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ABSTRACT

The structures of three di-ortho-substituted halogenated biphenyls have been revisited for their optimized geometry
and other quantum chemical investigations. The X-ray data, in conjunction with quantum chemical investigations,
reveals some interesting results. The Hirshfeld surface analysis helps visualize various intermolecular interactions
and the energy frameworks dwell further on the dominant interaction energy component for each structure. To study
the inhibitory behaviour of each biphenyl against Cytochrome-P450-14alpha-sterol demethylase fungal enzyme
(PDB code: 1EAI), the results of molecular docking studies suggest that the di-ortho-substituted halogenated
biphenyls may be regarded as effective and efficient antifungal drugs.

Keywords
Density functional theory, Hirshfeld surface analysis, Interaction
energy, Mulliken charges, Molecular docking.

Introduction

Biphenyls are an important intermediate in organic chemistry that
serves as the structural moiety in a wide range of compounds with
significant biological activities [1]. Being a neutral molecule, it is
least reactive and required to be functionalized by the introduction
of some active groups [2]. Substituted biphenyls have been reported
as important pharmacologically important molecules exhibiting
sufficient antifungal activity [3]. These molecules have caught the
interest of researchers, particularly for their molecular geometry,
crystallization behaviour, crystal packing, thermal motion analysis,
the torsion around the biaryl bond (that is considered to have a
significant impact on bioactivities of biphenyls) [4,5] and their
coplanar conformation in the crystalline state at room temperature
(indicating a dihedral twist of ~ 44° in the gas phase) [6].

Halogenated-substituted biphenyls have been extensively used
as an industrial intermediate in the production of heat transfer
fluids, in the synthesis of chemical compounds, formulations for
dye carriers in textile dyeing and pesticides in the form of PCB
(Polychlorinated biphenyl). These are reportedly being used in
medical chemistry for antimicrobial, antifungal, antidiabetic,
analgesic, anti-inflammatory activities, etc [7-10]. In view of
some wide-ranging applications of ortho-substituted halogenated
biphenyls, the theoretical studies (DFT, Hirshfeld surface, energy
frameworks, and molecular docking) on three CSD- mined
crystal structures of biphenyls, (M-1) 2,2’difluorobiphenyl
(CSD code: PUGPIQ), (M-2) 2,2’dichlorobiphenyl (DCLBIP)
and (M-3) 2,2’bromobiphenyl (HIQQON), have been reported.
The X-ray crystallographic structures of these three chemically-
similar-looking structures [11-13] have been identified from the
CSD database (version: 2022) and their chemical structures are
presented in Figure 1.
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Figure 1: Chemical structure of PUGPIQ (M-1), DCLBIP (M-2) and
HIQQON (M-3) with atomic numbering scheme.

Computational details

Quantum chemical calculation

Density functional theory using Gaussian 09 [14] has been used
to optimize the ground state molecular geometry of each biphenyl
structure in the gas phase by using DFT with the Becke’s three-
parameter functional that was hybridized with the Lee-Yang-
Parr correlation functional (B3LYP) and 6-311 + G (d,p) basis
set [15-17]. The optimized structures have been compared with
the corresponding X-ray structures, and the quantum chemical
calculations and the molecular docking analysis have been
performed using the available computational protocols/tools.

Hirshfeld surface analysis

Hirshfeld surface (HS), shape index, curvedness surfaces and
the corresponding 2D analysis fingerprints have been carried out
using Crystal Explorer 21.5 [18]. The HS is a unique method for
visualizing the intermolecular interactions and crystal packing in
the crystal [19]. The mapping of Hirshfeld surface overd  shows
ared, blue and white color scheme. The red (d_ is negative) and
blue (d__ is positive) colored regions on the surface correspond
to contacts that are shorter and longer than van der Waals radii,
respectively; the white regions correspond to the contacts that are
equal to the van der Waals radii ord = 0 [20]. The curvedness
map, a function of the root mean square (r.m.s) curvature of the
surface, has been drawn and analyzed. The energy framework
calculations were performed using molecular wave function at
B3LYP/6-11 G(d,p) for a cluster of molecules present within the
radius of 3.8 A. The scale factors used for B3LYP/6-11 G(d,p)
energy model isk , =1.057,k, =0.871, kpol =0.740 and krep =0.618
[21]. Energy frameworks were generated for E | (red), E, (green) and
E,, (blue) cylinders; the width of each cylinder represents the relative
strength of intermolecular packing in different directions [22].

