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ABSTRACT

In the present study, novel benzimidazole compounds are synthesized, utilizing Suzuki coupling and acid-amine coupling reaction. The formation of
all synthesized derivatives was confirmed through various spectroscopic techniques, including 1H, 13C, Carbon DEPT-135, H-H COSY, HSQC, and
HRMS. The UV-Vis and fluorescence spectra of all synthesized compounds were recorded. Particularly, among all synthesized compounds, com-
pound 90 (304.06 nm) exhibited the higher Ayax in UV-Vis spectroscopy, while compound 9j (396.16 nm) exhibited the highest emmision intensity
in fluorescence spectroscopy. Furthermore, density functional theory (DFT) calculations were performed at the B3LYP/6-31G/(d,p) foundational
level set. These calculations aimed to predict the chemical reactivity of the newly synthesized benzimidazole derivatives by assessing parameters
such as the HOMO-LUMO energy gap value, ionization potential, electrostaic potential, electron affinity, electronegativity, global hardness, and
softness energy values. Subsequently, a molecular docking analysis was performed on all synthesized derivatives on a protein associated with Bcl-2
in conjunction with venetoclax, with compound 9g (—10.77 kcal/mol) indicating the most significant binding affinity among the compounds
investigated.

1. Introduction

Benzimidazole, constitutes a heterocyclic aromatic compound wherein a benzene ring is fused at 4 and 5 positions of an imidazole
ring, [1]. Benzimidazole derivatives play a vital role in various therapeutic areas, acting as key components in antifungal,
anti-inflammatory, and antitumor agents. Their unique chemical framework facilitates interactions with biological targets, making
them invaluable in drug design [2]. This versatility ensures their continued relevance in advancing modern medicine and scientific
innovation it has a great deal of promise for usage in pharmacological and biological applications [3,4] based on their importance,
several drugs have been developed such as samatasvir, ridinalazole, temlisartan and flubendazole are shown in Fig. 1 [5,6] and they
were found in the treatment of several diseases including epilepsy, diabetes and infertility [7]. Benzimidazole scaffold shows various
biological activities such as antihelminitic[8], antitumor [9,10], anthelmintic [11], antimicrobial [12], anticancer [13], antiviral [14],
antibacterial [15] and antiparasitic [16] activities, and because of their interactions with various proteins, RNA, and DNA, they are
essential to the activity of many biologically significant molecules [17]. Due to the broad range of pharmacological characteristics of
this chemical scaffold in the field of drug discovery, benzimidazole and its analogs have been the focus of extensive investigation to
clarify their inventive uses in treating intricate diseases like cancer. The benzimidazole derivatives were found to exhibit outstanding
anticancer capabilities against various cancer cell lines [18]. As a benzimidazole derivative, telmisartan is known to cause early
apoptosis in cancerous cells [19]. An important target in the assessment of anticancer drugs is the inhibition of Bcl-2 protein [20]. It has
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been determined that some benzimidazole and its substituted derivatives are new inhibitors of Bcl-2 and/or tyrosine kinase. These
compounds reported to impact important signaling pathways, exhibiting significant anticancer activity [21,22]. Recent literature has
demonstrated that benzimidazole derivatives potentially impede the biosynthesis of microbial nucleic acids and proteins [23], thereby
inhibiting the growth of diverse microorganisms [24-27].

Benzimidazole fluorescent probes are highly valued in chemical and biological sensing due to their excellent photophysical
properties, including strong UV-visible absorption, bright fluorescence, high quantum yield, and good photostability [28]. They are
designed to selectively bind to metal ions like Zn?*, Cu*, Fe?*, and Hg%", as well as to respond to pH changes and interact with bio-
molecules such as proteins and nucleic acids, making them useful in environmental monitoring, medical diagnostics, and biochemical
research [29]. The probes are synthesized by functionalizing the benzimidazole core to enhance their selectivity and sensitivity.

Recent studies highlight their applications in detecting metal ions and monitoring pH changes in various samples [30]. Annulated
benzimidazoles, recognized for their extensive n-conjugation and planar configurations, assume a important function in the realm of
advanced optoelectronics, encompassing organic light-emitting diodes (OLEDs) and laser technologies [31,32]. In the context of
benzimidazole, the conjugated nitrogen atoms present in the imidazole moiety demonstrate a very good affinity heightened affinity for
proton donor and acceptor sites within the same molecular framework, analogous to water [33]. Consequently, the photophysical
characteristics of the benzimidazole unit have been effectively modulated through the process of protonation. The electroluminescent
devices, such as fluorescent and phosphorescent light-emitting diodes, are fabricated from bipolar hybrids including
triphenylamine-oxadiazole, triphenylamine-benzimidazole, carbazole-oxadiazole, carbazole-benzimidazole, and
triphenylamine-carbazole-benzothiadiazole [34-36]. The incorporation of nitrogen within the imidazole structure serves as an
effective sensor for metal ions, thus prompting the advancement of selective detection methodologies for metal ions and anions, an
area of increasing significance due to its critical role across a variety of environmental, clinical, and chemical domains [37]. Therefore,
the investigation of photophysical properties pertaining to polycyclic benzimidazole has emerged as a prominent research focus in
recent times.

