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Structure, energetics and properties of some molecules with potent anti-HIV activity:
a theoretical study

Debduti De, Sudipta Dalai and Bhudeb De*

Department of Chemistry and Chemical Technology, Vidyasagar University, Midnapore 721102, India

(Received 15 August 2009; final version received 28 December 2009)

Density functional theory (DFT; B3LYP) and Hartree–Fock (HF; 3-21G, 6-31G(d) and 6-311G(d,p)) calculations with
complete geometry optimisations are carried out in the ground state on five 6-aminoquinolone derivatives, which have been
proved to be highly effective in inhibiting HIV replication, to study their structures, energetics and HOMO–LUMO
correlation with physiological action. The gas-phase calculations and single-point polarisable continuum model water-phase
calculations show that the molecules are highly effective in inhibiting HIV replication, which is in excellent agreement with
the experiment. Structural features, energies, charge densities and HOMO–LUMO correlation have been found to
substantiate the experimental findings. Compound 4 (pyrazine) shows some special features in DFT calculations which are
not found in HF calculations. In the present series, HF results are more reliable as expected.

Keywords: Gaussian; density functional theory (B3LYP); Hartree–Fock; gas phase; potent molecules

1. Introduction

Discovery of compounds with highly active anti-retroviral

therapy is still a challenging task for new anti-HIV agents.

Quinolones have been pursued as new potential candidates

for the treatment of AIDS [1–6]. Recently, a series of

6-aminoquinolones variously substituted in the different

position of the quinolone nucleus [6] have been prepared

[7]. Among them, 1 was the lead compound and the

structural modification around it permitted to obtain new

potent anti-HIV-1 and anti-HIV-2, 6-aminoquinolones 2, 3,

4 and 5.

The purpose of the present work is to investigate

theoretically the structure and properties in the ground

state of the said compounds by Hartree–Fock (HF) and

density functional theory (DFT; B3LYP) with 3-21G,

6-31G(d) and 6-311G(d,p) calculations [8–10] and

to correlate the properties with physiological action

(i.e. target specificity, transport ability and drug action),

including the basis set effect. For an analysis of drug

action, a solvent-phase calculation using water was carried

out for these molecules.

2. Computational details

Complete geometry optimisations for all the molecules

were done in the ground state by the HF and DFT (B3LYP)

methods with 3-21G, 6-31G(d) and 6-311G(d,p) basis sets

using the Gaussian 03W program [8–10]. The optimis-

ation in the solvent phase could not be done because of

very long computation time. Since HF results are

systematic in the present series, the single-point water-

phase calculations by the polarisable continuum model

(PCM) have been carried out to have a first-hand

information in the solution phase by the HF method

using only the 6-311G(d,p) set at the gas-phase

equilibrium geometry.

3. Results and discussion

Equilibrium geometries in the gas phase of the studied

molecules by the DFT and HF methods are shown in

Figures 1(a)–(e) and 2(a)–(e), respectively, with the

numbering schemes in the 6-311G(d,p) basis set.

The molecules are listed in Tables 1 and 2, along with

their abbreviated names and computed total energies

(hartree), dipole moments (debye), HOMO–LUMO

energies (hartree) and DE-gap (hartree) between them by

the DFT and HF (including the water-phase) methods,

respectively. Tables 3 and 4 summarise the computed net

Mulliken charge by the DFT and HF (along with the water-

phase result) methods on the heteroatoms of the molecules

in their respective optimised ground state. Atomic charge

is not an observable quantum mechanical property. All

methods for computing the atomic charges are necessarily

arbitrary. Electron density among the atoms in a molecular

system is being partitioned. The Mulliken population

analysis computes charges by dividing orbital overlap

equally between the two atoms involved. The values also

depend on the basis set used. Therefore, the values are non-

unique. Still, it is widely used to have an idea of electron
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density distribution in a molecular system. From Tables 1

and 2, it can be seen that in the gas phase, all the molecules

are highly stable in the equilibrium ground state, the

stability being the highest in the 6-311G(d,p) calculations.

This indicates that they will also be more stable in the

solution phase (verified by the single-point water-phase

calculation) since each molecule has a hydrophilic part

(4-keto-3-carboxylic moiety) and will also possess potent

anti-HIV activity, which is in excellent agreement with the

experimental results [7]. The first-hand information

obtained from the single-point water-phase calculations

by the HF method indicates more stability in the water

phase than the gas phase for all the molecules. The dipole

moment values reflect the overall charge distribution in a

molecular system. The dipole moments (calculated by the

DFT method) of 1 (lead compound), 3 (thiazole) and 4

Figure 1. (a)–(e) Optimised structures of the five molecules (1–5), respectively, by the DFT (B3LYP) method (6-311G(d,p)).

