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onic myeloid leukemia
therapeutics: AI-optimized design and synthesis of
4-methylthiazole-2-amine derivatives with
translocation control activity

Zaheer Ahmad,a Labaina Shakoor,a Sajid Mahmood,b Aneeqa Batool,c

Nusrat Shafiq, *c Aniqa Moveed,c Syeda Aaliya Shehzadi,d Mohamed Mohany,e

Lei Zhang,f Salim S. Al-Rejaieg and Humaira Razzaqa

A series of 4-methylthiazole-2-amine derivatives (3a–3f, 6g–j and 7) were prepared via a Hantzsch-type

multicomponent reaction and characterized by FT-IR, 1H-NMR and 13C-NMR spectroscopy techniques.

The cytotoxic effects of the synthesized products on the chronic myeloid leukemia K562 and U937 cell

lines were tested using the MTT assay. Compounds 3a, 3b, 3c, 6g, 6h and 6i exhibited high cytotoxic

potential with IC50 values ranging from 1.5 to 5 0 mM, which showed a dose-dependent inhibition. Stable

ligand–receptor interaction was observed by molecular docking studies against the chosen CML-

associated proteins (2GQG, 5MO4, 2AZ5 and 5MAR) with the highest docking scores obtained for 6h and

6i (−8.37 and −8.97 kcal mol−1, respectively). Strong binding affinities (DG = −53.36 kcal mol−1) were

confirmed by MM-GBSA calculations. Further, density functional theory (by using B3LYP/6-311G basic

function set) was used to gain information on the electronic configurations, HOMO–LUMO gaps and

charge distribution, which favored stability of the molecules and reactivity. The combined experimental

and computational findings indicated that compounds 6h and 6i are potential scaffolds that can be used

to develop new thiazole-based anticancer agents against chronic myeloid leukemia.
1 Introduction

Many natural products contain ve-membered heterocycles
having nitrogen and sulphur heteroatoms at positions 1 and 3.
For example, in vitamin B1 (1), the thiazolium ring acts as an
electron sink, and its coenzyme structure is essential for the
decarboxylation of a-keto acids (2). It is used as an intermediate
in the preparation of drugs and dyes. The aromatic nature of the
thiazole is due to the delocalization of the lone pair of electrons
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the Royal Society of Chemistry
on the sulfur atom.1 The most demanding and investigated
class of aromatic ve-membered heterocycles is thiazoles.
Hantzsch andWeber were the rst scientists who illustrated the
structure of thiazole in 1887 (1) (Fig. 1).

Thiazoles are essential due to their countless biological and
pharmaceutical properties.2 Many thiazole drugs are antioxi-
dant, anti-inammatory, anti-Alzheimer, antidiabetic, antimi-
crobial, anti-HIV, anticancer, antihypertensive and
anticonvulsant.3 Thiazoles are also present in many clinically
utilized drugs, such as abafungin (antifungal drug), ritonavir
(antiretroviral drug) and sulfathiazole (antimicrobial drug).4

Nizatidine is a drug used as antagonist and drug of neon-
icotinoids class act as (insects) behavior product.5 Nitazoxanide
is a broad-spectrum medication play a role in traeting the
diarrhea (as antiparasitic agent)6 and in many other work such
Fig. 1 Basic core structure of thiazole.
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Fig. 2 Examples of thiazole-bearing drugs.
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as anti-inammatory agents. In the development of novel
therapeutic agents and drug, design the most recent rumor of
thiazole core structure have been put forwarded many applica-
tions (Fig. 2).

The properties of thiazoles are comparable to those of oxa-
zoles, and the nitrogen atom with an unshared pair of electrons
is vital in nature. Thiazoles holds a noticeable position within
the drug innovation process among the distinctive aromatic
Fig. 3 Antitumor drugs containing a thiazole ring.

48262 | RSC Adv., 2025, 15, 48261–48295
heterocycles.7 This ring structure is found in a few marketed
drugs. Therefore, thiazoles are oen included in the core
structure for the amalgamation of chemical libraries.8 Conse-
quently, the thiazole core has been much considered within the
eld of medicinal and organic chemistry.

Since decades, huge populations are affected by cancer. Next
to coronary disease, cancer is the second most dangerous
disease. In accordance with the world health organization
© 2025 The Author(s). Published by the Royal Society of Chemistry
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(WHO) report, the number of latest cases expected to increase
by 70% more than two decades. Central and South America,
Africa and Asia account for 60% of the world's total latest yearly
cancer cases and 70% of the world's cancer deaths. By adopta-
tion of suitable treatment for cancer control, struggle against
cancer is taken as worldwide confront in this distressing
condition. According to the stages and types of cancers, various
treatment options such as surgery, chemotherapy, radiation
therapy, targeted therapy and precision medicine, hormone
therapy, immunotherapy, and stem cell transplant are avail-
able. Among all these treatment options, chemotherapy is
broadly acknowledged and chosen due to its different admin-
istration routes such as oral, intraperitoneal, intravenous, intra-
arterial, intrathecal and topical modes.9

Now-a-days, most of the studies are focused on discovering
the accurate target and developing potential chemotherapeutic
agents for the control, treatment and eradication of this lethal
disease. The medicines currently available on the market
generally have nitrogen-containing heterocyclic compounds.10

Furthermore, it is conrmed that the exible thiazole core has
signicant anti-cancer effects, and is found in numerous novel
chemotherapeutic agents.11 There are numerous examples of
medicines that contain the thiazole core as a fundamental
structure. These drugs have revealed signicant anti-cancer
activities (Fig. 3).

2 Materials and methods
2.1. General procedure for the synthesis of thiazole
derivatives

Different ketones having alpha hydrogen were used for the
preparation of 2,4-disubtituted thiazole derivatives. The
Scheme 1 General reaction mechanism for the synthesis of thiazole de

© 2025 The Author(s). Published by the Royal Society of Chemistry
Hantzsch mechanism was followed for the preparation of
thiazole derivatives. Three- and four-component single-step
reactions occurred (Scheme 1).

2.1.1. General procedure for the synthesis of thiazole
derivatives (3a–f). For the preparation of thiazole derivatives,
a mixture of substituted ketones (0.2 mole), amides (0.2 mole),
thiourea (0.3 mole) and bromine (0.2 mole) was added to
a round-bottom ask and reuxed for 2 h at 110 °C. The reac-
tion mixture was cooled to room temperature (25 °C) and then
100 mL water was added. Then, the solution was ltered off and
washed with ethyl acetate to remove unreacted parts especially
bromine or iodine. Excess of ethyl acetate was removed and the
ltrate was poured into boiling water. Filter off the hot solution
immediately. Then, it was set aside and le for half an hour.
The pH of the solution was maintained at 8–9 by making it
alkaline with a ammonium hydroxide solution. The products
obtained were ltered. The solid product was washed sequen-
tially with water (2 × 150 mL). Aqueous ethanol (1 : 1) was used
to crystallize the product (Scheme 2).

2.1.2. General procedure for the synthesis of compounds
6g–j. A mixture of amino thiazole derivatives (0.02 mole) and
chloroacetyl chloride (0.5 g) in 20 mL DCM was taken in
a 200 mL round-bottom ask. Sodium bicarbonate (NaHCO3)
was added to the mixture and reuxed for several hours with
constant stirring. Aer completion, the reaction mixture was
poured into ice-cold water (200 mL). Then the precipitate was
ltered-off and crystalized with ethanol (Scheme 3).

2.1.3. General procedure for the synthesis of azothiazole
(7). For the synthesis of azothiazole (7) (Scheme 4), an aqueous
solution of NaNO2 and acidic solution of aniline were prepared.
Then, 0.01 mole of NaNO2 in 12.5 mL water and 0.01 mole of
C6H5NH2 in 7.5 mL of hydrochloric acid were prepared. Then,
rivatives followed by the Hantzch synthesis.

RSC Adv., 2025, 15, 48261–48295 | 48263
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Scheme 2 General reaction for the preparation of thiazole derivatives
(3a–f).

Scheme 3 General reaction of compounds 7d–e.
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a NaNO2 solution was added to an aniline solution drop-wise
maintaining at 5 °C, and a diazonium salt was formed. A dia-
zonium salt was added to cool the mixture of 2-amino-4-phenyl
thiazole (0.01 mole) and 7.5 g of CH3COONa in ethanol. The
reaction mixture was continuously stirred at a temperature of
5 °C for 2 h. Water was added to the mixture, and the solution
was ltered. A solid mass was washed with water and recrys-
tallized with aqueous ethanol (9 : 1).
2.2. Characterization of the targeted synthesized
compounds (3a–f, 6g–j and 7)

2.2.1. 2-Amino-4-methylthiazole (3a). Physical appearance:
white crystals; yield: 74.5%; RF value: 0.75; FTIR (cm−1): 3370.24
(–NHstretch), 1590.53 (C]N), 1083.20 (C–Nstretch), 2962.08
(CHstretch), 1406.71 (C]Cring), 730.04 (thiazole nucleus);
1HNMR (DMSO, 300 MHz): d 7.06 (s, 2H, 2-NH2), 6.48 (s, 1H, H-
5), 2.28 (s, 3H, 4-CH3);

13CNMR (DMSO, 125 MHz): d 169.1 (C-2),
147.8 (C-4), 101.3 (C-5), 16.8 (4-CH3); molecular formula:
C4H6N2S; molecular weight: 114.17 g mol−1.
Scheme 4 Reaction for the preparation of azothiazole (7).

48264 | RSC Adv., 2025, 15, 48261–48295
2.2.2. 2-Amino-4-phenyl thiazole (3b). Physical appearance:
yellow crystals; yield: 80%; RF value: 0.69; FT-IR (cm−1): 3249.51
(NHstretch); 1596.71 (C]N); 1021.65 (C–Nstretch); 1530.66 (C]
Caromatic); 1440.74 (C]Cring); 710.95 (thiazole nucleus); 1HNMR
(DMSO, 300 MHz) d 6.998 (s, –NH2), 7.78 (dd, J= 2.00 Hz, 2H, H-
7, 11), 7.38 (d, 2H, J = 2.04 Hz, H-8, 10), 7.27 (dd, 1H, J =

1.02 Hz, H-9), 7.074 (s, 1H, H-5); 13CNMR (DMSO, 125 MHz):
d 168.6 (C-2), 150.29 (C-4), 125.98 (C-9), 127.63 (C-7, 11), 128.92
(C-8, 10), 135.38 (C-6), 101.94 (C-5); molecular formula:
C9H8N2S; molecular weight: 176.24 g mol−1.

2.2.3. Bis-(2-aminothiazole-4-yl)-methanone (3c). Physical
appearance: brown crystals; yield: 83%; RF value: 0.89; FT-IR
value: 3318.45 (NHstretch), 1655.26 (C]N), 1129.41 (C–Nstretch),
1706.78 (C]Ostretch), St of thiazole nucleus, 720.08; C]C (ring),
1430.75; 1HNMR (DMSO, 300 MHz): d 6.99 (s, 4H, 2,20-NH2),
8.38 (s, 2H, H-5,50); 13CNMR (DMSO, 125 MHz): d 194.9 (C-6),
168.9 (C-2,20), 144.9 (C-4,40), 113.5 (C-5,50); molecular formula:
C7H6N4S2O; molecular weight: 226.00 g mol−1.

2.2.4. N4-Isopropyl-5-methylene-4,5-dihydrothiazole-2-4-
diamine (3d). Physical appearance: green crystals; yield: 76.5%;
RF value: 0.67; FTIR (cm−1): 3277.59 (NHstretch), 1620.42 (C]N),
1153.88 (C–Nstretch), 1253.89 (CHaromatic), 1650.82 (C]Cring),
1549.06_(NHbend) (CHstretch), 2876.22 (CH3), 2932.69 (CHstretch)
727.51 (thiazole nucleus); 1HNMR (DMSO, 300 MHz): d 7.06 (s,
2H, –NH2), 6.48 (s, 1H, H-5), 2.28 (s, 3H, 4-CH3);

13CNMR
(DMSO, 125 MHz): d 169.1 (C-2), 147.8 (C-4), 101.3 (C-5), 16.8 (4-
CH3); molecular formula: C7H13N3S; molecular weight: 171.26 g
mol−1.

2.2.5. 5,6-Dihydro-4H-cyclopenta[d]thiazole-2-amine (3e).
Physical Appearance: white powder; yield: 79%; RF value: 0.61;
FTIR (cm−1): 3376.24 (NHstretch), 1608.08 (C]N), 1081.78 (C–
Nstretch), 3147.59 (CHaromatic), 1441.36 (C]Cring), 727.51 (thia-
zole nucleus); 1HNMR (DMSO, 300 MHz): d 7.06 (s, 2H, –NH2),
6.48 (s, 1H, H-5), 2.28 (s, 3H, 4-CH3);

13CNMR (DMSO, 125
MHz): d 169.1 (C-2), 147.8 (C-4), 101.3 (C-5), 16.8 (4-CH3);
molecular formula: C6H8N2S; molecular weight: 140.21 g mol−1.

2.2.6. 5-Methylene-4-5-dihydrothiazole-2-4-diamine (3f).
Physical Appearance: white crystals; yield: 83.6%; RF value:
0.61; FTIR (cm−1): 3346.20 (NHstretch), 1602.63 (C]N), 1081.30
(C–Nstretch), 3118.98 (CHaromatic), 1665.89 (C]Cring), 727.51
(thiazole nucleus); 1HNMR (DMSO, 300 MHz): d 7.06 (s, 2H, –
NH2), 6.48 (s, 1H, H-5), 2.28 (s, 3H, 4-CH3);

13CNMR (DMSO, 125
MHz): d 169.1 (C-2), 147.8 (C-4), 101.3 (C-5), 16.8 (4-CH3);
molecular formula: C4H7N3S; molecular weight: 129.18 g mol−1.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2.7. 2-Chloro-N-(4-phenylthiazole-2-yl)acetamide (6g).
Physical appearance: brownish crystals; yield: 80%; RF value:
0.70; FT-IR value: 3249.36 (N–Hstretch), 1566.86 (C]N), 1137.87
(C–N), 1263.03 (C–Naromatic), 1654.79 (C]Ostretch), 1566.86
(CHaromatic), 669.81 (Clstretch), 718.66 (thiazolo nucleus); 1HNMR
(DMSO, 300 MHz): d 12.68 (s, 2H, NH2-2), 7.92 (dd, 2H J = 1 Hz,
H-7,11), 7.45 (dd, 2H, J = 0.94 Hz, H-8,10), 7.34 (dd, 1H, J =
0.58 Hz, H-9), 7.67 (s, 1H, H-5), 4.43 (s, 2H, CH2-12);

13CNMR
(DMSO, 125 MHz): d 165.6 (C]O), 157.92 (C-2), 149.53 (C-4),
134.58 (C-6), 129.22 (C-8,10), 128.35 (C-7,11), 126.15 (C-9),
109.03 (C-5), 42.79 (–CH2); molecular formula: C11H9ClN2OS;
molecular weight: 252.72 g mol−1.

