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1. Introduction

1.1 Historical background and Classification

The history of energetic materials began around 220 BC in China, where blackpowder,
a mixture of sulfur, charcoal and potassium nitrate was discovered by accident.!!l From
a scientific perspective the research of this new field of compounds started in the 13%
century with Roger Bacon, followed by Berthold Schwartz in the 14" century, which
investigated the properties of blackpowder.!? This led to the first military application of
energetic materials at the end of the 13" century across Europe. During the following
centuries the performance limits of blackpowder became more and more apparent,
especially in the mining and tunneling sector. This created the need to develop new
and more powerful energetic materials. During the 19" century several new
compounds were synthesized, starting with nitroglycerine (NG), nitrocellulose (NC),
and picric acid.% Due to the rising interest in this area, these discoveries were quickly
followed by the next generation of energetic materials like 2,4,6-trinitrotoluene (TNT)
and pentaerythrityltetranitrat (PETN).[10 The next major developments were 1,3,5-
trinitro-1,3,5-triazine (RDX) and 1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), which are
the most commonly used explosives for military applications since World War |1.[11-14]
During the last decades the field of energetic materials expanded to a large spectrum
of compounds with different specifications like the high temperature stable 1,3,5-
triamino-2,4,6-trinitrobenzene (TATB) and 1,2-bis(2,4,6-trinitrophenyl)ethylene (HNS)
or the very powerful 6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-
20).115-17]

ONO o
oNG z O,N NO, O,N NO, ONG
2 2
oMo _ono, S0 ° 02N03<\omo2
2 ONO,
ONO, n NO, NO,

NG NC picric acid TNT PETN
NO,
NO, N MOz 02N5N;RN,N02
|/N\| r \ HaN NH, OZN‘-N' 'N’NOZ
O,N—N N—NO, /!’ ‘!\
oN~ Moo, \\NJ ON NO; N N,
ko, W, oM
RDX HMX TATB HNS CL-20

Figure 1. Lewis structures and acronyms of historically relevant energetic materials.
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The focus of recent advances in the field of energetic materials has mainly shifted to
nitrogen-rich heterocycles with a good oxygen balance, high heats of formations and
low amounts of carbon atoms.[*8-21 Figure 1 shows the lewis structures of the above

mentioned compounds.

The term fenergetic materialsois described in various ways and in varying degrees of
detail when looking at the literature. A very specific definition can be found in High
Energy Mat er i al s Anbexplosive is &substarge whieshawhen siitably
triggered, releases a large amount of heat and pressure by way of a very rapid self -
sustaining exothermic decomposition reaction. The temperature generated is in the
range of 3000 7 5000 ° C and the gases produced expand 12 000 i 15 000 times than
the original volume. The entire phenomenon takes place in a few microseconds,
accompanied by a shock and loud noise.d?? The American Society for Testing and
Materials (ASTM) gives a more condensed definition, which seems to be the general
consensus in this matter: fAn energetic material is defined as a compound or mixture
of substances which contains both the fuel and the oxidizer and reacts readily with the
release of energy and gas.d%!

Energetic materials are usually classified according to their different properties and
utilization. By this method they are divided in three main categories, propellants,
pyrotechnics and explosives, depicted in Figure 2.[1 This thesis focuses mainly on the

branch of secondary explosives.

Energetic Materials

Propellants Explosives Pyrotechnics

Rocket Propellants|| Gun Propellants Primary Explosives || Secondary Explosives Smoke Light Heat

Figure 2. Classification of energetic materials. The green subsections are the main topic of this work.

Propellants generally consist of two main components, a fuel and an oxidizer and can
be subdivided in gun and rocket propellants.! Their main characteristic is the
generation of larger amounts of hot gases upon deflagration, resulting in propulsive

forces, which are able to accelerate rockets or projectiles.[?! This propulsive force is
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described by the specific impulse lsp, a parameter for the effectiveness of the
respective propellant system.[?] There are three different types of gun propellants,
single, double and triple base propellants, each fulfilling different requirements.
Commonly used compounds are nitroguanidine, nitrocellulose and nitroglycerin, all
three combined would be an example for a triple base composition.[?®! Rocket
propellants can be categorized in either solid or liquid propellants. Solid propellants
can once again be divided into homogenous propellants like a nitrocellulose and
nitroglycerin mixture or heterogeneous propellants like a mixture of ammonium
perchlorate aluminum and a binder.[?6-28] Historically, solid propellants are often based
on ammonium perchlorate and therefore their main problem is the high toxicity towards
organic lifeforms.?®l In case of liquid propellants there are hypergolic and non-
hypergolic mixtures. An example for the former is a mixture of nitric acid and hydrazine,
for the latter just hydrazine can be used.[?% Current research in this area focuses mainly
on replacing the highly toxic ammonium perchlorate, through new compounds, which

have a lower environmental impact.[31-331

Pyrotechnic mixtures in general react slowly and non-detonatively in comparison to
other energetic materials and typically generate light, smoke, heat or noise with a wide
range of applications.3¥ A pyrotechnical mixture consists of three main components,
fuel, oxidizer and reducing agent.[®® The exact composition of each mixture is highly
dependent of the intended usage. While the application that comes to mind firstly is
fireworks, pyrotechnics are primarily researched in regard to military use like signal
flares, smoke munition or delay compositions.[®8! Current research aims to replace the
commonly used toxic ingredients like perchlorates, halogens and heavy metals, which
cause environmental problems and damages to living organisms.”1 For example,
strontium is used in red pyrotechnics, even though it is known to replace calcium in the
bone and cause severe health issues, therefore lithium is investigated as a nontoxic

alternative in those formulations.38l

Primary explosives differ from other energetic materials by several specific
properties. They usually show a high sensitivity towards stimuli like impact (< 4 J),
friction (<10 N) and electrostatic discharge (<20 mJ) and generally exhibit lower
detonation performance including detonation velocity, pressure and temperature in
comparison to secondary explosives.[? The most important characteristic is the fast

deflagration to detonation transition (DDT). This describes the development from a
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deflagration with a burn rate of about 100 m s* to a detonation at the speed of sound
and above, which creates a shockwave and is able to initiate less sensitive secondary
explosives. % Due to those properties primary explosives are mainly used as initiators
in detonators and blasting caps.*Y The most commonly known primary explosives are
lead azide, mercury fulminate and lead styphnate. Those heavy metal based
compounds are used because of their low production cost and reliable performance,
but once again possess the downside of high toxicity.[*?l Due to numerous studies
regarding the cause of health issues of those heavy metal containing compounds, the
research of finding new non-toxic primary explosives increased significantly.[3-4]
Promising new substances are metal free nitrogen-rich compounds like tetrazene
(GNGT) o r di p ot a-dirstiamimo-5 1-Bidtefrazolate (K2DNABT), as well as
compounds based on less toxic metals like copper(l) 5-nitrotetrazolate (DBX-1) or
pentammin(1,5-cyclopentamethylentetrazolato-N3)cobalt(lll) perchlorate (PAC).[46-4°]

o-
NH,
02N N02 'Hzo
HN=
Pb(Na)2 Hg(CNO), , N=N Ny
0 Pp?* HN  N—
2 _< =N
NO, N
lead azide mercury fulminate lead styphnate GNGT
_ — 3+
NH5
K" N-NO; H3N,,,.’c|: NH;
I o}
Cu*
NN NN _N HNT | N=N o
e (=)o NI
N N =N \N
! +
o,N-N- K
K,DNABT DBX-1 PAC

Figure 3. Selected primary explosives: lead azide, mercury fulminate, lead styphnate, tetrazene
(GNGT),d i p ot a s sdinitramind-5 ,1-Bighetrazolate (K2DNABT), copper(l) 5-nitrotetrazolate (DBX-
1) and pentammin(1,5-cyclopentamethylentetrazolato-N3)cobalt(lIl) perchlorate (PAC).

Secondary explosives generally feature lower sensitivity towards external stimuli like
impact (> 4 J) and friction (> 80 N) and higher detonation parameters in comparison to
primary explosives.!t Therefore, secondary explosives are usually ignited by high
thermal stress or the shockwave produced by detonating a primary explosive.®% The

most important parameters describing the detonation performance are the detonation
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energy (1 qeU) detonation velocity (Vp), detonation pressure (pc-j), detonation
temperature (Tc.) and volume of detonation gases (Vo).!' The most common
compounds in the field of secondary explosives until today are TNT, PETN, RDX and
HMX, shown in Figure 1.51 While these substances possess decent physiochemical
properties, they are mostly used due to their cheap and simple synthesis and show
significant room for improvement in terms of toxicity and detonation performance.2

This topic will be discussed in detail in the next chapter.

1.2 New eco-friendly secondary explosives

One of the major goals of energetic research in the field of secondary explosives is the
development of a substitute for the carcinogenic and toxic hexogen (RDX).[>% Even
though RDX is a nerve poison and causes nausea, seizures, amnesia and many more
severe symptoms, as well as damages to flora and fauna, it is still one of the most used
energetic materials of our time.[® In order to find suitable replacements for the existing
secondary explosives, the first thought has to be about the necessary property

requirements of those new compounds, summarized in Figure 4.

Compatibility

Low
sensitivity

High thermal
stability

Property

Requirements /Good oxygen
. balance

Initiation
capability

High

High density performance

Figure 4. Requirements in regard to the properties of new secondary explosives.

The most obvious requirement is a low toxicity of the new compound and its
decomposition products, combined with low solubility in water, which additionally

reduces the negative environmental impact. Besides that, the new material has to
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exhibit the necessary detonation properties, ideally exceeding the properties of RDX.
This includes a high density, good oxygen balance, high thermal stability, high
detonation velocity and pressure and low sensitives towards all relevant external
stimuli. Additionally, the new material has to be able to be initiated and be compatible
with other used materials. Synthesizing a new compound, which fulfills all the
mentioned requirements is a great challenge and has to be done systematically.
Therefore, different methods can be used to tune the molecule in the desired direction,

which are summarized in Figure 5.

oxidation of the carbon backbone cages and rings for ring strains nitrogen-rich compounds
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formation of introduction of amino groups or introduction of
(nitrogen-rich) salts alternating amino and nitro groups conjugated n-systems
o0 (NH;0HS), hiHz NO,
7 05N NO>
n-N N-n Increase
i o— -
N-y” NN H,N NH; Stability
Oo NO,
TKX-50 TATB

Figure 5. Strategies for tuning the properties of energetic molecules with selected examples. 2,4,6-
trinitrotoluene (TNT), pentaerythrityltetranitrat (PETN), hexanitrohexaazaisowurtzitane (CL-20), 1 , -
dihydroxybistetrazole (BTOH), bishydroxylammonium 5,5 -bistetrazole-1,1"-diolate (TKX-50), 2,4,6-
trinitrobenzene-1,3,5-triamine (TATB) and 1 , -f(B)jEthane-1,2-diyl]bis(2,4,6-trinitrobenzene) (HNS).

The first step is to choose the right base frame. Established compounds like RDX and
TNT rely on a carbon backbone providing stability, which is then oxidized for increased
energetic performance. Some of the more recent high-performing compounds like CL-
20 additionally rely on the energy gained by a cage or ring strain. In order to increase

their stability those compounds are often functionalized with alternating amino and nitro

groups or the i ntr odystens) as itis thé case foonTATBjand e d

HNS.[?2l All of those compounds show either high toxicity themselves or decompose
into toxic products. In contrast, recent research focuses on compounds with a high
nitrogen content like nitrogen-rich heterocycles, especially azoles and azines. These

are highly promising for the purpose of new green energetic materials with high
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performance values.® The high amount of nitrogen atoms results in a higher heat of
formations as well as mainly nontoxic and gaseous decomposition products like N2,
CO2 and H20. Azoles show patrticularly promising features like high densities, good
thermal stabilities and various possibilities for functionalization. The thermal stability
for this class of compounds can even be increased by the formation of nitrogen rich
salts.[’8l A prominent example in this category is TKX-50, which will be a main part of

this thesis and discussed in more detail during the next chapter.

1.3 Towards industrial application

When synthesizing new energetic compounds, the ultimate goal is always the
production and application in the industrial sector. Even though it is great to find a new
material with good properties in terms of performance and stability, this does not mean
it is suitable for industrial scale synthesis. The way from laboratory scale synthesis to
industrial production is long and full of possible exclusion criteria that have to be met.
Many of those criteria are correlated with the synthesis itself, which has to be cost
efficient in order to be able to compete with currently used compounds and up-scalable
to industrial amounts. Using cheap chemicals, having a low amount of reaction steps

and obtaining high overall yields are just some of many essential factors. Additionally,

Longevity

High
yields

Cheap
chemicals

Industrial

Requirements Uoscalin
Low toxicity P 9

Safe REACH
handling conform

Figure 6. Requirements of new energetic materials in order to be considered for industrial scale
production.
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safety is a huge issue, therefore all used chemicals should be REACH conform, save
to handle and exhibit low toxicity. This includes solvents and possible intermediate
products. Another important parameter is the longevity of the isolated products, which
directly affects storage capabilities and transportability of the energetic material. Some
of the most important criteria that have to be met are summarized in Figure 6.

In the field of new secondary explosives, the group of Prof. Klapdtke synthesized a
number of potential RDX replacements during the last 10 years. The most promising
of those compounds are MAD-X1, BTNPM and TKX-50, shown in Figure 7.57-591 Al
three compounds exceed RDX (Vp= 8834 m s1) in terms of their detonation properties,
show good thermal stabilities and possess high densities. MAD-X1 is an energetic salt,
with a thermal stability of 217 °C and a calculated detonation velocity of 9195 m s
(EXPLO5). Itis completely insensitive towards external stimuli with values above 40 J
of impact and 360 N of friction sensitivity. The good detonation performance derives
from the high density of 1.90 g m=. MAD-X1 is synthesized starting from the cheap
oxalic acid, but the four-step synthesis includes the formation of a diazonium salt,
which can detonate spontaneously. BTNPM consists of two methylene-bridged
trinitropyrazoles and is a neutral compound. The synthesis starts from easily available
1H-pyrazole and comprises six steps in total. Of the three candidates it has the lowest

thermal stability of 205 °C, which is still a decent value. It shows a high density of 1.93

(NH;0H®), o

o N NO, og (NH:0H?),
,JN'r N NO; NAN _J\IF N .
=T E’z“f’:s @}“02 4=k
onN~ N N N N~
0o 0N NO5 de
MAD-X1 BTNPM TKX-50
1.90 gcm3 1.93 gcm3 1.88 g cm3
217 °C 205 °C 220°C
9195 m s 9304 m st 9767 m s
>40 ), >360 N 4),144 N 20J),120N

Figure 7. Strucures of promising RDX replacements synthesized by Klapoétke et al. with their respective
values regarding density [g cm], decomposition temperature [°C], detonation velocity [m s1], impact [J]
and friction [N] sensitivity (top to bottom).[60
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g m= and an excellent detonation velocity of 9304 m s1. Compared to the other two
candidates BTNPM is the most sensitive one. It comes up with senitivity values of 4 J
towards impact and 144 N towards friction. Nonetheless, these values are still in an

acceptable range for the use as secondary explosive.

Even though the two described molecules are strong contenders for an industrial RDX
replacement, the most promising compound to date is bishydroxylammonium 5,5 -
bistetrazole-1,1"-diolate (TKX-50), which was discovered by Fischer et al. in 2012 and
named after Prof. Thomas M. Klapotke in honor of his 50t birthday. This ionic molecule
shows excellent properties, exceeding RDX in its detonation velocity by almost 1000
m st with a calculated value of 9767 m s, It possesses a high thermal stability with a
decomposition temperature of 220 °C and high stability towards external stimuli with
sensitivity values of 20 J and 120 N. This makes it save to handle but still sensitive
enough to be initiated and being used as a secondary explosive. Additionally the
aquatic toxicity was determined with a luminescent marine bacterium called Vibro
fischeri.’l This measurement proved TKX-50 to be significantly less toxic than RDX
and therefore be a valid green alternative. The only problematic aspect of TKX-50 is
the original synthesis starting from glyoxal, which includes at least 4 steps and the
isolation of dangerous intermediates like the highly sensitive diazidoglyoxime (DAG)
and BTOH, shown in Scheme 1.

0 NaOH N—OH Cl Cl N—OH
/ NH;OHCI / 2 7
> _—
7 7 /> <
o) H,0 HO—N EtOH HO—N Cl
Glyoxal Glyoxime DCG
DMF | NaNj
®
o0 (NH30H®), on
/ /
-N N~ N N N3 N—OH
N N - ~
\ y N H,NOH N )N HCI )
N N Il «2H,0 <~ — /
~N /N/ H,0 N~ N-N EO  Ho-N N,
/
Oo HO
TKX-50 BTOH DAG

Scheme 1. Original synthesis of TKX-50 starting from glyoxal with all intermediate products, including

gl yoxi me, dichlorogl yoxi me ( DC-@ihydroxybistatradold @§AHYM x i me
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The original synthesis starts with an oximation of the commercially available glyoxal
with hydroxylammoniumchloride in aqueous sodium hydroxide solution. Glyoxime is
obtained in almost quantitative yields and is then further chlorinated using chlorine gas.
The hereby synthesized DCG is reacted with sodium azide in DMF, producing DAG,
which is highly sensitive towards impact and friction. BTOH is obtained by the
cyclisation of DAG with gaseous hydrochloric acid and usually contains two water
molecules per BTOH molecule. TKX-50 is finally afforded by the reaction of BTOH with

hydroxylammonium solution.®9
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1.4 Motivation and Objectives

In general, the goals of this thesis can be divided in two major parts. The first part
focuses on the synthesis and investigation of new green energetic materials with a
focus on secondary explosives and their precursors. The second part deals with the
topic of long-term stability predictions of energetic materials in order to estimate

storage capabilities and safety issues.

For the part focusing on synthesis and characterization of new energetic materials,
especially secondary explosives and their precursors, the general approach persues

three main aspects:

9 Straight forward and short synthetic routes
T AaGreeno compounds in terms of stoxicity an

1 Powerful detonation properties, exceeding the state of the art (e.g. RDX)

Based on these prerequisites this part of the thesis starts with the investigation of a -
in terms of energetic behavior - scarcely examined class of nitrogen-rich compounds,
geminal diazides based on diethyl malonate. Those highly versatile molecules are
promising source materials, having a relatively low molecular weight, high nitrogen
content, commercially available starting materials and a high energetic potential, due
to the two azido moieties. In general, an azido group adds some desirable features to
the molecule. For example, it increases the heat of formation by about 260 kJ mol*
and decomposes into nontoxic nitrogen gas.[%8! Using the previously described
methods of salt formation, ring closing reactions, and increasing the nitrogen content
and energetic character by suitable functionalization, as well as utilizing different
bridging moieties, new energetic materials were investigated and extensively

characterized.

The second part of the thesis covers the topic of long-term stability prediction, which is
an important key figure for industrial application. While most newly synthesized
energetic materials are characterized in detail regarding their physiochemical
properties like thermal stability, sensitivity and detonation properties, the aspect of
longevity is often neglected. The recent accident in Beirut caused by ammonium
nitrate, which is not considered as a dangerous or explosive compound in general,

puts long term stability in terms of storage safety in the spotlight again. Figure 8 shows
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Figure 8. Harbour of Beirut before and after the accident in 2020, caused by improperly stored
ammonium nitrate.

the damage caused to the storage facilities in the harbor of Beirut. Therefore, the goal
of this part was to establish a fast and easy method to estimate the behavior of new
energetic materials over a time span of 10 years under different temperature
conditions. This includes the selection of a suitable method and software based on
experimental thermographimetric data, which can be obtained quickly. The following
goal was to create a database of long-term stability predictions of selected energetic
materials to provide comparability between different substances from the same class

of compounds (e.g. secondary explosives).
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2. Summary and Conclusion

The whole thesis can be devided thematically in two major parts, the content of each
part and its focus are shown in Figure 1.

The first part, including chapter 3 - 9, describes the synthesis and characterization of
new eco-friendly energetic materials based on nitrogen-rich moieties and heterocycles,
focusing on secondary explosives and their precursors. The second part deals with
long term stability predictions based on the Netsch Kinetics Neo software.

In chapter 3 the class of geminal diazides is investigated in regard to their energetic
properties. Based on diethyl malonate five new compounds were synthesized via acid
base chemistry and extensively characterized, including the measurement of the
respective crystal structures, density prediciton, thermal behavior, hirshfeld analysis,
sensitivities and energetic performance.

LS
o

IS [J]: 1 >40 >40
FS[N]: 1 >360 >360
Teecl°Cl: 116 115 140
p [g cm3]: 1.67 1.50 1.45
Vp [m s7]: 7348 6912 6998

Figure 2. Crystal structures and properties of selected compounds (2,2-diazidomalonic acid (left), diammonium 2,2-
diazidomalonate (mid), guanidinium 2,2-diazidoacetate (right)).

The parent compound 2 , -@iazidomalonic acid showed extremely high sensitivities as
well as low thermal stability. In contrast, the salts were relatively insensitive towards
external stimuli. All compounds are non-toxic (according to aquatic toxicity
measurements with the luminescent vibro fischeri bacteria) and show energetic
beaviour with detonation velocities around 7000 m s1, which is in the range of TNT.
Due to the low thermal stability these compounds are of more scientific interest, due to
their small size and intriguing structural features.

In chapter 4, originated from the geminal diazides in the precious chapter, 2-
hydrazonyl-propandihydrazide was synthesized, which is a versatile, non-toxic and
highly promising precursor for new energetic materials.
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Scheme 1. Synthesis of various energetic materials and the new precursor 2-hydrazonyl-propandihydrazide.
Several new energetic compounds were obtained and fully characterized based on this
new precursor, including its nitrate and perchlorate salts, which show excellent
performance with detonation velocities of around 9000 m s, Furthermore, by reaction
with N-methyl-N-nitroso-N@énitroguanidine an new bridged bistriazole was synthesized,
which showed promising features including good thermal stability, high density and a
detonation velocity of 8654 m s, Due to its low solubility in various solvents no crystal
structure was obtained for the triazole. In addition, a curtius rearrangement was
observed by obtaining crystal structures of intermediate products, when performing a
diazotation reaction on the new precursor. Due to its low toxicity and high versatility
this new compound is a promising addition to the field of energetic precursors.

\ _NH;

H | H

N N

n—C T T )™
02 N N—-—.N 02

IS [J]: >40 >30 2.5
FS [N]: >360 >360 360
Tee°Cl: 178 167 177
p[g cm3: 1.56 1.70 1.81
Vp [m s]: 7610 8920 8654

Figure 3. Crystal structures and properties of selected compounds (2-hydrazonyl-propandihydrazide (left), 2-
Hydrazonyl-propandihydrazidium dinitrate - 0.25 H20 (mid), bis(dinitramino-1H-1,3,4-bistriazol-5-yl) methylhydrazone
(right)).

Chapter 5 describes the continued investigation of derivatives of the bridged triazole
synthesized in the previous chapter, as well as the evaluation of two rarely investigated
bridging moieties, the methylhydrazone and the oxybismethylene bridge. Therefore, in
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addition to the respective bridged triazoles, a total of ten different energetic salts were
synthesized and investigated towards their energetic properties, shown in Figure 4.