In the present investigation, we successfully synthesized the novel compound tert-butyl 2-(5-(4-(2-(4-bromophenyl)acetamido)
phenyl)-1H-benzo[d]imidazole-2-yl)pyrrolidin-1-carboxylates. A thorough characterization of all newly synthesized entities was
performed utilizing NMR and High-Resolution Mass Spectrometry (HRMS) to ensure the structure [38,39]. Ultraviolet-Visible
(UV-Vis) and Fluorescence (FL) spectra were obtained in acetonitrile solvent at room temperature with a concentration of 2 x 107 M.
Moreover, molecular docking was employed as a valuable methodology to investigate the interaction of the synthesized biologically
active compounds with target proteins, with particular emphasis on ligands containing analogous heterocyclic moieties present in our
compound, which are known to act as inhibitors in the interaction of Bcl-2 protein with venetoclax. In addition, density functional
theory (DFT) calculations were applied to accurately forecast various molecular properties, including optimized geometric structures,
the HOMO-LUMO energy gap, ionization potential, electron potential, electron affinity, electronegativity, as well as global hardness
and softness energy values, thereby providing a comprehensive understanding of the molecular characteristics.

2. Result and discussion
2.1. Chemistry

The synthetic pathway employed for the synthesis of tert-butyl 2-(5-bromo-1H-benzo[d]imidazole-2-yl)pyrrolidine-1-carboxylate
derivatives (9a-9p) are shown in scheme-1 and all synthesized derivatives shown in Fig. 2. In the initial stage of synthesis, the
benzimidazole scaffolds are cyclized using 4-bromobenzene-1,2-diamine (1) and (tert-butoxycarbonyl)proline (2). The coupling re-
agent HATU is utilized along with the DIPEA base to facilitate the formation of tert-butyl 2-(5-bromo-1H-benzo[d]imidazole-2-yl)
pyrrolidine-1-carboxylate (3) [40], which is subsequently subjected to a Suzuki coupling reaction with compound-3 and 4-amino
phenyl boronic acid (4) in the presence of a Pd catalyst, resulting in the formation of tert-butyl 2-(5-(4-aminophenyl)-1H-benzo[d]
imidazole-2-yl)pyrrolidine-1-carboxylate (5) [41]. The next step involves an acid amine coupling reaction compound-5 with
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Fig. 1. Biologically active benzimidazole drugs.
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2-(4-bromophenyl)acetic acid, HATU, and DIPEA base, yielding tert-butyl 2-(5-(4-(2 (4-bromophenyl)acetamido)phenyl)-1H-benzo
[d]limidazole-2-yl)pyrrolidine-1-carboxylate (7). Finally, the desired compound was synthesized via a Suzuki coupling reaction that
incorporated a variety of substituted boronic acids, palladium catalyst, and K-COs serving as the base, resulting in a product yield
ranging from 50 % to 80 % Fig. 3. The aryl (R) series includes substituents such as methyl, CFs, OCHs, aldehyde, as well as halogens like
chloro- and fluoro-, in addition to heterocyclic moieties such as 1H-pyrazole, pyridine, 1-(thiophen-2-yl)ethan-1-one, and
pyridin-2-amine shown in Table 3. The corresponding spectra of these synthesized compounds, which are characterized by 'H NMR,
13C NMR, and HRMS, can be found in the supporting information. Furthermore, the reaction scheme, as illustrated in Scheme 2, was
optimized, with additional particulars detailed in Table 1.

Several solvents, bases, and Pd catalysts were used in optimization processes with a model molecule 9b. A high 80 % yield was
obtained using a dioxane-water solvent combination with palladium catalyst and K2COs as the base. A 62 % yield was achieved using
CS,CO3 as the base and Toluene-water as the solvent with Pd catalyst, as well as several bases including KsPO4, K2CO3, NaOH, and
DIPEA. Additionally, with K,COj3 as the base, the THF-water combination with the previous bases produced a satisfactory yield of 56
%. Different Pd catalysts, PACl5(OAc), and PdCla(dppf),, were used in subsequent studies.

