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a b s t r a c t 

Four new α-aminophosphonic acids containing thiophene ring have been synthesized using simple, neat 

and catalyst-free conditions, more convenient and eco-friendly method under microwave irradiations. The 

structures of the title molecules have been confirmed by UV-Vis, FT-IR, 1 H NMR, 13 C NMR and 31 P NMR. 

Moreover, their antioxidant activity was evaluated using DPPH, ABTS and phenantroline methods; the 

obtained results indicate that the title molecules exhibit excellent activity better than standards BHT 

and BHA. Also, the synthesized compounds show a good antifungal activity against two fungi, Fusarium 

oxysporum and Alternaria alternata. In addition, molecular, electronic properties, stability and reactivity of 

the synthesized products were studied by the density functional theory (DFT). Furthermore, molecular 

docking investigations of the studied α-aminophosphonic acids showed a good inhibition of SARS-CoV-2 

main protease (Mpro). 

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

In late December 2019, a novel Coronavirus disease (COVID- 

9) caused by SARS-CoV-2 virus was identified in Wuhan, China 

1] . This virus is crown-shaped and has a diameter of 60-140 nm 

2] . COVID-19 spread rapidly, becoming deadly in several countries 

3] which confused the whole world and it becomes an epidemic 

4] . Two months later, it turned into a pandemic. 

The search for vaccines and drugs continues, which led us to 

ynthesis new bioactive molecules called α-aminophosphonates, 

tructural analogues of the corresponding α-amino-acids [5] . Gen- 

rally, α-aminophosphonates have a wide applications in the dif- 

erent fields such as medicinal chemistry, industry and agriculture 

hich may act as antiviral [ 6 , 7 ], cytotoxic to cancer cells [8–10] ,

nzyme inhibitors [11] , herbicide [12] and fungicide [13] . In ad- 

ition, the aromatic α-aminophosphonates containing thiophene 

eterocyclic rings are also very attractive and exhibit important bi- 

logical activities [14–16] . 

As a result, many methods for the preparation of diverse α- 

minophosphonates have been published using catalysts such as 
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eCl 3 [17–19] , CoCl 2 [20] , TaCl 5 -SiO 2 [21] , InCl 3 [22] and TiO 2 

23] . Furthermore, the ultrasound irradiation and microwave are 

onsidered as a successful alternative protocol to synthesis α- 

minophosphonates in good yields [24–27] . As part of our series 

f research in our laboratory [28–30] , we recently reported investi- 

ations on the course of microwave irradiations applied in organic 

ynthesis which has several advantages such as easy workup, re- 

ucing the reaction time from days to minutes, cleaner products, 

igher yields and environmentally benign which attract and en- 

ourage the organic chemists to use this method [31–33] . 

The biological and chemical activities of α-aminophosphonates 

an be affected by their electronic and physicochemical character- 

stics. In this context, the Density Functional Theory (DFT) method 

s widely used to perform quantum chemical calculations and to 

stablish the active sites of organic compounds [34–36] . Also, the 

olecular docking plays an important role in the design of new 

rugs [37] . 

In the present work, we report the synthesis of a new se- 

ies of α-aminophosphonic acids. Also, their molecular structures 

ave been determined using spectroscopic methods such as UV- 

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

31 P NMR. The antioxidant ac- 

ivity of the synthesized α-aminophosphonic acids has been eval- 

ated by DPPH, ABTS and phenantroline methods. In addition, 

https://doi.org/10.1016/j.molstruc.2021.131853
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.131853&domain=pdf
mailto:n.chafai@univ-setif.dz
mailto:nadjib82@gmail.com
https://doi.org/10.1016/j.molstruc.2021.131853
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Fig. 1. Synthesis sequences of α-aminophosphonic acids with (5N2TPA, 5N3TPA: R 1 = H, R 2 = NO 2 , 4M3TPA: R 1 = CH 3 , R 2 = H, 5M3TPA: R 1 = H, R 2 = CH 3 ) 
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he antifungal activity against two fungi such as Fusarium oxys- 

orum and Alternaria alternate was determined. Moreover, the op- 

imized geometries, frontiers molecular orbitals, Mulliken charges 

ave been constructed to understand the electronic properties of 

he title molecules using DFT calculations. In addition, the syn- 

hesized α-aminophosphonic acids were screened theoretically to 

xplore binding affinity, binding modes and molecular interactions 

gainst SARS-CoV-2 main protease (Mpro) using molecular dock- 

ng. 

. Experimental 

.1. Chemicals/instrumentations 

All chemicals were purchased from Sigma-Aldrich and used 

ithout purification. All reactions were monitored by thin-layer 

hromatography (TLC) on silica Merck GF254 plates. Microwave as- 

isted reactions were carried out using MWO720CR6S microwave. 

he melting points (m. p) of the obtained α-aminophosphonic 

cids were measured by open capillary method in BÜCHI melting 

oint B-540. UV-Vis spectra in ethanol were measured with a UV- 

is spectrophotometer (V-650 Jasco double beam). The FT-IR spec- 

ra were recorded in transmittance mode from 40 0 0 to 60 0 cm 

−1 

n a spectrometer type: FT-IR-4200 Jasco. 1 H NMR, 13 C NMR and 

1 P NMR are recorded on a Bruker spectrometer at 40 0, 133, 10 0

Hz, respectively using DMSO- d 6 as solvent. Chemical shifts are 

eported in units (ppm) with tetramethylsilane (TMS) as a refer- 

nce. 

