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2-Triphenylphosphanimino-4-azidotetrazolo[®JtFL,3,5]triazine 6) was obtained by reaction of 2,4,6-triazido-
1,3,5-triazine {) with 1 equiv of triphenylphosphane. Raman and X-ray data revealed that only one azide group
formed a tetrazole ring system whereas the second azide group did not undergo ring closure. To investigate the
equilibrium between the tetrazole isomer and the open-chain azide structure for these and related®*S$pecies,
NMR studies were carried out. The obtained spectra displayed an equilibrium between the tetrazole and the
open-chain azide isomers. 2,4,6-Tris(triphenylphosphanimino)-1,3,5-triafineaé prepared by treatment df

with 3 equiv of triphenylphosphane, and its X-ray structure is discussed. On the basis of PM3 semiempirical and
density functional calculations, the reactionlofvith triphenylphosphane was studied. The thermodynamics of
different isomerization reactions and the activation barriers to cyclization were estimated.

Introduction ring or an equilibrium mixture of both forms. This type of
azido—tetrazole isomerization has been the subject of many

. . - _ studied and was defined by Huisgen as a 1,5-dipolar cycliza-
with triphenylphosphane in anhydrous ether to form a phos tion.® In most cases, azideetrazole equilibria were observed

hazide (GHs—NNN—P(GHs)3). They postulated the formation . L -
gf unsta(ble intermediétes )tr)wat cgnpnot be isolated at room'" solution; in some cases, this phenomenon was also observed

6 i o .
temperature because they spontaneously emit nitrogen to form,'(gt:ggorlgeilsomTeTZstI;ﬁrogiﬁv\r;orﬁ:g'éite'?]n d?slgﬂgstf t?as:veral
triphenylphosphanophenylimine. P y y

As early as 1907, W. Kesting investigated the reaction of groups’™® The population of azido and tetrazole forms depend_s
2,4,6-triazido-1,3,5-triazinel) with triphenylphosphangEver strongly on the solvent, temperature, and nature of the substit-

10
since then there has been considerable interest in the reactivityue;ts' " ted the ch terizati £ 2 abi
and explosive character dfand its derivatives. ecently we reported on the characterization of z,4-bis-

According to the following reaction (triphenylphosphanimino)tetrazolo[5a]41,3,5]triazine {).** In
this study we demonstrate that the final products of the reaction
of 1 with triphenylphosphane and their distribution strongly

Staudinger and Meyéirfound out that phenyl azide reacts

N3 - e . .
)\ depend on the reaction conditions, stoichiometry, and temper-
NON). ¢ 2 PCH), o NTON a ature. Depending on the stoichiometry, different products are
T TN N)\\N)\N//P(CsHsh formed that could be isolated and characterized.
E(C6H5)3

Results and Discussion

the formation of 2,4-bis(triphenylphosphanimino)-6-azido-1,3,5-  Experimental Charaterization. By addition of 1 equiv of
triazine @) was suggested which, despite the remaining azide triphenylphosphane to a solution bfn ether, initially a yellow-
group, showed neither shock nor heat sensitivity. . : :
Since the azido group is attacheda C atom adjacent to an (4) TiSler, M. Synthesisl974 123-136 and r.eferences therein.
annular nitrogen, it may spontaneously cyclize to give a tetrazole ®) E#éslgfgéaR#%%iv_v' Chem1968 80, 329; Angew. Chem., Int. Ed.

(6) Wentrup, C.Tetrahedron197Q 26, 4969.
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T Peformed X-ray structure analysis. (8) Burke, L. A.; Elguero, J.; Leroy, G.; Sana, M. Am. Chem. Soc.
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Figure 1. Diagram of the reaction PRlwith 1 and the equilibria between the tetrazole and the azide isomers.
Table 1. 3P NMR Shifts in CDC} vadNNN), weak) and 2150 cmt (IR, vadNNN), strong)
compound 3 [ppmp? rel intensity assigned to the characteristic asymmetric stretching vibration
PPh "46 of the azide group in combination with the molecular peak (mass
6 247 26 spectrometry) supported this assumption. X-ray structure analy-
ob 21.6 1 sis of suitable single crystals confirms the formation of the novel
6° 24.9 56 2-triphenylphoshanimino-4-azidotetrazolo[®]tf1,3,5]triaz-
x 21.1 1 ine () in the solid state. After crystals éfwere dissolved, the
; ié% g recorded NMR spectra again showed two signals with an
3 15.7 (br) 1 intensity ratio of 2.6:1 (tetrazole/azide), which can be explained

4 12.3 by an equilibrium between the tetrazole isor6end the open-
chain azide structurg. The two3!P NMR signals at = 24.7

o b _ H . . . N
" 25°C. > Temperature-dependefiP NMR experiment: 60C 1.4: andé = 21.6 were observed at 2&. However, the equilibrium

