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a b s t r a c t 

Copper(II) carboxylate complexes [Cu 2 (OOCR) 4 L 2 ] ( 1 ) and [Cu 2 (OOCR‘) 4 OCO(R‘)CuL 2 ] n ( 2 ), where L = 2- 

methyl pyridine, R = 2-chlorophenyl acetate and R‘ = 2-fluorophenyl acetate were synthesized and char- 

acterized by FT-IR spectroscopy and single crystal X-ray analysis. Complex 1 exhibits the typical pad- 

dlewheel array of a dinuclear copper(II) complex with carboxylate ligands. In complex 2 , this scaffold 

is further extended into a polymeric arrangement based on alternate paddlewheel and square planar 

moieties with distinct coordination spheres. The complexes showed better 2,2-diphenyl-1-picrylhydrazyl 

(DPPH) and hydroxyl radical scavenging activities and have been found to be more potent antileishmanial 

agents than their corresponding free ligand acid species. UV-Vis absorption titrations revealed good DNA 

binding abilities {Kb = 9.8 × 10 4 M 

–1 ( 1 ) and 9.9 × 10 4 M 

–1 ( 2 )} implying partial intercalation of the 

complexes into DNA base pairs along with groove binding. The complexes displayed in vitro cytotoxic ac- 

tivity against malignant glioma U-87 (MG U87) cell lines. Computational docking studies further support 

complex-DNA binding by intercalation. Molecular docking investigations revealed probable interactions 

of the complexes with spike protein, the nucleocapsid protein of SARS-CoV-2 and with the angiotensin 

converting enzyme of human cells. 

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

Dinuclear copper(II) complexes with four bridging carboxylate 

igands have been widely studied due to their facile preparation 

nd diverse applications. The coordination chemistry of copper(II) 

arboxylates in general as well as in combination with additional 

onating ligands such as pyridine derived ligands is of particular 

nterest to us in a medicinal-chemical context [ 1 , 2 ]. Such com-

lexes have the general formula [Cu 2 (OOCR) 4 L 2 ], where RCOO 

–is 

 syn bridging carboxylate ligand at equatorial positions stabilizing 
∗ Corresponding author. 

E-mail address: drniaz@awkum.edu.pk (N. Muhammad). 
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022-2860/© 2021 Elsevier B.V. All rights reserved. 
he charge of copper(II) ions and L is a pyridine derived N-donor 

igand at the axial positions of the paddlewheel structural ar- 

angement. A literature search of the Cambridge Crystallographic 

atabase shows more than 1500 structurally characterized exam- 

les for dinuclear paddlewheel copper complexes and those with 

romatic N-donor ligands complementing the respective coordi- 

ation spheres are still well over 300 [3] . In the last two years 

2018/2019) alone, almost thirty respective structures have been 

eported [4–17] . The apical nitrogen donor ligands normally sat- 

rate the coordination spheres of the copper centers and thereby 

esult in the commonly observed discrete di-nuclear molecular 

nits [2–17] . Less common polymeric paddlewheel structures may 

esult in cases where carboxylates act as bridging bidentate ligands 

n the apical positions [18–34] . The formation of di- or polymeric 

https://doi.org/10.1016/j.molstruc.2021.132308
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.132308&domain=pdf
mailto:drniaz@awkum.edu.pk
https://doi.org/10.1016/j.molstruc.2021.132308
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tructures may be attributed mainly to both steric as well as 

lectronic effects of the employed ligands. Here we show that 

arying the electronic structures of the comparatively small phenyl 

cetic acids by halogen substituent based modulation together 

ith appropriate pyridine co-ligands, can lead to the formation of 

ither of such complex types selectively. The distinct combinations 

f carboxylates with N-donor ligands not only result in various 

omplexes with a range of geometries but also (fine-)tunes their 

hemical thermal, magnetic and biological properties [ 2 , 5 , 35 , 36 ]. 

Two further copper(II) carboxylate complexes were synthesized 

nd structurally characterized in course of our continued inves- 

igations into these species’ redox active natures, their capability 

o interact with biomolecules and, hence, their biomedical rele- 

ance. The complexes were tested in vitro for their anticancer, an- 

ioxidant, antileishmanial activity and DNA interaction potential. 

ince the outbreak of the coronavirus disease in 2019 (COVID-19), 

uch attention has been paid to developing effective and safe 

ntiviral agents [37] along with vaccination effort s. The potential 

f inorganic complexes being used as alternatives to conventional 

mall organic molecules or antibody-based therapies is an area of 

mmense recent interest [ 38 , 39 ]. Well defined three-dimensional 

hapes of the coordination compounds which are used to bind the 

arget protein(s) are prerequisite for an informed and detailed eval- 

ation of their specific biological activities [40] . Thus, the synthe- 

ized complexes of this study were characterized structurally and 

hen screened computationally for their interaction ability with the 

pike protein (protein that mediates the entry of coronavirus into 

ost cells), with the Nucleocapsid protein of SARS-CoV-2 (a target 

or vaccine development), and with the angiotensin converting en- 

yme of human cells (host for SARS-CoV-2) as potential sites for 

uccessful corona inhibition. 

. Experimental 

.1. Materials and methods 

Copper(II) chloride dihydrate, 2-chlorophenylacetic acid ( HL 1 ), 

-florophenylacetic acid (HL 2 ), 2-methylpyridine, ascorbic acid, 

,2-diphenyl-1-picrylhydrazyl radical (DPPH), iron(II) sulfate, sul- 

uric acid and hydrogen peroxide were purchased from Sigma- 

ldrich and used without further purification. All solvents were 

f analytical grade and used without further purification. Distilled 

ater was used after one time distillation. The melting points were 

easured using a Digital Electro-Thermal Melting Point Apparatus. 

he copper percentage was determined by using a Perkin Elmer 

tomic Absorption Spectrometer A Analyst 700. The FT-IR Spec- 

ra (40 0 0–40 0 cm 

−1 ) were recorded on a Nicolet-6700 FTIR spec-

rophotometer, Thermoscientific, USA using attenuated total re- 

ectance (ATR) technique. The electronic spectra of the complexes 

or DNA interaction studies were recorded using a Perkin Elmer 

V/VIS Spectrophotometer Lambda 25 in aqueous dimethyl sulfox- 

de (DMSO). 

.2. Synthesis of copper complexes 

.2.1. [Tetrakis( μ-(2-chlorophenyl)acetato- κ2 O,O’)bis(2- 

ethylpyridine)dicopper(II){Cu–Cu} (1) 

For the synthesis of complex 1 , a solution of HL 1 (0.50 g, 

.93 mmol) in methanol (10 mL) was added drop wise to the con- 

tantly stirring solution of copper(II) chloride dihydrate (0.25 g, 

.46 mmol) in methanol (10 mL). The reaction mixture was re- 

uxed for 3 h followed by the addition of 2-methylpyridine 

0.145 mL, 1.46 mmol). The resulting reaction mixture was refluxed 

or further 3 h. The reaction was stopped and the mixture was 

hen cooled to room temperature to afford dark green colored crys- 

als of the product after a few days. These crystals were separated 
2 
rom the solution and analyzed by different analytical and spectro- 

copic techniques. 

