
Journal of Molecular Structure 1244 (2021) 130880 

Contents lists available at ScienceDirect 

Journal of Molecular Structure 

journal homepage: www.elsevier.com/locate/molstr 

Synthesis, spectra (FT-IR, NMR) investigations, DFT study, in silico 

ADMET and Molecular docking analysis of 

2-amino-4-(4-aminophenyl)thiophene-3-carbonitrile as a potential 

anti-tubercular agent 

Queen S. Obu 

a , b , Hitler Louis a , b , ∗∗, Joseph O. Odey 

a , b , Ishegbe Joyce Eko 

c , ∗, 
Shuaibu Abdullahi d , Tabe N. Ntui e , Ofiong E. Offiong 

b 

a Computational and Bio-Simulation Research Group, Department of Pure and Applied Chemistry, University of Calabar, Calabar, Nigeria 
b Department of Pure and Applied Chemistry, Faculty of Physical Sciences, University of Calabar, Calabar, Nigeria 
c Polymer and Textile Engineering, Ahmadu Bello University, Zaria, Kaduna, Nigeria 
d Modibbo Adama University of Technology, Yola, Nigeria 
e Department of Chemistry, Cross River University of Science and Technology, Calabar, Nigeria 

a r t i c l e i n f o 

Article history: 

Received 26 March 2021 

Revised 29 May 2021 

Accepted 8 June 2021 

Available online 12 June 2021 

Keywords: 

2-Amino-4-(4-aminophenyl)thiophene-3- 

carbonitrile 

Spectral 

DFT 

MPA 

NPA 

ADCH 

Anti-tubercular activity 

ADMET 

Molecular docking 

a b s t r a c t 

The title compound 2-amino-4-(4-aminophenyl)thiophene-3-carbonitrile ( AI3 ), was synthesized and char- 

acterized experimentally by FT-IR, NMR and theoretically by quantum chemical calculations. The results 

were compared and the analysis of the results showed mutual agreement between the experimental 

and theoretical data. The theoretical calculations were performed using Density Functional Theory (DFT) 

method, Becke-3-Parameter-Lee-Yang-Parr (B3LYP) in 6–311 ++ G (d,p) basis set. The Non Linear Optics 

(NLO), Natural Bond Orbital (NBO) including chemical reactivity parameters; Fukui function, Mulliken 

Population Analysis (MPA), Atomic Dipole Moment Corrected Hirshfeld (ADCH) population methods and 

the Natural Population Analysis were evaluated using the same level of theory. The results of the 3 pop- 

ulation methods, MPA, NPA and ADCH were compared to examine charge distribution in the molecule. 

The Frontier Molecular Orbital indicated high bioactivity and NLO effects of the compound with a re- 

duced value of the energy gap (-4.608103 eV) of the HOMO/LUMO which is also relatively comparable 

to its counterparts in the + 1/-1 and + 2/-2 states. The entire chemical reactivity analysis revealed C4 and 

N21 among the high donor atoms, then, S5 and C1 among the best acceptor atoms and this correlates 

with the location of the HOMO and LUMO in the studied compound. In addition, the antitubercular ac- 

tivities of the title compound against 3 (three) Mycobacterium tuberculosis proteins; 1P44, 1P45 and 4TZK 

were investigated using molecular docking simulations and the results were compared to those of Isoni- 

azid (a standard anti-tubercular drug). AI3 showed greater binding affinities (-6.0, -3.9 and - 7.2 kcal/mol) 

in comparison to the Isoniazid drug (-5.5, -3.8 and -5.6 kcal/mol) for each target protein. Furthermore, 

an in silico study was performed to predict absorption, distribution, metabolism, excretion and toxicity 

profiles (ADMET) of the studied compound. The results reveal good to moderate anti-tubercular activity 

of the studied compound. 

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

Sulfur heterocycles have been considered for its enormous ac- 

ivities in drug research due to the availability of unshared pairs 
∗ Corresponding author. 
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epartment of Pure and Applied Chemistry, University of Calabar, Calabar, Nigeria. 

E-mail address: louismuzong@gmail.com (H. Louis). 
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f electrons and electronegativity difference in conjunction with 

yclic molecular structures. It has also been noted to have a 

ow toxicity profile and high medicinal value compared to nitro- 

en heterocycles which dominates research in the development of 

rugs [1] . Due to its high reactivity and volatility, sulfur heterocy- 

les have been employed in chemical and pharmaceutical indus- 

ries for diverse functions [ 2 , 3 ]. Thiophene; a simple five mem- 

ered sulfur heterocycle is predominantly found in natural prod- 

cts and biologically active compounds. Its derivatives are essen- 

https://doi.org/10.1016/j.molstruc.2021.130880
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.130880&domain=pdf
mailto:louismuzong@gmail.com
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Fig. 1. Crystal and optimized structure of AI3 with atoms numbering of compound 

and optimized structure. 
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ially used for a number of functions across fields of material 

cience (development of polymer semiconductor and light emit- 

ing diode), life sciences (agrochemicals) and pharmaceutical sci- 

nces (drug research/design) [ 4 , 5 ]. Considering the vast role of 

hiophene and its derivatives as antifungal, antibacterial and an- 

ioxidants [6] as well as the growing interest in the review of 

xperimental chemical species using computational methods; this 

tudy was performed to investigate the antitubercular activities 

f 2-amino-4-(4-aminophenyl)thiophene-3-carbonitrile (thiophene 

erivative) against the pathogenic bacteria, Mycobacterium tubercu- 

osis. 

Mycobacterium tuberculosis, Mtb is the causative organism for 

uberculosis (TB). Regardless of the availability of various classes 

f drugs, Mtb continues to trend well above HIV/AIDS as a top in- 

ectious killer in the world, leading to approximately 40 0 0 deaths 

aily [7] . With prolong use of these available drugs, pathogenic 

acteria develop spontaneous gene mutations and become re- 

istant to them [8] . Due to this, continuous research is be- 

ng made to develop anti-resistant drugs with low toxicity and 

ow cost of treatment [9] . The studied compound, 2-amino-4-(4- 

minophenyl)thiophene-3-carbonitrile was synthesized experimen- 

ally and results of its vibrational frequency and NMR were com- 

ared with the theoretical analysis performed using computational 

ethods. The computational approach employed in this study is 

he Density Functional Theory (DFT) calculations. The DFT calcula- 

ion [10] is effective in the exploration of the connection between 

he geometric and electronic properties of a chemical compound 

nd it provides comparative agreement of results with experimen- 

al data [11] . 

Herein, the DFT calculations were performed using the B3LYP/6–

11 ++ G (d,p) basis set. The experimental and theoretical results 

or the vibrational frequency analysis (FTIR) and Nuclear Magnetic 

esonance (NMR) spectra analysis were reported. The energies of 

he Frontier Molecular Orbitals (FMO) involving the Highest Occu- 

ied Molecular Orbital (HOMO) and the Lowest Unoccupied Molec- 

lar Orbital (LUMO) were analyzed with tabular and graphical rep- 

esentations. Fukui functions, chemical reactivity descriptors, Nat- 

ral Bond Orbital (NBO), Electrostatic Potential (ESP), and a com- 

arison between 3 population analysis; MPA, NPA and ADCH were 

alculated and reported to reveal the most reactive sites in the 

ompound and its overall reactivity. To check for drug potentiality, 

ffectiveness and likeness, the ADMET analysis were performed as 

ell as molecular docking simulations using various Mycobacterium 

uberculosis target proteins, 1P44, 1P45 and 4TZK. 