Molecular docking studies

Molecular docking is an important drug design technique to
understand the binding pattern of small molecules toward the target
protein. The molecular docking binding affinity score for each
molecule with Cytochrome-P450-14alpha-sterol demethylase was
computed with the help of AutoDock Vina software [23], a suite of
automated docking tools (ADT). The target enzyme Cytochrome-
P450-14alpha-sterol demethylase PDB file was taken from the
protein data bank [24]. The coordinates of grid center for M-1 &

M-2 were fixed for docking at X=-17.285814, Y= -7.287279 and
Z= 63.722279 (the radius of the grid sphere is 30), whereas the
grid centre for M-3 at X= -20.251, Y= -15.279 and Z= -55.222,
the radius of the grid sphere being 35. With help of the Discover
Studio Visualizer software, the best binding affinity at the active
site was visualized for complete ligand-protein interactions [25].

Results and Discussion

Molecular geometry (DFT and X-ray data)

The optimized parameters for the X-ray structures corroborate
well with each other within the limits of experimental errors. The
optimized structure is shown in Figure 2 and the corresponding
data are presented in Table 1. The observable deviation in the
bond lengths and bond angles indicate a good correlation between
theoretical and experimental values. An overlay of the X-ray and
the DFT structure for each molecule is shown in Figure 3. The
X-ray and optimized structural data reveal a significant deviation
in the position of few ring carbon atoms of M-2 and M-3, including
the chlorine atom in M-2. The torsion around the abridging bond
C1-C7 in case of all the three di-ortho-substituted-halogenated
biphenyls (M-1 = 58.4°, M-2 = 69.2°, M-3 = 84.8°) is different
from the reported value of 45°in the gas phase [26]. The dihedral
angle between the two phenyl rings for all the three structures
(M-1 = 60°, M-2 = 74°, M-3 = 75°) is different when compared
with some other similar biphenyls [27-30]. There exist few weak
intermolecular interactions C-H-F &C-H-C (M-1), C-H-CI (M-2)
and C-H-Br (M-3), respectively.

M-1 M-2

1558 ik ey

Figure 2: DFT Optimized structures (M-1 to M-3).

apolorctote

Figure 3: Overlay of X-ray and DFT structure (M-1 to M-3).

Frontier molecular orbital analysis

The frontier molecular orbital energy gap as calculated by
BL3YP/6-311 + G(d,p) in case of all the three structures is
5.52 eV, 590 eV and 5.80 eV, respectively (Figure 4). The
small value of orbital energy gap is indicative of better chemical
reactivity and molecular softness while a large value represents
low chemical reactivity and high molecular hardness [31,32].
The typically important global reactivity parameters [33] such as
chemical hardness (1), chemical softness (o), electronegativity (),
electronic chemical potential (i), global electrophilicity index ()
and their corresponding values are presented in Table 2. Since the
electrophilicity index has been suggested as a possible biological
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Table 1: Comparison of experimental and theoretical bond length (A) and bond angles (°) using DFT method with 6-311 + G(d,p) basis set.

