Nitrogen, Oxygen and Fluorine Rich N-(Hetero)Aryl-
1,2,3-Triazoles: A Resource For High Energy Materials

A Thesis
Submitted for the Degree of

DOCTOR OF PHILOSOPHY

In
Chemistry
By

Ambarkar Sudheer Kumar

ACRHEM, School of Chemistry
University of Hyderabad
Hyderabad 500 046
Telangana State
INDIA

August, 2015



DEDICATION

My Family Members



Statement

Certificate

Acknowl

List Abb

Chapter

1.1.
1.2.
1.3.
1.4.
1.5.

1.6.

1.7.

1.8.

1.9.

edgements

reviations

1: Introduction to High Energy Materials

History & Background of High Energy Materials
Definition and Introduction
Explosophores
Factors which must be considered for the synthesis of novel energetic materials are
Classification of High Energy Materials
1.5.1 Explosives
1.5.1.1. Explosives and its Classification
1.5.1.1.1. Thermally Stable Explosives
1.5.1.1.2. High Performance Explosives
1.5.1.1.3. Melt-Cast Explosives
1.5.1.1.4. Insensitive Explosives
1.5.2. Propellants
1.5.3. Pyrotechnics
Different terms involved in High Energy Materials Science
Role Azole Derivatives in High Energy Materials
1.7.1. Introduction of nitrogen-rich heterocyclic rings
1.7.2. Energetic five membered N-heterocyclic derivatives
1.7.3. Energetic six membered N-heterocycles derivatives
1.7.4. Fused heterocycles
Importance of Strained and Benzene Rings
1.8.1. Energetic materials having strained rings
1.8.2. Energetic materials having benzene ring
Challenges to Discover the Modern Energetic Materials

1.10. Objective of the thesis
1.11. References

Chapter

2.1.

2.2.
2.3.
2.4.
2.5.
2.6.

2: Synthesis of Thermally Stable Energetic 1,2,3-Triazole Derivatives

Introduction

2.1.1. Precedents and Strategies for 1H-1,2,3-triazole derivatives towards energetic-
materials applications

2.1.2. Motivation and Design Plan

Results and Discussion

X-Ray Crystallography

Energetic Properties

Potential Energy Diagrams

Conclusion

Page
No.

CoOowoo~NomToor~rbdpPhw -

25

27
28

33
33
42
45
47
49



2.7. Future Work
2.8. Experimental
2.8.1. Caution
2.8.2. General Experimental Information
2.8.3. X-ray Crystallography Information
2.8.4. Theoretical Study Information
2.8.5. Materials
2.8.6. General procedure for the synthesis of azides (GP-1)
2.8.7. General Cycloaddition Procedure (GP-2)
2.8.8. General procedure for the synthesis of compounds 5a-11 (GP-3)
2.8.9. General procedure for the synthesis of compounds 15-22 (GP-4)
2.8.10. General procedure for the formation of the N-oxides (GP-5)
2.9. Spectral and Analytical Data of the Compounds
2.10. References
2.11. Spectra
2.12. Applications

Chapter 3: Synthesis of Trifluromethyl-Substituted N-Aryl Poly-1,2,3-Triazole-
Derivatives

3.1. Introduction
3.1.1. Background of —CF3 substituted-1,2,3-triazole based energetic compounds
3.1.2. Motivation and Design Plan
3.2. Results and Discussion
3.3. X-Ray Crystallography
3.4. Energetic Properties
3.5. Potential Energy Diagrams
3.6. Conclusion
3.7. Future Work
3.8. Experimental
3.8.1. Caution
3.8.2. General Experimental Information
3.8.3. X-ray Crystallography Information
3.8.4. Theoretical Study Information
3.8.5. Isodesmic reactions for the titled compounds
3.8.6. Materials
3.8.7. General procedure for the synthesis of azides (GP-1)
3.8.8. General Cycloaddition Procedure (GP-2)
3.8.9. General procedure for the synthesis of compounds 3a—3m (GP-3)
3.8.10. General procedure for the synthesis of compounds 5-15 (GP-4)
3.9. Spectral and Analytical Data of the Compounds
3.10. References
3.11. Spectra

49
o1
51
o1
52
52
53
53
53
54
54
54
55
69
73
84

85

87

87

88

89

96

99

101
104
104
105
105
105
105
106
107
110
110
110
111
111
111
128
131



Chapter 4: Synthesis and Energetic Studies of Nitrogen-Rich N-Hetero-Aryl-Azole
Derivatives

4.1. Introduction
4.1.1. Background of pirydyl-/pyrimidyl-tethered azoles for energetic materials
applications
4.1.2. Motivation and Design Plan
4.2. Results and Discussion
4.3. X-Ray Crystallography
4.4. Energetic Properties
4.5. Potential Energy Diagrams
4.6. Conclusion
4.7. Future Work
4.8. Experimental
4.8.1. General Experimental Information
4.8.2. Safety Precautions
4.8.3. X-ray Crystallography Information
4.8.4. Theoretical Study Information
4.8.5. Isodesmic reactions for the titled compounds
4.8.6. Materials
4.8.7. General Procedure for the Synthesis of Compounds 39a, 39b-39b', 46-51,
58a-58d and 61a-61d (GP-1)
4.8.8. General Procedure for the Synthesis of Compounds 42 and 43+44 (GP-2)
4.8.9 General procedure for the synthesis of azides (GP-3)
4.8.10 General Cycloaddition Procedure for the Synthesis of Compounds 54-55
(GP-4)
4.9. Spectral and Analytical Data of the Compounds
4.10. References
4.11. Spectra

List of Publications

Conference attended

157

159
159

163
164
171
174
176
177
178
179
179
179
179
179
179
181
181

181
181
182

182
191
194
209

211



STATEMENT

| hereby declare that the matter embodied in the thesis entitled
“Nitrogen, Oxygen and Fluorine Rich N-(Hetero)Aryl-1,2,3-Triazoles: A
Resource For High Energy Materials™ is the result of investigation carried out
by me in the Advanced Center of Research in High Energy Materials
(ACRHEM) and School of Chemistry, University of Hyderabad, Hyderabad,

India, under the supervision of Dr. Akhila Kumar Sahoo.

In keeping with the general practice of reporting scientific observations,
due acknowledgements have been made on the basis of the findings of other
investigators. Any omission, which might have occurred by oversight or error,
Is regretted. This research work is free from Plagiarism. | hereby agree that my
thesis can be deposited in shodganga/INFLIBNET. A report on plagiarism

statistics from the University Librarian is enclosed.

Ambarkar Sudheer Kumar
10ACPAQ02

Dr. Akhila Kumar Sahoo
Supervisor

University of Hyderabad
August, 2015



Dr. A. K. Sahoo

Associate Professor

Work: +91-40-23134822

Fax: +91-40-23012460
e-mail: akssc@uohyd.ernet.in/
akhilkumar_s@yahoo.com

School of Chemistry

University of Hyderabad
Prof. C. R. Rao Road, Gachi Bowli
Hyderabad — 500 046

INDIA

CERTIFICATE

Certified that the work contained in the thesis entitled “Nitrogen, Oxygen and
Fluorine Rich N-(Hetero)Aryl-1,2,3-Triazoles: A Resource For High Energy
Materials” has been carried out by Mr. Ambarkar Sudheer Kumar under my
supervision. | declare that this work has not been submitted previously in part or in

full to this university or other university or institution for the award of any degree.

DIRECTOR Dr. Akhila Kumar Sahoo
ACRHEM (Supervisor)
Dean Dean

School of Chemistry School of Physics



Acknowledgements

| wish to express my deep sincere heartfelt gratitude to my supervisor Dr. Akhila
Kumar Sahoo for his splendid guidance, patience, suggestions, encouragement, constant
support, inspiration, valuable discussions, advices, and personal freedom rendered to me
during my research period. His endless enthusiasm, good mannerism and respective attitude
will always remain a source of inspiration for me. | will be always obliged to him for his
friendly behavior with me. I am fortunate enough to join under his supervision. His powerful
words are motivated me a lot in my life and his best wishes which made me what | am today.
He considered me as a one the family member. | consider my association with him as a
cherishable memory in my life.

It’s my privilege to thank Dr. K. Venkateswara Rao, Director, Advanced Center of
Research in High Energy Materials (ACRHEM), University of Hyderabad and Prof. S. P.
Tewari, (former Director of ACRHEM) for their support, encouragement and helpful
discussions throughout my research work. | extend my sincere thanks to Prof. M. Durga
Prasad, Dean, School of Chemistry for providing work place and experimental facilities. |
also thank to former Deans Prof. M. V. Rajasekharan, Prof. D. Basavaiah, Prof. M.
Periasamy and all the faculty members, School of Chemistry for their co-operation on various
aspects. Prof. M. Durga Prasad and Prof. S. Mahapatra are thanked for their support and
valuable suggestions in computational chemistry. | also want to thank the CMSD, University
of Hyderabad, for providing computational facilities.

| am grateful to thank my doctoral committee members Dr. K. Muralidharan and Dr. P.
K. Panda for their support, encouragement, helpful suggestions, and strict evaluation on
doctoral committee reports. | sincerely thank all the faculty and non-teaching staff of the
School of Chemistry and ACRHEM for their assistance on various occasions.

| am very happy to collaborate and indebted to Dr. Anil K. Choudary for his support,
valuable discussions and guidance in physics which has been helped to extend my knowledge
and helpful for my research work. His association was joyful.

| would like to thank Dr. A. K. Sikder and HEMRL team members Dr. Radha Krishna,
Dr. Anniyappan, Dr. Shfee Khan and Mr. Abhijit Singh for their support, guidance and
helpful discussions during RAB meetings.

| would like to acknowledge DRDO, HEMRL and ACRHEM for the fellowship and
financial support. Sincere thanks to ACRHEM and University Purse Grant (UPE-Phase-11)

for providing the financial assistance for attending the international conference “NTREM-

\Y



2015” held at University of Pardubice, Pardubice, Czech Republic, European Union during
15™ April-17" April-2015.

My heart full thanks to my senior cum friend Dr. Vikas D. Ghule. Without his support,
encouragement and kind help my Ph.D work unsuccessful. He has shown the path in my
Ph.D tenure with lots of patience. In addition, he only taught me all the computational
calculations. His help in my life is highly obliged.

My Special thanks go to Dr. M. Bhanuchandra for his support, encouragement, respect,
best wishes during my Ph.D work. His valuable discussions and suggestions are helped me a
lot to increase my subject in chemistry. He treated me as a brother. After my parents he is the
only person who has not hurts me with his words. He helped me a lot as professionally and
personally. I am lucky enough to have such kind of person in my life.

Sincere thanks to my co-worker and friend Nagarjuna Kommu for his help,
encouragement, pleasant company, respect, and cooperation during my tenure. His valuable
discussions and suggestions are highly appreciable. Especially while my thesis corrections he
helped me lot and his contribution and suggestions are outstanding for the progress of my
thesis work. He is very kind, honest, gentle and encouraging person.

| take this opportunity to thank my college Dr. J. Raveendra. He is the one person who
taught me fundamentals of chemistry during my pre Ph.D. viva. His patience and
encouragement is highly appreciable.

From the bottom of my heart | thank to my friends and labmates Dr. Bhanuchandra, Dr.
K. Malleshwararao, Dr. M. Ramu Yadav, Dr. Nayan Ghosh, Dr. Raja K. Rit, Dr. Sanatan
Nayak, Dr. Nagarjuna Kommu, Dr. J. Raveendra, Koushik Ghosh, Prabagar, Shankar Majji,
E. Ramesh, Rajender Mallick, Suman Dana, Rangu Prasad and Kallol Mukharjee for their
helpful discussion, pleasant company, creating cheerful work atmosphere and cooperation
during my Ph.D. tenure. Especially, | appreciate the support of Dr. Ramu Yadav, Dr. Raja K.
Rit, Dr. Sanatan Nayak, Dr. Nagarjuna Kommu, Dr. J. Raveendra and Mr. Koushik Ghosh.
Without their support, help and encouragement it is not possible to complete the Ph. D work.
| also thank to UGC networking project students for their help during my thesis work.

I am lucky enough to have family friends Dr. A. K. Sahoo, Smt. Rashmita Sahoo and
cute Amlesh Sahoo (sonu). | am specially wishing to Amlesh Sahoo (sonu) for his bright
future. My special thanks to Madam for her patience in preparing a many variety of dishes,
when our lab members are gathered in home. Finally, 1 would like to say hats off to Sahoo

family for their patience and heartfelt thanks to them for considering me as family member.

Vi



My sincere thanks to Prof. F. Nawaz Khan, VIT University, Vellore, Tamil Nadu for
his marvelous training in research and honorable support during my M.Sc. project.

| feel fortunate to have my close friend P. B. Raj (Manager, Perkin Elmer (India) Pvt.
Ltd., Hyderabad) who has supported me personally, professionally and financially throughout
my Ph.D career. My heart full thanks to him for his outstanding encouragement.

| am indeed fortunate to have friends like Mr. Y. Daniel, Mr. Nirmal, Mr. Eeswar
Karki and Mr. Rafi Shaik. These are the people always supported and encouraged during my
entire Ph.D career.

| appreciate the support of Dr. P. Raghaviah, Dr. Naba K. Nath, Dr. S. Sudalai Kumar,
Dr. D. Maddileti, and Mr. P. Krishna Chary (School of Chemistry, the University of
Hyderabad) for performing the X-ray crystallography studies.

| would like to acknowledge ACRHEM friends Dr. P. Gopala Krishana, Dr. Syed
Ahmad and Mr. K. S. Rao for their support.

It is great pleasure to thank my family members, A. Suabsh Chandra Rao, A.
Satyavathi, A. Madhu Sudhana Rao, A. Raviteja, and A. Nagini for their support, love and
affection. My family is always cared and loved me. Without their support I could not reached
at this stage. | owe everything to them. | would like to thank all my relatives for their help
and close association with me.

Finally, 1 thank all of them who are involved directly or indirectly for the successful
completion of this Ph.D thesis.

Ambarkar Sudheer Kumar

University of Hyderabad
August, 2015

vii



NMR
FTIR
GC-MS
LC-MS
HPLC
GPC

El

ESI
XRD

TMS
DMSO
DMF
THF
EtoAc
MeOH
DCM
tBuOH
RT

°C
m-CPBA
reflns
GOF

List of Acronyms

Nuclear Magnetic Resonance
Fourier Transform Infrared
Gas Chromatography-Mass Spectrometry
Liquid Chromatography-Mass Spectrometry
High Pressure Liquid Chromatography
Gas Phase Chromatography
Electron lonization
Electron-Spray lonization
X-Ray Diffraction

singlet

doublet

multiplet

quartet

broad singlet

broad doublet

double doublet

Hertz

Coupling Constant in Hertz
Melting Point

Trimethylsilyl
Dimethylsulfoxide
Dimethylformamide
Tetrahydrofuran

Ethyl acetate

Methanol

Dichloromethane

Tertiary Butanol

Room Temperature

Degree Celsius
m-chloroperbenzoic acid
Reflections

Good of Fitness



DFT
CVFF
ZPE
AM1
PM1
PM6
DSC
TGA
DTA
HOF
VOD
DP
Tm
Tq
GPa

Fs
ESD
kcal
kJ

km
sec
TNT
HNS
TATB
RDX
HMX
CL-20

Density Functional Theory
Consistence Valence Force Field
Zero Point Energies

Austin Model 1

Parameterization Method 3
Parameterization Method 6
Differential Scanning Calorimetry
Thermogravimetic Analysis
Decomposition Temperature Analysis
Heat of Formation

Velocity of Detonation

Detonation Pressure

Thermal Melting

Thermal Decomposition

Gigapascal

Impact Sensitivity

Friction Sensitivity

Electrostatic Discharge

Kilo Calorie

Kilo Joule

Kilometer

second

Trinitrotoluene

Hexanitrostilbene
Triaminotrinitrobenzene
1,3,5-Trinitro-1,3,5-triazinane
1,3,5,7-Tetranitro-1,3,5,7-tetrazocane
2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane



Chapter 1

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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Chapter 1 Introduction to HEMs...

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.
Awareness of black powder was at first conceived by the German monk Berthold Schwartz in
the 14™ century. Black powder has been used for blasting purposes.? In 19" 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.® 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).* Picric acid is highly acidic
and suffers with considerable drawbacks, whereas the less sensitive TNT has been used in the
1% World War. Later in the early Second World War, nitramine bearing explosives RDX and
HMX are successfully used.*®> Until 20™ 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.**

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

O,N ON02 0,NO ONO,
OZNO ONO, ><
O,N” NN *No, O2N 0O,NO ONO,
2

TATB Picric Acid PETN
1 2 3 4 5 6

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.® 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”.*

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 CO, and hydrogen to H,O. Similarly, nitrogen translates
to N2 gas during detonation; as molecular nitrogen possesses low internal energy than the
oxides of nitrogen (NO, NO,, N,Os, etc.). Accordingly, -NO, and —ONO, groups are the
source of oxygen in the molecule, which in turn significantly assists for detonation or
combustion process.>®

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.®’

1.3. Explosophores

The groups rapidly converted to gaseous products during detonation of the molecule are
called explosophores.* 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 NO,, CO,,
CO, and H,0.°

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

i) the easy and cost efficient availability of raw materials with eco-friendly nature
il) 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.” The classification is schematically depicted in Figure 1.2.

HIGH ENERGY MATERIALS

[ Explosives ] [ Propellants ] [Pyrotechnics ]

TNT, RDX, HMX Black powder Fire works
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.®*° 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

[ EXPLOSIVES ]

[ LOW EXPLOSIVES ] [ HIGH EXPLOSIVES ]

Black Powder

[ PRIMARY HIGH EXPLOSIVES ] [ SECONDARY HIGH EXPLOSIVES J

Lead Azide, DDNP & Tetrazene

[ BOOSTERS ] [ MAIN CHARGE }

RDX, HMX, & PETN Dynamite, TNT & ANFO.

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.® Detonation of low explosive occurs when
ignited in a confined space.™®

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."* 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 *. They do

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

A combustion. These materials themselves explode and ignite the secondary
explosives. These materials are generally sensitive to heat and shock.®®
Examples: Hg(CNO), (mercury fulminate) and Pb(N3). (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 saferto handle, store and have broad utility than primary
explosives.’ Based on performance, stability, and sensitivity, classification of secondary

explosives are made and shown in Figure 1.4.°*°
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Secondary Explosives

Performance Thermal Stability Sensitivity
i alanc f i | | Highl
Density OXngH‘Bdldn&C Heat of Formation Hydrogen Aromaticity . Oxygen ghly
(~Higher) (More of Oxygen  (Gaseous Products) );3011(% ngl\lNl\e/lioLetcular Balance Symmetry
l Source) l l l lg l l
Symmetry Cleavable Funtional Amino & Stability Melting point Sufficient Packing

Small organic- Nitro Group Nitro group

framework

Groups Oxygen Source

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)

W are typically called as thermally stable explosives.’?*® 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).* 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

NHP N=\
& NHPC o ¢ No2 /L\ NH
™ Ly on Q N y
| )\ NO,
NHz NHPC NHPc  NHPc NHPc
N02 02N NO,
DATB TATB TPAP HNS PATO
Ty: 286 °C Tq:350°C Td.316°C Tq:334°C T4:316°C Ty4:310°C
7 3 8 9 10 11
O,N NoZ NFN
XL Qw
N
N_ HN
¢ 0, :@ NO,
HN-N N‘NH O,N NOZO N NO, O,N
SDATO NONA TACOT
Tq:320°C Td 460 °C Tq:442°C Ty:494°C
12 13 14 15

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; T4 = Thermal decomposition temperature

1.5.1.1.2. High Performance Explosives:

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

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

applications.’>® 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.?* Introduction of
some coordinating functional groups would enhance density and performance of the
materials, as:

v" insertion of trifluoromethyl, pentafluorosulfonyl and nitrogen difluoride (CF3, SFs &

NF,) groups
v"introduction of nitro (-NO) group and trinitromethyl functionality

v' 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

NO O,N NO, N N3
ON 2 ON, __ NO, ON< PNy~ NO2 2 3
N“N 0N~y y-NO2 0N NO, N N,
N |
'{102 <N N> OZN\N)_/_\KN’Noz ON NO, N3 Nj
O ~ ‘NO, 0N NO, N, N3
TNAZ HMX CL-20 ONC OAC
16 17 18 19 20
VOD: 8600 m/s VOD: 9100 m/s VOD: 9580 m/s VOD: 10100 m/s VOD: 9360 m/s
DP: 35.6 GPa DP: 39.6 GPa DP: 46.6 GPa DP: 50.0 GPa DP: 42.1 GPa

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:

-

et

The introduction of methyl (—~CHgs), methoxy (—OCHj3) groups in the compound substantially

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.?%®

decreases the melting point of the molecule.”® Some of the melt-cast explosives are

mentioned in Figure 1.7.

Figure 1.7. Examples of melt-cast explosives

CH O,N< OCH
3 N~"\_~ONO, NO, NO, O,N s
O,N NO, 7 N NO,
NN ~N P
N=
0,NO l \ L ONT N7 N0,
2 \/\N)\N/)\N/\/ONOZ O~N/ N'O \
NO ! ! CHs NO
2 NO, NO, 2
TNT Tris-X DNBF MTNI DNAN
21 22 23 24 25
T, :80°C Tm:68°C T.,:85°C Tm:82°C Tm:94°C

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; Ty, = 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.® 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.”**> Few insensitive

energetic molecules are shown in Figure 1.8.

Figure 1.8. Examples of insensitive explosives

NH,
O,N NO, O,N  NH, NO, 0NNy NO, cm)
y=( HN—( | o)y mmrye)
A N N /_\
o HN™ N7 NH NO,
o8

O,N< " 2>—
H2N NH2 02N NH2 N 2 2 N Nig
N02
TATB FOX-7 NTO LLM -105 TEX
3 26 27 28 29

Is (h 50%): >177 cm Is (h 50%): >126 cm Is (h 50%): 93 cm Is (h 50%): 117 cm Is (h 50%): >177 cm

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.’

