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rface analyses of a newly
synthesized acyl thiourea derivative along with its
in silico and in vitro investigations for RNR, DNA
binding, urease inhibition and radical scavenging
activities†

Aqsa Khalid,a Nasima Arshad, *b Pervaiz Ali Channar, a Aamer Saeed, *a

Muhammad Ismail Mir, b Qamar Abbas,c Syeda Abida Ejaz,d Tuncer Hökelek,e

Amna Saeed d and Arfa Tehzeeba

N-((4-Acetylphenyl)carbamothioyl)-2,4-dichlorobenzamide (4) was synthesized by the treatment of 2,4-

dichlorobenzoyl chloride with potassium thiocyanate in a 1 : 1 molar ratio in dry acetone to afford the

2,4-dichlorobenzoyl isothiocyanate in situ which on reaction with acetyl aniline furnished (4) in good

yield and high purity. The compound was confirmed by FTIR, 1H-NMR, and 13C-NMR and single crystal

X-ray diffraction studies. The planar rings were situated at a dihedral angle of 33.32(6)�. The molecules,

forming S(6) ring motifs with the intramolecular N–H/O hydrogen bonds, were linked through

intermolecular C–H/O and N–H/S hydrogen bonds, enclosing R2
2(8) ring motifs, into infinite double

chains along [101]. C–H/p and p/p interactions with an inter-centroid distance of 3.694 (1) Å helped

to consolidate a three-dimensional architecture. Hirshfeld surface (HS) analysis further indicated that the

most important contributions for the crystal packing were from H/C/C/H (20.9%), H/H (20.5%), H/

Cl/Cl/H (19.4%), H/O/O/H (13.8%) and H/S/S/H (8.9%) interactions. Thus C–H/p (ring), p/p, van

der Waals interactions and hydrogen bonding played the major roles in the crystal packing. The

electronic structure and computed DFT (density functional theory) parameters identified the reactivity

profile of compound (4). In silico binding of (4) with RNA indicated the formation of a stable protein–

ligand complex via hydrogen bonding, while DNA docking studies inferred (4) as a potent groove binder.

The experimentally observed hypochromic change (57.2%) in the UV-visible spectrum of (4) in the

presence of varying DNA concentrations together with the evaluated binding parameters (Kb; 7.9 � 104

M�1, DG; �28.42 kJ mol�1) indicated spontaneous interaction of (4) with DNA via groove binding and

hence supported the findings obtained through docking analysis. This compound also showed excellent

urease inhibition activity in both in silico and vitro studies with an IC50 value of 0.0389 � 0.0017 mM.

However, the radical scavenging efficiency of (4) was found to be modest in comparison to vitamin C.
University, 45320, Islamabad, Pakistan.

n University, 44000, Islamabad, Pakistan.

arshad@aiou.edu.pk

, University of Bahrain, Sakhir Campus,

y, Faculty of Pharmacy, The Islamia

ng, Hacettepe University, Beytepe-Ankara,

ESI) available: CIF of crystal & IC50 data
aterial. CCDC 2149670. For ESI and

other electronic format see

07
1 Introduction

A thiourea moiety has a certain binding site which includes
a hydrogen bonding site (NH), corelative binding areas (S) and
secondary binding areas {1,3 substituents}.1 A ring system
becomes exible when a thiourea moiety is introduced which
enhances the anticancer potential towards several cancers
including colon, breast, liver, lungs, renal and ovarian cancer.2–5

Since sulphur is a weak acceptor towards a hydrogen bond, it
can enhance blocking. It can also increase the bonding at the
same time due to the bidentate binding mode of thiourea
protons.6 Thiourea moieties bearing nitrogen and sulphur
atoms are aromatase enzyme inhibitors. Aromatase enzyme is
the key element to produce increased amounts of estrogen.
Consequently, by inhibiting aromatase enzyme, the quantity of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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estrogen can selectively be decreased.7 Due to this inhibitory
property, it plays a vital role in healing breast cancer. N-
substituted phenyl thioureas help against melanoma (skin
cancer) by inhibiting the production of melanin.8,9 These recent
anticancer activities of thioureas encourage chemists and
pharmacologists to design and synthesize new thiourea
derivatives.

Acyl thiourea derivatives can coordinate metals as a biden-
tate ligand using both the carbonyl oxygen and the thiocarbonyl
sulfur or a monodentate ligand via the thiocarbonyl sulfur
only.10 A wide range of 1-(acyl/aroyl)-3-(substituted) thioureas
are extremely exible starting materials for the synthesis of
a many of heterocyclic compounds due to the presence of two
free hydrogen atoms, one at each nitrogen atom.11 Acyl thiourea
derivatives have received considerable attention over the years
and a vast spectrum of biological activities including anti-
tumor,12 herbicidal,13 antiviral,14 antiparasitic,15 antimicrobial,16

insecticidal,17 and fungicidal18 properties are shown by 1-(acyl/
aroyl)-3-(substituted) thioureas. In addition, the anticancer
properties of acyl thiourea derivatives have also been reported
in ref. 19–21.

Herein, we are reporting the synthesis, crystal structure,
electronic structure, and surface analysis for a new acyl thiourea
derivative namely N-((4-acetylphenyl) carbamothioyl)-2,4-
dichlorobenzamide (4). The availability of free acetyl group is
not only important for biological activities but also broadens its
synthetic scope for further structural modications. The pres-
ence of carbonyl and thiocarbonyl are sites for coordination
with metals and thiouiredic NH proton anked by carbonyl and
thiocarbonyl is more acidic compared to thioamide H and both
are removable by base and are involved in inter and intra
molecular H-bonding (Fig. 1). It was further investigated for in
silico and in vitro RNR and DNA binding, urease inhibition and
free radical scavenging activities.

