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A B S T R A C T

A novel piperonal derivative, 2-((benzo[d][1,3]dioxol-5-ylmethyl)amino)-2-thioxo-N-(p-tolyl)acetamide (3a) was 
synthesized and extensively characterized using advanced spectroscopic techniques (FT-IR, NMR), single-crystal 
X-ray diffraction, Hirshfeld surface analysis, Density Functional Theory (DFT) calculations, and molecular 
docking studies. Structural analyses confirmed the presence of the characteristic amide linkage and elucidated 
distinct supramolecular architectures stabilized predominantly by hydrogen bond (N–H…O) and C–H…π 
stacking interactions. Hirshfeld surface mappings quantified intermolecular interactions, revealing significant 
contributions from aromatic stacking contacts. The DFT calculations were performed using B3LYP functional and 
6–311++G (d,p) basis set. Quantum chemical analyses highlighted extensive electron de-localization across the 
molecule, with subtle differences in electronic descriptors suggesting slightly higher reactivity. The energy gap of 
the compound is found to be 4.000 eV. The docking analysis of 3a with the protein 5F19, which is implicated in 
dual-action therapeutic targeting inflammation and tumorigenesis through soluble epoxide hydrolase inhibition.

1. Introduction

Although there have been advancements in the development of novel 
drugs and vaccines, cancer continues to be a leading cause of mortality 
in both industrialized and developing nations. In 2012 alone, global 
cancer cases reached approximately 14.1 million, resulting in 8.2 
million deaths. Southeast Asia reported a significant number of life- 
threatening cancer cases, including breast, gastric, colorectal, and he
patocellular carcinomas [1–4]. Cancer originates from the gradual 
accumulation of genetic mutations that transform normal cells into 
malignant ones. These alterations at the cellular and molecular levels 
introduce complexities that make effective treatment difficult [5–8]. 
Traditional approaches such as chemotherapy, radiotherapy, and sur
gery remain the mainstays of cancer management. However, patients 
diagnosed at advanced stages or with solid tumors often face poor out
comes due to metastasis and various genetic or epigenetic abnormalities, 

highlighting the limited success of existing therapies. Therefore, there is 
a pressing need for the development of more effective drugs for both 
early and late-stage cancers [9–12].

Naturally occurring heterocyclic compounds have made a substan
tial contribution to medicinal chemistry, particularly in oncology. 
Amino-substituted heterocycles—such as aplysinopsine and cla
thridine—are among the most extensively studied for their potential 
against cancer, inflammation, and neurological disorders like Alz
heimer’s disease and Down syndrome [13–16]. Leucettamine B, a 
compound derived from Leucetta microraphis that includes an amino
imidazole ring and a piperonal moiety, also belongs to this group. 
However, its anti-cancer potential has yet to be fully explored. In this 
study, we evaluated leucettamine B and its derivatives for their effects 
on various cancer cell lines. Beyond these compounds, numerous other 
heterocycles have played vital roles in drug discovery for decades 
[17–19]. Notable examples include thiazolidinone, 
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thioxothiazolidin-4-one, and hydantoin derivatives. Of particular in
terest is the thiazolidin-2,4‑dione (TZD) framework, which has been 
widely employed in therapeutic development. For instance, ciglitazone, 
the first anti-hyperglycemic agent in this class, was introduced in the 
1980s, paving the way for related drugs like englitazone and rosiglita
zone [20–22].

The compound 2-((benzo[d][1,3]dioxol-5-ylmethyl)amino)-2-thioxo- 
N-(p-tolyl)acetamide (3a) exhibits promising potential for both anti- 
cancer and anti-arthritic activity based on its structural and electronic 
features. The presence of a benzo[d][1,3]dioxole ring, commonly found 
in bioactive natural products, suggests possible anticancer properties 
through mechanisms such as DNA intercalation, reactive oxygen species 
(ROS) modulation, or tubulin inhibition. The thioxo group (C––S) is 
known to facilitate electrophilic interactions, making it capable of 
covalently interacting with biological targets, including cancer- 
associated enzymes and cysteine-rich protein sites. Additionally, the 
acetamide and p-tolyl functionalities contribute to hydrogen bonding 
and hydrophobic interactions, enhancing its binding affinity within 
biological targets. From an anti-arthritic perspective, the structure re
sembles known COX-2 inhibitors, and molecular electrostatic potential 
(MEP) analysis reveals electron-rich zones conducive to interactions 
with key COX-2 active site residues as seen in the aspirin-acetylated 
COX-2 (PDB: 5F19) [23]. The compound also contains 
antioxidant-functional groups, which may reduce oxidative stress and 
inflammation associated with arthritis. Together, these features support 
the hypothesis that this molecule could act as a dual-action therapeutic 
agent with both anticancer and anti-inflammatory properties, warrant
ing further investigation through molecular docking, ADMET predic
tion, and biological assays.