Yield: 80%; M.p. 178 °C; Anal. Calcd. for C 44 H 38 Cl 4 Cu 2 N 2 O 8 (%):

, 53.29; H, 3.86; N, 2.82. Found: C, 53.19; H, 3.81; N, 2.79; 

T-IR (cm 

−1 ): 1632s v (COO) asym 

, 1389s v (COO) sym , 243 �v , 1601

 (C = N), 1476 v (C = C), 740 s pyridyl ring vibration, 685 s v (C 

–Cl),

73 v (Cu 

–N), 428 v(Cu 

–O). AAS Anal. calcd for Cu(%): 12.82. Found: 

2.80. UV–VIS [MeOH; λnm 

]: 726 (d-d transition), 262 (charge 

ransfer transition). 

.2.2. Catena-poly[Tetrakis( μ-(2-fluorophenyl)acetato–
2 O,O’)dicopper(II){Cu–Cu}( μ2–2-fluorophenyl)acetato-1-O:2-O)(bis- 

-methylpyridine)Cu(II)( μ2–2-fluorophenyl)acetato-1-O:2-O) (2) 

For the synthesis of complex 2 , the same experimental proce- 

ure as used in the preparation of complex 1 was followed. HL 2 
0.45 g, 2.93 mmol) was used instead of HL 1 . Yield: 70%; M.p. 

98 °C; Anal. Calcd. for C 60 H 50 Cu 3 F 6 N 2 O 12 (%): C, 55.62; H, 3.89; N,

.16. Found: C, 55.54; H, 3.80; N, 2.10; FT-IR (cm 

−1 ): 1644s, 1547s 

 (OCO) asym 

, 1395s, 1380s v (OCO) sym , 249, 167 �v , 1611 v (C = N),

492 v (C = C), 1228 v (C-F), 750 s pyridyl ring vibration, 461 v (Cu-

), 434 v(Cu-O). AAS Anal. calcd for Cu(%): 14.71. Found: 14.68. 

V–VIS [MeOH; λnm 

]: 738 (d-d transition), 263 (charge transfer 

ransition). 

.3. Crystal structure determination 

For the X-ray single crystal analyses appropriate sized crys- 

als of the synthesized complexes ( 1 and 2 ) were mounted on a 

lass fiber. The corresponding structural data were collected us- 

ng a STOE-IPDS II diffractometer equipped with a normal-focus, 

.4 kW sealed-tube X-ray source with graphite-monochromated 

o K α radiation ( λ= 0.71,073 Å). The single crystal of 1 was 

easured at room temperature and that of 2 at low tempera- 

ure (170 K). The program X-Area was used for the integration of 

iffraction profiles. Numerical absorption corrections were carried 

ut with the programs X-Shape and X-Red32 (all from STOE ©). 

he structures were solved by direct methods with SHELXT-16 and 

efined by full-matrix least-squares methods using SHELXL-16 [ 41 , 

2 ]. All non-hydrogen atoms were refined anisotropically and hy- 

rogen atoms were refined isotropically at calculated positions us- 

ng a riding model ( U iso values constrained to 1.5 U eq of their pivot

toms for methyl groups and 1.2 U eq of their pivot atoms for all 

ther groups). The fluorine substituent of one carboxylic acid in 

he asymmetric unit of complex 2 is disordered over two positions 

76% vs. 24%). The hydrogen atom in these two positions was not 

plit but refined with full occupancy on the carbon atom (C4), to 

hich the 24% fluorine atom is bound. The respective C 

–H distance 

as fixed (DFIX) and the displacement parameter constrained. 

ther than that, no constraints or restraints were applied for mod- 

lling this disorder. Crystallographic data were deposited with the 

ambridge Crystallographic Data Centre, CCDC, 12 Union Road, 

ambridge CB21EZ, UK. These data can be obtained free of charge 

n quoting the depository numbers CCDC 2031623 ( 1 ) and 2031624 

 2 ) by FAX ( + 44-1223-336-033), email (deposit@ccdc.cam.ac.uk) or 

heir web interface (at http://www.ccdc.cam.ac.uk ). 

.4. DNA binding study 

Salmon sperm DNA (SS-DNA) (10 mg) was dissolved in distilled 

ater (pH = 7.0) with continuous stirring for 24 h. The absorbance 

atio (A 260 /A 280 ) of this solution was found to be 1.8, indicating 

hat the DNA solution was sufficiently free of protein impurities 

43] . The SS-DNA { ε = 6600M 

−1 cm 

−1 (260 nm)} concentration was 

etermined via a UV absorption measurement [44] and was found 

o be 0.6 × 10 −4 M. Solutions of the test compounds {200 μM} 

ere prepared in aqueous DMSO (1:4). UV absorption titrations 

http://www.ccdc.cam.ac.uk
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ere carried out with the test compound of fixed concentration 

nd with SS-DNA solution of varying concentrations. Equivalent 

olutions of SS-DNA were added to the test compound and ref- 

rence solutions, to eliminate the absorbance of DNA itself. Test 

ompound-DNA solutions were allowed to incubate for an hour at 

oom temperature before absorption measurements. Spectra were 

ecorded using 1 cm path length cuvettes at room temperature 

25 ±1 °C). 

.5. Antioxidant activities 

.5.1. DPPH free radical scavenging activity 

Carboxylic acids ( HL 1 and HL 2 ) and copper complexes ( 1 and 

 ) were assessed in vitro for their DPPH free radical scavenging 

otentials following a reported procedure [45] . Different concen- 

rations (15, 30, 60, 120 and 240 μM) of the test compounds were 

ixed with 10 0 0 μL ethanolic solution of DPPH (255 μM). The so- 

ution mixtures were shaken and incubated in the dark for half an 

our at room temperature. The absorbances of the solution mix- 

ures were recorded at 518 nm. Ascorbic acid at the same concen- 

rations as the test compounds was used as a positive control. The 

xperiments were carried out in triplicates. The percentage inhibi- 

ion by the test compounds was calculated using the formula: 

 Inhibition = ( A c −A s / A c ) ×100 

A c and A s constitute the observed absorbance values of the con- 

rol and the sample, respectively. 

.5.2. Hydroxyl radical scavenging activity 

The hydroxyl radical scavenging activities of the acids ( HL 1 and 

L 2 ) and complexes ( 1 and 2 ) were assessed according to a re-

orted method [46] . Different concentrations (15, 30, 60, 120 and 

40 μM) of the test compounds were mixed with 200 μL of 3.7 mM 

 -phenanthroline, 10 0 0 μL of 0.4 M phosphate buffer (pH 6.6), 

00 μL of 7.5 mM iron(II) sulfate and 100 μL of H 2 O 2 (0.1%). The

ixtures were diluted up to 30 0 0 μL with distilled water and then

ncubated for half an hour at room temperature. The absorbance of 

ach mixture was recorded at 510 nm. Ascorbic acid was used as a 

tandard. 

The scavenging power was calculated using the formula: 

 sca v enging power = ( A s −A c / A b −A s ) ×100 

A s , A c and A b constitute the observed absorbance values of the 

ample, control and blank, respectively. 

