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stability, spectroscopic signatures
and biological interactions of proton pump
inhibitor drug lansoprazole based on structural
motifs†

Megha Agrawal,a Amit Kumarab and Archana Gupta *a

Structure based biological and chemical properties of Lansoprazole (LSP) have been studied by

spectroscopic and quantum chemical methods. The geometrical parameters of the title compound

obtained by DFT calculation are compared with single crystal XRD data. The conformational flexibility of

the title compound has been discussed on the basis of the potential energy profile achieved from the

rotation of various groups present in the molecule and the minimum energy conformer has been

determined. The spectroscopic fingerprints are studied by variety of experiments (IR, Raman, UV, and

NMR). Normal mode analysis is performed to assign the vibrational frequencies according to the

potential energy distribution (PED). Simulation of infrared and Raman spectra has led to an excellent

overall agreement with the observed spectral patterns by refinement of scale factors. TD-DFT approach

is used to investigate the excited states of molecule and prediction of electronic absorption spectra. The
1H nuclear magnetic resonance (NMR) chemical shifts of the molecule are calculated by the gauge

independent atomic orbital (GIAO) method and compared with experimental results. Prediction of

Activity Spectra analysis (PASS) of the title compound has been done to explore several biological and

toxic effects with high probability. The lipophilicity and aqueous solubility have been calculated to get

insight into cell membrane penetration and drug absorption processes in biological systems. The

molecular docking is performed to identify the binding energy of the ligand with the active site of

protein. These studies show that several sites in the molecule are crucial for bonding and these results

lead us to the conclusion that the compound might be metabolized by human protein. Electron density-

based local reactivity descriptors such as Fukui functions have been calculated to describe the chemical

reactivity sites within the molecule.
1. Introduction

Drug design is the inventive process of nding newmedications
based on the knowledge of a biological target. The ever
increasing use of drugs has prompted pharmaceutical scientists
to explore various approaches in nding and developing
bioactive compounds suitable for the treatment of diseases and
oen for the maintenance of human health. During the pre-
formulation stage of drug development, a great number of
characterization methodologies can be employed and each has
its associated utility and function. However when a large
amount of information is to be gleaned from a small amount of
sample, spectroscopic methods of analysis can be of great use.
of Engineering & Technology, M. J. P.

il: drarchana.physics@gmail.com

ow, Lucknow, India

tion (ESI) available. See DOI:

hemistry 2017
Our aim is to study the biological and chemical properties of the
pharmaceutical sample lansoprazole using different spectro-
scopic techniques. Lansoprazole, a substituted benzimidazole
belongs to a group of drugs called proton pump inhibitors. The
benzimidazole scaffold is an accepted pharmacophore and
represents an important synthetic precursor in new drug
discovery.1–3 Lansoprazole suppresses gastric acid secretion by
specic inhibition of the H+/K+ ATPase enzyme system at the
secretary surface of the gastric parietal cell.4 An increased dose
of lansoprazole is to be recommended for the extensive
metabolizer (particularly homEM) patients who are refractory to
the usual dose of a proton pump inhibitor.5 Literature survey
reveals that no experimental and theoretical spectral analyses
for LSP molecule have been performed yet. A study on spectral
characterization, conformational distribution, chemical reac-
tivity and biological interactions analysis will be useful in pre-
dicting several properties of compound. The spectroscopic
techniques used here are FT-IR, Raman, UV-vis and NMR
spectroscopy. Experimental spectroscopic features have been
RSC Adv., 2017, 7, 41573–41584 | 41573
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correlated with the theoretical results obtained from density
functional theory (DFT) computations. The thermodynamically
most stable conguration of the compound has been analyzed
and the structure based properties are determined. The
prospective biological activities and toxicity are evaluated by the
predictions made by PASS soware which predicts pharmaco-
logical effects on the basis of structural formula. As the bio-
logical activity of a drug compound is affected by the ability of
the drug to be transported and absorbed, the lipophilicity and
aqueous solubility were calculated. The study of drug–target
interactions is important for the understanding of biological
processes and for the efforts to develop clinical performance of
drug molecules. Docking simulations have been done to
determine the aspects of drug–target interactions. The global
reactivity indices are calculated for interpreting and predicting
diverse aspects of chemical bonding and reaction mechanism
whereas local reactivity indices are employed to probe site
selectivity of molecule.

2. Experimental details

The compound under investigation is purchased from Sigma-
Aldrich chemicals, USA with spectroscopic grade and it is
used as such without any further purication for recording the
spectra.

2.1 Fourier transform infrared spectroscopy

The Infrared spectrum was recorded in the solid phase in the
region 4000–400 cm�1 on Bruker FT-IR spectrometer, model
ALPHA equipped with Diamond ATR module by averaging 24
scans with spectral resolution of 4 cm�1.

2.2 Fourier transform Raman spectroscopy

The Raman spectrum was recorded in the region 4000–
100 cm�1 on a BRUKER RFS-100/S FT-Raman spectrometer. A
Nd:YAG laser operating at 1064 nm with an output of 30 mW
was used as the exciting source. The detector was a Ge diode
cooled to liquid nitrogen temperature. 64 scans were accumu-
lated at 4 cm�1 resolution.