2 Experimental
2.1 Materials and methods

Analytical grade chemicals and reagents were used throughout
the experimental processes. Standard methods were used for
the purication and drying of the solvents. Melting point was
determined using MP-D – a Gallen Kamp melting point appa-
ratus. Infrared spectrum was obtained on FTIR
Fig. 1 The molecular architecture of the title novel thiourea molecule (

© 2022 The Author(s). Published by the Royal Society of Chemistry
spectrophotometer (460-Shimadzu) using KBr disc. 1H-NMR
spectrum was recorded on 300 MHz Bruker NMR spectrom-
eter in acetone-d6 whilst

13C-NMR spectrum was obtained at 75
MHz using tetramethyl silane (TMS) as an internal reference.
Mass spectrum was recorded in the electron impact mode (EI,
70 eV) on a GC/MS Agilent Technologies 6890N instrument.
Thin-layer chromatography (TLC) was performed on precoated
silica gel aluminum plate (layer thickness 0.2 mm, HF 254,
Reidalde-Haen from Merck). The chromatograms were visual-
ized using ultraviolet light (254 and 260 nm). For DNA binding
and urease inhibition studies, the Salmon sh sperm DNA and
Jack bean urease enzyme, respectively, were obtained from
Sigma-Aldrich. UV-visible spectrophotometer (Shimadzu-1800)
was used in DNA binding studies, while a microplate reader
(OPTI Max, Tunable) was used for urease and free radical
inhibition studies.
2.2 Synthesis of N-((4-acetylphenyl) carbamothioyl)-2,4-
dichlorobenzamide (4)

The novel acyl thiourea derivative (4) was synthesized from
corresponding aromatic acid chloride. Under the inert envi-
ronment, the acid chloride (1) (0.5 mmol in 20 mL anhydrous
acetone) was drop wisely added to the potassium thiocyanate
(10 mmol in 20 mL anhydrous acetone) and the reaction
mixture reuxed for 3 hours. Then the reaction mixture was
cooled to room temperature, and a solution of 4-amino-
acetophenone (3) (0.5 mmol in acetone) was added. This reac-
tion mixture was further stirred for 24 hours, and the reaction's
progress was thoroughly monitored by TLC. On completion of
reaction, the mixture was poured into the chilled water which
precipitated the product that was ltered out. Finally, the crude
product was recrystallized with EtOH to afford (4) as colorless
crystals.
2.3 Characterization data

White solid; m. p.: 207–212 �C; yield: 60% Rf: 0.48, ethyl acetate:
n-hexane (4 : 6); IR (cm�1): 3237 (NH stretch), 2958 (sp2 CH-Ar),
2939 (sp3 CH), 1657 (C]O), 1529 (C]O), 1179 (C]S); 753 (C–Cl
bend); 1H-NMR (300 MHz, acetone): d 12.96 (s, 1H, NH), 10.18
(s, 1H, NH), 8.80–7.78 (m, 7H, Ar-H),2.52 (s, 3H, CH3);

13C-NMR
(75 MHz, acetone): d 197.89 (C]O); 177.75 (C]S); 175.79 (C]
4).

RSC Adv., 2022, 12, 17194–17207 | 17195
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O); 142.96, 137.34, 135.38, 130.46, 129.41, 129.29, 129.07,
127.03, 126.48 (Ar-C); 26.61 (CH3).

2.4 X-ray crystal structure and renement

A diffractometer (Rigaku Oxford Diffraction Xcalibur, Eos,
Gemini) equipped with Cu Ka radiation (l ¼ 1.54184 Å) was
used to collect the crystallographic data of (4). For solving and
rening the structure, the multi-scan absorption correction
(CrysAlis PRO 1.171.38.46)22 applied data were processed by two
SHELX program packages, SHELXT and SHELXL,23,24 while for
drawing, the ORTEP-3 (ref. 25) and PLATON26 programs were
used. The positions of hydrogen atoms were geometrically
evaluated as 0.88 Å for NH, 0.95 Å for CH and 0.98 Å for CH3. A
riding model with the limitations of Uiso (H) ¼ k � Ueq (C, N)
was used for rening, where k ¼ 1.2 for NH and CH hydrogens
and k ¼ 1.5 for CH3 hydrogens.

2.5 Hirshfeld surface (HS) analysis

HS analysis is the most satisfactory method for studying inter-
actions in a crystal structure.27,28 The visualization of the inter-
molecular interactions in the crystal structure of (4) was
carried out by using Crystal Explorer-17.5.29 The two HS
distances di and de were measured which are taken from the
nearest nucleus inside and outside the surface, respectively.
The red, blue, and white colors have been chosen to visualize
the normalized contact distance (dnorm). The input le was ob-
tained in CIF format and is provided as ESI.†

2.6 Density function theory (DFT)analysis

The ground state geometry of compound (4) was optimized by
DFT calculations using B3LYP functional and 6-31G (d, p) basis
set.30 Gaussian 09W soware31 was used for DFT calculations.
Output check les were analyzed in Gauss View 6.0.32 The
energies of highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) were used to
determine HOMO/LUMO energy gap which is important in
predicting the nature and reactivity of a compound. Polariz-
ability and dipole moment were also evaluated along with the
optimization energy.

