desired nitroarene 1a (Scheme 1).
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This review focuses on oxidation-based methodologies for the conversion of aryl
amines to nitroarenes. The scope and limitations of currently available procedures are
presented with particular emphasis on mechanistic aspects.
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Scheme 1. Possible oxidation products of aniline.

2. Oxidation with Peroxyacids

Peroxyacids have been largely employed as oxidising agents for the conversion of
amines into the corresponding nitro derivatives. A number of methods relying on the re-
activity of peroxyacids have consequently been reported. Problems related to the selectiv-
ity of oxidation-based routes for the synthesis of nitroarenes 1 were already documented
at the beginning of the last century. For example, the reaction of aniline with peracetic
acid was described as providing only an 11% yield of nitrobenzene 1a; azoxybenzene 2
represented the main reaction product [17,18]. In 1957, Emmons reported the synthesis of
nitro derivatives 1la—f via oxidation of amines with anhydrous solutions of peracetic acid,
freshly generated from acetic acid and hydrogen peroxide in the presence of catalytic
amounts of sulfuric acid (Scheme 2) [19]. The reaction enabled the oxidation of a series of
differently substituted anilines with good yield, although variable amounts of the corre-
sponding azoxyarenes were detected. Notably, trifluoroperacetic acid led to higher yields
and could also be used for the oxidation of weakly basic amines such as nitroaniline [20].
A limited number of nitroalkanes were also achieved upon oxidation of aliphatic amines
with peracetic acid [19]. Oxidation of aniline to nitrobenzene has also been achieved by
using the hexafluoroacetone-hydrogen peroxide complex, which behaves as an effective
oxidising agent [21].

(0]
)J\ @
OOH
Ar—NH, Ar—NO,
CHCI3 or CH,Cl, 1
Reflux, 1 h
©/N02/©/N02 NO, /©/N02 NO, /©/N02
o cl
1a, 83% 1b, 72% 1c, 70% 1d, 82% 1e, 72% 1f, 62%

Scheme 2. Synthesis of nitroarenes via oxidation of anilines with peracetic acid. * Anhydrous perace-
tic acid was generated in situ upon reaction of acetic anhydride with 90% hydrogen peroxide under
H2SO4 catalysis.

Several m-CPBA-based procedures for the conversion of a variety of amines into the
corresponding nitro derivatives have been developed over the past decades. Such routes
have been efficiently applied to aliphatic [22], steroidal [23], diamondoid [24], and aro-
matic amines [25]. For example, Liu et al. reported the synthesis of a broad range of vari-
ously substituted nitroarenes 1 through the oxidation of anilines with m-CPBA in 1,2-di-
chloroethane. This approach was amenable to both electron-rich and electron-poor sub-
strates and proved to be scarcely sensitive to steric effects (Scheme 3) [25].
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Scheme 3. Oxidation of anilines to nitroarenes with m-CPBA (m-chloroperbenzoic acid) (selected
examples). 2 The reaction was performed at room temperature. ® Prepared through oxidation of 4-
nitroaniline. < Prepared through oxidation of 1,4-diaminobenzene with 8.0 eq of m-CPBA.

A convenient 1-butyl-3-methyl-imidazolium-phosphotungstate-catalysed procedure
for the oxidation of anilines with m-CPBA was recently reported by Meenakshi et al. [26].
The combination of ionic liquids (ILs) and polyoxometalates (POMs) provides hybrid ma-
terials fixing Keggin ions in the solid state and retaining the properties of both organic
cations of ILs and inorganic anions of POMs. Such immobilised polyoxometalate hybrid
materials have been widely employed in heterogeneous catalysis [27,28]. In this context,
Meenakshi et al. investigated the catalytic performances of various Keggin-ion-based hy-
brid materials in the oxidation of aryl amines. 1-Butyl-3-methyl imidazolium phospho-
tungstate hybrid materials [bmim]s[PW120u40], synthesised from 1-butyl-3-methyl imidaz-
olium bromide (bmimBr) and HsPW1040-nH20, exhibited remarkable catalytic properties
for the oxidative conversion of anilines into nitroarenes using m-CPBA in acetonitrile at
85 °C for 2 h (Scheme 4) [26]. The scope of the reaction proved to be broad, encompassing
both electron-rich and electron-poor anilines, which could be converted into the corre-
sponding nitroarenes with high selectivity and with only small amounts of azoxyben-
zenes being formed as side products. An additional interesting feature of this protocol
was the possibility of easily recovering and reusing the catalyst three times, without sig-
nificant loss of catalytic activity.

[bmim]3[PW120.4]
Ar—NH, + m-CPBA —————>  Ar—NO;,
MeCN 1
85°C,2h
NO, NO, /©/N02 /©/N02 /©/N02
@ /©/ ~o o ON
1a, (93%)° 1b, (87%)° 1d, (98%)° 1f, (92%)° 1h, (100%)°

Scheme 4. Oxidation of anilines to nitroarenes with m-CPBA catalysed by [bmim]s[PW120u0] (se-
lected examples). @ Selectivity for nitroarenes over azoxy- and diazo-arenes is reported in parenthe-
ses; selectivity was determined by GC-MS.

