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a b s t r a c t 

A new α-Hydrazinophosphonic acid (HDZPA) has been synthesized and its molecular structure was de- 

termined using spectroscopic methods. The Density Functional Theory (DFT) at the B3LYP/6–31 G (d,p) 

level was utilized to determine the electronic properties, vibrational modes and active sites of the ex- 

amined molecule. In this context, some quantum chemical parameters have been calculated in order 

to discuss the reactivity of the studied molecule. Also, the inhibition activity of the investigated α- 

Hydrazinophosphonic acid for SARS-CoV-2 main protease (M 

pro ) and RNA dependent RNA polymerase 

(RdRp) has been predicted using in silico docking. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

The COVID-19 is an abbreviation of the Coronavirus disease 

019. At first, the COVID-19 is started as an epidemic in the Chi- 

ese city of Wuhan in December 2019, afterward it quickly prop- 

gated in Chinese territory and outside [ 1 , 2 ]. Two months later, 

he WHO declares the COVID-19 as a pandemic [3] . In general, the 

rincipal diseases caused by COVID-2019 are respiratory problems 

nd gastrointestinal [4] . 

Presently, no known special, confirmed and efficient anti- 

oronavirus drug is discovered or developed. However, several 

rugs are also tested in clinical trials as effective treatments of 

OVID-19 patients such as the old antimalarial drug Hydroxy- 

hloroquine and the new antiviral drug developed for Ebola virus 

emdesivir. In this context, a recent published paper reports that 

he treatment including Remdesivir and Chloroquine drugs in- 

ibits the growth process of SARS-CoV-2 in vitro [5] . Furthermore, 

emdesivir has proved an important efficacy against SARS-CoV-2 

hether in vitro or in vivo and has also started its clinical ex- 
∗ Corresponding author. 
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eriments [6] . Also, several clinical tests realized in China show 

hat Chloroquine presents a remarkable effect on the clinical re- 

ults and viral clearance [ 7 , 8 ]. Another recent research suggests 

he use of Hydroxychloroquine as a potential treatment of COVID- 

9 patients [9] . In addition, the paper published by Didier Raoult 

t al. on March 2020 showed that the treatment containing Hy- 

roxychloroquine and Azithromycin presents a significant reduc- 

ion/disappearance of the viral load in COVID-19 patients [10] . 

The crystalline structure of SARS-CoV-2 main protease (M 

pro ) 

as been established at the first time by Liu et al., and the struc- 

ure of M 

pro is available for public access in the Protein Data Bank 

PDB) [11] . Generally, this enzyme is known by its vital role in the 

ransformation of the translated polyproteins [12] . On the other 

and, RNA-dependent RNA polymerase (RdRp) plays a pivotal role 

n virus replication and transcription of the viral genome [13] . So, 

 

pro and RdRp can be considered as targets to discover therapeutic 

gents to COVID-19. 

In general, the physicochemical and electronic characteristics 

f drug molecules can affect their chemical and biological activi- 

ies. Additionally, the quantum chemical calculations using Density 

unctional Theory (DFT) method are largely employed to determine 

he active sites of drugs and to correlate their activity with vari- 

us quantum chemical parameters [14-16] . In this context, several 

https://doi.org/10.1016/j.molstruc.2021.130480
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.130480&domain=pdf
mailto:n.chafai@univ-setif.dz
https://doi.org/10.1016/j.molstruc.2021.130480
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Fig. 1. Synthetic rout of the studied α-Hydrazinophosphonic acid ligand (HDZPA). 
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iological activities of the bioactive molecules can be extensively 

tudied using the DFT calculations [17-19] . 

The one-pot multicomponent reactions such as Mannich-type 

eaction and Kabachnik-Fields reaction are largely and efficiently 

sed in organic synthesis to prepare the biologically active com- 

ounds [20-24] . Several bioactive and pharmaceutical compounds 

ave been synthesized using one-pot multicomponent reactions 

ncluding antiviral [25] , anticancer [26] , anti-HIV [27] , antimalar- 

al and antiinsecticidal [28] , antipsychotic [ 29 , 30 ], antiparasitic 

31] , antidepressant [32] , antibacterial and antimicrobial [33] . The 

abachnik-Fields reaction is a three-component reaction including 

 carbonyl, an amine and a dialkylephosphite or a trialkylephos- 

hite. This reaction is very important in drug discovery studies and 

ainly used to synthesize α-aminophosphonates. 

This paper represents the results of an experimental and theo- 

etical study of a new α-Hydrazinophosphonic acid (HDZPA). So, 

he experimental part consists to synthesize the desired com- 

ound via one-pot three-component reactions and to determine 

ts molecular structure using spectroscopic methods such as UV–

is, FT-IR, 1 H NMR, 13 C NMR, and 

31 P NMR. On the other hand, 

he HDZPA has been theoretically investigated to locate their ac- 

ive sites, electronic and vibrational properties by means of DFT 

ethod at the B3LYP/6–31 G (d,p) level. The optimized molecular 

tructures, the vibrational spectra, the highest occupied molecular 

rbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 

roperties, dipole moments ( μ), Molecular Electrostatic Potentials 

aps (MEP), atomic charges, energy gap ( �E GAP ), hardness ( η), lo- 

al softness ( σ ), electronegativity ( χ ) and electrophilicity ( ω) are 

alculated for of the studied molecule. Finally, the synthesized α- 

ydrazinophosphonic acid was tested as a potential inhibitor for 

ARS-CoV-2 main protease (M 

pro ) and RNA dependent RNA poly- 

erase (RdRp) using in silico docking to support drug discovery. 

