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4.1 INTRODUCTION 

 The design and construction of metal-organic networks has emerged as the field 

of current research interest due to their intriguing variety of structural topologies and 

various potential applications as functional materials.
1
 The rational design and synthesis 

of the prospective metal-organic networks with the specific properties can be realized 

by careful selection of the organic/inorganic moieties as ligands that can explore 

interesting structures in the solid state.
2
 The dynamic character of the metal-ligand 

bonds, nature and coordinating topologies of the ligands, metal-ligand ratio, different 

coordination geometries of the metal centers, nature of the counter ions and a variety of 

experimental conditions (such as the temperature, solvents and methods of 

crystallization) control the supramolecular assemblies in such networks.
3,4

  

 Carboxylate groups that can display a wide variety of coordination modes are 

used for designing mixed ligand complexes with interesting structures and topologies.
5
 

The structures of the ancillary ligands and reaction conditions have been shown to have 

profound effects on the binding mode of carboxylate moiety of substituted benzoates (2-

chlorobenzoate, 4-chlorobenoate etc.) at the metal centers.
6
 S. A. Adonin et al. have 

recently reported a coordination complex of Cu(II) involving 2-chlorobenzoate viz. 

[Cu2(2-ClBz)4(acetone)2] (where, 2-ClBz  =  2-chlorobenzoate).
7
 In the crystal structure, 

the binuclear complex fragments are reported to connect via Cl···Cl contacts. Moreover, 

properties of metal carboxylates and the coordination abilities of carboxylate ions can 

be varied to a large extent by using nitrogen donor ligands with appropriate 
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functionalization.
8
 The applications of metal complexes derived from carboxylate ligand 

are diverse, which include material chemistry
9
, medicine

10
 and biology.

11
 The synthesis 

of carboxylate-based coordination compounds has received considerable interest in 

fields of supramolecular chemistry and crystal engineering for their rich biochemistry 

with numerous biological activities such as antitumor, anticandida and antimicrobial.
12

 

Recently, D. Hegde and coworkers have successfully carried out in vitro anticancer 

evaluation of 2-chlorobenzoyl based transition metal complexes by MTT and apoptosis 

assay [acridine orange/ethidium bromide (AO/EB) staining method].
13

 

 The interpretation of the non-covalent interactions in coordination complexes 

that form the basis of highly specific molecular recognition, transport, and regulation 

mechanisms, lays the foundation for the interdisciplinary field of metallo-

supramolecular assemblies.
14

 The most dramatic changes in the properties of such 

molecules in the solid state has been triggered by non-covalent interactions involving π-

stacking, anion–π, cation–π and C–H∙∙∙π contacts due to their relative strength, 

directionality and ability to act synergically which provide the organizing force for the 

association of molecules.
15 

Mono and polycarboxylate ligands have gained remarkable 

emphasis in metallo-supramolecular assemblies because of their bridging coordination 

behaviour, which results in the construction of desired one-, two- and three-dimensional 

simple or interpenetrated architectures.
16 

Feng Su et al. have reported interesting 

magnetic properties of four isostructural 3D carboxylate coordination polymers 

[M(H2bpta)]n [where, H4bpta = 2,2́,4,4́-biphenyltetracarboxylic acid, M = Fe(II), Ni(II), 

Cu(II) and Zn(II)].
17

 The synthesis and photoluminescence properties of two 

isostructural compounds viz. [M(HIMDC)(4,4́-bipyO)0.5(H2O)] [where, H3IMDC = 4, 

5-imidazoledicarboxylate, 4,4́-bipyO = 4,4́-bipyridine-N,Ń-dioxide, M = Co(II) and 

Zn(II)] have also been reported.
18 

Q. Guan and his group have reported antimicrobial, 

antiproliferative and DNA binding properties of three novel transition metal 

isostructural complexes viz. [ML2(phen)]·H2O [where, M = Mn(II), Co(II), Zn(II); HL = 

2-phenyl-4-selenazole carboxylic acid, phen = 1,10-phenanthroline].
19 

The complexes 

induce significant cytotoxicity against human pancreatic (PANC-28) and 

hepatocarcinoma cell lines (HuH7).
19 

 Experimental and theoretical evidences of interesting synergetic effects between 

anion‒π and hydrogen bonding and between anion-π and π‒π stacking contacts have 
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been reported; the interplay between these interactions can lead to strong cooperativity 

effects.
20

 The mutual effects between non-covalent forces involving π-stacking, 

hydrogen bonding, halogen bonding and metal coordination can lead not only to 

electrostatic enhancement of interactions but also to remarkable cooperativity effects.
21

 

These effects are even more noticeable in systems where the nitrogen atom is forming 

part of the π-system of the rings.
22

 In the extended supramolecular structures formed by 

building blocks involving aromatic ligands, such π-stacking interactions can contribute 

to self-assembly or molecular recognition processes.
23

 These π–π interactions are 

important in large biological systems as well as relatively small molecules.
24

 In order to 

achieve truly fruitful evidence as well as significance of such mutual effects, proper 

fusion of experimental and theoretical studies are of utmost importance.
25

 

 In the present chapter, we have discussed the synthesis and crystal structure of 

three isostructural Co(II), Mn(II) and Zn(II) coordination complexes of mixed N- and 

O-donor ligands viz. [M(3-CNpy)2(2-ClBz)2(H2O)2] [M = Co(7), Mn(8) and Zn(9)] 

under mild conditions in purely aqueous medium. 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 will also highlight the 

isostructurality aspect of the compounds 7, 8 and 9 using Fábián & Kálmán approach. 

We also aim to establish theoretically the electrostatically enhanced π‒π interactions 

that are observed in the complexes. We have used the molecular DFT, MEP surface and 

NCI plot index computational tools to evaluate energetically the strength of the π-

stacked contacts and the effect of the metal on such interaction energies. We also aim to 

study the cytotoxicity, apoptosis inducing potential of the compounds in DL malignant 

cancer cells and in silico docking studies to find the binding affinity of the complexes 7, 

8 and 9 with BCL-2, an important apoptosis regulating protein in multiple cancer types. 

Further, we have also identified the important pharmacophore features that are 

responsible for structure activity relationship (SAR) of the complexes. 

 

4.2 EXPERIMENTAL 

4.2.1 Materials and methods 

 All reagents used in this work were obtained from commercial sources and used 

as received. The reactions were carried out in de-ionized water medium. Perkin Elmer 
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2400 Series II CHNS/O analyzer was used for elemental (C, H and N) analyses. KBr 

phase FT-IR spectra were recorded in a Brukar APEX II FT-IR spectrophotometer in 

the mid-IR region (4000 to 500 cm
-1

). The diffuse-reflectance UV-Vis-NIR spectra were 

recorded using a Shimadzu UV-2600 spectrophotometer. Thermogravimetric studies 

were carried out under the flow of N2 gas using a Mettler Toledo TGA/DSC1 STAR
e 

system at the heating rate of 10°C min
-1

. The powder X-ray diffraction (PXRD) data 

were recorded using a XPERT-PRO X-ray powder diffractometer with Cu-Kα radiation. 

