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1 Preliminary goals of this thesis

During the last centuries, the interest in new energetic materials varied. The first
investigations were made in search for better performing substances, then reduced sensitivity
was a concern that had to be taken into account. High performing and acceptably sensitive
substances have been found in molecules that are still applied today. However, environmental
concerns have risen and research for new, more environmentally benign substances is
currently under way, focusing primarily on the synthesis of heterocyclic compounds. In times
were research for energetic materials was still pretty basic, acetone peroxide was discovered
by chance. In 1895 its inventor, Richard Wolffenstein, wanted to oxidize Coniin with
hydrogen peroxide and used acetone as solvent. Although the synthesis is easy and it was
discovered in the same period as other energetic materials (e. g. trinitrotoluene (TNT),
pentaerythritol tetranitrate (PETN) and hexogen (RDX)), acetone peroxide was not applied
due to its high sensitivity and more important high volatility resulting in an unpredictable
behavior. Another explosive peroxide that was discovered in the same time by German
chemist Ludwig Leger is hexamethylene triperoxide diamine (HMTD). But beside the two
mentioned compounds and methyl ethyl ketone peroxide, the substance class of organic
peroxides, was only relatively poorly investigated during the last century with respect to new
energetic molecules. Even less effort was put into a detailed investigation of the energetic
properties like impact-, friction-, ESD-sensitivity and thermal stability as well as performance

values, for example detonation velocity and detonation pressure.

This thesis was started with the intention of synthesizing a number of energetic organic
peroxides form different subclasses, to investigate them with respect to their energetic
behavior and to compare them among each other and with already investigated molecules in
order to gain a deeper knowledge about the different peroxide subclasses with respect to
sensitivity, thermal stability, ease of preparation and differences in performance. Moreover
investigations were performed whether the sensitivity of peroxides can significantly be varied
by different substituents. A further question studied in this thesis is if peroxides can find
practical application as energetic materials. The subclasses of the organic peroxides
investigated with respect to their synthesis, sensitivities towards impact, friction and
electrostatic discharge, heat resistance and performance properties within this thesis are

displayed in figure 1.
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Figure 1: Subclasses of the investigated organic peroxides.

2 Preface about energetic materials

2.1 General classification

The ASTM (American Society of Testing and Materials) definition defines an energetic
material as a substance or a mixture of substances which contains the oxidizer and the fuel at
the same time and is therefore capable to react readily under the liberation of large amounts of
heat and gaseous reaction products without any external reaction partner [1]. However, this
definition neglects some compounds and formulations which definitely have energetic
properties. For example, pyrotechnical formulations used for delayed ignition in hand
grenades do designedly not form gaseous reaction products in order to prevent unwanted
pressure increase. An example for those formulations is a mixture of the two fuels Boron and
Silicon, combined with potassium dichromate as oxidizer [2]. Moreover nitrogen only
compounds, although not synthesized until now, would definitely be potential explosives with
extreme power since the very stable N=N- triple bond would be formed multiple times with
gaseous dinitrogen being the reaction product after detonation, but they carry neither fuel nor

oxidizing groups in them [3].



In general energetic materials can be divided into the following different subclasses:
Propellants (which react slowest among all energetic materials), Pyrotechnics (who’s reaction
kinetics is in between) and Explosives (who react fastest among all energetic materials).
Explosives can to be further divided into low explosives (normally subsonic propagation of
reaction front, particle to particle propagation) and high explosives (normally supersonic
propagation of reaction front, propagation by a shock wave). The resulting main difference
between those two is the performance [4]. High explosives can again be divided into primary

explosives and secondary explosives [2].

Primary explosives show a rapid deflagration to detonation transition and most often can
easily be set off by outer stimuli like heat, impact, friction and electric sparks. A qualitative
rule states, that every compound, that is more sensitive than pentaerithrytole tetranitrate
(PETN) has to be classified as a primary explosive (border values: impact sensitivity 3 J,
friction sensitivity 60 N [5]). In contrast to their high sensitivity, their performance values
(energy release per time) are relatively low. They are therefore exclusively used for the
initiation of a secondary main charge. Most of the primary explosives of the past and also the
ones in application today are using heavy metals, mainly lead, copper and mercury. The heavy
metal is beneficial for the desired high sensitivity. Until of today’s knowledge, this cannot
fully be explained. A qualitative trend states, that it is connected to the covalence of the
metal-anion bond and the ionization potential of the metal cation [6]. Figure 2 shows the
structures of lead styphnate, lead azide and mercury fulminate, the most commonly used
primary explosives of the past and today. Among them, mercury fulminate sees decreasing
application nowadays, but was one of the first primaries ever applied. Lead azide is mainly
used as initiation charge for a secondary high explosive whereas lead styphnate is still the

most commonly used primer in ammunition to ignite the propellant.
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Figure 2: Structural formulas of lead azide, lead styphnate and mercury fulminate.



However, strong research interests are under way to synthesize new, more environmentally
benign primary explosives, which feature either no metals or mainly not harmful alkaline
metals. Two substances are diazo-dinitro-phenol (DDNP) [7], which is actually known since
the middle of the 19" century [8] and Potassium 1,1’-Dinitramino-5,5"-bistetrazolate

KoDNABT [9] which was developed recently. Figure 3 displays the structures of those

compounds.
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Figure 3: Structural formulas of DDNP and K, DNABT.

Secondary explosives are in contrast to primary explosives characterized by lower
sensitivities, but their performance values exceed those of primary explosives [2]. Secondary
explosives are used for many kinds of applications ranging from mining over construction
works to the application in bombs and grenades. With respect to the many explosives with
potential application, the number of explosives which are actually used is comparably low.
Nowadays in the civil sector, these are still mostly explosives basing on ammonium nitrate. In
the military sector compounds like ammonal have been replaced by TNT and the more potent
RDX and HMX are both still the standard. However for more specialized applications they
are sometimes replaced by PETN. PETN is also the most often applied secondary explosive in
detonators [2]. It has to be mentioned, that all of this compounds are dangerous for the
environment. This is the reason why research for new, more environmentally benign
explosives is currently under way. Today, the general trend is to incorporate nitrogen rich
heterocycles, because during detonation, the unusually stable N=N- triple bond is formed.
Salt formation with nitrogen rich cations is an established way of reducing the sensitivity and
increasing the thermal stability. Figure 4 shows the molecular structures of the molecules

mentioned above.
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Figure 4: Structural formulas of TNT, RDX, HMX and PETN.

Propellants can be divided into gun propellants and rocket propellants. The gun propellant
with the widest application diversity today is still Nitrocellulose. Normally it is not used as
neat compound but in mixtures, for example in cordite, which consist of nitrocellulose,
nitroglycerine and Vaseline [10] and was already in use in WW I, or the modern IMR-series
[11]. An additional, but today outdated, mixture is ballistite, which consist of camphor,
nitroglycerine and collodion [12]. Rocket propellants are used in rocket motors and can be
divided into solid and liquid propellants. Solid propellants can be divided into double based
propellants and composite propellants. Composite propellants are in terms of application the
more important subclass. They consist of a defined mixture of a fuel and an oxidizer, which
are glued by a binder. Regardless of the long service time the today most commonly applied
composite propellant mixture uses aluminum as fuel, hydroxyl terminated poly butadiene
(HTPB) as binder and ammonium perchlorate as oxidizer. The perchlorate anion has almost
the same size as the iodide ion and therefore competes with it in the thyroid gland which
makes it toxic to animals and humans [13]. This is why strong research activities are under
way to find a suitable replacement. Liquid propellants can be divided into monopropellants
and bipropellants [2]. Suitable molecules for the use as monopropellants decompose readily
and exothermically [14] on the surface of a catalyst under the liberation of gaseous reaction
products. (Hypergolic) bipropellants in contrast consist of a strong reducing agent and a
strong oxidizing agent, which react violently together under the libation of heat, gases and
commonly also under the evolvement of fire. Hypergolic mixtures in application use
monomehtyl-hydrazine and red- or white-fuming nitric acid as the two components [2].

However, alternatives basing on highly concentrated hydrogen peroxide are desired today.

Pyrotechnic formulations are used in numerous fields ranging from colored flames to decoy

flares and smoke compositions [2] for the visible and infrared range. The formulations for

colored flames still use heavy metals like barium (green) and strontium (red) as colorants

today and therefore have negative effects on the environment. Currently strong efforts are
5



made in research for more environmentally benign formulations, especially to replace barium
in green and strontium in red burning formulations [15], [16]. Particularly for green colored
pyrotechnics, some successes have already been achieved in the form of nitrogen rich boric
acid esters [17], [18].

2.2 Possible ways for an energetic material to release its
energy

In general, there are three main ways in which an energetic material can react and release its
energy. The one with the least energy output per time is the simple combustion, the reaction
of a fuel and an oxidizer under the formation of a flame. No shock wave is formed during this
process. A more rapid process is the so called deflagration. Deflagrating materials react under
the formation of a flame, which proceeds slower than sonic velocity, however, a considerable
noise can be heard. Materials that deflagrate after ignition mainly consist of mixtures of fuel
and oxidizers. During the reaction a considerable pressure is created. Pyrotechnical
formulations and also some propellants are typical representatives. Under certain conditions,
most important confinement, deflagrating compounds can undergo deflagration to detonation
transition (DDT). This happens when a shock wave reaches sonic velocity and then
propagates faster than sonic velocity into the zone with the unreacted explosive. Consequently
a detonation is characterized by a shock wave which propagates self-preservative through the
explosive material with a velocity higher than sonic velocity inside the corresponding

material.

2.3 Properties of Energetic Materials

There are several properties and characteristics that are important for energetic materials. One
of them is the oxygen balance. Basically, two different oxygen balances for CHNO explosives
exist, depending on the assumed products formed after detonation. One oxygen balance is
based on the formation of nitrogen, water and carbon dioxide, the other is valid for the

formation of nitrogen, water and carbon monoxide. In the following the respective formulas
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(1 and 2) for both oxygen balances for compounds with the general sum formula C;Hp,NOq4

are given.

b1 . g . b1 . g .
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Other characteristic figures that have to be taken into account are

- The heat of detonation Q [kJ kg™]

- The detonation velocity Vee [m s 7]

- The detonation pressure pc; [GPa]

- The volume of gaseous products formed per kg of explosive [l kg™]

- The temperature of explosion [K]

Depending on the planned field of application, the emphasize on the different properties

varies.

In this thesis the numerical values for those data have been calculated using the EXPLO5
thermochemical computer code. The two most important performance characteristics of an
explosive are its detonation velocity and its detonation pressure. The detonation velocity can
be calculated and determined experimentally. On the other hand it is not possible to determine
the detonation pressure via an experiment directly. A qualitative way to recalculate the
detonation pressure from the brisance (see below) exists (Kamlet Jacobs equation) [2], but
normally it is determined with relatively complicated computer codes under Chapman-
Jouguet conditions. Those conditions can be found in a thin surface between the free
detonation products and the chemical reaction zone which itself is upstream off the shock
front growing from the unreacted explosive material. Figure 5 gives a graphical overview for

better visualization.

g detonat chemical ;
etonation- reaction ) :
% products one ‘ unreacted explosive §
Chapma-Jouguet shock front

surface

Figure 5: Graphical overview for the visualization of the different zones at a fixed point
during a detonation.



Another feature of great importance is the brisance of the explosive. Qualitatively it is a
measure for the shattering power of the energetic material. The brisance B [kg s°] can be
calculated by a simple formula and is directly dependent on the density of the explosive p, the
specific energy F and the detonation velocity vge. Formula 3 displays the linear correlation

between the parameters.
B=p-F-vg (3)
The specific energy F can be calculated from the ideal gas law by applying formula (4).
F=pe-V=n-R-T (4

In this formula pex is the pressure of the detonation products, V the volume of gaseous
reaction products, n the amount of substance of detonation products, R the ideal gas constant
and T the temperature of explosion.

3 History of Energetic Materials

The first known example for an energetic material is black powder [2]. It consists of a mixture
of charcoal, potassium nitrate and sulfur [19]. The combination of these three ingredients
varied during time since its first accidental invention in China around 220 BC and also
adapted to the specific applications. The first investigations which resulted in a deeper
knowledge of the optimum mixture were performed by two monks [2]. The first one was
Englishman Roger Bacon in 1249 followed by German Berthold Schwarz around seventy
years later. However it lasted another seventy years until black powder was really used
practically, first in the military sector [4]. But black powder is only a poorly performing
mixture and if today’s standards are applied it has be classified as a low explosive [2].
Concerning gunpowder, black powder was the standard formulation in use for a couple of
centuries. However it had some striking disadvantages. The most important one is the
production of large amounts of smoke during combustion which leads to limited visibility on

the battle field and makes it also impossible to cover the own position. With the primitive and



only low precision weapons and the military tactics of the time of its use it might have been of
lower concern but nevertheless black powder produces large quantities of solid combustion
products which settle in the mechanic of the bolt and can therefore lead to jams. It was the
French army which first experimented with nitro based powders, namely nitrocellulose
(poudre B, B in this case stands for blanc), and introduced them as their standard propulsion
formulation [20], [21]. Nitrocellulose was invented in the middle of the 1840s like many other
energetic materials by three independent scientists [22]. Because of its unbeaten properties
Nitrocellulose is still today’s standard in ammunition. In the first decades after its invention
the compound was also used as ingredient in film rolls. However it was replaced by other
substances rather quickly because of its high flammability in an attempt to make cinemas
safer. While Nitrocellulose replaced black powder as propellant charge, picric acid did so in
the fields of explosives. Picric acid as a neat substance is a relatively harmless compound
which can be handled safely. A great disadvantage is the comparably high acidity of the OH-
proton, because it can react with metal containments and form much more sensitive metal
picrates [2]. This is why research for different explosives went on. Italian chemist Ascanio
Sobrero synthesized Nitroglycerin during experiments with nitrocellulose. Even Sobrero
mentioned the extremely dangerous nature of Nitroglycerin from the beginning and suffered
severe face injuries during his research. He therefore neglected, that his invention can be used
commercially [23]. However the industrial revolution and the desire for coal, steel and
railway tunnels kept the demand for explosives on an extremely high level. Therefore Alfred
Nobel, who knew Sobrero personally, searched for a way to reduce the sensitivity of
Nitroglycerin and found one by adsorbing it on the surface of diatomaceous earth [2]. His
invention was named Dynamite and made him a rich man. After seeing the brutal results of
actions his invention can also be used for in the many conflicts during this time, he decided to
endow a price for the people, who have helped mankind the most in the previous year which
is named after him- the Nobel price. Investigations for new and better explosives were
performed and resulted in the development of molecules that are still in use today. 1880 2,4,6-
Trinitrotoluene (TNT) was firstly synthesized [2]. The compound gained importance quickly
until it made its way into grenades and mortar shells of all participating nations of World War
1. TNT has advantages over the materials used previously. It is indefinitely stable and melt-
castable. Mostly because of this last property, it was not only used in T-ammonal in World
War 1 but also in the more advanced T-ammonals of World War 2 and amatol, the explosive
used in the V1-rocket [24]. However TNT lacks explosive performance and more

investigations were undertaken for better performing compounds. One was found in Hexogen
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(RDX) which was first synthesized in 1899 [25] and became a second standard secondary
explosives, mainly as a intermixture to TNT, of all armies during the second world war and is
still in use today. In the time of World War 2, two main processes were used by the different
parties. The German Reich used the so called Bachmann-process, which delivered good yields
for RDX. However the product of this process is always polluted by a varying amount of
HMX (around 10%). The western allies applied the Brockman-process, which delivers pure
RDX [2].

Good thermal stability is an important property for energetic materials, especially for those
applied deep under the surface. In the second half of the 20" century hexanitrostilbene
(HNS), triaminotrinitrobenzene (TATB) and 2,6-bis(picrylamino)-3,5-dinitro-pyridine (PYX)
were investigated [2] and were found to be suitable for applications in high temperature

environments. Figure 6 shows the structures of a selection of commonly used explosives.
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Figure 6: Structural formulas of picric acid, TNT, RDX, HMX, HNS and PY X.

In addition to the secondary explosives discussed in the upper section of the history part,
some more modern approaches were made to find better performing and less sensitive
energetic materials. For a better performance, the introduction of cage like structures is
beneficial since the additional strain brings more energy to the molecule. On the other hand
planned synthesis of cage structures is a challenging task. The two most prominent examples

are octanitrocubane [26] and CL-20 [27], which has a remarkable high density of around
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2 gcm . A similar, but easier to synthesize and therefore also more cost efficient compound

is TEX [28]. Figure 7 displays the molecular structures.
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- - O,N Ko,
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- KNNo2 O NN— —
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CL-20 TEX octanitrocubane

Figure 7: Structural formulas of CL-20, TEX and octanitrocubane.

Two compounds which performance values are not terrific, but that have very low
sensitivities towards outer stimuli are FOX-7 [29] and FOX-12 [30]. They can find

application as insensitive munitions. Figure 8 displays the molecular structures.

NO,
HN_/ N2 1 )Lz NO,
Ho,N~ "N “NH,
NH2 H
FOX-7 FOX-12

Figure 8: Structural formulas of FOX-7 and FOX-12.

As good as the secondary explosives used today are with respect to their performance and
sensitivity as well as thermal stability values, they are all more or less toxic and therefore
dangerous for the environment. Research for modern energetic materials therefore focuses on
substances which in addition to their improved energetic properties are also more
environmentally benign. In research for those compounds nitrogen rich heterocycles turned
out to be a possible class of molecules. The chemical requirements for new energetic
materials are: oxygen balance of ideally 0%, high density and high heat of formation.
Moreover they should have low sensitivities towards outer stimuli and should show
compatibility with different substances most important metals. The trend for new explosives
therefore goes in the direction of compounds which have a heterocyclic, nitrogen rich core
structure. A major achievement is the hydroxylammonium salt of 1,1 -bistetrazolyl-1N-oxide
(TKX 50) [31]. Another important molecule which features high thermal stability and good
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performance values is 5,5-bis(2,4,6-trinitrophenyl)-2,2'-bi(1,3,4-oxadiazole) (TKX 55) [32].

The molecular structures of the two mentioned compounds are displayed in figure 9.

O,N

NO
o0 q
N N-
N N O N~N
I />—</ I | /> </ | NO,
N\N l,\lzN 02N N\N O
Oo
TKX50  NH3OH* O2N

TKX 55 NO,

Figure 9: Structural formulas of TKX 50 and TKX 55.

4 Organic Peroxides

4.1 Energetic Organic Peroxides

Peroxides are a class of substances which is characterized by an O-O single bond. They can
be divided into the subclasses of inorganic and organic peroxides. Known inorganic peroxides
are metal salts which feature the peroxide anion O,*~, for example BaO, or Na,O,, salts of

Caro’s acid H,SOs and hydrogen peroxide.

Barium peroxide was important for the industrial preparation of oxygen and also hydrogen
peroxide about 100 years ago. However it is no longer used for those purposes since better
ways of preparation have been found in the Linde process for oxygen [19] respectively the
antrachinone process for hydrogen peroxide production [33]. In combination with
magnesium, it was also used in ignition pellets for thermite mixtures [19]. In pyrotechnical
formulations BaO, is used as oxygen delivery agent and, like the other barium salts, produces
a green flame color. Sodium peroxide was used as bleaching agent in detergents and can also
be used to bind released carbon dioxide and in turn release oxygen. Li,O, was used for the
same purpose on submarines because of its lower molecular weight [19]. However, on

German submarines of World War 2, in emergency situations CO, was only filtered from the
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air by reacting it with CaO. No peroxide was used to replace the consumed oxygen, most
likely because of the hazard of accidental fire. Hydrogen peroxide itself found application in
the Aggregat 4 (V2)-rocket as steam producing agent to run the fuel pump of the rocket
engine [34] and as the so called T-Stoff [35], [36] in combination with Z-Stoff (a solution of
calcium permanganate or potassium permanganate in water) [36] for start assistance devices
of the Fieseler Fi 103 (V1) missile, the Messerschmitt Me 321 glider and the Arador AR 234
operational bomber [37]. Moreover it was again used as T-Stoff in the Messerschmitt Me 163
[37], the first plane to exceed Mach 1, this time in combination with C-Stoff, a mixture of
methanol, hydrazine-hydrate and water [35]. Other applications are bleaching and disinfection
[19].

In this thesis however, those substances were not investigated and the research was limited to
organic C, H, N, O- peroxides. This is why in the following sections of the thesis the term
“peroxide” always means “organic peroxide”. The way how the two remaining valences of

the O-O building block are substituted varies. Figure 10 shows the main subclasses of organic

peroxides.
0]
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@]
-R3
. 0-0
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Figure 10: Main subclasses of organic peroxides.

With respect to their energetic properties, peroxides are a relatively unexplored class of
substances. The most prominent example for an explosive organic peroxide today is acetone
peroxide which was synthesized for the first time by the German chemist Richard
Wolffenstein in 1895 [38]. Originally he wanted to oxidize Coniin with hydrogen peroxide

and used acetone as solvent. The white precipitate formed turned out to have explosive
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properties. Detailed investigations concerning the composition of the product were performed
later and it was found that the main fraction is a trimeric molecule (triacetone tri peroxide,
TATP), what was also suggested by Wolffenstein in the beginning basing on his experimental
observations. The trimer is accompanied by a dimer (diacetone di peroxide, DADP) [39]. The
ratio in which the two possible products are formed depends on the reaction conditions,
mostly the concentration of the acid used during the reaction. Generally concentrated and
strong acids favor the formation of DADP whereas lower acid concentrations or acid free
conditions lead to the formation of TATP. Under the catalysis of tin (IV), a tetrameric form
can be isolated [40]. Wolffenstein also patented his invention [41] and tried to sell it to the
German army, but the high sensitivity and especially the high volatility of the compound
prohibited a use. However the starting materials are relatively easy to buy or to produce and
the synthesis is straightforward. It can successfully be performed by people without excessive
preparative chemical training and is therefore very popular among terrorists. In recent years,
cocrystallization with trinitro-trihalogeno-benzenes was found to be an effective way to
reduce the sensitivity of DADP. For TATP however, this strategy turned out not successful,
because the O-atoms are not accessible in the trimeric structure [42], [43]. Hexamethylene
triperoxide diamine (HMTD) was discovered in the same period as acetone peroxide by
Ludwig Leger from the reaction of ammonia and Lampensdure [44]. This compound is also
sensitive towards shock and friction and shows a fast DDT which means it can be used as a
primary explosive. Additionally it showed less sensitivity than the primary explosives used
before and therefore found a short period of application in initiation charges for mining
operations [45]. Like acetone peroxide it is prepared in a straightforward way today by
reacting hydrogen peroxide with hexamine and citric acid [46]. The ingredients are again easy
to procure and the compound is not volatile. The unpredictable behavior due to the, for
modern standards, too high sensitivity to all external stimuli is again the most significant
drawback of HMTD. A liquid peroxide is methyl ethyl ketone peroxide which is similarly
prepared from the ketone and hydrogen peroxide under acidic conditions [47]. It consists of a
mixture of several different molecules, but an open chain dimer is the main product. Figure 11
shows the molecular structures of DADP, TATP, TrATrP, HMTD and MEKP.
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Figure 11: Structural formulas of DADP, TATP, TrATrP, HMTD and MEKP.

Most of the energetic materials in application today gain their explosive power from the
oxidation of a carbon backbone or from the release of heat and gaseous reaction products [2].
For most peroxides, the general decomposition mechanism is not investigated in detail until
now. Only for acetone peroxide deeper studies have been performed. In this case, the main
reaction products are carbon dioxide, methane, ethane, ethylene and acetone and no
significant amount of heat is released [48]. In addition, the fire ball which can be observed
during the combustion of acetone peroxide is a secondary effect resulting from the oxidation
of the flammable reaction products with surrounding oxygen and not from a self illumination
like in normal detonation processes, which are auto-luminous. Under a nitrogen atmosphere,
no flame can be observed [48]. This kind of detonation is called entropic detonation. It is not
unlikely, that the other peroxides feature a comparable decomposition pathway. Figure 12
displays a series of photos made during decomposition of a TATP sample initiated with a
smoldering wooden stick. It can clearly be observed, that the combustion takes place after the

initial decomposition reaction.

A.t=00ms B.t=38ms C.t=8ms D.t=138ms E.t=43.1 ms

Figure 12: Time resolved decomposition and secondary combustion with surrounding oxygen
[48].
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Since the acetone peroxides, HMTD and MEKP as the in terms of energetic properties deeper
investigated peroxides belong to the subclasses of peroxy ethers and acetals, and because this
subclasses form the backbone of most other organic peroxides, they shall be presented with a
little bit more detail. By and large all known compounds are cyclic basing on a five- or six-

membered ring. Figure 13 shows the six main structures.

SRS

1,2-dioxolane 1,2,4-trioxolane 1,2-dioxane
O’O (?/\ o CI)/\cl)
K) O\) O\/O
unsaturated 1,2-dioxane 1,2,4-trioxane 1,2,4,5-tetroxane

Figure 13: Main structures of cyclic peroxy ethers.

In all these examples, the valences of the O-O-bond are substituted by C-atoms, but this does
not necessarily has to be the case. The substitution by one carbon and one silicon atom is also
known [49], [50].

A further peroxide subclass of higher importance, because the molecules can be used for the
synthesis of other peroxides, is the one of geminal dihydroperoxides. In contrast to geminal
dioles, those molecules are stable and do not decompose into the ketone under the elimination

of water. Figure 14 displays a general structure.

HOO. OOH
R'"” "R2?

Figure 14: General structural formula of a geminal dihydroperoxide.

Geminal dihydro peroxides are very weak acids. However it is possible to deprotonate them in
a tert.-BuOK/ 18-crown-6 system and trap the resulting anion in consecutive reactions [51].

16



4.2 Practical applications of peroxides

Even though peroxides do not find application as energetic materials today, they are of great
importance in different and also diverse fields. The most prominent one is by far the use of
dibenzoyl peroxide as initiation reagent in radical polymerization reactions [52]. Of minor
importance for industrial processes but a valuable reagent in organic synthesis is meta-
Chloroperbenzoic acid (mCPBA). Its main application is the epoxidation of double bonds.
This reaction is known as the Prileschajew reaction [53]. Moreover m-CPBA can be used in
the synthesis of energetic materials as source for N-oxides [54] and for different oxidation
reactions [55]. Other peroxide based N-oxidation reagents are monoperphthalic acid [56],

monopermaleic acid [57] and perbenzoic acid [58].

Peroxides are also used in less obvious fields especially as important building block in
pharmaceutical substances. The greatest interest in this field focuses on anti-malaria drugs
inspired by the naturally occurring peroxide Artemisinin which can be isolated from blossoms
and leaves of sweet wormwood (Artemisia annua) [59]. Figure 15 displays the structures of

Dibenzoyl peroxide, meta-Chloroperpenzoic acid and Artemisinin.

Dibenzoyl peroxide meta-Chloroperbenzoic acid Artimisinin

Figure 15: Structural formulas of Dibenzoyl peroxide, meta- Chloroperbenzoic acid and

Artemisinin.

Currently different synthetic and semi-synthetic Artemisinin analogs are under investigation
[60], [61]. The most commonly accepted mode of action for this compounds says, that the
enclosed peroxide bond gets cleaved when exposed to high concentrations of Fe(lll)-ions.
Those high concentrations are found in the human blood. The created radicals then destroy the
plasmodii responsible for the disease [62]. 1, 3, 4, 5- Tetroxanes were also tested with respect

to their antimalarial activities [63]. Other important endo- peroxides which were tested against
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cancer were synthesized by Zhu and coworkers [64]. Two structures are given as examples in

figure 16.

Figure 16: Structural formulas of two endoperoxides, which were tested against cancer.

The examined molecules proved more or less valuable in in vitro tests which shows, that

peroxides can be an important part of new generation anti-cancer drugs [64].

Another class of peroxides important in pharmaceutically active compounds are bridged
tetroxanes. The simplest representative was synthesized by Milas in the early 1960s [65].
Other molecules containing this moiety were prepared by the Terentev group and investigated
against schistosomiasis [66], [67], [68]. Figure 17 shows the general structure, the simplest

example and one of the compounds prepared and tested by Terentev and coworkers.

R® __R*
R? o} Q
O O O O o o
/ / / /
(@) O O )
R’ ©
general structure compound synthesized my Milas ~ ©ne of the compounds tested by

Terentev

Figure 17: Structural formulas of different bridged tetroxanes, R1, R2, R3 and R4 can be

varied over a relatively large range.

In contrast to the chemical intuition, the bridged tetroxane moiety is relatively stable towards
some selected standard chemical reactions like epoxidations and the bromination of enclosed
double bonds [67].
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4.3 Reactions for the preparation of organic peroxides

Peroxides are a more or less exotic class of compounds which is commonly not discussed in
detail during studies and reactions for their preparation are normally not performed in
laboratory courses. Therefore only little knowledge about peroxide synthesis is spread under
chemists. Because of this a short overview over the general reagents and reactions and also

some more curious reactions will be given in the following part of the thesis.

4.3.1 General reactions

In general mainly three different reagents can be used for the synthesis of organic peroxides.
Other sources for the O-O building block are only used in niche applications and are not
enclosed in this thesis. Those main reagents are hydrogen peroxide (most often dissolved in
appropriate solvents), singlet oxygen and ozone. The reaction mechanisms in this context
differ from molecule to molecule. The most prominent reaction to gain peroxides is the
reaction of hydrogen peroxide with carbonyl compounds to get hydroperoxides, peroxy
acetals and peroxy ethers, or activated carbonyl derivatives mostly carbonic acid chlorides for
the synthesis of peroxy acids. For carbonyl compounds, this reaction is an addition, in case of
carbonic acid chlorides, the reaction is a substitution. Especially if the carbonyl is sterically
hindered or if reaction times should be shortened, different activating reagents like acids [69],
iodine [70] or metal salts [71], [72] are used to perform the reaction. Activation can also be
achieved by using heterogeneous catalysts, for example silica supported sodium bisulfate [73]
or Wells-Dawson heteropolyacids [74]. Hydrogen peroxide is in the far most cases dissolved
in water. However solutions in different solvents like acetonitrile sometimes also find
application [75]. The second key reagent is singlet oxygen which reacts with alkenes in a
[2+2]-cycloaddition-reaction [76], as dienophile in [4+2]-cycloaddition reactions with 1,3-
dienes [77], [78] or as reaction partner in ene- reactions [79]. Singlet oxygen itself is most
commonly prepared via a photochemical reaction of triplet oxygen under the presence of
photosensitizers like rubrene or perylene [80]. Chemical ways for its preparation are the
reaction of hydrogen peroxide with sodium hypochlorite under alkaline reaction conditions
[81] and the reaction of alkyl-phosphines with ozone [82]. The third widely used reagent for

the synthesis of organic peroxides is ozone, which yields 1,2,4-trioxolanes when it is reacted
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with alkenes via an initial 1,3-dipolar cycloaddition and a subsequent rearrangement of the

intermediate [83], [84], [85]. Scheme 1 displays the reagent and the possible reaction

products.
e’j\ O/‘771
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Scheme 1: The three key reagents for peroxide synthesis, the corresponding starting materials

and products.

4.3.2 More curious reactions

A synthetic procedure of minor importance which can be applied for the synthesis of linear
peroxy ethers is the reaction of dialkylsulfates with alkaline hydrogen peroxide solution [86].
When treated with the same reaction conditions alkyldisulfates yield the corresponding cyclic

peroxides [87]. Scheme 2 displays the corresponding reaction equations.
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Scheme 2: reaction equations for the preparation of dialkylperoxides via dialkylsulfonates.

In addition to the direct reaction of ketones and hydrogen peroxide (DADP-formation), cyclic
tetroxanes can be created by some alternative methods. Very interesting in this context is the
treatment of geminal dihydroperoxides with ketones to form tetroxanes [88]. Scheme 3
shows the reaction pathway for the synthesis of geminal dihydroperoxides and for the possible
tetroxane formation thereafter. The biggest advantage of this approach is, that

unsymmetrically substituted 1,2,4,5- tetroxanes can be prepared specifically.

0
Rl R?

activatin JL
agem . HOO OOH R¥ 'R <o
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Scheme 3: Synthesis of geminal dihydroperoxides and subsequent tetroxane formation.

Tetroxanes with a symmetrical substitution pattern can also be synthesized from ozonides via

the recombination of zwitter ions (scheme 4) [89].

R! R?
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Scheme 4: Tetroxane formation via combination of zwitter ions.
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A not very common way for the synthesis of 1,2,4,5-tetroxanes is the ozonolysis of O-
methyloximes (see scheme 5) [90], [91]. However this synthesis is limited to only a few
appropriate substrates and only gives the products with poor yields.

Rl O7 0, R' 0-0 R!
S>=N .

2
R R2 0-0 R2

Scheme 5: Tetroxane synthesis form O-methyloximes.

1,2-Dioxanes can be formed via the Isayama-Mukaiyama reaction. Triethylsilane and oxygen
are reacted under the catalysis of Co(ll) with 1,5-dienes to form the corresponding structure
(Scheme 6) [92].

Hoo R?
R1
Et;SiH
R1MR3 - 0
R2 R4 027 CO(”) o
H* R3 R4

Scheme 6: Display of the Isayama-Mukaiyama reaction.

1,2,4-Triooxolanes (secondary ozonides) can in addition to the reaction of a double bond and
ozone also be synthesized via the so called Griesbaum reaction. Methyloximes are reacted
with ozone to form instable 1,2,3-trioxa-4-azacyclopentanes, that decompose into zwitter
ions. The O-O-containing zwitterionic structure then reacts with an additional ketone to form
the desired products (scheme 7) [93].
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Scheme 7: Reaction pathway for the preparation of 1,2,4-trioxolanes form O-methyloximes
(Griesbaum reaction).

A very interesting synthetic pathway to produce 1,2-dioxolanes photochemically starts from
cyclopropanes. Various sensitizers like 1,2,4,5-tetracyanobenzene can be used and the
reactions are normally performed in acetonitrile. The yields are quantitative in most of the
investigated reactions [94]. Scheme 8 gives a graphical insight in the reaction pathway.

Ar N Ar
Ar / hv, O,, sensmzer‘ Qf§:
o

Scheme 8: Reaction equation for the photo induced synthesis of 1,2-dioxolanes.

Peroxy acetals can be prepared from the reaction of carbonyl compounds with hydroperoxides
[95] or from the reaction of hydroperoxides with alkylhalogenides, mainly methyl iodide [96],
[97]. Scheme 9 displays the corresponding reaction equations.
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Scheme 9: Two examples for alternative possibilities for the synthesis of peroxy acetals.

A further method is the reaction of acid chlorides with hydroperoxides in alkaline medium
(Scheme 10) [98].

HOO™ "OOH KOH o:< ):o

Scheme 10: A further possibility to synthesize peroxy acetals.

5 Sensitivity Classification

The sensitivities of the synthesized compounds within this thesis towards impact and friction
were determined by standardized methods of the Bundesanstalt fir Materialprifung (BAM)
[99] on a drop hammer and a friction tester. Electrostatic discharge (ESD) values were
determined on an ESD testing device, but for ESD sensitivity no internationally standardized
sensitivity range was applied. The following tables 1 and 2 reflect the sensitivity ranges for
impact sensitivity respectively friction sensitivity. The BAM uses the one out of six method,
which means, that a sensitivity value is valid, when one out of a total of six tests turns out

positive.
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Table 1: Sensitivity classification for impact sensitivity.

range of values

sensitivity classification

401
40J-351
>4]
<3J

insensitive
less sensitive
sensitive

very sensitive

Table 2: Sensitivity classification for friction sensitivity.

range of values

sensitivity classification

>360 N
=360 N
<360N-80N
<80N-10N
<10N

insensitive
less sensitive
sensitive
very sensitive

extremely sensitive

The maximum electrostatic charge, that can be created by the human body is 20 mJ [2].

Therefore it is possible to predict, if accidental ignition by ESD of the respective substance is

possible or not. The decomposition points in this thesis are all determined at a heating rate of

5 °C min *, which is the internationally accepted standard and onset temperatures are taken.
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6 Summary of the different chapters of this thesis

The following sequence will give a short summary of the thesis going through the different
investigated compound classes and putting emphasize on the achieved results. Moreover a
generalized reaction equation and a figure of the synthesized compounds are displayed for
better visualization of the performed reactions and the shape of the products. Molecular
structures of selected compounds are pictured for the same purpose. The respective original
scientific papers are part of the appendix together with the corresponding supporting

information.

6.1 Aromatic peroxy acids

The first paper which is part of this thesis deals with the synthesis of aromatic peroxy acids
and their investigation towards application as energetic materials. The compounds were
synthesized form the corresponding carbonic acid chlorides resp. carbonic acids via reaction
with highly concentrated hydrogen peroxide and methansulfonic acid in high yields over 90%.
Most of the examined compounds have impact sensitivities around 10J and friction
sensitivities up to 360 N what would categorize them as suitable for a number of applications
like secondary explosives and reagents for organic synthesis. However per-trimesic acid is
extremely sensitive with an impact sensitivity of 1 J and a friction sensitivity of 5 N. In this
context, calculations concerning the surprising insensitivity of most studied compounds were
performed resulting in a new concept of atom close contacts for stabilization of energetic
molecules similar to the close contacts suggested by Matzger in tri-halogeno-trinitro benzene
DADP co crystals [60], [61]. The investigated compounds have calculated detonation
velocities in the rage of commonly used secondary explosives (Vget = 5262 to 7217 ms %) like
TNT (6950 ms* [83]) and calculated detonation pressures between 88 and 213 kbar.
Decomposition temperatures are between 132 and 160 °C. The best performing substance is
3,5-Dinitroperbenzoic acid. The results were published in Chemistry-A European Journal
2015, 22, 2582-2585, DOI: 10.1002/chem.201502989.
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Scheme 11: General reaction equation for the synthesis of peroxy acids.

The following figure 18 gives an overview over the synthesized compounds.

C(O)OOH C(O)OOH C(O)OOH C(O)OOH

O,N NO, HOO(O)C C(O)OOH
C(O)OOH NO,

Figure 18: Structural formulas of the peroxy acids synthesized in the course of this thesis.

Figure 19: Representative molecular structure of a peroxy acid.

6.2 Geminal dihydroperoxides

The second paper deals with the synthesis of new difunctional geminal dihydroperoxides. The

compounds were synthesized from ketones and hydrogen peroxide under the catalysis of acid

or iodine and were isolated in 21 to 93% yield. Most of them are very sensitive to outer

stimuli with impact sensitivity values around 1 J and friction sensitivity values around 5 N,

but 1,4-bis(dihydroperoxymethyl)benzene has an impact sensitivity of 3J and is therefore

insensitive enough to find possible application as a primary explosive (impact sensitivity of

27



PbN3: 3J [83]). A possible explanation for this can again be found in the concept of atom
close contacts. The calculated detonation velocities of the investigated compounds are in a
range between 6150 and 7130 ms * and the calculated detonation pressures are between 126
and 195 kbar. In addition, four of the five studied molecules could be crystallized and
therefore the number of crystalline gem. dihydroperoxides, which are still few in number,
could be increased. The results were published in Chemical Communications 2015, 51,
13298-13230, DOI: 10.1039/c5¢cc05015d.

(@] H,0,
J\ - HOO><OOH
RTR Horl R™ "R

Scheme 12: General reaction equation for the synthesis of geminal dihydroperoxides.

The following figure 20 gives an overview over the synthesized compounds.
HOO.___OOH HOO_ OOH HOO_ OOH HOO_ JOOH HOO OOH
g 8 Z HOO OOH
i HOO ™ "OOH HOO  OOH
HOO” “OOH HOO OOH

Figure 20: Structural formulas of the geminal dihydroperoxides synthesized within this
thesis.

Figure 21: Representative molecular structure of a geminal dihydroperoxide.

28



6.3 Bridged 1,2,4,5-tetroxanes

The third paper of the thesis deals with the synthesis of bridged tetroxanes from alkylated
acetyl acetone derivatives and hydrogen peroxide under the catalysis of hydrochloric acid
respectively by the elimination of water through P4Oj, form the corresponding hydroxyl-
hydroperoxy-dioxolanes. The yields obtained were between 10% and 73%. The investigated
moiety is spread in pharmaceutical substances, but with respect to energetic materials research
no deeper investigations were performed. Moreover only very few molecules with an
embodied bridged tetroxane have been crystallized until now. In the course of this work, a
total of six additional crystal structures could be determined which considerably increased the
knowledge of bond angles and bond distances for bridged tetroxanes. With respect to their
energetic properties, all of the compounds have to be classified as extremely sensitive toward
impact (1.5J as highest determined value) and friction (< 5N for all investigated
compounds). The calculated detonation velocities of the compounds are in a range between
6048 and 6343 ms . Calculated detonation pressures are between 97 and 133 kbar.
Additionally all examined substances are volatile compounds. Therefore a practical
application in the energetic sector seems to be limited. The results were published in
European  Journal of Organic  Chemistry 2015, 28, 6237-6242, DOI:
10.1002/ejoc.2015009109.
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Scheme 13: The two general reaction equations for the synthesis of bridged tetroxanes.
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Figure 22 gives an overview over the synthesized compounds.
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Figure 22: Structural formulas of the bridged tetroxanes synthesized within this thesis.

Figure 23: Representative molecular structure of a bridged tetroxane.

6.4 Aromatic peroxy esters

The fourth paper of the thesis deals with the synthesis of polyfunctional peroxy esters. They
were prepared from tert-butyl hydroperoxide and carbonic acid chlorides under the presence
of pyridine. The yields obtained are between 7% and 77%. Crystal structures for all
compounds were determined. The densities however are only low with values between 1.161
and 1.460 gcm™ (room temperature densities). Concerning their properties as energetic
materials, they show low sensitivities towards outer stimuli compared to other peroxides with
values for impact sensitivity up to 40J and values for friction sensitivity up to 360 N.
However the sensitivity increases with increasing content of embodied peroxidic groups and
therefore the compounds with the highest peroxide content are also the most sensitive ones.
The nitroaromatic compounds however show a good compromise between density, peroxide
content and accompanied sensitivity. Curiously, aromatic compounds are in general much less
sensitive than non aromatic compounds (sensitivity values of di-tert-butylperoxolate: IS 1 J,
FS: 5N, ESD: 15 mJ). The calculated performance values of the studied compounds are lower
than that of TNT (highest calculated value for detonation velocity: 6003 ms ) which may
prevent any application as secondary explosives. The calculated detonation pressures are in a

range between 56 and 118 kbar. However it was possible to show, that compounds with
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peroxo groups participating in electron delocalization are in general less sensitive than their
analogs, which also is in good accordance with the results of paper 1 and paper 7. The results
are submitted for publication to Chemistry Select.

O tBuOOH O

B

R Cl py R OOtBu

Scheme 14: General reaction equation for the synthesis of tert-butyl peroxy esters.

Figure 24 gives an overview over the synthesized compounds.
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Figure 24: Structural formulas of the tert-butyl peroxy esters synthesized within this thesis.

Figure 25: Representative molecular structure of a tert-butyl peroxy ester.

6.5 1,2-Endoperoxides

The fifth paper of this thesis deals with the synthesis of hydroperoxide substituted 1,2-
endoperoxides derived from acetyl acetone, 3,5-heptadione and acetonyl acetone. The studies
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were focused on the synthesis of compounds that were substituted either by two
hydroperoxides or by a hydroperoxy group and a hydroxyl group and thus containing two
different groups of organic peroxides. Compounds which are substituted by two hydroxyl
groups were excluded in this study due to their lower energy content, but could be worth a
study in the future. Different 1,3-diketones and a 1,4-diketone were used as starting materials
and were reacted with hydrogen peroxide under the presence of different catalysts (acid or
iodine). The hydroxy-hydroperoxy and dihydroperoxy compounds were obtained from the
same reactions and were separated by column chromatography. The yields obtained are
between 15% and 62%. Significant differences concerning the sensitivity values of the
different compounds could be observed with impact sensitivity values varying from < 1J to
3J and friction sensitivity values varying from < 5N to 40 N. The unsymmetrically
substituted compounds are in general less sensitive. Variations in the alkylation degree instead
seem to have no significant influence on the sensitivity. Calculations were performed which
resulted in the discovery of O-O close contacts, that might have a stabilizing effect on some of
the studied compounds and result in a reduced sensitivity. The calculated detonation velocities
of the compounds are in a range between 5954 and 6694 ms *, calculated detonation pressures
are between 98 and 154 kbar. The dihydroperoxy substituted molecules in all cases perform
better than their hydroxy-hydroperoxy substituted analogs. The results are accepted for
publication in European Journal of Inorganic Chemistry, DOI: 10.1002/ejic.201600767.
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Scheme 15: General reaction equation for the synthesis of 1,2-dioxolanes.

Figure 26 gives an overview over the synthesized compounds.
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Figure 26: Structural formulas of the 1,2-dioxolanes synthesized within this thesis.
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Figure 27: Representative molecular structure of a 1,2-dioxolane.

6.6 Tert-butyl azido-peroxides

The sixth paper which is part of this thesis deals with the synthesis tert-butyl azido-peroxides.
These compounds were discovered only quiet recently and are therefore an almost
uninvestigated class of substances, but on the other hand very interesting since a peroxide
group is combined with a further energetic group, in this context an azide. Combinations of
peroxides with other energetic moieties, especially on the same carbon atom, are only barely
known. Moreover all compounds of this substance class synthesized so far were liquids and
only mono functional. It was possible to synthesize the first solid and also difunctional
compounds via a Fe(lll) catalyzed reaction of carbonyl compounds with trimethyl silyl azide
and tert-butyl hydroperoxide. The yields obtained are between 1% and 60%. In addition it was
possible to determine the first crystal structure for compounds with the examined functional
group and thereby achieving fundamental results for further investigations. Moreover for the
first time sensitivities for such compounds were determined and therefore other scientists who
use those substances in further reactions get a feeling for how to work with the compounds.
However all synthesized substances were too sensitive for a possible large scale application as
energetic material with impact sensitivity values of not more than 2 J and friction sensitivity
values for the solid compounds of 5 N. The calculated detonation velocities are in a range
between 5989 and 6435 ms™* and therefore similar to commonly used secondary explosives.
The calculated detonation pressures are between 90 and 110 kbar. Curiously, the non aromatic

compounds perform slightly better than the aromatic ones. The results were published in
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European  Journal of Organic  Chemistry 2016, 25, 4382-4386, DOI:
10.1002/ejoc.201600717.

o) tBuOOH OOtBu
)J\ TMS-N
-N3
R H FeCls R N3

Scheme 16: General reaction equation for the synthesis of tert-butyl azido peroxides.

Figure 28 gives an overview over the synthesized compounds.
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Figure 28: Structural formulas of the tert-butyl azido peroxides synthesized within this thesis.

Figure 29: Representative molecular structure of a tert-butyl azido peroxide.

6.7 Aromatic peroxy anhydrides

The seventh paper contributing to this thesis deals with the synthesis of mono and

difunctional aromatic peroxy anhydrides. The respective compounds were synthesized form
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carbonic acid chlorides and hydrogen peroxide or peroxy acids under the influence of sodium
hydroxide. The obtained yields are between 13% and 61%. Peroxy anhydrides are a unique
class of small organic peroxides since they show relatively high densities up to over 1.7 gcm™
and thermal stabilities higher than 160 °C. Moreover, in contrast to other small organic
peroxides like hydroperoxides, they are inevitably stable at room temperature. The
sensitivities of the examined compounds towards outer stimuli are still acceptable with impact
sensitivity values up to 5 J and friction sensitivity values up to 360 N. A possible explanation
for this might be the participation of the peroxy group in a m-conjugation. This is in
accordance with the results of papers 1 and 4. The calculated performance values of some
compounds exceed those of TNT (calculated detonation velocities up to over 7000 ms™ for
peroxy anhydrides, 6950 ms* for TNT [83]). The calculated detonation pressure is in a range
between 210 and 250 kbar. Nitrated compounds perform better than non nitrated compounds.
Difunctional molecules are in the context of performance inferior to the monofunctional what
can be explained by the lower density. The results were published in Chemistry Select 2016,
1, 4057-4061, DOI: 10.1002/slct.201601114.
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Scheme 17: General reaction equations for the synthesis of peroxy anhydrides.

Figure 30 gives an overview over the synthesized compounds.
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Figure 30: Structural formulas of the peroxy anhydrides synthesized within this thesis.

Figure 31: Representative molecular structure of a peroxy anhydride.
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6.8 1,3-Di(5-nitraminotetrazol-1-yl)-propan-2-ole and its
Salts

The eighth paper contributing to this thesis deals with the synthesis of 1,3-di(5-
nitraminotetrazol-1-yl)-propan-2-ole and selected salts of it. The metal and nitrogen-rich salts
were prepared from simple acid base chemistry by reacting the neutral compound with the
corresponding hydroxides, carbonates or neutral N-bases. The neutral molecule is one of the
rare examples of heterocyclic compounds which carry a hydroxyl group and a nitrimino group
at the same time. Calculated performance values exceed those of TNT (calculated detonation
velocities 8024 to 8462 ms *, calculated detonation pressures between 210 and 250 kbar) and
the thermal decomposition points of the salts are all higher than 200 °C. Moreover the ionic
derivatives are in contrast to the neutral molecule insensitive towards external stimuli with
impact sensitivity values > 40J and friction sensitivity values > 360 N. The results are
published in  Zeitschrift fir Anorganische und Allgemeine Chemie, DOI:
10.1002/zaac.201600389

N=N OH N=N corresponding base O N’N:'\\l \)Oi/ ’/\l:N‘N o
HN ) /" NH - N N 2 Cat" or Cat?*
O,N-N N-NO, o,N-N N-NO,

Scheme 18: General reaction equation for the salt formation.

Figure 32 gives an overview over the synthesized compounds.
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Figure 32: Metal- and nitrogen-rich salts synthesized within this thesis.

37



Figure 33: Representative molecular structure of one nitrogen-rich salt.

6.9 Gas-phase concentration determination of DADP and
TATP

The ninth paper contributing to this thesis deals with the determination of the gas-phase
concentrations of DADP and TATP by transpiration method. Gas-phase concentrations and
vapor pressures for DADP and TATP are well known and different determination methods
along with the corresponding values are published. However since those substances gain more
and more prominence today in times of growing terrorism and because the literature values
for TATP scatter vastly, there is always a need to determine the gas phase concentration by
new ways and to put emphasize on new not investigated details. One of those details is
polymorphism of the cyclic compounds. In this study, it was possible to show, that for DADP
the determined values correlate well with the ones published in literature. However for TATP
quite strong deviations from literature values can be observed showing that polymorphism
plays an important role in gas-phase studies of TATP. The results are not submitted or

published yet. Publication is planned in Propellants Explosives Pyrotechnics.
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7 General summary of this thesis

Within this thesis it was possible to prepare a number of new energetic organic peroxides of
different subclasses namely peroxy esters, peroxy acids, geminal dihydroperoxides, peroxy
anhydrides and different cyclic peroxy acetals, and investigate them with respect to their
energetic properties especially the sensitivities towards impact, friction, electrostatic
discharge and heat as well as their calculated performance values consisting of detonation
velocity, detonation pressure, heat of explosion, temperature of explosion and volume of
detonation products. This alone is remarkable since until today only very few peroxides are
investigated in terms of their energetic performances and thus this thesis gives a hitherto
unknown insight in the energetic materials properties of organic peroxides. By taking all
results obtained during this study into account it can be shown, that there are significant
differences between the subgroups of organic peroxides with respect to their energetic
properties. The examined organic peroxo-acetals and (di)hydroperoxides are all very sensitive
(IS around 1.5 J, FS around 6 N) and thermally instable compounds (decomposition point
around 120 °C). However different subclasses aromatic like peroxy acids, aromatic tert- butyl
peroxy esters and aromatic peroxy anhydrides show reduced sensitivity, which can result from
an electron delocalization, and from this point of view can possibly find application as
additional energetic groups in modern energetic materials. Also the aromatic core structures
seem to decrease the sensitivity. The most promising class of peroxo based molecules for a
possible application in the design of modern energetic materials is the one of aromatic peroxy
anhydrides. They feature relatively high thermal decomposition points, sometimes even above
160 °C, and their sensitivity is still acceptable. Also the performance values are in the range
of commonly used secondary explosives. In addition their density is remarkable high (up to
around 1.7 g cm ) in comparison with other organic peroxides and they are inevitably stable
at room temperature. Moreover some other peroxidic compounds synthesized within this
thesis show calculated performance values, which are in the range of commonly used
secondary explosives. By and large the calculated detonation velocity seems to be
independent form the examined peroxide class since all compound families show values in the
same range. Grounding on the achieved results, it might be possible to add organic peroxides
to the modern design of energetic materials, especially in the oxidizer sector where oxygen
rich substances are needed, but where the requirements towards thermal stability are not

extreme.
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9 Appendix

Most results contributing to this thesis are published in peer reviewed journals or submitted to
publication. Permissions for using the results within this thesis were obtained from the
respective publishing companies and licenses for the individual journals were provided by the
University of Munich. The permissions of the publishing companies Wiley VCH and RSC are
highly acknowledged. In cases where manuscripts are still in the review process, the most

recent draft is used. This is also true for not published results.
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Abstract: The synthesis, structure, and energetic materials
properties of a series of aromatic peroxy acid compounds
are described. Benzene-1,3,5-tris(carboperoxoic) acid is
a highly sensitive primary energetic material, with impact
and friction sensitivities similar to those of triacetone tri-
peroxide. By contrast, benzene-1,4-bis(carboperoxoic) acid,
4-nitrobenzoperoxoic acid, and 3,5-dinitrobenzoperoxoic
acid are much less sensitive, with impact and friction sen-
sitivities close to those of the secondary energetic material
2,4,6-trinitrotoluene. Additionally, the calculated detona-
tion velocities of 3,5-dinitrobenzoperoxoic acid and 2,4,6-
trinitrobenzoperoxoic acid exceed that of 2,4,6-trinitroto-
luene. The solid-state structure of 3,5-dinitrobenzoperoxo-
ic acid contains intermolecular O-H--O hydrogen bonds
and numerous N--O, C-+O, and O--O close contacts. These
attractive lattice interactions may account for the less sen-
sitive nature of 3,5-dinitrobenzoperoxoic acid.