K* H H K
KOH - “T/\O/\,'\ -
— N i | N HO
ON —_<\N/h N»N/>_— NO
HHN_N
K H I H e
KzCO3 Nﬁ)\(N NHe H H  NH
- N~ i | N, NH; (2q.) “_ N N -
oN’ <\th \IN/} NO; o-N'Nhﬂl]/\O/\NW‘N%N‘NO-
HaNL HNL ) )
HJ\(“ (NH,);CO3 NHS" {HJ\(N% NH,* nj/\ /\rn - MaHs® ﬂ\{/\ /\\/E PHs*
HN—¢ ] T NH - N s HN- © N — N= o N
N K\N-—N NLN»_— NO, OGN N-N N-n NO; oN %N-k rj_,\f} O, oN ﬁ.’\ rle_Nf% NO,
HEN__N
NH,0H* H I H NHLOH* 0 “
1S [J1: 3 NHZOH R {Nw)\v“%w : IS [JI: 10 Mo M <ﬂw/\0/\fﬁ> e
. N i . Pl | — N, B
FS [NJ; 252 o M N e FS [N]: >360 CU el e,
. N .
TaedCl 181 M TaecdlCE 196 .o _—
3. NHsOH : N\I)\(N : 3. @co . N
p[gcm™]: 1.75 - . N TN, plgem™: 1.68 L 161COs D,N'N_ﬂj\’l\f/\OA\’I&N}_N.NGV
VD [ms']: 9197 oN NN New e, VD[ms"]: 9066 § :
H H .
AG* N N AG
[AGLHCO; - 0 A
e Ii N

Figure 4. Synthesized energetic salts based on bis(dinitramino-1H-1,3,4-bistriazol-5-yl) methylhydrazone (left) and
bis(3-nitramino-4H-1,2,4-triazole-5-yl) oxybis(methylene) (right) and selected properties of the high performing
hydrazinium salts.

Due to very low solubility in various solvents, no crystal structures were obtained up to
this point. Nontheless, the synthesized compounds show excellent energetic
properties, with peak detonation velocities of over 9000 m s for the hydrazinium salts
and decent thermal stabilities with values ranging from 170 °C to 268 °C and are
therefor valid candidates for new nitrogen rich secondary explosives. When comparing
both bridging moieties, the overall thermal stability is higher for the oxybismethylene
bridge, additionally these compounds show lower sensitivity values regarding both
impact and friction sensitivity. The compounds based on the methylhydrazone bridging
moiety show the highest overall detonation performance, as well as higher combined
nitrogen and oxygen contents. It also has to be mentioned, that due to the fixed double
bond of the methylhydrazone, these molecules show asymmetry, which can be seen
in the NMR measurements, which show twice the number of signals for the protons
and carbon atoms of the triazoles.

Chapter 6 deals with the synthesis and characterization of smaller carbonyl azides like
oxalyl diazide, carbamoyl azide, as well as N,N@&bis(azidocarbonyl)hydrazine. All
compounds were synthesized by diazotation of the corresponding hydrazide
derivatives. As expected oxalyl diazide shows extremely high sensitivity towards
external stimuli. With a detonation velocity of 8236 m s this compound is a very
interesting and potent energetic material, which made isolation of this compound
difficult but worthwhile. The other two molecules are less sensitive with decomposition
temperatures of over 130 °C, which is unusually high for carbonyl azides in general.
Even though, this comes with the cost of lower performance, the detonation velocities
are still over 7000 m s. Due to their high sensitivity towards impact and friction the
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investigated molecules will not be used for industrial application but have a high value
for scientific research.

o ad \KI\/' ¢t 3

IS [J]: <1 20 1-2
FSN]: <0.1 >360 0.1
Tuel°Cl: 46 133 154
p [g cm3]: 1.70 1.57 1.67
Vp [m s 8236 7201 7907

Figure 5. Crystal structures and properties of selected compounds (oxalyl diazide (left), carbamoyl azide (mid), N,N&

bis(azidocarbonyl)hydrazine (right)).

Chapter 7 describes the determination of the vaporization behavior of the
thermodynamically rarely investigated organic polyazido group. Therefore, the
experimental vapor pressures of 1,3-diazidopropanol (1,3-DAP), 2,3-diazidopropanol
(2,3-DAP) and 1,3-diethyl-2,2-diazidomalonate (DE-DAM) were measured using the
transpiration method.

@] @)
Ns/Y\ N3 HO/Y\ N3
/\O O/\
OH N3 A
3 N3
1,3-DAP 2,3-DAP DE-DAM

Figure 6. Molecular structures of different investigated polyazido compounds.

1,3-DAP and 2,3-DAP show very similar vaporization behaviors, with molar enthalpies
of vaporization at 298.15 K of 70-75 kJ molt. 1,3-DAP has slightly lower enthalpy
values in comparison to 2,3-DAP and therefore higher absolute vapor pressure values,
which can be explained through higher symmetry of the molecule leading to a lower
polarity. DE-DAM exhibits both higher molar enthalpies of vaporization and lower vapor
pressures. This work helps to achieve a better understanding of the vaporization
behavior of organic azides and is relevant for several fields of application like security
and environmental influences.
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Chapter 8 investigates the lithium salts of different nitropyrazoles as potential
replacements for strontium based red pyrotechnic colorants. Therefore lithium salts of
3,4-dinitro-1H-pyrazole, 3,5-dinitro-1H-pyrazole, 4-amino-3,5-dinitro-1H-pyrazole,
3,4,5-trinitro-1H-pyrazole, and 4-hydroxy-3,5-dinitro-1H-pyrazole were synthesized
and extensively characterized by X-ray diffraction, thermoanalytical methods, and
sensitivity measurements.

.J\\/} A <\\>\. *t j;(\;/(
R T

Lithium 3,4-dinitropyrazolate - H,O Lithium 3,5-dinitropyrazolate - 2.5 H,O Lithium 4-amino-3,5-dinitropyrazolate
-1.5H,0

Lithium 3,4,5-trinitropyrazolate - H,O Lithium 4-oxo-3,5-dinitropyrazolate - 2 H,O

Figure 7. Crystal structures of the investigated lithium pyrazole derivatives.

Lithium 4-amino-3,5-dinitropyrazolate - 1.5 H20 was tested in a chlorine and strontium free
formulation containing ammonium nitrate, magnesium, a pyrotechnic matrix and the test
substance. Although the resistance of a test formulation containing lithium 4-amino-3,5-
di ni tr o plypHADzombisiute@nd its luminosity should be enhanced in the future, the

Figure 8. Combustion of the test formulation.
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capability of this lithiated material to impart red color to a flame was demonstrated, shown in
Figure 8.

Chapter 9 deals with the evaluation of 1,5-dimethyltetrazole as a ligand in energetic
coordination compounds. It was synthesized by different routes and fully characterized,
showing promising properties in terms of sensitivity and thermal stability, while still
exhibiting a high heat of formation. Therefore 2,5-DMT was applied as a nitrogen rich
ligand to coordination compounds of the 3d>-3d'® metal perchlorate salts.

D02

o1

IS [J]: 10 2
FS [NI: >360 180
Toul°Cl 307 321

Figure 9. Crystal structures and properties of selected compounds ([Mn(DMT)e](ClOa)2 (left) and [Zn(DMT)4](ClOa4)2
(right)).

All synthesized ECCs show exeptionally high thermal stabilities with decomposition
temperature values ranging from 184 °C up to 321 °C. Hot plate tests of the most
promising compounds showed a complete decomposition without detonation, while the
hot needle tests indicated that none of the compounds can be classified as applicable
primary explosives since no rapid DDT was observed, shown in Figure 10.
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However, the compounds are ideal candidates for burning rate catalysts in propellant
charges due to their simple and cheap syntheses and great stability.

Figure 10. HP and HN tests of [Mn(DMT)e](ClOa4)2 (left) and [Zn(DMT)4](ClO4): (right).

Chapter 10 describes the first results of a project regarding long-term stability
predictions. Based on the Netsch Kinetiks Neo software a simple and fast prediction
method for the long-term stability of energetic materials was developed and tested on
the most commonly known representatives from the field of secondary explosives.
TKX-50, RDX, HMX, CL-20 and PETN, were investigated by TGA measurements,
different kinetic models, including Friedman, Ozawa-Flynn-Wall and ASTM were
evaluated and the stability of each compound was predicted over 10 years at different
temperatures. Additionally, the activation energies as well as prediction at specific
climatic conditions were determined. The predicted data was compared with
experimental values, obtained by storing samples of each compound at 100 °C over
one month.
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Figure 11. Long term stability predictions of TKX-50. TGA measurements at different heating rates (top left). Fit of
the Friedman model (top right). Isothermal predictions over 10 years at different temperatures (bottom left). Stability

predictions under climatic conditions over 10 years in Munich (bottom right).

The highest long-term stability can be predicted for CL-20 and the lowest for PETN,
meeting the expectations, since PETN is a nitrate ester with a high vapor pressure.
TKX-50 shows excellent longevity, with a slightly better behavior than RDX. The
predictions were validated by the experimental measurements, which fit the calculated
data exceptionally well.
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Abstract: New geminal diazide derivatives based on diethyl 2,2-diazidomalonate (1)
are presented. 2,2-Diazidomalonic acid (2) as well as four alkaline and nitrogen rich
salts of 2,2-diazidomalonate (37 6) were synthesized and extensively characterized
e. g. by | o w-ray dffragtient Adl campoendsXwhich represent promising
starting materials for further nitrogen-rich materials, were analyzed by *H and 3C NMR
spectroscopy, elemental analysis, differential thermal analysis (DTA) and regarding
their sensitivity towards impact, friction, and electrostatic discharge according to BAM
standard techniques. In addition, all synthesized compounds were evaluated regarding
their energetic behavior using the EXPLO5 code and compared to TNT in order to
provide a comparison to a well-known energetic material. In addition, two selected
compounds were investigated towards their aquatic toxicity, using the bioluminescent
bacteria vibrio fischeri.

3.1 Introduction

Organic azides have been well investigated during the past decades, as they are
widely used in various different fields of application ranging from pharmaceutical and
medical sciencel’?! over precursors for click chemistry®! to chemical biologyl* and the
agricultural sector®l, The azido moiety is also commonly found in the area of energetic
materials!®], with many materials like plasticizers, hypergolic ionic liquids and binders
containing at least one functional azido group.[”8l Figure 1 shows a selection of
commonly used organic azides in exemplary fields of application, as well as an
example for the importance of geminal diazides in cyclisation reactions towards
tetrazoles.l

a) X
0] N=
D SEE
N (@] O
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HO F F N Nj
N3
Antiviral agent Insectizide Plasticizer
b) Ph
Ph._ _Ph A
e . Ph-.N)%N
N3 N3 -Na N=N

Figure 1. a) Selected applications of organic azides. b) Synthesis of a 1,5-tetrazole starting from a geminal diazide.
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Some of the reasons for the attractiveness of the azido group in energetic materials
are its thermodynamic properties, as it has a high positive heat of formation and adds
about 260 kJ mol'! of endothermic energy to a carbon-based molecule.l*? In terms of
developing more environmentally friendly and less toxic energetic materials, which has
been of growing interest during the last decades, the azido group plays an important
role, as it exclusively releases nitrogen gas during decomposition. However, the
functionalization with azido groups is not without risks, as it is well reported, that it
possibly increases the sensitivity of molecules towards external stimuli like impact and
friction.[*Y] Therefore, azido compounds are known for their explosive behavior, when
handled without the necessary care.l'? The subclass of geminal diazides has been
discovered by Forster et al. in 1908, but is insufficiently investigated until today.3! In
2015 Kirsch et al. summarized the few reports on reactions involving geminal diazides,
and named their potentially explosive character as a possible reason for the lack of
research done regarding this topic.*# In the following years the spectrum of reactions
evolving around the geminal diazido group was further expanded, including click
chemistry>16.171 " fullerene addition!!®l, polymerization!’® and other new synthetic
approaches!?®, summarized in figure 2, but the questions about hazards regarding its
explosive behavior still remained unanswered.
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Figure 2. Extension of known reaction types starting from geminal diazide esters with acid base chemistry.
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Therefore, this work focuses on the synthesis of new geminal diazido derivatives based
on diethyl malonate and intensively characterizing both new and literature known
geminal diazides regarding their energetic and structural properties.

3.2 Results and Discussion

3.21 Synthesis

Diethyl 2,2-diazidomalonate (1) was synthesized according to a literature procedure,
which is shown in Scheme 1.2 Diethyl malonate is iodized on the carbon atom
between the ester groups in a slightly basic aqueous solution, followed by an iodine
azide exchange, which leads to the desired geminal diazide.

O O 1) 1> O O
2) NaN
/\OMO/\ ) SEEN /\OMO/\
DMSO/H,0 NN
4h, r.t. 3T

(1)

Scheme 2. Synthesis of diethyl 2,2-diazidomalonate (1).

The synthetic route to the ionic compounds 3i 6, as well as the neutral compound 2 is
depicted in scheme 2. All compounds can be formed by Brgnsted acid-base chemistry.
Hereby, the ethyl residue is cleaved by the basic reactants and the carboxylate-salt
formation takes place. Diethyl 2,2-diazidomalonate (1) is mixed with water and is
reacted with an equimolar amount of the respective base at slightly elevated
temperatures. An exception is the guanidinium salt, which only reacts at higher

@
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Scheme 2. Synthesis of compounds 2i 6 via acid base chemistry.
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temperatures. Under these conditions, COz: is released from 1 and compound 6 is
formed. Compound 2 is formed in a similar manner, but acidified with sulfuric acid after
formation of the potassium salt in order to form the dicarboxylic acid. The synthesis of
2,2-diazidomalonic acid (2) was described in literature, but the compound insufficiently
characterized. 22

3.2.2 Crystal Structures

Measurable crystals could be obtained for the compounds 21 6, either directly from the
reaction mixture or by recrystallization from the following solvents (2: diethyl ether, 3,6:
water, 4,5: acetone)

General information on the X-ray measurements and refinements are given in the Sl.
Structures were deposited with the CCDC database under the following numbers (2:
2068210,.3: 2068206, 4: 2068209, 5: 2068208, 6: 2068207)

Figure 3. Molecular unit of 2,2-diazidomalonic acid (2). Thermal ellipsoids of non-hydrogen atoms are drawn at the
50 % probability level and hydrogen atoms are shown as small spheres of arbitrary radius.

2,2-Diazidomalonic acid (2) crystallizes in the orthorhombic space group Pna21 with a
density of 1.705 g cm'2 at 173 K and four formula units per unit cell (figure 3). Due to
the mutual repulsion of the functional groups, a symmetrical tetrahedral structure is
expected. This is confirmed when looking at the angles around the C2 atom. In each
case, the angles of the azide groups but also the carboxyl groups are nearly identical,
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and correspond almost to the 109.5° of a tetrahedral conformation (C1i C2i C3 109.5°,
N1i C2i C3 113.9°, N4i C2i C1 112.6°, N1iC2i N4 114.4°). Strong intermolecular
hydrogen bonds can be observed between the carboxylic acid groups (O2i H2:--O4,
031 H3:--01). All bond lengths comply with the expected values for Ci C, Ci N, Ci O
and Ni N single and double bonds.[23:24]

s 0H mN-<0O =N-N N+ H other

Ay 06 08 10 12 14 16 18 20 22 24

Figure 4. Two-dimensional Hirshfeld fingerprint plot of 2,2-diazidomalonic acid (2). Population of close contacts of 2.

Hirshfeld analysis showed a high percentage of N& O contacts (41.2 %) which have a
destabilizing effect (figure 4).12526.27] A stabilizing effect is the N€ H interaction (21.0 %)
but the distance is large (>3 A) and can be neglected. Further, repulsive N& N
interactions (14.5 %) are found which cause strong repulsive interactions in the case
of grid deformation caused by mechanical stimuli and therefore indicate a high
sensitivity. Strong and stabilizing O€ H interactions are found (15.9 %) having a
distance of below 2 A.[2526.27] |n total, the destabilizing N& N interactions are quite
counterbalanced by the strong O€ H interactions and the molecule should be sensitive
and a low thermal stability must be assumed.

Diammonium 2,2-diazidomalonate (3) crystallizes in the triclinic space group P-1 with
a density of 1.546 g cm'2 at 110 K (figure 5). The cell volume is 472.9(2) A3 with two
formula units per cell. The cell constants are a = 7.0256(17) A, b = 7.3752(13) A and
¢ = 10.523(3) A. Due to the mutual repulsion of the functional groups, a symmetrical
tetrahedral structure is expected. This is confirmed when looking at the angles around
the C1 atom. In each case, the angles of an azide and a carboxyl group are identical,
and correspond almost to the 109.5 ° of a tetrahedral conformation (N17 C1i N4 113.1°,
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Figure 5. Molecular unit of diammonium 2,2-diazidomalonate (3). Thermal ellipsoids of non-hydrogen atoms are

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

N1i C1i C2 113.1°, N1i C1i C3 105.4°, N4i C1i C2 105.2°). All bond lengths comply
with the expected values for Ci C, Ci N, Ci O and Ni N single and double bonds.

Compound 3 forms a layered structure consisting of one layer of the azido moieties
surrounded by two layers of the ionic carboxyl and ammonium moieties, shown in
figure 6. The repulsing azido groups interact with each other at a distance of 3.07 A.

A

Y YT Y Yy ¥

Figure 6. Layered arrangement of eight diammonium 2,2-diazidomalonate (3) molecules. Thermal ellipsoids of non-
hydrogen atoms are drawn at the 50 % probability level and hydrogen atoms are shown as small spheres of arbitrary

radius.
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Figure 7. Molecular unit of disodium 2,2-diazidomalonate (4). Thermal ellipsoids of non-hydrogen atoms are drawn

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

Disodium 2,2-diazidomalonate semihydrate (4) crystallizes in the monoclinic space
group P21/c with a density of 1.904 g cm'2 at 123 K and one water molecule per two
malonate molecules (figure 7). In regard to the molecular structure, compound 4 shows
a high similarity to compound 3. It has symmetrical bond angles around the C1 atom
and forms an almost tetrahedral structure (N13i C1i C2 108.3°, N13i C1i N16 112.4°,
N161 C1i C2 112.0°, N167 C1i C3 106.6°). Compound 2 crystallizes with two water
molecules per unit cell. All bond lengths comply with the expected values for Ci C, Ci
N, Ci O and Ni N single and double bonds.

Figure 8. Molecular unit of dipotassium 2,2-diazidomalonate (5). Thermal ellipsoids of non-hydrogen atoms are

drawn at the 50 % probability level.
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Dipotassium 2,2-diazidomalonate (5) crystallizes in the triclinic space group P-1 with a
density of 1.981 g cm'3 at 173 K (figure 8). The cell volume is 439.70(2) A3 with two
formula units per cell. The cell constants are a = 6.8277(1) A, b = 7.1525(2) A and ¢ =
10.3164(2) A. Compound 5 shows comparable bond angles and lengths as compound
1 and 2, forming a tetrahedral structure (N171 C2i C1 112.4°, N1i C2i C3 105.6°, N4i
C2i C1106.1°, N4i C2i C3 112.7°).

N8

N9
C3

N7

Figure 9. Molecular unit of guanidinium 2,2-diazidoacetate (6). Thermal ellipsoids of non-hydrogen atoms are drawn

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

Guanidinium 2,2-diazidoacetate (6) crystallizes in the orthorhombic space group Pna2:1
with a density of 1.534 g cm'3 at 102 K (figure 9). The cell volume is 871.31(19) A3 with
four formula units per cell. The cell constants are a = 15.725(2) A, b = 7.6451(9) A and
c = 7.2477(10) A. Regarding its molecular structure compound 6 corresponds
surprisingly well with compound 315, even though the missing carboxyl group is
replaced by the much smaller hydrogen atom. This is confirmed when looking at the
bond angles, which lie in the same range as the ones of previously discussed structure
(N1i C1i N4 110.0°, N1i C1i C2 107.4°, N4i C1i C2 110.0°, C2i C1i H1 106.2°).

3.2.3 Physicochemical Properties

Since the focus of this work was the determination of the energetic properties of the
synthesized geminal diazides, all compounds were characterized regarding their
physicochemical properties. Therefore, their thermal behavior, detonation parameters
and sensitivities towards impact, friction and electrostatic discharge were determined
experimentally or computationally and compared to TNT, shown in Table 1. TNT was
chosen as a comparable because it is a well-known energetic material, regarding the
characterization and handling in an industrial scale.[?®!
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The thermal behavior of all compounds was measured by differential thermal analysis.
All measured compounds show rather low decomposition temperatures ranging from
105 °C to 147 °C, with compound 1 having the highest and compound 5 the lowest
value. In regard to the endothermic peaks, no melting points could be observed, with
compound 6 showing a water loss at 89 °C due to its hygroscopicity. In comparison to
TNT all measured compounds are significantly less stable towards thermal influences.
It has to be mentioned that compound 2 detonated violently upon direct heating on a
metal spatula. All synthesized compounds show an exceptionally high combined
nitrogen and oxygen content up to almost 80 % for compounds 2, 3 and 6.

The sensitivity values towards impact, friction and electrostatic discharge were
determined according to the BAM standards.’*% Compound 2 (IS=1J, FS = 1 N)
shows the highest sensitivity towards external stimuli, followed by the potassium salt
(5,1S=5J, FS = 288 N, ESD = 0.16 mJ). Both are significantly more sensitive than
TNT und should therefore be handled with the appropriate care. Compound 2 exceeds
the values, estimated by the Hirshfeld analysis, significantly, which is unexpected.
Compound 1, 3, 4 and 6 are insensitive towards all external stimuli. The insensitivity
for the sodium salt (4, IS = >40 J, FS = >360 N, ESD = 1.00 mJ) can be explained by
the crystal water, which generally reduces those values. For compound 1 and 2 no
values regarding electrostatic discharge sensitivities could be obtained, since those
are liquids.

