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Abstract

The structural and vibrational characteristics of tenofovir have been calculated from density
functional theory (DFT) by implementing the theory B3LYP/3-21G basis set. Based on Fourier
Transform infrared (FT-IR), Fourier Transform Raman (FT-Raman), the spectroscopic
characteristics of the compound under investigation have been closely examined. With the use
of molecular electrostatic potential (MEP) surface analysis and local reactivity descriptors, the
charge distribution around the molecular system has been examined in order to distinguish the
nucleophilic and electrophilic regions. The red regions in MEP map across PI1-O5 and O4-H
signify nucleophilic sites and the blue color across amine group indicate the electrophilic centers.
Additionally, global reactivity descriptors based on the energy of highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) have been used in predicting
the molecule’s chemical reactivity. The HOMO-LUMO gap is found to be 5.58 eV. The structural
stability of compound based on donor and acceptor Lewis type orbital from natural bond orbital
(NBO) analysis give the information that the transition LP(1) C15— n*(N9-C18) has major role
for stability of compound and gives the stabilization energy 114.43 kcal/mol. Similarly, structural
analysis and quantum chemical computation techniques have been used to study the fundamental
chemical reactive regions of the tenofovir molecule. The highest value of Fukui function (FF)
S, across Cl6 is (0.1467) which is prone to nucleophilic center in the compound and the highest
FF f7 (~ 0.1787) across NI10 predict the electrophilic site in the compound. These findings are
essential for further research using vibrational spectroscopy on drug-target interactions.
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1. Introduction

The respective molecular weight and mo- ed adults. Despite recent vaccination cam-
lecular formula of tenofovir are 287.21 g/ paigns’ success, chronic hepatitis B (CHB)
mol and C,H N.O,P. The IUPAC name of remains a significant global healthcare
tenofovir is [(2R)-1-(6-aminopurin-9-yl) issue and the root of severe liver disease
propan-2- ylJoxymethylphosphonic acid [2]. Tenofovir DF is an oral pro-drug of
[1]. Tenofovir disoproxil fumarate (DF) is tenofovir, a nucleotide (nucleoside mono-
highly effective for the suppression of hep-  phosphate) analogue that is active against
atitis B virus (HBV) in chronically infect- retroviruses such as HIV-1, HIV-2, and
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hepadna viruses, when tenofovir DF is ab-
sorbed then it is quickly transformed into
tenofovir [4,5]. Tenofovir is not a substrate,
inducer, or inhibitor of human cytochrome
P450 enzymes, either in vitro or in vivo.
Tenofovir DF has been studied in conjunc-
tion with different antiviral and concomi-
tant medications routinely used in HIV-1
infected individuals. With the exception of
didanosine and atazanavir, which require
dosage changes, there have been no clin-
ically significant drug interactions with
tenofovir DF [6].

The literature review reveals that the many
biological and clinical research of tenofo-
vir have been conducted by many research
groups. But, the geometry optimization, re-
active sites as well as spectroscopic behav-
ior of tenofovir have not been conducted so
far. In this manuscript we have examined
the optimized parameters: bond length and
bond angle, natural bond orbital (NBO)
analysis, spectroscopic behavior (FT-IR
and FT-Raman), MEP analysis, global and
local reactivity activity of the investigated
compound.

2. Materials and Methods

The title compound was computationally
evaluated using the Gaussian 09 software
program [7]. The optimization was done
using the default settings of the Gaussian09
application package. The title compound
is optimized using DFT with functional
B3LYP [8,9] and the 3-21G basis set [10-
12]. The hyperconjucative interaction
energy for the stability of molecular
system has been calculated from NBO 3.1
program added in Gaussian 09 program.
The MEP, HOMO-LUMO, and Mulliken
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charges were computed using the same
level of theory as optimization. GaussView
05 software was used to visualize charge
distribution in molecules, including MEP,
HOMO, and LUMO [13,14].

