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Abstract
We synthesized a series of novel thiazoloquinolinone derivatives, achieving moderate to high yields ranging from 74 to 96%, and assessed their efficacy against Vascular Endothelial Growth Factor Receptor-2 (VEGFR-2) using in silico methodologies. The structures of these compounds were characterized through various spectroscopic techniques, including 1H-NMR, 13C-NMR, IR, and mass spectrometry. Comprehensive computational analyses, encompassing molecular docking, molecular dynamics (MD) simulations, and absorption, distribution, metabolism, excretion, and toxicity (ADMET) profiling, were conducted. Docking studies with VEGFR-2 revealed that all synthesized compounds exhibited docking scores between − 3.24 and − 6.63, indicating varying degrees of binding affinity. Notably, compound (5e) demonstrated the strongest binding affinity with an energy of − 6.63 kcal/mol. The MD simulations indicated that Lys868 was one of the amino acids exhibiting the highest frequency of interaction throughout the simulation. Analysis of the ADMET and physicochemical properties revealed that all inhibitor compounds possess favorable pharmacological characteristics.
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Introduction
According to estimates from the World Health Organization (WHO), cancer is the second leading cause of mortality in approximately 112 countries, while it ranks as the third or fourth leading cause in around 23 other nations. Projections indicate that the global incidence of new cancer cases will reach nearly 28 million by 2040 [1]. Significant efforts have focused on developing effective and low-toxicity anticancer agents in response to this increasing burden [2]. A hallmark of many cancer types is the upregulation of angiogenesis, a critical process for tumor growth. Activation of several chemical signaling pathways drives angiogenesis, the development of new blood vessels from pre-existing vasculature [3]. Many cancer cells overexpress their receptors, including VEGFR-2, which is crucial in the control of tumor angiogenesis [4]. Upon activation, VEGFR-2 initiates a series of signals that support cell survival, growth, and proliferation [4]. Cancer cells display hyperactive VEGFR-2 receptors compared to normal cells. This finding allows researchers to target these receptors therapeutically to create safe and selective drugs that inhibit angiogenesis in cancer cells without affecting normal cells. According to the literature, VEGFR-2 inhibitors possess four key pharmacophoric features: (i) a heteroaromatic ring structure capable of engaging at the hinge region [5]; (ii) a spacer moiety that can be directed in the spacer region of the active sites [6]; (iii) a pharmacophore moiety, such as an amide or urea, that can bind at the DFG motif region; and (iv) a hydrophobic group that resides in the allosteric pocket of the VEGFR-2 binding site [7]. Sorafenib [8] is a synthetic compound, specifically a picolinamide and phenylurea derivative, that targets growth signaling pathways and angiogenesis by inhibiting the VEGFR-2 signaling cascade, thereby suppressing tumor angiogenesis. It exhibits a typical pharmacophoric structure with an aryl ring in the center connected to a pyridine ring by an ether bond, which serves as the head group, and a urea moiety that connects the two rings at their ends [9]. Pazopanib [10] is another inhibitor of VEGFR-2, distinguished by several important characteristics. The presence of aromatic ring structures promotes π-π stacking interactions with amino acids located within the binding site, thereby increasing binding affinity. Furthermore, a pyrimidine moiety derived from quinoxaline occupies the gatekeeper region, serving as a central aromatic linker that contributes to the compound's structural integrity and binding efficacy. Additionally, hydrophobic regions contribute to van der Waals interactions, which are essential for receptor affinity. Despite its high efficacy and selectivity, sorafenib is associated with many side effects. Similarly, various toxicities of pazopanib have been reported, including depigmentation phenomena, proteinuria, hepatotoxicity, hypothyroidism, as well as hypertension, thrombosis, and cardiac dysfunction [11]. In light of the side effects associated with compounds such as sorafenib and pazopanib, researchers are actively engaged in the design of novel compounds through the strategy of molecular hybridization. This methodology facilitates the integration of advantageous properties from multiple compounds, aiming to mitigate side effects while preserving therapeutic efficacy and selectivity. By optimizing these attributes in the development of new compounds, scientists seek to minimize undesirable effects while enhancing overall therapeutic performance, potentially leading to innovative pharmaceuticals that demonstrate improved anti-cancer activity with fewer side effects. Among the promising candidates in this context are heterocyclic compounds, which are organic molecules containing one or more heteroatoms within their ring structures. These compounds are significant in medicinal chemistry due to their diverse biological activities and are frequently employed as scaffolds in drug design. Notably, compounds featuring thiazole rings are recognized as important chemical scaffolds [12], often referred to as privileged pharmacophores due to their ability to interact readily with a broad spectrum of biological targets. Thiazole derivatives have exhibited a wide array of biological activities, including anticancer, antimicrobial, and anti-inflammatory effects [13–15], thereby attracting considerable research interest. In 2023, El-Hazek et al. [16] synthesized thiazoloquinoxaline as a VEGFR-2 inhibitor. They demonstrated that the quinoxaline ring functions as the heteroaromatic moiety occupying the hinge region, which is anticipated to provide more binding interactions than the pyridine ring of sorafenib and to serve as a bioisostere for the indazole ring of pazopanib. The thiazole ring acts as the central aromatic linker, occupying the gatekeeper region, with the 1,3-substituted ring exhibiting superior activity in VEGFR-2 inhibition, in addition to offering enhanced regioselectivity and stability. The thiazole ring, in conjunction with the central imine, is proposed as a hydrogen bond donor (HBD) and acceptor (HBA) pharmacophore, aimed at forming hydrogen bonds for inhibitory activity against VEGFR-2, thereby resembling the amino pyrimidine ring of pazopanib. Additionally, Tokalı et al. [17] successfully synthesized quinazoline derivatives with novel pharmacophore properties, which contributed to enhanced efficacy as potential VEGFR-2 inhibitors. Through the design of these new pharmacophores, they achieved anti-cancer activity against the A549 lung adenocarcinoma cell line. Dihydrothiazol-4-yl)benzonitrile is another compound that demonstrated strong antitumor activity against the C6 cell line, with an IC50 value of 3.83 µM, significantly outperforming cisplatin (IC50 = 12.67 µM) as a reference drug [18]. Furthermore, dihydroquinolin-4-yl)piperazin-1-yl)acetamide, which features a 4-chlorophenylthiazole ring, was shown to inhibit VEGFR-2 kinase activity with an IC50 value of 51.09 nM, comparable to sorafenib’s IC50 of 51.41 nM [19]. Another derivative, hydrazineyl thiazole, exhibited promising cytotoxic activity through potent EGFR-TK inhibition [20] (Fig. 1).[image: ]
Fig. 1Chemical structures of sorafenib, pazopanib, and some bioactive thiazole derivatives


In the past decade, molecular docking and MD studies have emerged as pivotal methodologies in drug design and discovery, showcasing their substantial impact on the field. Molecular docking is a computational technique employed to predict the interactions between a specific ligand and its protein target. This approach utilizes computer simulations to identify the parameters that influence the formation and strength of the bonds between the ligand and the receptor. Building on the insights gained from molecular docking, MD studies serve as an in silico method to assess the stability of the ligand–protein complex over time. Furthermore, in silico methods can be utilized to evaluate drug ADMET properties, as well as drug-likeness, to assess the druggability of potential candidates. The discovery of new therapeutic agents often involves determining their biological activities, a process that can be costly, complex, and time-consuming. Molecular modeling techniques provide valuable insights into the biological activities of novel agents, making them instrumental in identifying promising drug molecules among these candidates [21]. Based on studies of thiazole derivatives and our ongoing research into the synthesis of bioactive heterocyclic compounds [22–26], this study aims to develop a new series of thiazoloquinolines as thiazole derivatives. This is achieved through a one-pot, multicomponent reaction involving 2-(nitromethylene)thiazolidine, which is formed by combining cysteamine hydrochloride with ketene N,S-acetals, along with aldehydes and cyclohexane-1,3-dione, targeting VEGFR-2 with key pharmacophoric features. The synthesized compounds exhibit several important pharmacophoric characteristics that enhance their potential as drug candidates. Notably, these derivatives contain heteroaromatic ring, which facilitate π–π stacking interactions with target receptors, thereby increasing binding affinity. The presence of a hydroxyl group (–OH) serves as a HBD, while the carbonyl (C=O) and nitro (NO2) groups act as HBA, further promoting interactions with the receptor. Additionally, the methoxy group (–OCH3) and the aromatic rings contribute to the compounds' lipophilic character, enhancing hydrophobic interactions with the receptor. A central linker connects these pharmacophoric elements, providing flexibility and optimal spatial orientation for binding. Furthermore, the inclusion of a sulfur atom (S) may contribute to specific interactions, potentially enhancing the compounds' biological activity. These features underscore the promising potential of the newly developed thiazoloquinolines as drug candidates targeting VEGFR-2. To further evaluate this potential, we also investigated ligand–protein interactions and assessed the stability of the ligand–protein complexes using molecular docking and MD simulations.