1;50°C 1.6:1; 40°C 1.8:1; 30°C 2:1; 20°C 2.6:1; 10°C 2.9:1; 0°C

2.9:1;-10°C 3:1 (at lower temperature precipitation occufsjem- depends on the temperatdr€:'“ The intensity ratio changes
perature_dependeﬁﬂp NMR experiment: 30C 50:1; 50°C 36:1; 80 to 1.4:1 when the temperature Is raised to°60and returns to
°C 12:1; 120°C 6:1; 150°C 5:1 in [D6]DMSO. 2.6:1 upon cooling. Further cooling te50 °C leads to a

decrease of the azide intensity and finally to precipitation of
green intermediate is formed, thought to be due to the formation the tetrazole ). Cleavage of the tetrazole ring is generally an
of R—NNN—P(GHs)s (R = diazido—-triazine moiety). This endothermic process in solution, which explains that higher
adduct has only fleeting existence and decomposes by givingtemperatures favor the azido speci®st® Furthermore, the
off N, resulting in the formation of monophoshanimino-diazide isomerism is solvent-dependent. Polar solvents favor the tetra-
(2) (Figure 1). The reaction was estimated to be exothermic zole form, and nonpolar solvents, the azido species. The
(AE[B3LYP/6-31G(d)//PM3]= —72 kcal/mol; see Computa-  assignment of thé!P, 5N, and®*C NMR signals for the tetrazole
tional Methods)3'P NMR data suggest the partial transforma- was deduced from measurements in [D6]DMSO and from
tion of 2 into the tetrazole isomers or 6 in an equilibrium comparison with literature daté The assignment was possible
reaction. The formation dj is less likely becauseis stabilized because in DMSO a large excess of the tetrazole was observed
by about 7.5 kcal/mol (B3LYP/6-31G(d)//PM3). The ring (intensity ratio 56:1; see Tables 1 and 2).
formation 2 — 6 represents a true equilibrium reaction
(Kex(298 K, CDC}E) = 2.6; see Tetrazole vs Azide and Table (12) (a) It should be noted that the computation was carried out for single,

1). Depending on the level of theory the estimated Gibbs free isolated (gas-phase) molecules. Therefore, small differences between
: N _ gas-phase and solid-state or solution data are expected. (b)tkéapo

energy is+2 kcal/mol AE[B3LYP/6-31G(d)]= —0.25 .kcal./ T. M.; Schulz, A. Quantum Chemical Methods in Main-Group

mol; AE[B3LYP/6-31G(d)//PM3]= 1.31 kcal/mol), which is Chemistry with an invited chapter by Harcourt, R. D.); Wiley &

in good agreement with the experimental value-@&.57 kcal/ Sons: Chichester, 1998.

mol derived from3P NMR experiment$2-13 (13) For this type of isomerization th®G(298 K) value should not differ

S . . much from theAE(O K) value.
The presence of one remaining azide grouf was deduced (14) Patai, SThe Chemistry of the Azido Gropiley: NewYork, 1971.

from Raman and IR spectroscopy. Bands at 2146'qRaman, (15) McEwan, W. S.; Rigg, M. WJ. Am. Chem. Sod.951, 73, 4725.
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Table 2. 13C and'>N NMR Resonancésof 6 (6 in ppm, 7

[D6]DMSO) '
13C/15N b 130/15N b Y]

N1 —266.3 (dMwe=325H2) g q0 —1425 ~

N2 —181.2 (d3Jxp = 6.5 Hz) —~144.2 Ny

N3 —192.4 c19 151.6 (Jcp = 1.6 Hz) ‘

N4 —79.1 C20 162.9 (dJcp= 1.5 Hz) c,

N5 17.0 c21 158.5 (dJcp= 1.5 Hz) \
N6 —35.1 1Ghenyl  124.5 (d,Xcp = 102.6 Hz) /
N7 —151.1 (d3np=11.2Hz) 2Gheny 129.3 (d2Jcp = 13.0 H2) Ny
N8 —265.4 3Ghenyl  132.9 (d3Jcp= 10.8 Hz)
ACohenyl  133.7 (d*Jcp= 3.0 Hz)
a For numbering of the atoms see Figuré Allocated in comparison
with the literature-®2 ~ %
N6/ \ / N Y,

Upon ring formation, thé'P NMR resonance shifts to lower

field (Table 1). Moreover, possible equilibria betwe®and8 Y3

and/or9 were not observed, which again is in agreement with 23/

the theoretical result(— 8, AE[B3LYP/6-31G(d)//PM3]= Figure 2. Model for the assignment of the atoms in different species

6.5 kcal/mol;6 <> 9, AE[B3LYP/6-31G(d)//PM3]= 19.8 kcal/ derived from the parent molecule This arrangement corresponds to

mol). ttt (Y1 trans to N1, Y2 trans to N2, Y3 trans to N3; Z1, Z2, and Z3
By addition of 2 equiv of triphenylphosphane, eitf@eor 7 were always found to be in a trans position to C1, C2, and C3).

will be formed in an exothermic reactiodME[B3LYP/6-31G- ]

(d)//PM3] = —66 kcal/mol). An azide-tetrazole equilibrium results. Therefore, only two conformers were foundifor his