3. Photophysical properties
3.1. UV-Vis and Fluorescence spectroscopy

The normalized electronic absorption and fluorescence spectra pertaining to the benzimidazole-based organic molecules, which
were analyzed at a concentration level of 2 x 10™° M dissolved in acetonitrile, as illustrated in Figs. 4 and 5, provide profound and
significant insights into the complex photophysical properties inherent to these molecular structures. In a comprehensive manner, as
delineated in Table 2, the various photophysical parameters reveal that the specific substitution patterns, particularly those involving
amide, imidazole NH, and ester functional groups, induce remarkable and notable shifts in the absorption and emission spectra of the
compounds under investigation. The UV-Vis spectroscopy analysis also shows that the exact substituents present in the benzimidazole
derivatives and specifics the molecular structure have a significant impact on the different electronic transitions, such as not being
limited to n-n* and n-n* transitions. These observable effects are additionally underscored by the prominent bathochromic shifts that
are recorded in the absorption spectra, particularly for those compounds that incorporated with electron-withdrawing groups such as
nitro, which effectively lower the energy gap that exists between the ground and excited electronic states, thereby facilitating ab-
sorption at significantly longer wavelengths. Conversely, it has been observed that the presence of electron-donating groups tends to
induce hypsochromic shifts, which result in the absorption occurrs at shorter wavelengths. The fluorescence spectra that were recorded
under an excitation wavelength of 290 nm exhibited emission across a range of 347-397 nm, characterized by varying intensities,
thereby illustrating the significant impact that different substituents exert on the electronic environment and, as a direct consequence,
on both non-radiative and radiative decay rates associated with the excited states.

The high fluorescence intensities observed in compounds with -CF3, OCHs, and -F substituents. Furthermore, the Stokes shifts was
calculated using equation-1 that were quantified, which ranged from 0.1162 x 10* to 0.8039 x 10% emphasize the remarkable
sensitivity of the fluorescence method in detecting emitted photons against a backdrop of low interference, despite the conventional
association of large Stokes shifts with reduced fluorescence quantum yields, thereby presenting an intriguing paradox. The quantum
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Fig. 3. Plausible mechanistic pathway for the reaction involving compound 9b.
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Scheme 2. Optimization reaction of compound 9b.

Table 1
Optimization of the reaction involving compound 9b utilizing various bases, solvents, and (Pd cat. = palladium catalysts).
S. No Compound Code Catalyst Solvent Base Yield
1 9b Pd cat. Toluene/H,0 CS,CO3 62
2 9b Pd cat. Toluene/H,0O K>CO3 60
3 9b Pd cat. Toluene/H0 K3POy4 55
4 9b Pd cat. Toluene/H,0 NaOH 44
5 9b Pd cat. Toluene/H,0 DIPEA Trace
6 9b Pd cat. 1,4 dioxane/H,0 CS,CO3 64
7 9b Pd cat. 1,4 dioxane/H,0 KoCO3 80
8 9b Pd cat. 1,4 dioxane/H»0 K3PO4 66
9 9b Pd cat. 1,4 dioxane/H,0 NaOH 64
10 9b Pd cat. 1,4 dioxane/H,0 DIPEA Trace
11 9b Pd cat. THF/H,0 CS2CO3 40
12 9b Pd cat. THF/H20 K2CO3 56
13 9b Pd cat. THF/H0 K3PO4 48
14 9b Pd cat. THF/H0 NaOH 44
15 9b Pd cat. THF/H,0 DIPEA Trace
16 9b PdCl,(0Ac)2 1,4 dioxane/H,0 K2CO3 70
17 9b PdCly(dppf)2 1,4 dioxane/H,0 K,CO3 62
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Fig. 4. Unnormalized electronic absorption spectra of synthesized derivatives (9a-9p) at room temperature, concentration (2 x 107° M) in
acetonitrile solvent.

yield was calculated by using eq. (2), The highest quantum yield, which was quantitatively determined to be 0.4582 for compound 9a,
serves as a clear indicator of its superior efficiency in fluorescence, whereas compound 9d, in contrast, exhibited the lowest quantum
yield, which can likely be attributed to the destabilizing influence exerted by its electron-withdrawing substituents on the electronic
excited state that is responsible for fluorescence emission. Additionally, the molar extinction coefficients that were calculated by the
Beer-Lambert law demonstrated commendable absorptive capacities across the spectrum of compounds analyzed, with values ranging
from 0.7211 x 10* M-! em™ to 6.0800 x 10* M~! cm!, thereby further corroborating the robust photophysical response exhibited by
these benzimidazole derivatives in their interaction with light.
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Fig. 5. Unnormalized emission spectra of synthesized derivatives (9a-9p) at room temperature, concentration (2 x 10~° M) in acetonitrile solvent.

