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Two new coordination solids [Cu2(m
2-Bz)4(CH3OH)2][Cu2(h

2-Bz)2(phen)2(H2O)2]$(NO3)2 (1) and

[Cu(phen)(H2O)(Bz)(h2-Bz)] (2) (phen ¼ 1,10-phenanthroline; Bz ¼ benzoate) have been synthesized and

characterized using elemental analysis, TGA, spectroscopic (IR, UV-vis-NIR and ESR) and single crystal X-

ray diffraction techniques. Change of the solvent from methanol to DMF results in changes in the

architectures that are triggered by a change from square pyramidal to octahedral coordination at the

divalent metal centers for complexes 1 and 2 respectively. The structural topology of the complexes is

established by the interplay of strong O–H/O and weak C–H/O, C–H/C, p–p stacking interactions.

Unconventional parallel intramolecular and anti-parallel intermolecular contacts involving the chelate

rings (CR) also stabilize the structures. The energetic analyses of the structures evidence that the parallel

arrangement is energetically favoured which is likely due to the presence of the Cu/Cu cuprophilic

interaction in 1 that is not established in 2. Compound 1 exhibits the highest antibacterial activity against

Rhizobium leguminosarum among the tested cultures. In vitro cytotoxicity and apoptosis studies were

carried out for compounds 1 and 2 on malignant Dalton's lymphoma cell line (DL). Both compounds

showed a significant effect on the decrease in cell viability as compared to a control, while compound 2

induced remarkable cytotoxicity towards DL cells. Treatment also showed the appearance of membrane

blebbing, chromatin condensation and fragmented nuclei which are typical characteristic features of

apoptotic cell death. Furthermore, a docking study revealed that both compounds docked in the active

sites of all the cancer target proteins under study. Moreover, SAR analysis revealed that oxygen and

nitrogen atoms of compound 1 and the oxygen atoms of compound 2 are crucial for biological activities.

1. Introduction

There has been signicant interest in the eld of structural and

supramolecular chemistry of mixed ligandmetal complexes owing

to their potential applications in magnetic devices, non-linear

optics, supramolecular catalysis, porous and zeolite-like mate-

rials with awide range of coordination geometries.1–4The copper(II)

complexes of 1,10-phenanthroline and its derivatives, attract great

attention since they exhibit numerous biological activities such as

antitumor, anti-Candida and anti-microbial etc.5–9 The dimeric

copper complexes have reached clinical assays, which paves the

way to copper-based anticancer therapeutics.10

One of the important strategies of structural topology is to

establish the likely connections between organic and/or inor-

ganic molecular building blocks by exploiting non-covalent

interactions.11,12 The most commonly used strategies in the

organization of multi-component supramolecular assemblies are

van der Waals, ion pairing, p-hole13 and hydrogen bonding

interactions14 and, particularly, those involving aromatic systems

like p–p stacking,15 cation–p,16 anion–p,17 etc. Nowadays, the p–

p stacking interactions, are very well characterized experimen-

tally and theoretically, referred to as “unconventional” or “non-

classical” which includes chelate ring stacking interactions

involving transition metals.18–20 Recent works suggest that these

interactions are dominating contributors to the stability of

inorganic and metal–organic crystal structures.21–23
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Carboxylate groups that can display a wide variety of coor-

dination modes such as terminal, chelating, bridging, syn–anti,

anti–anti are used for designing poly-nuclear complexes with

interesting structures and topologies.24 The structures of the

ancillary ligands and reaction conditions have been shown to

have profound effects on the binding mode of carboxylate

moiety of benzoic acid to the metal centers.24 Moreover, prop-

erties of copper(II) carboxylates and the coordination abilities of

carboxylate ions can be varied to a large extent using nitrogen

donor ligands with appropriate functionalization.25 It has been

observed in the literature that coordination of benzoate as

paddle wheeled fashion in Cu(II) complexes has been rare.26

Besides, monodentate as well as bidentate coordination of

benzoate with metal centers observed in literature data.27

Solvent is an essential component for any reaction in solu-

tion. The choice of solvents is an important parameter in the

synthesis of crystalline materials and is key to construct various

coordination networks, although no recipe known so far

explains the reasoning behind it.28 When the same ligand is

allowed to react with the same metal salt in different solvents

with the same exterior conditions, the performance of the

ligands, the coordinated small neutral molecules and the

solvent systems oen play important role in the self assembly

processes in the complexes.29

In order to realize the interplay of non-covalent interactions

as well as effect of solvent and ancillary ligand on supramo-

lecular coordination networks, we succeeded in synthesizing

(Scheme 1) two new Cu(II) complexes involving phenanthroline

and benzoate ligands viz. [Cu2(m
2-Bz)4(CH3OH)2][Cu2(h

2-Bz)2-

(phen)2(H2O)2]$(NO3)2 (1) and [Cu(phen)(H2O)(Bz)(h
2-Bz)] (2)

characterized by single-crystal X-ray analysis. Along with water,

we have used methanol and DMF as solvents to synthesize the

reported complexes. It is interesting that during syntheses of 1

and 2, switching the solvent from methanol to DMF results in

fundamental changes in the architectures that are triggered by

the change from square pyramidal to octahedral coordination.

Benzoate ligands coordinated to the metal centers as paddle

wheel; result in a self-assembled novel tetramer in 1; whereas

both monodentate as well as bidentate coordination of

benzoate in the same metal centre is observed in 2. Such

solvent-driven diversity in coordination mode of benzoates in

phenanthroline complexes of transition metals are scarcely re-

ported in the literature. Apart from reporting the synthesis and

crystal structure of the compounds, we also aim to study the

weak non-covalent interactions that may govern the stability of

the structures. We have used the molecular DFT calculations

and NCI index analyses to evaluate energetically the strength of

the unconventional contacts involving chelate rings in both the

compounds. The anticancer potential of complexes 1 and 2were

validated in vitro in malignant DL cell line considering cyto-

toxicity, apoptosis and molecular docking as parameters.

2. Experimental
2.1 Materials and physical measurements

All reagents used in this work were of obtained from Sigma

Aldrich and Merck (India) Ltd. and used without further puri-

cation. Deionized water was used as a reaction medium.

Elemental analyses were carried out using a PerkinElmer 2400

Series II CHNS/O analyzer. KBr phase FT-IR spectrum was

recorded in a Shimadzu FTIR-8400S spectrophotometer in the

mid-IR region (4000 to 400 cm�1). The diffuse-reectance UV-

Vis-spectra were recorded using a Shimadzu UV-2600 spectro-

photometer. Room temperature magnetic susceptibilities were

measured at 300 K on a Sherwood Mark 1 Magnetic Suscepti-

bility balance by Evans method. Thermogravimetric studies

were carried out under a ow of N2 gas using a Mettler Toledo

TGA/DSC1 STARe system at a heating rate of 10 �Cmin�1. The X-

band EPR spectra were recorded using a JEOL JES-FA 200

instrument.

2.2 Syntheses

2.2.1 Synthesis of [Cu2(m
2-Bz)4(CH3OH)2][Cu2(h

2-Bz)2-

(phen)2(H2O)2]$(NO3)2 (1). The synthesis of the compound 1

was achieved by mixing Cu(NO3)2$3H2O (0.482 g, 2 mmol), 1,10-

phenanthroline (0.396 g, 2 mmol) in 1 : 1 mixture of methanol

and water (20 mL) and mechanically stirred at room tempera-

ture for two hours. To the resulting solution, sodium salt of

benzoic acid (0.121 g, 1 mmol) was added slowly with contin-

uous stirring. The blue precipitate formed was ltered and the

ltrate obtained yielded blue block crystals aer few weeks. The

crystals collected were kept in air for drying. Yield: 1.84 g (75%).