.6. Antileishmanial activity 

The antileishmanial activity test was performed with a slight 

odification of the previously reported method [47] . Leishmania 

ropica promastigotes (1 × 10 5 parasites/well) and test compounds 

ere dispensed in a flat-bottom 96-well microtiter plate such that 

he final concentration of each test compound was 10 0 0, 50 0 and

50 μg/mL in DMSO. Amphotericin-B was used as a positive con- 

rol while growth media with DMSO were used as blanks. The 

lates were then incubated at 25 ± 1 °C for 72 h. After the in-

ubation period was over, 100 μL of 3-(4,5-methylthiazol-2-yl) −2, 

-diphenyltetrazolium bromide (MTT) solution was added to each 

ell and the plate was re-incubated for 4 h at 31 °C. 40 μL of

MSO were then added to each well to dissolve the formazan crys- 

als of MTT. The plates were stirred gently for 15 min. The optical 

bsorbance of each plate was measured by the microplate reader 
3 
Bio Tek TM ELx800) at 570 nm. Percentage inhibition was then cal- 

ulated using the following formula. 

P ercent V iablity 

= 

mean OD of sample − mean OD of blank 

mean OD of negati v e control − mean OD of blank 
∗ 100 

 ercent inhibition = ( 100 − v iablity ) 

.7. Anticancer activity 

The malignant glioma U-87 (MG U87) cell lines were cultured 

s previously described [48] . The cell lines were revived from cry- 

preserved vials placed in the vapor phase of a liquid nitrogen 

torage and immediately cultured in an incubator at 37 °C in pres- 

nce of 5% CO 2 supply. The cells were grown as adherent cultures 

n Dulbecco’s Modified Eagle Medium and Ham’s F12 nutrient mix- 

ure media (DMEM:F12) in 1:1 concentration, supplemented with 

0% Fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL strep- 

omycin in T25 cell culture flasks. Upon reaching a confluency of 

 80%, the cells were split into further passages by plating 50% into 

ouble surface area flasks to increase the number of cells. 

The growth inhibition assay was conducted as previously de- 

cribed [49] . The malignant glioma U87 cell lines were plated into 

6-well plates, with each well containing 50 0 0 cells per well. The 

ell count was done with a hemocytometer followed by culturing 

n DMEM:F12 medium for 24 h in a CO 2 incubator with 5% CO 2 

upply. Following 24 h incubation, different concentrations of the 

est compounds ( HL 1 , HL 2 , 1 and 2 ) were prepared in DMSO. The

ell lines were treated with test compounds at different serial con- 

entrations ranging from 0 to 250 μg (0 μg/mL (untreated control), 

.812 μg/mL, 15.625 μg/mL, 31.25 μg/mL, 62.5 μg/mL, 125 μg/mL 

nd 250 μg/mL). All test compounds were analyzed at each con- 

entration in triplicates. The plates’ patterns were repeated three 

imes, each with 24 h of treatment. Following the specified time 

f drug treatments, cells were fixed in 4% formalin, followed by 

taining with 0.1% crystal violet for 10 min [ 50 , 51 ]. Each plate was

ashed three times using 1x phosphate buffered saline and air- 

ried, followed by addition of 200 μL of acetic acid into each well. 

he absorbance of each plate (well) was recorded at 630 nm using 

 96-well plate spectrophotometer reader. 

.8. Molecular docking 

The three dimensional (3D) structures of the newly synthesized 

u-complexes were drawn with the Molecular Operating Environ- 

ent (MOE-2016) software [52] . The hydrogen atoms were added 

o the synthesized compounds by 3D protonation followed by en- 

rgy minimization with MOE. The crystal structures of the Salmon 

perm-DNA (PDB id: 1BNA), angiotensin converting enzyme of hu- 

an (PDB id: 1R42), spike protein of SARS-CoV-2 (PDB id: 6CS2), 

nd nucleocapsid protein of SARS-CoV-2 (PDB id: 6M3M) were 

etrieved from the protein databank [ www.rcsb.org/pdb ]. The 3D 

rotonation and energy minimizations of the retrieved DNA and 

roteins were carried out with the MOE software using its de- 

ault parameters. The macromolecules (DNA, protein) were allowed 

o dock to the synthesized compounds with MOE and default pa- 

ameters, i.e., Placement: Triangle Matcher, Rescoring: London dG 

or DNA and GBVI/WSA dG for proteins. For each test substance 

en conformations were generated. The top-ranked conformation 

f each compound was used for further analysis. 

. Results and discussion 

.1. Synthesis 

The complexes were synthesized by the reaction of copper(II) 

hloride dihydrate with 2-chlorophenylacetic acid ( HL ) or 2- 
1 

http://www.rcsb.org/pdb
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orophenylacetic acid ( HL 2 ) in the presence of 2-methylpyridine as 

o-ligand in methanol under reflux. The complexes are dark green 

rystalline solids and were obtained in good yields. Both complexes 

ere soluble in methanol and DMSO. 

.2. FR-IR spectroscopy 

The comparative analysis of FT-IR spectra of the synthesized 

omplexes ( 1 and 2 ) with the corresponding free ligand acids ( HL 1 
nd HL 2 ) spectra confirmed the complex formations. The most 

ivid difference was the absence of broader bands in the com- 

lex spectra in the range 340 0–240 0cm 

–1 which appear due to 

H vibrations of the COOH moiety in the free ligand acids [2] . 

he presence of coordinated deprotonated carboxylate ligands in 

he complex spectra was also supported by the appearance of new 

edium intensity bands at 428 and 434 cm 

–1 for complexes 1 

nd 2 , respectively. The coordination of 2-methyl pyridine to cop- 

er centers is reflected by the medium intensity bands at 592 

nd 593 cm 

–1 in the spectra of complexes 1 and 2 , respectively, 

wing to the newly established Cu-N bonds and concomitant de- 

rease in the vibration frequencies of the v C = N bond [ 2 , 36 ]. The

resence of 2-methyl pyridine was also supported by the strong 

yridyl ring vibration at 740 and 750 cm 

–1 in complexes 1 and 2 , 

espectively [2] . Such notable difference in the value for this vi- 

ration in the two complexes suggests a considerably distinct en- 

ironment of the 2-methyl pyridine ring which was further con- 

rmed by the X-ray single crystal analyses of both the complexes. 

he strong bands due to C = O (1706, 1689 cm 

−1 ) and C 

–O (1233,

287 cm 

−1 ) vibrations in the free 2-chlorophenylacetic acid and 

-flurophenylacetic acid were replaced by sets of new peaks due 

o antisymmetric and symmetric vibrations of the COO 

– moiety in 

he complex spectra. In complex 1 , antisymmetric and symmetric 

OO 

– vibrations appeared as strong bands at 1632 and 1389 cm 

−1 

ith a �v value of 243, suggesting a bridging bidentate mode 

f binding of the carboxylate ligand in complex 1 as also con- 

rmed by the single crystal analysis [53] . Strong two bands each 

ere observed for antisymmetric (1644, 1547) and symmetric vi- 

rations (1395, 1380) of the COO 

– moiety in complex 2 with �v 

alues of 249 and 167, respectively, suggesting bridging bidentate 

odes of coordination of the carboxylate ligand but in two dif- 

erent spatial environments as also confirmed by the single crys- 

al structure of complex 2 . Spectra of complexes 1 and 2 exhibit 

trong bands for the Ar-Cl and Ar-F bonds at 685 and 1228 cm 

−1 ,

espectively. 