betweerB and7 is assumed because th@E NMR signals at change from a cis to a trans position of the terminal N atom
& = 21.1, 16.7, and 15.7 were observed in solution (intensity during the optimization holds for all the considered species. To
ratio 5:5:1 (tetrazole/tetrazole/azide); Table 1). In agreement with find a systematic way of assigning all isomers, we have
the experimental finding, theoretical computations suggest anintroduced a model that is shown in Figure 2. Table 3
equilibrium becaus® and 7 are only separated by 0.1 kcal/ summarizes the results of the conformational analysis.
mol (Table 2; cf. AexgGoos = —0.95 kcal/mol; Kexy(298 K, Tetrazole vs Azide The azide groups d, 3, 5, and6 are
CDClg) = 5). Similar to the equilibriun2 < 6, only the tetrazole capable of attacking an N atom of the triazine ring, forming a
isomer7 and not the open-chain specig@svas found in the tetrazole ring system (Figure 1). However, in all cases from
solid state'! the electrostatic point of view ring formation should not occur
The addition of 3 equiv of triphenylphosphaneltteads to as indicated by the calculated Mulliken partial charges (Table
no further substitution in solution. The triply substituted product 4). The N atom of the triazine ring and the terminal N atom of
4 can only be obtained by melting with an excess of the azide possess a large negative charge that should result in
triphenylphosphane. The third step also represents an exothermi@ considerable repulsion. The driving force for ring closure can
reaction AE[B3LYP/6-31G(d)//PM3]= —53 kcal/mol). Since only be explained in terms ofrastabilization of the tetrazote
quite drastic conditions are required to obtadn a large triazine ring system. These reactions are therefore orbital-
activation barrier is assumed. TE#¥ NMR spectrum shows  controlled and not electrostatically. Moreover, when onesPPh
the expected resonance at= 12.3. Compound4 can be group is introduced, the €N bond system becomes more
regarded as the trimer of FPNCN @ = 23.1)17 The formation polarized (ring N atoms possess a larger negative charge, ring
of 4 in the solid state was proven by X-ray crystallography and C atoms a larger positive charge) and the terminal N atom of
also characterized by NMR, Raman, and IR spectroscopy andthe azide group becomes more negative, which should result in
mass spectrometry (molecular peak). a larger repulsion upon ring formation. Introduction of a second
Conformational Analysis. Semiempirical calculation atthe ~ PPh group increases this polarization effect and the repulsion
PM3 level of theory (geometry) and single-point calculations between the ring nitrogen and the terminal azide nitrogen atom
applying density functional theory (energy) were carried out to (Nterm,azideVS Ning; 1, —0.2676 e vs—0.2900 e;2, —0.3258 e
estimate the stability and thermodynamics of all species in vs —0.3408 e3, —0.3594 e vs-0.3815 e; Table 4). However,
Figure 1. Four of these speciek B, 6, 7] were isolated and  despite the increased repulsion, ring formation seems to be easier
characterized. Since all molecules were derived figdifferent compared tal for which no ring formation can be observed.
isomers and conformers have to be considered. For compouncElectron density is transferred into the triazine ring system by
1 there are eight possible conformers. Because of symmetry,the PPh group. Along the molecule2—4 the amount of
there are only two different (nonequivalent) conformations. All transferred electron density increases with the number of
conformers with the terminal nitrogen atom of the azide group introduced PPhunits [2, 0.25 e;3, 0.34 e;4, 0.40 €].

being in a cis position to the ring C atom were optimized into  The charge distribution changes dramatically within the
a trans position, which is in agreement with our experimental triazine ring system upon ring formation. The nitrogen ring atom
attached to the terminal N atom of the azide group now
(16) I(Ba)TStgfani,(a}lk, L.; Sobe:jtlsé 834 gz «\i\/)ita;ré%W(stl)()i,hl/\l/l.; Wek;\t/JI, IG A-;I Hamdi, possesses a small positive charge, whereas the ring carbon atom
. T.Org. Magn. Reso , . ason, Multinuclear ; ;
NMR Plenum: New York, 1987. (c) Witanowski, M.. Stefaniak, L. of the tetrazole s_ystem (see partial charges of C2 in Table 4)
Januszewski, HNitrogen NMR Plenum: London, 1973; p 219. (d)  receives a considerable amount of charge to become less
Witanowski, M.; Stefaniak, L.; Januszewski, Annu. Rep. NMR positive. This means that electron density is transferred from
Spectrosc1993 25. (e) Hesse, M.; Meier, H.; Zeeh, Bpektrosko- i ; [ ”
pische Methoden in der Organischen Cheiftodern Spectroscopy the cyanuric ring SySth‘m Into the_ azide ng)up of the tetr:_;lzole
in Organic Chemistry); Thieme: Stuttgart, 1995. ring system $, 0.40 e;6, 0.32 e;7, 0.41 e;8, 0.21 e]. This

(17) Ruppert, I.; Appel, RChem. Ber1978 111, 751. charge redistribution seems to be the reason the introduction of




Reaction of 2,4,6-Triazido-1,3,5-triazine Inorganic Chemistry, Vol. 40, No. 6, 2001.105

Table 3. Relative (kcal/mol) and Absolute Energies (au) (B3LYP/6-31G(d)//PM3)

equivalent to Ew(B3LYP/6-31G(dp)//PM3) Erel

1
a ttt cce —771.137 924 0.00
b ttc ctc, tct, cct, ctt, tcc —771.137 114 0.51
2a
a ttt cce —1698.010 963 0.00
b ttc cct —1698.007 812 1.98
c ctc ctt —1698.009 973 0.62
d tcc tct —1698.008 109 1.79
reaction la+ PPh—2a+ N; AE=-718
3b
a ttt cce —2624.874 643 0.00
b tcc ctt —2624.871 368 2.06
[ ttc ctc —2624.870 263 2.75
d tct cct —2624.849 263 15.91
reaction 2a+ PPh— 3a+ N; AE = —65.9
4
a ttt cce —3551.717 605 0.00
b ttc ctc, tet, cct, ctt, tcc —3551.697 495 12.61
reaction 3a+ PPh—4a+ N, AE=-529
52 2a
a ttt —1697.997 036 0.00 8.74
b ttc —1697.989 618 4.76 13.39
c ctc —1697.989 452 4.65 13.50
d ctt —1697.993 354 2.31 11.05
62 2a
a cce —1698.008 867 0.00 1.31
b tcc —1698.006 438 1.52 2.84
[ tct —1697.998 893 6.26 7.57
d cct —1697.998 575 6.46 7.77
7° 3a
a ttt cce —2624.874 517 0.00 0.08
b tcc ttc —2624.841 054 16.37 16.45
[ ctc tct —2624.853 988 12.88 12.96
gde 2a