Anal. calc. for C68H58N6O22Cu4: C, 52.17%; H, 3.73%; N, 5.37%.

Found: C, 52.19%; H, 3.67%; N, 5.34%. IR spectral data (KBr

disc, cm�1): 3260(m), 2076(s), 2936(w), 2837(w), 2624(w),

2426(w), 1981(m), 1934(m), 1835(w), 1762(m), 1603(sh),

1569(vs.), 1516(s), 1489(m), 1404(vs.), 1351(sh), 1218(w),

1171(m), 1145(sh), 1025(s), 952(m), 846(s), 819(sh), 727(vs.),

688(s), 654(w) [vs., very strong; s, strong; m, medium; w, weak;

Sh, shoulder].

2.2.2 Synthesis of [Cu(phen)(H2O)(Bz)(h
2-Bz)] (2).

Cu(NO3)2$3H2O (0.2416 g, 1 mmol) and 1,10-phenanthroline

(0.1982 g, 1 mmol), were mechanically stirred at room temper-

ature for 2 hours in 1 : 1 mixture of DMF and water (20 mL).

Then to the resulting solution, sodium salt of benzoic acid

Scheme 1 Synthesis of compound 1 and 2.
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(0.242 g, 2 mmol) was added slowly with continuous stirring.

The blue precipitate formed was ltered and the ltrate ob-

tained yielded blue block crystals aer few weeks. The crystals

collected were washed with water and kept in air for drying.

Yield: 0.451 g (89%). Anal. calc. for C26H20CuN2O5: C, 61.96%;

H, 4.00%; N, 5.56%. Found: C, 61.00%; H, 3.97%; N, 5.53%. IR

spectral data (KBr disc, cm�1): 3340(m), 3089(w), 3059(m),

1998(w), 1784(w, br), 1592(sh), 1548(s), 1430(m), 1386(s),

1319(w), 1223(m), 1179(m), 1143(m), 1113(s), 1062(s), 1010(s),

995(sh), 848(s), 818(s), 766(m), 722(s), 671(s), 648(m), 57(s) [s,

strong; m, medium; w, weak; br, broad; Sh, shoulder].

2.3 Crystallographic data collection and renement

Molecular and crystal structures of 1 and 2 were determined by

single crystal X-ray diffraction technique. X-ray diffraction

data collection was carried out on a Bruker SMART CCD

diffractometer with graphite monochromatised Mo Ka radia-

tion (l ¼ 0.71073 Å). Crystal structures were solved by direct

method (SHELXS) and rened by full matrix least squares

techniques (SHELXL-2018/3) using the WinGX30 platform

available for personal computers. The hydrogen atoms in both

the compounds were located in difference Fourier maps and

rened with isotropic atomic displacement parameters except

for the two lattice water molecules of 1. The structural

diagrams were drawn with Diamond 3.0.31 Data collection and

renement parameters for the complexes 1 and 2 are

summarized in Table 1.

2.4 Theoretical methods

The geometries of the complexes included in this study were

computed at the B3LYP-D/6-31+G* level of theory using the

crystallographic coordinates. For the calculations we have used

the GAUSSIAN-09 program.32 We have also used the Grimme's

dispersion33 correction since it is adequate for the evaluation of

noncovalent interactions. The basis set superposition error for

the calculation of interaction energies has been corrected using

the counterpoise method.34 The NCI plot35 iso-surfaces have

been used to characterize noncovalent interactions. They

correspond to both favorable and unfavorable interactions, as

differentiated by the sign of the second density Hessian eigen-

value and dened by the isosurface color. The color scheme is

a red-yellow-green-blue scale with red for rcut
+ (repulsive) and

blue for rcut
� (attractive). The Gaussian-09 B3LYP-D/6-31+G*

level of theory wave function has been used to generate the NCI

plot.

2.5 Antimicrobial activity

The antimicrobial activity of complexes 1 and 2 and its main

ligand were studied by the disc diffusion method against the

pathogenic organisms [Staphylococcus aureus (MTCC3160),

Escherichia coli (MTCC448), Rhizobium leguminosarum

(MTCC99) and Rhizoctonia solani (MTCC4633)]. All the experi-

ments were performed in Petri plates and were repeated twice.

Nutrient agar (Himedia) was used as a media for bacterial

growth while potato dextrose agar (PDA) was used as media for

Table 1 Crystallographic parameters and summary of data collection for 1 and 2

Parameters [Cu2(h
2-Bz)4(CH3OH)2] [Cu2(h

2-Bz)2(phen)2(H2O)2]$(NO3)2
(1)

[Cu(phen)(H2O)(Bz)(h
2-Bz)] (2)

Formula Cu4C68H58N6O22 C26H20CuN2O5

Formula weight 1565.36 503.98

Temp, [K] 293(2) 293(2)

Crystal system Monoclinic Monoclinic

Space group C2/c P21/c
a [Å] 32.0440(10) 10.4496(3)

b [Å] 9.8805(3) 21.2448(7)

c [Å] 21.1886(7) 11.2140(4)

a [�] 90 90
b [�] 92.9860(10) 117.886(2)

g [�] 90 90

V [Å3] 6699.4(4) 2200.42(13)
Z 4 4

D(calcd), [g cm�3] 1.552 1.521

Absorption coefficient [mm�1] 1.336 1.035

F(000) 3200 1036
Crystal size [mm3] 0.40 � 0.27 � 0.18 0.24 � 0.11 � 0.04

q range [�] 2.16 to 30.00 2.20 to 27.58

Index ranges �44 # h # 44, �13 # k # 12, �26 # l # 29 �13 # h # 13, �27 # k # 27, �14 # l # 14

Independent rens (I0 > 2s(I0) 9711 5098
Reections collected 39 429 66 944

Renement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 9711/0/451 5098/0/307

Goodness-of-t on F2 1.011 1.129
Final R indices [I > 2s(I)]R1/wR2 R1 ¼ 0.0454, wR2 ¼ 0.1266 R1 ¼ 0.0356, wR2 ¼ 0.0927

R indices (all data) R1 ¼ 0.0678, wR2 ¼ 0.1423 R1 ¼ 0.0433, wR2 ¼ 0.0969

Largest difference in peak and hole [e$Å�3] 0.810 and �0.488 0.364 and �0.377

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 16339–16356 | 16341
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fungi (Hi-media). All the sterilized materials were kept under

the Laminar Air Flow (Sensocon/S2000-25MM). The test

cultures were spread using L spreader on the top of the solidi-

ed media and kept for 10 minutes and the compounds of

concentrations 125 mg mL�1, 150 mg mL�1, 200 mg mL�1, 250 mg

mL�1, 300 mg mL�1, 325 mg mL�1 and 350 mg mL�1 were added

to each disc. The cultures were incubated at 37 �C for 24 hours

(bacteria) and at 28 �C for three days (fungi) in an incubator

(Scigenics-Orbitek BOD-350L). DMSO was used as a negative

control in the experiments. Oacoxin (antibacterial) (5 mg per

disc) and Ketoconazole (antifungal) (10 mg per disc) was used as

positive control. The diameters of the inhibition zones were

measured following the incubation period with slipping cali-

pers recorded in millimeter.36,37

2.6 Cell line and treatment plan

The anticancer activities of the compounds were studied in in

vitro condition for 24 h using Dalton's ascites lymphoma (DL)

cell line. The DL cells were cultured in RPMI-1640 supple-

mented with 10% FBS, gentamycin (20 mg mL�1), streptomycin

(100 mg mL�1), and penicillin (100 IU) in a CO2 incubator at

37 �C with 5% CO2; 80% conuent of exponentially growing

cells was sub-cultured and used in the experiments.

