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Abstract

:

Experimental and theoretical investigations on the optimized geometrical structure, electronic and vibrational features of 2-[(1H-benzimidazol-1-yl)-methyl]benzoic acid are provided using the B3LYP/6-311++G(d,p) basis set. The Vibrational Energy Distribution Analysis (VEDA) program was used to perform the vibrational assignments and calculate the Potential Energy Distribution (PED). The acquired FT-IR and FT Raman data were used to complete the vibrational assignment and characterization of the compound fundamental modes. Theoretical and actual NMR chemical shifts were found to be quite similar. The UV-vis spectrum of 21HBMBA, as well as effects of solvents, have been investigated. The calculated HOMO and LUMO energies reveal that charge transfer happens within the molecule and MEP surface to be a chemically reactive area appropriate for drug action. Furthermore, a thorough examination of Non-Bonding Orbitals, excitation energies, AIM charges, Fukui functions and the Electron Localization Function (ELF) is carried out. The research is also expanded to compute first-order hyperpolarizability and forecast NLO characteristics. The details of the docking studies aided in the prediction of protein binding.
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1. Introduction


One of the benzimidazole derivatives is 2-[(1H-benzimidazol-1-yl)-methyl]benzoic acid (21HBMBA). Benzimidazole is a white crystal that is also known as azaindole, 3-azindole, benzoglyoxaline, 1,3-diazaindene and 3-benzodiazole [1]. Benzimidazole is one of the earliest nitrogen heterocycles known, having been originally synthesized by Hoebrecker in 1872 and then by Ladenberg and Wundt in 1878 [2]. Benzimidazole is a structural motif that may be found in a variety of natural and non-natural compounds, including vitamins [3]. In the realm of medications and pharmaceuticals, benzimidazole and its derivatives constitute an important family of bioactive compounds [4]. Antimicrobial [5], anti-inflammatory [6], anticancer [7], antiparasitic [6], antiprotozoal agents [8], HIV [9], RNA [10] and human cytomegalovirus (HCMV) [11], are just a few of the viruses they may kill. Derivatives, such as thiabendazole, cambendazole, parbendazole, mebendazole, albendazole and flubendazole are frequently used antihelminth drugs and also used to treat gastrointestinal worm infections in humans and animals [12] (Figure 1). Antihelminth medicines are particularly well known for two classes of benzimidazole derivatives, specifically 5,6-dinitro- and 2-trifluromethyl derivatives [13]. By inhibiting tubulin polymerization, 2-methoxycarbonylamino derivatives have demonstrated strong antiprotozoal activity against several protozoan parasites, such as Giardia lamblia and Entamoebahistolytica, making them better antiprotozoal drugs than albendazole and metronidazole [4]. The antitumoral, antiparasitic, antiviral and antibacterial properties of imidazole and benzimidazole derived compounds, as well as their N-oxides, have been reviewed by Boiani and Gonález [14]. The parent molecule also acts as a precursor for vitamin B12 production [15]. UV filters and pigments made from benzimidazole derivatives are employed in industry [16,17].



In the presence of formic acid, 1, 2-diaminobenzene can be converted to benzimidazole (Scheme 1).



On the other hand, the synthesis of benzimidazoles by condensation of 1,2-diaminobenzenes with aldehydes, necessitates the use of an oxidative reagent to create the benzimidazole nucleus. Furthermore, combining 1,2-diaminobenzenes with carboxylic acid derivatives such as nitriles, imidates, orthoesters, anhydrides or lactones can yield a range of benzimidazoles [18]. Our group reported the synthesis, crystal structure and Hirshfeld analysis of 2-[(1H-benzimidazol-1-yl)-methyl]benzoic acid (21HBMBA) recently [19]. According to a thorough review of the literature, there is yet to be a complete theoretical investigation of 21HBMBA. This stimulates a comprehensive vibrational spectroscopic examination of the molecule in order to identify the fundamental bands in FTIR spectra in detail using the computed PED. A comprehensive spectroscopic evaluation of the title compound utilizing the B3LYP/6-311++G(d,p) level of the theory is presented in this work. Experimental FT-IR, 1H NMR and UV-vis spectra are compared to the optimized geometry and vibrational frequencies. The intermolecular interactions and stability of 21HBMBA are determined using natural bond orbital analysis (NBO). The electron transitions are obtained by measuring the maximum absorption wavelength from 21HBMBA in DCM, DMSO, EtOH, and MeOH solvents using the PCM model. The Molecular Electrostatic Potential provides a qualitative estimate of the molecule reactive area, whereas Fukui function analysis provides a quantitative estimate. Molecular docking experiments are used to find the interaction of ligand (21HBMBA) with a suitable protein downloaded from RSCPDB site; these proteins may be transferase, kinase, hydrolase, oxidoreductase, Hydrolase, lyase/dehydratase, or hydroxylase domains [20,21,22,23,24].




2. Material and Methods


2.1. Methods and Instrumentation


Infrared spectrum was recorded on Thermo scientific NICOLET model (iS50) spectrometer (KBr, disk, 400–4000 cm−1). 1H-NMR was recorded on a JEOL-ECX 500 FT (500 MHz) 13C (125 MHz) instrument in DMSO-d6 with Me4Si as the internal standard. Absorption measurements were performed on UV-1280 spectrophotometer.




2.2. Computational Details


The details of theoretical measurement have been provided in supporting information (See the Supplementary Materials).



To obtain a thorough understanding of optimized parameters, quantum chemical density functional calculations were carried out at the Becke3-Lee-Yang-parr (B3LYP) [25] level using 6-311++G(d,p) basis set using a Gaussian 09W [26] computer package, and the same method was applied in one of our article DFT studies on thiophene derivatives [27]. The Gaussian 09W program was used to calculate vibrational frequencies and IR intensities using the optimized molecular structure. The VEDA program was used to assign hypothetical vibrational assignments to the 21HBMBA molecule using potential energy distribution (PED) [28]. The 1H NMR chemical shifts were calculated using the Gauge-Independent Atomic Orbital (GIAO) technique using the B3LYP/6-311++G(d,p) basis set, since the geometry of the molecule containing Tetra Methyl Silane (TMS) was fully optimized. The title compound optimized geometry was then employed to conduct a natural bond orbital (NBO) study. Atoms in molecule (AIM) theory was used to calculate topological parameters and electron localization functions using Multiwfn software [29]. The Gauss View 6 program [30] was used to create an optimum geometry MEP diagram for the 21HBMBA molecule. The theoretical UV-vis spectra for DCM, DMSO, EtOH, MeOH and gas phase were explored using the TD-DFT and CPCM solvent model technique with the 6-311++G(d,p) basis set in order to better understand the electronic characteristics. Mulliken population analyses as well as condensed Fukui functions were presented. The same approach was used to determine the dipole moment (μ), linear polarizability (α) and first order hyperpolarizability (β) in the NLO investigation. The SwissADME Tool [31] was used to determine the drug-likeness and ADME features of the compound. Molecular docking investigation was carried out using the Autodock 4.2.6 software program [32].