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.?® 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.’

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

schematically depicted in Figure 1.9.

10



Chapter 1 Introduction to HEMs...

[ Propellants ]

v \ 4

[ Gun Propellants ] [ Rocket Propellants ]

Single based
Double based
Triple based
Black powder v v

[ Solid Rocket Propellants J [ Liquid Rocket Propellants ]

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.’ The size of the propellant grains depend on the size of the gun.
13,14

The shape of the propellant grain is also very important.

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.**

Non Air-Breathing Engines

Solld Propellant Rockel th tnmhust
xed
m G s e

Iug ether

combustion chamber

Liquid- meellant Rocket-the
iﬁr{ﬁ fuel and oxidizer Irnm their lanlb)cs into
the combs

fuel . igniter

axidizer
* " hot gascs
pump

combustion chamber

Figure 1.10. Classification of 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.>® 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.!*

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).*°

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 CO,,
hydrogen to H,O. 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.*’
-1600

OB% = X (2x+y/2-2)
Mol. wt. o compound

12
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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 (p) 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.*®

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* to 9000 m s . Detonation pressure data derived from
measurements of shock waves transmitted into water by the detonation of explosive of

standard size.*°

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).2

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.® The level of
sensitivity of energetic materials to impact and friction will permit the issues of safety and
handling.® %’

Important parameters required for the sensitivity studies are:

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

13
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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).°

f) Heat of Combustion: Heat of combustion (AHc") 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™), energy/mass of fuel and energy/volume of fuel. The heat of

combustion is conventionally measured with a bomb calorimeter.*

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 AH"; or HOF. The unit of heats of
formation can be represented as kcal mol™ or kJ mol™.28 In general; HOF is calculated from
heats of combustion. Usually, heat of combustion (AHc®) 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™ or cal g8

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, N, gas and water from the decomposition of molecule is always advantageous.'®*°

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.*

14
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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.*® Thus, deflagration is
an intermediate process between combustion and detonation.®® Deflagration of propellants

proceeds through normal burning without the presence of atmospheric oxygen.

I) 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*.%°

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.®*° Liquid oxygen, concentrated H,O,, nitric acid,
N204, KCIO3, KCIO4, NH4CIO4, NH4NO3 NH4N(NO>), and hydrazinum nitroformate (HNF)

are some of the well-known oxidizers.'°

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

detonate.?
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.”® Thus, N-bearing molecular entities are extensively found in high
energetic materials. 2°

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™), N=N
double bond (418 kJ mol™) and N=N triple bond (954 kJ mol™); thus, decomposition or
detonation of N-rich molecules produce N, molecule with the release of energy and therefore
N-heterocycles showed high positive heat of formation (AHs). 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 (-NOy), nitroamino (—NHNO,), azido (—Ns) groups in the N-
heterocycles, performance of the molecule is substantially enhanced.?> Among various
explosophores, nitro group in the molecules enhances density and oxygen balance; this will
contribute enhancing velocity of detonation and detonation pressure.>? 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.?**%+

Comp. | Structure Name Formula | N (%) HOF p

(kJmol™) | (gecm™)
N

30 [N\> Imidazole CsHsN, | 41.1 129.5 1.23
H
[

31 Y Pyrazole CsHiN, | 41.1 179.4 1.12
H
N/\N

32 lI\N/ 1,2,4-Triazole C,HsN3 | 60.8 192.7 1.39
H
N\\

33 [N/N 1,2,3-Triazole C,HsN; | 60.8 271.7 1.19
H
N/N\\

34 L/ 1,2,3,4-Tetrazole | CH,N, | 79.9 326.0 1.48
H

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.”
Imidazole or pyrazole readily undergo salt formation through protonation or substitution at
nitrogen. Some of these salts are used as ionic liquids.?"?®

Triazoles are nitrogen-containing five-membered heterocycles with molecular formula
C,H3N3 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.?® 1,2,3-Triazole possesses high positive heat of formation (in gas

phase: 271 kJ mol™) than 1,2,4- triazole (in gas phase: 194 kJ mol™). Triazole derivatives are
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susceptible to produce energetic salts. Accordingly, many triazole containing explosives have
been designed and synthesized.?**

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™).3**? 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.®*** These molecules produce high-temperature, non-toxic reaction

products, with high burn rate and are also stable.*’

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).**** The more
nitrogen content bearing scaffolds 1,3,5-triazine and 1,2,4,5-tetrazine are integral part of
many energetic materials.****® Diazine, triazine and tetrazine based energetic compounds are
used as energetic additive in high performance propellants and smoke-free pyrotechnic
ingredients.*"*°

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.>****

HOF
[0)
Comp. | Structure Name Formula N (%) (kJ mol™)
N .
35 | Pyridine CsHsN 17.7 143.0
N
N .
36 | -N Pyrazine C4H4N> 34.9 285.3
N
SN o
37 | N,) Pyrimidine C4HaN, 34.9 190.3
N\
38 ® Pyridazine CaHaN, 34.9 209.9
N
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39 L 1,3,5-Triazine CsH3N3 51.8 229.1

40 NS 1,2.4 5-Tetrazine C,H,N, 68.2 489.7

/==
Ny
z-=

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.>*>2

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.>® The ring-strain makes the molecule more rigid and
compact with decreased molecular motion, which results showing increased density and
performance.>**° For example, 1,3,3-trinitroazetidine (TNAZ) is a nitramine caged compound

powerful than RDX, and suitable for plasticizer applications.”®®

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.>*®

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
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produce toxic by-products.®*®? 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.®* It is therefore desirable to design and construct ideal
High Energy Density Materials (HEDMSs). Accordingly, HEDMs should be hydrolytic stable,
producing water-soluble gas-byproducts upon detonation. In addition, the fundamental

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

Table 1.3. Goals for the preparation of novel high energy materials.** "
Performance Detonation velocity vD >8000ms*
Detonation pressure P> 35 GPa
Heat of explosion Q > 6200 ki kg*
Stability & Sensitivity Thermal stability T4>200 °C
Impact sensitivity Is>101J
Friction sensitivity Fs> 120 N
Electrostatic sensitivity ESD>0.2J
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 (p), iv) high heat of formation (A{H°), 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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Chapter 2

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.® 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.” 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).! 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.?
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 (-NO;) groups into a molecular backbone enhances oxygen balance
and detonation performance of the compound.*

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 (N,) gas during combustion and therefore
environmentally friendly.* 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.>!¢ 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™) than 1,2 4-triazole (in gas phase: 194 kJ mol™). 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.”

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.>**

Readily avilable
starting precursors

Short reaction ﬁ High Yield &
time % & High Purity
Agqeous @ % Further
conditions @ functionalization

Ambient temperature
reaction

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.®® Most of the polynitro-substituted N-aryl-1,2,3-triazole derivatives showed high
positive HOF (110-1070 kJ mol™), good density (1.69-1.85 g cm™®), 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).2° Detonation properties of the compound 12 (P = 33.0 GPa, vD
= 8743 m s%) 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™), 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 (vD) are
distributed from 7282 m s to 8366 m s *. Although the denotation data are lower than the
corresponding values of RDX, most of them are superior to TNT (P = 20.6 GPa, vD = 6850
m s %). Unfortunately, compound 12 is extremely shock-sensitive with an impact sensitivity of

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

N@@ e ©

N N,
N N-NHz2  HNOjg Henon-N. o NaOH/H,0 N N-N N(/;g
—_ — 2 — 2
\—/ HZSO4’ \—/ AgNO, \—/
1 12, 74% 13
© © @
He N ﬁ,N M REANNNR Y
= N0 \—/ NO2
12 14-18 (84-95%)
NH NH, = =N
] L N NN
M= HoN-C-NH HaC~ N NoNH,  HN-NzN-cH,
® @ @
14 15 16
0
2 2. L F- S,
HoN- N—<\ />—N NH, 2 |
NH2 N-N NH2 NH,
17 18

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'-
catalyzed 1,3-dipolar azide—alkyne cycloaddition reaction (Scheme 2.3).>® 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™),
moderate detonation performance (vD = 5995-7251 m s *; P = 10.4-16.5 GPa), negative heat
of formation (-37.9-730.5 kJ mol™), thermally unstable nature (149-177 °C) and are

insensitive to impact (35—40 J).

=N CHs — N=N, CHa
CH, oNaN, N N-N=( R—=lag) "~ N-N=(
F2C=N=N-HC, Ns(¢ CH, CH,
e +N 20 N
19 N=N'— =N

R 22-28 (14-67%)
R= CF; (21a), SF5 (21b), Ph (21¢), p-F-Ph (21d), p-t-Bu-Ph (21e), HOCH, (21f), n-C4H, (219)

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).>° The molecule 1,1'-azobis-1,2,3-triazole (29) possesses eight-nitrogen in a
chain showing density (1.62 g cm™), decomposition temperature (193.8 °C) with high
positive heat of formation (962 kJ mol™). Unfortunately, compound 29 seems to be sensitive.
The Hsg 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)].

N\ !N
N, >N hv NTN N~
N“-NH,  SDCI/CH;COOH . S\ N ~ /7
— N=N A N=N
11 N~N .
trans-l -
&‘?\1 cis-ll
29, 78% 30

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).% 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™ 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™. 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™®), good positive heats of formation (463—711 kJ mol™), and detonation
properties (vD = 7032-8376 m s™*; P = 13.67—31.20 GPa), however most of the compounds

are more sensitive to impact (3-5 J).

CO,H HN-N R. UN N.. R
‘N Ny N
—_— N — = =N
— N
O,N NO, N NH I
NN N
31 32, 86% '; 33-35 (53-80%)

R = 2,4-dinitrophenyl (33), -NO, (34), -CI (35)

® O ® 0O CRS)
HN-N Na N-N K™ N-N Ag N-N
N N M N N N N N N
N — N N
N NH N Cr? ® N Cr? ® (N) CEID Aga

! ;' Na NOK o) -

NN ® S = ® O S N=N

Na NSN K NSN Ag
32, 86% 36, 85% 37, 80% 38, 90%

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).> 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™; P = 32.6-40.7
GPa) with less thermal stability (Tq = 149-210 °C) and sensitive to mechanical stimuli

(1-5J).

+N NO,BF SN+ N + N+ N
HZN‘N\'=/N‘:|;23_ 274 oN N‘N\;_;/N‘N NO, My O:KJON‘NUN‘N;[}“:%
39 40 " 41-46 (58-09%) M
€] ® @ @ ® ® NH
M= K Ag NH;  OH-NH;  NHy-NH5 HzN:ﬁJLNHz
4 42 43 44 45 "N\, 46

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).°" 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™), good densities (1.69—1.85 g cm™®), moderate thermal
stabilities (141-301 °C), acceptable detonation velocities (7871-8532 m s™) and pressures
(24-30.3 GPa).

HoN NH, oxa||cac|d I I _Pock, O'Ni[N\ICI
I L
N, .N N
o NTcl
a7 49, 31%
N
aq. NH, N NgoNH2  (CF3C0),0 o’N\ S '\!.N o
° I I HNO NENNSN
NT N7 NH, 3 H
50, 97% 51, 85%
N Ng N M N N
) I N—>0 —> I “N—>O0
NTSNTTN N =N
H ISHC)
51 52-56 (85-98%) M
N=N
H,N H H
® ® ® ® 2 ’N'r\(?—H W N—§ )—N_ NH;
M= NH;  NHxyNH;  OH-NH, _N i SRR VSN
H,N X NH, NH,
NH; @ ®
52 53 54 55 56
C(NO,);
N~ Ny~ NH r
o i[ \:E ? __HoHO I INH
N~ ./
N N7 ~NH, HC (NOy)s
N cinoy)s
50 57, 92%

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).

\ 70% HNO; + 98% H,SO R
XN, —si—== (60) BN o oS NG N
R—— 3 (I N or L N
(A —_— = > X \§(
59 CLICK 61 95% HNO3; + 98% H,S0O, (NO2)m  HiNO,
n=0;71 n=0;72 m=1-3 R=H, OMe, NO,
Eaisily accessible from -0 74 30-93% yield
aryl halides & anilines n=0,74-84 63a-66a & 67-69

Intention: synthesis of insensitive, high performance and high nitrogen content materials with good density,
stability and positive heat of formation.

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.® 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.'® 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.™
It has been reported that the cycloaddition reaction of electron-rich dipolarophiles proceeds
well in water and in protic solvents.** The base-mediated deprotection of the C-Si bond
occurs smoothly in protic solvent at ambient temperature.*®> 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, CuSQy, and K,CO3 as a base in MeOH/water at room temperature for 24 h (Table
2.1).* Benzyl azides were prepared from the commercially available benzyl bromides by

nucleophilic displacement with NaNs in DMSO almost quantitative yields.™

= X Br NaN3 o @/\ Ns
- _— -
F DMSO F

58 RT 59 (80-95%)
R=H, p-OMe, m-OMe, 0-OMe, p-NO,, m-NO,, O-NO,

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% vyield; 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).%

TMS—= (60)

TN N3 Base
R_'/ Na ascorbate O/\ \\/N * R{)/\ \\<
59 CuS0,.5H,0 62 TMS
MeOH/H,0
RT, 24 h
entry 59 R Base 61 Yield (%)°
1 59a H K>,CO3 6la 92 62a 03
2 59b 4-NO, K>,CO3 61b 87 62b 00
3 59c 3-NO, KOAc 61c 83 62c 09
4 59d 2-NO, K>,CO3 61d 53 62d 00
5 59 4-OMe K,COs3 6le 92 62e 00
6 59f 3-OMe K>,CO3 61f 79 62f 00
7 59g 2-OMe KoCO3 6lg 52 629 00

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
CuS0O4-5H,0 (0.2 equiv) in a mixture of MeOH/water (1:1, 0.5 mL for 1 mmol) at room
temperature for 24 h. ®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% vyield (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% H,SO, (Conditions A)
or 95% HNO3; and 98% H,SO, (Conditions B), as shown in Equation (1).

70% HNo3 + 98% H,S0, R

N Oﬁ - [Eq. (1)

95% HNO; + 98% 2304 NOz " Mo,

61 63a—66a & 6769

Table 2.2 summarizes the nitration of the N-benzyl-substituted-1,2,3-triazoles (61). At first,
compound 6la 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

Thermally Stable 1,2,3-Triazoles...

entry 61 T (°C) t(h) Polynitro derivatives of benzyl-1,2,3-triazoles’
NO, " NO, ON N O,N N
N™ _N‘ 2 N- N”
Foa NN oI S A VIS G AT
2 O,N
NO, 2 NO,
1 6la 63a 64a 65a 66a
1208 242 15% 39% 20% 9%
100°  12° 14% 35% 25% 10%
2  6lb  120° 242 12% 70% - 11%
70° 6° - 64% - 13%
3  6lc 80° 122 - - 60% 25%
60° 10P - - 62% 30%
4  61d 60° g? - 88% - -
45° 6° - 93% - -
5 6l rtf 2° - - on "
\§‘/N
H300:©/\ -
rt° 2P NO:
67 (71% & 76%")
3] 61f rt? 28 H3CO:E:(\N’N.N
O,N NO\2§<N02 —_ —_ _
rt° 2P
68 (75% & 81%")
7 6lg ot 6% om. N
_ _ N _
rt 2P NO:

69 (48% & 64%")

aMixture of 70% HNO3 and 98% H,SO,. "Mixture of 95% HNO; and 98% H,SO,. ‘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
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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% vyield 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).* Aryl azides are easily
accessible in good vyields from the corresponding commercially available aryl amines,

through diazotization followed by azide substitution.*

N NH, NaNO,/HCI @Ns
R —————> R
G NaNg/H,0 G
70 RT 71 (70-85%)

R=H, p-OMe, m-OMe, 0-OMe, p-NO,, m-NO,, O-NO,

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, CuSQ,, and K,CO3; 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—

37



Chapter 2 Thermally Stable 1,2,3-Triazoles...

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 K,CO3; in MeOH readily gave the
corresponding products 72d and 72g.

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

R\

X g

N TMS—== (60) Q\ L
| > -

R— _ Base + N

Na ascorbate

CuS0,4.5H,0 TMS
n MeOH/H,0 72 73
RT, 24 h
entry 71 R Base 72 Yield (%)°
1 71a H K>,CO3 712a 66 73a 00
2 71b 4-NO, K>,CO3 72b 45 73b 00
3 71c 3-NO» K,CO3 72¢ 73 73c 00
4 71d 2-NO, KOAc 72d 30 73d 59
5 Tle 4-OMe K,CO3 72e 85 73e 00
6 71f 3-OMe K>,CO3 72f 79 73f 00
7 719 2-OMe KOAC 729 41 739 29

8All 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
CuS0O4-5H,0 (0.2 equiv) in a mixture of MeOH/water (1:1, 0.5 mL for 1 mmol) at room
temperature for 24 h. ®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.’® 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).

Thermally Stable 1,2,3-Triazoles...

Table 2.4. Nitration reactions of compounds 72.%

R@\ | 95%HNO, + 98% H;S0, //\(
NS N’ . > R/\

N

\~/

72

74-81

entry 72 T (°C) t (h) Nitro Derivatives of Phenyl 1,2,3- Triazoles”
O,N
1 72 100 24 Ny : SN
NO, \=v ="
74 (5%) 75 (25%)
NO, NO
2 72 160 24 N, /©\
’L’/N O,N NO,
76 (18%) 77 (16%)
NO,
HsCO
3 T2e rt 2
O,N N'N.-N
\~/
78 (85%)
OCH, OCHjs
NO, O,N
4 72f rt 2 Y N\
N N
NO, \=v NO, \=/
79 (33%) 80 (46%)
NO,
ac
5 729 rt 2 ON '\L\N/ .
81 (82%)

AMlixture of 95% HNO3 and 98% H,S0,. "Yield of isolated product is shown in parenthesis.

70% HNO3 and 98% H,SO, (Conditions A) or 95% HNO3 and 98% H,SO, (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.® The synthesized polynitro-1,2,3-triazole derivatives (63a—69 and
74-81) showed positive HOFs that varied from 197-401 kJ mol™. 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."” 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
X R—= |
| P Base N
S el N
N N i " "
R N S
RT, 24 h R R
82 83
entry 82 R Base 83 Yield (%)°
1 82a TMS (60) K,CO3 83a 74
2 82b H,COCOEt (60") KOAC 83b 88

4All 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 CuSQ4-5H,0, in a mixture of methanol:H,O (1:1, 1 mL for 1 mmol) at room
temperature for 24 h. ®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 NaNj3 in good
yield.®® 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 CHCI; at 70 °C delivered the corresponding N-oxide product
84a in 35% vyield (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™ 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

® ®
N 1. 95% HNO; + 98% H,SO, Nig
rt .

N N > N (@] N

N’ ‘N N’ - N

v \ - 2. m-CPBA, CHCl, v \ -

N—ZR RS—N N o R;—N

83 84a-84b
entry 83 R temp (°C)  time(h) 84 R Yield (%)?

1°  83a H 70 48 84a H 35
2 83b H,COCOEt rt 24 84b H,CNO, 41

2Yield of isolated product. "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 P2i/n, P2;/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) A®, respectively, whereas
64a, 80, and 81 crystallized in the orthorhombic space group P2;2:2; with cell volumes of
1075.07(12), 1112.8(8), 1141(4) A3, respectively. The crystallographic data of all of these
compounds are detailed in Table 2.7 & Table 2.8.

\\2‘, ]
2 | AR AL & - .
I g LT S S
\ B Vi | [ TN \ 7 TN RS @5 ‘\ -
= = = £ " ST Wiy 5 e w0
/\‘/ N6, PPN N A I RN e Y S /j_\
) I | /\4 > —._-,\
63a 64a 65a 66a 67

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 CgH5N606 C9H7N5O4 C9H7N5O4 C9H7N504 C10H9N505
Fw 293.19 249.20 249.20 249.20 279.22
Crystal system  Monoclinic  Orthorhombic ~ Monoclinic  Monoclinic ~ Monoclinic
Space group P2, P212:2¢ P21/n P2:/c P21/n
T (K) 100 298 100 293 293 K
a(R) 5.5245(6) 5.5436(4) 10.0567(8) 8.6097(7) 11.6392(8)
b (A) 5.5719(6) 11.9190(8) 9.2416(7) 11.3982(8) 5.4843(3)
c(A) 18.1323(19)  16.2706(10) 10.9434(9)  11.0544(7) 19.6637(14)
a(°) 90 90 90 90 90
B (°) 93.521(2) 90 91.5180(10)  97.843(7) 98.790(7)
7 (°) 90 90 90 90 90
Z 2 4 4 4 4
V (A% 557.09(10) 1075.07(12) 1016.72(14) 1074.68(14) 1240.45(14)
Deac/g cm™ 1.748 1.540 1.628 1.540 1.495
pw/mm 0.151 1.077 0.132 0.125 0.123
Reflns
5787 3071 8988 4709 3255
collected
Unique reflns 2177 1851 1763 2408 2811
Observed
2098 1700 1603 1687 1688
reflns
Ri[l > 25(1)] 0.0355 0.0381 0.0350 0.0450 0.0733
WR; [all] 0.0879 0.0982 0.0806 0.1282 0.2306
GOF 1.114 1.073 1.088 0.863 1.241
Xcalibur Xcalibur
) SMART o SMART SMART o
Diffractometer Gemini Eos Gemini Eos
APEX CCD APEX CCD APEXCCD
CCD CCD
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Table 2.8. Crystallographic data for 79, 80, 81 and 84a

Thermally Stable 1,2,3-Triazoles...

