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Introduction to High Energy Materials 

 
 

Abstract 

This chapter describes the brief history, introduction of the high energy materials and 

classification of explosives, propellants and pyrotechnics. The general terms used in the 

“High Energy Materials Science” are enumerated. The strength and utility of azole and azine 

(five membered and six membered heterocycles) derivatives for the development of various 

energetic materials is also shown. Main features of energetic materials, challenges and goals 

pertaining to the discovery of novel energetic materials are also emphasized. The objective of 

the thesis revolves for the design and synthesis of insensitive energetic materials. The 

potential application of high energy materials for military, space and civilian purposes is also 

highlighted. 
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1.1. History & Background of High Energy Materials 

Discovery of black powder by Chinese alchemists in 220 BC and its utility in weapons as gun 

powder has made significant impact in the sustainable development of energetic materials.
1
 

Awareness of black powder was at first conceived by the German monk Berthold Schwartz in 

the 14
th

 century. Black powder has been used for blasting purposes.
2
 In 19

th
 century, 

nitroglycerine (NG) has been invented by the Italian chemist Ascanio Sobrero; NG was 

initially used for the medication of heart disease and later it has been used as potential 

energetic material.
 
NG is highly sensitive and therefore not useful for military and civil 

applications.
3
 In 1875 Alfard Nobel invented dynamite, a combination of NG and kiselghur, 

which is less sensitive and easy to handle compared to pure NG. Later, the Swedish chemists 

Ohlsson and Norrbin found that addition of ammonium nitrate to dynamite improves its 

explosive nature.
 
The emergent use of dynamite in coal mines promotes in the development 

of new energetic materials picric acid and trinitrotoluene (TNT).
4
 Picric acid is highly acidic 

and suffers with considerable drawbacks, whereas the less sensitive TNT has been used in the 

1
st
 World War. Later in the early Second World War, nitramine bearing explosives RDX and 

HMX are successfully used.
4,5

 Until 20
th

 century the less sensitive RDX has been found 

greater use and more powerful than other common explosives, for example pentaerythritol 

tetranitrate (PETN), triaminotrinitrobenzene (TATB), hexanitrobenzene (HNB) and so on.
4,5

 

Structures of some of the common explosives are shown in Figure 1.1.
5 

 

 

Figure 1.1. Common explosives and their structures 

Development of novel energetic materials is highly essential, as its applications are widely 

sensed to military and civilian applications. Therefore considerable research activities are 

aimed in the synthesis of thermal stable, biodegradable, green powerful energetic N, O-rich 

small strained molecular scaffolds with high velocity of detonation and detonation pressure 

compared to the known benchmark energetic compounds.
6
 Thus, design of energetic 

materials is envisaged on the basis of stability and performance of the molecule. Furthermore, 

effective application of thermally stable energetic materials to military and civilian use needs 

detailed investigation. 
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1.2. Definition & Introduction  

The energetic material can be defined as “a substance on initiation by heat, spark or flame 

undergoes rapid chemical reaction with the evolution of large amount of heat and pressure”.
1
 

Energetic materials are generally composed of readily oxidizable nitro, azido and 

hydrazino groups. Oxidation is a process when explosive materials undergo decomposition or 

detonation and release energy. The organic explosive materials mainly consist of carbon, 

hydrogen, oxygen, nitrogen and fluorine elements. Thus, combustion of organic explosive 

materials readily converts carbon to CO2 and hydrogen to H2O. Similarly, nitrogen translates 

to N2 gas during detonation; as molecular nitrogen possesses low internal energy than the 

oxides of nitrogen (NO, NO2, N2O3, etc.). Accordingly, –NO2 and –ONO2 groups are the 

source of oxygen in the molecule, which in turn significantly assists for detonation or 

combustion process.
2-5

  

The nitrogen-rich high energetic materials find versatile utility; as a consequence 

development of novel high nitrogen content (HNC) materials is always important. In general, 

high nitrogen content (HNC) materials derive energy through high positive heat of formation 

rather than the oxidation of carbon backbone. Usually high nitro-/nitrogen content in the 

molecule contribute enhancing density, detonation performance and generate large quantity 

of gases per gram.
6,7

  

1.3. Explosophores 

The groups rapidly converted to gaseous products during detonation of the molecule are 

called explosophores.
4
 The nitrogen and oxygen bearing nitro, nitroso, nitramine, nitrate 

ester, and azido moieties are explosophoric groups. The oxygen content in the explosophoric 

groups is useful for the conversion of molecular backbone to gaseous byproducts NO2, CO2, 

CO, and H2O.
5
    

1.4. Factors responsible for the synthesis of novel energetic materials are
6
 

i) the easy and cost efficient availability of raw materials with eco-friendly nature 

ii) the production of non-toxic and non-hygroscopic by-products during detonation  

iii) the thermal and chemical stability of the compounds for long-time storage 

iv) the insensitivity of the compound to stimuli for safe transportation and handling 

v) the delivery of high enthalpy of formation and density for better performance  

vi) the compound with better oxygen balance useful for complete combustion 
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1.5. Classification of High Energy Materials 

Energetic materials are typically classified as explosives, propellants, and pyrotechnics. 

These classes of compounds are distinguished on the basis of the generation of products and 

the rate of reaction.
4
 The classification is schematically depicted in Figure 1.2. 

 

 

 

  

 

Figure 1.2. Classification of high energy materials 

1.5.1. Explosives: 

Explosive is a substance with large amount of stored potential energy. It is capable of making 

explosion by its own energy through rapid and self propagating 

decomposition of compounds. Oxidation of materials led to 

decomposition; this process thus releases energy through heat and 

therefore exothermic.
8-10

 Classification of explosives is made on the basis 

of the chemical behavior and performance of the compounds (Figure 1.3). 

1.5.1.1. Explosives and its classification 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Classification of chemical explosives 
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Low explosives:  Low explosive is combustible materials; this material directly burn but do 

not explode. Thus, the oxygen required for burning is present within the 

compound. Finally, gas produced in the burning process causes explosion. 

Under normal conditions, low explosives deflagrates in a rate of few centimeters 

per second to 400 meters per second.
8
 Detonation of low explosive occurs when 

ignited in a confined space.
10

   

Examples: black powder, flash powder and smokeless powder. 

High explosive compounds are capable of sustaining detonation shockwave to produce 

powerful blast. Detonation occurs under the influence of shock of the 

suitable primary explosive. Mostly, these compounds are ignited by a flame; 

some cases the small amount generally burn tranquilly and easily 

extinguished.
11

 A high explosive compound (primary & secondary) 

detonates at rates ranging from 1,000 to 9,000 meters per second and is conventionally 

subdivided into two explosives classes, which is differentiated by sensitivity:  

Primary high explosives or initiators explode or detonate when they are heated or subjected 

to shock. The detonation velocity ranges from 3500–5500 m s
–1

. They do 

not burn; sometimes they do not even contain the elements necessary for 

combustion. These materials themselves explode and ignite the secondary 

explosives. These materials are generally sensitive to heat and shock.
8,9

 

Examples: Hg(CNO)2 (mercury fulminate) and Pb(N3)2 (lead azide)  

Secondary high explosives also called base explosives. These explosives are generally less 

sensitive to shock, friction, and heat and more stable than primary explosives. They may burn 

when exposed to heat or flame in small unconfined quantities. They require much more 

energy to detonate than primary explosives, but explode with greater violence. However, 

secondary explosives are safer to handle, store and have broad utility than primary 

explosives.
9
 Based on performance, stability, and sensitivity, classification of secondary 

explosives are made and shown in Figure 1.4.
9,10 
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Figure 1.4.  Classification of secondary explosives 

1.5.1.1.1. Thermal stable explosives  

1.5.1.1.2. High performance explosives  

1.5.1.1.3. Melt-castable explosives 

1.5.1.1.4. Insensitive explosives  

1.5.1.1.1. Thermal Stable Explosives:  

Thermal stability is an important characteristic of the energetic materials. 

Explosives with decomposition at high-temperature (preferably > 200 

C) 

are typically called as thermally stable explosives.
12-18 

Improved thermal 

stability ensures safer production, increased shelf-life of ammunitions and low vulnerability 

to accidental initiations. Some of the high performance and good thermal stable explosives 

are cyclotrimethylene trinitramine (RDX) and cyclotetramethylene tetranitramine (HMX) 

(>200 

C).

14 
Thus, development of thermal stable high energy materials with better 

decomposition temperatures than RDX and HMX are always in demand.  

Modification of the molecular scaffold would significantly contribute enhancing 

decomposition temperature of the material. The structural modification of the molecular 

entities can be suitably performed through: 

 induction of poly-N-cataining triazole ring  

 introduction of amino groups and conjugation moieties 

 salt formation  

Some of the representative thermal stable energetic materials are highlighted in Figure 1.5.  
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Figure 1.5. Examples of thermally stable explosives  

 

DATB: 1,3-Diamino-2,4,6-trinitrobenzene; TATB: 1,3,5-Triamino-2,4,6-trinitrobenzene; 

TPM: N,N-nitropicrylmelamine; TPAP: Tris(picrylamino)pyrimidine; HNS: 2,2‟,4,4‟,6,6‟-

Hexanitrostilbene; PATO: 3-Picrylamino-1,2,4-triazole; SDATO: 2,4-Bis-(3-amino-1,2,4-

triazole)-1,3,5-trinitrobenzene;  PYX: 2,6-Bis-(picrylamino)-3,5-dinitropyridine; TACOT: 

Tetranitrodibenzo-3,3a,4,4a-tetrazapentalene; NONA: 2,2‟,2”,4,4‟,4”,6,6‟,6”- Nonanitrote 

rphenyl; Td = Thermal decomposition temperature  

1.5.1.1.2. High Performance Explosives:  

High performance explosives essentially possess high density (ρ) and high 

velocity of detonation (vD). These explosive are used in warhead 

applications.
19,20

 Density is the primary physical parameter that determines 

detonation performance of the molecule. The detonation velocity and pressure of the 

explosives increases proportionally with the packing density and square of it, respectively. 

On the other hand, an increase in oxygen balance (O.B.) and heat of formation generally 

increases the sensitivity as well as performance of the energetic material.
21

 

Introduction of 

some coordinating functional groups would enhance density and performance of the 

materials, as: 

 insertion of trifluoromethyl, pentafluorosulfonyl and nitrogen difluoride (CF3, SF5 & 

NF2) groups  

 introduction of nitro (NO2) group and trinitromethyl functionality 

 presence of cage or strained structures in the molecular skeleton 

Some of the representative high performance energetic materials are shown in Figure 1.6:  
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Figure 1.6: Examples of high performance explosives 

 

TNAZ: 1,3,3-Trinitroazetidine; CL-20: 2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-

hexaazaisowurtzitane; HMX: Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine; ONC: 

Octanitrocubane; OAC: Octaazidocubane; VOD = Velocity of detonation; DP = 

Detonation pressure 

1.5.1.1.3. Melt-Castable Explosives: 

The molecules with large variation of melting-point <90 °C and 

decomposition temperature >250 °C are normally called melt-cast 

explosives. Most of the melt cast explosives are used in mortars, grenades, 

artillery shells, warheads and antipersonnel mines.
22,23 

 

The introduction of methyl (CH3), methoxy (OCH3) groups in the compound substantially 

decreases the melting point of the molecule.
23

 Some of the melt-cast explosives are 

mentioned in Figure 1.7. 

Figure 1.7. Examples of melt-cast explosives  

 

TNT: 2,4,6-Trinitrotoluene; Tris-X: 2,4,6-Tris(2-nitroxyethylnitramino)-1,3,5-triazine; 

DNBF: 4,4‟-Dinitro-3,3‟-bifurazan; MTNI: 1-Methyl-2,4,5-trinitroimidazole; DNAN: 2,4-

Dinitroanisole; Tm = Thermal melting temperature 

1.5.1.1.4. Insensitive Explosives: 

The materials with high performance, and insensitive enough to handle, and 

transport are called ideal insensitive explosives. TNT, RDX and HMX are 

some of the most common highly useful performance explosives; however, 

some of these compounds are sensitive to impact and shock; as a result, easy transportation of 
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these materials is restricted.
5
 Thus, the well-known explosive material satisfying insensitivity 

and high performance are insignificant.  

Introduction of a nitrogen-rich heterocycles and N-oxides or a nitro and amino groups 

in the ring ortho to each other contributes infringing insensitivity.
24,25

 Few insensitive 

energetic molecules are shown in Figure 1.8. 

Figure 1.8. Examples of insensitive explosives  

 

TATB: 2,4,6-Triamino-1,3,5-trinitrobenzene; FOX-7: 1,1-diamino-2,2-dinitroethylene; NTO: 

3-Nitro-1,2,4-triazol-5-one; LLM-105: 2,6-diamino-3,5-dinitropyrazine-1-oxide; TEX: 4,10-

Dinitro-4,10-diaza-2,6,8,12-tetraoxaisowurtzitane; Is = Impact sensitivity. 

1.5.2. Propellants: 

Propellant undergoes rapid and predictable combustion (without detonation) and produce 

large volume of gas. This gas can be used to propel a projectile, i.e. a bullet or a missile, or 

gas generators.
5
 

Propellants only burn and do not explode; the process is initiated by flame or spark, and 

subsequently converted to gaseous state slowly (i.e. milliseconds). In addition, propellants are 

self-combustible; thus, it holds required amount of oxygen for full combustion.
2-5 

Propellants 

are categorized in two classes: a homogeneous propellant (monopropellant) contains both 

fuel and oxidizer component in the same molecule, i.e. nitrocellulose. Whereas a 

heterogeneous propellant (bipropellant) is the combination of different compounds related to 

fuel and oxidizer. For instance, gun propellants are known to be homogeneous, whereas 

rocket propellants are heterogeneous.
9  

Propellants are typically classified as gun and rocket propellant. The classification is 

schematically depicted in Figure 1.9. 
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Figure 1.9. Classification of propellants 

Gun Propellants: Gun propellants provide thrust to propel projectiles at high kinetic energy. 

They are generally smokeless on firing, without performing detonation. Gun 

propellants have traditionally been fabricated from nitrocellulose-based 

materials.
9
 The size of the propellant grains depend on the size of the gun. 

The shape of the propellant grain is also very important.
13,14

 

Rocket Propellants: Rocket propellant produces exhaust, which is useful to fly the object 

using motor device; in this process the chemical energy is transformed into energy of motion. 

In aircraft, direct combustion of fuel led to propellant. For space exploration and military 

applications, both solid and liquid propellants are used (Figure 1.10). In view of safety, 

reliability, simplicity, and long storage life, solid propellants are preferred over liquid 

propellants. The solid rocket propellants are classified into double-base homogeneous and 

composite propellants. Composite propellant consists of fuel and oxidizer (e.g. aluminum and 

ammonium perchlorate) bound together in a polymeric matrix. Oxidizer (positive oxygen 

balance) plays vital for the development of solid propellants.
14 

 

 
Figure 1.10. Classification of rocket propellants 

Propellants 

Gun Propellants Rocket Propellants 

Single based 

Double based 

Triple based 

Black powder 

Solid Rocket Propellants Liquid Rocket Propellants 
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1.5.3. Pyrotechnics:  

The name pyrotechnic is derived from the Greek words „pyr‟ (fire) and „techne‟ (an art). 

Pyrotechnic materials evolve huge amount of heat compared to propellants and explosives, 

releasing less gaseous products. Pyrotechnic compounds are of three types: a) heat 

generating, b) smoke generating and c) light emitting materials (Figure 1.11). Heat generating 

pyrotechnics are used for detonation, fire compositions. Smoke generating pyrotechnics are 

used for camouflage and signalling purposes. The light emitting pyrotechnics are used either 

for illumination (visible and infra-red), fireworks or decoy flares.
5,6

 In explosives, the 

gaseous products evolve at the highest speed of reaction with high pressure shock; whereas in 

propellants, the products evolve at a slow reaction rate with low pressure. In case of 

pyrotechnics, the formation of solid residues and gases are visible.
15,

 

Pyrotechnic compositions contain a fuel and an oxidizer, responsible for the production of lot 

of energy. This energy led to produce flame or glow (i.e. a matchstick), when it combines 

with other volatile substances to produce smoke and light (i.e. fireworks), or produce large 

quantities of gas (firework rockets and bangers).
16

 

     

Figure 1.11. Effect of the pyrotechnics and crackers 

1.6. Different terms involved in High Energy Material Science 

a) Oxygen Balance: Oxygen balance (OB, or OB %) indicates the degree to which an 

explosive is oxidized. The molecule having zero oxygen balance indicates presence of 

adequate amount of oxygen responsible for the complete conversion of carbon to CO2, 

hydrogen to H2O. The molecule with positive oxygen balance shows the presence of excess 

oxygen. While the molecule of negative oxygen balance displays the presence of insufficient 

oxygen, indicating incomplete combustion of the molecule. The sensitivity, strength, 

and performance of an explosive solely depend on oxygen balance of the molecule. Oxygen 

balance is calculated from the empirical formula of a compound as shown below.
17
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x = number of atoms of carbon, y = number of atoms of hydrogen, z = number of atoms of 

oxygen. 

b) Density: Density (ρ) is one of the important parameter useful to evaluate the performance 

of explosives. Density of loading refers to the mass of an explosive per unit volume. Several 

loading methods are known, which includes pellet loading, cast loading, and press loading. 

Sensitivity can be reduced through high load density, as more amount of mass will resist 

internal friction. Furthermore, increased load density permits the use of more explosive 

material for efficient warhead.
10

 

c) Detonation Velocity and Pressure: Velocity of detonation (vD) and detonation pressure 

(P) are important parameters of explosive material. Performance of explosive invariably 

depends on the velocity of detonation and pressure. Detonation velocity is proportional to the 

density of the energetic material. Detonation velocity is hard to measure, as the velocity of 

explosive is faster than the local speed of sound. Detonation velocity of commercial mining 

explosives ranges from 1800 m s
1

 to 9000 m s
1

. Detonation pressure data derived from 

measurements of shock waves transmitted into water by the detonation of explosive of 

standard size.
10

 

d) Stability: Thermal stability signifies the stability of the molecule at high temperature. The 

molecule resist to decomposition at high temperature shows more stability and are called 

“heat-resistant” or “thermally stable” compounds. The stability of the molecule is determined 

by the glass transition temperature, initial decomposition temperature, degradation 

temperature and the melting temperature range. High thermal stability allows safe handling 

and long time storage of the explosive material. Thermal stability is measured by thermo 

gravimetric analysis (TGA) and differential scanning calorimetry (DSC).
8

 

e) Sensitivity: Sensitivity of an explosive refers to the ease of ignition or detonation. 

Sensitivity signifies the release of energy contained in the molecule through external stimuli. 

External stimuli could be mechanical (impact / friction) or electrostatic sources.
8
 The level of 

sensitivity of energetic materials to impact and friction will permit the issues of safety and 

handling.
5 ,8, 17

  

Important parameters required for the sensitivity studies are: 

Impact Sensitivity: Impact sensitivity is the blow of explosive material to the falling 

weight.
8,9

 Impact sensitivity is calculated in Joule (J), given by the product mgh, where „m‟ is 

the mass of the falling weight, „g‟ is the acceleration and „h‟ is the height of the falling 
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weight. It is denoted as “Is”. Impact sensitivity of the explosives is measured using the 

standardized BAM drop-hammer instrument. 

Friction Sensitivity: Friction sensitivity is the response of the material to the scraping with 

weighted pendulum. In this process, the material undergoes either to ignition, turn to black, 

crack or explosion. It is represented as “Fs” and the friction energy reported in newton (N).
9
 

f) Heat of Combustion: Heat of combustion (ΔHc˚) is the energy released when a compound 

undergoes complete combustion with oxygen under standard conditions. It is expressed as 

energy/mole of fuel (kJ mol
1

), energy/mass of fuel and energy/volume of fuel. The heat of 

combustion is conventionally measured with a bomb calorimeter.
18

 

g) Heats of Formation: The standard enthalpy of formation or standard heat of formation 

measures the energy content of an energetic material obtained during decomposition through 

ignition, explosion by heat, and impact. It is represented as ΔH˚f or HOF. The unit of heats of 

formation can be represented as kcal mol
1

 or kJ mol
1

.
18 

In general; HOF is calculated from 

heats of combustion. Usually, heat of combustion (ΔHc˚) of energetic material is determined 

through bomb calorimetric measurements, producing inconsistent results. 

h) Heat of Explosion: The liberation of energy in the form of heat during the detonation of 

the explosive under adiabatic conditions is called the heat of explosion; it is represented as Q. 

The propellants effectiveness is determined by the heat of explosion; for instance, secondary 

explosives show high Q value. It is represented as kJ kg
1

 or cal g
1

.
18

 

i) Toxicity: The explosive materials produce toxic and environmental-harmful pollutants 

during detonation. For example, primary explosives lead azide and lead styphnate, and 

secondary explosives TNT, RDX and HMX contain toxic or polluting components like heavy 

metals, and nitramines. Lead (Pb), cadmium (Cd), and mercury (Hg) are highly toxic and 

environmentally harmful by-products generated during detonation of common explosive 

materials. Some of the organic energetic compounds also produce hazardous and 

carcinogenic components upon decomposition. Whereas production of harmless carbon 

dioxide, N2 gas and water from the decomposition of molecule is always advantageous.
18,19

  

Therefore, development of green explosives that produce low toxic ingredient is highly 

desirable.  

j) Decomposition: Chemical decomposition of an explosive material may take years, days, 

hours, or a fraction of a second. The slow decomposition of materials allows for extended 

storage. Precisely, deflagration and detonation are the two rapid forms of decomposition.
19
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k) Deflagration: Deflagration is the exothermic chemical reaction propagating through heat 

transfer at subsonic speed. This process helps in igniting the cold material. For instance, fire 

to flames, which eventually leads to explosion is termed deflagration.
19

 Thus, deflagration is 

an intermediate process between combustion and detonation.
6-8

 Deflagration of propellants 

proceeds through normal burning without the presence of atmospheric oxygen. 

l) Detonation: Detonation involves a supersonic exothermic front accelerating through a 

medium. Energy released during combustion is determined by the speed at which the material 

transmits the shockwave, not by the rate of heat transfer. The efficient HEM decomposes via 

the passage of heat through shock waves with velocity of about 9000 m s
1

.
20

  

m) Oxidizer: An oxidizer is source of oxygen; this fuel component is useful for burning 

explosive. The rocket propellants carry oxidizer, which in turn helps to burn and provide 

thrust for the rocket to reach the target.
19,20 

Liquid oxygen, concentrated H2O2, nitric acid, 

N2O4, KClO3, KClO4, NH4ClO4, NH4NO3, NH4N(NO2)2 and hydrazinum nitroformate (HNF) 

are some of the well-known oxidizers.
10

  

n) Igniters: Igniters are used to initiate the explosive material to efficiently burn and 

detonate.
20

 

1.7. Role of Azole and Azine Derivatives in High Energetic Materials 

1.7.1. Introduction of nitrogen-rich heterocyclic rings 

The nitrogen-rich molecules are widely found in the compounds of pharmaceutical 

importance, natural products; moreover, the N-bearing molecules are useful as potential 

ligands in coordination chemistry. The presence of nitrogen in the compounds enhances 

density of the molecule.
28

 Thus, N-bearing molecular entities are extensively found in high 

energetic materials.
 29

  

The presence of large number of NN and CN bonds in the N-rich compounds holds the 

energy-content of the molecule. The bond energy of NN single bond (160 kJ mol
1

), N=N 

double bond (418 kJ mol
1

) and N≡N triple bond (954 kJ mol
1

); thus, decomposition or 

detonation of N-rich molecules produce N2 molecule with the release of energy and therefore 

N-heterocycles showed high positive heat of formation (ΔHf). The presence of more N-atoms 

in the molecule contributes lowering CH content, enhancing density, and releasing more 

energy during decomposition. Thus, design and development of novel N-heterocyclic 

energetic compounds for explosive and propellant applications are always desirable.  
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1.7.2. Energetic five membered N-heterocyclic derivatives 

Imidazole, pyrazole, triazole, and tetrazole are some of the five membered N-containing 

natural frameworks inherently present in many energetic materials.
 

With the induction of 

explosophores nitro (NO2), nitroamino (NHNO2), azido (N3) groups in the N-

heterocycles, performance of the molecule is substantially enhanced.
25

 Among various 

explosophores, nitro group in the molecules enhances density and oxygen balance; this will 

contribute enhancing velocity of detonation and detonation pressure.
25,26

 Heat of formation, 

nitrogen percentages and density of common five-membered N-heterocycles are shown in 

Table 1.1. 

Table 1.1. Energetic properties of five-membered azole derivatives.
24a-24c 

Comp. Structure Name Formula N (%) HOF  

(kJ mol
1

) 

ρ 

(g cm
3

) 

 

30 

 

Imidazole 

 

C3H4N2 

 

41.1 129.5 1.23 

 

31 

 

Pyrazole 

 

C3H4N2 

 

41.1 179.4 1.12 

 

32 

 

1,2,4-Triazole 

 

C2H3N3 

 

60.8 192.7 1.39 

 

33 

 

1,2,3-Triazole 

 

C2H3N3 

 

60.8 271.7 1.19 

 

34 

 

1,2,3,4-Tetrazole 

 

CH2N4 

 

79.9 326.0 1.48 

Imidazole and pyrazole are the class of five-membered ring structure composed of three 

carbon atoms and two nitrogen atoms; the two nitrogen atoms are contiguous in pyrazole.
27

 

Imidazole or pyrazole readily undergo salt formation through protonation or substitution at 

nitrogen. Some of these salts are used as ionic liquids.
27,28

 

Triazoles are nitrogen-containing five-membered heterocycles with molecular formula 

C2H3N3 and exist in two isomers 1,2,3-triazole and 1,2,4-triazole. Incorporation of a triazole 

(1,2,4-triazole and 1,2,3-triazole) rings in the molecule substantially increases thermal 

stability of the compound.
29

 1,2,3-Triazole possesses high positive heat of formation (in gas 

phase: 271 kJ mol
1

) than 1,2,4- triazole (in gas phase: 194 kJ mol
1

). Triazole derivatives are 
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susceptible to produce energetic salts. Accordingly, many triazole containing explosives have 

been designed and synthesized.
29,30

 

Tetrazole is comprised of four nitrogen and one carbon atom. The high nitrogen content (80 

%), large number of N–N bonds, and ring strain, tetrazole moiety possess high density and 

better positive heat of formation (326 kJ mol
1

).
31-32

 The tetrazole moiety can readily 

modified with the introduction of various functional groups. A large array of tetrazole-

bearing high-performance explosives are developed, synthesized and successfully used. 

The tetrazole-based molecules are generally employed as primary explosives, sensitizers, or 

igniters. For instance, 5-aminotetrazole is an essential component of gas generators in 

automobile airbags.
33,34

 These molecules produce high-temperature, non-toxic reaction 

products, with high burn rate and are also stable.
35-37

 

1.7.3. Energetic six membered N-heterocyclic derivatives 

Pyridine, pyrimidine, triazine and tetrazine derivatives are the potential six membered N-

heterocycles extensively used for high-energy density materials (HEDMs).
38-42 

The more 

nitrogen content bearing scaffolds 1,3,5-triazine and 1,2,4,5-tetrazine are integral part of 

many energetic materials.
43-46

 Diazine, triazine and tetrazine based energetic compounds are 

used as energetic additive in high performance propellants and smoke-free pyrotechnic 

ingredients.
47-49

  

The heat of formation and nitrogen percentages of six-membered heterocycles is shown in 

Table 1.2 

Table 1.2. Energetic properties of six-membered azine derivatives.
24a-24c

 

Comp. Structure Name Formula N (%) 
HOF  

(kJ mol
1

) 

 

35 
 

Pyridine 

 

C5H5N 

 

17.7 143.0 

 

36 
 

Pyrazine 

 

C4H4N2 

 

34.9 285.3 

 

37 
 

Pyrimidine 

 

C4H4N2 

 

 

34.9 
190.3 

 

38 

 

Pyridazine 

 

C4H4N2 

 

34.9 209.9 
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39 
 

1,3,5-Triazine 

 

C3H3N3 

 

51.8 229.1 

 

40 

 

1,2,4,5-Tetrazine 

 

C2H2N4 

 

68.2 489.7 

 

41 

 

Pentazine 

 

CHN5 

 

84.3 676.3 

 

1.7.4. Fused heterocycles 

The ring-strain in fused-heterocycles assists enhancing density and performance of the 

molecule. Some of the pyrazolo-pyrazole,
 

benzofuroxans and
 

benzotriazoles fused 

heterocycles have been used for energetic applications. With the introduction of explosophore 

groups in the fused heterocycles, the resulting molecules showed better energetic 

performance.
50-52

 

1.8. Importance of strained and benzene ring 

1.8.1. Energetic materials having strained rings 

The strain-rings bearing energetic materials showed better heat of formation over the 

molecules with unstrained system.
53

 The ring-strain makes the molecule more rigid and 

compact with decreased molecular motion, which results showing increased density and 

performance.
54,55

 For example, 1,3,3-trinitroazetidine (TNAZ)
 

is a nitramine caged compound 

powerful than RDX, and suitable for plasticizer applications.
56-58 

1.8.2. Energetic materials having benzene ring 

In general, the presence of aryl-moieties in the form of energetic polynitroarenes lowers the 

hygroscopic nature of a material, as well as its synthetic cost; this group also decreases the 

sensitivity of the material to impact, shock, and friction. Moreover, the presence of a benzene 

moiety enhances stability of the molecule due to conjugation. Therefore, these 

polynitroarenes would be useful as thermally stable energetic materials. Benzene is used as a 

fuel component for internal combustion engines and it is an excellent octane enhancer.
59,60

 

1.9. Challenges to Discover the Modern Energetic Materials 

High performance, low sensitivity, and high thermal stability are some of the crucial 

parameters that determine potential utility of the molecule for high energy material 

applications. However, most of the high-performance energetic materials are sensitive and 



  Chapter 1                                                                                        Introduction to HEMs… 

 19 

produce toxic by-products.
61,62

 For instance, the well-known insensitive TNT, TATB are high 

thermal stable explosives possessing less performance. The poly nitramine compounds RDX 

and HMX showed outstanding performance with poor sensitivity and moderate thermal 

stability. The extensively used TNT and RDX during decomposition delivers toxic gases, 

affecting plants and microorganisms.
63-70

 It is therefore desirable to design and construct ideal 

High Energy Density Materials (HEDMs). Accordingly, HEDMs should be hydrolytic stable, 

producing water-soluble gas-byproducts upon detonation. In addition, the fundamental 

parameters required for the development of HEDMs is sketched in Table 1.3.  

Table 1.3. Goals for the preparation of novel high energy materials.
24c, 64-70

  

Performance Detonation velocity 

Detonation pressure 

Heat of explosion 

vD > 8000 m s
−1

 

P > 35 GPa 

Q > 6200 kJ kg
−1

 

Stability & Sensitivity Thermal stability 

Impact sensitivity 

Friction sensitivity 

Electrostatic sensitivity 

Td ≥ 200 C 

Is > 10 J 

Fs > 120 N 

ESD > 0.2 J 

Chemical properties Hydrolytically stable, non-toxic & non-corrosive 

smoke-free combustion and long-term stability 

1.10. Objective of the thesis 

Development of novel energetic materials for civil, military and space applications is always 

in great demand.  The challenges involved in the synthesis of energetic materials are, safety 

in terms of stability and sensitivity, reliability in terms of large scale synthesis, yields, and 

synthetic costs. The following factors related to i) high detonation velocity (vD), ii) high 

detonation pressure (P), iii) high density (ρ), iv) high heat of formation (ΔfH
o
), v) good 

thermal stability, vi) good environmental compatibility, and vii) low sensitivity toward 

impact and friction are especially considered for the design and synthesis of energetic 

compounds for vast applications   

This thesis aims in the design and development of novel high energy density materials 

(HEDMs) with high performance combined with high thermal stabilities, a potential 

replacement to TNT and RDX.  
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Synthesis of Thermally Stable Energetic 1,2,3-

Triazole Derivatives 

 

Abstract 

 

 

 
Various thermally stable energetic polynitro-aryl-1,2,3-triazoles have been synthesized 

through Cu-catalyzed [3+2] cycloaddition reactions between their corresponding azides and 

alkynes, followed by nitration. These compounds were characterized by analytical and 

spectroscopic methods and the solid-state structures of most of these compounds have been 

determined by using X-ray diffraction techniques. Most of the polynitro-bearing triazole 

derivatives decomposed within the range 142–319 

C and their heats of formation and crystal 

densities were determined from computational studies. By using the Kamlet–Jacobs empirical 

relation, their detonation velocities and pressures were calculated from their heats of 

formation and crystal densities. Most of these newly synthesized compounds exhibited high 

positive heats of formation, good thermal stabilities, reasonable densities, and acceptable 

detonation properties that were comparable to those of TNT. 
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2.1. Introduction 

Development of thermally stable and less sensitive energetic materials requires a detailed 

investigation into the design of N- and O-rich molecules, the determination of their energy 

content through computational studies, as well as the demonstration of reliable strategies for 

their synthesis.
1
 Therefore, synthesis of small organic molecular frameworks that have high 

N- and O-content as thermally stable energetic materials from readily available precursors is 

always desirable.
2  

Thermal stability is an important characteristic of the energetic materials 

(safe working limit >225 

C). Improved thermal stability of the material ensures safer 

production, increased self-life of ammunitions and low vulnerability to accidental initiations. 

Thus, challenges always remain for the construction of thermal stable high energy explosive 

materials with better performance than RDX and HMX (>220 

C).

1
 In general, presence of 

aryl moiety enhances stability of the molecule due to conjugation. Thus, aryl-moiety bearing 

energetic polynitroarenes are generally non-hygroscopic and insensitive to impact, shock, and 

friction; furthermore, the methods used for the synthesis of aryl-containing energetic 

materials are cost effective. Moreover, arene-moieties are octane enhancer; these moieties 

significantly contribute raising fuel-composition of the material through internal combustion.
3
 

Apart from high thermal stability, high oxygen balance and high density improve detonation 

performance of the compound and make the molecule a better-performing energetic material. 

Incorporation of nitro (NO2) groups into a molecular backbone enhances oxygen balance 

and detonation performance of the compound.
4
 
 

Five-membered azole heterocycles behave as a source of energy owing to the high N-

content. The high N-content of these compounds often leads to high crystal density which 

directly contributes to performance. In addition, the high percentage nitrogen bearing 

energetic materials release nitrogen (N2) gas during combustion and therefore 

environmentally friendly.
4
 Therefore, nitrogen-rich aromatic-triazole-based energetic 

materials have invariably been used in civil, military and aerospace propellant applications. 

Essentially 1,2,3-triazoles are one of the most promising backbones used for the fabrication 

of nitrogen rich energetic materials; as they possess high positive heats of formation with 

reduced sensitivity, owing to the NN and CN bonds and ring-strain.
5,1g

 Moreover, the 

aromatic nature of triazole moiety makes the molecule thermally stable. On the basis of 

theoretical calculation studies, 1H-1,2,3-triazole possesses high positive heat of formation (in 

gas phase: 271 kJ mol
1

) than 1,2,4-triazole (in gas phase: 194 kJ mol
1

). Accordingly, 

molecules with large number of 1H-1,2,3-triazole derivatives produce good amount of energy 
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during combustion. Gratifyingly, construction of 1H-1,2,3-triazole can reliably be perceived 

through Click reaction involving a formal [3+2]-cycloaddition between terminal alkynes with 

azides under Cu-catalysis.
9
 

Karl Berry Sharpless introduced the terminology “Click chemistry”. This reaction broadly 

defines the quick generation of highly-selective products from terminal-alkynes and azides 

under Cu-catalysts.
9-11

  

 

Figure 2.1. Advantages of “Click-Chemistry” 

Development and synthesis of 1H-1,2,3-triazole bearing materials for energetic applications 

is briefly summarized herewith.   

2.1.1. Precedents and strategies for 1H-1,2,3-triazole derivatives towards energetic 

material applications 

In 1971, a series of tri- and tetranitro-N-aryl-1,2,3-triazolyl derivatives (4 & 89) were 

synthesized involving coupling and cycloaddition reactions followed by nitration (Scheme 

2.1). Crystal density, impact sensitivity, thermal stability of the synthesized compounds were 

determined.
8a

 Most of the polynitro-substituted N-aryl-1,2,3-triazole derivatives showed high 

positive HOF (1101070 kJ mol
1

), good density (1.69.85 g cm
3

), moderate thermal 

stability (150335 

C); disappointingly, these compounds are sensitive towards impact.  
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Scheme 2.1. Polynitro derivatives of phenyl 1H-1,2,3-triazoles 

Shreeve group demonstrated the synthesis of five catenated nitrogen bearing 1-nitroamino-

1,2,3-triazole (12). The compound 12 was synthesized from 1-amino-1,2,3-triazole (11) with 

mixture of nitric acid and sulphuric acid. The structure of 12 was established by single-crystal 

X-ray analysis (Scheme 2.2).
8b

 Detonation properties of the compound 12 (P = 33.0 GPa, νD 

= 8743 m s
1

) is comparable with RDX. A new family of 1-nitroamino-1,2,3-triazolate salts 

1318 were synthesized from compound 12 by using acid base reactions; most of the 

compounds exhibited high positive HOF (205.4888.3 kJ mol
1

), good density (1.431.82 g 

cm
3

) and moderate thermal stability (105240


C). The calculated detonation pressure (P) of 

the salts 1318 fall between 18.6 GPa to 24.4 GPa, and the detonation velocities (νD) are 

distributed from 7282 m s
–1

 to 8366 m s
–1

. Although the denotation data are lower than the 

corresponding values of RDX, most of them are superior to TNT (P = 20.6 GPa, νD = 6850 

m s
–1

). Unfortunately, compound 12 is extremely shock-sensitive with an impact sensitivity of 

<1 J and should be handled with all possible care. 

 

Scheme 2.2. Synthesis of 1-nitroamino-1,2,3-triazole and their salts 
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Synthesis and energetic properties of 5-(1,2,3-triazol-1-yl)tetrazole derivatives (2228) are 

studied by the Shreeve group; the respective compounds are constructed involving Cu
I
-

catalyzed 1,3-dipolar azide–alkyne cycloaddition reaction (Scheme 2.3).
5a

 The reaction of 

isopropyl(trifluoromethyl)diazene (19) with sodium azide produced 5-azido-N-(propan-2-

ylidene)-1H-tetrazole (20) in good yield. This compound 20 was used as the starting azide for 

click reactions with alkynes (21a–g) to obtain new 1,2,3-triazolyltetrazoles (22–28). The 

synthesized 1,2,3-triazole derivatives (2228) exhibit poor density (1.27-1.64 g cm
3

), 

moderate detonation performance (vD = 59957251 m s
1

; P = 10.4 GPa), negative heat 

of formation (-37.9 kJ mol
1
, thermally unstable nature (149177 


C) and are 

insensitive to impact (3540 J).  

