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Triply phenoxo bridged Eu(III) and Sm(III) complexes with 2,6-

diformyl-4-methylphenol-di(benzoylhydrazone) : Structure, spectra 

and biological study on human cell lines 
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Two dinuclear lanthanide(III) complexes, [M2(HL)3] (M = Sm(III) (1), Eu(III) (2); 

H3L, 2,6-diformyl-4-methylphenol-di(benzoylhydrazone)) are generated in good yield 

and systematically characterised. Single crystal X-ray structure determination of 

[Eu2(HL)3] (2) has confirmed the tricapped trigonal prismatic geometry of the N3O6 

coordination environment around europium. Indeed, Eu(1) and Eu(2) are bridged by 

phenolato-O belonging to the p-cresol ring, by deprotonated ‘enol’ groups from the 

benzoyl hydrazide part and imine-N centres. Temperature dependent magnetic study 

suggests anti-ferromagnetic coupling between the two Eu(III) ions and magnetic 

moment varies 0.48 B.M. at 5 K to 3.03 B.M. at 300 K. EPR spectra confirm the anti-

ferromagnetic coupling among Eu(III) and Sm(III) atoms. Both the complexes show 

emission in visible range. The ligand, H3L and the complexes exhibit anti-

mycobacterial activity against M. tuberculosis H37Rv (ATCC 27294) and M. 

tuberculosis H37Ra (ATCC 25177) strains. Molecular docking of H3L with enoyl 

acyl carrier protein reductase of M.Tuberculosis H37Rv  (PDB ID: 4U0K) is examined 

and the best docked pose of H3L shows one hydrogen bond with Thr196 (2.03 Å). 
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Introduction 

Binuclear metal complexes are effective molecular devices in catalysis, 

chemical and biomedical applications, and the concerned ligands capable of forming 

binuclear derivatives with different metal ions are therefore of great interest. Indeed, 

if the two metal centers present an unsaturated coordination environment, the 

resulting complex can be used as a receptor for a secondary species and serve as 

catalyst. In this way they can mimic many biological sites, especially those in which 

the two metals can cooperate to form an active center as, for example, in oxygen 

receptors, activators, and carriers.1 The character of the two metal ions, their 

coordination requirements, and the distance between them are the key elements in 

assembling host species.  In this context, recent emphasis has been placed on the 

detailed study of the properties of lanthanide-phenolato complexes because of their 

postulated involvement in a range of biological and catalytic processes,2 molecular 

recognition, magnetic devices and luminescence properties.3 Schiff bases, one of the 

widely utilized noncyclopentadienyl ligands in coordination chemistry of transition 

and lanthanide metals,4 have the obvious advantages of ease of synthesis, low cost, a 

hard donor atom framework, and tunable steric and electronic effects. However, the 

structurally characterized amido lanthanide complexes supported by Schiff base 

ligands are rare,5 although various amido lanthanide complexes stabilized by 

noncyclopentadienyl ligands, such as β-diketiminates,6 diamidoligands,7 and bridged 

bisphenolate,8 have been synthesized. Studies involving the chelation and 

coordination of ligands derived from hydrazone to lanthanide centers containing 

flexible multidentate ligands have been an ongoing area of active research. In recent 

years, much attention has been given to the syntheses of acyclic ligands that can give 
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rise to mononuclear or dinuclear lanthanide complexes with interactions between the 

metal centers. It is known that a considerable amount of work has been done on 

complexes with hydrazones because of their ability to chelate with lanthanide ions.9 