e M-1 (PUGPIQ) M-2(DCLBIQ) M-3(HIQQON)
XRD DFT XRD DFT XRD DFT
C1-C2 1.389 1.389 1.391 1.400 1.388 1.399
C2-C3 1.385 1.385 1.376 1.392 1.369 1.393
C3-C4 1.384 1.384 1.386 1.391 1.378 1.391
C4-C5 1.386 1.386 1.371 1.392 1.373 1.393
C5-C6 1.398 1.399 1.374 1.391 1.365 1.390
C6-C1 1.398 1.398 1.390 1.400 1.402 1.401
C1-C7 1.485 1.485 1.489 1.492 1.499 1.493
C7-C8 1.389 1.389 1.391 1.400 1.379 1.399
C8-C9 1.385 1.385 1.376 1.392 1.371 1.393
C9-C10 1.384 1.384 1.386 1.391 1.383 1.391
C10-Cl11 1.386 1.386 1.371 1.392 1.376 1.393
C11-C12 1.398 1.398 1.374 1.391 1.371 1.390
C12-C7 1.398 1.398 1.390 1.400 1.382 1.401
Bond Angles (°)
C1-C2-C3 123.25 122.97 122.37 121.66 122.32 121.66
C2-C3-C4 118.37 118.93 119.27 119.56 119.35 119.56
C3-C4-C5 120.51 119.93 120.00 119.99 119.94 119.99
C4-C5-C6 120.01 119.91 119.60 119.71 120.44 119.77
C5-C6-Cl 120.70 121.48 122.57 121.44 121.20 121.47
C6-C1-C2 117.16 116.77 116.17 117.58 116.72 117.54
C2-C1-C7 121.36 122.23 123.03 122.64 122.63 123.02
C6-C1-C7 121.48 120.98 120.75 119.76 120.65 119.41
C1-C7-C8 121.05 122.23 123.03 122.64 122.81 123.02
C1-C7-C12 120.86 120.98 123.03 119.76 119.60 119.41
C7-C8-C9 123.25 122.97 122.37 121.66 122.81 121.66
C8-C9-C10 118.37 118.93 119.27 119.56 118.35 119.56
C9-C10-Cl11 120.51 119.93 120.00 119.99 120.01 119.99
C10-C11-C12 120.01 119.91 119.60 119.71 120.45 119.77
C11-C12-C7 120.70 121.48 122.57 121.44 120.79 121.47
C12-C7-C8 117.16 116.77 116.17 117.58 117.57 117.54
Table 2: Calculated energy gap and global reactivity descriptors.
Parameters (in eV) M-1 M-2 M-3
HOMO energy: E -6.78 -6.94 -6.88
LUMO energy: E -1.26 -1.04 -1.08
Energy gap, AE=[E E | 5.52 5.90 5.8
Ionisation potential, [ = - B, 6.78 6.94 6.88
Electron affinity, A =-E_ 1.26 1.04 1.08
Chemical Hardness, n = AE/2 2.76 2.95 29
Chemical Potential, p = -y -4.02 -3.99 -3.98
Electronegativity, y = (I + A)/2 4.02 3.99 3.98
Chemical Softness, 6 = 1/2n (eV)! 0.18 0.17 0.17
Global Electrophilicity, @ = p*/2n, 2.93 2.70 2.74

descriptor in the development of QSAR [34], the values given in
Table 2 may be assumed from this perspective.

Mulliken population analysis

The Mulliken population analysis is a model used for predicting the
individual atomic charges and it is highly basis set dependent and
unpredictable with small fluctuations in partial charges [35]. The
charge on each atom in each structure has been calculated using
the B3LYP method with 6-311 + G(d,p) level basic set (Figure
5). All the carbon atoms show a negative charge, except for the
atoms C1, C7 (for M-2 and M-3) and C1, C3, C7, C9 for M-1.
However, the charge on the hydrogen atoms remains positive.

The chlorine atoms show the positive charge, while bromine and
fluorine indicate a negative charge.