3. Results and Discussion


3.1. Optimized Molecular Geometry


Optimization of molecular geometry was carried out considering the molecules in gas phase, as well as in different solvents, such as EtOH, DCM and DMSO, and Table 1 shows the optimized bond lengths and bond angles for the studied compounds in gas phase and Supplementary Materials Table S1 in different solvents. Optimization was performed by using the B3LYP technique with the 6-311++G(d,p) basis set, Figure 2a shows the atom numbering of the optimized structure. The titled compound 21HBMBA possesses a C1 point group. Due to the molecule being computed in solid state and gaseous phase, there is little difference between experimental and theoretical values. The molecular structure 21HBMBAconsists of 2-(1H-benzimidazol-1-ylmethyl)benzoic acid and forms a 1D periodic structure due to H-bonds in Figure 2b. Standard representation of H-bonded molecular structures resulted in the 2-c uninodal net of the 2C1 topological type with point symbol for net: {0} (Figure 2c).Applying the multilevel analysis for the standard representation of the Coulomb or vdW-bonded structure resulted in the 14-c nodal net of the tcg-x topological type with point symbol for net: {336.446.59} (Figure 2d).



The predicted C–N bond length ranges from 1.304 Å to 1.460 Å, while experimental measurements range from 1.313 Å to 1.468 Å. The maximum bond lengths for C11–C6 were computed and determined to be 1.523 Å (theoretical) and 1.509 Å (experimental). The estimated bond length values for C-O and O-H via B3LYP/6-311++G(d,p) basis set range from 1.210 Å–1.354 Å and 0.968 Å, respectively, and are in good agreement with experimental values (1.216 Å–1.318 Å and 0.879 Å). The bond angle C20–N17–C11= 127.64° in the title molecule is greater than the other C19–N17–C11 = 126.21° computed using DFT/B3LYP with the 6-311++G (d,p) basis set approach. The bond length RMSD value between calculated and experimental is 0.982 and R2 value is 0.965. Similarly for bond angle, RMSD is 0.958 and R2:0.919. These low values imply that experimental and theoretical structures are identical. The dihedral angle of planes in the middle of molecule C10–C6–C11–N17 is −105.61°, and C6–C11–N17–C20 is 64.64°, which shows high distortion, but some are planar, such as C24–C20–C23–C22 is −179.89°, and H21–C19–N22–C23 is −179.73°.




3.2. Vibrational Spectroscopic Analysis


Vibrational spectroscopy is widely used in organic chemistry for identifying functional groups in organic compounds, studying molecular confirmations, kinetics, and reaction mechanisms, etc. Supplementary Materials Table S2 shows the entire vibrational assignments of basic modes of 21HBMBA, along with the PED. Apart from three translational and three rotational degrees of freedom, the greatest number of theoretically active observable fundamentals in a non-linear molecule with N atoms is (3N-6). As a result, the 21HBMBA molecule comprises of 31 atoms and has 87 normal modes of vibration, including stretching, bending, torsion and a few mixed vibrations, and is symmetrical in the C1 point group. Experimental FTIR has been recorded in solid phase, and simulated ones in gas phase, which is why measured spectral peaks looks broad and simulated peaks looks sharp, Figure 3 shows the experimental FTIR, simulated IR spectrum. In the B3LYP basis set, a scaling factor of 0.961 is utilized to compare the theoretical and experimental values.



3.2.1. C–H Stretching Modes


The presence of C–H stretching vibrations in the area 3100–3000 cm−1, which is the typical region for the quick detection of C–H stretching vibrations [33,34], can be seen in the hetero aromatic structure. The type of the substituent has little effect on the bands in this area. C–H stretching and bending areas are the hardest to understand in infrared spectra. Due to ring C–H stretching bands, most of the aromatic compounds contain almost four infrared peaks in the area 3080–3010 cm−1 [35]. In this present study, the C–H stretching vibrations are observed at 3123, 3089, 3077, 3068, 3067, 3055, 3054, 3042, 3039, 3009 and 2927 cm−1[mode nos 86–76] by the B3LYP/6-311++G(d,p) method show good agreements with experimental vibrations. The bands have been observed in the recorded FT-IR spectrum at 2919 and 2858 cm−1. The corresponding PEDs for the titled molecule are 25, 43, 49, 36, 47, 60, 24, 44, 57, 75 and 75%. C11–H15 and C11–H16 vibrations appear at 3131 and 3045 cm−1and could be assigned as asymmetric and symmetric modes, respectively.




3.2.2. C–C Vibrations


The C–C aromatic stretching vibrations produce distinct bands in both the IR and Raman spectra, spanning the spectral range 1600 to 1400 cm−1 [36]. In the benzene ring, the ring carbon–carbon stretching vibrations occur in the range 1625–1430 cm−1. Chithambarathau et al. [37] observed FT-IR bands in 1,3,5-triphenyl-4,5-dihydro pyrazole at 1574, 1498, and 1468 cm−1. Stretching vibrations of the C–C bond are seen in FT-IR at scaled values of 1588 and 1279 cm−1, with PED contributions of 34% and 36%, respectively. The mixed vibrations, stretching C–C, and bending vibrations HCC are observed in the title compound at 1576, 1555, 1553, 1453, 1421, 1310, 1306, 1164, 1155, 1148, 1110, 1090, 1030 and 819 cm−1, and 1576, 1462, 1453, 1428, 1421, 1417, 1358, 1335, 1255, 1238, 1164, 1148, 1110, 1090, 1030, 990 and 920 cm−1, respectively.




