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Introduction

1. Introduction

1.1. Overview

1.1.1.Definition

With progressing advances in modern science, the design and synthesis of novel energetic materials a
evolving to develop a new set of highergydensity materials which combine desirable characteristics
(e.g. excellent performance, vulnerability, insensitivity, stability and environmental safety) with the
modern even more challenging application purposes. A more generalidefioitan energetimaterial

is fiametastable chemical compound or mixture which contains both fuel and oxidizer and can undergo ¢
chemical reaction which results in a rapi® rel
This interpretation of an energetic t@aal is derived from the definition given by tAenerican Society

for Testing and Material§ i c h e mi c a | compounds or mixtures tf
rapidly react to“elease energy and gaso).

The history and development of energetidenals has been extensively reported in the literature and
therefore only a short overview over the most important breakthroughs in this filed will be°jie.
accidental discovery of black powder in China (220 BC), a mixture of potassium niti&te,aswal
charcoal, was most likely the first energetic composition to be ever [fhitdgas not until the 19

century where with the vastly advancing industrialization, the demand for new more powerful energetic
materials was needed. This resultedha synthesis of numerous new energetic compounds during the
course of the next century. Firstly, the syntheses of nitroglycerine [(N@)grcury fulminate
(Hg(CNOY),®! nitrocellulose (NC$! and picric aciét® were reported and used for ¢idnd military
applications. Thee milestone werefollowed with the development of the next generation of energetic
materials 2,4 @rinitrotoluene  (TNT)!*18  N-methykN-2,4,6tetranitroanilin =~ (Tetry}”!  and
pentaerythrittetranitrat (PETN, Nitropentd).Finally, the next big achievement was the preparation of
the still in use high performing explosives 1,3tfnitro-1,3,5triazine (RDX)!*%2? 1 3,5 Ztetranitro

1,3,5, #tetrazocine (HMX)2*2¢1 6,8,10,12hexanitre2,4,6,8,10,1zhexaazaisowurtzitane (G20) 12729
1,2,3,4,5,6,7 ®ctanitrepentacycle[4.2.0.3:%.0*8.0*Joctan (ONCF® and the insensitive and heat
resisting  explosives  1,3ffiamino-2,4,6trinitrobenzene  (TATB}*® and  1,2bis(2,4,6
trinitrophenyl)ethylen (HNS¥® Modern trendsn research are focused on using nitregerd oxygen

rich heterocycles (e.g. azoles, pyridines, diazines, triazines and tetrazines) which exhibit high heat o
formation and low percentage on C and H at&f¥! This class of energetic materials in whiah
heterocyclic compound is the backbone and is used for energy storage is going to be the main topic i

this thesisFigure 1 shows few of the above mentioned energetic materials.
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Figure 1. Overview of weltknown energetic materials, their Lewis structures and the used acronyms for

the structures.

1.1.2.Classification

A various number of classifications for energetic materials can be found in the lit€f&mepending
on the applicatiopurpose of the compound, energetic materials can be generally subclassified in three
main branches; explosives, propellants and pyrotechnics. Additionally, there arenitengy that have
to be considered by the classification of an explosive mateddieanimportant ones are:
1 according to their chemical nature/ingredient;
o carbon based
0 based on nitrogenich heterocycles
1 according to their use, for example military or civil application;
0 general purpose missiles
0 deep oil drilling

1 according to their behawr towardouter stimuli for example mechanical stress or thermal

stimuli [

o0 explosives which are able to undergo a fast DDT when confined or unconfined (primary

explosives)secondary antkrtiary explosives

Explosives can be divided into primary and secondary explosives, where the former are usually a ver
sensitive less performing compound, which is used to initiate a more potent and less sensitive secondal
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explosive. On the other hand, depending on thécgiion purpose secondary explosives can be further
divided into main charge explosives and booster explosives. In comparison to explosives which are
generally usedor detonationpurposes, propellants are compounds wisicbuld not detonatd atter

usualy deflagrate in a closed chamber with the release of a significant amount of gases, which leads ftc
increase in pressure in the vessel and can provide propulsion and can accelerate anghjesgile,
projectiles, rockets¥:*+43 Pyrotechnics areswally mixtures which are used for audiodsual effects

(gas emission, hedight generation, explosion, fire, sound generatidigure 2 shows the classification

for energetic materials.

Energetic Materials

Propellants Explosives Pyrotechnics
Gun Propellants | | Rocket Propellants| | Primary Explosives | | Secondary Explosivesl
——{ Smoke]
— sound]
| Main Charge Explosives | | Booster Explosives |
| civil application | | military application |

Figure 2. Classification of energetic materials into the main branches: Explosives, Propellants and

Pyrotechnics. The red marked sections are going to be the main topic of this thesis.

1.1.2.1. Primary Explosives

Compounds or mixtures that can be easily initiated by aempiosive impulse (impact, friction, spark,
flame or heat) are assigned to the class of primary explosives. Such explosives exhibit high sensitivity
towards destructive stimuli in comparison te@edary explosives and the shock wave generated from
the sensitive explosive has the desired efficiency to initiate propellants or main charge explosives. For al
primary explosive to be efficient in its application, it should show a dafiagrationto-detonation
transition also known in the literature as DB¥4% The term deflagration is used to describe the
propagation of a flame with less than the speed of sound throughout the unreacted material. Typical value
for the burn rate of a deflagratioreaabout 1®m S 1. Under some conditions, a deflagration can evolve

to detonation, when the reaction front reaches the speed of sound in the unreacted material and tr
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generated explosive impulse (shock wave) is used for the initiation of a more inseaszjlosive.
Typical values for detonation velocity and heat of explosion of primary explosives are in the range of
3500 5000 m §'and100Q 2000kJ kg *, respectively® One of the first ever reported primary explosives
aremercury fulminate (Hg(CNQ), lead azide Rb(Ns)2), silver azide (AgN), cadmium azide (Cd())

and lead styphnate (Pb#dN3Osg)). Nowadays used primary explosives in initiation devices (blasting

caps, detonators and etc.) are still heavy metal based explosives (e, AgN: andPb(GHN30s)).
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Figure 3. Commonly used primary explosives and new generation of primary explosives: mercury
fulminate (MF), lead azide (LA), cadmium azide (CA), lead styphnate @-8igzo4,6-dinitrophenol
(DDNP), 1,3,5triazido-2,4,6trinitrobenzol (TATNB), tetramin-cis-bis(5-nitrotetrazolate
N?)cobalt(lll) perchlorate (BNCP) and pentammin(tylopentamethylentetrazolahd®)cobalt(l1l)
perchlorate (PAC).

The advantages of thiseavy metal based primary explosives are low cost of production, good
performance, easy ignitability and a small amount of the material is required for the initiation of the
booster charge. However, the main disadvantage of the most in use primary espitisa/high toxicity

of theheavy metatations(Pb, Ag or even Cd element3hese metals havemajor negative impact on
humans and natuf¥:*6! A study from 1991 on a FBI shooting range showed that employs suffered from

a lead poisonin§” Thesestudies raised the concern on the negative impact of primary explosives, which
led to extensive increase on new research in this field. New heavy metal free explosives like DDNP anc
TATNB have been reported and show promising properties as possible meghseHowever, a still
remaining problem with this type of organic based primary explosives like DDNP and TATNB is their

long-term stability. Prolonged studies show slow decomposition of TATNB and loss of energetic groups.
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A new emerging branch that cdudolve the toxicity problem of primary explosives is the laser ignitable
energetic complex systerfi&€54BNCP and PAC are two prominent examples for laser ignitable primary
explosives based on Co(lll) met&l. The most important and modern primary explosives are shown in
Fig. 3.

1.1.2.2. Secondary Explosives

As before mentioned secondary explosives are in comparison to primary explosives less sensitive f
insensitive to destructive stimuli, cannot be easily initiatedwsim general slower DDT and are in
general more powerful. General performance data for secondary explosives are in the rang&®606500

m s for the detonation velocity, 5006000kJ kg ! for the heat of explosion and the sensitivity values
areasfobwed IS = O 4 J, FS FITHR pdformaNce af migh (SE®ridlaryy O
explosive depends mainly on the density, oxygen balance (OB) and the heat of formation. The mair
performance criteria for high explosive depending on ths applicati@detonation energyi qeU),
detonationtemperatureTc-j), detonation pressur@d.;), detonation velocitydc.;) and volume of gas
released per kg explosives)(

In addition to the previously reported classification, secondary explosives dandsel into three main
branchesvhen it comes to the research purpose of the material: high performance, low sensitivity and
low toxicity.[’! A common problem in this field is the difficulty to combine all these three parameters in
one molecule or mixturdJsually high performing secondary explosives show high sensitivity toward
destructive stimuli (impact, friction, electrostatic discharge), which is not desired and can result in
accidential initiation Whereas, less sensitive explosives show lower pedonce but moresafety and

can be easily handled. The problem with insensitive munition is the difficulty to initiate thetireagitr

more powerfull initiatorsare required. Combining performance with sensitivity in one molecule is the
Ahol y g nBM dymhetic ohemisa Third and recently arising topic in this field is also the high
toxicity of currently used explosives such as RDX, TNT and TAFE!New ecefriendly materials are
required, which should show no toxicity and their degradatiodymts should also be not dangerous for

humans and nature.

1.1.2.3. Propellants

Propellants can be divided into gun propellants and rocket propellants. In comparison to explosives, whicl
detonate and generate a shock wave, propellants combust or deflagrate @ed éoe their propulsive

force. Solid gun propellants can be subclassified into sindbeible and triplebased propellants. In the

case of singkbased propellants nitrocellulose (NC) is used as the eraéngeticingredient® The

application spectrurof singlebased propellants extends from pistols to artillery weapons. Dbalskd
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propellants charges consist of NC and nitroglycefiasting oil) which increases the performance. In
addition, insensitive plasticizers can be usedifferentamouns depending on the application purpose.
Triple-based propellants consist of NC, NG anitrioguaniding(NQ) or other energetic ingredientdQ

lowers the burning temperature and affects the G@tibn. This reduces the formation of iron carbide
andpreserves the barrel weflaom erosion

Rocket propellants can be divided into liquid and solid rocket propellants. Examples for liquid propellants
are norhypergolic mixtures (HO2) and hypergolic mixtures @Ds with unsymmetrical
dimethylhydrazine or HN&with N2Ha4).®8 The classical solid rocket propellants are based on ammonium
perchlorate (AP) and ammonium nitrate (AlNgtalmixtures. The common problem with these mixtures

is the toxicity of AP and the needed phasabilization of AN. In addition, the perchlorate anion ini&P
biomimetic tothe iodidein our thyroid which can result to hyperthyroidisth®® Besides duringhe
burning process of AP based rockets hydrochloric acid is formed, which leaves white sm&ReAtrail.
promising replacement for AP is ammonium dinitramide (ADN). ADN has excellent properties e.g. high
heat of formation, good oxygen balance, highogién content and moderate sawsies. These qualities

of ADN makesit a good replacement for commonly used solid state propellants.

1.1.2.4. Pyrotechnics

In comparison to explosives, pyrotechnicsually do not contairoxidizer and fuelin one molecule.
Pyrotedinics can be divided into light, noise, smoke and chemical product generating pyrotéeffhics.
To the fuel and oxidizeother additives like colorant and binders are added to the pyrotechnic mixture
depending on the application purpose. Commonly ogétizers in pyrotechnic mixtures apstassium
perchlorate (KCI@ PP) and ammonium perchlorate (MHOs, AP). As previously mentioned,
perchlorate based energetic materials have a negative envirolynempact. Both salts show moderate
solubility in waer and can result to a groundwater contaminatfbAlthough AP and PP show a negative
impact and are not edaendly they are still used icurrentmixtures due to good stability, oxygen

balance and low cost of production.

1.2. Design of New Secondary Explsives

1.2.1.Physicochemical Properties

As previously mentioned there are few important parameters which have to be considered when designin
and synthesizing new secondary explosives. The detonation velDyitthé heat of explosion (Q) and
the detonatiopressurefc.j) are three of the most crucial performance criteria for high explosives. These

performance parameters can be influenced by altering the heat of formation (HOF) of the explosive, by




Introduction

increagng the oxygen balance (OB) andhe most importanparameter by raising the density of the
material. Kamlet and Jacobs suggested empirical equations which show the relationship between th
detonation velocity and the detonation pressure. Accordigjtd andll the detonation velocity of an
explosive s proportional to the loading density, whereas the detonation pressure is square of the loading
density!?!

pc-s[kbar] = K} o?A (Eq. 1)
D [mm ps? = An “3(1+By o) (Eq. I

with K =15.88, A=1.01, B = 1.30,= loading densitya = N(M)%%Q)°>with N = number of moles of gas released per gram

of explosive [mol/g], M = mass of gas in gram per mole of gas [g/mol], Q = heat of explosion [cal/g];

In addition, to these physiedhemical properties a good oxygen balargg i desired for explosives.

The oxygen balance is defined as the relative amount of oxygen in deficit or excess in order to achieve ¢
complete oxidation of the C/H/NMDased explosive to carbon monoxide (or carbon dioxide), water and
elemental nitrogen.duation 3 shows how thegg can be calculated according to £8 CO in percentage

(%) for a GHbNcOq based explosive. Thetter M represents the molecular mass of the explosive.

(Eq. 1)

1.2.2.Project Origin

Centralgoal inthe design of new energetic materials is the synthesis of monomolecular compounds such
as TNT, which contain an oxidizing component and a fuel component. As above mentioned the
performance of an explosive generally depends on a high density, good o&laygreand high heat of
formation. All these three parameters can be easily manipulated by selectively choosing the right syntheti
backbone and using the right explosophore groild®4, i ONO2, T NNOz, T N3, etc.). Commonly known
secondary explosives aredea on a carbon backbone (fuel), which is oxidized during the reaction to
CO/CQ. Traditional C/H/N/O based explosives within this class are TNT, RDX, HMX, HNS, TATB,
TNAZ, ONC, CL-20 and TEX. The last four mentioned compounds (TNAZ, ONG2Cland TEX)

exhibit their excellent properties and performance due to the high ring strain or a high cage strain. The
additional energy stored in the small ring or compact cage compound can bedeipan decomposition.
CL-20 iscurrently the benchmark molecuier high performing secondary explosivelowever, still a

major throwback is their complicated and extensive synthesis, which makesiscabections difficult.

Although many of the above explosives exhibit good properties, can be easily synthesized osedn be u
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for special applications, they show a negative ecological impact and are strongly polluting agents. In the
case of TNT, RDX, HMX and TATH has beershown that their degradatigproducts can be toxic and

lead to the following diseases jaundice, kiddegases and methemoglobinefs:5%¢In addition, this

type of aromatic/nitramino based explosives exhibit high toxicity which can rangenitdgagenicto
carcinogenicactivitiy.[768 Additionally RDX, HMX and Cl-20 show reductive decompositiar the
nitramino moiety, which forms reactive mutageniaittoso derivative&’

For the past few decades the research on high nitrogen containing explosives has received a great deal
interest as possible solution for the high toxicity of alreadys@materials. Compounds containing high
amount of nitrogeng.g.azoles, diazines, triazines, tetrazines and etc.) have a large numbbrarfidbr

Ni N bonds, which results usually in higlositive heats 6 formation. Nitrogerrich high explosives
obtaintheir good performance from the large heat of formation and not from the oxidation of the carbon
backbone Additionally, these materials show often excellent thermal stability, low sensitivity toward
destructive stimuli (impact, friction and spark) and baneasily synthesized. An excellent property of
nitrogenrich based explosives is the high amount of nitrogen in the molecule, which can be released in
form of nitrogen gas (B upon decomposition. The big advantage of nitrogen is that the bond energy for
single (N'N 160 kJ/mol), over double (N=N 418 kJ/mol) to triple behdn cr eases ( NI N 9
whereas for carbon exactly the opposite is ®fe’® During the decompdsons this large
thermodynamic driving force can beed thus makinguitrogenrich heterocycles excellent candidates as

a core structures for explosives. An interesting class of heterocycles are the azoles, which are five
membered heterocycles. Azoles have also usually high densities, allow good oxygen balance, exhibit hig
thermal stability and upon decomposition release a large amount of gaseous prad@@s OO, NOx,

H20).

The arising challenge in the field of secondary explosives lies in the emerging necessity of improving
some desirable characteristics Ipe&rformance, stability, ignitability and lowering of the toxicity imapa
Combining all these moleculgroperties in one compound has been a great deal of interest. Many
synthesized high performing secondary explosives exhibit excellent performancen@rofeletonation
velocities and detonation pressure), high densities and high heatsnwdtibn. However, a major
drawback of the latter are high sensitivitiesy. towardmpact, flame, friction, electrostatic discharge,

low thermal stability and alsadh toxicity. Whereas highly insensitive and thermally stable secondary
explosives show low performance and low ignitability. Finding suitable synthetic ways to design new
secondary explosives with excellent performalioe HMX and excellent sensitivitidgke TATB has

been of major interest in the HEDM community.
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There are different possibilities for a synthetic chemist to try to combine good performance with low
sensitivity in a monomolecular based explosive. There are altamativeghat can be used in order to
increase or improve the performance of a secondary explosive. The first possibditytioduce as

much explosophorigroupsas possibl€i NO2, 1 ONO, i NNO»,) to the carbon backbonBrominent
examples for this type of elgsives are RDX, HMX and PETN. The biggest disadvantadeisever

the high sensitivity of the materials, which is attributed to the unstable moieties in the molecule like the
nitramino groups in RDX and HMX. The second strategy that can be used in order to increase the
performance of a newly synthesized explosive igage a small ring system or a cage compound as a
building block. These systems not only show high densities, and high heats of formation, but also store
an enormous amount of energy in the small ring or cage which can be used upon decomposition. Excellet
examples ardNAZ, CL-20 and ONC. The third strategy to increase the performance of explosives is to
use nitrogenand oxygerrich heterocycles as a building system. As previously mentioned the latter
systems exhibit the desired properties for an explosiigy heat of formation, high densities and in
addition show good stabilities toward external stimuli. In addition, the combination of different
heterocycles in an annulated system results in materials with excellent prdperties.

Increasing the stabiii of new explosives is the second important necessity when it cortes design

of new mateals. In order to achieve theskfficult task, scientists have developed many different
strategies and reported them in the literatdgrawal reported four dferent ways on how to increase

the stability of an secondary explosit/8:

1) introduction of amino groups
2) ionic salt formation.
3) introduction of conjugation

4) condensation with a triazole ring

There are many examples of reported high explosives, whichble@resynthesized by using one of the
above mentioned strategies. The first approach covers high explosives which contain amino groups
which if used properly can result in stabilization of the wawad intermolecular structure. This work will
extend thisstrategy by introducing N£and NH groups selectively to specific heterocyclic systems. In
addition, the conversation of tertiary amines to thefi ® derivative can be investigated. The
combination of alternatindlO./NHz system (push/pull system) ingonitrogenrrich heterocycle with an

N*I O" moiety results in high performing, insensitive and thermally resistant secondary explosives.
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Excellent examples from the literature are TATB, L{NI6, LLM-119, FOX-7, ANPyO, ANPZ, LLM-
105 andTKX-50. Their Lewis stuctures are shown figure 4.

NH,
ON N & H,N  NO
OzN\%/NOZ 2 >_< 2
HoN NH; HN-N , H,N  NO,
N02 H2N N02
TATB LLM-116 LLM-119 FOX-7
NH, _ +
O,N_ _N_ _NO 2(NH30H)
0N A NO; O,N__N.__NO, 2 Sy 2 O ’
| T X T S
Z P H,N” N7 NH /
HoN T NH, H,NT “N™ T NH, 2 | 2 Ny w-N
/
o) O O
TANPyO ANPZ LLM-105 TKX-50

Figure 4. Prominent examples for explosives based on benzene and different heterocycles containing
push/pull systems and thé¢"1 O' moiety. 1,3,5Triamino-2,4,6trinitrobenzene (TATB), 4mino3,5
dinitropyrazole (LLM116), 1,4diamino3,6-dinitropyrazolo[4,3c]pyrazole (LLM119), 1,1-diaminc
2,2-dinitroethene (FOX7), 2,4,6triamino-3,5dinitropyridinel-oxide (TANPyO) 2,6-diaminc3,5-
dinitropyrazine (ANPZ), 2 dliaminoe 3,5-dinitropyrazinel-oxide (LLM-105) and
dihydroxylammonium 5,Bbistetrazolel, 1j-dioxide (TKX-50).

Energetic salts have received a great amount of attention in the last two decades. These materials oft
exhibithigh heats of formation, low vapor pressure in comparison to the nonionic precursor, good stability
toward thermal shock and high densitfies’? The class of five membered aromatic heterocycles (azoles)
has been extensively investigated in this regdajor advances in the chemistry of imidazoles, pyrazoles,
triazoles, tetrazoles and pentazoles, have been achieved as possible core for energéticteadiscing
explosophorigroups to these heterocycles can result in good precursors for engagjstic
1,2-Bis(2,4,6trinitrophenyl)ethylere (HNS) and 4,ebis(5-amina3-nitro-1,2,4triazolyl)5-
nitropyrimidine (DANTNP) are good examples for explosives based on a conjugated system or condense:
nitrotriazoleexplosives. HSN is a thermaliysensitive gplosive thafinds applicationn the civil sector

(deep oil drilling).
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Figure 5. Lewis structures of 1;Bis(2,4,6trinitrophenyl)ethylee (HNS) and 4,ébis(5-amino-3-nitro-
1,2,4triazolyl)5-nitropyrimidine (DANTNP).

1.3. Objectives

The necessity to combine good performance with excellent stability in one molecule continues to be the
highest priority, when it comes to the synthesis and design of new expld3es#ed performance of

new secondary explosives should be in the range of commonly known RDX and biMXen greater
thanDc.y = > 8500m s' %, pc.; = > 340 kbar whereas the desired sensitivities should be in the range of
LLM-105 and TATB (IS =>20 J, FS = >360 Nhe main purpose of this thesis is to investigate various
oxygenr and nitrogerrich heterocycles as possible precursors for new explosives. As previously
explained nitrogemich heterocycles exhibit attractive properties like high densities, high pdséats

of formation,excellent thermal stabilitieand low sensitivity toward destructive stimuli. Thus making
heterocycles perfect precursor for high explosives. This work investigatemdinvdbered and six
membered nitrogenand oxygerrich heterocycless possible starting materials for high performing,
insensitive secondary explosives. Different heterocydesh( asl,3,4oxadiazole, 1,2xadiazole,
1,2,50xadiazolel-oxide, pyrazole, 1,2;#&iazole) were synthesized and selectively functiaealiwth
explosphoric groups. Additionally, theN-functionalization (methylation and amination) and the
formation of nitrogerfrich ionic compounds based on hreviously mentioned azoles wasestigated.
Figure 6 shows the calculated gas phase enthalpies for vaiileisnembered ringsAll investigated

derivatives in this work are marked with a red arrow.
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Figure 6. Calculated enthalpies of formation for various azole derivatives. gbase enthalpies of
formation were calculated using the atomized methagat®(gm,208) = Hgm298) T X H°g,ai208) +

x opH°(g,ai 2098) Using Gaussian09 computed CBB electronic enthalpies.

In addition to the fivenembered heterocycles, the relative unexplorediihZine scaffold (pyridazine)

was also synthesized and investigated as possible energetic precursor. The diazindedaceldeom
benzene by replacing two of the ring carlaboms with nitrogen. There are three possible diazine isomers
respectively to the position of the nitrogen atoms to each other in the ring system, giving rise to pyridazine
pyrimidine and pyrazine. The pyrazine scaffold is easily accessible and hadreedy enodified by
scientiss and new pyrazine energetic materials with tailored properties have been already reported
(ANPZ and LLM-105). However, the selective modification of the pyridazine scaffold has not been
reported and it appears that the eledtrlop nitration on this heterocycle is very complex. In this work

the selective electrophilic nitration, the selective introduction of alternating pusiNpliNO2) groups

and the introduction of tHé*i O' moiety into the pyridazine heterocycle is invgated Figure 7 displays
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all studied systems in this work. The different colored arrows represent specific functionalization of the

desired scaffold.

0,0 . | X n// || :
\ - -N O =«
SN LS 1 N\ JNH< N 1
TN I K NONN T Ly \-N
NN NN —7 T ~ -7 H T T T AN
——> —NH,/-NHR’ — —-NO, — —-NO,
— > -NO, —> -NH, — —NH, — -NH,
— _N*-O — Salt Formation — Salt Formation

—> N-Functionalization

Figure 7. Lewis structures of all investigatdteterocycles in this thesisinder every molecule the
performedfunctionalization of the corresponding heterocycle is presented: introduction of a nitramino
moiety (orange arrow), introduction of amino groups, secondary and tertiary amines (blue ldfrow),
oxidation (blackarrow), direct electrophili€-nitration (red arrow), formatmof ionic derivativesnd/or

N-functionalization(greenarrow).
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Summary and Conclusions

2. Summary and Conclusions

During the course of this work, extensive reseavalsundertaken to investigate oxygeand nitrogen
rich heterocygles as possible precursors for energetic matebalgng this time a great number of new
andnovel energetic materials were synthesized and their energetic properties t@eseatx studied
The main goabf this thesisvas to investigatdifferent synthetic approacht&svard new high performing
but insensitive secondary explosivEsr tis purposetargetorientedfunctionalization of five different
heterocycleqpyrazole, 1,3, bxadiazole, 1,2/oxadiazole, 1,24riazole and pyridazine) is reported.
These results are all presented in Chaptéld,3whereas Chapterd 8 have been published peer
reviewed scientific journa] Chapter 9 will be submitted to a scientific jouraadl Chapter10 and 11
consistof unpublished resultsEvery Chapter consists of comsf@d research topic with introduction,
results and discussion, conclusiexperimental section and supporting informatidrshort overview
and summary wilbe given for every singlenapter.