2.2.8. 2-Chloro-N-(5,6-dihydro-4H cyclopenta[d]thiazol-2-
yl)acetamide (6h). Physical appearance: yellow crystals; yield:
78%; RF value: 0.78; FT-IR (cm−1): 3319.15 (NHstretch), 1584.04
Table 1 Two-way ANOVA results of all the synthesized drugs against th

ANOVA table SS DF M

Interaction 30 666 15
Row factor 47 982 3 1
Column factor 48 244 5
Residual 12.00 24

Fig. 4 Graphical representation of the K562 cell line inhibitory
concentration of the synthesized drugs.

Fig. 5 Graphical representation of two-way ANOVA of all the
synthesized drugs against the K562 cell line.

© 2025 The Author(s). Published by the Royal Society of Chemistry
(NHbending), 1640.60 (C]Nstretch), 1228.02 (C–Naromatic); 1117.57
(CNstretch), 1667.22 (C]Ostretch), 2979.28 (CHaromatic), 672.37
(Clstretch);

1HNMR (DMSO, 300 MHz): d 12.5 (2H, s, 2-NH2), 2.87
(2H, t, 6-CH2), 2.54 (2H, m, 7-CH2), 2.52 (2H, m, 8-CH2);

13CNMR
(DMSO, 125 MHz): d 164.2 (C]O), 148.2 (C-4), 118.9 (C-5), 28.2
(C-6), 26.0 (C-7), 30.9 (C-8); molecular formula: C8H9ClN2OS;
molecular weight: 216.69 g mol−1.

2.2.9. N,N0-(4,40-Carbonylbis(thiazole-4,2-diyl))bis(2-
chloroacetamide) (6i). Physical appearance: grey powder; yield:
73%; RF value: 0.57; FTIR (cm−1): 3383.72 (NHstretch), 1574.54
(NHbending), 1630.14 (C]Nstretch), 1224.23 (C–Naromatic), 1118.70
(C–Nstretch), 1654.82 (C]Ostretch), 670.82 (Clstretch);

1HNMR
(DMSO, 300 MHz): d 12.4 (2H, s, 2,20-NH), 4.87 (4H, t, 8,80-CH2),
8.98 (2H, s, 5,50-CH2);

13CNMR (DMSO, 125 MHz): d 192.9 (C-9),
164.5 (C-7,70), 144.2 (C-4,40), 113.9 (C-5,50), 42.7 (C-8,80), 26.0 (C-
7), 30.9 (C-8); molecular formula: C11H10ClN4O3S2; molecular
weight: 379.23 g mol−1.

2.2.10. 2-Chloro-N-(4-methylthiazole-2-yl)acetamide (6j).
Physical appearance: white powder; yield: 82%; RF value: 0.59;
FTIR (cm−1): 3264.01 (N–Hstretch), 1582.5 (C]N), 1072.49 (C–
Nstretch), 1287.11 (C–Naromatic), 1683.96 (C]Ostretch), 2919.77
(CHstretch), 670.34 (Clstretch), 722.57 (thiazole nucleus); 1HNMR
(DMSO, 300 MHz): d 12.68 (s, 1H, 6-NH-), 7.67 (s, 1H, H-5), 4.43
(s, 2H, CH2-8);

13CNMR (DMSO, 125 MHz): d 165.6 (C]O),
162.92 (C-2), 144.7 (C-4), 104.3 (C-5), 42.79 (8-CH2) molecular
formula: C6H7ClN2OS; molecular weight: 190.65 g mol−1.

2.2.11. 4-Phenyl-5-(phenyldiazenyl)thiazole-2-amine (7).
Physical appearance: grey powder; yield: 69%; RF value: 0.66 FT-
Fig. 6 Graphical representation of the U937 cell line inhibitory
concentration of the synthesized drugs.

e K562 cell line

S F (DFn, DFd) P Value

2044 F (15, 24) = 4089 P < 0.0001
5 994 F (3, 24) = 31 988 P < 0.0001
9649 F (5, 24) = 19 297 P < 0.0001

0.5000
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Table 2 Two-way ANOVA of all the synthesized drugs against the U937 cell line

ANOVA table SS DF MS F (DFn, DFd) P Value

Interaction 120 506 15 8034 F (15, 24) = 12 051 P < 0.0001
Row factor 86 859 3 28 953 F (3, 24) = 43 429 P < 0.0001
Column factor 50 671 5 10 134 F (5, 24) = 15 201 P < 0.0001
Residual 16.00 24 0.6667
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IR value: 3246.76 (NHstretch), 1597.30 (C]N), 1038 (C–Nstretch),
1282.04 (C–Naromatic), 1517.64 (N]N), 1483.26 (CHaromatic),
1441.32 (C]Caromatic), 772.17 (thiazolo nucleus); 1HNMR
Fig. 7 Graphical representation of the U937 cell line inhibitory
concentration of the synthesized drugs.

Fig. 8 Structure–activity relationship of thaizole derivatives.

48266 | RSC Adv., 2025, 15, 48261–48295
(DMSO, 300 MHz): d 8.61 (2H, s, 2-NH2), 8.20 (2H, dd, J = 8,
1.0 Hz, H-7,11), 7.38 (2H, dd, J = 1.0, 2.5 Hz, H-8,10), 7.45 (1H,
ddd, J = 1.5 Hz, 2.5 Hz, H-9), 7.26 (2H, dd, J = 8.5, 1.0 Hz, H-70,
110), 7.34 (2H, dd, J = 8.0 Hz, H-80,100), 7.10 (1H, dd, J = 8.0 Hz,
H-90); 13CNMR (DMSO, 125 MHz): d 1770.2 (C-2), 154.4 (C-4),
138.0 (C-5), 133.1 C-6), 126.1 (C-7,11), 128.9 (C-8,10), 128.6 (C-
9), 128.6 (C-60), 127.9 (C-70,110), 128.6 (C-80, 100), 126.2 (C-90)
molecular formula: C15H12N4S; molecular weight: 280.35 g
mol−1.
2.3. Anti-tumor activity of the synthesized compounds

Different thiazole derivatives were prepared and screened by the
MTT assay.12 For this purpose, two chronic myeloid leukemia
model cell lines, namely, K562 and U937, were selected as
translocation controls. The targeted cell lines were purchased
from the German Collection of Microorganisms and Cell
Cultures (DSMZ, Braunschweig, Germany) through the local
vendor (Musaji Adam & Sons, Lahore). RPMI1640 media
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Docking scores with the corresponding interactions

S. no. PDB ID Compounds Docking score Type of interaction Amino acid residue Distance

1 2GQG 5-Fluorouracil −7.064 H-bond MET318 1.91
H-bond MET318 1.86

3a −6.727 H-bond MET318 2.38
H-bond MET318 1.83

3b −6.245 H-bond LEU248 2.42
3c −6.472 H-bond GLU286 2.42
3d −6.147 H-bond GLU286 1.89
3e −7.688 H-bond MET318 2.21

H-bond MET318 1.88
3f −7.606 H-bond MET318 2.20

H-bond MET318 2.21
H-bond GLU316 1.87

6g −6.700 H-bond THR315 2.18
6h −8.370 H-bond MET318 2.28

H-bond MET318 1.87
6i −8.973 H-bond MET318 2.09

H-bond THR315 2.28
Halogen bond TYR253 3.19
Halogen bond GLY251 3.09

6j −7.284 H-bond MET318 2.40
H-bond MET318 1.86

7 −7.184 H-bond GLU316 1.78
2 5MO4 5-Fluorouracil −6.329 H-bond MET337 2.10

Pi–Pi stacking TYR272 5.02
3a −5.590 — — —
3b −7.447 Pi–Pi stacking TYR272 4.81
3c −5.870 H-bond ASP400 2.32
3d −6.741 H-bond GLU305 2.63
3e −6.791 H-bond MET337 2.22

Pi–Pi stacking TYR272 5.14
3f −6.212 H-bond ALA288 2.18

H-bond ILE332 2.12
6g −8.441 H-bond ASP400 2.32

Pi–Pi stacking TYR272 5.03
6h −7.292 H-bond ASP400 1.88

Pi-cation LYS290 6.55
6i −7.384 H-bond ASP400 2.40

H-bond GLU305 2.24
6j −6.154 H-bond ASP400 2.55
7 −6.044 — — —

3 2AZ5 5-Fluorouracil −5.598 H-bond TYR B:151 1.97
H-bond LEU B:120 2.74

3a −4.960 H-bond SER B:60 2.06
Pi–Pi stacking TYR B:119 4.98

3b −5.923 H-bond LEU A:120 1.85
Pi–Pi stacking TYR B:119 5.35

3c −5.054 H-bond LEU A:120 2.27
H-bond LEU A:120 2.16
H-bond SER B:60 2.47
Pi–Pi stacking TYR B:119 5.12

3d −5.335 H-bond SER B:60 2.22
3e −5.494 H-bond GLY A:121 1.99
3f −5.613 H-bond GLY A:121 1.84

H-bond TYR B:151 2.34
6g −5.339 H-bond LEU A:120 3.47

Pi–Pi stacking TYR A:59 4.18
6h −5.838 — — —
6i −5.118 Halogen bond TYR B:119 3.42

H-bond GLY A:121 2.34
6j −5.030 H-bond GLY A:121 2.19
7 −6.289 H-bond SER A:60 2.19

Pi–Pi stacking TYR B:59 5.09
Pi–Pi stacking TYR B:119 5.49

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 48261–48295 | 48267
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Table 3 (Contd. )

S. no. PDB ID Compounds Docking score Type of interaction Amino acid residue Distance

4 5MAR 5-Fluorouracil −6.676 H-bond LYS 287 2.19
H-bond ASN286 1.85
H-bond ASP95 1.68

3a −5.130 H-bond ALA85 2.73
H-bond GLY261 2.12

3b −4.653 H-bond SER263 2.65
3c −6.292 H-bond GLU288 1.83

H-bond ARG97 2.01
H-bond PHE96 1.89

3d −5.071 H-bond ASP95 1.95
H-bond GLU288 2.07

3e −5.246 H-bond ALA85 2.37
3f −5.528 H-bond GLU288 1.68

H-bond ASN286 2.09
6g −5.398 Halogen bond ARG97 2.82

Halogen bond TYR104 2.42
6h −5.977 H-bond SER263 2.56

H-bond ALA85 2.28
6i −5.535 H-bond ARG A:97 2.60

H-bond SER A:263 2.04
H-bond HIS A:187 2.31
Halogen bond ARG A:97 3.48
Halogen bond TYR A:104 2.59

6j −5.534 H-bond SER263 2.21
H-bond ALA85 1.97
Halogen bond ARG97 2.64

7 −4.378 — — —
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supplemented with 10% fetal bovine serum (FBS; Gibco/
Invitrogen, Karlsruhe, Germany), 1% penicillin/streptomycin
(P/S) and 1% L-glutamine were used to culture the cell lines.
This assay was performed using a previously reported method.12

For this purpose, the compounds at concentrations of 0.4 mM,
0.6 mM, 0.8 mM, and 1.0 mM were used. The cell viability was
calculated, IC50 was determined using GraphPad Prism and
further statistical analyses of results were done by applying two-
way ANOVA for the proper presentation of results.

2.4. Molecular docking study

Molecular docking of the synthesized compounds from thiazole
and azothiazol was performed using Maestro Schrodinger 13.4.
The protein structures are generally rened for their topologies,
incomplete and terminal amide groups, bond ordering, formal
charges and missing hydrogen atoms.13 Water molecules larger
than 5 Å were eliminated. The most stable ionization states that
were produced in the protein structure were selected. The
orientations of the remaining water molecules were adjusted.14

Lastly, the protein structure was minimized by reorienting side-
chain hydroxyl groups and steric conicts using the OPLS2005
force eld.15

2.4.1. Ligand preparation. A dataset of thiazole derivatives
were prepared by the synthesis of thiazole and azothiazol.
Thiazole derivative structures were identied by the character-
ization of these compounds. The structures were drawn by
using ChemDraw (ChemDraw 19.1), then names, and smiles of
these thiazole derivatives were generated (as shown in Table S1
48268 | RSC Adv., 2025, 15, 48261–48295
(SI)). For molecular docking, thiazole derivatives are saved in
the SDF format along with the reference drug. The Maestro
Schrodinger suite 2022 soware was used for ligand prepara-
tion through the LigPrep interface.16 By follwoing the Schro-
dinger soware's specications, all ligands were selected from
the workspace, eliminate the tautomer, neutralize and create
the ligand.17

2.4.2. Receptor grid generation. For receptor grid genera-
tion, the ligands remained in the crystal structure of the
prepared protein. For checking the accuracy of docking studies,
the lowest energy pose of the co-crystallized ligands was deter-
mined by the scoring function, which closely reects the
experimental binding mode determined by X-ray crystallog-
raphy.17 The co-crystallized ligand was separated from the
protein's binding site using the Glide docking approach. The
receptor grid and the ligands were used to perform the glide
docking of the synthesized compounds.18

We used the Maestro Schrodinger version 13.5 soware,
which use the step wise preparation by following the sequence
of protein preparation, receptor grid generation, ligand prepa-
ration and docking. Protein amino acid interaction with
receptor (ligand) was enclosed by active site grid.19 Through
molecular docking study, these ligands were converted into 3D
structures and the best docking score was recorded.