. Experimental 

.1. Materials and spectroscopic details 

All the chemical reagents employed for the HDZPA ligand syn- 

hesis were bought from Sigma-Aldrich and utilized without fur- 

her purification. The UV–Vis spectrum of the synthesized HDZPA 

igand was obtained in the range of 190–900 nm in aqueous so- 

ution by means of the Jasco V-650 UV–Vis spectrometer. In addi- 

ion, the JASCO 40 0 0 FTIR spectrometer was used to realize the 

T-IR spectrum of the investigated ligand in solid state at room 

emperature, and the obtained vibration frequencies were listed 

n the range of 60 0–40 0 0 cm 

−1 . NMR spectra were recorded on

 Bruker Avance 300 spectrophotometer operating at 300 MHz 

 

1 H) and 75 MHz ( 13 C) at 298 K using tetramethylsilane (0 ppm)

s the internal reference. NMR spectroscopic data were recorded 

n CDCl 3 ( δ= 7.26 ppm) using as internal standards the resid- 

al non-deuterated signal for 1 H NMR and the deuterated solvent 

ignal ( δ= 77.1 ppm) for 13 C NMR spectroscopy. Chemical shifts 

 δ) are given in ppm and coupling constants (J) are given in Hz. 

he following abbreviations are used for multiplicities: s = singlet, 

 = doublet, t = triplet, q = quartet, dd = doublet of doublets, and

 = multiplet. 

.2. Synthesis of the α-Hydrazinophosphonic acid ligand 

In this study, a new α-Hydrazinophosphonic acid lig- 

nd (HDZPA) was synthesized applying the Irani-Moedritzer 

ethod [34] . Accordingly, a mixture of 1.0 mmol of (4- 

ethylphenyl)hydrazine and 2.0 mmol of H 3 PO 3 has been 

issolved in 50 ml of water and 25 ml of HCl, then the mix- 

ure was refluxed for 4 h at 100 °C ( Fig. 1 ), whereas 2.0 mmol

f formaldehyde 36% was added dropwise to this mixture. After 
2 
he addition, the mixture was kept at the room temperature for 

nother 3 h under reflux. Also, TLC analysis was used to check 

he completion of the reaction. After the reaction was completed, 

 rotary evaporator has been used to eliminate the solvent under 

educed pressure. Finally, the obtained crude product was purified 

y means of chromatographic column of silica gel using ethyl 

cetate/MeOH (9.5:0.5, v/v). Moreover, the obtained brown solid 

HDZPA) was characterized by UV–Vis, FT-IR, 1 H NMR, 13 C NMR, 

nd 

31 P NMR. 

Yield 81%, M.p. 79.22 °C; IR (ATR, ν(cm 

−1 )) : 3621 (O 

–H), 

315 (N 

–H), 3250 (C 

–H Ar ), 2980 (C 

–H Alph ), 1611 (P-OH), 1269

N 

–C Ar ), 1202 ( P = O ), 1168 (N 

–N), 1020 (N 

–C Alph ), 684 (C-P);
 H NMR (300 MHz, CDCl 3 , δ(ppm)): 2.48 (s, 3H, -C H 3 ), 3.12 (d,

J H- P = 11.8 Hz, 4H, -C H 2 -), 5.08 (s, 4H, -O H ), 7.18 (d, J = 7.9 Hz,

H, H-Ar), 7.71 (d, J = 7.9 Hz, 2H, H-Ar), 8.92 (s, 1H, N H ); 13 C{ 1 H}

MR: (75 MHz, CDCl 3 , δ(ppm)): 23.9 (1C, - C H 3 ), 67.7 (2C, d,

J C- P = 36.8 Hz, N 

–CH 2 -), 114.1 (2C, C H Ar ), 129.9 (2C, C H Ar ), 133.3

1C, CH 3 - –C Ar ), 141.8 (1C, N 

–C Ar ); 
31 P NMR: (121 MHz, CDCl 3 ,

(ppm)): 8.77 (dt, 1J P- C = 87.1 Hz, 2J P- H = 116.4 Hz); UV–Vis (H 2 O),

max (nm): 244.76 and 327.25. MS (70 eV) m/z (%): 311 ( M + 1, 

.51), 310 ( M 

+ ·, 100), 309 (M ̶ 1, 4.2) (see Supporting Information). 

