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properties of bridged hydrogens, and a superacid solvation model. Tautomcrism is :
the common thread in the studies on NTO and RDX, which are summarized in sections 1!
and 2, respectively. In section 6 we expand the earlier reported imine - enamine, !
keto - enol, and nitro - sci-nitro, tautomerisms with the nitroso - oxime tautomerism
using GZ theory with specific inclusion of the effects of solvent molecules. Isotope
effects are often used as indicator of the decomposition mechanism for the expulsiod
of nitro groups. Hence, we report the douterium kinetic isotope effects for decom-i
position of dimethylnitramine using denstry functional theory. This is summarized -
in section 3. Superncid initiated electrophilic nitrstions reactions are intriguing
processes, which are, however, not modeled conveniently because of solvation (pro-
tonation)effects. Therefore, we developed a computational model that determines
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the superacid solvation effect on bases and electrophiles. This is summarized

in section 5. 1In the course of many studies we became interested in H-interaction
energies and bonding features. We decided to revisit the well established 3
center , 2 electron interaction system which underlies many non-classical bonding
arrangments. This fundamental work is summarized in section 4. Most of these
studies have been completed successfully. All but one have appeared in the
literature. These will tehrefore discussed only in a summary fashion. A more
detailed presentation is given in Appendix A for the nitroso - oxime tautomerism.
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L INTRODUCTION

: In this final rcport we summarize our computational efforts addressing the thermal decomposition
}of 3-nitro-1,2,4-triazol-5-one (NTO) and hexshydro-1,2,3-winitro-1,3,5 triazine (RDX), These

efforts expand our earlier work on the common cxylos”u 2,4,6-uinimotoluene (TNT), which has
{ been described in Repurt AL-TR-90-004 (32 pages)..", We also report on the dimethylniramide
{{DMNA ) decomposition, honding properties of bridged hydrogens, and a superacid solvation model.

iTautomcrism is the common thread in the studies on. NTO and RDX, which are summarized in
‘ i sections | and 2, respectively. In section 6 we expand the earlier reported imine - enamine, keto
.= enol, and nitro = sci-nitro, tautomerisms with the nitroso v oxime tautomerism using G2 theory
! mth specific inclusion of the effects of solvent molecules.

[Tsotope effects are often used as indicator.of the decoxnposil.ion rocchanism for the expulsion of nitro
1groups Hence, we rcport the douterium kinetic i 1sotope cffects fur decomposition of dimethyl-
,mtrammc using density funcrional theory. This is summdnzed n section 3.

j Superncxd initiated electrophilic nitrations reactions arc intriguing processes, which arc, however,
{not modcled conveniently because of solvation (pmtonauon) cffects. Therefore, we developed a

icomputational madel that determines the superacid solvation effect on bases and elecwrophiles. This
tis summarized in section 5.

In the course of many studies we hecame interested in H-interaction energies and bonding fearures.
"We decided to revisit the well establiched 3 center 2 electron intcraction system which underlics
\many non-classical bonding arrangements. This funduicntal work is summarized in section 4.

iMost of these studies have been completed successfully. All but onc have appeared in the literature.

{These will therefore discussed only in a summary fashion. A more detailed presentation is given in
;Appendix A for the nitroso = oxime tautomerism.

Page 1

e i os e DRS00 bl g et gt tirsod L= 3 b R e ———
I b : ToETToEI Y b R R
T S S HRE ST @ ool rild

L T I I

Ry

"y




18.MEI’S8 15:58 VAKGROEP OAC +314 + 31 28 4447488 P.S

| TECIINICAL DISCUSSION
| Published in: N.J. Harris and K. Lattrertsma, Tautomerism, ionization, and bond dissoclations of

5-nitro-24-dihydro3H-1 R4-iriazolone, J. Am, Chem. Soc. 118, 8048 - 8055 {1996).
i : ' .

gThe more salient points are summarized:

}Tautomeﬁzntio’n, ionization, and bond d.isfsociations of the insensitive high-cncrgy explosive 5-niro-
|2,4-dihydro-3H-1,2 4-triazolone (NTO, 1) wers studied by molecular orbital SCE and MP2 theogies
and with the Becke3LYP hybrid density functional nsing the 631+G* and 6-311+G## basis sets.
|Energies computed with these methods were compared against accurate G2 cnergics for the
[mutomeﬁzation, ionization, and bond dissociations of hitromcthauc. An important outcome from
{the present study is our finding that the B3LYP hybrid density functional is an accurate and
immpntationa"y efficient method for compudpg energies and geometries on large molecules. Both
{MP2/6 311+G** and B3LYP/6-3111G** gavc sarisfactory energics for taulowucrization, ionizadon
and bond dissociations of the small model sysiem. nitromethane. On the other hand, SCF theory is
inot adequate especially for computing bond dissociation energies.

