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1 Introduction

This chapter will give an overview of the development and characterization of energetic
materials. As the field and the applications are constantly evolving and can be very diverse,
an important selection will be covered. The focus is placed on the synthesis and properties
of explosive materials. The explosive pentaerythritol tetranitrate (PETN) is discussed in
detail since the main part of the work deals with the sensitivity of PETN, its derivatives, or

organic nitrates in general.

1.1 From Deflagration to Detonation

Combustion, deflagration, and detonation are exothermic oxidation reactions with different
velocities. Combustion is dominated by the oxidation of fuel, heat, and chain reactions and
no pressure is built up. [1] Subsonic combustion, where the noise of the flame can be
heard and pressure is building up, is called deflagration. This deflagration can be self-
accelerating until it reaches the local speed of sound in the material. Then a transition to
a detonation is observed with the release of a shock wave. The shockwave can propagate
into unreacted material, causing compression and a self-sustaining reaction. The transition
from deflagration to detonation is called DDT. Compounds like diazo dinitrophenol
(DDNP), mercury fulminate, and tetrazene undergo DDT. [2] The linear burning rate of a
material r (m s™!) depends on B (8 = f(T)) and increases proportionally to the pressure p
on the material. The index a describes the pressure dependence of the burning rate of the

material, for a < 1 a deflagration, and a > 1 a detonation is observed. [1]

r= fp®

In a confined space, pressure reaches higher values and a detonation is more likely to be
triggered. Compounds like lead azide, silver azide, and silver fulminate are so reactive that
immediate detonation after ignition is observed. [2] Furthermore, less sensitive explosives
like PETN or Hexanitrostilbene (HNS) can be initiated by a shock from hot metallic plasma
(in an exploding foil initiator (EFI)). [3] Adiabatic compression (from force applied) of small
gas bubbles (from inclusions or glass beads) can also lead to heat and shock release that
can initiate explosives. [4-6]

In the detonation, a chemical reaction zone moves at a constant velocity, pressure, and
temperature, while heat is released (Figure 1). The reaction zone is accompanied by a
shockwave that compresses unreacted material in front. The specific volume (Vo = 1/po) is

decreased and the pressure p is increased (Vo to V1 and po to p1) along the shock adiabat
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(Hugoniot adiabat). The compression leads to temperature increase and initiation of the
reaction. Pressure and volume at the end of the reaction zone are defined as V. and p..
[1, 7] The reaction products are in chemical dynamic equilibrium, AG =0 (Chapman-
Jouguet condition). [8] A line can be drawn from the pressure-volume correlation at each
stage called the Rayleigh line. The slope of this line corresponds to the detonation velocity.
Chapman and Jouguet stated that the Rayleigh line is tangential to the shock adiabat at
the equilibrium point (p2, V2). This is called the Chapman-Jouguet point or C-J point. [9]
This model is simplified for ideal detonations and can be applied well for calculations. Real

detonations are three-dimensional and show uneven, wave-like reaction zones.

FI'“ pressure
} 1 shock adiabat of
| explosive
| .
| 2 shock adiabat of
} P AN 2 detonation products
| 3 Rayleigh line
Pa CJ point
¥l
/ \
detonation rc:aecrglca\ ¥l unreacted 1
ion | 3
products - [n  explosive
¥
A 3
/ Py |
S souguet |
Chapman-Jouguet 4 vy %
plane shock front specific volume

Figure 1 Detonation process and structure of the wave (left) and shock adiabats of explosives and
detonation products with Rayleigh line (right). (reproduced from [1])
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1.2 Classification

Energetic materials can be divided into propellants, pyrotechnics, and explosives (Figure
2). Whereas explosives are typically subdivided into primary and secondary explosives.
Materials used to transition the detonation between these explosives can be counted to
the class of booster explosives. Individual compounds are mixed with binders, plasticizers
or other substances to be used for the respective application. Individual compounds can
also be applied in different categories. [1-2, 10-11] Nitroglycerin (NG) is used in Dynamite
as a secondary explosive and also in double or triple-based formulations as part of the
propellant charge. [10]

Energetic Materials(

Propellantsr Explosives 7 Pyrotechnicé |
|
. | _ | _
g Primary Explosives | Secondary Explosives
;_"é LBooster explosives"‘

Figure 2 Classification of energetic materials.

Another classification based on the area of application into civil and military is also
possible. Civil explosives are used in the demolition, quarrying, mining, construction,
tunneling, and seismic industries. The main requirements for civil explosives are very safe
handling, low price, regional availability, and environmental neutrality. [12] For military
explosives, the price is of less concern if a high performance can be achieved. Military
materials must be very stable under storage conditions, highly reliable, and safe enough
to withstand rough handling. Of course, the military uses civil explosives and vice versa,
but this classification shows the main interests of the two fields. When developing new
materials this is of special interest. For mining, mainly mass-producible, safe, and cheap
materials (ammonium nitrate) are of interest, complex synthesis procedures and
expensive starting materials must be avoided. When developing a military explosive,
expensive materials, and multi-step synthesis might be acceptable if the performance is
worth it (e.g. CL-20 [13]).

The accidental discovery of black powder (BP) was the beginning of the development of
energetic materials (~ 220 BC). BP is a physical mixture of potassium nitrate, carbon, and

sulfur. Energy is released through their solid-state reaction. Long after BP was discovered
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and used as an explosive, at the end of the 19th century, the principle of combination of
oxidizer and fuel in one molecule was a milestone on the way to more powerful materials.
[1] To get an overview of the materials and their development, they are categorized in the

following.

1.2.1 Propellants

Propellants are mainly used to accelerate projectiles or rockets, by the generation of large
amounts of hot gas (Figure 3). BP was the first discovered and still used propellant. With
a burn rate of 600-800 m s it does not generate a shock wave under standard conditions.
[1] As a result, the effect is not crushing, but pushing. With the discovery of nitrocellulose
(NC) (Schonbein 1846 [14]), obtained by nitration of cellulose, a single-base gun propellant
was developed in the middle of the 19" century. It burns smokeless without leaving any
residue. Another organic nitrate, nitroglycerin (NG) (Sobrero 1847 [14]), was discovered
one year later and forms, in combination with NC, double-base propellants. This mixture
shows enhanced power at the cost of higher combustion temperatures, causing erosion
and muzzle flash. To counter those drawbacks nitroguanidine NQ is added to NG and NC
as the main component. NG can be replaced by other nitrates (e.g. ethylene glycol
dinitrate) to finetune the properties of the propellant to their respective use. While triple-
base propellants maintain good performance, the combustion temperature is lower than
that of the single-base mixtures. [15] Due to the high temperatures reached, CO reacts
with iron in the barrel to form iron carbide, leading to corrosion. Furthermore, the
importance of the heat of combustion (Q in J g) can be seen in the equation for the

estimation of the projectile velocity (v): [1]

. (Zm Qq)0'5
M

m: mass of charge in g; M: mass of projectile, n: constant.

Replacing carbon-based propellants with nitrogen-rich materials increases the N./CO
ratio. This leads to the formation of iron nitride and longer lifetimes of the barrel. [16] Here
triaminoguanidinium azotetrazolate (TAGzT) has proven to be effective. [17] The
propulsion of rockets requires lower pressures than gun propellants (70 bar vs 4000 bar),
while a high specific impulse s, is also of main importance. The Isp describes the change
of impulse (Newton-second) per mass propellant and therefore the efficiency of the
propellant. Modern-day solid rocket motors use composite materials made of ammonium
perchlorate (AP) or nitrate (AN) as oxidizers, metals (e.g. Al), and binders. Double-base
propellants are still used for lower-performance applications. [1] In 2018 AP was classified

as an endocrine disruptor by the European Chemicals Agency, due to its influence on
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thyroid hormone production. [18] Ammonium dinitramide (ADN) is a potential candidate to
replace AP. ADN shows a high heat of formation and a high oxidizing potential but a low
thermal stability (Tq.: 135 °C). [19] New research materials often derive from trinitroethanol.
[20] Liquid rocket fuels can be monopropellants (hydrazine or hydrogen peroxide) and
bipropellants (H2/O2, monomethylhydrazine (MMH) / HNOs). Hypergolic mixtures are
igniting after less than 20 ms and are very reliable. Used are carcinogenic hydrazine
derivatives (like MMH) with oxidizing HNO3 or N2O4. [21]

ONO,

NO
KNOj3 (75%) O,NO_  ONO, 2
C (15%) o =2 o - ONO” Y oNo )N'\

Sg (10%) O2NO o) ONO2

ONO, ONO, HoN™ NH;
BP NC NG NQ
| single-base
gun | double-base )
propellants | tripple-base
TAGzT ; |
B ) ] ' hypergolic fuels ' ADN . solid rocket propellants
/N\ : :
NN HoN. @ ; : _ NHy
N L : L oo
N=N PLN : / : 2 2
YN NN D HN-NH : AP
N/ N NHp | 5
‘(gr 2 MMH 5 NH4CIO,

Figure 3 Energetic materials used as propellants.

1.2.2 Pyrotechnics

The art of pyrotechnics focuses on visual, sound, or heat effects through exothermic
reactions of physical mixtures. Important parameters are, for example, burning rate, smoke
density, or color intensity. The reaction is typically a solid-state reaction of a physical
mixture of oxidizers, reducing agents, and additives. The applications and formulations are
very diverse, therefore only a selection will be discussed. [1] Flame-generating
pyrotechnics are used for electric matches or in percussion caps. Primer compositions in
percussion caps contain initiating substances that are discussed in more detail below (see
1.2.3.1 Primary explosives). Examples are SINOXID consisting of lead styphnate LS
(primary explosive), tetrazene (sensitizer), barium nitrate/ antimony sulfide/ calcium silicide
(pyrotechnic system), or lead-free (SINTOX) consisting of diazodinitrophenol (DDNP,

primary explosive), tetrazene (sensitizer), zinc peroxide/ titanium. [22] Delay charges can
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be gasless or gassy and are further distinguished by their burn time. BP or mixtures of
oxidizing metal salts and elemental fuels are commonly used. Probably the best-known
pyrotechnic class is the light generated from the field of fireworks for civil applications. In
the military, chemically generated light is used as a signal, for illumination, or as a marker.
Typical mixtures contain perchlorates, nitrates, and NC. Metals like Mg can be added to
increase the flame temperature. The color is achieved by the addition of Sr (red), Ba
(green), or Na (yellow) salts. Research focuses on the replacement of heavy metals
(Ba->B4C or Sr->Li) to reduce toxicity. [23]

1.2.3 High Explosives

High explosives can be divided into either primary explosives or secondary explosives.
Primary explosives will trigger the reaction whereas secondary explosives represent the
main charge and decide on the effect of the charge. This concept is called the explosive
train and is explained exemplarily on a detonator (Figure 4). [2] The explosion is triggered
by a simple initiating impulse SllI, like a flame, heat, impact, friction, or electrostatic
discharge event. Here an electric igniter sets off the primary explosive by a flame and hot
particles. [2] The primary explosive undergoes deflagration to detonation and emits a
shockwave. Then a larger amount of secondary explosive is initiated and transmits the
shockwave to the main charge. The main charge (large amount) consists of less sensitive
material and is not part of the standard detonator. Between the detonator and the main
charge, booster charges of higher sensitivities might be used for very insensitive main

charges or to avoid problems in detonation propagation of the main charge.

Detonator /

Brimar - Secondary Explosion
er, / anafy ))) SeFondary Explosive and
Explosive 7/ Explosive (Booster) (Main Charge) Shock

S

Figure 4 Explosive train as described by Matyas and Pachman. [2]
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1.2.3.1 Primary explosives

Primary explosives (also called initiating substances or primers) are used to start the
explosive train through mechanical, electrical, or thermal stimulus (Figure 5). Depending
on the output, detonating or burning results are sought. Compositions of mainly or neat
detonating substances trigger detonation. Ignition mixtures (also called primers) contain
smaller amounts of primary explosives for sensitization but do not undergo DDT. Generally
high sensitivity towards impact, friction, and electrostatic combined with a fast transition to
detonation is necessary whereas the detonation velocity is of less concern. [1-2] The first
compound used in blasting caps and for ignition was mercury fulminate (MF). Due to the
high price and toxicity of mercury, it was replaced in a lengthy process by lead azide (LA)
and lead styphnate (LS) after the end of the 19" century. [1] LA is typically used if
detonations are wanted whereas LS is used in primer caps. [2] Those lead salts are still
the commonly most used primary explosives today and replacement is a long-lasting
process. Lead exposure causes harm to humans and the environment, everyday exposure
is a main issue, and training grounds show high lead levels that need to be
decontaminated. [24] Possible next-generation materials for LA are silver azide (AgNs),
copper(l) 5-nitrotetrazolate (DBX-1) [25], and nickel hydrazine nitrate (NHN) [26]. DDNP
[27] (in SINTOX) or KDNP [28] are replacements for LS, although heavy metal free they

are nitrophenols. Most of the potential or used replacements either contain heavy metals

Summarized development of primary explosives

BP NHN
KNO3 (750/0) MF LA DBX_1
C (15%) LS
Ss (10%) KDNP
_ © _
O,N NO,
Hg(CNO), Pb(Na), Pb2* 20
Oo
MF LA _LS NO, |
0° 0 o+
O,N N O2N N/@ «
. cut | T T 0
[Ni(N2H4)s(NO3)2 Ny SN
NHN DBX-1 NO2  KDNP

Figure 5 Overview of the simplified development of primary explosives.
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or are constructed of nitrophenols. The heavy metal compounds themself and their
combustion products are toxic. There are discussions about nitroaromatic compounds
showing a general mutagenic effect. [29] Nevertheless, the toxicity of the reaction products
can be reduced by using DBX-1 or DDNP. The concept of energetic coordination
compounds, ECCs, leads to a high variety of compounds with tunable properties. Here
anions, mostly azide and perchlorate, are combined with a metal center, mostly copper,
and nitrogen-rich ligands like tetrazole derivatives. Recently the refinement of copper azide
with 1-methyltetrazole showed promising results for lead azide and styphnate

replacements. [30]

1.2.3.2 Secondary high explosives

Secondary explosives are characterized by a less sensitive character towards mechanical
stimuli or sparks. This is necessary for safe handling because secondary explosives
represent the main charge of most explosive devices. Pentaerythritol tetranitrate (PETN)
is often referred to be the border between primary and secondary explosives and
discussed in a special chapter (1.5 The Special Role of PETN). As it does not undergo
DDT in smaller amounts without confinement it is counted as the secondary explosives or
might be referred to as booster explosive material. The developed materials often derive
from picric acid (PA) in the military sector or Dynamite form NG in the civil sector (Figure
6). Both (PA and NG) are now outdated materials that were developed at the end of the
19" century. PA was found to form primary explosive salts by the reaction with metal
shells. NG production still causes devastating accidents, and the produced Dynamite can
freeze or leak out sensitive NG. [15, 31]

PA is mainly replaced by 2,4-Dinitroanisole (DNAN) or more powerful 2-Methyl-1,3,5-
trinitrobenzene (TNT) mixed with more powerful explosives. The materials are highly
compatible, moderately or insensitive, and can be melted in a reasonable temperature
range (80-100 °C). [10] The two materials belong to the class of melt-castable explosives
a field that needs replacements. Toxicity and production of TNT cause problems for
humans and the environment (see 1.3.2 Toxicity). Materials mixed with melt-cast
explosives are the nitramine explosives Hexogen (RDX) and Octogen (HMX) or 5-
nitrotriazolone (NTO). Mixtures used for military purposes are e.g. Comp. B (RDX, TNT,
wax), IMX 101 (DNAN, NTO, NQ) or Comp. C4 (RDX, plasticizer, binder). [1, 15, 32] The
more powerful melt-cast bis(1,2,4-oxadiazole)bis(methylene) dinitrate BOM recently
developed by the LANL, and the Army research laboratory could replace and outperform
TNT. The sensitivity and complex synthesis of BOM are still problems to overcome. [33]
Toxic nitramines and nitroaromatic compounds could further be replaced by advanced
materials like bisihydroxylammonium 5,5"-bitetrazole-1,1'-dioxide (TKX-50),

hexanitrohexaazaisowurtzitane (CL-20) or octanitrocubane (ONC). [1]
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Summarized development of secondary explosives

TNT BOM
PA —— RDX — TKX-50

BP / HMX CL-20
KNO; (75%)
C (15%) \
Sg (10%)
Dynamite —— ANFO

NG (75%), NH4NO;,
SiO, (24.5%), fuel oil

Pentolite
PETN,
TNT
OH O,N NO
OoN( .~ .NO 2N~NL N-NO2
O,N NO, O2N NO, 2 NK )N 2 0N~ -NO,
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PA o TNT o NO, 0O,N’ ‘NO,
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: NO
N\, 7 2
NG ONG, HMX (N ’\i BOM O’N\HN\\’/\ONO
2
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2 NO,
TKX-50 ©
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O2NO O- (NHzOH*Y),

Figure 6 Overview of the simplified development of secondary explosives.

In the civil sector, ammonium nitrate (AN) based explosives displaced the NG-ones due
to lower sensitivity, cheaper synthesis, and more practical handling. [1] Due to their cap
insensitivity, they are sometimes referred to as tertiary explosives. AN is mixed with fuel
oil, resulting in ammonium nitrate fuel oil (ANFO) explosives, that are typically applied as
emulsions. Emulsions are sensitized by glass or plastic beads as well as generated gas
bubbles. After compression of the material, the gas bubbles collapse releasing a
shockwave. This results in a complete and more uniform detonation. ANFOs can be

applied in powder form, patronized, or by direct pumping into the boreholes. [1] Ammonium
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nitrate is known to cause devastating explosions. Oppau or Beirut is just the tip of the
iceberg. Recently, it was shown that ANFO trucks that transport only a few tons of
explosives can undergo detonation after catching on fire. [34]

To reliably initiate ANFO mixtures, a larger mass of booster explosive is necessary.
Typically, Pentolite, a mixture of PETN and TNT is used. Production of Pentolite through
demilitarized TNT caused serious accidents in the past. [35]

Another subclass of secondary explosives are the thermally stable explosives.
Hexanitrostilbene (HNS), which is derived from TNT, withstands 320 °C and can be used
for fuel fire-resistant devices or hot oil deep drilling applications. Triaminotrinitrobenzene
(TATB) is also used as a thermally stable explosive. The stability in HNS derives from the
large conjugated 1-system whereas TATB shows alternating amino and nitro groups, both

typical concepts to achieve very stable explosives. [1]
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1.3 Characterization

The characterization of energetic materials covers the sensitivity, toxicity, thermal
behavior, and performance parameters of energetic materials. The comparison with

existing materials is useful to evaluate the relative performance.

1.3.1 Sensitivity

Before handling larger amounts of unknown explosives impact (I1S), friction (FS) and
electrostatic discharge (ESD) sensitivity should be analyzed (Figure 7). Impact and friction
sensitivity measurements are highly standardized, while there is no general procedure for

ESD measurements.

Figure 7 Mechanical sensitivity measurement with BAM friction tester (left) and impact tester (right).

The IS is the oldest known sensitivity test and can be applied by a simple hammer strike
for rough estimation (roughly 4 J, enough for PETN). More advanced setups are the BAM
Fallhammer, used in our group, or the American ESL type 12 drophammer. Procedures
are available in the “UN Recommendations on the Transport of Dangerous Goods” or
STANAG 4489. [36-37] Generally, values from different procedures and institutes are not
comparable and care has to be taken when comparing measurements on similar machines
from different institutions as the evaluation is very operator-dependent. Furthermore,
compounds like PETN are easy to evaluate whereas TNT evaluation is more complex. [38]
Our group uses the BAM apparatus and the “ UN Recommendations on the Transport of
Dangerous Goods” procedure. Mechanical energy is applied to the sample by employing
weights with options of 1 kg, 5 kg, or 10 kg, dropped from a specific height within the range
of 10 to 40 cm. The energy transferred to the sample through this method varies between
1 and 40 J. In terms of test outcomes, the results can be categorized as “no reaction”,
“decomposition”, or “explosion”. These outcomes are further categorized into “positive” for
an explosion or “negative” for other events. (STANTAG 4489 would count a decomposition
as a positive result!). The “one out of six” method used, is a testing procedure wherein six

trials are conducted at a specific energy level. The objective is to observe at least one
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positive result during these six trials, while trials conducted at lower energy levels must
yield negative results. Consequently, this approach is employed to identify the lower
detonation limit, a parameter that differs from and is not directly comparable to the Eso,
50% probability value (for PETN, 1/6: 3 J, Hse: 5 J). For transportation, the material is
considered to be an unstable explosive with IS <2 J. A more general distinction can be
made between insensitive (> 40 J), moderately sensitive (35-40 J), sensitive (4-35 J), and

very sensitive (<4 J) materials. [37]

Friction Sensitivity Impact Sensitivity
TNT 354 N TKX-5020 J
NG 360 N S “NH:OH
O,N NO, NN
N~ ~N
360 ) \EiT @0 ) el
NO, ONH,0H dg
RDX 120 N
HMX 120 N TNT15J

05N ey -NO:
k,ﬂJ

TKX-50 120N
RDX7.5J

HMX 7.5J

PETN60N
Sensitive

CL-204J
PETN 3.5J

Pb(N3)p 2.5-4J

NG 0.2J ONO,
0,NO ONO,

Figure 8 Impact and friction sensitivities of explosives trinitrotoluene flakes (TNT), nitroglycerin
(NG), hexogen (RDX), octogen (HMX), bishydroxylammonium 5,5-bistetrazole-1,1’-dioxide (TKX-
50), pentaerythritol tetranitrate (PETN), hexanitroisowurtzitane technical (CL-20), lead azide
(Pb(Ns)2. [10, 31]

Manipulation of explosives often results in friction events. Many accidents are derived from
scratching surfaces or loosening bolds. Throughout history, various friction sensitivity (FS)
devices have been employed, with the BAM friction tester emerging as the most widely
utilized. The combination of FS and IS covers the mechanical sensitivity of an energetic
material. Procedures for FS are again given by the “Recommendations on the Transport

of Dangerous Goods” and STANAG 4487. [37, 39] Force is applied on a porcelain peg
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implemented in a lever arm that is loaded with weight. A porcelain plate is fixed within a
screw clamp fastened to a steel table below the peg. When activated, the plate moves
back and forth by one centimeter. During this motion, friction is generated between the
porcelain peg positioned above the porcelain plate. Forces between 0.1 and 360 N can be
applied to the material placed between the surfaces. Results are evaluated in the same
way as for the I1S. The porcelain surface, the placement of the material, and the operator
are the main uncertainty factors. With a FS of <80 N the material is categorized as an
unstable explosive and is considered unsafe for transportation. FS can be distinguished
more precisely in insensitive (> 360 N), moderately sensitive (80-360 N), sensitive (10-
80 N), and very sensitive (< 10 N) materials. [37] The sensitivities of common explosives
are visualized in Figure 8. Liquid compounds, such as NG, typically exhibit low levels of
friction sensitivity. An examination of NC also reveals that the IS and FS of solid
substances can significantly differ, but in the case of most materials like PETN, RDX, or
TKX-50, their sensitivity to impact tends to be similar compared to their respective

sensitivity to friction.

1.3.2 Toxicity

Toxicity and mutagenicity are an increasingly important factor in the evaluation of new
substances. Computational methods are increasingly getting better in this area, but in vitro
and in vivo tests are required. In vitro, mutagenicity against the bacteria Salmonella
typhimurium can be measured by the bacterial reverse mutation test (Ames test). [40]
Aquatic toxicity can be estimated by the influence of a compound on the bacteria Aliivibrio
fischeri. [41] Water-insoluble compounds like most organic nitrates cannot be measured.

In vivo measurements are costly and ethically unacceptable at an early stage.

1.3.3 Thermal Sensitivity and Stability

Thermal sensitivity can be understood as the temperature necessary for decomposition,
ignition, or detonation whereas thermal stability represents the stability at elevated
temperatures over time. Differential thermal analysis (DTA) is applied to roughly analyze
for endothermal and exothermal signals. The onset temperature, extrapolated reaction
beginning, is typically determined. It must be mentioned here that for sharp signals, the
onset is close to the actual beginning of the thermal event, whereas for broad signals the
onset can be significantly later than the actual beginning of the temperature difference.
This concludes that the process of the thermal behavior is of more interest than the neat
value. Endothermic signals refer to melting, phase transition, or evaporation. Exothermic

peaks are attributed to decomposition events. Melting can be proven by analysis through

22



a standard melting point analysis. More complex behavior can be further investigated
through thermogravimetric analysis (TGA) or differential scanning calorimetry (DSC). Both
devices are usually not part of the standard analytics as the sensitive measurement
crucibles can be destroyed by heavy decomposition or detonation.

1.3.4 Performance

The performance is typically calculated with the EXPLO [42] code in the first step. The
heat of explosion (Qc.;), the detonation pressure (pc.;), and the detonation velocity (Dc.j)
are considered the main performance parameters. Most important for the determination of
those are the density and heat of formation (HOF). [1] The density can be determined by
single crystal structure measurement or pycnometric analysis. The heat of combustion can
be experimentally determined by bomb calorimetry. Then, using Hess’s law, the HOF can
be calculated thereof. For initial screening, it is convenient to calculate the heat of
formation using the quantum chemistry method CBS-4M and the method of atomization
energies. To calculate energies of sublimation or vaporization Trouton’s rule is applied.
[43] Calculation of lattice energies and lattice enthalpies is performed by Jenkin’s method.
[44] The HOF of TKX-50 was calculated with this method to be AH° (TKX-50,
theoretically): 447 kJ mol™ [45], later determination by measurement showed a 50%
decreased value AH° (TKX-50, measured): 213.4+1.2kJ mol™ [46]. Although the
detonation velocity remains in the same area (9698 [45] vs. 9642 m s! [46]) parameters
like the detonation pressure are differing by a large amount (42.4 [45] vs. 37.0 GPa [46]).
This shows that the calculation of the heat of formation only gives a rough estimation that

should be proven by calorimetry.

1.4 Next-generation Energetic Materials

In the individual classes of energetic materials, we have seen that development to date
has mainly been through optimization of performance, safety, or application changes.
Modern materials can be manufactured and used safely to the greatest possible extent.
The industry is familiar with their hazards and has learned to control them better over the
decades. Today, environmental factors and performance are the main driving forces for
the development of new materials. In the following, important characterization methods
are critically discussed and benchmark values for different classes of explosives are given.
1.4.1 Requirements

The development of new explosive products has always been linked to the discovery of
new explosives and the invention of special devices or mixtures (Mercury fulminate in the

first detonator caps; NG with binder). Those devices were then optimized, and explosives
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were exchanged for less toxic or more powerful materials: LA replacing MF; and ANFO

replacing Dynamite. New inventions, like shock tubes [47], open new application areas

with different requirements. Energetic material research either focuses on drop-in

replacements for existing devices or materials for new applications.

To create a new type of explosive that can be easily integrated, we need to understand

the necessary requirements. Therefore, the properties of used explosives are shown in

Table 1. Demands for new materials are derived from the properties of existing materials

Table 1 Requirements for next-generation energetic materials.

Replacement Used in

Issue

Candidates

Requirements

Source

LA

(primary) Detonator

LS

Pri
(primary) rrmer cap

TNT or
DNAN
(melt-cast
secondary)

Comp. B,,
IMX-101 or
Pentolite

RDX or HMX
(secondary)

IMX-101 or
PBX

toxic (lead)

toxic (lead)

toxic,
wastewater,
and low
performance

toxic

NHN or
DBX-1

DDNP

BOM

CL-20,
TKX-50

- balanced
sensitivity

- fast DDT

- initiation of
secondary
-Tm:>90 °C
- Tq: 2150 °C

neat:
-Tm:>90°C
- Tq: 2150 °C
in mixtures:
-no DDT

- low erosion
- high flame
temperature

-Tm: 75-115°C
- Tq: 2180 °C

- ATm-q: 2100 °C
-D: 27600 m s
-p:21.76 gcm™
-1S: 28

-FS: 2120 N

- Tq: 2180 °C
-18: 27
-FS:2120 N

- D: 28500 m s
- Pc.y: 2340 kbar

[1-2]

[1-2]

[48]

[1]
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and the opinions of experts in the field of explosives. Desirable properties that count for all
materials are heavy metal free, non-toxic, mass-producible (primaries less than
secondaries), affordable, long-term chemically stable, compatible with shell, and

compatible in used mixtures.

1.4.2 Toxicity Requirements

The impact on humans and nature can be divided into three parts: production, handling,
and residues. LA massively contaminates training grounds and expensive soil recovery is
necessary while everyday shooting leads to higher lead blood levels for soldiers. Heavy
and toxic metals persist after their use and therefore need to be replaced urgently where
humans are affected. Other materials like TNT, DDNP, or other nitrobenzenes are toxic
themselves and cause problems to the environment due to their production. The blood
system and liver of humans are damaged through exposure to TNT. [49] There is evidence
that all nitroaromatic substances could interact with DNA. [29] Red and pink wastewater is
produced in large amounts and without proper treatment causes damage to the
environment. [50] RDX is one of the most used explosives and pollution in air water and
soil is detected especially around training grounds. The nitramine is toxic because it harms
the nervous system, urinary system, and prostate of animals, and evidence for
carcinogenic potential is shown. [51-52] Whereas automation and safety precaution are
permanently getting better it might be acceptable to continue using toxic substances under
controlled conditions if their residue and use does not impact humans or nature.

Tetrazoles and organic nitrates are often discussed as replacements for traditional
explosives or are already used. Both are proven to be biologically active and are used in
drugs. However, biological activity and use as a drug are not necessarily associated with
a positive effect on humans and the environment. Tetrazole exhibits a variety of effects,
including antifungal, antihypertensive, and antihistaminic properties. [53-55] 5-
Aminotetrazole (5-AT) showed no mutagenic effects and no toxicity up to 623 mg 5-AT/kg
(over 14 days) in rats. [56] The use of tetrazoles in future energetic materials is likely and
could be environmentally friendly without negative effects on humans. Organic nitrates are
used in drugs to release nitric oxide (NO) in vivo. In 1998 the discovery of NO as a signaling
molecule in the cardiovascular system was awarded with the Nobel prize. [57] The nitrates
PETN or NG are used as vasodilators, which widen the blood vessels, causing a decrease
in blood pressure. They are commonly used to treat angina pectoris (chest tightness). [58]
The exposure of organic nitrates is limited due to their water insolubility. PETN has been
used for decades without observations of significant mutagenic or toxic potential, only

headaches are observed as side effects in a few cases. [59-61]
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1.4.3 Synthesis

The following synthetic strategies are often applied to achieve explosive materials: [1]

- high nitrogen content
- close to zero oxygen balance (OB)
- high density
- ionic character

- conjugated TT-system

Nitrogen-rich compounds show an increased density due to the higher weight of nitrogen
compared to carbon. The explosion leads to mainly inert nitrogen as a reaction product
and a large energy release due to exothermic nitrogen triple bond formation (BDE(N=N) =
954 kJ mol™). [1] The nitrogen bond energy per two-electron bond is increasing with the
order of the bond. In comparison, the carbon triple bond is less stable than three times the
carbon single bond. The well-known azido functionality is typically part of the synthesis or
final structure of nitrogen bonds (Figure 9). Azides can be applied in ionic (lead azide),
aliphatic, or aromatic positions. The azo bridge can be synthesized through simple
oxidation of amines and is often applied in combination with azoles (five-membered
aromatic rings containing nitrogen). Pentazole is the most favorable, but hardly accessible,
all-nitrogen azole. Current research is focused on the isolation of ionic derivatives. [62]
Tetrazole, an explosive itself, is obtained by a reaction of triethyl orthoformate with azide
and ammonium chloride with a 60% yield. [63] The acidic azole crystalizes with a density
of 1.529 g cm™ and shows a positive heat of formation (AHm = 237 kJ mol™). [64-65] The
decomposition of neutral tetrazole is observed at 188 °C whereas, salt formation stabilizes
the compound. Tetrazole can be functionalized at the N1 or N2 position to remove the
acidity. Through differing synthetic strategies, nitrogen-rich 5-substituted amino [66] or
azido tetrazole [67] can be synthesized. To access more functional sites at the azole,

triazoles or pyrazoles can be used.
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Figure 9 High nitrogen motifs commonly used in energetic materials to increase the performance.

A good oxygen balance is of high priority as the reaction proceeds much faster when
oxidizer and fuel are combined in one molecule. Suitable energetic oxygen-rich groups are

the nitrato, nitramino, and nitro functionality. Those groups can be applied in aliphatic
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positions as shown for nitrato and nitramino in this work. While nitramino, aromatic
nitrimino, and nitro groups are commonly found in aromatic positions of energetic
materials, the presence of the nitrato group in such positions is hardly known [68].
Heterocyclic motifs can also improve the oxygen balance. Here oxadiazoles and furoxanes
are often used as energetic motives (Figure 10).

§ /NOZ
—NH NO, |/O\ N~
_~ -NO I N NZo-
NO, §-0 -No, N L, o
=N
Nitramino and Nitrato Nitro 1,2,4-Oxadiazole Furoxan
Nitrimino

Figure 10 Motifs commonly used in energetic materials with high combined nitrogen and oxygen
content used to tune the oxygen balance.

A high density can be achieved mainly by a high nitrogen and oxygen content, as both
atoms show a greater atomic mass. lonic interactions can also have a positive effect on
the density (furoxanes or TKX-50). [1] Also, very tensioned rings show elevated densities
(ONC, CL-20). In the cubane maotif, the carbon single bond is deformed to a 90° angle.
This stored strain energy contributes to increased energetic performance. [1] Acidic
protons can be removed by ionic derivatization. This can increase thermal stability and
density depending on the ions used. Sensitive acids can be transferred to silver or
potassium salts to synthesize primary explosives. Nitrogen-rich ionic derivatives, if

insensitive enough, can be used as secondary explosives. [1]
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1.5 The Special Role of PETN

The tetranitrate of pentaerythritol is a highly symmetric nitrate ester melting at 141 °C and
decomposing at about 180 °C. In its synthesis, the corresponding alcohol pentaerythritol
(PE) undergoes a chemical reaction with white-fuming nitric acid, resulting in the formation
of the ester. The so-obtained aliphatic energetic compound is characterized by a carbon
framework that functions as a fuel source for the highly oxidizing nitrate esters. With a high
density of 1.77 g cm™ and a detonation velocity of 8400 m s™, its performance is closer to
RDX than to TNT. [10, 69] PETN is often used to distinguish between primary and
secondary explosives. It can be easily initiated by an initial shock wave of a primary
explosive. Gram scales of PETN can be burned in an open environment showing
deflagration whereas confined material can undergo a DDT. Pressed to a total maximum
density TMD of 70-75%, a 5 mm thick and confined rod of PETN detonates 15 mm after
the ignition point. [70] Samples with higher or lower TMD lead to longer transition
distances. At 93% TMD, no detonation occurs after 150 mm, concluding that a dead-
pressing effect occurs similar to that of MF and DDNP. [2, 71] PETN is used in detonators
to accelerate a shockwave. [72] It can be initiated by a primary explosive (Figure 4) or an
exploding foil. The exploding foil initiator EFI is interesting as no sensitive primary
explosive is necessary to initiate detonation. [3] PETN is also used to accelerate a
shockwave from the detonator to a tertiary or insensitive secondary explosive. So-called
cap-sensitive booster charges typically consist of mixtures of PETN and TNT, called
Pentolite. Dynamite, containing nitroglycerin, was employed in the past; however, like
numerous other liquid aliphatic nitrate esters, it has been associated with the occurrence
of headaches. The next-generation materials, now avoiding toxic TNT, could consist of
PETN (sensitizer), AN, and binder/emulsifier. [73] Mixtures with superfine PETN (ca. 5 pum)
were shown to be more shock-sensitive and propagate better than coarse material. [74-
75] PETN is further used as a secondary explosive in shock tubes, detonating cords, sheet
explosives, or mixtures such as SEMTEX®. Shock tubes are non-explosive fuses,
consisting of a thin plastic tube coated with explosive material on the inside. [47] Shock
tubes and EFI open new requirements for initiating materials. These concepts generate
slower shockwaves that could initiate less sensitive material and enhance overall safety.
For detonating cord, PETN with good quality is enclosed in a tube and fixed in it by fibers.
The cord is flexible and can be wrapped around trees, put in boreholes, or used as a
detonating fuse. It is mainly used for mining and demolition with charges of 5 to 100 g
(PETN)/meter. [76] In the case of sheet explosives, PETN is encased within a rubber-like,

elastic matrix. These pliable sheets have found utility in applications such as metal
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shaping, metal cladding, and the process of metal hardening. [77] Plastic explosives
marketed under the trade name SEMTEX® primarily consist of PETN. This explosive
material is obtainable in the form of cubes or sheets and is malleable, enabling it to be
shaped according to specific requirements. Semtex serves a variety of purposes, including
demolition operations, underwater blasting tasks, specialized explosive operations, and its

application as a primer. [78]

1.5.1 Manufacturing

Manufacturing of PETN is performed in a batch or batch-flow process. [15, 69] The batch
process is slower and has more explosive material present in the production plant. The
batch-flow process is more complex but safer and more efficient if controlled properly. The
alcohol functionalities of pentaerythritol (PE) are nitrated by white-fuming nitric acid
(>99%). This reaction is very fast, exothermic, and limited by the dissolution of the PE.
The nitration is performed in stainless steel vessels at temperatures of 15 to 20 °C. The
PE feeding speed is limited by the cooling efficiency of the vessel. The starting material
typically contains 0.8-1.3% of dipentaerythritol (DIPE) (Scheme 1).

Nitration Crystallization

OH ONO,
HO?COH OzNODCONOZ
O,NO

HO
PE PETN - hot acetone
HNO3 - neutralization
- water addition
OH 75 min, 2043 °C O2NQ ONO, - cooling
OH
HODCO oH O,NO 0 ONO,
DIPE (0-5%) DIPEHN

Scheme 1 Manufacturing of PETN including nitration and crystallization.

Lower amounts are reported to result in a bad crystallinity of the product whereas larger
amounts or worse qualities of PE are related to the formation of sticky gum. [79] The DIPE
is nitrated six times resulting in dipentaerythritol hexanitrate DIPEHN. Furthermore, the
DIPE content is a major factor in controlling the morphology of PETN. This is a problem if
starting material qualities vary or suppliers are changed. Investigations into the impact of
DIPE are ongoing, with a comprehensive understanding yet to be achieved.

The nitrate formation generates equimolar amounts of water, resulting in a dilution of the
acid. The resulting spent acid contains 85% nitric acid (after a mass stoichiometry of 5
parts acid per 1 part PE) and precipitated crude PETN. In modern plants the spent acid is

stored and reconcentrated, making the process highly efficient. To avoid decomposition of
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the acid, the NO2 content and concentration must be controlled. The NO2 concentration
should be below 0.4% and the acid concentration around 85%. Higher NO- concentrations
catalyze decomposition with much faster rates at concentrations between 65-75%. [80]
The reaction mixture is cured at lower temperatures to finalize precipitation. The obtained
crude material contains occluded acid in the crystal and is not long-term stable.
Stabilization with carbonate in mixtures is possible resulting in stabilized PETN with
reduced shelf life and stability. [81] To obtain better shelf life and stability crude PETN is
dissolved in hot acetone and neutralized with ammonia. [82] Crystallization is achieved
through the addition of water and cooling. The resulting recrystallized PETN is stable. [83]
Neutralization with carbonate is reported but more complex due to the low solubility of
carbonate salts in acetone. In the laboratory, PETN can be obtained by a similar reaction
from pure PE in nitric acid. [84] Through the dissolution of crude PETN in organic solvents,
followed by the extraction of the acid using aqueous carbonate solutions, laboratory-grade

pure PETN can be yielded.
1.5.2 Mechanical Sensitivity

The mechanical sensitivity of PETN is investigated in the first part of this work. Particle
size effects and crystallization techniques are a recent topic in PETN investigations.
Research on safety during the manufacturing process was rare and therefore investigated
(3.1.1 Laboratory Grade). Here, a short introduction to the sensitivity of PETN and the
relevance of measurement procedures is given.

Mechanical sensitivity is understood as the impact and friction sensitivity of a material. It
depends on various influencing factors. In an overview study, Marrs et al. have shown that
detonation of dry PETN, in contrast to TNT, can be reliably evaluated by acoustic
measurement. Furthermore, they have proven that one laboratory can measure reliably
over years and variations with other laboratories can be large. [38] The variation of
measurements performed by different institutes is a commonly observed phenomenon.
[85-87] This concludes that sensitivities can only be compared if they are measured by
one institute under highly standardized conditions. At best, the values are compared within
one study or series. General comparison of sensitivities, especially of hardly exploding
materials or measurement of different probabilities (1/6 vs Esp), must be done with great
care.

The mechanical sensitivities are reported to decrease by the addition of water, wax, and
TNT, or by the synthesis of ultrafine PETN. The effects of heating are inconsistently

reported to increase or decrease sensitivity. The exact effects are shown in Table 2.
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Table 2 Impact and friction sensitivities of PETN as measured neat (standard) and in modified

mixtures (influenced). For the um-sized sample, the percent of positive results at a certain energy

is given. When centimeters are given for IS or FS, the exact load or detailed apparatus is not

clearly described in the source.

standard PETN

influenced Sample

influence IS FS IS FS Source
water 9% 4] 54 N 2517 60 N [88]
water 15% 4] 54 N 25 J 72N [88]
water 9% 4 54 N 25 J 80 N [89]
water 20% 2-3J 25- 4-5] > 150 cm [84]
40 cm
vacuum dry 3+05J - 2] - [90]
TNT 10% 4.1J 64 N 6.3J 96 N [91]
wax 10% 41 64 N 10J 174 N [91]
um-sized ( fg?;ﬁf]) - (1~4;_3§(Z‘; - [92]
0.27 pm 5.1J,6.1J - 7.8J,8.8J - [93]
100 um 3J 60 N 2.81J 135N [94]
?S';z;'_ dried) 3 60 N 553 202 N [94]
heating 55 °C 20.8 cm - 24.8 cm - [95]
heating 65 °C 20.8 cm - 27.3cm - [95]
heating 65 °C ~40cm - ~20cm - [96]
ngﬁfg > 43 cm . 3-4cm . [84]
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2 Motivation and Objectives

Part 1: Sensitivity of PETN
Large-scale manufacturing of PETN has a long history dating back to the 1930s. Despite
this extensive tradition and knowledge, the occurrence of accidents within plants remains
a persistent concern. Most of those accidents happen through mechanical force leading
to an explosion. Literature addressing the safety aspects of explosive production is rare
and to achieve optimization or implement process changes, a more comprehensive
understanding of the mechanical sensitivity is required. Furthermore, it is a fact that
sensitivity data cannot reliably be compared between different institutes (see chapter 1.5.2
Mechanical Sensitivity). We decided to start a large examination of the sensitivity of PETN
when mixed with water and under various manufacturing scenarios. This research
received support from BIAZZI, the industrial plant designer, as well as the manufacturers
Austin Powder and the SSE group. With the data obtained, it is anticipated that a more
comprehensive assessment of the hazards associated with the production and handling
of PETN can be achieved. This information has the potential to improve existing designs

and safety regulations .

Part 2: Nitrato- and Azidoalkyl Containing Energetic Materials
Although TNT is extensively used as a melt castable explosive, its widespread use has
raised concerns regarding toxicity and the generation of problematic wastewater (see
chapter 1.3.2 Toxicity). The current shortages, coupled with increased demand, are
worsening the situation. The alternative replacement, DNAN, is an insensitive,
nitroaromatic material, but considerably less powerful. From research, only a few
compounds have demonstrated the potential to replace TNT, and many of them suffer
from drawbacks like expensive synthesis, relatively high sensitivity or toxicity. This results
in a justified motivation to synthesize new materials that are melt castable and can
potentially replace TNT or DNAN. The objective is to create stable and cost-effective melt
castable materials by utilizing less-toxic building blocks. Our focus is on combining azido-
and nitratoalkyl groups with specific backbones such as pentaerythritol, tetrazole, or
triazoles to achieve the desired properties. We defined them for a TNT replacement as
follows (see chapter 1.4.1 Requirements):

Tm.(melting point): 75-115 °C, Tq.(decomposition point): 2180 °C,

ATm.-q. (temperature difference between melting and decomposition point): 2100 °C,
D (detonation velocity): >7600 m s™*, p (density): 1.76 g cm™3,
IS (impact sensitivity): 28 J,FS (friction sensitivity): 2120 N.
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3 Summary and Conclusion

This work is divided into two main topics: the sensitivity of pentaerythritol tetranitrate and
the evaluation of nitrato- and azidoalkylazoles as potential TNT replacements. Both topics
are related to the use of organic nitrates as oxidizing elements. The sensitivity
investigation, which involves close collaboration with the industry, covers synthesis and
material science. In contrast, the second topic is fundamental research, focusing on the
synthesis and characterization of new energetic materials. At the end of this work, you will
find a discussion of observed trends in structure-property relationships and an overview of

the most promising energetic materials.

3.1 Sensitivity of PETN

The industrial production and use of organic nitrates have always been a dangerous
business. To better understand the risks during the manufacturing of PETN, we started
this investigation. The project was a cooperation of the industrial plant designer BIAZZI
and the manufacturer Austin Powder, combined with the LMU as a scientific research lab.
Later, the SSE group joined the investigation and provided material directly from the
production plant in Brigg, Swiss.

It is a fact that sensitivity data cannot reliably be compared between different institutes
(see chapter 1.5.2 Mechanical Sensitivity). As a result, we laid the groundwork for our
experiments using laboratory grade PETN and observed that gradually increasing the
water content desensitizes PETN. This is covered in the first chapter 3.1.1 Laboratory
Grade. Having the pure and wet PETN data to compare we investigated the sensitivity of

dry and wet PETN in three industrial cases covered in chapter 3.1.2 During Manufacturing.
3.1.1 Laboratory Grade

A literature review revealed that high-accuracy mechanical sensitivity data is hard to
obtain, and good standardization must be done before. Furthermore, data on wet PETN
by the UN and the ICI is controversial. (1.5.2 Mechanical Sensitivity) Initial trials led to
improved sample preparations and the observation of water loss during measurements.
We measured the water content before and after each test using Karl-Fischer titration and
found that water loss was minimal, in the lower percentage range.

Pure PETN with a mean particle size of 300 ym consisting of partly intergrown blocks was
used as sample. We investigated the sensitivity of the PETN dried and after wetting with
up to 35% water (Figure 11). In the dry state, a sensitivity of 3.5 £0.5 J and 50 + 4 N was
observed. The addition of water showed a general decrease in sensitivity correlating with

the amount of water. The impact sensitivity decreases exponentially up to 10% water and
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16.7 £2.4 J. The friction sensitivity shows a linear decrease to 15% and 87 +8 N. Water
contents of up to 25% show stagnating mechanical sensitivity values. Increasing the water
content further results in decreased sensitivities of 25 +0 J and 105 +8 N. Observations
indicate the inhibition of propagation rather than the inhibition of detonation.

Impact and friction sensitivities of wetted PETN
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Figure 11 The mechanical sensitivities of wetted PETN ranging from 0 to 35% water with impact
sensitivity (left) and friction sensitivity (right) are shown.

When PETN contains less than 10% water, it is a sensitive material and should be handled
like dry material. With 15% water, the friction forces are a major concern whereas impact
is less relevant. Rough surfaces and shear stress should be avoided. Further addition of
water is desensitizing, but the material stays sensitive. The loss or settling of water

presents a significant risk.
3.1.2 During Manufacturing

To increase the safety of manufacturing of PETN, the mechanical sensitivities during the
process were investigated. We started to develop a small-scale industrial reactor in close

cooperation with the industry.

OH ONO,
O,NO

HO

FE PETN

HNO,
OH 25 min, 15 °C 02NO ONO,

OH
HO%OXOH %NODLOXONOZ
HO oo O,NO ONO,

DIPE DIPEHN

Scheme 2 Synthesis of industrial crude PETN.
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The goal was to simulate emergency procedures and standard process conditions of a
real plant. The batch-flow process of BIAZZI was used as orientation. A mixture of
pentaerythritol containing 0.1, 0.8, and 1.3% dipentaerythritol (DIPE) was nitrated on a
30 g scale (Scheme 2).

The first case investigated is called emergency drowning and applied in a malfunction
situation (Scheme 3). Here the reactor content is poured in a large amount of water to
dilute the nitric acid and stop the reaction. The second and third investigated case is part
of the regular nitration. In the second case, acidic PETN is taken from the finished reaction
mixture of 85% nitric acid, called spent acid. This spent acid wet sample was investigated.
The third measurement series was done after washing the spent acid wet PETN resulting
in washed PETN. Impact and friction sensitivity measurements were conducted on dry and
wet material, with liquid contents of up to 35%. The DIPE content was varied in three steps

to investigate its influence.

drowned PETN
@ Drowned

\
\ @ Spent acid
— @ @ Washed
H,0
spent acid wet PETN spent acid PETN washed PETN

B

Scheme 3 Synthesis of the three different grades of PETN.

diluted acid

We found that DIPE does not influence the mechanical sensitivity to a measurable degree.
No dried sample showed to be more sensitive than PETN. Drowning and washing results
in a very similar product concerning its sensitivity. Both are desensitized by wetting
whereas the friction sensitivity is less affected and stays around 84 N between 10 to 35%
liquid content. The impact sensitivity is decreased to around 20 J at 10% and higher liquid
contents. A high friction sensitivity was observed for spent acid-wet PETN during nitration
with mostly 48-72 N. The spent acid can sensitize the material to 36 N at 16% acid content.
The impact sensitivity decreases with higher acid content. This decrease is marginally less
than for the washed and drowned samples (Figure 12).

Therefore, drowning and washing yields a product that can be handled like the final

recrystallized product. Only the nitration step shows a high-risk potential due to friction-
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sensitive material, that is sensitized by spent acid. The impact sensitivity is generally

decreased, the wetter the sample is.

N

Friction Sensitivity

N

Friction Sensitivity

Friction Sensitivity [N]

Friction sensitivity of drowned PETN

Impact sensitivity of drowned PETN
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Figure 12 Friction and impact sensitivities of drowned, spent acid wet, and washed samples
containing respective liquids in amounts of 0-35 %.
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3.2 Nitrato- and Azidoalkyl Containing Energetic Materials

Following the first part of the work, PETN derivatives containing azides, 1H-tetrazoles,
amines, nitramines, and their salts were prepared. The pentaerythritol building block
consists only of hydro-carbon, nevertheless the high content of functional groups can lead
to powerful materials. Furthermore, the energetic building blocks of 5H-tetrazole, 5-
methyltetrazole, 1- or 2-methyltetrazole, 5-azidotetrazole, 5-nitraminotetrazole, 5,5-
azobistetrazole, 2-nitro-1,2,3-triazole, 1 or 2-methyl-1,2 3-triazole, 3-nitropyrazole, 4-
nitropyrazole, 3,4-dinitropyrazole, 3,3’-bis-1,2,4-oxadiazole, 3,3’-bis-1,2-oxazole and
furazan as well as furoxan based 1,2,4-oxadiazole-polycyclic structures were
functionalized with nitrato- or azidoalkyl chains (Scheme 4). Azoles and oxadiazoles show
preferable enthalpy of formations (e.g. tetrazole: 200 kJ mol™?). Tetrazoles show mainly
inert nitrogen as a reaction product and can be combined with oxidizing nitrato groups for
a more even oxygen balance. Triazoles and pyrazoles are best combined with nitro
groups, which lowers the enthalpy of formation, but increases the density and oxygen
balance. Oxazoles provide oxygen in the ring and combination with oxidizing moieties can

further improve the performance.

1 ] 1
i Tetrazoles 1,2,3-Triazoles i Bisoxadiazole !
I R i l
I N I O_N I
! N N ! N \ !
| N\(l\?\’\;z Nl NS - R
: N Me R | N-O i
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Scheme 4 Structural motives that are combined with nitrato- and azidoalkyl functionalities.
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3.2.1 PETN Derivatives

We initiated the investigation by examining the nitrato- and azidoalkyl functionalities in
almost pure form to gain a comprehensive understanding of their impact on the
physicochemical properties. We synthesized azide and nitrate derivatives of
pentaerythritol with high yields by first performing azide exchange on the corresponding
bromo derivatives, followed by nitration using in-situ generated acetyl nitrate. The
physicochemical properties were evaluated and compared (Figure 13). Mechanical
sensitivities exhibit an increasing trend from PETN to TAPE, with only liqguid TAPEMN
demonstrating decreased friction sensitivity compared to PETN. The observed sensitivities
could be explained through Hirshfeld analysis of the crystal structures. A progressive
decrease in the melting point is observed from PETN to TAPEMN, with each azide
exchanged causing a decrease of 50-60°C. The thermal stability of the organic nitrates is
restricted to 180°C, while the tetraazide exhibits a stability of 218 °C. Possessing a melting
point of 82 °C and a detonation velocity of 8092 m s, MAPETN stands out as a high-
performance melt-cast explosive. However, its high sensitivity relative to TNT makes it
unsuitable as a replacement. While the tetraazide exhibits the capability to initiate PETN,
its liquid state above 44 °C introduces practical handling challenges. The calculated
performance of the azido derivatives falls below that of PETN, primarily attributed to lower
densities and oxygen balances. Nevertheless, the investigation highlights the potential of
carbon-bonded azides as prospective candidates for new initiating or melt-cast explosives.
It is noteworthy, however, that in this scenario, either the thermal or mechanical properties
do not meet the required standards for primary or secondary explosives. We have made
the hypothesis that the modification of functional side groups, leading to increased
hydrogen bonding, would result in an elevation of the melting point and a decrease in

sensitivity - therefore solving the issues of the azido compounds above.

Powerful — Péfformance, Density I L css Powerful

Less Sensitive I Mechanical, Hot Plate, Hot Neeﬂ&_ Sensitive

143 °C Melting point decreases stepwise 50 — 60°C -30°C 44°C

ONO, —~ONO, N Ns
O,NO” __ONO, Ny 4_ONO;, Ny _ONO, Ne™ A N; Ny
ONO O,NO—/ O;NO— 0,NO—/ Ny—
PETN MAPETN DAPEDN TAPEMN TAPE
IS [J] 35 2.0 3.0 1.0 (lig.) 1.0
FS[N] 54 36 15 80 (li.) 1
N [%] 17.72 28.38 40.58 54.68 71.16
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Figure 13 Results of the study about azido derivatives of PETN.
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To access amino, 1H-tetrazole, and nitramino derivatives a synthesis strategy starting
from the azidoalcohol was elaborated. Reduction to the amine made a following tetrazole
formation to tetrazolo PETN (TzPETN) possible. To yield mono (MNPETN) and dinitramino
PETN (DNPEDN), several steps were necessary including protection of the amine. In
advance, the widely used and easily available buffer substance Tris was reacted to the

tetrazole and nitrated to Tris-TzPETN in only two steps (Scheme 5).

on  PIC(I0wH) OH 1) NaN,, HC(OE), OMNO N
2 HO NH ACOH, A, 3h
HO Ng ——2  » 2 O,NO NN
o EtOH HO 5 ~7
rt.,4h 2) |3N831(29%) OoNO
°C, 15 min.
rt,15 min. TzPETN
0,NO
CICO,Et (1. 0 eq.), CO,Et  HNO; TFAA COEt  Et0, NHj (gas) H
KOH (1.0 eq.) I R. N _—
SNl 0°C, 15 min ~ N0, then HCI ONO N‘NOz
H,0O, r.t., o.n. rt., o.n. ONO
MNPETN
OH ONO,
HO N T gec 15min, | O:NO N
=N rt. 15 min. <N
Tris Tris-TzPETN

Scheme 5 Synthesis of TZPETN (top), MNPETN (middle), and Tris-TzPETN (bottom).

The targeted increase of melting points and decrease of sensitivities showed success,
yielding melting points ranging from 64 to 126 °C and sensitivities ranging from 2 to 10 J
for impact and 80 to 360 N for friction sensitivity (Figure 14). While achieving high
performance and oxygen balances close to zero, there is a trade-off in the form of less
efficient synthesis procedures and, in some cases, partially reduced decomposition
temperatures. Water-insoluble MNPETN exhibits significantly decreased sensitivity while
maintaining good thermal stability (ATm.-q.: 116 °C) and performance. Salt formation of the
nitramines yielded a strong decrease in thermal stability, whereas sometimes the energetic
performance was improved. The tetrazoles exhibit undesirable sensitivity to impact, with
Tris-TzPETN being more powerful and less stable than TzPETN, which is, on the other
hand, a balanced and otherwise applicable melt-cast material. The findings suggest
methyl-bridged nitramine and tetrazoles should be considered for the development of new
melt-cast energetic materials. Concluding the investigations on PETN derivatives as melt-
cast explosives, we demonstrated the potential of nitrato- and azidoalkyl functionalities to
surpass many properties of TNT. The central problem is the mostly high sensitivity,
whereby the cause probably lies with the high amount of sensitive functional groups. By

only reducing the number of functional groups, less sensitive but uncompetitive
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compounds would be obtained. Therefore, we investigated further backbones in the next
chapters.

T . =106°C
IS =2
FS =160N
p:1.65-1.74gcm™
T,. upto180°C

V. :7847-8363 ms™

T, =145°C
st =2
FS =120N

Figure 14 Overview of mono-substituted PETN derivatives and their properties.

3.2.2 Tetrazole Derivatives

The use of tetrazoles already showed promising results when using pentaerythritol as the
backbone. In the following studies, we focused on nitrato- and azidoalkylazoles to obtain
less sensitive but powerful explosives. Azoles possess a positive enthalpy of formation
(e.g. tetrazole: 200 kJ mol™) and are densely packed.

We started with the combination of the nitratoethyl group and 1H-tetrazole (Figure 15).
The neat azole was reacted with chloroethanol and nitrated in a second step, yielding the
1-nitratoethyltetrazole (1-NET) and the corresponding N2-isomer (2-NET). The l-isomer
was also obtained by cyclization of acetyl-protected aminoethanol followed by nitration.
Both isomers were found to be melting at 24-25 °C and are sensitive towards impact but
not friction force. Positive heat of formations and densities around 1.55 g cm™ result in
detonation velocities and pressures higher than TNT. Due to the low melting point, the
compounds cannot be used in their pure form. However, due to the low steric hindrance
on the tetrazole, energetic coordination compounds ECCs could be obtained. The copper,
silver, manganese, and zinc metal ions were combined with either oxidizing anions such

as dinitramide or sensitizing anions like azide and fulminate.
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Figure 15 Overview of nitroethyltetrazoles and their corresponding ECCs.

Some decomposition temperatures are higher than that of the neutral compounds, but
mostly moderately stable complexes are obtained. The copper azide complex of 1-NET is
a primary explosive that can initiate PETN in a detonator setup. If the complex is irradiated
by a laser, detonation occurs. Having a nonenergetic proton at the 5-position of tetrazole
left space for improvement. Functionalization with further energetic groups was conducted
to increase the performance and the melting point. Therefore, the nitrogen-rich
azidotetrazole was combined with nitrato- and azidoethyl functionalities. Azidotetrazoles
are among the most sensitive structure motifs known and we were curious to know if the
sensitivity can be influenced by the alkyl chain. A manageable synthesis route for
azidotetrazoles starts from the functionalized 5-hydrazinotetrazoles. Diazotization with the
in situ generated nitrosyl cation in water leads to the 5-azidotetrazoles within minutes
(Scheme 6).

R
N-N HNO3 NO,
\ NH ' |
o 2
N N\\NA%{N > N/'\'@\( H2S04 ,N\’/NH
N H _N N
p N cold 7
AN R NN
5,5'-azobistetrazole Aminotetrazole Nitraminotetrazole
red. l
e v
via NSCN N N3 ! N NH N2H4 /N\ Br
NaN; + BrCN ,\;@\( <—cold N’ Y - ! Y
then acid R N’N N-N. N’N‘R
Cyanogenazide Azidotetrazole Hydrazinotetrazole Bromotetrazole

Scheme 6 Synthesis strategies aimed at achieving nitrogen-rich and highly energetic azole
backbones.
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In this way, 5-azido-1-azidoethyltetrazole (5-A-1-AET) and 5-azido-1-nitratoethyltetrazole
(5-A-1-NET) could be synthesized and characterized (Figure 16). 5-A-1-AET was found to
be the most sensitive compound of this work although it is a liquid. With a melting point of
about —20 °C, the diazide is liquid and was crystallized at low temperatures. The
corresponding nitrate solidifies at 45 °C and shows a high but manageable sensitivity. The
introduction of the azide at the 5-position of 1-NET resulted in a complete sensitivity shift
while the melting point, density, and detonation velocity were remarkably increased.
Furthermore, the 1 and 2-methylated azidotetrazoles were synthesized and found to show
very high sensitivities and melting points of 20 to 62 °C. Alkylation was not able to adjust
the sensitivity to a reasonable level and the melting point of the 5-azides was still too low
for applicational use, but surprisingly later than for the 1H-tetrazole. With the oxygen-
balanced nitraminotetrazole as the backbone, we expected more hydrogen bonding,
resulting in less sensitive, powerful, and low-melting ionic derivatives. As the organic
nitrate is thermally not stable enough, we decided to synthesize the well accessible 5-

nitramino-2-azidoethyltetrazole through functionalized aminotetrazole and nitration with

mixed acid.
5-A-1-AET IS: <1J
FS:<0.1N
p:1519gcm3 sensitive | moderately
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dec. ;67 OC ¥
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Figure 16 Physicochemical properties of 5-A-1-AET and 5-A-1-NET (left) and scope of the work
on azido and nitraminotetrazoles(right).

The neutral compound is not stable, but ionic derivatives show melting points above
100 °C. The ammonium salt is moderately sensitive with a performance level of PETN.
The thermal stabilities are the weakness of the 5-azido and 5-nitraminoterazoles of this
study. Conjugated Tr-systems are known to show increased thermal stabilities, and
because of the good accessibility of aminotetrazole, we focused on the 5,5-
azobistetrazole backbone in combination with the nitrato and azidoalkyl group (Scheme
6). The alkylated aminotetrazoles were oxidized using tert-butyl hypochlorite yielding the
azo derivatives. The synthesis is beneficial because of short reaction times and yields of
80% and higher. Both 1-isomers exhibit higher melting points and thermal stabilities. The
nitrates are denser and have higher melting but are less stable compared to the azides.
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Azo-1-NET Azo-2-NET Azo-1-AET Azo-2-AET

IS [J] 2 <1 4 <1

FSN] 60 20 6 0.2

ESD [J] 0.1 15 0.25 0.75
plg cm] 1.702 1.676 1.605 1.539
Trot/Teec [°C 167/179 197 147/188 72/140

Vit [m s7] 8179 8060 8148 7801

Figure 17 Physicochemical properties of nitrato- and azidoalkyl-5,5’-azobistetrazoles.

The sensitivity of all compounds was unexpectedly high with the 2-isomeres being more
sensitive. With the high nitrogen and energy content of azido, nitramino, or azotetrazoles
we were looking into the direction of more and more sensitive and unstable explosives.
Therefore, we decided to increase the carbon content to achieve balanced stability at the
cost of oxygen balance and detonation performance. As the increasing alkyl character was
believed to decrease the melting point, we decided to concentrate on the higher melting

and well-accessible organic nitrate compounds.

ZnX, R__K
RCN + NaN; ———— ] R = Me, CH,-OH
heat N\,\]’

Scheme 7 Huisgen 1,3-dipolar cycloaddition towards tetrazoles wit X representing an halide.

With 5-methyltetrazole we selected a backbone accessible through [2+3] cycloaddition in
one step from acetonitrile and azide (Scheme 7). Functionalization with chloroethanol and
nitration yielded completely insensitive 5-methyl-1-nitratoethyltetrazole (5-M-1-NET) and
the N2-isomer 5-M-2-NET. Both are withstanding 190 °C but differ strongly in their melting
points with a difference of 130 °C. An unexpected observation was the melting of 5-M-1-
NET at 110 °C which is 85 °C higher than the 5H-derivative 1-NET at a comparable
density. The high carbon contents are leading to weaker oxygen balances and detonation
performances, still enough to outperform TNT and insensitive DNAN. To counter the
performance issue, we decided to shorten the alkyl chain to obtain 5-methyl-1-
nitratomethyltetrazole (5-M-1-NMT) (Figure 18). A higher density, better oxygen balance,
and improved detonation performance were achieved at the cost of moderate to high
sensitivities and decreased thermal stability. The 2-isomer decomposed upon nitration and

was not accessible. This already indicated the lower stability of the N-methyl group, which
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we expected, as both energetic functionalities are bound to the same methyl-carbon.
Furthermore, the tetrazolate or nitrate ions are stable by themselves and could act as
leaving groups. To stabilize the nitromethyl functionality, we switched the connection to
the heterocycle from N1 to C5. Therefore, we investigated the chemistry of 5-
hydroxymethyltetrazole toward nitration. The acidic azole was nitrated yielding the
corresponding nitratomethyl carboxylic acid, glycolic acid nitrate, in a controlled
decomposition reaction. To stabilize the azole, methylation was performed before the
nitration step, leading to 1-methyl-5-nitratomethyltetrazole (1-M-5-NMT) and the
corresponding N2-isomer (2-M-5-NMT) (Figure 18).
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Figure 18 Physicochemical properties of C3HsNsOs (left) and C4H7NsOs (right)
nitratoalkyltetrazole isomers.

Both are thermally more stable than the structural isomer 5-M-1-NMT. 1-M-5-NMT melts
at 60 °C and decomposes at 174 °C while being insensitive and more powerful than TNT
with 11% higher detonation velocity. The corresponding 2-isomer is moderately impact
sensitive but as friction sensitive as PETN, furthermore having a little lower density and a
low melting point of 27 °C.

Concluding the results of tetrazole chemistry, the combining of nitrato- or azidoalkyl
functionalities with the 5H-tetrazole moiety yielded low melting explosives. The
introduction of azido, nitramino, or azo functionalities at the 5-position increased the
melting points and performance but resulted in unpractical, sensitive materials. The
introduction of carbon at the 5-position of tetrazole results in manageable melt-cast

explosives, outperforming TNT in terms of sensitivity and performance.
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3.2.3 1,2,3-Triazole Derivatives

For the study of 1,2,3-triazoles, the building block 4,5-bishydroxymethyltriazole was
synthesized for the first time. Here, the preferable C-linkage of the nitratomethyl group was
targeted. A click reaction of protected azide with the alkyne yielded the acidic triazole after
reductive deprotection with sodium (Scheme 8).

OH [3+2] HO HO
cycloaddition HO Na, NH3 HO
N 48 h, 85 °C \ 3h 75°C= \
* ’ Bz—N. _N " HN, _N
BZ_N3 OH N N

Scheme 8 Click reaction towards benzyl-protected intermediate followed by reductive
deprotection towards 4,5-bishydroxymethyltriazole.

Nitration of this compound yielded the remarkably energetic bisnitratomethyl-2-nitro-
triazole (BNMNT), a representative of the rare class of 2-nitro-1,2,3-triazoles. The
presence of the N-NO- group at the N2 position was confirmed through X-ray diffraction
and ®N NMR. Four additional N2 nitrated triazoles were synthesized for general
verification, with two demonstrating high energetic characteristics. BNMNT exhibits a high
density (1.764 g cm™3), high detonation velocity (8590 m s™), sensitivities of a primary
explosive, and a positive oxygen balance towards CO. The azidomethyl derivatives are

also sensitive and show lower densities while maintaining similar stability (Figure 19).
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Figure 19 Physicochemical properties of energetic materials derived from 4,5-bishydroxymethyl-
1,2,3-triazole.
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The combination of alkylated azoles with nitrates and azides showed success for moderate
sensitivity and performance, a little higher than TNT. To obtain higher detonation velocities
and pressures the density needed to be increased. In the context of practical applications,
the short shelf life (months) and high sensitivities are problematic for N-nitro azoles.
Therefore, we decided to deactivate the acidic triazole before nitration through
methylation. This yielded 1-methyl-4,5-bisnitratomethyl-1,2,3-triazole (1-M-BNMTri) and
the corresponding N2-isomer (2-methyl-4,5-bisnitratomethyl-1,2,3-triazole (1-M-BNMTTi)).
Both are thermally stable up to 190 °C and insensitive. The melting point of the symmetric
2-isomer is higher but, with 37 °C, not ideal for applicational purposes. The oxygen

balance and detonation parameters are better than that of TNT.

3.2.4 Nitropyrazole Derivatives

We decided to start with well-accessible moderately sensitive nitropyrazoles as the
backbone. 3-Nitropyrazole, 4-nitropyrazole, and 3,4-dinitropyrazole were combined with
nitrato- or azidomethyl and ethyl functionalities. Azide exchange yielded unexpected and
seldomly observed ortho-azido functionalized nitropyrazoles that are very sensitive but
scientifically interesting. The investigation concludes that azido compounds possess
higher thermal stability and heat of formation in comparison to their nitrate ester
counterparts. However, this advantageous feature is accompanied by a trade-off in the
form of decreased melting points, resulting in some compounds being liquid at room
temperature. The nitrate ester compounds exhibit higher densities, thereby positively
impacting their detonation parameters. Noteworthy are the properties of 1-nitratomethyl-
3,4-dinitropyrazole (NM-3,4-DNP) and the ethyl derivative (NE-3,4-DNP), among others.

sensitive i NM-3.4-DNP |
NO. ! -3,4- \
Mot | : IS 304
S : : FS >360N
Ny ! ' P 1.734 gcm™
( )n =1or2 : : ?l-_melt. ?;;?C
ONO,, N ! ! dec,
! ! V., 7932ms™
high low ! '
density ! I
IS 44
! FS 288N !
T, liquid-93°C ! p 1.848gcm !
T, 157 - 216 °C ! T.. 93°C :
IS/IFS mostly insensitive ! dec_' 159 °C :
! vV, 8668ms’ !

NE-3,4-DNP

Figure 20 Physicochemical properties of energetic materials derived from nitropyrazoles.
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NM-3,4-DNP demonstrates a notable detonation velocity of 8668 m s™*, while NE-3,4-DNP
shows preferable thermal characteristics with a melting point of 61 °C and a decomposition
temperature of 198 °C (Figure 20). Furthermore, both compounds exhibit favorable
compatibility with HMX and RDX. NM-3,4-DNP surpasses the performance of widely
utilized PETN and HMX in the SSRT, suggesting its potential as a highly energetic

material.
3.2.5 Polycyclic Derivatives

An alternative approach for achieving high densities, circumventing the utilization of
potentially carcinogenic nitroaromatic compounds, involves employing bi- or tricyclic
backbones. Oxazole, oxadiazole, furazane, and furoxane-containing backbones were
evaluated with C-connected azidomethyl functionalities. The compound 3,3'-bis-
azidomethyl-5,5"-bis-1,2,4-oxadiazole, abbreviated as DAMBO, has precisely achieved
the ideal melting range for emerging melt-cast explosives (Figure 21).

0
K,CO;
1) C|)J\/CI
NOH NaN,

o MeCN, 1 h, 0°C; 16 h, rt. o-N, Nfu -1 N\st
2 . \ \N>_<\
ﬁNHZ 2) DMF Cl\)\N>_<N’ H,0 NB\)\ N-

4h, 120 °C 16h, 90 °C

DAMBO

IS >40J T. 70°C
FS >360N T,. 209°C
p 1.649gcm™ V. 7221ms™

Figure 21 Synthesis and physicochemical properties of 3,3'-bis-azidomethyl-5,5"-bis-1,2,4-
oxadiazole (DAMBO).

DAMBO exhibits a melting point of 70 °C and undergoes decomposition at 209 °C, a
remarkable 139 °C later. Synthesis of DAMBO is conveniently accomplished through a
two-step process with excellent yield, starting from diaminoglyoxime, chloroacetyl chloride,
and sodium azide. In terms of performance, DAMBO surpasses TNT while maintaining
nearly identical crystallographic density. Particularly noteworthy is DAMBO's exceptional
insensitivity to both impact and friction, with impact sensitivity exceeding 40 J and friction

sensitivity surpassing 360 N.
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3.3 Most Promising Energetic Materials

In terms of practical applicability, the most promising compounds from this thesis are as
follows:
TNT or DNAN replacements:

1. 5-M-1-NET (5-methyl-1-nitratoethyltetrazole) is an insensitive material, showing a
6% increased detonation velocity compared to TNT and 16% to DNAN. The
synthesis is affordable and leaves space for improvement. With a melting point of
110 °C and a decomposition temperature of 190 °C, melt casting is possible. (work
in progress)

2. NE-3-NP (nitratoethyl-3-nitropyrazole) is insensitive, performs similarly to TNT and
surpasses DNAN by 15% in terms of detonation velocity. Its melting (78 °C) and
decomposition (198 °C) points fall within the desired range with a 120 °C
difference. The synthesis is straightforward and affordable, but there may be
concerns regarding the toxicity of pyrazole. (work in progress)

3. DAMBO (3,3-bis-azidomethyl-5,5'-bis-1,2,4-oxadiazole) is insensitive, shows a
5% increase in detonation velocity compared to TNT and a 16% increase to DNAN.
With a 140°C difference between its melting (70 °C) and decomposition (209 °C)
points, which is the largest among all the candidates, it can be melted with a higher
degree of safety. The synthesis is scalable and straightforward.

4. MNPETN (mononitramino pentaeryhthritol trinitrate) exhibits moderate sensitivity
to impact (10 J) and is insensitive to friction (>360 N). It reveals outstanding
performance, with a 22% increase in detonation velocity and a 67% increase in
detonation pressure when compared to TNT. Its melting point is at 64 °C, and

decomposition occurs at 170 °C. The synthesis is more complex and costlier.

Primary explosives:

1. [Cu(N3)2(1-NET)] (Copper (Il) azido 1-nitratoethyl-5H-tetrazole) is a possible lead
azide replacement. The complex is capable to initiate PETN while maintaining
manageable sensitivities (3 J, 1 N, 14 mJ). It can be synthesized affordably, with
the only limitation being its early decomposition at 122 °C.

2. TAPE (Tetraazido pentaeryhthritol) is also capable to initiate PETN. A one-step
synthesis using commercially available starting materials and a high decomposition
temperature of 218°C are significant advantages. However, its applicability is

limited due to a low melting point of 44°C.
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3.4 Trends

The research covers a total of 58 new energetic materials, categorized into three groups:
30 compounds containing nitratoalkyl functionalities, 22 compounds azidoalkyl
functionalities, and 4 compounds that possess both functionalities.

12 Pairs of analogous compounds, containing either a nitratoalkyl group or an azidoalky!
group were evaluated. As expected, the heat of formation of the azides was notably higher
in comparison to the nitrates, although at the cost of a reduced oxygen balance. The
density and melting points of the nitrates were detected to be generally higher in all cases.
For the density, a mean increase of 0.21 +0.09 g cm™ was calculated, which does not
consistently correlate with the number of functionalities exchanged. Higher oxygen
balances, coupled with the density trend, result in significantly elevated detonation
pressures (+6.7 +2.6 GPa) and velocities (+607 +329 m s™1) for the organic nitrates
compared to the azide analogoues. When comparing the melting temperatures, a
difference of 47 £30 °C was observed, with all organic nitrates exhibiting higher melting
than the azides. Thermal stability is not consistently predefined by these functionalities,
especially in the case of unstable compounds like the 2-nitro-1,2,3-triazoles. Nevertheless
the decomposition temperature of all azides was higher than that of the nitrates, with an
increase of 18 +14 °C. A very descriptive and clear example is provided by the complete
series of all azidonitrate derivatives of pentaerythritol tetranitrate in chapter 3.2.1 PETN
Derivatives.

For the mechanical sensitivities, no clear general trend could be observed. Sensitive
nitrates tend to have extremely sensitive azide derivatives (Tetraazido PETN or 1-
azidoethyl-5-azidotetrazole) whereas moderately sensitive nitrates can show completely
insensitive azido derivatives (3,3'-bis-azidomethyl-5,5"-bis-1,2,4-oxadiazole).

At this point, another crucial observation comes into play. When working with tetrazoles,
isomers were often obtained. It was observed that when the structures were more
elongated and less bulky, the melting points tended to be lower. For instance, the N2
isomers of tetrazole mostly melt at lower temperatures than the corresponding N1 isomers
(for 5H-tetrazoles, 5,5-azobistetrazoles, 5-methyltetrazole, 5-nitratomethyltetrazoles).
Surprisingly, an elongation of the alkyl chain, from methyl to ethyl, and subsequent
increase in degrees of freedom did not always result in a decrease in the melting point,

emphasizing the difficulty of melting point predictions based on empirical observations.
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5 Appendix

The appendix section presents the most important publications, complete with the
corresponding supporting information. The arrangement corresponds to the sequence in
which they are discussed in the summary and conclusion. Additionally, a Curriculum
Vitae, and a comprehensive bibliography have been appended.
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Abstract: Pentaerythritol tetranitrate (PETN) is a sensitive
and brisant explosive. PETN is transported wetted (25 %)
with water to limit its impact and friction sensitivities. Liter-
ature on its sensitivities in function of its water content is
controversial as the measurements were performed by sev-
eral operators and laboratories rendering difficult to com-
pare the values. Literature studies of mechanical sensitivity
methods show the weaknesses and problems of mechan-
ical measurements. Indeed, it is important to analyze a

sample with standardized machines and by a single oper-
ator. During this work, pure PETN samples with water con-
tents of 0 to 35% were prepared and the water content
was measured by Karl-Fischer titration. The sensitivities
were analyzed by the “BAM Fallhammer” and the “BAM
Friction Apparatus”. The resulting trends were analyzed and
discussed with regard to their meaning for handling safety.
The study should help to better assess dangers when work-
ing with wet PETN (10-25 %) in order to avoid accidents.

Keywords: PETN - Explosives - Impact Sensitivity - Friction Sensitivity - Testing and Assessment

1 Introduction
1.1 About Pentaerythritol Tetranitrate

The Tetranitrate of pentaerythritol, PETN, is a versatile ex-
plosive used in boosters, detonating cords, detonators etc.
[1-3] Industrial PETN large-scale manufacturing has a long
tradition reaching back to the 1930's, but accidents still oc-
cur on plants. After nitration, the nitrate is filtered, washed,
neutralized, and mostly recrystallized. [4] In a dry state, an
impact sensitivity of 3-4 J and a friction sensitivity of about
60 N renders the material sensitive to very sensitive. [5-6]
To ensure safe packing and transportation, traditionally wa-
ter is added. The sensitivity of dry pentaerythritol tetrani-
trate is extensively studied, but surprisingly very few data is
known on the impact and friction sensitivities of the wetted
material. In the ICI research brochure no. 46 by Gow, it is
stated that the mechanical sensitivity is gradually decreas-
ing, from 2-3J to 5-6 J with rising water content, from 0%
to 35%. [7] Coffey etal. measured impact sensitivities of
PETN with a particle size of 5 um. At a vacuum dry state
(<0.1% water), PETN shows an increased sensitivity of 2 J
compared to air dry with 3+0.5 J. [8] More recent data is
measured by the UN in the report UN/SCETDG/47/INF.8.
The spanish experts show that a water content of 9% de-
creases the sensitivities to 25 J and 80 N. [9] In the follow-
ing report UN/SCETDG/49/INF.9 the german experts dis-
covered an inhomogeneous distribution of water in the
delivered samples. Homogenized samples were measured
dry, 4 J and 54 N, with 9% water, 25 J and 60 N, and 15.2%
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water, 25 J and 72 N. [10] A large decrease in impact sensi-
tivity besides a rather small decrease in friction sensitivity is
observed. From a purely economic point of view, the lowest
possible water content is beneficial, whereas insensitive
material is preferable for safe handling and transportation.
A complete set of data is necessary so that the appropriate
water content can be selected for each application and the
danger can be better assessed (Figure 1).

In this study, the influence of water on the mechanical
sensitivity of pure PETN is investigated. The difference be-
tween pure and industrial PETN is the presence of small
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Figure 1. The importance of mechanical sensitivity.

ammounts of Dipentaerythritol hexanitrateDIPEHN in the
industrial PETN. A study on the properties of industrial PETN
is ongoing.

1.2 Assessment of Impact Sensitivities

The traditional method to detect a reaction towards a me-
chanical stimulus is the determination of the impact sensi-
tivity (Figure 2). When enough impact energy or more accu-
rate plastic deformation is applied on a sample, ignition can
occur [11]. The ignition sites are called hotspots and are
caused through adiabatic shear bands and gas compression
[12-14]. For PETN the initiation through hotspots is be-
lieved to happen at 400 to 500°C [15].

The “ERL Type 12 Drop Weight Impact Sensitivity Appa-
ratus” [16] and the “BAM Fallhammer” [17] are two widely
used and established instruments. The ERL machine has a
plane anvil on which the sample is hit by a striker sitting
above it. The energy on the striker is generated by a 2.5 kg
weight. In contrast, the BAM apparatus uses a sample hold-
er that confines the sample and is exchanged every meas-
urement. A 1 kg, 5 kg, or 10 kg weight from a certain height
(1-40 cm) delivers an energy of 1-40 J on the sample.

Figure 2. Friction and impact test apparatus used in this work.
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Single test results are “no reaction”, “decomposition” or
“explosion” and those are assigned to the result “positive”
or “negative” depending on the procedure.

At the end of a test series an energy is determined at
which a certain probability of a positive result is given. Typi-
cally, an E50, 50% probability, value is determined on the
ERL device, usually with the Bructon or Neyer D method
[18-19]. The detection is often performed with the help of
measuring instruments (microphone etc.). In every case
strict criteria should be defined before the experiment and
one should be aware of possible pitfalls when using techni-
cal help [20]. The BAM device can be used for E50 values
but more common are “one out of six” measurements. The
one out of six method means that at least one positive re-
sult occurs in six trials at certain energy, but six negative
results are obtained with lower energy. Therefore, the lower
detonation limit is detected, which is different and not di-
rectly comparable to the 50% probability value. The deto-
nation is usually detected by the operator which is possible
because the sample is confined and the positive result is
usually audible [17].

The Fallhammer method comes with some general
drawbacks. Depending on the apparatus and ist wear, dif-
ferent energies than the theoretically calculated are deliv-
ered into the sample. Energy is lost due to elastic deforma-
tion or friction of the apparatus [8]. Several studies were
performed to compare sensitivity results of different in-
stitutions. With uniform test regulations and identical sam-
ples, large deviations between different laboratories are ob-
served. This is the case for both BAM and ERL instruments
[21-23]. An intense study by Marrs et al. shows that Fall-
hammer experiments with PETN are reproducible over dec-
ades at the same institute, with some deviation. Fur-
thermore, it becomes clear that PETN is excellently suited to
evaluate experiments acoustically [24]. There are some ma-
terials (e.g. thallium azide) where it is difficult to detect the
actual sensitive character via this method [25]. All studies
attribute deviations to the operator, protocol, or environ-
ment. It can be concluded that the comparison of data be-
tween laboratories should be done with care.

1.3 Assessment of Friction Sensitivities

The friction sensitivity testing is the second most used me-
chanical sensitivity test (Figure 2). Over time the “BAM fric-
tion apparatus” [17] has become established, but friction
tests with an impact component such as the Ball Drop Im-
pact Test [26] are also known. The friction measurement in
combination with the impact test gives a good overview of
the mechanical sensitivity of a material. The BAM apparatus
consists of a fixed porcelain peg and a moving porcelain
plate. The plate is moved one centimeter forth and then re-
turns to the starting position. The peg is part of a one-sided
lever and the force is generated by nine different weights
that can be fixed in six notches on the lever. Thus 0.5 to
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360 N force can act on the specimen. Evaluation is similar to
the impact test, E50 is determined with STANAG [27], one
out of ten with LLNL [28-29] and one out of six with the UN
procedure [17]. Drawbacks are comparable to those of the
impact method. The porcelain surfaces and the operation of
the apparatus are major uncertainty factors.

2 Experimental Section
2.1 Sample Specification

A sample of pure PETN delivered from the “Fraunhofer ICT"
was used for this study. The purity was determined by ele-
mental analysis, IR spectroscopy and 'H, *C and "N NMR.
Thermal properties were determined by differential thermal
analysis (DTA) and differential scanning calorimetry (DSC)
(Supporting Information). The DSC measurements show
that no change in the melting or decomposition point is
observed due to wetting.

The morphology of the dry sample was analyzed by
scanning electron microscopy (SEM) and optical micro-
scopy. The particle size distribution was analyzed using
sieves with a mesh size of 100, 300, 500, 600, and 1000 mi-
crometers.

Analysis of pentaerythritol tetranitrate: DTA (5°C min ™',
onset): 143°C (melt.); Sensitivities: BAM Fallhammer: 3.5 J,
friction tester: 54 N; IR (ATR) v~ (cm™')=2986 (w), 2904 (w),
1638 (s), 1630 (s), 1473 (m), 1396 (w), 1305 (m), 1283 (s),
1266 (s), 1036 (m), 998 (s), 939 (m), 833 (s), 752 (s), 701 (s),
619 (s), 458 (m); Elem. Anal. (C;HgN,O,, 316.15gmol™")

Ammount [%]

100 4

90
80
70
60
50 -
40
30
20
10 -

caled.: C 19.00, H 2.55, N 17.72%. Found: C 19.01, H 2.28, N
17.47 %; '"H NMR (DMSO-D;, 400 MHz, ppm) 6 =4.70 (s, 8H);
3C NMR(DMSO-Dg, 101 MHz, ppm) §=70.3, 40.8; "N NMR
(DMSO-Dg, 29 MHz, ppm) 6 = —45.

The morphology and particle size distribution are shown
in Figure 3. The nitrate ester crystallizes in elongated blocks
that are partly grown together. The crystal surface is
smooth and the edges are sharp and not crushed. The
mean particle size is at 200 to 400 um. Particles below 100
and above 600 pm are rare.

2.2 Sample Preparation

About one and a half gram of dry PETN was weight in and
wetted to the desired water content. The sample was shak-
en for two hours with an overhead shaker and additionally
mixed with a spatula directly before each measurement. As
water is only attached loosely to the crystalline material it
evaporates, settles, or attaches to the walls of the vessel.
Therefore, the water content was determined by coulo-
metric Karl-Fischer titration with a 899 coulometer and
860 KF Thermoprep oven from Metrohm. [30] Before and af-
ter each friction sensitivity measurement a representative
sample (ca. 20 mg) was taken. This sample was analysed by
the Karl-Fischer device using the oven method. Therefore,
water was extracted from the sample oven (80°C) into the
cell (nitrogen flow). A sample was considered dry at water
content below 0.1%. Table 1 shows the measured water
contents after preparation and after a friction sensitivity
measurement was performed. The average of three meas-

Sieved Particle Size Distribution
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Figure 3. Optical microscop image (top left), SEM image at 350x magnification (bottom left) and particle size distribution (right).
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Table 1. Water content as determined by coulometric Karl-Fischer
titration. A triple determination with standard deviation is shown.

Water content Initial After friction sensitivity
[%] determination [%][31]

dry <0.1 <0.1

5% 4.6+0.1 43+03

10% 9.5+0.2 9.4+0.1

15% 14.7+0.7 13.5+0.7

20% 19.04+0.7 179407

25% 253409 23.1+1.6

30% 30.3+23 266+1.9

35% 364423 34.5+0.25

urements was calculated and given with its standard devia-
tion. At 5-20% water the samples taken shows to be drier
than initially prepared. This is believed to happen due to
evaporation and the separation of water. In contrast at 25%
and higher the samples show higher water contents.

At this point, water begins to separate from the PETN
and when a sample is taken water attaches to the spatula
due to surface tension. The water content generally drops a
few percent during sensitivity measurement with a larger
deviation at higher contents. (The raw data can be found in
the Supporting Information).

2.3 Sensitivity Measurement

The impact sensitivities were determined on a “BAM Fall-
hammer” by Reichel & Partner. Steel rings and collars are
purchased from OZM Research (2020). For 1-5J the 1kg
weight and for energies above that the 5 kg weight were
used. The contact surfaces of the guiding rail and the
weight was greased with powdered graphite [32]. The re-
sult “explosion” was assigned to a positive test and “decom-
position” or “no reaction” was assigned to a negative test.
The samples were taken with a cylindrical 40 mm?® measure
and tapped directly into the sample holder. The friction
sensitivities were measured on a “BAM Friction Apparatus”
by Reichel & Partner. Porcelain plates and pegs are pur-
chased from OZM Research (2020). The surface of new
(2020) and old plates, which appear much rougher, was
compared with the Keyence 3D profilometer VR-5200 [33].
The two plates were scanned and analyzed for their surface
heights and profiles (Figure 4). The older plate shows sig-
nificantly fewer and wider grooves with greater differences
in height. Whereas the newer plates consist of many small
furrows with less depth. It is believed that this contributes
to the sensitivity especially for different particle sizes.
Therefore, only the newer 2020 plates were used.

A small amount of sample about 20 to 30 mm® was tak-
en and put on the porcelain plate underneath the porcelain
peg. Due to the adherent nature of the sample, accurate
dosing and placement was difficult. This was also due to
the fact that fast handling was necessary to prevent the
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Differences in the surface properties of friction test plates
Surface
height

0,050mm

Surface profile

0,040

0,020 i

i
older plate
— .

0,000

0,020

-0,040

-0,050

Figure 4. Surface height and profile of BAM friction test plates.

sample from drying out. Three different phenomena were
observed which are shown in Figure 5. The sample can be
offset from the center of the plate. When the peg is moved
down on the sample it distributes differently. (1.) If the sam-
ple is in front of the peg, the PETN-water mass forms a slip-
pery film where the peg might slide on. (2.) The sample is
placed in the center and a mix of sliding and scratching of
the porcelain surfaces is observed. (3.) The sample is placed
behind the moving direction of the peg and mostly scratch-
ing is observed. It is believed that case (3.) shows the high-
est and case (1.) the lowest sensitivity. In this work mostly,
methods (1.) and (2.) were used. For the determination spe-
cifically, the one out of six methods (1 of 6) was selected, as
the lower detonation limit is determined. When it comes to
safety assessment this value is more reasonable than an
E5O0.

As the accuracy of those measurements is limited, each
measurement was done triple and the standard deviations
were calculated. The machines (Figure 2) and procedures
are described in ST/SG/AC.10/11/Rev.6 (s. 13.4.2.3.3).[17]

1. Sample l -
in front
_-sliding*

2. Sample o
centered -— ,sliding and
" scratching*
T _;;,‘_{ T
V77752 7 )
3. Sample l
behind e

|- Lscratching”

) g o

Figure 5. Differences in the way the sample is placed between the
porcelan parts within the BAM friction tester.
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3 Results and Discussion

The mechanical sensitivities of pure PETN were determined
ranging from a dry sample to water contents up to 35%.
The measurements were repeated three times and the
mean value with standard deviation is given. The red col-
ored triangles indicate literature known measurements on
BAM devices. The red line indicates the limiting load for
safe transportation according to the United Nations hand-
book “Transport of Dangerous Goods”.

3.1 Impact Sensitivity

The impact sensitivity of the dry sample is at 3.5+0.5J and
therefore similar to the UN measurements (red). The ex-
plosion of the dry sample is sharp and clearly audible. Add-
ing water of an amount of 2.5% is not decreasing the sensi-
tivity remarkably. An energy necessary for explosion of

Positive result
partly conversion

Positive result
full conversion

Negative result
no conversion

15% water

20% water 0% water

o

Figure 6. Fallhammer specimen holder after various tests. Negative
tests remain closed (bottom left) positive tests are usually opened
through the detonation (bottom right).

43+0.5] is observed. At 5% water, the sensitivity de-
creases slightly while the deviation increases to 7.5+2.0 J.
Wetting to 10% causes a strong decrease in sensitivity with
16.7+2.4 ). For 20% and 25% water content, no explosion
is observed below 20J with a mean sensitivity of 21.7+
2.4 J. With a water content of 35%, a sensitivity of 25 J was
measured in a single determination. In the regions of lower
water contents, an exponential decrease of the sensitivity is
observed. From 10% and higher the sensitivity decreases
only slightly with the addition of more water. The measure-
ment results of the UN experts show slightly lower sensitiv-
ities.

Dry samples or samples wetted up to 5% mainly show
complete conversion of the sample when a positive result is
detected (Figure 6). The higher the water content, the lower
the conversion. With the lower conversion, the noise of the
positive result is generally less loud. It is believed, that the
desensitizer, in this case water, inhibits propagation. Where-
as it is not given that initiation is diminished by the addi-
tion of water. It cannot be excluded, that small initiation
sites that are not propagating are formed. Furthermore,
great care should be taken against drying out or settling of
the water when working with wet PETN. In contrast to wax
or plastic, water is only loosely attached to PETN and sepa-
rates over time.

3.2 Friction Sensitivity

The dry sample shows a friction sensitivity of 50+4 N with
loud and partly propagating explosions [34]. This is com-
parable to the results by the UN experts. The water con-
tents in Figure 7 are corrected to the actual water contents
after measurement from Table 1. Wetting causes the sensi-

Impact and friction sensitivities of wetted PETN

»
>

N w
(S} o
1 1
>
>
[ ]

N
o
1

Impact Sensitivity [J]
o
——

N oo
- wWwo o o
TIN I  R B |
=

Water content [%]

[N]

Friction Sensitivity

144 4

120 ~

-
o
[
1
—=—

96
844 L
72 1 I A
60 I A

]

40 - = This work

32 4 4 UN experts
- - - Limiting load
20

10

v

0 5 10 15 20 25 30 35
Water content [%]

Figure 7. Mechanical sensitivities of wetted PETN ranging from 0 to 35 % water. Left: Impact sensitivity, Right: Friction sensitivity.
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tivity to drop linear to 87£8 N at 15% water. The sensi-
tivity keeps in this range until 25% water. Up to 35%, a de-
crease is observed with a sensitivity of 105+ 8 N. The meas-
urements by the UN experts are slightly more sensitive
which can be attributed to different samples (Figure 7 red
triangles).

The noise and propagation of the explosion decreases
when water is added. This reduction in the intensity of a
positive result is not captured by the measurement or eval-
uation. Often, very quiet crackling can be heard that is
barely audible with hearing protection, which makes evalu-
ation difficult. We also believe that mainly propagation is
inhibited and initiation is less detected due to the decreas-
ing noise of very small explosions.

4 Conclusion

Impact and friction sensitivity measurements are two well
established methods for the determination of mechanical
sensitivity. The literature was reviewed carefully showing
that good accuracy can only be achieved through high
standardization.

PETN with a mean particle size of 200 to 400 pum, crys-
tallized in partly intergrown blocks, was used. The water
loss during sensitivity determination was detected by Karl-
Fischer titration and found to be in the lower percent area.

The dry sample shows a sensitivity of 3.5+0.5J and
50+4 N. When wetted the mechanical sensitivity is gen-
erally decreased. The impact sensitivity shows an ex-
ponential decrease up to 10% water to 7.5+2.0 J. The fric-
tion sensitivity is decreasing linear up to 15% and 87 £8 N.
Between 15 and 25% water content, the mechanical sensi-
tivities stagnate. Up to 35% water, a decrease is observed
to 25J and 105+8 N. The authors believe, like stated be-
fore, that desensitization is caused by inhibition of prop-
agation. The initiation can still occur in wet samples.

For the handling, it can be concluded that PETN below
10% water is still sensitive and should be handled as the
dry material. Above 15% water, impact forces are of less
concern but sensitivity towards friction and shear is still giv-
en. Smooth or soft surfaces (Teflon, plastic) and low shear
stress are beneficial. Rough surfaces (metal, porcelain) and
mixtures with hard particles (sand) should be avoided.
Higher water contents (35%) are reducing the sensitivity
further but in every case, the material stays sensitive to
moderately sensitive.

Wet samples always tend to separate and release water
and get therefore dry and sensitive again. Wet PETN deliv-
ered in larger containers or bags shows a separation of wa-
ter due to condensation or settling. The water content rep-
resents an average value and lower water contents can be
expected at the top layer.
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1. General Analytics

General: H, 13C and *N spectra were recorded on BRUKER AMX 400 instruments. The samples
were measured at room temperature in standard NMR tubes (& 5 mm). Chemical shifts are
reported as d values in ppm relative to the residual solvent peaks of [Dg]DMSO (6 w: 2.50, 0 c:
39.5). Solvent residual signals and chemical shifts for NMR solvents were referenced against
tetramethylsilane (TMS, & = 0 ppm) and nitromethane. Unless stated otherwise, coupling
constants were reported in Hertz (Hz) and for the characterization of the observed signal
multiplicities the following abbreviations were used: s (singlet), m (multiplet) and br (broad).
Infrared spectra (IR) were recorded from 4000 cm~ to 400 cm™ on a PERKIN ELMER Spectrum
BX- 59343 instrument with a SMITHS DETECTION DuraSamplIR Il Diamond ATR sensor. The
absorption bands are reported in wave-numbers (cm™). Decomposition temperatures were
measured via differential thermal analysis (DTA) with an OZM Research DTA 552-Ex instrument
at a heating rate of 5K-min~! and in a range of room temperature to 400 °C. The particle size
distribution was analyzed using sieves with a mesh size of 100, 300, 500, 600 and 1000
micrometer.

DTA Plot PETN ICT

— PETN ICT

Exo up

T =143 L

T | |
200 300 400

Temperature (°C)

|
0 100

Figure 1 DTA plot of the dry PETN sample used for this study. (20 mg at 5 K-min™)
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PETN_dry_5_°C/min_3,0100 mg

Onset  181,33°C

Aexo

20 ‘r\—j
mwW|

Onset 141,27°C

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

PETN_15%wet_5_ °C/min_3,4800 mg

Onset 181,83°C

rexo Onset  14134°C

20
mwW

Onset 75,12°C

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

Figure 2 DSC plot of dry (top) and wetted (bottom) PETN. (5 K-min™)
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2. Water content

Defined water 5%

measured water

measured water

before [%] after [%] FS [N] average water loss [%0]

Probe 1 4,61 4,25 64
Probe 2 4,78 4,53 72
Probe 3 4,53 4,02 60
Average 4,64 4,27 65,3 0,37
Standard deviation 0,13 0,26 6,1
Defined water 10%

meg:;Jorreed[x/\g?ter meaasfl:é(re?(y\;\]/ater FS [N] average water loss [%0]
Probe 1 9,56 9,22 80
Probe 2 9,6 9,42 72
Probe 3 9,24 9,43 72
Average 9,47 9,36 74,7 0,11
Standard deviation 0,20 0,12 4,6
Defined water 15%

megzgorreed[zz)?ter meaasfttj(;?([j(y\;\]/ater FS [N] average water loss [%0]
Probe 1 14,14 12,84 96
Probe 2 14,48 14,25 84
Probe 3 15,56 13,5 80
Average 14,73 13,53 86,7 1,20
Standard deviation 0,74 0,71 8,3
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Defined water 20%

measured water

measured water

before [%)] after [%6] FS [N] average water loss [%0]

Probe 1 18,23 17,53 72
Probe 2 19,59 18,68 96
Probe 3 19,14 17,41 96
Average 18,99 17,87 88,0 1,11
Standard deviation 0,70 0,70 13,9
Defined water 25%

meggfuorreed[zzz]iter mea;ttjéfc[jo/\;\]/ater FS [N] average water loss [%0]
Probe 1 24,63 23,88 84
Probe 2 24,48 20,7 96
Probe 3 26,12 22,88 84
Probe 4 25,80 24,90 80
Average 25,26 23,09 86,0 2,17
Standard deviation 0,91 1,63 6,9
Defined water 30%

megzgorreed[xzaj\ter mea;ttjéfc[jo/\(/]\]/ater FS [N] average water loss [%0]
Probe 1 29,15 27,87 96
Probe 2 32,9 27,61 96
Probe 3 28,7 24,41 84
Average 30,25 26,63 92,0 3,62
Standard deviation 2,31 1,93 6,9
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Defined water 35%

measured water

measured water

before [%] after [%] FS [N] average water loss [%0]
Probe 1 33,76 34,58 112
Probe 2 37,37 34,25 108
Probe 3 38,12 34,75 96
Average 36,42 34,53 105,3 1,89
Standard deviation 2,33 0,25 8,3

69



3. Impact Sensitivities

Water [%] E [J] E [J]

35 30 N N E
25 E 25
20 N N N N N N

25 20 E 20
15 N N N N N N

25 25 N E 25
20 N N N N N N

25 25 N N N N N E
20 N NN N N E 20
15 N NN N N N

20 20 E 20
15 N N N N N N

20 30 E
25 N N E 25
20 N N N N N N

20 20 N E 20
15 N N N N N N

15 35 E
30 N E
25 N N E
20 N NN N N E 20

15 20 N N N N E
15 N N N N E 15
10 N N N N N N

15 20 N E E 20
15 N N N N N N

10 25 N E
20 N N N E
15 E 15
10 N N N N N N

10 20 N N E 20
15 N N N N N N

10 20 N E
15 N N E 15
10 N N N N N N
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10 E
7,5 N N N E

4 N N N N N N

7,5 N E 7,5
5 N N N N N N

10 E 10
7,5 N N N N N N

2,5 5 N E 5

Water [%] E [J] E [J]

2,5 5 E
4 E 4
3 N N N N N N

2,5 10 N N E
7.5 N N E
5 N N E
4 N NN N E 4
3 N NNNN N
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4. Friction Sensitivity

Water [%]

E [J]

E [J]

34.25

112
108
96

108

34.75

120
112
108
96
84

96

34.58

128
120
112

112

27.61

120
112
108
96
84

96

27.87

128
120
112
108
96
84

N N N N N N

96

24.41

120
108
96
84
80

N N N E

N N N N N N

84
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2490 108
96
84
80
72

N N N E
N N N E
N N N N N N

80

22.88 112
108

96

84

80

N N N N N N

84

23.88 120
112

108

96

84

N N N N N N

96

20.70 120
112

108

96

84

80

N N N N E
N N N N N N

84

1753 108
96
84
80
72
64

N N N E
N N N N N N

72

18.68 120
108

96

84

N N N N N N

96
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17.41

120
108
96
84

96

12.84

120
144
128
108
96
84

N N N N N

96

14.25

108
120
96
84
80

N N N N

84

13.50

108
96
84
80
72

N N N N N

80

9.22

96
84
80
72

80

9.43

96
84
80
72
64

N N N N N N

72
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9.42

96
84
80
72
64

N N N N N N

72

4.25

96
84
80
72
64
60

N N

N N N N

64

4.53

72
64

N NN N N N

72

4.02

72
64
60
56

N N N N N

60
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Abstract: In this second part of our work on the sensitivity
of pentaerythritol tetranitrate (PETN) the investigations fo-
cus on the manufacturing process. Literature about the ex-
plosive during production is very rare and optimization or
changes in the process demand more in-depth knowledge
of the safety parameters. Therefore, the industrial process is
imitated in a small-scale laboratory reactor. Then impact

and friction sensitivities of emergency drowned, spent acid
wet and acid washed PETN are investigated. In advance,
PETN samples were taken from the filter of the SSE pro-
duction and measured in the same manner. It becomes
clear at which point a sensitive material is expected in the
process. The data will improve handling safety and plant
design.

Keywords: PETN - Explosives - Impact Sensitivity - Friction Sensitivity - Testing and Assessment

1 Introduction

The highly energetic nitrate ester of pentaerythritol (PETN)
has been successful in various fields for decades. Easy to ini-
tiate and moderately sensitive, the compound is suitable in
boosters (Pentolite), detonating cords (neat PETN in plastic
tubes), detonators (combined with Pb(N;), [1]) or in other
formulations (Semtex) [2-3]. Furthermore, PETN is used as a
vasodilator to treat angina pectoris [4]. The white crystalline
material melts at 141°C and the decomposition starts at
about 20°C above that [5]. Due to the insolubility in water,
it already precipitates during nitration and can be crystal-
lized from many organic solvents [6]. Industrial manufactur-
ing of pentaerythritol tetranitrate goes back to the 1930s
[7]. The established methods are often used for good rea-
son. Optimizing or changing the process poses risks and
unintentional conversion of material would have disastrous
consequences. However, optimization can be useful for
economic, safety and environmental aspects. Changes in
the supply industry or new legislation can also force
changes in the process [9].

Pure common explosives are extensively characterized.
In Figure 1 mechanical sensitivities of nine energetic materi-
als are compared. PETN shows to be in the area of a sensi-
tive to very sensitive booster explosive. It is more sensitive
than TNT, RDX or TKX-50 but less sensitive than lead azide.
In contrast to the pure compounds, much less is known
about the properties during manufacturing. To be prepared
for future changes or to optimize the existing process, it is
necessary to examine the individual manufacturing proc-
esses more closely. Here the mechanical sensitivities during
the manufacturing of pentaerythritol tetranitrate are inves-

Propellants Explos. Pyrotech. 2023, 48, €202200288 (1 of 7)

tigated further. The production of PETN has developed
since the first synthesis in 1894 [10]. Nitration with pure ni-
tric acid followed by filtration, neutralization and recrystalli-
zation is now the state-of-the-art process. Pentaerythritol
usually contains about 0.8% dipentaerythritol. Some stabil-
ity and sensitivity data of crude material is available but a
comparison to today’s processes is hardly possible. The IC
Explosives Canada investigated two charges of crude PETN
to use the acidic product in booster production [11]. The
crude PETN f(filtrated after nitration) is slightly less thermally
stable. The dry materials show similar impact sensitivities to
recrystallized PETN. Desensitization through wetting is less
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Friction Sensitivity Impact Sensitivity

TNT 354N TKX-5020 J
NG 360 N 0y ONH;OH
NN Ney
NC 353 N e
ONH0H 4
RDX 120 N
HMX 120 N TNT15J
TKX-50 120 N
RDX7.5J
HMX 7.5 J
PETN 60 N
O,NO. ONO,
omo>_ono, CL204J
CL-2048N PETN 3.5J
OzN\N;QN,N,\%Z b(N3)22.5-4J
,»/)—’\\
O,N "NO,
b(N 0.1-1N ONO,
(N3)2 oNo__L_ono,

Figure 1. Impact and friction sensitivities of common explosives Tri-
nitrotoluene flakes (TNT), Nitroglycerin (NG), Hexogen (RDX), Oc-
togen (HMX), Dihydroxylammonium-5,5'-bistetrazole-1,1'-dioxide
(TKX-50), Pentaerythritol tetranitrate (PETN), Hexanitroisowurtzitan
technical (CL-20l), Lead azide (Pb(N,),) [5, 8].

effective for crude material. This indicates differences in the
behavior towards mechanical influences.

To better understand the hazards during production the
impact and friction sensitivities of emergency drowned,
crude acidic and washed PETN are investigated in this work.
This should make the existing production safer and prepare
for future changes. The sensitivity of water-wet pure PETN
is discussed in part one of this series [12]. Some parts of this
work are already published at the NTREM [13] and IEC con-
ferences [14] and are shown here for comparison.

2 Experimental Section

Caution: PETN is a highly explosive material, especially sen-
sitive to impact, friction, electrostatic discharge and temper-
ature. When handling, protective measures must be taken
depending on the quantity. The reactor setup and proce-
dures were developed as safely as possible, in coordination
with BIAZZI and Austin Powder. A solidly grounded reactor
with a PTFE stirrer is recommended. Screw fittings and oth-
er sources of friction should be avoided or adequately lu-
bricated with silicone grease. Manipulation of the PETN
should be done only with soft materials, preferably wet.
Wearing Kevlar gloves, wrist and hearing protection behind
a blast shield during critical manipulation is recommended.

