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Abstract

Amino and nitro substituted 1,2,5-oxadiazole-2-oxide isomers and their ring-opened
nitroso forms have been subjected to density functional treatment at the level of
B3LYP/6-311++G(d,p). The transition states for the ring opening processes are obtained
and the corresponding activation energies have been calculated. Also, 1,3- and 1,5-proton
tautomerism yielding imine, oxime and aci forms are investigated. For all the structures,

the stabilities, the HOMO, LUMO energies and the interfrontier molecular orbital energy
gaps are obtained and the effects of substituents (NH, and NO») are discussed.

Introduction

The furoxan (furazan oxide, 1,2,5-oxadiazole-2-oxide) ring system has been the
subject of much debate and controversy since the first (unrecognized) preparation of a

compound of this type in 1850’s until almost the last decade of 19th century [1].
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Makhova and Fershtat, outlined recent advances in the synthesis and
functionalization of 1,2,5-oxadiazole-2-oxides [2]. Some computational studies on
structures having furoxan systems have been reported recently [3-6]. Some energetic
compounds possessing 1,2,5-oxadiazole 2-oxide system have been reported [7]. 4,6-
dinitrobenzofuroxan (DNBF) is one of those energetic compounds.
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Benzofuroxan and its derivatives exhibit interesting and challenging chemistry [8].
One of the striking behavior of BFO is its molecular rearrangement which involves 1,2-

dinitroso benzene intermediate to yield the starting structure eventually.
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Pull-push type systems have interesting aspects. They have been investigated in
various structures [9-15] and have some applications [16-17]. In DNBF structure shown
above, the nitro groups are crossly conjugated whereas in the present 3(4)-amino-4(3)-
nitro-1,2,5-oxadiazole-2-oxides (A and B), the amino and nitro groups are not directly
conjugated with each other. However, they donate/accept electrons from the adjacent
C=N bonds, causing some instability. To investigate those effects at the molecular level,

presently some density functional (DFT) calculations have been performed.
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Method of Calculation

The geometry optimizations of all the structures presently considered, leading to
energy minima were achieved first by using MM2 method [18, 19] for the equilibrium
conformer. Then, the subsequent optimizations were achieved at Hartree-Fock level
using various basis sets hierarchically. Finally, the geometry optimizations were
managed within the framework of density functional theory [20, 21] at the levels of
RB3LYP/6-311++G(d,p). Note that the exchange term of B3LYP consists of hybrid
Hartree-Fock and local spin density (LSD) exchange functions with Becke’s gradient
correlation to LSD exchange [21, 22]. Note that the correlation term of B3LYP consists
of the Vosko, Wilk, Nusair (VWN3) local correlation functional [23] and Lee, Yang,
Parr (LYP) correlation correction functional [24]. The vibrational analyses have also
been done. The total electronic energies are corrected for the zero point vibrational
energy (ZPE). The stationary points to energy minima were proved in all the cases by
calculation of the second derivatives of energy with respect to the atom coordinates. The
normal mode analysis for each structure yielded no imaginary frequencies for the 3N—6
vibrational degrees of freedom, where N is the number of atoms in the system. This
indicates that the structure of each system corresponds to at least a local minimum on the
potential energy surface. The transition states have been obtained at the same level of
calculations and checked for single imaginary vibrational mode. All these calculations

were done by using the Spartan 06 package program [25].

Results and Discussion

Figure 1 shows the optimized structures of isomeric 3(4)-amino-4(3)-nitro-1,2,5-
oxadiazole-2-oxides. The structures possess a potent embedded pull-push system
generated by a nitro and an amino group linked to the oxadiazole ring system. Note that
NH, and NO, groups in either oxadiazole-2-oxides (isomers A and B) are not directly
conjugated. However, the pull-push action becomes apparent in the ring-opened dinitroso
structures which have some resemblance to 1,1-diamino-2,2-dinitro ethylene (DADNE)
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also known as FOX-7, a well known explosive material. Structures A and B differ from
each other in terms of the position of N-oxide moiety. The figure also shows the
direction of the dipole moment vectors. Structures A and B have dipole moments of
3.190181 and 3.925416 debye, respectively.

Figure 1. Optimized structure of the structures A and B.

Figure 2 shows the IR spectra of structures A and B. In the spectra the peaks above
3500 cm” ' stand for symmetric and asymmetric N-H stretchings. The ring stretchings
occur at 1729 cm™ ' and 1692 cm™ for A and B, respectively. The NH, scissoring of A is
at 1629 cm | coupled with asymmetric N-O stretching of the NO; group. In the case of B
similar mode of vibrations occur at 1551 cm . The huge peak at 1539 cm ' in the
spectrum of A stands for various coupled vibrations. The peak at 1351 em” in the
spectrum of B is the symmetrical NO; stretching and the ring vibrations overlapped with
1t.
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Figure 2. IR spectra of the cyclic structures considered.
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Figure 3 displays the ESP charges on the atoms of isomers A and B. Note that ESP
charges are obtained by the program based on a numerical method that generates charges
that reproduce the electrostatic potential field from the entire wave function [25]. The
charge distributions on A and B and the comparison reveal that the N-oxide moiety,
nearby the amino group attracts some electron population from it. In another word, the
amino group donates some electron population toward the C=N-O moiety. In structure B,
the nitroso group attracts some electron population from C=N-O moiety.
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Figure 3. ESP charges on the atoms of structures A and B.