2.5. MM-GBSA calculation

Ligand–protein complexes were subjected to MM-GBSA built in
Maestro Schrodinger 13.5 version to calculate the binding
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) 3D-interaction of 3e in complex with the protein 2GQG; (b) 2D interaction of 3e in complex with the protein 2GQG; (c) 3D interaction
of 3f in complex with the protein 2GQG; and (d) 2D interaction of 3f in complex with the protein 2GQG.
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energy. Using this soware, proteins were prepared by the
removal of water and minimization of H-bonds, and ligands
were also prepared by the LigPrep tool using the OPLS2005 force
eld.20 Ligand–protein complexes were optimized using Prime
with the OPLS 2005 force eld. Different factors of energies were
calculated for the MM-GBSA study such as binding free energy,
coulomb binding free energy, covalent binding free energy,
hydrogen bond binding free energy and lipophilic binding free
energy.21
2.6. Optimization of geometry parameters and spectral data
by DFT studies

Density functional theory (DFT) calculations were performed to
check the optimization geometry of the compounds using the
Gaussian 09W and Gauss View 6.0.16 soware. The B3LYP 6-
311G basis set was used to calculate the energy gap between the
LUMO and HOMO orbitals and the stability and reactivity of the
compounds.22

2.6.1. Computational details of the protocol. Theoretical
analyses of compounds 6h (2-chloro-N-(5,6-dihydro-4H cyclo-
penta[d]thiazol-2-yl)acetamide) and 6i (N,N0-(4,40-
carbonylbis(thiazole-4,2-diyl))bis(2-chloroacetamide)) were per-
formed using the Gaussian and Gauss View program.23 Geom-
etry optimization and frequency calculation were also
© 2025 The Author(s). Published by the Royal Society of Chemistry
conducted by the density functional theory (DFT) calculation of
quantum mechanics with the B3LYP parameter and the 6-311G
basis set as correlation functions.24 The B3LYP model gives the
stable IR and NMR DFT calculations with good experimental
calculation of IR and NMR according to studies. Transition
energies of the lowest unoccupied molecular orbital (LUMO)
and the highest occupied molecular orbital (HOMO), energy
gap, FMO, MEP, dipole moments and other properties were
calculated using this model.25 The vibrational data of IR ob-
tained from the Gauss View was computed to Origin program to
generate the IR spectra. Proton and carbon NMR spectra were
generated using the GIAO (gauge independent atomic orbital)
approach and compared with the experimental calculations.
Using tetramethylsilane (TMS HF/6-31G(d)) GIAO as the
internal reference, the optimized parameters obtained from the
B3LYP/6 311G method were used to determine the proton and
carbon isotropic shielding.26 The natural bond orbital (NBO)
was obtained using the second order of perturbation theory
from the B3LYP 6-311G basis set. Further studies of natural
population analysis (NPA) and Mulliken's population analysis
(MPA) were calculated from the second order of perturbation
theory NBOs.27

2.6.2. Hirshfeld population analysis. To check the charge
distribution at the atomic level and understand the non-covalent
RSC Adv., 2025, 15, 48261–48295 | 48269
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Fig. 10 (a) 3D interaction of 6h in complex with the protein 2GQG; (b) 2D interaction of 6h in complex with the protein 2GQG; (c) 3D interaction
of 6i in complex with the protein 2GQG; and (d) 2D interaction of 6i in complex with the protein 2GQG.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
12

/2
02

5 
8:

59
:4

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
nature of compounds 6h and 6i, the Hirshfeld surface population
analysis and CM5 atomic charge calculation were performed on
the basis of the DFT results. All the optimization of geometry for
targeted compounds 6h and 6iwas done at the B3LYP 6-311G level
using the Gaussian 09W soware. The components of dipole
moment (Dx, Dy, and Dz), Hirshfeld atomic charges (Q-H) and CM5
charges (Q-CM5) were determined from the converged wave-
function through the population analysis tools, and further
process proceeded with Multiwfn.28 This study gave an idea about
partial atomic charges and charge separation directions in the
molecule that are fundamental to explaining the electrostatic
interactions, intra-molecular polarization and ability to bind with
biological targets.29 Red color area indicates the atoms with posi-
tive dipole contributions and blue to violet color area indicates the
negative dipole contributions, consistent with the electron-
withdrawing or electron-donating characteristics.30 The gradient
in the plot, observed as red (e−-poor) to blue (e−-rich) direction,
indicates signicant polarization in the molecular structure,
which could have a signicant impact on the orientation and
strength of the non-covalent interactions in the biological context.
48270 | RSC Adv., 2025, 15, 48261–48295
2.6.3. Non-covalent bond interactions (NCI) study. Non-
covalent interactions (NCI) for targeted compounds 6h and 6i
were analyzed by the reduced density gradient (RDG) analysis
due to the density of electrons, which was calculated by the
density functional theory (DFT) calculation. The optimized
geometry of compounds 6h and 6i was determined using the
Gaussian soware at the B3LYP 6-311G level. The respective
wave function (wfn) le was created and used for RDG analysis.
The mathematical operations were performed by applying the
Multiwfn program that calculates the value of RDG and also
determines the area of weak interactions within the molecular
system.31 The visualization of the RDG isosurfaces was per-
formed using the Visual Molecular Dynamics (VMD) soware.
This tool set can offer this kind of in-depth analysis of several
non-covalent forces, such as van der Waals forces, hydrogen
bonding and steric effects, by studying the distribution of
electron density and gradient.32

2.6.4. Electron localization function (ELF) and localized
orbital locator (LOL). The electronic structure of the 6h and 6i
compounds was determined in the framework of density func-
tional theory (DFT), providing insights into the character of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) 3D interaction of 6j in complex with the protein 2GQG; (b) 2D interaction of 6j in complex with the protein 2GQG; (c) 3D interaction of
compound 7 in complex with the protein 2GQG; and (d) 2D interaction of compound 7 in complex with the protein 2GQG.
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electron localization and bonding interaction of these compounds
as well as their electron localization function (ELF) and localized
orbital locator (LOL). These gauges allow precious information
about covalent bonding, lone pairs and delocalized electrons and
ELF gives an indication of the likelihood of occurrence of electron
pairs and the LOL looks at the distribution of kinetic energy
density.33 A set of ELF and LOL calculations were performed using
the Multiwfn program, allowing a quantitative and visual analysis
of the features of the localization of the wavefunctions and their
convergence with the DFT results.34 The resulting 3D isosurfaces
and contour plots were visualized in VMD (Visual Molecular
Dynamics), which made the bonding environments of the 6h and
6i structures clear to interpret.
3 Results and discussion
3.1. Chemistry

The synthesized compounds were characterized for their
structure by spectroscopic analysis. The FT-IR spectral data of
all compounds displayed characteristic peaks of the thiazole
© 2025 The Author(s). Published by the Royal Society of Chemistry
nucleus at 772.17 cm−1 to 672.37 cm−1 with other functional
group peaks like –NH and –C]C– at their specic values
compared to the literature. The 1H-NMR spectral data of
compound 3a displayed a singlet at d 7.06 ppm for the amino
group with two more singlets at 6.48 ppm and 2.28 ppm for the
ring proton and methyl moiety present at the 5-position of the
ring, respectively. The 13C-NMR spectra were also found in
accordance with the 1H-NMR data displaying a specic carbon
signal at d 169.1 ppm for quarterly carbon attached to an amino
group shiing downeld. A signal was observed at d 147.8 ppm
corresponding to the carbon attached to a methyl group whose
signal at d 16.8 ppm and a signal at d 101.3 ppm correspond to
the methane proton.35 The spectral data of 3b and 3c were also
found to be similar to 3a except the presence of a phenyl ring in
place of methyl in compound 3b and the presence of a carbonyl
group with the double signals of the thaizole skeleton, con-
rming the dimer of compound 3c. Basic spectral signals of
compounds 3d, 3e and 3f were found to be similar to 3a except
the additional signals of substituents found in them. Similarly,
the 1H-NMR spectra of compound 7 displayed the additional
RSC Adv., 2025, 15, 48261–48295 | 48271
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Fig. 12 (a) 3D interaction of 3b in complex with the protein 5MO4; (b) 2D interaction of 3b in complex with the protein 5MO4; (c) 3D interaction
of 3d in complex with the protein 5MO4; (d) 2D interaction of 3d in complex with the protein 5MO4.
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signals of a biphenyl skeleton in addition to the thaizole signals
as in the case of 3b. The 13C-NMR spectral data of compound 7
also support the 1H-NMR data, conrming the structure of 7. All
spectral analyses of 6g were found to be the same as that for
compound 3b with additional signals of a –OCH2-moiety both
in proton and in carbon NMR data. Similarly, the spectral data
of 6h were observed to be similar to 6g in the presence of the
propene ring and the absence of signals for the phenyl group.
Spectral data (1H- and 13C-NMR) of 6i were found to be in
accordance with those of 3c with additional signals for the –

COCH2 moiety. Similarly, spectral analysis of 6j displayed the
signals similar to that of compound 3a with additional signals
for the –COCH2 moiety. All the spectral analysis of targeted
compounds elucidated their structures.

3.2. Anti-tumor activity of the synthesized compounds

Targeted compounds were screened for their anti-tumor
potential against chronic myeloid leukemia models K562 and
U937, pro-monocytic model cell lines, by the MTT assay. The
compounds 3a, 3b, 3c and 6g showed excellent inhibition
against the mentioned cancer cell lines. The results are shown
in Fig. 4–8 as graphical representation for both cell lines. The
absorbance values obtained by the MTT assay were used to
measure the cell toxicity and cell viability by measuring the
activity of cellular enzymes. The cells were incubated with the
48272 | RSC Adv., 2025, 15, 48261–48295
MTT reagent, which was converted by cell's mitochondrial
enzymes into a colored formazan product. The amount of
formazan product was proportional to the number of viable
cells present. To calculate the cell viability, the absorbance of
the treated cultures was compared with the absorbance of
untreated cultures. The percentage cytotoxicity was calculated
using the following equation:

% Cytotoxicity = 100% − % cell viability

Overall, the compounds showed a dose–response manner of
activity; however, the compounds 3d, 3e, 3f, 6j and 7 did not
show any signicant toxicity against both cell lines at all
concentrations, while the compound 6h exhibited signicant
toxicity against both cell lines, with 82% toxicity against U937
and 84% against K562 at 10 mM concentration. Among the
compounds 3b and 3c, the compound 3c showed outstanding
activity against U937 with 57% toxicity at 10 mM concentration.
In summary, compound 6g, 6i, 6h, 3b and 3c have potential to
be promising anti-tumor compounds; however, the in vivo study
could support the ndings of the in vitro study.

3.2.1. Antitumor activity of targeted compounds against
the cell line K562. The graph (Fig. 4) showed the dose–response
curves of a number of compounds tested on the K562 cancer cell
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 (a) 3D interaction of 3e in complex with the protein 5MO4; (b) 2D interaction of 3e in complex with the protein 5MO4; (c) 3D interaction
of 6g in complex with the protein 5MO4; and (d) 2D interaction of 6g in complex with the protein 5MO4.
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line with molar absorbance (%) versus the levels of the
compound (mM). The concentration in which 50 percent inhi-
bition is observed, the IC50 value, is labeled next to each
compound. The highest antitumor activity was observed to be
exhibited by compound 3awith the lowest value of IC50 of 3.523,
followed by the next powerful compound 3c (4.664), 6g (4.938),
6h (5.004) and 6i (5.083) (Fig. 4). These compounds (3c, 6g, 6h
and 6i) show the good inhibitory concentration (IC50) as all the
compounds are under 50 value against K562 cell line. The
compounds were evaluated at multiple concentrations: 0.4 mM,
0.6 mM, 0.8 mM, and 1.0 mM, as shown in Fig. 4 and 5 supported
by the descriptive data reported. These data indicate that 3a has
a great potential against the K562 cell line, and it is the most
effective analog compared with the others.36 The well-dened
sigmoidal curves support the standard dose–response effect,
which enhances the validity of IC50 measurements of this
screening test.

3.2.1.1. Two-way ANOVA application on anti-tumor results
against the K562 cell line. The ANOVA values (Table 1 and Fig. 5)
of the antitumor activity of the compounds (3a, 3c, 6g, 6h and
© 2025 The Author(s). Published by the Royal Society of Chemistry
6i) against the K562 cell line have indicated extreme variability
of all factors. The row factor (compounds) obtained an F-value
of 31 988 (*P* < 0.0001), which meant that there was a lot of
variation between the effects of the compounds. The interaction
term and the column factor (which would be the likely
concentrations) also displayed signicant F-values of 19 297 and
4 089, respectively, with *P* < 0.0001. This is supported by the
fact that the residual variance (MS = 0.5) is very low, which
implies that the results are accurate and statistically signicant.

3.2.1.1.1 Tukey's test. Tukey's post hoc indicated that there
is a statistically signicant difference between Row 1 and every
other row, with the greatest mean difference occurring between
Row 1 and Row 3 (78.67, q = 385.4). The mean differences as
observed by the comparison of Row 2, Row 3 and Row 4 are
smaller, and the least signicant of them is the comparison of
Row 2 to Row 4 (difference in means = −5.33, q = 26.13).
Compared to Row 1, the strong statistical signicance is also
illustrated by high q values (>300). In general, the variability
between Row 1 and the others is very high, and the differences
RSC Adv., 2025, 15, 48261–48295 | 48273
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Fig. 14 (a)3D interaction of 6h in complex with the protein 5MO4; (b) 2D interaction of 6h in complex with the protein 5MO4; (c) 3D interaction
of 6i in complex with the protein 5MO4; and (d) 2D interaction of 6i in complex with the protein 5MO4.
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between the second, third and fourth rows are relatively not
high (Table S2: SI).

3.2.1.1.2 Bonferroni's test. The multiple comparison test
developed by Bonferroni proves that the differences between
Row 1 and the others are highly signicant, with the greatest
average difference being between Row 1 and Row 3 (78.67, t =
272.5). The results of the comparison (Row 2 vs. 3; t = 23.67,
Row 2 vs. 4; t = 18.48 and Row 3 vs. 4; t = 42.15) are also
statistically different having lower t values. The standard error is
very small (0.2887) and the t values are very large; hence, there is
a likelihood that all the pairwise comparisons are signicant
even aer Bonferroni's correction. These ndings lead to the
conclusion that Row 1 is signicantly more different than the
other rows, whereas the other rows are different to a smaller
degree (Table S3: SI).

3.2.2. Antitumor activity data against cell line U937. The
anticancer properties of the chosen compositions against the
U937 cell line and IC50 were determined from the plot of molar
absorbance (percent) against concentration (mM). The most
promising compound in tests of cytotoxicity activity was 6h with
an IC50 value of 1.515, followed by 6i (2.453), 3c (3.540 2), 3b
(5.289 2), and 6g (5.706 2) (Fig. 6). The weakest activity was
48274 | RSC Adv., 2025, 15, 48261–48295
observed with the compound 3a whose IC50 is 150.8 mM. These
compounds also show good inhibitory concentration (IC50)
against the U937 cell line, and the compounds were evaluated at
multiple concentrations: 0.5 mM, 0.6 mM, 0.7 mM, 0.8 mM, 0.9 mM
and 1.0 mM, as shown in Fig. 6 by the descriptive data. These
ndings indicate the fact that 6h and 6i were the best candi-
dates that can be further examined in terms of anticancer
activity against U937 cells.37

3.2.2.1. Two-way ANOVA application on anti-tumor results
against the U937 cell line. The two-way ANOVA was applied on
the results for compounds tested to reveal the effect on the U937
cell line showed that the differences are signicantly high
across the factors (Table 2 and Fig. 7). The row factor
(compounds) exhibits an F-value of 43 429 (P < 0.0001), which
indicates that there is a large variation in the antitumor activity
among the compounds. The column factor (warmer-probable
concentrations) also reveals a huge inuence with an F-value
of 15 201 (P < 0.0001). The interaction effect (compound ×

concentration) is also signicant, F = 12 051, and shows
different patterns of response to treatments. The reliability of
the model is established by the low residual variance.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 (a) 3D interaction of 3b in complex with the protein 2AZ5; (b) 2D interaction of 3b in complex with the protein 2AZ5; (c) 3D interaction of
3f in complex with the protein 2AZ5; and (d) 2D interaction of 3f in complex with the protein 2AZ5.
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3.2.2.1.1 Turkey's test. All the pairs of compounds give
a signicant difference, as observed in Tukey's test of the U937
cell line. The greatest contrast is that between Row 2 and Row 4
(mean diff.= 96.67, q= 410.1), Row 3 and Row 4 (q= 376.2) and
Row 1 and Row 2 (q = 336.6). Even the smallest difference, Row
2 vs. Row 3 (q = 33.94), is statistically signicant (because of the
low standard error). These ndings support the fact that all the
compounds behave differently but in a signicant manner in
their antitumor effects in the U937 cell line, and Row 4 behaves
differently, as represented in Table S4 in the SI.

3.2.2.1.2 Bonferroni's test. Bonferroni's post-hoc test of the
U937 cell line affirms as highly true the existence of differences
between compound pairs. The largest difference was calculated
between Rows 2 and 4 (t = 290.0) and 3 and 4 (t = 266.0), which
means that a high variation was observed in terms of antitumor
effects (Table S5, SI). The differences between Row 1 and Row 2
(t = 238.0) and Row 1 and Row 3 (t = 214.0)38 were also quite
signicant. The smallest contrast, Row 2 vs. Row 3 (t = 24.0) is
still signicant, even aer Bonferroni's correction because the
standard error is very small. The ndings demonstrate clear and
strong activity variances among the compounds that are tested
(Table S5: SI).