.2. General procedure for the synthesis of α-aminophosphonic acids 

In this paper, new categories of α-aminophosphonic acids 

ere synthesized using four substituted aminophenols (nitro and 

ethyl group with two position orto and para ), two aldehydes 

2-thiophenecarboxaldehyde and 3-thiophenecarboxaldehyde) and 

hosphorous acid. Briefly, a mixture of 1 mmol of amine was dis- 

olved in ethanol and treated with phosphorous acid (1 mmol), 

hen thiophene carboxaldehyde (1 mmol) was added drop wise, 

nd the mixture was irradiated in microwave (100 watts) for 3- 

 min ( Fig. 1 ). Completion of the reaction was monitored by TLC 

nalysis. Finally, the crude product was purified in ethanol and 

ooled at room temperature. The synthesized α-aminophosphonic 

cids are obtained in good yields ( Table 1 ) and their structures 

ere determined using UV-Vis, FT-IR, 1 H NMR, 13 C NMR and 

31 P 

MR spectra. 
2 
.3. Analytical data 

.3.1. {[(2-hydroxy-4-nitrophenyl) amino] (thiophen-2-yl) methyl} 

hosphonic acid (5N2TPA) 

Black crystalline powder; Yield: 96.96 %; m.p 159.6 °C; UV-Vis 

EtOH), λmax (n) (nm): λmax(1) (392.84), λmax(2) (264.05), λmax(3) 

217.44); IR (solid state), ν(cm 

−1 ): 3597 (O-H), 3376 (N-H), 1610 

C = C aromatic ), 1252 (P = O), 1015 (C-N), 930 (P-O-H), 749 (P-C); 1 H

MR (400 MHz, DMSO-d 6 ), δ (ppm): 1.24 (1H, d, N-C H ), 5.93 (2H, 

, P-O- H ), 6.60 (1H, s, -C H Ar -), 6.63 (1H, s, -C H Ar -), 7.49 (1H, d,

C H Ar -), 7.53 (1H, s, -C H Ar -), 7.59 (1H, d, -C H Ar -), 7.61 (1H, d,

C H Ar -), 9.50 (1H, s, N- H ), 9.91(1H, s, -O H ); 13 C NMR (133 MHz,

MSO-d 6 ), δ (ppm): 109.14 (2C, - C H Ar ), 111.64 (2C, - C H Ar ), 118.76

2C, - C H Ar ), 136.03 (1C, - C H Ar ), 142.92 (2C, - C H Ar ), 146.01 (2C, -

 H Ar ); 
31 P NMR δ (ppm): 3.10. 

.3.2. {[(2-hydroxy-4-nitrophenyl) amino] (thiophen-3-yl) methyl} 

hosphonic acid (5N3TPA) 

Brown Crystals; Yield 95.75 %; m.p 148.8 °C; UV-Vis (EtOH), 

max (n) (nm): λmax(1) (392.84), λmax(2) (264.05), λ max(3) (217.44); 

R (solid state), ν (cm 

−1 ): 3594 (O-H), 3383 (N-H), 1606 (C = C 

romatic ), 1276 (P = O), 1002 (C-N), 930 (P-O-H), 742 (P-C); 1 H NMR 

400 MHz, DMSO-d 6 ), δ (ppm): 1.24 (1H, d, N-C H ), 5.92 (2H, s, 

-O- H ), 6.60 (1H, s, -C H Ar -), 6.62 (1H, s, -C H Ar -), 7.48 (1H, s, -

 H Ar -), 7.53 (1H, s, -C H Ar -), 7.58 (1H, s, -C H Ar -), 7.60 (1H, s, -C

 Ar -), 9.50 (1H, s, N- H ), 10.01 (1H, s, -O H ); 13 C NMR (133 MHz,

MSO-d 6 ), δ (ppm): 109.14 (2C,- C H Ar ), 111.65 (2C, - C H Ar ), 118.76 

2C, - C H Ar ), 136.03 (2C, - C H Ar ), 142.91 (2C, - C H Ar ), 146.01 (2C, -

 H Ar ); 
31 PNMR δ (ppm): 3.51. 

.3.3. {[(2-hydroxy-5-methylphenyl) amino] (thiophen-3-yl) methyl} 

hosphonic acid (4M3TPA) 

Yellow Crystalline powder; Yield 86.95 %; m.p 188 °C; UV-Vis 

EtOH), λmax (n) (nm): λmax(1) (278.54), λmax(2) (225.13), λ max(3) 

209.57); IR (solid state), ν (cm 

−1 ): 3577 (O-H), 3321 (N-H), 1605 

C = C aromatic ), 1262 (P = O), 10 0 0 (C-N), 930 (P-O-H), 720 (P-C); 1 H

MR (400 MHz, DMSO-d 6 ), δ (ppm): 2.08 (3H, s, C H 3 -), 1.23 (1H, 

, C H -), 4.25 (1H, s, N H -), 5.91 (2H, s, P-O- H ), 6.23 (1H, d, -C

 Ar -), 6.25 (1H, d, -C H Ar -), 6.43 (1H, d, -C H Ar -), 6.51(1H, s, -C 

 Ar -), 6.53 (1H, s, -C H Ar -), 7.5 (1H, s, N- H -), 8.7 (1H, s, -O H ); 13 C

MR (133 MHz, DMSO-d 6 ), δ (ppm): 20.75 (1C, C H 3 ), 114.86 (3C, 

 C H Ar ), 116.33 (2C, - C H Ar ), 118.11 (1C, - C H Ar ), 128.31 (2C, - C H Ar ),

35.46 (1C, - C H ), 142 (2C, - C H ); 31 PNMR δ (ppm): 3.19. 
Ar Ar 
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Table 1 

Yields and synthesis time of the studied α-aminophosphonic acids under microwave irradiations. 

