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Abstract: Tautomerization, ionization, and bond dissociations of the insensitive high-energy explosive 5-nitro-2,4-
dihydro-3H-1,2,4-triazolone (NTO) were studied by molecular orbital SCF and MP2 theories and with the Becke3LYP
hybrid density functional using the 6-315* and 6-31HG** basis sets. Energies computed with these methods
were compared against accurate G2 energies for the tautomerization, ionization, and bond dissociations of nitromethane.
The Becke3LYP and MP2/6-31G* structures of NTO anio® compare well with the reported X-ray structure of

the NTO diaminoguanidinium salt. The IR frequencies calculated with Becke3LYP compare well with those observed
for crystalline NTO. Two enol tautomerg @nd4) with 1H-1,2,4-triazole skeletons are only 4 kcal/mol at MP2/
6-311+G** (and 9 kcal/mol at Becke3LYP/6-3H1G**) less stable than NTO, while the twaxi-nitro tautomersg§

and6) are ca. 30 kcal/mol less stable than NTO. Comparisons of bond lengths, calculated proton chemical shifts,
and magnetic susceptibility anisotropies show the enol tautomers are more aromatic than NTO, which accounts for
their enhanced stabilities. NTO aniénis also more aromatic than NTO, which partly explains its small proton
affinity of 321 kcal/mol calculated at Becke3LYP/6-3tG** +ZPE. The estimated NH and C-NO, bond
dissociation energies for NTO are respectively 93 and 70 kcal/mol, and that for-t@HNoond of theaci-nitro
tautomer5 is 38 kcal/mol. Some possible processes in the initial stages of NTO decomposition are bimolecular
hydrogen atom transfers (in the condensed phaselN@: bond homolysis (at high temperatures or under conditions

of shock or impact), and homolysis of thed®OH bond in theaci-nitro tautomers.

Introduction and on whether the sample is heated slowly or rapidly. We
Nitro-2 4-dihvd 1.2 a-triazol NTO) is a high highlight a few of these studies.
5Nitro-2,4-dihydro-3-1,2,4-triazol-3-one (NTO) is a hig Williams, Palopoli, and Brifi found that the IR-active gases
energy explosivethat is less sensitive than the commonly used formed during the first stages of the decomposition of NTO
nitramine explosives 1,3,5-trinitrohexahydsdriazine (RDX} rapidly heated to 450C, were NO, CG, N,O, HCN, HNCO '

and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX). nd small amounts of CO (water was excluded). At low
Considerablg experimental effort has bggn spent to underSt"jmcEressures they determined that the formation of NO ié dominant
the mec_hanl_sm _for thermal decomposition of NTO, but the whereas C@formation is dominant at high pressures. Botcher,
mechanism is still uqknown. ) o " Beardall, and WigHe pyrolyzed a film of NTO with a pulsed

A key to unraveling the mechanism is identifying and infrared laser, and found that the first product formed was.CO
quantifying the gaseous decomposition products. Several groupSthey also found that no NOwas formed and that GO
have recently carried out experiments to determine theseoriginated from the carbonyl carbon of NTO. Oxley and co-
products: The results depend both on the analytical method \yqrkerdaheated samples of NTO in sealed tubes at temperatures
ranging from 160 to 280C and detected the gaseous products

® Abstract published idvance ACS Abstract#ugust 1, 1996.

(1) (a) Lee, K.-Y.; Chapman, L. B.; Coburn, M. D. Energ. Mater. by GC. They concluded that the gas composition was mostly
1987, 5, 27. (b) Kofman, T. P.; Pevzner, M. S.; Zhukova, L. N.; Kravchenko, CO, and N, with small amounts of NO, pD, and CO also
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(e) Rodgers, S. L.; Coolidge, M. B.; Lauderdale, W. J.; Schackelford, S. to similar studies that show initial NNO, bond dissociation is
A. Thermochim. Actal991 177, 151. (f) Bulusu, S.; Weinstein, D. I.; an important pathway in the decompositions of RDX and

Autera, J. R.; Velicky, R. WJ. Phys. Chem1986 90, 4121. a3

(3) (a) Behrens, R., Jr.; Bulusu, $. Phys. Chem1991, 95, 5838. (b) HMX.#
Behrens, R., JrJ. Phys. Chem199Q 94, 6706. (c) Shackelford, S. A Several experimental groups have studied the global kinetics
Goshgarian, B. B.; Chapman, R. D.; Askins, R. E.; Flanigan, D. A.] Rogers, fqr the controlled decomposition of NTO at temperatures below

R. N. Propellants, Explos., Pyrotecti989 14, 93. (d) Shackelford, S. A.; . .
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Table 1. Energies (in atomic units; 1 hartree 627.51 kcal/mol) for NTO Tautomers, Anions, and Radicals

(U)HF (UMP2 B3LYP

compd 6-31G* 6-311+G** 6-31+G* 6-311+G** 6-31G* 6-311G** ZPE

1 ~519.152 77 ~519.282 92 ~520.625 80 ~520.850 36 ~522.000 51 ~522.136 87 45.99
2 ~519.142 20 ~519.274 69 ~520.615 57 ~520.843 70 ~521.985 51 ~522.123 24 46.16
3 ~519.130 76 ~519.262 57 ~520.604 53 ~520.831 59 ~521.976 41 ~522.113 58 45.78
4 ~519.135 72 ~519.267 85 ~520.615 15 —520.843 01 ~521.984 12 ~522.121 52 46.13
5 ~519.101 75 ~519.233 88 ~520.570 92 ~520.797 56 ~521.955 97 ~522.093 13 44,56
6 ~519.087 49 ~519.222 30 ~520.573 12 ~520.804 72 ~521.949 44 ~522.088 55 45.28
7 ~519.126 00 ~519.256 89 ~520.595 82 ~520.822 44 ~521.971 43 ~522.108 09 46.25
8 ~518.613 77 ~518.737 95 ~520.106 12 —520.319 08 ~521.479 74 ~521.611 17 36.38
9 ~518.624 18 ~518.750 16 ~520.112 97 ~520.328 15 ~521.480 51 ~521.613 17 37.02
10 ~518.526 53 ~518.652 48 ~519.960 38 ~520.176 62 ~521.335 47 ~521.466 56 35.68
11 ~518.532 08 ~518.658 18 ~519.965 35 ~521.342 00 ~521.473 83 36.01
12 —315.038 00 —315.115 60 —315.927 90 —316.809 49 —316.891 64 34.66
13 —443.726 08 -443.83121 —446.148 00 —446.258 79 31.10
14 —315.025 07 —315.104 87 —316.791 54 -316.874 73 35.11
15 —443.612 77 ~443.717 52 —446.058 99 ~446.168 71 34.19
NO, —204.038 32 —204.092 49 —204.578 56 —204.671 29 —205.083 88 —205.140 47 6.15
OH ~75.386 74 ~75.414 65 ~75.531 33 ~75.581 26 ~75.533 50 ~75.762 29 5.70

a Zero-point vibrational RHF/6-3tG* energy in kcal/mol.

