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energetic materials continues to evolve and 
ed among a variety of high-nitrogen and 

rocyclic compounds.6–9 A utilization of 

hetarene scaffolds for the construction of high-energy 
structures has a number of advantages compared to the cyclic 
and caged nitramines. Polynitrogen and nitrogen-oxygen 
heterocyclic derivatives have higher densities due to planarity 
and possess higher enthalpies of formation, thus providing 
high detonation performance of such materials. In this regard, 
incorporation of the N-oxide functionality into the heterocyclic 
core additionally improves the crystal packing of the molecule 
resulting in an increased density and decreased sensitivity to 
mechanical stimuli of the target energetic materials.10 
Moreover, the presence of the N-oxide functionality enables 
tunability of the corresponding heterocyclic derivatives 
regarding their potential relevance to various energetic 
formulations. Therefore, this review covers recent synthetic 
strategies toward construction and functionalization of 
nitrogen-rich energetic compounds bearing at least one 
heterocyclic N-oxide scaffold. Five- and six-membered 
heterocyclic N-oxides as well as their linear combinations and 
fused bi-, tri- and tetraheterocyclic frameworks were 
summarized and their physicochemical and detonation 
properties were reviewed.
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2. Monocyclic five-membered heterocyclic N-oxides and 
their linear combinations
In a series of energetic five-membered heterocyclic N-oxides the 
main efforts of researchers were directed towards a selective 
functionalization of the furoxan (1,2,5-oxadiazole 2-oxide) 
ring.11–15 Such substrate specificity is attributed to the substantial 
explosophoric nature of the furoxan ring itself as well as to the 
presence of an additional oxygen atom in a combination with the 
N-oxide one. For example, nitration of the readily available 
chloroxime 1 followed by reduction of the in situ formed 
chlorodinitromethyl derivative resulted in a formation of 
potassium salt 2. Compound 2 was further fluorinated, while the 
nitrile moiety was converted to the tetrazole ring (Scheme 1). 
Such combination of the furoxan ring with additional 
explosophores endowed compound 3 high enthalpy of formation 
(326.4 kJ mol−1) and high experimental density (1.89 g cm−3). 
In  addition, furoxan 3 showed superior calculated detonation 
performance (D = 8.9 km s−1, P = 36 GPa), which was 
comparable to that of RDX.16

A number of approaches was created to synthesize linear 
biheterocyclic assemblies incorporating at least one furoxan 
ring. In particular, two hydrogen-free regioisomeric (nitro
furazanyl)nitrofuroxans 4 and 4' were prepared via cascade 
reactions of chloroxime 5. The 3-nitrofuroxan motif in 
compound 4 was isomerized to the corresponding 4-nitrofuroxan 
subunit via refluxing in CCl4 (Scheme 2). Both compounds 4 
and 4' possess excellent detonation performance  
(D = 9.18–9.23 km s−1, P = 38.8–39.4 GPa) comparable to that 
of HMX (D = 9.14 km s−1, P = 39.2 GPa), while the thermal 
stability of isomer 4 is somewhat higher than that of 4'.17

Later, analogous approach was used for the preparation of 
4-amino-3'-nitro-3,4'-bifuroxan18 and regioisomeric bifuroxans 
6–8 bearing azido and nitro functionalities (Figure 1).19 4-Azido-
3'-nitro-3,4'-bifuroxan 6 has good oxygen balance (+6.25% 
to  CO) and detonation performance (D = 8.95 km s–1, 
P = 35.2 GPa) superior to nitroglycerine (D = 7.80 km s–1, 
P = 25.6 GPa) which along with its lower sensitivity to impact 
(IS for 6: 0.7 J, IS for nitroglycerine: < 0.2 J) make this material 
a promising component of smokeless powder. Possessing the 
same oxygen balance, regioisomeric 4-azido-4'-nitro-3,3'-
bifuroxan 7 has lower mechanical sensitivity (IS = 2 J, 
FS = 32 N), better detonation properties (D = 9.28 km s–1, 
P = 38.9 GPa) and may be recommended as a promising 
replacement of PETN (D = 8.40 km s–1, P = 31.9 GPa). Another 

representative bifuroxan, namely, 4,4'-dinitro-3,3-bifuroxan 8, 
which was prepared upon oxidation of the corresponding 
diamine, has a zero oxygen balance to CO2 and superior 
detonation performance (D = 9.75 km s–1, P = 45.0 GPa), while 
its heat of explosion exceeds even benchmark explosive  
CL-20.19