Molecule R 1 R 2 Aldehyde Molecular weight (g/mol) Time (min) Yield (%) 

5N2TPA H NO 2 2-thiophene- carboxaldehyde 330 8 min 96.96 

5N3TPA H NO 2 3-thiophene- carboxaldehyde 330 4 min 95.75 

4M3TPA CH 3 H 3-thiophene- carboxaldehyde 299 0 min 86.95 

5M3TPA H CH 3 3-thiophene- carboxaldehyde 299 3 min 30s 96.98 

Table 2 

Experimental values of wavenumber and their assignments for the selected vibrations of 5N2TPA, 5N3TPA, 4M3TPA and 5M3TPA. 

5N2TPA 5N3TPA 4M3TPA 5M3TPA 

Assignment 

Vibrational 

frequency (cm 

−1 ) Assignment 

Vibrational 

frequency (cm 

−1 ) Assignment 

Vibrational 

frequency (cm 

−1 ) Assignment 

Vibrational 

frequency (cm 

−1 ) 

ν O ̶ H 3597 ν O ̶ H 3594 ν O ̶ H 3577 ν O ̶ H 3586 

ν N ̶ H 3376 ν N ̶ H 3383 ν N ̶ H 3321 ν N ̶ H 3337 

ν C ̶ H Ar 3096 ν C ̶ H Ar 3093 ν C ̶ H Ar 3011 ν C ̶ H Ar 3062 

νs C ̶ H Alph 2916 νs C ̶ H Alph 2902 νs C ̶ H Alph 2901 νs C ̶ H Alph 2924 

νas C ̶ H Alph 2918 νas C ̶ H Alph 2982 νas C ̶ H Alph 2985 νas C ̶ H Alph 2886 

ν P ̶ OH 930 ν P ̶ OH 928 ν P ̶ OH 945 ν P ̶ OH 943 

ν N ̶ C 1015 ν N ̶ C 1002 ν N ̶ C 1000 ν N ̶ C 1002 

ν P = O 1252 ν P = O 1276 ν P = O 1262 ν P = O 1276 

ν C-P 749 ν C-P 742 ν C-P 720 ν C-P 742 

ν C-C 1400 ν C-C 1399 ν C-C 1453 ν C-C 1428 

ν C = C 1610 ν C = C 1606 ν C = C 1605 ν C = C 1615 

ν: stretching, s : symmetric and as : asymmetric 

Table 3 

IC 50 and A 0.5 values of the studied α-aminophosphonic acids and standards (BHT and 

BHA) determined by DPPH, ABTS + and Phenanthroline test. 

Molecule DPPH IC 50 (μg/ml) ABTS + IC 50 (μg/ml) Phenanthroline A 0.5 (μg/ml) 

5N2TPA 26.15 ± 2.02 6.88 ± 2.13 25.16 ± 0.001 

5N3TPA 16.04 ± 0.41 4.05 ± 1.13 5.57 ± 0.06 

4M3TPA 21.12 ± 0.64 4.32 ± 2.78 10.36 ± 0.04 

5M3TPA 22.06 ± 1.36 5.78 ± 1.38 16.54 ± 0.004 

BHT 17.16 ± 2.01 1.27 ± 2.48 1.63 ± 0.06 

BHA 6.60 ± 2.12 6.25 ± 0.5 7.20 ± 0.11 
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.3.4. {[(2-hydroxy-4-methylphenyl) amino] (thiophen-3-yl) methyl} 

hosphonic acid (5M3TPA) 

Black powder; Yield 96.98; m.p 180 °C; UV-Vis (EtOH), λmax (n) 

nm): λmax(1) (278.54), λmax(2) (225.13), λ max(3) (209.57); IR (solid 

tate), ν (cm 

−1 ): 3586 (O-H), 3337 (N-H), 1615 (C = C aromatic ), 1276 

P = O), 1002 (C-N), 930 (P-O-H), 742 (P-C); 1 H NMR (400 MHz, 

MSO-d 6 ): δ (ppm): 2.13 (3H, s, C H 3 -), 2.3 (1H, m, C H -), 5.91 

2H, s, P-O- H ), 6.43 (1H, d, -C H Ar -), 6.57 (1H, s, -C H Ar -), 6.67

1H, s, -C H Ar -), 6.69 (1H, s, -C H Ar -), 7.47 (1H, s, -C H Ar -), 7.50

1H, s, N- H ), 7.6 (1H, s, -O H ); 13 C NMR (133 MHz, DMSO-d 6 ) δ
ppm): 20.75 (1C, C H 3 ), 116.01 (2C,- C H Ar ), 117.66 (2C, - C H Ar ), 120

3C, - C H Ar ), 128.77 (1C, - C H Ar ), 129.93 (1C, - C H Ar ), 146.57 (2C, -

 H Ar ); 
31 PNMR δ (ppm): 2.95. 

.4. Antioxidant activity 

The antioxidant activity of the synthesized molecules was eval- 

ated by three methods: DPPH, ABTS and phenantroline assay. 

he Methanol was used as negative control, while BHT (butylat- 

dhydroxytoluene) and BHA (butylatedhydroxyanisole) were used 

s standards in the three methods. All tests were performed in 96- 

ells microplates using a Perkin Elmer, Enspire microplate reader 

nd in triplicate. 