The temperature dependence of the rate constant for the globabf 175 basis functions for the NTO molecule. Diffuse functions are

process is described by the Arrhenius equatitn= A
exp(—E4/RT). Williams and Brill have noticed that the Arrhe-
nius parameters for NTO reported by different groups vary
greatly> However, an approximately linear relation is found
between InA and E,, so that differentE, — In A) pairs give

similar rate constants over the limited temperature range over

which the experiments were conducfedSeveral groups at-
tempting to observe the thermal decomposition of NTO were
in reality observing the sublimation of NTO, or a combination

desired for proper description of the nitrogen lone pairs of the anions,
and they were included in all calculations for consistency.

All structures but one were constrained to have pl&aymmetry.
This initial screening showed most of these planar geometries are energy
minima with no imaginary vibrational frequencies. Two neutral
structures and one anion are transition structures having a single
imaginary frequency, and two other neutral structures each have two
imaginary frequencies.

After calculating the complete set of structures at the SCF level, the
geometries for nine of the more pertinent neutral and anion structures

of sublimation and decomposition. The decomposition reaction were optimized at MP2(fc)/6-34G*, which uses second-order Maler

has Arrhenius parameteEs, = 78—87 kcal/mol and InPA(s™)

Plesset perturbation theéfyn the frozen core approximation to account

= 67—78, while the parameters for the sublimation process are for electron correlation. Single-point enerdidsr the nine structures

much smaller.

were then evaluated at MP2(fc)/6-3&tG** using a Cray C90. The

Brill 5 has warned that the Arrhenius parameters for the global essentially triply split 6-313G** basis set® includes polarization
decomposition process cannot be interpreted in the same Wayunctions on all atoms, and has a total of 210 basis functions for NTO.

as for elementary reactions. In particular, it is not possible to
relate theE, value directly to bond strengths of the molecule.

However, decomposition rates during the induction phase are

more likely to relate to uni- or bimolecular reactions of the

Finally, the geometries of the same nine structures and six radicals
were optimized using the Becke3LYP (B3LYP) hybrid density
functional® and the 6-3%G* basis set. Single-point energies for these
15 structures were then computed at the B3LYP/643%1* level. The
density functional method was compared with the MP2 and RHF

parent explosive molecule than are rates during the latter stage$ethods with regard to accuracy and demand on computer resources.

of the decomposition.

This ab initio molecular orbital study aims to contribute to
the challenge of unraveling the chemical pathways for NTO
decomposition by determining energetics for tautomerism,
ionization, and bond dissociations of NTO. This approach is
related to our work on the nitroaromatics picric acid, picramide,
and trinitrotoluene (TNTY, and extends a previousb initio
study of NTO tautomerism by RitcHieat the RHF/6-31G*//
RHF/3-21G level of theory.

Computational Methods

All ab initio molecular orbital calculatiofsvere carried out using
the Gaussian 94 suite of prografid! The optimized geometries and
harmonic vibrational frequencies for 21 neutral structures, 4 anions,
and 6 radicals of NTO were computed at the (U)HF/6-&F level of
theory using IBM RS/6000 (3BT) workstations. The split valence
6-31+G* basis séf includes diffuse functions, denoted Hy,' and

Energies for the seven tautomers, two anions, and six radicals of
NTO are given in Table 1. The structures are shown in Figure 1, and
a summary of bond lengths is given in Table 2. The structures in Figure
1 can be varied by changing the conformations of the en@H) and
aci-nitro (—NO.H) groups. These changes lead to a large number of
higher energy structures which are omitted for the sake of clarity.

(10) Gaussian 94, Revision B.1, Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.;
Keith, T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.;
Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B,;
Cioslowski, J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng,
C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.
S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J,;
Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A,;
Gaussian, Inc.: Pittsburgh, PA, 1995.

(11) Frisch, M. J.; Frisch, A.; Foresman, J. B. Gaussian 94 User's
Reference, Gaussian, Inc.: Pittsburgh, 1994.

(12) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213.

(13) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. v. R.

heavy atom d-polarization functions, denoted by an asterisk, for a total J. Comput. Cheml983 4, 294.

(6) Brill, T. B.; Gongwer, P. E.; Williams, G. KJ. Phys. Chem1994
98, 12242.

(7) Lammertsma, KOn thewiability of nitronic acids in the decomposi-
tion of nitroaromatics: a theoretical study of nitronic acjd8Vright
Laboratory/Armament Directorate: Eglin AFB, 1993; WL-TR-93-7062.

(8) Ritchie, J. PJ. Org. Chem1989 54, 3553.

(9) Hehre, W. J.; Radom, L.; Schleyer, P. v. Rb Initio Molecular
Orbital Theory Wiley-Interscience: New York, 1986.

(14) Krishnan, R.; Frisch, M. J.; Pople, J. A.Chem. Phys198Q 72,
4244, Bartlett, R. J.; Purvis, G. Dnt. J. Quantum Cheni978 14, 561.
Pople, J. A,; Binkley, J. S.; Seeger, Rt. J. Quantum Chem. Sym»R76
S10 1. Mgller, C.; Plesset, M. 2hys. Re. 1934 46, 618.

(15) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J1.AChem. Phys.
1980 72, 650. McLean, A. D.; Chandler, G. S. Chem. Physl98Q 72,
5639.