2.7 Molecular docking methodology

Structure based molecular docking studies were carried out
using Molecular Operating Environment 2015.10 (MOE).33 The
targeted protein ribonucleotide reductase RNR (PDB ID: 2BQ1),
crystallographic structure of DNA (PDB ID: 127D) and the
structure of jack bean urease (PDB ID: 4h9m) were downloaded
from protein data bank (https://www.rcsb.org/). All the
respective proteins were prepared using protein preparation
wizard of MOE. Initially, water molecules were removed, and
protein was 3D protonated and energy was minimized to
remove any steric clashes present inside the protein. The
structure of optimized protein was superimposed to reference
protein to determine any structural deviation aer
optimization process. It was observed that optimization
removed steric clashes present inside protein and root mean
17196 | RSC Adv., 2022, 12, 17194–17207
square deviation (RMSD) value was observed to be less than 2
angstrom which demonstrate the amino acid residues remain
unchanged which is suitable for ligand binding. Following the
protein preparation, amino acid residues of active pockets of
the respective proteins were isolated using site nder utility of
MOE. In case of DNA dodecamer d (CGCGAATTCGCG), co-
crystal ligand Hoechst 33 258 lies in the narrow minor grove
of B-DNA in the AATT region. We have utilized the dimensions
of Hoechst 33 258 and searched for base pairs of active sites
using site nder utility of MOE soware. The structure of
synthesized compound (4) was generated using Chemdraw
ultra-12.0. The optimization and energy minimization of
generated structure was carried out using Chemdraw 3D so-
ware. The output structure was docked into active pocket of
protein using default parameters of MOE. Triangular matcher
was used as placement and to reduce the search space and to
improve the docking accuracy,33 the renement was set to rigid
receptor.34 London dg was used as scoring function and 100
poses were generated for compound.35
2.8 Spectrophotometric DNA binding analysis

UV-visible spectrophotometric titration experiments were per-
formed to see the binding interaction of the synthesized
compound (4) with DNA at physiological pH (7.0) and temper-
ature (37 �C). The compound (4) solution was prepared in 10%
DMSO. Firstly, the DNA concentration was determined, and its
purity was assured by taking the spectrum of DNA solution on
UV-visible spectrophotometer. The absorbance at lmax of
260 nm was used in Beer equation (C ¼ A260/3 � i) at molar
absorptivity of 6600 L mol�1 cm�1 to calculate the concentra-
tion of DNA, which was found to be 5 � 10�5 M, while the
absorbance ratio A260/A280, which was turned out to be 1.6,
conrmed that DNA is free of all other cell organelles.36 UV-
visible spectrum of (4) was recorded, individually at its opti-
mized concentration of 5 � 10�6 M, and then DNA was titrated
by gradually increasing its concentration within the reaction
mixture from 10–80 mM. In the titration experiments, aliquots of
DNA solution in microliter (mL) quantities were added to get the
desired micromolar (mM) quantities of DNA in compound's
solution. The change in the spectral response of (4) was recor-
ded aer each 10 mM addition of DNA. Prior to the spectral run,
the establishment of an equilibrium for compound–DNA
adduct was assured by keeping the reaction mixture at rest
within the cuvette for at least 4–5 minutes under physiological
temperature of 37 �C.
2.9 Urease inhibition assay

In 50 mL buffer (100 mM urea, 0.01 M K2HPO4, 1 mM EDTA and
0.01 M LiCl, pH 8.2), added 20 mL each of Jack bean urease
enzyme (05 U mL�1) and compound (4). The reaction mixture
was incubated for 30 min at 37 �C in 96-well plates. Then 50 mL
each of phenol (1%, w/v phenol and 0.005%, w/v sodium
nitroprusside) and alkali (0.5%, w/v NaOH and 0.1% sodium
hypochlorite NaOCl) reagents were added into each well. The
absorbance was measured on a microplate reader aer 10 min
© 2022 The Author(s). Published by the Royal Society of Chemistry
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at 625 nm. Thiourea was used as the reference standard for
urease inhibition. All reactions were performed in triplicate.
2.10 Free radical scavenging assay

To prepare the assay solution, 20 mL of increasing concentra-
tions of (4) was added into 100 mL of 150 mM 2,2-diphenyl-1
picrylhydrazyl (DPPH) and the volume in each well was
adjusted to 200 mL with DMSO. This mixture was incubated at
room temperature for 30minutes. Vitamin C (ascorbic acid) was
used as reference standard in this assay. Using samemicro plate
reader as in urease inhibition assay, the absorbance measure-
ments were carried out at 517 nm. Experiments were run in
triplicate for each concentration and the percent DPPH radical
scavenging of each concentration of (4) was evaluated.
3 Results and discussion
3.1 Synthesis

Following the procedure reported by us earlier, outlined in
Scheme 1,37 the synthesis of title compound (4) was achieved.
Thus, 2,4-dichlorobenzoic acid (1) was converted into acid
chloride and the latter was reacted with potassium thiocyanate
in dry acetone to furnish the 2,4-dichlorobenzoyl isothiocyanate
(2). A solution of 4-acetyl aniline (3) in dry in acetone was added
to (2) and the reaction mixture was reuxed for 3 hours,
monitored by TLC. On completion, cooled to room temperature,
and precipitated in the chilled water. The precipitates were
ltered and recrystallized from ethanol to afford the puried
thiourea derivative (4) in excellent yield.

The FTIR analysis revealed characteristic absorption band
for N–H at 3191–3195 cm�1, C–H aromatic at 3033–3037 cm�1,
C]O at 1692–1698 cm�1 and C]S at 1174–1178 cm�1. 1H-NMR
spectrum showed two characteristic signals of N–H protons.
Thus, a broad singlet of 3-NH proton was observed at
d 13.21 ppm and 1-NH at 10.42 ppm. Four multiplets for four
protons of aromatic appeared in the range d 7.22–8.92 ppm,
triplet for two protons of 10-C appeared at d 2.60, quintet for two
Scheme 1 Synthetic scheme for acyl thiourea derivative (4).

