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a b s t r a c t 

This work deals with the synthesis, crystal structure, computational study and antiviral potential of mixed 

ligand copper(II) complex [Cu(L)(phen)]( 1 ), (where, H 2 L = ( Z )- N ’-(( E )-2-hydroxy-3,5-diiodobenzylidene)- 

N,N- dimethylcarbamohydrazonothioic acid, phen = 1,10-phenanthroline). The Schiff base ligand (H 2 L) is 

coordinated with Cu(II) ion in O, N, S-tridentate mode. The copper complex ( 1 ) crystallized in the mon- 

oclinic system of the space group P21/c with eight molecules in the unit cell and reveals a square 

pyramidal geometry. Furthermore, we also perform quantum chemical calculations to get insights into 

the structure-property relationship and functional properties of ligand (H 2 L) and its copper (II) com- 

plex [Cu(L)(phen)]( 1 ). Complex [Cu(L)(phen)]( 1 ) was also virtually designed in-silico evaluation by Swiss- 

ADME. Additionally, inspiring by recent developments to find a potential inhibitor for the COVID-19 virus, 

we have also performed molecular docking study of ligand and its copper complex ( 1 ) to see if our com- 

pounds shows an affinity for the main protease (M 

pro ) of COVID-19 spike protein (PDB ID: 7C8U). In- 

terestingly, the results are found quite encouraging where the binding affinity and inhibition constant 

were found to be -7.14 kcal/mol and 5.82 μM for ligand (H 2 L) and -6.18 kcal/mol and 0.76 μM for com- 

plex [Cu(L)(phen)]( 1 ) with M 

pro protein. This binding affinity is reasonably well as compared to recently 

known antiviral drugs. For instance, the binding affinity of ligand and complex was found to be better 

than docking results of chloroquine (-6.293 kcal/mol), hydroxychloroquine (-5.573 kcal/mol) and remde- 

sivir (-6.352 kcal/mol) with M 

pro protein. The present study may offer the technological solutions and 

potential inhibition to the COVID-19 virus in the ongoing and future challenges of the global community. 

In the framework of synthesis and characterization of mixed ligand copper (II) complex; the major 

conclusions can be drawn as follow: 

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

The coronavirus disease (COVID- 2019) pandemic, as reported 

y the World Health Organization (WHO) , caused by a newly 

iscovered coronavirus classified as severe acute respiratory syn- 

rome coronavirus-2 (SARS-CoV-2) emerged in the city of Wuhan, 

apital of Hubei Province, Central China in late 2019, which was 

ater coined as COVID-19 [ 1 –3 ]. The SARS-CoV-2 is the seventh 

nd newest addition to the SARS family noted for their crown- 

ike, glycoprotein structure, Spike(S)-protein structure and ability 

o bind to cells easily. The bioinformatics in the genetic code hid- 

en within the ribonucleic acid (RNA) chain of the virus itself is 

ne of huge obstacle that researchers have had to overcome when 
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ooking for a cure or vaccine. As the world is witnessing severe 

amages of COVID-19 pandemic, it is a great challenge for finding 

 therapeutic agent to treat COVID-19 virus. Having no alternatives, 

emdesivir, Chloroquine, and Hydroxychloroquine are under test- 

ng in clinical trials to access their efficacy against COVID-19 virus 

 4 –8 ]. One of the first antiviral drugs tested, the Ribavirin, a nucle-

side analog that acts as an RNA polymerase inhibitor, was used 

n patients with MERS and SARS-CoV-2 protease inhibitors [ 9 –11 ]. 

A recent study revealed COVID-19 main protease (M 

pro ) is re- 

ponsible for the proteolytic mutation of this virus and is essen- 

ial for its life cycle [12] . Chloroquine and Hydroxychloroquine are 

minoquinolines, a class of heterocyclic scaffolds with an amino 

roup. They are able to form metal complexes with transition 

etal ions as an inhibitor for COVID-19 [ 13 , 14 ]. Schiff bases have

arge importance in medicinal and pharmaceutical fields. A lot of 

apers have been reported in this field and recently several Schiff

ases and their complexes have been studied against COVID-19 

https://doi.org/10.1016/j.molstruc.2021.131246
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.131246&domain=pdf
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Scheme 1. Synthetic route for Schiff base and mixed ligand complex [Cu(L)(phen)]( 1 ). 
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 15 –18 ]. Furthermore, recent studies have shed a light on molec- 

lar docking methodologies as powerful techniques in establishing 

herapeutic strategies to combat COVID-19 pandemic. In context to 

he recent demands, molecular docking approach has been applied 

or screening of organic molecules and coordination complexes as 

otent inhibitor of COVID-19 virus [ 19 –35 ]. Metal complexes will 

ventually lead to the destruction of COVID-19 virus. Copper or 

heir compounds can be a powerful weapon in the fight against 

OVID-19 and future pandemics [ 36 , 37 ]. Recently, our lab has syn-

hesized a novel copper (II) complex [38] and studied its binding 

ffinity and inhibition constant (-8.400 kcal/mol and 0.661 μM, re- 

pectively) for the main protease (M 

pro ) of COVID-19 spike protein 

PDB ID: 6LU7). Unlike the previous studies, we report here, syn- 

hesis of a tridentate Schiff base ligand (H 2 L) and a square pyrami- 

al copper (II) complex [Cu(L)(phen)]( 1 ) ( Scheme 1 ) and its struc- 

ural properties and binding affinities with main protease (M 

pro ) 

f COVID-19 spike protein (PDB ID: 7C8U) is studied by molecular 

ocking methods to find a possible therapeutic drug candidate for 

OVID-19 virus. 

. Experimental 

.1. Materials used for synthesis 

The chemicals used were of AnalaR grade. Cu(OAc) 2 .H 2 O, 

,4-dimethyl-3-thiosemicarbazide, 3,5-diiodosalicylaldehyde, 1,10- 

henanthroline, were obtained from Sigma-Aldrich and were used 

ithout further purification. 
2 
.2. Characterization techniques 

Different spectral techniques (UV-vis, IR and HRMS) were used 

o analyse the prepared ligand and complex [Cu(L)(phen)]( 1 ). El- 

mental analytical data and quantum chemical calculations were 

lso applied for these purposes. The FT-IR spectra of the com- 

ounds were recorded on a Shimadzu IR Affinity-1S Fourier trans- 

orm infrared spectrophotometer in the range 40 0 0–40 0 cm 

−1 

ange using KBr pellets and the electronic spectra of the com- 

ounds were taken on a Thermo scientific UV-Vis recording spec- 

rophotometer Evolution-30 0 0 in quartz cells. Melting point was 

easured on a Boetius micro melting point apparatus. The HRMS 

as made on a XEVO G2-XS QTOF High Resolution Mass Spectrom- 

ter (HRMS) equipped with dual electrospray ionization and atmo- 

pheric pressure chemical ionization (ESI/APCI) with mass range: 

0 0–190 0 m/z. 