.3. Computational details 

Throughout this study, we applied the Gaussian 09 W program 

ackage to implement all quantum chemical calculations [35] . The 

eometry of HDZPA ligand was entirely optimized utilizing the DFT 

ethod through B3LYP hybrid functional at 6–31 G (d,p) basis set 

 36 , 37 ]. Also, this theory has been utilized to determine the vibra-

ional frequencies at the obtained optimized structure of HDZPA. 

e chose Density Functional Theory (DFT) with B3LYP/6–31 G (d, 

) level because the B3LYP functional has shown good results for 

rganic molecules. Also, the obtained results with B3LYP/6–31 G 

d, p) level are in good agreement with the experimental data, es- 

ecially with ATR-FTR and UV–Vis data. The 1 H, 13 C and 

31 P NMR 

pectra of HDZPA in the presence of CDCl 3 as solvent are predicted 

sing the GIAO method with the hybrid B3LYP at 6–31 G (d,p) ba- 

is set, while the electronic spectrum in the water was predicted 

y using the Time-dependent DFT calculations (TD-DFT) with the 

3LYP/6–31 G (d,p) method. The VEDA 4 program has been used 

o carry out various vibrational parameters and PED calculations 

38] . In addition, the calculated energies of the highest occupied 

olecular orbital (E HOMO ) and lowest unoccupied molecular orbital 

E LUMO ) have been utilized to determine various quantum chemi- 

al parameters such as the energy gap ( �E GAP ), dipole moments 

 μ), hardness ( η), local softness ( σ ), electronegativity ( χ ) and elec- 

rophilicity ( ω). Moreover, the following equations were applied to 

ompute the precedent parameters [ 39 , 40 ]: 

E GAP = E LUMO − E HOMO (1) 

= 

E LUMO − E HOMO 

2 

(2) 

= 

1 

η
(3) 
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Fig. 2. Crystal structures of M 

pro and RdRp. 
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Fig. 3. Experimental and calculated UV–Vis spectra of HDZPA. 
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.4. Molecular docking 

Molecular docking study was performed in order to evaluate 

inding affinity of the synthesized ligand against SARS-CoV-2 main 

rotease (M 

pro ) and RNA dependent RNA polymerase (RdRp). The 

election of M 

pro as target for docking study is due to its impor- 

ant role in processing of translated polyproteins, while the se- 

ection of RdRp is due to its importance in replication and tran- 

cription of the viral genome. The crystal structures of M 

pro and 

dRp were extracted from the PDB protein database with codes of 

LU7 and 7BV2 ( Fig. 2 ), respectively. For the HDZPA ligand we ap-

lied the obtained optimized geometry using DFT method at the 

3LYP/6–31 G (d,p) level. So, the Autodock software version 4.2.6 

as been utilized to execute the molecular docking process. The 

rid of 30 ×30 ×30 Ǻ3 was constructed to carry out docking simu- 

ations. The HDZPA-RdRp and HDZPA-RdRp complexes were visual- 

zed using Accelry’s Discovery Studio Visualizer. 

. Results and discussion 

.1. Spectral study 

.1.1. UV–vis analysis 

The experimental and theoretical UV–vis spectra of HDZPA 

 Fig. 3 ) were obtained in water at room temperature and they re-

eal tow absorption bands in the ultraviolet domain. The regis- 

ered experimental spectrum of the investigated ligand illustrates 

 band at 244.76 nm related to the π→ π ∗ transitions of the C = C

roup of the aromatic ring, which indicates that the electron or- 

ital jumps is from π bonding orbitals to π anti-bonding orbitals. 

lso, the band appeared at 327.25 nm is assigned to the n → π ∗
3 
ransitions related to the presence of heteroatoms (O, N and P) on 

he molecular structure of HDZPA, which indicates that the elec- 

ron orbital jumps is from non-bonding orbitals to π anti-bonding 

rbitals. In an atom or molecule, this type of transitions shows 

hat electrons move from low energy levels to higher energy lev- 

ls. Fig. 6 indicates that the experimental and calculated absorption 

pectra are in good agreement. Also, the calculated spectra shows 

 band at 256.07 nm associated to the π→ π ∗ transitions. In addi- 

ion, the calculated band observed at 320.07 nm is related to the 

 → π ∗ transitions of heteroatoms. 

.1.2. Vibrational analysis 

The vibrational frequencies, the vibrational mode assignments 

nd the potential energy distributions (PED) of the characteris- 

ic groups of HDZPA are presented in Table 1 . These results were 

elected from the obtained experimental and calculated infrared 

pectra. Also, the calculated frequencies are scaled using a scal- 

ng factor of 0.9614 [41] . As a result, a good harmony has been

bserved between the scaling calculated frequencies and the ex- 

erimental frequencies ( Fig. 5 ). Generally, the objective of the vi- 

rational analysis is to specify vibrational modes of a molecule. At 

3LYP/6–31 G (d,p), the studied compound with 35 atoms donates 

3N-6) i.e. 99 vibrational modes in the range 20.02–4126.00 cm 

−1 . 

