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ABSTRACT  

A database comparison of the crystal structure of some halogenated aminopyridine derivatives 

has been performed for their structural optimization and quantum chemical analysis. The 

investigation explores the optimum structural geometry of the identified molecules, including 

the frontier orbital energy gap, Mulliken atomic charge distribution and molecular 

electrostatic potential (MEP). The two-dimensional fingerprint plots and Hirshfeld surface 

analysis reveals diverse intermolecular interactions existing between the molecules. The void 

volume percentage has been computed to infer about the physical strength of these molecules. 

Molecular docking has been performed to reveal that all the molecules could be potential 

candidates for an efficient potent inhibitor for MET receptor. 

Keywords: X-ray structure, Optimization, HOMO-LUMO, Hirshfeld surfaces, Molecular 
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1. INTRODUCTION 

Halogenated aminopyridines constitute a class of compounds known for their remarkable 

biological properties. These compounds not only serve as crucial intermediates in the 

production of various derivatives with diverse applications in the field of medical 

science, they also exhibit effectiveness across a spectrum of drugs used for the anticancer, 

antiviral, anti-tuberculosis, anti-malarial, antifungal, and antidiabetic care [1-6]. Halogenated 

aminopyridines have become crucial contributors in the endeavor to develop impactful 

therapeutic interventions, especially in the treatment of cancer—a predominant global cause 

of mortality and suffering [7]. The activation of receptor tyrosine kinases, such as MET, has 

been identified as a pivotal mechanism in triggering and advancing cancer development. 

Consequently, extensive research has focused on the MET receptor, establishing it as a 

well-established therapeutic target in a variety of malignancies [8]. As of now, a number of 

small molecule tyrosine kinase inhibitors targeting MET, such as crizotinib, cabozantinib, 

capmatinib, and tepotinib, are likely to be used for the treatment of specific cancer types [9]. 

Besides this, certain aminopyridines contribute to the development of antibacterial drugs. 

Therefore, in view of the importance of aminopyridine derivatives, a series of few such 

chemically-similar-looking aminopyridines were mined from the Cambridge Structural 

Database (CSD ver. 2023) and the identified structures are : (M1) 2-amino-5-bromo-pyridine 

(CSD code: CAJXAN), (M2) 2-amino-5-chloropyridine (AMCLPY12), (M3) 2-amino- 

3-bromo-4-methylpyridine (TUHCAB), (M4) 3,5-Dibromo-6-methylpyridin-2-amine 

(DAWTUT) and (M5) 3,5-Dichloro-6-methylpyridin-2-amine (DOKWUW) [10-14]. Each 

structure has been put to an extensive theoretical crystallographic investigation using Density 

Functional Theory and Hirshfeld surface and the molecular docking analysis has been 

conducted to assess the potential of these molecules to interact with the MET receptor. Figure 

1 contains the chemical structure of each molecule. 
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Fig.1. Chemical structures of aminopyridines structures (M1-M5) with CSD codes and atomic 

numbering scheme 

 

2. COMPUTATIONAL DETAILS 

2.1. Quantum chemical calculations 

In view of having reported only the X-ray structure of M1 – M5, the quantum chemical 

investigations have been performed to have an inspection of close level of confidence 

between the experimental and optimized geometry of each structure. The Gaussian 09 

software has been employed to conduct density functional theory (DFT), optimizing the 

molecular geometry of each aminopyridine derivative in the gas phase [15]. The optimized 

geometrical calculation is based on the B3LYP functional and basis set 6-311++G(d,p), and 

conceivable correlations were made between the observed and theoretically determined 

parameters[16-18]. 

2.2. Hirshfeld surface (HS) analysis 

The Hirshfeld surface, serving as a visual tool, is employed to identify different 

intermolecular interactions within the crystal structure of a molecule and plays a crucial role 

in quantifying the significance of each interaction for ensuring the stability of the packing 

arrangement [19,20]. The Hirshfeld surfaces were generated using Crystal Explorer 21.5 [21]. 