The use of nonanebis (peroxoic acid) as an oxidising agent towards anilines was also
investigated [29]. Notably, such a diperoxy acid was proved to behave as an effective re-
agent for the conversion of aryl amines into nitroarenes under metal-catalyst-free condi-
tions, and it exhibited significantly higher reactivity with respect to monoperoxy acids.
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The reaction, performed in acetonitrile at 50 °C, exhibited a broad scope, enabling the ox-
idation of a broad range of substituted anilines to provide the corresponding nitroarenes
1a,b,m-r with good yield (Scheme 5). An interesting feature of this protocol is related to
the reactivity of ortho-substituted anilines. Indeed, amines bearing hydrogen(s) on a het-
eroatom at the ortho position smoothly undergo oxidation, affording the corresponding
nitro derivatives. On the other hand, when an X-H moiety (X = NH, NR, O) is not present
at the ortho position, the oxidation of the amino functionality does not occur. Thus, while
2-aminophenol was efficiently converted into 2-nitrophenol 1r upon reaction with non-
anebis (peroxoic acid), 2-methoxyaniline proved to be unreactive under the same reaction
conditions. Similarly, N!,N'-dimethylbenzene-1,2-diamine and 2-nitroaniline failed to un-
dergo oxidation (Scheme 4, unreactive substrates). On the basis of these results, ortho-sub-
stituted nitroarenes 1r—u were efficiently achieved via oxidation of the corresponding ani-
lines. Notably, the regioselectivity and chemoselectivity of the process allowed the prep-
aration of 2-nitroaniline 1s from 1,2-diaminobenzene with excellent yield. The proposed
explanation of the observed steric-hindrance-induced selectivity relies on the presence of
hydrogen bonding interactions involving the ortho-XH group and the carbonyl oxygen of
the diperoxy acid, which facilitate the oxidation reaction (Scheme 6) [29].

Additionally, such a steric-hindrance-induced regioselective and chemoselective ox-
idative approach was also employed for the synthesis of commercially important mole-
cules such as 1v (dichloran, a fungicide) and 1w (used as an azo dye for nonlinear optics—
NLO) by selective oxidation of the less hindered amino group of the corresponding dia-
mine derivative (Scheme 5).

@ 9 MeCN
Ar—NH, + HO. J\H/U\ OH — N~ A—NO,
o v 0 50 °C, 20 min 1
(3.0 eq.)
NO,
@ (? @ @ @
© ©\ OCF;
on  COH
1a,96% 1b,92%  1m,84% 1n,85% 10,95% 1p, 94% 1q, 88%
89%  1s,95% 1t 89% 1u, 87% 1v, 92% 1w, 93%

Unreactive substrates

—————————————————————————————————————————————

Scheme 5. Selected examples of oxidation of anilines with nonanebis (peroxoic acid) to give ni-
troarenes.
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Scheme 6. Hydrogen bonding between H atom on the ortho-XH substituent and the carbonyl oxygen
of the diperoxy acid, reasonably accounting for the steric-hindrance-induced regioselective oxida-
tion of anilines with nonanebis (peroxoic acid).

3. Oxidation with Tert-butyl Hydroperoxide

A number of metal-catalysed approaches for the oxidation of amines to nitro deriva-
tives with tert-butyl hydroperoxide (TBHP) have been developed. The oxidation of aro-
matic amines using hierarchical micro-meso-macroporous CuAIPO-5 as the catalyst was
reported by Ke et al. [30] Aluminophosphate zeolites are porous materials characterised
by high thermal stability. Aluminium and/or phosphorus atoms in the aluminophosphate
framework (AIPO-n) can be replaced with metal ions providing metal-doped alumino-
phosphate (MAIPO-n) materials. CuAIPO-5 zeolite was hydrothermally synthesised us-
ing a silane surfactant and 1,1,3,3-tetramethylguanidine as the structure-directing agent
(SDA). The calcined CuAIPO-5 zeolite showed remarkable catalytic properties for the ox-
idation of bulky arylamines to the corresponding nitroarenes, using TBHP as the oxidant.
The reaction scope was found to be broad, enabling the oxidation of anilines bearing sub-
stituents at different positions of the aromatic ring (Scheme 7). Notably, the CuAIPO-5
catalyst could be efficiently recovered and reused up to five times, enabling the oxidation
of 4-bromoaniline to the corresponding nitroarene with excellent conversion and selectiv-
ity over the other oxidation products [30].

CuAIPO-5

Ar—NH, + TBHP ————> Ar—NO;

MeCN 1

60 °C, 4 h
NO
N02 N02 N02 2 N02
S DO
Br

1c, 65%° 10, 81%¢ 1x, 91%:2 1y, 71%P 1z, 82%°

Scheme 7. CuAIPO-5-catalysed oxidation of arylamines with TBHP (selected examples). 2 Selectiv-
ity: 100%; b selectivity: 72%; <selectivity: 95%; dselectivity: 93%.

The use of chromium silicalite-2 (CrS-2) as a stable and recyclable catalyst for the
direct oxidation of primary amines with TBHP was also described [31]. The chromium-
containing medium-pore zeolite CrS-2 (Si:Cr > 140:1) efficiently catalyses the oxidation of
a wide range of amines providing nitro derivatives with good yield. Notably, this hetero-
geneous catalyst enabled the oxidation of both aromatic and aliphatic amines to ni-
troarenes and nitroalkanes (Scheme 8). On the other hand, benzylamine provided ben-
zaldoxime under the same reaction conditions. From the mechanistic point of view, the
oxochromium (V) species of the zeolite framework are believed to promote the oxidation
of the amine to the nitro derivative. Control experiments highlighted that such oxidation
reasonably proceeds through hydroxylamine and nitroso intermediates [31].
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Scheme 8. Chromium silicalite-2 (CrS-2)-catalysed oxidation of amines with TBHP.

A rhodium-catalysed approach for the oxidation of substituted anilines with tert-bu-
tyl hydroperoxide (TBHP) was developed by Doyle et al. tert-Butylperoxy radicals, which
behave as effective oxidants for phenols and anilines, can be easily generated from TBHP
under dirhodium caprolactamate, Rhz(cap)s, catalysis. Anilines are preferentially oxidised
to nitroarenes, although variable amounts of dienones 5, formed upon hydrolysis of the
corresponding dienimines, were detected (Scheme 9). Anilines bearing electron-donating
groups provided the corresponding nitro derivatives with higher yields (1b,d). On the
other hand, both aromatic substituents in the ortho position (1a,b) and electron-withdraw-
ing groups in the para position (1f,h) led to significantly reduced yields. The reaction
mechanism reasonably proceeds through nitroso compounds; the formation of 5 suggests
that, similarly to the related phenolic oxidation, the oxidation of anilines involves the hy-
drogen atom abstraction from the amino group followed by trapping by the peroxy radi-
cal at the nitrogen or at the para position. Notably, the application of this methodology to
aliphatic primary amines enabled their conversion into carbonyl derivatives via oxidative
removal of the amino group [32].

