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ABSTRACT: A selective triazole-based COX-2 inhibitor, 4-(4- —
chlorophenyl)-3-[ (4-fluorobenzyl)sulfanyl]-S-(thiophen-2-yl)-4H-
1,2,4-triazole, C,oH,;CIFN,S,, has been synthesized, and its crystal

n
€2-52.- .CH)

structure was determined at 150 K. Single-crystal X-ray diffraction
analysis revealed that the thiophene ring was disordered over two
orientations. The crystal structure is stabilized by weak hydrogen
and chalcogen bonds and unorthodox F--z and S---C(7) contacts.
These noncovalent interactions cooperatively generate the supra-
molecular self-assembly in the crystalline state. The Hirshfeld
surface and its associated two-dimensional (2D)-fingerprint plots
were obtained to analyze the role of different noncovalent [ L ! :
interactions in the crystal packing. Further, the enrichment ratio COX-2active site /
was obtained from different atom--atom pairs to calculate the

propensity of these pairs to form noncovalent interactions. The strength of different dimeric motifs formed in the crystal structure
and lattice energies was calculated by the PIXEL method. Furthermore, the topological analysis of the charge density of
intermolecular interactions was described. A CSD survey of C—H---F hydrogen bond, C—S---Cl chalcogen bond, and unorthodox
nonbonded contacts (F---7 and S--C(7)) is presented. The title compound possesses selective inhibitory activity against human
COX-2 enzyme rather than COX-1. The quantum mechanics (QM) polarized ligand docking analysis was used to predict the
binding pose and study the title compound’s selectivity against COX-1/2 enzymes.

.

H INTRODUCTION Recently, the 1,2,4-triazole-based D—z—A system (4'-(4,5-
diphenyl-4H-1,2,4-triazol-3-yl)-N,N-diphenyl- [1,1'-biphenyl]-
4-amine) was designed, and it emitted true blue light with
excellent electroluminescence performance.”> Zhou et al.
described the crystal structures of a series of triaryl-1,2,4-
triazoles in which benzimidazolyl, p-R-phenyl (R = H, C|, Br,
CH,, OCH,;) and pyridyl substituents are present at 3, 4, and S
positions, respectively. The intermolecular N—H---N, C—H---7,

1,2/4-Triazole heterocycles represent the essential core of
clinically useful drugs.1 1,2,4-Triazole-based antifungal agents
were early discovered as efficient drugs for treating topical and
systemic fungal diseases. Fluconazole,” Itraconazole,” Tercona-
zole,* Voriconazole,” Posaconazole,® and Ravuconazole’ are the
most frequently used antifungal drugs. The 1,2,4-triazole-based

nucleosides Ribavirin and its derivatives Levovirin and and C—H---Br/Cl interactions stabilize these structures.'*
Viramidine are clinically useful antiviral medications for treating Loginova et al. showed that oxidation of polyfunctional sulfides
chronic hepatitis C.° 1,2,4-Triazole derivatives were early with chlorine dioxide generates corresponding sulfoxides.'®

recognized as anti-inflammatory agents.g Besides, 1,2,4-

triazole-based derivatives are clinically useful anticancer agents Received: December 26, 2020
and the aromatase inhibitors Letrozole,'® Vorozole,'' and Accepted: February 22, 2021
anastrozole'? are currently used for the treatment of breast Published: March 3, 2021

cancer. Given the above medicinal importance, we synthesized
the title compound, namely, 4-(4-chlorophenyl)-3-[(4-
fluorobenzyl)sulfanyl]-S-(thiophen-2-yl)-4H-1,2,4-triazole.

© 2021 The Authors. Published b
American Chemical Societ; https://dx.doi.org/10.1021/acsomega.0c06287
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Recently, Barman et al. designed a triazole derivative with
pyrenes attached at 3 and S positions and characterized it as a
molecular semiconductor.'® Some of the 1,2,4-triazole-3-thione-
and 1,3,4-thiadiazole-based derivatives showed potential anti-
bacterial activities.'”

In our earlier study, we analyzed the crystal structure of a
potential bioactive 1,2,4-triazole derivative and the molecular
conformation of this molecule was locked by intramolecular C—
S---F chalcogen bond and C—H--N interaction.'® The
intermolecular interaction energies for dimers and charge
density for these intermolecular interactions have been
described in detail. Khan et al. investigated the role of
electrostatic potential (ESP), deformation density, and ener-
getics of hydrogen, chalcogen, and halogen bonds in crystalline
triazolothiadiazole derivatives.'’ Understanding the role of
different noncovalent interactions such as hydrogen bonds of
the es N/O—H"'O/N,20 weak C—H---O/N/S/x interac-
tions,” halogen bonds,** and chalcogen bonds*® in molecular
solids is extremely important to design novel compounds with
beneficial properties. The last two interactions belong to the
attractive c—hole interactions and received significant interest in
different research areas, including structural chemistry, biology,
and drug design.24