The computational approach involved 3D surface and 2D fingerprint graph analysis for 

scrutinizing the proximity of neighboring atoms, their contact affinity and the normalized 

contact distance (dnorm), which accounts for the space between two atoms across the surface 
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relative to atomic radii [22,23]. This calculation is based on distances to the closest nuclei 

outside the surface (de) and within the surface (di), taking into consideration the van der Waals radii of 

atoms [24]. Moreover, the Hirshfeld surface, utilizing a (0.002 au) isosurface of the spherical promolecular 

electron density, aids in identifying voids within crystal structures [25]. This approach provides insights 

into void spaces in crystalline materials, including computed surface areas and volumes of the voids 

[26–28]. 

2.3. Molecular docking analysis 

The docking analysis has been carried out against the MET receptor to explore binding modes 

and important molecular interactions between the molecule and the target's binding site. 

AutoDock Vina software was employed, utilizing the target protein with PDB ID: 3LQ8 [29, 

30]. During protein structure refinement, hydrogen atoms were added while water molecules 

and native ligands were removed. However, the Kollmann charges were applied to the 

receptors. Grid coordinates (X = -0.8414, Y = 3.8741, and Z = 29.0205) were used to define 

the active site of the protein. These coordinates show the exact area within the protein where 

the compound is expected to bind. The ligand-protein interactions have been analyzed using 

Discovery Studio 4.1 Visualizer software [31]. 

 

3. RESULTS AND DISCUSSION  

3.1. Crystallographic comparison 

Table 1 presents precise crystal data for each structure, featuring a notably low reliability 

index (R-factor) of 2.73% for M-2 and 2.40% for M-5. This low R-factor is attributed to the 

collection of data for these structures at a lower temperature, enhancing the overall accuracy 

and reliability of the crystallographic information. All the structures crystallize in the 

monoclinic crystal system with Z =4, and the radiation used is Mo Kα, except for structure 

M-1 (Cu Kα). 

 

Table 1. Precise X-ray crystallographic data of each structure 

Parameters M1 M2 M3 M4 M5 

CCDC code CAJXAN AMCLPY12 TUHCAB DAWTUT DOKWUW 
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Chemical 

Formula 

C5H5Br1N2 C5H5ClN2 C6H7BrN2 C6H6Br2N2 C6H6Cl2N2 

Radiation  Cu Kα Mo Kα Mo Kα Mo Kα Mo Kα 

Temperature  295 K 100(2) K 292(2) K 296(2) K 100.00(10) K 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic 

Space group P21/c P21/c P21/n P21/n P21/n 

Unit cell 

volume (Å3) 

595.3(9) 540.1(3) 717.9(5) 801.54(2) 723.01(3) 

Z 4 4 4 4 4 

R-factor 7.90 2.73 3.41 3.81 2.40 

 

3.2. Structure optimization 

The molecular geometry of all five structures has been optimized using the DFT method, 

utilizing the B3LYP/6-311++G(d,p) basis set. A comparative analysis has been conducted to 

evaluate the concordance between the bond distances and angles derived from theoretical 

computations and those determined experimentally through X-ray structure analysis. The 

findings, presented in Table 2, indicate a positive correlation between the experimental and 

theoretical values, underscoring the reliability of the theoretical approach. 

 

Table 2. Comparative bond parameters: XRD vs. DFT 

Parameters 

 

M1 

(CAJXAN) 

M2 

(AMCLPY12) 

M3 

(TUHCAB) 

M4 

(DAWTUT) 

M5 

(DOKWUW) 

XRD DFT XRD DFT XRD DFT XRD DFT XRD DFT 

BOND DISTANCE (Å) 

C1-N1 1.325 1.335 1.348 1.334 1.339 1.334 1.358 1.338 1.347 1.338 

C2-N1 1.343 1.338 1.351 1.338 1.349 1.336 1.338 1.338 1.341 1.337 

C2-N2 1.364 1.380 1.360 1.381 1.361 1.373 1.364 1.369 1.361 1.371 

C2-C3 1.421 1.409 1.410 1.409 1.405 1.412 1.406 1.409 1.412 1.409 

C3-C4 1.374 1.384 1.375 1.383 1.368 1.381 1.366 1.382 1.373 1.381 
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C4-C5 1.389 1.394 1.397 1.394 1.397 1.401 1.390 1.392 1.394 1.391 