2.3 UV-vis spectroscopy

The ultraviolet absorption spectrum of LSP was examined using
a Shimadzu UV 1800 Spectrophotometer. The UV pattern is
recorded from a 10�5 M solution prepared by dissolving LSP in
ethanol solvent. The spectrum is shown in Fig. S1 of the ESI.†

2.4 NMR spectroscopy

The 1H NMR spectrum was recorded on a Bruker DRX-300
spectrometer operating at 300 MHz. The measurements were
done in CDCl3 solution. The solution was prepared by dissolv-
ing about 2 mg of the sample in 0.6 mL of CDCl3. The spectrum
has following experimental parameters: number of scans 32;
spectral width 9615.385 Hz; acquisition time 3.40 s. Chemical
shis were reported in ppm relative to TMS. The spectrum is
shown in Fig. S2 of the ESI.†
41574 | RSC Adv., 2017, 7, 41573–41584
3. Computational details

The molecular geometry of the compound was optimized by
DFT method with a hybrid functional B3LYP (Becke's three
parameter hybrid functional using the LYP correlation func-
tional) supplemented with standard 6-311++G(d,p) basis set.
The way the functional is derived and the lack of empirical
parameters tted to specic properties make this functional
widely applicable, both to quantum chemistry as well as to
condensed matter physics. It has shown to predict a wide range
of molecular properties successfully.6–8

The equilibrium geometry corresponding to the true minima
on the Potential Energy Surface (PES) has been obtained by
solving self consistent eld equation effectively. The optimized
structural parameters were used in the vibrational frequency
calculations. The entire calculations were performed using
Gaussian 09W9 program package, invoking gradient geometry
optimization.10 Due to systematic errors caused by basis set
incompleteness, neglect of electron correlation and vibrational
anharmonicity effects, the calculated harmonic vibrational
frequencies were scaled by the wavenumber linear scaling
(WLS) procedure of Yoshida et al.11

nobs ¼ (1.0087 � 0.0000163ncal)ncal cm
�1 (1)

The WLS method employs essentially only one parameter
to scale wavenumbers in the whole region and is applicable to
a variety of compounds, except the ones for which the effect
of dispersion forces is signicant.11 It has excellently repro-
duced the experimental wavenumbers of pharmaceutical
compounds studied by authors previously.12–14 Time depen-
dent density functional theory (TD-DFT)15 is used to nd the
low-lying excited states and their nature within molecule. The
solvent effects are taken care of by means of the polarizable
continuum model (PCM)16 as there is no specic interaction,
such as hydrogen bonds, between the solute and the solvent.17

The Gaussian soware generated output le for NMR calcu-
lations using guage-independent atomic orbital (GIAO)
approach18 provides the computation of absolute chemical
shielding due to the electronic environment of the individual
nuclei. In order to obtain the calculated results comparable
with the experimental data, the absolute shielding returned
by the program is transformed to chemical shi by
subtracting it from the absolute shielding of tetramethylsi-
lane (TMS).

drel ¼ dTMS
abs � dabs (2)

To predict biological activity of LSP, an online structure
activity relationship (SAR) tool ‘PASS’ (Prediction of Activity
Spectra)19 has been used. Lipophilicity and aqueous solubility of
LSP has been calculated using ALGOPS 2.1 program.20 This
program combines electronic and topological characters to
predict the lipophilicity and aqueous solubility of the analyzed
molecule. In order to get an insight into ligand–receptor inter-
actions, molecular docking calculations were performed using
Auto Dock Vina soware21 and Discover studio 4.0 Soware.22
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra00130d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 5
/2

4/
20

24
 2

:0
9:

45
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
4. Results and discussion
4.1 Structural analysis

4.1.1 Structural description. Geometry optimization of LSP
was done by DFT/B3LYP using the X-ray experimental atomic
position crystallographic information le (CIF) as input. The
optimized molecular geometry along with the atom numbering
scheme of the molecule is shown in Fig. 1. The optimized
parameters are listed in Table S1 of ESI† along with the avail-
able XRD data.23 The optimized and experimental structures of
LSP are compared by superimposing them using a least squares
algorithm that minimizes the distances of the corresponding
non-hydrogen atoms and are shown in Fig. S3 of ESI.† The
agreement between the optimized and experimental structural
parameters is quite good which supports the accuracy of func-
tional B3LYP. However some discrepancies may be attributed to
the fact that the experimental results belong to solid phase and
the theoretical calculations belong to gaseous phase. The pyri-
dine ring is heterocyclic. The similarity of the optimized C–C
bond lengths in the pyridine ring in the range 1.407–1.389 Å, to
the C–C bond lengths in the benzene ring is indicative of the
resonance effect in the pyridine ring. These values are also in
good agreement with the experimentally reported values. The
resonance in pyridine ring also affects the C–N bond lengths
(1.348 Å, 1.329 Å) and these bond lengths appear between the
single (C–N) and the double (C]N) bond lengths. Similar
observations are also found for C–N bond lengths in the benz-
imidazole ring. The replacement of C by N in pyridine ring
distorts the hexagonal symmetry, and the ring angle C18–N9–
C22 becomes 118.389� rather than 120�. Also the ring carbon
atom exerts a large attraction on valence electron cloud of the
nitrogen atom resulting in an increase in C–N force constant
and a decrease in the corresponding bond length. Tri-
uoroethoxy group is almost coplanar with pyridine ring with
dihedral angles C19–C20–O5–C23, C20–O5–C23–C24 and
O5–C23–C24–F4 having values 178.154�, 179.617�, and 179.743�

respectively. The DFT calculations give shortening of angle C19–
C20–O5 by 3.734� and an enhancement of angle C21–C20–O5 by
3.474� from 120�; this asymmetry of exocyclic angles reveals the
attraction between the methyl group and O5 atom of
Fig. 1 Optimized structure of LSP at B3LYP/6-311++G(d,p).