© 2022 The Author(s). Published by the Royal Society of Chemistry
protons of 20-C observed at d1.70, sextet for two protons of 30-C
observed at d 1.41 ppm and triplet of three protons of 40-CH3

appeared at 0.93 ppm. In 13C-NMR, three characteristic signals,
one for thiocarbonyl and two for carbonyl carbons were
observed. These signals appeared at d 177.7 ppm, d 175.1 ppm
respectively. Five carbons of aromatic system were observed in
the range of d 151.7–115.3, and the acetyl appeared at d 36.18.

3.2 X-ray structure

All the crystal details of (4) are provided in Table 1, while
hydrogen bond geometry (Å, �) and selected interatomic
distances (Å) are given in Table 2. In the molecule, (Fig. 2A), the
rings, A (C3–C8) and B (C11–C16), were situated at a dihedral
angle of A/B¼ 33.32(6)�. Atoms N2, O2, C9 and C1, Cl1, Cl2 were
0.0678(19) Å, 0.0739(19) Å, 0.0589(23) Å and �0.0544(21) Å,
0.0084(5) Å,�0.0213(6) Å away from the adjacent rings, A and B,
respectively. In the crystal, the molecules, forming S(6) ring
motifs38 with the intramolecular N–H/O hydrogen bonds,
Table 2, were connected through intermolecular C–H/O and
N–H/S hydrogen bonds, Table 2, enclosing R2

2(8) ring motifs38

into innite double chains along [101], Fig. 2B. A three-
dimensional architecture was consolidated with the help of
p/p interactions {between A rings of adjacent molecules with
an inter-centroid distance of 3.694 (1) Å} and C–H/p, Table 2.

3.3 HS studies

Fig. 3A represents the Hirshfeld surface, which was mapped
over dnorm, where the white, red, and blue surfaces, respectively,
indicated contacts with distances, equal to, shorter (in close
contact), and longer (distinct contact) than the van der Waals
radii.39 The appearance of shiny-red spots designated them to
be respective donor and/or acceptor. These spots also appeared
as blue and red regions and corresponded to positive and
negative electrostatic potentials, respectively, on the HS plotted
over electrostatic potential,40 Fig. 3B. The blue and red regions
specied the regions for hydrogen-bond donors and hydrogen-
bond acceptors, respectively. The presence red and blue
RSC Adv., 2022, 12, 17194–17207 | 17197
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Table 1 Crystal details of compound (4)a

Crystal data

Chemical formula C16H12Cl2N2O2S
Mr 367.24
Crystal system, space
group

Monoclinic, P21/n

Temperature (K) 173
a, b, c (Å) 13.6684 (8), 9.1256 (4), 14.0839 (8)
b (�) 111.168 (7)
V (Å3) 1638.18 (17)
Z 4
Radiation type CuKa
m (mm�1) 4.85
Crystal size (mm) 0.24 � 0.14 � 0.12

Data collection
Diffractometer Rigaku Oxford Diffraction
Absorption correction Multi-scan, CrysAlis PRO

1.171.38.46
(Rigaku Oxford Diffraction, 2015) empirical
absorption
correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling
algorithm

Tmin, Tmax 0.489, 1.000
No. of measured,
independent and
observed [I > 2s(I)]
reections

6234, 3112, 2743

Rint 0.039
(sin q/l)max (Å

�1) 0.615

Renement
R[F2 > 2s(F2)], wR(F2),
S

0.043, 0.122, 1.06

No. of reections 3112
No. of parameters 209
H-atom treatment H-atom parameters constrained
Drmax, Drmin (e Å�3) 0.56, �0.36

a Computer programs: CrysAlis PRO 1.171.38.46 (Rigaku OD, 2015),
SHELXT (Sheldrick, 2015), SHELXL (Sheldrick, 2015), Olex2
(Dolomanov et al., 2009).

Table 2 Hydrogen-bond geometry (Å, �) and selected interatomic
distances (Å) in compound (4)

Hydrogen-bond

Cg2 is the centroid of the B (C11–C16) ring

D–H/A D–H H/A D/A D–H/A

N1–H1/S1ii 0.88 2.53 3.3945 (19) 168
N2–H2/O1 0.88 1.98 2.687 (2) 137
C8–H8/O2iv 0.95 2.39 3.290 (3) 159
C10–H10C/Cg2vi 0.98 2.88 3.659 (3) 139
Symmetry codes: (ii)�x + 1, �y + 1, �z + 1; (iv) x � 1/2, �y + 3/2, z � 1/2;
(vi) �x + 3/2, y + 1/2, �z + 1/2

Interatomic distances
Cl1/N1 3.3576 (19) O1/C10iv 3.222 (3)
H5/Cl1i 2.98 O1/H2 1.99
S1/C4 3.206 (3) O2/H5 2.44
S1/C11ii 3.501 (2) H8/O2iv 2.40
S1/C12ii 3.295 (2) C6/C4v 3.405 (3)
S1/H4 2.81 C1/H2 2.46
S1/H1ii 2.53 C2/H4 2.89
H13/S1iii 2.94 C7/H10B 2.83
H15/S1iv 2.95 C10/H7 2.66
O1/N2 2.688 (2) H10C/C14vi 2.85
O1/C6iv 3.221 (3) H7/H10B 2.32
Symmetry codes: (i) x + 1/2,�y + 1/2, z + 1/2; (ii)�x + 1,�y + 1,�z + 1; (iii)
x� 1/2,�y + 1/2, z � 1/2; (iv) x� 1/2,�y + 3/2, z � 1/2; (v)�x + 2,�y + 1,
�z + 1; (vi) �x + 3/2, y + 1/2, �z + 1/2