{The B3LYP/6-31+G* and MP2/6-31+G* geometries for the NTO anion 9 compare weli with the
[reported X-ray structure of the N'I¥) dianjinoguanidiﬁium salt. The hammonic virational frequencies
calculated with Becke3LYP compare well with those observed for crystalline NTO.

j'rhe rather small energy difference between NTO and the hydroxy tantomers 2 and 4 (4 kealfmol at
{MP2/6-3114+G** and 9 kcal/mol at B3LYP/6-31 14G**) is expluined to result from enhanced
iaromaticity in 2 and 4 compared with 1. The enhanced aromatcity of these 1-H-1,2,4- miazole
(systems is evident from calculated (-N band lengths, chemical shifts of the NH protons, and
imagnetical susceptibility anisotropies. Likewise the rather high acidity of NTO is cxplained in terms
jof the delocaliced, wunwdiv Chwaeter uf tie NTO anions. The computed proton alfinity for the N'1U)
|anion is 4 low 321 keal/mol (B3LYP/6-311+G** + 7PE).

iThe aci-nitro tautomers § and 6 we 30: keal/l Iess swable than NTO iself. The difference in
ismbilitics is considerably larger than the 14 kcal/mol ditference for the parent tautomieric system
nitromethane/aci-nitromethane, which is probably a consequence of repulsion berween the adjacent
nitrogen sp? lonc pairs in § and 6. qucvu, (e uci-iliuy wuwmers are stable enough that they
'might play a part in the NTO dccdmpo;ition. a

] L .

The cstimatcd N-II and C-NO, bond dissociation energies for NTO are respectively 93 and 70

keal/mol, and that for the N-OH bbnd of the @ci-nitro tautomer § is 38 kcal/mol. Our calculations

Page 2
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show (hat several tautomers of NTO are encrgetically accessible, and these may plﬁy arole in the

ondensed phase process, where they can be formed by a base-catalyzed mechanism. Some possible

rocesses in the initial stages of NTO decomposition are bimolecular hydrogen atom wansfers (in

he condensed phase), C-NO, bond homélysis (at Liigh tewpeiatures ur under conditions of shock
impact), and homolysis of the N-OH bond in the aci=nitro tantomers.
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2. RDX

Published in: N.J. Harris and K. Lammqnamn, Ab ;‘iru'n‘o density functional compurarions of
conformations and bond dissociation energies Jor hexahydro-1,5,5-trinirro-1,5.5-mrtazene, . Am.
Chem. Soc. 119, 6583 - 6589 (1997). ‘

The more salient points are summgmgg,

Ab inido computadons are described of the conformers and bond dissociation energies of hexahydro-
1.3.5-miniro-1.3,5-triazine (RDX) using the Becke3-Lee-Yang-Parr (R31.YP) nonlocal density
functional and the siandard 6-31G* and 6-311G** Gaussian basis sets, The B3LYP/6-
|311G**//B3LYP/6-31G* calcul&tions'sugcht that the gas phase RDX miolccule exists as a mixrure
of chair, boat, and twist conformers. The range in energy for these conformers is only about 1
keal/mol. Three energy minimum chair conformations were found, differing in the axial/equatorial
oricntations of the niwo groups. Because of the low barrier for nitramine inversions, these thres
conformers should interconvert quite rapidly, giving an average chair structure with three equivalent
nitro groups and C3v symmectry. This is in agreement. wnh the experimicnially observed gas phase
[srructurc for RDX.

The observed conformation for crystallino RDX is similar to the conformation for the theoretical
global cnergy minimum structure. Differences betwesn bserved and theoretical N-N bond lengths
in RDX can be cxplained by crystal packmg effects Intermolecular elecirostatic interactions in the
solid state favor resonance donation of the amine lone pair into the NO, group, leading to sharter N-
N bonds than in the gas phasc. The RDX molccule has short inwamolecular O--H contacts, which
[suggests that RDX can react by elimination of HONO.

The RDX nitrogen and carbon radicals have key roles in therma! decomposition of RDX. The
B3LYP/6-311G** computed estimates for the C-H and the N-NQ2 dissociation energies (Do) in
RDX are respectively 85 and 42 keal/mol. The latter value includes a correction for the tendency
for B3LYP/6-311G** theory to underestimate N-NOz bond strengths by 6 keal/mol compared with
high lovel G2 theury. These are smaller than rypical secondary C-H and N-NO2 bond strengths in
'«cyclohex:me {96 kcal/mol) and DM NA:(46 kcaUmol our best estimate), Thus, the initlaton of
'RDX decomposition by N NO2 homo]ysm nnd pwpugunon of the decompositon by hydrogen atom
!absuacuom should be fucile PrOGessCs, :