Figure 4 displays the electrostatic potential maps of structures A and B where red-
reddish and blue-bluish regions stand for relatively electron rich and poor parts of the
structures, respectively.

B

Figure 4. Electrostatic potential maps of structures A and B.
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Table 1 presents the total electronic energy (E), zero point vibrational energy (ZPE)
and the corrected total electronic energy (E.) values of structures A and B. Namely, the

nitro and N-oxide moieties on the same side of the structure yields a more stable

molecule, relatively speaking A is less stable than B because of the following resonance

structures.
Table 1. Some energies of the structures considered.
Structure E ZPE E.
A -1568025.87 178.30 -1567847.57
B -1568032.16 179.12 -1567853.04

Energies in kJ/mol.
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In structure II (related to structure A), firstly charge separation is further away from

each other, hence raises up its energy. Secondly, it has lone-pair-negative charge

. ©
\. —_— . . . .
assembly on — N7 O moiety which also raises up the energy due to repulsive

interactions.

Figure 5 displays the time-dependent (TDDFT) UV-VIS spectra of A and B. Note
that in A, chromophoric moieties (NH,-C=N-O and NO,-C=N) are not interacting with
each other through resonance. So, in the spectrum of A, two well separated peaks appear.
In structure B, N*-O° moiety could be in conjugation with NO, group as well as with

NH,C=N group. Therefore, the peaks overlap in the spectrum of B. Apparently,

compared to spectrum of A spectrum of B shows some hypsochromic effect.
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Figure 5. Time-dependent UV-VIS spectra of structures A and B.

Ring-opened Structures

Figure 6 exhibits various conformers of the ring-opened structures originating from
structures A and B. In C1 through C3, one or two of C-NO bonds had been locked prior
to the optimization stage. As seen in the figure the directions of dipole moment vector is

highly dependent on the conformation of NO groups. In structures C-C3, the amino and

nitro groups are in conjugation with nitroso groups in various ways. The amino group

donates electrons in to the conjugative system. That is why the positive end of dipole

vector lies on the NH, group.

C Cl1

Cc2

C3

Figure 6. Optimized structures of various conformers of the ring-opened structures.
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Figure 7 shows the IR spectra of the ring-opened structures. In the spectra the peaks
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Figure 7. IR spectra of various conformers of the ring-opened structures considered.

at and above 3500 cm ' are symmetrical and asymmetrical N-H stretchings. In the
spectrum of C, C-NH; and C-NO stretchings occur at 1730 em . In all the spectra

various vibrations happen in between 1750 and 1500 em having a quite similar pattern.
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Table 2 shows various energies of the ring-opened structures which are all enamine
structures. Conformer C which possesses no constraint is the most stable of all. On the
other hand, all the ring-opened structures are isoconjugate with an even alternant
hydrocarbon [26, 27] dianion. Certain centric perturbations [26, 27] on it yield the ring-
opened isomers of structures A and B presently considered. Note that the present
alternant hydrocarbon dianion is a non-Kekule’ structure having six starred and four
unstarred positions [26-28]. Note also that an existence of a non-Kekule’ molecular
structure is necessary but not a sufficient condition for being an explosive molecule. The

dinitroso structures considered partially resemble DEADNE (FOX-7). One of each NH,
and NO, groups of FOX-7 has been replaced by the nitroso groups in the dinitroso

structures considered. Fox-7 is also isoconjugate with a non-Kekule’ even alternant

hydrocarbon system having seven stared and three unstarred positions.

Table 2. Some energies of the conformers of ring-opened structures considered.

Structure E ZPE E.
C -1568026.03 178.51 -1567847.52
C1 -1567963.41 170.44 -1567792.96
C2 -1567938.08 169.24 -1567768.84
C3 -1567937.98 169.22 -1567768.76

Energies in kJ/mol.

Transitions

Figure 8 shows the transition state geometries of structures A and B during the ring
opening process. Those structures are labeled as A-CA and B-CB. The leftmost letter in
the labeling stands for the initial structure, letter C indicates relative conformation of the
nitroso groups and the last letter specifies the transition state considered.

Figure 9 displays the IR spectra of the transition states considered. In the spectra
rather weak N-H stretchings occur at and above 3500 em” ' In the spectrum of A-CA, the
nitroso N=O stretching occurs at 1678 em”! followed by asymmetrical NO; stretchings
at 1630 cm . In B-CB spectrum C-NO stretching appears at 1714 cm ' asa sharp strong
peak followed by asymmetrical NO, stretchings at 1606 cm”'. Whereas the symmetrical

ones happen at 1365 cm’ .
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Figure 8. The transition state geometries of structures A and B (Bond lengths in A).
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Figure 9. IR spectra of the transition states considered.
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Table 3 includes some energies of the transition states. Transition state A-CA is

more stable than B-CB. The corresponding activation energies for the ring opening
reactions are 33.57 kJ/mol and 45.34 kJ/mol, respectively. Note that E. values of C2 and
C3 are close to each other (see Table 2). In calculating the activation energies for B-CB
transition, E; value of C2 is considered because it is more stable than C3 (C2 possesses

less constraint!).