To synthesize pentaerythritol tetranitrate the corre-
sponding alcohol pentaerythritol is nitrated (Scheme 1). In

Propellants Explos. Pyrotech. 2023, 48, €202200288 (2 of 7)

OH ONO,
HO?COH O,NO ONO,
0,NO
PE PETN
HNO;

_ >

OH 25 min, 15 °C O,NO ONO,

OH
HO%OXOH %NO?LOACON%
HO OH O,NO ONO,

DIPE DIPEHN

Scheme 1. The reaction toward industrial PETN.

industrial production nitric acid with a concentration of
>99% is used nowadays. The NO, content should be low
and checked, as it hurts spent acid stability [15]. The pen-
taerythritol usually has a content of about 0.8% of its mono
ether dipentaerythritol. The nitration in this work is carried
out based on the BIAZZI continuous process.

In Figure 2 three simulated industrial scenarios are
shown. To not risk an uncontrolled reaction in the event of
a malfunction in the plant, the reactor content can be
drowned (1) in an excess of water. The controlled process
begins with the nitration and filtration of the precipitated
material. In the case of spent acid wet PETN (2), the proper-
ties of the nitrated material in its residual acid, the spent
acid, are examined. Filtration of the spent acid PETN is fol-
lowed by washing with diluted acid. The sensitivities of this
washed product (3) are investigated as well.

2.1 Laboratory and Industrial Samples

Pentaerythritol with contents of 0.1, 0.8 and 1.3% DIPE are
used for nitration. The nitric acid shows a concentration of
>99% and a low NO, content (<0.3%). The nitration was
performed in a double-jacketed glass reactor with external
cooling and mechanical stirring. Further information about
the used materials and the setup can be found in the sup-
porting information. Three different types of PETN were
produced: drowned PETN, spent acid wet PETN and washed
PETN. The goal was to show the consecutive sensitivities

E @7 drowned PETN
@Q

@ Spent acid
— % @) Washed

@ Drowned

PE
H,0

~
1]
=] )
spent aC|d wet PETN spent acid PETN

o =

diluted acid

washed PETN

- &

7
Ny

Figure 2. Synthesis of the three different qualities.
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Impact and Friction Sensitivities of PETN: Il. Sensitivities of the Acidic Material During Manufacturing

from the dry to 35% wet samples. Therefore, samples were
taken from the filter and analyzed for their acid content by
either titration or gravimetrically. If necessary the filtrated
acid was added to adjust the acid content of the sample. As
shown in part |, mixtures of PETN with water tend to be in-
homogeneous and lose water during the measurements
[12]. It is estimated that the given acid contents vary in the
lower percent area.

Synthesis of PETN suspension: A grounded double-
jacketed reactor (100 mL) with external cooling and me-
chanical stirring (500 rpm) was loaded with fuming nitric
acid (99.1%, 50 mL, 75 g, 5 Parts). Pentaerythritol (15.0 g,
110 mmol, 1 Part) containing dipentaerythritol (0.1 or 0.8 or
1.3%) was added in small portions over 25 min at 15+3°C.
A suspension (a) of PETN in 86 % aqueous nitric acid is ob-
tained.

(1) Drowning: The suspension (a) was poured onto wa-
ter (8-fold amount, 400 mL) which was mechanically stirred
(800 rpm). The resulting drowning acid (11.5%, aqueous ni-
tric acid) was separated from the acidic PETN by suction fil-
tration using a plastic funnel.

(2) Spent Acid: The suspension (a) was cooled to 5°C
and stirred for 30 min. The spent acid was removed by suc-
tion filtration over an Omnipore™ 10 um filter and plastic
funnel. On the filter spent acid-wet PETN is obtained.

(3) Washed: The spent acid-wet PETN was dried for
15 min on the filter. Then the crude PETN was transferred
into washing acid (150 mL, 11%, aqueous nitric acid) and
mechanically stirred (500 rpm) for 5 min. Suction filtration
with a plastic funnel was done to separate the washing
acid.

Furthermore, the “Société Suisse des Explosifs” was kind
enough to provide industrially manufactured PETN samples
from their plant. Spent acid wet material was taken directly
from the filter after nitration. Then after water-washing and
filtration, a second wet sample was taken. This is especially
useful to compare laboratory results with industrial pro-
duction.

In addition, “Austin Powder Technology” has provided
detonating cord. A cord with 40 g PETN per meter was
opened, freed from plastic threads and used for this study.

2.2 Morphology and Patrticle Size

The dry samples were analyzed by sieving and scanning
electron microscopy. The complete data can be found in
the supporting information. The data relevant for differ-
entiation are presented in Figure 3.

The samples prepared in the LMU laboratory (0.1-1.3%
DIPE) are comparable in terms of crystal shape and size.
Neither the dipentaerythritol content nor the process step
has a measurable effect. The PETN is crystalizing in regular
blocks that are partly intergrown. The predominant particle
size is 100-300 pm with 74 9% or more by weight.
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300 ym

SSE, Washed

300 pm

Detonating cord

52.7%

Figure 3. Particle size distribution and scanning electron micro-
scopy pictures of drowned, washed and detonating cord PETN from
different sources.

The spent acid wet sample obtained by SSE crystalized
as intergrown blocks and agglomerates of smaller crystals.
The particles are between 100 and 500 pm with 85 %, thus
coarser than the laboratory material. The washed sample
shows comparable but smaller crystals in the SEM image.
The main particles of detonating cord are 0-300 um, thus
finer than the LMU and SSE samples. On the SEM image,
some large fragments are visible that are accompanied by
smaller irregular crystals.

Because of manual sieving and electrostatic effects, siev-
ing for smaller particle sizes is less accurate. Furthermore,
loosely bound agglomerates and strongly intergrown crys-
tals are hard to distinguish. For future work particle size de-
termination through laser diffraction is recommended. Ag-
glomerates can be broken up by ultrasound and intergrown
crystals will stay connected.
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3 Mechanical Sensitivities

To better assess the hazards of handling and the safety of
the plant, knowledge of the sensitivity of PETN is essential.
Mechanical sensitivity measurements are long-established
methods to classify the hazards of energetic materials.

Over the years, several methods have been developed,
but only a few have gained acceptance. Highly stand-
ardized and commonly used are the BAM devices described
in the report “Transport of Dangerous Goods. Manual of
Tests and Criteria” of the UN [16]. The drop hammer simu-
lates a uniaxial impact on the specimen. This generates
heat, shear force and adiabatic compression [17-24]. On the
other hand, the friction tester simulates shear forces be-
tween roughened porcelain surfaces.

In this way, both devices can simulate a large part of the
forces occurring in production. The lower detonation limit
is determined with the “one out of six” method. In the fol-
lowing, the results of various samples from the industry and
laboratory are compared and conclusions are drawn about
the handling of the samples.

3.1 Reference Samples

No comparable or standardized values are available for im-
pact and friction sensitivities during production. Recrystal-
lized PETN from detonating cord and water-wet industrial
PETN [25-26] are presented as a reference to better under-
stand the sensitivities obtained. Furthermore, in part I. of
our work the sensitivities of wet pure PETN are determined
and discussed [12].

In Table 1 the sensitivities of detonating cord and in-
dustrial PETN are given. The dry samples show 3-4 J impact
and 53-59 N friction sensitivity. The wet samples are de-
sensitized in impact sensitivity to 25 J (9-15% water). The
friction sensitivities for the wet samples vary from 60-80 N
(9-15% water) depending on the institute measuring. The
limiting sensitivities for transportation by the United Na-
tions are 2 J and 80 N [16]. The friction sensitivity of PETN is
therefore the larger concern.

Table 1. Impact and friction sensitivities of reference samples [25-
26] compared with the UN limits for transportation [16].

PETN Water [%] IS [J] FS [N]
Detonating cord® dry 3 5643
Dried [26] dry 4 54
Wetted [26] 9 25 60
Wet [25] 9 >25 80
As delivered [26] 15 25 72
UN Transportation limit [16] - 2 80

[a] Measured at LMU.
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3.2 After Drowning

In the case of an emergency on a plant, the reactor is usu-
ally poured, drowned, into an excess of water. Then clean-
ing and disposal are necessary. To ensure safe and efficient
working, the mechanical sensitivities of the dry and wet
material must be known. In Figure 4 the measured friction
and impact sensitivities of drowned PETN are shown. The
colors indicate the different DIPE contents in the starting
material.

For the friction sensitivities, a slightly decreasing trend is
observed. The wetter the material the lower the sensitiv-
ities. The dry material shows to react at around 60 N, which
is comparable to pure PETN. The sensitivities then decrease
to around 84 N (15% wet). Until 35% drowning acid con-
tent the sensitivities stay unchanged. The DIPE content
does not have a significant influence that can be detected.

The impact energy necessary for detonation is also in-
creasing with higher drowning acid contents. The dry mate-
rial shows to be around 4 J, like pure PETN. When wetted,
an increase above 20 J (10% wet) is observed. Above 10%
drowning acid, the sensitivities stagnate around 20-25 J.

Friction sensitivities of drowned PETN
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Figure 4. Friction and impact sensitivities of drowned samples con-
taining drowning acid in amounts of 0-35%.
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3.3 After Nitration

In today’'s PETN nitration process, the product is pre-
cipitated directly from the nitric acid. Through the reaction
the acid is diluted to around 85% concentration, then
called spent acid. The crystallization causes acid to be oc-
cluded within the crystal. These suspensions are mechan-
ically stressed by pumping and filtration. In Figure 5 the
friction and impact sensitivities of the spent acid wet and
dry material are given. Furthermore, the LMU samples are
compared with the industrial SSE PETN after nitration. The
LMU samples and SSE samples are in line with the trend
and are comparable.

Unexpectedly, increased friction sensitivities are ob-
served for many spent acid-wet samples. The dry materials
show sensitivities around 60 N. When wetted, the sensitiv-
ities mostly stagnate between 48 and 72 N. The 1.3% DIPE
sample was measured with only 36 N at 16% acid content.
This increase in sensitivity was not observed in any other
form or mixture of PETN.

The impact sensitivities, in contrast, show a decreasing
trend. With around 4J the dry material is comparable to
pure PETN. The decrease slowly takes place when wetting
up to 15% acid. In this area of decrease, the deviations are

Friction sensitivities of spent acid wet PETN
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Figure 5. Friction and impact sensitivities of PETN after nitration
containing spent acid in amounts of 0-35 %.
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rather high and no concrete statement can be made. Be-
tween 15-35% acid the impact sensitivities are around 15-
20 J.

3.4 After Nitration and Washing

After the nitration and filtration, the crude PETN is washed
with diluted nitric acid (11%). This suspension is then
stressed through vigorous stirring, filtration and pumping.
The mechanical sensitivities of the washed samples are rep-
resented in Figure 6 and compared with the washed sam-
ple taken from the SSE production.

The friction sensitivities are slightly decreasing when
more washing acid is present. This trend can also be ob-
served for the SSE sample. The dry samples show sensitiv-
ities around 54 N, similar to pure PETN. The addition of acid
causes the sensitivities to slightly decrease up to around
84 N (20% wet). The SSE samples show to be slightly more
sensitive than the LMU samples but the deviations, in gen-
eral, are rather high. For the SSE and the 1.3% DIPE sample
a sensitivity of 60 N is observed at 29% wet. A general de-
crease is detected but some exceptions are present and
caution is advised.

Friction sensitivities of washed PETN
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Figure 6. Friction and impact sensitivities of washed PETN contain-
ing washing acid in amounts of 0-35%.
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Figure 7. Sound level of impact sensitivity tests at different DIPE contents and drop energies. Red dots are evaluated by the operator as

positive results, grey squares are negative results.

The impact sensitivities again show a different trend. A
strong decrease with rising acid content is observed. The
dry material is tested to be around 4 J. When washing acid
is added desensitization takes place. Above 16% acid con-
tent the sensitivities stagnate at 15-20 J. The area of de-
crease again shows large deviations and is of high un-
certainty. Above 15% acid the sensitivities are 20-25 J. The
SSE samples show a comparable trend with the LMU sam-
ples.

3.5 Sound Level of Impact Sensitivities

After the first few impact measurements, it was audible that
the detonations of the wet samples are less violent. Often
residues of unreacted material were found in those test
sleeves. To record this information, the noise level was de-
tected in dB using a microphone about 30 cm away. Any
kind of detonation was counted as a positive result regard-
less of how loud it was. In Figure 7 the sound levels of the
drop experiments are shown. Positive results, detonations,
are marked in red and negative results in grey. The neg-
ative results tend to stay between 100-115 dB. This noise is
generated by the impact of the weight and increases with
the mass of the weight. The explosions of the dry materials
are in the area of 130 dB (maximum measurable value). The
operator can evaluate the result using the microphone
alone. When the samples are wet and incomplete con-
version happens the noise of the detonation is decreasing.
This can happen up to a point where the detonation is qui-
eter than the basic noise of the machine. The operator can
clearly distinguish the detonation and background but the
microphone does not. For the acoustic evaluation of TNT
impact tests, similar problems are observed by Marrs et al.
[27].

The drowned and washed samples both show a strong
decrease in noise when the conversion of the material is in-
complete. Nevertheless, there are wet samples that show
full conversion accompanied by a violent sound. The spent
acid wet samples are generally more violent and show less
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incomplete conversion. The incomplete conversion means
that the sample initiates but the detonation does not prop-
agate. The diluted acid does inhibit detonation prop-
agation. However, initiation of PETN in spent acid, showed
to propagate more easily.

4 Conclusion

The goal of this work was to outline the differences be-
tween PETN during manufacturing and the known final
product. Therefore, PETN was synthesized from PE with 0.1
to 1.3% DIPE. The mechanical sensitivities were inves-
tigated after emergency drowning, during nitration, and af-
ter washing the crude product. No dry sample was found
more sensitive than industrial PETN. Altering the DIPE con-
tent did not change the sensitivities significantly. The
drowned and the washed samples are acting very similarly
towards wetting. Both are desensitized by higher liquid
contents whereas the effect is much more dominant for the
impact sensitivities. The effect appears to be linear at least
up to 25% liquid content. For the PETN during nitration, a
drastic difference is observed. The wet material showed to
be more friction sensitive than industrial PETN. The impact
sensitivities are decreased when the material is wet.

It can be concluded that spent acid wet PETN represents
the greatest hazard in the process. Drowning or washing
leads to a product that is comparable sensitive to the final
product. In general, friction sensitivities show to be the
greater concern. Soft materials and careful manipulation are
recommended.
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1 Specification of Starting Materials

1.1 Specification of Nitric Acid

The nitric acid for nitration was analyzed and total acidity, as well as nitrous acid content, was
determined by titration. For the total acidity, titration with sodium hydroxide, and for nitrous acid
content, titration with permanganate solution, was applied. The specification, as well as the
analysis, are shown in Table 1, detailed titration methods are described in the experimental part.
The nitric acid used was delivered by Honeywell with a nominal purity >99%. Titration analysis
concludes a nitric acid content of 99.00% and a nitrous acid content of 0.07%.

Table 1. Analysis result for nitric acid.

Honeywell HNO3 Method
Total acidity (A’) 99.10% Titration NaOH
HNOs (A) 99.00% Calculated
HNO:2 (B) 0.07% Titration KMnOa4
Water <0.93% Calculated

In Figure 1 the different acids and their nitrous acid contents are given. It is visible that in this case,
the color correlates with the HNO: content. A clear to slightly yellow nitric acid is more likely to
show low nitrous acid contents, but the analysis is always mandatory. High nitrous acid contents
are known to cause fume off during nitration.

Figure 1. HNO: content of different suppliers and grades of nitric acid. Left: fresh nitric acid used for this
study, middle and right: older stored nitric acid.
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1.2 Specification of Pentaerythritol

The PE and DIPE samples were provided by Austin powder. The received materials were
produced and analyzed by Perstorp. The specification and analysis data are collected in Table 2.
The PE sample containing content of 1.3% DIPE was produced from PE containing 0.1% DIPE
and pure DIPE. A mixture of 100.00 g PE (0.1) and 1.34 g DIPE was shaken in a 3D globular
mixer for 24 h to achieve mixed PE (1.3).

Table 2. Specification (by BIAZZI) and analysis results for PE from Perstorp (McArthur).

S PE (0.1) PE (0.8) Mixed PE (1.3)
Specification Perstorp Perstorp DIPE Perstorp
MonoPE [%] 96.5 ... 98. 99.5 99% - 98.2
DIiPE content 07 . 15 0.1 0.8% 91 1.3
[%6]
Melting point 263 -
o 263+1 - -
h
Hydroxy . - o i -
content [%] 49 min. 49.8%
Hydroxyl 1646 -
number 1’616 min. - 1324
[mg/g]
Ash [%] 0.01 Max. 0.001 0.000% - -
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2 Reactor and Materials

For nitration, a reactor similar to the industrial process was developed in collaboration with BIAZZI
(Figure 2). Thus, a scale of up to 30 g PETN is possible. A double-jacketed glass reactor is cooled
with an electric cooling unit using an agueous magnesium nitrate solution (28%). Standard polyol
cooling liquids should be avoided because of their exothermic reaction with nitric acid. Stirring was
performed with a mechanical stirrer and a PTFE screw propeller. Heavy agitation is known to
cause static electricity. Therefore, the reaction vessel is additionally equipped with a stainless-
steel-grounding. Furthermore, all screw connections are lubricated with vaseline to reduce friction
forces in case of PETN contamination. A safety shield can be placed in front of the reactor during
the addition of PETN and the completion of the reaction. Underneath the vessel, a plastic basin is
placed for spill containment.

Figure 2. Reactor setup showing: A — mechanical stirrer, B,I — thermometer with digital display, C — Teflon
stabilization, D — grounding, E — 100 mL double jacket reactor vessel, F — PTFE screw propeller, G —
connection to cryostat, H — collecting basin, J — stand.
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3 Sensitivity Data

The raw data of the mechanical sensitivity tests are presented in the chapters 3.1 - 3.23. Each
test is performed according to the BAM procedure described in "Transport of Dangerous Goods.
Manual of Tests and Criteria" of the UN. It is distinguished between an “Explosion” (E, positive
result) and “No xplosion” (N, negative result). The positive result gained with the lowest energy is
stated as “impact sensitivity” or “friction sensitivity” of the respective material.

3.1 Friction Sensitivities — Drowned (0.1% DIPE)

Acid
content [%] EN] EIN]

0 72 E
60 E 60
54 N NN N N N

0 60 N N N N N E 60
54 N NN NNN

0 60 N E
54 N N E 54
48 N NN NNN

5 120 E
108 E
96 N E
84 N N N E 84
72 N NN N NN

10 120 E
96 E
84 E 84
72 N NN N N N

13 120 N E
96 E 96
84 N NN N NN

16 108 E
96 E
84 N N N E 84
72 N N NNNN

19 120 N E
108 N E
96 E

72 N NN N NN

22 108 E
96 E 96
84 N NN N N N

87



Acid
content [%] EN] E [N]

25 120 E
108 E
96 N N E
84 E 84
72 N NNNNN

29 120 E
108 E
96 N E 96
84 N NN NNN

32 120 E
108 E
96 N N E
84 N NNNN?E 84
N NN NNN

3.2 Impact Sensitivities — Drowned (0.1% DIPE)

con/?ecr:?[%] E D] E [J]

0 5 E
4 N N E 4
3 N NNNNN

0 4 E 4
3 NNNNNN

0 4 N N E 4
3 N NNNNN

5 15 E
10 N E
75 N N N E
5 N N N E 5
4 N NNNN N

10 25 N N E
20 N N NN E 20
15 N NNNNN

13 %5 N N NN N E 25
20 N NN NN N

16 25 N E
20 N E 20
15 NNNNNN

19 5 E
20 E 20
15 N NN NN N
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Acid

content [%] =M E [J]

22 25 N E 25
20 N NNNN N

25 25 N N E
20 N N E 20
15 N NN NN N

29 25 E 25
20 N NN NN N

32 25 N E
20 N E 20
15 NNNNNN

3.3 Friction Sensitivities — Spent acid wet (0.1% DIPE)

Acid

content [%)] EN] EIN]

0 120 E
96 E
84 N N E
72 E 72
60 N NN NNN

0 72 E
60 E 60
54 N NN N N N

0 72 E
60 N N E
54 E 54
48 N NN NNN

5 9% N N E
84 E
72 N N N N E
60 E
54 N N N E 54
48 N NNNNN

10 9% E
84 E
72 N E
60 E
54 N N N E 54
48 N NN NNN

13 9% E
84 N E
72 N E 72
60 N NN NNN
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Acid

content [%] EN] E [N]

16 72 E
60 ? N E
54 N N E
48 E 48
42 N NN NNN

19 9% N E
84 E
72 N NN N E
60 E 60
54 N NN NNN

22 72 E
60 N E 60
54 N NN N NN

25 96 E
84 E
72 E 72
60 N NN N NN

29 96 E
84 E
72 N E 72
60 N NN NNN

32 9% E
84 E
72 E
60 ? N N E
54 N NN NN E 54
48 N NN NNN

3.4 Impact Sensitivities — Spent acid wet (0.1% DIPE)

con?r—:cri?[%] E D] EL]
0 5 E
4 E
3 N NN N N E 3
2 N N N N N N
0 5 N E
4 N N N E 4
3 N N N N N N
0 5 N E
4 N E 4
3 N N N N N N
7

90



Acid
content [%]

E[J]

E [J]

5

15
10

15

10

20
15
10
7.5
5

N N N N N N

7.5

13

20
15
10
7.5

N N N N N N

10

16

20
15
10

N N N N N N

15

19

20
15

20

22

25
20
15

20

25

25
20
15

20

29

30
25
20
15

20

32

30
25
20
15

N N N N N N

20

3.5 Friction Sensitivities — Washed (0.1% DIPE)

Acid
content [%)]

E [N]

E [N]

0

84
72
60
54
48

N NN N NN

54

60
54
48

N N N E

N NN N N N

54
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Acid
content [%] EN] E [N]

0 60 E 60
54 N NN NNN

5 84 N N N N E
72 N NN N E 72
60 N NN N NN

10 96 E
84 N E 84
72 N NN N NN

13 96 N N E
84 E
72 N NN N E 72
60 N NN N NN

16 120 N E
96 N N N E 96
84 N NN N NN

19 120 N E
96 E 96
84 N NN N NN

22 120 N E
96 E
84 N N NN E 84
72 N NN N NN

25 120 E
96 E E 96
84 N NN NN

29 120 N E
96 N NN N E 96
84 N NN N NN

32 120 E
96 N N E 96
84 N NN N NN

3.6 Impact Sensitivities — Washed (0.1% DIPE)
Acid

content [%)] E D] E]
0 75 N N N N N E
5 E 5
4 N N N N N N
0 75 E
5 N NN NN ? E 5
4 N N N N N N
9
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Acid
content [%]

E[J]

E [J]

0

5
4
3

25
20
15
10

15

10

25
20
15
10
7.5

10

13

25
20
15

20

16

25
20
15

20

19

25
20
15

20

22

25
20
15

N N N N

20

25

25
20
15

20

29

25
20

25

32

25
20
15

N N N N N N

20

3.7 Friction Sensitivities — Drowned (0.8% DIPE)

Acid
content [%)]

E [N]

E[N]

0

72
60
54
48

N NN N NN

54

10
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Acid
content [%]

E[N]

E[N]

0

84
72
60

60

96
84
72
60
54
48

N

54

84
72
60
54

60

96
84
72
60
54

60

10

96
84
72
60

72

15

120
108
96
84

96

20

96
84
72

84

30

96
84
72
60

72

31

120
96
84

96

33

96
84

96

11
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Acid
content [%] EN] E [N]

35 120 E
96 N N E
84 N E
72 ? E 72
60 N NN NNN

3.8 Impact Sensitivities — Drowned (0.8% DIPE)

Acid

content [%] E D] E[J]
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=
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zZ
Z
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z
zZ
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Acid
content [%] E D] E[J]

32 25 E 25
20 N N N N N N
15 N

33 30 E
25 N E 25
20 N N N N N N
15 N
10 N

34 30 E
25 N E 25
20 N N N N N N
15 N

38 35 E 25
30 N N E
25 N N E
20 N N N N N N
15 N
10 N

3.9 Friction Sensitivities — Spent acid wet (0.8% DIPE)

Acid

content [%)] EN] EIN]

0 120 E
96 N E
84 E
72 N E
60 N N N N E 60
54 N NN N N N

0 84 E
72 N E 72
60 N NN NNN

0 120 E
84 E
72 N E
60 N N E 60
54 N NN NNN

13

96



Acid
content [%] EN] E [N]

0 9% E
80 E
72 N N E
60 N E
54 N N E
48 N NN NN E 48
40 N N N 3xN

14 120 E
96 E
84 N E
72 E
60 N N E 60
54 N NN N N N

18 9% E
84 E
72 E
60 E
54 N N N N E 54
48 N NN NNN

19 9% E
84 E
72 N N E
60 N E
54 N N E 54
48 N NN NNN

23 84 E
72 N E
60 N N E
54 N N N N E 54
48 N NN NN N

24 9% E
84 E
72 E
60 N NNNNE 60
54 N NN NNN

22 72 E
60 N E 60
54 N NNNNN

14
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Acid

content [%] EN] E [N]

27 120 N E
96 E
84 N NNNNE
72 E
60 N N N E
54 N E
48 N N E 48
42 6xN

31 84 N N E
72 N E 72
60 N NNNNN

33 360 E
240 N E
192 E
160 N E
144 N E 54
120 N E
96 N N N E
84 E
72 N N E
60 E 60
54 6xN

3.10 Impact Sensitivities — Spent acid wet (0.8% DIPE)

con?r—:cri?[%] E D] EL]
0 5 N E
4 N E 4
3 N N N N N N
0 75 E
5 N N E 4
4 N N N N N N
0 75 E
5 N N N N E
4 E 4
3 N N N N N N
0 5 E
4 N E 4
3 N N N N N N
14 25 E
20 N E 20
15 N N N N N N
15
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Acid
content [%] E D] E[J]

19 25 E
20 N E 20
15 N N N N N N

13 20 N N N E
15 N N E
10 N E 10
7.5 N N N N N N

15 25 E
20 N E
15 N NN ? N N E 15
10 N N N N N N

22 25 N 20
20 N N N N N E
15 N N N N N N

24 25 E
20 N N N E 20
15 N N N N N N

28 25 E
20 N N E 20
15 N N N N N N

30 25 E
20 N E 20
15 N N N N N N

31 30 E
25 E
20 N E 20
15 N N N N N E
10 N N N N N N

33 20 E 20
15 N N N N N N
10 N
5 N

3.11 Friction Sensitivities — Washed (0.8% DIPE)
Acid

content [%)] EN] E[N]
0 72 N E
60 N E
54 E 54
48 N NN N NN
16
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Acid
content [%] EN] E [N]

0 72 E
60 E 60
54 N NN NNN

0 84 E
72 N E
60 N N E 60
54 N NNNNN

2 108 E
96 N N E
84 N N N E
72 N E 72
60 N NN NNN

10 9% E
84 N ? N E
72 E 72
60 N NN NNN

13 9% E
84 E
72 N N E 72
60 N NN NNN

17 9% N E
84 N N E
72 N N E 72
60 N NN N N N

20 96 E
84 E 84
72 N NN NN N

21 120 E
108 N N E
96 E
84 N E 84
72 N NNNNN

24 9% N E 96
84 N NN NNN

27 120 N E
96 N E
84 N NN N N E 84
72 N NN NNN

30 120 N E
96 E
84 E 84
72 N NN NNN

17
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3.12 Impact Sensitivities — Washed (0.8% DIPE)

Acid

content [%)] E D] EJ]
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Acid
content [%] E D] E[J]

27 30 E
25 N E
20 N E 20
15 N N N N N N

30 30 E
25 N E
20 N N N E 20
15 N N N N N N

3.13 Friction Sensitivities — Drowned (1.3% DIPE)

Acid

content [%] EN] EIN]

0 72 N N N N E
60 N E 60
54 N NN NNN

0 60 E
54 N E 54
48 N NN NNN

0 72 E
60 N N E
54 N E
48 N NNNNE 48
42 N NN NNN

5 9% E
84 N N E 84
72 N NN NNN

10 120 N E
96 N E
84 E 84
72 N NN NNN

13 96 E
84 N NN ? E 84
72 N NN NNN

16 96 N N N N E
84 N NN NN E 84
72 N NN NNN

19 9% E
84 N E
72 N N E 72
60 N NN NNN

19
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Acid
content [%] EN] E [N]

22 9 E
84 N NNNNE 84
72 N NN NNN

25 96 N N E
84 N N N E 84
72 N NN NNN

29 96 N E 96
84 N NN N NN

32 120 E
96 N E
84 N N ? N E 84
72 N NN N NN

3.14 Impact Sensitivities — Drowned (1.3% DIPE)
Acid

content [%] E 1] E L]
0 4 N N N E
3 N N E 3
2 N NN N N N
0 4 N N E 4
3 N N N N N N
0 5 N N N E
4 N N N N E 4
3 N NN N N N
5 25 E
20 E
15 E
10 E
7.5 N E 7.5
5 N N N N N N
10 25 E 25
20 N NN N N N
13 25 N E
20 N N N N E 20
15 N NN N N N
16 25 E 25
20 N NN N N N
19 25 E
20 N N E 20
15 N N N N N N
22 25 E 25
20 N N N N N N
20
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Acid
content [%] E D] E[J]

25 30 N E 30
25 N N N N N N

29 30 E
25 N E
20 E 20
15 N N N N N N

32 25 N E
20 E 20
15 N N N N N N

3.15 Friction Sensitivities — Spent acid wet (1.3% DIPE)

Acid

content [%] © (NI E [N]

0 60 N N E
54 N E E 54
48 N NN NNN

0 54 E
48 N N N E 48
42 N NN NNN

0 54 N E
48 N N ? E 48
42 N NN NNN

5 60 E
54 N NNNNE 54
48 N NN N NN

10 60 E
54 N E
48 E 48
42 N NN NNN

13 60 N E
54 N N N E
48 E
42 N N N E 42
32 N NN NNN

16 48 N N N E
42 E
36 N N N E 36
32 N NN NNN

19 60 N E
54 N E
48 E 48
42 N NN NNN

21

104



Acid

content [%] EN] E [N]

22 60 N N N E
54 N N N E
48 E 48
42 N NNNNN

25 60 E 60
54 N NN NN N

29 60 E
54 N E
48 N NN NNE 48
42 N NNNNN

32 84 E
72 E
60 N N E
54 N E
48 E 48
42 N NN NN N

3.16 Impact Sensitivities — Spent acid wet (1.3% DIPE)

con?ecrll(tj[%] E 1] E L]

0 4 E
3 N N E 3
2 N NN N N N

0 5 E
4 N N E
3 N NN N N E 3
2 N NN N N N

0 3 N N N N E 3
2 N NN N N N

5 15 E
10 N N E 10
7.5 N NN N N N

10 20 N N E
15 N N E 15
10 N NN N N N

13 20 N N E
15 N NN N N E
10 N N N N E
7.5 N E
5 N E 5
4 6XxN

22
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Acid
content [%] E D] E[J]

16 20 N N N N N E 20
15 N N N N N N

19 25 N E
20 N E
15 N N N N E 15
10 N N N N N N

22 25 E
20 N NN N N E 20
15 N N N N N N

25 25 E
20 E 20
15 N N N N N N

29 25 N E
20 N E 20
15 N NN N N N

32 25 N E 25
20 N N N N N N

3.18 Friction Sensitivities — Washed (1.3% DIPE)

Acid

content [%] EN] E[N]

0 60 E
54 N N E
48 E
42 E 42
36 N NN NNN

0 60 N E
54 E
48 N N N E 48
42 N NNNNN

0 60 N E
54 E
48 N E 48
42 N NN NNN

5 84 N N ? E
72 N E
60 E
54 N NN N E 54
48 N NN NNN

23
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Acid
content [%] EN] E [N]

10 9% E
84 E
72 N NNNNE
60 N N E
54 N NN N N N

13 84 E
72 E 72
60 N NN NNN

16 9% E
84 N E
72 N E
60 E 60
54 N NNNNN

19 9% E
84 E 84
72 N NN N NN

22 9% N E
84 N E
72 N NNNNE 72
60 N NN NNN

25 108 E
96 E
84 N N N E
72 N N N N E 72
60 N NN N N N

29 108 E
96 N N E
84 N E
72 N E
60 N N E 60
54 N NN N N N

32 108 E
96 E
84 ? E 84
72 N NN NN

3.19 Impact Sensitivities — Washed (1.3% DIPE)
Acid

content [%] E D] E[J]
0 5 E
4 N E 4
3 N NN N N N
24
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Acid
content [%] E D] E[J]

0 4 E 4

3 N N N N N N

10 25 E
20 N N N N N N

13 25 N E
20 E
15 N N E 15
10 N N N N N N

16 25 N N E
20 N N E 20
15 N N NN N N

19 25 E
20 N N N N E
15 N N N N E 15
10 N N N N N N

22 25 E
20 N E 20
15 N NN N N N

25 25 N N E 25
20 N NN N N N

29 25 N N N E
20 N E 20
15 N N NN N N

32 25 N N N E
20 N E 20
15 N N N N N N

25

108



3.20 Friction Sensitivities — Spent acid wet (SSE)

Acid
content [%)]

E [N]

E[N]

0

60
54
48

N NN NN E

54

54
48

54

54
48

54

72
60
54
48

54

16

120

108
84
72
60
54
48

54

19

84
72
60
54
48

54

22

84
72
60
54
48
42

48

25

84
72
60
54
48

54

29

84
72
60
54
48
42

48

26
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Acid

content [%)] EN] EN]

29 72 N N E
60 E
54 E
48 E 48
42 N NN NNN

32 84 E
72 E
60 N NN N E 60
54 N NN NNN

32 84 E
72 E
60 E
54 E
48 N NN NNN

3.21 Impact Sensitivities — Spent acid wet (SSE)

Acid
content [%] © [J] E[J]

0 5 E

N N N N N N

o
N WIN WIN W b
P
m
w

4 N N NN N N

16 30 E

19 30 E

27
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7.5 N N N N N N
Acid

content [%] EL] EJ]

22 25 E
20 E
15 N E 15
10 N N N N N N

25 25 E
20 E
15 N N E 15
10 N N N N N N

29 25 E
20 N E 20
15 N N N N N N

29 25 E
20 N E 20
15 N N N N N N

32 25 E
20 E
15 N E 15
10 N N N N N N

32 30 E
25 E
20 N NN N N E 20
15 N N N N N N

3.22 Friction Sensitivities — Washed (SSE)

Acid
content [%)] EN] EIN]

0 72 E
60 N N E
54 N N E
48 E 48
42 N N N N N

0 60 E 60
54 N NN NNN

0 60 N N E 60
54 N NN NN N

5 84 E
72 N NN E E
60 N N N E 60
54 N NN N NN

28
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Acid
content [%] EN] E [N]

10 9% E
84 E
72 N NN NN E 72
60 N NN N N N

13 9% N E
84 E
72 E 72
60 N NN NNN

16 9% E
84 N N N E 84
72 N NN NNN

19 9% N N E 96
84 N NN NNN

22 9% N N N N E
84 E 84
72 N NN N NN

25 108 N N N E
96 E
84 N N N E 84
72 N NN NNN

29 84 N N N E
72 N NN N E
60 N N N E 60
54 N N NN NN

32 84 N E
72 E
60 N NN N N N

32 120 E
96 E E
84 N E
72 N E 72
60 N NNNNN

32 72 E 72
60 N NN NNN

29 84 N N E
72 E
60 E 60
54 N NN NNN

29 72 E 72
60 N N N N N

29
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Acid

content [%] EN] E [N]

16 9% E
84 E
72 E
60 E 60
54 N NN NNN

22 72 N N N N N E 72
60 N NNNNN

19 9% E
84 N NN N E
72 N N E
60 E 60
54 N NN NNN

25 9% E
84 N E
72 N E 72
60 N NN N NN

3.23 Impact Sensitivities — Washed (SSE)
Acid

content [%)] E 1] E[J]
0 5 E
4 N E 4
3 N N N N N N
0 5 E 5
4 N N N N N N
0 5 E
4 E 4
3 N N N N N N
5 20 E
15 E
10 E
7.5 N N N N N N
10 20 E
15 N N N E
10 N N N N E 10
7.5 N N N N N N
13 25 E
20 E
15 E
10 N N N E 10

30
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7.5 N N N N N N

Acid
content [%] E D] E[J]

16 25 E
20 E
15 N N E 15
10 N N N N N N

19 25 N N E
20 N E 20
15 N N N N N N

22 25 N N E
20 N N E 20
15 N N N N N N

25 25 E
20 N E 20
15 N N N N N N

29 25 E 25
20 N N N N N N

32 30 E
25 N E
20 N N N N E 20
15 N N N N N N

4 Morphology and Particle Size

After drying, until no more weight was lost, the particle size distribution was determined. Therefore,
the sample was sieved and every fraction was weighed. Sieves with a mesh size of 1000, 600,
500, 300 and 100 ym were used and the fractions were described with the mean grain sizes
between two sieves. The results are shown in Figure 3.
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About the Azido Derivatives of Pentaerythritol Tetranitrate
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Abstract: With the first ever synthesis of mono-
azidopentaerythritol trinitrate, a comparative study of the
properties of all azidonitrate derivatives from pentaery-
thritol tetranitrate (PETN) to tetraazidopentaerythritol
(TAPE) was possible. The azides were prepared by halogen
azide exchange and the remaining alcohols were then con-
verted into the organic nitrate esters using acetyl nitrate.
The resulting compounds pentaerythritol tetranitrate
(PETN), monoazidopentaerythritol mononitrate (MAPETN),
diazidopentaerythritol dinitrate (DAPEDN), triazidopentaery-
thritol mononitrate (TAPEMN), tetraazidopentaerythritol
(TAPE) were analyzed for their chemical (XRD, NMR, EA, IR)

and energetic properties (DTA/DSC, impact and friction
sensitivity) and presented for comparison. An interesting
trend of decreasing melting points from PETN to the tri-
azide was observed, with the monoazide found to meet the
thermal requirements for a melt-castable explosive. The
mechanical sensitivities were successfully explained by
Hirshfeld analysis. The energetic properties were calculated
with the EXPLO5 code and show a decreasing performance
towards the highly sensitive tetraazido derivative. Fur-
thermore, PETN was successfully initiated with its tetraazido
derivative TAPE.

Keywords: energetic materials - nitrate esters - azides - PETN - sensitivities

1 Introduction

Since 1867 when Alfred Nobel invented dynamite, organic
nitrates are ubiquitous in the field of energetic materials.
While nitroglycerine, contained in dynamite and propel-
lants, has been replaced in many fields, due to its headache
causing properties and high sensitivity, the tetranitrate of
pentaerythritol finds a wide range of applications. It is char-
acterized by a favorable one-step synthesis, low toxicity,
and high performance. The explosive, shortened PETN, is
used in both the military and civilian sectors. The nitrate
can be found as the main charge in grenades and shaped
charges or as a booster charge in detonators. PETN is also
available as detonating cord, in which tubes are filled with
PETN, which can then be flexibly wrapped around trees or
inserted into boreholes. Furthermore PETN is used in Sem-
tex or sheet explosives. In mixtures with TNT, PETN is
known as pentolite for mining operations. A pentolite boos-
ter is needed to transfer the energy from the detonator to

-10.1 -27.0 -46.4 -68.7 -94.8

] N
N N;?CN:

N3 N:?C Ny Ny
NBOCONOE oaho TAPE

m ONO,
ONO, NJOCON% GzNO TAPEMN
OINODCONGZ O;NO DAPEDN
O,NO MAPETN -
PETN

17.7 284 40.6 54.7 71.2

Figure 1. Oxygen balance (q,) and nitrogen content of PETN, MA-
PETN, DAPEDN, TAPEMN, TAPE.

Propellants Explos. Pyrotech. 2021, 46, 723-731

© 2021 The Authors. Propellants, Explosives, Pyrotechnics published by Wiley-VCH GmbH

the more insensitive, often ammonium nitrate-based main
charge. This is one of the reasons why PETN is often re-
ferred to as the boundary between primary and secondary
explosives [1].

Because PETN is such a well-known explosive, several at-
tempts have been made to modify it. Functionalities like
polynitramino [2], nitrate salts [3], amine [4] or nitro-
carbamate [5] were introduced. Furthermore, sila [6] and
oxophosphine [4] derivatives are known. Herein we report
the synthesis of all azido derivatives from pentaerythritol
tetranitrate to tetraazidopentaerythritol. In Figure 1 the mo-
lecular structures of Pentaerythritol tetranitrate (PETN),
Monoazidopentaerythritol  trinitrate  (MAPETN),  Dia-

[a] T. Lenz, T. M. Klapdtke, J. Stierstorfer

Department of Chemistry

Energetic Materials Research

Ludwig Maximilian University of Munich

Butenandtstr. 5-13

81377 Munich, Germany

*e-mail: tmk@cup.uni-muenchen.de
[b] M. Miihlemann
BIAZZI SA
Chemin de la Tavallaz 25
CH-1816 Chailly/Montreux, Switzerland
Supporting information for this article is available on the WWW
under https://doi.org/10.1002/prep.202000265
© 2021 The Authors. Propellants, Explosives, Pyrotechnics pub-
lished by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

IO

Wiley Online Library 723

116


https://doi.org/10.1002/prep.202000265
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fprep.202000265&domain=pdf&date_stamp=2021-02-19

zidopentaerythritol dinitrate (DAPEDN), Triazidopentaery-
thritol mononitrate (TAPEMN), and Tetraazidopentaery-
thritol (TAPE) are given with corresponding oxygen balance
and nitrogen content. Whereas the properties of PETN are
well characterized, there is only a little literature on the azi-
donitrate derivatives. DAPEDN and TAPEMN were synthe-
sized for the first time through oxetane ring opening by
Frankel and Wilson [7]. The reported liquid DAPEDN was lat-
er found to be solid at room temperature [8]. TAPE is well
known as an organic building block but the energetic prop-
erties are poorly characterized [9]. In this work, all five com-
pounds are synthesized and their properties are compared.
The best oxygen balance can be observed for PETN with
—10%, where the explosion energy is largely released by
the oxidation of the carbon skeleton. By exchanging nitrate
with azide, the nitrogen content enriches and the oxygen
balance decreases. For TAPE the nitrogen content is at a
maximum of 71%. Other than for PETN, the formation of
nitrogen is the cause of high energy output.

2 Experimental Section

CAUTION! All investigated azidonitrates are explosive and
sensitive materials. Although no incidents were observed
during preparation and handling of these compounds, safe-
ty precautions (such as wearing a leather coat, face shield,
Kevlar sleeves, Kevlar gloves, earthed equipment, and ear-
plugs) should be drawn especially when manipulating dry
materials.

2.1 Tetraazidopentaerythritol (TAPE)

1,3-Dibromo-2,2-bis(bromomethyl)propane (0.50 g,
1.4 mmol) was dissolved in DMF (10 mL) and sodium azide
(1.02 g, 15.7 mmol) was added. The mixture was heated
10 h at 100°C. The completion of the reaction was checked
by TLC. Then the solvent was evaporated under reduced
pressure. Water was added to the residue and the mixture
was extracted with ethyl acetate (x3). The solvent was
dried over MgSO,, filtrated and evaporated to dryness,
yielding TAPE (0.19 g, 0.8 mmol, 60%) as a colorless crystal-
line solid. DTA (5 Kmin™"): 44°C (endo), 218°C (dec.). 'H
NMR (DMSO-d,, 400 MHz, ppm): 6 =3.40 (s, 8H). *C NMR
(DMSO-d,, 100 MHz, ppm): =517, 43.6. "*N NMR (DMSO-
ds, 29 MHz, ppm): 6 =—-133, —175. FT-IR (ATR): v"=2956
(w), 2929 (m), 2868 (w), 2221 (w), 2175 (w), 2087 (vs), 1444
(s), 1352 (m), 1287 (s), 1269 (vs), 1246 (s), 1153 (m), 1123
(w), 945 (m), 908 (m), 895 (s), 653 (m), 634 (m), 599 (m), 556
(m), 463 (s) cm ™. EA calcd. for CHgN,,0; (236.20 gmol™): C
25.43, N 71.16, H 3.41%; found: C 25.75, N 70.36, H 3.43 %.
IS: <1J;FS: 1 N.
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2.2 General Procedure for Organic Nitrate Formation

To a solution of acetic acid anhydride (5 parts) and glacial
acetic acid (1 part), nitric acid (1 part) was added dropwise
at 5-10°C under stirring. After the solution was cooled
down to 5°C, the azido compound (0.4 M for MAPE, 0.3 M
for DAPE, 0.2 M for TriAPE) was added carefully in portions
and the reaction is stirred 20 min at 5°C. After completion,
the solution is poured on ice water (20 parts).

2.3 Monoazidopentaerythritol Trinitrate (MVAPETN)

Following the general procedure, 2-(azidomethyl)-2-
(hydroxymethyl)propane-1,3-diol (0.50 g, 3.6 mmol), acetic
acid anhydride (7.5 mL), glacial acetic acid (1.5 mL), nitric
acid (1.5 mL) were used. After addition to water the precip-
itating solid was extracted with ethyl acetate (x3) and resi-
dues of acid were neutralized with sodium bicarbonate. The
solvent was dried over MgSO,, filtrated and evaporated to
dryness, yielding MAPETN (0.79 g, 2.7 mmol, 86 %) as a col-
orless crystalline solid. DTA (5 Kmin™"): 82°C (endo), 180°C
(dec.). '"H NMR (DMSO-d,, 400 MHz, ppm): 0 =4.63 (s, 6H),
3.69 (s, 2H). *C NMR (DMSO-d,, 100 MHz, ppm): 6=71.1,
50.1, 41.5. ¥N NMR (DMSO-d;, 29 MHz, ppm): 6=—46,
—137. "N NMR (DMSO-d,, 41 MHz, ppm): 8=-4338,
—1345, —172.0, —317.1. FT-IR (ATR): v'=2111 (m), 1635
(vs), 1467 (w), 1304 (m), 1273 (vs), 1026 (m), 999 (m), 846
(vs), 754 (s), 737 (m), 707 (m), 690 (m), 643 (w), 621 (m)
cm™'. EA calcd. for CsHgNgOy (296.15 gmol™"): C 20.28, N
28.38, H 2.72%; found: C 20.33, N 28.14, H 2.72%; 1S: 2 J; FS:
36 N.

2.4 Diazidopentaerythritol Dinitrate (DAPEDN)

Following the general procedure, 2,2-bis(azidomethyl)
propane-1,3-diol (0.50 g, 2.7 mmol), acetic acid anhydride
(7.5 mL), glacial acetic acid (1.5 mL) and nitric acid (1.5 mL)
were used. After addition to water the precipitating solid
was extracted with ethyl acetate (x3) and residues of acid
were neutralized with sodium bicarbonate. The solvent was
dried over MgSO,, filtrated and evaporated to dryness,
yielding DAPETN (0.66 g, 2.4 mmol, 88%) as a colorless crys-
talline solid. DTA (5 Kmin™"): 32°C (endo), 182°C (dec.). '"H
NMR (DMSO-d,, 400 MHz, ppm): 6 =4.56 (s, 4H), 3.60 (s, 4H).
3C NMR (DMSO-d,, 100 MHz, ppm): d=71.7, 50.7, 42.2. *N
NMR (DMSO-d,, 29 MHz, ppm): 6 =—42, —134. FT-IR (ATR):
v =2104 (vs), 1661 (m), 1633 (vs), 1465 (m), 1451 (m), 1363
(m), 1278 (vs), 1271 (vs), 1256 (vs), 1028 (m), 1001 (s), 923
(m), 853 (vs), 755 (s), 725 (s), 708 (s), 655 (m), 625 (m), 554
(m) cm™". EA calcd. for C;HgNgOg (276.17 gmol™"): C 21.75, N
40.58, H 2.92%; found: C 21.79, N 40.77, H 2.85%; IS: 3 J; FS:
15 N.
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About the Azido Derivatives of Pentaerythritol Tetranitrate
2.5 Triazidopentaerythritol Mononitrate (TAPEMN)

Following the general procedure, 3-azido-2,2-bis
(azidomethyl)propan-1-ol (0.50 g, 2.4 mmol), acetic acid an-
hydride (7.5 mL), glacial acetic acid (1.5 mL), nitric acid
(1.5 mL) were used. After addition to water the precipitat-
ing solid was extracted with dichloromethane (x3) and resi-
dues of acid were neutralized with sodium bicarbonate. The
solvent was dried over MgSO,, filtrated and evaporated to
dryness, yielding TAPETN (0.50 g, 1.9 mmol, 82%) as a yel-
lowish liquid. DTA (5 Kmin™"): —24°C (endo), 180°C (dec.).
'H NMR (DMSO-d,, 400 MHz, ppm): 6 =4.49 (s, 2H), 3.50 (s,
6H). *C NMR (DMSO-d;, 100 MHz, ppm): 6 =72.2, 51.3, 42.9.
N NMR (DMSO-d;, 29 MHz, ppm): 6 =—42, —134, —173.
FT-IR (ATR): v'=2938 (w), 2874 (vw), 2094 (vs), 1635 (s),
1451 (m), 1365 (w), 1273 (vs), 1009 (m), 847 (s), 754 (m), 708
(m), 644 (m), 601 (w), 552 (m) cm™". EA calcd. for C;HgN,0;
(256.19 gmol™"): C 23.44, N 54.68, H 3.15%; found: C 23.90,
N 55.51, H 2.92%; IS: <1 J; FS: 80 N.

3 Results and Discussion
3.1 Synthesis

An overview of the synthesis is given in Scheme 1. On an
industrial scale, PETN is synthesized from the corresponding
alcohol by nitration with white fuming nitric acid. The pen-
taerythritol scaffold can be brominated with hydrogen bro-
mide to the solid mono (MBPE) [10], di (DBPE) [11], and tri
(TriBPE) [12] or by treatment with phenyl chloride and so-
dium bromide to the tetrabromide (TBPE) [13]. In this work,
the bromide functionality was replaced by an azide func-
tionality through exchange with sodium azide to prepare
MAPE, DAPE, TriAPE, TAPE in good yields. The resulting azi-
do alcohols were then converted to the corresponding ni-
trate esters. It was observed, that for the synthesis of MA-
PETN with nitric acid, mixtures of PETN and the desired
azido nitrate were yielded. A more selective nitrate for-

OH HNO, ONO,
HO?COH OzNODCON%
HO 30 min, 5 °C O,NO

PETN

PE
HNO3, Ac,0,

OH NaNj OH AGOH ONO,
B/)COH _— N3?COH — . N3 ONO,
HO DMF, 10 h, HO 20 min, 5 °C 0,NO

MBPE 100 °C MAPE MAPETN
HNOj3, Ac,0,

Br NaNj N3 A3(30H2 N3
Br OH — Ny OH T Ny ONO,
HO DMF, 10 h, HO 20 min, 5 °C 0O,NO

DBPE 100°C DAPE DAPEDN
HNOj3, Ac,0,

B NaNg Na AcOH N
Br Br —_— Ny Ng L Ny N3
HO DMF, 10 h, HO 20 min, 5 °C 0,NO

THBPE 100e THAPE TAPEMN

Br NaN; N3

Br?CBr NS?CM
Br DMF, 10 h, 100 °C N
TBPE TAPE

Scheme 1. Synthesis of azido and nitrate derivatives of pentaery-
thritol (PE).
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mation with acetyl nitrate leads the wanted azido nitrates
MAPETN, DAPEDN, and TAPEMN in good vyields.

All azido nitrates were analyzed by 'H, °C, and "N NMR
in DMSO-d,. The chemical shift of protons next to the ni-
trate is decreasing stepwise from PETN with 4.70 ppm to
TAPEMN with 4.49 ppm. The shifts of the protons next to
azide are decreasing from MAPETN 3.69 to TAPE 3.40 ppm.
In the carbon NMR increasing shifts for the centered carbon
from PETN 40.8 ppm to TAPE 43.6 ppm are observed. The
nitrate bound carbons show the same trend from PETN 70.3
to TAPEMN 72.2 ppm. This is also the case for shifts of azide
bound carbons from MAPETN 50.1 to 51.7 ppm for TAPE.
The "N shifts of the nitrates can be observed in the region
of —45 ppm. The [} nitrogen of the azide was observed at
about —135 and in some cases the y nitrogen shows in the
range of —175 ppm. The N NMR of MAPETN in DMSO-d
(Figure 2) shows four resonances for nitrogen, one of the
nitrates and three of the azide. The chemical shift for nitrate
is observed at —43.8 ppm, which is typical for primary or-
ganic nitrates. The nitrogen of the azide can be found at
—134.5, —172.0, and —317.1 ppm, typical shifts for azide.

3.2 Crystallographic Data

The crystal structures of PETN and TAPE are known to liter-
ature. Crystals of MAPETN and DAPEDN and TAPE were ob-
tained by evaporation of the extraction solvent. On the
crystals of MAPETN and DAPEDN and TAPE, low-temper-
ature single-crystal X-ray diffraction experiments were per-
formed. TAPE was measured at low temperature to de-
crease the rotation of the azide functionality. TAPEMN
shows to be solid below —24°C but all efforts to obtain a
crystal structure failed. Both highly symmetric molecules,
PETN with P/42,c and TAPE with /4,/a crystallize in tetrago-
nal space groups. The azido-nitrates MAPETN and DAPEDN
crystallize in the orthorhombic space group Pbcn. The room

N1
1

~ 1 ONO,
5=-43.8 02NO
0O,NO

1 NeN_

2 N

3 4

N4

o] -50 -100 -150 -200 -250 -300 -350

ppm

Figure 2. >N NMR of MAPETN in DMSO-d,. N3 is identified through
"N NMR in advance.
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Figure 3. Room temperature densities of the azido-nitrates.

N13

Figure 4. Molecular structure (thermal ellipsoids represent 50%
probability) of MAPETN. Selected bond lengths [A] and angles [°]:
C1-C2 1.527(2), 01-C2 1.448(2), O1-N5 1.393(2), 02-N5 1.195(2), O3-
N5 1.209(2), C1-C3 1.528(2), C3-N11 1.548(13), N11-N12 1.241(17),
N12-N13, 1.090(17). O1-C2-C1 106.74(13), 02-N5-01, 113.62(13), C1-
C3-N11 104.0(5), N12-N11-C3 113.9(11), N13-N12-N11 169.2(14).

Figure 5. Molecular structure (thermal ellipsoids represent 50%
probability) of DAPEDN. Selected bond lengths [A] and angles [°]:
C1-C2 1.524(2), 01-C2 1.449(2), O1-N1 1.399(2), 0O2-N1 1.201(2), O3-
N1 1.205(2), C1-C3 1.532(2), N2-C3 1.480(2), N3-N2 1.236(2), N3-N4
1.126(2). O1-C2-C1 106.93(10), N1-O1-C2 112.52(10), 02-N1-O1
112.97(11), N2-C3-C1 108.05(10), N3-N2-C3 114.07(12), N4-N3-N2
172.75(16).
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TAPEMN TAPE

temperature densities were calculated from the crystal
structure densities and it shows, that a linear decrease in
density is taking place. (Figure 3) PETN shows the highest
density with 1.778 gcm™ followed by MAPETN with
1.667 gcm ™. DAPEDN shows a slightly lower density of
1.586 gcm ™ and the TAPE has the lowest density with
1.480 gcm . The density of TAPEMN is estimated to follow
the trend and should therefore be in the area of
1.53gcm™.

Intramolecular distances and torsion angles are given
underneath the Figures 4-6. Bond length and torsion an-
gles of all compounds are similar to the already discussed
and reported PETN [14] or TAPE [15]. For MAPETN a dis-
order in the structure is observed. For every other molecule
the azide and nitrate functionality at C3 changes position.
Therefore, an azide and nitrate are bound to the C3 and C3'
at 50% each. For simplicity, only the nitrato group at C3'
and the azide group at C3 is represented in Figure 4.

MAPETN shows stabilizing intermolecular interactions of
02-H 251 A, 06--H 2.45 A and O5-H 2.48 A. Furthermore,

Figure 6. Molecular structure (thermal ellipsoids represent 50%
probability) of TAPE. Selected bond lengths [A] and angles [°]: C1-
C2 1.529(1), N1-C2 1.487(1), N2-N1 1.233(1), N2-N3 1.133(1). N1-C2-
C1109.07(7), N2-N1-C2 114.62(8), N3-N2-N1 173.02(10).

Propellants Explos. Pyrotech. 2021, 46, 723-731
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About the Azido Derivatives of Pentaerythritol Tetranitrate

the N11--H interaction with 2.46 A is stabilizing inter-
molecular.

For DAPEDN the nitrate oxygen O2 shows attractive in-
teractions with distances of 02--H 2.45 A. The 03--H dis-
tance with 2.75 A is much less attractive. The nitrogen N4 is
interacting with hydrogen bound at C2. These N--H inter-
actions with 2.65 A are in the area of the added van der
Waals radii (VdW,,,,=2.65 A).

In the structure of the tetraazide TAPE interactions of
the two polarized azide nitrogen atoms, N1 and N3 with hy-
drogen are observed. The distance N--H 2.86 A is longer
than the sum of the van der Waals radii of N--H and longer
than in DAPEDN.

3.3 Hirshfeld Analysis

Hirshfeld surfaces of PETN, DAPEDN, and TAPE were gen-
erated and their Fingerprint plots were calculated (Fig-
ure 7). The distance of interactions can be calculated by the
addition of the distance d, and d,. Therefore, points in the
lower left region represent close interactions. The percent-
age of the different interactions is visualized in the bar dia-
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gram below [16]. MAPETN shows a disorder of the nitrate
and azide positions, so a Hirshfeld analysis could not be
performed.

PETN shows the most stabilizing and relatively close at-
tractive O--H interactions. These stabilizing interactions are
decreasing in number for the higher nitrogen content de-
rivatives, up to an extreme for TAPE where no O--H inter-
actions are possible. The decrease of O--H interactions goes
along with an increase in less attractive N--H interactions.
These interactions are stabilizing for DAPEDN because of
their relatively short distance. For TAPE the distance of N--H
interactions increases and the stabilization is therefore less.
The decrease of stabilizing interaction agrees with the in-
creasing sensitivity. Attractive interactions are decreasing
from PETN to DAPEDN to TAPE.

Destabilizing effects in the crystal structure are O--O,
N--N, O--N, or H--H repulsive interactions. PETN shows a
high amount of relatively close O--O repulsion. For DAPEDN
relatively close O--O and O--N repulsions are found. TAPE
shows week repulsive N--N interactions but very strong
H--H repulsion. The hydrogen repulsion is very close and
therefore very destabilizing. The repulsive effects are in-

g # O ’ v & ’ /? d’ of i
24| 26 |de 24|de
0N

22 2.9 2.2

24| DAPEMN
2.0 2.0
1.8 20 18
16 18 s 16
14 16 14
12 14 1.2
1.0 ' - 10

1.0 5
0.8 ﬁ/ 0.8

0.8
0.6 - 0.6

di di di
(A) 060810121416 18202224 (A) 060810121416182022242628 (A) 06 08 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
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DAPEMN
TAPE
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I

ENo-0 MEN-N EHo-N [IH-H [EIN-H Il o-H

Figure 7. Two-dimensional fingerprint plots of PETN, DAPEDN, and TAPE together with their Hirshfeld surfaces. The atomic contacts percent-
age contribution to the Hirshfeld surface can be obtained from the bar chart.
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creasing from PETN to DAPEDN to TAPE, which is also asso-
ciated with the increasing sensitivity.

Hirshfeld analysis clearly shows that the derivatives con-
taining nitrates show very stabilizing O--H interactions that
compensate for the repulsive O--O, O--N interactions. For
the high nitrogen-containing derivatives, O--H is replaced
by weaker N--H stabilization, and repulsion is caused by

218
TAPE

44 ‘

TAPEMN

DAPEDN

Exo up
N
p

32 .
MAPETN
82

/ \ PETN

S —

143

T T T T T T T T
50 100 150 200 250 300
Temperature [°C]

Figure 8. DTA plot of all analyzed pentaerythritol azido-nitrates at a

heating rate of 5 Kmin™".

T. Lenz, T. M. Klapétke, M. Miihlemann, J. Stierstorfer

close H--H contacts. The Hirshfeld analysis agrees with the
increasing sensitivity towards TAPE.

3.4 Physiochemical Properties
3.4.1 Thermal Analysis

The thermal behavior was investigated by differential ther-
mal analysis (DTA), hotplate, and hot needle test. TAPEMN
was also analyzed by low-temperature DSC as it shows a
melting point of —24°C. The DTA curves of the five inves-
tigated compounds are shown in Figure 8. The tetraazide is
the most thermally stable compound with a decomposition
at 218°C. All compounds with a nitrate functionality de-
compose at about 180°C like PETN. Remarkable is that,
from PETN to TAPEMN, the melting point decreases gradu-
ally by 50-60°C with each azide exchanged, starting from
PETN with 143°C to TAPEMN with —24°C (Table 1). The
asymmetric triazide shows the lowest melting point due to
the disturbed crystal packing. The highly symmetric TAPE is
melting at 44 °C and not following the trend. This stability is
a consequence of the high symmetry within the crystal.
With a melting point of 82°C and a decomposition point of
180°C, MAPETN is a melt cast explosive, melting in the area
of TNT and decomposing about 100 °C earlier [1c].

Upon fast heating on a hot plate (HP), the nitrate rich
PETN and MAPETN are deflagrating. The more nitrogen-rich
compounds DAPEDN, TAPEMN, and TAPE are detonating vi-
olently on the hot plate.

Table 1. Physicochemical properties of PETN, MAPETN, DAPEDN, TAPEMN, TAPE, Pb(N,), RDX.

PETN MAPETN DAPEDN TAPEMN TAPE Pb(N,), [1c] RDX [1c]
Formula CsHgN,O, CsHgN:O, CsHgNgO, CsHgN,05 CsHgN;, PbN, C3HN:O,
M [gmol™] 316.14 296.15 276.06 256.19 236.20 291.24 222.12
IS [ 35 2.0 3.0 1 <1 2.5-4 7.5
FS [N]® 54 36 15 80 1 0.1-1 120
N [%]9 17.7 284 40.6 54.7 71.2 28.86 37.84
Q %] —10.1 —27.0 —46.4 —68.7 —948 - —21.61
Trnete, [°C1® 143 82 32 —24 44 -
Tyec [°CI1 180 180 182 175 218 320-360 210
Density (298 K) [gcm ] 1.778 1.667 1.586 1.535¢ 1.480 4.71 1.800
AH,,° [kImol '™ —484 —59 362 795 1180 - 31

Detonation parameters calculated with EXPLO5V6.05

— AP [kIkg™'1® 6166 5702 5532 5427 5074 1639 5740
T KW 4038 3849 3747 3588 3213 - 3745
pc., [GPa]® 31.3 27.8 24.2 21.2 20.5 - 33.6
D[ms " 8471 8092 7842 7740 7819 5180 8801
Gas vol. [Lkg~"]™ 744 771 809 820 799 308 711

@ Impact sensitivity (BAM Drophammer, 1 of 6), ™ Friction sensitivity (BAM friction tester, 1 of 6), ¥ Nitrogen content,  Oxygen balance

towards CO,,

€ Melting point from DTA (5 Kmin~', onset),  Decomposition temperature from DTA (5 Kmin~

temperature X-ray diffraction,

!, onset), ¥ Calculated density from low

™ Calculated (CBS-4M) heat of formation,  Heat of explosion, ¥ Explosion temperature, ¥ Detonation pressure, ' Detonation velocity,

™ Volume of detonation gases (assuming only gaseous products).
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As the hotplate test shows the reaction of an uncon-
fined sample against heating, the hot needle (HN) test is
performed on substances fixed and confined with adhesive
tape. The contact of a red glowing hot needle causes de-
composition of PETN and MAPETN, whereas DAPEDN shows
fast deflagration. TAPEMN and TAPE are violently detonat-

ing.

3.4.2 Sensitivities and Energetic Properties

Impact and friction sensitivities were determined according
to the “UN declaration of dangerous goods” on a BAM
Drophammer and a BAM Friction Tester (Figure 9). The basis
for a positive test is at least one explosion in six tests. This
result is additionally supported by six negative tests with
lower energy [17].

A strong increase in the impact sensitivity is observed
towards TAPE. The tetranitrate PETN shows an explosion
when hit with 3.5 J energy. The monoazide MAPETN shows,
as expected, an increased sensitivity of 2 J. Whereas DA-
PEDN, 3J, shows a slightly lower impact sensitivity than
PETN but higher sensitivity than MAPETN. This unexpected
jump in sensitivity can be explained by morphology effects
or a consequence of the measurement of probabilities. The
liquid TAPEMN shows an impact sensitivity of <1 J just like
the solid TAPE. In short, the impact sensitivity increases
with slight jumps from PETN to TAPE. As a liquid TAPEMN is
like nitroglycerine highly sensitive to impact <1 J.

The sensitivity to friction shows a continuous pro-
gression to TAPE, except for liquid TAPEMN. For PETN crack-
ling can be observed at 54 N. For the solid azides, heavy
detonations are observed at the lower detonation limit. The
friction sensitivities are decreasing from 36 N for MAPETN
to 15N for DAPEDN to 1 N for TAPE. With 80 N explosion
limit, TAPEMN is the least friction sensitive compound of all
derivatives. In short, the friction sensitivity increases from
PETN to TAPE, except for less sensitive TAPEMN. The melt-
castable explosive MAPETN (2 J, 36 N) shows higher sensi-
tivity than TNT (15 J, 360 N) [1c].

[ |
s

PETN MAPETN DAPEDN TAPEMN TAPE

Figure 9. Bar chart of the impact (grey) and friction (blue) sensitiv-
ities of the investigated compounds.
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The heats of formation were calculated using the atom-
ization method (using Gaussian CBS-4M electronic en-
thalpies) and the detonation parameters were calculated
using the EXPLO5 V6.05 code [18]. (Details of the calcu-
lations can be found in the supporting information). For
PETN a low heat of formation of —484 kJmol ™" is calculated
by this method. Exchange of nitrate with azide causes a
stepwise increase in heat of formation (app. 425 kJ per
-ONO, / -N; exchange) up to TAPE with 1180 kJmol ™.

PETN shows the best detonation parameters of all inves-
tigated compounds, with a detonation velocity of 8.5 kms™'
and a pressure of 31.3 GPa. As the density decreases, veloc-
ity and pressure also decrease to TAPE with a velocity of
7.8 kms™' and a pressure of 20.5 GPa. The decrease in the
performance can be explained due to the decrease in the
density of the materials, but as the heat of formation goes
up towards TAPE the negative effect of the lower densities
is compensated to a certain degree.

As TAPE possesses high thermal stability and a sensi-
tivity typical for primary explosives, classical initiation capa-
bility tests were performed. A 200 mg load of PETN was
pressed into a copper shell and initiated by 50 mg of its tet-
raazide derivative TAPE. The result of the experiment is
shown in Figure 10 where it is clearly visible that PETN was
initiated. As TAPE is melting at 44°C it cannot be easily
used as a replacement for the typical initiating primary ex-
plosive lead azide. Nevertheless, this experiment shows that
organic azides are possible replacements for common ini-
tiating explosives. The test failed for the less sensitive DA-
PEDN therefore the less sensitive compounds were not test-
ed. TAPEMN was not tested as it is a liquid at room
temperature.

Figure 10. Positive initiation capability test of TAPE on PETN.
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Figure 11. Overview of the properties of the synthesized compounds.

4 Conclusion

Azide and nitrate derivatives of pentaerythritol were syn-
thesized in good yields by azide exchange of the corre-
sponding bromate derivatives, followed by nitration with
in-situ generated acetyl nitrate. The properties of the pure
compounds were investigated and compared (Figure 11).
The mechanical sensitivities are increasing from PETN to
TAPE. Only the liquid TAPEMN is less friction sensitive than
PETN. The sensitivities are also successfully explained by
Hirshfeld analysis. A stepwise decrease of the melting point
is observed from PETN to TAPEMN. Every azide exchanged
causes a drop of 50-60°C. The thermal stability of the or-
ganic nitrates is limited by 180°C whereas the tetraazide is
stable up to 218°C.

With a melting point of 82 °C and a detonation velocity
of 8.1 kms™' MAPETN is a high performing melt cast ex-
plosive, but the high sensitivity compared to TNT rules it
out as a drop-in replacement. The tetraazide is capable to
initiate PETN but shows to be liquid above 44°C which
makes it difficult to handle in practice. The calculated per-
formance of the azido derivatives is lower than that of
PETN, because of the lower densities and oxygen balance.
However, the study shows that carbon bonded azides are
possible candidates as new initiating or melt cast ex-
plosives, although in this case, the thermal or mechanical
properties are not sufficient.
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1. Experimental

General: H, 13C, N and **N NMR spectra were recorded on JEOL 270 and BRUKER AMX 400
instruments. The samples were measured at room temperature in standard NMR tubes (@ 5 mm).
Chemical shifts are reported as d values in ppm relative to the residual solvent peaks of [Dg]DMSO
(0 w: 2.50, & ¢: 39.5). Solvent residual signals and chemical shifts for NMR solvents were
referenced against tetramethylsilane (TMS, & = 0 ppm) and nitromethane. Unless stated
otherwise, coupling constants were reported in Hertz (Hz) and for the characterization of the
observed signal multiplicities the following abbreviations were used: s (singlet), m (multiplet) and
br (broad). Mass spectra were recorded on a JEOL MStation JMS700 using the El. Infrared
spectra (IR) were recorded from 4000 cm™ to 400 cm™ on a PERKIN ELMER Spectrum BX-
59343 instrument with a SMITHS DETECTION DuraSamplIR Il Diamond ATR sensor. The
absorption bands are reported in wave-numbers (cm™). Decomposition temperatures were
measured via differential thermal analysis (DTA) with an OZM Research DTA 552-Ex instrument
at a heating rate of 5 K-min and in a range of room temperature to 400 °C. All sensitivities toward
impact (IS) and friction (FS) were determined according to BAM (German: Bundesanstalt fiir
Materialforschung und Priufung) standards using a BAM drop hammer and a BAM friction
apparatus by applying the 1 of 6 method. CAUTION! All investigated azido and nitrate compounds
are potentially explosive materials, although no hazards were observed during preparation and
handling these compounds. Nevertheless, safety precautions (such as wearing leather coat, face
shield, Kevlar sleeves, Kevlar gloves, earthed equipment and ear plugs) should be drawn
especially when manipulating dry material.

Monobromopentaerythritol was synthesized according to literature by bromination of
pentaerythritol. Dibromopentaerythritol and tetrabromopentaerythritol were purchased by Merck,
tribromopentaerythritol was purchased by TCI.

Typical azide exchange TP1

To a solution of the bromide compound (1 eq.) in DMF, sodium azide (monoazide 2 eq., diazide 3
eq., triazide 4 eq, tetraazide 10 eq.) was added. The mixture was heated 10 h at 100 °C. The
completion of the reaction was checked by TLC. Then the solvent was evaporated under reduced
pressure.

2-(Azidomethyl)-2-(hydroxymethyl)propane-1,3-diol (MAPE)

Following TP1, 2-(bromomethyl)-2-(hydroxymethyl)propane-1,3-diol (2.00 g, 10 mmol), DMF
(40 mL), sodium azide (1.30 g, 20 mmol) was used. Water was added to the residue and then the
mixture was extracted with ethyl acetate (15x). The solvent was dried over MgSOasand evaporated.
After removal of DMF under high vacuum monoazidopentaerythritol (1.37 g, 8.5 mmol, 85%) was
yielded. *H NMR (DMSO-ds, 400 MHz, ppm): § =4.41 (t, J = 5.2 Hz, 3H), 3.30 (d, J = 5.2 Hz, 6H),
3.28 (s, 2H). 13C NMR (DMSO-ds, 100 MHz, ppm): & = 60.2, 51.1, 45.8. *N NMR (DMSO-ds, 29
MHz, ppm): & = =133, -278; m/z (ESIY): (anion). FT-IR (ATR): v = 3276 (m), 2935 (m), 2890 (m),
2098 (vs), 1483 (m), 1463 (m), 1380 (m), 1369 (m), 1272 (m), 1252 (m), 1146 (m), 1024 (vs), 952
(m), 916 (m), 892 (m), 876 (m), 778 (M), 647 (s), 594 (s), 555 (s), 501 (M) cm™. EA calcd. for
CsH11N303 (161.16 g/mol™): C 37.26.43, N 26.07, H 6.88%; found: C 37.28, N 24.69, H 6.57%.

2,2-Bis(azidomethyl)propane-1,3-diol (DAPE)

Following TP1, 2,2-Bis(bromomethyl)-1,3-propanediol (2.50 g, 9.5 mmol), DMF (30 mL), sodium
azide (1.85 g, 28.5 mmol) was used. Water was added to the residue and then the mixture was
extracted with ethyl acetate (3x). The solvent was dried over MgSO4 and evaporated to dryness,
yielding diazidopentaerythritol (1.72 g, 9.2 mmol, 91%) as a yellowish liquid. *H NMR (DMSO-ds,
400 MHz, ppm): & = 4.74 (t, J = 5.0 Hz, 2H), 3.29 (s, 4H), 3.27 (d, J = 5.0 Hz, 4H). *C NMR
(DMSO-dg, 100 MHz, ppm): & = 60.2, 51.6, 46.0. FT-IR (ATR): v = 3353 (w), 2166 (w), 2093 (vs),
1656 (m), 1448 (m), 1359 (w), 1274 (m), 1125 (w), 1036 (s), 924 (m), 887 (m), 662 (m), 552 (m),
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479 (m), 423 (m), 413 (m), 409 (m) cm™. EA calcd. for CsH1oNsO, (186.18 g/mol™): C 32.26, N
45.14, H 5.41%; found: C 32.44, N 42.82, H 5.59%; IS: >40 J. FS: 360 N.

3-Azido-2,2-bis(azidomethyl)propan-1-ol (TriAPE)

Following TP1, 3-Bromo-2,2-bis(bromomethyl)-1-propanol (1.25¢g, 3.8 mmol), DMF (12 mL),
sodium azide (0.97 g, 14.8 mmol) was used. Water was added to the residue and then the mixture
was extracted with dichloromethane (3x). The solvent was dried over MgSQO,, filtrated and
evaporated to dryness, yielding triazidopentaerythritol (1.41 g, 6.7 mmol, 87%) as a yellowish
liguid. *H NMR (DMSO-ds, 400 MHz, ppm): 6 = 5.05 (t, J = 4.9 Hz, 1H), 3.33 (s, 6H), 3.27 (d, J =
5.0 Hz, 2H). C NMR (DMSO-ds, 100 MHz, ppm): 6 = 59.9, 51.3, 44.7. FT-IR (ATR): v = 3397
(w), 2937 (w), 2873 (w), 2089 (vs), 1449 (m), 1360 (w), 1284 (s), 1125 (w), 1042 (m), 888 (m),
648 (m), 552 (m), 454 (w), 414 (w) cm™. EA calcd. for CsHgNyO (211.19 g/mol™): C 28.44, N
59.69, H 4.33%); found: C 28.61, N 60.00, H 4.08%; IS: <1 J. FS: 360 N.

Low Temperature DSC of TAPEMN

A

H,O

Exo up

v

T T T L I
-50 -25 0

Temperature [°C]

Figure S1 Low temperature DSC of TAPEMN with the melting point at -24 °C. (Water is
condensed during measurement)
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!H-1N-HMBC NMR spectra of DAPEDN
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Figure S2 Two-dimensional *H-'*N-HMBC NMR spectra of DAPEDN (DMSO-ds, 25 °C): d = -62
(N1), -153 (N2), =192 (N4), =337 ppm (N1).

2. Xray 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-Ka radiation (A = 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-Ka
radiation). The data collection was performed using the CrysAlis RED software.' The solution of
the structure was performed by direct methods and refined by full-matrix least-squares on F2
(SHELXT)" implemented in the OLEX2" 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 SCALE3 ABSPACK multiscan method.” 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.”

Within the synthesis of the final monoazidopentaerythritoltrinitrate, crystal structures of both
intermediates, the monobromide MBPE and the monoazide MAPE were measured.
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Br1

Figure S3 Molecular structure (thermal ellipsoids represent 50% probability) of
monobromopentaerythritol MBPE.

MBPE crystallizes is the monoclinic space group with a cell volume of 1622.83(18) A3 and two
formula units per cell. The cell constants are a=11.7631(7) A, b=11.5732(8) Aand c = 12.6667(6)

A, while the density is 1.629 g cm? at 111 K.

Figure S4 Molecular structure (thermal ellipsoids represent 50% probability) of
monoazidopentaerythritol MAPE.

MAPE crystallizes is the monoclinic space group with a cell volume of 1149.55(13) A3 and two
formula units per cell. The cell constants are a = 19.5775(12) A, b = 9.5024(5) A and ¢ = 8.3850(5)

A, while the density is 1.410 g cm™ at 124 K.
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Table S1 Crystallographic data and structure refinement details for the prepared compounds.

MBPE MAPE MAPETN
Formula CsH11BrOs CsH11N303 CsHsNeOg
FW [g mol™] 199.05 161.17 296.17
Crystal system monoclinic monoclinic orthorhombic
Space group C2/c (No. 15) C2/c (No. 15) Pbcn (No. 60)
Color / Habit colorless colorless colorless
Size [mm] 0.20x 0.20 x 0.50 0.05x0.15x0.48 0.05x0.10x0.20
a[A] 11.7631(7) 19.5775(12) 13.1388(9)
b [A] 11.5732(8) 9.5024(5) 6.6452(4)
c [A] 12.6667(6) 8.3850(5) 13.1663(9)
a[] 90 90 90
B[] 109.763(6) 103.311(6) 90
v [°] 90 90 90
V [A%] 1622.83(18) 1517.98(16) 1149.55(13)
VA 8 8 4
Pcalc. [g cM~?] 1.629 1.410 1.711
b [mm™] 5.009 0.116 0.164
F(000) 800 688 608
Avioka [A] 0.71073 0.71073 0.71073
T [K] 111 124 123
0 Min-Max [°] 2.5,26.4 2.1,26.4 3.1,26.3
Dataset -14: 14 ; -14: 13 ; -15: -23:24:;-11:7; -10: -15: 16 ; -8: 8 ; -16:
15 10 16
Reflections collected 4882 6010 8176
Independent refl. 1660 1555 1183
Rint 0.024 0.033 0.047
Observed reflections 1409 1258 898
Parameters 126 149 133
R; (obs)@ 0.0269 0.0403 0.0372
WR: (all data)™ 0.0632 0.1057 0.0913
S 1.05 1.14 1.07
Resd. dens [e A9 -0.49, 0.47 -0.19, 0.33 -0.15, 0.27
Device type Oxford Xcalibur3 Oxford Xcalibur3 Oxford Xcalibur3
Solution SHELXT SHELXT SHELXT
Refinement SHELXL-2018 SHELXL-2018 SHELXL-2018
Absorption correction multi-scan multi-scan multi-scan
CCDC 2035689 2035690 2035691

BIR; = X|[|Fo|=|Fcll/Z]Fol; PWR2 = [E[w(Fo?~Fc2)?/Z[w(Fo)i]"% w = [oc?(Fo?)+(xP)*+yP]™" and
P=(Fo?+2F:?)/3; €IS = {Z[wW(Fo*>~-Fc?)?)/(n-p)}*2 (n = number of reflections; p = total number of
parameters).
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3. Theoretical Calculations
All calculations were carried out using the Gaussian GO3W (revision B.03) program package."

The enthalpies (H) and free energies (G) were calculated using the complete basis set (CBS)
method of Petersson and coworkers in order to obtain very accurate energies. The CBS models
use the known asymptotic convergence of pair natural orbital expressions to extrapolate from
calculations using a finite basis set to the estimated complete basis set limit. CBS-4 begins with a
HF/3-21G(d) geometry optimization; the zero-point energy is computed at the same level. It then
uses a large basis set SCF calculation as a base energy, and a MP2/6-31+G calculation with a
CBS extrapolation to correct the energy through second order. A MP4(SDQ)/6-31+(d,p)
calculation is used to approximate higher order contributions. In this study we applied the modified
CBS-4M method (M referring to the use of minimal population localization) which is a re-
parametrized version of the original CBS-4 method and also includes some additional empirical
corrections."" The enthalpies of the gas-phase species M were computed according to the
atomization energy method (Eq. 1) (Tables S2-4).V" In the last step the gas-phase heat of
formations were converted to the solid/liquid state ones by subtracting the
vaporization/sublimation enthalpies (calculated using the Trouton rule).

AiH®(g, m, 208) = Hmolecule, 298) — > HC (atoms, 208) + Y AtH (atoms, 208) (1)

Table S2. CBS-4M results
—H%%8 [ a.u.
PETN -1314,965678

MAPETN -1198,954686
DAPEDN -1082,944608
TAPEMN -966,93282

TAPE -850,925082
Table S3. Literature values for atomic AH°?% / kcal mol™
NIST &
H 52.1
C 171.3
N 113.0
O 59.6
Table S4. Gas phase enthalpies of formation, calculated sublimation/vaporization enthalpies
and solid-state heat of formation
M AH°(g) / kJ mol™ AH°(sub/vap) / kJ mol™*  AH°(s) / kJ mol™
PETN -405,8 78,6122 -484,4
MAPETN 8,1 66,7682 -58,7
DAPEDN 419,6 57,3682 362,3
TAPEMN 835,6 40,7835 7949
TAPE 1241,0 61,5042 1179,5
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4. Hot Plate Test

ONO,
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ONO,
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5. Hot Needle Test

ONO,
02N0§CONO2 Dec.
O,NO
ONO,
NB?CONO2 Dec.
O,NO
N3
N3?CON02 Def.
0,NO
N3
M?C N3 Det.
0,NO
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Abstract: In the search for high-performance and environ-
mentally friendly energetic materials, the derivatization of
known materials is an often-applied concept to fulfill modern-
day demands. Surprisingly, the long know pentaerythritol
tetranitrate (PETN) has only been derivatized to a limited
extent. PETN shows a brought application in energetic
materials or pharmaceutics. In this work, the PETN backbone

~

is modified by introducing nitramine, ionic nitramine, amine,
ionic amine and tetrazole functionalities. The obtained and
structurally similar compounds allow good comparability and
insights into functional group effects on sensitivity, thermal
behavior and performance. The functionalizations result in
melting points in the range of 64 to 126 °C. Some compounds
are therefore potential candidates to replace toxic TNT.

Introduction

Since the discovery of nitroglycerin and PETN, organic nitrates
have persisted in energetic materials to this day." The advanta-
geous single-step synthesis from the associated alcohol leads to
compounds with high density, good performance and accept-
able thermal stability.” Not only PETN but also the long-known
compounds Lead azide, RDX/HMX and TNT have also remained
in the industry to this day. Most of those materials used today
show unfavorable properties (e.g., toxicity, high sensitivity,
harmful to the environment) that one would like to eliminate.””!
Replacements should fulfill the demand for thermal properties
(melt castable or heat-resistant explosives), performance and
sensitivity. Furthermore, technological advances and changes in
the industry, such as the use of shock tubes, are changing the
general demand for new materials.”

With growing commitment, computational chemistry is
attempting to enable more targeted synthesis. The prediction
of melting points is also continuously improved. For example, it
has been shown that the square of molar mass is directly
proportional to the melting point of n-alkanes. Non-computa-
tional methods for more complex C,H,N,O halogen compounds
are also available.” However, due to the complex correlations
only some properties can be calculated with meaningful
uncertainty, e.g. the initiation by impact can occur by different
mechanisms, different measurement standards are applied
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worldwide and the deviations and influencing factors are
large® This harms a deeper understanding of the topic.
Fundamental understandings, like shock compression experi-
ments on single crystals, that Prof. Gupta is seeking to obtain
are associated with immense effort.”

In this interdisciplinary field of understanding the connec-
tion between chemical composition and properties, this work
contributes to the comparison of some prominent energetic
groups: nitramine, ionic nitramine, amine, ionic amine, tetrazole
and organic nitrate. Figure 1 shows a selection of research
already done in this field. It is shown that the energetic liquid
PETN derivatives A are less sensitive towards friction than
PETN.®! The polynitramino PETN B synthesized by Shreeve et al.
outperforms PETN due to its superior heat of formation and
lower sensitivity.” A more comparative study was performed on
erythritol tetranitrate derivatives C by Lease and Manner et al.
They were able to show that the mechanical sensitivity
decreases in the order: azido-, nitrato-, nitramino erythritol."”
Melting points in a suitable range for melt-castable substances
were also achieved. In advance of this study, our group has
been working on azidopentaerythritol derivatives D.""

This shows that the introduction of azides lowers the
melting point and increases the mechanical sensitivity. The
group of Chavez et al. synthesized SMX with an ideal melting
point at 85°C-86°C and twice the detonation pressure of
TNT.'? However, the compound is sensitive and thermally not
stable enough to be suitable as a TNT replacement. More
energetic nitrates can be found in the review by Sabatini and
Johnson."™ This includes the most prominent TNT replacement
bis(1,2,4-oxadiazole)bis(methylene) dinitrate."¥ Modification of
one nitratomethyl function of the PETN backbone gives great
comparability of the functional groups introduced. Furthermore,
modification of PETN, with a melting point of 143°C, will lead
to lower melting and melt-castable explosives. The replacement
of toxic TNT and the comparison of energetic functional groups
is the goal of this work. Therefore azido, amino, ionic derivatives
of amino, nitramino, ionic derivatives of nitramino and 1H-
tetrazoles were introduced into the pentaerythritol body (Fig-
ure 2). Formally, in PETN, the C-bonded nitrate oxygen can be

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. Selection of aliphatic energetic materials with various functionalities. (ref1: [8]; ref2: [9]; ref3: [10]; ref4: [12]; ref5: [11].
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Figure 2. Selection of new compounds synthesized in this paper, together
with their interrelationships and properties.

exchanged with an NH group to form the nitramine. Starting
from the azido PETN, HCN can formally be added in a [2+ 3]
cycloaddition to form a methyl-bridged tetrazole. The CH,
group can now be formally removed to obtain a tetrazole
bound to the central carbon.

Chem. Eur. J. 2023, 29, €202204013 (2 of 10)

Results and Discussion
Synthesis

Safety: We have not experienced any incidents or accidental
detonations of the compounds. But with the sensitivities present
(between primary and secondary explosives), caution is advised.
Working with small quantities and protection (kevlar gloves, ear
protection, etc.) is strongly recommended.

New high energetic pentaerythritol tetranitrate derivatives
were synthesized starting from the commercially available
alcohol, pentaerythritol. Bromination yielded monobromopen-
taerythritol as reported."” By a bromine-azide substitution, the
reaction towards monoazidopentaerythritol 1 was performed
similarly as previously reported by our group (Scheme 1).""
Compound 1 can be recrystallized from a mixture of ethyl
acetate and chloroform. It is crucial to have a pure compound
that is completely free of dimethylformamide for the following
hydrogenation. Purification of the higher azides of pentaery-

OH NaN3 (2.0 eq.) OH
HODCBr HO?CM
HO DMF, 105 °C, 14 h HO

1(82%)

Scheme 1. Synthesis of compound 1 starting from monobromopentaerythri-
tol.
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Ha, N; HO NH OH KOH (1.0 eq.)
HO N; 2 N H
HO EtOH HO H NH ————>  Ho R
rt,4h HO H,O, r.t., o.n. HO CO,Et
1 2 (95%)
OH 2 4_prec1 (49%)
Pd/C (10Wt%)  HO N_o O,NO
Hg, air HO f_ OH HNO3, TFAA COEt  Et,0, NHj (gas)
EtOH ’ HODCNHz o qm o O2NO N. e
t 24h OH HO 0°C, 15 min. 0O,NO NO, then HCI
b HO?CNH{ rt,on. 2
HO 4_prec2 (97%)
traces 0.NO 0.NO
2N " N,H, or NH,OH 2N
) )
Scheme 2. Synthesis of compound 2 starting from 1. 0,NO N‘No 4>Et 5 0°C OzNODQ/NZ o
0,NO 2 2 0,NO 2
4 (78%) 4a NyHs* (76%)

thritol is simpler as they are less water soluble and DMF can be
separated much better by washing the organic phase with
water.

Reduction of the azide using minimum amounts of palla-
dium on charcoal (10%, 6 mg/mmol) (recovered and refreshed
after the reaction) made the monoamine of pentaerythritol 2
accessible in quantitative yields as an off-white solid
(Scheme 2). Other than previously reported, purification via the
carbamate was not necessary when working under a nitrogen
and hydrogen atmosphere."® Nevertheless, the carbamate was
discovered as a by-product of early experiments without using
an inert gas (X-Ray Structure in the ESI). We achieved the best
results by hydrogenation in ethanol with a constant flow of
hydrogen over a few hours. The consumption of starting
material was checked hourly by TLC.

Monoaminopentaerythritol trinitrate 3 was obtained in
excellent yields as a yellowish viscous oil after nitration of 2
(Scheme 3). Purification by column chromatography did not
remove the color or changes the physical state. Purification
through the salt formation with hydrochloric acid in isopropa-
nol yield the colorless chlorine salt that, when neutralized, gives
colorless 2. Further derivatization through a different route was
previously done by Hiskey and coworkers, giving the nitrate salt
of monoaminopentaerythritol trinitrate 3a."® We obtained
compound 3a as a colorless solid through the reaction of 3
with diluted nitric acid. Furthermore, the colorless perchlorate
salt 3b was obtained through the reaction of 3 with diluted
perchloric acid (Scheme 3). In air, both compounds decompose
within days, giving NOy fumes.

OH HNO; (100%) ONO,
HO?CNHZ OzNODCNHZ
HO 0°C, 15 min. 0,NO
r.t. 15 min.
2 3 (91%)
HX (2 M) ONO,  3aX=NOj (62%)
S OZNO?CNH ¥ = CIO,- (599
3° 3bX=ClO, (59%
EtOH 0,NO 4" (59%)

Scheme 3. Synthesis of compound 3 and its ionic derivatives 3a and 3b
starting from 2.
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4b NH;OH" - NH,0 (81%)

Scheme 4. Synthesis of compound 4 and its ionic derivatives 4a and 4b
starting from 2.

The reaction of compound 3 to mononitraminopentaery-
thritol trinitrate 4 was challenging (Scheme 4). Direct nitration
with nitric acid, acetyl nitrate or mixed acid did not yield the
required nitramine in one step. The route previously applied by
our group, Shreeve or Manner and coworkers was performed
successfully to yield 4 in 37 % overall yield.®'®'” First the amine
is protected through a reaction with ethyl chloroformate. The
protected amine 4_prec1 was then nitrated using a mixture of
trifluoroacetic anhydride and nitric acid and the protected
nitramine 4_prec2 was obtained as trinitrate. Deprotection with
ammonia and precipitation through acidification in water
yielded nitramine 4 as a colorless solid. The formation of ionic
derivatives of 4 with equimolar amounts of ammonia and
potassium hydroxide® did not yield the desired salts in their
pure form. The hydrazinium salt 4a and the hydroxylammo-
nium salt with one cocrystalline ammonia oxide 4b could only
be obtained by crystallization from ether at 4°C (Scheme 4).
Higher temperatures or protic solvents lead to impure products
and decomposition.

Tetrazole ring closure at the amine of 2 was applied with
Gaponik conditions (Scheme 5)."" The obtained crude 5_prec1

HC(OEt); (1.5 eq.)

1) NaN;(1.2eq.) HO
OH o
HO?CNH AcOH, 85 °C, 3h N=N
1
HO ’ HO NN
) 2) HClI (conc.), 60 °C HO
5_prec1
0,NO AcO
HNO; (99%) ',“:N‘ ,,\]:N‘
0,NO NN . {oNO NN
0°C, 15 min,, O,NO 0O,NO
r.t. 15 min.
5 (41%) 5_acetyl

Scheme 5. Synthesis of compound 5 starting from 2.
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Scheme 6. Synthesis of compound 7 starting from 6. NH; (excess), EtOH HN-NO2 9b NH," (crystal)
NoH4 (1.0 eq) or . o
NH,OH (1.0 eq) 0,NO N- 9¢ NoHs™ (79%)
0,NO NO2 94 NH,OH* (16%)

was directly nitrated in fuming nitric acid. The less polar
product was separated by column chromatography. A mono-
acetylated side product 5_acetyl could be identified by NMR
and X-ray crystallography in reasonable amounts (ESI). To
increase the yield of 5, the crude intermediate 5_prec1 was
heated in concentrated hydrochloric acid to remove the acetyl
group before nitration. Thus, the yield was increased to an
overall 41 % starting from 2.

In advance, literature known compound 6 TRIS-alcohol was
nitrated to its colorless TRIS-trinitrate 7 in moderate yields
(Scheme 6). Isolation of 6 as pure solid showed to be
complicated. Nevertheless, the purity of the starting material
was not important for nitration to pure 7.

Several complexation attempts of compounds 5 and 7
failed. No complexation with copper and manganese, nitrates
or perchlorates was observed. Instead, the ligands crystallized
again.

Attempts to synthesize di- or tri-substituted derivatives
were made. During our work on the dinitramine 9, similar
results were published."™ The synthesis is comparable to 4
(Scheme 4). The diamine 8 was further reacted to compound 9_
prec1. After nitration, the protected dinitramine 9_prec2 is
yielded. Treatment with gaseous ammonia followed by acid-
ification of the aqueous phase led to the precipitation of
dinitraminopentaerythritol dinitrate 9 in very good yields
(Scheme 7). Other than for compound 4, crystal structure
measurement with refinement of 9 was possible. Furthermore,

CO,Et
CICO,Et (2. 0 eq.), HN
?C KOH (2 0eq.)
NH, HO N.
20 rt.,o.n. HO CO,Et
8 9_prec1 (50%)
NO,
EtO,C—N
HNO3; TFAA CO,Et Et,0, NH; (gas)
| _—
° : 0O,NO N
0°C, 15 min. 2 “NO then HCI
rt., o.n. O2NO z

9_prec2 (90%)
HN-NO2

H
0,NO N.

0,NO NO,

9 (85%)

Scheme 7. Synthesis of compound 9 starting from 8.
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Scheme 8. lonic derivatives 9a-d starting from 9.

the reaction pathway is proven by crystal structures of the
starting material 8 and the two intermediates 9_prec1 and 9_
prec2. Tetrazole ring closure of 8 with a similar procedure to
compound 5, resulted in the recovery of the starting material.
Those reactions on diamino alkyl chains are known to show low
yields for uneven chain length.

lonic derivatives of acidic 9 were obtained by reaction with
bases (Scheme 8). The potassium salt 9a precipitates from an
ethanolic solution of 9. With the nitrogen bases ammonia,
hydrazine and hydroxylamine only the mono salts could be
obtained as they crystalize from ethanol. The ammonia salt 9b
could not be isolated, only a crystal structure was obtained
(ESI). The hydrazine 9c and hydroxylamine 9d salts were fully
characterized.

Furthermore, the tri derivatives were investigated
(Scheme 9). Amine 10 was protected with ethyl chloroformate
to yield 11_prec1. The following nitration with trifluoracetic
anhydride yielded 11_prec2 as expected. Several deprotection
attempts towards trinitramine 11 failed. Only an impure yellow
oil that cannot be purified or reacted selectively is obtained.

CO,Et
CICO,Et (3. 0 eq.),
KOH (3 Oeq) EtO,C ;
?CNHz HN N.
H,O, r.t, o.n. HO CO,Et
10 11_prec1 (50%)
O N CO2Et
HNO3; TFAA ON CO,Et Et;0, NH; (gas)
0°C, 15 min Etozc_NDL'l‘ " rennol
, - “NO then HCI
rt,o.n. O,NO 2
11_prec2 (81%)
HN-NO2
O.N
HN}LH
0,NO NO,
1

Scheme 9. Attempt for the synthesis of 11.
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NMR spectroscopy

Investigation through 'H and C was performed on all
compounds (ESI). It can be observed that O-nitration leads to a
characteristic change in chemical shift. The shift of the protons
of the CH, group nearby generally increases from ~3.3 to
~4.6 ppm and for tetrazole containing compounds from 3.9 to
5.3 ppm. The carbon shifts generally from 62 ppm to 71 ppm. In
advance "N NMR of the compounds 4, 5 and 7 were measured,
revealing the chemical shifts of all nitrogen atoms contained
(Figure 3). The nitrogen of all the organic nitrates is at
—50 ppm. The nitramino nitrogens of 4 show at —20 ppm for
the nitro group and —220 ppm for the amine bearing a proton.
The tetrazole nitrogens of 5 and 7 are found between 20 and
—170 ppm. The nitrogen bound to two carbons is shifted
between —150 and —170 ppm, which matches with the shifts

of similar 1-alkyl-substituted tetrazoles.”” The nitrogen bound
to only one carbon atom can be observed at —50 to —60 ppm.
The more shielded nitrogen atoms are at about —25 ppm for
N3 and 10 ppm for N4.

Crystal structures

The mono-substituted PETN derivatives 3a, 3b, 4, 4a, 4b, 5 and
7 as well as the side products 2_CO, and 5_acetyl were
analyzed by low-temperature single crystal diffraction. For the
disubstituted compounds structures of 8, 9_prec1, 9_prec2, 9,
9a and 9b were observed. The structures of 3a, 4b, 5, 7 and 9
are discussed below (Figures 4-9). The structures of 2_CO2, 3b,
4a, 5_acetyl, 9_precl, 9_prec2, 9a and 9b together with all
measurement parameters and refinement data can be found in

N1 N1
0,NO
H
N3 O,NO N\Ng:3 M2
O,NO N2 2
4
e W ) LU v o o Y 4
N1
o,No N3 N4
N4 N=
N3 O,NO N N5

N5 N2 O,NO N2
5 |

N1

ONO,
N3 N1
OZNOyN’NN?)M
N4 O,NO “N
N2 sy
7 ‘ N5 ’\f2 N5
50 0 -50 -100 50  -200 250  -300 -350
ppm (**N)
Figure 3. "N NMR spectra of 4, 5and 7 (Acetone-d6, 1H coupled).
a ILc;nyi; Nitrate Layer ILGyi;
o _
. ’;‘.:';etf lonic Layer ’:I;;aetf L:';';

Figure 4. Scheme caption. Formula unit of 3a. Selected bond length (A):
C1-C4: 1.537(8), C4—07: 1.449(8), O7—N3: 1.384(8), N3—-08:1.195(9), C1-C5:
1.530(8), C5—-N4: 1.478(8), N5-010: 1.252(7). Selected bond angles (°):
C5—-C1-C4: 109.8(5), C1-C4-07: 106.6(5), 07—N3—-08: 118.2(7), C1-C5—-N4:
113.9(5), 010—-N5-011: 122.2(5).

Chem. Eur. J. 2023, 29, e202204013 (5 of 10)

Figure 5. Formula unit of 4b. Selected bond length (A): C1—C4: 1.534(3),
C4-06: 1.451(3), 06—N4: 1.396(2), N4—0O7: 1.200(3), C1—C2: 1.535(3), C2—N1:
1.458(3), N1-N2: 1.264(3), N2—02: 1.312(2), N6—012: 1.417(3), N7-013:
1.421(3). Selected bond angles (°): C2—C1—C4: 106.9(2), C1-C4—06: 106.5(2),
C4-06—N4: 113.2(2), 06-N4—07: 118.5(2), C1—-C2—-N1: 107.9(2), C2-N1-N2:
114.1(2), N1-N2—01: 125.6(2).
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Figure 6. Comparison of bonding and angles of an organic nitrate of PETN,
nitramine (9) and ionic nitramine (4 b) with the resulting Lewis structures
below.

Tetrazole Nitrate Tetrazole Nitrate

Layer

)

Nitrate Layer

Figure 7. Formula unit of 5. Selected bond length (A): C1—C2: 1.5324(1),
C2—01: 14374(1), O1-N1: 14018(1), N1-02: 1.2111(1), C1—C5: 1.5446(1),
C5-N4: 1.4358(1). Selected bond angles [°]: C5—C1—C2: 112.35(1), C1-C2—-01:
106.06(1), C2—01—-N1: 114.99(1), O1-N1-03: 111.61(1), C1—-C5—N4: 114.84(1).

Nitrate Tetrazole Nitrate Nitrate Tetrazole Nitrate
Layer Layer Layer Layer

e

= iy
o
R

Figure 8. Formula unit of 7. Selected bond length [A]: C1—-C3: 1.539(2),
C3—04: 1.440(2), 04—N2: 1.413(2), N2—06: 1.200(2), C1—N4: 1.480(2). Selected
bond angles [°]: N4—C1—C3: 110.6(1), C1-C3—04: 109.9(1), C3—04—N2:
115.1(1), O4-N2—-06: 119.0(1), N5-N4—C1: 120.7(1).

the Supporting Information. Compound 4 crystallizes in color-
less blocks that are suitable for single-crystal diffraction. Due to
the structural similarity of the nitrato and nitramino group, the
molecules are highly disordered and refinement was impos-
sible. Nevertheless, the structure is proven by the follow-up
reactions to the ionic derivatives 4a and 4b. The datasets were
uploaded to the CSD database and can be accessed free of
charge. CSD Deposition numbers: 2232116-2232128.

Chem. Eur. J. 2023, 29, e202204013 (6 of 10)

Layer Structure in C-direction

g
b

Figure 9. Formula unit of 9. Selected bond length [A]: C1—-C3: 1.529(3),
C3—04: 1.455(2), 04—N2: 1.394(2), N2—06: 1.206(2), C1—C5: 1.548(3), C5—N5:
1.455(3), N5—N6: 1.362(2), N6—09: 1.237(3). Selected bond angles [°]:
C1-C3-04: 106.1(2), C1-C4—N3: 113.8(2), C3—04—N2: 113.4(1), 05-N2—-06:
129.2(2), C5-N5-N6: 118.4(2), 09—N6—01.

The nitrate salt 3a crystallizes in the monoclinic space
group P2,/c with eight molecules in the unit cell. A density of
1.660 gcm ™ at 293 K was determined. The four carbon atoms
around the central carbon of the pentaerythritol backbone span
a tetrahedron with a volume of 1.83 A%, The C—C distances for
the nitrato-bound carbons are 1.50-1.55 A. The carbon-oxygen
bonds are 1.45 A long. The organic nitrate nitrogen is not in the
center of the three oxygens. The N—O bond directed to the
carbon-bound oxygen is about 0.20 A longer than the remain-
ing, 1.20 A long. The bond between the ammonium function-
ality and carbon is 1.49 A, longer than the nitrates are bound to
carbon. The planar nitrate shows symmetrically distributed
binding with an N—O bond length of 1.25 A. The O—N—O angles
are between 117° and 122° slightly off the ideal 120° because
of attractive interactions with the ammonium proton. The
three-dimensional structure viewed along the b-axis reveals
ionic layers where the ammonium and nitrate are fixed by O—H
interactions. Those layers alternate with layers fixed through
nitrate-nitrate interactions (Figure 4).

The hydroxylammonium salt of mononitraminopentaerythri-
tol trinitrate 4b crystallizes with one molecule of ammonia
oxide, in the triclinic space group P—1. The density is
1.687 gcm™ at 100 K with four molecules in the unit cell. The
tetrahedron in the center has a volume of 1.84 A%. The bond
length and angles of the carbon backbone and nitrate
functionalities are comparable to compound 3a. The C—N bond
of the nitramine is shorter than that of the ammonium
functionality in 3a with a length of 1.46 A close to the C—O
bonds. In contrast to the nitrato group the nitrogen in the
center of the planar nitramino group is well-centered with N-O
or N-N bond lengths of 1.26-1.31 A. The bond distances in the
hydroxylammonium cation and the ammonia oxide are com-
parable with a length of 142 A. In the three-dimensional
structure again alternating layers can be observed when view-
ing along the b-axis. An ionic layer with the deprotonated
nitramine and the cationic and neutral hydroxylamine is found.
This layer is again alternating with layers of organic nitrates
(Figure 5).
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Since the electronic situation of several substituents is
similar (-ONO,, -NH—-NO,, —-N—NO.), we featured a comparison
of those including the crystallographic key properties. In
Figure 6 an organic nitrate of PETN, a nitramino group of 9 and
an ionic nitramine of 4b were analyzed and compared. The
bond distance shortens from the nitrate (1.45A) to the
nitramine (1.34 A) to the anionic nitramine (1.28 A). The central
nitrogen initially shifted to the nitro group and moves further
to the center (red dot). Consequently, the outer O—N—O angle
changes and becomes smaller from 129.8° to 118.4°. The Lewis
structures below clearly show that the N-N bond of the ionic
nitramine has a double bond character and therefore must be
shorter, which is proven here through the comparison of the
bond lengths.

The N-tetrazole derivative of PETN 5 crystallizes in the
triclinic space group P—1 with two molecules in the unit cell.
The density at 123 K is 1.695 gcm . The tetrahedron volume is
1.84-1.85 A%. The angles and bond length of the nitrato bearing
arms are comparable to the previous structures. The distance of
N4 of the tetrazole to the pentaerythritol carbon is 1.44 A and
therefore shorter than the introduced functionality in 3a and
4b. The three-dimensional structure reveals a more rigid
structure. Alternating layers can be observed along the ag-axis.
Nitrato-nitrato interactions are part of one layer and tetrazole
N—H interactions are part of the other layer (Figure 7).

The trinitrate of the TRIS-tetrazole backbone 7 crystallizes in
the monoclinic space group P2,/n with four molecules in the
unit cell. With a density of 1.764 gcm™ at 110 K, 7 shows the
highest density of all investigated derivatives. The tetrahedron
spanned by the tris-backbone has a volume of 1.80 A%. Thus,
the tetrahedron is smaller than that of all other derivatives. The
angles and bond length of the nitratomethyl groups are
comparable to the previously discussed. The bond distance of
the central carbon to the tetrazole is 1.48 A and therefore
longer than the C—N bond in 5. The three-dimensional
structure, viewed along the b-axis, reveals a similar layer type to
5. The nitrate layer is dominated by O—H interactions whereas

the tetrazole nitrate layer is dominated by N—H interactions
(Figure 8).

Dinitraminopentaerythritol dinitrate 9 crystallizes in the
monoclinic space group P2,/n with four molecules in the unit
cell. The density of 1.790 gcm™ at 123K is higher than the
density of the mono derivatives. The inner tetrahedron shows a
volume of 1.87 A, the largest of all compounds. The carbon
nitramin bond is 1.46 A long and comparable to the C-nitrato or
C-tetrazole distances. When a grown supercell is viewed along
the b-axis, alternating zic-zac layers can be identified. The whole
structure is dominated by CH-O and NH—O hydrogen bonding
(Figure 9).

