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Abstract 

A computational model has been created for the judicious plan of bioactive pharmacophore destinations as 

antiviral up-and-comers dependent on the accessible X-beam structure. The compound has been screened before 

antiviral action against HIV integrase (HIV IN). Amongst the series, the most potent compounds, 13 and 14 were 

tested in viral cultures for their ability to present potentials for anti-viral pharmacophore site and represent a low 

risk of toxicity. In addition, compounds 13 and 14 show potent anti-HIV IN activity. A good correlation was 

obtained between the theoretical predictions of bioavailability using POM suite (Petra/Osiris/Molinspiration 

containing Lipinski’s rule-of-five) and experimental verification. The structure-activity relationship was also 

analyzed to prove the POM results. 

 

Keywords: -amino dicarbonyl compounds, Amide-containing diketoacids Virtual screening (POM), Anti-viral 

activity 3D-QSAR. 

* Corresponding author. Khalil Azzaoui, Tel: +212 677042082 

E-mail address: k.azzaoui@yahoo.com,  

 

 



I. El Meskini et al. / Arab. J. Chem. Environ. Res. 06 (2019) 112-125                                                                 113                                                                       

 

AJCER 

1. Introduction 

We have developed a technology platform in cooperation with the United States NCI and TACF, which 

can easily access a diverse library based on antibacterial, antitumor and anti-HIV pharmacophore sites, 

and adopt this technology to discover potent viruses’ inhibitors modelling the anti-bacterial/anti-fungal/ 

anti-viral pharmacophore sites [1]. There is considerable growing interest in these -amino Dicarbonyl 

Ligands as anti-viral agents, exhibiting potentially similar pharmacophore pockets to that observed for 

ligands. Several groups Reported [2,6], failed attempts to obtain definite antiviral activity in these 

compounds, thus making people doubt the structural requirements. In order to better understand the 

inhibitory mechanism of HIV Integrase (HIV IN) [8], a series of anti-HIV were used Collected literature 

[9] and studied anti-HIV IN enzymes through molecular docking. We will exemplify the principle of 

POM technology by successfully discovering the effective antiviral activity against HIV virus in vitro 

and compare it with experimental data A comparison between experiment and theoretical predictions of 

the anti-viral activity has enabled us to identify alternative anti-viral structures. Results from all aspects 

of this bioinformatic approaches will be discussed.  

For the preparation of such polydentate ligands, the aza-Michael reactions appear to be the key-step 

leading to the production of the -amino esters [10]. In fact, this kind of reaction has been widely 

employed to generate structurally diverse -amino dicarbonyl compounds, where the importance of the 

aza-Michael step can be seen from a large number of unconventional methodologies, as well as the broad 

range of applications [11]. Most of these unconventional methodologies have used Lewis acids, which, 

although leading to satisfactory yields, require to remove the Lewis acids [12]. Moreover, the use of an 

aqueous medium also has been successfully achieved [13]. Usually, these substrates are less reactive or 

conversely more resistant to undergo the Michael addition, resulting in the low conversion of the desired 

adducts [14]. From a synthetic point of view, this is a considerable limitation on the Michael reaction 

process and poses a significant challenge. 

 

Results and discussion 

1. Synthesis 

The synthesis of various -amino Dicarbonyl Ligands, introducing substituents on the terminal aryl ring 

(Scheme 1), and increasing the length of the carbon chain between the terminal benzene ring and the 

amide group, was previously reported in detail [5]. 

This efficient synthesis for a range of -amino Dicarbonyl Ligands has been established. The flexibility 

of the synthesis could allow further development of a wide range of derivatives able to coordinate 

selectively with one or two transition metal centers.  
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Scheme 1. Synthesis protocol of aminodicarbonyl compounds (10-20). 

 

 

Table 1. Investigation of the aqueous medium-promoted aza-Michael condensation. 
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2. Computational Studies 

2.1. Computational methods 

In the context of this study, all stationary points involved in this nucleophilic addition reaction were 

optimized using the B3LYP functional together with the standard 6-31G(d) basis set. The stationary 

points were characterized by frequency computations in order to verify [15] that TSs have one and only 

one imaginary frequency. The IRC paths were traced in order to check the energy profiles connecting 

each TS to the two associated minima of the proposed mechanism using the second-order González–

Schlegel integration method. Solvent effects of water were taken into account by single-point energy 

calculations using the conductor-like polarizable continuum model (CPCM) developed by Tomasi’s 

group in the framework of the self-consistent reaction field (SCRF) [15]. The global electron density 

transfer (GEDT) [16] was computed by the sum of the natural atomic charges (q), obtained by a natural 

population analysis (NPA) [16], of the atoms belonging to each framework (f) at the TSs; GEDT = qf. 

