
1. Introduction

Nitro compounds comprise one of the major classes of

organic compounds. Their history goes back more than a

century and a half. Nitro compounds are generally synthe-

sized by the nitration, which proceeds efficiently with both

aliphatic and aromatic hydrocarbons and their certain

derivatives in the presence of nitrogen oxides, nitric acid

or mixed acids.1 Industry produces millions of tons of nitro

compounds per year. Nitro compounds are widely used as

energetic substances (components of explosives, gunpow-

ders, rocket propellants, etc.).2 Besides, nitro compounds

are valuable precursors in organic synthesis, because they

can be transformed into other compounds used for the

synthesis of various practically important materials for

civilian applications (polymers, dyes, pharmaceuticals and

so on).

In 1953, the Laboratory of Organic Synthesis was set up

in the N.D.Zelinsky Institute of Organic Chemistry of the

USSR Academy of Sciences (currently ZIOC RAS) for

research work in the chemistry of nitro compounds. This

laboratory was headed by S.S.Novikov (elected as a Corre-

sponding Member of the Russian Academy of Sciences in

1974), an outstanding scientist in the field of industrial

organic chemistry and catalysis. In 1962, S.S.Novikov

became the head of the Department of Organic Synthesis,

which includes, along with the Laboratory of Organic Syn-

thesis, laboratories headed by Professors A.A.Fainzilberg,

L.I.Khmelnitskii and G.A.Shvekhgeimer. This Department

has played a great role in the training of researchers and the

creation of new scientific schools. For a long time, this

research team held a leading position in the Soviet Union

and abroad in the field of synthesis of energetic compounds.

In 1971, a new Laboratory headed by V.A.Tartakovsky

(elected as an Academician in 1992) was founded within the
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framework of this Department. The researchers at this

Laboratory have obtained remarkable results. They synthe-

sized dinitramide and its salts comprising a unique class of

energy-rich nitrogen ± oxygen systems.3, 4 Ammonium dini-

tramide (ADN) is an oxidant for composite solid rocket

propellants (CSRP), which is energetically more efficient

than ammonium perchlorate. Besides, ADN has such

advantages as environmental soundness of ADN combus-

tion products and their higher transparency due to the

absence of chlorine atoms producing hydrogen chloride

during combustion. This discovery provided the basis for

the development of a new generation of high-impulse

density solid rocket propellants in the Soviet Union, and it

can be considered as the greatest achievement in the

chemistry of energetic substances in the post-Second

World War period. These studies were almost two decades

ahead the USA and, in US scientists' opinion, were com-

parable to the Manhattan Project.5 Apart from dinitramide

salts, ZIOC researchers synthesized other types of promis-

ing nitro compounds, including aliphatic, aromatic, hetero-

cyclic (in particular polycyclic and cage) structures

characterized by extremely high energy properties.6, 7

Original systematic studies concerning the synthesis of

energetic substances could not but address fundamental

issues of reactivity and structures of nitro compounds.

Traditional areas of application of nitro compounds in

organic synthesis include their reduction reactions giving

amines or intermediates with retention of the C7N

bond,8 ± 10 the Nef reaction,11 which leads to the replace-

ment of a C7N bond by a C7O bond, and the generation

of a-carbanions in the reaction of primary or secondary

aliphatic nitro compounds with bases followed by the

involvement of these carbanions as nucleophiles in various

reactions.12, 13 The nucleophilic addition to nitroalkenes at

the reactive double bond conjugated with the nitro group is

also commonly used to form new C7C and C7heteroatom

bonds.14 The discovery of a novel 1,3-dipolar cycloaddition

reaction characteristic of the aci form of nitro com-

pounds 15, 16 was a significant contribution of ZIOC

researchers to the chemistry of aliphatic nitro compounds.

This reaction allowed the synthesis of various heterocyclic

systems, including those of previously unknown types,17, 18

and polyfunctional nitrogen-containing structures used in

drug design.19 Studies performed at the ZIOC RAS have

also made a significant contribution to the establishment of

other new research areas, which are actively developed in

the world, including Russia.

The review addresses modern trends in the chemistry of

nitro compounds, with the focus on the areas of research,

the foundations of which were laid at the ZIOC RAS. New

approaches, including those complying with environmental

regulations, to the preparation of promising energetic com-

pounds are summarized and some recently developed effi-

cient methods for selective transformations of nitro

compounds into valuable products of organic synthesis are

systematically considered. The diversity of methods and

substances distinguishes this review from earlier review

papers (see the above references), which were devoted to

certain aspects of chemistry of nitro compounds with

particular chemical structures and for a particular use.

Although this review is not exhaustive because of a huge

amount of published data, we believe that, due to a broad

range of the issues addressed in the review and its analytical

character, it will be of interest and useful to a wide range of

researchers engaged in organic, industrial and green chem-

istry.

The following abbreviations are used:

ADN Ð ammonium dinitramide,

AIBN Ð azobis(isobutyronitrile),

ANC Ð aliphatic nitro compound,

bmim Ð 1-(n-butyl)-3-methylimidazolium,

Bn Ð benzyl,

Bz Ð benzoyl,

Cbz Ð carboxybenzyl,

CL-20 Ð 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexa-

azaisowurtzitane (HNIW),

CPME Ð cyclopentyl methyl ether,

CSRP Ð composite solid rocket propellant,

Cy Ð cyclohexyl,

DAF Ð 3,4-diaminofurazan,

DBU Ð 1,8-diazabicyclo[5.4.0]undec-7-ene,

Dpm Ð diphenylmethyl,

dr Ð diastereomeric ratio,

EC Ð explosive composition,

ee Ð enantiomeric excess,

EG Ð ethylene glycol,

EM Ð energetic material,

ES Ð explosive substance,

FG Ð functional group,

GABA Ð gamma-aminobutyric acid,

hmim Ð 1-(n-hexyl)-3-methylimidazolium,

HMPTA Ð hexamethylphosphoric triamide,

HMX Ð 1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane,

HWE Ð Horner ±Wadsworth ± Emmons reaction,

IL Ð ionic liquid,

KHMDS Ð potassium hexamethyldisilazide,

LA Ð Lewis acid,

LB Ð Lewis base,

LHMDS Ð lithium hexamethyldisilazide,

m-CPBA Ð meta-chloroperoxybenzoic acid,

1-mim Ð 1-methylimidazolium,

MPa Ð megapascal,

Ms Ð mesyl,

MW Ð microwave treatment,

NA Ð nitronic acid,

NACs Ð nitro-NNO-azoxy compounds,

NAP Ð N-aminopyrazole,
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NC Ð nitrocellulose,

NMO Ð N-methylmorpholine N-oxide,

PEG Ð polyethylene glycol,

Pic Ð picryl,

PMB Ð para-methoxybenzyl,

pmim Ð 1-propyl-3-methylimidazolium,

PMP Ð para-methoxyphenyl,

Py Ð pyridyl,

RDX Ð 1,3,5-trinitro-1,3,5-triazacyclohexane,

rr Ð regioisomeric ratio,

rt Ð room temperature,

sc Ð supercritical,

TAT Ð 2,4,6-triaminotoluene,

TATB Ð 1,3,5-triamino-2,4,6-trinitrobenzene,

TBS Ð tert-butyldimethylsilyl,

TC Ð three-component mixture,

Tebsa Ð N-(4-sulfonic acid) butyl triethylammonium,

Tf Ð triflate,

TFA Ð trifluoroacetic acid,

TFE Ð 1,1,1,2-tetrafluoroethane,

TIPS Ð triisopropylsilyl,

TMS Ð trimethylsilyl,

TNB Ð 1,3,5-trinitrobenzene,

TNT Ð 2,4,6-trinitrotoluene,

Tr Ð trityl.

2. New methods for the synthesis of promising
energetic compounds

Nitro compounds (in particular, polynitro compounds) are

core structures of most of energetic materials (EMs) for

military and civilian applications. Many of these com-

pounds can release a significant amount of stored chemical

energy upon external stimulation (shock, friction, heat,

spark and so on) through a fast redox reaction accompanied

by combustion or detonation. Due to this property, nitro

compounds are commonly used in CSRPs, various pyro-

technic compositions and explosive compositions (ECs).

The nitro group in nitro compounds can be bound to

nitrogen (N-nitro compounds), carbon (C-nitro com-

pounds) and oxygen (nitro esters) atoms. This Chapter

addresses selected methods for the synthesis of promising

energetic N- and C-nitro compounds developed in recent

years and green approaches to the preparation of different

types of energetic nitro compounds that have recently

gained popularity due to reduction of negative environ-

mental impacts.

2.1. Energetic N-nitro compounds
The high-enthalpy nitramine group (N7NO2) containing

active oxygen is one of the most efficient explosophores.

This group is present in most of basic components of

commercially important energetic compositions, including

powerful ECs, gunpowders and CSRPs. 1,3,5-Trinitro-

1,3,5-triazacyclohexane (RDX) and 1,3,5,7-tetranitro-

1,3,5,7-tetraazacyclooctane (HMX) are the most important

components (structures RDX, HMX, CL-20). 1,3,5-Trini-

tro-1,3,5-triazacyclohexane is characterized by high bris-

ance with the detonation velocity (VD)& 8440 m s71 and

the density (d )= 1.70 g cm73. This compound is stable and

is widely used in different weapon systems as press powders

with other explosive substances (ESs) or in combination

with a polymer binder and a plasticizer.20 1,3,5,7-Tetrani-

tro-1,3,5,7-tetraazacyclooctane is an even more powerful

ES (VD& 9110 m s71) due to its high density (d=

1.90 g cm73). The use of HMX in special compositions is

limited by its relatively high cost.21 2,4,6,8,10,12-Hexanitro-

2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) is the most

powerful explosive 22, 23 in the series of nitramine-containing

compounds. Due to the cage skeleton of isowurtzitane,

CL-20 has a very high density (d=2.04 g cm73) and

detonation velocity (VD& 9380 m s71). Hence, the latter

compound can be considered as a basic component of new

weapon systems.

In the past decades, the synthesis and properties of

nitramine-containing ionic compounds have attracted

great attention. The dinitramide anion was synthesized for

the first time by Tartakovsky and co-workers in 1971. This

was among the most significant achievements in the chem-

istry of EMs and had served as the basis for the develop-

ment of a new generation of CSRPs for missile complexes

with different basing systems. From the very beginning,

these studies were classified and not available to the public.

Some of these results were published as late as

1994 ± 1995.24 ± 30 Nevertheless, the priority of Russian

researchers is widely recognized and is beyond doubt.5

Dinitramide salts containing different inorganic and

organic cations were synthesized. Ammonium dinitramide

(structures ADN and FOX-12) is of particular interest. This

compound, being superior in energy to ammonium perchlo-

rate, is environmentally benign because propellant combus-

tion products are free from toxic chlorine-containing

compounds. Besides, due to a high active oxygen content

in ADN, such strong reducing agents as aluminium or

boron can be introduced into propellants, thereby increas-

ing their specific impulse. It was suggested to use carba-

moylguanidinium salt (FOX-12) as a low-sensitivity

explosive in CSRPs and ordinary weapons.31

Unique properties of ADN have stimulated researchers

to develop facile and efficient methods for the synthesis of

this compound on a large scale. An attractive method for

the synthesis of ADN is based on the nitration of excess

ammonia with dinitrogen pentoxide or nitronium salts

proceeding through the formation of nitramide 1

(Scheme 1). However, the yield of the target product was

not higher than 25% even under thoroughly optimized

conditions.32 The nitration of sulfamic acid ammonium

salt (2) with an excess of a mixture of nitric and sulfuric

acids (1 : 2) resulted in a higher yield (*45%) of ADN.33

The drawback of this method is a considerable energy

expenditure required to maintain a low temperature of the

reaction (from 735 to 745 8C). A convenient two-step
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method for the synthesis of ADN involves the reaction of

ammonium salt of nitrourethane (3) with dinitrogen pent-

oxide and the ammonolysis of the resulting dinitrourethane

(4). Meanwhile, US researchers believe that the most

efficient approach to prepare ADN is based on the nitration

of the available substrate, ethyl carbamate, with fuming

nitric acid (N2O5 ±HNO3) followed by neutralization of the

resulting dinitraminic acid (5) with ammonia.34 This reac-

tion occurs at moderately low temperatures (720 8C) and
can serve as the basis for the development of industrial

production of ADN.

N-Nitroimides comprise another promising type of

energetic salt structures. In heterocyclic N-nitroimides 6,

the negatively charged nitramine moiety is directly bound to

the positively charged nitrogen atom of the heterocycle

(structures 6, 7). Katritzky and co-workers 35, 36 were the

first to prepare these compounds based on pyridinium.

More recently, nitroimides of the 1,2,4-triazole, benzo-

1,2,3-triazole and benzimidazole series were synthesized.37

Bis(N-nitroimido)azole salts 7, in which the positive charge

is delocalized over two N atoms of the heterocycle, while the

negative charges are located on two N-nitramine groups, are

of particular interest.

First compounds of this type, potassium salts of 1,3-

bis(N-nitroimido)-1,2,3-triazole 8a and 1,3-bis(N-nitroimi-

do)benzo-1,2,3-triazole 9a, were synthesized by Shitov

et al.38 (Scheme 2). The amination of 1-aminotriazoles 10

and 11 with O-picrylhydroxylamine (picryl is 2,4,6-trinitro-

phenyl) followed by the treatment with nitric acid afforded

1,3-diaminotriazolium nitrates 12 and 13, respectively. The

nitration of the latter with nitronium tetrafluoroborate in

acetonitrile and the neutralization of the products with

potassium acetate gave salts 8a and 9a in good yields.

KlapoÈ tke et al.39 synthesized a series of 1,3-bis(N-nitro-

imido)-1,2,3-triazole salts 8b ± f (Scheme 2). The reaction of

potassium salt 8a with silver nitrate in water produced silver

salt 8b in 58% yield. Exchange reactions of salt 8b with

ammonium chloride, hydroxylammonium chloride, hydra-

zinium bromide and triaminoguanidinium chloride gave the

corresponding salts 8c7f in 69%± 99% yields. The struc-

tures of the salts were confirmed by X-ray diffraction.

Differential scanning calorimetry analysis showed that

salts 8a ± f are thermally stable compounds with decompo-

sition onset temperatures (Tdec) of 149 ± 238 8C.
The synthetic scheme for the preparation of salt 8a was

successfully applied to prepare potassium salts of 1,3-bis(N-

nitroimido)imidazole 14 and 1,4-bis(N-nitroimido)-1,2,4-

triazole 15a (Scheme 3).40 The amination of 1-aminoimida-

zole 16 and 4-amino-1,2,4-triazole 17a gave the correspond-

ing diamino derivatives 18 and 19. Their nitration with

nitronium tetrafluoroborate followed by the treatment with

a base resulted in the formation of salts 14 and 15a in

*50% yield. An alternative route enabled the synthesis of

salt 15a and 3,5-disubstituted salts 15b,c.41, 42 The nitration

of 4-aminotriazoles 17a ± c with ethyl nitrate in the presence

of a base affords 4-N-nitroimides 20a ± c, which can easily

be transformed into compounds 21a ± c and then into 1,4-

bis(N-nitroimido)-1,2,4-triazoles 15a ± c. Salts 14 and

15a ± c melt above 150 8C and feature good thermal stabil-

ity.

Another representative of bis(N-nitroimido)azole salts,

potassium salt of 2,7-bis(nitroimido)-7H-[1,2,4]triazolo[4,3-

b][1,2,4]triazole 22, was synthesized from 7H-[1,2,4]tri-

azolo[4,3-b][1,2,4]triazole-7-amine 23 by the sequential ami-

nation and nitration of diamine 24 (Scheme 4).40 The yield

of stable salt 22 (the melting point is 163 ± 167 8C) was 70%.

An important achievement was the development of

methods for the synthesis of a new class of N-nitro com-

pounds promising in terms of energy. In these compounds,

the nitro group is directly bound to the distal nitrogen atom
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of the energetic diazene oxide moiety. The first nitro-NNO-

azoxy compounds (NACs) were synthesized by Churakov

and co-workers in 1984. However, the spectroscopic char-

acteristics (IR and Raman spectra) of these compounds

were published as late as 1994;43, 44 the methods for their

synthesis were reported in 1996 45 and 1997.46 This class of

compounds continues to attract considerable attention from

researches.47, 48 Azoxy compounds 25 containing such sub-

stituents as But, C(O)CH3 , CO2But or C(O)NH2 at the

distal N atom serve as the starting reagents for the synthesis

of NACs. The reactions of these compounds with nitronium

salts (NO2BF4 , (NO2)2SiF6) or dinitrogen pentoxide afford

target products 26 in good yields (75%± 91%) (Scheme 5).

According to the X-ray diffraction data, the nitro group in

the resulting NACs is in trans position to the substituent R

and the angle between its plane and the plane of the azoxy

moiety is about 908.45, 48

A convenient method for the synthesis of compounds

26a bearing electron-withdrawing heterocyclic substituents

is based on the nitration of azoxy compounds 25a with

nitronium tetrafluoroborate. The nitration is generally

performed in acetonitrile at room temperature. The reaction

time varies from several hours to several days depending on

the structure of the starting compound. The tert-butyl

cation that is released in the course of the reaction interacts

with acetonitrile and, after the treatment of the

reaction mixture with water, gives N-tert-butylacetamide

(Scheme 6).