In this investigation, we analyzed the crystal structure of 4-(4-
chlorophenyl)-3-[ (4-fluorobenzyl)sulfanyl]-5-(thiophen-2-yl)-
4H-1,2,4-triazole to understand the role of different noncovalent
interactions in supramolecular self-assembly in the solid state.
The energetics of the various motifs formed by hydrogen,
chalcogen bonds, and other unorthodox nonbonded inter-
actions in the title compound are presented based on
Gavezzotti's PIXEL energy.”> The Hirshfeld surface (HS)
analysis26 was used to characterize the nature of the
intermolecular interaction, and we also show the chemical
species propensities in the title compound to form intermo-
lecular interactions. The molecular electrostatic potential map
was used to identify the complementary interacting sites in the
title compound. Further, Bader’s quantum theory of atoms-in-
molecules (QTAIM)>” approach was employed to study the
nature and strength of intermolecular interactions formed in the
crystal of the title compound. We also demonstrate the in vitro
inhibitory potential of the title compound against COX-1/2
enzymes and its selectivity towards the COX-2 enzyme. The
molecular docking analysis corroborates this experimental
result.

B RESULTS AND DISCUSSION

Chemical Synthesis. The title compound 1 was prepared
starting with thiophene-2-carbohydrazide A via reaction with 4-
chlorophenyl isothiocyanate B, in ethanol to yield the
corresponding 1,4-disubstituted thiosemicarbazide C, which
was cyclized to the 1,2,4-triazole analogue D. Compound D was
then reacted with 4-fluorobenzyl bromide E via stirring in N,N-
dimethylformamide, in the presence of anhydrous potassium
carbonate to yield the title compound 1 in 88% yield (Scheme
1). The structure confirmation of compound 1 was established
based on 'H NMR, “C NMR, and single-crystal X-ray
diffraction data. The detailed reaction conditions, crystallization,
and 'H and *C NMR data in dimethylsulfoxide (DMSO)-dg are
shown in the Experimental Section.

Crystal and Molecular Structures of 1. The title
compound crystallizes in the orthorhombic crystal system with
noncentrosymmetric space group P2,2,2,. The crystal data and
refinement parameters of the title compound are summarized in
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Scheme 1. Synthetic Pathway for the Title Compound 1
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Table 1. The title compound comprises two five-membered
rings (thiophene and 1,2,4-triazole) and two aryl rings (4-

Table 1. Crystal Data and Refinement Parameters of the Title

Compound

crystal data

empirical formula

formula weight

crystal system, space group
temperature (K)
a,b,c(A)

a By (deg)

V (A%)

V4

radiation type

# (mm™)

crystal size (mm®)
data collection

diffractometer

absorption correction

Tmim Tmax

no. of measured, independent, and observed
[I> 26 (I)] reflections

Ripe

(sin /) e (A7Y)
refinement

R[F* > 26(F*)], wR(F?), S
no. of reflections

no. of parameters/restraints

H-atom treatment

APre APimin (e A7)
absolute structure

absolute structure parameter
CCDC no.

C1oH,;CIFN;S,
401.89
orthorhombic, P2,2,2,
150(2)

5.2534 (3)

12.4128 (5)

27.8469 (10)

90, 90, 90

1815.88 (14)

4

CuKa (1 = 1.54184)
4.17

0.31 x 0.08 X 0.06

Xcalibur, Ruby, Gemini
diffractometer

multiscan
0.704, 0.779
10543, 3548, 3018

0.049
0.628

0.043, 0.101, 1.03
3548
272/150

H-atom parameters
constrained

0.28, —0.22

Flack x determined using 997
quotients

—0.035 (16)
2050370

chlorophenyl and 4-fluorophenyl). In the crystalline state, the
thiophene ring was disordered over two orientations with the
site-occupancy value of 0.832(S) for the major disordered
component. The thermal ellipsoid plots for the major (Figure
1a) and minor disordered (Figure 1b) components of the title
compound are illustrated. In the major disordered component,
the central triazole ring is oriented at an angle of 31.14° with
respect to the mean plane of the thiophene ring. The 4-

https://dx.doi.org/10.1021/acsomega.0c06287
ACS Omega 2021, 6, 6996—7007
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Figure 1. Displacement ellipsoids are drawn at the 40% probability level for (a) major and (b) minor disordered components of the title compound
and (c) structural overlay between major disordered component (X-ray: gray) and optimized structures of major (green) and minor (orange)
disordered components.

Chalcogen bond
(C2-s2---CH)

(a)

Figure 2. (a) Two different views of the Hirshfeld surfaces highlight the short intercontacts and (b) 2D-fingerprint plots for selected intercontacts
observed in the title compound.

chlorophenyl ring makes a right angle (88.79°) with respect to Structural optimization was performed for both major and
the central triazole ring. The dihedral angle between triazole and minor disordered components to identify the most stable
4-fluorophenyl rings is 75.81°. thiophene ring orientation at the M062X-D3/cc-pVTZ level of
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theory. The vibrational frequency analysis of these optimized
structures showed no imaginary frequency, confirming that they
are minimum energy in their potential energy surface. The
energy difference between these two conformers is as low as 0.4
kcal mol™". Further, we superimposed optimized structures onto
the X-ray conformation of the title compound (Figure 1c), and it
reveals deviation observed in the substituted phenyl rings. This
structural deviation could be correlated with the effect of crystal
packing.