 

Scheme 2.3. Synthesis of 5-(1,2,3-triazol-1-yl)tetrazole derivatives via click chemistry 

Condensation between 1-amino-1,2,3-triazole (11) and sodium dichloroisocyanurate led to 

the synthesis of 1,1'-azobis-1,2,3-triazole (29), a report disclosed from the Pang group 

(Scheme 2.4).
5c

 The molecule 1,1'-azobis-1,2,3-triazole (29) possesses eight-nitrogen in a 

chain showing density (1.62 g cm
3

), decomposition temperature (193.8 

C) with high 

positive heat of formation (962 kJ mol
1

). Unfortunately, compound 29 seems to be sensitive. 

The H50 value of 29 is 16.6 cm [less sensitive than TAAT (tetra(azido)azo triazine; 6.2 cm) 

and PETN (11 cm), but slightly more sensitive than RDX (28 cm)]. 

 

Scheme 2.4. Synthesis of 1,1'-azobis-1,2,3-triazole 

In 2012, Shreeve group reported the synthesis of N-substituted nitro and chloro derivatives of 

triazoles (3335) and the metal salts of tris(triazolo)benzene 3638 in high yields (Scheme 

2.5).
5d

 The new tris(triazolo)benzene derivatives 3335 were obtained via diazo-couling, 

cyclization, nitration reactions and exhibit density in the range of 1.69–1.94 g cm
3 

superior 
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to those of TNT and PETN. Gratifyingly, sodium, potassium, and silver salts of the triazole-

derivatives 3638 exhibited density in the range of 2.1–2.8 g cm
3

. Furthermore, some of the 

tris-(triazolo)benzene compounds were found to be powerful hypergolic oxidizers with better 

ignition delay times over white fuming nitric acid (WFNA). Although tris-(triazolo)benzene 

compounds and its salts 3338 display high thermal stability (>250 

C), high density 

(1.692.80 g cm
3

), good positive heats of formation (463711 kJ mol
1

), and detonation 

properties (vD = 70328376 m s
1

; P = 13.6731.20 GPa), however most of the compounds 

are more sensitive to impact (3J. 

 

Scheme 2.5. Synthesis of tris(triazolo)benzene and its energetic salts 

A report revealed from the Klapotke group showed the nitration of 1,3-diamino-1,2,3-

triazolium nitrate (39) and nitronium tetrafluoroborate leading to the synthesis of 1,3-bis-

(nitroimido)-1,2,3-triazolate anion (40); (Scheme 2.6).
5e

 The energetic salts 4146 are readily 

constructed from compound 40 by treating with corresponding chlorides and bromides. The 

salts 4146 exhibited good detonation performance (vD = 88239426 m s
1

; P = 32.640.7 

GPa) with less thermal stability (Td = 149210 

C) and sensitive to mechanical stimuli 

(1J. 

 

Scheme 2.6. Synthesis of 1,3-bis(nitroimido)-1,2,3-triazolate and its salts 
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Recently, Shreeve group demonstrated the synthesis of 1,2,3-triazolo-[4,5-e]furazano[3,4-

b]pyrazine 6-oxide (51) and its energetic salts 5256 as insensitive energetic materials 

(Scheme 2.7).
5f

 The synthesis of diamino furazan (47) was achieved from commercially 

available glyoxal. The condensation of 47 with oxalic acid produced 5,6-

dihydroxyfurazano[3,4-b]pyrazine (48) and hydroxyl groups were substituted by chlorine 

atoms with a mixture of phosphorous pentachloride & phosphorus oxychloride to produce 

5,6-dichlorofurazano-[3,4-b]pyrazine (49). When 49 was treated with aqueous ammonia 

solution, 5,6-diaminofurazano-[3,4-b]pyrazine (50) was obtained. The 1,2-diamino 

compound (50) converted to the corresponding 1,2,3-triazole N-oxide (51) by treating with a 

nitration mixture from nitric acid and acetic anhydride. Reaction of 51 with ammonia, 

hydrazine, hydroxylamine, 3,4,5-triamino-1,2,4-triazole, and bis(guanidinium)tetrazine 

produced the corresponding salts 5256 almost in quantitative yield. Finally, synthesis of 

di(trinitroethylamino) derivative 57 was achieved, when 50 was treated with formaldehyde 

followed by trinitromethane at room temperature. 

The compounds 51-57 exhibit good physical and detonation properties, such as high positive 

heats of formation (1101070 kJ mol
1

), good densities (1.691.85 g cm
3

), moderate thermal 

stabilities (141301 

C), acceptable detonation velocities (78718532 m s

1
) and pressures 

(2430.3 GPa).  

 

Scheme 2.7. Synthesis of 1,2,3-triazolo[4,5,-e]furazano[3,4,-b]pyrazine 6-oxide & its salts 
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2.1.2. Motivation and Design Plan 

The development of less sensitive and thermally stable high performance energetic materials 

with high N- and O-content is challenging. In general, the super explosive molecules are 

sensitive, whereas the insensitive molecules showed poor energetic performance. We thus 

envisioned in the design and synthesis of insensitive and thermally stable energetic materials 

with high N- and O- content molecules. 

In this chapter a detailed discussion on the synthesis of various N-benzyl-/aryl and/or pyridyl-

tethered 1,2,3-triazoles and its derivatives using the known Cu-catalyzed [3+2] cycloaddition 

reaction between the corresponding azides and terminal alkynes are enumerated. Nitration on 

these precursors delivered a wide range of nitro-/nitrogen-rich 1,2,3-triazole derivatives as 

thermally stable energetic materials (Scheme 2.8).  

 

Scheme 2.8. Synthesis of thermally stable energetic 1,2,3-triazole derivatives 

2.2. Results and Discussion 

The development of simple and efficient approaches for the creation of triazole skeletons in 

small molecular entities has always attracted considerable attention.
9
 Importantly, the Cu-

catalyzed [3+2] cycloaddition reaction between an azide and an alkyne, termed the “click 

reaction”, is a reliable synthetic strategy for the efficient formation of 1,2,3-triazole skeletons 

in high yields with affordable cost and high regioselectivity.
10

 Herein, we report the synthesis 

of nitro-rich benzyl-/aryl- and pyridyl-tethered 1,2,3-triazoles as new thermally stable 

energetic materials. 

In general, electron-rich azides (dipoles) and electron poor alkynes (dipolarophiles) favor the 

cycloaddition reaction, whereas steric bulk on the acetylene retards the rate of the reaction.
11

 

It has been reported that the cycloaddition reaction of electron-rich dipolarophiles proceeds 

well in water and in protic solvents.
12

 The base-mediated deprotection of the CSi bond 

occurs smoothly in protic solvent at ambient temperature.
13

 With these facts in mind, the 

cycloaddition reactions between readily accessible benzyl azides and electron-rich TMS-

acetylene (60) were carried out under the previously reported conditions involving sodium 
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ascorbate, CuSO4, and K2CO3 as a base in MeOH/water at room temperature for 24 h (Table 

2.1).
14

 Benzyl azides were prepared from the commercially available benzyl bromides by 

nucleophilic displacement with NaN3 in DMSO almost quantitative yields.
15

  

 
Scheme 2.9. Synthesis of aryl azides from aryl halides 

The electronically neutral benzyl azide 59a reacted smoothly with 60 to give compound 61a 

in 92% yield; the corresponding TMS-substituted 1,2,3-triazole 62a was also isolated in trace 

amount (Table 2.1, entry 1). An activated aryl azide that had a nitro group at the 4-position on 

the phenyl ring underwent cycloaddition with 60, thereby producing compound 61b in 87% 

yield (Table 2.1, entry 2). 

Table 2.1. Cu-catalyzed 1,3-dipolar cycloaddition of benzyl azides and TMS-acetylene (60).
a
 

 
entry 59 R Base  61 Yield (%)

b 

1 59a H K2CO3 61a 92 62a 03 

2 59b 4-NO2 K2CO3 61b 87 62b 00 

3 59c 3-NO2 KOAc 61c 83 62c 09 

4 59d 2-NO2 K2CO3 61d 53 62d 00 

5 59e 4-OMe K2CO3 61e 92 62e 00 

6 59f 3-OMe K2CO3 61f 79 62f 00 

7 59g 2-OMe K2CO3 61g 52 62g 00 

a
All reactions were carried out with azide (1.0 equiv), TMS-acetylene (1.5 equiv), base 

(potassium carbonate or potassium acetate, 1.2 equiv), sodium ascorbate (0.4 equiv), and 

CuSO4·5H2O (0.2 equiv) in a mixture of MeOH/water (1:1, 0.5 mL for 1 mmol) at room 

temperature for 24 h. 
b
Yield of isolated product. 

A poor yield of compound 61c was obtained when the reaction of 3-nitrobenzyl azide (59c) 

with 60 was conducted under the optimized conditions. Interestingly, KOAc was found to be 

suitable as the base and the desired compound, 61c, was isolated in 83% yield (Table 2.1, 

entry 3). Sterically demanding 2-nitro-substituted benzyl azide 59d reacted poorly with 

compound 60 and only afforded compound 61d in moderate yield, with a fair amount of 
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recovered unreacted compound 59d. A similar trend of reactivity and selectivity was 

observed in the reactions of MeO-substituted benzyl azides 59e–59g with 60 under the 

optimized conditions, thus delivering their corresponding products, 61e–61g, in good yields 

(Table 2.1, entries 5–7). 

With a series of triazole-based molecules in hand, the nitration of compounds 61a–61g was 

independently performed in either a mixture of 70% HNO3 and 98% H2SO4 (Conditions A) 

or 95% HNO3 and 98% H2SO4 (Conditions B), as shown in Equation (1).  

 

Table 2.2 summarizes the nitration of the N-benzyl-substituted-1,2,3-triazoles (61). At first, 

compound 61a was heated under the conditions A at 120 

C for 24 h. Nitro-rich 

regioisomeric products 63a–66a were detected and purified easily by column 

chromatography on silica gel in an overall 83% yield (Table 2.2, entry 1). In non-polar 

trinitro-bearing compound 63a, which was isolated in 15% yield, the two nitro groups were 

substituted at the o- and p-positions on the N-benzyl ring, whilst the other nitro group was 

inserted at the 4-position of the triazole moiety. As expected, the o,p-dinitro-substituted 

compound 64a was isolated in 39% yield as the major product. Interestingly, the m,m- and 

m,p-dinitro substituted compounds 65a and 66a, respectively, were also isolated, albeit in 

poor yields. The factors that were responsible to the formation of these unlikely meta-

substituted products (65a and 66a) remain unclear. The introduction of more nitro groups 

onto the molecular framework usually enhances density and detonation properties of a 

compound. Therefore, we speculate that the use of 95% HNO3 in the nitration reactions could 

influence the formation of the tetranitro substituted products. Therefore, the nitration of 

compound 61a was carried out under the conditions B at 100 

C. Although compound 61a 

was completely consumed within 12 h, products 63a–66a were exclusively formed (Table 

2.2, entry 1), as observed previously. Next, nitration of nitro-substituted triazoles 61b–61d 

were independently conducted under conditions A and B. The products, 63a (12%), 64a 

(70%), and 66a (11%), were obtained from 61b under conditions A at 120 

C, whereas the 

same reaction under conditions B at 70 

C gave compounds 64a and 66a in overall good 

yields (Table 2.2, entry 2). 
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Table 2.2. Nitration reactions of triazoles 61 

a
Mixture of 70% HNO3 and 98% H2SO4. 

b
Mixture of 95% HNO3 and 98% H2SO4. 

c
Yield of 

isolated product. 

 

Similarly, the nitration of compound 61c under conditions A or B delivered 65a and 66a as 

the major and minor products, respectively (Table 2.2, entry 3). Compound 64a was 

exclusively obtained from the nitration of o-nitro-substituted triazole 61d under both sets of 

conditions (Table 2.2, entry 4). Thus, variously substituted nitro-containing products (64a, 

65a, and 66a) can be directly prepared from 61 in good yields. In general, electron-rich 

entry 61 T (C) t (h) Polynitro derivatives of benzyl-1,2,3-triazoles
c
 

 

1 

 

61a 

  
    

63a 64a 65a 66a 

120
a
 24

a
 15% 39% 20% 9% 

100
b
 12

b
 14% 35% 25% 10% 

2 61b 120
a
 24

a
 12% 70%  11% 

70
b
 6

b
  64%  13% 

3 61c 80
a
 12

a
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b
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aromatic compounds undergo electrophilic substitution reactions with ease. Therefore, we 

anticipated that the OMe group on the aryl moiety in benzyl triazoles would facilitate the 

introduction of more nitro groups onto the aromatic skeleton. Thus, the nitration of 4-OMe-

substituted triazole 61e was independently carried out under conditions A and B; the di-

ortho-nitro-substituted product 67 was exclusively isolated in good yield (Table 2.2, entry 5). 

Gratifyingly, the trinitration product, 68, was obtained in 81% yield when m-methoxy-

bearing triazole 61f was exposed to conditions B at RT for 2 h (Table 2.2, entry 6). On the 

other hand, the sterically demanding compound 61g delivered the o, p-dinitration product 

(69) as a thick liquid in moderate yield (Table 2.2, entry 7). These results reveal that 

conditions B are milder than conditions A. In addition, more reactive and highly productive 

nitration reactions are observed under conditions B in comparison to conditions A. X-ray 

diffraction analysis confirmed the structures of compounds 63a, 64a, 65a, 66a, and 67, as 

depicted in Figure 2.2. 

Next, we turned our attention to explore the nitration reactions of aryl-1,2,3-triazoles 

and the synthesis of various polynitroaryl triazoles. We anticipate that these nitro-containing 

N-aryl triazoles would show better energetic properties compared to the corresponding nitro-

substituted N-benzyl triazoles, because of low-carbon content. In addition, the presence of 

triazole skeleton on the aryl ring (CN bond) would facilitate the electrophilic-nitration 

process. 

The Cu-catalyzed cycloaddition reaction between an aryl azide and TMS-acetylene 

(60) is a reliable method for the synthesis of aryl triazoles (Table 2.3).
14

 Aryl azides are easily 

accessible in good yields from the corresponding commercially available aryl amines, 

through diazotization followed by azide substitution.
15  

 

Scheme 2.10. Synthesis of aryl azides from anilines 

The reaction between phenyl azide (71a) and 60 was successfully conducted under previously 

optimized conditions (sodium ascorbate, CuSO4, and K2CO3 as a base in MeOH/water at 

room temperature) and the product 72a was isolated in 66% yield (Table 2.3, entry 1). p/m-

nitro/methoxy-substituted aryl azides efficiently underwent cycloaddition with 1, thereby 

delivering triazoles 72b,c and 72e,f in good to excellent yields (Table 2.3, entries 2–3 and 5–
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6). However, cycloaddition reactions of ortho-substituted aryl azides 71d and 71g were 

successfully performed in the presence of KOAc base: the corresponding 1-substituted-1,2,3-

triazoles 72d and 72g were isolated in moderate yields and TMS-bearing 1,4-disubstituted-

triazoles 73d and 73g were also formed in fairly good amounts (Table 2.3, entries 4 and 7). 

The desilylation of compounds 73d and 73g with K2CO3 in MeOH readily gave the 

corresponding products 72d and 72g.
13 

Table 2.3. [3+2] Cycloaddition reactions between aryl azides and TMS acetylene.
a 

 
entry 71 R Base 72 Yield (%)

b 

1 71a H K2CO3 72a 66 73a 00 

2 71b 4-NO2 K2CO3 72b 45 73b 00 

3 71c 3-NO2 K2CO3 72c 73 73c 00 

4 71d 2-NO2 KOAc 72d 30 73d 59 

5 71e 4-OMe K2CO3 72e 85 73e 00 

6 71f 3-OMe K2CO3 72f 79 73f 00 

7 71g 2-OMe KOAc 72g 41 73g 29 

a
All reactions were carried out with azide (1.0 equiv), TMS-acetylene (1.5 equiv), base 

(potassium carbonate or potassium acetate, 1.2 equiv), sodium ascorbate (0.4 equiv), and 

CuSO4·5H2O (0.2 equiv) in a mixture of MeOH/water (1:1, 0.5 mL for 1 mmol) at room 

temperature for 24 h. 
b
Yield of the isolated product. 

 

The nitration of N-aryl-substituted 1,2,3-triazoles was independently examined under 

conditions A and B (Table 2.4). Our attempts to nitrate compound 72a under conditions A 

were unsuccessful; however, heating compound 72a at reflux under conditions B gave mono-

nitro derivatives 74 and 75 in poor yields (Table 2.4, entry 1). The m, p-dinitro-substituted 

product (76) and trinitro benzene (77) were obtained in poor yields when compound 72c was 

reacted under conditions B at 160 

C (Table 2.4, entry 2). Unfortunately, cleavage of the CN 

linkage of the aryl triazole was observed when the reaction was conducted in strong acids at 

higher temperatures.
16

 The presence of a nitro group at the ortho/para position with respect to 

the triazole made the aryl ring highly electron deficient and, therefore, compounds 72b and 
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72d failed to undergo nitration under both sets of conditions, even when the reaction was 

performed at elevated temperature. Therefore, we investigated the nitration reactions of 

electron-rich methoxy-substituted aryl triazoles. Owing to the o- and p-directing nature of the 

OMe group, nitration of 4-MeO-substituted phenyl triazole 72e exclusively produced the di-

ortho-nitro-containing product 78 in 85% yield under conditions B at room temperature 

(Table 2.4, entry 3). 

Table 2.4. Nitration reactions of compounds 72.
a
 

 

entry 72 T (C) t (h) Nitro Derivatives of Phenyl 1,2,3- Triazoles
b
 

1 72a 100 24 
  

74 (5%) 75 (25%) 

2 72c 160 24 

  

76 (18%) 77 (16%) 

3 72e rt 2 

 

 

    78 (85%)  

4 72f rt 2 

  
79 (33%) 80 (46%) 

5 72g rt 2 

 

 

81 (82%)  
a
Mixture of 95% HNO3 and 98% H2SO4. 

b
Yield of isolated product is shown in parenthesis. 

70% HNO3 and 98% H2SO4 (Conditions A) or 95% HNO3 and 98% H2SO4 (Conditions B). 
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A regioisomeric mixture of o, p-dinitro substituted products 79 and 80 were obtained from 

the nitration of 3-OMe-substituted triazole 72f in good overall yield (Table 2.4, entry 4). The 

sterically encumbered compound 72g delivered 81 in 82% yield, when the reaction was 

carried out under conditions B at room temperature for 2 h. Unfortunately, our efforts to 

achieve the tri- and/or tetranitro substituted aryl triazole were futile. The structures of 

compounds 79, 80, and 81 were confirmed by single-crystal X-ray analysis (Figure 2.2). 

Heat of formation (HOF) is a valuable factor that determines the nature and efficiency of 

highly energetic materials.
6
 The synthesized polynitro-1,2,3-triazole derivatives (63a–69 and 

74–81) showed positive HOFs that varied from 197–401 kJ mol
1

. These results reveal that 

1,2,3-triazole skeleton is beneficial to a positive HOF value. Therefore, we believe that the 

incorporation of more triazole rings would enhance the heat of formation of the molecule. 

The fact that a pyridine moiety contributes more energy than a benzene ring is well-

established.
17

 Based on this information, new molecular entities 83, in which two triazole 

skeletons are attached onto a pyridine template, were proposed and the synthesis was 

commenced through a cycloaddition reaction between 2,6-bis(azidomethyl)-pyridine (82) and 

the corresponding alkynes (Table 2.5). 

Table 2.5. Synthesis of bis-1,2,3-triazoles from the corresponding azides and alkynes.
a 

 

entry 82 R Base 83 Yield (%)
b
 

1 82a TMS (60) K2CO3 83a 74 

2 82b H2COCOEt (60') KOAc 83b 88 

a
All reactions were carried out using 1.0 equiv of azide, 3.0 equiv of TMS acetylene, 2.4 

equiv of base (potassium carbonate or potassium acetate), 0.8 equiv of sodium ascorbate, 0.4 

equiv of CuSO4·5H2O, in a mixture of methanol:H2O (1:1, 1 mL for 1 mmol) at room 

temperature for 24 h. 
b
Isolated yields. 
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The precursor 82 was obtained from the commercially available 2,6-

bis(bromomethyl)pyridine by the nucleophilic displacement of bromide by NaN3 in good 

yield.
18

 The cycloaddition of compound 82 to TMS-acetylene (60) under the optimized 

conditions gave 83a in 74% yield at room temperature (Table 2.5, entry 1). Similarly, the 

reaction between compound 82 and propargyl propionate (60') in the presence of KOAc 

afforded 83b in excellent yield (Table 2.5, entry 2). 

Our efforts to nitrate compound 83a failed, even when the reaction was performed at high 

temperature under conditions A and B. Presumably, protonation of pyridine-N atom by the 

acids hindered the electrophilic nitration of the pyridine moiety. However, oxidation of 

compound 83a with m-CPBA in CHCl3 at 70 

C delivered the corresponding N-oxide product 

84a in 35% yield (Table 2.6, entry 1). X-ray diffraction studies establish the structure of 84a 

(Figure 2.2). 

A recent report by Shreeve and co-workers
19

 inspired us to introduce more nitro groups onto 

the methylene hydrogen atoms of compound 83b. However, we noted the formation of the 

mono-nitro derivative of compound 83b under conditions B at room temperature. 

Subsequently, the purified nitro-containing product was reacted with m-CPBA at room 

temperature and the desired N-oxide product 84b was isolated in 41% yield over two steps 

(Table 2.6, entry 2). 

Table 2.6. Synthesis of pyridine-N-oxides 84a and 84b 

 

entry 83 R temp (

C) time (h) 84 R

1
 Yield (%)

a
 

1
b
 83a H 70 48 84a H 35 

2 83b H2COCOEt rt 24 84b H2CNO2 41 

a
Yield of isolated product. 

b
Nitration failed, even at high temperature. 
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2.3. X-ray crystallography 

Single crystals were grown by the slow evaporation of solutions of 63a, 64a, 65a, 66a, 67, 

79, 80, 81, and 84a in EtOAc at room temperature and atmospheric pressure. The structures 

of 63a, 64a, 65a, 66a, 67, 79, 80, 81, and 84a were unambiguously elucidated by single-

crystal X-ray diffraction analysis. The molecular structures of 63a, 64a, 65a, 66a, 67, 79, 80, 

81, and 84a are shown in Figure 2.2. Compounds 63a, 65a, 66a, 67, 79, and 84a crystallized 

in monoclinic space groups P21/n, P21/c, and C2/c, with cell volumes of 557.09(10), 

1016.72(14), 1074.68(14), 1240.45(14), 2316.6(6), and 1182.7(4) Å3
, respectively, whereas 

64a, 80, and 81 crystallized in the orthorhombic space group P212121 with cell volumes of 

1075.07(12), 1112.8(8), 1141(4) Å3
, respectively. The crystallographic data of all of these 

compounds are detailed in Table 2.7 & Table 2.8. 

 

 

 

Figure 2.2. Molecular structures of compounds 63a, 64a, 65a, 66a, 67, 79, 80, 81, and 84a; 

thermal ellipsoids are set at 50% probability and hydrogen atoms are unlabeled for clarity 
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Table 2.7. Crystallographic data for compounds 63a, 64a, 65a, 66a, and 67 

 

 

 

 

Compoud 63a 64a 65a 66a 67 

CCDC 895107 895108 895109 895110 896656 

Formula C9H5N6O6 C9H7N5O4 C9H7N5O4 C9H7N5O4 C10H9N5O5 

Fw 293.19 249.20 249.20 249.20 279.22 

Crystal system Monoclinic Orthorhombic Monoclinic Monoclinic Monoclinic 

Space group P21 P212121 P21/n P21/c P21/n 

T (K) 100 298 100 293 293 K 

a (Å) 5.5245(6) 5.5436(4) 10.0567(8) 8.6097(7) 11.6392(8) 

b (Å) 5.5719(6) 11.9190(8) 9.2416(7) 11.3982(8) 5.4843(3) 

c (Å) 18.1323(19) 16.2706(10) 10.9434(9) 11.0544(7) 19.6637(14) 

 (°) 90 90 90 90 90 

β  (°) 93.521(2) 90 91.5180(10) 97.843(7) 98.790(7) 

γ (°) 90 90 90 90 90 

Z 2 4 4 4 4 

V (Å
3
) 557.09(10) 1075.07(12) 1016.72(14) 1074.68(14) 1240.45(14) 

Dcalc/g cm
–3

 1.748 1.540 1.628 1.540 1.495 

µ/mm
–1

 0.151 1.077 0.132 0.125 0.123 

Reflns  

collected 
5787 3071 8988 4709 3255 

Unique reflns 2177 1851 1763 2408 2811 

Observed 

reflns 
2098 1700 1603 1687 1688 

R1[I > 2σ(I)] 0.0355 0.0381 0.0350 0.0450 0.0733 

wR2 [all] 0.0879 0.0982 0.0806 0.1282 0.2306 

GOF 1.114 1.073 1.088 0.863 1.241 

Diffractometer 
SMART 

APEX CCD 

Xcalibur 

Gemini Eos 

CCD 

SMART 

APEX CCD 

SMART 

APEX CCD 

Xcalibur 

Gemini Eos 

CCD 
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Table 2.8. Crystallographic data for 79, 80, 81 and 84a 

 

 

 

 

Compound 79 80 81 84a 

CCDC 895111 895112 895113 895114 

Formula C9H7N5O5 C9H7N5O5 C9H7N5O5 C11H11N7O1 

Fw 265.20 265.20 265.20 257.27 

Crystal system Monoclinic Orthorhombic Orthorhombic Monoclinic 

Space group P21/c P212121 P212121 C2/c 

T (K) 298 298 298 298 

a (Å) 10.8498(16) 5.6454(18) 5.554(3) 14.179(3) 

b (Å) 12.1869(18) 13.486(7) 12.461(6) 7.7450(17) 

c (Å) 18.249(3) 14.616(5) 16.49(6) 10.792(2) 

 (°) 90 90 90 90 

β  (°) 106.253(2) 90 90 93.667 (4) 

γ (°) 90 90 90 90 

Z 8 4 4 4 

V (Å
3
) 2316.6(6) 1112.8(8) 1141(4) 1182.7(4) 

Dcalc/g cm
–3

 1.521 1.583 1.544 1.445 

µ/mm
–1

 0.127 0.132 0.129 0.102 

Reflns  

collected 
20797 3131 2165 5768 

Unique reflns 3933 2095 1451 1137 

Observed 

reflns 
3303 1545 1264 901 

R1[I > 2σ(I)] 0.0682 0.0366 0.0889 0.0504 

wR2 [all] 0.1823 0.0835 0.2440 0.1245 

GOF 1.122 0.968 1.082 1.126 

Diffractometer 
SMART 

APEX CCD 

Xcalibur Gemini 

Eos CCD 

Xcalibur Gemini 

Eos CCD 

Xcalibur Gemini 

Eos CCD 
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2.4. Energetic Properties 

This work demonstrates the synthesis of polynitrobenzyl-(63a–69), polynitro-N-aryl- (74–

81), and polynitropyridyl containing triazoles (85a and 84b). Essential parameters, such as 

heat of formation (HOF), density (), detonation velocity (D), and detonation pressure (P), 

determine the nature and efficiency of energetic materials. Table 2.9 summarizes the 

energetic properties of these materials. HOF is indicative of the energy content of high-

energy materials; the newly synthesized triazole derivatives showed positive HOFs, that is, in 

the range 197–683 kJ mol
1

. Of the benzyl substituted triazole derivatives, compound 63a 

possessed the highest HOF (390.3 kJ mol
1

), owing to the presence of three nitro groups in 

the molecular backbone. Compound 63a showed better density and performance than the 

other nitro-bearing benzyl derivatives 64a–66a and 67–69, because it contained one more 

nitro group than the latter compounds. Changes in the positions of the nitro groups in the 

molecular structure did not affect the HOF values, as observed in compounds 64a, 65a, and 

66a. Similar trends were observed in polynitro-N-aryl-triazole derivatives 78–81. Of the 

triazole derivatives, pyridyl-based compound 84a showed higher HOF, which can be 

attributed to the presence of triazole and pyridine rings in its molecular structure. In general, 

pyridine contributes 140.12 kJ mol
1

 energy, whereas benzene offers only 82.84 kJ mol
1

; 

thus, the N-oxide-bearing pyridine–triazole molecules 84a and 84b possess higher HOFs.
17

 

Density is a primary physical parameter that determines the detonation performance of a 

molecule. The detonation velocity increases with packing density and the detonation pressure 

varies proportionally with respect to the square of the density. The density of the triazole 

derivatives were in the range 1.38–1.64 g cm
3

. As evident in Table 2.9, the predicted density 

(from their cvff force fields) closely matched with the observed crystal density. The 

incorporation of nitro groups into a framework improves its density. As a consequence, a 

noticeable variation in density was clearly visible between compounds 75 and 76; a similar 

trend was observed among compounds 63a and 64a, 65a and 66a, and 84a and 84b. The 

velocity of detonation (vD) is a function of the energy that is produced by explosive 

decomposition. The density, heat of formation, and atomic composition can be integrated into 

an empirical formula to predict the performance of a proposed explosive. The detonation 

velocity and detonation pressure of the triazole derivatives were computed by Kamlet–Jacobs 

empirical equations and the results are shown in Table 2.9. Detonation performance mainly 

depends on the crystal density, whereas, contribution of HOF to the detonation properties is 

negligible. For example, compounds 84a and 84b show poor detonation performance, apart 
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from high HOFs. Of the synthesized triazole derivatives, compound 63a demonstrated best 

performance, owing to its high crystal density. Thus, compound 63a possessed vD = 7414 m 

s
1

 and P = 21.34 GPa.  

Table 2.9. Energetic properties of 1,2,3-triazole derivatives 

Comp. 
OB

[a] 

(%) 

[b]
 

(g cm
3

) 

vD
[c] 

(m s
1

) 

P
[d] 

(GPa) 

Tm
[e]

 

(

C) 

Td
[f] 

(

C) 

HOF
[g]

 

(kJ mol
1

) 

63a -81.6 1.64 (1.75) 6998 (7414) 20.07 (21.34) 195 256 390.3 

64a -112.4 1.53 (1.54) 6269 (6738) 15.73 (15.87) 145 220 381.9 

65a -112.4 1.53 (1.63) 6276 (6716) 15.77 (15.77) 131 312 364.8 

66a -112.4 1.58 (1.54) 6479 (6955) 17.16 (17.24) 88 215 387.0 

67 -111.7 1.54 (1.49) 5928 (6748) 14.08 (15.77) 90 170 232.6 

68 -83.8 1.61 6505 (7224) 17.52 (19.72) – 237 224.2 

69 -111.7 1.53 5909 (6664) 14.08 (15.18) – 209 197.4 

74 -143.0 1.49 5152 (6439) 10.46 (13.40) 197 271 401.6 

75 -143.0 1.48 5131 (6361) 10.33 (13.01) 92 259 383.2 

76 -98.6 1.57 6209 (6944) 15.69 (17.53) 125 268 394.9 

78 -99.5 1.57 6378 (6921) 16.59 (17.31) – 319 263.1 

79 -99.5 1.58 (1.52) 6404 (6963) 16.82 (17.58) 168 221 263.1 

80
 -99.5 1.59 (1.58) 6411 (6993) 16.89 (17.68) 200 230 253.5 

81
 -99.5 1.57 (1.54) 6343 (6910) 16.41 (17.23) – 152 253.5 

84a -164.8 1.38 (1.44) 4429 (6541) 7.32 (12.56) 62 228 682.8 

84b -117.2 1.49  5757 (6802) 13.05 (15.22) 110 142 585.7 

TNT -74.0 1.65 6881 19.50 80 300 -67.0 

[a] Oxygen balance. [b] Calculated density; the experimental crystal density is shown in 

parenthesis. [c] Velocity of detonation is calculated with Kamlet–Jacobs equations; the vD is 

calculated with Explo5 version 6.02 is shown in parenthesis.
41

 [d] Detonation pressure is 

calculated with Kamlet–Jacobs equations; the P is calculated with Explo5 version 6.02 is 

shown in parenthesis.
41 

[e] Melting point. [f] Decomposition temperature under nitrogen gas 

(10 

C min

1
). [g] Heat of formation. 
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Thermal stabilities of the triazole derivatives were determined by DSC-TGA measurements. 

The triazole derivatives decomposed in the range 142–319 

C. Interestingly, compounds 64a 

and 78 showed good thermal stabilities (>300 

C). Compounds 68, 69, 78, and 81 

decomposed without melting. Owing to a large variation of melting (<92 

C) and 

decomposition temperatures (>170 

C), compounds 65a, 67, 75, and 84a could be useful as 

melt-cast explosives. 

2.5. Potential Energy Diagrams 

The distribution of electron density is a useful parameter for understanding the reactivity and 

stability of the molecular systems. The molecular electrostatic potential represents the charge 

density and polarization effects within the molecule. Figure 2.8 showed the theoretical 

molecular electrostatic potential graphs obtained from DFT calculations at the B3LYP/6-

311G** (d,p) level, with the electronegative and electropositive regions in the molecule. The 

surface is taken to be the 0.001 au (electrons/Bohr
3
) outline of the electronic density, as 

proposed by Bader et al.
19c

 

For compounds 63a–66a, 67–69, and 74–81, a large electropositive region is located in the 

vicinity of the benzene ring due to the high electron withdrawing nature of –NO2 groups and 

the negative charge density is mostly located on the triazole rings because of the strong 

electronegative nitrogen’s. In pyridine derivative 84a, charge densities were found negative 

on the triazole and pyridine ring. Similarly, a small electropositive potential generated over 

the triazole and pyridine ring because of the strong electron withdrawing effect of the nitro (–

NO2) groups in the compound 84b. This is cleary shown in potential energy diagrams (Figure 

2.3).   

 Negative potential ----------------- Neutral potential ------------------- Positive potential 

 

     

 
 

63a 64a 65a 
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Figure 2.3. Optimized structures and electrostatic potential surfaces of compounds 63a–66a, 

67–69, 74–81 and 84a-84b (B3LYP/6-311G** (d,p)), 0.001 au electron/Bohr
3
 iso-surface. 

The red and blue regions of the ruler (from left to right) indicate regions of more negative 

(electron-rich) and positive (electron deficient) charges, respectively. Gray = carbon; white = 

hydrogen; blue = nitrogen; red = oxygen. 

66a 67 68 

69 74 75 

78 79 80 

81 84a 84b 
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2.6. Conclusion 

In summary, wide varieties of new thermally stable nitro rich benzyl-/aryl- and pyridyl-

tethered 1,2,3-triazole-based energetic materials have been efficiently synthesized through a 

cycloaddition reaction between the corresponding readily available benzyl-/aryl- and pyridyl-

tethered azides and commercially available alkynes, followed by nitration of the triazole 

derivatives; the molecules were thoroughly characterized by analytical and spectroscopic 

methods. The structures of most of these newly synthesized molecules were determined by 

X-ray diffraction analysis. Most of the nitro derivatives of 1,2,3-triazoles decomposed in the 

range 142–319 

C; therefore, these molecules are considered to be thermally stable energetic 

materials. Most of these compounds exhibited moderate detonation performance: Compound 

63a (P = 21.34 GPa, vD = 7414 m s
1

) showed comparable detonation properties to TNT (P = 

19.50 GPa, vD = 6881 m s
1

). Our predicted results revealed that the synthesized compounds 

possessed high positive HOFs; in particular, the pyridyl-tethered nitro derivative 84a showed 

HOF of 682.8 kJ mol
1

. Some of these molecules might be useful as melt-cast explosives and 

energetic oxidizers, owing to their low melting points and high thermal stabilities. Fabrication 

of complex structures with more triazole moieties on pyridine templates is currently being 

pursued in our laboratory. 

2.7. Future Work 

The present work successfully demonstrates the synthesis of thermally stable energetic 1,2,3-

triazole derivatives from easily accessible benzyl-/aryl- and pyridyl-tethered azides and 

commercially available alkynes via click chemistry, followed by nitration of the triazole 

derivatives. The synthesized 1,2,3-triazole derivatives exhibit high thermal stability and 

positive heat of formation. As density and detonation properties (VOD & DP) of the 

synthesized molecules showed moderate (less than RDX), we thus envisaged the design of 

new molecular frameworks 8788 & 9396 by incorporating more nitro groups on the 

molecular segment (Scheme 2.11 & 2.12).
8 

 We believe most of the molecules designed 

would exhibit better density and detonation performance than RDX.
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Scheme 2.11. Synthesis of benzyl-substituted polynitro containing 1H-1,2,3-triazole 

derivatives 

 

Scheme 2.12. Synthesis of phenyl-substituted polynitro containing 1H-1,2,3-triazole 

derivatives 
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2.8. Experimental  

2.8.1. Caution! Working with azides should always be done carefully. Organic azides, in 

particular those of low molecular weight or with high nitrogen content, are potentially 

explosive. Heat, light, and pressure can cause decomposition of the azides. Any experiments 

in which azides are to be heated in the presence of copper should involve the use of a blast 

shield. All nitro derivatives of 1,2,3-triazoles are dangerous when heating at high 

temperature. We prepared all of these compounds on the milligram scale. None of the 

compounds described herein exploded or were detonated during the course of this research; 

in any case, these materials should be handled with care by using proper safety precautions. 

Safety shields, safety glasses, face shields, leather gloves, and protective clothing, such as 

leather suits and ear plugs, must be worn. Ignoring safety precautions can lead to serious 

injury. 

2.8.2. General Experimental Information for all the work in this Thesis 

All the reactions were performed in an oven-dried Schlenk flask/ pressure tubes under an 

argon atmosphere or in open air conditions. Commercial grade solvents were distilled prior to 

use. Column chromatography was performed using silica gel procured from Merck (100-200 

Mesh) eluting with hexanes and ethyl acetate mixture. Flash column chromatography was 

performed using silica gel procured from Acme’s (230-400 Mesh) eluting with hexanes and 

ethyl acetate mixture.  Thin layer chromatography (TLC) was performed on silica gel GF254 

(Merck) plates. Visualization of spots on TLC plate was accomplished with UV light (254 

nm) and staining over I2 chamber.  

Proton and carbon nuclear magnetic resonance spectra (
1
H NMR, 

13
C NMR and 

19
F NMR) 

were recorded on a Bruker Avance 400 (
1
H NMR, 400 MHz; 

13
C NMR, 101 MHz; 

19
F NMR, 

376 MHz) spectrometer, Bruker Avance 500 (
1
H NMR, 500 MHz; 

13
C NMR, 126 MHz; 

19
F 

NMR, 470 MHz) spectrometer having solvent resonance as internal standard (
1
H NMR: 

CDCl3 at =7.26 ppm, [D6]DMSO at =2.50 and 3.50 ppm; 
13

C NMR: CDCl3 at =77.0 

ppm, [D6]DMSO at =44.0 ppm). Few cases tetramethylsilane (TMS) at 0.00 ppm was used 

as reference standard. Data for 
1
H NMR are reported as follows: chemical shift (ppm), 

multiplicity (s = singlet; bs = broad singlet; d = doublet; bd = broad doublet, t = triplet; bt = 

broad triplet; q = quartet; m = multiplet), coupling constants, J, in (Hz), and integration. Data 

for 
13

C NMR, 
19

F NMR were reported in terms of chemical shift (ppm). IR spectra were 

recorded on JASCO FT/IR-5300 spectrometer and reported in cm
1

. LC-MS spectra were 
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obtained with a Shimadzu 2010A (EI-positive/ negative mode) with ionization voltage of 

70eV; data was reported in the form of m/z (intensity relative to base peak = 100). Elemental 

(C, H, N) analysis were carried out using THERMO FINNIGAN FLASH EA 1112 analyzer. 

