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tallographic and theoretical
investigation of noncovalent interactions in 1,3,4-
oxadiazole-2-thione-N-Mannich derivatives: in
vitro bioactivity and molecular docking†

Lamya H. Al-Wahaibi, a Kowsalya Alagappan,b Rosa M. Gomila, c

Olivier Blacque, d Antonio Frontera, *c M. Judith Percino, e Ali A. El-Emam *f

and Subbiah Thamotharan *b

Two 1,3,4-oxadiazole-2-thione-N-Mannich derivatives, specifically 5-(4-chlorophenyl)-3-[(2-

trifluoromethylphenylamino)methyl]-1,3,4-oxadiazole-2(3H)-thione (1) and 5-(4-chlorophenyl)-3-[(2,5-

difluorophenylamino)methyl]-1,3,4-oxadiazole-2(3H)-thione (2), were synthesized and then

characterized by elemental analysis and NMR (1H and 13C) spectroscopy and the single crystal X-ray

diffraction method. The formed weak intermolecular interactions in the solid-state structures of these

derivatives were thoroughly investigated utilizing a variety of theoretical tools such as Hirshfeld surface

analysis and quantum theory of atoms in molecules (QTAIM). Furthermore, the CLP-PIXEL and density

functional theory calculations were used to study the energetics of molecular dimers. Numerous weak

intermolecular interactions such as C–H/S/Cl/F/p interactions, a directional C–Cl/Cl halogen bond,

p-stacking, type C–F/F–C contact and a short F/O interaction, help to stabilize the crystal structure of

1. Crystal structure 2 also stabilizes with several weak intermolecular contacts, including N–H/S, C–H/

N//Cl/F interactions, a highly directional C1–Cl1/C(p) halogen bond and C(p)/C(p) interaction. In vitro

antimicrobial potency of compounds 1 and 2 was assessed against various Gram-positive and Gram-

negative bacterial strains and the pathogenic yeast-like Candida albicans. Both compounds showed

marked activity against all tested Gram-positive bacteria and weak activity against Escherichia coli and

lacked inhibitory activity against Pseudomonas aeruginosa. In addition, compounds 1 and 2 displayed

good in vitro anti-proliferative activity against hepatocellular carcinoma (HepG-2) and mammary gland

breast cancer (MCF-7) cancer cell lines. Molecular docking studies revealed the binding modes of title

compounds at the active sites of prospective therapeutic targets.
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ocampus Valsequillo, Independencia O2

960, CP, México
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1. Introduction

1,3,4-Oxadiazoles are an imperative class of heterocyclic
compounds with diverse pharmacological properties.1 1,3,4-
Oxadiazole is a valuable structural core in currently employed
chemotherapeutic agents such as the broad spectrum antibac-
terial drug furamizole,2 the anticancer agent zibotentan,3 the
herbicidal and fungicidal agent oxadiazon4 and the anti-
retroviral drug raltegravir.5 The chemotherapeutic efficacy of
anticancer 1,3,4-oxadiazoles is attributed to targeting thymidy-
late synthase,6 epidermal growth factor receptors (EGFR),7

vascular endothelial growth factor receptors (VEGF),8 histone
deacetylases (HDAC),9 tubulin polymerase,10 methionine
aminopeptidase (MetAP),11 focal-adhesion kinase (FAK),12 telo-
merase,13 and nuclear factor kB.14 It has been reported that
several solid tumors overexpress thymidine phosphorylase,
which plays a crucial role in angiogenesis.15 In addition, the
antifungal activity of several 1,3,4-oxadiazole derivatives is
© 2023 The Author(s). Published by the Royal Society of Chemistry
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attributed to potent succinate dehydrogenase inhibitory
activity.16 Furthermore, in the last two decades, organo-uorine
compounds represent one of the most fast-growing classes of
bioactive compounds.17

In view of the previously reported observations and as
a continuation of an interest in developing chemotherapeutic
agents,18 and structural characterization of 1,3,4-oxadiazole-
based derivatives,19 we report herein the synthesis, character-
ization, supramolecular features, nature of intermolecular
interactions, preliminary antimicrobial and anti-proliferative
activities of two 3-uorophenylaminomethyl-1,3,4-oxadiazole-
2(3H)-thione derivatives. The antioxidant activity of the N-
Mannich base of 1,3,4-oxadiazole derivatives bearing 1,4,-ben-
zodioxan was reported.20 Similarly, the crystal structures of the
adamantyl group attached to the central 1,3,4-oxadiazole moiety
were reported and these compounds were similar to those of the
title compounds.21 Non-covalent interactions (NCI), particularly
hydrogen bonds, have become one of the most important topics
not only in synthetic chemistry, but also in biological and
material systems.22 The occurrence and importance of C–H
groups as donors in hydrogen bond formation in biological
macromolecules such as proteins and nucleic acids were
described.23 In contrast, s-holes, another type of NCI, possess
electron-decient regions that arise when electron density is
anisotropically distributed on group 14 elements (tetrels), 15
elements (pnictogens), 16 elements (chalcogens) and 17
elements (halogens) elements when they are covalently bonded
to electron-withdrawing groups.24 The title compounds exhibit
some unique intermolecular interactions such as halogen bond
(Cl/Cl and Cl/p), and C–F/F–C and F/O noncovalent
interactions compared to the closely related reported
structures.

In this work, we present structural analysis of two closely
related 1,3,4-oxadiazole-2-thione N-Mannich base derivatives to
investigate the intermolecular interactions formed in these
solid-state structures, the energetics, nature of the intermolec-
ular interactions and in vitro bioactivities. Furthermore,
a molecular docking analysis was performed to delineate the
favorable orientation of these compounds at the active sites of
four different drug targets. The title compounds exhibit
a variety of conventional and non-conventional intermolecular
contacts. The PIXEL energy calculation, Hirshfeld surface
analysis, a DFT study, QTAIM, molecular electrostatic potential,
and NCI plot analysis were carried out to characterize the
intermolecular interactions observed in these compounds.
Some of these computational tools have been successfully
applied to various solid-state structures and modeled
complexes to analyze various non-covalent interactions with
respect to their geometrical preferences, strength and nature.25

2. Materials and methods
2.1. Synthesis and crystallization

To a solution of 5-(4-chlorophenyl)-1,3,4-oxadiazole-2(3H)-thi-
one C (1.06 g, 5.0 mmol) in ethanol (10 mL), 37% formaldehyde
solution (1.0 mL) and 2-triuoromethylaniline (0.81 g, 5.0
mmol) or 2,5-diuoroaniline (0.65 g, 5.0 mmol) were added and
© 2023 The Author(s). Published by the Royal Society of Chemistry
the reaction mixture was stirred at room temperature for 5
hours and allowed to stand overnight. The precipitated crude
products were ltered, washed with water, dried and crystal-
lized from aqueous ethanol to yield the target compounds 1 and
2. Suitable single crystals for X-ray diffraction were obtained by
slow evaporation of a solution of the title compound in
ethanol : chloroform (1 : 1, v/v) at room temperature.