o, the attribution of these 99 vibrational modes has been per- 

ormed to establish some correlation between structure and spec- 

rum. These 99 vibrational modes distinguish 34 stretching modes, 

3 bending modes and 32 torsional modes. All frequencies below 

00 cm 

−1 are not presented in Table 1 owing to their very com- 

lex mode compositions. Therefore, the analysis of the IR spectra 

resented in Fig. 4 and Table 1 confirms the existence of the fol- 

owing vibrational modes: 

.2.1. Phosphonic acid group (-PO(OH) 2 ) vibrations 

The phosphonic acid group (-PO(OH) 2 ) presents several vibra- 

ional modes such as ν( P = O ), ν(–OH), ν(P–O), and ν(C–P). Gener- 

lly, the vibrational modes related with this group are observed as 

edium to strong absorption peaks in IR spectra. The peak which 

s highest in wavenumber appeared at 3620 cm 

−1 is attributed to 

he O 

–H stretching vibrations. Also, the P = O stretching vibrations 

s observed at 1202 cm 

−1 , while the intense peak appeared at 1611 

m 

−1 is related to the P–O stretching vibrations. The stretching vi- 

rations of C–P are located at 684 cm 

−1 . Also, the presence of hy-

rogen bonds in the molecular structure of HDZPA can expanded 

he characteristic peaks of ν( P = O ) and ν(P–O) and there corre- 

ponding frequencies can be down-shifted below expected regions. 
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Table 1 

Experimental and calculated values of wavenumber for the selected vibrations of HDZPA. 

Assignment (% PED) Vibrational frequency (cm 

−1 ) 

Experimental Theoretical 

Unscaled Scaled 

ν O ̶ H (98) 3621 ( ν O ̶ H) 3788 3641 

ν N ̶ H (100) 3315 ( ν N ̶ H) 3425 3293 

ν C ̶ H Ar (96) 3250 (C ̶ H Ar ) 3353 3223 

νs C ̶ H Alph (97), β H 

–C-H (96) 2998 ( νs C ̶ H Alph ) 3142 3020 

νs C ̶ H Alph (94), β HCN (24) 2980 ( νs C ̶ H Alph ) 3117 2996 

νas C ̶ H Alph (84), β HCC (29), ρ CCHC (45), ρout CCCH (57) 2884 ( νas C ̶ H Alph ) 3108 2988 

ν C = C (42), ν P ̶ OH (40), β CCH (22), ρ CCHC (14) 1611 ( ν P ̶ OH) 1674 1609 

γ C –H (25), β HCN (20), ρ OPHC (18) 1411 ( γ C –H) 1459 1402 

α C –H (34), β HCN (16), β HCH (12) 1378 ( α C –H) 1393 1342 

ω C –H (39), β HCH (10), ρ HCHP (13) 1351 ( ω C –H) 1382 1328 

ν N ̶ C Ar (52), α C –H (31), β CCH (13), β CCN (18), β HCH (22), ρout CCCH (11) 1269 ( ν N ̶ C Ar ) 1283 1234 

ν P = O (33), γ C –H (28), γ PCH (34) 1202 ( ν P = O ) 1242 1194 

ν N ̶ N (22), γ C –H (14), γ PCH (31), ω C –H (24) 1168 ( ν N ̶ N) 1186 1140 

ω C –H (24), β HCP (32), β HCH (25), ρ HCNC (16), ρ OPCN (19) 1084 ( ω C –H) 1125 1081 

γ C –H (35), δ C –H (10), β C –N (12), ρ P-O (43) 1041 ( ρ P-O) 1066 1024 

ν N ̶ C Alph (34), β HCC (23), β CCC (28), ρ CCHC (10) 1020 ( ν N ̶ C Alph ) 1052 1011 

δ C –H (41), γ C-P (27), β HCC (13), β OPC (12), β HOP (11), ρ OPCN (10) 748 ( γ C-P) 772 742 

δ C –H (17), ν C-P (24), β HOP (26), β HCH (32), ρ OPC (14) 684 ( ν C-P) 714 686 

ν: stretching, γ : rocking, α: scissoring, δ: twisting, ω: wagging, β: in plane bending, ρ: torsion, ρout : out plane bending, s: sym- 

metric, as: asymmetric. 

Fig. 4. Experimental and calculated IR spectra of HDZPA. 
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of HDZPA. 
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he symmetric and asymmetric stretch modes of the (P-O) are ap- 

eared at 1020 and 1102 cm 

−1 , respectively. In addition, the defor- 

ation mode of the (P-O-H) appears clearly at 983 cm 

−1 . 

.2.2. N 

–H stretching vibrations 

In general, the N 

–H stretching vibrations are facilely determined 

y the apparition of a sharp peak at highest wavenumbers. For the 
4 
nvestigated molecule, the asymmetric and symmetric stretching 

ibrations of N 

–H are located at 3315 cm 

−1 . Also, the N 

–H out of

lane bending vibrations are situated at 621 cm 

−1 . The N 

–H bend- 

ng vibrations of the secondary amine (N 

–H wagging) are observed 

etween 652 and 910 cm 

−1 . 