GC analysis was performed on a Shimadzu GCMS QP2010 equipped with a ZB-1 column 

(30 m  0.25 mm, pressure = 20.0 kPa, detector = EI, 300 C) with helium gas as carrier. 

High resolution mass spectrum (HRMS) was recorded on a Bruker maxis mass spectrometer 

using ESI (electrospray ionization). Melting points and decomposition temperatures (DTA) 

were determined by using DSC–TGA measurements. Single-crystal X-ray data were 

collected at 298 K on SMART APEX CCD and Xcalibur Gemini Eos CCD single-crystal 

diffractometers by using graphite-monochromated MoKa radiation (0.71073 Å). 

2.8.3. X-ray crystallography: X-ray reflections for compounds 63a, 65a, 66a, and 79 were 

collected on a Bruker SMART APEX CCD diffractometer that was equipped with a graphite 

monochromator and a Mo K fine-focus sealed tube (=0.71073 Å). Data integration was 

done by using SAINT.
20

 The intensities of the absorption were corrected by using 

SADABS.
21

 Structure solution and refinement were carried out by using Bruker SHELX-

TL.
22

 X-ray reflections for compounds 64a, 67, 80, 81, and 84a were collected on an Oxford 

Xcalibur Gemini Eos CCD diffractometer by using Mo K radiation. Data reduction was 

performed by using CrysAlisPro (version 1.171.33.55). The OLEX2–1.0
23

 and SHELX-TL 

97 programs were used to solve and refine the data. All non-hydrogen atoms were refined 

anisotropically and the CH hydrogen atoms were placed at fixed positions.  

CCDC-895107 (63a), CCDC-895108 (64a), CCDC-895109 (65a), CCDC-895110 (66a), 

CCDC-896656 (67), CCDC-895111 (79), CCDC-895112 (80), CCDC-895113 (81), and 

CCDC-895114 (84a) contain the supplementary crystallographic data for this paper. These 

data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

2.8.4. Theoretical study: Density function theory (DFT) has been universally applied to 

study energetic materials and has been shown to be reliable. Electronic-structure calculations 

were performed with the Gaussian 09 suite.
24

 The geometries of the molecules were 

calculated at the B3LYP level in conjugation with the 6–311G** basis set.
25

 The optimized 

geometries were submitted to the polymorph module of the Material studio suite for density 

calculations by using the CVFF force field.
26

 The heats of formation of the triazole 

derivatives were obtained by using semi-empirical methods (Austin Model 1 (AM1), 
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Parameterization Method 3 (PM3), and Parameterization Method 6 (PM6)).
27

 The detonation 

properties (vD and P) of the compounds were evaluated by using the Kamlet–Jacobs 

equations,
28

 based on their predicted densities and HOFs, according to Equations (2) and (3), 

where vD is detonation velocity (m s
1

), P is the detonation pressure (GPa), N is the number 

of moles of gaseous detonation products per gram of explosives, M is the average molecular 

weight of the gaseous products, Q is the chemical energy of detonation (cal g
1

), which is 

defined as the difference between the HOFs of the products and the reactants, and 1 is the 

density of the explosive (g cm
3

):  

vD  1.01 (NM
0.5

Q
0.5

)
0.5 

(1 + 1.30o)         [Eq. (2)] 

P = 1.55 o
2
 NM

0.5 
Q

0.5        
         [Eq. (3)]

    

2.8.5 Materials: Unless otherwise noted, all the substrates Benzyl bromide, 4-nitrobenzyl 

bromide, 3-nitrobenzyl bromide, 2-nitrobenzyl bromide, 4-methoxybenzyl chloride, 3-

methoxybenzyl bromide, 2-methoxybenzyl chloride, Aniline, 4-nitro aniline, 3-nitro aniline, 

2-nitro aniline, 4-methoxy aniline, 3-methoxy aniline, 2-methoxy aniline, 2,6-

bis(bromomethyl)pyridine, trimethylsilylacetylene, propargyl propionate, potassium 

carbonate, potassium acetate, sodium ascorbate, copper sulphate pentahydrate, m-

chloroperbenzoic acid purchased from Sigma Aldrich Ltd, and used as received. 

2.8.6. General procedure for the synthesis of azides (GP-1): All azides were prepared 

following the reported procedures.
29

 Benzyl azide (59a), 4-nitrobenzyl azide (59b), 3-

nitrobenzyl azide (59c), 2-nitrobenzyl azide, (59d), 4-methoxybenzyl azide (59e), 3-

methoxybenzyl azide (59f), 2-methoxybenzyl azide (59g), 2,6-bis(azidomethyl)pyridine (82) 

were prepared from the corresponding bromides or chlorides by reacting with NaN3 in 

DMSO at room temperature.
29

 Phenyl azide (71a), 4-nitrophenyl azide (71b), 3-nitrophenyl 

azide (71c), 2-nitrophenyl azide (71d), 4-methoxyphenyl azide (71e), 3-methoxyphenyl azide 

(71f), 2-methoxyphenyl azide (71g) were prepared through the diazotization of their 

corresponding anilines with NaNO2 and HCl at room temperature.
29

   

2.8.7. General Cycloaddition Procedure (GP-2):  

A mixture of the azide (1.0 equiv), trimethylsilyl (TMS)-acetylene (1.5 equiv), potassium 

carbonate (1.2 equiv), CuSO4 (0.2 equiv), and sodium ascorbate (0.4 equiv) was dissolved in 

MeOH/water (1:1, 5 mL for 10 mmol) in a 20 mL vial. The vial was sealed with a screw cap 

and the resulting mixture was stirred rapidly at RT for 24 h. Upon completion of the reaction, 
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aqueous ammonium hydroxide (5%) was added to the reaction mixture, the organic layer was 

separated, and the aqueous layer was extracted with EtOAc (3 times). The combined extracts 

were washed with water (twice) and brine and dried over Na2SO4. The solvent was filtered 

off and evaporated under reduced pressure. The crude residue was purified by column 

chromatography on silica gel. 

According to this above-mentioned procedure, known triazole compounds 61a–61g, 62a, and 

72a–72g were prepared in good-to-excellent yields. 

2.8.8. General procedure for the synthesis of compounds 63a–69 (GP-3):  

A mixture of 98% sulfuric acid (15 mL) and 70% nitric acid (10 mL) was added to compound 

61 (12 mmol) at 0 

C and the reaction was carried out under the respective conditions shown 

in the Table 1.2. Upon completion, the reaction mixture was cooled by the addition of ice and 

neutralized with a saturated aqueous solution of NaHCO3. The organic layer was separated 

and the aqueous layer was extracted with the minimum amount of EtOAc (3x20 mL). The 

combined extracts were washed with water (2x20 mL) and brine (25 mL) and dried over 

Na2SO4. The solvent was filtered off and evaporated under vacuum. The crude residue was 

purified by column chromatography on silica gel to afford the desired nitration products in 

good overall yields. A similar procedure was adopted for the nitration reactions that were 

carried out with a mixture of 95% nitric acid and 98% sulfuric acid. 

2.8.9. General procedure for the synthesis of compounds 74–81 (GP-4):  

A mixture of 98% sulfuric acid (15 mL) and 95% nitric acid (10 mL) was added to compound 

72 (12 mmol) at 0 

C and the reaction was carried out under the respective conditions shown 

in the Table 1.4. Upon completion, the reaction mixture was cooled by the addition of ice and 

neutralized with a saturated aqueous solution of NaHCO3. The organic layer was separated 

and the aqueous layer was extracted with the minimum amount of EtOAc (3x20 mL). The 

combined extracts were washed with water (2x20 mL) and brine (25 mL) and dried over 

Na2SO4. The solvent was filtered off and evaporated under vacuum. The crude residue was 

purified by column chromatography on silica gel to afford the desired nitration products in 

good overall yields. 

2.8.10. General procedure for the formation of the N-oxides (GP-5):  

A solution of the bistriazole-containing pyridine (83) (1.0 equiv) and m-chloroperbenzoic 

acid (m-CPBA, 1.5 equiv) in CHCl3 (2 mL for 1 mmol) was placed in a 10 mL screw-capped 

vial. The vial was sealed and the mixture was stirred at 70 

C for 48 h. Upon completion of 
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the reaction, the mixture was cooled and dissolved in water. The organic layer was separated 

and the aqueous layer was extracted with Et2O (twice). The combined extracts were washed 

with water and brine and dried over Na2SO4. The solvent was filtered off and evaporated 

under reduced pressure. The crude residue was purified by column chromatography on silica 

gel. The desired N-oxide products were obtained in good yields. 

 

2.9. Spectral and Analytical Data of the Compounds: 

1-benzyl-1H-1,2,3-triazole (61a) and 1-benzyl-4-(trimethylsilyl)-1H-1,2,3-triazole 

(62a):
30,31

 

Following the general procedure (GP-2), a mixture of 

benzyl azide (59a; 1.0 g, 7.52 mmol), 

trimethylsilylacetylene (1.11 g, 11.2 mmol), K2CO3 

(1.25 g, 9.02 mmol), sodium ascorbate (0.60 g, 3.01 mmol) and CuSO4 (0.37 g, 1.50 mmol) 

in methanol: water (10 mL, 1:1) was stirred at room temperature for 24 h. Upon usual work-

up, the crude mixture was purified by silica gel column chromatography eluting with hexane: 

ethyl acetate (2.3:1) to afford 1-benzyl-4-(trimethylsilyl)-1H-1,2,3-triazole (62a) (0.05 g) in 

3% yield and 61a (1.10 g) in 92% yield as brown color solids. For 61a:
 1

H NMR (400 MHz, 

CDCl3) δ 7.69 (s, 1H), 7.48 (s, 1H), 7.35 (d, J  6.0 Hz, 3H), 7.25 (d, J  5.2 Hz, 2H), 5.56 (s, 

2H); 
13

C NMR (101 MHz, CDCl3) δ 134.6, 134.1, 128.9, 128.6, 127.9, 123.3, 53.8. 

For 62a: 
1
H NMR (400 MHz, CDCl3) δ 7.43 (s, 2H), 7.33 (s, 2H), 7.27 (s, 2H), 5.53 (s, 2H), 

0.29 (s, 9H); 
13

C NMR (101 MHz, CDCl3) δ 134.6, 134.1, 128.9, 128.6, 127.9, 123.2, 53.8, -

1.31. 

1-(4-nitrobenzyl)-1H-1,2,3-triazole (61b):
32

 

Following the general procedure (GP-2); a mixture of 4-nitrobenzyl 

azide (59b; 8.0 g, 44.9 mmol), trimethylsilylacetylene (6.61 g, 67.3 

mmol), K2CO3 (7.44 g, 53.8 mmol), sodium ascorbate (3.55 g, 17.9 

mmol) and CuSO4 (2.24 g, 8.98 mmol) in methanol: water (80 mL, 1:1) was stirred at room 

temperature for 24 h. Upon usual work-up, the crude mixture was purified by silica gel 

column chromatography eluting with hexane: ethyl acetate (1.5:1) to afford 61b (8.04 g) in 

87% yield as brown color solid. 
1
H NMR (400 MHz, CDCl3) δ 8.23 (t, J  2.0 Hz, 2H), 7.79 

(s, 1H), 7.58 (s, 1H), 7.39 (d, J  8.8 Hz, 2H), 5.70 (s, 2H); 
13

C NMR (101 MHz, CDCl3) δ 

147.9, 141.9, 134.6, 128.5, 124.2, 123.9, 52.9. 
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1-(3-nitrobenzyl)-1H-1,2,3-triazole (61c)
33 

and 1-(3-nitrobenzyl)-4-(trimethylsilyl)-1H-

1,2,3-triazole (62c): 

Following the general procedure (GP-2); a 

mixture of 3-nitrobenzyl azide (59c; 7.86 g, 44.1 

mmol), trimethylsilylacetylene (6.5 g, 66.2 

mmol), KOAc (5.19 g, 52.9 mmol), sodium ascorbate (3.49 g, 17.6 mmol) and CuSO4 (2.2 g, 

8.82 mmol) in methanol: water (80 mL, 1:1) was stirred at room temperature for 24 h. Upon 

usual work-up, the crude mixture was purified by silica gel column chromatography eluting 

with hexane: ethyl acetate (2.3:1) to afford 1-(3-nitrobenzyl)-4-(trimethylsilyl)-1H-1,2,3-

triazole (62c) (0.85 g) in 9% yield as colorless solid and 61c (7.51 g) in 83% yield as brown 

color solid. For 61c: 
1
H NMR (400 MHz, CDCl3) δ 8.18 (d, J  2 .0 Hz, 1H), 8.12 (s, 1H), 

7.77 (s, 1H), 7.62 (s, 1H), 7.55 (m, 2H), 5.69 (s, 2H); 
13

C NMR (101 MHz, CDCl3) δ 148.6, 

136.9, 134.7, 133.9, 130.3, 123.8, 122.8, 52.9. 

For 62c: Rf  0.45 (4:1 n-hexane/EtOAc); 
1
H NMR (400 MHz, CDCl3) δ 7.94 (s, 1H), 7.86 

(d, J  8.0 Hz, 1H), 7.72 (s, 1H), 7.45 (d, J  8 Hz, 1H), 7.30 (m, 1H), 5.58 (s, 2H), 0.03 (s, 

9H); 
13

C NMR (101 MHz, CDCl3) δ 148.1, 146.9, 137.5, 134.1, 129.9, 129.8, 123.1, 122.7, 

52.1, -1.31; IR (Neat) 2959, 1732, 1537, 1352, 1249, 1103, 1047, 842, 725, 630 cm
1

; MS 

(EI) m/z (%) 277 (M
+
+1, 100), 261 (11), 247 (50), 219 (33), 202 (6), 89 (6); Elemental 

analysis  calcd (%) for C12H16N4O2Si: C, 52.15; H, 5.84; N, 20.27. Found: C, 52.06; H, 5.81; 

N, 20.35. 

1-(2-nitrobenzyl)-1H-1,2,3-triazole (61d):
33

 

Following the general procedure (GP-2); a mixture of 2-nitrobenzyl azide 

(59d; 0.4 g, 2.24 mmol), trimethylsilylacetylene (0.33 g, 3.36 mmol), 

K2CO3 (0.37 g, 2.69 mmol), sodium ascorbate (0.17 g, 0.89 mmol) and 

CuSO4 (0.11 g, 0.44 mmol) in methanol: water (10 mL, 1:1) was stirred at 

room temperature for 24 h. Upon usual work-up, the crude mixture was purified by silica gel 

column chromatography eluting with hexane: ethyl acetate (0.6:1) to afford 61d (0.24 g) in 

53% yield as brown color solid. 
1
H NMR (400 MHz, CDCl3) δ 8.14 (d, J  8.4 Hz, 1H), 7.75 

(d, J  12 Hz, 2H), 7.61 (m, 1H), 7.53 (m, 1H), 7.04 (d, J  4.0 Hz, 1H), 5.97 (s, 2H); 
13

C 

NMR (101 MHz, CDCl3) δ 147.4, 134.4, 130.7, 130.3, 129.7, 125.4, 124.7, 50.7. 
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1-(4-methoxybenzyl)-1H-1,2,3-triazole (61e):
34

 

Following the general procedure (GP-2); a mixture of 4-

methoxybenzyl azide (59e; 10 g, 61.2 mmol), trimethylsilylacetylene 

(9.02 g, 91.2 mmol), K2CO3 (7.21 g, 73.5 mmol), sodium ascorbate 

(4.85 g, 24.5 mmol) and CuSO4 (3.01 g, 12.2 mmol) in methanol: water (100 mL, 1:1) was 

stirred at room temperature for 24 h. Upon usual work-up, the crude mixture was purified by 

silica gel column chromatography eluting with hexane: ethyl acetate (4:1) to afford 61e (10.6 

g) in 92% yield as yellow color solid. 
1
H NMR (400 MHz, CDCl3) δ 7.65 (s, 1H), 7.45 (s, 

1H), 7.19 (d, J  8.0 Hz, 2H), 6.85 (d, J  12 Hz, 2H), 5.45 (s, 2H), 3.81 (s, 3H); 
13

C NMR 

(101 MHz, CDCl3) δ 159.9, 134.2, 129.6, 126.7, 123.3, 114.4, 55.3, 53.5. 

1-(3-methoxybenzyl)-1H-1,2,3-triazole (61f):
35

 

Following the general procedure (GP-2); a mixture of 3-

methoxybenzyl azide (59f; 10 g, 61.2 mmol), trimethylsilylacetylene 

(9.02 g, 91.2 mmol), K2CO3 (7.21 g, 73.5 mmol), sodium ascorbate 

(4.85 g, 24.5 mmol) and CuSO4 (3.01 g, 12.2 mmol) in methanol: water (100 mL, 1:1) was 

stirred at room temperature for 24 h. Upon usual work-up, the crude mixture was purified by 

silica gel column chromatography eluting with hexane: ethyl acetate (1:1) to afford 61f (9.21 

g) in 79% yield as pale yellow color solid. 
1
H NMR (400 MHz, CDCl3) δ 7.60 (s, 1H), 7.51 

(s, 1H), 7.16 (m, 1H) 6.73 (m, 3H), 5.41 (s, 2H), 3.64 (s, 3H); 
13

C NMR (101 MHz, CDCl3) δ 

159.9, 136.2, 130.0, 124.1, 120.0, 113.9, 113.6, 55.2, 53.8. 

1-(2-methoxybenzyl)-1H-1,2,3-triazole (61g):
33

 

Following the general procedure (GP-2); a mixture of 2-methoxybenzyl 

azide (59g; 1.08 g, 6.61 mmol), trimethylsilylacetylene (0.97 g, 9.92 mmol), 

K2CO3 (1.09 g, 7.94 mmol), sodium ascorbate (0.52 g, 2.64 mmol) and 

CuSO4 (0.33 g, 1.32 mmol) in methanol: water (10 mL, 1:1) was stirred at 

room temperature for 24 h. Upon usual work-up, the crude mixture was purified by silica gel 

column chromatography eluting with hexane: ethyl acetate (0.6:1) to afford 61g (0.65 g) in 

52% yield as brown color solid. 
1
H NMR (400 MHz, CDCl3) δ 7.66 (s, 2H), 7.29 (d, J  8.0 

Hz, 1H), 7.13 (s, 1H), 6.83 (m, 1H), 6.70 (s, J  8.0 Hz, 1H), 5.43 (s, 2H), 3.74 (s, 3H); 
13

C 

NMR (101 MHz, CDCl3) δ 156.2, 132.8, 132.4, 130.3, 130.0, 125.2, 122.9, 120.8, 112.7, 

112.5, 110.7, 55.8, 48.5. 
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1-(2,4-Dinitrobenzyl)-4-nitro-1H-1,2,3-triazole (63a) and  1-(2,4-Dinitrobenzyl)-1H-

1,2,3-triazole (64a) and  1-(3,5-Dinitrobenzyl)-1H-1,2,3-triazole (65a) and  1-(3,4-

Dinitrobenzyl)-1H-1,2,3-triazole (66a):  

 

Following the general procedure (GP-3); A mixture of 98% sulfuric acid (18.4 g, 188.4 

mmol, 10 mL) and 70% nitric acid (7.91 g, 125.6 mmol, 5 mL) was added to compound 1-

benzyl-1H-1,2,3-triazole (61a; 2.0 g, 12.5 mmol) at 0 

C and the reaction was carried out 

under reflux at 120 

C for 24 h. Upon usual work-up, the crude mixture was purified by silica 

gel column chromatography eluting with hexane: ethyl acetate (1:1) to afford 63a (0.58 g) in 

15% yield as white solid, 64a (1.23 g) in 39% yield as pale colorless solid, 65a (0.62 g) in 

20% yield as white solid and 66a (0.31 g) in 9% yield as dark yellow semi-solid. 

For 63a: 0.58 g, 15% Yield; colorless solid; m.p. 195 

C; DTA = 256 


C (exotherm); Rf 

0.60 (n-hexane/EtOAc, 1:1); 
1
H NMR (400 MHz, [D6]DMSO) 9.38 (s, 1H), 8.84 (s, 1H), 

8.52 (d, J  8.0 Hz, 1H), 7.50 (d, J  8.8 Hz, 1H), 6.22 ppm (s, 2H); 
13

C NMR (101 MHz, 

[D6]DMSO)  153.5, 143.2, 134.9, 130.9, 124.1, 57.6 ppm; IR (KBr) νmax 3412, 3092, 1518, 

1342, 1086, 1047, 829, 723 cm
1

; MS (EI) m/z (%) 295 (100) [M1]

, 282 (6), 250 (60), 231 

(14), 181 (4), 73 (48); Elemental analysis calcd (%) for C9H6N6O6: C 36.74, H 2.06, N 28.57; 

found: C 36.85, H 2.01, N 28.64. 

For 64a: 1.23 g, 39% Yield; colorless solid; m.p. 152 

C; DTA 220 


C (exotherm); Rf 

0.28 (n-hexane/EtOAc, 1:1); 
1
H NMR (400 MHz, [D6]DMSO)  8.82 (d, J  2.4 Hz, 1H), 

8.52 (dd, J  2.4, 8.8 Hz, 1H), 8.23 (s, 1H), 7.85 (s, 1H), 7.11 (d, J  8.8 Hz, 1H), 6.14 ppm 

(s, 2H); 
13

C NMR (101 MHz, [D6]DMSO)  147.8, 147.6, 138.4, 138.3, 134.3, 131.6, 131.5, 

128.8, 126.6, 120.8, 50.0 ppm; IR (KBr) νmax 3132, 1608, 1535, 1346, 1221, 1070, 839, 729 

cm
1

; MS (EI) m/z (%) 250 (100) [M1]

, 195 (3), 181 (3); Elemental analysis calcd (%) for 

C9H7N5O4: C 43.38, H 2.83, N 28.11; found: C 43.32, H 2.85, N 28.26. 

For 65a: 0.62 g, 20% Yield; colorless solid; m.p. 131 

C; DTA  312 


C (exotherm); Rf  

0.20 (n-hexane/EtOAc, 1:1); 
1
H NMR (400 MHz, [D6]DMSO)   8.78 (s, 1H), 8.59 (s, 2H), 

8.33 (s, 1H), 7.81 (s, 1H), 5.95 ppm (s, 2H); 
13

C NMR (101 MHz, [D6]DMSO)  148.7, 

140.6, 134.3, 129.1, 126.1, 118.8, 51.3 ppm; IR (KBr) νmax 3140, 3076, 1547, 1346, 1072, 

929, 800, 729 cm
1

; MS (EI) m/z (%) 250 (100) [M1]

, 234 (5), 220 (3), 177 (5), 121 (3), 89 
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(9); Elemental analysis calcd (%) for C9H7N5O4: C 43.38, H 2.83, N 28.11; found: C 43.51, H 

2.88, N 28.07. 

For 66a: 0.31 g, 9% Yield; yellow semi-solid; m.p. 88 

C; DTA  215 


C (exotherm); Rf  

0.10 (n-hexane/EtOAc, 1:1); 
1
H NMR (400 MHz, [D6]DMSO)  8.30 (s, 1H), 8.23 (d, J  8.4 

Hz, 1H), 8.18 (s, 1H), 7.81 (s, 1 H), 7.77 (d, J  8.4 Hz, 1H), 5.89 ppm (s, 2H); 
13

C NMR 

(101 MHz, [D6]DMSO)  143.8, 142.5, 141.8, 134.3, 133.9, 126.7, 126.1, 125.3, 51.5 ppm; 

IR (KBr) νmax 2928, 1541, 1369, 1219, 1026, 846, 804 cm
1

; MS (EI) m/z (%) 250 (100) 

[M1]

, 202 (19), 192 (3), 172 (5), 159 (3); Elemental analysis calcd (%) for C9H7N5O4: C 

43.38, H 2.83, N 28.11; found: C 43.45, H 2.81, N 28.05.  

1-(4-Methoxy-3,5-dinitrobenzyl)-1H-1,2,3-triazole (67):  

A mixture of 98% sulfuric acid (7.78 g, 79.4 mmol, 4.2 mL) and 70% 

nitric acid (3.33 g, 125.6 mmol, 2.2 mL) was added to compound 1-(4-

methoxybenzyl)-1H-1,2,3-triazole (61e; 1.0 g, 5.29 mmol) at 0 

C and 

the reaction was carried out at room temperature for 2 h. Upon usual 

work-up, the crude mixture was purified by silica gel column chromatography eluting with 

hexane: ethyl acetate (1:1) to afford 67 (1.12 g) in 71% yield as yellow solid. 1.12 g, 71% 

Yield; yellow solid; m.p. 90 

C; DTA  170 


C (exotherm); Rf  0.51 (n-hexane/EtOAc, 1:1) 

1
H NMR (400 MHZ, [D6]DMSO)  7.98 (s, 2H), 7.79 (s, 1H), 7.72 (s, 1H), 5.69 (s, 2H), 3.98 

ppm (s, 3H); 
13

C NMR (400 MHz, [D6]DMSO)  147.6, 145.3, 134.6, 131.9, 128.6, 124.4, 

64.9, 51.7 ppm; IR (KBr) νmax 3113, 1537, 1348, 1269, 1082, 979, 717 cm
1

; MS (EI) m/z 

(%) 280 (100) [M1]

, 211 (45), 102 (28), 70 (26); Elemental analysis calcd (%) for 

C10H9N5O5 C 43.02, H 3.25, N 25.08; found: C 43.15, H 3.31, N 25.19. 

1-(3-Methoxy-4,5-dinitrobenzyl)-4-nitro-1H-1,2,3-triazole (68):  

A mixture of 98% sulfuric acid (6.22 g, 63.4 mmol, 3.3 mL) and 70% 

nitric acid (2.66 g, 42.3 mmol, 1.8 mL) was added to compound 1-(3-

methoxybenzyl)-1H-1,2,3-triazole (61f; 0.800 g, 4.23 mmol) at 0 

C 

and the reaction was carried out at room temperature for 2 h. Upon 

usual work-up, the crude mixture was purified by silica gel column chromatography eluting 

with hexane: ethyl acetate (1:1) to afford 68 (1.02 g) in 75% yield as yellow solid. 1.02 g, 

75% Yield; yellow solid; DTA = 237 

C (exotherm); Rf  0.71 (n-hexane/EtOAc, 1:1); 

1
H 

NMR (400 MHz, [D6]DMSO)  8.96 (s, 1H), 8.84 (s, 1H), 8.80 (s, 1 H), 5.88 (s, 2H), 4.28 

ppm (s, 3H); 
13

C NMR (101 MHz, [D6]DMSO)  160.2, 151.3, 138.5, 132.1, 131.8, 127.5, 
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124.9, 123.2, 50.7, 46.9 ppm; IR (KBr) νmax 3111, 1610, 1591, 1531, 1352, 1074, 792, 688 

cm
1

; MS (EI) m/z (%) 325 (100) [M1]

, 116 (22), 102 (20), 84 (38), 70 (22); Elemental 

analysis calcd (%) for C10H8N6O7: C 37.05, H 2.49, N 25.92; found: C 37.12, H 2.55, N 

25.86. 

1-(2-Methoxy-3,5-dinitrobenzyl)-1H-1,2,3-triazole (69):  

A mixture of 98% sulfuric acid (2.33 g, 23.8 mmol, 1.2 mL) and 70% 

nitric acid (0.99 g, 15.8 mmol, 0.6 mL) was added to compound 1-(2-

methoxybenzyl)-1H-1,2,3-triazole (61g; 0.300 g, 1.58 mmol) at 0 

C 

and the reaction was carried out at room temperature for 2 h. Upon 

usual work-up, the crude mixture was purified by silica gel column chromatography eluting 

with hexane: ethyl acetate (3:7) to afford 69 (0.21 g) in 48% yield as yellow solid. 0.21 g, 

48% Yield; yellow solid; DTA  209 

C (exotherm); Rf  0.67 (n-hexane/EtOAc, 3:7); 

1
H 

NMR (400 MHz, [D6]DMSO)  8.78 (d, J  2.4 Hz, 1H), 8.36 (d, J  2.0 Hz, 1H), 8.26 (s, 

1H), 7.79 (s, 1H), 5.85 (s, 2H), 3.88 ppm (s, 3H); 
13

C NMR(101 MHz, [D6]DMSO)  156.2, 

142.9, 142.6, 134.1, 134.0, 129.4, 126.2, 122.1, 63.7, 47.7 ppm; IR (neat) νmax 1608, 1539, 

1481,1346, 1265, 1091, 985 cm
1

; MS (EI) m/z (%) 281 (19) [M1]

, 280 (100) [M]


, 235 

(7), 207 (8), 162 (5), 116 (9), 84 (16); Elemental analysis calcd (%) for C10H9N5O5 : C 43.02, 

H 3.25, N 25.08; found: C 43.11, H 3.19, N 25.15. 

1-phenyl-1H-1,2,3-triazole (72a):
36

 

Following the general procedure (GP-2); a mixture of phenyl azide (71a; 3.0 

g, 25.2 mmol), trimethylsilylacetylene (3.71 g, 37.8 mmol), K2CO3 (2.96 g, 

30.2 mmol), sodium ascorbate (1.99 g, 10.0 mmol) and CuSO4 (1.25 g, 5.04 

mmol) in methanol: water (30 mL, 1:1) was stirred at room temperature for 

24 h. Upon usual work-up, the crude mixture was purified by silica gel column 

chromatography eluting with hexane: ethyl acetate (9:1) to afford 72a (2.42 g) in 66% yield 

as brown color solid. 
1
H NMR (400 MHz, CDCl3) δ 8.00 (s, 1H), 7.70 (s, 1H), 7.70 (d, J  

8.0 Hz, 2H), 7.48 (m, 2H), 7.39 (m, 1H); 
13

C NMR (101 MHz, CDCl3) δ 136.8, 134.5, 129.7, 

128.8, 121.7, 120.7. 
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1-(4-nitrophenyl)-1H-1,2,3-triazole (72b):
 36

 

Following the general procedure (GP-2); a mixture of 4-nitrophenyl azide 

(71b; 5.0 g, 30.5 mmol), trimethylsilylacetylene (4.48 g, 45.7 mmol), 

K2CO3 (5.06 g, 36.6 mmol), sodium ascorbate (2.42 g, 12.2 mmol) and 

CuSO4 (1.52 g, 6.10 mmol) in methanol: water (50 mL, 1:1) was stirred 

at room temperature for 24 h. Upon usual work-up, the crude mixture was purified by silica 

gel column chromatography eluting with hexane: ethyl acetate (2.3:1) to afford 72b (2.38 g) 

in 45% yield as brown color solid. 
1
H NMR (400 MHz, CDCl3) δ 8.44 (d, J  9.0 Hz, 2H), 

8.13 (s, 1H), 7.99 (d, J  8.8 Hz, 2H), 7.92 (s, 1H); 
13

C NMR (101 MHz, CDCl3) δ 141.2, 

135.3, 125.6, 121.7, 120.7. 

1-(3-nitrophenyl)-1H-1,2,3-triazole (72c):
 36

 

Following the general procedure (GP-2); a mixture of 3-nitrophenyl azide 

(71c; 10 g, 60.9 mmol), trimethylsilylacetylene (8.97 g, 91.3 mmol), 

K2CO3 (7.17 g, 73.1 mmol), sodium ascorbate (4.82 g, 24.3 mmol) and 

CuSO4 (3.04 g, 12.1 mmol) in methanol: water (100 mL, 1:1) was stirred 

at room temperature for 24 h. Upon usual work-up, the crude mixture was purified by silica 

gel column chromatography eluting with hexane: ethyl acetate (1.5:1) to afford 72c (8.45 g) 

in 73% yield as yellow color solid. 
1
H NMR (400 MHz, CDCl3) δ 8.61 (s, 1H), 8.30 (d, J  

8.0 Hz, 1H), 8.19 (m, 2H), 7.91 (s, 1H), 7.76 (t, J  8.4 Hz, 1H); 
13

C NMR (101 MHz, 

CDCl3) δ 147.4, 136.4, 133.6, 129.8, 124.7, 121.6, 114.0, 113.8, 113.7. 

1-(2-nitrophenyl)-1H-1,2,3-triazole (72d)
37 

and 1-(2-nitrophenyl)-4-(trimethylsilyl)-1H-

1,2,3-triazole (73d): 

Following the general procedure (GP-2); a mixture of 2-

nitrophenyl azide (71d; 10 g, 60.9 mmol), 

trimethylsilylacetylene (8.97 g, 91.3 mmol), KOAc (7.17 g, 

73.1 mmol), sodium ascorbate (4.82 g, 24.3 mmol) and 

CuSO4 (3.04 g, 12.1 mmol) in methanol: water (100 mL, 1:1) was stirred at room temperature 

for 24 h. Upon usual work-up, the crude mixture was purified by silica gel column 

chromatography eluting with hexane: ethyl acetate (8:1) to afford 1-(2-nitrophenyl)-4-

(trimethylsilyl)-1H-1,2,3-triazole (73d) (9.41 g) in 59% yield and 72d (3.52 g) in 30% yield 

as brown color solids. For 73d: mp 4852 C; Rf  0.44 (1.5:1 n-hexane/EtOAc); 
1
H NMR 

(400 MHz, CDCl3) δ 8.05 (d, J  8.4 Hz, 1H), 7.82 (s, 1H), 7.76 (d, J  4.0 Hz, 1H), 7.67 (t, J 

 6.8 Hz, 1H), 7.61 (d, J  7.6 Hz, 1H), 0.38 (s, 9H); 
13

C NMR (101 MHz, CDCl3) δ 144.4, 
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133.8, 130.5, 130.4, 130.1, 127.8, 125.9, 125.4, -1.16; IR (Neat) νmax 3119, 2959, 1954, 1842, 

1707, 1626, 1159, 1041, 781, 630, 534, 461 cm
1

; MS (EI) m/z (%) 263 (M
+
+1, 61), 239 (24), 

235 (39), 207 (100), 191 (43), 133 (22), 119 (29); Elemental analysis calcd (%) for 

C11H14N4O2Si: C, 50.36; H, 5.38; N, 21.36. Found: C, 50.28; H, 5.31; N, 21.42. 

For 72d: 
1
H NMR (400 MHz, CDCl3) δ 7.99 (d, J  7.2 Hz, 1H), 7.91 (s, 1H), 7.77 (m, 2H), 

7.66 (d, J  6.4 Hz, 1H), 7.55 (d, J  6.4 Hz, 1H); 
13

C NMR (101 MHz, CDCl3) δ 144.5, 

134.2, 134.1, 130.1, 130.0, 127.8, 125.5, 125.4. 

1-(4-methoxyphenyl)-1H-1,2,3-triazole (72e):
 36

 

Following the general procedure (GP-2); a mixture of 4-methoxyphenyl 

azide (71e; 5.0 g, 33.5 mmol), trimethylsilylacetylene (4.94 g, 50.3 

mmol), K2CO3 (5.56 g, 40.2 mmol), sodium ascorbate (2.65 g, 13.4 

mmol) and CuSO4 (1.67 g, 6.70 mmol) in methanol: water (50 mL, 1:1) 

was stirred at room temperature for 24 h. Upon usual work-up, the crude mixture was 

purified by silica gel column chromatography eluting with hexane: ethyl acetate (9:1) to 

afford 72e (4.98 g) in 85% yield as brown color solid. 
1
H NMR (400 MHz, CDCl3) δ 7.89 (s, 

1H), 7.76 (s, 1H), 7.57 (d, J  8.4 Hz, 2H), 6.96 (d, J  8.8 Hz, 2H), 3.8 (s, 3H); 
13

C NMR 

(101 MHz, CDCl3) δ 160.6, 135.0, 129.1, 122.3, 121.7, 114.3, 55.8. 

1-(3-methoxyphenyl)-1H-1,2,3-triazole (72f):
 36

 

Following the general procedure (GP-2); a mixture of 3-methoxyphenyl 

azide (71f; 10 g, 67.0 mmol), trimethylsilylacetylene (9.87 g, 100.5 

mmol), KOAc (11.1 g, 80.4 mmol), sodium ascorbate (5.3 g, 26.8 mmol) 

and CuSO4 (3.34 g, 13.4 mmol) in methanol: water (100 mL, 1:1) was 

stirred at room temperature for 24 h. Upon usual work-up, the crude mixture was purified by 

silica gel column chromatography eluting with hexane: ethyl acetate (9:1) to afford 72f (9.32 

g) in 79% yield as brown color solid. 
1
H NMR (400 MHz, CDCl3) δ 7.98 (s, 1H), 7.79 (s, 

1H), 7.36 (t, J  6.8 Hz, 1H), 7.31 (s, 1H), 7.22 (m, 1H), 6.92 (d, J  8.0 Hz, 1H), 3.83 (s, 

3H); 
13

C NMR (101 MHz, CDCl3) δ 160.5, 137.9, 130.5, 122.1, 114.4, 112.3, 106.4, 55.5. 
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1-(2-methoxyphenyl)-1H-1,2,3-triazole (72g)
38 

and 1-(2-methoxyphenyl)-4-

(trimethylsilyl)-1H-1,2,3-triazole (73g): 

Following the general procedure (GP-2); a mixture of 2-

methoxyphenyl azide (71g; 10 g, 67.0 mmol), 

trimethylsilylacetylene (9.87 g, 100.5 mmol), KOAc (11.1 

g, 80.4 mmol), sodium ascorbate (5.30 g, 26.8 mmol) and 

CuSO4 (3.34 g, 13.4 mmol) in methanol: water (100 mL, 1:1) was stirred at room temperature 

for 24 h. Upon usual work-up, the crude mixture was purified by silica gel column 

chromatography eluting with hexane: ethyl acetate (8:1) to afford 1-(2-methoxyphenyl)-4-

(trimethylsilyl)-1H-1,2,3-triazole (73g) (4.80 g) in 29% yield as brown color liquid and 72g 

(4.91 g) in 41% yield as brown color solid. For 73g: Rf  0.53 (4:1 n-hexane/EtOAc); 
1
H 

NMR (400 MHz, CDCl3) δ 8.00 (s, 1H), 7.65 (d, J  7.6 Hz, 1H), 7.28 (m, 1H), 6.99 (d, J  

7.6 Hz, 2H), 3.78 (s, 3H), 0.32 (s, 9H); 
13

C NMR (101 MHz, CDCl3) δ 150.7, 144.9, 130.7, 

129.4, 125.7, 124.8, 120.5, 112.0, 55.4, -1.387; IR (Neat) νmax 2957, 1601, 1510, 1249, 120.5, 

1118, 1035, 844, 754 cm
1

; MS (EI) m/z (%) 248 (M
+
+1, 44), 218 (22), 208 (10), 176 (100), 

161 (10); Elemental analysis calcd (%) for C12H17N3OSi: C, 58.26; H, 6.93; N, 16.99. Found: 

C, 58.37; H, 6.98; N, 16.85. 