Compound 79 80 81 84a
CCDC 895111 895112 895113 895114
Formula CoH7N505 CoH7NsOs CgH7NsOs C11H11N70;
Fw 265.20 265.20 265.20 257.27
Crystal system Monoclinic Orthorhombic Orthorhombic Monoclinic
Space group P2i/c P21212; P21212; C2/c
T (K) 298 298 298 298
a(R) 10.8498(16) 5.6454(18) 5.554(3) 14.179(3)
b (A) 12.1869(18) 13.486(7) 12.461(6) 7.7450(17)
c(A) 18.249(3) 14.616(5) 16.49(6) 10.792(2)
a(°) 90 90 90 90
B (°) 106.253(2) 90 90 93.667 (4)
7 (°) 90 90 90 90
VA 8 4 4 4
V (A% 2316.6(6) 1112.8(8) 1141(4) 1182.7(4)
Dcaic/g cm® 1.521 1.583 1.544 1.445
pw/mm 0.127 0.132 0.129 0.102
Reflns
collected 20797 3131 2165 5768
Unique reflns 3933 2095 1451 1137
Observed
efins 3303 1545 1264 901
Ri[l > 20(1)] 0.0682 0.0366 0.0889 0.0504
WR; [all] 0.1823 0.0835 0.2440 0.1245
GOF 1.122 0.968 1.082 1.126
Diffractometer SMART Xcalibur Gemini  Xcalibur Gemini  Xcalibur Gemini
APEX CCD Eos CCD Eos CCD 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 (p), 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™. Of the benzyl substituted triazole derivatives, compound 63a
possessed the highest HOF (390.3 kJ mol™), 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™* energy, whereas benzene offers only 82.84 kJ mol™;
thus, the N-oxide-bearing pyridine—triazole molecules 84a and 84b possess higher HOFs.!
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™. 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

stand P =21.34 GPa.

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

oBll o D pld] T E T/ {oFd

COMP o6y gem)  (ms (GPa)  (°C) (°C) (kImol™)
632  -8L6 164 (L75) 6998 (7414) 2007 (21.34) 195 256  390.3
64a  -1124 153(154) 6269 (6738) 1573(1587) 145 220 3819
65a  -112.4 153(L63) 6276(6716) 1577(1577) 131 312 3648
66a  -112.4 158(L54) 6479 (6955) 17.16(17.24) 88 215  387.0
67  -1117 154(149) 5928 (6748) 14.08(1577) 90 170 2326
68  -838 161  6505(7224) 17.52(19.72) - 237 2242
69  -1117 153 5909 (6664) 14.08(1518) - 200 1974
74 1430 149 5152(6439) 1046 (1340) 197 271 4016
75 -1430 148  5131(6361) 1033(1301) 92 259 3832
76 986 157  6209(6944) 1569 (17.53) 125 268  394.9
78 -995 157  6378(6921) 1659(17.31) - 319 2631
79 995 158(152) 6404 (6963) 16.82(17.58) 168 221  263.1
80  -095 150(158) 6411(6993) 1689 (17.68) 200 230 2535
81  -095 157(154) 6343(6910) 1641(17.23) - 152 2535
84a  -1648 138 (L44) 4429 (6541) 7.32(1256) 62 228 6828
gab  -117.2 149  5757(6802) 13.05(1522) 110 142 5857
TNT 740 165 6851 1950 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.** [d] Detonation pressure is
calculated with Kamlet—Jacobs equations; the P is calculated with Explo5 version 6.02 is
shown in parenthesis.** [e] Melting point. [f] Decomposition temperature under nitrogen gas
(10 °C min™). [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®) outline of the electronic density, as
proposed by Bader et al.**

For compounds 63a—66a, 6769, and 74-81, a large electropositive region is located in the
vicinity of the benzene ring due to the high electron withdrawing nature of —-NO, 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 (-
NO;) groups in the compound 84b. This is cleary shown in potential energy diagrams (Figure
2.3).

Negative potential ----------------- Neutral potential ------------------- Positive potential
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81 84a 84b

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® 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.
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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 %) showed comparable detonation properties to TNT (P =
19.50 GPa, vD = 6881 m s%). 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™. 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).2 We believe most of the molecules designed

would exhibit better density and detonation performance than RDX.
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(jﬂ \\/ CH3CN

aq. NH
(Noz

67, 69
67 4-OMe, 3,5-di-NO,
69 2-OMe, 3,5-di-NO,

Kj/\\\/ oo 8 ‘>‘N_/Y

85, 86
85 4-NH,, 3,5-di-NO,
86 2-NH,, 3,5-di-NO,
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(N02)2
87-88
87 4-NH-C(NO,)s, 3,5-di-NO,
88 2-NH-C(NO,)s, 3,5-di-NO,

Scheme 2.11. Synthesis of benzyl-substituted polynitro containing 1H-1,2,3-triazole

derivatives

[\J\ CH3CN

y N aq. NH3
78-81
78 4-OMe, 3,5-di-NO,
79 3-OMe, 2,6-di-NO,
80 3-OMe, 4,6-di-NO,
81 2-OMe, 3,5-di-NO,

H,N

f\' | CH,0/H,0
A N T
L‘/N HC(NO,)3

(O2NJ;
89-92

89 4-NH,, 3,5-di-NO,

90 3-NH,, 2,6-di-NO,

91 3-NHy, 4,6-di-NO,

92 2-NH,, 3,5-di-NO,

O2N (NO2),
O,N Z1
2 é\ HN{J\
O,N N'N"N
93-96

93 4-NH-C(NO,);, 3,5-di-NO,
94 3-NH-C(NO,);, 2,6-di-NO,
95 3-NH-C(NO,);, 4,6-di-NO,
96 2-NH-C(NO,)3, 3,5-di-NO,

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 I, chamber.

Proton and carbon nuclear magnetic resonance spectra (*H NMR, **C NMR and *°F NMR)
were recorded on a Bruker Avance 400 (*H NMR, 400 MHz; *C NMR, 101 MHz; °F NMR,
376 MHz) spectrometer, Bruker Avance 500 (*H NMR, 500 MHz; *C NMR, 126 MHz; *°F
NMR, 470 MHz) spectrometer having solvent resonance as internal standard (‘*H NMR:
CDCl; at 8=7.26 ppm, [D6]DMSO at §=2.50 and 3.50 ppm; *C NMR: CDCl; at 8=77.0
ppm, [D6]DMSO at 6=44.0 ppm). Few cases tetramethylsilane (TMS) at 0.00 ppm was used
as reference standard. Data for ‘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 °C NMR, ®F NMR were reported in terms of chemical shift (ppm). IR spectra were

recorded on JASCO FT/IR-5300 spectrometer and reported in cm™. LC-MS spectra were
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obtained with a Shimadzu 2010A (El-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 x 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 A).

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 Ka fine-focus sealed tube (A=0.71073 A). Data integration was
done by using SAINT.® The intensities of the absorption were corrected by using
SADABS.?! Structure solution and refinement were carried out by using Bruker SHELX-
TL.% X-ray reflections for compounds 64a, 67, 80, 81, and 84a were collected on an Oxford
Xcalibur Gemini Eos CCD diffractometer by using Mo Ko radiation. Data reduction was
performed by using CrysAlisPro (version 1.171.33.55). The OLEX2-1.0% 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.?* The geometries of the molecules were
calculated at the B3LYP level in conjugation with the 6-311G** basis set.”® The optimized
geometries were submitted to the polymorph module of the Material studio suite for density
calculations by using the CVFF force field.?® The heats of formation of the triazole

derivatives were obtained by using semi-empirical methods (Austin Model 1 (AML1),

52



Chapter 2 Thermally Stable 1,2,3-Triazoles...

Parameterization Method 3 (PM3), and Parameterization Method 6 (PM6)).?” The detonation
properties (vD and P) of the compounds were evaluated by using the Kamlet-Jacobs
equations,?® based on their predicted densities and HOFs, according to Equations (2) and (3),
where vD is detonation velocity (m s™), 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*), 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™):

vD = 1.01 (NM®°Q%%)%* (1 + 1.30,) [Eq. (2)]

P = 1.55 p,> NM®° Q%° [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(boromomethyl)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.® 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 NaNs in
DMSO at room temperature.”® 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 NaNO, and HCI at room temperature.?
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), CuSQO;, (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 Na,SO,4. 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
Na,SO,. 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
Na,SO,. 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 CHCI3 (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 Et,O (twice). The combined extracts were washed
with water and brine and dried over Na,SO,4. 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  (6la) and 1-benzyl-4-(trimethylsilyl)-1H-1,2,3-triazole
(62a):303

Following the general procedure (GP-2), a mixture of

©/\\/N + ©/\ benzyl azide (59a; 1.0 g, 7.52 mmol),

61a TMS trimethylsilylacetylene (1.11 g, 11.2 mmol), K,CO;

(1.25 g, 9.02 mmol), sodium ascorbate (0.60 g, 3.01 mmol) and CuSO, (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% vyield and 61a (1.10 g) in 92% vyield as brown color solids. For 61a: *H NMR (400 MHz,
CDCl3) 6 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); 3C NMR (101 MHz, CDCl3) § 134.6, 134.1, 128.9, 128.6, 127.9, 123.3, 53.8.

For 62a: 'H NMR (400 MHz, CDCls) & 7.43 (s, 2H), 7.33 (s, 2H), 7.27 (s, 2H), 5.53 (s, 2H),
0.29 (s, 9H); *C NMR (101 MHz, CDCls) & 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):*

N Following the general procedure (GP-2); a mixture of 4-nitrobenzyl

on N\\/\ azide (59b; 8.0 g, 44.9 mmol), trimethylsilylacetylene (6.61 g, 67.3
2

61b mmol), K,CO;3 (7.44 g, 53.8 mmol), sodium ascorbate (3.55 g, 17.9

mmol) and CuSQO, (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. *H NMR (400 MHz, CDCls) & 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); **C NMR (101 MHz, CDCls) &
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)* and 1-(3-nitrobenzyl)-4-(trimethylsilyl)-1H-
1,2,3-triazole (62c):

O,N N ON N Following the general procedure (GP-2); a

2 N 2 N7\
\©/\N§/N + \§<N mixture of 3-nitrobenzyl azide (59c; 7.86 g, 44.1
61c 62c ""°| mmol), trimethylsilylacetylene (6.5 g, 66.2

mmol), KOAc (5.19 g, 52.9 mmol), sodium ascorbate (3.49 g, 17.6 mmol) and CuSO, (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% vyield as colorless solid and 61c (7.51 g) in 83% vyield as brown
color solid. For 61c: *H NMR (400 MHz, CDCl3) 6 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); **C NMR (101 MHz, CDCl;) & 148.6,
136.9, 134.7, 133.9, 130.3, 123.8, 122.8, 52.9.

For 62¢: R = 0.45 (4:1 n-hexane/EtOAc); *H NMR (400 MHz, CDCl3) & 7.94 (s, 1H), 7.86
(d, 3 = 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); *C NMR (101 MHz, CDCl3) & 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™; MS
(ED) m/iz (%) 277 (M*+1, 100), 261 (11), 247 (50), 219 (33), 202 (6), 89 (6); Elemental
analysis calcd (%) for C1o,H16N4O,Si: 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):*
Following the general procedure (GP-2); a mixture of 2-nitrobenzyl azide

NO,
N’N“N (59d; 0.4 g, 2.24 mmol), trimethylsilylacetylene (0.33 g, 3.36 mmol),
61d\§/ K,CO3 (0.37 g, 2.69 mmol), sodium ascorbate (0.17 g, 0.89 mmol) and

CuSO, (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. *H NMR (400 MHz, CDCls) & 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); *C
NMR (101 MHz, CDCls) 6 147.4, 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):*

N Following the general procedure (GP-2); a mixture of 4-

HicO /©/\ N\QN methoxybenzyl azide (59e; 10 g, 61.2 mmol), trimethylsilylacetylene
61e (9.02 g, 91.2 mmol), K,CO3 (7.21 g, 73.5 mmol), sodium ascorbate

(4.85 g, 24.5 mmol) and CuSO, (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% vyield as yellow color solid. 'H NMR (400 MHz, CDCls) & 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); *C NMR
(101 MHz, CDCl3) 6 159.9, 134.2, 129.6, 126.7, 123.3, 114.4, 55.3, 53.5.

1-(3-methoxybenzyl)-1H-1,2,3-triazole (61f):*
HiCO N Following the general procedure (GP-2); a mixture of 3-
\©A \;,N methoxybenzyl azide (59f; 10 g, 61.2 mmol), trimethylsilylacetylene
61f (9.02 g, 91.2 mmol), K,CO3 (7.21 g, 73.5 mmol), sodium ascorbate
(4.85 g, 24.5 mmol) and CuSO, (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% vyield as pale yellow color solid. *H NMR (400 MHz, CDCls) & 7.60 (s, 1H), 7.51
(s, 1H), 7.16 (m, 1H) 6.73 (m, 3H), 5.41 (s, 2H), 3.64 (s, 3H); *C NMR (101 MHz, CDCls) 5
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):*
Following the general procedure (GP-2); a mixture of 2-methoxybenzyl

OCH,
N\’\\"‘;N azide (59g; 1.08 g, 6.61 mmol), trimethylsilylacetylene (0.97 g, 9.92 mmol),
61g K,CO3 (1.09 g, 7.94 mmol), sodium ascorbate (0.52 g, 2.64 mmol) and

CuSOQOq (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. *H NMR (400 MHz, CDCls)  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); **C
NMR (101 MHz, CDCl3) ¢ 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):

NO, N NO, O,N NN O,N NN
-N -N N N
NS+ Ny + = + ﬁ \~/
\§< \—, O,N
O2N \NO O,N NO,
2
63a 64a 65a 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% vyield 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); R;
= 0.60 (n-hexane/EtOAc, 1:1); *H NMR (400 MHz, [Dg]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); *C NMR (101 MHz,
[Ds]DMSO) & 153.5, 143.2, 134.9, 130.9, 124.1, 57.6 ppm; IR (KBr) v 3412, 3092, 1518,
1342, 1086, 1047, 829, 723 cm™; MS (EI) m/z (%) 295 (100) [M+1]*, 282 (6), 250 (60), 231
(14), 181 (4), 73 (48); Elemental analysis calcd (%) for CoHgNgOs: 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); R;
= 0.28 (n-hexane/EtOAc, 1:1); *H NMR (400 MHz, [Dg]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); 3C NMR (101 MHz, [Dg]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) v 3132, 1608, 1535, 1346, 1221, 1070, 839, 729
cm™; MS (El) m/z (%) 250 (100) [M+1]", 195 (3), 181 (3); Elemental analysis calcd (%) for
CgH;Ns04: 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); R; =
0.20 (n-hexane/EtOAc, 1:1); *H NMR (400 MHz, [Dg]DMSO) & 8.78 (s, 1H), 8.59 (s, 2H),
8.33 (s, 1H), 7.81 (s, 1H), 5.95 ppm (s, 2H); *C NMR (101 MHz, [Dg]DMSO) & 148.7,
140.6, 134.3, 129.1, 126.1, 118.8, 51.3 ppm; IR (KBr) vmx 3140, 3076, 1547, 1346, 1072,
929, 800, 729 cm™; 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 CoH7NsO,4: 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); R; =
0.10 (n-hexane/EtOAc, 1:1); *H NMR (400 MHz, [Ds]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); *C NMR
(101 MHz, [Dg]DMSO) 6 143.8, 142.5, 141.8, 134.3, 133.9, 126.7, 126.1, 125.3, 51.5 ppm;
IR (KBr) vmax 2928, 1541, 1369, 1219, 1026, 846, 804 cm™t; MS (EI) m/z (%) 250 (100)
[M+1]", 202 (19), 192 (3), 172 (5), 159 (3); Elemental analysis calcd (%) for CoH7NsO4: 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%
\<N| nitric acid (3.33 g, 125.6 mmol, 2.2 mL) was added to compound 1-(4-
NO, 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% vyield as yellow solid. 1.12 g, 71%
Yield; yellow solid; m.p. 90 °C; DTA = 170 °C (exotherm); R; = 0.51 (n-hexane/EtOAc, 1:1)
'H NMR (400 MHZ, [Dg]DMSO) & 7.98 (s, 2H), 7.79 (s, 1H), 7.72 (s, 1H), 5.69 (s, 2H), 3.98
ppm (s, 3H); °C NMR (400 MHz, [Ds]DMSO) & 147.6, 145.3, 134.6, 131.9, 128.6, 124.4,
64.9, 51.7 ppm; IR (KBr) vmex 3113, 1537, 1348, 1269, 1082, 979, 717 cm™*; MS (El) m/z
(%) 280 (100) [M+1]%, 211 (45), 102 (28), 70 (26); Elemental analysis calcd (%) for
C10H9Ns05 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%
Hsco]i:(\“{:zN nitric acid (2.66 g, 42.3 mmol, 1.8 mL) was added to compound 1-(3-
o "% o, 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% vyield as yellow solid. 1.02 g,
75% Yield; yellow solid; DTA = 237 °C (exotherm); R; = 0.71 (n-hexane/EtOAc, 1:1); *H
NMR (400 MHz, [Dg]DMSO) & 8.96 (s, 1H), 8.84 (s, 1H), 8.80 (s, 1 H), 5.88 (s, 2H), 4.28
ppm (s, 3H); °C NMR (101 MHz, [Ds]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) vm, 3111, 1610, 1591, 1531, 1352, 1074, 792, 688
cm; MS (El) m/z (%) 325 (100) [M+1]*, 116 (22), 102 (20), 84 (38), 70 (22); Elemental
analysis calcd (%) for C1oHgNgO7: 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):

oCH,8 A mixture of 98% sulfuric acid (2.33 g, 23.8 mmol, 1.2 mL) and 70%
N~ | 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

O,N

NO,
69 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); Ry = 0.67 (n-hexane/EtOAc, 3:7); *H
NMR (400 MHz, [Dg]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); *C NMR(101 MHz, [Dg]DMSO) & 156.2,
142.9, 142.6, 134.1, 134.0, 129.4, 126.2, 122.1, 63.7, 47.7 ppm; IR (neat) vm., 1608, 1539,
1481,1346, 1265, 1091, 985 cm™}; 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 C1o0HgNsOs : 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):*

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), K,CO3 (2.96 g,
30.2 mmol), sodium ascorbate (1.99 g, 10.0 mmol) and CuSO, (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. *H NMR (400 MHz, CDCls) & 8.00 (s, 1H), 7.70 (s, 1H), 7.70 (d, J =
8.0 Hz, 2H), 7.48 (m, 2H), 7.39 (m, 1H); *C NMR (101 MHz, CDCls) & 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): *°
o Following the general procedure (GP-2); a mixture of 4-nitrophenyl azide
\©\N\;N;N (71b; 5.0 g, 30.5 mmol), trimethylsilylacetylene (4.48 g, 45.7 mmol),
79b K,CO3 (5.06 g, 36.6 mmol), sodium ascorbate (2.42 g, 12.2 mmol) and
CuSOq (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. *H NMR (400 MHz, CDCls) & 8.44 (d, J = 9.0 Hz, 2H),
8.13 (s, 1H), 7.99 (d, J = 8.8 Hz, 2H), 7.92 (s, 1H); *C NMR (101 MHz, CDCls) & 141.2,
135.3, 125.6, 121.7, 120.7.

1-(3-nitrophenyl)-1H-1,2,3-triazole (72c): *

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
CuSOq (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 Q)
in 73% vyield as yellow color solid. *"H NMR (400 MHz, CDCl;) & 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); *C NMR (101 MHz,
CDCl3) 6 147.4, 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)*" and 1-(2-nitrophenyl)-4-(trimethylsilyl)-1H-
1,2,3-triazole (73d):

Following the general procedure (GP-2); a mixture of 2-

NO, NO,

@N,N\ n @N’N‘ nitrophenyl azide (71d; 10 g, 60.9 mmol),
N N

\~/ \=( trimethylsilylacetylene (8.97 g, 91.3 mmol), KOAc (7.17 g,

72d 73d ™S

73.1 mmol), sodium ascorbate (4.82 g, 24.3 mmol) and
CuS0, (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% vyield and 72d (3.52 g) in 30% vyield
as brown color solids. For 73d: mp 48-52 °C; R = 0.44 (1.5:1 n-hexane/EtOAC); 'H NMR
(400 MHz, CDCls3) 4 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); **C NMR (101 MHz, CDCls)  144.4,
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133.8, 130.5, 130.4, 130.1, 127.8, 125.9, 125.4, -1.16; IR (Neat) vmax 3119, 2959, 1954, 1842,
1707, 1626, 1159, 1041, 781, 630, 534, 461 cm™*; MS (EI) m/z (%) 263 (M*+1, 61), 239 (24),
235 (39), 207 (100), 191 (43), 133 (22), 119 (29); Elemental analysis calcd (%) for
C11H14N40,Si: C, 50.36; H, 5.38; N, 21.36. Found: C, 50.28; H, 5.31; N, 21.42.

For 72d: *H NMR (400 MHz, CDCl3) § 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); *C NMR (101 MHz, CDCls) & 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): *

H3CO\©\
N/N\‘

\~/
72e

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), K,CO3 (5.56 g, 40.2 mmol), sodium ascorbate (2.65 g, 13.4
mmol) and CuSO, (1.67 g, 6.70 mmol) in methanol: water (50 mL, 1:1)

N

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. *H NMR (400 MHz, CDCls) & 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); **C NMR
(101 MHz, CDCls) 6 160.6, 135.0, 129.1, 122.3, 121.7, 114.3, 55.8.

1-(3-methoxyphenyl)-1H-1,2,3-triazole (72f): *

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 CuSO, (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% vyield as brown color solid. *H NMR (400 MHz, CDCl3) & 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); *C NMR (101 MHz, CDCls) § 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 (729)* and 1-(2-methoxyphenyl)-4-
(trimethylsilyl)-1H-1,2,3-triazole (739):
Following the general procedure (GP-2); a mixture of 2-

OCHj4 OCHjs .
@ _ @ N methoxyphenyl —azide (71g; 10 g, 67.0 mmol),
N’ N} N’ NS
- \§<N trimethylsilylacetylene (9.87 g, 100.5 mmol), KOAc (11.1
729 73g  ™S| 4 80.4 mmol), sodium ascorbate (5.30 g, 26.8 mmol) and

CuSOq (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% vyield as brown color liquid and 72g
(4.91 g) in 41% vyield as brown color solid. For 73g: R; = 0.53 (4:1 n-hexane/EtOAc); *H
NMR (400 MHz, CDCls) & 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); *C NMR (101 MHz, CDCls) & 150.7, 144.9, 130.7,
129.4, 125.7, 124.8, 120.5, 112.0, 55.4, -1.387; IR (Neat) vmax 2957, 1601, 1510, 1249, 120.5,
1118, 1035, 844, 754 cm™*; MS (EI) m/z (%) 248 (M*+1, 44), 218 (22), 208 (10), 176 (100),
161 (10); Elemental analysis calcd (%) for C1,H17N3OSi: C, 58.26; H, 6.93; N, 16.99. Found:
C, 58.37; H, 6.98; N, 16.85.