5-(4-Chlorophenyl)-3-[(2-triuoromethylphenylamino)
methyl]-1,3,4-oxadiazole-2(3H)-thione (1). Colourless needle
crystal. Melting point: 183–185 °C (uncorrected). Yield: 1.64 g
(85%). Analysis calcd for C16H11ClF3N3OS: C, 49.81; H, 2.87; N,
10.89; S, 8.31%. Found: C, 49.80; H, 2.88; N, 10.82; S, 8.28%. 1H
NMR (CDCl3, 500.16 MHz): d 5.58 (s, 2H, CH2), 5.71 (s, 1H, NH),
6.89 (d, 1H, Ar–H, J = 8.0 Hz), 7.26 (t, 1H, Ar–H, J = 8.0 Hz), 7.83
(d, 2H, Ar–H, J = 7.5 Hz). 13C NMR (CDCl3, 127.77 MHz): d 57.69
(CH2), 113.66, 119.03, 120.65, 123.55, 126.93, 127.74, 128.44,
129.59, 133.35, 138.89, 141.91 (Ar–H & CF3), 158.72 (oxadiazole
C5), 176.48 (C]S).

5-(4-Chlorophenyl)-3-[(2,5-diuorophenylamino)methyl]-
1,3,4-oxadiazole-2(3H)-thione (2). Colourless needle crystal.
Melting point: 164–166 °C (uncorrected). Yield: 1.27 g (72%).
Analysis Calcd. for C15H10ClF2N3OS: C, 50.93; H, 2.85; N, 11.88;
S, 9.06%. Found: C, 50.88; H, 2.87; N, 11.78; S, 9.02%. 1H NMR
(CDCl3, 500.16 MHz): d 5.53 (s, 2H, CH2), 6.44 (t, 1H, NH, J = 9.0
Hz), 6.88–7.18 (m, 3H, Ar–H), 7.47–7.52 (m, 2H, Ar–H), 7.84 (d,
2H, Ar–H, J = 7.5 Hz). 13C NMR (CDCl3, 127.77 MHz): d 57.56
(CH2), 101.46, 105.15, 115.53, 120.59, 127.77, 129.63, 133.70,
138.96, 146.78, 160.32 (Ar–H), 158.67 (Oxadiazole C5), 176.52
(C]S).

2.2. Single crystal X-ray analysis

For crystals 1 and 2, the X-ray intensity data were collected at
160 K on a Rigaku OD SuperNova/Atlas area-detector diffrac-
tometer using Cu Ka radiation (l = 1.54184 Å) from a micro-
focus X-ray source and an Oxford Instruments Cryojet XL
cooler. The suitable single crystal was mounted using poly-
butene oil on a exible loop xed on a goniometer head and
immediately transferred to the diffractometer. Pre-experiment,
data collection, data reduction and analytical absorption
correction26 were performed with the program CrysAlisPro
(CrysAlis, Version 1.171.40.16c, Rigaku Oxford Diffraction,
2018). Using Olex2,27 the structure was solved with the
SHELXT28 small molecule structure solution program and
rened with the SHELXL2018/3 program package29 by full-
matrix least-squares minimization on F2. The position of
amine H atom was located from a difference Fourier map and
rened freely along with its isotropic displacement parameters.
All the remaining H atoms were placed in calculated positions
(C–H = 0.95–0.99 Å) and constrained to ride on their parent
atoms, with the Uiso(H) = 1.2Ueq(C). PLATON was used to check
the result of the X-ray analysis.30 Mercury program was used to
generate crystal packing and molecular dimers.31

2.3. Computational methods

The crystal structure geometry with the normalized H positions
according to the typical neutron diffraction values (C–H= 1.083
RSC Adv., 2023, 13, 34064–34077 | 34065
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Scheme 1 The synthetic pathway for compounds 1 and 2.
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and N–H = 1.009 Å) was used for all calculation. The nature of
intermolecular interactions and their contributions were
studied using the Hirshfeld surface32 and 2D-ngerprint plots33

with the CrystalExplorer 17.5 program.34 The calculations re-
ported herein were performed using the Turbomole 7.0
program.35 The crystallographic coordinates were used for the
calculations of the supramolecular assemblies. We have used
the crystallographic coordinates for the assemblies because we
are interested in evaluating the interactions as they stand in the
solid state since the purpose of this manuscript is not nding
the most favourable orientation of the molecules in the isolated
dimers in the gas phase. The level of theory used for the
calculations was RI-BP86-D3/def2-TZVP.36 The molecular elec-
trostatic potential (MEP) surface plots were generated using the
wavefunctions obtained at the same level of theory and the
0.001 a.u. isosurface to simulate the van der Waals envelope.
The topological analysis of the electron density was carried out
according to the QTAIM and noncovalent interaction plot index
(NCIplot) methods proposed by Bader37 and W. Yang et al.,38

respectively. Both were represented using the VMD program39

using the following settings for the NCI plot index representa-
tion: s = 0.5 a.u.; cut-off r = 0.04 a.u. and colour scale −0.03 #

sign(l2) r # 0.03 a.u. The electron localization function (ELF)40

analysis was performed using the MultiWFN program41 at the
PB86-D3/def2-TZVP level of theory.

2.4. In vitro antimicrobial activity

The in vitro antimicrobial activity of the 1,3,4-oxadiazole deriv-
atives 1 and 2 towards a panel of standard pathogenic bacterial
and fungal strains namely; Staphylococcus aureus ATCC 6571,
Bacillus subtilis ATCC 5256, Micrococcus luteus ATCC 27141
(Gram-positive bacteria), Escherichia coli ATCC 8726, Pseudo-
monas aeruginosa ATCC 27853 (Gram-negative bacteria), and the
yeast-like pathogenic fungus Candida albicans MTCC 227 was
evaluated. The preliminary screening was carried out following
the semi-quantitative agar-disc diffusion method with Müller-
Hinton agar medium.42 The minimal inhibitory concentration
(MIC) of compounds 1 and 2 was assessed against the same
microorganism used in the preliminary screening using the
micro-dilution susceptibility method in Müller-Hinton Broth.43

2.5. In vitro anti-proliferative activity

The in vitro anti-proliferative activity of compounds 1 and 2 was
evaluated against HepG-2 (hepatocellular carcinoma), PC-3
(human prostate cancer), HCT-116 (colorectal carcinoma) and
MCF-7 (mammary gland breast cancer) tumor cell lines using
the 3-[4,5-dimethylthiazoyl-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) colorimetric assay.44

2.6. Molecular docking simulations

Molecular docking analysis was carried out for compounds 1
and 2 and co-crystallized ligands in the respective protein-
inhibitor complexes using the Schrödinger suite (Schrödinger
suite, LLC, New York, NY, 2021). In this study, we used two
cancer targets namely, human thymidine phosphorylase (PDB
ID: 1UOU; co-crystallized ligand ID: CMU),45 human
34066 | RSC Adv., 2023, 13, 34064–34077
thymidylate synthase (PDB ID: 6QXG; co-crystallized ligand ID:
UFP)46 and a bacterial target namely, thymidine phosphorylase
from Escherichia coli K12 strain (PDB ID: 4EAD; co-crystallized
ligand ID: 0NP) and pyrimidine-nucleoside phosphorylase
from Staphylococcus aureus strain COL (PDB ID: 3H5Q; co-
crystallized ligand ID: THM). In all four cases, one subunit
(chain A) was retrieved from the protein data bank
(www.rcsb.org). The co-crystallized ligands in these targets and
the compounds 1 and 2 were prepared using the ligprep module
and the target proteins were prepared using the protein prep-
aration wizard. For both ligands and proteins, OPLS4 force eld
was applied.47 The glide XP docking score was used to predict
the most favourable orientation of the ligand at the protein
active site.48 The protein-ligand interactions for the best pre-
dicted poses were analyzed using the PLIP Web server.49
3. Results and discussion
3.1. Chemical synthesis