Results and discussion
Chemistry
We have synthesized a straightforward and efficient method for producing thiazoloquinolinone derivatives (5a–l) through a four-component reaction. We studied the reaction of thiazoloquinolinone derivatives (5a–l) made from ketene acetal (6), aromatic aldehydes (3), and 1,3-cyclohexanone (4) under various reaction conditions (Scheme 1).[image: ]
Scheme 1Synthetic scheme for the products (5a–l)


To achieve optimum conditions, we conducted various experiments with different solvents and catalysts. In ethanol with triethylamine as a catalyst (entry 1, Table 1), methanol with pyridine as a catalyst (entry 2, Table 1), and water with pyridine as a catalyst (entry 3, Table 1), the reaction times and yields were shorter. We also performed the reaction using different ratios of ethanol/water (entry 4, Table 1) with pyridine, acetonitrile/water (entry 5, Table 1) with triethylamine, and ethanol/water with triethylamine (entry 6, Table 1). Given the environmental parameters and the decreased reaction time, we preferred the conditions of entry 5.Table 1Optimize reaction conditions for the production of (5a)


	Entry
	Solvent
	Temp (ºC)
	Catalyst (10%)
	Time (min)
	Yield (%)

	1
	EtOH
	80
	Et3N
	35
	54

	2
	MeH
	65
	Piperidine
	20
	60

	3
	H2O
	80
	Piperidine
	15
	65

	4
	EtOH/H2O(1:1)
	80
	Piperidine
	20
	77

	5
	CH3CN/H2O(1:1)
	80
	Et3N
	240
	94

	6
	EtOH/ H2O(1:1)
	80
	Et3N
	45
	75


Bold indicates optimum conditions



The spectral data of the products are consistent with those reported for similar structures in the literature [27]. The detailed structures of the synthesized derivatives are provided in Table 2. The 1H-NMR spectrum of compound (5a) showed multiple signals for the CH₂ and CH₂S groups (δ 3.39–3.43), two multiplets for the CH₂N group (δ 4.20–4.27), a signal for the methine group (δ 5.28 ppm)., and two multiplets for the aromatic region (δ 7.13–7.17, 7.23–7.27 ppm). The 13C-NMR spectrum of product (5a) displayed 17 distinct resonances. The IR spectrum of this compound exhibited absorption bands related to C=O stretching (1654 cm⁻1), as well as bands at 1539, 1370, and 1215 cm⁻1 due to the NO₂ and C–N groups. Additionally, the mass spectrum of (5a) showed a molecular ion peak at m/z = 328, consistent with the proposed structure.Table 2Molecular structures and percentage yields of compounds (5a–l)


	Entry
	ArCHO
	Product
	Time (min.)
	Yield (%)

	1
	[image: ]
	[image: ]
	35
	96

	2
	[image: ]
	[image: ]
	15
	83

	3
	[image: ]
	[image: ]
	35
	81

	4
	[image: ]
	[image: ]
	20
	80

	5
	[image: ]
	[image: ]
	40
	74

	6
	[image: ]
	[image: ]
	30
	90

	7
	[image: ]
	[image: ]
	20
	77

	8
	[image: ]
	[image: ]
	25
	82

	9
	[image: ]
	[image: ]
	60
	89

	10
	[image: ]
	[image: ]
	35
	76

	11
	[image: ]
	[image: ]
	15
	80

	12
	[image: ]
	[image: ]
	25
	76




The 13C NMR spectrum of 5c, exhibits nineteen distinct signals due to the carbon–fluorine coupling of aryl moeity in the molecule. The ipso carbon bearing fluorine atom appears as a doublet at 160.8 (1JCF = 181.7 Hz), ortho carbons appear as a doublet at 114.7 (2JCF = 15.8 Hz), meta carbons appear as a doublet at 129.7 (d, 3JCF = 6.8 Hz), and para carbon appears as a doublet at 139.9 (d, 4JCF = 2.2 Hz). The detailed structures of the synthesized derivatives are provided in Fig. 2.[image: ]
Fig. 2The 13C chemical shifts of (5c)


Scheme 2 illustrates a proposed mechanism for the generation of thiazoloquinolinone derivatives (5a). Initially, the interaction of cysteamine hydrochloride (1) and ketene N,S-acetal (2) with piperidine generates 2-(nitromethylene)thiazolidine (6). Then, the condensation of 1,3-cyclohexanedione (4) with aldehyde (3) results in adduct (7). Subsequently, intermediate (7) undergoes Michael addition with 2-(nitromethylene)thiazolidine (6) to produce intermediate (8), which then experiences imine-enamine tautomerization. This is followed by the secondary amino group undergoing nucleophilic addition to the C=O group and subsequent cyclization, ultimately resulting in the formation of compound (5).[image: ]
Scheme 2Proposed mechanism for the production of product (5)



Computational studies
Docking studies
In silico docking studies were conducted to elucidate the key interaction points between the synthesized compounds and the VEGFR-2 binding pocket. These studies are essential for understanding the molecular interactions between the synthesized compounds and the target protein, VEGFR-2, which plays a significant role in angiogenesis and tumor progression. By employing computational docking techniques, we aimed to predict the binding affinities and orientations of the compounds within the VEGFR-2 active site. The docking process involved the preparation of the protein structure and the ligands, followed by the application of an appropriate docking algorithm to simulate the binding interactions. This methodology facilitates the identification of critical amino acid residues involved in the binding process, providing insights into the molecular interactions that contribute to the biological activity of the compounds. The results from these docking studies not only validate the potential efficacy of the synthesized compounds but also inform further optimization of their chemical structures for enhanced binding affinity and specificity. For this purpose, the VEGFR-2 structure (PDB: 2OH4) was selected due to its well-characterized binding pocket and its pivotal role in mediating angiogenic signaling pathways. This specific protein structure serves as a reliable template for understanding how potential therapeutic compounds can interact with VEGFR-2. The Protein Data Bank (PDB) [28] entry 2OH4 contains comprehensive information about the three-dimensional conformation of VEGFR-2, including the arrangement of key amino acid residues involved in ligand binding. To ensure the accuracy and reliability of our docking studies, the docking protocol was validated by re-docking the native ligand BAX into the active site of VEGFR-2. This validation step is critical, as it demonstrates the capability of the docking software to reproduce known binding interactions. The re-docking process successfully replicated the original binding pattern of BAX, achieving a root-mean-square deviation (RMSD) value of 1.01 Å. This low RMSD value indicates a high degree of similarity between the docked conformation and the crystallographic conformation of the ligand, thereby confirming the reliability of the docking procedure [29]. Such validation not only reinforces the credibility of our docking results but also enhances confidence in the predictive power of the computational methods employed in this study (Fig. 3).[image: ]
Fig. 3Superimposition of the co-crystal ligand (blue) and the docked ligand (yellow)