3. Results and Discussion
3.1 Geometry Optimization

The optimized molecular structure of
tenofovir with the labeling of atoms is

shown in Figure 1.
zs* ' »

Figure 1: The optimized structure of tenofovir from
B3LYP/3-21G.

The ground state energy of tenofovir was
calculated as -7.91x10° kcal/mol from
B3LYP/3-21G. Optimized bond lengths
and bond angles of tenofovir calculated
from same level of theory. It is observed
that the minimum bond length is 0.99 A
across O4-H33 whereas the maximum bond
length is obtained as 1.87 A across P1-C17.
This respective least and highest value of
bond length is due to the intermolecular
hydrogen bond with surrounding species.
This is justified by MEP surface analysis.
Similarly the maximum and minimum
bond angles are observed across 131.16

*and 96.48 ° across N6-C13-N8 and O4-

P1-C17 respectively. This is due to
intermolecular hydrogen bonding with
neighboring molecules in crystal packing.
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But our research is for single molecule in
gaseous state.

3.2Frontier Molecular Orbital (FMO’s)
Analysis

The pictorial representation of the frontier
molecular orbitals (FMOs) as depicted in
Figure 2. In general highest occupied mo-
lecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO)
are called FMOs, and these orbitals have
crucial role to evaluate the reactivity and
the stability of the molecules [15]. More
importantly, the HOMO has tendency to
donate the electrons and the LUMO has
tendency to accept the electrons [16]. A
molecule having a high HOMO - LUMO
energy gap is more stable and low chemical
reactive. Thus, the value of energy gap is
the most important indicator of the stabili-
ty of molecules. The respective calculated
HOMO and LUMO energies are -5.48 eV
and 0.10 eV. The value of was found to be
5.58 eV. In addition, Huq in 2008 observed
the HOMO-LUMO energy gap zoledronic
acid and found it to be 6.14 eV at B3LYP/6-
31G* [18]. This indicates that tenofovir has
high chemically reactivity and low stability
than zoledronic acid.
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Figure 3: HOMO-LUMO plots of Tenofovir.
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Figure 2: HOMO-LUMO surface mapping of teno-
Sfovir.
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3.3 Molecular Electrostatic Potential
(MEP) Surface

The charge distributions in molecules are
represented in three dimensions by the MEP
surface which infers the chemical reactive
sites. The polar nature of the tenofovir is
indicated by its dipole moment of 6.94
Debye. The presence of reactive sites in
the subject molecule for electrophilic and
nucleophilic assault was predicted using
the MEP method. MEP contour surface
of the title compound is shown in Figure
3. The electron concentrations at the
MEP surface are indicated by different
colors and increase in the order of Red >
Orange > Yellow > Green > Blue [17,18].

+9.063x10?

-9.063x10?

Figure 4: Molecular electrostatic potential (MEP) surface map of Tenofovir

Figure 3: Molecular electrostatic potential surface
mapping of tenofovir.

The color representation of MEP for the
investigated molecule is in the range (-9.063
to +9.063) 107 a.u. The most negative
potential is seen across P1-O5 and O4-H
and these are the nucleophiles regions.
Similarly the most positive potential is seen
across amine group.

3.4 Mulliken Population Analysis

Electronegative atoms such as nitrogen,
oxygen, and carbon, along with several
oxygen and nitrogen atoms like: O2, O3,
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04, 05, N7, N8, N9 and, N10 exhibit
partial negative charges. On the other
hand, all hydrogen atoms and some carbon
atoms along with phosphorus, including
Cl11, C15, C18, and C19, develop partial
positive charges. Notably, N6 shows the
most pronounced negative charge (-0.75
e), while P1 exhibits the highest positive
charge (1.5 e). Despite being attached to an
electronegative oxygen atom, N6 develops
a partial negative charge due to the
resonance effect of the benzene ring, which
causes it to exhibit electron-withdrawing
properties. In contrast, P1, is connected to
oxygen atoms. This configuration causes
P1 to display an electron-donating effect
towards the oxygen atoms, leading to a
partial positive charge. In tenofovir, the
distribution of partial negative and partial
positive charges is balanced across an
equal number of atoms, highlighting the
intricate electronic interactions within the
molecule and underscoring its potential in
drug design and molecular modification.
The partial distribution of charges on the
different atoms of tenofovir from Mullikan
population analysis is depicted in Figure 4.