- /

The compounds triacetone triperoxide (TATP), diacetone diper-
oxide (DADP), hexamethylene triperoxide diamine (HMTD), and
methyl ethyl ketone peroxide (MEKP) are the only peroxides
for which detailed energetic materials properties have been
determined."™® These peroxides are extremely sensitive to
stimuli and are dangerous to handle."”® Other issues include
a low decomposition temperature for HMTD (75°C),"® high
volatilities for TATP and DADP"? and calculated detonation ve-
locities for TATP (6168 ms™'), DADP (6773 ms™'), and MEKP
(6191 ms™") that are much lower than those of high nitrogen
explosives such as RDX (8750 ms™") and HMX (9100 ms™').l"®
These issues, particularly the high sensitivities, have prohibited
military and civilian energetic materials applications of TATP,
DADP, HMTD, and MEKP. Moreover, the high sensitivities have
likely limited more extensive exploration of peroxo compounds
as energetic materials. Peroxo-based compounds might serve
as useful explosives if their sensitivities can be adjusted to op-
timum levels for specific applications and also to allow safe
handling. A recent report demonstrated that co-crystals of
DADP and 1,3,5-triiodo-2,4,6-trinitrobenzene (TITNB) have re-
duced impact sensitivity compared to both pure DADP and
TITNB, because of IO close contacts in the co-crystals.”) We
have also recently described the synthesis, structure, and ener-
getic materials properties of oxygen-rich organic compounds
containing bis(hydroperoxy)-methylene groups that are less
sensitive than TATP, DADP, HTMD, and MEKP"' Herein, we
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XN + HzOz AN

| R | R

E © ?{ O? EOOH
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1 94% 2,99% 3, 94% 4, 96%
X=Cl X=Cl X=0H X=0H

Scheme 1. Synthesis of 1-4.

report the synthesis, structure, and energetic materials proper-
ties of four aromatic peroxy acids. Remarkably, three of these
compounds have low sensitivities, very high energy contents,
and have properties appropriate for application as secondary
energetic materials. These are the first peroxide-based com-
pounds that can be classified as secondary explosives. Structur-
al data point to stabilization of the labile oxygen-oxygen
bonds through hydrogen bonding and intermolecular N--O,
C--0, and O--O close contacts.

Peroxy acids 1-4 were prepared in high yields, as depicted
in Scheme 1. Compounds 3 and 4 were prepared by literature
procedures entailing treatment of the carboxylic acids with
84% H,0, in the presence of methanesulfonic acid.®’ Com-
pounds 1 and 2 were prepared under similar conditions from
the acid chlorides and 84 % H,0,.” Importantly, 1-4 precipitate
from the reaction solutions upon cooling to near 0°C and can
be isolated as pure materials by filtration and subsequent air
drying. Minimal synthetic manipulation is a great advantage in
the synthesis of highly energetic compounds. Attempts to pre-
pare peroxy acids using the acid chlorides derived from
1,2,4,5-benzene tetracarboxylic acid and mellitic acid led to vi-
olent reactions upon addition of H,O,, and the desired com-
pounds could not be isolated. Compounds 1-4 were character-
ized with 'H and ">C NMR spectroscopy, infrared spectroscopy,
and elemental analyses.”” Additionally, the X-ray crystal struc-
tures of 1-DMF and 4 were determined.”’ Crystals of 1-DMF
were used only for the X-ray experiment, whereas solvent-free
1 was used for all other measurements.

A perspective view of 4 is shown in Figure 1. The bond
lengths in 4 are normal. The density of 4 is 1.748 gcm™ at
100K, which is higher than those of orthorhombic
(1.704 gcm™ at 123 K) and monoclinic (1.713 gcm™ at 100 K)
2,4,6-trinitrotoluene (TNT).” Because the formula weights of 4
and TNT are almost identical, 4 packs more efficiently than TNT
in the solid state. TNT does not contain any strong hydrogen
bonds, and only van der Waals forces are present.””! The asym-
metric unit of 4 consists of two molecules situated in an edge-
to-face fashion, with a close contact of 2.988 A between an
oxygen atom of a nitro group in one molecule and the m-face
of a ring C—H carbon atom in the other molecule. The lattice
contains intermolecular O-H--O hydrogen bonds, in addition to
numerous N--O (2.993-3.054 A), C--O (3.043-3.215 A), and 0--O
(2.670-3.029 A) close contacts that are within the van der
Waals radii for N--O (3.07 &), C--O (3.22 A), and 0--O (3.04 A).”’

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. X-ray crystal structure of 4. Selected bond lengths (A): 01-02
1.447(3), 02—C1 1.342(4), 04—C1 1.196(4).

Recent studies of energetic materials have shown that such
close contacts are attractive because the dispersion forces are
larger than the repulsive Coulombic forces."” Dissociation en-
ergies of O--O close contacts are similar to those of weak hy-
drogen bonds (3-13 kJmol™")."”" Accordingly, much of the lat-
tice energy in 4 arises from non-bonded interactions. Addition-
ally, these non-bonded attractive interactions contribute to the
high solid state density of 4.

The thermal behaviour of 1-4 was studied using thermogra-
vimetric analysis and differential thermal analysis. The com-
pounds show decomposition onsets ranging from 132 to
160°C (Table 1). A 200 mg sample of 4 was reported to ex-
plode just above its melting point of 112°C.*"! We observed
no explosions with 4 up to 150°C, but extreme care should be
used when handling this compound. CBS-4M electronic enthal-
pies were calculated with the Gaussian 09 software package to
obtain heats of formation values using the atomization equa-
tion." The values are all exothermic, but 3 and 4 have the
most positive heats of formation.

Table 1 gives detailed energetic test results for 1 and 3-5.
Impact, friction, and sensitivity toward electrostatic discharge
were determined with a drop hammer, friction tester, and elec-
trostatic discharge tester, respectively, using standard Bunde-
sanstalt fur Materialforschung und —prifung (BAM) and elec-
trostatic methods.'” Sensitivity classifications are based on the
“UN Recommendations on the Transport of Dangerous
Goods”."® Energetic performance was calculated using the
EXPLO5V6.02 software.™ Compound 2 has an impact sensitivi-
ty of 11, a friction sensitivity of 5N, and an electrostatic dis-
charge of 0.025 J.” This electrostatic discharge value is close to
what can be created by the human body (<0.02 J)™ so 2
must be handled with great care. Compounds 1, 3, and 4 have
impact sensitivity values of 10 (1) and 9 (3, 4)J and friction
sensitivity values of 288 (1) and 360 (3, 4) N. The calculated
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Table 1. Sensitivities and energetic performance of 1 and 3-5.

1 3 4 5
Formula CgHqOg CgHsOg C,H,N,0, C,H;N;0,
FW [gmol~'] 198.14 183.12 228.1 271.11

IS 1@ 10 9 9 —

FS [IN]®! 288 360 360 -

ESD [J]* 0.1 0.1 0.1 -

Qco, %] —105.0 —100.5 —63.13 —384
Toec [°C1© 160 141 132 -

o [gem>11 1.423 1.586"™ 1.748 1.80"
AH® [kJmol~"]19 —584.1 —3243 —3109 —275.5
AP Tk kg '] —3373 —3590 —4660 —5243
Pc, [kbar]™! 88 133 213 269

Vper [M s~ 110K 5262 6176 7217 7885

V, [Lkg—'1™" 598 628 596 619

[a] BAM drophammer. [b] BAM friction. [c] Electrostatic discharge sensitivi-
ty. [d] Oxygen balance for CO,. [e] Decomposition temperature from DTA
(5°Cmin~"). [f] Density from X-ray diffraction for 1-DMF and 4 at —173°C.
[g] Calculated molar enthalpy of formation. [h] Calculated using
EXPLO5V6.02. [i] Total energy of detonation. [j] Detonation pressure.
[k] Detonation velocity. [l] Volume of detonation products. [m] Published
crystal density." [n] Estimated density at 25°C.

detonation performance values increase in going from 1 to 4.
The calculated detonation pressure (P, range from 88 kbar for
1 to 213 kbar for 4. The calculated detonation velocities in-
crease from 5262 to 7217 ms~' for 1 and 4, respectively.

The extremely high performance values and low sensitivity
of 4 prompted us to consider the more highly nitrated peroxy
acid 5. Synthetic approaches to 5 are ongoing, but the per-
formance parameters were calculated using EXPLO5.' Using
an estimated solid-state density of 1.80 gcm™ based upon
those of 3" and 4, the calculated detonation pressure of 5 is
269 kbar and the calculated detonation velocity is 7885 ms™".

The present work documents the energetic materials proper-
ties of peroxy acids 1-5. Com-

pound 2 is “very sensitive” and Oy OOH
extremely sensitive” to impact O,N NO,
and friction, respectively, according

to the UN recommendations,

with values that are in the same NO,

range as those of TATP"? By con- 5
trast, 1, 3, and 4 are much less sen-
sitive than 2, TATP, DADP, HMTD,
and MEKP. According to the UN Recommendations,”® 1, 3, and
4 are “sensitive” toward impact and “less sensitive” to “insensi-
tive” toward friction. These impact and friction sensitivity
values are very similar to those of TNT, which is a widely used
secondary explosive.! Hence, 1, 3, and 4 can also be classified
as secondary explosives. These are the first peroxide-based sec-
ondary explosives. Moreover, the detonation velocity of 4
(7217 ms™") exceeds that of TNT (6900 ms™'). The detonation
velocity of 5 (7885 ms™') is much higher than those of 4 and
TNT, but is less than that of RDX (8750 ms~')."" Hence, 4 and 5
are powerful explosives, which likely arises from higher solid-
state densities compared to TATP, DADP, HMTD, and MEKP.!"~
There is no single structural feature in 1, 3, and 4 that can ex-
plain their reduced sensitivities relative to 2, TATP, DADP, HMTD,
and MEKP. Low sensitivity, high energy explosives tend to pack

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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in layered structures with hydrogen bonds within each layer,
but only weak van der Waals interactions between the layers.'”
These materials can absorb shocks by allowing interlayer sliding
without covalent bond breaking."® By contrast, high sensitivity,
high energy explosives tend to have structures that do not
allow facile dissipation of shocks, which leads to hot spots, co-
valent bond breaking, and explosions."® Compound 3 contains
a wave-like packing arrangement,” '™ which has been previously
proposed as a structural motif that allows shock dissipation in
low sensitivity, high energy explosives."* The lattice of 3 con-
tains O-H--O hydrogen bonds, three O--O close contacts (2.740-
2.965 R), and one N--O close contact (3.063 A).""® Examination
of the packing in 4 does not show a layered structure like those
observed in low sensitivity, high energy explosives."® The low
sensitivity of 4 may arise from the presence of intermolecular
O-H--O hydrogen bonds and the numerous N--O (5 interac-
tions), C-O (5 interactions), and O--O (7 interactions) close con-
tacts, which stabilize the lattice and could allow dissipation of
shock without covalent bond breaking. In this vein, the reduced
sensitivity of DADP/TITNB co-crystals was proposed to originate
from attractive 1--O close contacts that stabilize the covalent
oxygen-oxygen and iodine-carbon bonds.!” As comparisons,
the solid-state structures of highly sensitive DADP and TATP
have no O--O close contacts, and contain only very weak O--H
and C-H interactions.”™” Features in 3 and 4 that are lacking in
DADP and TATP include the O-H--O hydrogen bonding and the
N--O, C+O, and O-O close contacts. We propose that these
structural motifs stabilize the lattices and contribute to the low
sensitivities of 1, 3, and 4. In particular, the OO close contacts
in 4 likely stabilize the labile oxygen-oxygen bonds and make
bond cleavage less favorable. The sterically unconstrained
nature of the oxygen and nitrogen atoms in peroxy acid and
nitro groups allows more intermolecular close contacts, relative
to the peroxo groups in DADP and TATP.

As a cautionary note, 4 has been suggested a “safe” oxygen
transfer reagent for epoxidations and other oxygen transfer re-
actions.® The highly energetic nature of 4 advises against its
large-scale synthesis. Finally, there is significant interest in the
development of high-energy dense oxidizers to replace ammo-
nium perchlorate." Though the oxygen balances of 1-5 are all
negative (—105 to —38%) and ammonium perchlorate is posi-
tive (34%"™), the present work suggests that incorporation of
peroxy acid groups in energetic materials structures can make
the oxygen balance more positive without increasing sensitivi-
ty and decreasing performance. It has been reported that the
active oxygen content of 4 is reduced from 93.5% to 84.0%
upon standing at ambient temperature for 80 days.® Accord-
ingly, further studies are needed to explore the thermal stabili-
ty, sensitivity upon heating, and chemical compatibility of
peroxy acid derivatives as potential explosives.
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1. Experimental Procedures

General Considerations

Chemicals were purchased from Sigma-Aldrich, Acros Organics, or Alfa Aesar and were used
without further purification. ACS grade solvents were obtained from EMD and Fisher Scientific.
Syntheses of 3 and 4 were carried out using published procedures.*?l

Hydrogen peroxide solution (50 wt. % in H20) was evacuated on a vacuum line (4-5 h per 5.0
mL) to obtain a concentrated hydrogen peroxide solution (84 wt. % in H20) for the syntheses of 1-4. The
final concentration of the hydrogen peroxide solution was analyzed by titrating with a solution of 0.176
M KMnOg under acidic conditions (H2SOs).

'H and C{*H} NMR spectra were obtained at 400 MHz and 101 MHz, respectively, in CDCls,
CD30D, or (CD3)NCOD as indicated and were referenced to the residual proton and carbon resonances
of the solvents (CDCls, *H NMR § 7.27; **C NMR 77.23 ppm. CDsOD, *H NMR & 3.31; 3C NMR 49.00
ppm. (CD3):NCOD, 'H NMR § 2.74; ¥*C NMR 162.70 ppm). Infrared spectra were obtained with a
Shimadzu MIRacle 10 IRAffinity-1 equipped with a single reflection ATR accessory. Melting points were
determined on an Electrothermal [A 9300 melting point apparatus and are uncorrected.
Thermogravimetric and differential thermal analysis (TGA/DTA) measurements to determine the
decomposition temperatures of compounds 1-4 were performed at a heating rate of 5 °C min with an
OZM Research DTA 552-Ex instrument.

Caution. The H2O: solutions are strong oxidizers that may cause explosions. All organic
peroxides are explosive and require handling with extreme care. Compound 2 is very sensitive, and 1-4
are high explosives. Reactions and manipulations should be run in fume hoods behind blast shields.
Personal safety gear should include a face shield, leather gloves, a leather apron, and hearing protection.
Peroxide compounds should not come into contact with strong acids, metal salts, or easily oxidized
species. All reactions should be performed on small scales.

Qualitative Energetic Properties. Qualitative sensitivities to heat, impact, and electrostatic
discharge were determined to assess initial safety. Tests included burning about 3-5 mg of the compound
in a Bunsen burner flame, striking 3-5 mg of the compound on a metal plate with a hammer, and passing
an electrostatic discharge through 3-5 mg of the compound on a metal plate using an Electro Technic BD
10 Tesla coil (120 V, 0.35 A).

Benzene-1,4-bis(carboperoxoic) acid (1). A 100 mL round bottomed flask was charged with a

magnetic stir bar and terephthaloyl chloride (0.105 g, 0.517 mmol). Then, methanesulfonic acid (0.4 mL,
5 mmol) was added and the reaction mixture was allowed to stir for 5-10 min at 50 °C. Afterwards,
hydrogen peroxide solution (84 wt. % in H20, 0.25 mL, 4 mmol) was added dropwise and the reaction
mixture was stirred for 1 h at 50 °C. The product mixture was cooled to 0 °C in an ice bath, and then
crushed ice (0.5 g) was added to the reaction mixture. The resultant white precipitate was collected by
suction filtration and was dried under reduced pressure to afford 1 (0.093 g, 94%) as a white solid: mp
165 °C, dec. (explodes); IR (v, cm™) 3240 (m, broad), 3125 (w), 3107 (w), 3063 (w), 1715 (m), 1504 (w),
1414 (m), 1393 (m), 1304 (w), 1267 (m), 1250 (m), 1092 (m), 1015 (m), 895 (m), 866 (m), 845 (m), 714
(s); *H NMR (400 MHz, (CD3),NCOD, 23 °C, §) 14.18 (broad s, 1H, OOH), 8.06 (s, 4H, CH); *C{*H}



NMR (101 MHz, (CD3).NCOD, 23 °C, ppm) 164.93 (peroxy C), 132.50 (C), 130.04 (CH). Anal. Calcd
for CgHeOe: C, 48.49; H, 3.06. Found: C, 48.10; H, 3.36. Sensitivity data: IS, 10 J; FS, 288 N; ESD, 0.1
J. Colorless needles of 1-DMF suitable for X-ray crystallography were grown from DMF at -29 °C. The
NMR spectra of 1*DMF were identical to those of 1, expect for the presence of DMF resonances.

Benzene-1,3,5-tris(carboperoxoic) acid (2). A dry 100 mL Schlenk flask was charged with a
magnetic stir bar and benzene-1,3,5-tricarbonyl trichloride (0.105 g, 0.396 mmol). Then, methanesulfonic
acid (0.5 mL, 6 mmol) was added and the reaction mixture was allowed to stir for 5-10 min at 50 °C.
Afterwards, hydrogen peroxide solution (84 wt. % in H20O, 0.30 mL, 4.8 mmol) was added dropwise and
the reaction mixture was stirred for 30 min at 50 °C. The product mixture was cooled to 0 °C in an ice
bath, and then crushed ice (0.5 g) was added into the reaction mixture. The white solid in the reaction
mixture was collected by suction filtration and was dried under reduced pressure to afford 2 (0.101 g,
99%) as a white solid: mp not taken due to explosion hazard; IR (v, cm™) 3226 (m, broad), 3087 (m),
1737 (s), 1608 (w), 1410 (m), 1326 (m), 1278 (m), 1224 (s), 1131 (m), 1115 (m), 1098 (m), 934 (w), 881
(m), 835 (w), 767 (w), 717 (s); *H NMR (400 MHz, CDsOD, 23 °C, §) OOH resonance not observed due
to exchange with CD3sOD, 8.65 (s, 4H, CH); *C{'H} NMR (101 MHz, CDs;OD, 23 °C, ppm) 164.95
(peroxy C), 134.52 (C), 130.51 (CH). Anal. Calcd for CoHeOo: C, 41.87; H, 2.35. Found: C, 41.98; H,
2.36. Sensitivity data: IS, 1 J; FS, 5 N; ESD, 0.025 J.

4-Nitrobenzoperoxoic acid (3). Compound 3 was prepared in 94% vyield as a pale yellow solid
by a literature procedure? starting from 4-nitrobenzoic acid: mp 138-140 °C (lit* 139 °C); IR (v, cm™)
3308 (broad, m), 3115 (w), 2986 (w), 1744 (m), 1718 (m), 1609 (m), 1541 (m), 1491 (w), 1414 (m), 1383
(m), 1348 (m), 1321 (m), 1302 (m), 1258 (m), 1242 (m), 1111 (w), 1074 (m), 1013 (w), 974 (w), 951 (w),
934 (w), 893 (m), 868 (m), 837 (s), 775 (w), 710 (s); *H NMR (400 MHz, CDCls, 23 °C, &) 11.57 (broad
s, 1H, OOH), 8.37 (dm, J = 8.4 Hz, 2H, CH), 8.21 (dm, J = 8.8 Hz, 2H, CH); *C{*H} NMR (101 MHz,
CDCls, 23 °C, ppm) 166.33 (peroxy C), 151.45 (C), 131.55 (C), 130.81 (CH), 124.26 (CH). Anal. Calcd
for C7HsNOs: C, 45.90; H, 2.76; N, 7.65. Found: C, 46.37; H, 3.00; N, 7.75. Sensitivity data: IS, 9 J; FS,
360 N; ESD, 0.1 J.

3,5-Dinitrobenzoperoxoic acid (4). Compound 4 was prepared in 96% vyield as a pale yellow
solid by a literature procedure? starting from 3,5-dinitrobenzoic acid: mp 113-115 °C (lit?> 113-115 °C);
IR (v cm™) 3447 (broad, m), 3088 (m), 2883 (w), 1734 (m), 1717 (m), 1701 (m), 1628 (m), 1597 (w),
1541 (s), 1489 (w), 1458 (m), 1420 (w), 1348 (s), 1269 (m), 1179 (m), 1152 (s), 1094 (m), 1043 (m), 916
(m), 881 (w), 781 (m), 764 (w), 714 (s); *H NMR (400 MHz, CDs0D, 23 °C, §) OOH resonance not
observed due to exchange with CDs0D, 9.22 (t, J = 2.4 Hz, 1H, CH), 9.03 (d, J = 2.4 Hz, 2H, CH);
13C{*H} NMR (101 MHz, CD30D, 23 °C, ppm) 163.62 (peroxy C), 150.17 (C), 131.98 (C), 129.73 (CH),
123.83 (CH). Anal. Calcd for C7H4N207: C, 36.86; H, 1.77; N, 12.27. Found: C, 36.89; H, 1.90; N, 11.95.
Sensitivity data: IS, 9 J; FS, 360 N; ESD, 0.1 J. Colorless thin needles suitable for X-ray crystallography
were grown from 1:1 diethyl ether:pentane at -29 °C.

[1] D. G. Harman, A. Ramachandran, M. Gracanin, S. Blanksbhy, J. Org. Chem. 2006, 71, 7996-8005.
[2] W. H. Rastetter, T. J. Richard T. J.; Lewis, M. D. J. Org. Chem. 1978, 43, 3163-3166.

2. Energetic Materials Testing Procedures

References for the various techniques are given in the manuscript text.



Impact Tests

Impact sensitivity tests were carried out according to STANAG 4489 modified instructions using a BAM
(Bundesanstalt fur Materialforschung) drop hammer. Approximately 0.4 mL volume of a compound was
placed in the sample holder (between two steel cylindrical blocks that are contained in a hollow steel
cylinder) and a series of increasing weights was dropped from a fixed height or a fixed weight was dropped
from varying heights. A test was considered positive when a sound (160 dB) was heard. Sensitivity was
obtained when one out of six tests was positive.

Friction Tests
.ai\‘ »

Friction sensitivity tests were carried out according to STANAG 4487 modified instruction using the
BAM friction tester. A line of approximately 5 mg of a compound was laid on a ceramic plate and a
ceramic peg was kept on it. The ceramic plate was then moved from side-to-side so that the ceramic peg
was exerting force on the sample. The force exerted on the sample was regulated by the weight and
distance of the weight. A test was considered positive when a detonation was observed. Sensitivity was
obtained when one out of six tests was positive.

Electrostatic Discharge Tests

R

Compounds were tested for the sensitivity towards electrical discharge using an OZM Electric Spark
Tester ESD 2010 EN according to STANAG 4515 instructions. Approximately 0.1 mL volume of a
compound was incorporated in a plastic tube and a charge is exerted through a steel electrode. The test is
positive when a small hole was observed after the electricity interacted with the compound.



Table 1. Sensitivities and energetic performance of 1-5, TNT, RDX, and TATP.

1 2 3 4 5 TNT RDX TATP
Formula CsHeOs CyHeO, C,HNO; C,H,N,O, CHsN;Op - CHsN;Os - C3HeN6Os - CoHisOs
FW (g/mol) 198.14 258.15 183.12 228.11 2711 227.14 222.12 222.24
I1Se (J) 10 1 9 9 - 15 75 0.3
FSb (N) 288 5 360 360 - 353 120 0.1
ESDe (J) o1 0.025 o1 o1 - 0.46-0.57 0.20 0.16
Qco.? (%) -105.0 -74.38 -100.5 -63.13 -38.4 “74.0 -21.6 -151.3
Tpect (°C) 160 167 141 132 - 240 170 150-160
p (g/cm3) 1.423 14! 1.586™ 1.748 1.80! 1.60 1.76 1272
ﬁi}j;glol) -584.1 -846.6 -324.3 -310.9 2755 -50-6 703 5838
EXPLOs5 V6.02
AeU(K]/kg)  -3373 -3590 3934 -4660 5243 2732 5277 ~4016
P¢ji(kbar) 88 105 133 213 269 190 347 103
Vped (m/s) 5262 5588 6176 7217 7885 6900 8750 6168
Vok (L/kg) 598 628 593 596 619 740 908 919

“BAM drophammer "BAM Impact “Electrostatic discharge sensitivity ‘Oxygen balance for CO, ¢Decomposition temperature from
DTA (5 °C min~) fDensity from X-ray diffraction for 1*'DMF and 4 at -173 °C 9Calculated molar enthalpy of formation "Total energy
of detonation ‘Detonation pressure /Detonation velocity “Volume of detonation products 'Estimated density at 25 °C ™Published
crystalline density



3. Packing and Intermolecular Close Contacts for 3, 4, DADP, and TATP.

Figure 1. Packing diagram of 4 prepared using the program Mercury 3.5.

Figure 3. Asymmetric unit view of 4 emphasizing the intermolecular contacts, prepared using the
program Mercury 3.5. Red = oxygen, blue = nitrogen, gray = carbon, white = hydrogen.
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Table 1. Intermolecular close contacts for 4 prepared using the program Mercury 3.5.
Number Atoml  Atom2  Length  Length-VdW

1 06 N1 3.001 -0.069
2 N2 03 3.054 -0.016
3 05 C7 3.055 -0.165
4 05 H5 2.712 -0.008
5 05 o1 2.887 -0.153
6 H3 o1 2.343 -0.377
7 o7 H7 2.435 -0.285
8 N1 08 2.993 -0.077
9 H5 011 2.431 -0.289
10 o1 010 3.017 -0.023
11 o1 011 2.749 -0.291
12 H1 010 2.365 -0.355
13 H1 011 1.884 -0.836
14 H1 Ci11 2.747 -0.153
15 02 010 3.021 -0.019
16 o7 C12 3.048 -0.172
17 04 09 3.029 -0.011
18 04 010 2.670 -0.370
19 04 H6 1.740 -0.980
20 C1 H6 2.758 -0.142
21 02 H6 2.450 -0.270
22 C5 013 3.142 -0.078
23 03 N4 3.053 -0.017
24 04 H8 2.534 -0.186
25 N4 08 3.006 -0.064
26 C13 08 3.215 -0.005
27 012 N3 3.032 -0.038
28 011 014 2.978 -0.062
29 Cl1 014 3.043 -0.177

Table 2. Intermolecular close contacts for 3 prepared using the program Mercury 3.5. Data are
from ref. 14.
Number Atoml  Atom2 Length  Length-VdW

1 02 03 2.966 -0.074
2 03 o1 2.740 -0.300
3 03 03 2.965 -0.075
4 04 N1 3.063 -0.007
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Table 3. Intermolecular close contacts for DADP prepared using the program Mercury 3.5. Data
are from ref. 2d.
Number Atoml  Atom2  Length  Length-VdwW

1 H2 02 2.693 -0.027
2 02B H2B 2.693 -0.027
3 o1 H3B 2.707 -0.013
4 H3 O1B 2.707 -0.013

Table 4. Intermolecular close contacts for TATP (space group P21/c) prepared using the program
Mercury 3.5. Data are from ref. 2d.
Number Atoml  Atom2  Length  Length-VdwW

1 06 H13 2.521 -0.199
2 03 H1 2.553 -0.167
3 C6 H33 2.850 -0.050
4 H17 C13 2.870 -0.030
5 08 H28 2.667 -0.053
6 H36 09 2.710 -0.010

Table 5. Intermolecular close contacts for TATP (space group P1bar) prepared using the program
Mercury 3.5. Data are from ref. 2d.
Number Atoml  Atom2  Length  Length-VdwW

1 03 H12 2.476 -0.244
2 H5 H9 2.224 -0.176
3 H3 Cl4 2.858 -0.042
4 Hi1l H23 2.353 -0.047
5 C8 H36 2.771 -0.129
6 C5 H30 2.831 -0.069
7 H6 o7 2.646 -0.074
8 H6 H30 2.321 -0.079
9 H15 H26 2.223 -0.177
10 H13 09 2.679 -0.041
11 H20 H32 2.341 -0.059
12 011 H33 2.506 -0.214
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A series of oxygen-rich organic peroxide compounds each contain-
ing two bis(hydroperoxy)methylene groups is described. Energetic
testing shows that these compounds are much less sensitive toward
impact and friction than existing classes of organic peroxides.
The compounds are highly energetic, which may lead to practical
peroxide-based explosives.

Organic energetic materials usually contain carbon, hydrogen,
nitrogen, and oxygen, and tend to be nitrogen rich to increase
the energy content through formation of highly stable dinitrogen
upon detonation." While the explosive nature of organic per-
oxides is widely recognized, due to the presence of weak O-O
bonds (45-50 keal mol *),>” detailed energetic materials proper-
ties have only been reported for triacetone triperoxide (TATP),
diacetone diperoxide (DADP), hexamethylene triperoxide diamine
(HMTD), and methyl ethyl ketone peroxide (MEKP).>* The high
sensitivities of TATP, DADP, HMTD, and MEKP toward impact,
friction, and other stimuli have precluded civilian and military
energetic materials applications due to safety concerns.> These
high sensitivities, coupled with the widely publicized use of TATP
by terrorists,” have likely discouraged broader exploration of
organic peroxides as energetic materials. To allow practical
applications, it will be necessary to identify organic peroxides
that combine high energy contents with reduced sensitivities
toward stimuli. In this direction, a recent report demonstrated
that cocrystals of DADP and 1,3,5-triiodo-2,4,6-trinitrobenzene
(TITNB) have reduced impact sensitivity compared to both pure
DADP and TITNB, because of stabilizing I---O close contacts
in the cocrystals.®
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Herein, we describe the synthesis, structure, and energetic
materials properties of five new organic compounds (1-5) that
each contain two geminal methylene bis(hydroperoxy) moieties.
These compounds have oxygen to carbon ratios ranging from
0.80 to 1.33. Four of the new compounds are significantly less
sensitive toward impact and friction than TATP, and the detona-
tion velocity and detonation pressure of one compound are
higher than those of 2,4,6-trinitrotoluene.

Geminal hydroperoxides 1-5 were synthesized by treating
the corresponding ketones or aldehyde with 30-50 wt% H,0, in
the presence of iodine (method A, 1, 3-5) or concentrated HCI
(method B, 2) as a catalyst using published general procedures
for geminal hydroperoxides (Scheme 1).”* Compounds 1-5 were
characterized with 'H and C NMR spectroscopy, infrared
spectroscopy, and elemental analyses. Additionally, X-ray crystal
structures of 4 and 5-H,O were determined. A low resolution
X-ray crystal structure of 1-Et,O confirmed the molecular struc-
ture. Solvates 1-Et,O and 5-H,O were used only for the crystallo-
graphy experiments; unsolvated 1-5 were used for all other
measurements. Attempts to prepare the geminal hydroperoxides
derived from cyclohexane-1,3,5-trione, cyclohexane-1,2,3,4,5,6-
hexaone, and benzene-1,3,5-tricarbaldehyde led to violent gas
evolution, likely due to the instability of the products.

cat. |2, CH3CN
23°C, 5 h (A)
o or HOO_ OOH
)L + 2H,0, —— 9 -
Ri R, cat. HCI Ry Rz
CHSCN 15
23°C, 24 h (B)
HOO_ OOH HOO_ OOH Hoo_ ooH HOO
HOO OOH
HOO OOH
HOO  "0OH  HOO  "OOH HOO” “OOH Hoo
1,21% (A) 2,93% (B) 3,64% (A) 4, 35% ( A) 5, 47% (A)
0:C = 0.80 0:C=089 0OC=100 OC=100 OC=133

Scheme 1 Synthesis of 1-5.

This journal is © The Royal Society of Chemistry 2015
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The thermal behaviour was studied with thermogravimetry.
Compounds 1-5 show onsets of thermal decomposition
between 98 and 117 °C (Table 1). CBS-4M electronic enthalpies
were calculated with the Gaussian09 software package to obtain
heat of formation values.” The heat of formation values are
all exothermic, ranging from —703.6 to —418.2 kJ mol .
Compound 4 has the most positive heat of formation.

A perspective view of 4 is shown in Fig. 1. This is the only
compound among 1-5 for which unsolvated single crystals could
be grown. Compound 4 has a crystalline density (1.648 g cm >
at 100 K) that is slightly lower than those of orthorhombic
(1.704 g ecm™? at 123 K) and monoclinic (1.713 g em > at 100 K)
2,4,6-trinitrotoluene (TNT)."® Since the formula weights of 4 and
TNT are similar (Table 1), 4 packs nearly as efficiently as TNT in
the solid state. TNT does not contain any strong hydrogen bonds,
and only van der Waals forces are present.’® By contrast, the
lattice of 4 contains intermolecular O-H- - -O hydrogen bonds,
where the hydrogen atom on O1 is donated to O4’ and the
hydrogen atom on O4 is donated to O1’. The oxygen-oxygen
distance in this interaction is 2.701 A. This configuration
results in O1 and O4 being both hydrogen bond donors and
acceptors. Additionally, there are close contacts between O2
and 02’ (2.912 A) and C3-H5' (2.896 A). These contacts are
within or at the edge of the van der Waals radii for O- - -O (3.04 A)
and C---H (2.80 A)."" Recent studies of energetic materials have
shown that such close contacts are attractive because the dis-
persion forces are larger than the repulsive Coulombic forces.'?
Dissociation energies of O- - -O close contacts are similar to those
of weak hydrogen bonds (3-13 kJ mol )"

Table 1 gives energetic test results for 1-5, with TNT and
TATP for comparison. Impact, friction, and electrostatic dis-
charge sensitivities were determined with a BAM drop hammer,
a BAM friction tester, and an electrostatic discharge tester
using standard test methods.'® Sensitivity classifications are
based on the “UN Recommendations on the Transport of
Dangerous Goods”.'* Energetic performance was calculated
using the EXPLO5 V6.02 software.'®> Compounds 1-5 are “very

Table 1 Sensitivities and energetic performance of 1-5, TNT, and TATP
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Fig. 1 Perspective view of 4. Selected bond lengths (A): 01-02: 1.4714(7),
0O3-04: 1. 4594(7).

sensitive” toward impact,'* with values ranging from <1 to 3 J.
They are “extremely sensitive” toward friction,'* with values of
5 N for 1-3 and <5 N for 4 and 5. The electrostatic discharge
sensitivity values for 1-5 are much greater than electrical
discharges that can be created by the human body (<0.02 J!),
so they can be safely handled.

The calculated detonation velocities of 1-5 range from 6150
to 7130 m s~ (Table 1). The increase in detonation velocities in
going from 1 to 3 parallels the increasing oxygen to carbon
ratios and increasing crystalline density. Compound 4 has the
highest detonation velocity (7130 m s~ ') and the highest
crystalline density (1.648 ¢ cm™* at 100 K) among 1-5.

This work demonstrates that 1-4 have impact and friction
sensitivities that are much lower than those of the known
peroxide explosives TATP, DADP, HMTD, and MEKP.>™* Com-
pound 5 is much more sensitive than 1-4, with values similar to
those of TATP. The higher sensitivity of 5 may arise from its
high oxygen to carbon ratio of 1.33. The calculated detonation
velocities for 1-5 are much higher than that of TATP, most
likely due to the higher crystalline densities and greater oxygen
to carbon ratios. The calculated detonation velocity and deto-
nation pressure of 4 are higher than those of TNT (Table 1).
Thus, 4 is highly energetic. Typical primary energetic materials

1 2 3 4 5 TNT! TATP'
Formula C10H1504 CoH;1604 CgH1404 CgH1004 CeH1,04 C;H;5N306 CoH;1506
FwW (g molfl) 266.28 252.25 238.22 234.18 212.18 227.14 222.24
18° () 2 1 2 3 <1 15 0.3
FS? (N) 5 5 5 <5 <5 353 0.1
ESD* (]) 0.2 0.5 0.1 0.25 0.6 0.57 0.16
Qco2d (%) —126.20 —114.18 —100.76 —88.83 —75.41 —73.96 —151.19
Tpee' (°C) 117 98 100 105 117 240 150-160
p? (g em™3) 1.35 1.375 1.40 1.60 1.40 1.704, 1.713™ 1.18
AeH (k] mol %) —703.6 —660.8 —617.0 —418.2 —627.1 —70.6 —583.8
EXPLO5 V6.02
ApU° " (k] kg ™) —4636 —4875 5083 —5498 —5329 —2732 —2745
chl _(kbar) 117 126 138 195 155 190 —
Vel (m s 1) 6150 6250 6428 7130 6700 6900 5300
Vok (L kg™ 829 831 808 688 847 825 855

“ BAM drophammer. ? BAM friction. ¢ Electrostatic discharge sensitivity. ¢ Oxygen balance for CO,. ¢ Decomposition temperature from DTA
(5 °C min~")./ Room temperature density estimation without solvent. ¢ Calculated molar enthalpy of formation. * Total energy of detonation.
" Detonation pressure.” Detonation velocity. © Volume of detonation products. / Values from ref. 34 and 16. ™ Values from ref. 10.

This journal is © The Royal Society of Chemistry 2015
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have impact and friction sensitivities of <4 J and <10 N,
respectively, but must be safe enough to handle." Compounds
1-4 have sensitivity values in this range, and are the first
organic peroxides that might be safely used as primary explo-
sives. For comparison, the impact and friction sensitivities of 5,
TATP, DADP, HMTD, and MEKP are too high for safe use.”™
Despite their less sensitive nature, the thermal decomposition
temperatures of 1-4 will need to be increased to allow use as
primary energetic materials. Interestingly, the impact (1-3 ])
and friction (~ 5 N) sensitivity values for 1-4 are similar, and do
not vary with the nature of the organic framework and increas-
ing O: C ratios from 1-4. This lack of a trend is consistent with
the O-O linkages being the “‘trigger bonds” that initiate decom-
position upon cleavage. The solid state structure of 4 reveals
intermolecular O-H---O hydrogen bonds, as well as several
O---0 and C---H close contacts. The hydrogen bonds and
attractive close contacts may serve to stabilize the labile O-O
bonds and buffer them toward shock, thereby reducing the
sensitivities of 1-4. Intermolecular I---O close contacts also
lead to reduced sensitivity in cocrystals of DADP and TITNB.®
For comparison, the solid state structures of highly sensitive
DADP and TATP lack O-H- - -O hydrogen bonds and O- - -O close
contacts, and contain only very weak O---H and C---H inter-
actions.*” The stronger hydrogen bonds and close contacts are
likely important stabilizing features in 1-4. Finally, this work
demonstrates that careful manipulation of organic peroxide
structures can lead to compounds with useful energetic materials
properties.

The authors acknowledge generous support from the Office
of Naval Research (Grant No. N00014-12-1-0526 to C.H.W.,
Grant No. N00014-12-1-0538 to T.M.K.).
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1. Experimental Procedures

General Considerations

Syntheses of all organic peroxides were carried at room temperature under ambient
atmosphere. Chemicals were purchased from Sigma-Aldrich, Acros Organics, EMD, or Alfa Aesar
and were used without further purification. ACS grade solvents were obtained from EMD and
Fisher Scientific. Geminal hydroperoxides 1 and 3-5 were synthesized using a modified published
general procedure for germinal hydroperoxides.! Compound 2 was obtained using concentrated
HCI as the catalyst and no column purification was required.

Silica gel 60, 230-400 mesh (EMD Chemicals) was used to perform silica gel column
chromatography.? ASTM TLC plates precoated with silica gel 60 Fzs4 (250 pum layer thickness)
were used for thin-layer chromatography (TLC). TLC spots were observed using a UV lamp and/or
a potassium permanganate solution as a stain (3 g KMnQgs, 20 g K2CO3, 5 mL 5% w/v aqueous
NaOH, 300 mL H20). The spots on the stained TLC plates were visualized after heating with a
heat gun.

'H and *C{*H} NMR spectra were obtained at 400 MHz and 101 MHz, respectively, in
CD30D as indicated and were referenced to the residual proton and carbon resonances of the
solvent (*H & 3.31, *C 49.00 ppm). Infrared spectra were obtained from a Shimadzu MIRacle 10
IRAffinity-1 equipped with a single reflection ATR accessory (1 and 3-5) and a Perkin-EImer One
FT-IR Spectrum BXII instrument with a Smith ATR Dura Sample IRII accessory (2). Melting
points were determined on an Electrothermal 1A 9300 melting point apparatus and are uncorrected.
Thermogravimetric (TGA/DTA) measurements to determine the decomposition temperatures of
compounds 1-5 were performed at a heating rate of 5 °C min™* with an OZM Research DTA 552-
Ex instrument.

Caution: The H20- solutions are strong oxidizers that may cause explosions. All organic
peroxides are potentially explosive and require handling with extreme care. Reactions and
manipulations should be run in fume hoods behind blast shields. Personal safety gear should
include a face shield, leather gloves, a leather apron, and hearing protection. Peroxide compounds
should not come into contact with strong acids, metal salts, or easily oxidized species. All reactions
should be run at or below room temperature and performed on small scales. Specifically, 3
exploded upon concentrating a solution containing ca. 30 mg of crystals on the walls of the flask,
and shattered the flask and damaged the stir bar.

Qualitative Energetic Properties: Qualitative sensitivities to heat, impact, and
electrostatic discharge were determined to assess initial safety issues. Tests included burning about
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3-5 mg of the compound in the Bunsen burner flame, striking 3-5 mg of the compound on a metal
plate with a hammer, and passing an electrostatic discharge through 3-5 mg of the compound on a
metal plate using an Electro Technic BD 10 Tesla coil (120 V, 0.35 A).

2,2,5,5-tetrahydroperoxy-cis-3,6-dimethyloctahydropentalene (1).
HO-O O-OH

HsC CHj

HO-O O-OH

A 50-ml round bottomed flask was charged with a magnetic stir bar, 1> (0.050 g, 0.2 mmol)
in CH3CN (3 mL), and then a 50 wt.% aqueous solution of H202 (0.5 mL, 9 mmol) was added. To
this solution cis-1,5-dimethylbicyclo[3.3.0]octane-3,7-dione (0.166 g, 1.00 mmol) was added and
the reaction was stirred at room temperature (23 °C) for 5 h. At this point, the reaction mixture
was concentrated under reduced pressure, dissolved in 1 mL of DCM: CH3OH (20:1) and the
product was purified by silica gel column chromatography with CH2Cl>: CH3OH = 20:1 to obtain
1 (0.061 g, 21%) as a white solid: mp not taken due to explosion hazard; IR (v, cm™) 3365 (broad,
m), 2965 (m), 2874 (m), 2808 (w), 1688 (w), 1452 (m), 1431 (m), 1380 (m), 1319 (m), 1274 (s),
1225 (m), 1189 (m), 1156 (m), 1125 (m), 1083 (m), 1045 (s), 1001, 993 (m), 982 (m), 945 (m),
901 (m), 866 (m), 826 (s), 798 (m), 732 (w); *H NMR (400 MHz, CDs0D, 23 °C, §) OOH
resonances not observed due to exchange with CD30OD, 2.18 (d, 4H, J = 14.8 Hz), 1.88 (d, 2H, J
= 14.8 Hz), 1.01 (s, 6H, CHa3); BC{*H} NMR (101 MHz, CD30D, 23 °C, ppm) 120.14 (peroxy
C), 50.55 (C), 46.49 (CHy), 22.27 (CHz); Anal. Calcd for C10H180s: C, 45.11; H, 6.81. Found: C,
44.90; H, 6.90. Colorless, planar, hexagonal crystals of 1-ether were obtained by slow evaporation
from diethyl ether.

2,2,5,5-tetrahydroperoxy-3-methyloctahydropentalene (2).
HO-O O-OH

HaC H

HO-O O-OH

A 100-ml round bottomed flask was charged with a magnetic stir bar and CH3zCN (20 mL).
Then, cis-1-methylbicyclo[3.3.0]octane-3,7-dione (0.280 g, 1.84 mmol) was added and the
mixture was stirred at room temperature (23 °C) until the solid was completely dissolved.
Afterwards, 30 wt.% aqueous solution of H20. (2.00 mL, 19.7 mmol) and concentrated HCI (4
drops/0.100 g, 1.01 mmol) were added and the resulting solution was stirred at room temperature
(23 °C) for 24 h. The solvent was removed under reduced pressure to obtain 2 (0.46 g, 93 %) as a
white solid: mp not taken due to explosion hazard; IR (v, cm™) 3371 (broad, m), 2954 (m), 2872
(m), 2349 (w), 2280 (w), 1722 (m), 1712 (m), 1631 (w), 1433 (m), 1379 (s), 1311 (s), 1262 (M),
1227 (m), 1162 (m), 1136 (m), 1048 (m), 994 (m), 953 (m), 935 (w), 832 (m), 802 (w), 752 (w);
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'H NMR (400 MHz, CD30D, 25 °C, §) OOH resonances not observed due to exchange with
CD30D, 2.27-2.09 (m, 4H, CH2), 1.99-1.82 (m, 4H, CH>), 1.21-1.13 (m, 1H, CH), 1.17 (s; 3H,
CHz); BC{*H} NMR (101 MHz, CD30D, 25 °C, ppm) 123.6 (peroxy C), 48.7 (C), 48.4 (CH) 46.8
(CH2), 38.9 (CH2), 28.1 (CHj3); Anal. Calcd for CoH160s: C, 42.84; H, 6.40. Found: C, 42.92; H,
6.17.

2,2,5,5-tetrahydroperoxyoctahydropentalene (3).
HO-O O-OH

HO-O O-OH

In a fashion similar to the preparation of 1, treatment of 1> (0.010 g, 0.040 mmol) in CH3:CN
(1 mL) and a 50 wt.% aqueous solution of H.O. (0.10 mL, 1.7 mmol) with cis-1,5-
dimethylbicyclo[3.3.0]octane-3,7-dione (0.028 g, 0.20 mmol) afforded 3 (0.031 g, 64%) as a crude
white solid. The product was purified by silica gel column chromatography with 4:1 CH2Cly:
EtOAc: mp not taken due to explosion hazard; *H NMR (400 MHz, CDsOD, 23 °C, §) OOH
resonances not observed due to exchange with CD30D, 2.72-2.56 (m, 2H, CH), 2.18 (d of d, 4H,
J=14.4,8.8 Hz), 1.86 (d of d, 4H, J = 14.4, 5.6 Hz); *C{*H} NMR (101 MHz, CDs0OD, 23 °C,
ppm) 122.10 (peroxy C), 40.54 (CH), 39.03 (CH2); Anal. Calcd for CgH140s: C, 40.34; H, 5.92.
Found: C, 39.98; H, 5.77.

1,4-bis(dihydroperoxymethyl)benzene (4).

HO/O O\OH

HO. _OH
o O

In a fashion similar to the preparation of 1, treatment of I (0.200 g, 0.800 mmol) in CH3CN
(10 mL) with a 50 wt.% aqueous solution of H.02 (1.84 mL, 32.0 mmol) and 1,4-cyclohexanedione
(0.536 g, 4.00 mmol) afforded a product mixture that was concentrated under reduced pressure.
The resulting residue was redissolved in dichloromethane (10 mL) and the solution was dried over
anhydrous Na>SOs4. The decanted dichloromethane solution was again concentrated and the
product was purified by silica gel column chromatography with 4:1 CH.Cl,:EtOAc to obtain 1
(0.328 g, 35%) as a white solid: mp 108-110 °C; IR (v, cm™?) 3236 (broad, m), 2944 (w), 2816
(w), 2797 (w), 2762 (w), 2738 (w), 1699 (w), 1683 (w), 1413 (m), 1314 (m), 1201 (w), 1128 (w),
1033 (s), 982 (s), 930 (w), 869 (m), 825 (w), 781 (s), 693 (s); H NMR (400 MHz, CDs;0D, 23
°C, 6) OOH resonance not observed due to exchange with CD30D, 7.45 (s, 4H, CH), 6.10 (s, 2H,
CH); BC{'H} NMR (101 MHz, CDs0D, 23 °C, ppm) 136.78 (aryl C), 128.02 (aryl CH), 110.73
(peroxy CH); Anal. Calcd for CgH100s: C, 41.04; H, 4.30. Found: C, 41.02; H, 4.50. Colorless,
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diamond-shaped single crystals of 4 (0.218 g, 23%) were obtained by layering a solution of 4 in
1:1 THF:diethyl ether with hexane.

1,1,4,4-tetrahydroperoxycyclohexane (5)
HO-Q O-OH

HO-O O-OH

1,4-Cyclohexadione (0.210 g, 2.62 mmol) was treated with a 30 wt.% aqueous solution of
H202 (2.50 mL, 0.83 g, 24.4 mmol). After 1,4-cyclohexadione was dissolved completely, 3 drops
of concentrated HCI were added and the reaction vessel was shaken cautiously. After four days a
white solid precipitate was obtained. It was filtered off and washed with diethyl ether to obtain 5
(0.261 g, 47%) as a white solid: IR (v, cm™) 3510 (m), 3264 (s), 3180 (s), 2958 (m), 2844 (m),
2340 (w), 1715 (w), 1584 (m), 1459 (m), 1437 (m), 1393 (m), 1371 (m), 1333 (m), 1287 (m), 1265
(s), 1159 (m), 1071 (s), 1002 (m), 973 (w), 955 (s), 913 (s), 876 (m), 858 (s), 772 (W), 630 (s); H
NMR (400 MHz, CD30D, 23 °C, 6) OOH resonances not observed due to exchange with CD3OD,
1.86 (s, 8H, CHy); *C{*H} NMR (101 MHz, CDs0OD, 23 °C, ppm) 109.83 (peroxy C), 26.73
(CHy); Anal. Calcd. For CeH120s: C, 33.97; H, 5.70. Found: C, 33.61; H, 6.03. An X-ray quality
single crystal of was isolated upon slow evaporation of the solvent from the reaction mixture.

2. Energetic Materials Testing Procedures

Impact Tests

Impact sensitivity tests were carried out according to STANAG 4489° modified
instructions* using a BAM (Bundesanstalt fiir Materialforschung) drop hammer.®> Approximately
0.4 mL volume of a compound was placed in the sample holder (between two steel cylindrical
blocks that are contained in a hollow steel cylinder) and a series of increasing weights was dropped
from a fixed height or a fixed weight was dropped from varying heights. A test was considered
positive when a sound (160 dB) was heard. Sensitivity was obtained when one out of six tests was
positive.

