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A B S T R A C T   

Two 4-amino-4′-acetyldiphenyl sulfide-based Schiff bases, namely 1-[4-({4-[(E)-(2-hydroxynaphthalen-1-yl) 
methylideneamino]phenyl}sulfanyl)-phenyl]ethanone (I) and (E)-1-[4-({4-[(4-methoxybenzylidene)amino] 
phenyl}-sulfanyl)phenyl]ethan-1-one (II) were structurally studied. They crystallize respectively in the mono
clinic Cc and the triclinic P1 space groups, with the respective cell parameters: [10.695(3) Å, 44.458(14) Å, 
4.4437(11) Å, 99.004(9)◦] and [5.7708(2) Å, 8.0867(3) Å, 19.6929(8) Å, 81.844(2)◦, 86.664(3)◦, 85.662(3)◦]. 
The asymmetric units of (I) and (II) are composed of one molecule and two crystallographically independent 
molecules, respectively. Their molecular structures were optimized by the density functional theory and corre
lated correspondingly to the crystal structures. Moreover, the IR vibration modes were assigned to the calculated 
wavenumbers, the Mulliken atomic charges obtained and the frontier molecular orbitals evaluated. The hydrogen 
bonding and the non-classical intermolecular interactions within the two frameworks were investigated using 
Hirshfeld surface analysis which indicated the presence of C–H…H–C, C–H⋅⋅⋅π, C–H⋅⋅⋅O, C–H⋅⋅⋅N, C–H⋅⋅⋅S 
and π⋅⋅⋅lp interactions as well as π⋅⋅⋅π stacking. Additionally, in order to understand the interacting binding sites 
of the two molecules with the bacterial S. aureus protein receptors, the studied compounds were in silico eval
uated by molecular docking against tyrosyl-tRNA synthetase 1JIJ and topoisomerase II DNA gyrase 2XCT en
zymes. The results revealed consequently potent antimicrobial efficacy through the formed hydrogen bonds, 
hydrophobic contacts, π-cation interactions and π…π stacking.   

1. Introduction 

Gram-positive methicillin-resistant Staphylococcus aureus (MRSA) is 
one of the most common antibiotic-resistant bacteria. It causes life- 
threatening bloodstream, surgical-site infections and pneumonia. This 
class of infection-causing bacteria cannot be controlled or killed by 
antibiotics and it is instead able to survive and even multiply in the 
presence of an antibiotic [1–6]. Despite the ongoing pharmaceutical 
research undertaken in order to respond to the clinical need to develop 
new antibiotics, the antimicrobial resistance (AMR) continues to be 
challenging and the spread of antibiotic-resistant bacteria poses a 

substantial threat to public health worldwide [7–10]. Therefore, a 
growing clinical need for the ability to continuously develop new potent 
antimicrobial compounds is to be urgently considered to fight clinical 
diseases and to equipotently inhibit multiple bacterial targets [11–13]. 

In fact, tyrosyl-tRNA synthetase (TyrRS) belongs to the aminoacyl- 
tRNA synthetases which play a key role in the catalysis of the amino 
acids’ condensation with their respective tRNA to form charged tRNAs 
[14]. In addition, the inhibition of these enzymes affects the cell growth 
by altering the protein biosynthesis process. Thus, TyrRS represents an 
attractive target enzyme to develop new potent antibacterial agents 
[15,16]. On the other hand, type II DNA topoisomerases are vital 
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enzymes which support the DNA replication, chromosome decatenation, 
condensation and other DNA-associated processes. The function of 
topoisomerases II DNA gyrase is essential for the negative supercoiling 
of DNA at the expense of ATP hydrolysis. Being highly conserved en
zymes with known crystal structures and well-described mechanism, 
they are hence recognized as well-established antibacterial targets 
[17–22]. Furthermore, DNA gyrase inhibitors are able to affect the 
enzyme action at many levels [23]. 

On the other hand, Schiff bases known also as imines or azomethines 
represent an important class of naturally occurring and/or synthetic 
organic molecules that are versatile due to their ability to combine a 
variety of alkyl or aryl substituents as well as metallic centers. For years, 
these systems have been greatly attracting the attention of many sci
entists and inspiring them to design new molecules and to investigate 
their applications’ fields [24]. Accordingly, they are inter alia used in 
catalytic reactions, as in vivo photo- or chemodetectors of Al3+ ions in 
biological systems and most commonly in medicine [25]. Therefore, 
they are well known for their medical applications as antibacterial 
[26–28], antifungal [29], antiviral [30,31], anti-inflammatory [32], 
antipyretic, antimalarial [33,34], anticancer [35–39] agents. Addition
ally, their oxytocin-imitating and inhibiting activity, as well as their 
human tyrosine phosphatases (PTP1B, TCPTP or SHP-1) selective inhi
bition were proven [40–42]. Recently, a number of papers reported on 
Schiff bases evaluated for their S. aureus DNA gyrase and/or TyrRS in
hibition [43–48]. 

Consequently, taking the above studies into account, the dual tar
geting of antibacterial compounds to these two enzymes’ classes will 
reduce the bacteria probability to develop target-based resistance 
against these actions. To better understand the mechanism of action of 
antibacterial molecules, we investigate in this study the in silico dual 
antibacterial efficacy of two 4-amino-4′-acetyldiphenyl sulfide Schiff 
bases, namely 1-[4-({4-[(E)-(2-hydroxynaphthalen-1-yl)methylidenea
mino]phenyl}sulfanyl)-phenyl]ethanone (I) and (E)-1-[4-({4-[(4- 
methoxybenzylidene) amino]phenyl}- sulfanyl)phenyl]ethan-1-one (II), 

against these enzymes. We studied for the first time their binding modes 
towards the mentioned enzymes using molecular docking analysis as 
well as exploring the leading intermolecular interactions and the non- 
classical contacts within their respective frameworks via Hirshfeld sur
face analysis based on their crystal data. C25H19NO2S (I) and 
C22H19NO2S (II) crystallize respectively in the monoclinic Cc and the 
triclinic P1 space groups [49,50]. Furthermore, in order to gain more 
insights into the molecular and electronic properties of the studied 
molecules, and as no such investigation was previously reported, we 
report herein the optimized structures of both compounds, their frontier 
molecular orbitals’ analysis, their IR vibration modes and the corre
sponding Mulliken charges computed using both B3LYP/6-31G(d) and 
B3LYP/cc-pvdz levels of theory. 

2. Materials and methods 

2.1. Computational details 

Both molecules (I) and (II) were optimized in the gas phase using the 
B3LYP functional in conjunction with the 6-31G(d) and cc-pvdz basis 
sets using Gaussian 09 [51]. Furthermore, the vibrational wavenumber 
calculations were carried out together with the frontier molecular or
bitals. Harmonic vibrational wavenumbers of the compounds were 
scaled by 0.960 for B3LYP/6-31G(d) and 0.970 for B3LYP/cc-pvdz 
methods [52]. To visualize the examined structures, we used GaussView 
program [53]. 

2.2. Hirshfeld surface analysis 

In order to analyze the intermolecular interactions in the studied 
organic compounds, their molecular packing were investigated by 
means of the 2D-Fingerprint plot FP and the Hirshfeld surface HS ana
lyses using CrystalExplorer17.5 program [54]. The HS was mapped over 
dnorm, de and shape index functions, respectively in the range of (− 0.216 

Fig. 1. (a) Atomic labeling of the asymmetric unit of compound (I), (b) view of its packing along the a-axis.  
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Fig. 2. (ab) Crystal structure projection of (I) showing the molecules linked through the C–H⋅⋅⋅O hydrogen bonds, forming R1
2(10)(in orange) and R3

3(26) (in green) 
ring motifs. The violet color shows the S1

1(6) motifs built of the intramolecular H-bonds. 