Physico chemical properties

The energetic properties and detonation parameters of com-
pounds 3, 3a, 3b, 4, 4a, 4b, 5, 7, 9, 9a, 9c and 9d are
presented in Table 1. All energetic products were analyzed by
differential thermal analysis (DTA) with a heating rate of
5Kmin~'. The onset temperatures for endothermic and exo-
thermic peaks were determined and are shown in Figure 10. For
compounds 4, 5 and 7 the melting and recrystallization of the
melt were proven by optical observation. Pure PETN melts at
143°C and decomposes shortly thereafter at 180°C. For a melt
cast energetic, it is important to achieve a melting range that
can be reached with hot or boiling water possibly under
pressure (80-120°C). Furthermore, the decomposition point
should be as far away as possible from the melting point to
ensure safe processing. Since organic nitrates usually decom-
pose around 180°C (onset) and, on closer inspection, often
earlier, the distance between melting and decomposition is the
critical factor here.

Compounds 4, 5 and 7 are therefore particularly suitable as
melt-castable energetic materials. Compound 4 melts early at
64°C and decomposes (106 °C higher) at 170°C. Compound 5
has a significantly higher melting point of 106°C and decom-
position is 74°C later at 180°C. Nitratotetrazole 7 shows an

Table 1. Energetic properties and detonation parameters of MAPETN, 3, 3a, 3b, 4, 4a, 4b, 5, 7, 9 compared to PETN.

IS (1@ FS [N]"™ plgem™1¢ Q [%]Y Tendo /Texo [°C1 AH° [kJ mol™'1® P¢, [kbar]® Viger [ms™1™ TNT equiv.
TNT >15 >360 1.648 —24.7 81/289 —56 183 6785 1.01
MAPETN 2 36 1.667 0.0 82/180 -59 278 8092 1.57
3 7.5 >360 - -59 89/153 - - - -
3a 3 120 1.659 7.2 145/145 —423 287 8163 1.68
3b - - 1.792 10.8 —/146 —383 317 8484 1.77
4 10 > 360 1.7297 7.6 64/170 —339 305 8283 1.56
4a 3 120 1.637 -23 —/100 —48 293 8363 1.88
4b 4 45 1.709 2.1 73/73 - - - -
5 2 160 1.652 0.0 106/180 —48 252 7847 1.44
7 2 80 1716 26 92/163 -3 292 8258 1.52
9 3 128 1.744 0.0 126/134 —254 302 8352 153
9a 3 > 360 1.856 4.1 —/135 = = - B
9¢ 3 160 - 13.7 —/108 - - - -
9d 15 360 - —3.2 120/125 - - - -
PETN 3-4 54 1.778 -10.1 143/180 —484 313 8471 1.64

[a] Impact sensitivity (BAM drophammer (1 of 6)). [b] Friction sensitivity (BAM friction tester (1 of 6)). [c] From X-ray diffraction analysis recalculated to 298 K.
[d] Oxygen balance with respect to CO. [e] Melting/Decomposition temperature (DTA; f=>5°Cmin™"). [f] Calculated enthalpy of formation (ExpPL05-V6.05.04
code). [g] Detonation pressure at Chapman-Jouguet point (ExpLo5-V6.05.04 code). [h] Detonation velocity. [i] TNT equiv. based on the Power Index.
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Figure 10. Differential thermal analysis of derivatives compared to PETN and
monoazidopentaerythritol trinitrate."""

ideal melting point at 92°C and decomposition at 71°C later.
Interestingly compound 9 decomposes right after melting at
126°C-134°C.The formation of ionic derivatives as well as
having a nucleophilic amino group lowers the thermal stability
and leads to early decompositions below 150 °C.

The detonation parameters were calculated using the
ExPLO5-V6.05.04 code. The densities were taken from the crystal
structures and simply calculated to room temperature densities.
The density of compound 7 is measured pycnometrically. The
heat of formation is calculated from Gaussian CBS-4 M
enthalpies using the atomization method (ESI). The melt cast
candidates 4, 5 and 7 outperform TNT by 1.0-1.5 kms™". The
high densities of 4 and 7 cause them to be more powerful with
a detonation velocity of 8.3 kms™', whereas 5 still shows a good
detonation velocity of 7.8 kms™'. The detonation pressures are
at 25-31 GPa and correspond to the detonation velocities. The
ionic derivatives show properties in the same area, with the
perchlorate salt 3b as the most powerful compound. With a
velocity of 8.5kms™ and a pressure of 31.7 GPa, it appears
more powerful than PETN. TNT equivalents, based on the power
index, were calculated from the heat of detonation and the
volumes of gas at STP. All calculated compounds outperform
TNT by 1.44 to 1.88 times. With the melt cast candidates being
close to the power of PETN.

Conclusion
The PETN backbone was modified by several functionalities
revealing the influences on thermal, energetic and chemical

properties. Mononitramino PETN 4 shows to be remarkably less

Chem. Eur. J. 2023, 29, e202204013 (8 of 10)

sensitive while the thermal stability and performance are largely
maintained compared to PETN. Introducing tetrazoles to the
PETN backbone, caused the resulting tristetrazole PETN 5 and
tetrazole PETN 7 to be less friction sensitive. The formal addition
of HCN on the azide of sensitive monoazido PETN causes the
resulting tetrazole 5 to be less friction sensitive and shifts the
melting point to 26°C higher. Compounds 4, 5 and 7 are
candidates to replace TNT. However, compound 4 shows a low
melting point and 5 and 7 are impact sensitive. Due to the low
water solubility, the good sensitivity parameters and the high-
performance mononitramino PETN 4 is particularly outstanding.
Although their synthesis appears to be too complex, this study
shows that methyl-bridged nitramine and tetrazoles should be
considered for the synthesis of new melt cast energetic
material. The introduction of the amine-like 3 or ionic groups
like 3a, 3b, 4a, 4b, 9a, 9b, 9c and 9d has been shown to
decrease the thermal properties but sometimes improve
energetic properties.

Experimental Section

Compound 3: Compound 2 (500 mg, 3.70 mmol) was added in
portions to HNO; (100%, 4 mL) at 0°C-5°C. The resulting mixture
was stirred at this temperature for 15 min., then was allowed to
warm to r.t. After 15 min the reaction mixture was poured on ice-
water and neutralized with NaHCO,. The solution was extracted
with EtOAc (3x 100 mL), the combined organic phases were dried
over Na,SO, and the solvent was removed under reduced pressure,
to provide amine 3 (560 mg, 2.08 mmol, 56 %) as a yellowish paste.
DTA (5°Cmin™"): 89°C (melt.), 153°C (dec.), Sensitivities: BAM drop
hammer: 7.5 J, BAM friction tester: 360 N, IR (ATR): v,,, [cm 1=
2935 (w), 1630 (s), 1471 (m), 1374 (m), 1333 (m), 1272 (vs), 1259 (s),
1092 (m), 980 (s), 929 (m), 851 (vs), 826 (s), 753 (s), 725 (s), 715 (s),
613 (s), 591 (s), 557 (m), 418 (s), 411 (s), EA (CsH,oN,O,,
270.15 gmol™): calc.: C 22.23, N 20.74, H 3.73%; found: C 22.63, N
20.18, H 3.75%, '"H NMR (400 MHz, Methanol-d,): 6 (ppm)=4.67 (s,
6H), 2.91 (s, 2H), *C NMR (101 MHz, Methanol-d,): 6 (ppm)=70.8,
51.1,43.0.

Compound 4: Amine 3 (5.28 g, 39.1 mmol, 1.0 equiv.) was dissolved
in H,0 (100 mL). Then half of the ethyl chloroformate (3.72 mL,
39.1 mmol, 1.0 equiv.) was added dropwise to the solution at 0°C.
Afterwards, KOH (2.19 g, 39.1 mmol, 1.0 equiv.) was dissolved in
H,O (120 mL). The potassium hydroxide solution and the remaining
ethyl chloroformate were then added dropwise in an alternating
manner. The solution was stirred overnight at room temperature.
The solvent was removed by a rotation evaporator and a white
residue was obtained. This residue was then extracted with EtOH
(50 mL) (formed KCl is not soluble). The EtOH then was removed
under reduced pressure and compound 4_prec1 was obtained as a
white solid (3.98 g, 19.2 mmol, 49%). '"H NMR (400 MHz, DMSO-d;):
0 (ppm)=6.74 (t, J=6.1 Hz, 1H), 4.27 (t, J=5.4 Hz, 3H), 3.98 (q, J=
7.1 Hz, 2H), 3.29 (d, J=4.9 Hz, 6H), 2.99 (d, /=6.2 Hz, 2H), 1.15 (t,
J=17.1Hz, 3H); *C NMR (101 MHz, DMSO-d,): 6 (ppm)=157.2, 61.0,
59.9, 45.1, 40.9, 14.6. Then fuming HNO; (99%, 12 mL) was added
slowly to TFAA (24 mL) at 5°C. Compound 4_precl (0.93 mg,
4.50 mmol) was added in portions at 5-10°C. The yellow solution
was then stirred at room temperature overnight. The either orange
or clear solution was then added onto ice (50 mL) and extracted
with DCM (3 x50 ml). The organic phase was then washed with sat.
NaHCO; solution (3x100 ml) and with brine (1x100 mL). After
drying over Na,SO, the solvent was removed under reduced
pressure. Yellowish-white solid 4_prec2 was obtained (1.36g,
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3.51 mmol, 78%). 'H NMR (400 MHz, DMSO-d,): & (ppm)=4.67 (s,
6H), 441 (s, 2H), 431 (q, J =7.1 Hz 2H), 1.28 (t, J =7.1 Hz, 3H);
3C NMR (101 MHz, DMSO-d,): & (ppm) = 150.7,71.0, 65.2, 49.0, 42.2,
13.6. Then compound (4_prec2) (1.71 g, 3.74 mmol, 1.0 equiv.) was
dissolved in Et,O (50 mL). Afterwards, NH;-gas was passed into the
solution for 20 min. Then the suspension was extracted with water
(3%25 mL). The aqueous phase was acidified carefully with HCI
(2 M). The solution was extracted with EtOAc (3x25mL). The
organic phase was dried over Na,SO,, filtered and the solvent was
removed. Compound 4 was obtained as a white solid (676 mg,
2.14 mmol, 78%). DTA (5°C min™"): 64 (melt), 170°C (dec.);
Sensitivities (<500 um, crystalline material): BAM drop hammer:
10 J; BAM friction tester: >360 N; IR (ATR): v,,,, [cm'1=3318 (w),
2903 (w), 1631 (vs), 1590 (s), 1393 (m), 1322 (s), 1265 (vs), 1023 (s),
994 (s), 839 (vs), 752 (s), 702 (s), 622 (s), 526 (s); EA (CsHoNsO,,,
315.15 gmol™): calc.: C 19.06, N 22.22, H 2.88%; found: C 19.31, N
21.95, H 2.73%; 'H NMR (400 MHz, DMSO-d,): & (ppm)=12.32 (s,
1H), 4.61 (s, 6H), 3.78 (s, 2H);*CNMR (101 MHz, DMSO-d,): ¢
(ppm)=71.0, 44.1, 41.9; "N NMR (41 MHz, Acetone-d,): 0 (ppm)=
—27.2, —45.0, —215.7.

Compound 5: Amine 3 (1.00g, 7.39 mmol, 1.0 equiv.), NaN,
(578 mg, 8.89 mmol, 1.2 equiv.) and triethyl orthoformate (1.84 mL,
11.07 mmol, 1.5 equiv.) were added together and then heated at
40°C. Dropwise AcOH (4 mL) was added and the solution was
heated at 85°C for 3 h. Afterwards conc. HCl (0.75 mL, 9.00 mmol,
1.2 equiv.) was added slowly. The obtained suspension was filtered
off, and conc. HCI (10 mL) was added to the filtrate. After heating at
60°C for 30 min. the solvent was removed under vacuum to obtain
5_precl. '"H NMR (400 MHz, DMSO-d,): 6 (ppm)=9.21 (s, 1H), 4.41
(s, 2H), 3.26 (s, 6H), *C NMR (101 MHz, DMSO-d,): 6 (ppm) = 145.6,
60.4, 46.2, 45.7. This crude material was added in portions to HNO,
(99%, 8 mL) at 0°C-5°C. The resulting mixture was stirred at 0°C
for 15 min., was allowed to warm to r.t. and stirred for another
15 min. Then the reaction mixture was poured on ice-water and
neutralized with NaHCO;. After extraction with EtOAc (3x50 mL),
the combined organic phases were dried over Na,SO, and the
solvent was removed under reduced pressure. The resulting crude
was then purified via column chromatography (i-Hex/EtOAc, 1:1) to
afford colorless solid 5 (974 mg, 3.01 mmol, 41%). DTA (5°C min™"):
106°C (melt.), 180°C (dec.), Sensitivities: BAM drop hammer: 2 J;
BAM friction tester: 160 N, IR (ATR): v, [cm~'1=3154 (w), 3026
(vw), 2992 (vw), 2904 (w), 1626 (vs), 1467 (m), 1389 (w), 1275 (vs),
1171 (m), 1124 (w), 1096 (m), 1036 (m), 1007 (s), 985 (m), 962 (w),
856 (vs), 773 (m), 753 (s), 729 (m), 709 (s), 696 (m), 661 (m), 631 (m),
623 (m), 454 (m), EA (C¢HgN,O,, 323.18 gmol ) calc.: C 2230, N
3034, H 2.81%; found: C 2232, N 30.08, H 2.73%, 'HNMR
(400 MHz, DMSO-d,): & (ppm)=9.53 (s, 1H), 4.82 (s, 2H), 4.66 (s,
6H); “CNMR (101 MHz, DMSO-d,): 6=1455, 70.6, 46.9, 41.3;
>N NMR (41 MHz, Acetone): 6 (ppm)=11.0 (d, J=3.1 Hz), —16.6
(s), —50.0 (t, J=1.9 Hz), —54.9 (d, J/=12.2 Hz), —156.7 (d, J=9.7 Hz).

Compound 7: Compound 6 (1.00g, 5.74 mmol) was added in
portions to HNO; (99%, 8 mL) at 0°C-5°C. The resulting mixture
was stirred at 0°C for 15 min., was allowed to warm to ambient
temperature and stirred for another 15 min. Then the reaction
mixture was poured on ice-water and neutralized with NaHCO,.
After extraction with EtOAc (3x50 mL), the combined organic
phases were dried over Na,SO, and the solvent was removed under
reduced pressure leaving colorless crystalline 7 (1.10 g, 3.56 mmol,
62%). DTA (5°C min™"): 92°C (melt.), 163°C (dec.), Sensitivities:
BAM drop hammer: 2 J; BAM friction tester: 80 N, IR (ATR): V.
[em~'1=3123 (w), 3026 (w), 2922 (w), 1641 (vs), 1380 (m), 1296 (m),
1280 (vs), 1259 (s), 1093 (m), 1035 (s), 1021 (s), 977 (m), 866 (s), 836
(vs), 751 (s), 740 (s), 725 (s), 714 (s), 624 (s), 557 (m); EA (CsH,N,0,,
309.15 gmol™): calc.: C 19,43, N 31.72, H 2.28 %; found: C 19.79, N
30.40, H 2.45%, 'H NMR (400 MHz, Acetone-d,): & (ppm)=9.68 (s,
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1H), 5.47 (s, 6H); *C NMR (101 MHz, Acetone-d,): 5 (ppm)=143.6,
69.9, 62.4; "N NMR (41 MHz, Acetone-dy): 6 (ppm)=13.3, —184,
—49.0, —50.7, —145.1.

CCDC

Deposition Number(s) 2236739 (for 2_CO,), 2232124 (for 3a),
2232126 (for 3b), 2232127 (for 4a), 2232121 (for 4b), 2232120 (for
5), 2232116 (for 5_acetyl), 2232122 (for 7), 2232125 (for 8), 2232123
(for 9), 2232117 (for 9_prec1), 2232118 (for 9_prec2), 2232128 (for
9a), 2232119 (for 9b) contain(s) the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by the joint Cambridge Crystallographic Data Centre and Fachinfor-
mationszentrum Karlsruhe Access Structures service.
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1. Experimental part and general procedures

1H, 13C, 1N and **N NMR spectra were recorded on BRUKER AMX 400 instruments. Chemical
shifts are referenced with respect to tetramethylsilane (*H/**C) and nitromethane (**N/**N).
Infrared spectra (IR) were recorded in the region 4000-400 cm™ on a PERKIN ELMER
Spectrum BX-59343 instrument with a SMITHS DETECTION DuraSamplIR Il Diamond ATR
sensor. The absorption bands are reported in wavenumbers (cm™). Decomposition
temperatures were measured via differential thermal analysis (DTA) with an OZM Research
DTA 552-Ex instrument at a heating rate of 5 °C/min and in a range of room temperature to
400 °C. All sensitivities toward impact (IS) and friction (FS) were determined according to BAM
(Bundesanstalt fur Materialforschung und Prifung) standards using a BAM drop hammer and
a BAM friction apparatus by applying the 1 of 6 method.? Energetic properties have been
calculated with the EXPLO 5 6.04 computer? code using the RT converted X-ray density or the
densities measured with a gas pycnometer at 298 K and calculated solid state heats of

formation.

Safety: We have not experienced any incidents or accidental detonations of the compounds.
But with the sensitivities present (between primary and secondary explosives), caution is
advised. Working with small quantities and protection (kevler gloves, ear protection) is

recommended.

Compound 1

OH
HO?CN;»,
HO

To a solution of monobromopentaerythritol* (10.0 g, 50.2 mmol, 1.0 eq.) in DMF
(150 mL), NaNs (6.53 g, 100 mmol, 2.0 eq.) was added and the reaction mixture was
stirred overnight at 105 °C. The reaction process was checked by TLC. The solvent
was removed under reduced pressure (80 °C, 10 mbar) and the residue was extracted
with EtOAc (10 x 100 mL). The combined organic phases were dried over Na2SO4 and
the solvent was removed under reduced pressure. The obtained yellow crude solid
was recrystallized from chloroform/EtOAc (3:2) to yield colorless azide 1 (6.64 g,
41.2 mmol, 82%).
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Full characterization by Klapotke et al.*

IR (ATR): Vmax [cm™] = 3258 (m), 2967 (m), 2935 (m), 2889 (m), 2099 (s), 1483 (m),
1463 (m), 1369 (m), 1272 (m), 1252 (m), 1146 (m), 1025 (vs), 951 (m), 915 (m), 893
(m), 876 (m), 647 (s), 596 (s), 555 (s), 501 (m); *H NMR (400 MHz, DMSO-
de): d (ppm) = 4.41 (t, J = 5.2 Hz, 3H), 3.30 (d, J = 5.2 Hz, 6H), 3.28 (s, 2H).

Compound 2

OH
HODCNHZ
HO

Compound 1 (2.01 g, 12.4 mmol, 1.0 eq.) was dissolved in EtOH (150 mL) and the
solution was degassed with N2. Pd/C (10 wt.%, 75 mg) was added under N2-
atmopsphere then Hz was bubbled through the solution. (Caution: fine powdered and
dry Pd/C can ignite in air). The reaction mixture was stirred at r.t. for 4 h then filtered
over diatomaceous earth and the solvent was removed under reduced pressure to

yield colorless amine 2 (1.60 g, 11.8 mmol, 95%).

IR (ATR): Vmax [cm™] = 3303 (m), 2932 (m), 2875 (m), 1658 (w), 1588 (m), 1469 (m),
1452 (m), 1372 (s), 1274 (m), 1089 (m), 1063 (m), 1021 (vs), 984 (vs), 880 (m), 867
(m), 819 (s), 787 (s), 641 (s), 560 (s), 417 (s); EA (CsH13NOs, 135.16 g mol?): calc.:
C 44.43, N 10.36, H 9.69%; found: (hydroscopic); *H NMR (400 MHz, Methanol-da4):
d (ppm) = 3.55 (s, 6H), 2.73 (s, 2H); **C NMR (101 MHz, Methanol-da4): & (ppm) =
63.8, 45.7, 43.7; HRMS (ESI) m/z: [M — H*], Calcd. for CsH14NO3 136.08954; Found:
136.09680.
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Compound 3

ONO,
ozNODCNH2
0,NO

Compound 2 (500 mg, 3.70 mmol) was added in portions to HNO3s (100%, 4 mL) at
0 °C -5 °C. The resulting mixture was stirred at this temperature for 15 min., then was
allowed to warm to r.t. After 15 min the reaction mixture was poured on ice-water and
neutralized with NaHCOs. The solution was extracted with EtOAc (3 x 100 mL), the
combined organic phases were dried over Na2SO4 and the solvent was removed under
reduced pressure, to provide offwhite amine 3 (560 mg, 2.08 mmol, 56%) as a

yellowish paste.

DTA (5 °C mint): 89 °C (melt.), 153 °C (dec.); Sensitivities: BAM drop hammer:
7.5 J, BAM friction tester: 360 N; IR (ATR): Vmax [cm™] = 2935 (w), 1630 (s), 1471 (m),
1374 (m), 1333 (m), 1272 (vs), 1259 (s), 1092 (m), 980 (s), 929 (m), 851 (vs), 826 (s),
753 (s), 725 (s), 715 (s), 613 (s), 591 (s), 557 (m), 418 (s), 411 (s), EA (CsH10N4O,
270.15 g mol?): calc.: C 22.23, N 20.74, H 3.73%; found: C 22.63, N 20.18, H 3.75%,
'H NMR (400 MHz, Methanol-ds): & (ppm) = 4.62 (s, 6H), 2.86 (s, 2H), 13C NMR
(101 MHz, Methanol-da4): & (ppm) = 72.2, 43.9, 42.2.

Compound 3a

ONO,

0,NO *NHj
©

0,NO N,

Compound 3 (503 mg, 1.86 mmol, 1.0 eq.) was dissolved in EtOH (15 mL) and HNOs
(2m,0.770 mL, 1.53 mmol, 1.1 eq.) was added dropwise. The solvent was evaporated

until nitrate salt 3a (383 mg, 1.15 mmol, 62%) crystallizes as colorless blocks.

Compound 3a has already been synthesized through a different method by Hiskey et.

al.5: Melting with decomposition: 143 °C; Impact Sensitivity (Method: Hso, Device: ERL
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type 12, recalculated with m = 2.5 kg and g = 10 m s): 7 J for 3a compared to 3 J for
PETN.

DTA (5 °C min): 145 °C (dec.); Sensitivities (< 500 um, crystalline material): BAM
drop hammer: 3 J; BAM friction tester: 120 N; IR (ATR): Vmax [cm™] = 2933 (w), 1633
(s), 1531 (m), 1473 (m), 1465 (m), 1411 (m), 1394 (m), 1375 (m), 1305 (s), 1269 (vs),
1110 (w), 1024 (s), 996 (s), 848 (vs), 824 (vs), 753 (s), 740 (s), 706 (s), 690 (m), 620
(s), 595 (m); EA (CsH11NsO12, 333.17 g mol?): calc.: C 18.03, N 21.02, H 3.33%;
found: C 18.32, N 20.78, H 3.23%; *H NMR (400 MHz, DMSO-ds): d (ppm) = 8.07 (s,
3H), 4.65 (s, 6H), 3.11 (s, 2H); 13C NMR (101 MHz, DMSO-de): & (ppm) = 70.2, 39.6,
38.8.

Compound 3b

ONO,
OZNODCNHg,
0,NO o

ClO;

Compound 3 (504 mg, 1.87 mmol, 1.00 eq.) was dissolved in hot HCIO4 (2m, 0.93 ml, 1.87
mmol, 1.00 eq.). The solvent was evaporated until perchlorate salt 3b (409 mg,

1.15 mmol, 59%) crystallizes as colorless blocks.

DTA (5 °C min): 146 °C (dec); IR (ATR): vmax [cm™] = 3266 (w), 3237 (w), 3094 (w),
1667 (m), 1651 (s) ,1632 (s), 1500 (m), 1477 (m), 1279 (vs), 1119 (m), 1103 (s), 1071
(vs), 1029 (s), 1006 (s), 981 (s), 887 (s), 870 (s), 856 (s), 832 (vs), 805 (s), 754 (s), 730
(m), 716 (s), 677 (m), 621 (s), 608 (s); EA (CsH11CIN4O13, 370.61 g mol?): calc.:
C 16.20, N 21.12, H 2.99%; found: C 16.23, N 15.12, H 3.06%; *H NMR (400 MHz,
DMSO-ds): d (ppm) = 7.99 (s, 3H), 4.65 (s, 6H), 3.10 (s, 2H); 3C NMR (101 MHz,
DMSO-ds): & (ppm) = 70.2, 39.6, 38.9.
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Compound 4 and Intermediates 4 _precl and 4 _prec2

HO O,NO O,NO
N O,NO NlCO2Et O,NO H
HO N 2 ~ 2 ~
HO CO,Et 0,NO NO- 0,NO
4 preci 4 prec2 4

Amine 3 (5.28 g, 39.1 mmol, 1.0 eq.) was dissolved in H20 (100 ml). Then half of ethyl
chloroformate (3.72 ml, 39.1 mmol, 1.0 eq) was added dropwise to the solution at 0 °C.
Afterwards KOH (2.19 g, 39.1 mmol, 1.0 eq.) was dissolved in H20 (120 ml). The
potassium hydroxide solution and the remaining ethyl chloroformate were then added
dropwise in an alternating manner. The solution was stirred over night at room
temperature. The solvent was removed under vacuum and a white residue was
obtained. This residue was then extracted with EtOH (50 ml) (formed KCI is not
soluble). The EtOH then was removed under reduced pressure and compound

4 precl was obtained as a white solid (3.98 g, 19.2 mmol, 49%).

IH NMR (400 MHz, DMSO-ds): & (ppm) = 6.74 (t, J = 6.1 Hz, 1H), 4.27 (t, J = 5.4 Hz,
3H), 3.98 (q, J = 7.1 Hz, 2H), 3.29 (d, J = 4.9 Hz, 6H), 2.99 (d, J = 6.2 Hz, 2H), 1.15 (t,
J = 7.1 Hz, 3H); 3C NMR (101 MHz, DMSO-de): & (ppm) = 157.2, 61.0, 59.9, 45.1,
40.9, 14.6.

Then fuming HNO3 (99%, 12 ml) was added slowly to TFAA (24 ml) at 5 °C. Compound
4 precl (0.93 mg, 4.50 mmol) was added in portions at 5-10 °C. The yellow solution
was then stirred at room temperature overnight. The either orange or clear solution
was then added onto ice (50 ml) and extracted with DCM (3 x 50 ml). The organic
phase was then washed with sat. NaHCO3 solution (3 x 100 ml) and with brine (1x
100 ml). After drying over Na2SOa4 the solvent was removed under reduced pressure.
Yellowish solid 4_prec2 was obtained (1.69 g, 4.37 mmol, 97%).

1H NMR (400 MHz, DMSO-ds): & (ppm) = 4.67 (s, 6H), 4.41 (s, 2H), 4.31 (q, J =7.1 Hz
2H), 1.28 (t, J =7.1 Hz, 3H); 13C NMR (101 MHz, DMSO-de): & (ppm) = 150.7, 71.0,
65.2, 49.0, 42.2, 13.6.
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Then compound 4_prec2 (1.71 g, 3.74 mmol, 1.0 eq.) was dissolved in Et2O (50 ml).
Afterwards NHs-gas was passed into the solution for 20 min. Then the suspension was
extracted with water (3x 25 ml). The agueous phase was acidified carefully with HCI
(2m). The solution was extracted with EtOAc (3x 25 ml). The organic phase was dried
with Na2S0O4, filtered and the solvent was removed. Compound 4 was obtained as a
white solid (676 mg, 2.14 mmol, 78%).

DTA (5 °C min): 64 °C (melt.), 170 °C (dec.); Sensitivities (<500 um, crystalline
material): BAM drop hammer: 10 J; BAM friction tester: >360 N; IR (ATR): Vmax [cm"
1= 3318 (w), 2903 (w), 1631 (vs), 1590 (s), 1393 (m), 1322 (s), 1265 (vs), 1023 (s),
994 (s), 839 (vs), 752 (s), 702 (s), 622 (s), 526 (s); EA (CsHoNsO11, 315.15 g mol?):
calc.: C 19.06, N 22.22, H 2.88%); found: C 19.31, N 21.952, H 2.73%; 'H NMR (400
MHz, DMSO): 5 =12.32 (s, 1H), 4.61 (s, 6H), 3.78 (s, 2H); 1*C NMR (101 MHz, DMSO):
0=171.0,44.1,41.9; S'N NMR (41 MHz, Acetone): & = -27.19, -45.02, -215.74.

Compound 4a

0,NO
®N2H5

0,NO NT

0,NO NO;

Compound 4 (400 mg, 1.27 mmol, 1.0 eq.) was dissolved in Et2O (20 mL) and
hydrazine monohydrate (62.0 pL, 1.27 mmol, 1.0 eq.) was added. The immediately
formed precipitate was filtered off to obtain hydrazinium salt 4a (337 mg, 0.97 mmol,

76%) as a colorless solid.

DTA (5 °C min): 100 °C (dec); Sensitivities: BAM drop hammer: 3 J; BAM friction
tester: 120 N; IR (ATR): Vmax [cm™] = 2911 (w), 2629 (w), 1634 (vs), 1535 (w), 1443
(m), 1424 (m), 1402 (m), 1380 (m), 1270 (vs), 1260 (vs), 1181 (m), 1096 (m), 1026
(m), 995 (s), 935 (m), 852 (vs), 753 (s), 738 (s), 707 (s), 687 (m), 659 (M), 621 (M),
549 (w), 465 (m), EA (CsH13N7011, 347.20 g mol?): calc.: C 17.30, N 28.24, H 3.77%;
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found: C 17.62, N 27.55, H 3.65%, *H NMR (400 MHz, Methanol-d4): & (ppm) = 4.67
(s, 6H), 3.56 (s, 2H), 13C NMR (101 MHz, Methanol-da4): & (ppm) = 72.7, 50.9, 43.0.

Compound 4b

®
O,NO  HzN—OH
0,NO Nyo HoN-OH
0,NO 2

Compound 4 (400 mg, 1.27 mmol, 1.0 eq.) was dissolved in Et2O (20 mL) and a
solution of hydroxylamine (50% ag., 0.16 mL, 2.54 mmol, 2.0 eq.) was added
dropwise. The reaction mixture was cooled to 0 °C overnight and the formed precipitate

was filtered off to afford hydroxylammonium salt 4b (391 mg, 1.03 mmol, 81%).

DTA (5 °C min): 73 °C (dec.); Sensitivities: BAM drop hammer: 4 J; BAM friction
tester: 45 N; IR (ATR): vmax [cm™] = 3243 (w), 2924 (w), 2705 (w), 1666 (m), 1628 (vs),
1530 (m), 1467 (m), 1449 (s), 1428 (s), 1383 (m), 1348 (m), 1273 (s), 1243 (s), 1190
(m), 1084 (m), 1032 (s), 994 (s), 929 (m), 861 (vs), 837 (s), 753 (s), 742 (s), 715 (m),
705 (s), 686 (m), 663 (m), 631 (m), 625 (m), 546 (m), 471 (m); EA (CsH15N7013,
381.21 g mol?): calc.: C 15.75, N 25.72, H 3.97%); found: C 16.20, N 25.18, H 3.65%,
'H NMR (400 MHz, Methanol-ds): & (ppm) = 4.66 (s, 6H), 3.66 (s, 2H), **C NMR
(101 MHz, Methanol-d4): & (ppm) = 72.4, 49.8-48.2 (between solvent peaks), 43.4;
YN NMR (29 MHz, Methanol-da4): d (ppm) = -27, —47.
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Compound 5

HO O,NO
N=N N=N
! N ! N
HO N/ O,NO N/
HO O,NO
5 preci 5

Amine 3 (1.00 g, 7.39 mmol, 1.0 eq.), NaNs (578 mg, 8.89 mmol, 1.2 eq.) and triethyl
orthoformate (1.84 ml, 11.07 mmol, 1.5 eq.) were added together and then heated at
40 °C. Dropwise AcOH (4 ml) was added and the solution was heated at 85 °C for 3 h.
Afterwards conc. HCI (0.75 ml, 9.00 mmol, 1.2 eq.) was added slowly. The obtained
suspension was filtered off, and conc. HCI (10 ml) was added to the filtrate. After
heating at 60 °C for 30 min. the solvent was removed under vacuum to obtain crude
5 precl.

1H NMR (400 MHz, DMSO-ds): & (ppm) = 9.21 (s, 1H), 4.41 (s, 2H), 3.26 (s, 6H), 3C
NMR (101 MHz, DMSO-de): & (ppm) = 145.6, 60.4, 46.2, 45.7.

This crude material was added in portions to HNO3 (99%, 8 mL) at 0 °C-5 °C. The
resulting mixture was stirred at 0 °C for 15 min., was allowed to warm to r.t. and stirred
for another 15 min. Then the reaction mixture was poured on ice-water and neutralized
with NaHCOs. After extraction with EtOAc (3x 50 mL), the combined organic phases
were dried over Na2SO4 and the solvent was removed under reduced pressure. The
resulting crude was then purified via column chromatography (i-Hex/EtOAc, 1:1) to
afford colorless solid 5 (974 mg, 3.01 mmol, 41%).

DTA (5 °C min1): 106 °C (melt.), 180 °C (dec.); Sensitivities: BAM drop hammer: 2 J;
BAM friction tester: 160 N, IR (ATR): vmax [cm™] = 3154 (w), 3026 (vw), 2992 (vw),
2904 (w), 1626 (vs), 1467 (m), 1389 (w), 1275 (vs), 1171 (m), 1124 (w), 1096 (m),
1036 (m), 1007 (s), 985 (m), 962 (w), 856 (vs), 773 (M), 753 (s), 729 (m), 709 (s), 696
(m), 661 (m), 631 (m), 623 (m), 454 (m), EA (CsHoN7Q9, 323.18 g mol?): calc.:
C 22.30, N 30.34, H 2.81%; found: C 22.32, N 30.08, H 2.73%, ‘H NMR (400 MHz,
DMSO): & (ppm) =9.53 (s, 1H), 4.82 (s, 2H), 4.66 (s, 6H); **C NMR (101 MHz, DMSO):
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O = 1455, 70.6, 46.9, 41.3; >SN NMR (41 MHz, Acetone): d (ppm) = 11.0 (d, J =
3.1 Hz), -16.6 (s), =50.0 (t, J = 1.9 Hz), -54.9 (d, J = 12.2 Hz), -156.7 (d, J = 9.7 Hz).

Compound 7
ONO,
OZNO% N,
O,NO N

Compound 6° (1.00 g, 5.74 mmol) was added in portions to HNOz (99%, 8 mL) at
0 °C-5 °C. The resulting mixture was stirred at below 5 °C for 15 min., was allowed to
warm to r.t. and stirred for another 15 min. Then the reaction mixture was poured on
ice-water and neutralized with NaHCOs. After extraction with EtOAc (3 x 50 mL), the
combined organic phases were dried over Na2SO4 and the solvent was removed under
reduced pressure leaving colorless crystalline 7 (1.10 g, 3.56 mmol, 62%).

DTA (5 °C min1): 92 °C (melt.), 163 °C (dec.); Sensitivities: BAM drop hammer: 2 J;
BAM friction tester: 80 N; IR (ATR): Vmax [cm™] = 3123 (w), 3026 (w), 2922 (w), 1641
(vs), 1380 (m), 1296 (m), 1280 (vs), 1259 (s), 1093 (m), 1035 (s), 1021 (s), 977 (m),
866 (s), 836 (vs), 751 (s), 740 (s), 725 (s), 714 (s), 624 (s), 557 (m); EA (CsH7N7Oo,
309.15 g mol?): calc.: C 19.43, N 31.72, H 2.28%; found: C 19.79, N 30.40, H 2.45%,
I1H NMR (400 MHz, Acetone-ds): 8( ppm) = 9.68 (s, 1H), 5.47 (s, 6H) 13C NMR (101
MHz, DMSO, Acetone-ds): 6 (ppm) = 143.6, 69.9, 62.4; >N NMR (41 MHz, Acetone-
de): & (ppm) = 13.3, —18.4, -49.0, -50.7, -145.1.
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Compound 9 and Intermediates 9_precl and 9_prec2

NO NO
CO,Et N2 NP2
HN 2 EtO,C—N HN
H 0,NO N O,NO N
HO N. 2 ~ 2 N
Ho% CO,Et 0,NO NO 0,NO NO,
9 preci 9 prec2 9

Amine 8 (2.45 g, 18.4 mmol, 1.0 eq.) was dissolved in H20 (50 ml). Then half of ethyl
chloroformate (3.47 ml, 36.5 mmol, 2.0 eq) was added dropwise to the solution at 0 °C.
Afterwards KOH (2.05 g, 36.5 mmol, 2.0 eq.) was dissolved in H20 (20 ml). The
potassium hydroxide solution and the remaining ethyl chloroformate were then added
dropwise in an alternating manner. The solution was stirred over night at room
temperature. The solvent was removed by a rotation evaporator and a white residue
was obtained. This residue was then extracted with EtOH (50 ml) (formed KCI is not
soluble). The EtOH then was removed under reduced pressure and compound

9 precl was obtained as a white solid (2.57 g, 9.2 mmol, 50%).

IH NMR (400 MHz, DMSO-de): & (ppm) = 6.79 (t, 6.36 Hz, 2H), 4.35 (s, 2H), 3.98 (q,
J =7.08 Hz, 4H), 3.24 (s, 4H), 2.94 (d, J = 6.38 Hz, 4H), 1.15 (t, J = 7.08 Hz, 6H); 13C
NMR (101 MHz, DMSO-ds): & (ppm) = 157.1, 61.2, 59.9, 45.0, 40.9, 14.6.

Then fuming HNO3 (99%, 9 ml) was added slowly to TFAA (18 ml) at 5 °C. Compound
9 precl (1.28 g, 4.62 mmol) was added in portions at 5-10 °C. The yellow solution
was then stirred at room temperature overnight. The either orange or clear solution
was then added onto ice (50 ml) and extracted with DCM (3 x 50 ml). The organic
phase was then washed with sat. NaHCO3 solution (3 x 100 ml) and with brine (1x
100 ml). After drying over Na2SOa4 the solvent was removed under reduced pressure.
Yellowish white solid 9_prec2 was obtained (1.90 g, 4.16 mmol, 90%).

IH-NMR (400 MHz, DMSO-de): & (ppm) = 4.61 (s, 4H), 4.38 (s, 4H), 431 (g, J =
7.15 Hz, 4H), 1.28 (t, J = 7.1 Hz, 6H); 13C-NMR (101 MHz, DMSO-ds): & (ppm) = 150.8,
71.9, 65.3, 49.7, 43.7, 13.6.
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Then compound (9_prec2) (1.73 g, 3.78 mmol, 1.0 eq.) was dissolved in Et20 (50 ml).
Afterwards NHs-gas was passed into the solution for 20 min. Then the suspension was
extracted with water (3x 25 ml). The agqueous phase was acidified carefully with HCI (2
M). Compound 9 crystallizes out of solution and was obtained as a colorless solid
(2.01 g, 3.21 mmol, 85%).

DTA (5 °C min1): 64 (melt.), 170 °C (dec.); Sensitivities (<500 um, crystalline
material): BAM drop hammer: 10 J; BAM friction tester: >360 N; IR (ATR): Vmax [cm™]
= 3318 (w), 2903 (w), 1631 (vs), 1590 (s), 1393 (m), 1322 (s), 1265 (vs), 1023 (s), 994
(s), 839 (vs), 752 (s), 702 (s), 622 (s), 526 (s); EA (CsHoNsO11, 315.15 g mol?): calc.:
C 19.06, N 22.22, H 2.88%; found: C 19.31, N 21.952, H 2.73%; *H NMR (400 MHz,
DMSO0): & = 12.32 (s, 1H), 4.61 (s, 6H), 3.78 (s, 2H).; 13C NMR (101 MHz, DMSO0): &
=71.0,44.1, 41.9; >N NMR (41 MHz, Acetone): d = -27.2, —45.0, -215.7.

Compound 9a

+ _NO
K N 2
K+
0,NO N
0,NO NO,

To a solution of compound 6b (462 mg, 1.64 mmol, 1.0 eq.) in EtOH (10 ml) was added KOH
(184 mg, 3.28 mmol, 2.0 eq.) in EtOH. The white solid potassium salt 9a (436 mg, 1.12 mmol,

68%) precipitated out of solution. The product was recrystallized from EtOH/H,0.

DTA (5 °C mint): 135 °C (dec.); Sensitivities (< 500 um, crystalline material): BAM
drop hammer: 3 J; BAM friction tester: >360 N; IR (ATR): Vmax [cm™1] = 3304 (m), 2930
(m), 2875 (m), 1634 (m), 1590 (m), 1400 (m), 1373 (m), 1268 (s), 1022 (vs), 990 (vs),
864 (s), 823(s), 623 (s), 559 (s); EA (CsHsK2NeO10, 390.35 g/mol): C 15.39, H, 2.07, N
21.53%; found: C 15.71, 2.12, 21.37%, *H NMR (400 MHz, D20): 5 = 4.71 (s, 4H), 3.54
(s, 4H); ©3C NMR (101 MHz, D20): 5 =72.9, 51.9, 40.8.
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Compound 9b

~NO
HN-NO2
NH,
0,NO N
2 NO,

0,NO

Compound 9 (250 mg, 0.79 mmol) was dissolved in ammonia (2 M, aqg. solution, 5 ml). The
solution was left to crystalize and few single crystals suitable for X-ray crystallography were
obtained.

EA (CsH13N7O10, 331.20 g mol?): calc.: C 18.13, N 29.60, H 3.96%; found: C 18.73,
N 28.86, H 3.67%;

Compound 9c

Hy*
O,NO Nvo
0,NO 2
Compound 9 (403 mg, 1.28 mmol, 1.0 eq.) was dissolved in Et2O (200 mL) and MeOH
(5 mL). Hydrazine monohydrate (62.0 pL, 1.28 mmol, 1.0 eq.) was added and the mixture
was cooled to 0 °C overnight. The precipitate was filtered off and washed with Et20 to

afford the colorless hydrazinium salt 9¢ (351 mg, 1.01 mmol, 79%).

DTA (5 °C min1): 108 °C (dec.); Sensitivities (< 500 um, crystalline material): BAM
drop hammer: 3 J; BAM friction tester: 160 N; IR (ATR): Vmax [cm™] = 3347 (w), 3211
(w), 2921 (w), 2725 (w), 2606 (w), 1649 (m), 1634 (s), 1624 (s), 1588 (m), 1538 (w),
1447 (s), 1415 (m), 1396 (m), 1378 (m), 1318 (m), 1270 (vs), 1152 (m), 1117(m), 1094
(s), 1031 (m), 1016 (m), 1000 (m), 989 (m), 948 (s), 887 (m), 853 (vs), 823 (s), 753 (S),
726(s), 710 (m), 667 (m), 643 (m), 621 (m), 506 (m), 434 (m); EA (CsH14NgO1o,
346.21 g mol?): calc.: C 17.35, N 32.37, H 4.08%; found: C 17.58, N 32.53, H 3.80%;
'H NMR (400 MHz, MeOD): & = 4.90 (br s), 4.59 (s, 4H), 3.65 (s, 4H); *3C NMR
(101 MHz, MeOD): 6 = 73.5, 49.9, 43.6; **N NMR (29 MHz, Acetone): d = -25, -44.
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Compound 9d

HN-NO2

Hx*
0,NO N o
O,NO 2
Compound 9 (596 mg, 1.90 mmol, 1.0 eq.) was dissolved in Et2O (200 mL) and MeOH
(20 mL). Hydroxylamine (0.116 mL, 1.90 mmol, 1.0 eq.) was added and the mixture was
stirred at r.t. for 10 minutes before cooled to 0 °C overnight. The precipitate was filtered off
to obtain hydroxylamine salt 9d (104 mg, 0.30 mmol, 16%).

DTA (5 °C mint): 120 °C (melt.), 125 °C (dec.); Sensitivities (<500 um, crystalline
material): BAM drop hammer: 15 J; BAM friction tester: 360 N; IR (ATR): Vmax [cm™] =
3349 (w), 3273 (w), 1630 (s), 1589 (s), 1553 (w), 1465 (w), 1395 (m), 1318 (s), 1268
(s), 1179 (m), 1110 (m), 1091 (m), 1012 (m), 864 (s), 756 (m), 571 (m), 438 (m);
EA (CsH13N7011, 347.20 g mol?): calc.: C 17.30, N 28.24, H 3.77%; found: C 17.50,
N 27.55, H 3.70%; *H NMR (400 MHz, CD3CN): 8 = 4.52 (s, 4H), 3.72 (s, 4H); 3C NMR
(101 MHz, CD3CN): & = 72.5, 47.1, 44.0; 1N NMR (29 MHz, Acetone): 0 = -26, —44,
-136.

Intermediates 11 _precl and 11 prec2

CO,Et
CO,Et ON-N
2
EtOzC\N H EtOZC/N ll]
H N. "NO,
HO CO,Et O,NO
11_prec1 11_prec2

Amine 8 (2.45 g, 18.4 mmol, 1.0 eq.) was dissolved in H20 (50 ml). Then half of ethyl
chloroformate (3.47 ml, 36.5 mmol, 2.0 eq) was added dropwise to the solution at 0 °C.
Afterwards KOH (2.05 g, 36.5 mmol, 2.0 eq.) was dissolved in H20 (20 ml). The
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potassium hydroxide solution and the remaining ethyl chloroformate were then added
dropwise in an alternating manner. The solution was stirred over night at room
temperature. The solvent was removed by a rotation evaporator and a white residue
was obtained. This residue was then extracted with EtOH (50 ml) (formed KCI is not
soluble). The EtOH then was removed under reduced pressure and compound
9 precl was obtained as a white solid (2.57 g, 9.2 mmol, 50%).

IH NMR (400 MHz, DMSO-ds): & (ppm) = 6.82 (t, J = 6.6 Hz, 3H), 4.32 (q, J = 7.1 Hz,
1H), 3.17 (s, J = 4.8, 2H), 2.91 (d, J = 6.6 Hz, 6H), 1.16 (t, J = 7.1 Hz, 9H); 13C NMR
(101 MHz, DMSO-de): & (ppm) = 157.1, 61.7, 60.0, 45.0, 41.1, 14.6.

Then fuming HNO3 (99%, 9 ml) was added slowly to TFAA (18 ml) at 5 °C. Compound
9 precl (1.28 g, 4.62 mmol) was added in portions at 5-10 °C. The yellow solution
was then stirred at room temperature overnight. The either orange or clear solution
was then added onto ice (50 ml) and extracted with DCM (3 x 50 ml). The organic
phase was then washed with sat. NaHCOs solution (3 x 100 ml) and with brine (1x
100 ml). After drying over Na2SOa4 the solvent was removed under reduced pressure.
Yellowish white solid 9 _prec2 was obtained (1.90 g, 4.16 mmol, 90%).

IH-NMR (400 MHz, DMSO-ds): & (ppm) = 4.50 (s, 2H), 4.36 (s, 6H), 4.31 (g, J =

7.2 Hz, 6H), 1.28 (t, J = 7.1 Hz, 9H); 3C-NMR (101 MHz, DMSO-ds): & (ppm) = 151.0,
73.5, 65.3, 51.0, 45.6, 13.6.
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2. X-ray diffraction

Crystal structure data were obtained from an Oxford Xcalibur3 diffractometer with a Spellman
generator (voltage 50 kV, current 40 mA) and a Kappa CCD area for data collection using Mo-
Ka radiation (A = 0.71073 A). The data collection was performed using the CRYSALIS RED
software.” Very small crystals were measured on a Bruker D8 Venture TXS system equipped
with a multilayer mirror monochromator and a Mo Ka rotating anode X-ray tube (A = 0.71073
A). The frames were integrated with the Bruker SAINT software package.? Data were corrected
for absorption effects using the Multi-Scan method (SADABS).® The solution of the structure
was performed by direct methods and refined by full-matrix least-squares on F2 (SHELXT)
implemented in the OLEX2!! 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 SCALE3 ABSPACK multiscan method.'> The DIAMOND2 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.*3

Figure S1. Representation of the molecular unit of 2_CO,, showing the atom-labeling scheme. Thermal
ellipsoids represent the 50% probability level and hydrogen atoms are shown as small spheres of
arbitrary radius.
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Figure S2. Representation of the molecular unit of 3b, showing the atom-labeling scheme. Thermal
ellipsoids represent the 50% probability level and hydrogen atoms are shown as small spheres of

arbitrary radius.
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Figure S3. Representation of the molecular unit of 4a, showing the atom-labeling scheme. Thermal
ellipsoids represent the 50% probability level and hydrogen atoms are shown as small spheres of

arbitrary radius.
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Figure S4. Representation of the molecular unit of 5 _acetyl, showing the atom-labeling scheme.
Thermal ellipsoids represent the 50% probability level and hydrogen atoms are shown as small spheres
of arbitrary radius.

Figure S5 Representation of the molecular unit of 8, showing the atom-labeling scheme. Thermal
ellipsoids represent the 50% probability level and hydrogen atoms are shown as small spheres of
arbitrary radius.
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Figure S6 Representation of the molecular unit of 9_prec1, showing the atom-labeling scheme. Thermal
ellipsoids represent the 50% probability level and hydrogen atoms are shown as small spheres of
arbitrary radius.
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Figure S7 Representation of the molecular unit of 9_prec?2, showing the atom-labeling scheme. Thermal
ellipsoids represent the 50% probability level and hydrogen atoms are shown as small spheres of
arbitrary radius.
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Figure S8 Representation of the molecular unit of 9a, showing the atom-labeling scheme. Thermal
ellipsoids represent the 50% probability level and hydrogen atoms are shown as small spheres of
arbitrary radius.

Figure S9 Representation of the molecular unit of 9b, showing the atom-labeling scheme. Thermal
ellipsoids represent the 50% probability level and hydrogen atoms are shown as small spheres of
arbitrary radius.
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Table S1. Crystallographic data and structure refinement details for the prepared compounds 2_COzq,

3a and 3b.
2_CO; 3a 3b
Formula C6H12N05, CsH1sNO3 C5H11N409, NOs C5H11N409, ClO4
FW [g mol™] 314.34 333.19 370.63
Crystal system monoclinic monoclinic orthorhombic

Space group

p21/c (No. 14) P21/c (No. 14)

Pca21 (No. 29)

Color / Habit colorless block colorless block colorless block
Size [mm] 0.02x 0.05x0.10 0.10x0.22 x 0.37 0.10x0.36 x 0.44
a[A] 19.6027(17) 25.773(3) 14.3971(7)
b [A] 8.7807(7) 7.1108(5) 6.6519(3)
c [A] 8.5682(7) 15.1047(12) 27.964(2)
al[°] 90 90
BI°] 96.231(2) 105.551(10)
v [°] 90 90
V [A3] 1466.1(2) 2666.9(4) 2678.1(3)
Z 4 8 8
Pcalc. [g cm~F] 1.424 1.660 1.839
g [mm™] 0.121 0.166 0.371
F(000) 680 1376 1520
Avioka [A] 0.71073 0.71073 0.71073
T [K] 102 293 123
6 Min-Max [°] 3.1,25.3 2.5,28.7 2.8,29.2
Dataset 0: 23;-10: 0 ; -10: 10 -26: 33 18 9;-19: -19:18 22 8;-38
Reflections collected 2888 15306 18542
Independent refl. 2888 6158 5407
Rint 0.093 0.073 0.062
Observed reflections 2474 3281 3398
Parameters 228 399 417
R, (obs)® 0.0802 0.1081 0.0546
WR: (all data)® 0.1459 0.2916 0.1269
sk 1.21 1.07 1.03
Resd. dens [e A7 -0.35, 0.38 -0.44, 0.61 -0.51, 0.52
Device type Bruker?)izs\/ enture Xcalibur Sapphire3 Xcalibur Sapphire3
Solution SIR-92 SIR-92 SIR-92
Refinement SHELXL-2013 SHELXL-2013 SHELXL-2013
Absorption correction multi-scan multi-scan multi-scan
CCDC 2236739 2232124 2232126

IR, = Z||Fo|~|Fell/Z|Fol; PWR; = [Z[W(Fo?~F A2/Z[W(Fo)2]]"%; W = [0c%(Fo?)+(xP)?+yP] " and
P=(Fo?+2F:?)/3; IS = (Z[w(Fo?>—F:?)?)/(n-p))*? (n = number of reflections; p = total number of

parameters).

167



Table S2. Crystallographic data and structure refinement details for the prepared compounds 4a, 4b, 5.

4a 4b 5
Formula CsH13N7011, N2Hs CSHSNES'G(')H3NO’ CsH7N70q
FW [g mol™] 347.22 381.24 309.18
Crystal system triclinic monoclinic monoclinic
Space group P-1 (No. 2) P21/c (No. 14) P21/n (No. 14)
Color / Habit colorless block colourless block colourless block
Size [mm] 0.10 x 0.10 x 0.50 0.05 x 0.50 x 0.50 0.20 x 0.34 x 0.50
a[A] 7.8541(6) 16.1267(12) 11.8470(5)
b [A] 11.7172(8) 7.6433(4) 7.3229(3)
c[A] 16.0024(7) 11.7734(9) 13.4955(6)
al[’] 96.858(5) 90 90
B[ 103.993(5) 97.028(7) 96.225(4)
v [°] 103.161(6) 90 90
V [A] 1367.51(16) 1440.30(17) 1163.89(9)
z 2 4 4
Pealc. [ cM~?] 1.686 1.758 1.764
g [mm™] 0.164 0.174 0.169
F(000) 720 792 632
Mutoka [A] 0.71073 0.71073 0.71073
T [K] 100 105 110
6 Min-Max [°] 1.8,26.4 2.5,26.4 2.2,26.4
Dataset 9:9;-14:14;-19:19 -16:20;-9:9;-14:8 414 12 7:-16:
Reflections collected 29995 6697 7537
Independent refl. 5596 2947 2377
Rint 0.056 0.040 0.025
Observed reflections 4339 1979 2028
Parameters 447 254 190
R: (obs)@ 0.0447 0.0452 0.0316
WR: (all data)® 0.1124 0.1055 0.0788
S 1.07 1.03 1.03
Resd. dens [e A7) -0.27,0.27 -0.26, 0.30 -0.20, 0.27
Device type Xcalibur Sapphire3 Xcalibur Sapphire3 Xcalibur Sapphire3
Solution SIR-92 SIR-92 SIR-92
Refinement SHELXL-2013 SHELXL-2013 SHELXL-2013
Absorption correction multi-scan multi-scan multi-scan
CCDC 2232127 2232121 2232120

IR, = Z||Fo|~|Fell/Z|Fol; PWR; = [Z[W(Fo?~F A2/Z[W(Fo)2]]"%; W = [0c%(Fo?)+(xP)?+yP] " and
P=(Fo?+2F:?)/3; IS = (Z[w(F?>—F:?)?)/(n-p))*? (n = number of reflections; p = total number of
parameters).
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Table S3 Crystallographic data and structure refinement details for the prepared compounds 5_acetyl,

7, 8.

5_acetyl 7 8
Formula CsH12N6Os CsHoN7Og CsH14N202
FW [g mol™] 320.24 323.20 134.18
Crystal system triclinic triclinic tetragonal
Space group P-1 (No. 2) P-1 (No. 2) P43212 (No. 96)
Color / Habit colourless block colourless block colourless block
Size [mm] 0.35x 0.50 x 0.50 0.27 x 0.40 x 0.43 0.19x0.34x0.42
a[A] 8.0823(8) 7.8591(4) 6.2481(4)
b [A] 8.2682(8) 11.2910(5) 6.2481(4)
c[A] 11.0633(12) 14.4491(8) 17.8005(18)
al[’] 78.398(9) 83.473(4)
B[] 86.543(8) 86.066(4)
v [°] 64.925(10) 84.766(4)
V [A%] 655.70(13) 1266.35(11) 694.91(11)
z 2 4 4
Pealc. [ cM~?] 1.622 1.695 1.283
g [mm™] 0.146 0.159 0.098
F(000) 332 664 296
Mutoka [A] 0.71073 0.71073 0.71073
T [K] 100 123 129
6 Min-Max [°] 2.8,26.4 1.8,29.2 3.5,26.3
Dataset -10: 10 ; 173 10; -13: -10: 10 ; ig 14 ; -19: 7077722022
Reflections collected 5460 11304 10240
Independent refl. 2685 5820 709
Rint 0.025 0.022 0.049
Observed reflections 2003 4099 642
Parameters 247 426 50
R (obs)® 0.0472 0.0574 0.0454
WR; (all data)® 0.1235 0.1452 0.1157
s 1.03 1.03 1.09
Resd. dens [e 73] -0.24,0.80 -0.38, 0.48 -0.16, 0.40
Device type Xcalibur Sapphire3 Xcalibur Sapphire3 Xcalibur Sapphire3
Solution SIR-92 SIR-92 SIR-92
Refinement SHELXL-2013 SHELXL-2013 SHELXL-2013
Absorption correction multi-scan multi-scan multi-scan
CCDC 2232116 2232122 2232125

IR, = Z||Fo|-[Fel/Z|Fol; PWR = [Z[w(Fo>~F A/Z[W(Fo)2]["% w = [0c3(Fod)+(xP)2+yP] " and
P=(Fo?+2F:?)/3; IS = (Z[w(F?>—F:?)?)/(n-p))*? (n = number of reflections; p = total number of

parameters).
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Table S4 Crystallographic data and structure refinement details for the prepared compounds 5_acetyl,

7, 8.
9 9 precl 9 prec2
Formula CsH10N6O10 C11H22N20s C11H18N6O14
FW [g mol™] 314.19 278.30 458.31
Crystal system monoclinic orthorhombic monoclinic
Space group P21/n (No. 14) P212121 (No. 19) P21/c (No. 14)
Color / Habit colorless block colorless block colorless block
Size [mm] 0.05x0.10x0.30 0.02 x0.20 x 0.50 0.38 x 0.69 x 0.99
a[A] 10.3324(4) 6.1441(5) 19.9520(14)
b [A] 8.6759(3) 8.4143(11) 8.1248(7)
c [A] 13.0669(5) 27.667(3) 11.7677(7)
a[’] 90 90
BI°] 95.474(3) 92.511(6)
v [ 90 90
V [A3] 1166.01(8) 1430.3(3) 1905.8(2)
Z 4 4 4
Pcalc. [g cm~F] 1.790 1.292 1.597
g [mm™] 0.174 0.105 0.149
F(000) 648 600 952
Avioka [A] 0.71073 0.71073 0.71073
T [K] 123 112 107
6 Min-Max [°] 2.4,26.4 2.5,28.3 2.7,26.4
Dataset -12:12;-10: 10 ; -16: -8:8:-11: 10 ; -36: -24: 17 ;-5:10; -12:
16 34 14
Reflections collected 17019 17999 8011
Independent refl. 2381 3391 3894
Rint 0.033 0.097 0.023
Observed reflections 2057 2455 3069
Parameters 230 260 352
R, (obs)® 0.0424 0.0608 0.0371
WR; (all data)® 0.1145 0.1328 0.1003
S 1.04 1.07 1.05
Resd. dens [e A7 -0.32,0.74 -0.29, 0.35 -0.21,0.31
Device type Xcalibur Sapphire3 Xcalibur Sapphire3 Xcalibur Sapphire3
Solution SIR-92 SIR-92 SIR-92
Refinement SHELXL-2013 SHELXL-2013 SHELXL-2013
Absorption correction multi-scan multi-scan multi-scan
CCDC 2232123 2232117 2232118

BIR, = 2 ||Fo|~|Fel/Z[Fol; PWR; = [Z[W(Fo>FAZ/Z[W(Fo)d]”%; w = [0c3(Fo?)+(xP)>+yP] ' and
P=(Fo?+2F:?)/3; €IS = (Z[w(Fo*—Fc?)?)/(n—-p))*? (n = number of reflections; p = total number of

parameters).
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Table S5 Crystallographic data and structure refinement details for the prepared compounds 9a and

9b.

9a 9
Formula CsHsK2NgO10 CsHgNgO10, HsN
FW [g mol™] 390.37 331.22
Crystal system monoclinic triclinic
Space group C2/c (No. 15) P-1 (No. 2)
Color / Habit colorless block colorless block
Size [mm] 0.04x0.07 x0.12 0.06 x 0.07 x 0.32
a[A] 9.5921(15) 6.3178(10)
b [A] 19.735(3) 7.9159(10)
c [A] 7.6025(11) 13.8070(16)
a[’] 90 78.794(10)
B[ 107.706(5) 81.368(11)
v [ 90 71.011(13)
V [A3] 1371.0(4) 637.66(16)
z 4 2
Pcalc. [g cm™F] 1.891 1.725
g [mm™] 0.760 0.166
F(000) 792 344
Avioka [A] 0.71073 0.71073
T [K] 173 100
6 Min-Max [°] 3.2,26.4 1.5,26.4
Dataset -11:11;-24:24;-9:9 -7:6;-9:9;-17: 14
Reflections collected 13874 5219
Independent refl. 1406 2611
Rint 0.043 0.049
Observed reflections 1340 1583
Parameters 123 251
R (obs)® 0.0518 0.0606
WR; (all data)® 0.1165 0.1425
S 1.36 1.00
Resd. dens [e 73] -0.66, 0.89 -0.29, 0.32
Device type Xcalibur Sapphire3 Xcalibur Sapphire3
Solution SIR-92 SIR-92
Refinement SHELXL-2013 SHELXL-2013
Absorption correction multi-scan multi-scan
CCDC 2232128 2232119

IR, = Z||Fo|~[Fell/Z[Fol; PWR; = [Z[w(Fo?-FAA/Z[W(Fo)2]["Z w = [0c3(Fo?)+(xP)2+yP] " and

P=(Fo?+2F:?)/3; IS = (Z[w(Fo?>—F:?)?)/(n-p))*? (n = number of reflections; p = total number of
parameters).
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3. Computation

Heat of Formation Computation

All quantum chemical calculations were carried out using the Gaussian G09 program
package.'* The enthalpies (H) and free energies (G) were calculated using the complete basis
set (CBS) method of Petersson and co-workers in order to obtain very accurate energies. The
CBS models are using the known asymptotic convergence of pair natural orbital expressions
to extrapolate from calculations using a finite basis set to the estimated CBS limit. CBS-4 starts
with an HF/3-21G(d) geometry optimization; the zero-point energy is computed at the same
level. It then uses a large basis set SCF calculation as a base energy, and an MP2/6- 31+G
calculation with a CBS extrapolation to correct the energy through second order. A
MP4(SDQ)/6-31+ (d,p) calculation is used to approximate higher order contributions. In this
study, we applied the modified CBS-4M.

Heats of formation of the synthesized ionic compounds were calculated using the
atomization method (equation E1) using room temperature CBS-4M enthalpies, which
are summarized in Table S5.%°

AtH® (g, M, 298) = H(Molecule, 298) — Y H®(atoms, 298) + Y AtH® (atoms, 298) (E1)

Table S6. CBS-4M electronic enthalpies for atoms C, H, N and O and their literature values for atomic
AH°#% | kJ molt

—H?%8 [a.u]] NISTSE3]
H 0.500991 218.2
C 37.786156 717.2
N 54.522462 473.1
o) 74.991202 2495

For neutral compounds the sublimation enthalpy, which is needed to convert the gas
phase enthalpy of formation to the solid state one, was calculated by the Trouton rule.®
For ionic compounds, the lattice energy (UL) and lattice enthalpy (AHL) were calculated
from the corresponding X-ray molecular volumes according to the equations provided
by Jenkins and Glasser.1” With the calculated lattice enthalpy the gas-phase enthalpy
of formation was converted into the solid state (standard conditions) enthalpy of
formation. These molar standard enthalpies of formation (AHm) were used to calculate
the molar solid state energies of formation (AUm) according to equation E2.
AUn = AHm — An RT (E2)

(An being the change of moles of gaseous components)
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The calculation results are summarized in Table S6.

Table S7. Calculation results.

AH(g,M)
—H2% [El[a.u]  [kJ mol?] ) AU AHflld] Ak7(s) An AU(s) @
o [As e [kImol™] g mol [kJ mol-]
Cat* (3) | 1091,17584 338.7 - - - - -
NOs5 280.080446  -314.1 - ; ; ] ]
Clos 760.171182  -278.2 - - - - -
3a - - 0.333 442.1;447.1 -4225 -14.0 -387.8
3b - - 0.344 438.8;443.7 -383.2 -14.5 -347.3
4 1295.116865  -276.6 - - -339.2 -12.5 -308.2
Anio.” (4) | 1294.599008  -450.3 - -
Hy* 112.030523 773.4
4a - - 0.704 367.5 -48.1 -15.5 9.7
5 1292.294989 22.1 - - 70.2 -12.5 -17.0
7 1253.051998 63.7 - - 66.39 -115 25.8

8l CBS-4M electronic enthalpy; ! gas phase enthalpy of formation; [ molecular volumes taken from X-
ray structures and corrected to room temperature; [ lattice energy and enthalpy (calculated using
Jenkins and Glasser equations); [¢l standard solid state enthalpy of formation; [ An being the change of

moles of gaseous components when formed; 9 solid state energy of formation.

173



4. NMR Spectroscopy
Compound (2), 'H NMR (400 MHz, MeOH-d4, ppm)
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Compound (2), 13C NMR (101 MHz, MeOH-d4, ppm)

Ho’jC,NH2

HO

1 oy ) \

2‘10 260 1‘90 1‘80 1‘70 1‘60 1‘50 1‘40 1‘30 1‘20 1‘10 160 éO éO 7‘0 éO FLO ‘%0 3l0 2‘0 1‘0 6 -‘1

chemical shift (ppm)

Compound (3), *H NMR (400 MHz, MeOH-d4, ppm)
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Compound (3)
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Compound (3), *C NMR (101 MHz, MeOH-da, ppm)
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Compound (3a), *H NMR (400 MHz, DMSO-ds, ppm)
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Compound (3b), *H NMR (400 MHz, DMSO-ds, ppm)
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Compound (4_precl), *H NMR (400 MHz, DMSO-ds, ppm)

Intermediate (4_precl)
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Compound (4_prec2), *H NMR (400 MHz, DMSO-ds, ppm)

Intermediate (4_prec2)
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Compound (4), *H NMR (400 MHz, DMSO-ds, ppm)

Compound (4)

12.32

OMNO

3
E:
o NO?LH
N .
O MO MOz

—3.78
—3.32

H,O
?
|
I\
g £ 2
- © o~
T T T T T T T T T T T T T T T T T
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1
chemical shift (ppm)
Compound (4), *C NMR (101 MHz, DMSO-ds, ppm)
Compound (4)
05M0 g iz
0zNO f H
N N
O MO MOz
2‘10 260 1‘90 fso 1‘70 1‘60 1‘50 1‘40 1‘30 1‘20 1‘10 1‘00 9‘0 éO 7‘0 éO éO ‘%0 ?;0 2‘0 1‘0 b -‘10

chemical shift (ppm)

180



Compound (4a), *H NMR (400 MHz, MeOH-d4, ppm)
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Compound (4b), *H NMR (400 MHz, MeOH-d4, ppm)
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Compound (5),

Compound (5)

1H NMR (400 MHz, DMSO-ds, ppm)
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Compound (7), *H NMR (400 MHz, Acetone-ds, ppm)
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Compound (9_precl), *H NMR (400 MHz, DMSO-Ds, ppm)
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Compound (9_prec2), *H NMR (400 MHz, DMSO-Ds, ppm)
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Compound (9), *H NMR (400 MHz, DMSO-Ds, ppm) 8
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Compound (9a), 1H NMR (400 MHz, H20, ppm) B -
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Compound (9c), 1H NMR (400 MHz, CD30D, ppm)
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Compound (9d), 1H NMR (400 MHz, MeCN, ppm)
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Compound (11_precl), 1H NMR (400 MHz, DMSO-d6, ppm)
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Compound (11_prec2), 1H NMR (400 MHz, DMSO-d6, ppm)
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5. Thermal properties

105 - Thermogravimetric analyis of compound 9
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Temperature (°C)

1) Hold for 1.0 min at 30.00°C
2) Heat from 30.00°C to 400.00°C at 5.00°C/min

3) Heat from 400.00°C to 900.00°C at 20.00°C/min
4) Hold for 1.0 min at 900.00°C
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1- and 2-Nitratoethyl-5H-tetrazole (1-NET and 2-NET) were prepared through nitration of the respective
alkyl alcohol using 100% nitric acid. A mixture of 1- and 2-hydroxyethyl-5H-tetrazole was obtained after
alkylation of 1,5H-tetrazole. Also, a one-pot synthesis of 1-hydroxyethyl-5H-tetrazole was developed
enabling the selective preparation of 1-NET. Both organic nitrates were characterized by 'H, *C, and
"H-1>N HMBC NMR spectroscopy. In addition, calculations using the Hirshfeld method and the EXPLOS
code were performed. Principally, 20 energetic coordination compounds involving the d-metals Mn, Cu,
Zn, and Ag, each structurally characterized by low temperature single crystal X-ray diffraction, were pre-
pared based on 1-NET and 2-NET. Of these complexes, 18 were obtained as pure bulk materials, and
therefore, characterized for impact, friction, and ball drop impact sensitivity, as well as electrostatic dis-
charge and thermal stability using differential thermal analysis. Hot plate and hot needle tests were per-
formed mostly showing strong deflagrations making the complexes candidates for green combustion cat-
alysts. Furthermore, successful PETN initiation experiments were carried out for several complexes and all

rsc.li/dalton

Introduction

Ever since the first energetic materials were discovered,
research is focused on the improvement of their properties.
The explosives widely used today are tailored to specific appli-
cations in terms of power, sensitivity, and stability while being
cost efficient.” In recent years, there has been a worldwide
increase in the demand for environmentally friendly and sus-
tainable materials in every area, including the field of ener-
getic materials.> Additionally, regulations such as the REACH
directive of the European Union or similar regulations of the
US Environmental Protection Agency put pressure on the
search for suitable substitutes. In the field of primary explo-
sives commonly used, heavy metal-based lead azide and lead
styphnate are harming users and the environment especially
when utilized over a long time.? These two lead salts are there-
fore classified as substances of very high concern (SVHCs).*

In the search for new compounds, great attention is now
paid to an environmentally friendly production chain while

Department of Chemistry, Ludwig-Maximilian University of Munich, Butenandtstr. 5-
13, D-81337 Munich, Germany. E-mail: jstch@cup.uni-muenchen.de;

Fax: +49-89-2180-77007http://www. hedm. cup.uni-muenchen.de

1 Electronic supplementary information (ESI) available. CCDC 2080666-2080685.
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/d1dt01898a

This journal is © The Royal Society of Chemistry 2021

ECCs were investigated by laser ignition experiments.

still having a cost-efficient synthesis and long-term stability.”
The nitrogen-rich tetrazole moiety has proven to be a chame-
leon for energetic materials.® The simplest representative,
1,5H-tetrazole, shows sensitivity toward impact due to its high
nitrogen content of 80%, but is also a common reactant due to
its straightforward preparation.” Regarding its derivatives,
1-ethyl-5H-tetrazole® has proven to be a suitable building
block. This structural element has already been successfully
used for the introduction of various energetic groups, such as
an azido® or trinitromethyl group.'® The synthesis of
haloethyl™ and hydroxyethyl® tetrazole has also been
described. An overview on the 1-ethyl-5H-tetrazole derivatives,
already known in the literature together with unknown repre-
sentatives of this group, is presented in Chart 1.

NHNO, NO,||  C(NO,); N, ONO,

NN N~N | NoN
Lo@ |V N2 E\(P ":LN/>

well described  this work

known unknown

Chart 1 Outline on the tetrazole derivatives based on 1-ethyl-5H-
tetrazole.®'* Corresponding 2-ethyl-5H-tetrazoles and especially
2-nitratoethyl-5H-tetrazole, which is also a part of this work, are not
shown here.
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The ethylene group is favourable because of its easy accessi-
bility from ethylamine hydrochlorides or halides. These start-
ing materials are usually available for purchase at low cost
and, with the exception of the trinitromethyl derivative, make
the compounds shown in Chart 1 easily accessible.®™*

The reason for the preparation of functionalized tetrazoles
is not just to fulfil the need for more nitrogen-rich com-
pounds. They also help to further explore the concept of ener-
getic coordination compounds (ECCs). The aim here is to
adjust the properties of the resulting complex as desired by
varying the parameters of the central metal, anion, or ligand."?
A variation of the substitute on the alkyl chain of the 1-ethyl-
5H-tetrazole building block, for example, affects the solubility,
performance, and thermal stability of ECCs. In every case, the
anion and central metal (here Mn, Cu, Zn, and Ag) also influ-
ence the complex’s behaviour. However, in this work, focus is
placed on the introduction of an organic nitrate function into
the building block to study its effects on the coordination
compound.

Organic nitrates are useful for lowering the water solubility
of compounds, while increasing the oxygen balance."® As of
today, only two tetrazole derivatives with a nitratoethyl group
at the N1 position are known.'*'> Both molecules, displayed
in Chart 2, are not suitable for use as ligands in promising
ECCs. The amino group in the structure on the left, for
example, leads to sterically demanding coordination geome-
tries likely leading to the inclusion of aqua ligands and lower-
ing the performance.'® Nitrimino groups on the other hand
are highly acidic, making them more likely to serve as anionic
ligands.™"”

Therefore, in this work, focus was placed on the preparation
of 1- and 2-nitratoethyl-5H-tetrazole (1-NET and 2-NET). The
resulting coordination compounds show an increased oxygen
balance, making them interesting for use as energetic combus-
tion catalysts in air bag systems or solid rocket propellants as a
potential alternative to basic copper nitrate (BCN)."®

Results and discussion

CAUTION! All investigated compounds are potentially explo-
sive energetic materials (the majority of the compounds lie in
the range of primary explosives!), which show increased sensi-
tivities toward various stimuli (e.g., elevated temperatures,
impact, friction, or electrostatic discharge). Therefore, proper
security precautions (safety glasses, face shield, earthed equip-
ment and shoes, leather jacket, Kevlar gloves, Kevlar sleeves,

_NO,
H,oN HN
ONO )\ ONO
N)/\"\l/\/ 2 N/ 'I\l/\/ 2
N=N N=N

Chart 2 Literature known 1-nitratoethyltetrazole derivatives.****
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and ear plugs) have to be taken while synthesizing and hand-
ling the described compounds.

Synthesis of the ligands

Like most tetrazole derivatives, the ligands can be synthesized
in two ways. The first strategy, already described by Gaponik
et al., involves the reaction of 2-aminoethanol or the respective
hydrochloride together with triethyl orthoformate and sodium
azide, yielding only the 1H-substituted derivative 3a
(Scheme 1).> However, workup by complexation and sub-
sequent breakdown of the complex with hydrogen sulphide is
suggested.

Since the complicated processing of the raw material makes
an industrial scale synthesis less promising, the authors have
worked out another synthetic pathway toward 1-hydroxyethyl-
5H-tetrazole (3a). As it is assumed that the use of alcohol
derivatives together with triethyl orthoformate leads to unde-
sired alkylation products, a modified synthesis of Bays et al.
was applied.'® Here, the introduction of a protective group pre-
vents the formation of by-products (Scheme 2). The reaction of
2-aminoethanol hydrochloride with acetic anhydride gave 1 in
good yields up to 75%. Subsequently a ring closure reaction
was performed resulting in compound 2 in the form of colour-
less crystals (yield: 61%). This contradicts literature data,
describing the substance as a pale-yellow oil.'® After reacting
compound 2 with concentrated hydrochloric acid, 1-hydroxy-
ethyltetrazole (3) was obtained in the form of a colourless solid
(yield: 93%).

The steps can be carried out sequentially (overall yield:
26%), or by an industrially valuable one-pot synthesis, result-
ing in an overall yield of 75%. For this purpose, acetic acid
formed during the reaction of 2-ethanolamine and acetic anhy-
dride was not removed in the first step. The reaction was
cooled down to 40 °C and triethyl orthoformate followed by

NaNj,
CH(OEt), o ~OH
N> N\// N
HOAG, reflux, 12h N=N
(3a)

Scheme 1 Synthesis of compound 3a starting from 2-aminoethanol.

[]] OH Acz0 ClI OA(
- . - + C
H3N/\/ H3N/\/
80 °C, 2h )
NaNj, HOAG,
CH(OEt); | reflux, 3 h
HCI
W e L e
| |
W=N 80°C,30min  N=N
(3a) (2)

Scheme 2 Synthesis of 1-hydroxyethyltetrazole (3a) using acetic
anhydride.
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sodium azide was added. After the addition of further acetic
acid, the mixture was refluxed. Subsequently, concentrated
hydrochloric acid was added to the hot solution and heating
was continued for 30 min. All solvents were removed under
reduced pressure and the remaining residue was extracted
with hot acetone. The solvent was removed under reduced
pressure and the product was dried under high vacuum
affording compound 3a as colourless crystals.

To also obtain 2-hydroxyethyl-5H-tetrazole, a classic alkyl-
ation, as the second synthetic strategy for the derivatization of
tetrazoles, was applied. A reaction of chloroethanol with 1,5H-
tetrazole involving a base resulted in a mixture of two isomers
3a and 3b (Scheme 3) in a 1:1 ratio (yield: 88%).>° No separ-
ation of the products was carried out.

The nitration of both the isomeric mixture and pure com-
pound 3a was carried out by adding the alcohol to fuming
nitric acid. The reaction of the pure 1-isomer with neutraliz-
ation and extraction yielded compound 4 (yield: 73%). In the
case of the isomeric mixture column chromatography with a
solvent gradient was used to separate ligands 4 and 5 (yield 4:
45%, yield 5: 43%) (Scheme 4). Compound 5 can be further
purified by sublimation, but separation of the isomers is not
possible with this method.

Analysis of the ligands

The isomers, thus obtained, were distinguished by infrared
spectroscopy (IR) as well as by proton, carbon, and nitrogen
NMR spectroscopy. The isomer distribution can easily be fol-
lowed by integration of the 'H resonances. Furthermore,
"H-""N-HBMC spectra were measured. In the two-dimensional
coupled spectra of tetrazole derivatives 4 and 5, 2/ and *J coup-
lings between nitrogen and hydrogen were measured. This
allows a clear assignment of the isomers (Fig. 1 & 2). In
advance, compound 5 was analyzed by one dimensional *°N
NMR to clarify the superimposed shifts at about —62 ppm
(Fig. 2, top). The HMBC method used is only showing nitrogen
atoms that have a finite '"H-'°N coupling (>1 Hz) to an
immobile hydrogen atom. This is the case here for all nitrogen

OH OH
H
N NaOH, 2-chloroethanol /) /)
N :
//

N _N
N— H,0, reflux, 16h N N7
N 2 " N N
N=N N
(3a) (3b)

Scheme 3 Reaction of 1,5H-tetrazole with 2-chloroethanol.

HOH HOH HONOZ ONO,
N _N 100% HNO, N _N

m N NN TN N\\\ N

N=N N 0°C,20min  N—y N

(3a) (3b) 1-NET(4)  2-NET (5)

Scheme 4 Nitration of 1-hydroxyethyl-5H-tetrazole (3a) and 2-hydro-
xyethyl-5H-tetrazole (3b).
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Fig. 1 Two-dimensional *H-"*N-HMBC NMR spectra of 4 (MeCN-ds,
25 °C): 6 (ppm) = —=7.0 (N3), —=32.4 (N2), —-63.4 (N5), —70.5 (N4), —168.2
(N1).
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Fig. 2 (a) Two-dimensional *H-'*N-HMBC NMR spectra of 5 (acetone-
de, 25 °C): 6 (ppm) = —2.0 (N3), —63.5 (N5), —66.4 (N4), —95.3 (N1),
—120.1 (N2); (b) >N NMR spectra of 5 (acetone-dg, 25 °C).

atoms. In addition to the simpler atom assignment due to the
coupling, the measurement time is many times shorter than
that for traditional "’N NMR measurements. Additional "N
NMR shifts can be found in the ESL.}

The crystal structures of precursor 2 (Fig. S1, ESI{) together
with the structures of both nitratoethyl-5H-tetrazoles were
determined using low temperature single crystal X-ray diffrac-
tion (Fig. 3). Compound 4 crystallizes in the monoclinic space
group P2,/n and possesses an asymmetric unit of two slightly
different ordered molecules of 1-NET. Therefore, the unit cell
is built up by eight formula units and shows a calculated
density of 1.619 ¢ ecm™ at 105 K. In contrast, isomeric com-
pound 5 crystallizes in the orthorhombic space group Pna2;.
The unit cell contains only four formula units and shows a

Dalton Trans., 2021, 50, 10811-1CEB | 10813
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Fig. 3 Formula units of 1-NET (4) displayed on the left and 2-NET (5)
on the right. Selected bond lengths (A) of 4: N1-C1 1.334(2), N3-N2
1.2978(19), N4-N3 1.359(2), O1-C3 1.4576(17), O1-N5 1.3927(17), O2—
N5 1.2038(18). Selected bond lengths (A) of 5: N1-C1 1.327(4), N3-N2
1.326(4), N4—N3 1.318(4), O1-C3 1.456(4), O1-N5 1.394(3), O2-N5
1.216(4). Selected bond angles (°) of 4: N4-C1-N1 109.32(14), N4—N3—
N2 111.18(12), N1-C2-C3 111.19(12), C3-0O1-N5 113.22(10), O1-N5-02
113.09(13), O2-N5-03 128.78(15). Selected bond angles (°) of 5: N4—
C1-N1 113.2(3), N4-N3-N2 106.1(3), N2-C2-C3 111.5(3), C3-01-N5
114.1(2), O1-N5-02 118.0(3), 02—-N5-03 129.2(3).

slightly lower density of 1.584 g cm™ at a temperature of

128 K. The bond distances and angles are similar in both
molecules and comparable to those of literature known tetra-
zole derivates and organic nitrates.

The crystalline material of the ligands was analysed for
their sensitivity toward impact and friction according to the
“UN declaration of dangerous goods” with a BAM drop
hammer and friction tester.>"?> The hard and brittle crystals
of 5 (IS = 2 J) are more sensitive toward impact than the plate
like and ductile crystals of 4 (IS = 10 J). Both ligands are insen-
sitive towards friction (FS > 360 N).

Hirshfeld surfaces of 1-NET (4) and 2-NET (5) were gener-
ated, and the intermolecular atom interactions were calculated
based on the crystallographic data and are visualized in Fig. S8
(ESIt).>® Attractive and repulsive interactions are comparable
for both molecules and therefore the exact location of the
interactions in the crystal is of more importance. To investigate
the location of the respective interaction, structural elements
were investigated (Fig. 4). The strong interactions, visible as
red dots on the Hirshfeld surface (Fig. S8, ESIT), were analysed
and the interactions are visualized in the structural elements.
It becomes clear that compound 4 is arranged in layers. These

Nitrato-nitrato, =~ N-H
O-H Hydrogen bonding

N-N (), H-H

» Layers stabilized by nitrato-nitrato
interactions

» Structure dominated by hydrogen
bonding

Fig. 4 (a) Structural elements of 1-NET (4) along the c-axis; (b) struc-
tural elements of 2-NET (5) along the c-axis. The areas showing the
same interactions are marked and the type of interaction is noted below
the respective structure.
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layers have an outer part (green, N-H) and a rigid inner part
(grey, nitrato-nitrato, O-H). The layers among themselves are
only weakly connected (orange, N-N (n), H-H). It is assumed
that these properties are responsible for the ductile, layered
physical character. In contrast, compound 5 is largely domi-
nated by hydrogen bonding in every direction and cannot be
divided into layers.

The crystal is thus fixed in all spatial directions and is
clearly more rigid, which is also consistent with the physical
properties. With this information, one could explain the lower
sensitivity of compound 4, through its layer like structure.**
Regarding the low sensitivity toward friction we believe that
the heat generated through the applied frictional force leads to
melting and therefore desensitizing of the samples (the liquid
samples are often less sensitive towards friction).® It is ques-
tionable if the impact is causing the solid sample to detonate
or if a melting process occurs beforehand.>®

The heat of formation of 4 and 5 was calculated using the
atomization method (Gaussian CBS-4M electronic enthalpies)
and the detonation parameters were calculated using the
EXPLOS5 V6.05 code (Table 1).*® Additional information on the
calculations is given in the ESI (Tables S7 & 87). The heat of
formation of 1-NET (4) is 27 k] mol™* which is higher than
that of 2-NET (5). This leads to a detonation velocity of 7583 m
s~ for compound 4, and a slightly lower value of 7420 m s™*
for compound 5. In Table 1 the most important physico-
chemical and calculated properties of 4, 5, and TNT are com-
pared. Although the melting points of 4 and 5 are too close to
room temperature to classify the energetic materials as suit-
able melt castable materials, it proves the compatibility of the
tetrazole and the nitrate ester moiety.

Synthesis of the ECCs

Many complexes based on monotetrazole ligands are already
known in the literature.?”>° However, in addition to their

Table 1 Physico chemical and calculated properties of 4, 5, and TNT

Compound 4 5 TNT
18° []] 10 2 15

FS? [N] >360 >360 >360
Qco, [%] -55.31 -55.31 -73.96
Tendo/ Texo’ [°C] 25/168 24/188 80/290
o/ [gem™) 1.55 1.57 1.65
A¢H, # [K) mol ] 174 147 -59
Detonation parameters calculated with the EXPLO5 V6.05 code
—ApU°" [K] kg™ 4861 4689 4406
Te' [K] 3336 3268 3176
Poy’ [GPa] 21.5 20.4 18.3
Vaer' [m 7] 7583 7420 6798
Vo' [L kg™ 815 818 640

“Impact sensitivity, (BAM drop hammer, 1 of 6). ” Friction sensitivity,
gBAM friction tester, 1 of 6). “Oxygen balance toward CO,.
Endothermic peak, which indicates melting. °Exothermic peak,
which indicates decomposition. /Calculated density at 298 K.
¢ Calculated enthalpy of formation at 298 K. "Heat of explosion.
"Detonation temperature. / Detonation pressure. * Detonation velocity.
Volume of detonation gases (assuming only gaseous products).

This journal is © The Royal Society of CH@8stry 2021
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good performance, these usually exhibit very good water solu-
bility, which is generally not desired in the field of energetic
materials. To address this problem, a variety of ECCs contain-
ing organic nitrate-based ligands 1-NET (4) and 2-NET (5) were
prepared. The resulting complexes should not only exhibit a
reduced solubility, but also at the same time maintain their
performance.

In the first step, several neutral or cationic coordination
compounds based on oxidizing anions like nitrate, dinitra-
mide, chlorate, or perchlorate were formed. The role of the
ligand is to tune the energy content and sensitivity of the
complex. Due to the bad solubility of the ligand, the sole use
of water as a green solvent was not possible. Therefore, aceto-
nitrile, or a combination of water and acetonitrile, was applied
for the preparation of coordination compounds 6-13. Besides
rather easily accessible nitrate anions, the dinitramide anion
was made accessible using basic copper carbonate and dinitra-
minic acid, as published in our previous work (Scheme 5).*°
Both metal salts were reacted with stoichiometric amounts of
the ligand and crystallized within several days in decent yields
up to 96% in the form of single crystals suitable for X-ray
diffraction.

Furthermore, the strongly oxidizing chlorate anion was
used, as it is also less toxic than the perchlorate anion.*! In
addition to copper(u) chlorate (8), the less investigated zinc(u)
chlorate (9) was also incorporated in an ECC. The respective
metal chlorate was made accessible by a reaction of barium
chlorate with the respective sulphate salts (Scheme 6).>' Both
complexes were obtained in the form of single crystals in high
yields (80-84%).

Compounds 10-13 were prepared analogous to copper(u)
nitrate complex 6 by combining the solutions of the respective
metal salt and stoichiometric amounts of the ligand, each dis-
solved in acetonitrile (Scheme 6). Whereas the use of manga-
nese(u) and zinc(u) perchlorate only led to the isolation of a
few single crystals, applying 1-NET (4) to copper(u) perchlorate
gave ECC 11 in a satisfying yield (76%). Using 2-NET (5) solely
resulted in copper(u) perchlorate complex 13 (yield: 89%).
Single crystals suitable for X-ray diffraction were not obtained.
Applying 2-NET (5) to copper(u)nitrate, dinitramide or

CuCO;+Cu(OH), + 4HDN

H,0, r.t,, 5 min
-CO,

ONO, l[Cu(Hzo)y(DN)z] x=2

[Cu(DN),(1-NET),] (7)
MeCN, H,0, r.t., 5 min

N

AN
X NW 'Q/N —
Cu(NO;), * 3H,0,x=3

1-NET (4)

- [Cu(1-NET)3(NO;),] (6)
MeCN, r.t., 5 min

Scheme 5 Preparation of copper(i) complexes 6 and 7.
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MSO, +y H,0O + Ba(ClOs), * H,0

M=Cu,y=5; | H,0,0°C
Zn,y=9; | - BaSO,

M(CIO3), * y H,O

[M(1-NET)g](CIO3),
ONO, M = Cu (8), Zn (9)
X=6
N, MeCN, rt.,
X .
i N 5 min M(CIOg); * 6 HyO
N—N [M(1-NET)g](CIO,),
1-NET (4) M = Mn (10), Cu (11),
Zn (12)
ONO,
CuU(CIO,), + 6 H,0, x =6
[Cu(2-NET)g](CIO,), (13)
N MeCN, r.t., 5 min
X N\ /N
/
L
2-NET (5)

Scheme 6 Synthesis of coordination compounds 8-13.

different perchlorate salts like manganese(u) or zinc(u), was
not successful. The use of iron(u) perchlorate as a building
block also did not result in any isolable complexes in either
case.

Besides the use of neutral nitrogen-rich ligands as a means
of enhancing the performance in nitrate or perchlorate com-
plexes, the concept of ECCs also allows a stabilization of
highly sensitive metal salts like copper(n) azide or silver(i) ful-
minate (Scheme 7). Both synthetic strategies were recently pub-

1) CuSOy * 5 H,0,

x=1
2) 2 eq. NaN;
ONO, [Cu(N3)o(1-NET)] (14)
H,0, MeCN,
N r.t., 15 min
X \ —
TN
N—N
AgCNO, x=4
1-NET (4) [Ag2(CNO),(1-NET)] (16a)
H,0, MeCN,
80 °C, 5 min H,0, MeCN
r.t., 80 days

[Ag(CNO)(1-NET)] (16b)

ONO,
1) CuSO,4+5H,0,x=0.5
2) 2 eq. NaN;
H,0, MeCN, r.t., 15 min

x NN [Cuz(N3)4(2-NET),] (15)
L~
2-NET (5)

Scheme 7 Stabilization of copper(i) azide and silver(i) fulminate using
1-NET and 2-NET.
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lished by our group.**** To obtain the copper(i) azide complex
14, the respective copper(u) sulphate complex is formed in situ
and further reacted with an aqueous solution of sodium azide.
Since the coordination positions remain occupied by the
ligands, the formation of pure copper azide is avoided. The
complex is formed immediately and precipitates directly and
can be filtered off in a very good yield (82%). An elemental
analysis pure preparation of compound 15 was not possible
using this method, as most likely a side species is formed.
Single crystal growth of 14 and 15 was achieved by performing
layering experiments. Whereas handling of an extremely sensi-
tive species could be avoided during the preparation of 14 and
15, pure silver fulminate must be used for obtaining ECC 16a.
The silver salt was dissolved in a warm mixture of water and
acetonitrile and an excess of ligand in acetonitrile was added.
Single crystals suitable for X-ray diffraction were obtained after
two days (yield: 43%). Leaving compound 16a in its mother
liquor for four weeks is resulting in single crystals of the
thermodynamic product 16b.

Another well-studied system is that of trinitrophenolate
anions, each of which provides different properties to the
respective complex depending on the number of hydroxy
groups.”® Compounds 17-22 were prepared in a straight
forward manner by the reaction of basic copper carbonate with
stoichiometric amounts of the respective acid in boiling water
(Schemes 8 & 9). Subsequently, the ligand dissolved in small
amounts of acetonitrile was added. Single crystal formation

2HPA, x=2
> [Cu(1-NET)(PA),] (17)

H,TNR, x = 2
ONO, ————————> [Cu(1-NET),(TNRY)] (18a)

1/, CUCOs + Cu(OH), H,0, 80°C, 5 min

N
X N\
" N MeCN, H,0,
N—N 80°C, 5 min,
1-NET (4)

[Cu(HTNR),(1-NET),] « H,O (18b)

2 H,TNR, x = 4
[Cu(HTNR),(1-NET),] (18c)

2H3TNPG, x = 4

[Cu(H,TNPG),(1-NET),4] (19)

Scheme 8 Preparation of copper(i) picrate (PA), styphnate (HTNR/TNR)
and 2,4,6-trinitrophloroglucinol-based (HTNPG/H,TNPG) complexes of
1-nitratoethyltetrazole (1-NET, 4).

2HPA, x=2
[Cu(2-NET),(PA),] (20)
| HoTNRIXZ2 oo NET)(TNR)] (21
ono, [Cu2-NET),(TNR)] (21)
N 1/, CuCO3 * Cu(OH) | H TNPG, x =2
x NNy [Cu(HTNPG)(2-NET),] (22a)
W MeCN, H;0,
N 80 °C, 5 min
2-NET (5) 2 HyTNPG, x = 4
= [Cu(H,TNPG),(2-NET),] (22b)
2HsTNPG, x=6

[Cu(H;TNPG),(2-NET),] + 2 2-NET (22¢)

Scheme 9 Reaction of basic copper(i) carbonate with several trinitro-
phenole derivatives and subsequent applications of 2-NET (5).
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started within one day, depending on the amount of water
used, in sufficient to high yields (68-88%). In the case of com-
pound 18a no single crystals suitable for X-ray diffraction were
obtained but its composition could be verified by elemental
analysis. Instead, recrystallization from hot water afforded
single crystals of 18b. Unfortunately, an elemental analysis
pure isolation of 18b was not possible.

By variation of the number of anions added to one equi-
valent of basic copper carbonate different states of deprotona-
tion of styphnate (HTNR™ and TNR>~, Scheme 8) or trinitroph-
loroglucinate (H,TNPG~ and HTNPG®~, Scheme 9) anions
could be obtained. In the case of compound 22¢, the addition
of 6 equivalents of 2-NET led to the formation of a co-crystal-
line species, resulting in a total of three different species
based on trinitrophloroglucinol. Each of these ECCs was
obtained pure according to elemental analysis.

Except side species 18b, all coordination compounds crys-
tallized without the inclusion of water and were isolated
directly from the mother liquor. The crystalline materials were
filtered off, washed with small quantities of ice-cold ethanol,
and then dried in air overnight.

Crystal structures of the ECCs

ECCs 6-12 and 14-22 were examined by low-temperature
single crystal X-ray diffraction. In the case of compounds 9 and
22b the measurements allow an indication of the most likely
composition, but finalization of the data sets was not possible
due to the highly disordered nitratoethyl moieties. Together
with compounds 13 and 18a in which case no single crystals
were obtained, the complexes’ composition was finally con-
firmed by elemental analysis. Details of the structures of com-
pounds 2, 10, 12, 15, 18b, 18¢, 19, 21, 22a, and 22c¢ (Fig. S1-7,
ESI}) are given in the ESLi together with the measurement
and refinement data of all experiments (Tables S1-S6, ESIT).
The crystal datasets were uploaded in the CSD database and
can be obtained free of charge.*® All copper(in) complexes,
except the nitrato (6), and dinitramido (7) ECCs, show octa-
hedral coordination spheres around the copper(u) centers.
Therefore, typical Jahn-Teller distortions along the respective
O-Cu-O or N-Cu-N axes can be observed. Except for ECC 16b,
the ligands are solely coordinating via the N4 nitrogen atom of
the tetrazole rings.

The copper(u) nitrate complex 6 crystallizes in the monocli-
nic space group P2,/c with four formula units per unit cell.
The compound possesses a calculated density of 1.888 ¢ cm™
at 99 K. The coordination sphere could either be interpreted as
distorted fivefold trigonal bipyramidal (N9-Cul-O10 147.87
(10)°, 010-Cu1-013 80.22(8)°), or as distorted seven fold pen-
tagonal bipyramidal (N9-Cul-O11 96.37(9)°, O11-Cul-010
51.93(8)°) depending on whether the longer Cu-O bonds
between the central metal and nitrato ligands are included
(Cu1-011 2.695(2) A, Cu1-0O14 2.583(2) A). In every case, the
equatorial positions are occupied by the anionic nitrato
ligands, and one ligand moiety (Fig. 5).

The dinitramide complex 7 crystallizes in the monoclinic
space group P2,;/n with two formula units per unit cell. The
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Fig. 5 Formula unit of [Cu(1-NET)3(NOs3),] (6). Selected bond lengths
(A): Cul-N9 2.028(3), Cul-N4 1.973(3), Cul-N14 1.987(3), Cul-010
2.117(2), Cul-013 2.268(2). Selected bond angles (°): N9—Cul-N4 93.87
(10), N9-Cul-N14 89.14(10), N14-Cul-N4 174.78(11), N4-Cul-0O11
86.03(9).

complex shows a high density of 1.953 g cm™ at 102 K, with
only the copper azide and silver fulminate complexes posses-
sing higher densities. The coordination sphere is built up by
two ligand moieties and two coordinating dinitramido anions
(Fig. 6). This rather uncommon built up was already observed
one time by our group employing 1-azidoethyl-5H-tetrazole as
the ligand.*® One way of explaining the complexes’ coordi-
nation geometry is by using two square planar spheres by
either the oxygen atoms of the anion or the nitrogen atoms of
the anion and ligand. Another possible coordination geometry
might be distorted hexagonal bipyramidal. Also, it should be
pointed out that in each case the extremely long Cu-O bonds
were included. (Cul-O1 2.8715(17) A, Cu1-O4 2.8287(17) A).
Therefore, no clear Jahn-Teller distortion can be observed, but
a strongly distorted dinitramide anion is evident (O7-N8-N7-
05 25.19(17)°, 06-N8-N6-N7 150.45(16)°).

Fig. 6 Coordination environment of [Cu(DN),(1-NET),] (7). Selected
bond lengths (A): Cul-N6 1.9978(17), Cul-N4 1.9735(17). Selected bond
angles (°): N4-Cul-N6 90.02(7), O4-Cul-N4 90.33(6), O6-Cul-N4
102.57(6), O6-Cul-N6 49.13(6), O4-Cul-N6 49.33(6), N6—-N8-0O6
111.96(17), N6-N7-04 110.25(17). Symmetry code: ()1 —-x,1 -y, 1 —z.
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The copper(u) chlorate complex 8 crystallizes in the mono-
clinic space group Cc and the unit cell consists of four formula
units. The compound’s density of 1.689 g em™ (at 100 K) is
slightly lower than the density observed for the corresponding
perchlorate complex 11. The octahedral coordination sphere is
built up by six ligand moieties, whereas some nitrato-groups
had to be split due to disorder and are therefore not refined to
be anisotropic. The metal perchlorate complexes 10-12 crystal-
lize isotypically in the triclinic space group P1 with one
formula unit per unit cell. The observed densities differ only
slightly, with the copper coordination compound showing the
highest value (10 (Mn): 1.681 g em > at 123 K; 11 (Cu): 1.727 g
em ™ at 114 K; 12 (Zn): 1.719 g em ™). Each compound shows
an octahedral coordination sphere built up by six moieties of
1-NET (4), whereas only 11 shows a Jahn-Teller distortion due
to its d° configuration (Fig. 7).

Copper(u) azide complex 14 crystallizes in the form of
brown plates in the triclinic space group P1. The asymmetric
unit consists of two molecular units, whereas the molecular
unit is built up by one tetrazole moiety per copper(u) azide.
This coordination geometry has already been observed in pre-
vious studies.?” The unit cell contains four formula units and
shows the highest density of all investigated copper complexes
(1.985 g em™ at 173 K). Each copper centre is surrounded by a
strongly distorted octahedral coordination sphere (N11-Cul-
N11' 77.11(13)) with the 1-NET ligands in the equatorial posi-
tions (Fig. 8, part A). The remaining coordination sites are
occupied by azido ligands. In addition to that the azide anion
shows a bridging behaviour, further linking the copper centres
in various ways. Two of the anions show the same binding
behaviour and bridge exclusively to the same neighbouring
copper centres. This binding behaviour, shown in part C of
Fig. 8, leads to the formation of dimers. The remaining equa-
torial coordinating azide ion, and both moieties in the axial
position, exhibit a bridging behaviour as shown in part B of
Fig. 8. This further linking of the metal centres leads to the
formation of a two-dimensional polymeric network, as dis-
played in part D (Fig. 8).
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Fig. 7 Formula units of [Cu(1-NET)¢l(ClO3), (8) and [Cu(1-NET)el(ClO,4),
(11). Selected bond lengths (A) of 8: Cul-N4 2.371(8), Cul-N9 2.048(8),
Cul-N14 2.046(7). Selected bond lengths (A) of 11: Cul-N4 2.022(3),
Cul-N14 2.035(3), Cul—-N9 2.338(3). Selected bond angles (°) of 8: N4—
Cul-N9 86-1(3), N4—-Cul-N14 92.8(3), N9-Cul-N14 88.7(3). Selected
bond angles (°) of 11: N9-Cul-N4 89.48(11), N9—Cul-N14 88.66(10),
N14-Cul-N4 91.60(11). Symmetry codes of 11: () 1 —x, 1 -y, 1 — z.
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Fig. 8 A: Coordination environment of the copper(i) azide dimer 14.
Selected bond lengths (A): Cul-N17 2.497(3), Cul-N19" 2.683(3), Cu2—
N14"Y 2.534(3), Cu2-N16 2.715(3). Selected bond angles (°): N14-Cul-
N19" 84.62(10), N11'-Cul-N4 95.86(11), N11-Cul-N14 94.55(12), N9-
Cu2-N20 95.15(11), N17-Cu2-N16 86.55(10), N16—Cu2-N20 86.85(19),
N16—Cu2-N14" 170.95(10), N20—Cu2-N17 169.31(11). Symmetry codes:
MN1-x1-yl-z(i)-1+xyz(i)2-x,2-y,1-z (vV1+xy z.B
& C: Coordination modes of the azide anions. D: Polymeric structure of
compound 14.

Silver complex 16a crystallizes in the form of colourless
plates in the monoclinic space group 2/a. The unit cell consists
of eight formula units and shows the highest density of all
investigated compounds with 2.718 ¢ em™ at 104 K. The mole-
cular unit consists of one 1-NET per two silver fulminate moi-
eties. In addition to the formation of argentophilic Ag-Ag inter-
actions, all centres within the cluster are further linked to each
other by the fulminate anions. Two identical cations are
bridged by two anions, one via the carbon of one fulminate
ligand and the other via the oxygen atom of the other fulminate
ligand, in an alternating order forming twofold coordinated
silver chains. This 1D polymeric chain is further coordinated by
1-NET ligands which shifts the linear 2-fold coordination of the
silver atoms to a distorted tetrahedral coordination. The result-
ing fourfold coordination environment around each silver
cation has already been observed for silver(i) fulminate com-
plexes based on monotetrazole ligands.*

Fulminato complex 16b, based on the same ligand as
complex 16a, on the other hand crystallizes in the monoclinic
space group P2;/c with four formula units. The calculated
density of 2.337 g cm® at 173 K is lower than the one deter-
mined for 16a. The molecular formula in this case consists of
only one silver fulminate moiety per 1-NET ligand. Also, the
silver atoms are coordinated differently (Fig. 9, bottom). In
compound 16b each silver atom shows only a six-fold coordi-
nation sphere, whereas no Ag-O bonds were found. Instead,
bridging tetrazole ligands were observed. Every moiety of
1-NET is binding via its N4 nitrogen atom together with its N3
position, which is a rather uncommon behaviour of tetrazoles
in ECCs. This linking is further connecting the Ag-Ag chains
formed by the fulminato ligands, leading to the formation of
2D polymeric sheets.

Overall, both silver fulminate complexes based on 1-NET (4)
form two dimensional polymeric networks, while the sum
formula and the structure of these networks are very different.
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Fig. 9 Extended molecular units of [Ag>(CNO),(1-NET)] (16a) and [Ag
(CNO)(1-NET)] (16b). Selected bond lengths (A) of 16a: Agl—N4 2.291(3),
Ag2-05 2.501(3), Agl-C4 2.236(3), Ag2—C4 2.195(4), Agl-04 2.893(3),
Ag2-04 2.846(3), Agl-C5 2.242(4), Ag2—-C5 2.200(4), Ag1l-0O5 2.698(2),
Ag2-05 2.703(2). Selected bond lengths (A) of 16b: Agl-Agl" 3.0106
(2), Agl-C4 2.184(2), Ag1l¥'-C4 2.247(2), Agl-N4 2.4260(18), Agl-N3
2.4692(19). Selected bond angles (°) of 16a: Ag2—-Agl-N4 161.47(8),
Agl-Ag2-0O5 126.02(6), Ag2-Agl-Ag2 67.284(13), Agl-Ag2-Agl
112.694(13), Ag2-C4-Agl 77.89(11), Agl-O5-Ag2 64.53(5). Selected
bond angles (°) of 16b: Agl"'—~Ag1-C4 48.10(6), Agl—-C4-Ag1" 85.59(7),
N4-Ag1-N3' 103.46(6), N4-Ag1-C4"" 106.50(7), N3-Ag1-C4"i 82.16
(7). Symmetry codes of 16a: (i) 1.5 — x, y, 1 — z; (ii) x, =1 + y, z; (iii) 1.5 — x,
-1+y,1-z(V15-x1+y,1-z(Vx,1+y,z, (vii2-x2-y,1-2z
(vii) =0.5, 2 — y, z. Symmetry codes of 16b: (i) 1 — x, 1 — y, 1 — z; (ii) x, 1.5
-y, -05+ z (i) x, 0.5 -y, -05 + z; (iv) Ix, -0.5 + y, 0.5 — z; (v) 1 — x,
-y, 1z; (vi)1 —x, =05 +y, 1.5 - z; (vii) x, 1L + y, z; (vii) 1 — x, 0.5 +y, 1.5 —
z; (ix)x,1.5 -y, 05+ z

Both complexes 17 and 20 based on the picrate anion crys-
tallize with the same molecular formula in the form of green
plates and blocks, respectively. However, since both complexes
crystallize in different space groups (17: monoclinic P24/c; 20:
triclinic P1), the unit cell of compound 17 consists of four
formula units and the one of 20 is made of one unit. Despite
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this fact, the densities of both complexes are very similar (17:
1.852 g em™® at 173 K, 20: 1.890 g cm™ at 132 K). The dis-
torted octahedral coordination sphere is, for picrate-based
complexes, structured in the expected manner.>”*° Two ligand
moieties are arranged in the equatorial positions together with
Cu-O bonds formed by the deprotonated hydroxy groups of
the anion (Fig. 10). The axial positions are occupied by the

17 20

Fig. 10 Molecular units of ECCs 17 and 20. Selected bond lengths (A)
of 17: Cul-N4 1.999(3), Cul-N8 2.000(3), Cul-014 1.919(2), Cul-O7
1.931(2), Cul-013 2.296(2), Cul-015 2.412(3). Selected bond lengths
(A) of 20: Cul-O1 1.9193(18), Cul-N4 2.001(2), Cul-O7 2.430(2).
Selected bond angles (°) of 17: O7-Cul-013 81.58(9), 013-Cul-014
94.72(9), 014-Cul-015 77.39(9), O13-Cul-N4 88.02(11), N4-Cul-
015 92.32, N4-Cul-014 85.29(10), O14-Cul-N8 91.67(10). Selected
bond angles (°) of 20: O7-Cul-01 76.34(7), O7-Cul-N4 89.49(8), N4—
Cul-01 87.10(8). Symmetry code of 20: () 1 —x,2 -y, 1 - z.
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oxygen atoms of picrate’s nitro group next to its hydroxy
group.

