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Abstract

Benzimidazoles, an important member of the N-heterocyclic carbenes family, draw attention to their catalytic
properties as well as their pharmaceutical activity. Since these molecules are relatively easy to synthesize and
derivatize, they are frequently used in the synthesis of species with desired properties and metal complexes of
these species. The interactions of these kinds of pharmaceutical molecules with the tissue and blood
components are important. The interaction of the bioactive species with serum albumin, which is one of the
most important proteins in the blood, is a frequently studied subject and Bovine Serum Albumin is frequently
used in these researches. In-silico methods provide many advantages and give important insights before
experimental procedures. In this study, two novel benzimidazolium salts were synthesized and characterized.
After the structural analysis of the molecules was analyzed by DFT-based calculation methods, the reactivities
of the molecules were also examined with Global Reactivity Descriptors. In addition, the interactions of
molecules with Bovine Serum Albumin were analyzed by molecular docking methods.
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Yeni Sentezlenmis ve Karakterize Edilmis Benzimidazolyum Tuzlarinin

Yogunluk Fonksiyonel Teorisi ve Molekiiler Doking Analizi
0z

N-heterosiklik karbenler ailesinin 6nemli bir Uyesi olan benzimidazoller, farmasoétik aktivitelerinin yani sira
katalitik o6zellikleri ile de dikkat gekmektedir. Bu molekiillerin sentezlenmesi ve tlrevlendirilmesi nispeten kolay
oldugundan, bu bilesikler istenen 6zelliklere sahip yeni tirlerin ve bu tirlerin metal komplekslerinin sentezinde
siklikla kullanilirlar. Bu tir farmasoétik molekillerin doku ve kan bilesenleri ile etkilesimleri 6nemlidir. Biyoaktif
turlerin kandaki en 6nemli proteinlerden biri olan serum albimini ile etkilesimi sik¢a ¢alisilan bir konudur ve bu
arastirmalarda Sigir Serum Albimin siklikla kullanilimaktadir. In-siliko yontemler bircok avantaj saglar ve
deneysel prosediirlerden 6nce 6nemli bilgiler verir. Bu ¢alismada iki yeni benzimidazolyum tuzu sentezlenmis ve
karakterize edilmistir. Molekullerin yapisal analizi DFT tabanh hesaplama ydntemleri ile analiz edildikten sonra,
Global Reaktivite Tanimlayicilari ile molekiillerin reaktiviteleri de incelenmistir. Ayrica molekdllerin Sigir Serum
Alblimin ile etkilesimleri molekiiler doking yontemleri ile analiz edildi.

Anahtar Kelimeler: N-heterosiklik karbenler, molekiiler doking, DFT, benzimidazol, sigir serum albimini
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Introduction

N-heterocyclic carbenes have found a number of applications in important processes due to their
catalytic activities since firstly isolated and characterized in 1991 (Arduengo et al., 1991; Nair et al.,
2008). One of the important members of this family is benzimidazoles which have been frequently
studied by the scientific world for many years due to their stability, reactivity, basicity, and high polar
properties (Barot et al., 2013; Spasov et al., 1999; Yadav & Ganguly, 2015). The catalytic activity of
these molecules is well known and benzimidazole derivative dyes are also reported (Manoharan &
Anandan, 2014). Benzimidazoles can bind to proteins, enzymes, and receptors in biological systems by
H-bonds and proton donor/acceptor properties since they contain two nitrogen atoms and are
frequently used in medicinal chemistry applications (Narasimhan et al., 2012; Velik et al., 2004;).

Benzimidazole derivative molecules used as anthelmintic (albendazole, mebendazole, triclabendazole
etc.), fungicide (benomyl, carbendazim, thiabendazole etc.), proton pump inhibitor (omeprazole,
lansoprazole, pantoprazole, rabeprazole, and tenatoprazole etc.) (Law & Yeong, 2021).

Serum Albumin, commonly known as blood albumin, is the most abundant dissolved protein in blood
plasma (Goldwasser & Feldman, 1997). Albumin is essential for delivering of necessary components by
body fluids to the tissues with blood vessels. It is important to analyze the interaction of the molecules
with albumin which transports hormones, hemin, and fatty acids in the plasma (Peters, 1985). Bovine
Serum Albumin which is chemically similar with Human Serum Albumin is usually used in experimental
studies since it is more attainable.