For 72g: 
1
H NMR (400 MHz, CDCl3) δ 8.08 (s, 1H), 7.74 (s, 1H), 7.70 (dd, J  15.2 Hz, 

16.4, 1H), 7.35 (t, J  8.0 Hz, 1H), 7.03 (m, 2H), 3.79 (s, 3H); 
13

C NMR (101 MHz, CDCl3) 

δ 150,7, 132.7, 129.8, 125.8, 125.6, 124.7, 120.5, 112.0, 55.3. 

1-(2-nitrophenyl)-1H-1,2,3-triazole (74)
 
and 1-(4-nitrophenyl)-1H-1,2,3-triazole (75):

38, 32
 

Following the general procedure (GP-4); A mixture of 98% 

sulphuric acid (15 ml) and 95% nitric acid (10ml) was added 

to 1-phenyl-1H-1,2,3-triazole (72a, 0.85 g, 5.85 mmol) at 0 

°
C and refluxed at 100 

°
C for 24 h. Upon usual work-up, the 

crude mixture was purified by silica gel column chromatography eluting with hexane: ethyl 

acetate (9:1) to afford 74 (0.06 g) in 5% yield and 75 (0.28 g) in 25% yield as brown color 

solids. For 74: 
1
H NMR (400 MHz, CDCl3) δ 7.99 (d, J  7.2 Hz, 1H), 7.91 (s, 1H), 7.77 (m, 

2H), 7.66 (d, J  6.4 Hz, 1H), 7.55 (d, J  6.4 Hz, 1H); 
13

C NMR (101 MHz, CDCl3) δ 144.5, 

134.2, 134.1, 130.1, 130.0, 127.8, 125.5, 125.4. 

For 75: 
1
H NMR (400 MHz, CDCl3) δ 8.44 (d, J  9.0 Hz, 2H), 8.13 (s, 1H), 7.99 (d, J  8.8 

Hz, 2H), 7.92 (s, 1H); 
13

C NMR (101 MHz, CDCl3) δ 141.2, 135.3, 125.6, 121.7, 120.7. 
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1-(3,4-Dinitrophenyl)-1H-1,2,3-triazole (76) and 1,3,5-trinitrobenzene (77):
39

 

Following the general procedure (GP-4); A mixture of 

98% sulphuric acid (15.5 g, 157.8 mmol, 8.4 mL) and 

95% nitric acid (6.62 g, 105.7 mmol, 4.4 mL) was added 

to 1-(3-nitrophenyl)-1H-1,2,3-triazole (72c, 1.0 g, 10.5 

mmol) at 0 
°
C and refluxed at 160 

°
C for 24 h. Upon usual work-up, the crude mixture was 

purified by silica gel column chromatography eluting with hexane: ethyl acetate (2:1) to 

afford 76 (0.19 g) in 18% yield as brown color solid and 77 (0.36 g) in 16% yield. For 76: 

0.19 g, 18% Yield; brown solid; m.p. 125 

C; DTA  268 


C (exotherm); Rf  0.48 (n-

hexane/EtOAc, 2:1); 
1
H NMR (400 MHz, CDCl3)  9.10 (br s, 1H), 9.03 (br d, J  4.0 Hz, 

2H), 8.31 (br s, 1H), 7.99 ppm (br s, 1H); 
13

C NMR (101 MHz, CDCl3)  149.3, 138.6, 135.8, 

121.9, 120.1, 117.9 ppm; IR (KBr) νmax  3084, 2961, 1635, 1558, 1261, 1024, 798 cm
1

; MS 

(EI) m/z (%): 234 (38) [M1]

, 228 (31), 206 (100), 183 (16), 87 (7); Elemental analysis 

calcd (%) for C8H5N5O4 : C 40.86, H 2.14, N 29.78; found: C 40.75, H 2.18, N 29.71. 

For 77: 
1
H NMR (400 MHz, CDCl3) δ 9.15 (s, 3H); 

13
C NMR (101 MHz, CDCl3) δ 147.2, 

124.2. 

1-(4-Methoxy-3,5-dinitrophenyl)-1H-1,2,3-triazole (78): 

 Following the general procedure (GP-4); A mixture of 98% sulphuric 

acid (16.8 g, 171.2 mmol, 9.1 mL) and 95% nitric acid (7.19 g, 114.2 

mmol, 4.8 mL) was added to 1-(4-methoxyphenyl)-1H-1,2,3-triazole 

(72e, 2.0 g, 11.4 mmol) at 0 
°
C and the reaction was carried out at room 

temperature for 2 h. Upon usual work-up, the crude mixture was 

purified by silica gel column chromatography eluting with hexane: ethyl acetate (1:1) to 

afford 78 (1.10 g) in 85% yield as dark yellow solid. 1.10 g, 85% Yield; yellow solid; DTA  

319 

C (exotherm); Rf  0.57 (n-hexane/EtOAc, 1:1); 

1
H NMR (400 MHz, [D6]DMSO)  

9.03 (s, 1H), 8.91 (s, 2H), 8.06 (s, 1H), 4.00 ppm (s, 3H); 
13

C NMR (101 MHz, [D6]DMSO)  

146.1, 145.4, 135.6, 132.2, 124.5, 121.3, 65.1 ppm; IR (KBr) νmax 3157, 1541, 1346, 1271, 

1053, 783 cm
1

; MS (EI) m/z (%) 266 (21) [M1]

, 265 (100) [M], 250 (39), 236 (26), 221 

(13), 205 (5); Elemental analysis calcd (%) for C9H7N5O5 : C 40.76, H 2.66, N 26.41; found: 

C 40.82, H 2.61, N 26.31. 
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1-(3-Methoxy-2,6-dinitrophenyl)-1H-1,2,3-triazole (79) and 1-(3-Methoxy-2,4-

dinitrophenyl)-1H-1,2,3-triazole (80):  

Following the general procedure (GP-4); A mixture of 

98% sulphuric acid (16.8 g, 171.2 mmol, 9.1 mL) and 

95% nitric acid (7.19 g, 114.2 mmol, 4.8 mL) was 

added to 1-(3-methoxyphenyl)-1H-1,2,3-triazole (72f, 

2.0 g, 11.4 mmol) at 0 
°
C and the reaction was carried 

out at room temperature for 2 h. Upon usual work-up, the crude mixture was purified by 

silica gel column chromatography eluting with hexane: ethyl acetate (4:6) to afford 79 (0.49 

g) in 33% yield and 80 (0.69 g) in 46% yield as yellow solids. For 79: 0.49 g, 33% Yield; 

yellow solid; m.p. 168 

C; DTA  221 


C (exotherm); Rf  0.65 (n-hexane/EtOAc, 4:6); 

1
H 

NMR (400 MHz, [D6]DMSO)  8.68 (br s, 1H), 8.63 (d, J  9.6 Hz, 1H), 8.01 (s, 1H), 7.86 

(d, J  9.6 Hz, 1H), 4.13 ppm (s, 3H); 
13

C NMR (101 MHz, [D6]DMSO)  155.2, 137.7, 

137.0, 134.6, 130.2, 128.9, 124.9, 116.7, 59.0 ppm; IR (KBr) νmax 3124, 1614, 1342, 1078, 

989, 794, 652 cm
1

; MS (EI) m/z (%) 266 (58) [M1]

, 242 (26), 226 (83), 210 (100), 194 

(91), 163 (72), 149 (85); Elemental analysis calcd (%) for C9H7N5O5 : C 40.76, H 2.66, N 

26.41; found: C 40.71, H 2.59, N 26.35. 

For 80: 0.69 g, 46% Yield; yellow solid; m.p. 200 

C; DTA  230 


C (exotherm); Rf  0.40 

(n-hexane/EtOAc, 7:3); 
1
H NMR (400 MHz, CDCl3)  8.88 (s, 1H), 8.77 (br s, 1H), 8.05 (br 

s, 1H), 7.87 (s, 1H), 4.11 ppm (s, 3H); 
13

C NMR (101 MHz, CDCl3)  155.9, 138.3, 136.0, 

134.7, 134.3, 127.3, 124.1, 114.4, 59.1 ppm; IR (KBr) νmax 3097, 1620, 1531, 1350, 1232, 

1072, 806 cm
1

; MS (EI) m/z (%) 266 (68) [M1]

, 242 (45), 226 (57), 210 (72), 194 (92), 

164 (100), 149 (72); Elemental analysis calcd (%) for C9H7N5O5 : C 40.76, H 2.66, N 26.41; 

found: C 40.85, H 2.63, N 26.35. 

1-(2-Methoxy-3,5-dinitrophenyl)-1H-1,2,3-triazole (81): 

Following the general procedure (GP-4); A mixture of 98% sulphuric 

acid (16.8 g, 171.2 mmol, 9.1 mL) and 95% nitric acid (7.19 g, 114.2 

mmol, 4.8 mL) was added to 1-(3-methoxyphenyl)-1H-1,2,3-triazole 

(72g, 2.0 g, 11.4 mmol) at 0 
°
C and the reaction was carried out at room 

temperature for 2 h. Upon usual work-up, the crude mixture was purified by silica gel column 

chromatography eluting with hexane: ethyl acetate (1:1) to afford 81 (1.24 g) in 82% yield as 

yellow solid. 1.24 g, 82% Yield; yellow solid; DTA  152 

C (exotherm); Rf = 0.57 (n-

hexane/EtOAc, 1:1); 
1
H NMR (400 MHz, CDCl3)  8.98–8.95 (m, 1H), 8.80 (br s, 1H), 8.69 
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(s, 1H), 8.07 (s, 1H), 3.63 ppm (s, 3H); 
13

C NMR (101 MHz, CDCl3)  151.5, 144.0, 142.4, 

134.8, 132.1, 127.8, 126.1, 125.7, 121.9, 63.4 ppm; IR (KBr) νmax 3155, 1547, 1350, 1261, 

1049, 978, 733 cm
1

; MS (EI) m/z (%) 266 (58) [M1]

, 223 (23), 129 (56), 116 (12), 97 

(100), 74 (6); Elemental analysis calcd (%) for C9H7N5O5 : C 40.76, H 2.66, N 26.41; found: 

C 40.65, H 2.69, N 26.52. 

2,6-Bis((1H-1,2,3-triazol-1-yl)methyl)pyridine (83a): 

Following the general procedure (GP-2); a mixture of 2,6-

bis(azidomethyl)pyridine (82; 1.0 g, 5.28 mmol), trimethylsilylacetylene 

(1.55 g, 15.8 mmol), K2CO3 (1.75 g, 12.7 mmol), sodium ascorbate (0.83 g, 

4.22 mmol) and CuSO4 (0.52 g, 2.11 mmol) in methanol : water (40 mL, 

1:1) was stirred at room temperature for 24 h. Upon usual work-up, the crude mixture was 

purified by silica gel column chromatography eluting with hexane: ethyl acetate (9:1) to 

afford 83a (1.01 g) in 79% yield as brown color solid. 1.01 g, 79% Yield; brown solid; m.p. 

65–68 

C; Rf = 0.57 (EtOAc); 

1
H NMR (400 MHz, CDCl3)  7.65–7.54 (m, 5H), 7.02 (d, J  

7.6 Hz, 2H), 5.57 ppm (s, 4H); 
13

C NMR (101 MHz, CDCl3)  154.6, 138.6, 134.1, 124.5, 

121.7, 54.9 ppm; IR (KBr) νmax 1591, 1454, 1217, 1087, 1028, 800, 765, 690 cm
1

; MS (EI) 

m/z (%) 242 (100) [M1]

, 214 (19), 186 (14), 173 (8), 145 (16); Elemental analysis calcd 

(%) for C11H11N7: C 54.76, H 4.60, N 40.64; found: C 54.63, H 4.68, N 40.52. 

Diethyl-2,2’-(1,1’-(pyridine-2,6-diylbis(methylene))bis(1H-1,2,3-triazole-4,1-diyl)) 

diacetate (83b):  

Following the general procedure (GP-2); a mixture of 2,6-

bis(azidomethyl)pyridine (82; 1.5 g, 7.92 mmol), propargyl propionate (2.66 

g, 23.7 mmol), KOAc (1.86 g, 19.0 mmol), sodium ascorbate (1.25 g, 6.34 

mmol) and CuSO4 (0.79 g, 3.17 mmol) in methanol : water (60 mL, 1:1) was 

stirred at room temperature for 24 h. Upon usual work-up, the crude mixture 

was purified by silica gel column chromatography eluting with only ethyl acetate to afford 

83b (2.90 g) in 88% yield as brown color solid. 2.90 g, 88% Yield; brown solid; Rf  0.56 

(EtOAc); 
1
H NMR (400 MHz, CDCl3)  7.72 (s, 2H), 7.66 (t, J  8.0 Hz, 1H), 7.11 (d, J  

7.6 Hz, 2H), 5.59 (s, 4H), 5.17 (s, 4H), 2.28 (q, J  7.6 Hz, 4H), 1.06 ppm (t, J  7.6 Hz, 6H); 

13
C NMR (101 MHz, CDCl3)  173.7, 154.3, 142.7, 138.4, 124.7, 121.5, 57.1, 54.6, 26.9, 

8.60 ppm; IR (neat) νmax 2982, 1738, 1462, 1182, 1051, 781 cm
1

; MS (EI) m/z (%) 414 (45) 
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[M1]

, 436 (100) [MNa]


; Elemental analysis calcd (%) for C19H23N7O4 : C 55.20, H 5.61, 

N 23.72; found: C 55.36, H 5.65, N 23.65. 

2,6-bis((4-(nitromethyl)-1H-1,2,3-triazol-1-yl)methyl)pyridine (83'b): 

Following the general procedure (GP-4); A mixture of 98% sulphuric acid 

(15 ml) and 95% nitric acid (10ml) was added to (1,1'-(pyridine-2,6-diyl bis 

(methylene)) bis (1H-1,2,3-triazole-4,1-diyl)) bis(methylene) dipropionate 

(83b, 1.0 g, 2.42 mmol) at 0 
°
C. The resulting reaction mixture was stirred 

at room temperature for 24 h. Upon usual work-up, the crude mixture was 

purified by silica gel column chromatography eluting with only ethyl acetate to afford 83'b 

(0.68 g) in 79% yield as colorless solid. 0.68 g, 79% yield, colorless solid, mp 9295 C;  Rf 

 0.59 (EtOAc); 
1
H NMR (400 MHz, CDCl3) δ 7.81 (s, 2H), 7.74 (t, J  7.6 Hz, 1H), 7.23 (d, 

J  7.6 Hz, 2H), 5.63 (s, 4H), 5.59 (s, 4H); 
13

C NMR (101 MHz, CDCl3) δ 154.08, 139.9, 

138.9, 125.3, 122.2, 65.8, 55.1; IR (KBr) νmax 1591, 1454, 1217, 1087, 1028, 800, 765, 690 

cm
1

; MS (EI) m/z (%) 360 (M
+
+1, 100), 301 (16), 244 (27); Elemental analysis calcd (%) for 

C13H13N9O4: C, 43.46; H, 3.65; N, 35.08. Found: C, 43.29; H, 3.58; N, 35.18. 

2,6-Bis((1H-1,2,3-triazol-1-yl)methyl)pyridine 1-oxide (84a): 

Following the general procedure (GP-5); A mixture of the 2,6-bis((1H-

1,2,3-triazol-1-yl)methyl)pyridine (83a, 0.200 g, 0.82 mmol) and m-

chloroperbenzoic acid (m-CPBA, 0.21 g, 1.24 mmol) was added in CHCl3 

(4 mL). The resulting reaction mixture was stirred at room temperature for 

heated at 70 

C for 48 h. Upon usual work-up, the crude mixture was purified by silica gel 

column chromatography eluting with chloroform: methanol (9:1) to afford 84a (0.08 g) in 

35% yield as colorless solid. 0.08 g, 35% Yield; colorless solid; m.p. 62 C; DTA  228 C 

(exotherm); Rf  0.68 (CHCl3/MeOH, 9:1); 
1
H NMR (400 MHz, CDCl3)  7.94 (s, 2H), 7.78 

(s, 2 H), 7.27 (br s, 1H), 7.12 (d, J  8.0 Hz, 2H), 5.87 ppm (s, 4H); 
13

C NMR (101 MHz, 

CDCl3)  145.8, 134.2, 125.9, 125.6, 125.4, 48.4 ppm; IR (KBr) νmax 2852, 1693, 1417, 1350, 

1217, 1028, 808 cm
1

; MS (EI) m/z (%) 258 (100) [M1]

, 242 (16), 230 (14), 174 (11), 145 

(8); Elemental analysis calcd (%) for C11H11N7O5: C 51.36, H 4.31, N 38.11; found: C 51.28, 

H 4.26, N 38.29. 
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2,6-Bis((4-(nitromethyl)-1H-1,2,3-triazol-1-yl)methyl)pyridine 1-oxide (84b): 

Following the general procedure (GP-4); A mixture of 98% sulphuric acid 

(15 ml) and 95% nitric acid (10ml) was added to (1,1'-(pyridine-2,6-diylbi 

s(methylene))bis(1H-1,2,3-triazole-4,1-diyl))bis(methylene)di 

 propionate (83b, 0.500 g, 1.21 mmol) at 0 
°
C. The resulting reaction 

mixture was stirred at room temperature for 12 h. Upon usual work-up, the 

crude mixture was purified by silica gel column chromatography eluting with only ethyl 

acetate afforded 2,6-bis((4-(nitromethyl)-1H-1,2,3-triazol-1-yl)methyl)pyridine (83'b) 

compound. To this compound 83'b (0.100 g, 0.278 mmol) according to the general procedure 

(GP-5); added a solution of m-chloroperbenzoic acid (m-CPBA, 0.07 g, 0.41 mmol) in CHCl3 

(4 mL). The resulting reaction mixture was stirred at room temperature 24 h. Upon usual 

work-up, the crude mixture was purified by silica gel column chromatography eluting with 

chloroform: methanol (9:1) to afford 84b (0.04 g) in 41% yield as pale-yellow solid. 0.04 g, 

41% Yield; pale-yellow solid; m.p. 110 

C; DTA  142 


C (exotherm); Rf  0.72 

(CHCl3/MeOH, 9:1); 
1
H NMR (400 MHz, [D6]DMSO)  8.14 (s, 2H), 7.38–7.27 (m, 3H), 

5.79 (s, 4H), 5.58 ppm (s, 4H); 
13

C NMR (101 MHz, [D6]DMSO)  145.0, 139.6, 126.8, 

126.7, 126.0, 65.6, 48.8 ppm; IR (KBr) νmax 2924, 1724, 1641, 1385, 1261, 1111, 1022, 850, 

796 cm
1

; MS (EI) m/z (%) 375 (100) [M], 374 (100) [M1]

, 356 (13), 343 (5), 327 (24); 

Elemental analysis calcd (%) for C13H13N9O5: C 41.60, H 3.49, N 33.59; found: C 41.75, H 

3.56, N 33.41. 
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2.11. Spectra 
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2.12. Applications 

 
Thermal stabilites of the above synthesized triazole derivatives are determined by DSCTGA 

measurements and exhibits high thermally stability. We cross verified the thermal stability 

and decomposition of some of our synthesized 1,2,3-triazoles (64a, 65a, 67, 69 and 78) by 

using the photoacoustic (PA) technique employed with 532 nm and 266 nm wavelengths, 

respectively. The study mainly focused on freely released NO2 molecules along with other 

byproducts during the pyrolysis between 30-350 

C. The photoacoustic (PA) experimental 

results clearly demonstrated that the synthesized triazole derivatives are thermally stable.
40
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Poly-1,2,3-Triazole Derivatives 
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Synthesis, characterization, and energetic properties of –CF3 and –NO2 substituted N-aryl-

polytriazole derivatives are reported. The molecules are prepared by a reliable Cu-catalyzed 

[3+2]-cycloaddition between –CF3 substituted aryl azides and alkynes followed by a nitration 

sequence and also the base promoted nucleophilic displacement of the halo groups by the 

1,2,3-triazoles. The compounds are characterized by analytical and spectroscopic methods; 

the solid state structures of some of the compounds are confirmed by X-ray diffraction 

techniques. The synthesized materials decompose in the range of 195–308 

C. Most of the  

–CF3 and –NO2 groups-bearing aryl triazoles exhibit good densities and acceptable 

detonation characteristics. Some of the fluorine containing polytriazole-bearing compounds 

showed positive heats of formation. 
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3.1. Introduction 

Fluorine is the strongest oxidizer; it oxidizes materials even more exothermically than oxygen 

does. As fluorine is the most electronegative element and can easily accept electron, 

consequently it oxidises other elements without being oxidised itself. Furthermore, fluorine 

liberated during the detonation process has a higher tendency to react with hydrogen than 

oxygen.
1,2

 In addition, fluorine produces lot of heat during the formation of hydrated ion. 

Moreover, the presence of fluorine atom enhances density of a molecule due to its high 

molecular weight than oxygen. Thus, fluorinated nitroarene-rich molecules are useful in high-

energy applications.
2
 Owing to the broad utility of energetic materials, continuous demand 

always remains for the development of robust organic energetic compounds with enhanced 

thermal stability and reduced sensitivity.
3
 In general, the aromatic triazole moiety enhances 

positive heat of formation (HOF) and thermal stability of a molecule and reduces its 

sensitivity due to the NN and CN bonds and ring strain.
4
 Furthermore, the nitro (–NO2) 

group significantly contributes towards improving the detonation performance of a 

molecule.
5
 As the fluorine atom assists in the enhancement of the density of the molecule,

1,2
 

we therefore envisaged the synthesis of novel molecular entities containing the triazole 

moiety, –NO2 group, and F atoms. Because of the presence of three F atoms in the 

trifuoromethyl (–CF3) group, it contributes a higher density (2.25 g cm
3

) than that of the  

–NO2 group (2.17 g cm
3

).
6
 In general, the –CF3 bearing molecules exhibit low surface 

energy, high chemical resistance, high electronegativity, excellent thermal stability, and 

hydrophobicity.
7
 Moreover, fluorine-containing molecules are used in crystalline materials,

8 

polymers
9
 organic superconductors, pharmaceutical and agrochemicals.

10
 Furthermore, the 

presence of oxidizer fluorine along with oxygen in the aluminium or boron bearing solid 

propellants improves metal combustion properties of the material.
10c

 Apart from these 

properties, the high density of trifuoromethyl (–CF3) group makes the compound as efficient 

energetic oxidizers. Therefore, incorporation of trifluoromethyl group into an organic 

molecule dramatically changes the energetic properties of the material.
1
 Recent reports from 

the Shreeve group demonstrate the synthesis and energetic properties of –CF3 bearing 1,2,3-

triazole derivatives; these molecules are applicable as dense and stable energetic materials.
1,2

  

3.1.1. Background of CF3 substituted-1,2,3-triazole based energetic compounds 

In 2007, Shreeve group demonstrated the synthesis of 4-CF3-1,2,3-triazole molecule (III) 

involving click reaction between gaseous trifluoromethylacetylene (II) with 
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trimethylsilylazide (I) (Scheme 3.1)
2a

. The use of gas-reagents makes this synthetic strategy 

cumbersome. Interestingly, compound III exhibits high density (1.79 g cm
3

), poor thermal 

stability (83 

C), negative HOF (465.22 kJ mol

1
) and detonation performance (vD  6518 

m s
1

 & P 14.11 GPa) less than TNT.
  

 

Scheme 3.1. Synthesis of 4-CF3-1,2,3-triazole by click reaction 

Later in 2011, various CF3-substituted-1,2,3-triazole-containing molecules (C, H, N and F 

atoms; Va-d) having high densities (1.421.81 g cm
3

), good thermal stabilities (>270 

C), 

acceptable detonation properties (61807244 m s
1

 & 11.9617.90 GPa), and negative HOF 

(251.5 to 1673.5 kJ mol
1

); disappointingly, some of the synthesized compounds are 

insensitive to impact. The Cu-catalyzed [3+2]-cycloaddition between alkyl azides (IVa-d) 

and gaseous trifluoromethyl acetylene (II) provided the desired CF3-bearing triazole 

derivatives (Va-d) in good yields (Scheme 3.2).
1 

 

Scheme 3.2. Synthesis of –CF3-substituted-1,2,3-triazole derivatives 

3.1.2. Motivation and Design Plan 

The reported CF3 substitute 1,2,3-triazole derivatives showed good density and detonation 

performance, however, these molecules exhibited negative heats of formation.
1,2a

 Thus, 

synthesis of –CF3 and –NO2 bearing materials with positive heats of formation is a 

challenging task. The lack of a general strategy for the synthesis of –CF3, –NO2, and triazole-

containing organic molecules (C, H, N, O, and F atoms), and our recent interest in the 

development of dense and stable materials that exhibit positive HOFs hence motivated us to 
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design and synthesis of –CF3 and –NO2/–azido-substituted N-aryl-polytriazoles for energetic 

materials applications. The reliable cost-effective Cu-catalyzed [3+2]-cycloaddition of aryl 

azides with terminal alkynes and the base promoted couplings of –CF3 substituted aryl 

halides with 1,2,3-triazole derivatives were used for the synthesis of new –CF3 and –NO2/–

azido-substituted N-aryl-polytriazoles (Scheme 3.3).
 

 

Scheme 3.3. Strategy for –CF3 and –NO2 substituted N-aryl/-poly-1,2,3-triazoles 

3.2. Results and Discussion 

At first, an array of CF3-substituted-N-aryl-triazoles were synthesized involving Cu-catalyzed 

[3+2]-regioselective cycloaddition between readily accessible CF3-substituted aryl azides 

(synthesized from corresponding anilines) and electron-rich TMS-acetylene (1') under 

optimized conditions comprising of sodium ascorbate, CuSO4, and K2CO3 or KOAc base in 

MeOH–H2O at room temperature in good yields (Table 3.1). 
 

The activated aryl azides having the CF3-group at the 4-/3-position on the aryl ring 

successfully underwent cycloaddition with 1' producing 2a–2h in moderate yields (entries 1–

8). The presence of an electron withdrawing group in aryl azides lowers the reactivity as well 

as the yields (entries 6 and 7). Disappointingly, the reaction of ortho-trifluoromethyl 

substituted aryl azides 1i/1j with 1' under the optimized conditions failed. Interestingly, the 

use of KOAc base is found to be suitable, giving the desired products 2i and 2j in 31% and 

21% yields, respectively (entries 9 and 10). The other o-CF3 or o-Cl substituted aryl azides 

1k, 1l or 1m reacted poorly with 1' under the optimized conditions, affording 2k, 2l, and 2m, 

albeit in poor yields (entries 11–13) with the recovery of the unreacted azides in a fair 

amount. The structures of 2h & 2m were confirmed by single crystal X-ray analysis (Figure 

3.1 and Table 3.5). 
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Table 3.1. Cu-catalyzed 1,3-dipolar cycloaddition of CF3-substituted aryl azides and TMS-

acetylene (1').
a
 

 

Entry 1 R Base 2 Yield [%]
f 

1
b
 1a 4-CF3 K2CO3 2a 79 

        2
b
 1b 3-CF3 K2CO3 2b 55 

        3
b
 1c 4-F-3-CF3 K2CO3 2c 66 

 4
b,c

 1d 4-Cl-3-CF3 K2CO3 2d 43 

        5
b
 1e 4-Br-3-CF3 K2CO3 2e 89 

        6
b
 1f 4-NO2-3-CF3 K2CO3 2f 24 

        7
b
 1g 4-CN-3-CF3 K2CO3 2g 52 

        8
b
 1h 4-CH3-3-CF3 K2CO3 2h 53 

9
d
 1i 2-CF3 KOAc 2i 31 

       10
d
 1j 4-NO2-2-CF3 KOAc 2j 21 

11
b,e

 1k 4-F-2-CF3 K2CO3 2k 27 

12
b,e

 1l 4-Cl-2-CF3 K2CO3 2l 22 

      13
b
 1m 2,6-Cl-4-CF3 K2CO3 2m 28 

a
All reactions were conducted using azide (1.0 equiv), TMS acetylene (1.5 equiv), sodium 

ascorbate (0.4 equiv), and CuSO4
.
5H2O (0.2 equiv). 

b
K2CO3 (1.2 equiv) and MeOH–H2O 

(1:1, 2.0 mL for 1.0 mmol) were used, and the reaction performed at room temperature for 24 

h. 
c
Reaction conducted at 100 


C for 24 h. 

d
KOAc (1.2 equiv), t-BuOH–H2O (1:1, 1.0 mL for 

1.0 mmol) were used, and the reaction conducted at 90 

C for 48 h. 

e
Reaction conducted at 80 


C for 24 h. 

f
 Yield of the isolated product. 

          We next turned our attention performing nitrations on the –CF3 substituted aryl 

triazoles 2a–2m under the nitrating mixture of HNO3 (95%) and H2SO4 (98%). The 

electrophilic substitution of the electron-poor aryl ring generally proceeds sluggishly under 

ambient conditions; thus, the nitrations of N-aryl-CF3 substituted 1,2,3-traizoles (2) were 

conducted at 60–100 

C for 24 h. Table 3.2 summarizes the results for the nitration of 2.  

A nitro group is inserted meta- to the –CF3 moiety on the aryl ring, producing exclusively 3a 

from 2a in good yield (entry 1). The nitration of m-CF3-substituted phenyl-triazole 2b gave 

the regioisomeric products 3b & 3b'; both the products were easily purified through column 

chromatography in 61% overall yield (entry 2). Among 3b & 3b', the compound 3b having 
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the meta-nitro to –CF3 group is relatively non polar over 3b'. The factors responsible for the 

formation of the unlikely major product 3b' having the ortho-NO2 to CF3 group remain 

unclear. In general, insertion of the nitro group on the aryl ring possibly occurs meta- to the 

CF3-moiety and ortho-/para- to the triazole skeleton.
4f 

Thus, the nitration of 3-CF3-4-F 

substituted aryl triazole 2c gave 3c albeit in moderate yield (entry 3). The Cl- and Br bearing 

CF3-substituted aryl triazoles 2d and 2e underwent nitrations with HNO3 (95%) and H2SO4 

(98%) mixture, giving 3d and 3e in 30% and 38% yields, respectively (entries 4 and 5);
12

 the 

halo group is useful for further synthetic manipulations. The presence of nitro or fluoro 

groups on the aryl ring makes the molecule highly electron-deficient; as a result, nitrations of 

3-CF3-4-NO2, 2-CF3-4-NO2, or 2-CF3-4-F substituted aryl triazole 2f/2j/2k failed even under 

harsh conditions. Nitration of 3-CF3-4-CN substituted aryl triazole 2g produced 3g in only 

23% yield, while recovering the unreacted 2g (18%) (entry 6).
12

 The presence of an electron-

donating group on the aryl moiety facilitates introducing the NO2 group, thus, 2h readily 

underwent nitration at an ambient temperature producing 3h in 92% yield (entry 7).  The 

nitrations of 2i allowed the formation of the desired product 3i, albeit in moderate yield (entry 

8).
12

 Surprisingly, insertion of a nitro group para- to the CF3 and meta- to the triazole on 2l, 

and ortho- to the CF3 and meta- to the triazole on 2m occurred producing 3l and 3m, albeit in 

poor yields (entries 9 and 10).
12

 Unfortunately, efforts to introduce more than one nitro group 

on 2 were futile. The structures of 3a, 3c and 3l were confirmed by single crystal X-ray 

analysis (Figure 3.1 and Table 3.5). 

Table 3.2. Nitration reactions of triazoles 2. 
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         Entry 2 T [C] t [h] 
NO2- and CF3-substituted-aryl-1,2,3-

triazoles (3) 

Yield 

[%]
a 

1 2a 90 24 
 

3a 

60 

 

2 

 

2b 

 

80 

 

12 

 

3b 

+ 

 

3b' 

 

19+42 

 

3 

 

2c 

 

95 

 

12  

3c 

 

44 

 

4 

 

2d 

 

70 

 

12  

3d 

 

30 

 

 

5 

 

2e 

 

80 

 

6  

3e 

 

38 

 

6 

 

2g 

 

60 

 

6  

3g 

 

23 (18)
b
 

 

 

7 

 

2h 

 

RT 

 

12  

3h 

 

92 
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8 

 

2i 

 

70 

 

12  

3i 

 

37 

 

 

9 

 

2l 

 

70 

 

12  

3l 

 

27 

 

 

10 

 

2m 

 

110 

 

48  

3m 

 

32 (22)
b
 

a
Yield of the isolated product. 

b
Yield in the parenthesis is the recovered amount of 2. 

 

The contribution of F atom towards the enhancement of density was evident as aryl-

triazoles 2, containing the –CF3 group, showed comparable density to trinitrotoluene. The 

introduction of the –NO2 group in 2 would further enhance the performance of the molecule. 

However, –CF3 substituted N-aryl-triazoles 2 (Table 3.1) and aryl-nitro-triazoles 3 (Table 

3.2) showed negative HOFs. The introduction of additional N atoms would further enhance 

the HOF of the molecule.
4b

 With this intention, we considered investigating the base 

promoted replacement of the halo groups in 2 and 3 by the small molecule 1,2,3-triazole 4 

(Tables 3.3 and 3.4). This would enable the achievement of novel polynitrogen compounds 

with positive HOFs. Thus, the CuI-catalyzed and Cs2CO3- promoted coupling between 2e and 

4 in DMF gave the N-1,N-2 and N-1,N-1 CF3-substituted aryl bistriazole products 5 and 6 in 

29% and 51% yields, respectively (entry 1, Table 3.3). The appearance of a doublet for the 

triazole moiety in the 
1
H spectrum confirms the structure of 6. Both the chloro groups in 2m 

are efficiently replaced by 4, producing the N-1,N-2,N-2 polytriazole coupled product 7 

(24%) and the non-separable mixture of the N-1,N-1,N-1 and N-1,N-1,N-2 polytriazoles in 

43% yield (entry 2, Table 3.3). The X-ray crystal analysis data unambiguously elucidates the 

structures of 5 and 7 (Figure 3.1 and Table 3.6). As anticipated, compounds 5–13 showed 

positive HOFs (45–400 kJ mol
1

). 
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Table 3.3. Reaction between haloarenes 2 with 1H-1,2,3-triazole (4).
a 

 

Entry 2 
T 

[C] 

t 

[h] 
CF3-substituted-aryl-Poly 1,2,3-triazoles

b
 

1 2e 120 24   

5 6 

29 51 

2 2m 90 12 

  

7 8 + 9  

24 43 

a
All reactions were carried out using 2 (1.0 equiv), 1H-1,2,3-triazole (4, 1.5 equiv), Cs2CO3 

(2.0 equiv), CuI (0.2 equiv) in DMF (2.0 mL for 1.0 mmol) with the respective temperature 

shown in Table 3.3. 
b
Yield of the isolated product. 

We next investigated the Cu-catalyzed couplings between the halo-, CF3-bearing aryl-

nitro-triazoles 3 and 4. We anticipate the –NO2 and –CF3 substituted aryl polytriazoles would 

show better density, detonation performance and positive HOF. Accordingly, the reaction 

between 3e and 4 delivered various –CF3 substituted N-aryl polytriazoles 10 (8%), 11 (20%), 

12 (36%), and 13 (29%) by replacing both –Br and –NO2 groups in 3e at 120 

C; the reaction 

at low temperature led to poor consumption of 3e (entry 1, Table 3.4). The structures of 10, 

11, and 12 were confirmed by single crystal X-ray analysis (Figure 3.1, Table 3.6). 
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Table 3.4. Coupling of halo-, CF3-substituted nitroarenes 3 with 4 or 5-amino-tetrazole (14).
a 

 

Entry 3 Nu
-
 CF3-substituted aryl-poly-1,2,3-triazole derivatives

b
 

1 3e 4 
    

10 11 12 13 

8 20 36 29 

2 3d 4 10 11   

   33 58   

3 3d 14 
 

   

15    

23    
a
All reactions were carried out using –NO2, –CF3 and halo-substituted aryltriazole (3, 1.0 

equiv), {1H-1,2,3-triazole (4) or 5-amino-1H-1,2,3,4-tetrazole (14), 1.5 equiv}, Cs2CO3 (2.0 

equiv), CuI (0.2 equiv) in DMF (2.0 mL for 1.0 mmol) at 120 

C for 24 h. 

b
Yield of the 

isolated product. 

Interestingly, an identical reaction between 3d and 4 gave 10 and 11 in overall good 

yields (entry 2, Table 2.4). In contrast, the –Cl group in 3d was exclusively replaced by 5-

amino-1H-1,2,3,4- tetrazole (14) affording the –CF3, –NO2, and N-rich 15 in only 23% yield; 

the unreacted 3d was recovered in 36% yield (entry 3, Table 3.4). 

In general, the incorporation of the –NO2 and –OH groups within a molecular 

framework enhances the density of the molecule, owing to the inherent ability of these groups 

to participate in H-bonding.
13

 Therefore, we were interested in incorporating additional –OH 

groups in the molecule. Thus, the F atom in 3c is easily converted to phenol-derivative 16, 

when 3c reacted with 30% H2O2 [eqn (1)]. 
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In order to have an energetic molecule with better combinations of density, detonation 

performance, and stability, we envisaged the synthesis of nitro and nitrogen rich heterocycle 

19 from commercially available 2-chloro-1,5-dinitro-3-(trifluoromethyl)-benzene (17) and 3-

azido-1,2,4-triazole (18). The desired C–N coupled product 19 was isolated with 69% yield, 

when 17 and 18 reacted in the presence of NaH in THF at room temperature [eqn (2)]. 

 

3.3. X-ray crystallography 

Single crystals were grown by the slow evaporation of solutions of 2h, 2m, 3a, 3c, 3l, 5, 7, 

10, 11 and 12 in EtOH at room temperature and atmospheric pressure. The structures of 2h, 

2m, 3a, 3c, 3l, 5, 7, 10, 11 and 12 were unambiguously elucidated by single crystal X-ray 

diffraction analysis and the molecular structures are shown in Figure 3.1. Compounds 2h, 

2m, 3a, 3l, 5, 7, 11 and 12 crystallize in the monoclinic space groups P21/c, P21/n and C2/c 

with cell volumes of 1006.66(11), 1137.67(14), 1058.17(17), 1104.6(2), 1188.3(6), 

2924.5(11), 2971.9(3), and 5805(3) Å
3
, respectively, whereas the compound 3c crystallizes in 

the orthorhombic space group P212121 with a cell volume of 1074.94(10) Å
3 

and compound 

10 crystallizes in the triclinic space group P1
-
 with a cell volume of 733.5(3) Å

3
. The 

crystallographic data for all the compounds are detailed in Tables 3.5 and 3.6. 

