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Abstract
A new thiazolidinone derivative, (Z)-ethyl 2-((E)-2-((E)-(4-(methylthio)benzylidene)hydrazono)-4-oxo-3-phenylthi-
azolidin-5-ylidene)acetate (EMBTh), was synthesized using a condensation method. This study adopts a multidisci-
plinary approach, including the characterization of the compound through X-ray diffraction. A theoretical model for 
EMBTh has been established and validated by comparing the results of single-crystal X-ray diffraction (SC-XRD) with 
theoretical calculations from density functional theory (DFT). The molecule’s electronic properties were analyzed using 
frontier molecular orbitals (FMO), which indicated an energy gap of 3.3 eV, suggesting good kinetic stability. The mo-
lecular electrostatic potential (MEP) identified nucleophilic regions near hydrogen atoms and electrophilic regions close 
to oxygen atoms. Additionally, intermolecular interactions were examined using a Hirshfeld surface analysis, showing 
that hydrogen contacts dominate, contributing 89.3%, which includes O···H/H···O, C···H/H···C, and H···H interactions. 
In contrast, examining intramolecular interactions through non-covalent interaction (NCI-RDG) analysis localized the 
van der Waals forces, highlighting the steric effects of the rings. Finally, a molecular docking study was performed to 
assess the anti-eczema potential of the EMBTh compound. The findings indicated a significant affinity for inhibiting the 
receptor (IL-4Rα), with a score of –7.2 kcal/mol, underscoring the therapeutic potential of EMBTh against the target 
protein involved in atopic eczema.
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1. Introduction
The synthesis and exploration of thiazole derivatives, 

particularly thiazolidinones, are crucial in medicinal 
chemistry due to their diverse pharmacological properties, 
including anti-inflammatory, antimicrobial, and antidia-

betic effects.1–3 Although they possess a broad therapeutic 
potential, optimizing the biological activity and molecular 
stability of new thiazolidinone derivatives remains a vi-
brant area of research. Thiazolidinones, characterized by a 
five-membered ring containing nitrogen and sulfur atoms, 
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offer unique electronic and structural properties crucial 
for drug design. Incorporating sulfur atoms promotes the 
formation of low C−S σ* orbitals, creating regions of low 
electron density known as σ-holes, which are essential for 
noncovalent biological interactions.4,5 In addition, the 
π-electron delocalization within the thiazole ring enhanc-
es the stability and reactivity of these molecules, making 
them invaluable scaffolds in pharmaceutical research.6 Re-
cent studies underscore the significance of thiazolidinones 
in addressing critical health challenges, particularly in-
flammatory and autoimmune diseases.7 Nevertheless, the 
application of thiazolidinones in treating dermatological 
conditions, such as eczema, remains largely unexplored. 
This gap highlights the necessity for novel thiazolidinone 
derivatives designed to target specific pathological path-
ways effectively.

This study introduces a novel thiazolidinone deriva-
tive, (Z)-ethyl 2-((E)-2-((E)-(4-(methylthio)benzylidene)
hydrazono)-4-oxo-3-phenylthiazolidin-5-ylidene)acetate 
(EMBTh) designed to exhibit enhanced pharmacokinetic 
properties due to the strategic addition of benzylideneam-
ino and methylthio groups.8 Besides, a comprehensive 
characterization of the molecular and electronic structure 
of EMBTh, its stability, and biological activity employing 
experimental methods such as single-crystal X-ray diffrac-
tion (SC-XRD), IR, UV-Vis, and NMR spectroscopic tech-
niques combined with theoretical computational methods 
using density functional theory (DFT) calculations, in ad-
dition the biological activity of EMBTh was evaluated, fo-
cusing on its interactions with key molecular targets in-
volved in the pathogenesis of eczema.9–11 Especially, since 
most existing studies have focused on the antimicrobial 
and anti-inflammatory potential of thiazolidinones with-
out investigating their interactions with specific dermato-
logical targets. This study aims to bridge this gap by eluci-
dating the interaction mechanisms of EMBTh with IL-4Rα, 
a key receptor implicated in the inflammatory pathway of 
eczema, thus offering a targeted therapeutic approach. The 
methodological innovations of this study include the use 
of cutting-edge spectroscopic and crystallographic tech-
niques and recent simulation software. Additionally, the 
interdisciplinary nature of this work, which intersects 
fields like computational chemistry and molecular biology, 
broadens its scientific relevance.

2. Experimental and  
Computational Methods

2. 1. Synthesis and Characterization

Synthesis of (Z)-ethyl 2-((E)-2-((E)-(4-(methylthio)
benzylidene)hydrazono)-4-oxo-3-phenylthiazolidin-5- 
ylidene)acetate (EMBTh)

An equimolar mixture of (E)-2-(4-(methylthio)ben-
zylidene)-N-phenylhydrazinecarbothioamide (1.5 mmol) 

and diethyl acetylenedicarboxylate (1.5 mmol) in metha-
nol (20 mL) was refluxed for 1 h. After completion of the 
reaction, the solution was cooled to room temperature. 
The yellow precipitate was collected by filtration and 
recrystallized using the solvents mixture EtOH/DMF.12

The thiazolidinone derivative was first characterized 
utilizing FT-IR and NMR methods. The IR spectrum was 
collected in a KBr pellet using a JASCO FT-IR 4200 Fouri-
er Transform infrared spectrometer. The reported wave-
numbers are expressed in cm−1. The NMR data were re-
corded for 1H at 300 MHz and 13C at 75 MHz in DMSO-d6 
with tetramethylsilane (Me4Si) using a Bruker AC 300P 
spectrometer (Bruker, Bremen, Germany). 13C NMR 
chemical shifts are referred to the residual solvent peaks 
(39.6 ppm), while 1H NMR chemical shifts are presented 
as ppm downfield from Me4Si.