.4.1. Free radical scavenging activity (DPPH) 

The radical scavenging activity of 5N2TPA, 5N3TPA, 4M3TPA and 

M3TPA was determined using the stable scavenger DPPH accord- 

ng to the method of Blois et al [38] . Briefly, a 40 μl of different

oncentrations (20 0, 10 0, 50, 25, 12.5, 6.25 and 3.125 μg/ml) of the 
3 
tudied molecules and standards prepared in methanol were added 

o 160 μl of methanol solution of DPPH (10 −4 mol.L −1 ) in triplicate. 

fter that, the mixture was incubated in the dark for 30 min. The 

ecrease in absorbance was measured against a blank (methanol) 

t 517 nm. The degree of DPPH-purple decolorization to DPPH- 

ellow indicated the scavenging efficiency of the tested samples. 

he percentage of inhibition of the various tested molecules was 

alculated using the following formula: 

% = [ ( A blank − A sample ) / A blank ] × 100 

Where I% is the percentage of the antioxidant activity of the 

olecule, A blank is the absorbance of the control (containing all 

eagents except the tested molecule), and A sample is the absorbance 

f the sample. The 50 % inhibitory concentration value (IC 50 ) was 

alculated from the graph plotting inhibition percentage against 

ample concentration ( Table 3 ). 

.4.2. ABTS essay 

The radical scavenging activity against ABTS of the studied α- 

minophosphonic acids was evaluated according to the method of 

e et al [39] . The ABTS radical cation (ABTS • + ) was produced by 

ixing ABTS (7 mM) and K 2 S 2 O 8 (2.45 mM) prepared in ethanol 

nd the mixture was allow to stand for 12-16 hours in the dark at 

oom temperature before use, the stock solution was diluted with 

thanol to an absorbance of 0.700 ± 0.020 at 734 nm. 160 μl of 

BTS working solution was mixed with 40 μl of different concen- 

rations of the title molecules and standards (50, 25, 12.5, 6.25, 

.125, 1.5625 and 0.78125 μg/ml). The absorbance was measured 

fter 10 min at 734 nm and the inhibition percentage was calcu- 

ated using the same formula of the DPPH assay. 
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Fig. 2. Infrared (a) and UV-Vis (b) spectra of the synthesized molecules. 

Fig. 3. The antioxidant activity of the studied molecules determined by three methods: DPPH (A), ABTS + (B) and Phenantroline (C). 
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.4.3. Phenantroline essay 

The antioxidant activity of the synthesized molecules was de- 

ermined by the phenontroline test according to Szydlowska- 

zerniaka et al [40] . Briefly, 50 μl of FeCl 3 (0.2%) was added to 30

l of Phenanthroline (0.5%) then mixed with 110 μl of methanol 

nd 10 μl of the different concentrations of samples and standards 

50, 25, 12.5, 6.25, 3.125, 1.5625 and 0.78125 μg/ml). The mixture 

as incubated in the dark for 20 min at 30 °C and the absorbance

as measured at 510 nm. The results were given as absorbance 

 Fig. 3 ) and the 0.50 absorbance intensity (A 0.5 ) ( Table 3 ). 

.5. Antifungal activity 

The investigated α-aminophosphonic acids were screened for 

heir antifungal activity against two pathogenic fungi: Fusarium 

xysporum and Alternaria alternata by the disc diffusion method 

41] in PDA (potato dextrose agar) medium at two concentrations 
4 
50 and 100 μg/ml) and in triplicate. A disc of 6 mm of diame- 

er of the two pathogenic fungi was prepared and placed in the 

enter of the Petri dishes which contain the PDA medium mixed 

ith the samples at different concentrations and the Petri dishes 

ere incubated at 25 °C for 6 days. The molecules were diluted in 

MSO for biological assays. DMSO was used as positive control and 

DA only as negative control. The bioactivity was determined by 

easuring the diameter of the inhibition zone (DIZ) in mm and 

nhibition percentage (I%). Samples tested in triplicate and aver- 

ge results were recorded. The obtained results were presented in 

ables 4 and 5 and compared with positive control. The inhibition 

ercentage was calculated using the following formula: 

% = ( C − T ) / C × 100 

With C is the diameter of the positive control, while T is the 

iameter of inhibition of the sample. 
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Fig. 4. The antifungal activity of the studied molecules expressed by inhibition percentage against two fungi: Fusarium oxysporum and Alternaria alternata. 

Table 4 

Diameter of the inhibition zone (mm) of the studied molecules 

against Fusarium oxysporum and Alternaria alternata . 

Diameter of the inhibition zone (mm) 

Molecule Fusarium oxysporum Alternaria alternata 

50 μg/ml 100μg/ml 50 μg/ml 100 μg/ml 

5N2TPA 29.5 mm 27.3 mm 24 mm 23.5 mm 

5N3TPA 39 mm 12.3 mm 27 mm 26.3 mm 

4M3TPA 42 mm 17 mm 26 mm 24 mm 

5M3TPA 26.5 mm 18.9 mm 25 mm 15 mm 

C + DMSO 57 mm 30 mm 

C − PDA 59 mm 49 mm 

PDA: Potato Dextrose Agar 

Table 5 

Inhibition percentage (I %) of the studied molecules against 

Fusarium oxysporum and Alternaria alternata at 100μg/ml. 

Inhibition percentage (I%) at 100 μg/ml 

Molecule Fusarium oxysporum Alternaria alternata 

5N2TPA 52.11 21.66 

5N3TPA 78.42 12.33 

4M3TPA 70.18 20.00 

5M3TPA 66.84 50.00 

Table 6 

Calculated quantum chemical parameters of 5N2TPA, 5N3TPA, 4M3TPA and 5M3TPA 

using DFT at B3LYP/6-31G (d, p). 

