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Abstract 

Benzimidazole derivatives are of interest because they can exhibit multi-drug like properties and 

thus finds wide applications in biomedicine. Present work describes a novel route for the 

synthesis of a benzimidazole derivative, 1,7'-Dimethyl-2'-propyl-1H,3'H-[2,5']bibenzoimidazolyl 

(R4) by using dibutyltin dilaurate (DBTDL) as catalyst. The catalyst, DBTDL is commercial and 

environmentally benign. The molecular structure of R4 was confirmed by FT-IR, 1H, 13C NMR, 

and mass spectrometry techniques. The detailed reactivity study of R4 encompasses 

spectroscopic characterization and computational investigations of global and local reactive 

properties based on the density functional theory (DFT) and time dependent density functional 

theory (TD-DFT) calculations, and molecular dynamics (MD) and molecular docking (MDoc) 

simulations. Global reactive properties of the title compound have been investigated by the 
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analysis of frontier molecular orbitals. Local reactive properties have been investigated by the 

analysis of quantum-molecular descriptors such as molecular electrostatic potential (MEP), 

average local ionization energy (ALIE) surfaces, and Fukui functions. Bond dissociation 

energies (BDE) have been calculated in order to determine molecule sites that could be sensitive 

towards the autoxidation mechanism, while the radial distribution functions have been calculated 

in order to determine atoms with the significant interactions with water molecules. 

Keywords: Benzimidazole, Dibutyltin dilaurate, Spectroscopy, DFT studies. 

 

1. Introduction 

The design and synthesis of benzimidazole derivatives have attracted much attention in last 

decade or so due to their wide applications and their therapeutic importance [1-3]. There are 

several reports on synthesis of benzimidazole such as the reductive cyclization of o-nitroanilines 

with aldehydes [4], cyclization of o-nitroaniline derivatives with aryl isothiocyanates [5], and 

Baker’s yeast reduction of 2,4-dinitroacyl anilines [6]. Primary role of pharmaceutical 

compounds is to help, however this class of materials also has significant negative ecological 

impact to the environment [7-11]. For this reason scientific community is highly devoted to 

understanding fundamental reactive properties of pharmaceutical molecules. Most recently, we 

reported reactivity and photophysical properties of Schiff bases and their Co(II) and Mn(II) 

complexes based on ALIE and TDDFT studies [12]. 

Herein, we report the synthesis of benzimidazole derivative, 1,7'-Dimethyl-2'-propyl-1H,3'H-

[2,5']bibenzoimidazolyl (R4) by novel approach in presence DBTDL as catalyst and demonstrate 

its BDE. Since, oxidation is frequently employed tool for degradation of drugs [13], in this work 
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we have calculated the BDE for hydrogen atoms (H-BDE) in order to evaluate the sensitivity of 

target molecule towards autoxidation mechanism [14-17]. Beside H-BDE and autoxidation 

mechanism we were also focused to determine which atoms of R4 molecule have the most 

pronounced interactions with water molecules, since hydrolysis mechanism is also very 

important for the degradation of drugs. 

2. Experimental 

2.1. Materials and methods 

3-methylbenzene-1,2-diamine was procured from Thermo Fisher Scientific (USA), 3-Methyl-5-

(1-methyl-1H-benzoimidazol-2-yl)-benzene-1,2-diamine and dibutyltin dilaurate were obtained 

from Sigma Aldrich chemicals (USA). The solvents and other chemical reagents were purchased 

from Merck chemicals (India) and were dried and purified by standard methods prior to use.  FT-

IR spectral measurements were made on Perkin-Elmer spectrometer version 10.03.09 (KBr pellet 

technique). 1H and 13C NMR were obtained using a 500 MHz Bruker Avance DPX spectrometer 

with TMS as internal standard. Mass spectra (HR-ESI) was recorded on a Thermo Scientific-Q- 

Exactive Hybrid Quadrupole-Orbitrap mass spectrometer by electrospray ionization technique. 