.3. X-ray single crystal analysis 

The two copper complexes reported here were synthesized by 

he reaction of HL 1 and HL 2 with [CuCl 2 ].2H 2 O in the presence 

f 2-methyl pyridine. Crystals of 1 and 2 suitable for X-ray anal- 

sis were grown from methanol and the molecular structures are 

hown in Figs. 1 a and 2 a, respectively. The crystal and refinement 

ata for both complexes are summarized in Table 1 . 

Complex 1 is a typical example of the copper carboxy- 

ate with paddlewheel arrangement of the type [Cu 2 (OOCR) 4 L 2 ] 

 Fig. 1 a). In complex 2, the paddlewheel array [Cu 2 (OOCR‘) 4 ] 

s extended further to a polymeric composition of the type 

Cu 2 (OOCR‘) 4 OCO(R‘)CuL 2 ] n by the axial bridging carboxylate lig- 

nds as shown in Fig. 2 a. The 2-methyl pyridine ligand, which oc- 

upies the typical axial positions of the paddlewheel moiety in 

omplex 1 , is binding instead to a square planar mono-nuclear 

uilding block in complex 2 . The square planar geometry is nec- 

ssarily perfect as the mono-nuclear copper ion is located on an 

nversion center and is further evidenced by the geometry index, 

= 0 for β = α = 180 °. 
4 

4 
Despite the nearly identical ancillary ligands and identical reac- 

ion conditions, structurally quite distinct species are formed. The 

ifference between the two reaction systems is the ortho substi- 

uted halogen atom on the carboxylate ligands. Accordingly, it has 

o be presumed that the inductive effect of a chloro versus a fluoro 

ubstituent in ortho position to the acid functional group has an 

mpact on the formation of the resulting structural arrangement. 

he Cu—Cu (2.692 Å) bond length in complex 1 is different by 

.034 Å from the respective bond length in complex 2 (2.658 Å). 

herefore, the ancillary ligands in the paddlewheel arrangement 

eemingly also affect the Cu—Cu bond lengths. The copper-copper 

istance in complex 2 is notably longer than in the closely re- 

ated bis(2-fluorobenzoate) copper(II) C 30.9 H 23.6 Cu 2 F 4 O 10.9 {Cu—

u = 2.5882(13) Å} and in the 2,6-difluorobenzoate analogue 

Cu 2 (C 6 H 4 F 2 ) 4 (H 2 O) 2 ] {Cu—Cu = 2.6139(2) Å} [ 54 , 55 ]. In the for-

er example the exact same carboxylate is employed as in com- 

lex 2 but the axial ligands are alcohol derived O-donor ligands. 

he observed differences in the molecular structures including the 

u-Cu distances may therefore be attributed to the ligands located 

t the axial positions of the paddlewheel cores as well. 

Selected bond lengths and bond angles for complex 1 are sum- 

arized in Table 2 . The carboxylate ligands bind in equatorial 

ositions, presuming that the main molecular (i.e. vertical) axis 

uns through the two copper centers. Two of the phenyl rings 

f the carboxylate ligands point ‘upwards’ to one axial pyridine 

igand while the two phenyl rings of the opposite carboxylates 

oint ‘down’ towards the second axial pyridine ligand. The Cu—

 bond lengths lie within the narrow range of 1.9647–1.9785 Å 

howing almost perfect symmetry in the geometry around copper. 

hese bond lengths are comparatively shorter than the respective 

ond lengths reported for bis(2-fluorobenzoate) copper(II) {Cu—

 = 1.949–2.126 Å} [55] . The Cu—N = 2.2009 (17) Å bond length

or the axial ancillary ligand was found to be 0.05 Å longer than 

he one previously observed in [pyCu(μ2 –OOCCH 2 C 6 H 4 R) 4 Cupy] 

ith Cu—N = 2.157(2) Å [36] . The bond angles centered at 

he copper ions, i.e. O—Cu—O {O1—Cu1—O3 = 89.37 (8) °, O4—

u1—O1 = 89.25 (8) °, O2—Cu1—O3 = 89.05 (8) ° and O2—Cu1—

4 = 89.12 (9) °} highlight the near to perfection octahedral coordi- 

ation geometry and are comparable to those in the closely related 

Cu 2 (2-ClC 6 H 4 CH 2 COO) 4 (py) 2 ] complex [16] . The entire molecule is 

enerated from the asymmetric unit by a symmetry operation (in- 

ersion center in the center of the unit cell). The proximity of these 

ngles to 90 ° is comparable to the already reported CuC 14 H 8 O 4 F 2 
omplex which also exhibits rather regular O—Cu—O bond angles, 

.e. 89.7 o [55] . Distortions in the octahedral geometry arise from 

he O—Cu—N bond angles {O1—Cu1—N1 = 91.71 (7) °, O2—Cu1—

1 = 101.95 (7) °, O3—Cu1—N1 = 99.07 (7) °, O4—Cu1—N1 = 94.42 

7) °}. The torsion between the planes O1—Cu1—O2—O1—Cu1—O2 

nd the plane produced by the methyl pyridine C19—C20—C21—

1—C17—C18 is 34.98 °. The rotational orientation of the phenyl 

ings is supported by the centroid interactions between the two 

ethyl pyridine rings of the adjacent di-nuclear complexes with 

 centroid to centroid distance of 3.489 Å. These interactions are 

esponsible for the generation of the crystal packing pattern that 

s shown in Fig. 1 b. The Cu—Cu—O bond angles all lie within the 

ange of 82.59–85.30 ° supporting a slight distortion in the octahe- 

ral geometry. A non-classical intramolecular hydrogen bond be- 

ween Cl1 and H15B with a bond length of 3.09 Å further stabilizes 

he crystal structure of complex 1 . 

In complex 2 [Cu 2 (OOCR) 4 OCO(R)CuL 2 ] n , the square planar cop- 

er ions on either side of the paddlewheel moieties bear the 2- 

ethylpyridine ligands plus oxygen donors from the bridging car- 

oxylates in trans positions as shown in Fig. 2 b. The methyl groups 

f the pyridine ligands point to opposite sides of the square planar 

eometry, to avoid any steric strain. A similar observation was re- 

orted previously for the copper complex with 6-methylpicolinic 
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Fig. 1. (a) Molecular structure of complex 1 (ellipsoids at the 50% level; H-atoms are omitted for clarity) (b) Crystal packing diagram of complex 1 (H-atoms are omitted for 

clarity) illustrating π- π-interactions (centroid-centroid distance: 3.489 Å) in the crystal lattice forming indefinite chains along the crystallographic b-axis. 
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cid, having a geometry that was intermediate between square 