3.2.3. C–N Vibrations


The recognition of C–N vibration is a challenging process, because this region allows for the mixing of various bands. Silverstein et al. [38] assigned C–N stretching absorption in the region 1342–1266 cm−1 for aromatic amines. The theoretically scaled wave numbers at 1470, 1335, 1327, 1306, 1255, 1176, 1056, and 860 cm−1 by B3LYP/6-311++G(d,p) correspond to C–N stretching vibrations.




3.2.4. C=O and O–H Vibrations


Carbonyl C=O stretching vibrations are generally predicted in the range of 1740–1660 cm−1 [39]. Peak at 1776 cm−1 is correspond to pure C=O stretching. This double bond group has a significant infrared absorption band because it is highly polar. In this work, the bands observed at 1708, 1310, 1110 and 1039 cm−1are attributed to C=O stretching with mixed modes with other vibrations, such as C=C, C–H stretching. The broad band O–H stretching vibration is predicted to be observed between 3600 and 3400 cm−1 [40]. Hydrogen bonding tends to affect the O –H stretching vibrations [41]. The O–H stretching vibration estimated by B3LYP/6-311++G(d,p) is observed at 3619 cm−1 in this study. The PED contribution is 100%, indicating that the vibration is pure stretching. This demonstrates a high level of agreement with theoretical results.





3.3. Molecular Electrostatic Potential (MEP)


The most successful method for investigating electrophilic, nucleophilic, and radical attack is molecular electrostatic potential surface analysis. MEP was computed at the B3LYP/6-311++G(d,p) optimized geometry to anticipate reactive sites for electrophilic and nucleophilic assault on the title molecule. It is very useful to analyze the molecular reactivity in organic, inorganic and polymer materials, as well as determining the bimolecular nature [42].



The MEP surface of the 21HBMBA molecule is viewed using the Gauss View 5.0 tool in this investigation, as shown in Figure 4. The multiple electrostatic potential values at the MEP surface are shown by the distinct colors of red, blue, and green, which indicate the regions of most negative, most positive and zero electrostatic potential, respectively. Negatively electrophilic potential zones are primarily found around the N22 atom. The hydrogen atoms have a maximal positive area, indicating a potential nucleophilic attack site. The light green area of the MEP surface predominates, corresponding to a color potential halfway between red and dark blue. Negative potential sites are found on electro negative atoms, whereas positive potential sites are found around the hydrogen atom, according to the MEP map. These sites provide information on the area of the compound where non-covalent interactions can occur. The color coding for these 21HBMBA maps runs from −6.122 a.u (red) to +6.122 a.u (green) (deepest blue).




3.4. Electron Localization Function (ELF)


Electron delocalization is a key parameter for understanding molecular aromaticity, the nature of chemical bonding in transition metal complexes [43], and most importantly, it directly reveals the Pauli exchange repulsion effect by measuring the excess of local kinetic energy due to Pauli repulsion, which has a number of applications in VSEPR theory [44]. Electron localization function (ELF) with a color filled map and a shaded surface map with projections for the title chemical were utilized to achieve surface analysis dependent on the covalent bond (Figure 5a,b). The color indications span from blue to red, indicating the ELF scale range of 0.0 to 1.0. It tends to a value of 0.5 when the density distribution approaches homogeneity and approaches 1 in those parts of space where localization is prominent. The presence of bonding and nonbonding electrons is confirmed by the color shades of the ELF maps. The existence of bonding and nonbonding electrons is shown by the red color that surrounds the hydrogen atoms with the highest value. As seen in Figure 5a, the blue color cloud around the carbon atoms shows poor electron localization values. The little blue color circles surrounding carbon, nitrogen and sulfur atoms demonstrate electron depletion between the valence and inner shells.




3.5. Non-Linear Optics


Optical properties and material structure are very critical in the realm of optoelectronics applications [45,46,47,48]. Through finite-field approaches, the main three parameters of polarizability (α), hyperpolarizability (β), and electric dipole moment (μ) are responsive in an applied electric field. The polar characteristics of the title compound were computed using the Gaussian 09W computer package at the DFT (B3LYP)/6-311++G(d,p) level. Urea is a model molecule utilized in the study of molecular systems’ Non-Linear Optical (NLO) characteristics. As a result, it is widely used as a threshold value for comparison reasons. Along x, the dipole moment reaches its maximum magnitude. The values are equal to −4.2843D in this direction. As indicated in Table 2, the values for direction Y and Z are 3.1238D and 0.3546D, respectively. From the B3LYP/6-311++G(d,p) basis set, the total molecular dipole moment of the title molecule is 5.3141D, which is higher than that of urea (μ(D) = 1.373D). According to Table 2, the title compound computed polarizability and hyperpolarizability values are −1.5945 × 10−23 and 9.975 × 10−31, Which are higher than those produced using the B3LYP/6-311++G(d,p) technique for urea (α0, are 3.8312 × 10−24 e.s.u. and β0 = 0.372 × 10−30 e.s.u.). The computed values were converted to electrostatic units (α: 1 a.u. = 0.1482 × 10−24 e.s.u., β: 1 a.u. = 8.6393 × 10−33 e.s.u.) since the values of the polarizability and first hyperpolarizability tensors in the output file of Gaussian 09W are presented in atomic units (a.u.). As a result, this compound may be produced as a conventional NLO material with several industrial uses.




3.6. Donor Acceptor Interaction


A natural bond orbital or NBO, is a computed bonding orbital with maximal electron density in quantum chemistry. Natural bond orbital analysis [50,51,52] is a useful method for studying the interactions (inter and intra molecule interactions) between atom bonds. The donor–acceptor interactions, bonding type, electron density and stabilization energy of the 21HBMBA molecule were computed using the DFT/B3LYP technique using the 6-311++G(d,p) basis set and second-order perturbation theory, and the results are presented in Supplementary Materials Table S3. In the molecular system, greater stabilization energy (E2) is involved in the massive charge transfer of donor–acceptor contacts. Higher stabilization energy is computed in LP(2) of O3, LP(2) of O4 and LP(1) of N17 donors that interact with nearby antibonding acceptors π*(C1–O4), π*(C1–C2), π*(C1–O3) and π*(C19–N22), π*(C20–C23), with energies of 42.69, 16.74, 32.54 and 44.62, 32.25kcal/mol for 21HBMBA. This demonstrates that the lone pair orbital in the molecule participates in electron donation.