.3. Crystallographic data collection and refinement 

The geometry of copper (II) coordination [Cu(L)(phen)]( 1 ) com- 

lex has also been confirmed by a single-crystal X-ray analysis. 

ingle crystal suitable for X-ray analysis was mounted on glass 

bers and used for data collection. Crystal data was collected on 

nraf-Nonius MACH 3 diffractometer using graphite monochroma- 

ised Mo-K α ( λ = 0.71073 Å). The crystal orientation, cell re- 

nement and intensity measurements were made using the pro- 

ram CAD-4PC performing ω-scan measurements. The structure 

ere solved by direct methods using the program SHELXS-97 [ 39 ] 
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Table 1 

Crystallographic Data and Refinement Parameters for complex [Cu(L)(phen)] ( 1 ). 

Crystallographic data Complex (1) 

Formula C 22 H 17 CuI 2 N 5 OS 

Mw (gmol −1 ) 716.80 

temp (K) 200(2) 

λ (Mo K α), ( ̊A) 0.71073 

crystal system Monoclinic 

space group P 21/c 

a ( ̊A) 15.1231(9) 

b ( ̊A) 26.5571(15) 

c ( ̊A) 12.1855(6) 

α ( °) 90 

β ( °) 100.591(2) 

γ ( °) 90 

V ( ̊A 3 ) 4810.6(5) 

Z 8 

D calc (Mg/cm 

3 ) 1.979 

μ (mm 

−1 ) 3.586 

F (000) 2744 

Crystal size(mm 

3 ) 0.200 × 0.150 × 0.100 

Index ranges -23 < = h < = 23, -40 < = k < = 40, 14 < = l < = 18 

Collected reflections 208670 

unique reflections 18325 

Absorption correction Semi-empirical from equivalents 

max and min trans 0.7465 and 0.5673 

Refinement method Full-matrix least-squares on F 2 

Goodness-of-fit (GOF) on F 2 1.067 

R1 [ I > 2 σ ( I )] a 0.0297 

wR2 (all data) b 0.0683 

CCDC Number 2066722 

a R 1 = �││F o │ – │F c ││/ �│F o │; b wR 2 = { � [ w ( F o 
2 – F c 

2 ) 2 ]/ � [ w ( F o 
2 ) 2 ]} 1/2 
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nd refined by full-matrix least-square techniques against F 2 us- 

ng SHELXL-97 [ 40 ]. Anisotropic refinement was used for all non- 

ydrogen atoms. Hydrogen atoms were placed geometrically and 

eld in the riding model. Data collection and structure refinement 

arameter along with crystallographic data of complex was sum- 

arized in Table 1 . The crystallographic data of complex have been 

eposited with the Cambridge Crystallographic Data Center, CCDC- 

0 6 6722 for [Cu(L)(phen)] ( 1 ) as supplementary material for this 

aper. 

.4. Computational methods 

The geometry optimization of complex [Cu(L)(phen)]( 1 ) was 

erformed at the ωB97X-D/6-311 + G 

∗∗ level of theory in vacuum 

sing the Gaussian16 software package [ 41 ] and cross-validated 

sing the Spartan 16/18 parallel suite of programs [ 42 ]. The 

ispersion-corrected DFT functional ωB97X-D [43] is chosen to 

ccurately estimate the Vander walls interactions, which are ex- 

ected to contribute greatly to the stability of this complex. 

.5. Molecular docking protocols 

All protein docking calculations were performed using open- 

ource AutoDock Tools [44] and AutoDock Vina (ADV) [45] pro- 

rams while docking results were visualized by open-source Dis- 

overy Studio visualizer [46] . The AutoDock Vina (ADV) program 

s used for docking studies in the present investigation. ADV of- 

ers more accuracy in analyzing protein-ligand interactions as com- 

ared to Autodock 4.2 where the aforementioned provides more 

ccuracy for a ligand by analyzing more than twenty rotatable 

onds [45] . The spike protein of main protease (M 

Pro ) of COVID- 

9 was selected for molecular docking and its structure was ob- 

ained from the PDB database using (PDB ID: 7C8U; unit cell: 

 = 114.303 Å, b = 53.874 Å, c = 45.233 Å, α = 90 °, β = 101.576(2)

, γ = 90 °) and used as receptor protein [ 47 , 48 ]. The M 

pro is a

ey enzyme of SARS CoV-2 with a molecular mass of 33796.8 Da 
3 
nd plays a pivotal role in the processing of two polyproteins pp1a 

nd pp1ab into 16 NSPS (non-structural proteins) [47] . The Auto 

ock GUI program was used to prepare the pdbqt files of the re- 

eptor M 

pro protein, ligand (H 2 L), and of complex [Cu(L)(phen)]( 1 ) 

long with the grid box settings. The grid size boundaries along 

, Y , and Z axes were scaled at 30 Å, 30 Å and 30 Å, respectively,

ith a grid spacing of 0.508 Å to allow proper binding flexibility 

ith a protein molecule. The output results were written into a 

onfiguration file. The receptor protein was treated as a rigid en- 

ity whereas ligand, and complex [Cu(L)(phen)]( 1 ) was kept flexi- 

le to attain the best fitting confirmation for the receptor complex. 

n the other hand, Kollman charges, polar hydrogen atoms were 

lso added during the preparation of protein receptor. In addition 

o this, the water molecules and previously crystalized co-ligand 

ere removed from the receptor molecule through the Auto Dock 

UI program [44] . The docking protocol was validated by docking 

reviously crystalized co-ligands with the M 

pro protein. The visual- 

zation of results was performed using a free version of Discovery 

tudio visualizer [46] . 