.2.3. C –H vibrations 

The molecular structure of HDZPA indicates the presence of 

he aromatic and aliphatic C 

–H stretching vibrations. So, the ob- 

ained peak between 3005 and 3250 cm 

−1 can be attributed to 

he aromatic C 

–H asymmetric and symmetric stretching vibrations. 

lso, the asymmetric and symmetric stretching vibrations of the 

liphatic C 

–H (CH 2 and CH 3 groups) are obtained at 2980 and 

848 cm 

−1 , respectively. Also, the out of plane and in plane bend- 

ng vibrations of the aromatic C 

–H have been specified and pre- 

ented in Table 1 . In addition, all peaks appeared between 1400 

nd1250 cm 

−1 are assigned to the deformation modes of C 

–H. 

n experimental spectra, the CH 2 scissoring is attributed to 1495–

445 cm 

−1 , while the CH wagging is assigned to 1358–1322 cm 

−1 . 
2 
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.2.5. C –N vibrations 

The attributed peaks of the aromatic and aliphatic C 

–N stretch- 

ng vibrations of the studied ligand are situated at 1269 cm 

−1 and 

020 cm 

−1 , respectively. The thin peak located at 822 cm 

−1 may 

e due to C 

–N band vibration. Also, the calculated in plane bend- 

ng vibrations of C 

–N are observed at 468 and 497 cm 

−1 . 

.2.7. N 

–N vibrations 

The characteristic peak of the stretching vibrations of N 

–N 

roup is appeared with a medium intensity at 1168 cm 

−1 . Also, the 

ppeared peak at 791 cm 

−1 is associated to the symmetric wag. 

oreover, the peak situated at 885 cm 

−1 may be assigned to the 

n-plane bending vibrations of C 

–N-N. 

.2.8. C –C and c = c vibrations 

Generally, the C 

–C stretching modes of aromatic rings are ap- 

eared between 1400 and 1650 cm 

−1 . Consequently, for the stud- 

ed compound, the C 

–C stretching vibrations are observed at 1520 

nd 1742 cm 

−1 in the experimental IR spectrum. Also, the aro- 

atic C = C semicircular stretching vibrations are appeared be- 

ween 1625 and 1430 cm 

−1 . 

.1.3. NMR analysis 

The analysis of the experimental 1 H NMR spectrum of HDZPA 

ermits to determine the following characteristic signals: a singu- 

ar signal located at 2.48 ppm is related to the three protons of 

C H 3 group. The 4H of the two aliphatic ̶ C H 2 ̶ groups are ap-

eared as a doublets signal at 3.12 ppm and this can be proved 

y the obtained values of integration (3.9 ≈ 4H) and coupling con- 

tant ( J = 11.8 Hz) of the corresponded signal. Also, the 4H of 

he phosphonic acid groups ( ̶ O H ) are observed as a singular sig- 

al at 5.08 ppm. Moreover, the observed signals in the region of 

.05–7.15 ppm are attributed to the aromatic protons ( ̶ C H Ar ̶ , 4H). 

he proton of the ̶ N H group is appeared as a singular signal at 

.92 ppm. 

Furthermore, the elucidation of the obtained experimental 13 C 

MR spectrum of HDZPA shows the presence of the following char- 

cteristic signals: the carbon of the ̶ C H 3 group was observed as a 

ingular signal at 23.89 ppm. The tow signals situated at 67.70 ppm 

nd 68.19 ppm can be associated to the carbons of the two N ̶ C H 2 

groups. The carbons of the aromatic ring are observed between 

14.14 ppm and 133.37 ppm. 

The experimental 31 P NMR spectrum of HDZPA shows two sig- 

als at 8.42 ppm and 9.13 ppm, which confirms the presence of 

he phosphorus atoms in the molecular structure of ligand. Also, 

he obtained signals of the phosphorus atoms are revealed as a 

riplet due to their coupling with the two protons of the methy- 

ene group (N ̶ CH 2 ̶ P). Indeed, in the case where the molecule 

ontains a phosphorus atom, then this one couples with the nuclei 

f spin ½. The NMR signals are therefore duplicated. Thus we will 

bserve coupling constants of the 3 J and 4 J type. 

Thus, for HDZPA all the carbons and protons shown will couple 

ith phosphorus. The most striking example is that of carbons of 

ethylene groups (N ̶ C H 2 ̶ P) for which there will be a coupling

onstant J = 13.9 Hz. 

On the other hand, the results presented in Table 2 show that 

he calculated NMR chemical shifts for HDZPA are in agreement 

ith the experimental chemical shifts. On the other hand, we ob- 

erve better correlations are obtained for the H and P atoms in 

olvent than the C atoms. Also, we observe in the 1 H NMR results 

hat the theoretical values were larger than those obtained in the 

xperimental measurements. 
5 
.2. DFT study 

.2.1. Optimized molecular structures 

In Fig. 2 (a) we present the obtained optimized molecular ge- 

metry of HDZPA ligand. Additionally, the calculated value of 

otal energy for this molecule at the optimal structure was 

43,437.641 eV, which signifies the energy of the more stable con- 

ormation of the studied ligand. 