Table 2

Photophysical spectroscopic data of synthesized compounds 9a-9p in acetonitrile solution (2 x 10-5 M) at 25 °C.

Entry Compound code Amax absorbance Amax €mission Stokes shift Molar extinction coefficient x 10 (¢) Quantum yield (¢g)
A x 10*
1 9a 280.64 348.70 0.6954 5.1789 0.4982
2 9b 279.53 350.25 0.7222 9.5711 0.0275
3 9c 283.59 348.65 0.6580 3.9905 0.0686
4 9d 292.45 347.33 0.5402 2.3415 0.0586
5 9e 283.53 349.15 0.6628 4.7487 0.0858
6 of 281.71 348.92 0.6837 6.0800 0.0833
7 9g 282.42 349.43 0.6789 3.3187 0.1493
8 9h 29291 350.47 0.5607 3.7489 0.0464
9 9i 296.51 349.43 0.5107 3.8186 0.0541
10 9j 300.46 396.16 0.8039 0.9546 0.0582
11 9k 293.97 350.75 0.1296 2.3845 0.0188
12 91 296.86 348.92 0.5025 1.6225 0.0488
13 9m 296.15 349.70 0.5170 1.9871 0.0305
14 9n 293.85 349.97 0.5457 3.9050 0.0110
15 90 304.06 379.16 0.6513 2.1879 0.0239
16 9p 298.28 351.41 0.5068 0.7211 0.1903

4. Density Functional theory (DFT) studies

The Density Functional Theory (DFT) methodology has been shown to possess a distinct advantage in the computational analysis of
organic and inorganic compounds due to its enhanced efficacy relative to alternative methodologies. The geometrical optimization
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calculations of the synthesized compound were conducted utilizing the Gaussian 09 software [42] and the GaussView 5.0 [43] mo-
lecular visualization toolkit, employing the B3LYP/6-31G’(d,p) [44] basis set within the density functional theory (DFT) framework.
The electronic characteristics of the most energetically favorable configuration were investigated, encompassing the highest occupied
molecular orbital (HOMO), the lowest unoccupied molecular orbital (LUMO), and various global reactivity descriptors. A molecular
electrostatic potential (MEP) map of the optimized compounds was generated, byutilizing the B3LYP functional within the DFT
framework, which was facilitated by the GaussView 5.0 software suite.

4.1. Frontier Molecular Orbital (FMO) analysis

The electronic characteristics and molecular reactivity of compounds are significantly influenced by frontier molecular orbitals
(FMO), specifically the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), which serve
as representations of electron donors and acceptors, respectively [45]. It is observed that molecules possessing higher HOMO energy
levels exhibit a greater capacity for electron donation, whereas those with lower LUMO energy levels demonstrate a stronger incli-
nation towards accepting electrons. The evaluation of FMO energy plays a pivotal role in the assessment of molecular stability and
reactivity among chemical compounds. The energy diffence existing between the HOMO and LUMO, commonly known as the energy
gap (AE gap), is of fundamental importance as it directly impacts the stability, intramolecular electron cloud transfer, chemical
behavior, molecular softness, and hardness of the compounds under investigation. Through the FMO analysis synthesised compounds
depicted in in Fig. 6 and data in Table-3, the information regarding the energy levels of HOMO, LUMO, as well as the diffence between
the two, along with other essential reactivity parameters, is revealed. In the case of compounds 9a-9p, it is observed that the electron
density of the HOMO is prominently concentrated in the benzimidazole moiety and the amide functional group, whereas the electron
density of the LUMO is primarily situated over the substituted amide group. The FMO diagrams presented in Fig. 6 highlight the
electron density transition from the HOMO to the LUMO in selected compounds, with a particular focus on those exhibiting the highest
and lowest energy differences. Especially, compounds 9d, 9h, 9i, and 9j showcase an enhanced electron density in the LUMO, which
can be attributed to the presence of electron-withdrawing substituents such as formyl, NO,, carboxylic acids, and cyano groups.
Conversely, electron-donating substituents like NHy and OH do not significantly impact the electron density of the HOMO originating
from the parent moiety and amide group. HOMO and LUMO value comparisons through the investigation of LUMO values (—3.440eV,
—1.892eV) in compounds 9m and 9h highlights their strong electron accepting characteristic, the HOMO (—5.252eV, —5.218eV)
between compounds 9a and 9h shows a substantial electron donation capability. While the analysis of these compounds, especially 9i
and 9j, shows the largest energy gaps, in contrast to compounds 9m and 9d, which show much smaller energy gaps, a bigger energy
gap indicates lower reactivity, increased stability, and insulating qualities.

