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I Introduction 

1     Classification of Energetic Materials 

The general definition of an energetic material is not that entirely easy, because there are several 

different approaches. An energetic material can be characterized as a compound or mixture of 

substances which contains a fuel and an oxidizer and reacts with the release of energy and gas.[1,2] 

According to KlapötkeΣ ŀƴ άenergetic materials derive their energy from a chemical reaction (in 

contrast to a nuclear reactionέΦ[1] But there are many other ways to look at energetic materials, 

in particular laws are crucial. So is the German Explosives Act, Sprengstoffgesetz, which states 

ŜƴŜǊƎŜǘƛŎ ƳŀǘŜǊƛŀƭǎ ŀǎ ǎƻƭƛŘ ƻǊ ƭƛǉǳƛŘ ŎƻƳǇƻǳƴŘǎ ŀƴŘ ŦƻǊƳǳƭŀǘƛƻƴǎΣ άwhich could detonate due to 

a not extraordinary thermal, mechanical or other stressέ ŀƴŘ άshow explosive behavior during 

test methods such as thermal sensitivity and mechanical sensitivity with respect to either shock 

or frictionέΦ[3] Another view of energetic materials is the chemical way: energetic materials are 

characterized by a number of explosophoric groups, such as nitro, azido or nitrato, on carbon 

backbones. 

This whole world of energetic materials needs to be classified and categorized, but there are also 

a lot of approaches. One of the most important is the classification by their use according to 

Klapötke.[1] An energetic material can be used as a high explosive for civil or military purposes, as 

a primary explosive, as a pyrotechnic formulation, or as a propellant for gun charges or rocket 

propellants.(Figure 1) The individual categories are discussed in more detail in the following 

sections, using specific examples of molecules and applications. 

 

Figure 1. Classification based on their use according to Klapötke.[1] 

Energetic Materials

High Explosives

Civil Application Military Application

Primary Explosives Pyrotechnics Propellants

Charges for Guns Rocket Propellants
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1.1 Primary Explosives 

Primary explosives can be further classified as molecules that are highly sensitive towards 

external stimuli, tend to explode easily and undergo a fast transition from deflagration to 

detonation.[4] When subjected to heat, friction or impact, they produce a shockwave which can 

initiate low sensitive secondary explosives.[1] In general, the performance is significantly lower 

than typical secondary explosives, but primary explosives are mostly used to detonate the main 

charge.[1] ¢ƘŜ ōŀǎƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǇǊƛƳŀǊȅ ŜȄǇƭƻǎƛǾŜǎ ŀǊŜ ŀǎ ŦƻƭƭƻǿǎΥ Җ п W ŦƻǊ ƛƳǇŀŎǘΣ Җ мл b ŦƻǊ 

ŦǊƛŎǘƛƻƴ ŀƴŘ Җ нл ƳW ŦƻǊ ŜƭŜŎǘǊƻǎǘŀǘƛŎ ŘƛǎŎƘŀǊƎŜΦ[1, 4, 5] Over the years, requirements have changed 

and the trend has gone from heavy metal containing primary explosives (lead azide LA, lead 

styphnate LS, mercury fulminate MF), which are extremely negative for humans and the 

environment, to metal containing primary explosives (K2DNABT, DBX-1) to metal free primary 

explosives (DDNP, Tetrazene, CTA).[1, 4, 6] The formulas of these primary explosives are shown in 

Figure 2. All of the depicted ones have (partially) made it into application but the search for 

primary explosives with even better properties is ongoing. 

 

Figure 2. Structural formula of selected primary explosives: lead azide LA, lead styphnate LS, 

mercury fulminate MF, copper(I) 5-nitrotetrazolate DBX-1, dipotassium мΣмΩŘƛƴƛǘǊŀƳƛƴƻ-

рΣрΩōƛǎǘŜǘǊŀȊƻƭŀǘŜ K2DNABT, diazodinitrophenol DDNP, cyanuric triazide CTA,  

tetrazolyl-guanyl-tetrazen-hydrat Tetrazene. 

1.2 Secondary Explosives 

Secondary explosives are higher performing explosives than primary explosives. They cannot be 

easily detonated as primary explosives due to higher physical stabilities such as thermal stability 
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ŀƴŘ ƳŜŎƘŀƴƛŎŀƭ ǎǘŀōƛƭƛǘȅΦ ¢ƘŜ Ƴŀƛƴ ǇǊƻǇŜǊǘƛŜǎ ŀǊŜΥ җ п W ŦƻǊ ƛƳǇŀŎǘ ŀƴŘ җ ул b ŦƻǊ ŦǊƛŎǘƛƻƴΦ[1] An 

ideal secondary explosive should have the highest possible heat of explosion, detonation 

velocity, and pressure, be insensitive to impact and friction, and have thermal stability above 

250°C.[1]. The trend has gone from carbon-based six rings (TNT) to carrying less and less carbon 

that needs to be oxidized, thereby increasing the explosive power. For example, RDX and HMX 

offered significantly higher performance with a similar framework but less carbon. More recent 

developments then went to FOX-7 and TKX-50, which have incredible performance with 

moderate sensitivities and very good thermal stability.[1,7] By far the strongest non-nuclear 

explosives are ONC and CL-20 which feature a cage structure, again increasing the detonation 

velocity to about 10 000 m s-1. The main disadvantage of the latter is the high synthetic effort 

and the associated high cost.[1, 8, 9]  

 

Figure 3. Structural formula of selected secondary explosives: 2,4,6-trinitrotoluol TNT, hexogen RDX, 

octogen HMX, 1,1-diamino-2,2-dinitroethylene FOX-7, dihydroxylammonium 5,5 ȳ-bitetrazole-1,1 ȳ-

dioxide TKX-50, octanitrocubane ONC, hexanitro hexaazaisowurtzitane CL-20. 

1.3 Propellants 

Propellants in general do not tend to explode, they produce a large amount of hot gas and consist 

of a fuel and an oxidizer.[1] This class can be subdivided into gun propellants and rocket 

propellants. Gun propellants should not have a high combustion temperature due to the erosion 

of the barrel but a fast burning rate to eject and transport the projectile in the desired way. A 

main criterion is the oxygen balance that should be ideally zero, so no external oxygen is needed 



1   Classification of Energetic Materials 

4 

for complete combustion.[10] One of the simplest and oldest is nitrocellulose NC which is 

synthesized by nitration of cotton and it is still in use today. Recent developments are smokeless 

single, double or triple base propellants consisting of various compositions of nitrocellulose, 

nitroguanidine NQ and nitroglycerine NG.[1] Recent developments focus on the erosion of the 

gun barrel and mixture with bis triaminoguanidinium azotetrazolate TAGzT that have a low 

combustion temperature were investigated.[1] The most important property for rocket 

propellants is the specific impulse (Isp.), which is used to calculate the maximum payload of the 

rocket.[1] Here, solid mixture with ammonium perchlorate AP have made it into application due 

to the good properties. Drawback is the release of chlorinated species after combustion which 

have negative impact on the environment.[1] Liquid propellants are also currently in use for 

example with monomethylhydrazine MMH and nitric acid or N2O4 which reacts hypergolic after 

mixing and thrust is generated.[1] 

 

Figure 4. Structural formula of selected molecules used for propellants: nitrocellulose NC, nitroglycerine 

NG, nitroguanidine NQΣ ōƛǎ ǘǊƛŀƳƛƴƻƎǳŀƴƛŘƛƴƛǳƳ рΣрΩŀȊƻǘŜǘǊŀȊƻƭŀǘŜ TAGzT, ammonium perchlorate AP, 

monomethylhydrazine MMH. 

1.4 Pyrotechnics 

Pyrotechnics is a mixture or formulation that produces a distinct color impression, heat, sound 

or smoke.[1] Civil application of pyrotechnics is the widely known firework at the end of a year, 

whereas in military it is used for signal flares, smoke clouds for coverage and decoy bodies.[11ς14] 

Pyrotechnical compositions consist mainly of an oxidizer (e. g. nitrates or perchlorates) and metal 

as fuel (magnesium or aluminum). For formulation that give a color impression, a coloring agent 
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is added like strontium or lithium.[1] Perchlorates as mentioned in the previous section, have a 

negative environmental impact due to the release polychlorinated species. Recently, Glück 

removed the chlorine source and establish are red-burning pyrotechnical formulation that meets 

the requirements.[15] 
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2     Objectives 

Goals and motivation for this thesis can be divided into two parts, first the synthesis of new 

energetic oxetanes which are suitable for ring-opening polymerization. So only 3-mono and 3,3-

di- substituted oxetane are considered. The second part addresses the goal of synthesizing new 

high-energy nitrogenous materials, in particular the chemistry of azides and tetrazoles. 

2.1 New Energetic Oxetanes 

One objective of this thesis was to synthesize and investigate new energetic oxetanes that can 

be suitable for possible ring-opening polymerization. Oxetanes are generally strained four-

membered heterocycles containing an oxygen atom. The ring tension is minimized by a nearly 

planar configuration of the ring shown by Luger.[1] In the 1980s several energetic oxetanes were 

developed such as AMMO, NIMMO and BAMO which are used in formulations.[2ς6] (Figure 5) 

Baum et al. also synthesized energetic oxetane such as 3,3-dinitrooxetane DNO and 3-

azidooxetane 3AO but they did not made it into application due to several difficulties with the  

 

Figure 5. Selected energetic oxetane derivatives: 3-azidomethyl-3-methyloxetane AMMO,  

3-nitratomethyl-3-methyloxetane NIMMO, 3,3-bis(azidomethyl)oxetane BAMO,  

3,3-dinitrooxetane DNO, 3-azidooxetane 3AO. 

synthesis.[7] Since then, almost no new energetic oxetanes have been synthesized and 

discovered, probably also due to the high price. Recently, however, the pharmaceutical industry 

has become interested in oxetanes, and so prices have dropped and oxetanes have become 

commercially available. In this work, oxetan-3-ol, oxetan-3-one and 3-bromomethyl-3-

hydroxmethyloxetane were chosen as starting materials due to their commercial availability and, 

in the case of 3-bromomethyl-3-hydroxmethyloxetane, due to its good synthetic accessibility. 

Various energetic groups and molecules were introduced into the oxetane compounds to obtain 

as energetic as possible 3-substituted oxetane monomers. 
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2.2 Nitrogen-rich Energetic Materials 

A main strategy for the synthesis of nitrogen-rich energetic materials is mainly the introduction 

of azido groups to the molecule. Azides contribute about +300 kJ/mol to the heat of formation 

of a molecule.[1] For even higher nitrogen content and heat of formation, heterocyclic azoles are 

used, mainly tetrazoles, because they best combine the relevant properties (heat of formation, 

thermal stability, sensitivity and detonation speed). The chemistry of such nitrogen-rich materials 

is quite exciting and challenging due to the mostly not long stable molecules and the extremely 

high sensitivities. For example, carbonyl azides undergo Curtius rearrangement reactions, even 

at room temperatures, to form a reactive isocyanate which can react with moist air.(Figure 6)  

 

Figure 6. Curtius rearrangement and subsequent reaction with water to form an amine. 

In general, the more azides in a molecule and the closer they are together, the more unstable it 

becomes. For example, geminal azides are really sensitive towards external stimuli. The 

molecules become even more unstable when azides are combined with tetrazoles. The nitrogen 

content is then very high, as with 5-azidotetrazoles (88.3%).[8] Several energetic and sensitive 

nitrogen-rich materials are depicted in Figure 7.[3, 8ς11] Nitrogen-rich energetic materials tend to  

 

Figure 7. Selected nitrogen-rich energetic materials: 5-azidotetrazole 5-AzT, cyanuric triazide CTA,  

3,5-diazido-1,2,4-triazole DAzT, (5-azido-1H-tetrazol-1-yl)carbonimidoyl diazide C2N14,  

tetraazidomethane TAM. 

Be used as primary explosive due to the high sensitivities. However, the scope of this thesis was 

to develop high performing and stable nitrogen rich materials, probably for use in primary 

explosives. The characterization of these materials, in particular the X-ray structure  
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determination, was the main focus, since usually little amounts of them are synthesized. With 

the X-ray structure it is possible to estimate the sensitivities by Hirshfeld analysis before more 

material is synthesized for practical testing.[12] 
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II Summary and Conclusion  

One aim of this thesis was to synthesize and characterize new energetic oxetanes which can be 

possibly ring-opened to form energetic polymers. The second goal was to synthesize and 

characterize new highly energetic nitrogen-rich materials. During this thesis, overall 47 new 

compounds were synthesized and characterized. It was possible to crystallize 42 of them and the 

structures were obtained by low temperature X-ray diffraction. 18 (38%) new oxetanes and 

29 (62%) nitrogen-rich materials were synthesized. They can be classified according to their 

sensitivities for potential use: 13 (28%) primary explosives, 24 (51%) secondary explosives and 

10 (21%) others. The group of other can be described as intermediates, non-energetic 

compounds, characterized decomposition products or compounds with other applications.  

 

Figure 1. Classification of the investigated compounds 

Chapters 1ς3 deal with the synthesis of new energetic oxetanes and chapters 4ς7 are about 

highly energetic nitrogen-rich materials which were synthesized and characterized.  

Chapter 1 starts with oxygen-rich oxetane compounds based on nitrate esters. In 

particular, the addition of dinitrogen pentoxide to the double bond of oxetan-3-one is a powerful 

synthetic route to obtain geminal dinitrates. Solid 3,3-dinitratooxetane (DNO) is a promising 

candidate as solid-state oxidizer because of the positive oxygen balance with respect to CO. The 
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major drawbacks are the low thermal stability (93°C), the very high sensitivities towards impact  

(1 J) and friction (1 N) and general instability with decomposition over time at room temperature. 

The other two synthesized compounds by nitration of the respective alcohol, namely 3-

nitratooxetane (3NO) and 3-nitrato-3-methyloxetane (3N3MO), are liquids with moderate 

thermal stabilities (153°C and 145°C, respectively) and performance but they are insensitive 

towards impact and friction. 

 

Figure 2. Formula of 3,3-dinitratooxetane (DNO) and the corresponding crystal structure, and the 

formulas of 3-nitratooxetane (3NO) and 3-nitrato-3-methyloxetane (3N3MO). 

In chapter 2, energetic oxetanes based on the secondary explosive, 4-amino-3,5-

dinitropyrazole (LLM116), were synthesized and characterized. The synthetic route started from 

cheap 3-bromomethyl-3-hydroxyoxetane with subsequent nucleophilic substitution reaction by 

the potassium salt of LLM116. The residual hydroxy position was further functionalized by 

nitration to obtain the nitrate ester. A side reaction was observed and (3-((4-diazo-3-nitro-5-oxo-

4,5-dihydro-1H-pyrazol-1-yl)methyl)oxetan-3-yl)methyl nitrate was obtained. The hydroxy 

function was converted into a leaving group which allowed further functionalization with azide, 

LLM116 and 1H-tetrazole. The obtained compounds are depicted in Figure 3. All compounds 

were  

 

 

Figure 3. Structures of the energetic synthesized compounds 4ς8.  
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characterized by low temperature X-ray diffraction and the thermal stabilities of the compounds 

are sufficient for possible practical application. The energetic compounds were tested for 

practical use in SSRT and initiation test. In SSRT, the compounds 4ς7 have significant smaller 

dents as the reference TNT (343 mm3) (Table 1). Only 5 is almost as powerful as TNT having a 

dent volume of 298 mm3. The dent volume was measured with a 3D profilometer to have 

accurate values (Figure 4). Initiation test showed that all compounds expect 4 are too insensitive 

to be affected by lead azide. With the use of a booster explosive such as PETN, it was possible to 

initiate 4ς8. 

Table 1. Mass of explosive versus dent size in the SSRT 

/ƻƳǇƻǳƴŘ п р с т ¢b¢ 

ά όƳƎύ пнс прф пнп пну ппр  

±ŘŜƴǘ όƳƳоύ мсл нфу оп мсн опо 

 

 

Figure 4. Dent volume determination with a 3D profilometer. 

 

5 

6 7 
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Chapter 3 is about condensation reaction of oxetan-3-one with different energetic 

hydrazinic compounds to form Schiff bases. Those Schiff bases undergo hydrazinolysis at elevated 

temperatures really fast to form spiro-tetrahydrotetrazines which are quite rare in the literature. 

