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Abstract

There is high prospect that derivatives of pentraln lead to high energy density materials.
However these molecules are potentially hazardeaause of their high formation enthalpies
and weak N-N bonds. In order to devise efficiemt@cols, possible schemes for the synthesis
of nitro and azido derivatives of pentazole, arartmono- and di-oxides, have been explored
using quantum chemical methods. Reaction pathwaye been investigated in details, with
particular emphasis on locating transition stated an obtaining a reliable treatment of
solvent effects. Oxidation by ozone is found to ébdéavorable process, leading to some
regioselectivity in favor of3-mono-oxides. Nitration by NOBF, is also predicted to be
favorable. On the contrary the electrochemical @ of N;- and its oxydized derivatives is
found to be energetically inaccessible. Combinatbthe individual addition and oxidation
steps leads to recommendations for future synthetik. Finally the kinetic stability of

products with respect to,Nind NO elimination is assessed.

Keywords
High energy density materials (HEDM); Density fuootl theory (DFT); micro-solvation;

nitrogen; ozone; nitration.



Introduction

Molecules with high formation enthalpies have |dregn used as building blocks of energetic
materials with applications in several differen¢as. Future applications of the chemistry of
energetic materials are envisaged in the fieldspate and defense for propulsion of rockets.
The task is to increase the impulse to achievedniglayloads and get access to long term
missions that are inconceivable with currently kElde ingredients. Thus increasing the
energy content of constituent molecules remairecarring concern. Changes in the nature of
energetic groups (nitroesters, nitroaromaticsanitnes) during the last 150 years have led to
continuous performance improvement, however wittitéd gain at each step. For more than
20 years, the concept of High Energy Density Materials (HEDMs appeared as leading to
very high performance energetic molecules for apgibns in both explosives and rocket
propellants. Calculations predict large improveraentboth impulse and detonation energy.
In conventional energetic molecules (EM), the epesgreleased from the decomposition of
the molecule into oxidized forms of carbon and logdn using the oxygen that is present in
the molecule (or in the formulation). In additianthe energy release due to the high heat of
formation of the parent molecule, the light gases generated at high temperature and
expelled in large volume, producing the desired maccal effect. HEDM differ from EM in
that no oxidation process is necessary as far@asdmpound would be composed of light
atoms linked by weak bonds (achieving high hedbohation) and able to recompose into
light molecules containing stronger borfdsNitrogen is the element of choice for such
compounds due to the large difference of bond eeergetween weak N-N single bonds
present in polyatomics and the very strong trigdadof dinitrogen. Elaboration of structures
according to this principle is still a challenge éhemists as no such structures are known and
as the basic knowledge of this chemistry is scafd#ough no systematic procedure for
designing these compounds has been published,ga l@wdy of literature describes the
computed properties of the virtual polynitrogenustares’® Isolation of N* salt§ and
detection of N " and N 2 in mass spectrometers have given trust in thebiéigsof HEDM
chemistry.

Increased stability of cyclic polynitrogen moleailean be achieved by the introduction of
oxygen atom(s) either as part of the cycle or eglically as nitroxide bond¥'! The
pentazolate anion looks as a precursor of choicélEEDM not only because arylpentazoles
have been known for a long time and because thexdigtic breaking of the aryl-pentazole
bond has been suggestéd® but also because pentazolate anions have alreadp b

synthesized as zinc séft.



During the course of our study on isolation of HEDhblecules, we have examined several
synthetic routes to nitro and azido derivativep@ftazole mono- and di-oxides as stabilized
analogues of the elusive pentazolate. Ozone anmdnnitn tetrafluoroborate have been
selected as reactants for oxidation and nitratiespectively, because the cleanliness of the
reactions makes them suitable for first experimiewtak. A number of these routes have
been characterized by quantum chemical calculatodritie various minima and transition
states along various pathways. In this paper, wensarize the results of these investigations

as well as the assessment of the kinetic staloifitiie target products.