Thermal stability of aliphatic NACs depends on the

mobility of the proton at the a-carbon atom. Thus, products

26b,d are the least stable among compounds 26b ± e; they

decompose at room temperature (structures 26b ± e). Com-

pound 26c is more stable (Tdec= 88 8C, DSC data). Product

26e, which does not contain a proton at the a position to the

diazene oxide group, proved to be the most stable aliphatic

NAC (Tdec= 104 8C).

Nitro-NNO-azoxy compounds based on electron-with-

drawing arenes and heterocycles (structures 27 ± 31) are

even more stable. Thus, the decomposition temperature of

furazan derivative 27 is 132 8C.49 Nitro-NNO-azoxy com-

pounds 28 and 29 containing electron-withdrawing aro-

matic groups have similar parameters. Difurazanyl ether

30 melts at 66 8C.50 Although the decomposition temper-

ature of 30 was not reported, it would be expected that it is

not higher than that of aza analogue 27. The recently

synthesized polynitrogen compound 31 (Tdec= 154 8C,
DSC data) 48 is the most thermally stable of all the charac-

terized NACs. The stability of the structure is apparently

attributed to the fact that the thermal decomposition occurs

in the solid rather than the liquid state. Hence, high-melting
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point compounds of the heterocyclic series hold promise as

candidates for the development of new energetic NACs

suitable, taking into account their properties, for the prac-

tical application as components of energetic materials.

At the present time, the possibility to increase the

efficiency of energetic materials using the available compo-

nent basis is almost exhausted. Further progress in energy

supply of new systems requires more efficient basic compo-

nents or, alternatively, modification or optimal combina-

tions of the available components. The synthesis of

fundamentally new components is evidently the main-

streaming strategy in this research area. However, the way

from the synthesis of a potential component to its practical

applications in real compositions is extremely complex and

long-lasting. Apart from high requirements to the energy

and operational characteristics of compounds, the avail-

ability of the sources, the manufacturability and safety of

the products and some other, often mutually exclusive,

requirements should be taken into account. Hence, US

researchers consider the large-scale programme on develop-

ment of ADN for missile applications, which was accom-

plished in the Soviet Union within seven years, as an

example of the extremely fast introduction of energetic

materials into practice.

In some cases, the optimal combination of known types

of complementary energetic compounds, which impart

required properties to EMs, can give good results. Spitzer

et al.51 studied the crystal structures and plasticizing ability

of a series of N,N 0-dialkylmethylene bisnitramines 33 and

proposed their mixtures (S 33) as energetic plasticizers of

propellants, which can be used in a wide temperature range.

Linear methylene bisnitramines 33 are usually synthesized

by the condensation of primary nitramines 32 with form-

aldehyde in an acidic medium.52 Composite products S 33

were synthesized by a similar procedure using the simulta-

neous condensation of primary nitramines S 32 with form-

aldehyde (Scheme 7).

Vijayalakshmi et al.53 also reported high plasticizing

ability of N,N 0-dialkylmethylene bisnitramines and, partic-

ularly, their mixtures in a wide temperature range. Avail-

able diethyl oxalate (34) was used as the only starting

compound to prepare an effective mixed plasticizer. Com-

pound 34 was transformed into primary nitramines 32a,b by

amidation, nitration and aminolysis (Scheme 8). The sub-

sequent condensation of the components of the mixture

(compounds 32a,b) with formaldehyde gave a three-compo-

nent plasticizer containing lower dialkylmethylene bisnitr-

amines 33aa, 33ab, 33bb. However, the industrial

application of this method is limited by the multistep

synthetic procedure and rather severe conditions required

for the nitration of precursors generated from com-

pound 34.

Sulfamic acid derivatives hold more promise as the

starting reagents. Sulfamic acid salts have been used in the

synthesis of nitramines for many years. For instance, Stick-

land and Ross 54 suggested that these derivatives can be

utilized in the industrial production of RDX (known as the

W-method) (Scheme 9). The chemical aspect of this simple

and efficient two-step reaction was considered in detail by

Binnie et al.55

Another method for the synthesis of nitramines based

on the condensation of sulfamates with glyoxal was discov-

ered by Dinwoodie et al.56 The reaction affords 2,3,5,6-

tetrahydropiperazine-1,4-disulfonic acid salt 35, and its

treatment with the HNO3 ±Ac2O nitrating mixture gives

N,N 0-dinitropiperazine derivatives 36 or 37 depending on

the composition of the nitrating system (Scheme 10).

Advantages of the synthetic approach to polynitramines

based on sulfamates as components is the availability of the

starting compounds, the possibility of using both strong

(HNO3 ±H2SO4) and mild (HNO3 ±AcOH) nitrating sys-

tems for the nitration of sulfamates and the retention of

activity of the mixed acid during nitration (sulfuric acid as a

by-product). Besides, alkylsulfamates can be readily

involved in the Mannich condensation and react with

oxiranes. This allows the preparation of substrates for the

synthesis of a wide range of functionalized nitramines with a
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specified set of properties. In particular, substituted

b-hydroxyalkyl-N-sulfamates 38 and 39 were used to syn-

thesize b-nitoxyalkyl-N-nitramines 40 and 41, respectively,

in good yields (Scheme 11).57, 58

The sulfamate method proved to be particularly useful

for the preparation of mixed nitramine plasticizers of

gunpowder and CSRPs, which are characterized by the

optimal combination of high energy-mass properties, low

melting points (glass transition temperatures), good plasti-

cizing ability, low sensitivity to mechanical stimuli, good

compatibility with other components of EMs and so on.

The synthesis of a mixed plasticizer includes the simulta-

neous homo- and cross-condensation of two sulfamic acids

followed by the nitration of its products.

This very simple, cost-effective and convenient proce-

dure is applied to assemble three-component (TC) N,N 0-
dialkylmethylene bisnitramine mixtures with required com-

position and structure (Scheme 12). The process can be

accomplished in two ways. One approach (path a) involves

the condensation in neutral or weakly acidic conditions

(pH 5.0 ± 7.0) using water distillation followed by the nitra-

tion of the resulting mixture of bis-suflamates (BSs) with a

sulfuric ± nitric acid mixture.59 In another method (path b),

the condensation of sulfamates is performed in 87% H2SO4

as a water consuming agent and the resulting three-compo-

nent mixture is treated without isolation with concentrated

HNO3 or a sulfuric ± nitric acid mixture.60 The method is

suitable for the preparation of active-oxygen rich TCs

containing nitramine and nitrate groups (R1,

R2= (CH2)nONO2). An alternative method for the syn-

thesis of this type of mixed plasticizers is based on the

condensation of sulfamic acid salts with ethylene oxide and

the subsequent nitration of the resulting N-(hydroxyethyl)-

sulfamates.57 Nitrate groups in the reaction products can

easily be replaced by high-enthalpy azide groups on treat-

ment with sodium azide, which significantly extends the

range of energetic structures accessible by this method.61, 62

2.2. Energetic C-nitro compounds
C-Nitro compounds (polynitro compounds) are also

involved in numerous EMs. For instance, 2,4,6-trinitroto-

luene (TNT) is the most important shattering explosive,

which is commercially produced on an enormous scale and

is widely used in military loads (in particular, in combina-

tion with RDX and HMX). This compound is thermally

and chemically stable and is virtually insensitive to shock

and friction. However, its detonation velocity (6940 m s71

at a density of 1.64 g cm73) is much lower than that of

RDX, HMX and CL-20. According to thermodynamic

calculations, nitro derivatives of nitrogen- and nitrogen ±

oxygen-containing heterocycles should have superior energy

properties. These compounds are characterized by a much

higher enthalpy of formation compared to the benzene ring

and contain a smaller number of `ballast' carbon atoms.

Among these compounds, C-nitro derivatives of 1,2,5-

oxadiazole (furazan), 1,2,5-oxadiazole 2-oxide (furoxan),

pyrazole, 1,2,3-triazole, 1,2,4-triazole and tetrazole series

have attracted great attention. Methods for the synthesis

and properties of nitro derivatives of 1,2,3-triazole, 1,2,4-

triazole and tetrazole are summarized in earlier reviews.63, 64

In this review, we systematically consider recent data on

energy-rich furazan, furoxan and pyrazole derivatives con-

taining several nitro groups and/or other explosophores.

2.2.1. Nitrofurazans and nitrofuroxans

The furazan and furoxan rings have high enthalpy of

formation, are rather stable and contain an active oxygen

atom (atoms). Therefore, they hold promise as the core

structures for EMs.65 ± 67 Moreover, the introduction of a

nitro group at carbon atoms of the furazan and furoxan

rings improves the oxygen balance and leads to an increase

in the density and detonation parameters of the resulting

derivatives.68 The synthesized compounds include both

monocyclic structures containing, apart from nitro groups,
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other explosophores (e.g., nitrate, azide or nitramine

groups) and polycyclic derivatives, in which heterocycles

are linked to each other either directly or by different

bridges [O, N=N, N(O)=N]. Many compounds of this

type belong to energetic materials.69

The commonly used method for the synthesis of nitro-

furazans is based on the oxidation of aminofurazans with

peroxide oxidants in an acidic medium. In many cases,

available 3,4-diaminofurazan (DAF) serves as the starting

compound. Aminofurazans containing electron-donating

substituents are rather easily oxidized, for example, with

trifluoroperacetic acid. However, attempts to synthesize

nitrofurazans with electron-withdrawing substituents have

long been unsuccessful. The desired result was achieved

using mixtures of aqueous hydrogen peroxide with different

concentrations and sulfuric acid as the oxidant and sodium

tungstate or ammonium persulfate as the catalyst.70, 71

These methods enabled the synthesis of energetic nitro-

furazans 44 from aminofurazans 43, which were prepared

from aminoglyoximes 42 (Scheme 13). In particular, this

approach was applied to prepare dinitrofurazan (44a),70, 71

3-cyano-4-nitrofurazan (44b),70 5-(3-nitrofurazan-4-yl)-1H-

[1,2,4]triazolo[4,5-c]furazan (44c),72 4,4-dinitrobifurazan

(44d),73 4,4-dinitrodifurazanyl ether (44e),74 4,4-dinitroazo-

furazan (44f) 75 and 4,4-dinitroazoxyfurazan (44g).76, 77

Some physicochemical parameters of these compounds

were experimentally determined and their energy character-

istics were calculated.69, 71, 72

The further development of this approach resulted in the

preparation of polynuclear nitrofurazans 45 ± 49 containing

up to four furazan rings bridged by an oxygen atom or

azo(azoxy) groups.78 The calculated specific impulse of

metal-free composite solid propellants including com-

pounds 45 ± 49 as components is 2 ± 4 s higher than the

corresponding parameter of propellants containing

aluminium hydride. Similar conditions (90% H2O2 ±
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Na2WO4 ±H2SO4) have recently been used to prepare 3,6-

bis(nitrofurazanyl)-1,4,2,5-dioxadiazine 50 by oxidation of

appropriate diamine.79

Oxadiazole-bridged aminofurazans are synthesized from

appropriate amidoximes. For instance, the pyrolysis of

aminofurazanyl amidoxime 51 at 200 8C in collidine gave

compound 52. Tetracyclic compound 53 was synthesized by

heating amidoxime 51 with diethyl oxalate at 150 8C in a

mixture of toluene and anisole. The subsequent oxidation of

diamines 52 and 53 with the 70% H2O2 ± trilfuoroacetic acid

(TFA) system afforded polynuclear nitrofurazans LLM-191

and LLM-200 with a rather high density (1.91 and

1.94 g cm73, respectively) (Scheme 14).80

Nitrofuroxans can be synthesized by either oxidation of

aminofuroxans or by methods specific for furoxan deriva-

tives, which include the oxidative cyclization of nitroglyox-

imes, dehydration of a-nitrooximes, synthesis from

unsaturated compounds and cascade transformations of

the dinitromethane anion. Since diaminofuroxan is cur-

rently unavailable,81 dinitrofuroxan 54 was synthesized by

the oxidation of dinitroglyoxime 55,82 which was generated

by the nitration of glyoxime with dilute nitric acid, or by the

cyclodimerization of unstable nitro formonitrile oxide 56,83

produced by the dehydration of dinitromethane sodium salt

57 with concentrated H2SO4 (Scheme 15). Dinitrofuroxan

54 contains an excess of active oxygen and is a strong

oxidizing agent; however, low stability interferes with its

use in EMs.

3-Aminofuroxans are not transformed into 3-nitrofur-

oxans in the presence of oxidizing agents, but isomeric

4-aminofuroxans containing no strong electron-withdraw-

ing substituents can be oxidized by trifluoroperacetic acid.7

Substrates bearing electron-withdrawing groups are oxi-

dized under the same conditions as those used for the

oxidation of aminofurazans. For instance, 4,40-diamino-

3,30-diazenofuroxan 58 gives, although in low yield,

4,40-dinitro-3,30-diazenofuroxan 59 when treated with

the 85% H2O2/Na2WO4/96% H2SO4 oxidizing system

(Scheme 16).84 In a subsequent study, the yield of product

59 was increased to 69% by employing trifluoromethane-

sulfonic acid instead of H2SO4.85 Compound 59 is currently

one of the most powerful ESs [VD& 10 000 m s71,

d=2.002 g cm73 (Ref. 84) d=1.981 g cm73 (Ref. 85)].

The oxidation of 4,40-diamino-3,30-bifuroxan 62 with

50% H2O2 in concentrated H2SO4 in the presence of

(NH4)2S2O8 as the catalyst afforded target 4,40-dinitro-
3,30-bifuroxan 63 in trace amounts.86 Starting diamine 62

was prepared by thermal isomerization of 3,30-diamino-4,40-
bifuroxan 61, the oxidation product of tetraoxime 60, with

bromine in hydrochloric acid (Scheme 17).

The oxidation gave energetic 3,4-bis(4-nitrofuroxan-3-

yl)furoxan 66 (VD = 9500 m s71, d=1.91 g cm73). In this

case, to transform diamine 65 into target product 66 a

complex of hypochloric acid with acetonitrile was required.

The initial diamine 65 was synthesized from 4-amino-3-

hydroxyiminoylfuroxan 64 by a multistep procedure

(Scheme 18).87

The reaction of a series of unsaturated compounds with

nitrosating agents also affords nitrofuroxans. Thus, 1-R-

acrylic acids (67, R=Alk, Ar) are regioselectively trans-

formed into 4-nitrofuroxans 69 by the treatment with excess

NaNO2 in AcOH. Apparently, the furoxan ring formation
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occurs through intermediate nitroglyoximes 68, which

undergo spontaneous oxidative cyclization under the reac-

tion conditions (Scheme 19).88 3-Aryl-4-nitrofuroxans (69,

R=Ar) are produced by a similar reaction of styrene and

its derivatives with the nitrosating agents NOBF4 (Ref. 89)

or NaNO2 ±H+.90

The general method for the synthesis of nitrofuroxans,

allowing the preparation of both positional isomers of these

compounds with different substituents, is based on a tan-

dem one-pot reaction. In the first step, dinitromethane salt

is acylated with appropriate hydroxamic acid chlorides 70.

The subsequent nitrosation of acylation product 71 is

accompanied by cyclization of intermediate 72 to 3-nitro-

furoxans 73 (Scheme 20). Products 73 are rearranged on

heating into thermodynamically more favourable 4-nitro

isomers 74. This considerably extends the scope of the

method.91, 92 The possibility of preparing starting com-

pounds 70 immediately before the reaction from appropri-

ate oximes and N-chlorosuccinimide makes this method

even more attractive.93

This method was applied, in particular, to prepare

energetic 3-nitrobifuroxans 73a7c containing exploso-

phores at the second furoxan ring 94 and isomeric (4-nitro-

furazan-3-yl)-nitrofuroxans 73d and 74d.95 Bifuroxans
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73a ± c have high enthalpy of formation and a good oxygen

balance (particularly, compound 73c) but are unfortunately

insufficiently stable. Furazanylfuroxans 73d and 74d are

more thermally stable (Tdec5 140 8C). They have high

densities (d5 1.92 g cm73), enthalpies of formation

(417.5 kJ mol71) and detonation velocities (9180 and

9230 m s71, respectively) and are considered as powerful

explosives. However, their sensitivity to shock and friction

is rather high and similar to the corresponding parameters

of glycerin trinitrate.