Recent developments in theoretical and computational chemistry give important insights about the
structural properties of the molecules and their interactions with biological macromolecules
(Serdaroglu et al., 2021; Sahin et al., 2021). The theoretical results agree with the experimental results
and this kind of analysis saves budget, labor, and time. In this study, two new benzimidazolium salts
were synthesized and characterized by 'H NMR, *C NMR, and FT-IR methods, and the characterization
of molecules was completed by UV-Vis spectroscopy. After the structural analysis of the molecules was
analyzed with DFT-based calculation methods, the reactivities of the molecules were examined with
Global Reactivity Descriptors. In addition, the interactions of molecules with Bovine Serum Albumin
were analyzed by molecular docking methods.

Material and Method

Experimental Synthesis

Standard Schlenk line techniques were used for all synthesis procedures under argon atmosphere with
flame-dried glassware. All reagents are Sigma Aldrich (Dorset, UK). Purification of all solvents was done
by distillation methods over the drying agents, and they were transferred to the reaction matrix under
Argon. Electrothermal 9100 was used for melting point detection by capillary tubes. Perkin Elmer
Spectrum 100 FT-IR was used for recording the Fourier transform infrared (FT-IR) spectra in the range
400-4000 cm™. 'H NMR and 3C{*H} NMR spectra were taken using a Bruker As 400 Mercury
spectrometer operating at 400 MHz (*H), 100 MHz (*3C) in CDCl; with tetramethylsilane as the internal
reference. UV-Vis spectra were also recorded by Shimadzu UV-1800 Spectrophotometer.

Preparation of 1-allyl-3-(4-tert-butylbenzyl)-5,6-dimethylbenzimidazolium bromide, 1

According to the previous study, compound 1 was synthesized under argon gas atmosphere (Sahin et
al., 2021). To a stirring solution of NaH (11 mmol) in tetrahydrofuran (20 mL), 5,6-
dimethylbenzimidazole (10 mmol) was added and the admixture was stirred at room temperature for
1 h. Then, allyl bromide (10.1 mmol) was added to the solution and the mixture was left to stir for 24
h at 60 °C. The mixture was cooled to room temperature. Then, the solvent was removed in vacuo.
Dichloromethane (30 mL) was added to the solid. The last solution was distilled and 1-allyl-5,6-
dimethylbenzimidazole was obtained. The 1-allyl-5,6-dimethylbenzimidazole (1 mmol) and 4-ter-
butylbenzyl bromide (1 mmol) were stirred in DMF (5 mL) for 24 h at 80 °C. Precipitated solid was
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filtered and rinsed out with diethyl ether and dried under the vacuum. Yield: 84%; m.p. 178-179 °C, FT-
IR vieny: 1561 cm™. *H NMR (400 MHz, CDCls) 8 (ppm): 1.27 (s, 9H, CH,CeH4-C(CHs)3-4), 2.40, 2.41 (s, 6H,
NCgH.N(CH3)2-5,6), 5.26 (d, 2H, NCH,CHCH,, J=8 Hz), 5.44 (s, 1H, NCH,CHCH-), 5.47 (d, 1H, NCH,CHCH,,
J=8Hz), 5.76 (s, 2H, CH,CsH4-C(CH3)3-4), 6.11 (quint, 1H, NCH,CHCH,, J= 4 Hz), 7.37-7.40 (m, 3H, Ar-H),
7.43-7.46 (m, 3H, Ar-H), 11.38 (s, 1H, NCHN). ¥*C{*H} NMR (100 MHz, CDCl5) & (ppm): 20.7
(NCgH2N(CH3),-5,6), 31.2 (CH2CgHas-C(CHs)s-4), 34.7 (CH,CeH4-C(CHs)s-4), 50.0 (NCH,CHCH3), 50.9
(CH,CsH4-C(CHs)s-4), 126.3 (NCH,CHCH,), 137.4 (NCH,CHCH.), 113.2,113.4,121.6, 128.1, 129.7, 129.9,
130.0, 152.3 (Ar-C), 141.6 (NCHN).