Chapter 3nvestigates the synthesiswdrious energetisaltsbased on the unstahteolecule3,4-bis(4
nitraminc1,2,5o0xadiazoi3-yl)-1,2,5furoxan (BNAFF).BNAFF was synthesized by direaitration of
3,4-bis(4aminol,2,50xadiazoi3-yl)-1,2,5furoxan (BAFF) in 100% nitric acid. The nitamino
derivative BNAFF asa freeacid is not stable and has to be directly converted to the potassium salt
K2BNAFF after the nitrationBy using KkBNAFF a number of different energetic derivatives were
synthesized and investigated.

Chapters 4 and 5 discussvel energetic materials kalson the unexploited 1;@iazinescaffold. The
desired introduction of l*i O moiety and an alternatirmsh/pull NH2/NO) system into the pyridazine
heterocyclewas succed$slly reported. The accompanying problems with the elededitient
heterocycleare discussed and tlemlution for a successful electrophilic nitration on fhgidazine
scaffold ispresented.

In Chapter @hesynthesis and characterization of new alkali ah@linesaltswith the3,3-diamino4,4-
dinitramino'5,5%bitriazolateanion (ANAT #') is reported. In addition, the STANAT salt was investigated
in different formulations as possible colorant for-hgtht-producing signal flares.

The chemistry of different polynitrated derivatives based on thebipyrazole backbone is @sentedn
Chapters 78 and 9 A great number oklectrophilic nitration reactions on the @dblpyrazole are
discussed and presented in Chapter 7. Additionally, all experimentally and thegretetelimined
properties of the synthesized polynitterivatives have been disp&d. Chaptey8 and 9 studyurther
functionalization of 3,3;,5-trinitro-4,4i-bipyrazole (TriNBPz) and 3,3 5,5-tetranitre4,4j-bipyrazole
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monohydrate(TNBPZBI,0). Neutralization reactions with TriNBPz and TNBBZO and furtherN-
functionalization of TNBP@®I,0 arereported.

Chapter 10combinesthe heterocycles 1,2iazole and 1,3:f4xadiazole in one moleculélhe
synthesized 2-amino-5-(5-aminc1H-1,2,4triazol 3-yl)-1,3,40xadiazole and 2amino5-(5-nitro-1H-
1,2,4triazot3-yl)-1,3,40xadiazolewere synthesized and the properties of these energetic materials are
reported.

A new possible approach toward the synthesis ctiatino4,6-dinitropyridazine was investigated in
Chapter 11.

In addition, fourcompounds from all chapters were selected and their performatioe emall scale was
evaluated.The small scale shock reactivity test (SSRT) was usearder to investigate the shock
reactivity (explosiveness) of the four selected materfdle setup and preparation of the samles toe
SSRT areshown in detailsn the corresponding chapterBhe selected compounds dj&aminc4,6-
dinitropyridazinel-oxide (7), 3,3j,5-trinitro-4,4j-bipyrazole {3), 3,3,5,5-trinitro-4,4i-bipyrazole (4)
and 1,3-diaminc 3,3;,5,5-trinitro-4,4i-bipyrazole 0) are shown irFigure 1 andwere compared to the
commercially used RDX, HNS, PYX and TK35.

Table 1. SSRT results for compounds13, 14 and20 compared to RDX, HNS, PYX, TKX5.

Compound 7 13 14 20 RDX!™ HNS PYX TKX-55
me [mg] 496 500 491 472 504 469 474 496
m[mg] ®! 694 640 811 786 858 672 637 641

[a] Mass of the explosivene = Vs} 0.95;[b] Mass of SiQ.

NH,
NH, N-NH N-NH NN
) 7
=N N 7 ~NO, 0,N"NF N0, O,N NO,
I
HN" NG 0N~ 7N -NO, 0N~ 7 -NO; O2N~Z~NO,
NO, HN-N HN-N y N,N'N
2
7, DADNP 13, TriNBPz 14, TNBPz 20, (NH,),TNBPz
N02 202
O,N
OZNNo2 \Q\( 7/( )\Q\
oN NN No2 NO,O,N
TKX-55

Figure 1. Lewis structures of all investigat@daterials with the small scale shock reactivity test
compared to RDX, HNS, PY&And TKX-55.
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The obtained results are listedTliable 1 The obtained valuege compared to the high performing RDX
and to the heat resisgrexplosives HNS, PYX, TK>5. The results for compountB3 (640 mg) are in
the range oPYX (637 mg) and TKX55 (641 mg) DADNP (9, 694 mg)and (NH2).TNBPz (20, 786
mg), consistingof alternating push/pull system, excabe performanceof HNS (672 mg), PYX (637
mg) and TKX55 (641 mg)howevethey donot outperforme RDX (858 mg)he performance of TNBPz
(14, 811 mg) in the small scale is slightly lower buthe range oRDX (858 mg).

2.1. Chapter 3: 3,4-Bis(4-nitramino -1,2,50xadiazo}3-yl)-1,2,5furoxan (BNAFF)

The nitration 0f3,4-bis(4-amina1,2,50xadiazoi3-yl)-1,2,5furoxan (BAFF) to the desired nitramino
derivative is reported3,4-Bis(4-nitramino1,2,50xadiazoi3-yl)-1,2,5furoxan (BNAFF) isunstable at

room temperature for a long time and has to be directly converted after the nitration to the potassium sa
K2BNAFF. Usingthe latter, the free acid can be generatesituand different nitrogemich salts can be
synthesizedThe nitroamino moiety in th8,4-bis(1,2,50xadiazoi3-yl)-1,2 5-furoxanbackbonecan be
directly stabilized via acitbase reactions

+ +
N/O\N,O Cat On ~0 Cat.
\ N \ N
O,N—NH HN—NO, Structure ON— —NO,
/I /I - ] /I
N_ N N_ _N Stabilization N_ N N_ _N
\O/ \O/ O O

Cat. =K, G, AG, NH,
Figure 2. Structure stabilizatioof the nitramino moiety ir8,4-bis(1,2,50xadiazoi3-yl)-1,2,5furoxan

troughsalt formation.
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i M . | 1S=3J

. ! FS=>72N
Tdec. = 245 °C
p=207gcm™?
Dc,=8263m 577

Dc.y=8364ms™
Pc.y = 269 kbar

Nitrogenrich based salts of BNAFF ar

superior in detonation parameters over

Pe-s = 299 kbar potassium salt. In addition, the

aminoguanidiniumZ, IS=8J, FS =360 N
:=ss==83:son and ammonium3, IS =7 J, FS = 216 N
;d:;?;s; c:r salts showlower sensitivity toward oute

stimuli (impact and friction). In regards t
the thermal stability the 8BNAFF (1) ionic

pAAT derivative exhibits the highest therm
OzNﬂNmN;Noz g om? stability with 245 °C, while the nitrogen
(A /A Dc.y=8579ms™"

Pc-s = 305 kbar

rich compounds decompose below 200 °

Figure 3. Molecular units of KBNAFF (1, top), (AG):BNAFF (2, middle and Lewis structureof
(NH4)2BNAFF (3, bottom), respectivelyand their energetic properties.

2.2. Chapters4 and 5. Energetic Materials Based on the Pyridazine Scaffold

Five new energetic pyridazine derivatives were synthesameticompletely characterizég using 3,5
dimethoxy4,6-dinitropyridazinel-oxide (DMDNP, Scheme ] asstarting materialThe difficultyin this
topicwas the challengingitration of the electroqpoorpyridazine system. Thigroblemwas resolved by
introducing electrordonating group$l OMe) into the pyridazine scaffold followed by the insertion of a

N*i O' moiety, whicheventuallyallowedelectrophilic nitratiorwith 20% oleum and 100% nitric acid.

Me\N,NOZ HN,Me NH2
O,N
ON | SN 100 % HNO;  O2N< -~y Me "2 — NHsaq. i | N
I * B —
Me. N« = 0°C.3h Me.,, | /,{,\O CH4CN, A CHiCN.A N~ N=g
. o 91% N 85% OMe 90-95% NO
NO; NO, NO, ON 2
2 X 7, DADNP
5 4 I | E — OH
Me. _Me MeO” > ™0 J/
N NO, HN
O:N oy 40% ,q NHMe, DMDNP H,N"\_OH O2N N
I
Mes ~~zNw g  CHCN,A CHiON, A HO o~ AN
| 91% 76% B
Me N02 N02

6

Schemel. Overview of all synthesized pyridazine derivatives.
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The most pronging compound in this study is 3diamino4,6-dinitropyridazinel-oxide Figure 5).
DADNP is an excellent example fahigh explosive based @heterocycldunctionalized withpush/pull
(NH2/NO>) systens and N-oxidized tertiary amin€N*i O') moiety. With good sensitivity values (IS =
18J, FS = 360 N) and good thermal stability (215 °) DADNP is the first pyridazine baseddary
explosive to be synthesizeBompoundb is anexcellent example for the increase of sensitivity and
performancan comparison to the precursér when the nitroamino moiety is introducedtie parent

molecule

IS=10J IS=5J IS=30J
FS=360 N FS=120N FS=360 N
Tdec.= 250 OC; Tdec.= 120 °C Tdec.= 217 °C

} =1.63gcm? } 168 gem'3 ;| 154 gcm'3
Dc.y=7365m &t Dcy=8276m st Dc.j=6994mg'!
Pca = 204 kbar pca= 291 kbar pc-3= 176 kbar

Figure 4. Molecular units of 3,5his(methylamino},6-dinitropyridazinel-oxide (4, left), 3,5
bis(methylnitramino},6-dinitropyridazinel-oxide (5, middle), 3,5bis(dimethylamino},6-
dinitroypridazinel-oxide (6, right) and their energetiproperties.
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IS=18J IS=18J
FS=360N FS=360N
Tdec_: 215 °C Tdec_: 170 °C

] 184gcm'3 ] 169 gcm'3
Dcy=8486m¢s?t Dcy=7389m¢s'?
Pc-3= 302 kbar pc-3= 202 kbar

Figure 5. Molecular units of3,5-diaminc4,6-dinitropyridazinel-oxide (7, DADNP, left), 3,5-bis((2
(hydroxyethyl)amino@,6-dinitropyridazinel-oxide (8, right) and their energetic properties.

2.3. Chapter 6: 3,3-Diamino-4,4'-dinitramino -5,5"-bi-1,2,4triazole

In this chapter severallkali and alkaline energetic salts with the -8li@dmino4,4-dinitramino5,5-
bitriazolateanion(ANAT %) were synthsized and extensivelsharacterizedThe results are focuseuh
the strontium salt anids possible application asaco friendlycolorant for redlight-producing signal
flares.Different formulations with the STANATD) salt were investjated and it was shown that a strong
dominant wavelength can be obtainé@{t20nm). However, all STANAT based formulations lack

spectral purities (6%) and further investigations have to be made.

IS=40J
FS=>360N
Tdec_= 1600C

Figure 6. Molecular unit of strontium 3j3liaminc4,4i-dinitramina5,5j-bitriazolate hexahydra{®) and

its sensitivity values.
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2.4. Chapter 7: Polynitrated Derivatives Based on the 4 @Bipyrazole Scaffold

In the present study different nitration reactions have been investigated 4djthipyrazole scaffold
This resulted in the formation of five different derivatives containing one, two, three and fogrdups,
respectivelyAll nitro derivatives were obtained in good to excellent yields and their phghemical
properties are shown Figure 8. Compounds 2®1,0 and14®1,0 were obtained as monohydratBsth
samplescan be dried at elevatéemperatures (180 °G9 yield the solvatéree compoundsincreasing
the number of explosophore groups @@ the 4,4j-bipyrazole scaffoldresults inincreag of the
performancg10: Dc.y= 6506 m &', pca= 14 4 k4bDa.y= 8520m S 1, pc.s= 311kbar), however

it alsoincreases theensitivity of the materialtoward outer stimulf10: IS= 40 J, FS >360N Y 14

IS= 4.5 J, FS 192 N) Additionally, compound4.0i 14 exhibit excdent thermal stability from 298C

(14) up to 382 °C11), thus making thd,4j-bipyrazole backbone an interesting building block for heat

resisting secondary explosives.

Detonation Properties and Performance

HN-N HN-N HN—NH HN-N HN-N
\ \ / \
N X"NO, % X"NO, O,N"X"™NO,
Xy—NO;  O:N N O2N N NO, OoN—X—NO, O2N N NO,
N—NH N—NH N-N N—NH N—NH
10 1 12 13 14
€& e

Molecular Stability

Figure 7. Structural relation between molecular stability and ddtongropeties for compound40i
14.
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IS=40J HN-N HN-N IS=30J
FS=>360N N +NO, ey, FS=>360N
Tgec. = 303 °C - S, 2 Tyec. =382°C
p=1.64gcm3 N NO, O,N N p=1.80gcm3
Dc.,=6506ms™"  N-NH N—NH D¢ =7528 ms™
pc.y = 144 kbar 10 1 Pc.s = 221 kbar

HN =N
N;\>_<\:NH

4,4'-bipyrazole

+
NN / \ HN—NH

\ /
O2N N N02 7
ON \ N02 O5N \ NO,
+N02 +N02
IS=45J
iy NO, I1IS=30J
Tdec 298 °C N NH e
=1.82gcm3 T e om
_ -3
Dc-.1-8520ms I1IS=20J S e
= Dc.,=7873ms™"
Pc.s = 311 kbar FS=>360N -
Pc.y = 249 kbar
Tgec. = 314°C
p=1.86gcm

Dc.,=8256 ms™
Pc.s = 286 kbar

Figure 8. Energetic materials based on thej-bpyrazole scaffoléind their physica&chemical properties
2.5. Chapters8and 9 Energetic Derivatives Based o riNBPz and TNBPz®1.0

In this studydifferentionic energetic materialsased or8,3;,5-trinitro-4,4j-bipyrazole(TriNBPz) and
3,3i,5,5-tetranitro4,4i-bipyrazole monohydrate(TNBPZ®I.0) were synthesized and investigated. In
addition, theN-functionalization ofNBPz®I,0 to (MeTNBPz K(NH2)TNBPzand (NH),TNBPzwas
reportedUnfortunatelly the formation of nitrogemch salts with TriNBPz resulted in decrease of stability
and only one of the synthesized compouiiiisisOH)HTriINBPZ2) showed better theoretically calculated
performance. The hydroxylammoniudbf and the hydraziniumilg) salts of th&riNBPZ anionshowed
the best performance accorditgthe EXPLOS5 code. In addition, the sensitivity valdies the ionic
compoundgNHzOH)HTriNBPz (15, IS= 10 J, FS > 360 N and (NH5)HTriNBPz (16, IS= 15 J, F&

> 360 N do notshowimprovanentin comparison to the nonionparentcompoundlriNBPz (IS= 20 J,
FS=> 360 N.
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) )
oz L A

IS=10J IS=15J
FS=>360N FS=>360N
Tdec.= 230°C Tdec.= 218°C_

] 1=76gcm'3 ) 1=75gcm'®
Dc3=8271 ms'? Dcy=8223 ms'!
pc-= 286kbar Pc-= 272kbar

Figure 9. Molecular unit of hydroxylammonium(3-nitropyrazolyl}3,5-dinitropyrazolatg15, left) and
hydrazinium 4(3-nitropyrazolyl}3,5-dinitropyrazolatg16, right) and their energetic properties.

From all synthesized TNBPz ionic derivatiyeesmpounds (NEOH)HTNBPz (7), (NH:OH):TNBPz
(18), K(NH2)TNBPz (19) and (NH)2TNBPz (20) show the most promising propertieShe
hydroxylammonium sall7 (Dc.; = 8673 m &', pc.; = 328 kba)y exceeds in performance the nonionic
parernt molecule TNBPz Dc;= 8520 m &, pc.o= 311 kba). However, at the same time the stability
toward outer stimulof the ionic compound7 (Tgec.= 201°C, IS = 2 J is decreased in comparison to
TNBPz (Tgec.= 298°C, IS =4.5 ). The energetic derivatives (NBH);TNBPz (18, Dc.;= 8456 m &,
Pc.s= 302 kba), K(NH2)TNBPz (19, Dc.y= 8517 m &', pc.s= 318 kbay and (NH)TNBPz @0, Dc.s=
8469 m &', pc.;= 305 kbay exhibit similar performance as the starting mateHawever, after thé\-
amination of thet,4j-bipyrazolescaffold in TNBPz the stability of the new formed energetic materials
increases toward extedrgtimuli. Sensitivity values of 15 J and 324 N were measured for the diamino
compound20. The obtained results support furtherly the thesis that alternatingppllssystems
(NH2/NO») in an energetic heterocycle can result in increase of staipilitye molecular structurén
addition, the toxicity for three different energetic salt$H{KiNBPz, K: TNBPz G, TNBPZ) toward
aqueous bacteri&ibrio fischeri was determined. The investigated polynitro derivatives showed no

toxicity.
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(5 o 5
Ng

—~

IS=2J IS=5J
FS=216N FS=324N
Tdec.= 201°C Tdec.= 194°C

] 181gcm'3 ] 1s72gcm'3
Dcy=8673ms'? Dc.;=8456 ms'!
pc-3 = 328kbar pc-3= 302kbar

Figure 9. Molecular unit ofhydroxylammonium 4(3,5-dinitropyrazolyl)3;,5i-dinitropyrazolate
(17, left) andbis(hydroxylammonium) 3;3,5-tetranitrc4,4i-bipyrazolate(18, right) and their

energetic properties.

IS=10J IS=15J
FS=48N FS=324N
Tdec.= 280°C_ Tdec.= 244°C

} 200gcm'® }  1=75gcm’3
Dc.y=8517 ms't Dc.y= 8469 ms'?
pc-3 = 318kbar pc-3 = 305kbar

Figure 10. Molecular structures of potassiund-(1-amino3,5-dinitropyrazolyl}3°,5-
dinitropyrazolate(19, left) and 1,3}-diamino-3,3;,5,5-tetranitre4,4 -bipyrazole (20, right) and

their energetic properties.
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2.6. Chapter 10: 1,2,4Triazol-3-yl-1,3,40xadiazoleBased Energetic Materials

In this study,the synthesis of energetic precursors based on the heterocy¢tesidzdle and 1,34
oxidadiazole is reporte®-Amino-5-(5-aminc1H-1,2,4triazol3-yl)-1,3,40xadiazoleand 2-amino5-
(5-nitro-1H-1,2,4triazol3-yl)-1,3,40xadiazolevere synthesizedy using5-amino-1H-1,2,4triazole 3-
carboxylicas the starting materidh addition, four different energetic salts were synthesized #vith
aming5-(5-nitro-1H-1,2,4triazol 3-yl)-1,3,40xadiazole

NH,

HoN N O
\f\ \,\N
R.N O N-NH N

R
N\NﬁN—NHZ BrCN 21

NH
NH2 o) 2
R = NH,/NO, OzN\rN\ O\\( Salt OZN\WN\H \\(
\ >”<\ -N Formation N-N N-N
N-NH N _
22 +Cat.

“Cat. =K, NH,, G, AG
Figure 11 Synthesis oR-amino-5-(5-amina1H-1,2,4triazo}t3-yl)-1,3,40xadiazole(21) and 2-aminc
5-(5-nitro-1H-1,2,4triazok3-yl)-1,3,40xadiazolg22).

IS=40J IS =40J
FS=360N FS=360N
Tdec.= 246°C Tdec.= 246°C

| 1=66gcm'? } 164gcm'3
Dc.y=7500 ms'?t Dcy= 7672 mg'!
pc-3= 197kbar pc-3= 206kbar

Figure 12 Molecular structures of guanidiniun®d-(5-aminol,3,40xadiazoi2-yl)-3-nitro-1,2,4
triazolate (23, left) and aminagyuanidinium 5-(5-amino1,3,40xadiazoi2-yl)-3-nitro-1,2,4triazolate

(24, right) and their energetic properties
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2.7. Chapter 11: Toward the Synttesis of 3,8Diamino-4,6-dinitro pyridazine

During this work an attempt was made to synthe3jzeliaminc4,6-dinitropyridazine For thispurpose,
3,5-diaminopyridazine aceta(26) was synthesized froftazidotetrazolo[1,5]pyridazine £5) by using
the Staudinger reactiorf-urther nitration of26 resulted only in theformation of 5-nitramino-3-
nitriminopyridazine dihydrate 27@QH20) and 3,5-diamino-4-nitropyridazine (28). Further

functionalization of both compounds to the desBdddiamina4,6-dinitropyridazinewvas not successful.

IS=1.5J IS =40J
FS=6N FS=> 360N
Tdec.= 143°C Tdec.= 260°C

} 161gcm'3 } 1=67gcm'3
Dcy=7290 ms't Dc.y=7222 ms'?t
Pc-a= 184kbar pc-o = 185kbar

Figure 13. Molecular units of 7azidotetrazolo[l%]pyridazine (eft, 25 and 3,5-diaminc4-
nitropyridazine (ight, 28).

2.8. References
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3. Energetic Compounds Based o8,4-Bis(4-nitramino-1,2,5
oxadiazo}3-yl)-1,2,5furoxan (BNAFF)

lvan Gospodinov, Tahs Hermann, Thomas M. Klapo6tked Jorg Stierstorfer
Published inPropellants Exlos. PyrotecR018 43, 355 363.

DOI: doi.org/10.1002/prep.201700289

Abstract: 3,4-Bis(4-aminol1,2,50xadiazoi3-yl)-1,2,5furoxan (BAFF,1) was nitrated in 100% HNO
at1 10 °Cand then reacted with KOH to give the corresponding energetic dipotassium salbisi{3&,4
nitraminc1,2,5o0xadiazoi3-yl)-1,2,5furoxan @, K2BNAFF). Theneutral nitraminefuroxan compound

(3, H.BNAFF) is unstable at room temperature and can be obtainedkf#BMNAFF with 2 v HCI and
ether as KB NAF FBuD. Beveral nitrogenich salts €.g. ammonium, guanidinium,
aminoguanidinium, hydrazinium and hydgdammonium) were prepared from BNAFF. The
potassium, guanidinium, aminoguanidinium, hydroxylammonium and silver salts of BN
characterized by lostemperature Xay diffraction. In addition, all compounds were analyzed by
vibrational spectroscop¢iR and Raman), multinucleatH, °C, 1*N) NMR spectroscopy, differential
thermal analysis (DTA) and elemental analysis. The heats of formation for the anhydrous compounds
were calculated using the atomization method based on-4ABB&®nthalpies. Several detonation
parameters were predicted byngsthe EXPLOS code (V6.03). In addition, the sensitivities of all BNAFF

salts toward friction, impact and electrostatic discharge were determined.
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1,2,5furoxan (BNAFF)

3.1. Introduction

AHIi gh ener gy densi t ynotoalyfeund uael fa militaryHb&Emosés hut alsm v e
civilian applications e.g. mining and pyrotechrii¢sn the last century there have been a large number of
publicationsthat describe the chemistry, synthesis and properties of new explosive mé&termber
performance has always been a maimuregnent in the development of explosividence explosives are
required for even more demanding applications (deep oil drilling or missiles for space missions); new
advances in the technology of energetic materials have to be¥nededdition, newy designed
explosiveshould meet thiutureenvironmental requirements, exhibit lower sensitivities toward external
stimuli (such as impact, friction and electrostatic discharge) and show high perfoffifince.

Five membered heterocycles containing nitrogew oxygen have shown promising application as
building blocks for energetic materialst!! Derivatives of nitro/nitramino substituted furazanes (%,2,5
oxadiazole) and furoxanes (1,%adiazole2-oxide) have been of particular interest in the development
of new HEDMs since they usuallyossesggood oxygen balance, high heat of formation and hig

densityt*?1%1Some welknown explosives based on furazanes and furoxanes are shbigaria 1.

o

N" N PN O,N \ NO
\ HN—NO, N~ °N 2 2
0N—y g /N I
H / \ O,N— NO N\ /N N\ /N
N 2N=NH HN-—NO; o o
\0/
DNBAF DNAF BNFF

Figure 1. Literature knowm explosives based on furoxanes and furazanes: DNBAFdh#faminc
3,3"-bifurazan)}? DNAF (3,4-dinitraminofurazan}'® and BNFF (3,4is(4-nitro-1,2,50xadiazol3-yl)-
1,2,5furoxan)t”]

Recently, the combination of botthe furazan and furoxan rings with nitro or nitramino groups in the
molecule has proven to be a good strategy for théegist of new highmitrogen containing explosivés!

