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| Introduction

The general definition of an energetic material is not that entirely easy, because there are several
different approaches. An energetic material candb@aracterized as a compound or mixture of
substances which contains a fuel and an oxidizer and reacts with the release of energy &Ad gas.
According toKlapotke  lengérgeaiic materials derive their energy from a chemical reaction (in
contrast to a nulear reactior 'dBut there are many other ways to look at energetic materials,

in particular laws are crucial. So is the German ExplosiveSpengstoffgesetavhich states
SYSNEHSGAO YFGSNRIf & | a &2t A Rwhghibull detprazk die t02 Y LI2
a not extraordinary thermal, mechanical or other stéess | shéw ediplosive behavior during

test methods such as thermal sensitivity and mechanical sensitivity with respect to either shock
or frictioné [Another view of energetic matels 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
Klapotkel An energetic material can be used as a high explosive for civil or military purposes, as
a primary explosive, as a pyrotechnic formulation, or asap@itant for gun charges or rocket
propellants.Figure 3 The individual categories are discussed in more detail in the following

sections, using specific examples of molecules and applications.

~
Energetic Materials
\I_/
P = N N

High Explosives Primary Explosives Pyrotechnics Propellants

T — T T

Civil Application  Military Application Charges for Guns Rocket Propellants
— ~—— N— N——

Figure 1 Classification based on their use accordinékapotkel!
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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 giefleon to
detonation! When subjected to heat, friction or impact, they produce a shockwave which can
initiate low sensitive secondary explosiv8dn general, the performance is significantly lower

than typical secondary explosives, lutmary explosives are mostly used to detonate the main
charge¢ KS o6l aA0 LINRPLISNIASE 2F LINAYIFENE SELX 2aA0S
FNROGAZ2Y YR X Hn YW I02eNtheSeats Oaghi@nieitd have ¢hanged & OK |
and the trend has gone from heavy metal containing primary explosives (lead la&idiead

styphnate LS mercury fulminateMF), which are extremely negative for humans and the
environment, to metal containing primary explosivéSINABT DBX1) to metal fee primary
explosives[PDNP Tetrazeng CTA.IL 4 6IThe 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 isgming.

o}
O,N NO, cu” g
Pb(N k= — A N~
(Na)2 o2+ o 0-N=c—Hg—C=N-0 U)o,
~N
NO,
LA LS MF DBX-1
N2 HN
N KT 2 _ NE
O,N N\N\ O,N o PN H,0 S—NH,
N l‘\{ N™ N N-N JN=N
N \>/<\ N )l\ /)\ N \>—N NH,
N=N N N5~ "N” "Nj ~N
+ _N-NO NO, :
K - 2
K,DNABT DDNP CTA Tetrazene

Figure 2 Structural formula of selected primary explosives: lead az#§éead styphnatd.S
mercuryfulminate MF, copper(l) SnitrotetrazolateDBX1, dipotassiunm = M QRA ¥ A G NI YA y 2
pIp QoA aK®ONART diazotinhitiohenoDDNR cyanuric triazid€TA
tetrazolylguanyitetrazenhydrat 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

2



YR YSOKIYyAOIt adloAfAded ¢KS YIFAY LINBAPS NI A S
ideal secondary explosive should have the highest plesdieat of explosion, detonation
velocity, and pressure, be insensitive to impact and friction, and have thermal stability above
250°CY The trend has gone from carbdrased six ringsTNT) to carrying less and less carbon
that needs to be oxidized, thereby increasing the explosive power. For exaRip¥and HMX
offered significantly higher performance with a similar framework but less carbon. More recent
developments then went toFOX7 and TKX50, which have incredible performance with
moderate sensitivities and very good thermal stabifit}}.By far the strongest nonuclear
explosives ar®©NCand Cl-:20 which feature a cage structure, again increasing the detonation
velocity to about 1000 m <. The main disadvantage of the latter is the high synthetic effort

and the associated high cdst® °!

CHs O,N
O-5N NO OoN.. .~ ..NO N—
2 2 2 Nk )N 2 ( )N/Noz H,N NO,
_N =
N ON""Nny H,N  NO,
NO, NO, NO,
TNT RDX HMX FOX-7
+
o~ NH;OH O,N NO, O2N NO2  No,
\ _ N /
\ >/<N N O,N NO, N—"~~-N
N N\ _N )? \ /
+ M O N N02 02N NO N02
NHoH ~© ? ?
TKX-50 ONC CL-20

Figure 3 Structural formula of selected secondary explosives: Zrh@rotoluol TNT, hexogerRDX
octogenHMX 1,%-diamino-2,2-dinitroethyleneFOX7, dihydroxylammonium 5,5jtetrazole1,1- y
dioxide TKX50, octanitrocubanédDNC hexanitro hexaazaisowurtzitarig-20.

1.3 Propellants

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

of a fuel and an oxidizéH 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 teject 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



for complete combustio® One of the simplest and oldest is nitrocelluloBkC which is

synthesizedy 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,

nitroguanidineNQ and nitroglycerineNGM Recent developments focus on the erosion of the

gun barrel and mixture with bis triaminoguanidinium azotetrazold#GzTthat have a low

combustion temperature were investigatéd. The most important property for rocket

propellants is the specific imp@gkp), which is used to calculate the maximum payload of the

rocket!! Here, solid mixture with ammonium perchlora#é®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 environmeHi. Liquid propellants are also currently in use for

example with monomethylhydrazindMH and nitric acid or B{Ds which reacts hypergolic after

mixing and thrust is generatédd.

| ONO,

+ 5 o ONO, OZN\lN
o,NO ONO: OZNO\)\/ONOZ HzN)\NHZ
. Ne h NG NQ

HN T2 r\iN\: NN' N H

HZN\”%\”/NHz L(NIN\':N NH; G0, (N

TAGzT AP MMH

Figure 4 Structural formula of selected molecules used for propellants: nitrocellll&S3aitroglycerine
NG nitroguanidineNQx

1.4 Pyrotechnics

0Aa

GNRA I YAY 2 3dzZ Yy NAGTyamrdoviiunppErphodatd® G S G NI T :
monomethylhydrazindIMH.

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

or smoke!tl 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 cloudsdeerage and decoy bodi€d4

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

4



is added like strontium olithium.l*! Perchlorates as mentioned in the previous section, have a
negative environmental impact due to the release polychlorinated species. Rec&miigk
removed the chlorine source and establish are-beoining pyrotechnical formulation that meets

the requirementd?®l
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Goals and motivation for this thesis can be divided into two parts, first the synthesis of new
energetic oxetanes which are suitable for Hogening polymerization. So onlyBono and 3,3
di- substituted oxetane are considered. The secpadt 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 ringpening 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 hyger! In the 1980s several energetic oxetanes were
developed such aBMMO, NIMMO and BAMOwhich are used in formulatior&®! (Figure 5

Baum et al. also synthesized energetic oxetane such asdBj@ooxetane DNO and 3

azidooxetane8AObut they did not madet into application due to several difficulties with the

Nj 0,NO N3
N
3 NO, N
e
O (@) (@) @) (@)
DNO

AMMO NIMMO BAMO 3A0

Figure5. Selected energetic oxetane derivativesagddomethyi3-methyloxetaneAMMO,
3-nitratomethyl3-methyloxetaneNIMMO, 3,3bis(azidomethyl)oxetanBAMQ,
3,3-dinitrooxetaneDNQ 3-azidooxetane8AQ

synthesid”l Since then, almost no new energetic oxetanes have been synthesized and
discovered, probably also due to the high price. Recently, however, the pharmaceuticstiynd

has become interested in oxetanes, and so prices have dropped and oxetanes have become
commercially available. In this work, oxetdl, oxetan3-one and 3bromomethyl3-
hydroxmethyloxetane were chosen as starting materials due to their commexeidhhility and,

in the case of dromomethyt3-hydroxmethyloxetane, due to its good synthetic accessibility.
Various energetic groups and molecules were introduced into the oxetane compounds to obtain

as energetic as possiblesBbstituted oxetane monomet



2.2 Nitrogenrich Energetic Materials

A main strategy for the synthesis of nitrogaoh 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 moleculé! 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 nitragematerials

IS quite exciting and challenging due to the mostly not long stable molecules and the extremely
high sensitivities. For example, carbonyl azides und€ngidiusrearrangement reactions, even

at room temperatures, to form a reactive isocyanatkich can react with moist aif{gure ¢

O
H,O
L - - _N=C=0 2~ - NHz
R™ "Nj -N, R -CO,

Figure6. Curtiusrearrangement and subsequent reaction with water to form an amine.

In general, the more azides in a molecule and the closer they are together, theumstiable 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-d@zidotetrazoles (88.3%).Several energetic and sensitive

nitrogenrich materials are depicted iRigure7.l® &1 Nitrogenrich energetic materials tend to

N Na

3

H Py N, H N=( N3
-y N3 | / N3 NI 2N

5-AzT CTA DAZT C,N14 TAM

Figure7. Selected nitrogeftich energetic materials:-&zidotetrazolesb-AzT, cyanuridriazideCTA
3,5diazidol,2,4triazoleDAzT (5-azidolHtetrazol1-yl)carbonimidoyl diazid€Naa,
tetraazidomethanel AM.

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 partictiee Xray structure



determination, was the main focus, since usually little amounts of them are synthesized. With

the Xray structure it is possible to estimate the sensitivities by Hirshfeld analysis before more

material is synthesized for practical tizgy.[*]
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Il Summary and Conclusion

One aim of this thesis was to synthesize and characterize new energetic oxetanes which can be
possibly ringopened to form energetic polymers. The second goal was to synthesize and
characterize new highly energetic nitrogeoh materials. During this thesis, overall 47 new
compounds were synthesized and characterized. It was possible to crgstdllaf them and the
structures were obtained by low temperaturery diffraction. 1§38%) new oxetanes and
29(62%) nitrogerrich materials were synthesized. They can be classified according to their
sensitivities for potential use: 128%) primary expsives, 2451%) secondary explosives and
10(21%) others. The group of other can be described as intermediates;emengetic

compounds, characterized decomposition products or compounds with other applications.

Classification of the synthesized materials
according to their sensitivity

B Primary Explosives (28 %)

Secondary

Explosives B Secondary Explosives (51 %)
(51 %) B Others (21 %)

Figure 1 Classification of the investigated compounds

Chapters &3 deal with the synthesis of new energetic oxetanes and chaptersade about

highly energetic nitrogemich materials which were synthesized and characterized.

Chapter 1 starts with oxygemch oxetane compounds based on nitrate esters. In
particular, the addition of dinitrogen pentoxide to the double bond of oxeBamne is a powerful
synthetic route to obtain geminal dinitrates. Solid -8liditratooxetane PDNQ is a promising
candidate as solidtate 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
(1J) and friction (IN) and general instability with decomposition over time@m temperature.

The other two synthesized compounds by nitration of the respective alcohol, namely 3
nitratooxetane BNO and 3nitrato-3-methyloxetane 8N3MO), are liquids with moderate
thermal stabilities (153°C and 145°C, respectively) and performbatehey are insensitive

towards impact and friction.