Hirshfeld Surface (HS) Analysis and Two-Dimensional
(2D)-Fingerprint Plots. The major disordered component of
the title compound was used for the HS analysis to characterize
intermolecular interactions. The Hirshfeld surface (Figure 2a)
and 2D-fingerprint plots (Figure 2b) for selected intercontacts
are shown. The bright red spots appear for the short C—H---F,
C—H--N, C—H--S, and C—H:--7 hydrogen bonds, C—S---Cl
chalcogen bond, and an unorthodox S:+-C(x) contact.

The decomposed 2D-fingerprint plots (2D-FP) and Table 2
show that the H---C (24.2%) and H---H (23.9) intercontacts

Table 2. Hirshfeld Contact Surfaces, Derived Random
Contacts, and Enrichment Ratios for the Title Compound

atoms H C Cl S N F
H 239 contact (%)
C 242 0.7
Cl 12.7 0.4
S 10.5 2.6 1
N 10.4 0.3 1.8
F 7.8 3.6
surface % 56.7 16.3 7.0 8.0 6.3 5.7
H 32.tandom contacts (%)
C 18.5 2.7
Cl 7.9 2.3 0.5
S 9.1 2.6 1.1 0.6
N 7.1 2.1 0.9 1.0 0.4
F 6.5 1.9 0.8 0.9 0.7 0.3
H 0.7  enrichment ratio
C 1.3 0.3
Cl 1.6 0.2
S 1.2 1.0 0.9
N 1.5 0.1 1.8
F 1.2 1.9

contribute relatively higher compared to other interactions. It is
evident from 2D-FP that the H:---C contact, a representative of
C—H---7 interaction, is located around ~2.6 A (d, + d;). The
next significant contribution arises from H---Cl contacts with
12.7% toward the crystal packing. The shortest intercontact
distance for this pair located beyond 3 A, which is longer than
the sum of the vdW radii. This feature indicates that H---Cl
contacts do not play an important role in the stabilization of the
crystal structure.

The intermolecular H---N/S interactions contribute nearly
equally. The former contacts primarily represent C—H--N
interactions and are located around 2.3 A, while the latter
contact, i.e, C—H---S interaction, is observed around 2.8 A.
These two contacts are less than the sum of the vdW radii of the
interacting pair of atoms, and they are shown as red spots on the
HS due to the short contact distances. The intermolecular H---F
interactions appear as sharp double spikes with a d, + d; value of
~2.2 A. The chalcogen bond of the type S-+-Cl contributes about
1.0% to the total HS area. It is worthy to note that two
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unorthodox nonbonded F---C(z) and S---C(x) contacts
contribute 3.6 and 2.6%, respectively, toward the crystal packing.

To identify the preferred contact partners, we have obtained
the enrichment ratio from the decomposition of the crystal
contacts surface between pairs of interacting atoms as described
earlier.”” The enrichment ratio highlights the F--C(7) contact
(1.9), which turns out to be favored in the crystal structure
rather than the slightly enriched S---Cl chalcogen bond (0.9). All
of the hydrogen bonds, including H---C/Cl/S/N/F contacts,
show enrichment values larger than unity. In the case of S-+-C(7)
contact, the enrichment value is unity. However, the S---N
contact is found to be highly enriched with the value of 1.8. The
existence of these noncovalent interactions was confirmed by
the QTAIM analysis and discussed in detail in a later section.

Crystal Packing. The major disordered component of
compound 1 was used for analysis. The molecules of 1 assemble
as double layers projected onto the bc plane in the crystalline
state. The PIXEL energy analysis suggests that there are six
dimers (dimeric motifs: I-VI) found to be significant in the
solid state, and these dimers are held together by different types
of noncovalent interactions, including hydrogen bonds (C—H-+
N, C—H:-S, C—H--x, and C—H---F), a chalcogen bond (C—S§--
Cl), and unorthodox short contacts such as S---C(x) and F---x
contacts. The net interaction energy (E,,) for these dimers and
its components (calculated by the PIXEL method with the
MP2/6-31G** level of theory) along with geometrical
parameters for intermolecular interactions observed in these
dimers are summarized in Table 3. The basis set superposition
error (BSSE)-corrected binding energy (AE,,) for the dimers
calculated by the counterpoise method (with the M062X-D3/
cc-pVTZ level of approximation) and the E, values are
comparable.

As shown in Figure 3a, the most stabilized molecular dimer
(motif I, E,,: —14.3 kcal mol™) is formed by a short C—H:--x
interaction (involving centroid of the thiophene ring and CH
group of the 4-chlorophenyl ring) and also supported by an
unorthodox contact of the type S-:-C(). These interactions link
the molecules into a chain that runs parallel to the crystallo-
graphic a axis. The electrostatic energy contributes about 40%
toward the stabilization of this dimer. To gain more insights into
the nature of the noncovalent bond, the molecular electrostatic
potential (ESP) was mapped on the Hirshfeld surface. The ESP
map reveals that the negative electrostatic potential region over
the thiophene S1A atom interacts with the positive electrostatic
potential region on the C1 atom of the adjacent triazole ring
(Figure 3b).