2.7 MTT based cell viability assay

The MTT cell viability assay was performed in DL (cancer cell)

and peripheral blood mononuclear cells (PBMC) (normal cell)

according to the instructions in the kit (MTT, manual from

Boehringer Mannheim, Cat. No. 1465 007). Aer incubation

with different concentration (0, 0.01, 0.1, 0.5, 1, 5 and 10 mM) of

both compounds for 24 hours, 10 mL of the MTT labeling

reagent (0.5 mg mL�1) was added into each well except the

empty wells. The microtiter plate was then incubated for four

hours in a humidied atmosphere, at 37 �C and 5% CO2. Aer

that, 100 mL of the DMSO was pipetted into each well. The plate

was checked for complete solubilization of the purple formazan

crystals under the inverted phase microscope followed by

measurements of optical density at the wavelength of

550 nm.38,39 The percentage of cell viability was calculated using

the following formula:

cell viability ð%Þ ¼
OD of sample�OD of blank

OD of control
� 100

A dose–response curve (% cell viability versus sample

concentration) was plotted and the sample concentration that

inhibits 50% of the cell viability (IC50) was determined.

2.8 Apoptosis study

Fluorescence based apoptotic cell death was determined using

acridine orange and ethidium bromide (AO/EB) staining

method.40 Control and treated DL cells were collected aer 24

hours treatment, washed with PBS and to the cell suspension;

AO/EB (100 mg mL�1 of each dye) was added, mixed gently and

incubated for 5 min. The cells were thoroughly examined under

uorescence microscope and photographed. About 1000 cells

were analyzed, and the percentage of apoptotic nuclei was

determined. Viable cells were identied by bright uniform

green nuclei with organized structures; apoptotic cells contain

condensed or fragmented chromatin with red or orange

nuclei.41,42

2.9 Molecular docking simulation

The interaction of the proteins and the compounds 1 and 2were

carried out using Molegro Virtual Docker (MVD 2010.4.0) for

Windows, which has gained wide use among medicinal chem-

ists. The 3-dimensional (3D) coordinates of multiple cancer

causing target proteins were selected and obtained through the

Structural Bioinformatics (RCSB) protein data bank (PDB). The

PDB id 4XV2 (melanoma, colorectal, thyroid and non-small cell

lung cancer), 5LWE (ovarian cancer, prostate cancer, pancreatic

cancer, large B cell lymphoma, melanoma), 4FLH (colon, brain,

gastric, breast and lung cancer), 1XKK (non-small cell lung

cancer, bladder cancer, breast cancer and glioblastoma) were

selected based on the potential roles in multiple cancer types.

The molecular arrangement and geometry of both the

compounds were fully optimized using the semi empirical

quantum chemistry method (PM3). The docking parameters

were run using a GRID of 15 Å in radius and 0.30 in resolution

with number of runs: 10 runs; algorithm: Moldock SE;

maximum interactions: 1500; maximum population size: 50;

maximum steps: 300; neighbor distance factor: 1.00; maximum

number of poses returned: 5 to cover the ligand-binding site of

the proteins structure. Templates with features expected to be

relevant for ligand binding were generated to perform dock-

ing.43 Protein–ligand binding site was further analyzed and

visualized by using Discovery studio and Chimera soware.44,45

Post docking, Structure Activity Relationships (SAR) of

compounds 1 and 2 was carried out based on the docking as

well as bioassay results available in NCBI database (https://

www.ncbi.nlm.nih.gov/) for the parental template of both

compounds.

2.10 Statistical analysis

Data are expressed as mean � standard deviation (S.D.). To

determine the signicance of the differences among the groups,

one-way ANOVA was performed followed by post hoc test (Tukey

analysis). P# 0.05 was considered to be statistically signicant.

3. Result and discussion
3.1 Synthesis and general aspects

The compound [Cu2(m
2-Bz)4(CH3OH)2][Cu2(h

2-Bz)2(phen)2(H2-

O)2]$(NO3)2 (1) has been isolated in high yield by reacting two

equivalents of Cu(NO3)2$3H2O with two equivalents of 1,10-

phenanthroline and one equivalent of sodium benzoate in 1 : 1

mixture of methanol and water. On the other hand,

[Cu(phen)(H2O)(Bz)(h
2-Bz)] (2) has been synthesized by reacting

one equivalent of Cu(NO3)2$3H2O with one equivalent of 1,10-

phenanthroline and two equivalents of sodium benzoate in 1 : 1

mixture of DMF and water. While synthesizing the complexes,

switching the solvent from methanol to DMF for 1 and 2

16342 | RSC Adv., 2019, 9, 16339–16356 This journal is © The Royal Society of Chemistry 2019
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respectively, results in a fundamental change in their coordi-

nation environment which may be due to steric effect of the

coordinating ligands or weaker coordinating ability of DMF

compared to MeOH and suggestive of a potentially useful

methodology for controlling and predicting coordination

network architectures. Compound 1 and 2 are moderately

soluble in water; however, their solubility in common organic

solvents is low. The complexes 1 and 2 show room temperature

meff value of 1.71 BM and 1.76 BM respectively and conrms the

presence of one unpaired electron per Cu2+ ion.46

3.2 Infrared spectroscopy

The IR spectral analyses for complexes 1 and 2 have been dis-

cussed [Fig. S1, see ESI†]. The symmetric and asymmetric

stretching vibrations of carboxylate moiety and the shi in the

d(C–H) vibrations suggest coordination of benzoate and phe-

nanthroline respectively at Cu(II) centre of complexes 1 and 2

respectively.47 The vibrations of water for both the compounds

and the nitrate in the lattice of 1 are observed in the expected

positions.48,49

3.3 Electronic spectra of 1 and 2

The detail of the electronic spectra of the complexes 1 and 2 in

solid as well as in solution phase are discussed [Fig. S2, see

ESI†]. The UV-Vis-NIR spectrum of compound 1 indicates the

splitting for the local C4v symmetry of the Cu(II) centers in the

square pyramidal geometry50 (Fig. S2†). The absorption features

exhibited by 2 in the solid state are an outcome of the distorted

octahedral geometry51 around the Cu2+ centre (Fig. S2†). The UV

bands originating from the ligand to metal charge transfer

transition are observed in the expected positions for both the

complexes.52

3.4 Crystal structure analysis

The single crystal X-ray diffraction analysis reveals that complex

1 crystallizes in the monoclinic system with C2/c space group.