2. 2. �Single Crystal X-Ray Diffraction  
(SC-XRD) Analysis

The SC-XRD experiment was performed at room 
temperature (T = 293 K) on a suitable yellow crystal 
mounted on the goniometer head of a Nonius Kappa CCD 
diffractometer operating with a monochromatic Mo Kα 
radiation (λ = 0.71073 Å). Instrument control, data pro-
cessing, and data scaling were performed using the SAINT 
and SADABS programs implemented in Apex 2 software 
suite.13 The structure was determined by the intrin-
sic-phasing method using the ShelXT program and subse-
quently refined by full-matrix least-squares analyses based 
on F2 with ShelXL implemented in Olex 2.14–16 Hydrogen 
atoms were placed at calculated positions, and their iso-

Table 1. Crystal data and structure refinement parameters for EM-
BTh.

Empirical formula	 C21H19N3O3S2
Formula weight	 425.51
Temperature (K)	 293(2)
Crystal system, Space group	 Monoclinic, P21/c (no.14)
a (Å)	 17.4021(5)
b (Å)	 5.36240(10)
c (Å)	 21.8298(8)
β (°)	 95.7970(10)
Volume (Å3)	 2026.67(10)
Z	 4
ρcalc (g/cm3)	 1.398
μ (mm–1)	 0.291
F(000)	 892
Reflections collected	 15747
Independent reflections	 4935 [Rint = 0.098]
Data/restraints/parameters	 4935/0/265
R1 [I ≥ 2σ(I)], wR2	 0.070, 0.131
R1 [all data], wR2	 0.162, 0.167
Goodness-of-fit on F2	 1.038
Largest diff. peak/hole (e Å-3)	 +0.51/−0.45
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tropic thermal factors were refined using the riding model 
following the atom to which they are bound. All non-hy-
drogen atoms were refined anisotropically. One outlier re-
flection (002) was omitted in the final refinement cycles. 
The crystallographic data and details on the refinement are 
provided in Table 1. CCDC-2301965 contains supplemen-
tary crystallographic data that can be obtained from the 
Cambridge Crystallographic Data Centre.

2. 3. Computational Methodology
Density functional theory (DFT) is a commonly 

used method in quantum chemistry to study organic mol-
ecules. Among the various functionals available, the 
B3LYP has proved to be a particularly powerful functional 
in many previous studies.17,18 In the present study, this 
functional was used for calculations by using the 6-311++G 
(d,p) basis set. The geometry optimization was performed 
using Spartan 14 V1.1.4 software.19–21 In addition, nuclear 
magnetic resonance (NMR) chemical shifts were calculat-
ed using the same software. The chemical reactivity de-
scriptors were calculated from HOMO (highest occupied 
molecular orbitals) and LUMO (lowest unoccupied mo-
lecular orbitals) energy values. The major contributions of 
molecular orbitals were calculated using the time-depend-
ent density functional theory (TD-DFT). The Hirshfeld 
surface analysis was developed using the Crystal Explorer 
17.5 software.22 For molecular docking, the ligand-protein 
interaction was calculated and performed using AutoDock 
Vina software,23 and the visualization and analysis of this 
interaction was carried out using the Discovery Studio 
Visualizer software. The target protein file was prepared 
using AutoDock Tools.24

3. Results and Discussion
3. 1. �Synthesis Results and Characterization 

Data

Following the synthesis described above, the EMBTh 
was obtained as shown in Scheme 1.

Yellow solid; mp 210 °C. IR (KBr) νmax 1720 (C=O), 
1696 (C=O), 1604 (C=N) cm–1. 1H NMR (DMSO-d6): δ 
8.40 (s, 1H, CH=N), 8.70 (d, 2H, J = 8.4 Hz, Ar-H), 7.58–
7.44 (m, 5H, Ar-H), 7.33 (d, 2H, J = 8.4 Hz, Ar-H), 6.77 (s, 
1H, C=CH), 4.28 (q, 2H, J = 7.1 Hz, CH2), 3.31 (s, 3H, 
CH3), 1.28 (t, 3H, J = 7.1 Hz, CH3). 13C NMR (DMSO-d6): 
δ 166.0 (C), 164.6 (C), 160.9 (C), 160.0 (CH), 143.5 (C), 

142.1 (C), 134.7 (C), 130.3 (C), 129.6 (3CH), 128.9 (2CH), 
128.7 (2CH), 126.0 (2CH), 115.6 (CH), 62.0 (CH2), 14.6 
(CH3), 14.5 (CH3).