Thermal stability and sensitivity data of the ECCs

Each coordination compound, which could be obtained
elemental analysis pure, was investigated by differential
thermal analysis (DTA) in the range from 25 to 400 °C at a
heating rate of 5 °C min~'. The resulting endothermic pro-
cesses indicating a melting of the respective compound, a loss
of ligand, or a phase transition, together with the exothermic
processes, indicating a decomposition, are listed in Table 2.
Plots of every DTA spectrum measured can be found in the ESI
(Fig. S20-241). When endothermic processes occurred during
DTA measurements, thermogravimetry (TG) analysis was
applied at a heating rate of 5 °C min™" in the range from 30 to
400 °C to ensure that only melting of the respective compound
occurred. The TG plots of the chlorate and perchlorate com-
plexes 8, 9, 11, and 13 are illustrated in Fig. 11. Further spectra
can be found in the ESI (Fig. S25 & 267). In the case of 16a, the
second endothermic process indicates a loss of the ligand
according to TG measurements. Since no mass loss has been
detected for compound 11, a phase transformation probably
takes place here.

Except the nitrate (6, Tey, = 196 °C) and the trinitropheno-
late based complexes 17 (Texo = 197 °C) and 18a (Tey, = 195 °C),
none of the compounds’ thermal stability exceeds the free
ligands’ stability. Furthermore, quite low melting points were
observed especially for the chlorate and perchlorate complexes
8, 9, 11, and 13. This is most likely due to the low melting
temperatures of the respective ligands (4, 5: Tengo < 25 °C).

Table 2 Thermal stability measurements? and sensitivities toward various mechanical stimuli®

Compound Tendao’ (°C) T (°C) 18° () Fs/(N) ESD? (m]) BDIS" (m])
1-NET 4 25 168 10 >360 n.d. n.d.
2-NET 5 24 188 2 >360 n.d. n.d.

Cu(1 NET);(NO3),] 6 121 196 5 48 1080 14
Cu(DN),(1-NET),] 7 — 110 2 7 1080 14
Cu(1-NET),](ClO3), 8 54 149 2 15 250 55
Zn(1-NET)g)(Cl03), 9 71 154 7 14 750 69
Cu(1-NET),](ClO,), 11 70,117 165 3 25 480 >200
Cu(2-NET)s](ClO,), 13 65 143 2 5 1080 55

Cu(N3),(1-NET)] 14 — 122 3 1 14 <4

Ag,(CNO),(1-NET)] 16a 96 ) 123 <1 20 250 8

Ag(CNo)(1 NET)] 16b 67,102 102° 9 60 250 83
Cu(1-NET),(PA),] 17 — 197 20 >360 480 >200
Cu(1-NET),(TNR)] 18a — 195 2 96 480 111
Cu(HTNR),(1-NET),] 18¢ — 167 5 96 >1500 >200
Cu(H,TNPG),(1-NET),] 19 - 108 2 96 1080 >200
Cu(2-NET),(PA),] 20 165 165 3 192 1080 >200

[ u(2-NET),(TNR)] 21 — 161 <1 80 750 138
Cu(HTNPG)(2-NET),] 22a — 112 4 324 750 >200
Cu(H,TNPG),(2-NET),] 22b — 105 4 324 750 >200

[Cu(H,TNPG),(2-NET),] - 2 2-NET ~ 22¢ 92 105 4 60 750 >200

Pb(TNR)-H,O — — 260-310 (ref. 38) 8 (ref. 41) 0.45 (ref. 41) 0.04-1 (ref. 38) 15 (ref. 41)

Pb(N3), (RD-1333) — — 320-350 (ref. 38) 4 (ref. 41) <0.1 (ref. 41) 5-8 (ref. 38) 37 (ref. 41)

“Onset temperatures at a heatlng rate of 5 °C min™". ? Determined by 1 of 6 methods ¢ Endothermic peak, which 1ndlcates meltmg, phase tran-

sition, or loss of ligands.

4 Exothermic peak, which indicates decomposition. ¢ Impact sensitivity (BAM drophammer test).?>

JFriction sensitivity

(BAM friction tester).?* € Electrostatic discharge sensitivity (OZM XSpark10).>® "Ball drop impact sensitivity (OZM BIT-132).*>*°  Endothermic

signal followed by exothermic signal; n.d.: not determined.

This journal is © The Royal Society of Chemistry 2021

Dalton Trans., 2021, 50, 10811-10%33 | 10819


https://doi.org/10.1039/d1dt01898a

Published on 29 June 2021. Downloaded by Ludwig Maximilians Universitaet Muenchen on 8/31/2023 2:26:52 PM.

Paper
110 —[Cu(1-NET)J(CIO,), (8)
100 — [Zn(1-NET)J(CIO,), (9)
00 — [Cu(1-NET)J(CIO,), (11)
90 - — [Cu(2-NET)J(CIO,), (13)

Weight loss (%)
o2}
o
]

T T T T T T T T T T T T T "1

T
50 100 150 200 250 300 350 400
Temperature (°C)

Fig. 11 Thermogravimetric measurements of the copper(i) and zinc(i)
chlorate complexes 8 and 9 together with the copper(i) perchlorate
complexes 11 and 13 in the range from 30 to 400 °C at a heating rate of
5°C min~%.

The complexes’ low decomposition temperatures are on the one
hand again caused by the ligand’s properties. Organic nitrates
in general are known to possess decomposition temperatures
rarely exceeding 180 °C.>> Therefore, it is expected that the com-
pounds’ exothermic processes are within this range. On the
other hand, catalytic effects might play a crucial role in the
decomposition of the ECCs, further limiting the compounds’
thermal stability. Thus, similar effects like those observed in the
catalytic decomposition of guanidinium nitrate using BCN,
probably occur when the complexes are heated."®°

A detailed look at the compounds’ exothermic processes
reveals some trends already observed for ECCs in the past. For
example, complex 11 (T, = 165 °C) based on the perchlorate
anion is among the most thermally stable compounds,
whereas the respective copper(i) chlorate 8 complex (Texo =
149 °C) is less stable.’

Also, the decrease in the thermal stability of complexes 20
(Texo = 165 °C) to 22¢ (Texo = 105 °C) with an increasing number
of hydroxy groups is expected.>® The expected trend of improved
thermal stability caused by bridging anions (such as TNR®>~ and
HTNPG”") was only observed for complexes 18a (Teyo = 195 °C),
21 (Teyo = 161 °C), and 22a (Tey, = 112 °C).”?° Previous results
suggest that the thermal stability of these complexes should be
significantly higher than that of the picrate complexes. The
drastically lower decomposition temperature of 13 (T, =
143 °C) was also surprising. Literature data showed rather
similar decomposition temperatures for copper(u) perchlorate
complexes based on the respective isomers. The reason for this
again appears to be the catalytic effects of the central metal on
the stability of the organic nitrate of the ligand. Hence, the
latest exothermic processes were observed for compounds 6, 17,
and 18a. Compounds 16b (T, = 102 °C), 22b (Te,, = 105 °C),
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and 22c¢ (T.xo = 105 °C) showed the lowest thermal stability of all
complexes investigated.

In addition to the compound’s thermal stability, great
emphasis was placed on the determination of the compounds’
sensitivity toward various external stimuli (e.g., impact, fric-
tion, ball drop impact sensitivity, and electrostatic discharge).
The classification of the compounds regarding the “UN
Recommendations on the Transport of Dangerous Goods”
should ensure a safe handling of every ECC investigated.
Sensitivity measurements were carried out for complexes 6-9,
11, 13, 14, and 16-22 and ligands 4 and 5. Further characteriz-
ation of coordination compounds which could not be isolated
elemental analysis pure was waived. Friction sensitivity (FS)
measurements showed that, except picrate complex 17, every
ECC is more sensitive than the respective ligand by itself.
Copper azide 14 is the most sensitive complex (FS = 1 N), fol-
lowed by copper(u) perchlorate complex 13 (FS = 5 N), and
copper(u) dinitramide complex 7 (FS = 7 N). This is surprising
as compound 13 at the same time possesses one of the lowest
melting points. In the case of compounds 8 (FS = 15 N), 9 (FS
=14 N), and 11 (FS = 25 N) the low melting point is clearly
reducing the compounds’ friction sensitivity. Also, it is worth
mentioning that the effect of the co-crystallizing 2-NET moi-
eties in compound 22c on the compound’s higher sensitivity
toward friction is observed (FS = 60 N). Compared to 22b (FS =
324 N), lacking the co-crystallizing 2-NET units, the sensitivity
is drastically higher. This contradicts the common assumption
that energetic materials are less sensitive by introducing co-
crystallizing compounds.®”

Regarding impact sensitivity (IS) measurements, the effects
caused by the low melting points are not as severe as those
observed during friction sensitivity measurements. This is
reflected by the general impact sensitivity of <4 J observed for
most of the compounds (except 6, 9, and 17). A reason for this
might be the ignition of the sample through adiabatic com-
pression or hot spot formation within the setup.*® Also, it is
worth mentioning that during impact sensitivity measure-
ments some complexes are tested to be less sensitive than
ligand 5 (IS = 2 J). The highest impact sensitivity was observed
for styphnate 21 (IS < 1 J), whereas compound 17 (IS = 20 J)
showed the lowest sensitivity toward impact.

The low sensitivity of complex 17, especially compared to
ECC 20 based on the same anion, is likely caused by grain size
effects. While 17 (FS > 360 N, IS = 20 J) was investigated at a
roughly determined grain size <100 pm, the particle size distri-
bution of 20 (FS = 192 N, IS = 3 J) was about 500-1000 pm, poss-
ibly making the sample more sensitive. Similar effects are
assumed to be responsible for the difference in the sensitivity
data for compounds 19 (IS=2J, FS=96 N) and 22b (IS=4 ], FS
=324 N). The difference in the sensitivity between the two silver
fulminate complexes is due to the content of fulminate in each
complex. While in ECC 16a two fulminate moieties are observed
on one ligand, in 16b only one moiety is found per ligand.
Therefore, complex 16a is clearly more sensitive than 16b.

Regarding the “UN Recommendations on the Transport of
Dangerous Goods”, except ECCs 4, 6, 9, and 17, every com-

This journal is © The Royal Society of Cigddstry 2021


https://doi.org/10.1039/d1dt01898a

Published on 29 June 2021. Downloaded by Ludwig Maximilians Universitaet Muenchen on 8/31/2023 2:26:52 PM.

Dalton Transactions

pound must at least be classified as sensitive because of
impact sensitivity measurements.”’ Complexes 5, 7, 8, 11, 13,
14, 16a, and 19-21 even must be considered as very sensitive.
The remaining compounds 4, 9, and 17 are classified as less
sensitive. Taking into account the sensitivity toward friction,
the zinc(u) chlorate complex 9 must be rated as very sensitive,
with the compounds 7, 13, and 14 being extremely sensitive.

The synthesis of several complexes based on 1-NET has
again extended the series of ECCs based on alkyl tetrazoles.
This suggests a comparison of the complexes with each other,
whereby the copper chlorate and perchlorate complexes prob-
ably appear to be the most suitable ones, since these, except
for the chlorate complex based on 1-methyl-5H-tetrazole
(MTZ), have the same structure. For this purpose, the data of
different complexes known in the literature were compiled and
are plotted with the data of ECCs 8 and 13 obtained from this
work in the bar charts shown in Fig. 12.%%731

The charts generally indicate that a longer carbon chain
without an additional energetic group leads to compounds
being less sensitive. This is represented through the ECCs
based on 1-ethyl-5H-tetrazole (ETZ). By adding an energetic
group, like an azide (AET) or nitrate (NET), the effect becomes
less imminent, and the resulting coordination compounds are
even more sensitive than those based on 1-methyl-5H-tetrazole,
having a shorter carbon chain. Regarding friction sensitivity
another general trend can be observed, stating that chlorate
complexes are always more sensitive than the ones based on

Sensitivity toward Impact (IS)
12 X=HCIO, ECIO,

10
8
6
4
0 “

[Cu(CI0,),(MT2),]  [CU(ETZ)I(X),

N

B =

[CU(AET)J(X), [Cu(1-NET)](X), (8,11)

Sensitivity toward Friction (FS)
140 X= ECIO, ECIO,

120
100
80
60
40
20
0

[Cu(CIO,),(MTZ),]  [Cu(ETZ)J(X),

—m

[CU(AET)J(X), [Cu(1-NET),](X),(8,11)

Fig. 12 Bar charts displaying the impact sensitivity (top) and friction
sensitivity (bottom) of selected copper(i) chlorate and perchlorate com-
plexes based on various alkyl tetrazoles known in the literature.®”-3
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perchlorate. When it comes to impact sensitivity, this tendency
is less clear. It must be noted that the different structure of the
methyl tetrazole chlorate complex might influence these find-
ings. Comparing the complexes based on NET and AET shows
that with the exception of [Cu(AET)](ClO3), (IS = 2.5 J), the com-
plexes based on 1-azidoethyl-5H-tetrazoel are more sensitive.

Because of the already mentioned problems regarding BAM
standard impact measurements, in this work, also ball drop
impact sensitivity (BDIS) measurements were performed. The
device is said to deliver results closer to realistic conditions
due to a combination of spin and impact onto the sample.*!
Earlier works of our group showed that there are coherences
between the friction and ball drop impact. This work generally
supports this thesis, with compounds 7, 8, 9, 14, 15, and 21
being tested sensitive during both measurement types.
However, the chlorate and perchlorate complexes are less sen-
sitive toward BDIS which is likely due to the compounds’
melting point, resulting in crystals absorbing a lot of impact
energy. Major exceptions also are compounds 11, 19b, and
22¢, which were tested less sensitive than expected. A reason
explaining this behaviour might again be the particle size dis-
tribution or crystal shape. A high-speed image of the moment
of impact of compounds 13 and 14 is displayed in Fig. 13.

Hot plate and hot needle experiments

To get an insight into the compounds’ behaviour when
exposed to fast heating, hot plate tests were performed for
every ECC obtained elemental analysis pure. To run the test,
the sample was placed on a copper plate and heated with a
Bunsen burner until decomposition. An evaluation of the com-
pounds’ reaction when ignited under light confinement was
made by performing hot needle tests. For this test the sample
was fixed onto a copper plate by using an adhesive tape.
Subsequently the compound was penetrated with a red
glowing hot needle. Usually, a detonation in at least one of the
tests is desired, as this outcome indicates a fast deflagration to
detonation transition (DDT), which is an important property of
a primary explosive. The DDT is said to allow conclusions to
be drawn on how well a primary explosive is capable of igniting
pentaerythritol tetranitrate (PETN). Since the substances are
intended to rather serve as combustion catalysts than as
primary explosives, deflagration or decomposition reactions
are desired. The outcome of each test is displayed in Table 3;

Fig. 13 Moment of detonation during ball drop impact sensitivity
measurements of the copper(i) perchlorate (13) and copper(i) azide
complexes (14).
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Table 3 Results of hot plate and hot needle experiments?
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Laser energy, E” (m])

Compound No. HP HN PETN initiation 1.7 25.5 51.0
[Cu(1-NET)3(NO3),] 6 defl. defl. — dec. defl. .
[Cu(DN),(1-NET),] 7 defl. defl. Negative det. det. —
[Cu(1-NET)6](ClO3), 8 defl. defl. — — dec. —
[Zn(1-NET)](ClO3), 9 defl. dec. — — — —
[Cu(1-NET)s](ClO,), 11 defl. defl. — — dec. .
[Cu(2-NET)g](ClO,), 13 defl. defl. — — dec. —
[Cu(N3),(1-NET)] 14 det. det. Positive — det. —
[Ag,(CNO),(1-NET)] 16a det. defl. Negative — — —
'Ag(CNo)(1 NET)] 16b det. dec. — — — —
Cu(1-NET),(PA),] 17 defl. dec. — — comb. comb.
Cu(1-NET),(TNR)] 18a defl. defl. — — comb. comb.
Cu(H,TNR),(1-NET),] 18¢ defl. defl. — — dec. dec.
Cu(H,TNPG),(1-NET),] 19 defl. dec. — — comb. comb.
Cu(2-NET),(PA),] 20 defl. defl. — — dec. dec.
Cu(2-NET),(TNR)] 21 defl. defl. — — comb. comb.
Cu(HTNPG)(2-NET),] 22a defl. defl. — comb. comb.
Cu(H,TNPG),(2-NET),] 22b defl. dec. — dec. dec. dec.
Cu(H,TNPG),(2-NET),] - 2 2-NET 22¢ defl. defl. — det. comb. dec.

“Not tested, comb.: combustion, dec.: decomposition, defl.: deflagration, det.: detonation. ” Operating parameters: current I = 7 A; voltage U = 4
45 W; theoretical energy Epax =

V; theoretical maximal output power Py,,x =

further high-speed images of the tests and details on the setup
can be found in the general information in the ESL{
Deflagration reactions were observed for the majority of the
investigated ECCs (Table 3). Only exceptions were copper(u)
azide complex 14 (Fig. 14), and silver(1) fulminate 16a, which
detonated during at least one of the experiments, together
with compounds 9, 17, 19, and 22b, only decomposing during
at least one of these experiments. Excluding ECCs 14 and 16a
this behaviour indicates their possible use as combustion cata-
lysts. Based on these results, laser ignition experiments, and
in the case of 14, 16a and because of its strong deflagration,
also complex 7, PETN initiation experiments are of interest.
Compound 16b showed a significant weaker reaction than
ECC 16a due to the lower fulminate content in the complex.

PETN initiation experiments

The compounds which showed the most powerful behaviour
during hot plate and hot needle tests have been found to be
dinitramide coordination compound 7, copper(u) azide

S -
Fig. 14 High-speed images of the results of the hot plate (left and
middle) and hot needle tests (the right picture) of the copper(i) dinitra-

mide complex 7 (top) and the copper(i) azide coordination compound
14 (bottom).
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1.7-51.0 mJ; wavelength 4 = 915 nm; pulse length 7 = 1-30 ms.

[Cu(N,),(1-NET)] (14)

®
e 0t IR

electrical Igniter

Primary Explosive

Booster Explosive
. PETN

Fig. 15 Left: Initiation test setup without a copper witness plate. Right:
Result of the initiation experiment of compound 14 toward PETN.

complex 14, and silver fulminate ECC 16a. These complexes
showed either sharp deflagrations or even detonations during
hot plate and hot needle tests. For their potential use as lead-
free primary explosives, the compounds were tested for their
capability of initiating PETN. Therefore, 200 mg of the booster
explosive was loaded into a copper shell and 50 mg of the test
substance was filled on top (Fig. 15, left). More details of the
test setup can be found in the general methods of the ESL.{ A
positive DDT from the primary explosive towards PETN is indi-
cated by a hole in the copper witness plate and the fragmenta-
tion of the shell. As illustrated in Fig. 15 on the right, com-
pound 14 successfully initiates PETN. In the case of com-
pounds 7, and 16a only negative results were obtained.

Laser ignition experiments

Particularly in the field of primary explosives, the safe hand-
ling of materials is still severely limited since the mechanical
action is in many cases necessary for ignition." For example,
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the pyrotechnic charges used in the percussion caps are
ignited by the frictional force generated by impact with the
anvil. Therefore, the used energetic materials need to possess
high sensitivities toward external stimuli like impact and fric-
tion. The sensitivity data of the most common primary explo-
sives lead azide and lead styphnate monohydrate are displayed
in Table 2. The sensitivity not only affects the safe preparation
of the energetic materials, but also makes processing and dis-
tribution more difficult.

However, new ways of ignition, which do not require
mechanical stimuli, enable the use of less sensitive materials.
One method that has received great attention in recent years is
ignition through laser irradiation.””*>** In order to make use
of this new technique, every elemental analysis pure ECC pre-
pared in this work was tested for its ignitability by using a
laser. Since only coloured compounds are known to react
during these experiments, testing of the zinc and silver com-
plexes 9, and 16 was waived. The outcome of each test and the
respective energy used for ignition are displayed in Table 3.
Further information on the test setup and the procedure can
be found in the general information in the ESL

Interestingly not every compounds investigated showed
positive results during the laser experiments. A decomposition
(Table 3) indicates that no output was observed in the laser
setup during laser irradiation. An inspection of the primer cap
only showed changes in the colour within the sample. A com-
bustion (Fig. 16, bottom right) was observed for most of the
complexes based on trinitrophenolate anions. This is likely
caused by the compounds’ higher carbon content, resulting in
lower energetic compounds. Detonations were observed for
compounds 7 and 14, which was expected with respect to the
corresponding hot plate and hot needle tests (Fig. 16, top right

[Cu(1-NET),(NO,),] (6) defl.

p2

[Cu(DN),(1-NET),](7) det.

[Cu(N,),(1-NET)] (14) det.

[Cu(1-NET),(PA),] (17) comb.

Fig. 16 Single pictures of a high-speed movie of the reaction of ECCs
6, 7, 14, and 17 during laser ignition experiments at an energy of
25.5mJ.
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& bottom left). However, the results of complexes 8, 11, and 13
were surprising in terms of outcome. In previous experiments,
chlorate, and perchlorate complexes proved to exhibit the
strongest performance.””*®*' In this case only a slight
decomposition within the primer cap was observed after the
irradiation. This reinforces the theory that thermal ignition
may be the reason for initiation and that the substances’ low
melting point may be a hindrance to this. Furthermore, press-
ing the substance into the caps also showed melting because
of the force applied during compression. Therefore, these sub-
stances are likely to find applications as laser-ignitable ener-
getic components, only as a component of a mixture and not
as a neat substance.

Conclusions

A one pot synthesis of 1-hydroxyethyl-5H-tetrazole was estab-
lished in good overall yields by taking advantage of acetyl pro-
tection. A mixture of the 1- and 2-hydroxyethyl isomers was
prepared by alkylation and after nitration with 100% nitric
acid the mixture was separated by chromatographic methods.
Both compounds 1-NET (1-nitratoethyl-5H-tetrazole) and
2-NET (2-nitratoethyl-5H-tetrazole), further used as ligands,
were investigated by single crystal XRD and various NMR tech-
niques, including 'H, **C, N, and 'H >N HMBC. 2-NET was
additionally investigated through >N NMR to clarify the atom
assignment in the HMBC spectrum. BAM sensitivity measure-
ments showed equal values for the friction sensitivity; however
much higher impact sensitivities for the 2-isomer were
observed. Molecular interactions were investigated to shed
light on the sensitivity data. On the basis of Hirshfeld analysis,
structural elements were investigated concluding that the rigid
structure of 2-NET is likely to cause the increased sensitivity.
The tetrazole derivatives were subsequently used for the prepa-
ration of 22 different metal (Mn, Cu, Zn, and Ag) complexes.
Only acetonitrile and water were used as green solvents, with
both the ligands and the resulting ECCs exhibiting a desirable
poor solubility in water. Each of these, with the exception of
compound 13, was investigated using low temperature single
crystal X-ray diffraction. Thus, 18 of these complexes were
obtained elemental analysis pure and subsequently character-
ized with respect to their sensitivity toward impact, friction,
ball drop impact, and electrostatic discharge. In particular,
nitrate complex 6 (196 °C) and trinitrophenolate based com-
plexes 17 (197 °C) and 18a (195 °C) showed very good thermal
stabilities, which are outstanding especially for organic
nitrates. The improved oxygen balance due to this functional
group and the deflagration reactions of the compounds during
hot plate and hot needle tests reveal that these compounds
can be considered as burn rate catalysts like basic copper
nitrate (BCN). However, due to their energetic properties, they
simultaneously improve the performance of the mixture. The
laser ignition experiments showed that non-classical routes of
initiation are also possible for the majority of these additives.
Furthermore, these experiments indicate that the dinitramide
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complex 7 and azide complex 14 in particular are promising
candidates as substitutes for BNCP. Because of a positive
PETN initiation test, the latter compound is also interesting as
a substitute for lead azide or lead styphnate.
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2. Single Crystal X-Ray Diffraction

For all crystalline compounds, an Oxford Xcalibur3 diffractometer with a CCD area detector or
Bruker D8 Venture TXS diffractometer equipped with a multilayer monochromator, a Photon 2
detector and a rotating-anode generator were employed for data collection using Mo-K, radiation
(A = 0.7107 A). On the Oxford device, data collection and reduction were carried out using the
CrysAlisPRO software.>! On the Bruker diffractometer, the data were collected with the Bruker
Instrument Service v3.0.21, the data reduction was performed using the SAINT V8.18C software
(Bruker AXS Inc., 2011). The structures were solved by direct methods (SIR-92,%2 SIR-97,335%
SHELXS-97°>% or SHELXT®?) and refined by full-matrix least-squares on F2 (SHELXL>>°®) and finally
checked using the PLATON software®® integrated in the WinGX>” or Olex23® software suite. The
non-hydrogen atoms were refined anisotropically and the hydrogen atoms were located and
freely refined. The absorptions were corrected by a SCALE3 ABSPACK or SADABS Bruker APEX3
multi-scan method.511512 All DIAMOND?2 plots are shown with thermal ellipsoids at the 50%

probability level and hydrogen atoms are shown as small spheres of arbitrary radius.
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Table S1. Crystallographic data of 2, 4, and 5.

2 4 5
Formula CsHgN40, C3HsNsO3 C3HsNsO3
FW (g mol™) 156.15 159.12 159.12
Crystal system monoclinic monoclinic orthorhombic
Space Group P2./c P2./c Pna2,
Color / Habit colorless block colorless block colorless needle
Size (mm) 0.31x0.50 x 0.50 0.32x0.50x 0.50 0.24x0.33x0.50
a(A) 7.6852(9) 20.8315(6) 7.3292(8)
b (A) 14.3722(13) 6.5682(2) 14.3427(15)
c(A) 6.6944(6) 9.8140(3) 6.3485(5)
a(°) 90 90 90
B(°) 104.152(10) 103.473(3) 90
v () 90 90 90
Vv (A3) 716.98(13) 1305.85(7) 667.36(11)
z 4 8 4
Pealc. (8 cm3) 1.447 1.619 1.584
4 (mm™1) 0.115 0.143 0.140
F(000) 328 656 328
Amoka (A) 0.71073 0.71073 0.71073
T(K) 106 105 128
6 Min—Max (°) 27,264 3.3,26.4 2.8,26.4
Dataset -5:9; -10:17; -8:6 -26:26; -8:8; -12:12 -9:9; -17:17, -7:7
Reflections collected 3119 28160 9133
Independent refl. 1466 2669 1355
Rint 0.022 0.030 0.048
Observed reflections 1165 2378 1160
Parameters 132 199 120
R1 (obs)? 0.0352 0.0339 0.0361
WR, (all data)® 0.0830 0.0793 0.0806
GooF¢ 1.07 1.12 1.06
Resd. Dens. (e A-3) -0.22,0.17 -0.17,0.19 -0.17,0.19
Absorption correction multi-scan multi-scan multi-scan
Device type Oxford Xcalibur3 Oxford Xcalibur3 Oxford Xcalibur3
CcDC 2080666 2080674 2080685

@ Ry = I||Fol=|Fcl1/2IFol; © WRy = [EIW(Fo?-F2)/2Iw(Fo)211% w = [0c?(Fo2)+(xP)+yP]™! and P = (Fe?+2F?)/3; c) GooF =

{Z[w(F,2-F2)?]/(n-p)}/2 (n = number of reflections; p = total number of parameters).
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Table S2.

Crystallographic data of 6-8.

6 7 8
Formula CoH15CuN17015 CsH10CuN16014 C1gH30Cl,CuN300,4
FW (g molY) 664.92 593.84 1185.16
Crystal system monoclinic monoclinic monoclinic
Space Group P2,/c P2,/c Cc
Color / Habit blue plate blue plate blue platelet
Size (mm) 0.08 x 0.38 x 0.50 0.04 x 0.37 x 0.59 0.05 x 0.08 x 0.09
a(A) 20.6706(13) 13.1234(9) 10.721(3)
b (A) 7.2984(4) 6.3864(5) 18.897(5)
c(A) 16.4791(9) 12.8363(8) 23.186(6)
a(°) 90 90 90
B(°) 109.752(7) 110.160(6) 97.284(10)
v () 90 90 90
Vv (A3) 2339.8(3) 1009.92(13) 4660(2)
Z 4 2 4
Peatc. (8 cm3) 1.888 1.953 1.689
2 (mm-?) 1.045 1.193 0.698
F(000) 1348 598 2412
Amoka (A) 0.71073 0.71073 0.71073
T (K) 99 102 100
0 Min-Max (°) 2.5,26.4 3.2,26.4 2.2,26.4
Dataset -25:25;-9:9;-20:19 -16:16;-7:7;-15:16 -13:13;-23:23;-28: 28

Reflections collected
Independent refl.
Rint

Observed reflections
Parameters

R, (obs)?

WR; (all data)?

GooF¢

Resd. Dens. (e A-3)
Absorption correction
Device type

CCDC

14785
4786

0.056

3516

379

0.0442
0.0916
1.02

-0.59, 0.57
multi-scan
Oxford Xcalibur3
2080679

6571

2048

0.030

1748

169

0.0290
0.0743
1.08

-0.26, 0.39
multi-scan
Oxford Xcalibur3
2080675

33018
8963
0.058
7792

659
0.0646
0.1824
1.04
-1.04, 0.85
multi-scan
Bruker D8 Venture TXS
2080677

@ Ry = Z||Fol=IFl I/ZIFol; ® WRy = [E[W(Fo~F)2/Z[W(Fo)2]¥% w = [0c2(Fo?)+(xP)2+yP]™t and P = (Fo>+2Fc2)/3; c) GooF =

{Z[w(F2-F:2)?]/(n-p)}¥2 (n = number of reflections; p = total number of parameters).
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Table S3.

Crystallographic data of 10, 11, 12, and 14.

10 11 12 14
Formula C18H30Cl,MnN3056 C15H30Cl,CuN30056 C15H30Cl;N30056Z0 CgH10Cu,N,,06
FW (g mol™) 1208.56 1217.16 1218.99 613.44
Crystal system triclinic triclinic triclinic triclinic
Space Group P-1 P-1 P-1 P-1
Color / Habit colorless block blue block colorless block brown platelet
Size (mm) 0.11x0.18 x0.47 0.20 x0.48 x 0.50 0.21x0.39x0.50 0.01x0.03x0.03
a(A) 10.9319(8) 10.8193(9) 10.8769(8) 6.2622(4)
b (A) 10.9517(6) 10.9055(10) 10.8942(9) 10.5985(8)
c(A) 12.4811(7) 12.2584(10) 12.4267(12) 15.9381(14)
a(°) 88.318(4) 88.625(7) 68.548(8) 102.119(3)
L) 68.294(6) 68.707(8) 88.553(7) 96.226(3)
y(°) 61.051(7) 61.944(9) 61.016(8) 91.774(3)
Vv (A3) 1194.09(17) 1170.2(2) 1177.8(2) 1026.56(14)
z 1 1 1 2
Peale. (8 cm3) 1.681 1.727 1.719 1.985
4 (mm™1) 0.505 0.700 0.754 2.155
F(000) 615 619 620 612
Avoka (A) 0.71073 0.71073 0.71073 0.71073
T(K) 123 114 102 173
6 Min—Max (°) 2.5,26.4 23,264 22,264 2.0,26.4
Dataset _i; g' 13:13; _EE’ 11:13; _Eiz’ 13:12; -7:7;-13:13;-19:19
Reflections collected 18055 7824 9471 11434
Independent refl. 4868 4720 4809 4172
Rint 0.054 0.037 0.039 0.040
Observed reflections 3535 3314 3302 3184
Parameters 349 349 349 325
R1 (obs)? 0.0452 0.0538 0.0513 0.0397
wR, (all data)? 0.1146 0.1041 0.1045 0.0789
GooF¢ 1.04 1.03 1.04 1.05
Resd. Dens. (e A=3) -0.31,0.58 -0.46, 0.63 -0.45, 0.56 -0.38,0.39
Absorption correction  multi-scan multi-scan multi-scan multi-scan

Device type

CCDC

Oxford Xcalibur3
2080672

Oxford Xcalibur3
2080669

Oxford Xcalibur3
2080683

Bruker D8 Venture TXS
2080678

? Ry = Z||Fol=IFclI/2]Fol; ® WRy = [SIW(Fo?~F2)2/Z[W(Fo)1V% w = [0c?(Fe?)+(xP)*+yP]™ and P = (Fo*+2F2)/3; c) GooF =

{Z[w(Fs2-F:2)?]/(n-p)}¥2 (n = number of reflections; p = total number of parameters).
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Table S4.

Crystallographic data of 15, 16a, 16b, and 17.

15 16a 16b 17
Formula C3HsCuyN4703 CsHsAg,N;Os C4HsAgNgO,4 C1g8H14CuN60,9
FW (g mol™) 454.32 458.90 309.01 837.99
Crystal system monoclinic monoclinic monoclinic monoclinic
Space Group P2./n 12/a P2,/c P2,/c

Color / Habit
Size (mm)
a(A)

b (A)

c(A)

a(’)

B()

v ()

Vv (A3)

V4

Peatc. (g cm™)
4 (mm)
F(000)

Avtok (A)

T (K)

6 Min—Max (°)
Dataset

Reflections collected
Independent refl.
Rint

Observed reflections
Parameters

R; (obs)?

wR, (all data)?

GooF¢

Resd. Dens. (e A-3)
Absorption correction

Device type

CCDC

brown platelet
0.01x0.25x0.25
15.7453(11)
5.7379(4)
16.3858(14)
90

109.892(9)

90

1392.1(2)

4

2.168

3.111

896

0.71073

123

2.2,26.4
-19:19; -5:7;
-20: 20

9140

2839

0.067

1971

226

0.0514
0.1124
1.02

-0.63, 0.75
multi-scan
Oxford Xcalibur3
2080684

colorless platelet
0.09 x 0.25 x 0.50
12.5931(10)
5.6798(3)
31.354(3)

90

90.669(7)

90

2242.5(3)

8

2.718

3.525

1744

0.71073

104

2.6, 26.4
-15:15; -7: 6;
-38:39

8676

2296

0.030

1864

172

0.0251
0.0616
1.04

-0.51, 0.92
multi-scan
Oxford Xcalibur3
2080673

colorless platelet
0.02x0.07 x0.10
15.0209(6)
5.4770(2)
10.6783(5)

90

91.237(2)

90

878.29(6)

4

2.337

2.303

600

0.71073

173

4.0,26.4

-18:18; -6: 6; -13: 12
12974

1764

0.033

1672

136

0.0181

0.0423

1.06

-0.65, 0.93
multi-scan
Bruker D8 Venture TXS
2080682

green platelet
0.02 x 0.05 x 0.05
8.0432(4)
17.7448(8)
21.2063(11)
90

96.689(2)

90

3006.1(3)

4

1.852

0.846

1692

0.71073

173

2.3,26.4

-10: 10; -22: 22;
-26: 26

55744
6146
0.054
5073

525
0.0390
0.0979
1.07
-0.41, 0.56
multi-scan
Bruker D8 Venture TXS
2080680

? Ry = Z||Fol=IFclI/2]Fol; ® WRy = [SIW(Fo?~F2)2/Z[W(Fo)1V% w = [0c?(Fe?)+(xP)*+yP]™ and P = (Fo*+2F2)/3; c) GooF =

{Z[w(Fs2-F:2)?]/(n-p)}¥2 (n = number of reflections; p = total number of parameters).
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Table S5.

Crystallographic data of 18b, 18c, 19, and 20.

18b 18c 19 20
Formula C18H16CuN;60,3 Cy4H24CuN»058 C24H24CuN26030 C18H14CuN160,0
FW (g mol?) 888.01 1188.23 1220.23 837.99
Crystal system monoclinic triclinic triclinic triclinic
Space Group P2,/c P-1 P-1 P-1
Color / Habit green block green block green plate green block
Size (mm) 0.05x0.09x0.13 0.08x0.19x0.47 0.05 x 0.25 x 0.50 0.12x0.29x0.48
a(A) 14.2845(14) 8.9977(6) 9.0040(7) 6.5499(4)
b (A) 22.033(2) 10.9877(7) 10.8642(9) 8.7690(6)
c(A) 10.1252(9) 12.9353(9) 12.9713(12) 14.0403(11)
a(?) 90 88.113(5) 87.922(7) 71.967(6)
B(°) 99.740(4) 69.868(7) 69.740(8) 89.224(5)
v (°) 90 66.507(7) 67.742(8) 74.396(5)
Vv (A3) 3140.8(5) 1093.07(15) 1095.07(19) 736.40(10)
Z 4 1 1 1
Peae. (g cm3) 1.878 1.805 1.850 1.890
4 (mm™1) 0.822 0.630 0.635 0.864
F(000) 1796 603 619 423
Avoko (A) 0.71073 0.71073 0.71073 0.71073
T (K) 173 101 100 132
0 Min-Max (°) 2.2,27.5 2.0,26.4 2.0,26.4 2.5,26.4
Dataset -18:18; -28: 28 -10:11; -13: 13; -11: 10; -13: 12; -7:8; -10: 10;

-12:13 -16: 16 -16:13 -17:17
Reflections collected 55212 7022 7691 5569
Independent refl. 7225 4407 4462 3006
Rint 0.047 0.025 0.054 0.028
Observed reflections 6349 3673 2743 2432
Parameters 548 435 427 250
R; (obs)? 0.0597 0.0429 0.0636 0.0432
WR, (all data)? 0.1752 0.1062 0.1326 0.0949
GooF¢ 1.04 1.03 1.03 1.03
Resd. Dens. (e A-3) -0.83, 2.36 -0.46, 0.42 -0.57, 0.65 -0.56,0.48
Absorption correction  multi-scan multi-scan multi-scan multi-scan

Device type

CCDC

Bruker D8 Venture TXS

Oxford Xcalibur3
2080676

Oxford Xcalibur3
2080681

Oxford Xcalibur3
2080671

@ Ry = Z||Fol=IFc| I/ZIFol; ® WRy = [E[W(Fo>~F)2/Z[W(Fo)2]¥% w = [0c2(Fo?)+(xP)2+yP]™t and P = (Fo>+2Fc2)/3; c) GooF =

{Z[W(FOZ_FCZ)Z]/(n_p)}l/Z

(n = number

of reflections;

p = total

number

of parameters).
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Table S6.

Crystallographic data of 21, 22a, and 22c.

21 22a 22c
Formula C12H11CuN;13014 C12H11CuN;13045 C30H34CuN36036
FW (g mol™) 624.88 640.88 1538.48
Crystal system triclinic triclinic triclinic
Space Group P-1 pP-1 P-1
Color / Habit green plate dark green block green platelet
Size (mm) 0.11x0.25x0.54 0.14x0.20x0.34 0.06 x 0.30x0.38
a(A) 10.1859(8) 10.3415(6) 8.4568(6)
b (A) 10.4855(8) 10.4028(6) 11.2204(8)
c(A) 10.8414(7) 10.8539(6) 16.7588(10)
a(?) 72.332(6) 71.766(5) 101.080(5)
B(°) 77.521(6) 78.429(5) 103.168(5)
V() 81.225(6) 80.742(5) 107.579(6)
Vv (A3) 1072.51(14) 1080.44(11) 1416.56(19)
Z 2 i 1
Peae. (g cm3) 1.935 1.970 1.804
2 (mm) 1.125 1.123 0.524
F(000) 630 646 783
Avoka (A) 0.71073 0.71073 0.71073
T (K) 102 102 123
6 Min—Max (°) 2.0,26.4 2.0,26.4 2.0,26.4
Dataset ~12:12; -13:13; -13:13 :g i; Bl ~10:10; ~14:14; ~20:20
Reflections collected 7539 8987 21342
Independent refl. 4401 4412 5794
Rint 0.032 0.028 0.087
Observed reflections 3331 3696 3757
Parameters 364 374 468
R1 (obs)? 0.0486 0.0348 0.0534
WR; (all data)? 0.1363 0.0880 0.1184
GooF¢ 1.06 1.03 1.02
Resd. Dens. (e A-3) -0.59, 0.58 -0.37,0.46 -0.48,0.72
Absorption correction multi-scan multi-scan multi-scan

Device type

CCDC

Oxford Xcalibur3
2080667

Oxford Xcalibur3
2080670

Oxford Xcalibur3
2080668

@ Ry = Z||Fol=IFc| I/ZIFol; ® WRy = [E[W(Fo>~F)2/Z[W(Fo)2]¥% w = [0c2(Fo?)+(xP)2+yP]™t and P = (Fo>+2Fc2)/3; c) GooF =

{Z[w(Fs2-F:2)?]/(n-p)}¥2 (n = number of reflections; p = total number of parameters).
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The tetrazole derivative 2 crystallizes in the form of colorless blocks in the monoclinic space group
P2,/c, with four formula units per unit cell. The calculated density of 1.447 g cm~3at 106 K is lower
than the densities observed for the tetrazoles 4 and 5. The methylene groups are, as already
observed for the compounds 4 and 5, arranged in a slighty distorted gauche conformation (N1-
C2-C3—01 =69.01(12) °, Figure S1). The bond lengths and angles in the tetrazole moiety are

similar to the ones observed in 1-NET (4) and 2-NET (5).

Figure S1. Molecular unit the tetrazole derivative 2. Selected bond lengths (A): N1-C2 1.4620(17),
C2-C3 1.5018(19), C3-01 1.4490(17), 01-C4 1.3448(16), 02—-C4 1.2043(17), C4-C5 1.488(2).
Selected bond angles (°): N1-C2-C3 111.11(11), C2—C3-01 106.74(11), C3—01-C4 116.47(10),
01-C4-02 122.84(13), 01-C4-C5 110.96(13).
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The manganese(ll) and zinc(ll) coordination compounds 10 and 12, along with the copper(ll)
perchlorate complex 11, crystallize isotypically in the triclinic space group P-1 with one formula
unit per unit cell. As already stated for the copper complex, the compounds’ densities differ only
slightly, with compound 11 showing the highest value (10: 1.681 gcm=3at 123 K; 11: 1.727 gcm™3
at 114 K; 12: 1.719 g cm~3). Each perchlorate complex shows an octahedral coordination sphere

(Figure S2) built up by six moieties of 1-NET (4).

ci

chHi

- o 4 \‘\ J
? & : N14 Znys =
Lw\;\ ;! .
12

N1y
013
010 4CH1
[ "’*-’_‘ o
B (o]

10 12

Figure S2. Molecular units of [Mn(1-NET)¢](ClO4), (10, left) and [Zn(1-NET)](ClO4), (12, right).
Selected bond lengths (A) of 10: Mn1-N4 2.23171 (14), Mn-N9 (2.2482(3), Mn1-N14
2.24903(14). Selected bond lengths (A) of 12: Zn1-N4 2.143(3), Zn1-N9 2.154(3), Zn1-N14
2.170(2). Selected bond angles (°) of 10: N9—-Mn1-N14 91.803(7), N4—Mn1-N14 86.912(5), N4—
Mn1-N9 89.510(7). Selected bond angles (°) of 12: N4-Zn1-N9 92.10(13), N4-Zn1-N14 90.32(11),
N9-Zn1-N1491.67(11). Symmetry code of 10: (i) 1-x, 1-y, 1-z. Symmetry code of 12: (i) 1-x, 2-y,
-z
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In contrast to compound 14, the copper(ll) azide complex 15 crystallizes in the triclinic space
group P-1. The asymmetric unit in this case is made up of only one instead of two molecular units
and contains two copper azide moieties per tetrazole unit (Figure S3, A). The unit cell is built up
by four formula units, resulting in a higher density of 2.168 g cm=3 at 123 K. Eyery copper atom is
coordinated octahedrally. While Cu2 is solely coordinated through azide moieties, the other
cental metal (Cul) is also complexed by a 2-NET ligand. Every anion is linking between two metal
centers, whereas three different types of linking were observed (Figure S3, B). The frist mode,
represented by the N9—-N10-N11 anion, is solely linking Cul and Cu2. The N12-N13—-N14 and the
N15-N16—N17 azide moieties are forming the bonds all originating from the same nitrogen atom.
Two of these bonds are within the same asymmetric unit. The third bond is within another
asymmetric unit and therefore leading to the formation of 1D polymeric chains. The third
coordination mode (N8—N7-N®6) is also linking between three copper centers. The first two bonds
are again between the same assymetric unit, the third bond is leading to the formation of 2D

polymeric layers (Figure S3, C).

@Cu1
N11/N17 N14
N10 / N16 N13
N9 /N15 N12
@ R )
/ dcm @cJuz <Cu2 ®ou®out g “eut
N12

I
!
T @cw c E
f .
// \ r‘.:
/ »--- ‘]‘}"'” )
C‘ C“Wé_ Ng \ P g .
/ N10 NG s \

N6 ; :
N11 o Ca
N7 \ ; 4.
: *\ b "; - C
¥
N8

Figure S3. A: Molecular unit of complex 15. Selected bond lengths (A): Cu1-N4 1.97343(13), Cul-
N6 1.98651(10), Cul-N9 2.02128(11), Cul-N12 1.99045(13), Cu2—N9 1.99224(12), Cu2—N12
1.99898(11), Cu2—-N15 2.00955(14). Selected bond angles (°): N9—Cul-N12 77.168(5), N4—Cul—
N6 90.720(5), N9—Cu2—N12 77.643(5). B: Coordination modes of the azide anions in 15. C: Section
of the polymeric network formed by ECC 15.
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The copper(ll) complex 18b, based on the HTNR™ anion crystallizes in the monoclinic space group
P2,/c with four formula units per unit cell. The calculated densitiy of 1.878 g cm=3 at 173 K is only
slightly higher than the one of 18c based on the same anion (1.805 g cm=3 at 101 K). Like ECC 18c¢,a
octahedral coordination sphere is formed. However, the coordination sphere found in complex
18b is built up by two ligand moieties, whereas in coordination compound 18c four ligand units
can be found (Figure S4). Futhermore, the anions and the ligands are arranged in cis-conformation
and the formed octahedral is stongly distorted (014-Cu1-022 = 162.73(9) °). The complex is also
the only observed coordination compound incooperating an aqua moiety together with NET

ligands.

Figure S4. Molecular formula of [Cu(HTNR),(1-NET),] ® H,O (18b). Slelected bond lenghts (A):
Cul-N42.001(3), Cul-N9 1.991(3), Cul-07 1.950(3), Cu1-0151.951(2), Cul—-014 2.349(3), Cul-
022 2.306(3). Selected bond angles (°): 015-Cul-N4 86.38(11), 015—Cu1-07 91.54(10), O15-
Cul-022 80.83(9).
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The copper(ll) complexes 18c and 19, based on the HTNR or H,TNPG anions, respectively,
crystallize isotypically in the triclinic space group P-1 with one formula unit per unit cell.
Therefore, the compounds’ densities differ only slightly (18c: 1.805gcm=3 at 101K, 19:
1.850 g cm3 at 100 K). Both ECCs show the same octahedral coordination environment with four
tetrazole moieties in the equatorial positions and the two anions in the axial position (Figure 11).
In case of ECC 18c parts of the tetrazole and phenyl moieties were split due to disordering.
Therefore, parts of the structure were not refined anisotropically. Furthermore, one of the nitrato
groups in compound 19 was split. In both structures 18c and 19, one of the ethylene groups had

to be split because of a disorder.

Figure S5. Coordination environment of the complexes [Cu(HTNR),(1-NET),] (18c) and
[Cu(H,TNPG),(1-NET),] (19). Selected bond lengths (A) of 18c: Cul-07 2.3844(19), Cul-N9
2.025(3), Cul-N4 1.985(2). Selected bond lengths (A) of 19: Cu1-07 2.375(3), Cul-N4 2.011(3),
Cul-N9 1.991(5). Selected bond angles (°) of 18c: O7—Cul—-N9 88.83(8), O7—Cul—-N4 85.55(8),
N4—Cul-N9 89.29(10). Selected bond angles (°) of 19: O7—Cul-N4 89.14(10), O7—Cul-N9
85.09(12), N4—Cul-N9 88.81(16) Symmetry code of 18c: 1-x, 1-y, 1-z. Symmetry code of 19: —x,
1-y, 1-z.
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The coordination compounds 21 and 22a based on either a styphnate (TNR%") or 5-hydroxy-2,4,6-
trinitroresorcinate (HTNPG?") anion both crystallize isotypically with similar cell axes and cell
volumes in the triclinic space group P-1 with two formula units per unit cell. The additional
hydroxy group within the HTNPG?~ anions leads to an increased density (21: 1.935 g cm™3 at 102 K,
22a:1.970 g cm=3 at 102 K). Every complex shows a distorted octahedral coordination sphere with
two ligand moieties in equatorial positions (Figure 12). The remaining equatorial coordination
sites are occupied by deprotonated hydroxy groups of the trinitrophenolate ion. The axial
positions are taken by nitro groups of the anion, which are closest to the binding hydroxy groups.
The binding behaviour of the respective anion leads to the formation of one-dimensional

polymeric chains.

22a

Figure S6. Coordination environments of the complexes [Cu(2-NET),(TNR)] (21) and
[Cu(HTNPG)(2-NET),] (22a). Selected bond lengths (A) of 21: Cu1-06 1.942(2), Cul-05 2.258(3),
Cul-N7 2.022(3). Selected bond lengths (A) of 22a: Cu1-07 1.9473(16), Cul-N4 2.027(2), Cul-
08 2.2396(17). Selected bond angles (°) of 21: 05—Cu1-06 83.71(9), N7—Cu1-05 89.93(11), 06—
Cul—-N7 88.93(11). Selected bond angles (°) of 22a: 08—Cu1-07 82.71(7), 08—Cul—-N4 86.46(8),
0O7-Cul-N4 88.63(8). Symmetry code of 21: (i) 1-x, 2-y, —-z. Symmetry code of 22a: (i) -x, 1-v,
1-z.
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ECC 22c crystallizes in the triclinic space group P-1 in the form of green platelets and the unit cell
consists of one formula unit. The compound possesses a calculated density of 1.803 gcm™3 at
123 K, which is the lowest observed value for all trinitrophenolate complexes based on 2-NET (5).
The coordination sphere is built up like the 1-NET based complex 19. Four tetrazole moieties are
arranged in the equatorial positions together with anions occupying the axial spots. The major
difference to 19, or 22b, is that two additional, non-coordinating 2-NET moieties are located
within the molecular unit (Figure 13). This behaviour has not been observed among copper
complexes based on the H,TNPG anion. It is likely due to the alkyl chain length of the ligand,
allowing the ligand to perfectly fit into the free spots of the structure. This is also favoured by two
different conformations of the C—C bond, which were observed within the structure. The co-
crystallizing ligand, together with two of the equatorial ligands show a gauche conformation
(N10-C11-C12-01= 58.4(4)°, N15-C14—C15-016 = 50.1(3)), whereas the remaining two ligands

are arranged in an anti-conformation (N5-C8—-C9-010 = 172.40(18)°).

Figure S7. Molecular unit of [Cu(H,TNPG),(2-NET),] 2 2-NET (22c). Selected bond lengths (A):
Cul-01 2.317(2), Cul-N7 2.006(2), Cul-N12 2.043(3). Selected bond angles (°): 01-Cul-N7
84.11(11), 01-Cu1-N12 88.70(11), N7—Cu1-N12 88.71(11). Symmetry code: 1-x, 1-y, 1-z.
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3. Computations & Hishfeld Surfaces

3.1 Computations

All calculations were carried out using the Gaussian GO9 program package.>!3 The enthalpies (H)
and free energies (G) were calculated using the complete basis set (CBS) method of Petersson and
coworkers in order to obtain very accurate energies. The CBS models use the known asymptotic
convergence of pair natural orbital expressions to extrapolate from calculations using a finite
basis set to the estimated complete basis set limit. CBS-4 begins with a HF/3-21G(d) geometry
optimization; the zero point energy is computed at the same level. It then uses a large basis set
SCF calculation as a base energy, and a MP2/6-31+G calculation with a CBS extrapolation to
correct the energy through second order. A MP4(SDQ)/6-31+(d,p) calculation is used to
approximate higher order contributions. In this study we applied the modified CBS-4M method
(M referring to the use of minimal population localization) which is a re-parametrized version of
the original CBS-4 method and also includes some additional empirical corrections. The enthalpies
of the gas-phase species M were computed according to the atomization energy method (E 1)

(Table S7 & 8).513-18

AfHo(g, M, 298) = H(Molecule, 298) — ZHO(Atoms, 298) + zAfHo(Atoms, 298) (El)

Table S7. Literature values for atomic AH®?%8 / kcal mol

-H?%8 [a.u.] NIST1®
H 0.50091 52.1
C 37.786156 171.3
N 54.522462 113.0
0] 74.991202 59.6
17
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In the last step the gas-phase heat of formations were converted to the solid/liquid state ones by

subtracting the vaporization/sublimation enthalpies (calculated using the Trouton rule).>292! The

calculation results are summarized in Table S8.

Table S8. CBS-4M results, Gas phase enthalpies of formation, calculated sublimation/vaporization
enthalpies and solid-state heat of formation.

Compound —H?*% [ a.u. AH°(g) / k) mol? AH°(sub/vap) / kI mol™*  AH°(s) / k) mol™
4 -615.780788 229.8 56.0522 173.7
5 -615.790916 203.2 56.0522 147.1
TNT - - - -59.346
18
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3.2 Hirshfeld Surfaces

Hirshfeld surfaces of compound 4 and 5 were generated from the crystal structure data with
CrystalExplorer17.522 Fingerprint plots are shown in Figure S5. Interactions are represented by
dots in the fingerprint plot and corresponding distances can be calculated by the addition of the
distance d. and d,. Therefore, the area in the lower left represents close interactions. These close

interactions, attractive or repulsive, are represented by red dots on the Hirshfeld surface.

N-H H-H
L,

24

22

2.0

0.6 0.6

di
A 06 08 10 12 14 16 18 20 22 24 (A) 06 08 10 12 14 1.
20% 40% 60% 80%

1-NET

2-NET

I 00 (I NN [E] O-~N [ H--H [EZI N-+H [N O~ I Other

Figure S8. Two-dimensional fingerprint plots of 4 and 5 together with their Hirshfeld surfaces. The
areas of the single interactions are represented above the graphs.
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4, NMR Spectroscopy of 4 and 5

'H NMR (400 MHz, DMSO-d,, ppm)
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IH NMR spectrum of 1-NET (4).
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Figure S10.  3C NMR spectrum of 1-NET (4).
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“N NMR (29 MHz, DMSO-d,, ppm)
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Figure S11. N NMR spectrum of 1-NET (4).
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'H NMR (400 MHz, DMSO-d,, ppm)
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Figure S12. H NMR spectrum of 2-NET (5).
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Figure S13.  13C NMR spectrum of 2-NET (5).
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Figure S14. 14N NMR spectrum of 2-NET (5).
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4, IR Spectroscopy of 1, 2, 4-9, 11, 13, 14, and 16-22
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Figure S15. IR spectra of the organic molecules 1, 2, 4, and 5.
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Figure S16. IR spectra of the complexes 6-9.
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Figure S17. IR spectra of the ECC 11, 13, 14, and 16a-b.
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Figure S18. IR spectra of the coordination compounds 17-19 based on various trinitro-
phenolate anions.
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Figure S19. IR spectra of the coordination compounds 20-22.
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5. DTA Plots of 4-9, 11, 13, 14, and 16-22

R 1-NET (4)
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Figure S20. DTA plots of the ligands 4 and 5 together with the complexes 6 and 7.
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[Cu(1-NET)(CIO,), (8)

[Zn(1-NET),](CIO,), (9)
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Figure S21. DTA measurements of the compounds 8, 9, 11, and 13.
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Figure S22. DTA measurements of the ccomplexes 14, 16a, and 16b.
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Figure S23. DTA measurements of the trinitrophenolate-based complexes 17-19.
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Figure S24. DTA measurements of the trinitrophenolate-based complexes 20-22.
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6. TGA Plots of 4-6, 8, 9, 11, 13, 16, 20, and 22
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Figure S25.
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TG measurements of the ligands 4 and 5 together with the complexes 6, 8,9, an 11.
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Figure S26.  TGA plots of the ECCs 13, 16a, 16b, 20, and 22c.
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7. Hot Plate & Hot Needle Tests of 6-9, 11, 13, 14, 16-22

Figure S27. Deflagration of the nitrato complex 6 during hot plate (left) and hot needle test (right).

Figure S28. Reaction of the dinitramide complex 7 during hot plate (left) and hot needle test
(right).

Figure S29. Deflagration reaction of ECC 8 during hot plate (left) and hot needle test (right).

Figure S30. Deflagration of the zinc chlorate complex 9 during hot plate test.
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Figure S31. Reaction of the coordination compound 11 during hot plate (left) and hot needle test
(right).

Figure S32. Results of the hot plate (left) and hot needle tests (right) of the ECC 13.

Figure S33. Detonations of the copper azide complex 14 during hot plate (left) and hot needle
test (right).

Figure S34. Detonations of the silver fulminate complex 16a during hot plate (left) and
deflagration during hot needle test (right).
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Figure S35. Reactions of the coordination compound 16b during hot plate (left) and hot needle
test (right).

Figure S36. Deflagration of the picrate complex 17 during hot plate test (left) and decomposition
during hot needle test (right).

Figure S37. Results of hot plate (left) and hot needle test (right) of compound 18a.

Figure S38. Results of hot plate (left) and hot needle test (right) of compound 18c.
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Lk

Figure S40. Deflagration of the picrate complex 20 during hot plate test (left) and hot needle tests
(right).

Figure S41. Results of hot plate (left) and hot needle test (right) of the styphnate coordination
compound 21.

Figure S42. Reactions of ECC 22a during hot plate (left) and hot needle (right) testings.
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Figure S43. Deflagrations of compound 22b during hot plate (left) and hot needle tests (right).

Figure S44. Reactions of compound 22c¢ during hot plate (left) and hot needle tests (right).
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8. Experimental Part & General Methods

All chemicals and solvents were employed as received (Sigma-Aldrich, Fluka, Acros, ABCR). H,
13C, 14N, and >N{*H}, and 'H-1>N HMBC NMR spectra were recorded at ambient temperature using
a JEOL Bruker 27400, Eclipse 270, JEOL EX 400 or a JEOL Eclipse 400 instrument. The chemical
shifts quoted in ppm in the text refer to typical standards such as tetramethylsilane (*H, 13C)
nitromethane (**N,°N) in DMSO-dj, acetonitrile-ds; or acetone-dg as the solvent. Endothermic and
exothermic events of the described compounds, which indicate melting, loss of crystal water or
decomposition, are given as the extrapolated onset temperatures. The samples were measured
in a range of 25—-400 °C at a heating rate of 5 °C min~! through differential thermal analysis (DTA)
with an OZM Research DTA 552-Ex instrument and in some cases additionally by thermal
gravimetric analysis (TGA) with a PerkinElmer TGA4000. Infrared spectra were measured with
pure samples on a Perkin-Elmer BXIl FT-IR system with a Smith DuraSampler IR Il diamond ATR.
Determination of the carbon, hydrogen, and nitrogen contents was carried out by combustion
analysis using an Elementar Vario El (nitrogen values determined are often lower than the
calculated ones’ due to their explosive behavior). UV-Vis spectra were recorded in the solid state
using a Varian Cary 500 spectrometer in the wavelength range of 350-1000 nm. The step in the
absorption intensity at 800 nm is caused by a detector change. Impact sensitivity tests were
carried out according to STANAG 4489°2® with a modified instruction®?* using a BAM
(Bundesanstalt fuir Materialforschung) drophammer.5>> Ball drop impact sensitivity tests were
determined for selected compounds on an OZM ball drop machine (BIT-132), following MIL-STD-
1751A (method 1016) by dropping a free-falling steel ball onto the explosive compound.56:27
Details on the process can be found in the literature.>?® Friction sensitivity tests were carried out
according to STANAG 4487°%° with a modified instruction>3° using the BAM friction tester.>2>26
The classification of the tested compounds results from the “UN Recommendations on the
Transport of Dangerous Goods”.531:32 Additionally, all compounds were tested upon the sensitivity
toward electrical discharge using the OZM Electric Spark XSpark10 device.5?® Hot plate and hot
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needle tests were performed in order to evaluate the potential initiation capability of selected
compounds. The samples were fixed on a copper plate underneath adhesive tape and initiated
by a red-hot needle. Strong deflagration or detonation of the compound usually indicates a
valuable primary explosive. The safe and straightforward hot plate test only shows the behavior
of the unconfined sample toward fast heating on a copper plate. It does not necessarily allow any
conclusions on a compound’s capability as a suitable primary explosive. The laser initiation
experiments were performed with a 45 W InGaAs laser diode operating in the single-pulsed
mode. The diode is attached to an optical fiber with a core diameter of 400 um and a cladding
diameter of 480 um. The optical fiber is connected via a SMA type connecter directly to the laser
and to a collimator. This collimator is coupled to an optical lens, which was positioned in its focal
distance (f = 29.9 mm) to the sample. The lens is shielded from the explosive by a sapphire glass.
Approximately 15 mg of the carefully pestled compound to be investigated was filled into a
transparent plastic cap (PC), pressed with a pressure force of 1 kN and sealed by a UV-curing
adhesive. The confined samples were irradiated at a wavelength of 915 nm, a voltage of 4V, a
current of 7 A and pulse lengths of 1-30 ms. The combined currents and pulse lengths result in
an energy output of 1.7-51.0 mJ. Energetic properties have been calculated with the EXPLO5
6.05.04 computer code’33 using the, to RT converted, X-ray density and calculated solid state
heats of formation. These were computed by the atomization method as described in recently
published papers. Electronic enthalpies were calculated with the Gaussian09 software>!3 suite

using the CBS-4M method.

The obtained compounds were washed with acetonitrile when stated, dried overnight in air and

used for analytics without further purification.

44
253



CAUTION! All investigated compounds are potentially explosive energetic materials, which show
partly increased sensitivities toward various stimuli (e.g. elevated temperatures, impact, friction
or electrostatic discharge). Therefore, proper security precautions (safety glass, face shield,
earthed equipment and shoes, leather coat, Kevlar gloves, Kevlar sleeves and ear plugs) have to

be applied while synthesizing and handling the described compounds.

2-Aminoethylacetate hydrocloride (1)

2-Aminoethanol hydrocloride (20.0 g, 0.21 mol) was suspended in acetic anhydride (23 g,
0.23 mol).533 The reaction mixture was heated to 80 °C for 2 h. The resulting clear solution was
cooled to room temperature. The formed parcipitate was filrated off, washed wit diethylether
(200 mL) and dried in vacuum over night. Compound 1 was obtained as a colorless solid. Yield:

21.4 g (0.153 mol, 75%).

EA (C4H1oCINO,, 138.57): calcd: C 34.42, H 7.22, N 10.04%; found: C 34.17, H 7.22, N 10.04%; IR
(ATR, cm~1): ¥ = 2908 (s), 2895 (s), 2824 (m), 2700 (w), 2646 (w), 2507 (w), 1736 (vs), 1698 (w),
1649 (w), 1622 (w), 1592 (m), 1579 (m), 1524 (s), 1441 (m), 1399 (w), 1380 (m), 1365 (m), 1312
(m), 1293 (m), 1269 (w), 1234 (s), 1137 (w), 1071 (s), 1044 (m), 1031 (s), 985 (s), 890 (s), 868 (w),
799 (m), 651 (m), 607 (m), 436 (m); *H NMR (400 MHz, DMSO-d;, 25 °C) 6 (ppm) = 8.23 (s, 3H,
NHs), 4.19 (t, 3, = 5.3 Hz, 2H, CH,), 3.04 (t, 34 = 5.4 Hz, 2H, CH,), 2.05 (s, 3H, CHs); 13C NMR
(101 MHz, DMSO-dg, 25 °C) & (ppm) = 170.3, 60.4, 37.8, 20.7; HRMS (ESI) for C4H1,CINO, calc. [M—

Cl]* 104.0706, found: 104.0707.

2-(1H-tetrazol-1-yl)ethyl acetate (2)

Compound 1 (21.4g, 0.15mol) and sodium azide (11.9g, 0.18 mol) were suspended in

trietylorthoformiate (91.0 g, 102.1 mL, 0.61 mol).>3* Acetic acid (61 mL) was added dropwise
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under stirring over a period of 30 min. The suspension was heated to reflux for 3 h. After cooling
to RT, the solvent was removed under reduced pressure and the remaining solid was extracted
with hot acetone (200 mL). The solvent was evaporated and theremaining colorless oil was dried
under high vacuum. The compound solidified yielding 2-(1H-tetrazol-1-yl)ethyl acetate (2) as

colorless block suitable for single crystal X-ray diffraction. Yield: 14.6 g (0.094 mol, 61%).

EA (CsHgN4O,, 156.15): calcd: C 38.46, H 5.16, N 35.88%; found: C 38.27, H 4.90, N 35.82%; IR
(ATR, cm™): ¥ = 2979 (vw), 1731 (s), 1694 (w), 1660 (w), 1483 (m), 1473 (m), 1459 (w), 1444 (w),
1431 (m), 1389 (m), 1376 (m), 1359 (m), 1279 (m), 1267 (m), 1249 (s), 1229 (vs), 1174 (s), 1103
(s), 1080 (s), 1049 (s), 1025 (s), 995 (m), 978 (m), 962 (m), 940 (s), 881 (s), 833 (m), 723 (w), 677
(s), 651 (s), 639 (m), 602 (m), 502 (s), 429 (m); 'H NMR (400 MHz, DMSO-ds, 25 °C) & (ppm) = 9.44
(s, 1H, CH), 4.75 (t, 3y = 5.2 Hz, 1H, CH,), 4.53—-4.27 (m, 2H, CH,), 1.98 (s, 3H,CHs); 13C NMR
(101 MHz, DMSO-dg, 25 °C) & (ppm) = 170.0, 144.3, 61.6, 46.8, 20.4; HRMS (EI) for CsHgN,0, calc.

[M+H]* 157.0720, found: 157.0714.

1-Hydroxyethyl-5H-tetrazole (3)

Compound 2 (14.0 g, 0.09 mmol) was dissolved in concentrated hydrochloric acid (10 mL) and
stirred at room temperature for 1 h. The solvent was removed under reduced pressure and the
resulting colorless oil was dried under high vaccum. The oil solidified yielding compound 3 in the

form of colorless blocks. Yield: 8.9 g (0.078 mmol, 87%).

1H NMR (400 MHz, DMSO-dg, 25 °C) & (ppm) = 9.33 (s, 1H, CH), 5.11 (s, 2H, OH), 4.50 (t, 3y =
5.3 Hz, 4H, CH,), 3.78 (t, ¥4 = 5.3 Hz, 4H, CH,); 13C NMR (101 MHz, DMSO-dg, 25 °C) & (ppm) =

144.3, 59.1, 50.4; HRMS (EI) for C3HgN,O calc. [M] 114.0542, found: 114.0542.
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One-pot synthesis of 1-Hydroxyethyl-5H-tetrazole (3)

2-Aminoethanol hydrochloride (19.5 g, 0.20 mol) was suspended in acetic anhydride (22.5g,
0.22 mol) in a 500 mL three necked roundbottom flask. The reaction mixture was heated to 80 °C
for 2 hours. Subsequently the solution was allowed to cool down to 40°C and
triethylorthoformiate (59.3 g, 66.3 mL, 0.40 mol) was added. Sodium azide (15.6 g, 0.24 mol) was
added and acetic acid (70 mL) was added dropwise. After the complete addition, the reaction
mixture was refulxed for 3 h. Afterwards concentrated hydrochloric acid (40 mL) was added and
heating was continued for 30 min. The solution was cooled to RT and the solvent was removed.
The remaining suspension was extracted with hot acetone (200 mL) and the solvent was removed
in vacuo. The remaining colorless oil was dried under high vaccum and solidified. Compound 3

was obatined in the form of colorless blocks. Yield: 17.1 g (0.15 mol, 75%).

Selective preparation of 1-nitratoethyltetrazole (1-NET, 4)

White fuming nitric acid (12 mL) was cooled to 0 °C and compound 3 (2.0 g, 17.5 mmol) was
added dropwise. The temperature was kept below 10 °C during the whole addition. Stirring was
continued for 20 min. Subsequently the solution was allowed to warm to room temperature and
stirred mechanical for another 20 min. After neutralization using sodium carbonate, the aqueous
layer was extracted with dichloromethane (3x, 200 mL). The combined organic layers were dried
over magnesium sulfate and the solvent was removed under reduced pressure. The remaining
cololess oil was dried under high vaccum and solidified. The tetrazole derivative 4 was obtained
in the form of colorless blocks suitable for single crystal X-ray diffraction. Yield: 2.0 g (12.8 mmol,

73%).
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Preparation of 1- & 2-nitratoethyltetrazole via alkylation of 1,5H-tetrazole (1-NET, 4; 2-NET, 5)

1,5H-tetrazole (7.0 g, 0.10 mol) was suspended in water (15 mL).>3> Sodium hydroxide (4.0 g,
0.10 mol) dissolved in water (15 mL) was added and the solution was heated to reflux. 2-
Chloroethanol (10.1 g, 8.3 mL, 0.13 mmol) was added dropwise over the course of 15 min. The
reaction mixture was heated to reflux for 12 h. The solvent was removed under reduced pressure
and the resulting suspension was extracted with hot acetone (600 mL). Removal of the solvent in
vacuo afforded a mixture of 1- and 2-hydroxy-5H-ethyltetrazole as a yellowish oil in almost

quantitative yield (11.2 g, 0.098 mol, 98%). The isomers were not seperated.

1H NMR (400 MHz, DMSO-dg, 25 °C) & (ppm) = 9.34 (s, 1H, CH), 8.95 (s, 1H, CH), 5.18-4.97 (m, 2H,
OH), 4.76-4.66 (m, 2H, CH,), 4.58— 4.43 (m, 2H, CH,), 3.90 (t, ¥4 = 5.3 Hz, 3H, CH,), 3.78 (t, 3Jun
= 5.2 Hz, 3H, CH,); 13C NMR (101 MHz, DMSO-ds, 25 °C) & (ppm) = 50.4, 55.4, 59.1, 59.1, 144.3,

153.2.

Subsequently white fuming nitric acid (12 mL) was cooled to 0 °C. The mixture of both tetrazole
derivatives (2.1 g, 18.40 mmol) was added dropwise whereas the temperature was kept below
10 °C during the whole addition. After stirring for 20 min the mixture was allowed to warm to RT
and stirring was continued for a further 20 min. Sodium carbonate was added until a pH-level of
7. The remaining solution was extracted with dichloromethane (3x, 200 mL). The combined
organic layers were dried over magnesium sulfate and the solvent was evaporated under reduced
pressure. Purification via flash column chromatography (1:1 ethyl acetate/ihaxane - pure ethyl
acetate) afforded 1-nitratoethyl-5H-tetrazole (4, 1.31g, 7.98 mmol, 45%) and 2-
nitratoethyltetrazole (5, 1.27 g, 8.23 mmol, 43%) as colorless oils. Subjecting the samples to high
vacuum led to their solidification, leading to colorless block suitable for X-ray diffraction in case
of compound 4. Single crystals of compound 5 could be achieved through sublimation (40 °C,

0.5 x 1072 mbar).
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1-NET (4)

EA (C3H5NsO3, 159.11): caled: C 22.65, H 3.17, N 44.02%; found: C 22.55, H 3.23, N 43.31%; IR
(ATR, cm™1): ¥ = 3010 (w), 2967 (w), 2900 (w), 1763 (w), 1641 (s), 1620 (s), 1526 (w), 1485 (m),
1460 (m), 1434 (m), 1427 (m), 1393 (m), 1369 (m), 1282 (vs), 1238 (m), 1172 (s), 1111 (s), 1076
(w), 1019 (s), 978 (m), 966 (m), 897 (vs), 885 (s), 861 (s), 760 (s), 711 (vs), 681 (s), 651 (s), 567 (s),
486 (m); 'H NMR (400 MHz, DMSO-dg, 25 °C) & (ppm) = 9.46 (s, 1H, CH), 4.99—495 (m, 2H, CH,),
4.93-4.88 (m, 2H, CH,); 3C NMR (101 MHz, DMSO-ds, 25 °C) & (ppm) = 144.4, 70.8, 45.2; “N NMR
(29 MHz, DMSO-dg, 25 °C) 6 (ppm) =—43.5; HRMS (ESI) for C3HsNsO; calc. [M+H]* 160.0465, found:

160.0467; BAM drophammer: 10 J, BAM friction tester: > 360 N (at grain size = 500-1000 um).

2-NET (5)

EA (C3HsNsOs, 159.11): caled: C 22.65, H 3.17, N 44.02%; found: C 22.94, H 2.87, N 43.83%; IR
(ATR, cm™1): ¥ = 3033 (vw), 2976 (vw), 2914 (vw), 1768 (vw), 1643 (s), 1632 (s), 1514 (vw), 1456
(w), 1451 (w), 1429 (m), 1380 (w), 1365 (w), 1352 (m), 1335 (w), 1324 (w), 1277 (vs), 1240 (m),
1192 (m), 1162 (m), 1134 (m), 1067 (m), 1035 (s), 1025 (m), 1013 (m), 987 (m), 923 (w), 886 (s),
850 (s), 755 (s), 714 (m), 708 (m), 697 (s), 671 (s), 570 (m), 487 (m); 'H NMR (400 MHz, DMSO-d,
25°C) & (ppm) = 9.04 (s, 1H, CH), 5.19-5.12 (m, 2H, CH,), 5.08-5.01 (m, 2H, CH,); 3C NMR
(101 MHz, DMSO-dg, 25 °C) 6 (ppm) = 153.6, 70.4, 50.1; *N NMR (29 MHz, DMSO-ds, 25 °C) &
(ppm) =—43.0; I°N NMR (41 MHz, Acetone-ds, 25 °C) 6 (ppm) =-0.7 (s), —44.5 (t), —46 .1(d), -76.1
(d), 100.9 (m); HRMS (ESI) for CsHsNsOs calc. [M+H]* 160.0465, found: 160.0462; BAM

drophammer: 2 J, BAM friction tester: > 360 N (at grain size = 500-1000 um).
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[Cu(1-NET)3(NOs).] (6)

Copper nitrate trihydrate (60.4 mg, 0.25 mmol) was dissolved in accetonitrile (2 mL). Compound
4 was added in stochiometric amounts in acetonitrile (2 mL). Complex 6 was obtained in the form

of blue platelets suitable for X-ray diffraction within a days. Yield: 133.0 mg (0.20 mmol, 81%).

DTA (5 °C min™) onset: 121 °C (endothermic), 169 °C (exothermic); IR (ATR, cm™): ¥ = 3038 (w),
2987 (vw), 2898 (vw), 1817 (vw), 1731 (vw), 1659 (w), 1625 (s), 1508 (m), 1469 (s), 1449 (m), 1431
(s), 1382 (w), 1364 (m), 1315 (s), 1289 (s), 1273 (vs), 1188 (m), 1167 (m), 1104 (m), 1088 (m), 1015
(s), 997 (s), 942 (w), 911 (m), 902 (m), 881 (s), 846 (s), 808 (s), 759 (m), 726 (w), 714 (w), 697 (m),
662 (s), 643 (m), 575 (m), 492 (m), 449 (vw); EA (CsH1sCuN,0;5, 664.86): caled: C 16.26, H 2.27, N
35.81%; found: C 16.85, H 2.21, N 35.93%; BAM drophammer: 5 J; BDIS: 14 mJ, BAM friction

tester: 48 N; ESD: 1080 mJ (at grain size = 500-1000 pum).

[Cu(DN),(1-NET),] (7)

Dinitraminic acid was prepared according to our previously published method.>3¢ Basic copper(ll)
carbonate (55.3 mg, 0.25 mmol) was dissolved in dinitraminic acid (4 mL). Compound 4 was
added in stochiometric amounts. Complex 7 was obtained in the form of blue needle suitable for

X-ray diffraction within five days. Yield: 143 mg (0.24 mmol, 96%).

DTA (5 °C min™1) onset: 110 °C (exothermic); IR (ATR, cm™): ¥ = 3018 (w), 2976 (vw), 2906 (vw),
1651 (s), 1628 (s), 1571 (vs), 1513 (s), 1460 (m), 1432 (m), 1389 (w), 1375 (w), 1365 (w), 1322 (m),
1297 (w), 1279 (vs), 1243 (w), 1213 (s), 1202 (s), 1182 (vs), 1109 (s), 1075 (w), 1036 (s), 1000 (vs),

891 (vs), 854 (s), 828 (s), 755 (s), 743 (vs), 710 (s), 685 (s), 653 (s), 571 (m), 487 (m), 477 (w), 458
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(m); EA (CgH1oCuN16014, 593.79): caled: C 12.14, H 1.70, N 37.74%; found: C 12.08, H 1.72, N
37.32%; BAM drophammer: 2 J; BDIS: 14 mJ, BAM friction tester: 7 N; ESD: 1080 mJ (at grain size

~ 500-1000 um).

General method for the preparation of ECC8 & 9

Copper(ll) chlorate or Zinc(ll) chlorate were prepared according to a literature known method.3’
Copper sulfate pentahydrate (62.4 mg, 0.25 mmol) or zinc sulfate heptahydrate (71.9 mg,
0.25 mmol) was dissolved in water (2mL) and barium chlorate monohydrate (76.1 mg,
0.25 mmol) in water (4 mL) was added. Stirring was continued for 5 min and the solution was
filtrated using a syringe filter. The solvent was removed under reduced pressure and acetonitrile
was added. Stochiometric amounts of ligand 4 dissolved in acetonitrile (2 mL) were added and

the solution was left for crystalization.

[Cu(1-NET)6](ClO3); (8)

Blue platelets of complex 8 suitable for single crystal X-ray diffraction were obtained within a

week. Yield: 249 mg (0.21 mmol, 84%).

DTA (5 °C min™) onset: 54 °C (endothermic), 149 °C (exothermic); IR (ATR, cm™1): 7 = 3104 (w),
3035 (vw), 2978 (vw), 2905 (vw), 1743 (vw), 1629 (vs), 1507 (m), 1451 (w), 1443 (w), 1389 (vw),
1367 (w), 1276 (vs), 1181 (m), 1109 (s), 1077 (w), 1065 (w), 1037 (m), 1008 (m), 961 (vs), 933 (s),
887 (vs), 847 (vs), 756 (m), 708 (m), 690 (m), 679 (m), 650 (s), 634 (m), 604 (m), 567 (m), 487 (m),

478 (s); EA (C1gH30CuN300,4): caled: C 18.24, H 2.55, N 35.46%; found: C 18.51, H 2.45, N 35.25%;
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BAM drophammer: 2 J; BDIS: 55 mJ, BAM friction tester: 15 N; ESD: 250 mJ (at grain size = 500—

1000 pum).

[Zn(1-NET)¢](CIO3); (9)

Colorless platelets of complex 9 suitable X-ray diffraction were obtained within a week. Yield:

237 mg (0.20 mmol, 80%).

DTA (5 °C min™) onset: 71 °C (endothermic), 154 °C (exothermic); IR (ATR, cm™1): ¥ = 3020 (vw),
2979 (vw), 2904 (vw), 1643 (s), 1626 (vs), 1505 (m), 1453 (m), 1435 (w), 1390 (w), 1370 (w), 1278
(vs), 1178 (m), 1108 (s), 1079 (w), 1035 (m), 1004 (s), 961 (vs), 934 (s), 886 (vs), 844 (vs), 756 (m),
721 (w), 705 (m), 684 (m), 649 (s), 604 (m), 565 (M), 493 (m), 477 (s); EA (C1gH30Cl,CuN3o04):
calcd: C18.22, H 2.55, N 35.40%; found: C 18.36, H 2.60, N 35.30%; BAM drophammer: 7 J; BDIS:

69 mJ, BAM friction tester: 14 N; ESD: 750 mJ (at grain size = 500—1000 pum).

General method for the preparation of ECC 10-13

The respective metal perchlorate (10: Mn(ClO,), * 6 H,O (90.5 mg, 0.25 mmol); 11, 13: Cu(ClO,),
* 6 H,0 (92.6 mg, 0.25 mmol); 12: Zn(ClO,4);, * 6 H,0 (93.1 mg, 0.25 mmol)) was dissolved in
acetonitrile (2 mL). For the preparation of the complexes 10—12 stochiometric amounts of ligand
4 were dissolved in acetonitrile (2 mL) and added. To obtain complex 13, ligand 5 in acetonitrile
(2 mL) was added instead of ligand 4. The mixture was stirred for 5 min at ambient temperature.

Subsequently the solution was left for crystalization.
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[Mn(1-NET)s](ClO4). (10)

Single crystals in the form of colorless blocks of compound 10 were obtained within two weeks.
Due to the low melting point of the complex, it was not possible to isolate the compound on a

large scale.

[Cu(1-NET)e](ClO4), (11)

Blue blocks of compound 11 suitable for X-ray diffraction were obtained within two days. Yield:

231.2 mg (0.19 mmol, 76%).

DTA (5 °C min~1) onset: 70, 117 °C (endothermic), 165 °C (exothermic); IR (ATR, cm™): ¥ = 3049
(vw), 3021 (vw), 2978 (vw), 2904 (vw), 1642 (s), 1631 (s), 1541 (vw), 1509 (m), 1496 (w), 1453 (w),
1429 (m), 1388 (w), 1369 (w), 1323 (w), 1280 (vs), 1243 (w), 1185 (m), 1175 (m), 1106 (s), 1082
(vs), 1046 (m), 1030 (s), 1000 (s), 961 (m), 934 (w), 882 (s), 839 (vs), 753 (m), 723 (w), 698 (m),
686 (m), 653 (s), 622 (vs), 565 (w), 544 (vw), 522 (w), 486(m); EA (C13H30Cl,CuN3¢0y6): calcd: C
17.76,H 2.48, N 34.53%; found: C17.62, H 2.45, N 34.29%; BAM drophammer: 3 J; BDIS: > 200 mJ,

BAM friction tester: 25 N; ESD: 480 mJ (at grain size < 100 um).

[Zn(1-NET)e](Cl0,), (12)

Colorless blocks of compound 12 suitable for structure determination were obtained within two
weeks. Due to the low melting point of the coordination compound, it was not possible to isolate

the ECC on a large scale.
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[Cu(2-NET)e](ClO4). (13)

Blue blocks of compound 13 were obtained within a week. Yield: 270 mg (0.22 mmol, 89%).

DTA (5 °C min™?) onset: 65 °C (endothermic), 143 °C (exothermic); IR (ATR, cm™): ¥ = 3036 (vw),
3027 (vw), 2977 (vw), 2905 (vw), 1742 (vw), 1631 (vs), 1554 (w), 1459 (w), 1434 (w), 1387 (w),
1365 (w), 1345 (vw), 1308 (w), 1278 (vs), 1248 (w), 1203 (w), 1189 (w), 1144 (m), 1096 (s), 1082
(vs), 1050 (s), 1035 (s), 1027 (s), 985 (m), 932 (w), 890 (vs), 850 (vs), 756 (s), 707 (m), 689 (s), 677
(s), 621 (vs), 570 (m), 516 (m), 508 (m), 490 (m), 463 (w); EA (C1gH30Cl,CuN3¢05¢): calcd: C 17.76,
H 2.48, N 34.53%; found: C 17.38, H 2.49, N 33.20%; BAM drophammer: 2 J; BDIS: 55 mJ, BAM

friction tester: 5 N; ESD: 1080 mJ (at grain size = 100-500 pum).

General method for the preparation of single crystals of ECC 14 & 15

Sodium azide (32.5 mg, 0.50 mmol) and the respective ligand 4 or 5 (238.7 mg, 1.5 mmol) were
dissolved in water (6 mL). The solution was carefully layerd with a 1:1 mixture of ethanol (4 mL)

followed by copper(ll) chloride dihydrate (42.6 mg, 0.25 mmol) dissolved in ethanol (6 mL).538

[Cu(Ns)2(1-NET)] (14)

Copper(ll) sulfate pentahydrate (62.4 mg, 0.25 mmol) was dissolved in water (4 mL) and
stochiometric amounts of ligand 4 were added.>3® The solution was heated to 60 °C until the
complete dissolution of the ligand. Sodium azide (32.5 mg, 0.50 mmol) dissolved in water (2 mL)
was added dropwise ofer a period of 5 min. Stirring was continued for 15 min. The formed brown
parcipitate was filtrated off and washed with water (20 mL). Coordination compound 14 was

obtained as a brown solid. Yield: 64.4 mg (0.21 mmol, 82%).
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Single crystals in the form of brown platelets acoording to the general procedure were obtained

within a week.

DTA (5 °C min~) onset: 122 °C (exothermic); IR (ATR, cm™): ¥=3110 (w), 3024 (vw), 2094 (s), 2076
(s), 2050 (vs), 2041 (vs), 1976 (w), 1752 (vw), 1642 (s), 1506 (m), 1450 (w), 1432 (m), 1385 (vw),
1371 (w), 1343 (vw), 1279 (s), 1234 (w), 1181 (m), 1104 (m), 1079 (m), 1061 (w), 1050 (w), 1030
(w), 1015 (m), 992 (m), 903 (w), 887 (s), 846 (s), 753 (m), 718 (vw), 692 (m), 659 (s), 637 (w), 601
(m), 595 (w), 585 (w), 572 (w), 485 (w), 416 (w), 410 (w); EA (CsH5CuN,03): calcd: C11.75, H 1.64,
N 50.24%; found: C 12.04, H 1.84, N 49.26%; BAM drophammer: 4 J; BDIS: <4 mJ, BAM friction

tester: 1 N; ESD: 14 mJ (at grain size < 100 um).

[Cuz(N3)a(2-NET)] (15)

Brown platelets of ECC 15 were obtained within two weeks according to the general procedure.

An elemental analysis pure isolation of the coordination compound was not possible.

[Ag,(CNO),(1-NET)] (16a)

Complex 16a was prepared according to a recently published procedure.s3 Silver fulminate
(37.5 mg, 0.25 mmol )was dissolved in a mixture of water (2 mL) and acetonitrile (2 mL) at 60 °C.
Ligand 4 (159.1 mg,) dissolved in acetonitrile (2 mL) were added and stirring was continued for
5 min. Collorless needles of 16a suitbale for X-ray diffraction were isolated within two days. Yield:

49.0 mg (0.11 mmol, 43%).
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DTA (5 °C min™1) onset: 96 °C (endothermic), 123 °C (exothermic); IR (ATR, cm™1): ¥ = 3032 (vw),
2970 (vw), 2905 (vw), 2311 (w), 2295 (w), 2248 (m), 2106 (s), 2089 (vs), 1641 (s), 1634 (s), 1595
(m), 1558 (m), 1494 (m), 1447 (m), 1436 (m), 1330 (w), 1313 (w), 1279 (vs), 1218 (vw), 1173 (m),
1155 (vs), 1127 (s), 1105 (s), 1058 (m), 983 (s), 901 (m), 887 (m), 853 (vs), 763 (m), 753 (s), 718
(m), 708 (w), 687 (w), 681 (w), 659 (s), 605 (m), 578 (w), 503 (w), 483 (m), 464 (m); EA
(CsHsAg,N,0Os, 459.88): calcd: C 13.09, H 1.10, N 21.37%; found: C 13.20, H 1.03, N 21.28%; BAM

drophammer: <1 J; BDIS: 8 mJ, BAM friction tester: 20 N; ESD: 250 mJ (at grain size > 1000 pum).

[Ag(CNO)(1-NET)] (16b)

Complex 16b was formed by leaving the silver fulminate complex 16a for four weaks in a closed

vessel in its mother ligour. Yield: 64.8 mg (0.21 mmol, 84%).

DTA (5 °C min~1) onset: 67 °C (endothermic), 102 °C (endothermic followed by exothermic); IR
(ATR, cm~1): ¥ = 3139 (m), 3019 (w), 2976 (w), 2905 (w), 2303 (w), 2096 (m), 2066 (m), 1640 (s),
1635 (s), 1627 (s), 1487 (m), 1436 (w), 1417 (m), 1365 (w), 1322 (w), 1316 (w), 1280 (vs), 1180
(m), 1152 (s), 1109 (s), 1081 (m), 1034 (m), 1001 (s), 979 (m), 967 (m), 887 (vs), 878 (s), 849 (vs),
752 (s), 722 (w), 687 (s), 660 (s), 631 (m), 580 (m), 478 (m); EA (C4HsAgN¢O,4, 308.99): calcd: C
15.55, H 1.63, N 27.20%; found: C 15.57, H 1.62, N 27.31%; BAM drophammer: 9 J; BDIS: 83 mJ,

BAM friction tester: 60 N; ESD: 250 mJ (at grain size 100-500 um).
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General procedure for the preparation of the coordination componds 17-19

The preparation of the ECC 17-19 was performed according to our previous work.>*° Basic
copper(ll) carbonate (0.25 mmol) was reacted with the corresponding trinitrobenzene derivative
based acid (17: 115 mg, 0.50 mmol; 18a: 122.6 mg, 0.50 mmol; 18b: 61.3 mg, 0.25 mmol; 19:
131 mg, 0.50 mmol) in water (4 mL) at 80 °C. After the complete dissolution of both compounds,
ligand 4 was added in stochiometric amounts. Mechanical stirring was continued for 5 min.

Subsequently the solution was left for crystalization at ambient temperature.

[Cu(1-NET),(PA),] (17)

Single crystals in the form of green platelets of the picrate complex 17 were obtained after two

days 360.3 mg (0.43 mmol, 86%).

DTA (5 °C min~1) onset: 197 °C (exothermic); IR (ATR, cm™1): /= 3088 (w), 3036 (w), 1656 (m), 1629
(m), 1607 (s), 1574 (s), 1526 (vs), 1506 (s), 1454 (m), 1427 (m), 1419 (m), 1390 (w), 1360 (m), 1338
(s), 1276 (vs), 1166 (s), 1100 (s), 1086 (s), 1037 (m), 1025 (m), 1006 (m), 956 (w), 936 (m), 915 (m),
905 (m), 895 (m), 884 (s), 845 (s), 785 (m), 760 (w), 742 (m), 715 (s), 707 (s), 688 (s), 659 (s), 634
(m), 574 (w), 552 (m), 523 (m), 486 (w), 462 (w), 428 (vw); EA (C1gH14CuN1¢050, 837.95): calcd: C
25.80, H 1.68, N 26.75%; found: C 25.85, H 1.50, N 26.65%; BAM drophammer: 20 J; BDIS:

> 200 mlJ, BAM friction tester: > 360 N; ESD: 480 mJ (at grain size < 100 um).

[Cu(1-NET),(TNR)] (18a)

Compound 18a was obtained as dark green blocks suitable for X-ray diffraction within a day. Yield:

250.5 mg (0,40 mmol, 80%).
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DTA (5 °C min~1) onset: 195 °C (exothermic); IR (ATR, cm™): #=2910 (w), 1751 (w), 1636 (m), 1618
(W), 1584 (s), 1543 (m), 1524 (s), 1484 (m), 1471 (m), 1429 (s), 1385 (m), 1367 (m), 1344 (w), 1294
(s), 1276 (vs), 1244 (s), 1232 (s), 1172 (m), 1142 (m), 1100 (s), 1066 (w), 1034 (m), 1016 (m), 959
(w), 944 (w), 898 (m), 880 (m), 847 (s), 791 (m), 775 (m), 755 (m), 708 (vs), 690 (m), 682 (m), 650
(m), 570 (w), 492 (w), 473 (w), 433 (w), 423 (m), 418 (m); EA (C1,H;1;CuN;30;4, 624.84): caled: C
23.07,H 1.77, N 29.14%; found: C 23.30, H 1.658, N 29.90%; BAM drophammer: 2 J; BDIS: 111 mJ,

BAM friction tester: 96 N; ESD: 480 mJ (at grain size < 100 um).

[Cu(HTNR),(1-NET),] © 2 H,0 (18b)

Single crystals in the form of green blocks of compound 18b were obtained after one day when
recrystallizing complex 18a in hot water. An elemental analysis pure isolation of the coordination

compound was not possible.

[Cu(HTNR),(1-NET),] (18c)

Compound 18c was obtained as green blocks suitable for X-ray diffraction within a day. Yield:

332.7 mg (0.28 mmol, 56%).

DTA (5 °C min~1) onset: 167 °C (exothermic); IR (ATR, cm™): ¥ = 3142 (w), 1641 (s), 1627 (s), 1558
(m), 1537 (s), 1533 (s), 1479 (m), 1456 (m), 1436 (m), 1373 (m), 1353 (m), 1312 (s), 1279 (vs), 1242
(m), 1170 (s), 1090 (s), 1030 (m), 1008 (m), 989 (m), 928 (m), 909 (w), 890 (m), 877 (m), 844 (m),
784 (w), 759 (w), 735 (m), 715 (m), 696 (s), 679 (s), 657 (m), 568 (w); EA (C24H24CuN,50,g, 1188.16):
calcd: C 24.26, H 2.04, N 30.65%; found: C 24.43, H 1.79, N 25.40%; BAM drophammer: 5 J; BDIS:

> 200 mJ, BAM friction tester: 96 N; ESD: >1500 mJ (at grain size = 500-1000 pum).
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[Cu(H,TNPG),(1-NET),4] (19)

After two days single crystals in the form of green blocks of ECC 19 were obtained. Yield 414.9 mg

(0.34 mmol, 68%).

DTA (5 °C min~1) onset: 169 °C (exothermic); IR (ATR, cm™2): ¥ = 3024 (w), 2979 (w), 2907 (w), 1635
(vs), 1568 (m), 1505 (s), 1497 (s), 1454 (m), 1426 (m), 1394 (w), 1333 (s), 1277 (vs), 1233 (w), 1179
(s), 1155 (s), 1136 (s), 1099 (s), 1043 (m), 1030 (s), 1007 (s), 914 (m), 892 (s), 851 (s), 835 (s), 814
(s), 785 (s), 758 (s), 731 (s), 708 (s), 693 (s), 678 (s), 649 (s), 632 (s), 625 (s), 568 (m), 538 (w), 519
(w), 505 (w), 490 (m), 458 (w); EA (C3HsCuN;;03, 1220.15): calcd: C 23.63, H 1.98, N 29.85%; found:
C23.75,H 1.94, N 29.72%; BAM drophammer: 2 J; BDIS: > 200 mJ, BAM friction tester: 96 N; ESD:

1080 mJ (at grain size = 500—1000 um).

General procedure for the preparation of the coordination componds 20-22

The coordination compounds 20-22 were prepared according to our previous work.>° Basic
copper(ll) carbonate (0.25 mmol) was reacted with the corresponding trinitrobenzene derivative
based acid (20: 115 mg, 0.50 mmol; 21: 61.3 mg, 0.25 mmol; 22a: 65.3 mg, 0.25 mmol; 22b—c:
131 mg, 0.50 mmol) in water (4 mL) at 80 °C. After the complete dissolution of both compounds,
ligand 5 was added in stochiometric amounts. Mechanical stirring was continued for 5 min.

Subsequently the solution was left for crystalization at ambient temperature.

[Cu(2-NET),(PA),] (20)

Single crystals in the form of green platelets of the picrate complex 20 were obtained after two

days. Yield: 310.0 mg (0.37 mmol, 74%).
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DTA (5 °C min1) onset: 165 °C (endothermic followed by exothermic); IR (ATR, cm™): ¥ = 3101
(w), 3022 (w), 2987 (w), 2972 (w), 2914 (w), 2850 (vw), 1633 (vs), 1611 (s), 1579 (vs), 1538 (vs),
1510 (vs), 1475 (m), 1471 (m), 1438 (m), 1430 (m), 1417 (m), 1402 (w), 1390 (w), 1364 (s), 1337
(vs), 1309 (s), 1283 (vs), 1267 (vs), 1251 (vs), 1198 (s), 1167 (s), 1141 (vs), 1102 (m), 1085 (s), 1059
(m), 1036 (m), 1003 (s), 970 (m), 947 (m), 933 (w), 922 (m), 916 (m), 901 (m), 890 (s), 843 (s), 827
(s), 788 (s), 752 (m), 744 (s), 723 (s), 714 (s), 706 (s), 693 (s), 676 (s), 637 (m), 571 (m), 554 (m),
536 (m), 510 (s), 442 (m); EA (C1sH14CuN4¢0,0, 837.95): calcd: C 25.80, H 1.68, N 26.75%; found: C
25.85, H 1.75, N 26.94%; BAM drophammer: 3 J; BDIS: > 200 mJ, BAM friction tester: 192 N; ESD:

1080 mJ (at grain size = 500-1000 pum).

[Cu(2-NET),(TNR)] (21)

The syphnate complex 21 was obtained as green plates suitable for X-ray diffraction in four days.

Yield: 249.9 mg (0.40 mmol, 80%).

DTA (5 °C min™1) onset: 161 °C (exothermic); IR (ATR, cm™): ¥ = 3156 (w), 3103 (vw), 3033 (vw),
2971 (vw), 2921 (vw), 2889 (vw), 1647 (m), 1623 (m), 1586 (s), 1543 (s), 1527 (s), 1481 (m), 1468
(s), 1436 (s), 1378 (s), 1363 (m), 1310 (m), 1292 (s), 1274 (vs), 1243 (s), 1228 (s), 1213 (s), 1195
(s), 1171 (s), 1155 (m), 1142 (s), 1105 (s), 1053 (m), 1034 (m), 1018 (m), 1012 (m), 985 (m), 966
(w), 930 (w), 904 (m), 884 (s), 860 (m), 844 (s), 789 (w), 775 (m), 755 (m), 733 (w), 706 (s), 699
(vs), 676 (s), 667 (m), 645 (m), 590 (w), 574 (m), 513 (m), 466 (w), 422 (m); EA (C;;H11CuN13014,
624.84): calcd: C 23.07, H 1.77, N 29.14%; found: C 23.06, H 1.73, N 29.04%; BAM drophammer:

<1J; BDIS: 138 mJ, BAM friction tester: 80 N; ESD: 750 mJ (at grain size < 100 um).
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[Cu(HTNPG)(2-NET),] (22a)

Dark green blocks from compound 22a suitable for crystal structure determination were obtained

within ten days. Yield: 211.5 mg (0.33 mmol, 66%).

DTA (5 °C min) onset: 112 °C (exothermic); IR (ATR, cm™): ¥ = 3153 (w), 3033 (w), 2972 (vw),
2919 (vw), 2891 (vw), 1638 (s), 1623 (s), 1578 (m), 1494 (vs), 1454 (s), 1435 (s), 1393 (m), 1386
(m), 1361 (s), 1349 (s), 1317 (s), 1310 (s), 1298 (m), 1272 (vs), 1231 (m), 1212 (s), 1194 (s), 1175
(s), 1157 (s), 1141 (s), 1090 (m), 1053 (m), 1035 (s), 1017 (m), 1010 (m), 983 (w), 966 (w), 922 (m),
901 (s), 883 (s), 849 (s), 842 (s), 824 (s), 786 (s), 754 (m), 730 (m), 711 (s), 697 (s), 675 (s), 649 (s),
574 (m), 537 (vw), 514 (m), 506 (m), 467 (w), 441 (m), 421 (m); EA (Cy,H;;CuN;30;s, 640.84): calcd:
C 22.49, H 1.73, N 28.41%; found: C 22.31, H 2.02, N 31.87%; BAM drophammer: 4 J; BDIS:

> 200 mJ, BAM friction tester: 324 N; ESD: 750 mJ (at grain size = 500—1000 um).

[Cu(H,TNPG),(2-NET),] (22b)

Complex 22b was isolated after seven days in the form of green plates blocks suitable for single

crystal diffraction experiments. Yield: 524.7 mg (0.43 mmol, 86%).

DTA (5 °C min~1) onset: 105 °C (exothermic); IR (ATR, cm™): ¥ = 3026 (w), 2979 (vw), 2913 (vw),
1652 (vs), 1646 (s), 1627 (s), 1558 (s), 1525 (s), 1520 (s), 1515 (s), 1475 (m), 1460 (m), 1446 (w),
1428 (m), 1405 (w), 1361 (s), 1345 (s), 1305 (m), 1278 (vs), 1216 (s), 1185 (s), 1163 (s), 1145 (s),
1092 (w), 1058 (w), 1043 (m), 1031 (s), 1020 (m), 1007 (m), 963 (vw), 917 (m), 903 (s), 886 (m),
853 (s), 837 (s), 815 (s), 794 (m), 782 (s), 747 (s), 710 (s), 693 (s), 688 (s), 681 (s), 671 (s), 649 (m),

626 (s), 605 (m), 570 (m), 515 (m), 497 (w), 475 (W), 425 (w); EA (C24H,4CuN,6030, 1220.15): calcd:
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C 23.63, H 1.98, N 29.85%; found: C 23.52, H 2.05, N 29.87%; BAM drophammer: 4 J; BDIS:

> 200 mJ, BAM friction tester: 324 N; ESD: 750 mJ (at grain size = 500—1000 pum).

[Cu(H,TNPG),(2-NET),] * 2 2-NET (22¢)

The co-crystalizing coordination compound 22c¢ was isolated after ten days in the form of green

platelets suitable for single crystal diffraction experiments. Yield: 523.0 mg (0.34 mmol, 68%).

DTA (5 °C min~1) onset: 92 (endothermic), 105 °C (exothermic); IR (ATR, cm™): ¥ = 1651 (s), 1645
(s), 1558 (m), 1513 (vs), 1471 (m), 1457 (m), 1442 (w), 1429 (m), 1360 (s), 1344 (s), 1307 (m), 1279
(vs), 1213 (s), 1192 (s), 1183 (s), 1164 (s), 1146 (s), 1090 (m), 1051 (m), 1037 (m), 1007 (m), 986
(w), 916 (m), 901 (s), 841 (s), 815 (m), 781 (s), 752 (s), 709 (s), 691 (vs), 672 (s), 648 (s), 624 (s),
569 (m), 514 (w), 509 (w), 497 (m), 491 (m), 469 (w), 424 (w); EA (C39H34CuN3¢036, 1538.36): calcd:
C 23.42, H 2.23, N 32.78%; found: C 23.37, H 2.16, N 32.82%; BAM drophammer: 4 J; BDIS:

> 200 mJ, BAM friction tester: 60 N; ESD: 750 mJ (at grain size = 100—-500 pum).
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Tuning the Properties of 5-Azido and 5-Nitramino-
tetrazoles by Diverse Functionalization — General Concepts
for Future Energetic Materials

Maximilian Benz'™ Thomas M. Klapdtke,** Tobias Lenz",

+ [a

'and Jérg Stierstorfer®

Abstract: 5-Azido and 5-nitraminotetrazole backbones are
established heterocyclic motifs in the research field of
energetic materials synthesis. Despite the high energy
content of the compounds, the problem with many deriva-
tives is that their sensitivities are far too high. Functionaliza-
tion of one of the ring nitrogen atoms is the aim of this study
to adjust the sensitivity by inserting nitratoethyl, azidoethyl
and methyl groups. In this context, derivatives of 2-(2-
azidoethyl)-5-nitraminotetrazoles (2, 2a-2d), as well as 1-
nitrato and 1-azidoethyl substituted 5-azidotetrazole (7 and
10) and the methylation products of 5-azidotetrazole (5-
azido-1-methyl-tetrazole, 11 and 5-azido-2-methyl-tetrazole,

\

12) were prepared. The obtained nitrogen-rich compounds
were extensively characterized through multinuclear NMR
spectroscopy and IR spectroscopy. The structural confinement
was checked by X-ray diffraction experiments. The pure
samples (verified by elemental analysis) were investigated
regarding their behavior toward friction, impact (BAM
methods) and electrostatic discharge as well as heating (DTA
and DSC). For all metal-free compounds the detonation
properties were computed with the EXPLO5 code using their
density and heat of formation, calculated based on CBS-4 M
level of theory.

J

Introduction

The application of energetic materials is spread over various
fields and thus a material must fulfill suitable criteria.”
Explosives are divided into three main categories. A) Sensitive
explosives, such as sensitizers, igniters or detonants; B) less
sensitive but powerful explosives, secondary explosives; and C)
insensitive, tertiary explosives. Many of the materials used were
developed before or at the beginning of the 20th century, with
only a little focus on sustainability or environmental impact.”
The common primary explosives are often heavy metal based,
as there are lead azide or styphnate. Their use is found to
contaminate training grounds and application sites®’ The
secondary explosive trinitrotoluene, which is widely used due
to its advantageous melt castable properties, shows to have
disadvantageous environmental impact and is a possible
carcinogenic, as stated by the U.S. Environmental Protection
Agency.”™ The urgent need for sustainable and environmentally
friendly replacements poses major challenges for the energetic

[al M. Benz,* Prof. Dr. T. M. Klapétke, T. Lenz,* Dr. J. Stierstorfer
Department of Chemistry
Ludwig Maximilian University of Munich
Butenandtstr. 5-13, D-81337 Munich (Germany)
E-mail: tmk@cup.uni-muenchen.de
Homepage: http://www.hedm.cup.uni-muenchen.de

[*] These authors contribute equality to this work.

L Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202200772
 © 2022 The Authors. Chemistry - A European Journal published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited.

Chem. Eur. J. 2022, 28, €202200772 (1 of 10)

materials community.*”’ A state-of-the-art synthetic approach
consists of derivatization of known oxygen- and nitrogen-rich
azoles in combination with short alkyl, azidoalkyl or nitratoalkyl
chains. Sabatini et al. found that bis-5-(nitratomethyl)bis(1,2,4-
oxadiazole) (c) is suitable to replace trinitrotoluene while
showing significantly higher performance data.”’ Furthermore
furazanes®®, 1,2,3-triazoles”, 1,2,4-triazoles®, tetrazoles®™ and
pyrazoles"” were functionalized by energetic azido or nitra-
toalkyl side chains (Figure 1).

In the search for ever higher nitrogen and energy contents,
the energetic compounds, 5-nitramino-"" and  5-
azidotetrazole'”, arouse attention. Both molecules are inten-
sively studied as free acids"® or salinized,"” and are promising
building blocks due to their straight forward accessibility. Here
we report different approaches to reduce the acidity of those
high energy and nitrogen-rich tetrazole building blocks. Insights
into the changes of the sensitivity are gained. For the 5-
nitraminotetrazole replacement of the acidic tetrazole proton
by an azidoethyl function led to a monobasic acid (2) that was
further salinized (2a-d) to reduce the acidity, lower the vapor
pressure and increase the thermal stability. Also melt-castable
primary explosives would be of great interest. Therefore, the
acidic proton of 5-azidotetrazole was exchanged by an
azidoethyl (7), nitratoethyl (10) or methyl (11, 12) functionality.
Functionalization reveals compounds that are suitable for
various applications (Figure 2).

Synthesis

With the synthetic protocol for 2-(2-azidoethyl)-5-aminotetra-

zole (1) in hand, which was recently published by our group®,
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Figure 1. Representatives of energetic N-alkyl substituted azoles. 3,3’,5,5"-Tetra(azidomethyl)-4,4'-azo-1,2,4-triazole (a), 1(2-nitratoethyl)-3,4-dinitropyrazole (b),
bis(1,2,4-oxadiazole)bis(methylene) dinitrate (c) and 1,1'-bis(2-azidoethyl)-azotetrazole (d).