Supplementary Materials Table S3 shows how variations in NBO bond polarization and hybridization, as well as percentage changes in the examined molecule, are connected to complex formation data. It is possible to determine the most significant interaction between full (donor) Lewis type NBOs and empty (acceptor) non-Lewis type NBOs. For example, in Supplementary Materials Table S4, the σC1-O3 bond is produced by the sp2.71 hybrid of carbon, which is made up of s(26.89%), p(72.89%) and d(0.22%) atomic orbitals, and the sp1.99 hybrid of oxygen, which is made up of s(33.37%), p(66.54%), and d(0.09%) atomic orbitals. As a result, the link between σC1-O3 is formed by the overlapping of sp2.71 hybrid of C1 and sp1.99 hybrid of O3. The fact that oxygen has a higher polarization coefficient (0.8246) than carbon (0.5657) shows that oxygen is more electronegative. This may be expressed as follows:


σCO = 0.5657 (sp2.71)C1 + 0.8246 (sp1.99)O3











The vector specifying hybrid p-components, azimuthal (Φ) and polar (θ) angles are utilized to determine its orientation. The deviation angles of hybrid A and hybrid B orbitals describe the bending nature of the bonds. The geometrical alterations and bending nature of NHO are shown in Supplementary Materials Table S5. The NHO of σC1–C2, σC1–O3, σC1–O4 and σC2–C5 are bent by (1.9, 1.7), (3.9, 1.4), (85.4, 85.9) and (88.3, 88.7), respectively.




3.7. Population Analysis (Local Reactivity Descriptor: Fukui Function)


Mulliken population analysis is used to determine partial atomic charges using computational chemistry methods (MPA). The two statistics’ local softness and Fukui functions, which are based on the equation f(ȓ) = (∂p/∂N)v(ȓ) = (Δμ/Δv(ȓ))N [53,54], describe the reactive sites. Using density functional theory, the Fukui function predicts where the most electrophilic and nucleophilic sites are found [55,56]. In the Mulliken population analysis system, the atomic site is associated with three components: neutral (N), anionic (N+1) and cationic (N-1). The titled compound has a total of 31 atoms in its chemical structure, including 15 carbon atoms, 12 hydrogen atoms, 2 oxygen atoms and 2 nitrogen atoms. Carbon atoms with negative values predominate in C1, C5, C9, C10, C11, C23, C24, C25, C26, and C29 due to hydrogen and nitrogen atom coupling. The remaining carbon atoms C2, C6, C13, C19, and C20 are positive due to nitrogen and oxygen atoms. Table 3 shows the Fukui function and local softness values for all atoms. The nucleophilic and electrophilic sites of the molecule are investigated using the dual descriptor analysis. For nucleophilic attack, the estimated Fukui functions (fk+) values were anticipated in the order C6 > C2 > C13 > N17 > C20 > C19. The higher (fk−) values are C11 > C9 > C25 > C24 > C29 > C10 > C26 > O4 > C5 > C1 > O3 > C23 > N22 and are likely to represent electrophilic attack sites. The stability and reactivity characteristics serve as a prelude for molecular docking to confirm the biological activity of the titled compound. Figure 6 and Supplementary Materials Figure S1 displays the histogram of Mulliken atomic charges.




3.8. Frontier Molecular Orbital Analysis


The energies of electronic absorption from the highest filled orbital to the lowest unfilled orbital are referred to as Frontier Molecular Orbital (FMO) and were calculated using Gauss View5.0 for 21HBMBA at B3LYP/6-311++G(d,p). FMOs are important in a variety of optical and electric characteristics, as well as quantum chemistry and molecular UV-vis spectra. The capacity to supply an electron is represented by the HOMO as an electron donor, while the ability to receive an electron is represented by the LUMO as an electron gainer, and the energy gap between the two is responsible for the molecule stability [57]. The transition from the ground state to the first excited state causes electronic absorption, which is primarily performedby electron excitation from the HOMO to the LUMO. The HOMO, LUMO and band gap energies were discovered to be −6.201 eV, −2.147 eV and 4.054 eV, respectively (Figure 7). The intramolecular charge transfer (ICT) interaction is shown by the HOMO-LUMO energy gap, and this value was equivalent to the band gap energy value of bioactive compounds [58]. The ionization potential, the electron affinity of the molecule, is linked to the HOMO and LUMO values. The global molecular reactivity descriptors of a type of IP, EA, Global Hardness (η), Electronegativity (χ), Global Softness (S), Chemical Potential (μ), and Global Electrophilicity (ω) were calculated, and the results are reported in Table 4 Because of the chemical hardness (2.0270) and significant energy transition, the molecule is not extremely hard. Because of its low softness value, the title molecule has a low toxicity (0.2466). One of the most important Conceptual Density Functional Theory (CDFT)-based descriptors for studying bioactivities is the electrophilicity index. The suitably high value of the electrophilicity index (4.2987) serves as a prelude to examining the title molecule for its biological activity in terms of molecular docking, in which the title compound 21HBMBA serves as the ligand and is docked to a suitable protein. The title molecule experimental and theoretical UV-vis comparative spectrum is illustrated in Figure 8. The experimental ultraviolet-visible spectra of compound were recorded in DCM, DMSO, EtOH solvents, as well as theoretical calculations in gas phase, in DCM, DMSO and EtOH solvents. The UV-visible absorption maximum values in gas phase, DCM, DMSO, and EtOH solvents are (λmax) 357 nm, 315 nm, 310 nm, and 311 nm. The λmax value obtained experimentally is 352 nm in DCM, 396 nm in DMSO and 272 nm in EtOH as solvents (Table 5). It has been observed that the λmax as well as intensity changes the polarity of solvent. For carbonyl compounds, the n–π* transition of the keto group shifts towards shorter wavelength (blue-shift or hypsochromic shift) if solvent polarity is increased. The reason being, the non-bonding electrons on oxygen interact strongly (hydrogen bonding) with hydrogen of polar solvents, such as EtOH, MeOH, H2O, etc.




