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Abstract

:

This study investigates the crystal structure, physicochemical properties, and pharmacokinetic profile of Ethyl 2-amino-6-methyl-4,5,6,7-tetrahydrothieno[2,3-c]pyridine-3-carboxylate (EAMT) as a potential therapeutic agent. The crystal structure was analyzed using Hirshfeld surface analysis in conjunction with the quantum theory of atoms in molecules (QT-AIM). Non-covalent interactions were evaluated through reduced-density gradient reduction, revealing that the EAMT crystal is stabilized by hydrogen bonds between EAMT molecules in the crystal and between EAMT molecules and water molecules. The molecular electrostatic nature of interactions was examined using MESP, while global and local descriptors were calculated to assess the compound’s reactivity. Molecular docking with the Adenosine A1 receptor was performed and validated through a 50 ns molecular dynamics simulation (MDS). Results suggest that EAMT influences protein structure, potentially stabilizing specific secondary structure elements. The compactness analysis showed a slightly more compact protein conformation and a marginally increased solvent exposure in the presence of the EAMT ligand, as indicated by Rg and SASA values. The total binding free energy (ΔG total) was determined to be −114.56 kcal/mol. ADMET predictions demonstrated EAMT’s compliance with Lipinski’s and Pfizer’s rule of five, indicating good oral availability. The compound may exhibit low-potency endocrine activity. In conclusion, EAMT presents potential as a therapeutic candidate, warranting further exploration of its molecular interactions, pharmacokinetics, and potential safety concerns.
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1. Introduction


Ethyl 2-amino-6-methyl-4,5,6,7-tetrahydrothieno[2,3-c]pyridine-3-carboxylate is a chemical compound that belongs to the class of tetrahydrothienopyridine derivatives, which are heterocyclic compounds containing a pyridine ring fused with a thieno ring (Figure 1A,B). This compound exhibits a structure featuring a tetrahydrothiophene ring fused with a thieno[2,3-c]pyridine ring, along with an ester functional group at the 3-carboxylate position. The synthesis and characterization of this compound have gained significant interest in recent years due to its diverse biological activities and potential applications in various fields. The investigated compound is a derivative of thieno[2,3-b]pyridine. The thieno[2,3-b]pyridine system and its derivatives hold great importance in medicinal chemistry and drug discovery. They have been shown to exhibit a wide range of pharmacological properties, including anti-rheumatoid arthritis [1], anti-inflammatory [2], antiviral [3], antioxidant [4], antiplatelet [5], antithrombotic [1], antitumor [6], and antimicrobial activities [1,7]. This makes them valuable candidates for the development of new therapeutic agents.



Drug discovery is a long and expensive process. One way to improve the efficiency of drug discovery is to use computational methods to study the molecular properties and interactions of potential drug candidates. In this study, we used a variety of computational methods to explore the molecular properties and interactions of a compound that has potential applications as a drug candidate. The methods that we used included molecular electrostatic potential (MESP) [8], non-covalent interaction–reduced-density gradient (NCI-RDG) analysis [8], chemical reactivity analysis, quantum theory of atoms in molecules (QT-AIM) [9], molecular docking, and ADMET prediction. MESP was used to identify regions of high electron density, NCI-RDG analysis was used to visualize and quantify non-covalent interactions, chemical reactivity analysis was used to evaluate chemical reactivity [9,10], QT-AIM was used to partition electron density, and ADMET prediction was used to predict ADMET properties. The results of this study provide insights into the molecular properties and interactions of this compound. These insights can be used to improve the design of new drug candidates.



Non-covalent interactions, such as hydrogen bonding, π-π stacking, and van der Waals forces, play an important role in determining the crystal packing and molecular recognition of organic materials. They help assemble molecules into ordered structures in the solid state through weak intermolecular attractions. A fundamental understanding of various non-covalent interactions involved in organic crystals can provide useful insights into their structure–property relationships [11,12,13].



Computational modeling techniques, such as density functional theory (DFT) calculations, have emerged as a powerful tool for characterizing non-covalent interactions in molecular crystals and capturing their strength at the electronic structure level. By computing the optimized geometries, interaction energies, and electron density distributions, DFT calculations can reveal the nature and magnitude of intermolecular forces that govern the crystal packing. Such information serves as a theoretical basis for the rational design of new molecules with desirable crystal structures and physical properties [14].



The aim of this study is to investigate the crystal and molecular structures of a compound using single-crystal X-ray diffraction and Hirshfeld surface analysis. It also explores the molecular properties and interactions of the compound using various computational methods, such as molecular electrostatic potential (MESP), non-covalent interaction–reduced-density gradient (NCI-RDG) analysis, chemical reactivity analysis, quantum theory of atoms in molecules (QT-AIM), and ADMET prediction. The results of this study provide useful insights for the rational design and development of potential drug candidates based on this compound.




2. Materials and Methods


2.1. Computational Details


2.1.1. Hirshfeld Surface Analysis


The Hirshfeld surface (HS) analysis [15,16] of EAMT was conducted to visualize the intermolecular interactions within the crystal structure of the compound. The Crystal Explorer 21 software [1], along with Olex2-1.5-alpha, was utilized for this analysis. The crystallographic information file (cif) of the compound was used as input for the Crystal Explorer program. The HS analysis provides insights into the spatial arrangement of the compound’s atoms in relation to the Hirshfeld surface, which is defined based on the relative van der Waals radii. The di (inside) and de (outside) values represent the distances from the nuclei to the Hirshfeld surface. In the HS map generated over dnorm, the white surface indicates contacts with distances equal to the sum of van der Waals radii, while the red and blue colors represent distances shorter or longer than the van der Waals radii [17]. This analysis helps in identifying and visualizing the nature and strength of intermolecular interactions, such as hydrogen bonding, van der Waals contacts, and other non-covalent interactions, within the crystal lattice of the title compound.




2.1.2. Density Functional Theory (DFT)


Density functional theory (DFT) [18,19] computations for compound EAMT were carried out using the Gaussian 09 software package [20]. Input geometries for DFT calculations were sourced from crystallographic information files, which originated from experimental single-crystal X-ray data that were reported [21] through GaussView 6.0 [22], and output files were analyzed using Multiwfn [23], VMD version 1.9.4a53 program [24], AIM-All Professional [25], CrystalExplorer [26], and Olex2-1.5-alpha programs [27]. EAMT’s molecular geometry was optimized at the B3LYP/6-311G(d,p) level of theory, referencing experimental single-crystal X-ray diffraction (SC-XRD) data. Frontier molecular orbital (FMO) and molecular electrostatic potential (MEP) [28] calculations were conducted at the TD-DFT/B3LYP/6-311G(d,p) level of theory [29]. Hirshfeld surface (HS) analysis [30] and quantum theory of atoms in molecules (QT-AIM) analysis [31] were employed to identify and examine non-covalent interactions within the crystal structure. Global reactivity parameters such as global electrophilicity index (ω), electron affinity (EA), ionization potential (IP), electronegativity (X), global softness (S), global hardness (η), and chemical potential (μ) were determined from the HOMO-LUMO energies [32]. Additionally, local descriptors such as Fukui functions and local softness were calculated to pinpoint the molecule’s most reactive sites. These parameters can aid in evaluating a molecule’s stability, reactivity, selectivity, biological activity, and optoelectronic applications.





2.2. Molecular Docking


The crystal structure of the adenosine A1 receptor (PDB ID: 5UEN) was obtained from the Protein Data Bank (PDB). In this study, the molecular docking software MOE 2015 was used to analyze the binding of the ligand EAMT to the receptor. First, the ligand structure was optimized using the MMFF94x force field. The protonation states of the structure were defined, and partial charges were assigned using the MOE 2015 model. Next, water molecules and metal ions were removed from the protein PDB file. Any missing side chains and residues were corrected, and protein energies were minimized using the Amber10 forcefield. The resulting clusters were saved in MDB format. The best cluster was then selected based on the scoring energy, ligand interaction with key residues, and orientation of the ligand [33,34].




2.3. The Molecular Dynamics Simulation (MDS)


The method for the molecular dynamics simulation (MDS) of EAMT with the adenosine A1 receptor (PDB: 5UEN) was based on established protocols from my previous studies [35,36]. The study involved selecting a suitable force field, generating and minimizing the initial protein–ligand complex structure, and conducting equilibration and production simulations over a 50 ns timescale. Parameters such as RMSD, RMSF, Rg, and SASA were analyzed to assess the protein–ligand system’s behavior and conformational changes.




2.4. The Binding Free Energy Calculations


The binding free energy calculations of EAMT with the adenosine A1 receptor (PDB: 5UEN) were performed using the molecular mechanics Poisson–Boltzmann surface area (MM-PBSA) method. This approach was also based on the established protocols from our previous studies [35,36]. The MM-PBSA calculations provided insights into the protein–ligand interactions and binding affinities, complementing the conformational and dynamic analysis obtained from the MDS.