C5-C1 1.377 1.388 1.379 1.388 1.379 1.393 1.375 1.399 1.389 1.399 

BOND ANGLE (°) 

C1-N1-C2 117.9 118.7 118.1 118.7 118.7 119.4 120.6 121.5 121.0 121.3 

N1-C2-C3 121.7 122.1 121.7 122.1 119.9 120.0 120.3 120.4 120.1 120.5 

C2-C3-C4 118.7 118.7 119.4 118.7 120.3 120.0 120.1 119.4 120.1 119.4 

C3-C4-C5 118.4 118.6 118.5 118.6 119.9 119.8 118.2 118.7 118.2 118.5 

C4-C5-C1 118.6 118.9 119.2 118.9 116.3 115.9 120.8 119.8 120.2 119.9 

C5-C1-N1 123.9 122.8 122.9 122.8 124.8 124.7 120.0 120.2 120.3 120.3 

N1-C1-N2 118.3 116.4 116.7 116.4 117.3 117.1 116.7 116.8 117.6 117.1 

C3-C2-N1 119.9 121.4 121.5 121.4 122.8 122.8 122.9 122.8 122.3 122.3 

 

3.3. Energy gap analysis 

The HOMO-LUMO orbitals computed by the DFT/B3LYP/6-311G++(d,p) method have a 

significant effect on the chemical properties of molecules [32-33]. The HOMO orbitals, more 

frequent in all five structures, are spread out over the whole moiety, while the LUMO orbitals 

are mostly on the pyridine ring [34]. In general, the most stable molecules are those that have 

higher ∆E values. The ∆E value analysis reveals that the molecules (M1-M5) are more stable 

and less reactive due to their high energy gaps (Figure 2).  

 

Fig.2. HOMO-LUMO energy gaps 

 

3.4. MEP and Atomic charge analysis  
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The molecular electrostatic potential (MEP) and the atomic charges were calculated using the 

DFT method. The negative areas (pale yellow), as shown in Figure 3, are concentrated mostly 

around the nitrogen and bromine atoms while the positive regions (blue) are located on the 

amino groups. According to the Mulliken charge analysis (Table 3), all nitrogen and carbon 

atoms, except C3 and C5, in molecules (M1–M5) are negatively charged. The analysis of the 

Molecular Electrostatic Potential (MEP) and Mulliken charge distributions offers valuable 

insights into the presence of electrophilic and nucleophilic regions within these structures, 

elucidating their reactivity and capacity for chemical interactions. 

 

 

Fig.3. Molecular electrostatic maps of M1-M5 

 

Table 3. Lists of Mulliken atomic charges of molecules M1-M5 

Atoms M1 

(CAJXAN) 

M2 

(AMCLPY12) 

M3 

(TUHCAB) 

M4 

(DAWTUT) 

M5 

(DOKWUW) 

N1 -0.118 -0.137 -0.098 -0.009 -0.022 

N2 -0.263 -0.264 -0.228 -0.249 -0.247 

C1 -0.247 -0.388 -0.567 -0.305 -0.809 

C2 -0.561 -0.605 -0.600 -0.417 -0.279 

C3 0.436 0.415 0.714 0.714 0.535 

C4 -0.362 -0.685 -0.231 -0.520 -1.223 

C5 0.143 0.262 0.489 0.382 0.951 
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3.5. Hirshfeld surfaces and Fingerprint plots 

Figure 4 shows the Hirshfeld surface of M1, M2, M3, M4 and M5 contour over dnorm. The 

molecular Hirshfeld surfaces are color-coded based on the dnorm values, with red spots 

highlighting intercontacts associated with hydrogen bonds. The magnitude of these spots 

corresponds to the intensity or strength of the associated contacts. The bright red spots 

indicate the existence of N-H…N interactions in all the molecules. The visualisation of the 

shape-index and curvedness plots for all five structures indicates the absence of planar 

stacking (π-π) interactions (Figure 4). All the molecules differ significantly in their crystal 

packings due to vacant positions (Figure 5). The Crystal Explorer 21.5 software has been used 

to analyze the presence of voids in each crystal structure [21]. This analysis included the use 

of a procrystal electron density isosurface with a threshold of 0.002 atomic units. The void 

volume percentages for M1 (6.4%), M2 (3.6%), M3 (10.0%), M4 (7.5%), and M5 (6.02%) 

show the high physical strength of the molecule M2. 

