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Abstract

Nevirapine is a dipyridodiazepinone and representative of a new class of anti-HIV agents,
the non-nucleoside reverse transcriptase inhibitors. The effect of some centric
perturbations on some properties of nevirapine have been investigated within the
limitations of density at the level of B3LYP/6-31++G(d,p). The calculations have
revealed that the isomers constructed are all thermally favorable and electronically stable.
Various calculated properties of the isomers including geometrical, electronic, thermo
chemical, quantum chemical and some spectral properties have been harvested and
discussed. Additionally, nucleus-independent chemical shift, NICS(0), calculations have
been performed and the effect of perturbations on the local aromaticity of six-membered
rings have been investigated. The effect of monocentric carbon to nitrogen perturbations
on the chemical function descriptors have been determined. Also, the variation of polar
surface areas (PSA) of the isomers have been considered in relation to their ability to
penetrate the blood-brain barrier.

1. Introduction

Nevirapine (NVP), sold under the brand name Viramune (Figure 1), a
dipyridodiazepinone, is a representative of a new class of anti-HIV agents, the non-
nucleoside reverse transcriptase (RT) inhibitors [1]. Nevirapine is a potent
noncompetitive inhibitor of the retroviral enzyme reverse transcriptase, which is
necessary for HIV replication. The agent selectively inhibits HIV-1 but not HIV-2, and it
is >8000-fold more selective for infected than uninfected cells [2,3]. Nevirapine inhibits
RT by slowing the rate of a magnesium ion-dependent chemical reaction catalyzed by the
enzyme [4].
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Figure 1. 2D-Structure of nevirapine.

Specifically, nevirapine binding is thought to alter the position of aspartate carboxyl
ligands, which results in the slowing of the catalytic reaction rate, but it has no effect on
non-nucleoside RT inhibitors. Nevirapine produces a direct stimulatory effect on HIV-I
RT ribonuclease (RNase) H activity and alters the cleavage specificity of RNase H [5].
Nevirapine inhibits HIV-I RT RNA- and DNA-dependent DNA polymerase activities in
a template-dependent manner. In combination with other antiretroviral agents, nevirapine
affords rapid and sustained immunological and virological responses. Triple therapy with
zidovudine, didanosine and nevirapine appears to suppress viral replication sufficiently to
either prevent or delay the emergence of resistant virus in treatment-naive patients [4].
Palaniappan et al., reported that Nevirapine alters the cleavage specificity of ribonuclease
H of human immunodeficiency virus I reverse transcriptase [5]. Although innumerous
articles exist in the literature about the medical aspects of Nevirapine, relatively few have
appeared on the chemistry, structure, synthesis and other uses of it [6-21].

In the present article, the effect of some centric perturbations on some properties of
Nevirapine have been investigated within the limitations of density functional theory and
the basis set employed.

2. Method of Calculations

In the present study, all the initial geometry optimizations of the structures leading to
energy minima have been achieved by using MM2 method then followed by semi
empirical PM3 self-consistent fields molecular orbital (SCF MO) method [22,23] at the
restricted level [24]. Afterwards, the structure optimizations have been managed within
the framework of Hartree-Fock (HF) and finally by using density functional theory (DFT)
at the level of B3LYP/6-31++G(d,p) [25,26]. It is worth mentioning 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 [27]. Also note that the
correlation term of B3LYP consists of the Vosko, Wilk, Nusair (VWN?3) local correlation
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functional [28] and Lee, Yang, Parr (LYP) correlation correction functional [29]. In the
present study, 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 search has indicated that the structure of each molecule corresponds
to at least a local minimum on the potential energy surface. Furthermore, all the bond
lengths have been thoroughly searched in order to find out whether any bond cleavage
occurred or not during the geometry optimization process. All these computations were
performed by using SPARTAN 06 [30]. Whereas the nucleus-independent chemical shift,
NICS(0), calculations have been performed by using Gaussian 03 program [31].

3. Results and Discussion

Nevirapine structure was determined by single-crystal X-ray diffraction methods
[32]. Nevirapine adopts a “butterfly-like” conformation and is folded such that the angle
that subtends the intersecting planes of the pyridine rings is 121'. The cyclopropyl
substituent points up and away from the molecular framework of the tricyclic system,
with the plane of the cyclopropyl ring being almost perpendicular to the pseudoplane of
the boat conformation of the 7-membered ring (diazepinone) [32].