OZNO ON02

ONO, ONO,
i I

o]

DNO (1) 3NO (2) 3N3MO (3)
Qco = +17.77% Qco = -20.15% Qco = -42.07%

1S <1J IS 40 J IS >40 J

FS1N FS >360 N FS >360 N

V gt = 8275 m s V 4ot = 6771 ms™ V get = 6456 m s~

Figure 2 Formula of 3,3initratooxetane PNO and the corresponding crystal structure, and the
formulas of 3nitratooxetane BNO and 3nitrato-3-methyloxetane N3MO).

In chapter 2, energetic oxetanes based on the secondary explositae)ind-3,5
dinitropyrazole (LLM116), were synthesized and characterized. The synthetic route started from
cheap 3bromomethyt3-hydroxyoxetane with subsequent nucleophilic substitutionatean 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 @@4-diazo3-nitro-5-oxo-
4,5dihydro-1H-pyrazotl-yl)methyl)oxetar3-yl)methyl nitate was obtained. The hydroxy
function was converted into a leaving group which allowed further functionalization with azide,
LLM116 and H-tetrazole. The obtained compounds are depictedrigure 3 All compounds

were

. HoN NO, HoN NO, HoN NO,
N, N0z HN_ - NO2 l—:( NO, I:(
= = N N
. ﬁN ﬁN 0NN N NH2 0Ny NTSN N NS
0" N %\Ns O,N" N %\Ns N= N=N NEN
e} o e} NO,

o] o]

4 5 6 7 8
Tyec, = 184°C Tgec, = 246°C Tyec, = 238°C Tgec, = 238°C Tgec, = 241°C
Vget = 7124 m s Vet = 7335 ms™ Vet = 6962 m s Vget = 7088 m s Vet = 6820 m s

Figure 3.Structures of the energetic synthesized compoudgs8.
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characterized by low temperaturerdy 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 compdgndsve significant smaller
dents as the reference TNT (3d8n°) (Table 3. Only5 is almost as powerful as TNT having a
dent volume of 298nm?. The dent volume was measured with a 3D profdoen to have
accurate valuegHigure 4. Initiation test showed that all compounds expddre too insensitive

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

initiate 4¢8.
Table 1.Mass ofexplosive versus dent size in the SSRT
/| 2YL}R dzytn P c T ¢b¢
a oY3do nHC npdg nNnHAN nHY nnp
tRsy06Y %D MC N HQy on M C H ono

Compound 4 Compound 5

Figure 4 Dent volume determination with a 3D profilometer.

13



Chapter 3 is about condensation reaction of oxeBaone with different energetic
hydrazinic compounds to form Schiff bases. Those Schiff bases undergo hydrazinolysis at elevated
temperatures really fast to formpirotetrahydrotetrazines which are quitare in the literature.

(Figure 5 The structures of compound@g15exceptll (liquid) were obtained. The performance
was calculated using the EXPLO5 code. Compdiinbdas a detonation velocity of nearly

8000m s!and is insensitive towards external stithwhich is quite promising for application.

g R
e N
N/

HN R2+ \H T >50°C HNJ\NH T>80°C_ Q(
_— | |

/34'\' L R N NH Tfast O N’NH

2
0 S

R; = NNO,; R, = NH, (10)
R;=0; R,=OEt(11)
Ry =NH; Ry=NH, (12)

R1 NNO, (13)
1 =0 "H,0 (14)
R1 = NH - HCI (15)

Figure 5Hydrazinolysis of compouriD¢12to form the tetrahydrotetrazine derivatives3¢15 with the
open form as possible intermediate.

9 10

12
Tye = 177°C Ty = 191°C Tyec = 200°C
Vet = 7062 m 51 Vet = 7146 m 571 Vet = 6798 m s
IS >40 IS >40) IS >40 J

FS>360 N FS>360 N FS>360 N

13 14 15

Tyec = 151°C T gec, = 192°C T jec = 168°C
Vet = 7989 m 51 Vier = 7279 m 51 Vet = 6821 m s
IS >40 J IS >40 J IS >40 J

FS >360 N FS >360 N FS >360 N

Figure 6 Crystal structures of compourlj 10 and 12¢15 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;8iazidomalonic acid, and salts thereof were
synthesized and characterizeféigure J. The neutral compound is very sensitive towards impact
and friction with sensitivities of 1 J impact and 1 N friction. The salts are quite itngehsit the
energetic properties were quite disappointing with detonation velocities of around 7000.m s

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

non-toxic.
o o @
MH
ane, g J o T 18
@.
24 h, r.t. N N NH,
(8] o] +
b)NaOH _ o e
o o 1) KOH o 0 2,60 °C OMO . 19
2)H,50 Nz N
HOMOH - ) 23 4 /\O)S(U\O/\\ a3 Ma
N3 N3 50°C N3N o o |+
c) KOH =) = 20
17 16 2n60°c  © o7 4
: N3 Ng K
o

d) GuaCO; cud’
2h, 110 °C NS\()LCJ@ 2

N

Figure 7.Synthesis of 2;8iazidomalonic acid and salts thereof.

Chapter 5 deals with the synthesis of small carbonyl azides such as oxalyl diazide,
OFNB I Y2ef I-bistaRddcatboihydrazineQAll three compounds were obtained by
diazotation of the corresponding hydrazo precurséigire §. The crystal structures were
elucidated by Xay diffraction and the instable oxalyl diazide was converted iGuatius
degradation to a reactive isocyanatocarbonyl azide which undergoes trgpei@ction with
hydroxy and amine functional groups to form carbambite or acetamiddike carbonyl azide
derivatives. The trapping products were also crystallized and the structure was obtained.
Carbamoyl azid24was intensively spectroscopically chetexized by different IR methods (ATR
solid, gas 0.1 mbar, Neatrix 3K) and Raman and the values were compared and discudéed.
and 25 have a surprisingly high thermal stabilities of 133°C and 154°C which is really high for
carbonyl azides, probably begse of the hinderedCurtiusdegradation. Oxalyl diazid23 is
incredible sensitive with sensitivities below the limit of the test setu@®.and 25 are very
powerful with detonation velocities of about 8000 milsut they are too sensitive for application
Oxalyl diazid@3 can further be functionalized because of the good handling in solution to access

new compounds with a carbonyl azide function.
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H,N—NH
H,N NH, /Eo

O, NH 0=< HN—NH
H HCI NH o=<
HN O HaN HN—NH,
NH, HCI
el NaNO, |-5°C H,CCOOQH | -5°C
-15°C NaNO,
NaNO,
N3
)=0
O, Ns HN—NH
H o=
N3 (6] N3
23 25

Figure 8 Diazotation reaction to form compourzB¢25 and different trapping reaction of the reactive
isocyanatcarbonylazide 26¢28.

In chapter 6, a versatile precursor, namelhy&irazonypropandihydrazide30, was
synthesized investigated for the synthesis of hegtergy materials. The perchlorate sadt aell
as the nitrate salt are high energy materials with detonation velocities of about 9000. m s
Further the reaction with MnethykN-nitroso-b -Qitroguanidine to form an open product with
subsequent ring closure reaction to a triazole gives also yighkrgetic compounds with
detonation velocities of 8228 m'sind 8654 m 3. It was shown that the starting material has a
great versatility do develop new higimergy materials. Further the investigated compounds are
quite insensitive which could leatiém into application. Also remarkable is the Amxicity of
the precursor which is quite valuable for other synthetic procedures, also for pharmaceutical

uses.
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o8

" o7
3

o

30 31 33

Vier, = 7610 m 3 Vier. = 8920 m 3 Vier. = 9082 m 3
IS>40J IS30J IS >40J
FS >360 N FS >360 N FS >360 N

Figure 9Crystal structures d30, 31 and 33 and the respective properties depicted underneath.

Chapter 7 is about the binary afBiE § NS Y St & -az8bjsaaridotetaSole ml3oH Q
known as @Nis which has a higher nitrogen to carbon ratio thaBNG. Compound39 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

N

3
C2N4g
N3 H TOSA N3N tBuOCI N\)\'N
TN ~ N-NH Nas N, N-N
N~N DBU N 2 MeCN N-N=N
MeCN N=pn
39 40

Figure 10Synthess ofH >-aza@bisb-azidotetrazole, Nig, 40.

N3

Figure 11 Crystal structure of 2amino-5-azidotetrazole39
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high. 40 is synthesized via oxidative azoupling using tBuOCI which has the advantage that
nothing precipitates during the reaction. Thigngportant because of spontaneous detonation

of GNie. CompoundtOisextremely 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 d get single crystals and the low temperature crystal structure was
elucidated.Figure 12 Both compounds have detonation velocities of about 9500 ‘tn s
Remarkable is the endothermic heat of formation el{ which is 1700.7 kJ/mol and one of the

highestever reported. The values are summarized able 2

N3 N4

N8

N8'

N3
N4

Figure 12/ NB & i | f & (-axdkidHiadiuiedStrazdle, isE6).Q

¢l of® Ke#OKS2A Ot  LINHILISMIIAGS &6 SAF b &1 MI2INA R/2 @R ND | Y2 &
FT AR2U0SUNYIT 2t S0
o nn [ b ¥
C 2 NJy dzt | | Wby [ Wom ¢ / Wb n
L W8 Y T T nodHp T AndHp
Cib 6 H T T nowm )
@0 Y¥® M®T ocC M®y no M®PcT P
bw: 6 yy oo dbn do y hdm
Cy skl S 0 CHKMNH K M M N TYKMH
nc HDEW TNOO®T MTNnnoT Mn cp @
L pkcwm || W& pcTH cTnp CCOH
t/wl OF NB ono occ onn
tRs@ Y B ¢hnTH bp Mp yypo
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The last chapter 8 is aboutdimino-5-nitriminotetrazole and its salts which are quite high
performing energetic materials with moderate sensitivities. The synthetic procedure is quite
simple: protection of 1,5liaminotetrazole with acetone, aprotic nitiain with dinitrogen
pentoxide and deprotection by acid, which proceeds in the same step during quenching. Quick
extraction is necessary due to the water solubility4df The salt formation proceeds in high

yields and quite fastHigure 13 All compounds are solids of which a crystal structure was

obtained.
NH A) NH,4 NH4® (42)
[\j 2 NO B) N2H4' H20 !\le N2H5 @ (43)
N~ Y= 2 C)NH,0H-H,0 N-N. NO, NH;OH3 (44)
N~-N D) KOH ~ yON K (45)
H E) TATOT N o TATOT® (46)
HANIT (41) F) AgNO, ANIT Ag’ (47)

TATOT = 3,6,7-triamino-[1,2,4]triazole[4,3-b][1,2,4]triazole

Figure 13Salt formation oHANIT 4with different molecules to form compoundi2¢47.

Figure 14Crystal structures of1and47.

The materials except the potassium séithave detonation velocities of higher than 9000 th s

43 and 44 even have detonation velocities of 9850 mMand 9915 m $ respectively, which is
really high. A drawback is therssitivity of those compounds of 2 J impact and 15 to 20 N friction.
The thermal stability is acceptabldX 175°C;44: 170°C) for compounds with such a high
performance. The synthesized compounds compete with the most powerfulnnolear
explosives suchs Ct20 and TKY%0 and they easily beat RDX. Compodfds 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 velocitg Z@3"

which is in the range of TK50.