Figure 2. (a)–(e) Optimised structures of the five molecules (1–5), respectively, by the HF method (6-311G(d,p)).
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(pyrazine) are the highest in the 6-311G(d,p) calculations.

The same for 2 (trifluoro) and 5 (benzoxazole) are the

highest in the 6-31G(d) calculations. The HF results are

more reliable in this respect. The dependence on the basis

set is much less in the HF calculations.

From Table 1, it can also be seen that the HOMO and

LUMO energies are in the order 3-21 , 6-31G(d) , 6-

311G(d,p) as expected by the DFT method, but in Table 2,

the same trend is followed for the HOMO energies,

whereas the LUMO energies do not follow the same order

by the HF calculations. The interesting point is that the

DE-gap is almost identical for all the molecules and in all

the basis sets by both the methods (with the exception of

HF 6-31G(d), where it is slightly higher), showing that

their activity towards chemical attack is also equivalent.

However, the values calculated by the HF method are 2.5

times greater.

From Table 3, it can also be seen that the charge

densities calculated by the 6-311G(d,p) basis set are

systematically lower than the values obtained by the other

two basis sets by both the methods (with some minor

exceptions). It can also be seen that the charge densities

obtained by the 6-31G(d) basis set are reasonable

by both the methods for all the potent molecules.

Table 2. Computed total energies (hartree), dipole moments (debye), HOMO, LUMO energies (hartree) and DE(HOMO–LUMO gap)
(hartree) at the equilibrium geometry of the ground state of the five molecules by the HF method.

Properties Basis set 1 (Lead compound) 2 (Trifluoro) 3 (Thiazole) 4 (Pyrazine) 5 (Benzoxazole)

Total energy 3-21 21259.39 21577.30 21578.45 21275.27 21409.15
6-31G(d) 21266.44 21586.06 21587.04 21282.43 21417.06
6-311G(d,p) 21266.74 21586.44 21587.34 21282.73 21417.38
6-311G(d,p) (water phase) 21266.78 21586.49 21587.39 21282.77 21417.43

Total dipole
moments

3-21 9.97 7.81 7.72 7.48 7.29
6-31G(d) 9.77 7.89 7.69 7.63 7.06
6-311G(d,p) 9.69 7.78 7.61 7.59 6.93
6-311G(d,p) (water phase) 13.32 10.83 10.42 10.60 9.62

HOMO 3-21 20.2726 20.2773 20.2779 20.2760 20.2781
6-31G(d) 20.2809 20.2842 20.2846 20.2839 20.2855
6-311G(d,p) 20.2847 20.2882 20.2883 20.2875 20.2893
6-311G(d,p) (water phase) 20.2868 20.2871 20.2878 20.2872 20.2879

LUMO 3-21 0.1012 0.0975 0.0975 0.0983 0.0972
6-31G(d) 0.0994 0.0964 0.0964 0.0967 0.0955
6-311G(d,p) 0.0914 0.0882 0.0885 0.0888 0.0875
6-311G(d,p) (water phase) 0.0866 0.0866 0.0861 0.0864 0.0860

DE 3-21 0.3738 0.3748 0.3754 0.3743 0.3753
6-31G(d) 0.3808 0.3806 0.3810 0.3806 0.3810
6-311G(d,p) 0.3761 0.3764 0.3768 0.3763 0.3768
6-311G(d,p) (water phase) 0.3734 0.3737 0.3739 0.3736 0.3739

Table 1. Computed total energies (hartree), dipole moments (debye), HOMO, LUMO energies (hartree) and DE(HOMO–LUMO gap)
(hartree) at the equilibrium geometry of the ground state of the five molecules by the DFT (B3LYP) method.

Properties Basis set 1 (Lead compound) 2 (Trifluoro) 3 (Thiazole) 4 (Pyrazine) 5 (Benzoxazole)

Total energy 3-21 21267.22 21586.48 21586.43 21283.15 -1417.82
6-31G(d) 21274.22 21595.21 21594.98 21290.25 21425.66
6-311G(d,p) 21274.55 21595.64 21595.31 21290.58 21426.03

Total dipole moments 3-21 8.85 7.24 6.55 6.31 5.94
6-31G(d) 9.17 7.64 7.02 6.79 6.27
6-311G(d,p) 9.21 7.59 7.03 6.84 6.21

HOMO 3-21 20.1858 20.1906 20.1905 20.1893 20.1909
6-31G(d) 20.1963 20.1999 20.1998 20.1994 20.2008
6-311G(d,p) 20.2044 20.2085 20.2079 20.2075 20.2091

LUMO 3-21 20.0331 20.0369 20.0366 20.0368 20.0370
6-31G(d) 20.0395 20.0425 20.0422 20.0428 20.0432
6-311G(d,p) 20.0489 20.0523 20.0516 20.0521 20.0527

DE 3-21 0.1527 0.1537 0.1539 0.1525 0.1539
6-31G(d) 0.1568 0.1574 0.1576 0.1566 0.1576
6-311G(d,p) 0.1555 0.1562 0.1563 0.1554 0.1564
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These heteroatoms are assumed to play the key role for

anti-viral potency because these are the most negative

centres of the molecules. So far as is known, the free

radical centres of high electron densities capture the

viruses through chemical attack.