The low N-NO2 bond strength is a conscqﬁcnoc of the 'sigﬁm clectron withdrawing NO2 substituents
in RDX. The weak C-I1 bond in RDX is similar in swengih 10 an allylic or benzylic C-H bond. rather
than a typical aliphatic C-H bond. "I'he geometric feamres and alomic spin densities in the RDX
carbon radical radical show it is panly delocalized i into the adjacent NO7 groups.
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Five RDX confarmers with Rz_wpfq.31 G* bond lsngihs (in &) and
B3LYP/6-311G** relative energics in keal/mol,
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MNA

Published in: N.J, Harris and K. Lammertsma, Ab initio density functional calculations of dewterium
kinetie isotope effects for decomposition of dimethylnitramine, §. Phys. Chem. A 101, 1370 - 1373
(1997). ; Lo

The mare salient points are summarized: B

Ab initio harmonic forcs ficlds were computed using the Becke3-Lee-Yang-Parr hybrid density
functional with the standard 6-31G* basis set for dimethyInitrumine, dimethylamino radical, ung for
the transition structure for five-center elimination of HONO from dimcthylnitramine. Thesc force
fields were used to calculate the primary deutcrium kinetic isotope effect for the HONO eliminarion,
and the scvondary isotope effect for the N-N bond homolysis of dimethylnitramine. The computed
primary effect is K'Yk™ = 4.21, and the ét;mputcd secondary effect is KPS = 1,40, both at 240 °C.
Comparison with the experimentally observed isotbpc cffect of 1.57 for decomposition of
dimcthylnitramine-d6 in solutivn at 240 "C suggests a signlﬂcant part of the phserved effect is due
to the secondary effcct on N-N bond homolysis. Similar beta secondary deutsrium isotape cffects
are expected for the N-NO, cleavages that initiate the décomposirions of the nitiaring explosives
HMX and RDX. However, the cxperimentally observed ismopc effects on the global decomposition
|rates of HMX and RDX in the condensed phase are best interpreted as primary effects operating on
| pathways that involve rate-determining C-H (or C D) homolysis.

BILYPI6-31(3* rransition structure for the elimination of HONO from dimethulnitramine.

PageG
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4. 3c-2e Systems

Published in: K. Lammertsma and 'I'. Ohwads, Three r,r;.'n.rer - two electron systems. Origin of the
ilting of its substituents., J. Am. Chem. Soc. 118, 7247 - 7254 (1996).

I'ne more salient points are summarized:

This computnnonol study, using MP2 6 3 11G** Lhwry, is concerned with species that display the
well-known three center - two clcctron bonding, all of which are either minima or transition
structures. Particular emphasis is placed on the origin of the tilting of their H-substituents. Common
Eonding patterns are found for a broad group of such éy'stcms that includc mono- and dications,
Luunu- and dianions, and neutral moleoulcs that comam elgh[ different clcments of the first and
m‘mnd row of the perindic tahle. “The parent uyatﬁms studied are X,H,*" (C, B, §i, Al), X H,*" (C,
, Si, Al), and X;H, " (C, B, Be.'Si, Al,Mg). All but two of thesc (i.¢., the ethyl cation and the
thylene dicution) have their hydrogens on one side ofa plane that contains both heavy elements.
}Accm‘dmgly, these clements have inverted genmetnes The gcomctncal tilt angles of the terminal

hydrogens can be quite significant. It is shown that the geomoetrical tilt anglcs between the X-TI, and

1o X-X bouds of all the 3e-2¢g cleetron sysiems (anions, catlons. dianions. dications, and neutrals
containing cight different elements of the first and second row) become larger when the 3c-2e
isystems contain the heavier elements. Thus, the geometrical tilt angles correlate lineary with Allred
;ﬁ Rochow's elemental electronegativiries. The bond lengths between the heavy clements also
orrelate with the tilt angles. The origin of these angles is traced to a mixing of the © (X-X) and o
tXH( 2 orbituls. These two orbiluls combined show a more diffuse nature in the H-bridpjug weu.
frhis is substantiated by the one-electron density analysis, which shows thal the electronic structures
fof the 3c-2e have no tilt angles between the X-H, and X-X bonds. Instead, molecular graphs show
that the X-X bonds havc convex curvatuics. They further show that the bridging hydrogens have
E;nd paths dircetly to the ceniers of these convex X-X bonds.

" -
H S0
H-J-L--,x;xc"é'gﬂ.. 309 H. \x x..e.;'..t'__ H\)(/H & .
GroupA . GroupB Group C
CiHs* ByHy  CHs* ByHy CoHe™*, BH,, BogH,™
| SigHp™, AlHg" L SIHg*, ALHY Si;H, ™, AlM,, Mg, M.~

The three groups of this suudy, A: XH*", B: X,H ", and C: X,H?™ .

Page 7 R
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5. Protonation

Published in: N.J. Harris, T. Ohwada, and K. Lammcrtsma, Frotonation energies in fluorosulfonic
acid using ab initio self consistent reaction ﬁeld xheo"y, J. Comput. Chem, 19, 250 - 257 (1998).

