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A B S T R A C T

In this study, eleven 1,3,4-oxadiazolyl-thio-oxazines (4a–4k) were synthesized and characterized using ¹H/¹³C 
NMR, IR spectroscopy, and mass spectrometry. Single-crystal XRD confirmed that 4c crystallized in the mono
clinic P2₁/n space group, revealing key intermolecular interactions through Hirshfeld surface analyses. DFT 
studies using the B3LYP/6–311++G(d,p) basis set optimized all the compounds without imaginary frequencies. 
Frontier molecular orbital analysis provided HOMO–LUMO gaps and global reactivity descriptors, whereas MEP 
surface analysis offered insights into the charge distribution and potential intermolecular interactions of the 
optimized structures. For all compounds, the key structural identity of the thiomethylene bond was confirmed by 
¹H NMR doublets (3.5–4.5 ppm) from diastereotopic coupling near N&S and ¹³C signals (25–40 ppm) indicating 
sulfur deshielding. The oxadiazole and oxazine rings were validated by C=N (1563–1613 cm⁻¹) and C–O–C 
(1144–1201 cm⁻¹) absorptions, with IR confirming C–S (696–713 cm⁻¹) and S–CH₂ (~1400 cm⁻¹) linkages. Mass 
spectra gave [M + H]⁺ ions as expected, with halogenated derivatives showing predicted isotopic patterns. 
Furthermore, the theoretical and experimental ¹H and ¹³C NMR data were in agreement, as supported by the 
correlation coefficient and RMSD values. Alamar Blue assay on MCF-7 breast cancer cells identified 4c (IC₅₀ =
33.06 µM) and 4g (IC₅₀ = 21.24 µM) as active candidates. It was validated with molecular docking and 100 ns MD 
simulations, confirming 4g’s strong binding affinity towards NF-κB p65 (− 8.1 kcal/mol) via stable hydrogen 
bonds and hydrophobic contacts.

1. Introduction

NF-κB is a chief transcription factor involved in biological functions 
such as immunity, inflammation, survival, and apoptosis [1,2]. Since its 
discovery as a regulator of immunoglobulin genes via DNA binding, 
NF-κB has become the goal of extensive research [3]. Among the five key 

proteins, RelA/p65, RelB, c-Rel, NF-κB1/p50, and NF-κB2/p52 the 
NF-κB family works through blends of these subunits as homodimers or 
heterodimers to impact the activity of nearly 500 genes [4]. In unsti
mulated cells, NF-κB is released into the cytoplasm through inhibitor 
proteins known as IκBs [5]. Stimuli such as TNF-α, infection, or stress 
activate IKK, which marks IκB for destruction, allowing NF-κB to move 
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into the nucleus and control gene expression [6]. Dysfunction of NF-κB 
signalling contributes to inflammation and the growth of various can
cers [7]. In breast cancer, NF-κB activation leads to tumor growth, 
angiogenesis, metastasis, and resistance to therapy [8]. In chronic my
elogenous leukemia, constant NF-κB activity helps leukemia cells sur
vive and resist drugs by stalling cell death and boosting growth [9]. The 
involvement of NF-κB in inflammation and cancer makes it an attractive 
target for drug development [10].

Multiple therapies target NF-κB signalling; some block upstream 
activators, such as IKK, preventing NF-κB from binding to DNA [11]. 
Common drugs such as aspirin, dexamethasone, and TNF-α inhibitors (e. 
g., infliximab, adalimumab) affect NF-κB activity to different extents 
[12–15]. Selective NF-κB-targeting small molecules are promising tools 
for anticancer drug discovery. Oxazine and oxadiazole derivatives 
(Fig. 1) have shown potential in modifying NF-κB activity. EDPOO 
suppressed nuclear translocation of NF-κB in LPS-stimulated PC12 cells 
by 2.95-fold at a concentration of 1 μM. This leads to decreased COX-2, 
NO, and ROS levels, which are indicative of anti-inflammatory and 
neuroprotective effects [16]. Similarly, NPO (IC₅₀ = 20.3 µM) reduced 
p65 phosphorylation and DNA binding in HCC cells, diminishing 
NF-κB-mediation [17]. Pyrimidine-linked oxazine A and oxadiazole 
derivative B have demonstrated NF-κB pathway disruption and cyto
toxicity in MCF-7 breast cancer and leukemia cells, respectively [18]. 
CMO, a derivative of 1,3,4-oxadiazole, blocks IκB and p65 activation. 
Consequently, it inhibits NF-κB and causes cancer cell death and cell 
cycle arrest [19]. These findings highlight the therapeutic relevance of 

the oxazine and oxadiazole scaffolds as promising candidates for tar
geted NF-κB inhibition in cancer therapy. Building on our previously 
reported work with TRX-01 [20],NPO, and CMO,we designed and syn
thesized novel 1,3,4-oxadiazolyl-thio-oxazines as hybrid scaffolds that 
integrate both active pharmacophores for structural diversity.

This study aimed to provide detailed structural insights into newly 
synthesized 1,3,4-oxadiazolyl-thio-oxazines. We employed single- 
crystal X-ray diffraction, comprehensive spectroscopic characteriza
tion, and density functional theory (DFT) analyses, including Frontier 
Molecular Orbital (FMO) and Molecular Electrostatic Potential (MEP) 
studies. Hirshfeld surface investigations were performed to examine the 
intermolecular interactions in the solid-state. Additionally, cytotoxicity 
against MCF-7 breast cancer cells and in silico studies (ADMET profiling, 
molecular docking, and molecular dynamics simulations) were 
employed to establish structure–activity relationships (SAR) and corre
late the structural features with the NF-κB inhibitory potential. Overall, 
this integrated structural and theoretical study primarily contributes 
new molecular structural information while also highlighting the rele
vance of these scaffolds in anticancer drug discovery.

2. Methods and materials

2.1. Single crystal X-ray diffraction studies

Single crystals of the synthesized molecule 4c were formed via 
recrystallization in ethyl acetate solvent over a span of 15 days. To 

Fig. 1. Reported drugs and potent inhibitors of NF-κB.
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perform to diffraction, a well block shaped single crystal of 4c 
(C₂₀H₂₀N₄O₂S, molecular weight: 380.46 g/mol) was chosen. A Bruker 
D8 Venture diffractometer with a microfocus-sealed X-ray tube and 
monochromatic mirror optics was used to gather the diffraction data of 
the crystal. The experiment was carried out at a temperature of 100 K to 
reduce thermal vibrations and improve data precision. Cu Kα radiation 
(λ = 1.54178 Å) was used for the diffraction experiments, and the data 
were acquired in ω and φ scan modes. A resolution of 7.407 pixels mm⁻¹ 
was used as the detector. SADABS 2016/2 was used to apply absorption 
corrections using the multiscan method [21,22], which greatly 
enhanced the quality of the intensity data by lowering the wR2 (int) 
values. The structure was solved using the direct method implemented 
in SHELXT 2018/2 [23] and refined by the full-matrix least-squares 
refinement of F² using SHELXL 2019/3 [24]. Olex2 1.5, and Mercury 
[25–27] were used to create molecular visualizations and images, and to 
create figures that were ready for publication.