4-Chlorobenzohydrazide B was prepared from the
commercially-available methyl 4-chlorobenzoate A via treat-
ment with hydrazine in ethanol.50 1,3,4-Oxadiazole-2(3H)-thione
Cwas obtained via reaction of the carbohydrazide Bwith carbon
disulde in ethanolic potassium hydroxide as previously
described.6 1,3,4-Oxadiazole-2(3H)-thiones were reported to
undergo aminomethylation through reaction with primary
aromatic amines and formaldehyde to yield the corresponding
N-Mannich bases.18 Consequently, treatment of C with 2-tri-
uoromethylaniline or 2,5-diuoroaniline and formaldehyde
solution and various primary aromatic amines in ethanol at
room temperature yielded the target 3-arylaminomethyl N-
Mannich bases 1 and 2 in good yields (Scheme 1). The
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The ORTEP representations of compounds (a) 1 and (b) 2 are
drawn at the 50% probability level, and (c) a structural overlay illustrates
the deviation around ring C between compounds 1 and 2.
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structures of compounds 1 and 2 were conrmed by elemental
analyses, 1H NMR and 13C NMR spectral data in addition to
single crystal X-ray analysis.

3.2. Molecular and crystal structures

In order to gain insights into how the substituents affect
molecular conformation, crystal packing, and intermolecular
interactions, the single crystal X-ray analyses of compounds 1
and 2were determined at 160 K. The X-ray analysis revealed that
both compounds crystallize in the orthorhombic crystal system
with the non-centrosymmetric space groups P212121
(compound 1) and Iba2 (compound 2). A summary of X-ray
crystallographic data and renement parameters is presented
in Table 1. As shown in Fig. 1, both compounds contain a 4-
chlorophenyl ring (ring A) attached to an oxadiazole ring (ring
B). There is a difference between these two compounds in their
substituted ring C. In compound 1, the triuoromethyl group is
present at the ortho position. In compound 2, the uorine
substitutions occur at the ortho and meta positions. The amino
methylene group bridges the rings B and C in both compounds.

Molecular geometry from the CSD database is used as
knowledge base in an algorithm to verify molecular geometry
using the mogul geometry check utility.51 We performed the
mogul geometry check for compounds 1 and 2 and the results
showed unusual bond length and valence angles involving the
oxadiazole ring for 1. The length of the oxadiazole ring's C8–N2
bond (1.349 Å) is slightly higher than the mean value of 1.337 Å,
Table 1 Crystal data and structure refinement for compounds 1 and 2

Compound 1

Empirical formula C16H11ClF3N3OS
Formula weight 385.79
Temperature (K) 160 (1)
Crystal system Orthorhombic
Space group P212121
a (Å) 4.7906 (2)
b (Å) 13.1169 (6)
c (Å) 25.4767 (12)
a (°) 90
b (°) 90
g (°) 90
Volume (Å3) 1600.90 (12)
Z 4
rcalc (g cm−3) 1.601
m (mm−1) 3.741
F(000) 784.0
Crystal size (mm3) 0.27 × 0.03 × 0.02
Radiation Cu Ka (l = 1.54184)
2q range for data collection/° 6.94 to 148.798
Index ranges −5 # h # 5, −14 # k # 16,
Reections collected 15 968
Independent reections 3244 [Rint = 0.0711, Rsigma =
Data/restraints/parameters 3244/0/230
Goodness-of-t on F2 1.035
Final R indexes [I> = 2s (I)] R1 = 0.0399, wR2 = 0.0994
Final R indexes [all data] R1 = 0.0473, wR2 = 0.1042
Largest diff. peak/hole (e Å−3) 0.38/−0.32
Flack parameter 0.013(17)
CCDC no. 2302018

© 2023 The Author(s). Published by the Royal Society of Chemistry
and the four valence angles of the oxadiazole ring also deviate
from the respective mean value. In addition to the valence
angles of the oxadiazole, one of the valence angles (C11–C10–
C15 = 117.44°; mean value = 119.87°) of ring C is also affected.
It is to be noted that no such deviated geometrical parameters
are observed for structure 2. The deviation of geometrical
parameters could indicate the effect due to the triuoromethyl
group in ring C of 1.

Furthermore, in both structures, rings A and B are nearly
coplanar (5.88° in 1 and 5.64° in 2) and the dihedral angle
between mean planes of A/B and C rings is 84.64° in 1 and
Compound 2

C15H10ClF2N3OS
353.77
160 (1)
Orthorhombic
Iba2
28.8781 (9)
13.8936 (4)
7.7325 (3)
90
90
90
3102.43 (17)
8
1.515
3.709
1440.0
0.11 × 0.05 × 0.02
Cu Ka (l = 1.54184)
6.122 to 148.86

−31 # l # 31 −36 # h # 36, −13 # k # 17, −9 # l # 9
15 474

0.0460] 3163 [Rint = 0.0466, Rsigma = 0.0326]
3163/1/212
1.061
R1 = 0.0270, wR2 = 0.0581
R1 = 0.0334, wR2 = 0.0607
0.18/−0.16
−0.004(10)
2302019

RSC Adv., 2023, 13, 34064–34077 | 34067
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71.46° in 2. We also note that both molecules adopt a L-shaped
molecular conformation which is very similar to that of the
structures, namely 2-(4-uorobenzylthio)-5-(5-bromothiophen-
2-yl)-1,3,4-oxadiazole and 4-(4-chlorophenyl)-3-[(4-uorobenzyl)
sulfanyl]-5-(thiophen-2-yl)-4H-1,2,4-triazole reported earlier.19,52

One of the arms of L comprises rings A and B, while the other
arm of L consists of ring C. Fig. 1c shows the structural devia-
tion around ring C, whereas rings A and B are overlaid very well.
This structural deviation could be due to the substituted ring C
mentioned above.

In the solid state, both compounds exhibit different types of
weak hydrogen bonds and other unorthodox contacts because
of the presence of suitable donors, acceptor groups, and
aromatic rings. However, we are particularly interested in the
ability of the chlorophenyl ring to establish halogen bonding
interactions as a s-hole donor. It is well known that chlorine is
a very weak s-hole donor and its ability to form halogen bonds
has been an issue of discussion in the literature.53 Several
nonclassical noncovalent interactions observed in molecular
solids were described in the literature to highlight their coop-
erativity with conventional noncovalent interactions and the
role of individual interaction in supramolecular assemblies.54
3.3. Qualitative analysis of intermolecular interactions:
Hirshfeld surface and 2D-ngerprint plots

With a ngerprint plot, HS analysis has become an invaluable
tool for exploring the nature of intermolecular interactions
within crystal structures. In this way, characteristic interactions
within structures and surfaces around molecules can be easily
identied. In a dnorm surface, intermolecular contacts can be
easily compared in terms of van derWaals radii via a simple red-
white-blue colour scheme.