Hydrazone lanthanide complexes can be used as electroluminescent devices10 and 

structural probes.11 The di-Schiff bases of 2,6-diformyl-4-methylphenol were first 

developed by Robson.12 A related dithiosemicarbazone was used by Hoskins et al.
13 

for the synthesis of transition-metal complexes. This type of ligand is known to form 

binuclear complexes bridged by two different groups, i.e. the endogenous phenolic 

oxygen and an exogenous groups such as hydroxide, alkoxide, halide, pseudohalide, 

carboxylate, or pyrazolate ion. As well as the practical advantage of relatively low 

cost, high abundance and low toxicity, the lanthanide elements have chemical features 

which make them attractive as components of reagents for chemists. The lanthanide 

complexes have mainly drawn attention because of their versatile applications in 

designing sensors14 and bio-study.15 Tuberculosis, an infectious and chronically 

bacterial disease, caused primarily by the bacillus Mycobacterium tuberculosis and 

rarely by M.bovis and M.africanum, effects lung (pulmonary TB) and even can spread 

to the other organs (extra pulmonary TB).16 Millions children has died per year from 

this disease.17 Mycobacteria resist (multidrug resistant or MDR-TB) to many of 

chemicals, disinfectants, antibiotics and chemo-therapeutical agents.18 Synthetic 

chemistry research is now directed to explore the synergistic relations between natural 

products and synthetic drugs for better treatment. 

With this purpose, our strategy is to employ a multidentate ligand, 2,6-

diformyl-4-methylphenol-di(benzoylhydrazone) (H3L),19  to synthesize lanthanide(III) 

complexes. Herein, we report dinuclear Sm(III) and Eu(III) complexes, [Sm2(HL)3] 

(1) and [Eu2(HL)3] (2). Both the complexes are systematically characterized and show 
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emission both in solution and solid phases. The solid state structure of complex 2 is 

investigated through X-ray diffraction analysis. The ligand and the complexes exhibit 

anti-mycobacterial activity on M. tuberculosis H37Rv (ATCC 27294) and M. 

tuberculosis H37Ra (ATCC 25177) strains. The activity of these molecules on three 

cancer cell lines, namely A549, MCF-7 and Caco-2, show moderate activity; with the 

best activity being observed for H3L towards the A549 cell line. The anti-

micobacterial efficiency of H3L is examined by molecular docking with the enoyl acyl 

carrier protein reductase of  M.Tuberculosis H37Rv (PDB ID: 4U0K) and has been 

compared with the first line drug isoniazide. 

 

Experimental 

Materials  

The binucleating hydrazone ligand was synthesized by reported procedure.19 

All chemicals and solvents were of reagent grade and used as received. SmCl3·6H2O 

and EuCl3·6H2O were purchased from Merck, India. Benzhydrazide and p-cresol were 

purchased from Fluka, India.   

 

Physical measurements 

Microanalytical data (C, H, and N) were collected on Perkin–Elmer 2400 

CHNS/O elemental analyzer. Spectroscopic data were obtained using the following 

instruments: FTIR spectra (4000–400 cm-1) by Perkin–Elmer FT-IR 

spectrophotometer model RX-1; UV–Vis spectra by Perkin–Elmer UV–Vis 

spectrophotometer model Lambda 25; the 1H NMR spectra by Bruker (AC) 300 MHz 

FTNMR spectrometer. Emission was examined by LS 55 Perkin–Elmer 

spectrofluorimeter at room temperature (298 K) in CH3CN solution under degassed 
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condition. The fluorescence quantum yield of the complexes was determined using 

anthracene as a reference with known ΦR of 0.27 in ethanol.20 The complex and the 

reference dye were excited at same wavelength, maintaining nearly equal absorbance 

(~0.1), and the emission spectra were recorded. The area of the emission spectrum 

was integrated using the software available in the instrument and the quantum yield is 

calculated according to the following equation: 

( )
( ) 
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Here, ΦS and ΦR are the fluorescence quantum yield of the sample and reference, 

respectively. AS and AR are the area under the fluorescence spectra of the sample and 

the reference, respectively, (Abs)S and (Abs)R are the respective optical densities of 

the sample and the reference solution at the wavelength of excitation, and ηS and ηR 

are the values of refractive index for the respective solvent used for the sample and 

reference. Fluorescence lifetimes were measured using a time-resolved 

spectrofluorometer from IBH, UK. The instrument uses a picoseconds diode laser 

(NanoLed-03, 370 nm) as the excitation source and works on the principle of time-