TBHP (4.0 eq. in decane)

Rhy(cap), (0.1 mol %) 5
Ar—NH, e ° A—NO, |

NaHCO; (0.5 eq.) 1
CH.Cly, rt., 16 h

NH
NO NO NO 2
/©/ N02 /©/ 2 /©/ 2 /©/ 2 o
MeO Cl OoN

1b, 79%, (75%)% 1d, 60% 1f, 51% 1h, 16% 1ab, 43%°

Py

Scheme 9. Rhodium-catalysed oxidation of anilines to nitroarenes. » The reaction was performed
using 1.0 mol % of Rhz(cap): and T-HYDRO (70% tert-butyl hydroperoxide in water, 4.0 eq) at 40 °C
for 20 min.

A metallo-porphyrins-catalysed protocol for the oxidation of anilines to nitroarenes
with TBHP was also developed. Both iron (III) and manganese (III) tetraaryl porphyrins
were employed as catalysts in the presence of various axial ligands including imidazole,
1-methylimidazole, 2-methylimidazole, and 4-tert-butylpyridine. The oxidation was con-
ducted using TBHP in dichloromethane at room temperature. While the imidazole series
gave similar results in terms of reaction yield, the more weakly coordinating 4-tert-bu-
tylpyridine proved to be less efficient. Additionally, the oxidation reaction was demon-
strated to be less effective using Mn (III) complexes with respect to related Fe (III) com-
plexes (Scheme 10) [33].
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M = Fe; Mn; Ar = Ph; 2,6-CI-CgH3 H Ar 1
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Scheme 10. Metallo-porphyrins-catalysed oxidation of anilines to nitroarenes with TBHP. Reaction
time depends on the nature of both the substrate and the catalyst.

A zirconium-catalysed approach for the oxidative conversion of aryl amines to ni-
troarenes has also been described. A broad array of differently substituted anilines react
with TBHP in the presence of catalytic amounts of Zr(O'Bu)s to generally afford good
yields of the corresponding nitrobenzenes. The reaction was also extended to the oxida-
tion of aminopyridines, which provided the related nitropyridines at lower yields
(Scheme 11) [34].

Zr(O'Bu), (0.1 eq.)
Het-Ar/Ar—NH, + TBHP

Het-Ar/Ar—NO,

AIKO; CI; CN:; 4-NH,-CgH,

(1.8-2.0eq) CHCl2 3SAMS. 1, 41-99%
rt, 0.25-24 h

T RO R :
5 N R R! R® 5
: |
. Het= 7 R? Ar= R* :
i R R i
: R'-R* H; Me R'-R H; Pr; COEt; NyCeHs; |
i '

Scheme 11. Zirconium-catalysed oxidation of anilines to nitroarenes with TBHP.

Besides metal-catalysed procedures, a selective approach for the conversion of aryl
amines to nitro derivatives using TBHP in the presence of catalytic amounts of potassium
iodide was also developed. The reaction could be successfully applied both to electron-
rich and electron-poor substrates, affording good yields of the corresponding nitroarenes
[35].

4. Oxidation with Hydrogen Peroxide

Owing to their versatility, metal-catalysed routes for the oxidative conversion of
amines to nitro derivatives with hydrogen peroxide have attracted considerable interest.
Generally, the recycling performances of used catalysts were also investigated.

Dewkar et al. reported the use of a novel hydrated titanium matrix as a heterogene-
ous catalyst for the oxidation of primary amines using hydrogen peroxide. While aliphatic
primary amines with a-CH bonds provided oximes along with the corresponding ketone,
anilines were converted into nitroarenes [36]. This protocol proved to be amenable both
to electron-poor and electron-rich anilines, giving the corresponding nitro compounds
with high selectivity. The formation of variable amounts (0.37-9.01%) of azoxyarenes and
nitrosoarenes was also observed. Notably, the catalyst could be easily recovered and suc-
cessfully reused. The proposed catalytic cycle is reported in Figure 1. The radical anion 7,
generated from 6 and H0», abstracts a hydrogen atom from the amine, affording a
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transient RNH* radical species 8. Species 8 is then oxidised to the nitroso derivative 9,
which undergoes further oxidation to give the nitro compound 1 and regenerate the cata-
lyst 6.

RNO> = 24,0,
/ >~
H202/ NZHQO
R- N 0
/ ~ / e~
H RNH,
N
H,0, /
8

Figure 1. Proposed catalytic cycle for the oxidation of amines.

The use of calcium tungstate as a convenient and recoverable catalyst for the oxida-
tion of organic compounds with H2O2 was reported by Kyler et al. An active homogeneous
solution of pertungstate species, formed upon treatment of CaWOs with H20: and stabi-
lised with 9,10-phenanthroline, can be employed as an efficient catalyst for the oxidation
of amines, alcohols, alkenes, and sulfides. This methodology was applied to the synthesis
of nitrobenzene, 4-nitrotoluene, and 3-nitroisoxazole with 95%, 93%, and 85% yield, re-
spectively. Notably, the catalyst could be easily recovered from the aqueous phase by fil-
tration; no loss of catalytic activity was found after five cycles of oxidation. The approach
was demonstrated to be easily scalable and could be used for the oxidation of p-toluidine
at a kilogram scale leading to 4-nitrotoluene with 92% yield, with a > 99% recovery of the
catalyst [37].