In compound 1, the intense red regions represent close inter-
contacts such as C(p)/C(p), C–F/F–C, and three-centered
intermolecular C–H/F interactions (Fig. 2a). These short
contacts have a signicant impact on crystal packing. In
compound 2, six different intermolecular interactions such as
Fig. 2 Red spots on the Hirshfeld surfaces with two different orien-
tations show the close inter-contacts observed in structures (a) 1 and
(b) 2.

34068 | RSC Adv., 2023, 13, 34064–34077
N–H/S, C–H/F, C(p)/C(p), S(lp)/C(p), F/O contacts and
a s-hole of type C–Cl/C(p) halogen bond with varying degrees
of red spots on the HS (Fig. 2b). It is thought that these contacts
are essential for the stabilization of crystal structure 2.

The 2D ngerprint plots obtained from the Hirshfeld surface
calculation show how various intermolecular interactions
contribute to crystal packing and how substituents affect the
contribution of these interactions. The selected 2D ngerprint
plots for compounds 1 and 2 are shown in Fig. S1 (ESI†). The
main contributions come from H/H contacts, which range
from 20.6 to 21% and whose contributions to the crystal
packing of 1 and 2 are very similar. The intermolecular H/F
contacts signicantly contribute to the crystal packing of both
compounds. Since structure 2 has only two F atoms, the
contribution of this contact is expected to be less compared to
structure 1. Moreover, the ngerprint plots show that this
contact is distributed differently between the two structures. For
example, double sharp tips have a tip distance (de + di) of∼2.3 Å
in 2, while blunt tips have a slightly longer tip distance of 2.5 Å
in 1. We also note a slight difference (2.8%) in the contribution
of H/C contacts between the two structures. The observed
close contact appears around 2.80 Å and can form intermolec-
ular C–H/C(p) interactions in 1, while the corresponding
contact in 2 appears to be longer than 3.0 Å, suggesting that this
contact is not essential for stabilization.

Another signicant contribution comes from the H/Cl
interactions, and the tip distance is about 2.9 Å in the nger-
print plots in both structures and has a slightly higher contri-
bution to the total HS area in 2 compared to 1. Although the
relative contribution of H/S contact differs between these two
structures (10.1% in 1 and 7.0% in 2), the ngerprint plots also
show differences in the dnorm spacing. The intermolecular H/S
contacts appear at 2.5 Å in 2, while the corresponding short
contact distance is 3.0 Å in 1. The distribution of H/S contact
conrms the presence of the N–H/S interaction, and the same
type of intermolecular interaction is not possible in 1. It is,
however, possible to establish a C–H/S interaction. It is
interesting to note that the intermolecular F/F contact in 1 is
established with a tip distance of 2.8 Å and contributes about
4.0% to crystal packing. However, in 2, this contact disappears.
The relative contribution of the H/N contact is almost the
same in both structures. However, this contact is relatively
shorter in 2 (∼2.7 Å) than in structure 1 (over 2.8 Å). This feature
indicates that structure 2 tends to establish a C–H/N interac-
tion, whereas this contact is weak in structure 1 due to the
longer separation between the H and N atoms. Similarly, the
C/C contact, representing the p-stacking interaction,
contributes 4.7% to the crystal packing of 1, while the corre-
sponding contact contributes only about 1.7% in 2. Red-blue
triangles on the surfaces of rings A and B in the shape index
diagram and green dots at 3.6 Å in the 2D-FP plots indicate that
these two rings can stack on each other (Fig. S2, S3, ESI†).

The halogen bonds show an interesting feature in the 2D
ngerprint plots. In 1, a homo-halogen bond of the type Cl/Cl
interaction contributes about 1.7% to the crystal packing and is
located as short as 3.5 Å, indicating its short nature and found
important for stabilization. The corresponding contact is in 2
© 2023 The Author(s). Published by the Royal Society of Chemistry
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beyond 3.9 Å, indicating its weak nature. The relative contri-
bution of another potential halogen bond of the type Cl/C(p) is
almost the same in both structures. However, this contact is
relatively shorter in 2 (∼3.4 Å) than in structure 1 (3.6 Å). This
observation suggests that the Cl/Cl halogen bond in 1 and the
Cl/C(p) halogen bond in 2 play an important role in stabilizing
the respective crystal structure. We also note that the F atom
establishes a noncovalent interaction with the oxadiazole O
atom. The 2D-FP plots show that the F/O interaction in 2 is
relatively shorter than in structure 1 although its contribution
to crystal packing is comparable between the two structures.
Furthermore, there is a short S/C contact at 3.5 Å with
a contribution of 3.8% in structure 2 and the corresponding
contact at slightly over 3.5 Å with a contribution of 1.1% in 1.
The 2D-FP plots for the other possible inter-contacts are rela-
tively longer than the sum of the vdW radii of the interacting
atoms in these structures.
3.4. Supramolecular self-assembly in 1

In the solid state, molecule 1 is packed columnar along the
crystallographic bc and ac planes, as shown in Fig. 3a and b. The
energetically signicant dimers in this structure were identied
by CLP-PIXEL calculations (Fig. 3c–f). The results showed that
ve important dimers contribute to stabilizing the crystal
structure. Various types of intermolecular interactions are
formed in these dimers, including C–H/F, C–H/Cl, C–H/S,
C–H/p, p-stacking, F/O, C–F/F–C contacts, and a homo
halogen bonding type of C–Cl/Cl interaction. The intermo-
lecular interaction energies for these dimers were calculated
using the CLP-PIXEL method and ranged from −13.3 to
−1.3 kcal mol−1. Accurate dimerization energies were calcu-
lated using the DFT method at the B97-D3/def2-TZVP level of
theory to compare these energies with those calculated using
the CLP-PIXEL method. As shown in Table 2, the dimerization
energies calculated with both methods are comparable except
Fig. 3 Crystal packing of 1 projected onto the crystallographic (a) bc
plane, (b) ac plane, and (c–f) dimers observed in 1, supramolecular
self-assembly mediated by various intermolecular contacts, and (g)
deformation density showing charge depletion (red) and charge
concentrated region (blue) around interacting fluorine atoms.

© 2023 The Author(s). Published by the Royal Society of Chemistry
for dimer D1. The CLP-PIXEL method underestimates the
energy of the D1 dimer, which could be due to the dispersion
effect of the observed intermolecular interactions in D1.

A highly stable dimer D1 consists of two adjacent L-shaped
molecules held together by intermolecular p-stacking, C–H/
p and C–F/F–C interactions (Fig. 3c). The p-stacking interac-
tion is formed between rings A and B (centroid-to-centroid
distance = 3.484 (2) Å), while the bridging methylene group
participates in an intermolecular C–H/p interaction with the
p-system of ring C. The C–F/F–C interaction is formed
between adjacent CF3 groups. The components of electrostatic
and dispersion energies contribute 26 and 74%, respectively, to
stabilizing D1. The higher contribution of dispersion energies
could be due to the effect of the p-stacking and C–H/p and C–
F/F–C interactions.

