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ABSTRACT: In this work, three 2-hydroxyethyl substituted N-heterocyclic carbene (NHC) precursors
containing ortho—, meta— and para— methylbenzyl fragments are characterized theoretically. Theoretical
calculations are performed to gain insight into these three molecules’ electronic properties (HOMO-
LUMO energy, MEP and global reactivity descriptors) and biological behaviors. Also, atomic charges
are calculated and molecular orbital analysis is performed. In order to investigate the stability of the
molecules resulting from hyperconjugative interactions and charge delocalization, natural bond orbital
(NBO) analysis is used. A predictive study for the biological activities is carried out using PASS
(prediction of activity spectra for biologically active structures) online software. Biological activity
predictions showed the substance P antagonist, analgesic and antiinflammatory activities of the
compounds.
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INTRODUCTION

Carbene precursors such as benzimidazolium salts have attracted great attention in organic
chemistry by virtue of its structural and electronic properties (Hopkinson et al., 2014; Sar1 et al., 2018).
Especially, the NHC precursors can form complexes almost with all of the transition metals (Dragutan
et al., 2007; Nirmala and Viswanathamurthi, 2016) so, they have attracted interest in biological activity
studies due to their strong activity in enzyme inhibition studies (Zou et al., 2018). In our previous study,
the investigations on the biological activity of 2-hydroxyethyl substituted NHC compounds containing
methylbenzyl substituents show that these compounds have exhibited biological activity (Erdemir et al.,
2018). Indeed, biological experiments are often limited in terms of sample, time and cost. Besides, DFT-
based reactivity descriptors are advantageous and generally be consistent with the experimental
observations (Chattaraj et al., 2003). In recent years, the prediction of the reactivity of chemical systems
is one of the main objectives of theoretical chemistry. Density functional theory (DFT) has been quite
successful in providing the theoretical groundwork of this purpose. For analyzing and understanding the
biological reactivity of the chemical systems, several reactivity descriptors have been proposed. In this
work, electronic properties and biological reactivity studies of three compounds 2e (ortho—substituted),
2f (meta—substituted), and 29 (para—substituted) were carried out. Geometries of the compounds were
optimized and bonding parameters were compared to the experimental data. Frontier molecule orbitals
(HOMO and LUMO) and the energy values were computed. The global reactivity descriptors were
examined to get an idea of the reactive nature of the compounds. NBO analysis was performed to
investigate the stability of the molecules resulting from hyperconjugative interactions and charge
delocalization. Natural population analysis (NPA) was also carried out. The putative biological activity
spectra of the compounds were predicted.

It is believed that this kind of study will contribute to getting a fast knowledge of the chemical
behavior of 2-hydroxyethyl substituted NHC salts. As proved by enzyme inhibition studies (Erdemir et
al., 2018), these compounds can be a candidate as new drugs for therapy of some diseases such as
osteoporosis, gastric and duodenal ulcers, glaucoma, mountain sickness, epilepsy or neurological
disturbances.

MATERIALS AND METHODS

The synthesis and crystallization studies of the structures 2e, 2f, and 2g were performed by Prof.
Dr. Yetkin Gok at Inénii University Scientific and Technology Center, and structural determinations
were carried out at Dokuz Eyliil University X-ray Crystallography Laboratory (Erdemir et al., 2018).
The CCDC codes of the structures are 1568021 for 2e, 1568019 for 2f and 1568020 for 2g.

Computational Procedure

All the quantum chemical calculations were carried out at Density Functional Theory (DFT)
method employing B3LYP/Lanl2dz basis set using Gauss—View6 molecular visualization and Gaussian
09W program packages (Frisch etal., 2010; Dennington et al., 2016). The natural bonding orbital (NBO)
calculations were performed using NBO 3.1 program as implemented in Gaussian 09W package to get
detailed insight about the charge transfer, intramolecular interactions and investigate the delocalization
or hyperconjugative interactions in the molecular systems of 2e, 2f and 2g (Glendening et al., 1995).
The biological activity spectra of studied compounds were obtained by the PASS Online Program
(Anonymous, 2014).
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RESULTS AND DISCUSSION