This journal is © The Royal Society of Chemistry 2017
triuoroethoxy group. The shortening of C20–O5 bond length
(1.363 Å) is mainly due to the conjugation interaction between
the pyridine ring and the strong electron withdrawing tri-
uoroethoxy group. The bond length of S1–C17 (1.907 Å) is
greater than the bond length S1–C16. Elongation of S1–C17
bond is due to the induction effect of attachment of electron
donating methylene group. In benzimidazole ring, the bond
angle N7–C16–N8 is the largest (114.415�). This may be due to
the electron donating substitution at C16 atom. Closer exami-
nation of the bond lengths relative to the XRD values shows the
larger deviation in the bond length of N8–H26 and S1–O6
because of intramolecular N–H/N hydrogen bonding between
the benzimidazole and pyridine ring of same molecule and
intermolecular N–H/O hydrogen bonding between benzimid-
azole ring and S–O group of adjacent molecules. These intra and
intermolecular bondings are shown in Fig. S4 of ESI.†

In the benzene ring the bond lengths C10–C15 (1.417 Å), C12–
C13 (1.411 Å), C14–C15 (1.400 Å) are appreciably greater than
other C–C bonds (C10–C11/C11–C12/C13–C14 ¼ 1.397/1.388/
1.387 Å). The internal bond angles C10–C11–C12 ¼ 116.756�

and C13–C14–C15 ¼ 117.847� are consistently smaller than the
normal bond angle of the phenyl ring. These are due to the
intramolecular charge transfer fromN7 andN8 to the ring system.

4.1.2 Conformational analysis. Conformational behavior of
the molecule provides meaningful information relevant to drug
action. In order to ascertain the most stable geometry, the
conformational analysis of LSP was carried out through the
potential surface scan with B3LYP method using 6-31G basis set.
It is seen that the energy trends are same for both 6-31G and 6-
311++G(d,p) basis sets. So smaller basis set has been used in
order to reduce the computational cost. During the scan, all the
geometrical parameters were simultaneously relaxed while the
dihedral angles D1(C17S1C16N7), D2(C18C17S1C16),
D3(C19C18C17S1) and D4(C24C23O5C20) were varied in steps of
10� ranging from 0� to 360�. The energy proles as a function of
angle of rotation with respect to the dihedral angles derived from
potential energy surface scan are shown in Fig. 2. The minimum
point structures located on the potential surface scan (PES) of the
title compound were submitted to optimization using B3LYP/6-
31G computational level of theoretical approximation. The
RSC Adv., 2017, 7, 41573–41584 | 41575
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Fig. 2 One dimensional potential energy scans for dihedral angles D1(C17S1C16N7), D2(C18C17S1C16), D3(C19C18C17S1) and
D4(C24C23O5C20).

Fig. 3 Experimental and calculated FT-IR spectrum of LSP.
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potential energy scans about the dihedral angles predict two
minima each for D1, D2 and three minima each for D3, D4. The
values �152.02�, �90.25�, �92.06� of dihedrals D1, D2 and D3
respectively provide favorable condition for intramolecular
hydrogen bonding N8–H26/N9 in the molecule and stabilize
the system. The energy prole of the dihedral angle D4 shows
that the minimum corresponds to the value 109.62� but it is seen
that the steric repulsion between the pyridine ring and the tri-
uoroethoxy group is the least at the torsional angle 179.62� and
hence this conformation is more stable. This value also corre-
sponds to that in the experimental conformation. The rotation of
different groups, results in fourteen conformational possibili-
ties. Full geometry optimization of these structures was per-
formed by B3LYP/6-31Gmethod and the optimized are shown in
Fig. S5 of the ESI.† On comparing the theoretical and experi-
mental geometries of the title compound (Table S1 of ESI†), it is
evident that the optimized geometry of conformer 1, reproduces
the experimental one fairly well. So the discussion will be based
on conformer 1. The energy difference between conformer 1 and
2 is lower than kT (at room temperature) so conformer 2may also
exist at room temperature. However there is no experimental
evidence of existence of any conformer other than conformer 1.

4.2 Spectral analysis

4.2.1 Vibrational spectra. In order to study the vibrational
properties of LSP, normal mode analysis was performed. The
41576 | RSC Adv., 2017, 7, 41573–41584
assignments of the normal modes were done on the basis of the
PED calculations by using the GAR2PED program.24 PED was
calculated for each of the internal coordinates using localized
symmetry and is represented in Table S2 of ESI.† For this
purpose a complete set of internal coordinates was dened
using Pulay's recommendations.25,26 The experimental FT-IR
and FT-Raman spectra and the simulated spectra are shown
in Fig. 3 and 4. The detailed analyses of vibrational wave-
numbers are discussed below.
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Experimental and calculated FT-Raman spectrum of LSP.
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Region 3500–3000 cm�1. This is the usual range for appear-
ance of N–H and C–H stretching vibrations. The position of
absorption in this region depends upon the degree of hydrogen
bonding and the physical state of the sample.27 The band
observed at 3224 cm�1 in the IR spectrum corresponds to N–H
stretching mode. This vibration is calculated at 3154 cm�1 and
shows deviation from the observed band. The mismatch
between the observed and the calculated wavenumbers is due to
the involvement of this group in intra N–H/N as well as
intermolecular hydrogen bonding N–H/O. The bands
observed at 3071 in the IR and at 3068 in the Raman spectra are
assigned to C–H stretching vibrations of the pyridine ring.
These bands computed at 3072 cm�1, 3024 cm�1 and 3023 cm�1

shows good agreement with observed bands as well as with the
literature.28 The bands in this region are not much affected due
to the nature and position of the substitution.29 The methyl
group C–H stretching vibrations occur at lower wavenumbers
than those of aromatic ring.30 The asymmetric and symmetric
C–H stretching modes are expected in the regions around
2980 cm�1, 2870 cm�1 respectively.30 In the present investiga-
tion, the medium bands at 2986 cm�1 in both FT-IR and FT-
Raman and a weak band at 2932 cm�1 in FT-Raman corre-
sponds to asymmetric stretching mode. A very weak FT-IR band
at 2929 cm�1 and a medium FT-Raman band at 2932 cm�1 are
assigned to CH3 symmetric stretching vibrations. The methy-
lene asymmetric and symmetric C–H stretching vibrations are
generally observed in regions 3000–2900 cm�1 and 2900–
2800 cm�1 respectively. The methylene vibrational band posi-
tions are most consistent, when this group is attached to other
carbon atoms. The spectral analysis reveals that the CH2

symmetric stretching modes are shied to higher wavenumbers
and appear at 2909 cm�1 and 2957 cm�1. As both the methylene
C17H2 and C23H2 groups are attached to sulphur and oxygen
respectively, so the bands shi their position due to electronic
effects.