Table 3. Some energies of the transition states.

Transition E ZPE E.
A-CA -1567990.74 176.735061 -1567814.00
B-CB -1567984.61 176.910314 -1567807.70

Energies in kJ/mol
Tautomers

The ring-opened dinitroso structures considered are capable of undergoing 1,3- and
1,5-type proton tautomerism. The 1,3-type proton shift leads to an imine structure
(imine-enamine tautomerism) whereas 1,5-type results in oxime (nitroso-oxime
tautomerism) and aci-forms (nitro-aci tautomerism).

Figure 10 shows the optimized structures of the proton tautomers of ring-opened
structure-C considered.

Oxime form Imine form Aci form

Figure 10. Optimized structures of some tautomeric forms of structure-C.
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Figure 11 displays the IR spectra of the tautomers considered. The oxime form has
N-H and O-H stretchings at 3493 em”' and 3791 cm_l, respectively. The sharp and

strong peak at 1621 em” ! is for asymmetrical NO, stretchings.
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Figure 11. IR spectra of the tautomers considered.

The IR spectra of the imine form is characterized with a weak N-H stretching at 3445
cm”! which is followed by a very weak C-H stretching at 3141 cm . The peaks grouped

at 1500-1700 cm™" stand for various coupled vibrations.

The spectrum of aci form exhibits medium O-H stretching at 3708 cm . The N-H
stretching occurs at 3408 em” as a weak peak. At 1685 em”! bending of O-H and C-N
stretching of aci group coupled together. The N=O stretchings occur at 1657 cm”' and
1545 cm™.
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The data in Table 4 indicates that the oxime form is more stable than the others. Note
that both of the oxime and aci forms are 1,5-type tautomers. The greater stability of the
oxime form can be attributed to transoid conformation of HN=C-C=NOH moiety as well

as some hydrogen bond formation between the NH and OH groups present.

Table 4. Some energies of the tautomeric structures considered.

Structure E ZPE E.
Imine -1567899.86 168.22 -1567731.64
Oxime -1567955.43 173.03 -1567782.40

Aci -1567879.28 166.88 -1567712.40

Energies in kJ/mol.

All the structures presently considered are isomeric. The stability order of them is
aci-form<imine form<C3<C2<oxime form<C1<C<A<B. Note that all the C-series of

structures are in the enamine form.
Frontier Molecular Orbital Energies

Table 5 shows the HOMO, LUMO energies and the interfrontier molecular orbital
energy gaps (Ae) of the structures considered. Of the structurally related isomers A and
B, the former one has higher HOMO but lower LUMO energies compared to respective
energies of B, so that A possesses narrower interfrontier molecular orbital energy gap. It
is known that impact sensitivity of an explosive material increases as Ae value gets
smaller and smaller [29]. In that sense, structure A should be more sensitive than its
isomer B. In the case of ring-opened structures, the order of HOMO and LUMO energies
are C<C1<C2<C3 and C1<C2<C3<C, respectively. Their Ae values follow the order of
C>C1>C3>C2. These orders mentioned above are dictated by conformation of the
groups linked to the conjugative path, thus depends on the extent of conjugation. As for
the tautomers, the imine form, which is a 1,3-type tautomer, has lower HOMO and
LUMO energies compared to other tautomers of 1,5-type. Their Ae values follow the

order of imine form>oxime form>aci form.

Earthline J. Chem. Sci. Vol. 4 No. 1 (2020), 35-51
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Table 5. The HOMO, LUMO energies and the interfrontier energy gaps of the structures

considered.

Structure HOMO LUMO Ag
A -685.86 -378.40 307.46
B -735.56 -368.69 366.87
C -685.56 -378.30 307.26
C1 -657.42 -471.16 186.26
C2 -633.32 -462.80 170.52
C3 -633.01 -462.32 170.69
Imine form -750.50 -436.81 313.69
Oxime form -691.94 -393.15 298.79
Aci form -673.69 -411.23 262.46

Energies in kJ/mol.
Conclusion

The presently performed DFT calculations at the level of B3LYP/6-311++G(d,p)
reveal that the furoxan structures considered are stable such that NO, group nearby the
N-oxide moiety (structure B) is more stable than the one having the amino group and the
N-oxide moiety close to each other (structure A). These N-oxides considered are capable
of undergoing ring-opening and forming dinitroso isomers. In those transformations,
structure A requires less activation energy as compared to structure B. The ring opened
structures may exhibit proton tautomerism. All the nitroso as well as the tautomeric

forms are less stable than the furoxans (A and B) considered presently.
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