.6. In-silico Swiss-ADME descriptors 

A large variety of in silico methods share the objective of 

redicting ADME (absorption, distribution, metabolism and excre- 

ion) parameters from molecular structure and their pharmacoki- 

etic and physicochemical parameters [49] . The preliminary test 

n the potential application for theoretical biological activities of 

chiff base ligand (H 2 L) and its complex [Cu(L)(phen)]( 1 ) was in- 

ilico evaluated by Swiss-ADME through free access ( http://www. 

wissadme.ch ) to compute physicochemical descriptors as well as 

o predict ADME parameters, pharmacokinetic properties, drug- 

ikeness and medicinal chemistry friendliness (among in-house 

roficient methods such as BOILED Egg, iLOGP and Bioavailability 

adar) of one or multiple small molecules to support drug discov- 

ry [50] . 

http://www.swissadme.ch
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Fig. 1. Molecular structure of Schiff base (H 2 L) and copper (II) complex [Cu(L)(phen)]( 1 ). 
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Fig. 2. ORTEP diagrams (a & b) of copper (II) complex [Cu(L)(phen)]( 1 ) with 50% 

thermal ellipsoid. Hydrogen atoms are omitted for clarity. 

t

(

a

o

a  

s

(  

t

(  

β
d

.7. Synthesis 

.7.1. Synthesis of Schiff base ligand 

Schiff base (H 2 L) , a tridentate-ONS donor ligand was syn- 

hesized as red crystalline products by the refluxing 3,5- 

iiodosalicylaldehyde (20.0 mmol, 7.478 g) with 4,4-dimethyl-3- 

hiosemicarbazide (20.0 mmol, 2.383 g) in equimolar ratio 1:1 in 

eOH for 4 h.The red crystalline product was obtained, which 

as filtered, washed with diethyl ether and stored in a desic- 

ator over CaCl 2 . Yield: 90%. M.p.:180–190 °C. UV-Vis (MeOH) λ
nm): 255,390. Selected IR data (KBr/cm 

−1 ): 1640 ( > C = N); 3109

nd 1224( υAr–OH). ESI-MS: 475.31 (C 10 H 11 I 2 N 3 OS, [M + H 

+ ]). Anal.

alc. for C 10 H 11 N 3 OI 2 S (%): C, 25.28; H, 2.33; N, 8.84. Found (%): C,

5.29; H, 2.34; N, 8.85. 

.7.2. Synthesis of complex [Cu(L)(phen)](1) 

To an MeOH solution (10 mL) of Cu(OAc) 2 .H 2 O (1.0 mmol, 

.199 g), a MeOH solution (10 mL) of ( Z )- N ’-(( E )-2-hydroxy-

,5-diiodobenzylidene)- N,N -dimethylcarbamohydrazonothioic acid 

1.0 mmol, 0.475 g) in the presence of triethylamine (3.0 mmol, 

0 μL) as base was added with constant stirring the reaction mix- 

ure was stirred continuously for 5 h. To the above reaction mix- 

ure, the second ligand, 1, 10-phenanthroline (1.0 mmol, 0.180 g) 

as dissolved in a MeOH solution (10 mL) and stirring was con- 

inued for 2 h at 25 °C. After completion of the reaction, the dark 

lue reaction mixture was filtered to remove any solid impurities 

nd left for slow evaporation. After 2,3 days, dark blue prismatic 

rystals suitable for single crystal X-ray analysis were collected, 

ashed with MeOH and then washed with diethyl ether. The crys- 

als were then dried in air at room temperature, and store in a 

esiccator over CaCl 2 . Yield: 70 %, M.p.:251–253 °C. UV-Vis (MeOH) 

(nm): 265,445. Selected IR data (KBr/cm 

−1 ): 1621(s), 1443(s), 

122(s) 1109(s), 740(s), 672(s). ESI-MS: 716.80 (C 22 H 17 I 2 N 5 OSCu 

+ , 
M + H 

+ ]). Anal. Calcd. for [Cu(L)(phen)]( 1) , (%): C, 36.86; H, 2.39;

, 9.77. Found (%): C, 36.87; H, 2.40; N, 9.78. 

. Result and discussion 

.1. Chemistry 

A Schiff base (H 2 L) ligand has synthesized by condensing 3, 

-diiodosalicylaldehyde with 4, 4-dimethyl-3-thiosemicarbazide in 

quimolar ratio 1:1 in MeOH. Reaction of Schiff base (H 2 L) and 

, 10-phenathroline with Cu(OAc) 2 .H 2 O led to the formation of 

ononuclear copper(II) coordination complex ( Scheme 1 ). The 

chiff base ligand is coordinated with Cu(II) ion in O, N, S- 

ridentate mode. The ligand can undergo tautomerism and form 
4 
hiol (H 2 L, Form-I ) or thione (HL, Form-II ) as rigid Schiff base 

 Scheme 1 ).The ligand and complex gave satisfactory elemental 

nalysis. They are stable in solid state, soluble in water and 

ther common organic solvents. The molecular structure of lig- 

nd (H 2 L) and complex [Cu(L)(phen)]( 1 ) is displayed in Fig. 1 . A

olid state structure is planed to perform X-ray crystallography 

 Fig. 2 ). The copper complex ( 1 ) crystallized in the monoclinic sys-

em of the space group P21/c with eight molecules in the unit cell 

 a = 15.1231(9) Å , b = 26.5571(15) Å , c = 12.1855(6) Å , α = 90 °,
= 100.591(2) °, γ = 90 ° and Z = 8) and reveals a square pyrami- 

al geometry. Crystallographic and experimental data is provided 
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Table 2 

Bond distances ( ̊A) and bond angles ( °) around Cu 2 + centres 

found in complex [Cu(L)(phen)]( 1 ). 