The complete dianionic part is generated by crystallographic

inversion symmetry, to give an overall composition for 1 of

[Cu2(m
2-Bz)4(CH3OH)2] [Cu2(h

2-Bz)2(phen)2(H2O)2]$(NO3)2
(Fig. 1). One of the two complex molecules contains di-m-

benzoato-bridged [Cu2(h
2-Bz)2(phen)2(H2O)2]

2+ (1a) cation

moiety whereas the other motif is a di-nuclear benzoate bridged

paddle wheel [Cu2(m
2-Bz)4(CH3OH)2] (1b) as neutral moiety. The

two nitrate ions outside the coordination moieties act as

counter anionic motifs neutralizing the di-positive charge of the

overall complex 1. We have used the angular structural

parameter s ¼ (b � a)/60 as a general descriptor for a ve-

coordinated copper center to determine the coordination

geometry (s¼ 1 for an ideal trigonal bi-pyramid and s¼ 0 for an

ideal square pyramid).53 The values of s are 0.228 and 0.030 for

(1a) and (1b) respectively, which indicates the coordination

environment for both the moieties of Cu(II) centers are ideal

square pyramidal geometry. The distorted square-pyramidal

environments around each copper have a crystallographic axis

of symmetry in both the crystallographically different mole-

cules. The coordination environment around each Cu(II) centre

in the asymmetric unit of the rst complex motif (1a) consists of

two nitrogen atoms of a phenanthroline (N1, N2), two oxygen

atoms of the carboxylate groups of benzoate (O1, O2) and one

aqua ligand O(3) occupying the apical positions in the twometal

centres. In the basal plane, the average Cu–N distance is 2.018

Å, and the Cu–O distance is 1.945 Å, is in good agreement with

those structurally analogous complexes.54,55 The deviations of

Cu(1) from the N(1), N(2), O(1), O(2) plane is 0.594 Å in 1a which

is greater than the second paddle wheel motif 1b where the rms

deviation of Cu(2) from the basal plane [O7, O9, O11, O7] is

0.0781 Å. The Cu(1)/Cu(10) distance in 1a is 3.161 Å, unlike the

symmetrical benzoate-bridged copper(II) complex motif where

Cu(2)/Cu(20) distance is 2.626 Å. The values of the axial Cu–

O(H2O
) bonds are 2.183(1) is longer than those of the basal

plane. The complex motif 1b in compound 1 is a dimeric

paddle-wheel structure where two copper(II) ions are held

together by four benzoates in the four equatorial coordination

positions in a syn–syn way and with a methanol molecule at the

openmetal sites having a crystallographic axis of symmetry. The

Cu–O bond length in the equatorial plane [Cu2–O8¼ 1.966(2) Å,

Cu2–O9 ¼ 1.973(2) Å, Cu2–O11 ¼ 1.960(2) Å and Cu2–O7 ¼

1.970(2) Å] in the second complex motif is almost comparable to

that of the rst motif.

Themolecular structure of 2 is shown in Fig. 2, selected bond

distances and angles are listed in Table 2. In the crystal struc-

ture of 2, (Fig. 2) the coordination polyhedron of the copper

atom is a highly distorted octahedron of the CuN2O4 type, the

octahedron environment of Cu(II) centre is completed by two

benzoate ligands, one phenanthroline and one aqua ligand. The

equatorial positions are occupied by two nitrogen atoms (N1,

N2) of phenanthroline and one oxygen atom (O3) of bidentate

benzoate whereas the remaining oxygen atom (O5) of water is in

axial position. Interestingly, benzoate ligand is coordinated via

both monodentate as well as bidentate fashion to the Cu(II)

centre. All the Cu–O(benzoate) and Cu–N(phenanthroline) bond

distances compare well with the distances found in the reported

similar Cu(II) complexes.56 The least squares plane of the atoms

Cu1, N1, N2, O3, and O5 has an rms deviation of 0.5263 Å.

For both the complexes 1 and 2, the crystal packing is

established by the interplay of strong O–H/O hydrogen bonds

and C–H/O, C–H/C, p–p stacking weak interactions as wellFig. 1 Molecular structure of 1.
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as electrostatic forces. The hydrogen bonding parameters are

given in Tables 3 and 4.

In addition to the conventional interaction between the p-

clouds of the aromatic rings, the cationic moiety of compound 1

is stabilized through chelate ring/chelate ring (CR/CR) and

Cu/Cu cuprophilic interaction57 along the bc plane (Fig. 3a).

The chelate rings of coordinated phenanthroline which is

located over the central aromatic ring of phenanthroline is

involved in symmetrical CR/CR interactions with the another

chelate ring having the centroid–centroid separation of 3.501(1)

Å. Aromatic p–p stacking interaction is also observed between

the phenyl rings of coordinated phenanthroline having the

centroid–centroid separation of 3.971(1) Å. In addition, Cu/Cu

cuprophilic interaction is also observed between the two Cu

atoms of the cationic moiety of compound 1 having the bond

distances of 3.162(4) Å.

Both the complex moieties of compound 1 formed a supra-

molecular dimeric assembly (Fig. 3b) which is assisted by strong

O–H/O hydrogen bonds, C–H/C, C–H/O, C–H/p and p–p

stacking interactions. Aromatic p–p stacking interaction

observed between the pyridine rings of phenanthroline moiety

of one cationic unit with phenyl ring of benzoate of another

units having centroid–centroid separation of 3.68 Å. The closest

distances between two carbon atoms are C17–C19 ¼ 3.571 Å.

The –CH group of coordinated methanol of one of the di-

nuclear Cu(II) cationic unit is involve in C–H/C contact58 with

the carbon atom of the phenyl ring of coordinated benzoate

having C–H/C ¼ 3.505 Å [C(sp2)–H/C(sp2), C–C ¼ 3.891 Å].

On the other hand, C–H/O interaction is also observed

between the complex units having the donor acceptor bond

distances of C25–H25/O3 ¼ 2.921 Å.58

Lattice nitrate ion acts as a cross link between the complex

moieties present in the asymmetric unit of 1 also stabilized the

overall supramolecular network in 1 (Fig. 4). Strong O–H/O

hydrogen bonds and C–H/O interaction play a crucial rule for

the connection of cationic moieties through nitrate linkage.

Two kinds of O–H/O hydrogen bonding interactions exist

between the cationic moieties. O6 atom of lattice nitrate involve

in hydrogen bonding interactions with the H10A of coordinated

methanol of another cationic moiety having O10–H10A/O6 ¼

1.77 Å; on the other hand, another type of O–H/O interaction

observed between the O5 of lattice nitrate with coordinated

Table 2 Selected bond distances (Å) and bond angles (�) for 1 and 2

Bond d (Å) Angle w (�)

Compound 1

Cu1–O1 1.930(2) O1–Cu1–O2 95.50(9)

Cu1–O2 1.960(2) O1–Cu1–N1 174.01(8)
Cu1–N1 2.006(2) O1–Cu1–N2 92.28(8)

Cu1–N2 2.031(2) O1–Cu1–O3 88.35(8)

Cu1–O3 2.183(2) O2–Cu1–N1 90.29(8)
Cu2–O11 1.960(2) O2–Cu1–N2 157.00(8)

Cu2–O8 1.966(2) O2–Cu1–O3 98.89(9)

Cu2–O7 1.970(2) N2–Cu1–O3 102.95(8)

Cu2–O9 1.973(2) O11–Cu2–O8 168.71(9)
Cu2–O10 2.151(2) O11–Cu2–O7 88.71(10)

O8–Cu2–O7 89.99(10)

O11–Cu2–O9 90.43(10)

O8–Cu2–O9 88.62(10)
O7–Cu2–O9 168.50(9)

O11–Cu2–O10 94.44(9)

O8–Cu2–O10 96.84(9)
O7–Cu2–O10 96.09(10)

O9–Cu2–O10 95.41(10)

N1–Cu1–O3 92.28(9)

N1–Cu1–N2 81.77(8)

Compound 2

Cu1–O1 2.214(1) O3–Cu1–O5 89.82(6)

Cu1–O3 1.948(1) O3–Cu1–N2 91.38(7)
Cu1–O5 1.994(1) O5–Cu1–N2 178.44(6)

Cu1–N1 2.027(2) O3–Cu1–N1 161.31(7)

Cu1–N2 2.022(2) O5–Cu1–N1 96.97(6)

Cu1–O4 2.832(2) N2–Cu1–N1 81.59(7)
O3–Cu1–O1 96.59(7)

O5–Cu1–N1 89.07(6)

N2–Cu1–O1 91.80(6)

Table 3 Selected hydrogen bonds for complex 1

D–H/A d(D–H) d(D/A) d(H/A) (D–H/A)

O3–H3B/O4(0) 0.94 3.330 2.50 146.6

O10–H10A/O6 0.99 2.766 1.78 170.4
C19–H19/O2(0) 0.93 3.700 2.51 97.7

C25–H25/O3(0) 0.93 2.729 2.92 136.3

Fig. 2 Molecular structure of 2.