3.2.3. Structure–activity relationship of the targeted
compounds. The structure–activity relationship of targeted
© 2025 The Author(s). Published by the Royal Society of Chemistry
compounds was found to be mainly structured/inuenced at
the 4-position at the ring of thiazole as a site of substitution
(Fig. 8), which is predominant in the anticancer activity. Adding
small electron-donating alkyl groups (compound 3a and 6g)
greatly increased the cytotoxicity, but phenyl-aromatic usage
(3b, 6h) increased p–p stacking interactions with key residues,
which reduced activity moderate to high. Electron-withdrawing
acyl (–COCH3) groups of compounds 3e and 6j signicantly
lowered the activity. At position-2, unsubstituted hydrogen
preferred the most favorable binding orientation, whereas
a exible linker like –CH2–CH2– in compound 6i increased the
exibility at the binding pocket, leading to intensive H-bonding
and halogen interactions. Amino substituents in compound 3f
that were bulky reduced the activity because of steric hindrance.
Altogether, 3a, 6g, 6h and 6i proved to be the most effective
ones, and the evidence of their power was based on the in vitro
cytotoxicity and docking evidence.
3.3. Docking analysis

On the basis of electrostatic interaction between the protein and
the ligand, molecular interaction also predicts the binding
conformation that can be quantied. All interactions were
observed to be docking scores of ligands. The docking score is
shown as a negative energy value (kcal mol−1). A lower energy
RSC Adv., 2025, 15, 48261–48295 | 48275
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Fig. 16 (a) 3D interaction of 6h in complex with the protein 2AZ5; (b) 2D interaction of 6h in complex with the protein 2AZ5; (c) 3D interaction of
compound 7 in complex with the protein 2AZ5; and (d) 2D interaction of compound 7 in complex with the protein 2AZ5.
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value shows strong interaction between the protein and
ligands.39 Docking studies give the best binding conformation
ligands and interaction of residues and ligands at enzymes
active sites. 5MO4 and 2GQG proteins were selected for the
chronic myeloid leukemia model K562 cell line and 2AZ5 and
5MAR proteins for the chronic myeloid leukemia model U937
cell line. Docking result showed that the good binding energy of
ligands than the standard drug (5-uorouracil) was observed, as
6 synthesized compounds out of 12 compounds showed strong
interaction with 2GQG protein, 6 compounds with 5MO4
protein, 4 compounds with 2AZ5 protein and 5 compounds with
5MAR protein shown in Table 3.

3.3.1. 2GQG protein. With protein 2GQG, out of all docked
compounds (Fig. S1–S5: SI and Table 3), six compounds showed
a good binding score as compared to the standard drug.
Compound 3e showed 2H-bond interactions with the amino
acid residue MET318 along with distances of 2.21 and 1.88 Å
(Fig. 9(a and b)). Compound 3f showed 3H-bond interactions
with the amino acid residues MET318, MET318 and GLU316
with distances of 2.20, 2.21 and 1.87 Å (Fig. 9(c and d)).
Compound 6h showed 2H-bond interactions with the amino
acid residue MET318 with distances of 2.28 and 1.87 Å (Fig. 10(a
and b)). Compound 6i showed 2H-bond and 2 halogen bond
interactions with the amino acid residues MET318, THR315,
TYR253 and GLY251 with distances of 2.09, 2.28, 3.19 and 3.09 Å
48276 | RSC Adv., 2025, 15, 48261–48295
(Fig. 10(c and d)). Compound 6j showed 2H-bond interactions
with the amino acid residue MET318 along with distances 2.40
and 1.86 Å (Fig. 11(a and b)). Out of the docked compounds,
compound 7 show 1H-bond interaction with the amino acid
residue GLU316 with a distance of 1.78 Å (Fig. 11(c and d)). In
comparison with the above-mentioned compounds, 5-our-
ouracil standard drug shows −7.064 docking score (Fig. S6: SI).

3.3.2. Docking analysis in complex with the 5MO4 protein.
From protein 5MO4 docking results of all compounds (Fig. S7–
S12: SI and Table 3), 6 compounds show a good binding score as
compared to the standard drug. Compound 3b showed the Pi–
Pi stacking interaction with the amino acid residue TYR272
with a distance of 4.81 Å (Fig. 12(a and b)). Compound 3d
showed 1H-bond interaction with the amino acid residue
GLU305 with a distance of 2.63 Å (Fig. 12(c and d)). Compound
3e showed 1H-bond and Pi–Pi stacking interactions with the
amino acid residues MET337 and TYR272 with distances of 2.22
and 5.14 Å (Fig. 13(a and b)). Compound 6g showed 1H-bond
and Pi–Pi stacking interactions with the amino acid residues
ASP400 and TYR272 with distances of 2.32 and 5.03 Å (Fig. 13(c
and d)). Compound 6h showed 1H-bond and Pi-cation inter-
actions with the amino acid residues ASP400 and LYS290 with
distances of 1.88 and 6.55 Å (Fig. 14(a and b)). Compound 6i
showed 2H-bond interactions with the amino acid residues
ASP400 and GLU305 with distances of 2.40 and 2.24 Å (Fig. 14(c
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 (a)3D interaction of 3c in complex with the protein 5MAR; (b) 2D interaction of 3c in complex with the protein 5MAR; (c) 3D interaction of
3f in complex with the protein 5MAR; and (d) 2D interaction of 3f in complex with the protein 5MAR.
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and d)). The standard drug 5-ourouracil showed a docking
score of −6.329 with the 5MO4 protein as compared to those
mentioned above (Fig. S12, SI).

3.3.3. 2AZ5 protein. From the protein 2AZ5, out of all the
compounds, 4 compounds showed a good binding score in
comparison to the standard drug (Fig. S13–S18: SI and Table 3).
Compound 3b showed 1H-bond and Pi–Pi stacking interactions
with the amino acid residues LEU A: 120 and TYR B: 119 with
distances of 1.85 and 5.35 (Fig. 15(a and b)). Compound 3f
showed 2H-bond interactions with the amino acid residues GLY
A: 121 and TYR B: 151 with distances of 1.84 and 2.34 (Fig. 15(c
and d)). Compound 6h showed no interaction with the amino
acid residue, but the docking score is higher than that of the
standard drug (Fig. 16(a and b)). Compound 7 showed 1H-bond
and 2Pi–Pi stacking interactions with the amino acid residues
SER A:60, TYR B:59 and TYR B:119 with distances of 2.19, 5.09
and 5.49 (Fig. 16(c and d)). 5-Flourouracil standard drug showed
−5.598 docking score with the 2AZ5 protein (Fig. S19: SI).

3.3.4. 5MAR protein. From the protein 5MAR, 5
compounds showed a good binding score as compared to the
standard drug and other compounds (Fig. S20–S25: SI and Table
3). Compound 3c showed 3H-bond interactions with the amino
acid residues GLU288, ARG97 and PHE96 with distances of
1.83, 2.01 and 1.89 (Fig. 17a and b). Compound 3f showed 2H-
© 2025 The Author(s). Published by the Royal Society of Chemistry
bond interactions with the amino acid residues GLU288 and
ASN286 with distances of 1.68 and 2.09 (Fig. 17c and d).
Compound 6h showed 2H-bond interactions with the amino
acid residues SER263 and ALA85 with distances of 2.56 and 2.28
(Fig. 18a and b). Compound 6i showed 3H-bond and 2 halogen
bond interactions with the amino acid residues ARG A:97, SER
A:263, HIS A:187, ARG A:97 and TYR A:104 with distances of
2.60, 2.04, 2.31, 3.48 and 2.59 (Fig. 18c and d). Compound 6j
showed 2H-bond and 1 halogen bond interactions with the
amino acid residues SER263, ALA85 and ARG97 with distances
of 2.21, 1.97 and 2.64 (Fig. 19a and b). In comparison to the
above-mentioned compounds, the 5-ourouracil standard drug
showed −6.676 docking score with the 5MAR protein (Fig. S26:
SI).
3.4. MM-GBSA analysis of complexes

Aer molecular docking studies, protein–ligand complexes
were subjected to the Prime MM-GBSA method to calculate the
binding free energy.40 MMBSA was performed on chronic
myeloid leukemia model K562 cell line proteins (5MO4 and
2GQG) and chronic myeloid leukemia model U937 cell line
proteins (2AZ5 and 5MAR) with all ligands. On protein prepa-
ration, the 5MO4 protein was screened out among all other
proteins because the highest binding free energy was observed
RSC Adv., 2025, 15, 48261–48295 | 48277
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Fig. 18 (a) 3D interaction of 6h in complex with the protein 5MAR; (b) 2D interaction of 6h in complex with the protein 5MAR; (c) 3D interaction
of 6i in complex with the protein 5MAR; and (d) 2D interaction of 6i in complex with the protein 5MAR.
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as −53.36, respectively. The other proteins 2GQG, 2AZ5 and
5MAR showed −51.54, −36.05 and −21.92 kcal mol−1 negative
binding free energies values. 5MO4 protein shows the negative
Fig. 19 (a) 3D interaction of 6j in complex with the protein 5MAR and (b

48278 | RSC Adv., 2025, 15, 48261–48295
binding free energy value of Coulomb, lipophilic and hydrogen
bonding contributes positively while covalent binding free
energy values contribute unfavorably (Table 4). Higher value of
) 2D interaction of 6j in complex with the protein 5MAR.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Binding free energy study of protein–ligand complexes using the Prime MM-GBSA method

S. no. Protein–ligand complex
DG
bind (kcal mol−1)

DG
bind coulomb

DG
bind covalent

DG
bind H-bond

DG
bind lipophilic

DG
bind packing

1 5MO4–6g −53.36 −11.96 3.07 −1.08 −21.11 −1.79
2 5MO4–3b −36.05 −7.2 3.33 −0.75 −17.53 −1.91
3 5MO4–6i −44.94 −16.36 2.26 −1.35 −12.13 0
4 5MO4–6h −45.11 −11.48 −0.97 −0.58 −13.53 0
5 5MO4–3e −34.27 −6.4 1.12 −0.77 −14.61 −0.84
6 5MO4–3d −36.19 −11.74 1.36 −1.61 −13.24 0
7 5MO4–5-uorouracil −23.95 −6.27 0.15 −0.55 −4.7 −0.79
8 5MO4–3f −24.86 −14.56 1.32 −1.6 −4.28 0
9 5MO4–6j −36.41 −10.81 −0.94 −1.01 −8.84 0
10 5MO4–7 −4.96 −0.84 14.93 −0.44 −20.87 −0.8
11 5MO4–3c −25.01 −11.35 3.26 −1.46 −5.71 0
12 5MO4–3a −17.65 −5.09 0.26 −0.76 −5.11 0
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protein–ligand complex binding free energy suggested that the
higher the affinities of protein–ligand docking along with their
docking score validation will be higher.
3.5. Geometry and spectroscopic evaluation by density
functional theory analysis

Density functional theory (DFT) was used for the detailed
molecular structure study of the synthesized compounds and
their structure–activity relationship by calculating their chem-
ical descriptors and geometrical parameters.41 The B3LYP
functional set was used to evaluate the closely related theoret-
ical values in comparison with the experimental values. The 2D
structure of these synthesized compounds was converted into
a 3D structure using PerkinElmer ChemDraw and ChemDraw
3D. Then these compounds were run on the Gaussian09W
soware, and DFT calculations were done for optimizing their
structures42 The DFT calculation results for ionization potential,
electron affinity, energy gap, absolute soness and hardness,
electronegativity, nucleophilic and electrophilic index and
chemical potential values are presented in Table 5.

3.5.1. Natural bond orbital (NBO) analysis. Interpretation
of the data provided by natural bond analysis (NBO) regarding
the intra-molecular and intermolecular interactions, affected
the molecular stabilization. Natural bond analysis gives
Table 5 Chemical descriptors of compounds 6h and 6i calculated by th

Parameters 6h Compo

EHOMO −0.27911
ELUMO −0.04535
Ionization potential (I) 7.5949
Electron affinity (A) 1.2340
Energy gap (DE) 6.3609
Absolute hardness (h) 3.1804
Absolute soness (s) 0.3144
Electronegativity (c) 4.4144
Chemical potential (CP) −4.4144
Electrophilicity index (u) 3.0635
Nucleophilicity index (N) 0.3264
Additional electronic charges (DNmax) 1.3880
Global soness (S) 0.1572

© 2025 The Author(s). Published by the Royal Society of Chemistry
information about electron density distribution between Lewis
and non-Lewis-type donors that are bonding and anti-bonding
orbitals from the second-order perturbation theory study.
NBO analysis was performed using the Gaussian 09 program,
which provides an understanding of the intramolecular and
intermolecular interactions with their stability.43 Stabilization
energy (E2) of compound 6h for electron acceptor interaction is
higher than the electron donor interaction. Eqn (1) illustrates
the stabilization energy (E2) calculation according to the
second-order perturbation theory:

E2 ¼ qi

�
Fi; j

�2

3j � 3i
(1)

where E2 is the stabilization energy, F(i, j) is the diagonal, and 3j

and 3i are also off diagonal of the Fock matrix element in NBOs.
The structural representation and numbering of 6h (2-chloro-N-
(5,6-dihydro-4H cyclopenta[d]thiazol-2-ylacetamide)) and 6i
(N,N0-(4,40-carbonylbis(thiazole-4,2-diyl))bis-(2-
chloroacetamide)) compounds are represented in Fig. S27
(SI).