For 72g: *H NMR (400 MHz, CDCl3) & 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); **C NMR (101 MHz, CDCl5)
0 150,7,132.7, 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):% *

NO: o Following the general procedure (GP-4); A mixture of 98%
@N’N“N n \QN,N\\N sulphuric acid (15 ml) and 95% nitric acid (10ml) was added

t =" 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

74 75

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: *H NMR (400 MHz, CDCls) 6 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); **C NMR (101 MHz, CDCl,) & 144.5,
134.2,134.1, 130.1, 130.0, 127.8, 125.5, 125.4.

For 75: *H NMR (400 MHz, CDCls) & 8.44 (d, J = 9.0 Hz, 2H), 8.13 (s, 1H), 7.99 (d, J = 8.8
Hz, 2H), 7.92 (s, 1H); *C NMR (101 MHz, CDCl5) § 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):*

Following the general procedure (GP-4); A mixture of

O,N NO
OZN\©\ ° 98% sulphuric acid (15.5 g, 157.8 mmol, 8.4 mL) and
N’N\‘N *
N ON NO,
77

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

76

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); Ry = 0.48 (n-
hexane/EtOAc, 2:1); *H NMR (400 MHz, CDCls) & 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); **C NMR (101 MHz, CDCl5) & 149.3, 138.6, 135.8,
121.9, 120.1, 117.9 ppm; IR (KBr) vmax 3084, 2961, 1635, 1558, 1261, 1024, 798 cm™*; MS
(EI) m/z (%): 234 (38) [M-1]", 228 (31), 206 (100), 183 (16), 87 (7); Elemental analysis
calcd (%) for CgHsNsO4 : C 40.86, H 2.14, N 29.78; found: C 40.75, H 2.18, N 29.71.

For 77: 'H NMR (400 MHz, CDCls) & 9.15 (s, 3H); *C NMR (101 MHz, CDCl3)  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

O,N

HscOQ acid (16.8 g, 171.2 mmol, 9.1 mL) and 95% nitric acid (7.19 g, 114.2
N,N

ON \\;N mmol, 4.8 mL) was added to 1-(4-methoxyphenyl)-1H-1,2,3-triazole
78 (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% vyield as dark yellow solid. 1.10 g, 85% Yield; yellow solid; DTA =
319 °C (exotherm); R; = 0.57 (n-hexane/EtOAc, 1:1); 'H NMR (400 MHz, [Dg]DMSO) &
9.03 (s, 1H), 8.91 (s, 2H), 8.06 (s, 1H), 4.00 ppm (s, 3H); *C NMR (101 MHz, [Ds]DMSO) &
146.1, 145.4, 135.6, 132.2, 124.5, 121.3, 65.1 ppm; IR (KBr) vmax 3157, 1541, 1346, 1271,
1053, 783 cm™%; MS (E1) m/z (%) 266 (21) [M+1]", 265 (100) [M], 250 (39), 236 (26), 221
(13), 205 (5); Elemental analysis calcd (%) for CoH;NsOs : 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
3 H3;CO
NO, ON ’ 98% sulphuric acid (16.8 g, 171.2 mmol, 9.1 mL) and
N’N\‘N + N’N\‘N 95% nitric acid (7.19 ¢, 114.2 mmol, 4.8 mL) was
NO, \=/ NO, =/ :
29 80 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); R; = 0.65 (n-hexane/EtOAc, 4:6); *H
NMR (400 MHz, [Ds]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); *C NMR (101 MHz, [Dg]DMSO) & 155.2, 137.7,
137.0, 134.6, 130.2, 128.9, 124.9, 116.7, 59.0 ppm; IR (KBr) vmax 3124, 1614, 1342, 1078,
989, 794, 652 cm™t; MS (EI) m/z (%) 266 (58) [M+1]", 242 (26), 226 (83), 210 (100), 194
(91), 163 (72), 149 (85); Elemental analysis calcd (%) for CoH;NsOs : 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); Ry = 0.40
(n-hexane/EtOAc, 7:3); *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); *C NMR (101 MHz, CDCls) & 155.9, 138.3, 136.0,
134.7, 134.3, 127.3, 124.1, 114.4, 59.1 ppm; IR (KBr) vmx 3097, 1620, 1531, 1350, 1232,
1072, 806 cm™%; MS (EI) m/z (%) 266 (68) [M+1]", 242 (45), 226 (57), 210 (72), 194 (92),
164 (100), 149 (72); Elemental analysis calcd (%) for CoH;NsOs : 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

O,N
/@OCH3 acid (16.8 g, 171.2 mmol, 9.1 mL) and 95% nitric acid (7.19 g, 114.2
N,
O,N N\§‘/N o
81 (729, 2.0 g, 11.4 mmol) at 0 C and the reaction was carried out at room

mmol, 4.8 mL) was added to 1-(3-methoxyphenyl)-1H-1,2,3-triazole

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); R = 0.57 (n-
hexane/EtOAc, 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); *C NMR (101 MHz, CDCls) § 151.5, 144.0, 142.4,
134.8, 132.1, 127.8, 126.1, 125.7, 121.9, 63.4 ppm; IR (KBr) vmax 3155, 1547, 1350, 1261,
1049, 978, 733 cm™Y; MS (El) m/z (%) 266 (58) [M+1]", 223 (23), 129 (56), 116 (12), 97
(100), 74 (6); Elemental analysis calcd (%) for CoH;NsOs : 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-

X

lN/ bis(azidomethyl)pyridine (82; 1.0 g, 5.28 mmol), trimethylsilylacetylene

"!.'N_/7 (\_N',,N (1.55 g, 15.8 mmol), K,COs (1.75 g, 12.7 mmol), sodium ascorbate (0.83 g,
N N
83a 4.22 mmol) and CuSO,4 (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% vyield as brown color solid. 1.01 g, 79% Yield; brown solid; m.p.
65-68 °C; Ry = 0.57 (EtOAc); *H NMR (400 MHz, CDCls) § 7.65-7.54 (m, 5H), 7.02 (d, J =
7.6 Hz, 2H), 5.57 ppm (s, 4H); °C NMR (101 MHz, CDCls) § 154.6, 138.6, 134.1, 124.5,
121.7, 54.9 ppm; IR (KBr) vinax 1591, 1454, 1217, 1087, 1028, 800, 765, 690 cm™*; 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):

N Following the general procedure (GP-2); a mixture of 2,6-

Z

N bis(azidomethyl)pyridine (82; 1.5 g, 7.92 mmol), propargyl propionate (2.66
N,'N/ \N‘,,N g, 23.7 mmol), KOAc (1.86 g, 19.0 mmol), sodium ascorbate (1.25 g, 6.34
N N

mmol) and CuSO4 (0.79 g, 3.17 mmol) in methanol : water (60 mL, 1:1) was

EtOCO OCOEt
83b 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; R; = 0.56
(EtOAC); *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);
3¢ NMR (101 MHz, CDCl3) 6 173.7, 154.3, 142.7, 138.4, 124.7, 121.5, 57.1, 54.6, 26.9,
8.60 ppm; IR (neat) vmax 2982, 1738, 1462, 1182, 1051, 781 cm™*; MS (El) m/z (%) 414 (45)
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[M+1]", 436 (100) [M+Na]"; Elemental analysis calcd (%) for C19H23N;0O, : 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):
S Following the general procedure (GP-4); A mixture of 98% sulphuric acid
((Nj\ (15 ml) and 95% nitric acid (10ml) was added to (1,1'-(pyridine-2,6-diyl bis
N. .N
;LNN NNJ% (methylene)) bis (1H-1,2,3-triazole-4,1-diyl)) bis(methylene) dipropionate
NO, O,N

(83b, 1.0 g, 2.42 mmol) at 0 'C. The resulting reaction mixture was stirred

83'b 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; Rs
= 0.59 (EtOAC); *H NMR (400 MHz, CDCl5) 5 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); *C NMR (101 MHz, CDCl;) § 154.08, 139.9,
138.9, 125.3, 122.2, 65.8, 55.1; IR (KBr) vmax 1591, 1454, 1217, 1087, 1028, 800, 765, 690
cm™; MS (EI) m/z (%) 360 (M*+1, 100), 301 (16), 244 (27); Elemental analysis calcd (%) for
Ci3H13NgO4: 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-

| ,IG/ 1,2,3-triazol-1-yl)methyl)pyridine (83a, 0.200 g, 0.82 mmol) and m-
(\_NNN 2 NNN_/7 chloroperbenzoic acid (m-CPBA, 0.21 g, 1.24 mmol) was added in CHClI3
84a (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% vyield as colorless solid. 0.08 g, 35% Yield; colorless solid; m.p. 62 °C; DTA = 228 °C
(exotherm); Ry = 0.68 (CHCIl3/MeOH, 9:1); *H NMR (400 MHz, CDCls) & 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); *C NMR (101 MHz,
CDCl,) 8 145.8, 134.2, 125.9, 125.6, 125.4, 48.4 ppm; IR (KBI) v 2852, 1693, 1417, 1350,
1217, 1028, 808 cm™%; MS (E1) m/z (%) 258 (100) [M+1]", 242 (16), 230 (14), 174 (11), 145
(8); Elemental analysis calcd (%) for C11H11N7Os: 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

A

| Nig (15 ml) and 95% nitric acid (10ml) was added to (1,1'-(pyridine-2,6-diylbi

}N‘.,N 2 N‘:N% s(methylene))bis(1H-1,2,3-triazole-4,1-diyl))bis(methylene)di
N N
NO, O,N

84b

propionate (83b, 0.500 g, 1.21 mmol) at 0 'C. The resulting reaction

4 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 CHCI;
(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% vyield as pale-yellow solid. 0.04 g,
41% Yield; pale-yellow solid; m.p. 110 °C; DTA = 142 °C (exotherm); Ry = 0.72
(CHCI3/MeOH, 9:1); *H NMR (400 MHz, [Ds]DMSO) & 8.14 (s, 2H), 7.38-7.27 (m, 3H),
5.79 (s, 4H), 5.58 ppm (s, 4H); *C NMR (101 MHz, [Ds]DMSO) & 145.0, 139.6, 126.8,
126.7, 126.0, 65.6, 48.8 ppm; IR (KBr) vmax 2924, 1724, 1641, 1385, 1261, 1111, 1022, 850,
796 cm™; MS (El) m/z (%) 375 (100) [M]+, 374 (100) [M-1]*, 356 (13), 343 (5), 327 (24);
Elemental analysis calcd (%) for C13H13NgOs: C 41.60, H 3.49, N 33.59; found: C 41.75, H
3.56, N 33.41.
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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 NO, 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.*°
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Chapter 3

Synthesis of Trifluoromethyl-Substituted N-Aryl-
Poly-1,2,3-Triazole Derivatives

Abstract

Synthesis, characterization, and energetic properties of —CF3; and —NO; 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 -NO, 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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Reference:

A. Sudheer Kumar, Nagarjuna Kommu, Vikas D. Ghule and Akhila K. Sahoo*
J. Mater. Chem. A., 2014, 2, 7917-7926

86



Chapter 3 CF3-Substitited-1,2,3-Triazoles...

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."? 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.” 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.® 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.* Furthermore, the nitro (-NO,)
group significantly contributes towards improving the detonation performance of a
molecule.®> As the fluorine atom assists in the enhancement of the density of the molecule,*?
we therefore envisaged the synthesis of novel molecular entities containing the triazole
moiety, -NO, 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™) than that of the
—NO, group (2.17 g cm™).% In general, the —CF3 bearing molecules exhibit low surface
energy, high chemical resistance, high electronegativity, excellent thermal stability, and
hydrophobicity.” Moreover, fluorine-containing molecules are used in crystalline materials,?
polymers® organic superconductors, pharmaceutical and agrochemicals.'® Furthermore, the
presence of oxidizer fluorine along with oxygen in the aluminium or boron bearing solid
propellants improves metal combustion properties of the material.’% 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.! 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.’?
3.1.1. Background of —CF3 substituted-1,2,3-triazole based energetic compounds

In 2007, Shreeve group demonstrated the synthesis of 4-CF;-1,2,3-triazole molecule (I11)
involving click reaction between gaseous trifluoromethylacetylene (1)  with
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trimethylsilylazide (1) (Scheme 3.1)**. The use of gas-reagents makes this synthetic strategy
cumbersome. Interestingly, compound 111 exhibits high density (1.79 g cm™), poor thermal
stability (83 °C), negative HOF (-465.22 kJ mol™) and detonation performance (vD = 6518
ms ' &P =14.11 GPa) less than TNT.

Ny, = (gas; I) NEANN
— oI N3 > >_.(
/ 0,
57% FAC

Scheme 3.1. Synthesis of 4-CF3-1,2,3-triazole by click reaction

Later in 2011, various CFs-substituted-1,2,3-triazole-containing molecules (C, H, N and F
atoms; Va-d) having high densities (1.42—-1.81 g cm™), good thermal stabilities (>270 °C),
acceptable detonation properties (61807244 m s & 11.96-17.90 GPa), and negative HOF
(—251.5 to —1673.5 kJ mol™); 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 (I1) provided the desired CFs-bearing triazole

derivatives (Va-d) in good yields (Scheme 3.2).!

R
F,C—== (gas; Il) NN
R_(N3)n ’ o _—
n=1or2 Cul
IVa-d . Va-d (61-80%) CF,
H,N N_(
H,C =N \
\ 7/
n - v/ AN NG HN—¢ N
L - =
3 Iva IVb HoN ve Ivd
NH,
N N /\/\ N HN S
- . p NN
H,C N N NG N N “N —N ,N=N |
\N_/_ \%\CF )ﬁ OH ‘= Ny r\f>_N\)\ N.,N~NJ\N/)\N—N.N
/ s oF, > cFy N _
H;C 3 HoN
Va Vb Ve e vd CF,

Scheme 3.2. Synthesis of —CF;-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."** Thus,
synthesis of —CF3; and —NO, bearing materials with positive heats of formation is a
challenging task. The lack of a general strategy for the synthesis of —CF3;, —-NO,, 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 -NO,/-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 —CF; substituted aryl
halides with 1,2,3-triazole derivatives were used for the synthesis of new —CF3; and -NO,/—
azido-substituted N-aryl-polytriazoles (Scheme 3.3).

X X R_._NO
N3 ~ NO, oo NVD2
A TMS—= (1) il Coupling il
3T _ _—— /\ _N Bl C/\ - N\
Nitration FsC N7 ey 3 NN
1 \Q/ - \§/
. ) 3 5-19
Easily accessible X =Br, Cl,F R = 1H and 2H-1,2,3-triazole;

from anilines 5-amino-1,2,3,4-tetrazole; OH

Intention: synthesis of C,H,N,O, and F atoms bearing molecules with good density,
stability and positive heat of formation.

Scheme 3.3. Strategy for —-CF3 and -NO, 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 CFs-substituted aryl azides
(synthesized from corresponding anilines) and electron-rich TMS-acetylene (1) under
optimized conditions comprising of sodium ascorbate, CuSO,, and K,CO3 or KOACc base in

MeOH-H,0 at room temperature in good yields (Table 3.1).

The activated aryl azides having the CFs-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 vyields (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% vyields, respectively (entries 9 and 10). The other 0-CF3 or 0-Cl substituted aryl azides
1k, 11 or 1m reacted poorly with 1' under the optimized conditions, affording 2k, 2I, 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 CF3z-substituted aryl azides and TMS-
acetylene (1").2

N, TMS—= 1" N )
R+\ Base ~ N,N\\N
= Na ascorbate \~/
1 2
Entry 1 R Base 2 Yield [%]'
1° la 4-CF3 K,CO3 2a 79
2 1b 3-CF3 K,CO3 2b 55
3 1c 4-F-3-CF3 K,COs 2c 66
goe 1d 4-CI-3-CF3 K,COs 2d 43
5P le 4-Br-3-CF3 K,CO3 2e 89
6" 1f 4-NO,-3-CF3 K,CO3 2f 24
7° 1g 4-CN-3-CF; K,COs 29 52
g° 1h 4-CHj3-3-CF3 K,COs3 2h 53
o 1i 2-CF3 KOAc 2i 31
10° 1j 4-NO,-2-CF; KOAC 2j 21
11°¢ 1k 4-F-2-CF3 K,CO3 2k 27
12°¢ 1l 4-Cl-2-CF; K,COs 2l 22
13° im 2,6-Cl-4-CF; K,COs 2m 28

4All reactions were conducted using azide (1.0 equiv), TMS acetylene (1.5 equiv), sodium
ascorbate (0.4 equiv), and CuSO45H,0 (0.2 equiv). °K,COs (1.2 equiv) and MeOH-H,0
(12:1, 2.0 mL for 1.0 mmol) were used, and the reaction performed at room temperature for 24
h. °Reaction conducted at 100 °C for 24 h. “KOAc (1.2 equiv), t-BuOH-H0 (1:1, 1.0 mL for
1.0 mmol) were used, and the reaction conducted at 90 °C for 48 h. ®Reaction conducted at 80
°C for 24 h. " 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 HNO3z (95%) and H,SO, (98%). The
electrophilic substitution of the electron-poor aryl ring generally proceeds sluggishly under
ambient conditions; thus, the nitrations of N-aryl-CF; 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-CFs-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-NO, to CF3; group remain
unclear. In general, insertion of the nitro group on the aryl ring possibly occurs meta- to the
CFs-moiety and ortho-/para- to the triazole skeleton.”” Thus, the nitration of 3-CFs-4-F
substituted aryl triazole 2c gave 3c albeit in moderate yield (entry 3). The CI- and Br bearing
CF3-substituted aryl triazoles 2d and 2e underwent nitrations with HNOj3 (95%) and H,SO4
(98%) mixture, giving 3d and 3e in 30% and 38% vyields, respectively (entries 4 and 5);*? 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-NOy, 2-CF3-4-NOy, 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).** The presence of an electron-
donating group on the aryl moiety facilitates introducing the NO, group, thus, 2h readily
underwent nitration at an ambient temperature producing 3h in 92% vyield (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 CF; and meta- to the triazole on 2I,
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).** Unfortunately, efforts to introduce more than one nitro group
on 2 were futile. The structures of 3a, 3c and 3| were confirmed by single crystal X-ray
analysis (Figure 3.1 and Table 3.5).

Table 3.2. Nitration reactions of triazoles 2.

23 95% HNO; + 98% H,SO, //NOZ
R_\ ~N ? pd \
N \N R N~ N\\
\—/ \§/N
2 3a-3m
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NO,- and CFs-substituted-aryl-1,2,3-  Yield

Entry 2 Tre il triazoles (3) [%0]?

2 2b 80 12 19+42

r
N"N\N 30

oy
N7 N 23 (18)°
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NO,
N/’N\NU 37
8 2i 70 12 \=/
3i
F3;C cl
N”N‘N 27
NO,
9 2l 70 12 \=/
3l
cl CF3
/N\
"/ ;Ewoz
10 2m 110 48 ci 32 (22)°
3m

2Yield of the isolated product. "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 —-NO, 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.® 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 Cul-catalyzed and Cs,CO3- promoted coupling between 2e and
4 in DMF gave the N-1,N-2 and N-1,N-1 CFs-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 *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% vyield (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™).
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Table 3.3. Reaction between haloarenes 2 with 1H-1,2,3-triazole (4).2

X R
'\j\ 1H-1,2,3-Triazole (4) ’\:)\
S Cs,COg/Cul A N
_ FsC N “N
\—~/

FsC N
° &/N DMF
X =Br, Cl R =2H, 1H-1,2,3-Triazole
2 5-9
T t ) ) "
Entry 2 CF3-substituted-aryl-Poly 1,2,3-triazoles
[°C] [h]
CF3 N= CF3 N:N
) NP
/N\ N /N\
N“ °N N“ °N
1 2¢e 120 24 \—/ \—/
5 6
29 51
=N Nan (§N
\S. ' '
N'N@/CF3 N CFs N-N CFs
/N\ /N\ /N\
N“ °N N“ °N + N~ NU
\—/ \—/ o \—/ 0
2 2m 90 12 N E-N (N
7 8+9
24 43

4All reactions were carried out using 2 (1.0 equiv), 1H-1,2,3-triazole (4, 1.5 equiv), Cs,COs
(2.0 equiv), Cul (0.2 equiv) in DMF (2.0 mL for 1.0 mmol) with the respective temperature
shown in Table 3.3. 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 -NO, 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 -NO, 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-, CFs-substituted nitroarenes 3 with 4 or 5-amino-tetrazole (14).2

X _. CF3 F3C
[«\’/l Nucleophile (4, 14) [»\j\\
*/:)\ N Cs,COg/Cul VA N
O,N N ’.N T- R N ".N
\—/ DMF \—/
X = Br, Cl 120°C, 24 h R = 2H, 1H-1,2,3-Triazole
5-amino-1H-1,2,3,4-tetrazole
3 10-13, 15
Entry 3 Nu CF3-substituted aryl-poly-1,2,3-triazole derivatives”
CF3 = CF3 N=N CF3 N= CF3 N=N
I @N'\/) D /@N\)
N N _NO N
v vy N vy e NS NN,
I i) i) <N N
10 11 12 13
8 20 36 29
2 3d 4 10 11 — -
33 58 - _
N=N  NO,
NN t
|-|2NIE3C -y _ _ —
3 3d 14 \~/
15 — — -
23 - - -

All reactions were carried out using -NO,, —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}, Cs,CO;3 (2.0
equiv), Cul (0.2 equiv) in DMF (2.0 mL for 1.0 mmol) at 120 °C for 24 h. ®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, —-NO,, 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 -NO, 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.*® 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% H,0; [egn (1)].
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F HOOH, KOH HO
THF-H,0 g ()
,r\{_N OyN N—N’N
o]
3¢\ 100°C, 48 h 16\,

60%

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 [egn (2)].