Fig. 2 (A) Crystal structure of (4) with the atoms numbering scheme;
the thermal ellipsoids are drawn at the 50% probability level, (B)
crystal's partial packing viewed down the b-axis. The dashed lines (----)
showed N–H/O (intramolecular) and C–H/O, N–H/S (intermo-
lecular) hydrogen bonds. For clarity, the nonbonding H-atoms were
omitted.
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triangles on the shape index of Hirshfeld surface is used to
visualize the p/p stacking. If both triangles are adjacent to
each other, then p/p interactions are obvious in the structure
but if they are not adjacent to each other, no such interactions
exist. The red and blue triangles laying near to each other in the
shape index of HS, as shown in Fig. 3C, suggested, very clearly,
that there are p/p interactions in (4).

The overall two-dimensional ngerprint plot, Fig. 4a, and
those delineated into H/C/C/H, H/H, H/Cl/Cl/H, H/O/
O/ H, H/S/S/H, Cl/Cl, S/C/C/S, C/C, O/C/C/O, H/
N/N/H, C/Cl/Cl/C, N/Cl/Cl/N, S/Cl/Cl/S, O/O, N/C/
C/N and N/O/O/N,41 are demonstrated in Fig. 4b–r,
respectively, together with their relative contributions to the HS.
In the absence of C–H/p interactions, H/C/C/H interactions
contributed 20.9% to the overall crystal packing, arising from
the H/C/C/H contacts (Table 2), which is reected in Fig. 4b
with the tips at de + di ¼ 1.65 Å. The H/H interactions
17198 | RSC Adv., 2022, 12, 17194–17207
contributed 20.5% to the overall crystal packing, arising from
the H/H contacts (Table 2), which is reected in Fig. 4c with
the tip at de ¼ di¼ 1.28 Å. The pair of characteristic wings in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) 3-D view of HS of (4) mapped over dnorm in the range of �0.3442 to 1.6171 a.u., (B) 3-D view of HS of (4) mapped over electrostatic
potential energy ranging from �0.0500—0.0500 a.u. {at the Hartree–Fock (HF) level of theory (basis set; STO-3 G)}.The blue and red regions
represent positive (hydrogen-bond donors) and negative (hydrogen-bond acceptors) potentials, respectively, (C) HS of (4) plotted over shape-
index.

Fig. 4 Two-dimensional fingerprint plots for (4), showing (a) all interactions, and described into (b) H/C/C/H, (c) H/H, (d) H/Cl/Cl/H, (e)
H/O/O/H, (f) H/S/S/H, (g) Cl/Cl, (h) S/C/C/S, (i) C/C, (j) O/C/C/O, (k) H/N/N/H, (l) C/Cl/Cl/C, (m) N/Cl/Cl/N, (n) S/Cl/Cl/S,
(o) O/O, (p) N/C/C/N and (r) N/O/O/N interactions. The di and de values are the closest internal and external distances (in Å) from given
points on the HS contacts.

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 17194–17207 | 17199
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Fig. 5 The HS images with the dnorm function plotted on the surface for (a) H/C/C/H, (b) H/H, (c) H/Cl/Cl/H, (d) H/O/O/H and (e) H/S/
S/H interactions.
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ngerprint plot delineated into H/Cl/Cl/H contacts (Table 2
and Fig. 4c, 19.4% contribution to the HS) have symmetrical
distribution of points with the tips at de + di¼ 2.86 Å. The pair of
spikes in the ngerprint plot delineated into H/O/O/H
contacts (Table 2) have symmetrical distribution of points
(13.8% contribution, Fig. 4d) with the tips at de + di ¼ 2.25 Å.
The H/S/S/H contacts (Table 2 and Fig. 4e, 8.9% contribution
to the HS) have symmetrical distribution of points with the tips
at de + di ¼ 2.39 Å. The Cl/Cl contacts (Table 2 and Fig. 4g,
4.3% contribution to the HS) have needle-shaped distribution
of points with the tip at de¼ di¼ 1.83 Å. The S/C/C/S contacts
(Table 2 and Fig. 4h, 2.3% contribution to the HS) have scissor-
shaped distribution of points with the tips at de + di ¼ 3.07 Å.
The C/C contacts (Table 2 and Fig. 4i, 2.3% contribution to the
HS) have nearly badman-shaped distribution of points with the
Fig. 6 Optimized structure of (4) along with bonding molecular orbital

17200 | RSC Adv., 2022, 12, 17194–17207
tips at de + di ¼ 2.90 Å. The O/C/C/O contacts (Table 2 and
Fig. 4j, 2.1% contribution to the HS) have symmetrical distri-
bution of points with the tips at de + di¼ 2.90 Å. Finally, the H/
N/N/H (1.2% contribution to the HS, Fig. 4k), C/Cl/Cl/C
(1.2% contribution to the HS, Fig. 4l), N/Cl/Cl/N (1.1%
contribution to the HS, Fig. 4m), S/Cl/Cl/S (1.1% contribu-
tion to the HS, Fig. 4n), O/O (0.6% contribution to the HS,
Fig. 4o), N/C/C/N (0.3% contribution to the HS, Fig. 4p) and
N/O/O/N (0.1% contribution to the HS, Fig. 4r) contacts have
scattered points of very low densities.