(16) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, NI J.
Phys. Chem1994 98, 11623 and references therein.
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Table 2. B3LYP/6-314+G* Optimized Bond Lengths (in A)

(')6
L3
N|2 T4
N+——=C 5\
NI7/09
08
compd N1N2 N2C3 C3N4 N4C5 C5N1 C306 C5N7 N708 N709 avCN

1 1.358 1.399 1.402 1.368 1.297 1.213 1.445 1.223 1.237 138649
2 1.359 1.355 1.316 1.358 1.318 1.334 1.464 1.228 1.227 H33D23
3 1.373 1.321 1.355 1.374 1.306 1.332 1.439 1.222 1.241 H33931
4 1.351 1.335 1.357 1.319 1.343 1.337 1.448 1.238 1.222 H33816
5 1.275 1.463 1.399 1.364 1.388 1.206 1.319 1.392 1.248 HA0B42
6 1.307 1.396 1.315 1.366 1.367 1.328 1.357 1.209 1.382 H36.034
7 1.405 1.426 1.425 1.282 1.365 1.207 1.480 1.234 1.216 H30068
8 1.333 1.404 1.398 1.374 1.332 1.237 1.390 1.248 1.266 H30D33
9 1.359 1.416 1.373 1.344 1.328 1.243 1.453 1.241 1.236 H36D39

10 1.310 1.426 1.419 1.335 1.350 1.214 1.447 1.223 1.237

11 1.313 1.431 1.397 1.303 1.373 1.217 1.476 1.227 1.223

12 1.402 1.375 1.420 1.364 1.267 1.218

13 1.265 1.470 1.396 1.374 1.409 1.204 1.291 1.230

14 1.391 1.348 1.326 1.348 1.301 1.338

15 1.350 1.358 1.324 1.363 1.324 1.464 1.228 1.225

a Average C-N bond lengths of the ring carbemitrogen bond lengths of the NTO tautomers. Errors are standard deviations in the average
bond lengths.

Table 3. Geometrical Parameters for Nitromethane and H H
aci-Nitromethane

HN
HP NO, NO, NO, NO,
(a) Nitromethane H
bonds, angles HF MP2 B3LYP exp 2 ~o i
’ )L )\ H\NJ\
C—Hp 1.076 1.088 1.089 1.088(1) 5 N NH e N N 7 N
C—H, 1.080  1.001 1093 l I W T
C-N 1.481 1.491 1.500 1.489(5) N—o o' M NO,
N-O 1.192 1.244 1.228 1.224(5) |
Ha—C—N 106.4 107.0 106.6 107.2 N °
H,—C—N 107.9 107.7 108.1 H
Hp—C—Hp 113.0 112.8 112.9 ° o o o
C—N-O 117.2 117.3 117.2
O—N-0 125.6 125.4 125.5 125.3 _NJ\NH HNJ\N, . N/U\NH HNLN.
8 | 9 | 10 | 1 |
Ha\ /Oa_H N N— N N
C=N NO, NO, NO, NO,
7/ N
Hb ob
o) M
(b) aci-Nitromethane o o .
A A A
bonds, angles HF B3LYP MP2 HN™ SNH N NH HNT XN HN™ N
12 13 | 14 15 | |
C—Ha 1.068 1.082 1.078 N— N%\ N—, N
C—Hp 1.068 1.083 1.078 N—O NO,
C=N 1.265 1.300 1.314 ; ; ;
N-O, 1352 1419 1430 Figure 1. Tautomers, radicals, and anions of NTO.
N—Op 1.245 1.242 1.243 _ _ ) _ _ _
O—H 0.955 0.973 0.084 single-point energies. The geometries for nitromethane acid
H-—C—N 118.8 118.3 117.9 nitromethane are presented in Tables 3a and 3b, and the energies are
H—-C—H 124.2 1249 125.9 given in Table 4. These are compared with more accurate energies
C—N-0, 116.1 114.1 113.0 computed using G1 and G2 theorigd?
C—N—-0p 129.1 130.5 131.2 The N—-OH bond dissociation energy iaci-nitromethane was
N—O—H 103.0 101.0 100.4

computed using Pople’s quadratic configuration interaction method

aUsing the 6-3%+G* basis set. Bond lengths in A and angles in
deg.? Reference 44S Using the 6-3%G* basis set. (17) (a) Gaussian-1 (G1): Curtiss, L. A.; Raghavachari, K.; Trucks, G.
W.; Pople, J. AJ. Chem. Phys1991 94, 7221. Pople, J. A.; Head-Gordon,
Calculations were also done on tautomerization, ionization, and bond Mé;zgoxt; DG I Ragh;"g‘;h?”cv: K.; Curtiss, 'Z: A. Chem. PhY_51989~h90' har
dissociations for nitromethane, as a small test molecule. Again, these 2622 (b) Gaussian-2 (G2): Curtiss, L. A.; Carpenter, J. E.; Raghavachari,
: - K.; Pople, J. AJ. Chem. Phys1992 96, 9030. Curtis, L. A.; Jones, C.;
cglculatlons were dong at the SCF, MP2, _an_d B_3LYP theoretical Ie_vels, Trucks, G. W.; Raghavachari, K.: Pople, J. &.Chem. Phys199Q 93,
with the 6-31-G* basis for geometry optimizations and frequencies, 2537.

and the larger 6-3HG** and 6-311G(2d,2p) basis for improved (18) Lammertsma, K.; Prasad, B. ¥.Am. Chem. S0o4993 115, 2348.
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Table 4. Energies for Nitromethane Tautomerism, lonization, areNCand C-H Bond Homolyses

CH3N02 - CHgNOzH CH3N02 e CHzNOZ_ +H CH3N02 - CH3 + NOg CH3N02 - CHzNOg +H
basis set HF MP2 B3L HF MP2 B3L HF MP2 B3L HF MP2 B3L
6-31+G* 19.2 20.6 16.5 359.4 354.1 351.8 37.4 55.6 54.0 73.9 92.4 97.4
6-311H4-G** 16.2 18.2 13.7 360.7 359.3 352.1 36.1 52.6 52.4 75.7 95.1 98.6
6-311+G(2d,2p) 16.1 15.8 12.7 362.2 356.1 352.6 36.5 54.4 52.9 75.2 95.7 98.4
G1:14.2 G1: 355.2% exp. 356.4 G2:61.05exp. 59.4 G2:101.3

aEnergies in kcal/mol. Geometries optimized with the 6-&F* basis set. B3LYP is abbreviated as B3L. All energies are corrected for ZPVE
differences using 0.89 scaled RHF/643&* frequencies® Reference 18 This work. 9 Reference 24 Reference 25.

(QCISD(T))22which is standard in Gaussian 94, using the 6-3G1*

basis. For computing this bond strength, the geometry and harmonic

frequencies for theA’ ground state of the CMO radical were

computed using complete active space SCF (CASSCF) th&#with

an active space of seven electrons in seven molecular orfitals.
Magnetic properties for the NTO tautomers and anions were

computed using the continuous set of guage transformations (CSGT)

method?! which is standard in Gaussian 94, at the B3LYP/6-BEGX*

level of theory. Isotropic magnetic shieldings for the hydrogen nuclei

were converted to conventiondl NMR chemical shiftsd), referenced

to tetramethylsilane (TMS). The computed shielding for the benzene

protons was assigned the experimentally observed value for benzene

solvent ofd = 7.26 ppm relative to TMS, and the proton shifts for the

other structures were then computed using benzene as a secondary

reference. The data are presented in Figure 2.