Friction Tests
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Friction sensitivity tests were carried out according to STANAG 4487° modified
instruction’ using the BAM friction tester. A line of approximately 5 mg of a compound was laid
on a ceramic plate and a ceramic peg was kept on it. The ceramic plate was then moved from side-
to-side so that the ceramic peg was exerting force on the sample. The force exerted on the sample
was regulated by the weight and distance of the weight. A test was considered positive when a
detonation was observed. Sensitivity was obtained when one out of six tests was positive.

Electrostatic Discharge Tests

Compounds were tested for the sensitivity towards electrical discharge using an OZM
Electric Spark Tester ESD 2010 EN according to STANAG 4515 instructions.® Approximately 0.1
mL volume of a compound was incorporated in a plastic tube and a charge is exerted through a
steel electrode. The test is positive when a small hole was observed after the electricity interacted
with the compound.

1. (a) K. Zmitek, M. Zupan, S. Stavber and J. Iskra, Org. Lett., 2006, 8, 2491-2494. (b) K. Zmitek,
M. Zupan, S. Stavber and J. Iskara, J. Org. Chem., 2007, 72, 6534-6540.

2. C.W. Still, M. Kahn, A. Mitra, J. Org. Chem. 1978, 43, 2923-2925.

3. NATO standardization agreement (STANAG) on explosives, Impact Sensitivity Tests, no. 4489,
1st ed., Sept. 17, 1999.

4. WIWEB-Standardarbeitsanweisung 4-5.1.02, Ermittlung der Explosionsgefahrlichkeit, hier der
Schlagempfindlichkeit mit dem Fallhammer, Nov. 8, 2002.

5. http://www.bam.de.

6. NATO Standardization Agreement (STANAG) on Explosives, Friction Sensitivity Tests, no.
4487, 1st ed., Aug. 22, 2002.

7. WIWEB-Standardarbeitsanweisung 4-5.1.03, Ermittlung der Explosionsgefahrlichkeit oder
der Reibeempfindlichkeit mit dem Reibeapparat, Nov. 8, 2002.
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8. a) http://www.ozm.cz (accessed January 29, 2013). b) NATO Standardization Agreement 4515,
August 23, 2002.

3. NMR Spectra of 1-5 are shown in the following pages.
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Energetic Organic Peroxides — Synthesis and Characterization of 1,4-
Dimethyl-2,3,5,6-tetraoxabicyclo[2.2.1]heptanes
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1,4-Dimethyl-2,3,5,6-tetraoxabicyclo[2.2.1]heptane and sev-
eral similar alkyl-derivatives were synthesized applying two
different strategies. Crystal structures of the compounds
were determined and their energetic properties including
sensitivities towards impact, friction and electrostatic dis-

charge as well as their thermal behaviour were determined
and compared to tricacetone triperoxide (TATP). The en-
thalpies of formation and the resulting explosive properties
were calculated using the EXPLOS program.

Introduction

Organic peroxides are of great interest today as they
show activity in various antimalarial'l and antitumor
agents.”l Another field of application that has been dis-
cussed is the use as additives to diesel fuel to increase the
cetane number and thus providing good initiation of the
fuel under cold weather conditions.®) On the other hand
peroxides are known as potent explosives since the discov-
ery of TATP (triacetone triperoxide) by Wolffenstein at the
end of the 19th century.! The reaction of ketones with
hydrogen peroxide can be applied not only to acetone but
also to different substrates like acetylacetonel® and its 3-
alkyl analogue which is part of an ongoing research cooper-
ation.[®! In this paper we focus on 1,4-dimethyl-2,3,5,6-
tetraoxabicyclo[2.2.1]heptanes. 1,4-Dimethyl-2,3,5,6-tetra-
oxabicyclo[2.2.1]heptane was discovered by Milas in 1963.1%!
Other molecules which have this functionality were pre-
pared by Terentev in the 21st century.”] He also showed
that the moiety is stable to some standard chemical pro-
cedures such as epoxidations and brominations of double
bonds.'”7 The substance class of bridged tetroxanes is a
very potent building block in drugs against schistosomia-
sis.l!l The performance of an energetic material directly
corresponds with the number of energetic groups and the
percentage these groups are in the whole molecule. For the
molecules studied in this paper this means, that the lower
the carbon content the higher the energetic performance of
the molecule. Most of the currently known molecules carry-

[a] Department of Chemistry, Ludwig-Maximilian University of
Munich,
81377 Munich, Germany
E-mail: tmk@cup.uni-muenchen.de
www.hedm.cup.uni-muenchen.de
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& Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejoc.201500919.

Eur. J. Org. Chem. 2015, 6237-6242

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ing this bicyclic core structure, however, carry large substit-
uents on the bridging carbon, which weakens their energetic
properties. The molecules with simple alkyl derivatives such
as ethyl and methyl are still unknown today. Further on
these molecules can be potential, environmentally friendly
replacements for heavy-metal containing primary explosives
such as the widely used lead azide.

Results and Discussion

Synthesis

Six different peroxides were prepared using two different
strategies. (1R,495)-1,4,7-Trimethyl-2,3,5,6-tetraoxabicyclo-
[2.2.1]Theptane (1), (1R,4S)-7-ethyl-1,4-dimethyl-2,3,5,6-
tetraoxabicyclo[2.2.1]Theptane  (2), (1R,4S)-7-ethyl-1,4,7-
trimethyl-2,3,5,6-tetraoxabicyclo[2.2.1]heptane  (3) and
(1R,4R)-7,7-diethyl-1,4-dimethyl-2,3,5,6-tetraoxabicyclo-
[2.2.1]Theptane (4) were prepared by reacting their corre-
sponding 3-alkyl-acetylacetone derivatives with an excess of
aqueous 30% H,0, and catalytic amounts of concentrated
aqueous HCI at room temperature overnight following the
procedure shown in Scheme 1.

o o H,0, RL_R?  1R'=H, R?=Me
— = o<, 2R'=H R:=E
R SR2 HCl G~ 3R'=Me, R?=Et

4R"=FEt, R?=FEt
Scheme 1. Reaction equation for the synthesis of 1, 2, 3 and 4.

For all this reactions, the reaction mixture consisted of a
suspension of the ketone in aqueous hydrogen peroxide. No
solvent was applied because this would result in the forma-
tion of the corresponding dioxolanes. In the case of perox-
ide 1, precipitation of a white solid could be observed,
which is the pure product. For compounds 2, 3, and 4 no
precipitate is formed. After the reaction, the mixtures were

Wiley Online Library 6237
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extracted with diethyl ether which was removed in vacuo to
yield the raw products. These were purified by silica column
chromatography. In case of compound 3 problems occurred
during purification. All attempts failed to get a pure prod-
uct. The time of drying has to be kept as low as possible to
avoid loss of the volatile products. At ambient temperature
and pressure no excessive loss of the compounds can be
observed, but if high vacuum is applied about 5 mg of sub-
stance evaporate per hour, also depending on the molecular
weight of the compound. The yields obtained lie between
10 and 35%. The clean compounds are colorless oils which
crystallize at —30 °C. For compounds (1R,4R)-1,4-dimeth-
yl-2,3,5,6-tetraoxabicyclo[2.2.1]Theptane (5) and (1 R,4R)-
1,4,7,7-tetramethyl-2,3,5,6-tetraoxabicyclo[2.2.1]heptane
(6) the procedure given in Scheme 1 resulted in the forma-
tion of the corresponding dioxolanes. To overcome this
problem, the corresponding hydroxy-hydroperoxy-dioxol-
anes were treated with P,O,, in diluted etheric solutions at
0 °C following Scheme 2.

OOH R! R?
O,O P4010
HO R2
R1

Scheme 2. Reaction equation for the synthesis of 5 and 6.

5R'=H, R?=H
j O 6R'=Me, R?=Me
Et20 O d

After washing the reaction mixture with saturated
NaHCOj; solution and removal of the ether, peroxides 5
and 6 could be isolated as white solids in 14 and 73 % yield
respectively.

13C NMR spectroscopy is a valuable method for identifi-
cation of 1-6. The characteristic signal is the one of the
bridging-head carbons. It lies between 111.2 and 113.4 ppm
and is therefore characteristic of O—-O-C-O-O for bridged
tetraoxanes. The shift to higher ppm values of the methyl
resonances is also characteristic for bridged tetraoxanes.

Crystal Structures

Single crystals for all of the synthesized compounds were
obtained by recrystallization from diethyl ether at —30 °C.
Details of the X-ray diffraction measurements are given in
the SI. The compounds crystallize in common space groups
(1: Pnma, 2: P2,/c, 3 and 4: Pbca, 5: Pbcn, 6: Cmcm) and
the molecular moieties are shown in Figures 1, 2, and 3.
Further information regarding the measurement and refine-
ment of the structures are gathered in Table 1.

Figure 1. Molecular structures of 1 and 2 with the atom labelling
scheme. Thermal ellipsoids in all structures represent the 50%
probability level and hydrogen atoms are shown as small spheres
of arbitrary radius.

The densities lie between 1.267 and 1.465 gem ™ which is
in the range or slightly higher than the densities of com-
monly known cyclic peroxides like TATP (1.22 gcm 3)!!4
but lower than that of HMTD with 1.58 gcm=.['3] In all of
the structures the bicyclic structure of the molecular core
can clearly be observed. In the case of the ethyl-substituted
molecules, it can be observed that the substituents are bent
to the inside and not the outside of the molecule. Table 1
lists the corresponding angles and bond lengths for each
compound.

The bond lengths of the O-O single bond lie between J
=150 and 152 ppm. This values also correspond nicely with

Figure 2. Molecular structures of 3 and 4 with the atom labelling scheme.
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Figure 3. Molecular structures of 5 and 6 with the atom labelling scheme.
Table 1. Bond angles and bond lengths of the bicyclic core structures for compounds 1-6.

1 2 3 4 5 6
Bond lengths [pm]
01-02/ 02-01 / O1-O1it o 151.77(14)  150.76(14)  150.70(12)  150.68(17) 150.56(15) 150.80(11)
03-04/ 02-02'/ O1-02'/ O1'-O1*" 150.25(13)  151.01(14) 151.08(13) 151.00(18) 150.56(15) 150.80(11)
C1-01/ C1i-02 142.71(16)  142.65(15) 142.21(15) 142.7(2) 142.75(18)  142.37(12)
C1-04/ C1-02 / CI-01/ C1-O1" 142.72(16)  143.02(14) 142.07(15) 142.9(2) 142.75(18)  142.37(12)
C2-02/C1-01'/ C1-01 / C1I-01™ 142.71(16)  143.11(16)  142.60(15) 142.6(2) 142.75(18)  142.37(12)
C2-03/ C1'-02'/ C1-02'/ C1I'-O1! 142.72(16)  142.83(15) 142.23(15) 142.7(2) 142.75(18)  142.37(12)
Cl-C3/Cl1-C2 151.57(19)  151.92(17) 153.48(17) 153.8(2) 149.7(2) 152.4(2)
C2-C3/Cl1-C2 151.57(19)  151.75(18)  153.47(16) 154.1(2) 149.7(2) 152.4(2)
Bond angle [°]
02-01-Cl1 / O1-C1-C3 / 01-02-C1i/ O1'i-01-C1 ~ 102.64(9)  102.61(8)  102.57(8)  102.18(11) 102.96(9)  102.61(8)
01-02-C2/ O1-01'-C1' / 02-01-C1 / OI'-O1"-CI' = 102.64(9)  102.81(8)  102.78(8)  103.41(11) 102.80(9)  102.61(8)
04-03-C2 / 02-02-C1' / 01'-02'-C1 / O1"-0O1-C1 102.96(9)  102.80(8)  102.79(8)  102.64(11) 102.96(9)  102.61(8)
03-04-C1/ 02-02-C1 // O2-O1I'-C1' / OI"-OI'-Cl  102.96(9)  102.51 (8) 102.44(8)  102.79(11) 102.80(9)  102.61(8)
01-C1-04 / O1-C1-02 / 02-C1-01'/ O1-C1-O1" 107.72(10)  107.51(10)  107.74(10) 107.55(13) 107.66(11) 107.79(11)
02-C2-03 / O1'-C1-02i / 01-C1-02! / O1"-C1'-O1!  107.72(10) 107.93(10) 107.85(9)  107.87(13) 107.66(11) 107.79(11)
04-C1-C3/ 02-C1-C3 / O1'-C1i-C2 / O1'-C1-C3 103.37(11)  103.51(10)  104.12(9)  103.86(13) 109.12(12) 103.83(8)
01-C1-C3/ 02-Cl'-C2 103.23(11)  103.94(10) 104.21(9)  104.38(13) 109.42(12) 103.83(8)
02-C2-C3/ O1'-C1i-C3 / O1-C1-C2 / O1#i-C1i-C3 103.23(11)  103.02(10) 103.66(9)  103.39(13) 109.12(12) 103.83(8)
03-C2-C3/ 021-C1i-C3 / 02i-C1-C2 / O1'-C1'-C3 103.37(11)  103.76(10)  103.92(9)  103.93(13) 109.42(12) 103.83(8)

values given in the literature determined for (3-methyl)-
benzyl- and cyanoethyl-substituted molecules which have
O-0-bond length of 150.2 and 150.1 ppm respectively.['"]
Compound 1 has the shortest and the longest bond in the
same molecule but all in all the bonds have more or less the
same length.

Energetic Properties

The performance data of the compounds were calculated
using the EXPLOS program in its latest version 6.02. Heats
of formation were calculated with the atomization method
based on CBS-4M electronic enthalpies. Table 2 gathers the
energetic properties. Compound 3 has not been included
since it was not obtained in a pure solid form.

Eur. J. Org. Chem. 2015, 6237-6242
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Impact sensitivities were observed with values below 1 J
for compounds 1, 2, 5 and 6 (which is the lowest value with
our drophammer) and 1.5 J for compound 4. Friction sensi-
tivities are below 5 N for the solid compounds, which is
also the lowest value of the BAM friction tester. Thus, all
compounds have sensitivities in the range of typical primary
explosives and should be handled with great care! The sen-
sitivities toward electrostatic discharge lie between 0.1 J and
0.2 J. Compound 2 is a solid at room temperature but be-
comes liquid during ESD sensitivity determination as a
consequence of the heat created by the spark at 0.1 J. Ther-
mal decomposition points lie between 103 °C and 136 °C,
which is in a normal range for organic peroxides although
being quite low for potential utilization. The calculated
detonation velocities lie between 6048 and 6343 m s, The
calculated detonation velocity (based on a density of
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Table 2. Energetic properties of compound 1, 2, 4, 5 and 6 compared with TATP.

1 2 4 5 6 TATP
Formula C6H1004 C7H1204 C9H16O4 C5H304 C7H1204 C9H1806
F, [g/mol] 146.16 160.19 188.25 132.13 160.19 22227
IS [J] @ <1 <1 1.5 <1 <1 0.3
FS [N]®I <5 <5 <5 <5 <5 0.1
ESD (1] 0.15 0.1 0.2 0.2 0.1 0.16
Qcon [Yo]d! -142.3 -159.8 -187.0 -121.1 -159.8 -151.2
Tl Taee [°CI 56/136 ~/108 48/116 /121 85/110 150-160013]
p [gem?] 1.339 1.314 1.244 1.438 1.321 1.2516)
A, [kI/mol]®! —-347.7 -381.4 —402.0 —429.0 -318.7 -631.4
AUP [k /kg]™ 2261 2258 2148 2300 2351 2707
EXPLOS 6.02 values
AU [kIlkg]! 4372 4000 3555 4781 3915 3986
Ty [K] 1 2499 2264 1997 2775 2231 2245
P¢y [kbar]®! 109 105 97 133 106 108
Vaem/s]! 6048 6135 6127 6343 6141 6315
V° [Likg]tm! 809 828 838 772 826 916

[a] Impact sensitivity according to the BAM drophammer (method 1 of 6). [b] Friction sensitivity according to the BAM friction tester
(method 1 of 6). [c] Electrostatic discharge sensitivity (OZM ESD tester). [d] Oxygen balance. [e] Temperature of decomposition according
to DTA (onset temperatures at a heating rate of 5 °C/min). [f] Low temperature X-ray densities. These were calculated by the low-
temperature X-ray values using the equation: {p,osx = p7/[1 + av(298 — Ty)]; ay = 1.5 10* K1}, [g] Calculated heat of formation using
the atomization method and CBS-4M electronic enthalpies. [h] Calculated energy of formation. [i] Heat of detonation. [j] Temperature
of detonation. [k] Detonation pressure. [l] Detonation velocity. [m] Volume of gases after detonation.

1.25gem™ and a caled. heat of formation of
—631.4kJmol ") for TATP is 6315ms ' and therefore
slightly higher than those of 1, 2, 4 and 6. The higher deto-
nation velocities of the bicyclic compounds can mostly be
explained with the additional ring-strain. The detonation
pressure of 5 is 133 kbar which is the highest value calcu-
lated for the compounds in this study and also significantly
higher than that of TATP. The other values are all between
97 and 109 kbar and therefore in the same range.

Conclusions

We succeeded in the synthesis of various bridged tetraox-
anes, namely (1R,45)-1,4,7-trimethyl-2,3,5,6-tetraoxabicy-
clo[2.2.1]heptane (1), (1R,4S)-7-ethyl-1,4-dimethyl-2,3,5,6-
tetraoxabicyclo[2.2.1]-heptane (2), (1R,4R)-7,7-diethyl-1,4-
dimethyl-2,3,5,6-tetraoxabicyclo[2.2.1]heptane (4), (1 R,4R)-
1,4-dimethyl-2,3,5,6-tetraoxabicyclo[2.2.1]Theptane (5), and
(1R,4R)-1,4,7,7-tetramethyl-2,3,5,6-tetraoxabicyclo[2.2.1]-
heptane (6) by two simple synthetic protocols. The yields
we obtained were low to moderate (10-73%). All com-
pounds could be crystallized and their molecular structures
were determined by X-ray diffraction. In addition the crys-
tal structure of (1R,4S)-7-ethyl-1,4,7-trimethyl-2,3,5,6-
tetraoxabicyclo[2.2.1]Theptane (3) could be determined al-
though it was not possible for us to get the clean com-
pound. Most of them crystallize in orthorhombic space
groups (1: Pnma, 2: P2,/c, 3 and 4: Pbca, 5: Pbcn, 6: Cmcm)
with densities between 1.244 and 1.438 gcm 3. The com-
pounds are very sensitive toward impact (= 1.5 J) and fric-
tion (<5 N) and must therefore be handled as primary ex-
plosives. However, due to their volatility and high sensitivi-
ties a utilization is disputable.
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Experimental Section

CAUTION! All investigated compounds are potentially explosive
energetic materials, although no hazards were observed during
preparation and handling these compounds. Nevertheless, this ne-
cessitates additional meticulous safety precautions (earthed equip-
ment, Kevlar gloves, Kevlar sleeves, face shield, leather coat, and
earplugs).

General: All chemicals were received from Sigma-Aldrich and used
without further purification. Sensitivity measurements were per-
formed on a BAM-drophammer, a BAM friction tester and OZM-
ESD-tester. Infrared spectra were recorded on a Perkin—Elmer One
FT-IR Spectrum BX II with a Smith ATR Dura Sample IRII.
NMR spectra were recorded on a Bruker 400 MHz-spectrometer
operating at 400 MHz for proton spectra. Melting points and de-
composition points were recorded on an OZM Research DTA 552-
Ex instrument.

3-Methylpentane-2,4-dione and 3-ethylpentane-2,4-dione were syn-
thesized according to procedures given in ref.['?l 3, 3-Dimethylpent-
ane-2,4-dione and 3,3-diethylpentane-2,4-dione were synthesized
following literature procedures given in ref.l'3! 3-Ethyl-3-methyl-
pentane-2,4-dione was synthesized by a slightly modified literature
procedure in a stepwise manner. Acetylacetone was first ethylated
and the resulting product was methylated.['].

(1R ,45)-1,4,7-Trimethyl-2,3,5,6-tetraoxabicyclo[2.2.1]heptane (1):
0.980 g of 3-methylpentane-2,4-dione (8.58 mmol, 1.00 mL) was
suspended in 5.00 mL of 30% aqueous H,O, solution, and two
drops of concentrated aqueous HCI were added. This mixture was
stirred at room temperature overnight. During that time a white
precipitate had formed, which was collected by filtration, washed
with water and ethanol and dried briefly in high vacuum. Single
crystals of the compound were grown in diethyl ether at —30 °C,
yield 0.123 g (10%). DTA (5 °C min™') T,,/°C(onset) = 56; Ty
°C(onset) = 136. 'H NMR (CD;0D, 400 MHz, 300 K): 6 = 2.78
(q, J = 6.8 Hz, 1 H), 1.47 (s, 6 H), 1.16 (d, J = 6.8 Hz, 3 H) ppm.

13C NMR (CD;0D, 100 MHz, 300 K): 6 = 112.1 (MeCOO), 55.6 (MeCH), 9.3
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(OCOCH3), 8.4 (HCCH3) ppm. IR (ATR): ¥ = 3011 (w), 2981 (w),
2949 (w), 1462 (w), 1443 (w), 1382 (m), 1365 (w), 1312 (m), 1217
(w), 1197 (m), 1163 (s), 1110 (m), 1034 (m), 902 (m), 840 (s), 791
(m), 670 (m) cm'. Raman (1064 nm): v = 3011 (61), 3003 (61),
2981 (50), 2951 (100), 2753 (13), 1457 (31), 1296 (19), 1197 (13),
1034 (13), 902 (13), 852 (13), 802 (38), 793 (50), 668 (10), 611 (91),
561 (99), 515 (25). EA found (caled.): C 49.00 (49.30), H 6.83
(6.91). IS: <11J. FS: <5 N. ESD: 0.15 J.

(1R,4S)-7-Ethyl-1,4-dimethyl-2,3,5,6-tetraoxabicyclo[2.2.1]heptane
(2): 0.960 g of 3-ethylpentane-2,4-dione (7.48 mmol, 1.00 mL) was
suspended in 6.00 mL of 30% H,O, solution, and 2 drops of con-
centrated aqueous HCI were added. The mixture was stirred over-
night. The next day, the reaction mixture was extracted three times
with 10 mL of diethyl ether and the diethyl ether phase was dried
with anhydrous sodium sulfate. The diethyl ether was removed in
vacuo, and the crude product was purified by column chromatog-
raphy on silica gel using ethyl acetate/pentane (2:9) as eluent. Single
crystals of the compound were grown in diethyl ether at —30 °C,
yield 0.14 g (12%). DTA (5°C min!) Ty4./°C(onset) = 108. 'H
NMR (CD;0D, 400 MHz, 300 K): 6 = 2.60 (t, J = 6.0 Hz, 1 H),
1.68-1.58 (m, 2 H), 1.51 (s, 6 H), 1.12 (t, J = 7.6 Hz, 3 H) ppm.
13C NMR (CD;0D, 100 MHz, 300 K): 6 = 112.1 (MeCOO), 61.9
(EtCH), 18.2 (OCOCH3;), 12.4 (MeCH,), 9.8 (CH,CH3) ppm. IR
(ATR): v = 2977 (w), 2949 (w), 2885 (w), 1466 (w), 1380 (m), 1338
(w), 1316 (w), 1286 (w), 1264 (w), 1195 (s), 1164 (s), 1124 (s), 1092
(m), 1050 (w), 962 (w), 929 (w), 903 (m), 875 (s), 833 (s), 673 (s)
cm!. Raman (1064 nm): ¥ = 3010 (33), 2952 (100), 2884 (25), 1456
(21), 1039 (8), 910 (25), 847 (33), 751 (17), 575 (17), 500 (13), 356
(21). IS: <11J. FS: <5 N. ESD: becomes liquid during measure-
ment.

(1R ,45)-7-Ethyl-1,4,7-trimethyl-2,3,5,6-tetraoxabicyclo|2.2.1]hept-
ane (3): 2.00 mL of 3-ethyl-3-methylpentane-2,4-dione (1.84 g,
12.9 mmol) was suspended in 6.00 mL of 30% aqueous H,O, solu-
tion. To this mixture 5 drops of concentrated aqueous hydrochloric
acid were added. The mixture was stirred at room temperature
overnight. After this time, the solvent was removed in vacuo to
obtain a colorless oil as the raw product. This oil was purified by
column chromatography on silica using pentane/ethyl acetate (10:1)
as solvent. Single crystals of the compound were grown in diethyl
ether at 30 °C, yield 0.279 g (12%). DTA (5 °C min ') Ty /
°C(onset) = 103. 'H NMR (CD;0D, 400 MHz, 300 K): 6 = 1.69
(q, / = 8.0Hz 2 H), 1.39 (s, 6 H), 1.19 (s, 3 H), 1.04 (t, J =
8.0 Hz, 3 H) ppm. 13C NMR (CD;0D, 100 MHz, 300 K): 6 = 113.3
(MeCOO), 61.9 (EtCMe), 23.9 (OCOCH3), 12.9 (CH3CH,), 9.0
(EtCCHs), 8.8 (CH,CH;) ppm. IR (ATR): ¥ = 2976 (w), 2947 (w),
2887 (w), 2745 (w), 1590 (w), 1463 (m), 1385 (m), 1332 (w), 1301
(w), 1281 (w), 1222 (w), 1197 (w), 1137 (s), 1097 (w), 1042 (w),
1009 (w), 954 (w), 891 (m), 850 (s), 802 (w), 766 (w), 687 (m), 665
(m), 611 (w), 585 (m), 563 (w) cm . IR (Raman) (1064 nm): ¥ =
3005 (33), 2948 (100), 2743 (6), 1446 (28), 1282 (6), 1223 (6), 1042
(6), 803 (27), 688 (22), 667 (72), 636 (22), 587 (17), 564 (56), 542
(17). 1S: <1 J. FS: <5 N; ESD: oil at room-temperature and there-
fore not measureable.

(1R,4R)-7,7-Diethyl-1,4-dimethyl-2,3,5,6-tetraoxabicyclo|2.2.1]hept-
ane (4): 0.459 g of 3,3-diethylpentane-2,4-dione (2.94 mmol,
0.500 mL) was suspended in 5.00 mL of 30% aqueous H,0, solu-
tion, and three drops of concentrated aqueous HCl were added.
The mixture was stirred at room temperature overnight. The next
day, the reaction mixture was extracted three times with 10 mL of
diethyl ether and the ethereal phase dried with anhydrous sodium
sulfate. The diethyl ether was removed in vacuo, and the crude
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product was purified by column chromatography on silica gel using
ethyl acetate/pentane (1:9) as eluent. Single crystals of the com-
pound were grown in diethyl ether at —30 °C, yield 0.19 g (35%).
DTA (5°C min ') T,,/°C (onset) = 48, DTA (5 °C/min) Ty../
°C(onset) = 116. '"H NMR (CD;0D, 400 MHz, 300 K): 6 = 1.79
(q, J/ = 7.6 Hz, 4 H), 1.41 (s, 6 H), 1.05 (t, J = 7.6 Hz, 6 H) ppm.
13C NMR (CD;0D, 100 MHz, 300 K): § = 113.4 (MeCOO), 61.8
(EtCEt), 20.0 (OCOCH3), 9.6 (CH3CH,), 8.7 (CH,CH3) ppm. IR
(ATR): ¥ = 3429 (w), 2984 (m), 2951 (m), 2890 (m), 2360 (m), 2342
(m), 1734 (w), 1717 (w), 1700 (w), 1684 (w), 1559 (w), 1540 (w),
1522 (w), 1507 (w), 1497 (w), 1489 (w), 1456 (m), 1419 (w), 1382
(m), 1342 (w), 1322 (w), 1298 (w), 1258 (w), 1226 (m), 1209 (m),
1133 (s), 1092 (m), 1056 (w), 956 (m), 926 (w), 890 (m), 845 (s),
805 (w), 791 (w), 740 (w), 684 (s), 668 (w) cm . IR (Raman)
(1064 nm): ¥ = 3022 (30), 3009 (28), 2987 (42), 2973 (42), 2948
(100), 2894 (35), 2739 (7), 1473 (22), 1446 (23), 1285 (15), 1211
(10), 1058 (10), 1040 (10), 956 (5), 892 (5), 807 (15), 670 (46), 633
(30), 571 (40), 550 (20), 526 (15), 423 (15); EA found (calcd.): C
57.68 (57.42), H 8.63 (8.58). IS: 1.5J. FS: <5N. ESD: 0.5 1.

(1R,4R)-1,4-Dimethyl-2,3,5,6-tetraoxabicyclo|2.2.1]heptane (5): The
synthesis was performed following directly the one given in ref.l"!
0.300 g of 5S-hydroperoxy-3,5-dimethyl-1,2-dioxolan-3-ol
(2.00 mmol) was dissolved in 300 mL of diethyl ether and cooled
to 0 °C. To this solution 6.00 g of P,O, (42.3 mmol) was added in
eight equal portions over the course of 8 h. Then the reaction mix-
ture was stirred overnight during which time it reached room tem-
perature. The reaction mixture was filtered into a separatory fun-
nel, washed with 150 mL of a saturated NaHCOj; solution and
water. The diethyl ether phase was dried with MgSO, and concen-
trated in vacuo. Single crystals of the compound were grown in
diethyl ether at —30 °C, yield 0.037 g (14%). DTA (5 °C min™") T/
°C(onset) = 121. '"H NMR (CD;0D, 400 MHz, 300 K): 6 = 2.75
(s, 2 H), 1.60 (s, 6 H) ppm. '*C NMR (CD;0D, 100 MHz, 300 K):
0 =111.2 (MeCOO), 51.4 (CH,), 10.5 (-CH3) ppm. IR (ATR): v =
2952 (w), 1725 (w), 1445 (m), 1380 (m), 1323 (m), 1218 (w), 1164
(s), 1081 (m), 1042 (w), 992 (w), 950 (w), 926 (w), 855 (m), 824 (s)
cm !, IR (Raman) (1064 nm): ¥ = 3050 (10), 3011 (25), 2999 (25),
2955 (53), 1460 (13), 1322 (5), 1195 (8), 1163 (8), 928 (15), 859 (30),
827 (20), 802 (38), 579 (100), 562 (10), 542 (30); EA found (calcd.):
C 45.13 (45.45), H 6.12 (6.16). IS: <1J. FS: <5N. ESD: 0.2 J.

(1R,4R)-1,4,7,7-Tetramethyl-2,3,5,6-tetraoxabicyclo[2.2.1]heptane
(6): 0.148 g of 5-hydroperoxy-3,4,4,5-tetramethyl-1,2-dioxolan-3-ol
(0.830 mmol) was dissolved in 150 mL of diethyl ether and cooled
to 0 °C. To this mixture, 3.00 g of P4O;, (21.2 mmol) was added in
8 equal portions over the course of 8 h. Then the reaction mixture
was stirred overnight during which time it reached room tempera-
ture. The next day the mixture was filtered in a separatory funnel
and washed with 100 mL of saturated NaHCOj solution and water.
The diethyl ether phase was dried with Na,SO,4 and concentrated
in vacuo. Single crystals of the compound were grown in diethyl
ether at —30°C, yield 0.097 g (73%). DTA (5°C min') T,/
°C(onset) = 85, Tu./°C(onset) = 110. 'H NMR (CD;0D,
400 MHz, 300K): 6 = 1.38 (s, 6 H), 1.18 (s, 6 H) ppm. 13C
NMR(CD;OD, 100 MHz, 300K): ¢ = 113.0 (MeCOO), 57.5
(MeCMe), 16.6 (OCOCH3), 8.0 (MeCCH3;) ppm. IR (ATR): ¥ =
3020 (w), 2970 (w), 2943 (w), 1727 (w), 1464 (w), 1439 (m), 1388
(w), 1378 (m), 1296 (w), 1247 (w), 1228 (w), 1140 (s), 957 (w), 899
(m), 849 (s), 678 (m) cm~'. IR (Raman) (1064 nm): ¥ = 3021 (20),
3000 (56), 2972 (20), 2945(72), 1452 (32), 1325 (8), 1251 (16), 958
(8), 901 (8), 858 (8), 797 (20), 682 (100), 636 (16), 567 (72), 530
(16). EA found (caled.): C 52.33 (52.48), H 7.58 (7.56). IS: <11.
FS: <5N. ESD: 0.1 J.
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1. NMR Spectroscopy

(1R,4S)-1,4,7-Trimethyl-2,3,5,6-tetraoxabicyclo[2.2.1]heptane (1):
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(1R,4S)-7-Ethyl-1,4-dimethyl-2,3,5,6-tetraoxabicyclo[2.2.1]heptane (2):
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(1R,4S)-7-Ethyl-1,4,7-trimethyl-2,3,5,6-tetraoxabicyclo[2.2.1]heptanes
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(1R,4R)-7,7-Diethyl-1,4-dimethyl-2,3,5,6-tetraoxabicyclo[2.2.1]heptane (4):
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(1R,4R)-1,4-Dimethyl-2,3,5,6-tetraoxabicyclo[2.2.1]heptane (5):
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(1R,4R)-1,4,7,7-Tetramethyl-2,3,5,6-tetraoxabicyclo[2.2.1]heptane (6):
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NMR-Data for the starting hydroxy-hydroperoxy compounds for the synthesis of 5 and 6 are
not added to this supporting information since they will be part of a paper whose manuscript

is under preparation at the moment.

2. X-ray diffraction

For all compounds, an Oxford Xcalibur3 diffractometer with a CCD area detector was
employed for data collection using Mo-Ka radiation (A = 0.71073 A). By using the
CRYSALISPRO software®™ the data collection and reduction were performed. The structures
were solved by direct methods (SIR-92, 53 SIrR-978%% or SHELXS-971%%) and refined by full-
matrix least-squares on F2 (SHELXL %) and finally checked using the PLATON software 5%
integrated in the WinGX 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 multiscan method.®®. All DiaMOND2 plots are shown with thermal
ellipsoids at the 50% probability level and hydrogen atoms are shown as small spheres of

arbitrary radius.



Table S1. Crystallographic data and refinement parameters of compounds 1-6.

1 2 3 4 5 6
Formula C5H1004 C7H1204 C8H1404 C9H1604 C5H304 C7H1204
FW 146.16 160.19 174.22 188.25 132.13 160.19
[g/mol]
Crystal orthorhombic monoclinic orthorhombic orthorhombic orthorhombic orthorhombic
system
Space Pnma (No.62) P2;/c (No.14) Pbca (No.61) Pbca (No.61) Pbcn (No.60) Cmcm (No.63)
Group
Color/ colorless block colorless plate colorless plate colorless plate colorless block colorless plate
Habit
Size 0.20 x 0.10 x 0.38 x0.32 x 0.086 x 0.407 x 0.38 x 0.32 x 0.38 x 0.36 x 0.029 x 0.169 x
[mm] 0.20 0.02 0.426 0.08 0.30 0.337
a[A] 9.6258(8) 8.1509(4) 11.9758(4) 11.4791(9) 7.1270(5) 9.2328(6)
b [A] 8.8342(12) 8.7188(5) 10.8565(4) 11.1114(9) 8.6011(6) 9.9072(5)
c[A] 8.3613(11) 11.4142(7) 13.4341(5) 15.4767(13) 9.7734(8) 8.6411(6)
al] 90 90 90 90 90 90
Bl 90 101.573(5) 90 90 90 90
v [°] 90 90 90 90 90 90
VIAY 711.01(15) 794.67(8) 1746.64(11) 1974.04(30) 599.11(8) 790.41(9)
z 4 4 8 8 4 4
Pealc. [9 1.365 1.339 1.325 1.267 1.465 1.346
cm™
u[mm™]  0.115 0.110 0.106 0.099 0.129 0.110
F(000) 312 344 752 816 280 344
AvtokalA | 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
T[K] 173 173 173 173 173 173
9 min- 4.2, 26.0 4.1, 26.5 4.4,26.0 4.3, 26.0 4.3,26.5 4.4,26.4
max [°]
Dataset -11:11;-10:10;-  -10:8;-10:6;-1 -14:7;-12:13;-1 -8:14;-13:11;-1 -8:8;-10:10;-1 -11:11;-12:12;-
h; k; 1 9:10 0:14 6:14 9:16 1:12 8:10
Reflect. 4905 3266 4570 4691 3767 2706
coll.
Independ 739 1632 1701 1932 620 469
. refl.
Rint 0.036 0.016 0.019 0.029 0.040 0.028
Reflectio 739 1632 1701 1932 620 469
n obs.
No. 71 148 165 182 58 46
paramet
ers
R: (obs) 0.0324 0.0325 0.0346 0.0422 0.0449 0.0322
wR; (all 0.0810 0.0785 0.0914 0.1019 0.1306 0.0850
data)
S 1.06 1.03 1.04 1.02 1.10 1.06
Resd. -0.13, 0.18 -0.14, 0.23 -0.16, 0.34 -0.18,0.28 -0.26,0.24 -0.18,0.32
Dens.
[e A7)
Device Oxford Xcalibur3 ~ Oxford Xcalibur ~ Oxford Xcalibur Oxford Xcalibur Oxford Xcalibur ~ Oxford Xcalibur
type CCD 3 CCD 3 CCD 3CCD 3 CCD 3 CCD
Solution SIR-92 SHELXS-97 SIR-92 SIR-92 SHELXL-97 SIR-92
Refinem  SHELXL-97 SHELXL-97 SHELXL-97 SHELXL-97 SHELXL-97 SHELXL-97
ent
Absorpt. multi-scan multi-scan multi-scan multi-scan multi-scan multi-scan
corr.
CCDC 1052987 1052988 1052992 1052989 1052990 1052991




3. Heat of formation calculations

All calculations were carried out using the Gaussian GO9W (revision A.02) program
package.®” The enthalpies (H), listed in Table S3, 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).

AfHo(g, M, 298) = H(Molecule, 298) — ZHO(Atoms, 298) + ZAfHO(Atoms, 298) (1)

Table S2. CBS-4M results and calculated gas-phase enthalpies
M —H*%®/ a.u. AH°(g,M) / kcal mol™ AHg,, / kcal mol™

1 CgHi O, 534.646296 -68.3 14.8

3 CgHi4O, 613.124019 -83.3 12.7

4 CoH;0, 652.358439 -88.0 14.4

5 CsHgO, 495.403725 -58.4 17.7

Table S3 CBS-4M values and literature values for atomic AH*?*® / kcal mol™
-H*®/ a.u. NIST B9/ AH*®

H 0.500991 52.1

C 37.786156 171.3

O 74.991202 59.6




The gas phase heats of formation of 1-6 are converted to the solid state value by subtracting
the sublimation enthalpies calculated with Trouton’s rule (AHgy, = 188-T,,). These molar
standard enthalpies of formation (AH,,) were used to calculate the molar solid state energies

of formation (AUp,) according to equation 2.
AU, = AH,—-AnRT (2)
(An being the change of moles of gaseous components)

Table S4. Solid state energies of formation (AU°)

AH(s) AH(s) An AUS(S)/ M7 AU(s) ]
kcal mol™ kJ mol™ kJ mol™ g mol™ kJ kg™
1 -83.0 =-347.7 7 -330.3 146.1 -2260.4
2 -91.1 -381.4 8 -361.5 160.2 -2257.2
3 -96.0 -402.0 9 -379.8 174.2 -2179.8
4 -102.5 -429.0 10 -404.2 188.2 -2147.4
5 -76.1 -318.7 6 -303.8 132.1 -2412.1
6 -94.7 -396.3 8 -396.3 160.2 -2350.7
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Energetic Materials — tert-Butyl-Peroxy Esters as Peroxides with

Relatively Low Sensitivity

Nipuni-Dhanesha H. Gamage®, Benedikt Stiasny®, Jérg Stierstorfer®, Philip D. Martin?, Thomas M.

Klapétke® and Charles H. Winter?

Abstract: Eight different tert-butyl-peroxyesters with varying
molecular structures, peroxo content, and additional functional
groups were prepared by treatment of the corresponding acyl
chlorides with tert-butyl hydroperoxide. The compounds were
characterized by standard analytical methods (NMR, IR, EA) and the
molecular structures were determined by X-ray diffraction. The
sensitivities toward impact, friction, and electrostatic discharge were
determined, compared with each other, and correlated to the
molecular structure. Moreover the thermal behavior was investigated
by DTA. Heats of formation and the resulting explosive properties
were calculated by using the EXPLOS5 program.

Introduction

Peroxides are are characterized by the O-O single bond. They
have applications in numerous different fields ranging from
initiation reagents for radical polymerizations to the addition to
diesel fuel and are important building block in pharmaceutically
active compounds.™ Peroxides are also an interesting class of
explosives. The best known explosive peroxide is probably
acetone peroxide, which was discovered accidentally by
Wolffenstein at the end of the 19" century.”! However a
significant drawback for possible application is the extremely
high sensitivity and low thermal stability of most peroxides. For a
long time, the quantitative sensitivities were only reported for the
well known peroxides TATP and HMTD, ¢ Recently, other
peroxide classes were investigated in more detail with respect to
their energetic potential.”*” Comparing the sensitivities of the
compounds studied in these papers, a clear trend can be
recognized. Compounds with an O-O bond whose oxygen
atoms do not participate in a 1-conjugation are highly sensitive,
whereas aromatic peroxy acids and peroxy anhydrides have
surprisingly low sensitivities. The low sensitivities of aromatic
peroxides led to the question whether an alternative peroxide
class with conjugated peroxy O-atoms would show similar
results and thus yield an alternative class of low sensitivity
peroxide-based explosives. As representative examples, tert-
butyl-peroxy esters were envisioned. These molecules can be
prepared by a number of different approaches. The two most
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important ones are the reaction of acid anhydrides with tert-butyl
hydroperoxide™ or the reaction of an acyl chloride with tert-butyl
hydroperoxide."?™ Also the application of non-activated
carbonic acids is possible.®¥ In this context, trifluoromethyl
acetic anhydride proved to be an effective activating agent.*®
Tert-butyl-peroxy esters are valuable starting materials for
radical polymerization.™*®1 The compounds oxalylic bis-tert-
butylperoxy ester and acetic acid tert-butyl-peroxy ester are
used on industrial scales.™*® The latter compound is also used
for stereoselective allylic oxidations.™” Herein, we describe the
syntheses of a number of energetic tert-butyl-peroxy esters with
a varying peroxo content. Also, aromatic isomers are compared
to assess if the substitution pattern of the benzene ring has an
influence on the performance of a compound. Moreover, nitrated
benzene derivatives are studied to determine if more energetic
and higher density materials could be obtained.

Results and Discussion

Synthesis

Bis-tert-butyl benzene-1,4-bis(carboperoxoate) (1), bis-tert-butyl
benzene-1,2-bis(carboperoxoate) (2), tris-tert-butyl benzene-
1,3,5-tris(carboxylperoxoate) (3), tetrakis-tert-butyl benzene-

1,2,4,5-tetrakis(carboxylperoxoate) (4), tert-butyl 3,5-
dinitrobenzoperoxoate (5), di-tert-butyl 4,6-dinitrobenzene-1,3-
bis(carboperoxoate) (6) and di-tert-butyl ethanebis(peroxoate)
(7) were prepared using the same synthesis strategy. A solution
of the corresponding acyl chloride in an appropriate solvent (1, 3,
7. pentane; 2, 4, 6: CH,Cl,; 5: Et,0) was added dropwise to a
mixture consisting of a stoichiometric amount of dry pyridine and
a molar excessof a 5.5M solution of 'BUOOH in decane at —4 °C
under an argon atmosphere. Scheme 1 displays the synthetic
pathway. To separate the pyridinium chloride precipitate formed
during the condensation, the reaction mixtures were filtered over
Celite. Afterwards, the solvents were removed under reduced
pressure to yield the crude products. Compound 1 was purified
by recrystallization from 1:1 hexane: dichloromethane, whereas
3 was >98% pure by NMR. Compounds 2 and 4-6 were purified
by column chromatography over silica with mixtures of ethyl
acetate/hexane or ethyl acetate/dichloromethane as eluents.
Eluents are given in the experimental section. Compound 7 was
purified by repeated recrystallization from pentane at -29 °C.
The yields obtained after workup are between 6 (compound 2)
and 77% (compound 3). All compounds studied herein are
colorless solids. An additional compound that was obtained
under similar reaction conditions was hexakis-tert-butyl
benzene-1,2,3,4,5,6-hexakis(carboxylperoxoate) (8, Scheme 2).
Compound 8 was isolated in a yield of 29% after column
chromatography over silica using pure dichloromethane as
eluent. Compound 8 could not be prepared on a scale large
enough to permit full sensitivity testing, because of its extreme
sensitivity.
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Crystal structures

Single crystals of 1-8 suitable for X-ray diffraction measurements
were obtained by recrystallization. Details regarding the solvents
and temperatures used are given in the experimental section for
each compound. Figure 1 displays the X-ray crystal structures of
1, 2, 3 and 4. The X-ray crystal structures of 5, 6, 7 and 8 are
depicted in figure 2. Further details concerning the measurement
and refinement are given in the supporting information. The
compounds crystallize in common space groups (P2:/c (1, 6),
Pna2; (2), P-1 (3, 5, 7), C2/c (4), and Cc (8)) with room
temperature densities between 1.131 g cm™ (8) and 1.460 g
cm™ (5). These values are in the normal range for organic
peroxides (density of TATP: 1.25 g cm™ 8. The nitrated
compounds 5 and 6 have the highest densities. Bond distances
of the O-0 single bonds range between 145.7 pm and 147.8 pm
and are therefore typical for O-O single bonds (O-O-distance in
TATP: 147 pm )y and also for tert-butyl-peroxy esters.82!
Compound 1 has the longest and the shortest bond in one
molecule. The average O-O bond distances are 146.5 pm, but
all of the bond distances are very similar. The COO bond angles
range between 105.10° and 111.02°. The **"C-O-O angle for all
compounds is around 110° and is therefore a slightly larger than
the O—C-O angle of the carboxyl groups (always around 105°).
These values are in good accordance with literature reports.*”
Also, the torsion angles of the OO'Bu-group have values around
126°, which fits values given in the literature very well .*”

Energetic properties

The performance data of the compounds were calculated using
the EXPLO5 program in version 6.02. Heats of formation were
calculated with the atomization method based on CBS-4M
electronic enthalpies. Table 1 gathers the energetic properties of
1-7. Impact sensitivities are between 40 J for 1 and 2 and less
than 1 J for 7. The impact sensitivity classification therefore
ranges from insensitive (1 and 2), to sensitive (3, 5, and 6), to
very sensitive (4 and 7). The values for friction sensitivity are
360 N (insensitive, 1, 2, and 5), 240 N (sensitive, 3), 96 N

X= COCI (starting material)
C(0O)OOtertBu (product)
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(sensitive, 6), 60 N (very sensitive, 4), and less than 5 N
(extremely sensitive, 7). The sensitivities increase with
increasing number of peroxo groups. The sensitivities toward
electrostatic discharge for 1 to 6 are between 0.4 and 0.7 J and
are therefore significantly higher than the maximum charge of
the human body (0.020 J).?Y By contrast, 7 has an ESD value of
only 0.015 J, which means it can be initiated accidentally upon
routine handling. Moreover 7 detonated violently during ESD
measurement and does not only decompose without explosion
like most secondary explosives e.g. hexogen and trinitrotoluene.
Accordingly, the sensitivities of the aromatic compounds 1-6 are
lower than that of acyclic 7. This trend can be rationalized by the
higher oxygen content in 7, as well as the stabilization afforded
by conjugation of the carbonyl groups with the aromatic cores in
1-6. Calculated detonation velocities are between 4906 and
6003 m s and are therefore slightly lower or in the range of
structurally similar low sensitivity peroxy acids (5262 to 7885 m
s Y and peroxy anhydrides (5315 to 7087 m s Y% The
calculated detonation pressure of 60 to 118 kbar is in general
lower than for the aromatic peracids (88 to 269 kbar)!”! and
peroxy anhydrides (90 to 200 kbar)™®. Compounds 1 and 2 are
isomeric, but 1 gives higher energetic performance than 2. This
effect may be related to steric interactions that are present in 2,
but not in 1. According to the calculations, nitrated compound 5
has the best performance values (detonation velocity 6003 ms ™,
detonation pressure 118 kbar), followed by the other nitrated
compound 6. Compound 6 has one peroxy group more than 5,
but the lower solid state density of 6 might explain the weaker
performance in comparison to 5. Generally, the nitrated
compounds 5 and 6 have slightly better energetic performance
than the non nitrated compounds 1-4. The presence of nitro
groups is known to increase the performance of organic
peroxide explosives.® Concerning the other non nitrated,
aromatic compounds 3-5, the energetic performance seems
again to be governed more by the solid state density than by the
varying peroxo content. The decomposition points of most
compounds are in the range between 95 and 132 °C and are
therefore normal for organic peroxides. The decomposition
point of 7 is very low (53 °C onset). A high vapor pressure is
reported in the literature for TATP.”? However we experienced
no significant tendency of sublimation.

Conclusions

We succeeded in the synthesis of the eight tert-butyl peroxy
esters 1-8 in low to moderate yields (6 to 77%). All were



Table 1 : Energetic properties of compounds 1 to 7.
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characterized by standard spectral and analytical methods and
by X-ray diffraction. The densities of the compounds are
between 1.161 and 1.460 g cm™ and they crystallize in common
space groups. Additionally the sensitivities toward impact,
friction, electrostatic discharge and heat were determined.
Values range from totally insensitive compounds to those with
the sensitivity of primary explosives. Some of the compounds

have surprisingly low sensitivities toward outer stimuli with more
than 40 J impact and more than 360 N friction sensitivity. The
low sensitivity might be explained with a conjugative interaction.
However their low decomposition temperature (maximum 132 °C
for 2) and only relatively weak calculated performance values
most likely will preclude any possible application as advanced
energetic melt_:[erials.

Figure 1: Molecular Structures of 1, 2, 3 and 4 with the atom labeling scheme. Thermal ellipsoids represent the 50 % probability level
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1 2 3 4 5 6 7
Formula C16H2206 C16H2206 C21H3009 C26H38012 C11H12N20O7 C16H20N2010  C10H1806
Fw [g/mol] 310.28 310.28 426.51 542.57 284.06 400.34 234.28
IS [J]™ 40 40 20 2 10 5 <1

FS [N]™ >360 >360 240 60 >360 96 <5

ESD [J]® 0.7 0.5 0.5 0.7 0.5 0.4 0.015
Qcoz [%6]“ -190.75 -190.75 -180.08 -173.98 -118.21 -127.89 -157.10
Tw/Teec [°CI® 1122 37/132 -/123 -/123 85/121 -/95 48/53

o [glcm’]™ 1.232 1.178 1.200 1.192 1.460 1.405 1.210
AHR [kI/mol]! -820.7 -802.0 -1211.3 -1584.7 -436.9 ~790.0 -811.4
EXPLO5-values

“NexU°[kIIkg]™ 2589 2637 2726 2836 4099 3950 3124

Pc; [kbar]" 63 56 60 61 118 104 75

Vel m/s]" 5038 4749 4906 4896 6003 5764 5361

VO [L/kg]™ 707 711 731 745 670 699 836

[a] Impact sensitivity according to BAM drophammer (method 1 of 6). [b] Friction sensitivity according to BAM friction tester (method 1 of 6). [c] Electrostatic discharge
sensitivity (OZM ESD tester). [d] Oxygen balance. [e] Melting point resp. Temperature of decomposition according to DTA (onset temperatures at a heating rate of
5°C/min). [f] Room temperature X-ray densities. Those were calculated by the low temperature X-ray values using the equation {0298 K = pT/[1 + aV(298 — TO)]; aV
=1510" K’l} . [9] calculated heat of formation using the atomization method and CBS-4M electronic enthalpies. [h] Heat of detonation. [i] Detonation pressure. [j]
Detonation velocity. [k] Volume of gas after detonation.

O

Q o)
Figure 2: Molecular structures of 5, 6, 7 and 8 and the atom labeling scheme. Thermal ellipsoids represent the 50 % probability level.

CAUTION! All investigated compounds are potentially explosive

. . energetic materials, although no hazards were observed during
EXpe”mental Section preparation and handling these compounds. Nevertheless, this
necessitates additional meticulous safety precautions (earthed



equipment, Kevlar gloves, Kevlar sleeves, face shield, leather coat, and
ear plugs).

