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Abstract

N-heterocyclic carbenes have initially attracted great attention of the chemists in consequence of their catalytic activity.
The favorable results were also obtained in bioactivity studies for N-heterocyclic carbenes, and their transition metal
complexes in following years. Theoretical methods deliver beneficial data about the several activities of molecules. One
of them is the frontier orbital analysis, which supplies data about the reactivity of molecules. Another method is
investigation of the molecular activity against crystals of certain macromolecules using molecular docking methods. In
this study, novel 1-allyl-3-(cyclohexylmethyl)benzimidazoliumbromide and bromo[1-allyl-3-
(cyclohexylmethyl)benzimidazolium-2-ylidene]silver(l) were synthesized and characterized. The characterizations were
also supported by spectroscopical and theoretical methods. In order to have foresight about the bioactivities of these
molecules, molecular docking methods were used to get information about the interactions between molecules and
VEGFR-2, which regulates the angiogenesis, and DNA.
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Benzimidazolyum Tipi Yeni NHC Molekiilii ve Giimiis Kompleksinin Sentezi ve
Karakterizasyonu ve Potansiyel Antikanser Aktivite icin Teorik Analizi

Oz

N-heterosiklik karbenler baslangictan giiniimiizii katalitik aktiviteleri dolayisiyla kimyagerlerin ilgisini ¢ekmektedir.
Sonraki yillarda N-heterosiklik karbenlerin ve bunlarin metal komplekslerinin biyoaktivite ¢aligmalarindan olumlu
sonuglar alinmigtir. Teorik metotlar molekiillerin gesitli aktiviteleri ile ilgili kullamigh bilgiler sunarlar. Bu teorik
yoéntemlerde biri molekiillerin reaktiviteleri hakkinda bilgiler sunan sinir orbital analizidir. Bir bagka metot ise molekiiler
doking yontemleri kullanilarak belirli makromolekiillerin kristallerine karsi molekiiler aktivitenin incelenmesidir. Bu
calismada, yeni 1-allil-3-(siklohekzillmetil)benzimidazolyumbromid ve bromo[1-allil-3-(
siklohekzillmetil)benzimidazolyum-2-yliden]giimiis(I) molekiilleri sentezlenerek karakterize edilmistir. Molekiillerin
karakterizasyonlar1 ayrica spektroskopik ve teorik yontemlerle desteklenmistir. Bu molekiillerin biyoaktiviteleri ile ilgili
fikir sahibi olmak icin, anjiyogenezi duzenleyen VEGFR-2 ve DNA ile etkilesimleri molekiiler doking yontemleri ile
analiz edilmistir.
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1. Introduction

N-heterocyclic carbenes (NHCs) have been studied for their many properties since they were
firstly synthesized (Hopkinson et al, 2014; Hermann and Kdcher, 1997). Well-known catalyst NHCs
can be easily achieved, and refashioned (Hermann, 2002; Diez-Gonzalez et al, 2009). Additionally,
the bioactivities of many NHC-metal complexes have been frequently studied (Sahin et al, 2022;
Fontes et al, 2022; Aber et al, 2014). Especially, ruthenium- and rhodium-NHC complexes’
antibacterial activities are well known (Ott, 2017; Hamd et al, 2021). After advances in metal-based
anticancer drugs, metal-NHC complexes have also been researched for their anticancer activity. Anti-
cancer activities that were acquired from Au-NHC complexes are noteworthy (Karaaslan et al, 2020).
Moreover, Ag-NHC complexes, generally known as anti-infective, have been also progressed for
anticancer properties (Sahin-Boéliikbasi, and Sahin, 2019).