The following table summarizes the relevant properties of the most promising compound of each
chapter and compares them with RDX and-bRX
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Table 3.Comparison of the most promising compound of each chapter with RDX areDTKX

1 5 13 20 25 33 40 44 RDX TKX50
Formula GHiN2O7  GaHio2NigOs  GiHgNsOs  GINsOsKe  GHNgOz  GHi2NeO11Ck - GoNie CHNgOs  GHsNsOs CoHgN100s
1S[J] <1 >40 >40 5 1¢2 >40 " T on 2 7.5 20
FN] 1 >360 >360 288 0.1 >360 " T 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
niH° [kImolPl]  £302.6 105.2 223.1 b455.0 309.3 5239.2 1700.7 436.1 86.3 446.6
Vdet. [m sY] 8275 7335 7989 7275 7907 9082 9515 9915 8983 9698
Pci[GPa] 29.7 20.9 23.2 19.0 23.7 36.9 36.6 40.2 38.0 42.4

20



A total of 13 compounds have been synthesized ahdracterized that have a detonation
velocity of more than 8000 rst. Furthermore, 8 of them even have a detonation velocity of
more than 9000 ns'. The insensitive perchlorate sd@B is capable of outperforming RDX in
almost every category, but its lothermal stability of only 124°C prevents it from entering the
application. Among the oxetane compoun8snd 13 could make it to applicatiorb could serve

as an insensitive TNT substitute or, if polymerized, as an energetic, thermally stable b&)der.
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 #1640, which detonates already
without obvious source of stimulus at room temperatures and is also way too sensitive for
application.Compound44 is so powerful that it may find an application where thermal stability
of 170°C is sufficient and where the senites of 2 J impact and 20 N friction are not a problem.
Further, the TATOT salb 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) RDXeplacement.
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Il Results and Discussion
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1.1 Abstract

3-Substituted oxetanes are valuable monomers for modern-apgning polymerizations. A new
solid-state oxidizer3,3-dinitratooxetane (gHsN20Oy), which has an oxygen content of 62.2% was
synthesized by the addition of{% to oxetan3-one. Monoclinic single crystals suitable feray

RA T F NI O lgkrzrywere obtaim&iybyirecrystallization from dichloromethaie addition,
3-nitratooxetane was prepared by an improved method anditBato-3-methyloxetane was
synthesized for the first time. Theoretical calculations were computed by the EXPLOS5 software

and additionally sensitivities towards impact and frictionreveletermined.

1.2 Introduction

Since the synthesis of oxetane Rgbouin 1878, oxetanes have long remained a niche structural
motif.l However, this changed drastically in the last two decades due to the use of the oxetane
motif in the field of medicinal chemistft? Here it is employed as a bioisoster for geminal methyl
groups or carbonyl groups. Due to this development, an incrgasimber of oxetane derivatives
are becoming commercially availathteThis concern, for example, oxet&wone, which rich
chemistry has become known in the literatUfeThe field of energetic polymers is largely defined
by 3,3bis(azidomethyl)oxetane(BAMO), Zazidomethyi3-methyloxetane (AMMO) and -3
nitratomethyl-3-methyloxetane (NIMMO), all of which have a very poor oxygen balance in
common!>®l Especially oxygerich monomers and polymers has been very limited soBaum

et al. succeeded ina first step by preparing the oxygeith 3,3dinitrooxetane and the
corresponding polymer. However, its preparation is as$gp synthesis starting froroxetan-3-

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

0,NO new sc_JIi_d- ONO,
0,NO state oxidizer
ono, 2 oo s ONO,
’f( Zg q ’ ONO, I‘LONOZ
0 o o ONO 15— ONO
2
3 A 2 B 1 C

-

increasing oxygen content and sensitivity

Figure 1.Structural formula of 3itrato-3-methyloxetane 8), glycidyl nitrate &), 3-nitratooxetane @),
pentaerythritol tetranitrate B), the newsolid-state oxidizer 3,3linitratooxetane {) and nitroglycerine
(O in the ascending order of oxygen content and sensitivities.
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constitutional isomers glycidyl nitraté( and 3nitratooxetane R) which lead to useful binders
after cationic ringopening mlymerization!®8° 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 nitroglycerined) is widespread and used in double or triple base ptlamts. For
today’s application as booster, pentaerythritol tetranitrate (PETR) i6 preferred. The
compoundsAcChave the nitrate moiety in common. The use of this structural motif is one of the
most promising ways to synthesize molecules with posixggen balance. This is the ability to
form O besides M HO and CO/Cg&during combustion. In literature, there are only a few
examples of molecules having a carbon bonded dinitrato moiety. In I93a8aglireported on

the synthesis of the simplest arfidst geminal chitrato compound, dinitratomethane, which he
obtained by nitration of 1,3 rioxane in mixed aciéi® The synthesis of dinitratomethane was
improved byReichel et alin 2019 by the reaction of silver nitrate with diiodomethane in
acetoritrile.[' Dinitrogen pentoxide can be added to the double bond of aldehydes to obtain the
dinitrato compound. This was done I§acmarek et alin 1975 in which he added dinitrogen
pentoxide to acetaldehyde to obtain dinitratoethanel'? In 2016,Fischer et alimpressively
demonstrated the power of this synthetic route: he added dinitrogen pentoxide to monomeric

glyoxal and obtained tetranmiatoethane in quantitative yielt!

1.3 Results and Discussion

The synthetic pathway was used for the reaction accordin§dieeme 1in order to synthesize

the title compound. Oxetai3-one was added to a solution of dinitrogen pentoxide in acetonitrile

at 0°C. After one hour, the reaction mixture was poured intowader and extracted with ethyl
acetate. After washing with bicarbonate solution to remove residues of acid, the solvent was
removed to obtain crudel as colorless solid which was purified Bcrystallization from
dichloromethane. The crystals obtained were suitable foaydiffraction and were dried under
KAIK @F Odzdzy® ¢ KS LJzZNRA F°€ Srider & tryi &nbBpheie. At ambiand | o €

temperatures 3,3initratooxetane slowly decoposes forming Nradicals. In air the product

O,NO

O N,Os . ONO,
oj MeCN, 0 °C, 1 h oj
1

Scheme 1Synthesis ol via the addition of MOs to oxetan3-one.
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hydrolyses to form nitric acid and oxet&one again as indicated by a singlet resonance of low
intensity (5.37ppm) next to the signal of the target compound which is also a singlet ppi)
due to its A spin system. However, the hydrolysis is slow enough to allow quenching of the

reaction with ice water. Nitratooxetane ) was prepared by modified literature procedures

R OH N,Og or AcONO, R 0NO,
oj DCM, 0 °C, 1 h oj

R =H (2), CH; (3)

Scheme 2Preparation of ahitratooxetane 2) and 3nitrato-3-methyloxetane 8).

using acetyl nitrate as mild and cesfficient nitrating agent®! Since the crude produigs 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 inducéxy acetyl nitrate.!H NMR spectroscopy
AK26SR Fy !'1 Q.. Q- ALWAY aéadsSy 2F KAIKSNI 2NRSH
methylene groups (4.68, 4.9%m) while the coupling of the methirgroton with the ABpart
caused a triplet of triplets. ®ilar to compoundl, liquid 3nitrato-3-methyloxetane 8) was
obtained by nitration of the corresponding alcohol witbQ¥. 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 correspontii§MR spectrum was of

high purity, showed duplet sigreafor the methylene groups (4.52, 4.gfm) and a singlet for

the methyl group following the X spin system. Regarding vibrational spectroscopy (IR,
Raman), the characteristic asymmetric (162687cmPl) and symmetric stretching vibrations
(12751306cm*Y) of the nitrataggroups were found for all compounds. Beyond, the walbwn
ring-breathing motion of the oxetanenoiety was observed as strong absorption band in all IR
spectra (97¢1042cmPl). Being the only solid in the series, compouhdrystallize in the
monoclinic space group2i/c with 4 molecules in the unit cell and a density of 1g8An at

107K. The angles in the oxetane motif vary between 86.9(3)° @&LT2 to 92.3(3)° at €D1¢

C1 and thus provide insight into the high ring strain. Gketane ring shows a puckering of 5.4(3)°
while both nitratogroups are planar. The view along tg@axis reveals that the oxetane moieties

form corridors and nitrategroups spaced away from each other as possible. Hirshfeld analysis

showed a high percgage of repulsive ®0O contacts (31.66) which cause strong repulsive
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Figure 2. aMolecular structure of compountl. Thermal ellipsoids are drawn at the @probability level.
b) Two dimensional Hirshfeld fingerprint plat) Vie along thea-axis.d) View in the direaction of the-
axis.

interactions upon lattice deformation by mechanic stimuli and therefore indicate a high
sensitivity!*416] Accordingly, tk view @-axis) also reveals pairwise layers of nitrgroups
directed to each other causing this particular oxygetygen repulsion. A large population of
Y2NXYIFfte& &dFoAft Al AgIvashfound, btyhéySanlwéeal dug b theirdame P n
distance (>2.3}) and thus cannot contribute significantly to the stabilization of-3,3
dinitratooxetane. Another possible stabilizing effect 8Minteraction, but the extent is low
(7.5%) and also weak due to the large distaféeln total, the X0 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 analygiewt a melting

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

a nitrato-group. The exothermic decomposition is observed directly afterwards &tC93
3,3-Dinitratooxetane is extremely sensitive towards impact Jxivhich is comparable to the
impact sensitivity of itroglycerine and way more sensitive than PETab(e ). CompoundL is

also very sensitive to friction with a sensitivity oN1These high sensitivities are a result of the
nitrato groups arranged in the crystdtigure 2§, which are in spatial vicinyitto 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 siddte 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 hitratooxetane 2), which has only one nitrate moiety shows drastically
higher decompositin temperature of 153C as assessed by DSC. Furthermore, only one nitrato
group causes the compound to be completely insensitive towards impact and friction while the
sensitivity of1 already falls in the range of primary explosives. Unexpectedhyifr&o-3-
methyloxetane 8) has a an even lower decomposition temperature of 1@1(DSC) and was
found to be insensitive towards impact according to expectation. Despite, it is slightly sensitive
towards friction with a value of 16R. This might be explaindd/ the heat generally caused by
friction which can obviously be sufficient to cause thermal initiation.-C3jdtratooxetane
features an outstanding oxygen content that is even higher than the content of pentaerythritol
tetranitrate but slightly lower tharthe content of nitroglycerine. With ease it surpasses the
oxygen balance of commonly known energetic monomers such as GLYNN&n@ &ble ). The
Gaussian16 program package was used to calculate room temperature enthalpy of formation on
the CBSIM levelof theory using the atomization method for all investigated compounds. The
EXPLO5 code was used to calculate the energetic properties of compgagidtere, DNO shows

the highest performance with a detonation velocity of almost 880§ and a specifiimpulse

of 264s as pure substance and 267as 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 ofgetieroxetanes.
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Tablel. Physicochemical values of 3jthitratooxetane DNQ 1), 3-nitratooxetane 8-NO, 2), 3-nitrato-3-methyloxetane N3MQ 3), ammonium perchlorate
AP), nitroglycerine NG), pentaerythritoltetranitrate (PETN, glycidyl nitrate GLYN, and 3nitratooxetane 8-NO).

