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A B S T R A C T

The paper describes the construction of a new series of pyrimidinone-linked thiazole derivatives 
through bromination of the initial Biginelli reaction product followed by the Hantzsch thiazole 
synthesis route. Various analytical techniques, including FT-IR, 1H NMR, 13C NMR, and LCMS 
analysis, were employed to confirm the formation of the products. The synthesized compounds 
were primarily evaluated for their antibacterial activity, with a specific focus on their IC50 values. 
Compound 4c demonstrated the most potent efficacy, displaying MIC and MBC values that varied 
from 0.23 to 0.71 mg/mL and 0.46–0.95 mg/mL, respectively. The anti-inflammatory potential 
was also observed in analogs 4a and 4c with marked activity in the 33.2–82.9 μM concentration 
range. Moreover, compounds 4a, and 4c demonstrated strong antioxidant effects, as reflected by 
their excellent IC50 values of 38.6–43.5 μM respectively. DFT investigation showed that B. cereus 
was more susceptible, and E. coli was more resistant, with chloro-substituted compounds exhib-
iting potential reactivity. Some molecules with chloro-substituents showed promising results in 
density functional theory when compared to other substituents. In addition, the molecules un-
derwent a corrosion study and demonstrated a high level of inhibition efficiency (4c) in com-
parison to other molecules. Further in silico studies of the synthesized thiazoles confirmed the 
good interactions with the target.

1. Introduction

The importance of modified heterocyclics and heterocyclic rings in the treatment of a range of chronic illnesses is well- 
acknowledged [1,2]. Dealing with infectious infections caused by bacteria and fungi is quite a challenging task, given the rise in 
multi-drug-resistant microbial pathogens. For medicinal chemists, one of the most difficult problems is to produce novel molecules 
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with an active nucleus to battle germs that are resistant to drugs. Heterocycles are crucial building blocks for the suppression of 
numerous deadly infections [3,4]. Due to its potential as a medicinal agent, incorporating five-membered heterocycles is always an 
exciting task for chemists.

Among the five-membered heterocyclic compounds, thiazoles are known to exhibit a wide range of biological actions, including 
anticancer [5], antidiabetic [6–8], antimicrobial [9,10] tubercular [11], antioxidant [12], anti-inflammatory [13–15] activities. In 
addition, the building blocks of several natural compounds such as vitamin B1 (thiamine) include thiazole and thiazolone moieties. 
Numerous physiologically active medications, including meloxicam (anti-inflammatory), abafungin (antifungal), tiazofurin (anti--
neoplastic), and sulfathiazole (anti-microbial), also include them. Pharmacological research indicates that the incorporation of the 
thiazole nucleus boosts the biological activity of various compounds [16–21].

Density Functional Theory (DFT) has indeed transformed the landscape of computational chemistry and solid-state physics, 
allowing researchers to tackle larger and more complex systems than would be feasible with traditional wave function methods. Its 
strength lies in balancing computational efficiency with reasonably accurate predictions of electronic structures, making it a go-to tool 
for many applications. Despite its widespread use, DFT has notable limitations, particularly in the treatment of non-local interactions 
like dispersion forces. This has become a significant concern as researchers explore larger molecular systems where such interactions 
become more relevant [22,23]. The various approximations within DFT can lead to discrepancies in energy and structural predictions, 
highlighting the need for ongoing validation and refinement of these methods. Additionally, the adaptability of DFT for performing 
numerous calculations efficiently allows for studies of dynamic processes, such as time evolution of systems, which can be particularly 
valuable in fields like materials science and biochemistry. The continuous development of new functionals and hybrid methods seeks 
to address some of these shortcomings, but challenges remain. Research into improving DFT’s ability to accurately describe dispersion 
and other weak interactions is an active area, as is the quest for functionals that can better capture the nuances of electronic correlation 
in larger systems [24,25].

On the other hand, dihydropyrimidinones are important heterocyclic compounds discovered by Pietro Biginelli through a three- 
component reaction, first reported in 1893 [26]. These densely functionalized Biginelli compounds are known for their potent bio-
logical activities such as calcium channel blockade, anti-inflammatory, antioxidant, antifungal, antifilarial. Antihypertensive, anal-
gesic, anticancer and antimicrobial functions [27–29]. Additionally, significant enhancement in pharmacological activities has been 
reported when these dihydropyrimidinones were linked with other heterocycles [27,30–32]. Thus, the hybrid compounds containing 
dihydropyrimidinones and thiazoles may have substantial therapeutical potential. Furthermore, pyrimidinone linked thiazole scaf-
folds with derivatization at 2-amino position of thiazole core has not yet explored.

Herein we report the synthesis of new thiazole coupled 6-methyl-3,4-dihydropyrimidin-2(1H)-one hybrid scaffold through the 
Hantzsch reaction of substituted thiourea with 2-bromomethylketones of dihydropyrimidinones which were derived using well-known 
Biginelli three-component reaction. Interestingly, the designed products can be further derivatized at the 2-amino position of the 
thiazole moiety and 4-position of pyrimidinone core to get diversified hybrid molecules. All the final compounds were confirmed using 
FT IR, 1H NMR, 13C NMR, and LC-MS data. Further, the final hybrid molecules were evaluated for their antibacterial, antioxidant, and 
in-vitro anti-inflammatory activity and studied for their corrosion inhibition efficiency.