Room temperature magnetic susceptibility was measured at 300 K on a Sherwood Mark 

1 Magnetic Susceptibility balance by Evans method. 

 

4.2.2 Preparation of the complexes  

4.2.2.1 Preparation of [Co(3-CNpy)2(2-ClBz)2(H2O)2] (7) 

 The compound 7 was prepared by the reaction of an aqueous solution of 

cobalt(II) chloride hexahydrate, CoCl2·6H2O (1.0 mmol, 0.238 g) with 3-cyanopyridine 

(2.0 mmol, 0.208 g) followed by the addition of sodium salt of 2-chlorobenzoic acid 

(2.0 mmol, 0.357 g) (Scheme 4.1). The reaction mixture was stirred at room 

temperature for two hours. The red precipitate so obtained was then filtered and the 

filtrate was left unperturbed in cooling conditions for crystallization. After about two 

weeks, block shaped, reddish single crystals of compound 7 suitable for X-ray analysis 

were obtained. The large crystals were filtered off, washed with small portion of water 

and dried at ambient temperature in air. Yield: 0.512 g (83%). Anal. calcd. for 

C26H20Cl2CoN4O6 (Mw = 614.29): C, 50.83%; H, 3.28%; N, 9.12%. Found: C, 50.71%; 

H, 3.22%; N, 9.06%. IR spectral data (KBr disc, cm
‒1

): 3449(s), 2236(m), 1596(sh), 

1409(s), 1048(s), 809(s), 762(s), 701(s), 646(s), 556(sh) [s, strong; m, medium; w, 

weak; br, broad; sh, shoulder]. µeff = 3.86 BM. 

 

4.2.2.2 Preparation of [Mn(3-CNpy)2(2-ClBz)2(H2O)2] (8) 

 The synthesis of 8 is similar to that for 7 except for cobalt(II) chloride 

hexahydrate substituted by manganese(II) chloride tetrahydrate, MnCl2·4H2O (1.0 

mmol, 0.198 g) (Scheme 4.1). The colourless compound so obtained was then filtered 

and the filtrate was left unperturbed for crystallization in cooling condition. After about 

two weeks, needle shaped, pale yellow single crystals of compound 8 suitable for X-ray 
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analysis were obtained. The large crystals were filtered off, washed with small portion 

of water and dried at ambient temperature in air. Yield: 0.455 g (74%). Anal. calcd. for 

C26H20Cl2MnN4O6 (Mw = 610.30): C, 51.17%; H, 3.30%; N, 9.18%. Found: C, 51.11%; 

H, 3.19%; N, 9.07%. IR spectral data (KBr disc, cm
‒1

): 3456(s), 2236(m), 1596(sh), 

1409(s), 1052(s), 809(s), 764(s), 701(s), 649(s), 553(sh) [s, strong; m, medium; w, 

weak; br, broad; sh, shoulder]. µeff = 5.81 BM. 

 

Scheme 4.1 Synthesis of compounds 7, 8 and 9. 

 

4.2.2.3 Preparation of [Zn(3-CNpy)2(2-ClBz)2(H2O)2] (9) 

 Compound 9 was synthesized in a way similar to that for 7 except for cobalt(II) 

chloride hexahydrate substituted by zinc(II) chloride, ZnCl2 (1.0 mmol, 0.136 g) 

(Scheme 4.1). The colourless compound so obtained was then filtered and the filtrate 

left unperturbed for crystallization. After about one week, block shaped, colourless 

single crystals of compound 9 suitable for X-ray analysis were obtained. The large 

crystals were filtered off, washed with small portion of water and dried at ambient 

temperature in air. Yield: 0.486 g (78%). Anal. calcd. for C26H20Cl2ZnN4O6 (Mw = 

620.73): C, 50.31%; H, 3.25%; N, 9.03%. Found: C, 50.25%; H, 3.13%; N, 8.95%. IR 

spectral data (KBr disc, cm
‒1

): 3476(s), 2236(m), 1596(sh), 1409(s), 1049(s), 809(s), 

762(s), 701(s), 649(s), 555(sh) [s, strong; m, medium; w, weak; br, broad; sh, shoulder].  

 

4.2.3 X-ray crystallographic procedures 

 Molecular and crystal structures of 7, 8 and 9 were determined by single crystal 

X-ray diffraction techniques. Collection of X-ray crystallographic data and analyses of 

crystal structures have been done as detailed in Chapter 2. Crystal structures were 

solved by direct method (SHELXS) and refined by full matrix least squares techniques 

(SHELXL-2018/3) using the WinGX
26 

platform available for personal computers. The 

hydrogen atoms in the compounds were located in difference Fourier maps and refined 

with isotropic atomic displacement parameters. The structural diagrams were drawn 
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with Diamond 3.2.
27

 Data collection and refinement parameters for the complexes 7, 8 

and 9 are summarized in Table 4.1. 

 

4.2.4 Theoretical methods 

 The geometry of one of the complex which is considered as a model of the three 

isostructural complexes was computed at the B3LYP-D/def2-TZVP level of theory 

using the crystallographic coordinates. For the calculations we have used the 

GAUSSIAN-09 program.
28

 We have also used the Grimme’s dispersion
29

 correction, 

since it is adequate for the evaluation of non-covalent interactions. The basis set 

superposition error for the calculation of interaction energies has been corrected using 

the counterpoise method.
30

 The molecular electrostatic potential (MEP) surfaces have 

been computed using the GAUSSIAN-09 program and the same level of theory. The 

NCI plot
31

 isosurfaces have been used to characterize non-covalent interactions. They 

correspond to both favourable and unfavourable interactions, as differentiated by the 

sign of the second density Hessian eigen value and defined by the isosurface colour. 

The colour scheme is a red-yellow-green-blue scale with red for ρ
+

cut (repulsive) and 

blue for ρ
−

cut (attractive). The Gaussian-09 B3LYP-D/def2-TZVP level of theory wave 

function has been used to generate the NCI plot.  

 

4.2.5 Cell line and drug preparation 

 The cytotoxicity and apoptosis inducing ability of the complexes 7, 8 and 9 were 

evaluated in vitro condition (24 hours) using Dalton’s lymphoma (DL) malignant cancer 

cell lines. The DL cells were cultured in RPMI-1640 supplemented with 10% FBS, 

gentamycin (20 mg/mL), streptomycin (100 mg/mL) and penicillin (100 IU) in a CO2 

incubator at 37°C with 5% CO2; 80% confluent of exponentially growing cells were 

sub-cultured and used in the present study. The different doses (0, 0.01, 0.1, 0.5, 1, 5 

and 10 μM) of the complexes 7, 8 and 9 were prepared by dissolving in conditioned 

media (pH 
 
= 7.4).  

 

4.2.6 MTT cell viability assay  

 The MTT cell viability assay is a colorimetric assay
32

 and it is based on the 

ability of cellular oxidoreductase enzymes in presence of nicotinamide adenine 
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4.2.7 Crystal data 

Table 4.1 Crystal and structure refinement data for 7, 8 and 9. 