2.5. ADMET Prediction


The admetSAR2.0 web server is used for the prediction of various physical and chemical properties of molecules as well as to predict their ecological and biological effects based on their SMILES formulas and quantitative structure–activity relationship (QSAR) models. It contains several highly accurate models for forecasting the environmental impact of chemicals. Three of these models relate to aquatic toxicity and were utilized in this study. There are two models that provide binary predictions: the fish aquatic toxicity (FAQ) model (84% accuracy) and the crustacean toxicity (CT) model (77% accuracy). These models determine the probabilities that the investigated chemicals will or will not lead to FAQ and CT. There is also a regression model for Tetrahymena pyriformis toxicity (TPT) (R2 = 0.822) which can estimate TPT expressed as pIGC50, defined as -logIGC50, where IGC50 represents the concentration of a chemical that inhibits 50% growth of the Tetrahymena pyriformis population measured in μg/L [37].



On the ADMETLab2.0 platform, SMILES name is used as input data, and by leveraging quantitative structure–property relationship (QSPR) models, the following aquatic toxicity information is accurately determined: (i) the 48 h Tetrahymena pyriformis IGC50 value (the concentration of the chemical substance in water that causes a 50% growth inhibition of Tetrahymena pyriformis organisms after 48 h), with an R2 of 0.86; (ii) the 96 h fathead minnow LC50 value (LC50FM, representing the concentration of the chemical substance in water that leads to the death of 50% of fathead minnows after 96 h, R2 = 0.66); and (iii) the 48 h Daphnia magna LC50 value (LC50DM, indicating the concentration of the chemical substance in water that results in the death of 50% of Daphnia magna after 48 h, R2 = 0.91). These predictions are frequently used to evaluate aquatic toxicity endpoints. Additionally, the ADMETLab2.0 software calculates the logarithm of aqueous solubility (logS) in log mol/L using a regression model with an R2 of 0.871 [38].





3. Results and Discussion


3.1. Exploration of the Crystal Structure of Investigated Compound


Ethyl 2-amino-6-methyl-4,5,6,7-tetrahydrothieno[2,3-c]pyridine-3-carboxylate (EAMT) (Figure 1) has been previously synthesized and comprehensively detailed in reference [21]. The investigated compound was characterized using single-crystal X-ray diffraction (SC-XRD), which allowed the determination of its crystal structure. Detailed inspection of the molecular configuration and crystal packing was performed. Experimental details related to SC-XRD are provided in Table 1, while Table 2 presents a comparison of selected bond lengths and bond angles determined by the SC-XRD and DFT (density functional theory) studies of both compounds.



The crystal structure of EAMT with an empirical formula of C11H18N2O3S and a formula weight of 258.34 g/mol was determined in the monoclinic crystal system with space group P21/c. This means that the crystal has a monoclinic lattice and a glide plane as the symmetry element. The non-orthorhombic unit cell dimensions are a = 9.5640 (5) Å, b = 11.5013 (5) Å, c = 12.0578 (6) Å, α = 90°, β = 92.678 (2)°, and γ = 90°. The calculated density of 1.295 g/cm3 seems reasonable for an organic compound, and the crystal contains four molecules in the unit cell (Z = 4), indicating close packing. The low absorption coefficient (μ = 0.243 mm−1) suggests low absorption for Mo Kα radiation used, which is beneficial for X-ray crystallography. The F(000) value of 552 indicates the presence of four molecules in the asymmetric unit. The crystal size of 0.451 × 0.378 × 0.354 mm3 appears adequate to collect the X-ray data. A total of 21,895 reflections were collected, out of which 4044 were independent reflections with Rint = 0.0430, indicating good data quality. The final R1 and wR2 values and the goodness of fit showing reasonable agreement between the observed and calculated structure factors suggest a good quality model for the crystal structure. The maximum positive and negative residual electron density values of 0.37 and −0.30 e Å−3 confirm the reliability of the model.



Molecular geometry: The EAMT molecule features a tetrahydrothieno[2,3-c]pyridine core with an ethyl carboxylate substituent. The molecule exhibits a combination of sp2 and sp3 hybridized carbon atoms, which contribute to the overall geometry and conformation of the molecule. The three crystalline water molecules interact with the organic molecule through hydrogen bonding, affecting the molecule’s overall structure in the crystal lattice.



Crystal packing: The three crystalline water molecules play a crucial role in the crystal packing of the EAMT compound. These water molecules form an extensive hydrogen bonding network with the organic molecule, leading to a stable crystal structure. The interactions between the organic molecule and the water molecules create a tight network that stabilizes the crystal lattice and affects the overall packing of the molecules in the crystal. The crystal packing is further influenced by van der Waals forces and other weaker intermolecular interactions.



The crystal packing is stabilized by intermolecular interactions such as hydrogen bonding (N2—H2N2···O1W, N2—H1N2···O1, C4—H4A···O2, C6—H6B···O1W, O1W—H2OW···O1, and O1W—H1OW···N1), as well as van der Waals forces, which result in a three-dimensional network in the crystal lattice (Figure 2 and Figure 3 and Table 3). The crystal structure exhibits a density of 1.334 g/cm3, and the calculated absorption coefficient is 0.092 mm−1 for the measured wavelength of 0.71073 Å. The crystal structure determination provides valuable information about the molecular arrangement and conformation of EAMT in the solid state.



The results collected through XRD are compared to the geometries produced from DFT. The average mean absolute errors (MAEs) and the mean signed errors (MSEs) for bond lengths and angles are presented in Table 2 [39]. The MAE and MSE values for bond lengths are less than 0.04264 and 0.0031 Å, respectively, which is considered satisfactory considering that the average actual bond length is 1.4657 Å. This suggests that the B3LYP method is able to accurately predict bond lengths for the investigated compound. Similarly, the MAE and MSE values for bond angles are below 3.4131 and 16.020 degrees, respectively. Since the average real bond angle is 115.667 degrees, these MAE and MSE values are also considered acceptable. This indicates that the B3LYP method is reasonably accurate in predicting bond angles for the investigated compound. Overall, these results suggest that the B3LYP method is reliable and can provide reasonably accurate predictions of bond lengths and bond angles for the compound under investigation.




3.2. Hirshfeld Surface Analysis


The Hirshfeld surface analysis (HS) of the investigated compound provides insights into the intermolecular interactions present in the crystal structure. The HS mapped over the dnorm surface (Figure 4A,B,D) shows bright red spots indicating the presence of strong intermolecular interactions. The brightest red spots correspond to the N—H···O and O—H···O hydrogen bonds in the structure. The large green patches on the HS mapped over the curvedness (Figure 4C) surface indicate the presence of closer C···C contacts or π···π stacking interactions between the rings.



The shape-index surfaces of EAMT show some useful features: The presence of red and blue triangle pairs at certain points on the surface indicates weak C-H···π interactions. These interactions are represented by 12.4% H···C/C···H contacts in the 2D fingerprint plot. Green patches on the curvedness mapped surfaces represent flat areas, which signify the presence of C—C interconnects or π-π stacking interactions between neighboring molecules. Though the C—C contacts contribute only 0.6% to the total surface area, the shape-index surfaces highlight their role in stabilizing the packing. The distribution of red, blue, and green features on the shape-index surfaces suggests that the crystal packing is influenced by a combination of C-H···π interactions, C—C interconnects, and π-π stacking. No isolated clusters are observed, indicating good connectivity between the molecules. Bright red spots on the dnorm mapped HS surfaces correspond to strong hydrogen bonds such as O1W—H2OW···O1 and O1W—H1OW···N1. The shape-index surfaces provide useful insights into the role of these hydrogen bonds in linking the molecules together. The shape-index surfaces reveal that while the major intermolecular interactions are confined to certain regions of the surface, they collectively contribute to the cohesion and connectivity within the crystal lattice. Localized features on the surface collectively signify the 3D intermolecular contacts and packing effects.



The curvedness map shows large green patches at certain points, which represent flat areas on the surface. These flat regions signify strong π-π stacking interactions or C—C interconnects between neighboring molecules. Though C—C contacts contribute only 0.6% to the total surface area, the flat areas highlighted on the curvedness map highlight their important role in stabilizing the crystal structure. The distribution of green patches suggests that π-π stacking and C—C interconnects are localized to certain regions of the surface but collectively influence the cohesion and connectivity within the crystal. The flat areas mark regions of close contact between aromatic rings and reinforce the packing. In contrast, the remaining surface area shows varied curvature, indicating the presence of bent or corrugated parts on the surface. The curved regions contain features such as red and blue triangle pairs (C—H···π interactions), bright red spots (hydrogen bonds), and surface roughness, signifying the complex intermolecular contacts and close packing of molecules. Relatively large flat areas adjacent to curved regions suggest that π-π stacking/C—C contacts co-exist with C—H···π interactions and hydrogen bonds. Together, these diverse interactions complement each other to stabilize the crystal packing. The interplay of flat and curved regions on the curvedness map highlights the cumulative effect of multiple intermolecular interactions such as hydrogen bonds, C—H···π contacts, and π-π stacking in linking the molecules cohesively in the crystal. No single interaction dominates, emphasizing the importance of collective contribution.