Computational methods

In this paper we describe results obtained usingedl established quantum chemical
methodology, the B3LYP hybrid density functionat@siated with the valence doulfes-
31G(d) basis set, including polarization functioms all atoms except H, for geometry
optimization. In some cases the diffuse-augment&i+65(d) basis set was used; this is
specified in the associated text. Improved enengie® obtained by single-point calculations
at the B3LYP level, with the extended basis sefpofarized valence triplé- quality 6-
311+G(2d,2p). It has been shown that the B3LYPidraheights could be underestimated for
the decomposition of nitrogen-oxygen compoutidsherefore, final energy calculations at
the CCSD(T) level associated with the aug-cc-pVDZaog-cc-pVTZ basis sets have been
achieved for selected key structures, to checkD#iF results. In all cases except onedé
infra), trends observed for CCSD(T) calculations ard vegroduced by B3LYP.

Some care has been taken to provide a realisticlimgdof solvent effects. Solvation free
energy corrections were determined using the ahhe continuum solvation model CPCM.
In the most simple implementation, the CPCM calioites were carried out on the gas phase
B3LYP/6-31G(d) geometries, at the B3LYP/6-311+G2®,level, with a dielectric constant
€ of 35.688, 32.613 and 78.3553 for acetonitrilefrarol and water, respectively. Refined
models were built by adding a variable number d¥es@t molecules, described at the same
DFT level as the solutes. The number of explicivesat molecules was determined so as to
provide a first solvation sphere to the solutes @andbtain a balanced description of reaction
thermodynamics. In order to provide a reliable cangon between explicitly solvated
reactants, transition states (TS) and products,feHewing modeling strategy has been

applied: (a) explicit solvent molecules are manuatlded around the gas phase TS and their



positions are computationally optimized keepingzém the geometry of the solute, making
sure that a chemically meaningful solvation of gwute is maintained; (b) a geometry
optimization without constraint is achieved, leagio the explicitly solvated TS; (c) forward
and reverse IRC calculations are performed to éoeaplicitly solvated reactant and product
including comparable position of solvent moleculBse resulting systems were then treated
with the same CPCM approach as above for the hbaltges. All calculations have been
performed with Gaussian 3.

Results and discussion
Starting from pentazolatg, the synthesis of nitro- and azido-pentazg#lexide 5-8 can be
envisioned by introducing first either the oxygeona or the nitro/azido group (Scheme 1).
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Scheme 1. Envisioned pathways from pentazolate anion tooniand azido-pentazold-

oxide.

These pathways have been studied theoreticallheatDiT level in order to evaluate the
feasibility of these synthetic routes, and deteentime easiest one. The envisioned nitrating
agent is BENO, whereas the introduction of the azide substituisnplanned through an
electrochemical pathway. The chemical oxidation masg achieved with ozone, as

demonstrated with nitrotetrazolaf®and azidotetrazolafé® A second oxidation step, leading



to compound®-14, and the oxidation of phenylpentazdlg precursor ofl, have also been
studied. Nitrotetrazolated8 and azidotetrazolat®l have been considered as well, for
comparison with experimental ddfaThis leads to the series of compounds shown iri@eh
2. Finally, the kinetic stability of some of thes®mno- and di-oxidized synthetic targets has

been explored.
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Scheme 2. Other compounds derived fropentazole §-17) and tetrazole18-23) studied in
this work.
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Figure 1. Potential energy surface (kJ/mol) of oxygen ataansfer from @to 1 computed at
the B3LYP/6-311+G(2d), CCSD(T)/aug-cc-pVDZ (italicand CCSD(T)/aug-cc-pVTZ (in
parentheses) levels using B3LYP/6-31G(d) geometries