Four different types of halogen–halogen bonding (involving
Cl, Br and I) geometries were described in the literature as
shown in Scheme 2.55 The homo uorine (F/F) interactions are
also shown as one of the four types of geometries. To gain more
insight into the geometrical preference of C–F/F–C contacts
from triuoromethyl moiety, we searched the Cambridge
Structural Database (CSD, version 2022.3.0) using a template
containing triuoromethylphenyl residues rather than Ph-F
residues, and the search yielded 584 hits with 970 C–F/F–C
contacts. The separation of F/F contacts ranges from 2.503 to
2.940 Å, and the shortest one was observed for the entry with
refcode HEWFAQ (d = 2.503 Å), and the longest separation was
observed for the entry with refcode DIDQAK (d = 2.940 Å). More
than 80% of contacts fall between 2.803 and 2.940 Å (Fig. S4,
ESI†). In this study, we observed the F/F distance is 2.832 (4) Å,
which lies in the most preferred region. Tothadi et al. described
the classication of homo-halogen bonding based on the
difference in angles (0°# jq1 − q2j# 15°: type I; 30°# jq1 − q2j:
type II and 15° # jq1 − q2j # 30°: quasi type I/II).56 According to
this classication, 52.4% of the contacts exhibit type I geometry,
similar to Cl/Cl contacts surveyed earlier. 16.1% of the
contacts belong to quasi-type I/II geometry (Fig. S5, ESI†). In the
present study, F/F contact belongs to type I/II geometry with
the jq1 − q2j = 29.85°. The remaining contacts belong to type II
geometry. The CSD search also indicates that some F/F
contacts adopt a Z-shaped geometry. Furthermore, we calcu-
lated the deformation density for the dimer, showing the C–F/
F–C interaction (Fig. 3g).

The neighbouring molecules stacked along the crystallo-
graphic b axis in a column are connected by a large number of
intermolecular interactions, including intermolecular C–H/F/
S/C(p) interactions and unconventional F/O contacts. These
interactions lead to the formation of the dimer D2, and the
contribution of the electrostatic and dispersion energies to the
stabilization is 36% and 64%, respectively. There are rectan-
gular molecular arrangements in the repetitive structural motif
of 1 (dimer D3) (see Fig. 3, dashed rectangular box). This motif
is stabilized by an intermolecular C–H/Cl interaction and links
the molecules into a supramolecular C(14) chain that runs
parallel to the crystallographic b axis. Notably, the dispersion
energy contributes more (75%) towards stabilizing dimer D3. A
weak molecular dimer (D5) is stabilized by a directional s-hole
RSC Adv., 2023, 13, 34064–34077 | 34069
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Table 2 Intermolecular interaction energies (in kcal mol−1) for different dimers were obtained from the crystal structure of 1 using the CLP-PIXEL
and DFT methods. The BSSE corrected dimerization energies calculated by the DFT method were given for comparison

Dimer CD Symmetry Important interactions Geometry H/A (Å), :D–H/A (°)

PIXEL/MP2/6-31G** B97D3/def2-tzvp

Ecoul Epol Edisp Erep Etot DEcp

D1 4.791 x − 1, y, z Cg1/Cg2 3.484 (2) −4.8 −2.5 −20.6 14.6 −13.3 −17.7
C9–H9B/Cg3 2.80, 139
C16–F1/F2–C16 2.832 (4), 149.2 (2)

D2 6.647 −x + 1, y − 1/2, −z + 3/2 C5–H5/F1 2.44, 134 −2.9 −1.8 −8.2 6.1 −6.8 −5.7
C5–H5/F3 2.43, 169
C3–H3/S1 2.98, 126
C12–H12/C2(p) 2.82, 134
C16–F3/O1 3.049 (4), 151.7 (2)

D3 7.965 −x, y − 1/2, −z + 3/2 C12–H12/Cl1 2.91, 136 −1.6 −0.7 −4.4 2.5 −4.3 −4.0
D4 12.479 x − 1/2, −y + 1/2, −z + 2 C14–H14/F1 2.60, 136 −0.5 −0.1 −1.8 0.7 −1.7 −1.4
D5 14.397 x + 1/2, −y + 1/2, −z + 1 C1–Cl1/Cl1 3.523 (1), 162.5 (1) −0.6 −0.3 −2.2 1.7 −1.3 −1.2

Scheme 2 Geometrical parameters of C–F/F–C interactions
involving trifluoromethyl moieties found in CSD database. Different
types geometries are defined as: type I (90° < q1 z q2 < 180°; parallel
displaced geometry), type II (q1 ∼ 90°; q2 ∼ 180°; L-shaped geometry)
and type III (q1z q2= 180°; linear geometry) and type IV (q1z q2= 90°;
Z-shaped geometry).
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bonding namely C–Cl/Cl halogen bonding interaction. This
dimer is also predominantly driven by the dispersion energy
component, contributing 71% towards the total stabilization
energy. This halogen bond exhibits an L-shaped geometry (type
II geometry with jq1 − q2j = 70.37°). To investigate the existence
of s-hole contact in 1, we carried out molecular electrostatic
potential surface analysis, and the results are presented in
a separate section.
Fig. 4 (a) Adjacent columns are interlinked by directional C–Cl/C(p)
halogen bond, (b) supramolecular ribbon formed by motif D2 and
adjacent supramolecular ribbons are interlinked by weak C–H/Cl
hydrogen bonds, (c) L-shaped molecular layer held together by S(lp)/
p interaction, and (d) molecular dimer D3 is formed by intermolecular
C–H/N interaction and supported by a weak C(p)/C(p) interaction,
(d) 3D deformation electron density shows intermolecular F/O
contact (red: charge depletion region and blue: charge concentrated
region).
3.5. Supramolecular self-assembly in 2

In the crystalline state, molecule 2 is arranged in columnar
along the crystallographic ab plane, as shown in Fig. 4a. From
the CLP-PIXEL calculation, one can extract the energetically
signicant dimers in this crystal structure (Table 3). There are
ve such dimers (D1–D5) stabilized by varieties of intermolec-
ular interactions such as N–H/S, C–H/NF/Cl, C(p)/C(p)
contact, S(lp)/p contact (Fig. 4a–e). Furthermore, a directional
halogen bond of type C–Cl/C(p) and a uorine bond of type
C–F/O interaction (Fig. 4b). It is important to emphasize that
some of the intermolecular interactions such as N–H/S, C–H/
N, lp/p, C–Cl/C(p) and C–F/O contacts are specic to
compound 2. These specic interactions play a major role in
stabilizing the solid-state structure. Furthermore, the intermo-
lecular interaction energies for these dimers are calculated
using the CLP-PIXEL method, ranging from −12.5 to
−1.7 kcal mol−1. The dimerization energies calculated by the
DFT and CLP-PIXEL methods are comparable (Table 3). Slight
34070 | RSC Adv., 2023, 13, 34064–34077
deviations in energies in some dimers occur due to the effect of
dispersive forces and the types of interactions present in them.