.2.2. Frontier molecular orbital analysis 

Generally, the reactivity and the stability of drug molecules can 

e described significantly using the HOMO and LUMO orbitals and 

heir energies. Also, the aptitude of a molecule to contribute elec- 

rons to an electrophilic species can be examined by HOMO, while 

he ability of a molecule to accept electrons from nucleophilic 

pecies may be determined using LUMO [42] . So, the capacity of 

 molecule to give electrons to an acceptor species is favored by 

he high values of E HOMO [43] , whereas the ability of a molecule to 

ake electrons is preferred by the low values of E LUMO [44] . On the

ther hand, the energy gap ( �E GAP ) of drug molecules is an im- 

ortant parameter to determine their reactivity and stability [45] . 

dditionally, the calculated value of �E GAP can explain the charge 

ransport interactions in the molecule. In general, �E GAP repre- 

ents the necessary energy to excite the electrons of a molecule. 

lso, molecules can be highly chemically reactive, unstable and ex- 

ited easily when �E GAP is smaller, while it can be very stable and 

ess chemically reactive if �E GAP is very large [46] . 

Figs. 6 (c) and 6(d) illustrate the calculated HOMO and LUMO 

rbitals for the HDZPA ligand. Generally, the green color character- 

zes the negative phases, whereas the red color indicates the pos- 

tive phases [39] . So, we observe from Figs. 6 (c) and 6(d) that the

OMO and LUMO are frequently located on the aromatic ring, the 

mino and methylene groups. On the outer hand, we observe from 

able 3 that the HDZPA molecule has an elevated value of E HOMO 

nd E LUMO , which signifies that the HDZPA can liberate electrons 

o an acceptor molecule. Moreover, the calculated value of �E GAP 

ndicates the stability and the reactive of HDZPA. 

.2.3. Molecular surface electrostatic potential (MEP) 

One of the helpful ways of quantum chemical calculations used 

o determine the active sites of drug molecules is the measure of 
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Table 2 

Experimental and calculated NMR chemical shifts ( δ in ppm) for HDZPA. 

1 H NMR 13 C NMR 31 P NMR 

Experimental Calculated Experimental Calculated Experimental Calculated 

2.48 2.10 23.84 12.55 8.42 8.94 

3.12 3.90 67.95 52.03 9.13 8.95 

5.08 5.10 68.2 57.34 

7.05 8.50 114.14 113.76 

7.08 8.58 120.36 115.22 

7.12 8.58 122.15 115.31 

7.15 8.61 129.35 115.79 

8.92 8.80 129.67 125.11 

137.37 130.98 

Table 3 

Calculated quantum chemical parameters of HDZPA 

using DFT/B3LYP 6–31 G (d,p) method. 

Quantum chemical parameters HDZPA 

E Tot (eV) – 43437.641 

E HOMO (eV) – 7.9536200 

E LUMO (eV) – 0.1333359 

�E GAP (eV) 7.8202841 

μ (Debye) 4.87960000 

η (eV) 3.91014205 

� 0.25574518 

χ (eV) 4.04347795 

ω 2.09068030 

t
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Table 4 

Calculated Mullikan atomic charges of 

HDZPA. 

Atom Mulliken Charge 

C1 - 0.1602500 

C2 - 0.2060730 

C3 0.2726000 

C4 - 0.1716900 

C5 - 0.1688970 

C6 - 0.0401750 

H7 0.1619580 

H8 0.1675950 

H9 0.1784940 

H10 0.1600150 

C11 - 0.3415360 

H12 0.1276730 

H13 0.1287390 

H14 0.1330520 

N15 - 0.5272320 

H16 0.3072080 

N17 - 0.4714520 

C18 - 0.2857870 

H19 0.1834720 

H20 0.1942020 

C21 - 0.2843220 

H22 0.1780410 

H23 0.1889790 

P24 1.5113980 

O25 - 0.7163540 

H26 0.4000000 

O27 - 0.7174640 

H28 0.4056340 

O29 - 0.7042910 

O30 - 0.6919460 

H31 0.4038440 

O32 - 0.7710550 

O33 - 0.7617180 

H34 0.4031740 

P35 1.5141630 

a

a

t

p

P

3

r

l

t

t

t

T

a

o

heir molecular electrostatic potential (MEP) maps. In general, the 

EP of molecules is associated to their electronic densities and 

an elucidate their chemical activities, electrostatic effects and par- 

ial charges. Also, MEP map is a visual method which we can used 

argely to identify the relative polarity of molecules and to estab- 

ish their negative and positive electrostatic potentials [47] . Addi- 

ionally, the total electrons density plotted with electrostatic po- 

ential surface can be used to characterize the charge density, the 

imension and the form of the active sites and to locate the place 

f the chemical reactivity of molecules. So, the 3D maps presen- 

ation of the electrostatic potential variation is represented by a 

radient of colors. In principle, the negative electrostatic poten- 

ials regions related to the electrophilic reactions are graphically 

resented in yellow and red colors, while the positive electrostatic 

otentials corresponding to the nucleophilic reactions sites are il- 

ustrated in blue color. Moreover, the zones of nil potential are pre- 

ented in green color and the evolution of the potential obeys the 

equence red < orange < yellow < green < blue [48] . 