Quantum parameters 5N2TPA 5N3TPA 4M3TPA 5M3TPA 

E HOMO (a.u) - 0.23011 - 0.24486 - 0.22224 - 0.21315 

E LUMO (a.u) - 0.08404 - 0.09176 - 0.02007 - 0.01956 

�E gap (a.u) - 0.14570 - 0.15310 - 0.20217 - 0.19359 

Electron affinity ( A ) 0.23011 0.09176 0.22224 0.21315 

Ionization Potential ( I ) 0.08404 0.24486 0.02007 0.01956 

Chemical Potential ( μ) - 0.15707 - 0.16831 - 0.12115 - 0.11635 

Global Hardness ( η) 0.07303 0.07655 0.10108 0.09679 

Global Softness (s) 13.69206 13.06335 9.89266 10.33111 

Electronegativity ( χ ) 0.15707 0.16831 0.12115 0.11635 

Electrophilicity ( ω) 0.16890 0.18503 0.07260 0.06993 

Dipole Moment (Debye) 5.0828 5.7279 2.9558 0.8082 
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.6. Quantum chemical calculations 

All quantum chemical calculations of the synthesized molecules 

ere performed with GAUSSIAN 09 software [42] . Whereas, Gauss 

iew was used for results visualizations and analysis, based on 

he density functional theory (DFT) in gas phase, employing Beck’s 

hree parameter hybrid exchange with Lee-Yang-Parr correlation 

unctional (B3LYP) [43] at 6-31G (d,p) basis sets [44] . Further- 

ore, the energy values of the highest occupied molecular or- 

ital ( E HOMO ), lowest unoccupied molecular orbital ( E LUMO ), energy 

ap ( 	E GAP ), Electron Affinity (A), Ionization Energy (I), electronic 

hemical potential (μ), molecular hardness ( η), molecular softness 

s), electronegativity ( χ ), electrophilicity index ( ω) and dipole mo- 

ent are calculated and presented in Table 6 . 

.7. Molecular docking study 

Molecular docking calculations were carried out using iGM- 

OCK program version 2.1 to predict the binding mode of the in- 

estigated α-aminophosphonic acids on the Mpro binding site and 

o specify the interactions between inhibitors and the target pro- 

ein. The structure of Mpro was obtained from Protein Data Bank 

PDB ID: 6LU7) [45] and with a grid box of 30 ×30 ×30 Å. Accelry’s

iscovery Studio Visualizer was employed to explore the docked 

oses and 2D/3D interaction plots [46] . The obtained best docked 

odels visualization of 5N2TPA, 5N3TPA, 4M3TPA and 5M3TPA 

ith SARS-CoV-2 main protease are presented in Fig. 7 . 

. Results and discussion 

.1. Spectroscopic study 

The obtained synthesis yields of the studied α- 

minophosphonates under microwave irradiations are between 

6.95 and 96.98 % in a very short time. Moreover, the 4M3TPA 

as obtained directly after mixing the three components (amine, 

ldehyde and phosphonic acid) without microwave ( Table 1 ). The 

tructures of the synthesized molecules were confirmed by their 

pectroscopic data. 
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Fig. 5. 3D plots of frontier molecular orbitals (HOMO and LUMO) and the optimized structures of: (a) 5N2TPA, (b) 5N3TPA, (c) 4M3TPA and (d) 5M3TPA at the B3LYP/6-31G 

(d, p). 
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The experimental values of wavenumber and their assignments 

or the selected vibrations are summarized in Table 2 . So, the ex- 

mination of the results offered in Table 2 indicates the presence 

f the following vibrational modes: Firstly, the vibrational modes 

f the phosphonic acid group (-PO(OH)2), such as ν(P = O), ν(–OH), 

(P–O–H), and ν(C–P) are revealed as average to intense absorp- 

ion peaks. So, peaks which are highest in wavenumber observed 

t 3597, 3594, 3577, and 3586 cm −1, respectively, are assigned to 

he stretching vibrations of O-H groups. Also, the detected peaks 

t 1252, 1276, 1262 and 1276 cm −1, respectively, are related to 

he stretching vibrations of the P = O groups. The situated peaks 

t 749, 742, 720 and 742 cm −1, respectively, may be attributed to 

he stretching modes of C–P groups. The clear peaks appeared at 

30, 928, 945 and 943 cm −1, respectively, are associated to the 

eformation modes of (P-O-H) groups. Concerning the N-H groups, 

e can easily determine their stretching vibrations observing the 

resence of sharp peaks at higher wavenumbers. As a result, the 

ymmetric and asymmetric stretching vibrations of N-H groups of 

N2TPA, 5N3TPA, 4M3TPA and 5M3TPA are situated at 3376, 3383, 

321 and 33375 cm −1, respectively. Regarding the C-H groups vi- 
6 
rations, we have the existence of both aromatic and aliphatic C-H 

tretching vibrations. Consequently, we can attribute the detected 

eaks between 3096, 3093, 3011 and 362 cm −1 to the asymmetric 

nd symmetric stretching vibrations of the aromatic C-H groups. 

n the other hand, the observed peaks at 2916, 2902, 2901 and 

924 cm −1, respectively, may be attributed symmetric stretching 

odes of the aliphatic C-H groups, while the asymmetric stretch- 

ng modes are observed at 2918, 2982, 2985 and 2886 cm −1, re- 

pectively. Moreover, the appeared peaks between 1400 and 1250 

m −1 are associated to the deformation modes of C-H functional 

roups. Usually, the characteristic peaks of stretching vibrations of 

he aromatic and aliphatic C-N groups of the studied compounds 

re located at 1015, 1002 cm −1, 1000 and 1002 cm −1, respectively. 

inely, the stretching modes of the aromatic C-C groups are ob- 

erved at 1400, 1399, 1453 and 1428 cm −1, respectively. The semi- 

ircular stretching vibrations of the aromatic C = C groups are lo- 

ated between 1610, 1606, 1605 and 1615 cm −1. 