Angiogenesis which occurs in cell growth and wound healing processes is the formation of new
blood vessels from a pre-existing vasculature (Folkman, 1984). However, excessive angiogenesis
could induce pathologies such as metastasis, increment of existed tumor and new tumor formation
(Nishida et al, 2006; Carmeliet and Jain, 2000). In this case, control the angiogenesis systems may be
a promising way for cancer therapy. Vascular endothelial cells are regulated by vascular endothelial
growth factor (VEGF) (Ferrara, 2009; Hoeben et al, 2004). The activity of VEGF is administrated by
vascular endothelial growth factor receptors (VEGFR) (Olofsson et al, 1996; Ferrara, 2004). VEGFR-
1 and VEGFR-2 which are the sub-types of VEGFR have different kinase activation potentials.
VEGFR-2 triggers signaling pathways and plays more important role on angiogenesis than VEGFR-
1 (Rahimi, 2006; Dias et al, 2000). Thus, the activation of VEGFR-2 could manage some pathologies
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Figure 1. Molecular structures of 1 and 2

of many diseases.

The molecular docking methods are approved as an important tool for examining the

interactions of new molecules against biological macromolecules such as enzymes, proteins, DNA
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(Torres et al, 2019; Trspathi and Misrz, 2017). It is even possible to have some valuable data about
the properties of unsynthesized molecules by this method. In this study, interactions of novel 1-allyl-
3-(cyclohexylmethyl)benzimidazoliumbromide 1) and bromo[1-allyl-3-
(cyclohexylmethyl)benzimidazolium-2-ylidene]silver(l) (2) which were synthesized (Figure 1) and
characterized for this research (Fig. 1) against VEGFR-2 and DNA were investigated with molecular

docking methods.

2. Materials and Methods

Synthesis of 1-allyl-3-(cyclohexylmethyl)benzimidazoliumbromide, 1

Benzimidazole (10 mmol) was appended to NaH (11 mmol) solution in tetrahydrofuran (20
mL) in a schlenk tube and the solution was mixed for 1 h at room temperature (RT). Then, allyl
bromide (10.1 mmol) was also appended to the mixture and the solution was stirred for 24 h at 60 °C.
The solution was cooled to RT and tetrahydrofuran was evaporated under light pressure. The resulting
solid were resolved in dichloromethane (50 mL). 1-allylbenzimidazole was achieved by the
distillation of the last solution. 1-Allylbenzimidazole (1 mmol) and cyclohexylmethyl bromide (1
mmol) were mixed in dimethyl formamide (5 mL) for 24 h at 80 °C. At the end of this period, 1-allyl-
3-(cyclohexylmethyl)benzimidazoliumbromide (1) was precipitated. Compound 1 was filtered and
washed with diethyl ether. Yield: 78%. m.p. 90-91 °C. FT-IR vcny: 1557 cm™. 'H NMR (400 MHz,
CDCls) & (ppm): 1.19-1.25 (m, 5H, CH2CeH11), 1.65-1.75 (m, 5H, CH2CeH11), 2.04-2.06 (m, 1H,
CH2CeHu11), 4.48 (d, 2H, CH2CeH11, J= 8 Hz), 5.37 (d, 2H, NCH2CHCHz, J= 4 Hz), 5.46-5.52 (m,
2H, NCH2CHCH?>), 6.14 (quint, 1H, NCH2CHCH2, J= 4 Hz), 7.63-7.69 (m, 2H, Ar-H), 7.73-7.77 (m,
2H, Ar-H), 11.37 (s, 1H, NCHN). 3C{*H} NMR (100 MHz, CDCls) & (ppm): 25.3, 25.7, 30.4, 37.9
(CH2CsH11), 50.1 (CH2C6H11), 53.4 (NCH2CHCHz), 121.7 (NCH2CHCHz), 129.7 (NCH2CHCH_),
113.3,113.7,127.2, 131.3, 131.8 (Ar-C), 143.0 (NCHN).