The sign indicates the direction of the electron density flux in such a manner that positive values mean 

a flux from the considered framework to the other one. All computations were carried out with the 

Gaussian 09 suite of programs.  

The global electrophilicity index, ω, is given by the following expression, ω=(µ2/2η), in terms of the 

electronic chemical potential, μ, and the chemical hardness, η. Both quantities may be approached in 

terms of the one-electron energies of the frontier molecular orbitals HOMO and LUMO, εH and εL, as 

µ≈(εH+εL)/2 and η=(εL−εH), respectively. The empirical (relative) nucleophilicity index33.34 N, based on 

the HOMO energies obtained within the Kohn–Sham scheme35, is defined as N = EHOMO(Nu) − 

EHOMO(TCE), where tetracyanoethylene (TCE) is the reference, because it presents the lowest HOMO 

energy in a long series of molecules already investigated in the context of polar organic reactions. 

Besides the global electrophilicity index, it is possible to define its local (or regional) counterpart 

condensed to atoms. The local electrophilicity, ωk, or local nucleophilicity Nk, condensed to atom k is 

easily obtained by projecting the global quantity onto any atomic center k in the molecule by using the 

Parr function. ωk= ω.
+

kP  and Nk= N. 
−

kP . The electrophilic, +

kP , and nucleophilic, −

kP , Parr functions, were 

obtained through the analysis of the Mulliken ASD of the radical anion and the radical cation by single-

point energy calculations over the optimized neutral geometries using the unrestricted UB3LYP 

formalism for radical species. 

 

2.2. POM Analyses of compounds  

The POM theory can determine the type of degree points for pharmacodynamics [6]. POM must have 

become a the most famous recent method often used [7] to generate 2D models Identify and point out 
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the effects of antibacterial, antiviral and the antifungal activity changes with chemical substitution and 

partial charge distribution. In fact, the real advantage of POM theory is the ability to easily predict the 

biological activity of molecules and show the relationship between space / static properties and 

biological activity in the following form Pharmacodynamic degree points; this provides not only the key 

features of ligand-receptor interaction, but also the key features. The topology of the receptor coexists 

with tautomerism, isomerism and ring opening / closing Process. 

 

 

  

 

Scheme 2. Antiviral pharmacophore sites for 13 and 14 

 

2.2.1. Osiris calculations 

OSIRIS Property Explorer used in this study It is part of Actelion's internal substance registration 

system. It allows you to draw chemical structures and Real-time calculation of various drug-related 

properties as long as the structure is valid. Forecast results are valuable and coding. High-risk 

characteristics with adverse consequences If the mutagenicity or intestinal malabsorption is expressed 

as (-), and (+) Indicates that the drug meets Behavior (Table 2). 

 

Table2. Osiris calculations of compounds. 

Compd. MW 

ToxicityRisks[a] 

 

Osiris calculations[b] 

MUT TUM IRRI REP cLogP cLogS DL DS 

13 445    
  4.81 -4.95 -15.00 0.24 

14 417    
  3.79 -3.80 -13.10 0.34 

 

2.2.2. Molinspiration Calculations  

Calculate the biological activity score (BS) of synthetic compounds with different parameters (such as 

TPSA, NH --- O or N-HO interaction and molecular volume) and compare it with some standard drugs 

Calculate all mentioned parameters with the help of Molinspiration online software 
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(www.molinspiration.com), which can predict the intermediate biological activity of synthetic 

compounds (L1-L11). As presented in Table 3. 

 

Table 3. Molinspiration calculations of compounds. 

 

 
2.3. Molecular docking and molecular dynamics simulations  

The integrase (IN) strand transfer inhibitors (INSTI) including BIC: bictegravir (BIC), dolutegravir 

(DOL), and elvitegravir (ELV) were designed in silico using the MarvinSketch v.14.7.14.0 software [8]. 