The synthetic pathway to regioisomeric trifuroxans 9 and 9' is 
shown in Scheme 3. 3-Nitro-4-cyanofuroxan 10 was transformed 
to the corresponding chloroxime which was subjected to 
dehydrochlorination under the action of Ag2CO3 as a base to 
generate the corresponding nitrile oxide followed by its 
dimerization to form target energetic compound 9. Isomerization 
of both 3-nitrofuroxan motifs occurred in refluxing THF and 
provided 4-nitrofuroxan 9' in a yield of 42%. Advantageously, 
structure 9 has an extremely high crystal density (1.983 g cm−3 
at 296 K) in comparison to other heteroaromatic-based hydrogen-
free CNO compounds.20

Unexpected formation of bis(nitrofurazanyl)furoxan 11 was 
observed upon acidification of the dinitromethylfuroxanate 
potassium salt 12, which was in turn prepared through tandem 
nitration–reduction sequence of chloroxime 5 (Scheme 4). 
Compound 4 exhibited high densitiy (1.81 g cm–3), excellent 
detonation properties and moderate sensitivities to impact and 
friction (IS = 14 J, FS = 360 N).21

Terfuroxan (BTTFO) bearing two tetrazole rings (Figure 2) 
synthesized from the readily available dicyanofuroxan exhibited 
high enthalpy of formation (1291 kJ mol−1), high decomposition 
temperature (202 °C) and good calculated detonation properties 
(D = 8.6 km s−1, P = 31.5 GPa).22
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Even more energetic terfuroxan derivatives were obtained 
upon implementation of the fluorodinitromethyl group. 
Dicyanoterfuroxan 13 was converted to the corresponding 
bis(chloroxime) 14 which underwent nitration–reduction–
fluorination protocol to afford bis(fluorodinitromethyl)
terfuroxan 15. Isomer 15' was obtained through the inverted 
reaction scheme starting from cyanofuroxan 16 (Scheme 5). 
Compound 15 has higher density (2.00 g cm−3) than isomer 15' 
(1.91 g cm−3) and, as a result, superior detonation performance 
(D = 9.5 km s−1, P = 42.6 GPa), which is comparable to CL-20 
and exceeds that of isomer 15' (D = 9.2 km s−1, P = 38.8 GPa).23

Other dihetarylfuroxans are also considered as attractive 
candidates for various energetic applications. For example, 

bis(1,2,4-oxadiazolyl)furoxan 17 is a promising material for melt-
cast compositions which is insensitive to mechanical stimuli and 
electrostatic discharge and exhibits calculated detonation pressure 
20% higher than that of TNT.24 Although initially compound 17 was 
obtained by our team through Sc(OTf)3-catalyzed heterocyclization 
of bis(amidoxime) 18 with trimethyl orthoformate,25 Sabatini group 
improved its preparation and scalability using PTSA as an acid 
catalyst, which enabled a preparation of compound 17 with almost 
quantitative yield (Scheme 6).24

Bis(amidoxime) 18 was used as a precursor to another 
furoxan-based melt-cast explosive – bis(nitroxymethyl- 
isoxazolyl)furoxan 19. Synthesis of compound 19 was 
accomplished through an intermediate formation of the 
corresponding bis(chloroxime) followed by base-mediated 
generation of bis(nitrile oxide) which underwent [3 + 2] 
cycloaddition to propargyl alcohol to afford bis(hydroxymethyl) 
derivative 20. Nitration of compound 20 resulted in a formation 
of the nitrate 19 in a good yield. Energetic material 19 features 
an insensitive behavior to impact, friction, and electrostatic 
discharge, with a calculated detonation pressure about 25% 
higher than the state-of-the-art melt-castable explosive TNT 
(Scheme 7).26
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hetaryl)furoxans. Thus formed azo-bridged (furoxanyl)azoles 
possess high densities and excellent detonation performance, 
although their mechanical sensitivities substantially depend on 
the presence of additional explosophores and range from primary 
to secondary explosives.27,28