Heteropolyoxometalates have also been employed as catalysts for the oxidative con-
version of amines into nitro derivatives. Ishii et al. reported that anilines react with hy-
drogen peroxide in the presence of peroxotungstophosphate, which can be prepared upon
treatment of tungstophosphoric acid with H202 and cetylpyridinium chloride in water.
Notably, the reaction temperature proved to be crucial for the selectivity of the process;
indeed, while high temperatures (i.e., refluxing chloroform) provided good yields of ni-
troarenes, nitroso derivatives were formed when the reaction was performed at room tem-
perature [38].

The oxidation of aryl amines was also performed under homogeneous conditions in
the presence of a lacunary Keggin-type heteropolyanion having mixed tungsten and mo-
lybdenum addenda atoms [39]. The catalyst, easily prepared from K7[PMo2W9Oz] ¢ 19H20
upon replacement of K* with tetrabutylamonium ion, was employed to prepare methyl-,
chloro-, and methoxy-substituted nitrobenzenes from the corresponding anilines, using
H20:2 as the oxidant (Scheme 12).

NH» NO,
(TBA)7[PM02W9039]'XH20
+ HyO,
MeCN, r.t.
R R
1, 91-95%2

R = 2-Me, 4-Me, 2-Cl, 4-Cl, 2-MeO

Scheme 12. Oxidation of anilines to nitroarenes with hydrogen peroxide catalysed by a-
[PM02W9Os9]7". 2Range of conversion is reported.
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Tundo, Arico, et al. reported a heteropolyacid-catalysed oxidation of anilines to the
nitroarenes with hydrogen peroxide in a multiphasic system, which comprises isooctane,
Aliquat 336, and water. The nature of the heteropolyacid catalyst and the reaction tem-
perature proved to be crucial for the selectivity of the oxidation process. Nitroarenes were
selectively formed upon using HFePMo11VOuw as the catalyst at 60 °C; on the other hand,
performing the reaction at 20 °C provided good yields of nitrosoarenes [40].

Newmann et al. also reported the use of a water-soluble “sandwich” type polyoxo-
metalate catalyst, Naz[ WZn3(H20)2][(ZnW¢Os4)2], for the oxidation of organic compounds
with hydrogen peroxide. Similarly to the above-described perfluoroketone-silicate-cata-
lysed procedure, anilines were converted into the corresponding azoxy or nitro deriva-
tives depending on the nature of substituents at the aromatic ring. Indeed, while hydroxy-
and alkoxy-substituted electron-rich anilines as well as nitro-substituted electron-poor
anilines gave nitroarenes, although with reduced conversion values, alkyl- and halo-sub-
stituted anilines efficiently yielded azoxyarenes. On the other hand, pyridine deriva-
tives—especially electron-rich substrates—were converted into the corresponding N-ox-
ides. Notably, the catalyst could be recovered by simple phase separation and reused in
further oxidative cycles without significant loss in activity or selectivity [41].

The MoOs/KOH-catalysed oxidation of arylamines with hydrogen peroxide provides
an efficient route to the corresponding nitroso-arenes. However, nitroarenes were ob-
tained when (NH4)sM07024-4H20 was used as the catalyst with 6.0 eq of H20:. This proto-
col was applied to the synthesis of nitrobenzene, 1-chloro-4-nitrobenzene, and 1,4-dinitro-
benzene with 66%, 92%, and 68% yields respectively [42].

Besides the above-described procedures, a number of transition-metal-free practical
and efficient routes for the transformation of anilines to nitroarenes have recently
emerged.

Voutyritsa et al. reported that anilines react with hydrogen peroxide in a mixture of
acetonitrile and an aqueous buffer solution (0.6 M K2COs, 4 x 10 M EDTA disodium salt,
pH 11) providing the corresponding nitroarenes with good-to-high yield. The reaction is
amenable to the oxidation of substrates bearing electron-withdrawing and electron-do-
nating moieties at different positions of the aromatic ring (Scheme 13) [43].

High resolution mass spectroscopy (HRMS)-based mechanistic studies provided in-
sights into the nature of the intermediates involved. The reaction mechanism reasonably
proceeds through the formation of benzimidine 10 from aniline and acetonitrile with hy-
drogen peroxide under the reaction conditions; the benzimidine 10 is then oxidised to
oxaziridine 11 (Scheme 14). Nitrosobenzene 3 can be formed via two different paths in-
volving i) the reaction of the aniline with oxaziridine 11, which behaves as the oxidant
and ii) the ring expansion of 11 to the four-membered heterocyclic derivative 12, followed
by a retro [2 + 2] cycloaddition to give the nitrosoarene 3. This latter pathway (alternative
path in Scheme 14) is more likely to occur as no literature precedents report the oxidation
of anilines to nitrosobenzene with oxaziridines. The final oxidation step converts the ni-
trosoarene 3 into the corresponding nitro derivative 1 [43]. Notably, when anilines were
treated with hydrogen peroxide under similar reaction conditions but using a catalytic
amount of 2,2,2-trifluoroacetophenone, azoxyarenes were selectively formed with good
yield.

Sashidhara et al. recently described a base-promoted approach for the oxidative con-
version of aryl amines to nitroarenes using hydrogen peroxide. The reaction quickly oc-
curs at ambient temperature using acetonitrile as the solvent and K2COs as the base pro-
moter [44]. Remarkably, the reaction scope proved to be broad, encompassing differently
substituted substrates. Generally, electron-rich aryl amines gave the corresponding ni-
troarenes at higher yields compared with electron-poor anilines. The reaction was also
extended to the oxidation of heteroaromatic amines (Scheme 15).

A polymer of a silane functionalised with octafluoroacetophenone was also used as
a heterogeneous catalyst for the oxidation of alkenes and aromatic amines with hydrogen
peroxide [45]. While pyridine derivatives were converted into the corresponding oxides,
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anilines gave azoxyarenes or nitroarenes, depending on the nature of the substituents onto
the aromatic ring. Particularly, aniline and alkyl- and halo-substituted anilines provided
dimeric azoxy derivatives with quantitative yields. On the other hand, when this per-
fluoroketone-silicate-catalysed approach was applied to electron-rich hydroxy-substi-
tuted anilines and electron-poor 3-nitroaniline, the corresponding nitroarenes were selec-
tively obtained. Additionally, substrates bearing the nitro substituent ortho to the amino
group proved to be unreactive, probably because of the presence of intramolecular hydro-
gen bonding between the amino and the nitro substituent [45].