Scheme 1. Synthesis of (4-substituted phenyl)-5-(2-([substituted phenyl] amino) thiazol-5-yl)-6-methyl-3,4-dihydropyrimidin-2(1H)-one (4a-h).
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2. Results and discussion

2.1. Chemistry

The synthetic pathways and structures of the final thiazole-dihydropyrimidinone hybrid compounds (4a-h) are shown in Scheme 1. 
Initially, dihydropyrimidinones (1a-c) were synthesized through Biginelli three-component reaction of acetylacetone (1 equiv.) and 
urea or thiourea (1.2 equiv.) with aldehydes (1 equiv.) in presence of aqueous HCl catalyst in ethanol solvent under reflux. Then 
obtained dihydropyrimidinones were subjected to bromination in acetic acid to obtain 5-(2-bromoacetyl)-6-methyl-4-phenyl-3,4- 
dihydropyrimidin-2(1H)-one derivative (2a-c). On the other hand, substituted thiourea (3a-e) was obtained through a 1:1 reaction of 
aniline derivatives with ammonium thiocyanate in the presence of ethanolic HCl media. Finally, 5-(2-bromoacetyl)-6-methyl-4- 
phenyl-3,4-dihydropyrimidin-2(1H)-one derivative and aromatic substituted thiourea were reacted in absolute ethanol at 50 ◦C to 
yield thiazole linked dihydropyrimidinone hybrid molecules 4a-h. Furthermore, the synthesized compounds were purified through 
recrystallization with methanol. Thin-layer chromatography (TLC) was used to assess the purity of the compounds. The structure of all 
the products was confirmed using various spectroscopic techniques including 1H NMR, 13C NMR, LCMS, FTIR, and mass. It was found 
that the synthesized compounds demonstrated excellent agreement with the expected spectral data (For characterization data refer 
Table 1).

Reaction conditions: (i) EtOH, 0.5–2 h reflux; (ii) 30 % Br2 in AcOH, O/N RT stirring; (iii) Conc. HCl, EtOH, 4 h, 45 ◦C; (iv) EtOH, 
50 ◦C, 1–2 h.

2.2. Biological analysis

2.2.1. Antibacterial studies
The effectiveness of synthetic compounds in fighting bacteria was evaluated using the micro-dilution method. A panel of six 

bacteria was tested, and the minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) were used as 
measures of their activity. The compounds being studied demonstrated a satisfactory level of antibacterial activity, as indicated in 
Table 2. The MIC values ranged from 0.17 to >3.74 mg/mL, while the MBC values ranged from 0.23 to >3.75 mg/mL. The highest level 
of activity was observed for compound 4c, with concentrations ranging from 0.23 to 0.71 mg/mL and 0.46–0.95 mg/mL. E. coli proved 
to be the most resilient bacterium, while B. cereus appeared to be the least resistant. By assessing the MIC and MBC against a panel of six 
bacteria, the antibacterial activity of the synthesized compounds was assessed using the micro-dilution method. Table 2 shows that the 
compounds had moderate to good antibacterial activity, with MBC values ranging from 0.23 to >3.75 mg/mL and MIC values ranging 
from 0.17 to >3.74 mg/mL. A MIC of 0.23–0.71 mg/mL and an MBC of 0.46–0.95 mg/mL, respectively, indicated that compound 4c 
had the highest activity. According to the results, E. coli had the highest resilience, whereas B. cereus was the most sensitive bacterium. 
At MIC/MBC values of 0.18/0.24 mg/mL, compound 4d showed the highest activity against E. coli, while compound 4h indicated 
considerable activity against both B. cereus and S. typhimurium.

MIC and MBC values of 0.23/0.47 mg/mL were demonstrated for compounds 4a and 4h against E. cloacae, while compounds 4c 
and 4e also demonstrated good activity against E. coli. When it came to S. typhimurium, compound 4a also showed promising results. 
Overall, the antibacterial activity of these compounds was modest to moderate. Three of the most active compounds (4b, 4c, and 4d) 
were evaluated against P. aeruginosa, E. coli, and methicillin-resistant Staphylococcus aureus (MRSA). Comparing all three products 
against ampicillin and streptomycin, which lacked bactericidal activity, it was found that the former two were less successful against 
MRSA. Compound 4d seemed to be more effective than ampicillin against the P. aeruginosa strain, but ultimately, no compound 
outperformed the reference drug in terms of effectiveness against E. coli (Table 3). Another evaluation of the compounds was that they 
inhibited the production of biofilms. Regretfully, no chemical showed any noteworthy efficacy in this aspect.

2.2.2. In vitro anti-inflammatory activity (denaturation of bovine serum albumin method)
The inhibitory effects on the denaturation of the proteins can be assessed using a heat-induced protein denaturation procedure, 

with diclofenac sodium serving as the standard drug. It was confirmed that thiazole analogs had anti-inflammatory properties in vitro. 
The results are shown in Table 4 and include the percentage inhibition of the thiazole analogs as well as the IC50 values of the drugs. 
The results are shown in Fig. 1. It was evident from the data that 4a and 4c, two thiazole analogs, had superior activity.

Table 1 
Characterization data of (4-substituted phenyl)-5-(2-([substituted phenyl] amino) thiazol-5-yl)-6-methyl-3,4-dihydropyrimidin-2(1H)-one.

Compounds R R1 %Yield (mp ◦C) Color and crystal Form Molecular formula (Mol. Weight) % S 
Found (Calculated)

4a H p-F 74 (141) Orange needles C20H17FN4OS (380.11) 8.38 (8.43)
4b H H 73 (136) Pale white C20H18N4OS (362.45) 8.80 (8.85)
4c m-Cl p-Br 75 (165) Pale yellow C20H16BrClN4OS (475.79) 6.71 (6.74)
4d m-Cl m-Cl 75 (164) Yellow crystals C20H16 Cl2N4OS (431.34) 7.40 (7.43)
4e m-Cl p-Cl 72 (166) Pale yellow C20H16 Cl2N4OS (431.34) 7.40 (7.43)
4f H p-Br 70 (170) Pale Brown crystals C20H17BrN4OS (441.34) 7.23 (7.27)
4g H p-Cl 75 (169) Yellow crystals C20H17ClN4OS (396.89) 8.04 (8.08)
4h H m-Cl 76 (170) Yellow crystals C20H17ClN4OS (396.89) 8.04 (8.08)
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The IC50 values of the thiazole pyrimidine analogs were in the range, of 33.2–82.9 μM. The anti-inflammatory profiles of the 
samples varied with the substituents and their positions. Among the synthesized compounds fluoro derivatives showed excellent in-
hibition. Compounds 4a and 4c show excellent inhibition than the normal drug diclofenac sodium.

2.2.3. Antioxidant assay by DPPH method
The DPPH method assessed the thiazole analog’s ability to scavenge radicals. The compounds displayed varying antioxidant ca-

pabilities when compared to conventional ascorbic acid.
Table 5 tabulates the findings of the DPPH scavenging. With IC50 values of 43.5 μM and 38.6 μM, respectively, compounds 4a and 

4c demonstrated the greatest antioxidant ability. In Fig. 2, the data is displayed as a bar graph. Among the thiazoles, fluoro signifies 
excellent inhibition than the standard drug.