. Method 

.1. Synthesis of 2-amino-4-(4-aminophenyl)thiophene-3-carbonitrile 

P-aminoacetophenone (0.03 mol, 4.1 g) and malononitrile 

0.06 mol, 3.96 g) were condensed in toluene using a heterocat- 

lytic system. The reaction mixture was refluxed in the presence of 

atalytic amount of acetic acid and ammonium acetate to produce 

rylidenemalononitrile as an intermediate, followed by the cycliza- 

ion with sulfur, using diethylamine as catalysts at 65 °c for 3 h 

o give the desired products. The brownish crystalline product ob- 

ained was left to cool overnight. Thereafter, it was filtered, washed 

ith ethanol, ethanol and water (1:1) and dried. The brownish yel- 

ow crystals were purified and recrystallized from hot ethanol ( see 

ig. 1 for the optimized geometry). 

Where R = C 6 H 5 NH 2 

Yield: 89%; Melting point: 186 °C; Molecular mass: 177 gmol −1 , 

olecular formula: C 11 H 9 N 3 S; m/z : 215.05 (100%), 216.06 (11.9%), 

17.05 (4.5%), 216.05 (1.19%); Elemental analysis: C 61.37, H 4.21, N 

9.52, S 14.89. 
2 
.2. Spectra details 

The experimental Fourier Transform Infrared (FTIR) spectrum 

 Fig. 2 .) was recorded using potassium bromide (KBr) disk at 

avenumber region 40 0 0–650 cm 

−1 with a CARY 630 FTIR–

gilent technology spectrophotometer and with a spectral res- 

lution at 8cm 

−1 . 1 H NMR and 

13 C NMR were obtained using 

ruker AVANCE-III spectrometer and chemical shift ( δ) values were 

ecorded in parts per million (ppm). 

.3. Computational details 

The Avogadro software [12] was used to draw the molecular 

tructure of AI3 . The compound’s molecular geometry optimiza- 

ion was performed using the density functional theory at B3LYP 

evel [13] with 6–311 ++ G (d,p) with the aid of the Guassian 09 W

oftware [14] . All geometries were visualized using GuassView 6 

oftware package [15] . The nuclear magnetic resonance spectra ( 1 H 

nd 

13 C NMR) were obtained by using the gage-invariant atomic 

rbital (GIAO) method. The entire vibrational assignments of wave 

umbers were made on the basis of potential energy distribution 

PED) by VEDA 4 program [15] . The dipole moment, mean polar- 

zability, first order hyperpolarizability (nonlinear optical proper- 

ies) and the fukui functions of AI3 were computed with Guassian 

9 W program. The ADCH population analysis and FT-IR spectra 

ere computed with the aid of the Multiwfn anazlyzer [ 16 , 17 ]. 

.4. Pharmacological investigation 

The drug likeness based on Lipinski’s rule of five (RO5) were 

etermined for the studied compound using Molinspiration on- 
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Fig. 2. Theoretical and experimental infrared spectrum of 2-amino-4-(4-aminophenyl)thiophene-3-carbonitrile. 
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ine server [18] . The ADMET properties were calculated using the 

kCSM online server [19] . Cell permeability, penetration properties, 

arcinogenicity (toxicity) prediction in rat were determined. The 

olecular docking prototype was made on the AutoDockTools-1.5.6 

20] . The crystal structures of the protein, 1P44, 1P45 and 4TZK 

ere obtained from the Protein Data Bank ( www.rcsb.org ) and 

he reference drug (Isoniazid) was downloaded from DRUGBANK 

 www.drugbank.com ). The AutoDockTools were used to eliminate 

ater molecules, co-crystalized ligands and to add polar hydro- 

en to the protein. The docking simulations were performed using 

he AutoDockVina format, thereafter, the pdbqt docked conforma- 

ions were investigated using the Discovery Studio Visualizer. The 

referred conformation was selected on the basis of their binding 

ffinities. 

. Result and discussion 

.1. Spectral analysis 

.1.1. Vibrational analysis 

Vibrational analysis provides information on the chemical com- 

ositions of samples through characteristic bands within specified 

ange. In drug research/design, FT-IR spectra is employed in the 

valuation of the type of polymorphism existing in a drug sub- 
3 
tance [21] . The nonlinear molecule has a total number of 3 N − 6 

odes, where N represents the number of atoms present in the 

olecule [22] . The studied compound consists of 24 atoms and 

6 modes of vibrations. Out of the 66 normal modes were 23 

tretching, 22 bending and 16 torsion modes. Also, 5 out-of-plane 

odes were observed. The spectral assignments along with the po- 

ential energy distributions (PED) are presented in Table 1 . The 

xperimental Fourier Transform Infrared (FTIR) spectrum Fig. 2 . 

as recorded using potassium bromide (KBr) disk at wavenum- 

er region 40 0 0–650 cm 

−1 with a CARY 630 FTIR–Agilent tech- 

ology spectrophotometer and the spectrum was recorded with a 

pectral resolution at 8cm 

−1 while the theoretical FTIR were cal- 

ulated and plotted using the optimized structure output file on 

ultiwfn software application. In the result, the scale factor (0.96) 

as employed to give comparative theoretical and experimental 

avenumbers. 

.1.2. N 

–H vibrations 

In heterocyclic compounds, the N 

–H stretching vibration usu- 

lly occur between 3500 and 3200 cm 

−1 [23] . The stretch- 

ng N 

–H was observed experimentally at 3239cm 

−1 , 3358cm 

−1 , 

451cm 

−1 respectively. Theoretically, it was calculated as 3544, 

553, and 3652cm 

−1 also with an asymmetric stretching vibration 

t 3650cm 

−1 . 

http://www.rcsb.org
http://www.drugbank.com
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Table 1 

Experimental and calculated frequencies of AI3 at B3LYP method with 6–311 ++ G (d,p) basis set. 