The calculated 3D MEP maps of HDZPA by means of DFT 

ethod are displayed in Fig. 6 (b). The examination of the achieved 

EP map elucidates that the yellow and red zones are situated on 

he O33, O32, O27, O29, O30, and O25, which proves that these 

toms are the probable sites of the electrophilic reactions. Also, 

he aromatic ring is accounted as negative regions. Conversely, the 

reen and blue colors are observed in the region of the carbon and 

ydrogen atoms, which represent the positive sites designated for 

he nucleophilic reactions. 

.2.4. Mulliken atomic charges 

The estimation of the partial atomic charges of molecules can 

e provided by Mulliken charges analysis. Furthermore, the ad- 

orptive sites of drug molecules can be proved by determination of 

heir atomic Mulliken charges. In this context, the obtained values 

f the atomic Mulliken charges of HDZPA are regrouped in Table 4 . 

he examination of the obtained results indicates that the oxygen 

nd nitrogen atoms have the most negative charges, which is due 

o the molecular relaxation. As well, the hydrogen atoms cover the 

ositive charges. In particular, the largest part of negative charges 
6 
re localized on the O27, O25, O29, O30, O32, O33, N15 and N17 

toms of HDZPA, which are possibly the active centers of adsorp- 

ion [49] . Generally, the heteroatoms (N and O) can share their 

airs of electrons with acceptor molecules. In addition, the P24 and 

35 atoms of HDZPA have the majority positive charges. 

.2.5. Dipole moment 

The dipole moment (μ) can be used to evaluate the chemical 

eactivity of molecules. In general, the value μ designates the po- 

arity of drug molecules, which is correlated to the fractional elec- 

ric charge distribution in these molecules [50] . As well, the impor- 

ance of μ illustrates in the mechanism of reactions and designates 

he ability of molecules to interact with other molecular species. In 

able 3 we present the calculated value of μ for the examined lig- 

nd. The examination of this value indicates that the HDZPA ligand 

ffer high abilities to interact with surrounding medium. 



K. Benbouguerra, N. Chafai, S. Chafaa et al. Journal of Molecular Structure 1239 (2021) 130480 

3

t

n

(

t

r

m

s

d

s

t

p  

g

l

r

i

o

o

η
v

e

t

[

g

ω
e  

e

s

3

R

t

i

T

m

i

t

o

F

o  

o

t

b

d

F

G

d

H

i

i

F

w

c

C

e

C

t

m

l

Fig. 7. Best docked model visualization of HDZPA ligand with SARS-CoV-2 main 

protease (a) and RNA dependent RNA polymerase (b). 
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.2.6. Global reactivity descriptors 

The calculated values of E HOMO and E LUMO have been used 

o calculate the global reactivity parameters such as local soft- 

ess ( σ ), hardness ( η), electrophilicity ( ω) and electronegativity 

 χ ). Also, the relation between the stability of molecules and 

heir global chemical reactivity can be determined using these pa- 

ameters [51] . Generally, the chemical reactivity and stability of 

olecules can be evaluated measuring their hardness and local 

oftness. In addition, the resistance of drug molecules against the 

eformation of their electron clouds or polarization can be mea- 

ured by the hardness. Moreover, hard molecules are described by 

he elevated values of �E GAP , whereas the soft molecules are ex- 

ressed by the low values of �E GAP . On the outer hand, the high

ap energy value indicates that the molecule is more stable and 

ow reactive, while the small gap energy value is related to high 

eactivity and low stability of the molecule. So, the �E GAP is an 

mportant parameter to determine the stability and the reactivity 

f molecules. From the presented values of η and σ in Table 3 , we 

bserve that HDZPA has an elevated value of σ and least value of 

, which indicates its high reactivity. Furthermore, the calculated 

alue of χ indicates that HDZPA is an electronegative species. 

The electrophilicity of molecules estimate their abilities to take 

lectrons. As well, the elevated values of ω prove the better elec- 

rophility, whereas the low values of ω signify a poor electrophile 

52] . According to the electrophilicity value, we can classify the or- 

anic molecules into three categories: marginal electrophiles with 

< 0.8 eV, moderate electrophiles with 0.8 <ω< 1.5 eV and strong 

lectrophiles with ω> 1.5 eV [53] . From Table 3 we note that the

xamined ligand is a marginal electrophile with ω < 0.8 eV. 

We can observe clearly a good correlation between MEP analy- 

is results and the calculated values of global reactivity descriptors. 