- neutral

- nitrogen salts (=
- metal salts N-NO;

Figure 2. Derivatization of 5-azido- and 5-nitraminotetrazole reveals new
applications.

we were investigating suitable conditions to perform the
nitration of the amino function to the respective nitraminote-
trazole 2. We found a pre-cooled mixture of sulfuric acid and
fuming nitric acid (ratio 8:3) to work best and this yields pure 2
without further purification in 86 % yield (Scheme 1).

NH, HN-NO2
N%N HSO4/HNO3 N/ N
A~ NN 1h,-5-5°C A~ NN
N3 N3
1 2,86%

Scheme 1. Nitration of 1 to form the nitramino derivative 2 using mixed acid
at low temperatures.

Chem. Eur. J. 2022, 28, €202200772 (2 of 10)

The nitrogen-rich salts 2a and 2b as well as the metal salts
2c and 2d were obtained by simple acid-base reactions of the
free nitramine 2 and the respective base, or in the case of 2d
with AgNO; solution (Scheme 2). All compounds were obtained
elemental analysis pure and could be analyzed without further
purification. In attempting to prepare the hydrazinium salt of 2,
pure 1 was isolated. As has already occurred for other aromatic
nitramines®, the reaction with aqueous hydrazine leads to a
reduction of the nitramine function to the amine.

To achieve functionalized 5-azidotetrazoles classic bromina-
tion of 5H-tetrazoles was performed for three days at reflux
(Scheme 3). The 1-(2-azidoethyl)-tetrazole (3 a) was reacted to 1-
(2-azidoethyl)-5-bromotetrazole (4a) in very good yields. The
bromination of 1-(2-acetoxyethyl)-tetrazole (3b) was performed
similar to the literature,"™™ and 5-bromo-1-(2-acetoxyethyl)-
tetrazole (4b) was yielded in excellent yields (Scheme 3).

Substitution at the 5-bromo position was then performed
by hydrazine. The strong nucleophilicity of hydrazine and the

a) NH3 (2M) Cat. =
B b) NH,OH (aq) Oy
NO 2 NO ®

HNT22 ) Kon N2 a)NH, (2a)
N d) AgNO, N% b) NHzOH®(2b)
NN NN )K" (2c)

Ne >N different solvents /" N d) Ag* (2d)
3 3
2

Scheme 2. Preparation of ionic derivatives 2a-2d starting from the free
nitramino derivative 2 through reaction with the respective cation contain-
ing reagents.

/N\ BI'2 Br N
N N Y N
RN ACOH/CHCl3 A~ NN
R
72 h, reflux

R: N3 (3a); OAc (3b) R: N3, 84% (4a);

OAc, 95% (4b)

Scheme 3. Bromination of 1-functionalized 5H-tetrazoles.
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low solubility of the resulting hydrazinium bromide in isopropa-
nol makes bromine-hydrazine exchange possible, even at room
temperature. The reaction was performed either at room
temperature for three days or at elevated temperature for
shorter periods of time. Compound 4a can be reacted at 60°C
for 2 h to synthesize 1-(2-azidoethyl)-5-hydrazineyltetrazole (5).
However slow decomposition at room temperature complicated
the purification and therefore only a crystal structure and 'H
and "*C NMR were measured. To stabilize and purify compound
5 it was precipitated as hydrochloride salt, 1-(2-azidoethyl)-5-
hydraziniumtetrazol chloride (6), from a concentrated isopropa-
nol solution. The overall reaction from compound 4a to
compound 6 proceeds in acceptable yields. Finally, 1-(2-
azidoethyl)-5-azidotetrazole (7) was synthesized through reac-
tion of 6 with sodium nitrite under acidic conditions in excellent
yields after column chromatography (Scheme 4).

Reaction of compound 4b with hydrazine over three days
at ambient temperature lead to 5-hydrazineyl-1-(2-hydroxyeth-
yl)-tetrazole (8). The acetoxy moiety of 4b reacts with hydrazine
to acetohydrazide. Several attempts to purify compound (8)
failed, only a crystal structure and 'H and "*C NMR were
measured. Also, a crystal structure of the hydrochloride was
observed by a similar procedure than for 6 (can be found in the
Supporting Information). The crude of 5 was reacted with
sodium nitrite under acidic conditions to give 5-azido-1-(2-
hydroxyethyl)-tetrazole (9). After column chromatography the
overall yield from 4b to 9 is 40%. In the last step of the
synthesis towards 5-azido-1-(2-nitratoethyl)-tetrazole (10), com-

Br. .
YN\N NoH, + H,0 HzN’Nﬁ/N HCl
N AN i-PrOH /\/N\ i-PrOH
8 2h,60°C 10 min, 5 °C
4a
5
c NaNO, (1.1 Ns
a 1 eq.
H3N W/N 2 ( q.) %N‘N
Noy H,0, HCI AN
Ny~ 20 min, 5 °C, N
20 min, r.t
6 (53%) 7 (95%)

Scheme 4. Reaction pathway towards 1-(2-azidoethyl)-5-azidotetrazole (7) by
reacting the 5-position of the tetrazole from bromine to hydrazine to azide.

BFYN‘N NoHg - HpO HaN- \]/N NaNO, (4.0 eq.)
N\ ‘r .
A~ N\ i-PrOH Noy H,0, HCI
AcO 2h, 60 °C HO 20 min, 5 °C,
4b 20 min, r.t
8

W/N HNO3 (99%) \7/N

Ho NN 20 min, 5 °C, ozNo/\/N‘
20 min, r.t

9 (40%) 10 (89%)

Scheme 5. Reaction pathway towards 5-Azido-1-(2-nitratoethyl)-tetrazole
(10) by bromine-hydrazine exchange followed by reaction with sodium
nitrite and the nitration of the hydroxy group to its organic nitrate.

Chem. Eur. J. 2022, 28, €202200772 (3 of 10)

pound 9 was nitrated using white fuming nitric acid in very
good yields (Scheme 5).

For the synthesis of the two isomers of 5-azido-meth-
yltetrazole, various synthetic pathways had to be pursued as
depicted in Scheme 6. Methylation of insitu generated 5-
azidotetrazole with dimethyl sulfate produces only the 5-azido-
2-methyltetrazole (12) isomer due to the two-position directing
effect of the azido group. Therefore, an alternative route toward
the 5-azido-1-methyltetrazole (11) had to be established
starting with a 1-methyl substituted tetrazole derivative and
subsequent generation of the azide function at position 5.

Thus, we started with 1-methyl-5-nitrimino-4H-tetrazole,
and were able to reduce the nitrimino function with zinc dust
under acidic conditions to the respective 5-hydrazino-1-meth-
yltetrazole, which was directly converted to 5-azido-1-meth-
yltetrazole (11) through diazotization using one equivalent of
sodium nitrite.

[e]

Crystal Structures

Crystals suitable for X-ray diffraction experiments could be
obtained by recrystallization from different common solvents
for 2a, 2b, 2d and 10-12. Deposition Numbers 2157201 (for
2a), 2157198 (for 2b), 2157203 (for 2d), 2157204 (for 5),
2157196 (for 6), 2157199 (for 7), 2157197 (for 8-HCI), 2157202
(for 9), 2157200 (for 10), 707542 (for 11) and 707543 (for 12)
contain(s) the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformations-
zentrum Karlsruhe Access Structures service. Crystalline diazido
derivative 7 could be generated and picked by cooling of a
saturated solution of 7 in Et,0 at —30°C since it is a liquid at
room temperature. Additional information about the depicted
crystal structures and the measuring and computation methods
as well as further crystal structures for various precursor
compounds (5, 6, 8, 9) can be found in the Supporting
Information.

Ammonium and hydroxylammonium salts 2a and 2b
crystallize both in the triclinic space group P—1. As expected,
the hydroxylammonium derivative has a slightly higher room
temperature density (1.624 gcm ™3 for 2b) then the respective

Noz NH
N3
YNH Zn, HCI W’N NaNO, =N
N ,,N
N <N
11, 63%
Ns N DMS N
BrON + 2NaN, — = Nat | TN | 2, \7/ N—
N:N' N\
12, 46%

Scheme 6. Pathway for selective synthesis of 5-azido-1-methyltetrazole (11)
through diazotization of 5-hydrazino-1-methyltetrazole and 5-azido-2-meth-
yltetrazole (12) through methylation of 5-azidotetrazole.
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ammonium salt (1.575 gcm™ for 2a). The densities are in a
range that was expected, when comparing them with related
crystal structure densities. As shown in detail in previous
studies®™? the densities of N-azidoethyl substituted tetrazoles
are always well below those of N-nitratoethyl substituted ones.
Compared with the room temperature densities of the hydrox-
ylammonium salts of 1-and 2-nitratoethyl-5-nitraminotetrazole
(density for both is 1.720 gcm ), the density of 2b is about
0.1 gcm™ lower, which was to be expected due to the
substitution at position two.

The three-dimensional configuration of the two salts 2a and
2b behave very similarly and can be schematically divided into
three different parts depicted in Figure 3 B) Figure 4 B). The
interactions in the red areas are exclusively weak van der Waals
interactions between the C-H protons of the ethyl groups and

A)

N10

the azide functions. The shortest ones can be found in 2b (C2-
H2 A--N19 2.65A) and are therefore negligible for stability
discussion due to their weak character. In the blue region are
mainly the tetrazole rings, which also loosely interact with each
other through m-m-interactions. But mainly this layer forms
both, linking and buffer layer between non-polar, weakly
interacting azidoethyl sites and the strongly stabilizing, polar
sites consisting of the respective cations and nitramine
functions, highlighted in green. In this region of the two crystal
structures of 2a and 2b, dominated by strong polar inter-
actions, the overall strongest intermolecular, ionic interactions
are found. These are formed through all protons of the cations
with the respective nitrogen and oxygen atoms of the nitramine
function (01, 02 and N6) as well as with N1 of the tetrazole
moiety. The average bond length d(D—H--A) is 2.06 A with O3-

®o
o
@c
(H

Figure 3. A) Molecular unit of 2a with thermal ellipsoids drawn at the 50% probability level. Selected bond distances (A) and angles [°]: C1-N5 1.382(2), C2-N2
1.467(2), N7-N8 1.241(2), N8-N9 1.128(2), N10-H10A--O1 2.10(2), N10-H10B--02 2.02(2), N10-H10C--N1 2.12(2), N10-H10D--N5 2.05(2), N7-N8-N9 173.6(2), N7-
C3-C2-N2 62.08(2), 0O1-N6-N5-C1 1.7(2); B) Layer strcutre of 2a with view along the b axis. Green, blue and red regions are labeled based on their different

components for intermolecular bond formation.

A)

Figure 4. A) Asymmetric unit of 2b with thermal ellipsoids drawn at the 50% probability level. Selected bond distances (A) and angles [°]: C1-N5 1.392(3), C2-
N2 1.472(3), N7-N8 1.256(3), N8-N9 1.128(4), N10-H10A--04 2.22(3), N10-H10B--02 2.08(3), N10-H10C--N11 2.13(3), N10-H10C---05 2.15(3), 03-H3--N5 1.80(4),
N7-N8-N9 173.5(4), N7-C3-C2-N2 69.9(3), O1-N6-N5-C1 0.2(2); B) Layer structure of 2b with view along the a axis. Green, blue and red regions are labeled

based on their different components for intermolecular bond formation.
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H3.-N5 1.80(4) A being the shortest hydrogen bridge and
therefore clearly below the van der Waals radius for a strong
interaction.

Compound 2d crystalizes in the orthorhombic space group
Pbca with a density of 2.362 gcm™ at 298 K and 16 molecular
moieties per unit cell. The structure is mainly characterized by
the formation of a close silver-silver contact. The neighboring
anions arrange themselves around this structural motif in such
manner that the formed argentophilic interaction can be
interactively stabilized in the best possible way as depicted in
Figure 5 B). Argentophilic interactions are van der Waals
contract below a bond distance of 3.44 A and can be observed
in several Ag containing structures."”” Compared to the shortest
ever measured Ag—Ag contact (2.7599(3) A)"® the silver-silver
distance is with a length of 3.0288(11) A clearly above, but can
still be considered as argentophilic interaction."” The Ag—Ag
building block is stabilized by four anionic moieties forming
several close contacts. These interactions originate from one
nitrogen and one oxygen of the nitramine function, the
tetrazole nitrogen atoms N1 and N4 as well as from the y-
nitrogen of the azide functionality. These electron donating
interactions of the complexing N and O atoms are observed in
the range of 2.126(7) A for Ag1-N14 to 3.154(10) A for Ag1-N18".
In order to optimize the assembly around the silver dimer,
some unusual arrangements occur within the anion. For
example, one nitramino group is clearly twisted out of the
plane formed by the tetrazole (N6-N5-C1-N1 29.3(1)°). However,
this rotation improves the complexation of the silver. Never-
theless, this arrangement is unusual for 5-nitraminotetrazoles,
which normally bear 5-substituted nitramino groups planar
with the tetrazole ring.

Ethyl substituted 5-azidotetrazole derivatives crystallize in
the orthorhombic space group Fdd2 (for 7) and in the
monoclinic space group P2,/n (for 10). The molecular moieties

A)

are depicted in Figure 6 and Figure 7. The room temperature
density of nitratoethyl compound 10 is clearly superior to that
of the azidoethyl derivative (1.519 gcm™ for 7, 1.638 gcm ™ for
10). This trend has also been observed in previous studies®”,
since the nitratoethyl unit offers more possibilities for intermo-
lecular interactions on the one hand and contains more and
heavier atoms on the other, which also arrange themselves
better in space. Since there are no good opportunities for
intermolecular interactions for the present nonpolar residues,
the three-dimensional structure of 7 is mainly based on the fact
that the azido and azidoethyl substituents avoid each other
with a as large spatial distance as possible in order to
counteract possible destabilizing interaction (Figure 6 B)).

The three-dimensional pattern of 10 in Figure 7 B) shows
the assembly of two molecular units resulting in a linear chain
structure of those pairs along b. Schematically, a molecular unit
of 10 consists of two molecular planes that diverge from each
other at an angle of about 112°. One plane is formed by the
azidotetrazole backbone and the second by the ethyl group, in
the linear direction of which the nitrate ester is connected (O3-
N8-01-C3 179.5(3)°; N8-O1-C3-C2 175.1(2)°). The molecular units
within a pair always arrange themselves in an alternating
manner, i.e. they are rotated 180 ° to each other and thus a
nitratoethyl rest is always superimposed with the azido function
of its partner molecule.

The 1- and 2-methyl substituted 5-azidotetrazoles both
crystalize in monoclinic systems, P2,/m for 11 and P2,/c for 12.
This also results in similar three-dimensional arrangements for
both compounds. As shown in Figure 8 B) and Figure 7 B),
layers are formed in the illustrated orientations. The alignment
to layers is preferred firstly due to the planar character of 11
and 12, and secondly as a result of the two hydrophobic azide
and methyl substituents that do not form a good docking site
for pronounced intermolecular interactions. The distances

Figure 5. A) Asymmetric unit of 2d with thermal ellipsoids drawn at the 50% probability level. Selected bond distances (A) and angles [°]: Ag1-Ag2 3.0288(11),
Ag1-N14 2.126(7), Ag1-03 2.877(6), Ag1-N4 2.137(7), Ag1-N18'" 3.154(10), Ag2-N13 2.216(7), Ag2-N5 2.201(7), Ag2-O1 2.822(7), Ag2-N10' 2.489(7), N14-Ag1-N4
167.3(3), N13-Ag2-N5 144.8(3), N15-N14-C4-N10 8.4(1), N6-N5-C1-N1 29.3(1); B) Representation of the argenophilic interaction between Ag1 and Ag2 with
anionic moieties involved in the stabilization; Symmetry codes: (i) 0.5+x, 0.5—y, 1—z, (ii) 1—x, 1-y, 1—z.
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A)

o
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OH

Figure 6. A) Molecular unit of 7 with thermal ellipsoids drawn at the 50 % probability level. Selected bond distances (A) and angles [°]: C1-N5 1.386(4), C2-N1
1.458(4), N5-N6 1.251(4), N6-N7 1.114(4), N8-N9 1.221(4), 1.127(4), N5-N6-N7 171.4(3), N8-N9-N10 172.9(3), N9-N8-C3-C2 171.1(3); B) Layer structure of 9 with

view along the b axis.

A)

Figure 7. A) Molecular unit of 10 with thermal ellipsoids drawn at the 50% probability level. Selected bond distances (A) and angles [°]: C1-N5 1.463(4), C2-N1
1.458(4), N5-N6 1.074(4), N6-N7 1.207(4), C3-O1 1.449(4), O1-N8 1.388(3), N5-N6-N7 171.5(3), N1-C2-C3 112.6(2), N6-N5-C1-N1 1.7(3); B) Layer structure of 10

with view along the b axis.

between the respective layers of the two 5-azido-meth-
yltetrazoles are in the same range (d(11)=3.12A, d(12)=
331A).

Despite the high structural conformity, the ordering of the
molecular moieties within one layer changes as a result of the
different substitution positions. 12 forms linear chains along the
orientation depicted in Figure 9 B), with the azide group facing
the methyl group with its y-nitrogen (N7), and is therefore
tightly embraced by these protons. Since this configuration of
molecular units in 12 is more space saving then in the
molecular pattern of 11, significant differences arise in the
density of the isomers. 11 comes up with a density of
1.459 gecm™ at 298 K whereas, 12 is about 0.08 gcm™ more
dense then its respective one substituted isomer (p(12)=
1.542 gcm™).

Chem. Eur. J. 2022, 28, €202200772 (6 of 10)

NMR Spectroscopy

All compounds were characterized through 'H and "*C{"H} NMR
spectroscopy and the respective resonances are listed in
Table 1.

Resonances for the azidoethyl function at position 2 in
compounds 2 and 2a-2d can be found in the range of 4.69-
4.94 ppm as multiplets ("H) and 51.6-53.0 ppm (*C) represent-
ing the CH,-group linked to the tetrazole ring and at 3.86-
3.97 ppm as multiplets ('"H) and 48.9-49.6 ppm ("*C) represent-
ing the CH, protons bonded to N,. Additional proton signals for
these compounds can be found for 2 (nitramine proton) as
broad peak at 6 =9.69 ppm and the cationic moieties for 2a
and 2b at d=7.17 and 10.03 ppm, respectively. The deprotona-
tion of 2 results in a shift to deeper fields of the tetrazole
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Figure 8. A) Molecular unit of 11 with thermal ellipsoids drawn at the 50 % probability level. Selected bond distances (A) and angles [°]: C1-N5 1.392(3), N5-N6

1.253(2), N6-N7 1.113(3), N1-C2 1.455(3), N2-N1-C2 121.2(2), C1-N1-C2 131.4(2), N5-N6-N7 172.5(2), N6-N5-C1-N4 0.0(2); B) Layer structure of 11.
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N
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Figure 9. A) Molecular unit of 12 with thermal ellipsoids drawn at the 50% probability level. Selected bond distances (A) and angles [*1:C1-N5 1.394(2), N5-N6
1.259(2), N6-N7 1.113(2), N2-C2 1.448(2), N1-N2-C2 123.0(1), C2-N2-N3 123.1(1), N5-N6-N7 171.5(2), N6-N5-C1-N4 1.6(2); B) Layer structure of 12.

Table 1. 'H and '*C NMR resonances for compounds 2, 2a-2d, 7 and 10—
12 measured in DMSO-D6, chemical shifts are reported in ppm with
respect to TMS (Si(CH,),).

Compound O [ppm]
1H 13C

2 9.69, 4.94, 3.97 157.3, 53.0, 48.9
2a 7.17,4.69, 3.86 168.3, 51.6, 49.2
2b 10.03, 4.70, 3.87 168.0, 51.7,49.2
2c 4.69, 3.87 169.0, 51.9, 49.6
2d 4.81,3.93 166.5, 52.3, 49.0
7 4.20,3.74 152.8,49.1,45.6
10 5.02, 4.68 152.9, 69.8, 43.8
11 3.77 152.9, 331

12 4.28 161.9, 40.7

carbon from 157.3 ppm for 2 by about 10 ppm for all ionic
derivatives. For compounds 7 and 10 the tetrazole resonance is
detected at 153 ppm in the "C NMR. For the nitratoethyl
function of 10 the resonance of the CH, lined to the organic
nitrate assigns at 5.02 ppm and the CH, unit bonded to N1 at
4.68 ppm. The ethylene unit of 7 shows signals at 4.20 and
3.74 ppm.

Chem. Eur. J. 2022, 28, €202200772 (7 of 10)

For the methyl group signals of 11 (6 =3.77 ppm) and 12
(0=4.28 ppm), the signal for the 2-substitution is shifted to
higher fields compared to the 1-substituted one. The "C shifts
for 11 (8(CN,) =152.9 ppm; 8(CH;)=33.1 ppm) and 12 (6(CN,) =
161.9 ppm; O(CH;)=40.7 ppm) are in good accordance with
other alkyl substituted 5-azidotetrazoles.”"

Additionally, compounds 2, 2a (as representative for the 2-
(2-azidoethyl)-5-nitraminotetrazolate anion), 7 and 10-12 were
analyzed through proton coupled N spectroscopy. The spectra
are illustrated in Figure 10. The nitrogen atoms are named as in
the corresponding crystal structures. For the tetrazole moieties,
signals for all four nitrogen atoms can be found in very similar
ranges, depending on the substitution site (1- and 2-substi-
tuted). For 1-substituted tetrazoles 7, 10 and 11 signals appear
at around 0 ppm for N3, —13 ppm for N2, —75 ppm for N4 and
—170 ppm for N1. For two substituted isomers 2, 2a and 12,
the chemical shifts for N3 and N4 do not differ hardly compared
with 1-substituted isomers. Values for N1 and N2 can be found
around —90 ppm and —102 ppm, respectively.

The same applies to the azide functionalities. Here, however,
a distinction must be made between aromatic and alkyl azides.
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N6 Na less intensive signal. Compared to the aromatic azides, alkyl
N5 azide resonances appear high-field shifted at around —315 ppm
N3 N1N2 N8 N9 for N, —171 ppm for N; and —135ppm for N, with equal
2 | | | ‘ N7 intensities. These signals are detectable for compounds 2, 2a
NaNe N N1N2 N5 and 7. In the case of aromatic azides, the signals of N; and N,
N8 N9 N N10 appear relatively close together, whereas for alkyl azides, there
2a 1 ! SR N \ [ ) » l Lo is a clear gap of around 35 ppm between the two signals. N,
R T always emerges at higher fields than Ny,
N3 N2 N4 N7 N Additional signals can be found in the spectra of 2, 2a and
7 Ngu Nl/mo N5 N8 10. These are the nitro group of the protonated nitramine
e — ,Lr‘mmwwm function (N6) of 2 at —34.7 ppm, the nitro group of the
N3 N6 deprotonated nitramine function (N6) in 2a at —13.9 ppm and
N2 N4 N7 the organic nitrate (N8) of 10 at —13.3 ppm.
N8 N1
o Tl v
N3 N4 . N6 Physico-chemical Properties
N2
11 | ‘ Nl1 Nf Compounds 2, 2a-2d, 7 and 10-12 were tested toward the

40 0 -40 -80 -120 -160 -200

ppm ("*N)

-240 -280 -320 -360 -400

Figure 10. >N NMR spectra of compounds 2, 2a, 7 and 10-12. Chemical
shifts are reported in ppm with respect to MeNO,. Measurements of 2, 2a
and 11-12 were performed in DMSO-Dg, for 7 and 10 in CDCl; and in
acetone-Dq, respectively.

Resonances for aromatic azides can be found in the spectra of
compounds 7 and 10-12 in typical ranges of around —300 ppm
for N, —145 ppm for N3 and —143 ppm for N,, whereas N
having the highest intensity, followed by N, and N, being the

behavior on certain external stimuli as there are impact, friction,
electrostatic discharge and temperature (DTA or DSC). The
resulting values are listed in Table 2. All investigated com-
pounds can be declined as energetic materials, since they are
more or less sensitive facing those external stimuli, according to
UN Recommendations on the Transport of Dangerous Goods.””
The free acid of 2-azidoethyl-5-nitraminotetrazole 2 is insensi-
tive toward friction and shows an impact sensitivity of 10 J. The
two nitrogen-rich salts (2a and 2b) are moderately sensitive,
whereas the two metal-containing salts (2c and 2d) are already
classified as extremely sensitive with 2d being the most
sensitive compound of the 2-azidoethyl-5-nitramino derivatives
(IS<1J, FS=15N). All 5-azidotetrazole derivatives (7, 10-12)
show impact sensitivities less or equal to 1J and friction
sensitivities of 5N (for 10) or below for 7, 11 and 12 and are
therefore classified as sensitive explosives. Metal containing

Table 2. Energetic properties and detonation parameters of 2, 2a-2d, 7 and 10-12.

2 2a 2b 2c 2d 7* 10 11 12
Formula C5HsNGO, C5HgN,,0, C5HgN,,05 C3H,N,O,K CHiNgO,Ag  G3HUN,o C5H,NgO;4 C,H;N, CH;N,
M [gmol ] 199.13 216.17 232.16 237.22 305.99 180.14 200.12 125.11 125.11
IS (]! 10 30 9 1 <1 <1 1 <1 <1
FS INJ™ 360 120 40 30 15 <0.1 5 <5 <5
ESD [mJ]“ - 100 100 25 13 - 10 50 80
[gem 39 1.60* 1.575 1.624 1.93* 2.362 1.519 1.638 1.459 1.542
N [%]" 62.4 64.8 60.3 53.1 41.2 77.8 56.0 78.4 78.4
Q [%]® —28.1/-52.2 —-37.0/-59.2 —-27.6/-482 —20.2/-405 —15.7/-314 —444/-71.1 —16.0/—40.0 —44.8/—70.3 —44.8/—-703
Tt Taec [°C19 n.d./93 113/172 -/171 126/180 -/181 —20/167 45/166 20/160 62/162
AH [kimol "™ 647.1 649.1 705.5 - - 9327 5145 594.5 566.9
AU TKImol "% 666.9 673.9 7315 - - 950.1 533.1 606.9 579.3
Explo5 V6.05.02
—A U [kkg 1" 5282 5199 6281 - - 5123 5409 4769 4563
Ter [KIM 3650 3321 3845 - - 3535 3872 3383 3199
V, [Lkg ™1™ 833 889 889 - - 802 809 817 810
Pc, [kbar]™ 248 256 295 - - 215 261 202 216
Ve Ims™1]0 8138 8430 8796 - - 7898 8165 7616 7916
[a] Impact sensitivity (BAM drop hammer (1 of 6)). [b] Friction sensitivity (BAM friction tester (1 of 6)). [c] Electrostatic discharge device (OZM research). [d]
From X-Ray diffraction analysis recalculated to 298 K; *pycnometric measurement. [e] Nitrogen content. [f] Oxygen balance with respect to CO/CO2 [g]
Decomposition temperature (DTA/DSC; 3 =5°Cmin"). [h] Calculated enthalpy of formation. [i] Calculated energy of formation. [j] Energy of explosion. [k]
Detonation temperature. [I] Volume of detonation products (assuming only gaseous products). [m] Detonation pressure at Chapman-Jouguet point. [n]
Detonation velocity. *Explo5 V6.05.02 calculation for the theoretical solid state at room temperature.
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ionic derivatives 2c and 2d are the thermally most stable
compounds in this study decomposing at 180°C and 181°C,
respectively. Nitrogen-rich derivatives 2a and 2b decompose
around 170°C, whereby 2a shows a smooth melting point at
113°C. The free nitramine 2 is even liquid after long time
storage —30°C and explodes violently at 93 °C. 5-Azidotetrazole
derivatives 7 and 10-12 all undergo decomposition between
160°C and 167°C and possess a melting point in advance.
Compound 7 is liquid at room temperature and melts at about
—20°C, 10, 11 and 12 are solids at ambient temperatures and
melt at 45°C, 20°C and 62°C, respectively. Based on the
densities and the calculated enthalpies of formation, the
detonation parameters for all metal-free were calculated using
the EXPLO5 code. All investigated compounds show highly
positive values for their heat of formation, with 9, containing
two azido moieties showing the overall highest heat of
formation of AH°=932.7 kJmol™". The calculated detonation
velocity for 2b is 8796 ms™' and therefore in the range of RDX
(V4er=8801 ms™'). The performance parameters of the corre-
sponding ammonium derivative as well as of the neutral
compound are significantly lower, since they have both lower
density and enthalpy of formation. Ethyl substituted 5-azidote-
trazoles 7 and 10 differ about 270 ms™' is their detonation
velocity, whereas nitratoethyl derivative 10 has the higher value
with 8165 ms™'. This trend is in accordance with recently
published ethyl substituted 5,5-azobistetrazoles.* In terms of
detonation parameters, two methyl substituted 5-azidotetrazole
(12) is clearly superior to its one substituted isomer 11. The
detonation velocities are 7616 ms™' for 11 and 7916 ms™' for
12 and thus exactly 300 ms™' apart, which is mainly attributed
to the different densities. Unfortunately, the calculated deto-
nation parameters fell short of expectations due to the low
densities of the compounds. Both 5-azidotetrazole backbones
and azidoethyl substitutions yield enormous increases in the
calculated formation detonation parameters, but the nonpolar
properties of the substituents offer only limited opportunities
for attractive interactions.

Conclusion

By introducing azidoethyl, nitratoethyl and methyl groups to 5-
azidotetrazoles, the physico-chemical properties could be
specifically modified. Nitratoethyl shows a lower sensitivity and
a higher melting point (45°C) with better performance
(8165 ms™") then the respective azidoethyl homologue. Further-
more, the methyl functionalization at N2 not only outperforms
its N1-isomer in terms of physico-chemical properties but also
shows a much easier synthesis. The melting points of the
isomers differ by 40°C with the 2-isomer melting at 62°C. The
decomposition temperatures of the 5-azides are not altered by
functionalization. The sensitivities are all in the area of primary
explosives with 1-(2-azidoethyl)-5-azidotetrazole (7) being the
most sensitive compound which is unusual because this
compound is a liquid.

With the synthesis of 2-(2-azidoethyl)-5-nitraminotetrazole
(2) and its nitrogen rich ionic derivatives (2a, b) new highly

Chem. Eur. J. 2022, 28, €202200772 (9 of 10)

energetic secondary explosives were discovered. The hydrox-
ylammonium salt 2b owns the best explosive performance in
this study with a detonation velocity of about 8800 ms™". The
metal salts (2¢, d) are more sensitive explosives and as all ionic
derivatives in this work stable up to 180°C.
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1. Experimental part and general procedures

NH, HN-NO,  a) NH3 (2M) Cat =
b) NH,OH (aq) O,
N=N H,S04/HNO; N%N c)zKOH /Z\‘ NOz a) NHiD (2a)
" A~ NN 1h,-5t05°C NS/\/N‘N' d) AgNOs Y b) '1;'3}(??25%)
3 1 2 different solvents N/\/N\N d) Ag* (2d)
3
N
_N, Br, Br_N N,H, - H,0 HaN"NN N
,\’,/ N Y N ?\l/ N
Ny >N ACOH/CHCI, NS NN -PrOH Ny >N
72 h, reflux 3 2h,60°C
3a 4a 5
Ccl”
® {
HCI H3N~ %N\ NaNO, (1.1 eq.) N3 _N
/N > Y3
i-ProH AN H20, HCI SN
N3 N3
10 min, 5 °C 20 min, 5 °C,
6 20 min, r.t 7
N
[4”\ Brs BFYN N,H, * H,0 HaNTUN N
N\ ’/N /:N N\ 14
"N AcOH/CHClj, ~N~N i~PrOH HO” "N
AcO AcO
72 h, reflux 2h,60°C
3b 4b 8
N3 HNO; (99% N3
NaNO, (1.1 eq.) _N 3 (99%) _N
. N . NN
HZQ’ HCl HO/\/ \N 20 m|n., 5 C, OzNO/\/ \N
20 min, 5 °C, 20 min, r.t
20 min, r.t 9 10
0NN NH Zn N NaNO, (1.0eq) N3y
Y | H2N %N jﬁ \
Ne N No N
LN H,0, HCI N H,0, HCI N~y
30 min, r.t. 20 min, 0 °C,
5 min, r.t 1
o NaN; (2.0 eq) N3 N DMS (1.2 eq) Ns N
_br . —\ . —
NC Ne NH Ne N—
H,0, MeOH N H,0, MeOH N
2h,0°C 1h,rt.
12
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1H, 13C, 1N and **N NMR spectra were recorded on BRUKER AMX 400 instruments. Chemical
shifts are referenced with respect to tetramethylsilane (*H/**C) and nitromethane (**N/**N).
Infrared spectra (IR) were recorded in the region 4000-400 cm™ on a PERKIN ELMER
Spectrum BX-59343 instrument with a SMITHS DETECTION DuraSamplIR Il Diamond ATR
sensor. The absorption bands are reported in wavenumbers (cm™). Decomposition
temperatures were measured via differential thermal analysis (DTA) with an OZM Research
DTA 552-Ex instrument at a heating rate of 5 °C/min and in a range of room temperature to
400 °C. All sensitivities toward impact (IS) and friction (FS) were determined according to BAM
(Bundesanstalt fur Materialforschung und Priufung) standards using a BAM drop hammer and
a BAM friction apparatus by applying the 1 of 6 method.S!! All energetic compounds were
tested for sensitivity towards electrical discharge using an Electric Spark Tester ESD 2010 EN
from OZM. Energetic properties have been calculated with the EXPLO5 6.02 computer 52
code using the RT converted X-ray density or the densities measured with a gas pycnometer

at 298 K and calculated solid state heats of formation.

CAUTION! Allinvestigated compounds are potentially explosive materials. In particular
compound 7, 1-(2-azidoethyl)-5-azidotetrazole, is extremely sensitive and tends to
explode during solidification. Safety precautions and equipment (such as wearing
leather coat, face shield, Kevlar sleeves, Kevlar gloves, earthed equipment and ear

plugs) must be used during all manipulations.

2-(2-Azidoethyl)-5-nitraminotetrazole (2)S3

NH, HN-NO2
N%N H,SO4/HNO; N=
A~ NN 1h,-5t05 °C A~ NN
N3 N3
1 2

2-(2-Azidoethyl)-5-aminotetrazole (1) (1.00 g, 6.50 mmol, 1.0 eq) was dropwise added
to a mixture of sulfuric acid (96%, 8.00 mL) and nitric acid (100%, 3.00 mL) keeping
the temperature below 5 °C (CAUTION! By rising the temperature above 5 °C, the
reaction mixture decomposes exothermically including the formation of large amount
of nitrous gases, heat and flames in the reaction flask). The mixture was stirred for 1 h
and was allowed to heat to 5 °C. The mixture was poured on ice water (150 mL) and
extracted with diethyl ether (3 x 50 mL). After drying over anhydrous sodium sulfate,
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the organic solvent was evaporated, the title compound 2 was obtained as slightly
brownish liquid (1.16 g, 5.60 mmol, 86%).

DTA (5 °C min™): 93 °C (dec); Sensitivities: BAM drop hammer: 10 J (liquid), friction
tester: 360 N (liquid), ESD: -; IR (ATR) v (cm™) = 3023(w), 2102(s), 1700(w), 1610(s),
1488(m), 1440(m), 1299(vs), 1227(s), 1097(m), 1029(m), 893(m), 827(m), 758(m),
632(m), 554(m), 493(s), 445(m), 435(m), 428(m), 419(m), 412(m); Elem. Anal.
(C3HsN9O2, 199.13 g mol™t) calcd.: C 18.09, H 2.53, N 63.31 %. Found: C 17.94,
H 2.82, N 62.37 %; 'H NMR (DMSO-Ds, 400 MHz, ppm) & = 9.69 (br s, 1H), 4.94 (m,
2H), 3.97 (m, 2H); *3C NMR (DMSO-Ds, 101 MHz, ppm) 6 = 157.3, 53.0, 48.9; N
NMR (DMSO-Ds, 41 MHz, ppm) 6 = 1.0, -34.7, -57.1, -85.0, -98.1, -134.9, -171.2,
-208.2, -313.5; HRMS (ESI) m/z: [M — H*] Calcd for C3H4N9O2 198.0493; Found:
198.0492.

Ammonium 2-(2-azidoethyl)-5-nitraminotetrazolate (2a)

HN/NOz @NH4 @N/NOZ
LG =
/\/N\l\]/ EtOH /\/N\f\]/
N3 10 min, r.t. N3
2 2a

2-(2-Azidoethyl)-5-nitraminotetrazole (2) (0.69 g, 3.47 mmol, 1.0 eq) was dissolved in
ethanol (25 mL) and ammonia (2M dissolved in ethanol, 1.75 mL, 3.50 mmol, 1.0 eq)
was added dropwise. The solvent was reduced and the precipitate was filtered to yield
pure ammonium 2-(2-azidoethyl)-5-nitraminotetrazolate (2a) (0.66 g, 3.06 mmol, 88%)

as brown solid.

DTA (5 °C min™1): 113 °C (melt), 172 °C (dec); Sensitivities: BAM drop hammer: 30 J
(2500 pm), friction tester: 120 N (<500 ym), ESD: 0.1J (<500 um). IR (ATR) v
(cm™) = 3194(s), 2120(s), 1480(s), 1463(s), 1452(s), 1434(s), 1397(s), 1367(s),
1343(s), 1294(vs), 1240(s), 1204(s), 1168(s), 1097(s), 1059(m), 1036(s), 1013(s),
974(s), 953(m), 888(s), 833(s), 771(s), 757(s), 742(m), 699(s), 675(m), 646(m),
560(m), 512(s), 467(s), 448(m); Elem. Anal. (C3sHsN10O2, 216.17 g mol™) calcd.:
C 16.67, H 3.73, N 64.80 %. Found: C 16.75, H 3.80, N 63.48 %; 'H NMR (DMSO-De,
400 MHz, ppm) & = 7.17 (s, 4H), 4.69 (m, 2H), 3.86 (m, 2H); 13C NMR (DMSO-Ds,
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101 MHz, ppm) & = 168.3, 51.6, 49.2; >N NMR (DMSO-Ds, 41 MHz, ppm) & = -5.0,
-13.9, -61.4, -95.6, -106.5, -134.3, -149.0, -171.4, -312.7, -358.4.

Hydroxylammonium 2-(2-azidoethyl)-5-nitraminotetrazolate (2b)

©
HN-NO> @NH3OH N-NO:
I}J%N NH,OH * H,0 N%N
/\/N\l\]/ EtOH /\/N\l\]/
N3 10 min, r.t. N3
2 2b

2-(2-Azidoethyl)-5-nitraminotetrazole (2) (0.87 g, 4.47 mmol, 1.0 eq) was dissolved in
ethanol (18 mL) and aqueous hydroxylamine solution (50% w/w, 0.28 mL, 4.70 mmol,
1.05 eq) was added dropwise. The solvent was reduced and the precipitate was filtered
to yield pure hydroxylammonium 2-(2-azidoethyl)-5-nitraminotetrazolate (2b) (0.85 g,

3.66 mmol, 82%) as yellow solid.

DTA (5°C min™): 171 °C (dec); Sensitivities: BAM drop hammer: 9 J (<500 ym),
friction tester: 40 N (< 500 ym), ESD: 0.1 J (< 500 um). IR (ATR) Vv (cm™) = 3112(m),
2691(m), 2141(s), 2102(s), 1485(s), 1437(s), 1406(s), 1358(s), 1341(vs), 1290(vs),
1238(s), 1213(s), 1169(vs), 1119(s), 1101(s), 1038(s), 1009(s), 953(m), 897(m),
884(m), 839(m), 775(s), 751(s), 695(m), 688(m), 669(s), 626(s), 555(s), 502(s), 456(S),
441(s); Elem. Anal. (C3HsN1003, 232.16 g mol™) calcd.: C 15.52, H 3.47, N 60.33 %.
Found: C 14.90, H 3.63, N 59.85 %; 'H NMR (DMSO-Ds, 400 MHz, ppm) & = 10.03 (br
s, 4H), 4.70 (m, 2H), 3.87 (m, 2H); *3C NMR (DMSO-Ds, 101 MHz, ppm) 6 = 168.0,
51.7, 49.2; **N NMR (DMSO-Ds, 29 MHz, ppm) & = -3, =13, =134, =173, -359.

Potassium 2-(2-azidoethyl)-5-nitraminotetrazolate (2c)

HN/NOZ K+ G)N/NOZ
N‘< KOH N4<
I ,N > I N
A~ NN EtOH A~ NN
N3 10 min, r.t. N3
2 2c

2-(2-Azidoethyl)-5-nitraminotetrazole (2) (0.85 g, 4.24 mmol, 1.0 eq) was dissolved in
ethanol (18 mL) and potassium hydroxide (0.24 g, 4.24 mmol, 1.0 eq) dissolved in

ethanol (8 mL) was added in one portion. The immediately formed solid was filtered
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and washed with little amount of cold ethanol to yield potassium 2-(2-azidoethyl)-5-

nitraminotetrazolate (2c¢) (0.90 g, 3.80 mmol, 90%) as brownish solid.

DTA (5 °C min™): 126 °C (melt), 180 °C (dec); Sensitivities: BAM drop hammer: 1 J
(=500 pym), friction tester: 30 N (<500 pym), ESD: 25 mJ (500 um). IR (ATR) Vv
(cm™) =2118(s), 2080(m), 1486(s), 1417(s), 1407(s), 1383(s), 1320(vs), 1299(vs),
1261(s), 1208(s), 1099(s), 1041(s), 1006(s), 971(m), 944(m), 883(m), 828(s), 777(s),
760(s), 696(m), 647(m), 557(m), 507(m), 463(m); Elem. Anal. (C3HaNsO:zK,
237.22 gmol™) calcd.: C15.19, H1.70, N53.14 %. Found: C 15.49, H 1.80,
N 52.10 %; *H NMR (DMSO-Ds, 400 MHz, ppm) & = 4.69 (m, 2H), 3.87 (m, 2H); 13C
NMR (DMSO-Ds, 101 MHz, ppm) 6 = 169.0, 51.9, 49.6; 1*N NMR (DMSO-Ds, 29 MHz,
ppm) 6 = -12, -135, -173.

Silver 2-(2-azidoethyl)-5-nitraminotetrazolate (2d)

|/_|21/N02 Ag+ fz\]/Noz
E///N AgN03 L E///N
N ~"N H,O N ~~"N
3 10 min, r.t. 3
2 2d

2-(2-Azidoethyl)-5-nitraminotetrazole (2) (0.29 g, 1.43 mmol, 1.0 eq) was dissolved in
ethanol (5 mL) and silver nitrate (0.25 g, 1.45 mmol, 1.0 eq) dissolved in water (5 mL)
was added in one portion. The immediately formed solid was filtered and washed with
little amount of cold water to obtain silver 2-(2-azidoethyl)-5-nitraminotetrazolate (2d)
(0.43 g, 1.40 mmol, 98%) in quantitative yield as beige powder.

DTA (5 °C min™): 181 °C (dec); Sensitivities: BAM drop hammer: <1 J (< 500 um),
friction tester: 15 N (< 500 um), ESD: 13 mJ (< 500 ym). IR (ATR) 7 (cm™) = 2138(s),
2101(s), 1509(s), 1438(s), 1406(s), 1357(s), 1343(s), 1286(vs), 1213(s), 1170(s),
1120(m), 1101(m), 1038(s), 1010(s), 952(m), 884(m), 752(m), 743(m), 694(m),
689(m), 670(s), 626(m), 555(m), 503(m), 456(m), 441(m); Elem. Anal. (C3H4NsO2Ag,
305.99 g mol™) caled.: C11.78, H1.32, N41.20%. Found: C11.77, H1.51
N 40.29 %; 'H NMR (DMSO-Ds, 400 MHz, ppm) 6 = 4.81 (m, 2H), 3.93 (m, 2H); 13C
NMR (DMSO-De, 101 MHz, ppm) & = 166.5, 52.3, 49.0; 14N NMR (DMSO-Ds, 29 MHz,
ppm) é = -16, —-135.
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1-(2-Azidoethyl)-5-bromotetrazole (4a)

Br
N N
[4 //\N Brz Y ,:N
N NN ACOH/CHCl, N NN
3 72 h, reflux 3
3a 4a

To a solution of 1-(2-azidoethyl)-tetrazole (3a) (5.00 g, 35.9 mmol, 1.0 eq) in acetic
acid (35 mL) and chloroform (70 mL) was added bromine (11.5 g, 71.8 mmol, 2.0 eq)
in chloroform (15 mL). After 72 h at reflux the solvent was evaporated and excess
saturated sodium bicarbonate solution was added to the residue. The mixture was
extracted with ethyl acetate (3 x 100 mL), the solvent was dried over sodium sulfate
and removed to yield 1-(2-azidoethyl)-5-bromotetrazole (4a) (6.60 g, 30.3 mmol, 84%)

as yellow liquid.

Sensitivities: BAM drop hammer: 40 J (liquid), friction tester: >360 N (liquid); IR (ATR)
v (cm™) = 2099(vs), 1455(m), 1429(s), 1414(s), 1398(s), 1352(m), 1286(m), 1248(m),
1228(m), 1180(s), 1123(m), 981(w), 826(w), 663(m), 647(m), 631(m), 494(m); Elem.
Anal. (C3HsN7Br, 218.02 g mol™") calcd.: C 16.53, N 44.97, H 1.85%. Found: C 16.40,
N 43.27, H 2.00%; '"H NMR (DMSO-De, 400 MHz, ppm) & = 4.63 — 4.59 (m, 2H), 3.93
— 3.86 (m, 2H)."*C NMR (DMSO-De, 101 MHz, ppm) 6 = 135.0, 49.1, 42.5; HR-MS
(ESI, 70 eV): [C3H5N7Brz] calcd.: 297.8879 [M — Br1], found: 297.8882.

5-Bromo-1-(2-acetoxyethyl)-tetrazole (4b)[S4

Br
/N /N\
g N
Aco/\/ N AcOH/CHCl3 AcO/\/ N
72 h, reflux
3b 4b

To a solution of 1-(2-acetoxyethyl)-tetrazole (3b) (4.1 g, 26 mmol, 1.0 eq) in acetic acid
(25 mL) and chloroform (50 mL) was added bromine (2.7 ml, 8.4 g, 52 mmol, 2.0 eq)
in chloroform (10 mL). After 72 h at reflux the solvent was evaporated and excess
saturated sodium bicarbonate solution was added to the residue. The mixture was
extracted with ethyl acetate (3 x 50 mL), the solvent was dried over sodium sulfate and
removed to yield 5-bromo-1-(2-chloroethyl)-tetrazole (4b) (5.8 g, 25 mmol, 95%) as

yellow liquid.
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'H NMR (DMSO-Ds, 400 MHz, ppm) & = 4.69 (m, 2H), 4.44 (m, 2H), 1.96 (s, 3H); 13C
NMR (DMSO-Ds, 101 MHz, ppm) 6 = 170.0, 135.0, 61.2, 47.4, 20.4;

1-(2-Azidoethyl)-5-hydraziniumtetrazole chloride (6)

cI”
H @®H
Br -N -N
%N\N N,H, - H,0 H2N %N\N HCI R H3N /N\N
Na/\/N\N// i-PrOH N3/\/N\N// i-PrOH NS/\/N\N"
2h,60°C 10 min, 5 °C
4a 5 6

To a solution of 1-(2-azidoethyl)-5-bromotetrazole (4a) (1.00 g, 4.57 mmol, 1.0 eq.) in
2-propanole (20 mL) was added hydrazine hydrate (100%, 0.66 ml, 13.70 mmol, 3.0
eq.). After 2 h at 60 °C the solvent was removed and the residue was dissolved in
water (50 mL) and extracted with ethyl acetate (3 x 50 mL). The organic phase was
dried over sodium sulfate and evaporated to yield a crude oil of 1-(2-azidoethyl)-5-
hydrazineyltetrazole (5) that forms colorless crystals over time. (*H NMR (DMSO-Ds,
400 MHz, ppm) 6 = 8.14 (s, 1H), 4.48 (s, 2H), 4.44 — 4.37 (m, 2H), 3.78 — 3.68 (m, 2H).
13C NMR (DMSO-Ds, 101 MHz, ppm) 6 = 158.3, 48.9, 44.9; HR-MS (ESI, 70 eV):
[C3HsNg] calcd.: 170.0898 [M — H*], found: 170.0899. The residue was then dissolved
in 2-propanol (10 mL) and an excess of a solution of HCI in 2-propanol (4-6 N, 3 mL)
was added. After full precipitation and crystallization at 5 °C over night the product was
fitered and washed with ether to vyield white solid 1-(2-azidoethyl)-5-
hydraziniumtetrazol chloride (6) (498 mg, 2.42 mmol, 53%).

Sensitivities: BAM drop hammer: >40 J (< 500 ym), friction tester: >360 N (< 500 pm);
IR (ATR) 7 (cm™) = 3204(m), 2788(s), 2646(s), 2593(s), 2138(s), 2096(vs), 1599(s),
1570(vs), 1548(s), 1494(s), 1444(s), 1421(s), 1370(m), 1343(s), 1331(m), 1300(s),
1278(s), 1253(m), 1184(m), 1125(m), 1102(s), 1063(m), 1009(s), 971(m), 827(s),
732(s), 667(m), 607(s), 534(s), 486(s); Elem. Anal. (C3HsNsCl, 205.61 g mol™?) calcd.:
C 17.52, H3.92, N61.31 %. Found: C 18.01, H4.09, N 60.24 %; 'H NMR (D20,
400 MHz, ppm) 6 =4.52 — 4.26 (m, 2H), 3.98-3.54 (m, 2H).13C NMR (DMSO-Ds,
101 MHz, ppm) & = 154.6, 48.9, 46.1.; 14N NMR (DMSO-Ds, 29 MHz, ppm) & = -135.4,
-168.6; HR-MS (ESI, 70 eV): [C3H7NoCl] calcd.: 204.0518 [M — CI], found: 204.05179.
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1-(2-Azidoethyl)-5-azidotetrazole (7)

cl
o) H
_N N
H3N %N\ NaNO, (1.1 eq.) IN=N
N ~ N
Ny NN H,0, HCI Ny >N
20 min, 5 °C,
6 20 min, r.t 7

To a solution of 1-(2-azidoethyl)-5-hydraziniumtetrazol chloride (6) (200 mg,
0.97 mmol, 1.0 eq) in water (10 mL) and aqueous hydrochloric acid (2N, 2 mL) was
added slowly sodium nitrite (74 mg, 1.07 mmol, 1.1 eq.) at 5 °C. After 20 min at 5 °C
the solution was stirred at room temperature for further 20 min. Then the reaction was
extracted with ether (3 x 20 mL) (using a plastic separation funnel and plastic vessels!).
The organic layer was washed with water, dried over sodium sulfate and evaporated
under a nitrogen stream to yield a yellowish oil of 5-azido-1-(2-azidoethyl)-tetrazole (7).
The oil was purified by column chromatography (EtOAc/lhex; 8/2; Rf. 0.35) to yield
white 7 (265 mg, 1.71 mmol, 40%) (166 mg, 0.92 mmol, 95%) as highly sensitive

colorless oil.

(CAUTION! The reaction and workup have to be performed very carefully with personal
protection and blast shield as the product is highly sensitive. A violent detonation
occurred while handling the azido tetrazole with a glass pipette. Therefore, plastic

equipment is recommended.)

DTA (5 °C min™): 167 °C (dec.); Sensitivities: BAM drop hammer: <1 J (liquid), friction
tester: <0.1 N (liquid). IR (ATR) v (cm™) = 2156(s), 2101(s), 1531(vs), 1470(m),
1445(m), 1352(w), 1326(m), 1294(m), 1252(m),1226(m), 1181(m), 1125(w), 1089(m),
827(w), 723(m), 654(m), 636(w), 555(w), 528(m), 502(w), 436(w), 426(w); Elem. Anal.
(CsHaN10, 180.14 g mol™) calcd.: C20.00, H2.24, N77.76%. Found: not
determinable; *H NMR (DMSO-Ds, 400 MHz, ppm) & = 4.20 (m, 2H), 3.74 (m, 2H).13C
NMR (DMSO Ds, 101 MHz, ppm) & 152.8, 49.1, 45.6; 1SN NMR (CDClIs, 41 MHz,
ppm) &= 9.9, -13.9, -76.1, -135.7, -140.2, -147.3, -168.4, -169.7, -301.3, -314 .4,
HR-MS (ESI, 70 eV): [CsHsN1o] calcd.: 181.0694 [M — H*], found: 181.0695.
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5-Azido-1-(2-hydroxyethyl)-tetrazole (9)

H
BrwéN\ N2H4 - H2O HzN’N%N NaNO, (1.1 eq.) Nsﬁ‘N\
N \ > N
N\ ‘s i N N\ ‘,
AcO” >N i-ProH N/ H,0, HCI Ho” NN
¢ 2h, 60 °C HO™ "N 20 min, 5 °C,
4b 8 20 min, r.t 9

To a solution of 5-bromo-1-(2-acetoxyethyl)-tetrazole (4b) (1.00 g, 4.25 mmol, 1.0 eq.)
in 2-propanole (25 mL) was added hydrazine hydrate (100%, 0.83 ml, 17.00 mmol, 4.0
eq.). After 72 h at ambient temperature, the precipitated crystals were removed by
filtration. The solvent was evaporated to yield a crude mixture of 5-hydrazineyl-1-(2-
hydroxyethyl)-tetrazole (8) and acetohydrazide. Without further purification the mixture was
dissolved in hydrochloric acid (2M, 75 mL) and cooled to 0 — 5 °C. Slowly sodium nitrite (2.65 g,
38.2 mmol, 9.0 eq) in few water was added. After 20 min at 5 °C the solution was allowed to
come to room temperature and was then extracted with ethyl acetate (3x50 mL). The organic
layer was washed with water, dried over sodium sulfate and evaporated under a
nitrogen stream to yield a crude oil of 5-azido-1-(2-hydroxyethyl)-tetrazole (9). The oil
was purified by column chromatography (EtOAc/lhex; 8/2; Rf: 0.35) to yield white
crystalline 9 (265 mg, 1.71 mmol, 40%)

DTA (5 °C min™): 45 °C (melt.), 177 °C (dec.); IR (ATR) ¥V (cm™) = 2944(w), 2156(s),
2134(s), 2101(s), 1531(vs), 1470(m), 1445(m), 1352(w), 1326(m), 1252(m), 1226(m),
1181(m), 1125(w), 1089(m), 827(w), 808(w), 723(m), 654(m), 636(w), 555(w), 528(m);
Elem. Anal. (C3HsN7O, 155.12 g mol™) calcd.: C 23.23, H 3.25, N 63.21 %. Found:
C 23.88, H 3.37, N 60.17 %.; *H NMR (DMSO-Ds, 400 MHz, ppm) 6 = 5.05 (t, J = 5.7
Hz, 1H), 4.19 (dd, J = 5.7, 4.9 Hz, 2H), 3.74 (q, J = 5.5 Hz, 2H). 3C NMR (DMSO-Ds,
101 MHz, ppm) & = 152.6, 58.5, 49.2; 1N NMR (DMSO-Ds, 29 MHz, ppm) & = -133.8;
HR-MS (EI, 70 eV): [C3Hs5N7O] calcd.: 155.0556 [M*], found: 155.0550.

5-Azido-1-(2-nitratoethyl)-tetrazole (10)

Nai N HNO3 (99%) NS%N
N //\N . o N //\N
HO/\/ \N 20 mln', 5 C, OzNo/\/ \N
20 min, r.t
9 10

5-Azido-1-(2-nitratoethyl)-tetrazole (9) (150 mg,1.03 mmol) was added to white fuming

nitric acid (99%, 2 mL) at 5°C. After 20 min the reaction was allowed to come to room

295



temperature and after further 20 min the reaction was quenched on ice. After extraction
with ethyl acetate (3x20 mL) and neutralization with saturated sodium bicarbonate
solution the organic layer was washed with water, dried over sodium sulfate and
evaporated under a nitrogen stream to yield a crude oil of 5-azido-1-(2-nitratoethyl)-
tetrazole (10). For purification the oil was dissolved in a small amount of methanol (5-
10% water) and left for crystallization at 5°C to yield white crystalline 10 (173 mg,
0.87 mmol, 84%)

DTA (5 °C min™): 45 °C (melt.), 166 °C (dec.); Sensitivities: BAM drop hammer: <1 J,
friction tester: 5 N; IR (ATR) ¥ (cm™) = 2967(w), 2923(w), 2158(s), 1745(w), 1635(s),
1534(vs), 1471(m), 1429(m), 1331(m), 1279(vs), 1185(m), 1090(m), 21027(m),
1006(m), 885(s), 840(vs), 754(m), 724(m), 705(m), 659(m), 633(m), 528(m); Elem.
Anal. (C3HsNgO3, 200.12 g mol™) calcd.: C 18.01, H 2.01, N 55.99 %. Found: C 18.41,
H 2.36, N 54.57 %.; *H NMR (Acetone-Ds, 400 MHz, ppm) & = 5.02 (m, 2H), 4.68 (m,
2H); 3C NMR (Acetone-Ds, 101 MHz, ppm) d = 152.9, 69.8, 43.8; >N NMR (Acetone-
Ds, 41 MHz, ppm) 6 =10.5, -13.3, -44.9, -75.3, -142.3, -147.0, -169.9, -301.7; HR-
MS (El, 70 eV): [C3HsNgO3] calcd.: 200.0406 [M*], found: 200.0404.

5-Azido-1-methyltetrazole (11)

H
OZN/N\w/N\H Zn HZN/N%N NaNO; (1.0 eq.) Nsng\
N /’N \N N ’/N
~N>N H20, HCI N H,0, HCI NS\
i N ; .
30 min, r.t. 20 min, 0 °C,
5 min, r.t 1

1-Methyl-5-nitriminotetrazole (1.44 g, 10.0 mmol, 1.0 eq) was dissolved in water
(10 mL). To this, an excess of zinc powder (2.00 g) was added and the mixture was
cooled using an ice bath. Hydrochloric acid (30 mL, 2 M) was added in drops and the
mixture was stirred for 30 min at room temperature. After the remained zinc powder
was removed by filtration a solution of sodium nitrite (0.65 g, 10.0 mmol, 1.0 eq) in
water (10 mL) was added dropwise at temperatures below 0 °C until a clear formation
of NO2 was observed. After stirring the solution for further 5 min, the product was
extracted DCM (3 x 20 mL). The organic phases were combined, washed once with
hydrochloric acid (2 M) and two times with a concentrated solution of Na2COs. The
organic phase was dried using sodium sulfate and evaporated. Liquid 11 (0.78 g,

6.30 mmol, 63%) was remained which could be solidified by cooling in a freezer.
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DSC (5 °C min™): 20 °C (melt.), 160 ° (dec.); Sensitivities: BAM drop hammer: <1 J;
friction tester: <5 N; ESD: 50 mJ; EA (C2HsN7, 125.11) calcd.: C 19.20, H 2.42, N 78.38
%; Found: C 19.30, H 2.81, N 78.00; IR (ATR) ¥ (cm™) = 2962 (w), 2160 (vs), 1630
(W), 1547 (s), 1476 (s), 1447 (m), 1413 (m), 1377 (W), 1304 (s), 1259 (s), 1221 (s),
1166 (w), 1092 (m), 1036 (w), 971 (w), 816 (w), 723 (m), 693 (w), 673 (s), 528 (w); *H
NMR (DMSO-Ds, 400 MHz, ppm) & =3.77 (CHs); 3C NMR (DMSO-Ds, 101 MHz,
ppm) & = 152.9, 33.1; 15N NMR (DMSO-Ds, 41 MHz, ppm) 6 = 7.2 (N3), -12.2 (N2, q,
3w = 1.6 Hz), —75.6 (N4), —144.0 (N7), —146.5 (N6), —172.6 (N1, g, 2Inv = 2.0 Hz), —
301.6 (N5); m/z (DEI): 83 (1), 58 (13), 53 (8), 43 (42), 42 (3), 40 (4), 32 (2), 28 (13), 15
(20).

5-Azido-2-methyltetrazole (12)

5 NaNs; (2.0 eq) Nsw/N DMS (1.2 eq) Na N
_ r '\ -\
NC N NH N N—
H,0, MeOH SN H,O, MeOH SN
2h,0°C 1h,rt.

Cyanogen bromide (0.53 g, 5.00 mmol, 1.0 eq) was dissolved in a mixture of cold water
(16 mL) and MeOH (4 mL). To this, a solution of sodium azide (0.65 g, 10.0 mmol,
2.0 eq) was added drop wise while cooling in an ice bath. After 2 h, dimethyl sulfate
(0.28 mL, 3.0 mmol, 1.2 eq) was added slowly and the solution was allowed to come
to room temperature. After one hour, the precipitate formed was filtered off and washed
with a small amount of cold water. The analytically pure 12 (0.29 g, 2.30 mmol, 46%)

can be recrystallized from hot water.

DSC (5 °C min™): 62 °C (melt), 162 °C (dec); Sensitivities: BAM drop hammer: <1 J
friction sensitivity: <5 N; ESD: 80 mJ; EA (C2H3N7, 125.11) calcd.: C 19.20, H 2.42, N
78.38 %; Found: C 19.19, H 2.21, N 77.41; IR (ATR) ¥ (cm™) = 3038 (w), 2956 (w),
2417 (w), 2285 (w), 2160 (vs), 1725 (w), 1588 (m), 1550 (s), 1506 (s), 1476 (s), 1421
(m), 1396 (m), 1305 (m), 1259 (w), 1218 (m), 1182 (m), 1091 (w), 1050 (w), 1026 (w),
794 (m), 739 (m), 721 (w), 674 (m), 527 (m); *H NMR (DMSO-Ds, 400 MHz, ppm): d =
4.28 (CHz); 13C NMR (DMSO0-Ds, 101 MHz, ppm): & = 161.9, 40.7; >N NMR (DMSO-
De, 41 MHz, ppm): = 0.4 (N1, q, 3Jnn = 2.0 Hz), —71.0 (N4), —98.3 (N1, g, 3Jnn = 1.9
Hz), —=105.7 (N2, g, 2Inu = 2.3 Hz), —144.2 (N6), —146.0 (N7), —300.5 (N5); m/z (DEI):
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125 (43), 83 (1), 69 (12), 57 (1), 55 (3), 54 (23), 53 (12), 43 (100), 40 (11), 29 (11), 28
(29), 27 (12), 26 (14), 31 (8), 28(29), 18 (14), 15 (48).
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Figure S1. Thermal analysis through DTA of compounds 2 and 2a-2d.
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Figure S2. Thermal analysis through DTA of compounds 7 and 9-10.
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3. X-ray diffraction

Crystal structure data were obtained from an Oxford Xcalibur3 diffractometer with a
Spellman generator (voltage 50 kV, current 40 mA) and a Kappa CCD area for data
collection using Mo-Ka radiation (A = 0.71073 A). 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)ISS]
implemented in the OLEX2[S7] 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 SCALE3 ABSPACK multiscan method.[S8l The
DiamonND2 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.°

N3

Figure S3. Representation of the molecular unit of 5, showing the atom-labeling scheme. Thermal
ellipsoids represent the 50% probability level and hydrogen atoms are shown as small spheres of
arbitrary radius.
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Ci1

N3

Figure S4. Representation of the molecular unit of 6, showing the atom-labeling scheme. Thermal
ellipsoids represent the 50% probability level and hydrogen atoms are shown as small spheres of
arbitrary radius.

Ci

N3

Figure S5. Representation of the molecular unit of 8 - HCI, showing the atom-labeling scheme. Thermal
ellipsoids represent the 50% probability level and hydrogen atoms are shown as small spheres of
arbitrary radius.
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N3

Figure S6. Representation of the molecular unit of 9, showing the atom-labeling scheme. Thermal
ellipsoids represent the 50% probability level and hydrogen atoms are shown as small spheres of
arbitrary radius.
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Table S1. Crystallographic data and structure refinement details for the prepared compounds 2a, 2b

and 2d.
2a 2b 2d
Formula C3H4N902, NH4 CgH4N902, NH3OH A92C6H8N1804
FW [g mol™] 216.19 232.19 612.04
Crystal system triclinic triclinic orthorhombic
Space group P-1 (No. 2) P-1 (No. 2) Pbca (No. 61)

Color / Habit colorless plate colorless block colorless platelet
Size [mm] 0.01x0.30x0.30 0.30x0.30 x 0.50 0.10x0.15x0.25
a[A] 4.3043(3) 7.2416(6) 8.9776(6)
b [A] 6.2716(5) 7.3297(8) 11.1520(12)
c [A] 16.6686(13) 18.1018(18) 33.395(3)
a ] 83.082(6) 89.358(9)
B[ 88.293(6) 79.717(8)
v [°] 84.288(6) 77.681(8)
V [A%] 444.40(6) 923.26(16) 3343.5(5)
z 2 4 8
Pcaic. [g cm™9] 1.616 1.671 2.432
g [mm™] 0.135 0.144 2.411
F(000) 224 480 2368
Avioka [A] 0.71073 0.71073 0.71073
T [K] 123 105 293
0 Min-Max [°] 2.5,26.4 2.3,26.4 2.4,26.4
Dataset -5:5:-7.7;-20:20 -9:9:-9:7;-20: 22 1L 15&: ﬁ 13;
Reflections collected 6814 7565 28293
Independent refl. 1812 3765 3406
Rint 0.035 0.032 0.166
Observed reflections 1427 2433 2254
Parameters 168 353 271
R (obs)® 0.0363 0.0485 0.0650
WR; (all data)® 0.0869 0.1216 0.1368
S 1.02 1.03 1.09
Resd. dens [e A7) -0.19,0.21 -0.24, 0.30 -0.85, 1.58
Device type Xcalibur Sapphire3  Xcalibur Sapphire3  Xcalibur Sapphire3
Solution SIR-92 SIR-92 SIR-92
Refinement SHELXL-2013 SHELXL-2013 SHELXL-2013
Absorption correction multi-scan multi-scan multi-scan
CCDC 2157201 2157198 2157203

IR, = 5||Fo|~|Foll/Z|Fol; PWR; = [S[w(Fo>~F AZ/Z[w(Fo)2]]"4 w = [0c3(Fod)+(xP)2+yP] " and
P=(Fo*+2F:?)/3; 1S = (Z[w(Fo*~F:2)?)/(n—-p))¥2 (n = number of reflections; p = total number of
parameters).
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Table S2. Crystallographic data and structure refinement details for the prepared compounds 5-7.

5 6 7
Formula C3H7N9 C3H8NQCI C3H4N10
FW [g mol™] 169.18 205.63 180.16
Crystal system monoclinic monoclinic orthorhombic
Space group P2i/c (No. 14) P21/c (No. 14) Fdd2 (No. 43)
Color / Habit colorless block colourless block colorless block
Size [mm] 0.50 x 0.50 x 0.50 0.10x 0.50 x 0.50 0.05x0.25x 0.50
a[A] 6.0070(5) 12.7917(11) 25.526(2)
b [A] 10.9792(10) 7.7802(6) 12.6485(10)
c [A] 10.9160(11) 8.8236(6) 9.4801(9)
a[’] 90 90
B[] 95.467(7) 101.731(6)
v [°] 90 90
V [A%] 716.66(11) 859.80(12) 3060.8(4)
Z 4 4 16
Peaic. [g cM™?] 1.568 1.589 1.564
g [mm™] 0.120 0.416 0.122
F(000) 352 424 1472
Avioka [A] 0.71073 0.71073 0.71073
T [K] 101 101 102
8 Min-Max [°] 2.6,29.2 3.1,26.4 2.8,26.4
Dataset -7:7:;-13:5;-14: 12 12:15 ’11' 9;-10: 31 311i: 11‘? 15
Reflections collected 3304 6302 11967
Independent refl. 1627 1755 1568
Rint 0.022 0.042 0.062
Observed reflections 1285 1369 1343
Parameters 137 119 135
R: (obs)@ 0.0420 0.0438 0.0366
WR; (all data)® 0.0985 0.1159 0.0758
S 1.04 1.06 1.05
Resd. dens [e A7 -0.19, 0.24 -0.67, 0.62 -0.12, 0.17
Device type Xcalibur Sapphire3  Xcalibur Sapphire3  Xcalibur Sapphire3
Solution SIR-92 SIR-92 SIR-92
Refinement SHELXL-2013 SHELXL-2013 SHELXL-2013
Absorption correction multi-scan multi-scan multi-scan
CCDC 2157204 2157196 2157199

BIR, = 2 ||Fol~|Fel /Z[Fol; PWR; = [Z[W(Fo>F AF/Z[W(Fo)A]”%; w = [0c3(Fo?)+(xP)>+yP] ' and

P=(Fo*+2F:?)/3; 1S = (Z[w(Fo*~F:2)?)/(n—-p))¥2 (n = number of reflections; p = total number of
parameters).
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Table S3. Crystallographic data and structure refinement details for the prepared compounds 8 - HCI-

10.
8 - HCI 9 10
Formula C3H9N60C| C3H5N7O C3H4N803
FW [g mol™] 180.61 155.14 200.14
Crystal system monoclinic monoclinic monoclinic

Space group

P2i/c (No. 14)

P2i/n (No. 14)

P2i/n (No. 14)

Color / Habit colorless block colorless block colorless rod
Size [mm] 0.20 x 0.50 x 0.50 0.08 x0.12x0.15 0.10x 0.20 x 0.50
a[A] 10.738(3) 8.3335(6) 9.5705(13)
b [A] 6.5212(11) 8.3390(6) 6.7210(7)
c [A] 11.244(2) 9.5255(7) 12.3677(16)
a[’] 90 90 90
B[] 100.26(2) 98.792(7) 97.633(12)
v [ 90 90 90
V [A%] 774.8(3) 654.18(8) 788.48(17)
Z 4 4 4
Pcaic. [g cm™¥] 1.548 1.575 1.686
g [mm™] 0.448 0.127 0.148
F(000) 376 320 408
Avioka [A] 0.71073 0.71073 0.71073
T [K] 104 200 101
8 Min-Max [°] 3.6,26.4 4.3, 26.0 2.5,25.7
Dataset -13:12;-8: 8 ; -14: -10: 10; -10: 10 ; - -9:11;-8: 8 ; -15:
14 11:11 13
Reflections collected 5599 3070 5590
Independent refl. 1577 1284 1494
Rint 0.039 0.022 0.033
Observed reflections 1309 924 1215
Parameters 136 120 143
R: (obs)@ 0.0492 0.0302 0.0595
WR; (all data)® 0.1418 0.0691 0.1736
S 1.09 0.91 1.12
Resd. dens [e A7 -0.42, 0.91 -0.18, 0.15 -0.37, 0.60
Device type Xcalibur Sapphire3  Xcalibur Sapphire3  Xcalibur Sapphire3
Solution SIR-92 SIR-92 SIR-92
Refinement SHELXL-2013 SHELXL-2013 SHELXL-2013
Absorption correction multi-scan multi-scan multi-scan
CCDC 2157197 2157202 2157200

BIR, = 2 ||Fo|~|Fel /Z[Fol; PWR; = [Z[W(Fo>F AZ/Z[W(Fo)d]”%; w = [0c3(Fo?)+(xP)>+yP] ' and
P=(Fo*+2F:?)/3; 1S = (Z[w(Fo*~F:2)?)/(n—-p))¥2 (n = number of reflections; p = total number of

parameters).
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Table S4. Crystallographic data and structure refinement details for the prepared compounds 11 and
12.

11 12
Formula C2HsNy C2HsN7
FW [g mol™] 125.11 125.11
Crystal system monoclinic monoclinic
Space group P2:/m (No. 11) P2i/c (No. 14)
Color / Habit colorless needle colorless block
Size [mm] 0.06 x 0.10 x 0.26 0.10x0.12x0.13
a[4] 8.7382(4) 6.6219(5)
b [A] 6.2408(4) 8.7588(7)
c [A] 10.2986(6) 9.6392(8)
a[’] 90 90
B[] 90.722(4) 108.858(7)
v [ 90 90
V [A%] 561.57(6) 529.06(8)
Z 4 4
Pcalc. [g cm™F] 1.480 1.571
g [mm™] 0.115 0.123
F(000) 256 256
Avioka [A] 0.71073 0.71073
T [K] 200 173
8 Min-Max [°] 3.8, 26.0 4.0, 26.0
Dataset -10:8;-7:7:-12: 8 518 '1101: 8;-10:
Reflections collected 2919 2662
Independent refl. 1206 1037
Rint 0.037 0.036
Observed reflections 729 674
Parameters 112 94
R (obs)® 0.0320 0.0331
WR; (all data)® 0.0926 0.0854
S 0.97 0.90
Resd. dens [e A‘3] -0.18, 0.16 -0.16, 0.18
Device type Xcalibur Sapphire3 Xcalibur Sapphire3
Solution SIR-92 SIR-92
Refinement SHELXL-2013 SHELXL-2013
Absorption correction multi-scan multi-scan
CCDC 707542 707543

R, = S][Fol-|Fell/Z]Fol; PWR; = [EW(Fo~Fe) 2/ EW(Foy I w = [0C7(Fod)+(xP)+yP]
and P=(Fo*+2F:?)/3; IS = (Z[w(Fo?~F?)?)/(n—-p))*? (n = number of reflections; p = total

number of parameters).
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4. Computation

Heat of Formation Computation

All quantum chemical calculations were carried out using the Gaussian G09 program
package.[5% The enthalpies (H) and free energies (G) were calculated using the
complete basis set (CBS) method of Petersson and co-workers in order to obtain very
accurate energies. The CBS models are using the known asymptotic convergence of
pair natural orbital expressions to extrapolate from calculations using a finite basis set
to the estimated CBS limit. CBS-4 starts with an HF/3-21G(d) geometry optimization;
the zero-point energy is computed at the same level. It then uses a large basis set SCF
calculation as a base energy, and an MP2/6- 31+G calculation with a CBS
extrapolation to correct the energy through second order. A MP4(SDQ)/6-31+ (d,p)
calculation is used to approximate higher order contributions. In this study, we applied
the modified CBS-4M.

Heats of formation of the synthesized ionic compounds were calculated using the
atomization method (equation E1) using room temperature CBS-4M enthalpies, which

are summarized in Table S5.[511. 512

AiH® g, M, 298) = H(Molecule, 298) — Y H®(atoms, 298) + Y AtH® (atoms, 298) (E1)

Table S5. CBS-4M electronic enthalpies for atoms C, H, N and O and their literature values for atomic
AH°% [ kJ mol-t

—H?%8 [a.u]] NISTIS3]
H 0.500991 218.2
C 37.786156 717.2
N 54.522462 473.1
o) 74.991202 249.5

For neutral compounds the sublimation enthalpy, which is needed to convert the gas
phase enthalpy of formation to the solid state one, was calculated by the Trouton
rule.[514 For ionic compounds, the lattice energy (UL) and lattice enthalpy (AHL) were
calculated from the corresponding X-ray molecular volumes according to the equations
provided by Jenkins and Glasser.[S19 With the calculated lattice enthalpy the gas-
phase enthalpy of formation was converted into the solid state (standard conditions)
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enthalpy of formation. These molar standard enthalpies of formation (AHm) were used
to calculate the molar solid state energies of formation (AUm) according to equation
E2.

AUm = AHm—AnRT (E2)
(An being the change of moles of gaseous components)

The calculation results are summarized in Table S6.

Table S6. Calculation results.

—H28 R AH(QM) Vm AUSAHLE Age(s) AU(s) @
- [kJ mol-1] - Anl _
[a.u.] [kJ mol-2] ! [A3] @ [kJ mol] [kJ mol-1]

A~ (2) |758.815212  506.6
NHs* | 56.796608 635.3
NHsOH* | 112.630523  773.4
2 759.333150  680.1 - - 647.1 -8.0 666.9
2a - - 228.0 487.8;492.8  649.1 -10.0 673.9
2b - - 238.0 482.6;487.6  705.5 -10.5 7315
7 663.165046  980.3 - - 932.7 -7.0 950.1
10 779.173027 5743 - - 514.5 -75 533.1
11 460.540365  649.6 - - 594.5 -5.0 606.9
12 460.547855  630.0 - - 566.9 -5.0 579.3

[al CBS-4M electronic enthalpy; ! gas phase enthalpy of formation; [ molecular volumes taken from X-
ray structures and corrected to room temperature; [ lattice energy and enthalpy (calculated using
Jenkins and Glasser equations); [¢l standard solid state enthalpy of formation; [ An being the change of
moles of gaseous components when formed; 9 solid state energy of formation.
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5. NMR Spectroscopy
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3C-NMR (101 MHz, DMSO-De, ppm)
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"H-NMR (400 MHz, DMSO-Ds, ppm)
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The azotetrazole moiety represents a great platform for
energetic materials, it offers a planar and nitrogen-rich back-
bone, combined with a high heat of formation, which easily can
be functionalized and tuned. Herein, we start from sodium 5-
aminotetrazolate and obtain two isomers by substitution
reaction with 2-chloroethanol. Azidoethyl and nitratoethyl
substituted azo- tetrazoles were finally synthesized by oxidative
azo coupling of the respective N-ethyl functionalized 5-amino-
tetrazole precursors using tert-butyl hypochlorite as reagent. All
compounds were analyzed through multicore NMR and IR
spectroscopy as well as mass spectrometry. All solid compounds
were further investigated using low-temperature X-ray crystal-
lography. The purity was verified by CHNO elemental analysis
and the decomposition temperature (DTA) and sensitivities
toward impact, friction and electrostatic discharged were
determined. Based on the CBS-4M calculation results, the
energetic properties were calculated using the EXPLO5 code.

In the field of energetic materials, the most common ap-
proaches for the synthesis of new molecules are the introduc-
tion of cage or ring strain, the oxidation of the carbon
backbone, or a raise of the molecule’s nitrogen content."
Widely used examples of merging these models are mainly
2,4,6-trinitrotoluene (TNT), cyclotrimethylenetrinitramine (RDX),
or hexanitrohexaaza-isowurtzitane (CL-20).2 However, since
TNT in particular, as well as the decomposition products of RDX,
turned out to be toxic, an intensive search for a substitute is
underway.”™® Suitable substitutes should not only surpass the
performance of their predecessors, but also exhibit high
thermal stability with low sensitivity.*” Furthermore, the syn-
thesis should be carried out in a few steps with simple
processing while being inexpensive and environmentally
friendly. However, the opportunities available here are looking
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increasingly exhausted. CL-20 for example is currently part of
many studies, trying to compensate the high sensitivity by co-
crystallization of insensitive molecules.®!

In addition to trying to improve known molecules, increas-
ing the nitrogen content also provides a good starting point.”’
The building blocks represented in this area are primarily azoles.
The most nitrogen-rich azole, pentazole, is currently only used
as a salt and is extremely difficult to access.">'" The first 5-
aminopentazole derivative was only recently detected by NMR
spectroscopy by Bannert et al However, tetrazoles represent
a more stable alternative. Currently, these are not considered
toxic and are even used in various medicines.""¥ Tetrazoles
have already found their way into the field of energetic
materials, with the best-known representatives in this field
probably being TKX-50 or DBX-1."*" Furthermore, their use as
ligands in nitrogen-rich complexes as lead azide or lead
styphnate substitutes is being investigated."*'”" A particularly
interesting moiety because of its detonation parameters
improving character, is the azo bridge. In pyrazoles and
triazoles, this building block is already widely used.'®"
However, since tetrazoles are more limited with respect to their
derivatizability, this unit is hardly found so far. Substituents are
usually introduced before the azo coupling, and the neutral
5,5'-azobistetrazole (often called simply azotetrazole) is primar-
ily used for the preparation of nitrogen-rich salts. Therefore,
only methyl, amino, hydroxy or nitramino derivatives have been
prepared by azo coupling of the respective 5-aminotetrazoles
(Figure 1) yet.224

In this work, we present the synthesis of four new
symmetric energetic azotetrazoles, containing azidoethyl or
nitratoethyl functionalities. The main access to this substance

NH, N~ OH N~ / N~
! NN ; NN NN
NN N NN N NN N
i p—N N Nl »—N N NI 2—N N
N-N H,N N HO ~N /
A B c
O2N, [}
NH 4<N\N © 4<N\ 2 NH,
N N N N
Ny NN NS N NN HNT ONH,
N-y HN, N 1)
NO,
D E

Figure 1. A) 1,1"-Diaminoazotetrazole, B) 1,1"-dihydroxyazotetrazole, C) 1,1"-
dimethylazotetrazole, D) 1,1'-dinitraminoazotetrazole, E) bisguanidinium
azotetrazolate.
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class was generated through a well-known reaction of sodium
5-aminotetrazolate with 2-chloroethanol resulting in the for-
mation of the two isomers 1a and 1b (Scheme1 and
Scheme 2).”® For 1a and 2a an additional selective route is the
reaction of cyanogen azide with 2-aminoethanol and 2-
chloroethylamine hydrochloride, respectively.”® Straightforward
chlorination of 1a and subsequent chlorine-azide exchange
formed the azidoethyl unit of 3a.*” In order to introduce
energetic groups only in the last synthesis step, 2a was azo-
coupled to the corresponding 1,1-chloroethyl-azotetrazole (7,
for more information see the SI), but the compound decom-
posed during the attempt of a chloro-azide exchange. With 1a
and 3a in hands undergoing oxidative azo coupling with tert-
butyl hypochlorite (t-BuOCI)® in acetonitrile, 1,1"-bishydrox-
yethyl-azotetrazole (4a) and 1,1’-bisazidoethyl-azotetrazole (6a)
could be synthesized in good yields. Compound 4a was further
nitrated in 100% nitric acid to yield the bis-nitratoethyl
compound 5a. The complete synthetic protocol presented is
featuring the use of only industrially accessible chemicals as
there are 5-aminotetrazole, chloroethanol, thionyl chloride,
sodium azide, t-BuOCI and nitric acid, making all products easily
available.

Despite the long knowledge of hydroxyethyl-5-aminotetra-
zoles, hardly any reactions are known about 2-(1-hydroxyethyl)-
5-aminotetrazole (1b), whereas there are plenty of references
about the corresponding 1-isomer 1a and its derivatives.”
Nonetheless, chloromethyl (2b) and azidoethyl (3 b) derivatives
could be synthesized in the same manner as for the other
isomer (2a and 3a). Oxidation of 1b followed by nitration

Ha Selel Ha NaN Ha
al
N)\N/\/OH — )/\N/\/CI —_ 2 )/\N/\/N3
e reflux, 4h e DMF, -
=N =N 100 °C, 4h neN
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MeCN, 0 °C, 30 min MeCN, 0 °C, 30 min
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N —_— N -N
r\j‘\ 0°C, 30 min r}\ ’}\
7N
NN NN N /\N
NN OH NEN ONO, NN Ns

4a, 91%

5a, 81%

6a, 86%

Scheme 1. Synthetic pathway for the synthesis of 1-substituted isomers
starting from 1-(2-hydroxyethyl)-5-aminotetrazole (1a).
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Scheme 2. Synthetic pathway for the synthesis of 2-substituted isomers
starting from 2-(2-hydroxyethyl)-5-aminotetrazole (1b).
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results in the formation of 5b, which was purified by
recrystallization (Scheme 2). To avoid recrystallization, 1b was
protected with a TBS group to prevent the formation of by-
products during azo formation or nitration (for more informa-
tion see the SI compound 8). However, the above-mentioned
reactions led to the cleavage of the protective group. Following
the procedure for the preparation of compound 6a, bis(2,2"-
(2,2"-azidoethyl)-azotetrazole (6b) was prepared in an identical
manner by oxidative dimerization of 3b using t-BuOCl as
reagent.

Single crystals suitable for low temperature X-ray diffraction
were obtained directly from the reaction mixture (4a, 6a, 6b)
or after recrystallization from dichloromethane (5a) or a mixture
of acetonitrile and water (5b). Details on the structures of the
compounds 4a (CCDC no. 2090053) together with measure-
ment and refinement data of all crystallographically inves-
tigated compounds can be found in the Supporting Information
(Figures S1-2, Table S1). The datasets were uploaded to the
CSD database under the CCDC nos. 2090058 (5a), 2090057 (6a),
2090056 (5b) and 2090054 (6b) and can be obtained free of
charge. The bond lengths and angles in the 5,5-azobistetrazole
moieties, as well as in the nitratoethyl and azidoethyl groups as
substituents on tetrazoles are in accordance with similar
structures already described in the literature and are therefore
not part of the discussion.?%2"

Both nitratoethyl derivatives crystalize in the monoclinic
space group P2,/c with respectively two (5a) or four (5b)
formula units per unit cell. In both structures, the ethyl groups
are rotated out of the plane at approximately the same angle
(5a: C1-N1-C2—-C3=92.4(3) °; 5b: N1-N2—C3—C4=83.21(18) °).
The inversion symmetry in 5a results in an opposite position of
the two ethyl groups, whereas in 5b, due to the lack of
symmetry, both residues stand away in roughly the same
direction (Figure 2).

The azidoethyl derivatives crystallize in a monoclinic space
group (6b: P2,/n) and a triclinic space group (6a: P-1). As
already observed for compounds 5a and 5b, the arrangement
of the side chains of the molecule is represented by the torsion
angle created by the tetrazole and ethyl groups. Since in this
case both molecules possess an inversion symmetry, the
azidoethyl moieties are located in opposite directions. The
torsion angles, however, differ more clearly for 6a
(C1-N1—C2—-C3=90.4(3) °) and 6b (N1-N2—C2—C3=39.959(7)
°) compared to 5a and 5b (Figure 3).

All compounds were investigated using 'H and “C NMR
spectroscopy. The CH, signals in the proton spectra for the
respective ethyl functions, splitting up to doublet of doublet
(dd) or multiplet (m) signals, appear, depending on the func-
tional group (—Cl, —OH, —ONO,, —N;), in a region of 3.76-
5.29 ppm.

Depending on the molecule, additional resonances for the
respective OH or NH, function are detectable. Successful azo
coupling is easily detectable by the disappearance of the NH,
singlet signal. All investigated compounds show three signals in
the C spectrum. The signals for the tetrazole carbon of the
monomers occurs at around 156 ppm for the 1-substituted
tetrazoles 1a-3a and 167 ppm for 2-substituted derivatives

© 2021 The Authors. European Journal of Organic Chemiggf%ublished
by Wiley-VCH GmbH
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N5

N4 (5b)

Figure 2. Low temperature crystal structures of the compounds 5a and 5b.
Selected bond lengths (A) of 5a: N5-N5' 1.259(3), N1-C2 1.460(3), 01—-C3
1.456(3). Selected bond lengths (A) of 5b: N5—N6 1.258(2), N2—C3 1.461(2),
C4-01 1.453(2). Selected bond angles (°) of 5a: N5-N5-C1 111.7(2),
C1-N1-C2 130.69(18), C3—N6—N7 115.66(19). Selected bond angles (°) of 5b:
N6—N5—C1 112.20(15), NT-N2—C2 123.19(15), C4—O1-N11 113.20(14).

(1b-3b) while the respective azo coupled products show a
slight downfield shift for this signal. Furthermore, two signals
for the ethyl rest are detectable, depending on the particular
substitution thereof. As a result of inversion symmetry, for azo
coupled compounds 4a,b-6a,b only the half of the expected
number of different resonances is obtained.

Due to poor solubility, >N NMR spectra were only measured
for 5a and 6a (Figure 4). Assignments were only measured for
performed on basis of spectra of several azotetrazole®"
derivatives and 2D 'H, N HMBC spectra (for more details see
the Supporting Information). Azotetrazole resonances N1-N5
appear homogenously for both compounds with the nitrogen
N5, involved in the azo bridge, as the most downfield shifted
signal (117.7 ppm for 6a and 118.3 ppm for 5a). Signals N1-N4
arise in the regular range as expected for 1-alkyl-5-amino-
tetrazoles. In addition, 5a shows a signal at —43.6 ppm
representing the organic nitrate N6. Nitrogen resonances of the
azido function can be detected at —1348 ppm (Ng),
—171.6 ppm (N,) and —322.6 ppm (N,) in the spectrum of 6a.

Generally, compounds 5a, 5b, 6a and 6b can be
classified® as sensitive to very sensitive energetic materials
with high heats of formation (Table 1). The crystallographically
determined room temperature densities range from
1.702gcm™ (5a) to 1.539 gcm™ (6b), with the 2-substituted
isomers each being less dense than the 1-substituted ones. The
same applies to the comparison of nitrates and corresponding

Eur. J. Org. Chem. 2021, 4388-4392 www.eurjoc.org

(6b)

Figure 3. Low temperature crystal structures of the compounds 6a and 6b.
Selected bond lengths (A) of 6a: N5—-N5' 1.263(4), N1-C2 1.469(3), N6—C3
1.480(3). Selected bond lengths (A) of 6b: N5-N5' 1.2536(2), N2—C2
1.46606(17), C3—N6 1.4870(2). Selected bond angles (°) of 6a: N5—N5—C1
111.4(3), C1-N1-C2 131.0(2), C3—N6—N7 114.3(2). Selected bond angles (°) of
6b: N5-N5-C1 112.452(8), N1-N2—C2 123.753(10), C3—N6-N7 115.139(11).

100 50 0 -50 -100 -150 -200 -250 -300 -350
ppm (**N)

Figure 4. Proton coupled "N NMR spectra of 6a (A) and 5a (B) measured in
DMSO-D,

azides within the same substitution position. The calculated
detonation parameters, which are closely linked to the

4390 © 2021 The Authors. European Journal of Organic Chemi:s?{rzy%ublished

by Wiley-VCH GmbH
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Table 1. Energetic properties and detonation parameters of azo compounds 5a, 5b, 6a and 6b.

5a 5b 6a 6b TNT
Formula CsHsN 1,04 CsHsN 1,04 CeHgNyg CeHgNyg C,HsN,;04
M [gmol™'] 344.21 344.21 304.24 304.24 227.13
IS U1 2 <1 4 <1 15
FS [N 60 20 6 0.2 353
ESD [J]¢ 0.1 15 0.25 0.75 -
o [gem3e 1.702 1.676 1.605 1.539 1.648
N [%]° 48.8 488 73.7 73.7 18.5
Q %] —18.6/—46.5 —18.6/—46.5 —52.6/—84.1 —52.6/—84.1 —24.7/-74.0
Tonet/ Tgec [°C1° 167/179 -/97 147/188 72/140 80/290
AH° [kImol ™' 630.1 613.0 1456.2 1439.2 —55.5
ALUPIKImol ' 662.3 6453 1486.0 1468.9 —168.0
EXPLOS5 V6.05.02
—AgU [kikg™'P 5195 5135 4759 4702 4427
Ter [KT* 3608 3598 3175 3181 3222
V, [ILkg™"T' 782 785 777 782 633
P, [kbar]™ 266 256 233 207 194
Vi [ms ™1 8179 8060 8148 7801 6824

[a] Impact sensitivity (BAM drophammer (1 of 6)). [b] Friction sensitivity (BAM friction tester (1 of 6)). [c] Electrostatic discharge sensitivity (OZM XSpark10).
[d] From X-ray diffraction analysis recalculated to 298 K. [e] Nitrogen content. [f] Oxygen balance with respect to CO/CO, [g] Melting/Decomposition
temperature (DTA; B=5°Cmin~"). [h] Calculated enthalpy of formation. [i] Calculated energy of formation. [jl Energy of explosion. [k] Detonation
temperature. [I] Volume of detonation products (assuming only gaseous products). [m] Detonation pressure at Chapman-Jouguet point. [n] Detonation

velocity.

respective density and heat of formation, respond analogously.
Organic nitrates 5a (8179 ms™') and 5b (8060 ms™') both show
higher values for detonation velocity then the respective
azidoethyl derivatives. Azido compound 6a (8148 ms™') is just
slightly below the value of 5a, whereas 6b (7801 ms™") differs
about 250 ms™' from the nitrate 5b due to a higher difference
in density. The 1-isomeres also achieve higher decomposition
temperatures than the 2-isomers. 5a and 6a decompose at
around 180°C, whereas 5b already decomposes shortly below
100 °C. Sensitivity values toward impact and friction for 5a (IS=
2 J, FS=60 N) are comparable with those of PETN. As a trend
for both, the respective azides and the 2-substituted isomers
are more sensitive compared to the 1-substituted homologs.
Azide 6b is the most sensitive compound in this study with IS <
1J and FS=0.2 N, which is in the range for primary explosives.

Summarized, we report the synthesis by oxidative azo
coupling of several 1- and 2-substituted 5-aminotetrazoles
using tert-butyl hypochlorite as oxidation agent and character-
ization (XRD, NMR etc.) of 1- and 2-substituted nitratoethyl and
azidoethyl substituted 5,5'-azotetrazoles and the examination of
the utility as energetic materials. The 1-substituted isomers
showed more promising results in term of detonation proper-
ties and thermal stabilities compared with the respective 2-
substituted derivatives. In terms of sensitivity toward external
stimuli and the respective calculated energetic parameters
azidoethyl derivative 6a and 6b could be further investigated
for potential application as primary explosives. Organic nitrate
5a shows the most promising characteristics as it outperforms
TNT with a detonation velocity of about 8200 ms™' and a
thermal stability as well as sensitivity values in the same range
then PETN. Due to the simple and cheap synthesis, further
applications in the field of sensitizers in rocket propellant
mixtures are conceivable.

Eur. J. Org. Chem. 2021, 4388-4392 www.eurjoc.org

Deposition Numbers 2090058 (for 5a), 2090057 (for 6a),
2090056 (for 5b), and 2090054 (for 6b) contain the supple-
mentary 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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1. Experimental part

H, 18C, N and N NMR spectra were recorded on BRUKER AMX 400 instruments.
Chemical shifts are referenced with respect to tetramethylsilane (*H/*C) and nitromethane
(**N/N). Infrared spectra (IR) were recorded in the region 4000-400 cm™ on a PERKIN
ELMER Spectrum BX-59343 instrument with a SMITHS DETECTION DuraSamplIR 1l
Diamond ATR sensor. Raman spectra were recorded with a Bruker MultiRAM. The
absorption bands are reported in wavenumbers (cm™t). Decomposition temperatures were
measured via differential thermal analysis (DTA) with an OZM Research DTA 552-Ex
instrument at a heating rate of 5 °C/min and in a range of room temperature to 400 °C. All
sensitivities toward impact (IS) and friction (FS) were determined according to BAM
(Bundesanstalt fir Materialforschung und Prifung) standards using a BAM drop hammer and
a BAM friction apparatus by applying the 1 of 6 method.[5 All energetic compounds were
tested for sensitivity towards electrical discharge using an Electric Spark Tester ESD 2010 EN
from OZM. Energetic properties have been calculated with the EXPLO5 6.02 computer [52]
code using the RT converted X-ray density and calculated solid state heats of formation.

CAUTION! All investigated compounds are potentially explosive materials. Safety
precautions and equipment (such as wearing leather coat, face shield, Kevlar sleeves, Kevlar
gloves, earthed equipment and ear plugs) must be used during all manipulations.

The synthesis of compounds 1a and 1b was prepared according to literature known methods
by Finnegan et al.5®1 Compounds 2a and 3a were synthesized following the described
procedures in the literature.5* These procedures, excluding the work-ups, were used in the

same manner for the synthesis of 2b and 3b.[54
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Bis(1,1°-(2,2’-hydroxyethyl))azotetrazole (4a)

OH

OH
S\ tBuOCI —Ng
1 />—NH2 _ > N >\ N—~ N
~N MeCN N\N/ N N_,’\j
1a /—/

HO

4a

1-(2-Hydroxyethyl)-5-aminotetrazole (1a) (1.00g, 7.75mmol, 1.0eq) was dissolved in
MeCN (50 mL) and cooled to 0 °C with an ice bath. tBuOCI (2.19 mL, 19.3 mmol, 2.5 eq)
was added dropwise and the mixture was stirred for 30 min 0 °C. After further stirring at
room temperature for 1 h sodium carbonate (3.00 g) was added to quench the reaction. The
solid was filtered off and the filtrate was evaporated to vyield bis(1,1’-(2,2’-

hydroxyethyl))azotetrazole (4a) as orange microcrystalline powder (0.90 g, 3.53 mmol, 91%).

DTA (5 ° min~!): 164 °C (melt), 183 °C (dec).

IR (ATR) ¥ (cm™1) =3467(s), 2955(w), 1615(w), 1517(m), 1483(w), 1457(s), 1428(m),
1378(m), 1352(w), 1326(w), 1255(m), 1146(m), 1058(vs), 1032(s), 1005(m), 947(m), 867(m),
760(s), 745(s), 717(w), 680(S), 549(5s), 499(Vvs), 424(vs).

Elem. Anal. (CeH1oN10O2, 254.21 g mol™!) calcd.: C 28.35, N 55.10, H 3.97%. Found:
C 28.22, N 55.22, H 3.89%.

IH NMR (DMSO-Ds, 400 MHz, ppm) & = 4.84 (dd, J = 5.7, 4.8 Hz, 4H), 3.90 (dd, J = 5.7,
4.7 Hz, 4H).

13C NMR (DMSO-Ds, 101 MHz, ppm) § = 159.9, 59.2, 51.3.
HR-MS (ESI, 70 eV): [CsH1oN1007] calcd.: 255.1061 (M + H+) , found: 255.1062.
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Bis(1,1°-(2,2’-nitratoethyl))azotetrazole (5a)

§H ONO,
- HNO -

I I W
NN N Now N NN
HO O,NO
4a 5a

Bis(1,1°-(2,2’-hydroxyethyl))azotetrazole (4a) (0.70g, 2.76 mmol, 1.0eq) was added in
portions to HNOz (6 mL, 100%) at 0 °C. The mixture was stirred at this temperature for
30 min. The cooling-bath was removed and the mixture was quenched on ice-water (60 mL).
The formed precipitate was filtered and washed with little amount of cold water to yield
bis(1,1°-(2,2’-nitratoethyl))azotetrazole (5a) (0.77 g, 2.23 mmol, 81%) as orange solid.

Sensitivities: BAM drop hammer: 2J (<100 pum), friction tester: 60 N (<100 pm), ESD:
100 mJ (<100 pm).

DTA (5 ° min™!): 167 °C (melt), 179 °C (dec).

IR (ATR) ¥ (cm™) =1630(s), 1452(m), 1427(m), 1280(vs), 1244(w), 1156(m), 1066(m),
1009(w), 987(m), 918(w), 893(vs), 846(s), 751(m), 741(m), 718(w), 710(w), 679(s), 641(m),
572(w), 552(w), 542(w), 496(m), 420(m).

Elem. Anal. (CeHsN120s, 344.21 gmol™') calcd.: C20.94, N 48.83, H 2.34%. Found:
C 21.02, N 48.65, H 2.39%.

IH NMR (DMSO-Ds, 400 MHz, ppm) & = 5.19 (dd, J = 5.5, 4.1 Hz, 4H), 5.09 (dd, J = 5.5,
4.0 Hz, 4H).

13C NMR (DMSO-Ds, 101 MHz, ppm) § = 159.4, 70.2, 46.3.
15N NMR (DMSO-Ds, 41 MHz, ppm) 8 = 118.3, 11.4, —4.6, —43.6, —59.1, —149.8.
HR-MS (ESI, 70 eV): [CsHsN120¢] calcd.: 343.0617 (M — H+) , found: 343.0621.
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Bis(1,1°-(2,2’-azidoethyl))azotetrazole (6a)

&3 .
~N tBuOCI g
N N—N N.
Ul />_NH2 R | //N - N
N~\ MeCN N/\N/>\N \<N_,’\j
3a /—/
N3
6a

1-(2-Azidoethyl)-5-aminotetrazole (3a) (1.00 g, 6.49 mmol, 1.0 eq) was dissolved in MeCN
(50 mL) and cooled to 0 °C with an ice bath. tBuOCI (1.83 mL, 16.2 mmol, 2.5 eq) was added
dropwise and the mixture was stirred for 30 min 0 °C. After further stirring at room
temperature for 1 h sodium carbonate (3.00 g) was added to quench the reaction. The solid
was filtered off and the filtrate was evaporated to yield bis(1,1’-(2,2’-azidoethyl))azotetrazole

(6a) as pale orange crystals (0.85 g, 2.79 mmol, 86%).

Sensitivities: BAM drop hammer: 4J (<100 um), friction tester: 6 N (<100 um), ESD:
250 mJ (<100 um).

DTA (5 ° min~!): 147 °C (melt), 188 °C (dec).

IR (ATR) ¥ (cm™)=2142(vs), 2106(vs), 1500(m), 1444(s), 1425(s), 1372(m), 1342(s),
1291(vs), 1255(m), 1245(s), 1230(s), 1200(m), 1144(s), 1049(m), 1011(m), 949(s), 837(m),
760(s), 738(s), 662(s), 631(vs), 563(vs), 551(s), 489(vs), 422(Vvs).

Elem. Anal. (CeHsN1s, 304.24 g mol™) calcd.: C 23.69, N 73.66, H 2.65%. Found: C 24.27,
N 73.10, H 2.74%.

IH NMR (DMSO-Ds, 400 MHz, ppm) & = 5.03 — 4.91 (m, 4H), 4.08 — 3.95 (m, 4H).
13C NMR (DMSO-Ds, 101 MHz, ppm) § = 159.5, 49.1, 48.2.

N NMR (DMSO-Ds, 41 MHz, ppm) & = 117.7, 11.0, —5.0, —60.1, —134.8, —148.0, —171.6,
—322.6.

HR-MS (ESI, 70 eV): [CsHsNas] calcd.: 304.1118 (M) , found: 304.1126.

S5

336



2-(2-Chloroethyl)-5-aminotetrazole (2b)54

N’/N SOCl, N$N
I NH - I NH
/\/N\N/>_ ? /\/N\N/>_ 2
HO Cl
1b 2b

2-(2-Hydroxyethyl)-5-aminotetrazole (1b) (2.00 g, 15.5 mmol, 1.0 eq) was added to SOCI,
(6.6 mL) keeping the temperature below 20 °C. After the addition was complete the mixture
was refluxed at 80 °C for 4 h. The solvent was removed under reduced pressure and the
remaining thionyl chloride was quenched by adding cold ethanol (20 mL) and cold water
(20 mL). The solvent was removed under reduced pressure and the crude product was
recrystallized from hot benzene to separate 2-(2-chloroethyl)-5-aminotetrazole (2b) (1.87 g,
12.7 mmol, 82%) as a slightly brownish oil.

DTA (5 ° min™!) = 201 °C (dec).

IR (ATR) ¥ (cm™) =3335(m), 3230(w), 1622(s), 1543(vs), 1434(m), 1373(m), 1290(m),
1198(s), 1147(m), 1081(m), 1011(m), 956(m), 908(m), 788(m), 756(Ss), 668(s), 624(s), 452(s),
436(s), 419(s), 404(s).

Elem. Anal. (C3HsNsCl, 147.57 g mol™!) calcd.: C 24.42, N 47.46, H 4.10%. Found: C 24.64,
N 47.10, H 4.31%.

IH NMR (DMSO-Ds, 400 MHz, ppm) & = 5.85 (s, 2H), 4.75 (dd, J = 6.0, 5.0 Hz, 2H), 4.07
(dd, J = 6.0, 5.0 Hz, 2H).

13C NMR (DMSO-Ds, 101 MHz, ppm) § = 167.2, 53.5, 42.1.
HR-MS (ESI, 70 eV): [CsHsNsCI] calcd.: 148.0384 (M + H+), found: 148.0385.
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2-(2-Azidoethyl)-5-aminotetrazole (3b)34

NﬁN NaN3 N§N
- )—NH, T I )—NH,
PRPL DMF Ny
o N3
2b 3b

2-(2-Chloroethyl)-5-aminotetrazole (2b) (1.87 g, 12.7 mmol, 1.0 eq) was solved in DMF
(25 mL) and sodium azide (0.91 g, 140.0 mmol, 1.1 eq) was added. The mixture was stirred
for 4 h at 100 °C. The solvent was removed under reduced pressure and water (50 mL) was
added. The mixture was extracted with EtOAc (3 x 50 mL), the organic phases were dried
over anhydrous sodium sulfate and the solvent removed under reduced pressure to yield 2-(2-
azidoethyl)-5-aminotetrazole (3b) (1.83 g, 11.9 mmol, 94%) as brownish oil.

DTA (5 ° min™!) = 209 °C (dec).

IR (ATR) ¥ (cm™) =3336(m), 2101(vs), 1622(s), 1542(vs), 1440(m), 1365(m), 1280(m),
1199(s), 1081(m), 1011(m), 790(m), 757(m), 625(s), 553(s), 497(s), 443(s), 416(s), 407(s).
Elem. Anal. (C3HsNsCl, 154.14 g mol™!) calcd.: C 23.38, N 72.70, H 4.26%. Found: C 23.61,
N 72.13, H 4.26%.

IH NMR (DMSO-Dg, 400 MHz, ppm) § = 6.07 (s, 2H), 4.66 — 4.54 (m, 2H), 3.86 — 3.76 (m,
2H).

13C NMR (DMSO-Ds, 101 MHz, ppm) & = 167.8, 51.8, 49.5.
HR-MS (ESI, 70 eV): [CsHsNs] calcd.: 155.0788 (M + H+), found: 155.0794.
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Bis(2,2’-(2,2’-hydroxyethyl))azotetrazole (4b)

N\N/\/OH
4
=N tBuOCI NeNC N N
R )—NH, ————> ! )N N
HO/\/ N MeCN HO/\/ N
1b 4b

2-(2-Hydroxyethyl)-5-aminotetrazole (1b) (1.00g, 7.75 mmol, 1.0 eq) was dissolved in
MeCN (50 mL). tBuOCI (2.19 mL, 19.3 mmol, 2.5 eq) was added dropwise and the mixture
was stirred for 30 min at ambient temperature. Afterwards, sodium carbonate (3.00 g) was
added to quench the reaction. The solid was filtered off and the filtrate was evaporated to
yield bis(2,2’-(2,2’-hydroxyethyl))azotetrazole (4a) as a yellowish oil (0.78 g, 3.06 mmol,
79%).

DTA (5 ° min™!) = 101 °C (dec).

IR (ATR) ¥ (cm™1)=3361(m), 3224(w), 2950(w), 1739(w), 1633(w), 1524(m), 1469(s),
1397(m), 1363(m), 1195(m), 1066(vs), 1030(s), 956(m), 868(s), 827(m), 764(s), 741(s),
660(s), 601(s), 507(vs), 452(s), 442(s), 415(s), 405(s).

Elem. Anal. (CsH1oN10O2, 254.21 g mol™!) calcd.: C 28.35, N 55.10, H 3.97%. Found:
C 27.91, N 54.02, H 4.61%.

IH NMR (Acetone-Ds, 400 MHz, ppm) & = 4.84 — 4.75 (m, 4H), 4.30 (t, J = 5.9 Hz, 2H), 4.13
(9, J = 5.4 Hz, 4H).

13C NMR (Acetone-Ds, 101 MHz, ppm) & = 167.4, 57.7, 55.9.
HR-MS (ESI, 70 eV): [CsH10N1002] calcd.: 255.1061 (M + H+), found: 255.1059.