 

Figure 3.1. Molecular structures of compounds 2h, 2m, 3a, 3c, 3l, 5, 7, 10, 11 and 12; 

thermal ellipsoids are set at 50% probability 
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Table 3.5. Crystallographic data for compounds 2h, 2m, 3a, 3c and 3l 

Compound 2h 2m 3a 3c 3l 

CCDC 949060 949061 949062 949063 949064 

Formula C10H8F3N3 C9H4Cl2F3N3 C9H5F3N4O2 C9H4F4N4O2 C9H4ClF3N4O2 

Mw 227.19 282.04 258.17 276.16 292.61 

Crystal system monoclinic monoclinic monoclinic orthorhombic monoclinic 

Space group P21/c P21/c P21/n P212121 P21/c 

T [K] 293 293 293 293 293  

a [Å] 7.7969(6) 16.0332(12) 5.4767(5) 6.4061(3) 14.580(2) 

b [Å] 12.0686(7) 6.8721(4) 24.405(2) 10.2430(6) 13.1345(19) 

c [Å] 10.9819(6) 10.7030(7) 7.9829(8) 16.3818(8) 5.7684(6) 

 [°] 90 90 90 90 90 

β [°] 103.056(6) 105.264(7) 97.370(9) 90 90.465(13) 

γ [°] 90 90 90 90 90 

Z 4 2 4 4 4 

V [Å3] 1006.66(11) 1137.67(14) 1058.17(17) 1074.94(10) 1104.6(2) 

Dcalc [g cm–3] 1.499 1.653 1.621 1.706 1.760 

µ [mm–1] 0.132 0.589 0.153 0.169 0.392 

total reflns 2667 4654 2743 1902 2923 

unique reflns 2291 2783 2373 1740 2092 

Observed 

reflns 

1548 2153 1171 1585 933 

R1 [I > 2σ(I)] 0.0566 0.0688 0.0741 0.0332 0.0651 

wR2 [all] 0.1789 0.2299 0.2283 0.0892 0.2132 

GOF 1.075 1.586 1.162 1.057 0.845 

Diffractometer Xcalibur 

Gemini  

Eos CCD 

SMART 

APEX CCD 

SMART 

APEX CCD 

SMART 

APEX CCD 

Xcalibur 

Gemini  

Eos CCD 
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Table 3.6. Crystallographic data for compounds 5, 7, 10, 11 and 12 

Compound 5 7 10 11 12 

CCDC 949065 949066 949067 949069 949068 

Formula C11H7F3N6 C13H8F3N9 C13H8F3N9 C13H8F3N9 C13H8F3N9 

Mw 280.23 347.28 347.28 347.28 347.28 

Crystal system monoclinic orthorhombic triclinic monoclinic monoclinic 

Space group P21/n Pca21 Pī P21/c C2/c 

T [K] 273  298  293  293  298  

a [Å] 7.445(2) 17.315(4) 8.5034(13) 13.2240(8) 18.596(5) 

b [Å] 15.889(5) 8.8212(18) 10.042(2) 10.7927(7) 10.898(3) 

c [Å] 10.638(3) 19.147(4) 10.289(2) 20.8619(10) 28.644(8) 

 [°] 90 90 61.31(2) 90 90 

β [°] 109.220(5) 90 84.601(15) 93.504(5) 90.480(4) 

γ [°] 90 90 72.454(16) 90 90 

Z 4 8 2 8 16 

V [Å
3
] 1188.3(6) 2924.5 (11) 733.5(3) 2971.9(3) 5805 (3) 

Dcalc [g cm
–3

] 1.566 1.577 1.572 1.552 1.589 

µ [mm
–1

] 0.136 0.133 0.132 0.131 0.134 

total reflns 2282 5972 3951 4261 5746 

unique reflns 2270 5940 3281 4251 5726 

Observed reflns 1622 3795 2253 2874 4204 

R1 [I > 2σ(I)] 0.0404 0.0904 0.0657 0.0571 0.0650 

wR2 [all] 0.1073 0.2563 0.2196 0.2066 0.2175 

GOF 1.011 1.021 1.315 0.814 1.063 

Diffractometer 
SMART 

APEX CCD 

SMART 

APEX CCD 

Xcalibur 

Gemini Eos 

CCD 

Xcalibur 

Gemini Eos 

CCD 

SMART 

APEX CCD 

 

 

 



Chapter 3                                                                                CF3-Substitited-1,2,3-Triazoles…  

 

 

99 

3.4. Energetic Properties 

We have demonstrated the synthesis of trifluoromethyl substituted aryl triazoles (2a–2m),  

–CF3 and –NO2/–azido substituted N-aryl triazole derivatives (3a–3m, 16 and 19), nitrogen-

rich –CF3 substituted N-aryl-poly-1,2,3-triazoles and tetrazoles (5–13 and 15). The physical 

properties of these synthesized compounds are summarized in Table 3.7. The molecules 

bearing the –CF3 group showed negative HOFs owing to the presence of the F atoms. 

Importantly, the introduction of the azole backbone increases the energy of the molecules 

leading to an enhanced HOF.
4
 Thus, the –CF3 and polyazole-containing compounds showed 

positive HOFs. Due to the absence of an additional triazole ring, the enthalpies of compounds 

5 and 6 are lower than for compounds 7–13. The HOFs of the –CF3 and three triazole bearing 

compounds 7–13 were 370–400 kJ mol
1

. The high nitrogen content of the substituted 

triazoles allows enhancement of the heat of formation of the molecules from negative to 

positive. The calculated densities of the synthesized compounds (2a–2m, 3a–3m, 5–13, and 

15) lie in the range between 1.53 to 1.71 g cm
3

 (Table 3.7). Generally, the introduction of  

–NO2 groups enhances the density of the compounds;
4,5

 for instance, the density of 3a (1.69 g 

cm
3

) is higher than for 2a (1.59 g cm
3

). An identical trend in the variation of density is 

observed for 3b, 3b', 3i, 3c, and 3e over 2b, 2i, 2c and 2e, respectively. However, the 

position of –NO2 and –CF3 groups on the molecule did not lead to significant changes in the 

density (3a and 3b, 3b' and 3i). Gratifyingly, the nitro and nitrogen rich heterocycles 16 and 

19 had densities of 1.72 and 1.80 g cm
3

, respectively. The velocity of detonation (vD) and 

detonation pressure (P) are dependent on density rather than HOF.
3
 Although compounds 3c 

and 16 possess lower HOFs than 3b, 3b' and 3i, however, the former molecules show better 

detonation performance due to better densities. The physical properties in Table 3.7 revealed 

that 19 (vD = 7673 m s
1

, P = 24.95 GPa) exhibited comparable detonation performance to 

TNT (vD = 6881 m s
1

, P = 19.50 GPa) and the previously reported –CF3 derivatives.
1,2a

 

The thermal stabilities of the –CF3 substituted aryl triazole derivatives are determined by 

DSC-TGA measurements. The DSC-TGA plots for 3a and 13 are depicted in Figure 3.2. The 

compounds 2a–2m, 3a–3m, 5, 7, 10, 15, and 16 exhibit an endothermic effect due to the lack 

of high nitrogen content. In contrast, the triazole/azido-bearing compounds 6, 11–13 and 19 

reflect an exothermic effect. The synthesized triazole derivatives decompose between 195–

308 

C. Interestingly, 2f and 3b' showed good thermal stabilities (Td > 300 


C). Owing to a 
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large variation of the melting point (mp < 101 

C) and decomposition temperature (Td > 195 


C), the molecules 2b, 2c, 2f, 2h, 3a, 3b', 3c and 3i might be useful as melt-cast explosives. 

 

Figure 3.2. DSC-TGA plots for 3a and 13. 

Table 3.7. Energetic properties of the triazole derivatives 

Comp. [a]
 

[g cm
3

] 

vD
[b] 

[m s
1

] 

P
[c] 

[GPa] 

Tm
[d]

 

[

C] 

Td
[e]

 

[

C] 

HOF
[f]

 

[kJ mol
1

] 

2a 1.59 5249 (6332) 11.28 (17.27) 125 199 278.52 

2b 1.60 5278 (6358) 11.44 (17.33) 69 200 276.37 

2c 1.66 5459 (6177) 12.55 (17.21) 91 212 475.85 

2f 1.70 6276 (6866) 16.82 (20.61) 81 301 271.74 

2g 1.54 5185 (6210) 10.78 (16.82) 122 254 124.64 

2h 1.53 (1.49) 5039 (6347) 10.12 (16.86) 92 228 302.71 

2i
f
 1.59 5301 (6370) 11.53 (17.43)   253.71 

2j 1.69 6229 (6822) 16.49 (20.38) 109 228 285.97 

2k 1.65 5458 (6170) 12.48 (17.22) 142 195 467.63 

3a 1.69 (1.62) 6252 (6844) 16.67 (20.51) 101 237 266.52 

3b 1.67 6141 (6755) 15.99 (19.94) 129 213 297.78 

3b' 1.70 6279 (6866) 16.82 (20.61) 73 308 271.74 

3c 1.71 (1.71) 6348 (6693) 17.30 (19.71) 101 238 470.67 

3g
f
 1.65 6146 (6724) 15.86 (19.56)   113.00 

3h 1.64 5935 (6790) 14.71 (19.76) 122 233 308.25 

3i 1.69 6223 (6822) 16.49 (20.38) 87 252 285.97 
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[a] Calculated density; the experimental crystal density is shown in parentheses. [b] Velocity 

of detonation calculated with KamletJacobs equations; the vD is calculated with Explo5 

version 6.02 is shown in parenthesis.
25 

[c] Detonation pressure calculated with 

KamletJacobs equations; the detonation pressure is calculated with Explo5 version 6.02 is 

shown in parenthesis.
25

 [d] Melting point. [e] Decomposition temperature under nitrogen gas 

(10 

C min

1
). [f] Heat of formation.

14
 [g] Compounds are liquid. 

3.5. Potential Energy Diagrams 

General electrostatic potential energy information for this Chapter is same as 

mentioned in Page No 47, Chapter 2. 

In compounds 2a–2k, a small electropositive region is located in the vicinity of the benzene 

and triazole rings because of its strong electron withdrawing nature of –CF3 group. Similarly, 

in nitro-rich compounds 3a–3i, a large electropositive potential generated over the benzene 

and triazole rings due to the high electron withdrawing nature of –CF3 and –NO2 groups. In 

nitro-rich derivatives 5–16, the charge density is mostly located on the nitrogen atom of the 

triazole rings because of its strong electronegativity of nitrogens. Finally, in compound 19, 

charge densities were found more positive on the benzene and 1,2,4-triazole ring due to the 

high electron withdrawing nature of –CF3, –NO2 and –N3 groups. This is cleary shown in 

potential energy diagrams (Figure 3.3).   

 

5 1.59 (1.56) 5636 (6725) 13.02 (18.60) 141 263 45.23 

6 1.58 5644 (6720) 13.02 (18.46) 133 297 67.05 

7
 1.54 (1.57) 5741 (6798) 13.23 (18.26) 150 253 372.01

 

8 1.57 5852 (6915) 13.91 (18.96) 109 280 400.14 

9 1.57 5824 (6898) 13.80 (18.87) 109 280 380.56 

10
 1.55 (1.57) 5761 (6830) 13.41 (18.53) 175 286 373.53 

11
 1.56 (1.55) 5809 (6870) 13.64 (18.75) 118 282 384.36 

12
 1.54 (1.58) 5751 (6808) 13.30 (18.31) 206 278 384.49 

13
 1.57 5843 (6910) 13.88 (18.93) 208 294 394.95 

15
 1.68 6552 (7262) 18.22 (22.01) 161 261 100.40

 

16
 1.72 6341 (6865) 17.36 (20.56) 166 254 466.32

 

19 1.80 7279 (7673) 23.47 (24.95) 122 213 71.11
 

TNT
5a

 1.65 6881 19.50  300 

RDX
5g

 1.82 8748 34.90  230 
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 Negative potential ------------------ Neutral potential ------------------ Positive potential 

 

     

 

 

     

 

 

     

 

 

      

   

 

2a 2b 2c 

2g 2h 2i 

2k 3a 3b 

3b' 3c 3g 



Chapter 3                                                                                CF3-Substitited-1,2,3-Triazoles…  

 

 

103 

     

 

 

     

 

 

     

 

 

                               

  

 

Figure 3.3. Optimized structures and electrostatic potential surfaces of compounds 2a–2c, 

2g–2i, 2k, 3a–3c, 3g–3i, and 5–19 (B3PW91/6-31G (d,p), 0.001 electron/bohr
3
 isosurface. 

The red and blue regions of the ruler (from left to right) indicate regions of more negative 

(electron-rich) and positive (electron deficient) charges, respectively. Gray = carbon; white = 

hydrogen; blue = nitrogen; red = oxygen. 

3h 3i 5 

6 7 9 

10 11 15 

16 19 
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3.6. Conclusion 

In summary, a wide array of –CF3 and –NO2 substituted N-arylpoly-1,2,3-triazoles and 

tetrazole compounds are efficiently synthesized. The Cu-catalyzed coupling of –CF3, –NO2 

and halo substituted aryl triazole with 1H-1,2,3-triazole and amino-tetrazole delivered N-aryl-

polytriazole derivatives. The molecules are characterized by analytical and spectroscopic 

methods. Structures of most of the newly synthesized molecules are determined by X-ray 

diffraction analysis. Most of the N-arylpoly-1,2,3-triazoles decomposes at 195–308 

C; these 

molecules are therefore considered thermally stable materials. Some of the compounds 

exhibit good density and acceptable detonation performance. The newly synthesized poly-

1,2,3-triazole derivatives showed positive HOFs of 45–400 kJ mol
1

. Fabrications of novel –

CF3 or –SF5 groups-containing pyridyl–triazole molecules are currently pursued. 

3.7. Future Work 

The present work successfully demonstrates the synthesis of trifluromethyl-substituted N-

aryl-poly-1,2,3-triazole derivatives from readily accessible CF3-substituted aryl azides and 

commercially available alkynes via click reaction, followed by a nitration sequence. The 

synthesized –CF3 and –NO2 substituted N-aryl-poly-1,2,3-triazoles and tetrazole derivatives 

exhibit positive heats of formation, high thermal stability and good density. However, most of 

molecules showed moderate detonation performances (vD & P). As nitro groups into a 

molecular backbone enhances the oxygen balance, and detonation performance,
5 

we thus 

envisaged introducing NF2, OCF3 & SF5 moieties along with the nitro group in the aryl-

traizole skeleton to enhance the density and detonation performance of the material. 

Accordingly various new molecular entities 2030 are designed (Scheme 3.4).  

 
Scheme 3.4. Synthesis of OCF3/NF2/SF5/trinitromethyl-substituted aminoaryl-triazole and 

tetrazole derivatives (20-30) 
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3.8. Experimental  

3.8.1. General Experimental Information for this Chapter is same as mentioned in Page 

No 51-52, Chapter 2. 

3.8.2. Caution!  

Working with fluorinated azides should always be done carefully. Organic azides, 

particularly those of low molecular weight, or with high nitro and nitrogen content, are 

potentially-explosive substances that can and will decompose with the slightest input of 

energy from external sources (heat, light, pressure). Additionally, small molecules containing 

azido functionality tend to decompose violently which may result injury if proper safety 

precautions are not utilized. Furthermore, extra caution must be taken when azido compounds 

reacted with acids. Acids will protonate the azide ion and form the highly-toxic hydrogen 

azide (toxicity similar to that of hydrogen cyanide). Any experiments in which azides are to 

be heated in the presence of copper should involve the use of blast shield. Owing to the 

presence of high nitrogen content and strong oxidizers, the CF3 and NO2 containing triazole 

and tetrazole derivatives are considered to be dangerous, when heated at high temperature. 

All the fluorinated compounds are prepared in milligram quantity. We did not face any 

problem while handling these materials. The use of proper protective measurements (safety 

shields, safety glasses, face shields, ear plugs, body armor, leather gloves and earthen 

equipment) is therefore recommended at all times. Ignoring safety precautions can lead to 

serious injury.  

3.8.3. X-ray crystallography 

X-ray reflections for compounds 2m, 3a, 3c, 5, 7 and 12 were collected on a Bruker SMART 

APEX CCD diffractometer that was equipped with a graphite monochromator and Mo Kα 

fine-focus sealed tube (λ = 0.71073 Å). Data integration was done by using SAINT.
19

 The 

Intensities of the absorption were corrected by using SADABS.
20

 Structure solution and 

refinement were carried out by using Bruker SHELX-TL.
21

 X-ray reflections for compounds 

2h, 3l, 10 and 11 were collected on an Oxford Xcalibur Gemini Eos CCD diffractometer by 

using Mo-Kα radiation. Data reduction was performed using CrysAlisPro (version 

1.171.33.55). The OLEX2-1.0
22

 and SHELX-TL 97 programme were used to solve and refine 

the data. All non-hydrogen atoms were refined anisotropically, and C−H hydrogen atoms 

were placed at fixed positions. 
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CCDC-949060 (2h), CCDC-949061 (2m), CCDC-949062 (3a), CCDC-949063 (3c), CCDC-

949064 (3l), CCDC-949065 (5), CCDC-949066 (7), CCDC-949067 (10), CCDC-949069 

(11), CCDC-949068 (12) contains the supplementary crystallographic data for this paper. 

These data can be obtained free of charge from The Cambridge Crystallographic Data Centre 

via www.ccdc.cam.ac.uk/data_request/cif.  

3.8.4. Theoretical study 

All the calculations were performed using the Gaussian 03 program suite.
16

 The geometric 

optimization of the structures and frequency analyses were carried out using the B3PW91 

functional with 6-31G (d,p) basis set. The zero point energies (ZPEs) and the corresponding 

thermal corrections (HT) to the enthalpy at 298.15 K were obtained from frequency 

calculations and were subsequently added to the electronic energies. All of the optimized 

structures were characterized to be true local energy minima on the potential energy scale. 

The method of isodesmic reactions has been employed to calculate HOF from total energies 

obtained from DFT calculations. Crystal packing density was predicted by the molecular 

packing calculations using CVFF force field in the polymorph module of Material Studio 

Suite. The empirical Kamlet–Jacobs
17

 equations were employed to estimate the values of 

detonation velocity (vD) and detonation pressure (P) [eqn (3)].  

 

D = 1.01(NM
0.5

Q
0.5

)
0.5

(1 + 1.30o) and P = 1.55o 
2
NM

0.5
Q

0.5
 (3) 

where in the above equations, vD is the detonation velocity (m s
1

), P is detonation pressure 

(GPa), N is moles of gaseous detonation products per gram of explosives, M is the average 

molecular weight of gaseous products, Q is the chemical energy of detonation (cal g
1

) 

defined as the difference in the HOFs between products and reactants, and  is the density of 

explosive (g cm
3

).  
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3.8.5. Isodesmic reactions for the titled compounds: 
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3.8.6. Materials 

Unless otherwise noted, all the reagents and intermediates were obtained commercially and 

used without purification. Solvents were distilled prior to use. All the substrates 4-

(trifluoromethyl)aniline, 3-trifluoromethyl)aniline, 2-(trifluoromethyl)aniline, 4-nitro-2-

(trifluoromethyl)aniline, 4-nitro-3-(trifluoromethyl)aniline, 4-fluoro-2-(trifluoromethyl)ani 

line, 4-fluoro-3-(trifluoromethyl)aniline, 4-bromo-3-(trifluoromethyl)aniline, 4-chloro-2-

(trifluoromethyl)aniline, 4-chloro-3-(trifluoromethyl)aniline, 4-methyl-3-(trifluoromethyl) 

aniline, 2,6-dichloro-4-(trifluoromethyl)aniline, 4-amino-2-(trifluoromethyl)benzonitrile, 1H-

1,2,3-triazole, 2-chloro-1,5-dinitro-3-(trifluoromethyl)benzene, 5-amino tetrazole, 3-amino 

1,2,4-triazole, trimethylsilylacetylene, potassium carbonate, potassium acetate, sodium 

ascorbate, copper sulphate pentahydrate purchased from Sigma Aldrich Ltd, and used as 

received. 

3.8.7. General procedure for the synthesis of azides (GP-1): All azides were prepared 

following the reported procedures.
15

 4-(trifluoromethyl)azide (1a), 3-(trifluoromethyl)azide 

(1b), 4-fluoro-3-(trifluoromethyl)azide (1c), 4-chloro-3-(trifluoromethyl)azide (1d), 4-bromo-

3-(trifluoromethyl)azide (1e), 4-nitro-3-(trifluoromethyl)azide (1f), 4-azido-2-(trifl-

uoromethyl)benzonitrile (1g), 4-methyl-3-(trifluoromethyl)azide (1h), 2-(trifluoromethyl) 

azide (1i), 4-nitro-2-(trifluoromethyl)azide (1j), 4-fluoro-2-(trifluoromethyl)azide (1k), 4-

chloro-2-(trifluoromethyl)azide (1l), and 2,6-dichloro-4-(trifluoromethyl)azide (1m) were 

prepared through the diazotization of their corresponding anilines with NaNO2 and HCl at 

room temperature. Physical characterization data of these compounds are exactly matching 

with the reported values.
15

    

3.8.8. General cycloaddition procedure (GP-2):  

A mixture of azide (1.0 equiv), trimethylsilyl acetylene (1.5 equiv), potassium carbonate (1.2 

equiv), CuSO4 (0.2 equiv), and sodium ascorbate (0.4 equiv) were taken in methanol: water 

(1:1) in a 20 mL vial. The vial was sealed with screw cap and the resulting mixture was 

stirred rapidly at room temperature for 24 h. Upon completion of the reaction, aqueous 

ammonium hydroxide (5%) was added to the reaction mixture. The organic layer was 

separated; the aqueous layer was extracted with EtOAc (3  10 mL). The combined extracts 

were washed with water (2  10 mL), brine (5.0 mL) and dried over Na2SO4. Solvent was 

filtered and evaporated under the reduced pressure. The crude residue was purified using 

column chromatography on silica gel.  
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3.8.9. General procedure for the synthesis of compounds 3a3m (GP-3): 

A mixture of 98% sulphuric acid and 95% nitric acid was added to 2 at 0 C and the reaction 

was performed under the respective conditions shown in the Table 2. Upon completion, the 

reaction mixture was cooled by the addition of ice and neutralized with saturated aqueous 

solution of NaHCO3. The organic layer was separated and the aqueous layer was extracted 

with the minimum amount of EtOAc (3  20 mL). The combined extracts were washed with 

water (2  20 mL) and brine (25 mL) and dried over Na2SO4. The Solvent was filtered off 

and evaporated under vacuum.  The crude residue was purified by column chromatography 

on silica gel to afford the desired nitration products in overall good yields.  

3.8.10. General procedure for the synthesis of compounds 5-15 (GP-4): 

A mixture of CuI (0.2 equiv), Cs2CO3 (2 equiv), 1H-1,2,3-triazole (1.5 equiv), and aryl/nitro-

aryl triazole were taken in DMF (2.0 mL for 1 mmol of aryl-triazole) in a 10 mL vial under 

an argon atmosphere. The vial was sealed with screw cap and the resulting mixture was 

stirred at the respective temperature shown in Table 3 & 4 for 24 h. Upon completion of the 

reaction, the mixture was diluted with EtOAc (30 mL for 1.0 mmol), filtered through a pad of 

Celite and the solution was extracted with water (10 mL) for removal DMF. The organic 

layer was separated and the aqueous layer was extracted with EtOAc (3  10 mL). The 

combined extracts were washed with water (2  10 mL) and brine (5.0 mL) and dried over 

Na2SO4. Solvent was filtered and evaporated under the reduced pressure. The crude residue 

was purified by column chromatography on silica gel.  

3.9. Spectral and Analytical Data of the Compounds: 

1-(4-(Trifluoromethyl)phenyl)-1H-1,2,3-triazole (2a):
23

 

Following the general procedure (GP-2); a mixture of 4-

(trifluoromethyl)azide (1a; 2.0 g, 10.6 mmol), trimethylsilylacetylene 

(1.57 g, 16.0 mmol), K2CO3 (1.77 g, 12.8 mmol), sodium ascorbate 

(0.84 g, 4.27 mmol) and CuSO4 (0.53 g, 2.13 mmol) in methanol : water 

(20 mL, 1:1) was stirred at room temperature for 24 h. Upon usual work-up, the crude 

mixture was purified by silica gel column chromatography eluting with hexane: ethyl acetate 

(2:1) to afford 2a (1.79 g) in 79% yield as brown solid. 
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1
H NMR (400 MHz, CDCl3):  8.11 (s, 1H), 7.90 (d, J  8.4 Hz, 2H), 7.86 (s, 1H), 7.77 (d, J 

 8.4 Hz, 2H); 
13

C NMR (101 MHz, CDCl3): (q, J  34.3 Hz), 127.1 (q, 

J  2.0 Hz), 123.5 (q, J  273 Hz), 121.8, 120.5; 
19

F NMR (470 MHz, CDCl3): 62.67. 

1-(3-(Trifluoromethyl)phenyl)-1H-1,2,3-triazole (2b):
24

 

Following the general procedure (GP-2); a mixture of 3-

(trifluoromethyl)azide (1b; 5.0 g, 26.7 mmol), trimethylsilylacetylene 

(3.93 g, 40.0 mmol), K2CO3 (4.43 g, 32.0 mmol), sodium ascorbate (2.11 

g, 10.6 mmol) and CuSO4 (1.33 g, 5.34 mmol) in methanol : water (53 

mL, 1:1) was stirred at room temperature for 24 h. Upon usual work-up, the crude mixture 

was purified by silica gel column chromatography eluting with hexane: ethyl acetate (2:1) to 

afford 2b (3.10 g) in 55% yield as brown solid. 

1
H NMR (400 MHz, CDCl3): 8.10 (s, 1H), 8.04 (s, 1H), 7.99 (bd, J  7.6 Hz, 1H), 7.91 (s, 

1H), 7.76.66 (m, 2H); 
13

C NMR (101 MHz, CDCl3): 137.4, 132.3 (q, J 33.3 Hz), 

130.6, 125.3 (q, J 3.0 Hz), 123.6, 123.3 (q, J 274 Hz), 117.5 (q, J 3.0 Hz); 
19

F NMR 

(470 MHz, CDCl3): 62.87. 

1-(4-Fluoro-3-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2c): 

Following the general procedure (GP-2); a mixture of 4-fluoro-3-

(trifluoromethyl)azide (1c; 4.0 g, 19.5 mmol), trimethylsilylacetylene (2.87 

g, 29.2 mmol), K2CO3 (3.23 g, 23.4 mmol), sodium ascorbate (1.54 g, 7.80  

mmol) and CuSO4 (0.97 g, 3.90 mmol) in methanol : water (40 mL, 1:1) 

was stirred at room temperature for 24 h. Upon usual work-up, the crude mixture was 

purified by silica gel column chromatography eluting with hexane: ethyl acetate (2:1) to 

afford 2c (2.53 g) in 66% yield as brown solid. 

2.53 g, 66% yield, brown solid, m.p. 91 C; DTA 212 C; Rf 0.70 (n-hexane/EtOAc, 2:1); 

1
H NMR (400 MHz, CDCl3): 8.09 (s, 1H), 8.047.98 (m, 1H), 7.987.92 (m, 1H), 7.85 (s, 

1H), 7.38 (t, J  8.8 Hz, 1H); 
13

C NMR (101 MHz, CDCl3):  159.2 (d, J  260 Hz), 135.0, 

133.2, 126.0 (d, J  8.1 Hz), 122.2, 121.7 (q, J  274 Hz), 119.9 (q, J  35.3 Hz), 119.76 (q, J 

 4.0 Hz), 119.74 (q, J  32.3 Hz); 
19

F NMR (376 MHz, CDCl3): 61.77 (d, J  15 Hz, 

113.51 (m); IR (KBr): max 3084, 1631, 1340, 1236, 1043, 997, 839, 788, 680, 540 cm
1

; 

MS (EI): m/z (%): 232 (100) [M1]

; Elemental analysis calcd (%) for C9H5F4N3: C 46.76, H 

2.18, N 18.18; found: C 46.58, H 2.25, N 18.26. 
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1-(4-Chloro-3-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2d):
23

 

Following the general procedure (GP-2); a mixture of 4-chloro-3-

(trifluoromethyl)azide (1d; 10.0 g, 45.1 mmol), trimethylsilylacetylene 

(4.67 g, 67.7 mmol), K2CO3 (7.48 g, 54.1 mmol), sodium ascorbate (3.57 

g, 18.0 mmol) and CuSO4 (2.25 g, 9.02 mmol) in methanol : water (90 mL, 

1:1) was refluxed at 100 C for 24 h. Upon usual work-up, the crude mixture was purified by 

silica gel column chromatography eluting with hexane: ethyl acetate (4:1) to afford 2d (2.14 

g) in 43% yield as brown solid. 

1
H NMR (400 MHz, CDCl3): 8.12 (bs, 2H), 7.93 (d, J  8.0 Hz, 2H), 7.70 (d, J  8.0 Hz, 

1H); 
13

C NMR (101 MHz, CDCl3): 135.6, 133.1, 132.4 (q, J  2.0 Hz), 130.6, 130.0 (q, J  

32.3 Hz), 125.4 (q, J  2.02 Hz), 124.5, 122.1 (q, J  275 Hz), 119.7 (q, J  5.1 Hz); 
19

F 

NMR (470 MHz, CDCl3): 63.08. 

1-(4-Bromo-3-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2e): 

Following the general procedure (GP-2); a mixture of 4-bromo-3-

(trifluoromethyl)azide (1e; 0.98 g, 3.70 mmol), trimethylsilylacetylene 

(0.54 g, 5.56 mmol), K2CO3 (0.61 g, 4.45 mmol), sodium ascorbate (0.29 

g, 1.48 mmol) and CuSO4 (0.18 g, 0.74 mmol) in methanol : water (8.0 

mL, 1:1) was stirred at room temperature for 24 h. Upon usual work-up, the crude mixture 

was purified by silica gel column chromatography eluting with hexane: ethyl acetate (1:1) to 

afford 2e (0.96 g) in 89% yield as brown solid. 

0.96 g, 89% yield, brown solid, m.p. 83 C; DTA  220 C; Rf  0.61 (n-hexane/EtOAc, 1:1); 

1
H NMR (400 MHz, CDCl3):   8.10 (bs, 1H), 8.08 (bd, J = 1.6 Hz, 1H), 7.897.85 (m, 2H), 

7.81 (dd,  J  2.4, 8.8 Hz, 1H); 
13

C NMR (101 MHz, CDCl3):   136.5, 136.1, 135.1, 131.8 

(q, J  32 Hz), 124.4, 122.2 (q, J  275 Hz), 121.7, 119.8 (q, J  6.1 Hz); 
19

F NMR (376 

MHz, CDCl3):  63.10; IR (KBr): max 3123, 1500, 1334, 1259, 1141, 1030, 995, 777, 661 

cm
1

; MS (EI): m/z (%): 293 (8) [M
+
2], 292 (92) [M

+
1], 291 (57) [M

+
], 290 (100) [M

+
1], 

275 (31); Elemental analysis calcd (%) for C9H5BrF3N3: C 37.01, H 1.73, N 14.39; found: C 

37.12, H 1.86, N 14.25. 
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1-(4-Nitro-3-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2f): 

Following the general procedure (GP-2); a mixture of 4-nitro-3-

(trifluoromethyl)azide (1f; 4.57 g, 19.6 mmol), trimethylsilylacetylene 

(2.90 g, 29.4 mmol), K2CO3 (3.26 g, 23.5 mmol), sodium ascorbate (1.55 

g, 7.84 mmol) and CuSO4 (0.98 g, 3.92 mmol) in t-BuOH : water (40 mL, 

1:1) was refluxed at 90 C for 48 h. Upon usual work-up, the crude 

mixture was purified by silica gel column chromatography eluting with hexane: ethyl acetate 

(1:1) to afford 2f (1.21 g) in 24% yield as yellow solid. 

1.21 g, 24% yield, yellow solid, m.p. 81 C; DTA  301 C; Rf  0.69 (n-hexane/EtOAc, 1:1); 

1
H NMR (400 MHz, CDCl3):  8.31 (bs, 1H), 8.23 (s, 1H), 8.19 (dd, J  1.6, 8.8 Hz, 1H), 

8.14 (d, J  8.8 Hz, 1H), 7.94 (s, 1H); 
13

C NMR (101 MHz, CDCl3):  146.9, 139.6, 135.5, 

127.4, 126.0 (q, J  35.3 Hz), 123.8, 121.9, 121.3 (q, J  275 Hz), 119.6 (q, J  5.0 Hz); 
19

F 

NMR (376 MHz, CDCl3):  60.18; IR (KBr): max 3142, 1543, 1358, 1182, 1145, 1032, 

895, 846, 777 cm
1

; MS (EI): m/z (%): 259 (100) [M1]

, 241 (5), 225 (3), 117 (2), 95 (4); 

Elemental analysis calcd (%) for C9H5F3N4O2: C 41.87, H 1.95, N 21.70; found: C 41.68, H 

1.87, N 21.54. 

4-(1H-1,2,3-Triazol-1-yl)-2-(trifluoromethyl)benzonitrile (2g): 

Following the general procedure (GP-2); a mixture of 4-azido-2-

(trifluoromethyl)benzonitrile (1g; 4.5 g, 21.2 mmol), trimethylsilylacetyl 

ene (3.12 g, 31.8 mmol), K2CO3 (3.51 g, 25.4 mmol), sodium ascorbate 

(1.68 g, 8.48 mmol) and CuSO4 (1.05 g, 4.24 mmol) in methanol : water 

(42 mL, 1:1) was stirred at room temperature for 24 h. Upon usual work-

up, the crude mixture was purified by silica gel column chromatography eluting with hexane: 

ethyl acetate (1:1) to afford 2g (2.67 g) in 52% yield as yellow solid. 

2.67 g, 52% yield, yellow solid, m.p. 122 C; DTA  254 C; Rf  0.70 (n-hexane/EtOAc, 

1:1); 
1
H NMR (400 MHz, CDCl3):  8.29 (d, J  1.6 Hz, 1H), 8.25 (s, 1H), 8.16 (dd, J  2.0, 

8.4 Hz, 1H), 8.05 (d, J  8.4 Hz, 1H), 7.92 (s, 1H); 
13

C NMR (101 MHz, CDCl3):  139.8, 

136.6, 135.5, 134.9 (q, J  33.3 Hz), 123.1, 121.9, 121.6 (q, J  278 Hz), 118.4 (q, J  5.1 

Hz), 114.5, 109.6; 
19

F NMR (376 MHz, CDCl3):  62.24; IR (KBr): max 3128, 2233, 

1616, 1512, 1435, 1336, 1184, 1037, 850, 788, 677, 555 cm
1

; MS (EI): m/z (%): 240 (83) 

[M1]

, 237 (29), 147 (100); Elemental analysis calcd (%) for C10H5F3N4: C 50.43, H 2.12, N 

23.52; found: C 50.31, H 2.18, N 23.43. 
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1-(4-Methyl-3-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2h): 

Following the general procedure (GP-2); a mixture of 4-methyl-3-

(trifluoromethyl)azide (1h; 3.1 g, 15.4 mmol), trimethylsilylacetylene 

(2.26 g, 23.1 mmol), K2CO3 (2.55 g, 18.4 mmol), sodium ascorbate 

(1.31 g, 6.16 mmol) and CuSO4 (0.76 g, 3.08 mmol) in methanol : water 

(30 mL, 1:1) was stirred at room temperature for 24 h. Upon usual work-up, the crude 

mixture was purified by silica gel column chromatography eluting with hexane: ethyl acetate 

(2:1) to afford 2h (1.84 g) in 53% yield as brown solid. 

1.84 g, 53% yield, brown solid, m.p. 92 C; DTA  228 C; Rf  0.64 (n-hexane/EtOAc, 2:1); 

1
H NMR (400 MHz, CDCl3):   8.05 (s, 1H), 7.98 (s, 1H), 7.87 (s, 1H), 7.81 (dd, J  2.0, 8.4 

Hz, 1H), 7.46 (d, J  8.4 Hz, 1H), 2.54 (s, 3H); 
13

C NMR (101 MHz, CDCl3):  137.5, 134.9, 

133.4, 130.3 (q, J  32.3 Hz), 125.0, 123.7 (q, J  274.7 Hz), 123.5, 121.9, 118.2 (q, J  6.1 

Hz), 19.0; 
19

F NMR (376 MHz, CDCl3):   62.19; IR (KBr): max 3130, 1518, 1429, 1334, 

1313, 1172, 1045, 837, 794, 677, 536 cm
1

; MS (EI): m/z (%): 228 (100) [M1]

, 161 (8), 

147 (7), 109 (5), 91 (5), 65 (10); Elemental analysis calcd (%) for C10H8F3N3: C 52.87, H 

3.55, N 18.50; found: C 52.71, H 3.63, N 18.39. 

1-(2-(Trifluoromethyl)phenyl)-1H-1,2,3-triazole (2i): 

Following the general procedure (GP-2); a mixture of 2-

(trifluoromethyl)azide (1i; 0.50 g, 2.67 mmol), trimethylsilylacetylene (0.39 

g, 4.01 mmol), KOAc (0.31 g, 3.20 mmol), sodium ascorbate (0.21 g, 1.06 

mmol) and CuSO4 (0.13 g, 0.53 mmol) in t-BuOH : water (6.0 mL, 1:1) was 

refluxed at 90 C for 48 h. Upon usual work-up, the crude mixture was purified by silica gel 

column chromatography eluting with hexane: ethyl acetate (2:1) to afford 2i (0.36 g) in 31% 

yield as brown liquid. 

0.36 g, 31% yield, browm liquid, Rf  0.59 (n-hexane/EtOAc, 2:1); 
1
H NMR (400 MHz, 

CDCl3):  7.917.86 (m, 3H), 7.807.68 (m, 2H), 7.58 (d, J  7.6 Hz, 1H); 
13

C NMR (101 

MHz, CDCl3):  134.9, 133.7, 133.1, 130.4, 129.1, 127.3 (q, J  5.1 Hz), 126.2 (q, J  32.3 

Hz), 126.3, 122.6 (q, J  275 Hz); 
19

F NMR (470 MHz, CDCl3):   64.18; IR (neat): max 

3124, 1618, 1525, 1450, 1415, 1236, 1032, 856, 596 cm
1

; MS (EI): m/z (%): 214 (100) 

[M1]

, 201 (3), 174 (2), 156 (2); Elemental analysis calcd (%) for C9H6F3N3: C 50.71, H 

2.84, N 19.71; found: C 50.61, H 2.79, N 19.58. 