Geometry Optimization of The Compounds

The optimized ground state geometry of the compounds at DFT/B3LYP/Lanl2dz level of the
theory and the superimposition of the experimental and calculated structures are shown in Figure 1. The
correlations between the theoretical and experimental bonding parameters are displayed in Figure 2. As
can be seen from Figure 1 that the best overlay of the experimental and theoretical structure occurs at
29. There are some discrepancies for 2e and 2f, especially in the substituted methylbenzyl and
hydroxyethyl moieties. It is clearly understood that the theoretical calculations of the isolated structure
are carried out in the gas phase, while the experimental molecular structures are in a solid-state form
likely caused these differences. Also, the experimental structures have O—H---1 type intermolecular

interactions, which may cause discrepancies in the bonding parameters.
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Figure.l Atom-by-atom superimposition of the calculated structure (blue) and the crystal structure

(orange) of the compounds 2e, 2f and 2g.
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Figure.2 The correlations between the theoretical and experimental bonding parameters for the
compounds 2e, 2f and 2g.

Atomic Charges: Mullikan Population Analysis (MPA) and Natural Population Analysis (NPA)

Mulliken population analysis (MPA) and natural population analysis (NPA) have an important
role in the application of quantum chemical calculations. The atomic charge distribution of acceptor and
donor atoms in molecules affects molecular polarizability, dipole moment, electronic structure, acidity-
basicity behavior and a lot of properties of a molecular system and electrostatic potential surfaces
(Balachandran and Primala, 2012; Lakshmi and Balachandran, 2013). MPA and NPA analyses of the
structures were performed using B3LYP/Lanl2dz level of calculation and the list of all calculated atomic
charges is given in Table 1. They were obtained from Natural Bond Orbital (NBO) results. The analyses
reveal the presence of electrophilic and nucleophilic atomic charges. According to the Table, NPA’s net
charges are mostly longer than Mulliken charges. The iodide anions of the compounds display high
nucleophilic behavior with their negative donor atomic charges, while the Ccarbene-H and The O-H
protons have the highest positive charge values. So, iodide anions attack these hydrogen atoms, which
is the most reactive site of the molecules.

Frontier Molecular Orbitals (FMOs) and Molecular Electrostatic Potential (MEP)

The FMOs theory involving HOMO and LUMO is one of the most important theories to introduce
the chemical stability of a molecule (Gunasekaran et al., 2008). The highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) energies provide deep information about
the energy distribution and energetic behavior of compounds and complexes. The high value of EHomo
shows how easy of donating an electron to the unoccupied orbital of the receptor molecule, while the
small value of ELumo indicates the small resistance to accept electrons so that it can easily accept
electrons. The energy gap (A) displays the chemical reactivity and kinetic stability of a molecule. A large
frontier orbital gap describes a hard molecule and much less polarizability. The soft systems have a small

frontier orbital gap and highly polarizable. Also, a large HOMO-LUMO gap implies high molecular
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stability and aromaticity low reactivity in chemical reactions, while a small HOMO-LUMO gap is
related to anti-aromaticity. The distributions of the HOMO and LUMO orbitals computed at the
B3LYP/Lanl2dz level for three molecules are displayed in Figure 3. The compounds have 75 occupied
MOs. For all molecules, the HOMOs are localized on the I ions, while the LUMOSs are distributed over
the benzimidazole fragment. The HOMO-LUMO energy gap (A) of the molecules are given in Table 2.

As can be seen, 2f has the narrowest frontier orbital gap of all molecules.

Table 1. Mulliken population analysis (MPA) and Natural population analysis (NPA) from NBO calculation.