Fig. 3. (a) Asymmetric unit of (II). H atoms labelling have been omitted for clarity sake, (b) view of its packing along the a-axis, showing the altering chains of 
molecules A and B. 

S. Kadri et al.                                                                                                                                                                                                                                    



Inorganic Chemistry Communications 143 (2022) 109779

4

to 3.088 Å), (0.992 to 3.670 Å), (− 1.000 to 1.000 Å) for (I) and (− 0.101 
to 1.349 Å), (1.041 to 2.419 Å), (− 1.000 to 1.000 Å) for (II), in order to 
emphasize the contacts and their leading interactions towards the sta
bility of the crystal packing. 

2.3. Molecular docking 

The in silico studies were carried out by performing a molecular 
docking simulation with the AutoDock4.2 software and AutoDock Tools 
ADT [55]. The X-ray crystal structures of S. aureus tyrosyl-tRNA syn
thetase and S. aureus topoisomerase II DNA gyrase were downloaded 
from the RCSB protein data bank [56] with respectively the PDB ID: 1JIJ 
[57] and 2XCT [58]. The ligands and receptors structures were then 
treated by removing the co-crystallised inhibitors and co-factors. The 
non-polar hydrogens of the structures were merged in ADT [55] and the 
PDBQT format files were prepared by considering the ligands’ rotatable 
bonds and assigning the Gasteiger and the Kollman charges to the 
related structures. Furthermore, the interacting residues involved in the 
binding pockets of the resulting docked complexes were evaluated and 
analyzed using Chimera software [59]. 

3. Results and discussion 

3.1. Structural description 

The asymmetric unit of (I) is drawn in Fig. 1.a, its crystal structure 
can be described as head-to-head and foot-to-foot waves extending along 
the b-axis (Fig. 1.b). 

The neighboring molecules are linked through C–H⋅⋅⋅O hydrogen 
bonds giving rise to infinite chains running along the a-axis. Further
more, the asymmetric unit is connected to four neighboring molecules 
through four intermolecular C–H⋅⋅⋅O interactions and an intra
molecular O–H⋅⋅⋅N interaction. As a result, the intramolecular 
O1–H1A⋅⋅⋅N13A hydrogen bond constitutes a S1

1(6) ring motif, while 
the C–H⋅⋅⋅O hydrogen bonds form two R1

2(10) and R3
3(26) ring motif in 

the (ab) plane [60] (Fig. 2). 
The asymmetric unit of compound (II) given in Fig. 3.a is formed by 

two crystallographically independent molecules including 4-methoxy
benzylidene moieties compared to compound (I) which showed 2-oxo- 
naphthalene moieties in the same position. In (II), the crystallographi
cally independent molecules; molecule A (C1-C22) and molecule B 
(C23-C44), form together alternating chains which extend infinitely 
parallel to the [001] direction (Fig. 3.b). The two molecules’ rings are 
inclined to one another by 67.60◦ for 4-methoxybenzylidene parts and 

Table 1 
Experimental and theoretical bond lengths in compounds (I) and (II).  

Bond length (Å) Exp. Theoretical Bond length (Å) Exp. Theoretical 

B3LYP/ 6-31G(d) B3LYP/ cc-pvdz B3LYP/ 6-31G(d) B3LYP/ cc-pvdz 

(I) 
O1A–C2 1.277 (4)  1.335  1.331 C14A–C15A 1.393 (5)  1.407  1.409 
C2–C3 1.429 (4)  1.420  1.423 C15A–C16A 1.387 (4)  1.392  1.394 
C3–C4 1.354 (5)  1.367  1.369 C16A–C17A 1.383 (5)  1.402  1.403 
C4–C5 1.437 (5)  1.425  1.428 C18A–C19A 1.389 (4)  1.391  1.393 
C5–C6 1.420 (5)  1.417  1.419 S1–C17A 1.780 (3)  1.792  1.797 
C6–C7 1.363 (5)  1.378  1.380 S1–C20 1.764 (3)  1.789  1.792 
C8–C9 1.380 (5)  1.381  1.383 C20–C21 1.401 (4)  1.402  1.405 
C9–C10 1.404 (5)  1.419  1.421 C20–C25 1.394 (4)  1.404  1.406 
C10–C11 1.453 (4)  1.449  1.449 C21–C22 1.389 (4)  1.389  1.392 
C11–C12 1.404 (4)  1.443  1.444 C22–C23 1.385 (5)  1.403  1.405 
C11–C2 1.438 (5)  1.414  1.416 C23–C26 1.489 (4)  1.494  1.497 
C12–N13A 1.334 (4)  1.299  1.302 C24–C25 1.378 (4)  1.390  1.393 
N13A–C14A 1.407 (4)  1.403  1.405 C26–C27 1.500 (4)  1.521  1.519 
dC14A–C19A 1.388 (4)  1.405  1.407 C26–O28 1.232 (4)  1.223  1.222 
(II) 
Molecule A 
S1–C15 1.765 (4)  1.789  1.792 C9–C14 1.391 (5)  1.405  1.407 
S1–C12 1.776 (4)  1.793  1.797 C10–C11 1.381 (5)  1.391  1.394 
O1–C5 1.363 (4)  1.362  1.362 C11–C12 1.381 (5)  1.403  1.404 
O1–C8 1.430 (5)  1.425  1.425 C12–C13 1.386 (5)  1.402  1.403 
O2–C21 1.210 (5)  1.224  1.223 C13–C14 1.374 (5)  1.392  1.394 
N1–C1 1.252 (4)  1.283  1.284 C15–C20 1.389 (5)  1.403  1.405 
N1–C9 1.417 (4)  1.402  1.403 C15–C16 1.389 (5)  1.403  1.405 
C1–C2 1.459 (5)  1.461  1.463 C16–C17 1.379 (5)  1.389  1.391 
C2–C7 1.391 (5)  1.401  1.402 C18–C19 1.387 (5)  1.403  1.405 
C2–C3 1.392 (5)  1.410  1.412 C18–C21 1.486 (5)  1.497  1.499 
C3–C4 1.369 (5)  1.382  1.384 C19–C20 1.374 (5)  1.392  1.394 
C5–C6 1.381 (5)  1.400  1.402 C21–C22 1.498 (6)  1.518  1.515 
C6–C7 1.380 (5)  1.394  1.396     
Molecule B 
S2–C37 1.775 (3)  1.789  1.792 C31–C36 1.388 (5)  1.407  1.408 
S2–C34 1.779 (3)  1.793  1.798 C32–C33 1.382 (5)  1.389  1.391 
O3–C27 1.362 (4)  1.362  1.361 C33–C34 1.382 (5)  1.404  1.405 
O3–C30 1.424 (5)  1.425  1.425 C34–C35 1.387 (5)  1.400  1.401 
O4–C43 1.207 (5)  1.226  1.225 C35–C36 1.382 (5)  1.394  1.396 
N2–C23 1.260 (4)  1.284  1.284 C37–C38 1.385 (5)  1.401  1.403 
N2–C31 1.429 (4)  1.404  1.402 C38–C39 1.370 (5)  1.392  1.394 
C23–C24 1.464 (5)  1.461  1.463 C39–C40 1.383 (5)  1.403  1.405 
C24–C29 1.378 (5)  1.407  1.409 C40–C41 1.386 (5)  1.405  1.407 
C24–C25 1.389 (5)  1.404  1.406 C40–C43 1.491 (5)  1.492  1.495 
C25–C26 1.391 (5)  1.389  1.392 C41–C42 1.384 (5)  1.387  1.389 
C27–C28 1.372 (5)  1.404  1.406 C43–C44 1.485 (6)  1.519  1.517 
C28–C29 1.376 (5)  1.386  1.389      
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by 69.57◦ for 1-{4-[(4-Aminophenyl)sulfanyl]phenyl}ethan-1-one 
parts. The geometric parameters C–C bonds and C–C–C bond angles 
show similarity with compound (I). Moreover, the sulfur atoms form 
C–S–C angle of respectively 105.80(17)◦ and 105.99(16)◦ in molecules 
A and B, which are comparable to the corresponding angle observed in 
compound (I). Whereas, the C–N–C angles being respectively 121.9 
(3)◦ and 119.6(3)◦ in molecule A and B are slightly shorter than the 
corresponding one in compound (I). 