2. Materials and methods

All chemicals utilized in this work were purchase from reputed 
suppliers, like Merck, TCI and Sigma Aldrich and were used as received 
without further purification. Reactions were conducted using magnetic 
stirrer at temperature ranging from 0 ◦C to room temperature. UV lamp 
(254 nm) visualization were employed to monitor all the reaction using 
thin-layer chromatography on 60-F254 precoated silica gel plates (0.25 
mm thickness). All workup procedures were carried out by using double 
deionized water and ethyl acetate. Starting material and final products 

were purified via column chromatography using ethyl acetate/ hexane 
as eluents. Nuclear magnetic resonance (NMR) spectra were measured 
on Bruker 400 MHz instrument. 13C NMR spectra were collected at 101 
MHz using DMSO-D6 and CDCl₃ as a solvent. Chemical shift values (δ) 
were reported in parts per million (ppm) relative to tetramethylsilane 
(TMS), as an internal standard with residual solvent peaks at 2.50 ppm 
(DMSO), 7.26 ppm (CDCl₃) for 1H and 39.50 ppm (DMSO), 77.16 ppm 
for 13C. Coupling constant (J) values were given in Hertz (Hz). Bruker 
spectrophotometer was utilized to record the Fourier transform infrared 
spectra (FTIR). High-resolution mass spectrometry (HRMS) data were 
recorded using a Xevo TQD Quadrupole instrument. Sonar melting point 
apparatus was used to measure the melting points of intermediate and 
final product and are uncorrected.

2.1. Synthesis

2.1.1. Synthesis of methyl-2-oxo-2-(p-tolylamino)ethanedithioate (3)
The synthesis of required intermediate methyl-2-oxo-2-(p-tolyla

mino)ethanedithioate (3), was accomplished through multi-step 
sequence as depicted in Scheme 1. The process begins with the treat
ment of p-toluidine 1 (1.07 g, 1 equiv.) in dichloromethane (DCM, 10 
mL), at 0 ◦C with triethylamine (2.02 g, 2 equiv.), followed by dropwise 
addition of chloroacetyl chloride I (1.11 g, 1 equiv.), resulting in the 
formation of 2‑chloro-N-(p-tolyl)acetamide 2. Subsequently, compound 
2 was converted to methyl-2-oxo-2-(p-tolylamino)ethanedithioate 3 via 
reaction with elemental sulfur II (0.64 g, 0.25 equiv.) in DMF (20 mL) at 
0 ◦C, followed by the addition of triethylamine (2.02 g, 2 equiv.). The 
reaction mixture was stirred at room temperature for 7–8 h and then 
concentrated under reduced pressure. The resulting mixture was then 
treated with methyl iodide III to form the required substrate 3 in excellent 
yield (92 %). The spectroscopic characterizations such as 1H NMR and 
13C NMR of the compound were performed and the spectra are provided 
in the Fig. S1 and S2 respectively.

2.1.2. Synthesis of 2-((benzo[d][1,3]dioxol-5-ylmethyl)amino)-2-thioxo- 
N-(p-tolyl)acetamide (3a)

Piperonylamine, or 1,3-benzodioxole-5-methylamine, is a bioactive 
compound structurally related to several important pharmacological 
molecules. It is derived from piperonal an aldehyde originate in vital oils 
of plants like black pepper and kava. Due to its extensive range of 

Scheme 1. Synthetic pathway of Methyl-2-oxo-2-(p-tolylamino)ethanedithioate 3. Reaction conditions: 1 (1.07 g, 1 equiv.), I. (1.11 g, 1 equiv.), Et3N (2.02 g, 2 
equiv.), DCM (10 mL), 0 ◦C-RT. II. S8 (0.64 g, 0.25 equiv.), Et3N (2.02 g, 2 equiv.), DMF (20 mL), 0 ◦C-RT, 7–8 h, III. MeI (1.54 g, 1 equiv.), 0 ◦C-RT, 0.5 h.

Scheme 2. Synthetic pathway of 2-((benzo[d][1,3]dioxol-5-ylmethyl)amino)-2-thioxo-N-(p-tolyl)acetamide (3a). Reaction conditions: 3 (0.225 g, 1 equiv.), IV 
(0.151 g, 1 equiv.), EtOH (15 mL), 28 ◦C, 5–10 min.
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biological and pharmacological activities, piperonylamine and its de
rivatives have gathered significant attention. The compound readily 
undergoes condensation reactions, facilitating the formation of diverse 
functional derivatives with enhanced bioactivity. The present report 
details the synthesis of 2-((benzo[d][1,3]dioxol-5-ylmethyl)amino)-2- 
thioxo-N-(p-tolyl)acetamide via simple condensation reaction. Thus 
equimolar ratios of Methyl-2-oxo-2-(p-tolylamino)ethanedithioate 3 
(0.225 g, 1 equiv.) and benzo[d][1,3]dioxol-5-ylmethanamine IV 
(0.151 g, 1 equiv.) were combined in 2 mL of EtOH and stirred for 5–10 
min. The progress of the reaction was monitored by TLC. After 
completion, the solvent was evaporated under reduced pressure, and the 
resulting compound was extracted with ethyl acetate and water. The 
aqueous layer was extracted multiple time with ethyl acetate, and the 
combined organic layer was dried over Na₂SO₄ and concentrated under 
reduced pressure. The crude product was purified by column chroma
tography on silica gel using hexane/ethyl acetate (86:14) eluent, 
affording 2-((benzo[d][1,3]dioxol-5-ylmethyl)amino)-2-thioxo-N-(p- 
tolyl)acetamide 3a, as shown in Scheme 2.

A fine single crystal of 3a fit for XRD analysis was obtained by slow 
evaporation of an ethyl acetate solution (50 mg of compound 3a dis
solved in 6–8 mL) over 30–35 h at room temperature. The molecular 
structure of compound 3a was subsequently confirmed through single- 
crystal X-ray diffraction analysis.