Mode No. Experimental IR (cm 

−1 ) Calculated Frequency I IR Assignments with PED% 

3 3451 3652 2.83 v NH (100) 

1 3650 1.42 v asy NH (98) 

4 3358 3553 2.53 v NH (100) 

2 3239 3544 3.99 v NH (98) 

5 3279 2.67 v CH (99) 

7 3215 3.89 v CH (94) 

6 3198 9.27 v CH (83) + v CH (16) 

9 3180 40.26 v CH (94) 

6 3175 3.89 v CH (83) + v CH (83) 

10 2224 2239 1.17 v NC (89) + v asy CC (10) 

29 1697 12.54 βHNH (68) + τHNCC (10) 

27 1685 16.04 βHNH (80) 

17 1640 1673 24.79 v asy CC (49) + βHNH (16) + βHCC (15) 

16 1606 1628 43.14 v CC (54) 

11 1587 19.06 v asy CC (45) + βHCC (11) 

11 1567 19.06 v asy CC (21) + v CC (10) + βHCC (26) 

12 1540 2.32 v CC (63) + βHCC (11) 

13 1482 1.37 v CC (34) + βHCC (36) 

18 1425 70.89 v CC (37) 

13 1482 1.37 v CC (18) + βHNC (15) + βHCC (45) 

15 1341 0.43 v CC (21) + βHCC (24) 

14 1328 0.66 v NC (64) + βHCC (16) 

18 1322 70.89 v CC (12) + v NC (22) + v CC (12) 

22 1239 212.97 v CC (16) + βHCS (39) 

26 1334 1221 5.24 βHNC (16) + βHCC (41) 

26 1220 5.24 βHNC (18) + βHCC (32) 

13 1169 1.37 v CC (22) + βHNC (11) + βHCC (48) 

18 1155 70.89 v asy CC (10) + v NC (13) + βHNC (15) + βHCS (26) 

28 1098 27.46 βHNC (54) 

33 1034 0.63 βHCC (15) + βCCC (66) 

24 964 2.83 βCCC (21) + τHCCC (12) 

51 952 208.86 τHCCC (60) + τHCCC (10) 

52 947 3.34 τHCCC (72) + τCCCC (13) 

20 851 106.59 v asy NC (10) + v SC (12) + βCCC (18) 

20 849 106.59 v asy NC (25) + βCCC (20) + βCCC (18) 

23 831 835 219.98 v SC (11) + τHCCC (49) 

53 825 2.95 τHCCC (90) 

23 802 219.98 v SC (12) + βCCC (24) + βCCC (10) 

63 745 43.75 Out CCCC (71) 

50 709 17.09 τHCSC (16) + τCCCC (43) 

50 700 17.09 τHCSC (51) + Out NCSC (32) 

21 671 196.02 v CC (16) + βCCC (10) 

48 616 68.05 τHNCC (54) 

47 604 1.51 τHNCC (36) + τCCCC (12) 

38 585 1.41 βCCC (13) + τHNCC (14) 

47 561 1.51 τHNCC (26) + τNCCC (23) + τCCCC (11) 

23 544 219.98 v asy SC (17) + βCCC (36) + βSCC (10) 

58 521 20.80 Out CCCC (48) 

55 487 124.63 τNCCC (40) + Out NCSC (19) + Out CCCC (20) 

23 475 219.98 v SC (10) + βSCC (39) 

42 425 8.20 βCCN (35) + βCCC (17) 

52 420 3.34 τHCCC (15) + τCCCC (77) 

41 393 29.53 βCCN (52) + Out CCCC (13) 

41 344 29.53 βCCN (16) + Out CCCC (47) 

49 312 7.19 τHNCC (84) 

42 305 8.20 βCCN (22) + βCCC (15) + τHNCC (13) 

46 275 3.64 τHNCC (71) 

22 269 212.97 v asy CC (24) + βCCC (13) + βCCC (22) 

64 248 21.77 τCCCS (67) 

66 192 9.71 Out CCCC (50) 

40 139 5.49 βCCC (37) + βCCC (13) + Out CCCC (25) 

40 124 5.49 βCCC (40) 

44 82 10.82 βCCC (42) + τCCCC (11) + Out CCCC (13) 

65 61 28.41 Out CCCC (65) 

60 51 13.73 τCCCS (67) 

v - stretching. 

v asy - asymmetric stretching. 

β- in plane bending. 

τ - torsion. 

Out - out-of-plane. 

Wavenumbers (in cm 

−1 ) calculated at B3LYP/6–311 ++ G (d,p) using scaling factors 0.96. 

4 
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Table 2 

Comparison of B3LYP/6–311 ++ G (d,p) calculated and experimental values of 13 C and 
1 H chemical shift (ppm) relative to the TMS for AI3 . 

Atom 

Experimental 

δ (ppm) 

Theoretical δ (ppm) (B3LYP/ 

6–311 ++ G (d,p)) 

C1 28.5166 28.3436 

C2 104.2695 104.8015 

C3 54.1161 54.3781 

C4 87.3607 87.1027 

C6 71.4571 71.5501 

C7 70.0135 67.2065 

C8 65.8319 66.5979 

C9 82.0619 82.5011 

C11 82.0951 82.2981 

C13 50.4001 51.2071 

C19 85.4101 85.3341 

H10 25.4652 25.1552 

H12 22.8249 24.7419 

H14 26.4184 25.9594 

H15 24.0396 25.8466 

H17 25.8211 28.9071 

H18 28.6494 28.1794 

H22 28.9961 29.5481 

H23 29.9619 29.6279 

H24 27.3585 26.6395 
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.1.3. C ≡N vibrations 

The C ≡N Nitrile group vibrations are usually recorded at 2260–

240cm 

−1 [24] . The studied compound showed a stretching vibra- 

ion with a characteristic band experimentally at 2224cm 

−1 and 

as theoretically calculated as 2239 cm 

−1 . 

.1.4. C = C vibrations 

The aromatic C = C bond are generally observed with a medium 

o weak absorption band at 1600 −1475cm 

−1 [ 24 , 25 ]. AI3 showed

 stretching vibration and medium absorption at 1640, 1606 and 

505cm 

−1 , it was theoretically calculated at 1673cm 

−1 , 1628cm 

−1 

nd 1540cm 

−1 respectively. 

.1.5. C –H vibrations 

A bending vibration of C 

–H band corresponding to the CH 3 

roup on the phenyl ring was observed at 1334cm 

−1 experimen- 

ally and calculated as 1221cm 

−1 . 

.1.6. C-S vibrations 

The C-S stretching vibration was observed at 831cm 

−1 and cal- 

ulated as 835cm 

−1 theoretically [26] . 

.1.7. Nuclear magnetic resonance 

The understanding of basic levels of biomolecular structures are 

ssential in drug research. NMR spectroscopy presents atomic-level 

tructural information through identifying high affinity ligands 

or biologically relevant macromolecules and elucidating ligand- 

inding sites [27] . This was performed using 1 H NMR and 

13 C 

MR. The NMR analysis was carried out using chloroform (CDCl 3 ) 

s solvent and tetramethylsilane (TMS) as internal standard. In or- 

er to standardize the NMR spectra, the chemical shifts are po- 

itioned in relation to a reference proton set at 0.00 ppm. Tetram- 

thylsilane (Si(CH 3 ) 4 ), is the standard for 1 H NMR. The correspond- 

ng spectra are represented in the supporting information as Figs. 

3. (a and b) and S4. (a and b). From the analysis, the experimen-

al and theoretical 13 C NMR chemical shift values of the aromatic 

arbon lies within the range 50.4001–82.0951 and 51.2071–82.2981 

espectively. 