Compound (I) can be split in two parts, namely: 4-acetylphenylsul
fanyl- which belongs to a plane as well as the fragments phenyl
aminomethyl- and 2-oxo-naphthalene laying on another plane. The 
dihedral angle between the two planes is found to be 70.942(87)◦. Due 
to steric effect between the above defined entities, the molecules stack in 
the a-direction. As for compound (II), it could be divided into the 
fragments: phenylethan-1-one which belongs to a plane as well as 4- 
methoxybenzylidene- and 4-aminophenylsulfanyl- resting together in 
another plane, with (C10, C11) and (C13, C14) being up and down this 
plane. The resulting dihedral angle built between the two planes is of 
63.759(103)◦. Differently from compound (I), the steric effect seems to 
have no influence in the structure of (II). 

3.2. Molecular geometry 

The geometric parameters of the optimized structures computed for 
the studied compounds are depicted in Tables 1 and 2. For (I), the 
experimental bond lengths are in the range [1.232 (4), 1.780 (3)] Å with 
a mean value of about 1.419 Å (Table 1). The corresponding optimized 

values computed at the B3LYP/6-31G(d) and B3LYP/cc-pvdz levels are 
respectively in the range [1.223, 1.792] Å and [1.222, 1.797] Å, with 
average bond lengths of 1.427 Å and 1.429 Å, respectively. These values 
are in a good agreement with the experimental ones, with a maximum 
deviation value of 0.058 Å and 0.054 Å observed for the bond O1A–C2 
estimated using B3LYP/6-31G(d) and B3LYP/cc-pvdz, respectively. As 
for the experimental bond angles, they vary from 104.88 (15)◦ to 125.2 
(2)◦ (Table 2) with a mean value of 120.21◦. The optimized ones were 
found to vary from 104.33◦ to 124.31◦ for B3LYP/6-31G(d) and from 
104.11◦ to 124.39◦ for B3LYP/cc-pvdz, which show correspondingly 
mean values of 118.68◦ and 119.74◦, and maximum deviation values of 
8.91◦ and 8.97◦ observed for the bond angle C25–C20–S1. 

For compound (II), the experimental bond lengths vary in the ranges 
[1.210 (5), 1.776 (4)] Å and [1.207 (5), 1.779 (3)] Å respectively for 
molecules A and B, with the same mean value of 1.416 Å. However, the 
theoretical ones computed with B3LYP/6-31G(d) and B3LYP/cc-pvdz 
are respectively in the range [1.224, 1.793] Å, [1.223, 1.797] Å for A 
and [1.226, 1.793] Å, [1.225, 1.798] Å for B. Thus, the bond lengths 
maximum deviations are about 0.031 Å and 0.029 Å observed for 
N1–C1 (molecule A) and C24–C29 (molecule B) estimated using 
B3LYP/6-31G(d) and are found to be 0.032 Å and 0.031 Å related 
respectively to the same bonds computed using B3LYP/cc-pvdz. 
Furthermore, the experimental bond angles are varying from 105.80 
(17)◦ to 126.0 (3)◦ for A and from 105.96 (16)◦ to 125.3 (3)◦ for B. The 
corresponding values obtained using B3LYP/6-31G(d) are respectively 
[104.11, 124.59]◦ and [103.32, 123.88]◦, with mean values of 119.86◦

and 119.93◦. While, those computed with the B3LYP/cc-pvdz method 

Table 2 
Experimental and theoretical bond angles in (I) and (II).  

Bond angles (◦) Exp. Theoretical Bond angles (◦) Exp. Theoretical 

B3LYP/ 6-31G(d) B3LYP/ cc-pvdz B3LYP/ 6-31G(d) B3LYP/ cc-pvdz 

(I) 
O1A–C2–C3 119.1 (3)  116.40  116.91 C17A–C16A–C15A 120.2 (3)  120.43  120.41 
O1A–C2–C11 123.1 (3)  122.84  122.59 C18A–C19A–C14A 119.4 (3)  120.64  120.67 
C2–C11–C10 120.4 (3)  119.06  119.29 C20–S1–C17A 104.88 (15)  104.33  104.11 
C3–C4–C5 121.5 (3)  121.71  121.73 C21–C20–S1 116.1 (2)  124.31  124.39 
C4–C3–C2 122.1 (3)  120.20  120.29 C22–C21–C20 120.5 (3)  119.88  119.85 
C6–C5–C4 120.6 (3)  120.67  120.80 C22–C23–C26 122.6 (3)  118.48  118.40 
C7–C6–C5 121.3 (3)  121.11  121.11 C23–C22–C21 120.9 (3)  121.30  121.37 
C8–C9–C10 121.4 (3)  121.48  121.45 C23–C26–C27 119.3 (3)  118.83  118.76 
C9–C10–C11 123.6 (3)  123.77  123.68 C24–C25–C20 120.6 (3)  120.22  120.23 
C12–C11–C2 119.0 (3)  119.41  119.02 C25–C20–S1 125.2 (2)  116.29  116.23 
N13A–C12–C11 122.7 (3)  122.71  122.37 O28–C26–C23 120.2 (3)  120.79  120.66 
(II) 
Molecule A 
C15–S1–C12 105.80 (17)  104.11  104.00 C11–C12–S1 118.3 (3)  120.79  120.76 
C5–O1–C8 118.5 (3)  118.38  118.36 C13–C12–S1 122.2 (3)  119.74  119.70 
C1–N1–C9 121.9 (3)  120.16  120.14 C14–C13–C12 120.4 (3)  120.35  120.31 
N1–C1–C2 122.5 (3)  122.94  122.71 C13–C14–C9 120.7 (3)  120.74  120.77 
C7–C2–C1 120.8 (3)  119.74  119.88 C20–C15–S1 115.1 (3)  116.82  116.73 
C3–C2–C1 121.1 (3)  121.83  121.72 C16–C15–S1 125.5 (3)  123.66  123.78 
C4–C3–C2 120.6 (4)  120.67  120.67 C17–C16–C15 119.7 (3)  119.83  119.80 
O1–C5–C6 124.7 (4)  124.59  124.69 C19–C18–C21 122.5 (3)  123.02  123.11 
C7–C6–C5 119.2 (4)  119.24  119.31 C20–C19–C18 121.8 (3)  120.72  120.76 
C6–C7–C2 121.6 (4)  121.55  121.55 C19–C20–C15 119.9 (4)  120.26  120.27 
C14–C9–N1 126.0 (3)  117.83  118.03 O2–C21–C18 120.4 (4)  120.39  120.26 
C12–C11–C10 120.3 (3)  120.37  120.36 C18–C21–C22 119.5 (4)  118.83  118.76 
Molecule B 
C37–S2–C34 105.96 (16)  103.32  103.13 C33–C34–S2 125.6 (3)  120.41  120.34 
C27–O3–C30 118.7 (3)  118.53  118.51 C35–C34–S2 114.7 (3)  120.18  120.18 
C23–N2–C31 119.6 (3)  120.30  120.27 C36–C35–C34 120.0 (4)  120.42  120.40 
N2–C23–C24 123.6 (4)  122.93  122.70 C35–C36–C31 120.9 (3)  120.48  120.50 
C29–C24–C23 119.2 (4)  119.89  120.02 C38–C37–S2 122.8 (3)  123.55  123.61 
C25–C24–C23 122.6 (4)  121.69  121.60 C39–C38–C37 120.1 (3)  119.99  119.98 
C24–C25–C26 120.9 (4)  121.17  121.21 C38–C39–C40 121.7 (3)  121.09  121.13 
O3–C27–C28 114.8 (4)  115.68  115.71 C39–C40–C43 123.4 (3)  122.83  122.91 
C27–C28–C29 120.3 (4)  119.87  119.97 C41–C40–C43 118.7 (3)  118.76  118.72 
C28–C29–C24 121.4 (4)  121.05  121.03 C42–C41–C40 121.0 (3)  120.97  121.00 
C36–C31–N2 125.3 (3)  123.88  123.94 O4–C43–C44 120.1 (4)  120.56  120.83 
C34–C33–C32 120.0 (3)  120.24  120.20 O4–C43–C40 120.3 (4)  120.54  120.36  
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are [104.00, 124.69]◦ and [103.13, 123.94]◦, respectively, and their 
associated mean values are 119.85◦ and 119.93◦. Therefore, it is found 
that the maximum deviation values of the bond angles are 8.17◦ (A) and 
5.48◦ (B) obtained by the B3LYP/6-31G(d) level, whereas the corre
sponding values are 7.97◦ (A) and 5.48◦ (B) for the B3LYP/cc-pvdz 
level. These values associated to the angles C14–C9–N1 (molecule A) 
and C35–C34–S2 (molecule B) are not quite significant. 