The detonation parameters were determined with EXPLOS5 (V6.05) based on densities,
obtained from the crystal structures and the heats of formation calculated with the CBS-
4M method. The density of compound 1 was determined volumetrically with a Hamilton
syringe. The densities of compound 21 6 show a broad range from 1.45 g cm'3to 1.95
g cm'3. The distribution of the densities fits the expectations, with the alkaline metal
salts (compound 4 and 5) showing the highest values, followed by the malonic acid (2)
and the nitrogen rich salts (compound 3 and 6) at the lower end. With respect to their
detonation velocities and pressures compounds 2i 6 are all in the range of TNT, with
detonation velocities around 7000 m s'! and detonation pressures between 14.8 GPa
and 20.5 GPa. Compound 1 shows significantly lower detonation parameters with Vp
= 5509 m s'! and pcs = 8.8 GPa, which can be explained by its relatively high carbon
content. Compounds 2, 3, 5 and 6 exceed TNT in terms of their detonation velocity,
with 2,2-diazidomalonic acid (2) showing the highest value of Vo = 7348 m s'! and pcJ
= 20.5 GPa.
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Table 1. Physiochemical properties of compounds 1i 6 and TNT.[%)

1 2 3 4.0.5H0 5 6 TNT
Formula C7H10N6O4 C3H2NgO4 C3HsNgO4 C3NeOsNaz C3NeO4K:2 C3H7NgO2 C7HsN306
FW[ g Amho | 242.20 186.09 220.15 230.05 262.27 201.15 227.13
ISl [J] >40 1 >40 >40 5 >40 15
FSk![N] >360 1 >360 > 360 288 >360 >360
ESDI[J] i i 0.60 1.00 0.16 0.54 0.70
N+0! [95] 61.12 79.55 79.97 65.18 56.44 78.58 55.52
q co2®[%)] 199 126 143 119 125 123 174
Tendo?/ Texol? [°C]  1/147 /116 /115 /126 /105 89/140 79/306
)M g A m 1.20 1.67 1.50 1.86 1.95 1.45 1.63
H'[ kK J Amo 11523 1563 1270 1786 1455 1555 1261
EXPLO5 V6.05
T Ul k JTAk ¢ 2927 3453 1226 3167 2471 1025 4399
Tea WK] 2245 2966 2299 2342 1857 2494 3192
pc- "[GPa] 8.8 20.5 16.3 14.8 19.0 16.2 18.8
Dcs™ [ miAls 5509 7348 6912 6589 7275 6998 6878
VO [dm?3A k'p 782 741 883 449 419 874 642

[a] Impact sensitivity (BAM drophammer, method 1 of 6); [b] friction sensitivity (BAM drophammer, method 1 of 6); [c] electrostatic discharge device (OZM research); [d] combined
[ e ko2 o(nOyi @< in yHIR)1608/A)elf] endotiveranic event( alr ToAe, 51 bl C B; fajiteuhgerat(reof
volumetrically with a
energy; [K] detonation temperature; [I] detonation velocity; [m] detonation pressure; [n] volume of detonation gases at standard temperature and pressure conditions.
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3.24 Toxicity Assessment

The ecotoxicological impact of this class of geminal diazides was determined by ECso
measurements based on the bioluminescent Vibrio fischeri NRRL-B-11177 marine
bacteria strain. Therefore, compound 2 and 3 were used as representative examples,
and their ECsp values measured after 15 and 30 minutes and compared to the literature
known values of TNTEU, The ECso value refers to the concentration of a toxicant which
induces a response of 50 % after a specific exposure time. In this case the ECso value
is determined by inhibition of the luminescence by 50 %, when exposed to the
toxicant.[®?l Based on the resulting effective concentration the measured substances
were classified as nontoxic (>1.00gL'Y) , t oxi ¢ ('0),addWaryltoxi©(€0.19
g L™Y). The measured values are shown in Table 2. Compound 2 can be described as
nontoxic, since its ECso value is above 1 g L't. Compound 3 is classified as toxic with
values of 0.45 g L'*and 0.41 g L't after 15 min and 30 min, respectively.

Table 2. EC50 values of 2, 3 and TNT.

ECso(g L)

Incubation 2 3 TNT
15 min 3.76 0.45 T

30 min 2.16 0.41 0.0036

3.3 Conclusion

In this work, we describe the geminal 2,2-diazidomalonic acid (2) as well as their twice
deprotonated sodium (3), potassium (4) and ammonium (5) salts. The reaction of 2,2-
diazidomalonic acid with guanidinium carbonate yielded guanidinium diazidoacetate.
Crystal structures of all synthesized compounds were determined. The densities range
from 1.45 g cm' 2 for the guanidinium salt (6) to 1.95 g cm' 2 for the potassium salt (5).
All compounds were characterized via NMR, as well as regarding their physiochemical
properties, including thermal behavior and sensitivity towards impact, friction and
electrostatic discharge. Compound 2 is a highly sensitive substance with values of 1 J
impact and 1 N friction and should be handle with extreme care. All other compounds
are rather low or not sensitive except the potassium salt (5) which has an impact
sensitivity of 5J and a friction sensitivity of 288 N. In addition, all compounds were
analyzed towards their detonation parameters, calculated with the EXPLO5 code.
Compounds 2, 3, 5 and 6 exceed TNT in terms of their detonation velocity with values
up to 7348 m s! for compound 2. Finally, selected compounds were evaluated by the

luminous bacteria inhibition test in regard to their ecotoxicological impact, while it can
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be assumed, that the salts are lower in toxicity than the neutral form. Potassium salt 3
is categorized as nontoxic, however the malonic acid shows toxicity towards aqueous
organisms. In order to give an assessment of possible hazards, when working with
geminal diazides all compounds were compared to TNT. Geminal diazides are a
versatile class of compounds, which have hereby been proven to show energetic
behavior.

3.4 Experimental Section

All chemicals and solvents were purchased from Sigma Aldrich and used without
further purification. The general information about analytical devices including NMR,
X-ray crystallography, IR, DTA, as well as information about the calculation of the
energetic properties can be found in the SI.

Caution: Organic azides are potentially toxic and explosive compounds. Even though
there were no hazards detected during this work, it is recommended to carry out all
reactions in a small scale, while using the proper safety equipment, including ear, hand
and body protection.

Diethyl 2,2-diazidomalonate (1): Diethyl 2,2-diazidomalonate (1) was synthesized
according to literature. The pure product was obtained as a colorless oil in yields of
80 %. 'H NMR (400 MHz, DMSO-ds): U (ppm) = 4.36 (q, 4H, OCH2CHz), 1.32 (t, 6H,
CHz); 13C NMR (101 MHz, DMSO-ds): U (ppm) = 163.5 (CO2Et), 79.8 (C(N3)2), 64.9
(OCH2CHz3), 13.9 (OCH2CH3); IR (ATR, rel. int.): 3 (&) = 2987 (w), 2359 (w), 2340
(w), 2119 (s), 1754 (s), 1467 (w), 1447 (w), 1393 (w), 1369 (w), 1298 (m), 1226 (s),
1095 (m), 1066 (s), 1043 (s), 1016 (s), 854 (m), 822 (w), 770 (m), 739 (m), 667 (w);
Elemental analysis: calcd. (%) for C7H10NeO4 (242.20 g mol'?): C 34.71, H 4.16, N
34.70; found: C 35.28, H 3.91, N 33.87; Sensitivities: BAM impact: >40 J, BAM friction:
>360 N; DTA (5 °C min'1): Texo = 147 °C.

2,2-Diazidomalonic acid (2): Diethyl 2,2-diazidomalonate (1) (500 mg, 2.06 mmol,
1.0 eqg.) was mixed with 1 ml water and potassium hydroxide (500 mg, 8.26 mmol, 4
eq.) was added to the mixture. The mixture was stirred at 50 °C until there was no trace
of the undissolved diethyl 2,2-diazidomalonate (1) visible. Afterwards an aqueous
solution of 30 % sulfuric acid (2,70 g, 8.26 mmol, 4 eq.) was added to the solution.
After extraction with diethyl ether (20 ml) the organic phase was dried over magnesium
sulfate and left for crystallization. 2,2-Diazidomalonic acid (2) (275 mg, 1.48 mmol, 72
%) was obtained as colorless crystals, which are highly hydroscopic. *"H NMR (400
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MHz, CDCls): ti (ppm) = 8.79; 13C NMR (101 MHz, CDClz: i (ppm) = 166.0, 79.9; IR
(ATR, rel. int.): 3 (&™) = 2926 (w), 2102 (s), 1734 (m), 1407 (w), 1196 (s), 975 (m),
899 (m), 687 (m), 550 (m), 467 (m), 433 (m); Elemental analysis: calcd. (%) for
C7H10NeO4 (242.20 g mol'1): C 34.71, H 4.16, N 34.70; found: C 35.28, H 3.91, N 33.87;
Sensitivities: BAM impact: 1 J, BAM friction: 1 N; DTA (5 °C min'1): Texo = 115 °C.

Diammonium 2,2-diazidomalonate (3): Diethyl 2,2-diazidomalonate (1) (1.0 g,
4.12 mmol, 1.0 eq.) was mixed with 10 ml water and ammonia (2.4 ml, 16.48 mmol,
4.0 eq.) was added to the solution. The solution was left to stir for 24 hours at room
temperature after which the remaining solvent was removed in vacuo. The oil-like
product was allowed to stand for crystallization and was then washed with diethyl ether,
yielding a white microcrystalline solid (200 mg, 0,91 mmol, 22 %). *H NMR (400 MHz,
DMSO-ds): Ui (ppm) = 6.90 (s, 8H); 13C NMR (101 MHz, DMSO-de): U = 169.0, 114.4;
IR (ATR, rel. int.): 3 (¢in'!) = 3171 (m), 3007 (M), 2850 (m) 2263 (w), 2131 (m), 2106
(s), 1611 (s), 1425 (s), 1382 (s), 1309 (s), 1238 (w), 1209 (s), 1156 (w), 1107 (w), 1046
(w), 1026 (w), 1007 (m), 832 (w), 783 (m), 715 (s), 599 (m), 555 (m), 472 (M), 437 (w),
424 (w); Elemental analysis: calcd. (%) for CsHsNsO4 (220.07 g mol'1): C 16.37, H
3.66, N 50.90; found: C 16.33, H 3.68, N 51.49; Sensitivities (grain size: 100 - 300 em):
BAM impact: >40 J, BAM friction: >360 N, ESD: 0.608 J.; DTA (5 °C min'1): Texo =
115 °C.

Disodium 2,2-diazidomalonate semihydrate (4): Diethyl 2,2-diazidomalonate (1)
(250 mg, 1.03 mmol, 1.0 eqg.) was mixed with 5 ml water and sodium hydroxide (82.6
mg, 2.06 mmol, 2.0 eq.) was added to the solution. The solution was left to stir for 1 h
at room temperature, followed by 2 h at 60 °C. The remaining solvent was concentrated
in vacuo. Disodium 2,2-diazidomalonate monohydrate was obtained as a yellow
powder (175 mg, 0,71 mmol, 68 %), which was recrystallized from acetone for x-ray
measurements. 13C NMR (101 MHz, DMSO-de): U (ppm) = 170.6, 108.9; IR (ATR, rel.
int.): 3 (&) = 3757 (w), 3662 (w), 3537 (w) 2432 (w), 2104 (s), 1667 (s), 1634 (s),
1606 (m), 1403 (m), 1315 (s), 1206 (s), 1128 (w), 1059 (w), 1041 (w), 1007 (m), 843
(w), 817 (w), 789 (s), 722 (m), 708 (m), 693 (m), 601 (w), 568 (w), 559 (w), 470 (m),
435 (w), 411 (w); Elemental analysis: calcd. (%) for CsH2NeOsNa2 (248.07 g mol'): C
14.53, H 0.81, N 33.88; found: C 14.29, H 0.58, N 30.22; Sensitivities (grain size: 100
i 500 em): BAM impact: >40 J, BAM friction: >360 N, ESD: 1.0 J.; DTA (5 °C min'?):
Texo = 126 °C.
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Dipotassium 2,2-diazidomalonate (5): Diethyl 2,2-diazidomalonate (1) (250 mg,
1.03 mmol, 1.0 eq.) was mixed with 5 ml water and potassium hydroxide (115,8 mg,
16.48 mmol, 2.0 eq.) was added to the solution. The solution was left to stir for 1 h at
room temperature, followed by 2 h at 60 °C. The remaining solvent was concentrated
in vacuo. After recrystallization from acetone dipotassium 2,2-diazidomalonate was
obtained as a white crystalline solid (210 mg, 0,80 mmol, 83 %). 13C NMR (101 MHz,
CDCls): G =170.6, 107.9; IR (ATR, rel. int.): 3 (&int) = 3322 (w), 2432 (w), 2265 (W)
2133 (m), 2103 (s), 2047 (w), 1645 (s), 1628 (s), 1397 (m), 1379 (m), 1344 (m), 1312
(s), 1243 (s), 1214 (s), 1124 (w), 1036 (w), 1024 (w), 1003 (s), 831 (m), 809 (w), 784
(s), 737 (s), 707 (s), 597 (m), 557 (m), 472 (s), 423 (w); Elemental analysis: calcd. (%)
for CsNeO4K2 (261 . 93 g mol 1 1): C 13. 74, N 32.04;
Sensitivities (grain size: 500 - 1000 em): BAM impact: 5 J, BAM friction: 288 N, ESD:
0.16 J.; DTA (5 °C min'1): Texo = 105 °C.

Guanidinium 2,2-diazidoacetate (6): Diethyl 2,2-diazidomalonate (1) (250 mg,
1.03 mmol, 1.0 eq.) was mixed with 10 ml water and guanidinium carbonate (93 mg,
0.52 mmol, 0.5 eq.) was added to the solution. The solution was left to stir for 2 h at
110 °C. The remaining solvent was concentrated in vacuo. A yellow hygroscopic
powder (105 mg, 0,47 mmol, 46 %) was obtained, which was recrystallized from water
for x-ray measurements. *H NMR (400 MHz, DMSO-ds): U (ppm) = 7.31 (s, 6H), 4.65
(s, 1H); ¥3C NMR (101 MHz, DMSO-de): U (ppm) = 169.7, 158.4, 75.5; IR (ATR, rel.
int.): 3 (¢i1) = 3343 (m), 3134 (m), 2116 (m), 2042 (m), 1651 (s), 1612 (s), 1396 (m),
1321 (m), 1302 (m), 1267 (m), 1238 (m), 1062 (w), 1033 (w), 1009 (w), 986 (m), 881
(w), 788 (m), 744 (m), 526 (s), 459 (s), 407 (s); Elemental analysis: calcd. (%) for
C7H14NeOs (237.18 g mol'1): C 15.19, H 4.67, N 53.15; found: C 14.90, H5.01, N 66.92;
Sensitivities (grain size: > 1000 em): BAM impact: >40 J, BAM friction: >360 N, ESD:
0.54 J; DTA (5 °C min'1): Tendo = 89 °C, Texo = 140 °C.
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3.6 Supplementary Information

3.6.1 X-ray diffraction

Crystal structure data were obtained by measurements on an Oxford Xcalibur3
diffractometer with a Spellman generator (voltage 50 kV, current 40 mA) and a Kappa
CCD area for data collection using Mo-KU radiation (&= 0.71073 A) or a Bruker D8
Venture TXS diffractometer equipped with a multilayer monochromator, a Photon 2
detector and a rotation-anode generator (Mo-KU radiation). The data collection was
performed using the CRYSTALIS RED software.[S% The solution of the structure was
performed by direct methods and refined by full-matrix least-squares on F2
(SHELXT)®2 implemented in the OLEX2[S% software suite. The non-hydrogen atoms
were refined anisotropically and the hydrogen atoms were located and freely refined.
The absorption correction was carried out by a SCALE3ABSPACK multiscan
method.[5* The DIAMOND?2 plots shown with thermal ellipsoids at the 50% probability
level and hydrogen atoms are shown as small spheres of arbitrary radius. The
SADABS program embedded in the Bruker APEX3 software was used for multi-scan
absorption corrections in all structures. !S5
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Table S1. Crystallographic data and structure refinement details for the prepared
compounds 2-4.

2,2 Diazidomaloic Diammonium 2,2 leqdlum 2,2
acid @) diazidomalonateJ) d|az|.doma|onate
semihydrate 4)

Formula C3 H2 N6 04 C3 N6 04, 2(H4 N) 81&23 H4 N24 Nag
FW [g mdi } 186.11 220.17 956.31
Crystal system orthorhombic triclinic monoclinic
Space group Pna21 (No. 33) P-1 (No. 2) P21/c (No. 14)
Color / Habit colourless rod colourless block colourless platelet
Size [mm] 0.02x0.03x0.14 0.08x0.10x0.30 0.10x0.8x0.25
alv] 11.1440(4) 7.0256(17) 11.6751(6)
b [v] 5.9329(2) 7.3752(13) 12.5066(7)
cv] 10.9654(4) 10.523(3) 23.215(2)
h wc 8 105.015(18) 90
i wc 6 100.15(2) 100.154(7)
I wc B 110.12(2) 90
Vv 724.99(4) 472.9(2) 3336.7(4)
Z 4 2 4
“calc.[gcmP ¥ 1.705 1.546 1.904
> WYY 0.156 0.138 0.255
F(000) 376 228 1904
<a2 vjv] 0.71073 0.71073 0.71073
T [K] 173 110 123
© aMay|[] 3.7,26.4 2.1,26.4 1.8,26.4
Dataset -13:13 77:7;-13: 13 -8:7;-9:9;-13: 12 -219%'2%94 F15:15
Reflections collected 13833 2952 26923
Independent refi. 1468 1885 6832
Rt 0.032 0.047 0.069
Observed reflections 1432 1215 3259
Parameters 126 169 566
Ri (obs 0.0220 0.0661 0.0532
wR: (all datalf’! 0.0605 0.1360 0.1313
Sl 1.07 1.05 0.9
Resd. dens [e® } -0.14, 0.23 -0.32,0.31 -0.38, 0.41
Device type ?)r(usker D8 Venture Xcalibur Sapphire3 Xcalibur Sapphire3
Solution SIR92 SIR92 SIR92
Refinement SHELXR018 SHELXR018 SHELXR018
Absorption correction Multi-Scan Multi-Scan Multi-Scan
CCDC 2068210 2068206 2068209

BRy = B||Fo| T J/EfFol; PWR2 = [Ew(FoZT FAZBW(F)Y2; w = [Aci(Fod)+(XP)+yP]'t and P=(Fo*+2F2)/3; IS =
{AwW(FA FA? | ( B 1(np=)ndmber of reflections; p = total number of parameters).

58



Table S 2. Crystallographic data and structure refinement details for the prepared
compounds 5 and 6.

Guanidinium 2,2
diazidomalonateX) diazidoacetate®)

Formula C3 N6 04, 2(K) C2 HN6 02, C H6 N3

FW [g mdl ¥ 262.29 201.18

Crysal system Triclinic orthorhombic

Space group P-1 (No. 2) Pna21 (No. 33)

Dipotassium 2,2

Color / Habit colourless block colorless platelet
Size [mm] 0.11 x 0.33 x0.49 0.12 x 0.15x0.20
av] 6.8277(1) 15.725(2)

b [v] 7.1525(2) 7.6451(9)

c v] 10.3164(2) 7.2477(10)

h wc 6 103.163(2)

j wc 8 101.170(2)

I wc 8 110.137(2)

V[vI 439.70(2) 871.31(19)

z 2 4

" calc.[g cnb ¥ 1.981 1.534

> WY 1.084 0.129

F(000) 260 416

<a2 vjv] 0.71073 0.71073

T [K] 173 102

C aMay|[°] 4.2,26.0 3.0,25.0
Dataset -8.8;-8:8;-12: 12 -18: 18 ;-8:9;-8: 8
Reflections collected 6268 8310
Independent refi. 1719 1504

Rnt 0.022 0.047

Observed reflections 1599 1365
Parameters 137 155

Ri (obsf 0.0196 0.0400

wR: (all datalf’! 0.0512 0.0814

Slel 1.06 1.12

Resd. das [evP } -0.23, 0.39 -0.19, 0.19
Device type Xcalibur Sapphire3 _I?;(usk er b8 Venture
Solution SIR92 SIR92
Refinement SHELXP018 SHELXR018
Absorption correction Multi-Scan Multi-Scan
CCDC 2068208 2068207

BR: = B|Fo| T Jl/&Fo|; PWR2 = [Bw(Fo?T FAZ/EW(Fo)Z]¥2 w = [AcA(FA+XP)+yP]'t and P=(Fo>+2F2)/3; IS =
{AW(FA FA? | ( B 1(np=)ndmber of reflections; p = total number of parameters).
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Figure S 1: X-ray structure of compound 2; Thermal ellipsoids are drawn at the 50%
probability level and hydrogen atoms are shown as small spheres of arbitrary radius.

2,2-Diazidomalonic acid (2) crystallizes in the orthorhombic space group Pna21 with a
density of 1.705 g cm'2 at 173 K and four formula units per unit cell.
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Figure S 2: X-ray structure of compound 3; Thermal ellipsoids are drawn at the 50%
probability level and hydrogen atoms are shown as small spheres of arbitrary radius.
Diammonium 2,2-diazidomalonate (3) crystallizes in the triclinic space group P-1 with
a density of 1.546 g cm'3 at 110 K. The cell volume is 472.9(2) A3 with two formula
units per cell. The cell constants are a = 7.0256(17) A, b = 7.3752(13) A and ¢ =
10.523(3) A.

® &
Mat ; @
@ Hlad

][]

Figure S 3: X-ray structure of compound 4; Thermal ellipsoids are drawn at the 50%
probability level and hydrogen atoms are shown as small spheres of arbitrary radius.
Disodium 2,2-diazidomalonate semihydrate (4) crystallizes in the monoclinic space
group P21/c with a density of 1.904 g cm'2 at 123 K and one water molecule per two
malonate molecules.
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Figure S 4: X-ray structure of compound 5; Thermal ellipsoids are drawn at the 50%
probability level and hydrogen atoms are shown as small spheres of arbitrary radius.
Dipotassium 2,2-diazidomalonate (5) crystallizes in the triclinic space group P-1 with a
density of 1.981 g cm'3 at 173 K. The cell volume is 439.70(2) A3 with two formula units
per cell. The cell constants are a = 6.8277(1) A, b = 7.1525(2) A and ¢ = 10.3164(2) A.

Figure S 5: X-ray structure of compound 6; Thermal ellipsoids are drawn at the 50%
probability level and hydrogen atoms are shown as small spheres of arbitrary radius.

Guanidinium 2,2-diazidoacetate (6) crystallizes in the orthorhombic space group Pna2:
with a density of 1.534 g cm'3 at 102 K. The cell volume is 871.31(19) A3 with four
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formula units per cell. The cell constants are a = 15.725(2) A, b = 7.6451(9) A and ¢ =
7.2477(10) A.

3.6.2 Experimental part and general methods

Caution! Geminal Diazides are energetic materials with high sensitivities towards
shock and friction. Therefore, proper security precautions (safety glass, face shield,
earthened equipment and shoes, Kevlar gloves and ear plugs) have to be applied while
synthesizing and handling the described compounds.

Chemicals and solvents were employed as received (Sigma-Aldrich, Acros, TCI,

Spirochem AG). 1H, 13C and 14N spectra were recorded using a Bruker AMX 400

instrument. The chemical shifts quoted in ppm refer to tetramethylsilane (1H, 13C) and
nitromethane (14N). Decompositions temperatures were determined on a Mettler

Toledo DSC822eataheat i ng r ate of 5LaA@numcruciblesandsi ng 4
nitrogen purge gas at a flow rate of 30 mL mi
performed using the STARe Software Version 16.20. Infrared (IR) spectra were

recorded using a Perkin-Elmer Spektrum One FT-IR instrument. Raman spectra were

obtained using a Bruker MultiRam FT Raman spectrometer and a neodymium-doped

yttrium aluminum garnet (Nd:YAG) laser (== 1064 nm, 1074 mW) . Elemental analyses

were performed with an Elementar Vario el by pyrolysis of the sample and subsequent

analysis of formed gases (standard deviation liquids: +/- 0.5%). The sensitivity data

were collected using a BAM (Bundesanstalt fir Materialforschung) drophammer[S6]

according to STANAG 4489[S7] modified instruction[S8] and a BAM friction tester[S9]

according to STANAG 4487[S10] modified instruction. The classification of the tested

compounds results from the 'UN Recommendations on the Transport of Dangerous

Goods'.[St1

3.6.3 Heat of formation calculation and thermal analysis

The atomization was used to determine the heat of formation of 1i 6 using the atom
energies in Table S3.