Recently, our team reported a preparation of a series of highly 
energetic organic salts comprising the tetrazolylfuroxan anion, 
explosophoric azido or azo functionalities, and nitrogen-rich 
cations. [3 + 2] Cycloaddition of cyanofuroxans 21a,b to NH4N3 
generated in situ from TMSN3 and NH4F afforded tetrazolyl
furoxan ammonium salts which were treated with AgNO3 
resulting in a formation of the corresponding silver salts 22a,b. 
Subsequent metathesis reaction of silver salts 22a,b with 
nitrogen-rich hydrochlorides successfully resulted in a series of 
energetic salts 23–28 (Scheme 8). Synthesized compounds 
exhibit good experimental densities (1.57–1.71 g cm–3), very 
high enthalpies of formation (818–1363 kJ mol–1), and, as a 
result, excellent detonation performance (D = 7.54–8.26 km s–1, 
P = 23.4–29.3 GPa).29

A rare example of energetic five-membered heterocyclic 
N-oxides involved the preparation of functionalized tetrazole-
oxide derivative 29. The tetrazole benzyl ether 30 was aminated 
using O-tosylhydroxylamine in a 1 : 1 MeCN : CH2Cl2 solution. 
Tosylate anion in 4-benzyloxy-1,5-diaminotetrazolium tosylate 
31 was exchanged with a bromide one followed by debenzylation 
procedure to afford salt 32. Subsequent base treatment of salt 32 
afforded target energetic compound 29 in a moderate yield 
(Scheme 9).30

3. Monocyclic six-membered heterocyclic N-oxides
An introduction of the N-oxide functionality to the six-membered 
heterocyclic core is usually achieved by a direct oxidation of the 
ring nitrogens, although the presence of additional electron-
withdrawing explosophoric groups requires the utilization of 
strong oxidizers. For example, oxidation of 3,5-dimethoxy
pyridazine 33 with H2O2 or HOF was successfully accomplished 
with a good yield of the corresponding N-oxide 34. The presence 
of the electron-donating methoxy groups enabled subsequent 
nitration with 20% oleum and 100% nitric acid or NaNO3 

providing 3,5-dimethoxy-4,6-dinitropyridazine 1-oxide 35. The 
second nitro group was able to be introduced only when the 
N-oxide was present within the heterocyclic core. Treatment of 
compound 35 with ammonia afforded energetic derivative 36 
(Scheme 10).31 Compound 35 may also be used as a starting 
material for further functionalization of the pyridazine scaffold, 
in particular, for an incorporation of N-methyl-N-nitro 
explosophoric moiety.32

One of the leading energetic materials, ICM-102, was recently 
synthesized by a three-step conversion of the commercially 
available 2,4,6-triaminopyrimidine 37. Substrate 37 was nitrated 
to the corresponding 5-nitro derivative 38, which was further 
oxidized to the corresponding dioxide isolated as a monohydrate. 
Dehydration was performed upon heating the obtained 
monohydrate in DMSO at 130 °C with subsequent dilution with 
EtOAc (Scheme 11). ICM-102 exhibits high experimental 
density (1.95 g cm–3), high thermal decomposition temperature 
(284 °C) and superior detonation velocity (D = 9.2 km s–1).33

Later, some investigations on a preparation of energetic 
materials similar to ICM-102 were conducted. Functionalized 
pyrimidine precursors 39a–c were oxidized to the corresponding 
dioxides 40a–c with 30% H2O2 and TFAA in DCM at 20 °C 
(Scheme 12). Synthesized compounds are quite stable and 
insensitive to impact and exhibit good physicochemical 
properties (D = 9.4 km s–1, P = 32 GPa).34

