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Density functional theory has been used to predict the geometry, electronic structure, harmonic vibrational
frequency, explosive property, and azietetrazole isomerism of triazidotsriazine at the B3LYP/aug-cc-
pVDZ level of theory. Calculation results show that triazidattiiazine molecule keeps a planar structure

and there exists considerable conjugation over the molecule, which is advantage to the stability of this
compound. Our study shows that triazidattiazine may be a good explosive. The azidetrazole isomerism

of triazidotri-s-triazine is investigated in details. The reaction proceeds initially through loss of the linearity
of the azido group, approaching the terminal nitrogen N8 atom of the azide group to the nitrogen atom N1
(or N3) of the ring, and this step is then followed by the attack of the lone pair on N1 (or N3) to the azido
group, leading to formation of the bond between N1 (or N3) and N8. The bending of-tihe-W angle in

the azide and the redistribution of electron density associated with these events give rise to a large free
energy barrier.

1. Introduction tri-s-triazine unit have been only briefly mentioned in com-

The symheptazine (synonyms: teitriazine, 1,3,4,6,7,9,9b- munications or patents and were not characterized at all.
heptaazaphenalene, 1,3,4,6,7,9-hexaazacyclo[3.3.3]azine, or AS is well-known, triazides-triazine is a highly shock-
cyamelurine), nucleusdBl;, consisting of three fusesitriazine ~ Sensitive and powerful explosive. Since many years ago, there
rings, is an electron-poor and thermally extremely stable has been considerable interest in the explosive character and
fragment. In fact, tris-triazine is the most stable member of eactivity of this compound and its derivativ¥s18 Our interest
the azacyclo[3.3.3]azine series of compounds, which are iso-iS focus on the performance of its analogue, triazidstriazine.
electronic to the phenalene anibrf. The symheptazine unitis [N our previous work, we have found that triazidaiiriazine
most likely contained in melon, melem, and similar C/N/H S & potential candidate for high energy density materials
materials, which also possess high thermal stability, sometimes(HEDMSs)1® Moreover, perhaps the extreme stability and
even to>500°C. Investigations on these compounds trace back chemical inertness of theymheptazine nucleus will cause it
to the 18304:5 Because of high heat stability, low solubility, ~t0 have neither shock nor heat sensitivity. In this paper, we will
and little chemical reactivity, these compounds remained investigate the geometric, electronic, bonding, and explosive
structural puzzles for more than a century. In 1937, Pauling characteristics of triazidots-triazine in detail.
and Sturdivarttfirst suggested a formulation for their common Furthermore, since the azido group is attached € atom
nucleus, a coplanar arrangement of three fusgzine rings. adjacent to an annular nitrogen, it may spontaneously cyclize
Pauling apparently maintained an interest insttiiazine, for to give a tetrazole ring or an equilibrium mixture of both forms.
reasons unknown, as the molecular formula of 2-azido-5,8- This type of azide-tetrazole isomerization has been the subject
dihydroxy-tri-s-triazine was preserved on his office chalkboard of many studie¥-?!and was defined by Huisgen as a 1,5-dipolar
at the time of his death in 19%4However, in the past few  cyclization?? The electronic reorganization along the azido
decades, only one te-riazine-based compound was studied tetrazole isomerization pathway has been discussed by several
in detail, namely the molecule tsdriazine, GN;Hs. Its groups?*=2 In the following, we report the results of a
structural and spectroscopic properties including an X-ray crystal theoretical study of the isomerism of triazidogririazine. To
structure analysis were discussed. UV photoelectron spectragain insight into the influence exerted by the nature of the ring
were taken and ab initio calculations performed in order to on the cyclization mechanism, we have compared present results
explain the low basicity and the high stability* In 2002, Kroke with the data reported in ref 23.
et al. reported the synthesis and detailed structural characteriza-
tion of a functionalized trs-triazine derivative, 2,5,8-trichlorotri- 2. Methods

s-triazine? To our knowledge, other compounds containing the
Density functional theory (DFP§ has been applied to
~*Corresponding authors. E-mail: sugcp@mail.sc.cninfo.net (A. M. optimize all the structures. Beck’s three-parameter nonlocal
Tian); bhnbwong@cityu.edu.hk (N. B. Wong). exchange functional along with the Le¥ang—Parr nonlocal
Sichuan University. - . 28 : o
* City University of Hong Kong. correlation functional (BSLYFYYv is employed. Dunning’s
8 China Academy of Engineering Physics. aug-cc-pVDZ (5d) basis set has been used througiicand
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TABLE 1: AIM Atomic Charges for Triazido- s-triazine and
Triazidotri- s-triazine?