DNO (1) 3-NO (2) 3N3MO (3) APl NG1820] PETN!&20) GLYN®. 19, 20]
Formula GHiN2O7 GHsNQOy GH/NGy NH.CIO GHsN3Oo GsHgN4O12 GHsNOy
FWo3IibY2f 180.07 119.08 133.10 117.49 227.09 316.14 119.08
1580 [J] <1 40 40 20 0.2¢c1 3 2c4
FSIN] 1 >360 >160 >360 >360 60 >360
N, O¢ [%] 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
Mcox colf [%] +17.778.89 ¢20.15,¢60.46 ¢42.07,¢90.20 +34.04, +34.04 +24.66, +3.50 +15.18,¢10.12 ¢20.15,¢60.46
Tl TaecT[°C]  69/93 ¢/153 ¢/141 ¢/240 13/185 141/202 ¢/195
SUTA R f)Y 1.74 1.34 1.33 1.95 1.60 1.77 1.33
nHEM o 1 WETY § ¢302.6 ¢168.0 q245.8 ¢295.8 ¢311.3 ca79.7 ¢199.3

EXPLO5 V6.64

b Uiyl WP 1 6176 5089 4356 1419 6305 6165 4852
Dcfd o YHYa 8275 6771 6456 6903 7823 8369 6664
pci[GPa] 29.7 16.6 13.9 18.6 23.7 30.5 15.8
lsp ! 5] 264 235 204 157 275 267 228
lsp ™ [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]r\itndgaxygen content; [d] Oxygen

balance toward carbory 2 Y 2 E AcRSQOEMC Yyl KHOOMCcNnAKC2 0
i =5¢ 1 T"OATY OF 6

Iy &= (b NBXE ¢ yH/R)ELEDE W) S[e] melting point (DTA,
0 SYLISNI G dzNB =5c¥ i RyS[qydevidity2ati 20815 [B]BtandaBddmolar enthalpyavmation; [i] detonation energy; [j]

detonation temperature; [K] detonation velocity; [I] Specific impulse of neat compound (70.0 bar chamber pressure, iswbhtistion conditions (1 bar),
equilibrium expansion); [m] Specific impulse for compositiorith \85% compound and 1% aluminum (70.0bar chamber pressure, isobaric combustion
conditions (1 bar), equilibrium expansion).

31



1.4 Conclusion

Both 3,3Dinitratooxetane {) and 3nitrato-3-methyloxetane 8) were prepared by the versatile

use of dinitrogen pntoxide and investigated by multinuclear spectroscopy. Summarizing the
physicochemical properties of compound, especially the low thermal stability, the
decomposition at room temperature and the high sensitivities will probably exclude it from
applicaton. Possiblyl 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@nitratooxetane represents an importargtep towards
especially oxygenich and highperforming oxetane compounds. Its synthesis is anticipated to
trigger more intensive research with regard to oxetamgsed polynitre and polynitrato

compounds and is likely to accelerate the development inftald.

Financial support of this work by the Ludwiitaximilian University of Munich (LMU), the Office
of Naval Research (ONR) under grant no. ONR NeD®14£078 and the Strategic
Environmental Research and Development Program (SERDP) under contrdt®1@il287 is

gratefully acknowledged. There are no conflicts to declare.

1.5 Supportingnformation
1.5.1 Experimental Part and General Methods

Caution! 3,3Dinitratooxetane 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 ledpmile synthesizing and

handling the described compounds.

Chemicals and solvents were employed as received (Siddneh, Acros, TCI, Spirochem AG).

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

quoted in ppm refer to tetramethylsilane'H, 3C) and nitromethane'fN). Decompositions

temperatures were determined on a Mettler Toledo DSC822e at a heating rate of 5*@Qsirig

40° L aluminum crucibles and nitrogen purge gas at a flow rate ohl3@in>!. Evaluations of

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

were recorded using a PerkElmer Spektrum One HR instrument. Raman spectra were

obtained using a Bruker MultiRam FT Raman spectromete a neodymiundoped yttrium

Ff dzYAydzy 3FNYySi obRY,! DO fFaASNIo6< I mMncn YYX
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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 fir Materialforschung) drophamm8raccording to STANAG 4489modified
instructiont?®land a BAM friction testéf! according to STANAG 448¥modified instruction2®!

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

Transport of Dangerous Goodf!.

3,3-Dinitratooxetane

Oxetan3-one (0.50g, 6.94mmol, 1.0eq.) was dissolved in acetonitrile i) and added to a
solution of dinitrogen pentoxid€2.25g, 20.8mmol, 3.0eq.) in acetonitrile (1GnL) which was

cooled to 0°C. The mixture was stirred for 1 hour af@ and then let come to ambient
temperature over 30 minutes. The solution was poured intevweger (70mL) and was extracted

with ethylacetate (3X25mL). The organic layer was washed with saturated bicarbonate solution
(2x30mL) prior to drying over sodium sulfate. The solvent was removed, and the product was
dried under high vacuum to give 0.§lof 3,3dinitratooxetane (2.83nmol, 41%) as colorless

solid. The product has to be stored -20°C under dry atmosphere to prevent decomposition.
DSQTonset 5°C mitt): 69.4 °C (mp.) , 93.3 °C (deEHR(ATR)A=R2962 ), 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 (n};éiM NMR(400 MHz, Acetonds, 25°C):t T

5.11 (s, 4H) ppnC NMRIH} (101 MHz, Acetonels, 25¢ / 0Y 4+ [ T TMpMR2WH N o by
MHz, Acetonets, 25¢ / 0 ¥56.8 ppm;EA(GH:N2Oy) calcd.: C 20.01, H 2.24, N 15.56; found: C
20.25, H 2.52, N 15.2BAM drophammer< 1J (> 500 pm)riction test1 N (> 500 m).

3-Nitratooxetane

Acetic anhydride (6.09, 58.8mmol) was dissolved in dry dichloromethane (5.00 mL) and white
fuming nitric acid (1006, 3.90 g, 61.9 mmol) was addedHd °C using an ice bath with sodium
chloride. The mixture was stirred for orteour prior to the addition of oxeta3-ol (3.00g,
40.5mmol) in dry dichloromethane (5.08L). 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 veawashed 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%, 2t0) was added. The resulting emulsion was hgauvil
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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 2.68(23.3 mmol, 58%) of-@itratooxetaneas slightly yellowish

liquid. The product may be further purified by distillation (27 mbar, 65 °C) to give colorless 3
nitratooxetane suitable for polymerization reactions.

DSQTonse, 5°C mift): 152.8 °C (dec.FFIR(ATR)A=B3112 (v), 2961 (m), 287 (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 (@yFl. Raman(1064 nm, 1074 mWh=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), 406n(19H NMR(400 MHz,
Acetoneds,25¢ / OY + T n ®d58.2,60R,RRMz), 4.93Yddd, 2H,0H 8.3, 6.2, 1.2

Hz), 5.68 (tt, 1H, CH= 6.2, 4.9Hz) ppm:13C NMRYH} (101 MHz, Aceton€ls, 25c / OY + T'Tn ®
75.3 ppm;¥*N NMR(27 MHz, Acetonels, 25¢ / 0 X456 ppm:EA(GHiN20;) calcd.: C 30.26,

H 4.23, N 11.76; foundC 29.76, H 3.73, N 11, 48AM drophammer> 40J;Friction test>160N.

3-Nitrato-3-methyloxetane

3-Hydroxy3-methyloxetane (0.50 g, 5.67 mmol) was added to a solution of dinitrogen pentoxide
(674mg, 6.24 mmoll.1 eq.) in dry dichloromethane (15 mL) at O °C using abatte The
resulting solution was stirred for 1 h at the initial temperature and subsequently poured irto ice
water (50mL). Additional dichloromethane (20 mL) was added and the phases were &ehara

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 (3.82nol, 69%) as yellow liquid.

DSQ5 °C minY): 141.0 °C (dec.FFIR(ATR)A=3113 (n), 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 (mymr. Raman(1064 nm, 1074 mW) 82977 (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), 43%(Y):H-NMR(400 MHz, CDERS5c / 0 Y 4
=1.81 (s, 3H, GH 4.52 (d, 2H, GHI= 8.6 Hz), 4.78 (d, 2H, £B= 8.6 Hz) ppm**GNMR{H}

(101 MHz,CDgR5¢c / 0Y + T H 1 PENNMR@MMHZICDERSD [ U LK1 ppm;

EA (GHsN2O7) caled.: C 36.10, H 5.30, N 10.52; found: C 36.37, H 5.17, N BARS;
drophammer> 40 JFriction test>160N.
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1.5.2NMRSpectra
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Figure 31H NMR spectrum of 3;8initratooxetane.
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Figure 413C NMR spectrum & 3-dinitratooxetane.
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Figure 7 Carbon spectrum<C) of 3nitratooxetane.
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Figure 8 Nitrogen spectrum’(N) of 3nitratooxetane
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Figure 10Carbon spectrum™C) of 3nitrato-3-methyloxetane.
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Figure 11Nitrogen spectrum{N) of 3nitrato-3-methyloxetane.

1.5.3 XRay 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 rotatiagode generator were employed ifalata

O2ft t SOGAR2Y dzAAy3 a2 Yh NIRAFGA2Y 6< I nodTmMAT
using theGRY&ALIPRCsoftware.[?® The structures were solved by direct methods {S0R4)12°

and refined (SHELX ¥y fulkmatrix leastsquares on FEHELX) 31-32land finally checked using

the PLATONsOftward3?l integrated in theWiNG Xsoftware suite*¥ The norhydrogen atoms were

refined anisotropically, and the hydrogen atoms were located and freely refiik@iamond 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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1 OxygerRich Oxetanes

a)

d

(A) 06 08 10 12 14 16 18 20 22 24

Figure 12a)Molecular structure of 3,&linitratooxetane. Thermal ellipsoids are drawn at 50% probability
level b) Two-dimensional fingerprint plot in crystal stacking of -8liBitratooxetane

«0-0 #0-H =H-H sN-O other

Figure 13 Left: Calculated Hirshfeld surfaces of compoundRight: Population of close contacts in
compoundl.
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Table 2.Detailed crystallographic information of 3dhnitratooxetane ().

1
Formula GHiN2O7
FW [g mol] 180.08
Crystal System monoclinic
Space Group P2/c

Color / Habit
Size [mm]
a Al
b [A]
c A
h wc 6
i wc8
I wc 6

VAT
z

" calc.[0 Cm’s]
> OYY
F (000)
<az2 v
T [K]
min-max [°]
Dataset h; k; |
Reflect. coll.
Independ. Refl.
Rnt.
Reflection obs.
No. parameters
R1 (obs.)
wR2 (all data)
S
Resd. Dens. [83]
Device Type
Solution
Refinement
Absorpt. corr.
CCDC

colorless block
0.20x 0.12 x 0.05
9.259(2)
12.501(3)
5.7467(11)
90
92.46(2)
90
664.6(3)
4
1.800
0.183
368
0.71073
107
2.739, 26.370
-11:11,;-8:15;-7:7
1313
1313
0.057
822
109
0.0749
0.1672
1.049
-0.395, 0.365
Oxford XCalibur3 CCD
Sir2014
SHELXLE
Multi-scan
2013564




1.5.4 Heat of formation calculation

The atomization was used to determine the heat of formatiorig8 using the atom energies in
Table 3.

kiH%g, M, 2908= Hmolecule, 208y H, | (aoms, 208)>  tH] Fatoms, 298)

Table 3 CBSIM electronic enthalpies for atoms C, H, N and O and their literature values.