The 2D fingerprint plots (di vs. de) (Figure 5 A–H) of EAMT provide useful information about the important intermolecular contacts in the crystal: A large proportion of points on the plot corresponds to H···H (57.5%) contacts (Figure 6), indicating the prominence of hydrophobic interactions in the crystal packing (Figure 3) [40]. These contacts are represented by relatively strong interactions between the H atoms of neighboring methyl and amino groups. Points corresponding to H···C/C···H (12.4%) signify weak C-H···π contacts between aromatic rings and adjacent hydrogen atoms. These interactions are observed as red and blue triangle pairs on the shape-index surfaces and contribute to pi-pi stacking between molecules. H···O/O···H (12.2%) points represent moderate O-H···O and O-H···N hydrogen bonds formed by water (O1W) and amino group (N2-H1···N2, N2-H2···N2) donors with carbonyl (O1) and amino nitrogen (N1) acceptors (Figure 3). The strongest of these bonds are mapped as the brightest red spots on the dnorm surface. A small proportion of points corresponds to H···S/S···H (12.2%) signifying weak H-S···H contacts between thienyl rings, O···C/C···O (1.2%) representing O=C···π contacts and H···N/N···H (3.7%) denoting H-N···H contacts. An almost negligible proportion of points in the 0 < di < 0.5 and 1.5 < de < 1.8 region correspond to C···C (0.6%) and O···O (0.1%) contacts, indicating their minor contribution to the overall interactions. The overall HS analysis reveals that the crystal structure is dominated by strong H···H, H···C/C···H, and H...O/O··· H intermolecular interactions along with substantial van der Waals contacts. The presence of N—H···O and O—H···N hydrogen bonds and evidence of π...π stacking interactions provides further stability to the crystal packing.




3.3. The Quantum Theory of Atoms in Molecules (QT-AIM)


In this study, the intermolecular and intramolecular bonds in three EAMT molecules (1–32, 33–64, and 74–104) and three crystalline water molecules (65–67, 68–70, and 71–73) are analyzed using the QTAIM approach. The strength and nature of hydrogen bonds and other interactions present in these molecules can be characterized based on the bond critical points (BCPs) and their associated topological parameters.



The hydrogen bonds are discussed first. From the BCPs, the hydrogen bonds can be categorized according to the following criteria: The strong or extremely strong hydrogen bonds are identified by the conditions ∇2ρ(r) < 0 and H(r) < 0, moderate hydrogen bonds by ∇2ρ(r) > 0 and H(r) < 0, and weak hydrogen bonds by ∇2ρ(r) > 0 and H(r) > 0. Additionally, the |V(r)|/G(r) ratio is used to classify the type of bonding in three regions: closed-shell interaction (|V(r)|/G(r) < 1), intermediate (1 < |V(r)|/G(r) < 2), and shared-shell interaction (|V(r)|/G(r) > 2). Considering the given BCPs [41,42,43,44], the following hydrogen bonds can be identified:




	
Intramolecular bonds: Bond critical points (BCPs) 2 (O3-H32), 98 (O77-H105), and 43 (O35-H64) represent N-H bonds exhibiting hydrogen bonding characteristics. These bonds have ∇2ρ(r) > 0 and H(r) < 0, indicating moderate hydrogen bonds. BCPs 10 (O2-H17), 44 (O34-H49), and 107 (O76-H90) represent weak hydrogen bonds with ∇2ρ(r) > 0 and H(r) > 0, as well as |V(r)|/G(r) < 1, suggesting closed-shell interactions (van der Waals interactions).



	
Intermolecular bonds: BCPs 28, 80 (O35-H66), 85 (H63-O68), 88 (O3-H72), 90 (N36-H73), 94 (H70-N74), and 98 (O77-H105) represent O-H...O and O-H...N hydrogen bonds with ∇2ρ(r) > 0 and H(r) < 0, indicating moderate hydrogen bonds, as well as |V(r)|/G(r) > 1, suggesting intermediate shell interactions. BCPs 3 (O2-C39), 22 (H18-O35), 40 (H27-S33), 63 (O3-H50), 72 (C10-H59), 73 (H59-O65), 83 (H28-O68), 89 (H27-O71), 107 (O76-H90), 116 (N37-H98), 127 (C44-H101), and 133 (C7-C40) represent weak hydrogen bonds with ∇2ρ(r) > 0 and H(r) > 0, as well as |V(r)|/G(r) < 1, indicating closed-shell interactions (van der Waals interactions). BCPs 75 (S1-H60), 84 (S33-O68), 100 (S33-H91), and 112 (S33-H94) represent S-H interactions with closed-shell characteristics, as |V(r)|/G(r) < 1 in both cases.



	
Molecular properties and stability: The intramolecular hydrogen bonds in EAMT (e.g., BCP 10 and BCP 44) contribute to the stability of the molecular structure. These hydrogen bonds can increase the rigidity of the molecule, which can lead to a higher melting point and reduced conformational flexibility. This may be important in applications where stability under various conditions is crucial. Furthermore, the presence of sulfur atoms in the EAMT structure introduces additional weak interactions (e.g., BCP 34 and BCP 40), which can influence molecular properties, such as the dipole moment and polarizability. These properties can affect how the molecule interacts with other molecules or solvents, impacting solubility, chemical reactivity, and even biological activity.








The results of the topological analysis of hydrogen bonds are in agreement with the results of single-crystal X-ray diffraction, as presented in Table 4 and Figure 7.




3.4. Analysis of Non-Covalent Interactions through Reduced-Density Gradient Reduction


The reduced-density gradient (RDG) analysis serves as a technique for investigating repulsive and non-covalent interactions (NCIs) in real space, employing molecular geometry and visual representation. Interaction characteristics and intensity are conveyed through color coding: red signifies potent repulsion, blue represents strong attraction, green denotes van der Waals (VDW) forces, and a blend of colors indicates mixed interactions [45]. The 3D isosurface maps and the RDG scatter plots for the dimers of EAMT with a water atom crystal are shown in Figure 8A,B [45]. The NCI-RDG isosurface map revealed blue regions between the EAMT atoms and water atoms in their crystal. These regions were found between the following pairs of atoms: (H63-O68), (H66-O35), (H67-N4), and (N74-H70), which were due to intermolecular hydrogen bonds 1. The blue regions in the (H105-O77), (H64-O35), and (H32-O3) were due to intramolecular hydrogen bonds [45,46,47]. In the midst of aromatic rings, red areas signify steric repulsion effects [45]. The low- and high-density peaks displayed in the RDG scatter plot reveal the intensity of weak interactions, as seen in Figure 8C. The RDG versus sign(λ2)ρ value was determined using a contour value of 0.5 a.u. and an isosurface value range from −0.05 to 0.05 a.u. (deep blue to deep red). Positive sign(λ2)ρ values were associated with steric effects, negative values with hydrogen bonding interactions, and values near zero with VDW effects [45].




3.5. Molecular Electrostatic Nature of Interactions—MESP


The molecular electrostatic potential (MESP) is a computational tool that provides information about the electron density or potential within a molecule, which can shed light on the electrostatic nature of interactions. In the case of EAMT, the MESP results reveal specific regions of electron density or potential, represented by red and blue areas, and their implications for the chemical reactivity of the molecule (Figure 9). The carbonyl group in the molecule exhibits a red area in the MESP plot with a MESP value of −1.377 eV, indicating a region of high electron density or negative potential. This suggests that the carbonyl group is electron-rich and likely to act as a nucleophile, donating electrons to electron-deficient species in chemical reactions. In the secondary amine of the tetrahydrothieno[2,3-c]pyridine ring, a red area is observed in the MESP plot with a MESP value of −1.1034 eV, indicating a region of high electron density or negative potential. This suggests that the secondary amine is also electron-rich and capable of acting as a nucleophile in chemical reactions. On the other hand, the amine group in the molecule shows a blue spot in the MESP plot with a MESP value of −1.115 eV, indicating a region of low electron density or positive potential. This suggests that the amine group is electron-deficient and likely to undergo electrophilic reactions, accepting electrons from electron-rich species. These MESP results provide insights into the chemical reactivity of EAMT. The carbonyl group and secondary amine, which exhibit red areas in the MESP plot, are likely to act as nucleophiles due to their electron-rich nature. On the other hand, the amine group, which shows a blue spot in the MESP plot, is prone to electrophilic reactions due to its electron-deficient nature.