Additionally, by considering the relative deviation Δ for a geometric 
parameter X expressed as the percentage relation given below [61], we 
found that the overall average deviations, of the computed geometric 
parameters from the experimental ones given in Tables 1 and 2, are 
found to be respectively 1.12 %, 1.15 % at the B3LYP/6-31G(d), 
B3LYP/cc-pvdz levels for (I) and 1.06 %, 1.15 % at the mentioned levels 
for (II). The obtained values indicate a very good agreement between the 
discussed results and hence the calculations reproduce well the crys
tallographic structures of both studied compounds. 

Δ =

⃒
⃒Xtheo − Xexp

⃒
⃒

Xexp
x100  

With Xtheo and Xexp being respectively the theoretical and the experi
mental values of the quantity X. 

Table 3 
Calculated IR wavenumbers (cm− 1) and their assigned vibration modes in (I) 
and (II).  

B3LYP/6-31G(d) B3LYP/cc-pvdz Assigned vibration mode 

Frequency IIR Frequency IIR  

(I) 
3090.41  20.72  3112.38  16.10 νasym CH 
3081.18  39.52  3102.97  31.62 νasym CH 
3042.37  14.96  3060.25  13.18 νasym CH3 

2992.62  8.5  3005.10  8.63 νasym CH + νasym OH 
2911.55  529.19  2835.07  651.91 νasym OH 
1701.94  172.59  1710.14  174.45 νasym C––O + νasym C––C + δasym 

HCH + δasym HCC 
1613.17  220.04  1624.45  221.26 νasym C––N + νasym C––C + δasym 

HOC + δasym CNC + δasym HCC 
1603.38  69.96  1611.79  54.14 νasym C––N + νasym C––C þ δasym 

HOC + δasym CNC + δasym HCC 
1591.39  25.93  1602.43  45.14 νasym C––C þ δasym HOC + δasym 

CNC + δasym CCC + δasym HCC 
1557.49  562.29  1564.95  616.97 νasym C––C þ δasym HOC + δasym 

CNC + δasym CCC + δasym HCC 
1539.51  14.67  1553.29  15.50 δasym CSC þ δasym HOC + δsym 

CNC + δasym HCC 
1448.03  9.16  1406.82  8.08 δasym CH3 

(II) 
3084.09  12.41  3127.41  10.03 νasym CH 
3037.77  16.29  3055.63  14.84 νasym CH3 

3036.07  51.42  3048.04  41.19 νasym CH3 

2989.21  16.85  3001.36  18.26 νsym CH3 

2985.67  37.03  2997.49  32.89 νsym CH3 

2905.06  37.61  2926.31  65.61 νasym CH 
2899.70  36.85  2923.62  55.72 νasym CH 
1697.69  143.82  1704.48  150.43 νasym C––O + νasym C––C + δasym 

HCH + δasym HCC 
1685.19  233.53  1691.17  234.13 νasym C––O + νasym C––C + δasym 

HCH + δasym HCC 
1602.26  357.61  1644.33  234.33 νasym C––N + νasym C––C + δasym 

CNC + δasym CCC + δasym HCC 
1598.21  100.04  1642.76  29.26 νasym C––N + νasym C––C + δasym 

CNC + δasym CCC + δasym HCC 
1581.76  447.62  1611.66  350.88 νasym C––O + νasym C––C + δasym 

CCO + δasym CCC + δasym HCC 
1559.91  16.05  1553.94  16.21 δasym CSC þ δsym CNC + δasym 

HCC 
1558.70  37.20  1552.53  39.26 δasym CSC þ δsym CNC + δasym 

HCC 
1463.47  14.89  1434.97  20.98 δasym CH3 

1459.56  11.59  1431.73  23.19 δasym CH3  

Table 4 
Mulliken atomic charges (a.u) in compounds (I) and (II).  

Atoms B3LYP/6- 
31G(d) 

B3LYP/cc- 
pvdz 

Atoms B3LYP/ 
6–31G(d) 