LH2%8/ a.u. KiH%ad3®!
H 0.500991 217.998
C 37.786156 716.68
N 54.522462 472.68
O 74.991202 249.18

The Gaussianl6 program package was used to calculate room temperature enthalpies on the
CB$4M level of theory3® In order to obtain the energy of formation for the solid phasd ahe
CNRdzi 2y Q& wdzf S &k 388 T2 AsicGmpouhdRHind 3 ligaigh & different

FI OG2NJ A &p=lOQIHE ASR onl

Table 4 Heat of formation calculation results for compounbs3.

M LHEB E[a.u] | kH(g, M | kReusH® (M)l | KHo(SYU[KI[ kn | KU(S)®I[kJ
[kJ mot] [kJ mot?] molkl] kg

1 751.610116 |b233.4 69.2122 £302.6 b6.5 | 51590.9

2 472.193794 | b129.6 38.3355 £168.0 b5.0 | 51306.5

3 511.451024 | 5208.6 37.2735 b245.8 b6.0 | b1735.1

[a] CBSIM electronic enthalpy; [b] gas phase enthalpy of formation; [c] sublimation enthalpy; [d]
standard solid state enthalpy of formation; [e] solid state energfpohation.

1.5.5 Thermal Analysis

The thermal behavior of compourii$ was analyzed by DSC at a heating rate of 5°C mifhe

obtained thermogram and its evaluation is depicteigure 14.
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Figure 14DSC evaluation result for compountts3 (exo-up).
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Monomers combining higher performance and less sensitivy than most state-of-the art compounds.



2.1 Abstract

3-Bromomethyt3-hydroxymethyloxetane (BMHMO) represents an inexpensive and versatile
precursor for the synthesis of both asymmetrically and symmetricalkgdi3iBstituted oxetane
derivatives. In the present work, its synthesis was significantly improved and various energetic
oxetanes based on the powerful explosive 1M (4amino-3,5-dinitro-1H-pyrazole) were
prepared. Compared to other energetic oxetane monomers, these are super terms of
performance, thermostability and sensitivity to mechanical stimuli. Next to a symmetricllLEM
derivative, three asymmetric compounds were prepared using azigitrato- and tetrazoly
moieties. All compounds were intensively charactetiby vibrational, mass and multinuclear

(*H, 13C,*N) NMR spectroscopy, differential scanning calorimetry and elemental analysis. The
molecular structures were elucidated by single crystaaydiffraction. Hirshfeld analysis was
used toestimate their sensitivity, which was determined experimentally using BAM standard
procedures. Their performance was calculated using the EXPLO5 V6.04 thermochemical code and
both a smakscalereactivity test (SSRT) and initiation test were performed valeate and

demonstrate their insensitivity and performance.

2.2 Introduction

the art in the field of energetic polymers is mainly represented by-kedwn polyethers such as
GAP, polyBAMO, polyAMMO, polyNIMMO and polyGHYWnfortunately, the respecti
monomers show performances way inferior to TNT or more recent developments in the field of
secondary explosives. They can be subdivided into two grQagsles, which feature relatively
high thermostability at the price of poor oxygen balance and oaitrates with improved
oxygen balance at the cost of thermostability below modern requiremBhtheir polymers are
preferred over norenergetic binders, but their energetic contribution in formulations is low.
Therefore, new monomers combining higheerformance and thermostability with less
sensitivity are highly desirable. For example, binders prepared thereof could find application in
especially safe lowulnerability ammunitions (LOVA) and propellai§tén this context, a patent
describes dromomethyl-3-hydroxymethyloxetane (BMHMO) as very suitable starting material
for the preparation of asymmetric oxetane monomers. For instance, the preparation of the
powerful compound 3dazidomethyi3-nitratomethyloxetane is disclosefl. Indeed, BMHMO
shows avantageous properties. It can be prepared inexpensiveWiyamsonether synthesis

and is chemically very versatile. For example, the excellent leaving group enables
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functionalization with nucleophiles and folleup reactions with electrophiles makinge 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 advesect of mostly electron
withdrawing explosophoric groups on the oxetane oxygen atom. This is of advantage as the
success of cationic ringpening polymerization strongly depends on the basicity of the oxygen
atom® However, the scaffold of BMHMO impase detrimental carbotydrogen 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 (LLML16 or ADNP) are very promising. ADNP was first described
as protected compound in 1993 Minogradovand later as unprotected compound Bhevelev

in 1998¢! Since then, it has been made accessible by several synthetic routes, wherlelasod
1H-pyrazole provides the highest yield when used as starting mat@risDNP impresses with a
high density (1.9¢ cmP) and correspondingly high performance (VoD = 8688, pco= 32.8
kbar)[®l Already in 2014, it was employed in a pilot scale stoglffkand Latypovand prepared

in 200 g batcheB! Due to its favorable properties, ADNP has been increasingly used for the
synthesis of new energetic materials since 28%1.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 s@d on LLML16. Here, high yields and the preferential use of
commercially available materials contribute to low costs. The molecular structures of all products
were elucidated by JRay diffraction also allowing Hirshfeld analysis which made the high
insersitivity 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 balanckesktnew
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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2.3 Results and Discussion

2.3.1 SynthetidProcedures

The Williamsonreaction to give dbromomethyt3-hydroxymethyloxetane (BMHMQL) was
significantly improved by changing base and solvent fia®@Et/EtOH to NaOH/MeOH to give a
crude yield of 93%. Subsequent vacuum distillation removeprbgucts (spirecompound) and
unreacted starting material to afford pure BMHMO as colorless oil in 85% (+33%) yield while the
literature reports only 52% aftegurification[*l Reaction ofl with the potassium salt of-4mino-
3,5-dinitro-1H-pyrazole (KADNP,2) in DMF led to alcohoB which was isolated by the
precipitation of inorganic salts using ethyl acetate, filtration through a Celite plug and rotary
evapomtion to remove all volatiles. Residual traces of DMF werevaporated (cold ether) to
afford 3 as brightyellow solid in quantitative yieldScheme 1 It was tried to obtain the
corresponding nitratel using acetyl nitrate as mild and cesfficient 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 undesireeopeging of the ogtane ring

by hydrolysis. Unfortunately, the pyrazole motif suffered from severe chemical changes and the
zwitterionic diazonium olatd was obtained. Similar zwitterionic pyrazole compounds are known

to literature but usually obtained by targeted diazdtat reactiond!? Fischereported a very
similar diazonium olate by nitrating the structurally related bia(dino3,5
dinitropyrazolyl)methane with mixed acid followed by quenching on wgféiHowever, no
mechanism for the formation of this particulsiructure 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 compb(dcheme 2

®
HoN 0. HoN N=0
NO, H H oH (from HNOy)
ON—( ON—(
. N

N-N - HNO, N, -H"
R R
H
N N-o’
HN O NT 0T TN
j)§KOH - . \A/OH
O:N O:N
R R
N N
\\\@ \\\®
N N o
ﬁOH QYO
O,N O:N
R R
4

Scheme 2Proposed mechanism for the formation of diazonium olte

Despite various solvent/ansolvent precipitation attempts, the crude compound remained an
extremely viscous oil. Ultimately, column chromatography {SH8OAc) afforded in 53% yield

as orange solid. To enable further substitution reactions, comp@nwds mesylated to provide

a good leaving group. Due to the tailored solvent system, methanesulfonic ®ptecipitated

as lemonyellow solid after a short reaction time and was obtained by suction filtration in high
purity and yield (85%). Since partiatly weak or sterically demanding nucleophiles are not
always able to readily substitute the mesyl group, compobnglas converted to the bromo
speciesin a Finkelsteirtype reaction using lithium bromide in acetone to provide an alternative
leaving grop. Filtration through silica (EtOAc) to separate inorganic salts gave comgoand

high purity and quantitative yield (Scheme 1). However, all fellpvgubstitution reactions were
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successfully performed using mesyl&éhus avoiding this additional stepMF was employed

as solvent as it allows high reaction temperatures and removal by rotary evaporation while it
dissolves sodium azide;ADNP and potassium tetrazblide rather well. The reaction &with
K-ANDP 2) was complete after 48 h according T@C. 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 filtratiomo give7 in high yield and purity (89%) as yellow solid. Compound

8 was prepared analogously from 5 using sodium azide. The samewvadutine was applied

and traces of DMF removed by-egaporation to give3 in 99% yield. Dissolution &fin a small
amount of acetone followed by precipitatiom-hexane) gave pur® as bright yellow solid
without yield loss. As in case of compoundthe reaction of5 with potassium tetrazell-ide
required a prolonged reaction time of 48according to TLC. The warg was performed as
described before and the crude isomeric mixtug&,(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 andH NMR spectroscopy revealadN1/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 puig2-isomer @B) with a yield of 89%. The filter residue contained 10%
N2-isomer tH NMR)and was recrystallized from acetone to give 72%Ibisomer @A) also as
yellow solid. Thereby, an overall yield of 84%l,(N2) was achieved without column

chromatography.

2.3.2 Crystallography

Single crystals of the following compounds weleained by slow evaporation of their solutions

using ethyl acetate4( 8), DMF 7), toluene 0B) and acetone9A). Detailed crystallographic data

can be found in the Supporting Information. Compouhdrystallizes in the monoclinic space

group P21/ n with four molecules in the unit cell and a calculated density of 1.667*gam 23 K

(Figurela). The bond lengths of €65 (1.218(2) A) corresponds to a C=0 double thd.

Further, CZN5 has a length of 1.327(2) A which is approximately the length of ad@aiNe

bond 4 The diazo group is nearly linear with an angle of 176.26NBN6) and shows a very

short interatomic distance of 1.1102) A@bc 0 6 KA OK OlFy 6S | GG NRKOdzii SF
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The angles within the oxetane ring range between 91.14(9)° gC@L3 and 91.52(9)° at Q1
CXC3. The smallest gie is observed at GC3XC2 (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 The nitro group of the pyrazole motif essentially matches thepyte
plane. In the crystal, the molecules are arranged to form a wWikeepattern along thea axis
(Figure 1.

Compound7 crystallizes in the monoclinic space grdea/ n with four formula units in the unit

cell. The crystal contains one dimethylformaeimolecule per formula unit and displays a
density of 1.639 g chhat 123 K Figure 2.

2.306 A 04
—

ansres™
H4B NS

N9 c12
2084 A,
o N11
HoB c13
2.251 A
- Cc14
o8 N

Figure 2 Molecular structure o7 in the crystal and interactions with the crystallized
dimethylformamide molecule. Thermal ellipsoids are drawn at the 50% probability level.
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The angles within the oxetane ring vary from 83.82(2)° &G3JC2 to 91.72(2)° at QCZ,C3.