1650–1500 cm�1. The C–C stretchingmodes of benzimidazole
and pyridine rings appear as sharp bands with medium to
strong intensity in both FT-IR and FT-Raman spectra in the
region 1635–1100 cm�1, which is the allowed region for these
This journal is © The Royal Society of Chemistry 2017
vibrations.27,29 These vibrations are mixed with C–H in plane
bending vibrations of the corresponding aromatic ring. The
actual positions are determined not so much by the nature of
the substituents but by the form of substitution around the
ring.31 The pyridine ring shows a strong absorption band in the
region 1600–1500 cm�1 due to the C–N stretching vibrations.29

In the title compound a strong band observed at 1593 cm�1 is
assigned to this mode. The wavenumber of this mode at the top
end of the allowed region of the spectrum may be attributed to
the substitution in the ring. Other C–N and C]N vibrations
appear in lower range and are discussed below.

1500–1200 cm�1. The asymmetric and symmetric deforma-
tions of the methyl group are expected in the regions 1480–
1390 cm�1 and 1390–1340 cm�1 (ref. 32) respectively. The
asymmetric deformation vibrations of LSP are observed in the
accepted region and are in agreement with the calculated values
as well as the literature values.32 The intense band at 1402 cm�1

in both IR and Raman spectra can be attributed to the
symmetrical umbrella mode of the methyl group which is
calculated at 1391 cm�1 (with PED 85%) by the DFT calcula-
tions. This mode may contribute to the linear electro-optic
effect in LSP. The inuence of the CH3 umbrella vibration can
be understood in terms of in-phase displacement of the three H
atoms which changes the electronic environment for the donor
and the acceptor of the chromophore and results in modica-
tion in the polarizability. Molecular polarizability of a molecule
characterizes the capability of the electronic system to be dis-
torted by the external eld, and plays an important role in
modeling many molecular properties and biological activities.33

Highly polarizable molecules may be expected to have strong
attractions with other molecules. The polarizability of a mole-
cule can also enhance aqueous solubility. The relatively large
values of IR and Raman intensities of this mode suggest a large
positive charge localized on hydrogen, which further supports
presence of hyperconjugation. The identication of wave-
number for C–N and C]N stretching vibrations is rather diffi-
cult since the mixing of vibrations is possible in this region; so
there are problems in differentiating those wavenumbers from
others. Pinchas et al.34 assigned the C–N stretching band at
1368 cm�1 in benzamide. Kahovec and Kohlreusch35 identied
the stretching wavenumber of the C]N band in salicylic
aldoxime at 1617 cm�1. Referring to the above workers, C]N
and C–N stretching modes of both the rings are identied in the
range 1480–1440 cm�1 and 1300–1190 cm�1 respectively. These
modes are mixed with methyl asymmetric deformation and
methylene out of plane bending modes respectively. The CF3
group possesses asmany normal vibrations as methyl. However,
the halogen atoms are much heavier than hydrogen; hence CF3
modes appear at considerably lower values than those of
methyl. Usually symmetric and antisymmetric C–F stretching
vibrations are in the ranges 1290–1235 and 1226–1200 cm�1

respectively. The bands of the C–F symmetric and antisym-
metric stretching vibrations have been observed to give rise to
extremely intense FT-IR absorption and rather weak Raman
bands and these appear in the range 1300–850 cm�1. These
vibrations are coupled with the several other vibrations.
RSC Adv., 2017, 7, 41573–41584 | 41577
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Below 1200 cm�1. In this region a large mixing of different
types of vibrations appears. Most prominent vibrations
appearing in this region are twisting, wagging and rocking
vibrations of methylene group; trigonal deformation, puck-
ering, asymmetric deformation and asymmetric torsion vibra-
tions of six membered rings; deformation and torsion
vibrations of ve membered ring. Absorption due to methylene
twisting and wagging vibrations, are observed in 1240–
1050 cm�1 region. These bands are appreciably weaker than
those resulting from methylene scissoring. Methyl rocking
frequencies are observed in the range 1120–1050 cm�1 and 900–
800 cm�1.32 These vibrations are mass sensitive and variable in
position due to the interaction with skeletal stretching modes.
In the present study the modes involving methyl rocking
vibrations fall within the commonly accepted region of these
modes. A Raman band observed at 1046 cm�1 is assigned to S–O
stretching mode which is calculated at 1022 cm�1. S–O
stretching vibrations usually occur at about 1080–1120 cm�1.36

This large deviation in wavenumbers is due to the involvement
of oxygen atom of S–O in intermolecular hydrogen bonding N–
H/O. The characteristic vibration of the pyridine ring, the ring
breathing (ring pulsation), has been calculated at 739 cm�1 and
matches well with the Raman band observed at the same
frequency. This mode is observed at 995 cm�1 in 2-amino-5-
methylpyridine37 and at 1022 cm�1 in 2-acetylamino-5-bromo-6-
methylpyridine.32 The variation in wavenumbers of ring
breathingmodes shows that these vibrations are sensitive to the
mass and position of the substituent. A Raman active band at
250 cm�1 with medium intensity is assigned to benzimidazole
ring buttery mode and is calculated at 259 cm�1. It matches
with the value reported by T. S. Xavier et al. at 225 cm�1 in the
Raman spectrum in 2-(4-bromophenyl)-1H-benzimidazole.38

The scaled wavenumbers obtained showed respectable
agreement with the observed FT-IR and FT-Raman spectra and
also with the literature values. The deviation of the scaled
wavenumbers from the experimental ones was less than 10 cm�1,
with exception in few modes where intra and intermolecular
interactions come into play. This reveals that B3LYP functional is
suitable for the study of pharmaceutical compounds.