2.1.3. Spectroscopic characterizations
Methyl 2-oxo-2-(p-tolylamino)ethanedithioate (3): Red solid; 

Yield 2.071 g (92 %); 1H NMR (400 MHz, DMSO): δ 10.35 (s, 1H, NH), 
7.61 (d, J = 7.7 Hz, 2H, Ar-H), 7.17 (d, J = 8.3 Hz, 2H, Ar-H), 2.71 (s, 
3H), 2.27 (s, 3H).13C NMR (101 MHz, DMSO) δ 226.75, 160.75, 135.09, 
133.84, 129.18, 120.51, 20.49, 19.25. HRMS (ESI): m/z[M + H]+calcd 
for C10H12NOS2: 226.0360; found: 226.0364 (Fig. S1 and S2).

2-((benzo[d][1,3]dioxol-5-ylmethyl)amino)-2-thioxo-N-(p- 

tolyl)acetamide (3a): Yellow solid; mp 122–124 ◦C Yield 0.288 g (88 
%); 1H NMR (400 MHz, CDCl3): δ 10.13 (s, 1H, NH), 9.74 (s, 1H, NH), 
7.57 (d, J = 8.5 Hz, 2H, Ar-H), 7.21 (d, J = 8.0 Hz, 2H, Ar-H), 6.89 – 6.78 
(m, 3H, Ar-H), 6.00 (s, 2H, Het-H), 4.78 (d, J = 5.7 Hz, 2H, CH2), 2.37 (s, 
3H, CH3).13C NMR (101 MHz, CDCl3): δ 186.2, 155.7, 148.2, 147.7, 
135.2, 134.1, 129.7, 128.6, 122.0, 119.8, 108.9, 108.6, 101.3, 50.3, 
21.0;(Fig. S3 and S4 in the supplementary file), IR: υmax(cm− 1) 831, 931, 
1099, 1261, 1441, 1532, 1592, 1668, 3237 (Fig. S5 in the supplemen
tary file); HRMS (ESI) m/z: [M + H]+ calcd. for C17H17N2O3S 329.0960; 
found 329.0977 (Fig. S6 in the supplementary file).

2.2. X-ray crystallography

A single crystal of C17H16N2O3S (3a) dark yellow in color measuring 
0.110 ⨯ 0.191 ⨯ 0.206 mm was selected using a polarizing microscope 
and was then placed on the goniometer to collect X-ray intensity data. 
Additionally, utilizing a Bruker APEX-II CCD instrument with an IμS Mo 
micro source (λ = 0.7107 Å) at ambient temperature, the single crystal 
X-ray structure of 3a was successfully obtained. The Bruker Apex 2 
software package was used to analyze the raw data frames and apply 
absorption adjustments. The intrinsic phasing method was used to solve 
the compound’s structure, which was then improved using the SHELXL 
[24] program and extended using Fourier techniques. All non-hydrogen 
atoms were given anisotropic displacement parameters, and all 
hydrogen atoms were geometrically positioned using the riding model 
[25]. The full matrix least squares method was used to refine the 
non-hydrogen atoms anisotropically after the structure was solved and 
refined using 3884 distinct reflections out of 30,244 total reflections. 
The R value convergence to a residual value of 0.0491 and a goodness of 
fit of 1.019. Geometrical parameters such as bond lengths, bond angles, 
and torsion angles were calculated using the PLATON software [26]. The 
ORTEP and packing diagrams were created using the MERCURY 4.2.0 
program [27]. Crystal and structure refinement details of the compound 
3a are given in Table 1.

2.3. Hirshfeld surface analysis

Hirshfeld surface analysis quantifies and illustrates a molecular in
teractions of the compound 3a. CrystalExplorer 17.5 software was used 
to generate relative 2-D fingerprint plots of Hirshfeld surfaces mapped 
across dnorm (− 0.4173 a.u. to 1.3625 a.u.), shape index (− 1.0000 a.u. to 
1.0000 a.u.), [28,29]. The Van der Waals radii, de (outside) (range: 
0.8669 a.u. to 2.6567 a.u.) and di (inside) (range: 0.8675 a.u. to 2.5533 
a.u.), represent the distances between the chosen molecule and the 
Hirshfeld surface. The crystallographic information file (CIF) was uti
lized to generate Hirshfeld surfaces and 2-D fingerprint maps for 3a. 
Graphically plotting 3-D molecular Hirshfeld surfaces over the dnorm 
identifies key areas for studying intermolecular interactions [30,31]. 
Hirshfeld surface analysis is used to investigate all potential structural 
contributions and better understanding of crystal packing in solid form. 
Additionally, the total interaction energy (sum of electronic, polariza
tion, dispersive, and repulsive energies) was computed by simulating the 
molecular arrangement in the crystalline lattice using B3LYP/6–311+G 
(d,p) integrated in the CrystalExplorer 17.5 software [32].

2.4. DFT calculations

We can analyze the physical and chemical properties of a synthesized 
product based on its electron density [33]. To approximate electron 
wave functions, the electron density function from single crystal X-ray 
diffraction is used. The B3LYP hybrid functional and 6–311+G(d,p) [34] 
basis set were optimized for DFT analysis of these wave functions. 
Koopman’s approximation was used to calculate the FMO analysis, en
ergy gap, and global and local indices [35]. Further, the molecular 
electrostatic potential (MEP) map is an effective tool for finding elec
trophilic and nucleophilic regions. The MEP color-codes electrostatic 

Table 1 
Crystal and structure refinement details of the compound 3a.