(Figure 5) The structures of compounds 8ς15 except 11 (liquid) were obtained. The performance 

was calculated using the EXPLO5 code. Compound 13 has a detonation velocity of nearly  

8000 m s-1 and is insensitive towards external stimuli which is quite promising for application. 

 

Figure 5. Hydrazinolysis of compound 10ς12 to form the tetrahydrotetrazine derivatives 13ς15 with the 

open form as possible intermediate. 

 

Figure 6. Crystal structures of compound 9, 10 and 12ς15 and the respective energetic parameter 

comprising of decomposition temperature, detonation velocity and impact and friction sensitivity. 
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In chapter 4, the geminal diazide, 2,2-diazidomalonic acid, and salts thereof were 

synthesized and characterized (Figure 7). The neutral compound is very sensitive towards impact 

and friction with sensitivities of 1 J impact and 1 N friction. The salts are quite insensitive but the 

energetic properties were quite disappointing with detonation velocities of around 7000 m s-1. 

The potassium salt can eventually be used as a TNT substitute, as it is a bit more powerful and 

non-toxic. 

 

Figure 7. Synthesis of 2,2-diazidomalonic acid and salts thereof. 

Chapter 5 deals with the synthesis of small carbonyl azides such as oxalyl diazide, 

ŎŀǊōŀƳƻȅƭ ŀȊƛŘŜ ŀƴŘ bΣbΩ-bis(azidocarbonyl)hydrazine. All three compounds were obtained by 

diazotation of the corresponding hydrazo precursor (Figure 8). The crystal structures were 

elucidated by X-ray diffraction and the instable oxalyl diazide was converted in a Curtius 

degradation to a reactive isocyanatocarbonyl azide which undergoes trapping reaction with 

hydroxy and amine functional groups to form carbamate-like or acetamide-like carbonyl azide 

derivatives. The trapping products were also crystallized and the structure was obtained. 

Carbamoyl azide 24 was intensively spectroscopically characterized by different IR methods (ATR 

solid, gas 0.1 mbar, Ne-matrix 3 K) and Raman and the values were compared and discussed. 24 

and 25 have a surprisingly high thermal stabilities of 133°C and 154°C which is really high for 

carbonyl azides, probably because of the hindered Curtius degradation. Oxalyl diazide 23 is 

incredible sensitive with sensitivities below the limit of the test setups. 23 and 25 are very 

powerful with detonation velocities of about 8000 m s-1 but they are too sensitive for application. 

Oxalyl diazide 23 can further be functionalized because of the good handling in solution to access 

new compounds with a carbonyl azide function.  

16 17 

18 

19 

20 

21 
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Figure 8. Diazotation reaction to form compound 23ς25 and different trapping reaction of the reactive 

isocyanatcarbonylazide to 26ς28.  

In chapter 6, a versatile precursor, namely 2-hydrazonyl-propandihydrazide 30, was 

synthesized investigated for the synthesis of high-energy materials. The perchlorate salt as well 

as the nitrate salt are high energy materials with detonation velocities of about 9000 m s-1. 

Further the reaction with N-methyl-N-nitroso-bΩ-nitroguanidine to form an open product with 

subsequent ring closure reaction to a triazole gives also highly energetic compounds with 

detonation velocities of 8228 m s-1 and 8654 m s-1. It was shown that the starting material has a 

great versatility do develop new high-energy materials. Further the investigated compounds are 

quite insensitive which could lead them into application. Also remarkable is the non-toxicity of 

the precursor which is quite valuable for other synthetic procedures, also for pharmaceutical 

uses.  
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          30             31               33 
Vdet. = 7610 m s-1  Vdet. = 8920 m s-1    Vdet. = 9082 m s-1 
IS >40 J    IS 30 J      IS >40 J 
FS >360 N   FS >360 N     FS >360 N 

 
Figure 9. Crystal structures of 30, 31 and 33 and the respective properties depicted underneath. 

 Chapter 7 is about the binary and ŜȄǘǊŜƳŜƭȅ ǎŜƴǎƛǘƛǾŜ нΣнΩ-azobis-5-azidotetrazole also 

known as C2N16 which has a higher nitrogen to carbon ratio than C2N14. Compound 39 is 

synthesized via amination with TOSA. It has also the capabilities of being a primary explosive with 

sensitivities of <1 J impact and 2 N friction. The thermal stability is 142°C which is comparably  

 

 

Figure 10. Synthesis of нΣнΩ-azobis-5-azidotetrazole, C2N16, 40. 

 

Figure 11. Crystal structure of 2-amino-5-azidotetrazole 39 
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high. 40 is synthesized via oxidative azo-coupling using tBuOCl which has the advantage that 

nothing precipitates during the reaction. This is important because of spontaneous detonation 

of C2N16. Compound 40 is extremely sensitive towards external stimuli, a detonation occurring at 

the smallest possible values and also during standing without any obvious source of stimulus. But 

it was possible to get single crystals and the low temperature crystal structure was 

elucidated.(Figure 12) Both compounds have detonation velocities of about 9500 m s-1. 

Remarkable is the endothermic heat of formation of C2N16 which is 1700.7 kJ/mol and one of the 

highest ever reported. The values are summarized in Table 2. 

 

Figure 12. /Ǌȅǎǘŀƭ ǎǘǊǳŎǘǳǊŜ ƻŦ нΣнΩ-azobis-5-azidotetrazole, C2N16 (40). 

¢ŀōƭŜ нΦ tƘȅǎƛŎƻπŎƘŜƳƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎ ƻŦ оф ŀƴŘ пл ŀǎ ǿŜƭƭ ŀǎ ŦƻǊ /нbмп όмπŘƛŀȊƛŘƻŎŀǊōŀƳƻȅƭπрπ
ŀȊƛŘƻǘŜǘǊŀȊƻƭŜύΦ 

 оф пл /нbмпм 

CƻǊƳǳƭŀ /Iнbу /нbмс /нbмп 

L{ ώWϐ м лΦнр лΦнр 

C{ ώbϐ н лΦм р 

 ́ώƎ ŎƳҍоϐ мΦтос мΦуло мΦстф 

b ώ҈ϐ ууΦф флΦо уфΦм 
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ɲŦIϲ ώƪW Ƴƻƭҍмϐ тлоΦт мтллΦт мпфрΦл 
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t/W ώƪōŀǊϐ опо  осс  олл 
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The last chapter 8 is about 1-amino-5-nitriminotetrazole and its salts which are quite high-

performing energetic materials with moderate sensitivities. The synthetic procedure is quite 

simple: protection of 1,5-diaminotetrazole with acetone, aprotic nitration with dinitrogen 

pentoxide and deprotection by acid, which proceeds in the same step during quenching. Quick 

extraction is necessary due to the water solubility of 41. The salt formation proceeds in high 

yields and quite fast.(Figure 13) All compounds are solids of which a crystal structure was 

obtained. 

 

Figure 13. Salt formation of HANIT 41 with different molecules to form compounds 42ς47. 

             

Figure 14. Crystal structures of 41 and 47. 

The materials except the potassium salt 45 have detonation velocities of higher than 9000 m s-1 

43 and 44 even have detonation velocities of 9850 m s-1 and 9915 m s-1 respectively, which is 

really high. A drawback is the sensitivity of those compounds of 2 J impact and 15 to 20 N friction. 

The thermal stability is acceptable (43: 175°C; 44: 170°C) for compounds with such a high 

performance. The synthesized compounds compete with the most powerful non-nuclear 

explosives such as CL-20 and TKX-50 and they easily beat RDX. Compound 46 is nearly insensitive 

towards impact (20 J) and friction (240 N) and is one of the most promising compounds for 

application. The decomposition temperature is 215°C and the detonation velocity is 9312 m s-1 

which is in the range of TKX-50. 

The following table summarizes the relevant properties of the most promising compound of each 

chapter and compares them with RDX and TKX-50.  
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Table 3. Comparison of the most promising compound of each chapter with RDX and TKX-50. 

 1 5 13 20 25 33 40 44 RDX TKX-50 

Formula C3H4N2O7 C11H12N10O9 C4H8N6O3 C3N6O4K2 C2H2N8O2 C3H12N6O11Cl2  C2N16 CH6N8O3 C3H6N6O6 C2H8N10O4 

IS [J] <1 >40 >40 5 1ς2 >40 лΦнр 2 7.5 20 

FS [N] 1 >360 >360 288 0.1 >360 лΦм 20 120 120 

N+O [%] 77.75 64.4 70.2 56.44 84.69 68.60 90.3 89.86 81.06 86.41 

Tdec. [°C] 93 246 151 105 154 124 114 170 210 221 

ɲfH° [kJ molҍ1] ҍ302.6 105.2 223.1 ҍ455.0 309.3 ҍ239.2 1700.7 436.1 86.3 446.6 

Vdet. [m s-1] 8275 7335 7989 7275 7907 9082 9515 9915 8983 9698 

PCJ [GPa] 29.7 20.9 23.2 19.0 23.7 36.9 36.6 40.2 38.0 42.4 

 



Summary and Conclusion 

21 

A total of 13 compounds have been synthesized and characterized that have a detonation 

velocity of more than 8000 m s-1. Furthermore, 8 of them even have a detonation velocity of 

more than 9000 m s-1. The insensitive perchlorate salt 33 is capable of outperforming RDX in 

almost every category, but its low thermal stability of only 124°C prevents it from entering the 

application. Among the oxetane compounds, 5 and 13 could make it to application. 5 could serve 

as an insensitive TNT substitute or, if polymerized, as an energetic, thermally stable binder. 13, 

on the other hand, could be very well suited, if polymerized, as binder with high performance. 

Unfortunately, 1 cannot be considered for possible applications due to overall instability 

(decomposition at room temperature). The same applies for C2N16 40, which detonates already 

without obvious source of stimulus at room temperatures and is also way too sensitive for 

application. Compound 44 is so powerful that it may find an application where thermal stability 

of 170°C is sufficient and where the sensitivities of 2 J impact and 20 N friction are not a problem. 

Further, the TATOT salt 46 is quite insensitive (20 J impact, 240 N friction), has a significantly 

higher detonation velocity and thermal stability (215°C) than RDX, so it may find its application 

as (partially) RDX-replacement.  
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1.1 Abstract  

3-Substituted oxetanes are valuable monomers for modern ring-opening polymerizations. A new 

solid-state oxidizer, 3,3-dinitratooxetane (C3H4N2O7), which has an oxygen content of 62.2% was 

synthesized by the addition of N2O5 to oxetan-3-one. Monoclinic single crystals suitable for X-ray 

ŘƛŦŦǊŀŎǘƛƻƴ όˊ мΦул g cmς3) were obtained by recrystallization from dichloromethane. In addition, 

3-nitratooxetane was prepared by an improved method and 3-nitrato-3-methyloxetane was 

synthesized for the first time. Theoretical calculations were computed by the EXPLO5 software 

and additionally sensitivities towards impact and friction were determined. 

1.2 Introduction 

Since the synthesis of oxetane by Reboul in 1878, oxetanes have long remained a niche structural 

motif.[1] However, this changed drastically in the last two decades due to the use of the oxetane 

motif in the field of medicinal chemistry.[1,2] Here it is employed as a bioisoster for geminal methyl 

groups or carbonyl groups. Due to this development, an increasing number of oxetane derivatives 

are becoming commercially available.[3] This concern, for example, oxetan-3-one, which rich 

chemistry has become known in the literature.[4] The field of energetic polymers is largely defined 

by 3,3-bis-(azidomethyl)oxetane (BAMO), 3-azidomethyl-3-methyloxetane (AMMO) and 3-

nitratomethyl-3-methyloxetane (NIMMO), all of which have a very poor oxygen balance in 

common.[5,6] Especially oxygen-rich monomers and polymers has been very limited so far. Baum 

et al. succeeded in a first step by preparing the oxygen-rich 3,3-dinitrooxetane and the 

corresponding polymer. However, its preparation is a six-step synthesis starting from oxetan-3-

ol with an accordingly low overall yield.[7] The state of the is mainly dominated by the  
 

Figure 1. Structural formula of 3-nitrato-3-methyloxetane (3), glycidyl nitrate (A), 3-nitratooxetane (2), 

pentaerythritol tetranitrate (B), the new solid-state oxidizer 3,3-dinitratooxetane (1) and nitroglycerine 

(C) in the ascending order of oxygen content and sensitivities. 
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constitutional isomers glycidyl nitrate (A) and 3-nitratooxetane (2) which lead to useful binders 

after cationic ring-opening polymerization.[6,8,9] Nitrate ester as energetic structural motifs are 

also used as in common explosives. Although accidents happen every year due to its high impact 

sensitivity, still nitroglycerine (C) is widespread and used in double or triple base propellants. For 

today´s application as booster, pentaerythritol tetranitrate (PETN) (B) is preferred. The 

compounds AςC have the nitrate moiety in common. The use of this structural motif is one of the 

most promising ways to synthesize molecules with positive oxygen balance. This is the ability to 

form O2 besides N2, H2O and CO/CO2 during combustion. In literature, there are only a few 

examples of molecules having a carbon bonded dinitrato moiety. In 1938, Travagli reported on 

the synthesis of the simplest and first geminal C-nitrato compound, dinitratomethane, which he 

obtained by nitration of 1,3,5-trioxane in mixed acid.[10] The synthesis of dinitratomethane was 

improved by Reichel et al. in 2019 by the reaction of silver nitrate with diiodomethane in 

acetonitrile.[11] Dinitrogen pentoxide can be added to the double bond of aldehydes to obtain the 

dinitrato compound. This was done by Kacmarek et al. in 1975 in which he added dinitrogen 

pentoxide to acetaldehyde to obtain 1,1-dinitratoethane.[12] In 2016, Fischer et al. impressively 

demonstrated the power of this synthetic route: he added dinitrogen pentoxide to monomeric 

glyoxal and obtained tetranitratoethane in quantitative yield.[13]  

1.3 Results and Discussion 

The synthetic pathway was used for the reaction according to Scheme 1 in order to synthesize 

the title compound. Oxetan-3-one was added to a solution of dinitrogen pentoxide in acetonitrile 

at 0 °C. After one hour, the reaction mixture was poured into ice-water and extracted with ethyl 

acetate. After washing with bicarbonate solution to remove residues of acid, the solvent was 

removed to obtain crude 1 as colorless solid which was purified by recrystallization from 

dichloromethane. The crystals obtained were suitable for X-ray diffraction and were dried under 

ƘƛƎƘ ǾŀŎǳǳƳΦ ¢ƘŜ ǇǳǊƛŦƛŜŘ ƳŀǘŜǊƛŀƭ ƛǎ ǎǘŀōƭŜ ŀǘ ҍнл °C under a dry atmosphere. At ambient 

temperatures 3,3-dinitratooxetane slowly decomposes forming NOx radicals. In air the product  
 

 

Scheme 1. Synthesis of 1 via the addition of N2O5 to oxetan-3-one. 
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hydrolyses to form nitric acid and oxetan-3-one again as indicated by a singlet resonance of low 

intensity (5.37 ppm) next to the signal of the target compound which is also a singlet (5.11 ppm) 

due to its A4 spin system. However, the hydrolysis is slow enough to allow quenching of the 

reaction with ice water. 3-Nitratooxetane (2) was prepared by modified literature procedures  
 

 

Scheme 2. Preparation of 3-nitratooxetane (2) and 3-nitrato-3-methyloxetane (3). 

using acetyl nitrate as mild and cost-efficient nitrating agent.[8] Since the crude product is usually 

contaminated with acetyl nitrate, this was quantitatively removed by selective hydrolysis with 

hydrogen carbonate solution without decomposing the ester. This allows subsequent purification 

by distillation without the risk of explosion induced by acetyl nitrate. 1H NMR spectroscopy 

ǎƘƻǿŜŘ ŀƴ !!Ω..Ω· ǎǇƛƴ ǎȅǎǘŜƳ ƻŦ ƘƛƎƘŜǊ ƻǊŘŜǊΦ ¢ǿƻ ƳǳƭǘƛǇƭŜǘ ǎƛƎƴŀƭǎ ǿŜǊŜ ƻōǘŀƛƴŜŘ ŦƻǊ ōƻǘƘ 

methylene groups (4.68, 4.93 ppm) while the coupling of the methine-proton with the AB-part 

caused a triplet of triplets. Similar to compound 1, liquid 3-nitrato-3-methyloxetane (3) was 

obtained by nitration of the corresponding alcohol with N2O5. Despite the highest basicity of the 

oxetane oxygen in the series of reactants used, ring opening was so avoided and the product 

obtained in high purity and yield as yellow liquid. The corresponding 1H NMR spectrum was of 

high purity, showed duplet signals for the methylene groups (4.52, 4.78 ppm) and a singlet for 

the methyl group following the A2B2X3 spin system. Regarding vibrational spectroscopy (IR, 