Oxidation of 3,5-diamino-6-nitro-1,2,4-triazine with Oxone 
selectively afforded 2-oxide derivative, albeit in a moderate 
yield.35 On the contrary, oxidation of 5-amino-3-azido-6-nitro-
1,2,4-triazine 41 with HOF resulted in a formation of three 
regioisomeric N-oxides 42–44 in nearly equimolar amounts 
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(Scheme 13). All three compounds possess detonation 
parameters between PETN and RDX. Of the three isomers, 
2-oxide 43 has the highest detonation performance 
(D = 8.7 km s–1, P = 31.8 GPa), while properties of regio
isomers  42 and 44 are somewhat lower (D = 8.6 km s–1, 
P = 30.7–31.0 GPa).36

A promising approach for the design of N-oxide-derived 
hybrid oxidizing explosive based on a self-assembly of energetic 
molecules was recently developed. Using molecular electrostatic 
potential and proton affinities calculations, 2,4,6-triamino-1,3,5-
triazine-1,3-dioxide 45 was rationally designed and synthesized 
via an oxidation of the commercially available melamine 46 
(Scheme 14). Subsequent intermolecular assembly of compound 
45 with several oxidants (H2O2, HNO3 and HClO4) afforded 
corresponding energetic materials 47a–c which possess high 
densities, excellent detonation performance and acceptable 
mechanical sensitivities enabling their application potential as 
solid rocket propellants.37

3,6-Dihydrazino-1,2,4,5-tetrazine 48 was used as a substrate 
in tandem nitrosation–oxidation sequence affording quite 
sensitive 3,6-diazido-1,2,4,5-tetrazine 1,5-dioxide 49. Oxidation 

step can be performed using either HOF or a combination of 
H2O2 and TFA (Scheme 15).38 Dioxide 49 has outstanding 
calculated detonation performance (D = 10.0 km s–1, 
P = 45.8 GPa) which is close to that reported for 4,4'-dinitro-
3,3'-diazenofuroxan – one of the most powerful CNO explosives 
ever reported.39,40

Amino-1,2,4,5-tetrazines are excellent substrates for N-oxide 
formation with a variety of oxidizing reagents. Nucleophilic 
substitution of the chlorine atom in the corresponding tetrazine 
derivative 50 using 4H,8H-difurazano[3,4-b:3',4'-e]pyrazine as 
a  nucleophile in the presence of K2CO3 as a base afforded 
bifunctionalized product 51. Subsequent treatment of compound 
51 with ammonia resulted in a replacement of both 
dimethylpyrazolyl fragments and then both tetrazine rings in 
derivative 52 were chemoselectively oxidized to the 
corresponding tetra-N-oxide 53 (Scheme 16). Interestingly, a 
utilization of Et3N in the reaction of chlorotetrazine 50 with 
difurazanopyrazine promoted the formation of the mono
substituted product 54. Analogous conversion of the (dimethyl
pyrazolyl)tetrazine motif to the aminotetrazinedi-N-oxide one 
was achieved in a high yield. Finally, compound 55 was coupled 
with 3,6-dichlorotetrazine to afford polycyclic material 56. 
Overall, compounds 53 and 56 displayed good detonation 
performance (D = 8.7–8.8 km s–1, P = 32–33 GPa) similar to 
that of RDX, while exhibiting much better insensitivity.41

Nitration of pre-functionalized (tert-butyl-NNO-azoxy)
tetrazine 57 with an excess of NO2BF4 resulted in a mixture of 
nitro and (nitro-NNO-azoxy)tetrazines 58 and 59 (Scheme 17). 
This result confirms an ability of nitronium cation to promote 
destructive nitration of both tert-butyl and (tert-butyl-NNO-
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azoxy) groups. (Nitro-NNO-azoxy) compound 59 was obtained 
for the first time and is considered as potential energetic 
material.42