After validation, we proceeded to dock all synthesized compounds (5a–l) into the VEGFR-2 binding site. As shown in Table 3, several key residues, including Arg1027, Leu889, Asp814, Lys868, Asp1046, Glu885, Ile888, Ile1025, Cys1024, His1026, Ile892, Val899, Cys1045, Gly1048, Ala881, Ser884, Leu1049, Asp1028, Leu1019, Val898, Ile1044, Leu813, Cys817, and Val916, played crucial roles in the binding interactions with the compounds (5a–l). The synthesized compounds had docking scores ranging from − 3.248 to − 6.635 kcal/mol, indicating varying degrees of binding affinity to the VEGFR-2 target. A lower (more negative) docking score suggests a stronger predicted binding affinity.Table 3Docking scores, and interactions of each synthesized compound (5a–l)


	Compound
	Docking score (kcal/mol)
	Interaction residue

	Hydrogen bond
	Hydrophobic
	Charge
	Van der walls
	Unfavorable negative-negative
	Other

	H-bonding
	C-bonding

	5a
	− 3.974
	Arg1027
	 	Leu889
	Asp814, Lys868, Asp1046, Glu885
	Ile888, Ile1025, Cys1024, His1026, Ile892, Val899, Cys1045, Gly1048Ala881, Ser884
	 	 
	5b
	− 3.248
	Lys868
	 	Ala881, Arg1027
	Glu885, Asp1046, Lys868
	Leu889, Ile888, Ile1025, His1026, Asp814, Ser884, Leu1049, Gly1048
	 	 
	5c
	− 4.075
	Arg1027
	Glu885
	Leu1049, His1026
	Asp1046, Asp814, Glu885
	Ser884, Ile888, Ala881, Gly1048, Asp1028, Leu1019, Cys1024, Ile1025, Ile892
	Asp814
	 
	5d
	− 3.488
	Arg1027,Lys868
	 	Leu889, Ala881
	Asp814, Lys868, Glu885, Asp1046
	Ser884, Ile888, Ile1025, Cys1024, His1026, Ile892, Cys1045, Val899, Gly1048
	 	 
	5e
	− 6.635
	Asp1046
	Asp814(2.63),His1026(2.75)
	Leu1019, Val898, Ile892, Cys1024, Ile888
	Asp1046, Glu885, Lys868
	Val899, Cys1045, Ile1044, Ile1025, Leu813, Arg1027, Leu889
	 	 
	5f
	− 4.076
	Lys868, Asp814
	Asp814
	Arg1027, Cys817, Ala881
	Lys868, Glu885, Asp1046
	Ser884, Ile1025, His1026, Leu889, Gly1048, Ile888, Leu1049
	 	 
	5g
	− 4.031
	Arg1027
	Glu885
	Leu1049, Leu1019, Ala881, His1026
	Asp814, Glu885
	Asp1028, Asp1046, Gly1048, Ile888, Ser884, Ile892, Ile1025, Cys1024
	Asp814
	Ala881

	5h
	− 4.073
	Lys868
	 	Ala881, Ile888, Leu889
	Glu885, Lys868, Asp1046, Asp814
	Arg1027, Ile1025, Cys1024, His1026, Leu1019, Ile892, Cys1045, Val899, Gly1048, Ser884
	 	Asp1046

	5i
	− 4.28
	Arg1027
	 	Cys1024, Leu1019, Leu889
	Lys868, Glu885, Asp1046, Arg1027
	Asp1028, His1026, Asp814, Ile888, Ile1025, Ile892, Ile1044, Cys1045, Val899
	 	 
	5j
	− 4.55
	Lys868
	Asp814
	Val899, Val916, Leu889
	Lys868, Glu885, Asp1046
	Cys1045, Ile1044, Ile888, Leu1019, Ile892, His1026, Cys1024, Ile1025, Arg1027, Gly1048
	 	 
	5k
	− 3.561
	Ser884,Lys868
	Ser884,Asp814
	Arg1027, Ile888, Cys817, Ala881
	Lys868, Glu885, Asp1046
	Ile1025, His1026, Leu889, Gly1048, Leu1049
	 	 
	5l
	− 3.580
	Ser884
	 	Ile888, Ala881
	Asp814
	Leu889, Ile892, Leu1019, Cys1024, Leu813, Ile1025, Asp1046, His1026, Arg1027, Asp1028, Gly1048, Leu1049, Lys868, Glu885
	 	Asp814




Compound (5e) exhibited the lowest binding free energy of − 6.635 kcal/mol, indicating its strong affinity for the target protein. This compound formed a hydrogen bond between its nitro group and the residue Asp1046, characterized by a hydrogen bond length of 3.01 Å. Hydrogen bonds are crucial for stabilizing the interaction between ligands and their target proteins, as they contribute to the specificity and strength of binding. Furthermore, two carbon-hydrogen bond interactions were observed: the first interaction occurred between the hydrogen of thiazolidine and the residue Asp814, with a bond length of 2.63 Å; the second interaction involved the carbonyl group of cyclohex-2-en-1-one and the residue His1026, with a bond length of 2.75 Å. These carbon-hydrogen interactions also play a significant role in the overall binding affinity, as they help to maintain the structural integrity of the complex and facilitate the proper orientation of the ligand within the binding site. Furthermore, two hydrophobic alkyl interactions were detected between the cyclohex-2-en-1-one ring and the residues Cys1024 and Ile888. It demonstrated three charge interactions with the residues Asp1046, Glu885, Lys868, and Ile1044, in addition to seven van der Waals interactions. Figure 4 presents a comprehensive 3D and 2D representation of the interactions of compound (5e) inside the active site of VEGFR-2. Conversely, compound (5b), with a docking score of − 3.248 kcal/mol, shows limited interaction with key residues, indicating that modifications to its structure may be necessary to enhance its binding affinity. The presence of multiple key residues across different compounds suggests that a common binding motif may exist, which could be targeted for the design of more potent VEGFR-2 inhibitors. The analysis of interaction residues revealed that several amino acids consistently participate in binding across multiple compounds. Key residues identified as significant contributors to the binding interactions included Arg1027 and Lys868, which were frequently observed in compounds (5a), (5b), (5d), (5f), (5h), (5i), (5j), (5k), and (5l). Their presence suggests they play a crucial role in stabilizing the ligand-receptor complex through hydrogen bonding. Additionally, Asp814 and Glu885 appeared in multiple compounds, indicating their importance in hydrogen bonding, charge interactions, and van der Waals interactions. Furthermore, compounds such as (5b), (5d), (5f), (5g), (5h), (5k), and (5l) exhibited significant hydrophobic interactions with residues such as Ala881, contributing to the overall stability of the ligand within the binding pocket. All compounds demonstrated van der Waals interactions with various residues, which are essential for fine-tuning the binding affinity. However, some compounds, such as (5c), and (5g), exhibited unfavorable negative-negative interactions with residues like Asp814, indicating potential steric clashes or repulsive forces that could affect binding efficacy.[image: ]
Fig. 4The 3D and 2D binding modes of compound (5e) in the active site of VEGFR-2



MD simulation
RMSD serves as a critical metric in MD simulations, utilized to quantify the structural deviation of biomolecules over time. It measures the mean distance between atoms in a reference structure and their positions at subsequent time points, thereby providing insights into the stability and conformational alterations of proteins and ligands. In the context of protein–ligand interactions, monitoring RMSD facilitates the assessment of the dynamics of binding and unbinding, as well as the overall stability of the complex. Variations in RMSD values indicate conformational adjustments, rendering it an indispensable tool for elucidating binding mechanisms and enhancing drug design. The plot presented in Fig. 5 illustrates the RMSD of both the protein and the ligand over a 100-ns MD simulation.[image: ]
Fig. 5RMSD plot of 100 ns MD simulations for compound (5e) within 2OH4