yramidal and trigonal bipyramidal [56] . Due to the symmetry op- 

rations the two Cu 

–O bond lengths {Cu1—O1 = 1.979 (2) Å, Cu1—

1 i = 1.979 (2) Å} as well as the two Cu-N bond lengths {Cu1—

1 = 1.972 (3) Å, Cu1—N1 i = 1.972 (3) Å} of the square pyramidal

uilding block are identical ( Table 3 ). These distances are compa- 

able with the respective bond lengths in a copper complex with 

-methylpicolinic acid {Cu1–O2 = 1.962(18) Å, Cu1–O3 = 1.961(19) 
˚ , Cu1–N1 = 2.014(2) and Cu1–N2 = 2.031(2) Å} [56] . Most no- 
5 
ably, the order of the bond lengths is reversed in complex 2 

here the Cu-O bonds are elongated and the Cu-N distances are 

horter. The relatively shorter distances of 2-methylpyridine may 

e attributed to the fact that the oxygen donor atoms are dis- 

laced from an ideal distance due to steric and spatial strain on 

he carboxylate ligand, while bridging the massive paddlewheel 

ore and the mononuclear unit. Consequently the N-donor ligands 

ove closer to the fourfold coordinated copper center to make 

p for the diminished electron density in the O 

–Cu 

–O axis. This 
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Fig. 2. (a) Molecular structure of the asymmetric unit of complex 2 (ellipsoids at the 50% level; H-atoms are omitted for clarity). (b) Molecular structure of complex 2 

with complete coordination spheres generated by symmetry operations showing the two types of copper centers which alternately form the coordination polymer. (c) 

Crystal packing diagram of complex 2 emphasizing the coordination polymeric structure with two types of copper centers, which protrudes along the crystallographic b-axis 

(H-atoms are omitted for clarity). 
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easoning is supported by the comparatively longer Cu—N and 

horter Cu 

–O bond lengths in complex 1 . The 2-Methylpyridine 

ings are twisted by 63.64 ° relative to the Cu1—O1—N1—O1—N1 

lane. The twist in the 2-methylpyridine rings is enforced by an in- 

ermolecular C—H ···F hydrogen bond as described in Table 4 {C26—

26 ···F1 iii = 2.26 Å}. The paddlewheel structure, unlike in complex 

 comprises two types of coordinating carboxylates, i.e. one type 

cting as bridging ligands connecting the two paddlewheel copper 

ons and one connecting this moiety to the square planar copper 
6 
enters via μ- K 

2 -O:O ́and μ-O,O ́arrangements, respectively. The Cu—

 bond lengths in the paddlewheel structure vary in the range of 

.95-1.97 Å {Cu2—O3 = 1.957 (3) Å, Cu2—O4 ii = 1.962 (3) Å, Cu2—

5 = 1.960 (3) Å and Cu2—O6 ii = 1.974 (2) Å}, and are thus, a

it more diverse than in complex 1 . The axial carboxylate bonds, 

u2—O2 = 2.153 (2) Å are notably longer than the respective Cu—

 bonds in equatorial positions and are in accordance with the 

horter Cu-Cu distances within the paddlewheel relative to the dis- 

ance between paddlewheel and mono-nuclear copper ions. The 
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Table 1 

Crystal and refinement data of complexes 1 and 2. 

Complex 1 2 

Empirical formula C 44 H 38 Cl 4 Cu 2 N 2 O 8 C 60 H 50 Cu 3 F 6 N 2 O 12 

Formula mass 991.64 1295.64 

Temperature (K) room tepmerature 170 

Wavelength ( ̊A) Mo K α radiation, 0.71073 Mo K α radiation, 0.71073 

Crystal system, space group Triclinic, P Triclinic, P 

Unit cell dimensions a = 8.3204 (17) Å 

b = 10.874 (2) Å 

c = 12.726 (3) Å 

α = 76.29 (3) °
β = 75.33 (3) °
γ = 83.76 (3) °

a = 8.7723 (18) Å 

b = 12.318 (3) Å 

c = 13.833 (3) Å 

α = 101.77 (3) °
β = 105.28 (3) °
γ = 104.70 (3) °

Volume ( ̊A 3 ) 1080.7 (4) 1334.7 (6) 

Crystal size (mm) 0.30 × 0.30 × 0.26 0.26 × 0.17 × 0.13 

Z, Calculated density (g •cm 

−3 ) 1, 1.524 1, 1.612 

Absorption coefficient (mm 

−1 ) 1.29 1.27 

F(000) 506 661 

� range for data collection 6.4–59.1 ° 6.3–59.0 °
Limiting indices h = −11 → 11, k = −14 → 14, 

l = −13 → 16 

h = −12 → 12, k = −15 → 16, 

l = −16 → 19 

Measured reflections 10,754 14,996 

Independent reflections 5327 7268 

Reflections with I > 2 σ(I) 4045 4531 

R int 0.032 0.049 

Goodness-of-fit on F 2 1.008 0.945 

Final R indexes [ I > = 2 σ (I)] R 1 = 3.51%, wR 2 = 0.089 R 1 = 4.71%, wR 2 = 0.126 

Refinement method Full-matrix least-squares on F 2 Full-matrix least-squares on F 2 

Data/restraints/ parameters 5327/0/272 7268/1/390 

R [ F 2 > 2 σ( F 2 )] 0.035 0.047 

�〉 max , �〉 min (e Å −3 ) 0.38, −0.54 1.60, −0.85 

Table 2 

Selected bond lengths and bond angles of complex 1. 

Moiety Bond Length, Å Moiety Bond length, Å 

Cu1—O2 1.9647 (18) O1—C8 1.250 (3) 

Cu1—O4 1.9725 (17) O2—C8i 1.250 (3) 

Cu1—O1 1.9780 (16) O3—C16 1.248 (3) 

Cu1—O3 1.9785 (17) O4—C16 i 1.252 (3) 

Cu1—N1 2.2009 (17) N1—C21 1.329 (3) 

Cu1—Cu1 i 2.6917 (8) N1—C17 1.340 (3) 

Moiety Bond Angle, ° Moiety Bond Angle, °

O2—Cu1—O4 89.12 (9) O3—Cu1—Cu1 i 85.30 (5) 

O2—Cu1—O1 166.33 (6) N1—Cu1—Cu1 i 172.81 (5) 

O4—Cu1—O1 89.25 (8) C8—O1—Cu1 124.15 (14) 

O2—Cu1—O3 89.05 (8) C8 i —O2—Cu1 123.48 (14) 

O4—Cu1—O3 166.47 (6) C16—O3—Cu1 121.16 (14) 

O1—Cu1—O3 89.37 (8) C16 i —O4—Cu1 126.36 (15) 

O2—Cu1—N1 101.95 (7) C21—N1—C17 118.2 (2) 

O4—Cu1—N1 94.42 (7) C21—N1—Cu1 127.34 (17) 

O1—Cu1—N1 91.71 (7) C17—N1—Cu1 114.02 (16) 

O3—Cu1—N1 99.07 (7) O2 i —C8—O1 125.5 (2) 

O2—Cu1—Cu1 i 83.75 (6) O2 i —C8—C7 115.36 (19) 

O4—Cu1—Cu1 i 81.18 (5) O1—C8—C7 119.1 (2) 

O1—Cu1—Cu1 i 82.59 (6) 

Symmetry code: (i) −x + 1, −y + 1, −z + 1. 
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Table 3 

Selected bond lengths and bond angles of complex 2. 

