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Combined Conceptual-DFT, Quantitative MEP Analysis, 
and Molecular Docking Study of Benzodiazepine 
Analogs   
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Bouachrine  d,e, Halima Hazhazi  a, and Toufik Salah  a 
 

 

In the present work, a combined approach based on conceptual-DFT formalism and molecular docking simulations 
were performed to investigate the chemical reactivity of six Benzodiazepine analogs. Chemical reactivity 
descriptors derived from the conceptual DFT were determined and discussed to explain the global and local 
reactivity of the six studied analogs. Also, long-range interactions were studied using the quantitative analyses of 
molecular electrostatic potential (MEP) on van der Waals surface to identify the nucleophilic and electrophilic 
sites. Moreover, a statistical analysis was performed to assess the robustness of atomic charges to the basis set. 
The results revealed that Hirshfeld population analysis (HPA) was the most efficient for this purpose. Molecular 
docking simulations were performed to predict the binding affinities of the issued molecules and estimate the 
binding poses into four binding sites, three of them were recently discovered, located in GABAA receptor. 
 

Graphical abstract 

                   

1. Introduction 

The term benzodiazepines (BDZ) refer to bicyclic 
heterocyclic compounds based on a benzene nucleus fused 
to a diazepine ring. The delocalization of nitrogen atoms in the 

diazepine ring divided the benzodiazepines into six basic 
rings: 5H-1,2-bdz, 1H-1,3-bdz, 3H-1,4-bdz, 3H-1,5-bdz, 5H-2,3-
bdz, and 1H-2,4-bdz (Figure 1) [1]. The classical BDZ based on 
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the structure of 3H-1,4-bdz are the most common 
psychotropic drugs that are currently marketed. They found 
widespread use as anxiolytics, hypnotics, muscle relaxation, 
and anticonvulsants in epilepsy [2, 3]. The BDZ are allosteric 
modulators of GABAA receptors, their pharmacological effects 
are exerted by the binding at the α-γ subunit interfaces in the 
presence of two GABA in their binding sites at α-β subunit 
interfaces. The GABA are neurotransmitters responsible for 
opening the transmembrane channel that is permeable to 
chloride and the presence of benzodiazepine enhances its 

activity, thus increasing the conduction of the chloride channel 
and inhibiting the excitability of neurons [4]. Recently, through 
their studies on GABAA receptors, J.J. Kim et al. [5] and S. 
Masiulis et al. [6] discovered, in addition to the classical BDZ 
site at the extracellular domain (ECD) α-γ interface, three new 
classes of BDZ binding sites in the transmembrane domain 
(TMD): two at α-β interfaces, and a third at the β-γ interface. 
This latter site may contribute to the TMD stability and may 
also have a role in the anesthetic behavior of BDZ. 
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Fig. 1. The benzodiazepine basic structures. 

 
BDZ also has wide pharmacological applications outside 

the central nervous system (CNS) such as anticancer [7, 8], 
antitrypanosomal [9, 10], non-nucleoside inhibitors of HIV-1 
reverse transcriptase [11], antimicrobial agent [12, 13], 
antimalarial [14], antitumor agent [15], inhibitors of cholesterol 
absorption [16], inhibitors of the respiratory syncytial virus 
[17], and inhibitors of HCV NS5B polymerase [18]. Due to the 
broad biological applications of this class of compound, 
knowledge of structural parameters, electronic proprieties, 
and chemical reactivity of basic rings is certainly of great 
interest and can help in understanding the affinity of those 
drugs for the specific receptors. Thus the contribution in the 
systematization of their main therapeutic activities by 
modifying the old molecules or generating new substances [2, 
19]. Literature revealed that there are many previous studies 
[1, 20–22] discussing the synthesis of different 
benzodiazepine derivatives with various biological activities 
based on modifications and substitutions to these six basic 
rings. However, to our knowledge, these chemical structures 
have not been the subject of a theoretical study. 

In this paper, the four most commonly used electronic 
population methods in molecular modeling have been 
examined using statistical analysis. Global and local DFT-
derived reactivity descriptors have been determined and 
discussed to explain the global and local reactivities of the six 
benzodiazepine analogs. The quantitative MEP analysis on 
van der Waals surface was carried out to examine the long-
range intermolecular interactions. Molecular docking 
procedure was conducted to estimate binding affinities and 
binding poses in four benzodiazepine binding sites in the 
GABAA receptor 

2. Material and Methods  

2.1 Global and Local Reactivity Descriptors 
Conceptual DFT-based descriptors have emerged as 

powerful tools for describing and analyzing the chemical 
reactivity and selectivity of molecular systems. Through 
successive derivatives of the electronic energy developed in 
the canonical ensemble E[N; v(r)], several descriptors of 
reactivity have been proposed and physical meanings have 
emerged. The proposed global descriptors provide 
information on the global behavior of chemical species as a 
whole, and the local descriptors give a profound 
understanding of the reactivity of a specific atomic site in a 
molecule during chemical interactions [23].  

Parr and Pearson [24, 25] defined the chemical hardness 
(𝜂𝜂) as the second partial derivative of total energy with respect 
to the number of electrons:   

𝜂𝜂 = (𝜕𝜕²𝐸𝐸/𝜕𝜕𝑁𝑁𝑒𝑒2)𝜈𝜈(𝑟𝑟)   (1) 
𝜒𝜒 = −𝜇𝜇 = (𝜕𝜕𝜕𝜕/𝜕𝜕𝑁𝑁𝑒𝑒)𝜈𝜈(𝑟𝑟)  (2) 

Electronegativity (𝜒𝜒) is defined as the ability of chemical 
systems to attract electrons. The above equation implies that 
the concept of electronegativity appears as the opposite of 
chemical potential (𝜇𝜇) .  

The reciprocal of the global hardness is defined as its 
global softness [26]: 

𝑆𝑆 = 1/2𝜂𝜂   (3) 
On another side, the combination of global hardness (𝜂𝜂) 

with the chemical potential (µ) is given by Parr et al. [27] as 
the electrophilic index:  

𝜔𝜔 = 𝜇𝜇2/2𝜂𝜂  (4) 
Indeed, a system with a high ω value will naturally be more 

prone to accepting electrons and thus be highly reactive [28]. 
The nucleophilic index is given by [29, 30]: 

𝑁𝑁 = 𝜉𝜉𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻(𝑁𝑁𝑁𝑁) − 𝜉𝜉𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 (𝑇𝑇𝑇𝑇𝑇𝑇)  (5) 
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This nucleophilicity scale is referred to tetracyanoethylene 
(TCE). The latter taken as a reference because it presents the 
lowest HOMO energy in a large series of molecules [30]. On 
another side, the statement that a good nucleophile is 
systematically a poor electrophile or vice versa is only true for 
simple systems [31]. 

A classification scale of nucleophilicity and electrophilicity 
has been proposed by [30, 32]. By using the finite difference 
approximation, equations (1) and (2) becomes as follows: 

𝜒𝜒 = −𝜇𝜇 = 1/2  (𝐴𝐴 + 𝐼𝐼) (6) 
𝜂𝜂 = 1/2  (𝐼𝐼 − 𝐴𝐴)  (7) 

Where A is the vertical electronic affinity, defined as the 
quantity of energy released as a result of the capture of an 
electron by a neutral atom (or molecule) to form a negative 
ion. The property I is the vertical ionization potential, defined 
as the quantity of energy that must be supplied to a neutral 
atom (or molecule) to remove the most loosely bound electron 
and form a positive ion [33]. The equations below give the 
arithmetic forms of A and I: 

𝐴𝐴 = 𝐸𝐸𝑁𝑁 − 𝐸𝐸𝑁𝑁+1   (8) 
𝐼𝐼 = 𝐸𝐸𝑁𝑁−1 − 𝐸𝐸𝑁𝑁  (9) 

Where, EN, EN + 1, and EN – 1 are the total ground-state 
energies of neutral, anionic, and cationic states, determined at 
the neutral geometry. 