KiH%g, M, 2908)= Hmolecule, 208y H, | (aoms, 208)>  tHl Fatoms, 298)
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Table S3: CBS-4M electronic enthalpies for atoms C, H, N and O and their literature

values.
LH?%8/ a.u. kiHGadSt2
H 0.500991 217.998
C 37.786156 716.68
N 54.522462 472.68
@) 74.991202 249.18

The Gaussianl6 program package was used to calculate room temperature enthalpies

on the CBS-4M level of theory.[S%3] In order to obtain the energy of formation for the
solidphaseof2, t he Troutonds RgHse=18& Im). Asocompeuncappl i e
1 is liquid, a different factor is applied (qHsub = 90 - Tm).

Table S4: Heat of formation calculation results for compounds 1i 6.

M bHP98 [l[a.u.] | kiHo(g, M)P! | kiHo(s) | kn kiU(s) [e
[kJ motl] [kJ motl] [kJ kg1

1 900.847328 | £88.8 b126.6 |510.0 |b420.3

2 743.916874 | b31.6 £104.7 | 6.0 £482.8

3 742.780754 | 195.2 £249.7 510.0 £1021.7

4 742.780754 | b115.4 b785.7 | 5.0 £3361.6

5 742.780754 | £95.2 b584.6 | 5.0 52181.6

6 555.044724 | b117.5 £190,0 £9.0 b1055.6

[a] CBS-4M electronic enthalpy; [b] gas phase enthalpy of formation; [c] sublimation enthalpy; [d] standard solid state

enthalpy of formation; [€] solid state energy of formation.
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Abstract: In this work, 2-hydrazonyl-propandihydrazide (2), a new precursor for
energetic materials based on diethyl 2,2-diazidomalonate (1) was investigated.
Therefore, its versatility was shown by various secondary reactions, including
formation of energetic salts (31 5), the synthesis of a nitrogen-rich bistriazole (10) and
a highly instable diazido derivative (6). In addition, a Curtius degradation could be
observed in detail. When possible, the compounds were analyzed by low temperature
X-ray diffraction. All measurable compounds were analyzed by 'H and *C NMR
spectroscopy, elemental analysis, differential thermal analysis (DTA) and regarding
their sensitivity towards impact and friction according to BAM standard techniques. All
promising compounds were evaluated regarding their energetic behavior using the
EXPLO5 code (V6.05) and compared to RDX and CL-20. In addition, compound 2 was
investigated towards its aquatic toxicity, using the bioluminescent bacteria vibrio
fischeri.

4.1 Introduction

Due to the wide spread use of energetic materials in both civilian and military
applications, there is a constant need for improvement of known compounds, as well
as the development of new energetic materials, exceeding their predecessors in regard
to their performance, cost effectiveness and eco-friendliness.'® Countless discoveries
of the last decade have proven nitrogen rich heterocycles like oxadiazoles, triazoles
and tetrazoles to be promising backbones in high-energy material (HEM) synthesis.**
Compounds based on these systems often possess the desired properties like high
density and detonation performance, good thermal stabilities and low sensitivities.”:
By the formation of nitrogen rich salts these properties can be further improved.® One

NaN3

HsNOHCI

Figure 1. A selection of commonly used precursor molecules and their respective HEMs.
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of the most prominent examples for this class of molecules is TKX-50, surpassing
commonly used energetic materials like RDX in almost all relevant properties.0-12
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Figure 2. Glyoxal as a precursor for various energetic materials like CL-20, K:-DNABT, TKX-50, furazane and

furoxane derivatives.

It is synthesized from glyoxal, which is an excellent example for a versatile precursor
in the field of HEMs. Numerous compounds including KaDNABT, CL-20, TKX-50,
bisfuroxanes and furazanes can be prepared starting from glyoxal.*>*> Another well-
known example is nitroacetonitrile, which is commonly used to synthesize annulated
1,2,4-triazines.'® Some examples for energetic precursors are summarized in Figure
1. But the way to these promising energetic compounds often consists of long synthetic
routes including numerous steps and complicated reaction paths, some examples of
these are shown in Figure 2. It is therefore of high importance to develop new precursor
molecules, which are cheap and easy to synthesize and provide various possibilities
for functionalization in order to obtain HEMs. In addition, it would be ideal if they
possess low sensitivities and no toxicity. Therefore, this work focuses on the synthesis
of energetic materials, based on 2-Hydrazonyl-propandihydrazide (2), a new energetic
precursor. Those new compounds are extensively characterized in regard to their
energetic and structural properties.
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4.2 Results and Discussion

42.1 Synthesis

Diethyl 2,2-diazidomalonate (1) was synthesized according to literature procedure.’
2-Hydrazonyl-propandihydrazide (2) was obtained by substitution of the azide groups
and the ethoxy groups using an excess of hydrazinium hydroxide. Two ethanol
molecules are cleaved by the nucleophilic attack of the hydrazine on the carboxyl
carbon atom. The ionic compounds 315 are synthesized by Brgnsted acid-base
chemistry when reacting compound 2 with nitric, hydrochloric and perchloric acid,
respectively. Hereby, compound 2 is protonated twice and the double salts of the 2-
hydrazonemalonohydrazinium cation are formed. After diazotation of compound 2 a
Curtius degradation starting from compound 6 can be observed. Hereby, 3-
carbonylazido-1H-1,2,4-triazol-5-one (7) is formed almost instantly over the isocyanate
intermediate, which reacts further to compound 8, when exposed to ambient humidity.
Additionally, compound 2 was reacted with N-methyl-N-nitroso-N éitroguanidine in
order to form compound 9, which was followed by a triazole ring closure, performed
under basic conditions and subsequent acidification yielding the neutral compound 10
(Scheme 1). All compounds were fully characterized by IR and multinuclear NMR
spectroscopy, mass spectrometry and differential thermal analysis. Further, selected
compounds were analyzed using low-temperature single-crystal X-ray measurements.
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Scheme 3. Synthesis of compound 2 as a versatile precursor for energetic compounds 3, 4, 5, 9 and 10, as well as

the Curtius degradation from compound 6 to 8.

422 Crystal Structures

Measurable crystals could be obtained for the compounds 21 5, 7 and 8, either directly
from the reaction mixture (7, 8) or by recrystallization from water (2i 5).

General information on the X-ray measurements and refinements are given in the Sl.
Structures were deposited with the CCDC database under the following numbers (2:
2149590, 3: 2149591, 4: 2149592, 5: 2149593, 7: 2149594, 8: 2149595).
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2-Hydrazonyl-propandihydrazide (2) crystallizes in the monoclinic space group P2i/c

with a density of 1.601g é ah113 K (Figure 3). For all structures, thermal ellipsoids
ofnonrhydr ogen atoms are drawn at the 50 % pro
are shown as small spheres of arbitrary radius. The cell volume is 664.35(9) A3 with

four formula units per cell. The molecule is highly planar, shown by the torsion angles,

which are very close to OA or 180A. (N6TN5]
N2T N11TC11C2 178.9A). Bot h, i ntramol ecul ar an
be obser ved.t DI, ( \NNBIHSEt4083, Ni1TH1t ©2, N2T1H2At Of,

N4T1 H4Bt ©2) The bond lengths confirm the mesomeric system, with values between

single and double bonds for C17 N1 (1.333 A), C271 N3 (1.314 A), N371 N4 (1.309 A) and

C31 N5 (1.336 A).18.19

2-Hydrazonyl-propandihydrazid i u m d it2b t H2@ t(® crystallizes in the
monoclinic space group P2i/cwi t h a densi t'%yat 107K (Higuré 4)3Theg c m
N2

Figure 3. Molecular unit of 2-hydrazonyl-propandihydrazide (2).

cell volume is 1107.53(10) A2 with one formula unit per cell. The torsion angles show

a planar molecule, similar to compound 2 ( N6 T N571 C31 C2 1174.9A, N4T
0.7A, N2ITN1iCliC2 176.4A). The compound cry
product molecules.

Compound 4 crystallizes in the triclinic space group P-1 with a density of 1.657 g cm'3
at 100 K and two formula units per unit cell (Figure 5). The cell volume is 503.15(6)
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Figure 4. Molecular unit of 2-hydrazonyl-p r o pan d | hydr a@a580@Bm dinitrate

A3. The structure shows high similarities to the previously described compounds 2 and
3 in regard to its planarity (N6 N5i C3iC2 T 1 7 2 i NBIAC2i CNK6.2°, N2i N1i
C1i C2 178.3°). The crystal structure contains one water per unit cell. All bond lengths
comply with the described values for compound 2.[18:19]

&R Cli1
@ °

Figure 5. Molecular unit of 2-hydrazonyl-propandihydrazidium dichloride monohydrate (4).

Compound 5 crystallizes in the monoclinic space group P21/n with a density of 1.991
g &mt 105 K and four formula units per unit cell (Figure 6). The cell volume is
1264.94(13) A3. The structure fits the expectations in regard to the torsion angles,

being slightly | ess planar than the previ ol

T171. 0A, N4T N31T C21C1 178.5A, N2T N1T Q@Qrel
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contains one water per unit cell. All bond lengths comply with the described values for
compound 2,18 19
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Figure 6. Molecular unit of 2-hydrazonyi-propandihydrazidium diperchlorate monohydrate (5).

Compound 7 crystallizes in the monoclinic space group P21/c with a density of 1.797
g cm'3 at 105 K and four formula units per unit cell (figure 7). The cell volume is
569.48(17) A3. Based on the torsion angles the structure can also be described as
planar (C1i N1i N2i C2 -0.4°, N2i C2i C3i N4 2.7°, N5i N4i C3i 02 2.3°).All bond
lengths comply with the expected values for Ci C, Ci N, Ci O and Ni N single and
double bonds (C2i C3 1.49 A, N1i N2 1.38 A, N4i C3 1.40 A, C1i 01 1.25 A).[18.19]

Compound 8 crystallizes in the monoclinic space group P21/c with a density of 1.766

NE
N4 NS

\

e

Figure 7. Molecular unit of 3-carbonylazido-1H-1,2,4-triazol-5-one (7).

g cm'3 at 102 K and four formula units per unit cell (Figure 8). The cell volume is
553.20(4) A3. Similar to compound 7 the torsion angles describe a planar structure
(C2i N1i C1i N2 -0.4°, N1i C2i C3i O3 0.8°, N3i N2i C1i O1 -177.6°). The compound
crystallizes with one water molecule per unit cell. All bond lengths comply with the
expected values for Ci C, Ci N, Ci O and Ni N single and double bonds (C2i C3 1.49
A, N2iN31.37 A, N3iC2 1.30 A, C1i 01 1.25 A).[18.19]
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Figure 8. Molecular unit of 3-carboxyl-1H-1,2 4-triazol-5-one monohydrate (8).

4.2.3 NMR and Vibrational spectroscopy

All 'H and *3C NMR measurements were performed in DMSO-ds. The proton NMR of
compound 2 shows five signals. This is due to the E/Z-isomerism caused by the
inflexible hydrazone moiety, building intramolecular hydrogen bridges with one side of
the otherwise symmetrical molecule. The two signals at 4.26 and 4.46 ppm belong to
the NH2 - groups of the hydrazides. The two signals at 8.88 and 10.20 ppm are the NH
groups, which are shifted more due to a higher influence of the described effect on
those protons. The same effect can be observed in the corresponding '°C spectrum,
which shows three signals. The two signals at 162.9 and 164.9 ppm belong to the
unsymmetrically carbohydrazides and the signal at 119.0 ppm represents the
hydrazone group. Compound 3, 5 and 9 behave in a similar manner, as it would be
expected. Although compound 10 also has the intermediate hydrazone group, it shows
symmetric signals in the *H and 3C spectra, which are caused by the mesomerism of
the ring system. The IR spectrum of 6 was measured in chloroform, since this
compound decomposes as soon as it is isolated. The hydrazone moiety can be
identified by the two broad bands at 3313 and 3163 cm'?, as well as the band at 1574
cm't, The band at 2129 cm'?! corresponds to the azide groups and the carbonyl
vibration is found at 1675 cm'1.[20.21]

4.2.4 Physicochemical Properties

All energetic compounds were characterized regarding their physiochemical
properties. This includes their sensitivities towards impact, friction and electrostatic
discharge, the thermal behavior, heats of formation and detonation parameters. Those
were determined experimentally or computationally and compared to RDX, being the
state-of-the-art secondary explosive in industrial use, and CL-20, which is one of the
best performing compounds in terms of detonation properties, shown in Table 1. The
sensitivity values towards impact and friction were determined according to the BAM
standards.[??
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When looking at compound 2 and the energetic salts 3 and 5, it was observed, that
they are insensitive towards friction, with values above 360 N. In regard to the impact
values only compound 3 shows a slight sensitivity of 30 J. For compound 3 and 5 the
insensitivity can be explained by the crystal water, generally reducing those values.
Compound 9 also shows no sensitivity towards impact and friction with values of above
40 J and 360 N. Compound 10 exhibits interesting properties, possessing a high impact
sensitivity of 2.5 J, which is close to the range of primary explosives, while at the same
time being almost insensitive towards friction stimuli with a value of 360 N. When
compared to RDX and CL-20, all compounds are less sensitive, with the exception of
compound 10 showing a higher impact sensitivity. It was attempted to measure the
friction sensitivity of compound 6 directly after separating it from the reaction mixture,
which resulted in positive tests at 1 N. But it has to be mentioned that the Curtius
degradation visibly took place, as the product turned yellow during the measurement
and therefore no certain values could be obtained.

The thermal properties of all compounds were determined by differential thermal
analysis. None of the measured compounds show endothermic events, which could
be assigned to melting points. In terms of decomposition temperatures, the range starts
at a rather low value 124 °C for the perchlorate salt 5 and ends at 209 °C for compound
9. The remaining three compounds 2, 3 and 10 show decent decomposition
temperatures slightly below 180 °C. The DTA plots of compound 2, 9 and 10 are
depicted in figure 9. With the exception of Compound 9, all measured compounds are
less stable towards thermal influences than RDX. The investigated compounds exhibit
very high combined nitrogen and oxygen contents up to 84 % for compound 3. Based
on the densities, obtained by gas pycnometry or from the crystal structures the
energetic properties were calculated with EXPLO5 (V6.05).[238] The heats of formation
were obtained by CBS-4M calculations. The densities of compound 2 and its salts 3
and 5 range from 1.56 g cm' 3 to 1.94 g cm' 2 with the neutral compound showing the
lowest value, the perchlorate salt the highest value and the nitrate salt a moderate
value of 1.70 g cm' 3, which is in line with the expectations. The densities of compound
9 and 10 were determined by gas pycnometry, since no crystal structures could be
obtained. Compound 9 shows a lower density of 1.73 g cm'3, when compared to
compound 10, which was to be expected due to the large size of the molecule. With
1.81 g cm'3 compound 10 is in the same density range of RDX, which is a promising
starting condition for the detonation properties. When looking at the detonation
velocities and pressures, the values of the measured compounds range from 7610
m A $and 19.3 GPa for compound 2, up to 9082 m A'§and 36.9 GPa for compound 5.
Therefore, compounds 3 and 5 are able to surpass RDX in terms of their detonation
properties, exhibiting detonation velocities around 9000 mA's. Compound 10 still
shows decent values which are only slightly below RDX with a detonation velocity of
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8654 m 'sand a pressure of 31.0 GPa. It was expected, that compounds 2 and 9 are
the least well performing, since they lack structural energetic properties. This was
confirmed by the calculations, with values of 7610 m "sand 19.3 GPa for compound
2 and 8228 m 'sand 25.9 GPa for compound 9. CL-20 surpasses all synthesized
compounds in terms of thermal stability and detonation performance, which was to be
expected. But due to much simpler and more cost-efficient syntheses, as well as lower
sensitivities, the presented compounds are still a valuable addition to the roster of
secondary explosives and prove the worth of compound 2 as an energetic precursor.

-2 ‘J 10

L H \ 0
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Figure 9. DTA plots of compound 2, 9 and 10 measured with a heating rate of 5 K{min' .
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Table 3. Physiochemical properties of compounds 2, 3, 5, 9, 10, RDX and CL-20[4,

2 3 5 9 10 RDX CL-20
Formula CsHsNeO2 CsH105NgOs.25 C3H12N6O11Cl2 CsH10N1206 CsHesN1204 CsHsNeOs CsHeNeOse
M[ g Ao | 160.14 290.56 379.06 334.21 298.18 222.12 438.19
ISl [J] >40 30 >40 >40 25 7.5 3
FSII [N] >360 >360 >360 >360 360 120 96
N+OIld [%] 72.46 83.89 68.60 79.01 77.83 81.06 82.17
q co2l [%] P80 T17 0 43 i34 122 T11
Tendol® Texo 1 [°C] /178 /167 /124 1/209 /177 203/208 11224
jO] g Adgm 1.56 1.70 1.94 1.73 181 1.82 2.08
qQHM[ Kk J Aol T 21 224 1239 184 541 87 365
EXPLO5 V6.05
T qUell] k JJAk g 2851 6552 5993 4327 5137 5807 6160
Tea K] 2096 4073 4080 3023 3624 3800 4071
pcs K[GPa] 19.3 34.2 36.9 25.9 31.0 34.0 44.5
Dca[ miAls 7610 8920 9082 8228 8654 8882 9778
VoM [dm3A kb 885 859 837 829 766 793 720

[a] Impact sensitivity (BAM drophammer, method 1 of 6); [b] friction sensitivity (BAM drophammer, method 1 of 6); [c] electrostatic discharge device (OZM research); [d] combined

nitrogen and oxygen content; [ ekoonOy@ciiyH @) a nded 0t/ FWgr)d d & r]b ebn débd Apajilethperatgrepfv e nt  ( DT A,
decompositi=6n ACBHhdgnsithat298K(forldet er mi ned volumetrically with a Hamilton syringe 100 glL)
energy; [K] detonation temperature; [I] detonation velocity; [m] detonation pressure; [n] volume of detonation gases at standard temperature and pressure conditions.
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4.2.5 Toxicity Assessment

In order to determine the ecotoxicological impact of the presented precursor, ECso
measurements based on the bioluminescent vibrio fischeri NRRL-B-11177 marine
bacteria strain were performed. Therefore, the ECso values of compound 2 were
measured after 15 and 30 minutes and compared to the measured values of
oxalyldinydrazide and glyoxal. The first one was chosen, based on the structural
similarities of oxalyldihydrazide to compound 2. While glyoxal was picked as it is one
of the most common precursors in energetic synthesis. The ECso value refers to the
concentration of a toxicant which induces a
time. In this case the ECso value is determined by inhibition of the luminescence by
50 %, exposedto the toxicant.22 Based on the resulting effective concentration
the measured substances were classified as nontoxic (>1.00g "), toxic (0.10i 1.00
g "1, and very toxic (<0.10g "1.25 The measured values are shown in Table 2.
Compound 2 can be described as nontoxic toward aquatic organisms, since its ECso
value is above 1 g "L Oxalyldihydrazide is also categorized as nontoxic, with even
higher values, which indicates a slightly increased toxicity of compound 2 due to the
hydrazone moiety. Glyoxal is classified as toxic with values of 0.43 g "Y1and 0.33g "L
after 15 min and 30 min, respectively. In summary the hydrazide moiety does not seem
to have a negative impact on the toxicity towards aquatic life. Therefore, compound 2
can be described as an ecofriendly precursor for energetic material synthesis.

Table 4. EC50 values of 2, oxalyldihydrazide and glyoxal.

Incubation 2 Oxalyldihydrazide Glyoxal
15 min 4.62 19.65 0.43
30 min 2.61 12.99 0.33

4.3 Conclusion

In this work, we present 2-hydrazonyl-propandihydrazide (2) as a new precursor in
energetic material synthesis. Therefore, the energetic salts 3 and 5, as well as a
bridged nitraminobistriazole (10) were synthesized deriving from compound 2 by
straightforward and short methods. Additionally, a Curtius degradation of 2-hydrazonyl-
propandihydrazide (6) was observed including the intermediate (7) and final product
(8). Crystal structures of compounds 215, 7 and 8 were determined. The densities
range fr oms3afthebpecuggdk @M t o 1 3®fdhe gehchlomate salt (5).
All compounds were characterized by NMR, and IR as well as regarding their
physiochemical properties, including thermal behavior and sensitivity towards impact
and friction. Due to its very unstable character towards various stimuli, compound 6
was only analyzed by IR spectroscopy. For compound 7, only the crystal structure
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could be obtained due to the short lifespan of this intermediate at standard conditions.
The compounds investigated towards their energetic behavior show almost no friction
and impact sensitivities, with the exception of compound 10 (3 J, 360 N) and compound
3 (30 J, >360 N). The compounds 2, 3, 5, 9, and 10 were investigated in regard to their
detonation parameters, which were calculated with the EXPLOS5 code. Compounds 3
and 5 exceed RDX in terms of all calculated values with detonation velocities of 8920
m s and 9082 m s, respectively. Compounds 9 and 10 are still in the same range of
RDX with values of 8228 m st and 8654 m s. Finally, the new precursor was
evaluated by the luminous bacteria inhibition test in order to investigate its
ecotoxicological impact. It was compared to glyoxal to provide a well-known precursor
as reference. 2-hydrazonyl-propandihydrazide (2) is categorized as nontoxic, while the
measurements show a toxic classification for glyoxal towards aqueous organisms.
Future work might involve upscaling, compatibility testing and additional safety
evaluation.

4.4 Experimental Section

All chemicals and solvents were purchased from Sigma Aldrich and used without
further purification. The general information about analytical devices including NMR,
X-ray crystallography, IR, DTA, as well as information about the calculation of the
energetic properties can be found in the SI. Compound (1) and N-methyl-N-nitroso-N&
nitroguanidine were synthesized according to literature procedures.!17:27]

Caution: The investigated compounds are potentially toxic and explosive. Therefore, it
is recommended to carry out all reactions in a small scale, in addition to using the
proper safety equipment, including ear, hand and body protection.