2.2. Computational studies

2.2.1. Density functional theory (DFT)
Gaussian09 software was used to perform Density Functional Theory 

(DFT) experiments [28]. The molecular geometries of all synthesized 
compounds were modelled and analyzed using GaussView 5, while op
timizations of the molecules(4a-4k) were performed at the B3LYP level 
using the 6–311++G(d, p) basis set [29–31]. Further the optimized 
geometries (Fig. S1) of all eleven synthesized compounds were per
formed for Potential energy surface (PES) scans using the gas phase 
system to identify the most stable conformations. The scans were 
restricted to 10 points with a 1◦ step size using the same level of basis set. 
The subsequent structures used to predict IR and NMR spectra of the 
molecules. All the PES plots and associated data are provided in the 
Supplementary Information. Root mean square deviation (RMSD) values 
and the coefficient of determination (R²) were also obtained to evaluate 
the correlation between theoretical and experimental data for molecular 
geometry and NMR spectra.

Theoretical vibrational spectra were generated using DFT calcula
tions at the same functional and basis set with no imaginary frequencies 
obtained, confirming the stability of the optimized structures, and the 
simulated peaks showed good correlation with the experimental spectra. 
Further the experimental and DFT-simulated FTIR spectra were plotted 
together in a single graph using identical axes scales for direct com
parison. Major absorption bands were mentioned in the figure, and the 
comparative spectra for all synthesized compounds are provided in the 
Supplementary Information file.

2.3. Experimental

All chemicals and solvents were procured from Sigma-Aldrich 
(Bangalore, India), unless specified otherwise. The reagents used were 
picolinic acid (≥98.5 % purity), pyrazine-2-carboxylic acid (≥98.5 % 
purity), 4-bromobenzoic acid (≥97.5 % purity), hydrazine hydrate (80 
% solution in H₂O), potassium carbonate (≥99 % purity), and carbon 
disulfide (>99 % purity). The solvents employed were absolute ethanol 
of AR grade and acetone of 99.5 % purity, also AR grade. The concen
trated acids used included hydrochloric acid (HCl) at 37 % w/w and 
sulfuric acid (H₂SO₄) ranging from 95 to 98 % w/w.

The reaction progress was monitored by thin-layer chromatography 
(TLC) using precoated silica gel 60 F₂₅₄ aluminum-backed plates (Merck, 
0.25 mm, 20 × 20 cm), and the plates were visualized under UV light 
(254 nm). An Agilent mass spectrometer was used to determine the 
molecular masses of synthesized compounds. Infrared spectra were 
recorded on a Bruker FTIR spectrometer equipped with a Deuterated 
Triglycine Sulfate (DTGS) detector. Samples were prepared as KBr pel
lets, and spectra were collected by averaging 32 scans over the range 
4000–400 cm⁻¹ with a resolution of 4 cm⁻¹. 1H and 13C NMR spectra 
were recorded on Agilent and Jeol spectrophotometers (400 MHz, Santa 

Clara, CA, USA) using deuterated chloroform (CDCl₃, 99.8 atom % D) 
with tetramethylsilane (TMS) as the internal standard. Chemical shifts 
are expressed in ppm.

2.4. Synthesis of oxadiazolyl-thio-oxazines

Substituted carboxylic hydrazides (2) were synthesized by refluxing 
acids (1.0 mmol) (1) in ethanol with a catalytic amount of concentrated 
sulfuric acid, followed by the reaction with hydrazine hydrate in 
ethanol. Subsequently, hydrazide (2) was reacted overnight with CS2 
(1.2 mmol) in the presence of NaOH (1.5 mmol) in ethanol. After 
completion of the reaction, ethanol was reduced under reduced pressure 
and neutralized by hydrochloric acid, and the solid oxadiazole was 
filtered off, resulting in compound (3). Finally, compound (3) was 
reacted with substituted oxazine bromides (1.2 mmol) and K2CO3 (1.5 
mmol) in acetone for 1–2 h. The substituted oxazine bromides were 
synthesized following the method described by Sukhorukov et al. [32],. 
After the reaction was complete, acetone was evaporated via vacuum 
evaporation, and the compounds were isolated by purifying the residue 
on a silica column using n-hexane and ethyl acetate as eluents 4(a-k).

3. Results and discussion

3.1. Crystal structure investigations

Single-crystal X-ray diffraction analysis of 4c (CCDC Deposition No 
2386375, http://www.ccdc.cam.ac.uk) was performed using Cu Kα ra
diation (λ = 1.54178 Å) at 297 K. The compound crystallized in a 
monoclinic crystal system with the space group P2₁/n. The unit cell 
parameters were determined as follows: a = 5.4759(4) Å, b = 32.440(2) 
Å, c = 10.2789(7) Å, with a β angle of 95.104(2) ◦ and a calculated 
volume of 1818.7(2) Å³. The structure consisted of four formula units 
per unit cell (Z = 4) with a calculated density of 1.39 Mg m. The final 
refinement parameters indicated high data quality, with R₁ = 0.034 and 

Table 1 
Crystal structure data collection and refinement parameters.

Parameters 4c

CCDC deposit No. 2386375
Empirical formula C20H20N4O2S
Formula weight 380.46
Temperature (K) 297
Radiation type CuKα
Wavelength (Å) 1.54178
Crystal system, space group Monoclinic, P21/n
Unit cell dimensions 

a, b, c ( Å ) 5.4759 (4), 32.440 (2), 10.2789 (7)
α β,γ (◦) β= 95.104 (2)
Volume 

(
Å 3) 1818.7 (2)

Z 4
Density (calculated) (Mgm− 3) 1.39
Absorption coefficient (mm− 1) 1.78
F000 800
Crystal size (mm) 0.17 × 0.15 × 0.11
θ range for data collection 2.7◦ to 63.9◦

Index ranges − 6≤ h ≤

− 37≤ k ≤37 
− 10≤ l ≤11

Reflections collected 31,883
Independent reflections 2992(Rint = 0.067)
Observed [I > 2σ(I)] reflections 2865
Absorption correction Multi-scan
Refinement method Full matrix, least-squares on F2

Data/restraints/parameters 2992 / 0 / 247
Goodness-of-fit on F2 1.06
Final [I > 2σ (I)] R1 = 0.034, WR1 = 0.0842
R indices (all data) R1 = 0.035, WR1 = 0.0849
Largest diff. peak and hole 

(e Ȧ − 3
)

0.24 and − 0.20
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wR₂ = 0.0842 for the observed reflections [I > 2σ (I)]. The goodness-of- 
fit for F² is 1.06, indicating an appropriate structural refinement model. 
The absorption coefficient was recorded at 1.78 mm⁻¹, with a multi-scan 
absorption correction applied. A total of 31,883 reflections were 
collected, yielding 2992 independent reflections (Rint = 0.067) of which 
2865 were considered. Furthermore, the crystal exhibited a well-defined 
molecular structure with minimal variation in the residual electron 
density. Complete details of the structural refinement parameters and 
crystal data are presented in Table 1. At 297 K, the molecular structure 
maintains a stable conformation without notable atomic displacement 
or unexpected disorder. The Oak Ridge thermal ellipsoid plot (50 % 
probability) presented in Fig. 2 confirmed the absence of unusual 
vibrational behaviour. Additionally, the bond lengths, bond angles, and 
torsion angles of 4c demonstrated a strong correlation between experi
mental observations and theoretical predictions, as detailed in Tables 2, 
3 and 4. Bond lengths and bond angles displayed close agreement, with 
RMSD values (0.0891 Å for bond length and 1.759 ̊ for bond angles) 

Fig. 2. The Oak ridge thermal ellipsoidal plot (ORTEP) of 4c crystal drawn at 50 % probability.