The oxetane ring igrengly folded with a puckering angle of 15.9° which is considerably larger
than the corresponding angle in unsubstituted oxetane (8.7° atk)#8! One of the pyrazole

rings has both nitro groups in the ring plane, the other pyrazole ring has thegritug 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) A and
2.244(2)A. The other amino group at C10 shows the samteraction with distances of 2.197(2)

A and 2.251(2) A. 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) A.
CompoundB crystallizes in the moclinic space group2y/ ¢ with four formula units in the unit

cell and a density of 1.608 g that 123 K Figure 33 The angles within the oxetane motif vary
from 84.72(2)° at G C2 to 92.72(2)° at GDIcC3. The oxetane ring is found to éssentially
planar and the azido group is almost linear (N2¢N3, 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 watklistance of 2.204(2) A&igure 30). 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) A and another between H7A and O1
(oxetane ring) with a lertfy of 1.986(2) A. These hydrogen bonds contribute to a stabilization the

molecule in the solid state.

a) 05

H7B

N7

HTA

CAIdNB2 o DO dzfhH I NIya f NHzRS dzZRBB AG I £ & ¢CKSNNIf St fALE2ARS
t S BLtydNIR Ay G SNY2t SOUEAYN KeyR NRIAS yONB &G F ¢ &G NI
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Figure 4 Molecular structure oBA (a) and the corresponding pairs formed in the solid stdie Crystal
structure of9B(c) and the network which is formed in the crystd).(Thermal ellipsoids are drawn tae
50% probability level.

CompounddAcrystallizes in the monoclinic space grd@a/c with four formula units in the unit
cell and9B crystallizes in the triclinic space gro#pl with two formula units in the unit cell
(Figure 4. Compound®B has a denisy of 1.691gcm?? at 123K which is marginally higher than
the density of9A (1.630 g cr¥f) at 123K. The puckering angle in the oxetane rin@Bfs 14.5°
while 9A exhibits a way smaller puckering angle of 10.2°. For comp@/dwo molecules
arrangein 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) A. Intramolecular hydrogen bonding
is found between the amino group (H8B) and an adjacent nitro group (OB)andlistance of
2.117(4) A. An analogous intramolecular hydrogen bond is observed in case of con§®und
involving H8A of the amino group and the neighboring oxygen atom O4 of the nitro group with a
distance of 2.271(3) A. In addition, H8A shows an intéemdar short contact bond to the
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tetrazole moiety (N3) of an adjacent molecule with a distance of 2.6d§(@hich is quite long
for a hydrogen bond. Moreover, an intermolecular short contact bond with a distance of 2.079(3)
A is found between H8B of themino group and the oxetane oxygen atom O1 of a neighboring

molecule.

2.3.3 Hirshfeld Analysis
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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 str&fhi.the related strain energy

is higher than the lowest bl dissociation energy in the molecule, decomposition will o&¢lr.

In this context, intermolecular interactions can have abgiazing or destabilizing effect
SaidlofAaKAy3a | RANBOG O2NNBf I iARANalualleitdol td Yy Sy
explore these interactions is Hirshfeld analy$i8% Hence, we calculated the Hirshfeld surface

(HFS) of all targetoenpounds using CrystalExplorer V17.5 to find correlati$h€n the HFS,

close contact interactionare shown as red dots. In addition, we visualized all interactions and
their distances o+ de (di = distance from HFS to the closest atom interiers distance from HFS

to closest atom exterior) in a 2D fingerprint pl&idure 5.2 Interactions with distances below

2.4A are considered strong, while interactions with distances larger than roughly 3 A are
considered weak. Especially characteristic for sensitive compounds are high populations of
NB LJdzt & A @S hiiih RiydirSINGTONWRY aNB/ISEiGa X1@S RIBiai i b
is particularly encountered when these are poorly balanced by stabilizing interactions like N---H

2 NJ hcloge tohntact$’18 Further, a comparison of the respective percentages (bar diagram,

Fig. 5) and the interaction distances fdd) enables awveighting. This allows a reasonable
estimation of the sensitivity and a ranking of the compounds relative to each other. For example,
compound4 shows stabilizing strongi(tl k¥ H ®n intaractioris (36.1%) and moderately
AOGNBY 3 DbiiiNFOIIMRYHED CKSES | NBE O2dzy G SNDB I |y
interactions and weak (¢ &c>3) 0 RS&GF0Af AT Ay3 hiiib O6HMPE:?LU
Even if these are weak, their high proportion significantly counteracts the stabilizing interactions.
Therefore, a significant sensitivity toward mechanical stimuli can be anticipatedmiparison,
compound7a K2ga | AAIAYATFTAOIYyGfe KAIKSNI LINR LR NIA2
a0 oAfAT Ay biiil AYGSNIOGA2y& NB 6SI 13 0dzi
to the overall stabilization. With a total of 634 they easily compensate found destabilizing
interactionsc 1 KS&S FNB YIRS dzlJ 6@ F f2¢ LI2LJz | GA2Y
oMMy 0 ySEG G2 6SI1 hiiib oyddz0 YR hiili
proportions. As a consequendew sensitivity can be expected. The highest population of strong
O---H interactions (51.0%) is found in case of comp8uAdlditional stabilization arises from of

weak N---H interactions (7.6%). These are only attenuated by few and weak destabilizing
int SN OdA2yad | SNBoésx NBLzZ aAdS 1iiil AYyaGaSNI C
GAGK hiiih FTYR hiiib AYydSNIOGA2yaszr gAGK |
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interactions (58.6%) clearly dominate, a low sensitivity is indicaiadeSompound9Aand9B

are regioisomers, very similar sensitivity might be expected. This is indeed reflected by very
AAYAT I NI AYGSNI OGAZ2Y LINRBLRNIAZ2Yad® . 206K O0O2YLR2d
interactions with populations of 41.3% and 40%& e ISOU A @St &> YR biiil Ay
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-(d < 2.4 A) is more
pronounced. The tal population of stabilizing interactions is the highest of all investigated
compounds with 67.0% (9A) and 63.9B( ® wl G KSNJ ¢S 1 NBLIMzZ aA DS |1
destabilizing effect on botBA (11.8%) an®BO Mo @ T2 0 @ ¢ KS & | Y actionkJLI A S a
with populations of 5.1%0@) and 6.3%9B0 Yy SEG G2 hiiih AYyGdSNI OGAzy.
and 4.7%, respectively. Due to their low population and weak nature, they cause negligible
destabilization. Based on found interactions, their popwlatand respective strengt®Aand9B

should not only be very insensitive, but the least sensitive of all investigated compoQuludely

followed by compoundd and 8 with compound4 showing the highest sensitivity. This agrees

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

absolute difference in case @9 cannot be quantified due their generally high insensitivity.

2.3.4 ThermalAnalysis

Thermal analysis of all compounds was performediffgrential scanning calorimetry (DSC) at a
heating rate of 5° mirt. Here, compound 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 deamposition temperature (184C) of all investigated compounds. Considerably
higher decomposition temperatures were found for compouri@®. Compound8 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 litetatufdnis can be
attributed to stabilizing effects in the crystal (see Hirshfeld discussion). While igBheatures

a high melting point of 161 °C and decomposes at 241 °C, comp@uaras9A do not show a
melting point and directly decompose exothermically at 246 °C and 241 °C. The different and
thus interesting thermal behavior of regioisomeds (N1) and9B (N2) can be attributed to
interactions in the crystal. In direct comparisahe N1-isomer shows a higher proportion of
alroAf AT Ay3a AYyGSNIOGA2ya o6hiiil X biiilo FyR
(Figure5). Specifically, the intermolecular hydrogen bond (lgB&, d=2.453A) is shorter and
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thus stronger thanhie analogous interaction in the2 isomer with a distance of 2.6d%6 Further

and contrary to theN2-isomer, paralleR A & LJt -$taOkhRintéractions occur between spatially
opposing pyrazole rings as well as tetrazole rings. In sum, the higher inbexaptievent melting

of 9A prior to decomposition. Overal, is the most thermostable compound of all, followed by
9B, 9A, 8 and organic nitratel. As a result, the decomposition temperatures essentially correlate
with the ratio of stabilizing and destatzing effects in the crystal as indicated by Hirshfeld
analysis. The effect of substitution is particularly interesting in case of compd@aAdsince the

parent compound (ADNP) decomposes already at 183.6 °C when a heating rate of 181 kEC min
applied?4

Compound 7 (3.9 mg)
Compound 9-N2 (3.3 mg)
Compound 9-N1 (2.2 mg)

Compound 4 (2.4 mg) £,
Compound8(3.3mg)  Onset 953°C Onset  184,0°C / I
Endset 99,1°C Endset 1967°C \ i
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2.3.5 SmalscaleShock Reactivity andInitiation Test

In order to evaluate the explosive performance of compouddsd 7¢9, a smaliscale shock
reactivity test (SSRT) was perform&ayre 3. This test is suitable to assess the shock reactivity
(explosiveness) of an energetic mategalften below its critical diameter and without requiring
transition to detonation?® It combines the advantages of both lead block test and gap test while
it requires small quantities of roughly 568928 In each test, the same sample volumsgs/used
(284mm?3) and the required amount of explosive énis calculated by the formula w2

" o uwhere” is the density determined via-bay 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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detonator

aluminum block (witness plate)

A

CA 3 dzNEO
LX I GSa

LINACDND didY2A yUdKYS gliASiayiSm a LJX F 6Sa ¢AGK RSyda OF

block with a pressure of three tons and five seconds duration. Subsequently, the arrangement is
confined between two steel plateg-igure 7). 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 powderedr&O
measuring the respective aight. 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 and plenty of unaffected material was found (see ESI). In case of
compounds4, 7 and 9, significant dents were obtained, but much steakthan in case of TNT
(Table 3 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, thasensitivity 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

/| 2YL}R dzyIn T y (o) ¢b¢
a 6Y30 MHC npdg nHN MHY nnp
*Rs06Y %0 MC H oy on MC H ono
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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 iscomparable to the SSRT diameter of 7.5 nkigyre §. Each tube was filled with

200 mg of the respective compound prior to pressing the charge (3 taegdnds). Afterward,
each tube was charged with 50 mg of loosely packed migaage lead azide (LAhd placed on

top of a copper witness plate. Then, the primary explosive was initiated by the spark of an
electrical ignitor. In case of compouddthe main charge (200 mg) was initiated by LA causing
the destruction of the copper tube and an indentatiofithe witness plate. In case of compounds
7¢9, the copper tubes were left completely intact as only the LA top charge detonated proving
the extreme insensitivity of these compoundsdure 8§. Therefore, the test was repeated for
compounds/¢9 using anadditional 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 @, 9) or heavily dented?) (Figure 84. 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, compd@afdsave

proofed to combine notable performance and thermostability with lensitivity.

a)

electrical igniter

lead azide (50 mg)

.: booster (PETN, 50 mg)

—— sample (200 mg)

d)

Figure 8. aschematic test setu) Prepared charge in a sandb@yNegative T, 8, 9) and
positive result4) using lead azidel) Positive result using PETN as boosteB(9).
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2.3.6 Energeti®roperties

All compounds were determined to be very insensitive towards impact and friction exdcept
which is sensitive towards impact J3 but rather insensitive towards friction (288 N). All target
compounds possess a combined nitrogen and oxygen content (N+@gdet63.4 %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 &€BS level of theory using the
atomization method?7-281All compounds exhibit a posit heat of formation in a range of 105.2

to 263.0 kJ mét. The EXPLO5 V6.04 code was used to calculate the energetic performance of
compounds4 and 7¢9. Isomers9B and 9A show a calculated detonation velocity of 6820 rh s

and 7088 m '8 linked to detonaion pressures of 16.7 and 18.3 GPa, respectively, which are
therefore in the range of TNT (6809 M,48.7 GPa). The same applies to a8idéich features
comparable performance. In contrast, compountl@nd 7 outperform TNT with detonation
velocities of 7124 and 733%ns! and detonation pressures of 20.1 GPa and 20.9 GPa,
respectively Table 3. As compound combines the highest performance and thermal stability

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

the preparation of future energetic binders with superior characteristics in these aspects. With
respect to performance, all compounds are superior to stat¢he-art energetic oxetane
monomers (Table S5 (ESI) and T&blaVith exception of compad 4, this also applies to the

thermal stability.