The AI3 chemical shifts ( Table 2 .) at 28.5166, 104.2695, 54.1161, 

7.3607 and 71.4571, 70.0135, 658,319, 82.0619, 82.0951, 50.4001 

ppm) correspond to signals for the various C 

–C bond of the thio- 

hene and the phenyl ring respectively. The doublet calculated 
5 
t 50.4001 and 85.4101 ppm is attributed to the nitrogen on the 

 = N bond which shifted downfield. This is due to the inductive 

ffect of the amino group both on the aminothiophene and on the 

henyl ring. The high chemical shift 104 ppm observed at C2 is 

ue to the cyano group it is attached to on the thiophene ring. 

he signal recorded experimentally as 28.5166 and 28.3436 the- 

retically (upfield) are associated the C atom attached to the NH 

roup on the thiophene ring. 

The 1 H NMR spectra of AI3 indicates the singlet with a high 

eshielding effect at 29.9619 ppm (experimental) and 29.6279 ppm 

theoretical) are attributed to H23 atom on the NH 2 group of 

he aromatic ring. The most shielded singlet is observed at H12 

ith 22.8249 ppm (experimental) and 24.7419 (theoretical). The 
 H NMR and 

13 C NMR analysis observed, shows good correlation 

f results obtained both experimentally and theoretically. 

.2. Fukui functions 

Fukui functions are chemical descriptors that identify atomic 

ites susceptible to electrophilic and nucleophilic attacks. The con- 

ensed Fukui functions and dual descriptor for the studied struc- 

ure were calculated using Multiwfn in its N. N + 1 and N -1 elec-

ronic states respectively. 

The condensed fukui function [28] is given as ;
f + = q N − q N+1 ( Nucleophilic attack ) (1) 

f − = q N−1 − q N ( Electrophilic attack ) (2) 

The condensed dual descriptor is given by; � f = f + − f − . 

If � f > 0 , then the site is favored for nucleophilic attack. If 

f < 0 , then the site is susceptible to an electrophilic attack. On 

his premise, the atomic sites susceptible to nucleophilic attack are 

n the order; S5 > C1 > N20 > C19 > H17 > C3 > C2 > H24 >

18 > C13. Consequently, the sites susceptible to electrophilic at- 

ack are as follows; C7 > H10 > H14 > H15 > C4 > H12 > C8 >

16 > C11 > C9 > C6 > N21. Although, it can be observed that

he � f of H22 and H23 values are < 0, thus, they behave as nu- 

leophiles. This nucleophilic behavior is as a result of the electron 

ensity around the nitrogen atom they are attached to. The Fukui 

unctions and dual descriptors for all the atomic sites of the stud- 

ed compound are tabulated in Table S3. of the supporting infor- 

ation. 

.3. Atomic charges 

Atomic charges serve to describe the distribution of charges in 

 molecule. Its relevance stretches across the fields of molecular 

odeling and quantum chemistry. It provide details of electrostatic 

nteractions with molecular force fields [29] . The atomic charges of 

he AI3 are obtained by Mulliken Population Analysis (MPA), Natu- 

al Population Analysis (NPA) and the Atomic Dipole Moment Cor- 

ected Hirshfeld (ADCH) population methods. The ADCH popula- 

ion analysis is very efficient and not sensitive to basis set, how- 

ver, the predicted charges from ADCH are generally smaller than 

hose from Mulliken [30] . The MPA and NPA are sensitive to basis 

et; a change in basis set, induces a corresponding change in the 

alculated net charges. However, NPA gives better charge distribu- 

ions because it is calculated based on the natural charges [26] . 

In this study, the ADCH charges were calculated using Multi- 

fn analyzer, while the MPA and NPA charges were extracted from 

he results of the Natural Bond Orbital (NBO) analysis which was 

erformed using Guassian 09 W at B3LYP 6–311 ++ G (d,p) basis 

et. The results obtained were compared to study the distribution 

f charges based on the different population methods in Table 3 . 

rom the result, the charges on N-atoms calculated by ADCH, MPA 
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Table 3 

Comparison of Mulliken population analysis, natural population analysis and atomic 

charges for Structure performed at B3LYP method with 6–311 ++ G (d,p) basis set. 

Atoms MPA Charges (e) ADCH (e) NPA charges (e) 

C1 0.05456 −0.23501 0.05675 

C2 0.09853 0.20206 −0.27028 

C3 0.13664 0.12466 −0.03749 

C4 −0.43679 −0.46412 −0.43878 

S5 0.25004 0.25798 0.43473 

C6 0.09294 0.03720 −0.09959 

C7 −0.17758 −0.06009 −0.19415 

C8 −0.17681 −0.40673 −0.19019 

C9 −0.17846 −0.05439 −0.27875 

H10 0.12910 0.06367 0.23629 

C11 −0.17980 −0.13005 −0.27501 

H12 0.14982 0.25419 0.24670 

C13 0.32047 0.06430 0.17519 

H14 0.11879 0.08418 0.23072 

H15 0.12418 0.14739 0.23347 

N16 −0.76070 −0.58300 −0.82705 

H17 0.34403 0.35972 0.41274 

H18 0.35604 0.34063 0.42308 

C19 0.21703 0.16166 0.26932 

N20 −0.51476 −0.38617 −0.33463 

N21 −0.78917 −0.65644 −0.83020 

H22 0.32355 0.34615 0.39811 

H23 0.32184 0.34432 0.39693 

H24 0.17650 0.18789 0.26209 
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Table 4 

Occupancy of natural orbitals and hybrids of compound for C, H, N, S atoms. 

Parameters Occupancies (e) Hybrids Atomic Orbitals% 

σ C1 - C2 1.96794 sp 1.47 s(40.54%)p(59.43%)d(0.03%) 

σ C2 - C19 1.97600 sp 2 . 17 s(31.49%)p(68.46%)d(0.05%) 

σ C4 - S5 1.97708 sp 3 .01 s(24.94%)p(74.94%)d(0.13%) 

σ C8 - H12 1.97952 sp 2 . 39 s(29.48%)p(70.47%)d(0.05%) 

σ C13 - N21 1.99239 sp 2 . 51 s(28.47%)p(71.43%)d(0.10%) 

σ N16 - H18 1.98267 sp 2 .73 s(26.81%)p(73.13%)d(0.06%) 

LP σ S5 1.98355 sp 0.55 s(64.45%)p(35.53%)d(0.02%) 

LP σ N20 1.96899 sp 0.85 s(54.03%)p(45.91%)d(0.06%) 

σ ∗C1 - C2 0.02915 sp 1.47 s(40.54%)p(59.43%)d(0.03%) 

σ ∗C2 - C19 0.03311 sp 2.17 s(31.49%)p(68.46%)d(0.05%) 

σ ∗C4 - S5 0.01399 sp 3.01 s(24.94%)p(74.94%)d(0.13%) 

σ ∗C8 - H12 0.01200 sp 2.39 s(29.48%)p(70.47%)d(0.05%) 

σ ∗C13 - N21 0.01808 sp 2.51 s(28.47%)p(71.43%)d(0.10%) 

σ ∗N16 - H18 0.01056 sp 2.73 s(26.81%)p(73.13%)d(0.06%) 
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nd NPA respectively, are negative. This is because nitrogen is more 

lectronegative than the other atoms and can accepts electrons 

reely. The result also shows positive charges for all H atoms across 

ll population analysis. This can be due to the surrounding elec- 

ronegative nitrogen atoms. The C atoms have diverse negative and 

ositive charges. The highest negative charge on the C atom is lo- 

ated on C4, while the highest positive charge is on C13 for MPA, 

2 for ADCH and C19 for NPA. The S5 atom attached to the het- 

roatom has a net positive charge for all population analysis. 