The most important local reactivity descriptor derived 
from conceptual DFT is the Fukui function defined according 
to [34, 35]: 

𝑓𝑓(𝑟𝑟) = �𝜕𝜕𝜕𝜕(𝑟𝑟)
𝜕𝜕𝑁𝑁𝑒𝑒

�
𝜈𝜈(𝑟𝑟)

= � 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿(𝑟𝑟)

�
𝑁𝑁𝑁𝑁

       (10) 

Where µ refers to the chemical potential. High Fukui 
function values imply large variations in electron density and 
therefore the most reactive molecular sites when the number 
of electrons is changed. By using the finite difference 
approximation (FDA), the electrophilic 𝑓𝑓+(𝑟𝑟) and nucleophilic 
𝑓𝑓−(𝑟𝑟) Fukui functions are calculated according to the 
formulas:  

𝑓𝑓+(𝑟𝑟) = �𝜕𝜕𝜕𝜕(𝑟𝑟)
𝜕𝜕𝑁𝑁𝑒𝑒

�
𝜈𝜈(𝑟𝑟)

+
= 𝜌𝜌𝑁𝑁+1(𝑟𝑟) − 𝜌𝜌𝑁𝑁(𝑟𝑟)       (11) 

𝑓𝑓−(𝑟𝑟) = �𝜕𝜕𝜕𝜕(𝑟𝑟)
𝜕𝜕𝑁𝑁𝑒𝑒

�
𝜈𝜈(𝑟𝑟)

−
= 𝜌𝜌𝑁𝑁(𝑟𝑟) − 𝜌𝜌𝑁𝑁−1(𝑟𝑟)        (12) 

Where, 𝜌𝜌𝑁𝑁(𝑟𝑟), 𝜌𝜌𝑁𝑁−1(𝑟𝑟), and 𝜌𝜌𝑁𝑁+1(𝑟𝑟) are the total electronic 
densities at point r for neutral (N), cationic (N-1), and anionic 
(N+1) systems, respectively. In terms of the frontier molecular 
orbitals approximation (FMO), the Fukui functions are 
evaluated through the formulas: 

𝑓𝑓+(𝑟𝑟) ≈ 𝜌𝜌𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝑟𝑟) = |ɸ𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 (𝑟𝑟)|2     (13) 
𝑓𝑓−(𝑟𝑟) ≈ 𝜌𝜌𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻(𝑟𝑟) = |ɸ𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 (𝑟𝑟)|2      (14) 

This approximation provides a fast way to calculate the 
Fukui functions, but neglects the orbital relaxation effect [36]. 
Moreover, the condensed forms of the electrophilic and 
nucleophilic Fukui functions, calculated using the procedure 
proposed by Yang and Mortier [37], are given according to: 

𝑓𝑓+(𝑟𝑟) = 𝑝𝑝𝑁𝑁+1𝑘𝑘 − 𝑝𝑝𝑁𝑁𝑘𝑘      (15) 
𝑓𝑓−(𝑟𝑟) = 𝑝𝑝𝑁𝑁𝑘𝑘 − 𝑝𝑝𝑁𝑁−1𝑘𝑘       (16) 

 
Where 𝑝𝑝𝑁𝑁𝑘𝑘 , 𝑝𝑝𝑁𝑁−1𝑘𝑘 , and 𝑝𝑝𝑁𝑁+1𝑘𝑘  are the electronic populations of 

the 𝑘𝑘𝑡𝑡ℎ atom in the neutral, cationic, and anionic systems, 
respectively. The electronic population is the difference 
between the atomic number 𝑍𝑍𝐾𝐾 and the atomic charge 𝑄𝑄𝐾𝐾  [38]. 
The atomic charges can be calculated according to various 
population analysis schemes, as we will see in the next 

sections. 
The dual descriptor 𝑓𝑓(2)(𝑟𝑟) is another useful function used 

to reveal reactive sites [39, 40]. This descriptor has the 
advantage to locate simultaneously the electrophilic and 
nucleophilic sites in a volume element centered at r. Regions 
having more positive values (𝑓𝑓(2)(𝑟𝑟) > 0) are the preferred 
sites for nucleophilic attacks, and regions with more negative 
values (𝑓𝑓(2)(𝑟𝑟) < 0) are the preferred sites for electrophilic 
attacks. As for the Fukui functions, through the FDA and FMO 
approximations, this descriptor is calculated using the 
formulas: 
𝑓𝑓(2)(𝑟𝑟) = 𝑓𝑓+(𝑟𝑟) − 𝑓𝑓−(𝑟𝑟) = 𝜌𝜌𝑁𝑁+1(𝑟𝑟) − 2𝜌𝜌𝑁𝑁(𝑟𝑟) + 𝜌𝜌𝑁𝑁−1(𝑟𝑟)    (17) 

𝑓𝑓(2)(𝑟𝑟) ≈ 𝜌𝜌𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝑟𝑟) − 𝜌𝜌𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻(𝑟𝑟)    (18) 
Other formulas have been proposed to take into account 

the degeneracy of the frontier orbitals [41–46].  
 

2.2 Statistical Analysis 
Before computing the condensed-to-atom reactivity 

descriptors; we should preliminarily determine the 
condensation method through the population analysis 
scheme. There are several schemes to achieve this objective. 
However, there is no consensus on which scheme is the most 
ideal one to study the reactive sites, through the condensed 
version of reactivity descriptors.  

Indeed, it is difficult to choose the best electronic 
population analysis by referring exclusively to strictly 
theoretical arguments. In this study, we used a test statistic to 
select the most efficient method to assess the net atomic 
charges. The statistical quantity to be calculated for this 
purpose is defined according to Lebart et al. [47]. 

𝑡𝑡𝑘𝑘 = 𝑞𝑞�𝑘𝑘,𝑝𝑝−𝑞𝑞�𝑘𝑘

�𝑆𝑆𝑘𝑘
2

𝑛𝑛𝑝𝑝
(
𝑛𝑛−𝑛𝑛𝑝𝑝
𝑛𝑛−1 )

        (19) 

Where, 𝑞𝑞�𝑘𝑘,𝑝𝑝 is the mean calculated for the 𝑘𝑘𝑡𝑡ℎ  atom using 
the electronic population p, 𝑞𝑞�𝑘𝑘is the mean calculated for the 
𝑘𝑘𝑡𝑡ℎ  atom using all electronic population schemes, 𝑛𝑛𝑝𝑝  and 𝑆𝑆𝑘𝑘  is 
the number of atomic charges in the electronic population p, 
and the standard deviation of 𝑞𝑞𝑘𝑘  estimated for the 𝑘𝑘𝑡𝑡ℎ  atom 
using all the electronic population schemes, respectively. The 
p-value or critical probability is computed as follows: 

𝑝𝑝. 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 = 1 − 𝑃𝑃(|𝑍𝑍| < |𝑡𝑡𝑘𝑘|) = 1 −ɸ(|𝑡𝑡𝑘𝑘|)Z ~ 𝑁𝑁 (0,1) 
Where, ∅(|𝑡𝑡𝑘𝑘|) is the cumulative distribution function of the 

standard normal distribution. The p-value is computed under 
the null hypothesis (𝐻𝐻0: 𝑞𝑞�𝑘𝑘,𝑝𝑝 − 𝑞𝑞�𝑘𝑘 = 0). Indeed, if the p-value is 
less than or equal to significance level 0.05 (1 −  ∅(|𝑡𝑡𝑘𝑘| ≤
0.05). Then,𝑞𝑞�𝑘𝑘,𝑝𝑝 is significantly different compared to the 
overall mean 𝑞𝑞�𝑘𝑘. In such a case, the corresponding charge 
characterizes the 𝑘𝑘𝑡𝑡ℎ  atom. On the other hand, the alternative 
hypothesis is verified if (𝐻𝐻1: 𝑞𝑞�𝑘𝑘,𝑝𝑝 − 𝑞𝑞�𝑘𝑘 ≠ 0). 
 