The x-axis denotes time in ns, while the y-axis depicts RMSD values in Å for both the protein (Cα) and the ligand. Initially, from 0 to 20 ns, both the protein and ligand display relatively low RMSD values, indicating a stable conformation. The Cα RMSD remains below 2.0 Å, suggesting that the protein structure is stable during this phase. However, between 20 and 40 ns, noticeable variations occur in both RMSD curves, with the ligand exhibiting more significant fluctuations. This behavior suggests that the ligand may be adapting to its binding site or undergoing conformational changes. After approximately 40 ns, the Cα RMSD begins to increase gradually, reaching approximately 2.8 Å by the conclusion of the simulation. This increase implies that the protein undergoes conformational changes, potentially influenced by the ligand or inherent flexibility. In contrast, the ligand RMSD demonstrates a more pronounced increase, peaking at approximately 6.4 Å. This indicates that the ligand experiences substantial conformational changes or may be partially dissociating from the binding site during the simulation.
The RMSF (Root Mean Square Fluctuation) plot illustrates the flexibility of a protein during an MD simulation, with the x-axis representing the residue index and the y-axis indicating RMSF values in Å. As shown in Fig. 6, the RMSF values range from approximately 0.6 Å to nearly 4.8 Å, highlighting varying degrees of flexibility across different residues. Notably, residue Pro992, where the RMSF reaches approximately 4.20 Å, signifies a highly flexible region that may be involved in dynamic processes such as ligand binding or conformational changes essential for biological function. Additional peaks around residue indices 210 and 275 also indicate significant flexibility, likely associated with loop regions or unstructured segments. In contrast, areas between the peaks, particularly around residue indices 50–80 and 280–300, exhibit relatively low RMSF values, suggesting that these regions are more rigid and stable, possibly corresponding to structured elements like alpha helices or beta sheets. The green bars in the plot highlight specific residues of interest, such as Leu813, Lys868, Ser884, Glu885, Ile888, Leu889, Ile892, Gly893, Val898, Val899, Asn900, Phe1018, Leu1019, Cys1024, His1026, Ile1044, Cys1045, Asp1046, Phe1047, Leu1049, and Arg1066, which are involved in ligand interactions or critical functional sites. Most of these residues exhibit lower RMSF values, indicating greater stability, which is crucial for maintaining the structural integrity of the protein, particularly in functional domains essential for biological activity.[image: ]
Fig.6RMSF plot of 100 ns MD simulations for compound (5e) within 2OH4


The provided plot illustrates the interactions between a protein and a ligand throughout a MD simulation, categorizing these interactions into four main types: hydrogen bonds, hydrophobic contacts, ionic interactions, and water bridges. The x-axis represents the residue indices of the protein, while the y-axis indicates the fraction of interactions maintained over the simulation time. As shown in Fig. 7, residues Lys868, Glu885, and Val899 exhibit the highest interaction fractions, highlighting their significant roles in stabilizing the protein–ligand complex. Specifically, Lys868 exhibits all four types of interactions: hydrogen bonds, hydrophobic contacts, ionic interactions, and water bridges. This versatility underscores its crucial role in stabilizing the protein–ligand complex and enhancing binding affinity. Residue Glu-885 is particularly noteworthy for its involvement in ionic interactions, which are crucial for the electrostatic stabilization of the protein–ligand complex. The presence of ionic interactions can significantly enhance binding affinity, especially in the context of charged ligands. Overall, this plot underscores the complexity and diversity of protein–ligand interactions, emphasizing the importance of each interaction type in maintaining the stability and specificity of the binding process.[image: ]
Fig. 7The interactions of 2OH4 with compound (5e) throughout the simulation


The examination of the entrapment of compounds within designated amino acid residues yields significant insights into the fundamental binding mechanisms. As illustrated in Fig. 8, Lys868 stands out as one of the amino acids with the highest interaction frequency throughout the simulation. Its consistent presence in the contact profile indicates its crucial role in stabilizing the protein–ligand complex. This residue participates in multiple types of interactions, including hydrogen bonds and ionic interactions, which are essential for maintaining the structural integrity of the binding site. Glu885 also shows significant interaction, with numerous contact points throughout the simulation. Its involvement in ionic and water bridge interactions can enhance the electrostatic stabilization of the complex, contributing to a stronger binding affinity. Leu899 and Val898 are other notable residues that exhibit high coverage, indicating their importance in the hydrophobic interactions that help stabilize the ligand within the binding pocket. The consistent contact patterns for these residues suggest they play a vital role in the overall stability of the protein–ligand interaction. Additionally, residues such as Ile1044 and Asp1046 demonstrate significant interaction, maintaining contact for approximately 73% of the simulation time. Leu1019 also shows minimal interactions, indicating that these residues may not contribute significantly to the stabilization of the protein–ligand complex. Their limited contact with the ligand could imply that they are either less involved in the binding process or that their interactions are transient and not essential for maintaining the overall stability of the complex.[image: ]
Fig. 8Observed interaction fraction throughout the simulated trajectory


The 2D-trajectory interaction diagram provides a detailed representation of the interactions between the ligand and protein residues throughout the MD simulation. This diagram highlights interactions that occur for more than 30% of the simulation time, indicating significant contacts that may influence the ligand's binding affinity and overall stability. As shown in Fig. 9, specific protein residues that interact with the ligand are clearly identified in the diagram. For instance, LYS 868 shows a significant interaction with the ligand, occurring 43% of the time. The positive charge of LYS 868 likely facilitates ionic interactions with the negatively charged oxygen atoms on the ligand. ASP 1046 also exhibits a notable interaction, occurring 32% of the time. The negatively charged side chain of aspartate can form salt bridges with the positively charged nitrogen of the ligand, enhancing binding stability. ILE 1044 interacts with water 32% of the time, suggesting that hydrophobic interactions play a role in stabilizing the ligand–protein complex. Water molecules can mediate interactions between the ligand and protein residues, influencing the binding dynamics.[image: ]
Fig. 9Schematic diagram interactions of compound (5e) with 2OH4 for more than 30.0% of the simulation time


The analysis of the MD data shown in Fig. 10 reveals several important insights regarding the ligand properties over the simulation time. The RMSD plot shows fluctuations ranging from 0.0 to approximately 0.81 nm throughout the simulation. These fluctuations suggest that the ligand experiences structural changes; yet, the RMSD remains within a relatively stable range, indicating that the ligand generally maintains its structural integrity throughout the simulation. The second plot, representing the radius of gyration (rGyr), exhibits variations between approximately 3.13 and 3.31 nm. This indicates changes in the compactness of the ligand. The relatively stable values suggest that the ligand maintains a consistent overall shape, although minor fluctuations may indicate some degree of flexibility. In the third plot, concerning intramolecular hydrogen bonds (intraHB), it is clearly stated that no intramolecular hydrogen bonds are detected. This absence suggests a lack of strong intramolecular interactions, which may point to potential structural weaknesses or instability within the ligand. The fourth plot illustrates the molecular surface area (MolSA), showing fluctuations between 284 and 295 Å2. These variations reflect changes in the ligand's exposure to the solvent environment. The relatively stable range indicates that the ligand maintains a consistent surface area throughout the simulation, suggesting that it remains accessible to the solvent. The fifth plot, depicting the solvent-accessible surface area (SASA), shows fluctuations within a similar range, indicating values between 9.22 and 96.75 Å2. This suggests that the ligand's exposure to the solvent remains stable, with minor fluctuations indicating changes in the ligand's orientation or conformation in relation to the solvent. The sixth plot presents the polar surface area (PSA), which fluctuates between 88 and 112 Å2. These variations indicate changes in the ligand's interactions with polar solvents. The observed fluctuations may suggest increased exposure of the ligand to polar solvents during the simulation, which could influence its solubility and interaction with the surrounding environment. Overall, the ligand appears to maintain its structural stability throughout the simulation, as indicated by the relatively stable RMSD and radius of gyration values. However, the absence of intramolecular hydrogen bonds may indicate potential structural weaknesses. The variations in SASA and PSA provide insights into the ligand's interactions with the solvent, highlighting its accessibility and potential solubility characteristics.[image: ]
Fig. 10Ligand properties of the (5e)-2OH4 complex during the 100 ns of MD Simulation


The torsional degree of freedom refers to the rotational movement around a single bond within a molecule, enabling the molecule to achieve an optimal conformation for interaction with proteins. In the case of the (5e)-2OH4 complex, the values for the torsional degrees of freedom were calculated. The trajectory simulation revealed fluctuations in specific bonds within compound (5e). As illustrated in Fig. 11, during the course of this simulation, both a C-N bond and a C–C bond exhibited changes in their torsional conformations. Notably, the bond between atoms 16 and 17 displayed two distinct conformations. Additionally, Fig. 11 indicates that the potential differences recorded between atoms 8 and 9, as well as between atoms 16 and 17, were measured at 1.44 and 5.50 units, respectively.[image: ]
Fig. 11The 2D schematic and torsional analysis of compound (5e), illustrating the different rotatable bonds