 



Chapter 3                         CF3-Substitited-1,2,3-Triazoles… 

 

 

116 

1-(4-Nitro-2-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2j): 

Following the general procedure (GP-2); a mixture of 4-nitro-2-

(trifluoromethyl)azide (1j; 2.0 g, 8.61 mmol), trimethylsilylacetylene 

(1.26 g, 12.9 mmol), KOAc (1.01 g, 10.3 mmol), sodium ascorbate (0.68 

g, 3.44 mmol) and CuSO4 (0.43 g, 1.72 mmol) in t-BuOH : water (18 mL, 

1:1) was refluxed at 70 C for 24 h. Upon usual work-up, the crude mixture was purified by 

silica gel column chromatography eluting with hexane: ethyl acetate (1:1) to afford 2j (0.28 

g) in 21% yield as brown solid. 

0.28 g, 21% yield, brown solid, m.p.109 C; DTA  228 C; Rf  0.69 (n-hexane/EtOAc, 

1:1); 
1
H NMR (400 MHz, CDCl3):  8.76 (bd, J 2.0 Hz, 1H), 8.62 (dd, J 2.0,8.4 Hz, 

1H), 7.98 (s, 1H), 7.92 (s, 1H), 7.88 (d, J  8.8 Hz, 1H); 
13

C NMR (101 MHz, CDCl3): 

148.1, 139.6, 134.4, 130.5, 128.0, 127.1 (q, J  33.3 Hz), 126.1 (q, J  2.0 Hz), 123.2 (q, J 

 5.5 Hz), 121.4 (q, J  275 Hz); 
19

F NMR (376 MHz, CDCl3):  59.44; IR (KBr): max 

3138, 2924, 1626, 1539, 1352, 1236, 1053, 914, 794 cm
1

; MS (EI): m/z (%): 259 (100) 

[M1]

, 241 (21), 233 (13), 217 (18), 203 (4); Elemental analysis calcd (%) for C9H5F3N4O2: 

C 41.87, H 1.95, N, 21.70; found: C 41.65, H 1.91, N 21.56. 

1-(4-Fluoro-2-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2k): 

Following the general procedure (GP-2); a mixture of 4-fluoro-2-

(trifluoromethyl)azide (1k; 4.0 g, 19.5 mmol), trimethylsilylacetylene 

(2.87 g, 29.2 mmol), K2CO3 (3.23 g, 23.4 mmol), sodium ascorbate (1.54 

g, 7.80 mmol) and CuSO4 (0.97 g, 3.90 mmol) in methanol : water (40 

mL, 1:1) was stirred at room temperature for 24 h. Upon usual work-up, the crude mixture 

was purified by silica gel column chromatography eluting with hexane: ethyl acetate (2:1) to 

afford 2k (0.91 g) in 27% yield as brown solid. 

0.91 g, 27% yield, brown solid, m.p. 142 C; DTA  195 C; Rf  0.67 (n-hexane/EtOAc, 

2:1); 
1
H NMR (400 MHz, CDCl3):  7.82 (s, 1H), 7.747.73 (m, 1H), 7.487.45 (m, 2H), 

7.387.34 (m, 1H); 
13

C NMR (101 MHz, CDCl3):  162.5 (d, J  255 Hz), 134.8, 133.6, 

131.4 (d, J  9.09 Hz), 130.8, 128.2 (dq, J  8.08, 33.3 Hz), 126.6, 126.0 (d, J  9.1 Hz), 

122.3, 121.7 (q, J  276 Hz), 120.0 (q, J  20.2 Hz), 118.5 (d, J  23.2 Hz), 114.9 (qq, J  

5.1, 27.2 Hz); 
19

F NMR (376 MHz, CDCl3):   59.89, 106.89 (m); IR (KBr): max 3130, 

1620, 1429, 1315, 1292, 1174, 1053, 904, 837, 787 cm
1

; MS (EI): m/z (%): 232 (100) 
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[M1]

, 214 (18), 200 (8); Elemental analysis calcd (%) for C9H5F4N3: C 46.76, H 2.18, N 

18.18; found: C 46.65, H, 2.09, N 18.25. 

1-(4-chloro-2-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2l): 

Following the general procedure (GP-2); a mixture of 4-chloro-2-

(trifluoromethyl)azide (1l; 10.0 g, 45.1 mmol), trimethylsilylacetylene 

(4.67 g, 67.7 mmol), K2CO3 (7.48 g, 54.1 mmol), sodium ascorbate (3.57 

g, 18.05 mmol) and CuSO4 (2.25 g, 9.02 mmol) in methanol : water (90 

mL, 1:1) was refluxed at 80 C for 24 h. Upon usual work-up, the crude mixture was purified 

by silica gel column chromatography eluting with hexane: ethyl acetate (4:1) to afford 2l 

(1.25 g) in 22% yield as dark brown liquid. 

1.25 g, 22% yield, brown liquid, Rf  0.54 (n-hexane/EtOAc, 4:1); 
1
H NMR (400 MHz, 

CDCl3):  7.887.87 (m, 3H), 7.73 (d, J  8.4, 1H), 7.53 (d, J  8.8, 1H); 
13

C NMR (127 

MHz, CDCl3):  136.6, 133.1, 133.0 (q, J  34.3), 130.3, 127.5 (q, J  2.5 Hz), 124.4, 122.1 

(q, J  277 Hz), 121.7 (q, J  277 Hz), 119.6 (q, J  5.1); 
19

F NMR (470 MHz, CDCl3):  

59.64; IR (KBr): max 3354, 1589, 1475, 1412, 889, 821, 719, 638, 561 cm
1

; MS (EI): 

m/z (%): 247 (100) [M

]; elemental analysis calcd (%) for C9H5ClF3N3: C 43.66, H 2.04,  N 

16.97; found: C 43.52, H 2.12, N 16.85. 

1-(2,6-Dichloro-4-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2m): 

Following the general procedure (GP-2); reaction of 2,6-dichloro-4-

(trifluoromethyl)azide (1m; 5.0 g, 19.5 mmol), trimethylsilylacetylene 

(2.02 g, 29.2 mmol), K2CO3 (3.23 g, 23.4 mmol), sodium ascorbate (1.54 

g, 7.81 mmol) and CuSO4 (0.97 g, 3.90 mmol) in methanol : water (40 

mL, 1:1) was stirred at room temperature for 24 h. Upon usual work-up, the crude mixture 

was purified by silica gel column chromatography eluting with hexane: ethyl acetate (4:1) to 

afford 2m (1.54 g) in 28% yield as brown solid. 

1.54 g, 28% yield, brown solid, m.p. 162 C; DTA  206 C; Rf  0.59 (n-hexane/EtOAc, 

4:1); 
1
H NMR (400 MHz, CDCl3):   7.92 (s, 1H), 7.81 (s, 1H), 7.78 (s, 2H); 

13
C NMR (101 

MHz, CDCl3):  136.2, 134.9, 134.1 (q, J  35.3 Hz), 133.9, 126.0 (q, J  4.0 Hz), 125.7, 

121.9 (q, J  275 Hz); 
19

F NMR (470 MHz, CDCl3):  63.28; IR (KBr): max 3061, 1570, 

1516, 1398, 1302, 1186, 1024, 883, 806, 709, 532 cm
1

; MS (EI): m/z (%): 283 (100) [M2]

, 

255 (6), 249 (8), 221 (5); Elemental analysis calcd (%) for C9H4Cl2F3N3: C 38.33, H 1.43, N 

14.90; found: C 38.45, H 1.52, N 14.71. 
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1-(2-Nitro-4-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (3a): 

Following the general procedure (GP-3); a mixture of 98% sulphuric acid 

(15 mL) and 95% nitric acid (10 mL) was added to 1-(4-

(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2a; 0.80 g, 3.75 mmol) at 0 

C. The resulting mixture was refluxed at 90 C for 24 h. Upon usual 

work-up, the crude mixture was purified by silica gel column 

chromatography eluting with hexane: ethyl acetate (2:1) to afford 3a (0.58 g) in 60% yield as 

yellow solid. 

0.58 g, 60% yield, yellow solid, m.p. 101 C; DTA  237 C; Rf  0.57 (n-hexane/EtOAc, 

2:1); 
1
H NMR (400 MHz, CDCl3):   8.32 (bd, J  1.6 Hz, 1H), 8.07 (dd, J  1.6, 8.4 Hz, 

1H), 7.96 (bd, J  0.8 Hz, 1H), 7.88 (bd, J  1.2 Hz, 1H), 7.83 (d, J  8.4 Hz, 1H); 
13

C NMR 

(101 MHz, CDCl3):  144.2, 134.6, 132.8 (q, J  35.3 Hz), 132.6, 130.7 (q, J  3.0 Hz), 

128.5, 125.2, 122.2 (q, J  275 Hz), 123.0 (q, J  3.0 Hz); 
19

F NMR (470 MHz, CDCl3):  

63.00; IR (KBr): max 3140, 1510, 1265, 1055, 1026, 914, 850, 792 cm
1

; MS (EI): m/z 

(%): 259 (100) [M1]
+
, 241 (21), 233 (11), 217 (16), 203 (3); Elemental analysis calcd (%) 

for C9H5F3N4O2: C 41.87, H 1.95, N 21.70; found: C 41.96, H 1.91, N 21.82. 

1-(3-Nitro-5-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (3b) and 1-(4-Nitro-3-

(trifluoromethyl)phenyl)-1H-1,2,3-triazole (3b'): 

Following the general procedure (GP-3); a mixture of 

98% sulphuric acid (15 mL) and 95% nitric acid (10 

mL) was added to 1-(3-(trifluoromethyl)phenyl)-1H-

1,2,3-triazole (2b; 2.0 g, 3.75 mmol) at 0 C. The 

resulting mixture was refluxed at 80 C for 12 h. Upon 

usual work-up, the crude mixture was purified by silica gel column chromatography eluting 

with hexane: ethyl acetate (2:1) to afford 3b (0.46 g) in 19% yield and 3b' (1.01 g) in 42% 

yield as yellow solids. 

For 3b: 0.46 g, 19% yield, yellow solid, m.p. 129 C; DTA  213 C; Rf  0.62 (n-

hexane/EtOAc, 2:1); 
1
H NMR (400 MHz, CDCl3):  8.84 (s, 1H), 8.58 (s, 1H), 8.50 ( s, 1H), 

8.20 (bd, J  1.2 Hz, 1H), 7.98 (bd, J  1.2 Hz, 1H); 
13

C NMR (101 MHz, CDCl3):  149.2, 

138.4, 135.5, 134.1 (q, J  34.3 Hz), 122.2 (q, J  275 Hz), 122.7 (q, J  2.0 Hz), 121.9, 

120.1 (q, J  2.0 Hz), 118.1; 
19

F NMR (470 MHz, CDCl3):  63.00; IR (KBr): max 3105, 

1601, 1433, 1240, 1045, 997, 862, 783, 692 cm
1

; MS (EI): m/z (%): 259 (100) [M1]

, 220 
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(5), 119 (3), 106 (46), 97 (14), 74 (8); Elemental analysis calcd (%) for C9H5F3N4O2: C 

41.87, H 1.95, N 21.70; found: C 41.72, H 2.05, N 21.85. 

For 3b': 1.01 g, 42% yield, yellow solid, m.p. 73 C; DTA  308 C; Rf  0.61 (n-

hexane/EtOAc, 1:1); 
1
H NMR (400 MHz, CDCl3):   9.15 (bd, J  0.8 Hz, 1H), 8.53 (s, 1H), 

8.52 (bd, J  2 Hz, 1H), 8.41 (d, J  6.8 Hz, 1H), 8.07 (bd, J  0.8 Hz, 1H); 
13

C NMR (127 

MHz, CDCl3):  146.5, 139.8, 135.6, 128.3, 125.2, 124.6, 123.8 (q, J  34.3 Hz), 122.0 (q, J 

 277 Hz), 119.6 (q, J  5.1 Hz); 
19

F NMR (470 MHz, CDCl3):  59.07; IR (KBr): max 

3130, 1548, 1433, 1240, 1045, 997, 862, 783, 746, 692 cm
1

; MS (EI): m/z (%): 259 (100) 

[M1]

, 241 (3); Elemental analysis calcd (%) for C9H5F3N4O2: C 41.87, H 1.95, N 21.70. 

found: C 41.73, H 1.91, N 21.82. 

1-(4-Fluoro-3-nitro-5-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (3c): 

Following the general procedure (GP-3); a mixture of 98% sulphuric acid 

(15 mL) and 95% nitric acid (10 mL) was added to 1-(4-fluoro-3-

(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2c; 1.0 g, 4.32 mmol) at 0 C. 

The resulting mixture was refluxed at 95 C for 12 h. Upon usual work-

up, the crude mixture was purified by silica gel column chromatography eluting with hexane: 

ethyl acetate (2:1) to afford 3c (0.52 g) in 44% yield as brown solid. 

0.52 g, 44% yield, brown solid, m.p.101 C; DTA  238 C; Rf  0.72 (n-hexane/EtOAc, 

2:1); 
1
H NMR (400 MHz, CDCl3):   8.67 (dd, J  2.8, 6.0 Hz, 1H), 8.43 (dd, J  2.8, 4.8 Hz, 

1H), 8.19 (bd, J  0.8 Hz, 1H), 7.94 (bd, J 0.8 Hz, 1H); 
13

C NMR (101 MHz, CDCl3):   

152.4 (d, J  279 Hz), 138.7 (d, J  8.1 Hz), 135.7, 132.9, 124.1, 123.2 (dd, J  13.1, 35.3 

Hz), 121.9, 121.0, 120.8 (q, J  277 Hz); 
19

F NMR (470 MHz, CDCl3):   61.48 (d, J  18.8 

Hz), 119.1 (m); IR (KBr): max 1616, 1508, 1344, 1010, 895, 787, 682, 454 cm
1

; MS 

(EI): m/z (%): 277 (100) [M1]

, 261 (11), 247 (47), 219 (34), 202 (3), 89 (3); Elemental 

analysis calcd (%) for C9H4F4N4O2: C 39.14, H 1.46, N 20.29; found: C 39.25, H 1.41, N 

20.15. 

1-(4-Chloro-3-nitro-5-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (3d): 

Following the general procedure (GP-3); a mixture of 98% sulphuric acid 

(15 mL) and 95% nitric acid (10 mL) was added to 1-(4-chloro-3-

(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2d; 1.45 g, 5.85 mmol) at 0 

C. The resulting mixture was refluxed at 70 C for 12 h. Upon usual 
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work-up, the crude mixture was purified by silica gel column chromatography eluting with 

hexane: ethyl acetate (2:1) to afford 3d (0.51 g) in 30% yield as colorless solid. 

0.51 g, 30% yield, colorless solid, m.p. 116 C; DTA  250 C; Rf  0.51 (n-hexane/EtOAc, 

2:1); 
1
H NMR (400 MHz, CDCl3):   8.41 (bd, J = 2.4 Hz, 1H), 8.40 (bd, J = 2.4 Hz, 1H), 

8.18 (bs, 1H), 7.94 (bs, 1H); 
13

C NMR (101 MHz, CDCl3):  150.8, 135.7, 132.8 (q, J  32.3 

Hz), 125.0, 121.8 (q, J  6.1 Hz), 121.7, 121.3 (q, J  276 Hz), 119.3, 118.1; 
19

F NMR (376 

MHz, CDCl3):  62.70; IR (KBr): max 2924, 1554, 1493, 1361, 1232, 1194, 1047, 906, 

815, 756, 690, 549 cm
1

; MS (EI) m/z (%) 293 (5) [M
+
2], 292 (42) [M

+
1], 291 (26) [M

+
], 

290 (100) [M
+
1], 275 (13); Elemental analysis calcd (%) for C9H4ClF3N4O2: C 36.94, H 

1.38, N 19.15; found: C 36.85, H 1.31, N 19.26. 

1-(4-Bromo-3-nitro-5-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (3e): 

Following the general procedure (GP-3); a mixture of 98% sulphuric acid 

(15 mL) and 95% nitric acid (10 mL) was added to 1-(4-bromo-3-

(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2e; 0.80 g, 2.73 mmol) at 0 

C. The resulting mixture was refluxed at 80 C for 6 h. Upon usual work-

up, the crude mixture was purified by silica gel column chromatography eluting with hexane: 

ethyl acetate (2:1) to afford 3e (0.31 g) in 38% yield as pale yellow solid. 

0.31 g, 38% yield, pale yellow solid, m.p.167 C; DTA  245 C; Rf  0.51 (n-

hexane/EtOAc, 1:1); 
1
H NMR (400 MHz, [D6]DMSO):  9.07 (bd, J  1.2 Hz, 1H), 8.93 (bd, 

J  2.0 Hz, 1H), 8.58 (bd, J  2.0 Hz, 1H), 8.04 (bd, J  1.2 Hz, 1H); 
13

C NMR (101 MHz, 

[D6]DMSO):  153.5, 137.1, 135.6, 132.4 (q, J  33.3 Hz), 124.5, 122.3 (q, J  273 Hz), 

122.2 (q, J  5.1 Hz), 119.8, 110.6; 
19

F NMR (470 MHz, [D6]DMSO):  61.42; IR (KBr): 

max 3142, 1539, 1479, 1342, 1296, 1240, 1049, 1005, 912, 783, 696, 474 cm
1

; MS (EI): 

m/z (%): 340 (16) [M
+
2], 339 (84) [M

+
1], 338 (53) [M

+
], 337 (100) [M

+
1], 335 (3), 309 

(3); Elemental analysis calcd (%) for C9H4BrF3N4O2: C 32.07, H 1.20, N 16.62; found: C 

32.12, H 1.28, N 16.75. 

2-Nitro-4-(1H-1,2,3-triazol-1-yl)-6-(trifluoromethyl)benzonitrile (3g): 

Following the general procedure (GP-3); a mixture of 98% sulphuric acid 

(15 mL) and 95% nitric acid (10 mL) was added to 4-(1H-1,2,3-triazol-1-

yl)-2-(trifluoromethyl)benzonitrile (2g; 0.30 g, 1.25 mmol) at 0 C. The 

resulting mixture was refluxed at 60 C for 6 h. Upon usual work-up, the 
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crude mixture was purified by silica gel column chromatography eluting with hexane: ethyl 

acetate (1:1) to afford 3g (0.08 g) in 23% yield as dark brown oil.  

0.08 g, 23% yield, dark brown oil, Rf  0.72 (n-hexane/EtOAc, 1:1); 
1
H NMR (400 MHz, 

[D6]DMSO):  8.62 (s, 2H), 7.94 (s, 1H), 7.627.54 (m, 1H); 
13

C NMR (101 MHz, 

[D6]DMSO):  162.8, 159.2, 138.3, 132.5 (q, J  2.0 Hz), 131.9 (d, J  10 Hz), 129.7, 129.2 

(d, J  12 Hz), 127.5, 124.1, 121.2 (q, J  277 Hz), 119.4 (q, J  34.3 Hz); 
19

F NMR (376 

MHz, [D6]DMSO):  56.73; IR (KBr): max 3128, 2233, 1616, 1512, 1435, 1315, 1182, 

1037, 852, 790 cm
1

; MS (EI): m/z (%): 285 (53) [M2]

, 284 (100) [M1]


, 147 (5); 

Elemental analysis calcd (%) for C10H4F3N5O2: C 42.42, H 1.42, N 24.73; found: C 42.51, H 

1.38, N 24.65. 

1-(4-Methyl-3-nitro-5-(trifluoromethyl) phenyl)-1H-1,2,3-triazole (3h): 

Following the general procedure (GP-3); a mixture of 98% sulphuric acid 

(15 mL) and 95% nitric acid (10 mL) was added to 1-(4-methyl-3-

(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2h; 1.15 g, 5.06 mmol) at 0 

C. The resulting mixture was stirred at room temperature for 12 h. Upon 

usual work-up, the crude mixture was purified by silica gel column chromatography eluting 

with hexane: ethyl acetate (4:1) to afford 3h (1.26 g) in 92% yield as pale yellow solid. 

1.26 g, 92% yield, pale yellow solid, m.p. 122 C; DTA  233 C; Rf  0.61 (n-

hexane/EtOAc, 4:1); 
1
H NMR (400 MHz, CDCl3):   8.36 (d, J = 8.0 Hz, 2H), 8.19 (s, 1H), 

7.91 (s, 1H), 2.62 (s, 3H); 
13

C NMR (101 MHz, CDCl3):   152.5, 135.3, 133.3 (q, J  32.3 

Hz), 131.4, 122.6 (q, J  278 Hz), 121.7, 121.2 (q, J  6.1 Hz), 118.6, 14.7; 
19

F NMR (376 

MHz, CDCl3):   61.12; IR (KBr): max 3034, 1545, 1504, 1334, 1286, 1170, 1051, 900, 

790, 679 cm
1

; MS (EI): m/z (%): 273 (100) [M1]

; Elemental analysis calcd (%) for 

C10H7F3N4O2: C 44.13, H 2.59, N 20.58; found: C 44.26, H 2.51, N 20.45. 

1-(4-Nitro-2-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (3i): 

Following the general procedure (GP-3); a mixture of 98% sulphuric acid 

(15 mL) and 95% nitric acid (10 mL) was added to 1-(2-

(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2i; 0.25 g, 1.17 mmol) at 0 

C. The resulting mixture was refluxed at 70 C for 12 h. Upon usual 

work-up, the crude mixture was purified by silica gel column chromatography eluting with 

hexane: ethyl acetate (2:1) to afford 3i (0.11 g) in 37% yield as pale brown solid. 
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0.11 g, 37% yield, pale brown solid, m.p. 84 C; DTA  252 C; Rf  0.69 (n-hexane/EtOAc, 

1:1); 
1
H NMR (400 MHz, CDCl3):  8.76 (bd, J 2.0 Hz, 1H), 8.62 (dd, J 2.0,8.4 Hz, 

1H), 7.98 (s, 1H), 7.92 (s, 1H), 7.88 (d, J  8.8 Hz, 1H); 
13

C NMR (101 MHz, CDCl3): 

148.1, 139.6, 134.4, 130.5, 128.0, 127.1 (q, J  33.3 Hz), 126.1 (q, J  2.0 Hz), 123.2 (q, J 

 5.5 Hz), 121.4 (q, J  275 Hz); 
19

F NMR (376 MHz, CDCl3):  59.44; IR (KBr): max 

3138, 1510, 1435, 1055, 914, 887, 790, 669 cm
1

; MS (EI): m/z (%): 257 (100) [M

1]; 

Elemental analysis calcd (%) for C9H5F3N4O2: C 41.87, H 1.95, N, 21.70; found: C 41.68, H 

1.88, N 21.86. 

1-(4-Chloro-5-nitro-2-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (3l): 

Following the general procedure (GP-3); a mixture of 98% sulphuric acid 

(15 mL) and 95% nitric acid (10 mL) was added to 1-(4-chloro-2-

(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2l; 0.70 g, 2.82 mmol) at 0 C.  

The resulting mixture was refluxed at 70 C for 12 h. Upon usual work-

up, the crude mixture was purified by silica gel column chromatography eluting with hexane: 

ethyl acetate (2:1) to afford 3l (0.22 g) in 27% yield as colorless solid. 

0.22 g, 27% yield, colorless solid, m.p. 138 C; DTA  274 C; Rf  0.65 (n-hexane/EtOAc, 

2:1); 
1
H NMR (400 MHz, CDCl3):  8.14 (s, 1H), 8.10 (s, 1H), 7.95 (s, 1H), 7.90 (s, 1H); 

13
C 

NMR (101 MHz, CDCl3):   149.7, 134.4, 134.2, 131.4 (q, J  5.1 Hz), 129.9 (q, J  31.3 

Hz), 129.5, 126.2, 126.1, 120.9 (q, J  276 Hz); 
19

F NMR (376 MHz, CDCl3):  59.8; IR 

(KBr): max 3113, 2962, 1552, 1356, 1261, 1008, 898, 804, 706, 569 cm
1

; MS (EI): m/z 

(%): 293 (8) [M
+
2], 292 (42) [M

+
1], 291 (26) [M

+
], 290 (100) [M

+
1], 275 (13); 

Elemental analysis calcd (%) for C9H4ClF3N4O2: C 36.94, H 1.38, N 19.15; found: C 37.11, 

H 1.45, N, 19.06. 

1-(2,6-Dichloro-3-nitro-4-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (3m): 

Following the general procedure (GP-3); a mixture of 98% sulphuric acid 

(15 mL) and 95% nitric acid (10 mL) was added to 1-(2,6-dichloro-4-

(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2m; 0.10 g, 0.35 mmol) at 0 

C. The resulting mixture was refluxed at 110 C for 48 h. Upon usual 

work-up, the crude mixture was purified by silica gel column chromatography eluting with 

hexane: ethyl acetate (2:1) to afford 3m (0.04 g) in 32% yield as light brown solid. 

0.04 g, 32% yield, light brown solid, m.p. 170 C; DTA  234 C; Rf  0.55 (n-

hexane/EtOAc, 2:1); 
1
H NMR (400 MHz, CDCl3):   8.00 (s, 1H), 7.97 (s, 1H), 7.85 (s, 1H); 
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13
C NMR (127 MHz, CDCl3):  145.8, 137.7, 136.5, 134.4, 128.3, 127.5 (q, J  3.0 Hz), 

126.0 (q, J  35.6 Hz), 125.5, 120.3 (q, J  278 Hz); 
19

F NMR (470 MHz, CDCl3):  61.06; 

IR (KBr): max 1552, 1363, 1290, 1155, 1006, 893, 792 cm
1

; MS (EI): m/z (%): 328 (37) 

[M
+
, 327 (100) [M

+
1]; Elemental analysis calcd (%) for C9H3Cl2F3N4O2: C 33.05, H 0.92, 

N 17.13; found: C 33.12, H 0.96, N 17.25. 

1-(triazol-1-yl)-4-(triazol-2-yl)-3-trifluoromethylbenzene (5) and 1,4-Bis(triazol-2-yl)-2-

trifluoromethylbenzene (6): 

A mixture of 1-(4-bromo-3-(trifluoromethyl)phenyl)-

1H-1,2,3-triazole (2e; 50 mg, 0.17 mmol), 1H-1,2,3-

triazole (19 mg, 0.26 mmol), Cs2CO3 (111 mg, 0.34 

mmol), CuI (6.0 mg, 0.03 mmol) in DMF (2.0 mL) 

was refluxed at 120 C for 48 h. Upon usual work-up, the crude mixture was purified by 

silica gel column chromatography eluting with hexane: ethyl acetate (2:1) to afford 5 (13 mg) 

in 29% yield and 6 (24 mg) in 51% yield as colorless solids. 

For 5: 0.013 g, 29% yield, colorless solid, m.p. 141 C; DTA  263 C; Rf  0.69 (n-

hexane/EtOAc, 2:1); 
1
H NMR (400 MHz, CDCl3):   8.28 (bd, J  2.4 Hz, 1H), 8.178.15 

(m, 1H), 8.13 (bd, J  2.4 Hz, 1H), 7.967.91 (m, 4H); 
13

C NMR (101 MHz, CDCl3):  

137.7, 137.1, 136.6, 135.2, 129.4, 126.9 (q, J  34.3 Hz), 124.0, 122.0 (q, J  275 Hz), 121.7, 

119.6 (q, J  5.1 Hz); 
19

F NMR (470 MHz, CDCl3):  59.72; IR (KBr): max 3070, 1533, 

1408, 1305, 1049, 947, 833, 599 cm
1

; MS (EI): m/z (%): 281 (100) [M1]

, 249 (3); 

Elemental analysis calcd (%) for C11H7F3N6: C 47.15, H 2.52, N 29.99; found: C 47.26, H 

2.56, N 29.92. 

For 6: 0.024 g, 51% yield, m.p. 133 C; DTA  297 C (exothermic); Rf  0.68 (n-

hexane/EtOAc, 1:1); 
1
H NMR (400 MHz, CDCl3):  8.33 (bd, J  2.4 Hz, 1H), 8.21 (bd, J  

1.2 Hz, 1H), 8.18 (dd, J  2.4, 8.4 Hz, 1H), 7.93 (s, 2H), 7.89 (bd, J  1.2 Hz, 1H); 7.77 (d, J 

 8.4 Hz, 1H); 
13

C NMR (101 MHz, CDCl3):   138.1, 135.4, 134.5, 134.0, 130.9, 127.9 (q, J 

 33.3 Hz), 126.3, 124.2, 121.9 (q, J  276 Hz), 121.8, 119.2 (q, J  5.1 Hz); 
19

F NMR (470 

MHz, CDCl3):  59.55; IR (KBr): max 2852, 1523, 1338, 1290, 1143, 1033, 900, 790 

cm
1

; MS (EI): m/z (%): 281 (100) [M1]

, 275 (5), 253 (5), 243 (3), 225 (3); Elemental 

analysis calcd (%) for C11H7F3N6: C 47.15, H 2.52, N 29.99; found: C 47.25, H 2.41, N 

29.85. 
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1,3-Bis(triazol-2-yl)-2-(triazol-1-yl)-5-trifluoromethylbenzene (7):  

A mixture of 1-(2,6-dichloro-4-(trifluoromethyl)phenyl)-1H-1,2,3-

triazole (2m; 0.72 g, 2.54 mmol), 1H-1,2,3-triazole (0.84 g, 12.2 mmol), 

Cs2CO3 (4.97 g, 15.2 mmol), CuI (0.29 g, 1.52 mmol) in DMF (10 mL) 

was refluxed at 90 C for 12 h. Upon usual work-up, the crude mixture 

was purified by silica gel column chromatography eluting with hexane: 

ethyl acetate (2:1) to afford 7 (0.18 g) in 24% yield and 8 + 9 (0.38 g) in 43% yield (1:2 by 

NMR) as brown solids. 

For 7: 0.18 g, 24% yield, brown solid, m.p. 150 C; 253 C;  Rf  0.64 (n-hexane/EtOAc, 

2:1); 
1
H NMR (400 MHz, CDCl3):  8.38 (s, 2H), 7.77 (s, 2H), 7.72 (bs, 4H); 

13
C NMR (101 

MHz, CDCl3):   138.6, 136.9, 136.1, 133.4 (q, J  34.3 Hz), 128.5, 124.9 (q, J  4.0 Hz), 

122.4 (q, J  275 Hz), 121.6 (q, J  3.0 Hz); 
19

F NMR (376 MHz, CDCl3):  63.18; IR 

(KBr): max 3067, 1601, 1529, 1408, 1302, 1182, 1143, 960, 825, 785, 549 cm
1

; MS (EI): 

m/z (%): 348 (100) [M1]

, 200 (13); Elemental analysis calcd (%) for C13H8F3N9: C 44.96, 

H 2.32, N 36.30; found: C 44.85, H 2.41, N 36.18. 

1,2,3-Tris(triazol-1-yl)-5-trifluoromethylbenzene (8) and  1,2-Bis(triazol-1-yl)-3-(triazol-

2-yl)-5-trifluoromethylbenzene (9): 

(For 8 (minor) + 9 (major)): 0.38g, 43% yield, brown 

solid, m.p. 109 C; DTA  280 C (exothermic);  Rf  

0.64 (n- hexane/EtOAc, 2:1); 
1
H NMR (400 MHz, 

CDCl3):   8.34 (s, 2H, major), 7.78 (s, 2H, major), 

7.71 (bs, 4H, major), 8.51 (s, 1H, minor), 8.22 (s, 1H, 

minor), 7.83 (s, 1H, minor), 7.71 (bs, 3H, minor), 7.64 (s, 1H, minor), 7.26 (s, 1H, minor); 

13
C NMR (101 MHz, CDCl3):  138.5, 138.3, 137.2, 137.1, 136.9, 136.7, 134.2, 133.9, 133.8 

(q, J  34.3 Hz),  133.2, 128.6, 125.0 (q, J  275 Hz), 124.7, 122.7 (q, J  4.0 Hz), 122.2 (q, J 

 4.0 Hz), 122.0 (q, J  3.0 Hz), 120.9; 
19

F NMR (376 MHz, CDCl3):   63.21 (major), 

63.16 (minor); IR (KBr): max 3067, 1601, 1529, 1408, 1302, 1182, 1143, 960, 825, 785, 

549 cm
1

; MS (EI) m/z (%) 348 [M1]

, 200 (11); Elemental analysis calcd (%) for 

C13H8F3N9: C 44.96, H 2.32, N 36.30; found: C 45.06, H 2.28, N 36.43. 
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1,2-Bis(triazol-2-yl)-4-(triazol-1-yl)-6-trifluoromethylbenzene (10) and 1,4-Bis(triazol-1-

yl)-2-(triazol-2-yl)-6-trifluoromethylbenzene (11) and 1-(triazol-2-yl)-2,4-bis(triazol-1-

yl)-6-trifluoromethylbenzene (12) and 1,2,4-Tris(triazol-1-yl)-6-trifluoromethylbenzene 

(13): 

 

A mixture of 1-(4-bromo-3-nitro-5-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (3e; 250 mg, 

0.74 mmol), 1H-1,2,3-triazole (16 mg, 2.22 mmol), Cs2CO3 (98 mg 2.96 mmol), CuI (6.0 mg, 

0.29 mmol) in DMF (6.0 mL) was refluxed at 120 C for 48 h. Upon usual work-up, the 

crude mixture was purified by silica gel column chromatography eluting with hexane: ethyl 

acetate (3:1) to afford 10 (21 mg) in 8% yield, 11 (52 mg) in 20% yield, 12 (92 mg) in 36% 

yield and 13 (74 mg) in 29% yield as pale yellow solids. 

For 10: 0.021 g, 8% yield, pale yellow solid, m.p. 175 C; DTA  286 C; Rf  0.60 

(hexane/EtOAc, 3:1); 
1
H NMR (400 MHz, CDCl3):   9.00 (bd, J  2.0 Hz, 1H), 8.64 (db, J  

2.4 Hz, 1H), 7.93 (bs, 2H), 7.84 (bs, 2H), 7.68 (bs, 2H); 
13

C NMR (101 MHz, CDCl3):   

140.7, 139.2, 137.4, 136.8, 136.1, 131.1 (q, J  32.3 Hz), 128.7, 121.8 (q, J  276 Hz), 117.7, 

116.3 (q, J  5.1 Hz); 
19

F NMR (376 MHz, CDCl3):  60.42; IR (KBr): max 1624, 1521, 

1439, 1284, 1097, 949, 825, 704, 590 cm
1

; MS (EI): m/z (%): 346 (100) [M

1], 328 (10); 

Elemental analysis calcd (%) for C13H8F3N9: C 44.96, H 2.32, N 36.30; found: C 44.85, H 

2.28, N 36.21. 

For 11: 0.052 g, 20% yield, pale yellow solid, m.p. 118 C; DTA  282 C (exothermic); Rf  

0.64 (n-hexane/EtOAc, 2:1); 
1
H NMR (400 MHz, CDCl3):   8.99 (bd, J  2.0 Hz, 1H), 8.67 

(bd, J  2.0 Hz, 1H), 7.95 (bs, 2H), 7.88 (s, 1H), 7.83 (bs, 1H), 7.68 (bs, 2H); 
13

C NMR (101 

MHz, CDCl3):  141.0, 139.2, 137.5, 137.0, 136.6, 133.3, 130.9 (q, J  32.3 Hz), 128.4, 

125.8, 121.7 (q, J  276 Hz), 118.1, 116.3 (q, J  5.1 Hz); 
19

F NMR (376 MHz, CDCl3):   

59.80; IR (KBr): max 2924, 1521, 1406, 1138, 1028, 951, 831, 694, 515 cm
1

; MS (EI): 

m/z (%): 346 (100) [M

1], 332 (8), 315 (8), 300 (10), 291 (10), 260 (6), 233 (6); Elemental 

analysis calcd (%) for C13H8F3N9: C 44.96, H 2.32, N 36.30; found: C 45.08, H 2.38, N 

36.43. 
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For 12: 0.092 mg, 36% yield, pale yellow solid, m.p. 207 C; DTA  278 C (exothermic); Rf 

 0.66 (n-hexane/EtOAc, 2:1); 
1
H NMR (400 MHz, CDCl3):   8.71 (bd, J  2.0 Hz, 1H), 

8.41 (bd, J  2.0 Hz, 1H), 8.26 (s, 1H), 7.99 (s, 1H), 7.87 (bs, 2H), 7.70 (bs, 2H); 
13

C NMR 

(101 MHz, CDCl3):  139.4, 138.3, 137.1, 136.3, 131.9 (q, J  33.3), 129.6, 122.0, 121.6 (q, J 

 278), 118.7, 117.8 (q, J  3.0); 
19

F NMR (376 MHz, CDCl3):  60.45; IR (KBr): max 

3067, 1601, 1529, 1408, 1302, 1182, 1143, 960, 825, 785, 549 cm
1

; MS (EI): m/z (%): 346 

(100) [M

1], 328 (10); Elemental analysis calcd (%) for C13H8F3N9: C 44.96, H 2.32, N 

36.30, found: C 44.91, H 2.36, N 36.43. 

For 13: 0.074 g, 29% yield, m.p. 208 C; DTA  294 C (exothermic); Rf  0.71 (n-

hexane/EtOAc, 2:1); 
1
H NMR (400 MHz, CDCl3)   8.70 (s, 1H), 8.42 (s, 1H), 8.29 (s, 1H), 

7.96 (s, 1H), 7.90 (s, 1H), 7.84 (s, 1H), 7.68 (bs, 2H); 
13

C NMR (101 MHz, CDCl3)   139.3, 

138.6, 137.3, 137.0, 135.5, 133.5, 131.5 (q, J  32.3 Hz), 128.4, 124.0, 122.0, 121.5 (q, J  

276 Hz), 119.2, 117.7 (q, J  5.1 Hz); 
19

F NMR (376 MHz, CDCl3):   59.82; IR (KBr): 

max 3067, 1601, 1529, 1408, 1302, 1182, 1143, 960, 825, 785, 549 cm
1

; MS (EI): m/z 

(%): 346 (100) [M

1], 332 (8), 315 (8), 300 (10), 291 (10), 260 (6), 233 (6); Elemental 

analysis calcd (%) for C13H8F3N9: C 44.96, H 2.32, N 36.30; found: C 44.85, H 2.38, N 

36.21. 

1-(2-Nitro-4-(1H-1,2,3-triazol-1-yl)-6-(trifluoromethyl)phenyl)-1H-tetrazol-5-amine(15): 

Following the general procedure (GP-4); a mixture of 1-(4-chloro-3-

nitro-5-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (3d; 0.20 g, 0.68 

mmol), 5-amino-1H-1,2,3,4-tetrazole (0.09 g 1.02 mmol), Cs2CO3 (0.44 

g 1.36 mmol), CuI (0.02 g, 0.13 mmol) in DMF (2.0 mL) was refluxed at 

120 C for 48 h. Upon usual work-up, the crude mixture was purified by 

silica gel column chromatography eluting with hexane: ethyl acetate (2:1) to afford 15 (0.03 

g) in 23% yield as pale yellow solid. 