Std: Ascorbic acid.

Table 2 
Antibacterial activity of synthesized compounds 4a-h.

Compounds S. aureus B. cereus L. monocytogenes E. coli S. typhimurium E. cloacae

4a MIC 0.68 ± 0.17 0.33 ± 0.07 0.33 ± 0.07 >3.76 >3.76 0.21 ± 0.01
MBC 0.92 ± 0.01 0.45 ± 0.02 0.45 ± 0.01 >3.77 >3.76 0.47 ± 0.01

4b MIC 0.92 ± 0.02 0.47 ± 0.03 0.72 ± 0.18 0.36 ± 0.07 0.36 ± 0.07 0.36 ± 0.07
MBC 1.88 ± 0.01 0.94 ± 0.01 0.94 ± 0.02 0.46 ± 0.01 0.47 ± 0.01 0.47 ± 0.01

4c MIC 0.72 ± 0.21 0.25 ± 0.01 0.72 ± 0.18 0.25 ± 0.02 0.25 ± 0.01 0.72 ± 0.20
MBC 0.96 ± 0.03 0.48 ± 0.02 0.95 ± 0.01 0.48 ± 0.01 0.48 ± 0.02 0.95 ± 0.00

4d MIC 1.43 ± 0.41 0.72 ± 0.19 0.72 ± 0.19 0.18 ± 0.01 0.72 ± 0.20 0.72 ± 0.20
MBC 1.90 ± 0.01 0.96 ± 0.02 0.96 ± 0.02 0.25 ± 0.02 0.96 ± 0.00 0.96 ± 0.01

4e MIC 1.42 ± 0.41 0.72 ± 0.19 0.72 ± 0.17 0.24 ± 0.01 0.47 ± 0.01 0.72 ± 0.18
MBC 1.90 ± 0.02 0.96 ± 0.01 0.96 ± 0.02 0.47 ± 0.01 0.94 ± 0.02 0.95 ± 0.01

4f MIC 2.30 ± 0.78 1.42 ± 0.39 0.71 ± 0.18 >3.74 0.71 ± 0.18 0.71 ± 0.18
MBC 3.76 ± 0.02 1.89 ± 0.00 0.95 ± 0.02 >3.76 0.95 ± 0.02 0.95 ± 0.01

4g MIC 1.42 ± 0.00 0.71 ± 0.21 0.71 ± 0.21 0.36 ± 0.10 0.71 ± 0.20 0.71 ± 0.20
MBC 1.89 ± 0.01 0.95 ± 0.03 0.95 ± 0.02 0.48 ± 0.01 0.95 ± 0.00 0.95 ± 0.01

4h MIC 1.42 ± 0.39 0.46 ± 0.01 0.36 ± 0.12 >3.76 0.36 ± 0.10 0.24 ± 0.01
MBC 1.89 ± 0.02 0.95 ± 0.02 0.48 ± 0.01 >3.76 0.48 ± 0.01 0.48 ± 0.01

Streptomycin MIC 0.11 ± 0.03 0.03 ± 0.02 0.16 ± 0.01 0.11 ± 0.02 0.11 ± 0.00 0.03 ± 0.01
MBC 0.21 ± 0.02 0.06 ± 0.01 0.31 ± 0.00 0.21 ± 0.01 0.21 ± 0.02 0.06 ± 0.02

Ampicillin MIC 0.11 ± 0.01 0.11 ± 0.01 0.16 ± 0.01 0.16 ± 0.01 0.11 ± 0.01 0.11 ± 0.01
MBC 0.16 ± 0.02 0.16 ± 0.01 0.31 ± 0.03 0.21 ± 0.02 0.21 ± 0.00 0.16 ± 0.01

Table 3 
Antibacterial and inhibition activity.

Compounds MRSA P. aeruginosa E. coli MIC 0 % MIC

4b MIC 0.93 ± 0.00 0.24 ± 0.00 0.93 ± 0.00 14.58 7.07
MBC 1.87 ± 0.00 0.46 ± 0.00 1.87 ± 0.00

4c MIC 0.46 ± 0.00 0.22 ± 0.00 0.46 ± 0.00 19.96 8.83
MBC 0.93 ± 0.00 0.46 ± 0.00 0.93 ± 0.00

4d MIC 0.95 ± 0.00 0.24 ± 0.00 0.95 ± 0.00 4.32 NE
MBC 1.87 ± 0.00 0.46 ± 0.00 1.87 ± 0.00

Streptomycin MIC 0.09 ± 0.00 0.04 ± 0.00 0.09 ± 0.00 71.93 55.41
MBC / 0.09 ± 0.00 0.19 ± 0.00

Ampicillin MIC / 0.19 ± 0.01 0.19 ± 0.00 67.35 30.34
MBC / / /

Table 4 
Anti-inflammatory analysis in terms of IC50 values of 
the prepared compounds.

Compounds- 4 IC50 (μM)

4a 33.2
4b 44.2
4c 34.0
4d 40.6
4e 51.3
4f 63.8
4g 36.9
4h 82.9
Std 34.8
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2.2.3.1. Molecular docking studies. To determine the potential binding mode of the active compounds against the target protein COX-2, 
docking studies were conducted. The molecular docking analysis showed promising binding energies for all the compounds, which 
ranged from − 10.3 to − 9.3 kcal/mol, as detailed in Table 6. Compound 4a establishes one hydrogen bonding interaction at the 
protein’s active site (Fig. 3). The hydrogen bonding was raised from the amine group of the pyrimidine ring with CYS26 amino acid 

Fig. 1. Graphical picture of the anti-inflammatory actions.

Table 5 
DPPH radical scavenging capacity as measured by 
the target thiazoles’ IC50 values (4a–h).

compounds IC50 (μM)

4a 38.6
4b 52.1
4c 43.5
4d 67.8
4e 55.7
4f 49.9
4g 73.5
4h 62.6
Std 45.6

Fig. 2. Visual depictions of the antioxidant activities.
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residue. Additionally, compound 4a engages carbon-hydrogen bond with CYS22 and VAL141 residue, pi-doner hydrogen bond with 
CYS32, pi sulfur with CYS145, amide pi-stacked with CYS21 residue and pi-alkyl interaction with ARG29, PRO139 and ALA142 amino 
acid residues.