3.5.1. Global Descriptors


The global descriptors of the testing compound, EAMT, provide valuable insights into its electronic properties and reactivity (Table 5) [48,49]. The EHOMO(N) value of −5.6034 indicates the energy level of the highest occupied molecular orbital for the neutral species, while the EHOMO(N + 1) value of 2.0647 represents the energy level of the highest occupied molecular orbital for the cationic species obtained by adding one electron. On the other hand, the EHOMO(N − 1) value of −9.9081 represents the energy level of the highest occupied molecular orbital for the anionic species obtained by removing one electron. The vertical IP value of 7.181 indicates the energy required to remove an electron from the highest occupied molecular orbital, while the vertical EA value of −0.5557 represents the energy change associated with adding an electron to the lowest unoccupied molecular orbital. The softness (S) value of 0.1293 reflects the compound’s ability to undergo charge transfer interactions, with lower values indicating a higher softness and higher reactivity. The chemical potential (μ) and Mulliken electronegativity (χ) values of −3.3126 suggest that the compound has a tendency to undergo changes in electron density and attract electrons. The hardness (=fundamental gap) (η) value of 7.737 represents the compound’s resistance to changes in electron density, with higher values indicating a higher hardness and lower reactivity. The electrophilicity index (ω) [50] value of 0.709 indicates the compound’s ability to act as an electrophile or electron-accepting species, with higher values suggesting a higher electrophilic nature. The nucleophilicity index (N) [51] value of 3.718 represents the compound’s ability to act as a nucleophile or electron-donating species, with higher values indicating a higher nucleophilic nature. The electron-accepting power (ω+) value of 0.246 indicates the compound’s ability to accept electrons or electron density, while the electron-donating power (ω−) value of 3.558 represents the compound’s ability to donate electrons or electron density. The maximum amount of electronic charge that can be transferred in a charge transfer interaction is reflected by the ΔNmax value of 0.428. The net electrophilicity (Δω) value of 3.804 represents the overall tendency of the compound to act as an electrophile or a nucleophile, with positive values indicating a net electrophilic character [52,53].




3.5.2. Local Descriptors


From the local reactivity descriptors (Table 6), the electrophilic condensed Fukui functions (f-) show that C6 (0.1124), C7 (0.0476), S16 (0.1564), and O29 (0.1141) have the highest values. This indicates that these atoms can accept electrons easily and are most susceptible to nucleophilic attack. The nucleophilic condensed Fukui functions (f+) show that N17 (0.07) has the lowest value. This means N17 can donate electrons most easily. The condensed dual descriptor (CDD) shows that C6 (0.0614), C7 (−0.0188), S16 (0.0542), and O29 (0.0609) gain the most electron density while N11 (−0.0376) loses the most electron density. This indicates that C6, C7, S16, and O29 are the most electrophilic sites, whereas N11 is the most nucleophilic site. The electrophilicity index shows that C6 (0.05288), C7 (0.0224), S16 (0.07359), and O29 (0.05367) have the highest values. This means these atoms have the highest tendency to accept electrons. The nucleophilicity index shows that N17 (0.03292) has the highest value. This indicates that N17 has the highest tendency to donate electrons. The molecule has an amide, ester, thiophene, and piperidine ring. The electrophilic sites are located at the carbonyl C6, C7, and O29 atoms of the amide and ester groups as well as the S16 atom of the thiophene ring. The nucleophilic site is located at the N17 atom of the piperidine ring. In summary, the molecule has the most electrophilic sites at C6, C7, S16, and O29 with values of 0.1124, 0.0476, 0.1564, and 0.1141, respectively, as well as the most nucleophilic site at N17 with a value of 0.07. The electrophilic sites are most susceptible to nucleophilic attack, whereas the nucleophilic site can participate in electron donation the most. The reactivity is consistent with the functional groups present in the molecule. Furthermore, the N17 atom exhibits significant nucleophilic properties due to its ability to donate electrons, its location in the piperidine ring, and its structural features. It can participate in a variety of nucleophilic reactions and interactions. Its reactivity is consistent with it being the most nucleophilic site in the molecule based on the local reactivity descriptors. In terms of antioxidant reactivity prediction, the electrophilic reactivity is determined by the values of atoms’ f+ (f+ > 0), CDD (CDD > 0), and electrophilic Parr functions (electrophilic Parr functions > 0). In this molecule, the following atoms exhibit higher electrophilic reactivity: C6, C7, N11, C20, O21, C22, H23, H24, H26, H27, H30, H31, H34, and H35. These atoms are likely to act as electron acceptors or reactive sites toward electron-rich species, indicating their potential antioxidant activity by scavenging free radicals or other reactive species. The nucleophilic reactivity is determined by the values of atoms’ f− (f− > 0), CDD (CDD < 0), and nucleophilic Parr functions (nucleophilic Parr functions > 0). In this molecule, the following atoms exhibit higher nucleophilic reactivity: C1, C2, C3, C4, C5, H8, H9, H10, H13, H14, H15, H18, H19, H22, H23, H24, H25, H26, H27, H30, H31, H34, H35, and S16. These atoms are likely to act as electron donors or reactive sites toward electron-poor species, indicating their potential antioxidant activity by donating electrons or neutralizing reactive species. Local reactivity descriptors: The values of f0, which represents the net electrophilic/nucleophilic reactivity, are generally positive for most atoms in the molecule, indicating their overall electrophilic nature. However, some atoms such as N11, O21, and C25 have negative f0 values, indicating their nucleophilic nature. The values of f− (softness) and f+ (hardness) indicate polarizability and resistance to the polarization of the atoms, respectively. Higher f- values indicate higher polarizability, which suggests higher nucleophilic reactivity, while higher f+ values indicate lower polarizability, which suggests higher electrophilic reactivity. Other descriptors: The values of CDD (charge transfer) indicate the ability of an atom to transfer charge, with positive values indicating electron-donating ability and negative values indicating electron-accepting ability. Positive values of electrophilic and nucleophilic Parr functions indicate higher electrophilic and nucleophilic reactivity, respectively, while negative values indicate lower reactivity.





3.6. Molecular Docking


The molecular docking simulation of EAMT with the active site of the adenosine A1 receptor (PDB ID: 5UEN) identified some key intermolecular interactions that are critical for EAMT binding and biological activity (Figure 10A–C, Table 7). Consistent with a previous report, this study demonstrated that EAMT interacts with this receptor [54].



Table 7 shows the interactions of EAMT with amino acid residues of the adenosine A1 receptor (PDB: 5UEN) using the MOE docking software. The protein surface is shown as a hydropathy plot, with yellow representing hydrophobic, blue representing polar, and red representing exposed amino acids. The ligand is highlighted in green, and the active site is marked with a black square. The 3D and 2D ligand interaction diagrams show how EAMT interacts with the amino acid residues in the active site of the adenosine A1 receptor.



The carbon atom C9 of the ligand formed a hydrogen bond interaction with the sulfide group of the MET 180 residue with a distance of 3.88 Å. The MET 180, ASN 254, and LEU 250 residues are parts of the binding site forming hydrophobic interactions. The pi-pi stacking interaction was observed between the phenyl ring of the ligand and the PHE 171 residue.



The two methionine residues MET 180 formed hydrogen bonding with the C9 and C13 atoms of the ligand. MET 180 is a critical residue for ligand binding in this receptor. The ASN 254 residue formed a hydrogen bond through its OD1 atom with the S20 atom of the ligand at a distance of 3.45 Å. The LEU 250 residue showed a pi-H interaction with a 5-membered ring of the ligand. These residues stabilize the ligand into the binding pocket.



The pi-pi stacking between the phenyl ring of the ligand and PHE 171 provides a strong interaction which is helpful for the ligand to hold tightly onto the active site. The hydrophobic interactions between the 5-membered and 6-membered rings of the ligand with the binding site provide additional stabilization of the ligand (Figure 10).



The identified interactions showed that the methyl groups, thiophene ring, and 5-membered ring of the ligand may be important for its biological activity by interacting with the crucial residues MET 180, ASN 254, LEU 250, and PHE 171 of the active site. The ligand matched well with the shape of the binding pocket and formed strong interactions which reveal its significant binding affinity toward the Adenosine A1 receptor. The interacting residues and their role in ligand stabilization provide an insight into the mechanism of its action as an agonist for the Adenosine A1 receptor.




3.7. The Molecular Dynamics Simulation (MDS)


In the MD simulation of EAMT with the adenosine A1 receptor (PDB: 5UEN), RMSD values for different scenarios were provided over a 50 ns simulation. A brief discussion of the results is as follows.



3.7.1. The Root-Mean-Square Deviation (RMSD)


For the whole protein: The average RMSD value for the entire protein was found to be 3.694 Å with a standard deviation (STDEV) of 0.843 Å. This value represents the overall structural changes in the protein during the simulation (Figure 11A).