Figure 2 shows the optimized structures (at the level of B3LYP/6-31++G(d,p)) of the
presently considered isomers of nevirapine. Direction of the calculated dipole moment

Figure 2. Optimized structures of the isomers considered.
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vectors are also shown. Note that the isomers of present concern have been engendered
starting from nevirapine, by means of carbon to nitrogen (or vice versa) monocentered
perturbations at a time, in ring-A of nevirapine to produce isomeric set of structures 1-4.
Then the similar type perturbations are made in ring-B, keeping ring-A of nevirapine as it
is to produce isomeric structures-5 and 6 (such that only one nitrogen atom exists either
of the six-membered rings). As the perturbations occur, the magnitude (see Table 1) as
well as direction of the dipole moment vectors change. Except the cases of isomers-5 and
6, generally the dipole moment originates somewhere nearby the methyl-substituted

pyridyl ring.
Table 1 tabulates some calculated properties of the isomers considered. The order of
dipole moments is 3>4>2>1>6>5. Thus, isomers-3 and 5 possess the largest and the

smallest dipole moment values, respectively. Note that the applied perturbations mainly
affect the dipole moments and log P values.

Table 1. Some properties of the isomers considered.

Isomer Dipole Polarizability Area Volume Ovality LogP

moment (A2 (A3
1 2.53 62.17 281.71 269.24 1.40 0.13
2 4.36 62.18 279.89 268.88 1.39 -1.03
3 5.35 62.07 279.33 268.66 1.39 -1.03
4 4.53 62.14 281.28 269.23 1.39 -1.37
5 0.34 62.16 279.45 268.75 1.39 -1.03
6 2.34 62.12 279.82 268.81 1.39 -0.43

Dipole moments in debye units. Polarizabilities in 10-3° m? units.

On the other hand, the polarizability is defined according to the multi variable
formula [30].

Polarizability = 0.08*V - 13.0353*h + 0.979920*h? + 41.3791

where V and h are the Van der Waals volume and hardness, respectively. Hardness is
defined as,

Hardness = -( €nomo - €Lumo)/2

where eyomo and € ymo are the molecular orbital energies of the highest occupied
(HOMO) and the lowest unoccupied (LUMO) molecular orbital energies.
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Table 2 shows aqueous and solvation energies of the isomers considered. The
algebraic order of calculated aqueous energies is 1<6<3<5<2<4. Whereas the solvation
energies follow the order of 4<3<5<2<1<6. Note that the solvation order arises from the
intricate function of various factors listed in Table 1.

Table 2. E,, and E,, energies of the isomers considered.

1 2 3 4 5 6

E,q -2295504.91 -2295484.98  -2295496.01  -2295477.45 -2295493.85 -2295498.76

Esa -36.04 -37.92 -39.48 -41.50 -38.57 -35.94

Eaq : Aqueous energy, Esol : Solvation energy. Energies in kJ/mol.

The log P values, except structure-1 (nevirapine) are all negative quantities. The
order is 1>6>2=3=5>4. Note that and hydrophilic drugs (having low octanol/water
partition coefficients) are found primarily in aqueous regions.

In Table 3 some thermo chemical values of the considered isomers are tabulated. As
seen in the table, all the structures have exothermic heat of formation and favorable
Gibb's free energy of formation values at the standard state. The orders of H® and G°
values are the same as 1<6<3<5<2<4, so nevirapine is the most exothermic and the most

favorable structure among of all.

Table 3. Some thermo chemical values of the isomers considered.

Isomer H° S° (J/mol®) G°
1 -2294741.840 479.89 -2294884.921
2 -2294720.048 480.43 -2294863.289
3 -2294728.870 480.28 -2294872.066
4 -2294709.966 480.69 -2294853.286
5 -2294727.179 480.01 -2294870.297
6 -2294735.156 479.48 -2294878.113

Energies in kJ/mol.

The electrostatic potential (ESP) charges on atoms of the tautomers are depicted in
Figure 3. Note that the ESP charges are obtained by the program based on a numerical
method that generates charges that reproduce the electrostatic potential field from the
entire wavefunction [30].