The dimer II stabilizes by a chalcogen bond C-S---Cl
(involving S2 and CI atoms; E,: —7.8 kcal mol™; Figure 3c).
The molecule in one layer interacts with the molecule in an
adjacent layer via this chalcogen bond. The dispersion energy
contributes (68%) more than 2-fold than electrostatic energy
(32%) toward stabilizing this dimer. The ESP map indicates the
presence of a o-hole and the positive electrostatic potential
observed on the S2 atom with the value of +0.038 au. The
positive region interacts with one of the negative belt sites
around the Cl atom with the negative ESP value —0.012 au
(Figure 3d). To gain further insights into this chalcogen bond’s
nature, we computed deformation density for the title molecule.
This plot reveals the charge depletion (CD) region of the S2
atom that is directed toward the charge concentration (CC)
region around the CI1 atom, facilitating the formation of a C—

S---Cl chalcogen bond (Figure 3e).

https://dx.doi.org/10.1021/acsomega.0c06287
ACS Omega 2021, 6, 6996—7007
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N 2 Two intermolecular C—H:---N (involving one of the CH of the
£ % thiophene ring and N1/N2 of triazole ring) interactions and an

CI 2 intermolecular C—H---S interaction (involving HSA and SIA
2 S ) . .
o g v o o e g atoms; Figure 4a) produce dimer III. The contribution of
g = 5 R A g electrostatic energy is about 52% toward the stabilization of this
g 3 ] 5 5 5 = g lectrostati is about 52% t d the stabilization of thi
4 S ' e dimer. We note that these three interactions link the molecules
g § ‘é into a zigzag chain in which molecules in one layer interlinked
8 = = with molecules in an adjacent layer. These chains run parallel to
= . .
° A &P the b axis. The negative ESP values for N1 and N2 atoms are
5 < —0.075 and —0.065 au, respectively, and these atoms interact
g . ® o s oawn ° with the most positive region of the thiophene ring.
= N TOTTRE Dimer IV (E,: —6.0 kcal mol™") is stabilized by two C—H---x
3 | < tot* — O-
—~ = interactions, in whic of the phenyl and methylene groups
= 5 interacti in which CH of the phenyl and methylene group
%: - o are involved as donors and the thiophene ring acts as a 7-
* & . . . e o
O 9l.f g NI s 332 l:: % acceptor. The role of these interactions primarily is very similar
2 9 = to that of the interactions observed in dimer III. The dispersion
bt § g energy contributes about 59% to the stabilization of dimer IV.
S =lg 2 2 SI \,"Ij ? "T? 5 £ The thiophene ring’s negative region interacts with the
@ = = [ [ () complementary positive region on the CH groups of methylene
g 4 S and 4-chlorophenyl ring (Figure 4b).
m 9 =] . . . .
° E a o e e s B The organic fluorine has involved in an unorthodox
= 20 79 A = bonded tact with the z-hole of the 4-chlorophenyl
= o | T 9 | T T = nonbonded contact wi e m-hole of the 4-chloropheny
(.-t . . . . 3
3 % S ring. This F---7 contact with a separation of 3.676 (2) A forms
b= e the dimer V with the net intermolecular interaction energy of
N 2 22 Noo25n R 3 —3.9 kcal mol™" (Figure 4c). This noncovalent interaction links
w - . . . .
5 o I . I [ PO the molecules in the same layer. Furthermore, this dimer is
°é % predominantly dispersive, with an 83% contribution to the
8 = 8 stabilization. The ESP map reveals a o-hole with the most
& ) & positive ESP value of —0.039 au on the C—F bond’s outer
s < © surface and the negative belt around the F atom with the
B ml S g negative ESP value —0.041 au. In dimer V, the z-hole at the
g 9 & g center of one side of the 4-chlorophenyl ring with a relatively
g = B 8 small positive ESP value of 0.0037 au interacts with the F atom’s
L: E:/ 2 > g 2288 H 32 j negative re.gion. Tbese features s.uppf)rt the dis};ersive origin of
o : o LTI e : the formation of dimer V. The directional C(sp>)—F---x type of
B T A2 IFTEsLRLQ . . . . I .
9 I RIS Sg :F interaction was observed in substituted benzanilides containing
8 % A fluorine and trifluoromethyl group.’® This interaction was either
g g = formed solely or presented along with other interactions.
= = £ The least dimer (VI; E,,: —1.8 kcal mol™}; 60% of
Eo . § electrostatic energy contributes towards stabilization) in this
g 8 « 5 &0 structure is formed by an intermolecular C—H---F hydrogen
=] — — o o |
= 2 B PSR 5 bond [2.23 A and 169°], which links the molecules into a chain
g 2 IES sgs48 B 8 forming a layer. This layer interconnects with an adjacent layer
£ E 3 0 & THEIII &2 E by a chalcogen bond (motif II). The resulting supramolecular
E é b IATETHT22 L4 § architecture generates a double layer. Overall, the hydrogen and
S g CrlLoUoLoomo E chalcogen bonds and unorthodox nonbonded motifs are
3 Z . cooperatively involved in the generation of supramolecular
80 _ IR architecture for compound 1 in the solid state (Figure S). As
el N N ] [ P g
E M E E — Té % shown in Table 3, the lattice energy calculation using the PIXEL
o ) ,ls N N 5 = & method reveals that dispersion and electrostatic energies
S B g B o _l; g & contribute 61 and 39% to the stabilization of the crystal
9 g = + ~ — | g N :
g E £ = | LoZP structure, refpectwely. ) .
2 O ~ 0 g = Topological Analysis of Electron Density of Non-
" g =9 N g ag\ covalent Interactions. We calculated the topological
.L; TLooLw ¥ O3F 55 parameters for all six dimers to delineate the nature and
2 S 22 strength of noncovalent interactions in compound 1. Table 4
— 5 —
g & o e e 35 summarizes selected the topological parameters for different
= n & ] NG % N 2 noncovalent interactions observed in dimers, and the molecular
g Y5y ve o d2B5T hs for these di h Figure S1, Supporti
K '8 = -~ g 8§ graphs for these dimers are shown (see Figure S1, Supporting
o 3 S 2 ¢ Information, SI). All of the interactions observed in this
9 = g _ o . £ 5 % structure belong to closed-shell interactions as evident from the
- Q O ~ = = = > = =5 o
< g & -V o .
= T E value of| = (5;) < 1, the positive value of the Laplacian of electron
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Figure 3. Dimers observed in compound 1. (a) Dimer I, (b) decomposition of Hirshfeld surface mapped over electrostatic potential showing the
complementary region of S1A and C1 atoms, (c) dimer II, (d) electrostatic potential map showing o-hole around S2 atom (positive region) and the
negative belt around Cl atom in dimer II, and (e) deformation density map showing charge concentration (CC) (blue) region near Cl atom and charge
depletion (red) region near S atom in dimer II. The electrostatic potential and deformation density were calculated at the HF/6-311G(d,p) level of