The consensus sequence representing the Cameroonian HIV-1 subtype CRF02_AG IN was generated 

using the CRF02_AG study sequences (n=37) as previously reported [9], accession number: MN816445-

MN816488. The protein 3D structure was generated by using the SWISS-MODEL server, as a fully 

automated protein homology modeling work-flow. The AutoDock algorithm was implemented to 

perform the molecular docking with default settings. The binding site was determined according to the 

information obtained from the SIVrcm intasome bound to BIC (PDB ID: 6RWM) with Cartesian 

coordinates of 229.36 Å (x-axis), 226.86 Å (y-axis), and 191.68 Å (z-axis) [8]. The PyMOL molecular 

imaging software and the in-house Python data processing scripts were utilized to calculate the inhibition 

constants (Ki) from the ∆Gbind (Gibbs free energy of binding) values, generate high-quality graphics, 

and analyze the results (PyMOL Molecular Graphics System, Version 1.7.2.1, Schrödinger, LLC). The 

linear regression analysis was performed using the GraphPad Prism v.7 software for Windows.  

 

Table 4. Binding affinities of analyzed compounds to HIV-1 IN 

Compound ΔGbind (kcal/mol) Ki (μM) EC50 (nM) 

BIC -7.17 5.31 0.02* 

DOL -6.53 15.71 0.08* 

14 -6.45 17.99 0.09 

ELV -6.21 21.01 0.11 

*: Susceptibilities of HIV-1 IN to INSTI compounds in TZM-bl cells [7] 
 

 

After in silico screening of N,O,O-ligands (n = 15, Scheme 1) to estimate their binding affinity to the 

HIV-1 IN protein, most of them were found to be non-binders (∆Gbind > −6.0 kcal/mol) except for 

compound 14 (∆Gbind = −6.45 kcal/mol). This hit compound represented the binding affinity to the 
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N  
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KI 
NRL P I EI 

13 445.56 6.32 55.85 0 1 429.32 -0.23 -0.27 -0.35 -0.03 -0.23 -0.30 

14 417.93 5.22 55.85 0 1 388.25 -0.04 -0.09 -0.40 -0.29 -0.17 -0.26 
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protein target comparable to the INSTI drugs (positive control), which was lower than for BIC and DOL 

but higher than that of ELV (Table 4, Figure 6). Finally, the linear relationship was determined with 

reliable statistics (R2 = 0.99, P-value = 0.0006) between the experimental data as half-maximal effective 

concentrations (EC50) published elsewhere and predicted inhibition constants (Figure 7). 

 

 
 

Fig 6. Binding conformations predicted from the AutoDock runs for BIC (A), DOL (B), ELV (C), and compound 

14 (D) bound to HIV-1 IN. The protein binding site is shown by molecular surface and colored according to the 

protein atomic composition. All protein residues are drawn as ball-and-stick models. Hydrogen bonds are 

visualized as dashed lines. The ligand molecules are depicted in sticks and hydrogen atoms were removed to 

enhance clarity.   

 
Fig 7. Linear relationship between the predicted binding constants calculated from the docking studies of INSTI 

with HIV-1 IN and the experimental EC50 values determined from the TZM-bl cells-based assay. 
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2.4.2 Quantum chemical study 

In the context of this study, all stationary points involved in this nucleophilic addition reaction were 

optimized using the B3LYP functional together with the standard 6-31G(d) basis set. The stationary 

points were characterized by frequency computations in order to verify that TSs have one and only one 

imaginary frequency [21]. The IRC paths were traced in order to check the energy profiles connecting 

each TS to the two associated minima of the proposed mechanism using the second-order González–

Schlegel integration method [22]. Solvent effects of water were taken into account by single-point 

energy calculations using the conductor-like polarizable continuum model (CPCM) developed by 

Tomasi’s group in the framework of the self-consistent reaction field (SCRF). The global electron 

density transfer (GEDT) was computed by the sum of the natural atomic charges (q), obtained by a 

natural population analysis (NPA), of the atoms belonging to each framework (f) at the TSs; GEDT = 

qf. The sign indicates the direction of the electron density flux in such a manner that positive values 

mean a flux from the considered framework to the other one. All computations were carried out with the 

Gaussian 09 suite of programs [23].  