3,4-Bis(3-nitrofurazan-4-yl)furoxan (75) is a more prom-

ising furoxan- and furazan-containing nitro compound.96

This low-melting compound (m.p.= 108 ± 109 8C)
advantageously combines high energy characteristics

(d=1.937 g cm73, DH �
f = 706.1 kJ mol71, VD=

9250 m s71) and satisfactory sensitivity to shock and fric-

tion.97, 98 It compound is of interest as a substitute for TNT

and other low-melting energetic compounds (in particular,

trinitroazetidine) in explosive formulations.99 Compound

75 is synthesized starting from malononitrile (76), which is

transformed into 4-aminofurazan-3-carboxamidoxime (77)

in a three-step one-pot process. The treatment of amidox-

ime 77 with the NaNO2 ±HCl system gives aminofuraza-

nylhydroxamic acid chloride (78). The latter servers as a

source of nitrile oxide 79, which undergoes dimerization

(without isolation) giving 3,4-bis(aminofurazanyl)furoxan

(80). Target compound 75 was prepared in 51% yield by the

oxidation of diamine 80 with 60% H2O2 in trifluoroacetic

anhydride (Scheme 21).100

Nitro groups in nitro compound 75 are easily replaced

by different nucleophiles (azide, amino, thiol or hydroxy

groups). These reactions can occur in an intramolecular

fashion. Thus, the treatment of compound 75 with K2CO3

affords cyclic ether oxepinotrioxadiazole 82.101 In the

authors' opinion, one nitro group in compound 75 is

rearranged into the nitrite group under the reaction con-

ditions. The resulting nitrite 81 eliminates NO to form

hydroxide anion, which is followed by intramolecular

nucleophilic displacement of the second NO2 group to give

product 82. Catalytic hydrogenation of 75 affords dinitro-

trifurazanyl 83, which is inferior in energy properties to 3,4-

bis(nitrofurazanyl)furoxan 75 102 (Scheme 22).

Therefore, in terms of the energy properties, nitro

derivatives of furazan and furoxan can be considered as

promising components of energetic formulations. They are

characterized by a high nitrogen content, high density and

good oxygen balance. Drawbacks of many compounds of

this series are low thermal and chemical stability and high

sensitivity to mechanical stimuli. However, some com-

pounds, e.g. 3,4-bis(nitrofurazanyl)furoxan 75 and cyclic

structures on its basis, satisfy the required parameters and

can be useful as insensitive low-melting ESs.

2.2.2. Nitropyrazoles

Since the enthalpy of formation of nitro derivatives of

pyrazole (105.4 kJ mol71) is much lower compared to

nitro derivatives of tetrazole (237.1 kJ mol71) and is

slightly lower than that of 1,2,4-triazole derivatives

(108.7 kJ mol71), nitropyrazoles have attracted little atten-

tion as energetic compounds for a long time. However, in

recent years it became evident that the advantages of this

type of compounds are a large number of reactive sites for

introducing explosophores and the possibility of function-

alization of these sites through electrophilic substitution, in

particular nitration, the most commonly used approach in

the synthesis of energetic compounds. Besides, pyrazoles

differ from NH-azoles in that they can form stable N-nitro

derivatives, thereby offering new possibilities for the syn-

thesis of EMs.103 ± 105

4-Nitropyrazole has been known since the mid-19th

century; however, its 3-nitro isomer and 3,4- and 3,5-

dinitropyrazoles were synthesized as late as the 1970s.106

In 1998, Shevelev and co-workers 107 reported the synthesis

of 3,30,5,50-tetranitro-4,40-bipyrazole (85), the first represen-
tative of fully C-nitrated N-unsubstituted bipyrazoles, by

the direct nitration of bipyrazole 84 (Scheme 23). A mixture

of concentrated HNO3 and H2SO4 proved to be the nitrat-

ing agent of choice. This mixture made it possible to

perform the one-step introduction of four nitro groups at
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positions 3 and 5, which are usually not subjected to

electrophilic attack, resulting in the formation of the target

product in 96% yield. Recently, KlapoÈ tke and co-work-

ers108 showed that this reaction can give, apart from

tetranitrobipyrazole 85, mono-, di- and trinitropyrazoles

depending on the conditions.

The direct acidic nitration of 4-substituted pyrazoles at

positions 3 and 5 can be applied to prepare assemblies of

nitropyrazole-containing heterocycles.109, 110 Key substrates

90 and 91 were synthesized by successive reactions, includ-

ing double formylation of the activated CH2R group in

compounds 86 and 87 followed by the transformation of

diformylmethane derivatives 88 and 89 to the target pyr-

azole derivatives (Scheme 24). The nitration of assemblies

90 and 91 with a sulfuric ± nitric acid mixture at 100 8C gave

fully nitrated compounds 92 ± 94.

Isomeric 3,30,4,40-tetranitro-5,50-bipyrazole (98) was

synthesized using a bypass approach, which involves the

N-nitration of bipyrazole 95 with acetyl nitrate, the thermal

rearrangement of the resulting N,N 0-dinitropyrazole 96 into

C,C 0-dinitropyrazole 97 and the nitration of the latter with

a mixture of concentrated H2SO4 and HNO3 at 60 8C
(Scheme 25). The overall yield of 98 over three steps was

83%.111 ± 113 The generality of the method was demon-

strated in relation to the synthesis of 3(5)-furazanyl-sub-

stituted 4,5(3)-dinitropyrazole 100 from bicyclic compound

99 according to a similar scheme.114

Annulated pyrazole derivatives can also be subjected to

nitration. The nitration of 3-methylpyrazolo[4,3-c]pyrazole

(101) at position 6 occurs even at room temperature in a

mixture of HNO3 and CF3CO2H.115 The oxidation of the

methyl group in compound 102 to the carboxyl group

(Na2Cr2O7/H2SO4) and the subsequent thermal decarbox-

ylation of compound 103 afforded 3-nitropyrazolo[4,3-c]-

pyrazole (104) (Scheme 26). The treatment of compound

104 with a sulfuric ± nitric acid mixture gave fully C-nitrated

pyrazolopyrazole (105). Later, it was shown that carboxylic

acid 103 can be directly transformed into 105 by the treat-

ment with 100% HNO3 , which makes it possible to do
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without thermal decarboxylation and results in a substan-

tially higher yield of the product.116, 117 Compound 105,

being somewhat less energy efficient than HMX, is highly

thermally stable (Tdec= 336 8C) and less sensitive to

mechanical stimuli. Hence, salts of 105 with nitrogen-rich

cations 116 and derivatives containing explosophoric groups

(NO2 , NH2 , OH, CH2ONO2 , CH2N3) at the endocyclic

nitrogen atom 117 ± 119 were synthesized and characterized.

A similar approach proved to be useful for the synthesis

of 3,5-dinitrodipyrazolo[3,4-b;4030-e]pyrazine (109).120 The

oxidation of methyl groups in N-protected substrate 106

afforded dicarboxylic acid 107. The decarboxylation of 107

in aqueous ammonia accompanied by deprotection gave

unsubstituted tricyclic compound 108. The nitration of the

latter with a sulfuric ± nitric acid mixture produced dinitro

derivative 109 with a high density (d=1.85 g cm73) and

high thermal stability (Tdec= 305 8C) (Scheme 27).

The development of methods for the synthesis of amino-

nitropyrazoles and investigations of their chemical proper-

ties have attracted great attention. These compounds are

insensitive explosives and, simultaneously, valuable syn-

thons for the preparation of this series of energetic com-

pounds. In particular, a procedure was proposed for the

introduction of an amino group at the carbon atom of the

nitropyrazole ring based on the Hofmann rearrangement

of nitro- and dinitropyrazolecarboxylic acid

amides.111, 115, 121 ± 124 This method was applied to prepare

isomeric aminodinitropyrazoles 110 and 111 (compound

LLM-116) and a series of other mono- (112, 113) and

bicyclic pyrazoles (114 ± 116) containing amino and nitro

groups (Scheme 28).

An alternative method for the synthesis of aminonitro-

pyrazoles 110 and 116 is based on the hydrolysis of

phosphazenes, derived from appropriate azidonitropyra-

zoles 117, with aqueous ammonia 111, 125 (Scheme 29).

Besides, the amino group can be directly introduced into

dinitropyrazoles 118 via vicarious nucleophilic substitution

of hydrogen with trimethylhydrazinium iodide (TMHI),

hydroxylamine or 4-amino-1,2,4-triazole in the presence of

strong bases.126 ± 129 Compounds 110 and 111 are produced

in 54%± 85% yields.

The presence of two nitro groups in compounds 110 and

111 reduces the reactivity of the amino group; however, it

can be involved in oxidative transformations giving new

energetic compounds. For instance, the oxidation of the

amino group in pyrazole 111 with KMnO4 in an alkaline

medium gave 4,40-azodipyrazole 119, although in low yield

(Scheme 30).130
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Dalinger's research team 131 and Herve et al.132 inde-

pendently synthesized 3,4,5-trinitropyrazole (120), which is

the first and as yet the only representative of thermally

stable NH-azoles fully nitrated at carbon atoms, by the

oxidation of aminodinitropyrazoles 110 and 111 with 90%

H2O2 in concentrated H2SO4 (Scheme 31). Almost at the

same time, Shreeve and co-workers 133 found that the

oxidation of amine 111 to nitro derivative 120 in the

presence of less hazardous 30% H2O2 is also very efficient

(93% yield). Besides, Dalinger et al.134 and Herve and co-

workers 132 proposed a practical method for the synthesis of

product 120 by the nitration of 3,5-dinitropyrazole (118a)

with a mixture of concentrated nitric and sulfuric acids, in

particular, in the presence of fuming sulfuric acid (oleum),

at 90 ± 100 8C. 3,4,5-Trinitropyrazole is a stable non-hygro-

scopic energetic compound. Its stable and safe-to-handle

salts with nitrogen-rich bases (guanidine, amino-, diamino-,

triaminoguanidine, 4-amino- and 3,5-diamino-1,2,4-tri-

azole, etc.) are comparable in terms of thermodynamic

and detonation properties (PD=23.7 ± 31.9 GPa;

VD=7580 ± 8540 m s71) with 1,3,5-triamino-2,4,6-trinitro-

benzene (TATB).133

Shevelev and co-workers 122, 123 found that the nitration

of simplest aminonitro- and aminodinitropyrazoles with

acetyl nitrate affords stable N-nitramines 121 (Scheme 32).

This method is also applicable to the synthesis of primary

nitramines 122 in series of hetaryl-substituted nitropyra-

zoles 124, 135 and bis(nitramino)dipyrazole 123.111, 136

Despite low basicity of the amino group, isomeric

aminodinitropyrazoles 110 and 111 easily undergo diazoti-

zation with nitrous acid, which is generated in situ from

NaNO2 and 20% H2SO4 , to form stable zwitterionic

diazodinitropyrazoles 124 and 125, respectively

(Scheme 33).123, 137

The diazonium group in diazodinitropyrazole 125

remains intact under the action of nucleophiles (Nÿ3 or

Br7 ions), which replace one nitro group in the pyrazole

ring to form compounds 126 (Scheme 34).123 Under more

severe conditions (110 8C), both nitro groups in compound

125 can be replaced by pyrazolate anions. This reaction

affords 3,5-bis(40-amino-30,50-dinitropyrazol-10-yl)-4-diazo-
pyrazole (127) (compound LLM-226). Compound 127 is

characterized by remarkably high thermal stability

(Tdec= 278 8C) as compared with other diazo compounds.

It should be noted that sensitivity of 127 to mechanical

stimuli is comparable to that of HMX,138 while diazo

substrate 125 is an primary explosive.139
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In some cases, diazodinitropyrazoles can be used to

prepare energetic polycyclic compounds, in which the pyr-

azole ring is annulated with other heterocycles. Thus, the

condensation of diazopyrazole 124 with NaCH(CN)NO2

affords 4-amino-3,7,8-trinitropyrazolo[5,1-c][1,2,4]triazine

128 (Scheme 35).123 In terms of energetic performance, this

compound is comparable with HMX, but it is less sensitive

to mechanical stimuli and is more thermally stable.126

Recently, this approach was successfully applied to prepare

analogues 129 and 130, which are also characterized by high

thermal stability (Tdec= 315 ± 355 8C).140, 141

A promising approach to the energetic functionalization

of C-polynitropyrazoles is based on the N-amination.

Shevelev and co-workers 142 described an efficient method

for the synthesis of N-aminonitropyrazoles (NAP) by the

reaction of in situ generated nitropyrazolate anions with the

simple and available aminating agent hydroxylamine-O-

sulfonic acid (Scheme 36). The reaction occurs in an aque-

ous buffer, with maintaining the required concentration of

nitropyrazolate anions.143 The generality of the method was

demonstrated by the synthesis of a wide range of N-amino-

nitropyrazoles, in particular compounds 131 ±

136.112, 143 ± 146 Besides, NAPs can be synthesized by the

treatment of nitropyrazolate salts with other aminating

agents (O-picryl- and O-tosylhydroxylamines) in

MeCN.112, 132, 147, 148

N-Aminopyrazoles are precursors for the synthesis of

energetic compounds containing an exocyclic N7N bond.

For instance, Shreeve and co-workers used nitration, trini-

troethylation and oxidation reactions to synthesize N-nitro

(137),144 N-trinitroethyl (138) 148 and aza derivatives

(139) 149 of NAPs (Scheme 37). The oxidation of N,N 0-
diaminodipyrazole 135 with tert-butyl hypochlorite gave a

new energetic compound, 1,2,9,10-tetranitrodipyra-

zolo[1,5-d:50,10-f ][1,2,3,4]tetrazine (140).112

Dalinger and co-workers 150 developed a method for the

direct N-hydroxylation of nitropyrazoles by the oxidation

of their anions with potassium peroxymonosulfate (oxone)

in aqueous buffer. Later, this approach was successfully

applied to prepare N-hydroxy derivatives of di- and trini-

tropyrazoles, in particular compounds 141a,b (Ref. 151)

and 142 (Ref. 152) (Scheme 38).

Shevelev and co-workers 153 reported facile synthetic

approaches to polynitropyrazoles containing an N7F

bond. They found that the treatment of polynitropyrazole
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sodium salts with a 10% F2/N2 gas mixture gives N-fluo-

ronitropyrazoles 143 (Scheme 39). The treatment of the

same substrates with O-fluorosulfonyl-N,N-difluorohy-

droxylamine affords N-difluoroamino derivatives 144.154

This approach allowed the synthesis of energetic com-

pounds 145 ± 148 containing two bridged dinitropyrazole

rings and annulated polynitrogen systems 149 (compound

LLM-120) and 150.

A facile method for N-functionalization of nitropyra-

zoles with energetic groups involves the destructive nitra-

tion of N-acetonylpyrazoles 151 with sulfuric ± nitric acid

mixtures. This reaction performed in the presence of water

affords N-(dinitromethyl)nitropyrazoles 152.155 ± 157 Due to

the ability of the dinitromethyl group to be involved in

reactions with electrophilic reagents, the latter compounds

are key precursors for the synthesis of energetic compounds

153 ± 155 containing a fluoro- or difluoroaminodinitro-

methyl group 155, 158 and some other explosophores at the

nitrogen atom of the pyrazole ring (Scheme 40).159

The destructive nitration of compound 151 with con-

centrated H2SO4/HNO3 mixtures does not stop at the

formation of N-dinitromethyl derivatives 152 but produces

N-trinitromethylnitropyrazoles 156 (Scheme 41).158, 160 ± 162

The presence of the trinitromethyl group significantly

increases the oxygen content of the molecule and also

increases the density of the compound (by 0.10 ±

0.15 g cm73). This method was used to synthesize com-

pound 157 containing ten nitro groups, which is among the

three leading CHNO-containing oxidants with the highest

density (d=2.021 g cm73).163

Therefore, polynitro derivatives of pyrazole are promis-

ing compounds, which combine high energy parameters

with satisfactory thermal stability and sensitivity to

mechanical stimuli. The developed procedures for C- and

N-functionalization of polynitropyrazoles enable the syn-

thesis of various energetic compounds of this class with a

wide range of explosophores, including positional isomers.

The latter fact is important for structure ± property relation-

ship analysis and the creation of new lines of research in this

area.
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2.3. Environmentally friendly methods for the synthesis of
energetic nitro compounds
Basic components of EMs are generally synthesized by the

nitration of appropriate hydrocarbons, alcohols and amine

derivatives. In industry, these reactions are usually per-

formed in the presence of a large excess (5 ± 10-fold) of a

nitric ± sulfuric acid mixture, which simultaneously serves as

the nitrating agent and the reaction medium. Nitration

processes are explosion dangerous and environmentally

hazardous, because they are accompanied by the formation

of huge amounts of acidic waste products, which are

difficult to dispose of.164 The promising approach to

addressing these issues is the application of green chemistry

methods for the preparation of EMs 103, 165 ± 167 based, in

particular, on the use of ionic liquids (IL) and liquefied

gases (CO2 and Freons), including in the supercritical (sc)

state, as the reaction media. These stable and virtually non-

flammable media make nitration reactions much less explo-

sion and fire hazardous.5, 168, 169 Besides, their adverse

environmental impacts are also considerably reduced. This

Section considers selected results obtained in this promising

research area in recent years.

2.3.1. Synthesis of nitro compounds in an ionic liquid medium

Ionic liquids modified with Brùnsted acid moieties

(in particular, with sulfo groups) can be utilized as solvents

and catalysts in the synthesis of energetic nitro compounds.