theory.

Dimer Il S1A

Dimer IV

Figure 4. (a) Dimer I1I stabilized by bifurcated C—H--N and C—H---S interactions, (b) dimer IV forms by C—H---z interactions and decomposed H---
C contacts showing complementary regions near H and thiophene ring, and (c) F---7 contact stabilizes dimer IV and the ESP mapped over Hirshfeld

surface (0.007 au (blue); 0 au (white); and —0.007 au (red)).

density (V?p(r) > 0), and the total electronic energy density,
H(r) > 1.

The dissociation energies (D,) for C8—HS8--C3A, C6A—
H6A---N2/N1, and C9—H9---F1 interactions are nearly the
same and strong among other interactions. The bond path (&j)
for H--F is shorter with a distance of 2.249 A in compound 1
compared to the corresponding contact (2.655 A) in one of the
1,2,4-triazole derivatives, namely, 6-(2-chloro-4,5-difluorophen-
y1)-3-(pyridin-3-yl)[ 1,2,4]-triazolo[3,4-b][1,3,4]thiadiazole."’
The dissociation energy for the H---F interaction (2.4 kcal
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mol™") in compound 1 is more than 2-fold compared to the
related reported compound (1.1 kcal mol™). The strength of
the S--C(m) contact observed in dimer I is equal to the
chalcogen bond S---Cl observed in dimer II and a C—H---S
interaction in dimer IV. We also note that the F---C(7) contact is
3-fold weaker than the S---Cl chalcogen bond and also weaker
than the F---C() interactions reported earlier.*’

CSD Survey of Noncovalent Interactions. To understand
the existence and the geometrical preferences of some of the
noncovalent interactions observed in compound 1, we

https://dx.doi.org/10.1021/acsomega.0c06287
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Figure S. Crystal structure of compound 1 viewed down the a axis. The hydrogen and chalcogen bonds and other unorthodox noncovalent interactions
cooperatively generate supramolecular sheet. Dimers are labeled, and small red and blue spheres correspond to the centroid of the respective ring.

Table 4. Topological Parameters for Intermolecular Interactions (in Different Dimers of Compound 1) at Their (3, —1) BCPs”

interaction R; p(r) V2p(r)
C8—H8--C3A 2.928 0.079 0.981
S1A---C1 3414 0.053 0.613
S2---Cl1 3421 0.059 0.737
C6A—H6A---N2 2.362 0.079 1.163
C6A—H6AN1 2.451 0.073 1.167
CSA—HS5A--S1A 3.021 0.035 0.408
C19—H19--S1A 2.818 0.060 0.645
C13—H13B--C6A 2.810 0.042 0.437
F1---C10(x) 3.839 0.019 0.261
C9—-H9---F1 2.249 0.068 1.149

I

I

v

A%

VI

—V(r)

V() G(r) H(y) ot D,
—18.8 22.8 4.0 0.83 2.3
—11.4 14.1 2.6 0.81 14
—-12.3 16.2 39 0.76 1.5
—-20.0 25.8 5.9 0.77 2.4
—18.8 253 6.5 0.74 2.3

—6.1 8.6 2.5 0.71 0.7
—-12.0 14.8 2.8 0.81 14

=74 9.7 2.2 0.77 0.9

-39 S.S 1.6 0.70 0.5
-19.1 25.2 6.1 0.76 2.3

“Definitions: R;, bond path (A); p(r), electron density (e A=®); V2p(r), Laplacian of electron density (e A=); V(r), potential electron density (k]
mol™" br™*); G(r), kinetic electron density (k] mol™ br™*); H(r), total electronic energy density (kJ mol™" br™®); D,, dissociation energy (kcal

mol ™).