3.9. 1HNMR Spectral Analysis


One of the most essential tools for structural conformational research of organic molecules is 1H NMR spectroscopy. Table 6 lists the actual and theoretical results for the proton (1H) NMR of the title compound. In a DMSO solvent, the experimental 1H NMR was obtained and presented in Supplementary Materials Figure S2. The GIAO technique [49] is used to determine the theoretical 1H chemical shielding for the best optimal geometry. The DFT approach calculates chemical shift values that were compared with the experimental data. The peaks seen experimentally in the 1H NMR spectra of the title compound range from 5.82 ppm to 8.25 ppm. The single peak observed at 8.25 (1H) ppm and theoretically at 8.57 ppm is due to carboxylic acid protons. The peaks at 7.86 ppm–7.12 ppm and theoretically at 8.30 ppm–7.53 ppm are due to aromatic -CH protons. The peak for 1H at 7.88 ppm and calculated at 8.35 ppm is due to methylene protons.




3.10. EDD and HDD Profiles for Excited States of 21HBMBA


The delocalization of one electron from A to B, where A and B are real space functions, is referred to as a single-electron excitation process. The excitation of an electron from an occupied to a virtual MO is a commonly used model of an excited state (one electron model) [29]. Electron (ρele(r)) and hole (ρhole(r)) density distribution maps are typical regions of photoexcited states that are equivalent to ground state molecular orbitals. As indicated in Equations (1) and (2), the EDD and HDD can be defined in terms of the molecular orbital wavefunction (Φ) and the configuration coefficient (w), which correspond to the transition of an electron from an occupied MO(i) to a virtual MO(l) on electronic excitation:


   ρ ele  ( r ) = ∑     W i l    2   Φ l    ( r )    Φ l    ( r ) + ∑     ∑  W i l   W i m   Φ l    ( r )    Φ m  ( r )  



(1)






i→l i→li→m≠l










   ρ hole  ( r ) = ∑     W i l    2   Φ i    ( r )    Φ i  ( r ) + ∑         ∑  W i l   W j l   Φ i  ( r )    Φ j  ( r )  



(2)






i→l i→lj≠i→l











The above-mentioned method was used to calculate EDD and HDD maps for the titled compound 21HBMBA in the current investigation. Multiwfn 3.3.4, created by Tian Lu [59,60], was used to compute utilizing CPCM in different solvents, such as DCM, EtOH at the DFT- B3LYP/6-311++G(d,p) level. Electronic structure calculation for 21HBMBA at TD-DFT–B3LYP/6-311++G(d,p) level with CPCM in DCM predicted one major electronic transition depicted in Figure 9a; the intense absorption band at λmax = 261 nm (3.93 eV) corresponds to HOMO-2→LUMO, while the absorption at λmax = 261 nm (3.99 eV) corresponds to (HOMO-2→LUMO) for DMSO (Supplementary Materials Table S6): for EtOH the intense absorption band at λmax = 261 nm (3.99 eV) corresponds to HOMO-2→LUMO. While the absorption at λmax = 261 nm (3.98 eV) corresponds to (HOMO-2→LUMO) for DCM involving a single molecular orbital pair excitation from the occupied to the unoccupied orbital. The computed EDD map (Figure 9a) shows a much denser isosurface localized on one of the rings and associated oxygen atoms, while the HDD map shows a denser isosurface on ring and nitrogen atoms. Similarly, in Figure 9b, the EDD map shows a denser isosurface on ring and oxygen atoms, whereas the HDD map shows a much denser isosurface localized on ring and nitrogen atoms. Table 7 lists the estimated configuration coefficients for permitted electrical excitations, as well as the EDD and HDD Centroid coordinates for 21HBMBA.




3.11. Druglikeness


To validate the potentially active drug nature, drug similarity analysis is performed based on several pharmacophoric features of the sample, such as bioavailability, reactivity, and metabolic stability. The conventional idea for a drug-like attribute is drug similarity, which is defined as a complex equilibrium of multiple chemical properties and structural traits that determines if a molecule is comparable to recognized medications. The amount of hydrogen bond acceptors (HBA), hydrogen bond donors (HBD), rotatable bonds, AlogP, PSA (polar surface area) and molar refractivity are all key characteristics in determining the drug similarity properties of a compound. The drug similarity test is made up of all of these criteria, and the values for titled compound 21HBMBA are listed in Table 8. Lipinski’s rule of five was used to calculate the bioavailability of bulk materials in order to assess drug similarity qualities; this rule is crucial in drug development. The titled compound 21HBMBA has one hydrogen bond donor and three hydrogen bond acceptors, respectively. According to this study, HBD should be less than 5 and HBA should be less than 10, according to Lipinski’s rule of five, which is satisfied in the current pharmacological analysis. The measured polar surface area is 55.12 (Å2), which is less than the allowed range of 140 (Å2). The current medication of 21HBMBA has a molar refractivity of 72.44, which falls between the threshold ranges of 40 and 130. All of the data indicate that the current sample 21HBMBA is a drug with active potential and drug qualities. A figure illustrating the drug similarity characteristics of 21HBMBA and one of its derivatives was presented in Supplementary Materials Figures S3 and S4.




3.12. Molecular Docking Studies


A molecular docking analysis was performed on the molecule using AutoDock [32] to anticipate the possibilities of protein ligand binding, and 21HBMBA was chosen to dock into the active sites of the protein 3H4G, 4A7Y, 6M7X (removing chain A or B), which belongs to the class of proteins with antimicrobial and antiparasitic properties. Protein was chosen from Swiss target prediction on the basis of if a ligand already docked in it resembles the 21HBMBA, the protein which contain similar ligand was chosen and downloaded in the form of pdb from the RSCPDB website, these protein were of oxidoreductase, hydrolase, lyase/dehydratase, hydroxylase domain. These proteins are taken from a protein data source and checked for bound residue, bond distance, binding energy, and other properties. Before preparing the protein for docking, co-crystallized ligands, fluids, and co-factors were removed. The minimal energy value of the 21HBMBA molecule (ligand) bound into the active region of the proteins was investigated. To analyze the method of binding, the lowest binding energy from the docked conformation was used. The inhibition constants (μm) and molecular docking binding energies (Kcal/mol) were also obtained and presented in Table 9. Figure 10 depicts the ligand preferred orientation with respect to the target protein. The docked ligand title compound forms a stable complex with 3H4G with a binding affinity of −9.2 kcal/mol, according to our findings. In this study, it was discovered that the 21HBMBA molecule is a promising antimicrobial symptomatic aspirant.