A good examplef a new highdensity energetic material with good thermal stability and performance
based on the furazan and furoxan rings ig®sd4-nitro-1,2,50xadiazoi3-yl)-1,2,5furoxan (BNFF, also
known as DNTF)BNFF can be synthesized by oxidizing -Bi4(4amino-1,2,50xadiazoi3-yl)-1,2,5
furoxan (BAFF) with 50% hydrogen peroxide and trifluoroacetic Bi@&NFF has a crystal density of
1.93g cm' 3 with a heat of formation of 657 kJ mbhnd its energetic performance is 168% better than
trinitrotoluene (TNT) It melts at 108110°C and decomposes at 292, %hich makes the compound of
special interest aspossible TNT replacemeht:**1 All these physicechemical properties make BNFF a
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promising candidate to use not only as a roafitable ingredient in detators but also as a high
performing explosiv€2Replacement of the amino groups in BAFF with nitro groups to form BNFF
improves the detonation parameters of the energetic mateuglrisingly, the nitration of 3;Bis(4
aminc1,2,5o0xadiazol3-yl)-1,2,5furoxan (BAFF) has not been reported and the nitramino compound is
unknown. In this contribution the nitration of BAFF to the nitramino compousBNKFF) is described

as well as the formation and characterization of some nitrogersalts.

3.2. Experimental Section

3.2.1.General procedures

H, 3C, ¥N and'>N NMR spectra were recorded dEOL 270andBRUKER AMX 40@struments. The
samples were measured at room temperature in standard NMR tubasr(@ Ehemical shifts are
reported asivalues in pprmelative to the residual solvent peaksl@DMSO (H: 2.50,U0c: 39.5). Solvent
residual signals and chemical shifts for NMR solvents were referenced against tetramethylsilane (TMS
U= 0 ppm) and nitromethane. Unless stated otherwise, coupling constants were reported in hertz (Hz) an
for the characterization of the observed signal multiplicities the following abbreviations were used: s
(singlet), d (doublet), t (triplet), g (quartetuint (quintet), sept (septet), m (multiplet) and br (broad).
Low resolution mass spectra were recorded dB@L JMS700 MStatiooma s s spectr omet e
Infrared spectra (IR) were recorded from 4500 'ctm 650 cmi! on a PERKIN ELMER Spectrum BX

59343 instrument with &MITHS DETECTION DuraSamplIR Il Diamond A3&hsor. The absorption
bands are reported in wavenumbers'dnmRaman spectra were recorded using a Bruker MultiRAM
FT-Raman instrument fitted witaliquid-nitrogen cooled germanium detectind aNd:YAG laser 6=
1064nm). Elemental analysis was carried orEeementar Vario eby pyrolysis of the sample and
subsequent analysis of the formed ga8escomposition temperatures were measwiedifferential

thermal analysis (DTA) with an OZMesearch DTA 55Ex instrument at a heating rate of 5 °C hhin

and in a range of room temperature to 400ME€lting points were determined in capillaries with a Biichi
Melting Point B540 instrument and are uncorrectatl sensitivities toward impact (jSand friction (FS)

were determined according to BAKGerman: Bundesanstalt fur Materialforschung und Prifung)
standards using a BAM drop hammer and a BAM friction apparaliusnergetic compounds were tested

for sensitivity towards electrical dischargging an Electric Spark Tester ESD 2010 EN from OZM.

3.2.2.Synthesis

CAUTION! All investigated compounds are potentially explosive materials, although no hazards were

observed during preparation and handling these compounds. Nevertheless, safety présaaticas
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wearing leather coat, face shield, Kevlar sleeves, Kevlar gloves, earthed equipment and ear plugs) shou

be drawn.

3,4-Bis(4-amino-1,2,50xadiazol3-yl)-1,2,5furoxan (BAFF)

BAFF was synthesized according to the known literaf(r&2"

Dipotassium 3,4bis(4-nitramino -1,2,50xadiazo}3-yl)-1,2,5furoxan K2BNAFF (2)

100% HNQ (9.0 mL) was placed in a round bottom flask andt8sf4-aminc1,2,5o0xadiazoi3-yl)-

125f uroxane (BAFF, 4.0 g, 15. 9 mmadhe)eaciom was atidat e d
for 1.5 h at the same temperature and then for
and stirred at room temperature for 2 h. The solution was basified with potassium hydroxide to pH 11.
The formed solid materiavas filtered, washed with small amount of cold water and dried on air to give
K2BNAFF (6.0 g, 90 %).

DTA (5 °C min1): 245 °C (dec.); BAM: drop hammer:3J (1800 0 e m) ; f »72NM @000 n t
500 &m); E STDB:0 00 .1n®) ;J OI(CRLIPEOZ3ZZ3RYW), 1630 (s), 1587 (m), 1518 (m),
1492 (w), 1453 (m), 1436 (m), 1397 (s), 1336 (s), 1290 (ws), 1159 (m), 1049 (w), 990 (m), 963 (m), 928
(m), 910 (m), 872 (w), 864 (w), 829 (w), 818, 796 (s), 777 (s), 754 (m), 741 (m), 713 (m), 696 (W),
602 (vw). Raman(1064 nm, 200 mW, 25 °Cg:(cm' 1) =1633 (11), 1590 (82), 1519 (59), 1492 (38), 1455
(50), 1437 (100), 1413 (13), 1404 (11), 1385 (29), 1214 (12), 1063 (24), 1049 (30), 1013 (61), 816 (19),
519 (22), 503 (17), 326 (17), 239 (12), 196 (24), 131 (@3)52), 78 (26)*C NMR (ds-DMSO, 101

MHz, ppm)l = 158.6, 157.8, 146.6, 140.4, 137.4, 106"®8.NMR (ds-DMSO, 29 MHz, ppm)i= 1 1 4 .
5N NMR (de-DMSO,41MHz, ppm)i= 34.1, 31.8, 5.8, 5.5, 16.7,
Elem. Anal. (GK2N100s, 418.32g mdH) calcd.: C 17.23, N 33.48, H 0.00 %. Foundt 50, N 33.36,

H 0.00 %.m/z(FAB™): 39 (cation)m/z(FAB'): 341 (anion + Fi);

3,4Bis(4-nitramino -1,2,50xadiazot3-yl)-1,2,5furoxan H-BNAFF (30 A 0. 5 Et

K2BNAFF (277 mg, 0.65 mmol) was dissolved imAydrochloric acid (5nL) at 50 °C. The water phase
was extracted with ED (4 x 50 mL) and after drying over Mgae solvent was removed under reduced
pressure. 3/Bis(4-nitramina1,2,50xadiazoi3-yl)-1,2,5furoxan @) was obtained with 0.5 ED solvent

as an oily liquid (247 mg, 100 %).

DTA (5 °C mifl1): 72 °C (dec.)iR (ATR), & (cmfl) = 2981 (w), 2883 (br), 2733 (br), 2002 (vw), 1612
(s), 1552 (m), 1536 (m), 1467 (m), 1449 (m), 1385 (w), 1298 (vs), A1 2184 (vw), 1153 (m), 1094

33



Energetic Compounds Based on 3;Bis(4-nitramino -1,2,5o0xadiazot3-yl)-
1,2,5furoxan (BNAFF)

(m), 1067 (m), 990 (s), 968 (M), 90F), 863 (W), 811 (s), 760 (M), 679 (W), 610 (vw), 488 (vw),
462 (vw). H NMR (ds-DMSO, 400 MHz, ppmji= 12.87 (S, 2H;NHNOy), 3.34 (g, 4H;CH-CHs), 1.04

(t, 6H, -CH2CHs). 13C NMR (ds-DMSO, 101 MHz, ppm)i = 154.1, 152.8, 145.6, 141.1, 137.1, 106.2,
65.2, 15.41N NMR (ds-DMSO, 29 MHz, ppm)i= T BN6NMR (dg-DMSO, 41 MHz, ppm}i= 38.7,
37.5, 14.4, 10.9, 15.6, 122.9, 128.3, 129.1, 1

Bis(guanidinium) 3,4-bis(4-nitramino -1,2,50xadiazo}3-yl)-1,2,5furoxan G2BNAFF (4)

K2BNAFF (2.00 g, 4.80 mmol) was dissolved im2ydrochloric acid (16 mL) at®°C. The water phase

was extracted with ED (4 x 60 mL) and after drying over Mg®e solvent was removed under reduced
pressure. The residue was suspendecd® (8 mL) and guanidinium carbonate (0.85 g, 4.70 mmol) was
added in small portions. The m@n mixture was heated until all solid material was dissolved. After
cooling to room temperature the separated solid material was filtered, washed with water and dried on ali
to give4 (1.76 g, 80 %).

DTA (5 °C mir1): 189 °C (dec.); BAM: drop hammer:15J (1600 0 e m) ; fr i ctiion t
500 e&m); ESIB:000.em™j ; JO(c(RY) & IAIL R), 3447 (s), 3322 (m), 3269 (m), 3187
(m), 1651 (s), 1584 (m), 1517 (m), 1491 (w), 1455 (m), 1433 (w), 1396388 (m), 1290 (vs), 1157

(m), 1014 (w), 985 (m), 958 (m), 927 (m), 919 (m), 919 (m), 874 (w), 820 (m), 799 (s), 775 (m), 738 (W),
703(w), 687 (w), 609 (w)Raman (1064 nm, 200 mW, 28): 6 (cm'Y) = 1627 (10), 1585 (100), 1520
(42), 1490 (29), 1456 @, 1430 (64), 1404 (11), 1385 (16), 1207 (14), 1045 (25), 1016 (86), 821 (12),
516 (20), 493 (10), 462 (10), 338 (12), 312 (10), 254 (10), 243 (10), 170 (20), 96 (89), #H (SH)R
(ds-DMSO, 400 MHz, ppm)i = 6.90 (s, 6H, }°C NMR (ds-DMSO, 101 MHz, pm) ti = 158.6, 157.9,
157.8, 146.6, 140.5, 137.3, 106 8N NMR (de-DMSO, 29 MHz, ppm)ii= T 14. EIl em.
(CsH12N160s, 460.29 g mol) caled.:C 20.88, H 2.63, N 48.69 %. Found2G.28, H 2.74, N 48.93 %.
m/z(FAB*): 60 (cation)m/z(FAB'"): 341 (anion+ H");

Bis(aminoguanidinium) 3,4-bis(4-nitramino -1,2,5o0xadiazol3-yl)-1,2,5furoxan AG2BNAFF (5)

K2BNAFF (1.50 g, 3.60 mmol) was dissolved im2ydrochloric acid (12nL) at 50 °C. The water phase

was extracted with ED (4 x 60 mL) and after drying ovMgSQ; the solvent was removed under reduced
pressure. The residue was suspended.fD 10 mL) and aminoguanidinium carbonate (0.98 g, 7.20
mmol) was added in small portions. The reaction mixture was heated until all solid was dissolved. After
cooling toroom temperature the separated solid material was filtered, washed with water and dried on air
to give5 (1.50 g, 85%).
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DTA (5 °C mirl1): 128 (m.p.), 156 °C (dec.); BAM: drop hammer:8J{®0O 0 em) ; fri ct i
N(100500 em); ESi®:001.60m) ; JO(cfRE)GE B¥IBRM),,3347 (m), 3188 (br), 1651

(s), 1607 (m), 1578 (s), 1519 (m), 1494 (m), 1449 (w), 1410 (w), 133A335 (m), 1298 (vs), 1208

(m), 1091 (m), 1012 (w), 98@n), 961 (s), 929 (m), 835 (m), 819 (m), 804 (m), 769 (m), 736 (w), 696
(vw). Raman (1064m, 200 mW, 23C): 6 (cm'!) = 1610 (38), 1583 (29), 1561 (24), 1521 (32), 1496
(100), 1448 (45), 1411 (691365 (15), 1215 (10), 1163 (14), 1072 (13), 1041 (40), 1014 (95), 993 (18),
971 (32), 818 (14), 523 (10), 499 (18), 487 (18), 340 (22), 250 (28), 200 (10), 121 (80), 74 UBIR
(ds-DMSO, 400 MHz, ppm)i = 7.00 (br, 4H), 4.67 (s, 2H}*C NMR (ds-DMSO, 101 MHz, ppm)i =

158.8, 158.6, 157.9, 146.6, 140.5, 137.4, 1088.NMR (ds-DMSO, 29 MHz, ppmli= T 13. EI
Anal. (GsH14N1g0s, 490.32 g mok) caled.:C 19.60, H 2.88, N 51.42 %. Found:2G.08, H 2.86, N

51.05 %.m/z(FAB"): 75 (cation)m/z(FAB'): 341 (anion + Fi);

Bis(ammonium) 3,4bis(4-nitramino -1,2,50xadiazo}3-yl)-1,2,5furoxan (NH4)2BNAFF (6)

K2BNAFF (1.67 g, 4.00 mmol) was dissolved im2ydrochloric acid (20 mL) at 50 °C. The water phase
was extracted with ED (4 x 50 mL) and after ging over MgSQthe solvent was removed under reduced
pressure. The residue was dissolved in methanol (10 mL) and aqueous ammonia (25 %, 0.64 mL) witl
methanol (3 mL) was added. The solution was stirred for 1 h at room temperature and the solvent wa

removed under reduced pressure. Compobimas obtained as white powder (1.41 g, 94 %).

DTA (5 °C miri1): 161 °C (dec.); BAM: drop hammer: 7J (1800 0 & m) ; frictiion t
500 em); ESDB000.e7n) ;J Ol(CRLPEOBIBARDr), 1624 (M)1580 (m), 1519 (m),

1492 (w), 1402 (s), 1283 (vs), 1157 (m), 1047 (vw), 1007 (m), 989 (m), 962 (m), 927 (m), 911 (m), 875
(w), 865 (w), 832 (w), 814 (s), 795 (s), 772 (s), 753 (m), 741 (m), 712 (m), 69R&v)an (1064 nm,

200 mW, 25°C): 6 (cmi ) = 1627 (11), 1590 (100), 1520 (57), 1494 (42), 1455 (45), 1439 (37), 1427
(37), 1401 (25), 1213 (14), 1064 (31), 1048 (28), 1011 (79), 817 (20), 518 (26), 501 (19), 330 (17), 185
(26), 126 (68)H NMR (ds-DMSO, 400 MHz, ppmj)i = 7.10 (s, 4H, NH"). *C NMR (ds-DMSO, 101

MHz, ppm)l = 158.6, 157.8, 146.6, 140.5, 137.4, 106"&8.NMR (ds-DMSO, 29 MHz, ppm)i= 1 1 3.
Elem. Anal. (GHsN120s, 376.21 g moHl) caled.:C 19.16, H 2.14, N 44.68 %. Found:10©.36, H 2.12,

N 44.48 % m/z(FAB"): 18 (cation)m/z(FAB'): 341 (anion + Hi);

Bis(hydrazinium) 3,4-bis(4-nitramino -1,2,5o0xadiazo}3-yl)-1,2,5furoxan (N2Hs)2BNAFF (7)

K2BNAFF (1.67 g, 4.00 mmol) was dissolved im2ydrochloric acid (20nL) at 50 °C. The water phase
was extracted with ED (4 x 60 mL) and aftedrying over MgS@the solvent was removed under reduced

pressure. The residue was dissolved in methanol (10 mL) and hydrazinium hydroxide (0.40 mL) was
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added dropwise. The solution was stirred at room temperature for 1 h. The solvent was removed in vacu
and the yellowish solid was dried on air to gigl.52 g, 93 %).

DTA (5 °C miri1): 170 °C (dec.); BAM: drop hammer: 8J (18000 e m) ; fri ctiion t
500 em); ESTD6:000.g5m) ;J OI(CRLPEOBIB2RN), 3186 (M), 3042 (br), 2638r),

2048 (vw), 1644 (m), 1608 (m), 1582 (m), 15163 (m), 1492 (m), 1449 (m), (2438401 (m), 1357

(m), 1288 (vs), 1155 (jn1089 (s), 1009 (w), 992 (MHL2 (s), 925 (m), 873 (w), 821 (m), 795 (s), 770
(s), 755(m), 738(m), 708 (w), 697 (m). Raman (1064 nm, 200 mW?Qk 6 (cm'Y) = 1591 (28), 1579

(42), 1569 (24), 1561 (23), 1518 (71), 1491 (27), 1450 (43), 1437 (93), 1402 (12), 1374 (11), 1336 (10),
1209 (18), 1060 (33), 1045 (16), 1011 (100), 969 (11),(83), 596 (10), 515 (19), 480 (10), 408 (11),
287 (12), 243 (22), 85 (999 NMR (ds-DMSO, 400 MHz, ppmji = 6.24 (s, 5H, hHs"). 13C NMR (ds-
DMSO, 101 MHz, ppm)i= 158.6, 157.9, 146.6, 140.5, 137.4, 1068. NMR (ds-DMSO, 29 MHz,
ppm)ti= T 1 3. nd. |(GHN14OA406.24 g mol) calcd.:C 17.74, H 2.48, N 48.27 %. Found:

C 18.20, H 2.78, N 47.70 %n/z(FAB™): 33 (cation)m/z(FAB'): 341 (anion + Fi);

Bis(hydroxylammonium) 3,4-bis(4-nitramino -1,2,5o0xadiazo}3-yl)-1,2,5furoxan hexahydrate
(NHsOH):BNAFF (H8O A 6

K2BNAFF (1.50 g, 3.60 mmol) was dissolved im2ydrochloric acid (16 mL) at 50 °C. The water phase
was extracted with ED (4 x 60 mL) and after drying over Mga@e solvent was removed under reduced
pressure. The residue was susgged in HO (8 mL) and hydroxylamine solution (50 wt % in®{ 0.45

mL) was added dropwise. The reaction was cooled down to 0 °C and the separated crystalline powde

was filtered and dried on air to give compo@aka hexahydrate (1.16 g, 63 %).

DTA (5 °C min'1): 134 °C (dec.); BAM: drop hammer:25J (1600 0 e€m) ; fri ctiion t
500 e&m); ESIB:001 c0n) ; Jo(c®?) & B_7I7 R), 3252 (br), 3014 (br), 2743 (s), 1634
(s), 1611 (m), 1527 (s), 1503 (s), 1463 (m), 1421 (w), 1402 1B83 (vs), 1305 (vs), 1224 (m), 1168
(m), 1075 (vw), 1041 (vw), 1007 (m), 983), 962 (m), 916 (vw), 878 (vw), 827 (w), 800 (m), 768 (m),
696 (w).Raman (1064 nm, 200 mw, 28): 6 (cm'!) = 1630 (36), 1612 (36), 1597 (24), 1583 (39), 1527
(28), 1502 (100), 1464 (55), 1440 (16), 1420 (54), 1404 (23), 1169 (14), 1076 (13), 1042 (36), 1014 (78),
990 (23), 880 (12), 825 (10), 599 (12), 517 (10), 498 (18), 492 (20), 448 (11), 346 (22), 11%(@15), 1
(32), 121 (91), 93 (91}H NMR (ds-DMSO, 400 MHz, ppm)i = 10.02 (s, H, NgOH") *C NMR (ds-
DMSO, 101 MHz, ppm)i= 158.7, 157.9, 146.6, 140.5, 137.5, 106%8. NMR (ds-DMSO, 29 MHz,
ppm)li= 1 Elem. Anal. (GH20N12016, 516.29 g moF) caled.:C 1396, H 3.90, N 32.56 %. Found:

C 14.64, H 3.86, N 32.61 %m/z(FAB*): 34 (cation)m/z(FAB'): 341 (anion + Hi;
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Bis(3,6, #triamino -[1,2,4]triazolo[4,3-b][1,2,4]triazolium)  3,4-bis(4-nitramino -1,2,50xadiazol 3-
yl)-1,2,5furoxan trinydrate (TATOT):BNAFF( 9) & 3 H

K2BNAFF (428 mg, 1.02 mmol) was dissolved imAydrochloric acid (5 mL) at 50 °C. The water phase
was extracted with ED (4 x 30 mL) and after drying over Mg®@e solvent was removed under reduced
pressure. The residue was dissolved in M&DO (5:5 mL) and TATOT (316 mg, 2.05 mmol) was
added. The reaction mixture was heated until the solid material was dissolved. The reaction mixture wa:
stirred for an additional 1 h and then cooled down to room temperature. The separated solid wias filtere

and dried on air to yield as trihydrate (482 mg, 68 %).

DTA (5 °C mirl1): 190 °C (dec.); BAM: drop hammer: 40J (1600 0 e m) ; fri ctiion t
500 em); EST5O0O00.e7n0) ;J Ol¢RIYOEM@EF3RYW), 3457 (W), 3303 (m), 3124 (br),
1691 (m), 1652 (s), 1513 (m), 1425 (m), 1395 (m), 1288 (vs), 1164 (w), 1042 (m), 1014 (w), 959 (m),
933 (m), 881 (w), 848w), 823 (m), 772 (m), 758v), 724 (w), 708 (m), 684 (m), 619 (WRraman
(1064nm, 200 mW25°C): 6 (cm'!) = 1591 (35), 1584 (37), 1515 (41), 1456 (18), 1433 (56), 1263 (20),
1042(17), 1016 (40), 852 (24), 620 (12), 602 (15), 400 (14), 236 (11), 108 (100), 85HBUYIR (ds-
DMSO, 400 MHz, ppm)i = 8.12 (2, 2H, NH), 7.20 (2, 2H, NH), 5.76 @, 2H,NH,). *C NMR (ds-
DMSO, 101 MHz, ppmji= 160.1, 158.7, 157.9, 147.4, 146.6, 141.1, 140.4, 137.3, 16 .BMR (ds-
DMSO, 29 MHz, ppm)i= 1 1 3. E| eHpN2s0k,784l46 g nfdk calcd.:C 20.46, H 2.86, N

51.70 %. Found: @0.80, H 2.81, N61.36 %.m/z(FAB*): 155 (cation)m/z(FAB'): 341 (anion + Fi);

Disilver 3,4-bis(4-nitramino -1,2,50xadiazot3-yl)-1,2,5furoxan dihydrate (Ag)2B N A F EHO
(10)

K2BNAFF (420 mg, 1.00 mmol) was dissolved im2ydrochloric acid (5 mL) at 50 °C. The water phase
was extracted with ED (4 x 30 mL) and after drying over Mg®e solvent was removed under reduced
pressure. The residue was dissolved in MeQBV/(6:3 mL) and AgN®@(340 mg, 2.00 mmol) was added.
Thereaction mixture was stirred for 30 min at room temperature. The solid material was then filtered and
dried on air to givd0 as a dihydrate (3989, 67 %) as white solid.

DTA (5 °C mir1): 82 °C (dec.); BAM: drop hammer: 1 J (00 e m) ; fri cti5e0mn t e
em); ESD: i%500 meJm)(;1 OI@R'Y) € 2662RDr), 3242 (br), 1636 (m), 1595 (w), 1563
(m), 1516 (m), 1501 (m), 1432 (s), 1364 (m), 1324 (s), 1290 (vs), 11700@3 (w), 1009 (m), 995 (s),

974 (m), 941(m), 911 (w), 871 (m), 817 (s), 768 (m), 748 (w), 693 (m), 598 (vw), 582 (vw), 521 (w).
Raman (1064m, 200 mW, 25C): 6 (cm'Y) = 1646 (15), 1599 (65), 1576 (22), 1531 (70), 1506 (37),
1439 (56), 1372 (20), 11711), 1067 (65), 1014 (32), 926 (12) 815 (16), 773 (11), 762 (15), 753 (25),
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598 (15), 552 (11), 505 (44), 460 (17), 434 (11), 321 (20), 308 (15), 248 (19), 98 FCOBMR (de-
DMSO, 101 MHz, ppm)i= 157.9, 156.9, 145.9, 140.1, 137.1, 106%l NMR (ds-DMSO, 29 MHz,
ppmii= T 15. EI| éHpgN1Om, £91.89g M) caled.:C 12.18, H 0.68, N 23.66 %. Found:
C12.11,H0.51, N 23.69 %.

3.3. Results and Discussion

The synthesis of the starting material BAFF has been performed as reported previously in the literature.
Initially 4-amincl,2,50xadiazole3-carboxamidoxime (AFCAO) was synthesized by reacting
commercially available malononitrile with aqueous nitrous acidl amen with 50% aqueous
hydroxylamine. AFCAO was treated with sodium nitrite in aqueous HCI to gileenidol,2,5
oxadiazole3-carbohydroximoyl chloride (AFCHC) which is then reacted with@@z in THF to give

BAFF [172022IThe synthesis and nitration BAFF are displayed ischeme 1

N/O\N,o
1) AcOH NOH NOH v/
H,0 HoN NH;
HoN HoN Ag,CO
A~ NaNO, 2 >_8J\NH2 NaNO, 2 cl 22-3 { —
A NC” CN e —— —
) 2) 50% NH,OH /\ /\ HCI /\ /\ THF N\O/N N\O/N
50% NaOH o 0 BAFF (1)
AFCAO AFCHC
K 0L L0 + a) (G),BNAFF 4
_ N\ /N K b) (AG),BNAFF 5
B) BAFF (1) 100 % HNOs OzN‘N>_8_S_<N\NOz 1) 2 M HCI, Et,0  ©) (NH,),BNAFF 6
B Y Bl Bk’ e
2) KOH/H,0, rt. i 7\ 2)a) G,CO4 d) (N,H5)2BNAFF 7
N\O/N N\O/N b) AGHCO; e) (NHzOH),BNAFF « 6 H,0 8
¢) NH; f) (TATOT) ,BNAFF « 3 H,0 9
K,BNAFF (2) d) NoHy g) Ag,BNAFF « 2 H,0 10
e) NH,OH
f) TATOT
2 M HCI g) AgNO4
Et,0
N/O\N,o
\
0,N—NH HN—NO,
A\ A\
N\O/ \O/N « 0.5 Et,0
H,BNAFF « 0.5 Et,0 (3)
~N + (o] 0
N ~N P
NH HN N~ N
Loy L D~y SN
TATOT = N TATOT*= N BNAFF2 = O,N—N N—NO,
HoN \N/ N N
N
NHz NH, JON N
+ HZN\ . \O/ \O/
+ NH, NH
- aet= I
HoN”T “NH, HoN”T NH,

Scheme 1A) Literature known synthesis of 3pls(4amincl,2,50xadiazol3-yl)-1,2,5furoxan (,
BAFF); B) Nitration of compound. and synthesis of new nitrogeith salts with BNAFF ).
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The amino groups @&,4-bis(4aminc1,2,50xadiazol3-yl)-1,2,5furoxan are nitated with 100% HN@

at 110 AC and the for med, BNAFE)tisacbnveeted avithrpotdssiummi n
hydroxide to the dipotassium sa® K-BNAFF) in a good yield (90 %). The neutral compodhn be
isolated by dissolving BNAFF (2) in 2M hydrochloric acid and then extracting with diethyl ether giving

an oily liquid. HBNAFF is only stable at room temperature only with 0.5 equivalents ether as a solvate
(BNAFF(3) A .0). 5 Et

However, HBNAFF is unstable at room temperature with&tO and decomposes with the release of
nitrous gases. Using other solvents as extraction medium resulted in decomposition of the neutra
compoundUsing K:BNAFF (2) as the starting material nitrogeich salts of BNAFF can be synthesized.

