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Article Info: Abstract

This theoretical chemical reactivity study was conducted using the Density Functional Theory (DFT)
method at the B3LYP/6-311G(d,p) level of calculation. It involved a series of five (05)
Benzimidazolyl-Chalcone (BZC) and allowed the prediction of the chemical reactivity of these
compounds. The DFT global chemical reactivity descriptors (HOMO and LUMO energies, chemical
hardness, energy, electronic chemical potential and electrophilicity) were examined to predict the
relative stability and reactivity of BZCs. Thus BZC-4 which has a boundary orbital energy gap of
AEgp = 3.650 eV is the most polarisable, most reactive, good nucleophile.and it is a soft molecule.
The values of the global reactivity descriptors confirmed the high chemical reactivity of BZC-4. Local
reactivity indices as well as dual descriptors were calculated to indicate the likely sites of
electrophilic and nucleophilic attack of the different compounds studied. The analysis of the local
indices and the dual descriptors revealed that the nitrogen heteroatom N13 is the preferential site
of electrophilic attack and the carbon atom C1 should be the most reactive site with respect to a
nucleophilic attack. the Hierarchical Ascending Classification analysis allowed us to group all five
(5) compounds studied into three categories. The most active which are BZC-1 and BZC-5, the
moderately active BZC-2, and the compounds BZC-3 and BZC-4, the least active. Moreover, this
classification is consistent with the value of the Larvicide concentrations (LCio0 (1g/mL)).
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1. INTRODUCTION

Nematodes are a large group of worms found in all living
environments. They live as parasites of plants, animals and
humans. They are the cause of most parasitic diseases in
humans (elephantiasis, filariasis) 1 2, gastrointestinal
infections and loss of productivity in animals 3. 4.
Anthelmintics have been developed with benzimidazoles,
imidazothiazoles, tetrahydropyrimidines, to control these
parasites. However, for more than two decades, the
permanent appearance of new, resistant races of nematodes
has been of increasing concern to the agricultural, medical and
health communities. By studying these molecules, we want to
contribute to the preservation of African livestock, which
implies a contribution to the fight against food insecurity. As
we know, the economy of most African countries is essentially
agro-pastoral. One of the worms that poses a threat to
ruminant livestock is the helminth known as Haemonchus
contortus. This parasite, for example, causes anaemia, oedema
and death in infected sheep and goats, mainly during the
summer in hot and humid climates 5-7. In such a context the
further development of new anthelmintic molecules is a vital
necessity. To this end, work on chalcones and the
ISSN: 2250-1177 [46]

benzimidazole heterocycle as potential pharmacochemical
precursors of new anthelmintics has been initiated 8.
Benzimidazolyl-Chalcone derivatives are of considerable
pharmacological interest due to their therapeutic properties in
many diseases. Several studies have shown that
benzimidazolyl derivatives possess antihistaminic 9, antifungal
10, antiallergic 11, antibacterial 12-14 and antiviral 15 properties.
Studies on heterocyclic compounds have long been an area of
interest in medicinal chemistry. A number of heterocyclic
derivatives containing heteroatoms (nitrogens, oxygens) serve
as unique and versatile scaffolds for experimental drug design
16, Therapeutic properties are linked to the conformation of
the molecules and the interactions they can establish with
each other. The knowledge of molecular conformation and
interactions requires the determination of physicochemical
descriptors through theoretical chemistry. With the
development of computational techniques and computational
chemistry, quantum chemistry provides insight into the
electronic structures of molecules and strongly propels the
development of traditionally experimental chemistry 17.
Currently, the density functional theory (DFT) method has
been accepted as a popular approach for the calculation of
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structural features and energies of molecules by the scientific
community 18 and for the efficiency and accuracy in evaluating
a number of molecular properties 19. Parr and Yang followed
the idea that well-known chemical properties such as
electronegativity, chemical potentials and affinities could be
accurately described and calculated by manipulating the
electron density as the fundamental quantity 20 21,
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Furthermore, based on the work of Fukui and his theory of
molecular boundary orbitals (MBO) 22, the same authors
generalised the concept and proposed the Fukui function as a
tool for describing local reactivity in molecules 23. 24, The
present study focuses on five (05) benzimidazolyl-chalcone
derivatives presented in Figure 1.