MeCN

Ar—NH, + H,0, Ar—NO,
(6.5 equiv.) Buffer, r.t., 1 h 1
NO, NO2 NO,
NO, NO, NO,
CO,H CO,H F

1a,82% 1n, 89% 10, 88% 1s, 86% 1ac, 88% 1ad, 80%

NO, NO, NO, NO, «
cl O |
~
N~ NO,
HO,C O,N

1ae, 78% 1af, 84% 1ag, 96% 1ah, 74% 1ai, 79%

Scheme 13. Oxidation of aryl amines to nitroarenes with H20:z in acetonitrile/buffer (0.6 M K2COs, 4
x 10+ M EDTA disodium salt, pH 11) (selected examples from Voutyritsa et al.).

Proposed reaction mechanism

o) NH H,0,
_OH =—— MeCN

NH, (0] pH = 11

oM NH  MeCN
Ar ArNH,
HN\Ar \H
11 10
[ ] [O]
Ar—NH, = [Ar=NO| —— Ar—NO,
3 1

Alternative path

i 0zNH Ring expansion OJNH Retro [2+2] [0]
Y ———— I ——— A—NO —> ArNO, |
] .o / 1
' Ar/:\le Ar 12 3 1 E

Scheme 14. Proposed reaction mechanism for the oxidation of aryl amines to nitroarenes with H202
in acetonitrile/buffer (0.6 M K2COs, 4 x 10* M EDTA disodium salt, pH 11).
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H202 (3.0eq.)

KoCO3 (1.0 eq.)
Ar—NH, —————————=  Ar—NO,

MeCN, r.t., 10 min 1
H,N
MeQO OMe 2
1a, 94% 1b, 90% 1d, 92% 1p, 80% 1aj, 80%
NO,
NO: | N2 F NO, WNOz
G T E
0 CF3 Ph
1ak, 85% 1al, 85% 1am, 65% 1an, 72% 1a0, 70%

Scheme 15. Selected examples from Sashidhara et al. of base-promoted oxidation of anilines with
hydrogen peroxide.

Chalcogen-containing compounds have also been used as catalysts or promoters to
accomplish a number of oxidative functional-group interconversions. In particular, a wide
range of organoselenium-promoted oxidation methodologies have emerged as versatile
synthetic transformations [46-50]. For example, selenium-catalysed routes for the oxida-
tion of organic compounds including, among others, alkenes [50-52], alcohols [50,53], al-
kynes [50], and carbonyl derivatives [50] have been developed. Additionally, biologically
relevant selenium-catalysed thiol-disulfide interconversions have been widely investi-
gated over the past few years [54-61].

In this context, the selenium-catalysed oxidation of anilines has also been studied,
enabling the development of selective procedures for the synthesis of nitroarenes [62],
nitrosoarenes [63], and azoxyarenes [62,64]. Indeed, a broad array of differently substi-
tuted anilines were smoothly converted into the corresponding nitroarenes 1 upon reac-
tion with hydrogen peroxide in the presence of diphenyl diselenide or benzeneseleninic
acid (Scheme 16); the methodology encompasses both electron-rich and electron-poor sub-
strates and can be efficiently applied to the synthesis of nitroarenes at a gram scale [62].
Amongst a variety of organoselenides investigated, diphenyl diselenide and benzene-
seleninic acid gave better results in terms of yield and selectivity. On the other hand, the
reaction of aniline with hydrogen peroxide in the presence of selenium dioxide (5eO:) or
sodium selenite (Na25eOs) provided a good yield of the corresponding azoxyarenes.

Control experiments and 77Se-NMR-based studies suggested that the reaction mech-
anism probably proceeds through Se (IV) species. The proposed mechanism is reported
in Scheme 17. Diphenyl diselenide behaves as a precatalyst, and the first steps of the reac-
tion mechanism involve its sequential oxidation to benzeneselenenic acid 13 and, finally,
to benzeneseleninic acid 14. The latter is the active catalytic species involved in the oxida-
tion of anilines. The reaction of 14 with hydrogen peroxide in water is expected to provide
the peroxyselenurane 15, which can be dehydrated to afford peroxyseleninic acid 16 or
selenonic acid 17. The reaction of selenonic acid 17 with seleninic acid 14 might also pro-
vide the selenonium salt 18, which, in aqueous solution, is readily reconverted into the
parent acids 14 and 17. Both 15 and 16 are believed to behave as active oxidants. The re-
action of aniline with 15 or 16 yields the hydroxylamine 19, which is further oxidised to
dihydroxylamine 20. Benzeneseleninic acid is regenerated in both these steps. A benzene-
seleninic-acid-mediated dehydration of 20 provides nitrosoarene. Finally, the reaction of
nitrosoarene 3 with 16 provides nitroarene 1 and regenerates benzeneseleninic acid 14
[62]. Notably, while other selenium-mediated oxidation reactions of organic compounds
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(i.e., epoxidation of olefins) involve key Se (VI) species [65], the on water oxidation of ani-
lines to nitroarenes proceeds through Se (IV) key oxidant species.