General: All chemicals were received from Sigma-Aldrich, Acros
Organics or Alfa Aesar and used without further purification. Sensitivity
measurements were performed on a BAM-drophammer, a BAM friction
tester and an OZM ESD- tester. Infrared spectra were recorded with a
Perkin—-Elmer One FT-IR Spectrum BX Il with a Smith ATR Dura Sample
IRII and with a Shimadzu MIRacle 10 IRAffinity-1 equipped with a single
reflection ATR accessory. NMR spectra were recorded on an NMR-
spectrometer operating at 400 MHz for proton spectra. Melting points and
decomposition points were recorded on an OZM Research DTA 552-Ex
instrument.

Phthalic acid was prepared by reacting phthalic acid anhydride in
excessive water with catalytic amounts of conc. HCI under reflux
conditions. Phthalic acid dichloride and benzene-1,2,4,5-
tetracarbonylchloride were prepared by reacting the corresPonding acids
with excessive SOCI, and catalytic amounts of DMF.! Mellitic acid
hexachloride was produced by reacting mellitic acid with PCls at
150 °C.24 4,6- Dinitroisophthaloyl chloride was prepared following a
literature procedure.”® The reactions to the peroxy esters were
performed under Schlenk conditions using Ar as inert gas. Bis-tert-butyl
ethanebis(peroxoate) (7) was synthesized by a procedure adapted from
published procedures.?® %]

Bis-tert-butyl benzene-1,4-bis(carboperoxoate) (1) To a solution of
anhydrous pyridine (0.13 mL, 3.0 mmol) and 5.5 'BUOOH in decane
(0.60 mL, 3.0 mmol) in a 100 mL Schlenk flask, which was kept at —4 °C
(ice-water-salt bath), a solution of terephthaloyl chloride (0.305 g,
1.50 mmol) in anhydrous pentane (25 mL) was added drop wisely with a
needle over a period of 15 min. Then, the reaction was stirred for about
15 min at —4 °C. Afterwards, the reaction was allowed to warm up to
room temperature and was filtered through a 1.5 cm pad of Celite on a
coarse glass frit. Then, the filtrate was dried to obtain 0.35 g (75%) of
crude 1 as a white solid. Recrystallization in 1:1 hexane:dichloromethane
by slow evaporation resulted in 0.280 g (60%) of colorless, square-
shaped crystals of 1. (X-ray quality colorless, square-shaped single
crystals were obtained by slow evaporation in diethyl ether.) DTA
(5 °C min™) Tged°C (onset) = 122; 'H NMR (400 MHz, CDCls, 23 °C,
TMS): 5=8.04 (s, 4H, CH), 1.42 (s, 18H, CH3) ppm; *C NMR (100 MHz,
CDCls, 23 °C, TMS): 8=163.5 (C), 131.6 (C), 129.5 (CH), 84.6 (C), 26.4
(CHs) ppm; IR (v cm™): 2982 (m), 2935 (w), 2902 (w), 2873 (W), 1753 (s),
1692 (m), 1527 (w), 1501 (w), 1455 (w), 1404 (m), 1387 (w), 1366 (m),
1295 (w), 1263 (m), 1233 (s), 1186 (s), 1117 (w), 1069 (s), 1011(s), 901
(w), 872 (m), 851 (m), 820 (m), 799 (m), 744 (w), 721 (s); elemental
analysis calcd (%) for C16H2206: C 61.93, H 7.16; found: C 61.75, H 7.09;
IS: 40 J, FS: >360 N, ESD: 0.7 J.

Bis-tert-butyl benzene-1,2-bis(carboperoxoate) (2) To a solution a of
1.20 mL 'BuOOH (5.5M in decane) (6.60 mmol) and 0.26 ml anhydrous
pyridine (3.2 mmol) a solution of phthaloylchloride (0.61 g, 3.0 mmol) in
10 mL anhydrous dichloromethane was added drop-wisely at -4 °C over
a period of 5 min. The reaction-mixture was stirred at this temperature for
2 h. After this time it was allowed to reach room-temperature. Then the
solution was filtered over a 1.5 cm pad of celite and the solvent was
removed in vacuum to obtain a colorless oil as raw product. The
substance was purified by column-chromatography over silica, using
ethylacetate / hexane 1:3 as the eluent. After evaporation of the solvent
0.056 g (6%) of 2 were obtained as a white solid. Needle like single
crystals of the compound were grown from acetone at room temperature.
R=0.15 (EtOAc/hexane 1:3); DTA (5°C min®) Tn/°C (onset) = 37;
Tuecd/°C (onset) = 132; *H NMR (400 MHz, CDCls, 23 °C, TMS): 5=7.74-
7.71 (m, 2H, CH), 7.62-7.58 (m, 2H, CH), 1.39 (s, 18 H, CHz) ppm; **C
NMR (100 MHz, CDCls, 23 °C, TMS): 5=164.8 (C), 132.0 (C) , 129.6(C),
129.4 (C), 84.6 (C), 26.4 (CHg) ppm; IR (v cm™) = 2984 (m), 2943 (w),
1759 (s), 1593 (w), 1579 (w), 1475 (w), 1444 (w), 1391 (w), 1367 (m),
1244 (s), 1226 (s), 1185 (s), 1125 (m), 1079 (m), 1041 (m), 1023 (s), 980
(w), 898 (w), 849 (w), 839 (w), 822 (w), 796 (m), 780 (w), 736 (m), 701
(w), 681 (m); elemental analysis calcd (%) for C16H220¢: C 61.93, H 7.16;
found: C 61.98, H 7.18; IS: 40 J, FS: >360 N, ESD: 0.5 J.

Tris-tert-butyl benzene-1,3,5-tris(carboxylperoxoate) (3) To a solution
of anhydrous pyridine (0.13 mL, 3.0 mmol) and 5.5 'BUOOH in decane
(1.0 mL, 5.0 mmol) in a 100 mL Schlenk flask, which was kept at —4 °C
(ice-water-salt bath), a solution of benzene-1,3,5-tricarbonyl trichloride
(0.270 g, 1.00 mmol) in anhydrous pentane (10 mL) was added slowly
using a needle over a period of 5 min. Then, the reaction was stirred for
about 1 h while allowing it to warm up to 10 °C. Afterwards, the reaction
was allowed to warm up to room temperature and it was filtered through
a 1.5 cm pad of Celite on a coarse glass frit. Then, the filtrate was dried
to obtain 0.328 g (77%) of 3 as a white solid. Recrystallization in 1:1
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petroleum ether (boiling point range = 35-60 °C): diethyl ether by slow
evaporation resulted in 0.272 g (64%) of 3 as colorless, thin, long, plate-
like single crystals. DTA (5 °C min™) Tg/°C (onset) = 123; 'H NMR
(400 MHz, CD30D, 23 °C, TMS): 5=8.68 (s, 3H, CH), 1.43 (s, 27H, CHg)
ppm; *C NMR (100 MHz, CDs0D, 23 °C, TMS): 8=162.4 (C), 133.9 (CH),
129.6 (C), 85.0 (C), 26.4 (CHs) ppm; IR (v.cm™): 2980 (m), 2936 (w),
2872 (w), 1753 (s), 1701 (m), 1631 (w), 1526 (m), 1495 (w), 1458 (w),
1391 (m), 1366 (m), 1315 (m), 1260 (m), 1173 (s), 1103 (s), 1022 (w),
922 (m), 881 (m), 845 (s), 802 (m), 764 (m), 719 (s); elemental analysis
calcd (%) for C21H300g: C 59.13, H 7.10; found: C 58.90, H 7.16; IS: 20 J,
FS: 240 N, ESD: 0.5 J.

Tetrakis-tert-butyl benzene-1,2,4,5-tetrakis(carboxylperoxoate) (4)
To a solution of anhydrous pyridine (0.20 mL, 4.7 mmol) and 5.5m
'BUOOH in decane (1.6 mL, 7.9 mmol) in a 100 mL Schlenk flask, which
was kept at —4 °C (ice-water-salt bath), a solution of benzene-1,2,4,5-
tetracarbonyl  tetrachloride  (0.387 g, 1.18 mmol) in distilled
dichloromethane (10 mL) was added slowly with a needle over a period
of 5 min. Then the reaction was stirred for about 1 h while allowing it to
warm up to 10 °C. Afterwards, the reaction was allowed to warm up to
room temperature and it was filtered through a 1.5 cm pad of Celite on a
coarse glass frit. Then, the filtrate was concentrated and the product was
purified by silica gel column chromatography with 10:1 CH,Cl,:EtOAc to
obtain 0.27 g (42%) of 4 as a white solid. Recrystallization in 10:1 diethyl
ether:THF by slow evaporation resulted in 0.163 g (25%) of colorless,
thick, hexagonal single crystals of 4. R=0.03 (EtOAc/CH,CI, 1:10); DTA
(5 °C min™) Tge/°C (onset) = 123; 'H NMR (400 MHz, CDCls, 23 °C,
TMS): 5=7.98 (s, 2H, CH), 1.39 (s, 36H, CH3) ppm; **C NMR (100 MHz,
CDCls, 23 °C, TMS): 5=162.3 (C), 132.2 (C), 120.9 (CH), 86.2 (C), 26.3
(CHs) ppm; IR (v cm™): 2984 (m), 2934 (w), 2870 (w), 1771 (s), 1759 (s),
1651 (w), 1541 (w), 1366 (m), 1294 (m), 1240 (m), 1209 (m), 1184 (s),
1096 (s), 1061 (s), 1028 (m), 926 (m), 890 (w), 835 (m), 814 (m), 773 (w),
748 (m), 719 (m); elemental analysis calcd (%) for Cp6HzsO12: C 57.55, H
7.07; found: C 57.26, H 7.14; 1S: 2 J, FS: 60 N, ESD: 0.7 J.

Tert-butyl 3,5-dinitrobenzoperoxoate (5) To a solution of anhydrous
pyridine (0.13 mL, 3.0 mmol) and 5.5M 'BUOOH in decane (0.60 mL,
3.0 mmoal) in a 100 mL Schlenk flask, which was kept at —4 °C (ice-water-
salt bath), a solution of 3,5-dinitrobenzoyl chloride (0.346 g, 1.50 mmol)
in distilled diethyl ether (25 mL) was added slowly with a syringe over a
period of 5min. Then, the reaction was stirred for about 1 h while
allowing it to warm up to 10 °C. Afterwards, the reaction was allowed to
warm up to room temperature and it was filtered through a 1.5 cm pad of
Celite on a coarse glass frit. Then, the filtrate was dried to obtain 0.333 g
(78%) of crude 5 as a beige solid. The product was purified by silica gel
column chromatography with 20:1 hexane:EtOAc to obtain 0.26 g (61%)
of 5 as a white solid. Recrystallization in toluene by slow evaporation
resulted in colorless, thick, long single crystals of 5. R=0.09
(EtOAc/hexane 1:20); DTA (5°C min'l) Tw/°C (onset) = 85; Tged/°C
(onset) = 121; *H NMR (400 MHz, CDCls, 23 °C, TMS): 8=9.26 (s, 1H,
CH), 9.06 (s, 2H, CH), 1.46 (s, 9H, CHs) ppm; *C NMR (100 MHz, CDCls,
23 °C, TMS): 8=160.6 (C), 149.0 (C), 131.5 (C), 129.1 (CH), 122.9 (CH),
85.7 (C), 26.4 (CHs) ppm; IR (v cm™): 3422 (w), 3110 (w), 2982 (m),
2943 (w), 2880 (w), 1761 (m), 1749 (m), 1694 (w), 1630 (m), 1539 (s),
1491 (m), 1458 (m), 1389 (m), 1366 (m), 1342 (s), 1288 (m), 1252 (m),
1182 (m), 1132 (s), 1072 (m), 1018 (m), 945 (m), 916 (m), 845 (m), 820
(m), 800 (m), 762 (w), 729 (m), 716 (s); elemental analysis calcd (%) for
C11H12N207: C 46.50, H 4.45, N 10.28; found: C 46.89, H 4.57, N 9.91;
1S: 10 J, FS: >360 N, ESD: 0.5 J.

Bis-tert-butyl 4,6-dinitrobenzene-1,3-bis(carboperoxoate) (6) To a
solution of anhydrous pyridine (0.0650 mL, 1.50 mmol) and 5.5M 'BuOOH
in decane (0.30 mL, 1.5 mmol) in a 100 mL Schlenk flask, which was
kept at —4 °C (ice-water-salt bath), a solution of 4,6-dinitroisophthaloyl
dichloride (0.22 g, 0.75 mmol) in distilled dichloromethane (10 mL) was
slowly added with a syringe. Then, the reaction was stirred for about 1 h
while allowing it to warm up to 10 °C. The reaction was concentrated
and the product was purified by silica gel column chromatography with
9:1 hexane:EtOAc to obtain 0.22g (74%) of 6 as a white solid.
Recrystallization in toluene by slow evaporation resulted in 0.195 g (65%)
of colorless, thick, needle-like single crystals of 6. R{=0.06
(EtOAc/hexane 1:9); DTA (5 °C minY) Tge/°C (onset) = 95; *H NMR
(400 MHz, CDCls, 23 °C, TMS): 8=8.72 (s, 1H, CH), 7.98 (s, 1H, CH),
1.39 (s, 18H, CHs) ppm; *C NMR (100 MHz, CDCls, 23 °C, TMS):
6=161.0 (C), 148.2 (C), 132.2 (CH), 130.2 (C), 120.9 (CH), 86.2 (C), 26.3
(CHs) ppm; IR (v ecm™): 3117 (w), 3042 (w), 2984 (m), 2936 (W), 2874 (W),
1775 (s), 1697 (w), 1605 (m), 1531 (s), 1474 (w), 1456 (w), 1389 (w),
1368 (m), 1348 (s), 1295 (w), 1312 (w), 1261 (m), 1248 (w), 1200 (m),
1182 (s), 1136 (w), 1011(s), 1078 (m), 1032 (w), 968 (m), 926 (m), 899
(w), 876 (m), 835 (m), 818 (m), 773 (w), 758 (m), 746 (w), 719 (m);



elemental analysis calcd (%) for CigH20N2010: C 48.00, H 5.36, N 6.99;
found: C 47.71, H5.65, N 6.97;1S: 5 J, FS: 96 N, ESD: 0.4 J.

Bis-tert-butyl ethanebis(peroxoate) (7) To a solution of anhydrous
pyridine (0.5mL, 6 mmol) and 5.5M 'BUOOH in decane (1.10 mL,
6.0 mmol), which was kept at —4 °C (ice-water-salt bath), a solution of
oxalyl chloride (0.25 mL, 3.0 mmol) in anhydrous pentane (5 mL) was
added drop wisely with a syringe over a period of 15 min. Since stirring
ceased, more anhydrous pentane (5 mL) was added to the reaction.
Then, the reaction was allowed to warm up in a water bath for about 10
minutes. Afterwards, it was filtered through a 1.5 cm pad of Celite on a
coarse glass frit. The solvent was evaporated in vacuum afterwards.
Repeated recrystallization in pentane —29 °C was carried out to obtain
0.3 g (43%) of 7 as colorless, thick, long, needle-like single crystals. DTA
(5 °C min™) Tn/°C (onset) = 48; Tgec/°C (onset) = 53; *H NMR (400 MHz,
CDCls, 23 °C, TMS): 5=1.37 (s, 18H, CHs) ppm; *C NMR (100 MHz,
CDCl3, 23 °C, TMS): 5=157.2, 86.0 (C), 26.2 (CH3) ppm; IR (v cm™):
2984 (m), 2938 (w), 2876 (s), 1805 (s), 1744 (m), 1653 (w), 1466 (w),
1369 (m), 1252 (m), 1204 (s), 1182 (s), 1121 (s), 1034(m), 930 (w), 889
(m), 831 (m), 789 (w), 743 (w); elemental analysis calcd (%) for
C10H180s: C 51,26, H 7.76; found: C 51.22, 7.70; IS: 1 J, FS: <5 N, ESD:
0.015 J.

Hexakis-tert-butyl benzene-1,2,3,4,5,6-hexakis(carboxylperoxoate)
(8) To a solution of anhydrous pyridine (0.0750 mL, 1.75 mmol) and 5.5m
'BUOOH in decane (0.60 mL, 3.30 mmol) in a 100 mL Schlenk flask,
which was kept at —4 °C (ice-water-salt bath), a solution of benzene-
1,2,3,4,5,6-hexacarbonyl hexachloride (B) (0.113g, 0.250 mmol) in
distilled dichloromethane (10 mL) was slowly added with a syringe. Then,
the reaction was stirred for about 2 h while allowing it to warm up to room
temperature. The reaction was concentrated and the product was purified
by silica gel column chromatography with CH,Cl, to obtain 0.070 g (36%)
of 8 as a white solid. Recrystallization in 1:1 dichloromethane:hexane at
—29 °C resulted in 0.057 g (29%) of colorless, thick, polygonal single
crystals of 8. Compound 8 decomposed around 81 °C before melting. *H
NMR (400 MHz, CDCls, 23 °C, TMS): 5=1.37 (s, 54H, CHs) ppm; *C
NMR (100 MHz, CDCls, 23 °C, TMS): 8=161.1 (C), 133.1 (C), 85.7 (C),
26.5 (CHs) ppm; IR (v cm™): 2982 (m), 2932 (w), 2870 (W), 1775 (s),
1462 (w), 1412 (w), 1393 (w), 1368 (m), 1327 (w), 1298 (w), 1263 (W),
1248 (w), 1140 (s), 1109 (m), 1076 (m), 1032(m), 970 (m), 922 (w), 868
(w), 835 (m), 804 (w), 739 (w), 727 (w).
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acid chlorides were prepared and
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1.X-ray diffraction

For compound 2, an Oxford Xcalibur3 diffractometer with a CCD area detector was employed for data
collection using Mo-Ka radiation (A = 0.71073 A). By using the Crystalispro software!"! the data
collection and reduction were performed. The structures were solved by direct methods (SIR-921%,
SIR-975%% and SHELXS-97"%) and refined by fullmatrix least-squares on F2 (SHELXL %) and
finally checked by using the PLATON software **! integrated in the WinGX 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 multiscan method . All DIAMOND2
plots are shown with thermal ellipsoids at 50% probability level and hydrogen atoms are shown as
small spheres of arbitrary radius.



Table S1.

X-ray diffraction parameters

1 2 3 4 5 6 7 8
Formula Ci6H2206 Ci6H2206 C21H3009 Ca26H3012 C11H12N,07 Ci6H20N2010 Ci0H1806 Cu2HegO18
FW [g/mol] 310.33 310.34 426.45 542.56 284.23 400.34 234.28 860.96
Crystal monoclinic orthorhombic triclinic monoclinic triclinic monoclinic triclinic monoclinic
system
Space Group | P121/cl Pna21 P-1 C12/c1 P-1 P121/c1 P-1 Clcl
a[A] 17.5862(13) 16.1127(7) 5.9235(4) 27.942(2) 5.8362(4) 15.0401(9) 10.4787(4) 22.1254(16)
b [A] 9.3966(7) 14.3472(6) 12.4414(7) 7.9924(5) 10.2950(7) 5.7008(3) 14.5660(6) 19.4588(16)
c[A] 9.9604(7) 22.2819(11) 16.3240(10) 29.958(2) 10.8250(7) 21.6710(13) 16.5368(7) 11.4416(9)
a[°] 90 90 81.703(3) 90 101.907(3) 90 89.976(2) 90
B°] 93.884(4) 90 85.497(3) 117.419(3) 92.880(3) 91.330(3) 90.014(2) 90.089(4)
y[° 90 90 76.950(3) 90 92.203(4) 90 90.027(2) 90
V [A%] 1642.2(2) 5151.0(4) 1158.37(13) 5938.8(7) 634.81(7) 1857.58(19) 2524.06(18) 4926.0(7)
z 4 12 2 8 2 4 2 4
Peact, [9€M®] | 1.255 1.201 1.223 1.214 1.487 1.431 1.233 1.161
1 [mm’’] 0.096 0.091 0.095 0.096 0.126 0.121 0.102 0.090
F (000) 664 1992 456 2320 296 840 1008 1856
Mok [A] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
T[K] 100(2) 173 100(2) 100(2) 100(2) 100(2) 100(2) 100(2)
9 min max 2.32,26.41 4.1,27.0 1.26, 32.46 1.64,34.13 1.93, 35.99 1.35,34.85 1.23,24.76 1.39,30.64
[
Dataset h; k; -18:21; -16:20; —-8:8; —44:44, -9:9; —24:24; -10:12; —30:31;
| -11:11; —-18:18; —18:18; -8:12; —16:16; -9:8; =17:17; —27:27;
-12:12 —27:28 —24:24 —47:47 -16:17 —34:34 -19:18 -16:15
Reflect. coll. | 19073 40377 61214 48176 36834 113244 35654 103422
Independ. 3254 5748 8299 12202 5822 8063 8144 14329
refl.
Rint 0.0390 0.095 0.0274 0.0377 0.0299 0.0303 0.0314 0.0317
Reflection 3254 3638 8299 12202 5822 8063 8144 14329
obs.
No. 205 613 280 355 184 259 602 563
parameters
R1 obs. 0.0612 0.0688 0.0400 0.0446 0.0383 0.0362 0.0354 0.0467
wR; (all 0.1823 0.1852 0.1158 0.1462 0.1145 0.1272 0.0791 0.1324
data)
S 1.15 1.02 1.03 0.96 1.04 0.85 1.02 0.97
Resd. Dens. —0.285;0.321 —0.38;0.54 —0.236;0.448 —0.288;0.581 —0.256;0.534 —0.259;0.495 —0.191;0.167 —0.231;0.597
[e A
Device type SIR-92
Solution SHELXL- SHELXL-97 SHELXL- SHELXL- SHELXL2013 | SHELXL- SHELXL- SHELXL-
2013 2013 2013 2013 2013 2013
Refinement multi-scan multi-scan multi-scan multi-scan multi-scan multi-scan multi-scan multi-scan




2. Computations

All calculations were carried out using the Gaussian GO9W (revision A.02) program package. The enthalpies
(H), listed in Table S2, 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).5105*4

AfHo(g, M, 298) = H(Molecule, 298) — ZHO(Atoms, 298) + ZAfHO(Atoms, 298) (l)

Table S2. CBS-4M results and calculated gas-phase enthalpies
M —H**/a.u. AH°(g,M) / kcal mol™
1 C16H2.06 1072.590470 —-178.3
2 C16H2,06 1072.589915 -177.8
3 Cy1H300g 1492.963912 -271.5
4 Cu6H35017 1913.330641 —-360.7
5 CyH1,N,0O4 1060.803719 —-88.3
6 C16H20N,049 1481.162002 -172.2
7 C10H1806 841.902973 —-179.4
Table S3. CBS-4M values and literature values for atomic AH°?* / kcal mol™
—H**/a.u. NIST B/ AR
H 0.500991 52.1
C 37.786156 171.3
] 74.991202 59.6

The gas phase heat of formation of X and X is converted into the solid state (standard conditions) enthalpy of
formation (Table S6) by subtracting its sublimation enthalpy calculated with Trouton’s rule (AHgy, = 188-Tp, =
72.0 kJ mol ™). These molar standard enthalpies of formation (AH,,) were used to calculate the molar solid state

energies of formation (AUp,) according to equation 2.



Table S4.

Calculated gas phase heat of formation, molecular volumes, lattice energies and lattice

enthalpies of 1to 7.

AUp = AHn— ANRT (2)

(An being the change of moles of gaseous components)

AH(QM) / KI Ti/ Taee AHgyp, / kJ mol™
mol™
1 —746.5 -/122 74.3
2 —744.3 37/132 58.3
3 -1136.9 -/123 74.5
4 -1510.3 -/123 74.5
5 —369.6 85/121 67.3
6 —720.9 -195 69.2
7 -751.1 48/53 60.4
Table S5. Solid state energies of formation (A;U°)
AH°(s) / An AU°(s) / M/ AU°(s) /
kJ mol ™ kJ mol™* g mol™* ki kg™
1 —820.7 14 —786.0 310.28 —2532.7
2 —802.0 14 =767.9 310.28 —2474.3
3 -1211.3 195 -1162.9 426.51 —2727.0
4 —1584.7 25 —1522.7 542.57 —2806.5
5 —436.9 10.5 -410.9 284.06 —1445.7
6 —790.0 16 —750.4 400.34 —1874.4
7 —811.4 12 —781.7 234.28 —3337.0

Notes: An being the change of moles of gaseous components when formed.
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Energetic Materials Trends in 5- and 6-Membered Cyclic
Peroxides Containing Hydroperoxy and Hydroxy Substituents
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Abstract: Ten peroxide compounds based upon the 3,6-di-
(hydroperoxy)-1,2-dioxane, 2-hydroxy-6-hydroperoxy-1,2-diox-
ane, 3,5-di(hydroperoxy)-1,2-dioxolane, and 3-hydroxy-5-hydro-
peroxy-1,2-dioxolane skeletons have been synthesized, structur-
ally characterized, and fully evaluated for their energetic materi-
als properties. The solid-state structures of these compounds
are dominated by hydrogen bonding interactions involving the
\hydroperoxy and hydroxy groups. Energetic materials testing

shows that most of the compounds are highly sensitive toward
impact and friction, with similar properties to highly sensitive
peroxides such as triacetone triperoxide. 3,5-Diethyl-5-hydro-
peroxy-1,2-dioxolan-3-ol (3b) and 3,5-dimethyl-5-hydroperoxy-
1,2-dioxolan-3-ol (5b) have lower impact and friction sensitivi-
ties than the other compounds, with values that are appropriate
for use as primary explosives.

/

Introduction

Peroxo compounds contain one or more O-O bonds and are
widely used as polymerization initiators, curing and vulcanizing
agents, cross-linking agents, bleaching and disinfecting agents,
and homemade explosives.!"-3! Until recently, detailed informa-
tion about the energetic materials properties of peroxides was
only available for triacetone triperoxide (TATP), diacetone diper-
oxide (DADP), hexamethylene triperoxide diamine (HMTD), and
methyl ethyl ketone peroxide (MEKP).'3! TATP, DADP, HMTD,
and MEKP are very sensitive and can explode violently upon
routine handling. As such, there are no military and civilian ap-
plications of peroxide explosives. However, TATP is easily syn-
thesized and is frequently used as a homemade explosive in
terrorist attacks."?! Based upon the well-documented high sen-
sitivities of TATP, DADP, HMTD, and MEKP, organic peroxides re-
main largely unexplored as energetic materials.

We are interested in exploring the limits of oxygen atom
incorporation into organic compounds, with the aim of synthe-
sizing low sensitivity, oxygen-rich compounds that might be
used as explosives and high energy dense oxidizers.) We re-
cently reported new classes of organic peroxides that are much
less sensitive toward stimuli than TATP, DADP, HMTD, and
MEKP7 In particular, cyclic and bicyclic compounds contain-
ing two geminal hydroperoxy groups have appropriate sensitiv-

[a] Department of Chemistry, Wayne State University,

Detroit, Michigan 48202, United States, USA

E-mail: chw@chem.wayne.edu

http://clas.wayne.edu/wintergroup/

Department of Chemistry, Ludwig-Maximilians-Universitdit,

Butenandtstr. 5-13 (D), 81377 Miinchen, Germany

E-mail: tmk@cup.uni-muenchen.de

www.hedm.cup.uni-muenchen.de

Supporting information and ORCID(s) from the author(s) for this article are
available on the WWW under http://dx.doi.org/10.1002/ejic.201600767.

=

Eur. J. Inorg. Chem. 0000, 0-0 Wiley Online Library

ity values for use as primary explosives,®! and nitroaromatic
peroxy acids have low enough sensitivities to be classified as
secondary energetic materials.!”! There have been several re-
ports of organic peroxides with O/C ratios of > 1, but most of
these compounds are reported to decompose readily or ex-
plode violently.[® Herein, we report the synthesis, structure, and
energetic properties of a series of oxygen-rich compounds
based upon the 6-hydroperoxy-1,2-dioxane (A) and 5-hydroper-
oxy-1,2-dioxolane (B) skeletons, where X is OOH or OH
(Scheme 1). Compounds where X is OOH are very sensitive, with
impact, friction, and electrostatic discharge sensitivities that are
similar to TATP, DADP, HMTD, and MEKP. Several compounds
where X is OH exhibit lower sensitivities, without a significant
loss in the energetic materials performance. We have also car-
ried out calculations to understand the solid state interactions
that contribute to sensitivity differences.

HO-0g P74 X HO-0u L X
e\ e AN
R'R
A X =0O0H or OH B

Scheme 1. Six-membered (A) and five-membered (B) peroxides studied
herein.

Results and Discussion

Compounds 1-5 were prepared upon treatment of y- or 3-di-
ketones with 50 wt.-% aqueous H,0, in the presence of the
catalysts |, H,SO,, or SnCl,+-2H,0 at or below room temperature
[Equation (1)1.°"" Compounds 1a,['” 5a,°>""1 and 5b["" were
reported previously, and 2b was briefly mentioned in one of
our recent papers.”! The other compounds have not been pre-

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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viously reported. The indicated yields are for the optimum syn-
theses. Compounds 3a and 5a were obtained upon treatment
of the diketones with a catalytic amount of concentrated H,SO,
and were recrystallized to afford pure materials. Reactions using
catalytic I, or SnCl,»2H,0 gave variable mixtures of 1a-5a and
1b-5b, with the former generally predominating. These mix-
tures were easily separated by silica gel column chromatogra-
phy to afford the pure compounds. In this way, 1a, 2a, 2b, 3b,
4a, and 4b were obtained using catalytic |, and 1b and 5b were
synthesized with SnCl,-2H,0. Further efforts to optimize the

1)K/\’(
or 0
O O
RO,
Ry Rs
HO- OU

+ n HOOH
n=23

Eur/IC
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catalyst

solvent
—_—

(1)

0-0 0-0

X Ho- OMX HO-Ow., ~X
H,C CHs "'|

HyC CHy

syntheses of 1-5 were not made, because of their energetic CHs CHs
0, 0,
nature and the facile separations by column chromatography. 1a, 62% 2a, 33% 3a, 50%
The structures and compositions of 1-5 were established by a Ri=CHs Ri=CH, Ry = CHaCHy
ruct : Y X = OOH Ry, Rs = CHg Rg, Ry = H
combination of spectral and analytical data and by X-ray crystal 1b, 15% X = OOH X = OOH
structure determinations of all compounds except 1b, which R; = CHj 2b, 31% 3b, 35%
exists as an oil. The relative stereochemistries of 1-5 were ob- X=0H Ry = CH3R,, Rq = CH,CHj
tained from the X-ray crystal structures. Compounds 1-5 R3 = CHs Rz, Rz =H
showed the expected resonances in the 'H and '>C NMR spec- X=0H X=0H
tra, and the infrared spectra were consistent with the structures. 0-0 0-0
The '3C NMR resonances of the oxygen-substituted carbon at- HO-Om o X HO—OM\X
oms were the most diagnostic spectroscopic feature. In 1a, this HaC' CH; HsC CHg
resonance appeared at 0 = 109.3 ppm. In 1b, the C(OO)(OOH) CHy
0,
carbon atom resonated at & = 107.2 ppm, while the C(OO)(OH) :aa' 21:’;/_"1 ‘;a'f‘éf“
carbon atom appeared at 6 = 100.0 ppm. For the five-mem- Re= oM Re=H R; _R:s -H
bered ring compounds 2a-5a, the C(OO)(OOH) carbon atom x2= OOI—T s X;OOH
resonated between 1134 and 115.6 ppm. For 2b-5b, the 4b, 43% 5b, 46%
C(O0O)(O0OH) and C(OO)(OH) carbon atom resonances were ob- Ry =CHs; R1=CHs;
served between 113.7 and 1159 ppm and 106.5 and Rg = CH3, Ry = H Rz, Rz =H
108.6 ppm, respectively. X=0H X=CH
Table 1. Crystal data and structure refinement for 1a and 2-5.
1a 2a,2b 3a,3b 4a4b 5a5b
Formula CsHq007 Ci4H26012, GH1405 GH1406, GH1405 CeH1206, CsH1205 CsHi00s, CsHigOs
M, 18213 388.36, 178.18 194.18, 178.18 180.16, 164.16 166.13, 150.13
Crystal system tetragonal orthorhombic, monoclinic, orthorhombic, monoclinic,
monoclinic orthorhombic monoclinic monoclinic
Space group l4bar Pbca, P2,/n P2,/n, Pbca Pbca, P2,/n P2,/n, P2,/n
alAl 14.0266(7) 12.6452(16), 5.6429(3), 8.1894(6), 5.5729(5),
8811(2) 9.9659(7) 7.6155(5) 86193(6)
bIA] 14.0266(7) 12.5922(15), 17.6201(9), 6.6753(4), 15.4498(12),
8.8031(18) 10.7296(7) 11.9510(8) 8.7945(6)
cIAl 8.7135(5) 23364(3), 9.1491(5), 30.7184(19), 8.7244(7),
11.28103) 16.6680(12) 9.3339(6) 9.2016(6)
Bl - - 90.610(3), - 90.055(4),
95.900(14) - 113494(3) 104.0770(10)
VA 17143(2) 37203(8), 909.63(8), 1679.27(19), 751.17(11),
870.4(3) 1782.3(2) 779.08(9) 676.56(8)
z 8 84 4,8 8, 4 4,4
D. [g cm™] 1411 1.387, 1360 14181328 1.425,1.400 1.469,1474
u(Mo-K,) [mm™"] 0.136 0.122, 0.166 0.1250.113 0.1290.123 0.1380.134
T Kl 100Q2) 100(2), 100(2) 100(2), 100(2) 100(2), 100(2) 100(2), 100(2)
Observed reflections 5455 5148,2047 4490,4760 1437, 2728 3631, 3774
Parameters 117 255,119 126,117 118,109 108,99
GOF 0620 1.040,1.199 1.111,1.033 1.201, 1.094 1.959,0948
R, 210b) 0.0321 (0.0293) 0.0400 (0.0305), 0.0521 (0.0380), 0.0487 (0.0450), 0.0803 (0.0618),
0.0593 (0.0485) 0.0357 (0.0301) 0.0466 (0.0357) 0.0448 (0.0362)
WR, 0.0883 (0.0838) 0.0822 (0.0761), 0.1093 (0.1032), 0.1254 (0.1236), 0.2333 (0.2203),

Largest difference
in peak and hole [e A3]

0.356 and -0.271

0.1371 (0.1319)
0.364 and -0.195,
0.374 and -0.324

0.0915 (0.0866)
0473 and -0.286,
0.449 and -0.283

0.0941 (0.0890)
0.395 and -0.221,
0426 and -0.293

0.1261 (0.1169)
0.513 and -0.548,
0.548 and -0.223

[al Ry =
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S||Fo| = |F|VZ| Fol- [b] Values in parentheses for reflections with I > 20(l). [c] wR, = [Ew(F,? -

FCZ) Z/ZW(FOZ)Z] 1 /2_
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The X-ray crystal structures of 1a and 2-5 were determined
to obtain molecular structures and to understand intermolec-
ular interactions. Table 1 gives crystal data for 1a and 2-5 and
Figure 1 shows representative perspective views of 5a and 5b,
along with selected bond lengths and angles. The X-ray crystal
structures of 1a and 2-5 are contained in the supporting infor-
mation. Compounds 1a and 3-5 exhibit anti arrangement of
the oxygen substituents within the rings, most likely to mini-
mize steric interactions between the alkyl groups. By contrast,
the oxygen groups in 2a and 2b are syn. The cyclic peroxide
0-0 bond lengths in 1a and 2-5 range from 1.4613(8) A in 1a
to 1.4956(9) and 1.493(2) A in 2a and 2b, respectively. The syn-
oxygen substituents and four methyl groups on the rings in 2a
and 2b may introduce strain into the five-membered rings that
cause the slightly longer O-O bond lengths, compared to 3-5.
The O-0 bond lengths in the OOH substituents fall within the
narrow range of 1.4575(2) to 1.465(2) A. These values are very
similar to the O-O bond lengths in recent compounds reported
by our group that contain OOH substituents.!>® Solid state den-
sities range from 1.328 to 1.474 g/cm? (Table 1). The dihydro-
peroxy compounds 2a-5a have slightly higher densities than
the corresponding hydroperoxy compounds 2b-5b, consistent
with their higher molecular weights.

Figure 1. Perspective views of 5a (top) and 5b (bottom). Selected bond
lengths [Al: 5a, 01-02 1.458(1), 03-04 1.460(1), 05-06 1.475(1); 5b, 01-02
1.4638(6), 05-06 1.4783(6).

Tables S1-S9 and Figures S1-S9 in the supporting informa-
tion document the intermolecular interactions in 1a and 2-5.
The intermolecular interactions in these compounds are domi-
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nated by O--H and O---O contacts that are within the van der
Waals radii of these atoms (2.62 A for O---H, 3.04 A for 0-..0).l'%
As expected, these O«+H and O--+O close contacts occur through
hydrogen bond formation involving the OOH and OH groups.
The lattices in 1a and 2-5 are composed of various O-H:--O
hydrogen bonded moatifs, including 1-dimensional chains (1a),
dimers (2a, 2b, 3b), two-dimensional sheets (3a, 4a, 4b, 5a),
and tetramers (5b). Compounds 1a, 2a, 2b, 4b, and 5b contain
one or more H-H close contacts, 2b, 4a, 4b, and 5b each exhibit
one or more C-:H close contacts, and 3a and 4a each have one
close C-O close contact. The H:H, C.:H, and C-O close con-
tacts appear to arise through maximization of the hydrogen
bond networks associated with the OOH and OH groups.
Electronic structure calculations can be used to determine
the strength of stabilizing intermolecular interactions within the
crystal lattice. Representative compounds 5a and 5b were cho-
sen for these studies. Stabilization energies for 5a and 5b were
calculated to be -89.0 and -89.4 kJ/mol, respectively. Because
the lattice energies of these two crystals are nearly identical, a
non-covalent interaction (NCI) analysis!'3! was performed on 5a
and 5b to gain further insights into the interactions within the
crystal lattices. Attractive interactions (and the neighboring at-
oms responsible) around each functional group in 5a and 5b
are shown in Figure 2 and Figure 3, respectively. Key interac-
tions within the lattice are circled and the surfaces are color
coded based on the strength of the interactions. The color scale
used for the NCI surfaces varies between weakly attractive
(green) and strongly attractive (dark blue). The OOH groups in
5a form a zigzag two-dimensional [OOH-+],, hydrogen-bond do-
nor-acceptor chain across the crystal. The OOH and OH groups
in 5b form a tetrameric [OH--OOH], hydrogen-bond donor-ac-

Figure 2. Attractive intermolecular interactions between 5a and nearest
neighbors within 4 A. Strongly attractive interactions are shown in blue and
weaker interactions are green. Surfaces are shown for (a) the whole molecule,
(b) the first OOH group, (c) the central COOC group (CH--O distance: 2.8-
3.0 A), and (d) the second OOH group. Key interactions (black: hydrogen
bond, red: CH---O contacts) are circled for each functional group. Neighboring
atoms within 3.5 A of each functional group are shown to highlight the
atoms responsible for the intermolecular interactions.
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Figure 3. Attractive intermolecular interactions between structure 5b and
nearest neighbors within 4 A. Strongly attractive interactions are shown in
blue and weaker interactions are green. Surfaces are shown for (a) the whole
molecule, (b) the OOH group, (c) the central COOC group (CH---O distance:
2.6-2.9 A), and (d) the OH group. Key interactions (black: hydrogen bond,
red: CH-+O contacts) are circled for each functional group. Neighboring at-
oms within 3.5 A of each functional group are shown to highlight the atoms
responsible for the intermolecular interactions.

ceptor ring (see supporting information). The peroxide bonds
in the G50, rings of 5a and 5b show only weak CH---O interac-
tions in the X-ray crystal structures. Our calculations confirm
the presence of four weak CH--O close contacts in 5a between
the core ring oxygen atoms and a ring C-H bond and a methyl
group from another molecule. In 5b, calculations show six
CH---O close contacts between the core ring oxygen atoms and
methyl groups from adjacent molecules. The CeH and C:--O
close contacts that are observed in the crystal structure of 5b
are not observed as attractive in the calculations, suggesting
very weak interactions at best. The nearly identical calculated
lattice energies for 5a and 5b suggest that intermolecular inter-
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actions alone cannot explain the observed sensitivity differen-
ces (vide infra).

The thermal behavior of 1-5 was studied using thermogravi-
metric analysis (TGA) and differential thermal analysis (DTA). As
shown in Table 2, decomposition onset temperatures by DTA
range from 82 to 133 °C, except for 2a and 2b, which show
decomposition onsets at 64 and 67 °C, respectively. The syn
arrangements of the oxygen ring substituents in 2a and 2b and
their long ring O-0 bond lengths may correlate with their lower
decomposition temperatures. Compound 5b is the most ther-
mally stable, with a decomposition temperature of 133 °C. CBS-
4M electronic enthalpies were calculated with the Gaussian09
software package.'¥ The heats of formation range from -542.7
to -509.1 kJ/kg for 1a-5a and -646.5 to -590.7 kJ/kg for 1b-5b
(Table 2). Dihydroperoxy compounds 1a-5a have more positive
heats of formation values than the corresponding hydroperoxy
compounds 1b-5b, consistent with the larger number of weak
0O-0 bonds in 1a-5a.

Impact, friction, and electrostatic discharge sensitivities were
determined with a BAM drop hammer, a BAM friction tester,
and an electrostatic discharge tester using standard test meth-
ods.['] Sensitivity classifications are based on the “UN Recom-
mendations on the Transport of Dangerous Goods".'®! Ener-
getic performance data were calculated using the EXPLO5 V6.02
software.l'”! As shown in Table 2, impact and friction sensitivi-
ties for 1a-5a are < 2 J and < 5 N, respectively. Accordingly,
these compounds are “very sensitive” toward impact and “ex-
tremely sensitive” toward friction.!'® These values are similar to
those of TATP and DADP!"-3! and thus 1a-5a must be handled
with great care. Compounds 1b-5b each contain one fewer
oxygen atom and one fewer peroxide linkage than the corre-
sponding compounds 1a-5a. Compounds 1b, 2b, and 4b have
impact sensitivities of < 2 J, whereas 3b and 5b each has an
impact sensitivity of 3 J. The central ring carbon atoms in 2b
and 4b are substituted with one or two methyl groups, while
these carbon atoms are unsubstituted in 3b and 5b. The ring
substitution thus might influence impact sensitivity. Com-
pounds 3b and 5b are less sensitive toward impact than 1a, 1b,

Table 2. Sensitivities and energetic performance of peroxo-based oxygen-rich compounds 1-5.

1a,1b 2a,2b 3a,3b 4a,4b 5a,5b
1St [J] <11 <1,2 2,3 <11 <13
FS®I [N] <55 <56 <514 < 5,40 < 5,40
ESDI [J] 0.15, oil n.d. 0.065, 0.10 0.15, 0.20 0.10, 0.20 0.5,0.15
QI [96] -106.57, -126.70 -123.59, -143.67 -123.59, -143.67 -106.57, -126.70 -86.68, —-106.57
Toec® [°Cl 124,131 64,67 129,95 96,82 118,133
o' [g/cm3] 1.411, oil nd. 1.387,1.360 1.418,1.328 1.425,1.400 1.469,1.474
AH9 [kI/kg] -541.2, -627.2 -542.7, -646.5 -538.7, -641.6 -529.6, -615.4 -509.1, -590.7

AU [k)/kg]

-2945.3, -3692.2

-2667.1, -3496.1

-2646.7, -3468.9

-2816.0, -3620.5

-2945.3, -3810.5

Explo v.6.02

AgU° [kJ/kg] -4885, - —4748, -3498 -4783, -3517 -4952, -3780 -5133, -4572
Py pan 130, - 124, 104 132, 98 134, 109 154, 136
Ve [m/s] 6350, - 6357, 6100 6501, 5954 6511, 6103 6694, 6461
V! [L/kg] 853, - 871, 876 869, 878 853, 864 840, 842

[a] BAM drophammer. [b] BAM friction. [c] Electrostatic discharge sensitivity. [d] Oxygen balance. [e] Decomposition onset temperature from DTA
(5 °C min™"). [f] Low temperature X-ray densities. Values at 298 K were calculated from the low-temperature X-ray values using the equation: 0jegx =
or/[1 + ay(298 - To); ay = 1.5 x 10 K™']. [g] Calculated molar enthalpy of formation. [h] Energy of formation. [i] Total energy of detonation. [j] Detonation

pressure. [k] Detonation velocity. [I] Volume of detonation products.
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2a, 2b, 3a, 4a, 4b, and 5a, although they are still classified as
“very sensitive” according to the UN classification. The friction
senstivities decrease in the order 1b (5 N) > 2b (6 N) > 3b (14 N) >
4b, 5b (40 N). Compounds 1b and 2b are classified as “extremely
sensitive” toward friction, while 3b-5b are “very sensitive”. The
electrostatic discharge sensitivity values of 1-5 are greater than
what can be generated by the human body (0.025 J).['®

Compounds 1a-5a have calculated detonation velocity val-
ues (Vper) that increase from 6350 m/s in 1a to 6694 m/s in 5a.
The Vpe value trend in 1a-5a correlates approximately with the
increasing solid state densities. For comparison, 2b-5b have
calculated Vpe; values of 3b (5954 m/s) < 2b (6100 m/s) < 4b
(6103 m/s) < 5b (6461 m/s). This trend exactly mirrors the order
of increasing solid state density values in Table 2. Compounds
5a and 5b have the highest Vp values (6694, 6461 m/s), the
highest solid state densities (1.469, 1.474 g/cm?), and the high-
est oxygen/carbon ratios (1.20, 1.00) among the series 1-5.

Table 3 lists selected energetic materials properties for TNT,
TATP, and Pb(Ns),, to provide comparisons for 1-5. TNT is classi-
fied as a relatively insensitive secondary explosive, TATP is a
very sensitive primary explosive, and Pb(Ns), is a widely used
primary explosive.'® Typical sensitivity values for primary ex-
plosives are < 4 J (impact), < 10 N (friction), and 0.002-0.20 J
(ESD), whereas the related values for secondary explosives are
>4 ) (impact), = 50 N (friction), and = 0.1 J (ESD).I"® The impact
sensitivities of 1a, 1b, 2a, 2b, 3a, 4a, 4b, and 5a are < 2 J,
which are in the range of the value for highly sensitive TATP
(the lowest value of our drophammer is 1 J). The impact sensi-
tivities of 3b and 5b are both 3 J, which makes them slightly
less sensitive than the others and similar to the value for the
widely used primary explosive Pb(Ns),. Compounds 1a, 1b, 2a,
2b, 3a, 4a, 4b, and 5a have friction sensitivities that are < 6 N,
which are within the typical range for primary explosives and
are similar to the value for Pb(Ns), (5 N is the lower limit for our
friction sensitivity apparatus). By contrast, the friction sensitivity
values for 3b (14 N), 4b (40 N), and 5b (40 N) are in between
those for typical primary and secondary explosives, but are still
“very sensitive” according to the UN classifications. Among 1-
5, 3b and 5b stand out as having reduced impact and friction
sensitivities. For comparison, our recently reported organic per-
oxides containing geminal hydroperoxy groups have impact
and friction sensitivities of 1-3 J and < 5 N, respectively, and
were the first peroxides that exhibit safe primary explosive
properties.”] The related sensitivity values for 3b and 5b are
similar to or better than the geminal hydroperoxy compounds.
Thus, 3b and 5b have useful sensitivities for application as pri-
mary energetic materials. The thermal decomposition tempera-
tures would need to be improved to > 150 °C for widescale
practical use.

There are no clear structural features that account for the
lower impact and friction sensitivities of 3b and 5b, compared
to the others. The calculated lattice energies of 5a and 5b are
nearly identical, and are dominated by O-H:-O hydrogen
bonds. Less sensitive 3b and 5b each contain an unsubstituted
central ring carbon atom, compared to alkyl substitution in
more sensitive 2 and 4. The lower alkyl content in 3b and 5b
may afford more efficient packing by reducing steric bulk
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Table 3. Selected sensitivities and energetic performance for TNT, TATP, and
Pb(N3),.

TNTE! TATPI! Pb(N;),!
IS [J] 15 0.3 2.5-4
FS [N] 353 0.1 <1
ESD [J] 0.57 0.16 0.005
Qco, [%] -73.96 -151.2
Toec [°C] 240 150-160
o [g/cm?] 1.704, 1.713 1.25
A¢H° [kJ/mol] -70.6 -631.4
Py [kbar] 190 108 343
Vet [M/s] 6900 6315 4600-5100
V, [L/kg] 825 916

[a] Data are taken from ref."®! [b] Data taken from ref”! [c] Data taken from
ref.[1b]

around the oxygen atoms, thereby decreasing the sensitivities
slightly by leaving less room for motion of the weak O-O bonds
in the crystal. Alkyl substitution on the central ring carbon atom
may lead to increased ring strain, which may weaken the ring
0O-0 bond slightly and thus increase sensitivity. Moreover, 1a-
5a each contain three peroxide groups per molecule, while 1b-
5b contain only two peroxide groups per molecule. Hence, the
probability of breaking a weak O-O bond is higher in 1a-5a,
compared to the corresponding 1b-5b analogs, thereby mak-
ing 1a-5a more sensitive toward stimuli. Desite the lower oxy-
gen contents in 2b-5b, the calculated detonation velocities are
only 3.6-9.2 % lower than the 2a-5a analogs and 5b is only
3.6 % lower than 5a. Thus, the decreased sensitivity in 5b, rela-
tive to 5a, is only associated with a small decrease in the deto-
nation velocity.

Conclusions

The cyclic peroxide compounds 1-5 were synthesized in 15—
62 % yields by simple synthetic methods entailing treatment of
v- or B-diketones with concentrated aqueous H,0, using the
catalysts |5, H,SO,, or SnCl,:2H,0. Compounds 3a and 5a were
obtained as pure compounds upon crystallization, whereas the
others were obtained as mixtures (1a/1b, 2a/2b, 3a/3b, 4a/4b,
5a/5b) that were easily separated by column chromatography.
All compounds except for 1b were characterized by X-ray crys-
tallography. The solid-state structures are dominated by
hydrogen bonding involving the OOH and OH groups. The solid
state densities range from 1.328 to 1.474 g cm~3, which are high
for organic peroxides. Compounds 1a, 1b, 2a, 2b, 3a, 4a, 4b,
and 5a are very sensitive toward impact (< 2 J) and friction
(< 6 N) and should thus be treated as primary explosives. By
contrast, 3b and 5b are less sensitive than the others, with im-
pact sensitivities of 3 J and friction sensitivities of 14 and 40 N,
respectively. Compounds 5a and 5b were studied by NCI to
probe solid state interactions that could explain their differing
sensitivities. Surprisingly, calculated stabilization energies for 5a
and 5b are identical, suggesting that solid state interactions
alone cannot explain the sensitivity differences. The lower sensi-
tivities of 3b and 5b are proposed to arise from their lower ring
alkyl substitution and concomitant tighter packing of the per-
oxy groups, as well as the presence of three peroxy groups in
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1a-5a, compared to two peroxy groups in 1b-5b. Compounds
3b and 5b have useful sensitivity values for application as pri-
mary explosives, although their decomposition temperatures
(95, 133 °C) are likely too low for widespread practical applica-
tions. The present study greatly increases the number of or-
ganic peroxides whose detailed energetic properties are de-
scribed.l1-35-71

Experimental Section

Experimental Details: The syntheses of 1-5 were carried at room
temperature under ambient atmosphere in appropriately sized
round-bottomed flasks. Chemicals were purchased from Sigma-
Aldrich, Acros Organics, EMD, or Alfa Aesar and were used without
further purification. ACS grade solvents were obtained from EMD
and Fisher Scientific. The synthesis of 5al'%! was carried out using a
modified published procedure. Silica gel 60, 230-400 mesh (EMD
Chemicals) was used to perform silica gel column chromatography.
ASTM TLC plates precoated with silica gel 60 F,s5, (250 pm layer
thickness) were used for thin-layer chromatography (TLC). TLC spots
were observed using a UV lamp and/or a potassium permanganate
solution as a stain (3 g of KMnQ,, 20 g of K,CO5, 5 mL of 5% w/v
aqueous NaOH, 300 mL of H,0). The spots on the stained TLC plates
were visualized after heating with a heat gun. 'H and "3*C{'"H} NMR
spectra were obtained at 400 MHz and 101 MHz, respectively, in
CD;0D as indicated and were referenced to the residual proton and
carbon resonances of the solvent ("H 0 = 3.31 ppm, 3C 6 =
49.00 ppm). Mass spectra were obtained on an electrospray time-
of-flight high-resolution Waters Micromass LCT Premier XE mass
spectrometer. Infrared spectra were obtained from a Shimadzu MIR-
acle 10 IRAffinity-1 equipped with a single reflection ATR accessory.
Melting points were determined on an Electrothermal IA 9300 melt-
ing point apparatus and are uncorrected. The decomposition char-
acteristics were studied by TGA and DTA, which were carried out
with a SDT-2960 TGA/DTA instrument. Decomposition points were
determined on an OZM Research DTA 552 Ex instrument.