B3LYP/cc- 
pvdz 

(I) 
O1A  − 0.600807  − 0.172203 C22  − 0.111691  0.071110 
C2  0.320414  0.030395 C21  − 0.135775  0.083013 
C3  − 0.135538  0.080509 C26  0.358353  0.016893 
C4  − 0.129449  0.054125 C27  − 0.518487  0.026007 
C5  0.093091  0.006588 O28  − 0.467709  − 0.207758 
C6  − 0.164757  0.035228 H1A  0.441598  0.152374 
C7  − 0.100223  0.047529 H3  0.120453  − 0.021902 
C8  − 0.105182  0.066550 H4  0.115718  − 0.039233 
C9  − 0.170779  − 0.039694 H6  0.107193  − 0.044407 
C10  0.071590  0.054893 H7  0.111141  − 0.032910 
C11  − 0.025722  − 0.053511 H8  0.110947  − 0.032869 
C12  0.134914  0.175776 H9  0.100320  − 0.048448 
N13A  − 0.667324  − 0.301155 H12  0.142282  0.000809 
C14A  0.307431  0.090907 H19A  0.118673  − 0.029954 
C19A  − 0.116622  0.040992 H18A  0.133527  − 0.025674 
C18A  − 0.117644  0.116177 H16A  0.129260  − 0.025568 
C17A  − 0.113146  − 0.195187 H15A  0.115315  − 0.021144 
C16A  − 0.129133  0.117918 H25  0.121594  − 0.029958 
C15A  − 0.115490  0.029124 H24  0.111203  − 0.039773 
S1  0.139726  0.048449 H22  0.133248  − 0.027203 
C20  − 0.065008  − 0.130366 H21  0.126348  − 0.020243 
C25  − 0.142039  0.092173 H27A  0.186667  0.029537 
C24  − 0.144597  0.008330 H27B  0.180083  0.044702 
C23  0.067436  − 0.026114 H27C  0.178595  0.045170 
(II) 
Molecule A 
S1  0.147175  0.042339 C20  − 0.129885  0.093531 
O1  − 0.544534  − 0.285662 C21  0.349118  0.015631 
O2  − 0.456455  − 0.217528 C22  − 0.511599  0.015631 
N1  − 0.495723  − 0.196009 H1  0.105001  − 0.029694 
C1  0.083921  0.142987 H3  0.122224  − 0.033847 
C2  0.116389  − 0.040314 H4  0.113196  − 0.027098 
C3  − 0.111832  0.065448 H6  0.102320  − 0.029148 
C4  − 0.132655  0.050532 H7  0.100734  − 0.042637 
C5  0.375924  0.129593 H8A  0.182445  0.035861 
C6  − 0.169037  − 0.002515 H8B  0.170786  0.035489 
C7  − 0.161134  0.034273 H8C  0.160652  0.042268 
C8  − 0.208521  0.112817 H10  0.110833  − 0.022375 
C9  0.277180  0.048821 H11  0.118449  − 0.023555 
C10  − 0.108030  0.026423 H13  0.121514  − 0.029920 
C11  − 0.127835  0.109723 H14  0.112235  − 0.035415 
C12  − 0.109963  − 0.192375 H16  0.116275  − 0.022827 
C13  − 0.107287  0.112575 H17  0.119981  − 0.030955 
C14  − 0.097946  0.050628 H19  0.113697  − 0.029077 
C15  − 0.078271  − 0.136877 H20  0.123389  − 0.030222 
C16  − 0.124712  0.089838 H22A  0.183094  0.021716 
C17  − 0.115997  0.063829 H22B  0.183992  0.036689 
C18  0.079390  − 0.035878 H22C  0.176370  0.067928 
C19  − 0.158743  0.015529    
Molecule B 
S2  0.138550  0.049538 C42  − 0.100994  0.090692 
O3  − 0.543399  − 0.286723 C43  0.367830  0.026859 
O4  − 0.461546  − 0.225440 C44  − 0.511983  0.023229 
N2  − 0.478529  − 0.193035 H23  0.107593  − 0.032370 
C23  0.052061  0.137227 H25  0.108152  − 0.029867 
C24  0.131231  − 0.044734 H26  0.108093  − 0.023618 
C25  − 0.135155  0.063446 H28  0.104452  − 0.029503 
C26  − 0.155473  0.010144 H29  0.093432  − 0.043107 
C27  0.367903  0.133177 H30A  0.170222  0.036093 
C28  − 0.136440  0.039872 H30B  0.178998  0.037228 
C29  − 0.151017  0.034940 H30C  0.155501  0.045605 
C30  − 0.208873  0.112276 H32  0.104084  − 0.022531 
C31  0.250897  0.046280 H33  0.124636  − 0.018370 
C32  − 0.098411  0.046193 H35  0.112416  − 0.029597 
C33  − 0.140287  0.111205 H36  0.102806  − 0.026716 
C34  − 0.078352  − 0.197614 H38  0.123538  − 0.024301 
C35  − 0.138524  0.110785 H39  0.105158  − 0.039452 
C36  − 0.111190  0.035796 H41  0.126587  − 0.027769 
C37  − 0.097438  − 0.136377 H42  0.125997  − 0.026483 
C38  − 0.099051  0.093825 H44A  0.185863  0.038680 
C39  − 0.139718  0.005169 H44B  0.181345  0.042069 
C40  0.074910  − 0.009922 H44C  0.186722  0.061414 
C41  − 0.118720  0.072705     
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Fig. 4. Frontier orbitals for (a) compound (I) and (b) compound (II).  
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Fig. 5. 2D FPs of compound (I) showing full and decomposed intermolecular contacts.  
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3.3. Vibrational band assignments 

The theoretical IR spectra of both compounds were predicted by both 
theory levels and selected wavenumbers were theoretically assigned to 
their corresponding vibration modes (Table 3). Thus, the asymmetric 
C–H stretching vibrations occur in the region [2911.55, 3090.41] cm− 1 

for (I) and in [2899.70, 3084.09] cm− 1 for (II), obtained with the 
B3LYP/6-31G(d) method. On the other hand, the related values 
calculated with the B3LYP/cc-pvdz method were found to be respec
tively in the regions [3005.10, 3112.38] cm− 1 and region [2923.62, 
3127.41] cm− 1. 

Furthermore, the asymmetric O–H stretching vibrations in (I) were 
observed at 2911.55 cm− 1 (B3LYP/6-31G(d)) and 2835.07 cm− 1 

(B3LYP/cc-pvdz), and share additionally the respective wavenumbers 
2992.62 cm− 1 and 3005.10 cm− 1 with the νasym(C–H) vibrations. 
Concerning the C––O stretching, they appear at 1701.94 cm− 1 (B3LYP/ 
6-31G(d)) and 1710.14 cm− 1 (B3LYP/cc-pvdz) for (I). Similarly for 
compound (II), these vibration modes were observed within the range 
1685.19–1697.69 cm− 1 calculated by B3LYP/6-31G(d) and 
1691.17–1704.48 cm− 1 using the B3LYP/cc-pvdz level. Whereas, the 
asymmetric ν(C––N) of (I) are computed at 1613.17–1603.38 cm− 1 

(B3LYP/6-31G(d)) and 1611.79–1624.45 cm− 1 (B3LYP/cc-pvdz), 
while those within (II) are predicted respectively in the range 
1598.21–1602.26 cm− 1 and 1642.76–1644.33 cm− 1. 

3.4. Mulliken atomic charges 

The computed Mulliken atomic charges of the two molecules are 
given in Table 4. It can be seen for B3LYP/6-31G(d), that only eight 
atoms in compound (I) show positive atomic charges with C26 having 
the highest value (0.358 a.u), whereas, all the remaining non-hydrogen 
atoms display negative ones with a highest value observed for N13A 
(− 0.667 a.u). Additionally, the hydrogens’ charges are in the range 
[0.100 a.u, 0.442 a.u] with the highest value attributed to H1A. Simi
larly, the B3LYP/cc-pvdz method gave rise respectively to highest 
negative and positive atomic charge magnitudes of − 0.301 a.u and 
0.118 a.u computed for N13A and C16A. Additionally, only eleven 
negative atomic charges were observed for the non-hydrogen atoms, 
while the hydrogen atoms showed values that vary from − 0.048 a.u to 
0.152 a.u related to H1A. 