Synthesis of bromo[1-allyl-3-(cyclohexylmethyl)benzimidazolium-2-ylidene]silver(l), 2

The dichloromethane solution of 1-allyl-3-(cyclohexylmethyl)benzimidazoliumbromide (1
mmol) and silver (1) oxide (0.8 mmol) were blended at RT for 24 hours under dark. The last solution
was concentrated after the filtration on celite. The diethyl ether was added to the latter solution and
the solid white product (2) precipitated and washed with diethyl ether after the isolation by filtration.
Yield: 74%. m.p. 106-107 °C. FT-IR vceny: 1394 cm. *H NMR (400 MHz, CDCls3) § (ppm): 1.15-
1.22 (m, 5H, CH2CsH11), 1.65-1.75 (m, 5H, CH2CsH11), 1.96-1.98 (m, 1H, CH2CesH11), 4.25 (d, 2H,
CH2CsH11, J = 8 Hz), 5.05 (d, 2H, NCH2CHCH2, J= 8 Hz), 5.22 (d, 1H, NCH2CHCHz2, J= 16 Hz),
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5.32 (d, 1H, NCH2CHCHz2, J= 12 Hz), 6.01 (quint, 1H, NCH2CHCHz2, J= 4 Hz), 7.38-7.50 (m, 4H,
Ar-H). BC{'H} NMR (100 MHz, CDClz) & (ppm): 25.6, 26.0, 31.1, 38.4 (CH2CeH11), 51.9
(CH2CgH11),55.8 (NCH2CHCH?2), 119.2 (NCH2CHCH), 125.1 (NCH2CHCH?>), 111.8, 111.9, 131.8,
133.7, 134.2 (Ar-C), no peak (Ccarbene-AQ).

Theoretical Calculation Methods

Molecules are optimized by using the BP86 functional with a def2-SVP def2-SVP/J basis set,
KDIIS SOSCF and the tightscf options with ORCA version 4.1 (Becke, 1988; Perdew, 1986; Neese,
2012; Neese et al, 2020; Neese, 2022). AutoDock 4.2 were used for molecular dockings performance
against both DNA dodecamer (PDB id:1bna) and VEGFR-2 (PDB id: 1ywn) which are acquired from
RCSB web site (Trott and Olson, 2010; Miyazaki et al, 2005; Drew et al, 1981). Waters in the target
crystals were removed, only polar hydrogen atoms were considered in processes and Kollman charges
were appreciated. Molecular docking performances were started at a randomized position and
Gasteiger charges used for ligand molecules (Ustiin and Sahin, 2022; Wei et al, 2002). According to
Koopmans Theorem, global chemical reactivity descriptors were calculated by following equations
(Koopmans, 1934; Choudhary et al, 2019; Rajkumar et al, 2020):

IP = -EnHomo @H)]
EA = -ELumo (2)
X=-n= —% 3)
I—A
= 4
n=— (4)
1
S=— (5)
21
2
u
-2 6
© = (6)

3. Findings and Discussion

The N-heterocyclic carbene precursor (1) and its Ag(1)-NHC complex (2) were freshly achieved
according to the previous published studies (Sahin-Boliikbasi, and Sahin, 2019). 1-
Allylbenzimidazole was reacted with cyclohexylmethyl bromide at 80 °C in dimethyl formamide. N-

heterocyclic carbene precursor (1) was obtained (Scheme 1).
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Scheme 1. Synthesis of compound 1

N-heterocyclic carbene precursor (1) reacted with Ag20 in dichloromethane for a day and

Ag(l)-NHC complex (2) was yielded as shown in Scheme 2.
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Scheme 2. Synthesis of compound 2

Both of the molecules have good solubility and are soluble in most of polar organic solvents.
The ligand and the silver complex are highly stable both in air and moisture but, it must be noted that
Ag(l)-NHC complex is not stable under light. The structure of the compounds was successfully
clarified by *H and *C{*H} NMR spectroscopies.

In the *H NMR spectra, NCHN acidic proton of 1 were detected at 11.37 ppm. The formation
of the N-heterocyclic carbene ligand was confirmed by this characteristic pick whilst the formation
of its Ag(l)-NHC complex was also confirmed by the disappearance this peak and the peak was not
seen at complex spectra as expected (Figure 2). In *C{*H} NMR spectra of the 1, NCHN carbon to
which the acidic proton is bounded was seen at 143.0 ppm. However, in *C{*H} NMR spectra of 2,
this peak has not appeared and disappearance of the signal the carbon proved formation of Ag(l)-
NHC complex. After complexation, NCN carben resonance on the 2 should shift much downfield
region compared to the 1. But this peak could not be seen in the 3C{*H} NMR spectra (Figure 2).