Molecular electrostatic potential

MERP is the potential that a unit positive charge would experience
at any point surrounding the molecule due to the electron density
distribution. The MEP analysis performed at the B3LYP/6-311 +
G(d, p) level is considered to be predictive of chemical reactivity
due to the reason that the regions of negative potential are
anticipated to be the sites of protonation and nucleophilic attack,
while the regions of positive potential may indicate the location
of electrophilic sites [31]. The MEP maps are shown in Figure 6.
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Figure 5: Comparison of Mulliken charge analysis of M-1, M-2 and M-3.
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Figure 6: Molecular electrostatic potential of M-1, M-2 and M-3.
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The bright red regions are electron-rich and related to electrophilic
reactivity while the blue regions are electron-poor regions related
to nucleophilic reactivity. In all three cases, the red region over
the halogen atoms makes these sites as electron-rich, having an
affinity towards the electrophiles. The blue regions over hydrogen
atoms of all the benzene rings make these sites electron-poor; thus,
having an affinity towards the nucleophiles.

Hirshfeld surface analysis

Figure 7a shows the Hirshfeld surface of M-1, M-2 and M-3
contour over d . Three bright and light red spots indicate the
existence of C3-H1...F1 and C3-H1...C2 weak interactions in the
case of M-1 while the weak interactions (C2-H3...Cl1, C5-H5...
Br2) in case of the other two structures are also represented by
the usual colour scheme. The topography of the shape-index and
curvedness plot for all the three structures indicates the presence
of insignificant n-w interaction. (Figure 7 b,c).

The two-dimensional fingerprint plots (Figure 8) indicate the
percentage contribution of intermolecular interactions and to the
total Hirshfeld surface area [36]. The interaction contribution
due to H...Cl (38.8%) and H...Br (37.5%) contacts is almost
identical when compared with that of H...F (30.8%) contacts. The
strong intermolecular interactions appear as distinct spikes in the
fingerprint plots. The hydrogen-halogen interaction appears as two
characteristic wings having a significant contribution to the crystal
packing in each structure.

(a)

(b)

(c)

Figure 7: Hirshfeld surface images of (a) d

norm’

M-2

Energy framework analysis

The topology of pair-wise intermolecular interaction energies in
each structure enables the construction of energy frameworks, viz.
Electrostatic (E ), Dispersion (E,, ), Repulsion (Erep), Polarization
(Epal) and Total (E_)energy (Table 3) [37]. The purple-colored
molecule in M-1 (with symmetry operation: X, y, z and located at a
distance of 5.79 A from the centroid) indicates the maximum total
interaction energy (—19.4 kJ/mol), while the turquoise-colored
molecule (with symmetry operation: -x + 3/4, y+ 3/2, z + % and
located at a distance of 7.79 A) gives the lowest total interaction
energy (—4.8 kJ/mol). Similarly, in case of M-2 and M-3, the
maximum and minimum total energies are —14 kJ/mol, —4.4 kJ/
mol and —23.6 kJ/mol, —5.3 kJ/mol, respectively. The dispersion
energy (E, ) rule over the electrostatic energy (E_ ) in case of
all three molecules and its graphical visualization is depicted in
Figure 9 (along z-axis).

Molecular docking analysis

Hydrogen bonding plays a significant role in the structural and
biological function of the drug molecules, and hence the ligand-
receptor interactions were examined on the basis of hydrogen
bonding [38]. Table 4 contains the binding energy, its type and
other details for each structure with Cytochrome P450 14alpha-
sterol demethylases (CYP51). The M-1:1EA1 complex is stabilized
by one hydrogen and halogen bond and four hydrophobic bonds.
The fluorine atom of M-1 is bonded to the hydrogen atom of active
amino acid ARG96 (distance = 2.7469 A) and the molecular

(b) Shape-index (c¢) Curvedness for M-1, M-2, M-3.
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energy (blue) for each structure along the z- axis.
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Table 3: Interaction energies in kJ/mol using B3LYP/6-31 G(d,p) method.