-

BZC-1, LC100=0.002 pg/mL

BZC-2, LC100=0.16ug/mL

R

OOCH3

BZC-3, LC100=212.3pg/mL

BZC-4, LC100= 0.68pg/mL

=

NO,

BZC-5, LC100=0.0092pg/mL

Figure 1: Molecular structures and numbering of the atoms in the benzimidazolyl-chalcone ring of the studied compounds

These benzimidazolyl-chalcone or 1-(1H-benzimidazol-2-yl)-
3-aryl-2-propen-1-one derivatives are chalcone hybrid
compounds associated with the benzimidazole ring and the
arylpropenone moiety. Ouattara et al 8 synthesised these
compounds by a Michael reaction and tested them in vitro
against Haemonchus contortus larvae 6 to evaluate their
nematocidal activities. The anthelmintic activities obtained
were compared to those of Fenbendazole and Ivermectin, the
dewormers used in the study as reference drugs. The study of
the different larvicidal concentrations (LCio0o) allowed the
identification of the compounds shown in Figure 1, which have
nematocidal activities ranging from 0.002 to 212.3 pg/mL. The
aim of this work is to determine theoretically, the preferred
sites of electrophilic and nucleophilic attack on the aromatic
carbon atoms and heteroatoms contained in the
benzimidazolyl ring, by different quantum chemical methods.

2. MATERIALS AND METHODS
2.1. Level of computational theory

The theoretical study of chemical reactivity was carried out on
the basis of three theoretical approaches. The first one
concerns the analysis of molecular electrostatic potential
surfaces. The second approach is related to molecular
boundary orbitals. The last approach is concerned with local
indices of reactivity and dual descriptors. The geometries of
the molecules were optimised at the DFT level with the B3LYP
functional 25.26 in the 6-311 G(d,p) basis using the Gaussian 09
software 27. This hybrid functional gives better energies and is
in agreement with high-level ab initio methods 28,29, As for the
split-valence and triple-dzeta basis (6-311G (d, p)), it is
sufficiently large and the consideration of polarisation
functions are important for the explanation of the presence of
free doublets of heteroatoms. The geometries are kept
constant for both cationic and anionic systems. The overall
reactivity indices were obtained from the conceptual DFT
model 20, The Hierarchical Ascending Classification (HAC)
analysis was conducted using XLSTAT software 30. As for the
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chemical reactivity space indices, they were determined using
the electronic populations calculated with the Mulliken
population analysis (MPA) 31.

2.2, Reactivity Descriptors
2.2.1. Global Descriptors

To predict chemical reactivity, some theoretical descriptors
related to the conceptual DFT have been determined. In
particular, the energy of the Lowest Vacant Molecular Orbital
(LUMO), the energy of the Highest Occupied Molecular Orbital
(HOMO), the electronegativity (x), the global softness (o) and
the global electrophilicity index (w). These descriptors are all
determined from the optimised molecules. It should be noted
that, the descriptors related to the boundary molecular
orbitals have been calculated in a very simple way within the
Koopmans approximation 32. The LUMO energy characterises
the sensitivity of the molecule to nucleophilic attack, and the
HOMO energy characterises the susceptibility of a molecule to
electrophilic attack. The electronegativity (x) is the parameter
that expresses the ability of a molecule not to let its electrons
escape. The overall softness (o) expresses the resistance of a
system to the change in its electron number. The overall
electrophilicity index characterises the electrophilic power of
the molecule. These different parameters are calculated from
equations (1):

I =—Eqomo A= ~Eomo
X=—u=- 1/2 (ELUMO + EHOMO)
n = (Eumo — Enomo)/2 M
- X =
w=L o=1/n