combustion of the explosive is usedentirely to heat the product

triazido-s-triazine

triazidotrs-triazine

gases to the combustion temperature, so that

atom charge atom charge ~AHeomp= Cp'gasegTC —To) )

N1 1.51 Nla —0.96

Cc2 —0.98 C2a 1.55 and

N3 1.51 N3a —-0.94 AH

C4 —0.98 Cda 1.54 T.=T.— comb ®)

N5 1.51 N1b —-0.95 CT 0 Cpnces

Ccé ~0.98 C2b 1.54 9

m; :8'8; (’\‘ﬁg _01'9533 AHcomp is the enthalpy of combustiorG,,gasesrepresents the

N9 0.20 N1ic ~0.95 total_ hgat capacity of the gaseous products, Bndnd T¢ are _
C2c 1.54 the initial and the combustion temperatures. In eqs 2 and 3, it
N3c -0.93 is assumed thatH ¢ompis constant over the temperature range
Cac 1.55 betweenT, and Tc and that the pressure in the combustion
mg :é'gg chamber remains constant due to a steady-state situation; the
N7 ~006 rates of formation and discharge of product gases are taken to
N8 0.23 be equal. AH ¢omb can be calculated from knowledge of the

2 The integration radius is 0.5 au for all the atoms. molar heats of formation of the explosive and the gaseous
products (eq 4).
SCF convergence criterion is set to #0The minimum energy products

or transition state nature of the stationary points is verified from
frequency analysis. The lowest two frequencies of all the
structures are listed in Table 5. All the transition states have
the only imaginary frequency, and their corresponding vibra- The latter are known, while the former can be determined in a
tional modes just reflect the cyclization process. The natural number of ways; for example, a reasonable estimate can often
bond orbital (NBO3J®~32 analysis has been carried out based be obtained from standard bond enthalpies plus any strain
on the optimized geometries. The thermodynamics in a vacuumcontributions. Politzét has pointed out that the relative specific
was computed by correcting the differences in electronic energy impulse is not highly sensitive to the method used for obtaining
to enthalpies at 298 K upon inclusion of zero-point energy and the heats of formation. In our work, we compute gas phase heat
thermal corrections. All these calculations are carried out using of formation with the semiempirical AM1 method. We have
the Gaussian 98 prograth The topological properties of the  computed the heat of formation striazine using this method,
electronic charge density have been characterized using Bader'sand the result is 58 kcal/mol; compared with the experimental
theory of atoms in moleculés with AIM 2000 program result, 54 kcal/mof? it indicates that this method is reliable.
package® The location of the (3;-1) bond critical points, which

can be related to the formation of the chemical b&hd® was 3. Results and Discussion

determined, and the electron density was computed at the critical 5 1 Properties of Triazidotri-s-triazine. We have investi-

points to pbtaln a measure of the bond order. Molecular gated the geometric and electronic structure of the triazidotri-

electrostatic potentials (MEFyvere computed to examine the ¢ jaine at B3LYP/aug-cc-pVDZ level. Its analogue, triazido-

changes in chemical reactivity due to the charge density striazine, is listed as a reference molecule.

redistribution. All of these analyses were performed at the  \occenich et al. had determined the crystal structure of

B3LYP/aug-cc-pVDZ. . . triazidos-triazine#* Compared with their experimental results,
To evaluate the explosive performance of triazidstitazine, o optimized structural parameters show a good agreement (see

we have calculated its heat of formation and relative specific Figure 1). So the computational methods we selected in this

impulse value introduced by Politzer et'&lThe specific impulse paper are reliable. As shown in Figure 1, triazidsttiiazine