Chemical oxidation by ozone

As a first step of our study, we have examined dRilation mechanism of unsaturated
nitrogen compounds by ozone. It is well known tbzbnolysis of alkenes and alkynes leads
to various oxidized compounds such as ketoneshyitéss or epoxide. The main proposed
mechanism involves as first step a 1,3-dipolar agdtition of ozone with the unsaturated
bond leading to cyclic £; ozonide'® Such a pathway has been searched for startingfrom
and3, however no intermediate including ady ring could be obtained. Such structures lead
in all cases either to separated reactanysa@l 1/3, or to the disruption of the J\ring.
Exploring other pathways, it was possible to locat&ansition state corresponding to the
transfer of one oxygen atom to the pentazole aaddleased of © The associated potential
energy profile starting fror is depicted in Figure 1. Starting from the sepataeactantg
and Q, an intermediatd-RC (Reactant Complex) is formed in the gas phases Waak

interaction between the reactants implies only mitregen atom of the ring and one terminal
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oxygen of ozone. This oxygen atom is then transtemo one nitrogen atom of the ring,
through transition state TS, forming a complex (callettPC for Product Complex) between
2 and singlet dioxygen. In this intermediate, iGteracts not only with the oxygen atomzf
but also with the Nring, as indicated by its position above the riRgpal dissociation of-

PC to form the target produ@may be accompanied by stabilization of dioxygendariplet
ground state, leading to a high reaction exothatynf200 kJ/mol at the B3LYP level).

It is known that ozone has a partial biradical ebter and that restricted and unrestricted
DFT may give different results. UB3LYP calculatioh1-TS confirms that the TS structure
and its energy relative tb + Oz are only slightly influenced by the closed vs. oshell
description. Therefore, we have restricted theofelhg investigations to RDFT calculations.
The reliability of this approach has been furthemfemed by its agreement with experiniént
on the regioselectivity of the oxidations 18 and21 (vide infra). In addition, the activation
energies reported for these reactions in Tablee2udly compatible with reactions carried out
at 40 °CY’

Due to the anionic nature df it can be hypothesized that solvation would digantly
modify the potential energy surface of this reactigve have therefore included solvation
effects through the introduction of explicit solvemolecules during the geometry
optimization process and with the conductor-pottizontinuum method (CPCM) for final
energy calculations. 11-RC, 1-TS and 1-PC, we have therefore added five acetonitrile
molecules in order to solvate the pentazolate afrmgment only and eleven to solvate the

full system. The structures of the correspondingaiiéSdepicted in Figure 2.
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Figure 2. Geometry optimized structures of the transititeies for the transfer of oxygen

atom between ozone and pentazolate including vanombers of explicit solvent molecules.



The inclusion of acetonitrile molecules does ndluence the interaction between the two
reaction partners nor the formation of the N-O basdndicated by the ‘NO distance in the
transition states. On the contrary, the elongatedDCbond is sensitive to the solvent
description (1.468, 1.413 and 1.361 A iATS, 1-TS(CH:CN)s and 1-TS(CHzCN)uy,

respectively), indicating that solvation induces aarlier TS with a less pronounced
dissociated character of ozone.

Table 1. Relative energies (in kJ/mol) for the reactionwsen ozone and with various
solvation schemes.

Number of explicit Implicit 1-RC¢ 1-TS 1-PC*
solvent molecuf® solvatior?
0 No 0 71 (87) -75 (-64)
0 Yes 0 68 (84) -78 (-66)
5 No 0 61 -80
5 Yes 0 64 -76
11 No 0 58 -64
11 Yes 0 74 -70

# Solvent molecules (acetonitrile) included durihg geometry optimization process at the
B3LYP/6-31G(d) level” Inclusion of the CPCM (acetonitrile=35.688) implicit solvation
scheme for the final energy calculations at the B316-311+G(2d,2p) level® Relative

energy computed at the B3LYP/6-311+G(2d,2p) and @CTBaug-cc-pVDZ (in parentheses)
levels using B3LYP/6-31G(d) geometries.

However, values in Table 1 indicate that the endyggrier and the exothermicity of the
oxidation reaction are only slightly influenced Isplvation. Indeed, similar results are
obtained with or without polarizable continuum,vasll as with or without explicit solvent

molecules. Consequently, explicit solvent moleculese not included in the other oxidation
reactions with ozone described below.