2.2.2. Local and Dual Descriptors

In order to differentiate the reactive behaviour of atoms
forming a molecule, different indices have been used. These
are precisely the local indices and dual descriptors of
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reactivity. The local descriptors of reactivity, in this case the
Fukui function 33, are used to differentiate the reactive
behaviour of the atoms forming a molecule. (f;},f; ), local
softness (oj, o), the local electrophilic power (wf, wy), and
dual descriptors have been proposed to explain the selectivity
of electrophilic and nucleophilic attacks of the molecule. It
should be recalled that the Fukui function f;fexpresses the
reactivity when the molecule is attacked by a nucleophilic
reagent, while the Fukui f;; The Fukui function teaches about
the electrophilic attack on a given site. The highest Fukui
function value is assigned to the most active site. Condensed
indices o7 and wj express the capacity of a site to receive
electron density by nucleophilic attack, on the other hand, the
o, and wj; express the ability of a site to give up electron
density by electrophilic attack. The dual descriptor is a good
tool for predicting reactivity and identifying the problem of
regioselectivity. Indeed, a positive dual descriptor
corresponds to a site likely to receive electron density, and
therefore more electrophilic. Conversely, a negative dual
descriptor corresponds to a site capable of giving up electron
density, and therefore more nucleophilic. A site with a value of
the dual descriptor close to zero corresponds to a site whose
capacity to receive and that to give up electron density are
equivalent. The different values of the local descriptors are
calculated from equations (2) 34-37:

fif =a(N+1) — g (N)
fi =ax(N) —q(N —1)
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wi = wfy

Ou: qi(N): electronic population of atom k in the neutral
molecule.

qr(N + 1) : electronic population of atom k in the anionic
molecule.

qx(N — 1) : electronic population of atom k in the cationic
molecule.

The values of the dual descriptors 3840 are obtained from
equations (3):

Af = fk+ —f
Ao =0of —o, (3)
Aw = wi — wi
3. RESULTS AND DISCUSSION
3.1. Molecular Electrostatic Potentials (MEP)

The different values of the electrostatic surface potential are
represented by different colours. The potential increases in
the order red < orange < yellow < green < blue. The colour
code of these maps ranges from - 7,216e-2 a.u. (bright red) to
7,216e-e-2 a.u. (dark blue) in compounds BZC-1 to BZC-5,
where red indicates the most negative potentials and blue the
most positive potentials 41 passing successively through
orange, yellow and green 42. The surfaces of the electrostatic
potentials of the studied molecules were represented after

+ _
% = i optimisation at the B3LYP/ 6-311 G(d,p) level. They are
op =0fy ) presented in Figure 2.
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Figure 2: Benzimidazolyl-Chalcone molecular electrostatic potential surfaces of the compounds studied

These maps indicate on the one hand, that the heteroatoms
(016, N14,N13) are the sites of electrophilic or nucleophilic
attack. The N13 nitrogen and oxygen heteroatoms have a red
neighbourhood of negative potential with a high electronic
concentration around the oxygen (016) reflecting an
electrophilic attack site of the benzimidazolyl-chalcone ring.
As for the N14 nitrogen atom, it presents a strongly blue

ISSN: 2250-1177 [48]

coloured zone of positive potential translating a nucleophilic
attack zone of the benzimidazolyl-chalcone nucleus. On the
other hand, the carbon atoms, with the exception of those
involved in the benzimidazolyl fusion (- C4=C3-), are more
favourable to a nucleophilic attack given their approach zone
which is light blue with a positive potential.
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3.2. Analysis of Boundary Molecular Orbitals potential, that of the LUMO is directly related to the electron
The highest occupied (HOMO) and lowest vacant (LUMO) affinity. The energy difference between HOMO and LUMO,

lled th , i i tant stability factor f
frontier orbitals play a fundamental role in the qualitative care € energy gap, 1s an Important stablity factor for

interpretation of chemical reactivity 43. The highest occupied structures 4%, The HOMO-LUMO energy gap helps to
) haracterise the chemical tivi d kinetic stability of th
molecular orbital (HOMO), which can be considered as the characterise the chemical reactivity and kinetic stabrity of the

lecule 46, A molecule with a high AE) is |
outer orbital containing electrons, tends to give these molecure molecule with a high energy gap (AE) is less

olarisable and is generally associated with low chemical
electrons as an electron donor. On the other hand, the lowest p § y

tivit d high Kkinetic stability 47. Fi 3 bel
vacant molecular orbital (LUMO) is seen as the lowest orbital reactivity an 5 inetic _stability isure clow
. . represents the HOMO and LUMO boundary molecular orbital
containing free places to accept electrons 44. Therefore, while

. R diagrams of the Benzimidazolyl-Chalcone derivatives of the
the energy of the HOMO is directly related to the ionisation compounds studied using the B3LYP/6-311 G(d,p) method.
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Figure 3: highest occupied and lowest vacant molecular orbitals of compounds 1-5.