Results and Discussion

Nitromethane. We carried out some preliminary tests on a
small molecule, nitromethane. Our purpose here was to
compare the SCF, MP2, and B3LYP theories with the highly
accurate G1 and G2 theori¥<pr computing bond dissociation,
ionization, and tautomerization energies for this small test
molecule.

The computed geometries for nitromethane aamd-ni-
tromethane and the experimental nitromethane geometry are
shown in Table 3, parts a and b. As expected, th&d\bonds
are too short at the SCF level. The MP2/6+33* geometry

of nitromethane agrees better with the experimental geometry,

except that the NO bonds are too lon§ The N-O bond

(19) The QCISD(T) theory was used in place of G2 thébrfor
computing the N-OH bond dissociation energy. This is because G2 theory
relies on geometries computed at the MP2/6-31G* level, and the MP2
geometry for CHNO radical is very poor. As a result, the G2 energy for
the CHNO is too large, and the bond dissociation energy is overestimated
by about 20 kcal/mol. The CASSCF geometry for 8D has values of
1.265 and 1.223 A for the CN and NO bond lengths, and F3fthe
CNO bond angle, compared with the UMP2/6-31G* values of 1.288 A,
1.318 A, and 1103 for these parameters. For QCISD(T) theory see:
Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-GordonCliem.
Phys. Lett1989 157, 479. Pople, J. A.; Gordon, M. H.; Raghavachari, K.
J. Chem. Physl987 87, 5968.

(20) (a) Palmer, 1. J.; Ragazos, I. N.; Bernardi, F.; Olivucci, M.; Robb,
M. A. J. Am. Chem. S0d.994 116, 2121. (b) Roos, B. O. IAdvances in
Chemical Physicd.awley, K. P., Ed.; Wiley Interscience: New York, 1987;
Vol. 69, p 399. (c) The active space for the CASSCF calculation can be
devided into a five electron/five orbital space withgymmetry and a two
electron/two orbital space with’Asymmetry. These orbitals were taken
from the four highest occupied and three lowest unoccupied orbitals from
the semiempirical initial guess. A second CASSCF geometry optimization
was done for CbNO using an active space chosen from the Boy's localized
orbitals from an ROHF/6-31G* calculation. In this case the active space
was comprised of a three electron/four orbitélspace and a four electron/
three orbital A’ space. The orbitals in the’ Apace were nonbonding (i.e.,
lone pair) orbitals on the nitrogen and oxygen atoms, and the€ON
antibonding orbital. The orbitals in the''/space were an oxygen lone pair,
the CN s bond, and the lowest unoccupied’ Arbital. The optimized

5.46
H\

(o]
N)\NH

H
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8.37 )\
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o
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8.02 Hs
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Figure 2. Magnetic susceptibility anisotropies (cgs ppm) and computed
H NMR chemical shifts (in parts per million relative to tetramethyl-
silane) for NTO tautomers and anions, and some related nitrogen
heterocycles.

lengths are better with B3LYP/6-31G* theory, but otherwise
the B3LYP and MP2 geometries are similar.

The computed energies for tautomerization, ionization, and
C—N and C-H bond homolyses for C#NO, are summarized
in Table 4. These energies are corrected for zero-point
vibrational energy (ZPE) differenc®susing scaled (U)HF/6-
31+G* frequencie$:?® The MP2 and B3LYP energies are quite
similar and are better than the Hartrdeock energies. The
experimental gas phase acidityand C-N bond dissociation
enthalpy® (at 298.15 K) compare very well with the G1 and
G2 energies. Comparison of results using the 643%&1* and
6-311+G(2d,2p) basis sets shows that the MP2 energies are
more sensitive to the size of the basig%ttan those computed
with B3LYP. The B3LYP/6-31%G** method underestimates
the energy difference for the nitromethane tautomerization and
the ionization energy. Both the MP2 and B3LYP methods
underestimate the-€N bond dissociation energy by-B kcal/

(22) (@) McQuarrie, D. A.Statistical ThermodynamicHarper and
Row: New York, 1973. (b) Hehre, W. J.; Ditchfield, R.; Radom, L.; Pople,
J. A.J. Am. Chem. S0d.97Q 92, 4796.

(23) Pople, J. A,; Scott, A. P.; Wong, M. W.; Radom,Ikr. J. Chem.

geometry using the more carefully chosen active space was very similar to 1993 33, 345.

the geometry from the first CASSCF calculation. The CN bond length, NO

(24) Lias, S. G.; Bartmess, J. E.; Liabman, J. F.; Holmes, J. L.; Levin,

bond length, and CNO angle from the second calculation were respectively R. D.; Mallard, W. G. Gas-phase lon and Neutral Thermochemi&tihys.

1.286 A, 1.211 A, and 131°7

(21) CSGT: (a) Keith, T. A.; Bader, R. F. \Chem. Phys. Lettl993
210 223. (b) Keith, T. A,; Bader, R. F. WChem. Phys. Lettl992 194,
1.

Chem. Ref. Datd 988 17, Suppl. 1.
(25) (a) Wodtke, A. M.; Hintsa, E. J.; Lee, Y. 1. Phys. Chem1986
90, 3549. (b) Saxon, R. P.; Megumu, €an. J. Chem1992 70, 572.
(26) Harris, N. JJ. Phys. Chem1995 99, 14689.
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mol, but are in fair agreement with the G2 energy for thelC Table 5. Bond Lengths (A) and Angles (deg) for NTO Aniah
bond homolysis.

The bond strength for the NOH bond inaci-nitromethane )Cja\ J<
was computed because of the importance ofH bond HN ! bNH HNE T INH
dissociation in the decomposition of nitroaromatic explosi/es. €>:,\{C "_m,\{

Dissociation of the N-OH bond ofaci-nitromethane has been o-n9 ¢ 0—Ng

observed® but the dissociation energy is not known. Our \ \

computed dissociation energy at QCISD(T)/6-3G** is 46.4 © ©

kcal/mol at 0 K!° after correction for zero-point vibrational (a) Selected Bond Lengths and Bond Angles
energies. The B3LYP/6-3#1G** bond strength of 48.2 kcal/ OF MP2 B3LYP
mol is similar to the QCISD(T) value.