Parameters Values

CCDC NO. 2475,700
Empirical formula C17H16N2O3S
Formula weight 328.38
Temperature 300 K
Wavelength 0.71073 Å
Reflns. for cell determination 9575
θ range for above 2.27◦ to 25.42◦

Crystal system Monoclinic
Space group P21/n
Cell dimensions a = 4.8391(5) Å
​ b = 26.258(3) Å
​ c = 12.3960(12) Å
​ α = 90◦

​ β = 95.987(3)◦

​ γ = 90◦

Volume 1566.5(3) Å3

Z 4
Density(calculated) 1.392 Mg m− 3

Absorption coefficient 0.223 mm− 1

F000 688
Crystal size 0.110 ⨯ 0.191 ⨯ 0.206 mm
θ range for data collection 1.83◦ to 28.27◦

Index ranges − 6 ≤ h ≤ 6
​ − 34 ≤ k ≤ 34
​ − 15 ≤ l ≤ 16
Reflections collected 30,244
Independent reflections 3884 [Rint = 0.054]
Absorption correction Multi-scan
Refinement method full matrix least-squares on F2

Data / restraints / parameters 3884 / 0 / 212
Goodness-of-fit on F2 1.019
Final R indices [I > 2 σ(I)] R1 = 0.0491, wR2 = 0.1250
R indices (all data) R1 = 0.0819, wR2 = 0.1494
Largest diff. peak and hole 0.214; − 0.246 e Å− 3
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potential regions, ranging from red to dark blue (decrease in potential, 
blue > green > yellow > orange > red), to indicate extremely negative 
and positive places [36]. The molecular electrostatic potential map was 
used to identify the molecule’s potential reactive spots. All computa
tions were performed using Gaussian 09 [37], and the results were 
displayed using GaussView 6.0 [38].

2.5. Molecular docking analysis

Molecular docking analysis is used to determine a ligand’s affinity 
for a specific protein. Molecular docking analysis may depict how a 
ligand interacts with a protein to decrease its activity in the biological 
system [39,40]. Literature review suggests that the produced molecule 
may have anti-cancer capabilities, as similar medicines have been shown 
to inhibit cancer. The new compound is docked against the 5F19 protein, 
a target for cancer and arthritis. The protein (PDB ID: 5F19) was 
retrieved from the RCSB-PDB database. Biovia Discovery Studio [41] 
was used to create the ligand pdb file for the compound studied. 
Auto-DockTools 1.5.6 [42] was used to generate pdbqt files for both the 
protein and its ligand. The molecule was docked against the protein PDB 
ID: 5F19, with grid dimensions of X = 56, Y = 64, and Z = 60. Addi
tionally, the grid center is at X = − 1.353, Y = − 1.396, and Z = 32.242. 
Biovia Discovery Studio software was used to visualize ligand-protein 
interactions and docking conformations.

2.6. ADMET profiles

The drug-likeness of the novel compound was evaluated using the 
SwissADME and pkCSM online tools, which predict key pharmacoki
netic parameters such as absorption, distribution, metabolism, and 
excretion (ADME) [42,43]. These tools also provide insights into lip
ophilicity and various physicochemical characteristics of the compound. 
The bioavailability radar generated by SwissADME visually summarizes 
crucial physicochemical properties—such as lipophilicity, molecular 
size, polarity, and flexibility—that influence oral bioavailability, 
enabling a quick assessment of the compound’s potential as a viable 
drug candidate [44,45]. Additionally, toxicity and pharmacokinetic 
profiles were further predicted using the pkCSM tool.

3. Results and discussions

3.1. Synthesis

The structural validation of the synthesized compound 3a was 
scrupulously established using various spectroscopic techniques, like 
FTIR spectroscopy, Nuclear magnetic resonance (NMR) spectroscopy 
and High-Resolution Mass Spectroscopy (HRMS). ¹H NMR spectrum of 
compound 3a was recorded in CDCl3, on a 400 MHz Bruker spectrom
eter, displayed 16 distinct proton signals. Notably, two characteristic 