(Is), widely used as a means of characterizing and evaluating ¢ 5 rigid plane geometry witBa, symme,try. NL-C2 C2-

explosives, is often expressed in terms of the absolute temper-N3v N3-C4, C4-N1, and C4-N5 bond lengths, respectively,

ature in the combustion chamb&g and the number of moles . o 1.337, 1.340, 1.332. 1.330 and 1.407 A-M&and N7-

of gaseous products produced per unit weight of explosive g hong lengths are 1.257 and 1.129 A respectively-R2—

(N= n/M, wheren is the number of moles of gaseous products 3 and c2N3—C4 bond angles are 128.4 and 176.M6—

produced by 1 mol of explosive, abdlis the molecular weight  \7_Ng bond angle is 170°7 We can find that the periphery

of explosive) by the simplified relationship given as e¢f 1. of the tri-s-triazine ring has a uniform bond length distribution,

and these bonds are shorter than the normaNGingle bond

length (1.470 A) and longer than the norma+ double bond

length (1.280 A). There seems to exist a conjugation system

This proportionality can be rationalized by kinetic theory. To over this molecule. Judged from the natural bond orbital (NBO)

apply eq 1, itis necessary to establish the identities and amountsanalysis, N+-C2, C2-N3, N3—C4, and C4-N1 Wiberg bond

of the various products and to determine the combustion indexes (WBIs} are 1.33, 1.32, 1.34, and 1.36, respectively.

temperature. Depending upon the composition of the explosive,N6—N7 and N7~N8 WBIs are 1.41 and 2.44. The fact that all

the major components of the gaseous products may include COthe WBIs of peripheral NC bonds are between the standard

CO,, N2, HO, or HF, with lesser quantities of other molecules values of the single bond (1.0) and the double bond (2.0)

and radicals such as;HNO, H, C, O, CHO, and pD** suggests there may exist considerable conjugation over the ring.
A simple approach to obtaining a rough approximation of In addition, the stabilization interaction energi€$2) are

the combustion temperature involves assuming that the heat ofcalculated by means of the second-order perturbation theory.

AH omp= z N;AH;; — NyepmAHs yepm 4)
I

g~ T01/2N1/2 1)
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TABLE 2: Idealized Stoichiometric Decomposition Reactions and Some Properties of HMX, Triazidotris-triazine, and
Triazido- s-triazine

molecule reaction n'M (n/M)12 relative AH relativels
HMX C4NgOgHg — 4CO+ 4N, + 4H,0 0.0405 0.2013 1 1
triazidotri-s-triazine GN1s— 8N, + 6C 0.0270 0.1644 3.42 0.93
triazidos-triazine GN12— 6N, + 3C 0.0294 0.1715 2.50 0.99

TABLE 3: Selected Natural Atomic Charges for Isomers of Triazidotri-s-triazine and the Transition States for the Cyclization
la 1b 2a 2b 3a 3b 4a 4b TSla TSlb TS2a TS2b TS3a  TS3b

Nla -060 -060 -058 -031 -030 -031 -030 -031 -059 -052 -052 -031 -030 -0.31

C2a 0.64 0.64 0.65 0.60 0.59 0.60 0.58 0.60 0.65 0.64 0.64 0.60 0.59 0.59
N3a -055 -055 -053 -052 -049 -053 -048 -052 -055 -053 -051 -053 -049 -0.52

Nib -060 -055 -031 -054 -031 -053 -030 -051 -052 -054 -031 -053 -0.31 -049

C2b 0.64 0.64 0.60 0.64 0.59 0.60 0.58 0.61 0.64 0.64 0.60 0.63 0.59 0.60
N3b -055 -060 -053 -0.60 -051 -0.31 -048 -030 -054 -0.60 -052 -050 -051 -0.30

Nic -0.60 -060 -059 -058 -057 -057 -030 -030 -059 -059 -058 -—-058 -—-051 -—-0.44

C2c 0.64 0.64 0.64 0.65 0.64 0.66 0.58 0.60 0.64 0.65 0.64 0.66 0.64 0.63
N3c -055 -055 -055 -053 -052 -052 -048 -048 -055 -055 -054 -052 -050 -—-0.52