Preparation of 1-allyl-3-(4-methoxybenzyl)-5,6-dimethylbenzimidazolium chloride, 2

2 was prepared following the same procedures as described for 1. However, 4-methoxybenzyl chloride
(1 mmol) was used as second added alkyl halide. Yield: 81%; m.p. 209-210 °C, FT-IR vcn): 1557 cm™. *H
NMR (400 MHz, CDCl3) & (ppm): 2.40 (s, 6H, NCsH,N(CHs)2-5,6), 3.75 (s, 3H, CH2C¢H4-OCH3-4), 5.27 (s,
2H, NCH,CHCH>), 5.43 (d, 2H, NCH,CHCH,, J= 16 Hz), 5.76 (s, 2H, CH.C¢Has-OCHs-4), 6.09 (quint, 1H,
NCH,CHCH,, J= 4 Hz), 6.85-6.87 (m, 2H, Ar-H), 7.42-7.44 (m, 2H, Ar-H), 7.48-7.50 (m, 2H, Ar-H), 11.31
(s, 1H, NCHN). 3C{*H} NMR (100 MHz, CDCls) & (ppm): 20.7 (NCeH2N(CHs)>-5,6), 49.9 (NCH,CHCH,), 50.8
(CH,CgH4-OCHs-4), 55.3 (CH,CgHs-OCH3-4), 125.2 (NCH.CHCH,), 137.3 (NCH,CHCH;), 113.2, 113.4,
114.6,121.2,125.2,129.9, 128.1, 130.0, 160.0 (Ar-C), 141.9 (NCHN).

Calculation Method

Full unconstrained geometry optimizations with DFT-based calculation methods were carried out with
ORCA version 4.2 using the exchange functional according to BP86 that the correlation functional
suggested by Becke and Perdew, with the resolution-of-the-identity (RI) approximation, the tightscf,
KDIIS, and SOSCF options, a def2-SVP basis set (Becke, 1988; Furche & Perdew, 2006; Neese, 2012;
Neese, 2018; Serdaroglu et al., 2022). To speed up the calculations def2-SVP/J auxiliary basis set was
used.

All the global chemical reactivity descriptors were calculated with Koopmans Theorem according to
the following equations (Phillips, 1961):

IP = 'EHOMO (1)
EA = 'ELUMO (2)
_ IP+EA (3)
r=""7
_IP—EA (4)
=7
1
§=_ (5)
2n
e (6)
= Zn

Where IP is ionization potential; EA is electron affinity; x is electronegativity; n is global hardness; S is
global softness; and w is electrophilicity index (Vijayaraj et al., 2009).

AutoDockTools 4.2 were used for molecular docking calculations with crystal structure from the RCSB
protein data bank (PDB ID: 4f5s, https://www.rcsb.org/structure/4F5S) (Bujacz, 2012). Only polar
hydrogens and Kollman charges were evaluated in target molecules and the waters in proteins were
removed. Randomized starting positions, Gasteiger charges, and torsions have been evaluated for
ligand molecules. While Lamarkian genetic algorithms were applied, the genetic algorithm population
was recorded as 150. Discovery Studio 4.1.0 was used for illustrations (Dassault Systémes, 2016).

54



Ordu Universitesi Bilim ve Teknoloji Dergisi | Ordu University Journal of Science and Technology 2022; 12(1): 52-63

Result and Discussion

Synthesis and characterization of benzimidazolium salts

Benzimidazolium salts (1 and 2) were synthesized by reaction of 1-allyl-5,6-dimethylbenzimidazole
with 4-ter-butylbenzyl bromide and 4-methoxybenzyl chloride in DMF at 80 °C, respectively as shown
Figure 1. The precipitated products were crystallized in dichloromethane/diethyl ether for purification.
The structure of the new compounds is characterized by FT-IR, 'H NMR, 3C{*H} NMR, and UV-Vis

spectroscopy.
H g g
N THF N DMF N
:@E ) * B + NaH ——— P+ RX ———— D x
N 60 °C/24h N 80 °C/24h N
R

$ \

1 2

OCH,

Figure 1. Synthesis of Benzimidazolium Salts 1 and 2

It was observed that all C-H stretching vibrational bands peaked between 2700-3100 cm™ at the IR
spectra of the benzimidazolium salts. C=C stretching vibrational bands were seen at around 1800-1600
cm™. Specific CN peaks in the benzimidazolium ring were observed at 1561 cm™*and 1557 cm™ for 1
and 2, respectively.