4. 5/5-Fused biheterocyclic N-oxides
A number of newly synthesized energetic materials incorporates 
a biheterocyclic (5/5 or 5/6) core possessing at least one 
N-oxide functionality. For example, an unusual intramolecular 
cyclization was observed upon nitration of chloroxime 60 with 
a mixture of 100% HNO3 and TFAA followed by in situ 
reduction. Thus, a new fused high-energy potassium salt 61 
bearing 6-nitropyrazolo[3,4-c]furazanate 5-oxide anion was 
prepared. Starting from compound 61 a series of energetic salts 
62–69 incorporating high-nitrogen cations was obtained 
(Scheme 18). Hydroxylammonium salt 63 has the highest 
detonation performance but high mechanical sensitivity, which 
restricts its applicability.43

Nitration of diaminofurazan 70 in 70% HNO3 at 25 °C gave 
dinitramine, that is suitable for further cyclization conducted in 
Ac2O medium in the presence of 1 equiv. of 93% H2SO4 to form 
a 1,2,3-triazole 2-oxide ring via generation of oxodiazonium ion. 
Thus formed potassium salt 71 was acidified using ion-exchange 
resins to the NH-form 72 which was further neutralized to 
produce ammonium and hydrazinium salts 73a,b. Alternatively, 
double metathesis procedure may be applied to convert potassium 
salt 71 to the corresponding hydroxylammonium and triamino

guanidinium salts 73c,d (Scheme 19). High detonation 
performance (D = 8.9–9.3 km s–1, P = 34–43 GPa) along with 
elevated specific impulses enable potential application of these 
compounds as solid composite propellants.44

A new example of 5/5 fused biheterocyclic N-oxide-based 
energetic scaffold comprising the pyrazole and 1,2,3-triazole 
1-oxide was recently synthesized. Initially, ammonium 
pyrazolate 74 was alkylated with chloroacetonitrile followed by 
[3 + 2] cycloaddition to assembly a tetrazole ring linked to the 
pyrazole one via methylene bridge. Reaction of compound 75 
with hydrazine hydrate in refluxing methanol resulted in a 
formation of fused heterocyclic N-oxide 76 (Scheme 20).45

5. 5/6-Fused biheterocyclic N-oxides
Regarding energetic condensed biheterocyclic scaffolds 
possessing at least one N-oxide functionality, serious advances 
were achieved in a series of 5/6 fused frameworks. For example, 
an interaction of dicyanofuroxan 77 with hydrazine hydrate 
followed by acid–base treatment afforded pyridazino[4,5-c]
furoxan 78, which upon oxidation provided a mixture of 
protonated pyridazine 79 and di-N-oxide derivative 80 
(Scheme 21). Utilization of HOF resulted in a cleavage of the 
pyridazine ring. Compound 80 displayed an energetic 
performance compared to triaminotrinitrobenzene (TATB) and 
insensitivity to mechanical stimuli. Such desired combination of 
properties makes di-N-oxide 80 a promising secondary explosive, 
attractive for high-performance applications.46

The construction of the fused-ring 2D structure is a very 
powerful way to balance the contradicting energy and safety 
properties of energetic materials. For example, diazotization of 
functionally substituted NH-azoles 81a–c bearing vicinal 
amidoxime and amino moieties proceeded chemoselectively and 
resulted in an intramolecular azo coupling affording a series 
of  1,2,3-triazine 1-oxide fused biheterocyclic systems 82a–c. 
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Neutralization of compounds 82a–c afforded a series of  
energetic salts 83a–g (Scheme 22).47 Surprisingly, synthesized 
energetic materials also possessed fluorescent properties: most 
of these biheterocyclic systems are yellow solids which become 
green fluorescent materials under UV light (365 nm). 
Interestingly, thermal stabilities of NH-forms 82a–c were 
generally higher than those of the corresponding salts 83. 
Synthesized energetic materials exhibited good detonation 
velocities ranging from 6.9 km s–1 for 83f to 9.4 km s–1 for 83c, 
while all compounds were insensitive to friction. Later, this 
synthetic approach was expanded on a broad series of 
1,2,3-triazine 1-oxides fused with aromatic and heteroaromatic 
motifs, although diazotization of diazine derivatives (pyridazine, 
pyrimidine and pyrazine) did not result in a formation of the 
target biheterocyclic core, but provided corresponding 
chloroximes as sole products.48