In this structure, the strongest dimer (D1) stabilizes with the
intermolecular lp/p interaction involving S1 and the p-system
of ring B (Fig. 4c). This interaction links the molecules into
a chain parallel to the crystallographic c axis. It is also noted
that electrostatic energy contributes 40% towards the total
stabilization energy for this dimer. In the solid state, dimer D2
extends along the b axis to generate a molecular ribbon, and
adjacent ribbons formed by dimer D2 are interconnected by
dimer D5 (Fig. 4b). These two dimers collectively generate
a supramolecular chain along the ab plane. The former dimer
D2 stabilizes with ve intermolecular interactions. The N–H/S
interaction is formed between the amine group and the S atom
of the oxadiazolemoiety. Both uorine atoms (F1 and F2) of ring
C have been involved in intermolecular C–H/F interactions.
One of the uorine atoms (F1) is engaged in an unorthodox
uorine bond of type F/O contact. The 3D deformation density
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Intermolecular interaction energies (in kcal mol−1) for different dimers were obtained from the crystal structure of 2 using the CLP-
PIXEL and DFT methods. The BSSE corrected dimerization energies calculated by the DFT method were given for comparison

Dimer CD Symmetry Important interactions Geometry H/A (Å), :D–H/A (°)

PIXEL/MP2/6-31G**
B97D3/def2-
tzvp

Ecoul Epol Edisp Erep Etot DEcp

D1 5.089 x, –y + 1, z − 1/2 S1/Cg1 3.343 (1) −6.2 −3.2 −14.2 11.0 −12.5 −14.7
D2 7.089 −x + 3/2, y − 1/2, z N3–H3A/S1 2.50, 149 −8.4 −4.4 −7.2 9.8 −10.2 −8.3

C5–H5/F2 2.56, 122
C6–H6/F2 2.62, 119
C3–H3/F1 2.23, 173
C11–F1/O1 2.923 (1), 160.36(1)

D3 5.493 −x + 3/2, −y + 3/2, z − 1/2 C9–H9A/N1 2.73, 137 −3.1 −1.4 −12.6 7.6 −9.4 −12.1
C11/C6 3.303 (4)

D4 13.587 −x + 1, y, z − 1/2 C1–Cl1/C6(p) 3.390(3), 170.9(1) −0.9 −0.5 −3.8 3.2 −2.1 −2.4
D5 14.890 x − 1/2, −y + 3/2, z C12–H12/Cl1 2.90, 153 −0.7 −0.3 −1.6 1.0 −1.7 −1.5
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calculated from theoretical charge density analysis for the F/O
contact shows the small polarizability of electron density
around the uorine atom (Fig. 4e). The charge depletion region
of uorine (red) pointed towards the charge concentrated
region on the O1 atom (blue). The CSD search reveals a very
small number of F/O contacts exist. The CLP-PIXEL calcula-
tion reveals that the contribution of electrostatic and dispersion
energies is 64 and 36% towards the stabilization of dimer D2,
whereas the dispersion energy contributes (62%) more to the
stabilization of dimer D5 than the electrostatic energy.

As illustrated in Fig. 4d, a supramolecular chain is generated
by the dimer D3 which stabilizes with two intermolecular
interactions. In this dimer, the bridge methylene group acts as
a donor and one of the N atoms of the oxadiazole ring is
involved as an acceptor for the intermolecular C–H/N inter-
action. The stability of D3 is supported by a C(p)/C(p) contact
(3.303 (4) Å) between rings A and C in an offset mode and the
dispersion energy contributes 74% towards stabilization. Dimer
D4 stabilizes with a weak C1–Cl1/C6(p) halogen bond. As
shown in Fig. 4a, this halogen bond interlinks the adjacent
molecular sheets formed on the crystallographic ab plane.
3.6. Nature of halogen bonding interactions in 1 and 2

Initially, we used molecular electrostatic potential surface
calculations to investigate the existence of s-hole at the Cl atom
Fig. 5 MEP surfaces of compounds 1 (a) and 2 (b) and the RI-BP86-
D3/def2-TZVP level of theory. Some MEP values are indicated
in kcal mol−1. An amplification of the MEP around the Cl-atom is also
provided.

© 2023 The Author(s). Published by the Royal Society of Chemistry
in compounds 1 and 2. The surfaces are represented in Fig. 5,
showing that in both compounds, the MEPmaximum is located
at the NH bond (+38.3 and +41.4 kcal mol−1 for 1 and 2,
respectively), and the MEP minimum is located at the S-atom of
the thione group (−22.6 and −23.2 kcal mol−1, respectively).
The MEP is also large and positive over the ve-membered ring
(+21.9 kcal mol−1 in both compounds) disclosing that the ve-
membered ring is electron decient and exerts a signicant
electron withdrawing effect on the chlorophenyl ring. This
increases the MEP value at the chlorine's sigma-hole and
reduces the nucleophilicity of the negative belt (MEP value is
more positive). In Fig. 5 (top-center), an amplication of the
MEP around the chlorine atom is provided. In both compounds
the MEP surface and anisotropy at the Cl-atom are equivalent:
+11.3 kcal mol−1 at the s-hole and −3.7 kcal mol−1 at the
negative belt.

In Fig. 6, we have represented two selected dimers of
compounds 1 and 2, where the Cl-atom is involved in halogen
bonding interactions. In the case of compound 1, the C–Cl bond
points to the negative belt of the adjacent Cl-atom and in the
Fig. 6 QTAIM and NCIplot analyses of the HaB dimers observed in the
X-ray structures of compounds 1 (a) and 2 (b). Only intermolecular
bond CP (red spheres) and bond paths (orange lines) are represented.
For the NCI plot settings, see computational methods.

RSC Adv., 2023, 13, 34064–34077 | 34071
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case of compound 2, to one C-atom of the aromatic ring. The
dimerization energies are modest (−1.2 kcal mol−1 and
−2.4 kcal mol−1) but favourable in both cases. It should be
emphasized that the MEP over the chlorophenyl ring is positive,
thus indicating that in compound 2, the halogen bond is likely
not dominated by electrostatic effects and that other forces like
dispersion or polarization likely compensate for the small
electrostatic repulsion. The directionality of the HaB in
compound 2 is better than in compound 1, in line with the
stronger interaction. Fig. 6 also shows the combined QTAIM
and NCI plot analysis of both HaB dimers. The QTAIM analysis
shows one bond critical point (CP, represented as a small red
sphere) and the bond path (orange line) interconnecting both
Cl-atoms in the dimer of 1, thus conrming the existence of the
HaB contact. Moreover, the interaction is further characterized
by a green RDG isosurface coincident with the location of bond
CP, which supports the attractive nature of the interaction. For
compound 2, the interaction is characterized a bond CP and
a bond path connecting the Cl-atom to one C-atom of the
aromatic ring. The NCIplot shows the presence of a green RDG
isosurface that emerges upon dimerization and embraces one
of the CC bonds of the aromatic ring, suggesting that both C-
atoms are involved in the interaction, as further studied below.