The completion of reaction was monitored by thin layer chromatography (TLC) performed on 

precoated silica-gel plates (Merck, India) and spots were visualized by UV irradiation. The 

purification of compound was done by flash chromatography using Biotage instrument.  

2.2. Computational Details 

In this work computational studies have been performed by employing the Schrödinger Materials 

Science Suite 2017-1 [18]. DFT calculations have been performed with Jaguar 9.5 program [19], 

while MD simulations have been performed with Desmond program [20-23]. A hybrid, non-local 

exchange and correlation functional of Becke-Lee, Parr i Yang (B3LYP) [24] has been used with 
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the 6-311++G(d,p), 6-31+G(d,p) and 6-311G(d,p) for the calculations of ALIE, Fukui functions 

and BDEs, respectively. For calculations based on time dependent density functional theory (TD-

DFT) approach we have used CAM-B3LYP [25] long range corrected functional with 6-

31+G(d,p) basis sets in full linear response.  

The lowest energy conformation has been obtained by detailed conformational search employing 

MacroModel program, also as incorporated in the Schrödinger Materials Science Suite 2017-1. 

Conformational search yielded 27 structures of which the lowest energy one was chosen for 

further calculations. Conformational search in MacroModel has been performed with OPLS3 

force field and without constraints and employing the mixed torsional and low mode sampling. 

Cut off during conformational search was set to normal, while charges were taken from the force 

field. Maximum number of steps during conformational search was set to 1000, with 100 steps 

per rotatable bond. Energy window for saving structures was 5.02 kcal/mol, while elimination of 

redundant conformers was done by maximum atom deviation with cutoff of 0.5 Å. Probability of 

a torsion rotation/molecule translation was 0.5, minimum distance for low mode move was 3.0, 

while maximal was 6.0.  

MD simulations have been performed with OPLS 3 force field [20, 26-28], with simulation time 

set to 10 ns, temperature to 300 K, pressure to 1.0325 bar and cut off radius to 12 Å. System was 

of isothermal–isobaric (NPT) ensemble class. Simple point charge (SPC) solvent model [29] was 

used as well. In order to model the system for MD simulations one R4 molecule has been placed 

in cubic box along with ~3000 water molecules. Intramolecular non-covalent interactions were 

determined by electron density analysis employing the method developed by Johnson et al. [30, 

31] Maestro GUI [32] was used for the preparation of input files and analysis of results when 

Schrödinger Materials Science Suite 2017-1 was employed. 
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2.3. Synthesis of 1,7'-Dimethyl-2'-propyl-1H,3'H-[2,5']bibenzoimidazolyl (R4) 

The synthesis of target compound, R4 was instigated with the conversion of commercially 

available 3-methylbenzene-1,2-diamine (1) to 3-Methyl-5-(1-methyl-1H-benzoimidazol-2-yl)-

benzene-1,2-diamine (3) using previously reported method with minor modifications [33]. As 

shown in Scheme 1, compound 3 was obtained by acylation/dehydration condensation sequence 

of 1 with m-tolyl derivative 2 in the presence of dibutyltin dilaurate (DBTDL) as catalyst in 

DMF at 140 oC for 2 h. Treatment of the resulting benzoimidazole-1,2-diamine derivative 3 with 

butyric acid and polyphosporic acid at 120 oC for 4 h afforded target compound R4 in moderate 

yield. 

Yield: 47%. FT-IR (KBr, cm-1): 1385-1328 cm-1 (Aromatic C-N stretch), 3390 cm-1 (heterocyclic 

NH stretch), 1515-1461 cm-1 (Aromatic C-H stretch) and 2964-2871 cm-1 (Aromatic propyl 

stretch). 1H NMR (500 MHz, CDCl3, ppm): δ = 7.30-7.77 (6H, m, J = 7.5 Hz, Ar-H), δ = 3.86 

(3H, s, N-CH3), δ = 2.72-2.69 (2H, t, J = 7 Hz, CH2), δ = 2.48 (3H, s, Ar-CH3), δ = 1.73-1.66 