2.3 Computational Details 

In order to determine the electronic properties of the 
benzodiazepines under study, the atomic charges were 
assessed using four electronic population schemes including 
Mulliken population analysis (MPA) [48], natural population 
analysis (NPA) [49], electrostatic method (ChelpG) [50], and 
Hirshfeld population analysis (HPA) [51]. For this purpose, the 
starting geometry of 3H-1,4-bdz (Figure 1) was optimized in 
water using six different basis sets, 6-31G, 6-311G, 6-31+G (d), 
6-311+G (d), 6-31++G (d,p), and 6-311++G (d,p) in combination 
with the four electron population schemes. Latter, the six 
benzodiazepine analogs (Figure 1) were optimized in water as 
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neutral structures at the DFT/Ub3lyp/6-311++G(d,p) level of 
theory using the PCM solvation model. The molecular 
optimizations were performed using the Gaussian 09W 
software [52]. For all stationary points, there is no imaginary 
frequency at the optimized molecular geometries ensuring 
that the optimized structures are in the minimum on the 
potential energy surface. The atomic charges have been 
assessed using the Hirshfeld electronic population scheme. 
The singly charged anionic (N+1) and cationic (N-1) states 
were computed by single-point calculations at the same 
equilibrium geometry as the original molecule (neutral 
system).   

The Fukui functions and the dual descriptor density 
mapped surfaces were visualized according to the FMO 
approximation. The condensed Fukui functions and the dual 
descriptor are calculated according to the formulas cited 
above. The quantitative analysis of MEP on van der Waals 
surface was conducted using the multifunctional wave 
function analyzer program Multiwfn 3.7 [53], combined with 
the Cubegen utility of Gaussian 09W software [52]. ESP-
mapped molecular van der Waals surfaces were rendered by 
VMD 1.9.1program [54] based on the outputs of Multiwfn. 

 
2.3.1 Molecular Docking Protocol 

Molecular docking simulation was performed into four 
benzodiazepine binding sites in the GABAA receptor using 
Moe 2014 software package [55]. The electron microscopy 
structures of Human GABAA receptor alpha1-beta2-gamma2 
subtypes in complex with GABA plus the diazepam (DZP) 
structures (PDB ID:6X3X, Resolution= 2.92 Å) were 

downloaded from RCSB Database (http://www.rcsb.org).  
Firstly, molecular docking was carried out into the 

classical benzodiazepine site located between the subunits D 
and E. In the protein preparation step, all co-crystallized 
ligands and non-essential subunits (A, B, and C) have been 
removed from the GABAA structure to provide sterically free 
cavities for ligand docking. Then, after structure correction, 
protonation, and cavity detection, the native co-crystallized 
DZP structure was re-docked in the selected binding site 
pocket and the best pose was chosen based on the given root-
mean-square deviation (RMSD) values. Finally, the six neutral 
benzodiazepine structures previously optimized using the DFT 
method were converted into database files and docked into 
the DZP binding site pocket.  

Likewise, molecular docking was also carried out in the 
binding sites of the trans-membrane domain located between 
the subunits (A and B), (C and D), and (A and E). 

3. Results and Discussion 

3.1 Atomic Charges 
The change in atomic charges optimized using all the 

basis sets are shown in Table S1, Supplementary. The 
performance of each electron population has been quantified 
by computing the ratio of critical probabilities. This 
performance indicator measures the robustness of each 
method to the basis set. The statistical results obtained are 
collected in Tables 1 and 2.

 
Table 1. The statistical test results for Mulliken and NBO populations. 

Atom 
Mulliken NPA 

𝒕𝒕𝒌𝒌 𝒒𝒒�𝒌𝒌,𝒑𝒑 𝒒𝒒�𝒌𝒌 𝑺𝑺𝒌𝒌 p-value 𝒕𝒕𝒌𝒌 𝒒𝒒�𝒌𝒌,𝒑𝒑 𝒒𝒒�𝒌𝒌 𝑺𝑺𝒌𝒌 p-value 
1 N 1.529 -0 .201 -0 .372 0.221 0.063 -1 .561 -0 .463 -0 .372 0.221 0.059 
2 C -2 .870 0.035 0.121 0.087 0.002 1.567 0.144 0.121 0.087 0.059 
3 C -2 .510 -0 .379 -0 .059 0.368 0.006 -2 .178 -0 .337 -0 .059 0.368 0.015 
4 N 2.431 -0 .191 -0 .391 0.237 0.008 -0 .733 -0 .451 -0 .391 0.237 0.232 
5 C -3 .692 -0 .348 0.062 0.320 0.000 0.329 0.099 0.062 0.320 0.371 
6 C -2 .868 -0 .340 -0 .183 0.157 0.002 -0 .013 -0 .184 -0 .183 0.157 0.495 
7 C -1 .177 -0 .164 -0 .130 0.083 0.119 -3 .329 -0 .225 -0 .130 0.083 0.000 
8 C -2 .659 -0 .225 -0 .129 0.104 0.004 -2 .012 -0 .202 -0 .129 0.104 0.022 
9 C -2 .470 -0 .328 -0 .211 0.136 0.007 -0 .074 -0 .215 -0 .211 0.136 0.470 

10 C -3 .408 -0 .364 0.072 0.368 0.000 0.494 0.135 0.072 0.368 0.311 
11 C 3.982 0.922 0.155 0.555 0.000 -1 .570 -0 .148 0.155 0.555 0.058 
12 H 2.551 0.202 0.130 0.080 0.005 2.939 0.213 0.130 0.080 0.002 
13 H 2.479 0.218 0.107 0.128 0.007 2.797 0.232 0.107 0.128 0.003 
14 H 2.270 0.205 0.109 0.122 0.012 3.003 0.236 0.109 0.122 0.001 
15 H 2.456 0.197 0.113 0.099 0.007 2.947 0.214 0.113 0.099 0.002 
16 H 1.371 0.190 0.156 0.072 0.085 3.242 0.237 0.156 0.072 0.001 
17 H 1.544 0.187 0.147 0.075 0.061 3.497 0.238 0.147 0.075 0.000 
18 H 1.536 0.188 0.149 0.073 0.062 3.474 0.238 0.149 0.073 0.000 
19 H 1.483 0.194 0.155 0.076 0.069 3.258 0.241 0.155 0.076 0.001 

𝒒𝒒�𝒌𝒌,𝒑𝒑: Mean calculated for the kthatom using the electronic population p. 
𝑞𝑞�𝑘𝑘: Mean calculated for the kth atom using all electronic population schemes. 
𝑆𝑆𝑘𝑘: The standard deviation of 𝑞𝑞𝑘𝑘  estimated for the kth atom using all the electronic population schemes 

 
Out of 19 critical probabilities P-value, the alternative 

hypothesis (1 −  ∅(|𝑡𝑡𝑘𝑘| ≤ 0.05) was verified by the following 
ratios: 79% (HPA), 74% (NPA and ChelpG), and 68% (MPA). 