Natural Bond Orbital (NBOs) analysis for the lead compound
6h (2-chloro-N-(5, 6-dihydro-4H cyclopenta[d]thiazol-2-yl)
acetamide) mentioned in Table shows the highest transition
observed as p (C2–N3) to p* (C4–C5) with 19.16 kcal mol−1
e B3LYP 6-311G basis set of DFT

und 6i Compound

(−7.5949 hartree) −0.27423 (−7.4622 hartree)
(−1.2340 hartree) −0.07854 (−2.1372 hartree)

7.4622
2.1372
5.325
2.6625
0.3755
4.7997

−4.7997
4.3262
0.2311
1.8027
0.1877
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Table 6 Second-order perturbation theory analysis of Fock matrix in
NBO basis for the compound 6ha

S. no. Donor (i) Type Acceptor (j) Type E2 (kcal mol−1) Ei − Ej Fi, j

1 S1–C2 S C4–C8 s* 1.47 1.12 0.036
2 S1–C2 S C5–C6 s* 7.11 1.12 0.08
3 S1–C2 S N9–H20 s* 2.91 1.05 0.05
4 S1–C5 S C2–N9 s* 4.11 1.22 0.064
5 S1–C5 S N3–C4 s* 0.74 1.22 0.027
6 S1–C5 S C4–C5 s* 1.1 1.37 0.035
7 S1–C5 S C4–C8 s* 4.25 1.19 0.064
8 S1–C5 S C5–C6 s* 0.86 1.19 0.029
9 S1–C5 S C6–C7 s* 0.68 1.15 0.025
10 C2–N3 S C2–N9 s* 2.75 1.32 0.054
11 C2–N3 S N3–C4 s* 0.93 1.32 0.031
12 C2–N3 S C4–C8 s* 6.17 1.29 0.08
13 C2–N3 S N9–C10 s* 3.45 1.28 0.06
14 C2–N3 P C2–N3 p* 0.9 0.3 0.016
15 C2–N3 P C4–C5 p* 19.16 0.36 0.078
16 C2–N9 S C2–N3 s* 2.16 1.4 0.049
17 C2–N9 S N3–C4 s* 2.35 1.34 0.05
18 C2–N9 S N9–C10 s* 2.09 1.3 0.047
19 C2–N9 S N9–H20 s* 0.6 1.24 0.024
20 C2–N9 S C10–O11 s* 1.12 1.4 0.035
21 N3–C4 S C2–N3 s* 0.6 1.3 0.025
22 N3–C4 S C2–N9 s* 7.63 1.24 0.087
23 N3–C4 S C4–C5 s* 2.18 1.39 0.049
24 N3–C4 s C4–C8 s* 1.32 1.21 0.036
25 N3–C4 s C5–C6 s* 2.43 1.21 0.048
26 C4–C5 s S1–C5 s* 0.88 0.99 0.026
27 C4–C5 s C2–N9 s* 1.51 1.19 0.038
28 C4–C5 s N3–C4 s* 1.91 1.19 0.043
29 C4–C5 s C4–C8 s* 3.08 1.16 0.053
30 C4–C5 s C5–C6 s* 4.24 1.16 0.063
31 C4–C5 s C8–H18 s* 0.53 1.21 0.023
32 C4–C5 p C2–N3 p* 10.6 0.26 0.05
33 C4–C5 p C6–H14 s* 3.65 0.74 0.048
34 C4–C5 p C6–H14 s* 3.09 0.65 0.041
35 C4–C5 p C8–H18 s* 2.65 0.75 0.041
36 C4–C5 p C8–H19 s* 2.79 0.73 0.042
37 C4–C8 s S1–C5 s* 5.24 0.86 0.06
38 C4–C8 s C2–N3 s* 2.12 1.12 0.044
39 C4–C8 s N3–C4 s* 1.41 1.06 0.035
40 C4–C8 s C4–C5 s* 3.56 1.21 0.059
41 C4–C8 s C6–C7 s* 0.56 0.99 0.021
42 C4–C8 s C7–C8 s* 0.51 0.96 0.02
43 C4–C8 s C7–H17 s* 0.66 1.02 0.023
44 C4–C8 s C8–H18 s* 1.08 1.08 0.031
45 C4–C8 s C8–H19 s* 0.86 1.06 0.027
46 C5–C6 s S1–C5 s* 0.57 0.89 0.02
47 C5–C6 s N3–C4 s* 4.56 1.09 0.063
48 C5–C6 s C4–C5 s* 4.85 1.24 0.07
49 C5–C6 s C6–C7 s* 0.82 1.03 0.026
50 C5–C6 s C6–H14 s* 1.02 1.1 0.03
51 C5–C6 s C6–H15 s* 0.62 1.01 0.022
52 C5–C6 s C7–C8 s* 0.53 0.99 0.02
53 C5–C6 s C7–H17 s* 1.36 1.05 0.034
54 C6–C7 s S1–C5 s* 9.1 0.85 0.078
55 C6–C7 s N3–C4 s* 0.52 1.05 0.021
56 C6–C7 s C4–C8 s* 0.54 1.02 0.021
57 C6–C7 s C5–C6 s* 1.8 1.02 0.038
58 C6–C7 s C6–H14 s* 0.98 1.06 0.029
59 C6–C7 s C6–H15 s* 0.54 0.97 0.02
60 C6–H14 s C4–C5 s* 1.15 1.11 0.032
61 C6–H14 s C4–C5 p* 3.52 0.54 0.042
62 C6–H14 s C5–C6 s* 0.54 0.93 0.02

Table 6 (Contd. )

S. no. Donor (i) Type Acceptor (j) Type E2 (kcal mol−1) Ei − Ej Fi, j

63 C6–H14 s C7–C8 s* 0.88 0.86 0.025
64 C6–H14 s C7–H16 s* 0.89 0.85 0.025
65 C6–H14 s C7–H17 s* 1.01 0.92 0.027
66 C6–H15 s C4–C5 s* 1.97 1.09 0.041
67 C6–H15 s C4–C5 p* 2.93 0.52 0.038
68 C6–H15 s C7–C8 s* 1.5 0.84 0.032
69 C6–H15 s C7–H16 s* 1.22 0.83 0.029
70 C7–C8 s S1–C5 s* 1.09 0.81 0.027
71 C7–C8 s N3–C4 s* 7.08 1.02 0.076
72 C7–C8 s C4–C8 s* 0.93 0.99 0.027
73 C7–C8 s C5–C6 s* 0.54 0.99 0.021
74 C7–C8 s C6–H15 s* 0.66 0.94 0.022
75 C7–C8 s C8–H18 s* 0.76 1.04 0.025
76 C7–C8 s C8–H19 s* 0.67 1.01 0.023
77 C7–H16 s C4–C8 s* 0.52 0.88 0.019
78 C7–H16 s C5–C6 s* 0.58 0.88 0.02
79 C7–H16 s C6–H14 s* 1.29 0.92 0.031
80 C7–H16 s C6–H15 s* 1.52 0.83 0.032
81 C7–H16 s C8–H18 s* 1.15 0.93 0.029
82 C7–H16 s C8–H19 s* 1.37 0.9 0.031
83 C7–H17 s C4–C8 s* 0.87 0.9 0.025
84 C7–H17 s C5–C6 s* 1.16 0.91 0.029
85 C7–H17 s C6–H14 s* 1.2 0.95 0.03
86 C7–H17 s C8–H18 s* 0.89 0.95 0.026
87 C8–H18 s C4–C5 s* 1.52 1.1 0.037
88 C8–H18 s C4–C5 p* 2.47 0.54 0.035
89 C8–H18 s C6–C7 s* 0.82 0.89 0.024
90 C8–H18 s C7–H16 s* 0.55 0.85 0.019
91 C8–H18 s C7–H17 s* 0.84 0.92 0.025
92 C8–H19 s C4–C5 s* 1.15 1.08 0.032
93 C8–H19 s C4–C5 p* 5.11 0.52 0.049
94 C8–H19 s C6–C7 s* 1.11 0.87 0.028
95 C8–H19 s C7–H16 s* 1.28 0.83 0.029
96 N9–C10 s C2–N3 s* 1.94 1.37 0.046
97 N9–C10 s C2–N9 s* 2.6 1.3 0.052
98 N9–C10 s C12–Cl13 s* 0.84 0.9 0.025
99 N9–H20 s S1–C2 s* 6.65 0.79 0.066
100 N9–H20 s C2–N3 s* 0.94 1.15 0.03
101 N9–H20 s C2–N9 s* 0.66 1.09 0.024
102 N9–H20 s C10–O11 s* 1.65 1.16 0.039
103 N9–H20 s C10–C12 s* 5.37 0.91 0.063
104 C10–O11 s C2–N9 s* 3.04 1.48 0.06
105 C10–O11 s N9–C10 s* 0.94 1.44 0.033
106 C10–O11 s C10–C12 s* 0.66 1.3 0.027
107 C10–O11 p C10–O11 p* 1.06 0.35 0.018
108 C10–O11 p C12–H21 s* 0.74 0.77 0.021
109 C10–O11 p C12–H22 s* 1.58 0.8 0.032
110 C10–C12 s N9–H20 s* 2.07 0.99 0.04
111 C10–C12 s C10–O11 s* 0.51 1.15 0.022
112 C12–Cl13 s N9–C10 s* 2.74 1.03 0.048
113 C12–Cl13 s C10–O11 s* 0.59 1.14 0.023
114 C12–H21 s C10–O11 s* 2.56 1.07 0.047
115 C12–H21 s C10–O11 p* 1.59 0.54 0.028
116 C12–H21 s C12–Cl13 s* 0.79 0.6 0.02
117 C12–H22 s C10–O11 p* 4.2 0.55 0.046
118 C12–H22 s C12–Cl13 s* 0.91 0.61 0.021
119 S1 LP1 C2–N3 s* 3.14 1.15 0.054
120 S1 LP1 C4–C5 s* 2.41 1.23 0.049
121 S1 LP1 C5–C6 s* 0.8 1.06 0.026
122 S1 LP1 C12–Cl13 s* 0.75 0.68 0.02
123 S1 LP2 C2–N3 p* 31.07 0.24 0.078
124 S1 LP2 C4–C5 p* 25.32 0.29 0.078
125 N3 LP1 S1–C2 s* 17.31 0.5 0.084
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Table 6 (Contd. )

S. no. Donor (i) Type Acceptor (j) Type E2 (kcal mol−1) Ei − Ej Fi, j

126 N3 LP1 C2–N9 s* 3.22 0.8 0.046
127 N3 LP1 C4–C5 s* 6.29 0.95 0.07
128 N3 LP1 C4–C8 s* 0.79 0.77 0.023
129 N9 LP1 S1–C2 s* 0.99 0.43 0.02
130 N9 LP1 C2–N3 p* 49.68 0.25 0.102
131 N9 LP1 C10–O11 p* 56.91 0.26 0.112
132 O11 LP1 N9–C10 s* 1.51 1.1 0.037
133 O11 LP1 C10–C12 s* 1.66 0.95 0.036
134 O11 LP2 C2–N9 s* 0.61 0.7 0.019
135 O11 LP2 N9–C10 s* 22.05 0.66 0.109
136 O11 LP2 C10–C12 s* 22.14 0.52 0.096
137 Cl13 LP2 C12–H21 s* 3.02 0.7 0.041
138 Cl13 LP2 C12–H22 s* 3.55 0.73 0.046
139 Cl13 LP3 C10–C12 s* 4.91 0.57 0.048
140 Cl13 LP3 C12–H22 s* 1.26 0.71 0.027
141 Cl13 LP3 C12–H22 s* 0.62 0.74 0.019
142 C2–N3 p* C4–C5 p* 41.07 0.06 0.07
143 C2–N3 p* C10–O11 p* 1.02 0.01 0.005
144 C4–C5 p* C6–H14 s* 1.05 0.43 0.047
145 C4–C5 p* C6–H15 s* 0.79 0.34 0.036
146 C4–C5 p* C8–H18 s* 0.85 0.44 0.043
147 C4–C5 p* C8–H19 s* 1.06 0.42 0.046
148 C10–O11 p* C12–Cl13 s* 1.24 0.06 0.021
149 C10–O11 p* C12–H22 s* 1.06 0.45 0.053

a *E(2) means the energy of the hyper conjugative interaction
(stabilization energy in kcal mol−1). *Energy difference E(j) − E(i)
between the donor and the acceptor i and j NBO orbitals. *F(i, j) is the
Fock matrix element between the i and j NBO orbitals.
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stabilization energy. Its highest energy value shows high stabili-
zation and the strongest interaction between the electron donor
and acceptor. The second highest transition is p (C4–C5) to p*

(C2–N3) with a high stabilization energy of 10.6 kcal mol−1. The s
(C4–C8)-to-s* (C7–C8) transition shows the smallest stabilization
energy as 0.51 kcal mol−1. Its lowest stabilization energy shows
weak interactions between the electron donor (s) and acceptor
(s*). Other s (C10–C12)-to-s* (C10–C11) transitions also exhibit
the lowest stabilization energy of 0.51 kcal mol−1. Similarly, LP1
(N9) to p* (C10–C11), LP1 (N9) to p* (C2–N3) and LP2 (S1) to p*

(C2–N3) transitions were observed at the highest stabilization
energies of 56.91 kcal mol−1, 49.68 kcal mol−1 and
31.07 kcal mol−1, while the LP2 (O11)-to-s* (C2–N9) transition
produces the lowest stabilization energy of 0.61 kcal mol−1 that
shows the low interaction energy (Table 6).

NBO analysis of the compound 6i (N,N0-(4,40-carbonylbis(-
thiazole-4,2-diyl)))-bis-(2-chloroacetamide) mentioned in Table
7 shows the highest transition observed as p (C10–N11) to p*

(C7–C8) with 19.53 kcal mol−1 stabilization energy. This
compound has the highest energy value, which shows high
stabilization and the strongest interaction between the electron
donor (p) and the acceptor (p*). The second highest transition
is p (C7–C8) to p* (C6–O12) with a high stabilization energy of
17.91 kcal mol−1, while s (C16–Cl17)-to-s* (C14–O15) transition
shows the smallest stabilization energy of 0.51 kcal mol−1. Its
lowest stabilization energy shows weak interactions between
© 2025 The Author(s). Published by the Royal Society of Chemistry
the electron donor and acceptor. Similarly, LP1 (N13)-to-p* (N1–
C2) and LP1 (N18)-to-p* (C19–O20) transitions were observed at
the highest stabilization energy of 55.92 kcal mol−1 and
53.66 kcal mol−1, while LP3 (Cl17)-to-s* (C16–H27) transition
produced the lowest stabilization energy of 0.53 kcal mol−1 that
shows the low interaction energy (Table 7).

3.5.2. Mulliken's population and natural population anal-
ysis. Mulliken's population analysis (MPA) and natural pop-
ulation analysis (NPA) of compounds 6h and 6i were
determined by the B3LYP method with the 6-311G basis set for
the detailed study of reactive sites of the biologically active
compounds, as shown in Table S1 (SI). TheMulliken population
analysis can be used to describe the phenomena of trans-
formation of atomic charge in reaction, electronegativity
equalization and electrostatic potential of system.44 In MPA and
NPA analysis all hydrogen atoms show positive charges and all
oxygen and nitrogen show negative charges. If hydrogen is
attached with a negatively charged carbon atom, then it shows
the charge transfer from hydrogen to carbon atom. Similarly, in
chemical bonding, nitrogen and oxygen atoms show the same
behavior.45 Our goal is to assess the reactivity of the depicted
charges using the quantum chemical technique and to provide
a detailed description of the electron distribution of these
compounds. Charge analysis of compound 6h indicates that
N9–H20–O11 is involved in strong intramolecular hydrogen
bonding as compared to N3, while C2, C4 and C5 are positively
charged and give the best pathway to other chemical moieties
for attachment. All hydrogen atoms transform their charges to
carbon atoms, and S1 and Cl13 atoms show electron-
withdrawing behavior. The graphical representation of
compound 6h with Mulliken's population analysis (MPA) and
natural population analysis (NPA) is shown in Fig. 20.

The charge analysis of compound 6i indicates that N13–
H25–O15 and N18–H28–O20 are involved in strong intra-
molecular hydrogen bonding as compared to other negatively
charged nitrogen N1 and N11. C2, C5, C7 and C10 are also
positively charged, providing a path for new moieties to attach.
O12, O15 and O20 are the strong carbonyl acceptors and provide
an ideal site for intramolecular hydrogen bonding. The graph-
ical representation of compound 6i with Mulliken's population
analysis (MPA) and natural population analysis (NPA) is shown
in Fig. 21.

3.5.3. Frontier molecular orbital (FMO) analysis. Frontier
molecular orbital (FMO) is an important parameter in DFT that
is used to check the chemical strength of compounds. Quantum
orbitals as the lowest unoccupiedmolecular orbital (LUMO) and
highest occupied molecular orbitals (HOMO) give us qualitative
information about HOMO that can donate its electron to LUMO
for the measurement of chemically reactive descriptors.46

Energy gap can also be calculated by HOMO–LUMO and provide
us information about stability and chemical reactivity of
compounds. Contour and energy diagram of frontier molecular
orbitals of both compounds along with energy gap is shown in
Fig. 22 and 23.