M1
N Symmetry operation R Electron Density Eele Epol Edis Erep Etot
4 -x+3/4,y+3/4,2+1/4 6.83 B3LYP/6-31G(d,p) -5.2 -0.7 -21.4 14.2 -15.8
4 x+1/2,y,z+1/4 7.07 B3LYP/6-31G(d,p) 3.4 -0.8 -18.6 9.9 -14.2
4 -x+3/4,y+3/4,2+1/4 7.97 B3LYP/6-31G(d,p) 0.6 -0.4 -1.7 2.5 -4.8
i 2 X,y,Z 5.79 B3LYP/6-31G(d.p) -5.6 -1.3 -24.0 13.4 -19.4
Total -13.6 -3.2 -71.7 40 -54.2
M2
N Symmetry operation R Electron Density Eele Epol Edis Erep Etot
i4 -x+3/4, y+3/4, z+1/4 8.48 B3LYP/6-31G(d,p) -1.4 -0.4 -1.7 6.5 -4.4
‘4 x+1/2,y, z+1/4 7.51 B3LYP/6-31G(d.,p) -4.5 -0.8 -17.5 10.7 -14.0
4 -x+3/4, y+3/4, z+1/4 7.06 B3LYP/6-31G(d,p) -33 -0.7 -18.0 10.7 -13.1
2 X, ¥, 2 6.64 B3LYP/6-31G(d,p) -2.8 -0.8 -13.7 6.2 -11.7
Total -12 -2.7 -56.9 34.1 -43.2
M3
N Symmetry operation R Electron Density Eele Epol Edis Erep Etot
1 -X, -y, -Z 5.40 B3LYP/6-31G(d.p) -4.4 -1.0 -22.1 18.1 -13.5
2 -X, y+1/2, -z+1/2 6.89 B3LYP/6-31G(d,p) -1.5 -1.0 -28.4 16.0 -23.6
2 -x+1/2,y+1/2, z 7.37 B3LYP/6-31G(d,p) -2.5 -0.8 -21.6 11.2 -15.2
2 -x+1/2,y+1/2,z 8.57 B3LYP/6-31G(d,p) -0.9 -0.4 9.3 6.6 -5.3
2 X, ¥, Z 7.46 B3LYP/6-31G(d.p) -6.3 -0.9 -16.9 14.3 -13.2
2 x+1/2, -y+1/2, -z 8.81 B3LYP/6-31G(d,p) -1.8 -0.2 -5.4 22 -5.5
2 x+1/2,y, -z+1/2 9.09 B3LYP/6-31G(d,p) -1.2 -0.3 -6.4 2.8 -5.3
1 -X, -y, -Z 7.48 B3LYP/6-31G(d.p -8.7 -1.4 -27.6 21.5 -20.9
Total -33.3 -60 -137.7 -92.7 -65.4

Table 4: Binding energy, Hydrogen bond, Electrostatic & Hydrophobic contacts of PUGPIQ, DCLBIP and HIQQON with Cytochrome P450 14alpha-

sterol demethylases.

Inhibtor B.E (Kcalmol™) Interactions Distance (A) Bonding Bonding types
ARG96 [HH21...F] 2.7469 Hydrogen Conventional hydrogen bond
ARGY6 [CZ...F] 3.6726 Halogen Halogen acceptor
PHES3 [x...w] 5.3783 Hydrophobic n-n T-shaped
PHE255 [x...n] 5.0189 Hydrophobic n-1t T-shaped
PUGPIQ 7.2 LEU100 [CB... ] 5.0507 Hydrophobic n-Alkyl
ALA256 [CB... 1] 4.1314 Hydrophobic n -Alkyl
LEU321 [CDL1... x] 3.95856 Hydrophobic m -Sigma
TYR76 [r ...CI2] 3.84652 Hydrophobic n -Sigma
DCLBIP 76 TYR76 [rt ... @] 5.1247 Hydrophobic n-nt T-shaped
HIS259 [n ...Cl1] 4.69456 Hydrophobic m -Alkyl
ARG96 [NH2...BR] 3.34 Hydrogen Conventional hydrogen bond
ARGY96 [NH2...1t] 4.84 Electrostatic n-Cation
ALA256 [CB...n1] 3.98 Hydrophobic n- Sigma
PHE255 [x...n] 5.21 Hydrophobic n-n T shaped
MET?79 [BR...CB] 3.64 Hydrophobic Alkyl
TYR76 [r...BR] 5.20 Hydrophobic n-Alkyl
HIQQON 75 PHES3 [x...BR] 5.24 Hydrophobic n-Alkyl
MET?79 [BR....] 5.11 Hydrophobic n-Alkyl
LEU321 [CB...n] 5.33 Hydrophobic n-Alkyl
LEU100 [CB... xt] 5.13 Hydrophobic n-Alkyl