 

wR2  = { [ w(Fo
2
–Fc

2
)

2 
] /  [ w(Fo

2
)

2 
]  }

1/2
; R1  =  | |Fo| – |Fc| | /  |Fo *GooF = S = { [w(Fo

2
- Fc

2
)

2
] / (n-p)

Parameters 7 8  9  

Emprical formula C26H20Cl2CoN4O6 C26H20Cl2MnN4O6 C26H20Cl2ZnN4O6 

Formulae weight 614.29 610.30 620.73 

Temperature (K) 293(2) 293(2) 293(2) 

Wavelength (Å) 0.71073 0.71073 0.71073 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P21/c P21/c P21/c 

a/Å 7.0876(2) 7.207(5) 7.108(5) 

b/Å 13.6906(4) 13.706(5) 13.623(5) 

c/Å 14.1247(4) 14.195(5) 14.131(5) 

αº 90 90.000(5) 90.000(5) 

βº 101.261(2) 101.567(5) 101.725(5) 

γº 90 90.000(5) 90.000(5) 

Volume (Å
3
) 1344.18(7) 1373.7(12) 1339.8(12) 

Z 2 2 2 

Calculated density (Mgm
-3

) 1.518 1.475 1.539 

Absorption coefficient ( mm
-1

) 0.885 0.722 1.164 

F(000) 626 622 632 

Crystal size (mm
3
) 0.24 x 0.18 x 0.14 0.36 x 0.26 x 0.22 0.28 x 0.22 x 0.14 

θ range for data collection (º) 2.09 to 28.08 2.09 to 29.94 2.93 to 29.86 

Index ranges ‒9<=h<=9, ‒17<=k<=18, ‒18<=l<=17 ‒10<=h<=10, ‒18<=k<=19, ‒19<=l<=18 ‒9<=h<=9,‒19<=k<=13,‒19<=l<=17 

Reflections collected 23133 15185 14069 

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 Full-matrix least-squares on F2 

Data / restraints / parameters 3194/0/178 3955/0/178 3762/0/178 

Goodness-of-fit on F
2
 1.047 1.039 1.062 

Final R indices[I>2σ (I)] R1/ wR2 0.0294/0.0800 0.0356/0.0964 0.0290/0.0829 

R indices (all data) R1/ wR2 0.0376/0.0842 0.0459/0.1034 0.0350/0.0862 

Largest diff. peak and hole 0.299 and ‒0.311 0.434 and ‒0.414 0.419 and ‒0.343 
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dinucleotide phosphate (NADPH) to reduce the tetrazolium, MTT salt into insoluble 

formazan crystals. Cell viability was measured by the similar assay conditions in DL 

and in peripheral blood mononuclear cells (PBMC) [(normal cells)] as discussed in the 

Chapter 2 according to the instructions in the Cell Proliferation Kit.
33

 We have used 

different doses (0, 0.01, 0.1, 0.5, 1, 5 and 10 μM) of the complexes with 10 µL of the 

MTT labeling reagent (5 mg/mL in phosphate-buffered saline) and added into each well 

except the empty wells. The microtiter plate was then incubated for four hours under 

5% CO2 and 95% air at 37ºC. Following that, 100 µL of the DMSO was poured into 

each well with gentle shaking. The plate was checked for complete solubilization of the 

crystals. The mean absorbance for the soluble product of MTT reaction was expressed 

as a percentage of the control untreated well absorbance and plotted versus drug 

concentration. 

 

4.2.8 Cell proliferation and apoptosis assay 

Apoptosis inducing potential of the complexes (7, 8 and 9) was assessed by 

using acridine orange/ethidium bromide (AO/EB) double staining method.
34

 Control 

and treated cancer cells were collected after 24 hours of treatment, washed with PBS 

(phosphate-buffered saline) and to the cell suspension; 20 µL of AO/EB dye mixture 

(100 μg/mL of each dye in distilled water) was added, mixed gently and incubated for 5 

min in dark. The cells were thoroughly examined under fluorescence microscope and 

photographed.  About 1000 cells were analyzed and the percentage of apoptotic nuclei 

was determined for three independent experiments based on differential colouring 

pattern of nuclei. Viable cells were identified by bright uniform green nuclei with 

organized structures; apoptotic cells contain condensed or fragmented chromatin with 

red or orange nuclei.
35

 

 

4.2.9 Molecular docking  

 The possible molecular interactions between the complexes 7, 8 and 9 and anti-

apoptotic target protein, BCL-2 were studied using Molegro Virtual Docker (MVD 

2010.4.0) software for Windows
36

 as discussed in Chapter 2. The molecular 

arrangement and geometry of the compounds 7, 8 and 9 were fully optimized using the 

semi-empirical quantum chemistry method (Parametric Method 3). The docking 
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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; neighbour distance factor: 1.00; maximum 

number of poses returned: 5 to cover the ligand-biding site of the proteins structure.
37

 

Protein-ligand binding site was further analyzed and visualized by using BIOVIA 

Discovery Studio (http://3dsbiovia.com/products/) and Chimera 

(https://www.cgl.ucsf.edu/chimera/)  software.
38 

 

4.2.10 Pharmacophore modelling 

 Pharmacophore models of the complexes 7, 8 and 9 were generated using 

Ligandscout software which demonstrated Structure Activity Relationship (SAR).
39

 

After performing molecular docking simulation, the best docking orientations (pose) 

were loaded into Ligandscout software and key pharmacophore features were identified 

including H-bond donor, H-bond acceptor, hydrophobic, aromatic, halogen bond donor, 

positively and negatively ionizable groups.
39

  

 

4.2.11 Statistical analysis 

Data are expressed as mean ± standard deviation (S.D.). To determine the 

significance of the differences among the groups, one-way ANOVA was performed 

followed by Post hoc test. P ≤ 0.05 was considered to be statistically significant. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Synthesis and general aspects 

 The complexes [Co(3-CNpy)2(2-ClBz)2(H2O)2] (7), [Mn(3-CNpy)2(2-

ClBz)2(H2O)2] (8) and [Zn(3-CNpy)2(2-ClBz)2(H2O)2] (9) have been isolated in high 

yield by reacting one equivalent of the respective metal chlorides, MCl2·nH2O with two 

equivalents of 3-CNpy and two equivalents of sodium 2-chlorobenzoate in water. 

Complexes 7, 8 and 9 are moderately soluble in water; however their solubility in 

common organic solvents is low. The complexes 7 and 8 show room temperature µeff 

values of 3.86 BM and 5.81 BM respectively and confirm the presence of unpaired 

electrons in the high spin states of the metal centers.
40

  

 

http://3dsbiovia.com/products/?_ga=2.8773109.1118599187.1564547423-1154043359.1546278998
https://www.cgl.ucsf.edu/chimera/)%20software.38
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4.3.2 Spectral properties 

4.3.2.1 FT-IR Spectroscopy 

 FT-IR spectra of the complexes 7, 8 and 9 (KBr pellets) were recorded in the 

region 4000-500 cm
‒1

 (Figure 4.1). Being isostructural, the complexes 7, 8 and 9 are 

found to have similar and very close peaks. The strong and broad bands at 3449, 3456 

and 3476 cm
‒1

 are assigned to the symmetric and anti-symmetric ν(OH) stretching 

vibrations of coordinated water molecules of 7, 8 and 9 respectively.
41

 The absence of 

bands at around 1730 cm
‒1 

for them indicates that the carboxyl groups get completely 

de-protonated to the respective anions upon coordination to the metal ions.
42

 The 

differences between the asymmetric stretching, νas(COO
¯
) and symmetric stretching 

vibration bands, νs(COO
¯
) for all the three complexes are observed above 200 cm

‒1 

which indicates monodentate binding of the carboxyl group of 2-ClBz to the respective 

metal centres.
43

 B. Farkas et al. have also confirmed the monodentate coordination of 

the carbolxylate moiety to the metal centers for similar complexes.
44

 

 

 

Figure 4.1 FT-IR spectra of complexes 7, 8 and 9. 
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 The moderately strong vibrations at around 2236 cm
−1

 in all the complexes can 

be assigned to the nitrile stretching frequency, ν(C≡N) of 3-CNpy moiety. M. Heine et 

al. have also reported similar absorption for the nitrile stretching frequency, ν(C≡N) of 

3-CNpy moiety in the coordination polymers of formula [M(II)Cl2(3-CNpy)2]n (M = 

Mn, Fe, Co, Ni, Cu, Zn).
45

 The position of this band in the complexes 7, 8 and 9 

remains almost unaffected from that of the free base, implying non-coordination of the 

nitrile group of the 3-CNpy.
46

 These observations are well consistent with their 

structures as determined by single crystal XRD analyses. 