Raman), the characteristic asymmetric (1629ς1687 cmҍ1) and symmetric stretching vibrations 

(1275ς1306 cmҍ1) of the nitratoςgroups were found for all compounds. Beyond, the well-known 

ring-breathing motion of the oxetane-moiety was observed as strong absorption band in all IR-

spectra (977ς1042 cmҍ1). Being the only solid in the series, compound 1 crystallizes in the 

monoclinic space group P21/c with 4 molecules in the unit cell and a density of 1.80 g cmҍ3 at 

107 K. The angles in the oxetane motif vary between 86.9(3)° at C1ςC3ςC2 to 92.3(3)° at C2ςO1ς

C1 and thus provide insight into the high ring strain. The oxetane ring shows a puckering of 5.4(3)° 

while both nitrato-groups are planar.  The view along the aςaxis reveals that the oxetane moieties 

form corridors and nitrato-groups spaced away from each other as possible. Hirshfeld analysis 

showed a high percentage of repulsive OΧO contacts (31.6 %) which cause strong repulsive  
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Figure 2. a) Molecular structure of compound 1. Thermal ellipsoids are drawn at the 50 %probability level. 

b) Two dimensional Hirshfeld fingerprint plot. c) Vie along the a-axis. d) View in the direaction of the c-

axis. 

interactions upon lattice deformation by mechanic stimuli and therefore indicate a high 

sensitivity.[14ς16] Accordingly, the view (a-axis) also reveals pairwise layers of nitrato-groups 

directed to each other causing this particular oxygen-oxygen repulsion. A large population of 

ƴƻǊƳŀƭƭȅ ǎǘŀōƛƭƛȊƛƴƎ hΧI ƛƴǘŜǊŀŎǘƛƻƴǎ όрпΦп %) was found, but they are weak due to their large 

distance (>2.5 Å) and thus cannot contribute significantly to the stabilization of 3,3-

dinitratooxetane. Another possible stabilizing effect is NΧO interaction, but the extent is low 

(7.5 %) and also weak due to the large distance.[17] In total, the OΧO interaction is hardly 
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counterbalanced by stabilizing effects and high sensitivity and low thermal stability must be 

assumed. This is in excellent agreement with measured values. DTA analysis of 1 shows a melting 

point at 69 °C, followed by another endo-peak at 88 °C which is associated with the cleavage of 

a nitrato-group. The exothermic decomposition is observed directly afterwards at 93 °C. 

3,3-Dinitratooxetane is extremely sensitive towards impact (<1 J) which is comparable to the 

impact sensitivity of nitroglycerine and way more sensitive than PETN (Table 1). Compound 1 is 

also very sensitive to friction with a sensitivity of 1 N. These high sensitivities are a result of the 

nitrato groups arranged in the crystal (Figure 2c), which are in spatial vicinity to each other. If 

these layers are moved against each other by mechanical stimuli, the distance between these 

groups decreases and the repulsion between the groups increases which then causes explosion. 

Also, the electronegative nitrato groups on side of the molecule and the electropositive oxetane 

ring on the other side which is an uneven distribution and makes the molecule more sensitive. In 

contrast, the liquid 3-nitratooxetane (2), which has only one nitrate moiety shows drastically 

higher decomposition temperature of 153 °C as assessed by DSC. Furthermore, only one nitrato-

group causes the compound to be completely insensitive towards impact and friction while the 

sensitivity of 1 already falls in the range of primary explosives. Unexpectedly, 3-nitrato-3-

methyloxetane (3) has a an even lower decomposition temperature of 141 °C (DSC) and was 

found to be insensitive towards impact according to expectation. Despite, it is slightly sensitive 

towards friction with a value of 160 N. This might be explained by the heat generally caused by 

friction which can obviously be sufficient to cause thermal initiation. 3,3-Dinitratooxetane 

features an outstanding oxygen content that is even higher than the content of pentaerythritol 

tetranitrate but slightly lower than the content of nitroglycerine.  With ease it surpasses the 

oxygen balance of commonly known energetic monomers such as GLYN and 3-NO (Table 1). The 

Gaussian16 program package was used to calculate room temperature enthalpy of formation on 

the CBS-4M level of theory using the atomization method for all investigated compounds. The 

EXPLO5 code was used to calculate the energetic properties of compounds 1ς3. Here, DNO shows 

the highest performance with a detonation velocity of almost 8300 m sς1 and a specific impulse 

of 264 s as pure substance and 267 s as a mixture with aluminum, whereby these values 

considerably exceed the specific impulse for ammonium perchlorate. To the best of our 

knowledge, this resembles the highest performance known in the field of energetic oxetanes. 
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Table 1. Physicochemical values of 3,3-dinitratooxetane (DNO, 1), 3-nitratooxetane (3-NO, 2), 3-nitrato-3-methyloxetane (3N3MO, 3), ammonium perchlorate 

AP), nitroglycerine (NG), pentaerythritol tetranitrate (PETN), glycidyl nitrate (GLYN), and 3-nitratooxetane (3-NO). 

 DNO (1) 3-NO (2) 3N3MO (3) AP [18] NG [18ς20] PETN [18ς20] GLYN [9, 19, 20] 

Formula C3H4N2O7 C3H5NO4 C4H7NO4 NH4ClO4 C3H5N3O9 C5H8N4O12 C3H5NO4 

FW ώƎϊƳƻƭҍм] 180.07 119.08 133.10 117.49 227.09 316.14 119.08 

IS[a] [J] <1 40 >40 20 0.2 ς 1 3 2 ς 4 

FS[b] [N] 1 >360 >160 >360 >360 60 >360 

N, O[c] [%] 15.56, 62.19 11.76, 53.74 10.52, 48.08 11.92, 54.47 18.5, 63.41 17.72, 60.73 11.76, 53.74 

ʍCOΣ ʍCO2
[d] [%] +17.77, ς8.89 ς20.15, ς60.46 ς42.07, ς90.20 +34.04, +34.04 +24.66, +3.50 +15.18, ς10.12 ς20.15, ς60.46  

Tm
[e]/ Tdec.

[f] [°C] 69/93 ς/153 ς/141 ς/240 13/185 141/202 ς/195 

[́g] ώƎϊŎƳҍо] 1.74 1.34 1.33 1.95 1.60 1.77 1.33 

ɲHf°[h] ώƪWϊƳƻƭҍм] ς302.6 ς168.0 ς245.8 ς295.8 ς311.3 ς479.7 ς199.3 

EXPLO5 V6.04[10] 

ҍɲEU°[i] ώƪWϊƪƎҍм] 6176 5089 4356 1419 6305 6165 4852 

DC-J
[k] ώƳϊǎҍм] 8275 6771 6456 6903 7823 8369 6664 

pC-J [GPa] 29.7 16.6 13.9 18.6 23.7 30.5 15.8 

Isp [l] [s] 264 235 204 157 275 267 228 

Isp [m] [s] (15% Al) 267 265 245 236 267 270 261 

[a] Impact sensitivity (BAM drophammer, method 1 of 6); [b] friction sensitivity (BAM drophammer, method 1 of 6); [c] Nitrogen and oxygen content; [d] Oxygen 

balance toward carbon ƳƻƴƻȄƛŘŜ όʍCO = (nO ς xC ς yIκнύόмсллκC²ύ ŀƴŘ ŎŀǊōƻƴ ŘƛƻȄƛŘŜ όʍCO2 = (nO ς 2xC ς yH/2)(1600/FW)); [e] melting point (DTA, 

 ̡= 5 ϲ/ϊƳƛƴҍ1ύΤ ώŦϐ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ ŘŜŎƻƳǇƻǎƛǘƛƻƴ ό5¢!Σ ʲ = 5 ϲ/ϊƳƛƴҍ1); [g] density at 298 K; [h] standard molar enthalpy of formation; [i] detonation energy; [j] 

detonation temperature; [k] detonation velocity; [l] Specific impulse of neat compound (70.0 bar chamber pressure, isobaric combustion conditions (1 bar), 

equilibrium expansion); [m] Specific impulse for compositions with 85 % compound and 15 % aluminum (70.0bar chamber pressure, isobaric combustion 

conditions (1 bar), equilibrium expansion).
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1.4 Conclusion 

Both 3,3-Dinitratooxetane (1) and 3-nitrato-3-methyloxetane (3) were prepared by the versatile 

use of dinitrogen pentoxide and investigated by multinuclear spectroscopy. Summarizing the 

physicochemical properties of compound 1, especially the low thermal stability, the 

decomposition at room temperature and the high sensitivities will probably exclude it from 

application. Possibly 1 could be much safer and more stable when the polymer is formed, and 

our investigation are ongoing. Offering both the highest oxygen content and performance ever 

obtained in the field of oxetanes, 3,3-dinitratooxetane represents an important step towards 

especially oxygen-rich and high-performing oxetane compounds. Its synthesis is anticipated to 

trigger more intensive research with regard to oxetane-based polynitro- and polynitrato 

compounds and is likely to accelerate the development in this field. 

Financial support of this work by the Ludwig-Maximilian University of Munich (LMU), the Office 

of Naval Research (ONR) under grant no. ONR N00014-19-1-2078 and the Strategic 

Environmental Research and Development Program (SERDP) under contract no. WP19-1287 is 

gratefully acknowledged. There are no conflicts to declare. 

1.5 Supporting Information 

1.5.1 Experimental Part and General Methods 

Caution! 3,3-Dinitratooxetane is a powerful energetic material with high sensitivities towards 

shock and friction. Therefore, proper security precautions (safety glass, face shield, earthened 

equipment and shoes, Kevlar gloves and ear plugs) have to be applied while synthesizing and 

handling the described compounds.  

Chemicals and solvents were employed as received (Sigma-Aldrich, Acros, TCI, Spirochem AG). 

1H, 13C and 14N spectra were recorded using a Bruker AMX 400 instrument. The chemical shifts 

quoted in ppm refer to tetramethylsilane (1H, 13C) and nitromethane (14N). Decompositions 

temperatures were determined on a Mettler Toledo DSC822e at a heating rate of 5 °C minҍ1 using 

40 ‘L aluminum crucibles and nitrogen purge gas at a flow rate of 30 mL minҍ1. Evaluations of 

thermal behavior were performed using the STARe Software Version 16.20. Infrared (IR) spectra 

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

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

ŀƭǳƳƛƴǳƳ ƎŀǊƴŜǘ όbŘΥ¸!Dύ ƭŀǎŜǊ ό˂ Ґ млсп ƴƳΣ млтп Ƴ²ύ Φ 9ƭŜƳŜƴǘŀƭ ŀƴŀƭȅǎŜǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ 
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with an Elementar Vario el by pyrolysis of the sample and subsequent analysis of formed gases 

(standard deviation liquids: +/- 0.5 %). The sensitivity data were collected using a BAM 

(Bundesanstalt für Materialforschung) drophammer[21] according to STANAG 4489[22] modified 

instruction[23] and a BAM friction tester[21] according to STANAG 4487[24] modified instruction.[25] 

The classification of the tested compounds results from the 'UN Recommendations on the 

Transport of Dangerous Goods'.[26] 

3,3-Dinitratooxetane  

Oxetan-3-one (0.50 g, 6.94 mmol, 1.0 eq.) was dissolved in acetonitrile (5 mL) and added to a 

solution of dinitrogen pentoxide (2.25 g, 20.8 mmol, 3.0 eq.) in acetonitrile (10 mL) which was 

cooled to 0 °C. The mixture was stirred for 1 hour at 0 °C and then let come to ambient 

temperature over 30 minutes. The solution was poured into ice-water (70 mL) and was extracted 

with ethyl acetate (3x 25 mL). The organic layer was washed with saturated bicarbonate solution 

(2x 30 mL) prior to drying over sodium sulfate. The solvent was removed, and the product was 

dried under high vacuum to give 0.51 g of 3,3-dinitratooxetane (2.83 mmol, 41 %) as colorless 

solid. The product has to be stored at -20°C under dry atmosphere to prevent decomposition. 

DSC (Tonset, 5 °C minҍ1): 69.4 °C (mp.) , 93.3 °C (dec.); FT-IR (ATR): ˄ Ƀ = 2962 (w), 1687 (m), 1655 (s), 

1445 (w), 1305 (s), 1286 (m), 1180 (m), 1158 (s), 1113 (m), 982 (s), 961 (m), 935 (w), 884 (m), 842 

(m), 791 (s), 739 (s), 669 (s), 591 (m), 438 (m) cmҍ1; 1H NMR (400 MHz, Acetone-d6, 25 °C): ɻ  Ґ 

5.11 (s, 4H) ppm; 13C NMR{1H} (101 MHz, Acetone-d6, 25 ϲ/ύΥ ʵ Ґ ттΦрΣ млоΦу ǇǇƳΤ 14N NMR (27 

MHz, Acetone-d6, 25 ϲ/ύΥ ʵ Ґ ς56.3 ppm; EA (C3H4N2O7) calcd.: C 20.01, H 2.24, N 15.56; found: C 

20.25, H 2.52, N 15.29; BAM drophammer < 1 J (> 500 µm); Friction test 1 N (> 500 µm). 

3-Nitratooxetane 

Acetic anhydride (6.00 g, 58.8 mmol) was dissolved in dry dichloromethane (5.00 mL) and white 

fuming nitric acid (100 %, 3.90 g, 61.9 mmol) was added at -10 °C using an ice bath with sodium 

chloride. The mixture was stirred for one hour prior to the addition of oxetan-3-ol (3.00 g, 

40.5 mmol) in dry dichloromethane (5.00 mL). The solution was stirred for one hour and then 

poured onto ice (15.0 g). Dichloromethane (10.0 mL) was added and the layers were separated. 

The organic layer was washed with saturated sodium bicarbonate solution (3x 20 mL) and 

separated. The solvent was then removed by rotary evaporation to give a slightly yellowish liquid 

and sodium bicarbonate solution (10%, 20.0 mL) was added. The resulting emulsion was heavily 
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stirred for 30 minutes (to remove any traces of acetyl nitrate) and the target compound 

subsequently extracted with dichloromethane (3x 30 mL). After drying over sodium sulfate, the 

solvent was removed to give 2.78 g (23.3 mmol, 58%) of 3-nitratooxetane as slightly yellowish 

liquid. The product may be further purified by distillation (27 mbar, 65 °C) to give colorless 3-

nitratooxetane suitable for polymerization reactions. 

DSC (Tonset, 5 °C minҍ1): 152.8 °C (dec.); FT-IR (ATR): ˄ Ƀ = 3112 (w), 2961 (m), 2887 (w), 2803 (w), 

1629 (vs), 1373 (m), 1327 (m), 1275 (vs), 1175 (m), 1069 (m), 975 (s), 928 (w), 881 (s), 846 (s), 

754 (m), 690 (m), 556 (w), 404 (w) cmҍ1. Raman (1064 nm, 1074 mW): ˄ Ƀ = 2975 (100), 2932 (78), 

2892 (88), 1642 (14), 1480 (36), 1374 (32), 1328 (22), 1279 (63), 1177 (36), 1116 (20), 1071 (47), 

1042 (27), 977 (15), 932 (32), 853 (75), 693 (25), 558 (41), 406 (19) cm-1; 1H NMR (400 MHz, 

Acetone-d6, 25 ϲ/ύΥ ʵ Ґ пΦсу όŘŘŘΣ нIΣ /I2, J = 8.2, 4.9, 1.1 Hz), 4.93 (ddd, 2H, CH2, J = 8.3, 6.2, 1.2 

Hz), 5.68 (tt, 1H, CH, J = 6.2, 4.9 Hz) ppm; 13C NMR{1H} (101 MHz, Acetone-d6, 25 ϲ/ύΥ ʵ ҐтпΦуΣ 

75.3 ppm; 14N NMR (27 MHz, Acetone-d6, 25 ϲ/ύΥ ʵ Ґ ς45.6 ppm; EA (C3H4N2O7) calcd.: C 30.26, 

H 4.23, N 11.76; found: C 29.76, H 3.73, N 11.49; BAM drophammer > 40 J; Friction test > 160 N. 