CAUTION! The organic peroxides 1-5 are sensitive and highly ex-
plosive and require handling with extreme care. The H,0, solutions
are strong oxidizers that may cause explosions. Reactions and ma-
nipulations should be run in fume hoods behind blast shields. Per-
sonal safety gear should include a face shield, leather gloves, a
leather apron, hearing protection, and plastic spatulas. Peroxide
compounds should not come into contact with strong acids, metal
salts, or easily oxidized species. All reactions should be run at or
below room temperature and performed on small scales.

Computational Methods: Intermolecular interactions between
compounds 5a and 5b and all neighbors within 4 A of the central
molecule were calculated. Symmetry adapted perturbation theory
(SAPT)!'8191 was employed to calculate intermolecular interactions
of the compound-neighbor pairs at the SAPT2+3/6-31++G(d,p) level
of theory. The total lattice stabilization energy was estimated by
the sum of the pairwise energies,

Ex,lar = 1/ZZEx,jr

where E, .; is the total lattice stabilization energy of compound x,
and E,; is the intermolecular interaction energy of structure x with
neighbor j. In addition to the lattice energies, NCI surfaces were
generated using the crystal structures for compounds 5a and 5b
and all nearest neighbors within 4 A. Each surface was created using
the NCIPLOT software package,!'®! with an isovalue of 0.3 and a
reduced density cutoff of 0.07 a.u. Due to the large size of the
system, precalculated atomic densities were used to represent the
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total molecular electron density. The NCI surfaces were then post-
processed (see supporting information) to display only surfaces that
are due to the attractive intermolecular interactions.

3,6-Dihydroperoxy-3,6-dimethyl-1,2-dioxane (1a): To a solution
of I, (0.102 g, 0.400 mmol) in CH3CN (5 mL) was added a 50 wt.-%
aqueous solution of H,0, (1.4 mL, 24 mmol) and 2,5-hexanedione
(0.24 mL, 2.0 mmol). The resultant mixture was stirred for 24 h at
ambient temperature. The solvent and volatile components were
removed under reduced pressure, and the resultant residue was
dissolved in methanol (10 mL). Storage of this solution at —-29 °C
for 24 h led to crystallization, and afforded 1a (0.225 g, 62 %) as
thick, colorless plates after decanting of the methanol solvent and
brief vacuum drying, m.p. 128-130 °C (lit'" 131 °C). 'H NMR
(CD30D, 23 °C): 6 = OOH resonance not observed due to exchange
with CD;0D, 1.89-1.77 (m, 2 H), 1.60-1.47 (m, 2 H), 1.38 (s, 6 H,
CHs) ppm. '3C{"H} NMR (CD50D, 23 °C): § = 109.29 (C), 27.97 (CH,),
19.05 (CH3) ppm. IR: ¥ = 3332 (broad, m), 3300 (broad, m), 3277
(broad, m), 3246 (broad, m), 2999 (w), 2947 (w), 1439 (m), 1377 (s),
1344 (m), 1272 (m), 1250 (w), 1157 (m), 1120 (s), 1062 (s), 1022 (w),
960 (w), 924 (w), 893 (w), 862 (s), 761 (w) cm™'. CgH;,04 (180.16):
calcd. C 40.00, H 6.71; found C 40.35, H 6.76. TGA/DTA decomposi-
tion onset/max: 124/126 °C.

6-Hydroperoxy-3,6-dimethyl-1,2-dioxan-3-ol (1b): To a stirred
solution of 2,5-hexanedione (0.24 mL, 2.0 mmol) in CH5CN (10 mL)
was added SnCl,-2H,0 (0.090 g, 0.400 mmol) at ambient tempera-
ture. Then, a 50 wt.-% aqueous solution of H,0, (0.6 mL, 10 mmol)
was added and the mixture was stirred at ambient temperature for
18 h. At this point, distilled water (30 mL) was added and the aque-
ous phase was extracted with three 20 mL portions of ethyl acetate.
The combined organic layers were dried with anhydrous magne-
sium sulfate, filtered through a fluted filter paper, and then the
resulting solution was concentrated under reduced pressure. The
residue was subjected to silica gel column chromatography with
4:1 dichloromethane/ethyl acetate to afford 1b (R; = 0.25, 0.048 g,
15 %) as a colorless oil. "H NMR (CD50D, 23 °C): 6 = OOH and OH
resonances not observed due to exchange with CD;0D, 1.80-1.96
(m, 2 H), 1.61-1.78 (m, 1 H), 1.44-1.60 (m, 1 H), 1.40 (s, 3 H, CH,),
130 (s, 3 H, CHs) ppm. '3C{"H} NMR (CD;0D, 23 °C): 6 = 107.21
[C(OOH)], 100.04 [C(OH)], 30.02 (CH,), 26.99 (CH,), 22.52 (CH3), 18.08
(CHs3) ppm. IR: ¥ = 3399 (broad, m), 2992 (w), 2972 (w), 2943 (w),
2870 (w), 1703 (w), 1634 (w), 1449 (m), 1400 (m), 1377 (m), 1337
(m), 1256 (m), 1231 (m), 1167 (m), 1148 (m), 1115 (s), 1070 (s), 1024
(w), 964 (m), 943 (m), 881 (w), 849 (s), 766 (w), 743 (w) cm~". CgH ;1,05
(164.16): calcd. C 43.90, H 7.37; found C 43.60, H 7.35. TGA/DTA
decomposition onset/max: 131/134 °C.

3,5-Dihydroperoxy-3,4,4,5-tetramethyl-1,2-dioxolane (2a): A so-
lution of I, (0.103 g, 0.400 mmol) in CH5CN (10 mL) was treated with
a 50 wt.-% aqueous solution of H,0, (0.7 mL, 12 mmol), followed
by 3,3-dimethylpentane-2,4-dione (0.26 mL, 2 mmol). The mixture
was then stirred at ambient temperature for 5 h. At this point, the
solution was concentrated under reduced pressure, and the residue
was dissolved in dichloromethane (10 mL). The resulting solution
was filtered through a pad of anhydrous Na,SO, to remove water.
The dichloromethane solution was again concentrated and the
product was purified by silica gel column chromatography with 9:1
dichloromethane/ethyl acetate, followed by 4:1 dichloromethane/
ethyl acetate, to afford 2a (R; = 0.20 in 9:1 dichloromethane/ethyl
acetate, Ry = 0.30 in 4:1 dichloromethane/ethyl acetate, 0.129 g,
33 %) as a white solid. Colorless polygons of 2a were grown by
slow evaporation of a diethyl ether solution. Crystals of 2a exploded
at 84 °C in the capillary tube upon attempting to measure the mp.
"H NMR (CD50D, 23 °C): 6 = OOH resonance not observed due to
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exchange with CD5;0D, 1.45 (s, 6 H, CHs), 1.16 (s, 3 H, CH3), 1.01 (s,
3 H, CHs) ppm. "3C{'H} NMR (CDsOD, 23 °C): & = 113.62 [C(OOH)],
60.69 (C), 24.06 (CHs), 15.99 (CHs), 15.33 (CHs) ppm. IR: ¥ = 3414
(broad, m), 3011 (w), 2956 (w), 2523 (m), 1456 (m), 1396 (m), 1377
(m), 1267 (w), 1221 (w), 1142 (m), 1098 (s), 1043 (w), 951 (w), 925
(w), 887 (s), 849 (m), 798 (w), 732 (w) cm™". C;H,40¢ (194.18): calcd.
C 43.30, H 7.27; found C 42,99, H 7.10. TGA/DTA decomposition
onset/max: 64/65 °C.

5-Hydroperoxy-3,4,4,5-tetramethyl-1,2-dioxolan-3-ol (2b): To a
solution of I, (0.102 g, 0.400 mmol) in CH3CN (10 mL) was added a
50 wt.-% aqueous solution of H,0, (0.7 mL, 12 mmol), followed by
3,3-dimethylpentane-2,4-dione (0.26 mL, 2.0 mmol). The mixture
was then stirred at ambient temperature for 5 h. At this point, the
solution was concentrated under reduced pressure, and the residue
was dissolved in dichloromethane (10 mL). The resulting solution
was filtered through a pad of anhydrous Na,SO, to remove water.
The decanted dichloromethane solution was again concentrated
and the product was purified by silica gel column chromatography
with 9:1 dichloromethane/ethyl acetate to afford 2b (R; = 0.50),
(0.111 g, 31 %) as a white solid. Colorless polygons of 2b were ob-
tained from 2:1 dichloromethane/methanol at -29 °C: m.p. 79-
81 °C. 'TH NMR (CD50D, 23 °C): 6 = OOH and OH resonances not
observed due to exchange with CDs0D, 1.48 (s, 3 H, CHs), 1.31 (s,
3 H, CHs), 1.11 (s, 3 H, CH3), 1.09 (s, 3 H, CH5) ppm. *C NMR (CD;0D,
23 °C): d = 114.86 [C(OOH)], 108.05 [C(OH)], 59.73 (C), 23.41 (CHs),
18.72 (CHs), 16.94 (CH3), 1441 (CHs) ppm. IR: ¥ = 3455 (m), 3260
(broad, m), 3005 (w), 2943 (w), 2874 (w), 2555 (w), 2419 (w), 1454
(m), 1396 (M), 1375 (m), 1279 (w), 1253 (w), 1213 (m), 1140 (s), 1115
(s), 1098 (s), 1063 (m), 943 (M), 916 (M), 880 (s), 851 (M), 810 (w), 791
(w), 734 (w) cm™". C;H;,05 (178.18): calcd. C 47.19, H 7.92; found C
47.20, H 7.93. TGA/DTA decomposition onset/max: 67/68 °C.

3,5-Diethyl-3,5-dihydroperoxy-1,2-dioxolane (3a): To a 50 wt.-%
aqueous solution of H,0, (1.20 mL, 19.2 mmol) was added concen-
trated H,SO, (0.038 g, 0.400 mmol), followed by heptane-3,5-dione
(0.41 mL, 3.0 mmol) in a dropwise fashion at 0 °C. The mixture was
then stirred for 1 h at 0 °C. The reaction solution was then concen-
trated under reduced pressure to afford a crude white solid. This
solid was crystallized by slow evaporation of a diethyl ether solution
to afford 3a (0.290 g, 50 %) as colorless, thick needle-like crystals:
m.p. 118-120 °C. 'TH NMR (CD50D, 23 °C): 6 = OOH resonance not
observed due to exchange with CD3;0D, 2.49 (s, 2 H), 1.96-2.10 (m,
2 H), 1.62-1.75 (m, 2 H), 0.99 (t, 6 H, J = 7.6 Hz, CH3) ppm. '*C NMR
(CDs0D, 23 °C): 6 = 115.61 (C), 48.43 (ring CH,), 24.92 (CH,), 9.26
(CH3) ppm. IR: ¥ = 3377 (m, broad), 2982 (w), 2947 (w), 2885 (w),
2511 (w), 1462 (m), 1443 (w), 1425 (w), 1383 (w), 1341 (m), 1321
(m), 1275 (w), 1219 (m), 1159 (s), 1121 (m), 1084 (m), 1020 (m), 1003
(m), 984 (w), 953 (s), 895 (w), 876 (w), 847 (w), 826 (w), 787 (s), 736
(w) em™. C;H;404 (194.18): calcd. C 43.30, H 7.27; found C 43.40, H
7.37. TGA/DTA decomposition onset/max: 129/132 °C.

3,5-Diethyl-5-hydroperoxy-1,2-dioxolan-3-ol (3b): To a stirred so-
lution of 1, (0.103 g, 0.400 mmol) in CH3CN (10 mL) was added a
50 wt.-% aqueous solution of H,0, (0.7 mL, 12 mmol) at ambient
temperature. To this solution was added heptane-3,5-dione
(0.26 mL, 1.9 mmol) and the mixture was stirred at ambient temper-
ature for 5 h. At this point, the solution was concentrated under
reduced pressure, and the residue was dissolved in dichloro-
methane (10 mL). The resulting solution was filtered through a pad
of anhydrous Na,SO, to remove water. The decanted dichloro-
methane solution was again concentrated and the product was pu-
rified by silica gel column chromatography with dichloromethane
followed by 4:1 dichloromethane/ethyl acetate to afford 3b (R =
0.45, 0.126 g, 35 %) as a white solid. Colorless plate-like crystals
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were obtained by slow evaporation from a 10:1 mixture of toluene/
diethyl ether, m.p. 79-81 °C. "H NMR (CD50D, 23 °C): = OOH and
OH resonances not observed due to exchange with CD;0D, 2.47 (q,
2 H, J=10.0 Hz, CH,), 2.05-2.17 (s, 1 H), 1.66-1.81 (m, 3 H), 1.00 (t,
6 H, J = 7.6 Hz, CH3) ppm. '*C NMR (CD30D, 23 °C): 4 = 115.93
[C(OCH)], 108.57 [C(OH)], 51.79 (CH,), 30.07 (CH,), 25.17 (CH,), 9.40
(CH3), 9.35 (CH3) ppm. IR: ¥ = 3410 (broad, m), 3333 (broad, m),
2982 (m), 2947 (w), 2887 (w), 2797 (w), 2359 (s), 2160 (w), 2023 (w),
1973 (w), 1742 (w), 1690 (m), 1647 (w), 1551 (m), 1526 (m), 1458
(m), 1406 (m), 1306 (m), 1260 (m), 1213 (w), 1163 (m), 1113 (m),
1072 (m), 1018 (m), 934 (m), 899 (m), 851 (m), 800 (m), 718 (m) cm™".
C,H140s5 (178.18): calcd. C 47.19, H 7.92; found C 46.98, H 7.89. TGA/
DTA decomposition onset/max: 95/98 °C.

3,5-Dihydroperoxy-3,4,5-trimethyl-1,2-dioxolane (4a): To a
stirred solution of I, (0.103 g, 0.400 mmol) in CH5CN (10 mL) was
added a 50 wt.-% aqueous solution of H,0, (0.7 mL, 12 mmol)
at ambient temperature. To this solution was added 3-methyl-2,4-
pentanedione (0.23 mL, 2.0 mmol) and the mixture was stirred at
ambient temperature for 5 h. At this point, the reaction mixture
was concentrated under reduced pressure and was dissolved in di-
chloromethane (10 mL). The resulting solution was filtered through
a pad of anhydrous Na,SO, to remove water. The dichloromethane
solution was again concentrated under reduced pressure and the
crude product mixture was purified by silica gel column chromatog-
raphy with 9:1 dichloromethane/ethyl acetate to obtain 4a (Rf =
0.20, 0.083 g, 23 %) as a white solid. Colorless polygons of 4a were
obtained at -29 °C from a 2:1 mixture of toluene/dichloromethane,
m.p. 59-61 °C. "H NMR (CD0D, 23 °C): 6 = OOH resonance not
observed due to exchange with CD;0D, 2.70 (g, 1 H, J = 8.0 Hz,
CH), 150 (s, 3 H, CHs), 1.39 (s, 3 H, CHs), 1.06 (d, 6 H, J = 8.0 Hz,
CHs) ppm. '3C NMR (CD;0D, 23 °C): 6 = 114.86 (C), 113.00 (C), 57.08
(CH), 16.69 (CH3), 16.14 (CHs), 9.18 (CH3) ppm. IR: ¥ = 3410 (broad,
m), 3364 (broad, m), 2999 (w), 2945 (w), 1713 (w), 1628 (w), 1464
(m), 1439 (m), 1377 (s), 1337 (m), 1263 (w), 1229 (w), 1165 (s), 1124
(m), 1086 (s), 1047 (m), 1009 (M), 947 (w), 874 (s), 802 (m), 754 (w)
cm™. CgH4,06 (180.16): calcd. C 40.00, H 6.71; found C 39.68, H 6.63.
TGA/DTA decomposition onset/max: 96/98 °C.

5-Hydroperoxy-3,4,5-trimethyl-1,2-dioxolan-3-ol (4b): The crude
product from the synthesis of 4a was further eluted with 4:1 di-
chloromethane/ethyl acetate to afford 4b (R; = 0.2, 0.140 g, 43 %)
as a white solid. Colorless hexagons of 4b were obtained at -29 °C
from a 5:1 mixture of toluene/diethyl ether: m.p. 71-73 °C. "H NMR
(CD30D, 23 °C): 6 = OOH and OH resonances not observed due to
exchange with CD3;0D, 2.48 (g, 1 H, J = 7.6 Hz, CH), 142 (s, 3 H,
CHs), 141 (s, 3 H, CHs), 1.06 (d, 6 H, J = 7.2 Hz, CHs) ppm. '3C NMR
(CD30D, 23 °C): 6 = 115.18 [C(OOH)], 107.01 [C(OH)], 57.02 (CH),
21.63 (CHs), 16.09 (CH3), 10.24 (CH3) ppm. IR: ¥ = 3445 (broad, m),
3296 (broad, m), 2995 (w), 2947 (w), 2888 (w), 1649 (w), 1622 (w),
1558 (m), 1510 (w), 1467 (m), 1383 (s), 1342 (w), 1290 (w), 1263 (w),
1209 (m), 1171 (s), 1124 (s), 1084 (s), 1011 (m), 949 (s), 854 (s), 797
(m), 758 (M) cm™". C¢H;,05 (164.16): calcd. C 43.90, H 7.37; found C
43.71, H 7.45. TGA/DTA decomposition onset/max: 82/87 °C.

3,5-Dihydroperoxy-3,5-dimethyl-1,2-dioxolane (5a): A 50 mL
round bottomed flask was cooled to 0 °C and was charged with a
magnetic stir bar, a 50 wt.-% aqueous solution of H,0, (0.6 mL,
9.6 mmol), and concentrated H,SO, (0.019 g, 0.194 mmol). To this
solution was added 2,4-pentanedione (0.32 mL, 3.1 mmol) in a
dropwise fashion. The mixture was then stirred for 1 h at 0 °C and
was kept in a refrigerator (2-8 °C) for 18 h. Then, the reaction mix-
ture was added to a separatory funnel, and was extracted with
three 5 mL portions of diethyl ether. The separated diethyl ether
mixture was dried with anhydrous magnesium sulfate, filtered
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through a Whatman No. 1 filter paper, and the diethyl ether was
removed under reduced pressure to afford 0.295 g of a white solid.
Crystallization of this crude solid from a 20:1 dichloromethane/ethyl
acetate mixture afforded 5a as colorless polygons (0.209 g, 42 %),
m.p. 98-100 °C (Iit®®! 98-100 °C). 'H NMR (CD3OD, 23 °C): 6 = OOH
resonance not observed due to exchange with CDs0D, 2.61 (s, 2 H,
CH,), 1.52 (s, 6 H, CH3) ppm. "*C{'"H} NMR (CD30D, 23 °C): 6 = 113.42
(C), 52.69 (CH,), 18.14 (CH3) ppm. IR: ¥ = 3362 (m, broad), 3003 (w),
2953 (w), 1431 (m), 1379 (m), 1329 (m), 1225 (m), 1167 (s), 1088
(m), 1028 (w), 953 (w), 920 (w), 889 (w), 849 (m), 820 (w), 789 (m),
750 (w) cm™'. CsHq006 (166.13): calcd. C 36.15, H 6.07; found C
36.07, H 5.98. TGA/DTA decomposition onset/max: 118/121 °C.

5-Hydroperoxy-3,5-dimethyl-1,2-dioxolan-3-ol (5b): To a stirred
solution of 2,4-pentanedione (0.21 mL, 2.0 mmol) in CH3CN (10 mL)
was added SnCl,-2H,0 (0.090 g, 0.400 mmol) at room temperature.
Then, a 50 wt.-% aqueous solution of H,0, (0.6 mL, 10 mmol) was
added and the mixture was stirred at ambient temperature for 24 h.
At this point, distilled water (30 mL) was added to the reaction
mixture and the products were extracted with two 20 mL portions
of ethyl acetate. The separated organic layer was dried with anhy-
drous MgSQ,, filtered through a fluted filter paper, and was concen-
trated under reduced pressure. The product was purified by silica
gel column chromatography with 4:1 dichloromethane/ethyl acet-
ate to afford 5b (Rf = 0.30, 0.137 g, 46 %) as a white solid. Colorless
polygons of 5b were grown by slow evaporation of a diethyl ether
solution, m.p. 112-114 °C (lit!'"® 110-112 °C). '"H NMR (CD50D,
23 °C): 6 = OOH and OH resonances not observed due to exchange
with CDs0D, 2.58 (s, 2 H, CH,), 1.58 (s, 3 H, CHs), 1.47 (s, 3 H, CH>)
ppm. 3C NMR (CD50D, 23 °C): 6 = 113.69 [C(OOH)], 106.53 [C(OH)],
56.11 (CH,), 22.80 (CH3), 18.54 (CHs) ppm. IR: ¥ = 3439 (broad, m),
3260 (broad, m), 3005 (w), 2956 (w), 2835 (s), 1439 (m), 1381 (m),
1331 (m), 1308 (m), 1217 (m), 1173 (s), 1078 (m), 1057 (m), 959 (m),
918 (w), 883 (w), 845 (s), 808 (s), 799 (s) cm™'. CsH,,05 (150.13):
calcd. C 40.00, H 6.71; found C 40.35, H 6.66. TGA/DTA decomposi-
tion onset/max: 133/147 °C.

X-ray Crystal Structure Determinations of 1a and 2-5: Single
crystals were grown as described in the experimental procedures.
CCDC 1487198-1487206. CCDC 1487198 (for 1a), 1487199 (for 2a),
1487200 (for 2b), 1487201 (for 3a), 1487202 (for 3b), 1487203 (for
4a), 1487204 (for 4b), 1487205 (for 5a), and 1487206 (for 5b) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre.
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Oxygen-rich 5- and six-membered cy-
clic peroxides have been prepared and
fully characterized, including by X-ray
crystallography, electronic structure
calculations, and detailed energetic
materials testing. Most compounds are
highly sensitive toward impact and
friction, but two compounds where
X = OH have reduced sensitivities.
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Table S1. Intermolecular close contacts for 1a.

Number

1

10
11

12

Table S2. Intermolecular close contacts for 2a.

Number
1

2

10

Atoml Atom2 Symm.op.1

o1

o1

H1

04

H5

H6A

01

H1

H1

03

04

04

Atom1l Atom2 Symm.op.1

02

H10

o1

H1

02

02

03

03

04

04

06

H2

H2

H6A

H5

06

o4

04

06

06

06

H2

H3

04

012

012

010

H16

010

H16

08

09

lelz

lelz

XY,z

XY,z

XIyIZ

XY,z

XY,z

XIyIZ

XIyIZ

XY,z

X,Y,Z

X,Y,Z

XY,z

X,Y,Z

XY,z

XY,z

XY,z

X,Y,Z

XY,z

XY,z

XY,z

XY,z

Symm. op. 2
X,¥,-1+z

X,¥,-1+z

X,¥,-1+z

1+y,1-x,-z
1+y,1-x,1-z
1/2+y,1/2-x,1/2-z
1.5-x,1/2-y,-1/2+z
1.5-x,1/2-y,-1/2+z
1.5-x,1/2-y,-1/2+z
1.5-x,1/2-y,-1/2+z
1.5-x,1/2-y,-1/2+z

1.5-x,1/2-y,-1/2+z

Symm. op. 2
2-x,-1/2+y,1/2-z
-1/2+x,y,1/2-z
1+x,y,z

1+x,y,z

1+x,y,z

1+x,y,2z

1+x,y,z

1+x,y,z

1+x,y,z

1+x,y,z

1

Length
2.726
1.954
2.340
2.679
2.387
2.570
2.877
2.535
2.076
3.022
2.940

2.706

Length
2.646
2.523
2.856
1.991
2.873
2.172
2.867
2.133
2.875

2.844

Length-VdW
-0.314
-0.766
-0.060
-0.041
-0.013
-0.150
-0.163
-0.185
-0.644
-0.018
-0.100

-0.014

Length-VdW
-0.074
-0.197
-0.184
-0.729
-0.167
-0.548
-0.173
-0.587
-0.165

-0.196



11

12

13

14

15

16

17

18

19

20

21

22

Table S3. Intermolecular close contacts for 2b.

Number
1

2

10

11

Table S4. Intermolecular close contacts for 3a.

Number

H2

H2

H2

06

06

05

H11

04

o4

0O11

012

H23

Atom1l Atom2 Symm.op.1

03

01

0o1

0o1

H1

H1

H1

H1

04

05

H6

Atoml Atom2 Symm.op.1

08 X,Y,Z
09 X,Y,Z
H16 X,Y,Z
o7 X,Y,Z
H15 X,Y,Z
H18 X,Y,Z
010 X,Y,Z
C13 X,Y,Z
H23 X,Y,Z
H18 X,Y,Z
H22 X,Y,Z
08 X,Y,Z

H9 X,Y,2Z
H10 X,Y,2Z
03 X,Y,Z
H5 X,Y,Z
03 X,Y,2Z
H2 X,Y,Z
C3 X,Y,Z
H5 X,Y,Z
H11 X,Y,Z
H11 X,Y,Z
04 X,Y,Z

1+x,y,z

1+x,y,z

1+x,y,z

1+x,y,z

1+x,y,z
1/2+x,1.5-y,-z
1-x,1/2+y,1/2-z
1.5-x,1/2+y,z
1.5-x,1/2+y,z
-1/2+4x,1.5-y,-z
-X,1-y,-z

1/2-x,-1/2+y,z

Symm. op. 2
1/2-x,-1/2+y,1.5-z
1.5-x,-1/2+y,1.5-z
1-x,-y,2-z
1-x,-y,2-z
1-x,-y,2-z
1-x,-y,2-z
1-x,-y,2-z
1-x,-y,2-z
1-x,1-y,2-z
1-x,1-y,2-z

-1/2+x,1/2-y,-1/2+z

Symm. op. 2

2

2.213
2.117
2.388
2.855
2.017
2.628
2.454
3.169
2.461
2.659
2.549

2.585

Length
2.606
2.615
2.746
2.710
1.885
2.398
2.733
2.356
2.720
2.599

2.631

Length

-0.507
-0.603
-0.012
-0.185
-0.703
-0.092
-0.266
-0.051
-0.259
-0.061
-0.171

-0.135

Length-VdW
-0.114
-0.105
-0.294
-0.010
-0.835
-0.002
-0.167
-0.044
-0.000
-0.121

-0.089

Length-VdW



Table S5. Intermolecular close contacts for 3b.

Number
1

2

5

6

Table S6. Intermolecular close contacts for 4a.

Number
1

2

10

04

06

06

H4

H4

01

H3

H3

Atoml Atom2 Symm.op.1

o1

o4

04

02

H2

03

Atom1l Atom2 Symm.op.1

c4

H3

H5

H11

04

02

02

c1

H6

H5

H8

Cc1

02

o1

02

05

05

06

H9

05

H3

05

05

H8

05

06

05

o1

H9

o1

H1

H1

06

02

lelz

XY,z

XY,z

lelz

lelz

XY,z

XY,z

XIyIZ

XIyIZ

XY,z

X,Y,Z

X,Y,Z

XY,z

XY,z

XY,z

X,Y,Z

XY,z

XY,z

XY,z

X,Y,Z

XY,z

XY,z

XY,z

XY,z

-14x,y,2

1-x,-y,-z
-1/24x,1/2-y,-1/2+z
-1/24x,1/2-y,-1/2+z
-1/24x,1/2-y,-1/2+z
-1/24x,1/2-y,1/2+z
-1/24x,1/2-y,1/2+z

-1/24x,1/2-y,1/2+z

Symm. op. 2
1-x,-y,1-z
2-x,-y,1-z
2-x,-y,1-z
1.5-x,-1/2+y,z
1.5-x,-1/2+y,z

1.5-x,-1/2+y,z

Symm. op. 2
X,-1+y,z
X,-1+y,z
X,-1+y,z
2-x,-1/2+y,1.5-z
2-x,2-y,1-z
1.5-x,-1/2+y,z
1.5-x,-1/2+y,z
1.5-x,-1/2+y,z
1.5-x,-1/2+y,z

1.5-x,-1/2+y,z

3

2.711
3.199
2.788
2.462
1.919
2.783
1.932

2.413

Length
2.652
2.799
1.994
2.762
1.941

2.610

Length
3.188
2.656
2.683
2.610
2.679
2.868
2.001
2.883
2.585

2.669

-0.009
-0.021
-0.252
-0.258
-0.801
-0.257
-0.788

-0.307

Length-VdW
-0.068
-0.241
-0.726
-0.278
-0.779

-0.110

Length-VdW
-0.032
-0.064
-0.037
-0.110
-0.041
-0.172
-0.719
-0.017
-0.135

-0.051



11

12

13

14

15

16

Table S7. Intermolecular close contacts for 4b.

Number

1

10
11
12
13

14

Table S8. Intermolecular close contacts for 5a.

Number
1

2

03

03

04

H4

H4

01

Atoml Atom2 Symm.op.1

02

H2

H2

03

02

c5

H8

01

0o1

0o1

01

02

H9

H1

Atom1l Atom2 Symm.op.1

o1

H1

H1

04 X,Y,Z
H2 X,Y,Z
H2 X,Y,Z
03 X,Y,Z
05 X,Y,Z
H10 X,Y,Z

05 X,Y,Z
05 X,Y,Z
H3 X,Y,Z
H4 X,Y,2
H11 X,Y,Z
H8 X,Y,Z
H8 X,Y,2Z
05 X,Y,2Z
H3 X,Y,Z
H7 X,Y,Z
H10 X,Y,2Z
H7 X,Y,Z
03 X,Y,Z
02 X,Y,Z

03 X,Y,Z
03 X,Y,Z
04 X,Y,Z

2.5-x,-1/2+y,z
2.5-x,-1/2+y,z
2.5-x,-1/2+y,z
2.5-x,-1/2+y,z
2.5-x,-1/2+y,z

-1/2+x,y,1.5-z

Symm. op. 2
1.5-x,-1/2+y,1/2-z
1.5-x,-1/2+y,1/2-z
1.5-x,-1/2+y,1/2-z
1.5-x,-1/2+y,1/2-z
2-X,-y,-Z

2-x,1-y,-z

2-x,1-y,-z
-1/24x,1/2-y,-1/2+z
-1/2+x,1/2-y,-1/2+4z
-1/2+x,1/2-y,-1/2+4z
-1/24x,1/2-y,-1/2+z
-1/2+x,1/2-y,-1/2+z
-1/2+x,1/2-y,-1/2+z

-1/24x,1/2-y,1/2+z

Symm. op. 2
-1/24x,1/2-y,-1/2+z
-1/2+x,1/2-y,-1/2+z

-1/2+x,1/2-y,-1/2+z

4

2.915
2.039
2.692
2.698
2.701

2.710

Length
2.722
1.875
2.394
2.696
2.600
2.880
2.382
2.837
2.047
2.708
2.549
2.661
2.510

2.700

Length
2.730
1.752

2.306

-0.125
-0.681
-0.028
-0.022
-0.019

-0.010

Length-VdW
-0.318
-0.845
-0.006
-0.024
-0.120
-0.020
-0.018
-0.203
-0.673
-0.012
-0.171
-0.059
-0.210

-0.020

Length-VdW
-0.310
-0.968

-0.414



4 H1 C3 X,Y,Z -1/24x,1/2-y,-1/2+z 2.900 -0.000

5 04 02 X,Y,Z -1/2+x,1/2-y,1/2+z 2.727 -0.313
6 H2 01 X,Y,Z -1/2+x,1/2-y,1/2+z 2.285 -0.435
7 H2 02  xy,z -1/2+x,1/2-y,1/2+z 1.707 -1.013
8 H2 c1 XY,z -1/24x,1/2-y,1/2+z 2.825 -0.075

Table S9. Intermolecular close contacts for 5b.

Number Atom1l Atom2 Symm.op.1  Symm. op. 2 Length Length-VdW
1 03 01 X,Y,2 1/2-x,-1/2+y,1/2-z 2.904 -0.136
2 H3 01 X,Y,2 1/2-x,-1/2+y,1/2-z 2.033 -0.687
3 05 H10 xy,z 1/2-x,-1/2+y,1/2-z 2.562 -0.158
4 H1 o1 X,Y,Z 1/2-x,-1/2+y,1/2-z 2.667 -0.053
5 H8 02 X,Y,2 1.5-x,-1/2+y,1/2-z 2.675 -0.045
6 01 H7 X,Y,Z 1-x,2-y,-z 2.719 -0.001
7 03 02 X,Y,Z -1/2+x,1.5-y,-1/2+z 2.733 -0.307
8 03 H2 X,Y,2 -1/24x,1.5-y,-1/2+z 1.823 -0.897
9 H9 04 X,Y,Z -1/2+4x,1.5-y,-1/2+2 2.636 -0.084
10 H9 05 X,Y,Z -1/2+x,1.5-y,-1/2+z 2.712 -0.008
11 Cc2 H2 X,Y,Z -1/2+x,1.5-y,-1/2+z 2.875 -0.025
12 H5 H2 X,Y,Z -1/2+4x,1.5-y,-1/2+2 2.373 -0.027

Figure S1. Intermolecular close contacts in 1a.




Figure S2. Intermolecular close contacts in 2a.

Figure S5. Intermolecular close contacts in 3b.



Figure S7. Intermolecular close contacts in 4b.




Figure S8. Intermolecular close contacts in 5a.

Figure S9. Intermolecular close contacts in 5b.

Details of the NCI Calculations

1. Non-covalent interaction analysis

An NCI analysis uses the curvature of the electron density to predict the strength and nature of
the molecular interactions. The analysis produces a reduced density gradient, Vp,,

_ Vol
VPT - 2(31‘[2)1/3p4/3'

and a signed electron density, p',
p' = sign(ez)p,

where the sign used for an NCl analysis is determined from the second eigenvalue of the Hessian (g,) of
the electron density,

X, x, x3177 [%Wep VWp VVplrx, x, x5 g 0 0
Yi Y2 Vs Wip BWp VVp [Y1 Y2 }’3] = [0 & 0]
Z1 Zz Z3 .%ep WVVp V,V,p[lZ1 Z2 Z3 0 0 &



All spacial points with a negative signed density are classified as attractive interactions, and points with
a positive signed density are classified as repulsive interactions. The strength of the interactions can be
estimated using the magnitude of the reduced density gradient, where Vp, = 0 is a strong interaction and
Vp. > peut is No interaction. The default cutoff in NCIPLOT is 0.07 a.u.

2. Attractive and repulsive NCI surfaces

The attractive and repulsive NCI surfaces for structure 5a/5b are shown in Figures S10 and S11.
For clarity, only the central molecules are shown. Small, strongly attractive interactions can clearly be
seen near the functional groups. The repulsive interactions, on the other hand, form broad patches
which are often between the functional groups. Since crystals composed of compounds 5a/5b are at
least metastable, the X-ray structures represent local minima in the potential. Thus, it would be
surprising to find strongly repulsive interactions in the crystal and all repulsive interactions are in the
weakly interacting range of the surface. For this reason, we have chosen to focus only on the attractive
surfaces in our analysis.

3. 3D crystal structures for compounds 5a/5b

While the elemental composition and crystal symmetry are similar for compounds 5a/5b, the
alignment of the molecules can have a strong effect on the mechanical properties of the crystals. The 3D
crystal structures of compounds 5a/5b were oriented to highlight potential slip planes in the crystal
(Figure S12). Slip planes represent regions where layers of the crystal can slide to relieve shear stress or
allow the crystals to deform. Interestingly, the hydrogen bonding network in compound 5a runs parallel
to the slip plane in the lattice. Compound 5b, on the other hand, has a hydrogen bonding network which
crosses between potential slip planes in the lattice. The hydrogen bonding networks and slip plane
orientations most likely make compound 5b stiffer than compound 5a.

4. Compound 5b donor-acceptor ring

While compound 5a forms a nearly linear chain of hydrogen bonds along a crystal axis, the
crystal structure of 5b contains a tetrameric donor-acceptor ring. Due to the many-body nature of the
hydrogen bonding networks, it is difficult to determine how the lattice stabilization energies are affected
by the different hydrogen bonding arrangements in compounds 5a/5b. However, NCl surfaces can easily
be generated for molecular fragments using the precalculated electron densities for each atom.
Attractive and repulsive NCI surfaces for the ring structure are shown in Figure S13.

Figure S10. NClI surfaces for the (a) attractive and (b) repulsive interactions in 5a. While there are broad
surfaces representing weak repulsive interactions, the strong attractive interactions stabilize the
functional groups.



Figure S11. NCl surfaces for the (a) attractive and (b) repulsive interactions in 5b. While there are broad
surfaces representing weak repulsive interactions, the strong attractive interactions stabilize the
functional groups.

Figure S12. X-ray structures of (a) 5a and (b) 5b oriented to highlight potential slip planes within the
lattice. The hydrogen bonding network in compound 5a is aligned with the slip plane, while the network
in 5b includes inter-layer hydrogen bonds.

10
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Figure S13. NCl surfaces for the (a) attractive and (b) repulsive interactions in the [OHeeeOOH], ring
structure found in crystals composed of 5b. The hydrogen bonding network involves many-body
interactions between 4 molecules and multiple layers of the crystal. The only repulsive interaction forms
at the center of the ring, which likely represents ring strain.
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Abstract: Azido(tert-butylperoxy)methyl group containing
molecules derived from difunctional carbonyl compounds were
prepared and fully characterized by using a range of analytical
methods. The molecular structure of a representative com-
pound was determined by X-ray diffraction, which is the first

example of a molecular structure of this class of molecule. The
sensitivities of the molecules were measured, and the perform-
ance values of the compounds were calculated by using the
EXPLO5 program.

Introduction

Peroxides are an interesting class of chemical compounds that,
in the form of their different subspecies, find application in
many diverse fields, such as in the treatment of diseases,? as
initiators for radical reactions,® on an industrial scale in polym-
erization reactions,™ and in organic synthesis, for example in
epoxidation reactions.”’ Another possible application that has
been investigated with varying degrees of interest during the
past century since the development of acetone peroxide in
1895 by Wolffenstein,'® is their use as energetic materials.’'%!
However, until the 215t century there were almost no combina-
tions of peroxides with different energetic groups. Pramanik
and Ghorai developed an easy and efficient route to combine
the energetic tert-butyl-peroxy group with an azido group.'"
They further investigated this class of compounds and were
able to achieve the formation of tert-butyl esters by reacting
molecules of the described structure with an organic base.['”
Surprisingly, this leads to the formation of the ester and not of
the carbonyl azide.'? However, Pramanik and Ghorai limited
their research to compounds that only have one formyl or carb-
onyl group in the molecule. With respect to the performance,
increment of the density of an energetic molecule is desired.
So far, all compounds synthesized in this field have been color-
less oils. In this study, additional compounds based on difunc-
tional carbonyl compounds are reported. The crystal structure
of 1,2-bis[azido(tert-butylperoxy)methyl]benzene is determined
and represents the first example of a molecular structure of
this class of molecule. The study also provides insight into the
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Eur. J. Org. Chem. 2016, 4382-4386 Wiley Online Library

4382

sensitivities and calculated performance values of the synthe-
sized compounds.

Results and Discussion

The hitherto unknown molecules 1,4-diazido-1,4-bis(tert-butyl-
peroxy)cyclohexane (6), 1,3-bis[azido(tert-butylperoxy)methyl]-
benzene (7), 1,4-bis[azido(tert-butylperoxy)methyl]benzene (8),
1,2-bis[azido(tert-butylperoxy)methyl]benzene (9), and 4,4’-di-
azido-4,4’-bis(tert-butylperoxy)-1,1-bi(cyclohexane) (10) were
synthesized by applying the strategy developed by Pramanik
and Ghorai.l"V! First, the corresponding starting materials were
dissolved in anhydrous dichloromethane and reacted with stoi-
chiometric amounts of a 5.5 m solution of tert-butylOOH in dec-
ane and 1.15 to 2.5 equiv. (depending on the product, calcu-
lated on one carbonyl group) of trimethylsilyl azide under the
catalysis of FeCl; (Scheme 1).

The reactions were performed under N, atmosphere at 0 °C
and stirred overnight, then allowed to reach room temperature.
After separation of the remaining FeCl; by vacuum filtration
through silica and removal of the solvent under reduced pres-
sure without heating, the desired products were obtained. In
the case of compound 8, the product was already pure, so that
no further purification of the remaining colorless solid was nec-
essary. The yield for this reaction was 60 %. To obtain 6 as a
pure substance, it was purified by column chromatography over
silica gel using a mixture of ethyl acetate and pentane as eluent.
The compound was isolated as a colorless oil in a yield of 20 %.
Purification of crude compounds 7 and 10 by chromatography
was attempted, but these approaches were not successful be-
cause undefined impurities remained. To obtain pure com-
pounds 7 and 10 it was necessary to wash the impure white
solid with pentane cooled to -30 °C (care was taken to keep
the time for one washing as short as possible and to perform
four to five washing steps only, otherwise the loss of product
was too excessive since it is also somewhat soluble in pentane),
yields of these two compounds were 11 % (7) and 6 % (10).

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Synthetic pathway for the synthesis of the difunctional molecules 6-10.

Compound 9 was purified by column chromatography over sil-
ica gel using a mixture of ethyl acetate and isohexane as eluent.
After removal of the solvent, a colorless oil was obtained that
crystallized at -30 °C. However, "H NMR spectroscopic analysis
showed that the solid was still not pure. A pure sample could
be obtained by washing with —30 °C pentane. This means that,
in the case of compound 9, both purification methods de-
scribed were required, which is the main reason for the poor
yield of only 1 %. Product formation in general can easily be
detected by '3C NMR spectroscopy. Compared to that in the

N6

Figure 1. Molecular structure of 9 including its labeling scheme.
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starting material, the '3C NMR resonance in the product shifts
to lower ppm values (below 100 ppm in CDCl; solution).

Crystal Structures

Single crystals of 9 were grown from acetone at 5 °C. Details of
the X-ray diffraction measurement are given in the Supporting
Information. The compound crystallizes in the monoclinic space
group P2,/c with four molecular units per unit cell and a density
of 1.248 g cm~3. Figure 1 displays its molecular structure.
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O
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c8

o)
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The O-O bond lengths show values between 147.8 and
148.2 pm and are therefore in the normal range for a typical
0O-0 single bond (147.0 pm average bond length for O-O in
TATP!'3]), The (C)N-N bond length of the azide is between 123.0
and 125.1 pm and therefore comparable with reported values
for azides.'¥ The same is true for the (N)N-N bond, which has
a length between 112.6 and 113.2 pm. The C-0-0 bond angles
are between 105.71 and 107.05°, which is slightly less than the
corresponding bond angle in DADP (107.6°.1'3] The N-N-N
bond angle is between 172.6° and 173.1° and is therefore again
in the usual range for a covalent azide."™ The azide and the
tBu-0-0 substituent are not on the same side of the molecule
(on one substituted C-atom the azide sticks upwards and on
the second C-atom the azide sticks downwards). The torsion
angles for the corresponding groups also show differences. For
C-7 the C-0-0 angle is 140.1°, for C-12 the angle has a value
of 125.9°. The C-N-N angle for C-7 is 158.3°, whereas for C-12
it is 153.3° The larger torsion angles are therefore on C-7, the
smaller on C-12.

Energetic Properties

The performance data of the compounds were calculated by
using the EXPLO5 program (version 6.02). Heats of formation
were calculated by using the atomization method based on
CBS4-M electronic enthalpies. Table 1 gathers the energetic
properties.

All investigated compounds must be classified as extremely
sensitive toward impact, with sensitivities between <1 and 2 J.
The friction sensitivities are between 14 and 360 N. Compound
6 features the highest value and is classified as insensitive to-
wards friction. This abnormally high value can be explained by
its liquid character. For the solid compounds 7-10, the deter-
mined friction sensitivities lie between 14 and 32 N, which im-
plies their classification as very sensitive. Compounds 7- 10
have ESD sensitivities that lie in the range between 0.03 and

Table 1. Energetic properties of 6-10.
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0.2 J. For ESD sensitivity, no internationally standardized classifi-
cation exists. However, all determined values are significantly
higher than the maximum electrostatic charge the human body
can produce. For compound 6, it was not possible to determine
an ESD value with our apparatus because of its oily nature.
Thermal decomposition points are mostly in the typical range
for organic peroxides, between 100 and 120 °C.['@ Only com-
pound 6 has a slightly higher decomposition point of 143 °C.
The calculated detonation velocities are in a range between
5989 and 6435 ms™' and are therefore comparable with other
peroxide compounds.’®'% However, they present higher velo-
cities of detonation (vg4e) than tert-butylperoxy esters.['! This
difference can most likely be explained by the presence of the
additional azide. For detonation pressure, values between 9 and
11 kbar were determined. These values also fit nicely with the
values calculated for reported compounds.l'® The calculated
Vget Values are in a range of 7 %, which is in the margin of error
of the used program. However, some tendencies can still be
drawn from the values. Concerning isomers 7- 9, it is conspicu-
ous that ortho-isomer 9 performs best (vge. = 6191 ms™') fol-
lowed by para-isomer 8 (vge,. = 6146 ms™') and meta-isomer 7
(Vger. = 5989 ms™). The slightly superior performance of 9 can
most likely be explained by the significant steric hindrance,
which leads to a more positive enthalpy of formation of the
molecule and therefore to a better performance. For com-
pounds 7 and 8, the explanation for the differences can proba-
bly be found in the slightly higher density of 8, which is benefi-
cial for increased performance values. All nonaromatic com-
pounds studied here in general performed slightly better than
the aromatic compounds [Vger (6) = 6338 ms™, vy (10) =
6435 ms~']. Again, an increase in the steric hindrance can be
the explanation, because in the aromatic reaction products the
carbonyl C atom of the starting material has been converted
into a tertiary C, whereas for the nonaromatic reaction products
(derived from ketone starting materials), the corresponding C
atom is quaternary and therefore sterically more crowded.

6 7 8 9 10
Formula Ci4H26N604 Ci6H2aN604 Ci6H2aN6O4 Ci6H24N604 Ca0H36NsO4
Fw [g/mol] 34240 364.40 364.40 364.40 424,56
IS [J]* <1 2 2 15 2
FS [N]t®! 360 14 40 40 32
ESD [J]@ oil 0.15 0.2 0.2 0.03
Qcoa[%] -60.82 -52.77 -52.77 -52.77 -67.92
Tl Taec°C1! 143 104 87/129 119 115
o [g cm~3]f] 1.21 (pyc) 1.21 (pyc) 1.24 (pyc) 1.248 (X-ray) 1.22 (pyc.)
AH0 [kJ mol-1]id! 27 191 188 190 -138
Ao [KJ kg1t 209 639 631 636 -191
EXPLOS5 6.02 values
—AexUP [KJ kg1 -3607 -3853 -3855 -3862 -3106
Taer K]V 2094 2249 2242 2243 1813
pey [GPa]™ 1 9 10 10 10
Ve [M/s]! 6338 5989 6146 6191 6435
VO [L kg~]im! 834 767 762 761 799

[a] Impact sensitivity according to BAM drop hammer (method 1 of 6). [b] Friction sensitivity according to BAM friction tester (method 1 of 6). [c] Electrostatic
discharge sensitivity (OZM ESD tester). [d] Oxygen balance. [e] Temperature of decomposition according to DTA (onset temperatures at a heating rate of
5 °C/min). [f] Room temperature X-ray densities. Calculated based on the low-temperature X-ray values by using the equation {0,9g K = oT/[1 + aV(298 - T))];
aV = 1.5 x 107 K'}. [g] Calculated heat of formation using the atomization method and CBS-4M electronic enthalpies. [h] Calculated energy of formation.
[i] Heat of detonation. [j] Temperature of detonation. [k] Detonation pressure. [I] Detonation velocity. [m] Volume of gas after detonation.
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Conclusions

The synthesis and characterization by standard analytical meth-
ods of five new molecules containing an azido-tert-butyl methyl
group, namely 1,4-diazido-1,4-bis(tert-butylperoxy)cyclohexane
(6), 1,3-bis[azido(tert-butylperoxy)methyllbenzene (7), 1,4-bis-
[azido(tert-butylperoxy)methyl]lbenzene (8), 1,2-bis[azido(tert-
butylperoxy)methyllbenzene (9) and 4,4’-diazido-4,4-bis(tert-
butylperoxy)-1,1"-bi(cyclohexane) (10), is described. The yields
obtained were very low to moderate (1-60 %). Compounds 7-
10 are colorless solids and thereby are the first examples of
solid compounds for the investigated class of substances. It was
also possible to determine the crystal structure of 9, which is
the first example of a molecular structure containing the inves-
tigated energetic group. In addition, the sensitivities towards
impact, friction, electrostatic discharge and heat were deter-
mined. The decomposition points of the compounds are mostly
in a range between 100 and 120 °C. The compounds are all
very sensitive towards impact (< 2 J). Friction sensitivity values
are between 14 and 360 N. Therefore, the compounds must be
handled as primary explosives.

Experimental Section

CAUTION! All investigated compounds are potentially explosive en-
ergetic materials, although no hazards were observed by us during
the preparation and handling of these compounds. Nevertheless,
this necessitates additional meticulous safety precautions (earthed
equipment, Kevlar gloves, Kevlar sleeves, face shield, leather coat,
and earplugs).

General: All chemicals were obtained from Sigma-Aldrich and used
without further purification. Sensitivity measurements were per-
formed with a BAM drop hammer, a BAM-friction tester, and OZM-
ESD-tester. Infrared spectra were recorded with a Perkin-Elmer One
FTIR Spectrum BX Il with a Smith ATR Dura Sample IRIl. For the
recording of Raman spectra a Bruker MULTIRAM 1064 2000R NIR FT
Raman Spectrometer, equipped with a Nd:YAG-Laser (1064 nm) was
used. NMR spectra were recorded with a Bruker 400 MHz spectrom-
eter operating at 400 MHz for proton spectra. Melting points and
decomposition points were recorded with an OZM Research DTA
552-Ex instrument. The reactions were carried out under Schlenk
conditions and anhydrous solvents were applied. For column chro-
matography the solvents were not previously dried.

1,4-Diazido-1,4-bis(tert-butylperoxy)cyclohexane (6): 1,4-Cyclo-
hexanedione (0.200 g, 1.783 mmol) was dissolved in CH,Cl, (10 mL)
and cooled to 0 °C, and trimethylsilyl azide (1.18 mL, 1.027 g,
8.915 mmol) and tBuOOH (5.5 m in decane, 0.65 mL, 0.32 g,
3.57 mmol) were added. One spatula tip of water-free FeCl; was
added and the solution was stirred overnight while it reached room
temperature. FeCl; was then removed by vacuum filtration through
silica. After removal of the solvent, the crude product was obtained
as a colorless oil, which was purified by column chromatography
over silica (ethyl acetate/pentane, 1:10) to give 6 (0.122 g, 20 %) as
a colorless oil. DTA (5 °C min™") Ty (onset) = 143 °C; IS: <1 J; FS:
360 N; ESD: oil/not measureable; IR (ATR): ¥ = 3332 (w), 2979 (m),
2936 (m), 2477 (w), 2103 (s), 1438 (m), 1388 (m), 1364 (m), 1243 (s),
1193 (s), 1141 (m), 1073 (m), 1050 (m), 951 (m), 915 (m), 878 (m),
753 (m), 714 (w), 674 (w) cm™'. Raman (1064 nm): ¥ = 2984 (65),
2933 (100), 2753 (11), 2120 (23), 2462 (31), 1310 (28), 1072 (17), 952
(35), 834 (29), 590 (27), 510 (25), 486 (24), 88 (63) cm™'. 'TH NMR
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(400 MHz, CDCls, 298 K): 6 = 1.29 (s, 18 H), 1.81-2.07 (m, 8 H) ppm.
13C NMR (100 MHz, CDCl5, 298 K): & = 26.5 (CHs), 29.0 (CH,), 80.6
[C(CH5)3], 95.2 (CNO) ppm. Ci14H2NgO4 (342.40): calcd. C 49.11, H
7.65, N 24.54; found C 49.03, H 7.33, N 24.91.