AE=3.708 eV AE =3.821 eV AE = 3.868 eV

The energy parameters of the boundary orbitals are listed in Table 1.

Table 1: Energy descriptors of the studied compounds.

compounds Enomo (eV) ELumo(eV) AEgap(eV) I(eV) A (eV)
BZC-1 -6.455 -2.587 3.868 6.455 2.587
BZC-2 -6.332 -2.512 3.821 6.332 2.512
BZC-3 -6.129 -2.438 3.691 6.129 2.438
BZC-4 -6.049 -2.400 3.650 6.049 2.400
BZC-5 -6.734 -3.026 3.708 6.734 3.026

These results show that BZC-4 has the smallest energy gap (AEgap = 3.650 eV) and therefore is the most polarisable, has the highest
chemical reactivity and the lowest kinetic stability of all the molecules studied. In contrast, BZC-1 has the highest energy gap value of
3.868 eV. BZC-1 is therefore the least polarisable, with low chemical reactivity and high kinetic stability out of all the five (05)
molecules studied.

3.3. Analysis Reactivity Descriptors properties. The global reactivity indices of the studied BZCs(1-
. . . 5) were calculated from equations (1) and reported in Table 2.
3.3.1. Analysis Global Reactivity Descriptors

The study of the global reactivity of the molecules is based on
the calculation of global indices deduced from the electronic

Table 2 : Global chemical reactivity descriptors for BZCs from 1-5.

compounds u(eV) x (eV) 1 (eV) c (eV) w (eV)
BZC-1 -4.521 4.521 1.934 0.517 5.284
BZC-2 -4.422 4.422 1.910 0.523 5.118
BZC-3 -4.284 4.284 1.846 0.542 4971
BZC-4 -4.225 4.225 1.825 0.548 4.890
BZC-5 -4.880 4.880 1.854 0.539 6.424

The chemical reactivity varies with the structure of the molecules. The chemical hardness value of the compound BZC-4 is the lowest
(n = 1.825eV) among all molecules. Thus, BZC-4 is found to be more reactive than all the compounds. Furthermore, the
electrophilicity (w) gives an idea of the stabilisation energy when the system is saturated with electrons from the external
environment. This reactivity information shows that a molecule is a good nucleophile for low values of the electrophilicity (w), while
it is a good electrophile for high values of the electrophilicity (w). Our results indicate that BZC-4 has the lowest value (w = 4.890 eV),
this indicates that BZC-4 is a good nucleophile. However, BZC-4 has the smallest energy gap, so it is more polarizable and is
associated with high chemical reactivity, low kinetic stability and is also considered a soft molecule. And finally, a good nucleophile.

ISSN: 2250-1177 [49] CODEN (USA): JDDTAO
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3.3.2. Analysis Local Descriptors and Dual Descriptors of
Reactivity

The local indices and dual descriptors of reactivity were also
determined for each molecule according to equations (2). The
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sites concerned are the carbon atoms linked to a hydrogen
atom and the two nitrogen heteroatoms N13 and N14 in the
different Benzimidazolyl rings of each molecule. These
different indices and descriptors of reactivity are grouped in
Tables 3 to 7.

Table 3: BZC-1 reactivity descriptors calculated using Mulliken population analysis (MPA).