CF3 N CF3
3 N N3
N= NaH/THF N
0N o4y —< —> ON N ST
N RT,6h \=N
NO, NO,
17 18 19, 69 %

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 P2;/c, P2:/n and C,/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) A3, respectively, whereas the compound 3c crystallizes in
the orthorhombic space group P2;2:2; with a cell volume of 1074.94(10) A% and compound
10 crystallizes in the triclinic space group P;” with a cell volume of 733.5(3) A% The
crystallographic data for all the compounds are detailed in Tables 3.5 and 3.6.

F7 Fi
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F4 Ha T
H10 H14B Cg\ lcia Qf cal clim’ niip @ %1}ﬁ e
He. o C10] | c15 \c& - cg/ \C’/‘\@ - ci6./
N8 cr4b St ] \cz e e N\ 8 o ®
o N8 / % 1A - | ‘ c12 F9 - | \ d_or p— c13/ \ /cu
N1 4 I Hi4C s N4 NS ™ \ o He N N6 /
AN, _8 1 c11 H12 o7 ™ o S1\.__fhco
i c2) s\ A S5 celp— cs\ 7 8" o —
S~ c1eyly cat— COAA -— e 'ﬂn cl9fim—iticrz [ C15 o7
\ = F12 /o Ho cn C\ o 7 H15 N2
Hie H13 By H22 OA F2 H19 W2 04
2h 2m 3a 3¢ 3l
H23 H24 - );3
Hae s
b N4 c\ f\ F‘I‘Q:f
Haa
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. msk\% v e /cz i
N1 Fa Has
e c2 ©8/ en s c16) /cn h - \ s \s ey \ \cz:izs/\ﬁ rrrrr o
NS No—R e ™ c10 N2 Ns [/ N P s M / 2 W -~
\S ~ %9 /o A\ w g ]
N6 / c1\, \@ o ‘ N
N1 C4 Hio o —ien cz\ / W N C19Ne__afo 1A ~
e /C5 e il GO & -4 b ™
ohe— F1 N7 H13 c2s—itycT m 18
) - 7T\ 1 & Y / o
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H

9
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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

CF3-Substitited-1,2,3-Triazoles...

Compound 2h 2m 3a 3c 3l
CCDC 949060 949061 949062 949063 949064
Formula CioHgFsN3  CgH4Cl,FsN3  CgHsFsN,O,  CoHsF4N4O,  CoH,4CIF3N4O;
My 227.19 282.04 258.17 276.16 292.61
Crystal system  monoclinic monoclinic monoclinic  orthorhombic monoclinic
Space group P2i/c P2i/c P2:/n P212:24 P2i/c
T [K] 293 293 293 293 293
a[A] 7.7969(6) 16.0332(12) 5.4767(5) 6.4061(3) 14.580(2)
b [A] 12.0686(7) 6.8721(4) 24.405(2) 10.2430(6) 13.1345(19)
c[A] 10.9819(6) 10.7030(7) 7.9829(8) 16.3818(8) 5.7684(6)
a[°] 90 90 90 90 90
B[] 103.056(6) 105.264(7) 97.370(9) 90 90.465(13)
v [°] 90 90 90 90 90
Z 4 2 4 4 4
V [AY] 1006.66(11)  1137.67(14)  1058.17(17)  1074.94(10) 1104.6(2)
Deatc [g cm ] 1.499 1.653 1.621 1.706 1.760
i [mm] 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 1548 2153 1171 1585 933
reflns
Ri[1>26(1)] 0.0566 0.0688 0.0741 0.0332 0.0651
WR; [all] 0.1789 0.2299 0.2283 0.0892 0.2132
GOF 1.075 1.586 1.162 1.057 0.845
Diffractometer Xcalibur SMART SMART SMART Xcalibur
Gemini APEXCCD APEXCCD APEXCCD Gemini
Eos CCD 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 C11H7F3Ng C13HsF3Ng CisHgF3sNg  CizHgF3sNg  Ci3HgF3Ng
My 280.23 347.28 347.28 347.28 347.28
Crystal system monoclinic  orthorhombic triclinic monoclinic ~ monoclinic
Space group P21/n Pca2; P1 P2i/c C2/c
T[K] 273 298 293 293 298
a[A] 7.445(2) 17.315(4) 8.5034(13)  13.2240(8) 18.596(5)
b [A] 15.889(5) 8.8212(18) 10.042(2) 10.7927(7) 10.898(3)
c[A] 10.638(3) 19.147(4) 10.289(2)  20.8619(10)  28.644(8)
a[°] 90 90 61.31(2) 90 90
L] 109.220(5) 90 84.601(15) 93.504(5) 90.480(4)
v [°] 90 90 72.454(16) 90 90
z 4 8 2 8 16
V [AY] 1188.3(6) 2924.5 (11) 733.5(3) 2971.9(3) 5805 (3)
Deaie [g cm ] 1.566 1.577 1.572 1.552 1.589
i [mm™] 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
R[> 26(1)] 0.0404 0.0904 0.0657 0.0571 0.0650
WR; [all] 0.1073 0.2563 0.2196 0.2066 0.2175
GOF 1.011 1.021 1.315 0.814 1.063
Xcalibur Xcalibur
Diffractometer SMART SMART Gemini Eos  Gemini Eos SMART
APEX CCD APEXCCD APEX CCD
CCD CCD
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3.4. Energetic Properties

We have demonstrated the synthesis of trifluoromethyl substituted aryl triazoles (2a—2m),
—CF3 and —-NO,/-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.* Thus, the —CF5 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™. 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™ (Table 3.7). Generally, the introduction of
—NO, groups enhances the density of the compounds;** for instance, the density of 3a (1.69 g
cm™®) is higher than for 2a (1.59 g cm™). 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 -NO, 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.® 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*, P = 24.95 GPa) exhibited comparable detonation performance to
TNT (vD = 6881 m s, P = 19.50 GPa) and the previously reported —CF5 derivatives."%

The thermal stabilities of the —CF; 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.

.........

DSC-TGA

File: C:..\AS-03-187-1.001
Operator. gsreddy
Run D:

ate: 17- 2100
mmmmmm SDT Q600 V20.9 Build 20

Temperature (°C)

DSC-TGA

Figure 3.2. DSC-TGA plots for 3a and 13.

Table 3.7. Energetic properties of the triazole derivatives

Comp. o vD[! plc] T T HOFM
[gcm™] [ms™] [GPa] [°C] [°C] [kJ mol™]
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
2¢ 1.66 5450 (6177)  1255(17.21) 91 212 _47585
of 1.70 6276 (6866)  16.82(20.61) 81 301  —271.74
29 154 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
it 1.59 5301 (6370) 1153 (17.43) - -  —253.71
2] 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 169 (1.62) 6252 (6844)  16.67(2051) 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' 1.65 6146 (6724) 1586 (1956) -  —  -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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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(1853) 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) 2347 (24.95) 122 213 ~71.11
TNT> 1.65 6881 19.50 ~ 300 —67.0
RDX 1.82 8748 34.90 - 230 92.6

[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.”® [c] Detonation pressure calculated with
Kamlet—Jacobs equations; the detonation pressure is calculated with Explo5 version 6.02 is
shown in parenthesis.? [d] Melting point. [e] Decomposition temperature under nitrogen gas
(10 °C min™). [f] Heat of formation.™ [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 —NO, 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, -NO, and —Nj3 groups. This is cleary shown in

potential energy diagrams (Figure 3.3).
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16 19

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® 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.
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3.6. Conclusion

In summary, a wide array of —CF3; and —NO, substituted N-arylpoly-1,2,3-triazoles and
tetrazole compounds are efficiently synthesized. The Cu-catalyzed coupling of —CF3, -NO,
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™. Fabrications of novel —

CF3 or —SFs 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 CFs-substituted aryl azides and
commercially available alkynes via click reaction, followed by a nitration sequence. The
synthesized —CF3; and —NO, 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,” we thus
envisaged introducing NF;, OCF; & SFs 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).

N=N  NO, N=N  NO, N=N  NO, N=N  NO,
N N N N N N N N
O,N 7\,N O,N ?,N O,N \7,N O,N 7\,N
NH O,N NH N OyN NH O,N NH N
FiC g,“ oN PN '\\‘\/ o FeCO \\./N oN S ,\L/N
20 21 22 23
O,N O,N O,N OuN
NO
NN NN NN N\ - ':‘ '\ o
NF, ocF, N SFs N N~N N\N) ON cF,
NZ N N7 N 2 NO, F4CO NO, FsS NO,
N, N, i
N N N N
/) / / N
al { ‘( NO (_.!\‘
NO, NO, 2 e
24 25 26 28 29 30

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 CF; and NO, 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 Ka
fine-focus sealed tube (A = 0.71073 A). Data integration was done by using SAINT.* The
Intensities of the absorption were corrected by using SADABS.?® Structure solution and
refinement were carried out by using Bruker SHELX-TL.?! X-ray reflections for compounds
2h, 3l, 10 and 11 were collected on an Oxford Xcalibur Gemini Eos CCD diffractometer by
using Mo-Ko radiation. Data reduction was performed using CrysAlisPro (version
1.171.33.55). The OLEX2-1.0?? 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.’® 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'’ equations were employed to estimate the values of

detonation velocity (vD) and detonation pressure (P) [egn (3)].

D = 1.01(NM®®Q%%)*5(1 + 1.30p,) and P = 1.55p, °NM®3Q%* (3)

where in the above equations, vD is the detonation velocity (m s™*), 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™*)
defined as the difference in the HOFs between products and reactants, and p is the density of

explosive (g cm™).
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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-
(trifluoromethylaniline, 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.™ 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 NaNO, and HCI at
room temperature. Physical characterization data of these compounds are exactly matching

with the reported values.*®
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), CuSOy (0.2 equiv), and sodium ascorbate (0.4 equiv) were taken in methanol: water
(2:1) 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 x 10 mL). The combined extracts
were washed with water (2 x 10 mL), brine (5.0 mL) and dried over Na,SO,. 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 x 20 mL). The combined extracts were washed with
water (2 x 20 mL) and brine (25 mL) and dried over Na,SO,4. 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 Cul (0.2 equiv), Cs,CO3 (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 x 10 mL). The
combined extracts were washed with water (2 x 10 mL) and brine (5.0 mL) and dried over
Na,SO,. 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):*

FiC Following the general procedure (GP-2); a mixture of 4-
\©\N'N"N (trifluoromethyl)azide (1a; 2.0 g, 10.6 mmol), trimethylsilylacetylene
\~ (1.57 g, 16.0 mmol), K,CO3 (1.77 g, 12.8 mmol), sodium ascorbate

(0.84 g, 4.27 mmol) and CuSQO, (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

2a

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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'H NMR (400 MHz, CDCls): §8.11 (s, 1H), 7.90 (d, J = 8.4 Hz, 2H), 7.86 (s, 1H), 7.77 (d, J
= 8.4 Hz, 2H); *C NMR (101 MHz, CDCls): §139.4, 134.9, 130.7 (g, J = 34.3 Hz), 127.1 (q,
J=2.0Hz), 123.5 (q, J = 273 Hz), 121.8, 120.5; **F NMR (470 MHz, CDCl3): 5—62.67.

1-(3-(Trifluoromethyl)phenyl)-1H-1,2,3-triazole (2b):**

Following the general procedure (GP-2); a mixture of 3-
Fc/©\N—N.~ (trifluoromethyl)azide (1b; 5.0 g, 26.7 mmol), trimethylsilylacetylene
3 <" (3.93 g, 40.0 mmol), K,CO3 (4.43 g, 32.0 mmol), sodium ascorbate (2.11
g, 10.6 mmol) and CuSO,4 (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

2b

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.

'H NMR (400 MHz, CDCls): & 8.10 (s, 1H), 8.04 (s, 1H), 7.99 (bd, J = 7.6 Hz, 1H), 7.91 (s,
1H), 7.76-7.66 (m, 2H); *C NMR (101 MHz, CDCl3): & 137.4, 132.3 (g, J = 33.3 Hz),
130.6, 125.3 (g, J = 3.0 Hz), 123.6, 123.3 (g, J = 274 Hz), 117.5 (g, J = 3.0 Hz); *°F NMR
(470 MHz, CDCls): 5 —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-
F\@\ (trifluoromethyl)azide (1c; 4.0 g, 19.5 mmol), trimethylsilylacetylene (2.87
'\\I;\I;N g, 29.2 mmol), K,CO3 (3.23 g, 23.4 mmol), sodium ascorbate (1.54 g, 7.80
2c mmol) and CuSO, (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; R; = 0.70 (n-hexane/EtOAc, 2:1);
'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); *C NMR (101 MHz, CDCls): §159.2 (d, J = 260 Hz), 135.0,
133.2, 126.0 (d, J = 8.1 Hz), 122.2, 121.7 (g, J = 274 Hz), 119.9 (q, J = 35.3 Hz), 119.76 (g, J
= 4.0 Hz), 119.74 (g, J = 32.3 Hz); F NMR (376 MHz, CDCls): § —61.77 (d, J = 15 Hz),
—113.51 (m); IR (KBr): vmax = 3084, 1631, 1340, 1236, 1043, 997, 839, 788, 680, 540 cm™*;
MS (EI): m/z (%): 232 (100) [M+1]"; Elemental analysis calcd (%) for CoHsF4N3: 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):*

5 Following the general procedure (GP-2); a mixture of 4-chloro-3-
QN-N.- (trifluoromethyl)azide (1d; 10.0 g, 45.1 mmol), trimethylsilylacetylene

</ (4.67 g, 67.7 mmol), K,COg3 (7.48 g, 54.1 mmol), sodium ascorbate (3.57

g, 18.0 mmol) and CuSQ, (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

2d

silica gel column chromatography eluting with hexane: ethyl acetate (4:1) to afford 2d (2.14
g) in 43% yield as brown solid.

'H NMR (400 MHz, CDCl5): & 8.12 (bs, 2H), 7.93 (d, J = 8.0 Hz, 2H), 7.70 (d, J = 8.0 Hz,
1H); **C NMR (101 MHz, CDCl,): & 135.6, 133.1, 132.4 (g, J = 2.0 Hz), 130.6, 130.0 (g, J =
32.3 Hz), 125.4 (g, J = 2.02 Hz), 124.5, 122.1 (q, J = 275 Hz), 119.7 (g, J = 5.1 Hz); °F
NMR (470 MHz, CDCl3): 6 —63.08.

1-(4-Bromo-3-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2e):
CF, Following the general procedure (GP-2); a mixture of 4-bromo-3-
Br\@ (trifluoromethyl)azide (le; 0.98 g, 3.70 mmol), trimethylsilylacetylene
'LN;N (0.54 g, 5.56 mmol), K,CO3 (0.61 g, 4.45 mmol), sodium ascorbate (0.29
g, 1.48 mmol) and CuSO, (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

2e

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; R; = 0.61 (n-hexane/EtOAc, 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); *C NMR (101 MHz, CDCls): 5§ 136.5, 136.1, 135.1, 131.8
(q, J = 32 Hz), 124.4, 122.2 (g, J = 275 Hz), 121.7, 119.8 (g, J = 6.1 Hz); *°F NMR (376
MHz, CDCl3): §-63.10; IR (KBr): vimax = 3123, 1500, 1334, 1259, 1141, 1030, 995, 777, 661
cm™Y; 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 CoHsBrFsN3z: 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-

CFy
OzN\©\ (trifluoromethyl)azide (1f; 4.57 g, 19.6 mmol), trimethylsilylacetylene
EN (2.90 g, 29.4 mmol), K,CO3 (3.26 g, 23.5 mmol), sodium ascorbate (1.55

2f g, 7.84 mmol) and CuSO, (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% vyield as yellow solid.
1.21 g, 24% vyield, yellow solid, m.p. 81 °C; DTA = 301 °C; R = 0.69 (n-hexane/EtOAc, 1:1);
'H NMR (400 MHz, CDCls): 58.31 (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); *C NMR (101 MHz, CDCls): § 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); *°F
NMR (376 MHz, CDCl3): 6 —60.18; IR (KBr): vimax = 3142, 1543, 1358, 1182, 1145, 1032,
895, 846, 777 cm™; MS (El): m/z (%): 259 (100) [M+1]*, 241 (5), 225 (3), 117 (2), 95 (4);
Elemental analysis calcd (%) for CgHsF3N4O,: 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 (29g):

o Following the general procedure (GP-2); a mixture of 4-azido-2-

NC\©\ (trifluoromethyl)benzonitrile (1g; 4.5 g, 21.2 mmol), trimethylsilylacetyl
'\S;N ene (3.12 g, 31.8 mmol), K,CO3 (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

2g

(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% vyield as yellow solid.
2.67 g, 52% vyield, yellow solid, m.p. 122 °C; DTA = 254 °C; Rt = 0.70 (n-hexane/EtOAc,
1:1); *H NMR (400 MHz, CDCls): §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); *C NMR (101 MHz, CDCls): & 139.8,
136.6, 135.5, 134.9 (g, J = 33.3 Hz), 123.1, 121.9, 121.6 (q, J = 278 Hz), 118.4 (4, J = 5.1
Hz), 114.5, 109.6; *F NMR (376 MHz, CDCls): & —62.24; IR (KBr): vimsx = 3128, 2233,
1616, 1512, 1435, 1336, 1184, 1037, 850, 788, 677, 555 cm™*; MS (El): m/z (%): 240 (83)
[M+1]", 237 (29), 147 (100); Elemental analysis calcd (%) for C1oHsFsN4: 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-

CF3

”3C\©\ (trifluoromethylazide (1h; 3.1 g, 15.4 mmol), trimethylsilylacetylene
(2.26 g, 23.1 mmol), K,CO3 (2.55 g, 18.4 mmol), sodium ascorbate
(1.31 g, 6.16 mmol) and CuSQ, (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

NN
N
on

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; R; = 0.64 (n-hexane/EtOAc, 2:1);
'H NMR (400 MHz, CDCls): & 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); *C NMR (101 MHz, CDCls): §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 (4, J = 6.1
Hz), 19.0; °F NMR (376 MHz, CDCls): & —62.19; IR (KBI): vinax = 3130, 1518, 1429, 1334,
1313, 1172, 1045, 837, 794, 677, 536 cm™Y; MS (El): m/z (%): 228 (100) [M+1]", 161 (8),
147 (7), 109 (5), 91 (5), 65 (10); Elemental analysis calcd (%) for CioHgF3N3: 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):
ot Following the general procedure (GP-2); a mixture of 2-
©:N'Nc (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
2i mmol) and CuSO; (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% vyield, browm liquid, R; = 0.59 (n-hexane/EtOAc, 2:1); *H NMR (400 MHz,
CDCly): § 7.91-7.86 (m, 3H), 7.80—7.68 (m, 2H), 7.58 (d, J = 7.6 Hz, 1H); **C NMR (101
MHz, CDCls): § 134.9, 133.7, 133.1, 130.4, 129.1, 127.3 (q, J = 5.1 Hz), 126.2 (9, J = 32.3
Hz), 126.3, 122.6 (g, J = 275 Hz); *°F NMR (470 MHz, CDCls): § —64.18; IR (neat): Viax
= 3124, 1618, 1525, 1450, 1415, 1236, 1032, 856, 596 cm™*; MS (El): m/z (%): 214 (100)
[M+1]%, 201 (3), 174 (2), 156 (2); Elemental analysis calcd (%) for CoHgFsNs: C 50.71, H
2.84, N 19.71; found: C 50.61, H 2.79, N 19.58.
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1-(4-Nitro-2-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (2j):
on o Following the general procedure (GP-2); a mixture of 4-nitro-2-
2 3
\©:N’N~~N (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 CuSO, (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

2

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; R; = 0.69 (n-hexane/EtOAc,
1:1); *H NMR (400 MHz, CDCls): § 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); *C NMR (101 MHz, CDCls):
5148.1, 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); *F NMR (376 MHz, CDCls): & -59.44; IR (KBr): Vinax
= 3138, 2924, 1626, 1539, 1352, 1236, 1053, 914, 794 cm™*; MS (El): m/z (%): 259 (100)
[M+1]%, 241 (21), 233 (13), 217 (18), 203 (4); Elemental analysis calcd (%) for CoHsF3N4O,:
C41.87,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):

- oFy Following the general procedure (GP-2); a mixture of 4-fluoro-2-
\@N’N-' (trifluoromethyl)azide (1k; 4.0 g, 19.5 mmol), trimethylsilylacetylene
<" (2.87 g, 29.2 mmol), K,CO3 (3.23 g, 23.4 mmol), sodium ascorbate (1.54
g, 7.80 mmol) and CuSO, (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; R; = 0.67 (n-hexane/EtOAc,
2:1); *H NMR (400 MHz, CDCly): §7.82 (s, 1H), 7.74-7.73 (m, 1H), 7.48-7.45 (m, 2H),
7.38-7.34 (m, 1H); **C NMR (101 MHz, CDCls): & 162.5 (d, J = 255 Hz), 134.8, 133.6,
131.4 (d, J = 9.09 Hz), 130.8, 128.2 (dg, J = 8.08, 33.3 Hz), 126.6, 126.0 (d, J = 9.1 Hz),
122.3, 121.7 (g, J = 276 Hz), 120.0 (g, J = 20.2 Hz), 118.5 (d, J = 23.2 Hz), 114.9 (qq, J =
5.1, 27.2 Hz); *°F NMR (376 MHz, CDCl3): § —59.89, —~106.89 (m); IR (KBI): Viax = 3130,
1620, 1429, 1315, 1292, 1174, 1053, 904, 837, 787 cm™; MS (El): m/z (%): 232 (100)
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[M+1]%, 214 (18), 200 (8); Elemental analysis calcd (%) for CoHsF4N3: 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 (2I):

o cF, Following the general procedure (GP-2); a mixture of 4-chloro-2-
\@ N, (trifluoromethyl)azide (1l; 10.0 g, 45.1 mmol), trimethylsilylacetylene