Similarly compound 4d forms two hydrogen bonding interactions at the active site of the protein (Fig. 4). The first hydrogen 
bonding interaction was raised from the amine group of the pyrimidine ring with ASN361 amino acid residue. The second hydrogen 
bonding interaction was raised from a sulfur atom of thiazole ring with ARG362 amino acid residue. Additionally, it engages in carbon- 
hydrogen bonds with SER129 residue, pi-pi stacked interaction with PHE128 residue, and alkyl interactions with LEU13, TRP125, and 
PHE128 amino acid residues.

These interactions highlight the potential binding modes and affinities of the compounds, suggesting their capability to effectively 
engage with the target protein. The detailed insights into hydrogen bonding and other non-covalent interactions provide a compre-
hensive understanding of the binding mechanisms, paving the way for further optimization and development of these compounds as 
potential therapeutic agents.

2.3. Corrosion analysis

2.3.1. Potentiodynamic polarization (PP) study
The test results of the newly synthesized compound showed a notable inhibition effect on the MS substrate, resembling the work of 

a biophysicist. The findings can be observed in Table 7. The PP plots, which demonstrated exceptional performance at room tem-
perature, are displayed in Fig. 5. Several electrochemical parameters were measured and are shown in Table 7. These parameters 
include corrosion current (icorr), corrosion potential (Ecorr), cathodic slope (βc), anodic slope (βa), and inhibition efficiency (IE). When 
comparing the icorr of MS with and without the inhibitor, it became evident that the inhibitor (4c) showed greater effectiveness in 
reducing corrosion. With the inhibitor, the MS showed a remarkable inhibition efficiency of 69.35 % and consequently exhibited 
superior corrosion resistance when compared to the MS without the inhibitor. The enhancement can be credited to the adsorption of 
the inhibitor on the MS surface. Interestingly, the corrosion rate was found to be highest in mild steel, whereas the inhibitor showed 
remarkable efficiency at room temperature [33].

The adsorption of the inhibitor (4c) on the compound on mild steel/solution interfaces plays a crucial role in determining corrosion 
behaviour. The corrosion potential of MS in comparison to the blank was shifted to a cathodic state. The PP curve (Fig. 5) shows 
inhibition of both the anodic and cathodic reactions and the inhibitor functions as a mixed type in this case.

2.3.2. Electrochemical impedance (EIS) analysis
Deviation from ideal semicircular Nyquist plots suggests an uneven and heterogeneous surface, adsorption of inhibitors, or the 

formation of a porous layer. The impedance spectrum supports the charge transfer mechanism. For effective inhibition, it is important 
to have larger magnitudes for capacitive and inductive loops, as demonstrated in the current experiment. Fig. 6 displays the Nyquist 
plots of mild steel in 1 M HCl solution at room temperature, both with and without inhibitors. When the inhibitor is not present, the 
mild steel exhibits a lower impedance module and a higher corrosion rate, as shown in Table 7. However, when an inhibitor is 
introduced, the radius of the impedance module increases, as illustrated in Fig. 6. This leads to an improvement in corrosion inhibition 
efficiency, as shown in Table 7. The depression in the figure illustrates the metal surface irregularities that can arise from corrosion 
[33]. The corrosion resistance can be observed to decrease significantly as the diameter of the capacitive loop decreases.

2.4. DFT (Density Functional Theory)

2.4.1. Frontier molecular orbital analysis
In the compounds that were examined, it was observed that interactions of the LP-LP and LP-bond pair types were more prevalent, 

as per the molecular orbital theory. This is due to the interaction between the HOMO and the LUMO. Table 8 presents the calculated 
HOMO-LUMO energies, energy gap, dipole moment, electronegativity, global hardness, and ionization energy. The structure of 
synthesized compound 4a is shown in Fig. 7a and b, showing the HOME and LUMO characteristics. From the optimized geometry of the 
compounds, it is evident that the molecular orbital analysis reveals the dominance of p-type atomic orbitals in the Frontier molecular 
orbitals. A larger HOMO-LUMO gap typically leads to a less reactive electronic system compared to a smaller gap. Furthermore, the 
energy gap between the HOMO and the LUMO elucidates the mechanism by which charges can move through molecules. The size of 

Table 6 
The binding affinity of the synthesized compounds.

Code Binding Affinity (kcal/mol)

4a − 10.3
4b − 9.3
4c − 9.4
4d − 9.9
4e − 9.7
4f − 9.4
4g − 9.4
4h − 9.7
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the HOMO-LUMO gap can indicate a reactivity of the molecules. Smaller gaps often suggest that a molecule is more reactive or prone to 
undergoing chemical changes, as less energy is required to promote an electron from the HOMO to the LUMO. A larger HOMO-LUMO 
gap can correlate with increased stability in a molecular system, as it requires more energy to promote electrons to higher energy 
levels. Pauling discovered the phenomenon of an electronegative atom in a compound attracting an electron towards itself. One can 
analyze the literature to find various characteristics such as hardness, ionization potential, electronegativity, chemical potential, 
electron affinity, and global softness. Fig. 8 displays the optimized structures of the synthesized compound 4a.

Using LUMO orbital energies and HOMO orbital energies, one can represent both the electron affinity (EA) and ionization energy 
(IE). The hardness (η) represents the difference in orbital energies between HOMO and LUMO. The stability of the chemical system is 
closely associated with its hardness. Quantum chemical properties of the molecules under investigation were calculated using the 
B3LYP technique and the 6-31G (d,p) basis set. The results can be found in Table 8. Based on the findings presented in Tables 8 and it is 
evident that among the molecules being studied, 4c exhibits the smallest energy gap of 0.2831 eV, while 4a demonstrates the largest 
energy gap of 0.2874 eV. These findings indicate that 4c exhibits a higher level of reactivity compared to the other synthesized 
compounds. Compounds 4c and 4d exhibit a soft nature and possess greater polarizability compared to other compounds in this series. 
This is supported by the low global hardness of compound 4c (0.1418 eV) and the significantly negative value of its chemical potential 
(− 0.1772 eV). Compound 4d possesses a remarkable ability to allure withdrawing electrons, signifying its significant electronegativity 
(0.1772 eV), making it an electrophile [34,35].