4. Conclusions


In current investigation spectroscopy (FT-IR, FT Raman studies, UV-vis and 1H NMR), NLO, NBO, ELF, EDD and HDD, and docking experiments were carried out. DFT theory was used to calculate the optimal geometric parameters (bond lengths and angles), which were then compared to the experimental results. The electronic transitions were also estimated and compared to the UV-vis spectra obtained experimentally. The TD-DFT approach was also used to calculate the energies of significant MOs and λmax of the compound. The MEP map shows that the negative potential site was found around N22, while positive potential sites are found on hydrogen atoms. These sources may include information regarding the title structure likely reaction areas. The degree of electron localization was also represented by ELF. The dipole moment, polarizability and initial hyperpolarizability of the title molecule were used to explore its NLO behavior. Fukui calculations were also performed with variable charge and multiplicity, and the electrophilic and nucleophilic sites were investigated. DCM and EtOH were used to construct EDD and HDD maps for the 3rd excited state. The HOMO-LUMO energy gap was discovered to be 4.054 eV, indicating that the molecule exhibited considerable charge transfer and was also bioactive. The FMO research provided a comprehensive understanding of the molecule toxicity and biological functions. The lowest binding energy for the 3H4G receptor was −9.2 kcal/mol, indicating that the title compound can be further explored in terms of its medical use. The above investigation provides sufficient information for the designing of various new carbonyl and anhydride derivatives, which are of great importance prior to their synthesis and structural characterization.
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Figure 1. Some established benzimidazole derivatives as antiulcer agents in clinical practice. 
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Scheme 1. Synthesis of benzimidazole from 1, 2-diaminobenzene and formic acid. 
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Figure 2. (a) Optimized molecular geometrical structure with atomic label, (b) hydrogen bonded structural fragment, (c) 2-c uninodal net of the 2C1 topological type and (d) 14-c (green balls) net in standard representation of Coulomb or vdW-bonded molecular structure 21HBMBA with molecules that correspond to nodes. 
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Figure 3. Theoretically calculated FTIR spectrum blue line and experimental infrared spectrum of 21HBMBA. 
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Figure 4. Molecular electrostatic potential (MEP) map of 21HBMBA. 
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Figure 5. (a) ELF color filled map. (b) Shaded surface map with projection effect of the hydrogen bonding region in 21HBMBA. 
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Figure 6. The histogram of calculated Mulliken charge of 21HBMBA. 
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Figure 7. HOMO and LUMO with band gap energy. 
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Figure 8. (a) Theoretical and (b) experimental UV-vis spectra of 21HBMBA. 
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Figure 9. EDD and HDD maps of the 3rd excited state of 21HBMBA in (a) DCM and (b) EtOH. 
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Figure 10. Molecule21HBMBA embedded in the active sites of (A) 3H4G (B) 4A7Y (C) 6M7X proteins. 
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Table 1. Optimized geometrical parameters of 21HBMBA in gas phase: bond length (Å) and bond angles (°).
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Bond Length (Å)

	
Bond Angle (°)




	
Parameter

	
B3LYP/6-311++G(d,p)

	
Experimental [19]

	
Parameter

	
B3LYP/6-311++G(d,p)

	
Experimental [19]






	
N22–C23

	
1.39

	
1.39(32)

	
C19–N17–C11

	
126.21

	
125.71(205)




	
N22–C19

	
1.30

	
1.31(32)

	
C11–C6–C2

	
124.04

	
124.09(224)




	
C19–N17

	
1.39

	
1.36(33)

	
C2–C1–O4

	
125.76

	
124.22(233)




	
N17–C20

	
1.39

	
1.39(31)

	
C2–C1–O3

	
112.81

	
112.24(213)




	
C20–C23

	
1.41

	
1.40(36)

	
C1–O3–H7

	
106.72

	
111.24(2056)




	
C20–C24

	
1.39

	
1.39(36)

	
O3–C1–O4

	
121.40

	
123.50(221)




	
C26–C29

	
1.40

	
1.40(37)

	
C1–C2–C5

	
118.41

	
117.72(224)




	
N17–C11

	
1.46

	
1.46(32)

	
C5–C9–C13

	
119.45

	
119.48(241)




	
C11–C6

	
1.52

	
1.50(35)

	
H12–C9–C13

	
120.57

	
120.26(294)




	
C6–C2

	
1.41

	
1.40(36)

	
Dihedral angle (°)




	
C2–C1

	
1.49

	
1.49(37)

	
C24–C20–C23–C22

	
−179.98

	
−179.95(228)




	
C1–O3

	
1.35

	
1.31(31)

	
O3–C1–C2–C5

	
−3.50

	
−3.54(327)




	
O3–H7

	
0.96

	
0.87(271)

	
O3–C1–C2–C6

	
173.75

	
173.76(233)




	
C1–O4

	
1.21

	
1.21(30)

	
O4–C1–C2–C5

	
178.07

	
178.07(243)




	
C2–C5

	
1.40

	
1.39(35)

	
O4–C1–C2–C6

	
−4.66

	
−4.62(403)




	
C13–C9

	
1.39

	
1.38(36)

	
C2–C1–O3–H7

	
178.62

	
178.26(2205)




	
C13–C10

	
1.39

	
1.39(36)

	
O4–C1–O3–H7

	
−2.94

	
−2.97(2224)




	
C10–H14

	
1.08

	
0.95(37)

	
C2–C6–C11–N17

	
75.19

	
75.21(309)




	
Bond angle (°)

	
C10–C6–C11–N17

	
−105.61

	
−105.61(260)




	
N22–C19–H21

	
125.54

	
123.15(288)

	
C6–C11–N17–C19

	
−116.77

	
−116.78(258)




	
N22–C19–N17

	
119.72

	
113.62(220)

	
C6–C11–N17–C20

	
64.64

	
64.66(311)




	
C19–N17–C20

	
105.86

	
106.36(199)

	
H15–C11–N17–C19

	
121.9

	
121.85(298)




	
C20–C23–N22

	
110.22

	
109.22(216)

	
H15–C11–N17–C20

	
−56.68

	
−56.69(360)




	
C23–C25–H28

	
120.14

	
121.25(298)

	
H16–C11–N17–C19

	
4.60

	
4.610(377)




	
C23–C25–C29

	
118.12

	
117.52(239)

	
H16–C11–N17–C20

	
−173.97

	
−173.93(268)




	
C25–C29–H31

	
119.64

	
119.45(304)

	
C11–N17–C19–N22

	
−179.61

	
−179.62(215)




	
C29–C26–C24

	
121.56

	
122.13(236)

	
C20–N17–C19–N22

	
−0.78

	
−0.82(285)




	
C24–C20–N17

	
133.05

	
133.14(228)

	
N17–C19–N22–C23

	
0.28

	
0.28(284)




	
C20–N17–C11

	
127.64

	
127.89(198)

	
H21–C19–N22–C23

	
−179.70

	
−179.73(313)




	
N17–C11–C6

	
114.46

	
113.31(206)

	
H21–C19–C23–N22

	
−0.8

	
−0.84(271)
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Table 2. The calculated values of dipole moment μ(D), polarizability (α0), and first order hyperpolarizability, (βtot) components of 21HBMBA.