Table 2 
Experimental and theoretical Comparison of Geometrical Bond Lengths (Å) of 
(4c).

Atoms XRD (Å) DFT (Å) Atoms XRD (Å) DFT (Å)

C7–S1 1.735(2) 1.748 C8–S1 1.815(2) 1.841
C6–O1 1.375(2) 1.366 C7–O1 1.365(2) 1.358
N4–O2 1.411(2) 1.379 C10–O2 1.472(2) 1.468
C9–N4 1.282(2) 1.278 N3–N2 1.411(2) 1.393
C6–N2 1.294(2) 1.295 C5–N1 1.344(2) 1.339
C1–N1 1.336(2) 1.334 C7–N3 1.290(2) 1.300
C5–C6 1.462(2) 1.465 C20–C15 1.393(2) 1.398
C14–C15 1.526(2) 1.531 C16–C15 1.395(2) 1.395
C8–C9 1.497(2) 1.508 C14–C9 1.520(2) 1.512
C4–C5 1.392(2) 1.401 H20–C20 0.93 1.084
C19–C20 1.395(2) 1.392 H4–C4 0.93 1.082
C3–C4 1.380(2) 1.388 H2–C2 0.93 1.083
C1–C2 1.386(2) 1.394 RMSD = 0.0891 Å R2 = 0.98

Table 3 
Experimental and theoretical Comparison of Geometrical Bond Angles (Å) of (4c).

Atoms XRD DFT Atoms XRD DFT

C7–S1–C8 94.98(8) 96.39 C6–O1–C7 101.8(1) 102.41
N4–O2–C10 116.9(1) 120.51 O2–N4–C9 118.8(1) 121.40
N3–N2–C6 106.7(1) 106.93 C5–N1–C1 115.9(1) 117.56
N2–N3–C7 105.4(1) 105.78 O1–C6–N2 112.4(1) 112.05
O1–C6–C5 120.8(1) 120.22 N2–C6–C5 126.9(1) 127.71
C20–C15–C14 120.4(1) 123.31 C20–C15–C16 117.9(1) 120.85
C14–C15–C16 121.7(1) 118.44 N4–C9–C8 115.3(1) 116.07
N4–C9–C14 127.5(1) 126.60 C8–C9–C14 117.1(1) 117.09
N1–C5–C6 117.1(1) 117.39 N1–C5–C4 124.3(1) 117.39
C6–C5–C4 118.6(1) 119.21 S1–C7–O1 117.2(1) 116.71
S1–C7–N3 129.1(1) 130.47 C15–C14–C13 113.7(1) 114.98
C9–C14–H14 107.5 105.81 C9–C14–C13 109.5(1) 108.88
H14–C14–C13 107.5 106.54 C20–C19–C18 120.6(2) 120.31
C20–C19–H19 119.7 119.57 C18–C19–H19 119.7 120.11
N1–C1–C2 124.4(1) 123.58 N1–C1–H1 117.8 115.89
C2–C1–H1 117.8 120.52 H11A–C11–H11B 109.5 110.36
O2–C10–C11 109.4(1) 103.31 O2–C10–C13 108.2(1) 109.49
O2–C10–C12 102.7(1) 108.22 C11–C10–C13 113.2(1) 110.65
C11–C10–C12 111.3(1) 110.36 C13–C10–C12 111.5(1) 114.18
C14–C13–C10 111.6(1) 113.35 C14–C13–H13A 109.3 108.20
C14–C13–H13B 109.3 110.42 C10–C13–H13A 109.3 107.82
C10–C13–H13B 109.3 109.54 RMSD = 1.759 Å R2 = 0.93
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within acceptable limits and high R² values (0.9782 for bond length and 
0.9253 for bond angles), confirming the reliability of the theoretical 
model. In contrast, torsional angles showed significant deviations be
tween experiment and theory. This discrepancy arises because torsional 
degrees of freedom are highly sensitive to intermolecular forces and 
crystal packing effects in the solid state, which are not accounted for in 
gas-phase DFT calculations. Such deviations are commonly reported and 
reflect the conformational flexibility of the molecules rather than limi
tations of the computational approach.

3.2. Crystal structure packing interactions

The crystal packing interactions of 4c along the a-axis are illustrated 
in Fig. 3, confirms the presence of Z = 4 independent molecules within a 
unit cell. Examination of the hydrogen-bonding interactions in 4c 
revealed the contribution of the weak C–H⋅⋅⋅N and C–H⋅⋅⋅O interactions 
to the overall packing stability. The molecule results from hydrogen 
bond interactions, such as C4–H4⋅⋅⋅N2, exhibiting a donor–acceptor 
interaction (D⋅⋅⋅A) at a distance of 3.3828 Å, with an H⋅⋅⋅A separation of 
2.49 Å and a bond angle of 162◦ Similarly, the C17–H17⋅⋅⋅O1 interaction 

Table 4 
Experimental and theoretical Comparison of Geometrical Torsion Angles of (4c).