A diminished HOMO—LUMO gap denotes an elevated level of reactivity, consequently enhancing the likelihood of interactions
with biological molecular targets. Fig. 6 delineates the frontier molecular orbitals (FMOs) of compounds that demonstrated significant
binding affinity during the docking investigations [46,47]. A diminished AE gap signifies a tendency toward electron excitation,
augmented chemical reactivity, and increased molecular softness, while an elevated energy (AE) gap correlates with decreased
reactivity and enhanced chemical hardness. This observation suggests a substantial charge separation within the molecule, which may
influence its interactions in various chemical environments. The derived reactivity descriptors provide critical insights into the
electronic structure, behavior, and prospective chemical interactions of the synthesized compounds (9a—9p) [48]. The ability of the
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Fig. 7. Molecular electrostatic potential of compounds 9i, 9j, 9m and 9d calculated at the B3LYP/6-31G (d, p) basis set level.
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compounds to either gain or lose electrons is shown by the computed ionization potential and electron affinity. However, their
chemical hardness and electronegativity highlight their overall stability and electron-attracting capabilities. As a reactivity descriptor,
electrophilicity measures the possibility that a molecule may undergo electrophilic reactions. These descriptors are essential in
elucidating the reactivity trends of these compounds across a range of chemical processes [49]. The insights obtained from these
computations will further enhance the categorization and identification of the compounds based on their unique reactivity
characteristics.

4.2. Molecular Electrostatic Potential (MEP)

In the present study, the initial stage used the molecular electrostatic potential (MEP) map to carefully examine the electron
distribution at the reactive molecular sites to make predictions about the molecule’s interaction modes and create associations with
physicochemical descriptors [51]. The MEP technique creates a critical balance by combining the repulsive forces of the nuclei (shown
by a positive charge, which indicates nucleophilic reactivity in blue) and the attractive forces of the electrons (shown by a negative
charge, which indicates electrophilic potential in yellow and red) [52]. The green color observed in MEP visualizations signifies an
intermediate potential value. The wide range of colors seen in the MEPs clearly shows the differences in electrostatic potential levels,
which are ordered in descending order from red to yellow to blue to green, as shown in Fig. 7. Whereas the red zones, which are mostly
found next to the carbonyl groups, indicate places of high electron density, the green-shaded areas, which are especially concentrated
around the phenyl rings in all compounds, indicate areas of intermediate potential. These color changes are crucial for identifying the
molecular locations most likely to engage in intermolecular interactions as well as for highlighting the locations most susceptible to
electrophilic and nucleophilic attacks [53]. The increase in the blue areas suggests that the compounds are more electrophilic, that in
turn increases the substrate’s capacity to identify the binding site by means of the electrostatic interactions formed between the
substrate and the receptor. In MEP diagrams, the blue-colored positive regions signify nucleophilic attack due to diminished electron
density, whereas the red, orange, or yellow negative areas correspond to electrophilic attack, associated with elevated electron density.
Green is used to signify the neutral areas. High electron density is seen in all molecular entities, especially around the nitrogen atoms in
the benzimidazole structure, the carbonyl amide group, and close to electron-deficient substituents like the formyl group in compound
9d, the fluorine substituent in compound 9e, the cyano group in compound 9h, and the keto group in compound 90, as shown by the
red-colored negative regions in Fig. 7. On the different conjunction, the low electron density regions shown in blue are found around
the N-H group in the benzimidazole structure, the N-H group that is connected to the amide functional group, and around substituent
groups like the amino group in compound 9j, the pyrazole group in compound 9i, and the hydroxyl groups in compounds 9k and 91.

5. Molecular docking

The Molecular docking study were executed utilizing the standard parameters of AutoDock4 [54], which included the specification
of 30 genetic algorithm iterations. The receptor-ligand complex underwent a thorough analysis to ascertain the binding free energy,
with the most favorable docking conformations being prioritized based on the minimal binding energy [55]. Subsequent to the docking
procedures, an analysis was performed employing Discovery Studio Visualizer 2017 [56] to evaluate the hydrogen bonding in-
teractions, hydrophobic contacts, and various other non-covalent interactions between the ligand and the receptor’s active site. The
molecular interactions were rendered visually to clarify the binding affinity and specificity of the ligand in relation to the target
protein, thereby offering valuable insights into the molecular foundations of the observed biological activity [57]. This study delves

Table 3

HOMO-LUMO Energies (eV) and the Computed Global Reactivity Parameters of the Most Stable Configurations of Compounds 9a—9p at the B3LYP/
6-31G’(d,p) basis set Level. AE denotes the energy gap (ELUMO — EHOMO). IP represents the ionization potential (=—EHOMO). EA signifies the
electron affinity (=—ELUMO). y is defined as the electronegativity (=(IP + EA)/2). n refers to the chemical hardness (=(IP — EA)/2). S is charac-
terized as the chemical softness (=1/2n). p denotes the chemical potential (=—(IP + EA)/2). o represents the electrophilic index (=p2/2n) [50].