The HS images with the dnorm function plotted on the surface
are shown for the H/C/C/H, H/H, H/Cl/Cl/H, H/O/O/
H and H/S/S/H interactions, respectively, in Fig. 5a–e. The
HS studies conrmed the importance of hydrogen atom
contacts in the establishment of crystal packing and revealed
(HOMO), anti-bonding molecular orbital (LUMO).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The computed DFT parameters of (4) by using basis set of 6-31G (d, p)

EHOMO (eV) �0.222 Hardness (h) 0.071
ELUMO (eV) �0.080 Soness (S) 7.040
DEgap (eV) 0.1419 Polarizability (a) (a.u.) 240.156
Optimization energy (eV) �2195.498 Dipole moment (D) 4.176
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that hydrogen bonding and van der Waals interactions played
the key roles in the crystal packing due to the presence of large
number of H/C/C/H, H/H, H/Cl/Cl/ H and H/O/O/H
interactions.
3.4 DFT studies

Aer performing DFT calculations with the basis set of 6-31G (d,
p), the optimized structure and HOMO–LUMO orbitals of (4)
were obtained as shown in Fig. 6. Atoms were arranged to such
geometrical conguration where energy was minimized. The
computed parameters are given in Table 3. The energy gap
between LUMO and HOMO determine the electronic structure
that could further lead to predict the kinetic stability and
reactivity of a compound.42 The compound (4) was detected to
be unstable one because of the small energy gap (DE) value;
hence could be inferred as reactive in nature, Table 3. The small
value of hardness (h), while a greater value of soness (S)
further indicated the polarizable nature of the compound (4), as
also obvious from computed polarizability and dipole moment
values and validated its instability that is necessary for its
Fig. 7 Top: crystallographic structure of ribonucleotide reductase (RNR),
3D interactions of (4) within activation loop of RNR protein.

© 2022 The Author(s). Published by the Royal Society of Chemistry
binding interactions with protein/or DNA molecule, Table 3,.42

The HOMO structure is showing delocalization on benzamide
moiety, while in LUMO the delocalization is more prominent on
propionamide moiety as it is more electronegative part due to
presence of two oxygen atoms.
3.5 Molecular docking studies

3.5.1 In silico binding of (4) with RNR. Molecular docking
is considered the most power theoretical method for structure-
based drug designing.43 Computational approach not only
helpful for the validation of experimental ndings for
compound – protein/or DNA binding interactions but may
support to divulge the candidacy of a compound as potent
anticancer drug.44–47 Ribonucleotide reductase (RNR) plays
important role in de novo synthesis of DNA precursors by cata-
lyzing reduction of ribonucleotide in their respective deoxy
ribonucleotide. RNR from higher organisms consists of two
dimers i.e., R1 and R2. R1 is a larger dimer which contain
binding and allosteric site for binding of substrate. Moreover, it
is consisted of important cysteine residue which mediate
black clouds indicating activation loop. Bottom:most probable 2D and

RSC Adv., 2022, 12, 17194–17207 | 17201
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Fig. 8 Left upper and left bottom: docked conformation of (4) indicating DNA groove binding mode. Right: 2D conformation.
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radical transfer between R1 and R2 subunits. Radical transfer is
mediated by binding of tyrosyl.48 R1 subunit of RNR protein
contains important amino acid residues, which were involved in
activation of protein. These amino acid residues were selected
and docked with compound (4).

The most stable conformation based on docking score was
selected for further analysis. It can be seen from Fig. 7 that
docked conformation of (4) showed important bonded and non-
bonded interactions with amino acid residues of active site. The
amino acid residues involved in non-bonding interactions were
as follows; VAL606, TYR639, ALA607, GLU610, GLN698,
ARG612, LEU699, ILE609 and GLN698. Whereas ILE611 and
ARG697 amino acid residues were involved in formation of
hydrogen bonding with electronegative oxygen atom of the
compound (4). Hydrogen bonding was the major electrostatic
attraction which was responsible for the formation of stable
protein–ligand complex. Moreover, compound (4) produced
docking score of �22.23 kJ mol�1.

3.5.2 In silico binding of (4) with DNA. The DNA was in
complex with minor groove binding drug Hoechst 33 258. The
DNA have specic nucleophilic bases sites (N7, N3 of purines)
and O6 position of guanine base pairs present in minor groove
of DNA. These sites are majorly responsible for DNA func-
tioning and carcinogenic conversion of the cell. The molecular
docking was further performed to investigate the binding
interaction of (4) with DNA minor groove, Fig. 8. The DNA
structure was co-crystallized with minor groove binder Hoechst.
The docking protocol was validated by re-docking a co-crystal
ligand i.e., Hoechst (minor groove binder) with DNA structure.
The re-docking protocol showed RMSD value less than 2 Å
which is an acceptable value to authenticate the comparable
docked and re-docked conrmation.49 The compound 4 was
17202 | RSC Adv., 2022, 12, 17194–17207
docked into DNA groove which exhibited strong interactions
with important bases (mainly purines) of DNA. It was observed
that compound (4) showed interactions with AAT sequence of
DNA groove. These studies revealed compound (4) as a potent
groove binder. Moreover, it produced sable conformation with
docking score of �35.8 kJ mol�1.