2e 2f

Atom Mulliken NPA Atom Mulliken NPA Atom Mulliken NPA
11 -0.6946 -0.7973 11 -0.7736 -0.8646 11 -0.7024 -0.8014
02 -0.5037 -0.8251 04 -0.4735 -0.8113 02 -0.4991 -0.8226
N4 -0.1652 -0.4049 N2 -0.1707 -0.3972 N3 -0.1417 -0.3900
N5 -0.1184 -0.3877 N3 -0.1211 -0.3745 N4 -0.1597 -0.4050
C6 0.2514 0.1643 C5 0.3224 0.1699 C5 0.2768 0.1672
Cc7 -0.1126 0.3471 C6 -0.0806 0.3279 C6 0.4435 -0.0721
C9 0.2673 0.1673 C8 0.2387 0.1566 C7 0.2526 0.1644
C10 -0.3229 -0.2316 C9 0.4052 -0.0647 C8 -0.5158 -0.2127
C12 0.3226 -0.0593 C10 -0.4868 -0.2111 Cl1 -0.1124 0.3439
C13 -0.3140 -0.2143 C13 -0.3896 -0.2230 C13 0.4404 0.0044
C15 -0.2015 -0.2002 C15 -0.3100 -0.2527 Cl4 -0.3705 -0.2050
C17 -0.3023 -0.2273 C17 -0.5427 -0.2256 Cl6 -0.3199 -0.2261
C19 -0.2474 -0.0645 C19 -0.2761 -0.1862 C18 -0.4105 -0.2179
Cc22 0.2457 0.0028 c21 -0.3741 -0.2297 C20 -0.3929 -0.2011
C23 -0.2098 -0.1994 C24 -0.3503 -0.2074 C22 -0.3193 -0.2317
C25 -0.5800 -0.2143 C26 -0.1953 -0.1874 C24 -0.3156 -0.2148
C28 -0.7746 -0.6659 C28 0.4290 0.0125 c27 -0.2028 -0.2003
C32 -0.3588 -0.2067 C29 -0.2543 -0.0620 C29 -0.2485 -0.0637
C34 -0.2434 -0.2135 C32 -0.2187 -0.1933 C32 -0.3624 -0.2088
C36 -0.3376 -0.2094 C34 -0.2146 -0.1925 C34 -0.2045 -0.2003
C38 -0.2299 -0.1993 C36 -0.7547 -0.6523 C36 -0.7533 -0.6516
H3 0.3357 0.4899 H7 0.3108 0.2461 H9 0.1976 0.2248
H8 0.3787 0.2741 H11 0.2401 0.2409 H10 0.2931 0.2653
H11 0.2369 0.2307 H12 0.2399 0.2386 H12 0.3818 0.2800
H14 0.2390 0.2366 H14 0.2418 0.2235 H15 0.2214 0.2149
H16 0.2322 0.2303 H16 0.2397 0.2288 H17 0.2411 0.2333
H18 0.2362 0.2319 H18 0.2482 0.2230 H19 0.2261 0.2172
H20 0.2225 0.2135 H20 0.2959 0.2693 H21 0.2870 0.2469
H21 0.1982 0.2060 H22 0.1921 0.2235 H23 0.2361 0.2304
H24 0.2320 0.2305 H23 0.2781 0.2629 H25 0.1950 0.2223
H26 0.2941 0.2644 H25 0.2384 0.2250 H26 0.2375 0.2367
H27 0.2095 0.2319 H27 0.2321 0.2304 H28 0.2317 0.2299
H29 0.2492 0.2386 H30 0.2251 0.2169 H30 0.1977 0.2056
H30 0.2207 0.2361 H31 0.1792 0.1889 H31 0.2211 0.2121
H31 0.2180 0.2289 H33 0.2487 0.2402 H33 0.2324 0.2230
H33 0.2113 0.2101 H35 0.2321 0.2284 H35 0.2322 0.2303
H35 0.2245 0.2212 H37 0.2273 0.2365 H37 0.2229 0.2325
H37 0.2292 0.2194 H38 0.2207 0.2332 H38 0.2175 0.2296
H39 0.2257 0.2218 H39 0.2172 0.2257 H39 0.2079 0.2204
H40 0.1963 0.2232 H40 0.3325 0.4870 H40 0.3379 0.4902

The molecular electrostatic potential (MEP) is related to the electron density.