MPA seems to be the lowest-performing method, and this 
is not surprising as several objections to its results have been 
discussed in the literature [56, 57]. The drawback of MPA is 
that it is based on the one-particle density matrix defined 

through non-orthogonal atomic orbital basis sets [48]. 
Therefore, its sensitivity toward the basis sets is very high. 
This latter is evident from the data provided in Table 1, where 
we note that despite correlated Gaussian basis sets were 
used, the charges estimated using MPA are cover a wide 
range of values. Therefore, the MPA method is strongly 
affected by the used basis set. 

 

http://orbital.ufms.br/index.php/Chemistry/article/downloadSuppFile/1607/488
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Table 2. The statistical test results for ChelpG and Hirshfeld populations. 

Atom 
ChelpG Hirshfeld 

𝒕𝒕𝒌𝒌 𝒒𝒒�𝒌𝒌,𝒑𝒑 𝒒𝒒�𝒌𝒌 𝑺𝑺𝒌𝒌 p-
value 𝒕𝒕𝒌𝒌 𝒒𝒒�𝒌𝒌,𝒑𝒑 𝒒𝒒�𝒌𝒌 𝑺𝑺𝒌𝒌 p-

value 
1 N -3 .758 -0 .660 -0 .372 0.221 0.000 2.698 -0 .166 -0 .372 0.221 0.003 
2 C 4.130 0.246 0.121 0.087 0.000 -2 .006 0.061 0.121 0.087 0.022 
3 C 4.376 0.499 -0 .059 0.368 0.000 0.312 -0 .019 -0 .059 0.368 0.377 
4 N -4 .168 -0 .734 -0 .391 0.237 0.000 2.470 -0 .188 -0 .391 0.237 0.007 
5 C 3.593 0.461 0.062 0.320 0.000 -0 .230 0.037 0.062 0.320 0.409 
6 C 0.128 -0 .177 -0 .183 0.157 0.449 2.753 -0 .033 -0 .183 0.157 0.003 
7 C 1.558 -0 .089 -0 .130 0.083 0.057 3.079 -0 .042 -0 .130 0.083 0.001 
8 C 1.973 -0 .058 -0 .129 0.104 0.024 2.698 -0 .032 -0 .129 0.104 0.003 
9 C -0 .875 -0 .253 -0 .211 0.136 0.191 3.419 -0 .050 -0 .211 0.136 0.000 

10 C 3.185 0.479 0.072 0.368 0.001 -0 .270 0.037 0.072 0.368 0.393 
11 C -1 .554 -0 .134 0.155 0.555 0.057 -0 .913 -0 .021 0.155 0.555 0.181 
12 H -2 .859 0.051 0.130 0.080 0.002 -2 .632 0.057 0.130 0.080 0.004 
13 H -3 .876 -0 .066 0.107 0.128 0.000 -1 .577 0.045 0.107 0.128 0.059 
14 H -3 .813 -0 .053 0.109 0.122 0.000 -1 .590 0.047 0.109 0.122 0.057 
15 H -3 .559 -0 .009 0.113 0.099 0.000 -1 .844 0.050 0.113 0.099 0.033 
16 H -0 .620 0.140 0.156 0.072 0.268 -3 .994 0.056 0.156 0.072 0.000 
17 H -1 .504 0.107 0.147 0.075 0.051 -3 .497 0.056 0.147 0.075 0.000 
18 H -1 .418 0.113 0.149 0.073 0.078 -3 .592 0.058 0.149 0.073 0.000 
19 H -0 .704 0.136 0.155 0.076 0.241 -4 .038 0.049 0.155 0.076 0.000 

𝒒𝒒�𝒌𝒌,𝒑𝒑: Mean calculated for the kthatom using the electronic population p. 
𝑞𝑞�𝑘𝑘: Mean calculated for the kth atom using all electronic population schemes. 
𝑆𝑆𝑘𝑘: The standard deviation of 𝑞𝑞𝑘𝑘  estimated for the kth atom using all the electronic population schemes 

 
NPA and ChelpG analysis provide the same performance. 

Here, the charges resist better than the charges estimated 
using MPA. Since they seem to be independent of the used 
basis sets. NPA was developed to improve the problems 
related to the MPA method. Thus, the working base of NPA is 
the construction of an orthonormal set of natural atomic 
orbitals (NAOs) covering the non-orthogonal basis orbitals 
space. The occupancy weighted symmetric orthogonalization 
(OWSO) procedure was applied to convert the non-orthogonal 
atomic orbitals into the orthonormal set, where the highest 
occupancy orbitals are strongly preserved in form, while 
orbitals with negligible occupancy can be freely deformed to 
achieve orthogonality [49]. This feature makes NPA 
insensitive to the basis set quality. 

ChelpG is one of the grid-based methods derived from 
electrostatic potentials. In which, atomic charges are adapted 
to reproduce the MEP at a certain number of points around the 
molecular species. The methods based on ESP are limited for 
small molecular systems with low flexibility [58]. On larger 
systems, it is difficult to assign charges when the atoms are 
far from the points where the MEP is computed. This means 
that the extra-molecular MEP did not accurately determine the 
values of the internal atomic charges. And therefore, the 
predicted charges become unrealistic. 

The best performance is obtained by using the HPA 
method. The HPA values given in Table 2 are the lowest 
among the considered charges and cover a small range of 
values sometimes equal to zero. Because the HPA scheme 
completely neglects the effect of atomic dipole moments. 

It's good for us that Hirshfeld is the best charge population 
to detect the electronic properties for the studied structures 
since our studies are heavily based on the results of Fukui 
indices and the dual descriptor. Hence, HPA is the ideal 
solution to produces a non-negative condensed Fukui function 
(FF) compared to MPA, NPA, and ChelpG schemes which in 
some cases generate negative values. The case of negative 
condensed FF is systematically unacceptable, except in the 
case where the effects of orbital relaxation are so important 

that redox-induced electron rearrangement occurs [59–62]. 
 

3.2 Geometry and Electronic Properties 
To illustrate the differences between the structural 

parameters and electronic properties of BDZ structures, the 
bond lengths, bond angles, and dihedral angles were collected 
in Table S2 in Supplementary Material and revealed in Figure 
2. Table 3 gives the HPA charges assigned to each atom.  

Phenyl rings present a hexagonal geometry with C-C bond 
length and bond angles vary from (1.383 A° to 1.423 A°) and 
from (117.961° to 121.965°), respectively. Accordingly, the 
binding of the diazepine ring in C10 and C11 resulted in a slight 
distortion in the bond lengths and bond angles from the 
normal values 1.40 A° and 120°. Consequently, the planarity 
was also affected as indicated by the torsion angles. The 
diazepine rings present non-planar structures, the significant 
deviations out of the phenyl plan are started from the atoms 
numbered 1 and 5, with dihedral angles 1-10-11-6 and 9-10-11-
5 vary from (-179.465° to 178.861°) and from (-48.360° to 
65.764°), respectively. These distortions differ from one 
structure to another depending on the molecular flexibility. 
The bonds that have the lowest values of lengths are 
considered the strongest bonds in the structures and a large 
amount of energy is required to break them, while the weakest 
bonds need less energy. Here, the lowest values of bond 
lengths are similar between all the structures (1.27 A°). Unlike, 
slight differences are appeared between the lengths of weak 
bonds. 

According to Table 3, if we exclude the results of 1H-1,3-
bdz we note that, in all the remaining structures, the least 
positive charges appear over the junction atoms C10 or C11 and 
the high negative charges appear over the two nitrogen atoms. 
In another hand, hydrogens also provide important positive 
charges especially H12 in 1H-1,3-bdz which has the highest 
positive charge between all studied systems, and this due to 
its direct attachment to the high-electron withdrawing atom 
N1.

http://orbital.ufms.br/index.php/Chemistry/article/downloadSuppFile/1607/488
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Fig. 2. Structural deformations of studied BDZ. 
 