The above-mentioned HOMO–LUMO energy values of
compounds 6h and 6i are calculated at the B3LYP 6-311G basis
set of DFT. Frontier molecular orbitals (FMOs) can also be used
RSC Adv., 2025, 15, 48261–48295 | 48281
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Table 7 Second-order perturbation theory analysis of Fock matrix in
NBO basis for the compound 6ia

S. no. Donor (i) Type Acceptor (j) Type E2 (kcal mol−1) Ei − Ej Fi, j

1 N1–C2 s N1–C5 s* 0.73 1.28 0.027
2 N1–C2 s C2–N13 s* 2.63 1.33 0.053
3 N1–C2 s C5–C6 s* 3.27 1.31 0.059
4 N1–C2 s N13–H25 s* 1.39 1.31 0.038
5 N1–C2 p N1–C2 p* 1.31 0.31 0.019
6 N1–C2 p C4–C5 p* 15.52 0.33 0.067
7 N1–C5 s N1–C2 s* 0.52 1.27 0.023
8 N1–C5 s C2–N13 s* 8.26 1.19 0.089
9 N1–C5 s C4–C5 s* 1.33 1.26 0.037
10 N1–C5 s C4–H23 s* 2.48 1.18 0.049
11 N1–C5 s C5–C6 s* 0.92 1.17 0.03
12 N1–C5 s C6–C7 s* 1.1 1.17 0.032
13 N1–C5 s C6–O12 p* 0.74 0.75 0.022
14 C2–S3 s C4–H23 s* 3.34 1.15 0.055
15 C2–S3 s C5–C6 s* 0.81 1.13 0.027
16 C2–S3 s N13–C14 s* 4.65 1.12 0.065
17 C2–S3 s N13–H25 s* 0.74 1.13 0.026
18 C2–N13 s N1–C2 s* 2.78 1.39 0.056
19 C2–N13 s N1–C5 s* 2.79 1.26 0.053
20 C2–N13 s N13–C14 s* 1.42 1.28 0.039
21 C2–N13 s N13–H25 s* 0.84 1.29 0.029
22 C2–N13 s C14–O15 s* 1.1 1.42 0.035
23 S3–C4 s N1–C2 s* 0.68 1.21 0.026
24 S3–C4 s N1–C5 s* 1.53 1.08 0.036
25 S3–C4 s C2–N13 s* 4.28 1.13 0.063
26 S3–C4 s C5–C6 s* 4.98 1.12 0.067
27 C4–C5 s N1–C5 s* 0.79 1.12 0.027
28 C4–C5 s C2–N13 s* 1.2 1.18 0.034
29 C4–C5 s C4–H23 s* 1.55 1.17 0.038
30 C4–C5 s C5–C6 s* 2.57 1.16 0.049
31 C4–C5 s C6–O12 s* 1.2 1.26 0.035
32 C4–C5 p N1–C2 p* 8.86 0.26 0.046
33 C4–C5 p C4–C5 p* 0.53 0.28 0.011
34 C4–C5 p C6–C7 s* 1.19 0.71 0.026
35 C4–C5 p C6–O12 s* 1.2 0.81 0.029
36 C4–C5 p C6–O12 p* 12.07 0.29 0.053
37 C4–H23 s N1–C5 s* 3.59 0.95 0.052
38 C4–H23 s C2–S3 s* 0.52 0.72 0.018
39 C4–H23 s S3–C4 s* 0.69 0.73 0.02
40 C4–H23 s C4–C5 s* 1.47 1.07 0.035
41 C5–C6 s N1–C2 s* 1.94 1.19 0.043
42 C5–C6 s N1–C5 s* 0.8 1.06 0.026
43 C5–C6 s S3–C4 s* 2.53 0.84 0.041
44 C5–C6 s C4–C5 s* 3.33 1.18 0.056
45 C5–C6 s C6–C7 s* 1.34 1.1 0.035
46 C5–C6 s C6–O12 s* 1.26 1.2 0.035
47 C5–C6 s C7–C8 s* 3 1.17 0.053
48 C6–C7 s N1–C5 s* 2.07 1.07 0.042
49 C6–C7 s C4–C5 p* 0.75 0.68 0.022
50 C6–C7 s C5–C6 s* 1.49 1.1 0.037
51 C6–C7 s C6–O12 s* 1.06 1.21 0.032
52 C6–C7 s C7–C8 s* 3.19 1.17 0.055
53 C6–C7 s C7–N11 s* 1.53 1.13 0.037
54 C6–C7 s C8–S9 s* 2.09 0.86 0.038
55 C6–C7 s C10–N11 s* 3.11 1.18 0.054
56 C6–O12 s C4–C5 s* 1.36 1.55 0.041
57 C6–O12 s C5–C6 s* 1.94 1.46 0.048
58 C6–O12 s C6–C7 s* 1.78 1.47 0.046
59 C6–O12 s C7–N11 s* 1.35 1.49 0.04
60 C6–O12 p N1–C5 s* 1.13 0.75 0.026
61 C6–O12 p C4–C5 s* 0.72 0.87 0.022
62 C6–O12 p C4–C5 p* 4.8 0.36 0.04

Table 7 (Contd. )

S. no. Donor (i) Type Acceptor (j) Type E2 (kcal mol−1) Ei − Ej Fi, j

63 C6–O12 p C7–C8 p* 6.82 0.34 0.047
64 C7–C8 s C6–C6 s* 1.51 1.16 0.038
65 C7–C8 s C6–C7 s* 3.33 1.16 0.056
66 C7–C8 s C7–N11 s* 1.43 1.19 0.037
67 C7–C8 s C8–H24 s* 1.93 1.2 0.043
68 C7–C8 s C10–N18 s* 1.39 1.12 0.035
69 C7–C8 p C6–O12 p* 17.91 0.29 0.065
70 C7–C8 p C7–C8 p* 0.76 0.28 0.013
71 C7–C8 p C10–N11 p* 12.84 0.25 0.054
72 C7–N11 s C6–C7 s* 1.13 1.25 0.034
73 C7–N11 s C6–O12 s* 1.32 1.36 0.038
74 C7–N11 s C7–C8 s* 1.87 1.32 0.044
75 C7–N11 s C8–H24 s* 1.82 1.29 0.043
76 C7–N11 s C10–N11 s* 1.27 1.32 0.037
77 C7–N11 s C10–N18 s* 8.27 1.21 0.09
78 C8–S9 s C6–C7 s* 4.85 1.16 0.068
79 C8–S9 s C7–N11 s* 1.25 1.18 0.034
80 C8–S9 s C10–N11 s* 0.65 1.23 0.025
81 C8–S9 s C10–N18 s* 4.18 1.11 0.061
82 C8–H24 s C7–C8 s* 1.89 1.07 0.04
83 C8–H24 s C7–N11 s* 3.81 1.02 0.056
84 C8–H24 s S9–C10 s* 0.74 0.7 0.021
85 S9–C10 s C6–C7 s* 0.98 1.14 0.03
86 S9–C10 s C8–H24 s* 3.48 1.17 0.057
87 S9–C10 s N18–C19 s* 4.13 1.12 0.061
88 S9–C10 s N18–H28 s* 0.73 1.14 0.026
89 C10–N11 s C6–C7 s* 4.01 1.33 0.066
90 C10–N11 s C7–N11 s* 1.33 1.35 0.038
91 C10–N11 s C10–N18 s* 1.99 1.29 0.045
92 C10–N11 s N18–H28 s* 1.16 1.33 0.035
93 C10–N11 p C7–C8 p* 19.53 0.33 0.076
94 C10–N11 p C10–N11 p* 0.79 0.31 0.015
95 C10–N18 s C7–N11 s* 2.74 1.31 0.054
96 C10–N18 s C10–N11 s* 2.1 1.36 0.048
97 C10–N18 s N18–C19 s* 1.3 1.27 0.037
98 C10–N18 s N18–H28 s* 0.78 1.29 0.028
99 C10–N18 s C19–O20 s* 1.69 1.38 0.043
100 N13–C14 s C2–S3 s* 2.78 0.98 0.047
101 N13–C14 s C2–N13 s* 2.52 1.26 0.051
102 N13–C14 s N13–H25 s* 0.52 1.24 0.023
103 N13–C14 s C14–C16 s* 0.58 1.17 0.024
104 N13–C14 s C16–Cl17 s* 1.33 0.95 0.032
105 N13–H25 s N1–C2 s* 5.17 1.19 0.07
106 N13–H25 s C2–N13 s* 0.54 1.12 0.022
107 N13–H25 s C14–O15 s* 1.3 1.23 0.036
108 N13–H25 s C14–C16 s* 3.49 1.03 0.054
109 C14–O15 s C2–N13 s* 2.74 1.48 0.057
110 C14–O15 s N13–C14 s* 0.54 1.45 0.025
111 C14–O15 s C14–C16 s* 1.63 1.39 0.043
112 C14–O15 p C14–O15 p* 0.9 0.36 0.017
113 C14–O15 p C16–H26 s* 1.43 0.75 0.029
114 C14–O15 p C16–H27 s* 1.53 0.72 0.03
115 C14–C16 s N13–H25 s* 2.12 1.08 0.043
116 C14–C16 s C14–O15 s* 1.29 1.21 0.035
117 C16–Cl17 s N13–C14 s* 3.77 1.08 0.058
118 C16–Cl17 s C14–O15 s* 0.51 1.22 0.022
119 C16–H26 s C14–O15 s* 2.24 1.06 0.044
120 C16–H26 s C14–O15 p* 5.94 0.51 0.052
121 C16–H26 s C16–Cl17 s* 0.58 0.64 0.017
122 C16–H27 s C14–O15 s* 2.15 1.06 0.043
123 C16–H27 s C14–O15 p* 4.64 0.51 0.046
124 C16–H27 s C16–Cl17 s* 0.71 0.64 0.019
125 N18–C19 s S9–C10 s* 2.26 0.98 0.043

48282 | RSC Adv., 2025, 15, 48261–48295 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 7 (Contd. )

S. no. Donor (i) Type Acceptor (j) Type E2 (kcal mol−1) Ei − Ej Fi, j

126 N18–C19 s C10–N18 s* 2.12 1.23 0.046
127 N18–C19 s N18–H28 s* 0.69 1.27 0.026
128 N18–C19 s C19–C21 s* 0.63 1.2 0.025
129 N18–C19 s C21–Cl22 s* 1.48 0.97 0.034
130 N18–H28 s C10–N11 s* 5.02 1.19 0.069
131 N18–H28 s C19–O20 s* 0.95 1.21 0.03
132 N18–H28 s C19–C21 s* 3.52 1.05 0.055
133 C19–O20 s C10–N18 s* 2.56 1.41 0.054
134 C19–O20 s N18–C19 s* 0.92 1.43 0.033
135 C19–O20 s C19–C21 s* 1.48 1.38 0.041
136 C19–O20 p C19–O20 p* 0.85 0.35 0.016
137 C19–O20 p C21–H29 s* 1.48 0.75 0.03
138 C19–O20 p C21–H30 s* 2.2 0.7 0.035
139 C19–C21 s N18–C19 s* 0.55 1.09 0.022
140 C19–C21 s N18–H28 s* 2.28 1.11 0.045
141 C19–C21 s C19–O20 s* 1.22 1.2 0.034
142 C21–Cl22 s N18–C19 s* 3.35 1.08 0.055
143 C21–Cl22 s C19–O20 s* 0.61 1.19 0.024
144 C21–H29 s C19–O20 s* 2.43 1.04 0.045
145 C21–H29 s C19–O20 p* 4.06 0.51 0.043
146 C21–H30 s C19–O20 s* 0.97 1.03 0.028
147 C21–H30 s C19–O20 p* 5.29 0.5 0.049
148 C21–H30 s C21–Cl22 s* 0.68 0.63 0.019
149 N1 LP1 C2–S3 s* 17.41 0.52 0.085
150 N1 LP1 C2–N13 s* 2.25 0.8 0.039
151 N1 LP1 C4–C5 s* 5.23 0.86 0.061
152 N1 LP1 C5–C6 s* 0.91 0.78 0.024
153 N1 LP1 C16–Cl17 s* 1.46 0.48 0.024
154 S3 LP1 N1–C2 s* 3.63 1.17 0.058
155 S3 LP1 C4–C5 s* 2.08 1.16 0.044
156 S3 LP2 N1–C2 p* 33.32 0.23 0.08
157 S3 LP2 C4–C5 p* 21.08 0.26 0.067
158 S9 LP1 C7–C8 s* 2.04 1.16 0.044
159 S9 LP1 C10–N11 s* 3.16 1.16 0.054
160 S9 LP2 C7–C8 p* 23.71 0.26 0.071
161 S9 LP2 C10–N11 p* 31.24 0.23 0.076
162 N11 LP1 C6–C7 s* 1.87 0.79 0.035
163 N11 LP1 C7–C8 s* 6.61 0.86 0.069
164 N11 LP1 S9–C10 s* 17.14 0.5 0.083
165 N11 LP1 C10–N18 s* 2.62 0.75 0.041
166 N11 LP1 C21–Cl22 s* 1.21 0.48 0.022
167 O12 LP1 C5–C6 s* 1.96 1.1 0.042
168 O12 LP1 C6–C7 s* 2.58 1.11 0.048
169 O12 LP2 C5–C6 s* 18.86 0.68 0.102
170 O12 LP2 C6–C7 s* 17.86 0.68 0.099
171 O12 LP2 C7–N11 s* 0.59 0.7 0.019
172 N13 LP1 N1–C2 p* 55.92 0.25 0.107
173 N13 LP1 C14–O15 p* 49.44 0.27 0.107
174 O15 LP1 N13–C14 s* 1.03 1.07 0.03
175 O15 LP1 C14–C16 s* 2.5 1.02 0.046
176 O15 LP2 C2–N13 s* 1.1 0.69 0.025
177 O15 LP2 N13–C14 s* 23.29 0.65 0.111
178 O15 LP2 C14–C16 s* 20.73 0.59 0.1
179 Cl17 LP2 C16–H26 s* 4.3 0.67 0.048
180 Cl17 LP2 C16–H27 s* 4.72 0.64 0.049
181 Cl17 LP3 N13–C14 s* 0.84 0.68 0.022
182 Cl17 LP3 C14–C16 s* 5.73 0.63 0.054
183 Cl17 LP3 C16–H26 s* 2.13 0.67 0.034
184 Cl17 LP3 C16–H27 s* 0.53 0.64 0.017
185 N18 LP1 C10–N11 p* 51.61 0.24 0.102
186 N18 LP1 C19–O20 p* 53.66 0.27 0.111
187 O20 LP1 N18–C19 s* 1.65 1.09 0.038
188 O20 LP1 C19–C21 s* 2.26 1.04 0.044

Table 7 (Contd. )