Table 2. The calculated values of dipole moment μ(D), polarizability (α0), and first order hyperpolarizability, (βtot) components of 21HBMBA.





	Parameters
	B3LYP/6-311++G(d,p)
	Urea [49]
	B3LYP/6-311++G(d,p)
	Parameters
	B3LYP/6-311++G(d,p)
	Urea [49]
	B3LYP/6-311++G(d,p)





	μx
	−4.28
	−0.806
	0.9450
	βxxx
	−44.37
	23.748
	0.9595



	μy
	3.12
	1.543
	−1.1264
	βyxx
	17.74
	17.376
	−1.4268



	μz
	0.35
	−0.008
	0.0000
	βxyy
	−48.53
	−55.468
	−1.4018



	μ(D)
	5.31
	−1.741
	1.4703
	βyyy
	6.84
	44.220
	−3.3043



	αxx
	−110.09
	37.245
	−25.0247
	βzxx
	−42.35
	−0.489
	0.0000



	αxy
	4.37
	−0.194
	0.6994
	βxyz
	−9.41
	0.034
	0.0000



	αyy
	−104.73
	37.988
	−23.1428
	βzyy
	−13.38
	−0.531
	0.0000



	αxz
	2.194
	0.052
	0.0000
	βxzz
	−11.73
	−19.037
	3.6839



	αyz
	3.826
	−0.063
	0.0000
	βyzz
	−12.69
	33.038
	−6.5824



	αzz
	−107.97
	24.012
	−6.7450
	βzzz
	8.39
	−1.062
	0.0000



	α0 (e.s.u)
	−1.594 × 510−23
	0.9771 × 10−23
	0.897 × 10−23
	βtot (e.s.u)
	0.9975 × 10−31
	0.927 × 10−30
	0.917 × 10−31
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Table 3. Mulliken Atomic Charge distribution, Fukui Functions and Local Softness equivalent to (0,1), (−1,2) and (1,2) charge and multiplicity of 21HBMBA.






Table 3. Mulliken Atomic Charge distribution, Fukui Functions and Local Softness equivalent to (0,1), (−1,2) and (1,2) charge and multiplicity of 21HBMBA.





	
Atom

	
Mulliken Atomic Charges

	
Fukui Functions

	
Local Softness




	
N (0,1)

	
N-1 (+1,2)

	
N+1(-1,2)

	
fr+

	
fr-

	
Δf

	
fr0

	
sr+ fr+

	
sr- fr-

	
sr0 fr0






	
C1

	
−0.245

	
−0.259

	
−0.211

	
0.034

	
0.014

	
0.020

	
−0.081

	
0.008

	
0.003

	
−0.020




	
C2

	
0.386

	
0.397

	
0.295

	
−0.090

	
−0.011

	
−0.078

	
0.096

	
−0.022

	
−0.002

	
0.023




	
O3

	
−0.128

	
−0.114

	
−0.183

	
−0.055

	
−0.014

	
−0.040

	
−0.126

	
−0.013

	
−0.003

	
−0.031




	
O4

	
−0.254

	
−0.249

	
−0.399

	
−0.144

	
−0.004

	
−0.140

	
−0.274

	
−0.035

	
−0.001

	
−0.067




	
C5

	
−0.254

	
0.238

	
−0.327

	
−0.073

	
−0.493

	
0.420

	
−0.446

	
−0.018

	
−0.121

	
−0.110




	
C6

	
0.934

	
0.890

	
0.977

	
0.043

	
0.043

	
−9.9E-

	
0.5325

	
0.010

	
0.010

	
0.131




	
C9

	
−0.531

	
−0.503

	
−0.553

	
−0.022

	
−0.027

	
0.004

	
−0.301

	
−0.005

	
−0.006

	
−0.074




	
C10

	
−0.271

	
−0.239

	
−0.293

	
−0.021

	
−0.031

	
0.009

	
−0.173

	
−0.005

	
−0.007

	
−0.042




	
C11

	
−0.610

	
−0.691

	
−0.694

	
−0.084

	
0.080

	
−0.165

	
−0.349

	
−0.020

	
0.019

	
−0.086




	
C13

	
0.342

	
−0.335

	
−0.462

	
−0.805

	
0.678

	
−1.483

	
−0.294

	
−0.198

	
0.167

	
−0.072




	
N17

	
0.198

	
0.280

	
0.213

	
0.014

	
−0.082

	
0.097

	
0.072

	
0.003

	
−0.020

	
0.017




	
C19

	
0.129

	
0.147

	
0.123

	
−0.006

	
−0.018

	
0.012

	
0.0490

	
−0.001

	
−0.004

	
0.012




	
C20

	
0.179

	
0.188

	
0.219

	
0.040

	
−0.009

	
0.049

	
0.1254

	
0.009

	
−0.002

	
0.030




	
N22

	
−0.072

	
0.042

	
−0.101

	
−0.028

	
−0.115

	
0.086

	
−0.122

	
−0.007

	
−0.028

	
−0.030




	
C23

	
−0.105

	
−0.116

	
−0.107

	
−0.002

	
0.010

	
−0.013

	
−0.049

	
−0.000

	
0.002

	
−0.012




	
C24

	
−0.327

	
−0.228

	
−0.333

	
−0.006

	
−0.099

	
0.093

	
−0.219

	
−0.001

	
−0.024

	
−0.054




	
C25

	
−0.379

	
−0.294

	
−0.391

	
−0.011

	
−0.085

	
0.073

	
−0.243

	
−0.002

	
−0.021

	
−0.060




	
C26

	
−0.262

	
−0.248

	
−0.301

	
−0.039

	
−0.013

	
−0.026

	
−0.176

	
−0.009

	
−0.003

	
−0.043




	
C29

	
−0.308

	
−0.253

	
−0.303

	
0.005

	
−0.055

	
0.061

	
−0.176

	
0.001

	
−0.013

	
−0.043
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Table 4. Calculated energy values of 21HBMBA by B3LYP/6-311++G(d,p) method.
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	Parameter
	Values