Scheme 2. Different Fragments Showing Different Motifs Observed in Compound 1 Used for the CSD Survey

@ @F
X _F |
H-
X = H/Cl/any halogen

performed a CSD search using the fragments illustrated in
Scheme 2. A CSD search resulted in 5145 hits, leading to 9587
C—H-F hydrogen-bonded motifs when X was H (case 1). We
also found that there were 1901 (2733 C—H:---F contacts) and
102 hits (114 C—H---F contacts) identified from the CSD for X
= any halogen (case 2) and Cl (case 3), respectively. The
significant reduction in the number of hits in the third case (X =
Cl) suggests that the C—H--F hydrogen-bonded motif observed
in the title compound has packing constraints in the solid state in
comparison to the other two cases (X = H and any halogen).
The scatter plots showing the distribution of H---F distance and
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C—H---F angle are given for all three cases in Figure S2 (SI). The
scatter plots reveal that the H---F contacts well distributed in the
range of 2.4—2.65 A and the C—H:-F angle is distributed over
120°.

The CSD survey of C—F---x contact shorter than 3.8 A yielded
5426 hits providing 15137 contacts. The scatter plot shows that
more points localized between 3.1 and 3.8 A and angle range
from 70 to 140° (Figure S3, SI). This contact (3.676 (2) A)
observed in compound 1 lies within this limit. A survey of a
chalcogen contact, namely, C—S---Cl from the CSD, resulted in
98 hits with 109 contacts, and more contacts are located above

https://dx.doi.org/10.1021/acsomega.0c06287
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3.40 A. However, the C—Cl---S angle is distributed in three
different regions (< 120, 120—140, and > 150°) as shown in
Figure S4 (SI). It is to be noted that only 27 contacts (~25%)
show directional (> 150°) among 109 contacts, and it indicates
that this one of the rare chalcogen bonds. In compound 1, the
C—S--Cl-type chalcogen bond is highly directional. The S---
C(x) contact is observed in four structures (csd refcodes:
TOSYEI, PACVUL, QIQGOP, and VUYPIO)>* with a distance
range of 3.371—3.488 A.

In Vitro COX Inhibition Assay and Quantum Mechan-
ics (QM) Polarized Ligand Docking Analysis. It has been
reported that nonsteroidal anti-inflammatory drugs were
commonly used to treat inflammation, pain, and fever. These
drugs suppress the activities of two distinct isoforms of
cyclooxygenase, namely, COX-1 and COX-2 enzymes. More-
over, the nonselective COX inhibitors show severe side effects,
including stomach bleeding and gastric ulcers. Therefore, the
development of selective COX inhibitors with low side effects is
an important medicinal chemistry problem. As mentioned
earlier, the 1,2,4-triazole-containing compounds are recognized
as anti-inflammatory agents. In this study, we performed in vitro
COX inhibition assay for the title compound, which is also a
nonsteroidal compound. Table S summarizes the in vitro activity

Table S. In Vitro COX-1 and COX-2 Inhibitory Activities and
the COX-2 Selectivity Index

ICso (uM)*
COX-1 COX-2 s1”
compound 1 8.04 4.26 1.89
celecoxib 21.60 0.07 308.57
diclofenac 2.72 3.02 0.90

“ICs value is the compound concentration required to produce 50%
inhibition of COX-1 or COX-2 for means of three determinations.
bSelectivity index (ICs, COX-1/ICg, COX-2).

of the title compound against two isoforms of COX and the
selectivity index (SI). The assay results suggest that compound 1
exhibits marked COX inhibitory activity with almost double
selectivity toward COX-2 (SI = 1.89), compared to the selective
COX-2 inhibitor celecoxib (SI = 308.57) and the nonselective
COX inhibitor diclofenac (SI = 0.90).

To find a binding mode of compound 1 at the active site of the
COX-1 and COX-2 enzymes and the selectivity, we have
performed a flexible ligand docking simulation with glide XP
scoring scheme, followed by a QM polarized ligand docking
(QPLD) approach. The glide XP scores for compound 1 with
COX-1 and COX-2 enzymes are —2.796 and —7.317 kcal mol *,
respectively. This glide XP score suggests that compound 1 is
selective against the COX-2 enzyme rather than COX-1. As
shown in Figure 6, compound 1 makes a cation—7 stacking
interaction, in which Arg 120 residue of COX-1 and thiophene
ring of compound 1 have participated. In COX-2, the active site
residue Tyr 355 makes two z-stacking interactions with the 4-
chlorophenyl ring and the thiophene ring of compound 1.