singlet peaks at 10.13 and 9.73 ppm correspond to the two non- 
equivalent amide and thioamide NH protons, which do not show 
coupling due to rapid exchange under the experimental conditions. The 
singlet at δ 5.99 ppm (2H) corresponds to the methylenedioxy 
(–O–CH₂–O–) group, which appears as a singlet due to the absence of 
neighboring protons indicating the successful condensation of amines 
with thioesters. The multiplet observed between δ 6.89 – 6.78 ppm 
corresponds to the aromatic protons of the benzo[d][1,3]dioxole ring, 
where overlapping of ortho and meta couplings produce a complex 
pattern. The para-tolyl group was evident from two doublet signals at 
7.57 and 7.55 ppm with coupling constants of J = 8.5 and 8.0 Hz, 
respectively, indicating typical ortho coupling between adjacent aro
matic protons within a para-substituted benzene ring. A singlet peak at 
2.36 ppm (3H) represents the methyl group attached to the p-tolyl ring, 
with no coupling since it is magnetically isolated altogether attributes to 
the structural confirmation of the synthesized compound. The 13C NMR 
spectrum of compound 3a exhibited fifteen distinct carbon resonances 
consistent with the proposed structure. The signal at δ 186.2 ppm cor
responds to the thiocarbonyl carbon (C––S) of the thioamide group, 
appearing at a characteristic downfield position due to the strong 
deshielding effect of the sulfur atom. The resonance at δ 155.7 ppm is 
attributed to the amide carbon (C––O), confirming the presence of the 
thioamide framework. The signals at δ 148.2 and 147.7 ppm are con
signed to the oxygen-bearing aromatic carbons of the benzo[d][1,3] 
dioxole ring, which are deshielded by the adjacent methylenedioxy 
group. The peaks at δ 135.2 and 134.1 ppm correspond to the quaternary 
aromatic carbons of the p-tolyl and benzo[d][1,3]dioxole moieties. The 
aromatic CH carbons resonate at δ 129.7, 128.6, 122.0, and 119.8 ppm, 
representing the protonated aromatic carbons of both aromatic rings. 
The signals at δ 108.9, 108.6, and 101.3 ppm are typical of the 
methylenedioxy-substituted aromatic system, with δ 101.3 ppm 
assigned to the –O–CH₂–O– carbon. The benzylic methylene carbon 
(CH₂–NH) appears at δ 50.3 ppm, consistent with a carbon adjacent to a 
nitrogen atom. Finally, the methyl carbon of the p-tolyl group resonates 
at δ 21.0 ppm, characteristic of an aromatic methyl substituent. The 
overall ¹³C chemical shift pattern supports the proposed structure. The 
FTIR spectrum supported the structural assignments, showing a broad 
absorption at 3236 cm⁻¹ corresponds to N–H stretching vibrations of 
amide and thioamide groups. The C–H stretching band at 2915 cm⁻¹, 
typically associated methylene (CH₂) group. A prominent absorption 
peak at 1668 cm⁻¹ indicated the presence of a carbonyl (C––O) group, 
while the corresponding thiocarbonyl (C––S) stretch appeared at 1099 
cm⁻¹. The absorption band at 1532 cm⁻¹ was attributed to (C––C) 
stretching vibration. Additionally, strong absorptions at 1261 and 1099 
cm⁻¹ corresponded to C–N and C–S bond stretching, respectively. The 
absorptions at 931, and 831 cm⁻¹ are characteristic of the methyl
enedioxy (-O-CH₂-O-) group vibrations, confirming the presence of the 
benzo[d][1,3]dioxole ring. High-resolution mass spectrum (HRMS) 
spectrum of compound 3a shows a molecular ion peak at m/z329.0977, 

Fig. 1. ORTEP of the compound 3a.
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corresponding to the [M + H]⁺ ion. This observed mass value is in 
excellent agreement with the calculated mass. All spectroscopic data 
including 1H and 13C NMR spectra, and FTIR are provided in the Fig. S3- 
S6 in the supporting information file.

3.2. X-ray crystallography

The 3D structure of the compound 3a obtained by the single crystal 
X-ray diffraction study is shown in Fig. 1. The compound 3a crystallizes 
in the monoclinic crystal system with P21/n space group having unit cell 
parameters a = 4.8391(5) Å, b = 26.258(3) Å and c = 12.3960(12) Å, β 
= 95.987(3)◦, V = 1566.5(3) Å3, Z = 4 (at 300 K). The geometrical 
parameters are listed in Table S1. The molecular geometry shows that 
the title compound consists of two rings namely; methylbenzene ring 
and Dihydro-1,3-benzodioxole. The formation of the compound due to 
the reaction between 5-methylbenzo[d][1,3]dioxole and 2-amino-2- 
thioxo-N-(p-tolyl)acetamide resulted in non planar nature with a dihe
dral angle of 80.28◦ Due to the lengthy nature of the 2-amino-2-thioxo- 
N-(p-tolyl)acetamide moiety and its linkage with the 5-methylbenzo[d] 
[1,3]dioxole moiety through N–C bond resulted in the non planar 
arrangement.

The molecule exhibit anti-clinical conformation with respect to the 

torsional angle of the atoms (C6/C8/N1/C9) in the region of fusion 
between the two moieties. Due to the non planar nature of the com
pound various intra and intermolecular interactions were observed. The 
C–H..H/S/O (C7-H7…H8B, C12-H12…H1AA, C8-H8A…S1, C16- 
H16…O2) and interestingly N–H…O (N1-H1…O2) interactions resul
ted in the formation of S(5) and S(6) intramolecular synthons. The 
intramolecular interactions is shown in the Fig. 2. Further due to the N1- 
H1…O2 intermolecular interactions R2

2(10) supramolecular synthon is 
formed (Fig. 3). The NH atoms of the amino group attached to the benzo 
[d][1,3]dioxol-5-yl moiety acts as electron donor and Oxygen atom of 
the carbonyl group acts as electron acceptor in this interactions. The 

Fig. 2. Intramolecular interactions resulting in the formation of S(5) (red) and S(6) (blue) synthons.

Fig. 3. Intermolecular interactions exhibited by the compound 3a.

Table 2 
Intra and intermolecular interactions exhibited by the synthesized compound 
3a.

Type D-H…A D-H (Å) H…A (Å) D…A (Å) D-H…A (◦)

Intra N1-H1…O2 0.86 2.21 2.632(2) 110
Intra N2-H1AA…S1 0.88 2.43 2.972(19) 121
Intra C8-H8A…S1 0.97 2.74 3.151(2) 106
Intra C16-H16…O2 0.93 2.36 2.936(3) 120
Inter N1-H1…O2 0.86 2.18 2.938(2) 146

D. D․ et al.                                                                                                                                                                                                                                        Journal of Molecular Structure 1352 (2026) 144555 

5 



Table 3 
Various Cg…Cg interactions exhibited by the crystal structure.