Recently, a novel primary nitrogen-rich explosive ICM-103 
was prepared via two-step transformation of 3-amino-4-
cyanopyrazole 84 (Scheme 23). This approach involved a 
preliminary construction of the tetrazole ring by the reaction of 
substrate 84 with NaN3 with subsequent nitration resulting in 
a  cleavage of the tetrazole ring and recyclization to the 

1,2,3-triazine 2-oxide. ICM-103 is thermally stable up to 160 °C 
and meets all the industrially desired criteria for green primary 
explosives, including low-cost production and easy production 
scalability, high priming ability and reasonable flow ability.49

Regioisomeric to ICM-103 4-nitro-7-azidopyrazolo[3,4-d]- 
[1,2,3]triazine 2-oxide (NAPTO) was prepared in a similar 
manner starting from 4-amino-3-cyanopyrazole 85 (Scheme 24). 
NAPTO has higher onset decomposition temperature (203 °C) 
than ICM-103 and surprisingly low sensitivities to external 
stimuli. High insensitivity of NAPTO is attributed to its graphite-
like molecular structure stabilized by hydrogen bonds dipole–
dipole inductions. As a result, NAPTO exhibits an ultraflat 2D 
layered structure defined by a tight p–p stacking between layers 
with a considerably short layer spacing of 2.883 Å enabling 
sliding and compression between layers to absorb mechanical 
energy.50 Taking into account high detonation performance of 
NAPTO (D = 9.1 km s–1, P = 35.1 GPa), its application potential 
as powerful energetic material is quite high.

Later,51,52 substitution of the azido group in ICM-103 and 
NAPTO with an amino one afforded insensitive biheterocyclic 
energetic materials. In the case of transformations of ICM-103 
the resulted ammonium salt 86 was further acidified to the 
corresponding NH-form 87 or chemoselectively methylated 
using Me2SO4 (Scheme 25).52 Synthesized compounds 87 and 
88 are classified as heat-resistant explosives due to their 
significantly high decomposition temperatures (348–365 °C). 
Moreover, energetic materials 87 and 88 exhibit good detonation 
performances (D = 8.1–8.5 km s–1, P = 25.0–29.4 GPa) and low 
mechanical sensitivities. These results additionally support the 
necessity to finely tune molecular structure aiming to obtain 
promising energetic materials with a required set of properties 
(high heat resistance and low sensitivity in this case).

The formation of fused 1,2,3-triazine 2-oxides via exhaustive 
nitration of (het)arenes bearing vicinal amino and tetrazole 
motifs was found to be a general case for various substrates, 
albeit an introduction of diazine derivatives provided only 
corresponding nitramines.48 Nitration of (1,2,4-triazolyl)
tetrazole 89 afforded a unique biheterocyclic structure of  
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7-nitro-4-oxo-4,8-dihydro[1,2,4]triazolo[5,1-d][1,2,3,5]- 
tetrazine 2-oxide 90, which upon treatment with brine formed 
the corresponding sodium salt 91. Tandem metathesis protocol 
applied to compound 91 afforded a series of nitrogen-rich 
energetic salts 92–97 (Scheme 26). All of the energetic salts 
92–97 are stable and decompose above 230 °C and tend to be 
insensitive to impact, friction and electrostatic discharge. 
Detonation performance calculations for the energetic salts 
provide detonation pressures and velocities within the ranges 
25.2–39.5 GPa and 7.9–9.1 km s–1, respectively.53,54 In a similar 
manner, a series of 7,8-dinitro-4-oxo-4,6-dihydropyrazolo
[5,1-d][1,2,3,5]tetrazine 2-oxide energetic salts was prepared, 
although their energetic properties were generally lower.55 
However, recently synthesized biheterocyclic derivative of 
4-oxo-4,6-dihydro-3H-pyrazolo[3,4-d][1,2,3]triazine 2-oxide 
was found to be thermally stable (302 °C) and insensitive to 
impact.56