Atoms XRD DFT Atoms XRD DFT

C8-S1-C7-O1 − 178.3(1) 178.98 C8-S1-C7-N3 3.5(2) − 1.34
C7-S1-C8-C9 − 176.8(1) − 175.80 C7-S1-C8-H8A − 55.9 63.28
C7-S1-C8-H8B 62.4 − 52.96 C7-O1-C6-N2 − 0.2(2) 0.02
C7-O1-C6-C5 179.0(1) 179.98 C6-O1-C7-S1 − 178.3(1) 179.78
C6-O1-C7-N3 0.2(2) 0.06 C10-O2-N4-C9 − 22.6(2) − 12.03
N4-O2-C10-C11 − 71.8(2) 155.68 N4-O2-C10-C13 51.9(2) 37.75
N4-O2-C10-C12 169.9(1) − 87.29 O2-N4-C9-C8 177.2(1) − 175.71
O2-N4-C9-C14 − 0.9(2) − 1.32 C6-N2-N3-C7 0.0(2) 0.11
N3-N2-C6-O1 0.1(2) − 0.085 N3-N2-C6-C5 − 179.0(1) 179.95
C1-N1-C5-C6 179.8(1) − 179.99 C1-N1-C5-C4 − 0.7(2) − 0.004
C5-N1-C1-C2 0.7(2) − 0.008 C5-N1-C1-H1 − 179.3 179.99
N2-N3-C7-S1 178.1(1) − 179.78 N2-N3-C7-O1 − 0.1(2) − 0.11
O1-C6-C5-N1 − 1.8(2) − 0.59 N4-C9-C14-C13 − 7.3(2) − 13.09
C8-C9-C14-C15 48.3(2) − 68.57 C8-C9-C14-H14 − 68.9 47.04
C8-C9-C14-C13 174.5(1) 161.23 N1-C5-C4-H4 − 179.7 − 179.99
N1-C5-C4-C3 0.2(2) − 0.0007 C6-C5-C4-H4 − 0.2 − 0.0006
C6-C5-C4-C3 179.7(1) 179.98 C15-C20-C19-C18 0.5(3) − 0.08
C15-C20-C19-H19 − 179.5 − 179.92 H20-C20-C19-C18 − 179.5 0.12
H20-C20-C19-H19 0.4 0.120 C5-C4-C3-C2 0.3(2) 0.012
C5-C4-C3-H3 − 179.7 − 179.99 H4-C4-C3-C2 − 179.7 − 0.009
C19-C18-C17-H17 − 179.1 − 179.16 C19-C18-C17-C16 0.9(2) 0.40
C15-C14-C13-C10 161.6(1) − 90.84 C15-C14-C13-H13A − 77.4 32.50
C15-C14-C13-H13B 40.5 149.61 C9-C14-C13-C10 37.0(2) 39.01
C9-C14-C13-H13A 158.1 162.36 C9-C14-C13-H13B − 84 − 80.53
H14-C14-C13-C10 − 79.5 33.18 H14-C14-C13-H13A 41.5 − 83.92
H14-C14-C13-H13B 159.5 33.18 H11A-C11-C10-O2 − 57.5 − 60.16
H11A-C11-C10-C13 − 178.2 177.62 H11A-C11-C10-C12 55.3 52.22
H11B-C11-C10-O2 − 177.5 − 179.62 H11B-C11-C10-C13 61.8 58.15
H11B-C11-C10-C12 − 64.7 − 67.23 H11C-C11-C10-O2 62.5 172.36
C11-C10-C12-H12A − 175.2 − 177.88 C11-C10-C12-H12B 64.8 61.59
C11-C10-C12-H12C − 55.2 174.67 C13-C10-C12-H12A 57.4 54.73
C13-C10-C12-H12C 177.4 174.67 C13-C10-C12-H12B − 62.6 − 65.77
R2 = 0.035 RMSD = 148.279 Å

Fig. 3. The crystal packing representation of the 4c representing prominent H-bond interaction (green lines) along a-axis.
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is noteworthy, with a D⋅⋅⋅A distance of 3.4883 Å, H⋅⋅⋅O distance of 2.59 
Å, and a bond angle of 162◦ These interactions are listed in Table 5. 
Furthermore, the formation of supramolecular synthons through inter
molecular hydrogen bonding further reinforces the molecular arrange
ment within the crystal, as shown in Figs. 3 and S1. The prevalence of 
such weak non-covalent interactions suggests that the crystal packing is 
mainly governed by supramolecular forces rather than covalent 
bonding.

Beyond hydrogen bonding, the structural stability of 4c was further 
influenced by the X–H⋅⋅⋅π interactions, as summarized in table S1. The 
prominent interactions include C4–H2⋅⋅⋅Cg4 (H⋅⋅⋅Cg = 2.93 Å, γ =
11.77◦, X–H⋅⋅⋅Cg = 154◦), C11–H1A⋅⋅⋅Cg4 (H⋅⋅⋅Cg = 2.77 Å, X–H⋅⋅⋅Cg =
161◦), and C17–H17⋅⋅⋅Cg1 (H⋅⋅⋅Cg = 2.90 Å, X–H⋅⋅⋅Cg = 140◦). All these 
interactions involve unique ring systems, such as oxadiazole phenyl 
rings, which help strengthen the crystal packing through π-electron 
participation.

In addition, π–π stacking plays a key role in crystal stabilization, as 
shown in Fig. 4. The most prominent interactions are listed in table S2. 
The angular parameters (α/β/γ = 2◦, 18.9◦, and 20.6◦) and perpendic
ular distances (CgI⊥ and CgJ⊥ between 3.3079 and 3.3444 Å) indicated 
that these rings were nearly parallel, allowing efficient π-electron 
overlap. Furthermore, the observed slippage distance of 1.144–1.246 Å 
suggested an offset stacking arrangement, which reduced steric hin
drance while maximizing π–π interactions. Combining non-covalent in
teractions, including hydrogen bonding, X-H⋅⋅⋅π interactions, and π-π 
stacking improves 4c’s supramolecular organization greatly. Crystallo
graphic investigations revealed a well-ordered monoclinic structure in 
which weak intermolecular interactions played an important role in 
defining molecular packing and stability. The observed hydrogen- 
bonding networks, aromatic stacking, and ring-based interactions pro
vided important information about 4c’s structural behaviour. These 
findings may be useful for developing comparable molecules with higher 
stabilities and functional characteristics for use in supramolecular 
chemistry and materials science.

3.3. Hirshfeld surface investigations

Hirshfeld surface analysis is an essential method for investigating the 
intermolecular interactions in crystalline systems. This technique pro
vides a comprehensive evaluation of different non-covalent interactions 
by providing a close-up view of the molecular surface and its shape 
[33–35]. The study utilized parameters such as the shape index and 
curvedness to characterize weak and strong intermolecular forces within 
the crystal lattice by mapping the molecular surface according to the 
electron density distribution, as illustrated in figures S1-S3.

The CrystalExplorer 17.5, software, which generates two- 
dimensional fingerprint plots considering external (de) and internal 
(di) distances relative to the Hirshfeld surface, was used for the analysis. 
Fig. S2 illustrates this in detail. Strong intermolecular forces are indi
cated by the red spots on the surface, as identified by the dnorm 
parameter. The Fig. 5 indicates the red patches represent hydrogen 
bonds formed when atoms with negative dnorm values join forces. 
Positive and neutral norm values are represented by blue and white 
areas on the surface, respectively. It emphasizes hydrogen bonds with 
nearby molecules by displaying red spots that are concentrated close to 
oxygen and nitrogen atoms. Two-dimensional fingerprint plots were 
used to measure the different intermolecular interactions, and the per
centage contributions of the structure are shown in Fig. S4. H…H in
teractions, which are essential for molecular stability, are indicated by 
the center spike in the plot. The C…H and C… The C interactions that 
improve the molecular packing are represented by the side wings in the 
graphs.

It is observed that the compound 4c had the largest percentage of 
H…H interactions constituted 40.9 % of all connections. As indicated in 
Fig. S4, the other noteworthy interactions included C–H…H–C (17.9 
%), N–H…H–N (17 %), and O–H…H–O (10.2 %). Furthermore, the 
presence of sulfur atoms in 4c resulted in S-H…H-S interactions, with a 
6.9 % contribution. Furthermore NC…C–N (2.1 %), O–H…H–O (1.1 
%), S-N….N-S (1 %), N…N (0.5 %), and O–C…C–O (0.2 %) in
teractions resulted in a lower percentage of contributions. A key metric 

Table 5 
Prominent hydrogen bond interactions.

Molecule Interactions D-H (Å ) H…A (Å) D…A (Å) D-H…A ( ̊ )

4c C4-H4…N2i 0.93 2.49 3.3828(2) 162
​ C17-H17…O1ii 0.93 2.59 3.4883(2) 162

i) 1-x,-y,2-z ii) x,y,− 1 + z.