Protein–EAMT (Pro-EAMT): The average RMSD values for different secondary structure elements (helix, coil, and turn) were calculated, considering the protein–EAMT complex. These values provided insight into how the presence of the EAMT ligand affected the conformation of specific secondary structure components of the protein (Figure 11A).



Helix: The average RMSD values for helical regions in the protein were 3.497 Å (Pro) and 2.523 Å (Pro-EAMT) with STDEVs of 0.789 Å and 0.483 Å, respectively. This suggested that the helical regions were more stable in the presence of the EAMT ligand (Figure 11B).



Coil: The average RMSD values for coil regions were 3.497 Å (Pro) and 4.095 Å (Protein) with STDEVs of 0.789 Å and 1.286 Å, respectively. In this case, the coil regions showed larger deviations in the presence of EAMT, indicating that these regions might have been more flexible or experienced conformational changes due to ligand binding (Figure 11C).



Turn: The average RMSD values for turns were 3.785 Å (Pro) and 2.997 Å (Pro-EAMT) with STDEVs of 0.834 Å and 0.412 Å, respectively. Similar to the helical regions, the turn regions appeared to be more stable in the presence of the EAMT ligand (Figure 11D).




3.7.2. Root-Mean-Square Fluctuation (RMSF)


RMSF was used as a measure of the average atomic displacement over the course of an MD simulation. It was useful for analyzing the flexibility and conformational changes of different regions within a protein. In the 50 ns MD simulation of EAMT with the adenosine A1 receptor (PDB: 5UEN), RMSF values were provided for various regions of the protein, with and without the EAMT ligand (Figure 12). The results are discussed based on the given data.



The extracellular domain (ECD) and part of the transmembrane domain (TMD) (1–211): The average RMSF values for this region were 1.319 Å (Pro) and 1.285 Å (Pro-EAMT), with STDEVs of 0.572 Å and 0.856 Å, respectively. The presence of the EAMT ligand slightly decreased the average RMSF, suggesting that this region was slightly more stable or experienced reduced flexibility when the ligand was bound.



The bRIL fusion protein (1001–1106): The average RMSF values were 1.611 Å (Pro) and 1.386 Å (Pro-EAMT), with STDEVs of 0.655 Å and 0.468 Å, respectively. The presence of the EAMT ligand resulted in a larger decrease in the average RMSF for the bRIL fusion protein, indicating that this region experienced reduced flexibility or increased stability upon ligand binding.



The remaining part of the transmembrane domain (TMD) and intracellular domain (ICD) (221–317): The average RMSF values were 2.090 Å (Pro) and 1.999 Å (Pro-EAMT), with STDEVs of 1.928 Å and 1.339 Å, respectively. Similar to the first region, the presence of the EAMT ligand slightly decreased the average RMSF, suggesting that this region was slightly more stable or exhibited reduced flexibility when the ligand was bound.




3.7.3. The Compactness


The compactness of a protein structure in a molecular dynamics simulation was assessed using parameters such as the radius of gyration (Rg) and solvent-accessible surface area (SASA). In the 50 ns MD simulation of EAMT with the adenosine A1 receptor (PDB: 5UEN), Rg and SASA values were provided for the protein with and without the EAMT ligand. The results are discussed based on the given data.



Radius of Gyration (Rg)


Rg was a measure of the protein’s overall shape and size (Figure 13), with larger Rg values indicating more extended conformations and smaller Rg values representing more compact structures. The average Rg values were 28.450 Å (Pro) and 28.391 Å (Pro-EAMT), with STDEVs of 0.191 Å and 0.190 Å, respectively. The presence of the EAMT ligand resulted in a slightly smaller Rg value, suggesting a marginally more compact conformation for the protein–ligand complex.




Solvent-Accessible Surface Area (SASA)


SASA quantified the surface area of a protein that was accessible to solvent molecules (Figure 14). The average SASA values were 22.187 Å2 (Pro) and 22.400 Å2 (Pro-EAMT), with STDEVs of 0.248 Å2 and 0.311 Å2, respectively. The presence of the EAMT ligand led to a slightly larger SASA, which could indicate a minor increase in the exposure of the protein’s surface to the solvent. This might have resulted from conformational changes upon ligand binding.






3.8. The Binding Free Energy Calculations


The interaction between EAMT and the adenosine A1 receptor (PDB: 5UEN) was analyzed using MMPBSA calculations. Based on the results, the energy components and their contributions to the binding free energy (ΔG) can be interpreted as follows.



The gas-phase energy (ΔG gas) is mainly composed of bonded (BOND, ANGLE, DIHED, UB, IMP) and non-bonded interactions, including van der Waals (VDWAALS) and electrostatic interactions (EEL). A total gas-phase energy of −145.98 kcal/mol is contributed, with a standard deviation of 8.97 kcal/mol and a standard error of the mean (SEM) of 0.7697 kcal/mol.



The solvation energy (ΔG solv) is derived from polar solvation (EGB) and nonpolar solvation (ESURF) contributions. A ΔG solv of 31.43 kcal/mol is calculated, with a standard deviation of 8.5187 kcal/mol and an SEM of 0.58 kcal/mol.



The total binding free energy (ΔG total) is obtained by summing the gas-phase energy and solvation energy, yielding −114.56 kcal/mol. The standard deviation and SEM for ΔG total are 5.49 kcal/mol and 0.39 kcal/mol, respectively.




3.9. Drug-likeness


Based on the physicochemical property results, the compound Ethyl 2-amino-6-methyl-4,5,6,7-tetrahydrothieno[2,3-c]pyridine-3-carboxylate showed good drug-likeness. It obeyed all the criteria of both Lipinski’s rule of five and Pfizer’s rule of five, suggesting good to excellent oral availability, permeability, and solubility. Specifically, it has a molecular weight of 240.09 Da, four hydrogen bond donors, two hydrogen bond acceptors, a logP of 2.484, and a polar surface area of 55.56 Å2. All these properties fall within the acceptable range of Lipinski’s rule of five and Pfizer’s rule of five. In conclusion, the compound Ethyl 2-amino-6-methyl-4,5,6,7-tetrahydrothieno[2,3-c]pyridine-3-carboxylate demonstrated promising drug-likeness and medicinal chemistry friendliness based on its physicochemical properties and by applying the commonly used drug-likeness rules (Table 8).




3.10. ADMET Prediction


Based on the ADMET prediction, the compound EAMT seems to have a good pharmacokinetic profile. It is predicted to have good human intestinal absorption (0.9741) and good oral bioavailability (0.975), indicating that it may be well absorbed when administered orally. It is not expected to cross the blood–brain barrier readily (0.8366) and may not distribute into the central nervous system (CNS). It is not expected to act as a substrate or inhibitor of major cytochrome P450 (CYP) enzymes and transporters, except CYP2C9, where it may act as a substrate (0.5192) and inhibitor (0.9483). It is not expected to inhibit most of the major CYPs at clinically relevant concentrations. The compound is predicted to be non-mutagenic (Ames −0.5877) and non-carcinogenic (0 and 0.94) and have low potential for organ toxicities, except possible hepatotoxicity (0.64) and nephrotoxicity (0.95). The compound may have endocrine activity and can bind to estrogen (0.388), thyroid (0.5238), and aromatase receptors (0.7105) but with low potency. The compound is predicted to be stable for biodegradation (0.9611) but may be toxic to aquatic organisms such as crustaceans (0.525) and fish (0.73) (Table 9).





4. Conclusions


The potential of EAMT as a promising drug candidate is supported by the evidence obtained from computational studies. The molecule’s well-balanced distribution of negative and positive potential regions, as revealed by the molecular electrostatic potential (MESP) analysis, suggests its ability to interact with biological targets. The potential of the compound to form stable intermolecular interactions with protein targets, as suggested by the non-covalent interaction–reduced-density gradient analysis, is a desirable property in drug design. The moderate reactivity of the molecule toward electrophilic and nucleophilic attacks, as predicted by the global and local chemical reactivity descriptors, indicates its potential to undergo metabolic transformations. The presence of significant non-covalent interactions in the compound, particularly hydrogen bonding and π-stacking interactions, as revealed by the quantum theory of atoms in molecules (QT-AIM) calculations, is crucial for the compound’s binding to the biological target and its overall pharmacological activity. A bond critical point (BCP) analysis of the compound EAMT reveals a variety of interactions, including van der Waals interactions (weak and moderate hydrogen bonds). The stable and compact crystal packing with significant intermolecular interactions, as revealed by the exploration of the crystal structure of the investigated compound, further highlights the compound’s pharmacological potential. The key intermolecular interactions that are crucial for the binding and biological activity of EAMT, as identified by the molecular docking study with the active site of the adenosine A1 receptor, include hydrogen bonding, hydrophobic interactions, and π–π stacking. These interactions suggest that the methyl groups, thiophene ring, and 5-membered ring of EAMT may be important for its biological activity. The results of this study provide insights into the mechanism of action of EAMT as an agonist for the adenosine A1 receptor. Finally, the favorable drug-like properties of EAMT, with good oral bioavailability, low toxicity, and good permeability across cell membranes, as suggested by the ADMET prediction, pave the way for further experimental investigations to explore its pharmacological activity in vitro and in vivo.
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Figure 1. (A) shows the chemical structure of EAMT, and (B) shows the asymmetric unit of the same compound with atom labeling and displacement ellipsoids drawn at the 50% probability level. 
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Figure 2. Shows a partial packing diagram of the compound, viewed along the a-axis direction, with weak intermolecular hydrogen bonds involving N2—H2N2···O1W1, N2—H1N2···O1, O1W—H2OW···O13, and O1W—H1OW···N1 interactions. Hydrogen atoms that are not involved in hydrogen bonding were omitted from the diagram for clarity. 
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Figure 3. Shows the packing diagram of the test compound. The molecules in the crystal are connected by hydrogen bonds. The red color represents oxygen, blue represents nitrogen, yellow represents sulfur, and the metallic and white contours represent carbon and hydrogen atoms. 