It is an important

descriptor for understanding the reactive behavior in both electrophilic and nucleophilic reactions and
hydrogen bonding reactions (Okulik and Jubert, 2005). In the MEP profile, the blue colored areas represent
the positive potential regions, which demonstrates the strongest attraction, whereas the red colors are the
maximum negative potential sections, indicates the repulsion. In the present study, the MEP diagrams
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of the molecules are illustrated in Figure 4. The negative regions are associated with oxygen atoms and
iodide ions. It can be suggested that the most preferred regions for the electrophilic attack are around
these regions. The net charges of these atoms (see Table 1) confirmed the MEP output. On the other
hand, the most maximum positive regions are localized on the remainder of the molecules.

Ewmo+1 =—0.9412 eV
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Ewumo = —1.9560 eV
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Figure 3. Electronic distribution of HOMO and LUMO energy levels for the compounds 2e, 2f and 2g.

Molecule 2e Molecule 2f Molecule 2g

Figure 4. The MEP diagram of the molecules. The maximum positive regions are shown in blue,
whereas the maximum negative ones are in red color.
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Natural Bond Orbital Analysis

NBO analysis gives an important insight into the interactions in both filled and virtual orbital
spaces that could enhance the analysis of intra- and inter-molecular interactions (Meenakshi, 2017). The
interactions depend on the energy difference between interacting orbitals, and the strong interactions
occur between the donor and acceptor. In order to calculate the stabilization energy for each donor (i)
and acceptor (j) within i—j delocalization, the second-order perturbation analysis of the Fock matrix is

2

. . Ff; ) .
used. The estimated energy can be determined as; E(2) = AE;; = q; = ‘JE ; Where g; is donor orbital
JTEIL

occupancy, E; and E; are diagonal elements and F;; is the off-diagonal NBO Fock matrix element. The
larger the E(2) value implies the more intensive interaction between electron donors and acceptors
(Xavier and Gobinath, 2012). The natural bond orbitals’ (NBO) calculations for the structures 2e, 2f and
2g were performed at the DFT/B3LYP/Lanl2dz method. The stabilization energies of the most important
interactions between donor and acceptor are given in Table 2. According to the table, the strongest
interactions (n*—7*) occur in the N-heterocyclic carbene (NHC) ligand for all molecules. In the benzene
ring of the NHC ring system, interactions between the pi-electrons of the carbon atoms have the highest
energy. The electron donations from a lone-pair orbital on the nitrogen atoms of N-benzimidazole rings
have also high stabilization energies.

Table 2. The Second Order Perturbation Theory Analysis Results of the Fock Matrix in NBO Basis for 2e, 2f
and 2g at B3LYP/6-31G* level of the theory.

Donor (i) Acceptor (j) E(2) kJ mol* Ej— Ei(a.u) Fij (a.u)
2e

* C6-C9 n* C10-C15 204.22 0.02 0.082
n* C6-C9 n* C17-C23 186.56 0.02 0.082
LP(1) N5 n* N4-C7 83.64 0.21 0.120
LP(1) N5 n* C6-C9 34.79 0.28 0.089
2f

n* C9-C13 n* C24-C34 288.99 0.01 0.082
n* C9-C13 n* C17-C28 221.31 0.01 0.080
n* C5-C8 n* C15-C26 168.16 0.02 0.080
n* C15-C26 n* C19-C32 113.56 0.02 0.080
LP(1) N3 * N2-C6 92.42 0.20 0.121
29

n* C5-C7 n* C22-C27 206.50 0.02 0.082
n* C5-C7 n* C16-C34 189.68 0.02 0.082
LP(1) N3 * N4-C11 82.33 0.21 0.119