Table 2. Oxidation energies of tetra- and pentazole déviea.

Reactant Transition state Product
Ere’ Ere’ number

2 +105 (+126) -157 (-129) 9
2 +86 (+108) -181 (-156) 10
3 +178 (+158) -128 (-103) 5
3 +156 (+139) -169 (-139)

4 +178 (+152) -140 (-121) 7
4 +153 (+133) -163 (-135)

7 +159 (+124) -145 (-128) 11
8 +162 (+137) -136 (-123) 12
8 +170 (+143) -138 (-131) 13
8 +172 (+128) -112 (-94) 14
15 +171 -141 16
15 +140 -168 17
18 +81 -169 19
18 +72 -205 20
21 +54 -178 22
21 +46 -207 23

2 Separated products with dioxygen in its triplettest® relative energy (related to separated
reactants) in kJ/mol computed at the B3LYP/6-3122ep) and CCSD(T)/aug-cc-pVDZ (in
parentheses) levels using B3LYP/6-31G(d) geometriesluding CPCM(acetonitrile)
solvation correction obtained at the B3LYP/6-3112;2p) level.

Following this study on the mono-oxidation hfwe explored the same process starting from
various tetra- and pentazole derivatives (Tablel2)all cases, the same oxygen transfer
mechanism has been obtained. Comparison betweenStgeometries indicates a stronger
interaction of the @leaving group with the ring for neutral substitlifgentazoles3{ 4, 7, 8,
and15) than for anionic pentazolates §nd2) and tetrazolated and21). This difference in
geometry parallels a higher reactivity for the asicas revealed by the relative energies of the
TS. Surprisingly, B3LYP barriers are underestimated anions and overestimated for
neutrals, compared to CCSD(T) values. However, ethggantitative differences do not
modify the relative reactivity between anions aedtrals. A closer examination indicates that

phenylpentazole 16) is slightly more reactive than nitro-3)( and azidopentazoled)
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Similarly, azidotetrazolate2{) is more reactive than nitrotetrazolat&é8) The second
oxidation of 1 (i.e. the oxidation of2) is more difficult to achieve than the first. This
observation seems to be more questionable for gedtazole derivatives. Indeed, contrary
to B3LYP values, CCSD(T) ones indicate thhtis slightly less reactive tha8. Taken
together, these results show that the reactivitgljes mostly the electronic density located
on the nitrogens in the ring, which depends mawntythe electronic charge (anionis.
neutral compounds) and to a lesser degree on thenawing ability of the substituents (NO
> N3 > Ph ; O > no substituent). These results alsae that it could be possible in some
cases to stop the reaction after the first oxitastep in order to obtain mono-oxidized
products.

For each mono-substituted tetra- and pentazoledbdeevative 2, 3, 4, 15, 18 and21), two
isomers may be obtained in principle throifoxidation either ira- or in 3-position relative

to the substituent. In all casgspxidation is found to be easier tharoxidation, both at the
B3LYP and CCSD(T) levels, with an energy barrienahhis lower by ca. 20-30 and 10-20
kJ.mol* for neutrals and anions respectively. This diffieee seems to be induced by
repulsion between the substituent and the incoraguxy group, which leads phenyl-, nitro-
and azide substituents not to lie in the & CN, ring plane. This results announces that
oxidation of mono-substituted derivatives is a osglective (or even regiospecific) process.
Furthermore, this kinetic preference f@roxidation comes along with thermodynamic
preference for the same position, once again duepuasive interaction between substituents.
This theoretical result nicely agrees with expentakones obtained recently for tetrazole-
based derivativet, which have shown that nitro- and azidotetrazokaie exclusivelyp-
oxidized by ozone. It also indicates that oxidatiwinl and 2 would probably proceed
smoothly, as observed fdB8 and21, whereas harsher conditions would be probably eeed
for oxidation of neutral pentazole-base derivatives