3. 2. Structural Study
3. 2. 1. X-Ray Structure

The atomic coordinates and their corresponding dis-
placement parameters of the new thiazolidinone deriva-
tive EMBTh are listed in Tables S1 and S2. The X-ray mo-
lecular structure of EMBTh with the numbering diagram 

Scheme 1. Synthesis scheme for EMBTh.

Figure 1. The asymmetric unit of EMBTh with ellipsoids represent-
ed at 50% probability level (a). Color code: C = grey, N = blue, O = 
red, S = yellow, H = cyan. (a). Ball and sticks representation along 
[010] showing T-shaped packed pairs (b).
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is shown in Figure 1.a. The asymmetric unit contains one 
EMBTh molecule resembling a T-shaped motif similar to 
the skeletons of AGOMUG29 and NIPPAF31 thiazolidi-
none derivatives. The hydrazine bond N2–N3 connects 
the two main fragments of the molecule, with a bond 
length of 1.400(4) Å (see Table S3) which is shorter than 
that of the free hydrazine (1.447(2) Å). However, it is con-
sistent with other quinolone derivatives containing hydra-
zine groups.25,26

The anisotropic displacement parameters of non-hy-
drogen atoms are within a consistent range except for C14 
and C15 of the ethyl acetate group, which show higher fac-
tors (see Table S2). This is likely due to elevated thermal 
motion at room temperature since the Fourier difference 
map does not indicate any disorder. The molecule is stabi-
lized by an intra-non-covalent S1···O2 interaction with a 
distance of 2.779(3) Å. The importance of this interaction, 
commonly ascribed to an n(O)→σ* interaction, is widely 
recognized in structural and medicinal chemistry.5,27,28 
The dihedral angles observed between the mean plane of 
oxothiazolidinone and the phenyl rings measure 12.27(11)° 
with C5–C10 and 69.94(12)° with C16–C21. Overall, the 
molecule is typically non-planar, and the phenyl ring 
planes of the ethyl-2-(4-oxo-3-phenylthiazolidin-5-yl)ace-
tate and the 1-methyl-3-(methylthio)benzene fragments, 
respectively, are twisted relative to each other with a dihe-
dral angle equal to 70.45(12)°. The crystal structure can be 
described as pairs of opposite EMBTh molecules generat-
ed via the inversion center, packed along the [010] direc-
tion (see Figure 1.b). One type of intermolecular contact, 
C–H···O, given in Table 2, contributes to the stabilization 
of the crystal packing, resulting in a 3D supramolecular 
architecture. This contact is observed between the oxygen 
atom that binds to the oxothiazolidine ring (acceptor)  and 
the hydrogen atom of the phenyl ring C16–C21 (donor): 
C21–H21···O1, 2.545(2) Å/162.6(2)°, see Figure 2.

Table 2. Geometry of the C–H···O bond (Å, °).

D–H···A	 H···A	 D···A	 D–H···A	� Symmetry 
code

C21–H21···O1	 2.545(2)	 3.408(5)	 162.6(2)	 x,1+y,z

Due to their enhanced conformational flexibility, 
thiazolidinone derivatives can form diverse structural ar-
rangements. When compared to similar crystal structures 
in the Cambridge database (AGOMUG,29 MIZJUC,30 
NIPPAF,31 and RIMDIC32), it is evident that EMBTh is pri-
marily influenced by C–H···O bonds, similar to MIZJUC 
and NIPPAF. In contrast, AGOMUG and RIMDIC display 
additional interactions such as O–H···O, C–H···S, and 
N–H···O, highlighting how functional groups affect crystal 
reactivity. Furthermore, EMBTh does not show any incli-

nation towards dimer formation, unlike NIPPAF, which 
clearly exhibits molecular pair arrangements.

3. 2. 2. Optimized Structure
The optimized structure of EMBTh is illustrated in 

Figure 3. The structural parameters, including bond 
lengths and angles, are presented in Table S3 and Table S4, 
which contain both experimental and theoretical data. The 
experimental results were obtained from SC-XRD meas-
urements, while the theoretical data were calculated using 
the B3LYP/6-311++G (d,p) level of theory.33 The mean ab-
solute errors calculated for the majority of bond lengths 
and bond angles are 0.035 Å and 2°, respectively, demon-
strating a strong similarity between theoretical and exper-
imental results. This close agreement suggests the reliabil-
ity and accuracy of the theoretical methods used. The most 
significant discrepancy is seen in the C14–C15 bond 
length, which is about 0.15 Å. The X-ray data suggests a 
delocalized character, while the DFT predicts a single 
bond character. The divergence observed can be attributed 
to the difference in the conditions used for experimental 
measurements (solid-state) and theoretical calculations 

Figure 2. Intermolecular hydrogen bond interactions in EMBTh 
along the b-axis direction

Figure 3. Optimized structure of EMBTh
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(gaseous state).34 Based on experimental and theoretical 
data, the two aromatic rings’ C–C bond lengths range be-
tween 1.37 Å and 1.41 Å. These values align with those 
reported in the literature.27,28 Analysis of the C–C bond 
lengths reveals a single bond character for C2–C3, C4–C5, 
and C12–C13, whereas a double bond character is ob-
served for C3–C12. These results align well with existing 
literature data.35,36 The average value of the thiazole cycle 
angles is 108°, corresponding to previous research.37 The 
C15–C14–O3 bond angle in the studied molecule was ex-
perimentally determined to be 101.5°, while theoretical 
calculations predicted a value of 111.44°. This difference 
could be attributed to intermolecular interactions not ac-
counted for in the theoretical calculations.