For thispurpose,compound is dissolved in a small amount of2HCI and then situgenerated neutral

compound 8) is reacted with the desired base giving compodind® (Scheme L

3.3.1.Crystal structures

During this work the crystal structures of compourzist, 5, 8 and 10 were determined by low
temperature Xay diffraction. Compound®, 4 and 5 crystallize anhydrously whereas compouhd
crystallizes with six molecules of water. The crystal structuréOofvas determined of single crystals
from conc. ammonia solutiocontaining two molecules NHSelected data and parameters for the low
temperature Xay data collection and refinements are given in the Supporting Information. A distortion
of the Nroxide moiety in the furoxan ring of the BNAFFanion can be observéa the obtained crystal
structures for compounds 5, 8 and10.

Dipotassium 3,4bis(4-nitraminc1,2,50xadiazol3-yl)-1,2,5furoxane g) crystallizes from water,
without inclusion of solvent molecules, in the triclinic space gi@upwith two molecules per unit cell
and a cell volume of 651.80LC° pm?. The density o at a temperature of 103 K is 2.132 g &nfrigure

2 illustrates the molecular unit of the potassium It The torsion angle of GT2 C3i N5 and N6

C4i C5i C6 in BNAFF? "anion ard 63.0(5) and 18.1(6)° respectively, showing that both furazan rings are

not coplanar to the furoxan ring.
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Figure 2. Molecular unit of2, showing the atorAmbeling scheme and bond lengths (pm) with
standard deviations. Thermal ellipsoigpresent the 50 % probability level and hydrogen atoms are

shown as small spheres of arbitrary radius.

Bis(guanidinium) 3,4is(4nitraminol,2,50xadiazoi3-yl)-1,2,5furoxan (4) crystallizes in the
monoclinic space group2/c with a cell volume ol76143-1° pm? and four molecules per unit cell. The
density at a temperature of 123 K is 1.736 g°cifihe furoxan and furazan rings in the BNAFE&nion
have a planar structure (O¥6i C4i C3 0.5°, N2OLiNLiC1 1 0. 3iN7i&5i @6 0.2°F However,
both furazan rings in the anion are not coplanar to thex#&mr ring as indicated by the torsion angle of
C2iC3iC4C5 1 14. 6A. Bot hBNAFF ara stightty tiltedhagainst thes furazan rings as
shown by the torsion angles of NI C6i N8 6.4° and NANS3i C1i N1 75.4°. The bond distances of
the furoxan ring (CBC4 1.418 A and\N5i C3 132.0pm), furazan rings (QXC2 143.6 pm and N&6
131.1 pm) and thaitramino moiety (NBN4 131.5 pm, NBN10 132.2 pm, G2N4 125.5 pm and Q7

N10 125.7 pm) are in accordance with similar nitramino oxadiazoles reported in the litéthture.
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N13
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Figure 3. Representation of the molecular unit4fshowing the atorebeling £heme. Thermal
ellipsoids represent the 50 % probability level and hydrogen atoms are shown as small spheres of arbitrar
radius. Selected bond distances (pm) and afjteS3i C4 141.8(4), NBC3 132.0(3), ClLC2 143.6(3),

N8I C6 131.1(3), NBN4 131.5(3), i N10 132.2(3), Oi7N10 125.7(2), OAN6i C4i C3 0.5(3), N20O1Li

NIiC1l 1 0. BIN72CH C6 02@), CRC3iC4C5 1 14 . 6N96CH N8 aM4)) NAN3I CLi
N1715.4(4).

Bis(aminoguanidinium) 3bis(4nitramincal,2,50xadiazoi3-yl)-1,2,5furoxan (5) crystallizes from
water, without inclusion of solvent molecules, in the monoclinic space dgt@lepwvith four molecules

per unit cell and a cell volume dB863.3510° pn. The density of at a temperature of 123 K is
1.748gcm 3. Figure 4 illustrateshie molecular unit o6. The torsion angle of GC2i C3iC3 in
BNAFF? anion isi 39.6°, showing that both furazan rings are not coplanar to the furoxan ring. The
connecting CC bond of the oxadiazole€2 C3) with a length of 145.9 pm is significantnorter than

a Q C single bond (154.0 pm). The nitramino moiety is slightly twisted from the furazan plane with
torsion angle of 177.45° (CIN3i N4i O3). The bond distances of the furoxan ringi(®3 139.8 pm
andN5i C3 131.8om), furazan rings (N2 136.5pm and C1C2 143.5 pm) and the nitramino moiety
(N3iN4 131.42 pm, NBC1 137.9 pm, O3N4 126.68 pm) are in accordance with similar nitramino

oxadiazoles reported in the literatlf@.
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Figure 4. Molecular unit of5, showing the atorAmbeling scheme and bond lengths (pm) with
standard deviations. Thermal ellipsoids represent the 50 % probability level and hydrogen atoms are
shown as small spheres of arbitrary radius. Symmetry c@iiesy, z, (i) 1-x, y, 0.5z, (ii) 1-x, 0.5+y,

1-z. Selected bond distances (pm) and angles [°]:G@32145.9(2), OAN5 139.8(2), NbC3 131.8(2),

O1i N2 136.5(2), CLC2 143.5(2), ClC2i C3i C3739.6(3), CIN3i N4i 037 177.45(13).

Disilver 3,4bis(4-nitraminc1,2,50xadiazoi3-yl)-1,2,5furoxan (10) is crystallized from hot water with
conc. ammonia solution, with inclusion of two molecules ammonia, in the triclinic spaceRyrbupth
two molecules per unit cell and a cell volumeZ8#.58(12)10° pn. The density ofl0 at a temperature
of 173K is 2.497g cm 3. Figure 5 illustrates the molecular unit ég.B N A F Rids2
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Figure 5. Molecular unit of10, showing the atorlbeling scheme and bond lengths (pm) with
standard deviations. Thermal ellipsoids represent the 50 % probability levélydrahen atoms are

shown as small spheres of arbitrary radius.

3.3.2.NMR Spectroscopy

All synthesized compounds were characterized with multinuclear NMRC and'*N) spectroscopy.

In addition, >N NMR spectra o2 and 3A OEt,6 were recorded. Compoud OEtL® shows three
different resonances in thel NMR spectrum; one at 12.87 ppm for the acidic protons of the nitramine
groups (NHNO2) and two at 3.34i OCH>CHs) and 1.04i(OCH,CHs) ppm for the ether solvatéH, 3C

and “N NMR spectra of compoun8A OEt6 are displayed in the Supporting Information). All six
observed resonances*iC spectrum of the neutral nitramine compoBAdO . .6 &e highfield shifted

in comparison to all observed resonances if¥@espectra of all energetic salts with the BNAFanion.

The N resonances for the nitro groups in compo8ratle detected a26 ppm and the nitro groups of
the energetic salts are observed in the rangel8ftoi 15 ppm. The values for atH, ¥*C and!‘N

resonances of compoungsand3A 0 . .6 & listed inmable 1

Table 1.*H, *3C and'*N NMR shifts of compound® and3A 0 . 6. E t

IH NMR 1N NMR
Compound . 13C NMR U [ppm .
P i [ppm] ppm] i [ppm)
2 T 158.6, 157.8, 146.6, 140.4, 137.4, 106.8. 114
12.87, .
3 3.34. 1.04 154.1, 152.8, 145.6, 141.1, 137106.2, 65.2, 15.4 1 26
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Figure 6 shows the comparison between both recofd&dNMR spectra for compoundsand3. In the
spectrum of the neutral nitramine compo&itie nitro groups are found 828.3 and 29.0 ppm and the
NH groups afi 183.9 andi 190.4 ppm (no coupling to hydrogen due to exchange with the salye
DMSO). Upon formation of the potassium salt (deprotonation) all resonanée$ MMR show strong
low-field shift as observed in the case of the nitrai @8.3andi 13.8 ppm) andNH groups (151.7 and
152.8 ppm).

>N NMR (41 MHz, ds-DMSO)

- o
341 318 g5g 6.7 K ne e C
55 =)

R G \1 =
13l§3.3 O;N—N ) “Z N o,
-24.3 N N N N .151.7,-152.8

38.7 375 58
14,4 10.9 o
283, 2% T
-22.9 ON— NWN —NO,
(A fo -183.9
N\DJN N\D/N * 0.5 Et,0 190.4
hJL—b'uw VJ\M
50 0 -50 100 150 -200

5 (ppm)

Figure 6. Recorded®N NMR spectra oK,BNAFF (2) and BNAFF(3) 0.BEtO inds-DMSO.
3.3.3. Physicochemical properties

Since all synthesized compounds can be considered as energetic materials, their energetic beha
investigated. However, only the physicochemical properties of comp@,dds, 6 and7 are discusse!
because they were obtained as anhydrous compoukittheoretical calculated and experimente

determined values for compoun2isti 7 compared to the high expigs RDX are listed inrable 2
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Table 2 Physicechemical properties &, 4i 7 in comparison to RDX

2 4 5 6 7 RDX

Formula CeKoN1gOg  CgH12N160s ~ CgH14N180s CeHsN120g CeH10N 1408 C3HeN6Os

IS 3] 3 15 8 7 8 75
FSPI[N] >72 360 360 216 216 120
ESDY [J] 0.19 0.75 1.00 0.70 0.50 0.2
q %] 719.12 7 48.66 748.95 734.02 735.45 7216
Tl [°C] [ [ 128 [ [ T
Tael [°C] 245 189 156 161 170 210

19 [gcm 3] 2.07 1.692 1.703 1.735(pyc) 1.535(pyc) 1.806%4
qd"kf; ]l][kJ 689 1275 1650 1635 2239 387
EXPLO5

6.031251

! %I%?T] [kJ 5483 4721 4981 5701 5953 5798
T [K] 3772 3318 3389 3922 4169 3831

Pe™ [Kbai 200 253 269 305 257 354

Veel [m §1] 8263 8099 8364 8579 8105 8834
VO[:;T[%”‘S 470 796 819 779 846 792

[a] Impact sensitivity (BAM drophammer, method 1 of 6); [b] friction sensitivity (B
drophammer, method 1 of 6); [c] electrostatic discharge device (OZM research); [d] ¢
balance; [e] melting poin(DTA, b=5°Canin'Y); [f] temperature of decompositio(DTA,
b =5°Canin'Y); [g] density at 298 K; [h] standard molar enthalpy of formation; [i] detoné
energy; [j] detonation temperature; g&tonation pressure; [I] detonation velocity; [m] volul
of detonation gases at standard temperature and pressuiigons
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3.3.4.Thermal behavior

The thermal behavior of compoun#éls4i 10 was investigatedvith an OZM Research DTA 55Ex
instrument at a heating rate of 5 °C HirCritical temperatures are given as the onset temperature. The
neutral compound® decomposes simultaneously as soon as the ether solvate is removed from the
molecule.The neutral nitramine3] exhibits only one sharp exothermal signal at@2n the DTAplot.
Additional data can be found in the Supporting Informatiemmm all synthesized salts of BNAFF,
compound2 has the highest decomposition point at 245 All formed nitrogerrich salts with the
BNAFF? anion decompose in the range of 1300 °C, whereas the guanidinium sdjtlfas the highest

decomposition temperature of 189 °C.
3.3.5.Sensitivities

In addition, the sensitivities for all compounds toward friction, impact and electrostatic discharge were
explored using the BAM standard$2"! The silver (0, IS =1 J, FS = 60 N and ESD50 mJ) and
potassium salt2( IS =3 J, FS > 72 N and ESD = 0.19 J) are the most sensitive compounds from all
synthesized energetic materials formed with the BNARBRion. From all nitrogemich compounds the
ammonium saltg) is the most sensitive compound (IS =7 J and FS = 216 N) toward friction and impact.

The impact and friction sensitivities for the others range franto715 J and from 216 N to 36D

3.3.6. Detonation parameters

The detonation parameters for compouBdd, 5, 6 and 7 were calculated using the EXPLO5_V6.03
computer cod&% The EXPLO5 detonation parameters of compou?)d&i 7 were calculated by using
the roomtemperature density values obtained from theaX structures (compounds 4 and5) as
described in referen or by using pycnometrical measured densities of compo@ratsd 7. The
densities range from 1.535 g ¢hi7, pyc) to 2.07 g chi(2). All compounds reported ifiable 2 exhibit

a highly positive heat of formation from 689 kJ k() to 2239 kJ kbt (7), which exceed the value for
the heat of formation of RDX (387 kJ 'Ky Compounds2, 4i 7 show good calculated detonation
parameters with detonation velociti®&ad) between 800B600m s *and detonation pressuig:() 250i
310 kbar. Compoundé shows the highest calculateétonation velocity (8578 1) anddetonation
pressure (3kbar), whereas the guanidinium saf) (exhibits the lowest value¥det. = 8099m s' tand
Pc-3 = 253 kbay).
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3.4. Conclusion

In summary, 3,bis(4nitraminc1,2,50xadiazol3-yl)-1,2,5furoxan @) was synthesized for the first

time by nitration of3,4-bis(4amincl,2,50xadiazol3-yl)-1,2,5furoxan () with 100% nitric acid.
Compound3 is only stable at room temperature with 0.5 equivalents ether as a solvate. The stability of
the BNAFF' anion can be tamed by formiatkali metal salt®r by reacting it with nitrogenich bases.
Starting from the potassium sa? K.BNAFF), different metal and nitrogenich salts with the BNAFE

anion were synthesized and characterized using multinuclear NMR spectroscopy, vibrational
spectroscopy (IRand Raman), »ay singlecrystal diffraction, DTA, BAM sensitivity methods and
elemental analysi#n addition, the heats of formation and detonation properties of all anhydrous energetic

compounds were calculatesalt formation leads to the stabilizatiohthe BNAFF' anion and increase

of the thermal stability up to 245 °C. High detonation velocities (B8600m s 1) were calculated for

the anhydrous compoun@s4i 7.
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3.7. Supporting Information

3.7.1. X-ray Diffraction

The lowtemperature singlerystal Xray diffraction measurements were performed on an Oxford
XCalibur3 diffractometer equipped with a Spellman generator (voltage 50 kV, current 40 mA) and a
KappaCCD detector operating with May a d i a t 0.720@ A)(Data collection was performed using

the QRYSALIS CCD softward®!! The data reduction was carried out using tHRYSALIS RED
softwarelS?l The solution of the structure was performed by direct methd®O7¥>% and refined by
full-matrix leastsquares on F2 (EELXL)S¥ implemented in the WGX software packagé} and

finally checked with the PATON softwarel>¢ All DIAMOND?2 plots are shown with thermal ellipsoids

at the 50% probability level and hydrogen atoms are shown as small spharaisrary radius.

osv

08" NG

0gii

!e

06

Figure 1. Representation of the molecular unit &f showing the atoAmbeling scheme. Thermal
ellipsoids represent the 50 % probability level and hydrogen atoms are shown as small spheres of arbitrat
radius.Symmetry code: (i) X, y, 0.5z; (ii) 1-x, 1-y, 1-z; (iii) -0.5+x,-0.5+y, z; (iv) 1.5x, 1.5y, 1-z; (V)

-0.5+x, 1.5y, 0.5+z; (vi) 1x, 2-y, 1-z;

Bis(hydroxylammonium) 3,4-bis(4-nitraminc1,2,50xadiazol3-yl)-1,2,5furoxan @) hexahydrate
crystallizeswith inclusion of six molecules of crystal water per molecular unit in the monoclinic space
groupC2/c. The measured density at 123 K of 1.665w?is rather low due to the six molecules water

in the crystal structure.
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Table S1.Crystallographic datails of compoun#2s4 and5.

Compound 2 4 5

Formula CeK2N100s CgH12N160g CsH14N180s
Form. Mass [g mbl} 418.36 460.29 490.32
Crystal system triclinic monoclinic orthorhombic
Space Group Pt 1 ( No. P2/c (No. 13) C2/c (No. 15)

Color / Habit
Size [mm]
a[pm]

b [pm]

¢ [pm]

U [ A]
b[°]

o [ A]
V [pm’]

Z

reaic.[g e §
mmm' }
F(000)

amo k[pm]
T[K]

« min-max [°]
Dataset h; k; |

Reflect. coll.
Independ. refl.
Rint

Reflection obs.
No. parameters
R1 (obs)

WR: (all data)

S

colorless block
0.01 x 0.03 x 0.0«
453.13(3)
693.55(5)
2156.75(16)
91.561(3)
91.303(3)
105.748(3)
651.80(8) - 10

2

2.132

0.805

416

71.073

103

3.2, 26.3
1T5:5; T 8:

2272
2272
0.079
2272
236
0.0295
0.0716
1.20

colorless block
0.26 x 0.18 x 0.12
1787.44(5)
775.80(2)
1356.32(4)

90

110.523(3)

90

1761.43(9) - 19

4

1.736
0.153
944
71.073
123(2)
4.1, 26.5
122:22;19
26218

3626

0.029

3150

347

0.0484

0.0996

1.22

1T 19:

colorless block
0.20 x 0.15 x 0.10
1561.13(10)
826.35(4)
1480.72(8)

90

102.714(7)

90

1863.35(19) - 19
4

1.748

0.153

1008

71.073

123(2)

4.6, 30.5
19;11
18

7036

1928

0.028

1591

187

0.0378

0.0872

1.08
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Resd.Dens.[pm{ 7 0. 33, '.10.35, 0. :10.32, 0.
Device type Oxford Xcalibur3 Oxford  Xcalibur3 Oxford Xcalibur3
CCD CCD CCD
Solution SIR-92 SIR-92 SIR-92
Refinement SHELXL-97 SHELXL-97 SHELXL-97
Absorpt. corr. multi-scan multi-scan multi-scan
CCDC 1589059 1589062 1589063
Table S2.Crystallographic datails of compoun8snd10.

Compound 8- 6 HO 10 - 2 Nk

Formula CsH20N12016 CsHeAQ2N120s

Form. Mass [g mol} 516.34 589.97

Crystal system monoclinic triclinic

Space Group C2/c (No. 15) Pr 1 (No. 2

Color / Habit
Size [mm]
afpm]

b [pm]

¢ [pm]

Uu [ A]
b[]

o [ A]
V [pm?]

Z

reac.[g e §
mmm' }
F(000)

Mo k[PM]

T K]

-« min-max [°]
Dataset h; k; |

colorless block

0.25x0.15x0.10

2118.44(12)
751.25(3)
1333.39(7)
90
103.849(6)
90

2060.37(19) - 10

4
1.665
0.162
1072
71.073
123(2)
4.4,27.0
T21:

26 ;1

9 : ¢

colorless block
0.02 x 0.0& 0.17
706.07(6)
1046.69(8)
1191.19(9)
64.293(8)
81.963(7)
88.871(7)
784.58(12) - 1
2

2.497

2.572

568

71.073

173(2)

4.3, 26.0

1T8:8 112
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Reflect. coll. 8343 5774

Independ. refl. 2247 3073

Rint 0.030 0.031

Reflection obs. 1898 2403

No. parameters 199 287

R: (obs) 0.0356 0.0322

WR (all data) 0.0772 0.0710

S 1.08 1.01

Resd. Dens. [pm' § i0.38, ".3:10.67, 6.

Device type Oxford Xcalibur3 CCD Oxford  Xcalibur3
CCD

Solution SIR-92 SIR-92

Refinement SHELXL-97 SHELXL-97

Absorpt. corr. multi-scan multi-scan

CCDC 1589061 1589060

3.7.2.Computations

Quantum chemical calculations were carried out using the Gaussian G09 program [Sdckage.
enthalpies (H) and free energies (G) were calculated using the complete basis set (CBS) method c¢
Petersson and ewmorkers in order to obtain very accurate energies. The CBS models use the known
asymptotic convergence of pair natural orbital expressiomxtrapolate from calculations using a finite
basis set to the estimated CBS limit. GBBegins with an HFF21G(d) geometry optimization; tlzero
pointenergy is computed at the same level. It then uses a large basis set SCF calculation as@pase en
and an MP2/81+G calculation with a CBS extrapolation to correct the energy through second order. An
MP4(SDQ)/631+ (d,p) calculation is used to approximate higher order contributions. In this study, we
applied the modified CBS.

Heats of formation of ionic compounds were calculated using the atomization method (equation 1) using

room temperature CB8M enthalpies summarized frable S3[5859
0H®(g, M, 298)= H(Molecule, 298)i X H°(atoms, 208)*  ¥HGpatoms, 298) (1)

Table S3 CBS4M electronic enthalpies for atoms C, H, N and O and their literature values for atomic
oprH°2%8 / kI mol't

TH*®/ a.u. NIST 510
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H 0.500991 218.2
C 37.786156 717.2
N 54.522462 473.1
O 74.991202 249.5

In the case of the ionic compounds, thtice energylyt) and | at t Hrveere eafculdted | py
from the corresponding -Xay molecular volumes according to the equations providedehiginsand
GlasserStWith the calculated lattice enthalpy the gdmse enthalpy of formation wasnverted into
the solid state (standard conditions) enthalpy of formation. These molar standard enthalpies of formatior
(Bm) were used to calcul ate t heUdnacdomingtosequiatiord2. st a

Um = HmiponRT (2)
( ogeing the change of moles of gaseous components)

The calculation results are summarized ables S4andS5.

Table S4.CBS4M results and calculated gphase enthalpies.

M [g mol'* He(g,M

lon B ] iH2%8l/ a.u, ® (g" :

(&l / kJ moi

BNAFF?Z 340.1 1375.855059 563.9
K* 39.1 599.03597 487.7
G* 60.1 205.453192 571.2
AG* 75.1 260.701802 671.6
NH4* 18.1 56.796608 635.8
N2Hs* 66.1 112.030523 774.5

[ Molecular weight!”! CBS-4M electronic enthalpy®! gas phase enthalpy of formation;

Table S5.Calculation results.

H°(s
@H°(@,M)  Vwm / nm? qlJkd gHL kJ PR ) qpU(s) kJ
Compound . ) ) kJ molt gqn )
/ kJ molt@ bl molt [l mol'1 el kg'td
e
2 1539.3 0,3479348 1243.8 1251.2 288.1 9 742.4
4 1707.7 0.4641811 1113.4 1120.9 586.8 18 1371.8
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5 1907.1 0.4894795 1090.8 1098.2 808.9 20 1750.9
6 1835.6 0.3714202 1213.1 1220.6 614.9 14 1726.9
7 2112.2 0.3861776 1195.2 1202.6 909.6 16 2336.7

@ gas phase enthalpy of formatidthmolecular volumes taken from-pay structures and corrected to
room temperaturé® lattice energy (calculated usingnkins and Glasser equatiori8)jattice enthalpy
(calculated using Jenkins and Glasser equati6hsjandard solid state enthalpfformation;? change

of moles of gaseous components when forriféshlid state energy of formation.

3.7.3.NMR Spectra

1H, 13C and"”N NMR DataforH.BNAFF A0O0. 5 Et

& 0w =t
o nenn Q
-— oMo MmMm -
| e
|', ‘,
|
[ |
| |
) J ]
|
|
[ H 1
o @ &
S =] =
T I‘_ T T T T T T T T = T T =
14 13 12 1" 10 9 8 7 6 5 4 3 2 1 0 -1 2
5 (ppm)

Figure 2. RecordedH NMR spectrum ofH2BNAFF A0.5 EtO (3) in ds-DMSO.

55



Energetic Compounds Based on 3;Bis(4-nitramino -1,2,5o0xadiazot3-yl)-

1,2,5furoxan (BNAFF)

N
"]
©

~154.1
~152.8
15.4

1456
1411
1371
—106.2

70 60 50 40 30 20 10

T T T T T T T T T T T T T
160 150 140 130 120 110 100 90 80
& (ppm)

Figure 3. RecordedC NMR spectrum oH:BNAFF A0.5 E+O (3) in ds-DMSO.
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Figure 4. Recorded“N NMR spectrum oH2BNAFF A0.5 EtO (3) in ds-DMSO.