Moiety Bond Length, Å Moiety Bond length, Å 

Cu1—N1 i 1.972 (3) Cu2—O2 2.153 (2) 

Cu1—N1 1.972 (3) Cu2—Cu2 ii 2.6586 (9) 

Cu1—O1 1.979 (2) C8—F1 1.337 (5) 

Cu1—O1 i 1.979 (2) F3—C16 1.358 (5) 

Cu2—O3 1.957 (3) F4—C24 1.357 (4) 

Cu2—O5 1.960 (3) N1—C25 1.344 (5) 

Cu2—O4 ii 1.962 (3) N1—C29 1.348 (5) 

Cu2—O6 ii 1.974 (2) O1—C1 1.269 (3) 

O4—C9 1.253 (4) O2—C1 1.248 (4) 

O5—C17 1.251 (4) O3—C9 1.247 (4) 

O6—C17 1.243 (4) 

Moiety Bond Angle, ° Moiety Bond Angle, °

N1 i —Cu1—N1 180.0 C1—O1—Cu1 112.85 (19) 

N1 i —Cu1—O1 89.89 (11) C1—O2—Cu2 129.7 (2) 

N1—Cu1—O1 90.11 (11) C9—O3—Cu2 123.2 (2) 

N1 i —Cu1—O1 i 90.11 (11) C9—O4—Cu2 ii 123.2 (2) 

N1—Cu1—O1 i 89.89 (11) C17—O5—Cu2 122.0 (2) 

O1—Cu1—O1 i 180.0 C17—O6—Cu2 ii 124.1 (2) 

O3—Cu2—O5 89.18 (14) O2—C1—O1 122.7 (3) 

O3—Cu2—O4 ii 167.32 (10) O2—C1—C2 118.6 (3) 

O5—Cu2—O4 ii 88.89 (13) O1—C1—C2 118.6 (3) 

O3—Cu2—O6 ii 90.88 (12) O3—C9—O4 125.9 (3) 

O5—Cu2—O6 ii 167.28 (10) O3—C9—C10 118.3 (3) 

O4 ii —Cu2—O6 ii 88.27 (11) O3—Cu2—Cu2 ii 83.86 (8) 

O3—Cu2—O2 92.74 (10) O5—Cu2—Cu2 ii 84.78 (8) 

O5—Cu2—O2 95.68 (10) O4 ii —Cu2—Cu2 ii 83.49 (8) 

O4 ii —Cu2—O2 99.92 (10) O6 ii —Cu2—Cu2 ii 82.58 (7) 

O6 ii —Cu2—O2 97.03 (9) O2—Cu2—Cu2 ii 176.56 (7) 

Symmetry codes: (i) −x + 1, −y + 2, −z + 1; (ii) −x + 1, −y + 1, −z + 1. 

T

i

i  

T

p

h

ore flexible and weaker coordination of the axial donor ligands is 

lso reflected in the bond angles of the paddlewheel copper cen- 

ers. The O—Cu—O bond angles can be divided into two groups: (i) 

—Cu—O bond angles formed by carboxylate coordination solely to 

he paddlewheel and (ii) O—Cu—O bond angles including the axial 

arboxylate. The equatorial angles O3—Cu2—O5 = 89.18 (14) °, O3—

u2—O6 ii = 90.88 (12) °, O4 ii —Cu2—O6 ii = 88.27 (11) °, and O5—

u2—O4 ii = 88.89 (13) ° are all close to 90 ° representing only small 

istortions in the octahedral geometry around copper. With respect 

o the axial carboxylates the bond angles are deviating to a greater 

xtent with O3—Cu2—O2 = 92.74 (10) °, O4 ii —Cu2—O2 = 99.92 

10) °, O5—Cu2—O2 = 95.68 (10) ° and O6 ii —Cu2—O2 = 97.03 (9) °. 
7 
he packing diagram as shown in Fig. 2 c, displays hydrogen bond- 

ng interactions stabilizing the 3-dimensional array in the lattice, 

.e. C2—H2 B ···O4 ii = 2.34 Å and C2—H2 A ···O6 ii = 2.63 Å ( Table 4 ).

he observed distortions of the ideal coordination geometries are 

ossibly also based to some extent on the strong intermolecular 

ydrogen bonds. 
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Table 4 

Hydrogen-bond geometry of complex 2 ( ̊A, °). 

D—H ···A D—H H ···A D ···A D —H ···A 
C2—H2 A ···O6 ii 0.99 2.63 3.236 (4) 120 

C2—H2 B ···O4 ii 0.99 2.34 3.166 (4) 140 

C26—H26 ···F1 iii 0.95 2.26 3.212 (7) 176 

Symmetry codes: (ii) −x + 1, −y + 1, −z + 1; (iii) x − 1, y, z. 
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.4. Antioxidant activities 

.4.1. DPPH free radical scavenging activity 

A DPPH free radical scavenging assay was performed for the 

ree ligand acids ( HL 1 and HL 2 ) and their copper complexes ( 1

nd 2 ) and the results are shown in Table 5 . A dose dependent

esponse was exhibited by the samples with an activity order 1 

 HL 1 > 2 > HL 2 . Complexes 1 and 2 , both have better radical

cavenging activities than their corresponding free carboxylic acid 

igands HL 1 and HL 2 , respectively. The observed activity enhance- 

ent after complexation reflects the importance of the metal cen- 

er as well as the N-donor ligands for the reaction with the radical 

n this assay. The copper complexes acquire additional superoxide- 

ismuting centers leading to superior antioxidant activity [57] . No- 

ably, the chloro substituted phenylacetic acid ( HL 1 ) is a better 

PPH radical scavenger than the fluoro substituted phenyl acetic 

cid ( HL 2 ). The higher activity of HL 1 could be attributed to the

ase with which free radical formation can take place through ho- 

olytic fission in the presence of the chloro substituent for sub- 

equent reaction with the DPPH. On the other hand the polarity 

nduced by the fluorine probably hinders the process of free radi- 

al formation in HL 2 . Complex 1 has shown comparable activity to 

he standard drug ascorbic acid (vitamin C) therefore it might be 

tilized in the future as DPPH scavenger after some further evalu- 

tion. 

.4.2. Hydroxyl radical scavenging activity 

The hydroxyl radical scavenging assay results of the tested 

ompounds are shown in Table 6 . At lower concentrations essen- 

ially the same order of activity was observed as in the DPPH as- 

ay. Complex 1 exhibits the highest hydroxyl scavenging ability 

hroughout, followed by its corresponding acid ligand, HL 1 . Com- 

lex 2 was more active than its corresponding acid ligand, HL 2 , at 

ower concentrations. However, the activity order reverses at the 

wo highest concentrations where HL 2 exhibits better activity than 

omplex 2 . Overall, the results point again at the role of the carbon 

alogen bond polarity in the radical scavenging activities. 