To further investigate the halogen bonding nature of the
contacts, especially in compound 2 where the MEP analysis
suggests that the chlorophenyl p-system is electron decient,
we have used the electron localization function (ELF). This
computational tool is useful to identify LPs and s-holes.57 The
2D ELF maps are represented in Fig. 7, where we have used the
2D plane dened by the atoms involved in the HaB (these atoms
are also indicated in Fig. 6). It can be observed that in
compound 1, the s-hole at the Cl-atom is pointing to the belt of
the electron donor Cl-atom of the adjacent molecule, as ex-
pected for a true halogen bonding interaction. In fact, the bond
path that connects both Cl-atoms crosses very close to the
maximum electron depletion (s-hole). For compound 2, the s-
hole points to the p-system of the C]C bond, thus also con-
rming the HaB nature, in spite of the positive MEP.
Table 4 Antimicrobial activity of compounds 1 and 2 (200 mg/8 mm
disc), the broad spectrum antibacterial drugs gentamicin sulfate (100
mg/8 mm disc), ampicillin trihydrate (100 mg/8 mm disc) and the
antifungal drug clotrimazole (100 mg/8 mm disc) against Staphylo-
coccus aureus ATCC 6571 (SA), Bacillus subtilis ATCC 5256 (BS),
Micrococcus luteus ATCC 27141 (ML), Escherichia coli ATCC 8726
(EC), Pseudomonas aeruginosa ATCC 27853 (PA), and the yeast-like
3.7. Topological analysis of intermolecular interactions

To assess the nature and strength of the intermolecular inter-
actions observed in various molecular dimers of 1 and 2, we
calculated the topological properties of these interactions
mentioned in the experimental section. The molecular graphs
of dimers show the bond critical points (BCPs) for the
Fig. 7 2D maps of h(r) function for the dimers of 1 (a) and 2 (b). The
molecular planes correspond to the C-atoms labelled in Fig. 1.

34072 | RSC Adv., 2023, 13, 34064–34077
intermolecular interactions illustrated in Fig. S6 and S7 (ESI†),
and the topological parameters for the intermolecular interac-
tions are summarized in Table S1 (ESI†). All the observed
interactions are closed-shell interactions according to the value
of j–V(r)/G(r)j < 1, V2r(r) > 0 and H(r) > 1.58 In 1, the dissociation
energies (De) for two of the C–H/F interactions are relatively
higher compared to other interactions observed. It is of interest
to note that the dissociation energy of C16–F1/F2–C16 inter-
action is comparable to the strength of two of the C–H/F
interactions. The experimental charge density values were re-
ported for the F/F interactions with type I, type II and, quasi-I/
II geometries.59 The electron density (r(r)) is in the range of
0.02–0.07 e Å−3 and the Laplacian of the electron density (V2r(r))
falls in the range of 0.5–1.3 e Å−5. In the present study, these
values are comparable to experimental charge density values.
We also noted that the strength of the C–Cl/Cl halogen bond
and C/C and C–H/p, C–H/S, and one of the C–H/F inter-
actions is relatively weaker than the F/F interaction.

In 2, the strength of N–H/S (De = 2.2 kcal mol−1) and one of
the C–H/F interactions (De = 2.1 kcal mol−1) is comparable,
and they are relatively higher compared to other interactions.
We also noted that the strength of a halogen bond (C–Cl/p) is
comparable to that of C–H/N/F. The dissociation energy of the
unconventional uorine bond of type F1/O1 contact is the
same as that of a Cl/p halogen bond and unconventional S/p

contact. The intermolecular C–H/Cl interaction is relatively
weaker than other interactions observed in 2.
3.8. In vitro antimicrobial activity

The results of the initial antimicrobial screening of compounds
1 and 2 (200 mg/disc), the antibacterial antibiotics gentamicin
sulfate, ampicillin trihydrate, and the antifungal drug clo-
trimazole (100 mg/disc) are outlined in Table 4. As evident from
Table 4, compounds 1 and 2 showed marked antibacterial
activity against all tested Gram-positive bacterial strains,
marginal inhibitory activity against Escherichia coli, and lacked
inhibitory activity against Pseudomonas aeruginosa. Compound
pathogenic fungus Candida albicans MTCC 227 (CA)

Compound

Diameter of growth inhibition zonea (mm)

SA BS ML EC PA CA

1 21 (4) 18 (16) 16 12 — 11
2 22 (8) 24 (2) 18 (16) 11 — —
Gentamicin sulfate 27 (1) 26 (2) 20 (2) 22 (0.5) 21 (0.5) NT
Ampicillin trihydrate 22 (2) 23 (1) 20 (2) 16 (8) 18 (8) NT
Clotrimazole NT NT NT NT NT 21 (4)

a Figures shown in parentheses represent the MIC values (mgmL−1), NT:
not tested, (−): inactive (inhibition zone < 10 mm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Glide XP docking score expressed in kcal mol−1 for
compounds 1 and 2 and co-crystallized ligand in the respective target

Compound code
Glide XP docking
score

Human thymidine phosphorylase
CMU −11.578
1 −4.917
2 −6.748

E.coli K12 strain thymidine phosphorylase
0NP −10.487
1 −6.987
2 −5.926

Human thymidylate synthase
UFP −9.271
1 −4.519
2 −4.024

Staphylococcus aureus strain COL pyrimidine-nucleoside
phosphorylase
THM −7.599
1 −3.812
2 −4.278
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1 displayed weak inhibitory activity against the pathogenic
fungus Candida albicans, while compound 2was totally inactive.

The minimal inhibitory concentration (MIC) of compounds
1 and 2 was assessed against the same microorganism used in
the preliminary screening using the micro-dilution suscepti-
bility method in Müller-Hinton Broth.60 The values of the MIC
for compounds 1, 2 and the reference antimicrobial drugs
gentamicin sulfate, ampicillin trihydrate, and clotrimazole
(Table 4) were almost consistent with their growth inhibition
zones.

3.9. In vitro anti-proliferative activity

The results of in vitro anti-proliferative activity of compounds 1
and 2 and the anticancer drug doxorubicin are shown in Table
5. The anti-proliferative activity outcomes showed that 2,5-
diuorphenyl analogue 2 displayed marked anti-proliferative
activity with IC50 < 25 mM against HepG-2 and MCF-7 cell
lines and retained weak activity against PC-3 and HCT-116 cell
lines. Meanwhile, the 2-(triuoromethyl)phenyl analogue 1
displayed good anti-proliferative activity against HepG-2 and
moderate activity against MCF-7 cell lines, and its activity
against PC-3 and HCT-116 cell lines was almost similar to
compound 1.

3.10. Molecular docking analysis

In order to corroborate the experimental in vitro data, we per-
formed amolecular docking simulation for four important drug
targets, two of which are expressed in many tumor cells (human
thymidine phosphorylase and human thymidylate synthase)
and one target (thymidine phosphorylase) taken from the E.coli
K12 strain and a drug target namely pyrimidine-nucleoside
phosphorylase from Staphylococcus aureus strain COL was
considered. The extra precision (XP) glide scoring scheme was
used to predict the favourable pose at the protein active site and
a score for the most favourable pose. Table 6 summarizes the
glide XP docking scores for compounds 1 and 2 against these
targets. For the control experiment, the co-crystallized ligand
bound to these targets was docked and the score was compared
with compounds 1 and 2. The co-crystallized ligands showed
a higher binding affinity in all four cases toward the respective
target. However, compounds 1 and 2 also displayed a negative
glide XP score, suggesting that they could also bind to the active
Table 5 In vitro anti-proliferative activity of compounds 1 and 2 and
the anticancer drug doxorubicin towards hepatocellular carcinoma
(HepG-2), human prostate cancer (PC-3), colorectal carcinoma (HCT-
116) and mammary gland breast cancer (MCF-7) cell lines

Compound

IC50 (mM)a

HepG-2 PC-3 HCT-116 MCF-7

1 22.15 � 1.5 55.25 � 3.2 48.28 � 3.4 30.18 � 2.6
2 18.20 � 1.1 44.28 � 2.6 52.60 � 3.8 24.04 � 1.8
Doxorubicin 4.50 � 0.2 8.87 � 0.6 5.23 � 0.3 4.17 � 0.2

a IC50 values presented as the mean ± SD of three separate
determinations.