3. 3. NMR Spectra Analysis
To further confirm the structure of EMBTh, its 1H 

and 13C NMR spectra were recorded. The experimental 
spectra are presented in Figure S1 (see Supplementary in-
formation). Table 3 lists both experimental and theoretical 
chemical shifts obtained by NMR analysis. The standard 
chemical shift for 1H NMR in aromatic rings and C–H 
groups typically falls within the range of 6.00–8.00 ppm,38 
which aligns with the results obtained for the aromatic hy-
drogen atoms of the title compound. In contrast, the val-
ues obtained in the range of 0.96–4.93 ppm correspond to 
hydrogen atoms primarily associated with methyl or CH2 
groups, consistent with previous findings.26 For 13C NMR, 
the standard chemical shifts for aromatic carbon atoms are 
typically above 100 ppm,39 which is consistent with the 

values obtained for the aromatic carbons of the title com-
pound, ranging from 127.43 to 133.98 ppm. However, 
shifts observed in the 142.92–172.16 ppm range are attrib-
uted to the electronegativity of neighboring atoms, pri-
marily nitrogen, oxygen, and sulfur. Shifts below these 
ranges are primarily associated with CH, CH2 groups, and 
methyl groups. The results obtained for 1H and 13C NMR 
exhibit a strong correlation between the theoretical and 
experimental data, aligning well with the standards estab-
lished by previous research.

3. 4. Hirshfeld Surface Analysis
Hirshfeld surface (HS) analysis characterizes the dis-

tribution of surface charges in molecular systems. This 
method visualizes the charge distribution using normal-
ized contact distances (dnorm), considering the van der 
Waals radius (  and ) of the atoms involved in the 
analysis according to the following formula:

where d(i) and d(e) are respectively the distances between 
the Hirshfeld surface and the nearest inner and outer at-
oms.40 The Hirshfeld surfaces plotted over dnorm, di, de, 
shape index and curvedness are illustrated in Figure 4 
where the red colored areas represent the regions where 
atoms form intermolecular contacts shorter than the sum 
of their van der Waals radii, and the white color shows the 
bonds around the sum of the van der Waals radii, and the 
blue color shows the interactions, which are longer than 

Table 3. Theoretical and experimental 13C and 1H NMR chemical shifts of EMBTh.

Atoms	 13C-NMR isotropic chemical shifts	 Atoms	 1H-NMR Isotropic chemical shifts
	 Theoretical	 Experimental		  Theoretical	 Experimental

C1	 168.20	 160.90	 H4	 8.41	 8.40
C2	 169.38	 164.60	 H6	 7.92	 7.33
C3	 153.96	 142.10	 H7	 7.08	 8.70
C4	 163.70	 160.00	 H9	 6.94	 8.70
C5	 135.60	 130.30	 H10	 7.31	 7.33
C6	 133.91	 128.7	 H11A	 2.33	 3.31
C7	 127.43	 126	 H11B	 2.22	 3.31
C8	 155.38	 143.5	 H11C	 2.42	 3.31
C9	 127.43	 126	 H12	 6.87	 6.77
C10	 133.91	 128.7	 H14A	 4.93	 4.28
C11	 18.93	 14.60	 H14B	 3.85	 4.28
C12	 120.53	 115.6	 H15A	 1.27	 1.28
C13	 172.16	 166.00	 H15B	 0.96	 1.28
C14	 64.75	 62.00	 H15C	 1.72	 1.28
C15	 15.86	 14.50	 H17	 7.52	 7.58–7.44
C16	 142.92	 134.7	 H18	 7.61	 7.58–7.44
C17	 133.98	 128.9	 H19	 7.55	 7.58–7.44
C18	 132.57	 129.6	 H20	 7.56	 7.58–7.44
C19	 132.86	 129.6	 H21	 7.51	 7.58–7.44
C20	 132.57	 129.6			 
C21	 133.98	 128.9			 
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the sum of the van der Waals radii.41 The shape index and 
curvedness diagrams allow to identify the morphology of 
the HS. In Figure 4, the shape index figure shows convex 
regions in blue color formed mainly by the carbon atoms 
of the aromatic rings and concave regions in red color 
formed mainly due to the carbon atoms of the molecule 
stacked above. The presence of two adjacent blue and red 
triangles shows the possibility of the presence of π–π 
bonds.42 The blue borders on the curvedness diagram 
show the planar π–π stacking of adjacent molecules.43 The 
intermolecular short contacts presented by red circles also 
called red spots involve strong hydrogen bonds of which 
two bonds are of type O···H/H···O illustrated in Figure 5 
with a dnorm distance of 2.41 Å and the third bond is of type 
C···H/H···C with a dnorm distance of about 2.71 Å.