 

4.3.2.2 Electronic Spectroscopy 

 The electronic spectra of all the three complexes 7, 8 and 9 are represented in 

Figures 4.2-4.4. We can expect three ligand field bands for the high-spin octahedral 

Co(II) complex viz. 
4
T1g(F)→

4
T2g(F) (ν1), 

4
T1g(F)→

4
A2g(F) (ν2) and 

4
T1g(F)→

4
T1g(P) 

(ν3). In the UV-Vis-NIR spectrum [Figure 4.2(a)] of compound 7, the first band occurs 

at 1131 nm, the third band is seen at 464 nm, and the ν2 band due to 
4
T1g (F)→

4
A2g(F) 

appears at 509 nm because of a two-electron transition.
47

 

 

 

(a) 
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(b) 

 

Figure 4.2(a) UV-Vis-NIR spectrum of [Co(3-CNpy)2(2-ClBz)2(H2O)2] (7); (b) UV-

Vis spectrum of [Co(3-CNpy)2(2-ClBz)2(H2O)2] (7) in water.  

 

 However, the spectrum in water [Figure 4.2(b)] shows weak absorption bands at 

461 and 515 nm, assigned to 
4
T1g(F)→

4
T1g(P) (ν3) and 

4
T1g(F)→

4
A2g(F) (ν2) transitions 

respectively. The NIR band is not seen in the solution spectrum because of the limit in 

the wavelength window of the spectrophotometer used.
48

 K. Singh et al. have also 

reported similar ligand field bands for the high-spin octahedral Co(II) complex having 

molecular formula Co(L)2·2H2O [where, HL = 4-(5-Nitrofurfuralideamino)-5-mercapto-

3-methyl-1,2,4-triazole].
49

 

 The electronic spectra of the complexes 8 and 9 are shown in Figure 4.3 and 

Figure 4.4 respectively. The spectra of compound 8 in the solid and aqueous phases 

show no d-d band (Figure 4.3), because for Mn
2+

, which is a d
5
 system, all electronic 

transitions from the 
6
A1g ground state are doubly forbidden.

50
 The absorption at 214 nm 

in the aqueous phase can be assigned to the π→π* absorption of aromatic ligands, 
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whereas the shoulder around 265 nm is attributed to the LMCT [O (or N)→Mn)] 

transition.
51

 In the UV-Vis-NIR spectrum (Figure 4.3) however, these absorption peaks 

are observed at 215 and 268 nm respectively. 

 

 

Figure 4.3 Electronic spectra of [Mn(3-CNpy)2(2-ClBz)2(H2O)2] (8). 

 

 

 In the wavelength range 212-268 nm, characteristic absorptions in the solid and 

aqueous phases for compound 9 are observed due to π‒π* and n‒π* transitions of the 

pyridine rings of 3-CNpy and the 2-ClBz moieties (Figure 4.4).
52

 No spectral band in 

the visible region for compound 9 in both the phases can be attributed to the d
10

 

configuration of the Zn(II) centre, which does not allow any electronic transition to the 

higher excited electronic states.
53

 Kumar et al. have also reported similar electronic 

spectra for Mn(II) and Zn(II) complexes with Schiff base, 4-(2,4-diamino-

benzaldimino)-3,5-dimercapto-1,2,4-triazole.
54

 The electronic spectral analyses for the 

complexes 7, 8 and 9 in the solid and in the aqueous solution do not show marked 

differences and therefore, it may be assumed that the bonding modes of ligands to the 
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metal centers as well as the geometries of the complexes remain same in both the 

phases.
55

  

  

Figure 4.4 Electronic spectra of [Zn(3-CNpy)2(2-ClBz)2(H2O)2] (9). 

 

4.3.3 Crystal structures 

 Single-crystal X-ray diffraction analysis reveals that 7, 8 and 9 are isostructural 

complexes and crystallize in the same monoclinic space group P21/c with similar unit 

cell parameters (Table 4.1). Their selected bond lengths (Å) and bond angles (°) are 

presented in Table 4.2. As shown in Figures 4.5, 4.6 and 4.7, complexes 7, 8 and 9 are 

composed of mononuclear M(II) metal [M = Co(7), Mn(8) and Zn(9)] centers and their 

charge- compensated by two 2-ClBz anions coordinated to the metal  along with two 3-

CNpy moieties that results in distorted octahedral geometries. The metal ions of the 

coordination complexes lie on a two-fold axis of symmetry; therefore half of their 

molecules constitute the respective asymmetric units. The equatorial plane of 7, 8 and 9 

are defined by O2 and O2# from two of the coordinated 2-ClBz ligands and N1 and N1# 
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from 3-CNpy ligands. O1 and O1# from coordinated water molecules are positioned at 

the axial sites with bond angles of about 180° for the complexes 7, 8 and 9. The sum of 

the bond angles of O2–Co1–N1 [88.74(1)°], O2–Co1–N1# [91.25(1)°], O2#–Co1–N1# 

[88.74(1)°] and N1–Co1–O2# (91.25(1)°]; O2–Mn1–N1 [88.89(1)°], O2–Mn1–N1# 

[91.11(1)°], O2#–Mn1–N1# [88.89(1)°] and N1–Mn1–O2# (91.11(1)°]; O2–Zn1–N1 

[88.12(1)°], O2–Zn1–N1# [90.86(1)°],  O2#–Zn1–N1# [90.86(1)°] and N1–Zn1–O2# 

[89.14(1)°] are 359.98°, 360° and 359.98° respectively shows that O2, N1, O2#, and 

N1# atoms are almost coplanar (mean r.m.s. deviation of 0.0281 Å, 0.0280 Å and 

0.0282 respectively for compounds 7, 8 and 9). A comparative study shows that the 

average Co1–O, Co1–N, Mn1–O, Mn1–N and Zn1–O, Zn1–N bond distances (Table 

4.2) are almost consistent with the previously reported Co(II), Mn(II) and Zn(II) 

complexes.
56

  

     

 

 

 

Figure 4.5 Molecular structure of [Co(3-CNpy)2(2-ClBz)2(H2O)2] (7). 
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Figure 4.6 Molecular structure of [Mn(3-CNpy)2(2-ClBz)2(H2O)2] (8). 

 

 

Figure 4.7 Molecular structure of [Zn(3-CNpy)2(2-ClBz)2(H2O)2] (9). 
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Table 4.2 Selected bond lengths (Å) and bond angles (°) for 7, 8 and 9. 

 
 

 

 

 

 

 

 

 

 

 

 

Symmetry codes: (i) 1‒x, ‒y, 1‒z for 7; (i) ‒ x, ‒y, 1‒z for 8; (i) 2‒x, ‒y, 2‒z for 9 

 

 In the crystal structure of the complexes 7, 8 and 9, hydrogen bondings as well 

as π‒π stacking interactions are observed among the monomeric units. The hydrogen 

bond details are presented in Table 4.3. Since the complexes 7, 8 and 9 are isostructural 

(Figures 4.5-4.7), the discussions here of crystal structures and figures will be in terms 

of complex 7. 

 

 

Figure 4.8 Supramolecular interactions between the monomeric units of [Co(3-

CNpy)2(2-ClBz)2(H2O)2] (7) via C‒H∙∙∙N, C‒H∙∙∙O, O‒H∙∙∙O and π‒π stacking 

interactions along the crystallographic ac plane. 