All the synthesized molecules exhibited infrared absorption 

ands for P = O, P-C aliphatic and C-N in the regions 1252-1276 cm 

−1 ,

20-749 cm 

−1 , and 10 0 0-1015 cm 

−1 , respectively. The peaks ap- 
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Fig. 6. Mulliken atomic charges of: (a) 5N2TPA, (b) 5N3TPA, (c) 4M3TPA and (d) 5M3TPA. 
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eared at 1605-1615 cm 

−1 , 1508-1516 cm 

−1 , 1064-1069 cm 

−1 and 

28-945 cm 

−1 are correspond to the C = C, P-O-C and P-O-H func- 

ional groups, respectively. The appeared peaks at 2867-2904 cm 

−1 

re attributed to the CH 3 functional group of 4M3TPA and 5M3TPA. 

he absence of the characteristic peaks of primary amine NH 2 and 

ldehyde (C = O), also the formation of new peaks may be confirms 

he formation of the proposed structures of α-aminophosphonic 

cids. 

The UV-Vis spectra of the synthesized molecules ( Fig. 2 ) show 

bsorption bands in the ultraviolet region at 209-264 nm charac- 

eristic for a π → π ∗ transition, due to a conjugation in an un- 

aturated system. The bands appeared around 278-392 nm are at- 

ributed to the n → π ∗ transition related to a conjugation with 

 system containing a lone pair of electrons (presence of hetero 

toms N, O, S and P) [47] . 

The obtained NMR results confirm the chemical structures of 

he synthesized molecules. In this context, the 1 H NMR spectra 

how the presence of the characteristic chemical shifts of phenolic 

nd theophenic protons at 6.60-7.61 ppm. Also, the characteristic 

hemical shifts for protons of C- H , P-O- H and N- H groups are ap- 

eared at 1.23-2.3 ppm, 5.91-5.93 ppm and 9.50 ppm, respectively. 

he 13 C NMR spectral data of the synthesized α-aminophosphonic 

cids showed the characteristic chemical shifts of the aromatic car- 

ons of phenol and thiophene rings. The presence of the phospho- 

us atoms in all molecules is confirmed by 31 P NMR spectra. So, all 

ignals of the investigated molecules were appeared between 2.95 

nd 3.51 ppm. 

m

7 
.2. Antioxidant activity 

The antioxidant activity of 5N2TPA, 5N3TPA, 4M3TPA and 

M3TPA was determined by three methods. Accordingly, the syn- 

hesized molecules show good activity against DPPH, Phenentro- 

ine and ABTS at very low concentrations. The obtained results are 

xpressed in graphs which represent the percentage of inhibition 

gainst the sample concentration ( Fig. 3 ). 

.2.1. Free radical scavenging activity (DPPH) 

The violet color of the DPPH solution has been changed 

o residual pale yellow color, indicating that the studied α- 

minophosphonic acids can donate a hydrogen atom which 

aises their reduced forms. The DPPH results of the investigated 

olecules were expressed as IC 50 and their values are given in 

able 3 . Usually, the low value of IC 50 gives the highest activity. 

onsequently, we observe that the 5N3TPA showed stronger an- 

ioxidant activity than standard BHT and than the other molecules 

ith an IC 50 of 16.04 ±0.4 μg/ml. On the other hand, the antiox- 

dant activity of the synthesized α-aminophosphonates increases 

n the following order: BHA < 5N3TPA < BHT < 4M3TPA < 5M3TPA 

 5N2TPA. 

.2.2. ABTS scavenging 

The obtained results of the ABTS assay are summarized in 

able 3 . The examination of these results shows that the tested 

olecules have a higher antioxidant activity and better than the 
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Fig. 7. Best docked models visualization of the investigated α-aminophosphonic 

acids with SARS-CoV-2 main protease: (a) 5N2TPA, (b) 5N3TPA, (c) 4M3TPA and 

(d) 5M3TPA. 
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Table 7 

Molecular docking results and interactions of the investigated inhibitors with SARS- 

CoV-2 main protease. 

Compounds 

Binding energy 

in kcal/mol Interactions 

5N2TPA - 106.1 

Elc: HIS41 

H-bonds: HIS41, TYR54, 

CYS145, HIS164 

vdW: HIS41, MET49, HIS164, 

MET165, GLN189 

5N3TPA - 105.2 

H-bonds: HIS41, GLY143, 

SER144, CYS145, HIS163, 

GLU166 

vdW: HIS41, LEU141, ASN142, 

GLY143, CYS145, HIS163, 

HIS164 

4M3TPA - 102.9 

H-bonds: HIS41, GLY143, 

SER144, CYS145, HIS164 

vdW: LEU141, ASN142, 

MET165, GLU166, GLN189 

5M3TPA - 101.9 

H-bonds: HIS41, GLY143, 

SER144, CYS145, HIS164 

vdW: LEU141, ASN142, 

MET165, GLU166, GLN189 

Elc: electrostatic interactions, H-bonds: hydrogen bonding and vdW: van der Waals 

forces 
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HA standard. Also, the antioxidant activity of the investigated 

ompounds exhibits the following order: BHT < 5N3TPA < 4M3TPA < 

M3TPA < 5N2TPA < BHA. 