Table 3. Hirshfeld charges assigned to each atom, expressed in atomic units (a.u). 

Atom 5H-1,2-bdz 1H-1,3-bdz 3H-1,4-bdz 3H-1,5-bdz 5H-2,3-bdz 1H-2,4-bdz 

1 -0 .095 -0 .095 -0 .163 -0 .170 0.030 -0 .019 
2 -0 .104 0.094 0.064 0.066 -0 .156 -0 .200 
3 -0 .026 -0 .220 -0 .020 -0 .052 -0 .153 0.069 
4 -0 .013 -0 .020 -0 .185 0.066 0.049 -0 .179 
5 -0 .045 -0 .067 0.039 -0 .170 -0 .049 0.071 
6 -0 .042 -0 .041 -0 .032 -0 .055 -0 .041 -0 .027 
7 -0 .032 -0 .054 -0 .041 -0 .045 -0 .031 -0 .038 
8 -0 .041 -0 .042 -0 .031 -0 .045 -0 .041 -0 .026 
9 -0 .043 -0 .058 -0 .049 -0 .055 -0 .032 -0 .039 

10 0.011 0.042 0.038 0.022 -0 .018 0.006 
11 0.007 -0 .023 -0 .019 0.022 0.012 -0 .016 
12 0.052 0.141 0.055 0.056 0.051 0.038 
13 0.061 0.056 0.044 0.061 0.057 0.040 
14 0.047 0.038 0.045 0.054 0.057 0.044 
15 0.055 0.046 0.048 0.056 0.049 0.055 
16 0.053 0.050 0.054 0.043 0.054 0.057 
17 0.055 0.049 0.054 0.051 0.055 0.055 
18 0.054 0.052 0.056 0.051 0.053 0.056 
19 0.046 0.053 0.046 0.043 0.055 0.054 

 
Table 4. Values of HOMO-LUMO gap (Δ), global reactivity indices (χ, η, S, ω, N), and dipole moment (DM). 

basic rings EHOMO(eV) ELUMO(eV) Δ (eV) A (eV) I (eV) χ (eV) η (eV) S    
(eV-1) ω (eV) N (eV) DM 

(Debye) 
5H-1,2-bdz -6.460 -2.503 3.957 2.645 6.402 4.524 1.878 0.266 5.447 2.615 5.388 
1H-1,3-bdz -5.751 -1.858 3.893 2.031 5.644 3.837 1.807 0.277 4.076 3.323 3.742 
3H-1,4-bdz -6.726 -1.832 4.895 1.992 6.620 4.306 2.314 0.216 4.006 2.348 2.570 
3H-1,5-bdz -6.668 -1.519 5.148 1.702 6.563 4.133 2.430 0.206 3.514 2.407 3.313 
5H-2,3-bdz -7.004 -1.851 5.154 2.004 6.898 4.451 2.447 0.204 4.048 2.070 5.907 
1H-2,4-bdz -6.902 -2.229 4.673 2.371 6.793 4.582 2.211 0.226 4.749 2.172 4.688 

A= EN - EN+1; I= EN-1-EN; Δ= | EHOMO - ELUMO |; χ= - µ= 1/2(A+I); η= 1/2(I-A); δ = 1/2η; ω = µ²/2η 
N = EHOMO –EHOMO (TCE)with EHOMO (TCE) = -9.074535 eV, calculated with DFT(Ub3lyp) /6-311++G (d, p)/ Hirshfeld/PCM model. 

 
3.3 Global Reactivity  

The global reactivity indices derived from the conceptual-
DFT (χ, η, S, ω, N) are calculated and discussed to explain the 
global changes between the six benzodiazepine analogs. 
Table 4 summarizes the results. 

The overall hardness classifies the studied systems from 
the most reactive to the least, as follows: 1H-1,3-bdz, 5H-1,2-
bdz, 1H-2,4-bdz, 3H-1,4-bdz, 3H-1,5-bdz, and 5H-2,3-bdz. The 

HOMO-LUMO energy gap (Δ) confirmed the results of global 
hardness, where, the high kinetic stability (high Δ) is generally 
associated with the low chemical reactivity (high η).  

The high reactivity of 1H-1,3-bdz is accompanied by the 
highest nucleophilicity (N= 3.323 eV) and the lowest 
electronegativity (χ =3.837 eV). Whereas, the low reactivity of 
5H-2,3-bdz is accompanied by the lowest nucleophilicity 
(N=2.070 eV) and the highest polarization (DM=5.907 Debye). 
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Thus, the intermolecular interactions between 5H-2,3-bdz and 
the neighboring water molecules are of great importance 
compared to the rest of the studied systems. Using the 
nucleophilicity and electrophilicity scales [30, 32], the 1H-1,3-
bdz is classified as a strong nucleophile with strong 
electrophilicity. While the other systems are classified as 
moderate nucleophiles with strong electrophilicity. 

 
3.4 Local Reactivity and Quantitative MEP Analysis 

In this section, the selectivity of atomic sites towards the 
approach of nucleophilic and electrophilic reactants is 
investigated using the dual descriptor 𝑓𝑓(2)(𝑟𝑟). The numerical 
values are depicted in Tables 5 and 6. The numerical values of 
Table 6 are mapped in Figure 3 (for 𝑓𝑓+(𝑟𝑟) and 𝑓𝑓−(𝑟𝑟)  mapped 
surfaces (see Figure S1 in supplementary Material) through 
the use of the FMO approximation. The structures are 
arranged and numbered in the order given in Figure 1. Regions 
of positive signs are depicted by purple color, and regions of 
negative signs are in white (Isovalue MO = 0.0015 a.u, density 

= 0.00040 a.u). 
Our results show that the delocalization of nitrogen along 

the diazepine cycle leads to significant differences in local 
reactivity. As a result, the ability of each atom to receive 
nucleophilic or electrophilic attack varies from structure to 
another and this may explain the wide biodiversity of the 
benzodiazepine family. The preferred sites for nucleophilic 
(electrophilic) reagents are easily determined by the highest 
positive (negative) value of 𝑓𝑓(2)(𝑟𝑟). The symmetrical behavior 
of 3H-1,5-bdz caused it to have two identical preferred 
electrophilic sites are C6 and C9, and two identical preferred 
nucleophilic sites C10 and C11. In contrast, the 𝑓𝑓(2)(𝑟𝑟) values 
around the nitrogen atoms N1 and N5 are close to zero (0.004), 
signifying that they are neither nucleophiles nor electrophiles. 
Thus, the possibility of attacks on these sites is relatively 
negligible. The same notes for hydrogens, since most of them 
apparent inactive towards both attacks, and this is the only 
observation that can be generalized to the six studied 
structures.