(2H, sextet, J = 7 Hz, CH2), δ = 0.81-0.78 (3H, t, J = 7.5 Hz, CH3). 
13C NMR (125 MHz, CDCl3, 

ppm): δ = 157.30, 155.34, 142.28, 136.41, 122.69, 122.58, 118.78, 109.87, 31.80, 31.15, 21.77, 

17.12, 13.76. MS (ESI): [M+] = 304.17; Expt. Found: 305.17 [M+ + 1]. 
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Scheme 1: Synthetic pathway of bibenzoimidazolyl derivative, R4 from N-methyl-benzene-1,2-

diamine. 

3. Results and discussion 

The structure elucidation of synthesized compound was done using FT-IR, 1H, 13C NMR, and 

mass spectral techniques. The yield and spectral characterization for R4 molecule is depicted in 

synthesis section. The FT-IR spectrum showing characteristic band at 3390 cm-1, indicating the 

presence of –NH stretching; and sharp bands, observed between 1385-1328 cm-1 indicates the 

presence of C-N stretch. The presence of aromatic propyl stretch was confirmed by observing 

sharp bands in the range 2964-2871 cm-1. The further confirmation of molecular structure was 

done by 1H and 13C NMR spectral analysis. A singlet peak observed at 3.86 ppm was attributed 

to methyl protons of N-CH3 group and another singlet peak observed at 2.48 ppm was ascribed 

for protons of methyl group attached directly to aromatic ring. A triplet peak between 0.87-0.78 

ppm was assigned to free methyl protons of aromatic propyl moiety. Similarly, a sextet and a 

triplet observed between 1.78-1.66 and 2.72-2.69 ppm were due to two methylene group protons 

under different environment in aromatic propyl group, respectively. The aromatic protons were 
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seen around 7.29-7.77 ppm region. In support to this, 13C NMR spectral data also revealed the 

presence of imidazole rings at 157.30 and 155.34 ppm. Further appearance of the molecular ion 

peak at 305.17 (M + 1) confirmed the structure of R4. 

3.1. ALIE surface, Fukui functions and non-covalent interactions  

MEP surfaces are usually employed for the determination of molecule sites that are prone to 

electrophilic and nucleophilic attacks. However, for these purposes it is more efficient to use 

ALIE surfaces, as they directly indicate molecule sites where electrons are least tightly bonded 

and therefore they are easily removed from the molecule [34-37]. The lowest values on the ALIE 

surfaces indicate areas where molecules are the most sensitive towards electrophilic. In this 

regard, ALIE surfaces are considered as one of the most useful quantum-molecular descriptors 

reflecting the local reactivity properties of molecules [38-41]. The most representative ALIE 

surface of the title molecule (R4) is presented in Figure 1, where red color denotes the lowest 

ALIE values, while purple color denotes the highest ALIE values. 

 

Figure 1. ALIE surface of R4 molecule. 
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The target molecule R4 has a specific ALIE surface indicating two distinct molecule sites where 

ALIE values are taking the lowest values. These two molecule sites are nitrogen atoms of five 

membered rings (N5 and N23), characterized by the ALIE values of ~151 kcal/mol. One five 

membered ring is also important from the aspect of the highest ALIE value. Namely, the highest 

ALIE values (~345 kcal/mol) is located in the vicinity of hydrogen atom H14. In the case of R4 

molecule only one intramolecular non-covalent interaction has been determined. It is located 

between hydrogen atoms H34 and H42, with the strength equal to 0.010 electron/bohr3. 

The concept of Fukui functions allowed us to further identify important reactive molecule sites 

after the addition or removal of charge. Namely, Fukui functions track the changes in electron 

density after the addition or removal of charge, according to the following equations 

       
( ) ( )( )

δ
ρρ δ rr

f
NN −=

+
+ ,     (2) 

( ) ( )( )
δ

ρρ δ rr
f

NN −=
−

− .    (3) 

where N stands for the number of electrons in reference state of the molecule, while δ  stands 

for the fraction of electron which default value is set to be 0.01 [42]. Fukui functions values can 

be mapped to the electron density surface in order to easily detect reactive sites of the molecule. 