Néa -035 -0.34 -0.34 -033 -031 -033 -030 -032 -034 -037 -036 -0.33 -0.30 -0.32

N7a 0.26 0.26 0.26 —-0.02 -0.01 -0.01 -0.01 -0.01 0.26 0.11 0.12 —-0.01 —-0.02 -0.01

N8a 0.06 0.05 0.08 —0.05 -0.03 -0.06 -—-0.02 -—0.04 0.07 0.09 0.12 -0.05 -0.02 -—0.04

N6éb -035 -034 -033 -034 -031 -033 -030 -033 -037 -034 -032 -037 -031 -0.30

N7b 0.26 0.26 —0.02 0.26 —-0.02 -0.01 -0.01 0.02 0.11 0.26 —0.02 0.10 -0.02 0.01

N8b 0.06 0.05 —0.05 0.06 —-0.04 -0.07 —-0.02 —0.06 0.09 0.05 —0.04 0.07 —-0.03 —0.04

Néc -035 -034 -035 -034 -034 -033 -030 -030 -035 -034 -035 -034 -035 -0.35

N7c 0.26 0.26 0.26 0.26 0.26 0.26 —0.01 0.01 0.26 0.26 0.26 0.26 0.11 0.08
N8c 0.06 0.05 0.07 0.08 0.09 0.11-0.02 —-0.02 0.06 0.07 0.08 0.10 0.13 0.06

TABLE 4: Selected Electron Densities of the (37-1) Bond Critical Point for Isomers of Triazidotri- s-triazine and the
Transition States for the Cyclization

la 1b 2a 2b 3a 3b 4a 4b TSla TS1lb TS2a TS2b  TS3a  TS3b

Nla—C2a 0.35 0.35 0.36 0.30 0.31 0.30 0.31 0.30 0.35 0.34 0.34 0.30 0.31 0.30
C2a-N3a 0.35 0.35 0.34 0.34 0.33 0.35 0.33 0.34 0.35 0.34 0.33 0.35 0.33 0.34
C2a-N6a 0.30 0.30 0.31 0.37 0.37 0.37 0.38 0.37 0.31 0.33 0.34 0.37 0.37 0.37
N6a—N7a 0.42 0.42 0.42 0.36 0.36 0.37 0.36 0.36 0.42 0.37 0.37 0.36 0.36 0.36
N7a—N8a 0.58 0.58 0.58 0.43 0.43 0.44 0.43 0.44 0.58 0.54 0.55 0.44 0.43 0.44
Nla—N8a 0.34 0.35 0.33 0.35 0.34 0.09 0.09 0.34 0.35 0.34
N1b—C2b 0.35 0.35 0.30 0.36 0.30 0.35 0.31 0.36 0.34 0.36 0.30 0.35 0.31 0.34
C2b—N3b 0.35 0.35 0.34 0.34 0.34 0.30 0.33 0.28 0.34 0.34 0.34 0.32 0.33 0.30
C2b—N6b 0.30 0.30 0.37 0.30 0.37 0.37 0.38 0.37 0.33 0.30 0.37 0.34 0.37 0.37
N6b—N7b 0.42 0.42 0.36 0.42 0.36 0.37 0.36 0.37 0.37 0.42 0.36 0.38 0.36 0.36
N7b—N8b 0.58 0.58 0.43 0.58 0.43 0.44 0.43 0.44 0.55 0.58 0.43 0.54 0.43 0.44
N1b—N8b 0.34 0.35 0.35 0.09 0.34 0.35

N3b—N8b 0.33 0.32 0.10 0.34
N1lc—C2c 0.35 0.35 0.36 0.36 0.36 0.34 0.31 0.30 0.35 0.35 0.36 0.35 0.35 0.31
C2¢c-N3c 0.35 0.35 0.34 0.34 0.33 0.35 0.33 0.34 0.35 0.35 0.34 0.34 0.33 0.36
C2c—-N6c 0.30 0.30 0.30 0.30 0.31 0.32 0.38 0.38 0.31 0.31 0.31 0.31 0.34 0.35
N6c—N7c 0.42 0.42 0.42 0.42 0.42 0.41 0.36 0.36 0.42 0.42 0.42 0.41 0.37 0.37
N7c—N8c 0.58 0.58 0.58 0.58 0.58 0.58 0.43 0.44 0.58 0.58 0.58 0.58 0.55 0.51
N1c—N8c 0.35 0.33 0.09 0.09