[ Muliken Charge

L01p 20 30 40 30 6N TN 8N 9N 10NTICI2C13C14C 15C 16C 17C 15C 190 2002 H22H 23HO4H 25H 26H2TH 2SHOOH 30H 3 [HA2H 33H

Figure 4: Mulliken charge associated with each
atoms of tenofovir using B3LYP/3-21G.
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3.5 Global Reactivity Descriptors

The calculated HOMO energy (E)),
LUMO energy (E)), and their energy gap
and the important parameters such as
HOMO-LUMO energies, global softness,
global hardness, electronegativity, global
electrophilicity index and chemical potential
are evaluated for the title molecule are listed
in Table 1. The HOMO-LUMO energy gap
of the examined molecule is obtained as
5.58 eV. Various reactivity descriptors are
calculated with the help of Koopman’s
theorem [19,20]. The electronegativity
(x) value is 2.68 eV. The global hardness
(n) 1s -2.29 eV and the global softness
(S) is -0.21 eV"'. These values are used to
indicate the softness in comparison with
other molecules. The global electrophilicity
index (®) is -1.57 eV which tells that the
tenofovir shows electrophilic nature. The
chemical potential () value of a molecule
s -2.68 eV.

Table 1: HOMO energy (E, ), LUMO energy
(E,)), energy gap (E,-E,), electronegativity
(x), chemical potential (u), global hardness

(n), global softness (S), and global
electrophilicity index (®) for tenofovir.

E, (eV) -5.48

E, (eV) 0.10

E-E, (eV) 5.58

x (eV) 2.68

uEev) -2.68

n V) -2.29

S eV -0.21

o (eV) -1.57
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3.6 Local reactivity descriptors

The Fukui function (FF) was used to
determine the reactivity of each atom in
the molecule. The atom with the highest
FF value is more likely to participate in the
reaction than other atoms in molecule [21].
The FF (f',f 1), local softness (S ',S
,S.”), and local electrophilicity indices
(0,0, ® ") determine the reactivity of
each atom in the anion, cation, and neutral
states. To get these characteristics, partial
charges on each atom were estimated using
Hirshfeld population analysis and Fukui
functions [22].

f " =[q(N + 1) —q/(N) ] for nucleophilic
attack

£~ =[q(N) —q (N — 1) ] for electrophilic
attack

f *=[q(N+1)—q (N — 1) ] for radical
attack

where g, is the atomic charge at the k™
atomic site in the neutral (N), anionic (N+1)
or cationic (N-1) state of the molecule. The
local reactivity descriptor of tenofovir for
selected atoms has been calculated, which
inferred that the sites 02, O3, 04, OS5,
N6, N8, N9, N10, C13, C15, C17, H20,
H24, H28, H30, and H31 are close to the
nucleophilic center, whereas, the atoms
P1, N7, Cl11, CI12, C14, Cle6, C18, C19,
H21,H22, H23, H25, H26, H27, H29, H32,
and H33 are prone to electrophilic center.
This also justified by Mulliken partial
charge analysis. The highest value of f *
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is calculated across N10 (~0.1787) and the
highest value of f~ (0.1467) is identified
across C16 and these atoms are prone to
eletrophilic and nucleophilic attack in the
tenofovir, respectively.