.4. NBO analysis 

The investigation of the natural bond orbitals offer details on 

he intra/inter molecular hydrogen bonding, conjugative interaction 

nd the hyper conjugative interaction in a compound [31] . Here, 

he natural bond orbital analysis were performed using the Guas- 

ian 09 W application package at B3LYP density functional method 

ith 6–311 ++ G (d,p) basis set. The corresponding donor-acceptor 

tabilization energy, E (2) (i → j) for each donor ( i ) NBO and accep-

or ( j) NBO is given as; 

 

( 2 ) = q i 
( F i, j ) 

2 

ε j − ε i 

Where qi is the orbital occupancy, i, j are diagonal elements and 

 i,j is the off-diagonal NBO Fock matrix element [32] . The greater 

xtent of conjugation enjoyed by the molecular system is due to 

he larger values of the stabilization energy, E (2) . The delocalization 

f electron density between a lone pair or bonding and Rydberg or 

ntibonding NBO orbitals increases the stabilizing donor-acceptor 

nteraction. 

From the output of the NBO analysis, the total Lewis struc- 

ure has 97.67% (core, 99.96% and valence Lewis, 96.49%) and the 

on-Lewis structure has 2.33% (valence non-Lewis, 2.18% and Ryd- 

erg non-Lewis, 0.16%) in the studied compound. The NBO results 

howed that the σ (C1 - C2) bond was formed from the sp 

1.47 hy- 

rid orbital on carbon (59.43% p -character) interacting with sp 

1.96 

ybrid on carbon (66.15% p -character). The sp 

3.01 hybrid on carbon 

tom (74.94% p -character) was interacted with sp 

4.36 hybrid of sul- 

ur atom (80.87% p -character) to form σ (C4 – C5) bond. Similarly, 
6 
he σ (C13 – N21) bond was formed through the interaction be- 

ween the s p 

2 . 51 ybrid on carbon atom (71.43% p -character) and 

he sp 

1.72 hybrid of nitrogen (63.17% p -character) ( Table 4 ). 

The second order perturbation theory analysis of fock matrix 

asis in NBO analysis between donor and acceptor orbitals of the 

tudied compound are represented in Table 5 . The nature of in- 

eraction between the donor (i) and acceptor (j) is determined by 

he value of the stabilization energy. The stability of the system 

ncreases with increased electron delocalization associated with 

yperconjugation, thus, a high stabilization energy [33] . The sig- 

ificant hyperconjugative interactions and the value of their sta- 

ilization energies observed from the NBO analysis are: π (C11 –

13) → (C6 – C8) (24.56 Kcal/mol), π (C6 – C8) → π ∗(C7 – C9) 

23.08 Kcal / mol ), π (C7 – C9) → π ∗(C11 –C13) (21.37 Kcal / mol ), 

(C6 – C8) → π ∗(C11 – C13) (17.72 Kcal / mol ), π (C11 – C13) 

 π ∗(C7 – C9) (16.58 Kcal / mol ), π (C7 – C9) → π ∗(C6 – C8) 

15.71 Kcal / mol ), π (C3 – C4) → π ∗(C1 – C2) (10.88 Kcal / mol ), 

(C3 – C4) → π ∗(C1 – C2) (6.3 Kcal/mol). 

These stabilization energies correspond to the stability of the 

henyl ring and the charge transfer within the molecules of 

he studied compound. The energies for the interaction between 

P(2)S5 → π ∗(C1 – C2) (24.39 Kcal/mol) and LP(2)S5 → π ∗(C3 –

4) (17.39 Kcal/mol) stabilized the structure and proved the reso- 

ance between the heteroatom and the phenyl ring of AI3 . 

.5. Frontier molecular orbital (FMO) 

The Frontier Molecular Orbital (FMO) focuses on the highest oc- 

upied molecular orbital and the lowest unoccupied molecular or- 

ital, HOMO and LUMO respectively. It is relevant in evaluating the 

hemical reactivity and the kinetic stability of a molecule. Within 

he molecule, the HOMO indicates its ability to donate an electron, 

hile the LUMO indicates its electron acceptance ability. The dif- 

erence between the energy values of the HOMO and the energy 

alues of the LUMO orbitals ( E HOMO − E LUMO ) correspond to the en- 

rgy gap of the molecule. The energy gap provide details that in- 

icates the structure’s stability and intra-molecular interaction as 

 result of charge transfer between the donor and acceptor atom 

34] . The values of the E HOMO , E LUMO and energy gap were com- 

uted with GuassView 6 software using the output log file gotten 

rom the optimized structure. The analysis revealed that AI3 has 

47 molecular orbitals, out of which 56 molecular orbitals are oc- 

upied. The HOMO were mostly localized on the nitrogen atom, 

21 of the amino substituent attached to the phenyl ring and also 

n the carbon atom, C4 of the thiophene ring. The LUMO were lo- 

alized on the carbon atom, C1 and partially on the sulfur atom, 

5 both on the thiophene ring [35] . The Chemical Hardness ( η), 

oftness (s), Chemical Potential (μ), Electronegativity ( χ ) and Elec- 

rophilicity index ( ω) were calculated using the following formula; 
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Table 5 

Second order perturbation theory analysis of Fock matrix basis in NBO analysis between donor and acceptor 

orbitals of the studied compound. 

Donor(i) Occupancy Acceptor(j) Occupancy E (2) Kcal/mol E(i) – E(j) (a.u) F(i,j) (a.u) 