Se-catalyst
Se-catalyst T L AN :
(20 mol%) ; 0 '
Ar=NH, + H0; —————> Ar—NO; ; PhSeSePh or go !
(15 equiv.) H,O,rt, 3h 1 5 Ph OH,:
N NO NO,
NO, ©2 :
Q0 @ “
cl NO,
1a, 90% 1y, 64%
1b,94%  1f,.81% 1h, 73% 1m, 97%
NO»
NO, NO, NO,
3 CO.Et  SO5NH, r
1al, 66% 1at 68%3P

1ap, 96% 1aq,88% 1ar,85% 13, 78% 1at, 90%°

Scheme 16. Organoselenium-mediated oxidation of anilines to nitroarenes. Similar results were
achieved by using diphenyl diselenide or benzeneseleninic acid (selected examples). @ The reaction
was performed at 60 °C; ® Obtained from 2-methyl-5-nitroaniline; < Obtained from 4-methyl-3-ni-

troaniline.
0~ Ar—NH, O
+/ I
Ar—N =X~ PhSeOH
1 0 Hz0; 0
17
in H2O
0
(0] ®OH IS
H,O H,O 1]
PhSeSePh —2-3 PhSeOH —2-% PhSeOH PhSe, PhSeO
13 14 OH 0
18
0, H,0,
OH
-H0 Ho.! -HyO Il
Ph§e00H Se. LOH === PhSeOH
Ho0, Ph” 45O o
17
Ar—NH,
PhSeOH
0 Q
Ar—N PhSeOOH PhSeOH
OH 0
PhSeOOH 19 0 16 14
PhSeOH
16 OH "oy o
Ar—N ﬁ Ar—N +
20 OH 3 \O Ar—N\\
H,0 10
I
PhSeOH
14

Scheme 17. Proposed mechanism for the organoselenium-promoted oxidation of anilines to ni-
troarenes.
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Marinescu et al. reported the synthesis of new a- and 3-cyclodextrin derivatives with
good enzyme-like activity in the oxidation of alcohols with H202 [66]. In this context, dif-
ferent cyclodextrin derivatives (Figure 2, left) have also been described to catalyse the ox-
idation of anilines to nitroarenes [67]. The mechanism proposed for the oxidation of ani-
lines under cyclodextrins-catalysed conditions involves the reaction of hydrogen peroxide
with the ketone moiety of the catalyst to form the peroxide adduct, which is the active
oxidant species. The aniline, bound in the cavity of cyclodextrin (Figure 2, right), is oxi-
dised to the corresponding hydroxylamine, which is subsequently converted to the ni-
troso derivative and then to the nitroarene [67].

Figure 2. Cyclodextrin ketone catalysts (left); proposed mechanism for the catalysis (right).

5. Oxidation with Sodium Perborate

Sodium perborate (NaBOs-4H20, SPB) has also been employed as an efficient oxidant
for the conversion of anilines to nitroarenes. McKillop and Tarbin reported that anilines
bearing electron-withdrawing groups are smoothly oxidised to the corresponding nitro
derivatives upon reaction with sodium perborate in acetic acid at 50-55 °C. Electron-rich
anilines provided lower yields of nitroarenes because of the formation of over-oxidised
side products [68].

In this context, Firouzabadi et al. developed a convenient tungstophosphoric acid
(HsPW-nH20)-catalysed approach for the oxidation of anilines with sodium perborate in
aqueous basic media. Cetyltrimethylammonium bromide (CTAB) was used as the micelle
source [69]. Notably, this methodology proved to be particularly effective with electron-
rich anilines, leading to the corresponding nitroarenes with good yield. On the other hand,
substrates bearing electron-withdrawing substituents provided nitroarenes at lower yield
(Scheme 18) [69].

HsPW- nH,0 (1 mol%)
CTAB

Ar—NH, + SPB (7.0eq.) Ar—NO,
55-60°C, 12 h 1
N02 N02 NO NO Br
o O "
~o cl
1a, 91% 1b, 88% 1c, 77% 1d, 85%° 1f, 53%P 1g, 48%P

Scheme 18. Tungstophosphoric-acid-catalysed oxidative conversion of anilines to nitroarenes (se-
lected examples). 2 Reaction time: 10 h; 10 mol% of tungstophosphoric acid was used.

Habibi et al. reported the oxidative conversion of electron-rich anilines into the cor-
responding nitroarenes in micellar media using sodium perborate (NaBO3-4H20) in the
presence of catalytic amounts of silica sulfuric acid (SSA). Cetyltrimethylammonium bro-
mide (CTAB) was used as a phase transfer catalyst in the optimised protocol (Scheme 19).
The use of a cheap, safe, and easy to handle reagent such as SSA represents an advantage
of this procedure which, however, is limited to anilines bearing electron-donating groups
and cannot be extended to electron-poor substrates [70].



Chemistry 2022, 4

90

SSA, SPB, CTAB

Ar—NH, Ar—NO,
60°C, 12 h 1
© \© cl H,N
1a, 50% 1b, 66% 1c, 42% 1f, 15% 1aj, 30%

Scheme 19. Silica-sulfuric-acid-catalysed oxidation of arylamines to nitroarenes with sodium per-
borate (selected examples). SSA: silica sulfuric acid; SPB: sodium perborate (NaBOs3-4H20); CTAB:
cetyltrimethylammonium bromide.

6. Oxidation with Dimethyldioxirane

In 1986, Murray et al. described a rapid and efficient synthesis of nitro compounds
through the oxidation of the corresponding anilines with dimethyldioxirane [71,72]. Solu-
tions of dimethyldioxirane in acetone can be easily prepared using Oxone® as the oxidant
[73]. Notably, this procedure could be applied both to aromatic and aliphatic amines,
providing nitroarenes 1 and nitroalkanes 4 with high yield (Scheme 20). Zabrowski et al.
also reported the oxidation of electron-rich anilines to nitroarenes upon using dimethyl
dioxirane generated in situ from acetone and Oxone® under phase-transfer conditions
[74].