Fig. 4. The unit cell representation of the 4c indicating Cg-Cg interactions (green lines) along a-axis.
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for assessing the molecular topology, especially in areas with little 
curvature, is the shape index. It aids in the identification of bulges (S >
1) and hollows (S < 1), which are denoted by the red and blue triangular 
regions, respectively [36]. The shape index diagram (Fig. S3(a)) in
dicates that the triangles highlight the π-π interactions on the molecular 
surface. These interactions support the stability and packing of the 
crystal owing to the presence of aromatic phenyl rings in the structure. 
The curvature of the molecule was determined by its root-mean-square 
curvature (Fig. S3 (b)). A sharply curved blue line with a high curvature 
indicates the presence of lone pair-π bonds, whereas flat green regions 
with a low curvature indicate covalent connections.

3.4. DFT studies

3.4.1. Geometry optimization
All the synthesized derivatives were optimized at the B3LYP/ 

6–311++G(d,p) level of theory without any symmetry constraints to 
obtain their most stable conformations. The optimized geometries 
correspond to true minima on the potential energy surface, as confirmed 
by the absence of imaginary frequencies. The calculated structural pa
rameters, including selected bond lengths, bond angles, and dihedral 
angles (Tables 2, 3 and 4), are in good agreement with experimental 
single-crystal X-ray diffraction data, confirming the reliability of the 
theoretical model.The optimized molecular geometries of the de
rivatives are shown in Fig. S1, which serve as the foundation for further 
electronic structure analyses such as molecular electrostatic potential 
map and frontier molecular orbital analyses.

3.4.2. Frontier molecular orbital (FMO) and molecular electrostatic 
potential (MEP) analysis using density functional theory

To investigate the electronic structural characteristics of the 11 
synthesized molecules (4a-4k), Density Functional Theory (DFT) cal
culations were performed. This analysis focused on Frontier Molecular 
Orbitals (FMO) and molecular electrostatic potentials (MEP) to evaluate 
their stability, reactive sites, and interaction potential. The examination 

included key global chemical descriptors, such as the energies of the 
highest occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO), energy gap (Eg), softness (S), electronega
tivity (χ), chemical potential (μ), and range of electrostatic potential 
(ESP), to provide a thorough understanding of the molecular behavior. 
By assessing the HOMO and LUMO energies of the molecules ( Fig. S5), 
FMO analysis revealed insights into their electronic structures [36]. The 
highest occupied molecular orbital (HOMO) indicates the ability to 
donate electrons, whereas the lowest unoccupied molecular orbital 
(LUMO) indicates the capacity of the molecule to accept electrons. The 
energy gap (Eg) between these orbitals is a key factor that influences the 
chemical reactivity [37,38].

The energy gaps (Eg) of the molecular geometries ranged from 3.858 
eV for 4d to 5.434 eV for 4j (as Table 6 shows). While 4j suggests that a 
higher Eg value indicates greater molecular stability and decreased 
reactivity, the 4d’s lower Eg value shows greater reactivity, suggesting 
that it may be a potential candidate for electron transfer. HOMO orbitals 
are mainly found on electron-rich atoms of the oxadiazole ring moiety 
(such as oxygen, nitrogen, and conjugated systems), whereas LUMO or
bitals are in electron-deficient areas, marking preferred sites for nucleo
philic and electrophilic attacks, respectively. With an electronegativity of 
4.943 eV, 4d demonstrates a strong propensity to attract electrons. Other 
molecules, such as 4b, 4e, and 4g, also exhibit high electronegativity, 
making them effective electron acceptors. In contrast, molecules 4j and 
4k have the lowest electronegativity values (2.675 eV and 2.804 eV, 
respectively), indicating weaker electron-attracting behavior and 
reduced reactivity. Softness, which is inversely related to the energy gap, 
serves as an indicator of molecular reactivity. In line with this, 4d 
exhibited the highest softness value (0.259 eV− 1), confirming its high 
reactivity, whereas 4j and 4k exhibited the lowest softness values (0.184 
eV− 1), reinforcing their stability and lower chemical activity.

Additionally, by highlighting regions of electrophilic and nucleo
philic contacts, MEP analysis shows (Fig. S6) how charge is distributed 
inside the molecules. The spectral range of the electrostatic potential 
was ±4.996e-2 a.u. (4k) to ±7.253e-2 a.u. (4f). A larger ESP range 
suggests significant variations in the charge density, which influence the 
interactions between molecules. Compound 4d showed the greatest ESP 
fluctuation (±7.338e-2 a.u.), suggesting a robust interaction potential 
with charged or polar entities. The highly negative ESP areas shown in 
deep red on the MEP plots are sites for nucleophilic attack, mainly 
located around the oxygen and nitrogen atoms of the oxadiazole ring 
moiety because of the presence of their lone pairs. The Positive ESP 
regions in blue represent electrophilic attack sites that are often found 
near electronegative atoms. In conclusion, FMO and MEP analyses 
revealed that 4d is among the most reactive molecules owing to its 
narrow energy gap, high softness, and high electron affinity.

3.5. Chemistry

Picolinic acid, pyrazine-2-carboxylic acid, and 4-bromobenzoic acids 
were first converted into their corresponding esters (1), which were then 

Fig. 5. The Hirshfeld Surface representation mapped on dnorm value for 4c 
indicating the formation of intermolecular interactions.

Table 6 
Frontier molecular orbital (FMO) chemical reactivity descriptors along with the range of electrostatic potential (ESP) values.

Molecules Energy E (a.u.) HOMO 
EH (eV)

LUMO 
EL(eV)

Energy Gap 
Eg(eV)

ESP Range 
(a. u.)

Softness 
S (eV-1)

Chemical Potential 
μ (eV)

Electro-negativity χ (eV)

4a − 2001.67 − 6.427 − 1.915 4.512 ±5.276e-2 0.221 4.171 3.844
4b − 1734.34 − 6.206 − 1.925 4.281 ±5.286e-2 0.233 4.065 3.850
4c − 1542.04 − 6.340 − 1.632 4.708 ±5.418e-2 0.212 3.986 3.368
4d − 1750.07 − 6.298 − 2.440 3.858 ±6.232e-2 0.259 4.369 4.943
4e − 1558.07 − 6.530 − 2.378 4.152 ±5.741e-2 0.240 4.454 4.761
4f − 1694.49 − 6.617 − 2.057 4.560 ±7.253e-2 0.219 4.337 4.514
4g − 1691.31 − 6.421 − 1.893 4.528 ±6.040e-2 0.220 4.517 4.488
4h − 2410.16 − 6.775 − 1.504 5.227 ±6.388e-2 0.191 4.139 3.272
4i − 1911.75 − 6.612 − 1.635 4.977 ±5.892e-2 0.200 4.123 3.399
4j − 4138.86 − 6.530 − 1.096 5.434 ±5.972e-2 0.184 3.813 2.675
4k − 4598.49 − 6.612 − 1.197 5.415 ±4.996e-2 0.184 3.904 2.804
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treated with hydrazine hydrate to obtain the respective hydrazides (2). 
These hydrazides were subsequently cyclized with carbon disulfide in a 
basic medium to yield 1,3,4-oxadiazole-2-thiols (3). Finally, the thiols 
(3) underwent nucleophilic substitution with substituted oxazine bro
mides (R₂) (Fig. 6) to give 1,3,4-oxadiazolyl-thio-oxazines 4(a–k) 
(Scheme 1). The plausible mechanism for the synthesis is depicted in 
Scheme 2 and synthesized compounds are listed in Table 7.