.2.3. Phenantroline 

The obtained results of the phenantroline assay are expressed 

s A 0.5 . Generally, the lowest value of A 0.5 gives the highest activ- 

ty. Consequently, we observe from Table 3 that the 5N3TPA ex- 

ibits the highest activity and better than BHA with A 0.5 = 5.57 ±
.06 μg/ml. on the other hand, the activity of the investi- 

ated α-aminophosphonic acids increases in the following order: 

HT < 5N3TPA < BHA < 4M3TPA < 5M3TPA < 5N2TPA ( Table 3 ). 

In general, the studied α-aminophosphonic acids showed a 

ood antioxidant activity comparable to that of BHA and BHT stan- 

ards. The presence of the aromatic ring, the thiophene ring and 

onor atoms (O, P, N and S) in the molecular structures of the 

tudied molecules enhances their bioactivity. The high activity of 

N3TPA may be due to the presence of the nitro group on the 
8 
rto position of the phenol ring and attached with the 3-thiophene, 

ompared with 5N2TPA which contains the same substitution but 

t attached with the 2-thiophene. Also, it shows a better activ- 

ty than the molecules substituted with methyl group (4M3TPA 

nd 5M3TPA). On the other hand, the 4M3TPA substituted with a 

ethyl group at the para position is more reactive than 5M3TPA 

ubstituted by the same group at the orto position. 

.3. Antifungal activity 

The antifungal activity of the synthesized molecules was tested 

gainst two fungi, Fusarium oxysporum and Alternaria alternata by 

he disc diffusion method. The obtained results were expressed by 

he diameter of the inhibition zone ( Table 4 ) and the inhibition 

ercentage ( Table 5 ). The growth of both fungi was clearly inhib- 

ted by the studied α-aminophosphonic acids. Moreover, Fusarium 

xysporum was better inhibited than Alternaria alternata. The an- 

ifungal activity increased with increasing the concentration and 

he 5N3TPA exhibits the best inhibition capacity (I% = 78.42 % at 

00 μg/ml). The presence of active functionalities on the aromatic 

ing, P = O and P-OH groups of α-aminophosphonates and thio- 

hene motif enhances the antifungal activity of the studied com- 

ounds ( Fig. 4 ). 

.4. Computational study 

.4.1. Optimized structures 

The optimized structures and the numbering of atoms of 

N2TPA, 5N3TPA, 4M3TPA and 5M3TPA obtained at B3LYP/6-31G 

d,p) are shown in Fig. 5 . 

.4.2. Frontier molecular orbitals (FMOs) 

Frontier molecular orbitals (FMOs) play an important role in de- 

ermining the electronic properties and the chemical reactivity of 

olecules [ 4 8 , 4 9 ]. LUMO (lowest unoccupied molecular orbital) is 

ble to accept an electron, while HOMO (highest occupied molecu- 

ar orbital) is able to donate an electron. The calculated isodensities 

f HOMO and LUMO of the investigated molecules are presented 

n Fig. 5 . We can notice two colors green and red; the green color

epresents the negative phase while the red color corresponds to 

he positive phase. The electron density of HOMO is concentrated 

n the thiophene ring for 5N2TPA, 5N3TPA and 5M3TPA but it 
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Fig. 8. Left: 3D Binding-interaction diagrams of the studied inhibitors with SARS-CoV-2 main protease (a) 5N2TPA, (b) 5N3TPA, (c) 4M3TPA and (d) 5M3TPA. Right: Inside 

binding sites. 

Table 8 

Energy distribution of the investigated inhibitors between van der Waals forces, hydrogen bonding and electrostatic interactions. 

Ligand van der Waals forces hydrogen bonding electrostatic interactions 

5N2TPA - 72.9863 - 28.8757 - 3.22359 

5N3TPA - 78.048 - 25.7353 - 1.37457 

4M3TPA - 67.7466 - 33.0763 - 1.12479 

5M3TPA - 68.9712 - 32.7829 - 1.11344 

9 



H. Tlidjane, N. Chafai, S. Chafaa et al. Journal of Molecular Structure 1250 (2022) 131853 

Fig. 9. 2D Binding-interaction diagrams of the studied inhibitors with SARS-CoV-2 main protease (a) 5N2TPA, (b) 5N3TPA, (c) 4M3TPA and (d) 5M3TPA. 
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s concentrated on aminophenol ring (aromatic ring) for 4M3TPA. 

lso, the isodensity of LUMO is localized on the aromatic ring for 

N2TPA, 5N3TPA and 5M3TPA, whereas it is focused on the thio- 

hene ring for 4M3TPA. From Table 6 , we observe that the HOMO- 

UMO gap energy ( 	E GAP ) increases in the order 	E GAP (4M3TPA) < 

E GAP (5M3TPA) < 	E GAP (5N3TPA) < 	E GAP (5N2TPA) , this means that 

M3TPA and 5M3TPA exhibit easy the electrons flow. Moreover, 

he chemical potential index of 5M3TPA ( μ = - 0.11) and 4M3TPA 

 μ = - 0.12) are greater than these of the other molecules, which 

eans that these two molecules behaves as good donors of elec- 

rons. Furthermore, the electronegativity and the dipole moment 

f 5N3TPA are higher than the other studied molecules (χ = 0 . 168 

nd D = 5 . 737) , which makes this molecule more reactive and able

o attract electrons. The electrophilicity index increases in the or- 

er: ω (5M3TPA) < ω (4M3TPA) < ω (5N2TPA) < ω (5N3TPA) , which means 

hat the accepting ability of electrons is higher for 5N3TPA. 