In silico drug-likeness
Drug-likeness denotes the extent to which a certain molecule mimics authorized pharmacological agents. This concept depends on achieving an ideal equilibrium of molecular and structural attributes. Assessing drug-likeness requires a comprehensive examination of several molecular parameters, including hydrophobicity, electronic distribution, hydrogen bonding capacity, molecular weight (MW), and the presence of pharmacophoric groups, bioavailability, chemical reactivity, toxicity, and metabolic stability [30]. Lipinski's Ro5 is used to assess the drug-likeness of a molecule, specifically its appropriateness for oral delivery. Lipinski asserts that an oral medication candidate must exhibit the following attributes: a MW of ≤ 500, a partition coefficient (log P) of ≤ 5, a maximum of 10 rotatable bonds, and no more than 5 HBD and 10 HBA. To be regarded as a drug contender, molecules must meet all five requirements. Ghose's law describes a drug-like molecule as having a MW between 160 and 480, a log P value between − 0.4 and 5.6, a molar refractivity between 40 and 130, and an atom count between 20 and 70. According to Veber's rule, a medication with good oral bioavailability must satisfy the requirements of having no more than 10 rotatable bonds and a topological polar surface area (TPSA) ≤ 140 Å2. Egan's parameters for optimal oral bioavailability stipulate a TPSA of ≤ 130 Å2 and log P values ranging from − 1.0 to 5.8. Ultimately, Muegge’s rule enhances the criteria for identifying drug-like molecules by expanding the permissible range of attributes and integrating additional features to improve the accuracy of drug-likeness evaluations. The drug-likeness of the derivatives (5a–l) was assessed using the online server SwissADME [31], and the findings indicated that all of the compounds (5a–l) fully conformed to the five rules, with their TPSA within the range suitable for absorption. In addition, pharmaceutical chemistry has utilized pan-assay interference substances (PAINS) structural warnings to identify structural components of compounds that may cause reactivity, toxicity, or instability. There were no PAINS warnings for any of the compounds (5a–l). The synthetic accessibility (SA) score was utilized to quantify the complexity of synthesizing these drug-like molecules, providing an indicator of how feasible their synthesis would be. Table 4 demonstrates that all derivatives display favorable SA scores, indicating that these compounds can be synthesized with relative ease.Table 4Pharmacokinetic properties of the compounds (5a–l)


	Compound
	MW (g/mol)
	HBA
	HBD
	TPSA
	MLog P
	MR
	nRot
	Lipinski
	Ghose
	Veber’s rule
	Muegge
	PAINS (alert)
	SA score

	5a
	328.39
	3
	0
	91.43
	1.42
	94.90
	2
	Yes
	Yes
	Yes
	Yes
	0
	4.14

	5b
	358.41
	4
	0
	100.66
	1.11
	101.39
	3
	Yes
	Yes
	Yes
	Yes
	0
	4.21

	5c
	346.38
	4
	0
	91.43
	1.80
	94.85
	2
	Yes
	Yes
	Yes
	Yes
	0
	4.14

	5d
	358.41
	4
	0
	100.66
	1.11
	101.39
	3
	Yes
	Yes
	Yes
	Yes
	0
	4.23

	5e
	362.83
	3
	0
	91.43
	1.92
	99.91
	2
	Yes
	Yes
	Yes
	Yes
	0
	4.18

	5f
	374.41
	5
	1
	120.89
	0.58
	103.41
	3
	Yes
	Yes
	Yes
	Yes
	0
	4.31

	5 g
	362.83
	3
	0
	91.43
	1.92
	99.91
	2
	Yes
	Yes
	Yes
	Yes
	0
	4.11

	5 h
	362.83
	3
	0
	91.43
	1.92
	99.91
	2
	Yes
	Yes
	Yes
	Yes
	0
	4.10

	5i
	344.38
	4
	1
	111.66
	0.87
	96.92
	2
	Yes
	Yes
	Yes
	Yes
	0
	4.14

	5j
	423.28
	4
	1
	111.66
	1.49
	104.62
	2
	Yes
	Yes
	Yes
	Yes
	0
	4.22

	5 k
	388.44
	5
	0
	109.89
	0.81
	107.88
	4
	Yes
	Yes
	Yes
	Yes
	0
	4.37

	5 l
	358.41
	4
	0
	100.66
	1.11
	101.39
	3
	Yes
	Yes
	Yes
	Yes
	0
	4.25





In silico ADMET prediction
ADMET prediction is a vital step in drug profiling during the drug discovery process. Table 5 provides a summary of the in silico ADMET parameters for compounds (5a–l) using the pkCSM server [32]. According to the results, all compounds demonstrated significant intestinal absorption, with compound (5a) having the greatest absorption rate at 95.518%. Three main distribution-related factors volume of distribution (VD), BBB permeability, and CNS permeability were assessed. The analysis revealed that all compounds exhibited satisfactory VDs, suggesting favorable systemic distribution. Nevertheless, the compounds exhibited weak permeability across the BBB and CNS, indicating limited penetration into critical CNS regions. Additionally, the compounds were evaluated for their metabolic activity against key cytochrome P450 (CYP) enzymes. The findings indicated that while all compounds were inactive against CYP2D6, CYP2C9, and CYP3A4 inhibitors, they exhibited activity as CYP3A4 substrates. These results show that the produced compounds demonstrate substantial metabolic activity within the human body, thereby helping to define their pharmacological properties. Although the pharmacokinetic properties were good, the in silico toxicity evaluation produced some significant results. Except for compound (5a), none of the other compounds showed AMES toxicity, suggesting possible mutagenic properties for (5a). Compounds (5b), (5d), (5e), (5f), (5g), (5h), (5k), and (5l) were identified as hepatotoxic, indicating possible detrimental effects on hepatic cells. Although these compounds have favorable pharmacokinetic profiles, the detected toxicities raise considerable concerns. Altering the structure of these compounds could reduce toxicity concerns and improve safety. These results emphasize the essential balance between effectiveness and safety, highlighting the need for further improvements to mitigate toxicity levels.Table 5ADMET profile of the compounds (5a–l)


	Compound
	Absorption
	Distribution
	Metabolism
	Excretion
	Toxicity

	Intestinal absorption (human
	VDss
	BBB permeability
	CNS permeability
	Substrate
	Inhibitors
	2C19
	2C9
	2D6
	3A4
	Total clearance
	AMES toxicity
	Hepatotoxicity

	2D6
	3A4
	1A2

	Numeric (% Absorbed)
	Numeric (L kg − 1)
	Numeric (log BB)
	Numeric (log PS)
	 	 	 	categorical (yes/no)
	 	 	 	Numeric (mL min − 1 kg − 1)
	Categorical (Yes/No)
	 
	5a
	95.518
	0.231
	0.014
	− 1.965
	No
	Yes
	Yes
	Yes
	No
	No
	No
	0.229
	Yes
	No

	5b
	95.514
	0.085
	− 0.437
	− 2.129
	No
	Yes
	Yes
	Yes
	No
	No
	No
	0.256
	No
	Yes

	5c
	94.759
	0.06
	0.006
	− 2.003
	No
	Yes
	Yes
	Yes
	No
	No
	No
	0.078
	No
	No

	5d
	95.514
	0.085
	− 0.437
	− 2.129
	No
	Yes
	Yes
	Yes
	No
	No
	No
	0.263
	No
	Yes

	5e
	93.857
	0.19
	0.013
	− 1.85
	No
	Yes
	Yes
	Yes
	No
	No
	No
	0.161
	No
	Yes

	5f
	90.426
	− 0.111
	− 0.663
	− 2.319
	No
	Yes
	No
	No
	No
	No
	No
	0.357
	No
	Yes