S8

339



Bis(2,2°-(2,2’-nitratoethyl))azotetrazole (5b)

N\N/\/OH N\N/\/ONO2
n=N N 4 /l\ll HNO4 N=N N 4 /lil
lil />—N N~ - = N />—N N~
HO/\/ N OZNO/\/ N
4b 5b

Bis(2,2°-(2,2’-hydroxyethyl))azotetrazole (4b) (0.56g, 2.20 mmol, 1.0eq) was added
dropwise to HNOs (4 mL, 100%) at 0 °C. The mixture was stirred at this temperature for
30 min. The cooling-bath was removed and the mixture was stirred for further 30 min at
ambient temperature. Afterwards, the solution was quenched on ice-water (60 mL). The
solution was extracted with ethyl acetate (3 x 50 mL). The combined organic phases were
dried over anhydrous sodium sulfate and the solvent was reduced to yield bis(2,2’-(2,2’-
nitratoethyl))azotetrazole (5b) (0.49 g, 1.43 mmol, 65%) as yellowish solid.

Sensitivities: BAM drop hammer: <1 J (<100 um), friction tester: 20 N (<100 pum), ESD:
1.57 (<100 um).

DTA (5 ° min™!): 97 °C (dec).

IR (ATR) ¥ (cm™) =1631(s), 1611(s), 1519(w), 1430(m), 1361(m), 1279(vs), 1213(m),
1158(w), 1095(w), 1061(w), 1036(m), 1020(m), 889(vs), 848(s), 772(m), 755(s), 714(s),
706(s), 679(m), 646(m), 637(m), 575(m), 565(m), 508(m), 492(m), 438(m).

Elem. Anal. (CeHsN120s, 344.21 gmol™!) calcd.: C20.94, N 48.83, H 2.34%. Found:
C 20.19, N 47.99, H 2.27%.

IH NMR (Acetone-Ds, 400 MHz, ppm) & = 5.41 — 5.38 (m, 4H), 5.31 — 5.29(m, 4H).
13C NMR (Acetone-Ds, 101 MHz, ppm) & = 172.7, 70.8, 52.5.

14N NMR (Acetone-Dg, 29 MHz, ppm) & = —44.

HR-MS (ESI, 70 eV): [CeHsN1206] calcd.: 379.0384 (M + CI-) , found: 379.0389.
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Bis(2,2°-(2,2’-azidoethyl))azotetrazole (6b)

/\/N3
NZ tBuOClI ) _</
I\ )—NH, ————— />—N
N~ MeCN
3 3
3b 6b

2-(2-Azidoethyl)-5-aminotetrazole (3b) (0.50 g, 3.25 mmol, 1.0 eq) was dissolved in MeCN
(50 mL) and cooled to 0 °C with an ice bath. tBuOCI (0.92 mL, 8.1 mmol, 2.5 eq) was added
dropwise and the mixture was stirred for 30 min at 0 °C. After further stirring at room
temperature for 1 h sodium carbonate (1.50 g) was added to quench the reaction. The solid
was filtered off and the filtrate was evaporated to yield bis(2,2’-(2,2’-azidoethyl))azotetrazole

(6b) as low melting orange crystals (0.46 g, 1.50 mmol, 92%).

Sensitivities: BAM drop hammer: <1 J (<100 um), friction tester: 0.2 N (<100 um), ESD:
750 mJ (<100 um).

DTA (5 ° min!): 72 °C (melt), 140 °C (dec).

IR (ATR) ¥ (cm™) =1631(s), 1611(s), 1519(w), 1430(m), 1361(m), 1279(vs), 1213(m),
1158(w), 1095(w), 1061(w), 1036(m), 1020(m), 889(vs), 848(s), 772(m), 755(s), 714(s),
706(s), 679(m), 646(m), 637(m), 575(m), 565(m), 508(m), 492(m), 438(m).

Elem. Anal. (CsHsNis, 304.24 g mol™) calcd.: C 23.69, N 73.66, H 2.65%. Found: C 24.05,
N 71.02, H 2.67%.

IH NMR (Acetone-Ds, 400 MHz, ppm) & = 5.15 — 5.08 (m, 4H), 4.20 — 4.17 (m, 4H).
13C NMR (Acetone-Ds, 101 MHz, ppm) & = 172.8, 54.3, 50.3.

14N NMR (Acetone-Dg, 29 MHz, ppm) 6 = —90, —135, =170, —315.

HR-MS (ESI, 70 eV): [CsHsNas] calcd.: 304.1118 (M) , found: 304.1124.
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Further synthesized substances
Bis(1,1°-(2,2’-chloroethyl))azotetrazole (7)

Bis(1,1°-(2,2’-chloroethyl))azotetrazole (7) was synthesized through oxidative azo coupling
starting from 1-(2-chloroethyl)-5-aminotetrazole (2a). The subsequent chlorine-azide

exchange failed and ended up with decomposition products.

Cl

% cl
~N tBuOCiI g
N N—N N.
Il )—NH, - ) N—Z "N
N~N MeCN N/\N)\N \<N_,’\]
2a /—/
cl
7

1-(2-Chloroethyl)-5-aminotetrazole (2a) (1.00 g, 6.80 mmol, 1.0 eq) was dissolved in MeCN
(50 mL) and cooled to 0 °C with an ice bath. tBuOCI (1.92 mL, 17.0 mmol, 2.5 eq) was added
dropwise and the mixture was stirred for 30 min 0 °C. After further stirring at room
temperature for 1 h sodium carbonate (3.00 g) was added to quench the reaction. The solid
was filtered off and the filtrate was evaporated to yield bis(1,1°-(2,2’-

chloroethyl))azotetrazole (7) as orange crystals (0.87 g, 2.99 mmol, 88%).

DTA (5 ° min™!) = 119 °C (melt), 181 °C (dec).

IR (ATR) ¥ (cm™)=3334(m), 3150(m), 1647(s), 1590(s), 1479(m), 1442(m), 1428(m),
1303(s), 1132(s), 1103(s), 991(m), 944(s), 908(m), 744(m), 681(s), 651(vs), 563(s), 484(s),
451(vs), 436(s), 424(s), 414(s), 406(m).

Elem. Anal. (CsHsN1oClz, 291.10 gmol™') calcd.: C24.76, N 48.12, H 2.77%. Found:
C 24.80, N 47.29, H 3.11%.

IH NMR (Acetone-Ds, 400 MHz, ppm) § = 5.32 (dd, J = 6.0, 5.4 Hz, 4H), 4.31 (dd, J = 6.0,
5.4 Hz, 4H).

13C NMR (Acetone-Dg, 101 MHz, ppm) 6 = 161.1, 51.1, 43.0.
HR-MS (ESI, 70 eV): [CsHsN10Cl2] calcd.: 290.0310 (M), found: 290.0317.
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1-(2-((Tert-butyldimethylsilyl)oxy)ethyl)-5-aminotetrazole (8)

1-(2-((Tert-butyldimethylsilyl)oxy)ethyl)-5-aminotetrazole (8) was prepared using a classic
procedure for the TBS protection of alkylic hydroxy groups. 8 should be further reacted to the

azo compound but this reaction failed and ended up with decomposition products.

_N TBSCI, imidazole N;N

N )—NH, DMF N )—NH
HO/\/ N TBSO/\/ N

1b 8

2-(2-Hydroxyethyl)-5-aminotetrazole (1b) (1.00 g, 7.75 mmol, 1.0 eq) was dissolved in DMF
(10 mL) and imidazole (1.27 g, 18.6 mmol, 2.4 eq) was added. After 10 min, TBSCI (1.52 g,
10.1 mmol, 1.3 eq) was added in one portion and the mixture was stirred overnight. The
solvent was evaporated under reduced pressure and water (20 mL) was added. After
extraction with EtOAc (3 x 50 mL), the combined organic phases were dried over sodium
sulfate and the solvent was evaporated. 8 was obtained after purification using flash column

chromatography (iHex/EtOAc: 3:1) as transparent crystals (1.39 g, 5.72 mmol, 74%).

IR (ATR) ¥ (cm™t) =3365(m), 3226(w), 2928(m), 2880(w), 2856(m), 1647(m), 1551(s),
1471(m), 1459(m), 1431(w), 1388(m), 1373(w), 1360(w), 1260(m), 1250(m), 1192(s),
1114(s), 1088(m), 1066(w), 1018(m), 1007(m), 971(w), 935(vs), 840(s), 827(s), 810(s),
797(s), 777(vs), 759(s), 727(s), 682(m), 664(s), 630(s), 574(m), 498(m), 475(m), 442(m),
402(m).

Elem. Anal. (CoH2Ns0Si, 243.39 g mol™!) calcd.: C 44.41, N 28.78, H 8.70%. Found:
C 44.32, N 28.45, H 8.75%.

IH NMR (DMSO-Ds, 400 MHz, ppm) & = 5.95 (s, 2H), 4.44 (dd, J = 5.6, 4.7 Hz, 2H), 3.99
(dd, J = 5.6, 4.7 Hz, 2H), 0.77 (s, 9H), -0.07 (s, 6H).

13C NMR (DMSO-Ds, 101 MHz, ppm) § = 167.0, 60.6, 54.5, 25.6, 17.8, =5.6.
HR-MS (ESI, 70 eV): [CoH2:Ns0Si] calcd.: 244.1588 (M + H+), found: 244.1589.
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2. NMR spectroscopy
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1H-NMR (400 MHz, DMSO-De, ppm)
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13C-NMR (101 MHz, DMSO-Ds, ppm)
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H-NMR (400 MHz, DMSO-Ds, ppm)
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3. X-ray Diffraction

Crystal structure data were obtained from an Oxford Xcalibur3 diffractometer with a
Spellman generator (voltage 50 kV, current 40 mA) and a Kappa CCD area for data collection
using Mo-Ka radiation (1 = 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-K,
radiation). The data collection was performed using the CRYSTALIS RED software.5%! The
solution of the structure was performed by direct methods and refined by full-matrix least-
squares on F2 (SHELXT)®8 implemented in the OLEX257] 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 SCALE3 ABsPACK multiscan method.581 The
DiamMoND2 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.%

N3

Figure S1. Representation of the molecular unit of bis(1,1’-(2,2’-hydroxyethyl))azotetrazole (4a), showing the
atom-labeling scheme. Thermal ellipsoids represent the 50% probability level and hydrogen atoms are shown as
small spheres of arbitrary radius. Symmetry code: (i) 1-x, -y, 1-z.
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Figure S2. Representation of the molecular unit of bis(1,1’-(2,2’-chloroethyl))azotetrazole (7), showing the
atom-labeling scheme. Thermal ellipsoids represent the 50% probability level and hydrogen atoms are shown as
small spheres of arbitrary radius. Symmetry code: (i) 1-x, -y, 1-z.
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Figure S3. Representation of the molecular unit of 1-(2-((tert-butyldimethylsilyl)oxy)ethyl)-5-aminotetrazole
(8), showing the atom-labeling scheme. Thermal ellipsoids represent the 50% probability level and hydrogen
atoms are shown as small spheres of arbitrary radius.
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Table S1. Crystallographic data of 4a—6a.

4a S5a 6a
Formula CsH10N1002 CsHsN1206 CeHsN1s
FW [g mol™] 254.24 344.24 304.28
Crystal system monoclinic monoclinic triclinic
Space group P2./c (No. 14) P2./c (No. 14) P-1 (No. 2)
Color / Habit yellow plate yellow plate yellow block
Size [mm] 0.17 x 0.28 x 0.56 0.04 x0.23 x 0.44 0.08 x0.15x 0.25
a[A] 7.9346(6) 10.6870(19) 5.7863(6)
b[A] 5.3456(3) 6.3382(7) 6.7887(9)
c[A] 13.1451(10) 9.7961(11) 8.6292(13)
a[°] 90 90 107.343(13)
BI°] 99.932(7) 99.437(14) 96.706(11)
v [°] 90 90 104.792(10)
V [A%] 549.20(7) 654.57(16) 305.93(8)
z 2 2 1
Peaic. [g cm ] 1.537 1.747 1.652
u [mm ] 0.122 0.154 0.127
F(000) 264 352 156
Mok [A] 0.71073 0.71073 0.71073
T [K] 101 123 101
6 Min-Max [°] 2.6,29.1 3.8,26.4 2.5,26.4
Dataset -6:10;-6:7;-17:16 -11:13;-7:7;-12: 12 -7:7:;-8:8;-10:9
Reflections collected 3398 4795 2265
Independent refl. 1278 1331 2265
Rint 0.021 0.056 0.056
Observed reflections 1036 853 1490
Parameters 102 125 117
R; (obs)® 0.0362 0.0471 0.0390
WR; (all data)™! 0.0863 0.0825 0.1108
St 1.07 0.99 0.94
Resd. dens [e A™] -0.23,0.23 -0.21,0.20 -0.24,0.29
Device type Xcalibur Sapphire3 Xcalibur Sapphire3 Xcalibur Sapphire3
Solution SIR-92 SIR-92 SIR-92
Refinement SHELXL-2013 SHELXL-2013 SHELXL-2013
Absorption correction multi-scan multi-scan multi-scan
CCDC 2090053 2090058 2090057

BIRy = I||Fo[-|Fel/ZFol; PWR2 = [E[W(Fo*~F2)?/E[wW(Fo)?1¥% w = [oc?(Fo?)+(xP)?+yP]™! and
P=(Fo?+2F>2)/3; IS = (Z[w(Fo?>~Fc2)?]/(n—p))*?

parameters).
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Table S2. Crystallographic data of 5b and 6b.

5b 6b
Formula CsHsN1206 CesHsNa1s
FW [g mol™] 344.24 304.28
Crystal system monoclinic monoclinic
Space group P2./c (No. 14) P2./n (No. 14)
Color / Habit yellow plate yellow block
Size [mm] 0.11 x 0.36 x 0.50 0.20 x 0.50 x 0.50
a[A] 7.4267(7) 5.1580(7)
b [A] 16.8712(17) 10.7193(15)
c[A] 11.037(1) 11.548(2)
a[°] 90 90
B[°] 106.561(10) 91.751(12)
v [°] 90 90
V [AT] 1325.5(2) 638.19(17)
Z 4 2
Pealc. [g cm ] 1.725 1.584
i [mm™'] 0.152 0.121
F(000) 704 312
Mvoka [A] 0.71073 0.71073
T[K] 103 101
6 Min-Max [°] 2.3,29.3 2.6,29.3
Dataset -9:9;-21:21;-14: 11 -6:7;-13: 14 ;-14: 15
Reflections collected 9249 5104
Independent refl. 3126 1502
Rint 0.032 0.035
Observed reflections 2216 1043
Parameters 249 116
R: (obs) 0.0437 0.0444
WR:; (all data)®! 0.0949 0.1074
St 1.05 1.08
Resd. dens [e A™] -0.31,0.25 -0.26, 0.20
Device type Xcalibur Sapphire3 Xcalibur Sapphire3
Solution SIR-92 SIR-92
Refinement SHELXL-2013 SHELXL-2013
Absorption correction multi-scan multi-scan
CCDC 2090056 2090054

IR, = X||Fo|—[Fe|l/Z|Fol; PR, = [Z[W(Fo*—Fc?)?)/Z[w(Fo)?]]¥%; w = [6c?(Fo?)+(xP)?+yP] ! and
P=(Fo?+2F:2)/3; 1S = (Z[w(Fo?>~Fc2)?]/(n—p))"? (n = number of reflections; p = total number of

parameters).
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Table S3. Crystallographic data of 7 and 8.

7 8
Formula CeHsClI2N1g CoH21Ns0Si
FW [g mol™] 291.12 243.40
Crystal system monoclinic monoclinic
Space group P2./n (No. 14) P2./c (No. 14)
Color / Habit yellow block colorless platelet
Size [mm] 0.18 x 0.38 x 0.69 0.01 x 0.35 x 0.40
a[A] 6.9577(5) 16.3221(14)
b[A] 10.1969(6) 7.0344(7)
c[A] 8.6636(7) 12.1424(11)
a[°] 90 90
BI°] 109.474(8) 92.685(8)
v [°] 90 90
V [AT] 579.49(8) 1392.6(2)
Z 2 4
Pealc. [g cm ] 1.668 1.161
i [mm™'] 0.561 0.160
F(000) 296 528
Mvoka [A] 0.71073 0.71073
T[K] 135 123
0 Min-Max [°] 3.2,26.4 2.5,26.4
Dataset -8:8;-12:12;-10: 10 -19:20;-8: 8;-15: 15
Reflections collected 4250 10764
Independent refl. 1187 2855
Rint 0.025 0.057
Observed reflections 1096 1904
Parameters 82 229
R; (obs)® 0.0340 0.0519
WR:; (all data)®! 0.0901 0.1165
Sl 1.14 1.03
Resd. dens [e A7] -0.24, 0.41 -0.24,0.34
Device type Xcalibur Sapphire3 Xcalibur Sapphire3
Solution SIR-92 SIR-92
Refinement SHELXL-2013 SHELXL-2013
Absorption correction multi-scan multi-scan
CCDC 2090055 2091285

IR, = X||Fo|—[Fe|l/Z|Fol; PR, = [Z[W(Fo*—Fc?)?)/Z[w(Fo)?]]¥%; w = [6c?(Fo?)+(xP)?+yP] ! and
P=(Fo?+2F?)/3; IS = (Z[w(Fs>~F?)?)/(n—p))*? (n = number of reflections; p = total number of

parameters).
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4. Thermal analysis
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Figure S4. DTA plots of compounds 5a, 5b, 6a and 6b.
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5. Scanning electron microscopy

To show the microscopic differences of the gained compounds 5a, 5b, 6a and 6b scanning
electron microscopy (SEM) was performed. In each case, images were taken at low
magnification to show the entirety of the crystals and to assess the morphology. Close-up
images of the crystals show the surface texture.

Bis(1,1°-(2,2’-nitratoethyl))azotetrazole (5a) crystallizes in very thin plates that tend to form

stacks (Figure S5). The crystal surface is very smooth and there is hardly any intergrowth

between the crystals

| N N
6/16/2021 HV det | HFW magd —m————1mm——88— & WD v det |HFW  mag® |f————————300pm——

% WD
IXJ 6.8 mm | 9:05:22 AM _5.00 kV_ETD | 2.07 mm 100 x 2 . 00 kV  ETD 592 ym 350 x

Figure S5. SEM images with 100x magnitude (left) and 350x magnitude (right) of 5a.

The 2-substituted isomer bis(2,2’-(2,2’-nitratoethyl))azotetrazole (5b) consists of mostly long
elongated blocks (Figure S6). The surface of the crystal is rougher than for 5a and some

crystals are intergrown.

-«
HV det | HFW magl |——1mm

5.00 kV | ETD  2.07 mm | 100 x

6/16/2021  HV det |HFW  mag® |———300pum—888—

% WD
1X 6.9 mm 9:18:17 AM  5.00 kV | ETD 592 ym 350 x

Figure S6. SEM images with 100x magnitude (left) and 350x magnitude (right) of 5b.
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The crystals of bis(1,1’-(2,2’-azidoethyl))azotetrazole (6a) form agglomerates of rods and

blocks (Figure S7). They are strongly intergrown and exhibit also microcrystalline areas on

the surface.

det | HFW

v HV det HFW  mag @
00 kV | ETD 2.07 mi

5.00kV | ETD 173 um 1200 x

Figure S7. SEM images with 100x magnitude (left) and 1200x magnitude (right) of 6a.

Bis(1,1°-(2,2’-azidoethyl))azotetrazole (6b) shows a different habit than the compounds above
(Figure S8). During crystallization large agglomerates are formed with a rigid and pours

surface.

det HFW  mag® |

HY
5.00 kV ETD 592 um 350 x

Figure S8. SEM images with 100x magnitude (left) and 350x magnitude (right) of 6b.
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6. Computation
Heat of Formation Computation

All quantum chemical calculations were carried out using the Gaussian G09 program
package.[51% The enthalpies (H) and free energies (G) were calculated using the complete
basis set (CBS) method of Petersson and co-workers in order to obtain very accurate energies.
The CBS models are using the known asymptotic convergence of pair natural orbital
expressions to extrapolate from calculations using a finite basis set to the estimated CBS limit.
CBS-4 starts with an HF/3-21G(d) geometry optimization; the zero-point energy is computed
at the same level. It then uses a large basis set SCF calculation as a base energy, and an
MP2/6- 31+G calculation with a CBS extrapolation to correct the energy through second
order. A MP4(SDQ)/6-31+ (d,p) calculation is used to approximate higher order
contributions. In this study, we applied the modified CBS-4M.

Heats of formation of the synthesized ionic compounds were calculated using the atomization
method (equation E1) using room temperature CBS-4M enthalpies, which are summarized in
Table 4.[511.512]

AfHo(g, M, 298) = H(Molecule, 298) — ZHO(Atoms, 298) T ZAfHO(Atoms, 298) (El)

Table S4. CBS-4M electronic enthalpies for atoms C, H, N and O and their literature values for atomic
AH°#% [ k] mol?

~H*¥ [a.u] NISTE]
H 0.500991 218.2
C 37.786156 717.2
N 54.522462 473.1
0 74.991202 249.5

For neutral compounds the sublimation enthalpy, which is needed to convert the gas phase
enthalpy of formation to the solid state one, was calculated by the Trouton rule.5*! For ionic
compounds, the lattice energy (UL) and lattice enthalpy (AHL) were calculated from the
corresponding X-ray molecular volumes according to the equations provided by Jenkins and
Glasser.S*! With the calculated lattice enthalpy the gas-phase enthalpy of formation was
converted into the solid state (standard conditions) enthalpy of formation. These molar
standard enthalpies of formation (AHm) were used to calculate the molar solid state energies
of formation (AUm) according to equation E2.
AUm = AHm— AnRT (E2)
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(An being the change of moles of gaseous components)

The calculation results are summarized in Table S5.

Table S5. Calculation results.

H2%8 [l [a,u.] AFFEM) Vi [A] AU AR A An [l A
— alTa.u.

[kJ mol-1] ®1 [°] [kJ mol 1] [kd mol] [kd kg ]
5a 1339.702032 712.9 - - 630.1 13 1924.2
5b 1339.713477 682.8 - - 613.0 13 1874.6
6a 1107.682135 1535.2 - - 1456.2 12 4884.3
6b 1107.693998 1504.1 - - 1439.2 12 4828.3

[ CBS-4M electronic enthalpy; ! gas phase enthalpy of formation; [ molecular volumes taken from X-ray
structures and corrected to room temperature; [ lattice energy and enthalpy (calculated using Jenkins and
Glasser equations); [ standard solid state enthalpy of formation; [ An being the change of moles of gaseous
components when formed; (o solid state energy of formation.
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ABSTRACT: In the field of energetic materials, traditional materials with high toxicity or other disadvantages are mostly used. There
is an urgent need for trinitrotoluene replacements (TNT), which itself is toxic and its production is problematic due to red
wastewater. New materials should be safe to handle, have good performance, and be inexpensive to synthesize. Nitratoalkylazoles
are known to have low melting points and good energetic properties compared to TNT. In this paper, seven energetic compounds
are synthesized starting from 5-methyltetrazole, 5-hydroxymethyltetrazole and 4,5-bishydroxymethyltriazole. The nitrates are
characterized in terms of their physical, chemical, and energetic properties. Of those seven compounds, five are solid, melting
between 27 to 110 °C, and two are liquid. Methylation and hydroxyalkylation were performed and discussed extensively. The
organic nitrate is introduced in the last step so that the synthesis remains safe and scalable. Correlations between the molecular
geometry and the melting points are explained. Calculations indicate detonation velocities that are 6-11% higher than those of TNT.
A discussion of the effect of isomerism on the properties leads to surprising insights and should help focus and accelerate research
on the replacement of TNT.

Introduction production which causes environmental damage. [7] This shows the
urgent need for TNT replacements.

Energetic material chemists are searching for melt castable
replacements with cheap and efficient synthesis, good
performance and environmentally friendly character.[8-10] Here
organic nitrates combined with nitrogen and oxygen-rich azoles are
often used to achieve low melting compounds (Figure 1). [11,12] In
most cases, nitration of the alcohol with highly concentrated HNOs
is possible and leads to the energetic nitrate. Generally, the
decomposition temperatures are around 180°C or lower.
Furthermore, azoles provide a high heat of formation through N.
formation during decomposition and have a positive effect on the
density due to heavier atoms than carbon. Other concepts to
achieve low melting explosives include e.g. furoxanes [13] or 1,2,3-
triazoles [14].

The Los Alamos National Laboratory and the Army research
laboratory are working on the development of a new generation of
melt cast explosive, bis(1,2,4-oxadiazole)bis(methylene) dinitrate
(BOM). [15] This compound exceeds many of the properties of TNT,
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Energetic materials are widely applied as: Primary explosives,
secondary explosives and pyrotechnics. The materials applied in
these areas were mostly discovered over 100 years ago and many
suffer from drawbacks. Explosives are widely used in the military
and civil sectors. In the civil sector, cheap and relatively safe
ammonium nitrate is mixed with fuel oil, called ANFO, for mining.
The large charges are initiated by booster charges consisting of
trinitrotoluene (TNT) and pentaerythritol tetranitrate (PETN)
mixtures called Pentolite. Still, the booster charges need a blasting
cap, containing a primary explosive (e.g. PbNs), to detonate. In the
military sector, more advanced materials like hexogen (RDX),
octogen (HMX) or TNT are used as main charges. TNT is melted by
hot water (<100°C), then mixed with other materials or filled
directly into shells.[1-4] This melt-cast explosive is moderately
sensitive to impact (15 J) but far less powerful than RDX (6798 vs.
8801 m s?). [5] It damages the liver and blood system if humans are
exposed. [6] Furthermore, toxic wastewater is generated during
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Figure 1 Used and potential next generation melt cast explosives (top row) and low melting nitratoalkylazoles (bottom row).

but the synthesis is complex and the compound is sensitive to
mechanical stimuli (BOM-IS: 9J vs. TNT-IS:15J). The azide
derivative DAMBO shows a lower melting point, and higher
decomposition temperature than BOM and is less sensitive. This
comes at the cost of a lower density and weaker performance.
Especially the lower sensitivity of many azidoalkylazoles is
surprising as e.g. many alkylazides are known to be very sensitive.
[16]

The discovery of nitro pyrazole MC-3 was the result of a machine-
learning study. The compound shows high performance and is
melting at 65 °C. [17] The nitratoalkyltetrazoles 1-NET and 2-NET
give an insight into the influence that isomerism can have. Both
compounds are melting at the same temperature, whereas 1-NET
is decomposing early and 2-NET is sensitive towards impact. [18]
Sabatini and Baran et al. synthesized six stereo- and regioisomers
of tetra nitratomethyl cyclobutane nitric esters, concluding that the
melting point is the most affected parameter. [19]

In this work we investigated the properties of nitratoalkyl
substituted tetrazoles and 1,2,3-triazoles. Starting from 5-
methyltetrazole, 5-hydroxymethyltetrazole and 4,5-
bishydroxymethyl-1,2,3-triazole, hydroxyalkylation or methylation
was performed, followed by nitration yielding seven energetic
compounds with different physicochemical properties but
comparable energetic performance. Through this it is possible to
compare five C3HsNsOs nitratoalkyltetrazole isomers.

Synthesis of Starting Materials

5-Methyltetrazole (1) is a simple mono-tetrazole derivative. It is
mainly characterized by its energetically unfavored C-C unit.
Nonetheless, it shows some attractive characteristics, for example,
the limiting direction for substitution reaction, which always leads
to two different isomers. Although the density of 1 is relatively low
(0=1.349 g cm= @ 296 K) [20] it is suited for examining the entire
spectrum of energetic derivatization reactions. Particularly for
melt-castable explosives, 1 seems to be the ideal platform. The
compound itself already contains a decent amount of energy
through its tetrazole unit and can easily be equipped with additional
energetic groups. Moreover, the hydrophobic methyl function at
position 5 indicates a possible melting point in a suitable range,
which is essential for the development of melt-castable explosives.

Since the fundamental research on a new compound always
requires high quantities of the respective starting material, we first
focused on the synthesis and synthetic optimization of 1 (Scheme
1). The main synthesis routes in the literature use acetonitrile as C2
synthon and perform a [2+43] cyclo-addition reaction with sodium
azide under different conditions. At regular temperature and
pressure transition metal catalysts or complex precursors are
required. Another method demands the aid of a pressure tube to
increase the reaction temperature and pressure. Therefore, we
started with a modified literature procedure by Sharpless et al. [21]
The first experiment was examined as stated in the literature. First
of all, the conditions are quite confusing, since 1 decomposes at
around 155 °C and the reaction temperature is at 170 °C. Therefore,
we state that the zinc-(ll) 5-methyltetrazolate is the present
species, which is more temperature stable during the reaction.
Nonetheless, we could not obtain the same yield using the exact
same protocol (8% vs. 75%). Therefore, we did a reaction
optimization and varied several parameters. Our reactions were
carried out in a 350 mL pressure tube. As heating source, an oil bath
was used. We screened the reaction conditions using a 40 mmol
scale with 80 mL of water as solvent. Since 1 is highly water soluble,
itis unavoidable to keep the amount of water, especially during the
workup process, as low as possible. By reducing the water to a
minimum and working with a highly saturated aqueous solution,
the yield could be increased to 55%. We expected to further
improve the yield by raising the reaction time from 24 h to 48 h.
However, the yields decreased to 48%. A similar effect occurs by
shortening the reaction time to 16 h (36%). Therefore, the reaction
should be performed for about 24 h at 170 °C. We also examined
another work-up method. Therefore, we followed the original
procedure (precipitation of Zn(OH)., with HCI) without saturation of
the aqueous solution with MgSOs. We evaporated our reaction
solution under reduced

ZnBr, N’H
MeCN + NaN3 ——m l\‘l‘/
H,0 N
170 °C, 24 h
5-MT (1)
68%

Scheme 1 Synthesis of 5-methyltetrazole (5).
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pressure. The formed solid was extracted with 500 mL acetone.
After evaporation of the organic phase, 1 was obtained but in low
yield (35%) and poor purity (yellowish oil with impurities). After
finding the ideal reaction temperature, we varied the equivalents
of the reactants, respectively. The different batches with varying
amounts of reactants are listed in the following Table 1.

Table 1 Varied reaction conditions and corresponding yields for the
synthesis of 1.

Batch | MeCN (eq.) | NaNs(eq.) | ZnBr:(eq.) | Yield (%)
1 2 1 1 65
2 1 2 1 68
3 1 1 2 51

The best improvement was reached by increasing the equivalents
of NaNs. In this reaction batch, it is noteworthy, that the aqueous
solution was heated for 10 min to 90 °C to evaporate the formed
HNs in order to prevent inhalation. Nonetheless, the published yield
of 75% has never been obtained. In the experimental section, the
final and optimized reaction protocol is described.

The N-alkylation of nitrogen-rich scaffolds proved to be an elegant
method to decrease the intrinsic hygroscopicity that many N-
heterocycles with acidic protons exhibit. Adding to that, the alkyl
chain often improves the stability of the explosive and increases the
compatibility in formulations of explosive charges. 222! An already
established method for N-alkylation includes the activation of the
heterocycle by deprotonation in water and subsequent alkylation
in a polar aprotic solvent. 26!

Starting from 5-methyltetrazole (1), hydroxymethyl and
hydroxyethyl derivatives, were synthesized (unsuccessful
recrystallization attempts (chloroform, ether or methanol), the
isomeric mixture 2 was used for subsequent reactions.). The
hydroxymethyl-5-methyltetrazoles 2 were obtained through the
reaction of 1 with a 40% aq. formaldehyde solution, catalyzed by
conc. HCI. A solid mixture of isomers 2 comprising 1-hydroxymethyl-
5-methyltetrazole and 2-hydroxymethyl-5-methyltetrazole was
produced in an 8:1 ratio (*H NMR) with a yield of 88%. Due to
challenges in separating these isomers using column
chromatography (iHex:EtOAc or DCM:MeOH), as well as
unsuccessful recrystallization attempts (chloroform, ether or
methanol), the isomeric mixture 2 was used for subsequent
reactions.

The hydroxyethyl-5-methyltetrazoles 3 and 4, also originating from
1, were synthesized as an isomeric mixture in a 1:1 ratio through
deprotonation and subsequent reaction with 2-chloroethanol
under elevated temperatures. The isomers were successfully

o]
H/Z<H /Né(
N
s,-N__OH
o N ~
aq. 37% . Mixture of 1- and
/HZ—O' 2-HM-5-MT (2)
RT, 3d NN 88%

Iy "<\/r'\1 OH

Nn-N N~~~

N N
H,0 N’N\/\OH N ~"0H
90°C, 16 h 1-HM-5-MT (3) 2-HM-5-MT (4)
39% 38%

Scheme 2 Hydroxyalkylation of 5-methyltetrazole (1) with

formaldehyde leading to the isomeric mixture 2 and with
chlorethanol to the seperated compounds 3 and 4.

ZnCl, (0.5 eq.),

1) H,O/iPrOH (2:1) H
OA 100 °C, 16 h N~
N/ C  +  NaNj ,\‘,‘\N/
= 2) HCI (37 %, 2.5 eq.) OH
RT, 16 hh
5-HMT (5)
31 %

Scheme 3 Synthesis of 5-hydroxymethyltetrazole (5) starting from
cyanomethyl acetate.

separated using column chromatography, resulting in isolated
yields of 39% for 1-hydroxyethyl-5-methyltetrazole (3) and 38% for
2-hydroxyethyl-5-methyltetrazole (4). Both compounds were
obtained as colorless liquids.

5-Hydroxymethyltetrazole (5) was prepared from cyanomethyl
acetate and sodium azide by utilizing a Lewis acid-promoted
tetrazole formation, which was followed by an acidic workup to
hydrolyze the ester functionality and yield the corresponding
alcohol (Scheme 3). [27] The alternative synthesis starting from
hydroxy acetonitrile showed low and inconsistent yields (0-50%)
especially during scale up. [28] Due to the rapid decomposition of
hydroxy acetonitrile, the synthesis via cyanomethyl acetate was
preferred and is also described in the experimental section.
Compound 5 and 4,5-bishydroxymethyl-1,2,3-triazole (6), the latter
was just previously synthesized in our group [29],were methylated
to get rid of the acidic proton and to achieve a low melting end
product. The goal was the methylation of tetrazole 5 and triazole 6
in one step without the need for time-consuming purification steps
as the obtained crudes will directly be used in the final step of the
explosives’ preparation regardless. Slightly different methylation
methods were tried for compounds 5 and 6 and then evaluated
regarding their efficiency and selectivity. All approaches had in
common that a regioisomeric mixture of N1- and N2-methylated
heterocycles was obtained. This is due to the isomerism of their
anions and adding to that the tautomeric equilibrium neutral
triazoles and tetrazoles undergo in solution. [30, 31] The first
preliminary study was conducted by treating both azoles with an
equimolar amount of dimethyl sulfate (DMS) as the methylating
agent (MA) and sodium bicarbonate as the base. The bicarbonate
salt deprotonated 6 as indicated by the gas evolution leading to the
corresponding triazolate ion. The respective yields refer to the
regioisomeric mixtures of N1- and N2-methylated tetrazoles 7 and
triazoles 8 as they were not separated but isolated. The methylation
showed a higher isolated yield for the

/
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Scheme 4 Methylation of 5 with optimized conditions.
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Scheme 5 Methylation of 6 with optimized conditions.

methylation of 5, which might derive from the higher
nucleophilicity. Furthermore, methylated triazole mixture 8 is
hardly soluble in ethyl acetate while methylated tetrazoles 7 are
soluble in ethyl acetate. The presence of two hydroxy moieties in 8
as opposed to only one in 7 most likely results in lower solubility in
non-polar solvents. To separate the products from the formed
sulfate salt, compounds 7 and 8 are extracted out of the aqueous
solution with ethyl acetate which might explain the higher isolated
yield of 7 (Table 2). As the yields were not satisfactory and
optimization seemed possible, methylation of 6 was repeated with
methyl iodide (MI) and different solvent mixtures. When using
acetonitrile as the sole solvent, the yield decreased significantly.
This might be due to the lower solubility of the bicarbonate salt in
an aprotic solvent like acetonitrile. [32] The yield doubled by using
acetonitrile/water instead of acetone/water most likely due to the
higher solubility of one of the reactants in this mixture. Using Ml led
to comparable yields compared to DMS and thus, DMS was
replaced in the following studies due to its higher toxicity. [33]
Although the used methylation reagents are poorly soluble in water
at RT, the reactions were carried out at elevated temperatures and
therefore it is likely that a significant amount of the MA hydrolysed
before reacting with the triazole leading to decreased yields. [34,
35] To avoid decomposition of MI, water was replaced with aprotic
polar solvents like acetone and dimethylformamide. Since sodium
bicarbonate forms water upon protonation, it was substituted with
carbonate salts. At first, caesium carbonate was used as the base
due to its higher solubilities in aprotic solvents compared to its
analogue alkali metal carbonates. Since the solubility is still not
ideal, an excess of the base was used. NMR-analysis showed the
presence of a yet not detected side product which probably
corresponds to di-methylated triazoles. The reaction was repeated
in acetone with an equimolar amount of the base, but the side
product was detected again. This observation led to the conclusion
that the presence of Cs2COs results in an additional methylation of
the alcohol moiety to form the corresponding methyl ether. There
are two aspects that could explain the now occurring change in
regioselectivity: Caesium carbonate is the most basic of the alkali
carbonates of the group | metals. [36] Additionally, the formed
anions are reported to exhibit a special reactivity since they exist in
a relatively free state in solution due to the high caesium cation
solvation. [37] Therefore, the reaction was repeated with an
equimolar amount of potassium carbonate which led to no side-
products (Scheme 4 and Scheme 5). The regioisomeric mixture 8
was isolated by simply evaporating the solvent under reduced
pressure, taking up the residue in an ethyl acetate-acetone mixture
and then filtrating the solution to separate the product from the
formed inorganic salt. In both cases any residual methyl iodide was
removed by evaporation at reduced pressure and high
temperatures. NMR-analysis showed that 7 and 8 were obtained
pure already so they could be used in the next step without further
purification. The ratio of the isomers was determined via NMR and
is approximately 1:1 for both cases. The longer reaction times might
have been necessary to ensure a complete conversion of the
starting material, especially considering that the water could have
decreased the nucleophilicity of the triazolate ion and thus, slowed
down the rate of the reaction. [38] The same reaction conditions as
above were applied to the methylation of tetrazole 5 to furnish the
methylated derivative 7 in quantitative yield. The different reaction
conditions and the resulting yields can be seen in Table 2. In
conclusion, the conducted studies led to the development of a
straightforward procedure with an easy final work-up step that

furnishes both methylated compounds in excellent yields and with
good purities.

Table 2 Methylations of 5 and 6 under different reaction conditions
with the respective yields of 7 and 8

T t Yield
Solvent o MA Base B-Eq.
ral N () I )
Acetone/
6 H,0 (1:1) 100 DMS NaHCO; 1.0 3 19
Acetone/
5 H,0 (1:1) 100 DMS NaHCO; 1.0 3 39
6 MeCN 80 MI NaHCO; 3 14
MeCN/
6 H,0 (3:2) 80 Mi NaHCO; 1.0 3 36
6 Acetone 60 MI Cs,CO3 6.0 16 X
6 DMF 100 Mi Cs,CO3 3.0 16 X
6 Acetone 60 MI K,CO3 1.0 16 90
5 Acetone 60 Mi K,CO3 1.0 16 94

MA: Methylation agent, X: side product formation.

Nitration of the Alcohols

The prepared scaffolds contain hydroxy groups that can be
converted into their corresponding nitrate esters. These energetic
moieties provide the oxidizing agent in the molecule and lead to
oxygen balances closer to zero, therefore resulting in better
properties such as a higher detonation velocity and detonation
pressure. [3] Additionally, the corresponding organic nitrates of
alcohols are less soluble in water, [39] which reduces spreading in
the environment. [40] The O-nitration of compounds 3, 4 and 5 as
well as of the isomeric mixtures of 2, 7 and 8 were initially
performed with 99% pure white fuming nitric acid under standard
conditions for simple organic nitrate formation. The nitration,
problems and if necessary modified procedures are discussed in the
following. Compound 6 behaves differently when nitrated and is
therefore discussed in previous work. [29]

Nitration of the isomeric mixture 2 under standard conditions (99%
HNO;3, 5 °C, 15 min) and extraction of the aqueous quenched phase
showed no residue (Scheme 6). Strong decomposition was
observed when adding 2 to the cold nitric acid. Changing the
feeding rate, temperature or reaction time also resulted in strong
decomposition indicated by gas release. We believe the
decomposition is caused by cleavage of the hydroxy or nitratoalkyl
group. This would yield 1 which decomposes during nitration as
typically observed for acidic 5-substituted tetrazoles (see below
“nitration of 5-hydroxymethyltetrazole”). Tetrazole is not able to
form stable heterocyclic N-NO: nitro groups other than pyrazole
[41] or triazole [42]. The nitration was possible by using acetyl
nitrate in acetic acid anhydride. This changes not only the nitrating
species but furthermore absorbs generated water. With this, 5-
methyl-1-nitratomethyltetrazole (9) was obtained in a practical
yield of 23% (26% vyield related to the 1l-isomer of the starting
material mixture 2). The nitrate 9 crystalized pure without
purification and no 2-nitratomethyl compound was observed. The
nitration of 3 and 4 (Scheme 7) was performed under

HNO,4

N~
,,<\ '\l‘ 5°C, 15 min
N/N\/OH then RT, 15 min

.
N HNO; Ac,0,

N ﬁ/ ACOH N\{
SN OH N——————

N,
5°C, 15 min NN~ ONO;
Mixture of 5-M-1-and ~ then RT, 15 min
2-HMT (2) 5-M-1-NMT (9)
23%
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Scheme 6 Nitration of the regioisomeric mixture 2 yielding nitrate
9.

/N\j/ HNO, «N\W/
N N

NNSop 5°C, 15 min ‘\N’N\/\ONOZ
then RT, 15 min
5-M-1-HET (3) 5-M-2-NET (10)
87%
N= HNO N=N
— e N
NN~ oH 5°C, 15 min N"~"oNo,
then RT, 15 mi
5-M-2-HET (4) en min 5-M-2-NET (11)
95%

Scheme 7 Nitration of alcohols 3 and 4 to their corresponding
nitrates 10 and 11.

standard nitration conditions and no difficulties were encountered.
Compound 10 was obtained in 87% as a crystalline solid and
compound 11 in 95% yield as yellowish liquid.

Nitration of 5-hydroxymethyltetrazole (5) was attempted under
standard conditions (Scheme 8). Gas evolution during addition
indicated decomposition and the isolation of the desired tetrazole
was not possible. Acidic workup resulted in the formation of liquid
glycolic acid nitrate (12) which was proven by the formation of the
solid ammonia salt (13) and X-ray crystallography measurement
thereof (ESI). Nitration at cooler temperatures and even reagents
like acetyl nitrate or N2Os in acetonitrile showed no success in
preventing decomposition.

Nitration of the isomeric mixture of 1- and 2-methylated 5-
hydroxymethyltetrazole mixture 7 resulted in the corresponding
nitrated compounds 1-methyl-5-nitratomethyltetrazole (14) and 2-
methyl-5-nitratomethyltetrazole (15) that were isolated via flash
column chromatography (Scheme 9). The isolated yields of both
regioisomers are approximately in a ratio of 1:1 which is in
accordance with the NMR ratio of the precursors.

The regioisomeric mixture 8 was treated with nitric acid to furnish
the corresponding mixture of nitrate esters. The regioisomers could
be separated via flash column chromatography to furnish 1-methyl-
4,5-bisnitratomethyltriazole (16) and 2-methyl-4,5-
bisnitratomethyltriazole (17) with a combined yield of 86% (Scheme
10). The isolated yields of both regioisomers are in a ratio of 1:1
which is in accordance with the NMR-ratio of the precursors.

N,H HNO; o
> ONO
r\‘LN/ oH 5°C, 15 min HO)K/ 2
then RT, 15 min

5-HMT (5) 12

NH3 NH,* O

B —
fon @O)K/ONOZ

13

Scheme 8 Decomposition of 5 leading to glycolic acid derivatives 12
and 13.

/
N
1l /H
N-N"" oH HNO, ,N/ SN-N
[ N‘ + N
* 5°C, 15 min N\N/: ono, N*N" oNo,
NN then RT, 15 min
N > 1-M-5-NMT (14) 2-M-5-NMT (15)
NsN" oH 26% 30%

Mixture of 1- and
2-M-5-HMT (7)

Scheme 9 Nitration of the isomeric mixture 7 yielding the nitrates
14 and 15.

HO y
Ho /N
N HNO, 0,NO y 0,NO
—_— N =N

* 5°C,15min OO ) T ONOL_
HO then RT, 15 min N~ N
Ho\}"{ 1-M-4,5-BNMTri (16)  1-M-4,5-BNMTri (17)

RVELEN 43% 43%

Mixture of 1- and
2-M-4,5-BHMTri (8)

Scheme 10 Nitration of the isomeric mixture 8 yielding the nitrates
16 and 17.

Structures and correlations:

Single crystals of the precursor compounds 2 (N1-isomer), 5 and
nitrato compounds 9, 10, 13, 14, 15 and 17 were obtained directly
from the reaction mixture or by crystallization from methanol. X-ray
crystallography was performed and the data is depicted in the ESI
or can be found in the CSD database under the numbers 2302430-
2302436. The refinement of compound 14 does not show a
satisfying result. Therefore, the density was calculated from this
measurement and a structure is depicted for comparison to
compound 9, but bond distances and angles are not certain enough
to be discussed in detail.

No unusual bond lengths and angles were observed. The carbons
bound to the heterocycle are at most a few degrees off from the
planar aromatic ring. The organic nitrates show comparable angles
(O-NR-O: +2.8°) and similar bond lengths (+ 0.05 A). Molecular units
and expanded supercells of the nitrates are shown in Figure 2-
Figure 6.

The nitrate 9 crystallizes in the orthorhombic space group P21212;
with four formula units per unit cell and a density of 1.616 g cm= at
123 K (Figure 2). The structure is disordered in such a way that the
second tetrazole ring lies twisted in the first ring. Both parts share
the nitrate and methyl group. The nitrato-group is twisted out of
the planar rest of the molecule by —66.8(9)° (C1-N1A-C2A-01) or
76.2(18)° (C1-N1B-C2B-02). Viewing along the b-axis of a generated
supercell, rods of pared molecules of 9 are observed. The rods are
internally attracted by C-H-:N and externally by C-H:--O hydrogen
bonds.

Figure 2 Low temperature crystal structure of 9 with thermal
ellipsoids drawn at the 50 % probability level and orange dashed
lines indicating hydrogen bonding. Selected bond lengths (A): C1-C3
1.475(4), N1A-C2A 1.416(9), 0O1-C2A 1.480(7), 01-N5 1.371(5), 02 -
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N5 1.255(5). Selected bond angles (°): N5-01-C2A 114.5(4), 01-C2A-
N1A 112.8(5), 02-N5-03 126.7(4).

Ethyl nitrate 10 crystallizes in the monoclinic space group P2i/n
with four formula units per unit cell and a density of 1.589 g cm= at
123 K (Figure 3). The ethyl group is at an angle of -76.8(3)° to the
planar ring (C1-N1-C3-C4). Along the C3-C4 bond, the tetrazole is
twisted -63.6(2)° against the nitrate (N1-C3-C4-01). Viewing along
the b-axis of the supercell alternating molecules rotated by 180° can
be seen in the direction of the a or c-axis. The nitrato ethyl groups
of two of those molecules arrange to build four nonclassical
hydrogen bonds. The structure is rigidly fixed in other directions by
further C-H---O/N hydrogen bonding.

Figure 3 Low temperature crystal structure of 10 with thermal
ellipsoids drawn at the 50 % probability level and orange dashed
lines indicating hydrogen bonding. Selected bond lengths (A): C1-C2
1.473(4), N1-C3 1.461(3), 01-C4 1.451(3), O1-N5 1.397(3). Selected
bond angles (°): N5-01-C4 113.15(18), 01-C4-C3 105.3(2), N1-C3-C4
111.6(2), 02-N5-03 129.5(2).

The diffraction data of methyl nitrate 14 were solved in the
monoclinic space group P21/c with eight formula units per unit cell
and a density of 1.608 g cm=3 at 173 K (Figure 4). Each molecule is
disordered in the same way as 9 and the refinement gives an
unsatisfactory wR2 value of 30%. The nitrate is twisted out of the
planar part of the molecule by 62.8° or 66.0° (N1-C1-C3-01) and is
therefore inversely comparable with structural isomer 9. The
expanded supercell, viewed along the b-axis, shows the same rod-
like pattern as 9 with hydrogen bonding between and inside the
rods.

Figure 4 Low temperature crystal structure of 14 with thermal
ellipsoids drawn at the 50 % probability level and orange dashed
lines indicating hydrogen bonding.

The nitrate 15 crystallizes in the monoclinic space group P21/c with
four formula units per unit cell and a density of 1.576 gcm™ at
173 K (Figure 5). The nitrato group is perpendicular to the tetrazole
plane with -90.3(2)° (N1-C1-C3-01). The supercell reveals
alternating pairs of molecules along the b-axis, building rods. In the
direction of a, these rods are separated by an alkyl layer. In the
direction of ¢ non-classic hydrogen bonding is attracting the rods.
This results in layers of rods along the c-axis that can slide against

A
{11}

Figure 5 Low temperature crystal structure of 15 with thermal
ellipsoids drawn at the 50 % probability level and orange dashed
lines indicating hydrogen bonding. Selected bond lengths (A): N2-
C2 1.462(2), C1-C3 1.483(2), 01-C3 1.4577(18), O1-N5 1.3966(18).
Selected bond angles (°): N5-01-C3 112.31(11), 01-C3-C1
105.14(11), 02-N5-03 128.65(15).

The nitrate 17 crystalizes in the orthorhombic space group Pna2:
with four formula units per unit cell and a density of 1.650 g cm™ at
101 K (Figure 6). The nitrato groups are twisted out of the triazole
plane by 64.0(3)° (N1-C1-C3-0O1) and 98.6(3)° (N1-C2-C4-04). A
generated supercell shows that the molecules are rigidly fixed in all
directions of space by hydrogen bonds. Layers are formed in c-
direction where the molecules are attracted by C-H--O bonds.
Those layers are bound in b-direction by C-H---N bonds.

Physicochemical Properties and Explosive
Performance

The chemical, physical and calculated energetic properties of the
investigated substances compared to TNT and PETN are shown in
Table 3. The thermal properties of the obtained nitratoalkylazoles
were analyzed by differential thermal analysis (DTA) (Figure 7).

Ly
fé« s
an

Figure 6 Low temperature crystal structure of 17 with thermal
ellipsoids drawn at the 50 % probability level and orange dashed
lines indicating hydrogen bonding. Selected bond lengths (A): N2-
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C5 1.451(4), C2-C4 1.485(4), 04-C4 1.461(3), O4-N5 1.397(3)
Selected bond angles (°): 04-C4-C2 105.8(2), N5-04-C4 113.11(18),
05-N5-06 128.8(2).

All synthesized solid compounds are melting between 27 and
110 °C. The 1-substituted tetrazoles show higher melting points
than their corresponding 2-isomers. The greatest difference is
observed for the isomers 10 and 11 with a melting point difference
of about 130 °C. The five regioisomers with the formula C3HsNsO3
(1-NET, 2-NET, 9, 14, 15) are melting between 24 and 70 °C. The
more linear molecules 1-NET, 2-NET and 2-M-5-NMT (15) are
melting close together at 24 to 27 °C, whereas the bulkier ones 9
and 14 are melting at 60 to 70 °C. Concluding for nitratoalkylazoles,
isomers with similar compositions reveal lower melting points
when the molecules show a linear character. For the triazoles, the
more symmetric 2-isomer 17 is melting at a higher temperature of
37 °C whereas the 1-isomer 16 is not solidifying below —30 °C. An
unexpected result is the thermal behavior of 10. When adding a
methyl group at the 5-position of 1-NET the melting point, other
than one might expect, increased by 85 °C. It is shown that some
energetics show unexpectedly high melting points due to symmetry
and order. [43, 44] Compound 9 contains a shorter alkyl chain that
shows a lower degree of freedom, but still, the melting point is 40 °C
lower. We conclude that this unexpected low melting point is
caused by the disorder of the crystalline compounds 9 and 14. We
observed similar low melting points for disordered crystals in
previous studies for mononitramino PETN [45] and monoazido
PETN [46]. Both compounds are disordered and show low melting
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Figure 7 DTA plot of nitratoalkylazoles and PETN ordered by melting
points  (low-bottom to high-top). Indicated melting or
decomposition points are onset temperatures.

character. After successful nitration, all energetic materials were
investigated for their impact and friction sensitivities. Mostly
insensitive compounds were obtained. Of the CsHsNsOs isomers (1-
NET, 2-NET, 9, 14, 15) the 1-NET, 2-NET and 5-M-1-NMT (9) show
sensitivity towards impact (2-10 J) whereas both 5-nitratomethyl
isomers are far less sensitive (30-40J). Both nitratoethyl
compounds and 1-M-5-NMT (14) are insensitive towards friction.
Compound 9 shows a sensitivity of 96 N and compound 15 shows
the highest sensitivity with 60 N which is surprising in comparison
to the insensitivity towards impact. The remaining C4H7NsOs (10 and
11) and CsH7NsOs (16 and 17) compounds are insensitive towards
impact and friction. The sensitivities cannot be correlated with the
N+O content, oxygen balance or performance. It is often observed,
that low melting compounds exhibit an insensitive character to
friction force. This is suspected for 1-NET and 2-NET where we
believe that the compound is liquified through friction force and
therefore analysis of the liquid compound takes place. Liquid
nitrates are generally less sensitive to friction (e.g. NG: >360 N). But
this concept is not working for 2-M-5-NMT (15).

The densities were calculated from the crystal structures. The
density of 2-M-4,5-BNMTri (17) with 1.60 g cm=3 is the highest of all
nitrates investigated. The bulkier molecules of the five CsHsNsOs
show higher densities than the linear ones. The nitrate 10
crystallizes with the same density than 1-NET, even though 10
contains one methyl group more and has a lower N+O content.
Compared to TNT (1.65 g cm~3) the observed densities are generally
slightly lower. PETN shows a much higher density with 1.78 g cm=.
The energetic performance of the solid compounds was calculated
with the EXPLOS5 code. The detonation velocity ranges from 7218
(10) to 7551 m s (14) which is 6 to 11% higher than TNT with
6798 m s71. The detonation pressures range from 18.6 to 21.6 kbar
and correspond to the calculated velocities. The TNT equivalents
were calculated and are between 1.41 and 1.21. The high TNT
equivalents can be explained by the higher gas volume produced by
the organic nitrates.

Conclusion

Seven nitratoalkylazoles with higher oxygen balances than TNT
were synthesized. A summary of the physicochemical properties is
shown in Figure 8. The synthesis of the starting materials 5-MT and
5-HMT from literature procedures showed unsatisfying results. The
original procedures were optimized, so that efficient and
reproducible  synthesis was possible. Methylation and
hydroxyalkylation were evaluated and optimized. Nitration with
neat nitric acid showed success for all nitration’s except 5-M-1-
NMT. Here acetyl nitrate proved to be the better medium.

The observed nitrates outperform the detonation velocity of TNT
by 6-11% and have 7-13% higher O+N-contents. Through the alkyl
chains, the densities are 3-6% lower than the density of TNT.
Generally, for tetrazoles the N-2 isomers, which are more linear, are
melting earlier than the corresponding N-1 isomers, which are
bulkier. The N-2 isomers show similar ore increased sensitivities
compared to the N-1 isomers. 5-M-1-NMT (9) (sensitive) and its
structural isomer 1-M-5-NMT (14) (insensitive) show comparable
crystal structures and physical properties but differ strongly in the
sensitivity. Both are disordered and show decreased melting points.
For the two 1,2,3-triazoles, the more symmetric N-2 isomer shows
a higher melting point. Adding a methyl group to 1-NET, yielding 5-
M-1-NET (10), causes the melting point to increase by 85 °C to
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110 °C. 5-M-1-NMT (9) and 2-M-5-NMT (15) are sensitive towards
friction force, whereas the other nitrates are less sensitive than

TNT. Future research on nitratoalkylazoles should focus more on

Table 3 Physicochemical properties and calculated explosive performance of nitratoalkylazoles (ordered by formula) compared to PETN and TNT.

Formula 1S FS p N+O Qco Trmett/ Tgec DHO Py Vet TNT
pE N [g cm-3]@ (%]t (%]t ey [k mol-]e! [kbarlM  [msiil  equiv.l
1-NET C3HsNsO3 10 >360 1.55 74.2 -25.1 25/168 173.7 215 7583 141
2-NET C3HsNsO3 2 >360 1.57 74.2 -25.1 24/188 147.1 20.0 7420 1.37
5-M-1-NMT (9) C3HsNsO3 3 96 1.58 74.2 -25.1 70/160 143.2 21.2 7524 1.36
1-M-5-NMT (14) C3HsNsO3 >40 >360 1.58 74.2 -25.1 60/174 150.1 21.2 7551 1.37
2-M-5-NMT (15) C3HsNsO3 30 60 1.55 74.2 -25.1 27/185 130.9 20.3 7392 1.34
5-M-1-NET (10) C4H;NsO3 >40 >360 1.55 68.2 -41.6 110/190 99.0 18.6 7218 1.21
5-M-2-NET
(11) C4H;NsO3 >40 >360 lig. 68.2 -41.6 ca.-20/190 - - - -
1-M-4,5-BNMTri .
(16) CsH7NsOg >40 >360 lig. 71.2 -17.2 <-30/190 - - - -
2-M-4,5-BNMTri
’(17) " CsH;NsOg >40 >360 1.60 71.2 -17.2 37/190 -37.2 21.6 7416 1.32
PETN [5] CsHgN,4O4, 3.5 54 1.78 78.4 15.2 143/180 -534 30.8 8429 1.64
TNT [5] C;HsN3Og 15 >360 1.65 60.8 -24.7 81/289 -59 18.3 6798 1.01

a Impact sensitivity (BAM Fallhammer). b Friction sensitivity (BAM Friction Tester). ¢ Density from X-ray diffraction analysis recalculated to 298 K. d Combined nitrogen
and oxygen content. e Oxygen balance with respect to CO. f Melting and decomposition onset temperature (DTA, 5 °C min-1). g Calculated enthalpy of formation. h
Calculated detonation pressure at chapman-jouguet point. i Calculated detonation velocity (EXPLO V6.05.04). j TNT equiv. based on the Power Index.

bulky, N1-substituted and at best symmetric molecules to increase
the melting point of the often-low melting alkyl compounds.
Thermal behavior and sensitivity are sometimes counter intuitive
and must be proven by synthesis and characterization. To
accelerate the search for TNT replacements, computational studies
providing realistic target molecules are helpful.
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Figure 8 Known nitratoalkylazoles with good properties (top right)
[15, 17] , C3HsNsOs nitratoalkyltetrazoles (left) [18] and further
functionalized azoles (middle and bottom right)
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1. General Considerations

Starting materials were purchased from commercial suppliers (ABCR, Acros Organics, AppliChem,
Sigma-Aldrich, VWR) and used without further purification. The nitric acid is 99% pure, white fuming
and contains less than 0.4% NO.. Stirring was performed by a magnetic stir bar if not stated differently.
Heating was performed by a heating plate equipped with an oil bath and thermometer. Cooling was
performed with an ice water mixture for 5-10 °C.

H, 13C, *N and >N NMR spectra were recorded on BRUKER AMX 400 instruments. Samples are placed
in regular glass NMR tubes (@ 5 mm) and measured at 25 °C. Chemical shifts are referenced with
respect to tetramethylsilane (1H/13C) and nitromethane (14N/15N). Infrared spectra (IR) were
recorded in the region 4000-400 cm™ on a PERKIN ELMER Spectrum BX-59343 instrument with a
SMITHS DETECTION DuraSampl IR Il Diamond ATR sensor. The absorption bands are reported in
wavenumbers (cm™). Electrospray ionization (ESI) measurements were performed on a Thermo
Finnigan LTQ FT Ultra Fourier Transform ion cyclotron resonance mass spectrometer. The resolution
was set to 100,000 at m/z 400. Depending on the sample, mass ranges from 50 to 2000 u were
measured. The spray capillary voltage at the lonMax ESI head was 4 kV, the heater capillary
temperature was 250 °C, the nitrogen sheath gas flow was 20 and the sweep gas flow was 5 units.
Thermal properties were measured via differential thermal analysis (DTA) with an OZM Research DTA
552-Ex instrument at a heating rate of 5 °C/min and in a range of room temperature to 400 °C. All
sensitivities toward impact (IS) and friction (FS) were determined according to BAM (Bundesanstalt flr
Materialforschung und Priifung) standards using a BAM drop hammer and a BAM friction apparatus
by applying the 1 of 6 method.[S1]

CAUTION! Compounds all nitrates are potentially explosive materials. Safety precautions and
equipment (such as wearing a leather coat, face shield, Kevlar sleeves, Kevlar gloves, earthed
equipment and ear protection) must be used during manipulation.
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2. Experimental Part

5-Methyltetrazole (1)

ZnBr, N/H
MeCN + NaNg ————— ril'/>_
H,0 ~N
170 °C, 24 h
5-MT (1)

5-Methyltetrazole (1) was synthesized according to a modified procedure by Sharpless et.al. [S2]
Acetonitrile (1.64 g, 40.0 mmol, 1.0 eq), sodium azide (5.72 g, 80.0 mmol, 2.0 eq) and zinc bromide
(9.00 g, 40.0 mmol, 1.0 eq) were dissolved in water (80 mL) and converted to a pressure tube. The
reaction flask was heated to 170 °C and stirred vigorously for 24 h using an oil bath. After few hours, a
white precipitate is formed. After 24 h, the heating source was removed, and the mixture was cooled
to room temperature. Aqueous sodium hydroxide (2 M, 50 mL, 0.1 mol, 2.5eq) was added to
precipitate Zn(OH),, which was filtered off and washed with a little water (10 mL). (To increase the
yield, the amount of water should be as minimal as possible during all washing and workup steps). The
filtrate was acidified to pH =1 using hydrochloric acid (2 M, approx. 40 mL) and saturated with
magnesium sulfate. The saturated aqueous solution was extracted with 6-7 equal portions of ethyl
acetate (200 mL), dried over anhydrous sodium sulfate. The organic solvent was removed under
reduced pressure to obtain a colorless solid. After recrystallization from hot acetone (20 mL) 1(2.30 g,

27.4 mmol, 68%) was obtained as off-white powder.

H NMR (DMSO-ds, 400 MHz, ppm) & = 15.94 (br s, 1H), 2.49 (s, 3H); *C{*H} NMR (DMSO-ds, 101 MHz,
ppm) 6 =152.7, 8.9.

Mixture of 1-hydroxymethyl-5-methyltetrazol and 2-hydroxymethyl-5-methyltetrazol (2)

H /? /<\N,l\\lvOH
'Tl./ / M, + Mixture of 1- and
N~N H,0 2-HM-5-MT (2)
RT, 3d N=
5-MT No-N-_OH

5-Methyltetrazole (1) (0.50 g, 5.95 mmol, 1.0 eq.) was dissolved in water (7 mL) and reacted with
formaldehyde (40% aq., 1.0 mL, 0.82 g, 10.9 mmol, 1.8 eq.) and HCI (conc., 1-2 drops) at room

temperature for 3 days. The resulting mixture was extracted with EtOAc (3 x 15 mL), dried with MgSQ,,
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and the solvent was evaporated under reduced pressure to obtain a colorless solid as an isomeric

mixture 2 (0.60 g, 5.21 mmol, 88%) in a ratio of 8:1.

IR (ATR, rel. int.): ¥ (cm™) = 3200 (m), 2968 (w), 2910 (w), 1529 (m), 1470 (m), 1413 (m), 1381 (m),
1319 (m), 1270 (m), 1224 (w), 1149 (w), 1093 (vs), 1042 (w), 1012 (m), 972 (w), 758 (vs), 726 (m), 716
(s), 695 (s), 653 (s), 474 (m), 419 (w); EA (C3HgN4O, 114.11 g/mol) calc. (found): C 31.58 (31.68), H 5.30
(5.16), N 49.10 (48.19) %; *H NMR (400 MHz, DMSO-d6, 25 °C): & (ppm) = 7.60 (t, 3Jun = 8.1 Hz, OH 2-
150), 7.29 (t, 3Juu = 7.8 Hz, OH 1-1s0), 5.81 (d, 3Jun = 8.0 Hz, CH, 2-1s0), 5.68 (d, 3Jun = 7.8 Hz, CH, 1-Is0),
2.56 (s, CHs 1-Is0), 2.47 (s, CHs 2-Is0); 3C{*H} NMR (101 MHz, DMSO-d6, 25 °C): & (ppm) = 162.5 (2-
Iso), 152.1 (1-Iso), 74.5 (2-Iso), 69.4 (1-1s0), 10.4 (2-1s0), 8.2 (1-lso); HR-MS (EI) m/z: [CsH7N4] calc.:
115.0620 [M+H]*; found: 115.0614.

1-Hydroxyethyl-5-methyltetrazole (3) and 2-Hydroxyethyl-5-methyltetrazole (4)

N/H o >C" NaOH N /<N:
p— N + N
1 N -
N\N/ H,O N’N\/\OH N N\/\OH
90 °C, 16 h
5-MT (1) 1-HM-5-MT (3) 2-HM-5-MT (4)

5-Methyltetrazole (1) (1.50 g, 17.9 mmol, 1.0 eq) was dissolved in water (50 mL) and sodium hydroxide
(0.72 g, 17.9 mmol, 1.0 eq) was added. The mixture was heated to 90 °C with means of an oil bath and
2-chloroethanol (1.58 g, 19.7 mmol, 1.30 mL, 1.1 eq) was added dropwise and further stirred at this
temperature for 16 h. After cooling to room temperature, the solvent was evaporated under reduced
pressure. The remaining solid was suspended in acetone (70 mL) and refluxed for 1 h. The solid was
filtered off and the solvent was evaporated under reduced pressure to obtain a pure mixture of both
isomers. Separation was performed using column chromatography with ethyl acetate as eluent. 3
(Rf (EtOAc) =0.12; 0.89 g, 6.98 mmol, 39%) and 4 (R: (EtOAc) = 0.50; 0.86 g, 6.74 mmol, 38%) were

obtained as colorless liquids.

1-Hydroxyethyl-5-methyltetrazole (3): IR (ATR) ¥ (cm™) = 3422(m), 3378(m), 3350(m), 2930(w),
2883(w), 1531(s), 1411(s), 1308(w), 1249(m), 1129(m), 1067(vs), 954(m), 866(s), 773(m), 715(s),
692(m), 672(m), 641(vs), 536(s), 503(s), 461(s), 450(m), 433(m), 422(s), 403(m); Elem. Anal. Calc. for
C4HsN4O: C, 37.49; N, 43.73; H, 6.29. Found: C 37.45, N 42.70, H 6.02; *H NMR (Acetone-ds, 400 MHz,
ppm): & = 4.47 (dd, 3/ =5.6, 4.7 Hz, 2H), 3.97 (dd, 3/ =5.6, 4.8 Hz, 2H), 2.56 (s, 3H); 3C{*H} NMR
(Acetone-ds, 101 MHz, ppm): 6 =153.6, 61.4, 50.3, 9.0; HR-MS (EI) m/z: [C4HsN4O] calc.:129.0771 (M*);
found: 129.0771.
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2-Hydroxyethyl-5-methyltetrazole (4): IR (ATR) ¥ (cm™) = 3371(m), 2926(w), 1508(s), 1434(m),
1367(m), 1253(w), 1193(m), 1157(m), 1069(vs), 1034(s), 957(m), 868(m), 802(w), 740(s), 716(m),
621(s), 559(m), 504(s), 458(m), 449(m), 443(m), 427(m), 402(m); Elem. Anal. Calc. for C4HsN4O: C,
37.49; N, 43.73; H, 6.29. Found: C36.94, N 42.75, H 6.12; *H NMR (Acetone-ds, 400 MHz, ppm): 6 = 4.68
(dd,3/=5.8,4.8 Hz, 2H), 4.14 (br s, 1H), 4.07 (t, 3J = 5.4 Hz, 2H), 2.43 (s, 3H); *C{*H} NMR (Acetone-ds,
100 MHz, ppm): 6 =163.2, 60.7, 56.1, 10.7; HR-MS (El) m/z: [C4sHsN4O] calc.:129.0771 (M*); found:
129.0771.

5-Hydroxymethyl-1H-tetrazol (5)

ZnCl, (0.5 eq.),

1) H,O/iPrOH (2:1) H
OA 100 °C, 16 h N~
_ €+ NaNj - N/
N= N OH
= 2) HCI (37 %, 2.5 eq.)
RT, 16 hh
5-HMT (5)
31%

According to modified patents,®>°? a solution of cyanomethyl acetate (33.0 g, 333 mmol, 1.0 eq.),
ZnCl; (22.7 g, 166.5 mmol, 0.5 eq.) and sodium azide (43.3 g, 666 mmol, 2.0 eq.) in a mixture of water
(300 mL) and 2-propanol (150 mL) was stirred overnight at 100 °C. After cooling down to RT, conc. HCI
(37 %, 69.4 mL, 832 mmol, 2.5 eq.) was slowly added to the mixture upon which the colour changed
from orange to clear yellow. The solution was stirred overnight at RT, divided into two portions, and
then extracted with EtOAc (5 x 250 mL). The combined organic layers were dried over anhydrous
Na,S0,, filtrated and the solvent was removed under reduced pressure. The residue was washed with

acetonitrile to provide 5 as a colourless solid (10.2 g, 102 mmol, 31%).

1H-NMR (DMSO-ds, 400 MHz, ppm): & = 16.27 (br s, 1H), 5.90 (br s, 1H), 4.80 (s, 2H); *C{*H} NMR
(DMSO-ds, 101 MHz, ppm): 6 = 156.6, 53.3; EA calcd. for C;H4N40 (100.08 g mol™): C 24.00, N 55.98, H
4.03 %; found: C 23.93, N 56.11, H 4.19 %.

Mixture of 1-methyl-5-hydroxymethyltetrazol and 2-methyl-5-hydroxymethyltetrazol (7)

/
-N
NI/
H N OH
N,N Mel, K2003 .
N _— + Mixture of 1- and
N\N OH acetone, 2-M-5-HM (7)

60 °C, 16 h \N’N

5-HMT (5) N >\

382



Methyl iodide (2.84 g, 1.25 mL, 20.0 mmol, 1 eq.) was added to a suspension of 5-hydroxymethyl-1H-
tetrazol (5) (2.00 g, 20.0 mmol, 1 eq.) and K,CO3 (2.76 g, 20.0 mmol, 1 eq.) in acetone (350 mL). The
mixture was stirred for 16 hours at 60 °C and diluted with EtOAc (150 mL) after cooling down. The
suspension was filtrated, and the acetone was evaporated under reduced pressure. The resulting
suspension was filtrated again, and the residue was washed with a large amount of ethyl acetate. The
solvent along with side products were removed under reduced pressure (20 mbar, 30 min, 80 °C) to
provide the regioisomeric mixture 7 as a yellow liquid (2.14 g, 18.7 mmol, 94%) that was used in the

next step without separation of the isomers.

IR (ATR): ¥ (cm™) = 3328 (m), 2958 (w), 1473 (m), 1452 (m), 1288 (w), 1190 (w), 1097 (m), 1044 (vs),
1029 (vs), 989 (w), 784 (m), 740 (m), 706 (m), 658 (m), 652 (m); *H-NMR (DMSO-ds, 400 MHz, ppm): &
=5.82 (t,J = 6.0 Hz, 1H), 5.57 (t, > = 6.0 Hz, 1H), 4.78 (d, 3/ = 6.0 Hz, 2H), 4.65 (d, 3/ = 6.0 Hz, 2H), 4.33
(s, 3H), 4.06 (s, 3H); *C{*H} NMR (DMSO-ds, 101 MHz, ppm): & = 166.0, 154.7, 54.0, 52.0, 33.7, 29.6;
HR-MS (EI, 70 eV): [CsHgN4O] calc.: 114.0542 (M*); found: 114.0536.

Mixture of 1-methyl-4,5-Bishydroxymethyl-1,2,3-triazol and 2-methyl-4,5-bishydroxymethyl-1,2,3-

triazol (8)

HO N//
\}NH Mel, K,CO3 _
HO 78 _— " Mixture of 1- and
N”N acetone, 2-M-4,5-BHMTri (8)
60 °C, 16 h HO
4,5-BHMTri (6) HO\}N
\N/N\

Methyl iodide (0.55 g, 0.24 mL, 3.87 mmol, 1 eq.) was added to a suspension of 4,5-bishydroxymethyl-
1,2,3-triazole (6)™ (0.50g, 3.87 mmol, 1eq.) and K,COs; (0.54g, 3.87 mmol, 1eq.) in acetone
(100 mL). The mixture was stirred for 16 hours at 60 °C and after cooling down, filtrated. The solvent
was evaporated under reduced pressure and the residue was taken up in a mixture of ethyl acetate
(25 mL) and acetone (15 mL) and filtrated again. The residue was washed with a small amount of
acetone and the solvent along with side products were removed under reduced pressure (20 mbar,
30 min, 80 °C) to provide mixture 8 as a yellow liquid (0.50 g, 3.5 mmol, 90%) that was used in the next
step without separation of the isomers. Separation was investigated but could not be achieved with

standard procedures.

IR (ATR): ¥ (cm™) = 3339 (s), 2955 (w), 2881 (w), 1642 (w), 1453 (w), 1320 (w), 1217 (w), 1009 (vs), 797

(m), 650 (m), 646 (m); *H-NMR (DMSO-ds, 400 MHz, ppm): § = 5.28 (t, 3/ = 5.5 Hz, 1H), 5.06 (t, *J =
S7
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5.6 Hz, 2H), 5.01 (t, 3/ = 5.6 Hz, 1H), 4.59 (d, *J = 5.5 Hz, 2H), 4.52 — 4.48 (m, 6H), 4.04 (s, 3H), 3.98 (s,
3H); 3C{*H} NMR (DMSO-ds, 101 MHz, ppm): 6 = 145.6, 144.8, 134.3, 54.2, 53.8, 50.7, 41.0, 34.6; HR-
MS (El, 70 eV): [CsHsN20O-] calc.: 125.0589 (M - H,0)*; found: 125.0583.

1-Nitratomethyl-5-methyltetrazol (9)

N:N
— N_ _OH
N HNO3; Ac,0,
" AcOH - /N\
N \
Nﬁ/ 5°C, 15 min NN~ -ONO2
N/ then rt., 15 min

‘}\vaOH 1-NM-5-MT (9)

Mixture of 1- and

2-HM-5-MT (2)
To a solution of acetic acid (1.5 mL) and acetic acid anhydride (7.5 mL), nitric acid (99%, 3 mL) was
added dropwise at 5-10 °C. The mixture 2 (768 mg, 8.76 mmol) was then added to the acetyl nitrate
solution maintaining the temperature at 0-5 °C (The gas evolution is believed to be associated with the
decomposition of the 2-isomer). After the gas evolution has slowed down and the alcohol has gone
into solution, the mixture was poured on ice (50 g). The diluted acid was neutralized with sodium
bicarbonate and extracted with ethyl acetate (3 x 30 mL) The combined organic layers were washed
with brine, dried over sodium sulfate and evaporated at ambient conditions to yield 9 (320 mg,

2.01 mmol, 23%)

BAM drop hammer: 3 J (<500 um); Friction tester: 96 N (<500 um); DTA (5 ° min™) = 69 °C (endo.),
159 °C (exo0.); IR (ATR) ¥ (cm-1) = 3045(w), 2943(w), 1664 (vs), 1536 (s), 1375 (s), 1296 (vs), 1278 (s),
1172 8m), 1087 (m), 962 (vs), 835 (vs), 780 (vs), 745 (s), 708 (s), 636 (vs), 592 (s), 426 (m); Elem. Anal.
(C3HsNsOs, 159.11 g mol™?): calc.: C 22.65, N 44.02, H 3.17; found: C 23.20, N 43.49, H 2.98; 'H NMR
(DMSO-ds, 400 MHz, ppm) 6 = 6.81 (s, 2H), 2.61 (s, 3H); 3C{*H} NMR (DMSO-ds, 101 MHz, ppm) 6 =
153.8, 73.2, 8.3; N NMR (DMSO-ds, 29 MHz, ppm) &= -50; HR-MS (EI) m/z: [CsHsNsOs]
calc.:160.04651 (M*); found: not found.

1-Nitratoethyl-5-methyltetrazole (10) and 2-Nitratoethyl-5-methyltetrazole (11)

General procedure for nitration:

To 5 °C cold nitric acid (99%, 1 mL/mmol of alcohol) was added alcohol 3 or 4 . The solution was stirred
for 15 min and then allowed to warm to room temperature. After 15 min the reaction mixture was

poured on ice (20 g/mmol of alcohol). The diluted acid was neutralized with sodium carbonate and the
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product was extracted with ethyl acetate (3 x 10 mL/mmol of alcohol). The combined organic layers
were washed with brine, dried over sodium sulfate and evaporated at ambient conditions to yield 10

as colorless solid and 11 as colorless oil.

1-Nitratoethyl-5-methyltetrazole (10) (0.59 g, 3.41 mmol, 87%) from alcohol 3 (0.50 g, 3.93 mmol)
and HNOs (4 mL):

/N\ HNO3 /NQ(
N N . N\\ N
N ~"0H 5°C, 15 min N" " 0oNo,
then rt., 15 min
1-HM-5-MT (3) 1-NM-5-MT (10)

BAM drop hammer: >40 J (<500 um); Friction tester: >360 N (<500 um); DTA (5° min™) = 110 °C
(endo.), 190 °C (exo.); IR (ATR) ¥ (cm™) = 3025(w), 2986(w), 2915(w), 1635 (vs), 1529 (m), 1440 (m),
1409 (w), 1393 (m), 1386 (m), 1367 (m), 1284 (vs), 1261 (vs), 1099 (m), 1030(vs), 986 (m), 887 (s),
857 (s), 755 (vs), 714 (s), 707 (s), 695 (m), 654 (s), 572 (m), 486 (m); Elem. Anal. (CsH;NsOs,
173.13 g mol™) caled.: C 27.75, N 40.45, H 4.08; found: C 27.81, N 40.30, H 3.97; *H NMR (DMSO-d,
400 MHz, ppm) 6 =4.94 (dd, */=5.7, 4.3 Hz, 2H), 4.78 (dd, 3/ = 5.7, 4.3 Hz, 2H), 2.54 (s, 3H); *C{*"H} NMR
(DMSO-ds, 101 MHz, ppm) & = 152.6, 70.7, 43.9, 8.2; **N NMR (DMSO-ds, 29 MHz, ppm) 6 = -43; HR-
MS (EI) m/z: [C4H7NsOs3] calc.:174.06217 (M*); found: not found.

2-Nitratoethyl-5-methyltetrazole (11) (0.64 g, 3.70 mmol, 95%) from alcohol (4) (0.50 g, 3.93 mmol)
and HNOs (4 mL):

N= HNO N=N
,_<\ \ 3 ,_<\ \
N"SN"0H 5°C, 15 min N~ \/\ONOZ

then rt., 15 min
2-HM-5-MT (4) ! 2-NM-5-MT (11)

BAM drop hammer: >40 J (<500 um); Friction tester: >360 N (<500 pm); DTA (5 ° min™) = 190 °C
(exo.); IR (ATR) ¥ (cm™?) = 2967(w), 2960(w), 1634 (s), 1509 (m), 1432 (w), 1382 (w), 1277 (vs), 1199
(w), 1169 (w), 1070 (w), 1031(m), 888 (s), 841 (s), 755 (m), 743 (m), 715 (m), 706 (m), 694 (m), 671
(w), 654 (m), 610 (w), 567 (w), 489 (m), 485 (m), 469 (w), 460 (w), 425 (w), 412 (w), 407 (w); Elem.
Anal. (C4HsNsOs, 173.13 g mol™) calcd.: 27.75, N 40.45, H 4.08; found: C 27.89, N 39.98, H 3.95; 'H
NMR (DMSO-dg, 400 MHz, ppm) & = 5.08 —4.98 (m, 4H), 2.47(s, 3H); **C{*"H} NMR (DMSO-ds, 101 MHz,
ppm) & = 162.6, 70.3, 49.8, 10.4; ®*N NMR (DMSO-ds, 29 MHz, ppm) & = -42; HR-MS (El) m/z:
[C4H7N503] calc.:174.06217 (M*); found: not found.
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5-Nitratomethyl-2-methyl-tetrazol (14) and 5-Nitratomethyl-1-methyl-tetrazol (15)

/
N/N
] />—\
NN ©oH HNO;, /N/ SN-N

T oty

¥ 5°C,15min  N-\"  oNo, "N ONO,
NN then rt., 15 min
N > 1-M-5-NMT (14) 2-M-5-NMT (15)
NN oH

Mixture of 1- and
2-M-5-HM (7)
The regioisomeric mixture from the previous step (7) (1 g, 8.8 mmol, 1.0 eq.) was added dropwise to
HNO3 (99%, 10 mL) at 0-5 °C. The resulting mixture was stirred at this temperature for 15 min. Cooling
was removed, and the mixture was stirred for 15 min before pouring it into ice-water (100 mL). The
solution was extracted with ethyl acetate (3 x 50 mL) and the combined extracts were neutralized with
sat. ag. NaHCOs. The organic phase was dried over anhydrous Na,SQ,, filtrated and the solvent was
removed under reduced pressure. The resulting crude was then purified via flash column
chromatography (i-Hexane/EtOAc, 6:4) to provide both isomers as liquids. The first isomer to elute
spontaneously crystallized after three weeks to obtain 15 as a white solid (429 mg, 2.7 mmol, 30%).
The second isomer to elute was dissolved in a mixture of acetone and water (1:1) and stored at 3 °C

for 3 days to obtain 14 as colourless needle-like crystals (360 mg, 2.3 mmol, 26%).

5-Nitratomethyl-1-methyl-tetrazol (14): BAM drop hammer: >40 J (<500 um); Friction tester: >360 N
(<500 pm); DTA (5 °C min™): 60 °C (endo.), 174 °C (exo.); IR (ATR): ¥ (cm™) = 3023 (w), 1652 (vs), 1534
(w), 1478 (m), 1440 (m), 1428 (m), 1356 (m), 1290 (vs), 1264 (s), 1238 (w), 1205 (w), 1100 (m), 1047
(w), 1020 (m), 994 (m), 950 (s), 846 (vs), 792 (s), 748 (s), 724 (m), 712 (s), 672 (s), 646 (vs), 610 (w), 594
(m); Elem. Anal. (C3HsNsOs, 159.11 g mol™): calc.: C 22.65, N 44.02, H 3.17%; found: C 22.75, N 43.76,
H 3.09%; 'H-NMR (DMSO-ds, 400 MHz, ppm): & = 5.99 (s, 2H), 4.12 (s, 3H); *C{*H} NMR (DMSO-ds,
101 MHz, ppm): 6 = 149.5, 62.2, 34.0; ¥N-NMR (DMSO-ds, 29 MHz, ppm): & = -41.2; HR-MS (ESI,
70 eV): [CsHaNsOs3] calc.: 158.0314 (M-H*); found: 158.0307.

5-Nitratomethyl-2-methyl-tetrazol (15): BAM drop hammer: 40) (liquid); Friction tester: 360 N
(liquid); BAM drop hammer: 30 J (<500 um); Friction tester: 60 N (<500 um); DTA (5 °C min™): 24 °C
(endo.), 185 °C (exo.); IR (ATR): ¥ (cm™) = 3260 (w), 2908 (w), 1642 (s), 1632 (s), 1515 (w), 1453 (m),
1447 (m), 1410 (m), 1374 (w), 1280 (s), 1218 (m), 1199 (m), 1043 (m), 994 (s), 985 (m), 870 (s), 837 (s),
752 (vs), 704 (m), 651 (m), 583 (s); Elem. Anal. (CsHsNsOs, 159.11 g mol™): calc.: C 22.65, N 44.02, H
3.17%; found: C 22.86, N 43.82, H 2.88%; *H-NMR (DMSO-ds, 400 MHz, ppm): 6 = 5.91 (s, 2H), 4.40 (s,
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3H); *C{*H} NMR (DMSO-ds, 101 MHz, ppm): 6 = 159.6, 64.8, 39.8; *N-NMR (DMSO-ds, 29 MHz, ppm):
6 =-39.8, -96.5; HR-MS (ESI, 70 eV): [C3HsN5Os] calc.: 160.04652 (M+H*); found: 160.04669.

1-methyl-4,5-Bisnitratomethyl-1,2,3-triazol (16) and 2-methyl-4,5-bisnitratomethyl-1,2,3-triazol
(17)

HO y
Ho_ )N
N HNO, O,NO y, O2NO
. N + ‘N

+ 5°C, 15min OO\l T OMNOLL
HO then RT, 15 min N N
HO\}N 1-M-4,5-BNMTri (16)  1-M-4,5-BNMTri (17)

N\ N\

Mixture of 1- and
2-M-4,5-BHMTri (8)
The regioisomeric mixture from the previous step (8) (500 mg, 3.5 mmol, 1.0 eq.) was added dropwise
to HNOs3 (100%, 8 mL) at 0-5 °C. The resulting mixture was stirred at this temperature for 15 min. The
cooling-bath was removed, and the mixture was stirred for a further 15 min at RT before pouring it
into ice water (50 mL). The solution was extracted with ethyl acetate (3 x 50 mL) and the combined
extracts were neutralized with sat. ag. NaHCOs. The organic phase was dried over anhydrous Na,SOa,
filtrated and the solvent was removed under reduced pressure. The resulting crude was then purified
via flash column chromatography (i-Hexane/EtOAc, 6:4) to provide first 17 (351 mg, 1.5 mmol, 43%) as

a yellowish solid then 16 (347 mg, 1.5 mmol, 43%) as a viscous yellow oil.

4,5-Bisnitratomethyl-1-methyl-1,2,3-triazol (16): BAM drop hammer: >40 J (liquid); Friction tester:
>360 N (liquid); DTA (5 °C min™): 188 °C (exo.); IR (ATR): ¥ (cm™) = 3015 (w), 2971 (w), 1739 (m),
1627 (vs), 1455 (w), 1435 (m), 1365 (m), 1275 (vs), 1230 (m), 1218 (m), 1036 (w), 979 (m), 925 (m), 841
(vs), 751 (s), 696 (w), 680 (w), 650 (m), 621 (m), 595 (m), 578 (w), 527 (w), 469 (w); Elem. Anal.
(CsH7NsOg, 233.14 g mol™): calc.: C 25.76, N 30.04, H 3.03%; found: C 26.11, N 29.54, H 3.19%; *H-NMR
(Acetone-ds, 400 MHz, ppm): & = 5.95 (s, 2H), 5.78 (s, 2H), 4.21 (s, 3H); 3C{*H} NMR (Acetone-ds,
101 MHz, ppm): & = 140.6, 130.4, 66.3, 62.4, 35.8; *N-NMR (Acetone-ds, 29 MHz, ppm): & = -43.3,
-45.5,-72.2,-142.5; HR-MS (El) m/z: [M+H*] Calcd for CsH;NsOs 234.0469. Found: not found.

4,5-Bisnitratomethyl-2-methyl-1,2,3-triazol (17)
BAM drop hammer: >40]) (<500 um); Friction tester: >360 N (<500 um); DTA (5 °C min™): 37 °C
(endo.), 194 °C (exo.); IR (ATR): ¥ (cm™) = 2971 (w), 1739 (w), 1626 (vs), 1456 (w), 1433 (w), 1365

(w), 1277 (vs), 1217 (w), 1206 (w), 980 (m), 932 (m), 841 (vs), 753 (m), 706 (w), 663 (m), 638 (m), 596
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(w), 580 (w), 482 (w); EA (CsH7NsOg, 233.14 g mol™): calc.: C 25.76, N 30.04, H 3.03%; found: C 25.98,
N 30.39, H 3.03%; *H-NMR (Acetone-ds, 400 MHz, ppm): & = 5.76 (s, 4H), 4.22 (s, 3H); 3C{*H} NMR
(Acetone-ds, 101 MHz, ppm): 6 = 140.5, 65.6, 42.5; 1*N-NMR (Acetone-ds, 29 MHz, ppm): 6 = -43.4,
-71.7,-134.5; HR-MS (El) m/z: [M+H*] Calcd for CsH;NsOs 234.0469. Found: 234.0441.
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3. X-ray Diffraction

Crystal structure data were obtained from an Oxford Xcalibur3 diffractometer with a Spellman
generator (voltage 50 kV, current 40 mA) and a Kappa CCD area for data collection using Mo-Ka
radiation (A =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-K, radiation). The data
collection was performed using the CRYSTALIS RED software.l*¥ The solution of the structure was
performed by direct methods and refined by full-matrix least-squares on F2 (SHELXT)"% implemented
in the OLEX25% 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 SCALE3 ABSPACK
multiscan method.® The DiIAMOND2 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.t”!

)

Figure S1. Representation of the molecular unit of N1-isomer of 2, showing the atom-labeling scheme. Thermal
ellipsoids represent the 50% probability level and hydrogen atoms are shown as small spheres of arbitrary radius.
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Figure S2. Representation of the molecular unit of 5, showing the atom-labeling scheme. Thermal ellipsoids
represent the 50% probability level and hydrogen atoms are shown as small spheres of arbitrary radius.

Figure S3. Representation of the molecular unit of 9, showing the atom-labeling scheme. Thermal ellipsoids
represent the 50% probability level and hydrogen atoms are shown as small spheres of arbitrary radius.

a

Figure S4. Representation of the molecular unit of 10, showing the atom-labeling scheme. Thermal ellipsoids
represent the 50% probability level and hydrogen atoms are shown as small spheres of arbitrary radius.
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Figure S5. Representation of the molecular unit of 13, showing the atom-labeling scheme. Thermal ellipsoids
represent the 50% probability level and hydrogen atoms are shown as small spheres of arbitrary radius.

Figure S6. Representation of the molecular unit of 14, showing the atom-labeling scheme. Thermal ellipsoids
represent the 50% probability level and hydrogen atoms are shown as small spheres of arbitrary radius.

Figure S7. Representation of the molecular unit of 15, showing the atom-labeling scheme. Thermal ellipsoids
represent the 50% probability level and hydrogen atoms are shown as small spheres of arbitrary radius.
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Figure S8. Representation of the molecular unit of 17, showing the atom-labeling scheme. Thermal ellipsoids
represent the 50% probability level and hydrogen atoms are shown as small spheres of arbitrary radius.
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Table S1. Crystallographic data of 2, 5 and 9.

N1-isomer of 2

5 9
Formula C3HeN4O C,HaN4O C3HsNs03
FW [g mol™] 114.12 100.09 159.12
Crystal system monoclinic monoclinic orthorhombic

Space group

P21/c (No. 14)

P2:/m (No. 11)

P212:2; (No. 19)

Color / Habit colorless block colorless block colorless block
Size [mm] 0.20x 0.50 x 0.50 0.50x0.50 x 0.50 0.20x0.20x 0.50
a[A] 6.4666(9) 4.9015(5) 6.3563(5)
b [A] 12.6689(11) 6.3166(7) 6.5645(8)
c[A] 7.1836(11) 6.7767(5) 15.6756(14)
a[°] 90 90
B[] 116.420(18) 105.217(7)
v [°] 90 90
Vv [A3] 527.05(14) 202.46(3) 654.08(11)
VA 4 2 4
Pealc. [g cm~3] 1.438 1.642 1.616
i [mm7] 0.113 0.135 0.143
F(000) 240 104 328
AMoka [A] 0.71073 0.71073 0.71073
T K] 123 298 123
8 Min-Max [°] 3.2,26.4 3.1,26.4 3.4,26.4
Dataset -8:8;-15:15;-8: 8 -6:6;-7:7;-8:8 -7:7;-7:8;-19: 18
Reflections collected 4952 1805 5351
Independent refl. 1069 447 1329
Rint 0.030 0.024 0.056
Observed reflections 883 409 1011
Parameters 97 53 139
R1 (obs)! 0.0381 0.0345 0.0498
WR; (all data)® 0.1042 0.0940 0.1232
st 1.05 1.05 1.05
Resd. dens [e A3] -0.15, 0.27 -0.27,0.22 -0.18,0.24
Device type Oxford Xcalibur3 Oxford Xcalibur3 Oxford Xcalibur3
Solution SHELXT SHELXT SHELXT
Refinement SHELXL-2018 SHELXL-2018 SHELXL-2018
Absorption correction multi-scan multi-scan multi-scan
CCDC 2302431 2302432 2302435

@Ry = 3| [Fo| - |Fc| |/Z|Fol; ®'WR2 = [E[w(Fo?-F?)?]/Z[w(Fo)21]¥%; w = [0c?(Fo?)+(xP)*+yP]™ and P=(Fo®+2Fc?)/3;
€S = (S[w(Fo®-F2)2/(n-p))™? (n = number of reflections; p = total number of parameters).
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Table S2. Crystallographic data of 10 and 13.

10 13
Formula C4H7Ns03 C,H2NOs, HaN
FW [g mol™] 173.15 138.09
Crystal system monoclinic monoclinic

Space group
Color / Habit
Size [mm)]
a[A]

b [A]

c[A]
al’]

B[]
vI[°]

VA3
VA
Pealc. [g cm~?]

1 [mm™]
F(000)
Awiok [A]

T [K]

0 Min-Max [°]
Dataset
Reflections collected
Independent refl.
Rint
Observed reflections
Parameters
R (obs)
WR; (all data)™®
sl
Resd. dens [e A7)
Device type
Solution
Refinement
Absorption correction
CCDC

P2:/n (No. 14)
colorless plate
0.05x0.40 x 0.50
8.9042(11)
6.3518(6)
12.8406(11)
90
94.749(10)
90
723.74(13)
4
1.589
0.136
360
0.71073
123
2.7,29.1
-11:4;-8:8;-16: 17
2662
1637
0.026
1117
137
0.0607
0.1915
1.07
-0.52,0.37
Oxford Xcalibur3
SHELXT
SHELXL-2018
multi-scan
2302433

P21/c (No. 14)
colorless block
0.45x 0.50 x 0.50
6.2146(9)
10.6148(11)
8.6722(11)
90
105.274(14)
90
551.87(13)

4
1.662
0.166
288
0.71073
100
3.1,26.4
-5:7;-13:7;-10: 10
1960
1115
0.013
967
106
0.0323
0.0874
1.08
-0.28,0.18
Oxford Xcalibur3
SHELXT
SHELXL-2018
multi-scan
2302430

@Ry = 3| [Fo| - |Fc| |/Z|Fol; ®'WR2 = [E[w(Fo?-F?)?]/Z[w(Fo)21]¥%; w = [0c?(Fo?)+(xP)*+yP]™ and P=(Fo®+2Fc?)/3;
€S = (S[w(Fo®-F2)2/(n-p))™? (n = number of reflections; p = total number of parameters).
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Table S3. Crystallographic data of 15 and 17.

15 17
Formula C3HsNsO3 CsH7NsOg
FW [g mol™] 159.12 233.16
Crystal system monoclinic orthorhombic

Space group

P21/c (No. 14)

Pna2: (No. 33)

Color / Habit colorless plate colorless block
Size [mm)] 0.10x0.13x0.17 0.25x0.40 x 0.50
a[A] 10.2742(13) 5.7086(4)
b [A] 8.1612(10) 19.2355(12)
c[A] 8.2762(10) 8.5454(5)
a[°] 90
B[] 104.893(4)
v [°] 90
VA3 670.65(14) 938.35(10)
VA 4 4
Pealc. [g cm 3] 1.576 1.650
u[mm™] 0.139 0.151
F(000) 328 480
Awioka [A] 0.71073 0.71073
T [K] 173 101
8 Min-Max [°] 3.2,27.2 2.1,32.7
Dataset -13:13,;-10:10;-10: 10 -8:8;-29:18;-12: 12
Reflections collected 11314 10352
Independent refl. 1489 3050
Rint 0.052 0.040
Observed reflections 1338 2408
Parameters 120 174
R (obs)®! 0.0372 0.0467
WR; (all data)™® 0.0977 0.0928
st 1.15 1.07
Resd. dens [e A7%] -0.23,0.23 -0.24,0.24
Device type Bruker D8 Venture Oxford Xcalibur3
Solution TXS SHELXT
Refinement SIR-92 SHELXL-2018
Absorption correction multi-scan multi-scan
CCDC 2302436 2302434

@Ry = 3| [Fo| - |Fc| |/Z|Fol; ®'WR2 = [E[w(Fo?-F?)?]/Z[w(Fo)21]¥%; w = [0c?(Fo?)+(xP)*+yP]™ and P=(Fo®+2Fc?)/3;
€S = (S[w(Fo®-F2)2/(n-p))™? (n = number of reflections; p = total number of parameters).
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4. Thermal analysis
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Figure S9. DTA plots of compounds of selected nitrates.
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5. Computation

Heat of Formation Computation

All quantum chemical calculations were carried out using the Gaussian GO9 program package.®® The
enthalpies (H) and free energies (G) were calculated using the complete basis set (CBS) method of
Petersson and co-workers to obtain very accurate energies. The CBS models are using the known
asymptotic convergence of pair natural orbital expressions to extrapolate from calculations using a
finite basis set to the estimated CBS limit. CBS-4 starts with an HF/3-21G(d) geometry optimization;
the zero-point energy is computed at the same level. It then uses a large basis set SCF calculation as a
base energy, and an MP2/6- 31+G calculation with a CBS extrapolation to correct the energy through
second order. A MP4(SDQ)/6-31+ (d,p) calculation is used to approximate higher order contributions.
In this study, we applied the modified CBS-4M.

Heats of formation of the synthesized ionic compounds were calculated using the atomization method
(equation E1) using room temperature CBS-4M enthalpies, which are summarized in Table 4.15% 510

AH® (g, M, 298) = Himolecule, 298) — Y HC (atoms, 208) + Y AtH® (atoms, 298) (E1)

Table S4. CBS-4M electronic enthalpies for atoms C, H, N and O and their literature values for atomic
AH°#%8 [/ kJ mol™?

—H?% [a.u.] NISTIS
H 0.500991 218.2
C 37.786156 717.2
N 54.522462 473.1
0 74.991202 249.5

For neutral compounds the sublimation enthalpy, which is needed to convert the gas phase enthalpy
of formation to the solid state one, was calculated by the Trouton rule.’*? For ionic compounds, the
lattice energy (UL) and lattice enthalpy (AH,) were calculated from the corresponding X-ray molecular
volumes according to the equations provided by Jenkins and Glasser.5*®! With the calculated lattice
enthalpy the gas-phase enthalpy of formation was converted into the solid state (standard conditions)
enthalpy of formation. These molar standard enthalpies of formation (AH.) were used to calculate the
molar solid-state energies of formation (AUm) according to equation E2.
AUm = AHm—On RT (E2)

(An being the change of moles of gaseous components)

S21

397



The calculation results are summarized in Table S5.

Table S5. Calculation results.

—H?98 Bl [3.u.] AH (M) AHo(s) @ An 1l AU(s)

[k) mol 2] I [kJ mol™] (k) kg™

1-NET -615,780788 229.8 173.7 -6.5 1193.0
2-NET -615,790916 203,2 147.1 -6,5 1025.9
5-M-1-NMT -615,789188 207.7 143.2 -6.5 1001.3
1-M-5-NMT -615,787264 212.8 150.1 -6.5 1044.8
2-M-5-NMT -615,796959 187.3 130.9 -6.5 923.8
5-M-1-NET -655,030342 171.0 99.0 -7.5 678.9
2-M-4 5-BNMTri  -918.404869 21.1 -37.2 -9.0 63.7

[ CBS-4M electronic enthalpy; ! gas phase enthalpy of formation; [ molecular volumes taken from X-ray
structures and corrected to room temperature; [ lattice energy and enthalpy (calculated using Jenkins and
Glasser equations); ¥ standard solid-state enthalpy of formation; ! An being the change of moles of gaseous
components when formed; & solid state energy of formation.

The energetic performance was calculated using the explo 5 code with the version 6.04. [S14]
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ABSTRACT: A [3+2]-cycloaddition toward bishydroxymethyl-
1,2,3-triazole makes the title compound available through selective
nitration. The obtained sensitive 2-nitrotriazole was shown to have
a high density of 1.764 g cm™ and a detonation velocity of 8590 m
s™". It can also be classified as an oxidizer with an oxygen balance
toward CO of 12%. Further representatives of this rare class of 2-
nitro-1,2,3-triazoles were synthesized. One- and two-dimensional
SN NMR spectroscopy, crystal structure, and elemental analysis

were performed.

T raditional energetic materials and their degradation
products are often harmful to humans and the environ-
ment (e.g, TNT, RDX)." Therefore, the need for new
materials with low toxicity and additional higher performance
is of great interest. Newer advanced materials combine fuel and
oxidizer in one molecule through C—NO, groups such as
TNT. The latest generation now takes less energy from CO
formation and more energy from ring tension and N,
formation (TKX-50, CL-20, ONC).> Nitrogen-rich azoles are
often used to achieve a high heat of formation (HOF) and
therefore good energy output.” But those azoles provide fewer
opportunities for functionalization and reactions than com-
parable carbon backbones. The N—H group is increasingly
becoming the focus of attention. At this position, alkylation,
amination, or oxidation is typically performed.* The less
frequent N-nitration is found in pyrazoles and 1,2,4-triazoles.”
It can be utilized for C-nitration through rearrangement. Far
fewer 1,2,3-triazoles with an N-nitro group are known (Figure
1). Among the energetic compounds are 1,4-dinitrotriazole
(A) and polycyclic N-nitro 1,2,3-triazole (B).® Both decom-
pose around 40 °C, and only B is energetically characterized.
Less energetic molecules including a 2-nitro-1,2,3-triazole
motif are benzotriazole derivatives (C).” The nitro group can
also be present at the 1-position as shown for the compound
class of D.”® N-nitro tetrazoles have not been isolated so far.
Our group regularly observed the decomposition of acidic N-
unsubstituted tetrazoles to the corresponding carboxylic acid.
Although the nitro group lowers the HOF, a higher density
and better oxygen balance result in an overall increase in the
energetic performance.” This work describes the synthesis of
three high-energy 2-nitro-1,2,3-triazoles (E—G). The universal-

© 2023 The Authors. Published by
American Chemical Society
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Figure 1. Overview of all known (top As‘], Bﬁb, c’ D7’8) and newly
synthesized N-nitro-1,2,3-triazoles (bottom E—I). T,: decomposition
temperature, D: detonation velocity, IS: impact sensitivity, FS: friction
sensitivity.

ity of selective nitration is further supported by the syntheses
of H and I (Figure 1).

As reported by Sharpless and Loren, 4,5-substituted 1,2,3-
triazoles can be synthesized from propargyl halides and sodium
azide through [3,3] sigmatropic shift."” Therefore, it is not
possible to gain 4,S-bishydroxymethyl-1H-1,2,3-triazole (1)
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directly via this route. The work could be reproduced for
compounds 2 and 3. To synthesize 1, we chose a solvent-free
click reaction to synthesize 1-benzyl-protected 4 out of the
corresponding alkyne and benzyl azide at 85 °C in excellent
yields (Scheme 1). A slight excess of benzyl azide ensures full

Scheme 1. (a) Synthesis of 1,2,3-Triazoles through Azide
Exchan§e As Reported by Sharpless'’ and Developed by
Banert; ' (b) Synthetic Pathway toward 1

a) Previous work by Sharplessm using the Banert'! cascade reaction

[3,3] sigmatropic shift

NaN3 (4.0 eq.) NH,CI (2.0 eq.)

R4

<

Ry 1R;=R,=OH (0%)*

OH; R, = N3 from CI (70%)

Ry
2R, =

Dioxane/H,0 (3:1) HN, N

R, 75°C,7h N° 3 Ry =Ry = N3 from CI (60%)

b) This work
oH [3+2] HO HO
cycloaddition HO Na, NH3 HO
X —_— _ _
+ 48 h, 85°C g2-N. N 3h,-75°C HN. N
Bz—Nj OH N N

4 (98%) 1(82%)

conversion. Slow addition of the alkyne and exact temperature
control is necessary to avoid thermal runaway. Reductive
cleavage of the benzyl group of 4 was performed with sodium
in liquid ammonia to give 4,5-bis(hydroxymethyl)-1H-1,2,3-
triazole (1) in 82% vyield. During the reaction a solid
precipitated and therefore, larger amounts of solvent and
adequate stirring should be provided. Palladium-catalyzed
deprotection using hydrogen showed no success. The position
of the azole-proton was located by crystal structure measure-
ment (Supporting Information).

CAUTION! Compounds 5—9 are potentially explosive
materials. Safety precautions and equipment (such as wearing a
leather coat, face shield, Kevlar sleeves, Kevlar gloves, earthed
equipment, and ear protection) must be used during
manipulation.

Nitration of 1 using in situ generated acetyl nitrate yields
4,5-bis(nitratomethyl)-2-nitro-1,2,3-triazole (S) after recrystal-
lization in very good yields. To investigate if this regioselective
nitration is a general trend, energetic compounds 6 and 7 were
synthesized through the nitration of 2 and 3. Selective nitration
was observed in good to very good yields. The scope was
further extended to the less energetic compounds 8 and 9,
synthesized out of the corresponding 1,2,3-triazoles.'” The
regioselectivity is mainly explained by the steric hindrance of
the N1 position, although electronic effects or a NO, shift
cannot be excluded. Since the 1nstab111ty of N1-NO,
compared to the N2 position is known,* decomposition in
the nitrating solution might occur. Nitration of neat 1,2,3-1H-
triazole (10) resulted in the decomposition to oxalic acid
(Scheme 2). Compounds 5—9 are not long-term stable and
decompose within months producing NO,.

Single crystals of compounds 1, 4, $, 8, and 9 were obtained
by recrystallization. Measurement by low-temperature X-ray
diffraction revealed the atomic and molecular structure of the
compounds. The data can be found in the CSD database under
the numbers 2270383—2270387.

Suitable crystals of compound S were obtained by
recrystallization from methanol. § crystallizes in the monoclinic
space group P2,/c with four formula units per unit cell and a
density of 1.816 g cm™ at 102 K (Figure 2).

Looking at the X—NO, bond length, the bond for X=N with
1.429 A is longer than that for X=0 with 1.413 A. Those bonds
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Scheme 2. Selective N2 Nitration toward Triazoles 5—10
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Figure 2. Molecular moiety of 5 is derived from the low-temperature
crystal structure measurement. Thermal ellipsoids are drawn at the
50% probability level. Red dashed lines represent electrostatic nitro
interactions.

are also longer than the X—NO, bonds in RDX (1.361—1.409
A)"? or PETN (1.408 A)."* The nitrato groups are twisted out
of the triazole plane with torsion of 131° along N1-C1-C4—
O3 and —64° along N3—C2—C3—06. The N2 nitro group is
bent out of the ring plane, showing a torsion angle along C2—
N3—-N2—-N4 of —173° and slightly twisted along O2—N4—
N2—N3 with —5°. To reveal the molecular interactions,
Hirshfeld surface calculation was performed (Supporting
Information). The calculation depicts atom distances between
molecules that can be assigned to van der Waals interactions
by their length. Overall, the molecules are rigidly fixed in all
directions of space by attractive and repulsive contacts.
Attractive interactions are with O—H (35%) and N—-H
(6%). Some are in the range of nonclassical hydrogen bonds
and therefore strong. The repulsive interactions dominate the
structure and are built by O—O (30%) and O—N (23%)
contacts. Some of those are within the added van der Waals
radii of the participating atoms (O 0: 3.04 A; N—0: 3.07 A)
and therefore relatively strong.