The quantitative analysis of the Hirshfeld surface illus-
trated by the fingerprint plot revealed a dominance of hy-
drogen bonds detailed in Table S3 with a total contribution 
of 89.3% which play a key role in the stabilization of the 
crystal packing, followed by bonds involving the C atom, 
which are mainly C···N/N···C, C···O/O···C, and C···C with a 
total contribution of about 9.1%. The main contributions of 
the different intermolecular contacts for EMBTh are dis-
played through the 2D fingerprint plots according to Figure 
S2. The contribution rate of the remaining bonds shown in 
the plot does not exceed 1.6%. All of these interactions con-
tribute to the stability and organization of the crystal playing 
a crucial role in the structure and properties of the material.

3. 5. NCI-RDG Analysis
Reduced density gradient (RDG) and non-covalent 

interaction (NCI) diagrams analyze non-covalent interac-

tions between molecules as a function of electron density 
multiplied by the sign of the second eigenvalue (λ2) ρ, al-
lowing strong and weak interactions to be differentiated. If 
the sign of (λ2) ρ is < 0, this indicates an attractive interac-
tion while the sign of (λ2) ρ > 0 indicates a repulsive inter-
action, the values of (λ2) ρ close to zero reflect a weak in-
teraction of van der Waals.44–46 RDG scatter plots were 
obtained using Multiwfn software and the 3D isosurface is 
visualized using VMD software.47,48 The NCI analyses 
were carried out by setting an isosurface value of 0.5 with 
an RDG isosurface range between –0.035 and 0.02 a.u. The 
2D RDG diagrams and 3D isosurface are illustrated in Fig-
ure 6. The peaks observed in the RDG scatter plots are di-
vided into three regions according to the values of sign 
(λ2) ρ. The blue-colored region reflects strongly attractive 
interactions corresponding to strong hydrogen bonds, and 
the red color corresponds to strongly repulsive interac-

Figure 4. HS analysis of EMBTh plotted over dnorm, di, de, shape index and curvedness.

Figure 5. The 3D view of the Hirshfeld surface of EMBTh plotted 
over dnorm.
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tions (steric effect), while the green-colored region is asso-
ciated to weak interactions such as van der Waals interac-
tions.49 Figure 6 shows that the EMBTh exhibits a number 
of green and red spots. The red spots are observed in the 
middle of the aromatic rings and between adjacent elec-
tronegative atoms indicating a steric effect due to strong 
repulsions. However, the green spots identify the regions 
of weak van der Waals interactions observed between the 
oxygen atom and the hydrogen atom (O–H). Figure 6 also 
shows regions containing weak van der Waals interactions 
and repulsive interactions, represented by a single spot 
displaying red and green colors. However, the absence of 
the blue color indicates the absence of the strong attractive 
interactions generally associated to strong hydrogen 
bonds. Overall, the results of this analysis are consistent 
and complementary to those of the HS analysis, while also 
showing good agreement with the SC-XRD data.

Figure 6. RDG scatter plots and 2D structure showing weak and 
strong interactions.

3. 6. �HOMO-LUMO, TD-DFT Study and 
Chemical Reactivity Descriptors
The HOMO and LUMO are commonly referred to as 

frontier molecular orbitals. The HOMO orbital as an elec-
tron donor, while the LUMO, acting as an electron accep-
tor, can acquire an electron. Determining these parameters 
is crucial as it helps to assess various properties, such as 
kinetic stability and chemical reactivity.50,51 Figure 7 pre-
sents a HOMO-LUMO plot of the calculated frontier mo-
lecular orbitals using the B3LYP/6-311++G(d,p) basis set. 
As shown in Figure 7, the HOMO density is primarily con-
centrated on aromatic ring 2 and the adjacent sulfur atom. 
During the electron transition, electrons migrate to the 

LUMO, mainly located on the thiazole ring and the adja-
cent carbonyl group. The positive and negative phases are 
depicted in red and blue, respectively. The calculated HO-
MO-LUMO energy values for the molecule are –5.8 eV for 
the HOMO, –2.5 eV for the LUMO, and a band gap of 3.3 
eV. This relatively large band gap indicates good kinetic 
stability for the studied molecule.52

Figure 7. The HOMO-LUMO diagram of EMBTh.

The theoretical UV-visible spectroscopy study of the 
model identified two distinct absorption peaks in the visi-
ble spectrum region. The resulting transitions from this 
analysis have been characterized and presented in Table 4, 
specifying their wavelength, intensity, and respective per-
centage contribution. Indeed, the first peak observed at a 
wavelength λ = 326 nm with an intensity of 0.8723 is asso-
ciated with two electronic transitions, namely HOMO → 
LUMO+1 and HOMO-1 → LUMO, with respective per-
centage contributions of 47% and 42%. The second peak 
observed at a wavelength λ = 414 nm with an intensity of 
0.4574 is associated with a HOMO → LUMO electronic 
transition, with a contribution of 97%. These two peaks re-
flect the π→π* and n→π* transitions which might be due 
to the presence of free carbonyl groups and C=N double 
bonds and to the C=C double bond of aromatic rings.