Bond lengths ( ̊A) 

Cu(1)-N(3) 1.9507(17) Cu(1)-S(1) 2.2524(6) 

Cu(1)-O(1) 1.9542(14) Cu(1)-N(2) 2.2904(18) 

Cu(1)-N(1) 2.0300(17) Cu(2)-N(8) 1.9478(18) 

Cu(2)-O(2) 1.9576(15) Cu(2)-N(6) 2.0156(18) 

Cu(2)-S(2) 2.2616(6) Cu(2)-N(7) 2.2820(18) 

Bond angles ( °) 

N(3)-Cu(1)-O(1) 92.46(6) N(8)-Cu(2)-O(2) 91.91(7) 

N(3)-Cu(1)-N(1) 176.19(7) N(8)-Cu(2)-N(6) 177.68(7) 

O(1)-Cu(1)-N(1) 83.89(7) O(2)-Cu(2)-N(6) 90.06(7) 

N(3)-Cu(1)-S(1) 85.84(5) N(8)-Cu(2)-S(2) 85.66(5) 

O(1)-Cu(1)-S(1) 166.63(5) O(2)-Cu(2)-S(2) 157.24(5) 

N(1)-Cu(1)-S(1) 97.46(5) N(6)-Cu(2)-S(2) 92.99(5) 

N(3)-Cu(1)-N(2) 103.11(7) N(8)-Cu(2)-N(7) 100.84(7) 

O(1)-Cu(1)-N(2) 86.26(6) O(2)-Cu(2)-N(7) 93.03(7) 

N(1)-Cu(1)-N(2) 77.79(7) N(6)-Cu(2)-N(7) 77.81(7) 

S(1)-Cu(1)-N(2) 107.06(5) S(2)-Cu(2)-N(7) 109.67(5) 

N(4)-Cu(1)-N(3) 121.50(12) N(9)-Cu(2)-N(8) 121.56(14) 
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Fig. 3. A packing view of copper (II) complex [Cu(L)(phen)]( 1 ) (along the a-axis). 

Table 3 

Hydrogen bonds for Cu-complex [Cu(L)(phen)] ( 1 ) [ ̊A and °]. 

D-H...A d(D-H) d(H...A) d(D...A) < (DHA) 

C(11)-H(11)...O(2) 0.95 2.48 3.308(3) 145.4 

C(13)-H(13C)...I(1)#1 0.98 3.18 4.060(2) 150.9 

C(16)-H(16)...I(1)#1 0.95 3.14 3.945(2) 143.6 

C(22)-H(22)...I(4)#1 0.95 3.31 3.848(2) 117.8 

C(23)-H(23)...I(3)#2 0.95 3.26 4.111(3) 149.5 

C(24)-H(24)...S(1) 0.95 2.94 3.822(3) 155.2 

C(35)-H(35A)...I(2)#3 0.98 3.30 3.999(2) 129.8 

C(35)-H(35C)...I(2)#4 0.98 3.31 3.895(3) 119.9 

C(36)-H(36B)...I(2)#4 0.98 3.32 3.896(4) 119.7 

Symmetry transformations used to generate equivalent atoms: #1 - 

x + 2,- y + 1,- z + 1 #2 x, y, z -1 #3 x -1,- y + 3/2, z -1/2 #4 x -1, y, z 
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n Table 1 . Selected bond lengths ( ̊A) and angles ( °) is illustrated

n Table 2 . UV, IR spectroscopy and ESI-MS spectra [Fig. S1, ESI- 

S: 716.80 (C 22 H 17 I 2 N 2 OSCu + , (M + H 

+ )] was consistent with the

ssigned structure. Copper complex of formula C 22 H 17 CuI 2 N 5 OS 

as prepared from mixed-ligand; a dibasic tridentate-ONS ligand 

H 2 L) and a 1, 10-phenathroline molecule as auxiliary ligand, as 

escribed in the experimental section, in good yield (70%). Op- 

imized structure (Fig. S2) was obtained from quantum chemical 

alculations supported the formation of complex [Cu(L)(phen)]( 1) . 

R spectra of copper complex (KBr pellets) display an intense ab- 

orption at ca 1635 cm 

−1 attributed to ( > C = N), shifted ca 5 cm 

−1 

o lower wavenumbers compared with 1640 cm 

−1 for H 2 L. UV- 

is spectra of the copper complex display intense absorption at 

65 nm ( π - π ∗) and 445 nm (n- π ∗). 

.2. Crystal structures of [Cu(L)(phen)](1) 

The geometry of the copper (II) complex [Cu(L)(phen)]( 1 ) has 

lso been confirmed by an X-ray crystallographic study. The OR- 

EP representation with the atom numbering scheme is shown in 

ig. 2 . Crystallographic data and molecular structure refinement 

mportant interatomic parameters are given in Table 1 . Selected 

ond lengths ( ̊A) and angles ( °) is illustrated in Table 2 . The copper

II) complex [Cu(L)(phen)]( 1 ) crystallized in the monoclinic system 

f the space groups P21/c with eight molecules in the unit cell 

 a = 15.1231(9) Å , b = 26.5571(15) Å , c = 12.1855(6) Å , α = 90 °,
= 100.591(2) °, γ = 90 ° and Z = 8). Copper possesses a distorted 

quare pyramidal geometry ascertained by the observed τ value 

.6 (the structural index is defined as τ = ( β- α)/60 where α and 

are the largest coordination angles). For perfect square pyramidal 

nd trigonal bipyramidal geometries, τ is zero and unity, respec- 

ively [51] . Such type of distorted square pyramidal geometry was 

bserved in similar type of copper (II) complexes ( τ = 0.09–0.58) 

52] . The crystal structure of the copper (II) consists of a Cu(II) 

ons, ONS donor atoms of a Schiff base (H 2 L) and N, N donor atoms

f 1, 10-phenanthroline , thus forming two five membered chelate 

ings [S(1)-C(15)-N(4)-N(3)-Cu(1) and N(2)-C(6)-C(5)-N(1)-Cu(1) or 

(6)-C(27)-C(28)-N(7)-Cu(2) and S(2)-C(37)-C(38)-N(8)-Cu(2)] and 

ne six membered chelate ring [O(1)-C(18)-C(17)-C(16)-N(3)-Cu(1) 

r N(8)-C(38)-C(39)-C(34)-O(2)-Cu(2)]. The Schiff base (H 2 L) is tri- 

entate, binding through O(1), N(3), S(1) and/or O(2), N(8), S(2). 

he second ligand, 1,10-phenathroline is bidentate , and combines 

hrough N(1) and N(2) and/or N(6) and N(7) to have five coordina- 

ion at the copper centre. The Cu-N/Cu-O /Cu-S bond lengths are 
5 
omparable with similar copper(II) complexes [ 53 , 54 ]. The unit cell 

acking diagrams is presented in Fig. 3 . An H-bonding and inter- 

olecular interaction for copper complex is tabulated in Table 3 . 

s seen in packing diagrams, complex show H-bonding and inter- 

olecular interactions , build from N-H…O and O-H…O; acting as 

ridges connecting neighboring dimeric units, which stabilize the 

rystal structure of this complex. 