The crystalline compounds 5 and 8 are proven by X-ray
crystallography. The liquid compounds 6, 7 and solid 5 were
analyzed through "N NMR spectroscopy in advance (Figure

b St
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3). The typical shift for the N—NO, group is at —70 ppm,
whereas the nitrato group O—NO, can be found at —50
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Figure 3. "N NMR spectra of 5, 6, and 7 measured in acetone-d,.

ppm.”'® The resonances for the nitrogen atoms of the triazole
can be found around —60 to —8S ppm. The atom assignment
was supported by two-dimensional 'H—""N  HMBC NMR
(Supporting Information). The resonances of the azido groups
6 and 7 can be found at —312—314 ppm (N,), —134 ppm
(Np), and —166 ppm (N,). The symmetries in compounds $
and 7 can be seen by the smaller number of signals.

To better understand the N—NO, bond, the energies of a
homolytic cleavage were calculated and compared to those of
the O—NO, bond. The dissociations were calculated on the
CBS-4 M level of theory for the gas phase (Supporting
Information). The homolytic dissociation energies are
comparable for the two bonds, with 200.9 kJ mol™" for the
N—NO, bond and 190.7 k] mol™" for the O—NO, bond. This
shows that the bonds are comparable stable for dissociation in
the gas phase. As the N—NO, bond releases NO, in 7-9, it
must be less stable than the O—NO, bond in § or 6. Therefore,
the authors believe that the decomposition is caused by a
different mechanism like hydrolysis.

As shown in Table 1 compounds $, 6, and 7 can be qualified
as energetic materials due to their properties. Sensitivities were
determined using BAM-standardized machines,’”” and the
explosive parameters were calculated with the EXPLO
V6.05.04 code.'® The title compound S shows a high
detonation velocity of 8590 m s™' and pressure of 323 kbar,
exceeding that of already powerful PETN. This is a
consequence of the high density and positive heat of
formation. Furthermore, the compound still possesses a high
oxidation potential with an Q¢ (oxygen balance to CO) of
12%. However, the positive properties come at the cost of a
very high sensitivity. With 1 J and 15 N, the compound is in
the area of primary explosives. An initiation test toward PETN
showed no initiation. The compound melts at 66 °C and
decomposes upon heating at about 159 °C. Storage at ambient
conditions leads to color change over months.

The azido derivatives 6 and 7 show a higher heat of
formation but lower densities. This is typical for organic azides
and leads to an overall reduced energy output. The monoazide
is moderate and the diazide is very sensitive.
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Table 1. Physico-chemical Properties of 5—7 Compared to
PETN

Formula 5 6 7 PETN"’
N [%]° 31.8 459 62.5 17.7
Qco [%]° 12.1 -66 —28.6 15.18
Tete/ Taee. [°C1° 66/159 —/158 —/161 143/180
Density [g cm™]¢ 1.764 1.524 1.436 1.778
AH®,, [K] mol™']° 90.9 536.0 964.5 —484
1S [V 1 2 1 3.5
FS [N]8 15 120 20 54
pey [kbar]” 323 242 238 313
D [ms™'] 8590 7850 7564 8471

“Nitrogen content. bOxygen balance with respect to CO. “Melting
and decomposition onset temperature (DTA, § °C min™"). dDensity
from X-ray diffraction analysis recalculated to 298 K. “Calculated
enthalpy of formation. fImpact sensitivity (BAM Fallhammer).
2Friction sensitivity (BAM Friction Tester); EXPLO V6.05.04.
" Calculated detonation pressure. ‘Calculated detonation velocity.

In summary, the small building block, bishydroxymethyl-
1,2,3-triazole (1), was synthesized through a click reaction of
the respective diol and benzyl azide followed by subsequent
reductive deprotection using sodium. Nitration yields the
highly energetic bisnitratomethyl-2-nitro-triazole (S), one of
the rarely known N-nitro triazoles. X-ray diffraction, N NMR,
and elemental analysis prove the existence of the N—NO,
group at the N2-position. Four other N2-nitrated triazoles
were synthesized for general proof, of which two represent
highly energetic materials. Compound 5 shows a high density
(1.764 g cm™) and detonation velocity (8590 m s™') and is
very sensitive to external stimuli (IS: 1 J, FS: 15 N).
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1. General Considerations

Starting materials were purchased from commercial suppliers (ABCR, Acros Organics, AppliChem,
Sigma-Aldrich, VWR) and used without further purification. The nitric acid is 99% pure and white
fuming. Stirring was performed by a magnetic stir bar if not stated differently. Heating was performed
by a heating plate equipped with an oil bath and thermometer. Cooling was performed with an ice
water mixture for 5-10 °C and an acetone dry ice combination for -70 °C.

1H, 3¢, 1N, and >N NMR spectra were recorded on BRUKER AMX 400 instruments. Samples are placed
in regular glass NMR tubes (@ 5 mm) and measured at 25 °C. Chemical shifts are referenced with
respect to tetramethylsilane (1H/13C) and nitromethane (14N/15N). Infrared spectra (IR) were
recorded in the region 4000-400 cm™ on a PERKIN ELMER Spectrum BX-59343 instrument with a
SMITHS DETECTION DuraSampl IR Il Diamond ATR sensor. The absorption bands are reported in
wavenumbers (cm™). Electrospray ionization (ESI) measurements were performed on a Thermo
Finnigan LTQ FT Ultra Fourier Transform ion cyclotron resonance mass spectrometer. The resolution
was set to 100,000 at m/z 400. Depending on the sample, mass ranges from 50 to 2000 u were
measured. The spray capillary voltage at the lonMax ESI head was 4 kV, the heater capillary
temperature was 250 °C, the nitrogen sheath gas flow was 20 and the sweep gas flow was 5 units.
Thermal properties were measured via differential thermal analysis (DTA) with an OZM Research DTA
552-Ex instrument at a heating rate of 5 °C/min and in a range of room temperature to 400 °C. All
sensitivities toward impact (IS) and friction (FS) were determined according to BAM (Bundesanstalt fiir
Materialforschung und Priifung) standards using a BAM drop hammer and a BAM friction apparatus

by applying the 1 of 6 method.[S1]

CAUTION! Compounds 5-9 are potentially explosive materials. Safety precautions and equipment (such
as wearing a leather coat, face shield, Kevlar sleeves, Kevlar gloves, earthed equipment and ear

protection) must be used during manipulation.

4,5-Bis(bromo)-1H-1,2,3-triazole and 4,5-bis(methylcarboxylate)-1H-1,2,3-triazole was prepared
according to literature known methods.[S2] Synthesis of 1 was performed in a similar way than already

described by lIzsak et al.[S3]
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1. Experimental Part

4,5-Bis(hydroxymethyl)-1-benzyl-1,2,3-triazole (4): But-2-yne-1,4-diol (8.6 g, 100 mmol, 1.0 eq.) was
added in portions over 30 min to benzyl azide (16.0 g, 120 mmol, 1.2 eq.) under stirring at 70 °C. The
resulting solution was stirred for 48 hours at 85 °C and then poured into a crystallizing dish to cool
down overnight at RT. The formed precipitate was filtered under reduced pressure and washed with
EtOAc to provide 4 as a brown solid (21.5 g, 98.0 mmol, 98%).

IH-NMR (DMSO-ds, 400 MHz, ppm): & = 7.37 — 7.22 (m, 5H), 5.59 (s, 2H), 5.41 (t, 3/ = 5.4 Hz, 1H), 5.04
(t, %)= 5.6 Hz, 1H), 4.55 (d, 3/ = 5.4 Hz, 2H), 4.52 (d, 3/ = 5.6 Hz, 2H); 3C-NMR (DMSO-ds, 101 MHz, ppm):
6=144.9, 136.0,134.1, 128.6, 127.9, 127,6, 54.2, 21.0, 50.9.

4,5-Bis(hydroxymethyl)-1H-1,2,3-triazole (1): 1-Benzyl-(4,5-bis(hydroxymethyl)-1,2,3-triazole (4)
(32.3 g,147 mmol, 1 eq.) was added in portions to liquid ammonia (350 mL) under vigorous mechanical
stirring at -70 °C. Sodium (13.0 g, 565 mmol, 3.8 eq.) was added in small portions over 2 h until the
reaction mixture turned blue. The mixture was stirred for 2 h and then quenched by slowly adding
NH.Cl in portions until the blue color of the mixture disappeared (approx. 1 h) while the temperature
was maintained at —70 °C. The mixture was allowed to warm up to RT and quenched with ice water
(500 mL). By evaporation at reduced pressure, the volume of the reaction mixture was concentrated
to around 100 mL and conc. HCl was added until pH 1 was obtained. The suspension was filtrated, and
the solvent of the clear filtrate was removed under reduced pressure. The residue was extracted with
hot acetonitrile (5 x 400 mL) and the extracts were stored at 3 °C for 3 days. The formed precipitate
was filtered under reduced pressure and washed with cold acetonitrile to provide 1 as a yellowish
powder (15.7 g, 121 mmol, 82%).

IH-NMR (DMSO-ds, 400 MHz, ppm): & = 4.55 (s, 4H); *C-NMR (DMSO-ds, 101 MHz, ppm): & = 142.1,
53.6; IR (ATR): ¥ (cm™) = 3024 (s), 2921 (m), 2800 (s), 2711 (s), 2628 (s), 2505 (m), 1838 (w), 1739 (m),
1601 (w), 1515 (w), 1456 (m), 1434 (m), 1385 (m), 1338 (m), 1310 (m), 1257 (w), 1233 (m), 1210 (m),
1175 (w), 1123 (m), 1029 (s), 1009 (vs), 967 (s), 939 (s), 804 (s), 728 (m), 674 (m), 661 (s), 519 (m); EA
(CaH7N30;, 129.12 g mol™): calc.: € 37.21, N 32.54, H 5.46%; found: C 36.93, N 32.42, H 5.39%; HR-MS
(ESI, 70 eV): [C4H7N303] calc.: 130.0617 (M + H)*; found: 130.0613.

General procedure for N-nitration:

Nitric acid (1.5 mL, 1 part) was added dropwise to a mixture of acetic acid (1.5 mL, 1 part) and acetic
acid anhydride (7.5 mL, 5 parts) at 5-10 °C. To the cold solution, H-triazole was added portion-wise at
below 5 °C. The solution was stirred for 20 min at 5 °C, then 20 min at RT and then poured on ice water
(50 mL). After extraction with ethyl acetate (3 x) the combined extracts were neutralized with sat. aqg.

NaHCOs. The organic phase was dried over anhydrous sodium sulphate and the solvent was removed
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under reduced pressure (remove at ambient conditions for sensitive compounds) to yield the crude

nitro-triazoles.

4,5-Bis(nitratomethyl)-2-nitro-1,2,3-triazole  (5): 4,5-Bis(hydroxymethyl)-1H-1,2,3-triazole (1)
(250 mg, 1.93 mmol) was used to vyield 5 (456 mg, 1.72 mmol, 89%) as a white solid after
recrystallization from a small amount of methanol at 4 °C.

H NMR (Acetone-ds, 400 MHz, ppm) & = 5.94 (s, 4H); 3C NMR (Acetone-ds, 101 MHz, ppm) & = 143.0,
65.1; 15N NMR (Acetone-ds, 41 MHz, ppm) & = -49.5 (t, 3J = 3.9 Hz), -60.2 (t, 3/ = 2.7 Hz), -67.8, -80.3; IR
(ATR): ¥ (cm™) = 2853 (vw), 1630 (vs), 1480 (w), 1345 (w), 1269 (vs), 1135 (s), 922 (m), 825 (s), 793 (vs),
728 (s), 586 (w), 578 (w); EA (C4HaNgOs = 232.11 g mol™) caled.: C 18.19, N 31.82, H 1.53%. Found: C
18.35, N 31.76, H 1.53%; Sensitivities: BAM drop hammer: <1 J; BAM friction tester: 15 N; DTA (5 °C
min?): 66 °C (endo.), 159 °C (dec.).

4-(Azidomethyl)-5-(nitratomethyl)-2-nitro-1,2,3-triazole (6): 4-(azidomethyl)-5-hydroxymethyl)-1H-
1,2,3-triazole (2) (250 mg, 1.62 mmol) was used to yield 6 (290 mg, 1.12 mmol, 73%) as a colorless oil
after flash column chromatography (iHex/EtOAc, 6/2).

'H-NMR (DMSO-ds, 400 MHz, ppm): 6 = 5.85 (s, 2H), 4.83 (s, 2H); 3C-NMR (DMSO-ds, 101 MHz, ppm):
6 =144.8, 141.1, 64.3, 43.4; >N-NMR (Acetone-ds, 41 MHz, ppm): § = -46.0 (t, 3/ = 4.0 Hz), -59.6 (t, %/
=2.7 Hz), -62.7 (t,*) = 2.8 Hz), -66.5 (s), -81.3 (s), -134.4 (t, *J = 4.0 Hz), -165.7 (s), -311.9 (s); IR (ATR):
¥ (cm™)=2919 (vw), 2105 (s), 1639 (vs), 1434 (w), 1365 (w), 1274 (vs), 1218 (m), 1144 (s), 965 (m), 948
(m), 837 (s), 804 (vs), 751 (m), 728 (s), 648 (m), 588 (w); EA (CsHaNsOs, 244.13 g mol™): calc.: C 19.68,
N 45.90, H 1.65%; found: C 20.00, N 45.89, H 1.64%,; Sensitivities: BAM drop hammer: 2] (liquid);
friction tester: 120 N (liquid); DTA (5 °C min™1): 158 °C (dec.).

4,5-bis(azidomethyl)-2-nitro-1,2,3-triazole (7): 4,5-Bis(azidomethyl)-1H-1,2,3-triazole (3) (250 mg,
1.40 mmol) was used to yield 7 (271 mg, 1.21 mmol, 86%) as a colorless oil after flash column
chromatography (iHex/EtOAc, 8/12).

'H NMR (Acetone-ds, 400 MHz, ppm) & = 4.80 (s, 4H); 3C NMR (Acetone-ds, 101 MHz, ppm) & = 145.3,
45.0; >N NMR (Acetone-ds, 41 MHz, ppm) & = -65.0, -133.9, -166.1, -314.5; IR (ATR) ¥ (cm™) = 2922
(w), 2098 (vs), 1642 (vs), 1481 (vw), 1440 (w), 1328 (w), 1276 (vs), 1143 (vs), 960 (m), 889 (w), 809 (vs),
728 (s), 653 (w), 554 (w); EA (C4H4N1002 = 224.14 g mol™) caled.: C 21.43, N 62.49, H 1.80%. Found: C
21.64, N 62.86, H 1.95%; Sensitivities: BAM drop hammer: 1 J; friction tester: 20 N; DTA (5 °C min™):
161 °C (dec.).
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4,5-bis(bromo)-2-nitro-1,2,3-triazole (8): 4,5-bis(bromo)-1H-1,2,3-triazole (1.00 g, 4.41 mmol) was
used to yield 8 (1.11 g, 4.08 mmol, 93%) as colorless solid.

13C NMR (Acetone-ds, 101 MHz, ppm) & = 130.0; *N NMR (Acetone-ds, 29 MHz, ppm) & = -70; IR (ATR)
¥ (cm™) = 3133 (w), 2962 (w), 2859 (m), 1674 (m), 1644 (vs), 1446 (w), 1379 (m), 1361 (m), 1349 (m),
1315 (m), 1285 (s), 1275 (s), 1165 (s), 1152 (s), 1145 (m), 1100 (m), 1041 (vs), 984 (m), 948 (m), 813 (s),
755 (m), 724 (s), 536 (m), 417 (m); EA (C2Br,N4O, = 271.86 g mol™?) calcd.: C 8.84, N 20.61, H 0.00%.
Found: C 8.98, N 20.37, H 0.00%; Sensitivities: BAM drop hammer: 3 J; friction tester: 240 N; DTA (5 °C

min~2): 89 °C (endo. Followed by exo.).

4,5-bis(methylcarboxylate)-2-nitro-1,2,3-triazole (9): 4,5-bis(methylcarboxylate)-1H-1,2,3-triazole
(502 mg, 2.70 mmol) was used to yield 9 (350 mg, 1.52 mmol, 56%) as off-white solid.

'H NMR (Acetone-ds, 400 MHz, ppm) & = 4.01 (s, 6H); 3C NMR (Acetone-ds, 101 MHz, ppm) & = 159.6,
139.9, 53.9; *N NMR (Acetone-de, 29 MHz, ppm) 6 = -70.5; IR (ATR) ¥ (cm™) = 2964 (vw), 2949 (vw),
1748 (s), 1733 (s), 1672 (s), 1482 (m), 1450 (w), 1430 (m), 1306 (s), 1284 (vs), 1233 (m), 1196 (w), 1145
(s), 1129 (s), 1093 (vs), 988 (m), 945 (w), 834 (s), 804 (vs), 800 (vs), 771 (s), 727 (s), 599 (m); EA
(CeHgN4O4 = 200.15 g mol™?) caled.: C 31.31, N 24.35, H 2.63%. Found: C 31.37, N 24.07, H 2.43; DTA
(5 °Cmin™): 60 °C (endo), 165 °C (dec.).

2. X-Ray Diffraction

Crystal structure data were obtained from an Oxford Xcalibur3 diffractometer with a Spellman
generator (voltage 50 kV, current 40 mA) and a Kappa CCD area for data collection using Mo-
Ka radiation (A =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-Ky
radiation). The data collection was performed using the CRYSTALIS RED software.5* The
solution of the structure was performed by direct methods and refined by full-matrix least-
squares on F2 (SHELXT)B% implemented in the OLEX2 1.3!%¢] software suite. The non-hydrogen
atoms were refined anisotropically and the hydrogen atoms were located and freely refined
if possible. The absorption correction was carried out by a ScALE3 ABSPACK multiscan method.[7!
DiaMOND4 plots are 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.[8

CCDC contain the supplementary crystallographic data for this paper. Their data can be
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obtained free of charge from the Cambridge Crystallographic Data Centre. The molecular
moieties are represented in Figure S1 to Figure S2 and the crystallographic data and structure
refinement details are shown in Table S1 to S2. Crystals suitable for measurement were grown

by evaporating the solvents at ambient conditions: acetonitrile (1), reaction mixture (4),

methanol (5, 8 and 9).

Figure S$1. The molecular moiety of 1 is derived from low-temperature crystal structure measurement. Thermal ellipsoids
are drawn at the 50 % probability level.

Compound 1 crystallizes in the monoclinic space group P2i/c with a cell volume of
563.12(14) A3 and four formula units per cell. The cell constants are a=7.3284(9) A,
b =6.5102(9) A and ¢ = 12.2865(18) A, with a density of 1.523 g cm™ at 102 K.

Figure $2. The molecular moiety of 4 derived from low-temperature crystal structure measurement. Thermal ellipsoids are
drawn at the 50 % probability level.
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Compound 4 crystallizes is the orthorhombic space group P212121 with a cell volume of
1065.8(3) A2 and four formula units per cell. The cell constants are a=9.1325(11) A,
b =9.9724(14) A and ¢ = 11.7022(17) A, with a density of 1.366 g cm™3 at 101 K.

o

Figure S3. The molecular moiety of 5 derived from low-temperature crystal structure measurement. Thermal ellipsoids are
drawn at the 50 % probability level.

Compound 5 crystallizes in the orthorhombic space group P21/c with a cell volume of
966.1(4) A3 and four formula units per cell. The cell constants are a=8.5382(18) A,
b =15.893(3) A and ¢ = 8.0151(15) A, with a density of 1.816g cm™3 at 102 K.

Br1

Br2

Figure S4. The molecular moiety of 8 derived from low-temperature crystal structure measurement. Thermal ellipsoids are
drawn at the 50 % probability level.

Compound 8 crystallizes in the orthorhombic space group Pbcm with a cell volume of
1338.1(2) A3 and eight formula units per cell. The cell constants are a=10.499(1) A,
b =15.7769(15) A and c = 8.0781(6) A, with a density of 2.699 g cm3 at 101 K.
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Figure S5. The molecular moiety of 9 derived from low-temperature crystal structure measurement. Thermal ellipsoids are
drawn at the 50 % probability level.

Compound 9 crystallizes in the monoclinic space group P2 with a cell volume of 468.27(3) A3
and two formula units per cell. The cell constants are a = 6.3706(2) A, b = 9.7460(4) A and
c = 8.1500(3) A, with a density of 1.632 g cm™3 at 173 K.

S9

413



Table S1. Crystallographic data and structure refinement details for the prepared compounds 1, 4 and 5.

Compound 1 4 5
Formula C4H7N302 C11H13N30; C4HaNgOs
FW [g mol™] 129.13 219.24 264.13
Crystal system monoclinic orthorhombic monoclinic
Space group P21/c (No. 14) P212121 (No. 19) P21/c (No. 14)
Color / Habit colorless block colorless block colorless block
Size [mm] 0.10x0.10x0.50 0.30x0.37x0.56 0.30x0.30 x0.50
a [A] 7.3284(9) 9.1325(11) 8.5382(18)
b [A] 6.5102(9) 9.9724(14) 15.893(3)
c[A] 12.2865(18) 11.7022(17) 8.0151(15)
a[] 90 90
B[] 106.124(13) 117.35(3)
vI[°] 90 90
vV [A3] 563.12(14) 1065.8(3) 966.1(4)
Z 4 4 4
Peale. [g cm™3] 1.523 1.366 1.816
i [mm] 0.124 0.097 0.176
F(000) 272 464 536
Amoka [A] 0.71073 0.71073 0.71073
T [K] 102 101 102
6 Min-Max [°] 2.9,26.4 2.7,26.4 2.6,26.4
-11:7;-12:12;-14: -10:10,-19:14; -
Dataset -8:9;-8:8;-15:14 11 10: 10
Reflections collected 4966 4040 8647
Independent refl. 1152 2176 1972
Rint 0.029 0.040 0.047
Observed reflections 894 1485 1555
Parameters 113 198 163
R1 (obs)l@ 0.0427 0.0606 0.0441
WR; (all data)t! 0.1189 0.0860 0.1430
sl 1.08 1.12 0.98
Resd. dens [e A-3] -0.19, 0.30 -0.20, 0.27 -0.26, 0.32
Device type Xcalibur Sapphire3 Xcalibur Sapphire3  Xcalibur Sapphire3
Solution SIR-92 SIR-92 SIR-92
Refinement SHELXL-2013 SHELXL-2013 SHELXL-2013
Absorption . . .
. multi-scan multi-scan multi-scan
correction
CCDC 2270387 2270383 2270386

@Ry = 3| |Fo|~|Fc| |/2]Fol; ®IWR: = [E[w(Fo?-F2)?1/E[w(Fo)?]1¥2%; w = [0c?(Fo?)+(xP)2+yP] 2

and P=(Fo2+2F2)/3; €IS = (Z[w(Fo?-F2)2]/(n-p))¥2 (n = number of reflections; p = total number
of parameters).

S10

414



Table S2. Crystallographic data and structure refinement details for the prepared compounds 8 and 9.

Compound 8 9
Formula 2(BrCN20) CsHsN4Os
FW [g mol™] 271.88 230.15
Crystal system orthorhombic monoclinic
Space group Pbcm (No. 57) P21 (No. 4)
Color / Habit colorless block colorless block
Size [mm] 0.05x0.10x0.50 0.02 x0.04 x0.16
a [A] 10.499(1) 6.3706(2)
b [A] 15.7769(15) 9.7460(4)
c [A] 8.0781(6) 8.1500(3)
al°] 90
B[] 112.271(1)
y [:] 90
V[A3] 1338.1(2) 468.27(3)
Z 8 2
Pealc. [g cm3] 2.699 1.632
i [mm1] 12.057 0.148
F(000) 1008 236
Amoka [A] 0.71073 0.71073
T [K] 101 173
0 Min-Max [°] 1.9,26.4 3.4,283
-13:11;-19:19,;-10: -8:8,;-13:13;-10:
Dataset
9 10
Reflections collected 10240 9449
Independent refl. 1462 2309
Rint 0.052 0.034
Observed reflections 1053 2098
Parameters 109 170
R1 (obs) 0.0335 0.0308
WR; (all data)!®! 0.0820 0.0735
sl 1.04 1.07
Resd. dens [e f&‘3] -0.52,0.76 -0.16, 0.22
Device type Xcalibur Sapphire3 Bruker D8 Venture
Solution SIR-92 SIR-92
Refinement SHELXL-2013 SHELXL-2013
Absorption . .
. multi-scan multi-scan
correction
CCDC 2270384 2270385

@Ry = 3| |Fo|-|Fc| |/2|Fol; P'wWRa = [E[w(Fo?-F2)21/E[w(Fo)211¥%; w = [oc?(Fo?)+(xP)2+yP] ™

and P=(Fo>+2F2)/3; 98 = (Z[w(Fo2-F2)?]/(n-p))/2 (n = number of reflections; p = total number
of parameters).
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3. Differential Thermal Analysis

Exo up

161 ||
|
7
158 }'l
s ""/f 6
|
I‘I
159 ||
66
\180
|
|
/ ¥ PETN
——— E
143
T l T I ] I T ] T I T I T ;
50 100 150 200 250 300 350

Temperature [°C]

Figure S6. Plots of the differential thermal analysis of PETN, 5, 6, and 7 with a heating rate of 5 K min-L.
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4. Computation

Heat of Formation (HOF) Computation

All quantum chemical calculations were carried out using the Gaussian G09 program
package.*®! The enthalpies (H) and free energies (G) were calculated using the complete basis
set (CBS) method of Petersson and co-workers in order to obtain very accurate energies. The
CBS models are using the known asymptotic convergence of pair natural orbital expressions
to extrapolate from calculations using a finite basis set to the estimated CBS limit. CBS-4 starts
with an HF/3-21G(d) geometry optimization; the zero-point energy is computed at the same
level. It then uses a large basis set SCF calculation as a base energy, and an MP2/6- 31+G
calculation with a CBS extrapolation to correct the energy through second order. A
MP4(SDQ)/6-31+ (d,p) calculation is used to approximate higher-order contributions. In this
study, we applied the modified CBS-4M.

HOF’s of ionic compounds were calculated using the atomization method (equation E1) using
room temperature CBS-4M enthalpies, which are summarized in Table $3.[510. 5111

AiH® (g, m, 298) = H(Molecule, 298) — Y HC (Atoms, 298) + Y AtH® (Atoms, 298) (E1)

Table $3. CBS-4M electronic enthalpies for atoms C, H, N and O and their literature values for atomic AH°f298 / kJ mol-1

-H*%8 [a.u.] NIST[22]
H 0.500991 218.2
C 37.786156 717.2
N 54.522462 473.1
o) 74.991202 249.5

For neutral compounds the sublimation enthalpy, which is needed to convert the gas phase
enthalpy of formation to the solid state one, was calculated by the Trouton rule.’'3! For ionic
compounds, the lattice energy (UL) and lattice enthalpy (AH.) were calculated from the
corresponding X-ray molecular volumes according to the equations provided by Jenkins and
Glasser.51% With the calculated lattice enthalpy the gas-phase enthalpy of formation was
converted into the solid state (standard conditions) enthalpy of formation. These molar
standard enthalpies of formation (AHm) were used to calculate the molar solid-state energies
of formation (AUm) according to equation E2.
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AUm = AHm — An RT (E2)

(An being the change of moles of gaseous components)

The calculation results are summarized in Table S4.

Table S4. Calculation results for neutral compounds.

—H?8 [a.u.] AeHo(g,M) [k) mol™]  AsH°(s) [k) mol™] An AsU(s) [k kg™]
5 1083.41796 153.6 90.9 -9.0 428.7
6 967.404102 1123.4 536.0 -8.5 2282.0
7 851.387555 1003.5 964.5 -8.0 4391.7

Bond dissociation energy (BDE)

To better understand the

rare heteroaromatic N-NO2 bond, homolytic and heterolytic bond

dissociation energies were calculated. Therefore, four reactions were postulated in Figure S7, and the

HOF of all molecules were calculated for the gas phase (Table S5). The HOF of the reactant is subtracted

from the sum of the HOF’s

dissociation (Table S6).

of the cleavage products. The energy obtained represents the bond

Table S5. Calculation results of radical and ionic fractions of |11for bond dissociation.

—H?8 [a.u.] AsH°(g,M) [k) mol™]

11 1083.41796 153.6
12 204.863105 30.5

13 878.47832 324.0
14 878.482214 313.8
15 204.500147 983.4
16 878.654738 -139.2
17 878.595186 17.2
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Figure S7. From top to bottom: a) Homolytic cleavage of N-NO2 (I1) to radicals 12 and 13. b) Homolytic cleavage of O-NO2

(11) to radicals 12 and 14. c) Heterolytic cleavage of N-NO2 (I1) to cation 15 and anion 16. d) Heterolytic cleavage of O-NO2

Table S6. Bond dissociation energies for reactions of Figure S7.

AsHo(g,M) [k mol™]  AH°(g,M) [kJ mol™] BDE
(11) (Product) [kJ mol™]
a) 153.6 354.5 200.9
b) 153.6 344.3 190.7
c) 153.6 844.2 690.6
d) 153.6 1000.6 847.0
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5. Hirshfeld

A Hirshfeld surface of the molecular moiety of the crystal structure of 5 was generated,
analyzed and visualized with the CrystalExplorer21 program. [S15] The contacts and
fingerprint plots are represented in Figure S8 and discussed in the main document. The plot
represents atom interactions between molecules. de represents the external distance from
the atom to the surface whereas di shows the inner distance. Close contacts can be found in
the lower left corner of each Fingerprint plot. Furthermore, the red dots on the surface
illustrate the closest contacts between the molecules. There are discussions about relations
between the Hirshfeld surface and impact or friction sensitivity. [S16] The amount of O-O, N-
O and N-N close contacts seems to correlate with the sensitivity. It is shown that high amounts
of those interactions are indicating a high impact sensitivity. [S17] This agrees for compound

5.
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Figure S8 Fingerprint plot, Hirshfeld surface and location of the interactions within the Fingerprint of compound 5.
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6. NMR Spectroscopy
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H-NMR (DMSO-ds, 400 MHz, ppm)

EEE—

1874
Nm.wk

iz
uw.ﬂw
s
mo.mW.
S0°S
6L
:}N.
Nv‘m\\

09
VoL
vt
§TL
s
TL
orr
0Es
TEL
471
€L
£EL
vE'L
Ve,
L
SE'L
Ll
kol d
174
1872
BEL

HO

HO

JJUM, N B O

Compound 4

Mmm L
%L
860

=00l
F-86°L

Foos

F

ppm ('H)

13C-NMR (DMSO-ds, 101 MHz, ppm)

SH0E
00 —mv
1Tvs ="

LEyE

mn.mw_V
roee
ELPEL~—
66°SEL-—

B6PPL—

HO

HO

Compound 4

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
13,
ppm {"°C)

210

S18

422



"H-NMR (Acetone-ds, 400 MHz, ppm)
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13C-NMR (Acetone-ds, 101 MHz, ppm)
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3C-NMR (Acetone-ds, 101 MHz, ppm)
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BC-NMR (Acetone-ds, 101 MHz, ppm)
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Abstract: Desirable advancements in the field of explosive materials include the development of
novel melt-castable compounds with melting points ranging from 80 to 110 °C. This is particularly
important due to the limited performance and high toxicity associated with TNT (trinitrotoluene). In
this study, a series of innovative melt-castable explosives featuring nitratoalkyl and azidoalkyl func-
tionalities attached to the 3-nitro-, 4-nitro-, 3,4-dinitropyrazole, or 3-azido-4-nitropyrazole scaffold
are introduced. These compounds were synthesized using straightforward methods and thoroughly
characterized using various analytical techniques, including single-crystal X-ray diffraction, IR
spectroscopy, multinuclear nuclear magnetic resonance (NMR) spectroscopy, mass spectrometry,
elemental analysis, and DTA. Furthermore, the energetic properties such as (theoretical) performance
data, sensitivities, and compatibilities of the compounds were evaluated and compared among the
different structures.

Keywords: melt-cast explosives; nitropyrazoles; nitrate ester; azides; structure elucidation

1. Introduction

Materials that store and release energy are essential for many applications. Ener-
getic materials can store large amounts of energy and release it quickly when stimulated,
whether as fuel for rockets and ammunitions or as explosives in the military or civilian
sector [1-3]. In the mining industry, the invention of dynamite (nitroglycerin absorbed in
kieselguhr) made explosive mining convenient. Today, cheap ammonium nitrate mixed
with fuel oil, called ammonium nitrate fuel oil (ANFO), is used for safer handling. The
initiation of relatively insensitive ANFO is typically performed by Pentolite, a mixture of
pentaerythritol tetranitrate (PETN) that is embedded in a trinitrotoluene (TNT) melt. In the
military sector, more robust, high-performance materials are needed. Mixtures of castable
compounds such as TNT (Comp-B, Comp-C, Pentolite) or dinitroanisole (DNAN) (IMX-101)
with high-performance materials such as hexogen (RDX), octogen (HMX), or PETN are
commonly employed and comprise a significant category of military explosives [4,5]. In
this procedure, the solid components of the compositions are agitated until they form a
homogeneous dispersion within molten TNT. This mixture is then poured into molds or
cavities and allowed to solidify as it cools. The inclusion of a melt-castable component,
such as TNT, serves as a carrier material, facilitating the shaping of explosive compositions
into desired forms and enhancing their loading capacity [5-7]. These traditional materials
have several disadvantages that science is trying to solve with new technology and mate-
rials. TNT is toxic, and prolonged exposure causes anemia and harms the liver [8]. The
production produces red wastewater which is harmful to the environment and disposal is,
therefore, problematic [9]. The commonly used explosive RDX is found in air, water, and
soil, especially around military facilities. RDX is proven to be toxic and harms the nervous
system, urinary system, and prostate of animals. In addition, there is evidence of carcino-
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genic potential in animals [10,11]. Therefore, science is looking for more environmentally
friendly alternatives with at best better detonation performance and lower sensitivity.

Recent work focusing on the replacement of RDX resulted in high-energy compounds
such as CL-20 [12] or TKX-50 [13]. For TNT replacements, a combination of azoles with
alkyl functionalities gained attention. Azido or nitrato groups combined with methyl
or ethyl groups that are attached to the aromatic ring have proven to be a construction
kit for acceptable powerful, low-sensitive, insoluble, and melting compounds [14]. The
combinations were also evaluated by computational machine learning methods with good
accuracy [15]. Examples of low-melting-point azoles are given in Figure 1.

a B
a 3,4-DNP A
BODN DAMBO NO, IS 404
IS 9J IS >40J OZNW/\g FS 300N
>
ONO N - T, 71°C
> FS 282N o FS >360 N " N T, 285°C
"~ T, 85°C | N T,70°C *
N~ T, 183°C N T, 209°C MTNP
N Nz IS 70 NO,
0 \o)\ FS >360 N O2N
ONO, N, T _91°C T H—no,
o N
L T, 256 °C |
This work:
Po NO2 N, H N NO ME-
W \ e IS >20J
Sur N“N 33 FS 96 N
m I . ( )n=1or2 N Tm. 65 °C
Slting? g 7 192°C
NO,

. -~

Figure 1. Current examples of energetic materials with suitable melting points based on
azoles with bis(1,2,4-oxadiazole)bis(methylene) dinitrate (BODN) [16], diazidomethyl-bisoxadiazole
(DAMBO) [17], 3,4-dinitro-1H-pyrazole (3,4-DNP) [18,19], 1-methyl-trinitropyrazole (MTNP) [20],
and (MC-3) [15] and sensitivity toward impact and friction as well as their endo- (Tr,.) or exothermic
(T4.) behavior under heating.

The organic nitrate BODN [16] has gained attention due to its desirable properties and
higher performance than TNT. The diazido-derivative DAMBO is melts 10 °C lower but
has advanced stability and is insensitive. As a general trend, alkyl organic nitrates show ac-
ceptable densities and moderate sensitivities but lack thermal stability (typically < 190 °C).
Whereas the corresponding azido derivatives show lower densities with better thermal
stabilities [21-24]. Recently, nitropyrazoles gained attention as low-melting-point ener-
getic materials (Figure 1). 3,4-DNP shows melting and late decomposition while being
sensitive and powerful, but it is acidic and would react with metal shells as is known for
picric acid. To overcome the acidity, N-H functionalization, for example, with methyl or
nitratoethyl groups, can be performed. MTNP is the most powerful compound in Figure 1
with 8960 m s~ ! detonation velocity, but is the least efficient to synthesize. Further research
has focused on powerful pyrazoles through their combination with ortho azido/nitro
groups [25], trinitromethyl moieties [26-28], or alkyl bridges [29-31], and also energetic
coordination compounds [32] have been described. To study the effects of different ex-
plosophoric groups (nitro and azido), various chain lengths, and substitution patterns
on pyrazoles concerning the properties of potential melt-cast explosives—including at-
tributes such as melting temperature, decomposition temperature, density, and detonation
parameters—we utilized the well-known 3-nitro-, 4-nitro, and 3,4-dinitropyrazoles as build-
ing blocks in this work, since compounds based on nitropyrazoles are reported as powerful
energetic materials [33-35]. These nitropyrazoles were modified by replacing their acidic
N-H position with alkyl azide and nitrate groups, thus customizing their properties to
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align with those of a melt-cast explosive. Additionally, we synthesized ortho azido/nitro
compounds, resulting in substances with modified properties.

2. Results and Discussion
2.1. Synthesis

The synthesis is divided into two sections: 1. synthesis of nitrate esters, and 2. synthe-
sis of azides (Figure 2). The compounds with these functional groups were synthesized
using 3-nitro- [19], 4-nitro- [36] and 3,4-dinitropyrazole [19] backbones, each equipped with
either a methyl or an ethyl chain. In both cases, hydroxy moieties acted as the starting
compounds. In accordance with literature procedures, 1-hydroxymethyl-3-nitropyrazole
compounds (1) and 1-hydroxymethyl-4-nitropyrazole (7) were synthesized by reacting
3-nitropyrazole or 4-nitropyrazole with 40% formaldehyde solution [37]. For the hydrox-
yethyl groups, compounds (4) and (8), the nitropyrazole rings were deprotonated with
potassium carbonate and further reacted with 2-bromoethanol [38].
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Figure 2. Synthesis overview of azido- and nitratoalkyl-nitropyrazoles.
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Starting from 1-hydroxymethyl-3-nitropyrazole [37] (1) and 1-hydroxyethyl-3-nitropyrazole
(4) [38], four different compounds were synthesized using different nitrating agents. Acetyl
nitrate converted the hydroxy group to a nitrate ester with good yields within a few minutes
(2: 81%, 5: 90%). Nitration with fuming nitric acid for three hours led to the additional nitra-
tion of the 3-nitropyrazole ring at the C4 position. In this case, the yield of the hydroxyethyl
compound (4) was significantly better (6: 94%) than for the hydroxymethyl compound (1)
(3: 41%). An HPLC study showed that a large percentage of the nitratomethyl moiety was
cleaved off during the nitration of OH group. Introducing the nitro group at the C4 position
of the pyrazole ring enhances electron withdrawal from the pyrazole ring, leading to the
cleavage of the nitratomethyl group. This phenomenon is evident in LC-MS measurements
(see SI LC-MS measurements) and results in the lower yield of compound 3. The cleavage
of the nitratomethyl group was also observed at lower temperatures (—30 °C), resulting in
approximately the same amount of reaction products. Additionally, compounds (3) and (6)
were synthesized by reacting (2) and (5) with fuming nitric acid.

Replacing 3-nitropyrazole [19] with 4-nitropyrazole [36] enables successful reaction
of the hydroxyethyl compound (8) with acetyl nitrate, yielding the desired nitratoethyl
compound (9) with a satisfactory yield of 77%. However, attempts to nitrate the hydroxy
group of the hydroxymethyl compound (7) were unsuccessful. As observed with compound
(3), the nitratomethyl group formed in this reaction was cleaved off completely, precluding
the formation of the desired product. During the reaction of compound (7) with acetyl
nitrate, only 4-nitropyrazole could be isolated. Upon nitration with fuming nitric acid or
N;Os, the major product obtained was the nitrate salt of 4-nitropyrazole. Using TFAA and
NH4NOj as the nitration system resulted not only in the cleavage of the nitratomethyl
group but also in the nitration of the pyrazole ring at the N1 position.

To synthesize the azidomethyl compounds, the hydroxymethyl compounds (1) and (7)
were initially converted to 1-chloromethylnitropyrazoles [39] (10) and (12) using thionyl
chloride with high yields of 90% and 87%, respectively. Both compounds were further
subjected to a substitution reaction, resulting in the successful formation of the desired
azidomethyl compounds (11) and (13) in a good yield (11: 86%, 13: 87%). The attempted
nitration of compound (11) at the C4 position of the pyrazole ring, using fuming nitric acid,
resulted in the substitution of the azido group with a nitrato group, thereby regenerating
compound (3) among other by-products. To circumvent this issue, the nitro group was
first introduced by the previously described method prior to azide exchange, yielding
compound 14. Efforts to prepare 1-azidomethyl-3,4-dinitropyrazole through sodium azide
substitution proved challenging. The typical use of 1.5 equivalents resulted in the substitu-
tion of the chlorine atom and also in an undesired substitution of the nitro group at the C3
position [30,40], leading to a mixture of compound 15 and the ortho azido/nitro compound
16, which could be separated by column chromatography. In order to prevent substitution
at the nitro group, the reaction was conducted with a precise amount of 1.0 equivalent of
sodium azide. While this approach reduced the formation of compound 16, the reaction
remained incomplete and additional by-products were observed. Attempts to address this,
by adjusting the reaction temperature or time, proved ineffective. However, increasing the
equivalents to 2.5 resulted in the complete substitution of both the chlorine atom and nitro
group at the C3 position, leading to full conversion to compound 16. Upon attempting the
conversion of (6) to 1-nitratoethyl-3-azido-4-nitropyrazole by replacing the nitro group at
the C3 position with an azide moiety, an additional substitution of the nitrate ester with
azide occurred, resulting in the formation of compound 20 in a good yield of 68%.

In the synthesis of azidoethyl compounds, the implementation of an azidoethyl trans-
fer method [41] proved advantageous as this method allowed for the elimination of two
reaction steps. The procedure involved the in situ deprotonation of nitropyrazoles, fol-
lowed by their reaction with 1-azido-2-chloroethane (17, 18) or 2-azidoethyl mesylate (20)
at elevated temperatures using standardized conditions. These reactions were conducted
in DMF as the solvent, and the resulting products could be efficiently isolated through
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extraction, giving satisfactory yields. If required, the products can be easily purified using
column chromatography.

Three of the described compounds (2, 3, 6) were previously reported in the litera-
ture [15]. The synthesis of compound 2 closely followed established literature procedures.
Compounds 3 and 6 were synthesized more efficiently, involving fewer steps, by nitra-
tion of the OH group and the subsequent introduction of the second nitro group to the
pyrazole ring.

2.2. Crystal Structures

Crystals of compounds 1-13, 16, 19, and 20 were obtained either by recrystallization
(1, 7: chloroform; 2, 3, 5: methanol; 4: ether/dichloromethane; 6, 20: ethanol; 8, 16:
ethyacetate, 20: ether) or directly from the reaction mixture (9-13). The crystal structures of
the energetic compounds are illustrated in Figure 3. The Supporting Information contains
further information on the X-ray measurements and refinements, as well as crystal structure
figures for compounds 1, 4, 7, 8, 10, and 12. Additional information on the X-ray structure
determinations were deposited in the CCDC database [42], and the corresponding numbers
are: 1: 2255656, 2: 2255417, 3: 2255418, 4: 2255410, 5: 2255415, 6: 2255419, 7: 2255411, 8:
2255658, 9: 2255412, 10: 2255416, 11: 2255657, 12: 2255409, 13: 2255413, 16: 2261896, 19:
2255414, 20: 2269934.

The non-hydrogen atoms’ ellipsoids in all structures are depicted at a 50% probability
level.

Figure 3. Molecular units of synthesized azido- and nitratoalkyl-nitropyrazoles: (A) 1-
nitratomethyl-3-nitropyrazole (2); (B) 1-nitratomethyl-3,4-dinitropyrazole (3) and its extended
structure; (C) 1-nitratethyl-3-nitropyrazole (5) and its extended structure; (D) l-nitratoethyl-4-
nitropyrazole (9); (E) 1-nitratoethyl-3,4-dinitropyrazole (6); (F) 1-azidomethyl-3-nitropyrazole (11);
(G) 1-azidomethyl-4-nitropyrazole (13); (H) 1-azidoethyl-3,4-dinitropyrazole (19); (I) 1-azidoethyl-3-
azido-4-nitropyrazole (20); (J) 1-azidomethyl-3-azido-4-nitropyrazole (16) and its extended structure.
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The bond lengths of the pyrazole ring observed in all crystal structures (e.g., 3: N6—C7
1.344(7), C7-C6 1.364(8); 9: N1-C3 1.333(2), C2-C1 1.392(2); 11: N1-N2 1.347(4), C2-C3
1.363(6)) are consistent with the typical range found in substituted pyrazoles [43]. In the
mononitrated structures obtained, hydrogen bonds formed with neighboring CH elements
cause the nitro group to adopt a nearly planar conformation within the pyrazole ring,
regardless of its position at the 3- or 4-position (e.g., 2: C2-C1-N3-02 3.0°; 13: C3-C2-
N3-02 —4.7°). However, when an additional nitro group is introduced at the 4-position of
the 3-nitropyrazole, the nitro group at the 3-position undergoes a rotational displacement
from the pyrazole plane, while the nitro group at the 4-position retains its planarity with
the pyrazole ring (e.g., 3: C3-C2-N4-04 -6.5°, C2-C1-N3-02 -30.6°). The analysis of the
nitratomethyl compounds reveals that in both cases, the nitro group of the nitrate ester is
positioned away from the pyrazole ring, forming a nearly planar arrangement with the
side chain (2: C4-O3-N4-05 -0.4°; 3: C4-O5-N5-07 —6.0°). In the nitratoethyl compounds,
a gauche conformation is observed between the pyrazole ring and the nitrate ester (e.g., 6:
05-C5-C4-N1 61.2°). A similar conformation is also observed in the azidoethyl compound.
The azide group is nearly perpendicular to the pyrazole ring, resulting in a lower density.
In contrast to the corresponding nitrate esters, the azidomethyl compounds have the azido
group directed toward the pyrazole ring. However, in the azido-nitro compound 16, the
azido group is oriented in the opposite direction. Both, the nitro group and the azido group
in these compounds lie in the same plane as the pyrazole ring (e.g., 16: N4-N3-C1-N2 6.4°
(azido); 20: O1-N6—-C2—-C3 177.2° (nitro)), with the azido group pointing away from the
nitro group due to electrostatic repulsion.

The mononitrated nitrate ester compounds (2, 5, 9) exhibit similar extended structures,
as illustrated by the example of compound 5 in Figure 3C. These compounds form layered
structures, where pyrazole rings are arranged in mirror symmetry, forming a unit within
each layer. The side chains are positioned centrally within the layers. The extension of
the side chains induces curvature in the layers, leading to a decrease in density (cf. 2:
1.696 g/cm3, 5: 1.629 g/cm?). Additionally, the nitro group at the C4 position instead of the
C3 position results in an increased spacing between the layers (cf. 5: 4.5433(14) A, 9: 7.6928
(18) A), further contributing to the reduced density (cf. 5: 1.629 g/cm?, 9: 1.613 g/cm?3). The
dinitrated compounds 3 and 6 display zig-zag structures with acute angles, as exemplified
by compound 3 in Figure 3B. This structural arrangement is more pronounced in the methyl
derivative 3 than in the ethyl derivative 5, which likely accounts for the increased sensitivity
observed in compound 3 (IS: 4 ]). The structural arrangements of the azide compounds (11,
13, 19) vary and do not exhibit comparable patterns. The dinitro compound (19), similar
to nitric esters, exhibits a zig-zag structure. The extended structures of the azido-nitro (16,
20) compounds demonstrate a rectangle formation, characterized by distinct orientations
within each structure. (All the extended structures of energetic compounds are found in
the Supplementary Information).

2.3. Physicochemical Properties

The physicochemical properties of the nitrate esters (2, 3, 5, 6, 9) and azides (11,
13, 15-20) have been systematically summarized in Table 1. The assessment of their
response to external stimuli unveiled that the majority of the investigated compounds
exhibit low sensitivity or insensitivity towards impact and friction. Exceptions were
observed with the nitrate ester (3), which displayed an impact sensitivity value of 4 J,
positioning it at the borderline of highly sensitive materials. The manifestation of the
unexpectedly increased impact sensitivity for (3) becomes apparent upon checking the
crystallographic arrangement, wherein distinct zig-zag motifs are prominently observed
throughout the extended structure. Moreover, the electrostatic discharge (ESD) sensitivity
of the compound was assessed, revealing a value of 51 m]. This falls below the threshold of
the electrostatic charge typically associated with a human being, underscoring the need
for cautious handling measures. Moreover, the azido-nitro compounds (19) (IS: <1 ], FS:
10 N) and (20) (IS: 2 J, FS: 80 N) demonstrated sensitivities in the range of highly sensitive
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materials. This can be attributed to the presence of adjacent azido and nitro groups, which
result in electrostatic repulsion.

Table 1. Physicochemical properties and detonation parameters of all synthesized energetic com-
pounds compared to TNT [44].

A Hof D¢ 8 h
a b c (o d (o e 3 f CJ pcy

IS (J) FS (N) Tmelt ( C) Texo. ( C) P (g/cm ) (k]/mol) (m/s) (GPa)
) >40 >360 70 161 1.696 —20.2 7675 24.3
(3) 4 288 93 159 1.848 8.7 8668 33.6
(5) >40 >360 78 198 1.629 —67.1 7163 19.8
(6) 30 >360 61 198 1.734 —43.1 7932 26.7
9) >40 >360 52 191 1.613 —65.0 7110 19.5
(11) >40 >360 40 179 1.513 401.8 6972 19.9
(13) >40 >360 42 174 1.547 398.7 7100 19.8
(15)1 >40 >360 / 154 1.58] 433.9 7679 23.1
17)1 >40 >360 / 214 1.287 369.6 6235 11.9
(18)1 >40 >360 / 214 1.34] 372.1 6483 13.3
(19) 25 >360 50 216 1.664 382.5 7639 22.9
(16) <1 10 57 157 1.670 755.8 7945 24.4
(20) 2 80 41 172 1.554 707.4 7274 20.1
TNT 15 >360 81 289 1.65 —185 6950 20.5

2 Impact sensitivity (BAM drophammer, method 1 of 6); b friction sensitivity (BAM friction tester, method 1 of 6);
¢ endothermic event (DTA, p =5 °C-min~!); 4 temperature of decomposition (DTA, $ =5 °C.min~1);© density at
298 K recalculated from X-ray data; f heat of formation (calculated using the atomization method and CBS-4M
enthalpies); 8 detonation velocity; I detonation pressure;  liquid-oily compounds;J volumetric determination.

The vast majority of the compounds are solids, with the exception of the azidomethyl
(15) and azidoethyl (17, 18) compounds. Substances with low melting points (11, 13, 20)
undergo solidification under cooling conditions. In order to assess their melting and de-
composition temperatures, differential thermal analysis (DTA) was performed, employing
a controlled heating rate of 5 °C min~!. All solid-state compounds show melting points.
It can be generally observed that the azides demonstrate lower melting points (between
40 and 50 °C) compared to their corresponding nitrate esters, while exhibiting around
15—20 °C higher decomposition temperatures (with the exception of 15). The elongation of
alkyl chains in both azides and nitrate esters results in higher decomposition temperatures.
Consequently, the azidoethyl pyrazoles exhibit the highest decomposition temperatures
(e.g., 19: 216 °C). Among the five nitrate esters, three possess melting points within a suit-
able range (2: 70 °C, 3: 93 °C, 5: 78 °C), whereas the remaining two display slightly lower
melting points of 61 (6) and 52 °C (9), respectively. It should be noted, only compound
5 shows a decomposition temperature exceeding 100 °C beyond its melting point (Typeit:
78 °C, Tgec: 198 °C). The substitution of a nitro group with an azido group on the pyrazole
ring does not exhibit a consistent trend regarding thermal behavior.

The examination of the heat of formation and density reveals a general trend wherein
the replacement of nitrate esters with azides and the shortening of alkyl chains lead to
an increase in the heat of formation but a decrease in density. Accordingly, compounds
containing two azido groups exhibit the highest heat of formation values (16: 755.8 kJ /mol,
20: 707.4 kJ /mol). However, there are exceptions observed for the densities of certain pairs
of compounds. Specifically, the presence of an additional azido group at the ring (see 15 and
16) leads to increased density (15: 1.58 g/cm?, 16: 1.670 g/cm?). The density significantly
outweighs the heat of formation in influencing the detonation parameters. Consequently,
despite their lower heat of formation, nitrate esters exhibit superior detonation velocities
compared to azides. Among the compounds investigated, three of them exhibit detonation
velocities around and above 8000 m/s (3, 6, 16). Compound 3 stands out, with a notable
detonation velocity of 8668 m/s accompanied by a density of 1.848 g/cm?.

Compounds 3 and 5 were investigated for their compatibility with HMX and RDX
based on their promising detonation velocity and/or the thermal behavior. Differential
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thermal analysis (DTA) was employed to evaluate their compatibility. The results revealed
that compound 3 is compatible with HMX, showing minimal deviations in melting (—1 °C)
and decomposition (+3 °C) temperatures. It exhibited moderate compatibility with RDX,
with slight alterations in the thermal behavior (T,.;;: —5 °C; Tyt +5 °C). Compound 5
demonstrated moderate compatibility with RDX and HMX, as indicated by the observed
temperature deviations. When combined with RDX, both the melting point and decompo-
sition temperature exhibited a 6 °C shift. Similarly, slight temperature shifts were observed
for 5 when mixed with HMX (T,,,01:: —4 °C; Tiecom: +5 °C) (for additional information, see
Supplementary Information).

2.4. NMR Spectroscopy

The synthesized compounds were characterized using IH, 13C, and, in selected cases,
14N NMR spectroscopy. Specifically, compounds 2, 3, and 16 were further characterized
by N NMR spectroscopy. DMSO-dg, CDCl; (for 'H, 1*C and N NMR), and acetone-d6
(for >N NMR, due to slow decomposition in DMSO-dg) were employed as solvents for the
measurements. A summary of the observed chemical shifts of IH, 13C, and 15N chemical
shifts is presented in Figure 4.

position 4 " 15NNMR Spectroscopy )
1 13 _ -28
| 'H C 22 e NO,
Ho| 74 103 O,N O,N
NO,| / 125-136 ) (NOg N, H n ﬁ
-77N‘N—171 _mN\N_178
T 9 0
H 8.4 136 —soNO2 NO,
NO,| /  140-156 e
N5 / 143 -296  NO,
LN
./ methyl ethyl N~ Y\S
R H 13¢C H 13¢ =142 100 N ~N'-177
o H x=oH 5.4 75 42 59
/ "H X=d 6.2 59 / / -302 N
\
X X=0NO,| 66 79 4.9 71 s NE
. X=N, 5.7 66 43 53 b
A N -161 N J

Figure 4. 'H, 13C, and '*!>N NMR shifts (in ppm) for the synthesized compounds based on nitropy-
razole.

The assignment of 'H and '>*C NMR signals is based on comparison with literature
data [45,46]. The 'H and 13C chemical shifts provide valuable insights into the substitution
pattern (-OH, -Cl, -ONO5, -N3) of the alkyl chain in the pyrazole moiety. The nitrate ester
(2, 3) shows the weakest shielding effect to the protons of the alkyl chain, resulting in
a downfield shift (6.6 ppm), while the OH group (1, 7) displays the strongest shielding
effect, leading to an upfield shift (5.4 ppm). Substituting the nitrate ester with an azide
(see 6 and 20) causes a shift towards higher field (5.7 ppm). The same upfield shift is
observed in the case of chlorine-azide exchange (-Cl: 6.2 ppm; -N3: 5.7 ppm). The influence
of different substituents is more pronounced in compounds with a methyl group (1-3, 7,
10-16) compared to those with an ethyl moiety (5, 6, 9, 17-20), although the overall trends
remain consistent. Evidence of the substitution at the pyrazole ring can be derived from the
observed 'H and '3C chemical shifts. The proton located at position 3 experiences a larger
deshielding effect (9, 13, 18; 8.4 ppm) compared to that at position 4 (2, 5,11, 17; 7.1 ppm),
attributable to its proximity to the pyrazole nitrogen atom. This trend is also reflected in
the positions of the '*C NMR signals. Notably, nitration of one of the carbon atoms causes
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a downfield shift due to the electron-withdrawing effect of the nitro group. However, the
presence of electron-withdrawing groups on the neighboring carbon atom mitigates this
effect [47].

The assignment of the *N and 1N NMR signals resulted from the evaluated cou-
pling pattern of >N NMR spectra and 'H >N HMBC spectra (for additional information see
Figures S6—511 in the Supplementary Information). The 15N signal of the N1 atom in com-
pounds 2, 3, and 16, appears at about —175 ppm. In the disubstituted compounds (3, 16),
coupling of N1 with the ring proton at position 5 results in a doublet & Inu = 2.8-3.0 Hz).
In the case of the monosubstituted pyrazole (2), the N1 signal is split into a doublet of
doublets (*/3 InH = 6.8, 4.4 Hz) due to coupling also with the second aromatic proton in
position 4. The N2 nitrogen of the pyrazole ring exhibits a downfield shift compared to N1
(N1: about —171-177 ppm; N2: —77-100 ppm). Its 1N NMR signal is split into a triplet
(Jnu = 2.6—2.8 Hz) due to the ®] coupling with the CH, protons. The N2 NMR signal
is shifted to higher field when the C3 position is occupied by an azide instead of a nitro
group (e.g., 3: —81 ppm, 16: —100 ppm), as azides exert a weaker electron-withdrawing
effect [46]. The assignment of the nitrogen atoms of the two azido groups was possible by
analyzing the splitting pattern of 1N NMR signals and the 'H >N HMBC spectrum (see
Figures 510 and S11 in the Supplementary Information). The signals of the « and j nitrogen
atoms of the azide group bonded to the alkyl chain display triplets *Jx 1 = 2.5 Hz; }Jn 1
= 5.0 Hz) resulting from coupling with the CH, group. The other azido group (directly
bonded to the pyrazole ring) shows singlet signals in the >N NMR spectrum.

2.5. SSRT (Small-Scale Shock Reactivity Test)

The SSRT test was established by Bohl et al. to measure the explosiveness of a com-
pound on a smaller scale than similar tests such as the Trauzl lead block test [48]. The test
setup consists of a steel block with a 7.5 mm wide borehole, which is placed on top of
an aluminum witness block. The compound that is tested is filled into the borehole and
pressed. To give comparable results with different compounds, the volume is constant and
is set to 283 mm? in order to account for the filling volume rather than comparing the same
mass of energetic material with different filling heights. To ensure optimal energy transfer,
the steel and aluminum blocks are placed into a fixating apparatus and a commercial
detonator is then placed directly on the pressed compound. The detonation results in a
dent in the aluminum witness block that has a characteristic volume for each energetic
material that can be compared to each other [49,50]. The volume can be measured either by
filling it with standardized sand, or by more technologically advanced optical topographic
measurements with a profilometer (Figure 5).
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{ ] \\
40.000- {«—“ W
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Figure 5. Measured area in cyan and indentations indicated in violet and numbered. Top right: 3D
profile with color coded heights. Bottom: 2D profile measurement.

439



Molecules 2023, 28, 6489

10 0f 13

The benefits of the profilometric measurements include, among others, more accu-
rate and operator-independent values, time savings, and better comparability of values
between working groups [49]. The compounds tested, 1-nitratomethyl-3,4-dinitropyrazole
(3) and 1-nitratoethyl-3,4-dinitropyrazole (6), both showed good performance in the test
setup (Table 2). Compared to established energetic materials, such as HMX or PETN,
the methyl derivative (3) outperformed both, while the ethyl (6) derivative outperformed
PETN. Although no single physicochemical value is measured with the SSRT test, valuable
conclusions about the explosiveness and general strength of the compound can be drawn.
The methyl derivative (3) showed a bigger dent volume than the ethyl derivative (6), which
can be attributed to the increased density, detonation velocity, and detonation pressure.

Table 2. Results of SSRT for 3 and 6 compared to PETN and HMX.

®G) 6) PETN HMX
Dent volume 1216.36 1135.83 1107.81 1212.39
m (g) 2 496 447 478 511
p (g/cm3) P 1.848 1.664 1.778 1.904
P¢j (Kbar) © 342 273 30.8 378
Vet (m/s) & 8734 8004 8429 9193

2 Filling mass; b theoretical max. density; ¢ detonation pressure; d detonation velocity.

3. Materials and Methods

All used materials, methods, and the detailed experimental part can be found in the
Supplementary Information.

4. Conclusions

The objective of this research was to synthesize potential melt-castable explosives
based on nitropyrazole and incorporating nitratoalkyl or azidoalkyl side chains, followed
by a thorough comparison of their energetic characteristics. A total of 13 energetic materials
were synthesized, consisting of five compounds containing nitratoalkyl moiety and eight
with azidoalkyl moiety, where the alkyl moiety consisted of methyl or ethyl chains. The
nitrate esters were obtained via nitration of the hydroxyl group, while the azides were syn-
thesized through a chlorine-azide exchange reaction. Azidoethyl compounds were directly
prepared using an azido ethyl transfer reagent and nitropyrazole. Among these compounds,
ten display a solid-state nature with melting points, while the remaining compounds exist
in a liquid state. In summary, the investigation reveals that the azido compounds possess
superior thermal stability and exhibit higher heats of formation compared to their nitrate
ester counterparts. However, this advantage comes at the expense of reduced melting
points, leading some compounds to remain in the liquid state. Conversely, the nitrate ester
compounds display higher densities, positively influencing their detonation parameters.
Notably, compounds 3 and 6, among others, stand out for their properties. Compound 3
exhibits a high detonation velocity (8668 m/s), while compound 6 demonstrates favorable
thermal characteristics (T et 78 °C, Tgec: 198 °C). Moreover, both compounds show good
compatibility with HMX and RDX. Intriguingly, compound 3 outperforms the widely used
PETN and HMX in the SSRT, indicating its potential as a highly energetic material.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules28186489 /s1. Schemes S1-55: Synthesis of the presented
compounds; Tables S1-S6: Crystallographic data and structure refinement details of the prepared
compounds; Table S7: CBS-4M electronic enthalpies for atoms C, H, N and O and their literature
values; Table S8: CBS-4M results and calculated gas-phase enthalpies; Tables S9-511: Physicochemical
properties and detonation parameter; Tables S12 and S13: Criteria and results for compatibility
measurements; Table S14: Retention time and observed mass for different nitropyrazoles using
LC-MS; Tables S15-520: SSRT results; Table S21: NMR pulse sequences and parameters used for the
characterization of the new compounds; Figure S1-55: Crystal structures; Figure S6-S11: NMR spectra;
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Figure S12-514: DTA spectra; Figures 515 and S16: Combined DTA-TGA spectra; Figures 517 and S18:
DTA spectra of compatibility measurements; Figures 519 and 520: LC-MS monitoring of the nitration;
Figure S21: Setup of the SSRT experiment. References [19,36-39,50-72] are cited in the Supplementary.
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1. Compound overview

The syntheses and individual compound numbers are shown in the schemes (51-S5) below.

TN
A)
omN 3%\ Qr
Gz °C, 15 ™ NOz
1 e HNO
OzN \\ n=1: Formaldehyde (2 eq.) m yield: n=1:81% (2) it 3 ﬁ
N' > N~y n=2: 90% (5) :
‘N n=2: BrC,H4OH (1.5 eq.) ;Z HNo yield: n=1: 37% (3)

n n=2:74% (6
HO w‘ NO, 6 (6)
yield: n=1: 71% (1) OZNW/\g
|

n=2:72% (4) N

3
yield: n=1:41% (3) O "
n=2:94% (6) NO,

Scheme S1: Synthesis of 1-hydroxyalkyl and 1-nitratoalkyl-nitropyrazoles (1-6).
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Ac,0/HNO3 (2:1)

0 °C, 15 min ~N
0 9
O,N
yield: 77%
NO,
— H/\S
N~y
NO, O
a N02
[N
N~N
NO,
b
‘LHN\N C)
N NOs
NO,
Cc
I\
"N
NO,

Scheme S2: Synthesis of 1-hydroxyalkyl and 1-nitratoalkyl-4-nitropyrazoles (7-9).

O,N O,N O5N
2\ SOCl, (2 eq.) Z\ NaN; (1.5 eq.) 2\
|T /\> rt, overnight |T /\> 80 °C, overnight |T /\>
N\N N\N - > N\N
) DCM ) DMF )
HO cl N3
(1) or (7) yield: C3: 90% (10) yield: C3: 86% (11) NO
C4:87% (12) C4:87% (13) QLN 2
NO, = C3 or C4 position m/\g
Y
HNO, NO, 19N
rt, 3 h O2N NaN3 (25 eq)
| 80 °C, overnight yield: 25%
N\N >
DMF
(14) Cl) N, NO,
e
yield: 59% N~
16 >
a6
yield: 86%

Scheme S3: Synthesis of 1-chloromethyl and 1-azidomethyl-nitropyrazoles (10-15) and
1-azidomethyl-3-azido-4-nitropyrazole (16).
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NO,

o po: AR
IT\/\> O2N N\ transfer reagent N~N N~y
N or Nl > or
N ~N 8 8
H H
(19)

NO, = C3 or C4 position

N3 N
yield: C3: 78% (17)

yield: 78%

C4: 87% (18)
Scheme S4: Synthesis of 1-azidoethyl-nitropyrazoles (17-19) using an azido-ethyl-transfer

reagent.

NO,
O2N NaNj3 (2.5 eq.) N NO,
N\ 80 °C, overnight N\
N\N ’ N\N
8 DMF
o (6) < (20)
O,N 3
yield: 68%

Scheme S5: Synthesis of 1-azidoethyl-3-azido-4-nitropyrazole (20).

2. X-ray diffraction

Crystalline compounds were measured either 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-Ka radiation (A = 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-
Ka radiation). The data collection was performed using the CrysAlisPro software.5! The
solution of the structure was performed by direct methods and refined by full-matrix least-
squares on F2 (SHELXT)®? implemented in the OLEX253! 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 or SADABS Bruker Apex3
multiscan method.*5! All DIAMOND2 plots are shown with thermal ellipsoids at the 50%
probability level and hydrogen atoms are shown as small spheres of arbitrary radius.
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Table S1: Crystallographic data and structure refinement details for the prepared compounds.

1HM3NPz (1) 1NM3NPz (2) 1NM34DNPz (3)
Formula C4H5N303 C4H4N405 C4H3N507
FW [g mol™] 143.11 188.11 233.11
Crystal system triclinic monoclinic orthorhombic
Space group P-1 (No. 2) P21/c (No. 14) Pna21 (No. 33)

Color / Habit
Size [mm]

a[A]

b [A]

c[A]

a[’]

B[]

vl

V[A3]

Z

Pealc. [g cm~3]

p [mm™]

F(000)

Amoka [A]

T [K]

0 Min-Max [°]
Dataset
Reflections collected
Independent refl.
Rint

Observed reflections
Parameters

R1 (obs)@!

WR; (all data)®!
sl

Resd. dens [e A-3]
Device type
Solution
Refinement
Absorption
correction

CCDC

colourless/ plate
0.10x 0.25 x 0.60
4.1175(5)
11.4525(17)
12.6534(14)
94.378(10)
93.410(9)
96.875(11)
589.24(13)

4

1.613

0.139

296

0.71073

105

1.6,26.4

-5:5; -14:14; -15:15
9297

2414

0.056

1872

221

0.0499

0.1327

1.06

-0.28, 0.29
Oxford Xcalibur3
SHELXT
SHELXL-2018

multi-scan

2255656

colourless/ plates
0.03x0.09x0.13
6.5096(3)
14.8639(7)
7.7489(4)

90

105.359(2)

90

722.99(6)

4

1.728

0.160

384

0.71073

173

35,264
-8:8;-18:18; -8: 9
12386

1472

0.034

1291

134

0.0365

0.1023

1.21

-0.24,0.21

D8 Venture
SHELXT
SHELXL-2018

multi-scan

2255417

colourless/ plates
0.10x0.25x0.70
9.3876(11)
10.1407(10)
17.1149(18)

90

90

90

1629.3(3)

8

1.901

0.183

944

0.71073

105

2.3,26.4
-11:7;-12:12; -21:21
5923

2995

0.047

2236

306

0.0500

0.1047

1.02

-0.23,0.34
Oxford Xcalibur3
SIR-92
SHELXL-2018

multi-scan

2255418

[a]Rl = Zl |F0|—| Fcl |/Z| Fol; [b]WRz = [Z[W(FQZ—FCZ)Z]/Z[W(Fo)z]]1/2,' w = [O'CZ(|:02)+(X|:’)2+yp]_1
and P=(Fo?+2F:2)/3; 195 = {Z[w(Fo2-F2)?]/(n-p)}/? (n = number of reflections; p = total number

of parameters).
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Table S2: Crystallographic data and structure refinement details for the prepared compounds.

1HE3NPz (4) 1NE3NPz (5) 1NE34DNPz (6)
Formula C5H7N303 C5H5N405 C5H5N507
FW [g mol™] 157.14 202.14 247.14
Crystal system monoclinic monoclinic orthorhombic

Space group
Color / Habit
Size [mm]

a[A]

b [A]

c[A]

a[’]

B[]

vl

V[A3]

Z

Pealc. [g cm~3]

p [mm™]

F(000)

Amoka [A]

T [K]

0 Min-Max [°]
Dataset
Reflections collected
Independent refl.
Rint

Observed reflections
Parameters

R1 (obs)@!

WR; (all data)®!
sl

Resd. dens [e A-3]
Device type
Solution
Refinement
Absorption
correction

CCDC

P21/c (No. 14)
colourless/ block
0.04 x0.08 x 0.16
4.4397(2)
11.8945(5)
13.0629(6)

90

91.211(2)

90

689.67(5)

4

1.513

0.127

328

0.71073

173

3.1,26.4
-5:5;-14: 14, -16: 16
14822

1410

0.042

1225

128

0.0339

0.0874

1.13

-0.24,0.18

D8 Venture
SHELXT
SHELXL-2018

multi-scan

2255410

P2:/c (No. 14)
colourless/ block
0.25x 0.50 x 0.50
7.1230(11)
14.488(3)
7.9349(10)

90

102.586(13)

90

799.2(2)

4

1.680

0.151

416

0.71073

91

2.8,26.4
-8:8;-16:18;-9:7
3676

1627

0.027

1271

151

0.0371

0.0881

1.05

-0.23,0.19
Oxford Xcalibur3
SHELXT
SHELXL-2018

multi-scan

2255415

P212124 (NO. 19)
colourless/ block
0.03x0.06x0.12
8.2650(2)
8.9959(2)
12.4975(3)

90

90

90

929.20(4)

4

1.767

0.166

504

0.71073

173

3.0,26.4
-10:10;-11:11;-15:15
21075

1897

0.033

1845

174

0.0239

0.0663

1.16

-0.17,0.17

D8 Venture
SHELXT
SHELXL-2018

multi-scan

2255419

[a]Rl = Zl |F0|—| Fcl |/Z| Fol; [b]WRz = [Z[W(FQZ—FCZ)Z]/Z[W(Fo)z]]1/2,' w = [O'CZ(|:02)+(X|:’)2+yp]_1
and P=(Fo?+2F:2)/3; 195 = {Z[w(Fo2-F2)?]/(n-p)}/? (n = number of reflections; p = total number

of parameters).
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Table S3: Crystallographic data and structure refinement details for the prepared compounds.

1HMA4NPz (7) 1HE4NPz (8) 1NE4NPz (9)
Formula C4H5N303 C5H7N303 C5H5N405
FW [g mol™] 143.11 157.14 202.14
Crystal system monoclinic monoclinic monoclinic

Space group
Color / Habit
Size [mm]

a[A]

b [A]

c[A]

a[’]

B[]

vl

V[A3]

Z

Pealc. [g cm~3]

p [mm™]

F(000)

Amoka [A]

T [K]

0 Min-Max [°]
Dataset
Reflections collected
Independent refl.
Rint

Observed reflections
Parameters

R1 (obs)@!

WR; (all data)®!
sl

Resd. dens [e A-3]
Device type
Solution
Refinement
Absorption
correction

CCDC

C2/c (No. 15)
colourless/ needle
0.02x0.06x0.40
21.5247(15)
4.1038(4)
12.9782(10)

90

92.166(7)

90

1145.59(16)

8

1.660

0.143

592

0.71073

103

3.1,26.4
-26:26;-5:5;-16: 16
7584

1169

0.038

990

111

0.0298

0.0781

1.05

-0.17,0.24
Oxford Xcalibur3
SHELXT
SHELXL-2018

multi-scan

2255411

P21/c (No. 14)
colourless/ block
0.06x0.08 x0.16
7.6570(2)
8.6786(3)
10.3956(3)

90

92.928(1)

90

689.91(4)

4

1.513

0.126

328

0.71073

173

3.1,26.4
-9:9;-10: 10; -12: 12
14652

1405

0.035

1294

128

0.0338

0.0897

1.11

-0.21, 0.22

D8 Venture
SHELXT
SHELXL-2018

multi-scan

2255658

P2:/c (No. 14)
colourless/ plates
0.01x0.04x0.04
9.8174(5)
8.3784(4)
10.9893(6)

90

115.320(2)

90

817.08(7)

4

1.643

0.148

416

0.71073

173

3.2,26.4
-12:12;-10:10;-13:13
14361

1671

0.050

1379

151

0.0355

0.0897

1.13

-0.23,0.16

D8 Venture
SHELXT
SHELXL-2018

multi-scan

2255412

[a]Rl = Zl |F0|—| Fcl |/Z| Fol; [b]WRz = [Z[W(FQZ—FCZ)Z]/Z[W(Fo)z]]1/2,' w = [O'CZ(|:02)+(X|:’)2+yp]_1
and P=(Fo?+2F:2)/3; 195 = {Z[w(Fo2-F2)?]/(n-p)}/? (n = number of reflections; p = total number

of parameters).

449



Table S4: Crystallographic data and structure refinement details for the prepared compounds.

1CIM3NPz (10) 1AM3NPz (11) 1CIM4NPz (12)
Formula C4H4C|N302 C4H4N502 C4H4C|N302
FW [g mol™] 161.55 168.13 161.55
Crystal system orthorhombic orthorhombic monoclinic

Space group
Color / Habit
Size [mm]

a[A]

b [A]

c[A]

a[’]

B[]

vl

V[A3]

Z

Pealc. [g cm~3]

p [mm™]

F(000)

Amoka [A]

T [K]

0 Min-Max [°]
Dataset
Reflections collected
Independent refl.
Rint

Observed reflections
Parameters

R1 (obs)@!

WR; (all data)®!
sl

Resd. dens [e A-3]
Device type
Solution
Refinement
Absorption
correction

CCDC

Pbca (No. 61)
colourless/ block
0.03x0.05x0.10
6.7667(2)
12.9917(4)
15.0807(4)

90

90

90

1325.76(7)

8

1.619

0.513

656

0.71073

173

3.1,26.4
-8:8;-16:16; -18: 18
21917

1357

0.041

1236

107

0.0366

0.0924

1.07

-0.42, 0.37

D8 Venture
SHELXT
SHELXL-2018

multi-scan

2255416

Pna21 (No. 33)
colourless/ plate
0.01x0.04 x0.08
8.2802(9)
14.2417(16)
6.1449(8)

90

90

90

724.63(15)

4

1.541

0.128

344

0.71073

173

3.6, 26.3
-10:10;-17:17;-7:7
12637

1480

0.102

1085

125

0.0447

0.0894

1.07

-0.16, 0.15

D8 Venture
SHELXT
SHELXL-2018

multi-scan

2255657

P21/c (No. 14)
colourless/ needle
0.10x0.10x 0.45
4.2774(4)
21.208(3)
7.2323(7)

90

97.183(9)

90

650.93(13)

4

1.648

0.523

328

0.71073

93

1.9,26.4
-4:5;-26:25;-8:9
2886

1329

0.032

935

107

0.0458

0.0996

1.06

-0.22,0.28
Oxford Xcalibur3
SHELXT
SHELXL-2018

multi-scan

2255409

[a]Rl = Zl |F0|—| Fcl |/Z| Fol; [b]WRz = [Z[W(FQZ—FCZ)Z]/Z[W(Fo)z]]1/2,' w = [O'CZ(|:02)+(X|:’)2+yp]_1
and P=(Fo?+2F:2)/3; 195 = {Z[w(Fo2-F2)?]/(n-p)}/? (n = number of reflections; p = total number

of parameters).
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Table S5: Crystallographic data and structure refinement details for the prepared compounds.

1AM4NPz (13) 1AM3A4NPz(16) 1AE34DNPz(19)
Formula C4H4N502 C4H3N902 C5H5N704
FW [g mol™] 168.13 209.15 227.16
Crystal system monoclinic orthorhombic monoclinic
Space group C2/c (No. 15) Pbca (No. 61) P21 (No. 4)

Color / Habit
Size [mm]

a[A]

b [A]

c[A]

a[’]

B[]

vl

V[A3]

Z

Pealc. [g cm~3]

p [mm™]

F(000)

Amoka [A]

T [K]

0 Min-Max [°]
Dataset
Reflections collected
Independent refl.
Rint

Observed reflections
Parameters

R1 (obs)@!

WR; (all data)®!
sl

Resd. dens [e A-3]
Device type
Solution
Refinement
Absorption
correction

CCDC

colourless/ block
0.30x0.40x0.50
6.4339(9)
11.4490(14)
19.124(2)

90

93.367(10)

90

1406.3(3)

8

1.588

0.131

688

0.71073

123

2.1,26.4
-8:6;-14:13;-21: 23
2960

1432

0.025

1067

125

0.0392

0.0909

1.02

-0.21, 0.20
Oxford Xcalibur3
SHELXT
SHELXL-2018

multi-scan

2255413

yellow/ plate
0.03x0.10x0.16
12.3345(10)
6.5734(6)
20.1402(17)
90

90

90

1633.0(2)

8

1.702

0.142

848

0.71073

173

3.7,26.4
-15:15; -8:8; -25:25
27146

1662

0.067

1526

148

0.0400
0.1037

1.20

-0.30, 0.28
D8 Venture
SHELXT
SHELXL-2018

multi-scan

2261896

colourless/ plate
0.18 x0.16 x 0.04
8.120(2)
13.319(3)
8.235(2)

90

91.83(3)

90

890.1(1)

4

1.695

0.147

464

0.71073

173

2.9,28.2
-10:10;-17:17,-10:10
18061

4396

0.0432

4122

330

0.0327

0.0819

1.076
-0.238,0.144

D8 Venture
SHELXT
SHELXL-2018

multi-scan

2255414

[a]Rl = Zl |F0|—| Fcl |/Z| Fol; [b]WRz = [Z[W(FQZ—FCZ)Z]/Z[W(Fo)z]]1/2,' w = [O'CZ(|:02)+(X|:’)2+yp]_1
and P=(Fo?+2F:2)/3; 195 = {Z[w(Fo2-F2)?]/(n-p)}/? (n = number of reflections; p = total number

of parameters).
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Table S6: Crystallographic data and structure refinement details for the prepared compounds.

1AE3A4NPz (20)
Formula CsHsN9O2
FW [g mol™] 223.18
Crystal system monoclinic
Space group P21/c (No. 14)
Color / Habit colourless/ block
Size [mm] 0.08x0.12x0.18
a [A] 10.8862(5)
b [A] 12.1490(6)
c[A] 7.0825(4)
al’] 90
B[] 91.354(2)
y [‘j 90
V[A3] 936.45(8)
VA 4
Peale. [g cm~3] 1.583
i [mm™] 0.129
F(000) 456
Amoka [A] 0.71073
T K] 173
8 Min-Max [°] 3.3,26.4
Dataset -13:13; -15:15; -8:8
Reflections collected 16166
Independent refl. 1921
Rint 0.041
Observed reflections 1657
Parameters 165
R1 (obs) 0.0378
WR; (all data)®! 0.0970
sk 1.12
Resd. dens [e A-3] -0.22,0.22
Device type D8 Venture
Solution SIR-92
Refinement SHELXL-2018
Absorption .
correcF’Zion multi-scan
CCDC 2269934

IRy = 3| |Fol-|Fc| |/Z]Fol; P'WRy = [E[w(Fo?-Fc2)21/Z[w(Fo)21]%; w = [0c?(Fo?)+(xP)*+yP]™
and P=(Fo?+2F:2)/3; 195 = {Z[w(Fo2-F2)?]/(n-p)}/? (n = number of reflections; p = total number
of parameters).
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Compound 2 and 3 can be crystallized from methanol, forming colourless platelets. They
crystallized in common space groups (2: P21/c; 3: Pna21) and have four and eight molecules
per unit cell, with a cell volume of 722.99(6) A3 and 1629.3(3) A3, respectively. At 173 K and
105 K, the calculated densities are 1.728 gcm™ and 1.901 g cm™3, respectively. Molecular
units and extended structures are illustrated in Figure S1.

A)

Figure S1: Crystal structures of 1-nitratomethyl-nitropyrazole compounds: A, B) 1-
nitratomethyl-3-nitropyrazole (2); C, D) 1-nitratomethyl-3,4-dinitropyrazole (3).

10
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Compound 5, 9 and 6 can be crystallized from methanol or ethanol forming colourless
platelets (9) or blocks (5, 6). Compounds 5 and 9 have four molecules per unit cell and share
common space groups P21/c. Their cell volumes are 799.2(2) A3 and 817.08(7) A3, while the
calculated densities at 91 K and 173K are 1.680gcm™ and 1.643 gcm™3, in that order.
Compound 6 crystallized in the space group P212121 with four molecules per unit cell and a
cell volume of 929.20(4) A3. At 173 K, the calculated density is 1.767 g cm=3. Molecular units
and extended structures are illustrated in Figure S2.

A)

Figure S2: Crystal structures of 1-nitratoethyl-nitropyrazole compounds: A, B) 1-nitratoethyl-
3-nitropyrazole (5); C, D) 1-nitratoethyl-4-nitropyrazole (9); E, F) 1-nitratoethyl-3,4-
dinitropyrazole (6).
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Compound 11, 13 and 19 crystallized directly from the reaction mixture or ethanol, forming
colourless platelets (11, 19) or blocks (13). Compounds 11 and 19 precipitated in a common
space groups (11: Pna2;; 19: P2;) and have four molecules per unit cell, with a cell volume of
724.63(15) A% and 890.1(1) A3, respectively. At 173 K, the calculated densities are 1.728 g cm™3
and 1.901 g cm™. At a temperature of 123 K, compound 13 formed a crystal lattice in the C2/c
space group, consisting of eight molecules in the unit cell and having a volume of 1406.3(3) A3.
The calculated density at this temperature is 1.588 g cm™. Molecular units and extended
structures are illustrated in Figure S3.

A)

Q) D) >

Figure S3: Crystal structures of 1-azidoalkyl-nitropyrazole compounds: A, B) 1-azidomethyl-
3-nitropyrazole (11); C, D) 1-azidomethyl-4-nitropyrazole (13); E, F) 1-azidoethyl-3,4-
dinitropyrazole (19).

12

455



Compound 16 and 20 can be obtained as yellow plates or colorless blocks by crystallization
from EtOAc or Et20. They crystallize in common space groups (16: Pbca; 20: P21/c) and have
eight and four molecules per unit cell, with respective cell volumes of 1633.0(2) A3 and
936.45(8) A3. The densities calculated at 173 K are 1.702 g cm™ and 1.583 g cm™3. Molecular

units and extended structures are illustrated in Figure S4.

A) 02 B) .

A
-

ELEEL
[
©c
(OH /

N5

Figure S4: Crystal structures of 1-azidoalkyl-3-azido-4-nitropyrazole compounds: A, B) 1-
azidomethyl-3-azido-4-nitropyrazole (16); C, D) 1-azidoethyl-3-azido-4-nitropyrazole (20).
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Hydroxy Compounds

B)

Figure S5: Crystal structures of precursor compounds: A) 1-hydroxymethyl-3-nitropyrazole
(1); B) 1-hydroxymethyl-4-nitropyrazole (7); C) 1-hydroxyethyl-3-nitropyrazole (4); D) 1-
hydroxyethyl-4-nitropyrazole (8); E) 1-chloromethyl-3-nitropyrazole (10); F) 1-chloromethyl-
4-nitropyrazole (12).
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3. Heat of formation calculation

All quantum chemical calculations were performed using the Gaussian G09 program
package.®! The complete basis set (CDS) method of Petersson and coworkers was used for
calculation of enthalpies (H) and free energies (G), listed in Table S6 in order to obtain very
accurate energies. The CBS models use the known asymptotic convergence of pair natural
orbital expressions to extrapolate from calculations using a finite basis set to the estimated
complete basis set limit. CBS-4 starts with a HF/3-21G(d) geometry optimization; the zero-
point energy is computed at the same level. It then uses a large basis set SCF calculation as a
base energy, and a MP2/6-31+G calculation with a CBS extrapolation to correct the energy
through second order. A MP4(SDQ)/6-31+(d,p) calculation is used to approximate higher order
contributions. In this study, we applied the modified CBS-4M method (M referring to the use
of minimal population localization), which is a re-parametrized version of the original CBS-4
method and also includes some additional empirical corrections.5”1 The gas-phase enthalpies
(AfH(g, M, 298)) of the species were computed according to the atomization energy method
(Equation S1) using room temperatures CBS-4M enthalpies (Table §7).58

AfHo(g, M, 298) = H(molecule, 298) - zHo(atoms, 298) + zAfHo(atoms, 298) (Eq 51)

Table S7: CBS-4M electronic enthalpies for atoms C, H, N and O and their literature values.

—H?%8 / q.u. ArH® gas!5?!
H 0.500991 217.998
C 37.786156 716.68
N 54.522462 472.68
0 74.991202 249.18

In order to obtain the energy of formation for the solid phase of all compounds, heat of
formations of the condensed phase were calculated by subtracting the heats of sublimation
or vaporization, respectively, obtained from RoseBoom 2.3.5510

Table S8: CBS-4M results and calculated gas-phase enthalpies.

“H B au]  AH(g, M) ™ [kimol™]  AwsH /AvspH 9 [k mol™]  AH*(s)" [k) mol ]

2 -748.781256 83.7 103.9 -20.2
3 -953.057307 122.1 113.4 8.7

5 -788.025077 39.9 107.0 -67.1
6 -992.302632 74.4 117.5 -43.1
9 -788.024279 42.0 107.0 -65.0
11 -632.770512 496.9 95.1 401.8
13  -632.77169 493.8 95.1 398.7
15 -837.045917 537.1 103.2 433.9
17 -672.01395 454.2 84.6 369.6
18 -672.013012 456.7 84.6 372.1
19 -876.291745 488.1 105.6 382.5
16 -796.155912 859.4 103.6 755.8
20 -835.400843 812.8 105.4 707.4

(el CBS-4M electronic enthalpy; ! gas phase enthalpy of formation. @ Calculated with RoseBoom 2.3 [d]
Calculated heat of formation for the condensed phase
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4. Physico-chemical properties

Table S9: Physicochemical properties and detonation parameter of nitric ester (2, 3, 5, 6, 9)
compared to TNT.

(2) (3) (5) (6) (9) TNT
Formula C4HaN4Os CsH3NsO7 CsHeN4Os CsHsNsO7 CsHsN4Os C7HsN306
FW [g-mol] 188.10 233.10 202.14 247.12 202.14 227.13
1SE1 1] >40 4 >40 30 >40 15
FS®I[N] >360 288 >360 >360 >360 >360
Qcoa® [%] -43 -17 -63 -36 -63 -74.0
Tendo!® [°C] 70 93 78 61 52 81
Texo1[°C] 161 159 198 198 191 289
P [g-cm3] 1.696 1.848 1.629 1.734 1.613 1.65
AsHM [k)-mol ] -20.2 8.7 -67.1 -43.1 -65.0 -185
EXPLOS5 V6.05 values
—-AeU° [k)-kg™] 4869 5693 4398 5152 4399 5022
Tea W K] 3491 4059 3082 3645 3096 3452
pcsM[GPa] 24.3 33.6 19.8 26.7 19.5 20.5
Dcy ! [m-s7] 7675 8668 7163 7932 7110 6950
VO Iml [dm3-kg] 716 707 730 711 732 633

[a] Impact sensitivity (BAM drophammer, method 1 of 6); [b] friction sensitivity (BAM friction tester, method 1 of 6); [c] electrostatic discharge
sensitivity (OZM XSpark10); [d] oxygen balance toward carbon dioxide (Qcoz2 = (nO — 2xC — yH/2)(1600/FW)); [e] endothermic event (DTA, =5
°C-min-1); [f] temperature of decomposition (DTA, B =5 °C:min-1); [g] density at 298 K recalculated from X-ray data; [h] heat of formation (calculated
using the atomization method and CBS-4M enthalpies; [i] detonation energy; [j] detonation temperature; [k] detonation velocity; [I] detonation
pressure; [m] volume of detonation gases at standard temperature and pressure conditions; [n] determined at LMU.

Table S10: Physicochemical properties and detonation parameter of azides (11, 13, 15, 17,
18, 19) compared to TNT.

(11) (13) (15) (17) (18) (19) TNT
Formula C4HaNeO2 C4HaNeO2 C4H3N704 CsHsN6O2 CsHsN6O2 CsHsN7O4 C7HsN306
FW [g-mol] 168.12 168.12 213.11 182.14 182.14 227.14 227.13
1SE1 1] >40 >40 >40 >40 >40 25 15
FS®I[N] >360 >360 >360 >360 >360 >360 >360
Qcoa® [%] -76 -76 -41 -97 -97 -60 -74.0
Tendo!® [°C] 40 42 / / / 50 81
Texo1[°C] 179 174 154 214 214 216 289
P [g-cm3] 1.513 1.547 1.58[ 1.28[! 1.340! 1.664 1.65
AsHM [k)-mol ] 401.8 398.7 433.9 369.6 372.1 382.5 -185
EXPLOS5 V6.05 values
—-AeU° [k)-kg™] 4483 4497 5241 4167 4222 4900 5022
Tea W [K] 3380 3314 3998 2910 2914 3483 3452
pcsW[GPa] 19.9 19.8 231 11.9 133 229 20.5
Dcy ! [m-s7] 6972 7100 7679 6235 6483 7639 6950
VO Iml [dm3-kg] 742 740 768 771 761 738 633

[a] Impact sensitivity (BAM drophammer, method 1 of 6); [b] friction sensitivity (BAM friction tester, method 1 of 6); [c] electrostatic discharge
sensitivity (OZM XSpark10); [d] oxygen balance toward carbon dioxide (Qcoz2 = (nO — 2xC — yH/2)(1600/FW)); [e] endothermic event (DTA, B=5
°C-min-1); [f] temperature of decomposition (DTA, B =5 °C:min-1); [g] density at 298 K recalculated from X-ray data; [h] heat of formation (calculated
using the atomization method and CBS-4M enthalpies; [i] detonation energy; [j] detonation temperature; [k] detonation velocity; [I] detonation
pressure; [m] volume of detonation gases at standard temperature and pressure conditions; [n] determined at LMU; [o] volumetric determination.
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Table S11: Physicochemical properties and detonation parameter of azides (16, 20)
compared to TNT.

(16) (20) TNT
Formula C4H3N9O2 CsHsN9O2 C7Hs5N306
FW [g-mol] 209.13 223.16 227.13
ISt )] <1 2 15
FS®I[N] 10 80 >360
Qco2[%)] -57 -75 -74.0
Tendo!® [°C] 57 41 81
Texo1[°C] 157 172 289
P [g-cm™3] 1.670 1.554 1.65
AsH™M [k)-mol] 755.8 707.4 -185
EXPLO5 V6.05 values
-AeU°M[k)-kg™] 5177 4709 5022
Tea W [K] 3812 3416 3452
pcsM[GPa] 24.4 20.1 20.5
Dca M [m-s™] 7945 7274 6950
VoIl [dm3-kg?] 748 751 633

[a] Impact sensitivity (BAM drophammer, method 1 of 6); [b] friction
sensitivity (BAM friction tester, method 1 of 6); [c] electrostatic discharge
sensitivity (OZM XSpark10); [d] oxygen balance toward carbon dioxide (Qcoz2
= (nO — 2xC — yH/2)(1600/FW)); [e] endothermic event (DTA, B =5 °C:min-1);
[f] temperature of decomposition (DTA, B =5 °C-min-1); [g] density at 298 K
recalculated from X-ray data; [h] heat of formation (calculated using the
atomization method and CBS-4M enthalpies; [i] detonation energy; [j]
detonation temperature; [k] detonation velocity; [I] detonation pressure; [m]
volume of detonation gases at standard temperature and pressure
conditions; [n] determined at LMU.
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5. I5NIMR spectroscopy

5N NMR (41 MHz, Aceton-d6)
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Figure S6: Proton coupled >N NMR spectrum of compound 2.
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Figure S7: 'H->"N HMBC NMR spectrum of compound 2.
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15N NMR (41 MHz, Aceton-d6)
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Figure S8: Proton coupled >N NMR spectrum of compound 3.
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Figure S9: 'H-1>N HMBC NMR spectrum of compound 3.
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1N NMR (41 MHz, DMSO0-d6)
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6. Thermal stability

Differential thermal analysis (DTA) was measured on an OZM Research DTA 552-Ex device in
a range of 25-400 °C at a heating rate of 5 °C min™1. Thermogravimetric measurements (TGA)
were performed with a Perkin-Elmer TGA 4000 apparatus using a heating rate of 5 °C min~tin
a slow stream of nitrogen gas (1mL/min).
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Figure S12: DTA spectra of nitratoalkyl-compounds 2, 3, 5, 6 and 9.
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Figure S13: DTA spectra of azidoalky-compounds 11, 13, 15, 17, 18 and 19.
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Figure S14: DTA spectra of azidoalky-azido-nitro-compounds 16 and 20.
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Figure S15: Combined DTA-TGA spectrum of azidoalkyl-compounds 16 and 19.
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7. Compatibilities

To ensure the safe handling of energetic substances, it is necessary to consider their thermal
stability when they come into contact with other materials. This is particularly important for
applications such as explosives and pyrotechnics. In order to assess the compatibility of these
substances with various additives, different thermal methods such as differential thermal
analysis (DTA), thermogravimetric analysis (TGA), pressure increase in closed systems (PIST),
and vacuum stability test (VST) can be utilized. In this study, the DTA method was specifically
employed to investigate the compatibility of the energetic substances with different additives
(RDX and HMX). Differential thermal analysis (DTA) was measured on an OZM Research DTA
552-Ex device in a range of 25-400 °C at a heating rate of 5 °C min™. The substances were
mixed in the ratio of 1:1.

Compatibilities were evaluated according to the standardized procedure outlined in STANAG
4147.5% The analysis involved determining the difference between the endothermic and
exothermic maxima of the pure substance and its mixture with the test component. The
criteria for determining compatibilities are presented in Table S12.

Table S12: Criteria for compatibilities.

temperature difference description
AT <4°C compatible
4°C<AT<20°C moderately
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Figure S17: DTA spectra of compatibility measurements of compound 3 with RDX (left) and
HMX (right).

Top 202°C

Top 202 °C

Top 208 °C

exo up
exo up

Top 207 °C

Onset 198 °C 1NE3NPz (5)

1NE3NPz (5) with HMX

1NE3NPz (5) -
Onset 78 °C Onset 78 °C

Top 85 °C Top 85 °C

Onset 73 °C Onset 196 °C

1NE3NPz (5) with RDX Onset 73 °C

Onset 191 °C

Top79°C
T T u T E T u T : T g T y T . 1 ! T ) T ! T ! T ! T ! T " T T 1
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Temperature (°C) Temperature (°C)

Top 81 °C

Figure S18: DTA spectra of compatibility measurements of compound 5 with RDX (left) and
HMX (right).

Table S13: Compatibilities of compounds 3 and 5 with RDX and HMX.

melting [°C] decompositon [°C]

compound

on top on top
1-nitratomethyl-3,4-dinitropyrazole 93 101 159 172
1-nitratomethyl-3,4-dinitropyrazole (RDX) 90 96 162 177
difference (RDX) 3 5 3 5
1-nitratomethyl-3,4-dinitropyrazole (HMX) 94 100 160 175
difference (HMX) 4 1 1 3
1-nitratoethyl-3-nitropyrazole 78 85 198 202
1-nitratoethyl-3-nitropyrazole (RDX) 73 79 196 208
difference (RDX) 5 6 2 6
1-nitratoethyl-3-nitropyrazole (HMX) 73 81 191 207
difference (HMX) 5 4 7 5
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8. LC-MS measurements

LC-MS (liquid chromatography — mass spectrometry) analysis was performed on a Shimadzu
Prominence HPLC system using a Restek Ultra PFPP column (3um, 150 x 4.6 mm) and a MSQ
Plus mass spectrometer from Thermo Scientific in ESI mode. Eluting buffers were buffer A
(0.01% formic acid in H20) and buffer B (0.01% formic acid in MeCN) with the flow rate set to
0.65 mL/min. The gradient was 0 = 7 min, 5% = 80% buffer B. The elution was monitored at
220 nm.

For the experimental procedure, 0.5 g of 1-hydroxymethyl-3-nitropyrazole was introduced
into a reaction vial containing 4 mL of fuming HNO3 maintained at the desired temperature.
Samples (100 pL) were taken at specific time intervals: 0 min, 10 min, 30 min, 1h, 2h, 3h, 4h,
5h, and 6h. Each sample was immediately quenched with water (500 uL) and subjected to
extraction with EtOAc (300 pL). A 100 pL aliquot of the organic phase was further diluted with
an additional 150 pL of EtOAc and injected into the LC-MS system for analysis.

To enhance compound identification during the experiment, separate measurements of the
reactant, product, and potential by-products were performed using LC-MS. This allowed for
the determination of specific retention times (Table S14) associated with each compound,
enabling accurate assignment and analysis.

Table S14: Retention time and observed mass for different nitropyrazoles using LC-MS.

compound retention time [min] m/z
3-nitropyrazole 4.58 112
3,4-dinitropyrazole 6.32 157
1-hydroxymethyl-3-nitropyrazole 4.45 112
1-nitratomethyl-3-nitropyrazole 6.79 112
1-nitratomethyl-3,4-dinitropyrazole 7.73 157
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9. SSRT (small-scale shock reactivity test)

To assess the shock reactivity (explosiveness) of the investigated explosives, a small-scale
shock reactivity test (SSRT) was conducted. The SSRT is designed to measure the shock
reactivity of potentially energetic materials, even below critical diameter, without
transitioning to detonation. The test setup combines the advantages of a lead block test5!?
and a gap test.’83! Each compound was compacted into a perforated steel block. No
attenuator (between detonator and sample) or air gap (between sample and aluminum block)
was used. Initiation of the tested explosive was achieved using a commercially available
detonator (Orica-DYNADET-C2-0ms). Dent sizes resulting from the shock were measured non-
contactly using the XYZ-axis motorized 3D profilometer VR-5200, manufactured by Keyence
(Osaka, Japan).

More information on the test and its implementation is described by Bauer et al.5'4

Detonator
(Dynadet C2) .
Cavity \
7.5 mm
Diameter \

r

-+

25 mm
Sample Steel Block
6.4 mm High ‘3‘
25mm

Aluminum Block
A

I |
I

» -
50 mm Diameter

Figure S21: Setup of the SSRT experiment.[54
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Evaluation of 1-nitratomethyl-3,4-dinitropyrazole (3)

- - 0,174mm
53,416mm P = 6,693
40,000~/
20,000 k.
0,000
0,000mm 20,000 40,000 54,053

Table S15: SSRT results of 3 (Blast 1).

1-Nitratomethyl-3,4-dinitropyrazole
Blast 1
Measurement 1 [mm?3] 1256,76
Measurement 2 [mm?3] 1257,21
Average Volume [mm?3] | 1256,98

15,000 20,000 25,000 30,000

35,000 40,000

- - 0,297mm
53,392mm R -6,096
40,000 3 s
20,000 % e
0,000 Y
0,000mm 20,000 40,000 54,006

Table S16: SSRT results of 3 (Blast 2).

1-Nitratomethyl-3,4-dinitropyrazole
Blast 2
Measurement 1 [mm?3] 1171,79
Measurement 2 [mm?3] 1170,75
Average Volume [mm3] | 1171,27

20,000 25,000 30,000

35,000 40,000
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1,000

1,000

5,000

5,000

10,000

10,000

15,000 20,000 25,000 30,000

15,000 20,000 25,000

15,000 20,000 25,000 30,000

15,000 20,000 25,000 30,000

- — 0,208mm

53,440mm —.7,016
40,000 %

20,000 ’

0,000
0,000mm 20,000 40,000 54,030

Table S17: SSRT results of 3 (Blast 3).

1-Nitratomethyl-3,4-dinitropyrazole
Blast 3
Measurement 1 [mm?3] 1218,68
Measurement 2 [mm?3] 1223,13
Average Volume [mm3] | 1220,90

35,000 40,000

4p,000

53,440mm ———
40,000

20,000~

0,000+ | ;
0,000mm 20,000 40,000 54,006

Table S18: SSRT results of 6 (Blast 1).

1-Nitratoethyl-3,4-dinitropyrazole
Blast 1
Measurement 1 [mm?3] 1129,23
Measurement 2 [mm?3] 1130,99
Average Volume [mm?3] | 1130,11

35,000 40,000 45,000 48,000
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— 70,034mm

53,416mm- 145,844
40,000+ \
20,000
0,000~ —
0,000mm 20,000 40,000 53,982

Table S19: SSRT results of 6 (Blast 2).

1-Nitratoethyl-3,4-dinitropyrazole
Blast 2

Measurement 1 [mm?3] 1191,11

Measurement 2 [mm?3] 1179,33

Average Volume [mm?3] | 1185,22

5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000

5,000 10,000 15,000 25,000 30,000 35,000

- ——— 70,073mm
53,392mm - > 145,308
40,000+
20,000~
0,000/ I N
0,000mm 20,000 40,000 53,982

Table S20: SSRT results of 6 (Blast 3).

1-Nitratoethyl-3,4-dinitropyrazole
Blast 3

Measurement 1 [mm?3] 1088,87

Measurement 2 [mm?3] 1095,47

Average Volume [mm3] | 1092,17

1,000 5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000 45,000 48,000

1,000 5,000 10,000 15,000 25,000 35,000 40,000 47,000
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10. Experimental part and general methods

Caution! Nitropyrazoles are potentially energetic materials with sensitivities toward various
stimuli. Therefore, meticulous security precautions (safety glass, face shield, earthed
equipment and shoes, Kevlar gloves, and ear plugs) have to be applied while synthesizing and
handling the described compounds.

All chemical reagents and solvents were employed as received (Sigma-Aldrich, Acros Organics,
ABCR, TCI). NMR spectra were recorded on a 400 MHz instrument (Bruker AV400 or Bruker
AV400TR) at room temperature. Chemical shifts (8) are reported in parts per million (ppm)
and refer to tetramethylsilane (*H, *3C) and nitromethane (*N, *°N) (for more information see
Table S21). All spectra were analyzed with the software MestReNOVA 10.0 from Mestrelab
Research, S. L. Infrared (IR) spectra were recorded with a Perkin-Elmer Spektrum One FT-IR
spectrometer in a range of 4000-400 cm™. Transmittance values are qualitatively described
as “very strong” (vs), “strong” (s), “medium” (m), “weak” (w) and “very weak” (vw). Elemental
analysis was carried out using an Elementar Vario el or Vario micro by pyrolysis of the sample
and subsequent analysis of formed gases (allowed deviation for liquids: +/- 0.5%; for solids:
+/- 0.3%). High-resolution mass spectra were recorded with a Thermo Finnigan LTQ FT-ICR
(ESI) and a Thermo Finnigan MAT 95 (El) mass spectrometer. Melting and decomposition
points were determined in a rage of 25-400 °C at a heating rate of 5°C min™! through
differential thermal analysis (DTA) with an OZM Research DTA 552-Ex instrument.
Thermogravimetric measurements were performed with a Perkin-EImer TGA 4000 apparatus
using a heating rate of 5 °C min~! in a slow stream of nitrogen gas (1mL/min). The sensitivity
data were determined using a BAM (Bundesanstalt fiir Materialforschung) drophammer(s*®!
according to STANAG 448955%! ysing a modified instruction®’! and a BAM friction tester(s8]
according to STANAG 44875 using a modified instruction. The electrostatic sensitivity test
was carried out using the OZM Electric Spark XSpark10 devicel*?°!. The classification is based
on the 'UN Recommendations on the Transport of Dangerous Goods'.52%

Table S21: NMR pulse sequences and parameters used for the characterization of the new
compounds.

1H 13¢ 14 15N 1H/SN HMBC
Pulse Sequence zg30 zgpg30 zgpg zg30 hmbcqpndgf
Number of Scans 16 2048 5000 15000-39014 32
Receiver Gain 210 210 210 10-14 210
Relaxation Delay (sec) 4.0 0.5 0.2 3.0 2.0
Pulse Width (us) 10.6 9.3 22.0 16.8 10.6
Acuisition Time (sec) 6.5 1.3 0.6 1.6 0.3
NMR. Frenq.(MHz) 400.18 100.64 28.91 40.56 400.18;40.54
Spectral Width (Hz) 10000.0 25252.5 14423.1 20380.4 2994.0;16233.8
Acquired Size (DP) 65536 32768 8192 32768 1024;256
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1-Hydroxymethyl-3-nitropyrazole (1)!22

3-Nitropyrazole5?3! (6.00g, 53.1 mmol, 1.0eq.) was dissolved in MeOH (40 mL) and
formaldehyde (40% aq., 10 mL, 133 mmol, 2.5 eq.) was added. The reaction mixture was
stirred at room temperature overnight and put onto a mixture of water (50 mL) and sat.
NaHCOs (30 mL). The solution was extracted with CHCIl; (3 x 50 mL), dried over MgSQO4 and
evaporated under reduced pressure. The crude product was recrystallized from CHCl3
(*100 mL) to obtain 1-hydroxymethyl-3-nitropyrazole (1) (5.41g, 37.8 mmol, 71%) as
colourless crystalline solid.