</ (4.67 g, 67.7 mmol), K,CO3 (7.48 g, 54.1 mmol), sodium ascorbate (3.57

g, 18.05 mmol) and CuSO, (2.25 g, 9.02 mmol) in methanol : water (90

2|

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 2I
(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); 'H NMR (400 MHz,
CDCly): 5 7.88-7.87 (m, 3H), 7.73 (d, J = 8.4, 1H), 7.53 (d, J = 8.8, 1H); *C NMR (127
MHz, CDCls): §136.6, 133.1, 133.0 (g, J = 34.3), 130.3, 127.5 (q, J = 2.5 Hz), 124.4, 122.1
(q, J = 277 Hz), 121.7 (g, J = 277 Hz), 119.6 (g, J = 5.1); °F NMR (470 MHz, CDCly): &
—59.64; IR (KBI): vmax = 3354, 1589, 1475, 1412, 889, 821, 719, 638, 561 cm™; MS (EI):
m/z (%): 247 (100) [M]; elemental analysis calcd (%) for CoHsCIF3N3: 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-

FsC\Q/\Cl (trifluoromethyl)azide (1m; 5.0 g, 19.5 mmol), trimethylsilylacetylene
o LN/N (2.02 g, 29.2 mmol), K,COs3 (3.23 g, 23.4 mmol), sodium ascorbate (1.54
2m g, 7.81 mmol) and CuSO, (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); *H NMR (400 MHz, CDCls): & 7.92 (s, 1H), 7.81 (s, 1H), 7.78 (s, 2H); *C NMR (101
MHz, CDCls): & 136.2, 134.9, 134.1 (q, J = 35.3 Hz), 133.9, 126.0 (q, J = 4.0 Hz), 125.7,
121.9 (g, J = 275 Hz); °F NMR (470 MHz, CDCls): §—63.28; IR (KBr): Vimax = 3061, 1570,
1516, 1398, 1302, 1186, 1024, 883, 806, 709, 532 cm™; MS (EI): m/z (%): 283 (100) [M+2]",
255 (6), 249 (8), 221 (5); Elemental analysis calcd (%) for CoH4ClF3N3: 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

FsC\@\ N (15 mL) and 95% nitric acid (10 mL) was added to 1-(4-
NO, h\;;N (trifluoromethyl)phenyl)-1H-1,2,3-triazole (2a; 0.80 g, 3.75 mmol) at 0

3a °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; R; = 0.57 (n-hexane/EtOAc,
2:1); 'H NMR (400 MHz, CDCls): 5 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); *C NMR
(101 MHz, CDCly): & 144.2, 134.6, 132.8 (q, J = 35.3 Hz), 132.6, 130.7 (g, J = 3.0 Hz),
128.5, 125.2, 122.2 (g, J = 275 Hz), 123.0 (g, J = 3.0 Hz); *°F NMR (470 MHz, CDCl3): §
—63.00; IR (KBF): vmax = 3140, 1510, 1265, 1055, 1026, 914, 850, 792 cm™-; MS (EI): m/z
(%): 259 (100) [M+1]", 241 (21), 233 (11), 217 (16), 203 (3); Elemental analysis calcd (%)
for CoHsF3N4O,: 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

& one L 98% sulphuric acid (15 mL) and 95% nitric acid (10
OQNQ,LN;N * \©\,LN/N mL) was added to 1-(3-(trifluoromethyl)phenyl)-1H-

1,2,3-triazole (2b; 2.0 g, 3.75 mmol) at 0 °C. The

3b 3b'

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% vyield, yellow solid, m.p. 129 °C; DTA = 213 °C; R = 0.62 (n-
hexane/EtOAc, 2:1); *H NMR (400 MHz, CDCls): 58.84 (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); *C NMR (101 MHz, CDCls): §149.2,
138.4, 1355, 134.1 (q, J = 34.3 Hz), 122.2 (q, J = 275 Hz), 122.7 (g, J = 2.0 Hz), 121.9,
120.1 (g, J = 2.0 Hz), 118.1; °F NMR (470 MHz, CDCls): §—63.00; IR (KBr): Viax = 3105,
1601, 1433, 1240, 1045, 997, 862, 783, 692 cm™; 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 CgHsF3N4O,: 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% vyield, yellow solid, m.p. 73 °C; DTA = 308 °C; R = 0.61 (n-
hexane/EtOAC, 1:1); *H NMR (400 MHz, CDCl5): § 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); 3C NMR (127
MHz, CDCls): §146.5, 139.8, 135.6, 128.3, 125.2, 124.6, 123.8 (g, J = 34.3 Hz), 122.0 (q, J
= 277 Hz), 119.6 (g, J = 5.1 Hz); *F NMR (470 MHz, CDCls): & -59.07; IR (KBr): Viax
= 3130, 1548, 1433, 1240, 1045, 997, 862, 783, 746, 692 cm™Y; MS (EI): m/z (%): 259 (100)
[M+1]", 241 (3); Elemental analysis calcd (%) for CoHsF3N4O: 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):

cF Following the general procedure (GP-3); a mixture of 98% sulphuric acid
Fi©\ (15 mL) and 95% nitric acid (10 mL) was added to 1-(4-fluoro-3-

“\;N;N (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; R = 0.72 (n-hexane/EtOAc,
2:1); *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); **C NMR (101 MHz, CDCls): &
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); F NMR (470 MHz, CDCls): 5 —61.48 (d, J = 18.8
Hz), =119.1 (m); IR (KBI): vima = 1616, 1508, 1344, 1010, 895, 787, 682, 454 cm™*; MS
(EN): m/z (%): 277 (100) [M+1]", 261 (11), 247 (47), 219 (34), 202 (3), 89 (3); Elemental
analysis calcd (%) for CoH4F4N4O,: 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):

CF, Following the general procedure (GP-3); a mixture of 98% sulphuric acid
C'j@\ (15 mL) and 95% nitric acid (10 mL) was added to 1-(4-chloro-3-
\;;N (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% vyield as colorless solid.

0.51 g, 30% vyield, colorless solid, m.p. 116 °C; DTA = 250 °C; R = 0.51 (n-hexane/EtOAc,
2:1); '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); *C NMR (101 MHz, CDCls): §150.8, 135.7, 132.8 (g, J = 32.3
Hz), 125.0, 121.8 (g, J = 6.1 Hz), 121.7, 121.3 (g, J = 276 Hz), 119.3, 118.1; °F NMR (376
MHz, CDCl3): 6 —62.70; IR (KBr): vmax = 2924, 1554, 1493, 1361, 1232, 1194, 1047, 906,
815, 756, 690, 549 cm™*; 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 CoH4CIF3N4O,: 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):

CF, Following the general procedure (GP-3); a mixture of 98% sulphuric acid
Brj@\ (15 mL) and 95% nitric acid (10 mL) was added to 1-(4-bromo-3-
OaN h\;N/N (trifluoromethyl)phenyl)-1H-1,2,3-triazole (2e; 0.80 g, 2.73 mmol) at 0
3e °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% vyield as pale yellow solid.

0.31 g, 38% yield, pale yellow solid, m.p.167 °C; DTA = 245 °C; Ry = 0.51 (n-
hexane/EtOAc, 1:1); *H NMR (400 MHz, [Dg]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); *C NMR (101 MHz,
[Ds]DMSO): & 153.5, 137.1, 135.6, 132.4 (q, J = 33.3 Hz), 124.5, 122.3 (q, J = 273 Hz),
122.2 (g, J = 5.1 Hz), 119.8, 110.6; *°F NMR (470 MHz, [Ds]DMSO): & —61.42; IR (KBr):
Vmax = 3142, 1539, 1479, 1342, 1296, 1240, 1049, 1005, 912, 783, 696, 474 cm™*; 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 C9H4BrFsN,O,: C 32.07, H 1.20, N 16.62; found: C
32.12,H1.28, N 16.75.

2-Nitro-4-(1H-1,2,3-triazol-1-yl)-6-(trifluoromethyl)benzonitrile (3g):

CF, Following the general procedure (GP-3); a mixture of 98% sulphuric acid
chij\ (15 mL) and 95% nitric acid (10 mL) was added to 4-(1H-1,2,3-triazol-1-
ON "\;N/N yl)-2-(trifluoromethyl)benzonitrile (2g; 0.30 g, 1.25 mmol) at 0 °C. The
39 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% vyield as dark brown oil.

0.08 g, 23% vield, dark brown oil, Ry = 0.72 (n-hexane/EtOAc, 1:1); *H NMR (400 MHz,
[Ds]DMSO): & 8.62 (s, 2H), 7.94 (s, 1H), 7.62-7.54 (m, 1H); *C NMR (101 MHz,
[Ds]DMSO): §162.8, 159.2, 138.3, 132.5 (g, 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); *°F NMR (376
MHz, [Dg]DMSO): 6 -56.73; IR (KBr): vmax = 3128, 2233, 1616, 1512, 1435, 1315, 1182,
1037, 852, 790 cm™; MS (El): m/z (%): 285 (53) [M+2]", 284 (100) [M+1]", 147 (5);
Elemental analysis calcd (%) for C1oH4F3NsO,: 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

Hﬁcj@\ (15 mL) and 95% nitric acid (10 mL) was added to 1-(4-methyl-3-
NN (trifluoromethyl)phenyl)-1H-1,2,3-triazole (2h; 1.15 g, 5.06 mmol) at 0

3h °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% vyield, pale yellow solid, m.p. 122 °C; DTA = 233 °C; R = 0.61 (n-
hexane/EtOAc, 4:1); *H NMR (400 MHz, CDCls): & 8.36 (d, J = 8.0 Hz, 2H), 8.19 (s, 1H),
7.91 (s, 1H), 2.62 (s, 3H); *C NMR (101 MHz, CDCl3): & 152.5, 135.3, 133.3 (g, J = 32.3
Hz), 131.4, 122.6 (q, J = 278 Hz), 121.7, 121.2 (g, J = 6.1 Hz), 118.6, 14.7; °F NMR (376
MHz, CDCl3): 6 —61.12; IR (KBr): vmax = 3034, 1545, 1504, 1334, 1286, 1170, 1051, 900,
790, 679 cm™; MS (EI): m/z (%): 273 (100) [M+1]"; Elemental analysis calcd (%) for
CioH7F3N4O,: 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
O,N CF4

\©: N (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% vyield, pale brown solid, m.p. 84 °C; DTA = 252 °C; Ry = 0.69 (n-hexane/EtOAc,
1:1); *H NMR (400 MHz, CDCls): & 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); *C NMR (101 MHz, CDCls):
5148.1, 139.6, 134.4, 130.5, 128.0, 127.1 (g, J = 33.3 Hz), 126.1 (g, J = 2.0 Hz), 123.2 (g, J
= 5.5 Hz), 121.4 (g, J = 275 Hz); °F NMR (376 MHz, CDCls): & -59.44; IR (KBr): Vimax
= 3138, 1510, 1435, 1055, 914, 887, 790, 669 cm™; MS (El): m/z (%): 257 (100) [M*—1];
Elemental analysis calcd (%) for CoHsF3N,O,: 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 (3I):
Following the general procedure (GP-3); a mixture of 98% sulphuric acid
Clm% (15 mL) and 95% nitric acid (10 mL) was added to 1-(4-chloro-2-
N 'LN,N (trifluoromethyl)phenyl)-1H-1,2,3-triazole (2I; 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% vyield, colorless solid, m.p. 138 °C; DTA = 274 °C; R; = 0.65 (n-hexane/EtOAc,
2:1); 'H NMR (400 MHz, CDCls): §8.14 (s, 1H), 8.10 (s, 1H), 7.95 (s, 1H), 7.90 (s, 1H); ©*C
NMR (101 MHz, CDCls): § 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 (g, J = 276 Hz); *°F NMR (376 MHz, CDCls): 5-59.8; IR
(KBI): vmax = 3113, 2962, 1552, 1356, 1261, 1008, 898, 804, 706, 569 cm™*; MS (El): m/z
(%): 293 (8) [M™+2], 292 (42) [M*+1], 291 (26) [M'], 290 (100) [M*-1], 275 (13);
Elemental analysis calcd (%) for CoH4CIF3N4O,: 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
FsC cl

j@[ (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

3m °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; R; = 0.55 (n-
hexane/EtOAc, 2:1); *H NMR (400 MHz, CDCly): & 8.00 (s, 1H), 7.97 (s, 1H), 7.85 (s, 1H);
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13C NMR (127 MHz, CDCls): & 145.8, 137.7, 136.5, 134.4, 128.3, 127.5 (q, J = 3.0 Hz),
126.0 (g, J = 35.6 Hz), 125.5, 120.3 (q, J = 278 Hz); **F NMR (470 MHz, CDCls): 5-61.06;
IR (KBI): vinax = 1552, 1363, 1290, 1155, 1006, 893, 792 cm™Y; MS (El): m/z (%): 328 (37)
[M™], 327 (100) [M*—1]; Elemental analysis calcd (%) for CoHsCl,F3N4O,: 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)-

étl\\l CF N/§\ CF3
N‘N\@ N "N—N\@ 1H-1,2,3-triazole (2e; 50 mg, 0.17 mmol), 1H-1,2,3-
QN LN/N triazole (19 mg, 0.26 mmol), Cs,COs (111 mg, 0.34
5 6

mmol), Cul (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% vyield and 6 (24 mg) in 51% yield as colorless solids.

For 5: 0.013 g, 29% vield, colorless solid, m.p. 141 °C; DTA = 263 °C; Rs = 0.69 (n-
hexane/EtOAc, 2:1); *H NMR (400 MHz, CDCls): § 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); *C NMR (101 MHz, CDCls): &
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 (g, J = 5.1 Hz); *F NMR (470 MHz, CDCls): 6-59.72; IR (KBr): vinax = 3070, 1533,
1408, 1305, 1049, 947, 833, 599 cm™; MS (El): m/z (%): 281 (100) [M+1]", 249 (3);
Elemental analysis calcd (%) for C11H;F3Ng: 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% vyield, m.p. 133 °C; DTA = 297 °C (exothermic); R = 0.68 (n-
hexane/EtOAc, 1:1); *H NMR (400 MHz, CDCls): §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); *C NMR (101 MHz, CDCls): § 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 (g, J = 5.1 Hz); **F NMR (470
MHz, CDCl3): 6 —-59.55; IR (KBr): vmax = 2852, 1523, 1338, 1290, 1143, 1033, 900, 790
cm™t; MS (El): m/z (%): 281 (100) [M+1]*, 275 (5), 253 (5), 243 (3), 225 (3); Elemental
analysis calcd (%) for Ci1H7F3Ng: 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-

FsC S} triazole (2m; 0.72 g, 2.54 mmol), 1H-1,2,3-triazole (0.84 g, 12.2 mmol),
KN;[LN/N Cs,CO;3 (4.97 g, 15.2 mmol), Cul (0.29 g, 1.52 mmol) in DMF (10 mL)
L was refluxed at 90 °C for 12 h. Upon usual work-up, the crude mixture

7 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% vyield (1:2 by
NMR) as brown solids.

For 7: 0.18 g, 24% vyield, brown solid, m.p. 150 °C; 253 °C; R; = 0.64 (n-hexane/EtOAc,
2:1); *H NMR (400 MHz, CDCls): §8.38 (s, 2H), 7.77 (s, 2H), 7.72 (bs, 4H); *C NMR (101
MHz, CDCly): & 138.6, 136.9, 136.1, 133.4 (q, J = 34.3 Hz), 128.5, 124.9 (g, J = 4.0 Hz),
122.4 (g, J = 275 Hz), 121.6 (g, J = 3.0 Hz); *F NMR (376 MHz, CDCls): § —63.18; IR
(KBI): vmax = 3067, 1601, 1529, 1408, 1302, 1182, 1143, 960, 825, 785, 549 cm™; MS (EI):
m/z (%): 348 (100) [M+1]", 200 (13); Elemental analysis calcd (%) for C13HgFsNg: 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% vyield, brown

N=" =)
FsC N FaC N-Z | solid, m.p. 109 °C; DTA = 280 °C (exothermic); R; =
NN + \@N’N.- _ 1y 1
;N~N N L N 0.64 (n- hexane/EtOAc, 2:1); "H NMR (400 MHz,
(\—N' (\_N CDClg): 6 8.34 (s, 2H, major), 7.78 (s, 2H, major),
8 9 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);
3C NMR (101 MHz, CDCls): §138.5, 138.3, 137.2, 137.1, 136.9, 136.7, 134.2, 133.9, 133.8
(9, 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 (g, J = 3.0 Hz), 120.9; **F NMR (376 MHz, CDCls): 5§ —63.21 (major),
—63.16 (minor); IR (KBr): vim.x = 3067, 1601, 1529, 1408, 1302, 1182, 1143, 960, 825, 785,
549 cm™; MS (EI) m/z (%) 348 [M+1]", 200 (11); Elemental analysis calcd (%) for

Ci3HsF3Ng: C 44.96, H 2.32, N 36.30; found: C 45.06, H 2.28, N 36.43.

124



Chapter 3 CF3-Substitited-1,2,3-Triazoles...

1,2-Bis(triazol-2-yl)-4-(triazol-1-yl)-6-trifluoromethylbenzene (10) and 1,4-Bis(triazol-1-
yD)-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):
=N CF NiN  CF, =N CF, N:l\\l CF4
> N \ N N\_N
N’ b + N -
N. NN N. Ny N NN

<

N TN v N N'N"N N N—N"N NN N
¢ <" <N N < \</
10 11 12 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), Cs,CO3 (98 mg 2.96 mmol), Cul (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% vyield, 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% vyield, pale yellow solid, m.p. 175 °C; DTA = 286 °C; R = 0.60
(hexane/EtOAC, 3:1); H NMR (400 MHz, CDCls): § 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); *C NMR (101 MHz, CDCly): &
140.7, 139.2, 137.4, 136.8, 136.1, 131.1 (q, J = 32.3 Hz), 128.7, 121.8 (g, J = 276 Hz), 117.7,
116.3 (g, J = 5.1 Hz); **F NMR (376 MHz, CDCls): §—60.42; IR (KBI): vmax = 1624, 1521,
1439, 1284, 1097, 949, 825, 704, 590 cm™; MS (EI): m/z (%): 346 (100) [M*-1], 328 (10);
Elemental analysis calcd (%) for Ci3HgFsNg: 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); Rs =
0.64 (n-hexane/EtOAc, 2:1); *H NMR (400 MHz, CDCls): 5 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); :*C NMR (101
MHz, CDCls): ¢ 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 (g, J = 276 Hz), 118.1, 116.3 (g, J = 5.1 Hz); °F NMR (376 MHz, CDCls): &
—59.80; IR (KBI): vinax = 2924, 1521, 1406, 1138, 1028, 951, 831, 694, 515 cm™*; MS (EI):
m/z (%): 346 (100) [M*-1], 332 (8), 315 (8), 300 (10), 291 (10), 260 (6), 233 (6); Elemental
analysis calcd (%) for Ci3HgF3sNg: 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% vyield, pale yellow solid, m.p. 207 °C; DTA = 278 °C (exothermic); R¢
= 0.66 (n-hexane/EtOAc, 2:1); 'H NMR (400 MHz, CDCls): 6 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); *C NMR
(101 MHz, CDCls): 6139.4, 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); *F NMR (376 MHz, CDCls): 6 —60.45; IR (KBr): Viax
= 3067, 1601, 1529, 1408, 1302, 1182, 1143, 960, 825, 785, 549 cm™*; MS (EI): m/z (%): 346
(100) [M*-1], 328 (10); Elemental analysis calcd (%) for Ci3HgFsNg: 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% vyield, m.p. 208 °C; DTA = 294 °C (exothermic); Ry = 0.71 (n-
hexane/EtOAc, 2:1); *H NMR (400 MHz, CDCls) & 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); *C NMR (101 MHz, CDCls) § 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); *°F NMR (376 MHz, CDCls): § -59.82; IR (KBr):
vmax = 3067, 1601, 1529, 1408, 1302, 1182, 1143, 960, 825, 785, 549 cm™*; MS (ED): m/z
(%): 346 (100) [M™—1], 332 (8), 315 (8), 300 (10), 291 (10), 260 (6), 233 (6); Elemental
analysis calcd (%) for CizHgFsNg: 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):
N Following the general procedure (GP-4); a mixture of 1-(4-chloro-3-
Nh,lfr(v CFs nitro-5-(trifluoromethyl)phenyl)-1H-1,2,3-triazole (3d; 0.20 g, 0.68

j@\ N mmol), 5-amino-1H-1,2,3,4-tetrazole (0.09 g 1.02 mmol), Cs,CO3 (0.44
o 'L;N g 1.36 mmol), Cul (0.02 g, 0.13 mmol) in DMF (2.0 mL) was refluxed at

15

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% vyield, pale yellow solid, m.p. 161 °C; DTA = 261 °C; Ry = 0.65 (n-
hexane/EtOAc, 2:1); *H NMR (400 MHz, CDCls): §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); *C NMR (101 MHz, CDCls): §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
(g, J = 31.3 Hz); F NMR (376 MHz, CDCls): 5 —63.5; IR (KBI): vmax = 3375, 1539, 1267,
1124, 1084, 914, 775, 684 cm™Y; MS (EI): m/z (%): 342 (100) [M+1]*, 65 (3); Elemental
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analysis calcd (%) for C1oHgF3NgO,: 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-

o, L triazole (3c; 0.10 g, 0.36 mmol), KOH (0.06 g, 1.08 mmol), H,0, (0.03 g,
N NN 0.72 mmol) in THF-H,O (4.0 mL, 1:1) was stirred at 100 °C for 48 h.
16 = Upon completion, the reaction mixture was extracted with EtOAc (3 x 10

mL). The combined extracts were washed with water (2 x 10 mL) and
brine (5.0 mL) and dried over Na,SO,4. 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% vyield as yellow color
solid.