 

 

Fig.4. Hirshfeld surfaces (dnorm, Shape index and Curvedness) of molecules M-1 to M-5 
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Fig.5. Crystal voids analysis of M-1 to M-5. 

 

In Figure 6, the two-dimensional fingerprint plots are shown. These plots show how the 

interactions between molecules affect the overall Hirshfeld surface area [35]. In the instances 

of M4 and M5, the contribution of H...Br (41.1%) and H...Cl (39.4%) contacts surpasses that 

of the other molecules. The molecule M3 displays the highest proportion of H…H contacts, 

constituting 43.3% of the total contribution. There are distinct peaks in the fingerprint plots 

that draw attention to the prominent intermolecular contacts. The hydrogen-halogen 

interactions are shown by two distinct wings, playing a significant role in the molecular 

packing of each structure. 

 

Fig.6. Two dimensional FPPs of molecules M1-M5 
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3.6. Molecular Docking Analysis 

The binding poses of M1 - M5 and that of Cabozantinib and Crizotinib compounds at the 

binding site of 3LQ8 are shown in Figure 7(a-g). The two-dimensional (2D) binding 

interactions of these compounds with the 3LQ8 binding sites are shown in Figure 8 while the 

binding energy, distance, and bonding type of the compounds with 3LQ8 are presented in 

Table 4. 

In M1–3LQ8 complex, there are several interactions which stabilize the compound, besides 

the conventional hydrogen bond interaction between the residue MET101and two nitrogen 

atoms of M1 (distances ≈ 2.585 Å and 2.216 Å), respectively, and a hydrogen bond 

interaction between PRO99 and compound M1 (distance = 2.699 Å). A Pi-Donor hydrogen 

bond exists between TYR100 and ligand at a distance of 3.302 Å. Hydrophobic interactions 

include Pi-Sigma bonding between the carbon atoms of the MET152 with six membered ring 

of ligand M1 at a distance 3.302 Å. Further, three Alkyl interactions occur between residues 

ILE32, LEU85 and LEU98 with bromine and carbon atoms of the ligand M1 at distances of 

4.289 Å, 5.045 Å and 3.964 Å, respectively. The exists conventional hydrogen bond 

interaction between MET101 and nitrogen atom of compound M2 at distances of 2.686 Å, in 

case of M2-3LQ8 complex, while another interaction occurs between the ligand M2 donating 

hydrogen to PRO99 at a distance of 2.500 Å. The bromine and carbon atoms of M2 result in 

the formation of five Alkyl interactions with residues ALA56, ILE32, LEU85 and LEU98 and 

four Pi-Alkyl bonding with residues TYR100, PHE164, ALA56 and ILE32, respectively. 

The M3–3LQ8 complex features conventional hydrogen bond interactions, with M3 donating 

two hydrogens to the residue PRO99 at a distance of 2.511 Å and 2.778 Å, respectively. The 

chlorine and carbon atoms of M3 form five Alkyl bonding with ALA56, ILE32, LEU85 and 

LEU98 and four Pi-Alkyl interactions with TYR100, PHE164, ALA56 and ILE32 residues, 

respectively. The residues ASP163 and PHE164 makes two conventional hydrogen bond 

interactions with M4-3LQ8 complex at a distance of 2.555 Å and 2.13951 Å, respectively. It 

makes two hydrophobic interactions including the Alkyl bonding with ALA56 and VAL40, 

and also forms four Pi-Alkyl interactions with PHE164, LYS58, LEU98, and ALA167, 

respectively. The M5–3LQ8 complex demonstrates a conventional hydrogen bond interaction 
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between PHE164 and M5 at a distance of 2.219 Å. There exists a hydrophobic interaction 

(Pi-Pi Stacked) between M5 and PHE164 protein at a distance of 4.310 Å. The bromine and 

carbon atoms of M5 results in the formation of three Alkyl interactions with ALA56, VAL40 

and MET152 at distances of 4.462 Å, 4.736 Å and 4.781 Å and three Pi-Alkyl interactions 

with LEU98, LYS58 and PHE164 residues. 