From the results for nitromethane, we expect that reasonable g iégs igsg 1%3
energies and geometries for the NTO tautomers, anions, and c 1:352 1:365 1:358
radicals can be computed using either MP2 theory or the B3LYP ¢ 1.258 1.313 1.297
density functional theory with a reasonably good basis set. We e 1.360 1.360 1.366
next turn to NTO. f 1.379 1.404 1.402

Tautomers and Anions of NTO. (a) NTO Geometry and ﬁ i"llgg i'gjg 1‘2"‘212
Vibrational Frequencies. A full comparison of the RHF, MP2, i 1.197 1.250 1.237
and B3LYP geometries for the NTO global minimum is given j 101.7 100.6 100.8
in Table 5a. The same information for the NTO an@mlong k 129.2 129.8 129.4
with the X-ray structure of the NTO 1,3-diaminoguanidinium | 113.7 1153 114.6
salt, is given in Table 5b. Scaled RHF and B3LYP/6+&* m ﬂg; ﬂgg ﬂgg
vibrational harmonic frequencies for NTO are given in Table o 121.6 122.0 122.0
6. These molecules were too large for MP2 frequency calcula-  p 107.0 108.1 107.8
tions. However, it is worth mentioning that Stephens éfal. q 114.7 114.9 114.8
found that the B3LYP/6-31G* vibrational spectrum for 4-meth- r 127.2 127.0 126.7

yl-2—oxetanone was superior to the MP2/6-31G* spectrum, at () Theoretical and Experimental Bond Lengths and Bond Afigles
least for the middle range frequencies, 8a®00 cnt.

It is clear from Table 5a that the MP2 and B3LYP/643%* HF Mp2 B3LYP Expt
optimized geometries for NTO differ considerably from those 2 iggg i-igg 1-42&'2 i%g;gg
obtained at the SCF level. The differences are within the triazole 1356 1362 1359 11363(2)
ring, the nitro group, and the keto bond. The reported HF/3- ¢ 1.284 1.346 1.328 1.309(2)

21G geometryis of similar poor quality to that obtained with e 1.325 1.345 1.344 1.334(2)
the larger 6-3%G* basis set. Studies of the parent nitro f 1.355 1.379 1.373 1.353(2)
aci-nitro,18 imine = enamine?® and keto= enof® tautomeric g 1.462 1.445 1.453 1.449(2)

systems showed that the SCF geometries are unsatisfactory, but! 1.198 1.252 1.241 1.222(2)

! . . 1.192 1.251 1.236 1.224(2

also showed that MP2 overestimates multiple bond lengths in ; 105.6 105.1 105.0 107_78
these systems. Not surprisingly, B3LYP performs better than k 123.8 123.8 123.6 125.3(2)
MP2 in computing multiple bond lengths for the NTO tautomers. | 112.3 113.9 113.0 111.2(2)
This is evident for the nitro group and the keto and enamine ™M 99.7 98.7 99.6 100.3(1)
bonds. This confirms our conclusions based on nitromethane " 1196 1191 118.9 118.6(2)
hat B3LYP is a sound method for our purposes ° 1188 118.6 118.6 120.4(2)
t purp : o p 102.8 103.2 103.5 102.2(1)
We compare the SCF (scaled) and B3LYP harmonic vibra- q 118.1 118.4 118.6 118.7(2)
tional frequencies with the obsenfétrequencies for NTO. (We r 124.3 123.8 123.6 124.0(2)

would like to compare our geometries with an X-ray crystal aUsing the 6-3%G* basis set® Using the 6-3%G* basis set. Same
structure, but the experimental structure has not been done.)apeling as in Table 5 Reference 31.

The normal mode frequencies and their assignments are

summarized in Table 6. The agreement between the theoreticalthylenediammonium salts of NTO have been repotteth

and experimental frequencies is generally good, but the unscalechoth salts NTO is deprotonated at N4, corresponding to our
B3LYP frequencies for the NH and G=0O stretches are too  structure9. Table 5b presents a comparison of the theoretical
high by 456 and 128 cr, respectively. The corresponding  geometry for9 with the experimental geometry of the diami-
scaled SCF frequencies are also too high, but only by 269 andnoguanidinium salt. The geometries illustrate again a satisfac-

61 cnrt. The presence of NH:+++:O=C and N-H-+++*O=N- tory performance of both the B3LYP and MP2 methods,
(O) hydrogen bonding in the solid state might partly explain although the agreement with experiment is not as good as for
the disagreement between theory and experiment. nittomethane. In particular, the computed C{®H bond is

(b) Anion Geometries and Energies.Deprotonation of NTO 0.05 A longer than the experimental bond. Furthermore, the
can occur at N2 or N4 to give anidhor 9. The B3LYP/6- angles around the carbonyl group also differ from the experi-

31+G* bond lengths for both anions are given in Table 2. X-ray mental structure. We suggest crystal packing forces may
crystal structures for both the 1,3-diaminoguanidinium and contribute to the differences.

The lengthened €0 and C=N bonds and the shortened
~“N—C(O) bond suggest the anions are stabilized by aromatic

(27) Brill, T. B.; James, K. JChem. Re. 1993 93, 2667.
(28) Beijersbergen, J. H. M.; Van der Zande, W. J.; Kistemaker, P. G;

Los, J.; Drewello, T.; Nibbering, N. M. M. Phys. Cheml992 96, 9288. resonance (see discussion below and Table 2). Interestingly,
(29) Lammertsma, K.; Prasad, B. ¥. Am. Chem. S0d.993 115, 622. planar9 is not a minimum energy structure at the HF/6+&*
(30) (&) Smith, B. J.; Nguyen, M. T.; Bouma, W. J.; Radom,JLAm.

Chem. Socl1991, 113 6452. (b) Wiberg, K. B.; Breneman, C. M.; LePage, (31) Cromer, D. T.; Hall, J. H.; Lee, K. Y.; Ryan, R. Rcta Crystallogr.

T.J.J. Am. Chem. Sod.99Q 112 61. 1988 C44, 1144 and 2206.
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Table 6. Theoretical (6-3+G*) and Experimental Vibrational
Frequencies (crt) for NTO?