Our previous study reported the glide scores for control
inhibitors with COX-1/2 enzymes,18 i.e., mefanamic acid with
COX-2: —3.813 kcal mol™" and ibuprofen with COX-1: —8.525
keal mol™. Overall, the title compound shows a relatively better
binding potential against COX-2 than the control inhibitor
mefenamic acid and displays selectivity against the COX-2
enzyme. The in silico molecular docking analysis is in good
agreement with the experimental in vitro data.
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B CONCLUSIONS

A promising triazole-based COX-2 inhibitor, namely, 4-(4-
chlorophenyl)-3-[ (4-fluorobenzyl)sulfanyl]-5-(thiophen-2-yl)-
4H-1,2,4-triazole, has been synthesized, and its crystal structure
has been analyzed in detail. The Hirshfeld surface analysis
revealed the nature of the C—H---F, C—H---N, C—H---S, and C—
H---7 hydrogen bonds, a rare C—S---Cl chalcogen bond, and an
unorthodox S:-+-C(x) contact. The C—H--z hydrogen bonds
contribute more in comparison to the other interactions toward
the crystal packing. Though F--C(x) and S--Cl contacts
contribute only 3.6 and 1.0% to the total HS area, their
enrichment ratio was >0.9, suggesting that the former contact is
more favorable than the latter contact. We also found that the
enrichment ratio for F---C() was found to be 1.9 and highest
among other contacts observed in compound 1. Further, the
enrichment ratio for the unorthodox S--C(7) contact is also
likely to form. All of the possible hydrogen bonds, such as C—
H---N/S/EF/Cl/C bonds, have an enrichment ratio of more than
1, indicating their possibility of making these contacts in the
solid state. The electrostatic potential map revealed o-hole on
the halogens (Cl and F) and the S atoms. The self-assembly of
compound 1 mediated by different types of hydrogen bonds, a
rare chalcogen bond, and unorthodox S--C(x) and F---C(x)
contacts acted together to generate a supramolecular sheet. The
PIXEL energy analysis showed that the strong dimer was formed
by a C—H-x interaction with further support from a S---C(x)
contact. The topological analysis revealed that all of the
intermolecular interactions observed in this structure belong
to closed-shell interactions. The strength of the C—H---F/N/C
interactions was found to be similar. We found that a chalcogen
bond and a S--C(x) contact provided significant stability to
motifs formed in the solid state. The experimental and
theoretical studies on the inhibitory activity of the COX-2
enzyme agreed well.

B EXPERIMENTAL SECTION

Instruments and Materials. Melting point (°C, uncor-
rected) was measured in open glass capillaries using a Branstead
9100 melting point apparatus. NMR spectra were recorded at
room temperature on a Jeol ECA 500 III NMR spectrometer at
500.16 MHz for "H and 125.77 MHz for *C, using DMSO-dg as
a solvent. Monitoring the reactions and checking the purity of
the final product were carried out by thin-layer chromatography
(TLC) using silica-gel-precoated aluminum sheets (60 F,,,
Merck) and visualization with ultraviolet light (UV) at 365 and
254 nm. All chemicals and solvents were used as purchased
without further purification. The standard COX inhibitors
celecoxib (CAS #169590-42-5) and diclofenac sodium (CAS
#15307-79-6) were purchased from Sigma-Aldrich Co.

Synthesis and Crystallization. A mixture of 4-(4-
chlorophenyl)-5-(thiophen-2-yl)-4H-1,2,4-triazole-3-thiol D
(2.96 g, 0.01 mol), 4-fluorobenzyl bromide E (1.89 g, 0.01
mol), and anhydrous potassium carbonate (1.38 g, 0.01 mol), in
N,N-dimethylformamide (10 mL), was stirred at room temper-
ature for 24 h. Water (15 mL) was gradually added, and the
reaction mixture was stirred for further 1 h. The precipitated
crude product was filtered, washed with water, dried, and
crystallized from aqueous ethanol to yield 3.54 g (88%) of the
title compound 1. Mp 231-233 °C. 'H NMR (DMSO-d,,
500.16 MHz): 6 4.49 (s, 2H, CH,), 6.98—7.17 (m, 2H, Ar-H),
7.15 (d, 2H, Ar-H, ] = 8.0 Hz), 7.33—7.36 (m, 2H, Ar-H), 7.41
(d, 1H, Thiophene-H, ] = 4.5 Hz), 7.51—7.55 (m, 4H, 2 Ar-H &
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(a)

(b)

Figure 6. Predicted binding modes of the title compound at the active sites of (a) COX-1 and (b) COX-2.

2 thiophene-H). *C NMR (DMSO-d, 125.77 MHz): § 39.50
(SCH,), 118.62, 124.82, 125.55, 128.84, 128.57, 129.0, 130.01,
131.03, 131.07, 131.10, 143.20, 159.08 (Ar-C & Thiophene-C),
137.51, 154.32 (Triazole C).