The oxidation of anilines to nitroarenes was also performed using Oxone® in 5-20%
aqueous acetone buffered with an excess of sodium bicarbonate. Lower yields were
achieved when the reaction was conducted in the absence of acetone, thus suggesting a
plausible formation of dimethyldioxirane as a competing oxidant in the presence of ace-
tone [75].

a

S<@

RG]
Acetone
Ar/Alk—NH, ——— Ar/Alkk—NO,
r.t., 30 min 14
NO, NO, NH, NO,
/[ j 2 / 7;; “NO
© MeO @ A ?
1a, 97% 1d, 94% 4a, 95% 4b, 84% 4c, 87% 4d, 95%

Scheme 20. Synthesis of nitro derivatives via oxidation of amines with dimethyldioxirane. 2
Dimethyldioxirane solution was generated in situ from acetone and Oxone®.

In this context, polystyrene-supported dioxirane has also been reported as a versatile,
recyclable oxidising reagent to convert anilines into nitroarenes [76]. Some of the draw-
backs related to the use of dimethyl dioxirane—such as its instability with respect to heat
and light—can be overcome by incorporating the reagent function into a crosslinked sty-
rene—divinylbenzene copolymer matrix. Such a polystyrene-supported dioxirane resin 21,
prepared in six steps from styrene-divinylbenzene copolymer beads (Scheme 21a),
proved to act as an efficient oxidant for the conversion of anilines into the corresponding
nitroarenes (Scheme 21b). Notably, the dioxirane resin also enabled the oxidation of pyr-
idine and lutidine into their N-oxides [76].
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a) Synthesis of ponstyrene-suppoﬁed dioxirane resin 21

o
AlCIs NaHCOs °
CH,Cl, C 1

b) Use of the polystyrene-supported dioxirane resin 21 in the oxidation of anilines

21, CHCl;
AI'_NHQ —— AT_NOZ
rt., 32-53 h 1
NO NH NH
>0 cl
1a, 83% 1b, 85% 1c, 88% 1d, 78% 1f, 85% 1r, 80%

Scheme 21. Synthesis of polystyrene-supported dioxirane (a) and its use in the oxidation of anilines
to nitroarenes (b).

The use of a MnSO4/Oxone®/H20 system for the oxidation of organic compounds has
been described. Manganese species, behaving as Lewis acids, facilitate the cleavage of ox-
ygen-oxygen bonds during oxidation reactions. Such an oxidant also enabled the rapid
and efficient conversion of anilines to nitroarenes (Scheme 22). Electron-rich substrates
underwent oxidation in shorter times and with higher yields compared to electron-poor
ones [77].

Oxone® (2.5€q.)

MnSO4 H,0 (1.5 eq.
Ar—NH, iH0(15ed)  \ No,
H,0, rt., 30 sec 1

N02 /@/ N02 /@/ N02 N02
: MeO

o)
1a, 92% 1b, 94% 1d, 95% 1ak, 64%*

Scheme 22. Oxidation of anilines under manganese sulfate/Oxone®/water conditions. * Reaction
time: 1 h.

7. Oxidations with Other Oxidising Agents

The HOF-MeCN complex is an effective oxygen transfer agent which has been em-
ployed in a wide variety of oxidative transformations, including oxidation of amines to
nitro derivatives [78-80]. The by-product arising from reactions involving HOF-MeCN is
HF, which, in principle, may be recovered and converted to fluorine by electrolysis. For
this reason, such a complex is considered to have a low environmental impact. The rela-
tively poor stability of the HOF-MeCN complex (half-life at room temperature of approx-
imately 4 h) and the undesired transformations often occurring in highly concentrated
oxidising media represent the main drawbacks of HOF-MeCN-based procedures. McPake
et al. aimed to address these issues by developing a sequential continuous flow process
for the oxidation of amines [81]. Fluorine and aqueous acetonitrile are reacted to generate
HOF-MeCN, which is immediately treated with the amine in a single, sequential, two-step
flow process. The methodology could be successfully applied to the oxidation of aliphatic
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and aromatic substrates providing high yields of the corresponding nitroalkanes and ni-
troarenes (Scheme 23). A related procedure was also employed for the oxidation of azides.

Ar/Alk—NH, (in CH,Cl,)

F2 (10%) 2 HOF-MeCN Ar/Alk—NO,
(6 mmol/h) Continuous addition Continuous addition 14
15 mL/h, 1 h, rit. 1h,rt.
NO, NO, SO2Ph NO, NO,
n vy
F P W 4e, n=5,80% NO,

1a, 61% 1au, 69% 4a, 95% 4 n=11,95% 49, 95%

1av, 95%

Scheme 23. Continuous flow process for the oxidation of amines with HOF-MeCN. Selected exam-
ples.

The oxidation of aniline with bis(bipyridine)silver(ll) peroxydisulfate
{[Ag(bipy)2]S20s} has also been described (Scheme 24) [82,83]. However, the formation of
an unidentified by-product along with nitrobenzene 1a was observed [82].

Ag(bipy)2S;0g

PhNH, wet MeCN PhNO,

30 min, r.t. 1a. 80%

Scheme 24. Oxidation of aniline to nitrobenzene using [Ag(bipy)2]S20s.

Das et al. reported the use of tetra-n-alkylammonium bromates as efficient and easy-
to-handle oxidising agents for the conversion of arylamines into the corresponding ni-
troarenes (Scheme 25) [84].

® o
R4NBr03
CH4CO,H
Ar—NH, —="2°% Ar—NO, 'R="Pr, "Bu
HoSO46N 4 toomemeeeeees ‘
Reflux

ot o 0T oo™
HO,C Br

1b, 90%2, 84%P  1n, 74%3, 55%" 1x, 84%32, 70%° 1y, 78%2, 70%P
N02 Br

NO,

N02 Br Br
1ah, 92%2, 60%°  1ai, 40%2, 55%P 1aw, 79%2, 65%P

Scheme 25. Oxidation of aromatic amines to nitroarenes using n-alkylammonium bromates (se-
lected examples). 2R = n-propyl; P R = n-butyl. The refluxing time was generally between 1 and 10 h,
depending on the nature of both the substrate and the alkyl bromate.