2-Hydrazonyl-propandihydrazide (2): Diethyl 2,2-diazidomalonate (1) (1.00 g, 4.13
mmol, 1.0 eq) was dissolved in water (5 mL) and hydrazine hydrate (1.2 mL, 24.77
mmol, 6.0 eq) was added. Afterwards it was stirred for 24 h at room temperature. The
precipitate was filtered and washed with cold water. The filtrate was concentrated in
vacuo in order to obtain an additional amount of product. Compound (2) was obtained
as colorless solid (452 mg, 2.82 mmol, 68 %).'*H NMR (400 MHz, DMSO-ds) U (ppm)
=10.52 (s, 2H, NH2), 10.20 (s, 1H, NH), 8.88 (s, 1H, NH), 4.47 (s, 2H, NH2), 4.24 (s,
2H, NH2); 13C NMR (101 MHz, DMSO-ds) U (ppm) = 165.4, 163.3, 119.5; IR (ATR, rel.
int.): 3 (&fn-1) = 3386 (m), 3305 (m), 3195 (m), 2170 (w), 2137 (w), 2007 (w), 1992
(w), 1635 (m), 1601 (m), 1552 (m), 1488 (s), 1325 (m), 1279 (m), 1219 (m), 1137 (m),
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1090 (m), 990 (m), 962 (s), 815 (m), 794 (m), 721 (s), 633 (M), 555 (s), 488 (m), 407
(s); Elemental analysis: calcd. (%) for CsHsNsO2 (M = 160,14 g molt): C 22.50, H
5.04, N 52.48; found: C 22.62, H 5.08, N 52.16; Sensitivities (grain size: 100 1
500 em): BAM impact: >40 J, BAM friction: >360 N; DTA (5 °C min'?): Texo = 178 °C.

2-Hydrazonyl-propandihydrazidium dinitrate - 0.25 H20 (3): 2-
Hydrazineylidenemalonohydrazide (2) (250 mg, 1.56 mmol, 1.0 eq.) was mixed with
nitric acid (5 ml, 65 %) and stirred at 50 °C for 1 h. Compound (3) (310 mg, 1.08 mmol,
69 %) was obtained as pale-yellow crystals. 'H NMR (400 MHz, DMSO-ds): U (ppm) =
11.57 9.0 (broad), 10.53; 13C NMR (101 MHz, DMSO-ds: U (ppm) = 164.7, 161.3,
115.4; *“N NMR (27 MHz, DMSO-d6: U (ppm) =14, i 359; IR (ATR, rel. int.): 3 (¢in™)
= 3230 (m), 2151 (m), 2010 (w), 1997 (w), 1891 (w), 1646 (m), 1550 (m), 1495 (m),
1417 (m), 1309 (s), 1272 (s), 1186 (s), 1157 (s), 1104 (m), 1043 (m), 1010 (m), 985
(m), 824 (m), 788 (m), 688 (s), 577 (s), 491 (s), 471 (s), 436 (s), 425 (s), 410 (s), 401
(s); Elemental analysis: calcd. (%) for C3H10NgOs-- 0.25 H20 (290.56 g mol'?): C
12.40, H 3.64, N 38.55; found: C 12.05, H 3.40, N 38.29; Sensitivities (grain size:
100i 300 em): BAM impact: 30 J, BAM friction: >360 N; DTA (5 °C min'!): Texo = 167
°C.

2-Hydrazonyl-propandihydrazidium dichloride monohydrate (4):
2-Hydrazineylidenemalonohydrazide (1) (250 mg, 1.56 mmol, 1.0 eq.) was mixed with
hydrochloric acid (5 ml,30 %) and 5 ml water and stirred at room temperature for 1 h.
Compound (4) (360 mg, 1.54 mmol, 99 %) was obtained as pale-yellow crystals. *H
NMR (400 MHz, DMSO-de): U (ppm) = 12.07 9.5 (broad), 10.64, 10.56; 3C NMR (101
MHz, DMSO-ds): U = 164.6, 161.2, 115.2; IR (ATR, rel. int.): 3 (&) = 3338 (w), 3185
(w), 2758 (w), 2669 (w), 1983 (w), 1948 (w), 1670 (w), 1648 (w), 1616 (w), 1470 (m),
1335 (w), 1296 (w), 1253 (w), 1213 (w), 1175 (w), 1136 (m), 1066 (w), 1009 (w), 879
(w), 806 (w), 738 (w), 681 (w), 590 (m), 529 (m), 478 (w), 420 (m); Elemental analysis:
calcd. (%) for C3sH10Cl2NeO2 --H20 (251.06 g mol't): C 14.35, H 4.82, N 33.47; found:
C 14.40, H 4.57, N 33.65; Sensitivities (grain size: 100 - 300 em): BAM impact: >40
J, BAM friction: >360 N; DTA (5 °C min'1): Texo = 191 °C.

2-Hydrazonyl-propandihydrazidium diperchlorate monohydrate (5):
2-Hydrazineylidenemalonohydrazide (2) (250 mg, 1.56 mmol, 1.0 eq.) was mixed with
perchloric acid (0.5 ml, 60 %) and 5 ml water and stirred at room temperature for 1 h.
Compound (5) (130 mg, 0.36 mmol, 23 %) was obtained as pale-yellow crystals. *H
NMR (400 MHz, DMSO-de): U (ppm) = 10.63, 10.59, 4.98, 4.63; 13C NMR (101 MHz,
DMSO-de): U (ppm) = 164.7, 161.3, 115.2; IR (ATR, rel. int.): 3 (¢ ) = 3543 (w), 3423
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(w), 3149 (w), 1676 (w), 1580 (w), 1494 (m), 1310 (w), 1109 (m), 1041 (m), 929 (w),
807 (w), 619 (m), 585 (m), 484 (m), 417 (m); Elemental analysis: calcd. (%) for
C3H10NeO10Cl2 --H20 (379.06 g mol'1): C 9.51, H 3.19, N 22.17; found: C 9.46, H 3.00,
N 21.99; Sensitivities (grain size: 100 i 500 em): BAM impact: >40 J, BAM friction:
>360 N; DTA (5 °C min'1): Texo = 124 °C.

2-Hydrazonemalonyldiazide (6): 2-Hydrazonyl-propandihydrazide (2) (500 mg, 3.12
mmol, 1.0 eq.) was dissolved in concentrated hydrochloric acid (10 ml, 32 %).
Chloroform (40 mL) was added and the solution was cooled below 0 °C. Sodium nitrite
(450 mg, 6.52 mmol, 2.1 eq.), dissolved in water (2 mL), was added dropwise under
heavy stirring, while the temperature was kept below 0 °C. The organic phase was
washed with ice water and filtered through a magnesium sulfate layer into a
crystallizing bowl. The residue was left for crystallization and compound (5) was
obtained as colorless highly hygroscopic crystals (290 mg, 1.59 mmol, 51 %). IR (ATR,
rel. int.): 3 (&int) = 3312 (w), 3162 (w), 2985 (w), 2128 (w), 1978 (w), 1756 (w), 1674
(w), 1573 (w), 1467 (w), 1297 (w), 1235 (w), 1154 (w), 1046 (w), 960 (w), 854 (w), 828
(w), 753 (w), 669 (w), 588 (w), 548 (w), 470 (w), 416 (w).

3-Carbonylazido-1H-1,2,4-triazol-5-one (7):

2-Hydrazonemalonyldiazide (6) was stored in the freezer for 2 days at
120 °C. Colorless crystals were obtained from the stored compound, which turned out
to be 3-carbonylazido-1H-1,2,4-triazol-5-one (6), shown by X-ray measurements.

3-Carboxyl-1H-1,2,4-triazol-5-one monohydrate (8):

2-Hydrazonemalonyldiazide (6) was stored in the refrigerator for 7 days at 3 °C. Yellow
crystals were obtained from the stored compound, which turned out to be 3-carboxyl-
1H-1,2,4-triazol-5-one (7), shown by x-ray measurements *H NMR (400 MHz, DMSO-
de): U (ppm) = 12.54 (s, 1H), 12.43 (s, 1H); 13C NMR (101 MHz, DMSO-de): U (ppm) =
162.5, 155.8, 139.5.

2-Hydrazonyl malono-di-N-amino-nitroguanidine (9):
2-Hydrazineylidenemalonohydrazide (2) (725 mg, 4.53 mmol, 1.0 eq.) was dissolved
in H20 (15 ml) and N-methyl-N-nitroso-N éitroguanidine (1.33 g, 9.05 mmol, 2.0 eq.)
dissolved in H20 (50 ml) was added. The reaction mixture was stirred for 50 min at 95
°C. The precipitate was collected by filtration, washed with cold H20 and cold EtOH

and dried at rt to yield compound 8 (1.32 g, 3.95 mmol, 87 %) as a yellow solid. *H
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NMR (400 MHz, DMSO-ds): U (ppm) = 10.70, 10.40, 9.90, 9.84-9.48, 8.66, 7.99; 13C
NMR (101 MHz, DMSO-ds): U (ppm) = 165.5, 163.2, 161.4, 161.2, 118.5; IR (ATR, rel.
int.): 3 (&n't) = 3387 (vw), 3293 (vw), 3191 (w), 2971 (vw), 1739 (s), 1669 (vw), 1652
(vw), 1610 (m), 1567 (s), 1505 (m), 1476 (w), 1429 (s), 1376 (s), 1345 (s), 1261 (s),
1230 (vs), 1217 (vs), 1189 (vs), 1116 (m), 1058 (s), 954 (vw), 923 (vw), 836 (vw), 779
(vw), 739 (vw), 563 (vs), 517 (vs), 486 (vs), 473 (vs), 412 (vs); Elemental analysis:
calcd. (%) for CsH10N1206 (334.21 g mol'1): C 17.97, H 3.02, N 50.29; found: C 18.08,
H 3.04, N 50.43; Sensitivities (grain size: 100i 500 ¢m): BAM impact: >40 J, BAM
friction: >360 N; DTA (5 °C min'1): Texo = 209 °C.

Bis(dinitramino-1H-1,3,4-bistriazol-5-yl) methylhydrazone (20):
Bis(nitroguanidinyl)-2-hydrazonemalonohydrazide (9) (3.40 g, 10.2 mmol, 1.0 eq.) was
dissolved in H20 (80 ml) and KOH (1.71 g, 30.5 mmol, 3.0 eq.) dissolved in H20 (65
ml) was added. The reaction mixture was stirred over night at 80 °C, cooled to 50 °C
and conc. HNOs (65 %) was added until pH = 3. The precipitate was collected by
filtration, washed with cold H20 and dried for two days at 100 °C to yield compound 10
(1.53 g, 5.13 mmol, 50 %) as a beige solid. *H NMR (400 MHz, DMSO-ds): U (ppm) =
14.17 (bs, 2H,ring-NH) , 1 0. 3 071 9 -NB20NH]; ¥C NMRKILO1 MiHz, DMSO-
de): U (ppm) = 152.79, 152.11, 112.03; MS: m/z (ESli) =297.1 [CsHsN1204]; IR (ATR): 3 H
= 3181 (vw), 1560 (m), 1483 (w), 1401 (w), 1225 (s), 1144 (m), 1044 (m), 988 (m), 913
(m), 871 (m), 771 (s), 731 (s), 707 (s), 614 (s), 492 (vs), 419 (vs); Elemental analysis
: calcd. (%) for CsHeN1204: C 20.14, H 2.03, N 56.37 found: C 19.79, H 2.23, N 53.88;
Sensitivities( gr ai n s i z &m): BAWiMpact: 2.9J)BAM friction: 360 N; DTA
(onset, 5 °C min™1): Texo= 177 °C.
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4.6 Supplementary Information

4.6.1 X-ray diffraction

Crystal structure data were obtained by measurements on an Oxford Xcalibur3
diffractometer with a Spellman generator (voltage 50 kV, current 40 mA) and a Kappa
CCD area for data collection using Mo-KU radiation (e-= 0.71073 A) or a Bruker D8
Venture TXS diffractometer equipped with a multilayer monochromator, a Photon 2
detector and a rotation-anode generator (Mo-KU radiation). The data collection was
performed using the CRYSTALIS RED software.[SH The solution of the structure was
performed by direct methods and refined by full-matrix least-squares on F2
(SHELXT)®2 implemented in the OLEX2[S% software suite. The non-hydrogen atoms
were refined anisotropically and the hydrogen atoms were located and freely refined.
The absorption correction was carried out by a SCALE3ABSPACK multiscan
method.[5* The DIAMOND?2 plots shown with thermal ellipsoids at the 50% probability
level and hydrogen atoms are shown as small spheres of arbitrary radius. The
SADABS program embedded in the Bruker APEX3 software was used for multi-scan
absorption corrections in all structures.[S%
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Table 8. Crystallographic data and structure refinement details for the prepared

compounds 2 and 3. Crystallographic data and structure refinement details for the
prepared compounds.

2-

Hydrazonemalonohydrazide

2-
Hydrazonemalonohydrazinium

(2) dinitrate - 0.25 H20 (3)

Formula C3 H8 N6 02 |4_|(2C(3)H10 N6 02), 8(N ©3),
FW [g mol' } 160.15 1162.77
Crystal system monoclinic monoclinic
Space group P21/c (No. 14) P21/c (No. 14)
Color / Habit yellow plate colorless block
Size [mm] 0.07x0.11x0.31 0.02 x 0.04 x 0.04
alv] 6.2858(5) 7.3700(4)
b [v] 15.5408(11) 16.8814(9)
c[v] 6.9831(5) 9.5319(5)
U [ A] 90 90
b [ A] 103.118(7) 110.949(2)
2 [ A] 90 90
V [vI] 664.35(9) 1107.53(10)
Z 4 1
J cale. [g cm' § 1.601 1.743
e [ 'mMm 0.134 0.168
F(000) 336 602
Mo K V] 0.71073 0.71073
T [K] 113 107
d MWax[°] 3.3,26.4 2.6,26.4
Dataset -7.7;-16:19;-8: 7 -9:9,;-21:21;-11: 11
Reflections 4967 18977
collected
Independent refl. 1354 2259
Rint 0.039 0.041
Observed 1029 1931
reflections
Parameters 132 224
R1 (obs)®@ 0.0396 0.0441
wR2 (all data)® 0.0916 0.1209
St 1.02 1.08
Resd.dens[ev' § -0.17,0.27 -0.39, 0.56
Device type Xcalibur Sapphire3 Bruker D8 Venture
Solution SIR-92 SIR-92
Refinement SHELXL-2018 SHELXL-2018
Absorp_tlon Multi-Scan Multi-Scan
correction
CCDC 2149590 2149591

BR1 = E||Fo| T J|/EFo|; PWwWR2 [EwW(FoT E2)3/E[w(Fo)3]¥3;, w =

[Gc2(Fo?)+(xP)?+yP]' tand P=(Fo?+2Fc?)/3; IS = {F[w(Fo®T E2)?] / ( #'3 (m ¥ dumber

of reflections; p = total number of parameters).
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Table S 4. Crystallographic data and structure refinement details for the prepared
compounds 4 and 5.

2-
Hydrazonemalonohydrazinium
dichloride monohydrate (4)

2-Hydrazonemalonohydrazinium
diperchlorate monohydrate (5)

Formula C3 H10 N6 02, 2(Cl), H2 O C3 H10 N6 02, 2(Cl1 04), H2 O
FW [g mol' } 251.09 379.09
Crystal system triclinic monoclinic
Space group P-1 (No. 2) P21/n (No. 14)
Color / Habit colorless block colorless block
Size [mm] 0.26 x 0.29 x 0.46 0.33x0.44x0.73
av] 7.1408(5) 7.5892(5)
b [v] 8.0780(6) 9.0429(5)
c[v] 9.1789(6) 18.7124(10)
U [ A] 106.400(6) 90
b [ A] 91.970(6) 99.935(6)
o [ A] 96.736(6) 90
V[v3] 503.15(6) 1264.94(13)
Z 2 4
J calc. [gcm' § 1.657 1.991
e [ 'nmm 0.641 0.592
F(000) 260 776
o K fv] 0.71073 0.71073
T [K] 100 105
d MWax [°] 2.3,26.4 2.2,26.4
Dataset -6:8;-7:10,;-10: 11 -9:9;-5:11,; -23: 13
Reflections collected 3011 4478
Independent refi. 2053 2585
Rint 0.015 0.022
Observed reflections 1865 2159
Parameters 175 229
R1 (obs)®@ 0.0278 0.0347
wR: (all data)®! 0.0719 0.0873
Sk 1.07 1.06
Resd. dens [e v' } -0.33, 0.35 -0.41,0.41
Device type Xcalibur Sapphire3 Xcalibur Sapphire3
Solution SIR-92 SIR-92
Refinement SHELXL-2018 SHELXL-2018
Absorption correction  Multi-Scan Multi-Scan
CCDC 2149591 2149591
BR1 = B||Fo| TI/BFo]; PwRz = [BWwW(FoZT B?)/Ew(Fo)]Y2;, w =

[Gc?(Fo?)+(xP)?+yP] land P=(Fo?+2F¢?)/3; IS = {F[w(Fo?T E?)?] / ( W3 (m ¥ dumber
of reflections; p = total number of parameters).
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Table S 3. Crystallographic data and structure refinement details for the prepared
compounds 7 and 8.

3-Carbonylazido-1H- 3-Carboxyl-1H-1,2,4-triazol-5-
1,2 ,4-triazol-5-one (7) one monohydrate (8)

Formula C3 H2 N6 02 C3H3N303,H20

FW [g mol } 154.11 147.10

Crystal system monoclinic monoclinic

Space group P21/c (No. 14) P21/c (No. 14)

Color / Habit yellow needle colorless block

Size [mm] 0.07x0.13 x0.50 0.04 x 0.05 x 0.06

av] 8.9958(18) 8.6849(4)

b [v] 4.9646(8) 4.9774(2)

c[v] 12.909(2) 12.8833(5)

U [ A] 90 90

b [ A] 98.963(16) 96.624(1)

o [ A] 90 90

V[v3] 569.48(17) 553.20(4)

Z 4 4

J cale. [g cm' 3 1.797 1.766

e [ 'mMm 0.153 0.164

F(000) 312 304

o K fv] 0.71073 0.71073

T K] 105 102

d MWax [°] 2.3,26.4 3.2,26.4

Dataset -4:11;-6:6; -16: 14 -10: 10;-6: 6; -16: 16

Reflections collected 2051 8781

Independent ref. 1161 1130

Rint 0.024 0.030

Observed reflections 847 998

Parameters 108 108

R1 (obs)™ 0.0431 0.0429

wR2 (all data)!! 0.1085 0.1169

S 1.05 1.09

Resd. dens [e v' } -0.22,0.25 -0.22, 0.93

Device type Xcalibur Sapphire3 Bruker D8 Venture

Solution SIR-92 SIR-92

Refinement SHELXL-2018 SHELXL-2018

Absorption correction  Multi-Scan Multi-Scan

CCDC 2149591 2149591

BR1 = E||Fo| T J|/EFo|; PWwR2 = [Bw(Fo?T B?)?/E[w(Fo)’]]¥?; w =

[Gc?(Fo?)+(xP)?+yP] land P=(Fo?+2F¢?)/3; IS = {F[w(Fo?T E2)?] / ( W3 (m ¥ dumber
of reflections; p = total number of parameters).
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Figure S 1: X-ray structure of compound 2; Thermal ellipsoids are drawn at the 50% probability level and hydrogen
atoms are shown as small spheres of arbitrary radius.

2-Hydrazonemalonohydrazide (2) crystallizes in the monoclinic space group P21/c with
a density of 1.601 g/cm? at 113 K. The cell volume is 664.35(9) A3 with four formula
units per cell.
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Figure S 2: X-ray structure of compound 3; Thermal ellipsoids are drawn at the 50% probability level and hydrogen

atoms are shown as small spheres of arbitrary radius.
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2-Hydrazonemalonohydrazinium dinitrate - 0.25 H20 (3) crystallizes in the monoclinic
space group P2i/c with a density of 1.743 g/cm® at 107 K. The cell volume is
1107.53(10) A3 with one formula unit per cell.

@ ci

clz

Figure S 3: X-ray structure of compound 4; Thermal ellipsoids are drawn at the 50% probability level and hydrogen
atoms are shown as small spheres of arbitrary radius.

Compound 4 crystallizes in the triclinic space group P-1 with a density of 1.657 g cm'3
at 100 K and two formula units per unit cell. The cell volume is 503.15(6) A3 and the
cell constants are a = 7.1408(5) A, b = 8.0780(6) A and ¢ = 9.1789(6) A.
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Figure S 4: X-ray structure of compound 5; Thermal ellipsoids are drawn at the 50% probability level and hydrogen

atoms are shown as small spheres of arbitrary radius.

90



Compound 5 crystallizes in the monoclinic space group P2i1/n with a density of 1.991
g cm'2 at 105 K and four formula units per unit cell (figure 6). The cell volume is
1264.94(13) A3 and the cell constants are a = 7.5892(5) A, b = 9.0429(5) A and ¢ =
18.7124(10) A.

o3

Figure S 5: X-ray structure of compound 7; Thermal ellipsoids are drawn at the 50% probability level and hydrogen

atoms are shown as small spheres of arbitrary radius.

Compound 7 crystallizes in the monoclinic space group P2i/c with a density of 1.797

g cm'3 at 105 K and four formula units per unit cell (figure 7). The cell volume is

569.48(17) A3 and the cell constants are a = 8.9958(18) A, b = 4.9646(8) A and ¢ =
S

04

()

@,

12.909(2) A.

Figure S 5: X-ray structure of compound 8; Thermal ellipsoids are drawn at the 50% probability level and hydrogen
atoms are shown as small spheres of arbitrary radius.

Compound 8 crystallizes in the monoclinic space group P21/c with a density of 1.766
g cm'2 at 102 K and four formula units per unit cell (figure 8). The cell volume is
553.20(4) A3 and the cell constants are a = 8.6849(4) A, b = 4.9774(2) A and ¢ =
12.8833(5) A.
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4.6.2 Experimental part and general methods

Caution! Geminal diazides are energetic materials with high sensitivities towards shock
and friction. Therefore, proper security precautions (safety glass, face shield,
earthened equipment and shoes, Kevlar gloves and ear plugs) have to be applied while
synthesizing and handling the described compounds.

Chemicals and solvents were employed as received (Sigma-Aldrich, Acros, TClI,
Spirochem AG). 'H, 3C and '“N spectra were recorded using a Bruker AMX 400
instrument. The chemical shifts quoted in ppm refer to tetramethylsilane (*H, *3C) and
nitromethane (**N). Decompositions temperatures were determined on a Mettler
Toledo DSC822e at a heating rate of 5 °C min'? using 40 ‘ L aluminum crucibles and
nitrogen purge gas at a flow rate of 30 mL min'. Evaluations of thermal behavior were
performed using the STAR® Software Version 16.20. Infrared (IR) spectra were
recorded using a Perkin-Elmer Spektrum One FT-IR instrument. Raman spectra were
obtained using a Bruker MultiRam FT Raman spectrometer and a neodymium-doped
yttrium aluminum garnet (Nd:YAG) laser (&= 1064 nm, 1074 mW) . Elemental analyses
were performed with an Elementar Vario el by pyrolysis of the sample and subsequent
analysis of formed gases (standard deviation liquids: +/- 0.5%). The sensitivity data
were collected using a BAM (Bundesanstalt fiir Materialforschung) drophammer!S8]
according to STANAG 4489571 modified instruction!S8l and a BAM friction tester!S?]
according to STANAG 4487510 modified instruction. The classification of the tested
compounds results from the 'UN Recommendations on the Transport of Dangerous
Goods'.[511
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123(};?:-11 752, Bem-1

exo up

| N

25 50 75 100 125 150 175 200 225 250 275 300
Temperature [°C]
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Figure S 8: *H NMR spectrum of compound 2 in DMSO-ds.
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Figure S 9: 3C NMR spectrum of compound 2 in DMSO-ds.