3-Nitrato-3-methyloxetane  

3-Hydroxy-3-methyloxetane (0.50 g, 5.67 mmol) was added to a solution of dinitrogen pentoxide 

(674 mg, 6.24 mmol, 1.1 eq.) in dry dichloromethane (15 mL) at 0 °C using an ice-bath. The 

resulting solution was stirred for 1 h at the initial temperature and subsequently poured into ice-

water (50 mL). Additional dichloromethane (20 mL) was added and the phases were separated. 

The organic phase was washed again with water (30 mL) and finally with saturated sodium 

bicarbonate solution (25 mL) prior to drying over sodium sulfate. The solvent was removed by 

rotary evaporation to give 0.74 g (3.92 mmol, 69%) as yellow liquid.  

DSC (5 °C min-1): 141.0 °C (dec.); FT-IR (ATR): ˄ Ƀ = 3113 (m), 2962 (m), 2887 (m), 2803 (m), 1754 

(w), 1628 (s), 1447 (m), 1385 (s), 1304 (vs), 1254 (m), 1178 (s), 1138 (m), 977 (s), 925 (m) ,850 (s), 

755 (m), 691 (m) cm-1. Raman (1064 nm, 1074 mW): ˄Ƀ = 2977 (69), 2942 (100), 2888 (70), 2751 

(7), 1636 (11), 1480 (24), 1461 (19), 1349 (8), 1306 (47), 1254 (11), 1191 (12), 1139 (13), 992 (31), 

982 (35), 855 (37), 736 (12), 693 (13), 506 (35), 433 (19) cm-1; 1H-NMR (400 MHz, CDCl3, 25 ϲ/ύΥ ʵ 

= 1.81 (s, 3H, CH3), 4.52 (d, 2H, CH2, J = 8.6 Hz), 4.78 (d, 2H, CH2, J = 8.6 Hz) ppm; 13C-NMR{1H} 

(101 MHz, CDCl3, 25 ϲ/ύΥ ʵ Ґ нлΦсΣ тфΦуΣ уоΦп ǇǇƳΤ 14N NMR (27 MHz CDCl3, 25 ϲ/ύΥ ʵ Ґ ς46.2 ppm; 

EA (C3H4N2O7) calcd.: C 36.10, H 5.30, N 10.52; found: C 36.37, H 5.17, N 10.26; BAM 

drophammer > 40 J; Friction test >160 N.  
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1.5.2 NMR Spectra 

 

Figure 3. 1H NMR spectrum of 3,3-dinitratooxetane. 

 

Figure 4. 13C NMR spectrum of 3,3-dinitratooxetane. 
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Figure 5. 14N NMR spectrum of 3,3-dinitratooxetane. 

 

Figure 6. 1H NMR spectrum of 3-nitratooxetane. 
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Figure 7. Carbon spectrum (13C) of 3-nitratooxetane. 

 

Figure 8. Nitrogen spectrum (14N) of 3-nitratooxetane. 
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Figure 9. Proton spectrum (1H) of 3-nitrato-3-methyloxetane. 

 

Figure 10. Carbon spectrum (13C) of 3-nitrato-3-methyloxetane. 
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Figure 11. Nitrogen spectrum (14N) of 3-nitrato-3-methyloxetane. 

1.5.3 X-Ray Diffraction and Hirshfeld Analysis 

The crystals unfortunately had a twinning problem. Data collection was performed with an 

Oxford Xcalibur3 diffractometer with a CCD area detector, equipped with a multilayer 

monochromator; a Photon 2 detector and a rotating-anode generator were employed for data 

ŎƻƭƭŜŎǘƛƻƴ ǳǎƛƴƎ aƻ Yʰ ǊŀŘƛŀǘƛƻƴ ό˂ Ґ лΦтмлт )ύΦ 5ŀǘŀ ŎƻƭƭŜŎǘƛƻƴ ŀƴŘ ǊŜŘǳŎǘƛƻƴ ǿŜǊŜ ŎŀǊǊƛŜŘ ƻǳǘ 

using the CRYSALISPRO software. [28] The structures were solved by direct methods (SIR-2014) [29] 

and refined (SHELXLE) [30] by full-matrix least-squares on F2 (SHELXL) [31,32] and finally checked using 

the PLATON software[33] integrated in the WINGX software suite. [34] The non-hydrogen atoms were 

refined anisotropically, and the hydrogen atoms were located and freely refined. All Diamond 3 

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

shown as small spheres of arbitrary radius. The twin reflexes were cut out. 
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Figure 12. a) Molecular structure of 3,3-dinitratooxetane. Thermal ellipsoids are drawn at 50% probability 

level. b) Two-dimensional fingerprint plot in crystal stacking of 3,3-dinitratooxetane. 

 

Figure 13. Left: Calculated Hirshfeld surfaces of compound 1. Right: Population of close contacts in 

compound 1.  
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Table 2. Detailed crystallographic information of 3,3-dinitratooxetane (1). 

 1 

Formula C3H4N2O7 

FW [g mol-1] 180.08 

Crystal System monoclinic 

Space Group P21/c 

Color / Habit colorless block 

Size [mm] 0.20 x 0.12 x 0.05 

a [Å] 9.259(2) 

b [Å] 12.501(3) 

c [Å] 5.7467(11) 

ʰ ώϲϐ 90 

ʲ ώϲϐ 92.46(2) 

ʴ ώϲϐ 90 

V [Å 3] 664.6(3) 

Z 4 

ćalc. [g cmҍ3] 1.800 

˃ ώƳƳҍ1] 0.183 

F (000) 368 

a˂ƻYʰ [Å] 0.71073 

T [K] 107 

 min-max [°] 2.739, 26.370 

Dataset h; k; l -11:11; -8:15; -7:7 

Reflect. coll. 1313 

Independ. Refl. 1313 

Rint. 0.057 

Reflection obs. 822 

No. parameters 109 

R1 (obs.) 0.0749 

wR2 (all data) 0.1672 

S 1.049 

Resd. Dens. [e Å-3] -0.395, 0.365 

Device Type Oxford XCalibur3 CCD 

Solution Sir2014 

Refinement SHELXLE 

Absorpt. corr. Multi-scan 

CCDC 2013564 
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1.5.4 Heat of formation calculation  

The atomization was used to determine the heat of formation of 1ς3 using the atom energies in 

Table 3.  

ҟfH°(g, M, 298) = H(molecule, 298) - ңIϲ(atoms, 298) Ҍ ңҟfH°(atoms, 298) 

 

Table 3. CBS-4M electronic enthalpies for atoms C, H, N and O and their literature values. 

 ҍH298 / a.u. ҟfH°gas
[35] 

H 0.500991 217.998 

C 37.786156 716.68 

N 54.522462 472.68 

O 74.991202 249.18 

 

The Gaussian16 program package was used to calculate room temperature enthalpies on the 

CBS-4M level of theory.[36] In order to obtain the energy of formation for the solid phase of 1, the 

¢ǊƻǳǘƻƴΩǎ wǳƭŜ Ƙŀǎ ǘƻ ōŜ ŀǇǇƭƛŜŘ όɲIsub = 188 . Tm). As compounds 2 and 3 are liquid, a different 

ŦŀŎǘƻǊ ƛǎ ŀǇǇƭƛŜŘ όɲIsub = 90 . Tm). 

Table 4. Heat of formation calculation results for compounds 1ς3. 

M ҍH298 [a] [a.u.] ҟfH°(g, M) [b]  
[kJ molҍ1] 

ҟsubH° (M) [c] 
[kJ molҍ1] 

ҟfH°(s) [d] [kJ 
molҍ1] 

ҟn ҟfU(s) [e] [kJ 
kgҍ1] 

1 751.610116 ҍ233.4 69.2122 ҍ302.6 ҍ6.5 ҍ1590.9 

2 472.193794 ҍ129.6 38.3355 ҍ168.0 ҍ5.0 ҍ1306.5 

3 511.451024 ҍ208.6 37.2735 ҍ245.8 ҍ6.0 ҍ1735.1 

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

standard solid state enthalpy of formation; [e] solid state energy of formation. 

1.5.5 Thermal Analysis 

The thermal behavior of compounds 1ï3 was analyzed by DSC at a heating rate of 5°C minī1. The 

obtained thermogram and its evaluation is depicted in Figure 14.  
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Figure 14. DSC evaluation result for compounds 1ς3 (exo-up). 
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2.1 Abstract 

3-Bromomethyl-3-hydroxymethyloxetane (BMHMO) represents an inexpensive and versatile 

precursor for the synthesis of both asymmetrically and symmetrically 3,3-disubstituted oxetane 

derivatives. In the present work, its synthesis was significantly improved and various energetic 

oxetanes based on the powerful explosive LLM-116 (4-amino-3,5-dinitro-1H-pyrazole) were 

prepared. Compared to other energetic oxetane monomers, these are superior in terms of 

performance, thermostability and sensitivity to mechanical stimuli. Next to a symmetric LLM-116 

derivative, three asymmetric compounds were prepared using azido-, nitrato- and tetrazolyl-

moieties. All compounds were intensively characterized by vibrational-, mass- and multinuclear 

(1H, 13C, 14N) NMR spectroscopy, differential scanning calorimetry and elemental analysis. The 

molecular structures were elucidated by single crystal X-ray diffraction. Hirshfeld analysis was 

used to estimate their sensitivity, which was determined experimentally using BAM standard 

procedures. Their performance was calculated using the EXPLO5 V6.04 thermochemical code and 

both a small-scale-reactivity test (SSRT) and initiation test were performed to evaluate and 

demonstrate their insensitivity and performance. 

2.2 Introduction 

the art in the field of energetic polymers is mainly represented by well-known polyethers such as 

GAP, polyBAMO, polyAMMO, polyNIMMO and polyGLYN.[1] Unfortunately, the respective 

monomers show performances way inferior to TNT or more recent developments in the field of 

secondary explosives. They can be subdivided into two groups ς azides, which feature relatively 

high thermostability at the price of poor oxygen balance and organic nitrates with improved 

oxygen balance at the cost of thermostability below modern requirements.[2] Their polymers are 

preferred over non-energetic binders, but their energetic contribution in formulations is low. 

Therefore, new monomers combining higher performance and thermostability with less 

sensitivity are highly desirable. For example, binders prepared thereof could find application in 

especially safe low-vulnerability ammunitions (LOVA) and propellants.[3] In this context, a patent 

describes 3-bromomethyl-3-hydroxymethyl-oxetane (BMHMO) as very suitable starting material 

for the preparation of asymmetric oxetane monomers. For instance, the preparation of the 

powerful compound 3-azidomethyl-3-nitratomethyloxetane is disclosed.[4] Indeed, BMHMO 

shows advantageous properties. It can be prepared inexpensively by Williamson ether synthesis 

and is chemically very versatile. For example, the excellent leaving group enables 



2   Oxetanes based on LLM-116  

49 

functionalization with nucleophiles and follow-up reactions with electrophiles making use of the 

hydroxy group to afford asymmetric species. Conversion of this group into a leaving group 

enables access to either symmetric or asymmetric derivatives by further substitution reactions. 

Beyond, the present methylene spacers diminish the adverse effect of mostly electron-

withdrawing explosophoric groups on the oxetane oxygen atom. This is of advantage as the 

success of cationic ring-opening polymerization strongly depends on the basicity of the oxygen 

atom.[5] However, the scaffold of BMHMO imposes a detrimental carbon-hydrogen ballast 

rendering it beneficial to use larger energetic motifs as substituents to mitigate or compensate 

this influence. For this purpose, powerful secondary explosives with functional groups like 4-

amino-3,5-dinitro-1H-pyrazole (LLM-116 or ADNP) are very promising. ADNP was first described 

as protected compound in 1993 by Vinogradov and later as unprotected compound by Shevelev 

in 1998.[6] Since then, it has been made accessible by several synthetic routes, whereas 4-chloro-

1H-pyrazole provides the highest yield when used as starting material.[7] ADNP impresses with a 

high density (1.90 g cmҍ1) and correspondingly high performance (VoD = 8680 m sҍ1, pC-J = 32.8 

kbar).[8] Already in 2014, it was employed in a pilot scale study by Ek and Latypov and prepared 

in 200 g batches.[7] Due to its favorable properties, ADNP has been increasingly used for the 

synthesis of new energetic materials since 2011.[9-11] Herein, we report an significantly improved 

synthesis of BMHMO, rendering it an even more attractive starting material for the synthesis of 

inexpensive, energetic oxetane monomers. Ultimately, it was used to prepare symmetric and 

asymmetric derivatives based on LLM-116. Here, high yields and the preferential use of 

commercially available materials contribute to low costs. The molecular structures of all products 

were elucidated by X-Ray diffraction also allowing Hirshfeld analysis which made the high 

insensitivity of some target compounds and the results of the SSRT and initiation test 

comprehensible. In terms of performance and thermostability, the target compounds are largely 

superior to prior art energetic oxetane monomers. Based on the fine balance of these new 

monomers between performance, thermostability and insensitivity, they are promising 

candidates for the preparation of energetic polymers with improved properties in these key-

aspects.  
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{ŎƘŜƳŜ мΦ {ȅƴǘƘŜǘƛŎ ǇŀǘƘǿŀȅ ǎǘŀǊǘƛƴƎ ǿƛǘƘ ǘƘŜ ǊƛƴƎπŎƭƻǎǳǊŜ ƻŦ нΣнπōƛǎόōǊƻƳƻƳŜǘƘȅƭύǇǊƻǇŀƴŜπмΣоπŘƛƻƭ 

ǘƻǿŀǊŘ .aIah όмύΦ {ǳōǎŜǉǳŜƴǘ ǎǳōǎǘƛǘǳǘƛƻƴ ǳǎƛƴƎ ǘƘŜ ǇƻǘŀǎǎƛǳƳ ǎŀƭǘ ƻŦ [[aπммс ŀŦŦƻǊŘǎ ŎƻƳǇƻǳƴŘ оΦ 

bƛǘǊŀǘƛƻƴ ǊŜǎǳƭǘǎ ƛƴ ǘŀǊƎŜǘ ŎƻƳǇƻǳƴŘ όпύ ǿƘƛƭŜ ƳŜǎȅƭŀǘƛƻƴ ƎƛǾŜǎ ŎƻƳǇƻǳƴŘ р ǇǊƻǾƛŘƛƴƎ ŀŎŎŜǎǎ ǘƻ ǘŀǊƎŜǘ 

ŎƻƳǇƻǳƴŘǎ сςф ƛƴ ƘƛƎƘ ƻǾŜǊŀƭƭ ȅƛŜƭŘΦ 

2.3 Results and Discussion  

2.3.1 Synthetic Procedures 

The Williamson reaction to give 3-bromomethyl-3-hydroxymethyloxetane (BMHMO, 1) was 

significantly improved by changing base and solvent from NaOEt/EtOH to NaOH/MeOH to give a 

crude yield of 93%. Subsequent vacuum distillation removed by-products (spiro-compound) and 

unreacted starting material to afford pure BMHMO as colorless oil in 85% (+33%) yield while the 

literature reports only 52% after purification.[4] Reaction of 1 with the potassium salt of 4-amino-

3,5-dinitro-1H-pyrazole (K-ADNP, 2) in DMF led to alcohol 3 which was isolated by the 

precipitation of inorganic salts using ethyl acetate, filtration through a Celite plug and rotary 

evaporation to remove all volatiles. Residual traces of DMF were co-evaporated (cold ether) to 

afford 3 as bright-yellow solid in quantitative yield (Scheme 1). It was tried to obtain the 

corresponding nitrate 4 using acetyl nitrate as mild and cost-efficient nitrating agent but several 

attempts failed (recovery of starting material). However, aprotic nitration using dinitrogen 
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pentoxide was successful while minimizing the risk of undesired ring-opening of the oxetane ring 

by hydrolysis. Unfortunately, the pyrazole motif suffered from severe chemical changes and the 

zwitterionic diazonium olate 4 was obtained. Similar zwitterionic pyrazole compounds are known 

to literature but usually obtained by targeted diazotation reactions.[12] Fischer reported a very 

similar diazonium olate by nitrating the structurally related bis(4-amino-3,5-

dinitropyrazolyl)methane with mixed acid followed by quenching on water.[10] However, no 

mechanism for the formation of this particular structure was proposed. As nitro groups are prone 

to act as leaving groups in aromatic nucleophilic substitution reactions, we assume a nucleophilic 

attack of water upon quenching. This leads to the formation of nitrous acid as source of nitrosyl 

cations. These cause a quick, subsequent diazotation reaction toward compound 4 (Scheme 2).  
 