1,3-Bis[azido(tert-butylperoxy)methyllbenzene (7): Isoterephth-
alaldehyde (0.402 g, 3.065 mmol) was dissolved in CH,Cl, (20 mL)
and cooled to 0 °C, and trimethylsilyl azide (2.088 mL, 1.830 g,
15.00 mmol) and tBuOOH (5.5 m in decane, 1.11 mL; 0.54 g,
6.13 mmol) were added. After the addition of a spatula tip of anhy-
drous FeCls, the reaction mixture was stirred overnight and allowed
to reach room temperature. The mixture was then filtered through
silica to remove remaining FeCl; and the solvent was removed un-
der reduced pressure to obtain the crude product as a colorless
solid. After four washing steps with cold pentane (-30 °C), the prod-
uct (0.125 g, 11 %) was isolated as a colorless solid. DTA (5 °C min~
") Tyec. (ONset) = 104 °C; IS: 2 J; FS: 14 N; ESD: 0.150 J. IR (ATR): ¥ =
2981 (m), 2926 (w), 2108 (s), 1596 (w), 1469 (w), 1388 (m), 1364 (m),
1341 (m), 1330 (m), 1285 (s), 1246 (s), 1190 (s), 1157 (m), 1039 (m),
999 (s), 991 (s), 948 (m), 910 (s), 887 (m), 856 (m), 814 (s), 751 (m),
708 (m), 682 (m) cm~'. Raman (1064 nm): ¥ = 3114 (19), 3021 (38),
2952 (45), 2123 (18), 1610 (22), 1482 (21), 1250 (19), 1000 (55), 818
(47), 720 (21), 93 (100) cm™". "TH NMR (400 MHz, CDCls, 298 K): 6 =
1.34 (s, 18 H), 6.21 (s, 2 H), 7.40-7.51 (m, 4 H) ppm. 3C NMR
(100 MHz, CDCl;, 298 K): & = 26.5 (CH5), 82.1 [OC(CH5)5], 95.2
(ONCCH), 125.9 (C410mHCC), 128.4 (C41omHCCC), 129.0 [C,1omH(CC),,
134.6 (C4romCCC) ppm. Ci6H24NO,4 (364.40): calcd. C 53.04, H 6.13,
N 23.20; found C 52.86, H 6.32, N 23.15.

1,4-Bis[azido(tert-butylperoxy)methyl]benzene (8): Terephthal-
aldehyde (0.402 g, 3.065 mmol) was dissolved in CH,Cl, (20 mL)
and cooled to 0 °C, and trimethylsilyl azide (2.088 mL, 1.830 g,
15.00 mmol) and tBuOOH (5.5 m in decane, 1.11 mL, 0.540 g,
6.130 mmol) were added. After the addition of a spatula tip of
anhydrous FeCls, the mixture was stirred overnight and allowed to
reach room temperature. The mixture was then filtered through
silica to remove remaining FeCl; and the solvent was removed un-
der reduced pressure to obtain the pure product (0.666 g, 60 %) as
a colorless solid. DTA (5 °C min™") T, (onset) = 87 °C; Tyec. (ONnset) =
129 °C; IS: 2 J; FS: 40 N; ESD: 0.2 J. IR (ATR): ¥ = 2981 (m), 2102 (s),
1712 (m), 1475 (w), 1408 (w), 1386 (w), 1366 (m), 1351 (m), 1287
(m), 1235 (s), 1183 (s), 1117 (m), 1040 (m), 1006 (m), 936 (m), 892
(m), 837 (s), 820 (m), 771 (m), 753 (m), 733 (m), 719 (m), 705 (m) cm~".
Raman (1064 nm): ¥ = 3150 (21), 3129 (20), 2990 (43), 2936 (42),
2210 (32), 1618 (51), 1450 (23), 1240 (18), 1230 (37), 812 (21), 859
(43), 844 (44), 770 (19), 680 (22), 605 (10), 550 (21), 502 (20), 215
(22), 189 (40), 90 (100) cm™". "TH NMR (400 MHz, CDCls, 298 K): 6 =
1.33 (s, 18 H), 6.39 (s, 2 H), 7.45 (s, 4 H) ppm. *C NMR (100 MHz,
CDCls, 298 K): & = 26.5 (CHs), 82.1 [OC(CH3)s], 95.4 (ONCCH), 127.4
(CaromCCH), 135.5 (C4omCCC) ppm. CiH24NO4 (364.40): calcd. C
53.04, H 6.13, N 23.20; found C 52.70, H 6.52, N 23.17.

1,2-Bis[azido(tert-butylperoxy)methyl]benzene (9): Phthalalde-
hyde (1.206 g, 8.991 mmol) was dissolved in CH,Cl, (30 mL) and
cooled to 0 °C, and trimethylsilyazide (5.00 mL, 4.352 g, 37.78 mmol)
and tBuUOOH (5.5 m in decane, 3.24 mL, 1.603 g, 17.78 mmol) were
added. One spatula tip of water-free FeCl; was added and the solu-
tion was stirred overnight and allowed to reach room temperature.
FeCl; was then removed by vacuum filtration through silica gel.
After removal of the solvent, the crude product was purified by
column chromatography over silica gel (ethyl acetate/isohexane,
1:10). The obtained oil crystallized at =30 °C overnight. After wash-
ing this solid with =30 °C pentane, the pure product (0.036 g, 1 %)
was obtained as a colorless solid. DTA (5 °C min™") Ty (onset) =
119 °C; IS: 1.5 J; FS: 40 N; ESD: 0.2 J. IR (ATR): ¥ = 3330 (w), 2978
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(m), 2929 (m), 2859 (w), 2360 (w), 2104 (s), 1728 (w), 1587 (w), 1455
(m), 1388 (M), 1364 (m), 1312 (m), 1278 (m), 1243 (m), 1193 (s), 1111
(m), 1041 (m), 1006 (M), 954 (m), 932 (m), 899 (m), 866 (m), 758 (s),
672 (m) cm™~'. Raman (1064 nm): ¥ = 3150 (21), 3129 (20), 2990 (43),
2936 (42), 2210 (32), 1618 (51), 1450 (23), 1240 (18), 1230 (37), 812
(21), 859 (43), 844 (44), 770 (19), 680 (22), 605 (10), 550 (21), 502
(20), 215 (22), 189 (40), 90 (100) cm™". "H NMR (400 MHz, CDCls,
298 K): 6 = 1.35 (5,18 H), 6.55 (s, 2 H), 7.38-7.53 (m, 4 H) ppm. '3C
NMR (100 MHz, CDCl3, 298 K): 6 = 26.5 (CH3), 82.0 [C(CH5)5], 93.3
[CNO], 128.0 [CiomH(CH)5l, 130.1  [ChomH(CH)(CO), 132.1
[Carom(Q)3] ppm. Ci6Ho4NgO4 (364.40): calcd. C 53.04, H 6.13, N
23.20; found C 52.95, H 6.08, N 23.33.

4,4’-Diazido-4,4’-bis(tert-butylperoxy)-1,1’-bi(cyclohexane) (10):
[1,1”-Bi(cyclohexane)]-4,4’-dione (1.00 g, 8.18 mmol) was dissolved
in CH,Cl, (20 mL) and cooled to 0 °C, and trimethylsilyl azide
(3.358 mL, 18.75 mmol, 2.160 g) and tBuOOH (5.5 m in decane,
1.875 mL, 0.928 g, 10.30 mmol) were added. After the addition of
one spatula tip of anhydrous FeCls, the mixture was stirred over-
night and allowed to reach room temperature. On the next day the
mixture was filtered through silica gel to remove FeCl; and the
solvent was removed under vacuum to obtain a colorless solid. This
product was purified by washing with pentane at -30 °C to obtain
10 (0.135 g, 6 %) as a colorless solid. DTA (5 °C min~") Tye. (onset) =
115 °C; IS: 2 J; FS: 32 N; ESD: 0.030 J. IR (ATR): ¥ = 3347 (w), 2968
(m), 2946 (m), 2933 (m), 2594 (w), 2362 (w), 2104 (s), 1721 (w), 1534
(w), 1473 (m), 1450 (m), 1386 (m), 1363 (s), 1350 (m), 1278 (m), 1250
(s), 1204 (m), 1193 (s), 1181 (m), 1126 (m), 1104 (w), 1080 (m), 1050
(s), 1032 (m), 969 (w), 944 (m), 928 (m), 908 (s), 871 (s), 821 (m), 788
(w), 769 (w), 753 (m), 699 (w), 668 (w) cm~'. Raman (1064 nm): ¥ =
3110 (62), 3002 (70), 2992 (72), 2985 (74), 2920 (100), 2813 (52),
2793 (9), 2123 (25), 1483 (29), 1420 (15), 1482 (28), 1280 (11), 1132
(17), 923 (15), 885 (17), 810 (52), 720 (18), 710 (48), 612 (17), 482
(12), 302 (18), 103 (54), 92 (72) cm™". '"H NMR (400 MHz, CDCls,
298 K): 0 = 1.27 (s, 18 H), 1.47-2.14 (m, 18 H) ppm. '3C NMR
(100 MHz, CDCls, 298 K): & = 263 (CHs), 26.5 (CH,Co), 32.5
[CH,C(H)C(NO)], 41.5 (CHGC3), 80.3 [OC(CH3)s], 97.3 [ONC(CH),] ppm.
Ca0H36NgO, (324.56): caled. C 56.58, H 8.56, N 19.79; found C 56.28,
H 8.45, N 20.57.
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2. X-ray Diffraction

For all compounds, an Oxford Xcalibur3 diffractometer with a CCD area detector was employed for

5Y the data
2[52]

data collection using Mo-Ka radiation (A = 0.71073 A). By using the Crystalispro software
collection and reduction were performed. The structures were solved by direct methods (SIR-9
SIR-97% and SHELXS-97%) and refined by fullmatrix least-squares on F2 (SHELXL *¥) and finally
checked by using the PLATON software °* integrated in the WinGX 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 multiscan method . All DIAMOND2 plots are
shown with thermal ellipsoids at 50% probability level and hydrogen atoms are shown as small
spheres of arbitrary radius.
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Formula
FW [g/mol]
Crystal system
Space Group
Color / Habit
Size [mm)]
a[A]
b [A]
c[A]
a[]
BI°]
128

23
VIAT]
YA

Peact, [g cm”]
u[mm?]

F (000)
Atoka [A]
T[K]

¥ min max [°]
Dataset h; k; |

Reflect. coll.
Independ. refl.
RInt

Reflection obs.
No. parameters
R, obs.

WR, (all data)

S

Resd. Dens. [e A"
3

]

Device type
Solution
Refinement
Absorption corr.

Cccbc

C14HgN,0g
332.22
monoclinic
P21/c
colorless plate
0.20 x 0.50 x 0.50
15.058(2)
8.7366(10)
15.720(3)

90
110.299(18)
90

1939.6(6)

4

1.248

0.092

776

0.71073

173

4.3,26.0
-13:18; -10:9;
-19:10

8164

3787

0.062

3787

265

0.0660
0.1696

0.99
-0.20,0.34
Oxford Xcalibur3
CCD

SIR-92
SHELXL-97

multi-scan

1484073



3. Heat of Formation Calculations

All calculations were carried out using the Gaussian GO9W (revision A.02) program package.[S7] The
enthalpies (H), listed in Table S3, were calculated using the complete basis set (CBS) method of
Petersson and coworkers in order to obtain accurate energies. The CBS models uses 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) structure
optimization and the zero point energy is computed at the same level. Subsequently it 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 paper we applied the modified CBS-4M method (M referring to the
use of Minimal Population localization) which is a re-parameterized version of the original CBS-4
method and also includes some additional empirical corrections. [S8] The the gas-phase enthalpies of
species M were computed according to the atomization energy method (eq.1).

DfH® (g, M, 208) = H(Molecule, 208) = ZH" (atoms, 298) + ZAH® (atoms, 208) (1)

Hgtoms‘zgg for the corresponding Atoms were determined experimentally and are reported in the
literature. fH(OAwmslzgg) are calculated theoretically [S10].

Atom ArHY 4tom [kcalmol™] HY 4tom [Hartree'atom™]
H 52.103 -0.500991

C 171.29 -37.786156

N 112.97 -54.522462

0] 59.56 -74.991202

Standard molar enthalpies of formation were calculated using AnglAwm and the standard molar
enthalpies of sublimation (estimated by applying Trouton’s rule, Equation ggggg) [S11].

J
AfHI(\)/I = AfH(Og,M,Z()S) - AsubHI?/[ = A}"I_I(Og,M,ZQSK) —188-T [mol]

Where T [K] is either the melting point or the decomposition temperature (if the compounds do not
melt before they decompose)

Detonation parameters

The Chapman-Jougeut (C-J) characteristics, (i.e. heat of detonation, A U°, detonation temperature
T¢—;, detonation pressure P_, detonation velocity V_) based on the calculated AfH,(J, values and
the theoretical maximum densities were computed using the EXPLO5 V6.02 thermochemical
computer code [S12]. Calculations for explosives assume ideal behavior. The estimation of the
detonation parameters is based on the chemical equilibrium steady-state model detonation. The
Beckler-Kistiakowsky-Wilson equation of state (BKWEQS) with the following sets of constants:
a=0.5,=0.38k =9.4,and ©® = 4120 for gaseous detonation products and the Murnaghan
equation of state for condensed products (compressible solids and liquids) were applied. The
calculation of the equilibrium composition of the detonation products uses modified White, Johnson
and Dantzig'sfree energy minimization technique.




The specific energies of explosives(f) were calculated according to the equation for ideal gase
equation of state where isochronic condition were assumed.

f= pe'V=n'R'To[%]

Where p, is the maximum pressure through the explosion, V is the volume of detonation gases
(m3 - kg™1), nis the number of moles of gas formed by the explosion per kilogram of explosive
(Volume of Explosive Gases), R is the ideal gas constant and T is the absolute temperature of the
explosion [S12], [S13].
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Energetic Materials - Nitrated Phenyl Peroxy Anhydrides as
Peroxide Based Explosives with Relatively High Densities

and Thermal Stabilities

Thomas M. Klapétke,* Benedikt Stiasny, and Jérg Stierstorfer™

Nine different nitrated phenyl peroxy anhydrides were synthe-
sized using two different strategies and crystal structures of
two compounds were determined. Sensitivities of the com-
pounds toward impact, friction and electrostatic discharge
were measured and the thermal stability was determined.

Introduction

Peroxy anhydrides are an interesting class of molecules which
features the characteristic CO(OO)CO-moiety. The most prom-
inent example is dibenzoyl peroxide which finds excessive ap-
plication as initiator for radical polymerizations, since it is
known to decompose in radicals.! However, detailed studies
about the decomposition products of different, mostly polar
substituted peroxy anhydrides revealed, that the compounds
can decompose homolytically as well as heterolytically depend-
ing on the polarity of the environment.”*® Another application
of dibenzoyl peroxide is the treatment of acne.”! Peroxy anhy-
drides can also be used for the formation of C-C-bonds by ex-
posing them to light, electric current or heat™ A very recent
paper reports on the use of peroxyanhydrides as reagents for
the synthesis of unsaturated esters starting from 1,3-dienes.””
However there are a lot of other molecules which feature this
moiety. Even cyclic derivaties are known, for example in the
form of diphenoyl peroxide.” In this study, the compound was
used for the production of electronically excited states. Anoth-
er peroxy anhydride that is particularly interesting with respect
to energetic materials is peroxy trifluoroacetic acid anhydride,
which can be prepared by the reaction of trifluoroacetic acid
and sodium peroxide at low temperatures.® This molecule has
a positive oxygen balance which means it carries more oxygen
in it as is needed for its complete combustion and could there-
fore be used as an oxidizer. However it is extremely sensitive
toward outer stimuli and hydrolyses at ambient temperature
into trifluoroacetic acid and peroxy trifluoroacetic acid.” The
synthesis of organic peroxy anhydrides very often is performed
by reacting the corresponding acyl chloride with aqueous hy-

[a]l T. M. Klapétke, B. Stiasny, J. Stierstorfer
Department of Chemistry
Ludwig-Maximilian University of Munich
Butenandtstr. 5-13, D-81377 Miinchen, Germany
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Some of the compounds are remarkable insensitive and they
show relatively high thermal decomposition points for organic
peroxides. Detonation parameters and performance data were
calculated using the EXPLO5 program yielding performance
values in the range of trinitrotoluene (TNT).

drogen peroxide solution and an aqueous solution of sodium
hydroxide® ' in situ (Sy2t-mechanism) forming sodium perox-
ide. This reacts via nucleophilic substitution with the acyl chlor-
ides. The sodium peroxide can also be used directly, but this
and the reaction conditions mentioned before only lead to
symmetrically substituted molecules." If dissymmetric sub-
stituted molecules are desired, the peroxy acids have to be re-
acted with the corresponding acyl chloride.”’ The organic resi-
due in this reactions can be varied over a large scale of
different aliphatic and aromatic backbones®'* >3 but with re-
spect to energetic materials, nitrated aromatic compounds are
the most promising ones since they are relatively easy to pre-
pare and stable at ambient conditions. An example for those
compounds is synthesized by the reaction of a cyclic acid anhy-
dride with p-nitro perbenzoic acid." However this molecule
cannot be considered as energetic since the alkyl content is too
high. In addition to the before mentioned advantages the nitro
group delivers a high density, which is beneficial for a potential
application as an energetic material. Therefore, nitro aryl sub-
stituted molecules with as less as possible not energetic C, H
content might form suitable energetic materials. One existing
example for such nitrated molecules is the peroxy anhydride
derived from 4-nitrobenzoic acid. This compound is also com-
mercially available and was investigated for use as initiation re-
agent for radical polymerization processes."” In this paper we
would like to give an insight in the synthesis and character-
ization of this and some other potentially energetic nitroaryl
peroxy anhydrides and investigate them comparatively con-
cerning their performances as energetic materials as well as
their sensitivities toward outer stimuli namely impact, friction,
electrostatic discharge and heat.

Results and Discussion

Since this study was started with the intention to investigate
peroxy anhydrides as possible energetic materials, we choose
to limit the synthesis and determination of the different prop-
erties to compounds, which have at least slightly energetic ar-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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R(1)= Et,0
O,N
0 H,0, j’\ . 3
R = R0 R R Et,0
Cl NaOH, 0°C I
NO,
O2N £y
R (3) = | CH4CN
NO,

Scheme 1. Synthetic pathway for the preparation of 1, 2 and 3.

omatic residues and did not investigate compounds like di-
benzoyl peroxide.

Synthesis

Eight new peroxy anhydrides and one literature known mole-
cule for comparison were prepared using two different strat-
egies. Bis-4-nitrobenzoyl peroxide (1), bis-3-nitrobenzoyl per-
oxide (2) and bis-3,5-dinitrobenzoyl peroxide (3) were prepared
by reacting the aqueous corresponding acyl chlorides with ex-
cessive amounts of 30% H,O, solution in diethyl ether, re-
spectively acetonitrile under the addition of a slightly excess of
aqueous NaOH solution at 0°C. The synthetic pathway is dis-
played in Scheme 1.

The reaction products precipitated instantly and were fil-
tered off. After washing the solid residues with water and sub-
sequently diethyl ether, the compounds were air dried and col-
orless solids were obtained in yields between 13% (3) and 37 %
(1). In the case of compound 3 a concurrent decomposition re-
action takes place resulting in the formation of a red oil, what
explains the poorer yield compared to compounds 1 and 2.

The mixed binuclear peroxy anhydrides 3-nitrobenzoyl-4-ni-
trobenzoyl peroxide (4), 3,5-dinitrobenzoyl-3-nitrobenzoyl per-
oxide (5) and 3,5-dinitrobenzoyl-4-nitrobenzoyl peroxide (6)
were prepared by reacting acyl chlorides with the correspond-
ing peroxy acids in diethyl ether at 0°C. The synthetic pathway
is displayed in Scheme 2. The peroxy acids were prepared ac-
cording to a literature procedure.'® A base is still needed to
catch the HClI formed during the condensation reaction. Since
pyridine turned out to be too weak for this task, an aqueous
NaOH solution in slight excess was applied. The reaction prod-
ucts again precipitated instantly. The yields obtained are be-
tween 53% (5) and 61 % (6).
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It is also possible to exchange the functionalities, but with
the peroxy acid respectively acyl chloride combination dis-
played in Scheme 2 the higher yields were obtained.

The third topic examined in this paper is the preparation of
peroxy anhydrides derived from terephthalic acid. For this re-
actions, terephthaloyl chloride was reacted with 4-nitro-
perbenzoic acid, 3,5-dinitroperbenzoic acid and 3-nitro-
perbenzoic acid in diethyl ether at 0°C under the addition of
slightly excessive aqueous NaOH solution resulting in the for-
mation of bis-4-nitrobenzoyl-terephthaloyl peroxide (7), bis-3,5-
dinitrobenzoyl-terephthaloyl peroxide (8) and bis-3-nitro-
benzoyl terephthaloyl peroxide (9). Scheme 3 displays the syn-
thetic pathway. The products again precipitated instantly from
the reaction mixture as colorless solids, were filtered off and air
dried after washing with water and diethyl ether. The obtained
yields are between 14% (8) and 40% (9).

Since the starting materials and the products all behave
very similar toward standard analytical methods, the best way
to prove product formation is to light a small sample on the
spatula tip. A test has to be considered as positive, when the
compound intensively decomposes under the formation of
smoke.

Crystal structures

Single crystals for compounds 2 and 3 were grown form ace-
tone and acetonitrile, respectively, at room temperature. Details
of the low temperature (123 K) X-ray measurements and refine-
ments are given in the SI. Figure 1 shows the molecular struc-
tures of the respective compounds.

The compounds crystallize in the common space groups
P—1 (2) and C2/c (3). The observed densities are 1.65 g cm >
(2) and 1.75 g cm 3, respectively, (3) and therefore significantly
higher than that of commonly known organic peroxides like
TATP (1.22 g cm )" which is beneficial for their use as en-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 3. Synthetic pathway for the preparation of 7, 8 and 9.

ergetic materials. They even are in the range or higher than the
density of the commonly known and widely used secondary
explosive trinitrotoluene (TNT) (1.654 g cm3)"® and close to
the more potent RDX (1.82 g cm 3)."? The 0-O bond distance
is in the range between 144.1 and 145.3 pm. These values are
in accurate accordance with values for other organic peroxy an-
hydrides published in the literature™ and are also in the same
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range as the O-O bond distance of hydrogen peroxide
(145.3 pm®). The 0-O-C bond angles have values between
107.2° and 108.0° which is slightly lower than literature values
(110.1° for the m-chloro substituted analogue)." The bond dis-
tances for the nitro group are in the range of 147 pm for C—N
and 122 pm for N—O which are normal values for aromatic nitro
compounds.?"?? The same is true for the bond angles which

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Molecular structures for compounds 2 and 3 and their labeling
schemes. Thermal ellipsoids represent the 50% probability level. Both com-
pounds do have a centre of inversion at the middle of the O-O bond. Sym-
metry codes: 2: (i): -x, 1-y, -z 3: (i): -, 2-y, -z.
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properties of the compounds. Impact sensitivities are in the
range between 1 and 5J. Conspiciously, the biperoxides are
more sensitive (1 J) in comparison to the monoperoxides (1.5 -
4 J), which is a direct result of the increased peroxide percent-
age. But according to BAM (Bundesamstalt fir Materi-
alforschung und Priifung) these compounds all have to be clas-
sified as extremely sensitive toward impact. However in
contrast to commonly used primary explosives and most per-
oxides they only show decomposition and do not explode/ful-
minate which makes them saver. Friction sensitivities for com-
pounds 1-6 are in the range of 240 N to 360 N. According to
the BAM regulations they have to be classified as slightly sensi-
tive to insensitive. For compounds 7, 8 and 9, the friction sensi-
tivities are between 8 and 18 N. This means the compounds
must be classified as very sensitive (8) to extremely sensitive
(7), (9). This obvious difference can again most likely be ex-
plained with the additional peroxy group of the latter com-
pounds. The ESD value for all compounds is much higher than

Table 1. Energetic properties of compounds 1 to 9

1 2 3 4 5 6 7 8 9
Formula CiaHsN,Og C14HsN,Og Ci4HeN,Oy, Ci4HgN,05 Ci4H/N3046 Ci4H7N304 C,HiN0y, C35H1oN4O56 C,HN 04,
Fulgmol] 33222 33222 422.20 33222 377.21 377.21 496.34 586.32 496.34
IS 1@ 3 3 15 5 4 4 1 1 1
FS [N]®! 240 >360 240 >360 >360 >360 8 18 9
ESD [J]Y 0.300 0.108 0.300 0.15 0.150 0.100 0.056 0.064 0.050
Qco; (961 —115.6 — 155 —720 — 1156 —91.2 —91.2 —1225 —90.1 —1225
Tec [°C1° 158 140 164 125 143 141 164 163 149
olgem—11 1.61/pyc. 1.608/X-ray  1.718/X-ray  1.67/pyc. 1.70/pyc. 1.69/pyc. 1.46/pyc. 1.51/pyc. 1.45/pyc.
AH., Tk) mol ] —415 —406 —410 — 404 —405 — 405 —761 —752 —752
AUTK kg™ —1182 —1155 —906 — 1149 —1008 — 1009 — 1468 —1219 — 1449
EXPLO 5 6.02values
AL U°TKJ kg™1® —3810 —3832 — 4555 —3870 — 4259 — 4253 —3485 —4010 —3492
Tyer [KIV 2686 2697 3311 2693 3024 3025 2545 3015 2552
Pc, [GPa]Y 13 13 20 9 18 17 9 13 9
Vgeems ™" 6129 6130 7087 6395 6796 6757 5315 6007 5284
V° [Lkg "1™ 536 536 566 528 547 549 531 572 533

[a] Impact sensitivity according to BAM drophammer (method 1 of 6). [b] Friction sensitivity according to BAM friction tester (method 1 of 6). [c] Electrostatic
discharge sensitivity (OZM ESD tester). [d] Oxygen balance. [e] Melting point resp. Temperature of decomposition according to DTA (onset temperatures at a
heating rate of 5°C/min). [f] Room temperature X-ray densities. Those were calculated by the low temperature X-ray values using the equation {298 K= pT/[1
+ (298 - T); ay=1.5 10* K"} . [g] Calculated heat of formation using the atomization method and CBS-4 M electronic enthalpies. [h] Energy of formation [i]
Heat of detonation. [j] Detonation temperature. [k]Detonation pressure. [I] Detonation velocity. [m] Volume of gas after detonation

have values around 118° (C—N-0) and 125° (O—N-0).2"?? The
CO(O0)CO moiety is almost planar for both compounds 2 and
3 with torsion angles between 0 and 1°. In compound 2 the
nitro groups are twisted with a torsion angle of —7.00°. For
compound 3 again all nitro groups are twisted out of the mo-
lecular plane. One torsion angle is —9.9° the second one is
20.9°.

Energetic properties

The performance data of the compounds were calculated using
the EXPLO5 program (version 6.02). The input heats of for-
mation were calculated using the atomization method based
on CBS-4 M electronic enthalpies. Table 1 gathers the energetic
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the maximum electrostatic potential of the human body
(20 mJ).*® The detonation pressures and detonation velocities
are compared to standard explosives TNT (6950 ms~', 21 GPa)
and RDX (hexogen) (8750 ms~', 35 GPa).?” Most of the synthe-
sized compounds have calculated detonation velocities be-
tween 5300 and 6800 ms~' which are lower than the ones of
TNT and RDX. Compound 3 however has a calculated deto-
nation velocity of 7087 ms™' which is slightly better than that
of TNT. Conspicuously the biperoxides have detonation veloc-
ities between 5300 and 6000 ms~' and by this perform weaker
than the monoperoxides. The total difference is quite small,
however this general tendency can be recognized. The differ-
ence can be explained with the lower densities of the biper-
oxides. Compound 3 has the highest detonation pressure of all

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the synthesized compounds with a calculated value of 20 GPa.
This is close to the detonation pressure of TNT but only about
60% of the detention pressure of RDX. The synthesized com-
pounds have decomposition points in a temperature range be-
tween 125 and 164°C. While compound 4 features a decom-
position point of 125°C which is in the normal although higher
range for an organic peroxide, the other decomposition points
determined, especially for 3, 7 and 8 with more than 160°C are
remarkable high for compounds containing a peroxide back-
bone.

Conclusions

Eight new and one literature known peroxy anhydrides namely
bis-4-nitrobenzoyl peroxide (1), bis-3-nitrobenzoyl peroxide (2),
bis-3,5-dintorbenzoyl peroxide (3), 3-nitrobezoyl-4-nitrobenzoyl
peroxide (4), 3,5-dinitrobenzoyl-3-nitrobenzoyl peroxide (5),
3,5-dinitrobenzoyl-4-nitrobenzoyl peroxide (6), bis-4-nitro-
benzoyl-terephthaloyl peroxide (7), bis-3,5-dinitrobenzoyl-ter-
ephthaloyl peroxide (8) and bis-3-nitrobenzoyl terephthaloyl
peroxide (9) were prepared following an established synthetic
procedure as well as a slight modification of it and tested re-
garding their sensitivities towards outer stimuli. Some of the
prepared compounds can find possible application as radical
initiators. Compounds 2 to 6 are as sensitive or slightly less
sensitive as commercial available 1. Compounds 7, 8 and 9
however are too sensitive for a possible application. They are
also the weaker performing energetic materials, although they
feature two and not just one peroxy group, what can be ex-
plained by the lower density. Moreover the thermal stability of
most synthesized compounds is remarkable high for organic
peroxides and in contrast to most other peroxides they are
long-term stable at room temperature. The monoperoxides
also feature only low sensitivities toward friction. Another strik-
ing advantage is the remarkable density which is mainly based
on the contained nitro groups and the accumulation of many
heavy hetero atoms in the peroxy anhydride moiety. The CO
(O0O)CO moiety is also oxygen rich. These properties make al-
ternative peroxy anhydrides potentially suitable for application
as energetic materials especially in the oxidizer sector, where
high oxygen contents are needed but the requirements to
thermal stability and detonation performance are not extreme.
However the high sensitivity towards impact is a significant
drawback for possible application as an energetic material even
though the compounds only decompose without any notice-
able sound and do not detonate.

Supporting information

Full experimental details and characterization data are included
in the SI. A table about crystallographic details with CCDC
numbers is also part of the Sl as well as NMR spectra and calcu-
lation details.
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1. Experimental details

CAUTION! All investigated compounds are potentially explosive materials, although no
hazards were observed during preparation and handling these compounds. Nevertheless,
this necessitates additional meticulous safety precautions (earthed equipment, Kevlar gloves,
Kevlar sleeves, face shield, leather coat, and ear plugs).

General: All chemicals were received from Sigma-Aldrich and used without further
purification. Sensitivity measurements were performed on a BAM-drophammer, a BAM
friction tester and OZM ESD- tester. Infrared spectra were recorded on a Perkin—Elmer One
FT-IR Spectrum BX Il with a Smith ATR Dura Sample IRIl. NMR spectra were recorded on a
Bruker 400 MHz-spectrometer

operating at 400 MHz for proton spectra. Melting points and decomposition points were
recorded on an OZM Research DTA 552-Ex instrument.

Acyl chlorides were prepared starting from the corresponding acids by reacting them with
thionyl chloride and catalytic amounts of dimethylformamide at reflux conditions and
subsequent removal of the excessive thionyl chloride. Peracids were prepared by procedures
given in the literature. 51 52

Bis-4-nitrobenzoyl peroxide (1) 1.000 g 4-nitrobenzoyl chloride (5.380 mmol) is dissolved
in 10 mL diethyl ether and 0.32 mL of a 30% H,0O, solution (0.38 g, 3.34 mmol) are added.
This is followed by the drop wise addition of a solution of 0.26 g NaOH (6.61 mmol) in 5 mL
water. The reaction mixture is stirred at 0 °C for 30 minutes. A white precipitate is formed
which is filtered off, washed with water and diethyl ether and air dried. Yield: 0.670 g (37%).
Taec.(ONset/ 5 °C/min) = 158 °C. IR (ATR) # (cm™) = 3109 (w), 3084 (w), 3052 (w), 2361 (w),
1950 (w), 1793 (m), 1777 (s), 1606 (m), 1522 (s), 1491 (m), 1414 (w), 1405 (m), 1347 (s),
1319 (m), 1303 (w), 1220 (s), 1181 (m), 1133 (w), 1115 (w), 1108 (w), 1077 (w), 1026 (m),
1005(s), 924 (w), 869 (m), 857 (s), 771 (w), 703 (s), 667 (w). Raman (1064 nm, ¥ (cm™) =



3090 (26), 1792 (70), 1601 (98), 1545 (15), 1352 (100), 1302 (5), 1280 (3), 1111 (44), 1050
(7), 920 (6), 895 (15), 750 (5), 682 (6), 626 (23), 98 (95). 'H NMR (Aceton-d°, 298 K,
400 MHz) & (ppm) = 8.39 (d, 3J=12 Hz, 4H), 8.50 (d, 3J=12 Hz, 4H), *C NMR (Aceton-d°,
298 K, 100 MHz) & (ppm) = 125.2 (CCCH), 131.4 (CCCH), 132.0 (CCCC), 152.6
(CCC(NO,)), 162.2 (Ccan.), EA found (calcd.) N 8.45 (8.69), C 50.63 (50.61), H 2.47 (2.43).
IS: 3J, FS: 240 N, ESD: 0.300 J.

Bis-3-nitrobenzoyl peroxide (2) 1.000 g 3-nitrobenzoyl chloride (5.380 mmol) are dissolved
in 10 mL diethyl ether and 0.32 mL of a 30% H,O, solution (0.38 g, 3.34 mmol) are added.
This is followed by the drop wise addition of a solution of 0.26 g NaOH (6.61 mmol) in 5 mL
water. The reaction mixture is stirred at 0 °C for 30 minutes. A white precipitate forms which
is filtered off, washed with water and diethyl ether and air dried. Yield: 0.462 g (26%).
Taec.(ONset/ 5 °C/min) = 140 °C. IR (ATR) ¥ (cm™) = 3099 (w), 3079 (w), 2361 (w), 1865 (w),
1764 (s), 1733 (w), 1614 (m), 1584 (w), 1528 (s), 1476 (w) 1439 (m), 1349 (s), 1321 (m),
1285 (w), 1222 (s), 1092 (s), 1061 (s), 1000 (m), 934 (m), 881 (w), 813 (m), 797 (m), 758 (w),
703 (s), 660 (w). Raman (1064 nm, ¥ (cm™) = 3120 (10), 1798 (22), 1615 (6), 1554 (18),
1538 (18), 1349 (100), 1450 (3), 1003 (48), 970 (5), 610 (7), 86 (51). 'H NMR (Aceton-d®,
298 K, 400 MHz) & (ppm) = 8.00 (m, 2H), 8.53 (m, 2H), 8.68 (m, 2H), 8.83 (m, 2H). *C NMR
(Aceton-d°, 298 K, 100 MHz) & (ppm) = 125.1 (CCCH), 127.6 (CCCH), 130.1 (CCCH), 132.1
(CCCH), 136.2 (CCCC), 149.6 (CCCN), 162.0 (Ccan.). EA found (calcd.) N 8.42 (8.42), 50.44
(50.61), H 2.42 (2.43).1S: 3 J, FS: 360 N, ESD: 0.180 J.

Bis-3,5-dinitrobenzoyl peroxide (3) 2.000 g 3,5-ninitrobenzoylchloride (8.675 mmol) are
dissolved in 20 mL acetonitrile. To this solution 0.533 mL of a 30% H,O,-solution (0.178 g,
5.22 mmol) is added followed by the drop wise addition of a solution of 0.48 g NaOH
(12.0 mmol) in 15 mL water. The reaction mixture is stirred at 0 °C for 30 minutes. A white
precipitate forms. This is filtered off, washed with water and dried on air. Yield: 0.470 g
(13%). Tgec (ONset/ 5 °C/min) = 164 °C. IR (ATR) ¥ (cm™) = 3015 (m), 3089 (m), 2889 (w),
2361 (w), 1860 (w), 1766 (s), 1738 (m), 1627 (m), 1598 (m), 1541 (s), 1458 (m), 1346 (s),
1325 (m), 1245 (s), 1131 (s), 1076 (s), 1001 (w), 932 (m), 923 (m), 898 (m), 802 (m), 729 (s),
713 (s), 701 (s). Raman (1064 nm, ¥ (cm™) = 3126 (14), 1804 (36), 1715 (12), 1600 (20),
1521 (43), 1365 (100) 1212 (11), 1100 (9), 1004 (80), 914 (22), 872 (9), 327 (30), 93 (84).
'H NMR (DMSO-d®, 298 K, 400 MHz) & (ppm) = 9.02 (s, 4H), 8.90 (s, 2H), *C NMR (DMSO-
d®, 298 K, 100 MHz) & (ppm) = 122.1 (CCCH), 128.9 (CCCH), 134.0 (CCCC), 148.4 (CCCN),
164.0 (Ccan.). EA found (calcd.) N 13.31 (13.26), C 39.88 (39.82), H 1.64 (1.44). 1S: 1.5,
FS: 240 N, ESD: 0.300 J.

3-Nitrobenzoyl-4-nitrobenzoyl peroxide (4) 0.250 g 4-nitroperbenzoic acid (1.365 mmol)
and 0.253 g 3-nitrobenzoyl chloride (1.365 mmol) are dissolved in 10 mL diethyl ether and
cooled to 0 °C. A solution of 0.056 g NaOH (1.400 mmol) in 5 mL water is added drop wisely
and the solution is stirred at 0 °C for 30 minutes. The white precipitate is filtered off, washed
with water and diethyl ether and air dried. Yield: 0.263 g (58%). Tgec (Onset/ 5 °C/min) =
125 °C. IR (ATR) ¥ (cm™) = 3113 (w), 3092 (w), 2874 (w), 2361 (w), 1791 (m), 1765 (s), 1617
(m), 1538 (s), 1479 (w), 1437 (w), 1419 (w), 1348 (s), 1318 (m), 1302 (w), 1290 (w), 1223
(s), 1098 (m), 1020 (m), 1006 (s), 995 (s), 928 (m), 903 (m), 861 (M), 825 (m), 771 (w), 760
(w), 733 (w), 706 8s), 664 (w). Raman (1064 nm, ¥ (cm™) = 3115 (19), 1723 (17), 1590 (23),
1524 (5), 1351 (100), 1287 (6), 1120 (17), 1003 (22), 884 (15), 627 (6), 91 (10), 80 (73).
'H NMR (DMSO-d°®, 298 K, 400 MHz) & (ppm) = 7.81 (dd, %J = 8 Hz, 1H), 8.17 (d, *J = 8 Hz,
2H), 8.33 (m, 3H), 8.46 (m, 1H), 8.62 (s, 1H). "*C NMR (DMSO-d°, 298 K, 100 MHz) & (ppm)
= 123.6(7) (CCCH), 123.7 (CCCH), 127.3 (CCCH), 130.5 (CCCH), 130.7 (CCCH), 132.5



(CCCH), 135.4 (CCCC), 136.4 (CCCC), 147.9 (CCCN), 150.0 (CCCN), 165.5 (Ccan.), 165.8
(Ccan.).- EA found (calcd.) N 8.37 (8.43), C 50.57 (50.61), H 2.47 (2.43), IS: 5 J, FS: 360 N,
ESD: 0.15 J.

3,5-Dinitrobenzoyl-3-nitrobenzoyl peroxide (5) 0.260 g 3,5-dinitroperbenzoic acid are
dissolved (1.140 mmol) and 0.202 g 3-nitrobenzoyl chloride (1.090 mmol) are dissolved in
10 mL diethyl ether and cooled to 0 °C. To this reaction mixture a solution of 0.050 g NaOH
(1.250 mmol) are added drop wisely. This solution is stirred at 0 °C for 30 minutes. The white
precipitate is filtered off, washed with water and diethyl ether and dried on air. Yield: 0.219 g
(53 %), Teec. (ONset/ 5°C/min) = 143 °. IR (ATR) ¥ (cm™) = 3083 (w), 2361 (w), 1798 (m),
1771 (s), 1616 (m), 1542 (s), 1530 (s), 1477 (w), 1440 (w), 1343 (s), 1285 (w), 1222 (s),
1130 (m), 1091 (m), 1071 (m), 1033 (s), 999 (m) 934 (m), 924 (m), 888 (w), 868 (w), 846 (w),
820 (w), 797 (w), 742 (m), 729 (m), 717 (s), 706 (s), 659 (w). Raman (1064 nm, ¥ (cm™) =
3118 (22), 1800 (31), 1615 (10), 1572 (27), 1560 (28), 1350 (100), 1414 (5), 1002 (60), 823
(11), 796 (19), 606 (7), 1023 (22), 87 (80). *H NMR (DMSO-d®, 298 K, 400 MHz) & (ppm) =
7.82 (m, 1H), 8.35 (m, 1H), 8.46 (m, 1H), 8.62 (s, 1H), 8.90 (s, 2H), 9.02 (s, 1H). *C NMR
(DMSO-d®, 298 K, 100 MHz) & (ppm) = 122.1 (CCCH), 123.7 (CCCH), 127.4 (CCCH), 128.9
(CCCH), 130.6 (CCCH), 132.5 (CCCH), 134.0 (CCCC), 135.4 (CCCC), 147.9 (CCCN), 148.4
(CCCN), 164.0 (Ccam), 165.5 (Ccam.), EA found (calcd.) N 10.93 (11.13), C 45.11 (44.57), H
2.10(1.87).1S: 4 J, FS: 360 N, ESD: 0.150 J.

3,5-Dinitrobenzoyl-4-nitrobenzoyl peroxide (6) 0.300g 3,5-dinitrobenzoyl chloride
(2.301 mmol) and 0.238 g 4-nitroperbonzoic acid (1.299 mmol) are dissolved in 10 mL diethyl
ether and cooled to 0 °C. Afterwards a solution of 0.056 g NaOH (1.400 mmol) in 5 mL water
are added drop wisely. The mixture is stirred at 0 °C for 30 minutes. The white precipitate
formed is filtered off, washed with water and diethyl ether and dried on air. Yield: 0.301 g
(61%), Tuec. (ONset/ 5 °C/min) = 141 °C. IR (ATR) ¥ (cm™) = 3085 (m), 2362 (w), 1799 (m),
1769 (m), 1639 (m), 1607 (m), 1548 (s), 1528 (s), 1458 (w), 1411 (w), 1347 (w), 1327 (m),
1395 (m), 1229 (s), 1182 (m), 1127 (m), 1089 (w), 1070 (m), 1030 (s), 1010 (s), 932 (m), 923
(m), 864 (m), 846 (m), 827 (m), 773 (w), 729 (m), 712 (s), 667 (w). Raman (1064 nm, ¥
(cm™) = 3123 (27), 1823 (31), 1599 (76), 1554 (29), 1361 (100), 1250 (5), 1106 (34), 1001
(52), 880 (25), 603 (7), 530 (10), 400 (8), 105 (96). 'H NMR (DMSO-d®, 298 K, 400 MHz) &
(ppm) = 8.18 (d, 8 Hz, 2H), 8.31 (d, 8 Hz, 2H), 8.90 (s, 2H), 9.01 (s, 1H). **C NMR (DMSO-
d®, 298 K, 100 MHz) & (ppm) = 122.0 (CCCH), 123.7 (CCCH), 128.9 (CCCH), 130.7 (CCCH),
134.2 (CCCC), 136.4 (CCCC), 148.4 (CCCN), 150.1 (CCCN), 164.0 (Ccam.), 165.8 (Ccan)- EA
found (calcd.) N 10.95 (11.13), C 44.28 (44.57), H 2.10 (1.87). IS: 4 J, FS: 360 N, ESD:
0.100 J.

Bis-4-nitrobenzoyl-terephthaloyl peroxide (7) 0.300 g terephthaloyl chloride (1.478 mmol)
and 0.595 g 4-nitroperbenzoic acid (3.249 mmol) are dissolved in 15 mL diethyl ether and
cooled to 0 °C. Afterwards a solution of 0.132 g NaOH (3.300 mmol) in 5 mL water is added
drop wisely. The reaction mixture is stirred at 0 °C for 30 minutes. The resulting precipitate is
filtered off, washed with water and diethyl ether and dried on air. Yield: 0.254 g (35 %), Tgec.
(onset/ 5 °C/min) = 164 °C. IR (ATR) ¥ (cm™) = 3121 (w), 2361 (w), 2341 (w), 1744 (s), 1607
(m), 1525 (s), 1407 (m), 1346 (m), 1320 (m), 1229 (s), 1180 (w), 1115 (w), 1047 (s), 1009
(s), 870 (m), 851 (m), 783 (m), 704 (s9, 668 (w). Raman (1064 nm, ¥ (cm™) = 3135 (26),
1786 (100), 1600 (78), 1532 (8), 1348 (85), 1109 (19), 1080 (7), 950 (28), 860 (18), 723 (21),
600 (19), 122 (89), 97 (92). *H NMR (DMSO-d®, 298 K, 400 MHz) & (ppm) = 8.04 (s, 4H),



8.17 (d, 12 Hz, 4H), 8.32 (d, 12 Hz, 4H). *C NMR (DMSO-d®°, 298 K, 100 MHz) & (ppm) =
123.8 (CCCH), 129.5 (CCCH), 130.7 (CCCH), 134.4 (CCCC), 136.4 (CCCC), 150.1 (CCCN),
165.8 (Cca.), 166.7 (Ccan.), EA found (calcd.) N 5.43 (5.64), C 53.19 (53.23), H 2.73 (2.44).
IS: 1J, FS: 8 N, ESD: 0.056 J.

Bis-3,5-dinitrobenzoyl-terephthaloyl peroxide (8) 0.300g terephthaloyl chloride
(2.478 mmol) and 0.736 g 3,5-dinitroperbenzoic acid (3.227 mmol) are dissolved in 20 mL
diethyl ether and cooled to O °C. Afterwards a solution of 0.132 g NaOH (3.300 mmol) in
5 mL water is added drop wisely. The reaction mixture is stirred at 0 °C for 30 minutes. The
resulting precipitate is filtered off, washed with water and diethyl ether and dried on air. Yield:
0.120 g (14%). Tgec. (0nset/ 5 °C/min) = 163 °C. IR (ATR) ¥ (cm™) = 3097 (w), 2361 (w), 1789
(m), 1767 (s), 1699 /m), 1629 (m), 1598 (w), 1547 (s), 1460 (w), 1419 (m), 1345 (s), 1251
(m), 1223 (m), 1131 (m), 1071 (m), 1036 (m), 1009 (m), 1000 (m), 923 (m), 869 (M9, 824 (w),
729 (s), 713 (s), 705 (s). Raman (1064 nm, ¥ (cm™) = 3136 (19), 1803 (40), 1690 (43), 1573
(40), 1386 (98), 1208 (12), 1187 (13) 1005 (53), 883 (24), 110 (27), 93 (100). 'H NMR
(DMSO-d®, 298 K, 400 MHz) & (ppm) = 8.03 (s, 4H), 8.90 (s, 4H), 9.02 (s, 2H). *C NMR
(DMSO-d®, 298 K, 100 MHz) & (ppm) = 122.1 (CCCH), 128.9 (CCCH), 129.4 (CCCH), 134.0
(CCCC), 134.4 (CCCC), 148.4 (CCCN), 163.9 (Cca.), 166.6 (Ccaw.), EA found (calcd.) N 8.79
(9.55), C 45.73 (45.06), H 2.04 (1.72.1S: 1 J, FS: 18 N, ESD: 0.064 J.

Bis-3-nitrobenzoyl terephthaloyl peroxide (9) 0.300 g terephthaloyl chloride (1.478 mmol)
and 0.595 g 3-nitroperbenzoic acid (3.249 mmol) are dissolved in 15 mL diethyl ether and
cooled to 0 °C. Afterwards a solution of 0.132 g NaOH (3.300 mmol) in 5 mL water is added
drop wisely. The reaction mixture is stirred at 0 °C for 30 minutes. The resulting precipitate is
filtered off, washed with water and diethyl ether and dried on air. Yield: 0.292 g (40%). Tgec.
(onset/ 5 °C/min) = 169 °C. IR (ATR) ¥ (cm™) = 3090 (w), 1791 (s), 1766 (s), 1694 (m), 1617
(m), 1537 (m), 1479 (w), 1408 (m), 1350 (s), 1322 (w), 1292 (m), 1219 (s), 1093 (m), 1029
(m), 1004 (s), 992 (s), 930 (m),903 (m), 862 (m), 846 (m), 825 (m), 761 (w), 712 (s), 701 (s).
Raman (1064 nm, ¥ (cm™) = 3136 (40), 1810 (44), 1611 (47), 1593 (32), 1524 (12), 1352
(100), 1403 (17), 1356 (12), 1298 (10), 1005 (48), 883 (13), 790 (14), 601 (13), 590 (8), 89
(92). 'H NMR (DMSO-d®, 298 K, 400 MHz) & (ppm) = 7.81 (m, 2H), 8.04 (s, 4H), 8.35 (m,
2H), 8.47 (m, 2H), 8.62 (s, 2H). *C NMR (DMSO-d°, 298 K, 100 MHz) & (ppm) = 123.7
(CCCH), 127.4 (CCCH), 129.4 (CCCH), 130.6 (CCCH), 132.5 (CCCH), 134.4 (CCCC), 135.4
(CCCC), 147.9 (CCCN), 165.5 (Cca), 166.7 (Ceam), EA found (calcd.) N 4.52 (5.64), C 53.54
(53.23), H 2.57 (2.44).1S: 1 J, FS: 9 N, ESD: 0.050 J.