On the other hand, the values obtained for compound (II) using the 
basis B3LYP/6-31G(d) show that molecule A‘s atoms (S1, C1, C2, C5, 
C9, C18, C21) and molecule B‘s atoms (S2, C23, C24, C27, C31, C40, 
C43) display positive atomic charges. Moreover, the highest positive and 
negative values were respectively observed for C5 (0.376 a.u), O1 
(− 0.544 a.u) in A and C27 (0.368 a.u), O3 (− 0.543 a.u) in B. Concerning 
the hydrogen atoms, their values are varying in the range [0.101 a.u, 
0.184 a.u] for A and [0.093 a.u, 0.187 a.u] for B, with highest magni
tudes computed respectively for H22B and H44C. However at the 
B3LYP/cc-pvdz level, the negative atomic charges we observed for (O1, 
O2, N1, C2, C6, C12, C15, C18,) in A and for (O3, O4, N2, C24, C34, C37, 
C40) of B, which display high values for O1 (− 0.286 a.u) and O3 
(− 0.287 a.u), respectively. The highest positive ones were found to be 
0.143 a.u and 0.137 a.u, which were obtained correspondingly for C1 
(A) and C23 (B). Furthermore, the charge of the hydrogens H22C (A) 
and H44C (B) have the maximum magnitudes of 0.068 a.u and 0.061 a.u 
among the remaining hydrogen atoms. 

3.5. Frontier molecular orbitals analysis 

The most important molecular orbitals are the highest occupied 
(HOMO) and the lowest unoccupied molecular orbitals (LUMO) called 
the frontier molecular orbitals (FMOs). The HOMO–LUMO gap is 
considered significant when it relates to specific electrons’ movements 
and may be most important for single electron transfer. This is useful for 
a number of reactions and has huge implications in organic 

semiconductors; the field where this gap is the most important. It has 
been found that molecules with large HOMO–LUMO gap are generally 
stable and unreactive, as well as the conductivity was shown to have an 
exponential relation with band gap energy [62–64]. Furthermore, the 
more negative LUMO energy values are the more chemically active the 
molecules will be [62,64], with the LUMO values being hence consid
ered as activity descriptors. It was also reported that the molecular sites 
where the LUMO orbitals are distributed play an important role in the 
biological activities of compounds [65]. 

Thus, HOMO-LUMO distributions over the surface of a given mo
lecular structure provide useful information for the identification of 
molecular activity. Accordingly, the FMOs were anticipated for both 
compounds by means of the B3LYP/6-31G(d) and B3LYP/cc-pvdz 
methods and are depicted in Fig. 4. HOMO orbitals are actually located 
over the oxo-naphthalene fragment for compound (I) and over the sul
fanylphenylethanone moiety for compound (II), whereas, the LUMO 
orbitals are situated on compound (I)’s aminophenyl moiety and on 
compound (II)’s methoxybenzylidene-aminophenyl fragment. 

According to the more refined basis set cc-pvdz, the energy gaps 
between the HOMO and LUMO orbitals were found to be 0.133 eV for 
compound (I) and 0.140 eV for compound (II). As smaller values of band 
gap energy for a specific temperature lead to higher conductivity, it is 
observed that compound (I) is more conductive than compound (II). 
Moreover, (I) has lower LUMO energy than compound (II), being 
− 0.084 eV vs. − 0.072 eV. Consequently, one can conclude the higher 
activity of compound (I). 

3.6. Hirshfeld surface (HS) analysis 

The HS is a region of the crystal space around the molecule that can 
be considered as the frontier between regions where the electron dis
tribution is dominated by the contribution of the reference molecule 
(interior) and of the neighboring molecules in the crystal (exterior). The 
HSs of both compounds’ asymmetric units were mapped using the 
normalized contact distances (dnorm) which encompass two parameters, 
namely: de representing the distance of any surface point nearest to the 
internal atom and di which represent the distance of the surface point 
nearest to the exterior atom and also with the van der Waals radii of the 
atoms (rvdw). The function dnorm is positive or negative where the con
tacts are greater or shorter than the vdW radii respectively, and is given 
with the following formula: 

dnorm =

(
di − rvdW

i

)

rvdW
i

+

(
de − rvdW

e

)

rvdW
e 

Thus, the resulting HS displays red-white-blue colored scheme, 
where red displays shorter interactions, white is employed for contacts 
around the vdW radii separation and blue shows longer contacts. 
Additionally, to get more information about the weak contacts in both 
crystal packing, we have mapped the related HS over the shape index 
function. In this purpose, the minimum and maximum values of a 
particular function assume respectively the colors red (concave) and 
blue (convex), while intermediate values range from yellow to green 
[66]. Consequently, the shape index property (S) is defined by the 
following function: 

S =
2
π arctan

(
κ1 + κ2

κ1 − κ2

)

where κ1 and κ2 are the curvatures of the HS at the point under analysis, 
while S is a dimensionless measure of local shape at the surface. 
Accordingly, the resulting shape index is adopted as a tool allowing to 
visualize the π⋅⋅⋅π stacking by the presence of adjacent red and blue 
triangles. 

On the other hand, we have decomposed the overall fingerprint plots 
FPs (Fig. 5.a and Fig. 6.a) to highlight particular important contacts in 
both compounds, which enabled the separation of the different 
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contributions from the contacts types commonly overlapping in the full 
FP. The FPs analysis of the crystal structures of (I) and (II) revealed that 
the contributions of the H⋅⋅⋅H intermolecular contacts are respectively 
49.3 % (Fig. 5.b) and 40.7 % (Fig. 6.b). In order to emphasize these 
contacts and point out their leading interactions, we have mapped the 
HS of both compounds on the de representation, which showed mainly 
the existence of C–H…H–C interactions in both (I) and (II). The sub
sequent shortest contacts are thus attributed to the C21–H21… 
H15B–C15B (Fig. 7.c and 7.d) and C4–H4…H8B–C8 (Fig. 8.c) in
teractions with the respective bond lengths of about di + de ~ 2.36 Å in 
(I) and di + de ~ 2.32 Å in (II). 

In the same manner, the second largest contacts in both compounds 
are the C⋅⋅⋅H/H⋅⋅⋅C ones, which appear as symmetric pair of wings and 
show a 22.4 % contribution (Fig. 5.c) to the total HS of compound (I) 
and 34.5 % (Fig. 6.c) in compound (II). Therefore, the prominent 
resulting interactions are mainly the C–H…π ones with a shortest value 
of di + de ~ 2.60 Å belonging to the C18A–H18A…C24 interaction 
(Fig. 7.b and 7.d) in (I) and ~ 2.64 Å related to the C29–H129…C6 

interaction (Fig. 8.a) in (II). Thus, in both figures the presence of bright 
red concave-shaped sites on the surfaces of (I) and (II) mapped using the 
shape index property indicates the existence of the C–H⋅⋅⋅π interactions. 

In both (I) and (II), the O⋅⋅⋅H/H⋅⋅⋅O contacts are the third most 
frequent ones and contribute respectively with 10.6 % (Fig. 5.d) and 
12.8 % (Fig. 6.d) to the total Hirshfeld areas. These contacts appear also 
as two lateral spikes in the 2D FP maps with prominent short contacts at 
about di + de = 2.3 Å in the crystal structure of (I) and at di + de = 2.49 Å 
in (II), which correspond respectively to the C22–H22⋅⋅⋅O1A (Fig. 7.a) 
and C29–H29⋅⋅⋅O1 hydrogen bonds (Fig. 8.a), illustrated by repre
senting the dnorm property which showed several red spots with different 
brightness. 