3.6. Spectroscopic characterization

3.6.1. NMR spectra
The ¹H NMR spectra of 4a–4k displayed characteristic signals 

consistent with the proposed structures. A diagnostic feature was the 
presence of the thiomethylene (–SCH₂–) protons, which observed as 
doublets in the δ 3.5–4.2 ppm region in all derivatives, confirming the 
successful incorporation of the oxadiazole–thio–methylene linkage in 
the synthesized derivatives. The aromatic protons resonated in the δ 

7.0–8.9 ppm range, with slight downfield shifts observed in the pyridyl- 
and pyrazinyl-substituted analogs owing to the deshielding effects of the 
heteroaromatic rings. For the benzo[e] [1,2]oxazine derivatives (e.g., 4b 
and 4d), additional multiplets corresponding to aliphatic protons were 
observed between δ 1.2–2.1 ppm. Compounds bearing geminal dimethyl 
substituents (e.g., 4a, 4c, 4e, 4 h, and 4k) showed sharp singlets at δ 
1.2–1.4 ppm, confirming the substitution at the C-6 position of the 
oxazine ring.

The ¹³C NMR spectra further support these assignments. The oxa
diazole carbons (C=N and C–O) consistently resonated in the 150–166 
ppm region. The oxazine methylene carbons were identified near δ 
40–45 ppm, whereas the oxazine ring carbon adjacent to oxygen 
observed at approximately δ 75 ppm. Substituted aromatic and hetero
aromatic carbons resonated in the δ 120–145 ppm region, consistent 
with the presence of pyridyl, phenyl, and pyrazinyl groups. The presence 
of methoxy groups (compounds 4b and 4d) was confirmed by the 
characteristic signals at δ ~55 ppm.

4-(4-Chlorophenyl)-6,6-dimethyl-3-(((5-(pyridin-2-yl)-1,3,4-oxadia
zol-2-yl)thio)methyl)-5,6-dihydro-4H-1,2-oxazine (4a)

1H NMR (400 MHz, CDCl3) δ 8.80 – 8.74 (m, 1H), 8.21 – 8.14 (m, 
1H), 7.89 (td, J = 7.8, 1.7 Hz, 1H), 7.51 – 7.43 (m, 1H), 7.34 – 7.29 (m, 
2H), 7.20 – 7.12 (m, 2H), 4.02 (d, J = 13.8 Hz, 1H), 3.83 – 3.71 (m, 2H), 
2.16 – 2.04 (m, 1H), 1.94 – 1.83 (m, 1H), 1.37 (s, 3H), 1.28 (s, 3H) ; 13C 
NMR (101 MHz, CDCl3) δ 165.27, 164.52, 153.29, 150.32, 143.06, 
137.68, 137.29, 133.61, 129.67, 129.54, 125.91, 122.95, 75.29, 40.57, 
37.88, 35.50, 28.25, 22.70.

4-(4-Methoxyphenyl)-3-(((5-(pyridin-2-yl)-1,3,4-oxadiazol-2-yl) 
thio)methyl)-4a,5,6,7,8,8a-hexahydro-4H-benzo[e] [1,2]oxazine (4b)

1H NMR (400 MHz, CDCl3) δ 8.80 – 8.73 (m, 1H), 8.20 – 8.12 (m, 
1H), 7.93 – 7.84 (m, 1H), 7.50 – 7.42 (m, 1H), 7.13 – 7.04 (m, 2H), 6.92 
– 6.82 (m, 2H), 4.19 (dd, J = 14.4, 1.8 Hz, 1H), 4.05 (s, 1H), 3.98 (d, J =
14.4 Hz, 1H), 3.77 (s, 3H), 3.37 (s, 1H), 2.11 – 2.04 (m, 1H), 1.76 – 1.55 
(m, 4H), 1.47 – 1.25 (m, 4H) ; 13C NMR (101 MHz, CDCl3) δ 165.20, 
165.03, 158.87, 151.10, 150.27, 143.17, 137.24, 132.51, 129.19, 
125.80, 122.88, 114.44, 69.11, 55.29, 44.76, 38.96, 36.10, 29.07, 
27.51, 24.92, 19.91.

6,6-Dimethyl-4-phenyl-3-(((5-(pyridin-2-yl)-1,3,4-oxadiazol-2-yl) 
thio)methyl)-5,6-dihydro-4H-1,2-oxazine (4c)

1H NMR (400 MHz, CDCl3) δ 8.79 – 8.73 (m, 1H), 8.19 – 8.12 (m, 
1H), 7.88 (td, J = 7.8, 1.7 Hz, 1H), 7.50 – 7.42 (m, 1H), 7.33 (t, J = 7.4 
Hz, 2H), 7.27 – 7.17 (m, 3H), 4.02 (d, J = 14.5 Hz, 1H), 3.82 – 3.70 (m, 
2H), 2.16 – 2.04 (m, 1H), 1.97 – 1.90 (m, 1H), 1.36 (s, 3H), 1.28 (s, 3H); 
13C NMR (101 MHz, CDCl3) δ 165.19, 164.72, 153.75, 150.28, 143.15, 
139.18, 137.25, 129.35, 128.30, 127.68, 125.86, 122.93, 75.27, 40.63, 
38.54, 35.60, 28.29, 22.72

4-(4-Methoxyphenyl)-3-(((5-(pyrazin-2-yl)-1,3,4-oxadiazol-2-yl) 
thio)methyl)-4a,5,6,7,8,8a-hexahydro-4H-benzo[e] [1,2]oxazine (4d)

1H NMR (400 MHz, CDCl3) δ 9.42 – 9.36 (m, 1H), 8.76 – 8.72 (m, 
2H), 7.09 (d, J = 8.8 Hz, 2H), 6.87 (d, J = 8.6 Hz, 2H), 4.21 (d, J = 14.5 

Scheme 1. Synthesis of 1,3,4-oxadiazolyl-thio-oxazines 4(a-i). Reaction conditions: (i) picolinic acid, pyrazine-2-carboxylic acid, and 4-bromobenzoic acid, EtOH, 
H2SO4, reflux, 12 h; (ii) N2H4.H2O, EtOH, H2SO4, reflux, 12 h; (iii) CS2, KOH, EtOH, reflux, 8 h; (iv) oxazine bromides, K2CO3, acetone reflux, 1–2 h.

Fig. 6. Structures of substituted oxazines (R2).

Table 7 
List of compounds synthesized.