NMR spectra of the compounds were analyzed in d-CDCls. In the 'H NMR spectra, the NCHN acidic
protons of 1 and 2 were seen at 11.38 ppm and 11.31 ppm as sharp singlets, respectively. For both
compounds, the methyl protons of benzimidazole peaked in the range of 2.20 ppm and 2.40 ppm as
singlets. Benzylic protons were seen at 5.76 ppm as singlets for both salts. Protons of NCH,CHCH; of
salts (1 and 2) came at 6.11 ppm and 6.09 ppm as a quint, respectively. Aromatic protons of salts 1 and
2 were observed in the range of 6.85-7.50 ppm.

In the ¥ C{*H} NMR spectra, NCHN carbons of benzimidazolium salts give the peak at 141.6 ppm and
141.9 ppm, respectively 1 and 2. Aromatic carbons of compounds 1 and 2 were seen in the range of
113.0-160.0 ppm. Benzylic carbons of 1 and 2 gave peaks at 50.9 ppm and 50.8 ppm, respectively. The
methyl carbon peaks of benzimidazole of the compounds were observed at around 20.0 ppm. These
values are in agreement with reported data for similar compounds (Sahin et al., 2021). The FT-IR, H
NMR, BC{*H} NMR, and UV-Vis spectra are presented in Figures 2-6.
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Figure 3. FT-IR Spectra of 2
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Figure 6. UV-Vis Spectra of 1 and 2 (The Extinction Coefficients of the Bands Given in Parenthesis)

UV-Vis spectrophotometer is an important method in the analysis of possible-pharmaceutical
molecules. The methanol solutions of the molecules were prepared, and their spectra were recorded.
Solutions of the molecules are colorless and show two main bands in the UV-Vis spectra. While bands
were recorded at 279 nm and 288 nm for 1, molecule 2 shows two maxima at 279 nm and 287 nm.
The extinction coefficients of these bands were determined by recording the spectra of the solutions
prepared as three sets in five different concentrations (Figure 7).

Figure 7. HOMO and LUMO Energies and lllustrations of the Molecules (in eV)

Theoretical analysis

The location and energy of the Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied
Molecular Orbital (LUMO) of the molecules are important in the reactivity analysis of the molecules.
The HOMO region of the molecule indicates the region where electron-donating reactions will take
place, while the LUMO shows the region where the molecule accepts electron (Bejaoui et al., 2020).
According to this evaluation, it is expected to act as an electron donor through the benzyl region of
benzimidazole in both molecules. On the other hand, in both molecules, it is expected to exhibit
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electron acceptor properties through the conjugated benzimidazole group (Figure 7). The relative
energies of the HOMO and LUMO of the molecules give quantitative idea about the electron donor
and acceptor flairs of the molecules (Perepichka & Bryce, 2005). According to the DFT-based
calculations, 1 acts as an efficient electron donor since the HOMO has lower energy. At the same time,
1 shows more effective electron acceptor property since it has lower LUMO energy.

Table 1. Global Reactivity Descriptors of the Complexes (in eV)

1 2
lonization Potential (IP) 9.032 8.912
Electron Affinity (EA) 5.417 5.047
Electronegativity (x) 7.224 6.979
Global Softness (S) 0.277 0.259
Global Hardness (n) 1.807 1.932
Electrophilicity Index(w) 14.456 12.615

Global Reactivity Descriptors were calculated by using the energies of the HOMO and LUMO of
molecules according to the Koopman Theorem which is frequently used in the analysis of the electron
donor/acceptor properties of molecules (Phillips, 1961; Vijayaraj et al., 2009). According to this
theorem, the calculated IP and EA values for molecules are obtained by direct evaluation of the HOMO
and LUMO energies of the molecules. According to the results, 1 is expected to be more active in terms
of both electron-donor and electron-acceptor properties due to higher IP and EA values and 1 also
shows stronger electronegativity. The larger global softness value and the smaller global hardness
value indicate the more reactive molecule. In this case, 1 is expected to be more reactive. The
electrophilicity index is the expression of the affinity of a molecule against an electrophile, and the
electrophilicity index of 1 was calculated greater than 2 (Table 1).