Table 4 Selected hydrogen bond parameters for complex 2

D–H/A d(D–H) d(D/A) d(H/A) (D–H/A)

O5–H5A/O1(0) 0.87 2.956 2.589 106.37

C19–H19/O2(0) 0.93 2.802 2.512 98.31
C22–H22/O3(0) 0.93 2.780 2.484 98.61

O5–H5B/O4(1) 0.87 2.832(1) 1.984 164.54

C25–H25/O2(7) 0.93 3.475(7) 2.572 163.89
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aqua ligand of one of the cationic moiety of O3–H3B/O6¼ 1.99

Å. C19 phenyl ring benzoate of one of the cationic unit of 1

involve in C–H/O interaction with O4 of lattice nitrate having

C19–H19/O4 ¼ 2.52 Å. These cooperative intermolecular

hydrogen bonding interactions involving the lattice nitrate in

the crystal structure of 1 play a signicant role in the association

of cationic moieties of 1 into a layered supramolecular

architecture.

The structural analyses of the compound 1 showed that

hydrogen bonding interactions O–H/O, C–H/O, C–H/C and

p/p, C–H/p stacking interactions play a signicant role for

the stabilization of complex moieties resulting in 2D layered

supramolecular network along ab plane (Fig. 5).

A closer look reveals that weak intermolecular interactions

play an important role in the crystal structure of complex 2. Two

symmetrically related CR/p interactions observed between the

monomeric units of 2. The ve membered chelate ring (CR) is

located over the central aromatic ring of phenanthroline. The

chelate ring of coordinated phen moiety is involved in

symmetrical CR/p interactions (Fig. 6b) with another phenyl

ring of phenanthroline moiety with the centroid–centroid

separation of 3.761(1) Å. In addition, C–H/O hydrogen

bonding interaction is also observed between the O4 of biden-

tate benzoate moiety with phenyl ring of coordinated phenan-

throline having the donor acceptor bond distances of 3.264 Å.

Both these CR/p interactions and C–H/O hydrogen bonding

interaction contribute to the stabilization of the supramolecular

dimer of 2. Fig. 6a shows that there are C–H/C contacts58

between phenyl rings of benzoate ligands involving the neigh-

boring monomeric units which in turn propagate the 1D chain

along the ab plane. The –CH group of phenyl ring of one of the

monodentate benzoate of Cu(II) unit is involved in C–H/C

contact with the carbon atom of the phenyl moiety of neigh-

boring bidentate benzoate moiety having C–H/C ¼ 3.274 Å

[C(sp2)–H/C(sp2), C–C ¼ 3.941 Å].

The 1D supramolecular chain propagates via weak C–H/O

hydrogen bonding and aromatic p–p stacking interactions

between the monomeric units resulting in a 2D-layered archi-

tecture. Two kinds of C–H/O hydrogen bonding interactions

(Fig. 7) exist in the 2D network structure of 2 associated with

benzoate rings. One of the bidentate oxygen atom (O4) of

benzoate ligands attached with another molecule through

C–H/O hydrogen bonding interaction with the distance

C–H/O ¼ 2.84 Å. Interestingly, the C–H group at the para

carbon of the phenyl ring of monodentate benzoate also

involved in C–H/O intermolecular hydrogen bonding with

donor–acceptor distance of 3.45 Å. Aromatic p–p stacking

interactions are observed between two different monomeric

units having the centroid to centroid distance of 3.85 Å. Both

C–H/O hydrogen bonding and p–p stacking interactions play

a crucial role for the propagation of 1D supramolecular chain of

monomeric units of 2; resulting 2D layered architecture along

ab plane (Fig. 7).

3.5 Theoretical study

The theoretical study is devoted to study the p-stacking inter-

actions involving the extended p-system of the phenanthroline

ligand that also embraces the ve membered CuNCCN chelate

ring. In compound 1 the interaction is parallel and intra-

molecular (see Fig. 3a) and in compound 2 it is antiparallel and

intermolecular. In the latter, this interaction is responsible of

the propagation of an innite 1D chain in the solid state, as

illustrated in Fig. 6b.

First of all, we have studied energetically the intramolecular

p–p interaction in compound 1 (see Fig. 8a), where in addition

to the conventional interaction between the p-clouds of the

aromatic rings (blue colored), both chelate rings also interact

(centroid to centroid distance 3.50 Å, see green colored rings). It

has been recently published that chelate ring/chelate ring

Fig. 3 (a) Intramolecular interactions in cationic unit of compound 1.

(b) Formation of supramolecular dimer of complex moieties of 1.

Fig. 4 Weak interaction present between the molecules present in

asymmetric unit of 1.
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(CR/CR) and chelate ring/arene (CR/p) interactions are

energetically stronger than conventional p–p interactions.59,60

We have evaluated energetically the strength of the interaction

in compound 1 as a difference of two conformations, assuming

that most of the difference is due to the lack of the p-interaction

in the conformer depicted in Fig. 8b. The energy difference

between both conformations is large DE1 ¼ �20.3 kcal mol�1,

which is a rough estimation of the parallel p-stacking interac-

tion. This strong interaction is responsible for the geometry of

the [Cu2(m
2-Bz)2(phen)2(H2O)2] moiety of compound 1. We have

also computed the “non-covalent interaction plot” (NCI plot)

index in order to characterize the interaction in 1. The NCI plot

Fig. 5 2D layered architecture of compound 1.

Fig. 6 (a) Significant C–H/C contacts observed between two monomeric units of 2. (b) Propagation of 1D chain of cationic moieties of 2.
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is an intuitive visualization index that enables the identication

of non-covalent interactions easily and efficiently. The NCI plot

is convenient to analyze host–guest interactions since it clearly

shows which molecular regions interact. The color scheme is

a red-yellow-green-blue scale with red (repulsive) and blue

(attractive). Yellow and green surfaces correspond to weak

repulsive and weak attractive interactions, respectively. The

representation of the NCI plot is shown in Fig. 8c. As noted, an

extended isosurface between both aromatic ligands conrms

the p–p interaction. The isosurface clearly extends to the

chelate ring, thus revealing the CR/CR interaction. Moreover,

the color of the isosurface is more intense between the Cu

atoms, thus suggesting the participation of a Cu/Cu cupro-

philic interaction (see red dashed lines in Fig. 8a).

As aforementioned, in compound 2 we have studied the

antiparallel p-stacking interactions between the coordinated

phen ligands that are responsible of the propagation of an

innite 1D chain in the solid state (see Fig. 6b). A close exam-

ination of the geometry reveals that the ve membered chelate

ring (CR) is located over the central aromatic ring of phenan-

throline, thus establishing two symmetrically related CR/p

interactions (denoted as dashed lines in Fig. 9a). We have

computed the interaction energy of this dimer that is DE2 ¼

�24.3 kcal mol�1, moderately stronger than the parallel p-

stacking interaction estimated for compound 1. However, this

dimer also presents two C–H/O interactions, as indicated by

blue dashed lines in Fig. 9a thus further contribute to the

stabilization of the dimer. In an effort to estimate the contri-

bution of the C–H/O interactions to the binding energy of the

dimer, we have computed a theoretical dimer where two

benzoate ligands have been replaced by OH� groups (see small

arrows in Fig. 9b). As a result, the binding energy is reduced to

DE3 ¼ �14.4 kcal mol�1, thus indicating that the contribution

of each C–H/O interaction is approximately �5.0 kcal mol�1.