Products R1 R2 Yield ( %)

4a 2-pyridine I 81
4b 2-pyridine III 79
4c 2-pyridine II 86
4d 2-pyrazine III 81
4e 2-pyrazine II 76
4f Pyridine IV 88
4g Pyridine V 81
4h 2-fluoro-3-methyl-5-phenylpyridine I 80
4i 2-fluoro-3-methyl-5-phenylpyridine II 85
4j Bromobenzene II 81
4k Bromobenzene I 80
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Hz, 1H), 4.02 (t, J = 14.6 Hz, 2H), 3.78 (s, 3H), 3.35 (d, J = 1.6 Hz, 1H), 
2.06 (s, 1H), 1.71 – 1.23 (m, 8H) ; 13C NMR (101 MHz, CDCl3) δ 166.09, 
163.21, 158.90, 150.91, 146.43, 144.59, 143.92, 139.30, 132.44, 
129.17, 114.47, 69.17, 55.30, 44.86, 38.97, 36.16, 29.05, 27.53, 24.91, 
19.90

6,6-Dimethyl-4-phenyl-3-(((5-(pyrazin-2-yl)-1,3,4-oxadiazol-2-yl) 
thio)methyl)-5,6-dihydro-4H-1,2-oxazine (4e)

1H NMR (400 MHz, CDCl3) δ 9.39 (d, J = 1.5 Hz, 1H), 8.78 – 8.71 (m, 
2H), 7.35 (t, J = 7.4 Hz, 2H), 7.28 – 7.21 (m, 3H), 4.03 (d, J = 14.6 Hz, 
1H), 3.82 (d, J = 14.5 Hz, 1H), 3.73 (dd, J = 11.9, 7.8 Hz, 1H), 2.14 (dd, 
J = 13.7, 7.8 Hz, 1H), 2.01 – 1.90 (m, 1H), 1.37 (s, 3H), 1.29 (s, 3H) ; 13C 
NMR (101 MHz, CDCl3) δ 165.67, 163.34, 153.48, 146.48, 144.61, 
143.95, 139.29, 139.11, 129.39, 128.30, 127.73, 75.34, 40.59, 38.65, 
35.60, 28.28, 22.75.

4,6-Diphenyl-3-(((5-(pyridin-2-yl)-1,3,4-oxadiazol-2-yl)thio) 
methyl)-5,6-dihydro-4H-1,2-oxazine (4f)

1H NMR (400 MHz, CDCl3) δ 8.79 – 8.75 (m, 1H), 8.22 – 8.14 (m, 
1H), 7.89 (td, J = 7.8, 1.7 Hz, 1H), 7.47 – 7.24 (m, 12H), 4.93 (ddd, J =
27.9, 11.6, 2.2 Hz, 1H), 4.28 (d, J = 14.5 Hz, 1H), 4.15 – 3.93 (m, 2H), 
2.61 – 2.39 (m, 1H), 2.32 – 2.07 (m, 1H), 1.44 – 1.08 (m, 1H) ; 13C NMR 
(101 MHz, CDCl3) δ 165.12, 165.00, 152.48, 150.29, 143.16, 140.41, 
137.28, 129.32, 128.54, 128.32, 128.17, 127.68, 126.62, 125.86, 
122.93, 78.39, 38.68, 35.92, 34.16

Ethyl(4S)-4-phenyl-3-(((5-(pyridin-2-yl)-1,3,4-oxadiazol-2-yl)thio) 
methyl)-4,5-dihydroisoxazole-5-carboxylate (4g)

1H NMR (400 MHz, CDCl3) δ 8.78 (d, J = 4.4 Hz, 1H), 8.18 (dt, J =
7.9, 1.1 Hz, 1H), 7.90 (td, J = 7.8, 1.7 Hz, 1H), 7.54 – 7.45 (m, 1H), 7.38 
– 7.29 (m, 3H), 7.24 (d, J = 1.7 Hz, 2H), 4.97 (d, J = 5.3 Hz, 1H), 4.79 (d, 
J = 5.3 Hz, 1H), 4.34 – 4.21 (m, 3H), 4.04 – 3.90 (m, 1H), 1.30 (t, J = 7.1 
Hz, 3H) ; 13C NMR (101 MHz, CDCl3) δ 169.13, 165.22, 163.97, 156.19, 
150.27, 142.94, 137.40, 135.99, 129.51, 128.69, 127.72, 127.67, 
126.00, 122.96, 86.44, 62.20, 58.80, 27.38, 14.09.

4-(4-Chlorophenyl)-3-(((5-(4-(6-fluoro-5-methylpyridin-3-yl) 

benzyl)-1,3,4-oxadiazol-2-yl)thio)methyl)-6,6-dimethyl-5,6-dihydro- 
4H-1,2-oxazine (4h)

1H NMR (400 MHz, CDCl3) δ 8.23 (s, 1H), 7.78 (dd, J = 9.3, 1.6 Hz, 
1H), 7.53 (d, J = 8.3 Hz, 2H), 7.39 (d, J = 8.2 Hz, 2H), 7.34 (d, J = 8.4 
Hz, 2H), 7.18 – 7.13 (m, 2H), 4.21 (s, 2H), 3.91 (d, J = 14.5 Hz, 1H), 
3.73 (dd, J = 11.9, 7.8 Hz, 1H), 3.58 (d, J = 13.5 Hz, 1H), 2.37 (s, 3H), 
2.10 (dd, J = 13.7, 7.8 Hz, 1H), 1.91 – 1.84 (m, 1H), 1.35 (s, 3H), 1.20 (s, 
3H); 13C NMR (101 MHz, CDCl3) δ 166.83, 163.43, 163.07, 160.70, 
153.22, 142.89, 142.74, 140.26, 140.20, 137.71, 136.34, 134.33, 
134.28, 133.61, 133.33, 129.72, 129.59, 129.54, 127.59, 119.73, 
119.41, 75.23, 40.43, 37.72, 35.44, 31.50, 29.66, 28.26, 22.56, 14.62.

3-(((5-(4-(6-Fluoro-5-methylpyridin-3-yl)benzyl)-1,3,4-oxadiazol-2- 
yl)thio)methyl)-6,6-dimethyl-4-phenyl-5,6-dihydro-4H-1,2-oxazine (4i)

1H NMR (400 MHz, CDCl3) δ 8.22 (s, 1H), 7.78 (d, J = 6.9 Hz, 1H), 
7.52 (d, J = 8.2 Hz, 2H), 7.41 – 7.31 (m, 5H), 7.21 (d, J = 6.8 Hz, 2H), 
4.26 – 4.16 (m, 2H), 3.91 (d, J = 14.4 Hz, 1H), 3.72 (dd, J = 11.9, 7.8 Hz, 
1H), 3.60 (d, J = 14.9 Hz, 1H), 2.37 (s, 3H), 2.11 (dd, J = 13.6, 7.8 Hz, 
1H), 1.91 (d, J = 13.6 Hz, 1H), 1.35 (s, 3H), 1.21 (s, 3H) ; 13C NMR (101 
MHz, CDCl3) δ 166.72, 163.58, 163.06, 160.69, 153.77, 142.88, 142.73, 
140.26, 140.20, 139.21, 136.31, 134.35, 134.30, 133.39, 132.08, 
130.56, 129.60, 129.35, 128.33, 127.70, 127.57, 119.73, 119.40, 75.22, 
40.53, 38.31, 35.54, 31.50, 28.30, 22.59, 14.62.