Local descriptors Dual descriptors
Sites
f- f+ c- o+ n- n+ w- w+ Af Ac Aw

c2 0.047 0.029 0.025 0.015 0.092 0.057 0.251 0.155 -0.018 -0.009 -0.095
Cc1 0.040 0.022 0.021 0.011 0.078 0.042 0.212 0.115 -0.019 -0.010 -0.098
Cé6 0.020 0.012 0.010 0.006 0.039 0.023 0.106 0.062 -0.008 -0.004 -0.045
C5 0.049 0.038 0.025 0.020 0.095 0.074 0.260 0.203 -0.011 -0.006 -0.057
N13 0.025 0.028 0.013 0.015 0.048 0.054 0.132 0.149 0.003 0.002 0.017
N14 0.016 0.008 0.008 0.004 0.031 0.016 0.084 0.043 -0.008 -0.004 -0.041

The values of the local and dual descriptors of BZC-1 calculated at the B3LYP/ 6 311G(d,p) level, show that the C1 carbon atom with
the value Aw = -0.098, is the preferred site for electrophilic attack. According to this same level of calculation, a nucleophilic attack
will preferentially take place on the N13 heteroatom with the value Aw = 0.017.

Table 4: BZC-2 reactivity descriptors calculated using Mulliken population analysis (MPA).

Local descriptors Dual descriptors
Sites
f- f+ c- o+ n- n+ w- w+ Af Ac Aw

C2 0.040 0.029 0.021 0.015 0.077 0.056 0.206 0.150 -0.011 -0.006 -0.056
Cc1 0.035 0.022 0.018 0.011 0.067 0.041 0.179 0.111 -0.013 -0.007 -0.068
(o 0.018 0.011 0.009 0.006 0.035 0.022 0.093 0.059 -0.007 -0.003 -0.034
C5 0.042 0.038 0.022 0.020 0.080 0.073 0.214 0.196 -0.004 -0.002 -0.018
N13 0.018 0.028 0.009 0.015 0.034 0.054 0.090 0.145 0.011 0.006 0.055
N14 0.012 0.008 0.006 0.004 0.023 0.016 0.063 0.043 -0.004 -0.002 -0.020

The results in Table 4 predict that the C1 site is the most favoured for electrophilic attack. With regard to nucleophilic attack, it
occurs preferentially at the N1s.

Table 5: Reactivity descriptors of BZC-3 calculated using Mulliken population analysis (MPA).

Local descriptors Dual descriptors
Sites
f- f+ G- o+ n- n+ w- w+ Af Ac Aw
C2 0.035 0.030 0.019 0.016 0.064 0.056 0.173 0.151 -0.004 -0.002 -0.022
c1 0.031 0.022 0.017 0.012 0.057 0.041 0.153 0.110 -0.008 -0.005 -0.042
(o 0.017 0.011 0.009 0.006 0.031 0.021 0.083 0.057 -0.005 -0.003 -0.026
C5 0.036 0.040 0.020 0.022 0.067 0.073 0.180 0.198 0.004 0.002 0.018
N13 0.012 0.030 0.006 0.016 0.022 0.056 0.059 0.150 0.018 0.010 0.091
N14 0.009 0.009 0.005 0.005 0.017 0.017 0.047 0.045 0.000 0.000 -0.001

Table 5 shows the results of the calculations of local indices and dual reactivity descriptors, using the MPA population analysis at the
B3LYP/6-311G (d,p) design level. This indicates that electrophilic attack is likely to occur at the C1 carbon atom, since the dual
descriptors take on negative values for the latter site. However, the N13 site is the most favourable for nucleophilic attacks.
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Table 6: Reactivity descriptors of BZC-4 calculated using Mulliken population analysis (MPA).

Local descriptors Dual descriptors
Sites
f- f+ c- o+ n- n+ w- w+ Af Ac Aw

C2 0.031 0.030 0.017 0.016 0.056 0.055 0.151 0.147 -0.001 0.000 -0.004
Cc1 0.027 0.022 0.015 0.012 0.050 0.040 0.134 0.107 -0.005 -0.003 -0.027
cé6 0.015 0.011 0.008 0.006 0.028 0.021 0.075 0.055 -0.004 -0.002 -0.020
C5 0.032 0.039 0.018 0.022 0.058 0.072 0.157 0.193 0.007 0.004 0.036
N13 0.008 0.030 0.004 0.017 0.015 0.055 0.039 0.148 0.022 0.012 0.108
N14 0.008 0.009 0.004 0.005 0.014 0.017 0.037 0.044 0.002 0.001 0.008

As shown in the previous tables, the local indices as well as the dual descriptors derived from the MPA analysis predict a maximum
value for the C1 atom favouring it for electrophilic attack. Furthermore, based on the values of the different indices, we can conclude

that nucleophilic attack occurs primarily on the N13 nitrogen.