Compared to mono-substituted neutral compoundssétend oxidation process of azido-
pentazole is less selective. Starting fr8mthe product obtained after oxidation &fthree
N,N-oxidized azido-pentazole®?, 13 and 14 may be obtained. The activation barriers to
reach the TS's are close (162-172 kJ:mat the B3LYPlevel, 128-143 kJ/mol at the
CCSD(T) level). Furthermore, the most stable isoifi&rboth for B3LYP and CCSD(T)
levels) is not the one obtained under kinetic adn{l2 at the B3LYP level,14 at the

CCSD(T) level). Due to thB-position of azide and azoxy groups8nthe second incoming

11



azoxy group is in all cases locatedarposition relative to (at least) one of the fornngr
substituents. This may explain the lower selegtiwat this oxidation, compared to mono-
substituted azido compounds.

We have shown that it should be possible to expartaily manage the oxidation df 3 and

4 by ozone in order to obtaiand, selectively6 and8, respectively. The second oxidation
process oR will lead to10 selectively, whereas and8 would probably produce a mixture of
doubly-oxidized products. Further to these encangpgesults, we then turn our interest to
the synthesis of nitro- and azido-pentazole daxeat3-8) from 1 or 2.

N5~ + NO,'BFys ——— NsNO, + BFy4 (1)
1 3

NsO™ + NO,"BF;7 ——  NsONO, + BF4 (2)
2 5/6

Scheme 3. Nitration process.

Nitration process

Following the pioneering work of Olah et &l.pitration is commonly carried out through
NO," transfer from the nitronium tetrafluoroborate 94®," BF,~** Thus it is this reaction
which has been envisioned in this work for theatitm of1 and2 (Scheme 3). B3LYP-DFT
calculation in the gas phase indicates that thispair is spontaneously transformed into a
complex between Bfand NQF. Thus gas phase modeling is inappropriate indase. The
thermodynamics of reactions 1 and 2 in Scheme 8 b@arefore been studied by taking into
account solvation in order to obtain a satisfyiegatiption of reactants and products. For all
compounds X-3, 5, 6, NO," BF,~ and BR), we have included explicitly several acetonitrile
molecules in order to generate a saturated fidstagon shell. Due to weak solvent-solvent
and solute-solvent intermolecular interactionsar@é number of geometry optimizations at
the B3LYP/6-31+G(d) level has been achieved forsalutes surrounded by 4 to 7 solvent
molecules located in different conformations. Fritis exploration, we have kept only those
structures allowing the same total number of sdlveolecules in the reactants and products
and those having saturated first solvation sh&tsme of these structures are depicted in
Figure 3.

12



(D)

Figure 3. Optimized structures of (A) BRCHsCN);; (B) BF; (CHsCN)s; (C) NO'BF4~
(CH3CN)7, (D) 1(CH3CN)5

It should be noticed that the nitronium salt NBF,; could only be obtained with at least
seven solvent molecules. On the contraryh®, is not an ion pair and the N-N@ovalent
bond is only slightly sensitive to solvation (N-B© 1.51 and 1.49 A in the gas phase and in
solution, respectively).

The above described micro-solvation scheme allowsexamine the nitration reaction
including a total of eleven or twelve acetonitm@lecules (Table 3). The computed energies
for the nitration ofl are in all cases negative (between —43 and —$bdkdiepending upon
the micro-solvation scheme), indicating that a sa@oeous process should take place between
pentazolate and NOBF,~ to form the nitro-pentazole. Furthermore, valuesamed with
various micro-solvation of solutes are relativalyitar, suggesting that the effect of solvation
on the thermodynamics of the nitration processtbeen adequately introduced and that this
solvation protocol leads to an error bar of abobitkl/mol on the thermodynamic of the

reaction. The nitration of )Nthus seems to be a synthetically viable process.
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Table 3. Nitration energies (in kJ/mol) computed at the OBFacetonitrile)-B3LYP/6-
311+G(2d,2p)//B3LYP/6-31+G(d) level.