. NMR-spectroscopy

—850
—~8.39

2.05

6 ¢
N-\
o] 2 o
z o
1 &7 8
7
o 0
\N’ 4
! 3
&
H1,H3,H6,H8 H2,H4,H5,H7 acetone
W i
1
T T T T . T T T T T . T T : : T T . . T T T T
105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 00 -05 -10
ppm
7 T T {I
CI)_
121 N
10 o
8- o 13
11
acetone o
acetone
|
C6,C9
€3,C5,C10,C11
@8 a4 £2,d4,C12,C13
|
|
T . : T r T T T T T : ; . T T T T T . T T
210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30 20 10 0

ppm



2T T i
R {
o -0
Il
| } 0 5 8
| :
(o}
J1] ‘ . 0~ d
5 6
3 4
N t
oZ o acetone
H4,H5 H2,H7
H1,H6

H3,H8
.AJULA\.._,,___‘L.‘ | ke s | Y ey (e e

T T T T T

10.5 10.0 9.5 9.0 8.5

P 4 101z

a 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 5 1.0 0.5

~19000

206.17
162,03
~=149.55
36.19
32.12

=
—
—29.84

18000
17000
16000

N 15000

14 14000

1 o <2 -13000

2 g a7 S8 11 acetone

7 10 12000

3 5 @ 11000

acetone 4

+ 10000
9000
8000
7000
6000

5000

4000
C5,Cl4 | | c2,C11
1
C6,C9 3,012

~3000
c7.c8 -2000
| Cac13 [€1.c10 1000

i

--1000

' : ! e . . o : : e ' : ; v ! : ; ; ' :
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
ppm



—9.02
~—-8.90

250

’ OO\quO
DMSO
‘ 0 4 6
Ml 2
N 0 0
o~ i o
SN
1 3
it
N
o o
]
H1,H6| | H2,H3,H4,H5
g0
T T T T T T T T T T T T T T T T T T T T T T
1.5 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05
ppm
| 11
O\N¢4O
13
14 2
0. 8 1 o
9 il N
I DMSO
o] o
C1,c12
C2,C6, |
C11,Ci3 @3,65,C10,
H Ci4
c7,c8 C4,C9
e ——T T r T i : T ! . T . T amma 1 T T : : :
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -10 -20

Ppm



3283 3 8
(RN
|
||
&
‘ f‘ ‘l “ s DMSO
b
I‘ 1'\| ) J 9 7 So
<
4
3 O/O 6
5
1 (o]
N
P .
o o
H4,H7,H5
H7,H5
|
1
H1 H3
2
U o
11 L
11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0
ppm
me g2 GATINaTS &
52 o 3% ZBAEZRAR s
R A VI N g
12 N°_
0 1 =0
4
(o]
o7 o1
10
6 0
DMSO
i
= &
07 o
2
| o
I
e NN ‘
|c3
‘ (
|
cs — ¥
i o
1 o s C4
] 1
c12|| |
€10,C14
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -10 -20

ppm



10

20

30

o
s
<
=N
052— L
o
1%}
M =M
a
75 65—
2
- <
=
[a]
- n
S
)
- B [te)
474 _— T - =207 3
- o
SE'8 T
8~ _— I ~E07 o o
9b'8— — 660 . —
298" — = ~£0T o
068~ _— - T - 00 /M <
206" —— o = ~o01 [ 9 = ial
i i
o~ B (o]
T i
-
n o
(o]
A prZZI~C
2 s L 6YEET—
/ & edti~
= [ AN
< ES0ET~_ =
& Sb'ZEI~ O
- E0PET—
X - 8€'sE1~"
o
o -2 T6EbT~_
(2] 3 E8pT
3
o~ =
// Lo«
S =
+ -y
o="= 86'€91—
\ £5'591—
o] Lin
-

80 70 60 50 40

90
Ppm

110 100

i

il
Cc9
130

|

C

160 150 140

a7 I‘ jc8 CZ'CGiI ci1
|

170




ggigs—

818~
TE8—

06’8~
106"

DMSO
T
3

H4,H6

s H7

H2,H3

ppm

14 13 12 11 10

15

56—

@]
)]
=
a

C12,c13
[C10,Ci1

90°ZE —
ELEU—

68'821—
69°0E1~"
CTPET~
8E9ET—

1
‘(4,c

130

C
|

SEBPT—
§0051—

SHEI— ——3
bLSIT—

c9

-

110 100 90 80 70 60 50 40 30 20 10
ppm

120

170 160 150 140

180



—8.32
—8.17
—~8.04

250

| 1 A
1 o—0 0
| 0\ . 4
I " 3 5 7
5
1 6l _~8
0@ No—o DMSO
0
)
11
10
12
o=
o
H5,H6,H7,H8
\H4,HO,H10
H1,H3,H10,H1
L — L A
B84
120 115 11.0 105 10.0 9.5 2.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1:5: 1.0 0.5 0.0 -0.5
ppm
\/ i TINE T 1
(8]
2 7 So—o0 o}
8
o\r1
I 6 10 14
L
i1 13 DMSO
1
O
€2,C6,C19,C21
(C3,C5,C18,C22
C10,C11,C13,C14
c7,c6,8,C15 Ly cq7,
i j Ll
€o,C12
i T T T T T T T T T T T T T
90 80 70 60 50 40 30 20 10

T T T T
180 170 160 150 140 130 120 110 100
ppm




8.03

o
]
—9.02
890

250

II‘ 2
N
(0] 0—0 0
1
3 4 .
0¢N So 5 7 }
8 o DMSO
{0]
8
9
0.
A
\;\J‘
o 10 N‘/O
Il
¢ H4,H5,H6,H7
H2,H3,H8,HO
|
H1,H10
T (R
; : ; , B . , ; , ; ; : ;
13 12 11 10 9 8 7 6 5 4 3 2 1 (4]
ppm
T T VE T T
IC]) 0
. 7
N2 A
0 2 ~0—o0 )
1 5 g
6‘ 10 14
N
P ™ . DMSO
1
5
(0) 0—0
1 (o]
2
o 21 8
NS
\IN.
. 20 +—0
() N
I
o]
1
C1,c2
|
€3,C5,C18,022
crci6 !l | .. C20C19,C21 |
' cs,ci5 C10,C11,C13,C14
|l ' ' c4,c17ﬁ l Lal
€9,C12
180 170 160 150 140 130 120 110 100 a0 80 70 60 50 40 30 20 10 1}

Ppm



—250

—8.62
—8.47
~—8.35
- —8.04
—781

1
2 3 7
] l DMSO
‘ [ | 1 0—0 (o]
[ \ 4
o=N. 5 7
i
6 8
10 11
(0] 0—0
H5,H6,H7,H8 12
(0]
9 v g
N —0O
Vi
0
]
H2,H11
.

101—=

T T

T T
11.0 105 100 9.5 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 20 1.5

ppm
= T Y ]
4 o}
3N\
7 0—o0 0 DMSO
1IF 6 8
A 9
O’N\o' 14 0
13 11
12
5
0 0—0 22 2
16 56
1
0o 1 9
N—0
VA
(0]
€4,C22
| 1
C7,c1 C9,C15 I
| cs,c1s5 CLCL9 | e2|cpo| G4
l | ” 1: i CFC 0,C11,C13,C14
o5y C18
180 170 160 150 140 130 120 110 100 90 80 70 60 50

Ppm




3. X-ray diffraction

For both compounds, an Oxford Xcalibur3 diffractometer with a CCD area detector was
employed for data collection using Mo-Ka radiation (A = 0.71073 A). By using the
Crystalispro softwarel*¥ the data collection and reduction was performed. The structures
were solved by SIR-921%% and refined by fullmatrix least-squares on F2 (SHELXL ®%) and
finally checked by using the PLATON software % integrated in the WinGX 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 multiscan
method 7. All DIAMOND2 plots are shown with thermal ellipsoids at 50% probability level

and hydrogen atoms are shown as small spheres of arbitrary radius.

2 3
Formula C14H8N208 C14H5N4012
FW [g/mol] 332.22 422.23
Crystal system triclinic monoclinic
Space Group P-1 (No. 2) C2/c (No.15)
Color / Habit Colorless plate Colorless plate
Size [mm] 0.32 x0.08 x 0.01 0.2x0.15x0.02
a[A] 3.7130(9) 24.7537(19)
b [A] 7.4052(9) 5.3382(4)
c[A] 12.464(2) 12.2617(7)
a[°] 99.774(13) 90
B[] 97.336(18) 98.54(1)
v [°] 92.642(15) 90
V [AY 334.16(11) 1602.29(19)
Z 1 4
Peac. [g cm™] 1.651 1.750
u [mm™] 0.139 0.158
F (000) 170 856
Mok [A] 0.71073 0.71073
T [K] 123 123
4 min max [°] 4.7, 26.0 4.2,26.0
Dataset h; k; | -4:4;,—--9:9;-15:15 -30:29;-6:6;—-11:15
Reflect. coll. 4612 5657
Independ. refl. 1304 1570
Rint 0.068 0.039
Reflection obs. 1304 1570
No. parameters 109 148
R; obs. 0.0569 0.0402
WR; (all data) 0.1534 0.0908
S 1.02 1.07
Resd. Dens. [e A'S] -0.28;0.28 -0.22;0.22
Device type Oxford Xcalibur3 CCD Oxford Xcalibur3 CCD
Solution SIR-92 SIR-92
Refinement SHELXL-2013 SHELXL-2013
Absorption corr. multi-scan multi-scan
CCDC 1490207 1490206




4. Heat of formation calculations

All calculations were carried out using the Gaussian GO9W (revision A.02) program
package.®® The enthalpies (H), listed in Table S3, were calculated using the complete basis
set (CBS) method of Petersson and coworkers in order to obtain accurate energies. The
CBS models uses 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) structure optimization and the zero point energy is
computed at the same level. Subsequently it 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 paper we applied the modified CBS-4M method (M referring to the
use of Minimal Population localization) which is a re-parameterized version of the original
CBS-4 method and also includes some additional empirical corrections.®¥ The gas-phase
enthalpies of species M were computed according to the atomization energy method (eq.1).

AfHo(g, M, 298) = H(Molecule, 298) — ZHO(Atoms, 298) + ZAfHO(Atoms, 298) (1)

Hptoms 208 for the corresponding Atoms were determined experimentally and are reported in
the literature. Homs208) are calculated theoretically.>*"

Atom ArHY prom [Kcalmol™] H? arom [Hartree:atom™]
H 52.103 -0.500991

C 171.29 -37.786156

N 112.97 —54.522462

®) 59.56 -74.991202

Standard molar enthalpies of formation were calculated using AsHJ 4.om and the standard
molar enthalpies of sublimation (estimated by applying Trouton’s rule).5*?

J
AfHI\% = AfH(Og,M,298) - AsubHI(\)/[ = AfH(Og,M,Z‘)SK) —188-T [mol]

Where T [K] is either the melting point or the decomposition temperature (if the compounds
do not melt before they decompose)

Detonation parameters

The Chapman-Jouguet (C-J) characteristics, (i.e. heat of detonation, AzU°, detonation
temperature T._,, detonation pressure P._;, detonation velocity V._;) based on the
calculated AfH,?,, values and the theoretical maximum densities were computed using the
EXPLOS5 V6.02 thermochemical computer code.S*! Calculations for explosives assume ideal
behavior. The estimation of the detonation parameters is based on the chemical equilibrium
steady-state detonation model. The Beckler-Kistiakowsky-Wilson equation of state
(BKWEOS) with the following sets of constants: @ = 0.5, = 0.38,k = 9.4,and © = 4120 for
gaseous detonation products and the Murnaghan equation of state for condensed products
(compressible solids and liquids) were applied. The calculation of the equilibrium composition
of the detonation products uses modified White, Johnson and Dantzig'sfree energy
minimization technique.

The specific energies of explosives(f) were calculated according to the equation for ideal
gases where isochronic condition were assumed.




f=pev=n-rT[]

Where p, is the maximum pressure through the explosion, V is the volume of detonation
gases (m3-kg™1), n is the number of moles of gas formed by the explosion per kilogram of
explosive (Volume of Explosive Gases), R is the ideal gas constant and T, is the absolute

temperature of the explosion. 521

S13
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Abstract. 1,3-Bis(5-nitraminotetrazol-1-yl)propan-2-ol (5) was pre-
pared by the reaction of 5-aminotetrazole and 1,3-dichloroisopropanol
under basic conditions. Obtained 1,3-bis(5-aminotetrazol-1-yl)propan-
2-ol (3) was nitrated with 100 % nitric acid. In this context in situ
hydrolysis of the nitrate ester was studied. Metal and nitrogen-rich

salts of the neutral compound 5 were prepared and analyzed. Crystal
structures of three salts and the sensitivities toward impact, friction
and electrostatic discharge were determined as well. The performance
values of the compounds were calculated using the EXPLOS5 program.
A detailed comparison of the different salts is also enclosed.

Introduction

Traditional explosives gain their explosive power from the
oxidation of a carbon backbone by oxidizing groups present in
the same molecule.l'! Most popular is the carbon connected
nitro-group, which for example is applied in 2,4,6-trinitrotolu-
ene (TNT) and almost all high-temperature stable explosives
like hexanitrostilbene (HNS) and 1,3,5-triamino-2,4,6-trinitro-
benzene (TATB) and most recently TKX-55.?! A more recent
approach to design explosives is to use nitrogen containing
heterocycles, which form molecular dinitrogen as the main
detonation product.''! For example tetrazoles have a high en-
thalpy of formation [AfH(5H-tetrazole) = +237.2 kI-mol~']3!
and contain more energy as for example triazoles.!*! Pentazoles
carry an even larger amount of internal energy but they are
very difficult to prepare and to handle.!>! The tetrazole ring
can be substituted with different organic residues to vary its
properties, for example lower the sensitivity.!®! Deprotonation
and salt formation is also a well known strategy to decrease
the sensitivity of energetic materials.[”-31 One molecular build-
ing block in order to get potential explosives is the nitrimino
group. It is obtained via the reaction of an amino group with
e.g. 100% nitric acid. Hydroxy groups, which are present in
the same molecule are reacted to nitric acid esters under the
mentioned conditions,*°! which is one of the reasons why
molecules containing a hydroxy group and a nitrimino group
at the same time are only barely known today.[®!°1 On the one
hand this is advantageous because of the higher oxygen bal-
ance and higher enthalpy of formation introduced by the
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www.hedm.cup.uni-muenchen.de

[a] Department of Chemistry
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O-NO,— group. But on the other hand the alcohol cannot be
used for further different derivatizations. Further, transition
metal complexes for application as laser ignitable primary ex-
plosives are of great interest today.l''"'?! The hydroxyl group
can serve as a further coordination site for the central metal
and therefore form more stable complexes.

In this study we would like to report on the formation of
1,3-bis(5-nitraminotetrazol-1-yl)propan-2-ol, a molecule carry-
ing a hydroxy and a nitrimino group at the same time and
give an insight in the formation of selected metal and nitrogen
containing salts. The salts with nitrogen containing cations can
serve as potential new secondary explosives. The lithium salt
is not hygroscopic and can therefore find application in new,
environmentally benign red flare compositions.!'3! The stron-
tium and the barium salt can serve as color producing agents
in red and green pyrotechnics. The sodium salt was prepared
to give a crystallographic proof of the structure and the potas-
sium salt can serve as ingredient for infrared pyrotechnical
compositions. %151

Results and Discussion

Synthesis

The synthesis of (1,3-di-5-nitraminotetrazolyl)propan-2-ol
(5) starts with the formation of 1,3-bis(5-amino-tetrazol-1-yl)
propan-2-ol (3). 1,3-Dichloroisopropanol (2) and two equiva-
lents of 5-aminotetrazol (1) are reacted under basic NaOH con-
ditions in aqueous solution overnight. During the reaction time
of 10 h, compound 3 precipitates as a colorless solid in a yield
of 16%. The >*C NMR spectrum of the precipitate shows ex-
clusively the signals of the 1,1’-substituted isomer 3 (6 = 48.3,
67.0, 156.0 ppm). This compound was already prepared by
Shreeve et al.l'é! In their study the possible formation of iso-
mers is avoided by the use of cyanogen-azide, which is a
highly useful but extremely dangerous reagent at the same
time. The low yield in our study can be explained by the ad-
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ditional formation of the 1,2'- and 2,2'-substituted isomers.
The formation of those compounds was proven by NMR in-
vestigations of the dried reaction mixture showing also the re-
spective signals (over 160 ppm in [Dg]DMSO for ring carbon
atom of a 2-substituted tetrazole). However, those compounds
do not precipitate. Since 1,1’-substituted compounds are nor-
mally superior with respect to performance and thermal sta-
bility,[!7-18] and a 1,1’-subsitution pattern normally is benefi-
cial for complexation,'>?%! we choose to limit our investi-
gations to this isomer.

Compound 3 is further reacted with 100 % nitric acid over-
night to form the dinitrimino compound 4. During addition of
solid 3 to HNOj, the mixture was cooled in an ice-water bath.
It slowly reached room temperature over the reaction time. The
reaction is quenched by pouring the mixture on an excessive
amount of crushed ice whereupon no precipitate forms. The
nitrate ester compound is already known.[*! In this publication,
the compounds were worked up by pouring the reaction mix-
tures on ice and stirring them for 3 h during which time the
products precipitated. We wanted to investigate whether the
nitrate ester can be cleaved under acidic reaction conditions,
since this is a well investigated™'! and also well known pro-
cess even in reactions on industrial scale.’??! For this, the
amount of ice used for quenching the reaction was tripled and
no precipitate was formed initially. The mixture was cooled to
5 °C and the formed precipitate was isolated and analyzed by
13C NMR spectroscopy. The observed signals appeared at 45.5,
76.8, and 151.0 ppm. The clear solution is left in the (com-
pared to 100 % nitric acid) now relatively slight acidic mixture
(pH about 2) at room temperature for crystallization for around
four weeks, which causes the formation of small needle like
crystals of 5 in 62 % yield. The formation of 5 is proven by
13C NMR spectroscopy again. The signals can be observed at
50.0, 64.8, and 151.1 ppm. The NMR shifts of the C atoms are
therefore significantly different for compounds 4 and 5. The
13C NMR spectra of the two compounds are displayed in the
Supporting Information. The synthetic pathway of the per-
formed reactions is depicted in Scheme 1. In further ap-
proaches towards the product, the crystallization time was re-
duced to 6 d, which proved, to be long enough for obtaining
the desired compound in the same yields. The successful for-
mation of 5 supports our theory that the nitrated compound 4
is formed as an intermediate product and the nitric acid ester
is hydrolyzed over time.

NaOH

" on reflux /{‘l He Ol-rlz N}_: N
2NN a A e O TN AN somers
N*N"N + overnight Nz
1 2 3
O, NO, ON. NO2
N N N N
100% HNO; /,( ONO, )\ﬁ Hz0 ) OH %
NH A FNH
—_— b HN v
0°C—rt HE\ ,N\/k,N, N N= ,N\A/N\N'.N
overnight N 4 N 5

Scheme 1. Reaction pathway of the performed reactions.

The reaction of 5 with different metal hydroxides and N-
bases resulted in the formation of salts containing the follow-

ing cations: lithium (6), sodium (7), potassium (8), strontium
(9), barium (10), ammonium (11), hydrazinium (12), hydrox-
ylammonium (13), guanidinium (14), and aminoguanidinium
(15). Details regarding the hydration state and the yields re-
lated on the hydrates can be drawn from Scheme 2. The water
content of the hydrates was calculated from the elemental
analysis values.

2 eq LIOH

2 eq KOH

2 eqNaOH

1.eq Sr(OH), OZN-N NO, .
<] N

1 eq Ba(OH), N%/ \;iH/?,N\

2 eqNH3 N. N N N

2 eq NyH, N

2 eq NH,OH

1eq G,CO,

2 eq AGHCO5

O2N NO,
NN
i on™yn
N. N N. =N
N °N
5

1 or 2 Cat"2*

Cat= Li* (2H,0,17%)  Na* (4 H,0, 37%) K* (H20, 42%) Sr2* (2 H,0, 69%)
6 7 8 9
@
Ba®" (2 Hy0, 47%) NH,*(0 Ho0, 40%) HaN—NH; (0 H;0, 47%)
10 11 12

NH
® @ NH
_ H,0, 449 @ (0 Hz0, 78%) o,
HO-NH; (0 HZO, 44%) H3NJ\NH2 : HSN‘N)LNHg (0 H;0, 82%)
13 14 Hos
Scheme 2. Synthetic pathway for the synthesis of the salts 6-15.

In this context it is conspicuous, that only the metal salts
are formed as hydrates, the nitrogen containing salts all are
isolated free of water. A reason for this might be that water
coordinates on the metal ions with the oxygen atom. This is
not possible in the nitrogen containing salts.

The isolated products however are stable. The diamino-mol-
ecule 3 contains basic nitrogen atoms, which allows for the
formation of salts with strong acids. This is also a widely
known strategy for the synthesis of novel energetic materi-
als.?3241 In this context we synthesized 16 to give a crystallo-
graphic proof for the 1,1’-substitution of 3. The nitrate salt
16 was prepared by dissolving 3 in an excess of 65% HNO;
(Scheme 3).

NOs' @ NH, HN @ NOs

N= OH ‘=N HNO; (65%) H,N:{ OH }f_N‘H
R A L
3 16

Scheme 3. Synthetic pathway for the synthesis of the nitrate salt 16.

The compound precipitates after a reaction time of around
5 min as a flaked colorless solid in a yield of 51 %.

Single Crystal X-ray Analysis

The structures of 7:3H,0, 14, and 16 were determined by
low temperature X-ray diffraction analysis. Single crystals of
6:3H,0 and 14 were grown from water, single crystals of 16
from 65 % HNO;. Compound 6 was isolated as a tetrahydrate
when the procedure given in the Experimental Section was
applied. However the crystal that was isolated from the mother
liqueur was clearly trihydrate, which is most likely a result of
the recrystallization process. Compound 7-:3H,0 crystallizes in
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the orthorhombic space group P2,2,2; with a density of
1.816 g'cm™ (100 K). The molecular structure is displayed in
Figure 1.

N10 N9

Figure 1. Extended molecular structure of the sodium salt 7 and its
labeling scheme. Ellipsoids in all structures represent the 50 % prob-
ability level. Symmetry codes: (i) 1.5—x, 2—y, —0.5+z; (ii) 1+x, y, z; (iii)
1-x, 0.5+y, 1.5—z; (iv) 1—x, —0.5+y, 1.5—z.

The bond lengths and bond angles of the tetrazole rings are
roughly in the range of 129-136 pm and 108-111°, and there-
fore in a usual range.[>>! Also the bond length of the N-O and
N-N bonds of the nitrimine (values in the range of 124.7—
127.0 pm and 131.6-132.1 pm, respectively), and the corre-
sponding N-N-O bond angles with values between 115.4 and
124.5° are in an expected range.[*>26! The nitrimines are
slightly twisted with torsion angles of 3.4 and 4.4°. The so-
dium atom Nal is coordinated by one water molecule, the OH
group, two O atoms of different nitrimino groups, and two ring
nitrogen atoms of the different tetrazole rings. The sodium
atom Na?2 is octahedrally coordinated. The plane of the octahe-
dron is formed by two O atoms of different nitrimino groups
and two water molecules. Additional coordinating bonds are
formed by a further water molecule and by one N atom of the
tetrazole ring.

In addition, it was possible to determine the X-ray crystal
structure of the guanidinium salt 14. The compound crys-
tallizes in the triclinic space group P1 with a density of
1.661 g/cm™> (100 K). The molecular structure is displayed in
Figure 2. The bond lengths and bond angles of the tetrazole
rings are again roughly in the range of 129-136 pm and 105-
116°, and therefore in the normal range for tetrazoles.'”! The
N-N bond length of the nitrimine has a value in the range
of 131.63-132.81 pm and is therefore in the normal range for
nitrimines.>>2°! The N-O bond lengths are between 124.46
and 126.79 pm and therefore also normal for nitrimines. The
same applies for the bond angles, which for the N-N-O angles
are between 115.02 and 124.62° and for O-N-O between
119.88 and 120.62°. One nitrimino group is slightly twisted
with a torsion angle of 5.05°, whereas the other is practically
planar with a torsion angle of 0.7°. A huge number of
hydrogen bonds are formed between the hydrogen atoms of
the guanidinium cation and the NO, oxygen atoms as well as
nitrogen atoms of the tetrazole ring.

N1i8

Figure 2. Molecular structure of the guanidinium salt 14 and its label-
ing scheme. Ellipsoids in all structures represent the 50 % probability
level.

The nitrate salt 16 crystallizes in the monoclinic space group
P2,/c with a density of 1.709 g'cm= (100 K). Figure 3 dis-
plays the molecular structure.

03

N11
05 02

04

Figure 3. Molecular structure of the nitrate salt 16 and its labeling
scheme. Ellipsoids in all structures represent the 50 % probability level.

The N-O bond lengths of the nitrate ion are between 124
and 125 pm and are therefore in the normal range for nitrate
salts of tetrazole containing compounds.'?”! The same applies
for the O-N-O angle, which is in the range of 120°. The bond
lengths between the ring atoms and the corresponding bond
angles are in the area of 140 pm and 109° and therefore in the
comparable range with other tetrazole based energetic materi-
als.[>%211 The nitrate ions are participating in hydrogen bonds.
The interactions are formed between the oxygen atoms of the
nitrate ions and the hydrogen atoms of the amino-group, the
hydroxylic hydrogen atom and of the hydrogen atoms linked
to N4 and N9, respectively. Moreover the structure proves that
the protonation takes place at the ring nitrogen atoms and not
on the amino groups.

Additional information about the data collection and refine-
ment are given in the Supporting Information.
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Table 1. Energetic properties of the diamino compound 3 and the metal salts 6-10.

3 6 7 8 9 10
Formula CsHioN;qO  Li,CsHgN;,052H,0  Na,CsHgN,054H,0  K>CsHN;,OsH,O  SrCsHgN,052H,0  BaCsHgN,,05-2H,0
Fw /g-mol*‘ 226.15 327.99 360.11 392.29 401.73 451.44
ARl >40 >40 >40 >40 >40 >4()
FSP/N >360 >360 >360 >360 >360 >360
ESD®/J >1.5 >1.5 >1.5 >1.5 >1.5 >1.5
T 352 160 245 271 299 166

a) Impact sensitivity according to BAM drophammer (method 1 of 6) (100 = g.s. = 50 um). b) Friction sensitivity according to BAM friction
tester (method 1 of 6) (100 = g.s. = 50 um). c¢) Electrostatic discharge sensitivity (OZM ESD tester) (100 = g.s. = 50 pum). d) Temperature of
decomposition according to DTA (onset temperatures at a heating rate of 5 K-min™).

Energetic Properties

Table 1 gathers the sensitivity properties of 3 and the metal
salts of 5. All compounds are insensitive toward impact and
friction with values > 40 J for impact and > 360 N for friction
sensitivity. In case of compound 3 this is explained by the
absence of energetic groups. For the different metal salts the
low sensitivity can be explained by the containment of crystal
water. The values for decomposition points of the metal salts
range from 160 °C (Li salt 6) to 299 °C (Sr salt 9) and are
therefore in the normal range for nitrimino compounds.®!

Table 2 gathers the energetic properties of 5, the nitrogen
containing salts 11 to 15 and the nitrate salt 16. The neutral
dinitrimine 5 has an impact sensitivity of 4 J and a friction
sensitivity of 240 N, which accounts for a classification as sen-
sitive. All salts of the nitrogen rich cations are insensitive to-
ward impact and friction with values of > 40 J and > 360 N,
which results from the deprotonation and accompanied de-
crease of the sensitivities. The nitrate salt 16 however must
again be classified as sensitive with values of 25 J impact and
288 N friction sensitivity. Since the performance of an ener-
getic material is strongly dependent on the amount of gases
formed per molecule during detonation and therefore on the
composition of the material, we choose to limit our investi-
gations of the energetic performance to neutral 5, the non metal
salts, and the nitrate salt 16.

The performance data of the compounds were calculated
using the EXPLOS program in version 6.02. Heats of forma-
tion were calculated with the atomization method based on
CBS-4M electronic enthalpies. Exact values are given in
Table 2. Calculated detonation velocities and detonation pres-
sures for the nitrogen-rich salts have values between 8024—
8475 ms™! and 21-25 GPa. This means they perform better
than the standard explosive TNT (6950 m-s~!, 21 GPa) but still
weaker than RDX (hexogen) (8750 mss™', 35 GPa).l'l The
compound with the highest calculated detonation velocity is
the aminoguanidinium salt 15 (8475 m+s™!), the compound
with the highest calculated detonation pressure is the ammo-
nium salt 11 (25 GPa). While correlating the calculated values
with the densities no general trend can be observed, all in all
the compounds perform more or less similar. Thermal decom-
position points for the non metal salts are between 207 °C
(aminoguanidinium salt 15) and 236 °C (guanidinium salt 14)
and therefore significantly higher than for neutral 5, which is
a direct result of the deprotonation.

Conclusions

We succeed in the synthesis of 1,3-bis(5-nitraminotetrazol-
1-yl)propan-2-ol (5), a new highly energetic ditetrazole deriva-
tive containing a hydroxyl and a nitrimino group at the same
time and a number of its salts. The neutral compound can serve
as a tridentate ligand for energetic transition metal complexes.
The lithium-, strontium- and barium salt could have interest as
colorants in pyrotechnical compositions and the potassium salt
in IR range pyrotechnics. We were also able to synthesize the
sodium salt 7 and to determine the corresponding crystal struc-
ture, which proves the exclusive formation of the 1,1’-isomer
crystallographically. In addition it was possible to prepare ni-
trogen-rich salts for the possible application as secondary ex-
plosives and we determined the crystal structure of the
guanidinium salt 14. Those compounds show reduced sensitiv-
ity to outer stimuli compared to the neutral compound and in
fact can be classified as insensitive materials. Also their ther-
mal stability are significantly higher than for the neutral com-
pound 5 and decomposition temperatures are all above 200 °C.
The calculated detonation parameters are higher than those of
TNT, but still lower than those of RDX. Moreover we discov-
ered a saver route to 1,1’-substituted 3 since no cyanogen azide
is applied.

Experimental Section

CAUTION! All investigated compounds are potentially explosive
energetic materials, although no hazards were observed during prepa-
ration and handling these compounds. Nevertheless, this necessitates
additional meticulous safety precautions (earthed equipment, Kevlar
gloves, Kevlar sleeves, face shield, leather coat, and earplugs.)

General Part: All chemicals were received from Sigma-Aldrich or
ABCR and used without further purification. Sensitivity-measurements
were performed on a BAM drophammer, a BAM friction tester and an
OZM-ESD tester. Infrared-spectra were recorded with a Perkin-Elmer
One FT-IR Spectrum BX II with a Smith ATR Dura Sample IRIIL
Raman spectra were determined with a Bruker MULTIRAM 1064
2000R NIR-FT Raman spectrometer. NMR spectra were recorded with
a Bruker 400 MHz-spectrometer operating at 400 MHz for proton
spectra. Determination of melting points and decomposition points
were performed in covered Al-containers containing a hole in the lid
and a nitrogen flow of 20 mL per minute with a Linseis PT 10 DSC
calibrated with standard pure indium and zinc at a heating rate of
5 K'min™.
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Table 2. Energetic properties of 4, the nitrogen containing salts 11-15 and the nitrate salt 16.

5 1 12 13 14 15 16
Formula CsHgN1;0s - (NHy), CsHeN1,0s - (NoHs),CsHeN 1,05 (NH;OH),CsHgN 1205 (CN3H7),CsHeN1,05  (CHsN4)>CsHeN 1,05 CsHioNiqO(NO5),
Fy /g'mol™! 316.13 350.19 380.21 382.19 458.84 464.27 352.17
JARNI] 5 >40 >40 >40 >40 >40 25
FS® /N 240 >360 >360 >360 >360 >360 288
ESD® /] 0.7 1.5 1.5 1.5 1.5 1.5 1.5
Qcox? 1% —45.55 -54.83 -54.71 —41.86 -73.23 -79.26 —40.89
Ty 1°C 156 218 213 212 236 207 180
P /geem 1.60 pyc.  1.62 pyc. 1.52 pyc. 1.55 pyc. 1.530 1.59 pyc. 1.660
AH, ® /KJmol™! 467 370 669 492 350 584 -172
AP [Kkg! 1574 1055 1758 1288 806 1258 -490
EXPLOS5 6.02 values
AUV I kg™! 5470 4716 5181 5584 -969 4286 4157
Tyt IK 3691 3040 3264 3625 2610 2708 2896
Pc® /IGPa 24 25 24 24 21 24 25
Vel /mrs™! 8024 8462 8318 8166 8054 8475 8213
VO m [ kg ! 816 905 935 905 912 925 864

a) Impact sensitivity according to BAM drophammer (method 1 of 6) (100 = g.s. = 50 um). b) Friction sensitivity according to BAM friction
tester (method 1 of 6) (100 = g.s. = 50 um). ¢) Electrostatic discharge sensitivity (OZM ESD tester) (100 = g.s. = 50 pm). d) Oxygen balance.
e) Temperature of decomposition according to DTA (onset temperatures at a heating rate of 5 K-min™'). f) Room temperature X-ray densities.
Those were calculated by the low temperature X-ray values using the equation {p298 K = pT/[1 + aV(298 — T0)]; aV = 1.5 10*K'}. g)
Calculated heat of formation using the atomization method and CBS-4M electronic enthalpies. h) Calculated energy of formation. i) Energy of
detonation. j) Temperature of detonation. k) Detonation pressure. 1) Detonation velocity. m) Volume of gas after detonation.

1,3-Bis(5-amino-1H-tetrazol-1-yl)propan-2-ol (3): 5-Aminotetrazole
(17.0 g, 0.200 mol) was suspended in water (50 mL). To this suspen-
sion NaOH (8.40 g, 0.210 mol) was added and the reaction mixture
was stirred at room temperature until all solid had dissolved. After-
wards, 1,3-dichloroisopropanole (7.19 mL, 10.00 g, 0.08 mol) was
added drop wisely and the mixture was heated at reflux overnight.
During this time, a colorless solid precipitated, which was filtered off
and washed with water. The compound was dried in an oven at 60 °C
for 10 h to yield 2.81 g (16%) of the final product. Ty.. (onset)/
(5 K'min™") > 352 °C. IR (ATR) ¥V = 3419 (m), 3368 (m), 3241 (m),
3176 (m), 2348 (w), 1655 (s), 1646 (s), 1582 (s), 1551 (m), 1485 (m),
1446 (m), 1427 (m), 1384 (m), 1328 (m), 1280 (m), 1162 (m), 1126
(s), 1100 (s), 978 (m), 870 (m), 835 (m), 740 (m), 682 (m) cm'.
Raman (1064 nm): ¥ = 3121 (5), 2985 (5), 1750 (3), 1263 (7), 972
(8), 880 (10), 732 (8), 89 (100) cm™'. '"H NMR ([D4]DMSO,
400 MHz, 298 K): 6 = 4.05-4.31 (m, 4 H), 5.59 (d, 1 H, 3J = 8 Hz),
6.62 (s, 4 H). 3C NMR ([Dg]DMSO, 100 MHz, 298 K): § = 48.3
(CH,), 67.0 (CHO), 156.0 (Cqrom.) ppm. MS (DEI*): m/z: 226.1 [M]*.
CsH N0 (226.15 grmol™") found (caled.): N 61.51 (61.90), C 26.70
(26.55), H 4.30 (4.47)%. 1S: 40 J. FS: 360 N. ESD: 1.57J (100 = g.s.
=50 um).

1,3-Bis(5-nitraminotetrazol-1-yl)propan-2-ol  (5): Compound 3
(1.250 g, 5.527-1073 mol) was portion wise put into 100 % nitric acid
(30mL) at 0°C. This solution was stirred overnight whereupon it
slowly reached room temperature. The next day, the mixture was
poured onto ca. 400 g of crushed ice. This solution was left at air for
the solvent to evaporate. After 4 d, the product was filtered off as a
colorless solid, washed excessively with water, and dried on air to
yield 1.090 g (62%) of the pure product as a colorless solid.
Tyee. (onset)/(5 K-min™') = 156 °C. IR (ATR) ¥V = 2361 (s), 2342 (s),
1576 (m), 1207 (m), 1028 (w) cm™'. Raman (1064 nm): ¥ = 3052 (5),
2948 (10), 1612 (24), 1522 (100), 1476 (23), 1210 (11), 1165 (46),
971 (10), 858 (6), 712 (11), 500 (8), 301 (12), 298 (11) cm™'. 'H NMR
([Dg]DMSO, 400 MHz, 298 K): ¢ = 3.92-4.65 (m, 6 H). 13C NMR
([Dg]DMSO, 100 MHz, 298K): 6 = 50.0 (CH,), 64.8 (CHO),
151.1 (Cyom) ppm. MS (DEIY): m/z: 340.1 [M]*. CsHgN;,Os

(316.13 g'mol™") found (caled): N 52.83 (53.14), C 18.70 (19.00), H
2.43 (2.56) %. 1S: 5J. FS: 240 N. ESD: 0.7 J.

Lithium (1,3-Bis(5-nitraminotetrazol-1-ylate)propan-2-ol-2H,O
(6): Compound 5 (0.100 g, 3.16 X 10* mol) was suspended in water
(10 mL). Afterwards a LiOH solution (0.317 mL, 2 M, 0.0152 g,
6.33 X 10~* mol) was added and the mixture was heated to reflux for
10 min. The solvent was removed in vacuo. After this, the crude prod-
uct was recrystallized form hot ethanol under the dropwise addition of
water to yield 0.0200 g (17 %) of the final product as a colorless solid.
Tgee. (onset)/(5 K'min™') = 160 °C. IR (ATR) ¥ = 3424 (w), 2286 (w),
1640 (w), 1575 (m), 1514 (m), 1487 (m), 1462 (m), 1307 (s), 1242
(s), 1212 (s), 1106 (m), 1032 (m), 976 (w), 885 (w), 777 (w), 740 (w),
723 (w), 693 (w) cm™'. Raman (1064 nm): v = 3051 (5), 2945 (10),
1612 (24), 1523 (100), 1473 (23), 1213 (11), 1163 (46), 971 (10), 853
(6), 714 (11), 502 (8), 303 (12), 298 (11) cm™'. 'H NMR (D,0,
400 MHz, 298 K): 6 = 4.42-4.69 (m, 5 H). '3C NMR (D,0, 100 MHz,
298 K): 6 = 49.3 (CH,), 66.7 (COH), 155.6 (Cprom)- N NMR (D,0,
29 MHz, 298K): 0 = —18 (NO,) ppm. MS (FAB"): m/z: 3154
(CsH;N,05). Li,CsHgN;,052H,0 (364.03 g'mol™') found (calcd.):
N 44.92 (46.15), C 16.70 (16.50), H 3.16 (2.78) %. IS: 40 J. FS: 360 N.
ESD: 1.5J (100 = g.s. = 50 pm).

Sodium 1,3-Bis(5-nitraminotetrazol-1-ylate)propan-2-o0l-4H,O (7):
Compound 5 (0.200 g, 6.33X10™* mol) was suspended in water
(10 mL). To this solution a NaOH solution (0.635 mL, 2 M, 0.0508 g,
1.27 X 1073 mol) was added drop wisely. After all solid has dissolved,
the reaction mixture was heated under reflux for 10 min. Afterwards,
the solvent was removed in vacuo. After this, the crude product was
recrystallized form hot ethanol under the dropwise addition of water
to yield 0.101 g (37%) of the final product as a colorless solid.
Taee. (onset)/(5 Kemin™') = 245 °C. IR (ATR) ¥ = 3853 (w), 3745 (w),
3649 (w), 3410 (m), 1653 (m), 1540 (m), 1506 (s), 1457 (s), 1429 (m),
1388 (s), 1338 (s), 1108 (m), 1042 (m), 900 (m), 867 (m), 789 (m),
739 (m) cm™!. Raman (1064 nm): v = 3050 (5), 2986 (6), 2975 (5),
1511 (100), 1412 (8), 1395 (14), 1213 (6), 1045 (45), 982 (3), 912 (4),
895 (5), 723 (8), 501 (8), 302 (3), 298 (6), 283 (6) cm~'. 'H NMR
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(D,0, 400 MHz, 298 K): 6 = 4.40-4.60 (m, 5 H). ¥3C NMR (D0,
100 MHz, 298 K): 6 = 49.2 (CH,), 66.9 (COH), 156.4 (Cyrom). “N
NMR (D,0, 29 MHz, 298 K): ¢ = -18 (NO,) ppm. MS (FAB"): m/z:
315.4 (CsH;N,057). Na,CsHgN,054H,0 (432.19 g'mol™!) found
(caled.): N 37.54 (38.87), C 14.08 (13.89), H 2.97 (3.26) %. 1S: 40 J.
FS: 360 N. ESD: 1.5 (100 = g.s. = 50 pm).

Potassium 1,3-Bis(5-nitraminotetrazol-1-ylate)propan-2-ol-H,O
(8): Compound 5 (0.100 g, 3.16 X 10~* mol) was suspended in water
(10 mL). To this solution a KOH solution (0.317 mL, 2 M, 0.0355 g,
6.33 X 10 mol) was added drop wisely. After all solid has dissolved,
the reaction mixture was heated under reflux for 10 min. Afterwards
the solvent was removed in vacuo. After this, the crude product was
recrystallized form hot ethanol under the dropwise addition of water
to yield 0.0523 g (42%) of the final product as a colorless solid.
Tgee. (onset)/(5 Kemin™') = 271 °C. IR (ATR) V = 3356 (w), 1725 (w),
1503 (m), 1451 (m), 1296 (s), 1104 (m), 1033 (m), 884 (w), 776 (m),
739 (w), 693 (w) cm~'. Raman (1064 nm): ¥ = 2984 (8), 1513 (100),
1320 (14), 1210 (7), 1040 (48), 820 (5), 752 (8), 501 (5) cm™'. 'H
NMR (D,0, 400 MHz, 298 K): § = 4.39-4.64 (m, 5 H). ¥*C NMR
(D,0, 100 MHz, 298 K): 6 = 49.2 (CH,), 66.9 (COH), 156.4 (Cyrom)-
14N NMR (D0, 29 MHz, 298 K): 6 = —18 (NO,) ppm. MS (FAB"):
milz: 315.4 (CsH;N,057). K,CsHgN,05°H,0 (394.13 grmol~!) found
(caled): N 40.15 (40.94), C 15.12 (14.63), H 2.25 (1.97)%. 1S: 40 J.
FS: 360 N. ESD: 1.5 (100 = g.s. = 50 pm).

Strontium  1,3-Bis(5-nitraminotetrazol-1-ylate)propan-2-ol-2H,0
(9): Compound 5 (0.100 g, 3.16 X 10~* mol) was suspended in water
(10 mL). To this solution strontiumhydroxide octahydrate (0.0840 g,
3.16 X 10~ mol) was added and the resulting clear solution was heated
under reflux conditions for 10 min. Afterwards the solvent was re-
moved in vacuo. After this, the crude product was recrystallized form
hot ethanol under the dropwise addition of water to yield 0.0815 g
(69 %) of the product as a colorless solid. Ty, (onset)/(5 K'min™!) =
299 °C. IR (ATR) V = 3459 (w), 1604 (w), 1509 (m) 1456 (m), 1364
(s), 1333(s), 1324 (s), 1303 (s), 1276 (m), 1245 (m), 1148 (w), 1107
(w), 1083 (w), 1038 (m), 1004 (w), 964 (w), 905 (w), 887 (w), 856
(W), 787 (w), 770 (w), 759 (w), 746 (w), 735 (w), 702 (w) cm.
Raman (1064 nm): ¥ = 2985 (9), 1511 (100), 1323 (12), 1043 (32),
502 (5) cm™'. TH NMR (D0, 400 MHz, 298 K): 6 = 4.34-4.54 (m, 5
H). 3C NMR (D,0, 100 MHz, 298 K): 6 = 49.2 (CH,), 66.9 (COH),
155.6 (Carom)- N NMR (D,O, 29 MHz, 298 K): 6 = —18 (NO,).
MS (FABY): m/zz 3154 (CsH;N;,O057). SrCsHgN;,052H,O
(373.77 g'mol ") found (caled.): N 36.86 (38.38), 13.65 (13.72), 2.56
(2.31)%. 1S: 40 J. FS: 360 N. ESD: 1.5J (100 = g.s. = 50 pm).

Barium 1,3-Bis(5-nitraminotetrazol-1-ylate)propan-2-ol-2H,O
(10): Compound 5 (0.100 g, 3.16 X 10~* mol) was suspended in water
(10 mL). To this solution bariumhydroxide octahydrate (0.0943 g,
3.16 X 10 mol) was added and the resulting clear solution was heated
under reflux conditions for 10 min. Afterwards the solvent was re-
moved in vacuo. After this, the crude product was recrystallized form
hot ethanol under the dropwise addition of water to yield 0.0722 g
(47 %) of the product as a colorless solid. Ty (onset)/(5 K-min™') =
166 °C. IR (ATR) V = 2361 (s), 2341 (s), 1596 (m), 1307 (m), 1243
(m), 1032 (w) cm~'. Raman (1064 nm): = 2984 (5), 1506 (100), 1349
(28), 1115 (12), 1025 (26), 942 (5), 753 (12), 502 (4), 295 (3) cm™.
TH NMR (D0, 400 MHz, 298 K): 6 = 4.32-4.58 (m, 5 H). 13C NMR
(D,0, 100 MHz, 298 K): J = 49.3 (CH,), 66.7 (COH), 155.7 (Curom)-
14N NMR (D0, 29 MHz, 298 K): 6 = —18 (NO,) ppm. MS (FAB"):
miz: 315.4 (CsH;N,,057). BaCsHgN,05-2H,0 (487.48 g'mol™!) found
(caled.): N 34.42 (34.46), C 13.23 (12.31), H 2.38 (2.07) %. IS: 40 J.
FS: 360 N. ESD: 1.5 J (100 = g.s. = 50 um).

Ammonium 1,3-Bis(5-nitraminotetrazol-1-ylate)propan-2-ol (11):
Compound 5 (0.499 g, 1.58 X 1073 mol) was suspended in a 25%
aqueous ammonia solution (49 mL, 0.0540 g, 3.16 X 10~ mol) at room
temperature. The clear solution was stored in an open vessel for evapo-
ration to yield 0.223 g (40 %) of the product as a colorless solid. Tg..
(onset)/(5 K-min™') = 218 °C. IR (ATR) ¥ = 3209 (m), 2361 (m), 2341
(m), 1635 (w), 1500 (m), 1418 (s), 1374 (s), 1302 (s), 1284 (s), 1169
(m), 1112 (m), 1035 (m), 919 (w), 886 (m), 861 (s), 792 (w), 773 (m),
755 (w), 738 (m), 684 (w) cm~'. Raman (1064 nm): v = 2985 (6),
1515 (100), 1505 (98), 1431 (11), 1409 (29), 1198 (12), 1037 (82),
962 (5), 812 (6), 713 (8), 501 (5), 296 (7) cm~'. 'H NMR (D,0,
400 MHz, 298 K): § = 4.37-4.57 (m, 5 H). *C NMR (D0, 100 MHz,
298 K): 6 = 49.2 (CH,), 66.9 (COH), 156.3 (Cyrom)- N NMR (D,0,
29 MHz, 298 K): 0 = —18 (NO,), 365 (NH,). MS (FAB): m/z: 315.4
(CsH7N,057),  (FAB*):  m/zz  18.0 (NH,*). CsH;4N;4,05
(350.19 g'mol™!) found (calcd.): N 52.23 (55.97), C 16.70 (17.15), H
4.42 (4.04)%. 1S: 40 J. FS: 360 N. ESD: 1.57 (100 = g.s. = 50 pm).

Hydrazinium 1,3-Bis(5-nitraminotetrazol-1-ylate)propan-2-ol (12):
Compound 5 (0.200 g, 6.33X 10~*mol) was suspended in water
(10 mL).  Afterwards  hydrazinhydrate  (100%)  (0.0611 mL,
1.26 X 1073 mol, 0.0631 g) was added and the solution was stirred at
room temperature until it turns completely clear. Afterwards the sol-
vent was evaporated. After this, the crude product was recrystallized
form hot ethanol under the dropwise addition of water to yield 0.113 g
(47 %) of the product as a colorless solid. Ty, (onset)/(5 K-min™') =
213 °C. IR (ATR) ¥ = 3331 (m), 3089 (m), 2044 (w), 1605 (m), 1502
(s), 1450 (m), 1425 (m), 1366 (m), 1290 (s), 1172 (m), 1095 (s), 11031
(m), 948 (m), 884 (m), 773 (m), 751 (w), 736 (m), 716 (w), 690 (W)
cm~!. Raman (1064 nm): ¥ = 2988 (8), 1502 (100), 1315 (9), 1231 (5),
1224 (28), 752 (5), 503 (4) cm™'. TH NMR (D,0, 400 MHz, 298 K):
6 =4.38-4.63 (m, 5 H). 3C NMR (D,0, 100 MHz, 298 K): J = 49.2
(CH,), 67.0 (COH), 156.4 (Cyom). “N NMR (D,O, 29 MHz,
298 K): 6 = —-13 (NO,), 332 (N,H,;) ppm. MS (FAB"): m/z: 3154
(CsHN(,057), (FAB*):  m/z:  33.1  (NpHs*). CsH¢NOs
(380.21 g'mol™) found (caled.): N 56.08 (58.93), C 15.87 (15.79), H
4.58 (4.24)%. 1S: 40 J. FS: 360 N. ESD: 1.5 J (100 = g.s. = 50 pm).

Hydroxylammonium 1,3-Bis(5-nitraminotetrazol-1-ylate)propan-
2-0l (13): Compound 5 (0.200 g, 6.3310~* mol) was suspended in
water (10 mL). Afterwards hydroxylamine in water (0.0798 mL,
50 wt%, 0.0430 g, 1.30 X 1073 mol) was added and the solution was
stirred at room temperature until it turns completely clear. Afterwards
the solvent was evaporated. After this, the crude product was recrys-
tallized form hot ethanol under the dropwise addition of water to yield
0.105 g (44%) of the product as a colorless solid. Ty... (onset)/
(5 K'min™') = 212 °C. IR (ATR) ¥ = 3979 (w), 3789 (w), 2950 (m),
2713 (m), 1587 (w), 1548 (w), 1510 (m), 1502 (m), 1451 (m), 1426
(m), 1295 (s), 1165 (m), 1106 (m), 1032 (m), 1000 (m), 874 (w), 773
(m), 739 (w), 692 (w) cm~!. Raman (1064 nm): V = 2986 (8), 1505
(100), 1311 (9), 1231 (5), 1223 (28), 753 (5), 501 (4) cm™'. 'H NMR
(D,0, 400 MHz, 298 K): 6 = 4.40-4.62 (m, 5 H). 3C NMR (D0,
100 MHz, 298 K): § = 49.3 (CH,), 67.2 (COH), 156.6 (Cyrom). “N
NMR (D0, 29 MHz, 298 K): ¢ = —13 (NO,) ppm. MS (FAB"): m/z:
3154 (CsH;N,057), (FAB*): m/z: 34.0 (NH30H*). CsH;4N,0,
(382.19 g'mol™') found (calcd.): N 48.85 (51.28), C 15.47 (15.71), H
4.01 (3.70) %. 1S: 40 J. FS: 360 N. ESD: 1.5J (100 = g.s. = 50 pm).

Guanidinium 1,3-Bis(5-nitraminotetrazol-1-ylate)propan-2-ol (14):
Compound 5 (0.200 g, 6.33X10* mol) was suspended in water
(10 mL). Afterwards guanidinium carbonate (0.114 g, 6.33 X 10~* mol)
was added and the mixture was heated until a clear solution remains.
Afterwards the solvent was evaporated. After this, the crude product
was recrystallized form hot ethanol under the dropwise addition of
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water to yield 0.214 g (78 %) of the final product as a colorless solid.
Tgee. (onset)/(5 Kemin~") = 236 °C. IR (ATR) ¥V = 3745 (w), 3356 (m),
1653 (s), 1506 (s), 1456 (m), 1312 (s), 1284 (m), 1112 (m), 1052 (m),
863 (w), 769 (w) cm~!. Raman (1064 nm): ¥ = 2991 (11), 2523 (12),
1510 (100), 1499 (97), 1432 (33), 1103 (13), 1039 (72), 1062 (15),
823 (5), 720 (13), 503 (5) cm™!. TH NMR (D,0, 400 MHz, 298 K):
6 = 4.38-4.62 (m, 5 H). 13C NMR (D,0, 100 MHz, 298 K): J = 49.2
(CH,), 66.9 (COH), 1563 (Cyom)- “N NMR (D,O, 29 MHz,
298 K): 6 = -18 (NO,), -313 (NH,) ppm. MS (FAB"): m/z: 315.4
(CsH;N1,057),  (FAB*): m/z:  60.1 (CN3Hg"). C;H;sN;gOs
(434.25 g'mol™") found (calcd.): N 57.12 (58.03), C 19.86 (19.36), H
4.17 (4.19) %. 1S: 40 J. FS: 360 N. ESD: 1.5 J (100 = g.s. = 50 um).