DTA (5°C min™!) Tmer=83°C; 'HNMR (400 MHz, DMSO-d6, 25°C): & (ppm)=8.08 (d,
3Jun = 2.6 Hz, 1H), 7.30 (t, 3un = 7.9 Hz, 1H), 7.05 (d, 3Jun = 2.6 Hz, 1H), 5.48 (d, 3Jun = 7.9 Hz,
2H); BC{!H}NMR (101 MHz, DMSO-d6, 25°C): & (ppm)=155.4, 133.2, 102.9, 75.3;
14N{*H} NMR (29 MHz, DMSO-d6, 25 °C): & (ppm) = -20; EA (C4HsN303, 143.10 g/mol) calc.
(found): C 33.57 (33.49), H 3.52 (3.28), N 29.36 (29.46) %; HRMS (El+): m/z calculated for
C4HsN30s [M]: 143.0331, found: 143.0324; IR (ATR, rel. int.): ¥ (cm™) = 3401 (m), 3211 (m),
3158 (m), 3147 (m), 3128 (m), 1537 (s), 1503 (s), 1456 (m), 1409 (m), 1379 (s), 1353 (s), 1284
(s), 1224 (m), 1176 (m), 1167 (s), 1084 (s), 1070 (s), 1050 (vs), 1034 (s), 1017 (m), 1006 (m),
998 (s), 983 (s)0, 888 (w), 823 (s), 788 (s), 756 (s), 742 (vs), 651 (m), 613 (s), 466 (s), 418 (m).

1-Nitratomethyl-3-nitropyrazole (2)

To cooled acetic acid anhydride (3.0 mL, 31.7 mmol, 4.5 eq.), fuming nitric acid (1.5 mL,
35.9 mmol, 5.1 eq.) was added dropwise while keeping the temperature at 0 °C. To this
mixture, 1-hydroxymethyl-3-nitropyrazole (1) (1.00 g, 6.99 mmol, 1.0 eq.) was added portion
wise and stirred 15 min at this temperature. The reaction was stirred further at room
temperature for 10 min and poured onto ice-water (~30 mL). The precipitate was filtered off,
washed with a little amount of water and air dried at room temperature to give 1-
nitratomethyl-3-nitropyrazole (2) (1.06 g, 5.64 mmol, 81%) as colourless powder.

DTA (5°C min™) Tmer=70°C, Tgec=161°C; HNMR (400 MHz, DMSO-d6, 25°C): &
(ppm) = 8.29 (d, 3Jun=2.7 Hz, 1H), 7.14 (d, 3Jun=2.7 Hz, 1H), 6.66 (s, 2H); 13C{*H} NMR
(101 MHz, DMSO-d6, 25 °C): & (ppm) = 159.8, 136.6, 103.5, 79.1; “N{*H} NMR (29 MHz,
DMSO-d6, 25 °C): 6 (ppm) = -21,-48; >N NMR (41 MHz, Aceton-d6, 25 °C): § (ppm) = -22.4,
-50.2 (t, 3Jnp = 5.4 Hz), =77.4 (t, 3Inpn = 2.8 Hz), -171.1 (dd, U = 6.8, 4.4 Hz); EA (CaHaN4Os,
188.10 g/mol) calc. (found): C 25.54 (25.84), H 2.14 (2.18), N 29.79 (29.64) %; HRMS (El+): m/z
calculated for C4HsN4Os [M]: 188.0182, found: 188.0181; IR (ATR, rel. int.): ¥ (cm™) = 3156 (w),
3137 (w), 3059 (w), 2938 (w), 1660 (vs), 1552 (s), 1539 (m), 1510 (s), 1451 (m), 1426 (m), 1396
(m), 1377 (m), 1347 (m), 1304 (s), 1283 (s), 1235 (s), 1180 (s), 1069 (m), 1041 (m), 1004 (m),
993 (m), 952 (s), 888 (vw), 831 (s), 821 (vs), 791 (s), 765 (vs), 755 (vs), 655 (s), 632 (s), 615 (s),
589 (m), 545 (m), 446 (s), 413 (m).

1-Nitratomethyl-3,4-dinitropyrazole (3)

Method A: 1-Hydroxymethyl-3-nitropyrazole (1) (3.00 g, 20.9 mmol, 1.0 eq.) was added at
0 °C to fuming nitric acid (15 mL, 359 mmol, 17 eq.) and stirred under ice cooling for 10 min.
The reaction mixture was stirred for another 3.5 h at room temperature and poured onto ice-
water (~100 mL). The precipitate was filtered off, washed with a little amount of water and air
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dried at room temperature to give 1-nitratomethyl-3,4-dinitropyrazole (3) (2.00 g, 8.58 mmol,
41%) as colourless powder.

Method B: 1-Nitratomethyl-3-nitropyrazole (2) (0.50 g, 2.66 mmol, 1.0 eq.) was added at 0 °C
to fuming nitric acid (4 mL, 95.9 mmol, 36 eq.) and stirred at under ice cooling for 10 min. The
reaction mixture was stirred further 4 h at room temperature and poured onto ice-water
(~20 mL). The precipitate was filtered off, washed with a little amount of water and air dried
at room temperature to give 1-nitratomethyl-3,4-dinitropyrazole (3) (0.23 g, 0.98 mmol, 37%)
as colourless powder.

DTA (5°C min™) Tmer=93°C, Toec=159°C; HNMR (400 MHz, DMSO-d6, 25°C): &
(ppm) = 9.37 (s, 1H), 6.63 (s, 2H); 3C{*H} NMR (101 MHz, DMSO-d6, 25 °C): & (ppm) = 148.0,
136.2, 127.0, 78.9; N{*H} NMR (29 MHz, DMSO-d6, 25 °C): & (ppm) = -27,-51; 15N NMR
(41 MHz, Aceton-d6, 25°C): & (ppm)=-28.1, -28.5, -52.2 (t, 3Jnu=5.8 Hz), -80.7 (t,
3 = 2.7 Hz), =177.9 (d, 2nn = 3.0 Hz); EA (C4H3NsO5, 233.10 g/mol) calc. (found): C 20.61
(20.74), H 1.30 (1.51), N 30.05 (29.36) %; HRMS (El+): m/z calculated for CsHsNsO7 [M]:
233.0032, found: 233.0027; IR (ATR, rel. int.): ¥ (cm™) = 3169 (w), 3156 (m), 3067 (w), 1648
(s), 1556 (s), 1522 (s), 1460 (m), 1428 (m), 1384 (m), 1364 (s), 1346 (s), 1312 (s), 1282 (vs),
1236 (m), 1145 (vs), 1121 (m), 1056 (w), 1008 (w), 959 (s), 863 (s), 833 (vs), 807 (vs), 766 (s),
754 (s), 741 (s), 683 (m), 663 (s), 622 (s), 600 (m), 583 (s), 496 (s), 430 (m).

1-Hydroxyethyl-3-nitropyrazole (4)524

3-NitropyrazolelS?3! (4.00 g, 35.4 mmol, 1.0 eq.) was dissolved in THF (40 mL). Potassium
carbonate (9.78 g, 70.8 mmol, 2.0 eq.) and 2-bromoethanol (3.8 mL, 6.70g, 53.6 mmol,
1.5 eq.) were added and the mixture was refluxed at 70 °C for 24 h. The solvent of the resulting
suspension was evaporated under reduced pressure and water (40 mL) and ethyl acetate
(40 ml) was added to the solid residue. The aqueous phase was extracted with ethyl acetate
(2x40mL) and the combined organic phases were dried over MgS0s, discolored with
activated carbon and evaporated. The crude compound solidified over the course of up to 3 d.
For purification the residue was triturated with diethyl ether, filtrated, washed with diethyl
ether and air dried at room temperature to give 1-hydroxyethyl-3-nitropyrazole (4) (4.00 g,
24.5 mmol, 72%) as colourless solid.

DTA (5°C min™) Tmer=72°C; 'HNMR (400 MHz, DMSO-d6, 25°C): & (ppm)=7.99 (d,
3Jun = 2.5 Hz, 1H), 7.02 (d, 3Jun = 2.5 Hz, 1H), 4.99 (t, 3Jun = 5.3 Hz, 1H), 4.27 (t, 3Jun = 5.2 Hz,
2H), 3.78 (q, ¥un = 5.3 Hz, 2H); 3C{*H} NMR (101 MHz, DMSO-d6, 25 °C): & (ppm) = 155.0,
134.5, 102.5, 59.5, 55.7; “N{*H} NMR (29 MHz, DMSO-d6, 25°C): & (ppm)=-20; EA
(CsH7N303, 157.13 g/mol) calc. (found): C 38.22 (38.26), H 4.49 (4.24), N 26.74 (26.44) %;
HRMS (El+): m/z calculated for CsHgN3O3 [M]*: 158.0560, found: 158.0560; IR (ATR, rel. int.): ¥
(cm™) = 3413 (s), 3162 (m), 3114 (m), 1533 (s), 1499 (s), 1460 (m), 1452 (m), 1433 (m), 1407
(m), 1386 (s), 1371 (s), 1359 (s), 1293 (vs), 1253 (m), 1193 (s), 1160 (m), 1080 (m), 1061 (s),
1039 (s), 1012 (m), 1005 (s), 947 (m), 865 (m), 823 (s), 788 (vs), 754 (vs), 676 (w), 657 (w), 622
(m), 576 (m), 538 (m), 500 (m), 426 (m).

1-Nitratoethyl-3-nitropyrazole (5)

To cooled acetic acid anhydride (4.0 mL, 42.3 mmol, 6.7 eq.) fuming nitric acid (2.0 mL,
47.9 mmol, 7.5 eq.) was added dropwise while keeping the temperature at 0 °C. To this
mixture 1-hydroxyethyl-3-nitropyrazole (4) (1.00 g, 6.36 mmol, 1.0 eq.) was added portion
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wise and stirred for 10 min at this temperature. The reaction was stirred further at room
temperature until everything was dissolved (approx. 15 min) and poured onto ice-water
(~40 mL). The precipitate was filtered off, washed with a little amount of water and air dried
at room temperature to give 1-nitratoethyl-3-nitropyrazole (5) (1.16 g, 5.74 mmol, 90%) as
colourless powder.

DTA (5°C min™2) Tmer=78"°C, Tdec=198°C; HNMR (400 MHz, DMSO-d6, 25°C): 6
(ppm) = 8.11 (d, 3up = 2.6 Hz, 1H), 7.07 (d, 3Jun = 2.5 Hz, 1H), 4.95 (t, 3Jn = 5.0 Hz, 2H), 4.67
(t, 3Jun = 4.9 Hz, 2H); 3C{*H} NMR (101 MHz, DMSO-d6, 25 °C): 6 (ppm) = 155.4, 134.8, 103.0,
71.1, 50.2; “N{*H} NMR (29 MHz, DMSO-d6, 25 °C): & (ppm)=-21,-44; EA (CsHsN4Os,
202.13 g/mol) calc. (found): C 29.71 (29.51), H 2.99 (3.04), N 27.72 (27.18) %; HRMS (El+): m/z
calculated for CsHsN4Os [M]: 202.0338, found: 202.0333; IR (ATR, rel. int.): ¥ (cm™) = 3179 (w),
3130 (m), 1645 (s), 1628 (s), 1550 (m), 1536 (s), 1507 (m), 1470 (w), 1457 (m), 1429 (m), 1382
(s), 1358 (s), 1301 (s), 1279 (vs), 1258 (s), 1206 (w), 1181 (m), 1089 (w), 1059 (m), 1028 (s),
1000 (m), 961 (w), 892 (s), 878 (s), 856 (s), 823 (s), 788 (s), 755 (vs), 709 (s), 690 (m), 648 (w),
611 (m), 566 (m), 542 (w), 498 (m), 431 (w).

1-Nitratoethyl-3,4-dinitropyrazole (6)

Method A: 1-Hydroxyethyl-3-nitropyrazole (4) (1.00 g, 6.36 mmol, 1.0 eq.) was added at 0 °C
to fuming nitric acid (4 mL, 95.9 mmol, 15 eq.) and stirred under ice cooling for 10 min. The
reaction mixture was stirred further 3.5 h at room temperature, poured onto ice water
(~40 mL), and stored at 4 °C for 2 h for complete precipitation. The precipitate was filtered off,
washed with a little amount of water, and air dried at room temperature to give 1-
nitratoethyl-3,4-dinitropyrazole (6) (1.47 g, 5.95 mmol, 94%) as colourless powder.

Method B: 1-Nitratoethyl-3-nitropyrazole (5) (0.96 g, 4.75 mmol, 1.0 eq.) was added at 0 °C to
fuming nitric acid (8 mL, 192 mmol, 40 eq.) and stirred at under ice-cooling for 15 min. The
reaction mixture was stirred further 4 h at room temperature and poured onto ice-water
(~40 mL). The precipitate was filtered off, washed with a little amount of water and air dried
at room temperature to give 1-nitratomethyl-3,4-dinitropyrazole (3) (0.86 g, 3.48 mmol, 73%)
as colourless powder.

DTA (5°C min™) Tmer=61°C, Tgec=198°C; HNMR (400 MHz, DMSO-d6, 25°C): &
(ppm) =9.23 (s, 1H), 4.96 (t, 3Jun = 4.6 Hz, 2H), 4.70 (t, 3Jun = 4.6 Hz, 2H); 3C{*H} NMR
(101 MHz, DMSO-d6, 25 °C): & (ppm) = 147.2, 134.7, 126.3, 70.4 51.1; *N{*H} NMR (29 MHz,
DMSO-d6, 25 °C): 6 (ppm) =-26,-43; EA (CsHsNsO;, 247.12 g/mol) calc. (found): C 24.30
(24.24), H 2.04 (1.92), N 28.34 (28.04) %; HRMS (El+): m/z calculated for CsHsNsO7 [M]:
247.0189, found: 247.0185; IR (ATR, rel. int.): ¥ (cm™) = 3157 (w), 1639 (s), 1545 (s), 1515 (s),
1476 (w), 1460 (m), 1434 (m), 1412 (w), 1358 (s), 1337 (s), 1308 (m), 1281 (vs), 1248 (m), 1195
(w), 1150 (m), 1122 (w), 1081 (w), 1030 (m), 1020 (m), 966 (w), 902 (s), 862 (s), 808 (s), 759
(s), 750 (s), 715 (m), 706 (w), 667 (w), 641 (w), 596 (m), 574 (m), 504 (w), 455 (w).

1-Hydroxymethyl-4-nitropyrazole (7)

4-Nitropyrazolel®! (3.00g, 26.5 mmol, 1.0 eq.) was dissolved in MeOH (20mL) and
formaldehyde (40% aq., 5 mL, 66.6 mmol, 2.5 eq.) was added. The reaction mixture was
stirred at room temperature overnight and poured onto a mixture of water (25 mL) and sat.
NaHCOs (15 mL). The solution was extracted with CHCIs (3 x 30 mL), dried over MgSQO4, and
evaporated under reduced pressure. The crude product was recrystallized from CHCl3
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(~70 mL) to obtain 1-hydroxymethyl-4-nitropyrazole (7) (2.10 g, 14.7 mmol, 55%) as colourless
crystalline solid.

DTA (5°C min™) Tmer=98°C; 'HNMR (400 MHz, DMSO-d6, 25°C): & (ppm)=8.89 (d,
4Jyn = 0.7 Hz, 1H), 8.28 (d, Y = 0.8 Hz, 1H), 7.21 (t, 3Jun = 7.8 Hz, 1H), 5.43 (d, 3Jun = 7.8 Hz,
2H); BC{!H} NMR (101 MHz, DMSO-d6, 25°C): & (ppm)=135.7, 135.3, 129.8, 74.9;
1“N{*H} NMR (29 MHz, DMSO-d6, 25 °C): & (ppm) = -18; EA (C4HsN303, 143.10 g/mol) calc.
(found): C 33.57 (33.59), H 3.52 (3.58), N 29.36 (28.71) %; HRMS (El+): m/z calculated for
C4HsN30O3 [M]: 143.0331, found: 143.0309; IR (ATR, rel. int.): ¥ (cm™) =3261 (m), 3139 (m),
3109 (m), 1557 (w), 1536 (m), 1514 (s), 1481 (m), 1457 (m), 1411 (s), 1400 (m), 1356 (w), 1326
(s), 1311 (m), 1293 (s), 1213 (w), 1183 (w), 1114 (m), 1071 (vs), 1028 (m), 1000 (m), 978 (s),
897 (m), 863 (m), 816 (s), 749 (vs), 689 (m), 650 (m), 596 (s), 552 (m), 482 (m).

1-Hydroxyethyl-4-nitropyrazole (8)

4-Nitropyrazolel®! (4.00 g, 35.4 mmol, 1.00 eq.) was dissolved in THF (40 mL). Potassium
carbonate (9.78 g, 70.8 mmol, 2.0 eq.) and 2-bromoethanol (3.8 mL, 6.70g, 53.6 mmol,
1.5 eq.) were added and the mixture was refluxed at 70 °C for 24 h. The solvent of the resulting
suspension was evaporated under reduced pressure and water (40 mL) and ethyl acetate
(40 ml) was added to the solid residue. The aqueous phase was extracted with ethyl acetate
(2 x 40 mL) and combined organic phases were dried over MgS0s, discolored with activated
carbon and evaporated. For purification, the residue was triturated with diethyl ether,
filtrated, washed with diethyl ether and air dried at room temperature to give 1-hydroxyethyl-
4-nitropyrazole (8) (2.80 g, 17.8 mmol, 50%) as colourless solid.

DTA (5°C min™) Tmer=92°C; 'HNMR (400 MHz, DMSO-d6, 25°C): & (ppm)=8.80 (d,
4y =0.8 Hz, 1H), 8.25 (d, “Jn = 0.7 Hz, 1H), 4.99 (t, 3Jun = 5.4 Hz, 1H), 4.22 (t, 3y = 5.4 Hz,
2H), 3.77 (9, 3Jun = 5.4 Hz, 2H); 3C{*H} NMR (101 MHz, DMSO-d6, 25 °C): & (ppm) = 135.5,
134.8,130.9, 59.2 55.2; 1N{*H} NMR (29 MHz, DMSO-d6, 25 °C): & (ppm) = -19; EA (CsH;N303,
157.13 g/mol) calc. (found): C 38.22 (38.33), H 4.49 (4.34), N 26.74 (26.35) %; HRMS (El+): m/z
calculated for CsHgN3O3 [M]*: 158.0560, found: 158.0558; IR (ATR, rel. int.): ¥ (cm™) = 3379
(m), 3140 (m), 3123 (m), 1559 (w), 1531 (s), 1504 (vs), 1485 (s), 1438 (m), 1429 (s), 1408 (vs),
1376 (m), 1364 (m), 1312 (vs), 1296 (vs), 1208 (m), 1162 (w), 1152 (m), 1127 (s), 1069 (s), 1045
(s), 1002 (s), 991 (m), 943 (m), 890 (s), 871 (m), 849 (m), 818 (vs), 756 (vs), 662 (w), 610 (s),
594 (vs), 556 (s), 511 (m), 423 (m).

1-Nitratoethyl-4-nitropyrazole (9)

To cooled acetic acid anhydride (4.0 mL, 42.3 mmol, 6.7 eq.) fuming nitric (2.0 mL, 47.9 mmol,
7.5 eq.) was added dropwise while keeping the temperature at 0 °C. To this mixture, 1-
hydroxyethyl-4-nitropyrazole (8) (1.00 g, 6.36 mmol, 1.0 eq.) was added portion wise and
stirred 20 min at this temperature. The reaction was stirred further 10 min at room
temperature and poured onto ice-water (~40 mL). The precipitate was filtered off, washed
with a little amount of water and air dried at room temperature to give 1-nitratoethyl-4-
nitropyrazole (9) (1.01 g, 5.00 mmol, 77%) as colourless powder.

DTA (5°C min™Y) Tmer=52°C, Teec=191°C; HNMR (400 MHz, DMSO-d6, 25 °C): &
(ppm) = 8.98 (d, “Ju = 0.7 Hz, 1H), 8.31 (d, Y = 0.7 Hz, 1H), 4.94 (t, 3Jun = 4.9 Hz, 2H), 4.60
(t, 3Jun = 5.0 Hz, 2H); 13C{*H} NMR (101 MHz, DMSO-d6, 25 °C): & (ppm) = 136.0, 135.1, 131.2,
70.9, 49.8; N{*H} NMR (29 MHz, DMSO-d6, 25°C): & (ppm)=-19,-43; EA (CsHsN4Os,

38

481



202.13 g/mol) calc. (found): C 29.71 (29.79), H 2.99 (2.71), N 27.72 (27.46) %; HRMS (El+): m/z
calculated for CsHsN4Os [M]: 202.0338, found: 202.0333; IR (ATR, rel. int.): ¥ (cm™) = 3134 (w),
3122 (m), 1629 (s), 1554 (w), 1529 (m), 1505 (s), 1481 (m), 1439 (m), 1422 (m), 1407 (s), 1361
(m), 1313 (s), 1297 (s), 1276 (vs), 1200 (w), 1183 (w), 1132 (m), 1079 (m), 1029 (w), 1008 (m),
1001 (s), 978 (w), 946 (w), 879 (s), 838 (s), 818 (s), 753 (s), 712 (w), 693 (m), 659 (w), 640 (m),
597 (m), 550 (m), 497 (m), 420 (m).

1-Chloromethyl-3-nitropyrazole (10)52¢!

Thionyl chloride (3 mL, 41.3 mmol, 2.1 eq.) dissolved in DCM (10 mL) was added dropwise to
a cooled solution of 1-hydroxymethyl-3-nitropyrazole (1) (2.85 g, 19.9 mmol, 1.0 eq.) in DCM
(20 mL). The reaction mixture was stirred 1 h at 5 °C, then overnight at room temperature and
evaporated under reduced pressure. The crude product was purified via column
chromatography (iHex/EtOAc 3:2, Rf=0.5) to give 1-chloromethyl-3-nitropyrazole (10)
(2.91 g, 18.0 mmol, 90%) as an colourless to yellowish solid. (Note: Crude product can be used
for the conversion to compound 14 which can be purified via column chromatography in the
next step.)

DTA (5°C min™) Tmer=25°C; 'HNMR (400 MHz, DMSO-d6, 25°C): & (ppm)=8.29 (d,
3 = 2.7 Hz, 1H), 7.10 (d, 3up = 2.7 Hz, 1H), 6.26 (s, 2H); 13C{*H} NMR (101 MHz, DMSO-d6,
25°C): & (ppm)=156.5, 135.6, 104.0, 58.7; “N{*H} NMR (29 MHz, DMSO-d6, 25 °C): &
(ppm) =-22; EA (C4H4CIN303, 161.55 g/mol) calc. (found): C 29.74 (30.59), H 2.50 (2.71), N
26.01 (25.14) %; HRMS (El+): m/z calculated for C4H4CIN3O; [M]: 160.9992, found: 161.0052;
IR (ATR, rel. int.): ¥ (cm™2) = 3157 (w), 3133 (w), 3055 (vw), 1729 (w), 1549 (s), 1510 (s), 1454
(m), 1387 (s), 1352 (m), 1292 (vs), 1247 (m), 1189 (s), 1158 (w), 1100 (w), 1054 (m), 996 (m),
939 (vw), 822 (s), 781 (m), 752 (s), 729 (vs), 718 (s), 642 (m), 610 (w), 538 (w), 441 (w).

1-Azidomethyl-3-nitropyrazole (11)

To a solution of 1-chloromethyl-3-nitropyrazole (10) (1.5g, 9.29 mmol, 1.0 eq.) in DMF
(75 mL), sodium azide (0.72 g, 11.1 mmol, 1.2 eq.) was added and the reaction mixture was
heated at 80 °C for at least 18 h. The solvent was evaporated under reduced pressure and the
residue was taken up in water (~70 mL). The resulting solution was extracted with EtOAc
(3 x 50 mL), dried over MgSO4 and evaporated under reduced pressure to give 1-azidomethyl-
3-nitropyrazole (11) (1.34 g, 7.97 mmol, 86%) as a yellowish solid.

DTA (5°C min™) Tmer=40°C, Tgec=179°C; HNMR (400 MHz, DMSO-d6, 25°C): &
(ppm) = 8.22 (d, 3Jun =2.6 Hz, 1H), 7.13 (d, 3Jun=2.7 Hz, 1H), 5.74 (s, 2H); BC{*H} NMR
(101 MHz, DMSO-d6, 25 °C): & (ppm) = 156.2, 134.9, 103.4, 65.6; N{*H} NMR (29 MHz,
DMSO-d6, 25 °C): 6 (ppm) =-20, -135, -161; EA (C4HiNeO2, 168.12 g/mol) calc. (found): C
28.58 (28.88), H 2.40 (2.69), N 49.99 (49.69) %; HRMS (El+): m/z calculated for C4H4NgO2 [M]:
168.0396, found: 168.0391; IR (ATR, rel. int.): ¥ (cm™) = 3160 (w), 3129 (m), 2150 (m), 2116
(s), 2086 (s), 1545 (m), 1502 (m), 1454 (m), 1386 (s), 1370 (s), 1346 (m), 1288 (vs), 1236 (s),
1202 (s), 1174 (s), 1119 (w), 1086 (w), 1058 (s), 1030 (m), 997 (m), 989 (m), 906 (m), 823 (s),
790 (s), 751 (vs), 665 (m), 645 (m), 615 (W), 565 (m), 540 (w), 445 (m).

1-Chloromethyl-4-nitropyrazole (12)52¢!

Thionyl chloride (3 mL, 41.3 mmol, 2.1 eq.) dissolved in DCM (10 mL) was added dropwise to
a cooled solution of 1-hydroxymethyl-4-nitropyrazole (7) (2.85 g, 19.9 mmol, 1.0 eq.) in DCM
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(20 mL). The reaction mixture was stirred 1 h at 5 °C, then overnight at room temperature and
evaporated under reduced pressure. The crude product was purified via column
chromatography (iHex/EtOAc 3:2, Rf=0.7) to give 1-chloromethyl-4-nitropyrazole (12)
(2.80 g, 17.3 mmol, 87%) as an colourless to yellowish solid.

DTA (5°C min™) Tmer=38°C; 'HNMR (400 MHz, DMSO-d6, 25°C): & (ppm)=9.15 (d,
4y = 0.7 Hz, 1H), 8.40 (d, “Jun = 0.7 Hz, 1H), 6.18 (s, 2H); 3C{*H} NMR (101 MHz, DMSO-d6,
25°C): & (ppm)=137.3, 136.0, 131.9, 58.5; “N{*H} NMR (29 MHz, DMSO-d6, 25 °C): &
(ppm) = -20; EA (C4H4CIN303, 161.55 g/mol) calc. (found): C 29.74 (29.45), H 2.50 (2.51), N
26.01 (25.77) %; HRMS (El+): m/z calculated for C4H4CIN3O2 [M]: 160.9992, found: 161.0003;
IR (ATR, rel. int.): ¥ (cm™) = 3125 (m), 3046 (m), 2987 (w), 1553 (m), 1533 (s), 1514 (s), 1498
(s), 1468 (m), 1448 (m), 1406 (s), 1353 (m), 1326 (s), 1310 (s), 1295 (s), 1159 (m), 1133 (s),
1001 (s), 984 (m), 935 (m), 887 (s), 863 (w), 817 (s), 752 (s), 729 (s), 712 (vs), 650 (s), 594 (s),
548 (s), 444 (m).

1-Azidomethyl-4-nitropyrazole (13)

To a solution of 1-chloromethyl-3-nitropyrazole (10) (1.00 g, 6.19 mmol, 1.0 eq.) in DMF
(50 mL) sodium azide (0.61 g, 9.38 mmol, 1.5 eq.) was added and the reaction mixture was
heated at 80 °C for min. 18 h. The solvent was evaporated under reduced pressure and the
residue was absorbed in water (~50 mL). The resulting solution was extracted with EtOAc
(3 x30 mL), dried over MgSO4 and evaporated under reduced pressure to give 1-azidomethyl-
3-nitropyrazole (13) (0.91 g, 5.41 mmol, 87%) as a yellowish solid.

DTA (5°C min™) Tmer=42°C, Tgec=174°C; *HNMR (400 MHz, DMSO-d6, 25°C): &
(ppm) = 9.06 (d, % =0.7 Hz, 1H), 8.42 (d, “n=0.8 Hz, 1H), 5.65 (s, 2H); B3C{*H} NMR
(101 MHz, DMSO-d6, 25 °C): & (ppm) = 136.9, 135.6, 131.2, 65.3; ¥N{*H} NMR (29 MHz,
DMSO-d6, 25 °C): 6 (ppm) =-18, -135, -160; EA (C4HaNeO2, 168.12 g/mol) calc. (found): C
28.58 (28.57), H 2.40 (2.48), N 49.99 (50.00) %; HRMS (El+): m/z calculated for C4H4NgO2 [M]:
168.0396, found: 168.0390; IR (ATR, rel. int.): ¥ (cm™) = 3120 (s), 3028 (w), 2164 (m), 2129 (s),
2100 (m), 1557 (w), 1531 (s), 1505 (vs), 1468 (s), 1454 (m), 1424 (m), 1407 (s), 1376 (s), 1321
(s), 1285 (vs), 1245 (vs), 1204 (s), 1187 (m), 1130 (s), 1045 (m), 998 (s), 970 (s), 910 (s), 886 (s),
857 (m), 817 (vs), 753 (s), 740 (s), 668 (m), 645 (m), 590 (s), 554 (s), 468 (m).

1-Chloromethyl-3,4-dinitropyrazole (14)523!

1-Chloromethyl-3-nitropyrazole (10) (2.00 g, 18.6 mmol, 1.0 eq.) was added at 0 °C to fuming
nitric acid (12 mL, 288 mmol, 15 eq.) and stirred under ice cooling for 10 min. The reaction
mixture was stirred further 3 h at room temperature, poured onto ice-water (~80 mL) and
extracted with EtOAc (3 x 50 mL). The combined organic phases were dried over MgSO4 and
the solvent was evaporated under reduced pressure. The crude product was purified via
column chromatography (iHex/EtOAc 3:7, Rf=0.7) to give 1-chloromethyl-3,4-
dinitropyrazole (14) (2.26 g, 10.9 mmol, 59%) as an yellowish oil.

14 NMR (400 MHz, DMSO-d6, 25 °C): & (ppm)=9.38 (s, 1H), 6.25 (s, 2H); 3C{*H} NMR
(101 MHz, DMSO-d6, 25 °C): & (ppm) = 147.8, 135.3, 127.0, 58.8; ¥N{*H} NMR (29 MHz,
DMSO-d6, 25 °C): 6 (ppm) = —-27; EA (C4H3CIN4O4, 206.54 g/mol) calc. (found): C 23.26 (23.61),
H 1.46 (1.52), N 27.13 (27.08) %; HRMS (El+): m/z calculated for C4sH3CIN4O4 [M]: 205.9843,
found: 205.9836; IR (ATR, rel. int.): ¥ (cm™) = 3139 (w), 3060 (vw), 1545 (s), 1516 (vs), 1463
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(m), 1418 (w), 1362 (s), 1339 (s), 1296 (s), 1171 (w), 1141 (s), 1119 (m), 1010 (w), 946 (vw),
861 (s), 807 (vs), 743 (s), 731 (s), 624 (w), 594 (w), 479 (m), 416 (vw).

1-Azidomethyl-3,4-dinitropyrazole (15)

To a solution of 1-chloromethyl-3,4-dinitropyrazole (14) (1.86 g, 9.01 mmol, 1.0 eq.) in DMF
(75 mL) sodium azide (0.88 g, 13.5 mmol, 1.5 eq.) was added. The reaction mixture was then
heated at 80 °C for at least 18 h. Upon cooling to room temperature, the reaction was poured
onto ice water (~75 mL) and extracted with EtOAc (3 x 50 mL). The combined organic phases
were subsequently washed with NaHCOs3 (9% aq. 50 mL) and LiCl (10% aqg. 50 mL), followed by
drying over MgS04 and evaporation of the solvent to give a mixture of 1-azidomethyl-3,4-
dinitropyrazole (15) and 1-azidomethyl-3-azido-4-nitropyrazole (16) as yellow oil. Compound
15 can be isolated via column chromatography (iHex:EtOAc 7 : 3, Rf=0.3) as yellowish oil
(0.48 g, 2.27 mmol, 25%).

DTA (5 °C min) Taec = 149 °C; *H NMR (400 MHz, DMSO-d6, 25 °C): & (ppm) = 9.30 (s, 1H),
5.75 (s, 2H); 3C{*H} NMR (101 MHz, DMSO-d6, 25 °C): & (ppm) = 140.3, 134.5, 126.6, 66.3;
1N{*H} NMR (29 MHz, DMSO-d6, 25 °C): & (ppm) = -27,-137; EA (CsH3N;04, 213.02 g/mol)
calc. (found): C 22.54 (22.55), H 1.42 (1.73), N 46.01 (45.70) %; IR (ATR, rel. int.): ¥ (cm~
1) = 3139 (w), 2119 (s), 1542 (s), 1516 (vs), 1462 (m), 1361 (s), 1341 (s), 1300 (s), 1237 (s), 1198
(m), 1139 (s), 1119 (m), 1035 (w), 1005 (w), 913 (m), 861 (s), 807 (vs), 745 (s), 666 (w), 626
(w), 598 (w), 561 (w), 491 (m).

1-Azidomethyl-3-azido-4-nitropyrazole (16)

To a solution of 1-chloromethyl-3,4-dinitropyrazole (14) (0.50 g, 2.42 mmol, 1.0 eq.) in DMF
(25 mL) sodium azide (0.39 g, 6.05 mmol, 2.5 eq.) was added. The reaction mixture was then
heated at 80 °C for at least 18 h. Upon cooling to room temperature, the reaction was poured
onto ice water (~25 mL) and extracted with EtOAc (3 x 30 mL). The combined organic phases
were subsequently washed with NaHCO3 (9% aq. 30 mL) and LiCl (10% aqg. 40 mL), followed by
drying over MgSOs and evaporation of the solvent to give 1l-azidomethyl-3-azido-4-
nitropyrazole (16) (0.44 g, 2.09 mmol, 86%) as yellowish solid. If desired, the obtained
compound can be further purified via column chromatography (EtOAc, R¢=0.7).

DTA (5°C min™Y) Tmer=50°C, Toec=157°C; HNMR (400 MHz, DMSO-d6, 25 °C):
& (ppm) = 9.06 (s, 1H), 5.58 (s, 2H); 3C{*H} NMR (101 MHz, DMSO-d6, 25 °C): & (ppm) = 143.4,
133.9, 125.1, 65.5; “N{'H}NMR (29 MHz, DMSO-d6, 25 °C): & (ppm) = -20,-135,-143;
15N NMR (41 MHz, DMSO-d, 25 °C): 8 (ppm) = -22.2,
-100.2 (t, 3Jn = 2.6 Hz),-135.6 (t, Unn = 5.0 Hz),~143.7,-145.4,-160.9,-177.1 (d,
2Jun = 2.8 Hz), —296.3,-301.6 (t, 2/ = 2.5 Hz); EA (CsH3NsO3, 209.13 g/mol) calc. (found): C
22.97 (23.85), H 1.45 (1.78), N 60.28 (59.55) %; HRMS (El+): m/z calculated for C4H3NsO; [M]:
209.0410, found: 209.0402; IR (ATR, rel. int.): ¥ (cm™) = 3145 (m), 3042 (w), 2976 (w), 2165
(m), 2134 (vs), 2096 (s), 1536 (s), 1504 (vs), 1474 (vs), 1460 (s), 1441 (m), 1361 (vs), 1307 (s),
1250 (s), 1219 (vs), 1133 (s), 1107 (s), 1033 (m), 995 (m), 908 (s), 871 (s), 852 (s), 812 (w), 792
(s), 757 (s), 736 (s), 680 (m), 666 (s), 621 (vs), 608 (vs), 559 (s), 533 (s), 504 (m), 463 (m).
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1-Azidoethyl-3-nitropyrazole (17)

To a solution of 3-nitropyrazole523 (2.00 g, 17.7 mmol, 1.0 eq) in DMF (20 mL) 1-azido-2-
chloroethane (1.87 g, 17.7 mmol, 1.0eq) and potassium hydrogen carbonate (3.67 g,
26.5 mmol, 1.5 eq) were added and the suspension was heated to 90 °C for 16 h. Water
(100 mL) was added after cooling down to room temperature and the solution was extracted
with EtOAc (3 x 100 mL). The combined organic layers were washed with LiCl solution (10%,
2 x 50 mL) and brine (100 mL), dried over MgS0a4 and the solvent was removed under reduced
pressure. 1-Azidoethyl-3-nitropyrazole (17) (2.52 g, 13.8 mmol, 78%) was obtained as a yellow
liquid. If desired the crude product can be purified further by flash column
chromatography (iHex:EtOAc 8 : 2, Rr=0.2).

DTA (5°C min™) Tee=214°C; 'HNMR (400 MHz, CDCls, 25°C): & (ppm)=7.55 (d,
3Jun = 2.5 Hz, 1H), 6.92 (d, 3Jun = 2.5 Hz, 1H), 4.32 (t, 3Jun = 5.1 Hz, 2H) (t, 3Jun = 5.1 Hz, 2H);
13C{!H} NMR (101 MHz, CDCls, 25 °C): & (ppm)=133.2, 103.2, 52.8, 50.4; “N{*H} NMR
(29 MHz, CDCls, 25 °C): 6 (ppm) = -21,-135,-169; EA (CsHeN6O2, 182.14 g/mol) calc. (found):
€32.97(33.19), H 3.32 (3.28), 46.14 (46.17) %; IR (ATR, rel. int.): ¥ (cm™) = 3157 (w), 3131 (w),
2098 (s), 1542 (s), 1536 (s), 1504 (s), 1456 (m), 1444 (m), 1420 (w), 1382 (s), 1348 (m), 1296
(vs), 1191 (m), 1177 (m), 1053 (m), 999 (m), 939 (vw), 822 (vs), 779 (s), 751 (s), 687 (w), 629
(w), 617 (w), 553 (w), 488 (w), 420 (w).

1-Azidoethyl-4-nitropyrazole (18)

4-Nitropyrazolel®1 (2.00 g, 17.7 mmol, 1.0 eq) was dissolved in DMF (20 mL), 1-azido-2-
chloroethane (1.87 g, 17.7 mmol, 1.0eq) and potassium hydrogen carbonate (3.67 g,
26.5 mmol, 1.5 eq) were added and the suspension was heated to 90 °C for 16 h. Water
(100 mL) was added after cooling down to room temperature and the solution was extracted
with EtOAc (3 x 100 mL). The combined organic layers were washed with LiCl solution (10%,
2 x 50 mL) and brine (100 mL), dried over MgS0a4 and the solvent was removed under reduced
pressure. 1-Azidoethyl-4-nitropyrazole (18) (2.83 g, 15.5 mmol, 87%) was obtained as yellow
liquid. If desired the crude product can be purified further by flash column
chromatography (iHex:EtOAc 6 : 4, Rr= 0.34).

DTA (5 °C min~t) Taec = 214 °C; *H NMR (400 MHz, CDCls, 25 °C): & (ppm) = 8.21 (s, 1H), 8.12 (s,
1H), 4.28 (t, 3Jun = 5.5 Hz 2H), 3.82 (t, 3Jup = 5.5 Hz 2H).; 3C{*H} NMR (101 MHz, CDCls, 25 °C):
& (ppm)=136.6, 129.7, 52.6, 50.2; N{H}NMR (29 MHz, CDCl;, 25°C): &
(ppm) = -14,-139,-171; EA (CsHsNsO2, 182.14 g/mol) calc. (found): C 32.97 (33.37), H 3.32
(3.25), N 46.14 (45.64) %; IR (ATR, rel. int.): ¥ (cm™) = 3135 (w), 2935 (vw), 2098 (s), 1529 (s),
1506 (vs), 1475 (m), 1440 (m), 1405 (s), 1371 (w), 1351 (m), 1312 (s), 1296 (vs), 1190 (w), 1170
(w), 1129 (m), 1065 (w), 1002 (m), 971 (w), 945 (w), 874 (m), 817 (vs), 753 (vs), 680 (w), 630
(w), 596 (m), 550 (m), 498 (w), 418 (w).

1-Azidoethyl-3,4-dinitropyrazole (19)

3,4-Dinitropyrazolel?31 (2.00g, 12.7 mmol, 1.0 eq) was dissolved in DMF (20 mL) and
2-azidoethyl mesylate (2.09 g, 12.7 mmol, 1.0 eq) and potassium hydrogencarbonate (2.62 g,
26.5 mmol, 1.5 eq) were added. The suspension was heated to 90 °C for 16 h. Water (100 mL)
was added after cooling down to room temperature and the solution was extracted with
EtOAc (3 x 100 mL). The combined organic layers were washed with LiCl solution (10%,
2 x 50 mL) and brine (100 mL), dried over MgS0a4 and the solvent was removed under reduced
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pressure. 1-Azidoethyl-3,4-dinitropyrazole (19) (2.52 g, 13.8 mmol, 78%) was obtained as
yellow liquid. If desired the crude product can be purified further by flash column
chromatography (iHex:EtOAc 6 : 4, Rr=0.28).

DTA (5 °C min~%) Tmei = 50 °C, Taec = 216 °C; *H NMR (400 MHz, CDCls, 25 °C): & (ppm) = 8.25
(s, 1H), 4.31 (t, 3up = 5.3 Hz, 2H), 3.89 (t, 3Jun = 5.5 Hz, 2H); 3C{*H} NMR (101 MHz, CDCls,
25°C): 6 (ppm) = 154.4, 132.1, 130.1, 53.7, 49.6; “N{*H} NMR (29 MHz, CDCls, 25 °C): &
(ppm) = -28,-136; EA (CsHsN70a, 227.14 g/mol) calc. (found): C 26.44 (26.83), H 2.22 (2.25), N
43.17 (42.78) %; IR (ATR, rel. int.): ¥ (cm™) = 3136 (m), 2145 (m), 2102 (s), 1552 (s), 1535 (s),
1512 (vs), 1456 (s), 1443 (m), 1432 (m), 1411 (m), 1362 (s), 1336 (s), 1297 (vs), 1228 (m), 1147
(s), 1118 (m), 1064 (w), 1016 (w), 1003 (m), 935 (w), 859 (s), 805 (s), 756 (m), 746 (s), 702 (w),
668 (w), 642 (m), 626 (m), 593 (m), 557 (m), 503 (m), 443 (m).

1-Azidoethyl-3-azido-4-nitropyrazole (20)

To a solution of 1-nitratoethyl-3,4-dinitropyrazole (6) (1.50 g, 6.07 mmol, 1.0 eq.) in DMF
(75 mL) sodium azide (0.99 g, 15.2 mmol, 2.5 eq.) was added. The reaction mixture was then
heated at 80 °C for at least 18 h. Upon cooling to room temperature, the reaction was poured
into ice water (~75 mL) and extracted with EtOAc (3 x 80 mL). The combined organic phases
were subsequently washed with NaHCO3 (9% aq. 50 mL) and LiCl (10% aqg. 70 mL), followed by
drying over MgSOsand evaporation of the solvent to give 1-azidoethyl-3-azido-4-nitropyrazole
(20) (0.93 g, 4.154 mmol, 68%) as yellow solid. If desired, the obtained compound can be
further purified via column chromatography (EtOAc, Rf=0.8).

DTA (5°C min™) Tmer=41°C, Tgec=159°C; HNMR (400 MHz, DMSO-d6, 25°C): &
(ppm) =8.98 (s, 1H), 4.31 (t, 3Jun=5.5Hz, 2H), 3.81 (t, 3Jun=5.5Hz, 2H); BC{*H} NMR
(101 MHz, DMSO-d6, 25 °C): 6 (ppm) = 142.6, 133.8, 124.4, 51.9, 49.2; ““N{*H} NMR (29 MHz,
DMSO-d6, 25 °C): 6 (ppm)=-18,-133,-142; EA (CsHsNgO,, 223.16 g/mol) calc. (found): C
26.91 (27.19), H 2.26 (2.67), N 56.49 (56.24) %; IR (ATR, rel. int.): ¥ (cm™) = 3116 (m), 3015
(vw), 2941 (w), 2874 (w), 2341 (w), 2232 (w), 2136 (vs), 2094 (vs), 1732 (w), 1532 (s), 1505
(vs), 1480 (s), 1471 (s), 1449 (m), 1435 (s), 1396 (m), 1381 (s), 1356 (s), 1343 (s), 1303 (vs),
1224 (vs), 1186 (s), 1148 (s), 1069 (m), 991 (m), 937 (w), 869 (s), 838 (m), 785 (m), 755 (s), 678
(m), 639 (s), 612 (s), 550 (w), 532 (m), 505 (m), 498 (s), 415 (m).
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ABSTRACT: Recently, different nitrato-methyl-substituted oxadiazoles have been described
as potential melt-cast explosives. In this work, corresponding N—O heterocyclic-based
compounds with azido-methyl functionalities were synthesized. In each case, the explosophoric
azide group is inserted by chlorine—azide exchange during the last synthetic step. All
synthesized compounds show interesting characteristics for various applications in the field of
energetic materials as energetic plasticizers or as melt-cast explosives. The compounds were
extensively analyzed by IR, EA DTA, and multinuclear NMR spectroscopy. Furthermore, the
solid compounds 4,4',5,5'-tetrakis(azidomethyl)-3,3’-bisisoxazole (2) and 3,3’-bis-
(azidomethyl)-S,5’-bis(1,2,4-oxadiazole) (4) were characterized using X-ray diffraction. In
addition, the sensitivities toward friction and impact were determined with BAM standard
techniques, and the energetic performances of all synthesized azido-methyl compounds were
calculated using the EXPLOS code. The properties were compared to recently published,

structurally related compounds.

B INTRODUCTION

Azide-containing compounds have been indispensable in many
areas of chemistry' since the discovery of the azide anion by
Curtius in 1890.” Despite the toxicity of the azide anion,” it
remains an essential molecular building block and has a great
synthetic approach in organic chemistry." Moreover, as an
anion or functionality, azides offer unrivaled and unique
properties. Traditionally, azides are widely used in addition” or
substitution®” reactions, as well as in cycloaddition reactions
for the production of nitrogen-rich heterocycles, such as 1,2,3-
triazoles” " and tetrazoles.'”'” The azide source for these
reactions is mostly NaNj or trimethylsilylazide (TMSNj,),
which are cheap well-manageable chemicals. In addition, there
are numerous reactions that benefit from the conversion of
azides to isocyanates,13 nitrenes,14 or amines.'® Therefore,
azides are included in numerous substances or at least used as
intermediates or reagents toward the synthesis. Nevertheless,
many chemists are frightened by the compounds themselves or
the use thereof in general since organic azides can have
explosive properties.'

There are various empirical rules, for example, the “Smith
rule” or the “rule of six”, which states that “six carbons (or
other atoms of approximately equal size) per energetic
functional group (azide, diazo, nitro, etc.) should provide
sufficient dilution to make the compound relatively safe under
appropriate controls and safety procedures”.* However, such
rules are guidelines, and one must consider the potential
hazards associated with newly prepared azides de novo.
Properly characterized and handled organic azides in the
form of azido-alkyl functions see widespread use and provide a
useful platform for their utilization as energetic materials."*~"*

© 2021 American Chemical Society

7 ACS Publications
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For energetic materials, the high heat of formation inserted
by azides (about 360 kJ/mol)'’ and the high nitrogen content,
that is inherent in the compound, are exploited in particular. In
the research for new green explosives, the azide functionality is
advantageous since the resulting polyazides often have low
solubility in water, and mainly dinitrogen is formed during
combustion.”’ Figure 1 shows some azido-methyl-containing
compounds that are widely used in almost all fields of high-
energy materials such as energetic polymers (A),”' energetic
plast;iizers (B),”” initial explosives (C),”* or hypergolic liquids
(D).

Yet, there are few examples of heterocyclic-based molecules
that contain azido-alkyl units.”> However, recently intensively

A) B) C) D)

Figure 1. Representative examples for energetic organic compounds
containing an alkylazido function: GAP (A), 3,3',5,5'-tetra-
(azidomethyl)-4,4'-azo-1,2,4-triazole (B), tetraazido pentaerythritol
(C), and bis(2-azidoethyl)dimethylammonium nitrocyanamide (D).
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investigated heterocyclic compounds that utilize nitrato-methyl
groups, among others as an energy-delivering source, were
denoted as promising energetic substances in the field of melt-
cast explosives.””~>” The chemical structures of the mentioned
compounds are depicted in Figure 2. These possible TNT

0.90°
Zag\|
-N N NG |
07\ \\j/\ONoz N\ N
omo A= {0 LD
LN e
(6]
E), TNMBIO F), DNMBO G)

Figure 2. Molecular structures of recently published melt-cast
explosives based on isoxazole and oxadiazole scaffolds including
tetrakisnitratomethylbisisoxazole (TNMBIO) (E), dinitratomethylbi-
soxadiazole (DNMBO) (F), and bisoxadiazolylfuroxan (G).

replacements are based on isoxazoles and oxadiazoles, which
are characterized above all by high thermal stability and easy
chemical availability and synthesis. Even so, they contribute to
energy performance through their NO content.”*~**

In this study, we present the combination of an azide
functionality with established scaffolds to create a new class of
low-melting azido-methyl-based explosives.”® By the structural
similarity toward compounds (E)—(G), it was assumed that
some properties might be identical or even better.

B RESULTS AND DISCUSSION

Starting with known literature precursors reported by Wingard
et al,”™ the respective chloromethyl compound 1 was
synthesized through classical chlorination reaction with thionyl
chloride in pyridine at reflux conditions (Scheme 1). A

Scheme 1. Synthesis of 2 via Chloromethyl Derivative 1

HO

NOH OH OH OH cl cl
NaHCO SOCl,, Pyridine
° cl 2 = N-o = A Mo
NOH n-BuOH O\N/ _ Et,0 O\N/ _
4h,130°C 4h,40°C
HO HO [e] cl
1,86%
cl Cl N3 N3
NaNj
= N-o = /N\O
O~ — H0 O\N/ _
12,90 °C
Cl cl N Ny
1 2,77%

subsequent chlorine—azide exchange yielded 2 in 77% yield. In
order to achieve complete conversion of the product, the
reaction was stirred at 90 °C for 12 h in water and was then
purified by flash column chromatography. Due to the low
melting point of 28 °C, it was obtained as oil and solidified by
adding a seed crystal at low temperatures.

Compound 4 was previously discovered through a different
synthetic pathway by Zhan et al.’* but was investigated
intensively for the first time in this study. Starting from
diaminoglyoxime, a chloroacetyl unit was added under basic
conditions to the oxime functionality by the reaction with the
corresponding acid chloride (Scheme 2).

For the subsequent condensation reaction for the formation
of the 1,2,4-oxadiazole units, the solvent were required
therefore to be switched from MeCN to DMF since reaction
temperatures above 100 °C are required. After chlorine—azide
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Scheme 2. Synthesis of 4 via Chloromethyl Derivative 3

o
CI)K/CI °
I
NOH KoCOs c \)J\o NH, o-N. Neci
HoN N — Dam
2 NH, MeCN SN DMF C|\/<N N-©
NOH 1h,0°C; 16 h, rit. NH, o\rh 4h,120°C
cl 3,63%
o
NN NaN NN
o N { sﬁu 3 0N ! sﬁNa
a s WO H,0 Ne SN N-©

3 16 h, 90 °C & 77%

exchange in water, the crude product was recrystallized from
hot water to yield pure 4 in 77% yield.

The heterocyclic motif of 6 and 8 is a known scaffold for
energetic materials. By combining two oxadiazoles through a
furoxane or furazane moiety, a high energy content is stored in
a molecule that is nevertheless relatively thermally stable and
dense.’®*® BNFF and its reduced form BNFFa, which are
considered as new-generation melt-cast explosives, have
therefore been investigated in detail by many research
groups.”®™*® Compounds are synthesized mainly starting
from malononitrile.”” Here, the 1,2,4-oxadiazole ring closure
was performed similarly for § by a reaction of chloroacetyl
chloride with bisaminohydroximoylfuroxane in toluene.”” To
obtain both the furoxan and furazan-containing derivatives as
linkers, a reduction of the furoxan ring was performed in
hydrochloric acid and tin(II) chloride as a reducing agent to
yield compound 7. The chlorine—azide exchanges for 6 and 8
were performed in acetonitrile with a reaction time of 120 h for
both compounds. Trying to shorten the reaction time by
heating led to the decomposition of the compounds. After flash
column chromatography, 6 and 8 were obtained as yellowish
oils. The synthetic pathway is depicted in Scheme 3.

Scheme 3. Synthesis of 6 and 8

o o, o
NOH J_a a Yy N NS N
H,N cl N NaN, N
=N —— N =N N =N
FN N O Toluene cl W MeCN N3/\(/ D W)
HON oh® 16 h, rt; 4 h, 110 °C O-N gNe 120 h, rt. O-N oNe
o o]
5,93% 6,84%
SnCl, | 16 h,
HCI | rt.
o, O,
C'/\ﬁ N Ns/\ﬁ N
N NaNg N
N =N — N =N
CI/\(/ D W) MeCN N3/\(/ D W)
Oo-N N 120 h, rt. o-y N

7,45% 8,81%

All azido-methyl compounds were characterized with
multinuclear NMR, mass spectrometry, and vibrational spec-
troscopy (IR). Additionally, the thermal behavior was
determined by differential thermal analysis (DTA) measure-
ments, and the purity grade was checked by CHN elemental
analysis.

The IR spectra of the azido-methyl compounds show strong
characteristic azide stretching frequencies in the range between
2200 and 2050 cm™!. For 2, a broadened band is visible, which
indicates an overlap of the two different azide moieties.

Due to the poor solubility or decomposition reactions,
different solvents were used for the NMR measurements of the
azido-methyl compounds, so no clear continuous trend in the

https://doi.org/10.1021/acs.joc.1c00216
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shift of the NMR resonances compared to the chloromethyl
precursors can be established.

In the 'H and “C{'H} spectra of all chloromethyl
precursors, proton signals of the methylene groups are found
between 5.27 and 4.82 ppm as sharp singlets, and carbon
signals appear in a range of 33.7—32.1 ppm. For the azido-
methyl moieties, the CH, resonances are found between 5.03
and 4.70 ppm in the proton spectra and between 45.2 and 41.8
ppm for the carbon spectra. The remaining heterocyclic carbon
signals appear in a range typical for the respective hetero-
cycles.> ™%

Proton-coupled "N measurements were carried out for all
azido-methyl compounds and are shown in Figure 3. 2 shows

N1

N3/N6 N4

N1

N1 )
N3/N4 N °
nsig NG NS N
N2 Mo NN N N
N8/N11 N0 AN, ot~
| 9IN12 (N7INTO
Y e L Y sl
N1 NINTON .
\/ =
N2 ne NS @ N3 N @:N?N
N3 Na ¥,/\/th {O)VN’
N5|| le N4
40 0 -40 -80 -120 -160 -200 -240 -280 -320 -360 -400
ppm (**N)

Figure 3. Proton-coupled N NMR spectra and assignment of the
signals of 2 measured in DMSO-d,, 4 measured in CDCl;, and 6 and
8 measured in acetone-dg, respectively.

seven sharp signals. The one at —3.2 ppm is assigned to the
isoxazole moiety. For the azide resonances, the three typical
signals occur in pairs due to their similar surroundings at
—310.8 and —307.7 ppm for N,, —167.5 and —166.0 ppm for
N,, and —134.1 and —133.7 ppm for Ny and are therefore in
the same range as other azido-methyl compounds.”’ The
assignment of N, and N, of the different azido groups was
possible by information gained from 2D NMR spectroscopy
measurements. These spectra can be found in the Supporting
Information.

The spectra, especially those with azido-methyl-1,2,4-
oxadiazole units (4, 6, and 8), show great similarities. The
azide signals are located in close ranges from —314.7 to —315.5
ppm for N, —162.3 to —164.9 for N, and —134.7 to —135.5
ppm for N; Due to the ] coupling with the methylene
protons, the latter are split into triplets with coupling constants
between 4.3 and 4.5 Hz.

Compound 6 is expected to show six azide signals due to the
lack of symmetry in the molecule, which, however, are
overlapping because of the small difference in their chemical
environment. In the oxadiazole units, in contrast to the azide
resonances, two different signals for CNC (—139.9 and —140.9
ppm) and ONC (—12.2 and —12.8 ppm) are still detectable.
The remaining heterocyclic signals for 1,2,4-oxadiazole,
furoxan, as well as furazan nitrogen atoms show typical
shifts.”**

Single crystals suitable for X-ray diffraction experiments for
all chloromethyl precursors 1, 3, 5, and 7 (for more
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information check the Supporting Information) and for
azido-methyl derivatives 2 and 4 were obtained by slow
evaporation or recrystallization from different common
solvents.

Compound 2, recrystallized from hot methanol, crystallizes
in the monoclinic space group P2,/n with a cell volume of
753.41(5) A® and two formula units per cell. The cell constants
are a = 6.9324(3) A, b = 8.6045(3) A, and ¢ = 12.6400(5) A,
while the density is 1.571 g cm™ at 298 K. The structure is
shown in Figure 4. As expected from structurally similar

Figure 4. (a) Molecular unit of compound 2, showing the atom
labeling scheme. Symmetry code: (i) —x, 1 — y, 1 — z. (b) Packing of
2. Thermal ellipsoids represent the S0% probability level, and
hydrogen atoms are shown as small spheres of arbitrary radius.
Selected bond lengths [A] and angles [°]: N1-O1 1.3921(17), N1—
C3 1.3135(18), O1-C1 1.3594(17), C1-C2 1.3571(19), C1-C4
1.489(2), N3—N2—C4 115.34(13), N2—C4—C1 113.28(13), N5—
N6—N7 172.93(16), N2—N3—N4 172.00(19), and O1-C1-C2-C5
179.67(14).

literature-known compounds, the molecule shows planar
assembly of the isoxazole rings. Similarly the angle of O1—
C1—-C2—CS 179.67(14)° illustrates that the methylene groups
are planar with respect to the ring system. Apart from
hydrogen atoms, only the azide groups are twisted out of the
plane by 115.34(13)° for N3—N2—C4 and 113.28(13)° for
N2—C4—C1. The bond angles of the azides NS—N6—N7
(172.93(16)°) and N2—N3—N4 (172.00(19)°) are also in the
range of literature-known azide groups due to negative
hyperconjugation. The bond distances in the isoxazole rings
are in ranges between single and double bonds with N—O
(1.3921(17) A), N—C (1.3135(18) A), O—C (1.3594(17) A),
and C—C (1.3571(19) A) for heterocyclic aromatic com-
pounds.”

Compound 4, recrystallized from acetone, crystallizes in the
triclinic space group P—1 with one formula unit per cell and a
density of 1.649 g cm™> at 299 K. The cell constants are a =
3.9473(3) A, b =6.7158(4) A, and ¢ = 10.1067(6) A, while the
volume is 249.92 A3. The structure is depicted in Figure 5. The
heterocyclic rings show clear signs of aromaticity, as the
respective bond lengths correspond to the range between
single and double bonds (N2—C2 1.3713(18) A, O1-Cl1
1.3385(16) A, O1—N1 1.403(2) A). The two aromatic 1,2,4-
oxadiazole rings form a plane from which the azide moieties
twist out with a torsion angle of 81.5(2)° (N4—N3—-C3-C1).
Due to negative hyperconjugation, the azide function shows an
angle of 173.5(2)° (N3—-N4-NS). 4 forms a layer-like
structure in which the azides and the ring systems are
superimposed, respectively. The structure results from the
medium—strong hydrogen bridges C3—H3A---N1 (2.699(18)
A), C3—-H3A--N2 (2.779(18) A), and C3—H3B--N3
(2.580(19) A).

The results of the computed detonation properties of azides
2, 4, 6, and 8, together with the calculated energies of

https://doi.org/10.1021/acs.joc.1c00216
J. Org. Chem. 2021, 86, 6&616380
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a) b) ™.

Figure 5. (a) Molecular unit of compound 4, showing the atom-
labeling scheme. Symmetry code: (i) 1 — x 1 — y, —z. (b) Packing of
4. Thermal ellipsoids represent the S0% probability level, and
hydrogen atoms are shown as small spheres of arbitrary radius.
Selected bond distances [A] and angles [°]: N3—N4 1.237(2), N4—
NS 1.138(3), C1-N2 1.292(2), N3—N4—NS$ 173.5(2), C1-C3—N3
110.70 (16), C1—N2—C2 101.84(12), N2—C1—C3—N3 110.88(19),
and O1-C1-C3—N3 66.8(2).

formation (details in the Supporting Information) and the
corresponding sensitivities, can be found in Table 1. All
synthesized compounds are characterized by very high positive
enthalpies of formation (1377.8 kJ mol™" for 2, 781.5 kJ mol™!
for 4, 1079.9 kJ mol™" for 6, and 1072.9 kJ mol ™" for 8), which
is a typical feature of organic azides. The limit of “the rule of
six” mentioned in the introduction is not even remotely
reached by any of the synthesized compounds, yet most of
them are classified as nonhazardous.

The tetra-functionalized bisisoxazole derivatives show
approximately equal values for impact and friction sensitivity,
which are comparable to those PETN (IS = 3.5 J, FS = 60 N).
For the friction sensitivity of the tetraazido-methyl derivative 2,
a higher sensitivity was expected. However, due to the low
melting point, it can be assumed that liquefaction occurs
during the performance of the friction test, and thus the
sensitivity decreases. The decomposition point of both
compounds is slightly above 190 °C, whereas the melting

point is lowered by almost 100 °C by the four azide groups
compared to the four nitrate groups (Figure 4). 2 shows a
calculated detonation velocity that outperforms TNT (Vi =
7147 m s~') but is clearly below the one of TNMBIO (Vg
7847 m s7').”> The huge difference compared to the nitrato-
methyl derivative mainly results from the distinction of the
density of about 0.2 g cm™.

In contrast to DNMBO, which has moderate sensitivities
toward impact and friction (IS = 8 J, FS = 282 N),
diazidomethyl-bisoxadiazole (4) is absolutely insensitive (IS
= >40 J, FS = >360 N). Only the sensitivity to electrostatic
discharge of 4 is higher (ESD = 60 mJ) compared to the
nitrato-methyl derivative (ESD = 125 mJ). Thermal analysis
was carried out using DTA experiments. The related plots for
azidomethyl compounds 2, 4, 6, and 8 are shown in Figure 6.
The thermochemical properties of the two bisoxadiazole
compounds are very similar. Thus, 4 has a melting point in a
range similar to the corresponding nitrate ester but with a
decomposition point of 209 °C, a significantly higher stability
than DNMBO (T, = 183 °C).*°

By substitution of the nitrate group through azide, the same
effect is observed as with the compound pair 2/TNMBIO but
to a much weaker extent. The same trend can be seen for the
density and the strongly associated detonation parameters.
Compound 4 has a density of 1.649 ¢ cm™ coupled with a
detonation velocity of 7221 m s™', which exhibits the same
trend compared to the corresponding nitrato-methyl derivative
(DNMBO), decreasing the density by about 0.2 g cm™ and
the detonation velocity by about 900 m s™'. Nevertheless, 4,
like DNMBO, outperforms TNT and shows suitable properties
for use as a melt-cast explosive.

Since 6 and 8 are liquids at room temperature, both
compounds were only tested toward their impact sensitivity.
The impact sensitivity of 6 is 20 J, whereas 8 only shows slight
signs of decomposition at a value of 40 J. The decomposition

Table 1. Physicochemical Properties and EXPLOS Calculation Results of 2, 4, 6, and 8 in Comparison with Nitrato-methyl

Compounds TNMBIO and DNMBO as Well as TNT

2 TNMBIO*® 4
formula C,oHgN 4,0, CoHgNsO,
M [g mol™'] 356.27 436.20 248.17
IS [J1° 2 3 >40
FS [N]° 64 60 >360
ESD [J]° 0.040 0.063 0.060
p(298 K) [g em™] 1.571¢ 1.786 1.6497
N [%]° 55.0 193 56.4
Q [%) —98.8 0 —77.4
T, [°CIE 28 122 70
Ty [°CIE 192 194 209
AFH® [KJ mol™']" 1377.8 —395.0 781.5
Explo5 V6.05.02
—ARU° [k kg™'V 4655 5086 4256
Ta [KI* 3305 3604 3202
V, [L kg™’ 688 661 702
Pgy [kbar]” 198 268 192
Viee [m s7'7" 7147 7847 7221
Is [s]° 222 236 219

CeH,N,40,

DNMBO*® 6 8 TNT
CeH,yNgOs CsH,N, O, CsHyN 1,05 C;HsN;04
288.01 332.20 316.20 227.13
8 20 40 15

282 - - >360
0.125 - - >0.25
1.831 1.807 175 1.65
292 50.6 532 18.5

0 —674 —759 —24.7
85 n.d. n.d. 80

183 210 193 295
—794 1079.9 1072.9 —59.3
4884 5127 4759 4426
3565 3714 3506 3222
675 676 672 633

281 261 227 194
8119 8071 7672 6823
236 224 226

“Impact sensitivity (BAM drophammer (1 of 6)). “Friction sensitivity (BAM friction tester (1 of 6)). “Electrostatic discharge device (OZM
research). “From X-ray diffraction analysis recalculated to 298 K. “Nitrogen content. / Oxygen balance with respect to CO, or carbon dioxide.
#Decomposition temperature. Melting point (DTA; # = 5 °C min™"). "Calculated enthalpy of formation. /Energy of explosion. *Detonation
temperature. 'Volume of detonation products (assuming only gaseous products). "Detonation pressure at the Chapman—Jouguet point.
"Detonation velocity. °Specific impulse under isobaric (60 bar) conditions. #Recalculated from chloromethyl precursors.
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210°C

100 200 300 400
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Figure 6. DTA plots of compounds 2, 4, 6, and 8 measured with a

heating rate of § °C min~". Melting (endo) and decomposition (exo)
points are given as onset temperatures.

temperature for both compounds is in the range of 200 °C,
whereby 6 is marginally more stable and decomposes distinctly
more sharply. Despite the flat slope of the curve of 8, no
significant mass loss is observed, which was confirmed by TGA
measurements (TGA graphs of 6 and 8 are shown in the
Supporting Information). The densities of 6 and 8 were
predicted from the crystal structures of the chloromethyl
precursors S and 7, respectively. A comparison of the densities
obtained by comparing the densities of various chloromethyl to
azido-methyl compounds was considered. The detonation
velocities calculated from these densities are in the range of
8071 m s™" for 6 and 7672 m s™" for 8. As expected, the values
of furoxan derivative 6 are generally higher than those of the
corresponding furazan derivative 8, which is related to the
higher density caused by the N-oxide, which additionally
delivers more energy to the system. Both substances would be
suitable as energetic plasticizers due to their physicochemical
properties.

With the crystal structures of 2 and 4 as well as the
respective nitrato-methyl compounds TNMBIO and DNMBO
in hand, a more in-depth analysis of the different sensitivities,
which includes the influence of the functional groups, could be
carried out. Hence, Hirshfeld surfaces, based on the respective
crystal structures of the compounds, were created. (Figure 7).
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The thereof generated 2D fingerprint plots indicate the
distance and type of interaction toward the surrounding
atoms in the crystal neighborhood with respect to d; + d. (d;:
distance from the Hirshfeld surface to the nearest atom
interior; d,: distance from the Hirshfeld surface to the nearest
atom exterior).” Depending on the type, amount, and strength
of the respective interactions, relative conclusions about the
different sensitivities of similar compounds can be drawn.**

In most cases, a large number of equiatomic interactions
indicate an increased sensitivity. Since the homoatomic
interactions can be assumed to be caused by the same
polarization of the atoms, the size of the atoms also plays a
decisive role. Therefore, O--O interactions have a higher
destabilizing effect in the crystal lattice than N--N or H--H
interactions.*”*® The same applies to the O--N, C--O, and
C-N interactions, whereby these often do not have such a
strong influence on the reduced stability toward external
mechanical stimuli. The induced destabilization is a result of
close contacts within the crystal layering. By shifting the crystal
layers against each other, local hotspots are formed by
interlayer repulsion. The vulnerable regions for close
interactions are marked as red dots in the Hirshfeld plots.
Therefore, it can be concluded that connections with an
increased number of red dots or a high frequency of close
contacts for repulsive interactions show an increased
sensitivity.""**

Intermolecular hydrogen bridges, which result in O---H and
N--H interactions, form the majority of the stabilizing
interactions and are predominantly found in insensitive
compounds. In the case of affecting external stimuli, they
hinder the slippage of the crystal layers and thus act
preventively against the formation of hotspots. Nevertheless,
O---H and N---H contacts create a 3D network and therefore
strongly alter the interlayering slide and can sensitize the
compounds. However, replacing hard O--O and N--N
contacts by hydrogen bridges often leads to better cushioning
of external mechanical stimuli.*’

However, not only the quantity but also the type of
interactions within the crystal layers play an important role for
estimating the sensitivities. Even more important for evaluation
is the relative strength of the individual interactions, which can
be estimated from the position in the 2D plot.*®

As expected, the main source of positive interactions of the
nitrate compounds is O---H, whereas the majority of negative
ones is due to O--O contacts. For azides 2 and 4, N---H and
N-N contacts form the predominant interactions. For the
bisisoxazole derivatives TNMBIO and 2, the measured
sensitivities are in the same range. TNMBIO has the highest
number of positive interactions of all compounds analyzed,
splitting into 44.5% O--H and 3.5% N--H. The O--H
interactions are presented as some strong interactions (d; +
d, = 2.6 A); however, the majority occurs at larger distances.
The N--H interactions are completely negligible due to the
high distance. TNMBIO has a relatively large number of
destabilizing contacts with 29.3% O---O and 10.4% O--N,
which occur in the region around d; + d, = 3.2 A. The
intermolecular interactions of 2 are mainly dominated by N--
N (23.9%), O-~N (11.9%), and N---H (39.0%). Despite the
low hydrogen content of the compound, large amounts of
destabilizing H---H (8.9%) interactions are observed.
TNMBIO shows more, albeit weaker, interactions for both
attractive and repulsive interactions compared to 2, so they can
be considered as similarly sensitive.

https://doi.org/10.1021/acs.joc.1c00216
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Figure 7. Two-dimensional fingerprint plot in crystal stacking as well as the corresponding Hishfeld surface of TAMBIO (2), TNMBIO, DAMBO

(4), and DNMBO. Population of close contacts below.

The repulsive interactions (O--O: 30.5%, O---N: 13.7%, N---
N: 2.1%) presented in DNMBO are more abundant than the
corresponding attractive ones (O--H: 16.0%, N---H: 27.6%).
In general, the high content of O---O in association with low
O--H, which forms the strongest interactions due to the
highest difference in electronegativity, should be noted. Almost
half of all interactions occurring in 4 are due to the negative
repulsions of N--N (30.0%) and O--N (18.1%). However,
they occur in a range of weak intensity, which makes them
rather insignificant. In contrast, 35.3% of N---H interactions
occur in a distance range in which medium-strong hydrogen
bridges are formed. Therefore, O---O in DNMBO has the
predominant importance, destabilizing the compound, which
must be weighted more heavily than the N--N and O--N
interactions occurring mainly in 4. Unlike in 4, there are no
strong stabilizing interactions to counteract this trend. For this
reason, the sensitivity of DNMBO should be higher than that
of 4, which could also be confirmed by the experimental
measurement.

B SUMMARY

In summary, four new heterocyclic-based polyazido-methyl
compounds were synthesized and characterized intensively. 4
shows promising properties for a melt-cast explosive and
therefore as a possible replacement for TNT with T, = 70 °C
and Ty, = 209 °C, being thermally more stable than its nitrato-
methyl derivative DNMBO. Furthermore, it outperforms TNT
in terms of detonation velocity. Comparing 4 with its nitrato-
methyl derivative DNMBO, the sensitivities toward impact and
friction are significantly lower, but DNMBO has a detonation
velocity of 8119 m s™', nearly 900 m s~' higher than that of
DAMBO (4). Moreover, 2, 6, and 8 show promising values for
use as energetic plasticizers. 6 and 8 are presented as liquids,
whereas 2 is available as a at room temperature, melting at 28
°C. The most promising of these three compounds is 6, which
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was obtained as a moderately impact-sensitive liquid, stable up
to 210 °C. Further investigations and mixtures therewith
should be carried out to study its compatibility with other
energetic materials in formulations.

B EXPERIMENTAL PART

General Procedures. 'H, *C{'H}, and "N NMR spectra were
recorded on BRUKER AMX 400 instruments. Chemical shifts are
referenced with respect to tetramethylsilane (‘H/®C{'H}) and
nitromethane (**N/"°N). Infrared spectra (IR) were recorded in the
region 4000—400 cm™" on a PERKIN ELMER Spectrum BX-59343
instrument with a SMITHS DETECTION DuraSamplIR II Diamond
ATR sensor. Mass spectra and high-resolution mass spectra (HR-MS)
were recorded using electroionization (EI). HR-MS was recorded on
a Finnigan MAT 95Q with an Ion-Trap MS/MS system or a
ThermoFisher Q EXACTIVE GC Orbitrap GC-MS/MS. Decom-
position temperatures were measured via differential thermal analysis
(DTA) with an OZM Research DTA 552-Ex instrument and partly by
thermal gravimetric analysis (TGA) with a PerkinElmer TGA4000 at
a heating rate of 5 °C/min and in a range of room temperature to 400
°C. All sensitivities toward impact (IS) and friction (FS) were
determined according to BAM (Bundesanstalt fiir Materialforschung
and Priifung) standards using a BAM drop hammer and a BAM
friction apparatus by applying the 1 of 6 method.>® All energetic
compounds were tested for sensitivity toward electrical discharge
using an Electric Spark Tester ESD 2010 EN from OZM. Energetic
properties have been calculated with the EXPLOS 6.02 computer®'
code using the RT converted and estimated X-ray density and
calculated solid-state heats of formation.

CAUTION! All investigated compounds are potentially explosive
materials. Safety precautions and equipment (such as wearing a
leather coat, face shield, Kevlar sleeves, Kevlar gloves, earthed
equipment, and ear plugs) must be used during all manipulations of
energetic materials.

4,4',5,5'-Tetrakis(chloromethyl)-3,3’-bisisoxazole (1). Tetrakis-
hydroxymethyl-bisisoxazole (2.00 g, 7.80 mmol, 1.0 equiv) was
suspended in Et,0 (40 mL), and SOCL, (2.10 mL, 34.0 mmol, 4.4
equiv) and pyridine (2.70 mL, 34.0 mmol, 4.4 equiv) were added

https://doi.org/10.1021/acs.joc.1c00216
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dropwise. The solution was heated to 40 °C with an oil bath for 4 h,
adding more SOCL, (3.5 g, 2.1 mL, 34 mmol, 4.4 equiv) and pyridine
(2.7 g 2.7 mL, 34 mmol, 4.4 equiv) after 2 h. The brown reaction
mixture was filtered and washed with water multiple times. Tetrakis-
chloromethyl-bisisoxazole (1) was obtained as a brown solid (2.21 g,
6.70 mmol, 86%).

IR (ATR) ¥ (cm™') = 2168(w), 2086(vs), 1620(w), 1438(w),
1418(w), 1337(m), 1265(s), 1221(s), 1179(m), 1139(m), 1067(w),
967(w), 912(m), 879(m), 774(m), 719(m), 654(m), 552(m),
464(m), 438(m), 427(m), 415(m). Elem. Anal. Calcd for
C,oHN,0,Cl,: C, 36.40; N, 8.49; H, 2.44. Found: C, 36.60; N,
8.48; H, 2.51. 'H NMR (DMSO-d,, 400 MHz, ppm): 6 = 521 (s,
4H), 4.99 (s, 4H). *C{'H} NMR (DMSO-d,, 100 MHz, ppm): § =
167.9, 152.9, 114.9, 33.8, 32.6. HR-MS (EI) m/z: [M] Calcd for
C.oHgN,0,Cl, 327.9340. Found: 327.9334.

4,4',5,5'-Tetrakis(azidomethyl)-3,3’-bisisoxazole (TAMBIO) (2).
Tetrakis-chloromethyl-bisisoxazole (1) (1.00 g 3.00 mmol, 1.0
equiv) and sodium azide (1.00 g, 15.0 mmol, 5.0 equiv) were solved
in water (50 mL) and heated to 90 °C with an oil bath and stirred for
12 h at this temperature. The solution was extracted with EtOAc (3 X
50 mL). The organic phase was dried over anhydrous sodium sulfate,
and the product was dried in the air. The crude product was purified
by flash column chromatography (CHCLy/NEt; 99.9%/0.1%).
Tetrakis-azidomethyl-bisisoxazole (2) was obtained as a slightly
brown liquid that crystallized at 4 °C (0.81 g, 2.30 mmol, 77% yield).

DTA (5 °C min™!): 28 °C (melt), 192 °C (dec). Sensitivities:
BAM drop hammer: 2 J (<500 gm). Friction tester: 64 N (<500 ym).
ESD: 40 mJ (<500 ym). IR (ATR) ¥ (cm™) = 3016(w), 1623(m),
1448(m), 1411(m), 1393(w), 1270(m), 1252(m), 1138(m),
1105(m), 933(s), 898(m), 883(m), 745(s), 706(vs), 683(vs),
638(m), 615(m), 414(w). Elem. Anal. Calcd for C;;HgN,,0,: C,
33.71; N, 55.04; H, 2.26. Found: C, 33.66; N, 54.63; H, 2.55. 'H
NMR (DMSO-d,, 400 MHz, ppm): & = 4.95 (s, 4H), 4.70 (s, 4H).
BC{'H} NMR (DMSO-d,, 100 MHz, ppm): § = 167.4, 153.0, 111.9,
42.8, 41.6. ""'N NMR (DMSO-dg, 41 MHz, ppm) § = —3.2, —133.7,
—134.1, —166.0, —167.5, —307.7, —310.8. HR-MS (EI) m/z: [M]
Calcd for C(HgN 4,0, 356.0955. Found: 356.0943.

3,3’-Bis(chloromethyl)-5,5’-bis(1,2,4-oxadiazole) (3). Diamino-
glyoxime (2.40 g, 20.3 mmol, 1.0 equiv) was dissolved in acetonitrile
(100 mL), and potassium carbonate (5.60 g, 40.6 mmol, 2.0 equiv)
was added in one portion. The mixture was cooled to 0 °C with an ice
bath, and chloracetyl chloride (6.50 mL, 81.6 mmol, 4.0 equiv) in
acetonitrile (20 mL) was added dropwise over 20 min. The mixture
was stirred for 1 h at 0 °C and further overnight at room temperature.
The solution was quenched on ice water (100 mL), and the white
solid was filtered and washed with small amounts of ice water.
Afterward, it was solved in DMF (40 mL) and heated with an oil bath
for 4 h to 120 °C. After cooling to room temperature, the mixture was
quenched on ice water (100 mL) to yield the white powdered crude
product. After recrystallization from hot water (60 mL), 3 was yielded
as colorless crystalline needles (3.00 g, 12.7 mmol, 63% yield).

IR (ATR) ¥ (ecm™) = 3042(w), 2984(w), 1741(w), 1579(s),
1439(m), 1429(m), 1421(m), 1312(m), 1263(m), 1220(vs),
1144(m), 1022(m), 956(m), 933(w), 920(s), 896(m), 778(w),
749(vs), 681(vs), 653(w), 636(m). Elem. Anal. Calcd for
C(H,N,0,Cl,: C, 30.66; N, 23.84; H, 1.72. Found: C, 30.42; N,
23.34; H, 2.02. 'H NMR (DMSO-d,, 400 MHz, ppm) & = 5.25 (s,
4H). BC{'H} NMR (DMSO-d,, 100 MHz, ppm) & = 177.3, 159.7,
33.7. HRMS (EI) m/z: [M] Caled for C¢H,N,0,Cl, 233.9711.
Found: 233.9707.

3,3’-Bis(azidomethyl)-5,5'-bis(1,2,4-oxadiazole) (DAMBO) (4).
3,3'-Bis(chloromethyl)-5,5'-bis(1,2,4-oxadiazole) (3) (500 mg, 2.13
mmol, 1.0 equiv) was dissolved in water (75 mL), and sodium azide
(0.43 g, 6.62 mmol, 3.1 equiv) was added. The mixture was heated to
90 °C with an oil bath and stirred overnight. After cooling to room
temperature, the solution was extracted with DCM (3 X S0 mL). The
organic phase was dried over anhydrous sodium sulfate and
evaporated under reduced pressure to yield the crude product,
which was recrystallized from hot water (40 mL). 3,3'-Bis-
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(azidomethyl)-5,5'-bi(1,2,4-oxadiazole) (4) was obtained as colorless
microcrystals (410 mg, 1.65 mmol, 77% yield).

DTA (5 °C min™): 70 °C (melt), 209 °C (dec). Sensitivities:
BAM drop hammer: >40 J (<500 ym). Friction tester: >360 N (<500
um). ESD: 60 mJ (<500 um). IR (ATR) 7 (cm™') = 3026(w),
2951(w), 2473(vw), 2213(w), 2143(s), 2104(s), 2007(w), 1998(w),
1983(w), 1567(s), 1441(m), 1430(m), 1330(w), 1304(s), 1281(m),
1247(s), 1214(vs), 1196(s), 1196(s), 1054(w), 1038(w), 1024(w),
971(s), 956(m), 915(s), 894(s), 783(s), 688(s), 664(s), 637(s),
555(s), 488(w), 446(w), 430(w), 423(w), 409(m). Elem. Anal. Calcd
for C{H,N,O,: C, 29.04; N, 56.44; H, 1.62. Found: C, 29.17; N,
$5.19; H, 1.86. "H NMR (CDCl,, 400 MHz, ppm): & = 4.73 (s, 4H).
BC{'H} NMR (CDCl,;, 100 MHz, ppm): § = 176.3, 160.0, 45.2. N
NMR (CDCl,, 41 MHz, ppm): § = —11.8, —135.5, —140.9, —162.3,
—314.7. m/z (EI+, M = 248.05 g mol™"): 248 (100), 138 (45), 123
(57), 111 (16), 108 (41), 96 (28), 94 (20), 91 (14), 84 (96), 44 (42),
43 (61), 42 (64), 41 (16). HRMS (EI) m/z: [M] Calcd for
C¢H,N,,0, 248.0519. Found: 248.0516.

3,4-Bis(5-(chloromethyl)-1,2,4-oxadiazol-3-yl)-furoxan (5). Bisa-
minohydroximoylfuroxan (2.00 g 9.90 mmol, 1.0 equiv) was
dissolved in toluene (50 mL), and chloracetyl chloride (3.2 mlL,
40.2 mmol, 4.1 equiv) in toluene (20 mL) was added dropwise over
20 min. The mixture was stirred at ambient temperature overnight
and was subsequently heated to 110 °C with an oil bath and stirred
for 4 h at this temperature. After cooling to room temperature, the
solvent was evaporated under reduced pressure, and the residue was
stired for 30 min in a mixture of saturated sodium hydrogen
carbonate solution (50 mL) and DCM (50 mL). The phases were
separated, and the aqueous phase was extracted DCM (2 x 50 ml).
The organic phase was dried using sodium sulfate, and the solvent was
evaporated under reduced pressure to yield a slightly gray oil, which
started to crystallize after several hours on air, which could be
identified as 3,4-bis(5-(chloromethyl)-1,2,4-oxadiazol-3-yl)-furoxan
(5) (2.94 g, 9.22 mmol, 93%).

IR (ATR) ¥ (cm™') = 3468(w), 3349(w), 3205(w), 3033(w),
2959(w), 2791(w), 1682(w), 1658(m), 1622(vs), 1579(s), 1551(s),
1489(m), 1424(m), 1409(m), 1389(m), 1306(m), 1268(s),
1211(m), 1163(w), 1145(m), 1073(m), 1044(m), 1044(m),
1015(m), 988(m), 972(m), 948(s), 926(s), 902(m), 851(w),
815(s), 788(s), 754(s), 739(s), 690(m), 640(s), 616(m), 571(m),
523(m), 517(m), 496(m), 453(s), 420(s), 412(s), 404(m). Elem.
Anal. Caled for CgH,NO,Cl,: C, 30.12; N, 26.34; H, 1.26. Found: C,
29.89; N, 26.01; H, 1.57. '"H NMR (DMSO-d;, 400 MHz, ppm): & =
527 (s, 2H), 523 (s, 2H). *C{'H} NMR (DMSO-d;, 100 MHz,
ppm): § = 177.0, 176.7, 158.7, 156.7, 145.1, 106.0, 33.5, 33.4. m/z (EI
+, M = 317.97 g mol™'): 290 (22), 288 (24), 193 (14), 183 (12), 183
(11), 108 (35), 77 (17), 61 (14), 58 (26), 58 (22), 51 (14), 51 (10),
49 (48), 43 (100), 43 (79), 42 (20). HRMS (EI) m/z: [M] Caled for
CgH,N,O,Cl, 317.9671. Found: 317.9667.

3,4-Bis(5-(azidomethyl)-1,2,4-oxadiazol-3-yl)-furoxan (DAMBFF)
(6). 3,4-Bis(S-(chloromethyl)-1,2,4-oxadiazol-3-yl)-furoxan (5) (500
mg, 1.57 mmol, 1.0 equiv) was solved in acetonitrile (30 mL), and
sodium azide (0.26 g, 4.00 mmol, 2.5 equiv) was added. The mixture
was stirred at room temperature for 120 h. Then, the solid was filtered
and washed with (2 X 20 mL) of acetonitrile. The filtrate was dried
over anhydrous sodium sulfate and reduced at ambient temperature.
3,4-Bis(S-(azidomethyl)-1,2,4-oxadiazol-3-yl)-furoxan (6) was yielded
as a slightly yellowish oil (440 mg, 1.32 mmol, 84%) after purification
by column chromatography using chloroform/ethyl acetate (24:1)
and 0.1% NEt; as eluent.

DTA (5 °C min™): 210 °C (dec). Sensitivities: BAM drop
hammer: 20 J (liquid). IR (ATR) % (ecm™) = 2101(vs), 1624(s),
1577(s), 1557(m), 1430(m), 1391(m), 1330(m), 1271(s), 1208(m),
1073(m), 1045(m), 1011(m), 971(m), 947(m), 910(m), 814(s),
747(m), 665(m), 555(m), S516(m), 469(m), 462(m), 462(m),
433(m), 426(m), 418(m), 402(m). Elem. Anal. Calcd for
CH,N,,Op: C, 2892; N, 50.60; H, 121. Found: C, 28.38; N,
50.26; H, 1.29. '"H NMR (acetone-ds, 400 MHz, ppm): § = 5.02 (s,
2H), 4.97 (s, 2H). BC{’"H} NMR (acetone-dg, 100 MHz, ppm): § =
177.1, 176.9, 159.0, 156.9, 145.1, 105.8, 44.8, 44.7. "N NMR
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(acetone-dg, 41 MHz, ppm): § = —2.1, —12.2, —12.8, —20.6, —135.2,
—140.0, —140.9, —164.9, —=315.5. m/z (EI+, M = 332.02 g mol'):
332 (10), 325 (12), 303 (13), 302 (88), 297 (28), 295 (77), 290
(13), 288 (18), 230 (13), 230 (100), 225 (29), 223 (91), 200 (25),
193 (23), 108 (46), 92 (15), 90 (10), 78 (14), 77 (10), 77 (13), 54
(12), s1 (10), 49 (28), 42 (17). HRMS (EI) m/z: [M] Calcd for
CgH,N,,0,: 332.0478. Found: 332.0464.

3,4-Bis(5-(chloromethyl)-1,2,4-oxadiazol-3-yl)-furazan (7). 3,4-
Bis(S-(chloromethyl)-1,2,4-oxadiazol-3-yl)-furoxan (5) (1.00 g, 3.13
mmol, 1.0 equiv) was solved in hydrochloric acid (37%, 20 mL), and
tin(II) chloride dihydrate (2.70 g, 12.0 mmol, 3.8 equiv) was added.
The mixture was stirred overnight at room temperature, poured on ice
water (50 mL), and extracted with DCM (S X 30 mL). The combined
organic phases were dried over anhydrous sodium sulfate and
evaporated under reduced pressure to yield 3,4-bis(S-(chloromethyl)-
1,2,4-oxadiazol-3-yl)-furazan (7) as a white solid (0.43 g, 1.42 mmol,
45%).

IR (ATR) ¥ (cm™) = 3461(m), 3316(m), 3034(m), 2973(m),
1621(s), 1591(s), 1580(s), 1572(s), 1486(m), 1431(m), 1416(m),
1387(s), 1269(m), 1217(m), 1153(m), 1146(m), 1103(vs),
1074(m), 1021(s), 976(s), 953(s), 936(m), 936(m), 924(m),
912(s), 893(m), 873(s), 776(m), 748(s), 726(s), 717(m), 682(m),
652(s), 643(m), 583(m), 569(s), 452(s), 430(s), 407(s). Elem. Anal.
Caled for CgH,N4O5Cl,: C, 31.71; N, 33.82; H, 1.33. Found: C,
31.43; N, 33.35; H, 1.51. '"H NMR (CDCl;, 400 MHz, ppm): § =
4.82 (s, 4H). PC{'H} NMR (CDCl,, 100 MHz, ppm): § = 176.3,
158.8, 1437, 33.1. HRMS (EI) m/z: [M — H]~ Caled for
CeH,N,O,Cl, 300.9649. Found: 300.9652.

3,4-Bis(5-(azidomethyl)-1,2,4-oxadiazol-3-yl)-furazan (DAM-
BFFa) (8). 3,4-Bis(S-(chloromethyl)-1,2,4-oxadiazol-3-yl)-furazan (7)
(0.50 g, 1.65 mmol, 1.0 equiv) was solved in acetonitrile (30 mL), and
sodium azide (0.27 g, 4.13 mmol, 2.5 equiv) was added. The mixture
was stirred at room temperature for 120 h. The solid was filtered and
washed with (2 X 20 mL) of acetonitrile. The filtrate was dried over
anhydrous sodium sulfate and reduced at ambient temperature. 3,4-
Bis(5-(azidomethyl)-1,2,4-oxadiazol-3-yl)-furazan (8) was yielded as a
yellowish oil (0.42 g, 1.33 mmol, 81%) after purification by flash
column chromatography using ethyl acetate as eluent.

DTA (5 °C min™): 193 °C (dec). Sensitivities: BAM drop
hammer: 40 J (liquid). IR (ATR) 7 (cm™) = 2933(vw), 2192(w),
2179(w), 2101(vs), 2021(vw), 1723(vw), 1575(m), 1490(w),
1431(m), 1331(m), 1263(s), 1201(m), 1104(s), 1040(w),
1016(m), 979(m), 955(s), 900(s), 767(m), 737(m), 671(m),
622(m), 606(w), 606(w), 554(m), S515(w), 495(w), 482(m),
451(m), 430(m), 423(m), 418(m), 411(m), 405(m). Elem. Anal.
Calcd for CgH,N,,05: C, 30.39; N, 53.16; H, 1.28. Found: C, 30.55;
N, 52.87; H, 1.58. "H NMR (acetone-ds, 400 MHz, ppm): 6 =135.03
(s, 4H). BC{'H} NMR (acetone-ds, 100 MHz, ppm): § = 178.1,
159.3, 145.2, 45.7. "N NMR (acetone-dg, 41 MHz, ppm): § = 42.1,
—12.3, —134.7, —138.9, —164.6, —315.4. HRMS (EI) m/z: [M + H]*
Calcd for CgH(N,,0; 317.0602. Found: 317.0602.
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X-ray Diffraction

Crystal structure data were obtained from an Oxford Xcalibur3 diffractometer with a Spellman
generator (voltage 50 kV, current 40 mA) and a Kappa CCD area for data collection using Mo-
Ka radiation (A =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-K,
radiation). The data collection was performed using the CRYSTALIS RED software.5H The
solution of the structure was performed by direct methods and refined by full-matrix least-
squares on F2 (SHELXT)5Z implemented in the OLEX253] 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 ScALE3 ABsPACK multiscan method.l54 The
DiaMOND2 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.>!
CCDC 2058088 (1), 2058090 (2), 2058086 (3), 2058089 (4), 2058087 (5 - 0.5 H,0) and 2058091

(7) contain the supplementary crystallographic data for this paper. There data can be obtained

free of charge from The Cambridge Crystallographic Data Centre.

Figure S1. Representation of the molecular unit of 1, showing the atom-labeling scheme. Thermal ellipsoids represent the

50% probability level and hydrogen atoms are shown as small spheres of arbitrary radius.
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1 crystallizes is the monoclinic space group P2;/n with a cell volume of 651.00(9) A3 and two
formula units per cell. The cell constants are a=6.8734(5)A, b=9.3940(7)A and
c = 10.3481(8) A, while the density is 1.683 g cm™3 at 123 K.

Figure S2. Representation of the molecular unit of 3, showing the atom-labeling scheme. Thermal ellipsoids represent the

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

3 crystallizes is the monoclinic space group P2;/c with a cell volume of 1399.84(10) A3 and six
formula units per cell. The cell constants are a=8.9213(4)A, b=234125(9)A and
¢ =6.9616(3) A, while the density is 1.673 g cm=3 at 297(2) K. The molecule does not have an

intramolecular symmetry like for 1, 2 and 4.
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Figure S3. Representation of the molecular unit of 5 - 0.5 H,0, showing the atom-labeling scheme. Thermal ellipsoids

represent the 50% probability level and hydrogen atoms are shown as small spheres of arbitrary radius.
5 crystallizes is the monoclinic space group C2/c with a cell volume of 2369.5(4) A3 and four
formula units per cell and with the inclusion of 0.5 molecules of water. The cell constants are

a=30.944(3) A, b=4.7670(4) A and c =16.2215(16) A, while the density is 1.839 gcm™ at
103 K.

Figure S4. Representation of the molecular unit of 7, showing the atom-labeling scheme. Thermal ellipsoids represent the

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

Compound 7 crystallizes is the monoclinic space group P2:/c with a cell volume of
1099.82(9) A3 and four formula units per cell. The cell constants are a=15.6285(8) A,
b=4.6718(2) A and c = 16.1306(8) A, while the density is 1.830 g cm™3 at 102 K.
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Table S1. Crystallographic data and structure refinement details for the prepared compounds 1-3.

Compound 1 2 3
Formula C10HgCl4N,0, C1oHgN140, CgH4Cl,N,0,
FW [g mol™] 329.98 356.30 235.03
Crystal system monoclinic monoclinic monoclinic
Space group P2:/n (No. 14) P2:/n (No. 14) P2./c (No. 14)
Color / Habit colorless block colorless block colorless platelet
Size [mm] 0.05x0.20x 0.40 0.08 x 0.09 x 0.10 0.02x0.04x0.10
a[A] 6.8734(5) 6.9324(3) 8.9213(4)
b [A] 9.3940(7) 8.6045(3) 23.4125(9)
c [A] 10.3481(8) 12.6400(5) 6.9616(3)
a[’] 90 90 90
B[] 103.014(8) 92.218(1) 105.697(1)
v [°] 90 90 90
Vv [A3] 651.00(9) 753.41(5) 1399.84(10)
z 2 2 6
Pealc. [ cmT3] 1.683 1.571 1.673
u[mm™] 0.902 0.122 0.673
F(000) 332 364 708
Avioko [A] 0.71073 0.71073 0.71073
T [K] 123 298 297
0 Min-Max [°] 3.0,26.4 3.2,26.4 2.5,26.4
Dataset -8:8;-10:11; -10: -8:8;-10:10;-15: -11:11;-29:29;-8:
12 15 8
Reflections collected 4730 12801 23236
Independent refl. 1328 1529 2856
Rint 0.031 0.027 0.036
Observed reflections 1089 1365 2307
Parameters 98 134 190
R1 (obs)! 0.0396 0.0378 0.0702
WR, (all data)®! 0.1167 0.1013 0.1736
sl 1.04 1.09 1.03
Resd. dens [e A3 -0.24,0.49 -0.19, 0.19 -0.89, 1.09
Device type Xcalibur Sapphire3 Bruker D8 Venture  Bruker D8 Venture
Solution SIR-92 SIR-92 SIR-92
Refinement SHELXL-2013 SHELXL-2013 SHELXL-2013
Absorption . . .
. multi-scan multi-scan multi-scan
correction
CCDC 2058088 2058090 2058086

IRy = 2| |Fol=|Fc| 1/2]Fol; ®WR, = [E[w(Fo?-F2)?]/2[w(Fo)2]]%% w = [0c?(Fo?)+(xP)2+yP]™
and P=(F2+2F2)/3; €IS = (3 [w(F,2-F2)2]/(n-p))~2 (n = number of reflections; p = total number

of parameters).
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Table S2. Crystallographic data and structure refinement details for the prepared compounds 4, 5 and 7.

Compound 4 5 7
Formula CeHaN10, Cg':)“g';'\igo“ CgH4Cl,NGO;3
FW [g mol™] 248.19 328.08 303.07
Crystal system triclinic monoclinic monoclinic
Space group P-1 (No. 2) C2/c (No. 15) P2:/c (No. 14)
Color / Habit colorless rod colorless needle colorless rod
Size [mm] 0.02 x0.03x0.10 0.06 x0.07 x 0.62 0.01x0.02x0.10
a [4) 3.9473(3) 30.944(3) 15.6285(8)
b [A] 6.7158(4) 4.7670(4) 4.6718(2)
c [A] 10.1067(6) 16.2215(16) 16.1306(8)
al°] 104.873(2) 90 90
B[] 90.723(2) 98.007(8) 110.960(2)
v [°] 104.440(2) 90 90
Vv [A3] 249.92(3) 2369.5(4) 1099.82(9)
z 1 4 4
Pealc. [ cmT3] 1.649 1.839 1.830
i [mm™] 0.133 0.579 0.606
F(000) 126 1320 608
Avioko [A] 0.71073 0.71073 0.71073
T [K] 299 103 102
0 Min-Max [°] 3.3,26.4 2.5,26.4 3.1,26.4
-38:38;-5:5;-20: -19:19;-5:5;-20:
Dataset -4:4;-8:8;-12:12 20 20
Reflections collected 4103 13818 17623
Independent refl. 1016 2412 2259
Rint 0.022 0.093 0.063
Observed reflections 891 1690 1868
Parameters 90 206 188
R1 (obs)! 0.0396 0.0678 0.0405
WR, (all data)®! 0.1123 0.1770 0.0782
Sld 1.11 1.03 1.11
Resd. dens [e A-3] -0.19, 0.23 -0.41,1.42 -0.31,0.28
Device type Bruker D8 Venture Xcalibur Sapphire3 Bruker D8 Venture
Solution SIR-92 SIR-92 SIR-92
Refinement SHELXL-2013 SHELXL-2013 SHELXL-2013
Absorption ) ) .
. multi-scan multi-scan multi-scan
correction
CCDC 2058089 2058087 20591

IR, = 2| |Fol=|Fcl 1/2]Fol; PWR; = [Z[w(Fo*~Fc2)21/Z[w(Fo)?]]% w = [0c?(Fo?)+(xP)*+yP]™
and P=(Fg2+2F2)/3; 9IS = (2[w(Fo2-F.2)2)/(n-p))/2 (n = number of reflections; p = total number

of parameters).
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Computation

Heat of Formation Computation

All gquantum chemical calculations were carried out using the Gaussian G09 program
package.[6] The enthalpies (H) and free energies (G) were calculated using the complete basis
set (CBS) method of Petersson and co-workers in order to obtain very accurate energies. The
CBS models are using the known asymptotic convergence of pair natural orbital expressions
to extrapolate from calculations using a finite basis set to the estimated CBS limit. CBS-4 starts
with an HF/3-21G(d) geometry optimization; the zero-point energy is computed at the same
level. It then uses a large basis set SCF calculation as a base energy, and an MP2/6- 31+G
calculation with a CBS extrapolation to correct the energy through second order. A
MP4(SDQ)/6-31+ (d,p) calculation is used to approximate higher order contributions. In this
study, we applied the modified CBS-4M.

Heats of formation of the synthesized ionic compounds were calculated using the atomization
method (equation E1) using room temperature CBS-4M enthalpies, which are summarized in

Table S3.[57.58]

AfHo(g, M, 298) = H(Molecule, 298) — ZHO(Atoms, 298) + ZAfHo(Atoms, 298) (El)

Table S3. CBS-4M electronic enthalpies for atoms C, H, N and O and their literature values for atomic AH*?°¢ / k) mol

—H?8 [a.u.] NISTIS?
H 0.500991 218.2
C 37.786156 717.2
N 54.522462 473.1
@) 74.991202 249.5

For neutral compounds the sublimation enthalpy, which is needed to convert the gas phase
enthalpy of formation to the solid state one, was calculated by the Trouton rule.l50 For ionic
compounds, the lattice energy (U,) and lattice enthalpy (AH,) were calculated from the
corresponding X-ray molecular volumes according to the equations provided by Jenkins and
Glasser.'S11] With the calculated lattice enthalpy the gas-phase enthalpy of formation was

converted into the solid state (standard conditions) enthalpy of formation. These molar
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standard enthalpies of formation (AH,,) were used to calculate the molar solid state energies
of formation (AU,,) according to equation E2.

AU, = AH,,—An RT (E2)
(An being the change of moles of gaseous components)

The calculation results are summarized in Table S4.

Table S4. Calculation results.

—H?%8 [a.u.] AH°(g,M) [k) molt]  AH°(s) [kJ mol2] An A:U(s) [k) kg™
2 1300.713532 1462.6 1377.8 -12.0 1407.5
4 927.565799 846.0 781.5 -8.0 801.3
6 1263.155609 1123.4 1079.9 -10.0 33254
8 1188.072180 1116.4 1072.9 -9.5 3467.5
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Z-Matrix coordinates for 2, 4, 6 and 8

For all calculated compounds, no imaginary frequencies were obtained. Tables S5-S8 show the

atomic positions of compounds 2, 4, 6 and 8, respectively.

Table S5. Z-Matrix positions of 2.

Atom Symbolic Z-Matrix

0] -1.40489 5.33866 8.69814
N -1.4719 4.48329 7.60194
C -0.23731 6.0333 8.65103
C -0.35807 4.68068 6.93441
C 0.47986 5.65608 7.5624

C -0.06576 7.02041 9.75229
C -0.13112 3.92382 5.69612
C 1.81046 6.11608 7.05958
N 0.46191 6.41896 11.00233
H 0.5413 7.73545 9.47163
H -0.93402 7.39127 9.97559
N 0.98271 4.12121 5.02859
C -0.96905 2.94842 5.06813
N 2.38157 7.08581 8.01129
H 1.68701 6.55663 6.20159
H 2.42111 5.352 6.93669
N 1.596 6.04208 10.95004
0] 0.9157 3.26584 3.93239
C -0.25188 2.5712 3.9795

C -2.29965 2.48842 5.57095
N 3.46352 7.5452 7.6781

N 2.65198 5.64713 11.05285
C -0.42343 1.58409 2.87825
N -2.87076 1.51869 4.61924
H -2.17621 2.04787 6.42894
H -2.9103 3.2525 5.69384
N 4.45049 8.04753 7.48473
N -0.9511 2.18554 1.6282

H -1.03049 0.86905 3.1589

H 0.44483 1.21323 2.65494
N -3.95271 1.0593 4.95243
N -2.08519 2.56242 1.68049
N -4.93968 0.55697 5.1458

N -3.14117 2.95737 1.57768
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Table S6. Z-Matrix positions of 4.

Atom Symbolic Z-Matrix

0] 2.15272 1.90983 2.2545

N 2.07289 3.10042 1.51725
C 1.41608 1.00617 1.59688
C 1.31491 2.76978 0.52113
N 0.8815 1.46881 0.515

C 1.28123 -0.34778 2.20592
C 0.9577 3.73386 -0.52113
N 0.51564 -0.27988 3.45886
H 0.78156 -0.8913 1.63553
H 2.18826 -0.72612 2.32674
N 1.39111 5.03483 -0.515

N 0.19972 3.40323 -1.51725
N 1.18632 0.0707 4.43706
C 0.85652 5.49747 -1.59688
0] 0.11988 4.59381 -2.2545
N 1.6969 0.37742 5.40699
C 0.99137 6.85142 -2.20592
N 1.75697 6.78352 -3.45886
H 1.49105 7.39494 -1.63553
H 0.08434 7.22976 -2.32674
N 1.08628 6.43294 -4.43706
N 0.5757 6.12622 -5.40699
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Table S7. Z-Matrix positions of 6.

Atom Symbolic Z-Matrix
C -2.14381 -0.53601 -0.10592
C -2.14389 -0.536 1.36586
C -3.55357 -1.24133 4.42691
C -3.55313 -1.24199 -3.16692
N -1.39634 0.50894 -0.54997
N -3.88034 -0.9354 3.1434
N -1.96073 -2.3079 3.14379
N -3.88008 -0.93563 -1.88354
N -1.96069 -2.30846 -1.88338
0] -0.84928 1.27458 0.62995
0] -2.35632 -2.09732 4.42714
0] -2.35606 -2.09822 -3.16684
C -4.26869 -0.80299 -4.45798
H -4.64531 -1.66504 -4.96781
H -5.08071 -0.15116 -4.21173
C -4.26952 -0.802 5.71765
H -4.64896 -1.66367 6.22602
H -5.07958 -0.1478 5.4712
C -2.89563 -1.58707 2.20355
C -2.89556 -1.58724 -0.94342
N -1.39642 0.50896 1.80984
0] -0.63448 1.4985 2.34821
N -3.31877 -0.09759 6.58988
N -3.63076 0.17125 7.75101
N -3.31872 -0.09513 -5.32827
N -3.60203 0.11247 -6.50914
N -2.67855 0.70918 8.62504
N -2.63461 0.62573 -7.38131
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Table S8. Z-Matrix position of 8.

Atom Symbolic Z-Matrix
C -1.39049 -0.35911 -0.07064
C -1.46993 -0.30066 1.41649
C -3.74408 -0.71724 4.08702
C -3.39786 -1.00852 -2.9036
N -0.27186 0.2978 -0.37554
N -3.72266 -0.23669 2.82763
N -2.54619 -2.18084 2.96947
N -3.49617 -0.42347 -1.69303
N -2.31946 -2.36784 -1.55629
0] 0.27063 0.70512 0.71385
0] -2.81734 -1.85225 4.28063
0] -2.4614 -2.15202 -2.9105
C -4.19768 -0.55341 -4.13842
H -5.13122 -1.07527 -4.1709
H -4.37945 0.49928 -4.07751
C -4.65751 -0.16297 5.19608
H -5.59195 -0.68404 5.18214
H -4.82825 0.88009 5.02942
C -2.55256 -0.89146 2.33871
C -2.38143 -1.02993 -1.03999
N -0.39077 0.37832 1.75316
N -4.01107 -0.351 6.50286
N -4.69831 -0.51282 7.51248
N -3.42886 -0.84825 -5.35616
N -4.01607 -1.09738 -6.41018
N -4.08265 -0.69191 8.75703
N -3.28387 -1.37818 -7.56993
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TGA Measurements
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Figure S5. TGA measurements of 6 (left) and 8 (right).
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NMR Spectroscopy
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"H-NMR (400 MHz, DMSO-Ds, ppm)
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5.25

H-NMR (400 MHz, DMSO-Ds, ppm)
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4.73

'H-NMR (400 MHz, CDCls, ppm)
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"H-NMR (400 MHz, DMSO-Ds, ppm)
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"H-NMR (400 MHz, Acetone-Ds, ppm) 58
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"H-NMR (400 MHz, CDCls, ppm)
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5.03

"H-NMR (400 MHz, Acetone-Des, ppm)
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