3.7.4.References

[S1]CrysAlisPro,Oxford Diffraction Ltd. version 171.33.42009

[S2]CrysAlis RED, Versiod.171.35.11(release 1@-2011CrysAlis 171.NetOxford Diffraction Ltd.,
Abingdon, Oxford (U.K.)2011

[S3]A. Altomare, M. C. Burla, M. Camalli, G. L. Cascarano, C. Giacovazzo, A. Guagliardi, A. G. G.
Moliterni, G. Polidori and R. Spagna, SIR97: A Newol for Crystal Structure Determination and
RefinementJ. Appl. Crystallogr.1999 32, 1151119.

56



Energetic Compounds Based on 3;Bis(4-nitramino -1,2,5o0xadiazot3-yl)-
1,2,5furoxan (BNAFF)

[S4]G. M. Sheldrick, A Short History of SHEL)cta Crystallogr., Sect. A: Found. Crystallog2z00§
64, 11271122.
[S5]L. J. Farrugia, WIinGX Suite for SmaWlolecule SingleCrystal Crystallography,J. Appl.
Crystallogr,199932, 8371 838.
[S6]A. L. Spek, PLATON 1999 A Multipurpose Crystallographic Tool, Utrecht University, The
Diffraction Ltd.
[S7] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scaseévl. A. Robb, J. R. Cheeseman, G.
Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H.P. Hratchian, A.
F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J.
Hasegawa, M. Ishid&,. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J.
E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi,
J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. lyehgomasi, M. Cossi, N. Rega, J.
M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma,
V. G. Zakrzewski, GA. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J.B.
Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox, Gaussian 09 A.02, Gaussian, Inc., Wallingford, CT, USA,
2009
[S8] (a) J. W. Ochterski, G. A. Petersson, and JMantgomery Jr.A complete basis set model
chemistry. V. Extensions of six or more heavy atodnsChem. Physl996 104, 2598 2619; (b) J. A.
Montgomery Jr., M. J. Frisch, J. W. Ochterski G. A. Peters&agmplete basis set model chemistry.
VII. Use ofthe minimumpopulation localization method, Chem. Phy200Q 112 6533 6542.
[S9] (a) L. A. Curtiss, K. Raghavachari, P. C. Redfern, J. A. Pople, Assessment of Gauasin
density functional theories for the computation of enthalpies of formaticbhem. Phys1997, 106,
1063 1079; (b) E. F. C. Byrd, B. M. Rice, Improved Prediction of Heats of Formation of Energetic
Materials Using Quantum Mechanical CalculatiohsPhys. ChemA 2006 110, 1005 1013; (c) B. M.
Rice, S. V. Pai, J. Hare, Predicting heats of formation of energetic materials using quantum mechanica
calculationsComb. Flamel 999 118 445 458.
[S10] P. J. Lindstrom, W. G. Mallard (Editors), NIST Standard Reference DatabasdeN69,
http://webbook.nist.gov/chemistry/ (accessed Noverabéi).
[S11] (a)H.D. B. Jenkins, H. K. Roobottom, J. Passmore, L. Glasser, Realtionships among lonic Lattice
Energies, Molecular (Formula Unit) Volumes, and ThermodbainRadii,Inorg. Chem1999,38,3609
3620. (b) H. D. B. Jenkins, D. Tudela, L. Glasser, Lattice Potential Energy Estimation for lonic Salts from
Density Measurementijorg. Chem2002 41, 2364 2367.

57



Energetic Functionalization of the Pyridazine Scaffold: Synthesis and Characteriaztion of 3,5
Diamino-4,6-dinitropyridazine -1-oxide

4. Energetic Functionalization of the Pyridazine Scafft:
Synthesis and Characterization of 3,Diamino-4,6-
dinitropyridazine -1-oxide
lvan GospodinovThomas M. Klap&tke and Jorg Stierstorfer

Published inEur. J. Org. Chen2018 1004 101Q

DOI: 10.1002/ejoc.201800068

N H2504:50;
| N — ANO;
Meo~=N=0

Abstract: The synthesis of 3;8iamino4,6-dinitropyridazinel-oxide @) is reported. It is prepared in a
six step synthetic procedure starting from the acyclic compounds and shows good pr@etoinegion
velocityDcy= 8 4 8 %pdetonAt®n pressupe-;= 302 kbar and sensitivity toward mechanical stimuli).
Compound3 and its precursor7( 3,5dimethoxy4,6-dinitropyridazinel-oxide) were characterized by
means of multinuclearfd, °C, “N, ®™N) NMR spectroscopy, mass spectrometry, vibrational
spectroscopy (IR and Raman), elemental analysis and DTA measurementsu@dsdpb, 6, 7, 8 and

9 were also characterized by leéemperature singlerystal X-ray diffraction. The heats of formation for
7 and 8 were calculated using the atomization method based on-4BB&nthalpies. With the
experimentally determined ¢Ky) densities and the calculated standard molar enthalpies of formation,
several detonation parameters such as the detonation pressure,atekgjocity were predicted by
using the EXPLOS5 code (V6.03). The sensitivities ofdrhethoxy4,6-dinitropyridazinel-oxide (7)
and 3,5diamino4,6-dinitropyridazinel-oxide @) toward impact, friction and electrical discharge were
tested according toAM standards. In addition, the shock reactivityBaflas measured by applying the
smallscale shock reactivity test, showing similar values to HNS, PYX and-3KX
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4.1. Introduction

Due to increasing safety regulatiotiee research on new energetic materialsedaon nitrogemich
heterocycles has attracted considerable interest in the past decades, not only for military application bt
also for industrial!! The arising challenge on combining good detonation performance and sensitivity for
the synthesis of newigh-energy density materials has come into fd8uEhere are different strategies
reported in the literature for achieving this goal; introduction of conjugation into the system, formation
of nitrogenrich salts or introduction of an alternating \lH>/Ci NO: into the system, which leads to the
formation of intra and intermolecular hydrogen borléisA well-known example for a heat resisting and
insensitive explosive is 2,4fiamino-1,3,5trinitrobenzene (TATB) consisting of alternating amino and
nitro groups on the benzene scafféfidn recent years, the synthesis of new energetic materials based on
nitrogenrich heterocycles has received great intéPeSbme synthesized and well known heterocyclic,
energetic materials based on pyridines (TANPSIGnd 1,4diazines (ANPZ and LLMLO5)"8 are

shown in Figure 1. LLM105 and TANPyYO exhibit good thermal stability and sensitivity combined with
good detonation performance. The introduction of thexile moiety to the energetic backbone has been
provento increase not only the performance of the energetic material, but also its oxygen balance anc
improves the crystal packing, leading to higher density of the matéRar. example, 2 @iamino3,5
dinitropyrazinel-oxide (LLM-105,; = 1. 9 ?® and B & 8616 mA' shows higher energetic
performance compared to its precursordig@mino3,5-dinitropyrazine (ANPZy = 1 . 8'4andDAc m
7892m A.[510
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Figure 1. Energetic compounds TATB, TANPyO, ANPZ, LL-AD5 andthe investigated pyridazine

derivatives.

Although 1,4diazines have been well investigated in the literature as energetic materiats)dL 32
diazines are relatively unexploited systeifisis can be explained by the fact that electrophiles directly
attack the ring Natoms in the pyridazine/pyrimidine system resulting for instance in protonation,
alkylation or Noxidation, thus hindering nitration attempt$In addition, the nitro group is an excellent
leaving group and can be easily substituted dxemweak nucleophile®? However, ecently reported
literature shows that 1-@iazine (pyridazine) derivatives and theioXides can be synthesized and may
be interesting new building blocks for the synthesis of new energetic mafétidlse idea othis work
was to synthesiz8,5diaminc4,6-dinitropyridazinel-oxide and 4,&liamino3,5-dinitropyridazinel-
oxide Figure 1); two structural isomers to LLM.O5 which are based on the pyridazine scaffolee to

the additional NN bond both pyridazine deatives should exhibit even higher heat of formation
compared to LLM105.

4.2. Results and Discussion

Herein, we report the selective functionalization of the pyridazine scaScliefne 1
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OH 0 0 Cl OMe
Semicarbazide
C?IQ/K + Gl _II ) NH,0AG, reflux, 55 h C'N hydrochloride SN _KOH@E0eq) o
—_— _—
cl OH 2) pTsOH, reflux, 6 h cl Lo DMF/ H,0 . N eon - I
35-40% s o
1 2 ? 3 55-60% 4 80-85% 5
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— | —
° Meo” ~N=o MeO” Y N0 CH,CN,A  H,NT Y Mo
20% oleum/ NaNO NO, 90-95% NO,
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_5-0°C 60 °C

20% 13%
0

Schemel. Synthesis of 3 limethoxy4,6-dinitropyridazinel-oxide (/) and 3,5-diamino4,6-
dinitropyridazinel-oxid (8).

The target molecules3,5dimethoxy4,6-dinitropyridazinel-oxide (7) and 3,5diaminc4,6-
dinitropyridazinel-oxide @) were synthesized by using 3jichloropyridazine4) as the starting
material. Initially, ompound4 was synthesized according to the literatiffd reatment of chloral
hydrate ) with chloroacetaldehyd@) in the presence of ammonium acetaiad p-
toluenesulfonic acid monohydrate on thEAN-STARK apparatus gaveZ)-2,4,4,4tetrachlorobut
2-enal @). The cyclization of compoun® with semicarbazide hydrochloride yielded -3,5
dichloropyridazine 4). Subsequently, compourddwas converted into 3;8imethoxypyridazine
1-oxide @)% by first reacting it with potassiunydroxide in methanol, which gave 3,5
dimethoxypridazine),[*! followed by oxidation of the pyridazine nitrogen with 30% hydrogen
peroxide in glacial acetic aci@he introduction of the Mxide was also accomplished by using
HOF increasing the yield ahe reaction up to 909! The insertion of the Mxide and the
introduction of electrordonating functional groups OMe) into the pyridazine scaffold allowed
the nitration with 20%leum and 100% nitric acid of compoubdo the desired product 3,5
dimethoxy4,6-dinitropyridazinel-oxide (7). Nitration of 6 was also possible with a mixture of
20% oleum and sodium nitrate at elevated temperature. The second nitro group in cofmpasind
able to be introduced only when theoXide was present in the parent molecule. Finally; 3,6
diamino4,6-dinitropyridazinel-oxide @) was synthesized by reacting compouiidwith

concentrated ammonia solution in acetonitrile.
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Nitration

25% oleum/ 100% HNO;

OMe OMe

0°C,1h—rt, 2h
OZN:CN 85°C, 4 h | \r}J
| 26% N
MeO /N MeO z

40% oleum/ KNOj3 (2.5 eq.) 5

15°C,1h—>40°C,2h
85 °C, overnight
45%

Scheme2. Nitration reactionsvith 3,5dimethoxypyridazines).

The first step in the synthesis 4f6-diaminc3,5-dinitro-pyridazinel-oxide was the nitration of
3,5-dimethoxypridazine). As shown inScheme 2the nitration of compoun8 gave only 3,5
dimethoxy4-nitropyridazine 9) and not the desired product @lBnethoxy4,6-dinitropyridazine.

Further nitration of compounfl was not successful and yielded either the starting material or
decomposition products. The crystal structure of compdainsl reported in the Supporting
Information. As it seems withoutttd¢Y O moi ety the introduction of
the pyridazine system cannot be achieved. Different strategies toward the synthesikzohih6é

3,5-dinitropyridazinel-oxide are currently under investigation.
4.2.1.X-ray diffraction

Suitable crystals of and8 for X-ray diffraction analysis were obtained by slow evaporation from

a solution of7 in dichloromethane and a solution&if water, respectively. laddition,the crystal
structures of compounddi 6 are shown in the Supporting InformatioBCDG-1590457 4),
CCDG-1590458 §), CCDG 1590459 ¢ A3 H,0), CCDG1590461 7), CCDG1590460 §) and
CCD(G1816507 9) contain the supplementary crystallographic data for this paper. These data can
be obtained freeof charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/€@bmpound? crystallizes in the orthorhombic space group
Pbcnand has a calculated density of 1.6@fm  at 123 K Figure 2). The bond angles and bond

lenghs in the pyridazine ring are between typic
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due to the aromaticity. Among them, the bond
1.347(3) |, respectively. The NI O bond |l ength

Figure 2. Molecular structure of compoundin the solid state. Ellipsoids correspond to 50 %
probability levels. Selected bond distances [A] and arjéJe®1i N1 1.268(2), NIN2 1.347(3),
N1i C4 1.341(3), CBC4 1.401(3), NAC4 1.468(3), ORC1 1.323(2), NEN1i C4 121.75(17), N3
C2iC1 117.48(18), CG50ZiCIiN 2 T 2. 6I(NBIN2IC1 @78.22(17), ONIIC2 C3
1120.9(2), CBO5IC3iC4 T1160. 6( 2) ;

Compound8 crystallizes in the monoclinic space groBf:/c and has a calculated density of
1.888gAm 2 at 123 K Figure 3). Compared to compouri®tl( N1 71 1®68(2) A)t he N7 O bond
l ength in theddN&OD mot eslyowrd any sil@esi(i9H.ant di
Compound8 is almost planar in the crystal structure with a small aberration for the nitro group
nexttot he NYO with torsions angle of 36.5(2) a
O31T N3T C11T N1, respectively. Both amino groups
as the pyridaziiCe1.4222) §).lengthsia co@po@hale @ the ange of

those reported for LLMLO5 (O C 1.417 A);howevert h e CT1i®R 1.8 (®) A) bond lengths

for compoundB are slightly shorter than those reported for L4105 (G N 1.374 A). In addition,

the NTO bond | ength (1. 31 71D5isjlongeithantheldeternNnéd mo i
val ue (.2681(19 &) for compoung.2%!
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Figure 3. A) Molecular structure of compourlin the solid state. Ellipsoids correspond to 50 %
probability levels. Selected bond distances [A] and arjéfeO1iN1 1.2681(19), NiIN2

1.323(2), NIC1 1.357(2), CUC2 1.422(2), N6C4 1.322(2), OBN3 1.229(2), OLNILi N2
114.67(15), NLN2i C4 118.94(15), @ N3iC1 119.99(15), OIN1i C1i N3 4.9(2), O2N3i CLi

N1 36.5(2), OBN5IC3IC2 1 168. 6QZCBBH, 1TH45(2); B) View of

compound along the kaxis.
4.2.2.>N NMR spectroscopy

All synthesized compounds were characterized by vibrational spectyodBognd Raman), mass
spectrometry, multinuclear NMR'{, 3C and '*N) spectroscopy and elemental analysis. In
addition, >N and *®N{1H} NMR spectra of compoun® were recordedRigure 4). >N NMR
spectrumoBe x hi bits only five signal s; both nitro
theNOoxi de has a resonance at 169.5 ppm and the
amino group can be 'Ovos%9 W2 idtheaproton CAWBBNNMR p m
spectrum o8. All six resonances for the nitrogen atoms can be observed in the proton decoupled

5N NMR spectrumoB. Both nitro groups (7115.6 and 126.
atoms (169.5 and 1T100. 3 pitmelisteddevdr.iBoth amind gnoaps s a me

can be observed as singlets at 1T286.7 and 129
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Figure 4. 1°N{*H} and >N NMR spectra of compourt!
4.2.3.Physical and detonation properties

Since compoundZ and 8 can be classified as energetic materials, their energetic behavior was
investigated. All theoretically calculated and experimentally determined values éod 8
compared to the insensitive explosive LLI5 are listed in Table 1. The thermal behaviar fo
both compounds was investigated withGatM Research DTA 55Ex instrument at a heating rate

of 5 °C mit!. Compound? decomposes at 15C, while 3,6-diamino4,6-dinitropyridazinel-

oxide @) decomposes first at 21%. The increased stability of compali8 compared to the
precursor, compound, can be explained by the intaad intermolecular hydrogen bonds in the
structure oB. This observation of change in the thermal behavior from compbdtmdompound

8 verifies that the introduction of alternagin C T2/NET Nf@hctionalities into the pyridazine
system not only improves the energetic properties of the material, but also increases the thermal
stability. The difference in the thermal stability®{215 °C) compared to LLMO5 (342 °C) is
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significantThi s can b

e explained

introduction of the Noxide and its position next to the N@roup.

with the weakeni

In addition, the sensitivities fdroth compounds were determined according the BAM standards

and thedetonation parameters were calculated using the EXPLO5_V6.03 computéfictde.

EXPLOS5 detonation parametersfnd8 were calculated by using the rogemperature density

values obtained from the-May structures as described in referéfh®elhe density at room
1. 5'8 and fprA8cins
experimental sensitivities toward friction and impact#glS =20 J and FS = 360)Nand8 (IS =
18 J and FS = 360)Nare in the range for those of thesamsitive explosive LLMLO5 (IS =20 J

temperature for compound i s

1. 8'8 The gldterrmned

and FS = 360 N The synthesized compound$0.65 J and8 (0.75 J are even less sensitive than

LLM-105 (0.6QJ) toward electrostatic discharge. The calculated phyiemical properties of

compoundd compared to those of LLMO5 are quite surprising (Table 1). Although the room

temperature density &, 5-diamino4,6-dinitropyridazinel-oxide @, } = 1.837g&m 3) is lower
than those of LLM105 { = 1.919g&m %),2%the calculated detonation paramest®r8 are similar

to those of LLM105. The detonation pressume- = 302 kbay and detonation velocityDc.; =
8486 mA' 1) of 8 are in the range of those for LL-MD5 (c.; = 317 kbar andDc.; = 8639mA'1).
However, the values o8 for the detonation energyt913 kJkg'!) and for the detonation
temperature (3470 K) exceed those values for L108 @506 kXg' tand 3202 K.

Table 1.Physicachemical properties of compoundand8 in comparison to LLM105.

7 8 LLM -105

Formula CsHsN4O7 C4HaNgOs C4HaNgOs

1S4J] 20 18 20*
FSPN] 360 360 360*
ESDY [J] 0.65 0.75 0.60*

q %] 152 137 137
Twl®l[°C] 1 ) 1
Taed1 [°C] 151 215 344208

y9 [ g A% m 1.59 1.84 1.924200)
pHMM k JA K g 7465 511 51

66

ng



Energetic Functionalization of the Pyridazine Scaffold: Synthesis and Characteriaztion of
3,5-Diamino-4,6-dinitropyridazine -1-oxide

opHM [ k J Rmo | 1114 110 11
EXPLOS 6.03
ToeUl[ k JAKk g 4767 4913 4506
T [K] 3442 3470 3202
pc.s™ [kbar] 208 302 317
Dc' [ mA's 7227 8486 8639
VM L3kg' Y 722 720 706

[a] Impact sensitivity (BAM drophammer, method 1 of 6); [b] frictieansitivity (BAM
drophammer, method 1 of 6); [c] electrostatic discharge device (OZM research); [d] ¢
balance with respect to GQO[e] melting point(DTA, b=5°Cain'Y); [f] temperature of
decomposition(DTA, b=5°Cin'Y); [g] density at 298 K; [hlstandard molar enthalpy «
formation; [i] detonation energy; [j] detonation temperature;dgdonation pressure; |[
detonation velocity; [m] volume of detonation gases at standard temperature and [
conditions. *experimentally determined values f6M-105 (grain size 10 0 0 & m) .

The evaluation of the explosive performance of comp@uorla small scale was investigated with

the smallsscale shock reactivity test (SSRT). With this test the shock reactivity (explosiveness) of
the investigated explosive is measured below the critical diameter, without requiring a transition to
detonatiort?! The setup for thesmallsscale shock reactivity test (SSRT) has been prepared as
previously reported in the literaturigure 5).°2 Compound was pressed at a consolidation dead
load of 3 t with a dwell time of 5 s into a perforated steel blatkiation of the tested explosive

was performed by using a commercially available detonator.
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detonator

Figure 5. SSRT results: A) schematical illustration; B) photograph of the setup; C) aluminum block
and steel block filled with compour®] D) dented aluminurblock after initiation of the explosive

with a commercial detonator.

The results of the SSRT are displayedrigure 5 (D). The dent sizes were measured by filling
them with finely powdered Sixand measuring the resulting weight. The resul isf compaed
with the corresponding values for HNS, PYX &n¢X -55 (Table2).?2 The measured dent volume
for compound8 (694 mg) compared to HNS (672 mg), PYX (637 mg) &KX -55 (641 mq)
shows that the performance &bn a small scale is slightly higher than #m®wn heat resistant

explosives.

Table 2. The SSRT for compour8lcompared to HNS, PYX and TKXES5.

SSRT for8 compared to HNS, PYX and TKE5

HNS PYX TKX-55 8
me [mg]@ 469 474 496 496
m [mg] ©! 672 637 641 694

[a] Mass of the explosivene = Vs} 0.95;[b] Mass of SiQ.
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4.3. Conclusions

In summary, we report the synthesis of new selectively functionalized pyridazine derivative
consisting of alternating amino/nitro groups anebXide moiety. Compoundg and 8 were
synthesized by starting from the acyclic compounds chloral hydrate and chloroacetaldehyde. The
introduction of the Noxide was achieved by reacting diBnethoxypyridazine5) either with a
mixture of glacial acetic acid and 30%®? or by reacting with HOF solution. Nitration of 3;5
dimethoxypyridazinel-oxide @) to 3,5dimethoxy4,6-dinitropyridazinel-oxide (/) was
achieved with 20% oleum and 100% nitric acid. The key step in the syntheslevirgisoduction

of electrondonating groupsi OMe) and the Noxide moiety into the pyridazine scaffold allowing
successful nitratiol’Amination of7 with concentrated ammonia solution yielded-8i&minc4,6-
dinitropyridazinel-oxide @). Compound shows good detonation properties similar to L1056

and dso low sensitivities (IS = 18; FS = 360 N and ES = 0.75 J). In addition, the setalle
shock reactivity test (SSRT) with compouBdvas performed and compared to other energetic
materials (HNS, PYX, TKX55). Further functionalization of the pyridaziseaffold is currently

under investigation in our laboratories.
4.4. Experimental Section

4.4.1.General Considerations

4, 13C, ¥N and ®™N NMR spectra were recorded on JEOL 270 and BRUKER AMX 400
instruments. The samples were measured at room temperature in standard NMR tutves)(d 5
Chemical shifts are reported@sgalues in ppm relative to the residual solvent peaks of €@l
7.26,0C: 77.1),d6-Acetone (iH: 2.05,0C: 29.8 and 206.3) amds-DMSO (H: 2.50,0C: 39.5).
Solvent residual signals and chemical shifts for NMR solvents were referenced against
tetramethylsilane (TMS]j = 0 ppm) and nitromethane. Unless stated otherwise Jiogugonstants

were reported in hertz (Hz) and for the characterization of the observed signal multiplicities the
following abbreviations were used: s (singlet), d (doublet), t (triplet), g (quartet), quint (quintet),
sept (septet), m (multiplet) and brrglad). Low resolution mass spectra were recorded on a JEOL
JMS700 MStation mass spectrometer (EI+/DEI+). Infrared spedRa were recorded from
4500cm't to 650 cmi! on a PERKIN ELMER Spectrum BX9343 instrument with SMITHS

69



Energetic Functionalization of the Pyridazine Scaffold: Synthesis and Characteriaztion of
3,5-Diamino-4,6-dinitropyridazine -1-oxide

DETECTION DuraSamplIR IIDiamond ATR sensor. The absorption bands are reported in
wavenumbers (chi) . El ement al anal ysis was <carried ou
analytical laboratory on a Elementar Vario el by pyrolysis of the sample and subsequent analysis
of the formel gases. Decomposition temperatures were measured via differential thermal analysis
(DTA) with an OZM Research DTA 55Ex instrument at a heating rate of 5 °C hiand in a

range of room temperature to 400 °C. Melting points were determined in capiNéhes Blichi

Melting Point B540 instrument and are uncorrected. All sensitivities toward impact (IS) and
friction (FS) were determined according to BAM (German: Bundesanstalt fur Materialforschung
und Priifung) standards using a BAM drop hammer and a Biskibn apparatu&® Compounds

7 and8 were tested for sensitivity towards electrical discharge using an Electric Spark Tester ESD
2010 EN.