© 2023 The Author(s). Published by the Royal Society of Chemistry
site of the respective target. The intermolecular interactions
between compounds 1 and 2 and the critical active site residues
in the respective protein targets are illustrated in Fig. 8.

In the human thymidine phosphorylase complex, the
binding affinity of compound 2 is slightly better than
compound 1. An analysis of protein-ligand interaction reveals
that in the human thymidine phosphorylase complex, residues
Leu 148, Lys 157, Tyr 199, Ile 214, and Ile 218 establish hydro-
phobic interactions with the terminal aromatic rings of
compound 1. The amine group of 1 is involved in a hydrogen
bond (N–H/O) with the backbone O atom of the Thr 118, and
one of the F atoms of compound 1 has established a linear F/O
contact (3.94 Å and 165°) with the backbone O atom of the Val
208. Compound 2 also establishes similar types of hydrophobic
interactions with active site residues in human thymidine
phosphorylase complex. Instead of an N–H/O hydrogen bond,
an N–H/N hydrogen bond is formed between compound 2 and
His 116. Similarly, instead of a linear F/O contact, an inter-
molecular F/N contact (3.14 Å, 156°) is formed between 2 and
side chain N atom of the Lys 221 (Fig. 8a).

In the E.coli thymidine phosphorylase complex, compound 1
shows a slightly better affinity for the enzyme than compound 2,
as shown in Table 6. Fig. 8b shows different modes for
compounds 1 and 2 at the active site, as seen from the inter-
acting residues. We also see from this gure that compound 1 is
slightly folded when it binds to the enzyme, whereas compound
2 exhibits a relatively extended conformation at the active site.
The differences in affinity could be understood as the preferable
binding conformations of these compounds. In addition to the
hydrophobic interactions formed by residues Leu 117, Tyr 168,
Ile 183, and Ile 187, a highly directional s-hole (halogen bond)
interaction is formed between the Cl atom of 1 and the O atom
of the backbone Ser 113 (Cl/O = 3.68 Å, :C–Cl/O = 175°).
RSC Adv., 2023, 13, 34064–34077 | 34073
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Fig. 8 Protein-ligand interactions (left panel: compound 1 and right
panel: compound 2). (a) Human thymidine phosphorylase, (b) E. coli
thymidine phosphorylase, (c) Human thymidylate synthase, and (d) S.
aureus pyrimidine-nucleoside phosphorylase.
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One of the F atoms of 1 is involved in an interaction with the
backbone O atom of Thr 87 residue (F/O= 3.17 Å,:C–F/O=

147°). The strong affinity could arise from forming halogen
contacts between compound 1 and the active site residues.
Unlike compound 1, compound 2 establishes only two hydro-
phobic interactions with the active site residues Val 177 and Phe
210. In addition, the residue His 85 forms a p-stacking inter-
action (with a T-shaped conguration) with the oxadiazole ring.

In the thymidylate synthase complex, both compounds
exhibit folded conformations at the active site and show
comparable affinity towards the enzyme. As shown in Fig. 8c,
compound 1 establishes three hydrogen bonds with the active
site residues Glu 87, Trp 109, and Asn 226. In addition, the
residues Trp 109, Tyr 135, and Asp 218 have hydrophobic
interactions with compound 1. There is a s-hole interaction is
formed between the Cl atom and the side chain O atom of Ser
216 (Cl/O = 3.44 Å, :C–Cl/O = 148°). The number of
hydrogen bonds (Glu 87) and hydrophobic interactions (Leu 192
and Asp 218) is reduced in enzyme-compound 2 compared to
the enzyme-compound 1 complex. However, three halogens (F
and Cl) involved non-bonded interactions formed with the O
atoms of the residues Ile 108, Tyr 135 and Ser 216 residues. The
F/O (Ile 108) distance is 3.31 Å and :C–F/O = 162°. For
another F/O (Tyr 135), separation is 2.90 Å and :C–F/O =
34074 | RSC Adv., 2023, 13, 34064–34077
144°. The C–Cl/O (3.74 Å, 161°) halogen bond is highly
directional and helps stabilize the complex.

In the S. aureus pyrimidine-nucleoside phosphorylase
complex, both compounds show comparable affinity for the
enzyme. Compound 1 establishes a hydrogen bonding interac-
tion with the Thr 84 residue (Fig. 8d). The active site residues Ile
180 and 184 are involved in hydrophobic interactions. The
active site residue Phe 207 stacks against ring C of compound 1
and His 82 establishes a cation-p interaction with the central
oxadiazole ring. It is interesting to observe that the A ring of the
Cl atom participates in the halogen bonding interaction with
the Thr 92 residue (C–Cl/O= 3.4 Å, and:C–Cl/O= 153°). All
these active site residues are involved in intermolecular inter-
actions except for residues His 82 and Ile 180 in 2. Ser 183 is in
contact with one of the F atoms of the ring C. The distance
between F and O is 3.9 Å and :C–F/O = 157°).
4. Conclusions

This effort involved the synthesis of two 3-arylaminomethyl N-
Mannich bases and their structural characterization by a single-
crystal X-ray diffraction approach. A thorough examination of
the nature and strength of many types of intermolecular inter-
actions, including hydrogen bonds, halogen bonding, uncon-
ventional F/O uorine bond, and C–F/F–C contact. Further,
the C–F/F–C contact exhibits a quasi-type I/II geometry. Based
on the CSD analysis, the geometrical preference (type I) of C–
F/F–C contact is quite comparable to the Cl/Cl contact.
Moreover, the s-hole on the Cl atom is revealed by the electro-
static potential map, and it functions as a donor for two distinct
kinds of halogen bonds (Cl/Cl in compound 1 and Cl/p in
compound 2). The former contact exhibits L-shaped type II
geometry, while the latter contact adopts type III linear geom-
etry. Cl/p halogen bond-mediated dimer is two-fold stronger
than one generated by a Cl/Cl halogen bond, according to
dimerization energy calculations. Cooperativity with other
interactions, such as C–H/S, N–H/S interactions, and
unconventional F/O uorine bond, is one of the common
characteristics shared by C–H/F hydrogen bonds. Further-
more, the in vitro experiments showed that compounds 1 and 2
displayed antibacterial activity against all tested Gram-positive
bacterial strains and marginal activity against E. coli. In addi-
tion, compound 1 showed weak inhibition activity against
Candida albicans, while compound 2 was completely inactive.
This result suggests the role of substituent groups, especially
triuorophenyl and di-substituted uorophenyl, in the
observed biological activity. We also showed that the title
compounds had antiproliferative activities against different
cancer cell lines. Molecular docking analysis indicated that
both compounds could establish intermolecular interactions
with active site residues of bacterial and cancer protein targets.
We also noted that halogen atoms (Cl and F) are found to be
involved in the intermolecular interactions with the active site
residues, indicating that these halogens play a signicant role
in the observed bioactivity. Solid-state interactions and their
strength and bioactivity help optimize the ligand molecules to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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achieve better antibacterial and anticancer activity while
retaining the triazole core.
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