.3. Optimized geometry of [Cu(L)(phen)](1) 

The molecular structure of complex [Cu(L)(phen)]( 1 ) is also 

btained computationally. The geometry optimization of com- 

lex [Cu(L)(phen)]( 1 ) was performed at the ωB97X-D/6-311 + G 

∗∗

evel of theory in vacuum using the Gaussian16 software pack- 

ge [41] and cross-validated using the Spartan 16/18 parallel suite 

f programs [42] . The optimized structure of copper (II) complex 

Cu(L)(phen)]( 1 ) was displayed in Fig. S2. The bond length and 

ond angle of the optimized structure was also collected. As shown 

n Fig. S2, the experimental bond lengths of the Cu(II) ion with 

(1), N(1) and S(1) atoms are 1.954, 2.030 and 2.252 Å, which are 

ound to be 1.923, 2.010 and 2.232 Å, in the optimized geometry 

 respectively. The bond lengths of the Cu(II) metal ion and N(4), 

(5) atoms of 1,10-phenanthroline ring was 2.043 and 2.047 Å in 

xperimental and computed geometry, respectively. 

.4. Frontier molecular orbital (FMO) analysis 

The chemical reactivity and stability of the compounds is re- 

ated to the contribution of frontier orbitals containing HOMO and 

UMO location on different parts of the compounds [55] . Fur- 

hermore, the differences between the energies of the HOMO and 
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Table 4 

The HOMO and LUMO energies, the energy gap ( �E) a , ionization potential (IP), electro negativity ( χ ), electron affinity (EA), chemi- 

cal potential ( μ), global softness ( σ ), global hardness ( η), and global electrophilicity ( ω) for ligand (H 2 L) and complex [Cu(L)(phen)] 

( 1 ). 

Compounds E HOMO E LUMO �E E HOMO-1 E LUMO + 1 �E IP EA χ η μ ω σ

H 2 L -5.6 -2.0 3.6 -6.0 -1.9 4.1 4.23 0.23 2.67 2.21 -2.0 1.61 0.24 

Complex ( 1 ) -4.9 -4.2 0.7 -5.3 -3.3 2.0 7.68 0.60 4.23 3.62 -4.2 2.42 0.13 

a Energy gap ( �E) = E LUMO -E HOMO; units in eV. 
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UMO show different parameters such as activity, stability and ex- 

itability. For example a large HOMO-LUMO energy gap, means 

igh excitation energies for many excited states, a good stabil- 

ty and a high chemical hardness for the compounds. So, the en- 

rgy gap of HOMO and LUMO was calculated in order to investi- 

ation the stability of ligand (H 2 L) and complex [Cu(L)(phen)]( 1 ). 

he FMOs (HOMO/ LUMO and HOMO-1/ LUMO + 1) energies of lig- 

nd (H 2 L) and complex [Cu(L)(phen)]( 1 ) were explored and their 

esults are tabulated in Table 4 , while their pictorial description 

f charge densities is displayed in Figs. S3 and S4, respectively. 

he calculated energy gap values of HOMO/ LUMO and HOMO- 

/ LUMO + 1 are 3.6 and 4.1 eV for ligand (H 2 L); 0.7 and 2.0 eV

or complex [Cu(L)(phen)]( 1 ). This energy difference ( �E) between 

OMO and LUMO orbitals for ligand and its complex is found to 

e unequal magnitude. The highest value of �E revealed that lig- 

nd (H 2 L) has high chemical stability and low reactivity. Accom- 

anying the energies of FMOs, its analysis also explained the ICT 

ransitions in the ligand and copper complex. The pictograms of 

harge densities for HOMO/ LUMO and HOMO-1 and LUMO + 1 are 

isplayed in Figs. S3 and S4. The charge densities for HOMO are 

ocated over the ( Z )- N ’-(( E )-2-hydroxy-3,5-diiodobenzylidene part 

n ligand (H 2 L), while those for LUMO are concentrated at N,N- 

imethylcarbamohydrazonothioic acid. Similarly, the LUMO for the 

omplex [Cu(L)(phen)]( 1 ) was located on the metal and the HOMO 

ocated on non-metal part. The HOMO and LUMO orbitals are 

early degenerate as shown by a small energy gap and a similar 

istribution pattern between these two orbitals in the copper com- 

lex (Fig. S4). 

.5. Global reactivity parameters (GRPs) analysis 

The reactive nature of compounds can be determined by global 

eactivity parameters (GRPs), ionization potential (I), electro nega- 

ivity ( χ ), electron affinity (A), chemical potential ( μ), global soft- 

ess ( σ ), global hardness ( η), and global electrophilicity ( ω) using 

OMO/LUMO energies [56] . The ionization potential and electron 

ffinity might be utilized to depict the electron gaining and los- 

ng capacity of molecules, which interrelated with HOMO/LUMO 

nergies [57] . In frontier molecular orbitals (FMOs), we have used 

ollowing e quations for global reactivity descriptors [58] as given 

elow: 

P = −E HOMO (1) 

A = −E LUMO (2) 

 = 

[ IP + EA ] 

2 

= − [ E LUMO + E HOMO ] 

2 

(3) 

= 

[ IP − EA ] 

2 

= − [ E LUMO − E HOMO ] 

2 

(4) 

= 

E HOMO + E LUMO 

2 

(5) 

= 

1 

2 η
(6) 

 = 

μ2 

2 η
(7) 
6 
The results obtained from Eqs. (1) –(7) are tabulated in 

able 4 indicate that the values of ionization potential are noticed 

o be higher than electron affinity, which disclosed that ligand 

H 2 L) has better capability to accept an electron. Similarly, in the 

tudied complex, the ionization potential was found to be much 

igher than electron affinity (A) values. The stability as well as re- 

ctivity of a chemical system was correlated to chemical potential 

nd global hardness values [59] . The stability had a direct relation 

ith global hardness, whereas it had an inverse relationship to its 

eactivity [60] . 