 

Scheme 2. Proposed mechanism for the formation of diazonium olate 4 

Despite various solvent/anti-solvent precipitation attempts, the crude compound remained an 

extremely viscous oil. Ultimately, column chromatography (SiO2, EtOAc) afforded 4 in 53% yield 

as orange solid. To enable further substitution reactions, compound 3 was mesylated to provide 

a good leaving group. Due to the tailored solvent system, methanesulfonic ester 5 precipitated 

as lemon-yellow solid after a short reaction time and was obtained by suction filtration in high 

purity and yield (85%). Since particularly weak or sterically demanding nucleophiles are not 

always able to readily substitute the mesyl group, compound 5 was converted to the bromo-

species 6 in a Finkelstein-type reaction using lithium bromide in acetone to provide an alternative 

leaving group. Filtration through silica (EtOAc) to separate inorganic salts gave compound 6 in 

high purity and quantitative yield (Scheme 1). However, all follow-up substitution reactions were 
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successfully performed using mesylate 5 thus avoiding this additional step. DMF was employed 

as solvent as it allows high reaction temperatures and removal by rotary evaporation while it 

dissolves sodium azide, K-ADNP and potassium tetrazol-1-ide rather well. The reaction of 5 with 

K-ANDP (2) was complete after 48 h according to TLC. The high reaction time can be explained 

by the steric demand of the nucleophile. All inorganic salts were separated as previously 

described and DMF was evaporated. The crude material was suspended in diethyl ether and 

collected by suction filtration to give 7 in high yield and purity (89%) as yellow solid. Compound 

8 was prepared analogously from 5 using sodium azide. The same work-up routine was applied 

and traces of DMF removed by co-evaporation to give 8 in 99% yield. Dissolution of 8 in a small 

amount of acetone followed by precipitation (n-hexane) gave pure 8 as bright yellow solid 

without yield loss. As in case of compound 7, the reaction of 5 with potassium tetrazol-1-ide 

required a prolonged reaction time of 48 h according to TLC. The work-up was performed as 

described before and the crude isomeric mixture (9A, 9B) was suspended in a small amount of 

acetone prior to the addition of an excess of diethyl ether. After suction filtration, a yield of 98% 

was obtained and 1H NMR spectroscopy revealed a N1/N2 ratio of 1:2. The regioisomers were 

separated by refluxing the mixture in toluene and filtration of the hot suspension. The filtrate 

was evaporated to give pure N2-isomer (9B) with a yield of 89%. The filter residue contained 10% 

N2-isomer (1H NMR) and was recrystallized from acetone to give 72% of N1-isomer (9A) also as 

yellow solid. Thereby, an overall yield of 84% (N1, N2) was achieved without column 

chromatography.  

2.3.2 Crystallography 

Single crystals of the following compounds were obtained by slow evaporation of their solutions 

using ethyl acetate (4, 8), DMF (7), toluene (9B) and acetone (9A). Detailed crystallographic data 

can be found in the Supporting Information. Compound 4 crystallizes in the monoclinic space 

group P21/n with four molecules in the unit cell and a calculated density of 1.667 g cmҍ3 at 123 K 

(Figure 1a). The bond lengths of C6ςO5 (1.218(2) Å) corresponds to a C=O double bond.[13] 

Further, C7ςN5 has a length of 1.327(2) Å which is approximately the length of a C=N double 

bond.[14] The diazo group is nearly linear with an angle of 176.2° (C7ςN5ςN6) and shows a very 

short interatomic distance of 1.110(2) Å (N5ςbсύ ǿƘƛŎƘ Ŏŀƴ ōŜ ŀǘǘǊƛōǳǘŜŘ ǘƻ ŀ b b ǘǊƛǇƭŜ ōƻƴŘΦ  
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CƛƎǳǊŜ мΦ ŀύ aƻƭŜŎǳƭŀǊ ǎǘǊǳŎǘǳǊŜ ƻŦ п ƛƴ ǘƘŜ ŎǊȅǎǘŀƭΦ ¢ƘŜǊƳŀƭ ŜƭƭƛǇǎƻƛŘǎ ŀǊŜ ŘǊŀǿƴ ŀǘ ǘƘŜ рл҈ ǇǊƻōŀōƛƭƛǘȅ 

ƭŜǾŜƭΦ ōύ ±ƛŜǿ ŀƭƻƴƎ ǘƘŜ ŀ ŀȄƛǎ ς ǘƘŜ ƳƻƭŜŎǳƭŜǎ ŦƻǊƳ ŀ ǿŀǾŜπƭƛƪŜ ǇŀǘǘŜǊƴΦ 

The angles within the oxetane ring range between 91.14(9)° at O1ςC2ςC3 and 91.52(9)° at O1ς

C1ςC3. The smallest angle is observed at C1ςC3ςC2 (84.72(9)°). The oxetane ring shows a 

puckering angle of 12.5° which is slightly larger than the puckering angle found in unsubstituted 

oxetane (8.7°, 140 K).[15] The nitro group of the pyrazole motif essentially matches the pyrazole 

plane. In the crystal, the molecules are arranged to form a wave-like pattern along the a axis 

(Figure 1b). 

Compound 7 crystallizes in the monoclinic space group P21/n with four formula units in the unit 

cell. The crystal contains one dimethylformamide molecule per formula unit and displays a 

density of 1.639 g cmҍ3 at 123 K (Figure 2).  

 

Figure 2. Molecular structure of 7 in the crystal and interactions with the crystallized 

dimethylformamide molecule. Thermal ellipsoids are drawn at the 50% probability level. 



2   Oxetanes based on LLM-116  

54 

The angles within the oxetane ring vary from 83.82(2)° at C1ςC3ςC2 to 91.72(2)° at O1ςC2ςC3. 

The oxetane ring is strongly folded with a puckering angle of 15.9° which is considerably larger 

than the corresponding angle in unsubstituted oxetane (8.7° at 140 K).[15] One of the pyrazole 

rings has both nitro groups in the ring plane, the other pyrazole ring has the nitro group at C6 

twisted by 16.81° and the nitro group at C8 twisted by 3.28°. The amino group at C7 features 

intramolecular interactions with the neighbored nitro groups with distances of 2.306(2) Å and 

2.244(2) Å. The other amino group at C10 shows the same interaction with distances of 2.197(2) 

Å and 2.251(2) Å. In addition, an intermolecular hydrogen bridge is found between this amino 

group and the oxygen atom of the dimethyl formamide molecule with a distance of 2.084(2) Å. 

Compound 8 crystallizes in the monoclinic space group P21/c with four formula units in the unit 

cell and a density of 1.608 g cmҍ3 at 123 K (Figure 3a). The angles within the oxetane motif vary 

from 84.72(2)° at C1ςC3ςC2 to 92.72(2)° at C1ςO1ςC3. The oxetane ring is found to be essentially 

planar and the azido group is almost linear (N1ςN2ςN3, 174.0(3)°). The nitro groups at C8 and C6 

are twisted out of the pyrazole plane by 19.58° and 5.62°, respectively. The molecule displays an 

intramolecular hydrogen bond from H7B to O4 with a distance of 2.204(2) Å (Figure 3b). Further, 

there are intermolecular hydrogen bonds of the amino group to two adjacent molecules. One 

between H7B to O5 (nitro group) with a distance of 2.254(2) Å and another between H7A and O1 

(oxetane ring) with a length of 1.986(2) Å. These hydrogen bonds contribute to a stabilization the 

molecule in the solid state. 

 

CƛƎǳǊŜ оΦ ŀύ aƻƭŜŎǳƭŀǊ ǎǘǊǳŎǘǳǊŜ ƻŦ у ƛƴ ǘƘŜ ŎǊȅǎǘŀƭΦ ¢ƘŜǊƳŀƭ ŜƭƭƛǇǎƻƛŘǎ ŀǊŜ ŘǊŀǿƴ ŀǘ ǘƘŜ рл҈ ǇǊƻōŀōƛƭƛǘȅ 

ƭŜǾŜƭΦ ōύ LƴǘǊŀπ ŀƴŘ ƛƴǘŜǊƳƻƭŜŎǳƭŀǊ ƘȅŘǊƻƎŜƴ ōƻƴŘƛƴƎ ƛƴ ǘƘŜ ŎǊȅǎǘŀƭ ǎǘǊǳŎǘǳǊŜ ƻŦ уΦ 
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Figure 4. Molecular structure of 9A (a) and the corresponding pairs formed in the solid state (b). Crystal 

structure of 9B (c) and the network which is formed in the crystal (d). Thermal ellipsoids are drawn at the 

50% probability level. 

Compound 9A crystallizes in the monoclinic space group P21/c with four formula units in the unit 

cell and 9B crystallizes in the triclinic space group Pҍ1 with two formula units in the unit cell 

(Figure 4). Compound 9B has a density of 1.691 g cmҍ3 at 123 K which is marginally higher than 

the density of 9A (1.630 g cmҍ3) at 123 K. The puckering angle in the oxetane ring of 9B is 14.5° 

while 9A exhibits a way smaller puckering angle of 10.2°. For compound 9A, two molecules 

arrange in pairs due to strong hydrogen bonding between the amino group and the tetrazole ring 

(N3) of a neighboring molecule with a distance of 2.453(5) Å. Intramolecular hydrogen bonding 

is found between the amino group (H8B) and an adjacent nitro group (O3) with a distance of 

2.117(4) Å. An analogous intramolecular hydrogen bond is observed in case of compound 9B 

involving H8A of the amino group and the neighboring oxygen atom O4 of the nitro group with a 

distance of 2.271(3) Å. In addition, H8A shows an intermolecular short contact bond to the 
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tetrazole moiety (N3) of an adjacent molecule with a distance of 2.605(3) Å, which is quite long 

for a hydrogen bond. Moreover, an intermolecular short contact bond with a distance of 2.079(3) 

Å is found between H8B of the amino group and the oxetane oxygen atom O1 of a neighboring 

molecule.  

2.3.3 Hirshfeld Analysis 

 

CƛƎǳǊŜ рΦ /ŀƭŎǳƭŀǘŜŘ IƛǊǎƘŦŜƭŘ ǎǳǊŦŀŎŜǎ ŀƴŘ н5 ŦƛƴƎŜǊǇǊƛƴǘ Ǉƭƻǘǎ ŦƻǊ ŎƻƳǇƻǳƴŘǎ п ŀƴŘ тςфΦ ¢ƘŜ ōŀǊ ŎƘŀǊǘ 

ǎǳƳƳŀǊƛȊŜǎ ǘƘŜ ǊŜǎǇŜŎǘƛǾŜ ǇƻǇǳƭŀǘƛƻƴǎ ƻŦ ŎƭƻǎŜ ŎƻƴǘŀŎǘǎ ƛƴ ǘƘŜ ŎǊȅǎǘŀƭΦ 
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When a mechanical force acts upon a solid energetic material, it causes vertical compression and 

horizontal sliding of layers in the crystal leading to internal strains.[16] If the related strain energy 

is higher than the lowest bond dissociation energy in the molecule, decomposition will occur.[17] 

In this context, intermolecular interactions can have a stabilizing or destabilizing effect 

ŜǎǘŀōƭƛǎƘƛƴƎ ŀ ŘƛǊŜŎǘ ŎƻǊǊŜƭŀǘƛƻƴ ǿƛǘƘ ŀƴ ŜƴŜǊƎŜǘƛŎ ƳŀǘŜǊƛŀƭǎΩ ǎŜƴǎƛǘƛǾƛǘȅΦ[17,18] A valuable tool to 

explore these interactions is Hirshfeld analysis.[19,20] Hence, we calculated the Hirshfeld surface 

(HFS) of all target compounds using CrystalExplorer V17.5 to find correlations.[21] On the HFS, 

close contact interactions are shown as red dots. In addition, we visualized all interactions and 

their distances di + de (di = distance from HFS to the closest atom interior, de = distance from HFS 

to closest atom exterior) in a 2D fingerprint plot (Figure 5).[22] Interactions with distances below 

2.4 Å are considered strong, while interactions with distances larger than roughly 3 Å are 

considered weak. Especially characteristic for sensitive compounds are high populations of 

ǊŜǇǳƭǎƛǾŜ hϊϊϊh ƛƴǘŜǊŀŎǘƛƻƴǎ ƴŜȄǘ ǘƻ ŘŜǎǘŀōƛƭƛȊƛƴƎΣ ǊŜǇǳƭǎƛǾŜ hϊϊϊb ƻǊ IϊϊϊI ŎƻƴǘŀŎǘǎΦ IƛƎƘ ǎŜƴǎƛǘƛǾƛǘȅ 

is particularly encountered when these are poorly balanced by stabilizing interactions like N···H 

ƻǊ hϊϊϊI close contacts.[17,18] Further, a comparison of the respective percentages (bar diagram, 

Fig. 5) and the interaction distances (di + de) enables a weighting. This allows a reasonable 

estimation of the sensitivity and a ranking of the compounds relative to each other. For example, 

compound 4 shows stabilizing strong (di + de ғ нΦп )ύ hϊϊϊI interactions (36.1%) and moderately 

ǎǘǊƻƴƎ bϊϊϊI όмпΦн҈ύ ƛƴǘŜǊŀŎǘƛƻƴǎΦ ¢ƘŜǎŜ ŀǊŜ ŎƻǳƴǘŜǊōŀƭŀƴŎŜŘ ōȅ ǎǘǊƻƴƎΣ ǊŜǇǳƭǎƛǾŜ IϊϊϊI 

interactions and weak (di + de > 3 )ύ ŘŜǎǘŀōƛƭƛȊƛƴƎ hϊϊϊb όнмΦл҈ύ ŀƴŘ hϊϊϊh ƛƴǘŜǊŀŎǘƛƻƴǎ όммΦо҈ύΦ 

Even if these are weak, their high proportion significantly counteracts the stabilizing interactions. 

Therefore, a significant sensitivity toward mechanical stimuli can be anticipated. In comparison, 

compound 7 ǎƘƻǿǎ ŀ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƘƛƎƘŜǊ ǇǊƻǇƻǊǘƛƻƴ ƻŦ ǎǘǊƻƴƎ hϊϊϊI ƛƴǘŜǊŀŎǘƛƻƴǎ όплΦф҈ύΦ ¢ƘŜ 

ǎǘŀōƛƭƛȊƛƴƎ bϊϊϊI ƛƴǘŜǊŀŎǘƛƻƴǎ ŀǊŜ ǿŜŀƪΣ ōǳǘ ǘƘŜƛǊ ƘƛƎƘ ǇǊƻǇƻǊǘƛƻƴ όноΦл҈ύ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŎƻƴǘǊƛōǳǘŜǎ 

to the overall stabilization. With a total of 63.9%, they easily compensate found destabilizing 

interactions ς ǘƘŜǎŜ ŀǊŜ ƳŀŘŜ ǳǇ ōȅ ŀ ƭƻǿ ǇƻǇǳƭŀǘƛƻƴ ƻŦ ǎǘǊƻƴƎΣ ǊŜǇǳƭǎƛǾŜ IϊϊϊI ƛƴǘŜǊŀŎǘƛƻƴǎ 

όммΦу҈ύ ƴŜȄǘ ǘƻ ǿŜŀƪ hϊϊϊb όуΦф҈ύ ŀƴŘ hϊϊϊh όпΦн҈ύ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ŀƭƳƻǎǘ ƴŜƎƭƛƎƛōƭŜ 

proportions. As a consequence, low sensitivity can be expected. The highest population of strong 

O···H interactions (51.0%) is found in case of compound 8. Additional stabilization arises from of 

weak N···H interactions (7.6%). These are only attenuated by few and weak destabilizing 

inǘŜǊŀŎǘƛƻƴǎΦ IŜǊŜōȅΣ ǊŜǇǳƭǎƛǾŜ IϊϊϊI ƛƴǘŜǊŀŎǘƛƻƴǎ όмпΦу҈ύ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ƭŀǊƎŜǎǘ ŦǊŀŎǘƛƻƴΣ ŀƭƻƴƎ 

ǿƛǘƘ hϊϊϊh ŀƴŘ hϊϊϊb ƛƴǘŜǊŀŎǘƛƻƴǎΣ ǿƛǘƘ ŀ ŎǳƳǳƭŀǘƛǾŜ ǎƘŀǊŜ ƻŦ ƻƴƭȅ моΦм҈Φ !ǎ ǎǘŀōƛƭƛȊƛƴƎ 
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interactions (58.6%) clearly dominate, a low sensitivity is indicated. Since compounds 9A and 9B 

are regioisomers, very similar sensitivity might be expected. This is indeed reflected by very 

ǎƛƳƛƭŀǊ ƛƴǘŜǊŀŎǘƛƻƴ ǇǊƻǇƻǊǘƛƻƴǎΦ .ƻǘƘ ŎƻƳǇƻǳƴŘǎ ŀǊŜ Ŝǉǳŀƭƭȅ ŘƻƳƛƴŀǘŜŘ ōȅ ǎǘǊƻƴƎ hϊϊϊI 

interactions with populations of 41.3% and 40%, reǎǇŜŎǘƛǾŜƭȅΣ ŀƴŘ bϊϊϊI ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ƘƛƎƘ 

percentages of 25.7% and 23.9%. In compound 9A, this interaction has a higher significance, as 

the proportion is higher and the relative share of strong interactions (di + de < 2.4 Å) is more 

pronounced. The total population of stabilizing interactions is the highest of all investigated 

compounds with 67.0% (9A) and 63.9% (9BύΦ wŀǘƘŜǊ ǿŜŀƪΣ ǊŜǇǳƭǎƛǾŜ IϊϊϊI ƛƴǘŜǊŀŎǘƛƻƴǎ ƛƳǇƻǎŜ ŀ 

destabilizing effect on both 9A (11.8%) and 9B όмоΦт҈ύΦ ¢ƘŜ ǎŀƳŜ ŀǇǇƭƛŜǎ ǘƻ hϊϊϊb ƛƴǘŜractions 

with populations of 5.1% (9A) and 6.3% (9Bύ ƴŜȄǘ ǘƻ hϊϊϊh ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ǇǊƻǇƻǊǘƛƻƴǎ ƻŦ рΦп҈ 

and 4.7%, respectively. Due to their low population and weak nature, they cause negligible 

destabilization. Based on found interactions, their population and respective strength, 9A and 9B 

should not only be very insensitive, but the least sensitive of all investigated compounds ς closely 

followed by compounds 7 and 8 with compound 4 showing the highest sensitivity. This agrees 

well with the experimental values for impact and friction sensitivity (Table 2). However, an 

absolute difference in case of 7ς9 cannot be quantified due their generally high insensitivity. 