Bond length 7  8  9  

M‒O1 2.102(1) 2.173(1) 2.113(1) 

M‒O2 2.078 2.147(5) 2.084(5) 

M‒N1 2.185 2.305(6) 2.189(6) 

Bond angle 7  8  9  

O1‒M‒O2 88.230(1) 90.46(1) 92.23(1) 

O1‒M‒N1 93.359(1) 92.22(1) 86.86(1) 

O1‒M‒O2
i
 91.770(1) 89.53(1) 87.76(1) 

O1‒M‒N1
i
 86.641(1) 87.78(1) 93.138(1) 

O2‒M‒N1 88.745(1) 91.11(1) 89.14(1) 

O2‒M‒N1
i
 91.255(1) 88.89(1) 90.86(1) 
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 Along the ac plane, the neighbouring molecules of 7 are interconnected by 

C‒H∙∙∙N, C‒H∙∙∙O, O‒H∙∙∙O and π‒π stacking interactions (Figure 4.8). The N2 atom of 

neighbouring 3-CNpy moiety of the monomeric unit is involved in C‒H∙∙∙N interaction 

with –CH moiety of adjacent monomeric unit having C10‒H10∙∙∙N2 and C5‒H5∙∙∙N2 

distances of 2.793(1) and 2.860(1) Å respectively. On the other hand, O3 atom of 2-

ClBz moiety is also involved in C‒H∙∙∙O interaction with –CH moiety of 2-ClBz of 

another monomeric unit having C12‒H12∙∙∙O3 distance of 2.480(1) Å. Phenyl ring of 

one monomeric unit is involved in π‒π stacking interaction with the pyridine ring of 

another monomeric unit with the centroid-centroid separation of 4.001(1) Å.
57

 E. 

Tocana et al. have also reported similar π‒π contacts involving pyridine and phenyl 

rings in the complex [Ni(phen)2(H2O)2](ClO4)2 [where, phen = 1,10-phenanthroline] 

having centroid-centroid separation of 4.002 Å.
58

  

 

 

Figure 4.9 Weak hydrogen-bonded 1D chain of complex 7 stabilized by π‒π staking 

interactions.  

  

 Along the ab plane, the neighbouring molecules of 7 are interconnected by 

C‒H∙∙∙O hydrogen bonds with donor–acceptor distance of 2.480 Å, involving the 

coordinated 2-ClBz to form 1D hydrogen-bonded chains in the crystal structure (Figure 

4.9). Additional reinforcement within this chain is provided by C‒H∙∙∙N and π‒π 

interactions. The free nitrile moieties from 3-CNpy are involved in two types of C‒H∙∙∙N 

hydrogen bonds, where they accept hydrogen bonds from C5H5 and C10H10 moieties 

from neighbouring 3-CNpy and 2-ClBz groups respectively with donor–acceptor 

distances of 3.507 and 3.613 Å. This type of C‒H∙∙∙N hydrogen bonds involving N atom 

of nitrile group and H atom of aromatic ring in the coordination complexes of formula 
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[{Cu(dicnq)Br}2H2btca]1.7(CH3OH) [where, H2btca = 1,2,4,5-benzenetetracarboxylate, 

dicnq = 6,7-dicyanodipyridoquinoxaline] and [Cd2(4-NO2Bz)4(2-CNpy)4] [where, 4-

NO2Bz = 4-nitrobenzoate, 2-CNpy = 2-cyanopyridine] were reported by Maria D. 

Stephenson and Michaele J. Hardie
59 

and T. Hokelek et al.
60

 respectively with similar 

donor–acceptor distances. These interactions place the molecules within the 

supramolecular chain in such a way that the phenyl ring of 2-ClBz group of one 

mononuclear complex unit points toward the pyridyl π-cloud of 3-CNpy ligand of the 

adjacent complex unit, thereby giving rise to π-π stacking interactions with centroid-

centroid separation of 4.001 Å.  

 

 

Figure 4.10 Formation of layered assembly of [Co(3-CNpy)2(2-ClBz)2(H2O)2] (7) along 

the ac plane, generated through 𝑅4
2 8  hydrogen bonding synthons. 

 

 Two adjacent 1D chains in the crystal structure of complex 7 are connected by 

O‒H∙∙∙O hydrogen bonds, assisted by coordinated aqua ligand and uncoordinated 

carboxylic O atom of 2-ClBz group. An eight membered supramolecular ring motif, 

expressed as 𝑅4
2(8) in the graph-set notation of Etter

61
, is formed by the cooperative 

interaction between the pairs of H2O molecules and uncoordinated carboxylic O atoms, 

centro-symmetrically connected by O1–H1A∙∙∙O3 and O1–H1B∙∙∙O3 interactions with 

H∙∙∙O distances of 1.860 and 2.014 Å respectively (Figure 4.10). These supramolecular 

rings in 7 are repeated along the a-direction to complete the 2D supramolecular 

framework in the ac plane. The layered architecture of 7 is further reinforced by 
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C‒H∙∙∙Cl and π‒π stacking interactions. The C‒H∙∙∙Cl interaction involves the C10H10 

moiety of 2-ClBz group of one chain and the Cl1 atom of the same group from an 

adjacent chain. The bond distance between H10 and Cl1 is 3.030 Å, the bond angle of 

C10–H10–Cl1 is 120.94°, which is close to the preferred minimum hydrogen bond 

angle of 121°. The distance between C10 and Cl1 is 3.598 Å, which is similar to the 

sum of the van der Waals radii of C and Cl. A. C. Moro et al. have reported such 

C‒H∙∙∙Cl interactions with similar bond parameters in the complex [PdCl2(PPh3)(tu)] 

(where, PPh3 = triphenylphosphine, tu = thiourea).
62

 Moreover, aromatic π‒π stacking 

interactions are also observed between two neighbouring chains involving the adjacent 

pyridine rings of 3-CNpy and phenyl rings of 2-ClBz having the centroid-centroid 

separations of 4.061 and 3.801 Å respectively. These layers stack together along the 

crystallographic c-direction via a number of supramolecular contacts to generate a 3D 

architecture involving 1D channels along the crystallographic c-direction (Figure 4.11). 

 

 

Figure 4.11 View of 3D supramolecular architecture of [Co(3-CNpy)2(2-ClBz)2(H2O)2] 

(7) involving 1D channels along the crystallographic c-direction. 
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 The isostructural complexes 8 and 9 also show similar networks as complex 7. 

However, subtle structural differences between the complexes 7, 8 and 9 in bond 

lengths, bond angles, hydrogen bonds and torsion angles may be due to the different 

atomic radii of Co(II), Mn(II) and Zn(II) ions respectively. 

 

Table 4.3 Selected hydrogen bond distances (Å) and angles (°) for 7, 8 and 9. 

 

4.3.4 Isostructurality of compounds 7, 8 and 9 

The crystal structure analysis of the compounds 7, 8 and 9 indicates that the 

compounds are quite analogous with one another, because these three compounds differ 

only on the basis of the central metal ions present in them. Such structurally analogous 

compounds belong to the same structure type and can be termed as isostructural.  

 The isostructurality of the three compounds has been further evaluated according 

to the approach of Fábián and Kálmán as discussed in Chapter 2 in which two structures 

may be compared by a parameter called unit cell similarity index given by  

 1)]/()[(  cbacba  where, )( cbacba  . 