ttt cce —1697.998 572 7.78
od 2a

ttc ctc —1697.977 253 21.15

a Azide groups attached to C1, NPRittached to C3? Azide group attached to CENPPh attached to C1 and C3; ttc (ctc) does not represent
a stabile isomer and is optimized to ®#tNPPh attached to C1¢ The conformer ctt (which is equivalent to tcc) does not possess a minimum.

Table 4. Mulliken Partial Charges (in &)
C1 N1 C2 N2 C3 N3 N4 N5 N6 Y1 Y2 Y3 Z1 z2 Z3

(ttt +0.2245 —0.2900 +0.2245 —0.2900 +0.2245 —0.2900 —0.4175 —0.4175 —0.4175 +0.7505 +0.7505 +0.7505 —0.2676 —0.2676 —0.2676
(2)ttt +0.2253 —0.3408 +0.2253 —0.3584 +0.2816 —0.3515 —0.4317 —0.4441 —0.7427 +0.7679 +0.7680 +2.2313 —0.3258 —0.3202 —0.5844
3ttt  +0.2280 —0.4009 +0.2828 —0.4193 +0.2851 —0.3815 —0.4523 —0.7609 —0.7514 +0.7795 +2.1917 +2.1965 —0.3594 —0.5786 —0.5781
(4ttt +0.2978 —0.4509 +0.2861 —0.4409 +0.2789 —0.4410 —0.7761 —0.7634 —0.7726 +2.1666 +2.1743 +2.1798 —0.5938 —0.5862 —0.5896
(5)ttt +0.1664 +0.1019 +0.0169 +0.1019 +0.2679 —0.2875 —0.4221 —0.2262 —0.7334 +0.7644 +0.0594 +2.2532 —0.2801 —0.1722 —0.5921
(6)ccc +0.2309 —0.2847 —0.0158 +0.0981 +0.2512 —0.3721 —0.4389 —0.1835 —0.7514 +0.7613 +0.0297 +2.3034 —0.3020 —0.1628 —0.6076
(Mttt +0.2458 +0.0855 +0.0191 —0.3853 +0.2834 —0.3998 —0.7680 —0.2475 —0.7450 +2.2635 +0.0311 +2.2051 —0.5912 —0.1892 —0.6031
(8)ttt  +0.2384 +0.1358 —0.1285 +0.1709 —0.0125 —0.3203 —0.7527 —0.1123 —0.1889 +2.3220 +0.0127 +0.0390 —0.6132 —0.1132 —0.1408
(9)ttc  +0.2608 +0.0525 —0.0148 —0.0988 +0.0292 +0.0009 —0.7576 —0.1802 —0.2161 +2.4227 +0.0545 +0.1149 —0.6354 —0.1762 —0.3487

a See Figure 2.

the PPh groups is so important for ring closure and explains the terminal N-N distance of the azide group of around 0.16
why the remaining €N bonds become more strongly polarized. A. These changes reveal the magnitude of the electron density
To gain further insight into the thermodynamics and the redistribution, which was examined in detail above. Remarkably,
kinetics of the2 < 6 and 3 < 7 equilibria as well as the  all structures derived frorba (TR1a andTR2a) are more stable

influence of the PPhgroups, we performed calculations on the than those derived frortb (TR1b and TR2b; Table 5).

model compound. at the B3LYP/6-31G(d) level (full optimiza- For 1itis known that no cyclization has been experimentally
tion). The calculated structures of different isomerslaind observed? Such a cyclization would result in formation of
possible cyclization products are depicted in Figure 3. Two TRla or TR1b (Table 5, Figure 3). In contrast to ttie< 6
different structures were found fat, TR1, and TR2. All and3 < 7 equilibria, all possible cyclization reactiona(<>

structures are planar and represent minima on the potentialTR1a, TR1la< TR2a, andTR2a < TR3) of 1 were calculated
energy surface. The azide groups lie in the ring plane that favors

the delocalization of ther electron density over the entire (18) fé‘é‘;’ﬁ”gacé;‘ga”fe”' F.; Heming, . Mol. Struct.: THEOCHEM

Speci.esl.s The mos_t relevant changes upon CyC”_Zation are the (19) Kessenich, E. Diploma Thesis, Ludwig-Maximilians-Univétsita
bending of the azide group of around°58nd the increase of Muinchen, Munich, Germany, 1997.
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1.288
TS, TR1a—>TR2a

TS, TR1a—>TR2a TS TR2a—TR3

Figure 3. B3LYP/6-31G(d) fully optimized geometries of different isomerslafnd the transition states for the cyclization (distances in A, angles
in deg).