3.5.3 In silico binding of (4) with urease. The molecular
docking was also done to explore the binding interaction of (4)
with urease enzyme, Fig. 9. Compound 4 was observed to be the
potent inhibitor of urease with two hydrogen bond interactions.
His492 was bounded with ethanone moiety of (4) by hydrogen
bond interaction. The other hydrogen bond interaction was
observed by benzamide of (4) and CME592, Fig. 9. Stable
conformation found with docking score of �35.12 kJ mol�1.
This docking protocol was validated by re-docking the urease
protein with co-crystal ligand acetohydroxamic acid (HAE) with
nding the docking score of �11.24 kJ mol�1.
3.6 Spectroscopic studies for (4)–DNA binding

DNA binding interaction by molecular docking was further
identied experimentally by UV-visible spectroscopy, where the
changes in the UV-visible spectrum of (4) was examined in the
presence of ds DNA. Spectral changes in a ligand molecule in
the presence of DNA could result in hyper-/hypo-chromic effect
along with no peak shi or peak shi either towards longer or
shorter wavelength. Fall/or rise in peak intensity along with red
and blue shi in the wavelength indicated the formation of
compound–DNA adduct via intercalative interaction, the rise in
the peak intensity could infer the possibility of electrostatic
binding of the cationic part of ligand with anionic part (PO4

3�)
of DNA backbone, while spectral variation in terms of hypo/or
hyper-chromic effect with no or insignicant change in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Top: crystallographic structure of jack bean urease. Bottom: 3D and 2D conformation of (4) docked with urease.
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peak position (6–8 nm) referred to weaker interactions like van
der Waals interaction between ligand and DNA groove walls or
hydrogen bonding interaction with the DNA base pairs via DNA
groove.50–52

The individual spectral proles of (4) and ds DNA indicated
a single peak at 328 nm and 260 nm, respectively. The
compound (4) and ds DNA absorption bands are about 68 nm
away and this difference in the lmax values showed clearly
Fig. 10 (a) UV-visible spectral responses of (4) and (4)–DNA adduct. Chan
of arrows. (b) Ao � A/Ao vs. 1/[DNA] graph for binding constant calculati

© 2022 The Author(s). Published by the Royal Society of Chemistry
distinguishable regions of absorption; hence compound (4)
interaction with DNA could easily be monitored. The change in
(4) spectrum was observed as a gradual drop in the absorbance
aer titrating varying DNA concentrations, Fig. 10. By using the
values of absorbance of (4) before and aer the formation of
compound–DNA adduct, the percent decline in the peak
intensity was evaluated by the following equation.51
ges in the peak intensity and peak shift are represented by the direction
on.
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Fig. 11 Percent free radical scavenging activity of (4) and reference
scavenger for DPPH radical.
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H% ¼ Aligand � Aligand�DNA adduct

Aligand

� 100 (1)

The resultant hypochromic effect was found to be 57.2%
followed by an insignicant blue shi of magnitude 1.75 nm.
The strength of compound–DNA interaction has been
presumed to be associated with the magnitude of peak
shiing.50

Using the absorbance of (4), before (Ao) and aer DNA
additions (A), in the Hildebrand eqn (2), Kb (binding constant)
was evaluated and further used to calculate DG (Gibbs free
energy change) from Van't hoff eqn (3).37,39,40,42,44–47,50,51

Ao

A� Ao

¼ 3G

3H�G � 3G
þ 3G

3H�G � 3G

1

Kb½DNA� (2)

DG ¼ �RT ln Kb (3)

From the plot Ao/A � Ao vs. 1/[DNA], Fig. 10, the intercept to
slope ratio was used to determine the value of binding constant.
The Kb (M

�1) and DG (kJ mol�1) values were evaluated to be 7.9
� 104 and �28.42, respectively. The negative value of DG indi-
cated the binding spontaneity while the evaluated magnitude of
binding constant in current studies for (4)–DNA binding has
been reported for both intercalation and groove binding inter-
action.44–47,50–54 The spectral variations and related binding
parameters exhibited that the compound (4) interacted with
DNA via weak interaction that was most probably occur via
intercalation/or groove binding. However, insignicant peak
shiing in (4)–DNA spectra and docking analysis identied
compound (4) as groove binder.
3.7 Urease inhibitory studies

In vitro urease inhibition efficiency of (4) was determined by
a method described earlier, where the amount of ammonia
produced with indophenols was measured.55 The urease inhi-
bition efficiency of (4) was calculated by using optical densities
in the absence (ODcontrol) and presence of sample (ODsample) in
the following formula:

Urease Inh: ð%Þ ¼ ODcontrol �ODsample

ODcontrol

� 100 (4)

The compound (4) has shown highly signicant urease
inhibitory efficiency with IC50 � SEM value of 0.0389 � 0.0017
mM as compared to thiourea used as the standard inhibitor
(18.2 � 0.297 mM). With this least IC50 value, compound (4) not
only showed its excellent inhibitory activity towards urease
enzyme in comparison to standard inhibitor but also this value
was found less than that of some other thiourea derivatives
reported for their potent urease inhibitory activity which
include transition metal complexes of thioureas (the values for
12 complexes ranges from 14.6 � 3.3 to 68.9 � 4.92 mM),56

thiourea and urea derivatives (the values for 33 derivatives
ranges from 10.11 � 0.11 to 72.99 � 3.71 mM),57 atenolol thio-
urea hybrid (the values for 23 derivatives ranges from 11.73 �
17204 | RSC Adv., 2022, 12, 17194–17207
0.28 to 212.24 � 0.42 mM),58 N-monoarylacetothioureas (among
b1–b29, b19 was claimed excellent against both extracted urease
and urease in intact cell with IC50 values of 0.16 � 0.05 and 3.86
� 0.10 mM, respectively).59 In vitro and in silico results along with
comparison of the IC50 with the reported literature, indicated
compound (4) a potential candidate that can be used as
template for formulating drug for the treatment of urinary tract
diseases.
3.8 Free radical scavenging activity