 Here a, b, c and a′, b′, c′ are the orthogonalized lattice parameters of the 

structures of the compounds being examined. If the structural similarity is very high, the 

 value is expected to be practically equal to zero.
63

 For compounds 7 and 8, the value 

is found to be 0.00571, which corroborates the close structural similarity obtained from 

crystal structure analyses. The corresponding values for the structure pairs (7)/(9) and 

D–H∙∙∙A d(D–H) d(D–A) d(H∙∙∙A) <(DHA) Symmetry 

O1–H1A∙∙∙O3 7 0.798 2.658 1.860 (0) 178.24 (3) –x+1,–y,–z+1 

 8 0.830 2.731 1.951 (2) 156.27 (10) –x,–y,–z+1 

 9 0.906 2.761 1.932 (17) 151.27 (89) –x+1,–y,–z+2 

O1–H1B∙∙∙O3 7 0.843 2.770 2.014 (1) 148.89 (2) x–1,+y,+z 

 8 0.864 2.668 1.828 (15) 163.58 (11) x,y,z 

 9 0.829 2.649 1.865 (14) 157.15 (98) –x+1,–y,–z+2 

C5–H5∙∙∙N2 7 0.930 3.507 2.860 (1) 127.70 (2) x,y+1/2,+z+12 

 8 0.929 3.511 2.860 (29) 128.58 (13) x,–y–1/2,+z–1/2 

 9 0.930 3.506 2.858 (27) 127.75 (11) x,–y–1/2,+z–1/2 

C10–H10∙∙∙N2 7 0.930 3.613 2.796 (1) 145.15 (2) –x+1,+y+1/2,–z+1/2 

 8 0.930 3.589 2.767 (24) 147.92 (13) x,–y+1/2,+z–1/2 

 9 0.930 3.593 2.776 (22) 147.14 (13) –x+2,+y–1/2, z+1/2+2 

C11–H11∙∙∙O1 7 0.930 3.438 2.826 (1) 124.42 (4) –x+1,+y+1/2,–z+1/2+1 

 8 0.931 3.452 2.853 (18) 123.24 (13) x,–y+1/2,+z+1/2 

 9 0.930 3.419 2.818 (16) 123.39 (12) x,–y–1/2,+z–1/2 

C12–H12∙∙∙O3 7 0.930 3.394 2.481 (1) 167.14 (5) x,–y+1/2,+z+1/2 

 8 0.929 3.510 2.596 (21) 167.66 (12) x,–y+1/2,+z+1/2 

 9 0.930 3.438 2.525 (18) 167.65 (11) x,–y–1/2,+z–1/2 
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(8)/(9) are found to be  0.00140 and 0.00712 respectively. The other two related 

parameters viz. mean elongation value (and the so-called asphericity index (A) of the 

compounds have also been determined. The  value describes the difference in cell 

size,  

   1
3/1
 VV , V′ > V; 

 where, V and V′ are the volumes of the respective unit cells. For our structure 

pairs (7)/(8), (7)/(9) and (8)/(9), the difference in cell size () values estimated are 

0.00726, 0.00109 and 0.00836 respectively. On the other hand, asphericity index (A) 

accounts for the shape distortions, and is defined as,  

   

2/12}]3/]1)1[(]1)1{[(1)[3/2( jiij MMA  

where, Mi’s are the principal axes of matrix M, which gives the pure shear component 

of the transformation between the two crystallographic coordinate systems. The A 

values for the same structure pairs, viz. (7)/(8), (7)/(9) and (8)/(9) are found to be 

0.52664, 3.20046 and 0.255268 respectively. In this regard, we can also express their 

product A as the lattice distortion index and the observed values are 0.00382, 0.00349 

and 0.00213 respectively. 

 The above quantities obtained for 7, 8 and 9 clearly indicate the isostructurality 

of the three crystalline solids. B. K. Das et al. have also highlighted the isostructurality 

parameters of two isostructural coordination compounds of the formula 

[M(II)(H2O)3(SO4)(4-CNpy)2]·H2O [where, M = Ni(II) and Co(II), 4-CNpy = 4- 

cyanopyridine].
64 

The reported unit cell similarity index value for these two isostructural 

compounds is found to be 0.0046. 

 

4.3.5 Powder X-ray Diffraction  

 In order to prove that the synthesized coordination solids viz. [M(3-CNpy)2(2-

ClBz)2(H2O)2] [M = Co(7), Mn(8) and Zn(9)] are true representatives of their bulk 

materials, their powder X-ray diffractions were recorded at room temperature. The 

experimental and the calculated powder X-ray diffraction patterns for compounds 7, 8 

and 9 (Figures 4.12-4.14) are in good agreement with each other which demonstrates 

that the compounds are true representatives of the bulk samples. The small line width of 

the Bragg reflections demonstrates the good crystallinity of the compounds.
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Figure 4.12 Powder X-ray diffraction patterns: as-synthesized (red) and simulated from 

MERCURY software (black) of [Co(3-CNpy)2(2-ClBz)2(H2O)2] (7). 

 

Figure 4.13 Powder X-ray diffraction patterns: as-synthesized (red) and simulated from 

MERCURY software (black) of [Mn(3-CNpy)2(2-ClBz)2(H2O)2] (8). 
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Figure 4.14 Powder X-ray diffraction patterns: as-synthesized (red) and simulated from 

MERCURY software (black) of [Zn(3-CNpy)2(2-ClBz)2(H2O)2] (9).  

 

 

 

 Furthermore, the perfect fit of the as-synthesized and mercury simulated patterns 

indicates in favour of the closeness of the unit cell linear parameters.
65

 Small differences 

in reflection intensities and peak positions are observed between the simulated and 

experimental patterns which can be attributed to the variation in crystal orientation or 

particle size of the powder sample.
66 

 

4.3.6 Theoretical Studies 

 The theoretical study is devoted to the analysis of the H-bonding and π–π 

stacking interactions that are crucial to understand the crystal packing of compounds 7, 

8 and 9 as described in Figure 4.8. Moreover, we are also interested in evaluating the 

effect of the metal center on the strength of the interactions. Initially, we have computed 

the MEP plotted onto the van der Waals surface (isosurface 0.001 a.u.) in order to 

investigate the electron poor and electron rich regions of complex 9 (Figure 4.15) as a 
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model of the three isostructural compounds. The most positive isocontour is located at 

one H-atom of the coordinated water molecule (+52 kcal/mol). This is due to the 

coordination of the water to the Zn(II) metal center that significantly increases the 

acidity of the H atoms. The most negative region is located at the uncoordinated O-atom 

of the anionic ligand, as expected. Therefore, a H-bond between both atoms is the most 

favoured electrostatically. This interaction is indeed observed in the solid state of the 

compounds (Figure 4.8 and Figure 4.16). Moreover, further inspection of the MEP 

surface reveals that the value over the π-system of the 3-CNpy ligand is positive (+20 

kcal/mol) and negative over the π-system of 2-ClBz ligand (-23 kcal/mol). Therefore, π-

stacking interaction between both rings is also strongly favoured due to the donor-

acceptor nature of the π-rings. 

 

 

Figure 4.15 MEP surface of compound 9 at the B3LYP-D/def2-TZVP level of theory 

using the 0.001 a.u. isosurface. The values at selected points of the surface are indicated 

in kcal/mol. 

  

 We have analyzed the energetic features of the H-bonding and π-stacking 

interactions described for the compounds 7, 8 and 9. The interaction energies and 
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geometric features of the complexes are gathered in Figure 4.16. A partial view of the 

2D sheet that is formed in the solid state (using complex 9 as model) in shown in 

Figure 4.16(a), where two infinite 1D H-bonded chains are inter connected by means of 

π‒π stacking contacts. The H-bonded assembly [Figure 4.16(b), extracted from the 

infinite supramolecular chain] is more favourable than the π-stacked one [Figure 

4.16(c)] with a binding energy that ranges from –17.7 to –15.9 kcal/mol. This large 

binding energy agrees well with the MEP analysis, since both the minimum and 

maximum values of MEP are located at the groups involved in these H-bonding 

interactions. Small geometric and energetic differences are observed among the three 

metals considered in this study, thus suggesting a similar ability to polarize the O–H 

group. The π‒π dimer [Figure 4.16(c)] also presents moderately strong interaction 

energy (around –10 kcal/mol for all three compounds). This interaction energy is 

stronger than usual for complexes involving π-stacking between arenes due to the 

donor-acceptor nature of the rings in the complexes. Again, a negligible influence of the 

metal center on the interaction energy is observed. 