0.03 g, 23% yield, pale yellow solid, m.p. 161 C; DTA  261 C; Rf  0.65 (n-

hexane/EtOAc, 2:1); 
1
H NMR (400 MHz, CDCl3):  8.68 (bd, J = 2.4 Hz, 1H), 8.28 (bd, J = 

2.4 Hz, 1H), 8.02 (s, 1H), 7.90 (s, 1H), 6.89 (bs, 2H); 
13

C NMR (101 MHz, CDCl3):  142.0, 

135.0, 133.0, 129.5, 127.0 (q, J = 5.1 Hz), 125.4, 123.0 (q, J = 274 Hz), 122.1, 121.7, 118.5 

(q, J  31.3 Hz); 
19

F NMR (376 MHz, CDCl3):   63.5; IR (KBr): max 3375, 1539, 1267, 

1124, 1084, 914, 775, 684 cm
1

; MS (EI): m/z (%): 342 (100) [M1]

, 65 (3); Elemental 
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analysis calcd (%) for C10H6F3N9O2: C 35.20, H 1.77, N 36.95; found: C 35.11, H 1.86, N 

37.05. 

Synthesis of 2-Nitro-4-(1H-1,2,3-triazol-1-yl)-6-(trifluoromethyl)phenol (16): 

 A mixture of 1-(4-fluoro-3-nitro-5-(trifluoromethyl)phenyl)-1H-1,2,3-

triazole (3c; 0.10 g, 0.36 mmol), KOH (0.06 g, 1.08 mmol), H2O2 (0.03 g, 

0.72 mmol) in THFH2O (4.0 mL, 1:1) was stirred at 100 C for 48 h. 

Upon completion, the reaction mixture was extracted with EtOAc (3  10 

mL). The combined extracts were washed with water (2  10 mL) and 

brine (5.0 mL) and dried over Na2SO4. The solvent was filtered and evaporated under the 

reduced pressure. The crude residue was purified by silica gel column chromatography 

eluting with hexane: ethyl acetate (1:1) to afford 16 (0.06 g) in 60% yield as yellow color 

solid.  

0.06 g, 60% yield, yellow solid, m.p. 166 C; DTA  229 C; Rf  0.57 (n-hexane/EtOAc, 

1:1); 
1
H NMR (400 MHz, CDCl3):   11.3 (s, 1H), 8.71 (d, J  2.8 Hz, 1H), 8.41 (d, J  2.4 

Hz, 1H), 8.08 (s, 1H), 7.93 (s, 1H); 
13

C NMR (101 MHz, CDCl3):   152.9, 137.5, 135.3, 

128.8, 127.4 (q, J  4.04 Hz), 123.0 (q, J  34.3 Hz), 121.5 (q, J  275 Hz), 121.7, 120.1; 
19

F 

NMR (470 MHz, CDCl3): 63.13; IR (KBr): max 3117, 2926, 1641, 1554, 1444, 1336, 

1240, 1087, 787, 690 cm
1

; MS (EI): m/z (%): 275 (100) [M1]
+
; Elemental analysis calcd 

(%) for C9H5F3N4O3: C 39.43, H 1.84, N 20.44; found: C 39.26, H 1.76, N 20.32. 

Synthesis of 3-azido-1-(2,4-dinitro-6-(trifluoromethyl)phenyl)-1H-1,2,4-triazole (19): 

To a solution of 3-azido-1,2,4-triazole (18, 0.155 g, 1.4 mmol) in dry THF 

(5.0 mL) was added sodium hydride (60%, 0.05 g, 2.0 mmol) under an 

argon atmosphere at 0 
o
C. The resulting mixture was stirred for 30 min 

followed by the addition of 2-chloro-1,5-dinitro-3-

(trifluoromethyl)benzene (17; 0.27 g, 1.0 mmol). The vial was sealed with 

screw cap and the resulting mixture was stirred rapidly at room 

temperature for 6 h. Upon completion, the reaction mixture was diluted with CH2Cl2 (30 mL) 

and filtered through a small pad of Celite. The filtrate was evaporated under the reduced 

pressure and the crude residue was purified by silica gel column chromatography eluting with 

hexane: ethyl acetate (4:1) to afford 19 (238 mg) in 69% yield as yellow color solid. 

0.238 g, 69% yield, yellow solid, m.p. 122 C; DTA  213 C (exothermic); Rf  0.60 (n-

hexane/EtOAc, 4:1); 
1
H NMR (400 MHz, CDCl3):   9.06 (s, 1H), 8.97 (s, 1H), 8.28 (s, 1H); 
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13
C NMR (127 MHz, CDCl3):   161.5, 148.1, 148.0, 147.0, 132.9, 131.4 (q, J  34.3 Hz), 

125.9 (q, J  5.0 Hz), 124.1, 120.7 (q, J  279 Hz); 
19

F NMR (470 MHz, CDCl3):  58.90; 

IR (KBr): max 3106, 2926, 2854, 2153, 1736, 1627, 1550, 1463, 1353, 1293, 1156, 980 

cm
1

; MS (EI): m/z (%): 344 (100) [M1]
+
, 345 (39) [M


], 195 (13); Elemental analysis calcd 

(%) for C9H3F3N8O4: C 31.41, H 0.88, N 32.56; found: C 31.56, H 0.92, N 32.45. 
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3.11. Spectra 
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Synthesis and Energetic Studies of Nitrogen-Rich N-

HeteroAryl-Azole Derivatives 

 

Abstract 

 

Various nitrogen-rich N-heteroaryl-pyrazole and triazole based energetic materials are 

synthesized and characterized. X-ray diffraction analysis studies establish the solid state 

structures of few representative molecules. Thermal properties are determined by DSC-TGA 

data. The synthesized nitrogen-rich pyridyl-/pyrimidyl-tethered-pyrazole and triazole 

derivatives exhibit excellent thermal stability, high positive heat of formation, good density 

and moderate detonation performance.  
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4.1. Introduction 

Nitrogen-rich energetic materials are enormously used in space, civil, and military 

applications.
1 

The NN and CN bonds in the energetic materials specifically contributes to 

the positive heats of formation of the molecule. The common oxygen-rich energetic materials 

in fact produce large amounts of toxic CO and CO2 gases decomposition product. On the 

other hand, nitrogen rich energetic materials release non-toxic molecular nitrogen (N2) during 

decomposition. Consequently, the N-rich materials possess greater advantage.
2
 Moreover, 

less number of hydrogen and carbon atoms in the molecular skeleton contributes to better 

oxygen balance than the respective carbocyclic analogues. This conceptual understanding has 

in fact been reflected in the development of novel propellants that would produce low/high 

flame temperature and less solid exhaust products.
3
 The presence of nitrogen atoms in the 

energetic polynitrogen pyridines/pyrimidines contribute to the high energy-content of the 

molecule (pyrimidine = 196 kJ mol
1 

and pyridine = 140 kJ mol
1

 compare to the benzene = 

82.9 kJ mol
1

) and in-sensitivity to impact, shock and friction.
4
 Thus, polynitrogen containing 

pyridine/pyrimidine based energetic materials have consistently been used in propellant 

applications such as: rocket fuel, gun powder and gas generators and so on.
5
 Furthermore, the 

pyridine and pyrimidine bearing energetic compounds showed high thermal and chemical 

stability.
6
 Interestingly, incorporation of pyrazole and triazole skeletons on the six membered 

pyridine/pyrimidine heterocycles would further enhance positive heat of formation of the 

molecule.
7
 Therefore, design and development of nitrogen-rich N-heteroaryl azole derivatives 

with positive heat of formation, high performance with good thermal stability is challenging 

and always attracts considerable attention.  

4.1.1. Background of pirydyl-/pyrimidyl-tethered azoles for energetic material 

applications 

The coburn group reported the synthesis of heat resistant high explosive 2,6-

bis(picrylamino)-3,5-dinitropyridine (4) involving aromatic nucleophilic ipso substitution of 

2,6-diamino-pyridine (1) with picryl chloride (2) followed by the electrophilic nitration 

sequence (Scheme 4.1).
10c

 The density and detonation properties of compound 4 (ρ = 1.75 g 

cm
3

, vD = 7450 m s
1

) is comparable to TNT. Interestingly, PYX (4) showed excellent 

thermal stability (Td = 460 

C) than TATB (Td = 360 


C). However, it is more sensitive to 

impact (Is = 63 cm). 
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Scheme 4.1. Synthesis of 2,6-bis(picrylamino)-3,5-dinitropyridine (PYX) 

In 1988, Licht and Ritter reported the synthesis of 2,4,6-trinitropyridine-1-oxide (6, TNPyOx) 

and 2,4,6-trinitropyridine (7, TNPy) with density 1.86 and 1.77 g cm
3

, respectively (Scheme 

4.2).
8e

 The acid mediated cyclization of potassium 2,2-dinitroethanol (5) led to 6. De-

oxygenation of 6 with NaNO2 in dilute H2SO4 yielded TNPy (7) in 46% yield. Chlorination 

and azidation sequence of 2,6-dinitro moieties in TNPyOx (6) with PCl3 and NaN3 produced 

2,6-diazido-derivative 8. The detonation properties and heat of formation of compound 6 (vD 

= 8471 m s
1

, P = 32.2 GPa, HOF = 110.7 kJ mol
1

) is comparable to TNT.  

 
Scheme 4.2. Synthesis of TNPyOx (6) and TNPy (7) 

Wilson and co-workers demonstrated synthesis of tetrazolo [1,5-f]furazano[4,5-b]pyridine-1-

oxide (11) from 3-nitro-2,6-dichloropyridine (9) replacing chloro-group with the azide 

moiety followed by cyclization (Scheme 4.3).
9c

 The reaction of 9 with NaN3 in CH3CN 

readily constructed tetrazole fused compound 10. Next, refluxing 10 in benzene finally led to 

11. Compound 11 showed density (ρ = 1.72 g cm
3

) and velocity of detonation (vD = 7525 m 

s
1

) with poor thermal stability (Td = 135 

C) and extremely sensitive towards friction and 

impact (Is = 8 cm). 

 
Scheme 4.3. Synthesis of tetrazolo [1,5-f]furazano[4,5-b]pyridine-1-oxide 



Chapter 4                                                                                               N-HeteroAryl-Azoles… 

 

 

161 

The Nissan group reported the synthesis of 2,6-diamino-3,5-dinitropyridine (13; ANPy) 

through direct nitration of 2,6-diaminopyridine (12). Oxidation of 13 with peroxyacetic acid 

yielded ANPyO 14 (ρ = 1.80 g cm
3, vD = 7840 m s

1
, P = 27.50 GPa). C-Amination of 

ANPyO (14) with hydroxylamine hydrochloride provided 15 (ρ = 1.88 g cm
3, vD = 8010 m 

s
1

, P = 29.1 GPa), an impact insensitive explosive of high thermal stability. Disappointingly, 

compounds 14 (132.2 kJ mol
1

) and 15 (70.7 kJ mol
1

) showed negative heat of formation 

(Scheme 4.4).
10d

 

 

Scheme 4.4. Synthesis of 2,4,6-triamino-3,5-dinitropyridine-1-oxide (TANPyO) 

In 1996, Cornago group described the synthesis of pentapyrazolylpyridines (pz5py), 

pentadimethylpyrazolylpyridines (dmpz5py) and tetrapyrazolyldimethylpyrazolylpyridines 

(pz4dmpzpy) (pz = pyrazol-l-yl, dmpz = 3,5-dimethylpyrazol-l-yl) via base assisted 

nucleophilic replacement of fluoro group in the pentafluoro pyridine 16 with the 

corresponding pyrazoles (Scheme 4.5).
14a

 The structures of 18a & 18b are established 

through X-ray crystallographic analysis. The nitrogen-rich compounds showed high positive 

heat of formation (18a; 1961.04 kJ mol
1

 and 18b; 1654.7 kJ mol
1

) with poor density (18a; ρ 

= 1.41 g cm
3

; 18b; ρ = 1.19 g cm
3

). 

 

Scheme 4.5. Synthesis of Polypyrazolylpyridines 

Synthesis of thermally stable tetranitrodipyridotetraazapentalene (24) from readily available 

3,4-diaminopyridine (19) was demonstrated by Trudell and co-workers (Scheme 4.6).
14c

 At 

first, diazotization of 19 in the presence of mixture of NaNO2 and CH3COOH produced 

triazole derivative 20. Next, the Na2CO3 mediated N-arylation of 20 with 2-chloro-3-

nitropyridine (21) in DMSO at 80 °C afforded 1-(3-nitro-2-pyridyl)-1,2,3-triazolo[4,5-

c]pyridine (22) in 51% yield. Reductive cyclization of compound 22 with triethyl phosphate 
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in toluene at reflux furnished dipyridotetraazapentalene (23) in 74% yield. Finally, nitration 

of 23 with HNO3/H2SO4 mixture at 80 °C afforded 24 in 58% yield. The aza-tacot derivative 

24 exhibits excellent thermal stability and decomposed without explosion at 340342 C. In 

addition, this compound was found to be insensitive to impact in a hammer test. Based on 

calculated values, the aza-tacot derivative 24 displayed high density and good detonation 

properties (ρ = 1.88 g cm
3, vD = 8011 m s

1
, P = 29.2 GPa). 

 

Scheme 4.6. Synthesis of tetranitrodipyridotetraazapentalene (aza-tacot) 

Shreeve group synthesized a series of polyazidopyrimidine compounds 2528; the 

azidomethyl group contributes decreasing melting point of the compound (Scheme 4.7)
6b

. 

These polyazidopyrimidine compounds 2528 exhibited high positive HOF (10871870 kJ 

mol
1

). However, these compounds are highly sensitive to impact and less-stable (Td = 

130195 

C). The presence of three or four azido groups on the pyrimidine ring makes this 

synthetic method cumbersome. Interestingly, these molecular entities are useful for the 

fabrication of carbon nanotubes.  

 

Scheme 4.7. Synthesis of polyazidopyrimidines: high energy compounds 

Chapyshev group successfully constructed 2,6-diazido-3,5-dicyanopyridine (29), 2,4,6-

triazido-3,5-dicyanopyridine (30), and 2,3,4,5-tetraazido-6-cyanopyridine (31) (Scheme 

4.8).
10a

 The replacement of azide-moiety in 31 with -СN fragment strongly reduces explosive 

risk of these compounds while retaining the energetic properties of the molecules. 

Dissapointongly, the synthesized compounds possesses poor thermal stabilty (Td = < 200 

C) 
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with high positive heats of formation (HOF = 10471578 kJ mol
1

). The  sensitivity (impact 

and friction) of the azide-bearing compounds substantially increases with the increase of 

azido groups in the pyridine ring.  

 

Scheme 4.8. Synthesis of cyano-substituted di-, tri-, and tetra-azidopyridines 

The explosive PADP (32) is readily synthesized from 3,5-dinitro-2,6-bis- (hydrazino)pyridine 

and picryl chloride followed by the oxidation of the resulting compound with nitric acid. 

PADP (32) exhibited high thermal stability. Whereas compound 2,4,6-tris(picrylamino)-3,5-

dinitropyridine (33) showed low thermal stability than PADP (Scheme 4.9).
10b

 

Chemists at Los Alamos National Laboratory synthesized picrylamino-substituted 

pyrimidine 34 as thermally stable explosives. The pyrimidine-based explosive was 

synthesized involving aromatic nucleophilic substitution of 2,4,6-triaminopyrimidine with 

picryl fluoride followed by nitration sequence. 

 

Scheme 4.9. Synthesis of picrylaminosubstituted pyridines/pyrimidines  

4.1.2. Motivation and Design Plan 

The common high-performance energetic materials release toxic gases during the 

decomposition of the compound, causing harmful effects to both humans and the 

environment. The synthesis of N-rich energetic materials could solve this problem as these 

molecules produce N2 gas during decomposition. Thus, development of novel stable and 

insensitive N-rich molecules for energetic material applications is always desirable.  

We thus envisaged to design and synthesis of nitrogen-rich pyridyl-/pyrimidyl-tethered-poly-

pyrazole and triazole compounds as eco-friendly energetic materials. These molecules can 

readily be constructed through the substituion of the halo-moiety in pyridines/pyrimidines 



Chapter 4                                        N-HeteroAryl-Azoles… 

 

 

164 

with 3-nitro-1,2,4-triazole, 4-nitro-1H-pyrazole and 1,2,3-triazole. Alternatively, synthesis of 

pyrimidyl-tethered-1,2,3-triazoles can be realized through Cu-catalyzed [32]-cycloaddition 

between the corresponding azides and terminal-alkynes as shown in Scheme 4.10.  

 

Scheme 4.10. Strategy for the nitrogen-rich N-hetero-aryl-azole derivatives 

4.2. Results and Discussion 

The development of thermally stable N-rich small-molecules with positive HOFs is highly 

desirable; thus, considerable attention has been paid to the synthesis of nitrogen-rich 

energetic molecules from readily available precursors by using cost-effective and efficient 

synthetic transformations.
10-14

  

The coupling between electron rich heterocylces (pyrazole/triazole) and electron 

deficient nitro-group-bearing halopyridines can readily be performed.
5
 With these facts in 

mind, the coupling between nitro substituted heteroaryl chlorides 37 and 38 in the presence of 

NaH in THF was conducted at room temperature for 6 h (Table 4.1). Accordingly, the 

reaction of 38 with 2,6-dichloro-3-nitropyridine (37a) gave the desired nitrogen-rich coupled 

product 39a in 68% yield (Table 4.1, entry 1). Surprisingly, the NO2 group in 2,6-dichloro-4-

nitropyridine (37b) is easily replaced by 38 leaving the chloro group unaffected, producing a 

mixture of regioisomeres 39b & 39b' in overall good yield (entry 2).  
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Table 4.1. Coupling of 1H-1,2,3-triazole with nitro-substituted halopyridines.
a 

 

Entry 1 R 39a-39b
b 

1 37a 3-NO2 




39a (68%) 

2 37b 4-NO2 

 
39b (17%) 39b' (78%) 

a
All reactions were carried out using 1.0 equiv of nitro substituted dichloro pyridine, 4.0 

equiv of 1H-1,2,3-triazole, 6.0 equiv of base (sodium hydride) in THF (5.0 mL for 1 mmol) 

at room temperature for 6 h; 
b
Yield of the isolated product. 

Next, the reaction of compound 39b with 1H-1,2,3-triazole (38) under Cu-catalysts in the 

presence of Cs2CO3 in DMF at 80 

C (Scheme 4.11) provided 40 (63%); both chloro (–Cl) 

groups in 39b are replaced. The reaction at room temperature led to poor consumption of 

39b. Disappointingly, introduction of more triazole skeletons by replacing –Cl groups on 

compound 39b'
14b

 were unsuccessful under the identical conditions. 

 

Scheme 4.11. Cu-catalyzed N-arylation of compound 39b with 1H-1,2,3-triazole. 

The synthesized pyridyl-tethered-1,2,3-triazoles 39a & 40 showed positive HOFs 

(7361023.7 kJ mol
1

). Thus, incorporation of more triazole rings in the molecular 

framework will significantly increase the HOF.
15

 Thus, synthesis of nitrogen rich 2,4,6-

polytriazolyl-pyridine is realized through the Cu-catalyzed coupling of trichloropyridine (41) 

with 38 in the presence of  Cs2CO3 in DMF. Disappointingly, a regioisomeric mixture of 42 

& 43+44 are obtained and purified by column chromatography (Table 4.2, entry 1).  
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Table 4.2. Coupling of trichloropyridine (41) with 1H-1,2,3-triazole.
a 

 

Entry Comp. Pyridyl-tethered poly 1,2,3-triazole derivatives
b
 

1 41 

 
42 (19%) 43+44 (53%) 

a
The reaction was carried out using 1.0 equiv of 2,4,6-trichloropyridine, 6.0 equiv of 1H-

1,2,3-triazole, 8.0 equiv of base (sodium hydride) in THF (5.0 mL for 1 mmol) at room 

temperature for 12 h; 
b
Yield of the isolated product. 

To accomplish the synthesis of penta(triazol-l-yl)pyridine (HOF: 1749.6 kJ mol
1

), the base 

assisted reaction between triazole and pentachloropyridine in 5:1 molar ratio was conducted.  

Surprisingly, formation of mixture of products comprising of mono-, bis-, and tris-triazolyl 

substituted pyridines 4651 was noticed. These products were purified by silica gel column 

chromatography in overall 82% yield (Table 4.3, entry 1). Attempts to introduce five triazole 

skeletons on 45 were turned futile. X-ray diffraction analysis confirmed the structures of 

compounds 46, 48,
14b

 49, & 50 as depicted in Figure 4.1. 

Table 4.3. N-Arylation of pentachloropyridine (45) with 1H-1,2,3-triazole.
a 

 

Entry 45 Pyridyl-tethered-1,2,3-triazole derivatives.
b 

1 45 
      

46 (21%) 47 (4%) 48 (7%) 49 (9%) 50 (17%) 51 (24%) 
a
The reaction was carried out using 1.0 equiv of pentachloro pyridine, 5.0 equiv of 1H-1,2,3-

triazole, 7.0 equiv of base (sodium hydride) in a THF (5 mL for 1 mmol) at 65 

C for 12 h; 

b
Yield of the isolated product. 
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Heat of formation (HOF) is a valuable factor that determines the nature and efficiency of 

high energy materials.
15

 In general, pyrimidine (196 kJ mol
1

) contributes more energy 

than pyridine (140 kJ mol
1

) and benzene (82.9 kJ mol
1

).
15

 We thus envisaged in the 

introduction of many N-bearing-moieties on pyrimidine moiety. Gratifyingly, 

triazidopyrimidine (52) was prepared from commercially available trichloropyrimidine 

through the nucleophilic displacement with NaN3 in quantitative yield.
18a 

Next, the Cu-catalyzed [3+2]-cycloaddition of 2,4,6-triazidopyrimidine (52)
18

 with 

trimethylsilylacetylene (53) was performed. We failed to obtaine tris-triazolyl pyrimidine 

derivative, when the reaction between 52 and 53 was carried out under Cu-catalysis in the  

presence of K2CO3 in MeOH/H2O, rather compund 54 was isolated in 54% yield with the  

nucleophilic displacement of methoxy group on azido-moiety (Table 4.4, entry 1). While 

the identical reaction between 52 and 53 in t-BuOH/H2O at room temperature delivered 

the corresponding pyrimidyl-tethered-tris-triazolyl product 55 in 72% yield (Table 4.4, 

entry 2). 

Table 4.4. [32] cycloaddition between triazidopyrimidine and TMS-acetylene.
a
 

 

a
All reactions were carried out with azide (1.0 equiv), TMS-acetylene (4.5 equiv), base 

(potassium carbonate 3.6 equiv), sodium ascorbate (1.2 equiv), and CuSO4·5H2O (0.6 equiv) 

in a mixture of MeOH or tBuOH/water (1:1, 1 mL for 1 mmol) at room temperature for 24 h. 
b
Yield of the isolated product. 

 

Until now, we have successfully introduced various nitrogen-bearing molecular entities on 

pyridyl-/pyrimidyl skeletons via coupling and click reactions. On the basis of theoretical 

Entry Solvent (1:1) Pyrimidyl-tethered-1,2,3-triazoles
b
 

1 MeOH/H2O 


54 (49%) 

2 tBuOH/H2O 


55 (72%) 
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calculations, the nitrogen-rich pyridyl-/pyrimidyl-tethered 1,2,3-triazole derivatives shown in 

Table 4.1–4.4 and Scheme 4.11 displayed high positive HOF (635.9–1148.7 kJ mol
1

) and 

moderate detonation performance (5849–7205 m s
1

). As the presence of nitro groups on the 

molecular entity enhances the detonation performance of a molecule,
6
 we next turned our 

attention to explore the coupling reactions between nitropyrazole skeleton and nitro-

substituted heteroaryl halides. Accordingly, the base-promoted nucleophilic displacement of 

commercially available 4-nitro-1H-pyrazole (57) to nitro-rich halopyridine/pyrimidine (56) 

was investigated (Table 4.5).  

Table 4.5. Coupling reactions of 4-nitro-1H-pyrazole (57) with various activated heteroaryl 

chlorides.
a
 

 
Entry 56 58 Yield [%]

b
 

1 
 







 56a 58a 

2 
 







 56b 58b  

3 

 

 

 

54+17 

 56c 58c+58c'  

4 

 

 

 

 

82
d
 

 56d 58d  

a
Reaction conditions: heteroaryl chloride (56, 1.0 equiv), 4-nitro-1H-pyrazole (57, 4.0 equiv), 

and NaH (6.0 equiv) in THF (5.0 mL per 1.0 mmol) at RT for 12–24 h; 
b
Yield of the isolated 

product; 
c
57 (2.0 equiv) and NaH (4.0 equiv) were used; 

d
57 (6.0 equiv) and NaH (8.0 equiv) 

were used. 
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Gratifyingly, coupling of 2-chloro-3,5-dinitropyridine (56a) with 57 was successfully 

conducted, when the reaction carried out with NaH in THF at room temperature to afford the 

desired trinitro-containing product 58a in 65% yield (Table 4.5, entry 1). The NaH-assisted 

reaction of 57 with 2,6-dichloro-3-nitropyridine (56b) gave the desired nitro-rich coupled 

product 58b in 62% yield (Table 4.5, entry 2). Surprisingly, compound 57 replaced the NO2 

group of 2,6-dichloro-4-nitropyridine (56c) leaving the chloro group unaffected to provide 

the regioisomers 58c & 58c' (Table 4.5, entry 3). Pleasingly, compound 58d (82%) was 

synthesized from 57 and 56d, when the reaction conducted in the presence of NaH in THF 

(Table 4.5, entry 4). The X-ray diffraction analysis confirmed the structure of compounds 

58a, 58b and 58c (Figure 4.1). 

Next, we intend to prepare 1,2,4-triazole-containing molecules with high positive 

HOFs and improved thermal stabilities. Computational calculations studies reveals that 3-

nitro-1,2,4-triazole (60) possesses HOF 181 kJ mol
1

,
15b

 whilst 4-nitro-1H-pyrazole (57) 

provided a HOF of 159 kJ mol
1

.
15c 

Based on this information, incorporation of 60 onto the 

pyridyl/pyrimidyl-tethered halides through a base-promoted nucleophilic substitution reaction 

is envisioned (Table 4.6).  

The NaH-assisted reaction of 60 with 2-chloro-3,5-dinitropyridine (59a) and 2,6-dichloro-3-

nitropyridine (59b) in THF at room temperature gave the desired nitro-rich coupled products 

61a & 61b and yields are depicted in Table 4.6. Surprisingly, skeleton 60 is inserted on 2,6-

dichloro-4-nitropyridine (59c) through the replacement of NO2 group leaving the chloro 

group untouched; compound 61c was exclusively obtained in 67% yield at room temperature 

(Table 4.6, entry 3). Finally, the reaction of compound 59d with an excess amount of 60 

delivered polynitrogen-containing 1,2,4-triazole 61d in 91% yield (Table 4.6, entry 4). These 

results revealed that 3-nitro-1,2,4-triazole (60) is a strong nucleophile and readily introduced 

on the heteroaryl motifs through the replacement of halo group. These newly synthesized 

heteroaryl-1,2,4-triazole derivatives (61a-d) showed HOFs within the range 368.7–906.4 kJ 

mol
1

. The structure of compound 61b was elucidated by single-crystal X-ray-analysis 

(Figure 4.1). 
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Table 4.6. Coupling reactions of 3-nitro-1,2,4-triazole (60) with various heteroaryl 

chlorides.
a
 

 

Entry 59 61 Yield [%]
b
 

1 
 









 59a 61a 

2 
 







 59b 61b 

3 

 
 

 

67 

 59c 61c 

4 

 

 

 

 

91
d
 

 59d 61d 

a
Reaction conditions: heteroaryl chloride (59, 1.0 equiv), 3-nitro-1,2,4-triazole (60, 4.0 

equiv), and NaH (6.0 equiv) in THF (5.0 mL per 1.0 mmol) at RT for 12–24 h; 
b
Yield of the 

isolated product; 
c
60 (2.0 equiv) and NaH (4.0 equiv) were used; 

d
60 (6.0 equiv) and NaH 

(8.0 equiv) were used. 
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4.3. X-ray crystallography 

The complete configurational assignment of the compounds 46, 48, 49, 50, 58a, 58b, 58c and 

61b were performed via single X-ray crystallographic analysis (Figure 4.1). Crystals are 

grown with the slow evaporation of a methanol and ethyl acetate solution of the compound at 

room temperature and atmospheric pressure.  

                                                            

 

                                   

 

      

 

Figure 4.1. Molecular structures of compounds 46, 48, 49, 50, 58a, 58b, 58c and 61b; 

thermal ellipsoids are set at 50% probability.        

 

  46 48 

58a 58c 

 58b 

49 

50 

61b 
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Single-crystal X-ray analysis of 49, 50 and 58c revealed triclinic (Pī) space group with cell 

volumes of 1232.5 (6), 703.25 (18) and 1020.2 (15) Å
3
, respectively. Similarly, compounds 

46, 48, 58b and 61b crystallized in monoclinic (P21/c) space group with cell volumes of 

2233.9 (4), 1050.2 (3), 2219.16 (11) and 1354.7 (7) Å
3
 whereas 58a crystallized in the 

orthorhombic (Pbca) space group with cell volumes of 2219.16 (11) Å
3
,
 
respectively. The 

crystallographic data for all the compounds were detailed in Table 4.7 and Table 4.8.  

Table 4.7. Crystallographic data for 46, 48, 49, and 50. 

Compound 46 48 49 50 

Formula C7H2Cl4N4 C7H2Cl4N4 C7H2Cl4N4 C11H6Cl2N10 

Mw 283.93 283.93 316.54 349.13 

Crystal system monoclinic monoclinic triclinic triclinic 

Space group P21/n P21/c Pī Pī 

T [K] 293 K 293 K 273 K 273 K 

a [Å] 11.9007 (12) 12.9718 (18) 5.6364 (15) 8.8357(13) 

b [Å] 14.8924 (12) 7.5582 (14) 14.059 (4) 9.1432(14) 

c [Å] 12.7282 (13) 10.7134 (14) 15.884 (4) 9.6553(14) 

 [°] 90 90 88.034 (4) 84.394(2) 

β  [°] 97.987(10) 91.156 (16) 84.809 (4) 72.845(2) 

γ [°] 90 90 74.549 (4) 70.657(2) 

Z 8 4 4 2 

V [Å
3
] 2233.9 (4) 1050.2 (3) 1232.5 (6) 703.25 (18) 

Dcalc [g cm
–3

] 1.688 1.796 1.706 1.649 

µ [mm
–1

] 1.029 1.094 0.739 0.478 

total reflns 6020 2772 4799 2708 

Unique reflns 4884 1950 4734 2684 

Observed reflns 1540 1541 4218 2434 

R1[I > 2σ(I)] 0.0611 0.0746 0.0445 0.0387 

wR2 [all] 0.1296 0.2539 0.1304 0.1019 

GOF 0.848 1.051 1.056 1.040 

Diffractometer X-calibur 

Gemini Eos 

CCD 

X-calibur 

Gemini Eos 

CCD 

SHELXL-97 SHELXL-97 
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Table 4.8. Crystallographic data for 58a, 58b, 58c and 61b. 

Compound 58a 58b 58c 61b 

Formula C8H4N6O6 C11H6N8O6 C8H4Cl2N4O2 C9H4N10O6 

Mw 280.17 346.24 259.05 348.22 

Crystal system orthorhombic monoclinic triclinic monoclinic 

Space group Pbca P21/c Pī P21/c 

T [K] 293 K 293 K 273 K 273 K 

a [Å] 10.2457(3) 18.869(2) 9.534(8) 14.128(4) 

b [Å] 21.0883(8) 19.0706(18) 10.062(8) 7.493(2) 

c [Å] 90 7.7756(8) 10.657(9) 12.986(4) 

 [°] 90 90 89.971(13) 90 

β  [°] 90 95.923(10) 86.262(13) 99.779(4) 

γ [°] 90 90 89.768(13) 90 

Z 8 8 4 4 

V [Å
3
] 2219.16 (11) 2783.1 (5) 1020.2 (15) 1354.7 (7) 

Dcalc [g cm
–3

] 1.677 1.653 1.687 1.707 

µ [mm
–1

] 1.292 0.139 0.625 0.147 

total reflns 2175 5687 4052 2687 

Unique reflns 1879 5674 3939 2670 

Observed reflns 1681 2397 2528 2316 

R1[I > 2σ(I)] 0.0473 0.0811 0.0601 0.0446 

wR2 [all] 0.1386 0.2601 0.1068 0.1423 

GOF 1.068 1.022 0.993 0.802 

Diffractometer X-calibur  

Gemini Eos  

CCD 

X-calibur  

Gemini Eos  

CCD 

SHELXL-97 SHELXL-97 
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4.4. Energetic Properties 

Energetic properties of nitrogen-rich poly-pyrazole and triazolyl-pyridines-/pyrimidines  

(39a, 40, 43+44, 54, 55, 58a, 58b, 58d, 61a, 61b and 61d) are illustrated in Table 4.9. 

Indispensable parameters such as: heat of formation (HOF), density, detonation velocity 

(vD) and detonation pressure (P) determine the nature and efficiency of the energetic 

materials. The density of the synthesized compounds were determined using Material 

Studio Suite programme, showing in the range of 1.48 to 1.74 g cm
3

. Among them, some 

of the compounds 58a, 58d, 61a, 61b and 61d, dispaly a higher density than TNT (1.65 g 

cm
3

). The variation of density for 39a (1.58 g cm
3

) and 58a (1.74 g cm
3

) suggests the 

effect of nitro group for the enhancement of density.  

 Oxygen balance (OB) is a significant index of energetic materials, as it indicates the 

deficiency or excess of oxygen in a compound required to convert all carbon into carbon 

dioxide and all hydrogen into water. Nitrogen-rich pyridyl-/pyrimidyl tethered 1,2,3-

triazoles exhibit negative oxygen balance ranging from 117.8 to 148.5%, while nitro-

rich pyrazoles and 1,2,4-triazoles possess good OB ranging from 54.0 to 91.0%; the 

introduction of nitro (NO2) groups effect this outcome. 

 As shown in Table 4.9, heats of formation of nitrogen-rich poly-1,2,3-triazolyl-

pyridines-/pyrimidines are in the range of 635.9 to 1148.7 kJ mol
1

, whereas the heats of 

formation of nitro-rich poly-pyrazole/1,2,4-triazolyl-pyridine/pyrimidine compounds fall 

between 317.1 to 906.4 kJ mol
1

. Intrestingly, compound 55 exhibits high positive heats 

of formation (1148.7 kJ mol
1

) due to the high nitogen content. Next, the detonation 

pressures (P), and velocities (vD), were calculated by using EXPLO5 version 6.02. All 

nitro-rich pyridyl-/pyrimidyl-tethered poly-pyrazole/1,2,4-triazole derivatives show good 

detonation pressures (20.2–26.1 GPa) and detonation velocities (7305–8019 m s
1

), more 

than to trinitrotoluene (TNT, P = 19.50 GPa, vD = 6881 m s
1

). The oxygen and nitrogen 

rich compounds 58a, 58d, 61a, 61b and 61d holds high positive heats of formation as 

well as good detonation performances (58a, vD = 7787 m s
1

; 58d, vD = 7465 m s
1

; 61a, 

vD = 8019 m s
1

; 61b, vD = 7685 m s
1

; 61d, vD = 7781 m s
1

) more than triaminotrinitro 

benzene (TATB, vD = 7350 m s
1

).   
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Table 4.9. Energetic properties of N-heteroaryl-azole derivatives 

Comp. 
OB

[a] 

[%] 

ρ
[b]

 

[g cm
3

] 

vD
[c] 

[m s
1

] 

P
[d] 

[GPa] 

Tm
[e]

 

[

C] 

Td
[f] 

[

C] 

HOF
[g] 

[kJ mol
1

] 

39a -117.8 1.58 6221(7100) 15.79(17.02)  187 293 736.9  

40 -148.5 1.49 5459(6892) 11.67(14.72)   288 1023.8  

43 -148.5 1.46 5372(6861) 11.17(14.57)  266 284 1016.0 

44 -148.5 1.48 5468(6902)  11.64(14.76)  266 284 1051.3 

54 -137.7 1.48 5582(6858) 12.20(14.70)  249 276 635.9 

55 -133.8 1.52 5849(7228) 13.60(16.74)   278 1148.7 

58a -68.5 1.74 (1.68) 7381(7787)  23.66(24.67)  117 324 317.1 

58b -87.8 1.66 (1.65) 6819(7305)  19.57(20.23)  228 379 510.6 

58d -91.0 1.70 6959(7465) 20.69(21.73) 315 418 894.5 

61a -54.0 1.74 7609(8019) 25.08(26.12) 148 310 368.7 

61b -64.3 1.70 7279(7685) 22.64(23.71) 220 392 606.3 

61d -61.5 1.73 7376(7781) 23.52(24.61)  262 906.4 

TNT
11b

 -74.0 1.65 6881 19.50  300 -67.0 

TATB
9
 -55.7 1.94 7350 30.01 350 360 137.9 

RDX
11c

 -21.6 1.82 8748 34.90  230 92.6 

[a] Oxygen balance. [b] Calculated density; the experimental crystal density is shown in the 

parenthesis. [c] Velocity of detonation calculated with KamletJacobs equations; the vD is 

calculated with Explo5 version 6.02 and shown in the parenthesis. [d] Detonation pressure 

calculated with KamletJacobs equations; the P is calculated with Explo5 version 6.02 and 

shown in the parenthesis. [e] Melting point. [f] Decomposition temperature under nitrogen 

gas (10 

C min

1
). [g] Heat of formation. 

Thermal stability of the compounds were determined by differential scanning 

calorimetry–thermogravimetric (DSC-TGA) measurments (Table 4.9). Melting point of 

all the nitrogen-rich pyrazole and triazole compounds ranges from 117 

C to 266 


C. The 

pyridyl-/pyrimidyl-tethered-pyrazoles and triazoles show relatively high decomposition 

temperatures (262–418 

C). The pyrimidyl-tethered 1,2,3-triazole compound 55 

decompose without melting at high temperature (278 

C). Most of the compounds show 

good thermal stabilities; gratifyingly, compound 58d exhibits decomposition temperature 

418 

C, thermally more stable than TATB (360 


C). The DSC thermograms of 54 and 55 

for similar heating rates (10 °C/min) are presented in Figure 4.2. Interestingly, the 
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compounds 54 and 55 showed strong exothermic effect due to the presence of 1H-1,2,3-

triazole moiety and pyrimidine ring.  

           

          

Figure 4.2. DSC thermograph for 54, and 55 compounds 

 

4.5. Potential Energy Diagrams 

General electrostatic potential energy information is same as the information shown in 

Page No 47, Chapter 2. 

A small electronegative region is located in the vicinity of the pyridine and triazole rings in 

the compounds 40 and 43 because of the strong electronegative nitrogen’s. Whereas in 

pyrimidine derivatives 54 & 55, more negative charge density is found on the triazole rings 

due to the strong electronegativity of pyrimidine ring. Likewise, large electropositive 

potential generated over the pyrazole and pyridine ring in the compounds 58a & 58b because 

of the strong electron withdrawing effect of the nitro (–NO2) groups. This behavior is clearly 

shown in the potential energy diagrams (Figure 4.3).   