S. no. Donor (i) Type Acceptor (j) Type E2 (kcal mol−1) Ei − Ej Fi, j

189 O20 LP2 C10–N18 s* 0.58 0.63 0.017
190 O20 LP2 N18–C19 s* 23.66 0.65 0.112
191 O20 LP2 C19–C21 s* 19.2 0.6 0.097
192 Cl22 LP2 C21–H29 s* 4.01 0.68 0.047
193 Cl22 LP2 C21–H30 s* 3.31 0.63 0.041
194 Cl22 LP3 N18–C19 s* 0.64 0.69 0.019
195 Cl22 LP3 C19–C21 s* 6.09 0.64 0.056
196 Cl22 LP3 C21–H29 s* 0.54 0.68 0.017
197 Cl22 LP3 C21–H30 s* 2.38 0.63 0.035
198 N1–C2 p* C4–C5 p* 69.71 0.02 0.063
199 N1–C2 p* C14–O15 p* 0.56 0.03 0.006
200 C4–C5 p* C4–C5 s* 0.7 0.51 0.042
201 C4–C5 p* C6–C7 s* 0.57 0.43 0.033
202 C6–O12 p* N1–C5 s* 0.59 0.39 0.042
203 C7–C8 p* C6–O12 p* 105.05 0.02 0.077
204 C10–N11 p* C7–C8 p* 84.14 0.03 0.071
205 C10–N11 p* C19–O20 p* 0.53 0.03 0.006
206 C14–O15 p* C16–H26 s* 0.79 0.39 0.044
207 C14–O15 p* C16–H27 s* 1.07 0.36 0.05
208 C19–O20 p* C21–H29 s* 0.83 0.4 0.045
209 C19–O20 p* C21–H30 s* 1.58 0.35 0.057

a *E(2) means the energy of the hyper-conjugative interaction
(stabilization energy in kcal mol−1). *Energy difference E(j) − E(i)
between the donor and acceptor i and j NBO orbitals. *F(i, j) is the
Fock matrix element between the i and j NBO orbitals.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to calculated the values of energy gap, soness and hardness,
electronegativity and chemical potential. All the calculated
energy parameters with their values are shown in Table 5. First
descriptive parameter EHOMO is shown in Table 5, and its high
value shows that it can donate electron to acceptor molecules. A
higher value of EHOMO is also favorable to the biological activity
of compound. Compound 6i is a better electron donor than
compound 6h due to its high value. The second descriptive
parameter is ELUMO, and its low value shows that it can accept
electrons from the donating molecule. A lower value of ELUMO

also increases the biological activity of the compound.
Compound 6i is a better electron acceptor than compound 6h
due to its lower value. Third descriptive parameter is energy gap
(DE) calculated by the HOMO–LUMO values, where the HOMO
is more stable than the LUMO. Compound 6i shows a smaller
value of energy gap than compound 6h. A smaller energy gap
value shows that compound 6i is chemically more reactive and
biologically more active.

Frontier molecular orbital (FMO) studies can investigate the
structure–activity relationship and bioactivities of these
synthesized compounds for drug designing. The HOMO value is
higher in compound 6i, which shows that it could be a good
electron donor drug. Compound 6i is more reactive and more
accepting than the other compound 6h due to its lower ioni-
zation potential (I), higher electron affinity (A), lower absolute
hardness (h), higher absolute soness (s), higher electronega-
tivity (c), lower chemical potential (CP) and higher electrophi-
licity index (u).
RSC Adv., 2025, 15, 48261–48295 | 48283
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Fig. 20 Atomic charge analysis: (A) graphical representation of Mulliken's charges for compound 6h, (B) graphical representation of Mulliken's
charges with summed hydrogen atoms for compound 6h and (C) natural population charges (NPA) for compound 6h.
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3.5.4. Molecular electrostatic potential (MEP). The deter-
mination of chemical mechanism and investigation of
compounds can be done by calculating the MEP contour and
map. Hydrogen bonding interaction and electrophilic–nucleo-
philic behavior of compounds can also be interpreted by MEP.
MEP calculations using the Gaussian09W soware give us some
important indication about molecules by negative, positive and
neutral electrostatic potential. The MEP scale gives us infor-
mation about the relationship of physicochemical properties
with the structure of compounds of drugs.47 The MEP contour
and map of compounds 6h and 6i were calculated using the
same B3LYP 6-311G basis set of DFT.

In MEP, the negatively charged red-yellow color region of
electrostatic potential shows the electrophilic attack sites,
where O atoms can react with electrophiles, while the positively
charged blue region of electrostatic potential showed nucleo-
philic attack sites where H atoms can react with nucleophiles.
The green color showed the neutral reactivity, and the benzene
48284 | RSC Adv., 2025, 15, 48261–48295
ring remained neutral.48 The molecular electrostatic potential
(MEP) contour and map are shown in Fig. 24.

3.5.5. IR analysis. In IR spectroscopic analysis, functional
group moieties were determined by vibrational modes, which
are present in a molecule. Theoretical calculations were per-
formed for compounds 6h and 6i to gain vibrational analysis
information with the 6-311G B3LYP basis set to generate FTIR
spectra using an FT-Raman spectrophotometer, which is pre-
sented in Table 8. As we study these compounds, compound 6h
contains 22 atoms with 60 normal vibrations modes, while
compound 6i contains 30 atoms with 84 normal modes of
vibrations by these calculations. Fig. 20a and b show the
comparison graphs between the experimental and theoretical
FTIR data of compounds 6h and 6i.

3.5.5.1. N–H, C–N and C]N vibrations. The IR vibrational
peaks value range for heterocyclic compound where amines (N–
H) stretching vibration are from 3200 cm−1 to 3500 cm−1.49 As
the N–H, C]O, and C–H vibrational modes show the maximum
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 Atomic charge analysis: (A) graphical representation of Mulliken's charges for compound 6i, (B) graphical representation of Mulliken's
charges with summed hydrogen atoms for compound 6i and (C) natural population charges (NPA) for compound 6i.

Fig. 22 Contour diagram of HOMO–LUMO of compounds 6h (A) and 6i (B) with their energy gap.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 48261–48295 | 48285
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Fig. 23 HOMO–LUMO energy diagram of compounds 6h (A) and 6i
(B) with their energy gap.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
12

/2
02

5 
8:

59
:4

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
intensity and high polarity. In compound 6h, two polar
stretching vibrations are shown for the N–H group at
3310.79 cm−1 and 3344.59 cm−1, while the experimental value
peak assigned to the N–H stretching vibration appears at
3319.15 cm−1. There is a little difference between experimental
and theoretical wavenumbers because it is sensitive to hydrogen
bonding with the oxygen atom of carbonyl functional groups in
the H–N–C–O interaction. The bending N–H vibration ranges
from 1500 cm−1 to 1650 cm−1, and this one is experimentally
observed at 1584.04 cm−1. We observed the C]N functional
group stretching vibrations at 1640.60 cm−1 experimentally that
well match to range found in litrature start from 1610 cm−1 to
1660 cm−1. The thiazole ring consists of a 5-membered ring
with a delocalized p-system. The C–N interaction is in plane
ring bending vibration. Which is observed from 1020 cm−1 to
1360 cm−1 theoretically and experimentally, and the aromatic
Fig. 24 Molecular electrostatic potential (MEP) contour and map of com

48286 | RSC Adv., 2025, 15, 48261–48295
C–N vibration is observed at 1117.57 cm−1 and the C–N
stretching vibration at 1228.02 cm−1 (Fig. 25).

In compound 6i, one stretching vibration is shown for the
N–H functional group at 3371.92 cm−1 while experimentally at
3383.72 cm−1. The experimental and theoretical values show
a difference in wavenumber due to hydrogen bonding with the
oxygen atom of carbonyl group in both H–N–C–O interactions.
The N–H bending vibrations are observed theoretically at
1545.17 cm−1 and 1604.15 cm−1 and experimentally at
1574.54 cm−1. In compound 6i, the C]N functional group
experimentally shows stretching vibrations at 1630.14 cm−1,
which is in the range from 1610 cm−1 to 1660 cm−1. C–N
vibrations are stretched in-plane that are observed at
1132.11 cm−1 and 1229.10 cm−1 theoretically and experimen-
tally observed at 1118.70 cm−1 and 1224.23 cm−1 (Fig. 26).

3.5.5.2. Carbonyl group (C]O) vibrations. The IR vibrational
range for the carbonyl group (C]O) was reported to be from
1630 cm−1 to 1850 cm−1,50 while the stretching vibrational
range for the ketonic carbonyl (C]O) group is from 1650 cm−1

to 1850 cm−1. In compound 6h, two modes of vibrations are at
1676.28 cm−1 and 1766.76 cm−1 with the highest potential
energy distribution (PED) contribution of 72%. This ketonic
carbonyl (C]O) group, which is highly polarized (p-bond),
shows the symmetric stretching vibrational mode at
1676.28 cm−1, as predicted by the IR data. The experimental
value of this ketonic carbonyl group is shown at 1667.22 cm−1.
In compound 6i, three modes of vibrations are shown at
1655.08 cm−1, 1667.57 cm−1 and 1711.73 cm−1 with the highest
PED contribution. Theoretically, this ketonic carbonyl (C]O),
which is polar in nature, shows the stretching vibrations at
1655.08 cm−1, while the experimental value of the carbonyl
functional group was observed at 1654.82 cm−1.

3.5.5.3. Aromatic ring C–H vibrations. The aromatic ring C–H
vibrations are reported at 3000 cm−1 to 3100 cm−1, and the
aliphatic C–H vibrations are reported at 2850 cm−1 to
2960 cm−1.50 In the IR study, theoretical and experimental
calculations of C–H vibrations are observed right aer the N–H
vibrations. In compound 6h, the aromatic ring C–H vibrations
range from 2885.84 cm−1 to 3068.29 cm−1 theoretically and C–H
vibrations are observed at 2979.28 cm−1 for experimental
calculations. In compound 6i, the C–H vibrational modes are
theoretically observed at 2964.47 cm−1 and 3053.76 cm−1 but
experimentally no C–H stretching vibration peaks were
observed in 6i compound.
pounds 6h and 6i.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Chemical shift (d) values of 1H and 13C NMR of compounds 6h and 6i

Carbon dC experimental dC theoretical Proton dH experimental dH theoretical

6h Compound
10-C 164.2 158.8581 20-H 12.5 7.985457
2-C — 157.5015 21-H 4.28 6.401765
4-C 148.2 153.7083 22-H 4.28 5.7118
5-C 118.9 124.8353 17-H 2.54 4.081958
12-C — 47.99194 14-H 2.87 3.871611
7-C 26.0 29.11105 18-H 2.52 3.657483
8-C 30.9 21.45014 15-H 2.87 3.482611
6-C 28.2 18.3616 16-H 2.54 3.102562

19-H 2.52 2.79344

6i Compound
6-C 192.9 197.9515 24-H 8.98 7.796086
14-C — 188.8477 23-H 8.98 7.606245
19-C — 187.3156 25-H 12.4 7.030382
10-C — 177.1132 28-H 12.4 6.484283
2-C — 172.8862 27-H 4.87 5.484209
5-C 113.9 172.265 30-H 4.87 5.305767
7-C 164.5 166.9709 26-H 4.87 5.073771
4-C 144.2 158.5567 29-H 4.87 4.94707
8-C 42.7 148.9024
16-C — 67.20365
21-C — 65.9386
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3.5.5.4. C–Cl vibrations. The stretching vibrational
frequency for C–Cl ranges between 600 cm−1 and 800 cm−1

(Bisong et al., 2020). Chlorine is a heavy atom (in mass in
comparison to hydrogen and carbon) and electron withdrawing
that lowers the vibrational wavenumber due to this heavy atom
of chlorine. In compound 6h, the stretching vibrations of C–Cl
occur from 627.95 cm−1 to 792.11 cm−1. The C–Cl vibrational
frequency mode was observed at 679.62 cm−1 theoretically and
at 672.37 cm−1 experimentally. In compound 6i, the stretching
vibrations of C–Cl are observed in the range from 622.31 cm−1
Fig. 25 Theoretical vibrational analysis of compound 6h in the IR
study.

© 2025 The Author(s). Published by the Royal Society of Chemistry
to 795.62 cm−1. The C–Cl functional group was observed at
661.28 cm−1 wavenumber theoretically and at 670.82 cm−1

wavenumber experimentally.
3.5.6. NMR analysis. Nuclear magnetic resonance (NMR) is

a spectroscopic technique used to understand the organic
compound structure. The computational study was performed
using Gaussian 09W for theoretical information, which is later
used for the validation of experimental results. The computa-
tional study was conducted using the GIAO method for proton
(1H) and carbon (13C) NMR spectra of the synthesized
compounds 6h and 6i at the B3LYP 6-311G basis set.51 The
Fig. 26 Theoretical vibrational analysis of compound 6i in the IR study.
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chemical shi values of 1H and 13C NMR for these compounds
are presented in ppm along with the reference of TMS in Table
8.

Theoretical and experimental shi values of 13C NMR for
these compounds are accordance to each other and their
experimental values are observed by dissolving in DMSO
solvent. For 6h compound, experimental chemical shi value
range from C-6 to C-10 is 164.2 ppm–28.2 ppm. In 13C NMR
analysis, 10-C in 6h compound show the highest peak in theo-
retical study at 158.85 ppm and in experimental show at
164.2 ppm due to the ketonic group presence. 4-C and 5-C in
compound 6h show aromatic carbon shi values at 153.70 ppm
and 124.83 ppm (Fig. S28 (SI)).

For the 1H NMR study, the theoretical values of compound
6h were compared with the experimental values. In the proton
NMR, 20-H shows the anomalously high chemical shi value at
7.985 ppm, while the experimental value at 12.5 ppm conrms
the intramolecular H-bonding because this is attached to the
nitrogen atom. In experimental proton NMR analysis, protons
21-H, 22-H shows same peaks at 4.28 ppm, 14-H, 15-H shows
same peaks at 2.87 ppm while 18-H, 19-H also show same peaks
at 2.52 ppm. The experimental and theoretical analysis
comparison for proton and carbon NMR of compound 6h in
graphical representation is shown in Fig. S29 (SI).

For compound 6i, both proton and carbon NMR chemical
shi values were analyzed by dissolving this compound in
a DMSO solvent. In 13C NMR spectral data analysis, 6-C in 6i
compound show the highly de-shielded effect with the highest
peak at 192.9 ppm in experimental spectrum and in theoretical
spectral data show chemical shi value at 197.95 ppm due to
the carbonyl group adjacent to electron withdrawing oxygen
atom (O-12). In compound 6i, 8-C adjacent to S-9 shows the
lowest chemical shi value for theoretical 148.90 ppm and
experimental 42.7 ppm due to the electron-donating effect from
sulfur and the shielding effect. In compound 6i, 2-C and 5-C
show the same aromatic carbon shi values at 172.88 ppm and
172.26 ppm (Fig. S30: SI).

In the 1H NMR analysis of 6i compound, 23-H to 30-H
protons show the experimental chemical shi range from 12.4
to 4.87 ppm and the theoretical range from 7.796 to 4.947 ppm;
26-H, 27-H, 29-H and 30-H show the same peak value at
4.87 ppm; 24-H proton attaches on 8-C, which is near S-9,
showing the deshielding effect due to potential hydrogen
bonding, at chemical shis of 7.80 ppm theoretically and
8.98 ppm experimentally; and 25-H and 28-H protons attach to
the electronegative atom (N13, N18), showing intramolecular
hydrogen bonds due to the strong deshielding effect and a high
chemical shi value at 12.4 ppm. The comparison of theoretical
and experiment analyses of 1H NMR and 13C NMR for
compound 6i in graphical representation is shown in Fig. S31
(SI).