Earthline J. Chem. Sci. Vol. 10 No. 1 (2023), 93-109
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Table 4 shows the ESP charges on N-atoms of rings -A and B of the isomers 1-6. The
algebraic orders of the ESP charges on N-atoms of rings -A and B are 5<3<6<2<1<4 and
6<4<2<3<1<S5, respectively.

Figure 4 illustrates the electrostatic potential maps of the isomers considered. The
red/orange regions stand for negative whereas the blue regions for positive
charge/potential development. In the isomers considered the negative region coincides
mainly with the lactam carbonyl moiety whereas the positive region overlaps with the
lactam NH moiety. Note that the lone pair of that lactam nitrogen atom is in conjugation
with the carbonyl group as well as with the pyridyl ring. In isomer-4 the pyridyl nitrogen
is in conjugation with the lactam moiety through the n-skeleton.

Table 5 shows some energies of the isomers considered where E, ZPE and Ec stand
for the total electronic energy, zero point vibrational energy and the corrected total
electronic energy, respectively. The data reveal that all the structures considered are
electronically stable. The stability order is 1>6>3>5>2>4 which follows the order of G°
values.
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Figure 3. Electrostatic potential charges on atoms of the isomers considered.
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Table 4. ESP charges on N-atoms of rings A and B of the isomers 1-6.

1 2 3 4 5 6
-0.584 -0.591 -0.631 -0.553 -0.632 -0.608
-0.565 -0.610 -0.583 -0.622 -0.562 -0.628

In each row the first and second entries stand for ring-A and ring-B of the
isomers.

4

W
(@)

Figure 4. Electrostatic potential maps of the isomers considered.

Table S. Some energies of the isomers considered.

Isomer E ZPE Ec
1 -2295468.87 709.28 -2294759.59
2 -2295447.06 709.20 -2294737.86
3 -2295456.53 709.87 -2294746.66
4 -2295435.95 708.07 -2294727.88
5 -2295455.28 710.36 -2294744.92
6 -2295462.82 709.97 -2294752.85

Energies in kJ/mol.

Earthline J. Chem. Sci. Vol. 10 No. 1 (2023), 93-109
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The HOMO, LUMO energies and intermolecular orbital energy gap (Ae¢) values of
the isomers are shown in Table 6. As seen in the table the HOMO and LUMO orders are
3<6<5<2<4<1 and 5<2<6<1<3<4, respectively. So, all the perturbations lower the
HOMO energies at different extents as compared to nevirapine. The effect on the LUMO
energies is not so simple that is depending on the position of the perturbation, some lower
and some raise the LUMO energy as compared to nevirapine. As the perturbation occurs
in ring-A, the HOMO order variation is 3<2<4<1 whereas in ring-B it is 6<5<1. As for
the LUMO orders, the variations in rings A and B, affect the LUMO energies in the order
of 2<1<3<4 and 5<6<I, respectively. So, the most dramatic energy lowering effect of the
perturbation on the HOMO energy occurs at position-3. Note that the gross and fine
topologies of the structures are controlling factors on lowering and raising of the
molecular orbital energies. As for the Ae values, the order is 3>4>6>1>5>2.

Table 6. The HOMO, LUMO energies and Ae values of the

1somers considered.

Isomer HOMO LUMO Ag
1 -592.03 -166.87 425.16
2 -594.57 -183.35 411.22
3 -608.86 -162.89 445.97
4 -593.74 -153.86 439.88
5 -598.49 -183.58 41491
6 -609.38 -177.46 431.92

Energies in kJ/mol.

The isomers absorb mainly in the UV region, and the spectra slightly intrude the
visible region. Table 7 tabulates the ., values and Figure 5 shows some typical UV-VIS
spectrums of the isomers.

Table 7. A, values of the isomers.

1 2 3 4 5 6
273.61 265.11 252.75 273.66 262.42 273.85
339.60 356.61 - 328.03  350.75 334.07

Amax Values in nm. The first entry in each row stands for
the main absorption value.
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Figure 6 is the local ionization potential map of nevirapine isomers considered, where
conventionally red/reddish regions (if any exists) on the density surface indicate areas
from which electron removal is relatively easy, meaning that they are subject to
electrophilic attack.
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Figure 5. Some of the calculated UV-VIS spectra of the isomers.
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Figure 6. The local ionization potential maps of the isomers considered.