Reactants Products Nitration energy
1(CHsCN);  NO,'BF4 (CHsCN), BF; (CH3CN)s  3(CH3CN)s -43
1(CHsCN)s  NO,'BFs(CHsCN);  BFs(CHsCN);  3(CHsCN); -51
1(CHsCN)s  NO,'BF4 (CHsCN); BF, (CH3CN)s  3(CHsCN); -55
2(CHsCN)s  NO,'BF4 (CH3:CN), BFs (CH3CN)s  5(CHsCN)y +26
2(CHsCN)s  NO,'BF4 (CH3:CN), BF; (CH3CN)s  6(CH3CN); -22

The nitration of2 also leads to an exothermic reaction, however @mlyhe formation ob.
This result indicates that the synthesisafould be achieved selectively frain even if the
nitration of the latter is more difficult than fdr as there is probably no significant energy

barrier for such an ion transfer reaction.

Azidation process

Following previous experimental studies on azidataf anions? the synthesis of azido-

pentazole derivatives has been envisioned elecmidally as illustrated in Scheme 4. It is
known from previous studi€&?* that the instability of N in the gas phase makes this
reaction very unlikely starting from. It is however interesting to consider this syfithe

pathway for2 and 10 since pentazole-oxides are expected to be mobéestiaan pentazole

itself 1011

. e . *N3 ) :
(O)nNsm —— (0);Ns (0),N5N3 (O)nNsN3
n=0: 1 n=0: 4
n=1: 2 n=1:8
n=2: 10 n=2:13

Scheme 4. Electrochemical synthesis of (oxidized) azidotpeole from (oxidized)

pentazolate anion andN

In order to evaluate the feasibility of such a teacin solution, we have computed the
electronic oxidation energy of several nitrogendaaanions. A significant solvent effect is
expected on oxidation energies. As an example,atiwid of Ny is known to amount to
263+12 kJ/mol in the gas phaSe value which is well reproduced by DFT calculasi¢262
kJ/mol). In solution, at the same level of calaglatincluding solvent effects (see below) this

14



value is raised to ca. 520 kJ/mol as expected ssobeation of the anion is much more
stabilizing than that of the neutral radical.

From the results gathered in Table 4, we can cdectbat the nature of the solvent does not
appear to influence the electronic oxidation enerffydeed, calculations including a
polarizable continuum solvent model lead to almdsntical energies for various solvents
(acetonitrile, methanol and water). Furthermorejuding micro-solvation through explicit
solvent molecules does not significantly modify toemputed oxidation energies. Therefore,
subsequent calculations in this section have beered out in acetonitrile with the solute

surrounded only by a polarizable dielectric contimu

Table 4. Electronic oxidation energies (in kJ/mol) computat the CPCM-B3LYP/6-
311+G(2d,2p)//B3LYP/6-31G(d) level.

Solvent
Molecule
Acetonitrile €=35.688) MethanoleE£32.613) Waterg=78.3553)
1 732 731 736
2 587 586 590
10 557 556 559
N3 522 521 526
NsN3*~ 400 399 402
1(H20)s - - 689
1(CH3CN)s 718 - -
2(CH3CN)s 586 - -

1 has larger oxidation energy thag NTherefore, in the presence of Nthe radical oxidized
counterpart ofl would not chemically add to it, but rather an alecic transfer would take
place, leading to N and the initial aniorl (Scheme 5)N-oxidized pentazolate® and 10
have lower electronic oxidation energies tHafb87 and 557 vs. 732 kJ/mol in acetonitrile).
However, these energies remain larger than theatgm energy of W and the same

electronic transfer would also be observed.
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Scheme 5. Energies of the reaction betweeg Bnd (A)1; (B) 2.

At this point, a chemical reaction betwegror 2 and N°* could be envisioned. However,
these reactions are endothermic (Scheme 5). Wehcanconclude that the electrochemical
synthesis of azido-pentazole derivatives from peoltde and W is thermodynamically
impossible. It was further found thasWNg*~ and NON3*~ are kinetically instable relative to
loss of N (from the N moiety), with a transition barrier no larger thah and 10 kJ/mol,

respectively.