4.2.2 Electronic spectra. In order to understand electronic
transitions of compound, TD-DFT calculation were done in the
gas phase as well as in solvent (ethanol). The computed values,
such as absorption wavelength (l), excitation energies (E), and
oscillator strengths (f) are tabulated in Table S3 of ESI† along
with the experimental absorption spectral data. Calculations
predict intense electronic transition at 287.10 nm with a weak
oscillator strength f ¼ 0.0794, that shows good agreement with
recorded spectrum showing intense band at 284 nm. This
electronic transition corresponds to transition from HOMO-2
/ LUMO. The plots of the molecular orbitals are shown in
Fig. S6 of the ESI.† On the basis of calculated molecular orbital
coefficients analysis and molecular orbital plots, the nature of
this transition is assigned to be p / p*. The energy gap
between HOMO and LUMO determines the kinetic stability,
chemical reactivity, optical polarizability and chemical hard-
ness–soness of a molecule. The hard molecules are less
41578 | RSC Adv., 2017, 7, 41573–41584
polarizable than the so ones as they need big energy to exci-
tation. HOMO–LUMO energy gap is calculated to be 4.7436 eV.
The formation of organic radical ions by direct electron
exchange between a donor molecule and an acceptor molecule
is becoming increasingly important, particularly with regard to
reaction mechanisms involving intermediate radical ions. All
redox processes also involve electron exchange. In simple
molecular orbital theory approach, the HOMO energy is related
to the ionization potential (I ¼ �EHOMO) and the LUMO energy
is used to estimate the electron affinity (A ¼ �ELUMO). The
ionization potential for LSP is 6.5407 eV; this value suggests that
the molecule is likely to be reactive. The electron affinity
measures the energy to form a negative ion. Large value of A
suggests formation of stable negative ion. Electron affinity for
LSP is 1.7971 eV; this small value indicates that a negative ion
with low stability is formed. Substitution by methyl decreases
the electron affinity: 1,3,5-trinitrobenzene > 1,3,5-trinitrotol-
uene > 1,3,5-trinitro-rr-xylenae.39

4.2.3 Nuclear magnetic resonance spectra. Nuclear
magnetic resonance spectroscopy has evolved into an important
technique in support of structure-based drug design. It can
provide crucial information that oen resolves conicting results
obtained with other analyses, such as IR, X-ray powder diffrac-
tion, and thermal methods. Chemical shis are recognized as an
imperative part of the information contained in NMR spectra.
The recorded and calculated chemical shis of LSP are gathered
in Table S4 of ESI.† The proton chemical shi (1H NMR) of
organic molecules generally varies greatly with the electronic
environment of the proton. The hydrogen attached to or having
nearby electron withdrawing atom or group is accompanied by
a decrease in shielding resulting in movement of the resonance
of proton towards to a higher frequency. By contrast electron
donating atom or group increases the shielding and moves the
resonance towards to a lower frequency. In LSP the hydrogen
atom H26 of the benzimidazole ring is the most downeld
having the largest chemical shi value 11.882 ppm. This is due to
deshielding by the electron withdrawing property of nitrogen
atom N8, the formation of hydrogen bond N8H26/N9 also
contributes to the downeld of the chemical shi. The chemical
shis of other protons of benzimidazole ring calculated in the
range 7.372–7.960 ppm are in good agreement with the experi-
mental values. In the pyridine ring, the presence of nitrogen
atom causes the nearby protons to have high chemical shis.
The chemical shi value of hydrogen atomH34 (8.343 ppm) near
to nitrogen N9 atom is greater than that of H33 (6.659 ppm). The
methyl protons at C25 appear as a singlet with three protons
integral at 2.196 ppm and show moderate agreement with
computed shis at 1.849, 2.372, 3.051 ppm. The quartet chem-
ical shis in ranges 4.315–4.393 ppm and 4.721–4.864 ppm
designate presence of the methylene groups and coincide well
with computed chemical shis.
4.3 Biological activities

4.3.1 Biological activity spectra. Biological properties study
help to control the delivery of drug either topically or systemi-
cally and to control the drug release rate. Estimation of different
This journal is © The Royal Society of Chemistry 2017
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types of molecular biological activities and toxic/side effects was
done for LSP on the basis of Prediction of Activity Spectra for
Substances (PASS) prediction results and the analysis was done
by Pharma Expert soware. PASS provides simultaneous
prediction of many types of biological activities based on the
structure of compounds. Thus, PASS can be used to estimate the
biological activity proles for molecules, prior to their chemical
synthesis and biological testing. A biological activity spectrum
for a substance is a list of biological activity types for which the
probability to be revealed (Pa) and the probability not to be
revealed (Pi) are calculated. Pa and Pi values are independent
and their values vary from 0 to 1 and in general Pa + Pi < 1, since
these probabilities are calculated independently.40

If for any particular activity Pa > 0.7 the substance is very
likely to exhibit that activity in experiment. Activities for title
molecule analysed by Pharma Expert are listed in Table 1 with
Pa > 0.7. The highest probability for LSP is to show theMucositis
treatment effect with Pa value 0.784. We also predicted the toxic
effects of the compound. The prediction for toxicity shows that
the title compound has high probability to show toxic/side
effect bronchoconstrictor with Pa value 0.772. It means that
toxic effects of LSP should be scrutinized in further
investigation.