correlated single photon counting. EPR spectra were recorded from 0 to 10000 Gauss 

in the temperature range 77-298 K with an X-band (9.15 GHz) Varian E-9 

spectrometer. The EPR parameters reported in the text were obtained by simulating 

the spectra with the computer program Bruker WinEPR SimFonia.21
 The magnetic 

properties were investigated with a Quantum Design MPMS-XL superconducting 

quantum interference device magnetometer (SQUID) at an applied field 0.5 T in a 

temperature range 5-300 K and at 5 K in a field range -5 - +5 T. Powder samples were 
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measured in a pharmaceutical cellulose capsule. ESI mass spectra were recorded on a 

micro mass Q-TOF mass spectrometer (serial no. YA 263).  

 

Preparation of the complexes 

Synthesis of Sm2[(µµµµ-OC6H2CH3){2,6-(CH=N-N=C(O)(C6H5))(CH=N-NH-

(C=O)(C6H5))}]3 (1). A methanol solution (10 mL) of SmCl3·6H2O (0.730 g; 2 

mmol) was added to the solution of H3L (1.20 g; 3 mmol) in the same solvent (40 mL) 

under stirring condition. The resulting yellow solution was kept undisturbed at room 

temperature for three days. Yellow rectangular-shaped crystals of 1 were obtained. 

Yield: 59% (0.884 g). Anal. Calc. for C69H54N12O9Sm2: C, 53.66; H, 3.53; N, 10.89. 

Found: C, 53.52; H, 3.64; N, 10.74%. FTIR (KBr cm-1): 3450 (br,w) 3270 (s), 1685 

(s), 1611 (s), 1388 (s), 1266 (m), 1070 (s) 956 (m), 598 (w) 442 (w). ESI-MS (m/z): 

1495.0 (10%) [Sm2(HL)3]+. 

 

Synthesis of Eu2[(µµµµ-OC6H2CH3){2,6-(CH=N-N=C(O)(C6H5))(CH=N-NH-

(C=O)(C6H5))}]3 (2). A methanol solution (10 mL) of EuCl3·6H2O (0.732 g; 2 mmol) 

was added to the solution of H3L (1.20 g, 3 mmol) in the same solvent (40 mL) under 

stirring condition. The resulting yellow solution was kept undisturbed at room 

temperature. Yellow rectangular-shaped single crystals of 2 were obtained after a 

week. These were isolated by filtration and air-dried before X-ray diffraction analysis. 

Yield: 62% (0.929 g). Anal. Calc. For C69H54N12O9Eu2·8/3 H2O: C, 53.52; H, 3.84; N, 

10.86. Found: C, 53.64; H, 3.78; N, 10.95%. FTIR (KBr cm-1): 3430 (br,w) 3200 (w), 

2936 (s), 1616 (s), 1565 (s), 1382 (s), 1318 (m), 1082 (m) 706 (m), 598 (w) 468(w). 

ESI-MS (m/z): 1499.4 (100%) [Eu2(HL)3]+. 
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Anti-MRSA activity 

Preparation of samples for stock solution. The samples used in the study were 

weighed to 0.03 g and solubilized within 3 mL DMSO to prepare the main stock 

concentration of 10 mg/mL. The dilutions for sensitivity assays were prepared from 

the main stock.  

 

Preparation of bacterial culture and inocula. Methicillin resistant Staphylococcus 

aureus (ATCC 33592) was used. In vitro antibacterial activity assays were determined 

by using Mueller Hinton Agar and Mueller Hinton Broth. Fresh cultures of bacteria 

(24 hours) on nutrient agar (NA) plates were suspended in sterile saline solution until 

the turbidity was equal to a 0.5 McFarland standard of 108 colony forming units 

(CFU) per mL,22  then diluted at 100 times to reach of 106 CFU/mL. 