 
Table 5. Values of condensed Fukui Functions 𝑓𝑓+(𝑟𝑟)  and 𝑓𝑓−(𝑟𝑟) evaluated in the terms of anionic and cationic spin-densities, respectively. 

atom 
5H-1,2-bdz 1H-1,3-bdz 3H-1,4-bdz 3H-1,5-bdz 5H-2,3-bdz 1H-2,4-bdz 

f +(r) f‾(r) f +(r) f‾(r) f +(r) f‾(r) f +(r) f‾(r) f +(r) f‾(r) f +(r) f‾(r) 
1 0.278 0.346 0.028 0.206 0.038 0.237 0.114 0.118 0.185 0.044 0.010 0.040 
2 0.274 0.335 0.235 0.025 0.199 0.058 0.133 0.073 0.188 0.253 0.123 0.382 
3 0.007 0.079 0.048 0.115 0.023 0.033 0.032 0.016 0.032 0.260 0.051 0.013 
4 0.170 0.022 0.157 0.125 0.214 0.123 0.133 0.073 0.110 0.009 0.159 0.214 
5 0.014 0.005 0.118 0.138 0.070 0.015 0.114 0.118 0.011 0.009 0.257 -0.003 
6 0.000 0.006 0.046 0.004 0.022 0.072 0.119 -0.012 0.027 0.067 0.092 -0.007 
7 0.076 0.030 0.023 0.065 0.055 0.167 0.053 0.123 0.144 0.137 -0.008 0.093 
8 -0.009 0.016 0.104 0.070 0.098 -0.023 0.053 0.123 -0.007 -0.009 0.124 0.019 
9 0.065 -0.001 -0.006 0.005 -0.007 0.142 0.119 -0.012 0.114 0.106 0.000 0.024 

10 0.018 0.102 0.098 0.110 0.120 0.095 0.004 0.176 0.061 0.104 0.085 0.089 
11 0.061 0.044 0.077 0.106 0.106 0.039 0.004 0.176 0.071 0.002 0.047 0.078 
12 0.008 0.001 0.004 0.007 0.020 0.011 0.026 0.004 0.018 0.005 0.004 0.016 
13 0.016 0.011 0.023 0.005 0.006 0.006 0.010 0.001 0.010 -0.002 0.001 0.010 
14 0.005 -0.001 0.017 0.007 0.004 0.005 0.026 0.007 0.002 0.001 0.012 0.006 
15 0.002 0.000 0.010 0.008 0.011 0.003 0.026 0.004 0.003 -0.001 0.022 0.020 
16 0.001 0.001 0.005 -0.001 0.004 0.003 0.011 -0.001 0.003 0.003 0.009 -0.001 
17 0.008 0.002 0.003 0.004 0.006 0.009 0.006 0.006 0.016 0.007 0.000 0.006 
18 -0.001 0.001 0.012 0.004 0.011 -0.002 0.006 0.006 0.000 -0.001 0.012 0.001 
19 0.006 0.002 0.000 -0.001 0.002 0.007 0.011 -0.001 0.013 0.004 0.001 0.001 

 
Table 6. Values of Dual descriptor 𝑓𝑓(2)(𝑟𝑟) evaluated in the term of spin-density, expressed in atomic units (a.u). 

atoms 5H-1,2-bdz 1H-1,3-bdz 3H-1,4-bdz 3H-1,5-bdz 5H-2,3-bdz 1H-2,4-bdz 
1 -0.068 -0.177 -0.199 -0.004 0.141 -0.030 
2 -0.061 0.209 0.141 0.060 -0.064 -0.259 
3 -0.071 -0.067 -0.010 0.016 -0.228 0.038 
4 0.148 0.032 0.091 0.060 0.100 -0.055 
5 0.009 -0.020 0.055 -0.004 0.002 0.260 
6 -0.006 0.043 -0.050 0.131 -0.040 0.099 
7 0.047 -0.042 -0.112 -0.070 0.007 -0.101 
8 -0.026 0.034 0.121 -0.070 0.002 0.104 
9 0.066 -0.012 -0.150 0.131 0.008 -0.024 

10 -0.084 -0.011 0.025 -0.173 -0.043 -0.004 
11 0.017 -0.029 0.066 -0.173 0.069 -0.031 
12 0.007 -0.003 0.008 0.022 0.013 -0.012 
13 0.005 0.018 0.000 0.009 0.012 -0.008 
14 0.007 0.010 -0.001 0.019 0.000 0.006 
15 0.002 0.001 0.008 0.022 0.004 0.003 
16 0.000 0.006 0.001 0.012 0.000 0.010 
17 0.006 -0.001 -0.003 0.000 0.009 -0.006 
18 -0.002 0.008 0.013 0.000 0.001 0.011 
19 0.004 0.001 -0.005 0.012 0.008 0.000 
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Fig. 3. Dual descriptor 3D-mapped surfaces, mapped through (FMO) approximation, Isovalue MO = 0.0015 a.u, purple color: regions of 
nucleophilic attacks, white color: regions of electrophilic attacks . 
 

 
Fig. 4. ESP-mapped van der Waals surfaces (kcal/mol) using a color scale ranging fromred (negative ESP), through white (neutral ESP) 
to blue (positive ESP). All the iso-surface maps were rendered by VMD software based on the surface analysis result of Multiwfn program. 
The grid spacings were set to 0.2 Bohr and the van der Waals surface denotes the iso-surface of 𝜌𝜌 = 0.001 𝑎𝑎.𝑢𝑢. Values with a star indicate 
global extremums. The bold numbers in the bottom right-hand corner are the overall ESP variance (OV), positive surface area (PS) and 
negative surface area (NS) whose unit are [Kcal/mol]2, (A°)2, respectively. 

 

Recently, drugs based on 3H-1,4-bdz structure are the wide 
prescribed among all the benzodiazepines. The QSAR 
researches [63, 64] suggested that the presence of an 
electron-donating group in position 1, carbonyl oxygen (C=O) 
in position 2, phenyl group in position 5, and an electron-
withdrawing group in position 7 are necessary for increasing 
their affinity toward the GABAA receptor. Here, we will attempt 
to discuss the possibility of attaching these substituents in the 
required positions based on the results obtained from the dual 
descriptor. 

The values of dual descriptors suggest that N1 and C2 are 
the first privileged sites for electrophilic and nucleophilic 
attacks, respectively. This makes it easy to fix an electron-
donating group in position 1 and a carbonyl oxygen group in 
position 2, using the electrophilic and nucleophilic attacks. On 
the other hand, the positive 𝑓𝑓(2)(𝑟𝑟)  value in C5 is relatively 
small. Therefore, the attachment of a phenyl group in this 
position is possible but not much preferred since the 
nucleophilic attack will be directed mainly towards position 2. 
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Finally, our results suggest that C7 is the third preferred 
nucleophilic site. Accordingly, the direct attachment of an 
electron-withdrawing group in this position is not 
recommended. 

To predict the intermolecular interaction between the 
studied structures and the distant reagents; the quantitative 
MEP analysis was performed and discussed. The repulsive 
and attractive electrostatic interactions are long-range in 
comparison to the charge-transfer effects characterized by 
the Fukui functions and the derived reactivity indices [42]. MEP 
in the vicinity of a molecule is defined as the energy required 
to bring a unit test positive charge from infinity to the point r.  
Statistically-based molecular descriptors derived from 
molecular surface electrostatic potentials studied here have 
been defined by Politzer et al. [65]. 

ESP-mapped van der Waals surfaces are depicted in 
Figure 4. The different colors in plots representing the 
different values of ESP at the surface, the color code is in the 
range between -39.51 kcal/mol (deepest red), and 35.23 
kcal/mol (deepest blue). Areas with positive ESP are electron-
deficient sites and therefore subject to nucleophilic attacks, 
and the negative areas are electron-rich sites reacting with 
electrophilic reagents. The positive and negative values with a 
star are the global maximum and minimum ESP vdW-surface. 
These values indicate the most privileged sites for distant 
nucleophiles and electrophiles. 

For more accuracy, the ESP vdW-surfaces for each atom 
(Vk) are given in Table 7. The atoms not mentioned in the table 
are having ESP values close to zero and are therefore not 
susceptible to any attack.  