4.3.2 Solubility and diffusion. The lipophilicity and
aqueous solubility of the compounds, expressed as log P and
log S respectively are the key determinants of pharmacokinetic
properties used in the quantitative structure–activity relation-
ship (QSAR) studies and drug design, since these properties are
related to drug absorption, metabolism, bioavailability, and
toxicity. Many of the processes of drug disposition depend on
the capability to cross membranes and hence these have a high
correlation with measures of lipophilicity. On the basis of
review of the relevant literature41 high lipophilicity (>5)
frequently leads to compounds with rapid metabolic turnover,
low solubility, and poor absorption however if lipophilicity is
too low, a drug will generally display poor ADMET (absorption,
distribution, metabolism, elimination and toxicology) proper-
ties. The average lipophilicity value (between �1 and 3) ensures
optimal physiochemical properties. The calculated value of
log P for LSP is 2.84. This suggests that the drug LSP may
penetrate through the apolar cell membranes so that it is
distributed well within the body aer adsorption and is rapidly
metabolized and excreted. This value of log P is in the range of
other benzimidazole derivatives.42,43 The high value of lip-
ophilicity ensures the high plasma level that provides the good
Table 1 Some biological activities of LSP molecule predicted by PASS
with Pa > 0.7

Effect Pa Pi

Mucositis treatment 0.784 0.020
Ankylosing spondylitis treatment 0.757 0.017
Phobic disorders treatment 0.736 0.070
Alopecia treatment 0.726 0.009
Kidney function stimulant 0.718 0.020
Antimutagenic 0.712 0.004
Proliferative diseases treatment 0.701 0.027

This journal is © The Royal Society of Chemistry 2017
gastrointestinal absorption. Aqueous solubility limits the
amount of compound that can be present in solution in the gut
and in the circulation. Solubility can limit the bioavailability of
a compound and lead to high patient-to-patient and fed-to-
fasted variation. Solubility of a compound must be accurately
determined to assess the concentrations that the drug will
achieve in the target area, to establish the therapeutic level, and
to prevent toxicity. The value of log S for LSP is�3.2, which is in
the range of good solubility describing the balanced pharma-
cokinetic properties of LSP. Most of the marketed drugs are
found in this category.44 High solubility of LSP leads to high
hydrophilicity that supports absorption across the biological
membrane and distribution to reach the target organ or tissue.
Lower solubility can hinder the absorption and distribution of
compound.

4.3.3 Drug–protein interaction. In drug discovery process,
drug metabolism plays a major role and determines the fate of
the prospective drugs. Drug metabolism take place only aer
the drugs reach their specic target site and produce the desired
effects. Human P450 protein CYPs are the major enzymes
involved in drug metabolism, accounting for about 75% of the
total metabolism.45 There are approximately 60 CYP genes in
humans. To examine the interaction mechanisms between
CYPs and LSP, we used molecular docking method taking
cytochrome CYP3A4. Themolecular docking studies provide the
low-energy binding modes of a small molecule, or ligand,
within the active site of a macromolecule, or receptor, of known
structure. 3D crystal structure of CYP3A4 was obtained from
Protein Data Bank (PDB ID: 2V0M). Docking studies of LSP
provides best orientation of ligand which would form a complex
with overall minimum energy and possible ligand–protein
interaction. The ligand binds at the active site of the protein by
non-covalent interactions most prominent of which are H-
bonding, p–p stacking and alkyl–p interactions (Fig. 5).
Pro23, Leu22 and lle28 holds the molecule by forming multiple
alkyl–pi bonds with benzimidazole ring. Methyl group shows
alkyl–pi and alkyl–alkyl interactions with Phe24, Val203 and
Leu25 respectively. Binding pattern shows that uorine atom is
also crucial for binding by forming alkyl–alkyl interaction with
Pro205. Thus there are several sites in the molecule that play
important role in stabilizing the ligand–protein complex.
Binding free energy (DG in kcal mol�1) of �7.8, as predicted by
autodock vina (Table 2) suggests good binding affinity between
the ligand and the target protein. These results draw us to the
conclusion that the compound metabolize well by CYP3A4
enzyme.
4.4 Reactivity predictions

4.4.1 Global reactivity parameters. Reactivity is an intrinsic
electronic property of the system which indicates its availability
for a possible chemical change. Global reactivity descriptors
such as chemical potential (m), global hardness (h) and elec-
trophilicity index (u) of molecular system have been used to
address the stability and the reactivity. Global reactivity
descriptors are calculated using the energies of Frontier
molecular orbital's HOMO and LUMO,46–48 by the equations.
RSC Adv., 2017, 7, 41573–41584 | 41579
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Fig. 5 Docked ligand conformation at the catalytic site of the enzyme.

Table 2 The binding affinity values of different poses of the ligand
(LSP)

S. No.
Affinity
(kcal mol�1)

Distance from the best mode

RMSD
(lower bound)

RMSD
(upper bound)

1 �7.8 0 0
2 �7.2 2.512 1.726
3 �7.1 2.199 1.409
4 �7.1 8.391 4.393
5 �6.9 20.648 19.238
6 �6.9 18.425 17.183
7 �6.8 9.203 4.871
8 �6.8 14.061 12.976
9 �6.6 19.924 18.407
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Chemical potential ðmÞ ¼ 1

2
ðEHOMO þ ELUMOÞ (3)

Global hardness ðhÞ ¼ 1

2
ð �EHOMO þ ELUMOÞ (4)

Electrophilicity index ðuÞ ¼ m2

2h
(5)

The chemical potential expresses the tendency of
a substance to react with other substances, to transform into
another state and to redistribute in space. The greater the
chemical potential, the more active or “driven” the substance is.
The smaller the chemical potential, the more passive or
41580 | RSC Adv., 2017, 7, 41573–41584
“phlegmatic” it is. The chemical potential calculated for LSP is
�4.1689 eV. So the compound is likely to be active. The chem-
ical hardness for LSP is 2.3718 eV. There is a correspondence
between the chemical hardness and the stability of the respec-
tive reagent so that the molecular system becomes more stable
when its chemical hardness increases. The increase of the
chemical hardness may induce an increase of the covalent
energy interaction and stabilize the structure. Electrophilicity
index measures the stabilization in energy when the system
acquires an additional electronic charge from the environment.
It demonstrates the toxicity of various pollutants in terms of
their reactivity and site selectivity.49 This reactivity index for LSP
is 3.6683 eV; this is positive and denite quantity. Where two
molecules react, the one that acts as nucleophile/electrophile
will depend on which has a higher/lower electrophilicity index.