.5. Antileishmanial activity 

The antileishmanial activity data, summarized in Table 7 , 

how dose dependent antileishmanial activities for all investigated 

pecies. In particular, the free carboxylic acid ligands give rise 

o an exponential increase at 10 0 0 ppm concentration. The com- 

lexes exhibit higher activities than their free acid ligands ( HL 1 
nd HL 2 ) at all concentrations. However, the difference was more 

ronounced at lower concentrations. The enhanced activities of the 

omplexes ( 1 and 2 ) compared to the free acid ligands reflect the 

ignificance of the metal center as well as the N-donor ligands 

or the antileishmanial activity and can be explained on the basis 

f their ability to interact with DNA of parasite through interca- 

ation [58] . At lower concentrations the two complexes displayed 

ignificant differences in their activities. Comparable activities of 

he complexes were observed at higher concentration (10 0 0 ppm). 

mong the tested compounds, complex 1 was found to be the 

ost potent antileishmanial agent at all concentrations. In the ap- 

lied concentration range, its activity was essentially dose inde- 
8 
endent within the error margin suggesting that even lower doses 

hould be considered. Complex 1 is a strong candidate for further 

nd more intense studies regarding its application as a potential 

ntileishmanial agent. Amphotericin-B was used as a positive con- 

rol in this assay and reached 100% inhibition. 

.6. Anticancer activity 

The acid ligands ( HL 1 and HL 2 ) and synthesized complexes ( 1 

nd 2 ) were screened in vitro for their anticancer potential against 

alignant glioma U-87 (MG U87) cell lines and the results are 

ummarized in Table 8 . The tested compounds exhibit dose depen- 

ent cytotoxic responses. As the concentrations of the test com- 

ounds were increased sharp increases in the cytotoxic effects 

ere observed by an exponential decrease in the survival fractions 

%) of the target cells. However, at elevated concentrations (62.5- 

50 μg/mL) the decreases in the survival fraction (%) of the target 

ells became less and less steep. Surprisingly, a further increase in 

he concentration of the test compounds above 250 μg/mL resulted 

n a lower cytotoxic effect of the test compounds, most notably 

or the complexes 1 and 2 . The decrease in the cytotoxic effect 

f the test compounds at higher concentration (500 μg/mL) may 

e attributed to auto association/interaction of the drug molecules 

e.g. intermolecular H-bonding for the complexes) which decrease 

heir ability to interact with the active sites of the target cells. 

lternatively, the higher concentrations, in particular those of 

he complexes might trigger defense responses of the cells lead- 

ng to better survival. Up to 500 μg/mL concentrations, no sig- 

ificant activity differences were found among the four tested 

ompounds. 

.7. DNA interaction study 

Preliminary DNA binding data of the synthesized complexes 1 

nd 2 were determined by electronic absorption measurements. 

V-Vis absorption titrations were performed with a fixed con- 

entration of complex solutions (200 μM) and varying concentra- 

ions (0-40 μM) of salmon sperm DNA (SSDNA). Before measure- 

ents, complex-DNA adduct solutions were kept at room tem- 

erature for at least one hour to allow any possible interactions 

o develop. The experiments led to the same results when re- 

eated with the identical solutions after 24 h, emphasizing the sta- 

ility of the respective complex-DNA adducts. The results of the 

bsorption measurements for complexes 1 and 2 , are shown in 

igs. 3 and 4 , respectively. Both complexes show a pronounced 

ypochromism after addition of DNA with no red/blue shifts, 

ointing towards a mixed binding mode comprising partial inter- 

alation of the complexes into DNA base pairs as well as groove 

inding [2] . 

The calculated binding constant (K b ) values using the Benesi–

ildebrand equation were 9.8 × 10 4 and 9.9 × 10 4 M 

−1 for 

omplexes 1 and 2 , respectively [2] . The reported complexes are 

elatively better DNA binders compared to the previously reported 

opper(II) complexes with similar carboxylate ligands [ 2 , 59 , 60 ]. 

ince in a dinuclear complex the two adjacent Lewis acid metal 

ites are favorably poised to bind or interact with the donor sites 

f double-stranded DNA and by tuning the groups on the dimetal 

ystem one can even effectively control the nature of interaction 

ith DNA [61] . The response of both complexes towards DNA in 

erms of interaction mode and binging strength was found to be 

ery similar. This observation reflects that varying the halogen 

F or Cl) on the coordinated ligand has no effect on the DNA 

inding ability of the complexes as long as the complexes have 

ther structural or spacial geometric similarities. However, the 

osition of the halogen substituent on the phenyl acetate ligand, 

onsidering previously reported studies, was found to affect the 
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Table 5 

DPPH free radical scavenging activity of ligand acids and synthesized complexes. 

Compound 

% Inhibition 

Dose Conc. (μM) 

15 30 60 120 240 

HL 1 8.74 ± 1.45 12.3 ± 1.67 23.4 ± 2.02 38.12 ± 2.11 43.00 ± 1.34 

HL 2 4.65 ± .04 7.41 ± 1.02 13.02 ± 1.32 19.76 ± 1.58 27.06 ± 2.21 

1 17.34 ± 1.21 20.45 ± 2.10 49.76 ± 2.68 67.76 ± 2.97 78.56 ± 2.38 

2 5.39 ± .68 8.10 ± 0.86 18.29 ± 1.42 26.7 ± 1.32 36.09 ± 2.13 

Vit C 15.00 ± 1.34 32.88 ± 2.65 49.00 ± 1.89 72.00 ± 2.55 92.00 ± 1.91 

Table 6 

Hydroxyl radical scavenging activity of ligand acids and synthesized complexes. 

Compound 

% Inhibition 

Dose Conc. (μM) 

15 30 60 120 240 

HL 1 10.00 ± 0.91 16.90 ± 2.21 22.70 ± 2.04 30.83 ± 2.53 42.87 ± 2.63 

HL 2 1.70 ± 0.20 3.54 ± 0.02 6.09 ± 1.06 9.99 ± 1.01 13.89 ± 1.21 

1 13.90 ± 1.01 20.78 ± 2.04 30.55 ± 2.56 44.99 ± 2.57 71.78 ± 2.48 

2 2.95 ± 0.07 5.98 ± 0.97 8.09 ± 1.08 9.00 ± 1.78 11.02 ± 1.01 

Vit C 17.56 ± 1.05 27.99 ± 2.45 32.76 ± 2.79 49.76 ± 2.87 76.78 ± 2.78 

Fig. 3. (a) Absorption spectrum of complex 1 in the absence (a) and presence of 5 μM (b), 10 μM (c), 15 μM (d), 20 μM (e), 25 μM (f), 30 μM (g), 35 μM (h) and 40 μM (i) 

DNA. The arrow direction indicates increasing concentrations of DNA. (b) Plot of A/(A-A) vs. 1/[DNA] for binding constant determination of the complex 1-DNA adduct. 

9 
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Fig. 4. (a) Absorption spectrum of complex 2 in the absence (a) and presence of 5 μM (b), 10 μM (c), 15 μM (d), 20 μM (e), 25 μM (f), 30 μM (g), 35 μM (h) and 40 μM (i) 

DNA. The arrow direction indicates increasing concentrations of DNA. (b) Plot of A/(A-A) vs. 1/[DNA] for binding constant determination of the complex 2-DNA adduct. 