3.5.7. Hirshfeld surface population analysis. The charge
distribution analysis of the compound 6h by Hirshfeld surface
showed the details of its electronic distribution and charge of
atoms. The sulfur atom (atom 1) has a moderately positive
Hirshfeld charge (Q-H = 0.0526), indicating that there is a weak
electron donation. The nitrogen atoms present at position 3 and
48288 | RSC Adv., 2025, 15, 48261–48295
9 in compound 6h have quite negative Hirshfeld charges (Q-H=

−0.223 and −0.100), which suggests that they are highly elec-
tronegative and partake of electron-rich sites (Table 9). Oxygen
atom (atom 11) displays a great negative charge (Q-H = −0.280)
consistent with its functionality as a major site of electron
withdrawals. Carbon atoms are distributed with positive–
negative Hirshfeld charge degrees, starting with slightly positive
(e.g., atom 2 at Q-H= 0.101) through to about modestly negative
(e.g., atoms 5 to 8 at Q-H=−0.045 to−0.052), due to the distinct
binding surroundings in the molecule. These hydrogen atoms
are uniformly and strongly positively charged and the
maximum possible Hirshfeld value is found in atom 20 (Q-H =

0.160), probably because such an atom is attached to a highly
electronegative or conjugated system. The above discussed
trends are conrmed by CM5 charges (Q-CM5) as the values of
electronegative atoms are highly negative (up to −0.430 at
nitrogen), whereas the values of hydrogen atoms are large
positive (e.g., +0.362 in atom 20). The molecule is therefore
signicantly polarized toward charges. The chlorine atom (atom
13) also has a slightly negative charge (Q-H = −0.106), and this
takes part in electron-withdrawing properties in its immediate
vicinity. In general, the Hirshfeld and CM5 studies of
compound 6h promote a sense of the existence of easily
recognizable regions of electron richness and electron de-
ciency, which is essential in terms of understanding its chem-
ical reactivity and possible interaction (Fig. 27 and Table 9).

The Hirshfeld analysis for the charge distribution of
compound 6i offers the specic observation of the electronic
structure: The computed Hirshfeld charges (Q-H) conrm that
electronegative atoms, i.e., oxygen (e.g., atoms 12 and 15) have
quite negative values (Q-H = 0.268–0.270), which means that
they very actively attract electrons. The nitrogen atoms (e.g.,
atoms present at position-1, 11, 13 and 18) also have negative
charges (Q-H 10 −0.10 to −0.20), in agreement with the elec-
tronegativity (Table 10). Contrastingly, the hydrogen atoms
portray a positive charge because the values acquire high values
of up to Q-H = 0.156 (atom 25), implying that they may be
involved in polar bonding. The Hirshfeld charges of sulfur
atoms (atoms 3 and 9) are moderately positive (∼0.078 to 0.101),
and the carbon atoms exhibit different values, which are indi-
cators of different bonding conditions at all points of the
molecule. These observations are supported by the Q-CM5
charges, which give good charge estimate that takes into
consideration the molecular dipoles where oxygen and nitrogen
atoms have very negative values (up to −0.43) and hydrogen has
highly positive values (up to 0.35). There is also a slight negative
charge on the Cl atoms (atoms 17 and 22), which is indicative of
certain level of localization of the electronic density. Altogether,
the distribution of the charge in compound 6i indicates the
presence of specic areas of electron density, which affects the
chemical reactivity and could undergo biological processes or
interactions with other molecules (Fig. 28 and Table 10).

3.5.8. Non-covalent bond interactions (NCI) analysis.
Fig. 29 presents the diagram detailing non-covalent interaction
(NCI) and reduced density gradient (RDG) plot of the compound
6h using density functional theory (DFT). Fig. 29 (part A) depicts
the molecular structure of 6h, as shown in the colored
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 27 Graphical representation of Hirshfeld dipoles for compound 6h.
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isosurfaces to indicate the presence of different non-covalent
interactions. Green isosurfaces show weak van der Waals
forces, blue surfaces show strong attractive forces including
hydrogen bonding and red colors are abolished by steric
repulsion. The RDG versus (l2)r plot shown in Fig. 29 (part B) is
utilized to determine the nature and the strength of these
interactions. Attractive interactions (blue) are represented by
the negative values of (l2)r, which are close to zero values,
indicated by green color (van der Waals interactions), and
Table 9 Hirshfeld charges and dipoles on all atoms of compound 6h

S. no. Atoms Q-H S–H Dx

1 S 0.052581 0 −0.
2 C 0.101472 0 0.
3 N −0.22317 0 −0.
4 C 0.025584 0 −0.
5 C −0.05204 0 0.
6 C −0.05184 0 −0.
7 C −0.04559 0 0.
8 C −0.04892 0 −0.
9 N −0.10035 0 −0.
10 C 0.191464 0 −0.
11 O −0.28036 0 −0.
12 C −0.00226 0 0.
13 Cl −0.10608 0 −0.
14 H 0.043254 0 −0.
15 H 0.045233 0 −0.
16 H 0.040062 0 −0.
17 H 0.041387 0 −0.
18 H 0.04457 0 −0.
19 H 0.047426 0 −0.
20 H 0.160124 0 −0.
21 H 0.058132 0 −0.
22 H 0.059331 0 −0.

© 2025 The Author(s). Published by the Royal Society of Chemistry
repulsive interactions, indicated by red color, by a positive value
of (l2)r. This analysis helps to have a detailed visualization of
how non-covalent forces are adding to the stability and electron
structure of the compound 6h.

Fig. 30 shows the non-covalent interaction (NCI) and
reduced density gradient (RDG) of compound 6i, which
provides an understanding and visualizes weak intermolecular
and intramolecular interactions using DFT-calculated electron
density. In Fig. 30 (part A), the 3D isosurface of the NCI is
Dy Dz Q-CM5

10383 0.10676 0.012915 0.032333
072774 −0.01084 −0.00544 0.253843
03542 −0.23115 −0.0091 −0.39461
01655 0.140314 0.011738 0.085696
027068 −0.10138 0.004714 −0.04235
02789 −0.01269 0.00077 −0.15253
005154 −0.00031 0.008675 −0.15263
00988 0.011386 0.0008 −0.14731
01429 0.016501 0.004748 −0.42946
031 0.009398 −0.00082 0.279809
15658 −0.12058 0.004974 −0.31793
045451 0.013045 0.000319 −0.09221
11253 0.020695 −0.00369 −0.11463
02216 −0.07298 0.1212 0.097898
02097 −0.10242 −0.10264 0.099879
0553 −0.00196 −0.13263 0.095082
11082 −0.01974 0.0903 0.095657
03512 0.055456 0.127172 0.100274
04472 0.102661 −0.09445 0.103257
01795 0.205089 −0.00488 0.362167
04787 −0.05699 0.128317 0.118357
04155 −0.06482 −0.12844 0.119429

RSC Adv., 2025, 15, 48261–48295 | 48289
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Fig. 28 Graphical representation of Hirshfeld dipoles for compound 6i.
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displayed the molecular conformation that green surfaces
demonstrate van der Waals weak interactions, blue surfaces
denote an attractive hydrogen bond formation interaction and
Table 10 Hirshfeld charges and dipoles on all atoms of compound 6i

S. no. Atoms Q-H S–H Dx

1 N −0.1934 0 0.1
2 C 0.112533 0 −0.0
3 S 0.078672 0 −0.0
4 C −0.05531 0 0.0
5 C 0.028273 0 −0.0
6 C 0.128231 0 0.0
7 C 0.027198 0 −0.0
8 C −0.03866 0 0.0
9 S 0.10149 0 −0.0
10 C 0.112308 0 0.0
11 N −0.20562 0 −0.0
12 O −0.26821 0 0.1
13 N −0.10363 0 0.0
14 C 0.204433 0 0.0
15 O −0.2701 0 0.1
16 C 0.006357 0 −0.0
17 Cl −0.12025 0 0.1
18 N −0.10332 0 −0.0
19 C 0.203106 0 −0.0
20 O −0.26493 0 −0.1
21 C 0.002207 0 0.0
22 Cl −0.10675 0 −0.0
23 H 0.063078 0 0.1
24 H 0.084987 0 −0.0
25 H 0.155833 0 −0.0
26 H 0.069127 0 0.0
27 H 0.069126 0 0.0
28 H 0.156973 0 0.1
29 H 0.063251 0 −0.0
30 H 0.063227 0 −0.0

48290 | RSC Adv., 2025, 15, 48261–48295
red surfaces exemplify steric repulsion. Fig. 30 (part B) presents
the RDG vs. sign (l2)r scatter plot, whose distribution of points
tells something about the strength and nature of non-covalent
Dy Dz Q-CM5

24148 −0.1293 −3.7 × 10−5 −0.35937
5472 −0.04975 0.000005 0.249657
1072 0.154275 −8 × 10−6 0.069008
28256 −0.06034 −8 × 10−6 −0.08712
2864 0.067994 −1.6 × 10−5 0.092246
08871 −0.01393 −9.4 × 10−5 0.162595
1117 −0.09745 −6.3 × 10−5 0.087222
19808 0.078705 0.000055 −0.09341
9922 −0.07953 −6.4 × 10−5 0.108364
67035 −0.00326 −1.6 × 10−5 0.268064
1548 0.170965 0.000133 −0.3839
34528 −0.13756 0.000034 −0.29944
02612 −0.00013 −3.7 × 10−5 −0.43416
36435 −0.01995 0.000017 0.291084
77188 0.081351 0.000013 −0.30814
3602 0.002269 −7 × 10−6 −0.08273
20082 −0.05079 0.000017 −0.12857
0086 0.000943 0.000071 −0.43433
1197 0.036074 −3.4 × 10−5 0.290233
8201 0.057322 −3.9 × 10−5 −0.30305
33044 −0.02387 0.000003 −0.08757
4483 0.09918 −3 × 10−6 −0.11516
43825 −0.03779 −2.8 × 10−5 0.126208
9943 0.159465 0.000157 0.144925
3043 −0.2079 −2.3 × 10−5 0.355682
69964 0.05358 0.131787 0.131809
6999 0.053625 −0.13173 0.131819
62255 0.133737 −0.00015 0.357041
8074 0.010005 0.131151 0.125613
8083 0.00993 −0.13106 0.125606

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 30 (A) Non-covalent interaction (NCI) of compound 6i. (B) Graphical representation of the reduced density gradient (RDG) of compound 6i.

Fig. 29 (A) Non-covalent interaction (NCI) of compound 6h. (B) Graphical representation of the reduced density gradient (RDG) of compound
6h.
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interactions. In the graphical representation, blue peaks
represent the presence of attractive forces, red peaks indicate
the presence of repulsive forces and the green areas indicate the
presence of weak dispersive forces. The work was analyzed by
the NCI and RDG performed using the Multiwfn program and
isosurfaces analyzed using VMD, providing a close insight into
the non-covalent interaction surface of compound 6i.

3.5.9. Electron localization function (ELF) and localized
orbital locator (LOL) analysis. In Fig. 31 the analysis of the
electron localization function (ELF) and localized orbital locator
(LOL) of compound 6h are presented, which provide informa-
tion about all electron pair localization and chemical bonding.
Fig. 31 (part A) shows the ELF contour map with large values
(dark areas around the carbon atoms), showing strong electron
localization, which is usually attributed to bonding pairs or lone
pairs. This visualization can be used to determine the areas of
covalent bonding and electron density. The three-dimensional
version of the LOL surface (top) and the associated 2D
contour map (bottom), which increased the LOL values in
both cases (darker colors), similarly indicate the localized
regions of electrons, as shown in Fig. 31 (part B). The LOL
analysis is an addition to the ELF since it highlights the
© 2025 The Author(s). Published by the Royal Society of Chemistry
presence of localized orbitals, especially within the bonding and
non-bonding regions. Collectively, these roles use a detailed
view to represent the electronic structure, which, in turn, is
useful to make interpretations about the chemical bonding and
reactivity of the molecular system and the distribution of lone
pairs.

Fig. 32 represents the electron localization function (ELF) and
localized orbital locator (LOL) calculations of the compound 6i
carried out using density functional theory (DFT) to investigate
the electronic structure and bonding of the compound. Fig. 32
part (A) presents the ELF contour map, in which dense lines
surrounding nitrogen, carbon and hydrogen atoms represent the
regions of great electron localization including bonding and lone
pairing regions. It is worthy to note that the high localization
around the nitrogen atoms implies the existence of the lone-pair
electrons, which adds to the electronic behavior of the compound
6i. A 2D contour map of the LOL is presented in Fig. 32 (part B),
and a 3D surface plot of the LOL is also shown, giving an idea of
how localized orbitals are spatially distributed. The colored areas,
particularly red and yellow domains, signal the great localization
that usually pertains to bonding between atoms in the conju-
gated core of compound 6i. The ELF and LOL represented in Fig.
RSC Adv., 2025, 15, 48261–48295 | 48291
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Fig. 32 (A) Graphical representation of the electron localization function (ELF) for compound 6i. (B) Graphical representation of the localized
orbital locator (LOL) for compound 6i.

Fig. 31 (A) Graphical representation of the electron localization function (ELF) for compound 6h. (B) Graphical representation of the localized
orbital locator (LOL) for compound 6h.
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32 explains the better bonding system and delocalization of
electrons which further assists in learning more on reactivity and
stability of this compound.
4 Conclusion

Thiazole derivatives have been synthesized via two routes: the
reaction of aminothiazole and chloroacetyl chloride leads to the
formation of phenyl thiazole acetamide and the reaction of
48292 | RSC Adv., 2025, 15, 48261–48295
aminothiazoles and diazonium salt leads to the excellent yield
of azothiazole. Two cell lines of chronic myeloid leukemia
model, namely, K562 and U937 were used for biological
potential evaluation against cancer. By using these cell lines, 2-
amino-4-methylthiazole (3a), 2-amino-4-phenylthiazole (3b),
bis(2-aminothiazole-4-yl)methanone (3c) and 2-chloro-N-(4-
phenylthiazole-2-yl acetamide) (6j) compounds show poor
results towards cytotoxicity. Aer the in vitro study, an in silico
study was performed for further analyses of these thiazole
© 2025 The Author(s). Published by the Royal Society of Chemistry
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derivatives. The docking studies were performed to check the
pharmacologically active compounds with four proteins. Six
compounds (3e, 3f, 6h, 6i, 6j and 7) were screened out from the
2GQG protein, 6 compounds (3b, 3e, 3d, 6g, 6h and 6i) from the
5MO4 protein, 4 compounds (3b, 3f, 6h and 7) from the 2AZ5
protein and 5 compounds (3c, 3f, 6h, 6i and 6j) from the 5MAR
protein. The MMGBSA study showed excellent results with the
5MO4 protein. Further screening of two compounds (6h and 6i)
was carried out using density functional theory, as these two
compounds showed a good binding affinity score with the
receptor site of all proteins. The DFT analysis provided us the
detail about structural parameters and molecular geometry.
Aer that a research created between experimental and
computational studies. Overall, the lead synthesized
compounds 6h and 6i proved to be effective drugs for future use
due to the enhanced activity and cost-effective method.
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