.4.3. Mulliken atomic charges 

The calculated values of Mulliken atomic charges for the stud- 

ed molecules are presented in Fig. 6 . The C1/C3/C4, C2/C3/C5/C27, 

3/C4/C6/C21 and C2/C3/C5/C27 atoms of 5N2TPA, 5N3TPA, 

M3TPA and 5M3TPA, respectively, exhibit positive charges while 
10 
he other carbon atoms have negative charges. In all molecules, 

he phosphorus atoms have a maximum positive charge values be- 

ween (1.145, 1.098, 1.102 and 1,078), respectively, while the oxy- 

en atoms of phosphonic groups have maximum negative charges 

-0.577 and -0.565) for 5N2TPA and 5N3TPA (substituted with ni- 

ro group). On the other hand, the nitrogen atoms of 4M3TPA and 

M3TPA (substituted with methyl group) have the maximum neg- 

tive charges (-0.625 and -0.639). Moreover, the hydrogen and sul- 

ur atoms have positive charges. The negative charges on oxygen 

toms indicate the ability to form H-bonds. Furthermore, the pos- 

tively charged centers are the most susceptible sites for nucle- 

philic attack, while the negative sites are susceptible for elec- 

rophilic one [50] . 

.5. Molecular docking study 

The binding energy and the interaction types of the investigated 

-aminophosphonic acids with Mpro are presented in Table 7 . So, 

he calculated values of the binding energy of the studied ligands 

ndicate that 5N2TPA inhibits Mpro more than 5N3TPA, 4M3TPA 

nd 5M3TPA. 
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From the 2D plots presented in Fig. 9 , we can notice that 

N2TPA interacts with amino acid residues in the active site 

hrough H-bonds with HIS41 at a distance of 3.54 Å, TYR54 (2.2 

nd 2.8 Å), CYS145 (2.7 and 2.8 Å), HIS164 (2.8 and 2.2 Å), a Pi-

ulfur interaction between the phenol ring of the ligand and HIS41 

t a distance of 4.2 Å, electrostatic bond with HIS41 and Van der 

aals bonds with HIS41, MET49, HIS164, MET165, and GLN189. 

he obtained value of the binding energy of 5N2TPA is - 106.1 

cal/mol. Moreover, the 5N3TPA ligand forms H-bonds with HIS41 

2.3 and 3.7 Å), GLY143, SER144 (2.1 Å), CYS145 (1.9 Å), HIS163 

1.9 Å) and GLU166, and forms a Pi-sulfur interaction between the 

hiophene ring of the ligand and HIS41 at a distance of 4.5 Å. 

lso, vdW forces are present with HIS41, LEU141, ASN142, GLY143, 

YS145, HIS163 and HIS164. The calculated value of the binding 

nergy for 5N3TPA is - 105.2 kcal/mol. In addition, the 4M3TPA in- 

eracts with the target protein with a binding energy equal to - 

02.9 kcal/mol. Accordingly, 4M3TPA forms hydrogen bonds with 

IS41 (3.6 Å), GLY143 (2 and 2.4 Å), SER144, CYS145 (3.1 and 

.1 Å) and HIS164 and forms two Pi-sulfur interactions between 

IS163 and thiophene ring at a distance of 3.7 Å, and with the 

romatic ring (phenol) at a distance of 6.9 Å. Also, vdW interac- 

ions are formed between 4M3TPA and LEU141, ASN142, MET165, 

LU166 and GLN189 amino acid residues of Mpro. On the other 

and, the 5M3TPA ligand forms H-bonds with HIS41 (2 Å), GLY143 

2.4 Å), SER144 (3.1 Å), CYS145 (3.1 Å) and HIS164, and a Pi-sulfur 

nteraction between the phenol ring of the ligand and HIS163 at 

 distance of 6.8 Å. Furthermore, vdW forces have been observed 

ith LEU141, ASN142, MET165, GLU166 and GLN189. Concerning 

M3TPA ligand, the calculated value of the binding energy is - 

01.9 kcal/mol. As a result, the obtained docking results show that 

N2TPA, 5N3TPA, 4M3TPA and 5M3TPA penetrate well into the ac- 

ive areas of the protein. Therefore, these molecules can be consid- 

red to be potent inhibitors against COVID-19 disease. 

The energy distribution of the investigated inhibitors between 

an der Waals forces, hydrogen bonding and electrostatic inter- 

ctions are presented in Table 8 . The docking calculations led to 

he following results: the 4M3TPA ligand possesses the strongest 

an der Waals interactions ( E vdW 

= - 67.7466 kcal/mol), while the 

N3TPA showed the highest hydrogen bonding energy ( E H-bond = - 

5.7353 kcal/mol). Also, the electrostatic interactions were found 

o be higher for 5M3TPA (E (5M3TPA) = - 1.11344 kcal/mol). 

. Conclusion 

In the present paper, four α-aminophosphonic acids 5N2TPA, 

N3TPA, 4M3TPA and 5M3TPA were synthesized and evaluated for 

heir biological activities. The antioxidant activities determined by 

he DPPH method, ATBS scavenging and phenantroline assay in- 

icated that all compounds could be considered as potential an- 

ioxidants at very low concentrations and being more active than 

HT and BHA standards. The investigated compounds exhibited a 

otent anti-fungal activity. The experimental results revealed that 

he 5N3TPA exhibits the best activity (antioxidant and anti-fungal), 

hich is confirmed by the theoretical study (DFT). The high activ- 

ty of 5N3TPA may be due to the presence of the nitro group and

he heterocyclic ring. Furthermore, the molecular docking investi- 

ation shows that the studied molecules could be considered as 

otential inhibitors against SARS-CoV-2 main protease responsible 

f Coronavirus disease.( Fig. 8 ) 
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