Compound (4) and reference drug vitamin C were assessed for
DPPH free radical scavenging activity with somemodication in
the already reported method.60 Compound (4) have shown
moderate free radical scavenging (55.62%) as compared to the
vitamin-C scavenging potential (94.90%) at 100 mg mL�1

concentration, Fig. 11.
4 Conclusions

A new acyl thiourea derivative N-((4-acetylphenyl)
carbamothioyl)-2,4-dichlorobenzamide (4) was synthesized,
characterized and the structural and conformational properties
were determined by X-ray single crystal diffraction studies. The
X-ray studies designated it to belong to monoclinic system P21/n
space group. The planar rings were positioned at a dihedral
angle of 33.32(6)�, while the molecules having S(6) ring motifs
within the crystal were further associated with innite double
chains via intermolecular C–H/O and N–H/S hydrogen bonds
enveloping the R2

2(8) ring motifs. For the crystal packing, the
interactions H/C/C/H (20.9%), H/H (20.5%), H/Cl/Cl/H
(19.4%), H/O/O/H (13.8%) and H/S/S/H (8.9%), as
observed from HS analysis, were found to be the most impor-
tant contributions. Based on DFT ndings, compound (4) could
be evaluated as polar and reactive in nature. In silico studies
revealed binding of (4) with RNR, DNA, and urease via hydrogen
bonding with electronegative oxygen atom of the (4), via groove
binding, and via two hydrogen bond interactions (His492 and
CME592), respectively. In vitro DNA binding and urease inhi-
bition studies were carried out to further corroborate the in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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silico analysis. The experimental ndings for the binding
interaction of (4) with DNA by UV-visible spectral analysis also
designated the compound (4) as a potential groove binder. The
urease enzyme inhibition efficiency of (4) was found to be
marvellous in comparison to reported urea and thiourea
derivatives, but DPPH radical scavenging by (4) was found
comparatively less than that with vitamin C. The urease inhi-
bition and binding studies showed that this new compound has
valuable anti-urease and anticancer activities which can suggest
in vivo experiments for the further validation of current results.
However, in silico justication via RNA docking studies
conrmed that this compound can be used as a lead molecule
for the treatment of ulcer and other associated complications.
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U. Flörke, Single crystal, Hirshfeld surface, DFT analyses of
(E)-2-(2-chloro-6-uorobenzylidene)
hydrazinecarbothioamide: elastase inhibition and DNA
binding studies, J. Phys. Org. Chem., 2022, 35, e4296.

28 A. Sagaama and N. Issaoui, Design, molecular docking
analysis of an anti-inammatory drug, computational
analysis and intermolecular interactions energy studies of
1-benzothiophene-2-carboxylic acid, Comput. Biol. Chem.,
2020, 88, 107348.

29 M. J. Turner, J. J. McKinnon, S. K. Wolff, D. J. Grimwood,
P. R. Spackman, D. Jayatilaka and M. A. Spackman,
CrystalExplorer17, 2017.

30 U. Vanitha, R. Elancheran, V. Manikandan, S. Kabilan and
K. Krishnasamy, Design, synthesis, characterization,
molecular docking and computational studies of 3-phenyl-
2-thioxoimidazolidin-4-one derivatives, J. Mol. Struct., 2021,
1246, 131212.

31 M. J. Frisch, G. W. Trucks, H. B. Schlegel and G. E. Scuseria,
et al., Gaussian 09 (D01), Inc., Wallingford CT, 2009. vol. 121,
pp. 150–166.

32 R. Dennington, T. A. Keith and J. M. Millam, GaussView,
Version 6.0.16, Semichem Inc. Shawnee Mission KS, 2016.

33 Molecular Operating Environment (MOE), 2015.10, Chemical
Computing Group Inc., 1010 Sherbooke St. West, Suite
#910, Montreal, QC, Canada, H3A 2R7, 2015.

34 Y. Zhang, T. Zhang, S. Tu, Z. Zhang and F. Meng,
Identication of Novel Src Inhibitors: Pharmacophore-
Based Virtual Screening, Molecular Docking and Molecular
Dynamics Simulations, Molecules, 2020, 25, 4094.

35 C. R. Corbeil, C. I. Williams and P. Labute, Variability in
docking success rates due to dataset preparation, J.
Comput.-Aided Mol. Des., 2012, 26, 775–786.

36 M. Raja, M. Muralidharan and M. Arunachalam,
Comparative analysis of DNA extracted from sh species
preserved in formalin in two different periods, Turk. J.
Biol., 2011, 35, 331–336.

37 S. I. Farooqi, N. Arshad, F. Perveen, P. A. Channar, A. Saeed
and A. Javed, Aroylthiourea derivatives of ciprooxacin drug
as DNA binder: theoretical, spectroscopic and
electrochemical studies along with cytotoxicity assessment,
Arch. Biochem. Biophys., 2019, 666, 83–98.
17206 | RSC Adv., 2022, 12, 17194–17207
38 J. Bernstein, R. E. Davis, L. Shimoni and N. Chang, Patterns
in hydrogen bonding: functionality and graph set analysis in
crystals, Angew. Chem., Int. Ed. Engl., 1995, 34, 1555–1573.

39 A. Ahmad, N. Arshad, F. Perveen, R. Ujan, A. Saeed,
P. A. Channar, S. I. Farooqi, G. Shabir, T. Hökelek and
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