HOMO and LUMO structures of the molecules are

shown in Figures 3(a)–(e) and 4(a)–(e) and Figures 5(a)–

(e) and 6(a)– (e), respectively, in the 6-311G(d,p)

calculations by the DFT and HF methods. It was confirmed

experimentally [7] that high antiviral activity was ensured

by the region around the 4-keto-3-carboxylic moiety.

The HOMO and LUMO structures support this. The

concentrations of electron densities in the 4-keto-3-

carboxylic moiety region in the HOMO of the five

molecules are determined by both the methods. The

electron densities are somewhat greater for the new potent

molecules 2–5 that increase their high antiviral activity,

which is in excellent agreement with the experimental

findings [7]. The concentration of charges in the LUMO of

all the molecules shows the same trend by both the

methods except for molecule 4 by the DFT method. Here,

the substituted pyrazine ring shows the substantial

concentration of charges. This is a strange result by the

DFT calculations, which may indicate that, in this

molecule, the antiviral activity is expected to take place

both in the 4-keto-3-carboxylic moiety and substituted

pyrazine ring. The HF calculations are very reliable in this

regard showing no such strange findings. The single-point

water-phase calculations at the HF 6-311G(d,p) optimised

geometries for all the molecules show that the charge

densities have been more concentrated in the HOMO–

LUMO structures (shown in Figures 7(a)–(e) and 8(a)–

(e), respectively) than the gas phase that correlates very

well with the drug action of the studied molecules, which

is in excellent agreement with the experimental findings.

Tables 5 and 6 show some selected geometrical

parameters of all the molecules by the DFT and HF

methods, respectively. Some of the regions containing

heteroatoms of different molecules (except F) are selected.

From Tables 5 and 6, it can be seen that the 4-keto-3-

carboxylic moiety part is planar for all the molecules in all

calculations by both the methods irrespective of the

substituents of the lead compound 1. The (C28ZN38ZC39)/

(C28ZN38ZC43)/(C28ZN38ZC42) angles show sp2 hybrid-

isation of the N-atom in 1, 2, 4, in 3 and in 5, respectively,

the variations being within ^58. The (C27ZN37ZC11)

angle varies from 113.3 to 114.58 for all the molecules in

all calculations. The (C8ZC11ZN37), (C1ZN25ZC13) and

(C9ZC10ZN17) angles also show very little variation of the

sp2 hybridisation of C- and N-atoms (119.60–123.78). The

distance N38ZC39/N38ZC43/N38ZC42 is in the range

1.37–1.41 Å for 1, 2, 4, 1.34–1.36 Å for 5 and 1.35–

1.37 Å for 3, respectively. For the other CZN distances,

the variation is from 1.37 to 1.47 Å for all the molecules in

all calculations. The OZH distance varies from 0.96T
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Figure 3. (a)–(e) HOMO structures of the five molecules (1–5), respectively, by the DFT (B3LYP) method (6-311G(d,p)).
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Figure 4. (a)–(e) LUMO structures of the five molecules (1–5), respectively, by the DFT (B3LYP) method (6-311G(d,p)).
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Figure 5. (a)–(e) HOMO structures of the five molecules (1–5), respectively, by the HF method (6-311G(d,p)).
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Figure 6. (a)–(e) LUMO structures of the five molecules (1–5), respectively, by the HF method (6-311G(d,p)).
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Figure 7. (a)–(e) HOMO structures of the five molecules (1–5), respectively, by the HF method (6-311G(d,p)) in the water phase.
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Figure 8. (a)–(e) LUMO structures of the five molecules (1–5), respectively, by the HF method (6-311G(d,p)) in the water phase.
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to 0.99 Å for all the molecules in all calculations. The

CvO distance is within 1.20–1.24 Å and the other CZO

distance is within 1.37–1.40 Å for all the molecules in all

calculations. The calculated geometrical parameters are

within the experimental range as expected.

4. Conclusion

The present study correlates very well with the

experimental findings [7]. Compound 2 (trifluoro), 3

(thiazole), 4 (pyrazine) and 5 (benzoxazole) have been

confirmed to be more effective than 1 (lead compound).

The drug action in the water phase is also correlated by the

presence of more electron-rich HOMO–LUMO struc-

tures. Almost similar conclusions are obtained in the

present study for all the basis sets. In the present series, the

HF calculations are more reliable.
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