Aminoguanidinium 1,3-Bis(5-nitraminotetrazol-1-ylate)propan-2-
ol (15): Compound 5 (0.100 g, 3.16 X 10* mol) was suspended in
water (5 mL) and heated under reflux conditions. Afterwards a solution
of aminoguanidinium hydrogen carbonate (0.0854 g, 6.27 X 10~* mol)
was added and the heating was continued for additional 30 min. The
solvent was evaporated. After this, the crude product was recrystallized
form hot ethanol under the dropwise addition of water to yield 0.120 g
(82%) of the final product as a colorless solid. Ty.. (onset)/
(5 K'min™") = 207 °C. IR (ATR) ¥ = 3334 (m), 3173 (m), 2361 (m),
2342 (m), 1661 (s), 1595 (m), 1507 (s), 1450 (m), 1315 (s),
1273 (s), 1106 (s), 1033 (m), 885 (m), 773 (m), 737 (w), 716 (w), 694
(w) cm~!. Raman (1064 nm): ¥ = 3252 (3), 1782 (2), 1509 (100), 1385
(16), 1132 (14), 1033 (42), 978 (7), 898 (5), 762 (5), 661 (3), 502 (7),
107 (48) cm~'. 'H NMR (D,0, 400 MHz, 398 K): J = 4.42-4.65. 13C
NMR (D,0O, 100 MHz, 398 K): J = 49.8 (CH,), 67.0 (CHO), 158.2
(Carom.)> 160.0 [C(NH,),NHNH,]. N NMR (D0, 29 MHz, 298 K):
0 = -13 (NO,) ppm. MS (FAB"): m/z: 315.4 (CsH;N,057), (FAB*):
mlz: 75.1 (CN4H;%). C;H,0N5oOs (464.27 g'mol™!) found (caled.): N
56.77 (60.31), C 18.41 (18.11), H 4.05 (4.35) %. 1S: 40 J. FS: 360 N.
ESD: 1.5 (100 = g.s. = 50 pm).

1,3-Bis(5-amino-1H-tetrazol-1-yl)propan-2-ol nitrate (16): Com-
pound 3 (0.453 g, 2.00 X 10~ mol) was suspended in water (5 mL). To
this suspension 65 % HNO; (5.00 mL, 4.52 g, 0.0717 mol) was added.
After the short formation of a clear solution a colorless, flaked precipi-
tate forms. This solid was filtered off, washed with water and sub-
sequently diethyl ether to yield 0.360 g (51 %) of the final product as
a colorless solid after air drying. T, (onset)/(5 K'min~') = 180 °C.
IR (ATR)V = 3852 (w), 3745 (w), 3254 (m), 3117 (m), 1733 (w), 1683
(s), 1507 (w), 1329 (s), 1253 (s),1150 (m), 1093 (m), 11035 (m), 993
(m), 972 (m), 875 (m), 818 (m), 780 (w), 724 (w), 711 (m) cm™..
Raman (1064 nm):¥ = 3952 (11), 3286 (5), 3042 (7), 2986 (10), 1983
(13), 1523 (14), 1724 (12), 1403 (11), 1210 (13), 1052 (100), 820 (9),
803 (12), 782 (13), 502 (6) cm~'. "H NMR ([D¢]DMSO, 400 MHz,
398 K): 0 = 4.03-4.34 (m, 5 H), 5.89 (s). 3C NMR ([D4]DMSO,
100 MHz, 398 K): 0 = 48.4 (CH,), 66.4 (CHO), 155.7 (Cyom.)- MS
(FAB™): m/z: 62 (NO3"), (FAB*): m/z: 229 (CsH3N,00%). CsH|,N,04
(352.17 g'mol™") found (caled.): N 47.26 (47.72), C 17.31 (17.05), H
3.41 (3.60)%. IS: 25 J. FS: 288 N. ES: 1.5 (100 = g.s. = 50 pm).

Supporting Information (see footnote on the first page of this article):
a) crystallographic data and parameters; b) theoretical calculations.
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1.X-ray diffraction

For all compounds, an Oxford Xcalibur3 diffractometer with a CCD area detector was employed for

data collection using Mo-Ka radiation (A = 0.71073 A). By using the Crystalispro software”*" the data

collection and reduction were performed. The structures were solved by direct methods (SIR-92[SZ],
SIR-97"% and SHELXS-97"%) and refined by fullmatrix least-squares on F2 (SHELXL **) and finally
checked by using the PLATON software ** integrated in the WinGX 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 multiscan method *®'. All DIAMOND2 plots are
shown with thermal ellipsoids at 50% probability level and hydrogen atoms are shown as small

spheres of arbitrary radius.

Table S1. X-ray data of compounds 6, 13 and 17.

Compound 6 13 17
Formula Na,CsH12N120g (CH5N3)2C5H6N1205 CsH12N100 (NO3)2
FW [g/mol] 414.25 434.39 352.27
Crystal system orthorhombic triclinic monoclinic
Space Group P2:212; P-1 P2i/c

Color / Habit Colorless plate Colorless plate Colorless plate
Size [mm] 0.05x0.20x0.18 0.12 x0.16 x 0.20 0.05x0.09 x0.19
a[A] 8.2263(4) 6.4582(3) 5.5668(5)

b [A] 12.3460(5) 9.9563(4) 9.7479(9)
c[A] 14.9228(6) 13.7821(5) 25.3527(19)
al’ 90 94.765(3) 920

B[] 90 98.026(3) 95.670(2)
y[°] 90 95.835(3) 90

V [AY 1515.59(11) 868.69(6) 1369.0(2)

z 4 2 4

Ocalc. [g cm™] 1.816 1.661 1.709
u[mm’] 0.209 0.140 0.154

F (000) 848 452 728
Awoka [A] 0.71073 0.71073 0.71073
T[K] 100 123 100

9 min max [°] 4.1,27.0 4.3,26.5 2.2,26.5
Dataset h; k; | -10:10; -15:15; -19:18 -8:8; -12:12; -17:17 -6:6; -11:12;-29:31
Reflect. coll. 12826 13085 20089
Independ. refl. 1892 3585 2822

Rint 0.046 0.023 0.037
Reflection obs. 1692 3585 2344

No. parameters 272 339 265

R; obs. 0.0275 0.0343 0.0363
wR; (all data) 0.0657 0.0890 0.0848

S 1.06 1.04 1.06
Resd. Dens. [e A""] -0.19;0.37 -0.25:0.56 -25;0.36
Device type Oxford Xcalibur3 CCD Oxford Xcalibur3 CCD Oxford Xcalibur3 CCD
Solution SIR-92 SIR-92 SIR-92
Refinement SHELXL-2013 SHELXL-2013 SHELXL-2013
Absorption corr. multi-scan multi-scan multi-scan
CCDC 1505422 1505421 1505420
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3.Heats of formation calculations

All calculations were carried out using the Gaussian GO9W (revision A.02) 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).

Af""lo(g, M, 298) = H(Molecule, 298) ZHO(Atoms, 298) + zAfHo(Atoms, 298) (1)

Table S2. CBS-4M results and calculated gas-phase enthalpies
M —H™ [ a.u. AH°(g,M) / kcal mol™

5 316.13 1226.61983 128.9
5% 314.11 1225.55226 68.3
11 350.19 1339.145476 3721
NH, 18.04 56.796608 151.9
12 380.21 1449.613306 438.1
N,Hs* 33.05 112.030523 184.9
13 382.19 1489.278758 396.6
NH,O" 34.04 131.863249 164.1
14 458.84 1636.458644 341.5
G* 60.07 205.453192 136.6
15 464.47 1746.955864 389.2
AG* 75.08 260.701802 160.4
16 352.17 1378.844201 309.6
3% 228.17 818.683309 459.4

NO;z~ 62.00 280.080446 -74.9




Table S3 CBS-4M values and literature values for atomic AH°?%® / kcal mol™

—H** J a.u. NIST B
H 0.500991 52.1
C 37.786156 171.3
N 54.522462 113.0
0 74.991202 59.6

In the case of the 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. With the
calculated lattice enthalpy (Table 8) the gas-phase enthalpy of formation (Table 7) was converted into the solid
state (standard conditions) enthalpy of formation (Table 8). These molar standard enthalpies of formation

(AH,,) were used to calculate the molar solid state energies of formation (AU,,) according to equation 2.

AU,, = AHy—An RT (2)

(An being the change of moles of gaseous components)

Table S4. Calculated gas phase heat of formation, molecular volumes, lattice energies and lattice

enthalpies of 1-4 as well as 16-18.

AH°(gM) | Vy/nm® U, / kJ mol™ AH_ / kJ mol™
kcal mol™
5 128.9 - - -
5% 68.3 0.31575 - -
11 372.1 0.35775 1218.3 1229.2
NH,* 151.9 0.021 - -
12 438.1 0.37175 1200.5 1211.5
N,Hs" 184.9 0.028 - -
13 396.6 0.37175 1200.5 1211.5
NH,O* 164.1 0.028 - -
14 341.5 0.44575 1119.6 1130.5
G* 136.6 0.065 - -
15 389.2 0.47775 1089.9 1100.8
AG" 160.4 0.081 - -
16 309.6 0.35241 1499.9 1507.4
3% 459.4 0.0649 - -

NO;z~ —74.9 0.064 - -




Table S5. Solid state energies of formation (A;U°)

AHG) T AHG) A AUS)/ M7 AUGE)

kcal mol™ kJ mol™ kJ mol™ g mol™ kJ kg™
5 128.9 458.9 125 489.9 316.12 1549.6
11 78.5 328.6 16.5 369.5 350.33 1054.7
12 148.8 623.0 18.5 668.8 380.37 1758.4
13 107.2 449.0 17.5 492.4 382.33 1288.0
14 71.5 299.5 20.5 350.3 434.43 806.4
15 126.2 528.6 22.5 584.3 464.47 1258.1
16 =504 -210.9 15.5 -172.5 352.26 —489.7

Notes: An being the change of moles of gaseous components when formed.
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Abstract: The investigation deals with the determination of the gas
phase concentration parameters of the medium performance
explosive triacetone triperoxide TATP 1 and diacetone diperoxide
DADP 2, which are frequently used in improvised explosive devices.
According to calculations with EXPLO5 the energetic performance of
both explosives is similar but decreased in comparison to 2,4,6-
trinitrotoluene. The enthalpy of sublimation A2.H,, (298.15K) (1: 76.7
+ 0.7 kJ mol™; 2: 75.0 + 0.5 kJ mol-1); and vapor pressures
Psar(298.15 K) (1: 6.7 Pa, 2: 26.6 Pa) of both compounds have been
studied using the transpiration method in the ambient temperature
range of 274 — 314 K. The results obtained in this work were
compared critically with the existing literature values. Whilst for
DADP 2 the agreement with literature data is satisfying the
comparison of the TATP 1 data obtained in this work with the
literature data available revealed insufficient agreement of all sets of
data available, which might be explained by the rich polymorphism of
TATP 1. The saturation and diffusion equilibrium concentration of
both analytes was calculated at 298.15 K. In comparison to the
saturation equilibrium concentration measured in this work (1: 600
pug LM 20 1589 pg L™ the corresponding diffusion condition air
concentrations (1: 3.1 ng L™, 2: 10 ng L™, for a surface of 200 cm?)
are lower by five orders of magnitude.

Introduction

Triacetone triperoxide 1, also known as TATP or APEX, is the
condensation product of hydrogen peroxide with acetone and
was discovered accidentally by Wolffenstein [1] in 1895.

Due to its high volatility and sensitivity towards external stimuli
the medium performance explosive is not applied in neither the
civil nor the military sector. With respect to the free availability of
its precursors and its readiness for detonation initiation the

[a] Martin A.C. Hartel, Thomas M. Klapdtke, Benedikt Stiasny, Jérg
Stierstorfer
Department of Chemistry
University of Munich
Butenandtstr. 9, 81377 Munich, Germany
*e-mail: tmk@cup.uni-muenchen.de

compound is popular in the amateur chemist and terrorist scene
as demonstrated by the recent TATP 1 related incident in
Oberursel (Germany, 2015, [2]) and the ISIS terror attack in
Paris (France,2015, [3]). A 17 year old teenager (Germany,
2006, [4]) was arrested for hoarding 2 kg of TATP 1, which
underlines the ease of TATP 1 synthesis. Oxley et al.
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investigated the factors Figure 1. Chemical Structures of TATP

2
1 and DADP 2.

influencing the formation of TATP 1 and its sideproduct DADP 2
[5] as well as the destruction of TATP 1 [6]. Lubczyk et al. [7]
recently published a method for desensitizing TATP 1 for
training and testing purposes in an ionic liquid matrix and
pointed out that resublimed TATP 1 with a BAM impact and
friction sensitivity of 0.1 J and 0.05 N is more sensitive than the
crude product from an agueous synthesis (0.5 J, 0.2 N) that is
stabilized by trace amounts of water. The resublimation of TATP
1 during storage enhances the risk of unintended detonation.
With respect to this and the relatively new trend of the gas
phase detection of explosives [8] one of the most interesting
parameters of TATP 1 and its potential, more volatile, side
product DADP 2 is the vapor pressure of the material. The
sublimation behavior of both peroxides 1 and 2 was measured in
this work with the transpiration method and compared critically
with the existing literature data to give recommendations for the
ambient condition (298.15 K) vapor pressure, saturation and
diffusion equilibrium air concentration and enthalpy of
sublimation.

Results and Discussion

TATP 1 was synthesized according to Milas et al. [9]. DADP 2
was synthesized according to Landenberger et al. [10]. The
complete chemical characterization of both compounds can be
found in the experimental section. With respect to the six
possible solid state polymorphs of TATP 1 reported with crystal
structures by Reany at al. [11] the TATP 1 synthesized in this



work was analyzed with powder X-Ray diffraction to determine
its polymorphic composition. (see Figure 2) It could be found
that the TATP 1 synthesized in this work consisted mainly of the
main polymorph reported for TATP crude products (Cif-File
#241973 ,[11-12]). The discrepancies between observed and
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calculated diffractogram can be explained by the presence of
further unknown polymorphs.

Figure 2. Powder diffractogram of the TATP 1 synthesized in this work after
Rietveld Refinement in comparison with the calculated diffractogram of the
major polymorph (Cif-File #241973, [11-12]) found in TATP crude products.
Red: observed reflexes, blue calculated reflexes, blue: difference of observed
and calculated reflexes.

Sensitivities and Energetic Properties

Table 1 gives an overview about the energetic properties and
other selected parameters of TATP 1, DADP 2 synthesized in
this work and the medium performance explosive 2,4,6-
trinitrotoluene (TNT) for comparison. TATP 1 is very sensitive
and DADP 2 less sensitive towards impact. Both peroxides are
extremely sensitive towards friction. [13] The sensitivity values
for TATP 1 are slightly higher than the values stated by Lubczyk
et al. [7], yet the friction sensitivity measured in this work is at
the lower limit of the measurement range of the testing device
used (5 N). Both compounds have a 200 mJ sensitivity towards
electrostatic discharge, which is above the 50 mJ discharge that
can be generated by human interaction. With a room
temperature density of 1.25 g cm™® the nine-membered ring
system TATP 1 is less dense than the six-membered DADP 2
(1.31 g cm™). The denser crystal packing in DADP 2 results in
the higher melting range (5 °C min™) of 132-133 °C in
comparison to 97-98 °C for TATP 1. The exothermic enthalpies
of formation of both compounds (1: -640 kJ mol™; 2: -435 kJ mol
Y were calculated on a CBS-4M level using the Gaussian 09
[14] software. Based on these values and the theoretical
maximum density at 298 K the energetic characteristics were
calculated using EXPLO5 v6.03. Both peroxides have a similar
detonation pressure pcy (1: 114 kbar, 2: 131 kbar), detonation
velocity vper (1: 6322 m s, 2: 6246 m s™) and have a decreased,
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but similar performance in comparison to TNT (pc: 191 kbar,
Vper: 6906 m s™Y).

Table 1. Selected Energetic Parameters and relevant properties of TATP 1
and DADP 2 synthesized in this work.

TATP 1 DADP 2 TNT
Formula CoH150s CeH1204 C7HsN306
MW / g mol-1 222.24 148.16 227.13
1s®/ g 1.5 5 15
FSP/N <5 5 >360
ESD' / mJ 0.2 0.2 0.7
Grain Size / pm <100 <100 100-500
o'/ 9% 43.19 43.19 42.26
Qco; Qcoz /% -86.4; -151.2 -86.4;-151.2  -24.7;,-74.0
Tmelt, / °C 97-98 132-133 (81.1)

1.27 [180 K][15] 1.33[208 K][16] 1.71[100 K]
o9/ gcm®

1.25[298 K]*  1.31[298 K]* 1.66*

AfH™ [ kI mol™ -640 -435 54
MUY/ kI kg 2744 -2802 -163
EXPLO6.03 values:
—Ae, U1/ kI kg™ 3420 3194 4425
Pc,M / kbar 114 131 191
Vel / m s 6322 6246 6906
Vo™ / L kg 821 815 642

[a] impact sensitivity, BAM drophammer (method 1 of 6); [b] friction sensitivity,
BAM friction tester (method 1 of 6); [c] sensitivity towards electrostatic
discharge; [d] oxygen content; [e] oxygen balance; [f] melting range (5 °C min
! glass capillary) [h] densities (*values at 298 K calculated using the equation
(P20sx = pr / (1+ay(298-To); ay = 1.5 107* K™; [i] calculated heat of formation
(CBS-4M); [h] calculated energy of formation (CBS-4M); [i] heat of detonation;
[i] detonation pressure; [k] detonation velocity; [I] volume of gases after
detonation.

VO-GC/MS Gas Chromatography of Peroxides

TATP 1 and DADP 2 were analyzed using vacuum outlet gas
chromatography as established by de Zeeuw et al. [17] using a
Shimadzu GC/MS QP2010 SE device equipped with an Atas
Optic 4 injector and a Shimadzu AOC-20i autosampler. The
necessary restriction (10.1 mm length, 0.05 mm inner diameter,
Restek® cat. # 10098) was connected to a Restek® RTX TNT 1
column (cat. #12998) with a SGE Siltite® p-Union (cat. #073562)



inside the injector. Due to the incompatibility of the inner
diameter of the commercially available Atas liners a custom V2A
stainless steel liner (10 mm length, 5 mm outer diameter, 0.5
mm wall thickness, split notches at bottom end) was used. Both
the liner and the p-union were inertized with a Silconert® 2000
coating. The injector was operated at 175 °C in the constant
pressure mode with a head pressure of 90 kPa Helium 5.0
carrier gas and a split ratio of 150 in combination with a virtual
column (100 m length, 0.25 pm film thickness, 0.20 mm
diameter) for the LabSolutions GCMS Solution Software. The
injection volume was 1 pL. The GC oven program start
temperature was 30 °C with a hold time of 6 seconds followed
by a temperature ramp to 204 °C with 60 °C min™. The
temperature of the MS-Interface and the ion source was 200 °C.
The mass spectrometer was operated in the single ion
monitoring mode with an event time of 0.10 s and a micro scan
width of 0.1 amu. From 0.50 to 2.00 min the mass channels 43,
59, 58 and 75 were monitored for the detection of the peroxides
1 and 2. From 2.00 to 3.00 min the mass channels 57, 43, 71
and 85 were monitored for the detection of n-docecane C-12 as
analytical standard in quantification applications.
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Figure 3. SIM mode (m/z 43) GC/MS chromatogram of TATP 1 and DADP 2.

Figure 3 shows a chromatogram of TATP 1 and DADP 2 in tert-
butyl methyl ether using the method stated before. DADP 2
elutes after 0.72 min at 67 °C as a single peak whilst one TATP
1 conformer A elutes after 1.37 min at 106 °C and a second
TATP 1 conformer B elutes after 1.44 min at 110 °C. The
augmented baseline between both conformers indicates the
conversion of conformer A to the more stable conformer B
during the GC/MS analysis. The solid state polymorphism of
TATP 1 has been reported before [11] and two isomers of TATP
have been separated by LC-NMR [18]. The activation barrier of
an exothermic TATP 1 polymorph interconversion has been
calculated to be 110 kJ mol™ [19]. With respect to this the
GC/MS behavior of TATP 1 observed in this work can be
justified. Both TATP 1 (R? = 0.99995) and DADP 2 (R? = 0.9998)
could be quantified excellently in concentrations of 20 to 60
pg/mL with an internal standard (C-12) method using the GC/MS
configuration detailed above.

Vapor Pressure Measurement
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Since the vapor pressure of a compound is the key parameter
for its gas phase detectability the vapor pressure of TATP 1 and
DADP 2 was measured in this work using the transpiration
method. The transpiration method setup adapted in this work
has been established by Verevkin et al. [20]. For the
experiments in this work nitrogen (99.999 % purity) was used as
carrier gas. The flow-rate ranging from 1-3 L h™* was adjusted
and kept constant using a mass flow controller (Natec Sensors
MC-100 CCM). The gas flow is conducted through the saturator,
which is a glass vessel surrounding a U-shaped tube (8 mm
inner diameter, 50 cm length) and containing a thermofluid,
which is pumped through the saturator vessel with a circulation
thermostat (Huber Ministat 230 with external class A PT-100
temperature sensor inside the saturator vessel). The peroxide is
coated on glass beads and filled into the saturator tube. For the
coating of the glass beads with the sensitive peroxide explosives
they were dispersed in @ minimum amount of n-pentane and the
resulting slurry filled into the saturator tube followed by removal
of the n-pentane by application of the carrier gas stream at room
temperature. After leaving the saturator and reaching the
saturation equilibrium with the analyte the carrier gas stream is
conducted through a condenser tube, which is positioned in a
dewar vessel containing iso-propanol that is cooled to -30 °C by
an immersion cooler (Huber TC45E). The exact carrier gas flow-
rate is measured with a soap film flowmeter (Hewlett Packard
No.: 0101-0113) and the ambient temperature is recorded for
the volume measurement (Greisinger GFTB 200) for each
datapoint. The time span from insertion of the condenser tube
into the saturator to its removal was measured for the calculation
of the total volume of carrier gas. After its removal from the
saturator the condenser tube was closed at both ends and tert-
butyl methyl ether solvent was filled into it containing a known
amount of n-dodecane as internal standard for the subsequent
GC/MS quantification. With the temperature of the saturator T,
the mass of the analyte in trapped in the condenser tube m,, the
ambient temperature T,,, and the volume of carrier gas
measured at ambient conditions V,,,,;, the vapor pressure p,; of
the analyte can be calculated. The calculation of the vapor
pressure relies on the Ideal Gas Law, the Dalton’s Law of partial
pressures and the assumption that the volume of the gaseous
analyte is negligibly small in comparison to that of the carrier

gas:

m,RT, b
psat(Texp) =2 (1)

MVamb
Psae: Vapor pressure of the analyte [Pa] , T,,,: temperature of the saturator [K],

mg: mass of analyte [Kg), Tamp: ambient temperature [K], Vg, volume of

carrier gas at ambient conditions [ms], M: molecular weight of the analyte [kg

mol™], R: universal gas constant: 8.3145 J mol™ K*

The obtained values of the experimental vapor pressure pg,; at
the saturator temperature T,,, are processed mathematically
with a fitting function that is based on the Clarke-Glew equation
[21]:

——n—=4—= (2)
p°: reference pressure (1 Pa), Ang;,"m: heat capacity difference from crystalline

to gaseous state [J mol™ K], T: temperature [K], T,: reference temperature
[K], A/B: fitting coefficients [ ].



The enthalpy of sublimation at the temperature T calculated by:
A&HY(T) = RB + £&.Co T (3)

AS.HS(T): molar enthalpy of sublimation at temperature T.

The experimental heat capacities Cp., of both peroxides at room
temperature were reported by Pilar et al. [22] and are in good
agreement with the values calculated by the empiric elemental
composition approach by Hurst et al. [23] (Cp,, (cr, 298.15
(calculated/experimental) [J mol® K%, 1: 314.6/271.8, 2:
209.7/223.4). In this work the experimental values were used
and the corresponding heat capacity differences Afrc;_m
calculated according to Chickos et al. [24]. The method for the
calculation of the sublimation enthalpy is described elsewhere
[20b]. The available literature vapor pressure data for TATP 1
and DADP 2 was also collected. In some works the sublimation
enthalpy was not derived from the vapor pressures or it was
carried out in a different manner. In this work the literature vapor
pressures were treated with equations (2) and (3) and the
corresponding uncertainties were estimated according to [20b].
The obtained enthalpies of sublimation and vapor pressures at
298.15 K are compiled in comparison with our results in Table 3.
For TATP 1 a value for A% HS,(298.15 K) of 76.7 + 0.7 kJ mol™
and a vapor pressure p,:(298.15 K) of 6.7 Pa and for DADP 2 a
value for A% HS,(298.15 K) of 75.0 = 0.5 kJ mol™ and a vapor
pressure ps.:(298.15 K) of 26.6 Pa was derived from the data
obtained with the transpiration method in this work. (cf. Table 1)

The sublimation behavior of TATP 1 was studied in this work in
the temperature range from 274.3 — 314.1 K. The absolute vapor
pressures pg,; and thermodynamic properties of sublimation
obtained by the transpiration method in this work for TATP 1 are
compiled in Table 1. A comparison of own data with literature
experiments regarding the enthalpies of sublimation is compiled
in Table 3, Figure 4 shows a Clausius-Clapeyron plot of the own
and literature p-T data for the sublimation of TATP 1. Available
p-T literature data for comparison are four headspace gas
chromatography measurements by Mbah et al. [25] and Oxley et
al. [26], three thermogravimetric measurements by Mbah et al.
[27], Oxley et al. [28] and River et al.[29], one static method
measurement by Egorshev et al[30], a Knudsen-effusion
measurement by Damour et al.[31] and a Quantum Cascade
Laser Photoacoustic  Spectroscopy  measurement by
Dunayevskiy et al. [32]. The thermogravimetric analysis (TGA)
measurements may result in correct enthalpies of sublimation,
yet they need to be calibrated with a reference material for the
derivation of correct pressure values from the data measured. It
has not been proven that this reference material calibration is
suitable for precise measurements of vapor pressures.
Therefore TGA measurements will be disregarded in the
discussion of absolute vapor pressures. The data published by
Dunayevskiy et al. [32] has been scaled to a measurement by
Oxley et al. [26b]. Dunayevskiy et al. [32] published solely a p-T-
equation of their data combined with that of Oxley et al. [26b]
and no discrete pressure analog-tempature values which would
allow fitting to other sets of data. Additionally it was mentioned
by Damour et al.[31] that the dataset provided by Dunayevskiy
at al. [32] seems to be systematically erroneous in the low
temperature regime and needs to be cut. Therefore the data
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published by Dunayevskiy et al. [32] is excluded from the
calculation of average values. Mbah et al. [25] measured TATP
1 crude products that were synthesized under acid catalysis with
hydrochloric and sulfuric acid. The crude product synthesized
with sulfuric acid contained a large fraction of a DADP 2 impurity
and therefore its measurement is disregarded in the calculation
of average values and the discussion of measurement results.
Regarding the enthalpies of sublimation AJ.H,, that were
adjusted to 298.15 K (cf. Table 3) it becomes obvious that the
values spread from 68.0£6.3 kJ mol® derived from the data
reported by Mbah et al. [27] to 103.8+6.4 kJ mol™ derived from
the data reported by Oxley et al. [26b] The scattering of the
measurement values may be explained by the polymorphism of
TATP 1 reported by Reany at al. [11]. It was demonstrated that
crude products of TATP 1 contain one major and two minor
mass fraction polymorphs of TATP 1 and three additional
polymorphs can be synthesized by recrystallization in organic
solvents (hexane, tetrachloromethane, ethanol). Four of these
polymorphs were analyzed by differential scanning calorimetry
with reported sublimation enthalpies ranging from 14.6 kJ mol™
at 93.6 °C onset temperature to 77.2 kJ mol™ at 91.6 °C onset
temperature. A sublimation enthalpy of 14.6 kJ mol-1 is
unrealistically low for the TATP 1 molecule (cf. Table 3).
Therefore these values have to be considered erroneous.
Despite that it cannot be neglected that polymorphism influences
the sublimation behavior of TATP 1. It cannot be excluded that
all measurements discussed in this work were measurements of
polymorph mixtures or different pure polymorphs of 1. The
relevant information about the synthesis of the TATP 1 used in
this work and in literature publications is summarized in Table 2.
In many cases no sufficient data about the details of sample
synthesis have been provided, whilst samples that have been
recrystallized from methanol were reported with different
sublimation characteristics regarding the enthalpy of sublimation
at 298.15 K. In this work the crude product was extracted from
the reaction mixture with pentane. The data published by Mbah
et al. [25] for the crude product of synthesis under hydrochloric
acid catalysis is in fair agreement with the data obtained in this
work. (cf. Table 3, Figure 4) For TATP 1 an average uncertainty-
weighted value for A?an(298.15 K) of 80.8 + 0.5 kJ mol-1 is
calculated considering all available sets of data. This value is not
in agreement with the one obtained in this work (76.7 £ 0.7 kJ
mol-1), which is supposedly caused by the polymorphism of
TATP 1 and different methods of synthesis in all measurements.
The vapor pressures of TATP 1 at 298.15 K that were calculated
from each individual complete dataset are compiled in Table 3.
The mean value of 6.9 Pa can be considered as a
recommendation for the ambient condition vapor pressure of
TATP.

The sublimation behavior of DADP 2 was studied in this work in
the temperature range from 274.7 — 314.1 K. The absolute vapor
pressures ps,; and thermodynamic properties of sublimation
obtained by the transpiration method in this work for DADP 2 are
compiled in Table 1. A comparison of own data with literature
experiments regarding the enthalpies of sublimation is compiled
in Table 3. Figure 5 shows a Clausius-Clapeyron plot of the own
and literature p-T data for the sublimation of DADP 2.



Available p-T literature measurement data for comparison are
provided by Egorshev et al. [30] (static method), Brady et al.
[33] (thermogravimetry), Damour et al. [31] (Knudsen effusion),
and Oxley et al. [26a] (headspace). The thermogravimetric
analysis measurement by Brady et al. is excluded from data
comparison
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Table 1 - TATP: absolute vapor pressures ps,. and thermodynamic properties of sublimation obtained by the transpiration method in this work

TATP 1: ASHS, (298.15 K) = 76.7 + 0.7 kJ mol-1

I paa/° = 3177 890911 415~ T
R RT R 298.15K
Texpa mb Vy2C T gmpd Gasflow Psat€ U(Psar) T A H,, AL.S,

[K] [mg] [dm?3] [K] [dm3 h-1] [Pa] [Pa] [kJ mol-1] [J mol-1 K-1]
274.3 0.11 2.80 296.6 2.58 0.43 0.02 77.71 180.6
274.4 0.09 2.43 296.5 1.62 0.44 0.02 77.71 180.6
278.3 0.11 1.65 296.5 1.62 0.74 0.02 77.54 180.4
283.2 0.11 0.926 296.4 2.14 1.4 0.0 77.34 179.9
288.2 0.24 1.16 296.9 2.17 2.3 0.1 77.13 178.9
293.2 0.23 0.610 296.5 2.15 4.2 0.1 76.92 178.7
293.2 0.23 0.611 297.1 2.16 4.1 0.1 76.92 178.4
298.2 0.57 0.898 297.0 2.15 7.1 0.2 76.72 177.9
293.2 0.20 0.613 296.5 2.16 3.7 0.1 76.92 177.5
303.1 0.53 0.538 296.8 2.15 10.9 0.3 76.51 176.5
308.1 1.25 0.751 296.3 2.15 18.4 0.5 76.30 176.1
314.1 1.55 0.540 296.7 2.16 31.8 0.8 76.06 175.2
314.1 1.54 0.538 296.3 2.15 31.7 0.8 76.06 175.2
314.1 1.53 0.539 296.7 2.16 315 0.8 76.06 175.1

DADP 2: ASHS, (298.15 K) = 75.0 + 0.5 kJ mol-1

313.2 85244.0 343 T

In psat/p° = A 7t R "985k
Toxpd mb Vy2C T gmpd Gasflow Psat€ U(Psar) f ASH, LS,
K] [mg] [dm3] K] [dm3 h-1] [Pa] [Pa] [kJ mol-1] [J mol-1 K-1]
274.7 0.16 1.38 296.6 2.02 1.98 0.05 75.82 186.0
274.7 0.15 1.27 296.6 1.52 1.95 0.05 75.82 185.8
278.5 0.16 0.862 296.6 1.52 3.13 0.08 75.69 185.6
288.3 0.38 0.635 296.4 2.01 9.95 0.27 75.36 184.8
283.4 0.34 1.07 296.5 2.01 5.36 0.16 75.52 184.8
293.3 0.74 0.740 296.8 2.02 16.6 0.44 75.18 184.0
293.3 0.72 0.740 296.3 2.02 16.3 0.43 75.19 183.9
293.3 0.69 0.741 296.6 2.02 15.6 0.42 75.19 183.5
298.2 1.33 0.805 296.9 2.01 27.6 0.71 75.02 183.4
293.3 0.68 0.739 297.1 2.02 15.4 0.41 75.19 183.4
303.2 1.29 0.501 297.2 2.00 43.0 1.10 74.85 182.4
308.1 3.78 0.871 297.5 2.01 72.4 1.84 74.68 182.2
314.1 3.70 0.499 296.5 1.99 123 3.11 74.47 181.4
314.1 3.45 0.467 297.0 2.00 123 3.11 74.47 181.4
314.1 3.59 0.500 296.7 2.00 120 3.02 74.47 181.2

2 Saturation temperature (u(T) = 0.1 K). ® Mass of transferred sample condensed at T = 243 K © Volume of nitrogen (u(V) = 0.005 dm®) used to transfer m (u(m) =
0.0001 g) of the sample. 4T, is the temperature of the soap bubble meter used for measurement of the gas flow. © Vapor pressure at temperature T, calculated
from the m and the residual vapor pressure at the condensation temperature calculated by an iteration procedure; p°=1 Pa. " Standard uncertainty in p was
calculated with u(p/Pa) = 0.005+0.025(p/Pa) for p < 5 Pa and u(p/Pa) = 0.025+0.025(p/Pa) for p > 5 to 3000 Pa.
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Figure 5. Experimental vapor pressure of DADP 1 in comparison with literature values. x: this work, +[31], ¢[33]. Linear regression line for this work.



Table 2 — Details of TATP synthesis in this work and in literature references.
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Experiment® Acid® Solvent Purity Melting Range AE H,(298.15K)°

°C kJ mol™

This Work H,SO, Pentane 99.9 % 97-98 76.7+0.7

Mbah 2015 HCI [25] HCI - - - 71.6+6.9

Mbah 2015 H,S04 [25] H,SO, - impure - 66.6+3.8

Mbah 2014 [27] - - - 86 68.0+6.3

Egorshev 2013 [30] HCl - - 95-97 98.7+7.7
Rivera 2011 [34] - - - B (73.0)

Damour 2010 [31] CAR® Methanol - 94,2 -95.2 85.7+0.9

Oxley 2010 [28] H,SO, Methanol “good” - 92.8+2.7

Oxley 2009 [26a] - - - - 72.0+3.3
Dunayevskiy 2007 [32] - - - - (85.4)

Rivera 2006 [29] - - - 95.9 86.8+2.2

Oxley 2005 [26b] H,SO, Methanol “good” - 103.8+6.4

2 First author and year of publication, ® Acid catalyst used in synthesis, © CAR: Cationic Acid Resin 9 Molar Enthalpy of Sublimation at 298.15 K.

Table 3. Compilation of data on the enthalpy of sublimation and vapor pressures obtained in this work and from literature values for TATP 1 and DADP 2.

Experiment® Method® T-Range Tavg A% Hpy (T ag) A8, H,,(298.15K)° Psat’
K K kJ mol™ kJ mol™ Pa
TATP 1

This Work T 274.3 -314.1 294.3 76.910.6 76.7£0.7 6.7

Mbah 2015 HCI [25] H 292.7 -327.2 310.3 71.1+6.9 71.616.9 7.6
Mbah 2015 H,SO; [25] H 292.7 -327.2 310.3 66.1+3.7 (66.6+3.8) (6.5)
Mbah 2014 [27] G 298.0 — 327.0 313.2 67.4+6.2 68.06.3 (1.9)
Egorshev 2013 [30] s 348.2 — 367.2 357.9 96.27.6 98.747.7 (1.6)

Rivera 2011 [34] G0 303.0 — 338.0 3205 72.1 (73.0) ;

Damour 2010 [31] K 269.9 — 307.0 287.0 86.6+0.8 85.7+0.9 5.9
Oxley 2010 [28] G 313.9-332.5 321.9 91.7+2.5 92.8+2.7 (24.4)

Oxley 2009 [26a] H 288.2 —323.2 305.0 71.7+£3.2 72.0£3.3 8.7
Dunayevskiy 2007 [32] Q,0 2432 -331.2 285.5 86.0 (85.4) (6.3)
Rivera 2006 [29] G 298.2 —348.2 319.4 85.8+2.2 86.81£2.2 (2.8)

Oxley 2005 [26b] H 285.2 -331.2 305.3 103.4+6.4 103.8+6.4 58
80.8+0.5° 6.9'




Table 4. continued
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DADP 2
This Work T 274.7-314.1 294.4 75.240.4 75.0£0.5 26.6
Egorshev 2013 [30] s 340.7 - 393.0 358.5 74315 76.6+1.5 25.6
Brady 2012 [33] G0 333.2-369.2 351.2 73 (74.8) (19.3)
Damour 2010 [31] K 265.9 — 294.9 284.7 84.6+1.1 84.0+1.2 31.2
Oxley 2009 [26a] H 288.2 - 323.2 305.0 79.4+3.4 79.63.4 18.6
76.4+0.4° 25.5'

? First author and year of publication, ® Methods: T: Transpiration, H: Headspace, S: Static Method, G: Thermogravimetric Analysis, K: Knudsen-Effusion, Q:
Quantum-Cascade Laser Photoacoustic Spectroscopy, O: Equation Only © Enthalpies of vaporization were adjusted according to Chickos et al. [24] with the
values for AZ,Cp, and Cp, ,(cr) stated in § 4 Vapor pressure at 298.15 K, calculated according to equation in §. ® Weighted average value, calculated using the
uncertainty as the weighing factor. fAverage value. Values in brackets were excluded from average value calculation.

Table 5. Calculation of Molar Heat Capacity Differences at T = 298.15 K

0 0 0 0 g .0 g 0
compound Cp'm(l) Cp’m(cr) Cp'm(l) Cnm(cr) 4, Cnm A‘-‘Tcp,m
calc. calc. lit.

PImol* K [Pmol*KY [Pmol™K?Y [mol*KY [Imol’ K" [Jmol™ K

TATP 1 379.3% (314.6)

DADP 2 252.9° (209.7)

n.a.

n.a.

271.8[22]  -109.2 415

223.4[22] -76.3 -34.3

Bracketed values not used for calculation of heat capacity differences. n.a.: not available a) calculated according to the increment method and data by Hurst et al.
[23] b) calculated by AYCJ,,, = 10.58 + C2,,,(1) X 0.26 according to [24] ¢) calculated by A, Cg,, = 0.75 + €3 (cr) X 0.15 according to [24]

and average value calculation since solely a p-T-equation and a
vapor pressure extrapolation to 298.15 K was published.

For DADP 2 an average uncertainty-weighted value for
A H,, (298.15K) of 76.4 + 0.4 kJ mol-1 is recommended
considering all available sets of data. This value is in fair
agreement with the one obtained in this work (75.0 £ 0.5 kJ
mol™). The vapor pressures of DADP 2 at 298.15 K that were
calculated from each individual complete dataset are compiled in
Table 3. The mean value of 25.5 Pa can be considered as a
recommendation for the ambient condition vapor pressure of
DADP 2.

Air Concentration of Peroxides 1 and 2

Vapor pressures are measured under ideal saturation conditions.

In a real case scenario the saturation equilibrium of the
explosive will not be reached and diffusion processes will dictate
the air concentration of the explosive. Dravnicks et al. [35] have
stated a mathematical model for the estimation of the non-
equilibrium air concentration of an explosive, which shall be
applied to TATP 1 and DADP 2 in the following using the
equations and values provided by Bird et al. [36]

Fick’s Law of Diffusion provides a suitable approximation for the
rate of molecular vapor emission per cm? J:

n.—n
J=AXDyp x —-2 @)

d

J:emission flux [molecules s'l], A: area of explosive exposed to air [cm?], Dyp:
diffusivity of explosive vapor in air [ch s‘l], n.: concentration of explosive
under saturation conditions [molecules cm's], ng : concentration of the
explosive in air [molecules cm‘g], d: thickness of non-turbulent layer air [cm]

The concentration of the explosive in the air is considered to be
negligibly small (— n, = 0) and the thickness of the non-turbulent
layer of air surrounding the explosive is considered to be 0.2 cm
[35].

The diffusivity D,z can be calculated by the following formula:

Dap = 0.0018583 T3(1 + 1) ! (5)
48 ' A M, Mg pGﬁBﬂD,AB

T: Temperature [K] (298.15 K), M,: Molecular Mass of Explosive [g mol™], Mj:
Molecular Mass of Air [g mol™] (28.97 g mol'™), p: total pressure [atm] (1 atm),
a,5: combined collision diameter [A], 2, 45 collision integral for diffusion [ ]

o8 = 1/2(04 + 0p) (6)

a,: collision diameter of explosive [A], a5: collision diameter of air [A] (3.617 A)
[36]

€ap = A/ €a€B (7)

&4: characteristic energy of explosive [J], eg: characteristic energy of air [J]

Whilst the collision diameter of oy (3.617 A) [36] and the
characteristic energy €z (e5/x = 97.0 K) [36] of air is known, the
collision diameter of the explosive g, and its characteristic
energy ¢4 have to be estimated. These values may be estimated
from the fluid at the critical point (c), the liquid at the boiling point
(b) and the solid at the melting point (m):



e/k = 0.77T,; o = 0.8413/V, or o = 2.443/T./p. (8)
e/x = 1.15T,; o =1.1663/V, (9)
e/k = 1.92T,; o =1.222%/V, (10)

T,: critical temperature [K], T}: boiling point [K], T,,: melting point [K], V,: critical
volume [cm3 mol™], V,: volume of the liquid at the boiling point [cm?® mol™], ¥,
volume of the solid at the melting point [cm3 mol'1]| p.: critical pressue [atm], k:
Boltzmann'’s constant (1.38066 x 10 J K)The concentration of the explosive
in the air is considered to be negligibly small (= n, = 0) and the thickness of
the non-turbulent layer of air surrounding the explosive is considered to be 0.2
cm [35].

The diffusivity D, can be calculated by the following formula:

’ 1 1 1
Dap = 0.0018583 |T3(— + —) ——— (11)
48 A (MA MB) pOﬁB'QD,AB

T: Temperature [K] (298.15 K), M,: Molecular Mass of Explosive [g mol’l], Mg:
Molecular Mass of Air [g mol’l] (28.97 g mol'l), p: total pressure [atm] (1 atm),
a,5: combined collision diameter [A], 0p 4p: collision integral for diffusion

o5 = 1/2(04 + 0p) (12)

a,: collision diameter of explosive [A], a5 collision diameter of air [A] (3.617 A)
[36]

€aB = 1/ €aB (13)
g4: Characteristic energy of explosive [J], ez: characteristic energy of air [J]

With ¢45 the collision integral for diffusion 2,45 can be
calculated according to:

1.16145 0.19300
D.AB = 1015610 © exp(0.47635T") (14)
1.03587 1.76474
t oxp (1.52996T7) | exp (3.89411T")
T*=kTlesy (15)

In case of TATP 1 and DADP 2 the diffusion coefficient can be
calculated from their melting point (eqg. (7)). The needed molar
volume V,, can be approximated from the crystal structure
density at the temperature Tyzp:. The density can be adjusted to
the melting point by the following equation [37]:

Pm = pxro/(1 + 0.00015(Ty, — Txgp) (16)

pm: density at melting point [g cm'a], pxrp: density from X-Ray diffraction [g
cm'a], Txrp: temperature of XRD-experiment [K]

The molar volume at the melting point can be calculated by:

Vi =M/pm (17)
With equations 1 to 17 the diffusion coefficient of a solid
explosive in air can be approximated when solely its melting
point and a density are known and equation (1) can be used to
calculate the mass flux of material from the explosive to the air:

Ne —MNg
4
y 4

With A =1 cm?, n,=0and d = 0.2 cm it can be written:

J=AXDyp X

DAB
] 0.2 X ng (18)

If the concentration n, is converted to partial pressure (n. =
3.3x10%p, p: vapor pressure [Torr]) and the emission flux is
converted into a mass flux (unit conversion factor: M/N,) the
mass flux can be calculated:
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Q =222x3.3x10"p X (M IN,) (19)

Q: emission flux of explosive [g s cm™?], N,: Avogadro Constant (6.022 x 10%
mol™)

An example pf this calculation can be found for TATP 1 and
DADP 2 in Table 6:

Table 6. Example of Calculation for the emission flux of explosive Q for TATP
and DADP at STP conditions (298.2 K, 1 atm)

TATP DATP Unit
T, 370.2° 405.2° K
PxRD 1.27° 133" gem?
Txrp 180° 208° K
Pm 1.24 1.292 gem?
M 222.237 148.158 g mol™*
Vi 179.981 114.691 cm® mol™*
o4 6.899 5.937 A
£p 710.688 777.888 K
Oun 5.258 4777 A
£48 262.558 274.691 J
KT/€45 1.136 1.085 ]
2 45 1.355 1.385 ]
Dap 0.050 0.062 cm?s?
Dsat 6.7° 26.6° Pa
Psat 0.050% 0.200% mmHg
Q 0.154 0.497 pg/cm? s

2 value obtained in this work, ° values obtained from the literature for TATP[15]
and DADP[16].

With the emission flux Q@ in hands the concentration of the
explosive in air at the diffusion equilibrium state can be
calculated:

Cair =SXQXr (20)

¢: concentration of explosive in air at diffusion equilibrium, S: surface of
explosive exposed to air, r: attenuation factor (10'4)

The attenuation factor r has been established in the study by
Dravnicks et al. [35] For a surface of 200 cm?2 the following
values for c4;r can be obtained: TATP 1: 3.1 ng L, DADP 2: 10
ng L® These values must be regarded as the maximum
concentrations of explosive that can be present for detection
since further diffusion barriers like foil wrapped around the
explosive are highly probable. cyf is directly proportional to the
exposed surface of the explosive (Equation 20) and was
calculated in this work for an exemplary surface of 200 cm?2.



Using the Ideal gas equation the saturation concentration of an
explosive can be calculated:

_ Dsat XM

o = 22 1)

C5q¢. SAtUration concentration [mg L™, R: ideal gas constant (8.314 J mol™ K™),
T: temperature [K]

For TATP a value of 600 pg L™ and for DADP a value of 1589
ug L can be calculated using the vapor pressures stated in
Table 6. This indicates that the diffusion phenomenon discussed
lowers the gas phase concentration of the explosive by about
five orders of magnitude (10°).

Conclusions

TATP 1 and its sideproduct DADP 2 have been demonstrated to
be medium performance explosives that are easily accessible
from freely available chemicals. Whilst for DADP 2 the p-T-
values obtained in this work are in agreement with literature
values the p-T-values obtained for TATP 1 are not in agreement
with literature values. This might be due to the rich
polymorphism of TATP 1 elucidated by Reany et al. [11]. It would
be recommendable to carry out future vapor pressure
measurements of 1 with the synthetic procedure detailed in this
work for the reason of comparability. The saturation equilibrium
concentrations of TATP 1 (600 pg L™) and DADP 2 (1589 pg L™)
are about five magnitudes higher than at the diffusion
equilibrium state (1: 31 ng L*, 2: 100 ng L%). The latter
concentrations correspond to a ppt-concentration level and are
valuable for the conception of gas phase detection devices.

Experimental:

All reagents and solvents were used as received (Sigma-Aldrich,
Fluka, Acros Organics, ACBR). NMR spectra were measured
with a JEOL ECX-400 and a Bruker AVANCE 400 MHz NMR
instrument. The chemical shift of the solvent peaks were
adjusted according to literature values [38]. Infrared spectra
were measured with a Perkin-Elmer FT-IR Spektrum BXII
instrument equipped with a Smith Dura SamplIR Il ATR unit.
Transmittance values are described as “strong” (s), “medium”
(m), and “weak” (w). Raman spectra were recorded on a Bruker
RAM Il device (1064 nm, 300 mW). Relative peak intensities are
given in brackets. Elemental analyses (EA) were performed with
a Netsch STA 429 simultaneous thermal analyzer. Sensitivity
data were determined using a BAM drophammer and a BAM
friction tester. The electrostatic sensitivity tests were carried out
using an Electric Spark Tester ESD 2010 EN (OZM Research)
operating with the “Winspark 1.15” software package. The
particle sizes stated are valid for all sensitivity measurements.
Melting points were measured with a Buechi B-540 melting point
apparatus using a heating rate of 5 °C min™. For the powder
diffraction experiment on TATP 1 the analytes was filled into a
0.5 mm Lindemann capillary. The material was then investigated
on a Huber G644 Guinier diffractometer with the angle calibrated
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using electronic grade germanium (a = 5.6575 A).
Measurements with MoK, radition were made over the 26
range 2 - 12 ° with an increment of 0.02 ° and a counting time of
20 seconds per increment at 25 °C.

CAUTION! TATP 1 and DADP 2 are energetic materials with
sensitivity to various stimuli. While we encountered no issues in
the handling of these materials, proper protective measures
(face shield, ear protection, body armor, Kevlar gloves, and
earthened equipment) should be used during the handling of
both compounds at all times including vapor pressure
measurements.

TATP 1: 3.14 mL 50% aqueous H,O- solution (3.76 g, 0.11 mol)
and 0.86 mL conc. H,SO, (1.58 g, 0.016 mol) are mixed and
cooled to 0 °C. 4.90 mL acetone (3.87 g, 0.07 mol) are added
dropwise. After stirring the mixture at 0 °C for 3 h, it is extracted
with 70 mL pentane. The pentane mixture is washed two times
with 20 mL saturated ammonium sulfate solution and afterwards
three times with 20 mL of water. The organic phase is dried over
magnesium sulfate. After evaporation of the solvent a colorless
solid is isolated. (2.07 g, 40%) [9]

'H NMR (CDCls, 400 MHz, 300 K): 5= 1.45 (18 H). *C NMR
(CDCl3, 100 MHz, 300 K): 6= 21.5 (CHg), 107.7 (C). IR (ATR): ¥
(cm™) =3005 (w), 2945 (w), 1600 (w), 1461 (w), 1376 (m), 1361
(m), 1274 (w), 1232 (m), 1200 (m), 1178 (s), 997 (w), 945 (m),
937 (m), 884 (s), 842 (m), 784 (m), 615 (m). Raman (1064 nm) ¥
(cm™) = 3012 (55), 3001 (54), 2948 (100), 10450 (30), 1372 (5),
1338 (6), 962 (48), 913 (50), 864 (60), 856 (48), 653 (7), 555
(61), 452 (28), 434 (30), 412 (28), 380 (8). EA found (calcd.): C
48.73 (48.63), H: 8.26 (8.18). IS: 1.5J, FS: <5 N, ESD: 0.2J
(<100 pm).

DADP 2: 10 mL dichloromethane are cooled in an ice bath.
2.00 mL acetone (1.58 g, 0.03 mol) and 4.00 mL 30% aqueous
H;O, solution (4.449g, 0.04mol) are added. 4.00 mL
concentrated perchloric acid (7.08 g, 0.07 mol) are added drop
wisely and the mixture was stirred at 0 °C for 1 h. Afterwards the
mixture is stored for three days at room temperature to allow
complete conversion of TATP to DADP. The formed colorless
precipitate is filtered off, washed with water and recrystallized
from methanol. (0.23 g, 10%). [10]

'H NMR (CDCls, 400 MHz, 300 K): 5= 1.35 (s, 6H), 1.79 (s, 6H).
13C NMR (CDCl3, 100 MHz, 300 K): &= 20.7 (CHs), 22.5 (CHa),
107.7 (C). IR (ATR): ¥ (cm™) = 3031 (w), 3000 (w), 2955 (w),
1603 (w), 1452 (w), 1374 (m), 1367 (m), 1284 (w), 1268 (m),
1198 (s), 1006 (w), 943 (m), 930 (m), 858 (m), 839 (w), 814 (m),
686 (m). Raman (1064 nm) ¥ (cm™) =3053 (25), 3004 (100),
2980 (62), 1450 (18), 1417 (21), 1260 (17), 940 (23), 917 (19),
863 (64), 720 (65), 512 (8), 501 (58), 491 (22), 452 (10), 447 (9),
428 (17), 382 (53). EA found (calcd.): C 48.24 (48.63), H: 8.13
(8.18),1S:5J, FS: 5N, ESD: 0.2 J (<100 um).
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