The imre yulient points gre mmm 'zﬂ. :

Electrostatic solvation tree energies were computed for several small neuwral bases mnd their
conjugate acids using a continuum' solvation modcl, called the Self-Consistent Isodensity Polarizable
Continuum Model (SCIPCM). The solvadon encrgies'wem computed at the restricted Hartree-Fock
(RIIF) and at the second-order Myller-Plesset (MP2) levels of theory, as well as with the Becke3-

| Lee-Yung-Parr (BSLYP) dcnsny funcrional theory, using the standard 6-31G** Gaussian basis seL.
I'I'hc RHF solvation encigics are similar to those compuwd a lhc correlated MP2 and B3LYP
theoretical levels.

A model for computing protonation cnthalpics for ncutral bases in fluorosulfunic acid solvent leads
 the cyuation AHp pso3r(B) = -PA(B) + AE(BH') - AL(B) + CONSTANT, where PA(R) is the
gas phase proton sftinity for base. B, AE(BH") is the SCIPCM solvation energy for the conjugate
acid, and AE(B) is the solvation cnergy for the basc. A fit 10 cxperimental values of
AHyo, 11503F(B) for ten noutral bases' (L0, MeOH, Me,O, H,S, McSH, Me;S, NH,, MeNH,,

' Me,NH, and PH,) gives CONSTANT = 238.442.9 keal/mol, when AAFE, is computed using the 0.0004
|le_Bohr? isodensity surface for defining the solutc cavity, at the RIIY/G-31G** level. Tic
comparison with available cxperiruenul ‘dat for aqueous solvation of amines and ammoniam ions
suggests the SCIPCM energies are quite reasonable, cspecially after correcting experimentat data for
nonelectrostatic contributions to the solvation energy. Importantly, the SCIPCM solvarion cnergics
|reproducc the cxpected trend of decreased solvation energy for substturion of X-H by X-CH,. Our
modc] for computing enthalpies for protonation of neutral hasex in fluorosulfonic acid should give
enthalpies accurate to within 5 keal/mol for second-row bases (thioethers and phosphincs) and 2
keal/mel for first-row bascs (amincs, cihers, cabonyl compounds).

The model predicts that for carbon monoxide AI-lmeﬁs(-mF(CO) = 10 keal/mol. Thus protonation
of CO is endothermic, and the conjugate acid HCO* (formy! cation) behaves as a strong acid in
fluorosulfonic acid. Thus. the model allows prediction of protonation enthalpies far other bases like
carbon monoxide that are inco'rhplétely protonated in superacids.

Page 8
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"

6. Tautomerism

-

Attachment A: JA. Long, N. J. Harris, andK Lammertsma, Formaldehyde oxime -ml:rosomcthanc
tautomerism. - ;

The more salient points are qlmmanmd

density functional theory using B3LYP/6-311+G**, (.xenmcmcal parameters, harmonic vibrational
frequencices, relative stabilities, conformauomg stabxhues, and ionization énergies are compared with

tautomerism are compared w;th thq amide « mudol,_ imine « enamine, keto w enal, and nitro e ggi-
nitro ;éutomedc processes. Solvent effects tire estimated by the self consistent isodensity polarizable
continuum modecl (SCIPCM). The influcnce of hydrogen bonding intcractions with the solvent is
addressed by including two water molecules. In the final evaluation, formaldehyde oxime 1 ix 15.8
kral/mol more. stable than nitrosomethane 3 when the aqueous solvation correction of 3.8 keal/mol
ic applied to the G2 energies. Unsolvated formaldehyde oxime is cstimated to be 11.1 keal/mol e
stable than nimone 4. The estimated gas phase lonization energies (G2) are 362.5 keal/mol for
formaldehyde oxime, 350.6 kc:al[mul"_for nin'osomethﬁne, and 351.4 kcal/mol for nitrone. The
corresponding protonation cnc}gic*s arc 191.6, 181.4, and 202.8 kecal/mol, respectively. ™

; : : ,

lobtained with G2 theory. Likewise, their geometrics and harmonic vibrational frequencics compare
[wcll with thosc obtained with MPZ(full)/ﬁ-SlG"‘ :

T‘ —-— - wos. - e [
{
|
| ‘0978
! )
10.0° 1.410
1.08

1.08

1.080

Formaldehyde oxime = mtrosomcthanc tautome.nsm, isomeric mtrone, and thcxr common cations
land anions were studicd with Gaussxan-Z theory using MP2(full)/6-31G* gnomcxrlcs and with

cxperimental gas phase data when . avmlablc The fuimaldchyde vxime e niTosomethane

Relative energies calculated with B‘*LYP/G—?:IG* are. générally in very good agreement with those- -
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