The global electrophilicity index, ω, is given by the following expression, ω=(µ2/2η), in terms of the 

electronic chemical potential, μ, and the chemical hardness, η. Both quantities may be approached in 

terms of the one-electron energies of the frontier molecular orbitals HOMO and LUMO, εH and εL, as 

µ≈(εH+εL)/2 and η=(εL−εH), respectively. The empirical (relative) nucleophilicity index [22] N, based 

on the HOMO energies obtained within the Kohn–Sham scheme35, is defined as N = EHOMO(Nu) − 

EHOMO(TCE), where tetracyanoethylene (TCE) is the reference, because it presents the lowest HOMO 

energy in a long series of molecules already investigated in the context of polar organic reactions [23, 

28]. Besides the global electrophilicity index, it is possible to define its local (or regional) counterpart 

condensed to atoms. The local electrophilicity, ωk, or local nucleophilicity Nk, condensed to atom k is 

easily obtained by projecting the global quantity onto any atomic center k in the molecule by using the 

Par function. ωk= ω.
+

kP  and Nk= N. 
−

kP . The electrophilic, +

kP , and nucleophilic, −

kP , Parr functions, were 

obtained through the analysis of the Mulliken ASD of the radical anion and the radical cation by single-

point energy calculations over the optimized neutral geometries using the unrestricted UB3LYP 

formalism for radical species [29]. Global and local electrophilicity/nucleophilicity index analysis. 

Studies on polar organic reactions have shown that the analysis of the reactivity indices defined within 

the conceptual DFT36.37 (CDFT) is a powerful method to understand the reactivity in polar reactions. 

Consequently, the global CDFT indices, namely, the electronic chemical potential, µ, chemical hardness, 

η, electrophilicity, ω, and nucleophilicity, N, of the benzyl ethylamine and 2-(4-Chlorobenzylidene) 

ethyl malonate are given in Table 5.  
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Table 5. Electronic chemical potential (µ, in ev), chemical hardness (η, in ev), global ectrophilicity (ω, in eV) 

and global nucleophilicity N of amine and alkene. 

 µ η ω N 

benzyl ethylamine -2,87 6,03 0,68 3,22 

2-(4-Chlorobenzylidene) 

ethylmalonate 

-4,24 4,45 2,02 2,65 

 

The electronic chemical potential of benzyl ethylamine, µ= -2.87 eV, is higher than that 2-(4-

Chlorobenzylidene) ethylmalonate, µ= -4.4 eV, indicating that along with a polar reaction the GEDT35 

will flux from the benzyl ethylamine framework towards the 2-(4-Chlorobenzylidene) ethylmalonate 

one. In agreement with the GEDT computed at the TSs (see later) [30]. 

The benzyl ethylamine is a marginal electrophile ω = 0.68 eV, and a strong nucleophile N= 3.22 eV 

within the ω and N scal. 2-(4-Chlorobenzylidene) ethylmalonate has an electrophilicity ω index of 2.02 

eV, is then classified as a strong electrophile, and a nucleophilicity index of 2.65 eV, is classified as a 

moderate nucleophile. 

The high electrophilic character of 2-(4-Chlorobenzylidene) ethylmalonate and the high nucleophilic 

character of benzyl ethylamine make that alkene will act as the electrophile and amine as the nucleophile 

in this reaction with a large polar character [31]. 

Along with a polar reaction involving the participation of non-symmetric reagents, the most favorable 

reactive channel is that involving the initial two-center interaction between the most electrophilic center 

of the electrophile and the most nucleophilic center of the nucleophile. Recently, Domingo proposed the 

electrophilic +

kP and nucleophilic −

kP  Parr functions [32] as powerful tools in the study of the local 

reactivity in polar processes. Hence, in order to characterise the most nucleophilic and the most 

electrophilic centers of the species involved in this nucleophilic addition reaction, and, thus, to explain 

the regioselectivity experimentally observed, the electrophilic +

kP  Parr functions of 2-(4-

Chlorobenzylidene) ethylmalonate, and the nucleophilic −

kP  Parr functions of benzyl ethylamine were 

analysed (Scheme 3). 