	5 g
	93.857
	0.19
	0.013
	− 1.85
	No
	Yes
	Yes
	Yes
	No
	No
	No
	0.096
	No
	Yes

	5 h
	93.857
	0.19
	0.013
	− 1.85
	No
	Yes
	Yes
	Yes
	No
	No
	No
	0.101
	No
	Yes

	5i
	92.633
	0.038
	− 0.434
	− 2.154
	No
	Yes
	No
	No
	No
	No
	No
	0.109
	No
	No

	5j
	90.905
	0.004
	− 0.611
	− 2.017
	No
	Yes
	No
	No
	No
	No
	No
	0.078
	No
	No

	5 k
	95.511
	− 0.064
	− 0.666
	− 2.293
	No
	Yes
	No
	No
	No
	No
	No
	0.389
	No
	Yes

	5 l
	95.514
	0.085
	− 0.437
	− 2.129
	No
	Yes
	Yes
	Yes
	No
	No
	No
	0.381
	No
	Yes






Conclusion
Cancer is the second leading cause of mortality in approximately 112 countries. A hallmark of many cancer types is the upregulation of angiogenesis, a critical process for tumor growth. The activation of several chemical signaling pathways drives angiogenesis, which is the development of new blood vessels from pre-existing vasculature. Many cancer cells overexpress their receptors, including VEGFR-2, which plays a crucial role in the control of tumor angiogenesis. Therefore, the discovery of new agents that can be used to regulate angiogenesis is extremely important today. The FDA has approved two drugs, Pazopanib and Sorafenib, as angiogenesis inhibitors in cancer treatment, both of which possess the necessary pharmacophoric features. In light of the side effects associated with compounds such as Sorafenib and Pazopanib, researchers are actively engaged in the design of novel compounds. In this context, we have successfully designed and synthesized a novel class of thiazoloquinolinone derivatives targeting VEGFR-2, incorporating key pharmacophoric features. The synthesized compounds exhibit several important pharmacophoric characteristics that enhance their potential as drug candidates. Notably, these derivatives contain multiple heteroaromatic rings, which facilitate π–π stacking interactions with target receptors, thereby increasing binding affinity. The presence of a hydroxyl group serves as a HBD, while the carbonyl and nitro groups act as HBA, further promoting interactions with the receptor. Additionally, the methoxy group and the aromatic rings contribute to the compounds' lipophilic character, enhancing hydrophobic interactions with the receptor. A central linker connects these pharmacophoric elements, providing flexibility and optimal spatial orientation for binding. Furthermore, the inclusion of sulfur groups may contribute to specific interactions, potentially enhancing the biological activity of the compounds. To investigate the potential of these compounds, we conducted computational studies, including molecular docking, MD simulations, and pharmacokinetic profiling. The docking results indicated that all synthesized compounds exhibit high binding affinities for VEGFR-2, with compound (5e) demonstrating the highest binding affinity, as evidenced by a docking score of − 6.63 kcal/mol. Compound (5e) forms a hydrogen bond with Asp1046 and the oxygen atoms of the nitro group, as well as a carbon-hydrogen bond with Asp814 and a CH2 group. The binding of compound (5e) is significantly influenced by hydrophobic interactions with Leu1019, Val898, Ile892, Cys1024, and Ile888. The RMSD analysis demonstrated that compound (5e) consistently maintained stable interactions with key residues of VEGFR-2, indicating that the (5e)-VEGFR-2 complex remained thermodynamically stable throughout the 100 ns trajectory. Furthermore, the analysis of ADME properties revealed that all compounds possess favorable pharmacological characteristics, and none of the compounds violate Lipinski's Rule of Five, as well as the Ghose, Veber, and Egan rules. These findings suggest that the synthesized compounds could be effective against VEGFR-2.


Experimental
General
All chemicals were purchased from Merck or Aldrich and were used without further purification. Melting points were measured on an Electrothermal 9100 apparatus. IR spectra were recorded as KBr pellets on FT-IR with Bruker Tensore 27 spectrometer NMR spectra were recorded with a Bruker DRX-300 Avance instrument (300 MHz for 1H and 75.4 MHz for 13C) with DMSO-d6 as solvents. Chemical shifts are reported in parts per million (δ) downfield from an internal TMS reference. Coupling constants (J values) are reported in hertz (Hz), and spin multiplicities are indicated by the following symbols: s (singlet), d (doublet), t (triplet), m (multiplet). Mass spectra were recorded on an Agilent Technologies 5975C VL MSD with Tripe-Axis Detector mass spectrometer operating at an ionization potential of 70 eV.