These ionic liquids catalyze nitration reactions facilitating

the formation of nitronium cations and enabling the syn-

thesis of polynitro compounds, which are dangerous to

handle (they explode on heating, shock and friction),

under milder conditions and in higher yields compared to

known methods. For instance, the nitrolysis of hexamethy-

lenetetramine (HMTA) with 95% HNO3 in acidic IL

(imidazolium and pyridinium salts containing sulfo groups

in the side chain) affords RDX (Scheme 42). The best

results were obtained using N-(4-sulfo-n-butyl)pyridinium

nitrate [SO3H-bpyr][NO3], which gave RDX in a yield 10%

higher than that achieved in the absence of IL.170

Sulfo-modified dicationic acidic IL 158 based on poly-

ethylene glycol PEG-200 proved to be efficient in the

synthesis of HMX from 3,7-dinitro-1,3,5,7-tetraaza-

bicyclo[3.3.1]nonane (DPT) (Scheme 43).171 Fuming nitric

acid (a mixture of N2O5 and 100% HNO3) ±NH4NO3

served as the nitrating agent. In the presence of 158, the

yield of HMX was 64%. It is worth noting that the key

precursor DPT can be synthesized by the nitration of urea

with fuming nitric acid in the presence of another ionic

liquid, N-(4-sulfonic acid) butyl triethylammonium hydro-

sulfate [Tebsa][HSO4].172

The acidic IL 1-methylimidazolium hydrogen sulfate

([1-mim][HSO4]) promotes the synthesis of CL-20 from

2,4,6,8-tetraacetyl-10,12-dibenzyl-2,4,6,8,10,12-hexaazaiso-

wurtzitane (TADB) (Scheme 44). Under the optimal con-

ditions (excess fuming nitric acid and the temperature of

60 8C), the yield of the product CL-20 was 90%.173 The

ionic liquid was not decomposed under very severe nitration

conditions and could be reused without the loss of efficiency

of the process.

Acidic groups that are present in IL also promote the

nitration of other annulated polynitrogen heterocycles. For

instance, 2,5,7,10-tetraazabicyclo[4.4.0]decane (TAD) is

easily nitrated to 2,5,7,10-tetranitro-2,5,7,10-tetraazabi-

cyclo[4.4.0]decane (TNAD) with N2O5 in the presence of

only 3 mol.% 1-(40-SO3H-n-butyl)-3-methylimidazolium

hydrogen sulfate ([SO3H-bmim][HSO4]) (Scheme 45).174
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In some cases, ILs facilitate the formation of polycyclic

amines serving as substrates for nitration reactions. For

example, 2,5,7,9-tetraazabicyclo[4.3.0]nonan-8-one dihy-

drochloride (TBN), which is a direct precursor of

explosophoric 2,5,7,9-tetranitro-2,5,7,9-tetraazabicyclo[4.3.0]-

nonan-8-one (TNTBN), was synthesized by the three-com-

ponent condensation of ethylenediamine, glyoxal and urea

catalyzed by trimethyl-(3-SO3H-n-propyl)ammonium

hydrogen sulfate (([TMPSA][HSO4]).175 The nitration of

TBN with a mixture of nitric acid and acetic anhydride

gives TNTBN in a rather high yield (Scheme 46). In this

case, IL can also be regenerated and reused.

The bicyclic furazan derivative, 4,6,8-trinitro-5,6,7,8-

tetrahydro-4H-furazano[3,4-f][1,3,5]triazepine (TNFTA),

annulated with the fully nitrated triazepine ring was synthe-

sized from the available diamine DAF in an acidic liquid

acid medium (Scheme 47). The method is based on the one-

pot reaction sequence involving the nitration of DAF with

the HNO37IL system and the condensation of the in situ

produced 3,4-di(nitramino)furazan with 2-nitroazapropane-

1,3-diol or its acetate.176 The highest yield of TNFTA in the

tandem reaction (up to 85%) was achieved when using two-

component IL containing 1-ethyl-3-methylimidazolium

hydrosulfate [Emim][HSO4] and 1-butyl-1-methylpyrroli-

dine triflate [Bmpyrr][OTf] in a ratio of 1 : 2.

Substrate-specific ILs catalyze not only the nitration of

amines but also the oxidation of primary amino groups to

nitro groups. For instance, in the presence of 1-methyl-3-

butylimidazolium decatungstate [bmim]4[W10O23]

(0.2 mol.%), DAF is transformed into the energetic oxidant

3,4-dinitrofurazan (44a) under the action of a mixture of

concentrated H2SO4 and 50% H2O2 (2 : 3) (Scheme 48).177

It should be noted that the reaction performed in the

presence of the commonly used catalyst (Na2WO4
. 2H2O)

instead of IL gave 44a in substantially lower yield (39%).

2.3.2. Synthesis of nitro compounds in liquefied gases

Some available, non-toxic and stable liquefied gases in the

liquid or sc state can also be used as environmentally

friendly reaction media for the synthesis and modification

of energetic compounds. Carbon dioxide, a natural gas

emitted in huge amounts by thermal power stations upon

combustion of hydrocarbon fuels, is most promising for this

purpose. Some fluorohydrocarbons, allowed to use as

refrigerants in commercial refrigerators, in particular

1,1,1,2-tetrafluoroethane (TFE), which have no destructive

effect on the ozone layer and do not cause acid precipita-

tions,178 have also attracted research attention in recent

years. These compounds are chemically stable, non-flam-

mable, can be easily separated from the products by simple

decompression and can recycle in engineering processes.

The first example of the nitration in liquefied CO2 is

apparently the synthesis of 3-nitroxymethyl-3-methyl oxe-

tane (NIMMO), serving as a monomer for the preparation

of an energetic polymer binder.179 The addition of alcohol

159 to a solution of the nitrating agent (N2O5 or 100%

nitric acid) in liquid CO2 at 3 8C and a pressure of 16.8 MPa

affords NIMMO in 96% yield (Scheme 49). Mild reaction

conditions prevent partial oligomerization of the product

(*10%), which is observed under standard conditions

(CH2Cl2).

To exclude a large excess of the nitrating agent in the

first step of the exothermic reaction, it was proposed to

perform the nitration by gradually adding a solution of

N2O5 in liquid CO2 to a solution or suspension of the

alcohol in the same solvent.180 Under these conditions,

various alcohols were transformed into exhaustive nitration

products 160 containing up to six nitrate groups in virtually

quantitative yields, the excess of N2O5 being less than 10%

per introduced nitro group (Scheme 50). This method was

used to synthesize components of EMs and active pharma-

ceutical ingredients, in particular glycerin trinitrate (GTN),

pentaerythritol nitrate (PETN), mannitol nitrate (MHN),

etc.

1,1,1,2-Tetrafluoroethane (TFE) with an equilibrium

vapour pressure (0.57 MPa at 20 8C) much lower that that

of CO2 (5.73 MPa at 20 8C) (see Scheme 50) proved to be

an even more promising medium for the nitration of

alcohols. The use of this medium enables the synthesis of
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nitrates 160 with the same output but at a much lower

pressure,181 which does not require specialized expensive

equipment, thereby making the method technologically

feasible.182 Most recently, the continuous nitration of alco-

hols with N2O5 in a liquefied TFE flow was reported.183 The

flow installation is characterized by much higher perform-

ance (two orders of magnitude higher) compared with batch

reactions. It prevents local overheat of the reaction mixture

due to a high flow rate and a minimum amount of the

reactants that are transferred to the reactor active zone per

unit time. The recycling of TFE is low energy consuming.

Freon is easily separated from the products at the reactor

outlet by partial decompression (20 8C, 0.3 MPa) and is

returned to the nitration step. Apparently, this is one of the

safest and most environmentally friendly nitration processes

highly promising for practical application.

High-molecular-weight alcohols can also be nitrated in

liquefied gases. Thus, the treatment of g-cyclodextrin com-

posed of eight glucopyranose units and 24 hydroxy groups

with dinitrogen pentoxide in liquid CO2 affords polynitrate

161 with a 13.5% nitrogen content, which is similar to the

theoretically possible value.184 The distinguishing feature of

the method is that the nitrating agent is generated from

100% HNO3 and phosphoric anhydride or oleum

(H2SO4
. SO3) in an auxiliary vessel in CO2 (25 8C,

*10.0 MPa), and the resulting solution is passed through

a special valve to the nitrating apparatus containing solid

g-cyclodextrin. The nitration is performed at 710 8C and

6.8 MPa in the presence of NaF to bind nitric acid that is

released in the course of the reaction. Product 161 is formed

in 91% yield. This compound is utilized as a substitute for

nitrocellulose in smokeless gunpowders and CSRPs.185

The natural polymer cellulose is also easily nitrated by

dinitrogen pentoxide or fuming nitric acid in liquid CO2 at

10 8C and a pressure of 8.0 MPa to form nitrocellulose NC

(Scheme 51). Depending on the type of cellulose (cotton,

linen, microcrystalline, etc.), composition and amount of

the nitrating agent, and the reaction time (1 ± 3 h), the

nitrogen content in the NC product is 11.0 mass%±

13.8 mass%.184, 186, 187 A mixture of HNO3 and Ac2O

(1 : 1 ± 1 : 5) can also be used as the nitrating agent;188

however, N2O5 and fuming nitric acid are agents of choice

because the reactions with these agents afford easily recov-

erable nitric acid as the only by-product. These results are

important in terms of practical applications because nitro-

cellulose is a large-scale commercial product used for

manufacturing gunpowders and materials for civilian appli-

cations (membranes, dyes, celluloids, etc.).189

The N-nitration (nitration of silylamines with N2O5) in

liquid CO2 was reported for the first time at the Meeting on

Supercritical Fluids (Nottingham, UK) in 1999

(Scheme 52).190 However, under the proposed conditions,

N-nitramines 162 were prepared in lower yield than in

CH2Cl2.191 Besides, explosion hazardous silyl nitrates were

obtained as side reaction products.

Shortly after, US researchers patented a procedure for

the synthesis of N-nitramines by the nitration of acylamides

with dinitrogen pentoxide in liquid and sc-CO2 .184 In par-

ticular, the authors reported the synthesis of HMX from

1,3,5,7-tetraacetyl-1,3,5,7-tetraazacyclooctane (163a) or

3,7-diacetyl-1,5-dinitro-1,3,5,7-tetraazacyclooctane (163b)

in sc-CO2 in 79% and 98% yields, respectively (Scheme 53).
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Unfortunately, the patented procedure does not include

details required for the reproduction of the results.

A thorough investigation of the nitrolysis of acylamides

to N-nitramines 162 with N2O5 or fuming nitric acid in

liquid CO2 identified the N2O5 ± 100% HNO3 mixture (3 : 4)

as the nitrating agent of choice (Scheme 54).192 Under these

conditions, a series of linear and cyclic N-nitramines, in

particular N,N 0-dinitropiperazine (164) as a component of

smokeless CSRPs with a low burning velocity (95% yield),

were synthesized.193 However, attempts to introduce three

nitramine groups into 1,3,5-triacetylhexahydro-1,3,5-tri-

azine in liquid or sc-CO2 failed. The reactions afforded

dinitro compound 165 instead of RDX. This result is in

contradiction with the data in the patent 184 and casts doubt

on the possibility of preparing RDX and HMX in CO2 .

Disubstituted N-nitramines 162 can be synthesized by

the catalytic (ZnCl2) nitration of dialkylamine nitrates with

a 100% HNO3 ±Ac2O mixture in liquid or sc-CO2

(Scheme 55).194, 195 The reaction can be performed with

aliphatic and heterocyclic amines. In particular, compound

164 and bis(nitroxyethyl)nitramine (DINA) are useful prod-

ucts. However, in some cases the reaction is complicated by

the formation of nitrosamines 166 as by-products due to the

presence of dinitrogen trioxide (N2O3) generated by the

redox reaction of the catalyst with the reactants.

The nitration of glycoluril and its 3a,6a-disubstituted

analogues with N2O5 (4.0 equiv.) in liquid CO2 (8.0 MPa,

5 ± 20 8C) gave dinitro compounds 167 with diagonal

arrangement of nitro groups (Scheme 56),196 in particular,

the insensitive explosive 1,4-dinitroglycoluril (DINGU)

(VD=7580 m s71, d=1.99 g cm73). A similar reaction

with 1,3-dimethylglycoluril afforded compound 168 con-

taining both nitro groups in the same urea moiety. This

method is applicable to the fluid nitration of hexahydro-

imidazo[4,5-d]imidazol-2(1H)-one. Like DINGU, the

product of this reaction, 2,6,8-trinitro-2,4,6,8-tetraazabicy-

clo[3.3.0]octan-3-one (HK-55), having a rather high density

(1.905 g cm73), is characterized by low shock sensitivity.197

The treatment of N-alkyl carbamates 169 and N-alkyl-

amides of carbonic, sulfuric and oxalic acids 170a ± c with

N2O5 in liquid CO2 gave the corresponding N-nitro com-

pounds 171 and 172a ± c in high yields (Scheme 57).198

Products 171 and 172 are precursors of primary N-nitr-

amines, in particular of methylnitramine and bis-(N-nitr-

amino)ethane, used to prepare practically important

energetic systems.199, 200 The advantage of this method is

that it does not require environmentally hazardous nitrating
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agents containing sulfuric 201 or trifluoroacetic 202 acids and

chlorinated solvents.191

N-Nitrourethanes and N-nitramides that are dangerous

to handle (sensitive to shock and friction) are generally

transformed into primary N-nitramines by alkaline hydrol-

ysis 203 or ammonolysis.204 ± 206 Recently, Zlotin and co-

workers 207, 208 developed a one-pot procedure for the syn-

thesis of primary N-nitramines 177 and 178, which includes

the nitration of N-alkyl carbamates 173/174 or N,N 0-dial-
kyloxamides 170c with N2O5 in TFE and the treatment of

the resulting nitro compounds 175, 176 and 172c with liquid

ammonia, without isolation, in the same solvent

(Scheme 58). The method is safe and environmentally

friendly. It affords ammonium nitrate, ethyl carbamate or

oxamide as by-products, which can be used in agriculture as

nitrogen fertilizers. In this method, the solvent (TFE) is

easily recompressed (like in refrigerators) and returned to

the process.

The above-considered environmentally friendly methods

of nitration using dinitrogen pentoxide and alternative

reaction media may serve in the near future as the basis

for creating industrial processes, safe for personnel and the

environment, for the production of energetic compounds

and materials for military and civilian applications (mining

industry, medicine and so on).

3. Nitro compounds as versatile reagents for
organic synthesis

Nitro compounds are of applied interest as key components

of EMs and active pharmaceutical ingredients (nitrogly-

cerin, furacilin, isosorbide dinitrate, etc.).209, 210 They are

precursors for the preparation of many other commercially

important compounds (dyes, polymers and so on). Besides,

due to availability, stability and diverse reactivity, nitro

compounds are among the most versatile and commonly

used reagents in organic chemistry.211 ± 213 They are easily

modified at the a-carbon atom and can be functionalized, in

particular, by introducing amino or carbonyl groups. The

Henry reaction,12, 214 Nef reaction,11 nitro-Michael reac-

tion,13, 215 nitro-Mannich reaction 216 and some other trans-

formations of nitro compounds are well-known and widely

used tools of modern organic synthesis. Russian researchers

have made a significant contribution to the development of

these methods in the second part of the 20th century.6

The further development of chemistry of nitro com-

pounds in the 21st century arose from the following circum-

stances. First, conventional reactions of nitro compounds

proved to be compatible with modern methods of asym-

metric metal catalysis and organocatalysis, which offers new

possibilities for the use of nitro compounds in the synthesis

of enantiomerically pure biologically active molecules.19, 217

On the other hand, new knowledge on the reactivity of

nitronic acid derivatives resulted in the development of

original approaches to the modification of the carbon

skeleton of aliphatic nitro compounds.218 Finally, the

chemical utilization of expired basic energetic compounds,

in particular TNT, is a challenging problem. Towards this

direction, extensive research efforts are underway to dis-

cover new pathways of useful chemical transformations of

these large-scale commercial products.

3.1. Nitroalkanes and nitronates: new approaches to selective
functionalization of the carbon skeleton
Conventional transformations of aliphatic nitro compounds

(ANCs) are related to reactions of their conjugated bases

(nitronate anions) serving as C-nucleophiles. The reactions

of the latter with electrophiles allow the introduction of

various substituents E1 at the a-carbon atom of ANCs

(Scheme 59, path a). On the other hand, ANCs can exist in

equilibrium with their tautomers, nitronic acids (NAs).

Although the nitro form is usually more stable than the aci

form, the latter can be stabilized as O-esters, so-called

nitronates 179 (path b).219

The structures of esters 179 greatly differ from the

structures of parent ANCs, resulting in a significant differ-

ence in their reactivity and, as a consequence, in the

extension of the range of available procedures for the

functionalization of nitro compounds.220 Nitronates 179,

as 1,3-dipoles, are involved in [3+2]-cycloaddition reac-

tions with alkenes giving isoxazolines 180 (Scheme 60).16

These reactions can be performed with high enantioselec-

tivity in the presence of copper-based catalysts with bisox-

azoline- and oxaazaborolidine-type chiral ligands.221, 222
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The range of [3+2]-cycloaddition reactions to nitronates

179 has recently been extended by the development of

metal-catalyzed formal [3+3]-cycloaddition reactions

involving donor-acceptor cyclopropanes 181 223, 224 and

enol diazoacetates 182.225 These transformations lead to

profound modification of the nitro moiety by including it in

the oxazine ring.