HF (scaled) B3LYP expt assignment
69 (0.1) 83(0.2) ‘ANO; torsion

142 (1) 144 (2) & skeletal def

199 (6) 201 (5) 4 NO; rock

288 (28) 297 (10) ‘askeletal def

399 (0.3) 405 (0.4) 'a

438 (5) 460 (3) a

453 (9) 476 (3) 4

504 (273) 534 (226) 'a

567 (9) 578 (6) 610 m 'a

627 (20) 648 (15) 690 "aring torsion

734 (32) 727(4) 740 'q

743 (32) 750 (23) 760m '@ing def

770 (1) 750 (3) 790 s

833 (61) 830(39) 830 '&NO; def + ring def

971 (24) 995 (22) 'aing def

986 (16) 1011 (14) 1010 '@ing def
1096 (35) 1105 (60) 1020 m '&ng def
1194 (3) 1218 (4) 1190 'a
1271 (53) 1278 (59) 1200w '&ng def
1380 (5) 1377 (354) 1360s ' B—Hwag+ NO;sym str
1410 (155) 1404 (7) 'a
1486 (237) 1477 (68) 1470 (m) ' B—H wag- ring def
1648 (587) 1609 (280) 1550s ' @=N str+ NO,assym str
1681 (82) 1639(69) 1700 m ' &=N str+ NO, assym str
1781 (1045) 1848 (843) 1720s '@=Ostr
3468 (154) 3656 (130) 3200s ' M—Hstr
3487 (188) 3656 (134) "&N—H str

2 Intensities (kM/mol) are given in parentheses. Assignments are
based on the B3LYP/6-31G* normal modes? Reference 4c.
level, since it possesses a small imaginary frequency of 29 cm
corresponding to rotation of the N@roup. However, at the
B3LYP/6-31+G* level all frequencies for plana® are real,
which characterizes thg; structure as a minimum. The barrier
for rotation around the €NO, bond of9 appears to be small,
which shows that resonance with the nitro group is limited. The

J. Am. Chem. Soc., Vol. 118, No. 34, 8098

Table 7. NTO Deprotonation Energies in kcal/mol

6-31+G* 6-311+G**
anion$ HF MP2  B3LYP HF MP2  B3LYP
8(2-N) 329.6 3175 318.2 3334 32458 321.3
9(4-N) 323.7 31338 318.3 326.3 319.7 320.6

aEnergies are corrected for zero-point vibrational energy using RHF/
6-31+G* frequencies scaled by 0.89The NTO anions are also
identified by their deprotonation site.

(c) Aromaticity of NTO Tautomers and Anions. NTO and
its tautomeric triazoles have aromatic character, which is
indicated by their planar geometries. Structdr@-igure 1) is
the only exception. It has a nonplanar geometry with its
adjacent sphybridized nitrogens pyramidalized in opposite
directions, and twisting of its five-membered riffy.

We used bond lengths and magnetic properties as criteria to
evaluate the aromaticity of the NTO tautomers and antéis.
addition, the relative energies of the NTO tautomers and the
protonation energies for the NTO anions can be related to
differences in aromaticity.

In relating bond lengths to the relative amounts of aromatic
character of the NTO tautomers and anions, we note that for an
aromatic structure, the ring CN bonds should have nearly the
same length, intermediate between that for a typical CN double
bond (1.280 A) and a typical CN single bond (1.385 A for a
C(sP) to N(sp’) bond)3” Thus, the standard deviation in the
CN bond lengths for an aromatic structure should be small.

The standard deviations in the CN bond lengths given in the
last column of Table 2 suggest the order of aromaticities for
the NTO tautomers and anions4s> 2> 3>6=8> 9 >
5> 1> 7. This implies the keto tautomels5, and7 are less
aromatic than the enol tautome2s3, and4, and also that the
keto tautomers are less aromatic than the angasd9. One
expects, then, that the enol tautomers should be aromatically

C—NO; rotation barriers in other conjugated systems are also stabilized relative to NTO1), and the deprotonation of NTO
small. For example, the observed (calculated) barriers are 2.9should be made favorable by enhancement of aromaticity.

(4.6) kcal/mol for nitrobenzene and 5.1 (4.8) kcal/mol for
nitroethylene?-33

Structure9 is the more stable anion, but the energy difference
is only 5.7 and 1.3 kcal/mol at MP2 and B3LYP/6-34G**,
respectively. The allylic anion i® is delocalized over two
nitrogens (N1 and N4), while the negative charge8inis
delocalized over N2 and C5; one expe8t be more stable

Furthermore, it appears thaitci-nitro tautomer6 is more
aromatic tharaci-nitro tautomers. The very long N2C3 bond
in 5 accounts for its larger standard deviation. The lengths for
the exocyclic C5 to N7 double bonds3rand6 are respectively
1.319 and 1.357 A, which further suggests thatthsystem is
more delocalized in the fulvene-like structue

Magnetic properties such as the magnetic susceptibility

because nitrogen is more electronegative than carbon. Never-anisotropy and magnetic shielding are well established criteria

theless, the difference in energy betw&and9 would be even

for aromaticity®¢ and these can be computed usklg initio

larger in the absence of the electronegative nitro substituent atMO theory3” Aromatic molecules show a characteristic low-

C5.
NTO is rather acidic. Its aqueouKypof 3.674 compares
with the K, values of 4.6 for acetic acid and 2.86? for

frequency shift for the resonance of a hydrogen nucleus bonded
to the ring and exalted magnetic susceptibility anistropi@nth
of these properties are useful in evaluating aromaticities of the

2-chloroacetic acid. The gas-phase acidity of NTO is estimated NTO tautomers.

at 321 kcal/mol at both MP2 and B3LYP/6-3tG** after
correction for zero-point vibrational energies (see Table 7). NTO
is much more acidic in the gas phase than phendl;{*¢ =
351.4 kcal/moB*° or formamide AH;2% = 355.0 kcal/molp4c

Its acidity compares with that @knitrophenol AH;2%8 = 325.6
kcal/mol)3t The high acidity of NTO is expected from the
delocalized aromatic character of its anions.

(32) (a) Correl, T.; Larsen, N. W.; PedersenJTMol. Struct.198Q 65,
43. (b) Hog, J. N.; Nygaard, L.; Sorensen, G.JOMol. Struct.1971, 7,
111

(33) Head-Gordon, M.; Pople, J. &hem. Phys. Lettl99Q 173 585.
See also: Ritchie, J. Aletrahedron1988 44, 7465.

(34) (a) Lowrey, T. H.; Richardson, K. $4echanism and Theory in
Organic Chemistry 2nd ed.; Harper & Row: New York, 1981. (b)
McMahon, T. B.; Kebarle, PJ. Am. Chem. Socl977, 99, 2222. (c)
Decouzon, M.; Exner, O.; Gal, J.-F.; Maria, P.JCOrg. Chem199Q 55,
3980.

TheH NMR chemical shifts¢) and magnetic susceptibility
anisotropies )ani9 are displayed in Figure 2 for the NTO
tautomers and anions, and for several unsubstituted nitrogen-
containing heterocycles. We focus on the chemical shifts of
the N—H protons §ni) for our purpose of ranking aromaticity
of the NTO tautomers.