.6. Molecular electrostatic potentials (MEPs) analysis 

The molecular electrostatic potential is related to the electron 

ensity and can be used for describing chemical reactivity of com- 

ounds [55] . The 3-D plots of the MEPs (molecular electrostatic 

otentials); LIPs (local ionization potentials) and spin density maps 

or [Cu(L)(phen)]( 1 ) is displayed in Fig. S5. According to Fig. S5, the 

igher negative potentials (reddish yellow) are found on oxygen 

nd sulfur atoms of deprotonated Schiff base ligand coordinated to 

opper(II) ion. There is a visible positive potential (greenish blue) 

n the surface of copper (II) complex [Cu(L)(phen)]( 1 ), which indi- 

ates its susceptibility towards further nucleophilic substitution re- 

ction. The two nitrogen atoms of 1, 10-phenathroline ligand show 

he slight positive potential with slightly greenish blue surface as 

ompared to the rest of the moieties in this complex. The posi- 

ive and negative regions can interpret the location of interactions 

f this complex, when they get involved in electrophilic or nucle- 

philic interactions. 

.7. Molecular docking with M 

pro of COVID-19 

There are several Schiff bases and copper(II) complexes which 

howed good inhibition properties against COVID-19. For exam- 

le, Johnson et al. reported [61] that the copper(II) complex of 

alicylaldehyde benzoyl hydrazone exhibits significantly better in- 

ibitory activity than does salicylaldehyde benzoyl hydrazone itself 

nd also found relatively non-toxic to mice cells. Adamantanamine 

ydrochloride is a well-known antiviral drug which a mutation 

akes influenza virus as amantadine (AdNH2) resistant so a new 

ormalism with copper(II) adamantanamines was found to be ef- 

ective [62] . Very recently, Andreou et al. [47] have also studied 

he role of copper and N-acetylcysteine (NAC) in conjugation with 

ntiviral treatments for SARS-CoV-2. In order to find potent SARS- 

oV-2 inhibitor, we have docked the ligand (H 2 L) and copper(II) 

omplex [Cu(L)(phen)]( 1 ) with main protease (M 

Pro ) of spike pro- 

ein (PDB ID: 7C8U) of SARS-COV-2, which is very vital for attach- 

ng the virus to its host cell [63] . The stronger binding was pre-

icted between ligand and receptor protein through negative value 

f binding affinity [ 64 ]. As the molecular docking was done to pre-

ict the binding affinity and pose of ligand against SARS-COV-2 

ain protease (PDB ID: 7C8U), we have collected the molecular 

ocking results tabulated in Table 5 . These include the most im- 

ortant parameters including the binding affinity, inhibition con- 

tant and different amino acid residues of M 

pro that interacts 

ith the ligand (H L) and copper (II) complex [Cu(L)(phen)]( 1 ). 
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Table 5 

The molecular docking results for Schiff base ligand (H 2 L), complex [Cu(L)(phen)] ( 1 ), and M 

pro including the binding affinity, inhibition constant 

and different amino acid residues of M 

pro that interact with the ligands. 

Molecule 

Binding affinity 

(kcal/mol) 

Inhibition constant, 

Ki (μM) 

Interacting protein residues 

H-bond Electrostatic Hydrophobic 

H 2 L -7.14 5.82 HIS-163 

(5.44 ̊A) 

HIS-41(4.59 ̊A), 

SER-144(2.88 ̊A), 

LEU-141(3.20 ̊A) 

MET-165(2.56 ̊A), 

GLU-166(1.89 ̊A), 

HIS-172 (5.69 ̊A), 

THR-190(3.28 Å). 

[Cu(L)(phen)]( 1 ) -6.18 0.76 LEU-262 

(4.23 ̊A) 

HIS-41(3.28 ̊A), 

VAL-297(4.42 ̊A), 

LEU-141(1.96 ̊A), 

GLU-166(2.37 ̊A), 

VAL-171 (2.78 ̊A), 

ALA-193(3.09 ̊A), 

THR-196(3.05 ̊A) 

Fig. 4. The docked Schiff base ligand (H 2 L) inside the M 

pro protein (PDB ID: 7C8U) with its focused view for interacting residues around the docked ligand. 

Fig. 5. The docked copper (II) complex [Cu(L)(phen)]( 1 ) inside the M 

pro protein (PDB ID: 7C8U) with its focused view for interacting residues around the docked ligand. 

T

i

r

a

I

1

4

c

s

a

l

p

7

r

he docked ligand (H 2 L) and copper (II) complex [Cu(L)(phen)]( 1 ) 

nside the M 

pro protein with its focussed view for interacting 

esidues are displayed in Figs. 4 and 5 , respectively. Selected amino 

cid residues between ligand, complex and COVID-19-M 

pro (PDB 

D: 7C8U) are ; HIS-163, HIS-41, SER-144, LEU-141, MET-165, GLU- 

66, HIS-172, THR-190 for docked ligand (H 2 L); LEU-262, HIS- 

1,VAL-297,LEU-141,GLU-166, VAL-171,ALA-193, THR-196 for docked 
7 
omplex [Cu(L)(phen)]( 1 ).The binding affinity and inhibition con- 

tant were found to be -7.14 kcal/mol and 5.82 μM, -6.18 kcal/mol 

nd 0.76 μM, respectively, for the best-docked confirmation of 

igand (H 2 L) and copper (II) complex [Cu(L)(phen)]( 1 ) with M 

pro 

rotein at inhibition bounding site of receptor protein (PDB ID: 

C8U). This binding affinity is reasonably well as compared to 

ecently known antiviral drugs. For instance, the binding affinity 
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Fig. 6. The representation of docked ligand (H 2 L) inside the M 

pro protein (PDB ID: 7C8U) with its focused view for interacting residues along with H-bond and intermolecular 

interactions; (a) H-bond donor and acceptor meshes represented by pink and green colors, respectively; (b) hydrophobic pocket represented with blue and gray colors; (c) 

ionizability represented by blue and orange colors; (d) SAS represented by blue and green colors, respectively (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.). 
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f the ligand (H 2 L) and copper (II) complex [Cu(L)(phen)]( 1 ) was 

ound to be better than recently docked results of chloroquine (- 

.293 kcal/mol), hydroxychloroquine (-5.573 kcal/mol) and remde- 

ivir (-6.352 kcal/mol) with M 

pro protein [65] . The inhibitory ac- 

ivity results is comparable with our previous work on copper(II) 

oordination complex [38] . 