Nitronates 179 containing the C=N double bond can

also be considered as analogues of carbonyl compounds and

azomethines in terms of both C-electrophilic properties and

reactions involving the a-CH position (Scheme 61). These

transformations are activated by Lewis acids (LAs), which

are coordinated to the oxygen atom of the nitronate moiety

giving N,N-bis(oxy)iminium cations 183.220, 226 The latter

can add nucleophiles or undergo deprotonation to form

enamines 184. It should be noted that cations 183 have an

inverted polarity compared to nitronate anions.227 In enam-

ines 184, the b-carbon atom, which is inert in the nitro

compounds, can be involved in addition reactions.

The concept of nitronates as analogues of carbonyl

compounds was proposed in the ZIOC RAS in the early

2000s,228 and its development in recent years led to the

design of new efficient methods for the functionalization of

a and b positions in ANCs and nitronates. Silicon deriva-

tives proved to be the most efficient Lewis acids in this

process. The use of these derivatives makes it possible to

generate cations 183 from nitronates 179 and perform their

transformations under relatively mild conditions.229 These

reactions significantly increase the scope for modifications

of the carbon skeleton of nitro compounds. The general

approach to the introduction of nucleophiles at the a
position of nitroalkanes includes the transformation of

ANC into nitronate 179 using a base and an electrophilic

reagent and the trimethylsilyl triflate-catalyzed reaction of

179 with a nucleophile (e.g., silyl ketene acetal) giving

adduct 185 (Scheme 62). In the reaction product, the

nucleophilic moiety is bound to the a-carbon atom of the

starting ANC. The generation of nitronate 179 and the

addition of a nucleophile can be steps of a single one-pot

process.227

This procedure is applicable to different types of nitro-

nates, including cyclic O-alkyl esters of nitronic acids 186.

Under these conditions, the latter compounds react with a

wide range of C- and N-nucleophiles giving nitroso acetals

187 (Scheme 63).230, 231 The new stereogenic centre C(3) in

products 187 is usually formed stereoselectively.

Nitronates 186 are easily generated by not only the

cyclization of appropriate d-halogen-substituted nitroal-

kanes 188 232 but also the [4+2]-cycloaddition reaction of

nitroalkenes 189 with electron-donating olefins developed

by Denmark and Thorarensen 233 (Scheme 64).

The coupling of some nucleophiles with nitronates 186

does not require strong Lewis acids. This was recently

demonstrated by performing the successful addition of the

cyanide anion in the presence of magnesium perchlorate

(Scheme 65).234 In this case, the cyclic structure of nitroso

acetal is not preserved and the reaction affords cyanooximes

190 as the final products.

The functionalization of the b-carbon atom of ANCs is

generally associated with the transformation of the latter

into N,N-bis(oxy)enamines 184 (see Scheme 61). Enamines

184 exhibit dual reactivity and react with both electrophiles

and nucleophiles at the b-C atom (Scheme 66). In the

former case, these compounds behave as typical enamines;
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in the latter case, as nitroso acetals, the reactions of which

are accompanied by the heterolytic cleavage of the weak

nitrogen ± oxygen bond.235 Besides, free radicals R3. can

also be added at the C=C double bond in N,N-bis(oxy)en-

amines 184 followed by homolytic N7O bond cleavage.236

In the method proposed by Seebach and co-workers,237

lithium N,N-bis(oxy)enamines 191 (so-called superen-

amines) are generated by the treatment of ANCs with excess

butyllithium (Scheme 67). These compounds readily react

(even at 778 8C) with such electrophiles as alkyl halides,

carbonyl compounds and Michael acceptors to form the

corresponding addition products.238, 239

However, the yields of functionalized nitro compounds

are usually low because of high reactivity of superenamines

191. Besides, this procedure does not tolerate many func-

tional groups in ANCs. Stable bis-silyl ene nitroso acetals

192, which are prepared by the double silylation of ANCs

(Scheme 68),240, 241 are more convenient synthetic equiva-

lents of N,N-bis(oxy)enamines 184.

The nucleophilicity of ene nitroso acetals 192 in the

Mayr scale is much lower than that of typical enamines and

is comparable with that of silyl enolates and allylsilanes.242

The reaction with carboxonium cations A resulting in the

formation of a new carbon ± carbon bond (Scheme 69) 243 is

an example of the successful electrophilic addition to N,N-
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bis(oxy)enamines 192. Under the reaction conditions, the

cations A are generated from the corresponding acetals and

ketals under the action of trimethylsilyl triflate. The addi-

tion of these C-electrophiles at the C=C double bond

affords g-functionalized nitro compounds 193.

The reaction of N,N-bis(oxy)enamines 192 with sulfenyl

halides gives diastereomeric b-thio-substituted nitro com-

pounds 194 [Scheme 70, Eqn (1)].244 Meanwhile, the halo-

genation of ene nitroso acetals 192 in the presence of

tetrabutylammonium acetate produces nitroalkenes 189 via

the elimination of halosilane from intermediate nitronates

195 [Scheme 70, Eqn (2)].245

The nitrogen ± oxygen bond in ene nitroso acetals 192 is

weak due to p?s�NÿO and nO?s�NÿO hyperconjugation

and is prone to heterolytic cleavage.246 Hence, compounds

192 can serve as a source of conjugated nitroso alkenes 196

or N-vinyl,N-oxynitrenium ions B (strong Michael accep-

tors), making it possible to introduce nucleophiles at the b
position of the former ANC (Scheme 71). The generation of

nitroso alkenes 196 from 192 is promoted by Lewis bases;

the generation of N-vinyl,N-oxynitrenium ions B, by Lewis

acids (through the coordination of LA to the oxygen atom

of the N7O bond). The use of a particular activation

method depends on the nature of the nucleophile. Weak

nucleofuges are better activated by Lewis bases, while

stronger ones by Lewis acids.

Amines belong to the first type of nucleophiles. Primary

amines and ammonia selectively react with two molecules of

ene nitroso acetal 192 in the absence of Lewis bases, the role

of which is played by the amine itself (Scheme 72). This is

one of the most commonly used methods for the synthesis of

TMSOTf

A

BnEt3NCl7

7TMSCl

R1

NO2

R2

OAlk

R3

R4

R1

N

R2

OAlk

R3

R4
7
O

TMSO

TMSOTf

R3

R4

OAlk

R3

R4

OAlk

OAlk

R1

N

R2

TMSO OTMS

CH2Cl2,

778 8C,
32%±77%

AcOH,
Et3N

a
b

g

192

+

R2

OAlk

R3

R4

R1

N

TMSO

TMSO

++
+

+

193
(1 : 1 ± 1 : 2 dr)

Scheme 69

(1)

R1=H, Me, CH2CH2CO2Me; R2=H, Me; Ar=p-Tol, p-ClC6H4

CH2Cl2,778 8C

ArSCl

N

R1

TMSO OTMS

R2

192

Hal2, Bu4N+AcO7

CH2Cl2,778?0 8C
N

R1

TMSO OTMS

R2

192

(2)

R1

SAr

R2

N
O7TMSO

194 (dr 1 : 1)

+

R1

SAr

R2

N
O7O

+

b

7TMSCl,
25%782%

AcO7R1

Hal

R2

N
O7TMSO

189

+

R1

R2

N
O7O

+

b

195

7TMSOAc,
82%±95%

R1=H, Alk, Ar; R2=H, Alk; Hal=Br, I

Scheme 70

B

R1

N
TMSO

R2

R1

N
O

R2

R1

N
TMSO

R2

NuR1

N
TMSO OTMS

R2

Nu7

LB Nu7

LB7TMSLB7TMS

LA

LA7OTMS

196

192

+

+

7

Scheme 71

R3 R3

N

R1

OTMSTMSO

R2

1) CH2Cl2, 24 h
2) MeOH

b

48%±99%

192

R1=H, Alk, Ph, Bn, CH2CH2CO2Me, CO2Et; R2=H, Me;

R3=H, Alk, AlkFg

NH2 + N

N

N

R1

R1

OH

OH

R2

R2

197

NN

N

N

OH

N
HO

N

HO

OH

(99%)

Selected products

N
N OH

N

OH

NH

O

S

(48%)

N

N

N

HO

N

OH

N

N

N OH

N

N

OH

N

HO

OH

(64%)

Scheme 72

S.G.Zlotin, I.L.Dalinger, N.N.Makhova, V.A.Tartakovsky

24 Russ. Chem. Rev., 2020, 89 (1) 1 ± 54



bis-a-amino oximes 197 from various amines and poly-

amines.247

Another approach to the generation of conjugated

nitroso alkenes 196 from ene nitroso acetals 192 under

mild conditions is based on the treatment with dimethylfor-

mamide (a weak Lewis base). Different O- and S-nucleo-

philes (carboxylic acids, phenols, hydroxamic acids and

thiols) react in DMF with enamines 192 to form, after

desilylation, the corresponding a-oxy- or a-thio-substituted
oximes 198 (Scheme 73).246, 248 In these reactions, nucleo-

philes are used in the available H form without the addition

of reagents for their deprotonation.

Nucleophiles, which are not convenient to handle in the

H form (e.g., cyanide and azide anions), can be introduced

in the reaction with enamines 192 as the corresponding silyl

derivatives 249 or the in situ generated magnesium salts

(Scheme 74).250 The final products of the addition of the

cyanide anion are 5-aminoisoxazoles 200, which are formed

through the cyclization of intermediate a-cyanoximes

199.234

The use of d-metal salts, in particular cobalt salts, made

it possible to perform the reactions of ene nitroso acetals

192 with such nucleophiles as halide and nitrate ions, which

do not directly add to nitroso alkenes.251, 252 The d-metal

cation is apparently coordinated by the oxygen atom,

thereby facilitating the heterolytic cleavage of the nitro-

gen7oxygen bond in 192 (Scheme 75). It is worth noting

that silyl ethers of a-halogen-substituted oximes 201 can be

synthesized from ANCs in a one-pot fashion by the succes-

sive addition of a silylating agent (to generate enamines 192)

and cobalt halide.

The proposed methods for the functionalization of

nitronates are suitable for the preparation of biologically

active substances, in particular oxazinoimidazolidinone
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substituted 1,2-oxazine 207, which was transformed into

target product 202 by the treatment with triphosgene.

The a position in nitronates can be functionalized not

only by silylation but also using other electrophilic reagents.

Recently, a method was developed for the oxygenation of

silyl nitronates 179 with acyl chlorides.254 In the first step,

the reaction affords N-acyloxy enamines 208, which are

transformed into a-acyloxy oxime esters 209 [Scheme 77,

Eqn (1)]. The [3,3]-sigmatropic rearrangement is driven by

the cleavage of the weak N7O bond and the formation of a

stronger C7O bond. A similar tandem acylation/rearrange-

ment reaction is applicable to the functionalization of cyclic

nitronic O-esters 186 [Eqn (2)].

The oxygenation of the a position in nitronates via the

acylation proved to be applicable for the preparation of

precursors of clausenamide alkaloids (Scheme 78).254 The

key intermediate, isoxazoline N-oxide 212, was prepared by

the stereoselective [4+1]-cycloaddition of nitroalkene 210

(available from 2-phenylnitroethane) to ylide 211. The

acylation of 212 with para-nitrobenzoyl chloride afforded

a mixture of diastereomeric isoxazolines 213a and 213b. The

latter compounds are precursors for the preparation of

clausenamide, cis-clausenamide and epi-clausenamide by

known procedures.255

Therefore, progress in chemistry of nitronic esters

achieved in the past two decades resulted in the creation of

a wide range of tools for modification of aliphatic nitro

compounds. The most important methods include the

inversion of the polarity of nitroalkanes, new cycloannula-

tion reactions of nitronates and methods for the function-

alization of the a position in nitronates and the b position in

nitro compounds. These methods proved to be efficient, as

demonstrated by their successful application in the total

synthesis of complex biologically active compounds and

natural products.

3.2. Stereoselective reactions of nitroolefins in the synthesis
of biologically active substances
a-Nitroolefins comprise a class of ANCs very useful in

organic synthesis. Due to availability (these compounds

can easily be prepared by the condensation of nitroolefins

with aldehydes) and high chemical reactivity, these com-

pounds are used as precursors for the preparation of a wide

range of nitrogen-containing compounds for different appli-

cations.256 ± 259 In particular, a-nitroolefins readily add

different nucleophiles to form b- or g-functionalized nitro-

olefins serving as precursors of many biologically active

substances.211 Below we consider only some most interest-

ing asymmetric reactions of nitroalkenes with carbo- and
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heteronucleophiles, which were applied to perform stereo-

selective synthesis of natural compounds and other bio-

logically active substances evaluated in clinical or

preclinical trials, in particular the synthesis of the most

active enantiomers of pharmaceuticals (see also

reviews 19, 260 ± 262). In these reaction, chiral catalysts or

chiral auxiliaries of the substrates generally serve as stereo-

inducers. Catalytic reactions of nitroolefins are most prom-

ising for practical applications.

3.2.1. Asymmetric reactions of nitroolefins with aldehydes and

ketones

Enolizable aldehydes and ketones containing a reactive site

in the a position to the carbonyl group undergo enantiose-

lective addition to nitroolefins in the presence of chiral

secondary or primary amines, which activate the carbonyl

compound by forming enamine intermediates.263 Alexakis

and co-workers 264, 265 found that the reaction of propanal

with nitroalkene 214 catalyzed by the bis-pyrrolidine deriv-

ative (2S,20S)-C1 affords diastereomeric Michael adducts

215 (Scheme 79). The acetalization and Nef reactions pro-

duced ketone 216, with the number of diastereomers

decreasing to two. The catalytic hydrogenation and depro-

tection of syn isomer 216 (93% ee) gave the natural anti-

biotic (7)-botryodiplodin with a wide range of biological

activity isolated from the rot fungus Botryodiplodia theo-

bromae.266 ± 268

Wang et al.269 reported a similar synthesis of pyrrolidine

derivatives, in particular the product Sch 50971. The latter

is a potent histamine H3 receptor agonist, which was

evaluated in clinical trials as an agent for the treatment of

Alzheimer's disease.270 The key step in this synthesis is the

amine (S)-C2-catalyzed asymmetric addition of propanal to

nitroolefin 217 giving adduct 218 with very high syn-

diastereo- and enantioselectivity (Scheme 80). Compound

218 was transformed into the target product Sch 50971 by

the reductive cyclization and deprotection of the imidazole

ring.

The asymmetric synthesis of 3-substituted 4-nitrobuta-

nal derivatives 220, close precursors of g-aminobutyric acid

(GABA) analogues, was simultaneously accomplished by

two research teams headed by List 271 and Hayashi.272

Adducts 220 were found to be enantioselectively produced

from nitroolefins 219 and acetaldehyde in the presence of

the silylprolinol derivative (S)-C3a (10 mol.% ± 20 mol.%)

(Scheme 81). The reaction proceeds through the formation

of enamine in the transition state TS1 . The oligomerization

of acetaldehyde was suppressed by performing the reaction

in polyethylene glycol PEG-400 in the presence of the

catalyst (S)-C3b (10 mol.%) containing long-chain

alkylthio groups and a benzoic acid additive.273 Adducts

220 were transformed into the enantiomerically enriched

drugs (S)-baclofen, (S)-rolipram and (R)-pregabalin by the

oxidation and hydrogenation.274 ± 276

Rovis and co-workers 277 developed an efficient method

for the stereoselective synthesis of d-lactams based on the

reaction of nitroalkenes with enals catalyzed by chiral

heterocyclic carbenes. They applied this method to synthe-

size (7)-paroxetine, a serotonin reuptake inhibitor, and its

analogue (7)-femoxetine. The homoenolate, which was
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prepared by the treatment of a,b-enals 221 with the

C4 ±NaOAc system, underwent stereoselective addition to

functionalized nitroalkenes 222 to give d-nitro esters 223

(Scheme 82). The latter were transformed in situ into

d-lactams 224 by the reduction of the nitro group

(Zn ±AcOH) and lactamization. The final steps of the

synthetic sequence were the N-methylation (in the case of

224b) and reduction of the amide group (LiAlH4).