Figure 3. Shows the packing diagram of the test compound. The molecules in the crystal are connected by hydrogen bonds. The red color represents oxygen, blue represents nitrogen, yellow represents sulfur, and the metallic and white contours represent carbon and hydrogen atoms.



[image: Crystals 13 01020 g003]







[image: Crystals 13 01020 g004 550] 





Figure 4. Depictions of the 3D Hirshfeld surface of the new polymorph plotted over (A) dnorm, (B) shape-index, (C) curvedness, and (D) dnorm interaction site. 
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Figure 5. The full two-dimensional fingerprint plots for the title compound, showing (A) all interactions and delineated into (B) H···H, (C) H···C/C···H, (D) H···O/O···H, (E) H···S/S···H, (F) H···N/N···H, (G) O···C/C···O, and (H) O···O. The di and de values are the closest internal and external distances (in Å) from given points on the Hirshfeld surface. 






Figure 5. The full two-dimensional fingerprint plots for the title compound, showing (A) all interactions and delineated into (B) H···H, (C) H···C/C···H, (D) H···O/O···H, (E) H···S/S···H, (F) H···N/N···H, (G) O···C/C···O, and (H) O···O. The di and de values are the closest internal and external distances (in Å) from given points on the Hirshfeld surface.



[image: Crystals 13 01020 g005a][image: Crystals 13 01020 g005b]







[image: Crystals 13 01020 g006 550] 





Figure 6. Relative contribution (%) of various intermolecular interactions to the Hirshfeld surface area of the two polymorphs. 
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Figure 7. QTAIM molecular graphs of two chosen dimeric models of EAMT molecule. 
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Figure 8. The NCI index is displayed in (A,B) as isosurface maps, and (C) presents the RDG scatter plots, all calculated using the B3LYP-D3/6-311G level of theory. With an RDG threshold of sign(λ2)ρ = 0.5 a.u. and a color range from −0.035 to 0.02 a.u., blue, green, and red surfaces represent attractive, van der Waals, and repulsive interactions, respectively. 
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Figure 9. Molecular electrostatic potential (MESP) maps of investigated compound in two sites. 
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Figure 10. Interactions of EAMT with amino acid residues of the adenosine A1 receptor (PDB: 5UEN) are shown using MOE docking software. (A) The protein surface is depicted as a hydropathy plot, with yellow representing hydrophobic, blue representing polar, and red representing exposed amino acids. The ligand is highlighted in green, and the active site is marked with a black square. (B) 3D ligand interaction diagrams are displayed, which are expanded from the black square in (A), and (C) 2D ligand interaction diagrams illustrate how EAMT interacts with the amino acid residues in the active site of the adenosine A1 receptor. 
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Figure 11. RMSD values for different protein regions over the 50 ns MD simulation. (A) Entire protein (Pro), (B) helical regions (Helix), (C) coil regions (Coil), and (D) turn regions (Turn). The data highlight the conformational changes and stability of each region during the simulation. 
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Figure 12. RMSF values for different regions of the protein during the 50 ns MD simulation. The regions include extracellular domain (ECD) and part of the transmembrane domain (TMD) (1–211), bRIL fusion protein (1001–1106), and remaining part of the transmembrane domain (TMD) and intracellular domain (ICD) (221–317). The plot showcases the flexibility and conformational changes within each region throughout the simulation. 
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Figure 13. Radius of gyration (Rg) values for the adenosine A1 receptor (PDB: 5UEN) in the presence of EAMT during the 50 ns MD simulation. The plot illustrates the changes in the protein’s overall shape and compactness upon EAMT binding. 
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Figure 14. Solvent-accessible surface area (SASA) values for the adenosine A1 receptor (PDB: 5UEN) in complex with EAMT during the 50 ns MD simulation. The plot displays the variations in the protein’s surface exposure to the solvent, reflecting potential conformational changes upon ligand binding. 
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Table 1. SC-XRD experimental details of investigated compound.
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	Crystal Data
	





	Empirical formula
	C11H18N2O3S



	Formula weight
	258.34



	Temperature/K
	150



	Crystal system
	monoclinic



	Space group
	P21/n



	a/Å
	9.5640 (5)



	b/Å
	11.5013 (5)



	c/Å
	12.0578 (6)



	α/°
	90



	β/°
	92.678 (2)



	γ/°
	90



	Volume/Å3
	1324.89 (11)



	Z
	4



	ρcalcg/cm3
	1.295



	μ/mm−1
	0.243



	F(000)
	552



	Crystal size/mm3
	0.451 × 0.378 × 0.354



	Radiation
	MoKα (λ = 0.71073)



	2Θ range for data collection/°
	4.9 to 61.14



	Index ranges
	−13 ≤ h ≤ 11, −16 ≤ k ≤ 16, −16 ≤ l ≤ 17



	Reflections collected
	21,895



	Independent reflections
	4044 [Rint = 0.0430, Rsigma = ?]



	Data/restraints/parameters
	4044/0/173



	Goodness of fit on F2
	1.036



	Final R indexes [I >= 2σ (I)]
	R1 = 0.0368, wR2 = 0.0890



	Final R indexes [all data]
	R1 = 0.0614, wR2 = 0.1008



	Largest diff. peak/hole/e Å-3
	0.37/−0.30
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Table 2. Comparison of selected bond lengths (Å) and bond angles (°) of investigated compound by SC-XRD and DFT.
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A–A

	
Length/Å

	

	

	
A–A

	
Length/Å

	

	




	
SC-XRD

	
DFT

	
MAE

	
MSE

	
SC-XRD

	
DFT

	
MAE

	
MSE






	
S1–C1

	
1.74 (12)

	
1.7826

	
0.0437

	
0.0019

	
C1–C2

	
1.39 (17)

	
1.37

	
0.0247

	
0.0006




	
S1–C7

	
1.75 (13)

	
1.7692

	
0.0241

	
0.0006

	
C2–C3

	
1.45 (16)

	
1.55

	
0.0976

	
0.0095




	
O1–C9

	
1.23 (15)

	
1.2584

	
0.0319

	
0.0010

	
C2–C9

	
1.45 (16)

	
1.55

	
0.0985

	
0.0097




	
O2–C9

	
1.34 (15)

	
1.43

	
0.0882

	
0.0078

	
C3–C4

	
1.50 (17)

	
1.52

	
0.0169

	
0.0003




	
O2–C10

	
1.45 (15)

	
1.43

	
0.0214

	
0.0005

	
C3–C7

	
1.35 (17)

	
1.33

	
0.0154

	
0.0002




	
N1–C5

	
1.47 (16)

	
1.4893

	
0.0192

	
0.0004

	
C4–C5

	
1.53 (17)

	
1.55

	
0.028

	
0.0008




	
N1–C6

	
1.47 (17)

	
1.4625

	
0.0023

	
0.0000

	
C6–C7

	
1.50 (17)

	
1.54

	
0.047

	
0.0022




	
N1–C8

	
1.47 (16)

	
1.47

	
0.0014

	
0.0000

	
C10–C11

	
1.50 (2)

	
1.54

	
0.038

	
0.0014




	
N2–C1

	
1.34 (18)

	
1.47

	
0.1265

	
0.0160

	




	
A–A–A

	
Angle/°

	

	

	
A–A–A

	
Angle/°

	

	




	
SC-XRD

	
DFT

	
MAE

	
MSE

	
SC-XRD

	
DFT

	
MAE

	
MSE




	
C1–S1–C7

	
91.49 (6)

	
92.7785

	
1.2885

	
1.6602

	
C2–C3–C7

	
112.64 (11)

	
113.7369

	
1.0969

	
1.2032




	
C9–O2–C10

	
116.08 (9)

	
109.4712

	
6.6088

	
43.6762

	
C4–C3–C7

	
119.76 (11)