Single-Crystal X-ray Diffraction. A suitable single crystal
of the title compound was chosen for X-ray intensity data
collected at 150 K on an Xcalibur, Ruby, Gemini diffractometer.
Before experiment, data collection, data reduction, and
analytical absorption correction™ were performed with the
program suite CrysAlisPro (Rigaku Oxford Diffraction). The
structure was solved with the SHEXT-2014/5 program,”* and
the refinement was performed with the SHELXL 2018/3
program.”> The thiophene ring was disordered over two
orientations with a refined occupancy ratio of
0.832(5):0.168(5). The EADP and EXYZ constraints were
applied to the disordered thiophene ring, and the similar atomic
displacement parameter (ADP) restraint SIMU was also used to
make the ADP values of the disordered atoms more reasonable.
Further, all of the H atoms were placed in geometrically
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idealized positions (C—H = 0.95—0.99 A) and were constrained
to ride on their parent atoms with Uy,,(H) = 1.2U,y(C). During
the final refinement, the reflections 6 3 2 and 6 4 1 were omitted
due to [Error/esd] > 10.

The crystal packing and dimeric structures were produced
using the program MERCURY.*® The specific motifs were
searched in the Cambridge Structural Database (CSD version
541, updated March 2020) using the following criteria: (i)
three-dimensional (3D)-coordinates determined, (ii) non-
disordered, (iii) no errors, (iv) not polymeric, (v) no ions,
(vi) single-crystal structures, and (vii) only organics.

Computational Details. Intermolecular interactions
present in the title compound were analyzed using the Hirshfeld
surface,® and 2D-fingerprint glots39 were obtained with the
CrystalExplorer-17.5 package.4 For the analysis, we considered
only the title compound’s major disordered component with its
occupancy. Further, H atom’s distances moved to their typical
neutron diffraction values (C—H = 1.083 A). The electrostatic
potential map and deformation density map were obtained at
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the HF/6-311G(d,p) level of theory using CrystalExplorer
program.*!

The CLP program”>** was used to calculate the lattice energy
for the title compound’s crystal structure. We also obtained
intermolecular interaction energies (E,,) for various dimers
observed in the crystal structure using the CLP program’s
PIXELC module. This calculation required electron density for
the title compound, and it was obtained at the MP2/6-31G**
level of theory using the Gaussian 09 package.*’ The sum of the
Coulombic (Ecoy), polarization (E,), dispersion (Eg,), and
repulsion (Erep) energies gave the lattice energy for the crystal
structure and the net intermolecular interaction energy for
dimers. The binding energies for dimers observed in the crystal
structure were also calculated using the counterpoise method**
with the M062X/cc-pVTZ level of theory,” and Grimme’s
empirical dispersion correction (D3) was incorporated.”® The
binding energies (AECP) were also corrected for basis set
superposition error (BSSE).

The theoretical charge density analysis was performed for the
dimers obtained using the crystal structure geometry with
normalized H-positions with the AIMALL package.*” The wave
functions were generated for these dimers at the M062X-D3/cc-
pVTZ level of theory. Selected topological parameters such as
electron density (p(r)), Laplacian of the electron density
(V?p(r)), potential energy density (V(r)), kinetic energy
density (G(r)), and total electronic energy density (H(r) =
V(r) + G(r)) were used at their bond critical points (BCPs) to
characterize the nature and strength of intermolecular
interactions. The dissociation energy for interaction was
calculated using the EML empirical scheme, i.e, D, = —0.5 X
V(r) to assess the strength of the interaction.”

In Vitro COX Inhibition Assay. The in vitro inhibitory
activity of compound 1 against cyclooxygenases COX-1 and
COX-2 was evaluated using COX inhibitor screening assay kit of
Cayman Chemical, Ann Arbor, MI (Catalog No. 560131). The
preparation of the reagents and the testing procedure was
performed according to the manufacturer recommendations
using various concentrations (0.01-100 zM) of compound 1,
celecoxib (selective COX-2 inhibitor), and diclofenac (non-
selective COX inhibitor) in dimethylsulfoxide (DMSO). The
concentration that causes 50% enzyme inhibition (ICy,) was
calculated from the concentration inhibition response curve, and
the selectivity index (SI) was calculated by dividing IC;, COX-1
by IC5, COX-2.

Molecular Docking. The anti-inflammatory drug targets
such as COX-1 and COX-2 structures were used for molecular
docking analysis to assess the inhibitory potential and its
selectivity. The 3D structures of human COX-1 (pdb id: 6Y3C)
and human COX-2 (pdb id: SIKR) were retrieved from the
Protein Data Bank (www.rcsb.org). The molecular docking
simulation was performed using Schrodinger suite 2019-4
(Schrodinger, LLC, New York, NY, 2019). The proteins and
title ligands were prepared for the docking analysis by modules
of protein prepwizard and ligprep, respectively. The OPLS-3e
force field was used for both protein and ligand molecules.*’
After model preparations, the initial molecular docking was
performed with the glide XP approach.”® The predicted poses
were further subjected to QM polarized ligand dockmg (QPLD)

analysis to get an accurate docking score and pose.”
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