to be endothermic by-811 kcal/mol and possess equilibrium  Electron-donating groups such as RBhhance ring closure and
constants of around 18-10"11 (Table 5). Approximations of  stabilize the tetrazole forr?.
the equilibrium constants of th2 <= 6 and 3 < 7 equilibria In the next step the activation barrier for the cyclization was
and the Gibbs free energies were determined by integration ofinvestigated:* There are several factors leading to activation
suitable NMR signals. The experimental equilibrium constants Parriers for this type of 1,5-dipolar cyclization: (i) the unfavor-
of 2.6 for the2 <> 6 and 5.0 for the8 < 7 equilibria are nicely able charge distribution (electrostatic repulsion, Table 4) with
in agreement with the calculated values of 0.1 and 0.9 (B3LYP/ & hegatively charged terminal azide and ring nitrogen atom, (ii)
6-31G(d)//PM3, Table 5), respectiveRi3The B3LYP/6-31G- ahle?beg_d'"g °3f the Z*N_TN a”ﬁ'e in thz.atz!get.(from 171 to
(d) (full optimization) result of 1.5 for th€ < 6 equilibrium , Figure 3), and (iii a charge redistribution upon ring
T . closure. In accordance with this, all three cyclization steps,
constant shows a smaller deviation from experimental results.
Unfortunately, this level of theory is not feasible for larger

(20) (a) Butler, R. N.; Scott, F. L1. Org. Chem1966 31, 3182. (b) Lieber,

systems such &3, 4, and7. The huge difference between the E.; Sherman, E.; Henry, R. A.; Cohen,JJAm. Chem. Sod951, 73,
equilibrium constants of théa <> TRlaand2 < 6 (3« 7) 23. (c) Norris, W. P.; Henry, R. Al. Org. Chem1964 29, 650. (d)

e . . Henry, R. A.; Finnegan, W. G.; Lieber, H. Am. Chem. Sod.955
equilibria nicely explains the influence of the RRitoup as a 77 2265.

tetrazole-stabilizing group with respect to thermodynamics. (21) Schulz, ATrends Inorg. Cheni999 6, 137.
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Table 5. Absolute (au) and Relative (kcal/mol) EnergiesloRa, 6a, and6b Fully Optimized at B3LYP/6-31G(&)

Etot AE AHagg AGggg K
la —771.159 322 0.00 0.00 0.00
1b —771.158 509 0.51 0.49 0.46
TR1la —771.142 372 10.64 10.74 12.30 la— TRla 6 x 10710
TR1b —771.140411 11.87 11.92 13.45 1b— TR1b: 2x 10
TR2a —771.129014 5 18.51 18.80 21.92 TR1la—TR2a: 6 x 10°8
TR2b —771.123 252 22.63 22.73 25.69 TR1b — TR2b: 7x 101
TR3 —771.112 673 29.27 29.61 34.15 TR2a— TRS3: 7 x 10710
TS la— TRla —771.121 032 24.03 22.82 24.21
TSa TRla— TR2a" —771.105 029 34.07 33.01 35.93
TSy TRla— TR2a" —771.107 560 32.48 3141 34.40
TS TR2a— TR3 —771.091 874 41.81 40.89 45.42
2&° —1697.982 960 0.00
6a° —1697.983 364 —0.25 —0.57 2a— 6a 1.5
6b° —1697.981 348 1.01 2a— 6b: 0.2
TS2a—6&° —1697.949 500 19.98

aSee Figure 3P There are two possible ways to forfiR2a resulting in two different transition states; see Figuré See Table 2, Figure 1.
d Experimental value (derived frofiP NMR data; this work)e cf., Kex, = 2.7; see ref 13.

finally resulting inTR3, are calculated to possess fairly large
activation barriers to cyclization with 23 (formation of the first
tetrazole ringTR1a), 21 (formation of the second tetrazole ring,
TR2a), and 18 (formation of the third tetrazole rinbR3) kcal/

mol. Introduction of a PPhgroup slightly decreases the
activation barrier to 20 kcal/moR& < 6aisomerization). There

is no experimental data directly available for comparison, but
the activation energies for related reactions agree well. For
example, an activation barrier of 19.2 kcal/mol for the ring
opening of 1-p-chlorophenyl)pentazole in GOD/CD,Cl; in

the temperature range from10 to O °C was found that
compares well with our resultd. More recently, ab initio
calculations of the isomerization of azido and tetrazole forms
of thiazole[3,2€l|tetrazole were reported. In agreement with our Figure 4. ORTEP drawing of4. Thermal ellipsoids with 25%
results a transition state was found being around 19 kcal/mol probability at 293 K (hydrogen atoms omitted).

higher in energy compared to the energies of both isomers. The A
tetrazole structure was estimated to be less stable by 1.2 kcal/f@ble 6. Selected Bond Lengths [A] and Angles [deg] #r

mol.” It should be noted that polar solvents may have a  P(1)}-N(4) 1.588(3) P(LAyN(4A) 1.585(3)
considerable influence on the activation barrier. For the thiazole- ’c\‘:g‘l‘;—ﬁ((g %'3?:2%2; g((iﬁiﬁ((%ﬁ)) %-gﬁggi))
[3,2-d]tetrazole system it was found that the free energy barrier — . .
is not drastically changed upon solvatienl(kcal/mol in water), N@)-C@) 1.347(4) N(2AF C2A) 1.348(4)
suggesting little variations in the kinetiés. Eg)}:mgg—g% gg.g% Eggmgﬁ;—ggﬁg ﬁéi%
The geometries of the different transition states for the PGY-N(6)-C(3) 115.8(2) P(3AYN(BA)-C(3A) 122.7(2)
cycllzatlon _ofl are shoyvn in F|gure_3 and display strongly N(4)-C(1)-N(2) 120.6(3) N(4A}C(1A)-N(2A) 120.0(3)
distorted azide groups withjp,—Nazigedistances between 1.931  c(1)-N(2)-C(2) 115.4(3) C(LAFN(2A)—C(2A) 115.3(3)