Hong et al. 278 accomplished the enantioselective syn-

thesis of the tetracyclic alkaloid (7)-b-lycorane from nitro-

styrene derivative 225a and a,b-unsaturated aldehydoester

(Z)-226. Such alkaloids (Amaryllidaceae) exhibit anticancer

activity and are analogues of galantamine used for the

treatment of Alzheimer's disease.279, 280 Adduct 227, which

was produced in the presence of the prolinol catalyst

(S)-C3a, was converted in situ into cyclohexane derivative

228 (single diastereomer, 98% ee) by the treatment with a

base (CsF) under phase-transfer catalysis conditions

(Bun
4NBr) (Scheme 83). The oxidation of aldehyde 228 to

acid 229 and the subsequent decarboxylation of the latter

gave product 230, a close precursor of (7)-b-lycorane. A
similar reaction sequence using aldehydoester (E)-226

afforded isomeric a-lycorane.
Zhao and co-workers 281 simplified the synthesis of

a- and b-lycoranes by catalyzing the reaction simulta-

neously with pseudoisomeric derivatives of quinine C5 or

quinidine C6 bearing a thiourea group and (S)-proline. In

this pair, proline enantioselectively catalyzes the asymmet-

ric Michael reaction between (E)-2260 and nitroolefin 225a

(enamine catalysis), while the alkaloid co-catalyst provides

LiAlH4

NMe

O

MeO

NH

F

OO

O

221a,b

NH

R1 O

OR2

R1

CO2Et

NO2

OR2

NO2R2OR1 O C4, NaOAc

EtOH, rt

Zn, AcOH reflux,
53%±58%

222a,b

(7)-Paroxetine

223

224a,b
(up to dr=10 : 1,
82% ee)(7)-Femoxetine

1) NaH, CH3I
2) LiAlH4

THF, 47%
(for 224b)

THF, 88%
(for 224a)

+

224: R1=4-FC6H4,

R2= (a);
O

O

R1=Ph,

R2=4-MeOC6H4 (b)

C4

BFÿ4

N N

N

F

Pri
Ph

+

Scheme 82

NaClO2

ButOH,
25 8C, 82%

NO2

Ar

O

CO2But

227

Ar
NO2

CO2But

O

(Z)-226 225a

+
CH2Cl2, 0 8C

CsF, But4NBr

THF, CH2Cl2

79%

3

(S)-C3a,
AcOH (25 mol.% each)

NO2

O

228 (98% ee)

HO2C

NO2

Ar

229 (98% ee)

70%

NO2

O

O

O

O
225a: Ar =

O

O
N

H

H

H

230 (7)-b-Lycorane

CO2But
CO2But

CO2But

Scheme 83

NO2

Ar

O

PMP

O

NO2

Ar

O

Ar
NO2

O PMP

O

(E)-2260

+

2280 (dr=94 : 6, 99% ee)epi-2280 (dr=92 : 8, 99% ee)

C6, S-Pro
(10 mol.% each)

MePh, rt? 40 8C

C5, (S)-Pro
(10 mol.% each)

MePh, rt? 40 8C
225a

3

O

O
N

H

H

H

(7)7b-Lycorane
C6

N

N

NHN
Ar0

H

OMe

H
N

N

HN N
Ar0

H

MeO
C5

H

O

O
N

H

H

H

(7)7a-Lycorane

SS

Ar =
, Ar0 =3,5-(CF3)2C6H3, PMP=4-MeOC6H4; (S)-Pro is (S)-Proline, PMP=4-MeOC6H4

O

O

PMP

O

Scheme 84

S.G.Zlotin, I.L.Dalinger, N.N.Makhova, V.A.Tartakovsky

28 Russ. Chem. Rev., 2020, 89 (1) 1 ± 54



the stereocontrol of cyclization by forming hydrogen bonds

with the reagent (Scheme 84). This approach enabled the

stereoselective synthesis of precursors 2280 and epi-2280 and
their transformation to the target alkaloids according to a

scheme analogous to that described above.

Shao and co-workers 282 developed an alternative asym-

metric synthesis of (+)-a-lycorane based on the addition of

acetaldehyde to nitrodienyne 231 in the presence of (S)-C3a

(10 mol.%). The resulting 1,2-adduct 232 was oxidized

in situ to g-nitro acid 233. The hydrolysis of the alkyne

group in 233 gave acid 234 containing the a,b-enone moiety

(Scheme 85). The transformation of compound 234 into

nitrocyclohexane 235 (Ref. 283) and the Raney nickel-

promoted cascade reaction sequence of compound 235

(deprotection, hydrogenation and lactamization) afforded

bicyclic lactam 236. The subsequent cyclization and reduc-

tion of lactam 237 (LiAlH4) completed the synthesis of

(+)-a-lycorane.
Hayashi and co-workers 284, 285 reported the enantiose-

lective synthesis of oseltamivir, a neuraminidase inhibitor

against avian influenza, in particular against the strain

H5N1 (Scheme 86).286 The key step was the prolinol

(R)-C3a-catalyzed asymmetric addition of glycolaldehyde

ether 238 to b-nitroacrylate 239a giving nitro aldehyde 240

with high diastereo- and enantioselectivity. The treatment

of compound 240 with vinylphosphonate 241 in the pres-

ence of a base (Cs2CO3) triggered the Michael and Horner ±

Wadsworth ± Emmons (HWE) domino reaction sequence

giving cyclohexene derivative 242. The thiolation of 242

was accompanied by epimerization. Product 243 having the

required 5S configuration was transformed into (7)-oselta-

mivir in six steps by a one-pot procedure.

A more convenient (five steps, two synthetic operations)

method for the synthesis of oseltamivir was proposed by

Ma's research group.287 They performed the reaction of

glycolaldehyde ether 238 with Z-nitroenamine 244a instead

of b-nitroacrylate 239a in the presence of prolinol ether

(S)-C3c with the opposite configuration of the stereocentre

as the catalyst (Scheme 87). This reaction directly produced

the desired (2R,3S) isomer of adduct 245. The Michael

reaction between compounds 238 and 244a can be per-

formed in the presence of the more available catalyst

(S)-C3a in combination with ClCH2CO2H,288 rac-mandelic

acid or 2,4-dinitrophenol 289 without loss of stereoselectiv-

ity. In this case, labile aldehyde 238 can be conveniently

generated in situ from the appropriate diethyl acetal imme-

diately before the reaction.290 Compound 245 was trans-

formed in situ into functionalized nitrocyclohexene 246 and
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then into nitrocyclohexane derivative 247 by a Hayashi's

method 284 in an overall yield of 54% with 96% ee. The total

synthesis of oseltamivir was completed by the reduction of

the nitro group (Zn/TMSCl) and elimination of the arylthio

group (K2CO3). Later, Hayashi and co-workers 285, 291

improved Ma's method using the (S)-C3d ±HCO2H ± PhCl

catalytic system. This made it possible to completely

exclude the solvent evaporation/removal and isolation of

intermediates. Authors believe that this efficient method

(37% overall yield) may be applied in industrial.

Hayashi and Umemiya 292 applied functionalized nitro-

alkene 249 for the stereoselective synthesis of prostaglan-

dins.293 The tandem reaction sequence includes the

silylprolinol (R)-C3a-catalyzed asymmetric addition of dia-

ldehyde 248 to nitroalkene 249, the stereoselective intra-

molecular cyclization of the resulting adduct (Henry

reaction) and olefination (HWE) with b-keto phosphonate

250 (Scheme 88). The one-pot reaction gave key chiral

intermediate 251 containing all carbon atoms of prostaglan-

dins in 81% yield with 94% ee (for the major diastereomer)

starting from three simple molecules (248 ± 250). Subse-

quent transformations of functionalities in 251 and epime-

rization of the a-side chain afforded methyl ethers of

prostaglandins E1 and A1 in an overall yield of 14% and

25%, respectively.

Ketones are less active nucleophiles than aldehydes.

Hence, special polyfunctional catalysts are required for the

asymmetric reactions of ketones with nitroalkenes to pro-

ceed. Pansare et al.294 found that ketone 252 stereoselec-

tively reacts with nitroolefin 225a in the presence of

pyrrolidine-containing triamine C7a to form nitroketone

253a with 89% ee (Scheme 89). Adduct 253a was trans-

formed into cis-octahydroindole 254 via the reduction,

cyclization, deprotection and hydrogenation. Compound

254 served as the precursor for the synthesis of polycyclic

compound 255 with the (7)-pancracine skeleton (three

steps, 36% overall yield), which was transformed into the

target alkaloid by a known method.295

Recently, CossõÂ o and co-workers 296 proposed an

approach for the synthesis of enantiomeric (+)-pancracine,

which differs from Pansare's method in that the asymmetric

Michael reaction between compounds 225a and 252 was

catalyzed by proline derivative C8 in the presence of BzOH

(Scheme 90). Under these conditions, BzOH reacts with the

aci form of primary Michael adduct 256 affording unstable

intermediate 257, which was stereoselectively (99% ee)

rearranged to lactam 258 containing three chiral centres

with the desired configuration. The subsequent hydrogena-

tion and reduction of lactam 258 produced octahydroindole

ent-254, a precursor of (+)-pancracine.
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A method developed by Pansare et al.294 provides a

route to other useful indolizidine derivatives.297 The tria-

mine C7a-catalyzed reaction of 4-methoxy-b-nitrostyrene
(225b) with ketone 252 gave nitro ketone 253b with 92% ee

(Scheme 91). The Baeyer7Villiger oxidation of 253b

afforded lactone 259, which was converted to octanoate

260 via methanolysis and hydrolysis of ketal. The partial

reduction of the nitro group in 260 with Zn ±NH4Cl and

triacetoxyborohydride gave hydroxylamine 261. The latter

was transformed into the alkaloids (+)-ipalbidine and

(+)-antofine by the reductive pyrrolidine ring closure and

subsequent transformations of compound 262. (+)-Ipalbi-

dine is used as an analgesic.298 (+)-Antofine is an enan-

tiomer of the natural compound with anticancer and

antiviral activity.299, 300

Nitroolefins proved to be useful for the stereoselective

synthesis of quinolizidine alkaloids,301 in particular, the

antibiotics (+)-julandine 302 and (+)-cryptopleurine, the

latter being an antipode of the compound with antiviral

and anticancer activity.303, 304 Recently, Zlotin and co-

workers 305 showed that the Michael reaction between com-

pounds 252 and 225b is efficiently catalyzed by not only

triamine C7a but also the C2-symmetric bis-pyrrolidine C9a

modified with 3,4-diaminocyclobut-3-ene-1,2-dione (squar-

amide) moieties (see Scheme 91). This catalyst is also a good

chiral inductor. Besides, due to poor solubility in organic

solvents, it can be isolated from the reaction mixture as a

salt with TFA and was reused in this reaction without loss

of the rate and selectivity.

Chavan et al.306 developed a method for the asymmetric

synthesis of the antidepressant (7)-venlafaxine

(EffexorXR1) based on the asymmetric addition of cyclo-

hexanone to nitroolefin 225b catalyzed by triamine C7a

(20 mol.%). This synthesis gave nitro ketone 263 in 79%

yield with 99% ee (Scheme 92). In this case, the yield of

product 263 was increased to 92%, although with a certain

loss of enantioselectivity (to 96% ee) by using the bis-

pyrrolidine C9a ± 0.5 (TFA) (10 mol.%) system instead of

the catalyst C7a.305 The stepwise reduction of carbonyl and

nitro groups in compound 263 with NaBH4 and the

NiCl2 . 6H2O ±NaBH4 system followed by the amidation

gave Cbz-protected product 264. The latter was converted

to olefin 265 by mesylation and dehydration. The N-meth-

ylation and trivial transformations of amine 266 completed

the total synthesis of (7)-venlafaxine in 22% yield with

respect to nitroolefin 225b.

Kokotos and co-workers 307 identified polyfunctional

thioureas containing an a-amino acid moiety as a promising

class of catalysts for reactions of nitroolefins with ketones.

Compounds C10 and ent-C10 proved to be the catalysts of

choice. In the presence of these catalysts, ketones 267

reacted with b-nitrostyrenes 225c,d to form Michael adducts

268 in high yield with up to 99% ee (Scheme 93). This

method was applied to synthesize the enantiomerically pure

drugs (S)-phenibut and (S)- or (R)-baclofen with anxiolytic

and spasmolytic activity by the Baeyer7Villiger oxidation

of adducts 268 and known transformations of g-nitro esters

269.308, 309

Ma and co-workers 310 proposed a method for the syn-

thesis of the neuraminidase inhibitors zanamivir, laninami-

vir and CS-8958 for the treatment of influenza.311, 312 The

key steps of the synthesis are the enantioselective addition

of acetone to 2-(nitrovinyl)carbamate 244b in the presence

of aminothiourea (2S)-C11 and the stereoselective Henry
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reaction catalyzed by a copper complex with a,a-diphenyl-
prolinol ligand L1. The authors succeeded in finding the

conditions for the synthesis of nitroketone 270 in an amount

of up to 100 g per batch with 98% ee (Scheme 94). High anti

selectivity of the Henry reaction was provided by the use of

aldehyde ethers 271a and 271b bearing small protecting

groups (methoxymethyl or methyl) as the substrates. Nitro-

pyran derivatives 272a and 272b were converted to the

drugs zanamivir and laninamivir in several steps in

36%± 40% overall yield. The esterification of the terminal

hydroxy group in laninamivir gave the inhibitor CS-8958.

Ouchi et al.313 reported the procedure for the asymmet-

ric addition of a-keto esters 273a,b to nitroolefins 225 (2,6-

dichloropyridine derivatives) in the presence of Ni com-

plexes with chiral diamine L2. The authors applied this

procedure to synthesize acromelinic acids A and B, natural

products isolated from the plant Clitocybe acromelalga,314

which are capable of activating ionotropic glutamate recep-

tors in the brain.315, 316 Under the optimal conditions, the

reaction stereoselectively produced Michael adducts 274a

and 274b (Scheme 95). The reduction of the nitro group in

the latter compounds afforded pyrrolidine derivatives 275a

and 275b. The synthesis of the target products was com-

pleted by the transformation of the functional groups and

the base-promoted epimerization of the stereogenic centre

C(2) of the pyrrolidine ring.

3.2.2. Asymmetric reactions of nitroolefins with 1,3-dicarbonyl

compounds

The stereoselective addition of malonic and acetoacetic acid

derivatives to nitroolefins in the presence of chiral catalysts

provides the basis for a number of up-to-date approaches to

g-nitrocarboxylic acid derivatives, which are close precur-

sors of GABA analogues and natural g- and d-lactones.
Barnes et al.317 found that b-keto esters and malonates 276

react with nitroolefins 225 in the presence of the MgII ±

bis(oxazoline) ligand L3 (ent-L3) ±N-methylmorpholine

(NMM) (4 mol.% ± 5 mol.%) catalytic system to form

Michael adducts 277 with high enantioselectivity (up to

96% ee) in high yields (Scheme 96). The catalytic reduction

of the nitro group (H2/Raney Ni) and subsequent trivial

transformations gave dipeptidyl peptidase IV (DPP4)
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inhibitors,318 endothelin-A receptor agonist A-216 546

(Ref. 319) and the most active (R)-enantiomer of the anti-

depressant rolipram.

A NiII complex with (S,S)-1,2-diaminocyclohexane

derivative L2 (Evans catalyst) is an even more efficient

catalyst for the asymmetric Michael reaction of nitroolefins

with malonates.320 Thus, Michael adduct 277 is produced

from diethyl malonate and nitrostyrene 225e in quantitative

yield with 97% ee in the presence of as low as 1 mol.% of

this catalyst (Scheme 97). The method enables the produc-

tion of kilogram batches of the adduct. It should be noted

that diamine L2 can be regenerated from the reaction

mixture and reused up to five times in subsequent reactions.

The latter fact, along with a small amount of the catalyst

used, is important for implementation of the method in

industry. The hydrogenation/cyclization of compound 277

in the presence of Ra-Ni and the subsequent thermal

decarboxylation gave enantiomerically pure (R)-rolipram.

Zhang and co-workers 321 applied a similar procedure to

prepare the cyclohexane moiety of the alkaloid (7)-stenine

naturally occurring in the roots of the Stemona species.322

The synthetic sequence starts with the NiII ± (S)-L2-cata-

lyzed asymmetric addition of unsaturated b-keto ester 278

to functionalized nitroalkene 279 (Scheme 98). The micro-

wave-assisted treatment of crude nitroenone 280 with the

KOH± SiO2 system resulted in the stereoselective cycliza-

tion of 280 to nitrocyclohexane 281 (87% ee). The latter was

reduced (Zn ±AcOH) to tricyclic lactam 282, which was
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subjected to decarboxylation, alkylation and reduction to

form tetracyclic lactam 283 as a precursor of the target

alkaloid.

A promising approach to asymmetric reactions of 1,3-

dicarbonyl compounds with nitroalkenes is based on the use

of metal-free catalysts (organocatalysts). A high level of

stereoinduction is achieved, in particular, in the presence of

bifunctional tertiary amines containing Brùnsted acid moi-

eties in the chiral core (Scheme 99). The tertiary amino

group facilitates the enolization of the dicarbonyl com-

pound, while the nearby hydrogen donor (a thiourea, urea,

hydroxy group or a squaramide moiety) controls the trajec-

tory by which the reagents are brought into direct contact

through stereospecific hydrogen bonds with oxygen atoms

of the nitro group in the transition state of the catalytic

reaction.323 ± 325

Takemoto and co-workers 326, 327 found that nitroolefin

225d reacts with diethyl malonate in the presence of the

thiourea-containing bifunctional catalyst C12a (10 mol.%)

to give adduct 284d in 80% yield with 94% ee (>99% ee

after crystallization) (Scheme 100). The reduction of the

nitro group in 284d was accompanied by cyclization to

lactam 285d. The ester group was removed from the latter

compound by alkaline hydrolysis and thermal decarboxyla-

tion. The pyrrolidine ring opening of compound 286d

(6N HCl) afforded the active (R)-enantiomer of the anti-

depressant baclofen in 59% overall yield with respect to

nitroolefin 225d. The reaction of 225d with diethyl malonate

can also be performed in the presence of the C2-symmetric

dihydroquinine derivative (dihydroquinidine) C13 as the

catalyst.328

Li and co-workers 329 developed a convenient method

for the synthesis of the antiepileptic drug (S)-pregabalin

based on the C12a-catalyzed asymmetric reaction of nitro-

alkene 287 with diethyl malonate. This reaction occurs

under solvent-free conditions and gives adduct 288 in 73%

yield with 88% ee (Scheme 101). The hydrogenation/lac-

tamization of adduct 288 with Ra7Ni afford pyrrolidinone

289 (98% ee after crystallization). The authors succeeded in

combining the decarboxylation and lactam ring opening

reactions in a single process by performing acid hydrolysis

of compound 289 under severe conditions (6 N HCl,

100 8C). As a result (S)-pregabalin hydrochloride was

produced in 92% yield (44% with respect to 287) with
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98% ee. It is worth noting that the (S)-enantiomer of

pregabalin exhibits required pharmacological properties,

whereas the (R)-enantiomer is virtually inactive.330

Zlotin and co-workers 331 modified this method by

performing the C12a-catalyzed Michael reaction in liquid

carbon dioxide. The proposed modification is preferable in

terms of pharmacology because it minimizes the risk of

contamination of target drug with organic solvents and

simplifies the isolation of the product (decompression).