Analysis of the nucleophilic −

kP  Parr functions of benzyl ethylamine indicates that the amine N1 

nitrogen, −

kP  = 0.44 ( NN1 = 1.44 eV ) is the most nucleophilic center of this species. On the other hand, 

analysis of the electrophilic +

kP  Parr functions of 2-(4-Chlorobenzylidene) ethylmalonate indicates that 

the C1 carbon, +

kP  = 0.31 ( ⍵C1 = 0.62 eV ) is also the most electrophilic center [33]. Consequently, the 

most favorable nucleophilic/electrophilic two centers interaction along C-N single bond formation will 

take place between the N1 nitrogen atom of amine and the C1 carbon atom of an alkene, in clear 

agreement with the regioselectivity experimentally observed,  
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Scheme 3. Locale electrophilicity ⍵k of 2-(4-Chlorobenzylidene) ethylmalonate in red, and the locale 

nucleophilicity Nk
 
of benzyl ethylamine in blue. 

 
Analysis of the stationary points involved in the reaction between 2-(4-Chlorobenzylidene) 

ethylmalonate and benzyl ethylamine indicates that this nucleophilic addition reaction takes place 

through a stepwise mechanism, two TSs, TS1 and TS2, and one intermediate, IN, have been located and 

characterized (Figure 4). In the first step of this mechanism is a nucleophilic attack to the carbon atom 

of alkene via the nitrogen atom of amine, forming an intermediate, IN. The calculated barrier is 8.97 

kcal mol-1. Whereas the formation of the zwitterionic intermediate IN is located 2.27 kcal/mol below 

than TS1. The second step, the C2 carbon of the alkene in IN rips off the ammonium proton, forming 

the corresponding product [34]. The calculated barrier is 33.70 kcal mol-1. This step corresponds to the 

rate-determining step of the stepwise process. 
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Fig 4. Schematic representation (energy vs reaction coordinate) of the nucleophilic addition reaction between 

benzylethylamine  and 2-(4-Chlorobenzylidene) ethylmalonate 
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The geometries of the TSs associated to the nucleophilic addition reactions between 2-(4-

Chlorobenzylidene) ethylmalonate and benzyl ethylamine are given in Figure 4. The lengths of the C–

N forming bonds at the TSs are: 1.846 (C1–N) Å at TS1 and 1.562 (C1–N), 1.333 (N–H) and 1.457 (C2–

H) Å at TS2. 

Numerous studies have shown a strong relationship between the polar character and the feasibility of 

organic reactions; the larger the GEDT at the TS is, the more polar and thus, faster, the reaction [35, 37]. 

In order to evaluate the electronic nature, i.e. polar or non-polar of the nucleophilic addition reaction 

between 2-(4-Chlorobenzylidene) ethyl malonate and benzyl ethylamine, the GEDT at the TSs was 

analyzed. The resulting values are reported in Figure 5. The natural charges at the TSs appear to be 

shared between the 2-(4-Chlorobenzylidene) ethylmalonate and benzyl ethylamine. The GEDT, which 

fluxes from amine to alkene at the TSs, is 0.45e at TS1 and 0.44e at TS2. These very high values indicate 

that these TSs have a polar character, in agreement with the high electrophilic character of 2-(4-

Chlorobenzylidene) ethylmalonate and the high nucleophilic character of benzyl ethylamine. 

 
 

Fig 5. Optimized geometries of the TSs, TS1, and TS2, associated with nucleophilic addition reaction of 2-(4-

Chlorobenzylidene) ethylmalonate benzyl ethylamine. The distances are given in Å. 

Conclusion 

These -amino Dicarbonyl Ligands, typically could form the highly stable combined pharmacophore 

sites [O=C C=C]. This structure allows us to program effective therapeutic drug candidates so that they 

have excellent chemical stability in terms of coordination chemistry and antiviral activity. Some active 

spiro-series tested previously, as anti-HIV agents are in the same desirable geometry. A number of 

important points emerge concerning the electronic and steric factors which have direct impact on 
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antiviral properties. The encouraging results we have recorded for the purposes of new drug designing, 

confirm that most of these compounds could be used for potential anti-viral activity after minor 

modifications. Based on their structural properties, these compounds could also be useful agents with 

potential activity. These results prompt several pertinent observations: (i) These types of DKAs can 

furnish an interesting model for studying the interaction of anti-biotics with viral targets because of the 

possible charge modification of substituents of pharmacophore group; (ii) The future rigid geometric 

conformation of pharmacophore site(s) enables us to prepare molecules for multi-therapeutic materials 

with high selectivity. 
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