and 1.945 A and NN—N angles between 129.@&nd 130.7.
As expected, the optimized parameters for the transition statesTable 7. Selected Bond Lengths [A] and Angles [deg] ®r

are between those of the azides and tetrazoles. Interestingly, P(1)-N(1) 1.611(4) P(layN(la) 1.624(4)
there are two different transition statéss andTS, TR1a — m&z);(?&gg ll-ggg((g)) u((llgia;?&%gag ll-gélg((g))
i ibi izati — . a .
T e e NYNE)  Izowo  NaoNGs iz
. . : . ) N(8)—C(20) 1.374(9) N(8a)C(20a) 1.397(7)
nonequwalent a2|qle groups capable c_)f forming a tetrazole ring,  c(20)-N(3) 1.306(8) C(20ayN(3a) 1.309(7)
two different reaction paths are possibl&, was found to be N(3)—C(21) 1.332(9) N(3a)yC(21a) 1.334(7)
1.6 kcal/mol less stable thafS, TR1a — TR2a. C§2)1)—l\(l(4)1) 1-309E9; CE2;;}'\(|(4§1) 1-314§7;
i . N(4)—N(5 1.361(9 N(4a)N(5a 1.364(7
. S(¥stﬁllography. 'I('jr;e cré/ztallograpmc o!ataéI a_lnc:href;geme_nt N(5)—N(6) 1.313(7) N(5ayN(62) 1.318(6)
etails for compoundéd and6 are summarized in the Experi- N(6)—N(7) 1.362(7) N(6a)}N(7a) 1.359(6)
mental Section. Single crystals @&uitable for X-ray structure
determination were obtained by recrystallization from dichlo- m&;JE\ITE(,?ZT\l’?é?) ﬂgg% m&g}a{l ’215(?;\?—)?\1%21?) ﬂggg
roethane at ambient temperature, and crystafsnedre obtained P(1)-N(1)—C(19) 125"6( 4)  Pa)N(la)-C(19a) 121, 1(3)

by recrystallization from xylene. Selected bond lengths [A] and

angles [deg] fod and 6 are given in Tables 6 and 7.
2,4,6-Tris(triphenylphosphanimino)-1,3,5-triazidé ¢rystal-

lizes in the triclinic space groupl with four molecules in the

unit cell. The perspective view @f is shown in Figure 4. In
agreement with our computation, the molecule crystallizes in a
trans and a cis configuration (Figures 2 and 4), which are
equivalent and can be transformed into each other by & 180
rotation about the N2C5 axis. An angle of 9is found between
the two planar triazine ring systems.

(22) Butler, R. N.; Collier, S.; Fleming, A. F. Ml. Chem. Soc, Perkin
Trans. 21996 801.
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Figure 5. ORTEP drawing of6. Thermal ellipsoids with 25%
probability at 293 K (hydrogen atoms omitted).

The P-N bond length of about 1.59 A corresponds to a bond
order between 1 and 2, indicatingcharacter in the PN bonds.
P—N—C angles between 116and 128 are found that are
comparable with the PN—C angle of about 122observed in
the monomeric species (FRNCN)23

2-Triphenylphosphanimino-4-azidotetrazolo[®J3[L,3,5]tri-
azine @) crystallizes in the monoclinic space groGg/c with
eight molecules and four solvent molecules in the unit cell. The
molecular structure of compourglis shown in Figure 5. By

use of our model according to Figure 2, the molecule crystallizes

in the trans-cis—cis conformation, which does not represent
the lowest-lying isomer. According to our calculation the—is
cis—cis arrangement should be slightly favored. However, the
trans-cis—cis conformation is only 1.5 kcal/mol (B3LYP/

Kessenich et al.

The experimental observation of an azidetrazole equilib-
rium 2 < 6 and3 < 7, in contrast tdl < TR1, can be explained
with the thermodynamic stabilization of the tetrazole isomer
due to the introduction of the PPlyroup. The fairly large
activation barrier to cyclization of about 2@5 kcal/mol may
be partly attributed to an unfavorable electrostatic repulsion
between the terminal nitrogen atom of the azide group and the
ring nitrogen atoms as well as to the bending of the azide group.

The introduction of PPhgroups results in more strongly
polarized C-N ring bonds and in a charge transfer into the
triazine ring system. The orbital-controlled ring formation is
accompanied by a considerably large charge transfer into the
tetrazole ring system and therefore thermodynamically stabilizes
the tetrazole isomer. This redistribution may explain the
importance of the PRhgroups because they represent good
electron donors.

Experimental Section

General Remarks. CAUTION! 2,4,6-Triazido-1,3,5-triazine is
highly shock-sensitive and a powerful explosive! The explosive nature
increases with greater purity and crystal size. This compound should
be handled only on a millimolar scale using appropriate safety
precautions, i.e., face shields, leather gloves, protective jackets, and
safety shields. Plastic beakers and spatulas should be used during the
preparation.