.8. Intermolecular interactions with M 

pro of COVID-19 

Apart from the binding affinity and inhibition constant values, 

t is also very important to visualize the hydrogen bond interac- 

ions, and intermolecular interactions between ligand (H 2 L), cop- 

er (II) complex [Cu(L)(phen)]( 1 ) and M 

pro protein. A represen- 

ation of docked ligand (H 2 L) inside the M 

pro protein (PDB ID: 

C8U) with its focused view for interacting residues along with H- 

ond and intermolecular interactions is displayed in Fig. 6 . There 

s observed one π-hydrogen bond with a distance of 5.44 Å be- 

ween NH 2 of HIS-163 residue and π-electrons of ligand (H 2 L). 

eside the π-hydrogen bond, there are also seen three π-anionic 

lectrostatic interactions between π-orbitals of ligand (H 2 L) and 

COO 

−) group of anionic HIS-41, SER-144 and LEU-141 residue. The 

hird kind of four interactions is seen as hydrophobic, which are 

etween the π-electrons of ligand and π-electrons of MET-165, 

LU-166, HIS-172, THR-190 residues with distances of 2.56, 1.89, 

.69 and 3.28 Å, respectively. There are some important hydrogen 

ond and intermolecular interactions was also seen between com- 

lex [Cu(L)(phen)]( 1 ) and M 

pro protein. These are summarized as: 

ne π-hydrogen bond with a distance of 4.23 Å between NH 2 of 

EU-262 residue and π-electrons of ligand (H 2 L) inside the com- 

lex and M 

pro ; three π-anionic electrostatic interactions between 

-orbitals of ligand (H 2 L) and (COO 

−) group of anionic HIS-41, 

AL-297 and LEU-141 residue with distances of 3.28, 4.42 and 

.96 Å, respectively; four hydrophobic interactions, which are be- 

ween the π-electrons of ligand and π-electrons of GLU-166, VAL- 

71, ALA-193 and THR-196 residues with distances of 2.37, 2.78, 
8 
.09 and 3.05 Å, respectively. This type of π- π- stacked interac- 

ions is supposed to increase binding affinity in ligand (H 2 L). Sim- 

lar observations was found for complex [Cu(L)(phen)]( 1 ). Hence, 

igand (H 2 L) and complex [Cu(L)(phen)]( 1 ) with SARS-COV-2 main 

rotease (7C8U) was stabilized , and ligand (H 2 L) was fitted within 

he substrate binding packet of SARS-COV-2 main protease (PDB 

D: 7C8U) having different binding modes, hydrogen bond interac- 

ions, and hydrophobic interactions. 

Furthermore, H-bond is considered as a significant factor for 

NA structure in biological system and less than 2.3 Å increases 

he binding affinity. Most significant H-bonds of ligand (H 2 L) with 

IS-163, and complex [Cu(L)(phen)]( 1 ) with LEU-262 of amino 

cid residues of protein in a distance 5.44 Å and 4.23 Å, respec- 

ively was identified which is closure to standard antiviral drugs 

62] . Instead of conventional hydrogen bonding between ligand 

nd main protease, the other factors ( π-bonding, dipole-dipole in- 

eractions, electrostatic interactions and hydrophobic interactions) 

ffect the effectiveness of these compounds against the COVID-19 

irus. An intuitive view of the docking cavity is displayed in Figs. 7 

nd 8 by calculating the total density surfaces of M 

Pro protein 

long with the docked ligand (H 2 L) and complex [Cu(L)(phen)]( 1 ) 

ased on H-bonding and hydrophobic interactions as shown in 

ig. 7 (a) and (b) for ligand (H 2 L), Fig. 8 (a) and 8(b) for complex

Cu(L)(phen)]( 1 ), respectively. The total density surface with H- 

ond donor is those residues which possess polar hydrogen atoms 

nd represented with green mesh color while H-bond acceptor is 

hose protein residues which possess electronegative atoms and 

epresented with red mesh colors. Fig. 7 shows that docked con- 

ormations and hydrophobic interactions of ligand (H 2 L) inside 

he M 

pro protein at inhibition bounding site of receptor protein 

f SARS-COV-2 main protease (PDB ID: 7C8U): (a) with hydro- 

en bond donor and acceptor meshes represented by yellow and 

reen colors, respectively (b) Surface representation of hydrophobic 

ocket represented with pink and blue colors. Fig. 8 shows the to- 
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Fig. 7. The total density surfaces representation for docked Schiff base ligand (H 2 L) inside the M 

pro protein (PDB ID: 7C8U) (a) with hydrogen bond donor and acceptor 

meshes represented by yellow and green colors, respectively (b) Surface representation of hydrophobic pocket represented with pink and blue colors (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this article.). 

Fig. 8. The total density surfaces representation for docked copper (II) complex [Cu(L)(phen)]( 1 ) inside the M 

pro protein (PDB ID: 7C8U) (a) with hydrogen bond donor and 

acceptor meshes represented by light green and red colors, respectively (b) Surface representation of hydrophobic pocket represented with dee pink and light blue colors 

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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al density surfaces representation for docked copper (II) complex 

Cu(L)(phen)]( 1 ) inside the M 

pro protein (PDB ID: 7C8U) (a) with 

ydrogen bond donor and acceptor meshes represented by light 

reen and red colors, respectively (b) Surface representation of hy- 

rophobic pocket represented with dee pink and light blue colors. 

he results obtained from molecular docking indicates that there 

re H-bond and hydrophobic interactions between of M 

Pro protein 

nd docked ligand (H 2 L) and complex [Cu(L)(phen)] ( 1 ), which is 

ften considered as crucial factors for potential inhabitation activ- 

ty. 