Typical procedure for preparation of (5)
A mixture of cysteamine hydrochloride (0.113 g, 1 mmol), 1,1-bis(methylthio)-2-nitro ethylene (0.165 g, 1 mmol), 10 mL H₂O/EtOH (1:1), and piperidine (99 μL, 1 mmol) was heated under reflux in a 50-mL flask for 6 h. Upon completion of the reaction (monitored by TLC using ethyl acetate/n-hexane, 1:1), aromatic aldehyde (1 mmol), and cyclohexane-1,3-dione (0.112 g, 1 mmol) were introduced to the reaction mixture, which was then stirred under reflux for the duration specified in Table 1. Subsequently, the reaction mixture was cooled to room temperature, filtered to obtain the crude product, and the solid was washed with water/ethanol (1:1) to yield product 5 in satisfactory yield.
4-Nitro-5-phenyl-1,2,5,7,8,9-hexahydro-6H-thiazolo[3,2-a]quinolinone (5a): Yellow solid; Yield: 0.315 g (96%); m.p. 296–298 °C. IR (KBr) (ῡmax/cm−1): 1654 (C=O), 1539 and 1378 (NO2), 1254 (C-N). 1H NMR (300 MHz, DMSO-d6): 1.75–1.84 (m, 1H, CH2), 1.96–2.02 (m, 1H, CH2), 2.24–2.28 (m, 2H, CH2), 2.66–2.89 (m, 2H, CH2), 3.39–3.43 (m, 2H, CH2S), 4.20–4.27 (m, 1H, CH2N), 4.44–4.50 (m, 1H, CH2N), 5.28 (s, 1H, CH), 7.13–7.18 (m, 2H, Ar), 7.23–7.27 (m, 3H, Ar). 13C NMR (75.4 MHz, DMSO-d6): 20.3, 25.9, 28.1, 35.8, 37.2, 51.4, 116.2, 123.3, 126.6, 127.7 (2C), 128.0 (2C), 143.7, 150.5, 156.7, 194.4. m/z (%) = 328 (M+, 18), 282 (13), 251 (100), 205 (20), 177 (5), 149 (10). Anal. Calcd. for C17H16N2O3S (328.39): C, 62.18; H, 4.91; N, 8.53; O, 14.62; S, 9.76.
5-(4-methoxyphenyl)-4-nitro-1,2,5,7,8,9-hexahydro-6H-thiazolo[3,2-a]quinolinone (5b): Yellow solid; Yield: 0.299 g (83%); m.p. 288–290 °C. IR (KBr) (ῡmax/cm−1): 1621 (C=O), 1507 and 1378 (NO2), 1245 (C-N). 1H NMR (300 MHz, DMSO-d6): 1.74–1.84 (m, 1H, CH2), 1.97–2.00 (m, 1H, CH2), 2.23–2.27 (m, 2H, CH2), 2.65–2.88 (m, 2H, CH2), 3.37–3.42 (m, 2H, CH2S), 3.69 (s, 3H, OCH3), 4.19–4.26 (m, 1H, CH2N), 4.43–4.47 (m, 1H, CH2N), 5.21 (s, 1H, CH), 6.79 (d, 3JHH = 6 Hz, 2H, Ar), 7.11 (d, 3JHH = 6 Hz, 2H, Ar). 13C NMR (75.4 MHz, DMSO-d6): 20.3, 25.8, 28.3, 35.8, 36.2, 51.4, 54.9, 113.1, 116.2, 123.2, 128.8, 135.4, 194.7, 156.3, 157.4, 194.0. m/z (%) = 358 (M+, 36), 312 (37), 283 (34), 251 (100), 205 (29), 149 (14). Anal. Calcd. for C18H18N2O4S (358.41): C, 60.32; H, 5.06; N, 7.82; O, 17.86; S, 8.95.
5-(4-fluorophenyl)-4-nitro-1,2,5,7,8,9-hexahydro-6H-thiazolo[3,2-a]quinolinone (5c): Yellow solid; Yield: 0.281 g (81%); m.p. 274–275 °C. IR (KBr) (ῡmax/cm−1): 1623 (C=O), 1503 and 1376 (NO2), 1206 (C-N). 1H NMR (300 MHz, DMSO-d6): 1.77–1.84 (m, 1H, CH2), 1.96–2.01 (m, 1H, CH2), 2.24–2.28 (m, 2H, CH2), 2.66–2.74 (m, 1H, CH2), 2.81–2.87 (m, 1H, CH2), 3.39–3.43 (m, 2H, CH2S), 4.20–4.27 (m, 1H, CH2N), 4.40–4.49 (m, 1H, CH2N), 5.26 (s, 1H, CH), 7.06 (t, 3JHH = 6 Hz, 2H, Ar), 7.24–7.28 (m, 2H, Ar). 13C NMR (75.4 MHz, DMSO-d6): 20.0 and 25.9 (2CH2), 28.1 (CH2S), 35.7 (CH2CO), 36.6 (CH), 51.4 (CH2N), 114.7 (d, 2JCF = 15.8 Hz), 116.0 (=C–NO2), 123.2, 129.7 (d, 3JCF = 6.8 Hz), 139.9 (d, 4JCF = 2.2 Hz), 150.7 (C=C–S), 157.0 (C=C–CO), 160.8 (d, 1JCF = 181.7 Hz), 194.5 (C = O). 13F NMR (471 MHz): -116.0 ppm.
5-(3-methoxyphenyl)-4-nitro-1,2,5,7,8,9-hexahydro-6H-thiazolo[3,2-a]quinolinone (5d): White solid; Yield: 0.287 g (80%); m.p. 196–198 °C. IR (KBr) (ῡmax/cm−1): 1627 (C=O), 1548 and 1375 (NO2), 1224 (C–N). 1H NMR (300 MHz, DMSO-D6): 1.64–1.71 (m, 1H, CH2), 1.84–1.90 (m, 1H, CH2), 2.13–2.17 (m, 2H, CH2), 2.53–2.63 (m, 1H, CH2), 2.72–2.79 (m, 1H, CH2), 3.30–3.32 (m, 2H, CH2S), 4.06–4.16 (m, 1H, CH2N), 4.32–4.40 (m, 1H, CH2N), 5.15 (s, 1H, CH), 6.62–6.69 (m, 3H, Ar), 7.05 (t, 3JHH = 9 Hz, 1H, Ar). 13C NMR (75.4 MHz, DMSO-d6): 20.7, 26.4, 28.6, 36.3, 37.4, 51.9, 55.3, 111,6, 114.7, 116.5, 120.4, 123.5, 129.6, 145.5, 151.3, 157.5, 159.4, 196.1.
5-(2-chlorophenyl)-4-nitro-1,2,5,7,8,9-hexahydro-6H-thiazolo[3,2-a]quinolinone (5e): Yellow solid; Yield: 0.271 g (74%); m.p. 217–218 °C. IR (KBr) (ῡmax/cm−1): 1706 (C=O), 1530 and 1341 (NO2), 1261 (C–N). 1H NMR (300 MHz, DMSO-d6): 1.31–1.44 (m, 1H, CH2), 1.75–1.79 (m, 1H, CH2), 1.99–2.23 (m, 2H, CH2), 2.40–2.54 (m, 1H, CH2), 2.92–3.02 (m, 1H, CH2), 3.10–3.3.15 (m, 2H, CH2S), 3.15–3.61 (m, 1H, CH2N), 3.89 (t, 3JHH = 9 Hz 1H, CH2N), 5.06 (s, 1H, CH), 6.29 (s, 1H, Ar), 6.87 (t, 3dHH = 12 Hz, 1H, Ar), 6.99–7.09 (m, 2H, Ar), 7.26 (d, 3JHH = 6 Hz, 1H, Ar). 13C NMR (75.4 MHz, DMSO-d6): 20.1, 27.2, 34.8, 36.7, 49.9, 58.5, 86.9, 118.8, 126.6, 128.0, 129.4, 130.4, 132.4, 139.7, 166.0, 206.2.
5-(2-hydroxy-3-methoxyphenyl)-4-nitro-1,2,5,7,8,9-hexahydro-6H-thiazolo[3,2-a]quinolinone (5f): Yellow solid; Yield: 0.337 g (90%); m.p. 280–282 °C. IR (KBr) (ῡmax/cm−1): 3434 (OH), 1614 (C=O), 1532 and 1386 (NO2), 1221 (C–N). 1H NMR (300 MHz, DMSO-d6): 1.60–1.67 (m, 1H, CH2), 1.81–1.89 (m, 1H, CH2), 2.11–2.16 (m, 2H, CH2), 2.57–2.64 (m, 2H, CH2), 3.26–3.32 (m, 2H, CH2S), 3.61 (s, 3H, OCH3), 4.14–4.30 (m, 2H, CH2N), 5.18 (s, 1H, CH), 6.50–6.65 (m, 3H, Ar), 8.46 (s, 1H, OH). 13C NMR (75.4 MHz, DMSO-d6): 20.7, 26.5, 28.5, 34.9, 36.2, 51,6, 55.9, 110.4, 115.3, 118.6, 122.9, 123.2, 129.9, 145.1, 148.5, 151.6, 155.5, 195.9.
5-(4-chlorophenyl)-4-nitro-1,2,5,7,8,9-hexahydro-6H-thiazolo[3,2-a]quinolinone (5g): Yellow solid; Yield: 0.279 g (77%); m.p. 286–288 °C. IR (KBr) (ῡmax/cm−1): 1644 (C = O), 1534 and 1375 (NO2), 1208 (C–N). 1H NMR (300 MHz, DMSO-d6): 1.63–1.75 (m, 1H, CH2), 1.84–1.91 (m, 1H, CH2), 2.12–2.17 (m, 2H, CH2), 2.53–2.64 (m, 1H, CH2), 2.69–2.78 (m, 1H, CH2), 3.17–3.33 (m, 2H, CH2S), 4.08–4.17 (m, 1H, CH2N), 4.31–4.39 (m, 1H, CH2N), 5.13 (s, 1H, CH), 7.17 (m, 4H, Ar). 13C NMR (75.4 MHz, DMSO-d6): 20.7, 26.4, 28.6, 36.2, 37.4, 51.9, 116.3, 123.4, 128.4, 130.2, 131.6, 143.1, 151.4, 157.6, 194.9.
5-(3-chlorophenyl)-4-nitro-1,2,5,7,8,9-hexahydro-6H-thiazolo[3,2-a]quinolinone (5h): Yellow solid; Yield: 0.285 g (82%); m.p. 253–255 °C. IR (KBr) (ῡmax/cm−1): 1629 (C=O), 1550 and 1375 (NO2), 1224 (C–N). 1H NMR (300 MHz, DMSO-d6): 1.66–1.70 (m, 1H, CH2), 1.86–1.90 (m, 1H, CH2), 2.13–2.15 (m, 2H, CH2), 2.55–2.61 (m, 1H, CH2), 2.72–2.78 (m, 1H, CH2), 3.28–3.34 (m, 2H, CH2S), 4.08–4.17 (m, 1H, CH2N), 4.33–4.41 (m, 1H, CH2N), 5.14 (s, 1H, CH), 6.07–7.21 (m, 3H, Ar). 13C NMR (75.4 MHz, DMSO-d6): 20.7, 26.4, 28.6, 36.2, 37.9, 51,9, 116.1, 123.1, 127.0, 127.1, 128.2, 130.5, 133.1, 146.4, 151,6, 157.8, 195.0.
5-(4-hydroxyphenyl)-4-nitro-1,2,5,7,8,9-hexahydro-6H-thiazolo[3,2-a]quinolinone (5i): Yellow solid; Yield: 0.307 g (89%); m.p. 278–280 °C. IR (KBr) (ῡmax/cm−1): 1618 (C=O), 1510 and 1380 (NO2), 1223 (C–N). 1H NMR (300 MHz, DMSO-d6): 1.73–1.84 (m, 1H, CH2), 1.96–2.01 (m, 1H, CH2), 2.23–2.27 (m, 2H, CH2), 2.65–2.73 (m, 1H, CH2), 2.80–2.87 (m, 1H, CH2), 3.39–3.41 (m, 2H, CH2S), 4.18–4.25 (m, 1H, CH2N), 4.42–4.48 (m, 1H, CH2N), 5.17 (s, 1H, CH), 6.61 (d, 3JHH = 9 Hz, 2H, Ar), 7.01 (d, 3JHH = 9 Hz, 2H, Ar), 9.25 (s, 1H, OH). 13C NMR (75.4 MHz, DMSO-d6): 20.3, 25.8, 28.1, 35.8, 36.1, 51.3, 114.7 (2C), 116.5, 123.7, 128.7 (2C), 134.3, 150.2, 155.9, 156.4, 194.5. m/z (%) = 344 (M+, 34), 327 (22), 298 (30), 269 (26), 251 (100), 205 (26), 149 (16). Anal. Calcd. for C17H16N2O4S (344.39): C, 59.29; H, 4.68; N, 8.13; O, 18.58; S, 9.31.
5-(5-bromo-2-hydroxyphenyl)-4-nitro-1,2,5,7,8,9-hexahydro-6H-thiazolo[3,2-a]quinolinone (5j): Yellow solid; Yield: 0.325 g (76%); m.p. 254–256 °C. IR (KBr) (ῡmax/cm−1): 1620 (C=O), 1531 and 1382 (NO2), 1224 (C–N). 1H NMR (300 MHz, DMSO-d6): 1.61–1.68 (m, 1H, CH2), 1.85–1.90 (m, 1H, CH2), 2.11–2.14 (m, 2H, CH2), 2.54–2.6370 (m, 2H, CH2), 3.29–3.33 (m, 2H, CH2S), 4.11–4.31 (m, 2H, CH2N), 5.09 (s, 1H, CH), 6.54 (d, 3JHH = 9 Hz, 1H, Ar), 7.02 (d, 3JHH = 6 Hz, 1H, Ar), 7.14 (d, 3JHH = 6 Hz, 1H, Ar), 9.58 (s, 1H, OH). 13C NMR (75.4 MHz, DMSO-d6): 20.7, 26.5, 28.5, 37.3, 51.7, 110.1, 114.4, 118.7, 122.1, 130.6, 130.9, 134.2, 151.6, 155.7, 158.1, 195.5.
5-(3,4-dimethoxyphenyl)-4-nitro-1,2,5,7,8,9-hexahydro-6H-thiazolo[3,2-a]quinolinone (5k): Yellow solid; Yield: 0.311 g (80%); m.p. 218–220 °C. IR (KBr) (ῡmax/cm−1): 1623 (C=O), 1511 and 1373 (NO2), 1225 (C–N). 1H NMR (300 MHz, DMSO-d6): 1.76–1.83 (m, 1H, CH2), 1.97–2.03 (m, 1H, CH2), 2.25–2.29 (m, 2H, CH2), 2.66–2.74 (m, 1H, CH2), 2.82–2.89 (m, 1H, CH2), 3.38–3.43 (m, 2H, CH2S), 3.69 (s, 3H, OCH3), 3.71 (s, 3H, OCH3), 4.19–4.26 (m, 1H, CH2N), 4.43–4.49 (m, 1H, CH2N), 5.24 (s, 1H, CH), 6.65 (d, 3JHH = 9 Hz, 1H, Ar), 6.81 (d, 3JHH = 9 Hz, 2H, Ar). 13C NMR (75.4 MHz, DMSO-d6): 20.3, 25.8, 28.2, 35.8, 36.3, 51.4, 55.4, 111.6, 111.9, 116.3, 119.2, 123.4, 136.3, 147.5, 148.2, 150.5, 156.6, 194.6. m/z (%) = 388 (M+, 32), 371 (40), 342 (25), 313 (46), 251 (100), 205 (26), 149 (13). Anal. Calcd. for C19H20N2O5S (388.44): C, 58.75; H, 5.19; N, 7.21; O, 20.59; S, 8.25.
5-(2-methoxyphenyl)-4-nitro-1,2,5,7,8,9-hexahydro-6H-thiazolo[3,2-a]quinolinone (5i): Yellow solid; Yield: 0.273 g (76%); m.p. 196–198 °C. IR (KBr) (ῡmax/cm−1): 1627 (C=O), 1547 and 1375 (NO2), 1224 (C–N). 1H NMR (300 MHz, DMSO-d6): 1.62–1.74 (m, 1H, CH2), 1.84–1.92 (m, 1H, CH2), 2.13–2.18 (m, 2H, CH2), 2.53–2.63 (m, 1H, CH2), 2.70–2.79 (m, 1H, CH2), 3.27–3.32 (m, 2H, CH2S), 3.59 (s, 3H, OCH3), 4.06–4.16 (m, 1H, CH2N), 4.32–4.40 (m, 1H, CH2N), 5.15 (s, 1H, CH), 6.62–6.68 (m, 3H, Ar), 7.05 (t, 3JHH = 9 Hz, 1H, Ar). 13C NMR (75.4 MHz, DMSO-d6): 20.7, 26.4, 28.6, 36.3, 37.2, 51.8, 55.3, 111.6, 114.7, 116.5, 120.3, 123.5, 129.6, 145.5, 151.3, 157.5, 159.4, 195.0.