3,5-Dimethoxypyridazine (5)

3,5-Dichloropyridazine (16.26 g, 109.15 mmol) was dissolved in MeOH (400 mL) ansispota
hydroxide (20.82 g, 371.1 mmol, 3.36 eq.) was added. The resulting reaction mixture was stirred
at room temperature for 3 days. The suspension was filtrated and the solvent was removed under
reduced pressure. The solid material was dissolved intamiaf DCM (350 mL)/ HO (150 mL)

and the water phase was extracted again with DCM (2 x 150 mL). The combined organic layers
were dried over MgS£and the solvent was evaporatedacuoto yield compound (12.40, 88.49

mmol, 81 %)as a yellowish solid.

m.p. 73 °C; IR (ATR)p (cm' 1) = 3322 (br), 3056 (w), 3020 (vw), 2962 (w), 1595 (vs), 1554 (vw),
1468(s), 1447 (s), 1419 (vw), 1387 (vs), 1345 (vs), 1297 (w), 1247 (vw), 1218 (vs), 1191 (s), 1170
(vs), 1092 (m), 1043 (s), 1016 (vs), 986 (m), 926 (m), 898 (m), 876 (s), 861 (vwm},5659

(m). Raman(1064 nm, 200 mW, 2%C): 6 (cm'!) = 3088 (20), 3046 (28), 3022 (53), 2993 (17),
2965 (35), 2945 (23), 2584 (17), 2826 (10), 1602 (9), 1468 (10), 1445 (13), 1418 (11), 1348 (31),
1245 (33), 1190 (13), 1179 (9), 1093 (11), 1046 (11), 102K 992 (17), 750 (39), 459 (21), 250

(9), 220 (13), 73 (100¥H NMR (ds-DMSO, 400 MHz, ppmji = 8.63 (d,*J = 2.50 Hz, 1H), 6.69
(d,*J=2.50 Hz, 1H), 3.99 (s, 3H), 3.86 (s, 3HC NMR (ds-DMSO, 101 MHz, ppmji = 165.9,

159.7, 141.1, 96.9, 55.8, B4 Elem. Anal. (6HsN202, 140.14 g mot) calcd.: C 51.42, H 5.75, N
19.99 %. Found: G1.46, H 5.79, N 19.85 9%n/z(DEI"): 140 (100) [M], 139 (92), 69 (55), 68

(84);
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3,5-Dimethoxypyridazine-1-oxide (6)
Procedure 1:

To a solution of3,5-dimethoxypyridazine (6.00 g, 42.8 mmol) in acetic acid (60 mL) was added
30% HO:> (8 mL) and the reaction mixture was stirred at 75 °C. After 2.5 hI389s (8 mL) was
added to the reaction dropwise and stirring was continued for another 2.5 h aiAft&ef Cooling
down, the reaction mixture was diluted with@1(250 mL) and basified with N&Os. The water
phase was extracted with DCM ¥250mL) and the combined organic layers were washed with
H2>O (250mL). After draying over MgS®the solvent was removad vacuoand compound
(4.94 g, 75 %) was obtained as white solid.

Procedure 2:

3,5-Dimethoxypyridazine (0.51 g, 3.27 mmol) was dissolved in DCMn{L% and the reaction

was cooled ta 510 °C. To the solution was slowly added figsprepared HOF in acetonitrile
solution (0.26 M, 63 mL, 5.69.) and the reaction mixture was stirred for 1 h°& @nd overnight

at room temperature. The excess of acid was quenched with saturated sodium carbonate solution
and the reaction was extradtwith DCM (5x 150mL). The combined organic layers were dried

over MgSQ and the solvent was removedvacuo Compound was obtained as a white solid in

a good yield (0.46 g, 90%).

m.p. 131 °C; IR (ATR)p (cmiY) = 3114 (w), 3059 (w), 2948 (w), 1568)( 1457 (m), 1379 (s),
1212(vs), 1175 (s), 1080 (m), 1043 (m), 965 (w), 927 (M), 855 (M), 82R&SHan(1064 nm, 200
mW, 25°C): 6 (cmi' %) = 3115 (15), 3061 (16), 3025 (43), 2991 (15), 2943 (22), 2840 (14), 1572
(35), 1475 (11), 1447 (9), 1430 (15), 22@5), 1221 (30), 1200 (15), 1176 (18), 1054 (12), 1003
(11), 970 (25), 624 (52), 397 (19), 258 (15), 203 (14), 117 (}BONMR (ds-DMSO, 400 MHz,
ppm) i = 7.98 (d,%J = 1.65 Hz, 1H), 6.55 (d\J = 1.65 Hz, 1H), 3.88 (s, 3H), 3.86 (s, 3HC

NMR (ds-DMSO, 101 MHz, ppm)ii = 165.6, 165.2, 118.8, 90.9, 56.9 55.0. Elem. Anal.
(CeHsN20s, 156.14 g mof) calcd.: C 46.15, H 5.16, N 17.94 %. Found4&€17, H 5.11, N
17.86 %.m/z(DEI): 156 (100) [M], 85 (29), 69 (21), 68 (16);
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3,5-Dimethoxy-4,6-dinitropyridazine -1-oxide (7)
Procedure 1:

3,5-Dimethoxypyridazinel-oxide (3.00 g, 19.2 mmol) was dissolved in 20% oleumn¢2) at

5 °C and sodium nitrate (8.50 g, 100 mmol) was added in a small portions by maintaining the
temperature fathe solution below 5 °C. The reaction mixture was stirred forahd then brought

to room temperature slowly. Subsequently, the reaction was stirred overnight at 60 °C and
afterwards quenched on crushed ice. The resulting suspension was stirred etitisisolved

and the resulting precipitate was filtered. The crude product was dissolved in £8@¢ (18 mL),

stirred at 60 °C for 3 h, then quenched on ice and the resulting precipitate was filtered. The product

was washed with icevater until the iftrate was acid free and dried on air (0.62 g, 13%).
Procedure 2:

3,5-Dimethoxypyridazinel-oxide (6.70 g, 42.9 mmol) was dissolved inZ8% oleum (35nL) at

10 °C and 100% HNg&Y26 mL) was added dropwise by maintaining the temperature of the solution
bdow 8 °C. After the addition was complete the reaction mixture was first stirred for 1.5 h at 0 °C,
then for 2 h at room temperature and finally for 20 h a5@3C. After cooling down the reaction

was poured onto crushed ice. The resulting suspensiostivasl for 2 h and then the yellowish
precipitate was filtered off, washed with water until the filtrate was acid free and dried on air. The
crude product was dissolved in coneSiEy (35mL) and stirred at 60 °C for 2 h. The reaction
mixture was quenclteon crushed ice. The resulting precipitate was filtrated, washed with ice

water until the filtrate was acid free and dried on air (2.94 g, 28 %).

DTA (5 °C mirl1): 151 °C (dec.); BAM: drop hammer:20J (1600 0 e m) ; f 360Nt i on
(100500 m) ;D: ESJ (1005 0 0 HRMATR), 6 (cm't) = 3000 (w), 2962 (m), 2906 (w),

2890 (w), 1563 (s), 1541 (s), 1504 (m), 1443 (m), 1416 (m), 1379 (s), 1343 (s), 1285 (s), 1252 (m),
1214 (s), 1136 (m), 1082 (m), 1016 (m), 985 (m), 942 (w), 828 (m), 784 (m)wWjs@1L1 (vs),

648 (m), 614 (w)Raman(1064 nm, 200 mW, 2%C): 6 (cm'Y) = 3052 (10), 2963 (22), 1564 (32),

1528 (9), 1452 (12), 1419 (27), 1379 (22), 1346 (41), 1253 (40), 830 (21), 642 (10), 616 (9), 403
(8), 333 (12), 313 (24), 230 (15), 186 (17), 128)( 96 (100)H NMR (ds-DMSO, 400 MHz,
ppm)l= 3.98 (s, 3H), 3.87 (s, 3HFC NMR (ds-DMSO, 101 MHz, ppmii= 156.8, 155.6, 144.4,

t

124.1, 62.1, 55.5“N NMR (ds-DMSO, 29 MHz, ppm)i= 118, 1 82. ¢EBNu@m. Ana
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246.14 g mol) calcd.: C 29.28, H 2.46, N 22.76 %. Found2¥25, H 2.69, N 22.78 %mn/z
(DEI*): 246 (100) [M[, 216 (24), 140 (39), 83 (10);

3,5-Diamino-4,6-dinitropyridazine -1-oxide (8)

3,5-Dimethoxy4,6-dinitropyridazinel-oxide (1.40 g, 6.69 mmol) was dissolve@aetonitrile (50
mL) and an aqueous 25% NBKolution (5.0mL) was added dropwise at room temperature. The
solution was then refluxed for 24 h. After cooling down the solvent was rentovaduoand the
residue was dissolved in acetone. After removingstilieent under reduced pressure the product

was obtained as yellow solid (1.20 g, 90 %).

DTA (5 °C mirl1): 215 °C (dec.); BAM: drop hammer: 18 J (16000 e m) ; f 360Nt i on
(100600 em); ESTDB0O00.e7nb) ;J Ol(CRLIDEOBAIR()), 328 (m), 1600 (s),

1573 (s), 1513 (vs), 1381 (m), 1271 (s), 1219 (s), 1181 (vs), 1078 (s), 1034 (s), 891 (w), 834 (m),

775 (w), 754 (w), 726 (w), 699 (m), 659 (w), 638 (w), 559Rgman(1064 nm, 200 mW, 25C):

0 (cm' ) = 3287 (7), 1514 (52), 1456 (23895 (16), 1311 (67), 1284 (73), 1200 (15), 1133 (8),

1042 (9), 896 (10), 836 (29), 667 (23), 633 (8), 582 (29), 417 (7), 204 (10), 122 (100), 107 (100).

'H NMR (ds-DMSO, 400 MHz, ppm}i = 8.75 (br, 2H), 8.64 (br, 2H}*C NMR (ds-DMSO, 101

MHz, ppm)ii = 154.3, 142.2, 133.9, 110.8N NMR (ds-DMSO, 29 MHz, ppm)i= 1 15, 126,
170.15N NMR (de-DMSO, 41 MHz, ppm)i=il5. 6, 126. 0, 1 6959297 110 . 3
Hz, 2N). 5N{H} NMR (de-DMSO, 41 MHz, ppmli=i15. 6, 126.0, 169.5, i

1292.9 Elem. Anal. (GH4NgOs, 216.11 g mof) caled.: C 22.23, H 1.87, N 38.89 %. Found:
C22.60, H 1.97, N 38.61 %m/z(DEI"): 216 (94) [M], 200 (47), 186 (28), 110 (36);

3,5-Dimethoxy-4-nitropyridazine (9)
Procedure 1:

3,5Dimethoxypyridazine (1.69, 11.4mmol, 1.0eq.) was dissolved in 25% oleumr(idl) and

100% HNQ (1.30mL) was added dropwise atl@ °C. The reaction mixture was stirred for 1 h at

0 °C and then at room temperature for Zhbsequently, the reaction was stirred for 4 h at 80

85 °C and afterwards quenched on crushed ice. The resulting precipitate was filtered and washed
with ice-water until the filtrate was acid free to yield ‘@lBnethox4-nitroypyridazine (554 mg,

26%) as a palgellow solid.
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Procedure 2:

3,5-Dimethoxypyridazine (BOg, 12.8mmol, 1.0eq.) was dissolved in 40% oleumr(l) and
KNO3(1.29g, 12.8mmol, 1.0eq.) was added at .80 °C. The reaction mixture was slowly heated

to 40°C and KNQ (1.95g, 19.2mmol, 1.5eq.) was added. The reaction was stirred atG80
ovemight. The reaction mixture was poured on ice and the precipitate was filtrated, washed with

ice water and dried on air to yield compoh@.07g, 5.76mmol, 45%) as a paigellow solid.

IR (ATR), 0 (cm' ) = 3091 (vw), 3047 (vw), 3012 (vw), 2960 (vw),&3B(vw), 1608 (s), 153(s),

1490 (m), 1454 (m), 1429 (w), 1362 (vs), 1336 (m), 1241 (s), 1178 (w), 1135 (vs), 1058 (m), 997
(m), 910 (m), 882 (m), 865 (s), 776 (W), 754 (m), 650 (m), 617 (W) 579 (MYV8)7H NMR
(ds-DMSO, 400 MHz, ppmji= 9.38 (s, 1H), 4.15 (s, 3H), 4.15 (s, 3HC NMR (ds-DMSO, 101

MHz, ppm)i = 154.9, 149.0, 139.5, 125.7, 58.8, 56"&1 NMR (ds-DMSO, 29 MHz, ppm)i =
120.Elem. Anal. (GH7N304, 185.14 g maf) calcd.: C 38.93, H 3.81, N 22.70 %. FounB&73,

H 3.74, N 22.78 %m/z(DEI"): 185 (62) [M], 96 (100), 53 (24).
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4.6. Supporting Information

4.6.1.Synthesis and generatonsiderations

General procedure for the preparation of HOF:

A 10% F mixture (mixed with 90% B was bubbled through a mixture of acetonitrile (120 mL)
and wat er (°Ciaadndice bath for 2B K. Bhe oxidizing power of the HOF solution
was monitored by reacting aliquots (1 mL) with an acid aqueous &ILsolution (5 mL). The
formed iadine was titrated with 0. thiosulfate solution. Concentrations of the oxidizing agent

were in the range of 0.20to 0.30m.

Compounds$ and4 were synthesized according the known literattite.
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(2)-2,4,4,4Tetrachlorobut-2-enal (3)

Chloral hydratel, 164.5 g, 1.00 mol) and ammonium acetate (4.94 g, 0.064 mol) were dissolved

in toluene (225nL) and heated to reflux on a water separator. Chloroacetaldebydie2.5 g,

0.65 mol) was added dropwise within 1 h, while the reaction mixture was stir@owsy. The

solution was refluxed for 3 h on the water separator. Thernuenesulfonic acid monohydrate
(10.84 g, 0.057 mol) was added to the reaction and refluxing was further continued for 5 h. The
resulting suspension was allowed to cool down to ronperature, was filtered off and the filtrate

was concentrated under reduced pressure. The residue was subjected to vacuum distillation (1.1
mbar, 8385 °C) to give compoun@ (44.0 g, 32 %) as yellowish oily liquid. The product was used

for further reactions without any purification.

IR (ATR), 0 (cn %) = 3048 (vw), 2849 (vw), 1703 (vs), 1614 (m), 1389 (w), 1302 (vw), 1839
1201 (vw), 1141 (s), 1120 (vw), 1090 (vw), 1055)(\088 (vw), 923 (vw), 84(vs), 811 (vs), 724
(vs), 663 (vs)!H NMR (ds-Acetone, 400 MHz, ppm)= 9.58 (s, 1H), 8.01 (s, 1HYC NMR (ds-
Acetone, 101 MHz, ppm) = 186.0, 149.2, 138.1, 90.0.

3,5-Dichloropyridazine (4)

(2)-2,4,4,4Tetrachlorobu2-enal(3, 22.0 g, 106 mmol) was dissolved in DMF (100 mL) and the
resulting solution was cooled down to 4B5. Semicarbazide hydrochloride (14.17 g, b@%ol,
1.2eq.) was dissolved in a mixture ob® (45 mL)/ DMF (16 mL) at room temperature. The
resulting sentarbazide hydrochloride solution was then added dropwise td4p2,4,4,4
tetrachlorobuf-enal solution by maintaining the reaction temperature betd/sie20 °C. After

the addition was completed the reaction temperature was kept in the same randge Tdrel
reaction mixture was stirred for 2 days at room temperature giving a dark brown solution. The
solution was given in ¥O (600 mL) and stirred at room temperature for 30 min. The brown
suspension was extracted wiihO (3 x 500 mL). The organic pteasvas first washed with 3@

(4 x 200 mL) and then with brine (4 x 200 mL). The combined organic layers were dried over
MgSQy, filtered and the solvent was removadracuo Recrystallizing the crude product fram
hexane yielded compourd8.63 g, 55 %) as yellowish solid. Single crystals were obtained from

n-hexane as yellow plates.
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m.p. 61 °C; IR (ATR)0 (cm'1) = 3102 (vw), 3013 (s), 2924 (w), 1545 (vs), 1389 (w), 1350 (vs),
1200(m), 1171 (vs), 1171 (vs), 1101 (vs), 1058 (vs), 993933, (M), 895 (s), 849 (m), 816 (vs),

726 (m), 693 (w)Raman(1064 nm, 200 mW, 2%C): 6 (cm'Y) = 3078 (12), 3056 (11), 3017 (47),
1548 (16), 1519 (14), 1390 (15), 1204 (15), 1175 (52), 1062 (19), 998 (80), 695 (46), 452 (21), 402
(55), 372 (21), 220 (30206 (54), 178 (54), 120 (100), 95 (44).NMR (CDCk, 400 MHz, ppm)
U=9.12 (d*J = 2.10 Hz, 1H), 7.60 (d}) = 2.10 Hz, 1H)}*C NMR (CDCk, 101 MHz, ppm)i=

156.7, 150.6, 139.4, 127.7H NMR (de-DMSO, 400 MHz, ppm)i = 9.44 (d,*J = 2.10 Hz, 1H),

8.35 (d,"J = 2.10 Hz, 1H)3C NMR (d¢-DMSO, 101MHz, ppm)li = 155.9, 151.1, 139.0, 128.2.
Elem. Anal. (GH2CI2N2, 148.97 g mdl) caled.: C 32.25, H 1.35, N 18.80 %. Found3Z29, H

1.61, N 19.07 %.

4.6.2.X-ray diffraction

Thelow-temperature singlerystal X-ray diffraction measurements were performed on an Oxford
XCalibur3 diffractometer equipped with a Spellman generator (voltage 50 kV, current 40 mA) and
a KappaCCD detector operating with M@r adi at i on A) Batazollebtion7wia® 7
performed using the RYSALIS CCD softwardS? The data reduction was carried out using the
CRYSALIS RED softwarel>® The solution of the structure was performed by direct methods
(SIR97)4 and refined by fulimatrix leastsquares on F2SHELXL)S® implemented in the
WINGX software packadge®!and finally checked with thelRTON softwarelS All DIAMOND2

plots are shown with thermal ellipsoids at the 50% probability level and hydrogen atoms are shown

as small spheres of arbitrary radius.

Figure S1. Molecular structures of 3;8ichloropyridazine 4, left) and 3,5dimethoxypyridazine

(5, right) in the solid state. Ellipsoids correspond to 50 % probability levels.
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02

Figure S2. Molecular structures of 3;8imethoxypyridazinel-oxide trihydrate @ A 30, IEfft)
and 3,5dimethoxy4-nitropyridazine 9, right) in the solid state. Ellipsoids correspond td&0

probability levels.

Table Sl. Crystallographic details of compourdiss and6 A 30. H

Compound 4 5 6 A3 H-0
Formula CsH2Cl2N2 CsHsN202 CsH14N206
Form. Mass

gmol 148.98 140.14 210.19
Crystal systermr monoclinic monoclinic monoclinic
Space Group P2i/m(No. 11) P2i/c (No. 14) P2i/c (No. 14)
Color / Habit  yellow plate  colorless plate colorless plate
Size [mm] 2'22 045 0.03 x 0.27 x 0.31 0.05 x 0.15 x 0.35
a[A] 6.0629(9) 3.9195(3) 4.4956(2)

b [A] 6.3152(11) 10.7140(7) 24.0168(10)
c[A] 7.9343(11) 15.9858(10) 9.3979(4)

U [ A] 90 90 90

b[°] 110.955(17)  93.025(7) 90.284(4)

o [ A] 90 90 90

VA3 283.70(8) 670.37(8) 1014.68(8)

Z 2 4 4

reac[gem §  1.744 1.389 1.376
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mmm' } 1.017 0.106 0.123
F(000) 148 296 448
amo KA ] 0.71073 0.71073 0.71073
T [K] 173 173 123
«min-max [°] 4.2, 26.0 4.3,26.5 4.3, 26.0
Dataseth;k; | 1 7: 7; 1 714:4;113:15:5;129
Reflect. coll. 1035 4223 7295
Independ. refl. 613 1376 1988
Rint 0.025 0.045 0.022
Reflection
474 877 1649
obs.
No.
55 123 166
parameters
R: (obs) 0.0387 0.0498 0.0365
WR (all data) 0.0849 0.1129 0.0949
S 1.07 1.06 1.05
Resd. Dens
] 1T0.34, 10.129, 0.10.19, O
[eA"}
Oxford
. _ Oxford Xcalibur3 Oxford Xcalibur3
Device type  Xcalibur3
CCD CCD
CCD
Solution SIR-92 SIR-92 SIR-92
Refinement SHELXL-97 SHELXL-97 SHELXL-97
Absorpt. corr. multi-scan multi-scan multi-scan
CCDC 1590457 1590458 1590459
Crystallographic details of compound@s8 and9.
Compound 7 8 9
Formula CeHsN4O7 C4H4NeOs CeH7N304
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Form. Mass 246.15 216.13 185.15
[g/mol]

Crystal system  orthorombic monoclinic monoclinic
Space Group Pbcn(No.60) P2i/c (No. 14) C2/c(No. 15)
Color / Habit colorless plate orange block colorless plate
Size [mm] 0.05x0.30x0.40 0.10x0.15x0.20 0.09x0.36x0.48
a[A] 8.0548(5) 18.6988(7) 17.1783(12)

b [A] 8.6809(4) 5.2697(2) 7.6006(3)
c[A] 28.5759(19) 16.4946(6) 14.4345(16)

U [ A] 90 90 90

b[°] 90 110.647(6) 122.085(11)
o [ A] 90 90 90

VIAJ 1998.1(2) 1520.94(11) 1596.8(3)

Z 8 8 8

reaic.[g cm 1.637 1.888 1.540

mimm' } 0.152 0.173 0.131

F(000) 1008 880 768

amo K[é ] 0.71073 0.71073 0.71073

T [K] 123 123 173

- min-max [°] 4.3,26.5 4.1,26.5 4.5, 26.0
Dataset h; k; | 1T10:9;15:17123:23;16121:21;19
Reflect. coll. 15731 12156 11183
Independ. refl. 2054 3150 1570

Rint 0.060 0.028 0.023
Reflection obs. 1570 2641 1377

No. parameters 178 303 146

R1 (obs) 0.0490 0.0359 0.0325

WR: (all data) 0.1182 0.0942 0.0861

S 1.04 1.02 1.07

Resd. Densi1 0. 25, 0.1710. 40, 0.10. 17, 0.
[eA"}
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Oxford Xcalibur3 Oxford Xcalibur3 Oxford Xcalibur3

Device type

CCD CCD CCD
Solution SIR-92 SIR-92 SIR-92
Refinement SHELXL-97 SHELXL-97 SHELXL-97
Absorpt. corr. multi-scan multi-scan multi-scan
CCDC 1590461 1590460 1816507

4.6.3. Small-scale shock reactivity test (SSRT)

To evaluate the shock reactivity (explosivenessy afsmaliscale shock reactivity test (SSRT)

was performed. The SSRT measures the shock reactivity of potentially energetic materials, often
below critical diameter, without requiring a transition to detonation. The ammaitcompoundB

was calculated ursg the following formulams=Vs -} - 0.95, (whereVs= 284 mn). Compound

was pressed at a consolidation dead load of 3 t with a dwell time of 5 s into a perforated steel block.
Neither attenuator (between detonator and sample) nor air gap (betarapte and aluminum

block) were applied. Initiation of the tested explosive was performed using a commercially
available detonator (OricAYNADET C2-O0ms). The dent sizes were measured by filling them

with powdered Si@and measuring the resulting weight.
4.6.4.Computations

All calculations were carried out using the Gaussian GO9W (revision A.02) program p&€kage.

The enthalpies (H), were calculated using the complete basis set (CBS) method of Petersson and
coworkers. The CBS models use the known asymptaiitvergence of pair natural orbital
expressions to extrapolate from calculations using a finite basis set to the estimated complete basis
set limit. CBS4 begins with a HFFR21G(d) structure optimization and the zero point energy
computation. SubsequentBpplying a larger basis set a base energy is computed. A NR26
calculation with a CBS extrapolation gives the perturbati@ory corrected energy (takes the
electron correlation into account). A MP4(SDQY®6+(d,p) calculation is used to correlatgher

order contributions. In this study we applied the modified @BBmethod (M referring to the use

of minimal population localization) which is a-parameterized version of the original GBS

method and also includes some additional empirical coorextti® The gasphase enthalpies
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(pH° g, m,208) Of the species were computed according to the atomization energy method (equation
1)_[5101

EHC (g, M.208)= Hgm208)T X Hdnaizes)+ Hgai208) (1)

gpH°(9,A,298)for the corresponding atomaif were determined experimentally and are reported
in the literature whilé4°(g,Ai,298)were calculated theoretically (Table $3}!

Table S3 CBS4M electronic enthalpies for atoms C, H, N and O and their literature values for

at o mH%E%/ kgmol'?!

Atom iH?%®/ a.u. opH°(g,A,298]kcal mol Y]
H 0.500991 52.103
C 37.786156 171.29
N 54.522462 112.97
0 74.991202 59.56

Standard molar enthalpies of formation were calculated using and the standard molar enthalpies of

@Hg m208ys UDbl i mation (estimated ©%ing Troutonds r
opHm = gHC(g,m,298)T RuH M = gaH®(g,m,208K)1 188-T —] 2

Where [K] is either the melting point or the decomposition temperature (if no melting occurs prior

to decomposition).

The calculation results are summarized ables S4

Table S4.Calculation results.

H°(s U(s
s @ e P @O

Compound . kJ mol kJ kd?
P a.u. kJ moi 1] d
1[c] [d]
7 976.28483 i34.6 i114.4 73791
8 858.141084 202.2 110.5 597.2
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LLM -105 858.170557 126.7 11.0 137.0

[A CBS-4M electronic enthalpy® gas phase enthalpy of
formation;!® standard solid state enthalpy of formati@rsolid
state energy of formation.

4.6.5.Detonation parameters

The Chapmadouguet (€J) characteristicsi.€. heat of detonatiomEU°; detonation temperature,

Tc.3; detonation pressurBgc.;; detonation velocityDc.;) based on the calculatgaH®v values, and

the theoretical maximum densities were computed using the EXPLO5 V6.03 thermochemical
computer cod&*®! Calculations for explosives assume ideal behavior. The estimation of
detonation parameters is based on the chemical equilibrium stddymodel of detonation. The
BeckerKistiakowskyWilson equation of state (BKW EOS) with the following sets afstants:

U= 0.5,b=0.38,0 = 9.4, andU = 4120 for gaseous detonation products and the Murnaghan
equation of state for condensed products (compressible solids and liquids) were applied. The
calculation of the equilibrium composition of the detonationdpcts uses modified White,
Johnson and Dantzigds free energy minimizati ol
were calculated according to the ideal gas equation of state assisoaigric conditions
(equation3).