In the NBO analysisiE(2) is used to describe the delocalization ring and the azide group does not exist. Moreover, molecular
trend of electrons from the donor bond to the acceptor bond. orbital analysis shows there exists a delocalizedccupied
The selected stabilization interaction energE®) for the orbital in triazidotris-triazine molecule. This orbital is composed
triazidotris-triazine at the B3LYP/aug-cc-pVDZ level are purely of 2p orbitals of all carbon and nitrogen atoms, and its
summarized in Figure 2, where BD and BD* represent bonding stereograph is drawn in Figure 3.

and antibonding natural bond orbitals and LP represents lone As discussed above, we find that the triazidsttiiazine
pairs. TheE(2) values smaller than 10 kcal/mol are not included molecule contains a large conjugation system, which is advan-
in Figure 2, as these interactions may be deemed as weak. Agage to its stability. We have analyzed its topological properties
shown in the figure, there exist strong doraicceptor interac-  of electron density using Bader’s theory of atoms in molecules
tions among this system. Interaction energE@) values (AIM).35 The AIM atomic charges listed in Table 1 indicate
betweenr bonding orbitals and* antibonding orbitals in the  that the charge distribution for the triazidogririazine and
periphery of the system are 42.48 kcal/mol, &@) values triazidos-triazine is very similar. The net charges are about
between the lone pair of central nitrogen atom and peripheral +1.55 for the carbon atoms, abouf..00 for the ring nitrogen

a* antibonding orbitals are about 48.09 kcal/mol. Th&2) atoms, and about0.35,—0.06, and+0.20 for the three azide
values are similar to thE(2) values between bonding orbitals nitrogen atoms. More sensitive probe of the electronic structure
andz* antibonding orbitals irs-triazine molecule (39.32 kcal/  of a molecule is provided by the Laplacian of the charge density,
mol). It is worth noting that there is a strong interaction between Vp?(r), which determines the regions of space wherein electronic
the tri-s-triazine ring and the azide groug(R) is 46.50 kcal/ charge of a molecule is locally concentrated and depfététis
mol), but the corresponding interaction between dfigazine function has been shown to demonstrate the existence of local
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TABLE 5: Total Energy E (au), Formation Energy AE between the negative spatial domains and the positive domain
'(A|\<Ca|/m0|),ERelatlveAlél;eek EYII/GFGB(AS (kC"?‘Vmg'): - that covers the whole space surrounding the ring and the azide
arfgvt?]t"solr_'owne%rtg%m Fr(egl?erq:;ci)e)s' (C?naf):t'fgrr' | sg}ﬁers(sof ), groups. Each negative domain locates between two azide groups.
Triazidotri- s-triazine and the Transition States for the Compared with the MEP for triazidstriazine, the negative
Cyclization spatial domain for triazidotri-triazine is increased considerably.

Ea AE B AG K(298K) " v The shape and location of the frontier orbitals, i.e., HOMO
la 11045358 47 27 59.72 and LUMO, of triazidotris-triazine are illustrated in Figure 3.
2a  —11045166 12.05 12.36 5145 5639 It is observed that gzide groups interact only .With the.LUMO
3a  —1104.4996 10.67 11.61 53.91 78.44 orbital. The HOMO is only localized on the peripheral nitrogen
4a  —1104.4826 10.67 12.24 74.45 7445 atoms of the ring, and has the antibonding character. It is
;E _ﬁgj-gigg 1230 1324 45;5189 539531 component of 2porbitals of these nitrogen atoms. The LUMO
3b  —1104.4876 17.82 18.76 5401 7108 'S shargd all the atoms of the molecule and made up of their
4b  —1104.4512 22.84 23.66 61.52 7410 2P Orbitals.
TSla —1104.4980 23.72 23.85 2.04105 —269.60 51.10 Vibrational analysis shows that there is a characteristic
TS2a —1104.4799 23.03 23.85 2-041CT§ —266.42 53.46 frequency (843 cmt) for tri-s-triazine ring. Its vibrational mode
giz :ﬂgﬁgsg gggg 52'22 g'igige :ggg'gg f’lg';‘; is C, N out-of-plane rocking, and its infrared intensity is 44
TS2b —1104.4735 26.67 27.42 4.9210° —274.29 50.74 km/mol. This vibrational mode is also found $triazine ring,
TS3b —1104.4459 26.17 29.24 2.2810°9 —272.60 60.61 and its corresponding frequency is 824 dnfIR intensity, 32