   Negative potential ------------------ Neutral potential ------------------ Positive potential 

 

         

40 43 54 

54 55 
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Figure 4.3. Optimized structures and electrostatic potential surfaces of compounds 40, 43, 

54, 55, 58a and 58b (B3PW91/6-31G (d,p), 0.001 au electron/bohr
3
 isosurface. The red and 

blue regions of the ruler (from left to right) indicate regions of more negative (electron-rich) 

and positive (electron deficient) charges, respectively. Gray = carbon; white = hydrogen; blue 

= nitrogen; red = oxygen. 

4.6 Conclusion 

In summary, a series of new nitrogen-rich pyridyl-/pyrimidyl-tethered-poly-pyrazole and 

triazole based energetic materials were successfully synthesized and characterized by 

analytical and spectroscopic methods. Furthermore, structures of some of the synthesized 

compounds were established by single-crystal X-ray diffraction. Most of the nitro-/nitrogen-

rich pyrazole and triazole derivatives decomposed in the range 262–418 

C; consequently, 

these molecules are considered thermally stable energetic materials. Some of the synthesized 

nitro-rich pyrazole and triazole derivatives exhibit good density and detonation performance. 

Interestingly, compounds 58a ( = 1.74 g cm
3

, P = 24.67 GPa, vD = 7787 m s
1

) and 61d ( 

= 1.73 g cm
3

, P = 24.61 GPa, vD = 7781 m s
1

) showed high density and detonation 

properties than TNT ( = 1.65 g cm
3

, P = 19.50 GPa, vD = 6881 m s
1

) and TATB (vD = 

7350 m s
1

). Gratifyingly, the tri-nitro group bearing compound 61a possesses better density 

(1.74 g cm
3

), good detonation performance (vD = 8019 m s
1

), decompostion temperature 

(310 

C), and positive heat of formation (368.7 kJ mol

1
), an alternate thermally stable 

energetic material comparable to RDX. Our predicted results revealed that the synthesized 

compounds possess high positive HOFs due to the high nitrogen content; in particular, the 

pyrimidyl-tethered 1,2,3-triazole derivative 55 showed a HOF of 1148.7 kJ mol
1

. Owing to 

the high positive HOF, these compounds might be useful as environmentally friendly 

energetic materials. 

55 58a 58b 
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4.7. Future Work 

Heptazines play key role in the synthesis of high performance energetic materials. Heptazine 

is symmetrical heterocyclic azadienes, composed of three fused triazine rings. Owing to the 

high nitrogen content, fused triazine ring systems in symmetrical fashion, the heptazine 

skeleton possesses high positive heat of formation (ΔH
o
f) with enhanced density and 

detonation performance and high thermal stability. Thus, heptazine bearing molecular entities 

are extensively used in rocket fuel, gas generators, green explosives, rocket propellants and 

smoke-free pyrotechnic fuels. Therefore, we are interested in the design and synthesis of 

wide variety of heptazine-bearing molecular entities for energetic applications; some of the 

representative structures are shown in Scheme 4.12.  

  

Scheme 4.12. Nitrogen-rich heptazine derivatives 62-73 
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4.8. Experimental  

4.8.1. General Experimental Information is shown in Page No 51-52, Chapter 2. 

4.8.2. Safety precautions! Most of the high nitrogen content poly-pyrazole and triazole 

derivatives described in this report are typical representatives of high-energy materials that 

can show unpredictable behaviour. Especially, tirazidopyrimidine must be handled with 

extreme care and with appropriate safety precautions. Although we have not encountered any 

difficulties during the preparation of these compounds, manipulations must be carried out by 

using appropriate standard safety precautions. Eye protection & leather gloves must be worn.  

4.8.3. X-ray crystallography  

X-ray reflections 49, 50, 58c and 61b was collected on a Bruker SMART APEX CCD 

diffractometer equipped with a graphite monochromator and Mo-Kα fine-focus sealed tube (λ 

= 0.71073 Å). Data integration was done using SAINT.
19

 Intensities for absorption were 

corrected using SADABS.
20

 Structure solution and refinement were carried out using Bruker 

SHELX-TL.
21

 X-ray reflections for compounds 46, 48, 58a and 58b were collected on an 

Oxford Xcalibur Gemini Eos CCD diffractometer using Mo-Kα, radiation. Data reduction 

was performed using CrysAlisPro (version 1.171.33.55). The OLEX2-1.0
22

 and SHELX-TL 

97 programme were used to solve and refine the data. All non-hydrogen atoms were refined 

anisotropically, and C−H hydrogens were fixed.  

4.8.4. Theoretical Study Information is shown in Page No 106, Chapter 3  

4.8.5. Isodesmic Reactions: 
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4.8.6. Materials: Unless otherwise noted, all the reagents and intermediates were obtained 

commercially and used without purification. Solvents were distilled. The substrates 2,6-

dichloro-4-nitropyridine, 2,6-dichloro-3-nitropyridine, 2-chloro-3,5-dinitropyridine, 2,4,6-

trichloropyridine, 2,4,6-trichloropyrimidine, pentachloropyridine, 3-nitro-1,2,4-triazole, 4-

nitro-1H-pyrazole, 1H-1,2,3-triazole, trimethylsilylacetylene, potassium carbonate, sodium 

ascorbate, copper sulphate pentahydrate, copper iodide, cesium carbonate, sodium hydride 

were purchased from Sigma Aldrich Ltd, and used as received. 

4.8.7. General procedure for the synthesis of compounds 39a, 39b-39b', 46-51, 58a-58d 

and 61a-61d (GP-1): A mixture of 1,2,3-triazole or 4-nitro-1H-pyrazole or 3-nitro-1,2,4-

triazole (1.2 equiv) and NaH (60% oil dispersion) (2.0 equiv) was stirred in THF (5.0 mL for 

1.0 mmol) in a 25 mL two-necked flask under an argon atmosphere at 0 

C for 30 min. The 

nitro-substituted halo pyridine (1.0 equiv) was then added and the mixture was stirred at RT 

for 6 h. Upon completion of the reaction, solvent was removed under the reduced pressure. 

The crude compound was dissolved in EtOAc. The organic layer was separated and the 

aqueous layer was extracted with EtOAc (3 times). The combined extracts were washed with 

water (twice) and brine and dried over Na2SO4. The solvent was filtered and evaporated 

under the reduced pressure. The crude residue was purified by column chromatography on 

silica gel.  

4.8.8. General procedure for the synthesis of compounds 42 and 43+44 (GP-2): A 

mixture of CuI (0.2 equiv), Cs2CO3 (2.0 equiv), 1,2,3-triazole (1.4 equiv), and the heteroaryl 

halide (1.0 equiv) in DMF (2.0 mL per 1.0 mmol) was placed in a 10 mL vial under an argon 

atmosphere. The vial was sealed with a screw cap and the resulting mixture was stirred at the 

respective temperature (see Scheme 4.1 and Table 4.2). The reaction mixture was diluted 

with EtOAc (30 mL per 1.0 mmol) and filtered through a small plug of silica gel. The filtrate 

was washed with water (10 mL), the organic layer was separated, and the aqueous layer was 

extracted with EtOAc (3 10 mL). The combined organic extracts were washed with water (2 

 10 mL) and brine (5 mL) and dried over Na2SO4. The solvent was filtered and evaporated 

under reduced pressure. The crude residue was purified by silica gel column chromatography. 

4.8.9. General procedure for the synthesis of azides (GP-3): All azides were prepared 

following the reported procedures.
18

 2,4,6-triazidopyrimidine (16) was prepared from the 

corresponding bromides or chlorides by reacting with NaN3 in DMSO at room temperature. 
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Physical characterization data of these compounds are exactly matching with the reported 

values.
18

    

4.8.10. General cycloaddition procedure for the synthesis of compounds 54-55 (GP-4): A 

mixture of azide (1.0 equiv), trimethylsilylacetylene (9 equiv), potassium carbonate (7.2 

equiv), sodium ascorbate (2.4 equiv) and CuSO4 (1.2 equiv) were taken in MeOH/tBuOH: 

water (10 mL for 1 mmol, 1:1) in a 20 mL vial. The vial was sealed with a screw cap and the 

resulting mixture was stirred rapidly at room temperature for 24 h. Upon completion of the 

reaction, aqueous ammonium hydroxide (5%) was added to the reaction mixture. The organic 

layer was separated; the aqueous layer was extracted with ethyl acetate (3 times). The 

combined extracts were washed with water (2 times), brine and dried over Na2SO4. Solvent 

was filtered and evaporated under the reduced pressure. The crude residue was purified using 

silica gel column chromatography. 

4.9. Spectral and Analytical Data of the Compounds: 

3-Nitro-2,6-di(2H-1,2,3-triazol-2-yl)pyridine (39a): 

Following the general procedure (GP-1); a mixture of 2,6-dichloro-3-

nitropyridne (37a; 1.0 g, 5.18 mmol), 1H-1,2,3-triazole (1.43 g, 20.7 

mmol), NaH (0.49 g, 20.7 mmol) in THF (10 mL) was stirred at room 

temperature for 6 h. Upon usual work-up, the crude mixture was purified 

by silica gel column chromatography eluting with hexane: ethyl acetate (2:1) to afford 39a 

(0.91 g) in 68% yield as colorless solid. 

m.p. 187 C; DTA  293 C; Rf  0.62 (n-hexane/EtOAc, 2:1);1H NMR (400 MHz, CDCl3): 

  8.43 (d, J  8.8 Hz, 1H), 8.29 (d, J  8.4 Hz, 1H), 8.01 (s, 2H), 7.98 (s, 2H); 
13

C NMR 

(101 MHz, CDCl3):   150.1, 141.9, 138.5, 138.0, 137.7, 137.3; IR (KBr): max 3079, 

1539, 1391, 1358, 1259, 1144, 1045, 936, 771, 645 cm
1

; MS (EI): m/z (%): 258 (100) 

[M1]

, 220 (23), 119 (23), 106 (57), 97 (30), 74 (28); Elemental analysis calcd (%) for 

C9H6N8O2: C 41.87, H 2.34, N 43.40; found: C 41.68, H 2.21, N 43.26. 
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2,6-Dichloro-4-(2H-1,2,3-triazol-2-yl)pyridine (39b) & 2,6-dichloro-4-(1H-1,2,3-triazol-

1-yl)pyridine (39b')
14b

: 

Following the general procedure (GP-1); a mixture of 2,6-

dichloro-4-nitropyridne (37b; 2.0 g, 10.3 mmol), 1H-1,2,3-

triazole (2.86 g, 41.4 mmol), NaH (0.99 g, 41.4 mmol) in THF 

(20 mL) was stirred at room temperature for 6 h. Upon usual 

work-up, the crude mixture was purified by silica gel column 

chromatography eluting with hexane: ethyl acetate (4:1) to afford 39b (0.45 g) in 17% yield 

and 39b'
14b

 (2.04 g) in 78% yield as colorless solids. 

For 39b: m.p. 147 C; DTA  195 C; Rf  0.15 (n-hexane/EtOAc, 4:1); 1H NMR (400 MHz, 

CDCl3):   7.96 (s, 3H), 7.90 (s, 3H); 
13

C NMR (101 MHz, CDCl3):   151.7, 148.5, 137.8, 

112.0; IR (KBr): max 3095, 1566, 1445, 1385, 1144, 930, 788, 656 cm
1

; MS (EI): m/z (%): 

258 (100) [M1]

, 241 (46), 233 (38), 217 (41), 203 (30); Elemental analysis calcd (%) for 

C9H6N8O2: C 41.87, H 2.34, N 43.40; found: C 41.76, H 2.31, N 43.31. 

For 39b':
14b

 m.p. 94 C; DTA  246 C; Rf  0.69 (n-hexane/EtOAc, 4:1); 
1
H NMR (400 

MHz, CDCl3):   8.14 (s, 1H), 7.92 (s, 2H), 7.77 ( s, 3H); 
13

C NMR (101 MHz, CDCl3):   

152.2, 146.1, 135.4, 121.7, 113.1; IR (KBr): max 3117, 1582, 1561, 1456, 1369, 1254, 

1051, 859, 826, 777 cm
1

; MS (EI): m/z (%): 258 (100) [M1]

, 220 (32), 106 (46), 97 (38), 

74 (35); Elemental analysis calcd (%) for C9H6N8O2: C 41.87, H 2.34, N 43.40; found: C 

41.68, H 2.31, N 43.51. 

2,6-Dichloro-4-(2H-1,2,3-triazol-2-yl)pyridine (40): 

Following the general procedure (GP-2); a mixture of 2,6-dichloro-4-

(2H-1,2,3-triazol-2-yl)pyridine (39b; 0.64 g, 3.31 mmol), 1H-1,2,3-

triazole (38, 1.09 g 15.9 mmol), Cs2CO3 (6.48 g 19.8 mmol), CuI (0.37 

g, 1.98 mmol) in DMF (20 mL) was heated at 80 

C for 3 h. Upon usual 

work-up, the crude mixture was purified by silica gel column chromatography eluting with 

hexane: ethyl acetate (1:1) to afford 40 (0.593 g) in 63% yield as colorless solid. 

m.p. Not melting; DTA  288 C; Rf  0.62 (n-hexane/EtOAc, 1:1);1H NMR (400 MHz, 

CDCl3):   9.33 (s, 2H), 8.60 (s, 2H), 8.42 (s, 2H), 8.12 (s, 2H); 
13

C NMR (101 MHz, 

CDCl3):   150.0, 149.3, 139.7, 135.3, 123.6, 101.5; IR (KBr): max 3122, 1615, 1478, 

1451, 1391, 1325, 1259, 1199, 996, 963, 870, 793 cm
1

; MS (EI): m/z (%): 280 (100) [M1]

, 
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274 (5), 249 (3), 222 (3); Elemental analysis calcd (%) for C9H6N8O2: C 47.14, H 2.88, N 

49.98; found: C 47.21, H 2.81, N 49.85. 

2,6-Dichloro-4-(2H-1,2,3-triazol-2-yl)pyridine (42), 2,4,6-tri(2H-1,2,3-triazol-2-

yl)pyridine (43) and 2,4,6-tri(1H-1,2,3-triazol-1-yl)pyridine (44): 

 

Following the general procedure (GP-2); a mixture of 2,4,6-trichloropyridine (41; 0.15 g, 

0.82 mmol), 1H-1,2,3-triazole (38, 0.36 g 5.26 mmol), Cs2CO3 (2.14 g 6.57 mmol), CuI (0.12 

g, 0.65 mmol) in DMF (5 mL) was stirred at room temperature for 12 h. Upon usual work-up, 

the crude mixture was purified by silica gel column chromatography eluting with hexane: 

ethyl acetate (1:1) to afford 42 (0.03 g) in 19% yield and 43+44 (0.83 g) in 53% yield as 

colorless solids. 

For 42: m.p. 147 C; Rf  0.15 (n-hexane/EtOAc, 4:1); 
1
H NMR (400 MHz, CDCl3):   7.99 

(s, 2H), 7.92 (s, 2H); 
13

C NMR (101 MHz, CDCl3):   151.8, 148.5, 137.8, 112.1; IR (KBr): 

max 1561, 1419, 1232, 1161, 991, 827, 778, 712, 646 cm
1

; MS (EI): m/z (%): 215 (30) 

[M
+
1], 214 (100) [M


], 127 (19), 122 (5), 95 (70); Elemental analysis calcd (%) for 

C9H6N8O2: C 39.10, H 1.87, N 26.05; found: C 39.16, H 1.83, N 26.12. 

For 43+44: m.p. 266 C; DTA  284 C; Rf  0.65 (n-hexane/EtOAc, 1:1); 
1
H NMR (400 

MHz, CDCl3):   8.87 (d, J  1.6 Hz, 1H), 8.72 (s, 1H), 8.63 (s, 1H), 8.01 (m, 3H), 7.97 (m, 

9H), 7.89 (s, 1H); 
13

C NMR (101 MHz, CDCl3):   152.0, 151.6, 151.3, 149.8, 149.4, 149.2, 

137.9, 137.7, 137.4, 112.7, 112.3, 101.9, 101.7; IR (KBr): max 3161, 2964, 2854, 1605, 

1578, 1446, 1271, 1106, 1013, 810 cm
1

; MS (EI): m/z (%): 282 (13) [M

], 281 (100) 

[M
+
1]; Elemental analysis calcd (%) for C9H6N8O2: C 47.14, H 2.88, N 49.98; found: C 

47.23, H 2.82, N 49.85. 

2,3,5,6-Tetrachloro-4-(2H-1,2,3-triazol-2-yl)pyridine (46) and 3,4,5-trichloro-2,6-di(2H-

1,2,3-triazol-2-yl)pyridine (47) and 3,4,5-trichloro-2,6-di(1H-1,2,3-triazol-1-yl)pyridine 

(48)
14b

 and 3,4,5-trichloro-2-(1H-1,2,3-triazol-1-yl)-6-(2H-1,2,3-triazol-2-yl)pyridine (49) 

and 3,5-dichloro-2,4,6-tri(2H-1,2,3-triazol-2-yl)pyridine (50) and 3-chloro-2,4,5,6-

tetra(2H-1,2,3-triazol-2-yl)pyridine (51): 
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Following the general procedure (GP-1); a mixture of pentachloropyridine (45; 4.0 g, 15.9 

mmol), 1H-1,2,3-triazole (38, 5.49 g, 79.5 mmol), NaH (1.91 g, 79.5 mmol) in THF (40 mL) 

was refluxed at 65 

C for 12 h. Upon usual work-up, the crude mixture was purified by silica 

gel column chromatography eluting with hexane: ethyl acetate (2:1) to afford 46 (0.91 g) in 

21% yield and 47 (0.26 g) in 4% yield and 48 (0.40 g) in 7% yield and 49 (0.59 g) in 9% 

yield and 50 (0.96 g) in 17% yield and 51 (1.37 g) in 24% yield as colorless solids. 

For 46: m.p. 87 C; Rf  0.54 (n-hexane/EtOAc, 9:1); 
1
H NMR (400 MHz, CDCl3): 7.97 (br 

s, 2H); 
13

C NMR (101 MHz, CDCl3):   147.2, 145.9, 136.9, 129.4; IR (KBr): max 2926, 

1534, 1402, 1216, 1150 cm
1

; MS (EI): m/z (%): 286 (16) [M
+
2], 285 (66) [M

+
1], 284 (42) 

[M
+
], 283 (100) [M

+
1], 255 (8), 249 (8), 221 (3); Elemental analysis calcd (%) for 

C7H2Cl4N4: C 29.61, H 0.71, N 19.73; found: C 29.56, H 0.76, N 19.65. 

For 47: m.p. 139 C; Rf  0.43 (n-hexane/EtOAc, 9:1);1H NMR (400 MHz, CDCl3):  8.04 

(br s, 1H), 7.99 (s, 1H); 
13

C NMR (101 MHz, CDCl3):   147.4, 139.3, 137.1 (d, J  36 Hz, 

1C); IR (KBr): max 2920, 1457, 1397, 1331, 1084, 942, 832, 794 cm
1

; MS (EI): m/z (%): 

286 (15) [M
+
2], 285 (65) [M

+
1], 284 (40) [M

+
], 283 (100) [M

+
1], 255 (8), 249 (8), 221 

(3); Elemental analysis calcd (%) for C9H4Cl3N7: C 29.61, H 0.71, N 19.73; found: C 29.76, 

H 0.68, N 19.78. 

For 48:
 14b

 m.p. 170 C; Rf  0.48 (n-hexane/EtOAc, 6:1);1H NMR (400 MHz, CDCl3):   

7.93 (d, J  0.8 Hz, 1H), 7.89 (d, J  1.2 Hz, 1H); 
13

C NMR (101 MHz, CDCl3):   147.3, 

143.3, 134.2, 128.7, 125.2; IR (KBr): max 2926, 1534, 1331, 1216, 1041, 723 cm
1

; MS 

(EI): m/z (%): 297 (16), 284 (21) [M
+
], 283 (100) [M

+
1], 268 (18), 253 (10); Elemental 

analysis calcd (%) for C9H4Cl3N7: C 29.61, H 0.71, N 19.73; found: C 29.71, H 0.78, N 

19.71. 

For 49: m.p. 143 C; Rf  0.45 (n-hexane/EtOAc, 3:1);1H NMR (400 MHz, CDCl3):   8.26 

(d, J  1.2 Hz, 1H), 8.01 (br s, 4H), 7.86 (d, J  1.2 Hz, 1H); 
13

C NMR (101 MHz, CDCl3):  

 147.5, 147.4, 143.9, 137.2, 133.7, 131.2, 124.7, 124.5; IR (KBr): max 3117, 1550, 1430, 

1331, 1216, 958, 794, 652 cm
1

; MS (EI): m/z (%): 318 (32) [M
+
], 317 (100) [M

+
1], 227 
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(8); Elemental analysis calcd (%) for C9H4Cl3N7: C 29.61, H 0.71, N 19.73; found: C 29.71, 

H 0.78, N 19.71. 

For 50: m.p. 101 C; Rf  0.55 (n-hexane/EtOAc, 2:1); 
1
H NMR (400 MHz, CDCl3):   8.06 

(s, 1H), 7.98 (br s, 3H), 7.76 (s, 2H); 
13

C NMR (101 MHz, CDCl3):   148.6, 145.3, 137.3, 

137.2, 131.0, 125.9; IR (KBr): max 3123, 1556, 1440, 1396, 1248, 1139, 843, 640 cm
1

; 

MS (EI): m/z (%): 351 (22), 349 (24) [M
+
1], 129 (7), 111 (20), 97 (100), 79 (13), 65 (19); 

Elemental analysis calcd (%) for C11H6Cl2N10: C 37.84, H 1.73, N 40.12; found: C 37.76, H 

1.79, N 40.21. 

For 51: m.p. 189 C; Rf  0.50 (n-hexane/EtOAc, 1:1);1H NMR (400 MHz, CDCl3):   8.31 

(s, 1H), 8.05 (br s, 2H), 7.99 (br s, 2H), 7.86 (s, 1H); 
13

C NMR (101 MHz, CDCl3):   

148.8, 145.6, 143.7, 137.3 (d, J  20 Hz, 1C), 133.7, 126.4, 126.0, 124.9; IR (KBr): max 

3117, 1566, 1440, 1402, 1160, 1002, 952, 837, 634 cm
1

; MS (EI): m/z (%): 351 (31), 349 

(69) [M
+
1], 279 (6), 173 (12), 129 (24), 119 (16), 111 (100), 97 (37), 79 (41), 65 (20);  

Elemental analysis calcd (%) for C9H5F3N4O2: C 37.84, H 1.73, N 40.12; found: C 37.88, H 

1.71, N 40.07. 

2-Methoxy-4,6-di(1H-1,2,3-triazol-1-yl)pyrimidine (54): 

Following the general procedure (GP-4); a mixture of 2,4,6-

triazidopyrimidine (52; 1.10 g, 5.41 mmol), trimethylsilylacetylene (53, 

4.78 g, 48.7 mmol), potassium carbonate (5.38 g, 38.9 mmol), sodium 

ascorbate (2.57 g, 12.9), copper sulfate (1.62, 6.49) in MeOH:H2O (100 

mL) was stirred at room temperature for 12 h. Upon usual work-up, the 

crude mixture was purified by silica gel column chromatography eluting with hexane: ethyl 

acetate (1:1) to afford 54 (0.43 g) in 49% yield as yellow semi solid. 

m.p. 249 C; DTA  276 C (exothermic); Rf  0.79 (n-hexane/EtOAc, 1:1);1H NMR (400 

MHz, D6[DMSO]):   8.72 (s, 1H), 7.95 (s, 1H), 7.44 ( s, 2H), 6.75 (s, 1H), 3.85 (s, 3H); 
13

C 

NMR (101 MHz, D6[DMSO]):   167.6, 165.8, 155.4, 134.5, 122.6, 86.1; IR (KBr): max 

3216, 1615, 1566, 1456, 1352, 1215, 1067, 996, 777 cm
1

; MS (EI): m/z (%): 246 (16) 

[M
+
], 245 (100) [M

+
1], 209 (8); Elemental analysis calcd (%) for C9H8N8O: C 44.26, H 

3.30, N 45.88; found: C 44.32, H 3.26, N 45.71. 
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2,4,6-Tri(1H-1,2,3-triazol-1-yl)pyrimidine (55): 

Following the general procedure (GP-4); a mixture of 2,4,6-

triazidopyrimidine (52; 0.30 g, 1.47 mmol), trimethylsilylacetylene (53, 

1.30 g, 13.29 mmol), potassium carbonate (1.50 g, 10.6 mmol), sodium 

ascorbate (0.70 g, 3.54), copper sulfate (0.44 g, 1.77) in t-BuOH:H2O 

(20 mL) was stirred at room temperature for 12 h. Upon usual work-up, 

the crude mixture was purified by silica gel column chromatography eluting with hexane: 

ethyl acetate (4:1) to afford 55 (0.31 g) in 72% yield and as yellow solid. 

m.p. Not melting; DTA  278 C (exothermic); Rf  0.69 (n-hexane/EtOAc, 4:1); 
1
H NMR 

(400 MHz, D6[DMSO]):   9.04 (d, J  6.8 Hz, 1H), 9.01 (d, J  8.8 Hz, 1H), 8.04 (s, 2H), 

7.97 (s, 2H), 7.13 (d, J  3.6 Hz, 1H); 
13

C NMR (101 MHz, D6[DMSO]):   167.3, 154.8, 

154.4, 134.9, 134.3, 124.6, 123.3, 90.9; IR (KBr): max 2953, 1660, 1556, 1463, 

1375, 1249, 1046, 838 cm
1

; MS (EI): m/z (%): 282 (100) [M
+
1], 279 (16), 256 (11) 111 

(29), 79 (34); Elemental analysis calcd (%) for C9H8N8O: C 42.71, H 2.51, N 54.78; found: C 

42.61, H 2.56, N 54.65. 

3,5-Dinitro-2-(4-nitro-1H-pyrazol-1-yl)pyridine (58a): 

Following the general procedure (GP-1); a mixture of 2-chloro-3,5-

dinitropyridne (56a; 1.0 g, 4.91 mmol), 4-nitro-1H-pyrazole (57, 0.72 g, 

6.38 mmol), NaH (0.15 g, 6.38 mmol) in THF (20 mL) was stirred at 

room temperature for 6 h. Upon usual work-up, the crude mixture was 

purified by silica gel column chromatography eluting with hexane: ethyl acetate (4:1) to 

afford 58a (0.90 g) in 65% yield as yellow solid. 

m.p. 117 C; DTA  324 C; Rf  0.69 (n-hexane/EtOAc, 4:1); 
1
H NMR (400 MHz, CDCl3): 

  9.50 (s, 1H), 9.21 (s, 1H), 8.93 (s, 1H), 8.30 (s, 1H); 
13

C NMR (101 MHz, CDCl3):   

146.1, 143.6, 142.6, 139.3, 138.6, 137.6, 130.3, 128.8; IR (KBr): max 3155, 3068, 1555, 

1435, 1084, 1002, 919, 821, 749, 585 cm
1

; MS (EI): m/z (%):282 (18) [M

1], 280 (100) 

[M1]

, 249 (3); Elemental analysis calcd (%) for C9H6N8O2: C 34.30, H 1.44, N 30.00; 

found: C 34.26, H 1.38, N 30.12. 
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3-Nitro-2,6-bis(4-nitro-1H-pyrazol-1-yl)pyridine (58b): 

Following the general procedure (GP-1); a mixture of 2,6-dichloro-

3-nitropyridne (56b; 1.0 g, 5.18 mmol), 4-nitro-1H-pyrazole (57, 

2.34 g, 20.7 mmol), NaH (0.49 g, 20.7 mmol) in THF (20 mL) was 

stirred at room temperature for 6 h. Upon usual work-up, the crude 

mixture was purified by silica gel column chromatography eluting with hexane: ethyl acetate 

(3:1) to afford 58b (1.12 g) in 62% yield as yellow solid. 

m.p. 228 C; DTA  379 C (exothermic); Rf  0.69 (n-hexane/EtOAc, 3:1); 
1
H NMR (400 

MHz, CDCl3):   10.3 (s, 1H), 10.2 (s, 1H), 8.76 (d, J  8.8 Hz, 1H), 8.68 (s, 1H), 8.63 (s, 

1H), 8.15 (d, J  8.4 Hz, 1H); 
13

C NMR (101 MHz, CDCl3):   149.2, 139.8, 139.7, 139.5, 

139.2, 138.5, 138.1, 137.3, 131.3, 129.9, 113.6; IR (KBr): max 3128, 1593, 1489, 1407, 

1319, 1188, 1002, 941, 865, 821, 749 cm
1

; MS (EI): m/z (%): 411 (7), 391 (3), 349 (3) 

[M
+
2], 348 (21) [M

+
1], 347 (100) [M

+
1]; Elemental analysis calcd (%) for C9H6N8O2: C 

38.16, H 1.75, N 32.37; found: C 38.26, H 1.68, N 32.15. 

2,6-Dichloro-4-(4-nitro-1H-pyrazol-1-yl)pyridine (58c) and 2-chloro-4,6-bis(4-nitro-1H-

pyrazol-1-yl)pyridine (58c'): 

Following the general procedure (GP-1); a mixture of 2,6-

dichloro-4-nitropyridne (56c; 1.0 g, 5.18 mmol), 4-nitro-1H-

pyrazole (57, 2.34 g, 20.72 mmol), NaH (0.49 g, 20.72 

mmol) in THF (20 mL) was stirred at room temperature for 

6 h. Upon usual work-up, the crude mixture was purified by 

silica gel column chromatography eluting with hexane: 

ethyl acetate (4:1) to afford 58c (0.75 g) in 54% yield and 58c' (0.31 g) in 17% yield as 

colorless solids. 

For 58c: m.p. 160 C; Rf  0.15 (n-hexane/EtOAc, 4:1); 1
H NMR (400 MHz, CDCl3):   

8.79 (s, 1H), 8.32 (s, 3H), 7.71 (s, 2H); 
13

C NMR (101 MHz, CDCl3):   152.4, 148.0, 

138.6, 138.2, 126.3, 112.4; IR (KBr): max 3139, 1539, 1418, 1325,  1166, 1111, 886, 821, 

749 cm
1

; MS (EI): m/z (%): 259 (48) [M
+
2], 258 (15) [M

+
1], 257 (100) [M

+
2]; 

Elemental analysis calcd (%) for C9H6N8O2: C 37.09, H 1.56, N 21.63; found: C 37.18, H 

1.51, N 21.56. 

For 58c': m.p. 198 C; Rf  0.69 (n-hexane/EtOAc, 1:1); 
1
H NMR (400 MHz, CDCl3):   

10.0 (s, 1H), 9.37 (s, 1H), 8.65 (d, J  8.4 Hz, 2H), 8.39 (s, 1H), 8.23 (s, 1H); 
13

C NMR (101 
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MHz, CDCl3):   151.1, 150.7, 149.5, 138.9, 138.8, 138.4, 137.8, 130.5, 128.0, 113.2, 

101.9; IR (KBr): max 3139, 1604, 1544, 1402, 1319, 1040, 958, 821, 749 cm
1

; MS (EI): 

m/z (%): 337 (41) [M
+
2], 336 (28) [M

+
1], 335 (100) [M

+
2]; Elemental analysis calcd (%) 

for C9H6N8O2: C 39.36, H 1.80, N 29.21; found: C 39.48, H 1.70, N 29.36. 

2,4,6-Tris(4-nitro-1H-pyrazol-1-yl)pyrimidine (58d): 

Following the general procedure (GP-1); a mixture of 2,4,6-

trichlropyrimidine (56d; 0.50 g, 2.72 mmol), 4-nitro-1H-pyrazole 

(57, 1.84 g, 16.3 mmol), NaH (0.39 g, 16.3 mmol) in THF (20 mL) 

was stirred at room temperature for 12 h. Upon usual work-up, the 

crude mixture was purified by silica gel column chromatography 

eluting with hexane: ethyl acetate (2:1) to afford 58d (0.93 g) in 82% 

yield as colorless solid. 

m.p. 315 C; DTA  418 C (exothermic); Rf  0.59 (n-hexane/EtOAc, 2:1); 
1
H NMR (400 

MHz, D6[DMSO]):   10.2 (s, 1H), 9.75 (s, 2H), 8.72 (s, 2H), 8.56 (s, 1H), 8.06 (s, 1H); 
13

C 

NMR (101 MHz, D6[DMSO]):   159.9, 154.5, 140.1, 139.4, 138.8, 138.5, 131.7, 129.3, 

96.2; IR (KBr): max 3139, 1599, 1550, 1396, 1314, 1182, 1002, 952, 821, 755 cm
1

; MS 

(EI): m/z (%): 412 (16) [M1]
+
, 414 (100) [M

+
1], 415 (29), 436 (8); Elemental analysis 

calcd (%) for C9H6N8O2: C 37.78, H 1.71, N 37.28; found: C 37.85, H 1.78, N 37.15. 

3,5-Dinitro-2-(3-nitro-1H-1,2,4-triazol-1-yl)pyridine (61a): 

Following the general procedure (GP-1); a mixture of 2-chloro-3,5-

dinitropyridne (59a; 0.50 g, 2.45 mmol), 3-nitro-1,2,4-triazole (60, 

0.36 g, 3.19 mmol), NaH (0.07 g, 3.19 mmol) in THF (20 mL) was 

stirred at room temperature for 12 h. Upon usual work-up, the crude 

mixture was purified by silica gel column chromatography eluting with hexane: ethyl acetate 

(4:1) to afford 61a (0.51 g) in 74% yield as brown solid. 

m.p. 148 C; DTA  310 C (exothermic); Rf  0.62 (n-hexane/EtOAc, 4:1); 
1
H NMR (400 

MHz, D6[DMSO]):   9.82 (s, 1H), 9.70 (d, J  2.0 Hz, 1H), 9.57 (d, J  2.0 Hz, 1H); 
13

C 

NMR (101 MHz, D6[DMSO]):   163.5, 148.4, 147.6, 144.8, 141.3, 137.8, 132.3; IR (KBr): 

max 3090, 1610, 1555, 1467, 1418, 1341, 1314, 1111, 985, 925, 881, 760 cm
1

; MS (EI): 

m/z (%): 237 (16), 256 (16), 282 (100) [M

1], 283 (24) [M


2]; Elemental analysis calcd 

(%) for C9H6N8O2: C 29.90, H 1.08, N 34.87; found: C 30.06, H 1.12, N 34.71. 
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3-Nitro-2,6-bis(3-nitro-1H-1,2,4-triazol-1-yl)pyridine (61b): 

Following the general procedure (GP-1); a mixture of 2,6-

dichloro-3-nitropyridne (59b; 0.50 g, 2.59 mmol), 3-nitro-1,2,4-

triazole (60, 1.18 g, 10.3 mmol), NaH (0.24 g, 10.3 mmol) in 

THF (20 mL) was stirred at room temperature for 12 h. Upon 

usual work-up, the crude mixture was purified by silica gel column chromatography eluting 

with hexane: ethyl acetate (3:1) to afford 61b (0.78 g) in 86% yield as yellow solid. 

m.p. 220 C; DTA  392 C (exothermic); Rf  0.46 (n-hexane/EtOAc, 3:1); 
1
H NMR (400 

MHz, D6[DMSO]):   10.1 (d, J  1.6 Hz, 1H), 10.0 (d, J  1.2 Hz, 1H), 9.02 (dd, J  1.2, J 

 8.8 Hz, 1H), 8.38 (dd, J  1.2, 8.8 Hz, 1H); 
13

C NMR (101 MHz, D6[DMSO]):   163.7, 

163.4, 148.4, 147.6, 147.0, 141.0, 137.9, 116.0; IR (KBr): max 2920, 1561, 1522, 1418, 

1380, 1259, 1100, 804 cm
1

; MS (EI): m/z (%): 154 (16), 230 (11), 349 (100) [M
+
1], 350 

(58) [M
+
2]; Elemental analysis calcd (%) for C9H6N8O2: C 31.05, H 1.16, N 40.23; found: C 

31.16, H 1.26, N 40.07. 

2,6-Dichloro-4-(3-nitro-1H-1,2,4-triazol-1-yl)pyridine (61c): 

Following the general procedure (GP-1); a mixture of 2,6-dichloro-4-

nitropyridne (59c; 0.30 g, 1.55 mmol), 3-nitro-1,2,4-triazole (60, 0.70 g, 6.21 

mmol), NaH (0.14 g, 6.21 mmol) in THF (10 mL) was stirred at room 

temperature for 24 h. Upon usual work-up, the crude mixture was purified by 

silica gel column chromatography eluting with hexane: ethyl acetate (4:1) to 

afford 61c (0.27 g) in 67% yield as yellow semi solid. 

Rf  0.15 (n-hexane/EtOAc, 4:1); 1
H NMR (400 MHz, CDCl3):   8.90 (s, 1H), 7.80 (s, 

2H); 
13

C NMR (101 MHz, CDCl3):   152.9, 145.1, 143.3, 143.2, 113.0; IR (KBr): max 

3133, 1610, 1550, 1506, 1478, 1429, 1352, 1298, 1111, 985, 859 cm
1

; MS (EI): m/z (%): 

105 (11), 156 (26), 260 (100) [M
+
], 259 (63) [M

+
1], 258 (26) [M

+
2]; Elemental analysis 

calcd (%) for C9H6N8O2: C 32.33, H 1.16, N 26.93; found: C 32.41, H 1.21, N 26.82. 

2,4,6-Tris(3-nitro-1H-1,2,4-triazol-1-yl)pyrimidine (61d): 

Following the general procedure (GP-1); a mixture of 2,4,6-

trichlropyrimidine (59d; 0.50 g, 2.72 mmol), 3-nitro-1,2,4-

triazole (60, 1.86 g, 16.3 mmol), NaH (0.39 g, 16.3 mmol) in 

THF (20 mL) was stirred at room temperature for 24 h. Upon 

usual work-up, the crude mixture was purified by silica gel 
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column chromatography eluting with hexane: ethyl acetate (1:1) to afford 61d (1.03 g) in 

91% yield as colorless solid. 

m.p. 192 C; DTA  262 C (exothermic); Rf  0.72 (n-hexane/EtOAc, 1:1); 
1
H NMR (400 

MHz, D6[DMSO]):   10.3 (s, 1H), 10.2 (s, 2H), 8.36 (s, 1H); 
13

C NMR (101 MHz, 

D6[DMSO]):   172.9, 164.4, 158.9, 153.5, 149.6, 148.2, 99.1; IR (KBr): max 3155, 1604, 

1561, 1517, 1478, 1429, 1303, 1265, 1100, 980, 843, 799 cm
1

; MS (EI): m/z (%): 376 (5), 

417 (100) [M
+
1], 416 (26) [M

+
]; Elemental analysis calcd (%) for C9H6N8O2: C 28.26, H 

0.97, N 47.11; found: C 28.72, H 1.06, N 47.21. 
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