Representative electron density surfaces with mapped values of Fukui functions for the R4 

molecule have been presented in Figure 2. 
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Figure 2. Fukui functions of R4 molecule.  

Positive value of Fukui f + function is purple colour and it can be seen in Figure 2 that in the case 

of R4 molecule it is located in the vicinity of hydrogen atom H35, designating the molecule site 

where electron density increases after the addition of charge to the R4 molecule. On the other 

side negative color in the case of Fukui f – function is located in the near vicinity of methyl group 

attached to the benzene ring and in the vicinity of hydrogen atom H28 of the alkyl chain, 

marking these locations as the ones where electron density decreases after the removal of charge. 

3.2. Reactive and degradation properties based on autoxidation and hydrolysis 

Taking into an account of the importance of oxidative degradation of pharmaceutical molecules 

further, we investigated how sensitive R4 molecule is towards the mechanism of autoxidation 

[43-46]. Sensitivity of some organic molecules towards autoxidation mechanism can be 

evaluated by performing the calculation of H-BDEs [13, 47, 48]. In the same time, sensitivity of 

some organic molecule to the influence of water can be evaluated by RDFs.  

H-BDE values in the interval between 70 to 85 kcal/mol [49, 50] indicate sensitivity towards 

autoxidation mechanism, while values between 85 and 90 kcal/mol could be interesting for 

autoxidation mechanism but also should be taken with caution [50]. One could mistakenly 
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conclude that H-BDE should be as low as possible, but that isn’t the case because values lower 

than 70 kcal/mol are not appropriate for the autoxidation mechanism [14, 50, 51]. H-BDE values 

for the R4 molecule have been calculated and the results are presented in Figure 3.  

 

Figure 3. H-BDEs in the case of R4 molecule. 

In Figure 3 it can be seen that there aren’t H-BDE values in the preferred range between 70 and 

85 kcal/mol. Although there is one H-BDE value, located at the beginning of alkyl chain, close 

to the upper border level of 90 kcal/mol, its value is still above the desired threshold. All other 

H-BDE values are substantially higher than 90 kcal/mol, thus it can be concluded that the R4 

molecule is stable towards the autoxidation mechanism and that it could be highly stable in the 

open air, which prolongs its durability but also hardens its degradation under natural conditions.  

To detect the atoms of R4 molecule that have pronounced interactions with water 

molecules we further mentioned the results concerning the RDFs in Figure 4. RDF denotes 

probability of finding a particle in the distance r with respect to another particle [52]. RDFs 

represent a precious MD tool when it comes to the investigation of structuring around atoms or 

molecules of interest [53-61]. In this work we have used the concept of RDFs we were able to 
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determine which atom of R4 molecule have pronounced interactions with water molecules. High 

and sharp peaks of g(r) curves indicate high probability of finding a water molecule (with respect 

to oxygen atoms) at certain distance of the observed atom of investigated molecule. The more the 

highest g(r) values are located at the shorter distances, the more pronounced are the interactions. 

 

Figure 4. Significant RDFs of atoms of R4 molecule. 

MD system was prepared by corresponding system setup module of Maestro, while the number 

of water molecules was manipulated by the dimensions of the simulation box. Radial distribution 

functions have been calculated by the corresponding module of Maestro, with respect to the 

distance between observed atom of R4 molecule and the oxygen atom of water molecule. Results 

presented in Figure 4 show that R4 molecule has five atoms with relatively important 

interactions with water molecules. These five atoms are two carbon atoms (C8 and C40), two 

nitrogen atoms (N5 and N23) and one hydrogen atom (H14). Of all these atoms the most 

important RDF has been noticed in the case of hydrogen atom H14. Since its maximal g(r) value 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

is located at the distance lower than 2 Å, it can be stated that R4 has relatively significant 

interactions with water molecules. Two aforementioned nitrogen atoms have their maximal g(r) 