(35) The pyramidalization angles for nitrogens N1 and N2 in the B3LYP/
6-31+G* geometry for structur@ are respectively 41°8and 40.3 (these
are angles for the NH bond with respect to the CNN plane), which is
somewhat smaller than the B3LYP/6-BG* computed pyramidalization
of 67.0 for the nitrogens of hydrazine in its anti conformation. The twisted
ring in 7 has a C5-N1—-N2—C3 torsion angle of 125

(36) Minkin, V. I.; Glukhovtsev, M. N.; Simkin, B. YAromaticity and
Antiaromaticity, Electronic and Structural Aspecishn Wiley: New York,
1994; Chapter 2.

(37) Schleyer, P. v. R.; Freeman, P. K; Jiao, H.; GoldfussAiew.
Chem., Int. Ed. Engl1995 34, 337.
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Table 8. Relative Energies of NTO Tautomers in kcal/fol

6-31+G* 6-311+G*
structure$ HF MP2 B3LYP HF MP2 B3LYP

1, NTO 00 00 00 00 00 00
2, (2-H, 3-OH) 68 66 96 54 44 88
3, (4-H, 3-OH) 136 131 149 126 116 144
4, (1-H, 3-OH) 108 68 104 96 47 97
5 (4-H,5-NQH) 30.8 332 268 296 319 26.2
6,(3-OH,5-NQH) 40.4 325 314 374 280 297
7, (1-H, 2-H) 17.0 190 185 165 17.7 183

Harris and Lammertsma

Table 9. Selected Bond Dissociation Energies (in kcal/mol) of
NTO, 2 and5?

6-31+G* 6-311+G**

structures UHF UMP2 B3LYP UHF B3LYP
NTO—10+H 70.0 94.6 94.4 72.6 97.7
NTO—11+H 76.8 91.8 90.6 69.4 93.4
NTO— 12+ NO; 434 703 62.6 42.4 61.1
2— 14+ NO; 45.0 64.7 44.1 63.4
2— 15+ OH 83.9 115.5 83.8 115.0
5—13+ OH —-13.8 39.8 -—-144 38.3

a All energies corrected for zero-point vibrational energies using
RHF/6-31-G* frequencies, scaled by 0.89The NTO tautomers are
also identified by their characteristic functional groups.

The dnn andyanis values in Figure 2 again give the order of
aromaticity a#d > 2 > 3 > 1. The triazoles are less aromatic
than benzene, which possesses a much lagggand perfectly
equal carborrcarbon bond lengths. The aromaticity of anions
8 and 9 is difficult to judge based on the NMR shieldings,

@ Energies are corrected for zero-point vibrational energy using UHF/
6-31+G* frequencies scaled by 0.89.

to that for the nitromethane tautomers where it gives smaller
energy differences than MP2.

We next consider the nitronic acid tautom&rand6. They
have significantly larger energy differences of ca. 30 kcal/mol
with NTO although the relative energy of thaci-nitro-,
hydroxy-substituted triazole varies strongly with the theoretical

because the negative charge increases the shielding relative tgnethod employed (Table 8). Of the two tautomérss, favored

the neutral structures, but thgnis values in Figure 2 suggest
again that they are more aromatic than The dny and yanis
values for4 are very similar to those for its unsubstituted
analogue?1, and thednn and yanis values for3 are similar to
those for the unsubstituted analogk@ Comparison of the
Onn and yanis values shows tha20 is less aromatic tha@1,
which explains why21 is the predominant tautomer of 1,2,4-
triazole in solutior?® The seriesl6, 17, and 18 (Figure 2)
illustrates the deshielded theH proton and largeyanis for

the aromaticl6 compared with nonaromatit7 and 18. The
Onn Value is a poor measure of relative aromaticities for the
seriesl6, 19, and20 because of electronegativity differences.
The yanis values suggest the aromaticities of these three
heterocycles are about the same.

(d) Energies for NTO Tautomers. The present study shows
that improvement in the theoretical treatment modifies the RHF/
6-31G* energy profile for the NTO tautomers and anions
obtained in previous work by Ritchfe.The estimated energy
differences between NTO and its tautom@rs7 are sensitive

by 3.9 kcal/mol at MP2/6-31HG**, while the B3LYP method
favors 5 by 2.5 kcal/mol. Interestingly, while the amide
imidic acid tautomerism for the nitro compounds NTO &hd

is in favor of NTO by 4.4 kcal/mol, this energy difference is
reversed (at MP2) for its two nitronic acid tautomérand6.

The fulvene-like skeleton 06 enables delocalization of the
m-system and enhances its stability relativeSto The larger
sz-system delocalization ifi than in5 is also evident from the
bond length criteria discussed above. At the MP2/6-3G1*

level 6 is 28.0 kcal/mol less stable than NTO and 29.7 kcal/
mol with B3LYP. We expect this energy difference to be an
upper limit. This expectation is based on the observation that
more complete treatments of the electron correlation and larger
basis sets reduce the energy difference between the nitro and
aci-nitro tautomers of nitromethane (see Table 4).

Bond Dissociations. Homolytic bond cleavages and hydro-
gen atom transfers are known to play a role in initiating the
decomposition of other nitroaromatic explosives, so we have
computed several bond dissociation energies for NTO and its

to the theoretical methods employed (Table 8). Smaller energy tautomers at the UHF and B3LYP theoretical levels. These
differences are obtained with the use of correlated methods. Suchresults are given in Table 9. Because of the tendency for UHF
behavior is common and has been reported for several parentheory to underestimate bond homolysis energies (see Table 4),

tautomeric systems. Particularly, both tauton2end4 have
small MP2/6-31%G** +ZPE energy differences with NTO of
only 4.4 and 4.7 kcal/mol, respectively (Table 8). However,
the related hydroxy tautom@ris 11.6 kcal/mol less stable than
NTO at this level of theory. Interestingly, the energy difference
between the related formamigérmimidic acid tautomers is
11.5 kcal/mol at G2? Tautomers2 and 4 are evidently

the discussion will focus on the B3LYP results.

(a) C—NO; Cleavage. At high temperatures, above ca. 900
°C, the most important pathway for decomposition of nitroaro-
matic explosives is by initial cleavage of the-®1O, bond?”

The B3LYP/6-31%G** bond strength for the €NO, bond
in NTO is 61.1 kcal/mol (Table 9). Because the-RO, bond
strength in nitromethane is underestimated by 9 kcal/mol at this

stabilized as compared with the parent formamide. We ascribejevel of theory (Table 4), our best estimate for the bond energy
this to the enhanced aromatICIty in these structures. While the in NTO is 70 kcal/mol. This seems reasonable when Compared
same should apply to tautom@rthis structure is destabilized  to the 71.4+ 2.0 kcal/mol G-NO, bond enthalpy for nitroben-

because of the repulsion between the neighboring lone pairs onzene, measured using laser induced homolysis in the gas$thase.

the ring nitrogens N1 and N2. Structuredoes not have the
benefit of aromatic stabilizatioft,and it is less stable (17.7 kcal/
mol higher in energy than NTO) than all except tha-nitro
tautomers.