σ C1-C2 1.96794 σ ∗C2-C3 0.03280 3.71 1.24 0.060 

σ ∗C19-N20 0.00956 4.26 1.62 0.075 

σ C2-C19 1.97600 σ ∗C1-C2 0.02915 3.26 1.29 0.058 

σ ∗C19-N20 0.00956 6.08 1.62 0.089 

πC3-C4 1.89480 π ∗C1-C2 0.43015 10.88 0.28 0.054 

π ∗C6-C8 0.39540 6.32 0.32 0.043 

σ C4-S5 1.97708 σ ∗C1-N16 0.01783 4.63 1.09 0.063 

σ ∗C3-C6 0.03138 5.02 1.15 0.068 

σ C4-H24 1.98370 σ ∗C2-C3 0.03280 3.54 1.05 0.055 

σ ∗C3-C4 0.02053 2.79 1.15 0.051 

σ C6-C7 1.97199 σ ∗C3-C6 0.03138 2.83 1.17 0.051 

σ ∗C6-C8 0.02299 3.56 1.25 0.060 

σ C6-C8 1.97212 σ ∗C3-C6 0.03138 2.76 1.17 0.051 

σ ∗C6-C7 0.02262 3.59 1.25 0.060 

πC6-C8 1.64752 π ∗C7-C9 0.33362 23.08 0.28 0.071 

π ∗C11-C13 0.40510 17.72 0.27 0.063 

σ C7-C9 1.97765 σ ∗C3-C6 0.03138 3.29 1.18 0.056 

σ ∗C13-N21 0.01808 3.71 1.14 0.058 

πC7-C9 1.71920 π ∗C6-C8 0.39540 15.71 0.29 0.062 

π ∗C11-C13 0.40510 21.37 0.28 0.072 

σ C7-H10 1.98122 σ ∗C6-C8 0.02299 3.91 1.09 0.058 

σ ∗C9-C13 0.02287 3.95 1.08 0.058 

σ C8-C11 1.97720 σ ∗C3-C6 0.03138 3.44 1.18 0.057 

σ ∗C13-N21 0.01808 3.71 1.13 0.058 

σ C8-H12 1.97952 σ ∗C6-C7 0.02262 3.97 1.09 0.059 

σ ∗C11-C13 0.02274 4.02 1.08 0.059 

σ (1)C9-C13 1.97422 σ ∗C7-C9 0.01242 2.69 1.29 0.053 

σ ∗C11-C13 0.02274 3.34 1.26 0.058 

πC11-C13 1.62160 π ∗C6-C8 0.39540 24.56 0.29 0.075 

π ∗C7-C9 0.33362 16.58 0.28 0.062 

LP(2)S5 1.68168 π ∗C1-C2 0.43015 24.39 0.26 0.073 

π ∗C3-C4 0.02053 17.39 0.29 0.063 

LP (1)N20 1.96899 RY ∗(1)C19 0.01929 16.51 1.14 0.123 

σ ∗C2-C19 0.03311 12.73 1.05 0.103 

L P - Lone pair. 

E (2) - Stabilization energy. 

E(i) – E(j) - Energy difference between the donor and acceptor NBO orbitals. 

F(i,j) - The Fock Matrix element between i and j NBO orbitals. 
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Table 6 

Calculated energy values of AI3 by the B3LYP/6–

311 ++ G (d, p) approach. 

B3LYP 6–311 ++ G (d,p) 

E total (a.u) −26,857.9527 

E HOMO (eV) −5.251973 

E LUMO (eV) −0.643870 

E HOMO - E LUMO gap (eV) −4.608103 

E HOMO-1 (eV) −5.88637 

E HOMO-2 (eV) −6.75632 

E LUMO + 1 (eV) −0.24435 

E LUMO + 2 (eV) −0.09904 

E HOMO-1 - E LUMO + 1 gap (eV) −5.64202 

E HOMO-2 - E LUMO + 2 gap (eV) −6.65728 

Chemical Hardness( η) −2.30405 

Softness (s) −0.21701 

Chemical Potential (μ) 2.94792 

Electronegativity ( χ ) −2.94792 

Electrophilicity index ( ω) −1.88586 

3

g

a

i

t

r

t

= 

I − A 

2 

(3) 

 = 

I 

2 

η (4) 

= −μ = 

I + A 

2 

(5) 

 = 

μ2 

2 

η (6) 

The Electrophilicity index measures the system’s stability when 

t obtains additional surrounding charge. The electronegativity and 

hemical potential of the molecule is a property of the whole 

olecule and they remain constant throughout. The chemical soft- 

ess reveals the nature of toxicity of the molecule. The low soft- 

ess value ( −0.21701) indicates low toxicity. The value of the en- 

rgy gap of the HOMO and LUMO ( −4.608102) is comparable to 

hose of HOMO-1/LUMO + 1 ( −5.64202) and the HOMO-2/LUMO + 2 

 −6.65728). The decreased value of the energy gap of the HOMO 

nd LUMO proves the biological reactivity of the molecule (low 

tability) and indicates the presence of NLO effects . The low value 

f Chemical hardness proves ( −2.30405) that the studied structure 

s a soft molecule [ 36 , 37 ]. The distributions and energy levels of

OMO-2, HOMO-1, HOMO, LUMO, LUMO + 1, LUMO + 2 are shown 

n Fig. 3 . The Table 6 . represents the calculated energy values of

he studied ligand. 
7 
.6. Electrostatic potential (ESP) 

The Electrostatic Potential, ESP was determined to provide 

raphical representation of the chemically active sites and the 

tom reactivity. The analysis of the ESP is based on the nature of 

nteraction between the positive regions of the electrostatic poten- 

ial on a surface with the negative region on the other surface. This 

eveals the sites susceptible for nucleophilic and electrophilic at- 

ack, charge distribution and interaction between hydrogen bond- 
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Fig. 3. Molecular Orbital Surfaces and Energy Levels highlighted for the HOMO-2, HOMO-1,HOMO, LUMO + 1, LUMO + 2 and LUMO of the ligand in view at the B3LYP/6–311 ++ 

G (d,p) level. 
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ng [38] . The more the electropositivity and electronegativity, the 

tronger the tendency for ESP . Fig. 4 . represents the isosurface plot 

or the title compound. The red and blue spheres represent sur- 

ace local minima and maxima of ESP respectively. The red sphere 

epresents the region with high electron dominance and it is iden- 

ified with their negative isosurface values while the blue sphere 

orresponds to the region with electron deficiency and can also be 

dentified with their positive isosurface values. The highest mini- 

um on the surface of the studied compound was located at S5 

 −0.001 Kcal/mol), this is due to the tendency of the Sulfur to at- 
d

8 
ract electrons as an electronegative atom. The highest maxima on 

he surface of the compound was found at N16 (0.029 Kcal/mol) 

nd this is due to charge differences between surrounding H atoms 

nd carbonyl carbon atom. 

.7. Non linear optical analysis 

In an applied electric field, the response of a system is deter- 

ined by the polarizabilities and hyperpolarizabilities [39] . They 

efine the Non Linear Optic (NLO) properties of the system and 
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Fig. 4. ESP Isosurface plot studied with DFT/B3LYP method and 6–311 ++ G (d,p) basis set. (For interpretation of the references to color in this figure, the reader is referred 

to the web version of this article.) 
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he strength of molecular interactions including the cross sections 

f several scattering and collision properties [40] . The NLO activ- 

ty emerges from optical switching, frequency shifting and opti- 

al memory. Nonlinear optics is a logical technique for imaging 

rug delivery. It is also used in biomedical settings to image drug 

olecules and various particles in cell cultures and tissue samples 

41] . The first order hyperpolarizability and the polarizabilities of 

I3 was calculated using B3LYP/6–311 ++ G (d,p) method. Although, 

he ∝ and β values gotten from the NLO output file from Guassian 

ere initially given in atomic units (a.u), however in this study, 

he results were converted into electronic units (esu), (for ∝ ; 1 

. u = 0.1482 × 10 −24 esu) and (for β; 1 a. u = 8.6393 × 10 −23 esu).