CgI CgJ Cg…Cg (Å) Alpha (◦) Beta (◦) Gamma (◦) CgIperp(Å) CgJperp (Å) Slippage

Cg1 Cg1 4.839(2) 0.02(18) 44.7 44.7 3.44(13) − 3.44(13) 3.403
Cg1 Cg2 5.327(19) 0.59(15) 49.9 49.9 3.43(13) − 3.43(11) 4.074
Cg1 Cg3 5.483(16) 36.15(15) 50.0 62.3 2.54(13) 3.52(9) ​
Cg1 Cg4 5.012(18) 0.31(14) 46.8 46.8 3.42(13) − 3.43(9) 3.651
Cg2 Cg2 4.839(17) 0.03(13) 45.0 45.0 3.42(11) − 3.42(11) 3.420
Cg2 Cg4 4.899(16) 0.29(11) 45.8 45.6 3.42(11) − 3.41(9) 3.510
Cg4 Cg1 4.956(18) 0.31(14) 46.2 46.0 3.44(9) − 3.43(13) 3.577

Cg1: O1/C1/C2/O3/C3, Cg2: C1/C2/C7/C6/C5/C4,.
Cg3: C11/C12/C13/C14/C15/C16, Cg4: O1/C1/C4/C5/C6/C7C/C2/O3.

Fig. 4. (a) The dnorm mapped Hirshfeld surface and (b) corresponding 2D finger print plot of the compound 3a.
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details of the intra and intermolecular interactions is provided in the 
Table 2.

Further, in addition to these interactions, the π…π/Cg…Cg in
teractions were observed to be significantly contributing towards the 
overall stability of the structure. The details of the Cg…Cg interactions 
exhibited by the structure is given in the Table 3. Further, a C–H…π 
interaction that is C17-H17A…Cg3 (C11/C12/C13/C14/C15/C16) was 
observed with C17…Cg3 distance of 3.649 (3) Å and with the angle of 
133◦

3.3. Hirshfeld surface analysis

Hirshfeld surfaces and fingerprint images are developed and dis
played in Fig. 4 as an additional method for investigating intermolecular 
interactions; these surfaces were mapped using dnorm. The traditional 
N–H⋅⋅⋅O and C–H…π intermolecular hydrogen bonding interactions 
are clearly observed as bright and light-red spots, as seen in dnorm sur
faces (Fig. 8(a)). This demonstrates that it plays a substantial role in 
crystal packing since its distances are comparable to or noticeably less 
than the equivalent sum of Van der Waals radii. These red regions seen 
in Fig. 4 are validates the hydrogen bonds donor and acceptor atoms 
given in Table 2.

The Fig. 4(b) reveal the 2D fingerprint plots which quantifies the 

weak intermolecular interactions exhibited by the compound 3a. The 
highest contributions to the Hirshfeld surfaces are from the H⋯H (43.6 
%) interactions as indicated by the central spike in the 2D fingerprint 
plot. Further, C⋯H/H⋯C (21.8 %), O⋯H/ H⋯O (16.8 %), and S⋯H/ 
H⋯S (8.0 %) interactions are represented by blue spikes. The minor 
contacts (such as C⋅⋅⋅O, N⋅⋅⋅C, and S⋅⋅⋅H interactions) that contribute to 
the remaining ~10 % of the total Hirshfeld surface area [46]. Therefore, 
the whole fingerprint region and all other interactions, which are mix
tures of de and di are displayed in Fig. 5. The dnorm-mapped Hirshfeld 
surface analysis displays intermolecular interactions as red patches, as 
seen in the crystallographic investigation. Shape index not only define 
their shape, but also show points of contact and provide information on 
molecular packing. The existence of C–H⋅⋅⋅π and π⋅⋅⋅π stacking in
teractions is shown by the flat green patches on the curvedness surface 
(Fig. 9(a)). Moreover, the shape index map reveals that the neighboring 
red and blue triangles in Fig. 6(a) indicate the C–H⋅⋅⋅π and π⋅⋅⋅π stacking 
weak interactions. The shape index on the Hirshfeld surface analysis can 
be used to examine interactions involving hydrogen donors (convex blue 
regions) and acceptors (concave red regions). The interaction of cen
troids in a crystal structure highlights contact faces and provides insight 
into molecular packing.

Crystal packing gaps suggest a close organization of molecules. A 
lower vacancy fraction indicates more crystal packing. The voids are 

Fig. 5. 2D fingerprint plots of individual contacts present in the compound 3a.
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computed by adding the spherical electron densities at specified nuclear 
sites [47]. The crystal void calculation indicates a volume of 149.56 Å3. 
The surface area was calculated to be 576.79 Å2. Fig. 6(b) shows the 
voids in the crystal structure.

3.4. DFT calculations

3.4.1. HOMO-LUMO analysis
The frontier molecular orbitals, i.e., HOMO and LUMO, are crucial in 

evaluating the electrical properties of quantum chemistry [48]. The 
HOMO orbital is highly localized on the piperonal ring and acetamide 
moiety. In contrast, the LUMO orbitals are found on the aromatic ring, 

with the electron-drawing carboxy group (Fig. 7). The energy gap is 
found to be 4.000 eV. A molecule with a limited or lowest orbital gap in 
terms of energy is thought to have lower kinetic stability and higher 
chemical reactivity. Chemical compounds with a larger energy differ
ence between their highest (HOMO) and lowest molecular orbitals 
(LUMO) are said to have limited reactivity and the inability to be 
polarized. The ionization potential (I) is related to the energy of the 
highest occupied molecular orbital (HOMO) which acts as an electron 
donor whereas the LUMO act as electron-deficient and readily receive 
electrons. The electron affinity (A) is associated with the energy of the 
LUMO [49]. In short the ionization potential and electron affinity rep
resented the nucleophilic and electrophilic character of the studied 
compound, respectively. The higher ionization potential (I = 5.869 eV) 
representing the significant nucleophilic character of studied com
pound. Compound 3a was determined to be a reactive compound based 
on the observations made in Table 4.