The B3LYP method gives larger energy differences than MP2
between the enol tautomers and NTO, with values-ef@ kcal/
mol for 2 and4. These are twice as large as those obtained
with MP2/6-31H1-G**. This behavior of B3LYP is opposite

(b) Hydrogen Atom Transfer. At lower temperatures in
the condensed phase intermolecular hydrogen atom transfers
play a role in the decomposition of 2,4,6-trinitrotoluene (TRT).
Observation of a primary deuterium kinetic isotope effect
suggests hydrogen atom transfer is also important in the
decomposition of NTG! and Menapace suggested that the;NO
group in NTO acts as an acceptor in a bimolecular hydrogen
atom transfef?!

(38) Bojarska-Olejnik, E.; Stefaniak, L.; Witanowski, M.; Webb, G. A.
Magn. Reson. Cheni986 24, 911.

(39) Ventura, O. N.; Rama, J. B.; Turi, L.; Dannenberg, 1.Phys.
Chem.1995 99, 131. Wiberg, K. B.; Breneman, C. M.; LePage, T.JJ.
Am. Chem. Sod99Q 112, 61.

(40) Gonzalez, A. C.; Larson, C. W.; McMillen, D. F.; Golden, D. M.
J. Phys. Chem1985 89, 4809.

(41) Menapace observéd/kP? = 1.7 for decomposition of crystalline
NTO-d; at 240°C. Menapace, J. A.; Marlin, J. E.; Bruss, D. R.; Dascher,
R. V. J. Phys. Chem1991, 95, 5509.
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Our computed bond strengths (Table 9) for the-¥Rand energies and geometries on large molecules. Both MP2/6-
N4—H bonds of NTO are respectively 97.7 and 93.4 kcal/mol 311+G** and B3LYP/6-31H1-G** gave satisfactory energies
at the B3LYP/6-311G** level after correction for zero-point  for tautomerization, ionization, and bond dissociations of the
vibrational energies. By comparison, the-N bond strengths ~ small model system, nitromethane. On the other hand, SCF
in NH3, CH3NH>, and aniline are respectively 163 3, 92+ theory is not adequate for our purposes, especially for computing
3, and 80+ 3 kcal/mol at 298 K42 bond dissociation energies. The MP2/6+33* and B3LYP/

The N—H bonds of NTO are not unusually weak, but that 6-31+G* geometries for the NTO anion prove satisfactory when
does not mean hydrogen atom transfers are unimportant. Anycompared with the experimental structure for the diaminoguani-
reactive radical generated during the decomposition could actdinium salt, and the density functional method gives reasonable
as a hydrogen acceptor. The barrier for hydrogen atom transferharmonic vibrational frequencies for NTO.
is much smaller than the actual bond strength. For example, We have explained the rather small energy difference between
the C-H bond strengths of CiHand CREH are both 102 kcal/  NTO and the hydroxy tautomegand4 (4 kcal/mol at MP2/
mol, but the barrier height for hydrogen atom transfer fromyCH 6-3114+-G** and 9 kcal/mol at B3LYP/6-31+G**) as a
to CR is only 14 kcal/mol3 consequence of enhanced aromaticit? end4 compared with

(c) N—OH Cleavage. In nitroaromatic explosives such as 1. The enhanced aromaticity of thedg-1,2,4-triazole systems
TNT, picramid, and picric acid, a thermally allowed 1,5- is evident from calculated €N bond lengths, chemical shifts
hydrogen atom shift leads to formation of thaei-nitro tau- of the NH protons, and magnetical susceptibility anisotropies.
tomers, which can undergo further reactions such as cyclization Likewise, the rather high acidity of NTO is explained in terms
and N-OH cleavag€:?” The 1,5-H shift can take place when of the delocalized, aromatic character of the NTO anions. The
a substituent which can donate a hydrogen likesQkH,, or computed proton affinity for the NTO anion is a low 321 kcal/
OH is located ortho to the NOgroup. The N-OH bond of mol.
the aci-tautomer is expected to be quite weak, considering the  The aci-nitro tautomers and6 are 30 kcal/mol less stable
45 kcal/mol bond strength computed faci-nitromethane (see  than NTO itself. The difference in stabilities is considerably
discussion above). The substituent effect is illustrated by larger than the 14 kcal/mol difference for the parent tautomeric
relative rates for decomposition of 2-nitrotoluene, 3-nitrotoluene, system nitromethana¢i-nitromethane, which is probably a
and 4-nitrotoluene, which are 400:0.8:2.0 at 2@in the gas consequence of repulsion between the adjacent nitrogddarsp

phase€’ The fact that TNT self-ignites at 21 while 1,3,5- pairs in5 and6. However, theaci-nitro tautomers are stable
trinitrobenzene is stable at 30C is further evidence for the  enough that they might play a part in the NTO decomposition.
role of the ortho methyl substitueftt. Experimental observations by various groups and the present

It should be recognized here that thei-nitro tautomers are  results do not give definite answers on the question of the NTO
more accessible in other nitroaromatic explosives than in NTO, decomposition mechanisms. We have suggested that hydrogen
because in NTO the 1,5-hydrogen shift pathway is not available. atom transfers are likely to play a role in the condensed phase.
However, the high acidity of NTO suggests base-catalyzed Cleavage of the ENO, bond seems a likely process for
tautomerization via aniortsand/or9 should be a facile process.  jnjtiating the decomposition at high temperatures, but Botcher’s
Anion 8 could be reprotonated to givor 5, and9 could be  recent experimental findinésrun counter to this suggestion.
reprotonated to giv& or 7. In addition, double tautomerism  Qur calculations show that several tautomers of NTO are

can lead td6 or 4. energetically accessible, and these may play a role in the
~ The B3LYP/6-31%G** bond strength for the NOH bond  condensed phase process, where they can be formed by a base-
in5is 38 kcaI/mOI, 10 kcal/mol lower than our estimated 8H Cata|yzed mechanism. We have Suggeste{ﬂw bond cleav-

bond strength foaci-nitromethane. The low energy suggests age of theaci-nitro tautomer could generate a reactive hydroxy
N—OH bond cleavage could play a part in the NTO decomposi- radical in the initial stages of the decomposition.

tion. Bimolecular hydrogen atom transfer to the N§poup™
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