The Cabozantinib–3LQ8 complex stabilizes with one carbon hydrogen bond and four 

hydrophobic interactions including one Pi-Sigma and three Alkyl bonds. Further, the 

Crizotinib–3LQ8 complex also stabilizes with one hydrogen bond and four hydrophobic 

interactions including two Pi-Sigma and two Alkyl bonds. Comparing the number of 

interactions and their types, it has been observed that M2 and M3 have the highest number of 

interactions including both hydrogen bonds and various hydrophobic interactions, indicating a 

potentially strong binding to the 3LQ8 binding site. The M3–3LQ8 complex displaying a 

binding energy of -5.3 Kcal/mol confirms the capability of this molecule to act as an effective 

inhibitor against the MET receptor. 

 

 

Fig.7. The binding poses of M1, M2, M3, M4, M5, Cabozantinib, and Crizotinib compounds 

at the binding site of 3LQ8 

 



R. Sharma et al.           J Fundam Appl Sci. 2024, 16(2), 175-193              186 
 

 

 

Fig.8. The 2D binding interaction of  M, M2, M3, M4, M5, Cabozantinib and Crizotinib  

compounds at the binding site of 3LQ8 (Hydrogen atoms are omitted for clarity) 

 

Table 4.   Binding energy, Hydrogen bond, Electrostatic and Hydrophobic contacts of   

molecules M1-M5, Cabozantinib and Crizotinib with 3LQ8 

Inhibitor Binding 

Energy 

(Kcal 

mol-1) 

 

Interactions 

 

Distance  

(Å) 

 

Bonding 

 

Bonding Types 

M1 - 4.9 

MET101[NH….N] 2.585 Hydrogen Bond 

Conventional 

Hydrogen Bond 

MET101[O....H] 2.216 Hydrogen Bond 

Conventional 

Hydrogen Bond 

PRO99[O....H] 2.699 Hydrogen Bond 

Carbon Hydrogen 

Bond 

TYR100 [π.....H] 3.302 Hydrogen Bond 

Pi-Donor 

Hydrogen Bond 
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MET152[CH..... π] 3.613 Hydrophobic Pi-Sigma 

ILE32[π .....Br] 4.289 Hydrophobic Alkyl 

LEU85[π .....C] 5.045 Hydrophobic Alkyl 

LEU98[π .....C] 3.964 Hydrophobic Alkyl 

ALA56[C.....π] 3.763 Hydrophobic Pi-Alkyl 

MET101[C.....π] 5.169 Hydrophobic Pi-Alkyl 

M2 -5.2 

MET101[NH.....N] 2.686 Hydrogen Bond 

Conventional 

Hydrogen Bond 

PRO99[O....H] 2.500 Hydrogen Bond 

Conventional 

Hydrogen Bond 

MET152[CH..... π] 3.414 Hydrophobic Pi-Sigma 

ALA56 [π .....Br] 3.922 Hydrophobic Alkyl 

ILE32[π .....Br] 4.721 Hydrophobic Alkyl 

ILE32[π .....C] 4.511 Hydrophobic Alkyl 

LEU85[π .....Br] 5.488 Hydrophobic Alkyl 

LEU98[π .....Br] 4.147 Hydrophobic Alkyl 

TYR100 [π .....C] 5.126 Hydrophobic Pi-Alkyl 

PHE164 [π .....Br] 4.958 Hydrophobic Pi-Alkyl 

ILE32[π .....C] 4.901 Hydrophobic Pi-Alkyl 

ALA56[π .....C] 4.265 Hydrophobic Pi-Alkyl 

M3 -5.3 

PRO99[O....H] 2.511 Hydrogen Bond 

Conventional 

Hydrogen Bond 

PRO99[O....H] 2.778 Hydrogen Bond 

Conventional 

Hydrogen Bond 

MET152[C.....π] 3.802 Hydrophobic Pi-Sigma 

ALA56 [π .....C] 4.240 Hydrophobic Alkyl 

ILE32[π .....Cl] 4.208 Hydrophobic Alkyl 

VAL40[π .....Cl] 3.715 Hydrophobic Alkyl 
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ILE32[π .....C] 4.104 Hydrophobic Alkyl 