2.4 Conclusion

The synthesis of BMHMQ)(was significantly improved compared to literature methods to
provide ayield of 85% (+33%) rendering it an inexpensive and versatile precursor for the
synthesis of both energetic and n@mergetic oxetanes. Substitution usingARNP 2) afforded
alcohol 3 in quantitative yield which can directly provide various energetic nmo@s using
suitable electrophiles4). Beyond, mesylation gave sulfonic essewhich was used to obtain
symmetric compound/ and asymmetric derivative8 and 9 in high yield. With exception of
compound4, all compounds show an interplay of performancesrthostability, 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 explosive8TNT (

or even higher4, 7). Thus, tey 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 compourlg, 8, 9Aand9Bin comparison ttNIMMO and TNT.

4 7 8 9A (N1) 9B (N2) NIMMO TNT
C2 NX dzf | GsHgNsOr7 CG1H12N100g CGgH10NsOs GoH11NoOs GoH11NgOs GHoNOy CrHsN3Os
C2 3% Y2 300.19 428.28 298.22 325.27 325.27 147.13 227.12
Lg'S W8 3 >40 >40 >40 >40 > 40 15
CP°Bb 6 288 >360 >360 >360 >360 360 > 353
b «k “B§s168 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
mw W SR8 8 126.6,b69.3 1529.9,L71.0 42.9,685.8 b46.7,691.0 b46.7,691.0 £59.8,b114 L24.7,b74.0
CyORER dGFC /  95/184 ¢/246 101/238 ¢/238 161/241 514/170 81/290
@I TV Y 1.62 1.70 1.56 1.64 1.59 1.19 1.64
Nl %81 WiMeY : 115.2 105.2 315.3 238.0 263.0 5268.9 5219.0

EXPLOS5 V6.04

LAYl W8 1 ncon NMHANC NnHMODN oTCc OCVYH ognd noyn
¢ EPY 8 OHTC Hoy ™ Hopny HCC Hcnd HpPpANT oMQ®n
5,4 18 Y-M8a TMHRI TOoOpP c pc H TNyy CYyHN pdnc cyndag
Ldw Dt | 8 H A dm HNn O MT @y My ®o MC DT Mndc My ®T
HOORNY M TaT T MAN Tnc Ton TOnN YHT cnn

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

oLt yOS (26 NR O ND2XCc¥RYRESARSN DMCHO T YWRFhOICRIRZ Y| RAZEMNRSN OO T N'o®8 hy St i
p c/ MYKYy®HFB GSYLISNI §dzZNB 2F RSO2YLR aAlA-2ay1.088 ar heBumipycriomatry (€) / [ih] Stdngakd molar enthdly RSy ¢
of formation; [i] detonation energy; [j] detonation temperature; [k] detonation velocity; [I] detonapoessure [m] Volume of detonation products (assuming

only gaseous products).
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of all compounds were elucidated by single crystahycrystallography allowing a sensitivity
estimation via Hirshfeld analysis next to the practiczlaation. Compound was found to be
rather sensitive, while compoundg9 are highly insensitive which was also reflected by the SSRT
and initiation test. Like other energetic oxetanes we are studydrad 8 show melting points
around 100 °C. Hence, higher performances may even allow oxetanes to enter the field-of melt
cast plosives. For now, compound&9 compounds are most wedluited to prepare low
sensitivity energetic binders with enhanced performance to be applied inrvidnerability
ammunitions (LOVA). Unfortunately, the steric demand of compount very likely to
complicate its homopolymerization. However, copolymerization with sterically less demanding
compounds (e.g., THF) may even benefit from the bulky substituents asblismck reactions
become effectively suppressed. Based on the current results, we contiattd@MHMO and
ADNP are promising structural motifs for the synthesis of energetic monomers surpassing the
prior art in keyaspects like performance, sensitivity and thermostability. We anticipate, that
these motifs and the investigated compounds are figigo 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
2.5.1Experimental 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, Kxas and ear protection) have

to be applied while preparing and handling the described compounds.

All reagents and solvents were used as received (SAjaréch, Acros Organics, ABCR, TCI).
Potassiumtetrazotl-ide was used from a workgroup internal skpile. FTIR spectra were

recorded on a Perkin Elmer Spectrum OnelfETnstrument using neat compounds. Raman
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spectra were obtained on a Bruker MultiRam FT Raman spectrometer and a neodyoyech

@O GNRdzY | fdzYAydzy 3 NYySG 0mRYH Paod*N dpecttaNere < T
recorded using a Bruker AV400 or JEOL ECX400 usingHrssi'C) or nitromethanel(N) as
internal reference. Thermal characteristics were determined using an OZME$%3fferential
Thermal Analyzer with Meavy 2.1.@fvare or a Mettler Toledo DSC822e and a heating rate of
5°C mint and Mettler Toledo STAR/ersion 16.20 evaluation software. Mass spectra were
obtained using a ThermoFinnigan MAT 90 or MAT 95. Elemental analyses were conducted on an
Elementar Vario Ebr Elementar Vario Micro using pyrolysis and subsequent gas analysis.
Crystallographic measurements were perform@mdan Xcalibur Sapphire3. Helium pycnometry
was performed using a Quantachrome Ultrapyc 1200e deVige.sensitivity data was collected
using a BAM (Bundesanstalt fir Materialforschung) drophammer according to STANAG 4489
modified instruction and a BAM friction tester according to STANAGmd8ified instruction?®

30 The classification of the tested compounds results from the 'UN Recomrtiensaon the
Transport of Dangerous Good$The dents of the SSRT were measured using a Keyence VR 5100

3D profilometer.

3-Bromomethyt3-hydroxymethyloxtane (BMHMO, 1)

2,2-bis(bromomethyl)propand.,3-diol (20.0g, 76.4mmol) was dissolved imethanol (200mL)

and sodium hydroxide (3.67, 91.8mmol, 1.2eq.) was added under vigorous stirring. The
solution was refluxed for 1Bours prior to rotary evaporation. Dichloromethane (300 mL) was
added to the suspension and all inorganics were remdwefiltering through Celite. The solvent

was removed to give a yellowish oil which was subject to vacuum distillatiGAnib@r). By
products (e.g. spir@ompound) distilled over at 100 °C, followed by the target compound which
distilled over at 12130°C to give 11.9 g (86%) of BMHMK) &s colorless oil.

IH NMR:(400 MHz, CD§}{ 2.86 (t, 1H,J= 5.1 HzOH),3.74 (s, 2H, G 3.90 (d, 2H)= 5.1 Hz,

CH), 4.44 (m, 4H, GHppm.IR(ATR, cfrt): 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), 45€
(s), 430 (s), 405 (aman(1075 nm, 1000 mW, 25 °C, '&nn =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 (1MJMS (E): m/z = 180.9856 [¢Eho0:Br]", 162.9750
[GsHsOBr, 148.9594 [@HsOBr}, 132.9646 [GHsBr]", 92.9334 [CEBr]", 71.0491 [H;O]". EA
(GHoBrQ) calcd.: H 5.01, C 33.17; found: H 5.56, C 33.98%.
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Potassium 4amino-3,5-dinitropyrazol-1-ide (2)

4-Amino-3,5-dinitro-1H-pyrazole (5.0@, 28.9mmol) was dissolved in boiling water (10.) and

the pHvalue 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 ethanwil(PG@s
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, 94patadsium 4amino-3,5
dinitropyrazotl-ide @) as yellow solid.

IR(ATR, cif): n=3507 (w), 3391 (m), 3272 (w), 3226 (W), 3167 (W), 162845K(s), 1425 (s),
1393 (s), 1288 (vs), 1201 (s), 1133 (s), 914 (s), 835 (s), 758 (s), 671 (M), 503 (sRABAS).
(1075 nm, 1000 mW, 25 °C, 'dnn =1627 (14), 1569 (8), 1443 (24), P424), 1389 (70), 1308
(17), 1303 (17), 1272 (30), 1251 (51), 830 (100), 722 (49), 6&EA(@HKNOs) calcd.: N 33.16,

H 0.95, C 17.06; found: N 33.33, H 0.96, C 17.08%5 °C mifhl): 74.8 °C (m.p.), 312.8%dec.).

IS: > 40Q). FS > 3a6N.

(3-((4-amino-3,5-dinitro-1H-pyrazol1-yl)methyl)oxetan3-yl)methanol (3)

Compound2 (2.00 g, 9.47 mmol) and BMHMO (2@312.3mmol, 1.3eq.) 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 subséguent
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)adaled two times and evaporated to
remove any traces of DMF and 2.59 g (98ol, 100%) of compoun@® were obtained as yellow

solid.

IH NMR(400 MHz, DMS@0 + ' 0 ®=512 HZCR)S 4.30 (d,2H)= 6.4 HzChH (Ox.)),

4.46 (d, 2HJ= 6.5 HzCH (Ox.)), 4.90 (s, 2H, @H5.04 (bs or t, 1Hl= 5.3 HzOH), 7.28 (s, 2H,

NH) ppm.13C NMR101 MHz,DMS@:0 { I nndy > ppdns codp™W Tpodns
NMR (27 MHz, DMS@s0  £26.7 ppm.IR(ATR, cid): 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(1075nm, 1000 mW, 25 °C, &Br 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), €8¢ (4).
(GH10NgOxs) caled..C 35.17, H 4.06, N, 25.63 faynd: C34.81, H 4.02, N 25/606.HRVS (EY):

66



m/z = 273.0705 [hiNsOs]*, 179.0548 [@h106]*, 112.0132 [gH:0:Ns]*. DSQ5 °C mifrt): 180.2
°C (m.p.), 210.5C (dec.). IS: > 4OFS > 3649. R = 0.65 (Si@) EtOAC).

(3-((4-diazo-3-nitro-5-oxo-4,5-dihydro-1H-pyrazot 1-yl) methyl)oxetan3-yl)methyl nitrate (4)

Compound3 (1.50 g, 5.49 mmol) was added to a solution dinitrogen pentoxide .36
12.9mmol, 2.36 eq.)n acetonitrile (20 mL) at O °C using an ice bath. yidll®w solution was

stirred for two hours at the initial temperature and was then poured into ice water (200 mL). The
agueous phase was extracted with ethyl acetate (3x 30 mL) and the organic phase was washed
with water (2x 50mL) and saturated sodium fibonate solution (2 x 30 mL).The organic phase
was dried over sodium sulfate and the solvent removed by rotary evaporation to give a yellow
semtsolid. The crude material was purified by column chromatogrgfig, EtOAcjo give 0.87

g (2.90 mmol, 53%)f compound4 as bright yellow solid.