S. No Code EHOMO ELUMO AE (eV) IP (eV) EA (eV) X (eV) p (eV) H (eV) S (eV) » (eV)
1 9a —5.218 —1.516 3.701 5.218 1.516 3.367 —3.367 1.851 0.54 3.062
2 9b —5.112 —-0.914 4.197 5.112 0.914 3.013 —-3.013 2.099 0.476 2.162
3 9c —5.127 —0.998 4.129 5.127 0.998 3.062 —3.062 2.064 0.484 2.271
4 9d —5.184 —1.869 3.315 5.184 1.869 3.526 —3.526 1.657 0.603 3.751
5 9e —5.145 —1.032 4.113 5.145 1.032 3.088 —3.088 2.056 0.486 2.319
6 of —-5.15 —-1.032 4.117 5.15 1.032 3.091 —3.091 2.059 0.485 2.32

7 9g —5.149 —-1.092 4.056 5.149 1.092 3.12 -3.12 2.028 0.493 2.41

8 9h —5.252 —1.892 3.359 5.252 1.892 3.572 —-3.572 1.681 0.594 3.795
9 9i —5.107 —0.541 4.565 5.107 0.541 2.824 —2.824 2.283 0.438 1.746
10 9j —5.038 —0.621 4.417 5.038 0.621 2.829 —2.829 2.208 0.452 1.812
11 9k —5.098 —-0.973 4.125 5.098 0.973 3.035 -3.035 2.062 0.484 2.233
12 91 —5.149 -1.514 3.635 5.149 1.514 3.331 —3.331 1.817 0.55 3.053
13 9m —4.926 —3.44 1.486 4.926 3.440 4.183 —4.183 0.743 1.345 11.77

14 9n —5.219 —1.475 3.743 5.219 1.475 3.347 —3.347 1.872 0.534 2.992
15 90 —5.205 -1.821 3.383 5.205 1.821 3.513 —-3.513 1.692 0.591 3.646
16 9p —5.185 —0.889 4.296 5.185 0.889 3.037 —3.037 2.148 0.465 2.146
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into the molecular interactions and binding affinities of a set of synthesized derivatives, 9a—9p, in relation to the Bcl-2 protein,
analyzed alongside venetoclax, a known cancer therapeutic. The research employed a detailed in silico docking approach to reveal the
intricate binding dynamics of these compounds, aiming to comprehend their potential in cancer treatment. The results of this
computational investigation are presented comprehensively in Table 4, Fig. 8 displays stacked bar charts that depict protein in-
teractions with binding affinity which serves as a crucial reference for understanding the binding behaviors of these derivatives with
the Bcl-2 protein (PDB:600Kk). In this study, the synthesized derivatives acted as ligands, while the Bcl-2 protein served as the receptor
in the molecular docking experiments. The molecular docking yielded significant data on the binding energies and interactions be-
tween the derivatives and the protein. The binding affinities, recorded between —8.20 and —10.77 kcal/mol, highlight the structural
diversity and flexibility of the synthesized compounds, providing insight into their potential as cancer therapeutics. The range of
interactions identified in this research demonstrates the different binding mechanisms that the synthesized derivatives employ in
interacting with the target protein. This suggests that these compounds could be promising candidates for further investigation in the
field of cancer therapy. This findings offer a strong foundation for future research, laying the groundwork for exploring these analogs
as potential therapeutic agents. Their structural versatility and favorable binding affinities present them as valuable subjects for
continued study in the development of cancer treatments. Notably, compound 9g (illustrated in Fig. 11 with both two-dimensional and
three-dimensional interactions) exhibited remarkable potential due to its extraordinarily elevated binding affinity of —10.77 kcal/mol
towards the complex formed by Bcl-2 and venetoclax, indicating its suitability as a leading candidate for further investigation.
Comprehensive examination of the ligand-protein complex illuminated the complex dynamics that dictate this interaction. [58] The
study revealed the existence of significant conventional hydrogen bonds between compound 9g and several crucial amino acid res-
idues within the protein framework. Among these, the residues GLY A:145 and ASN A:143 were particularly critical, as they played a
vital role in fortifying the ligand’s integration within the protein architecture. The hydrogen bonds established by compound 9g,
particularly with the residues GLY A:145 and ASN A:143, are paramount for the stabilization of the ligand within the receptor, as
illustrated in Fig. 11. These interactions emphasize the specificity and selectivity of the binding event, thereby accentuating the
structural integrity of the complex. Such interactions play a pivotal role in influencing the overall strength and stability of the mo-
lecular assembly, thereby highlighting the therapeutic potential of compound 9g, especially in oncological applications. In addition to
compound 9g, compound 9h (depicted in Fig. 9 with both two-dimensional and three-dimensional interaction representations) also
demonstrated a significant binding affinity of —10.75 kcal/mol. The interaction of this compound, characterized by pi-sigma and van
der Waals forces with critical amino acid residues, introduces additional complexity to its binding mechanism, thereby reinforcing its
promise as a viable therapeutic agent. Similarly, compound 9f (as represented in Fig. 10) exhibited a robust binding affinity of —10.45
kcal/mol. The interaction of compound 9f with residues such as GLY A:145 through conventional hydrogen bonding significantly
augmented the stability of the ligand-protein complex, positioning it as a potential candidate for further exploration in cancer ther-
apeutics. The cumulative findings from these interactions underscore the structural and functional significance of these compounds in
the formulation of future therapeutic strategies.