3. Experimental

3.1. Materials, methods, and instrumentations

All the compounds utilized in the investigation were obtained from reputable suppliers such as Sigma-Aldrich or Hi-Media and used 
as received. A 400 MHz Bruker Avance II NMR spectrometer was used to obtain the 1H and 13C NMR spectra using DMSO solvent and 
TMS (tetramethyl silane) as an internal standard. Mass spectra were obtained using an LC-MS instrument (SHIMADZU LCMS-8030) 
operating at 70 eV. The chemicals were dispersed within pellets of potassium bromide, and a SHIMADZU FTIR 157 spectrophotom-
eter was used to acquire the FT-IR spectra. Thin-layer chromatography (TLC) was employed to assess the purity of the compounds 
using Merck silica gel plates and an ethyl acetate: hexane (3:7) mobile phase.

3.2. General procedure for the synthesis of 5-acetyl-6-methyl-4-phenyl-3,4-dihydropyrimidin-2(1H)-ones (1a-b)

A solution of the substituted aldehydes (3 mmol), 1,3-dicarbonyl compound (3 mmol), and urea (3.6 mmol), were dissolved in 

Fig. 3. The crystal structure of the COX-2 protein (PDB:3LN1) with active compound 4a.
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Fig. 4. The crystal structure of the COX-2 protein (PDB:3LN1) with active compound 4d.

Table 7 
PP studies on mild steel in 1 M HCl solution with and without of inhibitor (4c).

Compound(4c) icorr (μA/cm2) Ecorr (V) βc (mV/dec) βa (mV/dec) IE (%)

With inhibitor 327.00 − 0.466 6.859 10.289 69.35
Without inhibitor 1067.00 − 0.470 6.048 16.730 –

Fig. 5. PP plot of mild steel in 1 M HCl with and without inhibitor.
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ethanol solvent and stirred at reflux for 0.5–2 h. Then the reaction mixture was cooled to room temperature and poured into 50 mL ice 
cold water. The obtained precipitate was filtered and washed with ice water followed by ethanol (95 %) and dried under vacuum. 
Finally, pure products (1a-b) were obtained through recrystallization from hot ethanol.

3.2.1. 5-Acetyl-6-methyl-4-phenyl-3,4-dihydropyrimidin-2(1H)-one (1a)
Yield: 72 %, white solid, mp. 233 ◦C (Lit. 235 ◦C [36]). IR (KBr) (υ cm− 1): 1725 (C=O str.), 3090 (-CH- str.), 3241 (NH str.). 1H NMR 

(DMSO-d6, 400 MHz) δ in ppm = 2.04 (s, 3H, CH3), 2.26 (s, 3H, -COCH3), 5.19 (d, 1H, J = 4.5 Hz, CH), 7.13 (m, 5H, Ar), 7.75 (s, 1H, 

Fig. 6. Electrochemical impedance plots for mild steel in 1 M HCl with and without inhibitor(4c).

Table 8 
Quantum chemical parameters for the synthesized compounds (4a-h).

Compounds 4a 4b 4c 4d 4e 4f 4g 4h

Parameters (conditions) Values

EHOMO, eV − 0.3146 − 0.3103 − 0.3151 − 0.3161 − 0.3207 − 0.3151 − 0.3140 − 0.3177
ELUMO, eV − 0.0271 − 0.0238 − 0.0320 − 0.0314 − 0.0336 − 0.0315 − 0.0304 − 0.0306
Ionization potential I, eV 0.3146 0.3103 0.3151 0.3161 0.3207 0.3151 0.3139 0.3177
Electron affinity A, eV 0.0271 0.0238 0.0320 0.0314 0.0336 0.0315 0.0304 0.0306
ΔN 1.8094 1.8098 1.8090 1.8090 1.8086 1.8091 1.8092 1.8089

ΔE, eV 0.2874 0.2865 0.2831 0.2847 0.2871 0.2836 0.2836 0.2871
Electronegativity χ, eV 0.1709 0.1670 0.1736 0.1738 0.1772 0.1733 0.1722 0.1742
Global hardness η, eV 0.1437 0.1432 0.1415 0.1424 0.1436 0.1418 0.1418 0.1436
Softness S, eV− 1 6.9580 6.9818 7.0651 7.0249 6.9657 7.0517 7.0537 6.9657

Fig. 7. (a). HOMO structure of the compounds 4a 
Fig. 7b. LUMO structure of the compound 4a.
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NH), 9.12 (s, 1H, NH). 13C NMR (100 MHz, DMSO-d6) δ in ppm: 18.6 (-CH3), 33.4 (CH3CO-), 52.8 (ring CH), 127.0, 127.3, 127.8, 
128.4, 146.1, 152.1 (ring C=O), 185.7 (CH3-C=O).

3.2.2. 5-Acetyl-4-(3-chlorophenyl)-6-methyl-3,4-dihydropyrimidin-2(1H)-one (1b)
Yield: 56 %, white solid, mp. 214 ◦C. IR (KBr) Cm− 1): (υ cm− 1): 1717 (C=O str.), 3092 (-CH- str.), 3246 (NH str.). 1H NMR (DMSO- 

d6, 400 MHz) δ in ppm = 2.04 (s, 3H, CH3), 2.22 (s, 3H, CH3), 5.29 (d, 1H, J = 4 Hz, CH), 7.03–7.13 (m, 4H, Ar), 7.70 (s, 1H, NH), 9.0 (s, 
1H, NH).

Mass (m/z): 264 (M+), 266 (M+2).

3.3. General procedure for the synthesis of 5-(2-bromoacetyl)-6-methyl-4-phenyl-3,4-dihydropyrimidin-2(1H)-ones (2a-b)

Compound (1a or 1b) (1 equvi.) and glacial acetic acid (10 mL) were taken in a 25 mL two necked RB flask connected to addition 
flask and stirred at RT. A solution of bromine (30 % in acetic acid) was added dropwise using addition flask with continuous stirring 
until the colour of the bromine persisted. The reaction mixture was then allowed to stand at room temperature overnight. The solid 
separated was then filtered and washed with petroleum ether and dried under vacuum. It was then recrystallized from glacial acetic 
acid and taken for next step.