4 = Ven-R-I—1 3)

Wheretg is the maximum pressure through the explos\ois the volume of detonation gases
(m3kg'Y), nis the number of moles of gas formed by the explosion per kilogram of explosive
(Volume of Explosive GageR is the ideal gas constant ahglis the absolute temperature of the

explosionS13:S14l
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Figure S3. DTA plot of 3,5diamino4,6-dinitropyridazinel-oxide @).
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Abstract: In the present studies, the synthesis of new energetic materials based on the pyridazin
scaffold and their characterization is the main subject. For this purpose, literature knalivnedfoxy
4,6-dinitropyirdazinel-oxide (7) wassynthesized in the first instance. The persubstituted pyridazine
precursor laid the groundwork forrtber preparative modificationiThe targeted functionalization
through the regioselective introduction of various smaller amine nucleophiles such asamietadr
2-aminoetharil-ol gave several new energetic materials. Among them arbigydethylamino¥,6-
dinitropyridazinel-oxide(8), 3,5bis(methylnitramino},6-dinitropyridazinel-oxide(9), 3,5bis(dr
methylaminoj4,6-dinitropyridazinel-oxide (@0) and 3,5bis((2Zhydroxyethyl)amino},6-dinitro-
pyridazinel-oxide (L1). With the aim of increasing the detonation performance, comp8uneds
additionally nitrated and 3;Bis(methylnitro)aminc},6-dinitropyridazinel-oxide @) was obtained.
These new engetic materials were characterized and identified by rmuktiear NMR {H, °C, 1N,

15N) and IR spectroscopy, elemental analysis and mass spectrometry. In addition, their sensitivitie
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towards impact, friction and electrostatic discharge were thoroegiaymined. Furthermore, obtained

singlecrystals of the substances were characterized bydawperature singlerystal X-ray diffraction.
5.1. Introduction

During the last decades, extensive work and efforts have been made to discover highly efficient an
perfaming new energetic materials with high thermal stability and good sensitivities toward accidental
stimuli!* In addition, the production of new environmental benign energetic materials is desired process
due to the fact that mostly of the nowadays sgsited HEDM (RDX, TATB and TNT) are either
carcinogenic or toxi€! For this purpose scientists worldwide have been developing modern approaches
for the synthesis of new energetic materials. An emerging approach is the use of polyfunctionalize
nitrogenrich heterocycles as a building block for new materials. In several instances, azole and diazin
based energetic materials have been found to have promising pblgsitical properties.g.3,4,5
trinitropyrazole’?! bis(4-amino-3,5-dinitropyrazolylymetha® and 2,6diamino-3,5-dinitropyrazinel-

oxide (LLM-105)"! It appears that the combination of nitrogésh heterocycles with an alternating C

NH./ Ci NOzand N O' moiety results in the formation of thermally stable, insensitive materials with
good detonation parameters. The introduction o&O" moiety to the energetic materials results in

an increase of the densl®improves the oxygen balanBeincreaseshe stability in the molecular
structuré! and in addition improves the detonation propeffieSood examples for this class f
oxidized energetic materials are dihydroxylammoniungbi&etrazolel,lj-diolate (TKX-50) and 2,6
diamino3,5dinitropyraane-1-oxide (LLM-105). In comparison to its -fdee analogue,
dihydroxylammonium 5,pbistetrazolate, the density of TK30 increases from 1.74 to 1.88 g'érand

its calculated detonation velocity increases from 8854 nos9698 m 51101 The same ééct is
observed with LLM105 ¢ = 1.92 g ch®, Dcy = 8516 m s1) and its precursor 2@iamino3,5
dinitropyrazine (ANPZj = 1.84 g crh®, Dc.y=7892m s 1).[".12
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Q 0N Ay
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TKX-50 LLM-105 TANPyO DADNP

Figure 1. Literature knowrN-oxidized energetioaterials.

Recently, in our research group we managed to functionalize thtbakjRe scaffold by synthesizing
3,5-diamina4,6-dinitropyridazinel-oxide and its precursor 3dmethoxy4,6-dinitropyridazinel-
oxide[*® For this purpose, a selective fuiocialization of the pyridazine scaffold was carried out by
introducing explosophore N@roups and selectively introducing Mt O' moiety. In this present work

we reacted 38limethoxy4,6-dinitropyridazinel-oxide (7) with different amines and investigated the
physicachemical properties of the newly synthesized derivaidd. The detonation properties and

the sensitivities of the energetic pyridazines can be adjusted depending on the used amine for tt

reaction.
5.2. Results and Discussion

5.2.1.Synthesis

Herein, we report the synthesis of new pyridazine based energetic materials. The target molecules 3,
bis(methylamino},6-dinitropyridazinel-oxide @), 3,5bis(methylnitramino},6-dinitropyridazinel-
oxide ()] 3,5bis(dimethylamino)4,6-dinitroypridazinel-oxide @0 and 3,5bis((2
(hydroxyethyl)amino},6-dinirtopyridazinel-oxide (L1) were synthesized by using 3jfmethoxy
4,6-dinitropyridazinel-oxide (7) as starting material. Compouwgvas prepared according the ta&ure
known five step procedure and will not be discussed in this Wdie exact synthetic path f@ris

shown inScheme 1
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1.) NH4OAc, reflux, 7 h cl

c OH o 2.) pTsOH, reflux, 3 h o ? semicarbazide hydrochloride
LA §
OH ' N N
Cl & CI\) toluene Cl o al DMF/H,0 | /lll
1.)15-20°C, 1h Cl
1 2 3 2.)r. t., overnight 4
KOH, MeOH
r. t., overnight
OMe OMe OMe
0N~y 25% oleum/100% HNO; 30% H,0,, HOAG
| | ~ N AN N
Me0” g 1.)0°C,2h LA 75°C, 6.5 h PR
. s N , O. ~
NO, 2)r.t,3h MeO o MeO
3.) 50°C, overnight

Schemel. Literature known synthesis for 3gmethoxy4,6-dinitropyridazinel-oxide.

Compound? was used as the starting material for further functionalization of the pyridazine scaffold.
Further nucleophilic substitution of the methoxy groups allows regioselectiv functionalization of
compound’. As appropriate nucleophiles various smadiginese.g.methylamine, dimethylamine and
2-aminoethanol were reacted with compouhdCompounds3i 11 were obtained in good yields i76

91 %. To enhance the performance of the newly synthesized pyridazine based energetic materis
compounds3 and 11 were frther nitrated. Nitration of compour@resulted in the formation of 3,5
bis(methylnitramino},6-dinitropyridazinel-oxide ©) in 91 % yield. Nitration of compoundl
resulted in decomposition of the starting material and the polynitrated comdfnvds not obtained.

All obtained energetic materials were thoroughly characterized and further examined regarding thei

sensitivities toward mechanical and electrostatic stimuli. All reactions are displagedame 2
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Scheme 2. Synthesis of new energetic pyridazine derivatives by functionalizing thdirBgthoxy4,6-

dinitropyridazinel-oxide scaffold 7).
5.2.2.Crystal structures

During this work the crystal structures of all four synthesized compo8nil$) (were obtained. Selected
data and parameters from the loemperature Xay data collection are given in the Supporting
Information (Tables S1 and S2). Single/stals of compoun@l were obtained by evaporating a solution
of 8 in acetone and water. Compul8 crystallizes in the orthorhombic space grdup ca (no. 61)
with eight formula units per cell and has a cell volume of 1941.40{7The cell constants a@@=
9.7734(2)A, b= 13.5583(3 andc = 14.6509(3. The calculated density at 143)is 1.67g cm 3.
Looking at the determined bond lengths 1.3276& 8N1i N2), 1.3506(19A (C4i N1), 1.352(2A
(N2i C1), 1.432(2R (C1i C2), 1.433(2A (C2i C3) and 1.412(2A (C3i C4), the existing aromaticity
inside the ring structure can be comprehendiegufe 2). They are all between the typical values for
single and double bonds concerning these involved elef&ht$® The interatomic distances of N3
C1 (1.3298) andN5i C3 (1.332(2)8) also display a participation of these bonds in aromatic resonance
The bond in theN*i O' moiety is 1.2635(174 and herewith slightly shorter than that of its precursor
3,5-dimethoxy4,6-dinitropyridazinel-oxide (7) with 1.268(2)A.1%! The slight deformation of the
planar ring structure can be recognized bydbserved divergent dihedral angles 4.5(R)1i(N2i C1i

C2) and16.6(2)° (N2i C1i C2' C3). The C4connected nitro group is twisted against the ring plane
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according to th®©5i N6 C4i N1 torsions angle af74.69(18)°. Its significant rotation can be understood

by bah the high spatial demand of the voluminous methylamine neighbor, which even shows only &
moderate displacement regarding the ring plane, and especially the high electrostatic repulsion betwe
the vicinatlocatedN*i O' moiety and the nitreoxygens. As aesult of its noticeable turn, the (046

bond length of 1.4637(19 is elongated compared that of the other intramolecular nitro group with
1.4157(19A.

o1

Figure 2. Molecular unit of compoun@in the crystalline state. Ellipsoids correspond to 50% probability
levels. Hydrogen radii are arbitrary. Selected bond lengths reporfddl and angles reporteid [°]:

N1i N2 1.3276(18), C4N1 1.3506(19), NeC1 1.352(2), CIC2 1.432(2), CRC3 1.433(2),C3i C4
1.412(2), OLN1 1.2635(17), NBC1 1.329(2), NBC3 1.332(2), N4C2 1.4157(19), ON4
1.2401(19), NBC4 1.4637(19), O4N6 1.2229(18), NEN1i C4 123.90(13)N1i C4i N6 111.94(13),
O1i N1i N2i C1 1 177.94(14) NLN2i C1i C2 4.5(2), N2C1i C2i C316.6(2), C2C3i C4iN1 2.7(2),
C5IN3IC1iN212.6(2), C&N5i C3iC419.1(3), O2N4i C2I C1 12.6(2), NBC3I C4i N61 0.2(2),05

N6i C4i N1T1 74.69(18).

Singlecrystals for9 were obtained by evaporating a solution of compdinda mixture of acetone and
water. Compoun8 crystallizes in the orthorhombic space gréup2 2 (no. 16)with four formula units
per cell and has a cell volume of 1287.01(A8) The cell constants are = 6.6245(3)A, b =
10.1031(5)A andc = 19.2297(8)A. The calculated density at 143(R)is 1.73g cm 3, which is higher
than the density of its precurs®with 1.67g cm’3,
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02

Figure 3. Molecular unit of compound® in the crystalline state. Ellipsoids corresponm 50%
probability levels. Hydrogen radii are arbitrary. Selected bond lengths reported in [A] and angles
reported in [°]: NIN2 1.335(2), CAN1 1.358(2), NRC1 1.325(2), CLC2 1.399(3), CRC3 1.384(3),

C4i C3 1.372(2), OlN1 1.2561(17), NBC1 1.403(2), NBN4 1.408(3), N#O2 1.215(2), NBC5
1.462(3), N5C2 1.465(2), OBN5 1.221(2), N6C3 1.417(2), NBN7 1.385(2), CANS 1.459(2), Ol

N1i N2 118.26(15), NRC1i N3 112.77(16), NRC1i C2 124.01(18), N4N3i C5 116.68(18), NiIN2i
CLiC210.1(3), NZC1i C2iC312.7(3),CLiC2i C3i C4 3.4(2), CEN3i C1iN21 26.0(2), CBN3I N4i
02117.0(3), N3C1i C2IN515.4(3), O4N5i C2i C1140.3(2), N5 C2 C3I N6 9.4(3), NTN6i C3i C2
158.0(2), CBN6I N7 O61 17.2(2), N8 C4i N1i O1 1.9(2), CBC4i N8i O8 81.8(2).

The N O distancel.2561(17)A in the N*i O' moiety is distinctly shortened compared to those values
found in precursor 8 (1.2635(17)8) and related 3liamino4,6-dinitropyridazinel-oxide
(1.2681(19)4).% These differences in length can be understood by comparing the mesomeric impact:
of the dfferent amino substituents to the aromatic system in each compound. With increasing the degre
of substitution regarding the amino substituents their +M character is diminished. In consequence, th
less electron density inside the aromatic ring causesitberved bond contractions. In molec@ldis

effect attains an extra dimension due to the nitration of the respective amino substituents because of t
strong electrofwithdrawing nitro groups. In contrast, thé& Nldistances in the pyridazine ring stuuet

show an opposing trend. TheiN bond lengths in DADNP with1.323(2)A and compound
81.3276(18)A are shorter than that found yridazine9 with 1.335(2)A (N1i N2).*% All remaining

Ni C and G C bonds in the ring are with slightly divergence to eattier in the aromatic randg:*>6!

The ringinternal dihedral angles such asiC2 C3/ C4 with 3.4(2)°andN2i C1i C2i C3 with1 2.7(3)°

show only slight aberratiohis reflects the high planarity of the aromatic backbone. The nitro groups
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connected to the backbone exhibit different amounts of rotation against the ring plane according to th
torsions angles N5 C2 C1 withT 40.3(2)° andC3i C4i N8i O8 with even 81.8(2)°. The eminently
twist of latter substituent, which is surprisingly nea®@3, restricts th@--orbital of the N8nitrogen to
participate in aromaticity because of the sliroverlap. In further consequence, the considerable
elongation of the interatomic distance between N8 and C4 results. In its pre&titedrond length of
the analogous nitro group is 1.4157(¥)with a twist of T 74.69(18)°. In comparison, this bond in
pyridazine derivatived is 1.459(2)A and thus slightly elongated. The dihedral angles for the tertiary
amino substituents aifie58.0(2)° (N7 N61 C3i C2) undi 26.0(2)° (C5 N3i C1i N2). The distances of
the N3 N4 and N5N6 bonds in the nitramine moieties are 1.40&(3)nd 1.385(2)A, respectively.
The bond angle 123.21(17)° included fromi C2i N3 is somewhat widened, while the adjaceni N2
C1i N3 bond angle with 1127{16)° is noticeably compressdeéidure 3).

Singlecrystals from compoundlO were obtained by evaporating a solutiorl6fn acetone and water.
CompoundlOcrystallizes in the monoclinic space grd@@i/c (no. 14)with four formula units per cell
and has a cell volume of 1144.00£8) The cell constants ase= 9.7162(4)A, b= 13.6057(5A andc

= 8.7037(4)A with b = 96.137(4)°. The calculated density at 143(2) K is 1.58'g.cm

Figure 4. Molecular unit of compoundO in the crystalline state. Ellipsoids correspond to 50%
probability levels. Hydrogen radii are arbitrary. Selected bond Ilemgtwsted ifA] and
anglesreported if°]: N1i N2 1.3289(17), NilC4 1.3645(18), N2C1 1.3553(18), @i C2 1.4408(19),
C2i C3 1.432(2), CBC4 1.4057(19), OIN1 1.2577(15), NBC1 1.3238(19), NBC5 1.4717(19), Ni4

C2 1.4234(18), O2N4 1.2403(17), OAN6 1.2215(17), NBC7 1.4611(19), NiIN2i C1 116.76(12),
C4i C3iC2 113.49(12), OIN1IN2 117.12(11), CiN3i C5 120.7413), C6 N3i C5 115.07(13), Q7
N5i C8 113.46(12), NIIN2i C1i C21 14.7(2), N2C1i C2i C3, C1 C2 C3i C41 19.07(19), N2C1i CZi

C3 28.2(2), NLN2i C1i N3 166.97(13), CAN3i C1i N2 5.0(2), N3C1i C2i N4 50.1(2), ORN4i C2i
C1117.9(2), CTN5i C3IC2121.6(2), N3C3i C4iN6T 2.5(2) O4i N6i C4i C3171.22(19).
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Compared to 3 8liamino4,6-dinitropyridazinel-oxide @ADNP) with 1.89gcm' 2 and related 3;5
bis(methylamino},6-dinitropyridazinel-oxide @) with 1.67g cm' 2 its crystaistructure is clearly less
dens€d!® The N'N bondlength in the pyridazine ring is 1.3289(1)Figure 4). The ringinternal N

C bonds are 1.3645(18)and 1.3553(18R and the remaining I distances are 1.4Z60on average.
These length values are all in the aromatic range and show no significartndiéd¢o the bonds inside

the pyridazine ring 08.11314156ndeed, despite the existing aromaticity the expected flat pyridazine
ring is drastically deformed. The 02 C3i C4 and N2C1i C2i C3 torsions angles aberrate from the
ring plane withi 19.07(19j and even 28.2(2)°, respectively. Compared to the dihedral angl€2C1

C3i C4 with 2.8(2)° and N2C1i C2i C316.6(2)°, the aberration of planarity found for relatds
eminently smaller. Also, the ririgternal bond angles diverge from the regular an§l&26° for sp/-
hybridized bond centers. Among them is thé C& C2 bond angle with the divergence of 6.5°. The
bond length between the nitrogen and oxygen insid&Nth®' function is 1.2577(154 (N1i O1). In
comparison, this NO distance is markedly shertthan those found in precurso(1.268(2) A), 3,5
diamino4,6-dinitropyridazinel-oxide (1.2681(19)A, DADNP) and even 3/bis(methylamino},6-
dinitropyridazinel-oxide @, 1.2635(17)4).['%! Besides, the NC bonds connecting the spatially
demanding dimethylamino substituents to the molecular backbdi@®haive no significant difference.
Against this, the amount of rotation noticeably differs. The dimethylamino substituent connected to the
Cl-carbon shows only a slight turn against the ring plane, whereas the other one in between of both nit
groups is significantly more rotated against the plane according to tiNS0Z3i C2 torsions angle of
121.6(2)°. The medium length of the four bonds lestwthe methyl groups and the tertiary substituted
amino groups is 1.468, which is in the typical range forilC single bond&* Despite the relatively

high spatial demand of dimethylamino substituents, the nitro group in between is slightly rotatstd aga
the molecule plane (ORI41 C2i C1117.9(2)°). In contrast, the torsions angle ofi 88i C4i C3 with
171.22(19)° displays the very high aberration of the other nitro group. In spite of the higher spatial nee
concerning the vicinal tertiary amino substittighe amount of rotation for this substituent is even lower
than that found in compour8i(i 74.69(18)°).

Single crystals ofl1 were obtained by evaporating a solution of compalihth acetone. Compound

11 crystallizes in the monoclinic space graef2/c (no. 14)with four formula units per cell and has a

cell volume of 1165.20(1133. The cell constants a@= 6.6388(4)A, b = 22.0275(12A andc =
8.0977(4)A with b= 100.271(5)°. The calculated density at 416(23 1.73g cm °.
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Figure 5. Molecular unit of compound1 in the crystalline state. Ellipsoids correspond to 50%
probability levels. Hydrogen radii are arbitrary. Selected bond lengijsand angled [°]: N1i N2
1.328(2), N1C1 1.353(2), NPC4 1.358(2), CC2 1.411(2), CRC3 1.428(2), CBC4 1.433(2), OflL

N1 12603(17), N6C4 1.329(2), N6C8 1.462(2), CBC9 1.513(3), CPO7 1.422(2), NBC3 1.420(2),
O4i N5 1.2423(18), NEN1i C1 122.74(14), OZC3i C4 119.07(15), N2C4i C3 122.14(15), CAN6I

C8 122.87(15), NBC8i C9 111.10(15), OTC9 C8 112.11(16), C2N4i C5 129.24(15), 6 C6I C5
109.28(15), CIN1iN2i C4 1.7(2), NIN2i C4iC310.6(2), CIC2'C3IC410.1(2), OIN1iN2iC4
179.54(14), NEN1i C1iN3 174.94(14), ON3i C1iN1 70.1(2), NIC1iC2'N4 1179.50(16),C5i

N4i C2i C1 14.6(3), CBN4i C5{ C6 150.46(18), N4C2i C3i N5 3.6(3), O4N5i C3i C2 2.52), N1i

N2i C4i N6 179.21(15)C8i N6i C4i N2 6.5(2), C4NGi C8 C9 82.1(2).

The N'N, Ni C and G C distances inside the pyridazine ring are all in the range for typical single and
double bond lengths concerning these elemdigaife 5).1*3141516lAmong them, lhe N1 N2 distance

is 1.328(2)A and the N2C4 distance is 1.358(#). Also, the internal bond angles such ag N2 C1

of 122.74(14)°), CeC3iC4 of 119.07(15)° and NZ4iC3 of 122.14(15)° are all near to the
characteristic 120° fosp? hybridized bond ceets. All of these bond lengths and angles indicate the
existing aromaticity** The N' O bond lengths in thid*i O moiety is 1.2603(174, which is somewhat
shorter than that found in precursb(1.268(2)A) and related compoungl (1.2635(17)A).[13] The
interatomic distances between the nitrogen atoms of tiey(oxyl)ethyl)amino substituents and the
pyridazine backbone also show an aromatic participation. All torsions angles between-theniraj

atoms show only slight deformati@fUoutofpand O 2. 1 ( 3) A) and i s F@Daeir t |
pand O 6. 6 A) )10 @Ruthipat e 8. 2 ( 2) A) . The MNaxitlersbowsgtieo u p
significant twist of 70.1(2)° (O2N3i C1i N1). This amount of rotation is in the range of those found for
the analogous substituents3ii 74.69(18)°)and10 (1 71.22(19)°).
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5.2.3.15N NMR spectroscopy
In addition,’>N NMR spectra of compoundsand11 were recordedHigure 6). Compound exhibits
six resonances in tHéN spectrum; both N@groups are observediat7.1 and 22.2 ppnthe pyridazine

nitrogen atoms at 69.8 (NTO') and1113.2 ppm. Both methylamine nitrogen atoms show a low

intensity and can be observed &8t7.9 and 323.1 ppm as singlet.

*N NMR (41 MHz, d6-DMSO)

226 J/
HN

17.0 o
-69.5 2 l\l}l
HO__~ AN
H

1135 "

OH

-282.4 -287.4
(d, J,, =95.4 Hz) |||| (d, J,,=92.8 Hz)

22 OZNﬁN
- |
. B Me_ _N
7.1 69.8 N =0

-113.2 8

-317.9 323.1

50 0 .50 -100 150 -200 250 300 350 400
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Figure 6. >N NMR spectra of compound@sand11.

Six resonances can be observed intthiespectrum of compountil. The nitro groups appeariat7.0
andi 22.6 ppm and the pyridazine nitrogen atoms exhibit similar shift as com@ausfl5 (Noxide)
and 113.5 ppm. Both dupletsi&82.4 Onn = 95.4 Hz) and 287.4 Onn = 92.8 Hz) ppm can be assigned
to both NH atoms.

5.2.4.Detonation properties

Compounds8i 11 can be classified as energetic materials, therefore their energetic properties were
investigated. All theoretically and experimentally determined values for all four compounds are reportec
in Table 1 In addition, the Hermal behavior was investigated with an OZM Research DTAES52
instrument with a heating rate of 5 °C AinAll compounds show sharp decomposition in the DTA
plots and decompose without melting prior. Compo8nttcomposes at 250 °C, whereas the nidrate
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derivative9 shows sharp decomposition at 120 °C. The reason for the drastic change in the therme
behavior from compoun8to 9 can be explained with the formation of the thermally sengitNAdNO>

moiety in 3,5bis(methylnitramino},6-dinitropyridazinel-oxide @). DTA plots of compound8, 9and

11 are shown irFigure 7. Compoundd40and11decompose at 217 and 170 °C, respectively.

OH

HN’r

oAy,
N
Ho_"N

NO,
1

170 °C

Exo up
=
o
\Y
=

120 °C

250 °C

40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400
Temperature [°C]

Figure 7. DTA plots of compound8, 9 and11.

Further, thesensitivities of all compounds were determined toward external stimuli (friction and impact)
by using the BAM standards and the theoretical detonation properties were calculated by using th
EXPLO5_V6.03 computer cod¥! For all computer calculations witthe EXPLO5 code the room
temperature densities of all compounds were calculated by using the obtamagdsiuctures as
reported in the literaturé®!

The highest room temperature density was measured for compawith 1.69 g crh®and the lowest

was determined fotO with 1.54 g crh®. The sensitivity values of all four compounds toward impact,
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friction and electrostatic discharge were determined. Comp@jd@sand11 exhibit impact sensitivity

of 10,30and 18 J, respectively. The determinedtiic sensitivity for all three compounds is 360 N.
Compound is the most sensitive compound with values of IS =5 J, FS = 120 N and ESD = 0.033 J.
Compound9 contains the nitramino moiety HNO-), which leads to lower thermal stability of the
moleculeand lower sensitivity toward external stimuli. This is supported with the obtained physic
chemical properties for the pyridazine derivatvéccording to the EXPLO5 calculations compound

9 shows the best performance with detonation pressure and detovetcity of 29.1 kbar and 8276

m A’s respectively. Compoundsand11 have similar properties witbc.;=20.4 kbar andc.;= 7365

m A’dor 8 andpc.;=20.2 kbar andDc.;= 7 3 8 Yor M.AThe calculated detonation properties Jor

in comparison tdts precursoB and compoundl1 can be explained again with the introduced nitramino

groups, which result in a good performance but decreases the stability of the molecule.