4.4.2 Atomic reactive sites. The electron density-based
local reactivity descriptors such as Fukui functions are
proposed to explain the chemical selectivity or reactivity at
a particular site of a chemical system. Local reactivity descrip-
tors have been studied extensively in recent years for charac-
terizing the selectivity of a specic site in a molecule and to
characterize reactivity of a molecule in chemical reaction.
Reactivity to specic agents, e.g. electrophilic and nucleophilic
can be described using the above descriptors. The Fukui func-
tions can be dened using nite differences of the electronic
density

f�k ¼ r(N) � r(N � 1) (6)

f+k ¼ r(N + 1) � r(N) (7)
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra00130d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 5
/2

4/
20

24
 2

:0
9:

45
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
where the densities of the cation (N � 1), the neutral (N), and
the anion (N + 1) are used. This approach does not take into
account the change in geometry from the neutral to the anion/
cation species. It is oen convenient to describe chemical
reactivity on an atom-by-atom basis via a “condensed” Fukui
function. The condensed Fukui function may be evaluated as

f+k ¼ qk(N + 1) � qk(N), for a nucleophilic attack (8)

f�k ¼ qk(N) � qk(N � 1), for an electrophilic attack (9)

where qk is the atomic charge at the kth atomic site in the neutral
(N), anionic (N + 1) or cationic (N � 1) chemical species.

The atom with the largest f value is the most reactive during
reaction: f+k for nucleophilic attack, f�k for electrophilic attack.
From Table 3 it has been found that the most prone site for
electrophilic attack is C17 having highest f�k value. The reactivity
order for the electrophilic case is C17 > C16 > C15 > C19 > C21 >
C23 > C10 > C12 > N9. The possible sites for nucleophilic attack
are predicted by calculating f+k values and the reactivity order for
nucleophilic case is C16, C19, C20, C23, C15, C13 and C24. It is
seen that sites C16, C19, C23 and C15 are involved in both
electrophilic and nucleophilic attack. To overcome this diffi-
culty Morell et al.50 proposed a local reactivity descriptor called
the dual descriptor f(2)(k) h Df(k) to reveal nucleophilic and
electrophilic sites on a molecular system at the same time. The
general working equation to obtain dual descriptor is given by
the arithmetic difference between nucleophilic and electro-
philic Fukui functions.
Table 3 Nucleophilic f+k and electrophilic f�k condensed Fukui func-
tions, condensed dual descriptor f(2)(k) and condensed local hyper-
softness s(2)(k) over the atoms of LSP

kth atom f+k f�k f(2)(k) s(2)(k)

1 S �0.2798 �0.0893 �0.1905 �0.0339
2 F �0.0117 �0.0059 �0.0058 �0.0010
3 F �0.0133 �0.0086 �0.0047 �0.0008
4 F �0.0185 �0.0125 �0.0059 �0.0011
5 O �0.0149 �0.0077 �0.0072 �0.0013
6 O �0.0035 �0.1609 0.1573 0.0279
7 N �0.0529 �0.0771 0.0241 0.0043
8 N �0.0173 �0.0764 0.0591 0.0105
9 N �0.0451 0.0037 �0.0488 �0.0087
10 C �0.0298 0.0129 �0.0426 �0.0076
11 C �0.0306 �0.0827 0.0521 0.0093
12 C �0.0085 0.0044 �0.013 �0.0023
13 C 0.01318 �0.0268 0.0400 0.0071
14 C �0.0319 �0.0557 0.0238 0.0042
15 C 0.01399 0.0165 �0.0025 �0.0005
16 C 0.14010 0.0234 0.1167 0.0207
17 C �0.0343 0.0617 �0.0959 �0.0171
18 C �0.0332 �0.0437 0.0105 0.0019
19 C 0.05399 0.0163 0.0377 0.0067
20 C 0.02920 �0.0089 0.03822 0.0068
21 C �0.1097 0.0157 �0.1255 �0.0223
22 C �0.0343 �0.0215 �0.0128 �0.0023
23 C 0.02368 0.0140 0.0096 0.0017
24 C 0.00018 �0.0059 0.0062 0.0011
25 C �0.0046 �0.0259 0.0213 0.0038

This journal is © The Royal Society of Chemistry 2017
f(2)(k) ¼ f+k � f�k (10)

When f(2)(k) > 0, the process is driven by a nucleophilic attack
on atom k and then that atom acts as an electrophilic species;
conversely, when f(2)(k) < 0, the process is driven by an electro-
philic attack over atom k and therefore atom k acts as a nucle-
ophilic species. However, dual descriptor is a sub intensive
property; its condensed values become insignicant as the size
of the molecule increases. To overcome the intrinsic behavior of
this local reactivity descriptor, another local reactivity
descriptor has been dened which permits one to measure local
reactivity according to the molecular size. Such a descriptor is
the local hyper soness which is expressed as follows:

s(2)(k) ¼ f(2)(k)S2 (11)

where S stands for the global soness.
The results for the calculation of the condensed electrophilic

Fukui function f�(r), nucleophilic Fukui function f+(r), and dual
descriptor f(2)(r) along with the local hyper soness s(2)(r) over
the atoms (with the exception of hydrogen atoms) of the LSP
molecule are presented in Table 3. On the basis of dual
descriptor the order for the nucleophilic species is as follows O6
> C16 > N8 > C11 > C13 > C20 > C19 > N7 > C14 > C25 > C18 > C23
> C24, evidently O6 is more likely to undergo a nucleophilic
attack, whereas electrophilic attacks will take place preferen-
tially on atom S1 followed by atoms in order given as S1 > C21 >
C17 > N9 > C10 > C12 > C22 > O5 > F4 > F2 > C15 > F3.