3.4. General procedure for the synthesis of for the synthesis of aryl thioureas (3a-e)

A mixture of aniline (0.1 mol), ammonium thiocyanate (0.1 mol) and 50 mL 20 % aqueous hydrochloric acid were taken in an RB 
flask, heated to 45 ◦C and stirred continuously for 3 h. After cooling, the solid separated was collected by filtration, washed thoroughly 
with water, and dried under vacuum and recrystallized further from ethanol solvent.

N-Phenyl thiourea 3a: Pale yellow crystals. mp 153 ◦C (Lit. 154 ◦C [37]), Yield: 75 %.
4-Chlorophenyl thiourea 3b: Greyish-black microcrystals. mp: 146 ◦C, Yield: 70 %.
3-Chlorophenyl thiourea 3c: Greyish microcrystals. mp: 148 ◦C, Yield: 60 %.
4-Bromophenyl thiourea 3d: Brown microcrystals. mp: 147 ◦C, Yield: 65 %.
4-Fluorophenyl thiourea 3e: Orange microcrystals. mp: 152 ◦C, Yield: 70 %.

3.5. General procedure for the synthesis of (substituted-phenyl)-5-(2-([substituted phenyl] amino)-2,3-dihydrothiazol-5-yl)-6-methyl-3,4- 
dihydropyrimidin-2(1H)-one (4a-h)

An equimolar mixture of aryl thiourea (3a-e) (0.01 mol) and bromo-derivatives (2a-b) (0.01 mol) in absolute ethanol (25 mL) was 
heated to 50 ◦C and stirred continuously for 1–2 h. The solid that separated after the reaction mixture was cooled to room temperature 
was filtered, washed with water, recrystallized from ethanol, and dried under vacuum to produce the title compounds.

3.5.1. 5-(5-([4-fluorophenyl]amino)thiazol-2-yl)-6-methyl-4-phenyl-3,4-dihydropyrimidin-2(1H)-one (4a)
Yield: 2.81 g (74 %), orange needles, mp. 141 ◦C. IR (KBr) (υ cm− 1): 1600 (C=O str.), 3090 (-CH- str.), 3220 (NH str.). 1H NMR 

(DMSO-d6, 400 MHz) δ in ppm = 2.63 (s, 3H, -CH3), 6.04 (s, 1H), 6.74 (s, 1H), 7.45 (d, 2H, J = 14.4 Hz), 7.51 (d, 2H, J = 15 Hz), 7.88- 
7.51 (m, 6H, Ar), 10.23 (s, 2H, -NH). 13C NMR (100 MHz, DMSO-d6) δ in ppm: 17.2 (CH3), 39.8 (ring-CH), 98.9, 113.7, 125.0, 124.7, 
134.0, 135.9, 144.3, 154.6 (ring C=O), 168.4, 170.8 (Thiazole C2). Mass:(m/z): 381 (M+).

3.5.2. 6-Methyl-4-phenyl-5-(5-(phenylamino)thiazol-2-yl)-3,4-dihydropyrimidin-2(1H)-one (4b)
Yield: 2.65 g (73 %), White solid, mp. 136 ◦C. IR (KBr) (υ cm− 1): 1622 (C=O str.), 3093 (-CH- str.), 3214 (NH str.). 1H NMR (DMSO- 

Fig. 8. Optimized structures of the compound 4a.
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d6, 400 MHz) δ in ppm = 2.64 (s, 3H), 6.13 (s, 1H), 6.82 (s, 1H), 7.43 (m, 3H), 7.49 (m, 3H), 7.85 (m, 5H, Ar), 10.14 (s, 2H). 13C NMR 
(100 MHz, DMSO-d6) δ in ppm: 17.5 (CH3), 39.49 (ring-CH), 98.9, 114.9, 125.7, 124.8, 132.2, 139.8, 148.8, 150.4 (ring C=O), 162.1, 
167.2 (Thiazole C2). Mass (m/z): 348.

3.5.3. 5-(5-([4-bromophenyl]amino)thiazol-2-yl)-4-(3-chlorophenyl)-6-methyl-3,4-dihydropyrimidin-2(1H)-one (4c)
Yield: 3.57 g (75 %), pale yellow solid, mp. 165 ◦C. IR (KBr) (υ cm− 1): 1675 (C=O str.), 3027 (-CH- str.), 3224 (NH str.). 1H NMR 

(DMSO-d6, 400 MHz) δ in ppm = 2.98 (s, 3H), 6.03 (s, 1H), 6.86 (s, 1H), 7.61 (d, 2H, J = 8.6 Hz), 7.72 (d, 2H, J = 8.4 Hz), 8.32 (m, 4H, 
Ar), 10.2 (s, 2H, NH). 13C NMR (100 MHz, DMSO-d6) δ in ppm: 17.1 (CH3), 33.8 (ring-CH), 106.5, 134.5, 135.5, 138.5, 142.0, 143.1, 
144.2, 149.3, 153.4 (ring C=O), 168 (Thiazole C2). Mass (m/z): 473 (M+), 475 (M+2).

3.5.4. 4-(3-Chlorophenyl)-5-(5-([3-chlorophenyl]amino)thiazol-2-yl)-6-methyl-3,4-dihydropyrimidin-2(1H)-one (4d)
Yield: 3.24 g (75 %), yellow solid, mp. 164 ◦C. IR (KBr) (υ cm− 1): 1676 (C=O str.), 3027 (-CH- str.), 3230 (NH str.). 1H NMR (DMSO- 

d6, 400 MHz) δ in ppm = 2.56 (s, 3H), 6.10 (s, 1H), 6.85 (m, 4H), 7.02 (m, 2H), 7.08 (m, 2H), 7.20 (m, 2H), 9.47 (s, 2H, NH). 13C NMR 
(100 MHz, DMSO-d6) δ in ppm: 17.2 (CH3), 39.6 (ring-CH), 121.0, 132.9, 136.2, 138.6, 144.1, 154.7 (ring C=O), 168.6, 170.9 
(Thiazole C5). Mass (m/z): 431 (M+), 433 (M+2).