2.3.4 Thermal Analysis 

Thermal analysis of all compounds was performed by differential scanning calorimetry (DSC) at a 

heating rate of 5° minҍ1. Here, compound 4 shows the lowest melting point (95 °C) and due the 

presence of the diazonium and the nitrate ester functionality, which impose thermal instability, 

also the lowest decomposition temperature (184 °C) of all investigated compounds. Considerably 

higher decomposition temperatures were found for compounds 7ς9. Compound 8 shows a 

melting point at 101 °C and a decomposition temperature of 238 °C, which is very high as most 

organic azides already decompose at roughly 180 °C according to literature.[23] This can be 

attributed to stabilizing effects in the crystal (see Hirshfeld discussion). While isomer 9B features 

a high melting point of 161 °C and decomposes at 241 °C, compounds 7 and 9A do not show a 

melting point and directly decompose exothermically at 246 °C and 241 °C. The different and 

thus interesting thermal behavior of regioisomers 9A (N1) and 9B (N2) can be attributed to 

interactions in the crystal. In direct comparison, the N1-isomer shows a higher proportion of 

ǎǘŀōƛƭƛȊƛƴƎ ƛƴǘŜǊŀŎǘƛƻƴǎ όhϊϊϊIΣ bϊϊϊIύ ŀƴŘ ŀ ƭƻǿŜǊ ǇǊƻǇƻǊǘƛƻƴ ƻŦ ǊŜǇǳƭǎƛǾŜ IϊϊϊI ƛƴǘŜǊŀŎǘƛƻƴǎ 

(Figure 5). Specifically, the intermolecular hydrogen bond (H8AςN3, d = 2.453 Å) is shorter and 
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thus stronger than the analogous interaction in the N2 isomer with a distance of 2.605 Å. Further 

and contrary to the N2-isomer, parallel-ŘƛǎǇƭŀŎŜŘ ˉ-stacking interactions occur between spatially 

opposing pyrazole rings as well as tetrazole rings. In sum, the higher interactions prevent melting 

of 9A prior to decomposition. Overall, 7 is the most thermostable compound of all, followed by 

9B, 9A, 8 and organic nitrate 4. As a result, the decomposition temperatures essentially correlate 

with the ratio of stabilizing and destabilizing effects in the crystal as indicated by Hirshfeld 

analysis. The effect of substitution is particularly interesting in case of compounds 7ς9, since the 

parent compound (ADNP) decomposes already at 183.6 °C when a heating rate of 10 °C minҍ1 is 

applied.[24]  

 

CƛƎǳǊŜ сΦ 5{/ ǘƘŜǊƳƻƎǊŀƳ ƻŦ ŎƻƳǇƻǳƴŘǎ п ŀƴŘ тςфΦ 

2.3.5 Small-scale Shock Reactivity and Initiation Test 

In order to evaluate the explosive performance of compounds 4 and 7ς9, a small-scale shock 

reactivity test (SSRT) was performed (Figure 7). This test is suitable to assess the shock reactivity 

(explosiveness) of an energetic material ς often below its critical diameter and without requiring 

transition to detonation.[25] It combines the advantages of both lead block test and gap test while 

it requires small quantities of roughly 500 mg.[26] In each test, the same sample volume VS is used 

(284 mm3) and the required amount of explosive (mE) is calculated by the formula ά  ὠϽ

” ϽπȢωυ where ” is the density determined via X-ray or helium pycnometry. Regarding the 

setup, each sample was pressed into a perforated steel block on top of an aluminum witness  
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CƛƎǳǊŜ тΦ ŀύ {ŎƘŜƳŀǘƛŎ ǎŜǘǳǇ ƻŦ ŀ {{w¢Φ ōύ {ǘŜŜƭ ōƭƻŎƪ ŀƴŘ ǿƛǘƴŜǎǎ ǇƭŀǘŜ ŎƻƴŦƛƴŜŘ ōŜǘǿŜŜƴ ƘŜŀǾȅ ǎǘŜŜƭ 

ǇƭŀǘŜǎ ǇǊƛƻǊ ǘƻ ǘƘŜ ǘŜǎǘΦ Ŏύ !ƭǳƳƛƴǳƳ ǿƛǘƴŜǎǎ ǇƭŀǘŜǎ ǿƛǘƘ ŘŜƴǘǎ ŎŀǳǎŜŘ ōȅ ǘƘŜ ǊŜǎǇŜŎǘƛǾŜ ǎŀƳǇƭŜΦ  

block with a pressure of three tons and five seconds duration. Subsequently, the arrangement is 

confined between two steel plates (Figure 7b). The pressed charge is then initiated by a 

commercial detonator (Orica Dynadet C2) using an air gap of 1.5 cm. The obtained dent sizes of 

the witness blocks can be compared to each other by filling them with finely powdered SiO2 and 

measuring the respective weight. Alternatively, the actual dent volumes can be measured using 

a 3D profilometer. Hereby, the performance of the energetic materials can be compared relative 

to each other. As all investigated compounds show calculated performances comparable to 2,4,6-

trinitrotoluene (TNT), it was used as reference. Interestingly, almost no indentation was obtained 

in case of compound 8 and plenty of unaffected material was found (see ESI). In case of 

compounds 4, 7 and 9, significant dents were obtained, but much smaller than in case of TNT 

(Table 1) and thus far behind expectation. Since the critical diameter has little relevance in this 

test and its determination would require the detonation of numerous charges on a multigram 

scale at different charge diameters, the insensitivity of the investigated compounds was 

considered to be the main cause. In this case, the applied shock impulse would be insufficient  
 

Table 1. Mass of explosive versus dent size in the SSRT 

/ƻƳǇƻǳƴŘ п т у ф ¢b¢ 

ά όƳƎύ пнс прф пнп пну ппр  

±ŘŜƴǘ όƳƳоύ мсл нфу оп мсн опо 
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for complete initiation making the results plausible. To prove this assumption, all compounds 

were subjected to a systematic initiation test in closed copper tubes with an inner diameter of 7 

mm which is comparable to the SSRT diameter of 7.5 mm (Figure 8). Each tube was filled with 

200 mg of the respective compound prior to pressing the charge (3 tons, 5 seconds). Afterward, 

each tube was charged with 50 mg of loosely packed military-grade lead azide (LA) and placed on 

top of a copper witness plate. Then, the primary explosive was initiated by the spark of an 

electrical ignitor. In case of compound 4, the main charge (200 mg) was initiated by LA causing 

the destruction of the copper tube and an indentation of the witness plate. In case of compounds 

7ς9, the copper tubes were left completely intact as only the LA top charge detonated proving 

the extreme insensitivity of these compounds (Figure 8c). Therefore, the test was repeated for 

compounds 7ς9 using an additional booster charge of 50 mg PETN which was pressed onto the 

sample charge and 50 mg of unpressed lead azide was again added prior to firing the charges 

with an electrical igniter. In all cases, the copper tube was destroyed and the witness plate 

perforated (8, 9) or heavily dented (7) (Figure 8d). It can be concluded that all compounds except 

4 are too insensitive to be initiated by the detonation of a lead azide primary charge. Instead, a 

booster explosive such as PETN is required for initiation. Therefore, compounds 7ς9 have 

proofed to combine notable performance and thermostability with low sensitivity. 

 

Figure 8. a) Schematic test setup. b) Prepared charge in a sandbox. c) Negative (7, 8, 9) and 

positive result (4) using lead azide. d) Positive result using PETN as booster (7, 8, 9). 
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2.3.6 Energetic Properties  

All compounds were determined to be very insensitive towards impact and friction except 4 

which is sensitive towards impact (3 J) but rather insensitive towards friction (288 N). All target 

compounds possess a combined nitrogen and oxygen content (N+O) between 63.4 % (9) and 

66.3 % (4). The Gaussian16 program package was used to calculate room temperature enthalpy 

of formation for all energetic target compounds at the CBS-4M level of theory using the 

atomization method.[27,28] All compounds exhibit a positive heat of formation in a range of 105.2 

to 263.0 kJ molҍ1. The EXPLO5 V6.04 code was used to calculate the energetic performance of 

compounds 4 and 7ς9. Isomers 9B and 9A show a calculated detonation velocity of 6820 m sҍ1 

and 7088 m sҍ1 linked to detonation pressures of 16.7 and 18.3 GPa, respectively, which are 

therefore in the range of TNT (6809 m sҍ1, 18.7 GPa). The same applies to azide 8 which features 

comparable performance. In contrast, compounds 4 and 7 outperform TNT with detonation 

velocities of 7124 and 7335 m sҍ1 and detonation pressures of 20.1 GPa and 20.9 GPa, 

respectively (Table 2). As compound 7 combines the highest performance and thermal stability 

of all presented compounds with great insensitivity, it is likely the most promising compound for 

the preparation of future energetic binders with superior characteristics in these aspects. With 

respect to performance, all compounds are superior to state-of-the-art energetic oxetane 

monomers (Table S5 (ESI) and Table 2). With exception of compound 4, this also applies to the 

thermal stability.  

2.4 Conclusion 

The synthesis of BMHMO (1) was significantly improved compared to literature methods to 

provide a yield of 85% (+33%) rendering it an inexpensive and versatile precursor for the 

synthesis of both energetic and non-energetic oxetanes. Substitution using K-ADNP (2) afforded 

alcohol 3 in quantitative yield which can directly provide various energetic monomers using 

suitable electrophiles (4). Beyond, mesylation gave sulfonic ester 5 which was used to obtain 

symmetric compound 7 and asymmetric derivatives 8 and 9 in high yield. With exception of 

compound 4, all compounds show an interplay of performance, thermostability, and insensitivity 

unparalleled in the field of energetic oxetanes and exhibit an advantageous, positive heat of 

formation. Their calculated performance is in range of the standard military explosive TNT (8, 9) 

or even higher (4, 7). Thus, they are clearly superior to typical energetic oxetane monomers which 

constitute the current state of the art (e.g., NIMMO, AMMO, BAMO). The molecular structures 
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Table 2. Physiochemical properties of compounds 4, 7, 8, 9A and 9B in comparison to NIMMO and TNT. 

 4 7 8 9A (N1) 9B (N2) NIMMO TNT 

CƻǊƳǳƭŀ C8H8N6O7 C11H12N10O9 C8H10N8O5 C9H11N9O5 C9H11N9O5 C5H9NO4 C7H5N3O6 

C² ώƎϊƳƻƭ-мϐ 300.19 428.28 298.22 325.27 325.27 147.13 227.12 

L{ώŀϐ ώWϐ 3 >40 >40 >40 >40 > 40 15 

C{ώōϐ ώbϐ 288 >360 >360 >360 >360 360 > 353 

b κ bҌhώŎϐ ώ҈ϐ 28.0/65.3 32.7/66.3 37.6/64.4 38.8/63.4 38.8/63.4 9.5/52.2 18.5/60.5 

ʍ/hΣ ʍ/hнώŘϐ ώ҈ϐ ҍ26.6, ҍ69.3 ҍ29.9, ҍ71.0 ҍ42.9, ҍ85.8 ҍ46.7, ҍ91.0 ҍ46.7, ҍ91.0 ҍ59.8, ҍ114 ҍ24.7, ҍ74.0 

¢ƳώŜϐκ ¢ŘŜŎΦώŦϐ ώϲ/ϐ 95/184 ς/246 101/238 ς/238 161/241 ҍ14/170 81/290 

ώ́Ǝϐ ώƎϊŎƳ-оϐ 1.62 1.70 1.56 1.64 1.59 1.19 1.64 

ɲIŦϲώƘϐ ώƪWϊƳƻƭ-мϐ 115.2 105.2 315.3 238.0 263.0 ҍ268.9 ҍ219.0 

EXPLO5 V6.04  

ҍɲ9¦ϲώƛϐ ώƪWϊƪƎ-мϐ псоп пнлс пнпп отсф осун офпф поул 

¢/πWώƧϐ ώYϐ онтс нфум нфпу нссф нспф нрлт омфл 

5/πWώƪϐ ώƳϊǎ-мϐ тмнп тоор сфсн тлуу сунл рфлс сулф 

Ǉ/πW ώƭϐ ώDtŀϐ нлΦм нлΦф мтΦу муΦо мсΦт млΦс муΦт 

±л ώƳϐ ώŘƳоϊƪƎ-мϐ тлт тмл тпс тол топ унт спл 

[a] Impact sensitivity (BAM drop hammer, method 1 of 6); [b] friction sensitivity (BAM drop hammer, method 1 of 6); [c] Nitrogen and oxygen content; [d] Oxygen 

ōŀƭŀƴŎŜ ǘƻǿŀǊŘ ŎŀǊōƻƴ ƳƻƴƻȄƛŘŜ όʍ/h Ґ όƴh ς xC ς ȅIκнύόмсллκC²ύ ŀƴŘ ŎŀǊōƻƴ ŘƛƻȄƛŘŜ όʍ/hн Ґ όƴh ς 2xC ς ȅIκнύόмсллκC²ύύΤ ώŜϐ ƳŜƭǘƛƴƎ Ǉƻƛƴǘ ό5¢!Σ ʲ Ґ 

р ϲ/ϊƳƛƴҍмύΤ ώŦϐ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ ŘŜŎƻƳǇƻǎƛǘƛƻƴ ό5¢!Σ ʲ Ґ р ϲ/ϊƳƛƴҍмύΤ ώƎϐ ŘŜƴǎƛǘȅ ŀǘ нфу Y όˊ·-ray/1.028) or helium pycnometry (7) ; [h] standard molar enthalpy 

of formation; [i] detonation energy; [j] detonation temperature; [k] detonation velocity; [l] detonation pressure [m] Volume of detonation products (assuming 

only gaseous products). 
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of all compounds were elucidated by single crystal X-ray crystallography allowing a sensitivity 

estimation via Hirshfeld analysis next to the practical evaluation. Compound 4 was found to be 

rather sensitive, while compounds 7ς9 are highly insensitive which was also reflected by the SSRT 

and initiation test. Like other energetic oxetanes we are studying, 4 and 8 show melting points 

around 100 °C. Hence, higher performances may even allow oxetanes to enter the field of melt-

cast explosives. For now, compounds 7ς9 compounds are most well-suited to prepare low-

sensitivity energetic binders with enhanced performance to be applied in low-vulnerability 

ammunitions (LOVA). Unfortunately, the steric demand of compound 7 is very likely to 

complicate its homopolymerization. However, copolymerization with sterically less demanding 

compounds (e.g., THF) may even benefit from the bulky substituents as back-biting reactions 

become effectively suppressed. Based on the current results, we conclude that BMHMO and 

ADNP are promising structural motifs for the synthesis of energetic monomers surpassing the 

prior art in key-aspects like performance, sensitivity and thermostability. We anticipate, that 

these motifs and the investigated compounds are helpful to develop the next generation of 

energetic binders and to lessen the lack of available monomers for their preparation. 
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2.5 Supporting Information 

2.5.1 Experimental part and general methods 

Caution! All disclosed compounds are powerful energetic materials with sensitivities towards 

stimuli like shock, friction and electrostatic discharge. Therefore, proper security precautions 

(safety glasses, face shield, earthed equipment and shoes, Kevlar gloves and ear protection) have 

to be applied while preparing and handling the described compounds.  