values located at distances around 2.7 Å and these two RDFs are almost identical. Locations of 

two nitrogen atoms indicate the importance of five membered rings, when it comes to the 

interactions with water molecules. The difference between the two five membered rings is the 

fact that one has methyl group while other has only hydrogen atom. That makes significant 

difference between them because hydrogen atom H14 has the most important RDFs and 

interactions with water molecules, thus it can be stated that corresponding five membered ring is 

much more reactive. The importance of hydrogen atom H14 is also reflected by the ALIE surface 

in Figure 1, according to which precisely this atom is characterized by the highest ALIE values. 

Although two carbon atoms have the highest maximal g(r) values, their maximums are located at 

distance higher than 3.5 Å. Both of these carbon atoms are belonging to methyl groups. 

3.3. TD-DFT study of R4 molecule 

In the present work we have performed TD-DFT calculations in order to obtain computational 

UV spectrum of the R4 molecule, while analysis of natural transition orbitals [62] (NTO) 

allowed us to identify the most important excitations and molecule parts mainly responsible for 

light absorption. Firstly, we will provide comparison of experimentally measured and 

theoretically obtained UV spectra in order to validate the employed level of theory. Figure 5 

contains experimentally and computationally obtained UV spectra of R4 molecule. 
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Figure 5. Experimental (right) and theoretical (left) UV spectra of R4 in different solvents. 

Both experimentally and computationally obtained UV spectra show the existence of two main 

absorption peaks. Comparison of results indicates very good agreement when it comes to the 

position of absorption peaks, especially the one located at around 280 nm. Namely, 

experimentally measured UV spectrum indicates the existence of absorption peak at 280 nm, 

while theoretically obtained absorption peak is located at 276 nm.  

The most important electronic transitions have been further analyzed in detail. The molecule 

under investigation was relatively large so TD-DFT calculations provided large list of orbital 

transitions, which hardened the identification of the dominant components. For better qualitative 

description of the most important electronic excitations, the concept of natural transition orbitals 

(NTO) [62] has been adopted and the calculations had been done with Jaguar program. Contrary 

to ordinary orbitals, NTOs consists of one (sometimes two or more) pair of orbitals with NTO 

transition occurring from excited particle (occupied) to the empty hole (unoccupied) orbital [62]. 

In Figure 6 we have provided frontier molecular orbitals (HOMO and LUMO) and hole-particle 

orbitals of the two most important excitations (important according to the values of oscillator 
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strengths). Table 1 contains information on excitation energies, wavelength and oscillator 

strengths of the first twenty excitations. 

Table 1. Information about the first 20 excitations of R4 molecule. 

Excitation # 
Excitation energy 

[eV] 
Wavelength 

[nm] 
Oscillator strength 

1 4.50 275.60 0.8548 
2 4.80 258.37 0.0145 
3 5.03 246.47 0.0250 
4 5.31 233.70 0.1411 
5 5.80 213.60 0.1765 
6 5.95 208.31 0.4530 
7 5.97 207.70 0.0793 
8 6.09 203.57 0.2728 
9 6.19 200.36 0.0361 
10 6.19 200.17 0.1005 
11 6.22 199.41 0.1252 
12 6.28 197.47 0.0035 
13 6.29 197.23 0.0387 
14 6.45 192.28 0.0136 
15 6.51 190.37 0.1870 
16 6.59 188.23 0.0466 
17 6.63 186.88 0.0302 
18 6.68 185.71 0.0420 
19 6.70 184.94 0.1211 
20 6.78 182.92 0.0391 

 

Results presented in Table 1 indicate that the lowest energy excitation, with excitation energy of 

4.50 eV, is mainly responsible for the absorption peak of R4 molecule at 276 nm. The oscillator 

strength for this excitation is the highest and it takes the value of 0.8548. Running-up excitation 

mainly contributing to the absorption peak at around 200 nm is the sixth excitation with the 

oscillator strength value of 0.4530. NTOs related to these two excitations have been presented in 

Figure 6, together with HOMO and LUMO. 
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Figure 6. a) HOMO and LUMO orbitals and hole/particle NTOs of the b) first and c) sixth 

excitation. 