This energetic analysis evidences that the parallel arrangement

is energetically favoured, which is likely due to the presence of

the Cu/Cu interaction in 1 that is not established in 2. We have

also computed the NCI plot index in order to characterize the p–

p interaction in the dimer of 2 (see Fig. 9c). The hydrogen bond

is characterized by a small green isosurface that is located

between the O atom of benzoate and one aromatic H atom of

phenanthroline ligand. In addition, an extended green isosur-

face located between the two aromatic ligands characterizes the

p-stacking that clearly extends to the chelate rings and explains

the large binding energy obtained for this dimer.

3.6 EPR spectra

Electron paramagnetic resonance (EPR) spectroscopy is

a powerful tool in the study of the structures and environments

of species that contain unpaired electrons. The solid state EPR

spectrum of complex 1 was recorded at room temperature

(Fig. 10a) and is of axial symmetry with gt ¼ 2.05 and gk ¼ 2.24

which is consistent with the square-based geometries found in

the Cu(II) centers in the dimer.61 The spectrum of 1 in solid

phase do not show the usual hyperne signal indicative of

exchange interaction between two Cu(II) centres. The X-band

ESR spectrum of a powdered sample of 2 (Fig. 10b) was recor-

ded at room temperature. The spectrum shows an anisotropic

signal characteristic of Cu(II) ion in octahedral geometry. At

room temperature, complex 2 exhibits an axial spectrum with gk
¼ 2.31 and gt ¼ 2.10 without hyperne splitting (Fig. 10b). The

fact that gk > gt is consistent with a dx2�y2 orbital ground state of

the copper ion. The spectrum is consistent with a distorted

octahedral geometry around the Cu(II) ion.62

3.7 Thermal analysis

Thermogravimetric analysis of complex 1 and 2 were carried in

30–800 �C under N2 atmosphere at a heating rate of 10 �Cmin�1

(Fig. 11). For complex 1, the stages of decomposition are within

Fig. 7 Layered architecture of compound 2 along the ab plane.

Fig. 8 (a) Partial view of the X-ray structure of compound 1. (b) Conformation of complex 1without the p-stacking interaction. (c) NCI surface of

compound 1. The gradient cut-off is s ¼ 0.35 au, and the color scale is �0.04 < r < 0.04 au.
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the temperature ranges of 26–302 �C and 305�515 �C. The rst

step corresponds to the weight loss of two NO3
�, two molecules

of water, two molecules of MeOH and three molecules of

benzoate moieties with the mass loss of 37.29% (calc. ¼

37.30%).63 While the second step corresponds to weight the loss

of two mole of benzoate moiety with mass losses of 13% (calc.¼

15.45%). For complex 2, temperature range 28–551 �C corre-

sponds to the loss of one molecule of water and two molecules

of benzoate with observed mass loss of 49.12% (calc. ¼

51.50%).63,64

3.8 Antimicrobial study

The antimicrobial activity of the compounds 1 and 2 and the

ligand phenanthroline was evaluated against four pathogenic

organisms by disc diffusion method. The zone of inhibition

exhibited by the compounds and the ligand at different

concentrations are summarized in Table 5. In Fig. 12, a picture

showing the inhibition zones of the compound 1 with concen-

tration 150 mg mL�1 is shown. The results are compared with

the standard and % activity index was calculated (Table 6). The

activity of the ligand and the complex are compared. A

comparative study of the ligand and the compounds 1 and 2 at

different concentrations indicate that ligand exhibits moderate

antibacterial activity with respect to the complex against all the

microorganisms. The minimum inhibitory concentration

values revealed that complexes have relatively better antibacte-

rial activity compared to the ligand (Fig. 13). This might be due

to a reduction in the polarity of the metal ion by partial sharing

of its positive charge with the donor groups, increasing the

lipophilic nature of the central metal ion, which in turn favors

its permeation into the lipid layer of the membrane.65 The

antimicrobial activity for the complexes 1 and 2 are similar to

already reported complexes of Cu(II) involving phenanthro-

line.48,58,66 No signicant activity was found on screening

compounds 1–2 and phenanthroline against the fungi Rhizoc-

tonia solani (MTCC4633) under the assay conditions.

3.9 Cell viability study

The analyses of cell viability results obtained for compounds 1

and 2 on DL cell line treated for 24 hours showed signicant (P

# 0.05) concentration dependent decrease (P # 0.05) in cell

viability by the latter compared to the former. Interestingly,

negligible cytotoxic effect was observed against normal cells

(PBMC) as compared to cancer cell (DL). The analyses of mean

IC50 using concentration–response curves obtained for cis-

platin, compounds 1 and 2 were 0.584 mM, 1.426 mM and

0.781 mM respectively (Fig. 14).

In vitro cytotoxicity study using MTT assay is important step

in the search for new therapies against cancer and it is

considered to be one of the most important preliminary

screening method for cell proliferation and anticancer

activity.67,68 The parameter used here is IC50 based on cell

viability, which corresponds to the concentration required for

50% inhibition of cell viability. The IC50 of the synthesized

compounds compared to the reference drug is shown in Fig. 14.

Compounds 1 and 2 induced less cytotoxicity in normal cell

Fig. 9 (a) Dimer retrieved from the crystal structure of compound 2 (distances in Å). (b) Model without the benzoate moiety, which has been

replaced by H-atoms. (c) NCI surface of the dimer of compound 2. The gradient cut-off is s¼ 0.35 au, and the color scale is�0.04 < r < 0.04 au.

Fig. 10 (a and b) ESR spectra of crystalline solid of complexes 1 and 2.
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(PBMC) as compared to cancer cell (DL) at different concen-

tration may be due to the less or no hypoxic condition in normal

cells.68 This selective cytotoxicity in DL cells may happen due to

hypoxic environment of cancer cells that promotes the reduc-

tion of Cu(II) to Cu(I), leading cell cytotoxicity mediated by

oxidative stress.24,25 From the results in Fig. 14, it was found that

both compounds showed potent anticancer activity comparable

to that of reference drug, cisplatin. As per the earlier stan-

dard69,70 pure compounds with potency of 10 mM (4 mg mL�1) or

less in cell culture studies and selectivity index (SI) value less

than 2 are further considered for evaluation as chemothera-

peutic agents in preclinical studies using animal models.71 A

similar Cu(II) complex with phenanthroline has been reported

for potent antitumor activity with IC50 values of 7.4 mM against

Sarcoma-180 and 26.4 mM against myoblast cells (normal cell),

displaying selectivity toward the tumor cell tested in vitro (SI >

3).72 In addition, the cytotoxic activities of mixed-1,10-phenan-

throline–Cu(II) complexes in the 1–3 mM range have also been

reported against leukemia and carcinoma cells.73 The

compounds 1 and 2 therefore, could be considered as a new

lead compounds for further development/validation to obtain

more potent and selective chemotherapeutic agents against

different human cancer cell lines both in vivo and in vitro.