3.5.5. 4-(3-Chlorophenyl)-5-(5-([4-chlorophenyl]amino)thiazol-2-yl)-6-methyl-3,4-dihydropyrimidin-2(1H)-one (4e)
Yield: 3.1 g (72 %), pale yellow solid, mp. 166 ◦C. IR (KBr) (υ cm− 1): 1652 (C=O str.), 3093 (-CH- str.), 3233 (NH str.). 1H NMR 

(DMSO-d6, 400 MHz) δ in ppm = 3.02 (s, 3H), 6.12 (s, 1H), 7.25 (m, 2H), 7.34 (m, 2H), 7.51 (m, 6H, Ar), 10.232 (s, 2H, NH). 13C NMR 
(100 MHz, DMSO-d6) δ in ppm: 17.4 (CH3), 39.9 (ring-CH), 122.1, 132.9, 136.3, 138.5, 144.2, 154.7 (ring C=O), 168.5, 170.8 
(Thiazole C2). Mass (m/z): 430 (M+), 432 (M+2).

3.5.6. 5-(5-([4-Bromophenyl] amino) thiazol-2-yl)-6-methyl-4-phenyl-3,4-dihydropyrimidin-2(1H)-one (4f)
Yield: 3.1 g (70 %), pale brown solid, mp. 170 ◦C. IR (KBr) (υ cm− 1): 1624 (C=O str.), 3089 (-CH- str.), 3234 (NH str.). 1H NMR 

(DMSO-d6, 400 MHz) δ in ppm = 2.64 (s, 3H), 6.10 (s, 1H), 7.45 (m, 4H), 7.50 (d, 2H, J = 8.6 Hz), 7.85 (m, 5H, Ar), 10.13 (s, 2H). 13C 
NMR (100 MHz, DMSO-d6) δ in ppm: 17.0 (CH3), 33.8 (ring-CH), 134.3, 135.4, 138.5, 138.6, 142.0, 142.1, 143.1, 143.3, 144.2, 149.3, 
151.3 (ring C=O), 169.4 (Thiazole C2). Mass (m/z): 440 (M+), 441 (M+1).

3.5.7. 5-(5-([4-Chlorophenyl]amino)thiazol-2-yl)-6-methyl-4-phenyl-3,4-dihydropyrimidin-2(1H)-one (4g)
Yield: 2.98 g (75 %), yellow crystals, mp. 169 ◦C. IR (KBr) (υ cm− 1): 1653 (C=O str.), 3093 (-CH- str.), 3230 (NH str.). 1H NMR 

(DMSO-d6, 400 MHz) δ in ppm = 2.64 (s, 3H), 6.22 (s, 1H), 7.45 (m, 4H), 7.49 (m, 2H), 7.85 (m, 5H, Ar), 10.13 (s, 2H). 13C NMR (100 
MHz, DMSO-d6) δ in ppm: 17.3 (CH3), 33.9 (ring-CH), 134.3, 135.4, 138.5, 138.6, 142.0, 143.2, 144.2, 149.2, 151.3, 153.3 (ring C=O), 
170.0 (Thiazole C2). Mass (m/z): 396 (M+), 398 (M+2).

3.5.8. 5-(5-([3-Chlorophenyl]amino)thiazol-2-yl)-6-methyl-4-phenyl-3,4-dihydropyrimidin-2(1H)-one (4h)
Yield: 3.02 g (76 %), yellow crystals, mp. 170 ◦C. IR (KBr) (υ cm− 1): 1644 (C=O str.), 3088 (-CH- str.), 3226 (NH str.). 1H NMR 

(DMSO-d6, 400 MHz) δ in ppm = 2.64 (s, 3H), 6.16 (s, 1H), 7.44 (m, 4H), 7.50 (d, 2H, J = 8.6 Hz), 7.85 (m, 5H, Ar), 10.13 (s, 2H). 13C 
NMR (100 MHz, DMSO-d6) δ in ppm: 17.2 (CH3), 33.8 (ring-CH), 134.3, 135.4, 138.5, 138.6, 142.0, 142.1, 143.1, 144.1, 149.2, 151.3 
(ring C=O), 169.1 (Thiazole C2). Mass (m/z): 430 (M+), 432 (M+2).

3.6. Biological activities

3.6.1. Antibacterial activity
The study utilized a clinical strain of Bacillus cereus (B. cereus), Staphylococcus aureus (S. aureus ATCC 6538), and Listeria mono-

cytogenes (L. monocytogenes) for the experiment. While Escherichia coli (E. coli ATCC 35210), Enterobacter cloacae (E. cloacae clinical 
isolate), and various other strains belonged to the Gram-negative bacteria group, Salmonella typhimurium (S. Typhimurium ATCC 
13311) was classified as a Gram-positive bacterium. Resistant strains such as S. aureus, E. coli, and various isolates of Pseudomonas 
aeruginosa (P. aeruginosa) were also included in the study. The isolates were obtained using Kartsev et al.’s approach [38].

3.6.2. In vitro anti-inflammatory activity (denaturation of bovine serum albumin method)
The anti-inflammatory activity of the target compounds was measured using the denaturation of bovine serum albumin technique, 

in accordance with the methods outlined in the literature [39,40]. In the test sample, the pH of the combination, which contained the 
test chemical and a 1 % aqueous solution of bovine albumin fraction was increased to 7.4. Furthermore, test samples were incubated 
for 20 min at 37 ◦C before being heated to 51 ◦C for 20 min. A UV–visible spectrophotometer was used to measure the turbidity of the 
sample at 660 nm after it had cooled to room temperature. Diclofenac sodium, the characteristic medicine used in the investigation, 
was administered in triplicate. Based on the percentage of inhibition of albumin denaturation, the following calculation was used to 
calculate the anti-inflammatory activity of the titled compounds as given below. 