 

 

Figure 4.16 Partial view of the X-ray structure of complex 9 with indication of the H-

bonded 1D supramolecular chain interconnected by means of π‒π interactions. 
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 In order to further characterize the H-bonding and π‒π assemblies, we have used 

the NCI plot index. Non-covalent interactions are conveniently identified and visualized 

by the NCI index, because it allows an easy assessment of host-guest complementarity 

and the extent to which weak interactions stabilize a complex. We have computed the 

NCI plots for the H-bonding and π‒π assemblies of compound 9 as a representative 

model, which are represented in Figure 4.17. Each H-bonding interaction is 

characterized by a small and blue isosurface located between the H-atom of the 

coordinated water molecule and the carboxylate O-atom [see Figure 4.17(a)], thus 

confirming the strong nature of these H-bonds in agreement with the MEP surface 

shown in Figure 4.15. For the π‒π dimer [Figure 4.17(b)], a large green isosurface can 

be observed between both π-systems that embraces the whole aromatic rings, thus 

suggesting a large overlap of the aromatic rings. Moreover, two small and green 

isosurfaces are also present between two aromatic C–H bonds and the O atoms of the 

carboxylate that reveal the existence of ancillary C–H∙∙∙O bonding interactions also 

contribute to the stabilization of the assembly. 

 

 

Figure 4.17 (a,b) NCI plots of the of the H-bonding and π‒π dimers of compound 9. 

The gradient cut-off is s  =  0.35 a.u., and the colour scale is −0.04 < ρ < 0.04 a.u. 

 

4.3.7 Thermal studies 

 Thermogravimetric analyses of complexes 7, 8 and 9 were carried in the 

temperature range of 30-600°C under N2 atmosphere at the heating rate of 10°C/min 

(Figure 4.18). In complex 7, the first weight loss of 5.36% up to 116°C corresponds to 
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the loss of two coordinated aqua molecules (calculated = 5.86%).
67

 In complexes 8 and 

9, the observed weight loss of 2.51% and 2.92% can be attributed to the loss of the first 

coordinated aqua molecule at temperature around 65°C (calculated = 2.95% and 2.90% 

respectively). This is in good agreement with strong coordination of the aqua ligand to 

cobalt(II) metal ion in 7 with shorter Co∙∙∙O (water) bond distance than that in 8 and 9.
68

 

Afterwards, for 7, the mass loss of 53.77% in the temperature range of 118-388°C is 

attributed to the release of two 2-ClBz moities (calculated = 50.64%).
69

 Then it 

continues to degrade up to 600°C due to the loss of 1.5 molecules of 3-CNpy (observed 

= 23.70%, calculated = 25.43%).
70

 Recently, M. Heine et al. have also reported similar 

fractional weight loss of 3-CNpy in the complex [MnCl2(3-CNpy)2]n.
71

  

 

 

Figure 4.18 Thermogravimetric curves showing the thermal decomposition of 

complexes 7, 8 and 9. 

 

 For complex 8, the second weight loss of 16.20% (calculated = 15.70%) in the 

temperature range of 68-106°C can be assigned to the release of the other coordinated 

aqua molecule along with 0.5 molecules of 2-ClBz moiety. It further undergoes mass 

loss of 14.75% between 110 and 192°C, attributable to the loss of other 0.5 molecule of 

2-ClBz (calculated = 12.75%). It keeps losing weight up to 600°C, corresponding to the 
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loss of one 2-ClBz and two 3-CNpy moieties (observed = 57.66%, calculated = 59.61%). 

The complex 9 loses 26.65% of mass in the temperature range of 70-190°C, which can 

be assigned to the release of the other coordinated aqua molecule along with one 2-ClBz 

molecule (calculated = 27.96%). Up to 600°C, it then loses the other 2-ClBz along with 

the two 3-CNpy (observed = 56.26%, calculated = 58.60%).
72 

 

4.3.8 MTT cell viability assay 

 The cytotoxic effects of the complexes 7, 8 and 9 on DL and normal (PBMC) 

cells were evaluated by using MTT assay. MTT assays are considered to be important 

for the development of new drugs and also one of the most important preliminary 

screening methods for natural and synthetic compounds for studying cell proliferation 

and anticancer activities.
73

 The analyses of cell viability results obtained for the 

compounds 7, 8 and 9 on DL cell line treated for 24 hours showed significant 

concentration dependent decrease in cell viability (~ 25-30%) (Figure 4.19). Cell 

cytotoxicity was obtained for all the three compounds at the dose ranging from 1-10 μM 

within 24 hours. At the same time, negligible cytotoxic effect (~10%) was observed 

against normal PBMC cells as compared to cancer cell (DL). 

 

Figure 4.19 Cell viability study on DL and PBMC cells after treatment with the 

complexes 7, 8 and 9 along with reference drug cisplatin at different dosage (0.01-10 

μM) for 24 hours. Data are mean ±S.D., n = 3. 
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4.3.9 Cell proliferation and apoptosis assay  

 Apoptosis is a physiological process of cell death characterized by 

morphological features and mainly associated with severe DNA damage; the frequency 

and time of appearance of which depend on the cell line and the apoptosis-inducing 

signal.
74

 In order to investigate the action of the complexes on morphological changes in 

DL cells, acridine orange (AO)/ethidium bromide (EB) dual staining method was used 

under fluorescence microscopy. AO is a crucial dye that can stain nuclear DNA of 

viable cells with intact cell membrane and uniformly stained green while EB can only 

stain cells that had lost their membrane integrity
75

 and appears red or orange. The 

results of apoptotic study in control group showed mostly viable DL cells identified by 

bright uniform green nuclei (Figure 4.20).  

 

 

Figure 4.20 Upper panel showed morphological features of apoptotic and viable cells. 

Control DL cells showed mostly viable cells, cisplatin and complexes 7, 8 and 9 treated 

groups showing apoptotic features evident by red/orange nuclei with membrane damage 

and blebbing. Scale bar 50 µm. Lower panel showed percentage apoptotic cells after 

treatment with complexes and the reference drug, cisplatin at different dosage. Data are 

mean ± S.D., n = 3, ANOVA, P ≤ 0.05. ANOVA significance symbol: * with respect to 

complex 8 and # with respect to complex 9. 
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 Complexes 7, 8 and 9 treated cells showed concentration-dependent increase in 

apoptotic features in DL cells. Lower concentration such as 0.5 µM showed mostly 

early apoptotic cells with nuclear marginalization and chromatin condensation. Whereas 

higher concentrations (1 and 5 µM) showed late apoptotic features which include 

fragmented chromatin, cytoplasmic vacuoles and apoptotic bodies. The results 

suggested that all the three complexes were able to induce apoptosis in DL cells. 