.3. Molecular docking analysis 

The molecular docking between HDZPA ligand and the M 

pro and 

dRp receptors was executed to define the appropriate conforma- 

ion of the HDZPA in the receptor and the secondary forces result- 

ng between HDZPA and the active amino acids of the receptor. 

his leads to the development of new drug designs. Based on the 

inimum binding energy, the non-covalent bonds, π- π ∗ and π- σ
nteractions between the active amino acids of the M 

pro and RdRp 

arget receptors and the HDZPA ligand were tested. 

Fig. 7 represents crystal structures of the best docked modes 

f M 

pro -HDZPA and RdRp-HDZPA complexes. We can observe from 

igs. 7 (a) and 7(b) that the HDZPA ligand prefers to bind in the 

uter structure of M 

pro , while it favors to bind in the inner pocket

f RdRp. 

Fig. 8 illustrates the detailed presentation of interactions of 

he investigated ligand with M 

pro and RdRp. Generally, the HDZPA 

inds with M 

pro and RdRp by means of various hydrogen and Van 

er Waals bonding interactions. For M 

pro , we can observe from 

ig. 8 (a) that the HDZPA interacts through H-bonding with HIS163, 

LY143, SER144 and LEU141 amino acids whereas bends with van 

er Waals forces with some amino acids such as GLN189, HIS41, 

IS164, MET165, GLU166 and PHE140. Generally, the hydrophilic 

nteractions included H-bonding whereas hydrophobic interactions 

mplicated van der Waals forces. In case of RdRp, we can see from 

ig. 8 (b) that the HDZPA interacts with just one hydrogen bond 

ith the A13 Nucleotide. Concerning van der Waals forces, HDZPA 

onnects with GLY590, THR591, LEU758, TRP598, PHE812, MET601, 

YS813, PHE594 and LYS593. The calculated values of the binding 

nergy of HDZPA and some drugs have been presented in Table 5 . 

omparing the obtained values of binding energy of HDZPA with 

hose of some drugs reported in the literature, we observe that our 

olecule presents the lowest values of bending energy in molecu- 

ar interactions with M 

pro and RdRp, which indicates that HDZPA 
7 
as the better binding affinity and the M 

pro -HDZPA and RdRp- 

DZPA complexes are more stable than these formed for Chloro- 

uine, Hydroxychloroquine and Remdesivir. 

In conclusion, the in silico docking results revealed that HDZPA 

s expected as a potential compound to treat COVID-19. On the 

ther hand, we recommend researchers to complete the in vitro 

nd in vivo studies of HDZPA with novel corona virus in order to 

onfirm the obtained docking results and to know the exact impact 

f the studied compound. 

. Conclusion 

In this research, the α-Hydrazinophosphonic acid has been syn- 

hesized in good yield using one-pot three-component reactions 

nd characterized using spectroscopic methods. Also, the quantum 

hemical study of HDZPA ligand has been performed applying DFT 

ethod at B3LYP/6–31 G (d,p) basis set. In this context, the optimal 

tructures, the vibrational spectra, the 3D MEP map, HOMO and 

UMO orbitals, �E GAP , dipole moments, Milliken atomic charges, 

ardness, local softness, electrophilicity and electronegativity have 

een calculated for the examined molecule. So, the essential find- 

ngs are described below. Firstly, the experimental and theoreti- 

al IR spectra of the investigated molecule were completely an- 

lyzed and the vibrational modes have been attributed. The cal- 

ulated values of E HOMO and E LUMO show that the HDZPA share 

heir electrons to an acceptor species. Also, the obtained values of 

E GAP indicate that the HDZPA is a reactive and instable species. 

he 3D MEP maps illustrate that the possibly sites of the elec- 

rophilic reactions are situated on the O33, O32, O27, O29, O30, 

nd O25 atoms. According the Mulliken charges results, the O27, 

25, O29, O30, O32, O33, N15 and N17 atoms of HDZPA are possi- 

ly the active sites of interaction. The obtained values of the global 

eactivity descriptors demonstrate that the HDZPA ligand is a pow- 
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Fig. 8. 3D and 2D Binding-interaction diagrams of HDZPA ligand with SARS-CoV-2 main protease (a) and RNA dependent RNA polymerase (b). 

Table 5 

Molecular docking results of HDZPA and some drugs with M 

pro and RdRp. 

Compounds M 

pro Binding energy in Kcal/mol RdRp Binding energy in Kcal/mol 

This work (HDZPA) −6.00 −7.70 

Chloroquine [54] −4.9 −5.4 

Hydroxychloroquine [54] −5.5 −5.6 

Remdesivir [ 55 , 56 ] −4.96 −7.60 

e

w
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e
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rful electrophile and electrons donor. The interaction of HDZPA 

ith M 

pro and RdRp revealed that the investigated ligand can be 

inds to M 

pro and RdRp by means of various bonding contacts. 

he calculated binding energies of M 

pro -HDZPA and RdRp-HDZPA 

omplexes indicated the ability of HDZPA to inhibit SARS-CoV-2. 

inally, the in silico docking results suggest that the studied α- 

ydrazinophosphonic acid has potential to be developed as a ther- 

peutic agent against SARS-CoV-2. 
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