3.4.2. Analysis of the conceptual DFT indices
The physiochemical attributes obtained from DFT are used to 

correlate the predicted energy with their quantum features. Quantum 
characteristics, including electronegativity (χ), electrophilicity (ω), 
hardness (η), and softness (S), are used to study the chemical behavior of 
molecules [50]. The hardness value indicates the atomic resistance to 

Fig. 6. (a) shape index property associated with Hirshfeld surface and (b) voids present in the unit cell of the compound 3a.

Fig. 7. HOMO-LUMO of the compound 3a.

Table 4 
Global and local reactive parameters of the compound 3a.

Parameters Values

EHOMO (eV) − 5.869
ELUMO (eV) − 1.869
Energy gap (ΔELUMO-HOMO) (eV) 4.000
Ionization energy (I) (eV) 5.869
Electron affinity (A) (eV) 1.869
Electronegativity (χ) (eV) 3.869
Chemical potential (μ) (eV) − 3.869
Global hardness (η) (eV) 2.000
Global softness (s) (eV− 1) 0.500
Electrophilicity index (ω) (eV) 3.742
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charge transmission to neighboring atoms or molecules, whereas the 
softness parameter indicates the atom’s electrophilicity. The research 
compound had a high softness value (S = 0.500 eV), indicating that it 
was highly reactive. Electronegativity (χ) describes a molecule’s ability 
to attract electrons. The presence of electronegative oxygen and nitro
gen atoms in the chemical structure resulted in significant electron 
attraction (χ = 3.869 eV).

3.4.3. MEP analysis
The Molecular Electrostatic Potential (MEP) map of 3a provides 

valuable insights into the charge distribution and reactive sites within 
the molecule (Fig. 8). The color-coded surface indicates regions of 

varying electrostatic potential, with red representing electron-rich 
(negative potential) areas and blue representing electron-deficient 
(positive potential) regions [51]. The most negative potential, 
measured at − 28.45 kcal/mol, is observed near the thioxo group (C––S), 
identifying it as the most probable site for electrophilic attack due to the 
high electron density around the sulfur atom. A second significantly 
negative region (− 23.25 kcal/mol) is located around the amide moiety, 
likely corresponding to the carbonyl oxygen or adjacent nitrogen, which 
also serves as a favorable site for interactions with electrophiles. In 
contrast, the most positive electrostatic potential (+21.11 kcal/mol) 
appears in the region surrounding the benzylic methylene group 
attached to the benzo[d][1,3]dioxole ring, suggesting a site susceptible 
to nucleophilic attack. The aromatic rings and remaining portions of the 
molecule exhibit intermediate potential (green to yellow areas), indi
cating relative electrostatic neutrality and potential involvement in 
non-covalent interactions such as π–π stacking or hydrophobic contacts. 
Overall, the MEP analysis highlights the thioxo sulfur and amide func
tionalities as key reactive centers, providing crucial guidance for un
derstanding the molecule’s potential binding behavior and biological 
activity, particularly in the context of drug–target interactions or mo
lecular docking studies.

3.5. ADMET profile

The in silico ADMET evaluation of the synthesized piperinol deriv
ative revealed an overall favorable pharmacokinetic and safety profile, 
suggesting its potential as a lead scaffold for anticancer drug develop
ment. The compound demonstrated moderate water solubility (log S =
− 4.17), which, although indicative of limited aqueous dissolution, is 
compensated by excellent intestinal absorption (91.28 %) and appre
ciable Caco-2 permeability (1.31 log Papp), confirming its suitability for 
oral administration. The skin permeability (log Kp = − 3.29) suggests 
restricted transdermal diffusion, favoring oral over topical delivery 
routes. The compound was identified as both a P-glycoprotein substrate 
and a P-gp I inhibitor, a characteristic that may influence intracellular 
retention and modulate efflux-related resistance mechanisms—a key 
consideration in tumor pharmacology where P-gp overexpression often 
reduces the intracellular concentration of chemotherapeutic agents.

Distribution parameters indicate moderate tissue distribution (VDss 
= − 0.11 log L/kg) and a low fraction of unbound drug (Fu = 0.06), 
implying significant plasma protein binding that could extend systemic 
circulation and therapeutic exposure. The negligible brain penetration 

Fig. 8. MEP map of the compound 3a.

Table 5 
ADMET profiles of the compound 3a.