The FT-IR spectra of the compounds contain some characteristic bands of the stretching
vibrations of the C=N, C-N, C-H and C=C groups. Benzimidazole ring C=N vibrations of NHC salt
was assigned at 1557 cm-L. This vibration was seen with a shift in the Ag(l)-NHC complex at 1394
cmL. This negative shift is because of the electropositive metal center which pulls electron density
towards itself and as a result of C=N vibrations shifts to the lesser energy region in the complex. And

also, this shifting is another evidence of formation Ag(l)-NHC complex.
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In addition to the characterization, spectroscopic analysis of both molecules were performed.
Both the ligand and the complex gave a broad band at 258 nm, which can be considered a shoulder.
While the band detected at 271 nm was a shoulder for the complex, it was recorded as a distinct band
for the ligand. At 278 nm, evident bands were recorded for both the ligand and the complex. In the
complex molecule, unlike the ligand molecule, a clear band was recorded at 285 nm, which can be
considered as a MLCT (Ustiin et al, 2016) (Figure 3). The extinction coefficients of these bands were
recorded by preparing three sets of solutions of each molecule at five different concentrations. The
extinction coefficients calculated for the ligand at 258, 271, and 278 nm are 6236.5, 6520.0, and
5515.7 M-tcm, respectively. For the complex, extinction coefficients for 258, 271, and 285 nm were
determined as 7638.9, 9495.4, and 9107.8 M-1cm-?, respectively.
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Figure 4. HOMO and LUMO Energies and Illustrations of 1 and 2 (in eV)

HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular
Orbital) of both molecules were analyzed by using the results that were obtained from DFT-based
calculation methods. HOMO gives information about the place and tendency of the electron accepting
properties of the molecules, while LUMO gives information about chemical reactions in which the
molecules act as electron-donor (Golding Sheeba et al, 2021; Khajehzadeh and Sadeghi 2018).
According to the results illustrated in Figure 4, LUMO of both NHC ligand and silver complex are
located in the benzimidazole region. On the other hand, the HOMO of the NHC precursor is located
on benzimidazole and cyclohexane, while the LUMO of the silver complex is located on the allyl and
halogen regions. In addition, the calculated HOMO and LUMO energies were used to guess
ionization potential (IP), electron affinity (EA) and electronegativity () of the molecules (Table 1).
The IP, EA and y values of the ligand were calculated higher than complex (Kar et al, 2007). Global
softness (S) and chemical hardness (n) are other criteria that give foresight about the reactivity

properties of molecules. The reactivity of a molecule increases with decreasing the global softness of
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a molecule. Global softness is the reciprocal of chemical hardness, and the higher the hardness, the
lower the reactivity. According to the results, it can be noted that the ligand molecule is more reactive
than the complex. The electrophilicity index () is considered as an indicator of the electrophilic
strength of the molecular system against a nucleophile (Parthasarathi et al, 2004). Therefore, the

ligand is also more electrophile than the complex.

Table 1. Global reactivity descriptors of the complexes (in eV)

lonization Potential (IP) 9.337 9.505
Electron Affinity (EA) 6.132 5.924
Electronegativity () 8.034 7.864
Global Softness (S) 0.263 0.258
Global Hardness (1)) 1.902 1.940
Electrophilicity Index(w) 16.975 15.955

Electronic transitions of optimized molecules were investigated by TDDFT based calculation
methods with ORCA software (Neese, 2012). Allowed transitions with an oscillator strength greater
than 0.01 are listed in Table 2.