6. Experimental section
6.1. Materials and methods

All the chemicals and solvents were purchased commercially BLD and Merck Brand. The synthesis of tert-butyl 2-(5-(4-(2-(4-
bromophenyl)acetamido)phenyl)-1H-benzo[d]imidazole-2-yl)pyrrolidine-1-carboxylate followed previously described methods.
Proton (*H) and Carbon (*3C) NMR spectra were recorded on a Bruker Avance 400 spectrometer, with chemical shifts (8) referenced to
the residual solvent signals CDCl3: (7.26) for 1 and (77.16) for 13C NMR; dimethyl sulfoxide-ds (2.50) for 11 and (39.50) for '3C. Shifts
are given in ppm and coupling constants (J) in Hz. Abbreviations used include s-singlet, d-doublet, dd-doublet of doublet, t-triplet, m-
multiplet, and br-broad. HR ESI-MS values were measured on a Xeo G2-XS QTof (Waters) and are reported in m/z. A JASCO V-670
spectrometer was used to produce absorption spectra. Using a Hitachi F-7000 FL spectrofluorophotometer, steady-state fluorescence
spectra were obtained through excitation at the peak of absorption. Silica gel (100-200 mesh) was employed in for column chro-
matography, while Macherey-Nagel 60 F245 aluminum-backed silica gel plates were utilized for analytical thin-layer chromatography
(TLC). The Stoke’s Shift and the quantum yield were determined through the reported mathematical expression 1 and 2 [59].

AV = 107 / }\max(Absorption) - 107 /xmax(Emission) 1

Of = bg. Ap /AI1/I.0°R /n? 2

6.2. General procedure for the synthesisis of compounds (9a-9p)

The tert-butyl2-(5-(4-(2-(4-bromophenyl)acetamido)phenyl)-1H-benzo[d]imidazole-2-yl)pyrrolidin-1-carboxylate derivative 7 (1
equivalent) K2COs (3.0 equivalent) and substituted boronic acid 8a (2.5 equivalent) was taken in 10 mL of 1,4-dioxane and water
mixture. After degassing the reaction mixture using nitrogen gas. About 0.05 equivalent of the catalyst (PdClz(dppf)dcm) was added to
the reaction mixture and was subjected to the heating at 100 °C for about 20 min. The progress of the reaction was monitored by TLC,
after the completion of the reaction 50 mL of cold water was added to quench the reaction. Then the product was extracted using ethyl
acetate the organic layer resulting from this was concentrated and dried to get the solid product. The crude product is purified using
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Table 4

Heliyon 11 (2025) e42105

Molecular docking results of synthesized compounds (9a—9p) Bcl-2 with venetoclax protein (PDB: 600k).