Moreover, it can be seen that cisplatin induced more apoptotic cell death against DL 

cells than that of the complexes. It has been reported that pyridine derivatives induce 

cancer cell apoptosis by triggering DNA damage-mediated p53 phosphorylation (tumor 

suppressor) in A375 malignent melanoma cell lines.
76

 Ruthenium pyridyl complexes have 

also been demonstrated potent antiproliferative activity, and induce mitochondria-

mediated and caspase-dependent apoptosis in human cancer cells through regulation of 

BCL-2 family members and activation of caspases.
77 

 

4.3.10 Molecular docking studies 

 The in silico docking technique can be exploited to build targets and design 

inhibitors for novel therapeutic agents. Molecular docking helps in understanding the 

action of neoplastic drugs (chemotherapeutic drugs used to treat cancer) through 

affinity binding. A number of studies have recently shed light onto the role of pro- and 

anti-apoptotic BCL-2 protein family members in tumor-pathogenesis and in mediating 

the effects of classical as well as novel front-line anticancer agents, allowing the 

development of more efficient and more precisely targeted treatment regimens.
78

 In the 

present study, molecular docking simulation has been used to dissect possible 

mechanism of action of complexes 7, 8 and 9 associated with cytotoxicity and apoptosis 

due to their interactions with anti-apoptotic proteins (BCL-2). Anti-apoptotic BCL-2 

proteins play a major role in tumor cell survival and are closely associated with various 

stages of cell multiplication and hence responsible for the propagation of cancer.
79

 by 

inhibiting apoptosis. BCL-2 inhibitors have been developed as direct inducers of 

apoptosis and their inhibition by various chemotherapeutic agents is associated with the 

apoptotic induction that inhibits the cancer growth and invasion.
80

 Docking was 

validated by redocking the original ligands present in the active sites of receptor as 

observed in crystallographic pdb file (PDB ID: 2O22). 
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Figure 4.21 Docking structure of complex [Co(3-CNpy)2(2-ClBz)2(H2O)2]  (7) with 

BCL-2 receptor. Chemical interactions are shown in dotted lines along with ligand 

atoms labeling and interacting amino acids in the inhibitors binding sites of BCL-2 

receptor; (a) Docked pose of receptor-compound complex in ribbon view; (b) surface 

view of active sites with the complex 7; (c) interacting residues are shown in receptor 

active sites. 

 

 

Figure 4.22 Docking structure of complex [Mn(3-CNpy)2(2-ClBz)2(H2O)2] (8) with 

BCL-2 receptor. Chemical interactions are shown in dotted lines along with ligand 

atoms labeling and interacting amino acids in the inhibitors binding sites of BCL-2 

receptor; (a) Docked pose of receptor-compound complex in ribbon view; (b) surface 

view of active sites with the complex 8; (c) interacting residues are shown in receptor 

active sites. 
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 The molecular docking studies revealed that the compounds are promising, 

which is supported by their low binding energy (high affinity for receptor) and strong 

hydrogen bonding interactions with the exposed active site amino acids of target protein 

BCL-2 which may cause cytotoxicity and induce apoptosis in cancer cells. The 

interactions of the active site amino acids of BCL-2 with the compounds 7, 8 and 9 are 

shown in Figures 4.21-4.23. These interactions play important roles for the stability of 

the target-compound complexes. The MVD (Molegro Virtual Docker) docking score of 

the complexes 7, 8 and 9 are shown in Figure 4.24. Thus, based on the docking 

analysis, all the compounds indicated potential apoptotic inducing ability due to their 

efficient interaction with anti-apoptotic target proteins. 

 

 

Figure 4.23 Docking structure of complex [Zn(3-CNpy)2(2-ClBz)2(H2O)2]  (9) with 

BCL-2 receptor. Chemical interactions are shown in dotted lines along with ligand 

atoms labeling and interacting amino acids in the inhibitors binding sites of BCL-2 

receptor (a) Docked pose of receptor-compound complex in ribbon view (b) surface 

view of active sites with complex 9 (c) interacting residues are shown in receptor active 

sites. 

 

4.3.11 Pharmacophore modelling 

 In modern computational and medicinal chemistry, pharmacophore features are 

useful to identify the essential components of one or multiple molecules with similar 

biological activities.
81

 Ligandscout automatically derives key chemical features, such as 

hydrogen bond donors and acceptors, hydrophobic, positive and negative ionizable, 
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aromatic interactions along with their 3D geometries of bioactive molecules. 

Pharmacophore features also represent signature of chemical compounds which can be 

used to search for more molecules with known biological activities based on same 

chemical group(s) arranged in the same 3D orientation. To be effective as a drug 

candidate, a bioactive compound(s) must reach its target destination and stay in the 

body without losing potency for the expected biological events to occur. In that context, 

computer models constitute valid alternatives to experiments. Here, we have identified 

important pharmacophore features of the synthesized compounds such as hydrophobic, 

aromatic, positive ionizable, negative ionizable, H-bond donor, H-bond acceptor and 

halogen bond donor that may be responsible for biological activities (Figure 4.25). 

 

 

Figure 4.24 Docking scores of complexes 7, 8 and 9 with BCL-2 receptors. As per 

MVD docking score algorithm, lowest the score better is the interactions. Data are mean 

± S.D, n = 3, ANOVA, P ≤ 0.05. ANOVA significance symbol: (a) with respect to 

complex 8 and (b) with respect to complex 9. 

 



186 
 

                                                                                                      Chapter 4 

Supramolecular Assemblies in Isostructural Coordination Compounds of Mn(II), Co(II) and 
Zn(II) Chlorobenzoates: Synthesis, Antiproliferative Evaluation and Theoretical Studies 

 
 

  

 

Figure 4.25 Pharmacophore features of complex (a) [Co(3-CNpy)2(2-ClBz)2(H2O)2] 

(7), (b) [Mn(3-CNpy)2(2-ClBz)2(H2O)2] (8) and (c) [Zn(3-CNpy)2(2-ClBz)2(H2O)2] (9) 

responsible for biological activities. Pharmacophore feature including hydrophobic, 

positive ionizable, negative ionizable, acceptor and halogen bond donor interactions are 

depicted as yellow spheres, blue star, red star, red arrows and excluded volume, 

respectively. 

 

4.4 CONCLUSIONS 

 Three new isostructural complexes of Co(II), Mn(II) and Zn(II) viz. [Co(3-

CNpy)2(2-ClBz)2(H2O)2] (7), [Mn(3-CNpy)2(2-ClBz)2(H2O)2] (8) and [Zn(3-CNpy)2(2-

ClBz)2(H2O)2] (9) have been synthesized and characterized by single crystal X-ray 

diffraction, electronic, vibrational, PXRD and TGA analyses. Furthermore, using Fabian 

and Kalman approach, their isostructurality parameters have been evaluated. 

Electrostatically enhanced π-π stacking interactions are observed between the 

coordinated 3-CNpy (π-acidic) of one complex unit and the phenyl moiety of 2-ClBz (π-

basic) from a neighbouring monomeric unit. These interactions along with relevant H-

bonding have been investigated by molecular DFT calculations, MEP surfaces and 

characterized using the NCI plot index analysis. The study reveals that the H-bonded 

assembly is more favorable than the π-stacking interactions. However, the π-stacking 

energy is electrostatically enhanced and is stronger than usual staking interactions 

involving arenes with negligible influence of the metal centers. All the three complexes 

significantly inhibit cell viability by inducing apoptotic cell death in DL malignant 

cancer cells with negligible cytotoxicity in normal cells. The in silico molecular docking 

study reveals that the complexes 7, 8 and 9 interact and accommodated well in the 

active site of anti-apoptotic protein BCL-2 that lead to apoptotic cell death. 

Furthermore, the pharmacophore features such as hydrophobic, aromatic, positive 
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ionizable, negative ionizable, H-bond donor, H-bond acceptor and halogen bond donor 

of the complexes may play important role for their biological activities based on 

structure activity relationship (SAR). 
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