 

Antibacterial activity assessment. Mueller Hinton Broth was used for micro-dilution 

assays for bacteria. The first well was filled with 190 µL and the remaining wells 

were filled with 100 µL of Mueller Hinton Broth. Extract (10 µL) was added to the 

first well, after mixing by pipetting several times, 100 µL of broth were transferred to 

the next well. Three-fold dilutions were performed from the first well to the next well 

(100 µL). This procedure was repeated to get serial dilutions until the final extract 

concentrations in the wells remained between 512 µg/mL and 1 µg/mL excluding the 

positive and negative control wells. The inoculum (20 µL) was added to all the wells 

except (-) control wells. The extract was not added to the (+) control wells. All micro-

plates were incubated at 37 °C for 24-48 hours for bacteria. 
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Determination of minimal inhibitory concentrations (MICs). Thiazolyl Blue 

Tetrazolium Bromide (20 µL, Sigma) was added to the bacterial growth control wells 

(without extract) and the microplates were incubated at 37°C for an additional 2-4 

hours. If the dye turned to pink (indicating positive bacterial growth); then Thiazolyl 

Blue Tetrazolium Bromide solution was added to the other wells to determine the 

MIC values. All tests were performed in triplicate. Methods for Determining 

Bactericidal Activity of Antimicrobial Agents were performed according to National 

Committee for Clinical Laboratory Standards for bacteria (NCCLS M26-A).23  

 

Determination of minimal bactericidal activity (MBCs). To determine the 

minimum bactericidal concentrations (MBCs), fresh Mueller Hinton broth culture 

(185 µL) was transferred to each well, then15 µL of a bacterial suspension were added 

to the wells starting from MIC concentration values and proceeding to higher 

concentration wells in order to determine the minimum bactericide concentration 

(MBC).  

 

Anti-mycobacterial activity 

Microorganisms and culture media. Mycobacterium tuberculosis  H37Ra (ATCC  

25177) and  M. tuberculosis  H37Rv (ATCC 27294) were obtained from patient from 

hospital and used for antimycobacterial bioassays. Middlebrook 7H9 Broth and 

Middlebrook 7H10 Agar 24 were used as mycobacterial culture media.  

 

Preparation of mycobacterial inocula. All strains were grown at 37°C in MGIT 

(Mycobacteria Growth Indicator Tubes) containing 4 mL of modified Middlebrook 

7H9 Broth Base. OADC supplement (0.5 mL) (a mixture of oleic acid, albumin, 
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dextrose and catalase) and PANTA (0.1 mL) (an antibiotic mixture of Polymixin, 

Amphotericin B, Naladixic acid, Trimethoprim and Azlocillin) was added to each 

tube. Inoculum was prepared from a positive BACTEC Mycobacteria Growth 

Indicator Tube (MGIT) according to the manufacturer instructions.24 To prepare 

inoculum from a positive BACTEC MGIT tube, the positive tubes were used 

beginning from the day after it first became positive (day 1 positive) up to and 

including the fifth day (day 5 positive). The positive tubes older than five days were 

cultured into fresh growth-medium. The tubes which were day-1 and day-2 positive 

proceeded to the inoculation procedure for the susceptibility test. The tubes between 

day 3 and day 5 positive were diluted using a 1 mL of the positive broth with 4 mL of 

sterile saline, to reach a total volume of 5 mL; this diluted suspension was then used 

for inoculation procedures. Inocula prepared from a Day 1 to Day 5 positive MGIT 7 

mL tube range were between 0.8 × 105 and 3.2 × 105 CFU/mL. Each assay was 

performed according to the MGIT manual Fluorometric susceptibility test procedure 

recommended by manufacturer company. 24-26  

 

Antimycobacterial activity test. The mycobacterial activity of all extracts was tested 

using the Microplate Presto Blue Assay (MPBA). The test was performed in 96-well 

sterile microplates. All wells were filled with 100 µL of modified Middlebrook 7H9 

broth. A 90 µL of modified Middlebrook 7H9 broth and 10 µL of BL were added to 

the first column of each row. Using a multi-channel pipette serial, three-fold dilutions 

were made down to the desired minimum concentration. Then, 20 µL of M. 

tuberculosis inoculum was added to the wells (except to the negative control well). 