Natural Bond Orbital (NBO) Analysis

NBO analysis has been performed via
second-order perturbation theory to reveal
all the possible interactions between filled
donor Lewis type and virtual acceptor Lewis
type NBOs orbital and their stabilization
energy E(2) have been analyzed [23]. The
interaction energy E(i,j) between i (donor)
and j (acceptor) NBOs is numerically
described which gives the stabilization
energy among bonding and anti-bonding
interaction. It is mathematically obtained
from the off-diagonal Fock matrix element
[23].

E®'=E(, j)=qi

Where, E, is referred to as the donor orbital
occupancy and Ej are the respective energy
of acceptor orbitals and Fij are the off-
diagonal Fock- matrix elements. The larger
value of (2) implies the more intensive
donor-acceptor interactions. The different
types of donor-acceptor interactions and
their equilibrium energies are determined
by second-order perturbation analysis of the
Fock matrix of tenofovir and are tabulated
in Table 2.

Table 2: Second-order perturbation theory
analysis of Fock matrix in NBO basis of
tenofovir.
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I\]?gg"(ri) EDG)e  Acceptor NBOG) ED(j)e (kc§1(/2n)1 o [ng)(l)] f;‘d))
7(N6-C13) 183301 LP(1)CI5 112112 14.64 0.23 0.071
T(N6-C13) 183301 m*(N7-C16) 0.34923 18.18 0.34 0.092
o(N7-C16) 198443 o*(CI5-CI8)  0.03906 5.54 1.44 0.080
T(N7-C16) 188678 LP(1)CI5 112112 34.86 0.19 0.102
5(N8-C19) 198511 o*(N6-CI3) 0.04915 7.83 1.27 0.090
(N8-C19) 177683 m*(N6-C13) 0.72852 42.90 0.24 0.104
T(N8-C19) 177683 m*(N9-CI8) 0.46454 8.70 0.28 0.047
T(NO-C18) 169963 LP(1)CI5 112112 2737 0.16 0.092
T(N9-C18) 169963 m*(N8-C19) 0.37349 35.95 0.29 0.092
o(C13-C15) 196977  o*(CI5-CI8)  0.03906 523 131 0.074
LP(2) 02 191655  o*(CI1-Cl4)  0.02513 5.94 0.63 0.055
LP(2) 02 191655  o*(C11-H20)  0.03368 6.27 0.70 0.060
LP(2) 02 191655  o*CI7-H27)  0.02817 6.13 0.69 0.059
LP(2) 02 191655  o*(CI7-H28)  0.03242 7.40 0.68 0.064
LP2(03) 1.90846  o*(P1-O4) 0.27816 17.42 0.43 0.081
LP(2) O3 191029  o*(P1-05) 0.12205 9.79 0.55 0.066
LP(2) 04 191029  o*(P1-03) 0.27000 16.86 0.44 0.081
LP(2) O4 176172 o*(P1-05) 0.12205 9.83 0.56 0.067
LP(2) 05 176172 o*(P1-03) 0.27000 2161 0.34 0.077
LP(2) 05 176172 o*(P1-04) 0.27816 6.78 0.34 0.043
LP(2) 05 176172 o*(P1-C17) 0.16227 258 0.41 0.092
LP(3) 05 173609 o*(P1-03) 0.27000 2744 0.33 0.086
LP(3) 05 173609 o*(P1-04) 0.27816 42.80 0.33 0.107
LP(1) N7 192554 o*(N6-C16) 0.03757 7.30 0.77 0.067
LP(1) N7 192554 o*(CI3-C1S)  0.04543 523 0.92 0.062
LP(1) N8 190013 o*(N9-C19) 0.03000 10.75 0.81 0.085
LP(1) N8 190498  o*(CI3-CIS)  0.04543 8.32 0.91 0.079
LP(1) N9 190013 o*(N8-C19) 0.03212 1176 0.80 0.088
LP(1) N9 190013 o*(CI5-CI8)  0.03906 7.40 0.90 0.074
LP(1) N10 175030  m*(N9-CI8) 0.46452 52.96 0.23 0.105
LP(1) C15 112112 m*(N6-C13) 0.72852 246.24 0.07 0.125
LP(1) C15 112112 m*(N7-C16) 0.34923 60.46 0.11 0.086
LP(1) C15 L1212 7*(N9-CI8) 0.46454 114.43 0.12 0.117