The mean first order hyper polarizability value, ( βtot ) is 

.251 × 10 −29 esu. The maximum value of the dipole moment, 

 μz ) along the z direction is −2.03337 Debye. The mean polariz- 

bility ( αtot ) and the anisotropy of the polarizability ( �α) equals 

.268 × 10 −23 esu and 2.596 × 10 −23 esu respectively. Urea is one 

f the prototypical molecules used in the study of the NLO proper- 

ies of molecular systems and as a reference molecule for compar- 

tive purposes. The studied compound calculated dipole moment 

nd mean first order polarizability is greater than that of urea (The 

ipole moment 1.5256 Debye and first order hyper polarizability 

s 0.7803 × 10 −30 esu) obtained by B3LYP/6–311 ++ G (d,p) method 

42] . These results indicate that AI3 is a good candidate of NLO 

aterial. 

The mean first order hyperpolarizability ( βtot ), total dipole mo- 

ent ( μ), the mean polarizability ( αtot ) and the anisotropy of the 

olarizability ( �α) were calculated using the following equations. 

he obtained values are represented in Table S8 of the supporting 

nformation. 

x = βxxx + βxyy + βxzz (7) 

y = βyyy + βxxy + βyzz (8) 

z = βzzz + βxxz + βyyz (9) 

total = 

√ (
β2 

x + β2 
y + β2 

z 

)
(10) 

= 

√ (
μ2 

x + μ2 
y + μ2 

z 

)
(11) 
9 
total = 

( ∝ xx + ∝ yy + ∝ zz ) 

3 

(12) 

α = 

√ (
( ∝ xx − ∝ yy ) 

2 + ( ∝ yy − ∝ zz ) 
2 + ( ∝ zz − ∝ xx ) 

2 
)

(13) 

.8. Drug likeness and ADMET analysis 

Drug likeness is a balance of various structural and molecular 

roperties tested for effective and efficient results to aid drug dis- 

overy and production. Also accessed are the absorption, distribu- 

ion, metabolism, excretion and toxicity (ADMET) properties of the 

ompound. In this study, drug likeness and ADMET properties of 

he studied compound were investigated and the predicted results 

re compiled in Table 7 . The drug likeness of the compound is ac- 

essed based on the Lipinski’s rule of five (RO5) and the result 

hows no violation of the rule. The physicochemical parameters 

ith their ranges as defined by the Lipinski’s rule of five include; 

olecular weight < 500, Hydrogen bond donor ≤5, Hydrogen bond 

cceptor ≤10, High lipophilicity log P < 5. 

The ADMET results presented in Table 8 . indicate that the com- 

ound has excellent absorption due to its promising solubility and 

ermeability [43] . The Human Intestinal Absorption (HIA) is an 

mportant requirement for the apparent efficacy of an oral drug 

44] . The result shows good absorption at 89.51%. Skin permeabil- 

ty is considered in transdermal drug delivery and evaluates prod- 

ct efficacy, the studied compound shows low skin permeability 

t −3.225. Blood-brain barrier (BBB) permeability is essential for 

rugs that are targeted to penetrate the brain. High values of the 

BB permeability of drugs not targeted to penetrate the brain leads 

o unwanted central nervous system CNS related side effects [45] . 

he studied compound possesses a low BBB penetration value at 

ogBB −0.02 and a considerably high CNS value at logPS −1.962 

nd can thus penetrate the brain. CYP1A2 is an isoform of Cy- 

ochrome P450 inhibitor found in the liver as a detoxification en- 

yme in the body and the study indicates its presence in the com- 

ound [46] . Consequently, AI3 has shown fair toxicity profile based 

n the toxicity risk assessment. The AMES toxicity is an assessment 

or mutagenicity [47] and the compound is predicted to be AMES 

ositive. However, the compound is predicted to have a high esti- 

ate of toxic dose threshold (Maximum Tolerated Dose, MTD) of 

hemicals in humans at 0.621 (log mg/kg/day) [48] . Hepatotoxicity 
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Table 7 

Molinspiration property values for 2-amino-4-(4-aminophenyl)thiophene-3-carbonitrile . 

mi LogP TPSA n atoms Molecular weight No. of H-bond acceptors No. of H-bond donor No. of Violations volume n rotb 

1.69 75.84 15 215.28 4 3 0 185.60 1 

Logarithm of partition coefficient (miLogP). 

Topological polar surface area (TPSA). 

Molecular weight (MW). 

Number of rotatable bonds (n-rotb). 

Table 8 

ADMET Properties of 2-amino-4-(4-aminophenyl)thiophene-3-carbonitrile. 

Water solubility −2.884 Numeric (log mol/L) 

Absorption Caco2 permeability 0.86 Numeric (log Papp in 10 −6 cm/s) 

Human Intestinal absorption 89.51 Numeric (% Absorbed) 

Skin Permeability −3.225 Numeric (log Kp) 

P-glycoprotein substrate Yes Categorical (Yes/No) 

Distribution Fraction unbound (human) 0.158 Numeric (Fu) 

BBB permeability −0.02 Numeric (log BB) 

CNS permeability −1.962 Numeric (log PS) 

Metabolism CYP1A2 inhibitior Yes Categorical (Yes/No) 

Excretion Total Clearance 0.015 Numeric (log ml/min/kg) 

Renal OCT2 substrate Yes Categorical (Yes/No) 

Toxicity AMES toxicity Yes Categorical (Yes/No) 

Max. tolerated dose (human) 0.621 Numeric (log mg/kg/day) 

hERG I inhibitor No Categorical (Yes/No) 

hERG II inhibitor No Categorical (Yes/No) 

Oral Rat Acute Toxicity (LD50) 2.55 Numeric (mol/kg) 

Oral Rat Chronic Toxicity (LOAEL) 1.06 Numeric (log mg/kg_bw/day) 

Hepatotoxicity No Categorical (Yes/No) 

Skin Sensitization No Categorical (Yes/No) 

T.Pyriformis toxicity 0.865 Numeric (log ug/L) 

Minnow toxicity 1.061 Numeric (log mM) 
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ignals drug-induced liver impairments and leads to the discon- 

inuation of drug production when present [49] , interestingly, the 

tudy records its absence. Skin sensitization is a safety assessment 

ndicator that provides information on a compound’s ability to in- 

uce skin allergy when administered [50] and the result proves 

hat the compound is safe and unable to cause allergies on the 

kin. 