Computational studies
Molecular docking studies
The crystallographic structures of VEGFR-2 (PDB ID: 2OH4) were obtained from the RCSB Protein Data Bank. All preparations for protein docking were carried out using the Protein Preparation Wizard [33], which involved optimizing the protein structure and addressing any missing residues. The OPLS_2005 force field was employed to prepare the synthesized derivatives at a physiological pH of 7.0 ± 2 [34]. Molecular docking simulations were conducted using Schrödinger software [35], specifically utilizing the Glide module with standard accuracy and flexible ligand sampling. This approach generated grid boxes of 26 Å at each binding site and reported ten poses for each ligand. The two-dimensional (2D) and three-dimensional (3D) interactions were visualized using BIOVIA Discovery Studio [36].

MD simulations
MD simulations were conducted using Desmond software through the Schrödinger Maestro interface [37]. The results obtained from the MD simulations were consistent with those derived from the previous docking studies involving the complex. The simulation cell was configured as orthorhombic and was filled with water molecules according to the SPC (Simple Point Charge) model. Additionally, sufficient ions were added to neutralize the overall charge of the complex. The simulation duration was set to 100 ns, operating under the NPT (constant Number of particles, Pressure, and Temperature) ensemble framework. Throughout the simulation, the number of atoms remained constant, with pressure maintained at 1.01325 bar and temperature at 300 K. The default thermostat utilized was the Nose–Hoover chain method, with a coupling time constant of 1.0 picosecond, while the Martyna-Tobias-Klein method was employed as the default barostat, set to a coupling time constant of 2.0 picoseconds. The MD simulation results were analyzed using the Maestro simulation interaction diagram.

Evaluation of drug-likeness and in silico ADMET prediction
The methodology employed for assessing the drug-likeness and pharmacokinetic profiles of the synthesized thiazoloquinolinone derivatives (5a–l) involved the use of the SwissADME online platform. This approach facilitated the evaluation of several established drug-likeness criteria, including Lipinski’s Ro5, Veber’s Rule, Ghose’s Rule, and Egan’s Rule. These criteria were meticulously applied to ascertain the drug-likeness profiles of the synthesized derivatives. Additionally, in silico ADMET predictions were performed using the pkCSM platform to analyze the pharmacokinetic properties of the compounds. This comprehensive strategy provided valuable insights into the pharmacokinetic characteristics of the derivatives and their potential as promising drug candidates.
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