LEU85[π .....Cl] 4.772 Hydrophobic Alkyl 

LEU98[π .....Cl] 3.829 Hydrophobic Alkyl 

TYR100 [π .....C] 5.111 Hydrophobic Pi-Alkyl 

PHE164 [π .....Cl] 4.829 Hydrophobic Pi-Alkyl 

VAL40[π .....C] 5.084 Hydrophobic Pi-Alkyl 

ALA56[π .....C] 3.905 Hydrophobic Pi-Alkyl 

M4 -4.8 

ASP163[O....H] 2.555 Hydrogen Bond 

Conventional 

Hydrogen Bond 

PHE164[O....H] 2.140 Hydrogen Bond 

Conventional 

Hydrogen Bond 

ALA56 [π .....Cl] 4.020 Hydrophobic Alkyl 

VAL40[π .....Cl] 4.384 Hydrophobic Alkyl 

PHE164 [π .....Cl] 5.167 Hydrophobic Pi-Alkyl 

LYS58[C.....π] 4.662 Hydrophobic Pi-Alkyl 

LEU98[C.....π] 4.756 Hydrophobic Pi-Alkyl 

ALA167[C.....π] 5.256 Hydrophobic Pi-Alkyl 

M5 -4.9 

PHE164[O....H] 2.219 Hydrogen Bond 

Conventional 

Hydrogen Bond 

PHE164 [π.....π] 4.309 Hydrophobic Pi-Pi Stacked 

ALA56 [π .....Br] 4.462 Hydrophobic Alkyl 

VAL40[π .....Br] 4.736 Hydrophobic Alkyl 

MET152[π .....Br] 4.781 Hydrophobic Alkyl 

PHE164 [π .....Br] 4.753 Hydrophobic Pi-Alkyl 

LYS58[C.....π] 5.085 Hydrophobic Pi-Alkyl 

LEU98[C.....π] 5.019 Hydrophobic Pi-Alkyl 

Cabozantinib -4.8 
MET101[NH.....N] 2.882 Hydrogen Bond 

Conventional 

Hydrogen Bond 
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ILE32[CH.....π] 3.643 Hydrophobic Pi-Sigma 

:UNL1:C27 - 

A:LEU85 3.970 Hydrophobic Alkyl 

:UNL1:C27 - 

A:LEU98 4.096 Hydrophobic Alkyl 

:UNL1:C27 - 

A:MET101 4.395 Hydrophobic Alkyl 

Crizotinib -4.7 

ASP105[NH.....N] 2.426 Hydrogen Bond 

Conventional 

Hydrogen Bond 

ILE32[CH.....π] 3.885 Hydrophobic Pi-Sigma 

MET152[CH.....π] 3.550 Hydrophobic Pi-Sigma 

VAL40 [π .....C] 4.820 Hydrophobic Alkyl 

ALA56 [π .....C] 3.544 Hydrophobic Alkyl 

 

4. CONCLUSIONS   

A comprehensive analysis has been carried out on both the X-ray crystal structure and 

optimized structure of a series of halogenated aminopyridines. The molecular structure, 

Mulliken atomic charges, MEP, HOMO-LUMO energy gaps, and various other molecular 

properties of the optimized structure of halogenated aminopyridine derivatives have been 

investigated using DFT theory with the B3LYP/6-311++G(d,p) level basis set. The computed 

bond geometry is closely relatable to experimental values obtained from the crystallographic 

structures. The molecular orbital analysis indicates that the molecules look more stable and 

less reactive, with a large energy gap of 4.93 to 5.00 eV. The Hirshfeld surface analysis yields 

few important contacts such as N-H…N, C-H…Br, and C-H…Cl, respectively. The variation 

in void volume across the structures, by and large, is in a comparable range. The molecular 

docking analysis showed that all the investigated molecules exhibit much higher binding 

affinity in the range of -4.8 to -5.3 kcal/mol. Thus, all the molecules (M1–M5) are worthy of 

consideration as an efficient potent inhibitor for MET receptor. 
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