All reagents and solvents were used as received (Sigma-Aldrich, Acros Organics, ABCR, TCI). 

Potassium tetrazol-1-ide was used from a workgroup internal stockpile. FTIR spectra were 

recorded on a Perkin Elmer Spectrum One FT-IR instrument using neat compounds.  Raman 
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spectra were obtained on a Bruker MultiRam FT Raman spectrometer and a neodymium-doped 

ȅǘǘǊƛǳƳ ŀƭǳƳƛƴǳƳ ƎŀǊƴŜǘ όbŘΥ¸!Dύ ƭŀǎŜǊ ό˂ Ґ млсп ƴƳΣ млтп mW). 1H, 13C and 14N spectra were 

recorded using a Bruker AV400 or JEOL ECX400 using TMS (1H and 13C) or nitromethane (14N) as 

internal reference. Thermal characteristics were determined using an OZM 552-Ex Differential 

Thermal Analyzer with Meavy 2.1.2 software or a Mettler Toledo DSC822e and a heating rate of 

5 °C min-1 and Mettler Toledo STARe Version 16.20 evaluation software. Mass spectra were 

obtained using a ThermoFinnigan MAT 90 or MAT 95. Elemental analyses were conducted on an 

Elementar Vario EL or Elementar Vario Micro using pyrolysis and subsequent gas analysis. 

Crystallographic measurements were performed on an Xcalibur Sapphire3. Helium pycnometry 

was performed using a Quantachrome Ultrapyc 1200e device. The sensitivity data was collected 

using a BAM (Bundesanstalt für Materialforschung) drophammer according to STANAG 4489 

modified instruction and a BAM friction tester according to STANAG 4487 modified instruction.29, 

30 The classification of the tested compounds results from the 'UN Recommendations on the 

Transport of Dangerous Goods'.31 The dents of the SSRT were measured using a Keyence VR 5100 

3D profilometer.  

3-Bromomethyl-3-hydroxymethyloxtane (BMHMO, 1) 

2,2-bis(bromomethyl)propane-1,3-diol (20.0 g, 76.4 mmol) was dissolved in methanol (200 mL) 

and sodium hydroxide (3.67 g, 91.8 mmol, 1.2 eq.) was added under vigorous stirring. The 

solution was refluxed for 12 hours prior to rotary evaporation. Dichloromethane (300 mL) was 

added to the suspension and all inorganics were removed by filtering through Celite. The solvent 

was removed to give a yellowish oil which was subject to vacuum distillation (10ҍ3 mbar). By-

products (e.g. spiro-compound) distilled over at 100 °C, followed by the target compound which 

distilled over at 120ς130 °C to give 11.9 g (86%) of BMHMO (1) as colorless oil. 

1H NMR: (400 MHz, CDCl3): 2.86 (t, 1H, J = 5.1 Hz, OH), 3.74 (s, 2H, CH2), 3.90 (d, 2H, J = 5.1 Hz, 

CH2), 4.44 (m, 4H, CH2) ppm. IR (ATR, cmҍ1): n = 3376 (m), 2952 (m), 2877 (m), 1434 (m), 1269 

(m), 1228 (m), 1108 (m), 1036 (vs), 968 (vs), 913 (s), 851 (m), 832 (s), 700 (s), 642 (s), 502 (s), 459 

(s), 430 (s), 405 (s). Raman (1075 nm, 1000 mW, 25 °C, cmҍ1): n = 3015 (14), 2963 (58), 2884 (68), 

1490 (38), 1347 (12), 1272 (24), 1229 (14), 1143 (18), 1112 (18), 1069 (14), 971 (34), 923 (16), 

832 (20), 703 (14), 647 (100), 504 (14). HRMS (EI): m/z = 180.9856 [C5H10O2Br]+, 162.9750 

[C5H8OBr]+, 148.9594 [C4H6OBr]+, 132.9646 [C4H6Br]+, 92.9334 [CH2Br]+, 71.0491 [C4H7O]+. EA 

(C5H9BrO2) calcd.: H 5.01, C 33.17; found: H 5.56, C 33.98%.  
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Potassium 4-amino-3,5-dinitropyrazol-1-ide (2) 

4-Amino-3,5-dinitro-1H-pyrazole (5.00 g, 28.9 mmol) was dissolved in boiling water (100 mL) and 

the pH-value was set to 9 by the dropwise addition of a saturated aqueous potassium hydroxide 

solution. The solution was then cooled to 5 °C my means of an ice bath and ethanol (200 mL) was 

added. The precipitated yellow solid was collected by suction filtration and washed with ethanol 

(50 mL) and diethyl ether (50 mL) to give 5.77 g (27.3 mmol, 94%) of potassium 4-amino-3,5-

dinitropyrazol-1-ide (2) as yellow solid. 

IR (ATR, cmҍ1): n = 3507 (w), 3391 (m), 3272 (w), 3226 (w), 3167 (w), 1628 (s), 1455 (s), 1425 (s), 

1393 (s), 1288 (vs), 1201 (s), 1133 (s), 914 (s), 835 (s), 758 (s), 671 (m), 503 (s), 430 (s). Raman 

(1075 nm, 1000 mW, 25 °C, cmҍ1): n = 1627 (14), 1569 (8), 1443 (24), 1422 (24), 1389 (70), 1308 

(17), 1303 (17), 1272 (30), 1251 (51), 830 (100), 722 (49), 647 (9). EA (C3H2KN5O4) calcd.: N 33.16, 

H 0.95, C 17.06; found: N 33.33, H 0.96, C 17.01 %. DSC (5 °C minҍ1): 74.8 °C (m.p.), 312.3 °C (dec.). 

IS: > 40 J. FS > 360 N.  

(3-((4-amino-3,5-dinitro-1H-pyrazol-1-yl)methyl)oxetan-3-yl)methanol (3) 

Compound 2 (2.00 g, 9.47 mmol) and BMHMO (2.23 g, 12.3 mmol, 1.3 eq.) were added to a 

mixture of MeCN (20 mL) and DMF (8 mL). The suspension was heated to 100 °C resulting in a 

solution. The temperature was maintained for 24 h and the reaction mixture was subsequently 

allowed to cool to ambient temperature and poured into ethyl acetate (250 mL). The suspension 

was filtered through Celite and the solvents removed using a rotary evaporator (100 °C, 20 mbar) 

to give a yellow, oily residue. Cold diethyl ether (30 mL) was added two times and evaporated to 

remove any traces of DMF and 2.59 g (9.49 mmol, 100 %) of compound 3 were obtained as yellow 

solid. 

1H NMR (400 MHz, DMSO-d6ύ ʵ Ґ оΦср όŘΣ нIΣ J = 5.2 Hz, CH2), 4.30 (d, 2H, J = 6.4 Hz, CH2 (Ox.)), 

4.46 (d, 2H, J = 6.5 Hz, CH2 (Ox.)), 4.90 (s, 2H, CH2), 5.04 (bs or t, 1H, J = 5.3 Hz, OH), 7.28 (s, 2H, 

NH2) ppm. 13C NMR (101 MHz, DMSO-d6ύ ʵ Ґ ппΦуΣ ррΦлΣ соΦрΣ трΦлΣ молΦрΣ монΦрΣ мплΦо ǇǇƳΦ 14N 

NMR (27 MHz, DMSO-d6ύ ʵ Ґ ҍ26.7 ppm. IR (ATR, cmҍ1): n = 3448 (m), 3317 (m), 1633 (s), 1516 

(m), 1471 (vs), 1443 (s), 1372 (m), 1349 (m), 1302 (vs), 1259 (s), 1225 (m), 1207 (m), 1055 (s), 988 

(m), 948 (s), 910 (s), 891 (m), 827 (s), 788 (s), 761 (m), 747 (m), 736 (m), 661 (m), 487 (s), 467 (s). 

Raman (1075 nm, 1000 mW, 25 °C, cmҍ1): n = 2980 (4), 1632 (15), 1584 (7), 1470 (8), 1401 (21), 

1372 (100), 1353 (17), 1310 (20), 1229 (4), 990 (4), 913 (3), 832 (20), 792 (11), 664 (4). EA 

(C8H10N8O5) calcd.: C 35.17, H 4.06, N, 25.63 %; found: C 34.81, H 4.02, N 25.67%. HRMS (EI+): 
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m/z = 273.0705 [C8H11N5O6]+, 179.0548 [C6H11O6]+, 112.0132 [C3H2O2N3]+. DSC (5 °C minҍ1): 180.2 

°C (m.p.), 210.5 °C (dec.). IS: > 40 J. FS > 360 N. Rf = 0.65 (SiO2, EtOAc).  

(3-((4-diazo-3-nitro-5-oxo-4,5-dihydro-1H-pyrazol-1-yl)methyl)oxetan-3-yl)methyl nitrate (4)  

Compound 3 (1.50 g, 5.49 mmol) was added to a solution dinitrogen pentoxide (2.36 g , 

12.9 mmol, 2.36 eq.) in acetonitrile (20 mL) at 0 °C using an ice bath. The yellow solution was 

stirred for two hours at the initial temperature and was then poured into ice water (200 mL). The 

aqueous phase was extracted with ethyl acetate (3x 30 mL) and the organic phase was washed 

with water (2 x 50 mL) and saturated sodium bicarbonate solution (2 x 30 mL).The organic phase 

was dried over sodium sulfate and the solvent removed by rotary evaporation to give a yellow 

semi-solid. The crude material was purified by column chromatography (SiO2, EtOAc) to give 0.87 

g (2.90 mmol, 53%) of compound 4 as bright yellow solid.  

1H NMR (400 MHz, DMSO-d6ύ ʵ Ґ пΦнс όǎΣ нIΣ /I2), 4.45 (d, 2H, J = 6.6 Hz, CH2 (Ox.)), 4.53 (d, 2H, 

J = 6.5 Hz, CH2 (Ox.)), 4.76 (s, 2H, CH2) ppm. 13C NMR (101 MHz, DMSO-d6ύ ʵ Ґ пнΦоΣ псΦуΣ тоΦоΣ 

74.5, 143.7, 162.0 ppm. 14N NMR (27 MHz, DMSO-d6ύ ʵ Ґ ҍнуΦуΣ ҍпмΦфΣ ҍ141.3 ppm. IR (ATR, 

cmҍ1): n = Raman (1075 nm, 1000 mW, 25 °C, cmҍ1): n = EA (C8H8N6O7) calcd.: N 27.90, H 3.01, C 

31.90; found: N 27.86, H 2.93, C 31.99 %. HRMS (ESI+): m/z = 300.0460 [C8H8N6O7]+, 254.0555 

[C8H8N5O5]+, 156.0004 [C1H4O7N2]+. DSC (5 °C minҍ1): 95.3 °C (m.p.), 184.0 °C (dec.). Rf = 0.65 

(SiO2, EtOAc). 

(3-((4-amino-3,5-dinitro-1H-pyrazol-1-yl)methyl)oxetan-3-yl)methyl methanesulfonate (5) 

Compound 3 (0.50 g, 1.83 mmol) was dissolved in a mixture of acetonitrile (20 mL) and DMF (2 

mL) and triethylamine (370 mg, 3.66 mmol, 2 eq.) was added. The orange solution was cooled to 

0 °C using an ice bath and a solution of methane sulfonyl chloride (252 mg, 2.19 mmol, 1.2 eq.) 

in acetonitrile (2 mL) was added dropwise. The instantaneous precipitation of a bright yellow 

solid was observed and the reaction mixture was stirred for 5 hours at the initial temperature 

and subsequently poured onto ice (50 g). The ice was allowed to melt and the solid was collected 

by suction filtration and washed with cold ethanol (20 mL) and diethyl ether (20 mL) to give 575 

mg (89%) of compound 5 as yellow powder. 

1H NMR (400 MHz, DMSO-d6ύ ʵ Ґ оΦнм όǎΣ оIΣ /I3), 4.40 (d, 2H, J = 6.8 Hz, CH2), 4.57 (d, 2H, J = 

6.8 Hz, CH2 (Ox.)), 5.02 (s, 2H, CH2), 7.34 (s, 2H, NH2) ppm. 13C NMR (101 MHz, DMSO-d6ύ ʵ Ґ осΦрΣ 

42.9, 54.4, 70.7, 74.3, 130.6, 132.4, 140.5 ppm. IR (ATR, cmҍ1): n = 3460 (m), 3307 (w), 1633 (s), 
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1519 (m), 1473 (s), 1456 (m), 1448 (m), 1344 (s), 1307 (vs), 1291 (s), 1178 (s), 1142 (w), 1058 (m), 

1007 (m), 989 (s), 973 (s), 955 (m), 929 (m), 884 (w), 859 (s), 840 (s), 830 (s), 788 (s), 760 (m), 746 

(w), 718 (w), 666 (m), 535 (s), 503 (s), 488 (s), 461 (s). Raman (1075 nm, 1000 mW, 25 °C, cmҍ1): 

n = 2977 (6), 2946 (6), 1636 (19), 1586 (9), 1470 (11), 1403 (24), 1376 (100), 1351 (19), 1326 (30), 

1310 (24), 1293 (9), 1279 (6), 1170 (7), 954 (6), 832 (22), 790 (13), 763 (6), 535 (6). EA 

(C9H13N5O8S) calcd.: N 19.94, H 3.73, C 30.77; found: N 19.92, H 3.69, C 30.85 %. HRMS (EI+): m/z 

= 351.0473 [C9H13N5O8
32S1]+, 334.0433 [C9H12N5O7

32S1]+, 179.0549 [C6H11O6]+. DSC (5 °C minҍ1): 

188.4 °C (dec.). Rf = 0.59 (SiO2, EtOAc/petrol ether/toluene 3:1:1). 

1-((3-(bromomethyl)oxetan-3-yl)methyl)-3,5-dinitro-1H-pyrazol-4-amine (6) 

Compound 5 (0.50 g, 1.42 mmol) was suspended in acetone (10 mL) and lithium bromide (247 

mg, 2.85 mmol, 2 eq.) was added. The reaction mixture was set to reflux for 24 h and the solvent 

was removed by rotary evaporation. Ethyl acetate was added to dissolve the crude compound 

and all inorganic were removed filtration through a silica-plug which was thoroughly rinsed with 

ethyl acetate. The solvent was again removed by rotary evaporation to give 476 mg (99 %, 1.42 

mmol) of compound 6 as intense yellow solid. 