% of Inhibition=
[Controlled optical density(OD) − Sample OD]

Controlle OD
× 100 
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3.6.3. Antioxidant activity in terms of DPPH radical inhibition assay
The ability of hydrazone analogs to scavenge free radicals was examined using the previous literature [41]. At various doses 

(20–100 μg/mL), a recently prepared DPPH solution (0.004 % w/v) was added to the sample solutions in methanol. The solution was 
allowed to be placed at room temperature for 30 min in the dark. Next, using a spectrometer, the mixture’s absorbance, or optical 
density) at 517 nm was measured. Ascorbic acid was the drug used as a reference. Methanol served as the blank, and the same volume 
of DPPH was used to create the control sample in the absence of any test samples. The lower absorbance value of the reaction mixture 
indicates that it has a higher free radical scavenging activity. Every test was administered three times in duplicate. Using the following 
formula, the fraction of the DPPH free radical that was scavenged was calculated: 

% Inhibition=
(Acontrol − Atest)

Acontrol
× 100 

where, Acontrol represents the absorbance of the control reaction and Atest is the test sample absorbance.

3.7. Corrosion inhibition studies

3.7.1. Preparation of specimen and electrolyte preparation
In the experiment, a mild steel (MS) substrate with an actual size of 1 cm2 was utilized as the working electrode. The specimens 

were embedded in epoxy resin, leaving a designated working area. To prepare the surface of the specimens, different grades (100, 400, 
800, and 1200) of emery paper were employed. Subsequently, the specimens were cleaned with acetone, rinsed with distilled water, 
dried, and promptly used for analysis. For the corrosive medium, a 1 M HCl solution was prepared by diluting 37 % HCl (Merck) with 
distilled water. This solution served as the electrolyte. To investigate the inhibition effect, inhibitor solutions were prepared by dis-
solving 100 mg/L of the inhibitor in the 1 M HCl acid solution.

3.7.2. Corrosion analysis
A potentiostat (CH604 E-series, U.S. type) outfitted with CH-instrument beta software was used for the electrochemical in-

vestigations. A glass cell with three electrodes was used for two different kinds of measurements, PP, and EIS. A polished MS specimen 
was used as the working electrode, and platinum and calomel electrodes were used as the counter and reference electrodes respec-
tively. For the studies, 1 M HCl was used as a corrosive medium and was conducted at room temperature (30 ◦C). An open circuit 
potential (OCP) was allowed to stabilize the MS specimen, which had an exposed area of 1 cm2. The next step involved conducting PP 
investigations by scanning within a potential range of ±200 mV at a scan rate of 0.001 mVs− 1 from the OCP. The Tafel (I-E) plots that 
resulted were then recorded, making it possible to calculate the corrosion rates, corrosion potential, and corrosion current density 
(Ecorr, Icorr). To assess the efficacy of inhibitors, tests were conducted in both their presence and absence. Based on the observed 
corrosion rates, the percentage inhibition efficiency (% IE) was computed. Potentiodynamic polarization was combined with research 
using electrochemical impedance spectroscopy (EIS). At the OCP, an AC signal with an amplitude of 10 mV was applied, with a 
frequency range spanning from 100 kHz to 10 mHz [41].

3.8. DFT studies

Understanding the energy difference between the highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals is 
crucial for analyzing the absorption of electronic transitions in molecular systems. This energy difference directly influences the 
excitation energy of a molecule. Understanding the molecular orbitals gives us valuable information about the reactivity, physical 
characteristics, and structure of molecules. The figures illustrate the positive and negative phases using red and green colors, 
respectively. By employing the B3LYP/6-31G (d,p) technique, the computed HOMO-LUMO energies and energy gap for the compounds 
being studied are determined [42].

3.9. Molecular docking studies

3.9.1. Protein preparation
The protein database (www.rcsb.org) provided the crystal structures of celecoxib bound at the COX-2 active site (PDB: 3LN1) [43]. 

The inhibitors, additional ligands, and water molecules were removed from the protein before protein production to obtain clean 
protein. Before docking, the protein was supplemented with polar hydrogen atoms bearing Gasteiger-Huckel charges [44]. There were 
62, 66, and 38 points in the centre of the protein (PDB ID: 3LN1) grid box, and 37.738, − 26.122, and − 6.412 Å were the number of 
points in the x, y, and z dimensions, respectively.

3.9.2. Ligand preparation
The produced molecules were orientated in two dimensions using the Marvin Sketch tool. A minimization technique was then 

employed to transform the two-dimensional structures into the three-dimensional ones that would require the least amount of energy. 
Additionally, the assertions made by Gasteiger Using Auto Dock 4.2, rotatable bonds and nonpolar hydrogen atoms were created. Auto 
Dock Vina was used to dock each molecule. The docking result is shown by the software Discovery Studio [45].
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4. Conclusions

For this study, a range of novel thiazole derivatives was synthesized and determined their effectiveness against different bacterial 
and fungal pathogens, specifically in terms of their antibacterial and antifungal properties. The compounds that were tested, showed a 
range of antibacterial activity, with MIC values ranging from 0.23 to >3.75 mg/mL and MBC values ranging from 0.35 to >3.75 mg/ 
mL. Out of all the compounds that were tested, 4d and 4h displayed the most potent activity against E. coli, B. cereus, and 
S. typhimurium, respectively, with MIC/MBC values of 0.17/0.23 mg/mL. In addition, three highly active compounds (4b, 4c, and 4d) 
were tested against three strains that have shown resistance: MRSA, E. coli, and P. aeruginosa. These compounds showed superior 
activity in comparison to the reference drugs against MRSA, and compound 4d also displayed activity against P. aeruginosa. Thiazoles 
were screened for anti-inflammatory activity among the synthesized compounds, 4a and 4c possess excellent anti-inflammatory po-
tency. Thiazoles were screened for antioxidant activity and 4a and 4c stood highly potent for antioxidant study. In addition, compound 
4c demonstrated excellent inhibition efficiency on mild steel in a 1 N HCl solution, as verified through PP and EIS techniques. The 
inhibitory effectiveness of pyrimidine-substituted thiazole derivatives was further supported by DFT calculations. This work focuses on 
the synthesis and evaluation of thiazole derivatives that show great potential as antibacterial and antifungal agents. Additionally, these 
derivatives have been studied for their ability to inhibit corrosion, with supporting evidence from DFT calculations. Further in silico 
studies of the synthesized thiazoles confirmed the good interactions with the target. With the in-depth structure-activity relationship, 
synthesis of a library of compounds with further derivation of pyrimidinone linked thiazoles and pyrimidinone linked quinoxalines are 
in progress in our laboratory and the results will be published as a separate article in future.
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