Nitration of amino-1,2,3-triazoles 98a–c bearing vicinal 
amino and tert-butyl-NNO-azoxy functionalities resulted in a 
formation of [1,2,3]triazolo[4,5-e][1,2,3,4]tetrazine 4,6-dioxides 
99a–c. In the case of 1-aryl-1H-1,2,3-triazoles 99a,b, diazo
nitroimines 100a,b were also isolated as by-products 
(Scheme 27).57

Interesting representatives of tetraazapentalenes via 
transformations of [1,2,3]triazolo[4,5-e][1,2,3,4]tetrazine 

4,6-dioxides were synthesized. Nitration of o-azidophenyl 
substituted derivative 99d afforded multi-functionalized arene 
99e which underwent thermal intramolecular cyclization to form 
benzofuroxan 101. Tetraazapentalenes 102a and 102b were 
formed as by-products in equal proportions and in low yields 
(Scheme 28). Compound 101 may be of interest as an energetic 
material due to a combination of good thermal stability (190 °C), 
high calculated enthalpy of formation (1005 kJ mol–1) and good 
density (1.84 g cm–3).58(a) Later, the same research group 
developed a more useful approach toward the construction of 
tetraazapentalenes via thermolysis of the corresponding  
o-azidophenyl[1,2,3]triazolo[4,5-e][1,2,3,4]tetrazine 4,6-dioxides 
in o-dichlorobenzene.58(b)

In addition to the above-mentioned substrate-specific 
approaches common oxidation protocols were used in the 
chemistry of 5/6 fused biheterocyclic systems to prepare 
corresponding energetic N-oxides. For example, oxidation of 
pyrazolo[5,1-c][1,2,4]triazine 103 enabled stepwise installation 
of nitro group and N-oxide functionality to the biheterocyclic 
core (Scheme 29). Although thus formed N-oxide 104 has 
lower onset decomposition temperature (273 °C) than parent 
compound 103 (335 °C), it has higher detonation velocity 
(D = 8.9 km s–1 for 104 vs. 8.7 km s–1 for 103), while both 
energetic materials are completely insensitive to impact and 
friction.59

High-energy scaffold 105 was chemoselectively oxidized to 
4-amino-3,7-dinitrotriazolo[5,1-c][1,2,4]triazine 4-oxide 106 
(Scheme 30). Compound 106 has moderate thermal stability 
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(138 °C), acceptable mechanical sensitivities and high detonation 
performance (D = 9.0 km s–1, P = 35.4 GPa).60

The same reaction conditions were appropriate for an 
oxidation of 6-amino[1,5-b]tetrazolo-1,2,4,5-tetrazine 107, 
which can be selectively oxidized to mono-N-oxide 108 and 
further to di-N-oxide 109 (Scheme 31). Energetic material 109 
has moderate thermal stability (150 °C), but outstanding 
calculated detonation performance (D = 9.6 km s–1, 
P = 41.3 GPa).38 For similar oxidation of 3,6-diamino-1,2,4-
triazolo[4,3-b][1,2,4,5]tetrazine a combination of H2O2 and 
TFAA was used.61

6. Tri- and tetraheterocyclic N-oxides 
Tri- and tetraheterocyclic systems bearing N-oxide functionality 
are rarely considered as promising energetic compounds. 
However, recent investigations in this area gained some novel 
insights into the chemistry and performance of energetic 
materials. In particular, an operationally simple and scalable 
protocol for the three-step synthesis of 4H,8H-bis- 
furazano[3,4-b:3',4'-e]pyridin-8-one 1,7-dioxide 110 from 
commercially available 4-amino-2,6-dichloropyridine 111 was 
developed. This method is based on nitration of substrate 111 
followed by azidation to form triheterocyclic system 112 
(Scheme 32). Introduction of compound 112 into nitrosation–
nitration process resulted in a cleavage of the tetrazole ring due 
to the azide–tetrazole tautomerism with subsequent cyclization 
of vicinal azido and nitro groups into another furoxan ring, while 
amino group underwent diazotization with subsequent 
hydrolysis. Compound 110 represents new heterocyclic system 

and displays high density (1.925 g cm–3), acceptable thermal 
stability (184 °C) and good detonation performance 
(D = 8.5 km s–1, P = 33.6 GPa) superior to that of NTO 
(D = 8.4 km s–1, P = 32.3 GPa).62