docking score with 1EA1 is -7.2 Kcal/mol. Two hydrophobic
bonds have been observed between CI12, Cl1 and TYR76, HIS259
rings, respectively, in case of M-2. The benzene ring makes a
bifurcated hydrophobic bond with TYR76 and LEU321 residue
and the molecular docking score with 1EA1 is -7.6 Kcal/mol.

The M-3:1EA1 complex is stabilized by one hydrogen, one
electrostatic and eight hydrophobic bonds. The donor hydrogen

atom of the residue ARG96 interacts with the halogen atom
(bromine) of the ligand at a distance of 3.34 A. The electrostatic
interaction (m-cation) is exhibited by the six-membered ring of
M-3 bonded with the hydrogen atom of active amino acid ARG96
(distance = 4.84 A). The hydrophobic interactions (m-Sigma)
and (m -n T-shaped) are bonded by the six-membered ring with a
carbon atom and benzene rings of active amino acids ALA256 and
PHE255 (distance = 3.98 A and 5.21 A, respectively). The alkyl
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Figure 10: Molecular interaction of each structure with 1EA1 binding site.

hydrophobic interaction leads to the formation of bond between the
bromine and carbon atoms of the active enzyme MET79 (distance
=3.64 A). The n-alkyl of the hydrophobic interactions are bonded
between the benzene ring of the active enzymes TYR76 and
PHES3 with the bromine atom of the ligand (distance = 5.20 A
and 5.24 A, respectively). Similarly, the other three hydrophobic
(n-Alkyl) interactions as exhibited by the benzene ring are shown
bonded with the carbon atom of the corresponding active protein
sites MET79, LEU321 and LEU100 at a bonding distance of
5.11A, 533 A and 5.13 A, respectively. The molecular docking
score of M-3 with 1EA1is -7.5 Kcal/mol. The molecular binding
interactions in case of each complex are shown in Figure 10.

Conclusions

The theoretical investigations on the crystal structures of di-ortho-
substituted halogenated biphenyls, their Hirshfeld surface, and
molecular docking analysis embodies the work reported here. The
DFT geometry of each structure, by and large, is in sync with the
X-ray data. The DFT investigations provide some useful insights
about the molecular structure, atomic Mulliken charges, molecular
electrostatic potential and HOMO-LUMO energy gaps in case of
each biphenyl. The frontier molecular orbital investigations indicate
that M-1 is more favourable for charge transfer as compared to M-2
and M-3. The HS analysis reveals the existence of weak C-H-F,
C-H-C (M-1) and C-H-Cl and C-H-Br interactions in M-2 and M-3.
Representing a significant contribution of dispersion component in
each molecule, the 3D energy frameworks analysis indicates the
dominance of dispersion energy over the electrostatic component.
In-silico molecular docking results against Cytochrome P450
14alpha-sterol demethylases with significant binding score show

the inhibitory activity of each molecule against the fungal growth.
Hence, the three di-ortho-substituted halogenated biphenyls could
be used in antifungal drug design.
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