94



10.53

2

6 15 14 13 12 11 10 9 8 7 &
@ (ppm)

Figure S 10: *H NMR spectrum of compound 3 in DMSO-ds.
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Figure S 11: 3C NMR spectrum of compound 3 in DMSO-ds.
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Figure S 13: H NMR spectrum of compound 4 in DMSO-ds.

164.57
161.19
115.18

T T T
120 110 100 a0 80 70 60 50 40 30 20

190 180 170 160 150 140 130
a (ppm)

T T T T
230 220 210 200

Figure S 14: 3C NMR spectrum of compound 4 in DMSO-ds.

== T3
N |
1
|
J\ Jui__d_J\L
el .
aa e
T T T T T T T T T T T r T T T T r
1 10 9 8 7 & 5 4 3 2 1 0
@ (ppm)



Figure S 15: *H NMR spectrum of compound 5 in DMSO-ds.
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Figure S 16: 3C NMR spectrum of compound 5 in DMSO-ds.
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Figure S 17: 'H NMR spectrum of compound 8 in DMSO-ds.
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Figure S 18: 3C NMR spectrum of compound 8 in DMSO-de.
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Figure S 20: 3C NMR spectrum of compound 9 in DMSO-de.
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Figure S 21: 'H NMR spectrum of compound 10 in DMSO-ds.
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Figure S 22: 13C NMR spectrum of compound 10 in DMSO-ds.
4.6.3 Heat of formation calculation and thermal analysis
The atomization was used to determine the heat of formation of 11 6 using the atom

energies in Table S3.

a@H°(, M, 298) = Hmolecule, 298) - X H doms, 208) +  ¥H&@xtoms, 298)

Table S3: CBS-4M electronic enthalpies for atoms C, H, N and O and their literature
values.

TH?% [ a.u, 28H°gas!S12]
H 0.500991 217.998
C 37.786156 716.68
N 54.522462 472.68
0 74.991202 249.18

The Gaussianl6 program package was used to calculate room temperature enthalpies
on the CBS-4M level of theory.!S13] In order to obtain the energy of formation for the
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solid phase of 2,

t he

Troutonos

1 is liquid, a different factor is applied (gHsub = 90 - Tm).

R gHlswe = 188 $m). Aocontpeunda p p | i e

Table S4: Heat of formation calculation results for compounds 2i 5, 7 and 8.

M TH2% [l [a.u] | eeH°(g, M) [T | &eH°(s) | an aU(s) [
kImoll] |6 [k [kJ kg' 1]
mol'!]

2 597.21415 159.3 129.6 18.0 161.1

3 597.21415 1641.3 224.2 113.0 |896.0

5 597.21415 1641.3 1239.2 |114.0 |1566.3

9 1302.977801 | 274.8 184.1 1140 |654.8

10 1150.335969 | 625.4 540.7 111.0 |1904.9

[a] CBS-4M electronic enthalpy; [b] gas phase enthalpy of formation; [c] sublimation
enthalpy; [d] standard solid state enthalpy of formation; [e] solid state energy of
formation.
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5.1 Introduction

Recent advances in the field of high energetic materials have set the focus on finding
less toxic and environmentally friendly compounds, in order to replace the widely used
and highly toxic molecules like TNT, RDX and HMX."2 Nitrogen rich compounds
based on azoles show a great potential for this purpose, since they generally offer high
heat of formation, good densities and stabilities and decompose mainly into nontoxic
nitrogen gas.B! With the goal to further improve relevant properties of azoles like
pyrazoles, triazoles and tetrazoles, the class of bridged azoles became increasingly
prominent during the last decade.*81 These compounds are highly adjustable, by using
different azoles like highly energetic but often sensitive tetrazole derivatives or the
more stable but in general less energetic pyrazole derivatives.!”-8! In addition, by using
different bridging moieties specific properties can be tweaked. For example, azo
bridges increase the energy and nitrogen content of the molecule but often lead to
increased sensitivities in comparison to the azole itself.[®! In contrast alkyl bridges like
methylene or ethylene bridges decrease sensitivity and increase thermal stability.[1% A
selection of bridges azoles is shown in Figure 1.

O5N NO,
/: ~NH
\N N/ 2 \r // /k
0N | \ P —NO, NO2
N _N HN\
bis(3,4-dinitro-1H-pyrazol-1-yl)methane 5,5'-dinitrimino-3,3'-azo-1H-1,2,4-triazole
_NO
N 2

N=N M N/\ MNO2
/ \
NH
HN N— N ] HN\< \_\ )\
\|( N=N NH
N

02N g 02
1,1'-Ethylenebis(5-nitroimino-tetrazolate) 1,1'-Ethylenebis(oxy)bis(5-nitroimino-tetrazole)
O5N NO,

N RN NQUN )J\ NN
N N.__N___Ns 7/ N~ TN \(
N H H

NH,

N,N'-2-Nitrazapropylbis(3,5-dinitro-1,2,4-triazole) carbobis[(5-amino-1H-tetrazol-1-yl)amide]

Figure 1. Selected azole derivatives with various different bridging moieties. -6

This work describes two new bridged bistriazoles, one with a methylhydrazone, the

other with an oxybismethylene bridge and their respective energetic salts, and

compares them in terms of energetic performance and physiochemical properties.
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5.2 Results and Discussion
521 Synthesis

Compound 1 was synthesized according to literature by the reaction of 2-hydrazonyl-
propandihydrazide with N-methyl-N-nitroso-N@énitroguanidine, followed by the ring
closure under basic conditions.[*”] The energetic salts 21 5 were synthesized by acid
base chemistry with the respective carbonates at temperatures around 80 °C. By using
equimolar amounts of the carbonates, the double salts were synthesized selectively.
The synthesis towards bis(3-nitramino-4H-1,2,4-triazole-5-yl)oxybis(methylene) was
achieved starting from diglycolic acid. First, the methyl ester was formed according to
literature via thionyl chloride mediated esterification of diglycolic acid in methanol.[ 8l
The obtained methyl ester was refluxed with hydrazine hydrate in ethanol yielding in
diglycolic dihydrazide 7 in high purity and yield.[*®! By reacting the hydrazide 7 with N-
methyl-N-nitroso-N énitro-guanidine, compound 8 was obtained in moderate yield. The
cyclisation towards the bis(3-nitramino-4H-1,2,4-triazole-5-yl) oxybis(methylene) 9
was accomplished by treating compound 8 with base followed by subsequent
acidification to precipitate the bridged bis-triazole 9 in good yield and high purity
(Scheme 4).

o] 0]
Q Q MeOH Q Q NyHs"H,0
HO)K/OQKOH > \O)K/OQKO/ = HZN‘H)K/OQLH’NHZ

6 7
OzN\‘N
oy
NO
1. KOH o o
H H H b
N N 2. HNO; N N. Ao L N _NH
P T e T T
ON  N- ~N  NO, on N HN- o,
9 8

Scheme 4. Synthetic pathway towards bis(3-nitramino-4H-1,2,4-triazole-5-yl) oxybis(methylene) (9) starting from
diglycolic acid.

Due to the acidic proton of the nitramino groups, salt conversions were performed with
different bases, by treating the bis-triazole 9 with a minimal amount of water and adding
the base and stirring until the solution cleared up. After evaporation of the solvent at
60 °C, the different salts 101 15 were obtained (Scheme 5).
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Scheme 5. Salt formation overview based on bis(dinitramino-1H-1,3,4-bistriazol-5-yl) methylhydrazone 1 (21 5) and
bis(3-nitramino-4H-1,2,4-triazole-5-yl) oxybis(methylene) 9 (101 15).

5.2.2 NMR and Vibrational spectroscopy
All compounds were characterized by 'H and 13C NMR spectroscopy in DMSO-de.

The compounds 21 5 all possess the methylhydrazone group, as well as two nitramino
triazoles. The methylhydrazone can be found between 8 and 9 ppm in die *H NMR
spectra as singlets and in the range of 116 to 122 ppm in the 3C NMR. The carbon
atoms of the triazole rings show 4 signals around 150 to 156 ppm in the 3C NMR
spectra, this is caused due to the methylhydrazone, which has a non-rotary double
bond and therefore influences one side of the molecule different than the other, making
it unsymmetrical. Compound 87 15 contain the oxybis(methylene) unit. These CH:2
groups can be found in the *H NMR in the range between 3.94 and 4.62 ppm as
singlets. In case of the ring protons of the triazole moiety, the signals are located
between 12.7 and 14.2 ppm. These compounds show also the specific signals in
similar areas for the 3C NMR. The signals for the CH2 groups can be found at around
65 ppm, for the ring-carbon next to the nitramino group in the area between
1 4 7 1 ppmrand for the ring carbon next to the oxybis(methylene) unit between 153
and 159 ppm.

5.2.3 Physicochemical Properties

A full characterization in regard to the physiochemical properties was conducted for all
energetic compounds. This includes their sensitivities towards impact, friction and
electrostatic discharge, the thermal behavior, heats of formation and detonation
parameters. Those were determined experimentally if possible or computationally and
compared to the state-of-the-art secondary explosive in industrial use, RDX, shown in
Fehler! Verweisquelle konnte nicht gefunden werden. and Table 6. The sensitivity
values towards impact and friction were determined with the 1 out of 6 Method
according to BAM standards.[2]
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Table 5. Physiochemical properties of compounds 11 5 and RDX.?

1 2 3 4 5 RDX

Formula CsHgN1204 CsHaN1204K; CsH12N1404 CsH12N1406 CsH14N1604 C3HsNsOs

M[ g A'rho | 298.18 374.36 332.24 364.24 362.27 222.12

IS [J3] 2.5 10 2 5 3 75

FS [N] 360 >360 252 288 252 120

N+O! [96] 77.83 61.99 78.28 80.19 79.53 81.06

q col ¥ [%] i34 138 -58 P43 162 122

Terao® TeoN[°C]  1/177 /205 /175 /170 /181 203/208

19 gAgm 1.81 1.93 1.69 1.73 1.75 1.82

qHM[ k J Ao 541 106 399 567 702 87

EXPLO5 V6.05

T U k J’JAk « 5137 3824 3958 5130 4944 5807

Tes K] 3624 2791 2714 3347 3016 3800

Pc.s M[GPa] 31.0 20.2 25.2 29.1 31.4 34.0

Dc, [ mAls 8654 7271 8355 8701 9197 8882

Vo™ [dm3A K 766 487 866 861 887 793
[a] Impact sensitivity (BAM drophammer, method 1 of 6); [b] friction sensitivity (BAM friction tester, method 1 of 6); [c]
combined nitrogen and oxygyen content ; [ d] oxygen bakasfmOd 2«€Cowar d ca

yH/ 2) (1600/ M)); [e] =mdbd@hmeirinit pempe( dTAr edDfAAZEmiomposi
[g] Densities measured by gas pycnometry; [h] standard molar enthalpy of formation; [i] detonation energy; [j]

detonation temperature; [K] detonation pressure; [I] detonation velocity; [m] volume of detonation gases at standard

temperature and pressure conditions

Table 6. Physicaland energetcpropert i es of compound 971 15.

9 10 - H,O 11 12 13 - H,O 14 15
Formula CeHgN1oOs  CeHgN1oOeKz  CeH1aN120s  CeHigN14aOs  CgHgNigOsNa,  CgHigNigOs  CgHzoN1gOs
M[ g Anho | 300.20 394.39 334.25 364.29 362.17 418.34 448.37
ISE [J] 4 >40 10 10 10 >40 >40
FSE[N] >360 >360 >360 >360 >360 >360 >360
N+O [96] 73.31 59.86 74.22 75.79 56.17 72.69 74.07
q o2 [%] 159 T41 T67 766 T 44 177 175
Tendo® Texo [°C]  1/187 143/195 181/225 /196 155/208 -/268 -/220
1O gAd m 1.73 1.90 1.72 1.68 1.82 1.54 1.50
qHMT k J AInc 266 403 695 1023 1378 722 961
EXPLO5 V6.05
T Ul k J’Ak 5664 6887 7310 8029 4610 6003 6417
T VK] 2987 3437 3260 3468 2686 2880 3011
pcs M[GPa] 23.2 24.8 29.7 31.0 17.8 21.0 214
Dc, [ miA}s 7818 7792 8877 9066 7063 7780 7865
Vo ™ [dm3A K 767 525 860 885 531 862 884

[a] Impact sensitivity (BAM drophammer, method 1 of 6); [b] friction sensitivity (BAM friction tester, method 1 of 6); [C]

combined nitrogen and oxygen content; [d] oxygen balance toward carbon d i o0 X i cthes (nOq 2xC i

yH/ 2) (1600/ M)):; [e] =mdbd@Hmirfmi T pempe( DTAr edHD fAABEmiompos i
[g] Densities measured by gas pycnometry; [h] standard molar enthalpy of formation; [i] detonation energy; [j]

detonation temperature; [K] detonation pressure; [I] detonation velocity; [m] volume of detonation gases at standard

temperature and pressure conditions.

When looking at the energetic salts 2 to 5, it was observed, that they show a high
insensitivity towards friction, with values between 252 N for compound 3 and 5 and
above 360 N for the potassium salt 2. In case of the neutral bis-triazole 9 and its salts
101 15, all compounds show no sensitivity towards friction. In regard to the impact
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values of 9 and the salts 21 5 and 111 13 show quite high sensitivity. The ammonium
salt 3 has the highest sensitivity of 2 J which is in the range of primary explosives. The
hydroxylammonium salt 4, the hydrazinium salt 5 as well as the neutral compound 9
are still more sensitive than RDX with values of 5 J and 3 J, respectively. The
potassium salt 2, the ammonium salt 11, the hydrazinium salt 12 and the sodium
hydrate salt 13 show a sensitivity value of 10 J, and therefore are these compounds
less sensitive than RDX. Only the potassium hydrate salt 10, the guanidinium 14 and
aminoguanidinium salt 15 show no sensitivity towards impact.

The thermal properties of all compounds were determined by differential thermal
analysis in the temperature range of 251 400 °C with a heating rate of 5 °C. For almost
all compounds no endothermic event were observed, which could be assigned to
melting points. Only the ammonium salt 11 and the sodium hydrate salt 13 show
endothermic events at 181 °C for 11 and 155 °C for 13. Regarding their decomposition
temperatures, all compounds are quite in the range of RDX, which decomposes at
205 °C. The neutral compound 9 shows a decomposition temperature of 187 °C, which
is a bit lower compared to RDX, but higher compared to the other bis-triazole 1. In case
of the salts, the lowest values were observed for ammonium salt 3 with 175 °C and
hydroxylammonium salt 4 with 170 °C, followed by the hydrazinium salt 5, the
potassium salt 10 and the hydrazinium salt 12 with a decomposition temperature
between 1811 195 °C. The highest values can be observed for the ammonium salt 11
with a value of 225 °C.

All investigated compounds possess very high combined nitrogen and oxygen contents
up to 80 % for compound 4, except for the potassium salt 10 and the sodium salt 13
with a content below 60 %.

Based on the densities, obtained by gas pycnometry, and the heats of formation,
obtained by CBS-4M calculations, the energetic properties were calculated with
EXPLOS5 (V6.05).1221 The neutral compound 9 shows a density of 1.73 g cm'?, which is
a bit lower compared to the other bis-triazole 1 and RDX. Regarding the salts 2-5 and
111 15 the densities range from 1.50 g cm'3 for compound 15 to 1.95 g cm'3 for
compound 2. Most of the compounds are in range of 1.70 and 1.80 g cm' 2. In terms of
detonation performance, the lowest values were obtained for the different alkali salts.
The ammonium and hydrazinium salts show by far the highest values. Especially the
hydrazinium salts 5 and 12 show both a value above 9000 m s'?1, which exceed RDX
with a value of 8882 m s'1. When looking at the detonation pressures, the values range
from 17.4 GPato 31.4 GPa, following the same trend as the detonation velocities, with
the alkali salts having the lowest performance and the hydrazinium salts 5 and 12 the
best.
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5.3 Conclusion

In this work we present 10 new energetic salts (2-5, 10-15), with promising properties
based on triazoles bridged with two different bridging moieties the methylhydrazone
(1) and the oxybismethylene (9) group. Both bridging moieties were compared int erms
of physiochemical properties and detonation performance. The densities of the
different compounds are all in the same range from 1.68 to 1.93 g cm'3, with the
exception of compound 14, which only has 1.54 g cm'3. The thermal stabilities of all
measured compounds show good values ranging from 170 °C up to 268 °C. In terms
of sensitivity all compounds show a very low friction sensitivity of above 252 N. In
contrast, the impact sensitivity values are on the more senisitve end of the range for
secondary explosives starting at 2 J up to 10 J for the methylhydrazone bridged
compounds. For the oxybismethylene derivatives the impact sensitivities are much
lower starting at 10 J up to over 40 J. The detonation velocities of the neutral
compounds are 8654 m s'! for compound 1 and 7818 m s'! for compound 9. The
detonation performance of the energetic salts follows the usual trend, with the highest
detonation velocities measured for the nitrogen rich salts (4, 5, 11, 12) with excellent
values ranging from 8701 m s'! to 9197 m s'!. The remaining salts still show decent
velocities between 7000 ms't and 8000 m s't. When comparing both bridging
moieties, the overall thermal stability is higher for the oxybismethylene bridge,
additionally these compounds show lower sensitivity values regarding both impact and
friction sensitivity. The compounds based on the methylhydrazone bridging moiety
show the highest overall detonation performance, as well as higher combined nitrogen
and oxygen contents. It also has to be mentioned, that due to the fixed double bond of
the methylhydrazone, these molecules show asymmetry, which can be seen in the
NMR measurements, which show twice the number of signals for the protons and
carbon atoms of the triazoles. The synthesized compounds are valid candidates for
more environmentally RDX replacements, but further testing like upscaling and toxicity
measurments have to be conducted.
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5.4 Experimental Section

All chemicals and solvents were purchased from Sigma Aldrich and used without
further purification. The general information about analytical devices including NMR,
X-ray crystallography, IR, DTA, as well as information about the calculation of the
energetic properties can be found in the SI. Compound (1) and N-methyl-N-nitroso-N&
nitroguanidine were synthesized according to literature procedures.27]

Caution: The investigated compounds are potentially toxic and explosive. Therefore, it
is recommended to carry out all reactions in a small scale, in addition to using the
proper safety equipment, including ear, hand and body protection.

Potassium bis(dinitramino-1,3,4-bistriazol-5-yl) methylhydrazone (2):
Bis(dinitramino-1H-1,3,4-bistriazol-5-yl) methylhydrazone (1) (200 mg, 0.67 mmol, 1

eq) was dissolved in water (10 mL), potassium carbonate (92.7 mg, 0.67 mmol, 1.00

eq) was added and the mixture stirred for 1 h at 80 °C. The solvent was removed on

air and the product was dried at 100 °C. Compound 2 was obtained as a yellow solid

(177 mg, 0.47 mmol, 70 %). *H NMR (400 MHz, DMSO-ds) : U ( pp5Sng9,2Hy 11. 1
8.58 (s, 2H); 13C NMR (101 MHz, DMSO-ds: a (ppm) = 159. 5, 158.
120.5; IR (ATR, rel. int.): 3 (&) = 3338 (m), 1624 (w), 1533 (m), 1498 (w), 1451 (m),

1327 (s), 1229 (s), 1157 (s), 1076 (s), 934 (s), 854 (m), 767 (s), 495 (s), 453 (s);

Elemental analysis: calcd. (%) for CsH4K2N1204-(374.36 g mol'): C 16.04, H 1.08, N

44.90; found: C 15.84, H 1.38, N 43.32; Sensitivities (grainsize:500i1 000 & m) : BAM
impact: 10 J, BAM friction: >360 N; DTA (5 °C min'?!): Texo = 205 °C.

Ammonium bis(dinitramino-1,3,4-bistriazol-5-yl) methylhydrazone 3):
Bis(dinitramino-1H-1,3,4-bistriazol-5-yl) methylhydrazone (1) (233 mg 0.78 mmol, 1

eq) was dissolved in water (10 mL), ammoniumcarbonate (75.1 mg, 0.78 mmol, 1.00

eq) was added and the mixture stirred for 1 h at 80 °C. The solvent was removed on

air and the product was dried at 50 °C. Compound 3 was obtained as a yellow solid

(120 mg, 0.36 mmol, 46 %).H NMR (400 MHz, DMSO-de) : U (ppm) ;€ 9. 17,
NMR (101 MHz, DMSO-de): 1t = 155. 9, 155. 3, IRUATR,.rel.int.):151. 4,
3 (¢nt) = 3182 (m), 3035 (m), 1532 (m), 1436 (M), 1314 (s), 1222 (s), 1157 (s), 1076

(s), 1003 (m), 934 (s), 854 (m), 667 (m), 620 (m), 497 (s); Elemental analysis: calcd.

(%) for CsH12N1404 (332.24 g mol'1): C 18.08, H 3.64, N 59.02; found: C 17.78, H 3.60,

N 54.68; Sensitivities (grain size:500-1 000 €& m) : BAM i mpact: 2 J,
N; DTA (5 °C min'1): Texo = 175 °C.

Hydroxylammonium bis(dinitramino-1,3,4-bistriazol-5-yl) methylhydrazone (4):
Bis(dinitramino-1H-1,3,4-bistriazol-5-yl) methylhydrazone (1) (200 mg, 0.67 mmol,

1.00 eq) was dissolved in water (10 mL), hydroxylamine solution (50 % in water) (0.08

mL, 1.34 mmol, 2 eq) was added and the mixture stirred for 1 h at 80 °C. The solvent
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was removed on air and the product was dried at 50 °C. Compound 4 was obtained as

a yellow solid (167 mg, 0.46 mmol, 68 %). *H NMR (400 MHz, DMSO-ds) : U ( p p m)

14.00-7.00 (b, 5H), 9.31 (s, 2H), 6.00-3.80 (b, 5H); 3C NMR (101 MHz, DMSO-ds) :
(ppm) = 155.9, 154.3, 151.8, 151.6, 119.2; IR (ATR, rel. int.): 3 (¢4nt) = 3143 (m), 2916
(m), 2708 (m), 1594 (w), 1513 (s), 1453 (m), 1315 (s), 1160 (s), 1082 (s), 996 (s), 937
(m), 858 (s), 771 (s), 628 (s), 446 (s); Elemental analysis: calcd. (%) for CsH12N14Os
(364.24 g mol'): C 16.49, H 3.32, N 53.85; found: C 16.41, H 3.33, N 51.71;
Sensitivities (grain size: 1007 500 € m) : BAM i mpact : 28 NJDTA
(5 °C min'1): Texo =177 °C.