Results provided in Figure 6 indicate that HOMO matches the hole NTO, while LUMO matches 

the particle NTO of the first excitation, meaning that frontier molecular orbitals principally 
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determine the absorption peak at 276 nm. The shape of HOMO and LUMO indicate that 

transitions are of π→π* nature, while their distribution indicates the importance of five and six 

member rings when it comes the UV absorption properties. The first excitation is characterized 

by only one pair of NTOs (Figure 6b), while the sixth excitation is characterized by three pairs of 

NTOs (Figure 6c). Of three pairs of NTOs in the case of sixth excitation (and the second most 

important excitation according to the oscillator strength) the NTO pair 1 has the highest hole-

particle eigenvalue indicating that this NTO is the most important for the absorption peak located 

at around 200 nm. Closer look at the NTO pair 1 indicate that the hole NTO is located almost 

completely at the two (left) rings without alkyl chain, while the particle NTO 1 almost 

completely matches the LUMO orbital. After further inspection of molecular orbitals it was 

concluded that the hole NTO 1 is practically the HOMO–1 orbital, so the transition from 

HOMO–1 to LUMO is principally responsible for absorption peak at around 200 nm. 

4. Conclusions  

In summary, the synthesis, spectroscopic characterization, and computational investigations of 

1,7'-Dimethyl-2'-propyl-1H,3'H-[2,5']bibenzoimidazolyl  was presented. The molecular structure 

of the compound under study was characterized with FT-IR, 1H and 13C NMR, and mass 

spectrometric techniques. Our computational investigations illustrate that ALIE surface 

recognizes three distinct molecule sites with the lowest (nitrogen atoms N5 and N23) and the 

highest (hydrogen atom H14) ALIE values. After MD simulations it turned out that these 

molecule sites are characterized with the most important interactions with water molecules. 

Fukui functions identified further molecule sites in the near vicinity of hydrogen atoms H28 and 

H34 as important reactive centers after the removal/addition of charge. DFT calculations of H-

BDE show that R4 molecule is stable towards the autoxidation mechanism with all H-BDE 
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values being higher than 90 kcal/mol. The most important RDF was observed in the case of 

hydrogen atom H14, with maximal g(r) value located at the distance lower than 2 Å. TD-DFT 

calculations and the NTO helped in determination of the most important molecule sites when it 

comes to the light absorption properties. According to the shape of orbitals it can be stated that 

the lowest energy excitation corresponds to the π→π* transition. Furthermore, NTO orbital pair 

in the case of the lowest energy excitation matches frontier molecular orbitals, thus the 

HOMO→LUMO transition is principally responsible for the absorption peak at ~280 nm. 

According to the oscillator strengths, the second most important excitation is the sixth excitation. 

Analysis of the TD-DFT ordinary and NTO orbitals suggests that transition from HOMO-1 to 

LUMO is principally responsible for the absorption peak around 200 nm. 
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Highlights 

� 1,7'-Dimethyl-2'-propyl-1H,3'H-[2,5']bibenzo-imidazolyl was synthesized by novel 

approach. 

� Synthesized compound was characterized by FT-IR, NMR and MS. 

� The DFT and TD-DFT calculations, and molecular dynamics have been assessed. 

� Bond dissociation energies were calculated to determine autoxidation mechanism. 
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Graphical Abstract (synopsis) 

1,7'-Dimethyl-2'-propyl-1H,3'H-[2,5']bibenzoimidazolyl was synthesized by acylation/ 

dehydration condensation sequence of 3-methylbenzene-1,2-diamine with m-tolyl derivative in 

the presence of dibutyltin dilaurate (DBTDL) as catalyst. The computational investigations of 

global and local reactive properties based on the density functional theory (DFT) and time 

dependent density functional theory (TD-DFT) calculations, and molecular dynamics. 

 

 