Kinetic stability of pentazole mono- and di-oxide

Even if it has been proposed that Aroxide group kinetically stabilizes pentazolate
derivatives'* the interest of the synthetic targets studiechia work as potential candidates
for high energy density materials has to be explofEherefore, we have examined the
decomposition paths @8 and11-13 toward loss of lland NO. Depending upon the case,
these two processes may or may not be competitiveddition, elimination of Blmay occur

in a stepwise or in a concerted manner. The opédistructures obtained for the
decompositions 06 are displayed in Figure 4. The complete set oivaibn barriers for

these processes is presented in Table 5.
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TS, (-N,)

TS (-N,0)

Figure 4. Optimized structures along the paths for élimination (stepwise, top) and.®

elimination (concerted, bottom) froms®-NG; 5.

Table 5. Energy barriers toward loss ot ldnd NO (in kJ/mol) at the CPCM(acetonitrile)-
B3LYP/6-311+G(2d,2p)//B3LYP/6-31+G(d) level.

Molecule Loss of W Loss of NO

4 76 -

5 102 55

6 39 122

7 128 90 (98§

8 65 118

11 ° 62

12 - 52
13 - 56

2 two step process. Only the largest energy basiemicated” no TS could be located, even
though loss of Bshould be easy, as reflected by its large exotieétgng-281 kd/mol)* value
in bracket is computed at the CCSD(T)/aug-cc-pVBZLYP/6-31+G(d) level including
CPCM(acetonitrile)-DFT correction.
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We find that N elimination from5 involves two consecutive N-N bond breaking stfpse
associated transition state$S, and TS,, correspond to energy barriers of 89 and
102 kJ.mof, respectively, with an intermediate structBgewhich is more stable thah by

8 kJ.mot". Elimination of NO is also possible frorfi in a single step, with an energy barrier
of 55 kJ.mol' making it the most likely fragmentation. Althoughis barrier confers a
reasonable kinetic stability ) it seems however to be too low to make this pcodaeful in
real applications.

These results indicate thidtoxide azido-pentazolesand8 are kinetically more stable than
N-oxide nitro-pentazole$ and6. It is also clear that the-isomers5 and7 are kinetically
more stable than their correspondipgsomers6 and 8, respectively, even if they are less
stable thermodynamically (Table 2). CCSD(T) caltatess for the NO loss from7 confirm
that this azido-pentazole has a sufficient kinstigbility to be an interesting candidate as
HEDM material. The effect of aN-oxide moiety on the stability of pentazole denves is
not as straightforward as that obtained for perées-’ Indeed, if the decomposition of
azido-pentazolet is easier than the decomposition of its mono-@edi (in a position)
derivative7, it is the case neither for the other mono-oxidige 3 position) derivative3 nor

for the di-oxidized product$l-13.

Conclusions

We have explored computationally the reaction p&hshe synthesis di- andN,N’-oxide
pentazole-based derivatives. The mechanism fooxidation by ozone has been determined
and the synthesis of some of the mono- and di-pedliderivatives studied here seems to be
realistic, with a regioselectivity in favor of tH&isomer for the mono-oxidized products.
Nitration can be achieved with N®F;, whereas azide group addition through
electrochemical pathways is not thermodynamicaligbke. From pentazolate, the most
accessible target seems to &eWe recommend a synthesis in two steps frgmwith
oxidation by ozone followed by nitration. The oxida of phenylpentazol&5 prior to N-Goy,
bond breaking and nitration can also be envisadéis sequence of reaction, where the
second step should be spontaneous, should makiblpabe use of experimental conditions
allowing stabilizing the expected product, despiteweak kinetic stability. Better kinetic
stability is observed for azide derivatives howewttrer pathways, like electrophilic transfer
of an azido unit with the help of electron-poorfenyl azides, should be explored for its

formation rather than the electrochemical one suithere.
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