Hydrazinium bis(dinitramino-1,3,4-bistriazol-5-yl) = methylhydrazone (5):
Bis(dinitramino-1H-1,3,4-bistriazol-5-yl) methylhydrazone (1) (200 mg, 0.67 mmol,
1.00 eq) was dissolved in water (10 mL), hydrazine hydrate (0.06 mL, 1.34 mmol, 2.00
eq) was added and the mixture stirred for 1 h at 80 °C. The solvent was removed on
air and the product was dried at 50 °C. Compound 5 was obtained as a yellow solid
(176 mg, 0.49 mmol, 72 %).*H NMR (400 MHz, DMSO-ds) : U (9009 (im,)10Hy,
8.11 (b, 4H); *C NMR (101 MHz, DMSO-ds) : u  ( p§p8NI56.2; 156.(5 155.8,
122.7; IR (ATR, rel. int.): 3 (¢int) = 3315 (w), 3079 (w), 1606 (w), 1506 (m), 1448 (w),
1320 (m), 1238 (m), 1159 (m), 1076 (s), 934 (s), 855 (m), 763 (m), 630 (m), 444 (s);
Elemental analysis: calcd. (%) for CsH14N1604 (362.27 g mol'1): C 16.58, H 3.90, N
61.86; found: C 16.42, H 4.08, N 58.28; Sensitivities (grain size: 1007 500 € m) :
impact: 3 J, BAM friction: 252 N; DTA (5 °C min'1): Texo = 181 °C.

Diglycolic dihydrazide (7): Di me t h ypMydia2etat ) (2.00 g,12.3 mmol, 1 eq.)
was dissolved in EtOH (50 mL) and hydrazine hydrate (1.50 mL, 30.8 mmol, 2.5 eq.)
was added. The mixture was refluxed for 5 h, cooled to 0 °C, the precipitate filtered,
washed with cold EtOH and dried at room temperature. Diglycolic dihydrazide 7 (1.80
g, 11.1 mmol, 90%) was afforded as a white solid. 'H NMR (400 MHz, DMSO-ds) :
(ppm) = 9.35 (s, 2H, NH), 4.29 (s, 4H, NH2), 3.94 (s, 4H, CH2); 13C NMR (101 MHz,
DMSO-de: U (ppm) = 167.3 (CO), 69.7 (CH2); IR (ATR, rel. int.): 3 (¢in't) = 3269(m),
3223(m), 3211(m), 3190(m), 3184(m), 3124(w), 3080(w), 3048(m), 2931(w), 1661(m),
1615(s), 1542(s), 1532(s), 1404(m), 1367(m), 1351(m), 1333(s), 1312(m), 1292(m),
1263(m), 1175(m), 1116(s), 1045(s), 1045(s), 980(m), 963(s), 924(w), 769(s), 676(s),
588(vs), 566(s), 527(s).; Elemental analysis: calcd. (%) for C4H10N4O3 (165.15 ¢
mol'1): C 29.63; H 6.22; N 34.55, found: C 29.49; H 5.85; N 34.01; DTA (5 °C min'?):
Tendo = 166 °C, Texo = 271 °C.

Diglycolic-di-N-amino-nitroguanidine (8): Diglycolic dihydrazide (7) (1.62 g, 10.0
mmol, 1 eq.) was dissolved in water (20 mL) and N methyl-N-nitroso-N éitroguanidine
(2.94 g, 20.0 mmol, 2 eq.), suspended in water (50 mL) was added. The mixture was
stirred for 3 h at 95 °C, cooled to 0 °C, the precipitate filtered and washed with cold
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water and cold EtOH. After drying at room temperature, the product 8 (2.66 g, 7.91

mmol, 79 %) was afforded as a colorless solid. 'H NMR (400 MHz, DMSO-de) : ad (ppm)

=10.03 (s, 2H, NH), 9.7 (bs, 2H, NH), 8.7 (bs, 2H, NH), 8.2 (bs, 2H, NH), 4.14 (s, 4H,
CH2).; 3C NMR (101 MHz, DMSO-de: u (181 C0), ¥61.1 (C=N), 69.8 (CH2);
IR (ATR, rel. int.): 3 (¢in't) = 3387(m), 3351(w), 3332(w), 3301(m), 3255(w), 3182(m),
3176(m), 3062(m), 2970(w), 2930(w), 1738(w), 1699(s), 1642(s), 1587(s), 1564(m),
1507(m), 1423(m), 1378(s), 1352(s), 1318(vs), 1272(s), 1244(s), 1187(s), 1187(s),
1085(s), 1048(m), 1031(m), 990(w), 923(w), 784(w), 753(s), 616(vs), 564(m), 537(s),
507(m), 481(vs), 437(s).; Elemental analysis: calcd. (%) for CsH12N1007 (336.23 g
mol'1): 21.43; H 3.60; N 40.80. Found: C 21.49; H 3.84; N 40.80; DTA (5 °C min'?):
Texo = 193 °C.

Bis(3-nitramino-4H-1,2,4-triazole-5-yl) oxybis(methylene) (9):
Diglycolic-di-N-amino-nitroguanidine (8) (1.00 g, 2.94 mmol, 1 eq.) was dissolved in
water (20 mL) and KOH (500 mg, 8.93 mmol, 3.0 eq.), dissolved in water (15 mL), was
added. The mixture was stirred overnight at 80 °C. The clear solution was cooled to 50
°C and acidified to pH 3 with HNO3 (65 %). The resulting suspension was cooled to 0
°C, the precipitate filtered, washed with cold water and dried for two days at 100 °C to
yield 9 (610 mg, 2.03 mmol, 68 %) as a beige solid.'H NMR (400 MHz, DMSO-ds) :
(ppm) = 14.2 (bs, 2H, ring-NH), 4.62 (s, 4H, CH2);'3C NMR (101 MHz, DMSO-ds) :
(ppm) = 153.0 (C-CH2), 147.5 (C-NNO2), 62.4 (CH2); IR (ATR, rel. int.): 3 (em?) =
3341(w), 3223(w), 2665(w), 2578(w), 1607(s), 1567(s), 1501(m), 1447(m), 1427(m),
1412(m), 1309(s), 1234(vs), 1210(s), 1127(s), 1098(s), 1015(m), 995(s), 951(m),
905(m), 870(m), 853(m), 803(w), 774(s), 774(s), 748(w), 713(s), 688(s), 665(m),
655(m), 603(m), 591(m), 575(m), 570(m), 545(m), 528(m), 484(m), 467(s), 444(s),
426(w), 420(w); Elemental analysis: calcd. (%) for CsHsN10Os (300.20 g mol'?): C
24.01; H 2.69; N 46.66; found: C 23.84; H 2.76; N 46.30; Sensitivities (grain size:

Co Cc

100i500 em): BAM i mpac*360N4DTA (5°@BANM): Texp 3 187°C.0 n :

Potassium bis(3-nitramino-4H-1,2,4-triazole-5-yl) oxybis(methylene) hydrate
(10-H20): Compound 9 (250 mg, 0.833 mmol, 1 eq.) was suspended in water (~ 3 mL),
potassium hydroxide (0.93 g, 1.66 mmol, 2 eq.) was added and stirred until the mixture
cleared up. The solution was then evaporated at 60 °C overnight. The potassium salt
10 - H20 (240 mg, 0.608 mmol, 73 %) was obtained as colorless solid after drying for
two days at 105 °C. *H NMR (400 MHz,DMSO-ds) : U (ppm) = HL42L3672
(s, 4H, CH2); 13C NMR (101 MHz, DMSO-ds) : U (1p%6niG-CHz), 157.3 (C-N),
65.1 (CH2); IR (ATR): 3 H 3331(w), 3252(w), 3231(w), 1738(w), 1726(w), 1521(m),
1436(m), 1379(s), 1316(vs), 1274(m), 1251(s), 1237(s), 1229(s), 1141(m), 1131(m),
1087(s), 1061(s), 1035(m), 1017(m), 996(s), 859(m), 764(m), 728(m), 728(m), 713(m),
462(m), 453(m), 448(m); Elemental analysis : calcd. (%) for CeHsN10OsK2 - H20
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(394.39 g mol'Y): C 18.27; H 2.04; N 35.52 found: C 18.30; H 2.16; N 35.60;
Sensitivities( grain size: 30011000 e&m): >BAMDIAmpact :
(onset, 5 °C min'1): Tendo = 143 °C, Texo = 195 °C.

Ammonium  bis(3-nitramino-4H-1,2,4-triazole-5-yl) oxybis(methylene) (11):
Compound 9 (250 mg, 0.833 mmol, 1 eq.) was suspended in water (~ 3 mL), 2 M
ammonia solution (0.83 mL, 1.66 mmol, 2 eq.) was added and stirred until the mixture
cleared up. The solution was then evaporated at 60 °C overnight. The ammonia salt
11 (175 mg, 0.525 mmol, 63 %)was obtained as beige solid after drying for two days
at 105 °C. 'H NMR (400 MHz, DMSO-ds) : u  (13.fp (g, 2H=NH), 7.26 (s, 8H,
NH4*), 4.41 (s, 4H, CH2); 13C NMR (101 MHz, DMSO-de) : U ( 156@8{E-CHz),
155.5 (C-NNO2), 64.7 (CH2); IR (ATR): 3 H 3141(m), 3026(m), 2863(m), 1739(w),
1618(w), 1505(m), 1461(m), 1421(s), 1371(s), 1312(vs), 1284(vs), 1229(vs), 1134(s),
1096(s), 1026(s), 1001(vs), 861(m), 764(m), 719(s), 655(m), 512(m), 471(m), 461(m),
461(m), 444(m); Elemental analysis : calcd. (%) for CeH14N120s5 (334.25 g mol'1): C
21.56; H 4.22; N 50.29 found: C 21.66, H 4.10, N 50.05; Sensitivities (grain size:
30011000 e&m): 1®BXA BAMifriotma 360 N; DTA (onset, 5 °C min'?):
Tendo = 181 °C, Texo = 225 °C.

Hydrazinium bis(3-nitramino-4H-1,2,4-triazole-5-yl) oxybis(methylene) (12):
Compound 9 (250 mg, 0.833 mmol, 1 eq.) was suspended in water (~ 3 mL), hydrazine
hydrate (0.08 mL, 1.66 mmol, 2 eq.) was added and stirred until the mixture cleared
up. The solution was then evaporated at 60 °C overnight. The hydrazinium salt 12 (219
mg, 0.600 mmol, 72 %) was obtained as off-white solid after drying for two days at 105
°C.H NMR (400 MHz, DMSO-ds) : U (18.p(bbs) 2H=NH), 6.5 (bs, 10H, N2Hs"),
4.40 (s, 4H, CH2); 13C NMR (101 MHz, DMSO-ds) : U (1p7p0f0O-CHz), 156.0 (C-
NNO2), 64.8 (CH2); IR (ATR): 3 H 3385(m), 3366(m), 3316(m), 3255(w), 3210(w),
3191(w), 3121(m), 2971(m), 2941(m), 2870(m), 2763(m), 2687(m), 2634(m), 1739(w),
1726(w), 1613(w), 1529(s), 1473(m), 1454(m), 1387(s), 1326(vs), 1290(vs), 1229(s),
1229(s), 1147(s), 1126(s), 1091(vs), 1045(w), 1020(s), 1004(s), 968(s), 858(w),
763(w), 692(s), 621(m), 461(w); Elemental analysis : calcd. (%) for CeH16N14Os
(364.29 g mol'Y): C 19.78; H 4.43; N 53.83 found: C 19.93, H 4.33, N 53.54;
Sensitivities( grain size: 300711000 e&m): >BBONDIAmMpact :
(onset, 5 °C min™1): Texo = 196 °C.

Sodium  bis(3-nitramino-4H-1,2,4-triazole-5-yl) oxybis(methylene) hydrate

(13-H20): Compound 9 (250 mg, 0.833 mmol, 1 eq.) was suspended in water (~ 3 mL),

sodium hydroxide (0.67 g, 1.66 mmol, 2 eq.) was added and stirred until the mixture

cleared up. The solution was then evaporated at 60 °C overnight. The sodium salt 13

- H20 (259 mg, 0.716 mmol, 86 %) was obtained as colorless solid after drying for two

days at 105 °C. 'H NMR (400 MHz, DMSO-ds) : ad (ppm) = HL23671s0 ( s,
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4H, CH2); 1°C NMR (101 MHz, DMSO-de) : U  (1p7p8r(Q-CH=), 157.4 (C-NNO2),

65.2 (CH2); IR (ATR): 3 H 3224(m), 3190(m), 3173(m), 3140(m), 3124(m), 1738(m),

1727(w), 1526(m), 1453(m), 1350(vs), 1329(vs), 1264(s), 1231(m), 1218(m), 1141(m),

1085(s), 1032(w), 1005(s), 869(m), 760(m), 729(m), 673(m), 468(m), 468(m);

Elemental analysis : calcd. (%) for CeHeN10OsNaz - H20 (362.17 g mol'%): C 19.90; H

2.23; N 38.67 found: C 19.82, H 2.36, N 38.47; Sensitivities (grain si z e : 3001 100 ¢
em): BAM i mpact : >BG NJIDTA (Bnaetl5 4C min'é)tTénde =n155 °C,

Texo = 208 °C.

Guanidinium bis(3-nitramino-4H-1,2,4-triazole-5-yl) oxybis(methylene) (14):
Compound 9 (250 mg, 0.833 mmol, 1 eq.) was suspended in water (~ 3 mL),
guanidinium carbonate (0.150 g, 0.833 mmol, 1 eq.) was added and the suspension
was heated to 100 °C and stirred until the mixture cleared up. While cooling to room
temperature, a precipitate formed, which was filtered and dried on air. The guanidinium
salt 14 (310 mg, 0.741 mmol, 89 %) was obtained as cotton-wool-like colorless solid.
'HNMR (400 MHz, DMSO-de) : U (1P.§21s)2H,NH), 7.14 (s, 12H, guanidinium-
NH2), 4.37 (s, 4H, CH2); ¥3C NMR (101 MHz, DMSO-de) : ua  (ppImis57.3;
157.26, 65.3 (CH2); IR (ATR): 3 H 3386(m), 3351(m), 3141(m), 3123(m), 1650(m),
1523(m), 1504(m), 1455(m), 1443(m), 1379(m), 1350(m), 1327(vs), 1263(s), 1236(s),
1221(m), 1143(s), 1100(m), 1087(m), 1062(m), 1023(m), 1005(s), 994(m), 971(m),
971(m), 863(m), 767(w), 745(m), 740(w), 543(m), 481(m), 457(s); Elemental analysis
: calcd. (%) for CgH1sN1605(418.34 g mol't): C 22.97; H 4.34; N 53.57. Found: C 23.16;
H 4.22; N 53.49; Sensitivities ( gr ai n si ze: 30011000 &em): BA
friction: >360 N; DTA (onset, 5 °C min'1): Texo = 268 °C.

Aminoguanidinium  bis(3-nitramino-4H-1,2,4-triazole-5-yl) oxybis(methylene)
(15): Compound 9 (250 mg, 0.833 mmol, 1 eq.) was suspended in water (~ 3 mL),
aminoguanidinium bicarbonate (0.277 g, 1.66 mmol, 2 eq.) was added and the
suspension was heated to 100 °C and stirred until the mixture cleared up. While cooling
to room temperature, a precipitate formed, which was filtered and dried on air. The
aminoguanidinium salt 15 (340 mg, 0.758 mmol, 91 %) was obtained as cotton-wool-

like colorless solid. *H NMR (400 MHz, DMSO-ds) : U (ppm) = HL28384 ( s,
(s, 2H, aminoguanidine-NH), 7.29 (m, 8H, aminoguanidine-NHz), 4.70 (s, 4H,
aminoguanidine-NH:), 4.38 (s, 4H, CH2); 13C NMR (101 MHz, DMSO-ds) : U ( p p m)

158.9, 157.3, 157.3 ,65.3 (CH2); IR (ATR): 3 H 3437(w), 3322(m), 3223(m), 3147(m),
3019(m), 2924(m), 2874(m), 2768(w), 1671(vs), 1666(s), 1523(m), 1509(s), 1459(m),
1442(s), 1351(s), 1333(s), 1300(vs), 1261(vs), 1235(s), 1147(s), 1103(m), 1079(s),
1005(vs), 1005(vs), 994(s), 863(m), 803(m), 766(m), 749(m), 734(m), 688(m), 673(w),
584(w), 498(m), 486(m), 483(m), 453(s); Elemental analysis : calcd. (%) for
CgH20N180s (448.37 g mol™?): C 21.43; H 4.50; N 56.23. Found: C 21.60; H 4.65; N
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56.06; Sensitivities( gr ain size: 30011000 em): >B6AM
N; DTA (onset, 5 °C min'1): Texo = 220 °C.
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5.6 Supplementary Information

5.6.1 NMR Spectroscopy
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Figure S 7: TH NMR spectrum of compound 2 in DMSO-dé

Figure S1. 'H and *C NMR spectra of compound 2.
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Figure S2. H and 13C NMR spectra of compound 3.
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'H NMR (400 MHz, DMSQ-Dy)
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Figure S3. H and 13C NMR spectra of compound 4.
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5.6.2 DTA measurements
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Figure S14. DTA measurements of compounds 21 5.
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Figure S15. DTA measurements of compounds 71 9.
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Abstract: As pure compounds, small carbonyl azides enjoy a bad reputation, due to
the high explosive sensitivity and instability they demonstrate. Consequently, most
reported examples have only been poorly characterized. The compounds oxalyl
diazide (1), carbamoyl azide (2), as well as N,Nabis(azidocarbonyl)hydrazine (3) were
obtained by performing a diazotation reaction on the corresponding hydrazo precursor.
Carbamoyl azide (2) could also be obtained from oxalyl diazide via Curtius
rearrangement to the reactive isocyanate, followed by reaction with water. Further,
different trapping reactions of the isocyanate with hydroxyl (methanol, oxetan-3-ol) and
amino (2-amino-5H-tetrazole) functions are described. All products were extensively
analyzed using IR, EA, DTA and multinuclear NMR spectroscopy, and the crystal
structures elucidated using single crystal X-ray diffraction. In addition, the sensitivities
toward friction and impact were determined and the energetic performances of the
carbonyl azides were calculated using the EXPLOS5 code.

6.1 Introduction

Carbonyl azides were first described more than a century ago by Curtius and Thiele in
1894.1 2 Curtius was primarily interested in the explosive nature, as well as the
decomposition of carbonyl azides. The low stability of acyl azides limits reports on the
synthesis and the characterization of such compounds.® Today, the Curtius
rearrangement forming isocyanate intermediates and subsequent reaction with water,
is a common method to convert carbonyl azides to amines.*® The number of carbonyl
azides, which have been both spectroscopically and structurally characterized has
slightly increased in recent years. In 1992, Willner and coworkers characterized
fluorocarbonyl azide by gas electron diffraction.” Zeng et al. published the crystal
structure of carbonyl diazide in 2010. This was followed by the work of Banert et al. on
formyl azide, which was later structurally characterized by Zeng.8*? Subsequently,
Zeng et al. published the structures of N-methylcarbamoyl azide, as well as of aryl
substituted carbonyl azides such as 1H-pyrrole carbonyl azide.'® * Recently, Benz et
al. successfully synthesized and characterized nitrocarbamoyl azide, which shows
remarkable stability.'> The publication by Benz mentioned the existence of two
carbonyl azides, namely, oxalyl diazide and carbamoyl azide, however, neither were
characterized (Figure 1).2 16-18

It is appropriate to include N,NMNpis(azidocarbonyl)hydrazine, which has also been
described in the literature, due to the structural relationship it has with both oxalyl
diazide and carbamoyl azide.!® Not only does this work provide key information on
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Well characterized Experimentally detected
low stability

This work
high stability
Figure 1. Well-characterized members of the carbonyl azide family arranged with respect to their stability towards

heat and external stimuli. This work centers around the structural and physiochemical characterization of the carbonyl

azides which have only been mentioned in the literature.

important missing and fundamental members of this class of compounds, namely, on
oxalyl diazide (1), carbamoyl azide (2), and N, Mibljazidocarbonyl)hydrazine (3), it
also demonstrates compounds 1i 3 to be small, versatile, but very energetic members
of the carbonyl azide family. In addition, the decomposition of oxalyl diazide via a
Curtius rearrangement to form an isocyanate, as well as subsequent trapping reactions
with hydroxyl and amino groups are reported.

6.2 Results and Discussion

6.2.1 Synthesis

The hydrazino precursor compounds were synthesized according to literature
procedures.® 19 The carbonyl azides (17 3) can be synthesized by careful diazotation
of the corresponding hydrazo- compounds (Scheme 1). The reactions have to be
carried out at low temperature in order to achieve high yields: Pure 1 decomposes
rapidly in protic solvents at room temperature forming the isocyanate intermediate and
reacting with moist air or solvent. Another possible way to obtain 2 is by the Curtius
rearrangement of 1, followed by reaction with water. Furthermore, the reactive
isocyanate intermediate can also be trapped with compounds containing a hydroxyl
group, resulting in the formation of a carbamate-like carbonyl azide compound.?” This
strategy also works well if a compound containing an amino functional group is used
instead, which produces an acetamide-like carbonyl azide derivative.?°-?2 In this work,
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HzN\ NH, 0
O NH 0 HN—NH
- HCl  NH o
HN O HoN HN—NH,
NH; NoH,4 [ THF HCI

Scheme 1. Synthetic pathways used in this work to obtain the small carbonyl azide compounds 1i 3, and trapping
reaction of the reactive isocyanate intermediate, which is used to obtain compounds 4i 6 (CCDC deposition numbers
2077540, 2077535, 2077538). Th er mall el lipsoids ar e dr depositioaNumbers
2077540, 2077535, and 2077538 contain the supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic Data Centre and Fachinformationszentrum

Karlsruhe Access Structures service www.ccdc.cam.ac.uk/structures.

methanol was used which reacted with the isocyanate intermediate, and surprisingly,
hydrazoic acid was eliminated by methanol and dimethyl iminodicarbonate (4) was
formed. Furthermore, using oxetan-3-ol and 2-amino-2H-tetrazole as reagents,
oxetan-3-yl-N-azidocarbonyl-carbamate (5) and N-azidocarbonyl-NNj2H-tetrazol-2-yl)-
urea (6) were obtained. Subsequently, several oxidative coupling reactions were
attempted to convert 2 into 3, using different oxidizing agents. However, despite these
attempts, none of the oxidizing reagents successfully converted 2 into compound 3,
instead only decomposition or the starting material was observed. In this work, the
mol ecul ar orbitals (MOs) oebis(agdocarbodyil)Hfydrazinee nt t a
(3) were calculated using the GO9W code (further details in the Supporting
Information), and the gas phase energies were calculated at the CBS-4 M level.
Surprisingly, the mono-tetrazolone tautomer (C), as well as the di-tetrazolone tautomer
(E) are lower in energy than the open amide form (Scheme 2). However, all attempts
to synthesize one of these tetrazolone forms (in polar, acidic or basic media) failed. To
obtain more insight into which form is present in solution, the three tautomers A, C and
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E were calculated with the solvents water and acetone at the MP2 level. In agreement
with the experimental results in solution, A is calculated to be lower in energy in
solution than either C or E (Scheme 2).