IH NMR(400 MHz, DMS@0  + [ n ®3),d.454d 2H)=+616 HzCH (Ox.)), 4.53 (d, 2H,

J= 6.5 HzCH (Ox.)), 4.76 (s, 2H, @Hpm.23C NMR(101 MHZz, DMS@0 { [ nH®0 S n «
74.5, 143.7, 162.0 ppnd*N NMR(27 MHz, DMS@:0  &H ' dy 5 bI4In3ppbndiR (ATR,

cmPl): n =Raman(1075 nm, 1000 mW, 25 °C, &nn = EA(GHsNsOy) calcd.: N 27.90, H 3.01, C
31.90; found:N 27.86, H 2.93, C 31.99 PARMS (ES): m/z =300.0460 [eHsNeO7]*, 254.0555
[GsHsNsOs]*, 156.0004 [@HO7Nz]*. DSC(5 °C mif): 95.3 °C (m.p.), 184.@C°(dec.)R = 0.65

(SiQ, EtOAC).

(3-((4-amino-3,5-dinitro-1H-pyrazot1-yl)methyl)oxetan3-yl) methyl methanesulfonate (5)

Compound3 (0.50 g, 1.83 mmol) was dissolved in a mixture of acetonitrile (20 mL) and DMF (2
mL) and triethylamine (376hg, 3.66 mmol, 2 eq.) was added. The orangetgmlwas cooled to

0 °C using an ice bath and a solution of methane sulfonyl chloride (252 mgn2d 1.2 eq.)

in acetonitrile (2 mL) was added dropwise. The instantaneous precipitation of a bright yellow
solid was observed and the reaction mixture vetisred 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 ampound>5 as yellow powder.

1H NMR(400 MHz, DMS@:0 + T o ®#),M.40(& ZH)06.83HzOH), 4.57 (d, 2H)=

6.8 HzCH (Ox.)), 5.02 (s, 2H, ©H7.34 (s, 2H, Nilppm.13C NMR101 MHz,DMS@0 + [ oc @
42.9,54.4, 70.7, 74.3, 130.6, 132.4, 140.5 pIRGATR, cirt): 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 (MB35 (s), 503 (s), 488 (s), 461 Rgman(1075 nm, 1000 mW, 25 °C, &in

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), 7&BF6(6). EA
(GH13Ns50gS) calcd.: N 19.94, H 3.73, C 30.77; found: N 19.92, H 3.69, C 38R@S4(E): m/z

= 351.0473 [@43Ns0s%25]*, 334.0433 [@H12N507%2S]*, 179.0549 [6H1106]*. DSQ(5 °C miftl):

188.4 T (dec.)R = 0.59 (Sig) EtOAc/petrol ether/toluene 3:1:1).

1-((3-(bromomethyl)oxetan3-yl)methyl)-3,5-dinitro-1Hpyrazot4-amine (6)

Compound5 (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 mixturesgaso 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 sHptag which was thoroughly rinsed with

ethyl acetate. The solvent wagain removed by rotary evaporation to give 476 mg (99 %, 1.42
mmol) of compound as intense yellow solid.

IH NMR(400 MHz, acetonelsl + ' 1 @), M.460d JH)=H618 HzCH), 4.65 (d, 2H)=

6.8 HzCH (Ox.)), 5.19 (s, 2H, ©@H7.01 (s, 2H, NHppm.13C NMR(101 MHz, acetondsy + T
38.1, 45.6, 56.3, 77.2, 131.4 ppHiN NMR(27 MHz, aceton@ls0 bLH of®dc = L HRYAPR, LILIY @
cmbl): 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 (SBEBRL (vs), 449 (FRaman

(1075 nm, 1000 mW, 25 °C, '&nn =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 (BA (GH13Ns0sS) calcd.: N 20.84, H 3.00, C 28.59; found: N 21.02, H
3.00, C 28.79 %HRMS (EY): m/z = 335.9924 [EhiNsOs"°Br]", 334.9863 [€HioNsOs BIT,
226.0706 [€H1004Ns]*, 179.0570 [@+0:N4]*. DSQ5 °C mift): 157.3 °C (m.p.), 197.&%(dec.).

R = 0.83 (Si@) EtOAc/petrol ether/toluene 3:1:1).

1,1-(oxetane3,3-diylbis(methylene))bis(3,&dinitro-1H-pyrazot4-amine) (7)

Compound (500 mg, 1.42 mmol) amabtassium 4amino-3,5-dinitropyrazotl-ide (300 mg, 1.42
mmol) were dissolved in DMF (10.0 mL) and the reaction mixture heated to 100 °Chfertdéh
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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 inorgange® filtered throughCeliteto give a bright

yellow solution. The solvent was evaporated and the obtained solid recrystallized from ethyl
acetate to give 541 mg (89%) of compouhas yellow solid.

IH-NMR (400 MHz, dmsa@s0 Y + [ n ®)p5109 (6, &H, G 1.33 (s,/4H, Njppm.13C
NMR(101 MHz,dmsas0 + I nodc I ppdn3 1 PNINMRRMAHR dps@ M0 H
de0 +  Tppri. NRGADR), cirt): 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), 45¥afepn(1075 nm, 1000 mW, 2%,

cmbl): 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), 118P®),(5), 946 (5), 832 (29), 797 (13), 792
(14), 739 (6), 670 (5), 645 (4), 622 (6), 51EB)Ci1H12N1000) caled.: N 32.71, H 2.28, C 30.85;
found: N 32.00, H 2.88, C 30.84 PHEMS (EY): m/z = 428.0800 [GHi2N10Og]*, 411.0831
[C11H11N1008]*, 179.0569 [€HN4O2]*; DSA5 °Cminkl): 246.0 € (dec.)R = 0.25 (Si@ EtOAC).

1-((3-(azidomethyl)oxetan3-yl)methyl)-3,5-dinitro-1H-pyrazot4-amine (8)

Compound5 (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 adét@enL) 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 @vapomtion with cold diethyl ether (20 mL) and cold

ethyl acetate (20 mL) to give 421.3 mg (1.41 mmol, 99%) of compdamsdyellow to orange

solid. If necessary, the compound can be dissolved in the minimum amount of acetone and
precipitated withn-Hexane to tye a bright yellow solid with no yield loss.

1H NMR(400 MHz, aceton€s0 + T 0 ©®gh.440d ZH)=6I8 HzCH)|, 4.63 (d, 2H]=

6.8 HzCH (Ox.)), 5.09 (s, 2H, @H7.00 (bs, 2H, NHppm.*3C NMR(101 MHz, acetonesyd ¢+ T
44.9,55.3, 56.2, 76.5, 131.4, 133.6, 141.7 ppth. NMR(27 MHz, aceton@ls0  bH odPns bLHTA
bM o 0 @y I ppl.MRIATR, @r): 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, cril): 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), 618HAYGH:10NsOs) calcd.: N 37.58, H 3.38, C 32.22;
found: N 37.45, H 3.32, C 32.41 BMRVIS (El): m/z = 298.0769 [BhoNsOs]*, 194.0675
[CHsNsO,]*. DSQ5 °C miftl): 101.0 °C (m.p.), 238.8%(dec.).

1-((3-((1H-tetrazol-1-yl)methyl)oxetan3-yl)methyl)-3,5-dinitro-1H-pyrazot4-amine (9A) and
1-((3-((2H-tetrazol-2-yl)methyl)oxetan3-yl)methyl)-3,5-dinitro-1H-pyrazot4-amine (9B)

Compound5 ( 2.00 g, 5.69 mmol) angotassium tetrazoll-ide (924 mg, 8.54 mmol, 1.5 eq.)

were dissolved in DMF (50.0 mL) and the reaction mixture heated to 100 °C liovHigh was
accompanied by the formation of a gelatinous precipitate. The mixture was then poured into
ethyl acetate (200 mL) to precipitate albrganics and filtered throug@eliteto 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 sabl 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 compoun@A as yellow solid. The filter residue was recryistad from hot acetone to

give 439 mg (72%) of compouB&as yellow solid corresponding to an overall yield of 84%.
Compound 9AN2):

IH-NMR(400 MHz, aceton€s0 Y 1 ['J= Ti.XtHz,\2H, &§R4&75 (d,)= 7.1 Hz, 2H, G5.08

(s, 2H, CH),5.29 (s, 2H, Ci 6.99 (s, 2H, Ni 8.75 (s, 1H, CH) ppMC NMR 101 MHz, acetone

d0 4+ T nndpE ppPT I pc dME NVMR2D MHZ, avstomeio >t MN MbPHCOZD C
LHYy ®n 3 b MR(ATR)cr)Lalg84d4 (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 (§aman(1075 nm, 1000 mW, 25, crht): n = 2969 (7), 2955 (6), 1640

(23), 1582 (9), 1567 (6), 1522 (6), 1476 (12), 1438 (16), 14)1,31@B (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 BA(GH11NgOs) calcd.: N 38.76, H 3.41, C 33.24; found: N
39.03, H 3.50, C 33.48. HRVIS (El): m/z = 325.0889 [§Eh1NoOs]*, 324.0812 [€H10NoOs]*,
298.0895 [GHi2N7Os]*; 172.0112 [@H:NsO4]*. DSA5°C mikl): 161.0 °C (m.p.), 241.CYdec.).
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Compound 9BN1):

IHNMR(400 MHz, acetonds0 Y 1 T'J= A.ldHz,(BH, &R473 (d)= 7.2 Hz, 2H, G}45.08

(s, 2H, C), 5.12 (s, 2H, GH 7.01 (s, 2H, N# 9.26 (s, 1H, CH) ppMC NMR101 MHz, acetone

d0 + T npdns pmMdoI pPNINMRR7ITMHD driis@leH 1 & T X b MRpdd n L
(ATR, cil): 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), 66 BLMW), 450 (sSRaman(1075 nm,

1000 mW, 25C, cril): 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 (6988 (6), 832 (31), 792 (14), 736 BN GH1:NsOs) calcd.: N 38.76, H 3.41,

C 33.24; found: N 37.76, H 3.34, C 32.9HBMS (EY): m/z = 325.0890 [§E41:NsOs]*, 324.0812
[GoH10NgOs]*, 295.0910 [6h1NsO4]*; 172.0111 [€HNsO4]*. DSQ5°C mikt): 238.3 T (dec.).

2.5.2 NMRSpectra
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Figure 9.Proton spectrum’H) of 3bromomethyt3-hydroxymethyloxetane (BMHMQ).
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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
Y"NIRAFGAZ2Y o<TnandtrmanTo)v 2N+ . NHZl SN 5y +Syiadz
monochromator, a Photon 2 detector and a rotatianode generator (Mo hatlidtion). The

data collection was performed using the CRYSTALIS RED s6fWaesolution of the structure

was performed by direct methods and refined by -fulitrix leastsquares on F2 (SHELXT)
implemented in the OLEX? software suite. The nwhydrogen atoms were refined
anisotropically and the hydrogen atoms were located and freely refined. The absorption
correction was carried out byscALB ABsPAckultiscan method3®! TheMERCURX020.3.(plots

show thermal ellipsoids at the 50% probaillevel and hydrogen atoms are shown as small
spheres of arbitrary radius. The SADABS program embedded in the Bruker APEX3 software was
used for multiscan absorption corrections all structures3®! Hirshfeld analysis was performed

using theCrystalExplorerl7 softwaté]

Figure 34Molecular structures of compounds(top left), 5 (top right),6 (bottom left) and isomeBB
(bottom right) in the crystal. Ellipsoids drawn at the 50% probability level.
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