 
Table 7. Atomic ESP van der Waals surfaces (Vk), expressed in (kcal/mol). 

atoms 5H-1,2-bdz 1H-1,3-bdz 3H-1,4-bdz 3H-1,5-bdz 5H-2,3-bdz 1H-2,4-bdz 
1 -24.521 -5.471 -15.684 -15.797 -10.523 / 
2 -21.236 -5.983 0.500 1.197 -24.795 -20.295 
3 -4.861 -23.371 / / -24.869 -10.395 
4 -1.742 -12.025 -18.542 1.106 -5.574 -14.107 
5 / -11.252 -1.598 -13.036 / -1.452 
6 -1.478 -7.462 -2.717 -9.884 0.146 0.083 
7 -2.676 -5.653 -2.704 -9.454 -0.434 0.773 
8 -4.810 -4.966 -4.173 -10.085 -1.254 -0.839 
9 -7.166 -3.255 -6.106 -11.339 -2.449 -2.801 

10 -6.868 -1.122 -8.442 / -2.575 -2.929 
11 -3.751 -10.793 -6.505 / -0.099 -1.615 
12 -2.064 17.254 -0.376 3.137 -2.639 -3.858 
13 9.534 2.958 2.197 14.755 1.724 -3.097 
14 0.044 -7.989 0.332 3.965 10.771 -8.757 
15 10.592 -2.952 -3.859 3.207 2.196 1.157 
16 10.494 1.219 6.267 -5.388 10.895 9.614 
17 8.452 3.004 6.725 1.187 9.257 10.365 
18 5.367 6.752 6.838 1.744 8.338 9.972 
19 -6.724 13.767 -1.697 -5.765 5.252 4.796 

 
The overall variance (OV) reflects the tendency of 

molecules to interact electrostatically with long-rang 
reagents. The highest OV value is 141.760 (kcal\mol)2. This 
implies that the strong tendency for long-rang interactions is 
attributed to 5H-2,3-bdz, followed by 1H-1,3- bdz, 5H-1,2- bdz, 
1H-2,4- bdz, 3H-1,4- bdz, and 3H-1,5- bdz. 

If we compare this reactivity order with that given by the 
global hardness discussed in the global reactivity section, it is 
clear that both are completely identical except in the case of 
5H-2,3-bdz where the global hardness orders it as the least 
reactive structure. The distribution of negative surfaces area 
(NS) on 5H-2,3-bdz and 1H-1,3-bdz occupy 34.3% and 49.2% 
of the total surfaces, respectively. This makes 5H-2,3-bdz 
have the least nucleophilic surface and 1H-1,3-bdz have the 
most nucleophilic surface among the studied systems. This 
result confirming the results of the global nucleophilicity 
indices (N) given in Table 4. Simultaneously, the positive and 
negative surfaces area in 1H-1,3-bdz have rather close values, 
especially when compared to the other studied systems where 
the negative surfaces area (NS) are significantly lower than 
the positive surfaces area (PS). This confirmed the 
classification of 1H-1,3-bdz as strong nucleophiles with strong 
electrophilicity, and the remains as moderate nucleophiles 
with strong electrophilicity. 

According to Figure 4, each structure is surrounded by 
positive and negative ESP surfaces that appeared over the 
hydrogen atoms and the two nitrogen atoms, respectively. The 
highest local positive ESP values on the surfaces are 
appearing around: (H12 in 1H-1,3-bdz), (H13 in 3H-1,5-bdz), (H15 

in 5H-1,2-bdz), (H16 in 5H-2,3-bdz), and (H17 in 3H-1,4-bdz and 
1H-2,4-bdz), Indicating the primary favorable sites for distant 
nucleophiles. simultaneously, the highest local negative ESP 
values on the surfaces are distributed around the lone pairs of 
(N1 in 5H-1,2-bdz and 3H-1,5-bdz), (N2 in 1H-2,4-bdz), (N3 in 1H-
1,3-bdz and 5H-2,3-bdz), and (N4 in 3H-1,4-bdz), Thus are the 
primary preferred sites for distant electrophiles. Also, most 
carbons are having negative ESP regions but less than that of 
the nitrogen, this negativity due to the π-electron cloud 
delocalization over the benzene and diazepine rings. 
Therefore, the possibility of electrophilic attacks in these 
areas is also acceptable. 

 
3.5 Molecular Docking Simulation 

The molecular docking simulation provides a direct 
opportunity to place the six studied structures in a biological 
environment and follow the interactions that arise between 
them and the residues of the binding sites. Moe docking was 
performed in four distinct benzodiazepine binding sites: the 
classical site at the ECD α-γ interface (labeled (a)), the two 
TMD sites at the α-β interfaces (labeled (b) and (c)), and the 
TMD site at the β-γ interface (labeled (d)) (see Figure 5). 
Firstly, the co-crystallized ligand diazepam (DZP) has been re-
docked into the four binding sites and the best poses were 
chosen according to the rmsd values and visualized in Figure 
6. Then, the six studied ligands have been docked into each 
binding site, and the best poses were selected according to 
the lowest energy score values. 
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Fig. 5. -a-Diazepam (a) and the two GABA (a’) and (a’’) extracellular domain binding sites. -b- The three transmembrane domain binding 
sites (b), (c), and (d) identified for diazepam [5]. 
 

 
Fig. 6. The best binding poses for the re-docked co-crystallized ligand (Diazepam) in the classical site at the ECD α-γ interface (a), the two 
TMD sites at the α-βinterfaces (b) and (c), and the TMD site at β-γinterface (d). rmsd = 0.279, 0.357, 0.487, and 0.314, respectively. 

 
Results such as the energy score, types, and distances of 

interactions between the studied ligands and the residues of 
the binding sites were collected in Tables 8 to 11. The docking 
scoring is required to quantitatively estimate the binding 

affinity between the target macromolecule and ligands; the 
best poses are those that have an energy score closer to that 
of the co-crystallized ligand. In the four docking results, 
Diazepam (DZP) gives lower energy scores than the docked 
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ligands, the Cl substitution in position 7 forms an average 
bond type H-Donor with His D102 and Asp E297 in sites (a) 
and (d), respectively. The π-electron cloud delocalization over 
the phenyl ring attached in position 5 forms a withdrawing 
group electrostatically attracting the hydrogen of Pro D233 in 
the site (b). While the interactions between the basic structure 
and the binding site residues are appearing only in sites (a) 
and (c), between the N4 and the π-electron cloud of the phenyl 
ring in Phe E77 and Phe A289, respectively. 

The score of binding free energy of the six docked ligands 
is between (-5.021 and -5.235), (-4.889 and -5.054), (-4.624 
and -4.951), and (-4.479 and -4.644) for the sites (a), (b), (c), 
and (d), respectively. As it clear, the six ligands rather have 
affinities close to each other and simultaneously far from that 
of DZP. Despite this convergence in affinities, each ligand has 
a different mode of interaction with the target binding sites, 
and this due to the difference in ESP generated by each 
structure (see Figure4). This latter considered being the 
primary responsibility in the orientation of intermolecular 
interactions. 

Based on the atomic ESP over the whole molecular 
surfaces of 1H-1,3-bdz given in Table 7, N3 and H1 would be 
expected to be the most acceptable sites for positive and 
negative distant entities, respectively. The binding poses of 
1H-1,3-bdz mapped in Figure 7 indicate the formation of an 
average interaction type H-acceptor between N3 and one of 
the two hydrogens of the amine group in Ala D161 of the site 
(a). While site (b) shows the existence of weak interaction type 
H-pi between H19 and the π-electron cloud of the phenyl ring 
of Phe C289. This latter can be explained by observing the 
orientation of ligand in the binding site, where Phe C289 
seems to be further from the diazepine ring and closer to the 
phenyl, so, logically, Phe C289 would be interacting with the 
most electron-deficient site in the Phenyl ring, which is H19. 
Sites (c) and (d) also indicate the existence of weak 
interactions type H-pi between the π-electron cloud of the 
diazepine ring and hydrogen of Arg A269 and Ser E280. This 
interaction does not observe in the rest studied ligands. This 
may be due to the strong nucleophilicity of this structure (NS 
occupies 49.2% of the total surface, N=3.323 eV). 