Table 7: Reactivity descriptors of BZC-5 calculated using Mulliken population analysis (MPA).

Local descriptors Dual descriptors
Sites
f- f+ c- o+ n- n+ w- w+ Af Ac Aw

C2 0.058 0.022 0.031 0.012 0.107 0.042 0.372 0.144 -0.035 -0.019 -0.228
C1 0.048 0.018 0.026 0.009 0.089 0.033 0.307 0.113 -0.030 -0.016 -0.194
cé6 0.023 0.011 0.012 0.006 0.042 0.020 0.146 0.070 -0.012 -0.006 -0.076
C5 0.059 0.028 0.032 0.015 0.110 0.053 0.382 0.183 -0.031 -0.017 -0.199
N13 0.037 0.016 0.020 0.008 0.069 0.029 0.239 0.101 -0.021 -0.012 -0.138
N14 0.022 0.005 0.012 0.003 0.041 0.009 0.144 0.032 -0.017 -0.009 -0.112

From these results, we note that the local and dual reactivity descriptors calculated using the B3LYP method with the 6-311G(d,p)
base suggest that carbon C2 is the most favourable site for electrophilic attack for compound BZC-5. For compounds BZC-1, BZC-2,
BZC-3 and BZC-4, carbon C1 is the preferred site for electrophilic attack. The local reactivity indices (fi}, o et wj) and the dual
descriptors (Afy, Aoy et Awy ), provide the highest value for the C1 site. Thus the latter should be the most reactive site towards
nucleophilic attack. Furthermore, through these same local reactivity indices and the dual descriptors, the N13 nitrogen heteroatom
is the preferred site for nucleophilic attack. It should be noted that in a previous study by Koné et al. 48 based on hydrogen bonding
that the N13 nitrogen heteroatom in an sp2 hybridization state is the site of reactivity for Benzimidazolyl-Chalcones.

3.4. Hierarchical Cluster Analysis (HCA)

Figure 4 shows the Hierarchical Ascending Classification
(HAC) analysis of the studied molecules. The horizontal lines
represent the compounds. The vertical lines represent the
similarity values between pairs of compounds, a compound
and a group of compounds and among groups of compounds.

-80%

-60%

-40% +

-20% +

0%

Similarity

20% +

40%

60%

80%

100%

1 5 2 3 1
Compounds

Figure 4: Dendrogram obtained for the BZCs studied

We can note from this analysis that the compounds studied
were grouped into three categories: the most active which are
BZC-1 and BZC-5, BZC-2, moderately active and the less active

ISSN: 2250-1177 [51]

compounds BZC-3 and BZC-4. It should be noted that this
classification is in accordance with the value of the larvicide
concentrations (LCio00 (ng/mL)) (Figure 1).

4. CONCLUSION

In conclusion, based on the B3LYP/6-311G (d, p) functional
density method, global and local descriptors were used to
study the reactivity of different nucleophilic, electrophilic and
radical sites and their influence on the molecular interaction
in a qualitative and quantitative way. The descriptors obtained
could also provide more information and contribute to a
better understanding of the electronic structure of
benzimidazolyl chalcones. The electrostatic potential maps
showed that the areas of high electron density are located
around the heteroatoms. The carbon atoms, with the
exception of those involved in the benzimidazolyl fusion (-
C4=C3-), are more favourable to nucleophilic attack. The
compound BZC-4 is more polarisable and is associated with
high chemical reactivity and is also called a soft molecule.
Furthermore, the local reactivity descriptors of BZCs obtained
by the Mulliken population analysis method, indicate that the
C1 atom is the nucleophilic attack site and the N13 nitrogen
heteroatom is the electrophilic attack site. Therefore, the C1
atom can be used as a precursor for the synthesis of new
heterocyclic compounds such as dimers. Finally, we hope that
these results will be useful in the search for experimental and
theoretical evidence for new BZCs through molecular bonding.
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