Solvents were freshly distilled, dried, and stored under nitrogen.
NMR: JEOL Eclipse 400/GSX 270 DeltéH, **C chemical shifts refer
to Odtms = 0.00; 15N to dcHano2 = 0.00;31P to (3H3PQ4(85%) = 000) IR:
Nicolet 520 FT-IR (as KBr pellets or in Nujol mulls between KBr
windows). Raman: Perkin-Elmer Spectrum 2000R NIR FT. CHN
analyses: Analysator Elementar Vario EL. MS: Finnigan MAT 90.
Melting points are uncorrected (Bhi B540). 2,4,6-Triazido-1,3,5-
triazine was prepared according to the procedure given in the litefature.

2,4,6-Tris(triphenylphosphanimino)-1,3,5-triazine (4). 4was pre-
pared according to the literatute Cs/HasNsPs (906.9) yield: 99%,
colorless crystals, mp 23%€. IR (KBr): # (cm™) = 3048 (w, CH),
1589 (vw, CC), 1575 (vw, CC), 1472 (vs), 1436 (s), 1364 (s, br), 1311
(w), 1287 (vw), 1275 (vw), 1179 (m), 1158 (m), 1111 (s), 1071 (vw),
1029 (vw), 998 (vw), 894 (w), 823 (m), 748 (w), 717 (s), 692 (s), 615

6-31G(d)//PM3, gas phase) less stable. Thus, Coulomb andww), 532 (s), 524 (s). Raman (100 mWjj:(cm™?) = 3058 (7.5, CH),

packing forces could be responsible for the observed trans
cis—cis molecular structure @ in the solid staté?13

The P-N distances ir6 are 1.611 and 1.625 A, which are
significantly longer than the PN distances irl. These values

also correspond to a bond order between 1 and 2. In comparison

the sum of the covalent radii (PN) is 1.8 A for a single ¥
bond and 1.6 A for a double borél A typical P—N bond with
m character is found in RP=N—R compounds with 1.602

1590 (5.0, CC), 1574 (2.0, CC), 1492 (1.0), 1439 (0.5), 1376 (1.0),
1214 (1.0), 1187 (1.0), 1162 (1.0), 1113 (2.5), 1032 (2.0), 1000 (10),
899 (0.5), 691 (0.5), 618 (1.5), 583 (1.5), 254 (1.5 NMR
(CDCl): 6 = 8-7.3 (m, 45 H, GHs). *C NMR (CDCk): 6 = 171
(br, Criazind, 133-127 (54 C, Gheny). 3P NMR (CDCE): 6 = 12.3
{s). MS (El, 70 eV) Wz (%): 907 (26) [M], 906 (63) [M" — H], 302
(50) [PPRNCN*], 301 (100.0) [PPENCN* — H], 288 (6) [PPBENC*],
277 (69) [PPENH], 262 (79) [PPB+], 185 (28) [PPh'], 183 (87)
[PPh* — Hg], 152 (17) [Ph* — H], 108 (25) [PPH], 77 (35) [PH].

A.25The bond lengths and angles of the tetrazole ring also agreecs;H,sNePs (906.95) calcd: C 75.49, H 5.00, N 9.27. Found: C 75.28,

with the data found in the literaturé.

Conclusion

H 5.10, N 9.23.
2-Triphenylphosphanimino-4-azidotetrazolo[5,1a]-[1,3,5]tria-
zine (6).Into a solution of 0.5 g (2.45 mmol) df in anhydrous ether,
a solution of 0.7 g (2.65 mmol) of PRPlwvas added during a period of

All three steps of the reaction 2,4,6-triazido-1,3,5-triazine with 2 1y at ambient temperature. The solution was filtered and recrystallized
triphenylphosphane represent exothermic reactions. For thefrom dichloroethane. £HsN1oP (438.1) yield: 99%, colorless crystals,
species2 and 3 only, the reaction in solution results in  mp 195°C (dec). IR (KBr): # (cm1) = 3058 (w, CH), 2153 (Myas
observable equilibria between a tetrazole and an open azide(Ns)), 1601 (s, CC), 1574 (m), 1539 (s, CC), 1499 (m), 1484 (m), 1454
chain isomer. The energy difference between these two isomers(s), 1435 (s), 1335 (m), 1320 (m), 1297 (m), 1270 (w), 1230 (w), 1222
is very small and was estimated to be abgit kcal/mol. In (w), 1192 (w), 1188 (w), 1161 (vw), 1156 (vw), 1114 (m), 1088 (vw),
the solid state only the tetrazole species were observed andt073 (W), 1030 (vw), 1012 (vw), 997 (vw), 980 (vw), 912 (w), 886
characterized by X-ray crystallography (W), 789 (W), 783 (vw), 745 (W), 724 (m), 692 (m), 581 (w), 552 (W),

' 532 (s), 519 (m), 511 (w), 490 (vw). Raman (100 mW){cm?1) =
3063 (9.2, CH), 2146 (0.5ya{N3)), 1590 (4.5, CC), 1190 (1.5,
v4N3)), 1002 (10, phenyl)*H NMR (CDCl;, 270 MHz, 25°C): 6 =

(23) Kaiser, J.; Hartung, H.; Richter, R. Anorg. Allg. Chem198Q 469,

188.
. . 8—7.3 (m, 15 H, GHs). **C NMR ([D6]DMSO): 6 = 162.9 (d,*Jcp
(24) 3Coazin(;.pana, C. F,; Lo, F. Y.-K.; Dahl, L. forg. Chem.1979 18, = 1.5 Hz, C20), 158.5 (dJep = 1.5 Hz, C21), 151.6 (Jep = 1.6