S. Compound Binding energy Interacting residues (amino acids)

No code (kcal/mol)

1 9a -9.41 TYR A:202, VAL A:133, MET A:115, TYR A:108, GLNA:118, ARG A:107, PHEA:104, ARG A:146, LEU A:137,
VALA:148, ALA A:100, LEUA:137, VAL A:148, ALA A:100, LEU A:119, GLY A:145

2 9b —-10.39 HIS A:184, ARG A:127

3 9c -10.35 PHE A:112, LEU A:137, ALA A:149, ARG A:146, PHE A:104, ASN A:143, GLY A:145

4 9d —9.80 TRP A:144, GLY A:145, TYR A:202, TYR A:108, PHE A:104, ARG A:146, ALA A:149, LEU A:137, ASP A:111

5 9e —10.10 LEU A:137, VAL A:133, ALA A:149, ARG A:146, TRP A:144, PHE A:104, TYRA:108, TYR A:202, GLY A:145, ASN
A:192

6 of —10.46 ASN A:192, GLY A:145, TRP A:188, TRPA:144, ARG A:146, PHE A:112, VAL A:156, PHE A:104, ALA A:149, VAL
A:133, LEU A:137

7 9g -10.77 TRP A:144, TYR A:108, PHE A:104, GLY A:145, ASN A:143, ALA A:149, LEU A:137, VAL A:133, MET A:155

8 9h -10.75 ALA A:100, ARG A:146, ALA A:149, LEU A:137, VAL A:133

9 9i -9.17 TYR A:202, ASN A:143, GLY A:145, ALA A:149, VAL A:133, LEU A:137, TYR A:108, PHE A:104, MET A:115

10 9j -9.81 ALA A:100, ARG A:107, ASP A:103, TYR A:202, GLY A:145, TYR A:108, PHE A:104, ALA A:149, LEU A:137,
MET A:115

11 9k —-9.78 TYRA:202, ALAA:100, GLYA:145, ARGA:146, TYRA:108, PHEA:104, META:115, ALA A:149, VALA:133,
LEUA:137

12 91 -9.22 ARG A:106, GLN A:99, ALA A:100, TYR A:202, LEU A:137, ARG A:146, ALA A:149

13 9m —8.67 LEU A:137, VAL A:133, ALA A:149, TYR A:108, PHE A:104, TRP A:144, GLY A:145

14 9n -9.11 TRP A:144, TYR A:202, GLY A:145, ARG A:146, TYR A:108, PHE A:104, ALA A:149, LEU A:137, VAL A:133

15 90 -9.49 MET A:115, GLN A:118, LEU A:119, HIS A:120

16 9p -8.20 ASP A:191, TRP A:188, VAL A:142, PHE A:138, TYR A:180, ARG A:139

Fig. 8. Stacked bar charts
tein—ligand contacts.

Binding Energy (kcal/mol)

-9.0 -

-10.0 -

0.8 9.81 -9.78

-10.39 1035
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Compound code

illustrating protein interactions with 600k-complex throughout the showcasing binding energy of pro-
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A103
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I:] van der Waals |: Alkyl
- Pi-Sigma |:] Pi-Alkyl

Fig. 9. 2D and 3D binding interactions of compound 9h with Protein (600K).
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91-600k

Interactions

:] van der Waals [:] Alkyl
- Conventional Hydrogen Bond E Pi-Alkyl
[ Pi-PiT-shaped

Fig. 10. 2D and 3D binding interactions of compound 9f with Protein (600K).

9g-600k
6L
A152
PHE
i A2
ARG
Q1 A1se L4 MET

Interactions

van der Waals [ 7+ Tsheped
- Conventional Hydrogen Bond Ayl
[l Unfevorable Acceptor-Acceptor Pi-Allcyl

Fig. 11. 2D and 3D binding interactions of compound 9g with Protein (600K).

column chromatography to isolate the product 9a. The procedure is repeated with the other derivatives using different substituted
boronic acids 8b-8p to get 9b to 9p. The synthetic procedure and spectral data of the compounds 9a to 9p are given in supplementary
information.

7. Conclusion

In current work a new benzimidazole derivatives were sucessfuly synthesized via Suzuki coupling and acid amine coupling with
excellent yield. Subsequently, the obtained compounds were characterized by 'H, 13C, DEPT-135 NMR and HRMS spectrum. DFT
calculations were used to predict stability and reactivity properties. DFT calculations focused for the prediction of chemical reactivity
of the newly synthesized benzimidazole derivatives by evaluating parameters such as the HOMO-LUMO energy gap value, ionization
potential, electron affinity, electronegativity, global hardness, and softness energy values. On the other hand, FMOs analysis shows the
molecule energy gap for 9a and 9h (—5.252, —5.218Kcal/mol) indicates less reactive capability whereas the compound 9m and 9h
(—3.440, —1.892 Kcal/mol) indicates the more reactivity. The most responsive sites for nucleophilic and electrophilic attack were
predicted by the MEP analysis. Additionally, molecular docking studies showed that the synthesized compounds have a high ability to
interact with 600K protein. These findings suggest that the synthesized compounds could be a suitable candidate for the development
of new anticancer lead molecule. Further planning to expand the benzimidazole moiety and conduct biological studies on cancer cell
lines.
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