Tetra-n-alkylammonium bromates were obtained upon treatment of the correspond-
ing bromides with chlorine gas in an alkaline medium. The reaction showed a broad sub-
strate scope; differently substituted nitrobenzenes, as well as 2-nitronaphthalene 1y and
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2-nitropyridine 1a,i, were efficiently prepared by selective oxidation of the parent amine
under the conditions reported in Scheme 25.

8. Conclusions and Perspectives

Nitro compounds are an important and versatile class of organic compounds. Owing
to their applications, ranging from organic synthesis and materials science to medicinal
chemistry and drug science, the development of practical and efficient methods for the
synthesis of nitro compounds has attracted considerable interest. A wide variety of syn-
thetic approaches have thus emerged over the past decades. In this context, the oxidation
of amines is an alternative and valuable route towards nitro derivatives.

Oxidation-based methodologies do not suffer from regioselectivity issues; this repre-
sents their main advantage over some nitration strategies. On the other hand, significant
historical drawbacks of oxidation-based approaches are related to the formation of mix-
tures of oxidised products (i.e.,, —for the oxidation of aryl amines—nitroarenes, azoxy-
arenes, nitrosoarenes) and to the poor compatibility with respect to labile functional
groups. A number of protocols for the oxidation of amines to nitro compounds have been
developed, and considerable efforts have been devoted to addressing the above-men-
tioned limitations.

Focusing on nitroarenes, this review summarises the progress in their synthesis via
oxidation of aryl amines. Efficient and convenient methods for the preparation of differ-
ently functionalised nitroarenes have been reported. The different reaction conditions, as
well as the use of different catalysts and oxidising agents, enabled high selectivity and a
rather broad functional-group tolerance to be achieved. A synthetic overview of some of
the discussed methodologies, focusing on the catalyst, the oxidant, the scope, and limita-
tions is reported in Table 1. Promoters, used in stoichiometric or superstoichiometric
amounts, are reported in the second column.

However, broad though the developed routes are, some challenges remain. Further
studies on the synthesis of heteroaryl nitro compounds via oxidation strategies would be
desirable. Additionally, the development of selective procedures for the synthesis of
amino-substituted nitroarenes represents a fascinating, yet difficult task. The investiga-
tion of the regiochemistry of the oxidation of diamines and polyamines under different
reaction conditions is therefore an interesting research field.

On the other hand, additional efforts towards the development of additional cata-
lysed, mild, environmentally benign protocols for the synthesis of nitro derivatives bear-
ing valuable labile functional groups are needed. The environmental sustainability of pro-
cesses is likely to attract growing attention. While catalyst recovery and recycling have
been investigated and optimised, the purification of reaction products often relies on col-
umn chromatography, with the consequent use of large volumes of organic solvents and
the production of significant amounts of solid waste.

Ideally, oxidation-based strategies could provide a versatile alternative for the syn-
thesis of those chemicals that would be difficult to prepare through nitration methodolo-
gies.
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Table 1. Synthetic overview of methodologies for the oxidative conversion of amines to nitro com-

pounds.
Ent Catalyst/Pro Conditions Scope (Substrates) Limitations Ref.
moter
Peracetic acid; refluxing . Formation of variable amounts of
1 none CHCls or CH2Cl2 Mainly ArNH: azoxyarenes [19]
m-CPBA; refluxing  Electron-rich and electron-
2 none - [25]
Cl(CH2)Cl1 poor ArNH:
Dri h f th
3 one Nonanebis (peroxoic  Electron-rich and electron- t;;‘;er?hb;y f)s?tir;ar:u;;ios z;[lsi) gel;zllfl)ezt [29]
acid); MeCN, 50 °C poor ArNH2 ) P L .
regioselective oxidations for diamines.
4 CuAIPO-5 TBHP, MeCN, 60 °C Electron-rich and electron- Moderate selectivity for some [30]
poor ArNH: substrates
5 CrS-2 TBHP; refluxing MeOH ArNH:2 and AIkNH: -- [31]
) Mainly electron-rich Low yields for electron-poor ArNH:
6 Rha(cap)e  TBHP; CHCl, NaHCO: ArNH: and for o-aryl-substituted anilines [32]
Electron-rich and electron- Formation of variable amounts of
7 Ti catalyst H202; MeOH, r.t. poor ArNHz. AIkNH: gave . [36]
. azoxyarenes and nitrosoarenes
oximes.
Buffer (K2COs
’ Electron-rich and electron-
8 EDTA H:05; MeCN, .. ectron-rich and electron — [43]
.o poor ArNHoa.
disodium)
Electron-rich and electron-
9 KoCOs, H:05; MeCN, .. ectron-rich and electron - [44]
poor ArNHoa.
PhSeSePh or Electron-rich and electron- Variable amount of azoxyarenes for
1 H20; H20, r.t. 2
0 PhSe(O)OH 202 H20, r.t poor ArNHo. some substrates [62]
inly el -rich
11 H:PWsELO  SPB; CTAB,55-60°C  Mainly :ﬂe\fgon P Low yields for electron-poor ArNH:z  [69]
2
12 SSA SPB; CTAB, 60 °C Electron-rich ArNH2 Low yields for electron-poor ArNH2 [70]
Dimethyldioxi f 73,74
13 none imethyldioxirane (from ArNH2 and AIkNH2 -- [
Oxone® and acetone), r.t. ]
Polystyrene-supported Electron-rich and electron-
14 - 76
none dioxirane; CH2Cly, 1.t. poor ArNH: [76]
inly el -rich
15 MnSOs4 Oxone®; -H20, r.t. Mainly Aeﬂe\}cl’i‘on e Lower yields for electron-poor ArNH2 [77]
2
16 none HOEMeCN; CHCL, -\, and AIKNH: - 81]
flow conditions
RusN*BrOs~; CHsCO:H, Electron-rich and electron-
17 none - [84]

H2S04, reflux poor ArNH>
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