The previously calculated HOMO and LUMO values 
are key elements in the determination of the chemical de-
scriptors. Analysis of these descriptors can provide a deep-
er understanding of the kinetics and chemical reactivity of 
molecules, allowing for a more accurate evaluation of their 
behavior in the reaction environment and also to predict 
their potential reactions.53 The most important descriptors 
have been calculated and presented in Table 5, including 
electronegativity, chemical potential, chemical hardness, 
and softness. The equations used to calculate these param-
eters have been referenced in previous work.54 Firstly, a 
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high ionization potential of 5.8 eV associated with a mod-
erate electronegativity of 4.15 reveals relatively robust elec-
tron stability. Additionally, the negative chemical potential 
of –4.15 suggests a tendency to donate electrons rather 
than receive them. The hardness of 1.65 and relatively low 
overall softness of 0.606 indicate a moderate ability of the 
molecule to affect or be affected by electron bonds. Finally, 
the high electrophilic index of 5.218 reveals the molecule’s 
tendency to act as an electrophilic center in chemical reac-
tions. All these results suggest that the studied molecule is 
relatively stable with an electrophilic character.

Table 5. Calculated global chemical reactivity descriptors of EM-
BTh.

Parameters (eV)	 B3LYP/6-311++G**

E (HOMO)	 −5.8
E (LUMO)	 −2.5
ΔE	   3.3
Ip	   5.8
EA	   2.5
χ	   4.15
P	 −4.15
η	   1.65
S	   0.61
ω	   5.22
ω-	   7.50
ω+	   3.35
Γ	   2.4

3. 7. Molecular Electrostatic Potential
The molecular electrostatic potential (MEP) of EM-

BTh reveals important insights into the electron distribu-
tion across different functional groups of the molecule. 
Based on the optimized structure of EMBTh, the MEP dis-
tribution was computed (Figure S3). The methyl thioben-

zene group shows a region of low electron density around 
the sulfur atom, indicating its potential to act as an electro-
philic site. In contrast, the oxothiazolidinone ring exhibits 
a more negative electrostatic potential, especially around 
the oxygen atom, suggesting that this area could partici-
pate in nucleophilic interactions. Additionally, the ethyl-2-
(4-oxo-3-phenylthiazolidin-5-yl)acetate fragment high-
lights areas of significant negative potential near the 
carbonyl group, reflecting its importance in hydrogen 
bonding or interaction with positively charged species. 
The MEP map provides an overall understanding of how 
different regions of the molecule are likely to interact with 
other molecules, such as proteins or ligands, in molecular 
docking or chemical reactions.

3. 8. Molecular Docking Studies
The biological activity was studied in two steps, the 

first one was to predict the adequate biological activity 
and the second one was to analyze the interaction be-
tween ligand and targeted protein. Inflammation is a vi-
tal mechanism of defense for human health, manifested 
by a complex immune system response involving several 
mediators including prostaglandins and interleukins 
through the blood vessels and lymphatic system, to 
quarantine or even eliminate the triggering factor, which 
may be bacteria, trauma, toxins, heat or any other rea-
son.55,56 However, any dysfunction of these immune 
cells can lead to a cascade of immune responses, which 
can be associated with numerous diseases, including 
chronic inflammatory diseases, cancer, autoimmune dis-
eases etc, which explains the immense interest and im-
portance of anti-inflammatory agents.57 The medical 
need for anti-inflammatory agents to treat the wide 
range of diseases caused by alterations of these immune 
cells is far from satisfied. Until now, research and devel-
opment in this field have been growing with the aim of 
obtaining a better efficacy/secondary effect ratio and 
even greater therapeutic benefits.58 Recently, scientists 
have been working on thiazole derivatives.59,60 Several 
studies have shown that thiazoles may be useful as an-
ti-inflammatory drugs.61–63 For example, the synthesis 
and evaluation of new diphenylthiazole derivatives as 
possible anti-inflammatory drugs,64 as well as all the 
other published studies,65–68 show that thiazoles may be 
useful as anti-inflammatory drugs. In the current study, 
we investigated the use of the EMBTh molecule as a po-
tential therapeutic candidate against atopic eczema fo-
cusing on inflammatory skin diseases. Eczema, also 
known as atopic dermatitis (AD), is an inflammatory 
skin disease with a prevalence of about 15 to 30% in chil-
dren and 2 to 10% in adults. Atopic dermatitis is more 
common in rural than urban areas due to environmental 
factors and genetic factors playing a role in the patho-
genesis.69 Atopic dermatitis is characterized by a skin 
barrier dysfunction, leading to an inflammatory im-

Table 4. Theoretical electronic transitions, oscillator strength and 
major contributions for EMBTh.