km/mol). Comparably, the NN asymmetry stretching of azide
group has a very strong infrared intensity. They are 922 km/
concentrations of electronic charge in both bonded and non- mol n .tr|az|dotr|s(;r_|az|fne and .861 kmér;gll n (;”2'3‘;'7%?'
bonded regions of an atom in molecule, without recourse to triazine; correspon '”9 reque_nme_s are an £m
any orbital model or arbitrary reference state. Interactions 1Nne heat of formation, which is frequently taken to be
resulting from the sharing of charge density between atoms, asindicative of the “energy content” of an explosive, is calculated
in covalent and polar bonds, are characterizedvp§(r) < 0. for tr!a2|dotr|-s-t_r|azme and t_n_az_ldcs-trla2|_r1e. Moreover, as
The contours of the Laplacian of the charge density of triazido- Mentioned earlier, the specific impulse is also calculated to
s+triazine and triazidotri-triazine are drawn in Figure 4. The ~ €valuate the performance of these two compounds as explosive.
figure clearly indicates thaWpX(r) in triazidotris-triazine To facilitate comparisons, our values are given relatlv_e to HMX
remains very similar to triazide-riazine; the electron cloud  (1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane), a widely used
around each nitrogen atom shows a much greater concentratiorPXPlosive. In Table 2 are given idealized stoichiometric
of charge, and a small polarization of the covalertNCbond decomposition reactions for HMX, triazidoitriazine and
with the lone pairs on the nitrogen atoms is clearly visible, while triazidos-triazine. All nitrogens are assumed to go to,N
the nitrogen lone pairs in triazidotsitriazine are less diffuse ~ carbons to C (high temperature graphite) or CO (if oxygens are
than their counterparts in triazidetriazine. Here it should be ~ available), while oxygens preferentially form®i (if hydrogens
emphasized that nonbonded charge concentrations are thinnefe available) and otherwise CO and ®that order. We use

@ |nclude zero point energy correction.

in radial extent than are the bonded ones. such reactions to calculate the quantifi¥l in which n is the
Electron distribution of triazidotré-triazine is also described ~ number of moles of gaseous products &nds the molecular
by the molecular electrostatic potential (ME®)The electro- ~ Weight of the compoundsvM provides a rough (and quickly
static potential at a spatial point around a molecule is (in atomic determined) estimate of the number of moles of gaseous
units)s products available per unit weight of compound. Also included
in Table 2 are relative heats of formation obtained from
Z, r(r') calculateo! values i_n units of calori(_as per gram. Our calculated
V(r) = Z — f dr' results point out quite clearly that triazido#itriazine is a good
IRy — 1 [r —r'| candidate for an explosive. Compared with HMX; its relative

specific impulse is 0.93 and relative heat of formation is 3.42,

whereZ, is the charge on nucleus A locatedRy. The first while compared with triazidas-triazine, it has a greater heat of
term on the right-hand side of this equation represents the effectformation, but less specific impulse.

of the nuclei and the second is that of the electron deng(ty. 3.2. Azido—Tetrazole Isomerism. 3.2.1. Molecular Ge-

is then the net electrostatic effect resultant from the total ometries. Because of symmetry, triazidotitriazine has two
molecular charge distribution (nuclei plus electrons). The sign different (nonequivalent) conformationsgand1b, Figure 1).