interaction residues

SER

H ILE
Aila7 ALe3 A45S

Figure 8. Interaction Residue (middle), Docking Conformations (grey), and Interaction Type of Benzimidazole
Type 1, and 2 with Bovine Serum Albumin Crystal Structure

Dark green and turquoise: H-bonds; green: van der Waals; Orange: pi-anion/cation; Pink: alkyl and pi-alkyl;
Yellow: pi-sulfur; fuchsia: Pi-pi stacked and pi-pi T shaped

The interaction of both molecules with bovine serum albumin was investigated by using molecular
docking methods for examination of the interaction region and interaction size. Both molecules
interact with approximately the same region of the serum albumin except small orientation
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differences. 2 can interact as H-bonds through the methoxy group. The interaction regions and details
of the molecules are presented in Figure 8.

Table 2. Active Sites of Bovine Serum Albumin (PDB ID:4f5s) with 1, and 2

Molecules  Bind. Aff.* Amino Acids Residue

1 -8.07 Argd58, Ala193, His145, Pro110, Argl44, Leul89, Argl196, Tyrl47, Phel4s,
Thr190, Ser192, Glu424, Ser428, Arg435, lle455

2 -7.36 Aspl08, Serd28, Argd58, Pro110, His145, Pro146, Argl96, Ser109, Argl44,

Tyrl47, Phel48, Leul89, Ser192, Glu424, Val425, lle455
*kcal/mol; red: H-bond, green: pi interactions, blue: Van der Waals interactions

Interaction regions, types, and magnitudes of molecules with macromolecules can be examined by
molecular docking methods. 1 performs pi- and van der Waals-interactions with Bovine Serum
Albumin. A binding affinity of -8.07 kcal/mol was determined by the pi-interactions with Arg458,
Ala193, His145, Pro110, Argl44, Leu189, Arg196, and Van der Waals interactions. Due to the methoxy
group substituted for the benzyl group of the 2, the H-bond, which is considered important in such
analysis, was recorded with Asp108, and Ser428. The pi-interactions with Arg458, Pro110, His145,
Pro146, and Argl196 are also noteworthy. The binding affinity calculated as a result of the contribution
of many Van der Waals interactions to these interactions was determined as -7.36 kcal/mol (Table 2).

Examining the interactions of N-heterocyclic carbene molecules with BSA by molecular docking
methods is not very common in the literature. However, analysis of transition metal complexes
containing NHC-derived ligands is quite common. Rani et al. (2021) analyzed the Ni(ll) complexes with
NHC type ligands and the results of docking studies reveal that the binding energy ranging from -6.52
to -8.05 kcal mol™ towards the target BSA protein were recorded. Also, Feizi-Dehnayebi et al. (2021)
recorded that BSA forms a hydrogen bond with His246 residue with the length of 3 A and there are
van der Waals forces between Pd(ll) complex and Ser104, Lys106, Tyr147, Leu103, 1le202, Cys245,
Gly247, Lys242 and GIn203 residues. Alinaghi et al. (2020) published that a hydrogen bond between
the Pd(Il) complex oxygen atom and Glu 125 (2.2 A) is observed. In the same paper, the amino acid
residues of BSA, which interacted with the complex, are Phe36, Pro113, Lys114, Leull5, Lys116,
Leul22, Glul125, Phel133, Lys136, Tyr139 and Tyrl160. It is common that the metal complexes of the
NHC molecules could have better binding results than the individual NHC molecules. But the calculated
result for the studied molecules in this research have better binding affinities than the complex
molecules.

Conclusions

Serum albumin is important since it is the most abundant protein in the blood and has many activities.
Analysis of the interactions of pharmaceutical molecules with blood proteins is an important research
area. The use of computational methods is useful in examining these kinds of interactions. It is
recorded that 1 shows better pharmaceutical activity according to the results of both structural and
molecular docking analyses. Since molecules are analyzed relatively in theoretical calculations, it is
important to reproduce the structural and interactional analyzes of different substituted species, since
the analysis of more molecules will help to decide on the molecules that will pass to the experimental
stage.
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