As for the C⋅⋅⋅C contacts, they represent the π⋅⋅⋅π interactions which 
contribute significantly to the total HS of (I) comprising 7.5 % (Fig. 5.e), 
however they are negligible in (II) with only 0.1 % contribution (Fig. 6. 
i). The shortest interactions appear respectively at around (di + de) ~ 
3.32 Å and ~ 4.18 Å, resulting from C6…C10 (Fig. 7.e and 7.f) and 
C39…C15 (Fig. 8.e), which were emphasized by building the surfaces of 

Fig. 6. 2D FPs illustrating the contacts in compound (II).  
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Fig. 7. Front and back views of the HSs displayed using the transparent mode for compound (I), mapped over (a), (b) dnorm, (c), (d) de and (e), (f) shape 
index properties. 

S. Kadri et al.                                                                                                                                                                                                                                    



Inorganic Chemistry Communications 143 (2022) 109779

12

both compounds taking into account the shape index function showing 
the most prominent intermolecular contacts. It is consequently evident 
that the molecules of (I) are connected to one another by stacking 

interactions, as it can appear from the inspection of the red and blue 
triangles on the shape index function. Indeed, these are characteristic 
π⋅⋅⋅π stacking arrangement of aromatic compounds in which the red 

Fig. 7. (continued). 

Fig. 8. Front and back views of the HSs of compound (II) mapped over (a), (b) dnorm, (c), (d) de and (e) shape index functions, showing the possible interactions.  
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triangles are concave regions associated with atoms of the π⋅⋅⋅π stacked 
rings above them, while the blue triangles are convex regions indicating 
the aromatic ring atoms of the molecule inside the surface. On the 
contrary, it is clear that the crystal structure of compound (II) does not 
exhibit any important π⋅⋅⋅π stacking interactions since there is no evi
dence of the adjacent red and blue triangles on the shape index surface 
(Fig. 8.e). 

In contrary, the N⋅⋅⋅H/H⋅⋅⋅N contacts show a minimal contribution in 
(I), 1.1 % (Fig. 5.h), and a notable one in (II), 4.3 % (Fig. 6.f). The 
shortest N⋅⋅⋅H/H⋅⋅⋅N contacts in (I) are located at di + de = 3.38 Å and at 

di + de = 2.62 Å in (II), and are related to the respective interactions 
C15B-H15B…N13B (Fig. 7.e and 7.f) and C7-H7…N2 (Fig. 8.c). 

It is worthy to note that the S⋅⋅⋅H/H⋅⋅⋅S contacts present similar 
contributions of 5.1 % (Fig. 5.f) and 6.1 % (Fig. 6.e) in (I) and (II) 
respectively. These contacts show shortest distances of di + de = 3.06 Å 
in (I) and di + de = 3.08 Å in (II), which are attributed to the respective 
C16A-H16A…S1 (Fig. 7.f) and C38-H38…S1 (Fig. 8.c) interactions. 

Moreover, weak O⋅⋅⋅C/C⋅⋅⋅O, C⋅⋅⋅S/S⋅⋅⋅C and C⋅⋅⋅N/N⋅⋅⋅C contacts 
were also observed and result from the π⋅⋅⋅lp interactions (Fig. 7.e, 7.f, 8. 
e and 8.f). However, they exhibit minimal contributions of respectively 

Fig. 8. (continued). 
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2.3 % (Fig. 5.g), 1.1 % (Fig. 5.i), 0.6 % (Fig. 5.j) in (I), and 0.8 % (Fig. 6. 
g), 0.7 % (Fig. 6.h), 0.0 % in (II), reflecting negligible effect on the 
molecular packing. It is therefore clear that the C–H⋅⋅⋅H–C, C–H⋅⋅⋅π 
and C–H⋅⋅⋅O interactions, were the most significant contributors among 
the interacting atoms. This finding therefore mentions the importance of 
these contacts in the cohesion of the crystal structures packing. The 
histogram given in Fig. 9 illustrates the importance of these contacts by 
providing comparatively their percentages in the compounds (I) and 
(II). 

3.7. Molecular docking 

We have considered the approximate free binding energy used in 
AutoDock4 as a scoring function by assuming that it represents a linear 
combination of the pairwise terms: ΔG = ΔGvdW + ΔGHbond + ΔGelec +

ΔGconform + ΔGtor + ΔGdesolv. The molecular mechanics terms ΔGvdW, 
ΔGHbond, ΔGelec and ΔGconform are respectively the dispersion/repulsion, 
hydrogen bonding, electrostatic energies and deviations from the co
valent geometry. Whereas, ΔGtor models the restriction of internal ro
tors, global rotation and translation. The ΔGdesolv term represents the 
desolvation and the hydrophobic effect. The ten (10) binding poses of 
ligands (I) and (II) to the actives sites of 1JIJ and 2XCT, obtained after 
docking are ranked in Table 5 from the lowest to the highest energetic 
conformation mode. 

The results (Table 5) show the best docking scores for compounds (I) 
and (II), whereas the most energetically favorable conformation was 
considered in both cases and the related decomposed energies are 

illustrated in Table 6. Therefore, the free binding energies of (I) and (II) 
against 1JIJ are respectively − 9.91 kcal/mol and − 8.22 kcal/mol, with 
an estimated inhibition constant Ki of 54.29 nM and 944.09 nM, 
respectively. Additionally, the free binding energies of the studied li
gands against the PDB entry 2XCT were found to be nearly equal, being 
respectively − 7.17 kcal/mol and − 7.64 kcal/mol, which relate corre
spondingly to the inhibitory activity factors of 5.54 mM and 2.52 mM. 

Where: ΔGntermol is the final intermolecular energy (ΔGvdW +

ΔGHbond + ΔGdesolv + Δgelec), ΔGtot int is the final total internal energy, 
ΔGtor is the torsional free energy and ΔGunbound is the unbound system’s 
energy. 

The default parameter for the hydrogen donor and acceptor distance 
D…A was set to 3.48 Å and the D–H…A angle was considered in the 
range 120◦–180◦. Therefore, the visualization of the binding pockets of 
both receptors with Chimera [59] showed the hydrogen bonds formed 
between the targets and the two ligands separately (Fig. 10). Conse
quently, as depicted in Table 7 that compound (I) interacts with 1JIJ 
through three hydrogen bonds (Fig. 10.a), namely N–H…O one built 
with Val224 (hydrophobic) acting as a donor, S–H…O interaction 
formed with the S atom of Cys37 (polar) and O–H…O hydrogen- 
bonding linking the ligand hydrogen H1 and the Gly38 (nonpolar) re
ceptor oxygen. Furthermore, an extra weak O–H…O interaction, shown 
in (Fig. 11.a) as green dashed line, was observed between (I) and Val191 
(hydrophobic) as an H-bond acceptor. As for compound (II), it showed 
an N–H…O interaction (Fig. 10.b) built up with the aminoacid residue 
Ser194 (polar). 

As for the 2XCT receptor, it interacts with both ligands by forming 
two hydrogen bonds with each one separately. Thus, ligand (I) displays 
an N–H…O and an O–H…O interactions (Fig. 10.c) built respectively 
with the residues Arg1122D (positively charged) and Ser1084B (polar). 
Similarly, (II) shows two hydrogen bonds namely N–H…S and N–H… 
O (Fig. 10.d) formed respectively with the aminoacids Asn1153B (polar) 
and His1081B (aromatic). 