.9. Molecular docking 

Molecular docking is an essential technique employed in the 

tudy of the binding interactions between target proteins and lig- 

nds (small molecules). It is useful in the virtual screening of drug- 

ike molecules and the determination of the binding conforma- 

ions and affinities of the ligand to the protein, thereby resulting 

n the advancement of drug development [9] . Three (3) Mycobac- 

erium tuberculosis proteins with Escherichia coli as their expression 

ystem, 1P44, 1P45 and 4TZK were chosen to study the antitu- 

ercular property of the ligand. The target proteins (.pdb format) 

ere downloaded from RCSB (Research Collaboratory for Struc- 

ural Bioinformatics) protein data bank ( http://www.rcsb.org ). The 

raphical user interface of Autodock Tools-1.5.6 [51] was used to 

repare the proteins through the removal of water, defining and 

diting of binding sites, the addition of polar hydrogens as well as 

equired charges. The ligand was optimized to minimum energy at 

3LYP/6–311 ++ G (d,p) basis set using Guassian 09 w. The protein- 

igand interactions were analyzed using the Discovery Studio 2020 

lient to give the molecular binding mode, the 2-D ligand-protein 

nteraction and the Ramachandran plot. The docking conformation 

ith the lowest binding energy was selected to study the mode 

f binding . The lower the binding affinity, the stronger the lig- 

nd binds to the protein. The molecular binding mode of the 3 tar- 

et proteins (1P44, 1P45 and 4TZK) are represented in Figs. 5 a , 

 a and 7 a respectively. The 2-dimensional representation of the 

igand-protein interaction with highlighted binding sites and bond 
10 
istance are shown in Figs. 5 b, 6 b and 7 b, while 7c, 8c and 9c

howcases the Ramachandran plots respectively for 1P44, 1P45 and 

TZK. 

.9.1. Protein 

The ligands-1P44 protein complexes were stabilized by hydro- 

en bonds, π − sigma , van der Waals, π − al kyl , amide- π stacked 

nteractions. In AI3–1P44 complex, four hydrogen bonds were 

ormed between residues LYS57, ASP223 at the distance, 2.56522, 

.03077, 2.6642 and 2.48023, respectively. The six membered ring 

nd the five membered ring of residue PRO59, ALA58 and LYS57 

nteracted to form three hydrophobic interactions at a distance, 

.52585, 4.87192 and 5.15397, respectively. 

For the ISONIAZID-1P44 complex, six hydrogen bonds were 

ormed between residues GLN49, LYS181, ALA58 and ALA56 at the 

istance, 2.43983, 2.2281, 2.33417, 2.41012, 2.35067 and 3.60909. 

ne electrostatic interaction was formed at 3.37332 with residue 

SP52 while two hydrophobic interactions were formed with 

esidues LYS57, LYS181 at 4.80331 and 4.77031. 

.9.2. Protein 

The ligands-1P45 protein complexes were stabilized by hydro- 

en bonds, van der Waals, π − anion and electrostatic interactions. 

s observed from the AI3–1P44 complex, five hydrogen bond in- 

eractions were found with residues SER166, ARG173 and SER152 

t the distance, 2.52214, 2.20941, 1.79445, 2.39001 and 2.31237. 

t ARG173 residue, an electrostatic bond with π − cation and π−
onor hydrogen bond interaction is formed at a distance, 3.80185. 

At the bond distance, 3.0581, 1.75795, 1.97199, 2.44965 and 

.20891, five hydrogen bonds were formed were found in the 

esidues SER166, ARG173, GLU169. Also, an electrostatic π − anion 

nteraction is observed in the residue GLU169 due to the interac- 

ion between the 1P45 protein and the standard drug, ISONIAZID 

 Fig. 6 a and b ). 

http://www.rcsb.org
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Fig. 5. (a): Binding mode of AI3 and ISONIAZID at the binding site of 1P44. (b). 2-D ligand-protein (1P44) interaction. (c). Ramachandran plot: 1P44 interaction. 

11 



Q.S. Obu, H. Louis, J.O. Odey et al. Journal of Molecular Structure 1244 (2021) 130880 

Fig. 6. (a). Binding Mode of AI3 and ISONIAZID at the binding site of 1P45. (b). 2-D ligand-protein (1P45) interaction. (8). Ramachandran plot: 1P45 interaction. 
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Fig. 7. (a). Binding Mode of AI3 and ISONIAZID at the binding site of 4TZK. (9). 2-D ligand-protein (4TZK) interaction. (c). Ramachandran plot: 4TZK interaction. 
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.9.3. Protein 

Consequently, the ligand-4TZK protein complexes consist of hy- 

rogen bonds π − sigma , van der Waals, π − al kyl , π − π inter- 

ctions which stabilize the complexes. In the AI3–4TZK complex, 

he residues VAL65, GLY14 and ASP64 formed three hydrogen 

onds at the distance, 2.48461, 2.56224 and 2.75665. A sulfur-X 

ond formed at the distance, 3.33036 was found in the residue 

AL65. A hydrophobic π − sigma interaction is observed at a dis- 

ance 3.88393 in the ILE95 residue. At the distance, 4.15898, in the 

HE41 residue, a hydrophobic π − π interaction is noticed. Fur- 

hermore, three hydrophobic π − alkyl interactions were found in 

he ILE95, VAL65, ILE122 residues at 4.755, 4.77925 and 5.16583, 

espectively. 

In the ISONIAZID-4TZK complex, five hydrogen bonds were 

ormed at 2.54798, 3.00409, 2.88614, 2.78222 and 2.65371 with 

esidues GLY14, PHE41, LEU63. One π − sigma hydrophobic inter- 

ction was observed in the residue ILE95 at the distance 3.7812. 

lso, one π − π hydrophobic interaction was observed in PHE41 

t 5.51148. ( Fig. 7 a and b) 

The trend in the binding energies, hydrogen bonds and hy- 

rophobic contacts of the studied ligand, the standard drug with 

he target proteins are highlighted in Tables S11 and S12. of 

he supporting information. In drug discovery, the binding affini- 

ies provide details that aid drugs bind their targets selectively 

nd specifically. The docked AI3 complexes has comparatively 

etter binding affinities ( −6.0, −3.9 and −7.2 kcal/mol) than 

he complexes of the standard drug, ISONIAZID ( −5.5, −3.8 and 

5.6 kcal/mol) for respective target proteins. Also, both complexes 

ave comparative observable hydrogen bonds which are vital in 

he structure and function of biological processes. Therefore, this 

roves the suitability of AI3 as a potential anti-tubercular drug. 

. Conclusion 

The results obtained show good agreements between the ex- 

erimental and theoretical spectroscopic analysis of 2-amino-4- 

4-aminophenyl)thiophene-3-carbonitrile. Utilizing the DFT/B3LYP 

ethod with 6–311 ++ G (d,p) basis set, the optimized geome- 

ry, vibrational frequencies, atomic charges, chemical reactivity pa- 

ameters, natural bond orbital and the non-linear optical effects 

ere calculated and reported. The energy gap calculated from the 

OMO/LUMO has a lower value of −4.608103 eV and thus, in- 

icates the presence of NLO effect, low kinetic stability and the 

igh biological activity of the studied compound. The result of the 

on linear optical analysis, showcased the compound to be a good 

andidate of NLO material. The molecular docking result suggests 

hat the compound might exhibit antitubercular effects against My- 

obacterium tuberculosis as a better binding energy of AI3 was re- 

orted in comparison to that of a standard antitubercular drug, 

soniazid. [52] The result of the ADMET analysis also proves good 

rug likeness and excellent ADME properties as well as permissi- 

le toxicity assessment. Hence, we hope our research will serve as 

 useful guide for further studies and synthesis of 2-amino-4-(4- 

minophenyl)thiophene-3-carbonitrile. 
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