0.06 g, 60% yield, yellow solid, m.p. 166 °C; DTA = 229 °C; R; = 0.57 (n-hexane/EtOAc,
1:1); *H NMR (400 MHz, CDCls): § 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); *C NMR (101 MHz, CDCls): & 152.9, 137.5, 135.3,
128.8, 127.4 (q, J = 4.04 Hz), 123.0 (g, J = 34.3 Hz), 121.5 (g, J = 275 Hz), 121.7, 120.1; *°F
NMR (470 MHz, CDCl3): 6-63.13; IR (KBr): vmax = 3117, 2926, 1641, 1554, 1444, 1336,
1240, 1087, 787, 690 cm™; MS (El): m/z (%): 275 (100) [M+1]"; Elemental analysis calcd
(%) for CgHsF3N4O3: 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
2‘_( (5.0 mL) was added sodium hydride (60%, 0.05 g, 2.0 mmol) under an

FAC : no, | argon atmosphere at 0 °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

19

screw cap and the resulting mixture was stirred rapidly at room
temperature for 6 h. Upon completion, the reaction mixture was diluted with CH,Cl, (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% vyield as yellow color solid.

0.238 g, 69% vyield, yellow solid, m.p. 122 °C; DTA = 213 °C (exothermic); Rs = 0.60 (n-
hexane/EtOAc, 4:1); *H NMR (400 MHz, CDCly): & 9.06 (s, 1H), 8.97 (s, 1H), 8.28 (s, 1H);
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3C NMR (127 MHz, CDCls): § 161.5, 148.1, 148.0, 147.0, 132.9, 131.4 (q, J = 34.3 Hz),
125.9 (g, J = 5.0 Hz), 124.1, 120.7 (q, J = 279 Hz); °*F NMR (470 MHz, CDCls): & -58.90;
IR (KBI): vmax = 3106, 2926, 2854, 2153, 1736, 1627, 1550, 1463, 1353, 1293, 1156, 980
cm™; MS (El): m/z (%): 344 (100) [M+1]", 345 (39) [M*], 195 (13); Elemental analysis calcd
(%) for CoH3F3NgO4: C 31.41, H 0.88, N 32.56; found: C 31.56, H 0.92, N 32.45.
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Chapter 4

Synthesis and Energetic Studies of Nitrogen-Rich N-
HeteroAryl-Azole Derivatives

Abstract

Nitro and nitrogen-rich N-heteroaryl-azole derivatives
O;N NO,

N
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NO,
HOF = 894.5 kJ mol™! HOF = 906.4 kJ mol"! HOF = 1023.7 kJ mol"  HOF = 1148.7 kJ mol™!
Tq=418°C Tyq=262°C T4=288°C Tq=278°C

Ecofriendly and thermally stable N-energetic materials

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.* 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 CO, 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.> 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.® The presence of nitrogen atoms in the
energetic polynitrogen pyridines/pyrimidines contribute to the high energy-content of the
molecule (pyrimidine = 196 kJ mol™ and pyridine = 140 kJ mol™ compare to the benzene =
82.9 kJ mol™) and in-sensitivity to impact, shock and friction.* 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.> Furthermore, the
pyridine and pyrimidine bearing energetic compounds showed high thermal and chemical
stability.® Interestingly, incorporation of pyrazole and triazole skeletons on the six membered
pyridine/pyrimidine heterocycles would further enhance positive heat of formation of the
molecule.” 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).1% The density and detonation properties of compound 4 (p=175¢
cm™, vD = 7450 m s) is comparable to TNT. Interestingly, PYX (4) showed excellent
thermal stability (T4 = 460 °C) than TATB (T4 = 360 °C). However, it is more sensitive to

impact (Is =63 cm).
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NO O,N
A NaF O:N 22 NO,
| + ON o —— | .
H,NT N7 NH, DMF N7 NTN
1 2 NO, NO, M 3H NO,
NO,NO, NO, NO
O,N 2 2\ 2 LA LNO,
| Fuming HNO,
NTINTN
NO, PYX NO,

4, 85%

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, TNPyOXx)
and 2,4,6-trinitropyridine (7, TNPy) with density 1.86 and 1.77 g cm™, respectively (Scheme
4.2).% The acid mediated cyclization of potassium 2,2-dinitroethanol (5) led to 6. De-
oxygenation of 6 with NaNO, in dilute H,SO, yielded TNPy (7) in 46% yield. Chlorination
and azidation sequence of 2,6-dinitro moieties in TNPyOXx (6) with PCl; and NaN3 produced
2,6-diazido-derivative 8. The detonation properties and heat of formation of compound 6 (vD
=8471 ms™, P = 32.2 GPa, HOF = 110.7 kJ mol™) is comparable to TNT.

NO,
NaN02
AN
NO, ~~ HyS04 | _
KON, HaPO, X O:N" "N "NO,
C-CHoH ———> | o TNPy

O,N O,N” N7 NO, 7,46%
5 o NO,
NaN3
N

N3 N3

| O-Z+
@ N

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).% The reaction of 9 with NaN3 in CHsCN
readily constructed tetrazole fused compound 10. Next, refluxing 10 in benzene finally led to
11. Compound 11 showed density (p = 1.72 g cm™>) and velocity of detonation (vD = 7525 m
s with poor thermal stability (Tq = 135 °C) and extremely sensitive towards friction and

impact (Is =8 cm).

NO, +
X Oz NaNg = 2 benzene Z2
| _ D —— I e - IO
Cl N~ ~Cl CH;CN NZ N™ "N3 reflux NZN N
9 N=N 10 N=N 11

Scheme 4.3. Synthesis of tetrazolo [1,5-f]furazano[4,5-b]pyridine-1-oxide
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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 (p = 1.80 g cm™, vD = 7840 m s}, P = 27.50 GPa). C-Amination of
ANPyO (14) with hydroxylamine hydrochloride provided 15 (p = 1.88 g cm™3, vD = 8010 m
s!, P =29.1 GPa), an impact insensitive explosive of high thermal stability. Disappointingly,
compounds 14 (—132.2 kJ mol™) and 15 (~70.7 kJ mol™) showed negative heat of formation
(Scheme 4.4).2%

NH,
NO2 02N N02 NH20HHC| OzN N02
/O\ HN03 | N AcOH | N KOH (aq.) | N
Zz —_— +2 —_— +
NH, sto4 HoN N NH,  30% H,0, H,N I}J NH, 39% HoN [}] NH,
60-65% ANPy O (0]
13 14; ANPyO 15; TANPyO

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-I-yl, dmpz = 3,5-dimethylpyrazol-lI-yl) via base assisted
nucleophilic replacement of fluoro group in the pentafluoro pyridine 16 with the
corresponding pyrazoles (Scheme 4.5).%** 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™ and 18b; 1654.7 kJ mol™) with poor density (18a; p
=1.41gcm™;18b; p=1.19 gcm™).

F R érg /
F F NN
~". [ \(N _NaHTHE
P R N
FPONTF H

'\\l A\
N -~
R R
R= H (17a) or CH5 (17b) R=H (18a, 64%) or CHj (18b, 56%)

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).M¢ At

first, diazotization of 19 in the presence of mixture of NaNO, and CH3;COOH produced

triazole derivative 20. Next, the Na,CO; 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% vyield. 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/H,SO,4 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 (p = 1.88 g cm™, vD = 8011 m s}, P = 29.2 GPa).

O,N
NH, N=N (\/[Noz NeN 2
NH NH N
N NHz2  NaNoy, CHacOOH A (
| | N7
Z

N 10 °C to 25 °C, 1h
19 20, 86% N62C03 DMSO 22, 51%
PR 80 °C, 6h PO
N
=N 7\
O,N
_POE) @/ _HNoy Q/ Q
toluene 20 h N= N= H2304
80 °C
23, 74% 58%

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)%.
These polyazidopyrimidine compounds 25-28 exhibited high positive HOF (1087-1870 kJ
mol™). However, these compounds are highly sensitive to impact and less-stable (Tyq =
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.

° A NN NTSN
A NTSN , ,
N™ =N I = =
| = Ng Ny Ng Ny
= Ng Ng
N3 N3
N3 Ny~ N,
25 26 27 28

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).1%% The replacement of azide-moiety in 31 with -CN fragment strongly reduces explosive
risk of these compounds while retaining the energetic properties of the molecules.

Dissapointongly, the synthesized compounds possesses poor thermal stabilty (T4 = < 200 °C)
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with high positive heats of formation (HOF = 1047-1578 kJ mol™). The sensitivity (impact
and friction) of the azide-bearing compounds substantially increases with the increase of

azido groups in the pyridine ring.

N3 N3
NC B CN NC. AL CN N AN
P | |
Ny~ NTN Z Z
3 3 Ny~ NTN Ny~ N7 CN
29, 94% 30, 90% 31, 96%

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).1%

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.
NO, NO,

NO

N 2
| O:N NO, O,N NO,
NO, Z NO, NH NH

N’N N N:N
O,N NO, ON A
o, NO NO, || )N\ NO,
2 2
O2N NO, 32 O2N NO, t HN N/ NH i i HN N/ NH t
33 34
PADP O,N NO, O,N NO, OyN NO, O,N NO,
2,4,6-bis(picrylazo)-3,5-dinitropyridine 2,4,6-tris(picrylamino)-3,5-dinitropyridine 2,4,6-tris(picrylamino)-5-nitropyrimidine

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 N, 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
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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.

Azole

X
r,\’\|Y Azoles I,’\t\ v
n(ozN)/\\NJ Coupling (oS Y
41-91% yield
35 36
X=Cl Y=CHorN Azole =1H and 2H-1,2,3-triazole; 4-nitro-1H-pyrazole;
n=1-3 3-nitro-1,2,4-triazole

Intention: synthesis of nontoxic and insensitive nitrogen-rich
materials with high thermal stability and positive heat of formation

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.'**

The coupling between electron rich heterocylces (pyrazole/triazole) and electron
deficient nitro-group-bearing halopyridines can readily be performed.” 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% vyield (Table 4.1, entry 1). Surprisingly, the NO; 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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a

Table 4.1. Coupling of 1H-1,2,3-triazole with nitro-substituted halopyridines.

R R
% =\ NaH/THF -N 34 Ns
/“\/J\ +oNe N 'N—(\/\'_N ]
z N’ RT,6h s, T HJ =

cl” N7 el ’ N N
37 38 39
Entry 1 R 39a-39b"

N. I —

1 37a 3-NO; <”Z‘ NJ

39a (68%)
N/{_}\N ,\jN \
N .
2 37b 4-N02 | X | B
c N e c1” N el
39b (17%) 39b’ (78%)

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; "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 Cs,CO;3 in DMF at 80 °C (Scheme 4.11) provided 40 (63%); both chloro (—CI)
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
114b

compound 39b""" were unsuccessful under the identical conditions.
m\
N\
Nl }N N‘N'N
/=\ C52C03, Cul, DMF SN
A + N‘.N,NH > |
0 N. = -N
P 80°C,3h WUNTONISN N

40 (63%)

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™). Thus, incorporation of more triazole rings in the molecular
framework will significantly increase the HOF.™ 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 Cs,CO;3; 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.?

Cl N,
N RNC Polytriazolyl pyridi
| — o ytriazolyl pyridines
a” N el Cul, Cs,CO,, DMF 42, & 43+44
#“ RT,12h
Entry Comp. Pyridyl-tethered poly 1,2,3-triazole derivatives”
N
N/{_}\N NT\N ’\j“N_\)
N
+
o Wo U oW
N @,zl N 'EIJ NJ N L"‘
42 (19%) 43+44 (53%)

®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; ®Yield of the isolated product.

To accomplish the synthesis of penta(triazol-I-yl)pyridine (HOF: 1749.6 kJ mol™), 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,*" 49, & 50 as depicted in Figure 4.1.

Table 4.3. N-Arylation of pentachloropyridine (45) with 1H-1,2,3-triazole.?

Cl ,N:
c | S HN\=/N (38) Polytriazolyl pyridines
Cl N/ Cl NaH/THF 46-51
45 reflux, 12 h
Entry 45 Pyridyl-tethered-1,2,3-triazole derivatives.”
NT\N cl CI . ﬁz‘}
Sl L j\/%[ j\)\I N
1 45 cl IN/ cl ° N NJ f\/[ ” ’;‘\\l N / N VY ’:1\7
46 (21%) 47 (4%) 48 (7%) 49 (9%) 50 (17%) 51 (24%)

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;
®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.™ In general, pyrimidine (196 kJ mol™) contributes more energy
than pyridine (140 kJ mol™) and benzene (82.9 kJ mol™)."> 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 NaNs in quantitative yield.'®

Next, the Cu-catalyzed [3+2]-cycloaddition of 2,4,6-triazidopyrimidine (52)'® 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 K,CO3; in MeOH/H,0, 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/H,O at room temperature delivered
the corresponding pyrimidyl-tethered-tris-triazolyl product 55 in 72% vyield (Table 4.4,

entry 2).

Table 4.4. [3+2] cycloaddition between triazidopyrimidine and TMS-acetylene.?

N TMS—== (53)
r N &» Pyrimidyl-tethered poly 1,2,3-triazoles
| /)\ Na ascorbate
Ny~ NN, CuS0,.5H,0 54-55
Solvent (1:1)
52 RT, 24 h
Entry Solvent (1:1) Pyrimidyl-tethered-1,2,3-triazoles”
OCH;
B
1 MeOH/H,0 I N/J\N,N,.N
=/ \~/
54 (49%)
N
v\
N Y
2 tBUOH/H,0 N
i S,
=/ \~/
55 (72%)

4All 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 CuSO4-5H,0 (0.6 equiv)
in a mixture of MeOH or tBuOH/water (1:1, 1 mL for 1 mmol) at room temperature for 24 h.
bYield 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
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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™) and
moderate detonation performance (5849-7205 m s ™). As the presence of nitro groups on the
molecular entity enhances the detonation performance of a molecule,® 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.?
”(OZN)\’:N)_Cl ,."\,/}/No2 NaH/THF n(OzN)\=N>_N/§/(NO2
/ + \ —_— 7N _
\\—x N= RT, 12-24 h \\—x N
56 57 58a-d
X=CHorN n=1-3
Entry 56 58 Yield [%]°
O,N NO.
0N NO2 ’ [ ’
1 | NN N
N Cl .y
NO, 65
56a 58a
No, | (e
N ~
2 | _ ,N‘N N N’N\
cI” N el 3,/ \Qg 62
O,N NO,
56b 58b
O,N O,N
N

’ ® & A
Cl N/ Cl | P> | P> 54+17

56¢ 58c+58¢’
O,N
cl Z/?\N
4 SN SN
L L . P G
CI” N7 ~cl 7 N7 UNTOTNTIN d
_ < 82
56d 58d

®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; "Yield of the isolated
product; °57 (2.0 equiv) and NaH (4.0 equiv) were used; %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% vyield (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% vyield (Table 4.5, entry 2). Surprisingly, compound 57 replaced the NO,
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™™" whilst 4-nitro-1H-pyrazole (57)
provided a HOF of 159 kJ mol™.**® 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
6la & 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 NO, 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™. 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.?
”(OZN)\’:N>_C| H ’N\7/N02 NaH/THF n(OzN)\=N>_N,N\ NO;
\\—>€ T sy RT, 12-24 h \\_f \=N
59 60 61a-d
X=CHorN n=1-3
Entry 59 61 Yield [%]°
O,N NO, OoN A NO2
1 \(t[ U N 74%
N"cl N ’L\)’No2
N
59a 6la
NO, - NO2
2 C|/"\/N\/IC| O,N /N‘N | Nig N’N\ NO 86
2 §<N;/ \=N>’ 2
59b 61b
_(NOZ
NO, ’;‘ \
3 X AN'N 67
Cl N/ Cl | N
Cl N/ Cl
59c 61c
_(No2
N
cl QN}N
4 SN
I SN d
cl N/)\CI Ney | N/)\N’N 91
OZN\(:\‘;I L\,\?’NOZ
59d 61d

®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; Yield of the
isolated product; °60 (2.0 equiv) and NaH (4.0 equiv) were used; %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.

H18 H17
c18 p—gfcrr
H16 oy 10
\ Ne N1a
G186 0= et c1o} NG
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’
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| ' ‘ l c14 N1O N1 2]
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cl6 Cl2 M N\
i;ycg\./cgh#) %'/C-{\./Cs\i; 13, N9
N2 . N1 H13
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H21 _ H20 os N2
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N N16 chw |::1ca12 B /cz1
N7 - \ crof
s2 s1 N4
cs %4 cq H19 s
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s c17\ W7 o1 -
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HSO oo los: If“zs H1 03
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028 026 02

Figure 4.1. Molecular structures of compounds 46, 48, 49, 50, 58a, 58b, 58c and 61b;
thermal ellipsoids are set at 50% probability.
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Single-crystal X-ray analysis of 49, 50 and 58c revealed triclinic (P1) space group with cell
volumes of 1232.5 (6), 703.25 (18) and 1020.2 (15) A3, respectively. Similarly, compounds
46, 48, 58b and 61b crystallized in monoclinic (P2;/c) space group with cell volumes of
2233.9 (4), 1050.2 (3), 2219.16 (11) and 1354.7 (7) A® whereas 58a crystallized in the
orthorhombic (Pbca) space group with cell volumes of 2219.16 (11) A®, 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 C7H,Cl4Ny C7H,ClI4Ny C7H,ClI4Ny C11HsCl2N1o
My 283.93 283.93 316.54 349.13
Crystal system monoclinic monoclinic triclinic triclinic
Space group P21/n P2,/c P1 P1
T[K] 293 K 293 K 273 K 273 K
a[A] 11.9007 (12) 12.9718 (18) 5.6364 (15) 8.8357(13)
b [A] 14.8924 (12) 7.5582 (14) 14.059 (4) 9.1432(14)
c[A] 12.7282 (13) 10.7134 (14) 15.884 (4) 9.6553(14)
a[°] 90 90 88.034 (4) 84.394(2)
B [°] 97.987(10) 91.156 (16) 84.809 (4) 72.845(2)
y[°] 90 90 74.549 (4) 70.657(2)
Z 8 4 4 2
vV [A%] 2233.9 (4) 1050.2 (3) 1232.5 (6) 703.25 (18)
Dealc [ cm ] 1.688 1.796 1.706 1.649
i [mm™] 1.029 1.094 0.739 0.478
total refins 6020 2772 4799 2708
Unique reflns 4884 1950 4734 2684
Observed reflns 1540 1541 4218 2434
Ri[1 > 20(1)] 0.0611 0.0746 0.0445 0.0387
WR; [all] 0.1296 0.2539 0.1304 0.1019
GOF 0.848 1.051 1.056 1.040
Diffractometer X-calibur X-calibur SHELXL-97 SHELXL-97

Gemini Eos Gemini Eos

CCD CCD
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Table 4.8. Crystallographic data for 58a, 58b, 58c and 61b.

Compound 58a 58b 58c 61b
Formula CsH4NgOs C11HsNgOs CgH4CIoN4O, CgH4N1006
My 280.17 346.24 259.05 348.22
Crystal system orthorhombic monoclinic triclinic monoclinic
Space group Pbca P2:/c P1 P21/c
T[K] 293 K 293 K 273 K 273 K
a[A] 10.2457(3) 18.869(2) 9.534(8) 14.128(4)
b [A] 21.0883(8) 19.0706(18) 10.062(8) 7.493(2)
c [A] 90 7.7756(8) 10.657(9) 12.986(4)
a[°] 90 90 89.971(13) 90
B [°] 90 95.923(10) 86.262(13) 99.779(4)
y[°] 90 90 89.768(13) 90
z 8 8 4 4
V[AY] 2219.16 (11) 2783.1 (5) 1020.2 (15) 1354.7 (7)
Deaie [g cm ] 1.677 1.653 1.687 1.707
i [mm™] 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
Ri[l > 26(1)] 0.0473 0.0811 0.0601 0.0446
WR; [all] 0.1386 0.2601 0.1068 0.1423
GOF 1.068 1.022 0.993 0.802
Diffractometer X-calibur X-calibur SHELXL-97 SHELXL-97

Gemini Eos Gemini Eos

CCD CCD
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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™>. 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™®) and 58a (1.74 g cm™) 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 (~NO;) 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™*, 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™. Intrestingly, compound 55 exhibits high positive heats
of formation (1148.7 kJ mol™) 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™), more
than to trinitrotoluene (TNT, P = 19.50 GPa, vD = 6881 m s™*). 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; 58d, vD = 7465 m s*; 61a,
vD = 8019 ms™; 61b, vD = 7685 m s*; 61d, vD = 7781 m s™*) more than triaminotrinitro
benzene (TATB, vD = 7350 m s 7).
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Comp. o' p[b] vDIe pld Tm[e] T d[f] HOEM
[%] [gcm™] [ms™] [GPa] [°C] [°C] [kImol™]
39a -117.8 1.58 6221(7100) 15.79(17.02) 187 293  736.9
40  -1485 1.49 5459(6892) 11.67(14.72) - 288  1023.8
43 -1485 1.46 5372(6861) 11.17(14.57) 266 284  1016.0
44 -1485 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 3171
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 8945
6la  -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™  -74.0 1.65 6881 19.50 80 300  -67.0
TATB? -55.7 1.94 7350 30.01 350 360  137.9
RDXMe -216 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™). [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.

Sample: AS-04-088. 2P Fila: C._IAS04.086.2-P.001 Sample: AS-04-151-1 . File: C._1SDTWAKSISUDHEERAS 041611 001
ize: 21120 DSC-TGA Operator: KM Size: 22650 mg DSC-TGA

Fun Date: 14-Mar13 1413 Method Ramp Fun Date: 14-Aug-2013 1204

Instrumont: SOT 0600 V20,9 Buid 20 Instrumont: SOT Q600 V209 Build 20
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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 (-NO;) groups. This behavior is clearly

shown in the potential energy diagrams (Figure 4.3).