	
116.5729

	
3.1871

	
10.1576




	
C5–N1–C6

	
109.94 (10)

	
115.1118

	
5.1718

	
26.7475

	
C3–C4–C5

	
111.07 (10)

	
111.6415

	
0.5715

	
0.3266




	
C5–N1–C8

	
111.35 (10)

	
107.0979

	
4.2521

	
18.0804

	
N1–C5–C4

	
111.09 (10)

	
112.6844

	
1.5944

	
2.5421




	
C6–N1–C8

	
110.17 (10)

	
111.7037

	
1.5337

	
2.3522

	
N1–C6–C7

	
108.23 (10)

	
103.8652

	
4.3648

	
19.0515




	
S1–C1–N2

	
120.18 (10)

	
124.5291

	
4.3491

	
18.9147

	
S1–C7–C3

	
112.47 (9)

	
111.1587

	
1.3113

	
1.7195




	
S1–C1–C2

	
111.10 (9)

	
110.9592

	
0.1408

	
0.0198

	
S1–C7–C6

	
121.65 (9)

	
129.3312

	
7.6812

	
59.0008




	
N2–C1–C2

	
128.71 (11)

	
124.5103

	
4.1997

	
17.6375

	
C3–C7–C6

	
125.76 (12)

	
119.5088

	
6.2512

	
39.0775




	
C1–C2–C3

	
112.29 (10)

	
110.8528

	
1.4372

	
2.0655

	
O1–C9–O2

	
122.25 (11)

	
120

	
2.25

	
5.0625




	
C1–C2–C9

	
119.35 (11)

	
124.5684

	
5.2184

	
27.2317

	
O1–C9–C2

	
124.34 (11)

	
120

	
4.34

	
18.8356




	
C3–C2–C9

	
128.37 (11)

	
124.567

	
3.803

	
14.4628

	
O2–C9–C2

	
113.41 (10)

	
120

	
6.59

	
43.4281




	
C2–C3–C4

	
127.58 (10)

	
129.521

	
1.941

	
3.7675

	
O2–C10–C11

	
106.74 (11)

	
109.4712

	
2.7312

	
7.4595
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Table 3. Hydrogen bond parameters for (C17H18N2O2).
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	D-H···A
	d(D—H)/Å
	d(H···A)/Å
	d(D···A)/Å
	D—H···A/°
	Symmetry





	N2—H2N2···O1W 1
	0.865 (18)
	1.976 (17)
	2.8299 (17)
	169.4 (15)
	1/2 + X, 3/2 − Y,1/2 + Z



	N2—H1N2···O1
	0.872 (19)
	2.097 (19)
	2.7329 (16)
	129.2 (17)
	



	C4—H4A···O2
	0.9700
	2.5300
	2.8588 (14)
	100.00
	



	C6—H6B···O1W 2
	0.9700
	2.4900
	3.4023 (15)
	156.00
	1 − X, 2 − Y, 1 − Z



	O1W—H2OW···O1 3
	0.81 (2)
	2.03 (2)
	2.8446 (13)
	176.1 (19)
	1 − X, 1 − Y, 1 − Z



	O1W—H1OW···N1
	0.83 (2)
	1.96 (2)
	2.7776 (15)
	170.2 (19)
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Table 4. The AIM properties of selected values for the main interactions in EAMT. These properties include the electronic density (ρ(r)), Laplacian of density (∇2ρ(r)), Hamiltonian kinetic H(r), Lagrangian kinetic G(r), and density of potential energy (V(r)).






Table 4. The AIM properties of selected values for the main interactions in EAMT. These properties include the electronic density (ρ(r)), Laplacian of density (∇2ρ(r)), Hamiltonian kinetic H(r), Lagrangian kinetic G(r), and density of potential energy (V(r)).





	BCP Code
	Atoms
	ρ(r)
	∇2ρ(r)
	Ellipticity
	H(r)
	V(r)
	G(r)
	|V(r)|/G(r)





	2
	O3-H32
	0.028912
	0.095228
	0.036021
	−0.000509
	−0.024825
	0.024316
	1.021



	3
	O2-C39
	0.000635
	0.003956
	5.060612
	0.000303
	−0.000383
	0.000686
	0.558



	10
	O2-H17
	0.012338
	0.047797
	0.595639
	0.001539
	−0.008871
	0.01041
	0.852



	22
	H18-O35
	0.001446
	0.006302
	0.10488
	0.000475
	−0.000625
	0.0011
	0.568



	28
	N4-H67
	0.032999
	0.085766
	0.012773
	−0.002291
	−0.026023
	0.023732
	1.097



	34
	H28-S33
	0.003172
	0.009623
	0.104377
	0.000618
	−0.00117
	0.001788
	0.654



	40
	H27-S33
	0.002262
	0.00697
	1.254234
	0.000431
	−0.000881
	0.001312
	0.671



	43
	O35-H64
	0.026807
	0.088675
	0.044279
	−0.000395
	−0.022959
	0.022564
	1.018



	44
	O34-H49
	0.012007
	0.047289
	0.781296
	0.001601
	−0.00862
	0.010221
	0.843



	63
	O3-H50
	0.000593
	0.003098
	0.026493
	0.000255
	−0.000264
	0.000519
	0.509



	72
	C10-H59
	0.001226
	0.004043
	1.513605
	0.000248
	−0.000516
	0.000764
	0.675



	73
	H59-O65
	0.012224
	0.040006
	0.278185
	0.000648
	−0.008706
	0.009354
	0.931



	75
	S1-H60
	0.002261
	0.006379
	0.106494
	0.000419
	−0.000756
	0.001175
	0.643



	80
	O35-H66
	0.022894
	0.074238
	0.006816
	−0.000386
	−0.019332
	0.018946
	1.02



	83
	H28-O68
	0.001997
	0.008676
	0.404731
	0.000626
	−0.000917
	0.001543
	0.594



	84
	S33-O68
	0.005724
	0.020843
	0.504146
	0.000922
	−0.003366
	0.004288
	0.785



	85
	H63-O68
	0.035429
	0.102942
	0.053213
	−0.002366
	−0.030467
	0.028101
	1.084



	88
	O3-H72
	0.022618
	0.072995
	0.009569
	−0.000392
	−0.019033
	0.018641
	1.021



	89
	H27-O71
	0.010438
	0.035409
	0.304847
	0.000865
	−0.007122
	0.007987
	0.892



	90
	N36-H73
	0.030903
	0.080891
	0.016786
	−0.002008
	−0.024238
	0.02223
	1.09



	94
	H70-N74
	0.043864
	0.105514
	0.003839
	−0.004
	−0.034379
	0.030379
	1.132



	98
	O77-H105
	0.02886
	0.094535
	0.03972
	−0.000508
	−0.02465
	0.024142
	1.021



	100
	S33-H91
	0.003235
	0.010109
	0.150618
	0.000691
	−0.001145
	0.001836
	0.624



	107
	O76-H90
	0.011413
	0.045925
	1.06762
	0.001636
	−0.00821
	0.009846
	0.834



	112
	S33-H94
	0.002552
	0.007505
	0.428941
	0.000484
	−0.000908
	0.001392
	0.652



	116
	N37-H98
	0.003863
	0.012355
	0.111673
	0.000611
	−0.001866
	0.002477
	0.753



	127
	C44-H101
	0.000576
	0.002187
	2.300931
	0.000151
	−0.000244
	0.000395
	0.618



	133
	C7-C40
	0.000533
	0.002535
	1.933836
	0.000198
	−0.000237
	0.000435
	0.545
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Table 5. A comparison of reactivity descriptors for EAMT, including the Highest Occupied Molecular Orbital (HOMO), Lowest Unoccupied Molecular Orbital (LUMO), HOMO-LUMO gap (ΔEHOMO-LUMO GAP), chemical potential (μ), absolute hardness (η), absolute electronegativity (χ), softness (S), electrophilicity index (ω), electron-donating power (ω−), electron-accepting power (ω+), net electrophilicity (Δω), and maximum electronic charge (ΔNmax), all calculated at the MP2 level.