3.10 Apoptosis study by AO/EB method

DL cell line was then tested for the induction of apoptosis by

means of acridine orange (AO) and ethidium bromide (EB)

staining followed by morphological analysis of nuclei aer

exposure to different concentrations (0.5, 1 and 5 mM) of

compounds 1 and 2 (Fig. 15). Control group showed mostly

viable DL cells identied by bright uniform green nuclei with

organized structures. Compounds 1 and 2 treated cells showed

concentration-dependent increase in apoptotic features in DL

cells. Lower concentration showed mostly early apoptotic cells

with nuclear marginalization and chromatin condensation.

Whereas, higher concentration showed late apoptotic features

which includes fragmented chromatin, cytoplasmic vacuoles

and apoptotic bodies (under 400�).

As MTT assay alone is not capable to explain the mecha-

nisms of cell death therefore; the dual staining method using

AO and EB was further used to assess the apoptotic inducing

activity of these synthetic Cu complexes. AO/EB uorescent

staining allows differentiating between normal and apoptotic

cells based on differential nuclear staining pattern.74 Both

methods are a qualitative and quantitative method to detect cell

deaths.67,75 The results of changes in staining pattern and

nuclear morphology of treated and control DL cells aer expo-

sure to Cu complexes are shown in Fig. 15. Due to the difference

in the membrane integrity between normal and apoptosis cells,

AO can penetrate the cell membrane and EB lacks this ability.74

Under uorescence microscope, living cells appear green and

apoptotic cells stain red/orange with abnormal membrane (cell

blebbing) and nuclear morphology (apoptotic bodies).74–76 The

results clearly indicated that both complexes were capable to

induce apoptosis in DL cell line. Moreover, aer calculating the

percentages of viable and apoptotic cells, it is suggested that

complex 2 induces apoptosis more than complex 1 (Fig. 15). A

similar results were also reported with copper(II) complex with

phenanthroline which induced apoptosis, cell cycle arrest (G0/

G1) and consequently prevent cell proliferations in tumor cell

(Sarcoma-180) tested in vitro.72 Copper complexes with

Fig. 11 Thermogravimetric analyses of compound 1 and 2.

Table 5 Minimum inhibitory concentration (MIC) for compound 1, 2 and phenanthroline (mg mL�1)

Compounds

Rhizobium leguminosarum

(MTCC99)

E. coli

(MTCC448)

Staphylococcus

aureus (MTCC3160) Standard (Oacoxin)

Phenanthroline 350 250 350 125

Compound 1 125 125 150 125

Compound 2 150 150 200 125

Fig. 12 Petri plate showing the zone of inhibition of compound 1 with

concentration 150 mg mL�1.
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phenanthroline also have DNA binding and cleaving ability77,78

which may be a possible reason for inducing apoptotic cell

death in DL cells by complex 1 and 2. The connection between

DNA damage and apoptosis has been very well established and

executed by lesion-sensors (MMR), signal transducers (ATM)

and transcription regulation.79

3.11 Molecular docking study: protein–ligands interactions

The encouraging cytotoxicity and apoptotic cell death induced

by test compounds 1 and 2 against DL cell line prompted us to

perform molecular docking studies to understand the complex-

protein interactions and also to gain deeper insight about the

possible molecular mode of action. Molecular docking simula-

tion is an established computational method in the eld of

medicinal chemistry to assist early drug discovery and devel-

opment. It can be used to generate ideas on compounds or

macromolecule 3D conformation, protein–ligand interactions,

and to make predictions on biological activities.80,81

The receptors (cancer target proteins) used in the present

study are highly expressed and closely involved at various stages

of cell proliferations which eventually leads to propagation and

invasion of cancer cells.82–85 Docking was validated by redocking

Table 6 % Activity index at minimum inhibitory concentration

Organisms Phenanthroline Compound 1 Compound 2

MTCC99 [6/12] �100% ¼ 50.00% [11/12] �100% ¼ 91.67% [10/12] �100% ¼ 83.33%

MTCC448 [4/10] �100% ¼ 40.00% [9/10] �100% ¼ 90.00% [7.5/10] �100% ¼ 75.00%

MTCC3160 [4/11.5] �100% ¼ 34.78% [10/11.5] �100% ¼ 86.96% [9.5/11.5] � 100% ¼ 82.60%

Fig. 13 Comparison of the antibacterial activities of the complexes

and phenanthroline.

Fig. 14 Upper panel showed cell viability results after compound 1, compound 2 and cisplatin treatment. A peripheral blood mononuclear cell

(PBMC) was used as normal cells. Compound 2 significantly decreases cell viability as compared to compound 1. Lower panel showed IC50 values

for compound 1, compound 2 and cis-platin after 24 hours treatment. Data are mean � S.D., n ¼ 3, ANOVA, P # 0.05.
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the original ligands present in active site of receptors as

observed in crystallographic PDB les (PDB ID: 4XV2, 5LWE,

4FLH and 1XKK). The docking of the compounds 1 and 2 were

carried out in the inhibitor binding site as per information

mentioned in crystallographic pdb les of all receptors (Fig. 18).

The docking results showed that both compound interacted

Fig. 15 Upper panel showed morphological features of apoptotic and viable cells with acridine orange and ethidium bromide (AO/EB) staining.

Control DL cells showedmostly viable cells, cisplatin, complexes 1 and 2 treated group showing apoptotic features evident by red/orange nuclei

with membrane damage and blebbing. Scale bar 10 mm. Lower panel showed percentage apoptotic cells after treatment with complexes 1, 2 and

the reference drug, cis-platin. Data are mean � S.D., n ¼ 3, ANOVA, P # 0.05.

Fig. 16 Docking structure of compound 1 with B-RAF kinase (a), EGFR kinase domain (b) and CC chemokine receptor (c), no interaction was

observed for PI3K-gamma receptors. (a), (b) and (c): docking with cationic part of 1 and (a0), (b0) and (c0): docking with neutral part of 1. Different

types of chemical interactions are shown in dotted lines with respective nomenclature.
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well in the active site amino acids residues of all receptors

(Fig. 16 and 17).

Docking of compounds 1 and 2 in the active sites of B-RAF

kinase, PI3K-gamma receptors, CC chemokine receptor and

EGFR kinase domain have been determined since these cancer

targets proteins are over-expressed in multiple cancer types

such as melanoma, colorectal, thyroid, non-small cell lung

cancer, ovarian cancer, prostate cancer, pancreatic cancer, large

B cell lymphoma, colon, brain, gastric, breast, bladder cancer

and glioblastoma.82–85 Moreover, these receptors are attractive

targets for the diagnosis and treatment of various cancers.83,84

The docking studies revealed that compound 2 docked in the

active site of all the target proteins with signicant higher

docking scores by virtue of hydrogen bonds (B-RAF kinase:

CYS532, CYS532; CC chemokine receptor: PHE324, ARG323;

EGFR kinase domain: ASP855, LYS745, ARG841 and PI3K-

gamma receptors: ASP964, TYR867) and it was further vali-

dated by docking their respective standard inhibitors in the

active site (Fig. 18). Based on the docking study, both

compounds indicated anticancer potential which can be

explained with their efficient interaction with cancer target

proteins. Further, Structure Activity Relationships (SAR) of

compound 1 and 2 was determined based on docking

outcomes86 as well as bioassay results available in NCBI data-

base (https://www.ncbi.nlm.nih.gov/) for the parental template

of both complexes (Fig. 19). The analysis of SAR enables to

understand specic chemical group(s) in molecular structure

related to possible biological activities in the organism.87 From

the docking based SAR analysis it has been observed that oxygen

atoms with atom label – 1 and 3 and nitrogen with 1 and 2 in

complex 1 while, in complex 2 oxygen atoms with atom label – 1,

2, 3, 4 and 5 showed major role during interactions with B-RAF

kinase, CC chemokine receptor, EGFR kinase domain and PI3K-

gamma receptors. SAR analysis on the basis of available bioas-

says in NCBI database, it was found that phenanthroline nuclei

inhibit MTORC1, PR, ER-beta and AR signaling pathways. The

involvement of MTORC1, PR, ER-beta and AR signaling path-

ways are very well connected with cancer cell proliferations and

metastasis in multiple cancer type.88,89 The benzoate moieties in

both the complexes are also associated with cyclooxygenase

inhibition, antineoplastic, hypoglycemic, contraceptive and

anti-inammatory activity and representing properties of

multifunctional ligand. Our results together provide further

Fig. 17 Docking structure of compound 2with B-RAF kinase (a) PI3K-gamma receptors (b), CC chemokine receptor (c) and EGFR kinase domain

(d) different types of chemical interactions are shown in dotted lines with respective nomenclature.