Nitration of functionalized biheterocyclic substrate 113 
resulted in an assembly of the 1,2,3-triazine 2-oxide ring in 
nearly quantitative yield of compound 114. Structure 114 is 
arguably the first fused amphoteric energetic molecule that can 
be protonated and deprotonated by acids and bases to obtain 
its  cationic 115a–c and anionic salts 116a–g (Scheme 33). 
Compound 114 and all its energetic salts exhibited very good 
thermal stabilities with onset decomposition temperatures 
ranging from 310 °C for 116b to 344 °C for 116d. Due to the 
coplanar polycyclic structure, synthesized salts feature 
considerably high enthalpies of formation (1.3–2.4 kJ g–1) and 
ring-strain energy stored in the molecules enabling their 
application potential as heat-resistance energetic materials.63

Three-step transformation of (furoxanyl)amidoxime 117 
afforded terfuroxan 118, which underwent acid-promoted 
deprotection of the amino groups to the corresponding diamine 
119. Intramolecular oxidative cyclization of compound 119 
using trichloroisocyanurate (TCICA) resulted in a formation of 
diazocine 120 fused with three furoxan rings (Scheme 34). 
Compound 120 exhibits high density (1.895 g cm–3) and is 
thermally stable up to 161 °C. Along with a zero oxygen balance 
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and superior detonation performance (D = 9.4 km s–1, 
P = 39.6 GPa) as well as reasonable sensitivities, this energetic 
material demonstrates a promising application potential.64

7. Summary and outlook
In conclusion, the main achievements in the design and synthesis 
of heterocyclic N-oxide-based high-energy materials reported 
within last five years were highlighted. Various routes to the 
synthesis, functionalization and structural diversification of  
5- and 6-membered heterocyclic N-oxides along with their 5/5 
and 5/6 fused systems were discussed.

Aromatic heterocyclic N-oxides retain leading position as 
valuable building blocks for the preparation of various energy-
rich materials. Due to the planarity, high nitrogen–oxygen 
content and optimal crystal packing, heterocyclic N-oxides may 
serve as a synthetic platform for the construction of wide arrays 
of structurally diverse energy-rich derivatives with good 
detonation performance. Most of the monocyclic N-oxides 
possess quite high mechanical sensitivities, which defines their 
application potential as promising primary explosives. At the 
same time, to reduce the sensitivity to impact and friction, 
synthesis of fused nitrogen-rich bi-, tri- and tetraheterocyclic 
compounds bearing at least one N-oxide moiety was extensively 
performed in recent years. From the synthetic chemistry point of 
view, common condensation or direct oxidation protocols were 
applied quite often to prepare target heterocyclic systems and to 
install N-oxide functionality. In addition, very useful methods 
for an assembly of the 1,2,3-triazine oxide core via diazotization 
or nitration of 1,2-difunctionalized (het)arenes bearing amino 
group and amidoxime functionality or a tetrazole ring were 
developed. This approach was found to be a powerful tool to 
construct promising low sensitive or completely insensitive 
energetic materials with good detonation performance and, in 
particular cases, high thermal stability. Such balanced properties 
are of paramount importance to unlock application potential of 
these heterocyclic systems as multipurpose energetic materials.

Taking into account the emerging development of heterocyclic 
chemistry, there is no doubt that heterocyclic N-oxide-based 
energetic materials will retain their leading position in the 
framework of materials science. In our opinion, a search for 
prospective high-energy materials in this series is far from being 
exhausted. A combined multidisciplinary investigation will gain 
deep insights in structure–property relationships and will also 
provide new industrial applications.

This work was supported by the Russian Science Foundation 
(grant no. 19-73-20074).
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