Table 5. A comparison of reactivity descriptors for EAMT, including the Highest Occupied Molecular Orbital (HOMO), Lowest Unoccupied Molecular Orbital (LUMO), HOMO-LUMO gap (ΔEHOMO-LUMO GAP), chemical potential (μ), absolute hardness (η), absolute electronegativity (χ), softness (S), electrophilicity index (ω), electron-donating power (ω−), electron-accepting power (ω+), net electrophilicity (Δω), and maximum electronic charge (ΔNmax), all calculated at the MP2 level.











	
	eV
	
	eV





	EHOMO(N)
	−5.6034
	 Mulliken electronegativity (χ)
	3.3126



	 EHOMO(N + 1)
	2.0647
	 Hardness (=fundamental gap) (η)
	7.7367



	 EHOMO(N − 1)
	−9.9081
	 Electrophilicity index (ω)
	0.7092



	 Vertical IP
	7.1810
	 Nucleophilicity index (N)
	3.7178



	 Vertical EA
	−0.5557
	Electron-accepting power (ω+)
	0.2456



	 Softness (S)
	0.1293 eV−1
	Electron-donating power (ω−)
	3.558



	 Chemical potential (μ)
	−3.3126
	Maximum amount of electronic charge ΔNmax
	0.4282



	
	
	Net electrophilicity, Δω
	3.8039
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Table 6. The local descriptors for the investigated compounds.
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	Atoms
	f−
	f+
	f0
	CDD
	Electrophilicity
	Nucleophilicity
	      P   A   +      
	      P   B   −      





	C1
	0.0845
	0.0406
	0.0625
	−0.0439
	0.0191
	0.33245
	0.081297
	8.594424



	C2
	0.0519
	0.0134
	0.0326
	−0.0385
	0.0063
	0.20411
	−0.03434
	0.801036



	C3
	0.0129
	0.0054
	0.0092
	−0.0075
	0.00256
	0.05077
	−0.00915
	−0.02832



	C4
	0.0121
	0.0069
	0.0095
	−0.0052
	0.00325
	0.04759
	0.011907
	−0.07641



	C5
	0.0238
	0.0108
	0.0173
	−0.013
	0.00509
	0.09376
	−0.00535
	−0.86198



	C6
	0.051
	0.1124
	0.0817
	0.0614
	0.05288
	0.20078
	14.84649
	2.616543



	C7
	0.0664
	0.0476
	0.057
	−0.0188
	0.0224
	0.26129
	−1.70824
	4.39209



	H8
	0.0231
	0.0121
	0.0176
	−0.011
	0.0057
	0.09097
	−0.00254
	0.089613



	H9
	0.0199
	0.0091
	0.0145
	−0.0108
	0.0043
	0.07832
	−0.00032
	0.215811



	H10
	0.0342
	0.0175
	0.0259
	−0.0167
	0.00823
	0.13463
	0.046575
	0.635148



	N11
	0.04
	0.0023
	0.0211
	−0.0376
	0.00109
	0.1572
	0.003213
	3.210435



	C12
	0.0154
	0.0097
	0.0125
	−0.0057
	0.00454
	0.06042
	0.001836
	−0.1661



	H13
	0.0162
	0.0104
	0.0133
	−0.0059
	0.00487
	0.06388
	0.000135
	0.029457



	H14
	0.0204
	0.0132
	0.0168
	−0.0072
	0.00623
	0.08029
	−0.00049
	0.044739



	H15
	0.0218
	0.0119
	0.0169
	−0.0099
	0.0056
	0.08586
	0.000027
	0.22248



	S16
	0.1022
	0.1564
	0.1293
	0.0542
	0.07359
	0.4021
	1.545534
	−0.69225



	N17
	0.099
	0.07
	0.0845
	−0.029
	0.03292
	0.38942
	1.827252
	6.004638



	H18
	0.0389
	0.0471
	0.043
	0.0082
	0.02214
	0.15298
	0.425844
	−0.13786



	H19
	0.0301
	0.027
	0.0286
	−0.003
	0.01271
	0.11832
	−0.04145
	−0.16853



	C20
	0.0173
	0.0979
	0.0576
	0.0806
	0.04604
	0.06792
	6.101973
	−0.64727



	O21
	0.0093
	0.0273
	0.0183
	0.018
	0.01286
	0.03677
	0.361179
	0.088209



	C22
	0.0082
	0.0129
	0.0105
	0.0047
	0.00606
	0.03207
	−0.06094
	0.000189



	H23
	0.0108
	0.0159
	0.0134
	0.0051
	0.00748
	0.04254
	0.04968
	0.013581



	H24
	0.0106
	0.0161
	0.0134
	0.0055
	0.00759
	0.04183
	0.061128
	0.007911



	C25
	0.006
	0.0094
	0.0077
	0.0034
	0.0044
	0.02353
	−0.00286
	−0.00176



	H26
	0.016
	0.0212
	0.0186
	0.0052
	0.00997
	0.06289
	−0.00375
	−0.00046



	H27
	0.0047
	0.0081
	0.0064
	0.0034
	0.00381
	0.01847
	−0.0014
	0.001458



	H28
	0.0045
	0.0081
	0.0063
	0.0036
	0.00379
	0.01773
	0.002781
	0.002781



	O29
	0.0531
	0.1141
	0.0836
	0.0609
	0.05367
	0.20911
	3.448926
	0.985338



	H30
	0.0492
	0.0193
	0.0343
	−0.0298
	0.0091
	0.19348
	0.0648
	1.626345



	H31
	0.0224
	0.0084
	0.0154
	−0.014
	0.00395
	0.08825
	−0.00875
	0.143316



	H32
	0.0241
	0.0173
	0.0207
	−0.0068
	0.00814
	0.09479
	−0.00105
	0.05535
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Table 7. Results of EAMT–Adenosine A1 receptor (pdb: 5UEN) Interaction given by MOE 2015.






Table 7. Results of EAMT–Adenosine A1 receptor (pdb: 5UEN) Interaction given by MOE 2015.





	
Ligand

	
Receptor

	
Interaction

	
Distance

	
E (kcal/mol)

	
S (kcal/mol)






	
C 9

	
SD MET 180 (A)

	
H-donor

	
3.88

	
−0.3

	
−5.011




	
C 13

	
SD MET 180 (A)

	
H-donor

	
4.08

	
−0.2




	
S 20

	
OD1 ASN 254 (A)

	
H-donor

	
3.45

	
−0.6




	
5-ring

	
CD1 LEU 250 (A)

	
pi-H

	
4.06

	
−0.4




	
5-ring

	
6-ring PHE 171 (A)

	
pi-pi

	
3.55

	
0
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Table 8. Drug-likeness property of EAMT using ADMETlab 2.0.






Table 8. Drug-likeness property of EAMT using ADMETlab 2.0.





	Property
	Value
	Property
	Value





	Molecular Weight
	240.33
	logS
	−3.267



	Volume
	231.873
	logP
	2.484



	Density
	1.035
	logD
	2.047



	AlogP
	1.49
	QED
	0.796



	H-Bond Acceptor
	4
	SAscore
	2.410



	H-Bond Donor
	2
	Lipinski Rule
	Accepted



	Rotatable Bonds
	3
	Pfizer Rule
	Accepted



	Number of Ring
	2
	GSK Rule
	Accepted



	TPSA
	55.560
	Golden Triangle
	Accepted
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Table 9. ADMET Predicted Profile—Classification for Compound EAMT using admetSAR 2.0.
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	Property
	Value
	Probability
	Property
	Value
	Probability





	Human intestinal absorption
	+
	0.9741
	P−glycoprotein substrate
	−
	0.7078



	Caco−2
	+
	0.8366
	CYP3A4 substrate
	+
	0.5192



	Blood–brain barrier
	+
	0.975
	CYP2C9 substrate
	−
	0.5665



	Human oral bioavailability
	−
	0.5
	CYP2D6 substrate
	−
	0.7518



	Subcellular localization
	Lysosomes
	0.6255
	CYP3A4 inhibition
	−
	0.9483



	1 OATP2B1 inhibitor
	−
	0.8546
	CYP2C9 inhibition
	+
	0.5461



	OATP1B1 inhibitor
	+
	0.956
	CYP2C19 inhibition
	−
	0.5584



	OATP1B3 inhibitor
	+
	0.9424
	CYP2D6 inhibition
	−
	0.6174



	2 MATE1 inhibitor
	−
	0.7809
	CYP1A2 inhibition
	+
	0.7905



	3 OCT2 inhibitor 3
	+
	0.55
	CYP inhibitory promiscuity
	+
	0.5292



	4 BSEP inhibitor
	−
	0.6778
	5 UGT catalyzed
	−
	0



	P−glycoprotein inhibitor
	−
	0.9285
	Estrogen receptor binding
	−
	0.5142



	Carcinogenicity (binary)
	−
	0.94
	Androgen receptor binding
	+
	0.5238



	Carcinogenicity (trinary)
	Non−required
	0.659
	Thyroid receptor binding
	−
	0.7574



	Eye corrosion
	−
	0.9846
	Glucocorticoid receptor binding
	+
	0.7105



	Eye irritation
	−
	0.5877
	Aromatase binding
	−
	0.7052



	Ames mutagenesis
	−
	0.6
	PPAR gamma
	−
	0.6689



	Human Ether−a−go−go−Related Gene inhibition
	−
	0.6603
	Honey bee toxicity
	−
	0.9611



	Micronuclear
	+
	0.64
	Biodegradation
	−
	0.525



	Hepatotoxicity
	+
	0.6375
	
	
	







A positive sign represents ‘true’ and a negative sign signifies ‘false’.
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