Bae and Song 332 found that adduct 288 can be synthesized

with high enantioselectivity (91% ee) from 287 and dimethyl

malonate in an aqueous suspension in the presence of

hydrophobic squaramide-containing dihydroquinidine

derivative C14 (`on water' reactions).333 Specially for this

type of reactions, Zlotin and co-workers 334 recently synthe-

sized hybrid catalyst C15a modified with an amphiphilic

ionic group. This group holds the catalyst at the interface

between the organic (reagents) and aqueous phases, thereby

providing high enantiomeric purity of adduct 288 (98% ee).

In this case, heterogeneous catalyst C15a is easily separated

from the product and can be reused in the reaction (up to 30

times) (see Scheme 101).

In an alternative method for the synthesis of pregabalin

proposed by Ellman and co-workers,335 bicyclic Meldrum's

acid 290a serves as the nucleophile and N-sulfinylurea-

containing piperidine derivative C16a acts as the catalyst

(Scheme 102). The required amount of the catalyst C16a in

the reaction between 287 and 290a is as low as 0.2 mol.%.

Crude product 291a was used in situ in the TsOH-promoted

hydrolysis/decarboxylation cascade reaction to produce

*150 g of key intermediate 292 (90% yield) in one batch.

The asymmetric reaction of nitroalkene 287 with Mel-

drum's acid 290b in the presence of thiourea-containing

9-amino-(9-deoxy)epiquinidine derivative C17 occurred

with lower selectivity and gave adduct 291b with enantio-

meric purity of 74% ee (Scheme 103).336 The hydrogenation

of compound 291b (Ra-Ni) produced amino diacid 293,

which was transformed into (S)-pregabalin hydrochloride

(80% ee) via decarboxylation. The use of squaramide-

containing tertiary amine (R,R)-C15b 337 (an efficient chiral

inductor in the asymmetric catalysis 338) as the catalyst

resulted in an increase in enantiomeric purity of adduct

291b to 94%, although with a certain loss in the overall

yield of (S)-pregabalin (52% instead of 59%).

Dixon and co-workers 339 employed available nitroole-

fins in the asymmetric synthesis of the antidepressant

(R)-rolipram 340 and the selective serotonin reuptake inhib-

itor (3S,4R)-paroxetine 341 (Scheme 104). In the presence of

cinchonine-containing thiourea C18a, nitroolefins 225e and

225f react with dimethyl malonate to form adducts 284e and

284f with high enantioselectivity (92%± 94% ee) and in

higher yield than in the thiourea C12a-catalyzed reaction

(see Scheme 100). Enantiomerically pure products 284 were

obtained by crystallization. The reduction of the nitro

group in compound 284e with nickel boride afforded

g-lactam 285e, which was subjected to hydrolysis and

decarboxylation to afford (R)-rolipram (86% yield over 4

steps). The transformation of adduct 284f into paroxetine

required the homologization by means of the Mannich

reaction and the subsequent removal of nitro and alkoxy-

carbonyl groups from d-lactam 294. Piperidone 295 thus

obtained was transformed into (3S,4R)-paroxetine by

known methods.342

In some cases, dithiomalonates can be considered as

promising nucleophilic substrates in catalytic asymmetric

reactions with nitroolefins. The resulting sulfur-containing

analogues of adducts 284 can easily be converted to the

above-considered drugs by reductive desulfuration.343, 344
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Asymmetric reactions of nitroolefins with 1,3-dicar-

bonyl compounds are used not only to prepare GABA

analogues but for the synthesis of other useful biologically

active substances. Takemoto and co-workers 345 applied the

reaction of nitroolefin 296 with g,d-unsaturated b-keto ester

297 to synthesize a precursor of the alkaloid (7)-epibati-

dine. This reaction catalyzed by chiral thiourea C12a

(10 mol.%) afforded enantiomerically enriched (75% ee)

adduct 298 (Scheme 105). The latter was converted to

diastereomerically pure cyclic keto ester 299, which was

subjected to Tsuji-type 346 deallyloxycarbonylation to give

precursor 300 of (7)-epibatidine (99% yield).

Jùrgensen and co-workers 347 synthesized functionalized

g-butyrolactones (regulators of metabolism of Streptomyces

bacteria) that are used as antibiotics.348 The key step was

the asymmetric addition of b-ketoamides 301 to g-silyloxy-
nitroalkene 302 in the presence of quinine thiourea catalyst

C5. In this case, adducts 303 were obtained as mixtures of

diastereomers (dr=3 : 1 ± 4 : 1). However, their lactoniza-

tion products 304 were isolated as single diastereomers with

85%± 90% ee. Lactones 304 were converted to the regula-

tors VB-D and IM-2 by trivial transformations of function-

alities (Scheme 106).

Dixon and co-workers 349 accomplished the total syn-

thesis of the alkaloid (7)-nakadomarin A, a naturally

occurring compound, which was extracted from the sponge

Amphimedon sp. collected at the seashore of the Okinawa

Island (Japan). This heterocyclic alkaloid exhibits cytotox-

icity against mouse lymphoma L1210 cells and inhibits

cyclin-dependent kinase 4.350 The key stereocentres were

created during the synthesis of adduct 307 (dr 10 : 1) from

chiral 1,3-dicarbonyl compound 305 and furan-containing

nitroolefin 306 in the presence of cinchonine-derived urea

catalyst C18b (Scheme 107). Adduct 307 was converted to

spiro compound 308 by the three-component Mannich

reaction accompanied by lactamization. The selective reduc-

tion of the nitro group in 308 with AIBN ±Bu3SnH gave

intermediate 309, which was transformed into (7)-nakado-

marin A via reduction, cyclization and metathesis. How-

ever, the double bond formation in the macrocycle was not

selective, and the reaction product was obtained as a

mixture of Z and E isomers.

Later, this research team 351 significantly improved the

Z-selectivity of the (7)-nakadomarin A synthesis. In this

synthetic approach, pyrrolidinooxazolidine 310 served as

the pronucleophile in the key stereodetermining step, and
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compound 311 bearing an alkyne group in the side chain

was used as the nitroolefin. The authors succeeded in

preparing adduct 312 as a single diastereomer and trans-

formed the latter into compound 313 in several elegant

synthetic steps. Compound 313 contains the tetracyclic

alkaloid core and the required alkene and alkyne groups at

the periphery (Scheme 108). The subsequent formation of

two macrocycles in the presence of Schrock and Grubbs

VB-D

HO
O

HO
O
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H
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O

HO O
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catalysts, cis-hydrogenation of the triple bond and the

reduction of lactam groups completed the total synthesis

of (7)-nakadomarin A.

3.2.3. Asymmetric reactions of nitroolefins with other

C-nucleophiles

Some C-nucleophiles, which do not formally belong to

carbonyl or 1,3-dicarbonyl compounds, are also involved

in stereoselective catalytic reactions with nitroolefins. John-

son et al. 352 found that anions, generated from allylamines

314 under the action of BunLi, add to nitroalkenes 315 in

the presence of (7)-sparteine ligand L4 to afford syn

isomers of adducts 316 with 84% ee. This procedure was

applied to synthesize the antidepressants (7)-paroxetine

and (+)-femoxetine (Scheme 109). First, the protected

amino group in compound 316a was transformed into a

hydroxy group, while the nitro group was converted to a

Boc-protected amino group via hydrolysis, reduction and

N-Bocylation giving amino alcohol 317. The cyclization and

silyl deprotection afforded piperidine 318, which was trans-

formed into (3S,4R)-paroxetine by standard methods. (+)-

Femoxetine, which has opposite configurations at stereo-

centres, was synthesized in a similar way from enecarba-

mate 316b through the formation of piperidone 319 and the

corresponding carboxylate 320.353

Polet and Alexakis 354 proposed a procedure for the

enantioselective methylation of nitroolefins with trimethyl-

aluminium in the presence of a copper complex and applied

this method to synthesize the non-steroidal anti-inflamma-

tory drug (+)-ibuprofen.355 The active complex was gen-

erated from thiophenecarboxylic acid salt (CuTC)

(2 mol.%) and chiral phosphoramidite ligand L5

(4 mol.%) under the reaction conditions. b-Methylation

product 321 was synthesized from nitroolefin 225g in 81%

yield with acceptable selectivity for this type of reactions

(81% ee) (Scheme 110). Adduct 321 was converted to (+)-

ibuprofen under the action of NaNO2 ±AcOH in DMSO.

Barbas III and co-workers 356 found that 2-oxindole

derivatives, heterocyclic systems found in a wide range of

drugs and natural alkaloids, can act as nucleophiles in

asymmetric reactions with nitroalkenes. Thus, in the pres-

ence of thiourea derivative C12a, N-Boc-protected

3-methyl-2-oxindole 322 reacts with nitroethylene to form

adduct 323 in 65% yield with 83% enantioselectivity, which

is increased to 96% after crystallization (Scheme 111). The

catalytic reduction (Ra-Ni) of the nitro group in adduct 323

and subsequent carbamoylation afford compound 324,

which is converted into (+)-esermethole via reductive

cyclization. The latter compound can be transformed by

known methods 357, 358 into the alkaloid (+)-physostigmine,

as an acetylcholinesterase inhibitor extracted from the seeds

of the African plant Physostigma venenosum.359

3.2.4. Asymmetric reactions of nitroolefins with heteronucleophiles

The asymmetric conjugate addition of O-, N- and S-nucle-

ophiles to nitroolefins provides a direct route to the stereo-

selective synthesis of pharmacologically valuable vicinal

amino alcohols, diamines and thioamines (see

reviews 19, 256 ± 259, 360). Dixon and co-workers 361 developed

a simple method for the asymmetric synthesis of the anti-

asthmatic drug (R)-salmeterol based on the diastereoselec-

tive addition of chiral d-lactol (S)-325 to nitroolefin 225h

(Scheme 112). Under the proposed conditions

(KHMDS ± 18-crown-6), nitro ether 326 was prepared in

quantitative yield with >98% de.362 The reduction of the

nitro group in 326 afforded protected amino alcohol 327,
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which was transformed into (R)-salmeterol by standard

methods.

Jùrgensen and co-workers 363 found that enantioselec-

tive reactions of O-nucleophiles with nitroalkenes can be

performed in the presence of organocatalysts. Thus, in the

presence quinine-thiourea epi-C5 (5 mol.%) as the catalyst,

ethyl glyoxylate oxime 328 adds to nitroalkenes 329 to form

adducts 330 with up to 93% ee (Scheme 113). In this case,

bifunctional catalyst epi-C5 activates both reactants: oxime

328 via hydrogen bonding with the quinuclidine nitrogen

atom and nitroalkene 329 via hydrogen bonding with a

thiourea moiety. This method was used, in particular, to

prepare cyclohexane derivative 330a (R=Cy). The latter is

a direct precursor of amino alcohol 331, the deprotected

form of which exhibits adrenomimetic properties.364

Kamimura et al.365 accomplished a formal synthesis of

the indolizidine alkaloid 167B.366 The proposed approach is

based on ButOK-promoted formation of the stereocentre at

the b position to the nitro group via the addition of chiral

pyrrolidin-2-one 332, as a N-nucleophile, to 1-nitropentene

(329b) (Scheme 114). Adduct 333 was synthesized in mod-

erate yield but with high stereoselectivity (dr=93 : 7). The

oxidation of the terminal double bond followed by the

stereospecific intramolecular Henry reaction afforded bicy-

clic compound 334. The stepwise removal of hydroxy and

nitro groups resulted in the formation of indolizidinone 335

as a precursor of indolizidine 167B. Stereoselective

approaches to the synthesis of a number of other pharma-

cologically valuable nitrogen-containing heterocyclic sys-

tems, in particular using nitroolefins, are considered in a

recent review.367

The asymmetric addition of S-nucleophiles to nitro-

olefins provides a route to the synthesis of compounds

containing the 1,2-aminosulfanyl moiety, which is present

in the naturally occurring amino acid taurine, penicillin

antibiotics, biotin, the antifungal agent sulconazole,

etc.368, 369 Ellman and co-workers 370, 371 found that in

these reactions, thioacetic acid can act as a nucleophile,

while bifunctional N-sulfinylurea C16b containing a chiral

sulfur atom serves as the catalyst.372 Under the proposed

conditions, 2,4-dichloronitrostyrene 225i was enantioselec-

tively (96% ee) converted to b-nitroethanethiol derivative
336 (Scheme 115). The subsequent reduction of the nitro
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group to the acetylamino group, alkylation of aminothiol

337 with 4-chlorobenzyl bromide, deacylation and trans-

formation of the amino group in compound 338 into the

imidazole ring gave the (R)-enantiomer (96% ee) of the

fungicide sulconazole in 32% yield with respect to nitro-

olefin 225i.

An even more simple (3 steps) method for the synthesis

of sulconazole [in this case, of its (S)-enantiomer] is based

on the direct addition of 4-chlorobenzylthiol to nitrostyrene

225i in the presence of bifunctional thiourea C19 linked to

the pyrrolidine ring.373 This method allowed asymmetric

synthesis of Michael adduct 339 in good yield (71%), but

the enantiomeric excess was rather low 68% (Scheme 116).

The subsequent reduction of the nitro group and the

formation of the imidazole ring gave the target (S)-sulco-

nazole.

Yang and Du 374 succeeded in performing asymmetric

thiolation of a,b-disubstituted nitroolefins 340 with AcSH

using squaramide-containing (S,S)-diaminocyclohexane

C15b as the catalyst. In the presence of as low as

0.2 mol.% of this catalyst, the corresponding b-nitro sul-

fides 341 are produced in high yield with efficient stereo-

selectivity (up to 94 : 6 dr and 95% ee) (Scheme 117). The

high activity and good stereocontrol were attributed to the

involvement of all nitrogen-containing functional groups of

the catalyst C20 in hydrogen bonding with the reactants in

the transition state TS2 , in the reaction. The method

enabled the synthesis of enantiomerically pure (after crys-
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tallization) adduct 341 in an amount of 10.5 g in one batch.

The subsequent oxidation of the acetylthio group and

reduction of the nitro group afforded compound 342, a

derivative of the naturally occurring amino acid taurine

used for the treatment of eye and cardiovascular diseases

and type I and II diabetes mellitus.375

Therefore, the catalytic methods for the stereoselective

functionalization of nitroolefins developed in recent years

have a great synthetic potential. They enable the synthesis

of a broad range of analogues of natural compounds and

valuable drugs of high molecular complexity using simple

and available starting compounds. It can be expected that,

in the near future, these methods will be used in innovative

technologies to produce the most active pharmaceutical

ingredients for the treatment of widespread diseases of

high consequence.

3.3. New transformations of nitroarenes
Aromatic polynitro compounds are widely used not only as

energetic (explosive) substances but also as valuable pre-

cursors for the preparation of a broad range of products for

civilian applications. The importance of this research area

became apparent in the 198071990s, when the community

faced the problem of conversion of expired TNT.

Systematic research on the chemical utilization of

demilitarized TNT resulted in the development of an

approach for the conversion of TNT into a dual-use

product. The transformation of TNT into 2,4,6-triaminoto-

luene (TAT) as a key synthon for the preparation of various

valuable compounds (Scheme 118) holds the most promise.

Compound 343 generated by exhaustive oxypropylation of

TAT 376 is used as a cross-linking agent for polyurethane

foams. Besides, TAT served as the basis for the preparation

of 2,4,6-trihydroxytoluene (344) 377 and 2,6-diamino-4-

hydroxytoluene (345) 378 as precursors for the synthesis of

azo dyes and azo pigments.379 2,4,6-Trinitrotoluene and its

derivatives were used in the synthesis of condensation

monomers for organosoluble polyimides and polyamides

with high thermal stability.380 ± 382

Researchers at the ZIOC RAS have performed a series

of studies on nitroarenes as versatile reagents for the syn-

thesis of various biologically active substances.383,384 Nitro-

arenes are characterized by the ability to form stable

s-adducts with nucleophiles. Stability of these complexes

increases in the presence of two meta-nitro groups. On the

other hand, the nitro group is a good leaving group that is

capable of being replaced by different nucleophiles. These

reactions are particularly efficient with polynitroarenes. For

instance, the reactions of trinitrobenzene (TNB), TNT and

some other polynitroarenes with thiols, phenols and azoles

in the presence of bases afford products 346 ± 348, in which

one or several nitro groups are replaced by nucleophiles

depending on the reaction conditions and amounts of

reagents (Scheme 119). Generally, the nitro group in the

ortho position to the substituent R is replaced first.385 ± 390

Compounds 346 ± 348 are valuable precursors for the

preparation of five-membered benzannulated heterocycles.