Moreover, the hydrophobic contacts could be considered when a li
gand’s carbon or halogen atom comes within 4.0 Å from a receptor’s 
carbon or sulfur [67]. Consequently, both ligands interact with the two 
receptors by means of hydrophobic contacts analyzed using Ligplot [68] 
and depicted in (Fig. 11) as red arcs with spokes radiating towards the 
ligand atoms they contact where the contacted atoms are drawn with 
spokes radiating back. As a result, both ligands interact with the 1JIJ 
receptor by sharing the hydrophobic contacts built through the residues 
Gln174, Asp177, Asp40, Tyr170, Gly193, Pro222, Leu223, Gln196 and Thr75 
(Fig. 11.a & 11.b). It is worth to be noted that Asp40, Gly193, Asp177, 
Gln196 and Tyr170 belong to the active sites observed in the crystal 
structure of the complex 1JIJ-SB-239629 [57]. 

Fig. 9. Comparative contribution percentages of the different contacts in the 
studied structures. 

Table 5 
Binding affinities ΔG (kcal/mol) of (I) and (II)’s conformations to the active sites of 1JIJ and 2XCT.   

1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th 

Ligand/Receptor 1JIJ 
(I) − 9.91  − 9.88  − 9.75  − 9.68  − 9.53  − 9.37  − 9.36  − 9.23  − 8.90  − 8.72 
(II) − 8.22  − 8.17  − 7.95  − 7.94  − 7.93  − 7.81  − 7.63  − 7.62  − 7.59  − 7.54  

2XCT 
(I) − 7.17  − 6.96  − 6.93  − 6.84  − 6.82  − 6.74  − 6.29  − 6.16  − 5.75  − 5.75 
(II) − 7.64  − 7.56  − 7.49  − 6.65  − 6.52  − 6.50  − 6.36  − 6.23  − 6.20  − 6.20  

Table 6 
Component terms of the lowest free binding energies (kcal/mol) of the two ligands with the active sites of 1JIJ and 2XCT.   

ΔGvdW + ΔGHbond + ΔGdesolv ΔGelec ΔGintermol ΔGtot int ΔGtor ΔGunbound 

Ligand/Receptor 1JIJ 
(I) − 11.59  − 0.11 − 11 0.70  − 1.19  +1.79  − 1.19 
(II) − 9.89  − 0.12 − 10.01  − 0.65  +1.79  − 0.65  

2XCT 
(I) − 8.88  − 0.08 − 8.96  − 1.38  +1.79  − 1.38 
(II) − 9.27  − 0.16 − 9.43  − 0.88  +1.79  − 0.88  
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Furthermore, ligand (II) shows π…π stacking [69,70] linking the li
gand’s sulfanyl-phenylethanone ring with the Tyr170 residue in 1JIJ 
(Fig. 12.a). It presents additionally short C…N, S…O, O…O, C…O, N… 
N, C…C binding contacts ranging from 0.82 Å to 3.75 Å as shown in 
Fig. 11.b as purple lines. On the other hand, both the ligands (I) and (II) 
bind to the 2XCT macromolecule via hydrophobic contacts. Hence, we 
have observed that 2XCT forms hydrophobic contacts with (I) resulting 
from the aminoacid residues Arg1122D, Ser1084B, Asn1182B, Gly1082B, 
His1081B, Phe1123D, Pro1080B, Tyr1150B, Lys1066D, Met1075B, Gly1076B and 
Ala1068D, as well as the DNA base Dg9G (Fig. 11.c and 11.d). While, this 
macromolecule is hydrophobically connected to (II) through Arg1122D, 
Pro1080B, Tyr1150B, Tyr1064D, Asn1153B, Glu1125D, Asp1151B, Lys1066D, 
Lys1065D, Phe1123D, Met1075B, Asp508B, Gly582B, Gly1076B and His1081B. 
Additionally, ligand (I) connect to 2XCT through a π -cation interaction 
of 4.54A involving the charged fragment of Arg1122D. As for (II), it shows 
a 4.80A π…π stacking linking it with Phe1123D (Fig. 12.b). 

4. Conclusion 

Two 4-amino-4′-acetyldiphenyl sulfide-based Schiff bases, namely 1- 
[4-({4-[(E)-(2-hydroxynaphthalen-1-yl)methylideneamino]phenyl}sul
fanyl)phenyl] ethanone (I) and (E)-1-[4-({4-[(4-methoxybenzylidene) 
amino]phenyl}-sulfanyl)phenyl]ethan-1-one (II) were studied and their 
structural features discussed. The crystal structures of both compounds 
are known; they crystallize respectively in the monoclinic Cc and the 
triclinic P1 space groups. The asymmetric unit of (I) contains one 
molecule, whereas the asymmetric unit of (II) encloses two crystallo
graphically independent molecules. The molecules were then optimized 
by the B3LYP functional in conjunction with the 6-31G(d) and cc-pvdz 
basis sets. It was therefore found that both methods reproduce very well 
the geometry of the studied molecules and compare well with their 
experimental geometric parameters. Furthermore, the IR vibrational 
wavenumbers and the Mulliken atomic charges of both molecules were 
investigated. The evaluation of the HOMO orbitals showed that they are 
located over the oxo-naphthalene fragment for (I) and over the sulfanyl- 
phenylethanone moiety for (II). Whereas, the LUMO orbitals were found 
to be situated on the aminophenyl moiety in (I) and on the 
methoxybenzylidene-aminophenyl fragment in (II). Moreover, accord
ing to the orbital and band gap energies, it was found that (I) is more 
conductive and active than (II). The HS analysis and the subsequent 2D- 
FPs indicated that the leading contacts in both structures are H⋅⋅⋅H 
esulting mainly from the C–H…H–C interactions, followed by the 
C⋅⋅⋅H/H⋅⋅⋅C ones which emanated from the C–H⋅⋅⋅π interactions. 
Moreover, C–H⋅⋅⋅O, C–H⋅⋅⋅N, C–H⋅⋅⋅S and π⋅⋅⋅lp interactions were also 
observed in (I) and (II). However, compound (I) showed interesting π⋅⋅⋅π 
stacking. Additionaly, we performed an in silico study of both ligands by 
investigating their binding modes towards the macromolecules S. aureus 
tyrosyl-tRNA synthetase 1JIJ and S. aureus topoisomerase II DNA gyrase 

Fig. 10. Docking poses showing (I) interacting with residues in the binding sites of the targets (a) 1JIJ and (c) 2XCT. Predicted binding modes of (II) at the binding 
pockets of (b) 1JIJ and (d) 2XCT. 

Table 7 
Geometric parameters of the hydrogen bonds formed in the binding pockets 
between the receptors 1JIJ, 2XCT and the ligands (I), (II).   

Aminoacid residue D–H…A D…A (Å) H…A (Å) 

Ligand/Receptor 1JIJ 
(I) Gly38 O…H–O  3.431  2.805  

Val224 N–H…O  2.962  1.954  
Cys37 S–H…O  3.156  2.436  
Val191 O…H–O  3.47  

(II) Ser194 N–H…O  3.397  2.733  
2XCT 

(I) Ser1084B O–H…O  3.884  3.072  
Arg1122D N–H…O  2.980  1.988 

(II) His1081B N–H…S  3.244  2.419  
Asn1153B N–H…O  3.009  2.101  
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Fig. 11. Hydrophobic contacts and hydrogen bonding observed between the ligands and the targets. Hydrogen bonds are depicted as dashed lines and hydrophobic 
contacts as arcs. 
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2XCT using a molecular docking analysis. It was found that (I) and (II) 
bind to both the receptors and interact with their binding sites via 
hydrogen bonds, hydrophobic contacts, π-cation interactions and π…π 
stacking. As a result, the ligands (I) and (II) could consequently be 
considered as potential inhibitors of the MRSA enzymes 1JIJ and 2XCT. 
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