B3LYP/6-311++G(d,p)	 Major contributions 
λ (nm)	 Intensity

414.10	 0.4574	 HOMO	 →	 LUMO	 97%
371.01	 0.0046	 HOMO-2	 →	 LUMO	 89%
326.30	 0.8723	 HOMO	 →	 LUMO+1	 47%
		  HOMO-1	 →	 LUMO	 42%
323.41	 0.0200	 HOMO-3	 →	 LUMO	 77%
310.01	 0.0041	 HOMO-4	 →	 LUMO	 54%
		  HOMO-8	 →	 LUMO	 20%
		  HOMO-2	 →	 LUMO+1	 18%
307.73	 0.1766	 HOMO-2	 →	 LUMO+1	 37%
		  HOMO	 →	 LUMO+1	 18%
		  HOMO-1	 →	 LUMO	 17%
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mune response that causes itching and scratching. By 
scratching, the skin barrier is further damaged, causing 
a more intense immune response, and this is the vicious 
cycle that people with eczema suffer from.70 The im-
mune response resulting from atopic dermatitis occurs 
in the Th2 pathway, specifically involving the cytokines 
IL-4 and IL-13, and therefore the interleukins IL-4, IL-
13 and the α receptor of interleukin IL-4 (IL-4Rα) are 
the therapeutic targets for eczema.71 In the second step, 
the docking of our molecule with eczema therapeutic 
targets (IL-4 and IL-4Rα) was calculated using the Auto-
Dock Vina software.23 Starting by downloading the IL-4 
and IL-4Rα structures from the RCSB under the ID 
(1IAR).72 The choice of the active site was made based 
on the interaction sites of interleukin IL-4 and its recep-
tor (IL-4Rα), this epitope of IL-4 and its receptor was 
defined by three parts, two of them have an amphipathic 
structure including hydrophobic bonds and hydrogen 
bonds, while the third part is marked by electrostatic 
bonds.73 Therefore, the active site chosen for docking al-
lows interaction with both IL-4 and its receptor alpha, 
hence inhibiting the IL-4 and IL-13 signaling process.71 
On AutoDock Vina software, the chosen active site was 
listed as following grid box parameters: a = 21.046, b = 
14.37, c = –16.759 and with centers of coordinates x = 
38, y = 26, z = 26. As listed in Table 6, several conformers 
were calculated of which the lowest energy is recorded at 
–7.2 kcal/mol.74 The best pose for molecular docking 
with the lowest binding energy is shown in Figure S4. 
Interactions were analyzed using Accelrys Discovery 

Studio software.75 This analysis revealed a total of six 
bonds (Table 7) including two hydrogen bonds and two 
electrostatic bonds, while the last two bonds were hy-
drophobic.

Figure 8 displays the 3D intermolecular bound inter-
actions involving the IL-4 protein. The first hydrogen bond 
is conventional linking the O2 atom of the molecule to the 
amino acid Arg88 of IL-4 at a distance of 3.398 (Å), and 
the second is π-donor linking Ring1 to Tyr74 of IL-4Rα 
receptor at a distance of 4.057 (Å).

Molecular docking studies have demonstrated that 
EMBTh fits well within the active site of the IL-4Rα recep-
tor, establishing stable and specific interactions with key 
amino acid residues. These interactions—primarily hydro-
gen bonds, hydrophobic contacts, and van der Waals forc-
es—suggest a strong binding affinity, which may contrib-
ute to the effective inhibition of the receptor’s activity.76 
This indicates the potential of EMBTh as a promising can-
didate for the treatment of eczema through modulation of 
IL-4Rα-mediated inflammatory pathways.

Figure 8. 3D ribbon structure of receptor/IL-4 protein.

For electrostatic bonds, Ring1 is connected with 
both Arg88 of IL-4 and Asp66 of IL-4Rα forming a dis-
tance of 4.169 (Å) and 3.823 (Å), respectively. The two re-
maining hydrophobic bonds are π–alkyl and π–σ joining 
Ring3 and Ring2 of the ligand with Leu39 and Leu43 of the 
IL-4Rα receptor, giving a distance of 4.742 (Å) and 3.619 

Table 7. Bonds formed from the interactions of EMBTh with IL-4 and its receptors.

Protein	 Residue	 Compound	 Atom/group	 Category	 Types	 Distance (Å)
			   of compound

	 ARG88	 EMBTh	 O2 Atom	 Hydrogen Bond	 Conventional Hydrogen Bond	 3.398
	 TYR74		  Ring3	 Hydrogen Bond	 π–Donor Hydrogen Bond	 4.057
	 ARG88		  Ring1	 Electrostatic	 π–Cation	 4.169
	 ASP66		  Ring1	 Electrostatic	 π–Anion 	 3.823
	 LEU39		  Ring3	 Hydrophobic	 π–Alkyl	 4.742
	 LEU43		  Ring2	 Hydrophobic	 π–σ	 3.619

Interleukin-4 / 
 receptor alpha  
chain com

plex
(PD

B ID
: 1IA

R)

Table 6. AutoDock Vina results of the binding affinity and RMSD 
values for EMBTh.

Mode	 Affinity (kcal/mol)	 Rms dl.b.	 Rms du.b.

1	 –7.20	 0	 0
2	 –6.6	 20.65	 22.888
3	 –6.4	 4.635	 6.634
4	 –6.4	 3.569	 4.502
5	 –6.3	 23.423	 26.238
6	 –6.2	 21.189	 24.61
7	 –6.2	 4.159	 7.819
8	 –6.1	 20.981	 24.675
9	 –6.1	 20.968	 24.363
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(Å), respectively. Figures 9 and 10 depict the intermolecu-
lar interactions between the IL-4 protein and the EMBTh 
ligand in 2D and 3D, respectively.

Figure 9. Interactions of EMBTh with IL-4 and its receptors.

Figure 10: 2D interactions of the compound with IL-4 and its re-
ceptors.