.9. Swiss-ADME analysis 

Swiss-ADME is important to analyze the pharmacokinetics and 

harmacodynamics properties of the proposed molecules which 

ould be used as drugs. Metal (II) complexes have evoked much 

nterest for potential applications in perspective drug candidates 

 66 , 67 ]. The in-silico Swiss-ADME predicted that the ligand (H 2 L)

nd its copper(II) complex [Cu(L)(phen)]( 1 ) shows positive re- 

ponse to both blood brain barrier (BBB) and human intesti- 

al absorption (HIA) penetration for drug discovery. The ligand 

as found to be non-carcinogenic and does not inhibit the P- 

lycoprotein. Therefore, it has protective capacity to interrupt 

he absorption, permeability, and retention of the drugs [68] . 

wiss-ADME computed results for the ligand (H L) and its com- 
2 

9 
lex [Cu(L)(phen)]( 1 ) in the different sections of the one-panel- 

er-molecule outputs is depicted in Table S1. The physicochemi- 

al properties like molecular weight (MW), molecular refractivity 

MR), count of specific atom types and polar surface area (PSA) 

re compiled in bioavailability section which shows important 

roperties for oral bioavailability. The bioavailability of molecules 

ased on well-absorbed and poorly absorbed their lipophilicity 

nd polarity as described by the n-octanol/water partition coeffi- 

ient (log-P) and the polar surface area (PSA). The physicochemi- 

al space for oral bioavailability of the biomolecules represents the 

ptimal range for each properties [(lipophilicity: XLOGP3 = 4.81, 

ize: MW = 475.31 g/mol, polarity: TPSA = 32.59 Å 

2 , solubility: 

ogS = -6.94, saturation: Fraction Csp 

3 = 0.00 , flexibility: num- 

er of rotatable bonds = 2 for H 2 L; lipophilicity: XLOGP3 = 15.58, 

ize: MW = 716.80 g/mol, polarity: TPSA = 204.67 Å 

2 , solubil- 

ty: logS = -11.22, saturation: Fraction Csp 

3 = 0.00 , and flexibil- 

ty: number of rotatable bonds = 6 for [Cu(L)(phen)]( 1 )]. Complex 

Cu(L)(phen)]( 1 ) was predicted not orally bioavailable, because too 

exible and too polar structure. 

The lipophilicity and polarity of small biomolecules are col- 

ected in the BOILED-Egg section for ligand (H 2 L) and its com- 

lex [Cu(L)(phen)]( 1 ). The BOILED-Egg results (BBB and HIA) is 

iven in Table S1, which can be applied to the evaluation of 

rug candidates for small biomolecules development [Pharma- 
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okinetics: BBB permeant = Yes, P-gp substrate = No, CYP1A2/ 

YP2C19/ CYP2C9 = Yes, CYP2D6/CYP3A4 inhibitor = No, Log 

 p (skin permeation) = -4.87 cm/s, drug-likeness: bioavailability 

core = 0.55, medicinal chemistry: PAINS = 0, drug-likeness = No, 

ynthetic accessibility = 2.68 for H 2 L; BBB permeant = No, P- 

p substrate = Yes, CYP1A2/CYP2C19/ CYP2C9/CYP2D6/CYP3A4 in- 

ibitor = No, Log K p (skin permeation) = -2.35 cm/s, drug-likeness: 

ioavailability score = 0.17, medicinal chemistry: PAINS = 0, 

rug-likeness = No, Synthetic accessibility = 6.40 for complex 

Cu(L)(phen)]( 1 )]. The complex [Cu(L)(phen)]( 1 )] was predicted as 

ot absorbed and not BBB penetrant (outside the Egg) as compared 

ith standard drug (streptomycin with a TPSA of 331.43 Å 

2 and 

 WLOGP of -7.74). One major role of P-gp is to protect the cen- 

ral nervous system (CNS) from xenobiotics. Importantly as well, 

-gp is overexpressed in some tumor cells and leads to multidrug- 

esistant cancers. It has been suggested that cytochromes P450 

CYP) and P-gp can process small molecules synergistically to im- 

rove protection of tissues and organisms. Schiff base ligand (H 2 L) 

nd its complex [Cu(L)(phen)] ( 1 ) are substrates or inhibitors of 

ve isoenzymes (CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4) gov- 

rning important pharmacokinetic behaviors. Inhibition of these 

soenzymes is certainly one major cause of pharmacokinetics- 

elated drug-drug interactions. Similar observations were found in 

ur previous work on copper(II) complexes [69] . 

. Conclusions 

i) We have successfully reported the synthesis and structural 

characterization of new Schiff base (H 2 L) and its mixed ligand 

copper (II) complex [Cu(L)(phen)]( 1 ). 

ii) Single crystal X-ray crystallographic analysis of copper (II) 

complex [Cu(L)(phen)]( 1 ) is determined, which confirmed the 

square pyramidal geometry around Cu(II) ions. 

ii) FMO findings explored the HOMO/LUMO bandgap of copper 

(II) complex [Cu(L)(phen)]( 1 ) in the range of 0.7–2.0 eV. GRPs 

explicated that [Cu(L)(phen)]( 1 )showed greater ionization po- 

tential (IP) (7.68 eV) than the electron affinity (EA) (0.6 eV); 

hence, complex has greater electron-donating ability, while 

ligand has greater electron-accepting ability((IP: 4.23 eV and 

EA:0.23 eV) . Nevertheless, [Cu(L)(phen)]( 1 ) also expressed 

higher values of hardness ( η = 3.62 eV) and a smaller value 

of softness ( σ = 0.13 eV) compared to ligand ( η = 2.21 eV and

σ = 0.24 eV). \ 
v) The Swiss-ADME analysis predicted that ligand and copper (II) 

complex [Cu(L)(phen)]( 1 ) showed positive response to blood 

brain barrier (BBB) and human intestinal absorption (HIA) pen- 

etration for drug discovery. 

v) Additionally, a molecular docking study was performed for 

Schiff base (H 2 L) and copper (II) complex [Cu(L)(phen)]( 1 ) to 

see an affinity for the main protease (M 

pro ) of COVID-19 spike 

protein. Interestingly, the results are found quite encouraging 

where the binding affinity and inhibition constant were found 

to be -7.14 kcal/mol and 5.82 μM, respectively, for the best- 

docked confirmation of ligand as compared with complex (- 

6.18 kcal/mol and 0.76 μM, respectively) with M 

pro protein 

of COVID-19. This binding affinity is reasonably well as com- 

pared to recently known and docked antiviral drugs like chloro- 

quine (-6.293 kcal/mol), hydroxychloroquine (-5.573 kcal/mol) 

and remdesivir (-6.352 kcal/mol) with M 

pro protein. 

i) Overall, the present study predicts that ligand and complex 

have ability to stabilized with M 

pro , may have the potency to 

be evolved as an anti-COVID main protease drug to fight against 

the novel coronavirus, but before that, it must go through under 

the proper preclinical and clinical trials for further experimen- 
tal and/or clinical scientific validation. . 
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