Global Reactivity Descriptors Calculation

DFT method provides an important vision on molecular structure stability and reactivity
(Choudhary et al., 2019). The global reactivity descriptors calculated using the DFT method play an
essential and reliable role to understand the biological activities in many studies. The global hardness
() measures the resistance to change in electron density. Chemical potential («) measures the escaping
tendency of an electron. If the chemical potential is greater, then the compound is less stable or more
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reactive. Electronegativity (y) describes the ability of a molecule not to let out its electrons.
Electrophilicity index (w) characterizes the electrophilic power of the molecule, it measures the tendency
of the species to accept electrons. Softness (S) is the inverse of hardness, the stability of a molecule
decreases with the increasing global softness of a molecule. The maximum charge transfer (4Nmax),
describes the propensity of the system to acquire additional electronic charge from the environment
(Mendoza-Huizar, 2014). These global reactivity parameters can be defined as:

I+A I-A
p= -4 ¥ = —u p= LD (1)

w = £ S = - ANpayx = -£ (2)

It could be seen in Table 3 that the most reactive molecule is 2f with its smallest energy gap. A
smaller energy gap indicates a softer compound. The softness (S) of the 2f is the highest among the other
molecules, so the hardness descriptor is the smallest. Also, its chemical potential («) and electrophilicity
index (w) values are the greatest and the maximum charge transfer capability (4Nmax) is the highest of
all molecules.

Table 3. Global descriptors of chemical reactivity of the NHC precursors

(eV) 2e 2f 29
Enomo (-1) -4.8825 -4.1541 -4.8455
ELumo (-A) -2.0205 -2.3609 -1.9560
Egap 2.8620 1.7932 2.8895
Electronegativity 3.4515 3.2575 3.4008
Chemical hardness n 1.4310 0.8966 1.4448
Electronic chemical potential p -3.4515 -3.2575 -3.4008
Electrophilicity index o 4.1624 5.9175 4.0026
Softness S 0.3490 0.5577 0.3461
Maximum charge transfer capability ANmax 24119 3.6332 2.3538

Theoretical Assessment of Biological Activity with PASS

The PASS (Prediction of Activity Spectra for Substances) computer program is an estimation tool,
which allows predicting the probable profile of biological activity of a drug-like organic compound
based on its structural formula. The average accuracy of prediction is about 95% according to leave-one-
out-cross validation (LOOCYV) estimation (Filimonov and Poroikov, 2008; Filimonov et al., 2014).

The biological activity spectra of the 2-hydroxyethyl substituted benzimidazolium salts were
theoretically obtained by the PASS Online program and the analysis results were enlisted in Table 4.
According to the data, all compounds are very likely to be Substance P antagonist, anti-inflammatory,
analgesic, non-opoid analgesic, anaphylatoxin receptor antagonist, and with corresponding Pa values,
which are higher than 0.7. In our previous study, experimental biological activity behaviors of these
structures were investigated (Erdemir et al., 2018). PASS online results also reveal that these compounds
have some potential biological activities, may be a potential source for the future development of
medicines.
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Table 4. Biological activity assessment using PASS online software.

Activity 2e 2f 29
Pa Pi Pa Pi Pa Pi
Substance P antagonist 0.862 0.002 0.853 0.002 0.872 0.002
Antiinflammatory 0.837 0.005 0.823 0.005 0.828 0.005
Analgesic 0.832 0.005 0.895 0.004 0.899 0.004
Analgesic, non-opioid 0.794 0.005 0.854 0.004 0.855 0.004
Anaphylatoxin receptor antagonist 0.707 0.023 - - 0.707  0.023
Antieczematic - - - - 0.702  0.045
CONCLUSION

In this work, theoretical aspects of three 2-hydroxyethyl substituted N-heterocyclic carbene (NHC)
precursors containing ortho—, meta— and para— methylbenzyl fragments were investigated. Geometric
parameters were calculated and compared to the experimental results. Most of the results were found to
be compatible with the crystal structures. The frontier molecular orbitals were visualized and the
HOMO-LUMO energy gap revealed the charge transfer interactions involved in the compounds. Global
reactivity descriptors were also computed to point out the activation of the molecules and 2f was found
to be the most reactive molecule. In order to investigate the stability of the molecules resulting from
hyperconjugative interactions and charge delocalization, Natural bond orbital (NBO) analysis was used.
Biological activity predictions showed that all structures have especially a high substance P antagonist,
antiinflammatory, and analgesic activities.
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