3-(((5-(4-Bromobenzyl)-1,3,4-oxadiazol-2-yl)thio)methyl)-6,6- 
dimethyl-4-phenyl-5,6-dihydro-4H-1,2-oxazine (4j)

1H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 8.3 Hz, 2H), 7.38 – 7.29 (m, 
3H), 7.18 (dd, J = 12.6, 7.6 Hz, 4H), 4.10 (s, 2H), 3.90 (d, J = 14.4 Hz, 
1H), 3.71 (dd, J = 11.9, 7.8 Hz, 1H), 3.58 (d, J = 14.4 Hz, 1H), 2.11 (dd, 
J = 13.7, 7.8 Hz, 1H), 1.98 – 1.87 (m, 1H), 1.36 (s, 3H), 1.19 (s, 3H); 13C 
NMR (101 MHz, CDCl3) δ 166.38, 163.58, 153.71, 139.22, 132.48, 
132.07, 130.54, 129.33, 128.31, 127.68, 121.69, 75.18, 40.55, 38.28, 
35.54, 31.28, 28.29, 22.58.

3-(((5-(4-Bromobenzyl)-1,3,4-oxadiazol-2-yl)thio)methyl)-4-(4- 
chlorophenyl)-6,6-dimethyl-5,6-dihydro-4H-1,2-oxazine (4k)

Scheme 2. Plausible mechanism for the synthesis of 1,3,4-oxadiazolyl-thio-oxazines.
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1H NMR (400 MHz, CDCl3) δ 7.49 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.4 
Hz, 2H), 7.16 (t, J = 8.3 Hz, 4H), 4.11 (s, 2H), 3.90 (d, J = 14.4 Hz, 1H), 
3.71 (dd, J = 11.8, 7.8 Hz, 1H), 3.56 (d, J = 13.5 Hz, 1H), 2.09 (dd, J =
13.7, 7.8 Hz, 1H), 1.87 (dd, J = 13.6, 11.9 Hz, 1H), 1.36 (s, 3H), 1.18 (s, 
3H) ; 13C NMR (101 MHz, CDCl3) δ 166.22, 163.42, 153.55, 139.06, 
132.31, 131.91, 130.37, 129.16, 128.14, 127.51, 121.52, 75.02, 40.38, 
38.12, 35.37, 31.12, 28.12, 22.42.

3.6.2. Comparative analysis of theoretical and experimental NMR spectra
A comparison of the experimental and theoretical chemical shifts 

revealed consistently high correlation coefficients (R² > 0.98) (Supple
mentary, Page: S45 – S88) for both the ¹H and ¹³C NMR spectra for all 
compounds (4a–4k), along with low RMSD values use same level of basis 
set, demonstrating the reliability of the computational method. A 
tabulation of the RMSD values for each compound is included in the 
tables S8 and S9.

3.6.3. FTIR spectra
The FTIR spectra of the synthesized compounds (4a–4k) exhibited 

characteristic absorption bands that confirmed the presence of key 
functional groups. A strong C=N stretching vibration of the 1,3,4-oxa
diazole ring was consistently observed in the 1563–1613 cm⁻¹ region. 
IR bands observed in the 1144–1201 cm⁻¹ region can be assigned to C-O- 
C stretching modes of the oxazine ring or methoxy substituents which 
are expected in that range, further confirming the heterocyclic frame
work. Distinct C–S stretching bands were recorded in the 696–713 cm⁻¹ 
region, while a weak S–CH₂ bending vibration near 1400 cm⁻¹ supported 
the presence of the thioether linkage.

Compound-specific features were also observed. For compound 4g, 
an additional strong band at 1732 cm⁻¹ was attributed to the ester C = O 
stretching. Similarly, methoxy‑substituted derivatives (4a and 4b) dis
played characteristic absorptions associated with the aryl methyl ether 
functionality. Compounds with halogen substituents (4a, 4h, 4k) 
exhibited additional vibrations in the fingerprint region (600–800 cm⁻¹), 
confirming the presence of C–Cl or C–Br bonds. Collectively, the FTIR 
data strongly supported the structural assignments of all synthesized 
derivatives by confirming the presence of oxadiazole, oxazine, and thi
oether functionalities, along with substituent-specific signatures.

3.6.4. Comparative analysis of theoretical and experimental FTIR spectra
The experimental FTIR spectra of compounds 4a–4k were in good 

agreement with the theoretically simulated spectra obtained from DFT 
calculations (Fig. S7). The characteristic stretching vibrations, particu
larly those corresponding to C=N, C–O–C, and C–S functionalities, were 
reproduced well in the theoretical profiles, validating the structural 
assignments. Minor deviations in absorption frequencies were attributed 
to solvent effects and basis set limitations.

3.6.5. Mass spectral studies
The LCMS analysis of compounds (4a–4k) showed molecular ion 

peaks [M + H]⁺ in close agreement with their calculated values, con
firming their molecular masses. Compounds bearing halogen sub
stituents further exhibited the characteristic isotopic patterns, consistent 
with the presence of Cl and Br atoms (Supplementary, Page: S23-S44).

3.7. Biology

Comprehensive biological studies, including cytotoxicity evaluation, 
ADME profiling, computational analyses, and structure–activity rela
tionship (SAR) studies, are provided in the Supporting Information 
(Page: S13-S22).

4. Conclusion

In this study, eleven 1,3,4-oxadiazolyl-thio-oxazine derivatives 
(4a–4k) were synthesized and structurally characterized using ¹H/¹³C 

NMR, IR spectroscopy, and mass spectrometry. Single-crystal XRD 
confirmed that compound 4c crystallized in the monoclinic P2₁/n space 
group with reliable refinement values. The structure displayed hydrogen 
bonding, aromatic stacking, and van der Waals interactions, while the 
Hirshfeld analysis indicated that 40.9 % of the H⋅⋅⋅H contacts were the 
dominant stabilizing forces. The HOMO orbitals were localized on the 
oxadiazole moiety, whereas the LUMOs were found in electron-deficient 
regions. Among the studied derivatives, compound 4d was identified as 
the most reactive molecule, as revealed by FMO and MEP analyses, 
owing to its narrow energy gap, high softness, and greater electron af
finity. MEP surface mapping identified nucleophilic sites near the oxy
gen and nitrogen atoms. The simulated NMR and FTIR spectra agreed 
well with the experimental results, with high correlations and low 
RMSDs, confirming the model reliability. Alamar Blue assay on MCF-7 
breast cancer cell line (Supplementary, Page: S13-S22) showed 4c and 
4g were moderately cytotoxic to MCF-7 cells (IC₅₀ = 33.06 µM and 21.24 
µM). Molecular docking and 100 ns MD simulations with NF-κB p65 
(PDB ID: 1IKN) demonstrated that 4g exhibited stronger binding affinity 
(− 8.1 kcal/mol) and superior stability compared to 4c, supported by 
persistent hydrogen bonds and hydrophobic contacts. Overall, this study 
presents a comprehensive structural and theoretical characterization of 
1,3,4-oxadiazolyl-thio-oxazines, supported by crystallography, spec
troscopy, DFT, with docking and dynamics providing preliminary in
sights into their biological potential.

Supporting information

The supporting information includes spectral data, Biology results, 
and DFT studies with comparisons between theoretical and experi
mental data for compounds 4(a–k).
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