Figure 7 shows the LUMO maps of nevirapine isomers considered. Note that a
LUMO map displays the absolute value of the LUMO on the electron density surface.
The blue color (if any exists) stands for the maximum value of the LUMO and the red

colored region, associates with the minimum value.

Figure 7. The LUMO maps of the isomers considered.
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In Figure 8, structures 1-6 show the effect of monocentric carbon to nitrogen
perturbations on the chemical function descriptors (CFD) of the isomers considered. Note
that CFDs are attributes given to a molecule in order to characterize or anticipate its
chemical behavior. In the figure the blue regions on the molecules stand for hydrophobe,
greens for hydrogen bond acceptor, pale purple ones for hydrogen bond donor/acceptor
and positive ionazable sites, respectively. In all the cases cyclopropyl ring keeps its
hydrophobic character but six-membered rings exhibit different behavior throughout the

perturbation process. The lactam moiety keeps its character be the same in all the cases.

Figure 8. CFDs of the isomers considered.

Note that solvation is dictated by the intricate function of various factors which are
particular characteristics of the solute and the solvent, such as the cavity energy,
orientation energy, isotropic and anisotropic interaction energies, etc. [33]. Table 8 lists
polar surface areas (PSA) of the isomers considered. It is defined as the amount of
molecular surface area arising from polar atoms (N,O) together with their attached
hydrogen atoms. Molecules with PSA values greater than 140 A tend to be poor at
permeating cell membranes to penetrate. To penetrate the blood-brain barrier a PSA
value of a molecule should be less than 90 A2 [34,35]. As seen in the table, all of the
isomers considered possess PSA values comparable to the value of nevirapine. The order
is 1<6<5<2<3<4.

Earthline J. Chem. Sci. Vol. 10 No. 1 (2023), 93-109
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Table 8. The PSA (A2?) values of the isomers considered.
1 2 3 4 5 6
37.136 38.463 38.494 38.768 38.086 38.015

NICS

Nucleus independent chemical shifts (NICS) is the computed value of the negative
magnetic shielding at some selected point in space. It gives an idea about the local
aromaticity of a ring or cage. Generally it is calculated at center of a ring or cage
(NICS(0)). Through the years, numerous articles have appeared in the literature,
discussing aromaticity in terms of energetic, structural and magnetic criteria [36-47].
Positive NICS values stand for antiaromaticity (28.8 for cyclobutadiene) while small
NICS values are associated with non-aromaticity (-2.1 for cyclohexane, -1.1 for
adamantine). On the contrary, negative NICS values denote aromaticity (such as -11.5 for
benzene, -11.4 for naphthalene). However, it is to be mentioned that although NICS
approach has been proved to be an effective probe for the local aromaticity of individual
rings of polycyclic systems, a couple of contradictory results exist [47].

Table 8 shows the NICS(0) values for the presently considered isomers of nevirapine.
The order of the NICS values are 6<4<2<5<3<] and 6<5<4<3<1<2, respectively for A
and B rings. As seen in the table, the perturbations generally yield more aromatic B-ring
compared to ring-A. The cause of it probably due to the direct conjugation of the
carbonyl group (attracts electrons) with ring-A whereas the methyl group inductively
donates some electron pool to ring-B.

Table 8. NICS values of rings A and B of the

1somers considered.

Isomer A B
1 -6.3998 -7.3137
2 -7.1049 -7.2821
3 -6.5368 -7.3710
4 -7.3825 -7.4020
5 -6.6487 -7.6584
6 -7.6662 -7.6662

See Figure 1 for labeling of the rings.
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4. Conclusion

Within the limitations of the theory and basis set used, the present DFT treatment has
indicated that in vacuum and aqueous conditions, the isomers considered are
electronically stable and have thermo chemically favorable formation values. The type of
perturbations considered in the present article are effective at different extents on certain
properties of the isomers as compared to nevirapine. Obviously their extents are dictated
by the gross and fine topology of the backbone of the structures considered. Since,
nevirapine is a potent noncompetitive inhibitor of the retroviral enzyme reverse
transcriptase, which is necessary for HIV replication, some of the isomers considered
presently might have some medical applicability because they have some properties
comparable with those of nevirapine. Thus, they might be some candidates for worth
testing further.
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