The interaction of (N8-C19) — m* (C6-C13) produces resonance in the molecule, leading
to stabilization energy of 42.90 kcal/mol. A very strong interaction has been identified
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between the loan pair LP(1)C15 — m* (N6-
C13) which stabilizes the molecule with
stabilization energy 246.24 kcal/mol. The
loan pair LP(1) N7 participates in charge
transfer from LP(1)N7 — o* (N6-C16)/0*
(C13-C15) with energies of 7.30/5.23 kcal/
mol. The interactions LP(2)O3 — o* (P1-
04) lead to a stabilization energy of 17.42
kcal/mol.

3.8 Vibrational Analysis

The title molecule has 33 atoms so it has
93 (3N - 6) modes of vibration including
stretching and bending. The graph of FT-IR
absorbance and Raman the intensity of the
investigated molecule with wavenumber is
plotted. The plot is presented in Figures 5
and 6 respectively.

Absorbance
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Figure 5: FT-IR spectroscopy of tenofovir.

Raman Intensity

|
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Figure 6: Graph of FT-Raman spectroscopy of

tenofovir.
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3.8.1 Vibration of CH, group

The wagging vibration range of the CH,
group is (1368 — 1300) cm ' [24]. The
out plane bending frequency is calculated
at 1330.11 cm™'. The CH, symmetric
stretching and asymmetric stretching
frequencies are observed at 3044.66 and
3106.56 cm! respectively. Both are found
in the Raman band.

3.8.2 Vibration of the hydroxyl group
The stretching vibration of the (-OH)
group is in the range of (3100 — 3690) cm™!
[25]. In this research, we have observed
the hydroxyl stretching at 3521.85 cm™.
Similarly, the bending was observed at
48.67 cm™'. Both results are observed in IR
band.

3.8.3 Vibration of phosphonate group
The bending of the phosphonate group was
observed in the range (314.73 - 509.56) cm
“1 [24,25]. In this region, the IR band was
active which means a vibration results in
a change in the molecular dipole moment.
The stretching of the phosphonate group is
in the range of (281.11 - 411.64) cm™

4. Conclusions

The minimum energy of tenofovir was
measured to be -7.91x10° kcal/mol. The
least value of bond length ~ 0.99 A was
calculated across O4-H33 and highest value
of bond length ~ 1.87 A was calculated
across P1-C17. Moreover, the maximum
value of bond angle is calculated as 131.16

*and minimum value is 96.48 ° across N6-

C13-N8 and 0O4-P1-C17 respectively.
These findings are due to inter molecular
hydrogen bonding with surrounding



M.K. Chaudhary et al.

species. The HOMO and LUMO energies
has been examined as - 5.48 and 0.101
eV respectively. The value of has been
obtained as 5.58 eV. The global reactivity
parameters such as: electronegativity (y),
chemical potential (u), global hardness
(n), and global electrophilicity index (w)
have been obtained as 2.68, -2.68, -2.29,
and -1.57 eV respectively. The global
softness (S) has been found to be -0.21eV-
!. The phosphonate group which acts as
a nucleophilic center and amine group
acts as electrophilic center in the MEP
surface analysis. The value of f ™ across
N10 is determined as ~0.1787 and the
value of f~ across C16 is calculated as ~
0.1467. The highest value of FF across
N10 and C16 predict that former atom is
more nuleophilic sites and latter one more
electrophilic site. From spectroscopic
analysis, the respective wave number for
symmetric and asymmetric stretching of
CH, has been calculated at 3044.66 and
3106.56 cm™! but the out plane bending is
calculated at 1330.11 ecm ™.
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