Hz, C19), 133.7 (d%cp = 3.0 Hz, 3 C, Gheny), 132.9 (d3Jcp = 10.8

(25) Dehnicke, K.; Weller, FCoord. Chem. Re 1997, 158,103—1609.
Hz, 6 C, Gheny), 129.3 (d2Jcp = 13.0 Hz, 6 C, Gheny), 124.5 (d,Jcp

(26) Palenik, G. JActa Crystallogr 1963 16, 596.
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=102.6 Hz, 3 C, Geny)- N NMR ([D6]DMSO, 40.57 MHz, 25C):
0 = 17.0 (s, N5),—35.1 (s, N6),—79.1 (s, N4),—142.5 (s, Nziad,
—144.2 (S, Nzigd, —151.1 (d,3Jnp = 11.2 Hz, N7),—181.2 (d 3J\p =
6.5 Hz, N2),—192.4 (s, N3),—265.4 (s, N8),~266.3 (d,"Jwp = 32.5
Hz, N1). 3P NMR ([D6]DMSO): 6 = 24.7 (s, P). MS (El, 70 eV),
m/z (%): 438 (100) [M'], 412 (30) [M" — CN], 386 (52) [M" — C;N_],
302 (29) [PPENCN'], 301 (65) [PPENCN* — H], 262 (27) [PPk'],
185 (43) [PPh'], 108 (16) [PPH], 77 (7) [Ph]. CasH1sN1oP: (438.4)
calcd: C 57.54, H 3.45, N 31.95. Found: C 57.6, H 3.3, N 31.4.

Crystal Structure Analysis of 4. Cs7HsNsPs, MW = 906.90, crystal
size: 0.53 mmx 0.37 mmx 0.17 mm, transparent plate, anorthic,
space groufPl, a = 14.705(3) Ab = 17.705(4) Ac = 21.528(3) A,
a = 108.99(2), B = 91.612(13), y = 111.66(2, V = 4855(2) B, Z
= 4, deaica = 1.241 Mg/nd, 4 = 0.167 mm%, F(000) = 1896. Nonius
Mach3,w scan, Mo ki, A = 0.710 73 AT = 293(2) K, @ range=
2.28-23.98in —16< h=16,—-19=< k= 20,—24 =< | < 0, reflections
collected 15650, independent reflections 15 18§ (= 0.0219),
observed reflections 10 676 ¢ 20(l)). Structure solution program:
SHELXS-86 (G. M. Sheldrick, University of Gitingen, Germany,
1986), direct methods. Fin&indices | > 20(1)]: R1 = 0.0636, wR2
= 0.1434, R1= 0.0968, wR2= 0.1637 (all data), GOF oR? = 1.026,
865 refined parameters, largest difference peak/hole 066417 e
A3 Program used: SHELXL-93 (G. M. Sheldrick, University of
Gaottingen, Germany, 1993).

Crystal Structure Analysis of 6. Cz;H1sN1gP1°0.5 GH4Cl,, MW
= 487.87, crystal size: 0.2 mm 0.47 mmx 0.53 mm, colorless
plate, monoclinic, space grou@2/c, a = 42.059(6) Ab = 13.916(4)
A, c=15.995(4) A = 101.77(2), V = 9165(4) B, Z = 8, dearca=
1.414 Mg/n, u = 0.270 mn?, F(000) = 4016. Nonius Mach3p
scan, Mo K, 4 = 0.710 73 A, T = 293(2) K, @ range= 2.59-
23.98in-48=<h=<0,0=<k=15,-17 < | < 18, reflections collected
7275, independent reflections 7168,(= 0.0201), observed reflections
4342 ( > 20(1)). Structure solution program: sde direct methods.
FinalRindices [ > 20(l)]: R1=0.0758, wR2= 0.1632, R1= 0.1293,
WR2 = 0.1946 (all data), GOF oR? = 1.016, 505 refined parameters,
largest difference peak/hole 0.4460.445 e A3, Program used: see
4.

Computational Methods

The computations were carried out at the semiempirical PM3 level
(full optimization), and all species were characterized as minima by a
frequency analysis. At the DFT level only single points (using the
optimized PM3 structure, notation B3LYP/6-31G(d)//PM3) were
calculated to obtain more reliable energies. To check this procedure,
calculations were carried out on the model compoliras well as on
the species2a and 6a using the B3LYP/6-31G(d) method (full
optimization). All energies are summarized in Tables 3 and 4. The
agreement between the B3LYP single-point values and the fully
optimized values is very good. It is not feasible to carry out all
optimizations using the B3LYP/6-31G(d) method.
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The energies at the B3LYP/6-31G(d)//PM3 level are not temperature-
corrected. Temperature correction was only possible at the fully
optimized B3LYP/6-31G(d) level for the isomers bf3 The thermo-
dynamics in a vacuum was computed by correcting the differences in
the electronic energies to enthalpies at 298 K upon inclusion of zero-
point energy and thermal corrections. The free energy differences were
estimated from the addition of entropic corrections. All these terms
were determined with the harmonic oscillatoigid rotor approximation
from the optimized geometriés.

The hybrid method B3LYP includes a mixture of Hartrdeock
exchange with DFT exchangeorrelation. Becke’s three-parameter
functional where the nonlocal correlation is provided by the LYP
expression (Lee, Yang, Parr correlation functional) was used, which is
implemented in Gaussian 98For a concise definition of the B3LYP
functional see ref 29.

It should be emphasized that the computation was carried out for a
single, isolated (gas-phase) molecule. There may well be significant
differences among gas-phase, solution, and solid-state data.
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