Negative potential

40 43 54
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55 58a 58b

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® 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 (p = 1.74 g cm ™, P = 24.67 GPa, vD = 7787 m s %) and 61d (p
=173 g cm>, P = 2461 GPa, vD = 7781 m s) showed high density and detonation
properties than TNT (p = 1.65 g cm™, P = 19.50 GPa, vD = 6881 m s%) and TATB (vD =
7350 m s). Gratifyingly, the tri-nitro group bearing compound 61a possesses better density
(1.74 g cm™®), good detonation performance (vD = 8019 m s™), decompostion temperature
(310 °C), and positive heat of formation (368.7 kJ mol™), 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™. Owing to
the high positive HOF, these compounds might be useful as environmentally friendly

energetic materials.
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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 (AH%) 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.
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Scheme 4.12. Nitrogen-rich heptazine derivatives 62-73

178



Chapter 4 N-HeteroAryl-Azoles...

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-Ka. fine-focus sealed tube (A
= 0.71073 A). Data integration was done using SAINT.'® Intensities for absorption were
corrected using SADABS.? Structure solution and refinement were carried out using Bruker
SHELX-TL.# X-ray reflections for compounds 46, 48, 58a and 58b were collected on an
Oxford Xcalibur Gemini Eos CCD diffractometer using Mo-Ka, radiation. Data reduction
was performed using CrysAlisPro (version 1.171.33.55). The OLEX2-1.0%* 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:

NO.

X H 2
N X
O * 2NN+ 2CHgNH, + CHgNO, —> » + 3CHy+ 2NHj
N Y N. .N
7 N\
S
N 39a N
I\
N. .N
N
N H X
| ) + 2 N"UNH + NN + 3CH3NH, ——> | + 3CH, +3NH,
N \—/ 7 NUNTNTNN
\a 40 &/
I\
N. .N
N
@ + N 3CHyNHy ———— » 3CH 3NH
3NT N+ sNH, + .+ 5
N/ W] /NNII\I N/ l\\l'N\
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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 6la-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 Na,SO,4. 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 Cul (0.2 equiv), Cs,COs3 (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 x10 mL). The combined organic extracts were washed with water (2
x 10 mL) and brine (5 mL) and dried over Na,SO,. 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.'® 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.'®

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 CuSO, (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 Na,SO,. 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-
- NO2
N ,EN:[ N 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

Z~z

39a

by silica gel column chromatography eluting with hexane: ethyl acetate (2:1) to afford 39a
(0.91 g) in 68% vyield as colorless solid.

m.p. 187 °C; DTA = 293 °C; R = 0.62 (n-hexane/EtOAc, 2:1); 'H NMR (400 MHz, CDCly):
5=18.43 (d, J = 8.8 Hz, 1H), 8.29 (d, J = 8.4 Hz, 1H), 8.01 (s, 2H), 7.98 (s, 2H); *C NMR
(101 MHz, CDCls): & = 150.1, 141.9, 138.5, 138.0, 137.7, 137.3; IR (KBI): Viax = 3079,
1539, 1391, 1358, 1259, 1144, 1045, 936, 771, 645 cm™; MS (El): m/z (%): 258 (100)
[M+1]%, 220 (23), 119 (23), 106 (57), 97 (30), 74 (28); Elemental analysis calcd (%) for
CgHgNgO,: 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")*:

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-

R N
\
" VD
/(j ' ﬁ triazole (2.86 g, 41.4 mmol), NaH (0.99 g, 41.4 mmol) in THF
N™ “Cl c1” >N el
39b 39b’

(20 mL) was stirred at room temperature for 6 h. Upon usual

I\
N. .N

Cl

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"*° (2.04 g) in 78% yield as colorless solids.
For 39b: m.p. 147 °C; DTA = 195 °C; Rs = 0.15 (n-hexane/EtOAc, 4:1); *H NMR (400 MHz,
CDCls): 6=7.96 (s, 3H), 7.90 (s, 3H); *C NMR (101 MHz, CDCls): 6= 151.7, 148.5, 137.8,
112.0; IR (KBI): vimax = 3095, 1566, 1445, 1385, 1144, 930, 788, 656 cm™; MS (EI): m/z (%):
258 (100) [M+1]", 241 (46), 233 (38), 217 (41), 203 (30); Elemental analysis calcd (%) for
CgHgNgO,: C 41.87, H 2.34, N 43.40; found: C 41.76, H 2.31, N 43.31.
For 39b":*" m.p. 94 °C; DTA = 246 °C; R; = 0.69 (n-hexane/EtOAc, 4:1); *H NMR (400
MHz, CDCls): 6= 8.14 (s, 1H), 7.92 (s, 2H), 7.77 (s, 3H); *C NMR (101 MHz, CDCls): &=
152.2, 146.1, 135.4, 121.7, 113.1; IR (KBr): v, =3117, 1582, 1561, 1456, 1369, 1254,
1051, 859, 826, 777 cm™:; MS (EI): m/z (%): 258 (100) [M+1]*, 220 (32), 106 (46), 97 (38),
74 (35); Elemental analysis calcd (%) for CoHgNgO,: 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-
o N
N (2H-1,2,3-triazol-2-yl)pyridine (39b; 0.64 g, 3.31 mmol), 1H-1,2,3-
. \, v | triazole (38, 1.09 g 15.9 mmol), Cs,COs3 (6.48 g 19.8 mmol), Cul (0.37
N N N

NQ 40 ‘Q;N 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; R; = 0.62 (n-hexane/EtOAc, 1:1); *H NMR (400 MHz,
CDCl3): 6= 9.33 (s, 2H), 8.60 (s, 2H), 8.42 (s, 2H), 8.12 (s, 2H); *C NMR (101 MHz,
CDCI3): 6 =150.0, 149.3, 139.7, 135.3, 123.6, 101.5; IR (KBr): vma = 3122, 1615, 1478,
1451, 1391, 1325, 1259, 1199, 996, 963, 870, 793 cm™*; MS (El): m/z (%): 280 (100) [M+1]",
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274 (5), 249 (3), 222 (3); Elemental analysis calcd (%) for CoHgNgO,: 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):

I\
N. .N
N
AN
|
cI”N"al N N
Q,N NJ \ﬁ
42 43+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), Cs,CO3 (2.14 g 6.57 mmol), Cul (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% vyield as

colorless solids.

For 42: m.p. 147 °C; R; = 0.15 (n-hexane/EtOAc, 4:1); *H NMR (400 MHz, CDCls): 5= 7.99
(s, 2H), 7.92 (s, 2H); **C NMR (101 MHz, CDCl3): 5= 151.8, 148.5, 137.8, 112.1; IR (KBr):
Vmax = 1561, 1419, 1232, 1161, 991, 827, 778, 712, 646 cm™; MS (EI): m/z (%): 215 (30)
[M*-1], 214 (100) [M*], 127 (19), 122 (5), 95 (70); Elemental analysis calcd (%) for
CyHsNgO,: 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); 'H NMR (400
MHz, CDCls): 5= 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); *C NMR (101 MHz, CDCl3): 5= 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): vma = 3161, 2964, 2854, 1605,
1578, 1446, 1271, 1106, 1013, 810 cm™; MS (EI): m/z (%): 282 (13) [M'], 281 (100)
[M*=1]; Elemental analysis calcd (%) for CoHgNgO,: 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)*" 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% vyield 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; R; = 0.54 (n-hexane/EtOAc, 9:1); *H NMR (400 MHz, CDCls): 7.97 (br
s, 2H); *C NMR (101 MHz, CDCl,): 8= 147.2, 145.9, 136.9, 129.4; IR (KBI): Viax = 2926,
1534, 1402, 1216, 1150 cm™; 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
C7H,CI4N,4: € 29.61, H 0.71, N 19.73; found: C 29.56, H 0.76, N 19.65.

For 47: m.p. 139 °C; Rs = 0.43 (n-hexane/EtOAc, 9:1); *H NMR (400 MHz, CDCls): 5= 8.04
(br s, 1H), 7.99 (s, 1H); 3C NMR (101 MHz, CDCls): 5= 147.4, 139.3, 137.1 (d, J = 36 Hz,
1C); IR (KBI): vimax = 2920, 1457, 1397, 1331, 1084, 942, 832, 794 cm™*; 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 CoH4CI3N7: C 29.61, H 0.71, N 19.73; found: C 29.76,
H 0.68, N 19.78.

For 48: ¥ m.p. 170 °C; R; = 0.48 (n-hexane/EtOAc, 6:1); 'H NMR (400 MHz, CDCls): 6 =
7.93 (d, J = 0.8 Hz, 1H), 7.89 (d, J = 1.2 Hz, 1H); *C NMR (101 MHz, CDCls): &= 147.3,
143.3, 134.2, 128.7, 125.2; IR (KBI): vimax = 2926, 1534, 1331, 1216, 1041, 723 cm™; MS
(ED): m/z (%): 297 (16), 284 (21) [M"], 283 (100) [M*-1], 268 (18), 253 (10); Elemental
analysis calcd (%) for CoH4CIsN7: 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; Rs = 0.45 (n-hexane/EtOAc, 3:1); *H NMR (400 MHz, CDCl;): 5= 8.26
(d, J = 1.2 Hz, 1H), 8.01 (br s, 4H), 7.86 (d, J = 1.2 Hz, 1H); **C NMR (101 MHz, CDCly): &
= 1475, 147.4, 143.9, 137.2, 133.7, 131.2, 124.7, 124.5; IR (KBr): vma = 3117, 1550, 1430,
1331, 1216, 958, 794, 652 cm™; MS (EI): m/z (%): 318 (32) [M™], 317 (100) [M*-1], 227
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(8); Elemental analysis calcd (%) for CoH4CIsN7: C 29.61, H 0.71, N 19.73; found: C 29.71,
H0.78, N 19.71.

For 50: m.p. 101 °C; R = 0.55 (n-hexane/EtOAc, 2:1); *H NMR (400 MHz, CDCl,): 5= 8.06
(s, 1H), 7.98 (br s, 3H), 7.76 (s, 2H); *C NMR (101 MHz, CDCl,): 5= 148.6, 145.3, 137.3,
137.2, 131.0, 125.9; IR (KBIr): vmax = 3123, 1556, 1440, 1396, 1248, 1139, 843, 640 cm
MS (El): m/z (%): 351 (22), 349 (24) [M™-1], 129 (7), 111 (20), 97 (100), 79 (13), 65 (19);
Elemental analysis calcd (%) for C11HgCloN1o: 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; Rs = 0.50 (n-hexane/EtOAc, 1:1); *H NMR (400 MHz, CDCls): 5= 8.31
(s, 1H), 8.05 (br s, 2H), 7.99 (br s, 2H), 7.86 (s, 1H); *C NMR (101 MHz, CDCls): & =
148.8, 145.6, 143.7, 137.3 (d, J = 20 Hz, 1C), 133.7, 126.4, 126.0, 124.9; IR (KBr): Vmax
= 3117, 1566, 1440, 1402, 1160, 1002, 952, 837, 634 cm™; 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 CgHsF3N4O,: 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-

OCH,

)§N triazidopyrimidine (52; 1.10 g, 5.41 mmol), trimethylsilylacetylene (53,
'“*NJI\/\N"“-' 4.78 g, 48.7 mmol), potassium carbonate (5.38 g, 38.9 mmol), sodium
54 ascorbate (2.57 g, 12.9), copper sulfate (1.62, 6.49) in MeOH:H,0 (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); R = 0.79 (n-hexane/EtOAc, 1:1); *"H NMR (400
MHz, Dg[DMSO]): 6=18.72 (s, 1H), 7.95 (s, 1H), 7.44 (s, 2H), 6.75 (s, 1H), 3.85 (s, 3H); °C
NMR (101 MHz, Dg[DMSO]): 6 = 167.6, 165.8, 155.4, 134.5, 122.6, 86.1; IR (KBIr): Viax
= 3216, 1615, 1566, 1456, 1352, 1215, 1067, 996, 777 cm™%; MS (EI): m/z (%): 246 (16)
[M™], 245 (100) [M*-1], 209 (8); Elemental analysis calcd (%) for CgHgNgO: 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-

N
N”'r} triazidopyrimidine (52; 0.30 g, 1.47 mmol), trimethylsilylacetylene (53,
‘NNNJNI\);NKN.N_ 1.30 g, 13.29 mmol), potassium carbonate (1.50 g, 10.6 mmol), sodium
N_J | ascorbate (0.70 g, 3.54), copper sulfate (0.44 g, 1.77) in t-BuOH:H,0O
% (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% vyield and as yellow solid.

m.p. Not melting; DTA = 278 °C (exothermic); R¢ = 0.69 (n-hexane/EtOAc, 4:1); *H NMR
(400 MHz, D6[DMSO]): 6= 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); 3C NMR (101 MHz, D6[DMSO0]): 6= 167.3, 154.8,
154.4, 134.9, 134.3, 124.6, 123.3, 90.9; IR (KBr): vm. =3194, 2953, 1660, 1556, 1463,
1375, 1249, 1046, 838 cm™; MS (EI): m/z (%): 282 (100) [M*-1], 279 (16), 256 (11) 111
(29), 79 (34); Elemental analysis calcd (%) for CoHgNgO: 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-
| PN dinitropyridne (56a; 1.0 g, 4.91 mmol), 4-nitro-1H-pyrazole (57, 0.72 g,
\§2 6.38 mmol), NaH (0.15 g, 6.38 mmol) in THF (20 mL) was stirred at

N02 .
58a 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; R = 0.69 (n-hexane/EtOAc, 4:1); *H NMR (400 MHz, CDCls):
5=9.50 (s, 1H), 9.21 (s, 1H), 8.93 (s, 1H), 8.30 (s, 1H); *C NMR (101 MHz, CDCl,): 5=
146.1, 143.6, 142.6, 139.3, 138.6, 137.6, 130.3, 128.8; IR (KBr): vm.x = 3155, 3068, 1555,
1435, 1084, 1002, 919, 821, 749, 585 cm™%; MS (El): m/z (%):282 (18) [M*—1], 280 (100)
[M+1]", 249 (3); Elemental analysis calcd (%) for CgHgNgO2: 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):
O, Following the general procedure (GP-1); a mixture of 2,6-dichloro-
/(N:[N,N 3-nitropyridne (56b; 1.0 g, 5.18 mmol), 4-nitro-1H-pyrazole (57,
\§2 2.34 g, 20.7 mmol), NaH (0.49 g, 20.7 mmol) in THF (20 mL) was

NO,

N.
v N
—

|
58b

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); R = 0.69 (n-hexane/EtOAc, 3:1); *H NMR (400
MHz, CDCls): 8= 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); ©*C NMR (101 MHz, CDCls): 5= 149.2, 139.8, 139.7, 139.5,
139.2, 138.5, 138.1, 137.3, 131.3, 129.9, 113.6; IR (KBr): vm. = 3128, 1593, 1489, 1407,
1319, 1188, 1002, 941, 865, 821, 749 cm™Y; MS (EI): m/z (%): 411 (7), 391 (3), 349 (3)
[M*-2], 348 (21) [M*-1], 347 (100) [M*-1]; Elemental analysis calcd (%) for CoHsNgO,: 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"):

ON O Following the general procedure (GP-1); a mixture of 2,6-
dichloro-4-nitropyridne (56c¢; 1.0 g, 5.18 mmol), 4-nitro-1H-

/N /N
ﬁ + ﬁ pyrazole (57, 2.34 g, 20.72 mmol), NaH (0.49 g, 20.72
. I . .
a“>N"a N ’LN? mmol) in THF (20 mL) was stirred at room temperature for

58c 58¢" NO, 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% vyield and 58c' (0.31 g) in 17% vyield as
colorless solids.
For 58¢c: m.p. 160 °C; Rs = 0.15 (n-hexane/EtOAc, 4:1); *H NMR (400 MHz, CDCl,): 6 =
8.79 (s, 1H), 8.32 (s, 3H), 7.71 (s, 2H); *C NMR (101 MHz, CDCls): & = 152.4, 148.0,
138.6, 138.2, 126.3, 112.4; IR (KBTr): vim., = 3139, 1539, 1418, 1325, 1166, 1111, 886, 821,
749 cm™; MS (EI): m/z (%): 259 (48) [M*-2], 258 (15) [M*-1], 257 (100) [M*+2];
Elemental analysis calcd (%) for CoHgNgO,: C 37.09, H 1.56, N 21.63; found: C 37.18, H
1.51, N 21.56.
For 58¢c': m.p. 198 °C; R¢ = 0.69 (n-hexane/EtOAc, 1:1); *H NMR (400 MHz, CDCly): 6 =
10.0 (s, 1H), 9.37 (s, 1H), 8.65 (d, J = 8.4 Hz, 2H), 8.39 (s, 1H), 8.23 (s, 1H); *C NMR (101
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MHz, CDCls): 6 = 151.1, 150.7, 149.5, 138.9, 138.8, 138.4, 137.8, 130.5, 128.0, 113.2,
101.9; IR (KBr): vimax = 3139, 1604, 1544, 1402, 1319, 1040, 958, 821, 749 cm™*; MS (EI):
m/z (%): 337 (41) [M™-2], 336 (28) [M*—1], 335 (100) [M*+2]; Elemental analysis calcd (%)
for CogHgNgO,: 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-
N//_\S trichlropyrimidine (56d; 0.50 g, 2.72 mmol), 4-nitro-1H-pyrazole
Ny (57, 1.84 g, 16.3 mmol), NaH (0.39 g, 16.3 mmol) in THF (20 mL)
@ N/)\'LN? was stirred at room temperature for 12 h. Upon usual work-up, the
58d

O 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); Rs = 0.59 (n-hexane/EtOAc, 2:1); *H NMR (400
MHz, D6[DMSO]): 6= 10.2 (s, 1H), 9.75 (s, 2H), 8.72 (s, 2H), 8.56 (s, 1H), 8.06 (s, 1H); *C
NMR (101 MHz, D6[DMSO]): 6 = 159.9, 154.5, 140.1, 139.4, 138.8, 138.5, 131.7, 129.3,
96.2; IR (KBI): vimax = 3139, 1599, 1550, 1396, 1314, 1182, 1002, 952, 821, 755 cm™; MS
(ED: m/z (%): 412 (16) [M+1]", 414 (100) [M*-1], 415 (29), 436 (8); Elemental analysis
calcd (%) for CoHgNgO,: 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-
ﬁ dinitropyridne (59a; 0.50 g, 2.45 mmol), 3-nitro-1,2,4-triazole (60,

NENEA
61a\=N>’N°2 0.36 g, 3.19 mmol), NaH (0.07 g, 3.19 mmol) in THF (20 mL) was

A

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); Ry = 0.62 (n-hexane/EtOAc, 4:1); *H NMR (400
MHz, D6[DMSO]): 5= 9.82 (s, 1H), 9.70 (d, J = 2.0 Hz, 1H), 9.57 (d, J = 2.0 Hz, 1H); °C
NMR (101 MHz, D6[DMSO]): 5= 163.5, 148.4, 147.6, 144.8, 141.3, 137.8, 132.3; IR (KBI):
vmax = 3090, 1610, 1555, 1467, 1418, 1341, 1314, 1111, 985, 925, 881, 760 cm™*; MS (El):
m/z (%): 237 (16), 256 (16), 282 (100) [M*™-1], 283 (24) [M"-2]; Elemental analysis calcd
(%) for CoHgNgO,: 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

V02

ON—¢
=l

NN NO

A\
el
61b

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); R = 0.46 (n-hexane/EtOAc, 3:1); *H NMR (400
MHz, D6[DMSO]): 6= 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); **C NMR (101 MHz, D6[DMSO]): 5= 163.7,
163.4, 148.4, 147.6, 147.0, 141.0, 137.9, 116.0; IR (KBr): vm. = 2920, 1561, 1522, 1418,
1380, 1259, 1100, 804 cm™; MS (EI): m/z (%): 154 (16), 230 (11), 349 (100) [M*-1], 350
(58) [M*-2]; Elemental analysis calcd (%) for CoHgNgO»: 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):
no,| Following the general procedure (GP-1); a mixture of 2,6-dichloro-4-

E;‘N nitropyridne (59c; 0.30 g, 1.55 mmol), 3-nitro-1,2,4-triazole (60, 0.70 g, 6.21

N mmol), NaH (0.14 g, 6.21 mmol) in THF (10 mL) was stirred at room

c”>N">ci| 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% vyield as yellow semi solid.

R = 0.15 (n-hexane/EtOAc, 4:1); *H NMR (400 MHz, CDCls): & = 8.90 (s, 1H), 7.80 (s,
2H); °C NMR (101 MHz, CDCly): 6 = 152.9, 145.1, 143.3, 143.2, 113.0; IR (KBI): Viax
= 3133, 1610, 1550, 1506, 1478, 1429, 1352, 1298, 1111, 985, 859 cm™*; MS (EI): m/z (%):
105 (11), 156 (26), 260 (100) [M*], 259 (63) [M*+1], 258 (26) [M*+2]; Elemental analysis
calcd (%) for CogHgNgO,: 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):

on Following the general procedure (GP-1); a mixture of 2,4,6-
N>/_“\') trichlropyrimidine (59d; 0.50 g, 2.72 mmol), 3-nitro-1,2,4-
i triazole (60, 1.86 g, 16.3 mmol), NaH (0.39 g, 16.3 mmol) in

SN
N ‘«Nj | N ’\[N\>’N02 THF (20 mL) was stirred at room temperature for 24 h. Upon
N et 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); R = 0.72 (n-hexane/EtOAc, 1:1); *H NMR (400
MHz, D6[DMSO]): & = 10.3 (s, 1H), 10.2 (s, 2H), 8.36 (s, 1H); *C NMR (101 MHz,
D6[DMSOQ]): 6=172.9, 164.4, 158.9, 153.5, 149.6, 148.2, 99.1; IR (KBIr): v = 3155, 1604,
1561, 1517, 1478, 1429, 1303, 1265, 1100, 980, 843, 799 cm™*; MS (El): m/z (%): 376 (5),
417 (100) [M*-1], 416 (26) [M™]; Elemental analysis calcd (%) for CoHgNgO,: C 28.26, H
0.97, N 47.11; found: C 28.72, H 1.06, N 47.21.
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