Table 1.Physicechemical properties of compoungisll.

8 9 10 11
1IS3J] 10 5 30 18
FSPN] 360 120 360 360
ESDY [J] 0.203 0.033 0.37 0.25
q @ [%] 172 129 1100 179
Tl [°C] T T T T

Teed" [°C] 250 120 217 170
JA[ g A%t m 1.63 1.68 1.54 1.69
HM [ k Ak 420.6 892.7 574.6 824.4
aqeH N[ k J AJmc 102.7 298.3 156.4 1250.8

EXPLO5 6.03
ToeUlT[ k JAK 4403 5844 4267 3828
Ted K] 3036 4164 2790 2632
pcs™ [kbar] 204 291 176 202
Dc'[ mAs 7365 8276 6994 7389
VM [L3kg'Y 756 753 767 757

[a] Impact sensitivity (BAM drophammer, methofl6); [b] friction sensitivity (BAM
drophammer, method 1 of 6); [c] electrostatic discharge device (OZM researcl
oxygen balance with respect to €£de] melting point (DTA, b=5°Canin'Y); [f]

temperature of decompositigBTA, b =5°Canin'Y); [g] density at 298 K; [h] standar
molar enthalpy of formation; [i] detonation energy; [j] detonation tempera
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[K] detonation pressure; [l] detonation velocity; [m] volume of detonation gas
standard temperature and pressure conditions.

5.3. Conclusions

In conclusion, we report the synthesis of four néwxidized pyridazine based energetic materid@is (
11). For this purpose, 3;8imethoxy4,6-dinitropyridazinel-oxide (/) was reacted with methylamine,
dimethylamine and -aminoethanol to result inhé formation of 3,%is(methylamino},6-
dinitropyridazinel-oxide @), 3,5bis(methylnitramino},6-dinitropyridazinel-oxide (10) and 3,5
bis((2hydroxyethyl)amino},6-dinitropyridazinel-oxide (L1). Further, the acidity of the protons in the
TNHMe moidy of compound8 was used and was nitrated in 100% nitric acid to give 3,5
bis(methylnitramino},6-dinitropyridazinel-oxide ©) in excellent yields. The synthesized energetic
pyridazine derivatives8{ 11) were characterized extensively using multinuclear NMR spectroscopy,
vibrational spectroscopy, DTA, elemental analysis and BAM sensitivity methods. In addition, the crystal
structures of all four compounds were obtained an extensively discussed. Thienewjadly and
theoretically determined energetic properties were well investigated. Com@(i8ds 10 J; FS = 360

N), 10(IS =30J; FS =360N) and11 (IS = 18 J; FS = 360 \exhibit similar properties toward impact
and friction, whereas compouBdvith the nitramino moiety exhibits higher sensitivity toward external
stimuli (IS =5 J; FS = 120 N).

5.4. Experimental Section

CAUTION!All investigated compounds are potentially explosive materials, although no hazards were
observed during preparation and hamgllthese compounds. Nevertheless, safety precautions such as
(wearing leather coat, face shield, Kevlar sleeves, Kevlar gloves, earthed equipment and ear plug
should be drawn.

H, 13C, N and™N NMR spectra were recorded dEOL 270andBRUKER AMX 400nstruments.

The samples were measured at room temperature in standard NMR tubmsn()(dGhemical shifts are
reported agi values in ppm relative to the residual solvent peakds®@MSO (UH: 2.50, Uc: 39.5).
Solvent residual signals and chemical sHotsNMR solvents were referenced against tetramethylsilane
(TMS, t= 0 ppm) and nitromethane. Unless stated otherwise, coupling constants were reported in her
(Hz) and for the characterization of the observed signal multiplicities the following alitmesiaere

used: s (singlet), d (doublet), t (triplet), g (quartet), quint (quintet), sept (septet), m (multiplet) and br
(broad). Infrared spectra (IR) were recorded from 4500 ¢m 650 cmi* on a PERKIN ELMER
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Spectrum BX59343 instrument with 8MITHS EETECTION DuraSamplIR Il Diamond ATdgnsor.

The absorption bands are reported in wavenumbers)cBlemental analysis was carried on a
Elementar Vario elby pyrolysis of the sample and subsequent analysis of the formed gases.
Decomposition temperatureseve measuredia differential thermal analysis (DTA) with an OZM
Research DTA 55Ex instrument at a heating rate of 5 °C hhiand in a range of room temperature to
400 °C. All sensitivities toward impact (IS) and friction (FS) were determined accoliBg\M
(German: Bundesanstalt fur Materialforschung und Prufung) standards using a BAM drop hammer an
a BAM friction apparatus.[19All energetic compounds were tested for sensitivity towards electrical
discharge using an Electric Spark Tester ESD 201@r&N OZM.

3,5-Bis(methylamino)-4,6-dinitropyridazine -1-oxide (8)

3,5-Dimethoxy4,6-dinitropyridazinel-oxide (7, 1.00g, 4.06mmol, 1.0eqg.) was dissolved in
acetonitrile (5aml) and an agueous methylamine solution (40%n2.529mmol, 7.1eq.) was added
dropwise. The reaction mixture was stirred at room temperature overnight. The solvent was removed
vacua The residue was suspended in a small amount of water, filtered and washed witteice

Drying on air yielded compourlas yellow solid (84Ing, 3.44mmol, 85%).

BAM: drop hammer: 1@ (10G500e m) ; frictiINIO500e snt) e r :E SAIGTOGE O 3
500 m) . | RO(qMA)ER351 (m), 3236 (m), 2955 (vw), 1573 (s), 1537 (s), 1403 (s), 1327 (s),
1244 (s), 1189 (s), 1135 (s), 1037 (s), 986 (m), 799 (m), 768 (s), 715 (s), 649 (s), 625 (s), H40 (M).
NMR (ds-DMSO, 400MHz, [ppm]): U= 9.71 (s, 1H), 27 (d,3] = 4.8Hz, 1H), 2.95 (d3J = 4.9Hz,

3H), 2.86 (s, 3H)*C NMR (de-DMSO, 101IMHz, [ppm]): i = 152.2, 142.5, 133.9, 112.1, 30.0, 29.1.
14N NMR (de-DMSO, 29MHz, [ppm]): ti=i 24,7 71.2N NMR (ds-DMSO, 41MHz, [ppm]):li=117.1,
122.2,169.7,11130,7288.7,1 291.1. Elem. Anal. (€HsNeOs, 244.06g A ritp Calc.: C 29.56, H 3.30,

N 34.42%. Found: C 29.56, H 3.20, N 34.42%.

3,5-Bis(methylnitramino) -4,6-dinitr opyridazine-1-oxide (9

3,5-Bis(methylamino},6-dinitropyridazinel-oxide @, 500 mg,2.05mmol, 1.0eq.) was added in
small portions to 100% HN(X3.33mL) at 0°C and stirred for 3.5. After pouring onto crushed ice
and stirring until the ice had melted, the resulting suspension was filtered and washed-wdteice
until the filtrate vas acid free. Drying on air gave compouhds yellow solid (62%ng, 1.87mmol,
91%).
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BAM: drop hammer: 9 (106500 m) ; friction 750@esm)e;r : E 8IX(T0D0 3N3 (
500e m) . | RO(ciMA)E RH73 (s), 1557 (s), 1453 (W), 1426 (w), 1386 (@36 (m), 1301 (m),
1260 (vs), 1150 (vw), 1094 (w), 1064 (w), 999 (m), 911 (w), 799 {F)NMR (CDCk, 400MHz,
[ppm]): U= 3.94 (s, 3H), 3.74 (s, 3HY*C NMR (CDCk, 101MHz, [ppm]): U = 162.6, 148.0, 132.9,
121.8, 41.7, 39.4*N NMR (CDChk, 29MHz, [ppm]): U = 730, 138, 140, 142, i71. Elem. Anal.
(CeHsNgOo, 334.14g A rtp Calc.: C 21.57, H 1.81, N 33.53%. Found: C 21.83, H 1.98, N 33.29%.

3,5-Bis(dimethylamino)-4,6-dinitropyridazine -1-oxide (10)

3,5-Dimethoxy4,6-dinitropyridazinel-oxide (7, 500mg, 2.03mmol, 1.0eq.) was dissolved in
acetonitrile (25mL) and an aqueous dimethylamine solution (40%, 08D04.74mmol, 2.3eq.) was

added dropwise. The reaction was stirred at room temperature overnight. The resulting suspension w
filtered and the alvent was removed under reduced pressure. The residue was resuspended in wate
fillered and washed with ie@ater. After drying on air compourid was obtained as orange solid
(503mg, 1.85mmol, 91%).

BAM: drop hammer30J (106500 m) ; f r i:860N (0G0 500 m)t ;e OBEI;IR (ATR),

o (cm'Y) = 1573 (s), 1521 (m), 1484 (m), 1464 (w), 1431 (w), 1378 (m), 1334 (w), 1250 (vs), 1210 (s),
1184 (s), 1135 (m), 1072 (s), 933 (vw), 906 (vw), 841 (w), 823 (w), 798 (w), 76GHMMR (ds-
DMSO, 400MHz, [ppm]):t = 3.15 (s, 6H), 3.07 (s, 6HYC NMR (ds-DMSO, 101MHz, [ppm]): Ui =

155.1, 145.5, 137.7, 111.6, 43.8, 41N NMR (ds-DMSO, 29MHz, [ppm]):ti=120,169. Elem. Anal.
(CsH12N6Os, 272.22g A ritp Calc.: C 35.30, H 4.44, N 30.87%. Found: C 34.78, H 3.99, N 30.24%.
m/z(DEI"): 272(100) [M].

3,5-Bis((2-hydroxyethyl)amino)-4,6-dinitropyridazine -1-oxide (11)

3,5Dimethoxy4,6-dinitropyridazinel-oxide (7, 632mg, 2.57mmol, 1.0eq.) was dissolved in
acetonitrile (30mL) and 2aminoethanol (0.33ML, 5.39mmol, 2.1eq.) was added dropwise. The
solution was stirred at room temperature overnight. The solvent was remoxeszlio Subsequently,
the residue was suspended in a small amount of wateredilgerd thoroughly washed with ieeter.

Drying on air yielded compountil as yellow solid (709ng, 2.33mmol, 91%).

BAM: drop hammer: 19 (106500 m) ; frictiINIO500e snt) e r :E SAIGITOG 5 0
500e m) . | RO (qmA)YERALL (w), 3327 (m)3209 (W), 2950 (vw), 2887 (vw), 1593 (m), 1525

(s), 1427 (m), 1411 (m), 1337 (s), 1281 (m), 1236 (s), 1180 (s), 1123 (m), 1047 (s), 943 (w), 866 (m)
767 (s), 715 (s), 632 (s), 517 (Ml NMR (ds-DMSO, 400MHz, [ppm]): ti= 9.90 (t,3J = 4.8Hz, 1H),
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9.35 (t,3] = 5.3Hz, 1H), 5.25 (t3J = 5.0Hz, 1H), 4.96 (t3] = 5.2Hz, 1H), 3.683.56 (m, 4H), 3.53 (q,
3) = 5.3Hz, 2H), 3.15 (g3 = 5.0Hz, 2H).2*C NMR (ds-DMSO, 101MHz, [ppm]): i = 152.1, 142.2,
133.9, 112.2, 58.5, 58.4, 45.4, 44“N NMR (ds-DMSO, 20MHz, [ppm]): ii=1i 23,7 71.2°N NMR (de-
DMSO, 41MHz, [ppm]): U = 17.0,722.6,769.5,1113.5,i 282.4,i 287.4.Elem. Anal. (GH12N¢O7,
304.22g A ritp Calc.: C 31.59, H 3.98, N 27.63%. Found: C 31.58, H 3.87, N 27.48%DEI"):
305(100) [M+H].
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5.6. Supporting Information

5.6.1.Synthesis and general considerations
3,5-Dimethoxy4,6-dinitropyridazinel-oxide (7) was prepared according the known literattite.
5.6.2.X-ray diffraction

The low-temperature singlerystal Xray diffraction measurements were performed on an Oxford
XCalibur3 diffractometer equipped with a Spellman generator (voltage 50 kV, current 40 mA) and a
KappaCCD detector operating with MaJr adi at i o n A)( Datacolledian Wasp&rformed
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using the ®YSALIS CCD softward>? The data reduction was carried out using tRYSALIS RED
softwarel>® The solution of the structure was performed by direct methd®9E>* and refined by
full-matrix leastsquares on F2SHELXL)®® implemented in the \WGX software packag® and
finally checked with the PATON software!S”) All DIAMOND2 plots are shown with thermal ellipsoids

at the 50% probability level and hydrogen atoms are shown as small spheres of arbitrary radius.

Table Sl. Crystallograpci details for compoun8snd9.

Compound 8 9
Formula CeHsN6Os CeHeNsOg
Molar masd [g mol'!] 244.18 334.19
Crystal system orthorhombic orthorhombic
Space group P bca (no. 61) P 222 (o.16)
Color / Habit yellow block yellow platelet
Size / [mm] 0.15 x 0.28 x 0.35 0.20 x 0.15 x 0.10
Lattice constants[A] a=9.7734(2) a=6.6245(3)
b =13.5583(3) b=10.1031(5)
c=14.6509(3) c=19.2297(8)
Lattice angle [°] a=90 a=90
h=90 b=90
2=90 2=90
Cell volume/ [A3] 1941.40(7) 1287.01(10)
Formulaper unit cell 8 4
Calc. density/ [g cm' 9] 1.67 1.73
Abs. coefficient [mm'?] 0.146 0.162
F(000) 1008 680
Wavelength gvo k)7 [A] 0.71073 0.71073
Meas. temperaturgK] 143(2) 143(2)
Diff. rangemin-max/ [°] 4.170® Q6.5 4.238B0 D7. 4
Index range il2h® 12 i7 h® 7
i17k® 17 il2k® 12
il81a 18 231G 20
Parameters/restraints 186/0 210/1
Total no. of reflections 27841 9368
Independent reflections 8839 Rint = 0.0308) 2337 Rint = 0.0404)
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Obs. reflectiod > 2 G ( | ) 2003 2073
Goodness of fit (GooF) 1.075 1.019
Rindices forl > (allldatd)  R:=0.0374 (0.0425) R1=0.0379 (0.0299)
Res. dens. max/mif{e A73] wRe2 = 0.0997 (0.0964) wR: = 0.0666 (0.0628)
Device type 0.31510.220 0.14510.145
Solution Oxford Xcalibur3 CCD Oxford Xcalibur3 CCD
Refinement SIR-92 SIR-92
SHELXL-97
Absorption correction SHELXL-2013
multi-scan
multi-scan
1917211
CCDC 1917212

Table 2. Crystallographic details for compounti8and11.

Compound 10 11
Formula CsH12N6Os CsH12N6O7
Molar masg [g mol'!] 272.24 304.24
Crystal system monoclinic monoclinic
Space group P 2/c(no. 14) P 2/c(no. 14)
Color / Habit orange platelet yellow plate
Size / [mm] 0.50 x 0.50 x 0.05 0.50 x 0.25 x 0.05
Lattice constants[A] a=9.7162(4) a=6.6388(4)
b = 13.6057(5) b = 22.0275(12)
c=8.7037(4) c=8.0977(4)
Lattice angle [°] a=90 a=90
b=96.137(4) b=100.271(5)
2=90 2=90
Cell volume/ [A3] 1144.00(8) 1165.20(11)
Formula per unit cell 4 4
Calc. density/ [g cm' 9] 1.58 1.73
Abs. coefficient [mm?] 0.133 0.153
F(000) 568 632
Wavelength éwo )7 [A] 0.71073 0.71073
Meas. temperaturgK] 143(2) 416(2)
Diff. rangemin-max/ [°] 4.210D @5. 9 4.17108 @B2. 3
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Index range

Parameters/restraints
Total no. of reflections
Independent reflections
Obs. reflection > 2@
Goodness of fit (GooF)

Rindices forl >
Res. dens. max/mit{e A'9]
Device type
Solution
Refinement
Absorption correction

CCDC

@lici4td)

ill1h® 9
il5k@® 16
101 10
176/0
8565
2236 Rnt =0.0270)
1802
1.054
R. = 0.0474 (0.0351)
wR: = 0.0956 (0.0887)
0.21910.220
Oxford Xcalibur3 CCD
SIR-92
SHELXL-2013
multi-scan

1917213

i5 h@® 9
i32k® 32
1210 11

238/0
12846
3852 Rnt = 0.0624)
2329
1.016
R1=0.1061 (0.0529)
wR: = 0.1207 (0.0991)
0.39110.309
Oxford Xcalibur3 CCD
SIR-92
SHELXL-2013
multi-scan

1917211

5.6.3.Computations

All calculations were carried out using the Gaus&&9W (revision A.02) program packa§&.The
enthalpies (H), were calculated using the complete basis set (CBS) method of Petersson and coworke
The CBS models use the known asymptotic convergence of pair natural orbital expressions to extrapola
from calculations using a finite basis set to the estimated complete basis set limi. kg s with a
HF/3-21G(d) structure optimization and the z@ant energy computation. Subsequently, applying a
larger basis set a base energy is computed. A MPR¥& calculation with a CBS extrapolation gives

the perturbatioftheory corrected energy (takes the electron correlation into account). A MP4(SDQ)/6
31+(d,p) calculation is used to correlate higher order contributions. In this study we applied the modifiec
CBS4M method (M referring to the use of minimal population localization) which igpan@meterized
version of the original CB8 method and also includes some additional empirical correctidiise
gasphase enthalpiespH® g, m,208) Of the speciesvere computed according to the atomization energy
method (equation 1§°

opHC (g, M.208)= Hgm208)T X Haizos)+ Hgai208) (1)
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gpH°(g,A,298)for the corresponding atom&;iY were determined experimentally and are reported in the
literature whileH°(g,Ai,298)were calculated theoreticallfgble S3.511

Table S3 CBS4M electronic enthalpies for atoms C, H, N and O and their literature values for atomic
oprH°2%8 / kI mol't

Atom P H2%/ a.u. opH°(g,A,298)kcal mol ]
H 0.500991 52.103
C 37.786156 171.29
N 54.522462 112.97
O 74.991202 59.56

Standard molar enthalpies of formation were calculated using and the standard molar enthalpies

@Hg m208ySs UDbl i mation (estimated ©%ing Troutonds r
gpHm = gpH(g,m,208) 1 QRudH ™M = QIH (g, m,208K)1 188-T —] 2

Where [K] is either the melting point or the decomposition temperature (if no melting occurs prior to

decomposition).
The calculation results are summarized ables S4

Table S4.Calculation results.

@H(s)  qU(s)

H°(g,M . )
Compound i H?%8@ g u. @ (9_ ) kJmol! kJ kg?
kJ mol * P!
[c] [d]
8 936.595874 201.1 102.3 517.1
9 1345.112057 372.3 298.3 978.1

10 1015.03212¢ 2485 156.4  679.2
11 1165.3628 1167.5 1250.8 7225

[8lCBS-4M electronic enthalpy?! gas phase enthalpy of formation;
[l standard solid state enthalpy of formatihsolid state energy of
formation.
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5.6.4.Detonation parameters

The Chapmaidouguet (€J) characteristics|.€. heat of detonatiomEU°; detonation temperaturéc.

J; detonation pressur®c.j; detonation velocityDc.j) based on the calculategH®w values, and the
theoretical maximum densities were computed using the EXPLO5 V6.03 thermochemical compute
codelS¥¥Calculations for explosives assume ideal behavior. The estimation of detonation parameters i
based on the chemical equilibrium steatiyte model of detonation. The BeckastiakowskyWilson
equation of state (BKW EQS) with the following sets of constaht 0.5,b = 0.38,0 = 9.4, andJ =

4120 for gaseous detonation products and the Murnaghan equation of state for condensed produ
(compressible solids and liquids) were applied. The calculation of the equilibrium composition of the
detonation products ses modi fi ed White, Johnson and Dant
The specific energies of explosives (&a) were

assuming isochoric conditions (equation 3).

a =Vten-R-T

] 3

Wh e re s thésmaximum pressure through the explosion, V is the volume of detonation g¥kg's (m
b, n is the number of moles of gas formed by the explosion per kilogram of explusiveng of
Explosive GasésR is the ideal gas constant ahds the absolute temperature of the explosibis*4
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Abstract: The synthesis of alkali and alkaline earth salts ofd&hinc4,4 dinitraminoe5,5bi-1,2,4

triazole (HANAT) is reported. The fast and convenient three steps reaction toward the target compound
does not require any organic solvents. In additionntangéensivecharacterization of all synthesized
metal salts, the focus was on developing chlorine and nfteseredlight-generating pyrotechnical
formulations. Strontium 3,&liaminc4,4-dinitraming 5,5 bitriazolatehexahydrate served as colorant
and oxidizer in one molecule. The energetic properties of all developed pyrotechnical formulations

assure safeamdling and manufacturing.
6.1. Introduction

In recent years the development of environmental friendly pyrotechnics for both military and civilian
application became more and more importdithis affected all ingredients of a typical lightoducing
pyrotedinical formulation such as the oxidizer, fuel, coloramigl additivesi?? One of the first steps
toward this goal is correlated with the commonly used oxidizers ammonium perchlora@QHnd

potassium perchlorate (KCiPNext to their advantageousgperties, like a high oxygen balance,

126



Metal Salts of 3,3-Damino-4,4-dinitramino -5,5-bi-1,2,4triazole in
Pyrotechnic Compositions

stability, low cost and low hygroscopicity, both were identified as environmental and human health
hazards® The high solubility makes them a successful groundwater contaminant, which is addressec

by American authorities resulting in increasing regulations regarding the permissible concentration ir

Figure 1. CIE 1931 chromaticity diagram &, B and the reference formulation by Sabatini.

thewatersupply!®4 In the case of retight-emitting pyrotechnics, additional chlorine sources like PVC
are usually combined with strontium salts, typically strontium nitrate (colorant) to produce the
metastable red light emitter Sr(1)&l.During the combustion of chlomscontaining pyrotechnic
formulations, highly carcinogenic polychlorinated biphenyls, polychlorinated dibenzofuramg,
polychlorinated dibenzp-dioxins areformed!®

In 2015, Sabatinet al. reported first about a chloriffece red light compositiobbased on strontium
nitrate, which meets the U.S. Army performance requirements for red light (dominant
wavelengthDW) = 620+20nm; spectral puritySP)O76%) and at the same time prevents the
formation of toxicchlorinecontainingcompoundsRigure 1).I! In addition to the perchlorate issue, a
new environmental issue may arise. In November 2016, the European Union sued Germany for excessi
nitrate concentrations in the groundwater. According to the new regulations, the groundwater
concentration of niates between 2012014 exceeded the threshold value of 50 mg/L in 28% of the
checkpoints. Further 8.5 % were already in betwkiEB0 mg/L. Such a high value may harm expectant
mothers and young children. Even though the candidate to blame is cleatifjedexs the intensive
agriculture, military practice grounds and civilian fireworks are a source of environmental pollution,
toof A possible solution for figr eener -ditrogery r ot
compound$2*® ¥l High-nitrogen energetic salts derive their energy from their high positive heat of
formation upon release of ndoxic dinitrogen gas asraaincombustion producdt® This is beneficial

to achieve brilliant colors and a good color performatte.

Introducing additioal nitro, nitramino or N-oxide moieties to higimitrogen compounds such as

tetrazoles or triazoles may optimize the energetic performance and the oxygen balance of the targ
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molecule? As a consequence, no further oxidizers like nitrates would be de&iece future
applications of new environmentally friendly compounds in the pyrotechnic saaaften cost
forbidden, we focused on the recently reporteddg@hinc4,4-dinitramine5,5bi-1,2,4triazole and

the corresponding alkali/alkaline earttetal salts thered¥! The target metal salts can be synthesized

in a simple three steps synthesis starting from commercially available compounds. No organic solven
are needed. The new developed chlorine/nitrate frekgieidemitting pyrotechnical fonulations based

on the newly synthesized strontium salt achieve a dominant wave([@\Wth=616nm and a
spectrabpurity (SP)= 75%. The present paper discusses the syntheses of the corresponding metal sal
and the results of DW and SP for the develop@dntiumcontaining formulations. In addition,

sensitivity measurements have been carried out to secure safe handling.

6.2. Results and Discussion

6.2.1.Syntheses

The starting material 3;8liaminc4,4-dinitramina5,5bi-1,2,4triazole @) was synthesizedccording

to a literature procedure by stepwise condensation edlidjBinc-guanidine monohydrochloride with
oxalic acid and further selective&imino nitration 8cheme 1.1*33 The preparation & and its energetic
salts3i 9is displayed irBcheme 11,3Diaminoguanidine hydrochloride and oxalic acid were dissolved
in polyphosphoric acid and heated to give 4,4 &fsaamine3,3-bi-1,2,4triazole (). 1 was slowly
added to iceeooled 100% HN®@and stirred at OC for 1.5h. Afterwardthe solution waswuenched with
ice-water and the formed precipitate was filtered off yielding gur€ompound2 can be used as

obtained and does not require further purification such as chromatography, or recrystallization.

Schemel. Syntheticroute toward compounds 9.
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