Property Model name Predicted Value

Absorption Water solubility − 4.17
Absorption Caco2 permeability 1.31
Absorption Intestinal absorption (human) 91.28
Absorption Skin Permeability − 3.29
Absorption P-glycoprotein substrate Yes
Absorption P-glycoprotein I inhibitor Yes
Absorption P-glycoprotein II inhibitor No
Distribution VDss (human) − 0.11
Distribution Fraction unbound (human) 0.06
Distribution BBB permeability 0.19
Distribution CNS permeability − 2.14
Metabolism CYP2D6 substrate No
Metabolism CYP3A4 substrate Yes
Metabolism CYP1A2 inhibitior No
Metabolism CYP2C19 inhibitior Yes
Metabolism CYP2C9 inhibitior No
Metabolism CYP2D6 inhibitior No
Metabolism CYP3A4 inhibitior No
Excretion Total clearance − 0.36
Excretion Renal OCT2 substrate No
Toxicity AMES toxicity Yes
Toxicity Max. tolerated dose (human) − 0.11
Toxicity hERG I inhibitor No
Toxicity hERG II inhibitor Yes
Toxicity Oral Rat Acute Toxicity (LD50) 2.16
Toxicity Oral Rat Chronic Toxicity (LOAEL) 1.43
Toxicity Hepatotoxicity No
Toxicity Skin sensitisation No
Toxicity T.Pyriformis toxicity 1.17
Toxicity Minnow toxicity 1.02
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predicted by BBB permeability (0.19) and CNS permeability (− 2.14) 
values is advantageous for minimizing central nervous system-related 
adverse effects, particularly desirable for non-CNS anticancer therapy. 
From a metabolic perspective, the compound is predicted to be a 

CYP3A4 substrate, reflecting predominant hepatic metabolism, while 
the absence of inhibitory activity toward CYP1A2, CYP2C9, CYP2D6, 
and CYP3A4 enzymes suggests a low likelihood of major drug–drug 
interactions. The observed CYP2C19 inhibition warrants careful 

Fig. 9. The (a) 2D and (b) 3D interaction diagram reveals the interactions between the 3a compound and 5F19 protein.

Fig. 10. (a) The cartoon (b) surface view of the binding of the 3a compound with the 5F19 protein.
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monitoring, as it could influence the metabolism of co-administered 
substrates of this isoenzyme. Collectively, the predicted metabolism 
profile denotes satisfactory metabolic stability with a limited risk of 
poly-CYP inhibition.

The predicted excretion characteristics show a low total clearance 
rate (− 0.36 log mL/min/kg), indicating a moderate elimination half-life 
and suggesting the potential for sustained systemic exposure. The 
compound is not a substrate for renal OCT2 transporters, minimizing the 
risk of renal accumulation or transporter-mediated nephrotoxicity. 
Toxicological assessment indicated a positive AMES test outcome, 
implying potential mutagenicity, though such computational pre
dictions often necessitate confirmatory in vitro genotoxicity assays. 
Importantly, the compound is non-hepatotoxic, non-sensitizing to skin, 
and devoid of major acute or chronic toxicity liabilities (LD₅₀ = 2.16 
mol/kg; LOAEL = 1.43 mol/kg), indicating an acceptable safety window 
for further biological evaluation. Although the compound displayed 
hERG II inhibition, absence of hERG I blocking activity suggests only a 
marginal risk of cardiotoxicity, typically observed at higher concentra
tions. The ADMET profile is provided in the Table 5.

3.6. Molecular docking analysis

To explore the biological properties of the synthesized compound 
and to understand the interaction profile of the ligand with the selected 
protein (PDB ID: 5F19) molecular docking analysis was performed 
(Fig. 9) [52,53]. The novel 3a molecule exhibits a binding affinity of 
− 7.9 kcal/mol when docked against 5F19 protein. The docking analysis 
of 3a with the protein 5F19, reveals several key molecular interactions 
contributing to its binding affinity (Fig. 10). The ligand establishes a 
carbon hydrogen bond with ASN537 at a distance of 3.48 Å, which helps 
stabilize the binding via interaction with the dioxole ring. A π-sigma 
interaction is observed between the aromatic ring and GLN374 (3.65 Å), 
further anchoring the ligand within the binding pocket. On the hydro
phobic side, PHE142 forms π-alkyl interactions at distances of 4.37 Å 
and 4.82 Å, while TRP139 contributes additional π-alkyl interaction at 
5.30 Å. These interactions, involving hydrogen bonding and aromatic 
contacts, collectively contribute to a stable and favorable binding 
conformation. The ligand’s central thioxo-amide linkage facilitates 
optimal orientation between the two aromatic regions, enhancing its 
potential as a dual-action therapeutic targeting inflammation and 
tumorigenesis through soluble epoxide hydrolase inhibition. Further, 
the molecular docking was performed for the standard drug Doxorubicin 
and the binding score is found to be − 8.7 kcal/mol. The binding pose 
and its 2D interaction profile is given in the Fig. S7 and S8 respectively.

4. Conclusions

This investigation integrates experimental, quantum chemical, and 
computational approaches to assess the anti-cancer potential of a novel 
piperonal derivative (3a). The crystal structure investigation indicated 
that the compound crystallized in a monoclinic system with the space 
group P21/n. Intermolecular interactions, such as N–H⋅⋅⋅O and 
C–H⋅⋅⋅π, are critical for self-assembly and crystal structure stability. 
Hirshfeld surface analysis indicated that van der Waals forces, particu
larly H…H interactions (43.6 %), along with C…H (21.8 %) and O…H 
(16.8 %), play a significant role in maintaining the crystal’s stability The 
energy gap of the compound is found to be 4.000 eV. The energy gap 
between frontier molecular orbitals (HOMO and LUMO) indicates that 
the synthesized molecule is stable and is chemically more reactive. Its 
band gap energy is equivalent to that of bio-active compounds. The MEP 
of the compound revealed that the sulfur and oxygen atoms have the 
highest negative potential and hydrogen atoms of the methoxy group 
have the highest positive potential, indicating that they are likely to be 
involved in hydrogen bonding interactions. Molecular docking simula
tions revealed robust binding affinity of 3a with protein highlighting 
their promising anticancer potential.
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