Table 2. Energies (in nm), Oscillator Strength ( fosc), Main Orbital Contributions,
and Type of Transition Involved in the Most Important Singlet Excitations for 1 in
Gas Phase Calculated with TDDFT/BP86

state A /nm fosc main transitions
1
31 271.9 0.0133 HOMO-4 — LUMO+1 (20.0%)
35 260.1 0.0204 HOMO-2 — LUMO+1 (13.2%)
36 256.9 0.0171 HOMO-1 — LUMO+1 (40.1%)
2
19 447.8 0.0414 HOMO-2 — LUMO (45.9%)
28 324.5 0.0152 HOMO-2 — LUMO+1 (33.4%)
HOMO-3— LUMO+1 (33.0%)
37 296.3 0.0148 HOMO-4 — LUMO+1 (19.3%)

VEGFR-2 triggers signaling pathways and plays more important role on angiogenesis than
VEGFR-1 and the activation of VEGFR-2 could manage some pathologies of many diseases (Ghosh
et al, 2008). In order to have foresight about the bioactivities of these molecules, the interactions with

VEGFR-2 were analyzed by molecular docking methods. The binding affinity of the optimized ligand
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with the VEGFR-2 crystal structure was determined as -6.49 kcal/mol, while the affinity of the silver
complex was calculated as -5.06 kcal/mol. The amide-pi stacked interaction of the ligand with
Cys1043 with is noteworthy. On the other hand, the H-bond of complex with Cys917 could be
described the most important interaction. The alkyl, pi-alkyl, and van der Waals interactions were

had influence the binding affinity of both molecules (Table 3 and Figure 5).

Table 3. Molecular docking results of the molecules for VEGFR-2 target

Molecules Bind. Aff.* Amino Acids Residue
VEGFR-2 (1ywn)
1 -6.49 Cys1043 (Amide-Pi Stacked), 11e886, Val896, Leul017, Cys1022,

His1024 (Alkyl and Pi-Alkyl), Glu883, Leu887, Val897, 11890,
111023, 11e1042, Asp1044 (van der Waals)

2 -5.06 Cys917 (Carbon Hydrogen Bond), Leu838, Ala864, Leul033
(Alkyl and Pi-Alkyl), Val846, Val914, Glu915, Phe916, Lys918,
Gly920 (Van der Waals)

* Binding Affinity in kcal/mol.

Sayed et al. evaluated the inhibitory potentials against VEGFR-2 for fifteen novel sulfonamides
provided hydrazone-coupled derivatives and recorded good inhibitory activity. Schepetkin et al
analyzed some oxime groups by molecular docking methods against VEGFR-2 for inhibition activity
of tumor growth and metastasis and determined remarkable results. Also, EI-Adl et al designed and
synthesized ovel series of 5-benzylidenethiazolidine-2,4-dione derivatives and the interactions of
these molecules with VEGFR-2 were recorded with good inhibitory activities. Additionally, new
benzimidazolium-derived PEPPSI complexes were synthesized and characterized by Serdaroglu et
al. This group analyzed molecules by the molecular docking method with VEGFR-2 for their
anticancer potential and —8.68 kcal/mol of the best binding affinity were recorded for a molecule.

The results that calculated for this study, with compared to previous study, are remarkable.

Figure 5. Interactions of the molecules with VEGFR-2 acquired by molecular docking
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In this study, the interactions of molecules with DNA were also investigated using by molecular
docking methods. It has been determined that each optimized molecule interacts with approximately
the same region of the DNA crystal. DNA binding was detected between the ligand and Ade6, Thy7
and Thy8 aminoacids of DNA, while silver complex was interacted with Thy7, Thy8 (Figure 6).

Figure 6. Molecular docking interaction of the molecules with DNA

4. Conclusions

NHC molecules and their metal complexes that have been analyzed for many activities attract
the attention of the chemistry world. In this study, a new NHC molecule and its silver complex were
synthesized and characterized. Spectroscopic and theoretical characterization of these molecules has
also been added to the study. After performing frontier orbital analyzes of the optimized molecules,
possible anticancer activities were analyzed by using molecular docking methods. The molecules had
remarkable binding affinity with both VEGFR-2 and DNA. It is clear that these effects must analyzed
more detailed, and the studies must be diversified with different substituted species. In future studies,

we want to study with different substitution species and metals.
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