Thus, the acid-catalyzed cyclization of O-(3-amino-5-nitro-

phenyl) ketoximes 349, generated from TNB, affords an

equimolar mixture of 6-amino-4-nitrobenzofurans 350 and

4-hydroxy-6-nitroindoles 351 391 (Scheme 120). Some com-

pounds 351 exhibit higher antifungal activity against differ-

ent types of fungal pathogens compared to the standard

fungicide triadimefon.392

Trinitrotoluene was used to synthesize a series of five-

membered benzannulated heterocycles (benzothiophenes,393

benzo[d ]isothiazoles,394, 395 2,3-dihydro-1,4-benzothia-

zines,396 indoles, indazoles, 2,3-dihydrobenzofurans and so

on). The transformations giving these classes of compounds

include sequential or simultaneous transformations of

methyl and ortho-nitro groups.397 In most of the synthesized
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annulated systems, the nitro group at position 4 can be

regioselectively replaced on treatment with anionic nucleo-

philes, which significantly increases the synthetic potential

of the method (Scheme 121).398 ± 402 Generally, the replace-

ment occurs under mild conditions; in the case of p-deficient
benzo[d ]isoxazoles, both nitro groups can be successively

replaced.403

Reactions of 8-R-5,7-dinitroquinolines 352a,b with

anionic nucleophiles lead to the selective replacement of

the nitro group at position 5 (R=H) 404 or the chlorine

atom at position 8 (R=Cl) 405 (products 353 and 354,

respectively) (Scheme 122). The reaction of 8-chloro-5,7-

dinitroquinoline 352b with binucleophiles (o-aminophenols

and thiophenols) was accompanied by the successive

replacement of the chlorine atom and the nitro group to

form pyrido[2,3-a]phenoxazines and phenothiazines 355.406

In the case of aminothiophenols, Smiles rearrangement

products were isolated.

Another area of research in chemistry of aromatic nitro

compounds that has emerged in the past decade is based on

the ability of polynitroarenes to undergo dearomatization

via [3+2]- and [4+2]-cycloaddition. It was found that the

C=C7NO2 moieties that are present in p-deficient nitro-
arenes can be involved in pericyclic reactions both as

dienophiles and heterodienes. Besides, they can take part

in addition reactions with certain dipoles to form five-

membered annulated heterocycles. In terms of chemical

properties, nitrovinyl moieties of nitroarenes are similar to

conjugated nitroalkenes (Scheme 123).

Aromatic carbocycles very rarely participate in pericy-

clic reactions as 2p-components, and only reactions of 4-

and 5-nitrobenzofuroxans with diazoacetic esters 407 are

known as the addition reactions of dipoles to nitroarenes.

Shevelev and co-workers 408 ± 410 demonstrated that meta-

dinitrobenzenes 356 annulated with different nitrogen-con-

taining heterocycles are readily involved in 1,3-dipolar

cycloaddition reactions with N-methyl azomethine ylide

357a generated in situ from sarcosine and paraformaldehyde

(Scheme 124). The addition of two equivalents of the dipole

to both nitrovinyl moieties gives the previously unknown

tetracyclic systems 358. These reactions are diastereoselec-

tive and afford anti-oriented heterocyclic moieties.

Afterwards, Lee et al. 411, 412 performed the reactions of

N-benzyl azomethine ylide 357b with mono- and dinitro

derivatives of benzene, naphthalene and benzannulated

heterocycles. The nitro group and an electron-withdrawing

substituent at the benzene ring are required for the reaction

with mononuclear aromatic compounds to proceed (mono-

nitrobenzene is not involved in the reaction with 357b under

these conditions); in the case of naphthalene derivatives,

one nitro group is enough for this reaction (Scheme 125). In

the latter case, the addition of the second equivalent of the

O

N

Nu

Nu

R

N

Nu

O2N

N

NO2

O2N

4

Nu7Nu7

Nu = SAlk, SAr, OAr, OAlk, N3, F

(25%±95%) (56%±83%)

Scheme 121

R0

R0

N

Nu

O2N

NO2

NO2N

Nu

N

R

O2N

NO2

N

NO2

X

NH

NH2

XH

(R=H)

(R=Cl)

base, D
(R=Cl)

355 (71%±94%)

353 (17%±95%)

354 (58%±99%)

352: R = H (a), Cl (b);

Nu=SAr, SAlk, N3,

X=O, S;

R0=H, Cl, Br, Me, EtSO2

Nu7

352a,b

5

8

Scheme 122

R

NO2

c
b

a

NO2
a

b

c
NO2R

[3+2][4+2]

+

7

Scheme 123

N
H2C CH2

DPhMe

MeN

MeN

O2N

NO2

H
N

Se

NH

MeN

MeN

O2N

H

H
N

NO2

MeN

MeN

O2N

NO2

H
N

NMe

NH

MeN

MeN

O2N

NO2

H
N

S
H

MeN

MeN

O2N

NO2

H
N

S
NH

MeN

MeN

O2N

NO2

H
N

O
H

NMe

MeN

O2N

NO2

H
N

N
H

MeN

MeN

NO2

H

NO2

O2N

(69%)

(50%) (40%)

(45%)

(24%)

(357a)

358
356

MeNHCH2CO2H+ HCHO

+
7

Ph

N N

(67%) (40%)

O2N

H

Scheme 124

S.G.Zlotin, I.L.Dalinger, N.N.Makhova, V.A.Tartakovsky

Russ. Chem. Rev., 2020, 89 (1) 1 ± 54 43



dipole also occurs from the opposite side with respect to the

first equivalent. The concerted mechanism of cycloaddition

was proposed based on quantum chemical calculations.

Mononitrobenzenes annulated with certain electron-

deficient azoles (furazan, isoxazole, thiadiazole) react with

azomethine ylides to form cycloaddition products at the

nitro-activated C=C bond.413, 414 The reaction of 7-R-4-

nitrobenzofuroxans 359 with dipole 357b affords monoad-

ducts 360 or bis-adducts 361 depending on the nature of the

substituent R (Scheme 126).415

The output of the reaction with 8-substituted dinitro-

quinolines 362 depends on the type of the substituent

C(8)7X. Thus, if X=SAlk or SAr, the cycloaddition

occurs regioselectively at the C(5)7C(6) bond regardless

of the structure of dipole 357 and the reaction temperature

and is followed by elimination of HNO2 and rearomatiza-

tion of the benzene ring to give isoindolines 363

(Scheme 127).405, 416 Apparently, the substituent at position

8 hinders the addition of the dipole to the C(7)7C(8) bond.

The reaction of 8-arylamino-substituted dinitroquinolines

(362, X=NHAr) with azomethine ylides 357a,b affords

fused pyrrolidines 364. In these reactions, the elimination of

nitrous acid does not usually occur, as opposed to 8-thio-

substituted quinolines. Reactions of dinitroquinolines 362

with cyclic azomethine ylides 365a,b produce polycyclic

compounds 366.

Monocyclic nitroarenes 367 (TNB, TNT and their

analogues) react with dipole 357a to form isoindoles 368

(Scheme 128).417 It is worth noting that in this case, as

opposed to the reactions of nitrobenzoazoles, the addition

of the dipole is accompanied by elimination of HNO2

resulting in rearomatization. The addition occurs selectively

at positions 2 and 3 with respect to the substituent R. The

use of dipoles 365 generated from cyclic amino acids (pro-

line and thiaproline) allows the synthesis of isoindoles 369

fused to another heterocycle.

Kurbatov and co-workers 418, 419 found that the output

of the reaction of 7-substituted 4,6-dinitrobenzofurazans

370a and -furoxans 370b with azomethine ylide 357a

depends on the nature of the solvent (Scheme 129). In

benzene, the reaction occurs mainly as dearomatization to

form heterocyclic products 371a,b. Meanwhile, compounds

372, generated via the elimination of HNO2 , and their

oxidation products, pyrroles 373, were detected in the

reaction performed in acetonitrile.
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An interesting example of dearomatization of nitroar-

enes is the Pd-catalyzed [3+2]-cycloaddition of trimethyle-

nemethane, generated from compound 374, to nitrated

benzene, naphthalene and quinoline derivatives

(Scheme 130).420 In the presence of Pd(dba)2 and phosphor-

amidite ligands, nitroarenes undergo dearomatization and

cyclopentane ring annulation. The use of chiral ligand L6

allows the synthesis of adducts 375 with an enantiomeric

purity of 85%± 95% ee.

The ability of strongly electrophilic aromatic polynitro

compounds to participate in normal or inverse electron

demand Diels ±Alder reactions is equally important. Two

structural types of nitroarenes are known, which are capa-

ble of forming adducts with dienes and nucleophilic dien-

ophiles: dinitrobenzene fused to a strongly electron-

withdrawing azole ring (furoxan, furazan, isoxazole, etc.)

and nitrobenzofuroxans annulated with p-deficient azoles

or azines (structures A and B).

Terrier and co-workers 421 were the first to discover this

transformation. They demonstrated that the spectroscopic

characteristics of the product that was formed upon mixing

of equimolar amounts of 4,6-dinitrobenzofuroxan (376) and

indene are significantly different from those of s-complexes

of compound 376 isolated earlier. The authors concluded

that the reaction affords dihydro-1,2-oxazine N-oxide 377

(Scheme 131). This product can be formed either in two

steps (through a s-complex) or in a concerted fashion

through a cyclic transition state with inverse electron transfer.

More recently, such cycloadducts were found to be

generated by the reaction of 376 with other electron-

donating dienophiles, in particular with ethyl vinyl

ether.422 This reaction in the presence of excess dienophile

(2.5 equiv.) gave a mixtures of diastereomeric dihydro-1,2-

oxazine N-oxides 378a and 378a (dr=4 : 1) (Scheme 132).

The reaction performed in ethyl vinyl ether afforded bis-

adduct 379 (diastereomeric mixture).

The dual reactivity of 4,6-dinitrobenzofuroxan (376) in

[4+2]-cycloaddition reactions was clearly demonstrated in

relation to the reaction of 376 with cyclopentadiene.423

Upon addition of the latter to a solution of 376 in chloro-

form at 730 8C, adducts 380a and 380b were initially

detected (1H NMR). These adducts were gradually trans-

formed into polycyclic product 381 with increasing temper-

ature (Scheme 133). Therefore, two competing normal and

inverse electron demand reactions occur in an early step.

Other strongly electrophilic aromatic nitro compounds

also participate in Diels ±Alder reactions. For instance, the

reaction of 4,6-dinitro-2-picrylbenzotriazole 1-oxide (382a)

with cyclopentadiene affords related [4+2]-cycloaddition

product 383a containing the tetrahydrooxazine ring (92%

yield) (Scheme 134).424 4,6-Dinitrobenzofurazan (382b) and

4,6-dinitrobenzothiadiazole (382c) exhibit a similar behav-

iour 425 and form bis-adducts 383b and 383c with cyclo-

pentadiene in 68% and 32% yields, respectively.

Under mild conditions, less electrophilic dinitroanthra-

nil 384 426 reacts as a dienophile with 1-(trimethylsilyloxy)-

1,3-butadiene in CHCl3 at the C(6)7C(7) bond to give

cycloadduct 385 with high regio- and stereoselectivity

(Scheme 135). Compound 385 reacts as heterodiene with
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vinyl ether to form tetracyclic product 386 containing the

tetrahydrooxazine ring. In the reaction of dinitroanthranil

384 with ethyl vinyl ether, both nitroalkene moieties act as

heterodienes. The reaction occurs with good stereoselectiv-

ity (dr=9 : 1) and affords bis-adduct 387 containing two

tetrahydrooxazine rings.427

Fused 14p-electron systems, in which nitrobenzene is

annulated with two p-deficient aromatic heterocycles,

belong to another type of nitroarenes capable of undergoing

cycloaddition. Thus, 4-nitrobenzodifuroxan 388 containing

a reactive nitroalkene moiety 428 reacts with both dienes and

ethyl vinyl ether to give polyfused heterocycles 389 and 390,

respectively (Scheme 136). Comprehensive theoretical and

experimental studies 429 showed that the reaction of 388

with cyclopentadiene initially affords tetrahydrooxazine

intermediate 391, which is then rearranged into thermody-

namically more stable product 389.

The superelectrophilic properties of nitroarenes are

retained upon the replacement of one furoxan ring in

compound 388 by another electron-deficient ring (isoxa-

zole,430 thiadiazole,431 selenadiazole 410 or pyridine 416, 432).

These substrates are synthesized by oxidative cyclization of

aminodinitro derivatives 392 or thermolysis of dinitroazides

393 (Scheme 137). The corresponding tricyclic compounds

are produced as an inseparable mixture of isomers 394 and

3940 that differ in the position of the exocyclic oxygen atom

in the furoxan ring (rr=5 : 1 ± 3 : 2).

The reactions of compounds 394/3940 with ethyl vinyl

ether afford complex heterocyclic systems 395/3950 contain-
ing the oxazine N-oxide ring, whereas the reactions with

electron-donating dienes give annulated cyclohexene struc-

tures 396/3960 (Scheme 138). These transformations are

diastereoselective, the regioisomeric ratio in the products
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generally being different from that in the starting substrates

394/3940.
Evidently, the synthetic potential of aromatic polynitro

compounds is not restricted to the above-considered reac-

tions. The further development of strategies for dearomati-

zation of nitroarenes may provide facile access to even more

complex and synthetically valuable products and inter-

mediates.

4. Conclusion

The reviewed data demonstrate that great progress has been

achieved in recent years in the synthesis of energetic nitro

compounds. New more feasible methods were developed for

the production of ADN, a unique oxidant for composite

solid rocket propellants. A new class of N-nitro compounds,

nitro-NNO-azoxy compounds, were synthesized. These

compounds are characteried by higher enthalpies of for-

mation and a higher active oxygen content than the corre-

sponding N-nitramines. Promising approaches were

proposed to synthesize energetic nitrogen ± oxygen systems

based on nitroimides containing extended chains of nitro-

gen ± nitrogen bonds. Simple and efficient methods were

developed for the preparation of low-melting mixtures of

homologues N,N 0-dialkylmethylenebis(nitramines) with

high plasticizing ability as promising active components of

CSRPs. New high energy derivatives of polynitrogen and

nitrogen ± oxygen heterocycles (furazan, furoxan, pyrazole),

containing several nitro groups and having high energy

properties, were synthesized. Methods for the nitration of

alcohols and amines (amides) in alternative solvents (liquid

carbon dioxide or fluorohydrocarbons) safe for personnel

and the environment were developed. These methods can be

used to prepare energetic materials for different applica-

tions.

Significant progress was made in the application of nitro

compounds as versatile reagents for organic synthesis.

Original methods were devised for modification of aliphatic

nitro compounds based on the inversion of polarity of

nitroalkanes. New cycloannulation reactions of nitronates

and novel methods for the regioselective functionalization

of different positions in the carbon skeleton of nitroalkanes

and their derivatives were developed. The stereoselective

synthesis of natural products with useful biological activ-

ities and the most active enantiomers of clinically used

drugs was accomplished on the basis of catalytic asymmet-

ric reactions of nitroolefins with carbo- and heteronucleo-

philes. Efficient protocols were created for chemical

utilization of expired TNT by its conversions into other

valuable substances such as monomers, vulcanizing agents,

new benzannulated heterocycles serving as core structures

for the production of promising drugs.

Further progress in chemistry of nitro compounds

would be expected to bring new, even more interesting

results. For instance, it can be expected that potential

energetic components will be produced in the series of

nitro derivatives of 1,2,3,4-tetrazine 1,3-dioxide, a new

class of nitrogen ± oxygen heterocycles synthesized in the

ZIOC RAS.433, 434 High-density stable structures insensitive

to mechanical stimuli can be designed 435, 436 and pyrazole

nitro derivatives,437, 438 in particular, those annulated with

other polynitrogen heterocycles.439, 440 The development of

flow processes for continuous production of nitro com-

pounds, including those in non-flammable liquefied gases

which are characterized by reduced environmental impacts

and explosion danger.169, 441

Further investigations of ANCs will be partly related to

transformations of nitroalkanes and nitronic acid esters into

drug precursors under the action of Brùnsted acids 442 and

transition metal compounds.443 A particularly promising

trend is the design of simple and efficient, primarily cata-

lytic, methods of asymmetric synthesis of the most active

drug enantiomers starting from available nitroalkanes and

nitroolefins.19 Approaches based on the dearomatization of

polynitroaromatic compounds, in particular TNT deriva-

tives, via cycloaddition and the recently developed

procedures for heterocyclization of alkenes with tetranitro-

methane 444, 445 may provide new routes to pharmacologi-

cally valuable heterocyclic systems.

There is no doubt that due to availability, variability of

physicochemical properties,446 the ability to accumulate

and, under particular conditions, release considerable

amounts of chemical energy, and also a unique diversity of
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useful transformations, nitro compounds will be employed

as dual-use industrial products and popular reagents for

organic synthesis in a long future.
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