J(O )O\H
HN N- N3 N. =
Ms .N-N' N NN,
°N NH O B
\ / +97.7 kJ mol'' (gas phase)
+60.3 kJ mol (gas phase) )(i
N
AR
O
o 0 kJ mol™ 0 N:
| N
HN XKNH N3)J\N N
o "
E N ' o -4.9 kJ mol'' (gas phase)
-3.2 kJ mol”! (gas phase) OH YN: +12.6 kJ mol"! (water)
+41.0 kJ mol’! (water) Nq)\\N'N‘N‘ +13.0 kJ mol' (acetone)

+42.2 kJ mol"' (acetone) D

+66.8 kJ mol' (gas phase)

Scheme 2. Six different tautomers of N , Nisljazidocarbonyl)hydrazine (3): A amide form; B iminol form; C mono-
tetrazolone form; D enol-tetrazolone form; E di-tetrazolone form (90° twist); F di-tetrazolone form (planar, transition

state).

6.2.2 Crystal Structures

Compounds 1 and 2 crystallize in the space group number 14 (P21/c for 1 and P21/n
for 2) and 3 crystallizes in the monoclinic space group C2/c (No. 15). Compound 1
shows the highest density (1.701 g &3nfollowed by 3 (1.666 g &3rand 2 (1.565

g &m
a) b)
) 1 » 1P
Figure 2. a) Crystal structure of oxalyldiazide (1) . Ther mal el |l i psoi ds ar e)Qysta
packing of oxalyl diazide formingpairs.El | i psoi ds ar e dr awn DepositibntNembé& 2077936

(for 1) contains the supplementary crystallographic data for this paper. These data are provided free of charge by the
joint Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access Structures service

www.ccdc.cam.ac.uk/structures.
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The angles of oxalyl diazide (1) around C1 are nearly trigonal planar, and the azide
moiety has an angle of 174.4° at N1-N2-N3. As is the case in other carbonyl azides,
the azido moiety is syn to the carbonyl group.? 23 24 |n the crystal, oxalyl diazide forms
pairs as shown above, in which the molecules are arranged alternately (Figure 2b).
Oxalyl diazide has no stabilizing, intermolecular hydrogen bonds due to the absence
of hydrogen atoms in the molecule, calculated from the Hirshfeld surface (further
details in the Supporting Information).

a)

Figure 3. a) Molecular structure of carbamoylazide(2) . Ther mal el |l i psoi ds ar eb)
A network results from hydrogen bonds between the molecules with distance of about 2 A. Deposition Number
2077537 (for 2) contains the supplementary crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access

Structures service www.ccdc.cam.ac.uk/structures.

The N271 C1i N1 angl e (11 12)dWaesfromtheexpedieal ®®0°y | a z i
(Figure 3a). The azide moiety also has an angle of about 174° and is oriented syn with

respect to the carbonyl group.® 2324 The molecule is planar, and strong hydrogen

bonds are present between the molecules (2.027 A to 2.204 A) (Figure 3b).

a) b)

Figure 4. a) Crystal structure of N,Nébis(azidocarbonyl)hydrazine (3) (Deposition number 2077539). Thermal
ellipsoids are dr awn b)dydrogeibend Befivorlef NiNGhis(azadrardonylfhydrazinewith
distances of 2.085 A. Deposition Number 2077539 (for 3) contains the supplementary crystallographic data for this

paper. These data are provided free of charge by the joint Cambridge Crystallographic Data Centre and

Fachinformationszentrum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/structures.

The azide group of N,N@ébis(azidocarbonyl)hydrazine (3) azide group ( (NNN)=173.7°)

is again oriented syn with respect to the carbonyl groups,® 23 24 and the molecule
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possesses a center of symmetry between the hydrazino nitrogen atoms ( N1 , N16) . TI
molecule is twisted at the hydrazine bridge with a torsion angle of 72.2°. Compound 3

has strong intermolecular hydrogen bonds with a distance of 2.085 A (Figure 4b) which

results in the formation of a 3-dimensional network.

6.2.3 NMR and Vibrational spectroscopy

The azide and carbonyl moieties of 1 are identified by strong bands in the IR spectrum
at 2178 cm'! and 1681 cm'?! respectively. The FT-IR spectrum of solid 2 shows two
medium bands at 3384 and 3247 cm' ! corresponding to the amino group, and a strong
band at 1674 cm' ! for the carbonyl group. In the Ne-matrix and gas phase IR spectra,
the bands corresponding to the amino group are observed at 3588 and 3470 cm'?,
which corresponds to a dramatic blue-shift from the pure solid (Figure 5). By contrast,
the CO stretching mode which occurs at 1766 cm'?! in the matrix IR spectrum and at
1750 cm'?! in the gas phase, is significantly red-shifted to 1674 cm'?! in the solid.
Clearly, these large shifts are due to strong intermolecular hydrogen bonds between
the amino and carbonyl groups in the solid state. The asymmetric stretching mode of
the azido moiety in the IR (gas, solid, and Ne-matrix) and Raman (solid) spectra
remains unchanged at around 2170 cm'!. The IR spectrum of 3 showed weak bands
at 3166 cm'! and 3004 cm'! corresponding to the hydrazine bridge, and bands for the
azido moieties at 2170 cm'! (medium) and 2150 cm'?! (strong).'® The carbonyl group
in 3 was identified by bands at 1732 cm'? and 1683 cm' ™.
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Figure 5. IR and Raman spectra of carbamoyl azide (2).
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6.2.4 Physicochemical Properties

Oxal yl di azide explodes violently at 46 AC
towards external stimuli and was found to be too sensitive to be measured with the

capabilities of our test setups (friction <0.1 N, impact <1 J). Micro-detonations of 1

occurred repeatedly without any obvious source of stimulus during handling. In

contrast to compound 1, carbamoyl azide (2) is insensitive (!) towards friction (>360 N)

and shows only low sensitivity towards impact (20 J). Furthermore, 2 is quite thermally

stable for a carbonyl azide, showing a melt:i
of 133 AN ( ®i&dridoearbonyl)hydrazine (3) is thermally more stable than

1 or 2, with a decomposition t e pelitng Mhetothaer svo o f 15.
carbonyl azide compounds (5and6) s how decomposition tempera
145 AC respectively. The detonation par amet e
code and compared to the calculated detonation parameters of carbonyl diazide and
nitrocarbamoyl azide.®®The cal cul ated detonation'tvel oci
or the oxetane derivative (5) to 8236 m sfor oxalyl diazide (1).

143



Table 1. Physicochemical properties of oxalyl diazide (1), carbamoyl azide (2) , -bis(akidibcarbonyl)hydrazine (3), oxetan-3-yl-N-azidocarbonyl-
carbamate (5), N-azidocarbonyl-N ¥gH-tetrazol-2-yl)-urea (6), carbonyl diazide (CDA)2 '* and nitrocarbamoyl azide (HNCA).1®

1 2 3 5 6 CDA B11] HNCA [

Formula C2N6O2 CH2N1O C2H2NgO2 CsHsN4O4 C3H3NgO2 CNeO CHNsO3

FW[ g Atol 140.06 86.05 170.09 186.13 197.12 112.05 131.05

ISl [J] <1 20 1i 2 >40 4 <1* <1

FSPI[N] <0.1 >360 0.1 >360 360 <0.1* 0.5

N / N+OI [%] 60.00/82.85 65.11/83.70 65.88 / 84.69 30.10/64.38 63.95/80.15 75.00/89.28 53.44/90.00
Qco, cd3¥[%] o, 1T22.118.6, 1T19.4, 12177.4, 1T 144.6, 10, 114.3 +18.3,+6.1
Tl® Taec 1 [°C] 45/46 96/133 T/ 154 127/135 i/ 145 T/ P3B* 72183

JO[ gAdm 1.701 1.565 1.666 1.604 1.678 1.676 1.708

HM k J Ajno  329.7 41.7 309.3 1340. 5 353.4 439.5 147.5
EXPLOS5 V6.05

T Ul k J’JAk g 4626 2967 4015 2414 3682 5272 5066

Tl [K] 4003 2536 3302 2051 2988 4507 4054

DcM [ m'Als 8236 7201 7907 6241 7645 8710 8333

pc: N [GPa] 26.5 18.0 23.7 13.8 21.6 29.7 27.0

VoM [dm?3A kP 768 852 805 715.9 780 825 794

lsp ™ [s] 241 189 221 164 209 266 248
[a] Impact sensitivity (BAM drophammer, method 1 of 6); [b] friction sensitivity (BAM drophammer, method 1 of 6); [c] Nitrogen and oxygen content; [d] Oxygen balance toward carbon
monoxicd=nO( xCiyH/ 2) (1600/ FW) anrd=(04dexaoynH/d2 )o(xi &®0 /(FfW) ) ; [ =5A CAdlj[firempagature of denompositibn{DYA,

b=5 A CHAg]densityat 208 K, from X-r ay d exm@iod1.9297 ; jh] standard molar enthalpy of formation; [i] detonation energy; [j] detonation temperature; [k] detonation
velocity; [I] detonation pressure [m] Volume of detonation products (assuming only gaseous products); [n] Specific impulse of neat compound (70.0 bar chamber pressure, isobaric
combustion conditions (1 bar), equilibrium expansion); *estima
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6.3 Conclusion

To conclude, oxalyl diazide (1), carbamoyl azide (2) and N, Mié(azidocarbonyl)hydrazine

(3) were synthesized, comprehensively characterized and the solid state structures
determined. All three compounds crystallize in the monoclinic space group 14 and have
densities ranging from 1.565g €3for2t01.701 g €3 for 1. Oxalyl diazide is extremely
sensitive  towards external stimuli. Both carbamoyl azide and N, NN;
bis(azidocarbonyl)hydrazine show multiple hydrogen bonds in the crystal structure, which
contributes to their thermally stability, wi t
respectively, and also to their lower sensitivities towards external stimuli. The Curtius
rearrangement of 1 leads to a reactive isocyanate intermediate, which was trapped using
water, methanol, oxetan-3-ol and 2-amino-2H-tetrazole. The crystal structures were
elucidated for all trapping reaction products (4i6) and characterized by NMR
spectroscopy. Based on the results, numerous new compounds should be accessible in
analogous reactions. The ease of synthesis and handling in solution, as well as
demonstration of the Curtius rearrangement of oxalyl diazide, together with the versatile
capture reactions that were performed, will hopefully trigger further research in this field.
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6.5 Supplementary Information

6.5.1 Experimental Procedures

CAUTION! All described compounds are powerful energetic materials with high
sensitivities towards shock and friction. Therefore, proper security precautions (safety
glass, face shield, earthened equipment and shoes, Kevlar gloves and ear plugs) have to
be applied all time while synthesizing and handling the described compounds. Especially
oxalyl diazide (1) is extremely unstable and lead to several micro-detonations during the
work.

Chemicals and solvents were employed as received (Sigma-Aldrich, Acros, TCI). 1H, 13C
and “N spectra were recorded using a Bruker AMX 400 instrument. The chemical shifts
quoted in ppm refer to tetramethylsilane (*H, 13C) and nitromethane (**N). Decomposition
temperatures were determined on an OZM Research DTA 5521 Ex instrument with a
heating rate of 5°C min'®. Infrared (IR) spectra were recorded using a Perkin-Elmer
Spektrum One FTi IR instrument. Elemental analyses were performed with an Elementar vario
el by pyrolysis of the sample and subsequent analysis of formed gases. The sensitivity data were collected
using a BAM (Bundesanstalt fiir Materialforschung) drophammer!* according to STANAG
4489?21 modified instruction® and a BAM friction tester according to STANAG 44871
modified instruction.l® The classification of the tested compounds results from the 'UN
Recommendations on the Transport of Dangerous Goods'. 6]

Oxalyl diazide (1)

Oxalyl dihydrazide was prepared according to the literature procedure.[”8l Oxalyl
hydrazide (0.45 g, 3.81 mmol, 1.0 eq.) was suspended in concentrated hydrochloric acid
(6mL) and ¢ o o09CeThe ridure wasblayered underneath with chloroform
(20 mL). The stirrer speed was set to maximum and an ice-cold solution of sodium nitrite
(0.63 g, 9.15 mmol, 2,4 eq.) in water (6 mL) was added dropwise to the mixture. The
resulting yellow solution was stirred for 10 minutes and the layers were separated. The
aqueous layer was extracted with cold chloroform (20 mL), the organic layers were
combined and washed with ice-water (2 x 20 mL) prior to drying. The solvent was removed
by slow evaporation leaving transparent crystals of oxalyl diazide (1, 0.43 g, 3.07 mmol,
81 %). DTA (Tonset, 5 °C min'1): 45 °C (mp.) 46 °C (dec.); FT-IR (ATR): 3 #3377 (w), 2279
(w), 2178 (s), 1681 (s), 1155 (s), 970 (s), 823 (s), 574 (s), 506 (s), 463 (s) cm'?t; 13C
NMR{*H} (101 MHz, CDClIs, 25 °C): U = 163.9 ppm; *N NMR (27 MHz, CDClz, 25 °C): U
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= 1130. 9, 24pprH; EA c2NeD2 &alcd.: C 17.15, H 0.00, N 60.00; found: C
17.18, H 0.27, N 59.41; BAM drophammer <1 J (> 500 pm); Friction test < 0.1 N (>
500 pm).

Carbamoyl azide (2)

Carbamoyl azide was prepared according to Thiele.!)] Semicarbazide hydrochloride
(1.009,8966 mmol,1.0eq. ) was dissolved in wa€dAamice{ 15mL)
cold solution of sodium nitrite (0.68 g, 9.862 mmol, 1.1 eq.) in water (7 mL) was added
dropwise. After the addition, diethyl ether was added and the mixture stirred for 5 minutes.
Ammonium sulfate (~9 g) was used to saturate the aqueous phase. The layers were
separated and the aqueous phase was extracted with diethyl ether (3 x 20 mL) prior to
drying. The solvent was removed by rotary evaporation, yielding 0.710 g (8.251 mmol,
92 %) of colorless carbamoyl azide. DSC (Tonset, 5 °C min'1): 96 °C (mp.), 133 (dec.); FT-
IR (ATR): 3 #3384 (m), 3247 (m), 2170 (s), 1674 (s), 1611 (s), 1420 (w), 1347 (s), 1212
(s), 888 (m), 760 (w), 713 (s), 509 (s) cm'?!; *H NMR (400 MHz, CDCls, 25 °C): U = 5.25
ppm; 13C NMR{*H} (101 MHz, CDClIz, 25 °C): i = 158.1 ppm; N NMR (27 MHz, CDCls,
25°C):0= 1144.7, 1267 ER cHNuC) 6aed.: & 13096,MH;2.34, N 65.11;
found: C 14.18, H 2.16, N 64.90; BAM drophammer 20J (> 500 pm); Friction
test >360 N (> 500 um).

N, Nié(azidocarbonyl)hydrazine (3)

N, NDizarbazoylhydrazine was synthesized according to the literature procedure.’l' N, N 6
Dicarbazoylhydrazine (0.207 g, 1.397 mmol, 1.0 eq.) was suspended in a mixture of
acetic acid (6 mL), 2 m hydrochloric acid (2 mL) and water (2 mL) and cooled to 0 °C.
Sodium nitrite (0.241 g, 3.493 mmol, 2.5 eq.) was dissolved in water (3 mL), cooled to 0°C
and added dropwise to the previously described mixture. After the addition, diethyl ether
was added and the mixture stirred for 10 minutes. The layers were separated and the
aqueous phase was extracted with diethyl ether (2 x 20 mL). The combined organic layers
were washed with ice-water (2 x 25 mL) and brine (20 mL) prior to drying. The solvent
was removed by slow evaporation to yield 0.185 g (1.088 mmol, 78 %) of colorless N, N 6
bis(azidocarbonyl)hydrazine (3). DTA (Tonset, 5 °C min'1): 154 °C (dec.); FT-IR (ATR): 3
3166 (w), 3004 (w), 2170 (m), 2150 (s), 1774 (m), 1732 (m), 1683 (m), 1521 (s), 1163 (s),
1143 (s), 919 (m), 747 (s), 644 (m), 590 (m), 555 (s), 503 (m), 493 (m) cm'*; *H NMR (400
MHz, acetone-ds, 25 °C): U = 9.16 ppm; 13C NMR{*H} (101 MHz, acetone-ds 25 °C): U =
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157.7 ppm; *N NMR (27 MHz, acetone-ds, 25 °C): U= 1 1 4pm; BA (c2H2NsO2) calcd.:
C 14.12,H 1.19, N 65.88; found: C 14.39, H 1.46, N 65.36; BAM drophammer 17 2 J (>
500 pum); Friction test 0.1 N (> 500 pum).

Dimethyl Iminodicarbonate (4)

Oxalyl diazide (0.600 g, 4.28 mmol, 1.0 eq.) was dissolved in chloroform (15 mL) and
methanol (5 mL) was added. The mixture was stirred at 35°C for 15 hours. The precipitate
was filtered and recrystallized from ethyl acetate to yield 0.518 g (3.89 mmol, 91 %) of
dimethyl iminodicarbonate (4). FT-IR (ATR): 3 #3205 (m), 3036 (w), 2962 (w), 1805 (m),
1766 (m), 1711 (m), 1532 (s), 1454 (m), 1301 (m), 1209 (m), 1175 (s), 1101 (s), 1040 (s),
910 (w), 783 (m), 729 (m), 703 (m), 558 (w), 443 (m) cm'%; 'H NMR (400 MHz, acetone-
ds, 25 °C): 1 =9.21 (s, 1H, NH), 3.69 (s, 6H, CHz3) ppm; 13C NMR{*H} (101 MHz, acetone-
ds, 25 °C): U =152.4, 52.7 ppm; EA (caH7NO4) calcd.: C 36.10, H 5.30, N 10.52; found: C
35.90 H5.12 N 10.87.

Oxetan-3-yl-N-azidocarbonyl-carbamate (5)

Oxalyl diazide (0.625 g, 4.46mmol, 1.0 eq.) was dissolved in chloroform (15 mL) and
oxetan-3-ol (0.330 g, 4.46 mmol, 1.0 eq.) was added and the mixture was stirred for 15
hours at 35°C. The solvent was removed by rotary evaporation to give 0.781 g
(4.20 mmol, 94 %) of colorless oxetan-3-yl-N-azidocarbonyl-carbamate. DTA (Tonset, 5 °C
min'1): 127 °C (m.p.), 135 °C (dec.); FT-IR (ATR): 3 #3149 (w), 2956 (m), 2160 (m), 1797
(s), 1722 (m), 1538 (s), 1373 (w), 1255 (m), 1164 (s), 1119 (s), 1092 (s), 978 (s), 957 (M),
916 (s), 871 (m), 758 (s), 695 (s), 560 (m), 506 (w), 456 (m) cm'?; *H NMR (400 MHz,
CDCls, 25 °C): U =7.44 (br s, 1H, NH), 5.557 5.49 (m, 1H, CHoxetane), 4.93 17 4.89 (m, 2H,
CH2 oxetane), 4.69 T 4.66 (CH2 oxetane) ppm; 13C NMR{lH} (101 MHz, CDCls, 25°C): U =
153.3, 149.1, 77.1, 69.9 ppm; N NMR (27 MHz, CDCls, 25 °C): = 1144 . 0, ppnri; 46 . 8
EA (csHeN4Oa) caled.: C 32.27, H 3.25, N 30.10; found: C 32.42 H 3.00 N 29.98; BAM
drophammer >40 J (> 500 pm); Friction test >360 N (> 500 um).

N-Azidocarbonyl-N'-(2H-tetrazol-2-yl)-urea (6)

Oxalyl diazide (0.650 g, 4.64 mmol, 1.0 eq.) was dissolved in chloroform (15 mL) and 2H-
tetrazole-2-amine (0.395 g, 4.64 mmol, 1.0 eq.) was added together with acetonitrile
(2 mL). The mixture was heated to 35°C for 15 hours. The precipitate which formed was
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filtered and dried to give 0.291 g (1.48 mmol, 32 %) of colorless N-azidocarbonyl-N'-(2H-
tetrazol-2-yl)-urea. DTA (Tonset, 5 °C min'1): 145 °C (dec.); FT-IR (ATR): 3 #8289 (m),3228
(m), 3139 (m), 2191 (m), 2143 (m), 1747 (s), 1689 (w), 1539 (s), 1417 (m), 1280 (m), 1256
(s), 1235 (m), 1163 (s), 1125 (s), 1044 (m), 1015 (s), 994 (s), 903 (m), 876 (m), 732 (m),
709 (s), 667 (s), 654 (s), 592 (s), 546 (s), 504 (s) cm'%; *H NMR (400 MHz, DMSO-ds,
25 °C): U = 10.97 (s, 1H, NH), 8.99 (s, 1H, CH), 6.75 (s, 1H, NH) ppm; 13C NMR{*H} (101
MHz, DMSO-ds, 25 °C): U = 155.7, 152.3 ppm; N NMR (27 MHz, DMSO-ds, 25 °C): U =
1T134.8, 1 14pm;EA c3sHNE caded.: C 18.28, H 1.53, N 63.95; found: C
18.54 H 1.87 N 63.58; BAM drophammer 4 J (> 500 um); Friction test 360 N (> 500

pm).

NMR discussion of Compounds 17 3.

The 3C{*H } NMR spectrum showed one signal at 164 ppm for compound 1 which is in
accordance with the shifts reported for carbonyl azide compounds which are in between
150 to 160 ppm.* The 3C NMR of carbamoyl azide (2) and -
bis(azidocarbonyl)hydrazine (3) each show a signal at 158 ppm, which is due to the
chemical simil ar i t y o fbis(bzaacéwrbonylhydhzine (3) shows a signal at 9.16
ppm in the *H NMR spectrum. In addition to this signal, two smaller signals are also found
in this region. These two signals indicate a species which is not symmetrical. Either it is a
species formed by free rotation around the hydrazine bridge, or it is assumed that they
belong to the mono-tetrazolone tautomer formed by free exchange in solution. The N

NMR spectroscopyforlhas shows resonance si gnaills4 6at6

(Np) and pphEN). The signals for Noas well as N, are shifted to lower field in
relation to organic azides in the literature comparable to the carbonyl azides.!'112 Only
three signalsfor2ar e f ound, Tel 4471 26 P puhaspyplinas g signal at
1T302.5 ppm which can be assigned d4iopossilblye

T p1p3nt

amin

superimposed by the signal of No. Forcompound3, only one si gnappmi s

which is assigned to Ns which possibly superimposed the Ns resonance. No Ng signal was
observed, however, it is known that for covalent azides, this signal is often very broad in
N NMR spectra. The very broad resonance typical of the hydrazine bridge of 3 in 1N
NMR was not observed.
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6.5.2 NMR-Spectra
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Figure S1. C{*H} NMR spectrum of oxalyl diazide (1).
Figure S2. N NMR spectrum of oxalyl diazide (1).
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Figure S3. 'H NMR spectrum of carbamoyl azide (2).
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Figure S4. 3C{*H} NMR spectrum of carbamoyl azide (2).
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Figure S5. “N NMR spectrum of carbamoyl azide (2).
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Figure S6. 'H NMR spectrum of N,Nébis(azidocarbonyl)-hydrazine (3).
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Figure S7. 3C{*H} NMR spectrum of N,Nébis(azidocarbonyl)-hydrazine (3).
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Figure S8. N NMR spectrum of N,Nébis(azidocarbonyl)-hydrazine (3).
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