3. 9. Toxicity and Drug Likeness Investigation
Drug likeness and toxicity of the EMBTh compound 

were assessed using the ProTox-II server. ProTox II is a 

virtual laboratory used to predict the toxicity of molecules. 
It integrates a combination of molecular similarity models 
and machine learning to analyze a multitude of parameters 
related to toxicity.77,78 Based on the ADMET (Absorption, 
Distribution, Metabolism, Elimination, Toxicity) analysis, 
notably the Lipinski rules,79 the studied molecule is in 
class 4 with an LD50 of 1000 mg/kg (Table 8), which indi-
cates good oral bioavailability.80 Table 9 presents a report 
of various toxicity parameters evaluated, including organ 
toxicity, cytotoxicity, carcinogenicity, mutagenicity, immu-
notoxicity and undesired effects pathways (Tox21) with 
their probabilities of being inactive, i.e. not toxic.81 The 
values show that four toxicity parameters were found inac-
tive with a probability range of 0.54 to 0.62. These param-
eters include hepatotoxicity, carcinogenicity, mutagenicity 
and mitochondrial membrane stress response (MMP) 
pathways, while the other parameters assessed ranged in 
probability from 0.72 to 0.99, particularly immunotoxicity 
and cytotoxicity, which are directly related to the inflam-
matory response system and the immune system. These 
results are presented in the radar chart as shown in Figure 
S5. Finally, it was established that EMBTh is non-toxic re-
garding the targeted biological activity and it is suitable for 
oral administration.

Table 8. Lipinski’s rules for EMBTh.

Parameter	 Value

Toxicity Class	 4
LD50	 1000 mg/kg
Lipinski rule	 0 violation
Molecular weight	 425.52
Number of hydrogen bond acceptors	 27
Number of hydrogen bond donors	 0
Number of atoms	 48
Number of bonds	 50
Number of rotable bonds	 7
Molecular refractivity	 122.49
Topological Polar Surface Area	 121.93
Octanol/water partition coefficient(logP)	 4.39

4. Conclusion
This study provides valuable insights into the struc-

tural and electronic properties of the newly synthesized 
compound EMBTh. Combined experimental and theoret-
ical analyses confirm that EMBTh crystallizes in a mono-
clinic system, P21/c, exhibiting tight 3D supramolecular 
packing, including O···H, CH···π and π···π interactions, 
contributing to its stability. The assessment of electronic 
behavior, using the DFT method with the B3LYP func-
tional using the 6-311++G (d,p) basis set, reveals an ener-
gy gap of 3.3 eV and an electrophilic character, enhancing 
our understanding of the molecule’s potential reactivity. 
The Hirshfeld surface and RDG isosurface density studies 
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revealed the contribution of the intermolecular interac-
tions and their nature to the whole packing. Moreover, the 
significant docking affinity of –7.2 kcal/mol between EM-
BTh and the IL-4Rα receptor suggests its potential as a 
therapeutic candidate for atopic eczema. By inhibiting the 
interaction between IL-4 and IL-4Rα, EMBTh may effec-
tively block the immune response cascade that contributes 
to the pathology of atopic dermatitis. These findings high-
light the promise of EMBTh as a viable option for future 
therapeutic development in managing atopic conditions.

Supplementary Crystallographic Data
CCDC 2301965 contains supplementary crystallo-

graphic data for this paper. These data can be obtained free 
of charge from The Cambridge Crystallographic Data 
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Povzetek
S kondenzacijsko metodo smo pripravili nov derivat tiazolidinona, (Z)-etil 2-((E)-2-((E)-(4-(metiltio)benziliden)hi-
drazono)-4-okso-3-feniltiazolidin-5-iliden)acetate (EMBTh). Multidisciplinarna študija vključuje tudi karakterizacijo 
spojine z rentgensko difrakcijo. Poleg tega smo postavili teoretični model spojine EMBTh in ga validirali s pomočjo 
primerjave rezultatov rentgenske difrakcije monokristala (SC-XRD) z rezultati teoretičnih izračunov na osnovi teori-
je gostotnega potenciala (DFT). Elektronske lastnosti molekule smo analizirali na osnovi mejnih molekulskih orbital 
(FMO); energijska razlika 3,3 eV kaže na dobro kinetično stabilnost. Z določevanjem elektrostatskega potenciala mol-
ekule (MEP) smo identificirali nukleofilna območja v bližini vodikovih atomov in elektrofilne regije blizu kisikovih 
atomov. Intermolekularne interakcije smo raziskali s pomočjo Hirshfeldove analize površine, ki kaže, da prevladujejo 
interakcije vodikov (O···H/H···O, C···H/H···C, and H···H), ki prispevajo 89,3 %. Po drugi strani pa je analiza nekovalent-
nih medmolekulskih interakcij (NCI-RDG) pokazala na van der Waalsove interakcije, kar nakazuje na sterične ovire 
obročev. Da bi ugotovili potencialno učinovitost EMBTh proti ekcemu, smo izvedli tudi študijo molekulskega sidranja; 
ugotovitve kažejo, da obstaja signifikantna inhibicijska afiniteta na receptor (IL-4Rα) z vrednostjo –7.2 kcal/mol, kar kaže 
na terapevtski potencial EMBTh glede na tarčni protein, udeležen pri atopičnem ekcemu.
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