 

 
Fig. 7. The best binding poses for 1H-1,3-bdz ligand in the classical site at the ECD α-γ interface (a), the two TMD sites at the α-βinterfaces 
(b) and (c), and the TMD site at β-γinterface (d). 

 
Similarly, the 5H-2,3-bdz binding poses mapped in Figure 8 

indicate the formation of two strong interactions type H-
acceptor between the most electron rich-site (N3) and the two 
residues: Thr D207 of the site (a) and Gln A224 of the site (d). 

Whereas in the site (b) (see also Figure 9), the phenyl rings of 
5H-2,3-bdz, 3H-1,4-bdz, and 1H-2,4-bdz established an arene-
arene interaction with the phenyl ring of Phe C289.
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Fig. 8. The best binding poses for 5H-2,3-bdz ligand in the classical site at the ECD α-γ interface (a), the TMD site at the α-βinterfaces (b), 
and the TMD site at β-γinterface (d). 
 
 

 
Fig. 9. The best binding poses for 3H-1.4-bdz and 1H-2,4-bdz ligands in the TMD site at the α-β interfaces (b). 
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Table 8. S-score, bond interactions, bond Distances, and bond energy for the Co-crystallized Ligand (Diazepam) and the six ligands docked 
in the classical BDZ site at the extracellular domain (ECD) α-γ interface (site (a)). 

 S-score 
(Kcal/mol) 

Atom of 
Ligand 

Involved 
receptor 
atoms 

Involved 
receptor 
residues 

Type of 
interactions 

Distances 
(A°) 

Bond 
Energy 

(kcal/mol) 
Co-crystallized Ligand 

rmsd = 
0.279895216 -7.00339508 CL   36 O HIS  102  (D) H-donor 3.38 -1.7 

N15  23 6-ring PHE  77   (E) cation-pi 3.97 -2.2 
Complexe GABAA-ligand 

5H-1,2-bdz -5.23495197 / / / / / / 
1H-1,3-bdz -5.0283432 N    3 N ALA  161  (D) H-acceptor 3.52 -2.1 
3H-1,4-bdz -5.0801158 / / / / / / 
3H-1,5-bdz -5.18940687 / / / / / / 
5H-2,3-bdz -5.02146149 N    3 OG1 THR  207  (D) H-acceptor 3.06 -1.0 
1H-2,4-bdz -5.04629469 / / / / / / 

 
Table 9.  S-score, bond interactions, bond Distances, and bond energy for the Co-crystallized Ligand (Diazepam) and the six ligands 
docked in the transmembrane domain (TMD) site at the α-β interface (site (b)). 

 S-score 
(Kcal/mol) 

Atom of 
Ligand 

Involved 
receptor 
atoms 

Involved 
receptor 
residues 

Type of 
interactions 

Distances 
(A°) 

Bond 
Energy 

(kcal/mol) 
Co-crystallized Ligand 

rmsd = 
0.357037723 -6.26063156 6-ring CB PRO  233  (D) pi-H 3.67 -0.9 

Complexe GABAA-ligand 
5H-1,2-bdz -5.05429792 / / / / / / 
1H-1,3-bdz -4.9483633 C    9 6-ring PHE  289  (C) H-pi 3.80 -0.6 
3H-1,4-bdz -4.88927412 6-ring 6-ring PHE  289  (C) pi-pi 3.98 -0.0 
3H-1,5-bdz -4.91819811 / / / / / / 
5H-2,3-bdz -4.90998173 6-ring 6-ring PHE  289  (C) pi-pi 3.97 -0.0 
1H-2,4-bdz -4.89463186 6-ring 6-ring PHE  289  (C) pi-pi 3.94 -0.0 

 
Table 10.  S-score, bond interactions, bond Distances, and bond energy for the Co-crystallized Ligand (Diazepam) and the six ligands 
docked in the transmembrane domain (TMD) site at the α-β interface (site (c)). 

 S-score 
(Kcal/mol) 

Atom of 
Ligand 

Involved 
receptor 
atoms 

Involved 
receptor 
residues 

Type of 
interactions 

Distances 
(A°) 

Bond 
Energy 

(kcal/mol) 

Co-crystallized Ligand 
rmsd = 

0.487408489 -6.15904188 N15  23 6-ring PHE  289  (A) cation-pi 4.22 -0.7 

Complexe GABAA-ligand 

5H-1,2-bdz -4.95116711 / / / / / / 

1H-1,3-bdz -4.92590475 7-ring CD ARG  269  (A) pi-H 4.73 -0.9 

3H-1,4-bdz -4.69323301 / / / / / / 

3H-1,5-bdz -4.62413931 / / / / / / 

5H-2,3-bdz -4.64065981 / / / / / / 

1H-2,4-bdz -4.79273367 / / / / / / 

 
Table 11.  S-score, bond interactions, bond Distances, and bond energy for the Co-crystallized Ligand (Diazepam) and the six ligands 
docked in the transmembrane domain (TMD) site at the β-γ interface (site (d)). 

 S-score 
(Kcal/mol) 

Atom of 
Ligand 

Involved 
receptor 
atoms 

Involved 
receptor 
residues 

Type of 
interactions 

Distances 
(A°) 

Bond 
Energy 

(kcal/mol) 
Co-crystallized Ligand 

rmsd = 
0.314423084 -6.44459772 CL   35 OD1 ASP  297  (E) H-donor 3.48 -0.7 

Complexe GABAA-ligand 
5H-1,2-bdz -4.54392052 / / / / / / 
1H-1,3-bdz -4.54438877 7-ring CB SER  280  (E) pi-H 3.86 -1.0 
3H-1,4-bdz -4.64406681 / / / / / / 
3H-1,5-bdz -4.63208199 / / / / / / 
5H-2,3-bdz -4.47868633 N    3 NE2 GLN  224  (A) H-acceptor 2.92 -1.3 
1H-2,4-bdz -4.5871954 / / / /  / 
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4. Conclusions  

In this paper, a combined approach based on conceptual-
DFT theory and molecular docking simulations were 
performed to investigate the chemical reactivity of six 
Benzodiazepine analogs. Chemical reactivity descriptors 
derived from the conceptual DFT were determined and 
discussed to explain the global and local reactivity of the six 
studied analogs. Also, long-range interactions were studied 
using the quantitative analyses of the molecular electrostatic 
potential on van der Waals surface to identify the nucleophilic 
and electrophilic sites. A statistical analysis determined the 
robustness of each population method toward the used basis 
sets, the density-based method Hirshfeld presents the best 
performance and therefore exhibits high robustness against 
the basis set quality. Both global and local conceptual DFT-
based descriptors were performed to provide information 
about global and local reactivity. The dual descriptor led to a 
fairly good prediction of favorable electrophilic and 
nucleophilic sites, making it possible to easily direct the 
reagents to the desired positions during the creation of new 
derivatives as mentioned for the 3H-1,4-bdz structure. The 
quantitative ESP analysis exhibited that the ability of each 
atomic site to interact electrostatically with the long-distance 
nucleophilic and electrophilic entities differed from structure 
to another. As well, the molecular docking results indicated 
that the six studied structures have converging binding 
affinities and despite this, each ligand has a different binding 
mode with the target sites. The interpretation of the results 
was given based on the quantitative analyses of ESP on van 
der Waals surface. 

Finally, this work is an expansion to theoretical researches 
related to the study of heterocyclic compounds of 
pharmaceutical interest using DFT theory in combination with 
molecular docking simulation. The results obtained in this 
study allow deepening the understanding, from a theoretical 
point of view, of the chemical reactivity of six benzodiazepine 
basic structures. This work will certainly stimulate similar 
studies on a larger range of organic reactions. 
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