Table 7 

Antileishmanial activity of ligand acids and synthesized complexes. 

Compound 

% Inhibition 

Dose Conc. (μM) 

250 500 10 0 0 

HL 1 17.04 ± 1.12 25.11 ± 1.89 85.13 ± 1.56 

HL 2 14.53 ± 1.23 16.38 ± 0.97 84.97 ± 1.32 

1 89.91 ± 2.77 91.13 ± 2.78 91.99 ± 2.34 

2 61.66 ± 2.53 76.90 ± 2.11 91.03 ± 2.71 

D

3

a

t

t

[

3

3

p

i

i

p

p

1  

i

NA binging ability, i.e. decreasing it in the order 2-Cl > 4-Cl > 

-Cl [ 2 , 60 ]. Notably, the copper complexes with the paddlewheel 

rrangement are relatively more active DNA binders compared 

o the complexes with similar phenyl acetate ligands and biden- 
Table 8 

Cytotoxic effect of ligand acids and complexes on malignant glioma U-87 c

Compound 

Surviv

Dose 

0 7.812 15.625 31.25 

HL 1 100 75.74 ± 0.06 50.70 ± 0.04 36.66 ± 0.04 

HL 2 100 83.84 ± 0.09 58.94 ± 0.04 37.29 ± 0.04 

1 100 84.13 ± 0.09 60.27 ± 0.04 45.09 ± 0.03 

2 100 82.28 ± 0.02 49.55 ± 0.11 34.02 ± 0.07 

a = The cell lines were treated with different concentrations of the test co

10 
ate nitrogen donor ligands in a different structural environment 

 2 , 60 ]. 

.8. Molecular docking studies 

.8.1. Complex-DNA interaction 

The theoretical DNA binding mode of the synthesized cop- 

er complexes was investigated by molecular docking. The dock- 

ng results show that the complexes prefer to bind to DNA by 

ntercalation. From the computed docking conformation of com- 

lex 1 (docking score = −8.9371), it was observed that this com- 

lex establishes six polar interactions with the active residues (DC 

3, DG 14, DC 15, DG 16, DA 17 and DG 22) of DNA as shown

n Fig. 5 . Complex 2 (docking score = −9.1065), which in addi- 
ell lines. a 

al fraction (%) 

Conc. (μg/mL) 

62.5 125 250 500 

23.84 ± 0.02 15.69 ± 0.01 16.98 ± 0.00 19.92 ± 0.01 

20.34 ± 0.03 15.51 ± 0.01 15.04 ± 0.02 18.97 ± 0.05 

25.05 ± 0.03 20.92 ± 0.03 17.52 ± 0.02 61.44 ± 0.21 

19.41 ± 0.02 15.86 ± 0,02 14.21 ± 0.01 54.65 ± 0.18 

mpounds in vitro for 24 h. 
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Fig. 5. Docking orientation of complex 1 inside the active site of DNA. 

Fig. 6. Docking orientation of complex 2 inside the active site of DNA. 

t

p

r  

(

p

n

c

b

3

p

s

a

f  

t

d

ion to the paddlewheel also comprises the mono-nuclear cop- 

er center, formed seven polar interactions with the active site 

esidues (DG 4, DA 5, DA 6, DC 21, DG 22, DC 23) of DNA

 Fig. 6 ). An excellent arrangement was obtained as the best docked 

ose, which showed important binding features that are predomi- 

antly based on interactions of various interacting moieties of the 

omplexes and phosphate derived functional groups of the DNA 

ackbone. 
11 
.8.2. Complexes-SARS-CoV-2 interaction 

Molecular docking investigations were performed to find any 

ossible complex and SARS-CoV-2 interactions. For the docking 

tudies a spike protein, the nucleocapsid protein of SARS-CoV-2 

nd the angiotensin converting enzyme of the human cell (host 

or SARS-CoV-2) were selected as target sites [ 62 , 63 ]. The results of

his theoretical study show that the synthesized complexes 1 and 2 

o indeed bind to spike protein, nucleocapsid protein of SARS-CoV- 
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Fig. 7. Docking orientation of complex 2 inside the active site of spike protein. 

Fig. 8. Docking orientation of complex 2 inside the active site of nucleocapsid protein. 

2

o

o

a

i

s

o

t

i

a

c

T

t

d

w

F

t

t

−
m

 and that they can also inhibit the angiotensin converting enzyme 

f the human cell. Complex 1 (docking score = −6.5162) showed 

ne notable H-donor interaction with GLY 638 of the spike protein 

nd 2 (docking score = −8.4282) showed two particular H-donor 

nteractions with ASP 191 of the spike protein. Interestingly, no 

uch interactions with spike protein were observed in case of tri- 

rganotin(IV) carboxylates [64] . The interaction of complex 1 with 

he nucleocapsid protein of SARS-CoV-2 attached to RNA (dock- 

ng score = −5.2152) includes one H-Acceptor interaction with the 

ctive site residue GLY 165 of the nucleocapsid protein, whereas 
12 
omplex 2 (docking score = −5.1609) exhibited three interactions. 

wo are H-Acceptor types and one is a metal ion interaction with 

he active sites LYS 128, GLU 119 of the nucleocapsid protein. The 

ocking scores reflect that complex 2 can interact more efficiently 

ith spike and nucleocapsid proteins of SARS-CoV-2 as shown in 

igs. 7 and 8 , respectively. Complexes 1 and 2 were also found 

o engage in one interaction each with GLN 531 and ASP 67 of 

he human angiotensin converting enzyme with docking scores of 

5.2022 and −5.4059, respectively. Since, free copper is toxic, its 

etal complexes are of particular importance in biological applica- 
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ions. Docking studies of copper complex-SARS-CoV-2 interactions 

re rare [65] and the complexes could be used as potential corona 

irus inhibitors. 

. Conclusion 

The successful synthesis of copper(II) carboxylate complexes by 

he condensation reaction of copper(II) chloride dihydrate with 2- 

hlorophenyl acetic acid ( HL 1 ) and 2-fluorophenyl acetic acid ( HL 2 ) 

n the presence of 2-methyl pyridine co-ligand was verified by FT- 

R and X-ray single crystal analyses. While the reaction with the 

hloro-substituted acid led to a typical discrete paddlewheel struc- 

ure, the fluoro-analog resulted in a coordination polymer with a 

i-nuclear paddlewheel moiety plus a square planar mono-nuclear 

uilding block. The complexes exhibit better antioxidant and an- 

ileishmanial activity compared to the free acid ligands thus re- 

ecting the importance of the synergistic effect of the metal ion 

enter, carboxylate and nitrogen donor ligands for the activity. A 

ixed DNA interaction mode consisting of partial intercalation and 

roove binding was established by UV-Vis absorption spectroscopy. 

 dose dependent cytotoxic response against malignant glioma U- 

7 (MG U87) cell lines was observed at relatively low concentra- 

ions. The decrease in the cytotoxic effect at higher concentration 

uggests a detrimental influence of intermolecular H-bonding on 

he cytotoxic activity of the complexes or that they trigger defense 

echanisms of the cell. A theoretical docking study puts the two 

omplexes forward as potential corona virus inhibitors. 
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