1H NMR (400 MHz, acetone-d6ύ ʵ Ґ пΦлм όǎΣ нIΣ /I2), 4.46 (d, 2H, J = 6.8 Hz, CH2), 4.65 (d, 2H, J = 

6.8 Hz, CH2 (Ox.)), 5.19 (s, 2H, CH2), 7.01 (s, 2H, NH2) ppm. 13C NMR (101 MHz, acetone-d6ύ ʵ Ґ 

38.1, 45.6, 56.3, 77.2, 131.4 ppm. 14N NMR (27 MHz, acetone-d6ύ ʵ Ґ ҍноΦсΣ ҍнуΦп ǇǇƳΦ IR (ATR, 

cmҍ1): n = 3443 (w), 3315 (w), 1644 (s), 1515 (m), 1473 (s), 1431 (s), 1409 (m), 1377 (w), 1309 

(vs), 1269 (s), 1256 (m), 1244 (s), 1197 (m), 1155 (m), 1084 (m), 1044 (m), 954 (s), 906 (s), 864 

(m), 850 (m), 825 (s), 788 (s), 760 (m), 747 (m), 663 (m), 642 (s), 611 (m), 521 (vs), 449 (s). Raman 

(1075 nm, 1000 mW, 25 °C, cmҍ1): n = 2965 (6), 1636 (19), 1575 (7), 1472 (13), 1436 (11), 1411 

(13), 1386 (45), 1372 (100), 1339 (25), 1326 (22), 1310 (18), 1258 (13), 1227 (10), 830 (23), 792 

(10), 699 (6), 670 (7), 643 (7). EA (C9H13N5O8S) calcd.: N 20.84, H 3.00, C 28.59; found: N 21.02, H 

3.00, C 28.79 %. HRMS (EI+): m/z = 335.9924 [C8H11N5O5
79Br]+, 334.9863 [C8H10N5O5

79Br]+, 

226.0706 [C8H10O4N4]+, 179.0570 [C7H7O2N4]+. DSC (5 °C minҍ1): 157.3 °C (m.p.), 197.5 °C (dec.). 

Rf = 0.83 (SiO2, EtOAc/petrol ether/toluene 3:1:1). 

1,1'-(oxetane-3,3-diylbis(methylene))bis(3,5-dinitro-1H-pyrazol-4-amine) (7) 

Compound 5 (500 mg, 1.42 mmol) and potassium 4-amino-3,5-dinitropyrazol-1-ide (300 mg, 1.42 

mmol) were dissolved in DMF (10.0 mL) and the reaction mixture heated to 100 °C for 48 h which 
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was accompanied by the formation of a colorless precipitate. The mixture was then poured into 

ethyl acetate (100 mL) to precipitate all inorganics and filtered through Celite to give a bright 

yellow solution. The solvent was evaporated and the obtained solid recrystallized from ethyl 

acetate to give 541 mg (89%) of compound 7 as yellow solid. 

1H-NMR (400 MHz, dmso-d6ύΥ ʵ Ґ пΦрт όǎΣ пIΣ /I2), 5.09 (s, 4H, CH2), 7.31 (s, 4H, NH2) ppm. 13C 

NMR (101 MHz, dmso-d6ύ ʵ Ґ поΦсΣ ррΦпΣ трΦтΣ молΦрΣ монΦнΣ мплΦм ǇǇƳΦ 14N NMR (27 MHz, dmso-

d6ύ ʵ Ґ ҍмфΦу ppm.  IR (ATR, cmҍ1): n = 3487 (w), 3422 (w), 3370 (m), 3282 (w), 3199 (w), 1634 (s), 

1523 (m), 1505 (m), 1490 (m), 1466 (s), 1452 (s), 1430 (s), 1396 (m), 1371 (m), 1353 (m), 1297 

(vs), 1276 (vs), 1217 (m), 1142 (m), 1050 (m), 978 (m), 964 (s), 946 (s), 889 (m), 829 (s), 796 (s), 

787 (s), 758 (m), 747 (m), 667 (s), 643 (m), 482 (vs), 457 (s). Raman (1075 nm, 1000 mW, 25 °C, 

cmҍ1): n = 2969 (4),  1640 (15),  1584 (8), 1565 (8),  1528 (5),  1474 (14),  1432 (10),  1372 (100),  

1355 (66), 1320 (32),  1301 (22),  1241 (11),  1187 (5),  979 (5),  946 (5),  832 (29),  797 (13),  792 

(14),  739 (6), 670 (5),  645 (4),  622 (6), 518 (5). EA (C11H12N10O9) calcd.: N 32.71, H 2.28, C 30.85; 

found: N 32.00, H 2.88, C 30.84 %. HRMS (EI+): m/z = 428.0800 [C11H12N10O9]+, 411.0831 

[C11H11N10O8]+, 179.0569 [C7H7N4O2]+; DSC (5 °C minҍ1): 246.0 °C (dec.). Rf = 0.25 (SiO2, EtOAc). 

1-((3-(azidomethyl)oxetan-3-yl)methyl)-3,5-dinitro-1H-pyrazol-4-amine (8) 

Compound 5 (500 mg, 1.42 mmol) was dissolved in dimethylformamide (20 mL) together with 

sodium azide (185 mg, 2.85 mmol, 2 eq.) and the reaction mixture was heated to 100 °C for 24 h 

to give a deep orange solution. The reaction mixture was poured into ethyl acetate (150 mL) and 

the resulting suspension was filtered through Celite to remove all salts. The solvent was removed 

by rotary evaporation (40 °C, 240 mbar; 100 °C, 20 mbar) to give a slightly orange solid. Residues 

of dimethylformamide were removed by co-evaporation with cold diethyl ether (20 mL) and cold 

ethyl acetate (20 mL) to give 421.3 mg (1.41 mmol, 99%) of compound 8 as yellow to orange 

solid. If necessary, the compound can be dissolved in the minimum amount of acetone and 

precipitated with n-Hexane to give a bright yellow solid with no yield loss. 

1H NMR (400 MHz, acetone-d6ύ ʵ Ґ оΦфп όǎΣ нIΣ /I2), 4.44 (d, 2H, J = 6.8 Hz, CH2), 4.63 (d, 2H, J = 

6.8 Hz, CH2 (Ox.)), 5.09 (s, 2H, CH2), 7.00 (bs, 2H, NH2) ppm. 13C NMR (101 MHz, acetone-d6ύ ʵ Ґ 

44.9, 55.3, 56.2, 76.5, 131.4, 133.6, 141.7 ppm. 14N NMR (27 MHz, acetone-d6ύ ʵ Ґ ҍноΦлΣ ҍнтΦуΣ 

ҍмооΦуΣ ҍмтнΦр ppm. IR (ATR, cmҍ1): n = 3447 (m), 3294 (m), 3207 (w), 2886 (w), 2096 (s), 1636 

(s), 1582 (w), 1516 (m), 1470 (vs), 1442 (s), 1373 (m), 1302 (vs), 1274 (vs), 1240 (s), 1206 (s), 1141 

(m), 1102 (m), 1052 (m), 979 (s), 958 (m), 915 (s), 889 (m), 865 (m), 828 (s), 789 (s), 761 (m). 
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Raman (1075 nm, 1000 mW, 25 °C, cmҍ1): n = 2977 (4), 2892 (2), 2105 (1), 1638 (13), 1590 (7), 

1488 (2), 1470 (7), 1445 (3), 1403 (15), 1374 (100), 1353 (15), 1306 (19), 1245 (3), 1150 (2), 994 

(3), 925 (2), 830 (24), 792 (11), 674 (3), 618 (2). EA (C8H10N8O5) calcd.: N 37.58, H 3.38, C 32.22; 

found: N 37.45, H 3.32, C 32.41 %. HRMS (EI+): m/z = 298.0769 [C8H10N8O5]+, 194.0675 

[C7H8N5O2]+. DSC (5 °C minҍ1): 101.0 °C (m.p.), 238.3 °C (dec.). 

1-((3-((1H-tetrazol-1-yl)methyl)oxetan-3-yl)methyl)-3,5-dinitro-1H-pyrazol-4-amine (9A) and 

1-((3-((2H-tetrazol-2-yl)methyl)oxetan-3-yl)methyl)-3,5-dinitro-1H-pyrazol-4-amine (9B) 

Compound 5 ( 2.00 g, 5.69 mmol) and potassium tetrazol-1-ide (924 mg,  8.54 mmol, 1.5 eq.) 

were dissolved in DMF (50.0 mL) and the reaction mixture heated to 100 °C for 48 h which was 

accompanied by the formation of a gelatinous precipitate. The mixture was then poured into 

ethyl acetate (200 mL) to precipitate all inorganics and filtered through Celite to give an orange 

solution. All volatiles were evaporated and a small quantity of acetone (10 mL) added to the 

obtained slurry. Diethyl ether was added (100 mL) to precipitate the target compound as bright 

orange solid which was collected by suction filtration to give 1.81 g (98%) of the isomeric mixture 

(9A, 9B) which was afterward refluxed in toluene. The suspension was filtered hot to give 1.07 g 

(89%) of compound 9A as yellow solid. The filter residue was recrystallized from hot acetone to 

give 439 mg (72%) of compound 9B as yellow solid corresponding to an overall yield of 84%.  

Compound 9A (N2): 

1H-NMR (400 MHz, acetone-d6ύΥ ʵ Ґ пΦтм όŘΣ J = 7.1 Hz, 2H, CH2), 4.75 (d, J = 7.1 Hz, 2H, CH2), 5.08 

(s, 2H, CH2), 5.29 (s, 2H, CH2), 6.99 (s, 2H, NH2), 8.75 (s, 1H, CH) ppm. 13C NMR (101 MHz, acetone-

d6ύ ʵ Ґ ппΦфΣ ррΦтΣ рсΦмΣ тсΦрΣ момΦоΣ мпмΦсΣ мрпΦл ǇǇƳΦ 14N NMR (27 MHz, acetone-d6ύ ʵ Ґ ҍноΦсΣ 

ҍнуΦпΣ ҍмлмΦу ǇǇƳΦ  IR (ATR, cmҍ1): n = 3444 (w), 3322 (m), 3138 (w), 2966 (w),  2890 (w), 1635 

(s), 1582 (w), 1515 (m), 1466 (s), 1434 (s), 1412 (m), 1393 (w), 1380 (w), 1370 (w), 1356 (m), 1306 

(vs), 1278 (vs), 1246 (m), 1186 (m), 1148 (m), 1132 (m), 1066 (m), 1024 (s), 1006 (m), 985 (m), 

970 (s), 925 (m), 906 (m), 827 (s), 798 (s), 763 (s), 749 (m), 709 (m), 689 (m), 671 (m), 663 (m), 

615 (m), 526 (s), 470 (s). Raman (1075 nm, 1000 mW, 25 °C, cmҍ1): n = 2969 (7), 2955 (6), 1640 

(23), 1582 (9), 1567 (6), 1522 (6), 1476 (12), 1438 (16), 1413 (30), 1393 (69), 1380 (100), 1339 

(66), 1279 (11), 1254 (19), 1247 (16), 1189 (6), 1025 (7), 1008 (5), 973 (6), 828 (36), 797 (13), 765 

(7), 695 (9), 672 (9), 502 (5), 471 (5). EA (C9H11N9O5) calcd.: N 38.76, H 3.41, C 33.24; found: N 

39.03, H 3.50, C 33.48 %. HRMS (EI+): m/z = 325.0889 [C9H11N9O5]+, 324.0812 [C9H10N9O5]+, 

298.0895 [C9H12N7O5]+; 172.0112 [C3H2N5O4]+. DSC (5°C minҍ1): 161.0 °C (m.p.), 241.1 °C (dec.). 
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Compound 9B (N1): 

1H-NMR (400 MHz, acetone-d6ύΥ ʵ Ґ пΦсф όŘΣ J = 7.1 Hz, 2H, CH2), 4.73 (d, J = 7.2 Hz, 2H, CH2), 5.08 

(s, 2H, CH2), 5.12 (s, 2H, CH2), 7.01 (s, 2H, NH2), 9.26 (s, 1H, CH) ppm. 13C NMR (101 MHz, acetone-

d6ύ ʵ Ґ прΦлΣ рмΦоΣ ррΦтΣ ттΦсΣ мнпΦтΣ мпрΦп ǇǇƳΦ 14N NMR (27 MHz, dmso-d6ύ ʵ Ґ ҍнфΦл ǇǇƳΦ IR 

(ATR, cmҍ1): n = 3484 (w), 3366 (m), 3130 (w), 3044 (w), 2963 (w), 2896 (w), 1634 (s), 1509 (m), 

1487 (m), 1469 (vs), 1437 (m), 1389 (m), 1360 (m), 1344 (m), 1319 (vs), 1299 (vs), 1258 (m), 1245 

(m), 1215 (m), 1162 (m), 1135 (m), 1107 (s), 1060 (m), 973 (s), 952 (s), 911 (s), 890 (m), 839 (m), 

830 (s), 791 (s), 759 (m), 749 (m), 721 (m), 680 (m), 667 (m), 619 (w), 450 (s). Raman (1075 nm, 

1000 mW, 25 °C, cmҍ1): n = 2975 (14), 2897 (5), 1627 (22),  1563 (14),  1524 (5),  1478 (17), 1468 

(18), 1440 (6), 1428 (5), 1399 (53), 1368 (100), 1357 (99), 1314 (19), 1297 (11),  1283 (12), 1249 

(5), 1218 (6), 1033 (6), 988 (6), 832 (31), 792 (14), 736 (6). EA (C9H11N9O5) calcd.: N 38.76, H 3.41, 

C 33.24; found: N 37.76, H 3.34, C 32.97 %. HRMS (EI+): m/z = 325.0890 [C9H11N9O5]+, 324.0812 

[C9H10N9O5]+, 295.0910 [C9H11N8O4]+; 172.0111 [C3H2N5O4]+. DSC (5°C minҍ1): 238.3 °C (dec.).  

2.5.2 NMR Spectra 

 

Figure 9. Proton spectrum (1H) of 3-bromomethyl-3-hydroxymethyloxetane (BMHMO, 1). 
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Figure 10. Proton spectrum (1H) of compound 3. 

 

Figure 11. Carbon spectrum (13C) of compound 3. 
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Figure 12. Nitrogen spectrum (14N) of compound 3. 

 

Figure 13. Proton spectrum (1H) of compound 4. 
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Figure 14. Carbon spectrum (13C) of compound 4. 

 

Figure 15. Nitrogen spectrum (14N) of compound 4. 
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Figure 16. Proton spectrum (1H) of compound 5. 

 

Figure 17. Carbon spectrum (13C) of compound 5. 
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Figure 18. Nitrogen spectrum (14N) of compound 5. 

 

Figure 19. Proton spectrum (1H) of compound 6. 
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Figure 20. Carbon spectrum (13C) of compound 6. 

 

Figure 21. Nitrogen spectrum (14N) of compound 6. 
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Figure 22. Proton spectrum (1H) of compound 7. 

 

Figure 23. Carbon spectrum (13C) of compound 7. 
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Figure 24. Nitrogen spectrum (14N) of compound 7. 

 

Figure 25. Proton spectrum (1H) of compound 8. 
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Figure 26. Carbon spectrum (13C) of compound 8. 

 

Figure 27. Nitrogen spectrum (14N) of compound 8. 
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Figure 28. Proton spectrum (1H) of compound 9A. 

 

Figure 29. Carbon spectrum (13C) of compound 9A. 
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Figure 30. Nitrogen spectrum (14N) of compound 9A. 

 

Figure 31. Proton spectrum (1H) of compound 9B. 
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Figure 32. Carbon spectrum (13C) of compound 9B. 

 

Figure 33. Nitrogen spectrum (14N) of compound 9B. 
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2.5.3 Crystallography and Hirshfeld Analysis  

Crystal structure data was obtained from an Oxford Xcalibur3 diffractometer with a Spellman 

generator (voltage 50kV, current 40mA) and a Kappa CCD area for data collection using Mo-

YʰǊŀŘƛŀǘƛƻƴ ό˂ҐлΦтмлто)ύ ƻǊ ŀ .ǊǳƪŜǊ 5у ±ŜƴǘǳǊŜ ¢·{ ŘƛŦŦǊŀŎǘƻƳŜǘŜǊ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ŀ ƳǳƭǘƛƭŀȅŜǊ 

monochromator, a Photon 2 detector and a rotation-anode generator (Mo-YʰǊadiation). The 

data collection was performed using the CRYSTALIS RED software.[32] The solution of the structure 

was performed by direct methods and refined by full-matrix least-squares on F2 (SHELXT)[33] 

implemented in the OLEX2[34] software suite. The non-hydrogen atoms were refined 

anisotropically and the hydrogen atoms were located and freely refined. The absorption 

correction was carried out by a SCALE3 ABSPACK multiscan method.[35] The MERCURY 2020.3.0 plots 

show thermal ellipsoids at the 50% probability level and hydrogen atoms are shown as small 

spheres of arbitrary radius. The SADABS program embedded in the Bruker APEX3 software was 

used for multi-scan absorption corrections in all structures.[36] Hirshfeld analysis was performed 

using the CrystalExplorer17 software.[37] 

 

Figure 34. Molecular structures of compounds 3 (top left), 5 (top right), 6 (bottom left) and isomer 9B 

(bottom right) in the crystal. Ellipsoids drawn at the 50% probability level. 
































































































































































































































































































































































