Fig. 18 Docking scores of compounds 1 and 2 with B-RAF kinase, CC

chemokine receptor, EGFR kinase domain and PI3K-gamma recep-

tors. The reference inhibitors for B-RAF kinase, CC chemokine

receptor, EGFR kinase domain and PI3K-gamma receptors are dab-

rafenib, vercirnon, quinazoline and AMG-511 respectively. As per MVD

docking score parameters lowest the score better is the interactions.

Data are mean � SD, n ¼ 3, ANOVA, P # 0.05.
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molecular level understanding of protein-complex binding and

a strategy for SAR studies.

4. Conclusion

Two new supramolecular coordination solids of Cu(II) have been

synthesized and characterized by single X-ray diffraction, elec-

tronic, vibrational, EPR spectroscopy and TGA. The structural

topology and the self-assembly processes of the synthesized

complexes are solvent-driven and suggestive of a potentially

useful methodology for controlling and predicting coordination

network architectures. We have evaluated energetically the

strength of the intramolecular parallel chelate rings in

compound 1 and the symmetrically related CR/p interactions

in 2. These energetically signicant interactions are responsible

for the geometry of the cationic moiety of compound 1 and the

stabilization of the innite 1D chain in 2. Compound 1 exhibits

highest antibacterial activity against Rhizobium leguminosarum

Fig. 19 (a and b) Structure Activity Relationships (SAR) of cationic part of compound 1 and compound 2.
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among the tested cultures. The in vitro anticancer studies of

compounds 1 and 2 in malignant DL cell line considering

cytotoxicity, apoptosis and molecular docking parameters

suggest that the compound 2 induces cytotoxicity and apoptosis

in DL cells. Further, both compounds interacts with wide range

of cancer causing signaling proteins in their active sites and

would be promising as a new type of anticancer agent with

inhibitory activities against cancer cells. Functional analysis of

both the compounds using SAR study further establishes the

involvements of oxygen and nitrogen atoms in different bio-

logical activities.
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Chem., 2013, 37, 2636–2641.

18 (a) J. W. Steed, D. R. Turner and K. J. Wallace, Core Concepts

in Supramolecular Chemistry and Nanochemistry, JohnWiley &

Sons, West Sussex, U.K., 2007; (b) J. W. Steed and

J. L. Atwood, Supramolecular Chemistry, John Wiley & Sons,

West Sussex, U.K., 2000; (c) C. A. Hunter and

J. K. M. Sanders, J. Am. Chem. Soc., 1990, 112, 5525–5534;

(d) T. Steiner, Angew. Chem., Int. Ed., 2002, 41, 48–76.

19 E. A. Mikhalyova, A. V. Yakovenko, M. Zeller, M. A. Kiskin,

Y. V. Kolomzarov, I. L. Eremenko, A. W. Addison and

V. V. Pavlishchuk, Inorg. Chem., 2015, 54, 3125–3133.

20 R. Rathore, S. H. Abdelwahed and I. A. Guzei, J. Am. Chem.

Soc., 2003, 125, 8712–8713.

21 (a) W. Chen, G. Li and Y. He, Phys. Chem. Chem. Phys., 2014,

16, 7907–7912; (b) E. R. T. Tiekink, Coord. Chem. Rev., 2017,

345, 209–228.

22 (a) J. Qian, Q. Li, L. Liang, T. T. Li, Y. Hu and S. Huang,

Dalton Trans., 2017, 46, 14102–14106; (b) Q. Li, C. Han,

M. Zhu, L. Yang, Y. Dong and J. Qian, Inorg. Chim. Acta,

2014, 461, 298–300.

23 (a) L. Carlucci, G. Ciani and D. M. Proserpio, Angew. Chem.,

1995, 107, 2037; Angew. Chem., Int. Ed. Engl., 1995, 34, 1895;

(b) T. L. Honnigar, D. C. MacQuarric, P. D. Rogers and

M. J. Zaworotko, Angew. Chem., 1997, 109, 1044; Angew.

Chem., Int. Ed. Engl., 1997, 36, 972; (c) H. Gudbjarlson,

K. M. Poirier and M. J. Zaworotko, J. Am. Chem. Soc., 1999,

121(11), 2599–2600; (d) B. Zhao, P. Cheng, Y. Dai,

C. Cheng, D. Z. Liao, S. P. Yan, Z. H. Jiang and G. L. Wang,

Angew. Chem., 2003, 115, 964; Angew. Chem., Int. Ed., 2003,

42, 934; (e) B. Zhao, P. Cheng, X. Y. Chen, C. Cheng,

W. Shi, D. Z. Liao, S. P. Yan and Z. H. Jiang, J. Am. Chem.

16354 | RSC Adv., 2019, 9, 16339–16356 This journal is © The Royal Society of Chemistry 2019

RSC Advances Paper

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

4
 M

ay
 2

0
1
9
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
8
/2

0
2
2
 1

:3
7
:0

6
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/C9RA01181A


Soc., 2004, 26, 3012; (f) R. Robson, B. F. Abrahams,

S. R. Batten, R. W. Gable, B. F. Hoskins and J. Lieu, in

Supramolecular Architecture, ed. T. Bein, ACS, Washington,

DC, 1992, p. 256; (g) D. Sun, D. J. Collins, Y. Ke, J. L. Zuo

and H. C. Zhou, Chem. –Eur. J., 2006, 12, 3768–3776.

24 (a) C. Biswas, P. Mukherjee, M. G. B. Drew, C. J. Gomez-

Garcia, J. M. Clemente-Juan and A. Ghosh, Inorg. Chem.,

2007, 46, 10771–10780; (b) S. Hazra, B. Sarkar, S. Naiya,

M. G. B. Drew, A. Frontera, D. Escudero and A. Ghosh,

Cryst. Growth Des., 2010, 10, 1677–1687; (c) M. Sinha Ray,

A. Ghosh, A. Das, M. G. B. Drew, J. Ribas-Ari-no, J. Novoa

and J. Ribas, Chem. Commun., 2004, 1102–1103; (d)

A. M. Baruah, A. Karmakar and J. B. Baruah, Inorg. Chim.

Acta, 2008, 361, 2777–2784.

25 (a) F. Q. Liu, Q. X. Wang, K. Jiao, F. F. Jian, G. Y. Liu and

R. X. Li, Inorg. Chim. Acta, 2006, 359, 1524; (b) J. Moncol,

M. Korabik, P. Segla, M. Koman, D. Miklos, J. Jaskova,
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