The dual descriptor is positive at S1 and negative at O6. This
shows that LSP undergoes both electrophilic substitution (at S1)
and nucleophilic substitution (at O6) at different sites. There-
fore it is a dual molecule. Fukui functions are important in
deciphering the initial stage of covalent bonding. As S1 and O6
are the most reactive atoms for receiving electrophilic and
nucleophilic attacks, respectively and they are pretty close to
each other in the middle of the molecule, so the most intense
covalent interactions can be concentrated in this part of mole-
cule. For isolatedmolecules, f(2)(k) and s(2)(k) should give similar
reactivity descriptions. The observation of the trend of the
reactive sites in LSP by s(2)(k) is found identical to f(2)(k).

4.4.3 Molecular reactive sites. To predict reactive molecular
sites, the molecular electrostatic potential (MEP) surface was
plotted and is shown in Fig. 6. The electrostatic potential is well
suited for analyzing processes based on the ‘‘recognition’’ of
one molecule by another, as in drug–receptor, and enzyme–
substrate interactions, because it is through their potentials
that the two species rst ‘‘see’’ each other.51 The negative elec-
trostatic potential regions (red color) are related to electrophilic
attack while the positive (blue color) ones to nucleophilic attack.
As can be seen from the gure, there are two possible sites for
electrophilic attack. These sites are spread around the oxygen
atom O6 attached with sulphur and nitrogen N7 atom of
benzimidazole ring having the values �0.062 a.u. and �0.051
a.u. respectively. The nucleophilic sites are around the
hydrogen atoms with values in the range 0.011–0.062 a.u. The
maximum value 0.062 a.u. corresponds to the hydrogen atoms
RSC Adv., 2017, 7, 41573–41584 | 41581
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Fig. 6 Molecular electrostatic potential mapped on to isodensity
surface along the molecular plane for LSP.
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of methylene group attached with oxygen. These sites provide
information concerning the regions from where the compound
can have covalent bonding and intermolecular interactions.
5. Conclusion

In the present work, we have analyzed the ground state
geometric structure of LSP together with conformational
stability, spectroscopic signatures, electronic properties, bio-
logical activities and chemical reactivity predictions using
quantum chemical computations. The experimental spectral
properties of LSP are successfully studied by FT-IR, FT-Raman,
UV-vis, NMR spectroscopic techniques. The lowest energy
conformer of LSP has been identied using PES scan as
a function of the selected torsion angle. This conformer repro-
duces the experimentally reported structure. As spectroscopic
methods probe the molecular level, changes in the molecular
environment (e.g., H-bonding or p–p interactions) due to solid
state changes are detected as a result of altered vibrations of
functional groups involved in these interactions. The various
modes of vibrations are explicitly assigned on the results of PED
output obtained from the normal coordinate analysis. The
mismatch between the observed and the calculated wave-
numbers in NH and SO stretching vibrations is due to the
involvement of these groups in hydrogen bonding. TD-DFT
calculations predict a weak transition (oscillator strength ¼
0.0794) at 287.10 nm which can be correlated to the experi-
mental band at 284.0 nm in ethanol. This is likely due to van-
ishing overlapping between the MOs involved in the
corresponding electronic transition, which usually results in
small oscillator strength. The calculated HOMO–LUMO energy
gap is 4.7436 eV. It reveals the signicant degree of charge
transfer interactions taking place in the molecule and is
responsible for the enhanced chemical as well as biological
activity of the molecule. The nuclear magnetic resonance
spectrum shows that the hydrogen atom attached to or near to
an electronegative atom gives the most downeld region. In the
present compound the largest chemical shi value 11.882 ppm
is for the hydrogen atom H26 attached to the nitrogen atom N8.
The hydrogen atom H34 in the pyridine ring is also near to the
nitrogen atom N9 and has higher chemical shi value than
41582 | RSC Adv., 2017, 7, 41573–41584
other atom H33. Pass soware predicts the mucositis treatment
effect with high probability and some other effects as anky-
losing spondylitis, phobic disorders, alopecia, proliferative
diseases treatment, kidney function stimulant and anti-
mutagenic with decreasing probabilities. Pass predicted effects
of this drug are important and may promote quite a number of
investigations in the health area. The values of lipophilicity and
aqueous solubility are 2.84 and �3.2 respectively. These values
indicate tendency of the compound to partition into lipid vs.
aqueous environments. Such insights are useful for correlating
important pharmaceutical processes such as gastrointestinal
absorption, membrane permeation, solubility, volume of
distribution, and protein binding. The results of molecular
docking studies speculate that this biologically active molecule
is metabolized by cytochrome CYP3A4 enzyme thereby indi-
cating its possible pharmacological importance. Under reac-
tivity predictions molecular electrostatic potential map clearly
demonstrates that the possible sites for electrophilic attack are
spread around the oxygen atom O6 and the nitrogen atom N7,
while the nucleophilic sites are around the hydrogen atoms.
This shows that the electrophilic ability strengthens and
nucleophilic ability weakens as one move outwards from the
inner core of the molecule. LSP has negative chemical potential
(m ¼ �4.1689 eV). This implies that it has a weaker tendency to
change into the elements it is produced from and does not
decompose. It can be produced voluntarily from the elements.
The chemical hardness is 2.3718 eV which advocates its relative
kinetic stability. Global reactivity descriptors based on struc-
tural properties eventually obtained legitimacy within density
functional theory. On the basis of Fukui function the possible
molecular sites for the nucleophilic attack are O6, C16, N8, C11,
C13, C20, C19, N7, C14, C25, C18, C23, C24 and for the elec-
trophilic attack are S1, C21, C17, N9, C10, C12, C22, O5, F4, F2,
C15, F3. Locally, a molecular site is more prone to electrophilic
attack or another more prone to nucleophilic attack, but the
overall philicity of the whole molecule remains conserved.
Thus, the present investigation provides a complete and reliable
structural, spectral, biological and structure–activity relation of
the compound. This investigation not only presents these
features of LSP for the rst time, but also prepares the ground
for future investigations.
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