of V(r) indicates thus the regions where either nuclei or electrons Both of their azide-tetrazole isomerisms are studied in detail.
dominate, so that an approaching electrophile will be drawn to The results in Figure 1 show that, in addition to the loss of
points whereV(r) < 0, particularly the local minima. The MEP  linearity of the azido group, which bends around,@be most

is an important analytical tool in the study of molecular relevant changes upon cyclization concern the angles@t-
reactivity, and particularly useful when visualized on surfaces N6 (or N3-C2—N6) and C2-N6—N7, which vary 16-12°,

or in regions of space, since it provides information about local the bonds N6-N7 and N7#~N8, which increase about 0.11 and
polarity. Typically, after having chosen some sort of region to 0.17 A, and the bond G2N6, which decreases about 0.07 A.
be visualized, a color-coding convention is chosen to depict the These results are similar to those of ref 23. The changes in the
MEP 46 In this paper, the most negative potential is assigned to tri-s-triazine ring are less important and involve mainly atoms
be blue, the most positive potential is assigned to be red, andN1 (or N3) and C2: the bond NAC2 (or C2-N3) increases

the color spectrum is mapped to all other values by linear about 0.05 A, the angle NAC2—N3 varies around % while
interpolation. Figure 5 summarizes the shape and position of angles C2N3—C4 and N3-C4—N5 almost have no variety.
MEP observed. The electrostatic behavior of triazidetriazine These changes reveal the magnitude of the electron density
molecule as given by MEP shows a clear and marked separatiorredistribution, which will be examined in detail below. As
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TS2b TS3a TS3b

Figure 1. Optimized geometries of different isomers of triazidattiiazineand the transition states for the cyclization (distances in A, angles in
deg). Experimental data for triazidetriazine are listed in parentheses.

expected, the optimized parameters for the transition state (TS)varies from~1.94 to ~1.38 A with concomitant changes in
are intermediate between those of azido and tetrazole. Howeverthe bonds N#N8 and N:-C2 (or C2-N3), which are enlarged
the change in structural parameters along the cyclization is ~0.11 and~0.04 A, and the angle NAC2—N6 (or N3—-C2—
highly asynchronous. Thus, the bonds-N\N8, N1-C2, and N6), which decreases around®10

N6—N7 at the TS are enlarged about 0.05, 0.01, and 0.07 A Comparing these results with the data reported in ref 23, we
with regard to their values in the azido, while they differ 0.17, can find that the geometric influence exerted by the nature of
0.05, and 0.11 A between azido and tetrazole. A similar finding the ring on the cyclization is very small.

is observed for the bond angles, as noted in the distortion of 3.2.2. Mechanism of Cyclization.To gain insight into the
the azido group~{40°) upon conversion from the azido to the electron density redistribution in the cyclization, we examined
TS, but also in the changes of angles-N12—N6 (or N3— the changes in NBO atomic charges (Table 3) and in Bader's

C2—N6) and C2-N6—N7. electron density (Table 4) at the bond critical points. Inspection
The preceding analysis indicates that different events occur of the charges indicates that the N atom of thesdtiiazine ring
as the azido group cyclizes. The conversion azid®S involves possesses a large negative charge, while the terminal N atom

basically bending of the angle N@N7—N8 with an increase in  of the azide possesses a small positive charge that should result
the length of N6-N7 and N7-N8 and a decrease in the length in a very slight attraction. In this case from the electrostatic
of C2—N6. The ring cyclization occurs mainly in the conversion point of view, ring formation should occur hardly. The driving
TS — tetrazole, in which the bond length NN8 (or N3—N8) force for ring closure can be explained mainly in terms of a
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triazido-s-triazine triazido-tri-s-triazine

Figure 2. Stabilization interaction betweenbonding orbitals and* antibonding orbitals, and between lone pair arfdantibonding orbitals in
triazidos-triazine and triazidotrs-triazine (unit: kcal/mol)

A £
:

delocalized 7 occupied orbital HOMO LUMO
Figure 3. Delocalizedsr occupied orbital, HOMO and LUMO in triazidote-triazine.

triazido-s-triazine triazido-tri-s-triazine

Figure 4. Contour map ofv,%(r) in the molecular plane for triazidstriazine and triazidotrs-triazine. Positive values 0¥,%(r) are denoted by
green contours and negative values by black contours.