	EHomo(eV)
	−6.20170



	ELumo(eV)
	−2.14768



	Ionization potential
	6.20170



	Electron affinity
	2.14768



	Energy gap(eV)
	4.0540



	Electronegativity
	4.1746



	Chemical potential
	−4.1746



	Chemical hardness
	2.0270



	Chemical softness
	0.2466



	Electrophilicity index
	4.2987
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Table 5. Comparison of electronic properties of 21HBMBA attained experimentally and calculated by TD-DFT/B3LYP method.
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Experimental

	
TD/DFT




	
Solvent

	
λmax (nm)

	
Molar Extinction Coefficient

	
Band Energy

(eV)

	
Energy

	
λmax (nm)

	
Band Energy

(eV)

	
Energy

	
Oscillator

Strength

	
Assignments






	
Gas

	

	

	

	

	
357

	
3.47

	
28,021.3

	
0.0002

	
H→L (96.6%)




	

	

	

	

	

	
347

	
3.57

	
28,816.56

	
0.0001

	
H-1→L (96.7%)




	

	

	

	

	

	
279

	
4.43

	
35,792.45

	
0.0183

	
H→L+1 (91.2%)




	
Ethanol

	
271.92

	
271,920

	
4.56

	
36,779

	
311

	
3.98

	
32,133.11

	
0.0006

	
H→L (93.3%)




	

	

	

	

	

	
304

	
4.08

	
32,934.83

	
0.0002

	
H-1→L (93.7%)




	

	

	

	

	

	
261

	
4.74

	
38,288.73

	
0.0494

	
H-2→L (72.3%)




	
DCM

	
352.03

	
352,029.9

	
3.52

	
28,391

	
315

	
3.93

	
31,700.8

	
0.0006

	
H→L (93.1%)




	

	

	

	

	

	
308

	
4.02

	
32,468.64

	
0.0002

	
H-1→L (93.4%)




	

	

	

	

	

	
261

	
4.74

	
38,294.38

	
0.0493

	
H-2→L (70.9%)




	
DMSO

	
396.42

	
396,420

	
3.13

	
25,245

	
310

	
3.99

	
32,245.22

	
0.0007

	
H→L (93.5%)




	

	

	

	

	

	
302

	
4.085

	
33,056.62

	
0.0003

	
H-1→L (93.8%)




	

	

	

	

	

	
261

	
4.74

	
38,258.08

	
0.0547

	
H-2→L (72.4%)
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Table 6. Experimental and theoretical 1H chemical shift values of 21HBMBA (ppm).
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	Atoms
	Experimental Chemical Shift (ppm)
	Calculated Chemical Shift (ppm) B3LYP
	Degeneracy (ppm)
	RMSD (R)

and R2 Values





	8H
	8.25
	8.577
	1.000
	For 1H



	21H
	7.88
	8.350
	2.000
	R = 0.956



	14H
	7.86
	8.304
	2.000
	R2 = 0.914



	18H
	7.36
	8.180
	1.000
	



	28H
	7.34
	8.031
	1.000
	



	12H
	7.32
	7.911
	1.000
	



	27H
	7.15
	7.659
	1.000
	



	7H
	7.14
	7.587
	3.000
	



	31H
	7.13
	7.575
	3.000
	



	30H
	7.12
	7.536
	3.000
	



	16H
	6.72
	6.819
	1.000
	



	15H
	5.82
	5.216
	1.000
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Table 7. Calculated EDD and HDD centroid coordinates and distances for 21HBMBA allowed excited state transitions in DMSO and MeOH.
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Centroid Coordinates




	
Solvent

	
Excited State

	
λmax

	
f

	
Maps

	
X(Å)

	
Y(Å)

	
Z(Å)






	
DCM

	
3

	
261.13

	
0.0493

	
EDD

	
−2.16

	
0.24

	
0.01




	

	

	

	

	
HDD

	
−2.16

	
0.94

	
0.08




	

	

	

	

	
Distance between Centroid

	
0.00

	
0.70

	
0.06




	
EtOH

	
3

	
261.17

	
0.0494

	
EDD

	
−2.16

	
0.23

	
0.12




	

	

	

	

	
HDD

	
−2.16

	
0.96

	
0.07




	

	

	

	

	
Distance between Centroid

	
0.00

	
0.72

	
0.06
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Table 8. ADME characteristics of 21HBMBA and its derivatives.
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	S.No.
	Derivatives
	HBD
	HBA
	MR
	TPSA

(Å2)
	GI

Absorption
	BBB

Permanent
	CYP1A2 Inhibitor
	log Kp (cm/s)
	Lipinski Violations
	Bioavailability Score





	1
	21HBMBA
	1
	3
	72.44
	55.12
	High
	Yes
	Yes
	−6.02
	Yes
	0.85



	2
	2-[4-[(2-propylben-zo[f]benzimidazol-3-yl)methyl]-phenyl]benzoic acid
	1
	3
	129.96
	55.12
	High
	Yes
	Yes
	−4.42
	Yes
	0.85



	3
	1-cyclohexyl-2-phenylbenzimidazole-5-carboxylic acid
	1
	3
	95.31
	55.12
	High
	Yes
	Yes
	−5.17
	Yes
	0.85



	4
	2-[4-[(2-choloro-ethyl)benzimidazol-1-yl)methyl]-phenyl]-benzoic acid
	1
	3
	130.01
	55.12
	High
	Yes
	No
	−4.22
	Yes
	0.85
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Table 9. Hydrogen bonding and molecular docking with Centromere associated protein inhibitor protein targets.






Table 9. Hydrogen bonding and molecular docking with Centromere associated protein inhibitor protein targets.





	S. No.
	PDB ID
	Residue
	Bond Distance (Å)
	Inhibition Constant (Micromolar)
	Binding Energy (kcal/mol)
	Reference RMSD (Å)





	1
	3H4G
	3
	1.930,2.366
	0.17
	−9.2
	10.746



	2
	4A7Y
	3
	2.412
	0.48
	−8.6
	21.907



	3
	6M7X
	3
	2.259,2.383
	1.87
	−7.8
	9.774
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