stabilization of the tetrazoletg+riazine ring system. These density is transferred from the tsitriazine ring system into
reactions are therefore orbital controlled chiefly. Most of the the “azide group” of the tetrazole ring system.

electron density redistribution occurs in the conversion—FS The largest changes in electron density at the bond critical
tetrazole, where the terminal N atom of the azide group now points for the conversion azide- TS occur at bonds G2N6
possesses a small negative charge, whereas the ring nitrogeand N6-N7, where the electron density increases by 0.03 and
atom attached to the terminal N atom of the azide group losesdecreases by 0.05 (in atomic units), respectively. There is also
a considerable amount of charge to become less negativea loss of electron density (around 0.01) at-NI2 and C2-
Moreover, the N7 atom of azide group possesses positive chargeN3. These changes agree with the enlargement efN6(0.07
before the cyclization, but after the formation of tetrazol, it A), N1-C2 (0.01 A), and C2N3 (0.01 A) and the shortening
possesses a little negative charge. This means that electrorof C2—N6 (0.02 A). It is worth noting that the initial formation
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barrier of 19.2 kcal/mol for the ring opening of p-¢hloro-
phenyl)pentazole in CD30D/CD2CI2 in the temperature range
from —10 to 0 °C was found that compares well with our
results?” Comparatively, conformatioha can be cyclized more
easily than conformatiorib because of its lower activation
barriers and higher reaction rates (see Table 5).

4. Summary

In this paper, we have investigated the geometry, electronic
structure, harmonic vibrational frequency, explosive property,
and azide-tetrazole isomerism of triazidotsHriazine. Triazido-
tri-s-triazine has a planar geometry with, symmetry and exists

) ) considerable conjugation over the molecule. The electronic
of the bond between N3 and N8 is reflected in the appearancegistribution in triazidotris-triazine is very similar to that in

of the critical point between the two atoms, whereas the electron riazido-s-triazine. An MEP study shows that there is a clear

density at the critical point of N7N8 decreases by 0.03.  and marked separation between the negative spatial domains
Regarding the conversion TS tetrazole, the most relevant  and the positive domain that covers the whole space surrounding
changes occur at the critical points of N8 (or N3—-N8), the ring and the azide groups. Each negative domain locates
where the bond formation is reflected in the increase of electron petween two azide groups. Molecular orbital study shows that
density by~0.25, and of N#-N8, where the electron density  azide groups interact only with the LUMO orbital. The HOMO
decreases by0.12. These variations agree with the shortening s only localized on the peripheral nitrogen atoms of the ring,
of N1—-N8 (or N3-N8) by near 0.6 A and the enlargement of and has ther* antibonding character. Our study shows that
the N7-N8 by ~0.11 A. The changes at EN6 and N1-C2 triazidotri-s-triazine may be a good explosive. The azido
are also remarkable. On the contrary, the electron density attetrazole isomerism of triazidotsitriazine is investigated in
the critical point of N6-N7 is very little affected. detail. The reaction proceeds initially through loss of the linearity
The preceding data provide a detailed picture of the changesof the azido group, approaching the terminal nitrogen N8 atom
in electron density in the reaction. Bending of the azido group of the azide group to the nitrogen atom N1 (or N3) of the ring,
through the angle N6N7—N8 promotes an electron transfer  and this step is then followed by the attack of the lone pair on
from the bond N6-N7 to C2-N6, concomitant with the N1 (or N3) to the azido group, leading to formation of the bond
incipient attack of the lone pair on N1 (or N3) to the bondN7  petween N1 (or N3) and N8. The bending of the N—N angle
N8. This is reflected in the decrease of positive charge of C2 in the azide and the redistribution of electron density associated
and in the charge transfer from N1 (or N3) to N8. Indeed, the wjith these events give rise to a large free energy barrier.
lone pair on N6 is enhanced, in agreement with the reduction
of the angle C2N6—N7 from 115 (azido) to 105(TS). The Acknowledgment. This work was supported by the Research
ring cyclization is accompanied by an electron shift from N1 Grants Council of Hong Kong (Project No. 9040742 CityU
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