Final concentrations in the range of 1-512 µg/mL were obtained. Each microplate was 

incubated for 5 days at 37 °C. After incubation, 20 µL of Presto blue solution 
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(Invitrogen, Life Technologies) was added to one positive control well and the micro-

plates were re-incubated. After that, if the positive well color turned to pink, all the 

other wells were processed in the same way. Blue and pink colors in the wells indicate 

no growth and growth, respectively. The minimal inhibitory concentration (MIC) was 

defined as the lowest concentration of the extracts that gives a negative result (by 

preventing the color change to pink). For determining the minimal bactericidal 

concentration (MBC), wells with no growth (20 µL) were transferred to new plates 

containing 80 µl of fresh modified Middlebrook 7H9 broth and processed MPBA.  

 

Cell viability / Cytotoxicity assay 

Cell culture. A549 (non-small cell lung cancer); MCF-7 (breast cancer); Caco-2 

(colon cancer cell line) and healthy cell lines 3T3 (Mouse embryo fibroblast), which 

were used in the study, were provided from the ATCC cell bank. The cells were 

grown in a RPMI 1640 medium supplemented with 2 mM L-glutamine, 10% fetal-

bovine serum and 1% penicillin-streptomycin at a temperature of 37oC in a 

humidified incubator with a 5% CO2 atmosphere. Cytotoxicity was studied following 

the WST-1 procedure.  

 

WST-1 assay. The ligand H3L, complexes 1 and 2 of concentrations 500, 250, 125, 

62.5, 31.25, 15.625, 7.8125, 3.9, 1.95, 0.97 µg/mL were seeded in 5 × 103 cells which 

were cultivated in each well of a 96-well plate. After 24 hours of incubation, 0.1 mL 

of WST-1 working solution was added to each well and they were incubated at 37 °C 

in a 5 % CO2 incubator for 3-4 hours. The absorbance intensity of the living cell in the 

plate was read in a ELISA device (Cytation3, Biotek, USA) at 450 nm. The acquired 

absorbance values corresponded to the metabolic activities of the cells in the culture. 
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Because this value was correlated to the number of living cells, the results were 

expressed in liveliness percent and calculated using the formula below.  

 

Docking studies 

Molecular docking is used to envisage the interaction of small molecules with 

proteins. The crystal structure of the protein of interest may be collected from PDB 

(Protein Data Bank) and the target molecule can be placed into the protein structure; 

the best doc pose is then calculated following docking score, LogP, number of 

hydrogen bond donors and acceptors etc. as per Lipniski’s rule of five.27,28 In this 

work, the crystal structure of the enoyl acyl carrier protein reductase of M. 

tuberculosis H37Rv was downloaded from the RCSB protein data bank 

(http://www.pdb.org) and used for docking. The protein (PDB id: 4U0K) was co-

crystallized with (3S)-N-(5-chloro-2-methylphenyl)-1-cyclohexyl-5-oxopyrrolidine-3-

carboxamide and nicotinamide-adenine-dinucleotide. In silico docking studies were 

performed using the CDOCKER module of the Receptor-Ligand interactions protocol 

section of Discovery Studio client 3.5.29 Initially a pretreatment process for both the 

protein and the ligand was carried out. The crystal structure of H3L was directly used 

for docking but for isoniazide the structure was drawn in Chemdraw 5.0, saved in 

.mol file and imported to the Discovery studio 4.0 platform. The Ligand and Protein 

preparation were carried out separately using the Prepare Ligand module and Prepare 

Protein module tool of Discovery studio 4.0. The existing ligand was removed from 

the PDB structure and substituted with the prepared ligand. The most favorable 
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docked pose was selected according to the minimum free energy of the protein-ligand 

complex and was subsequently analyzed to investigate the interactions involved. 

 

ADMET prediction 

Absorption, distribution, metabolism, excretion and toxicity (ADMET) 

predictions were done in the ADMET descriptor module of the Small molecules 

protocol of Discovery studio client 4.0. The druglikeness of the compounds were 

checked too following Lipniski’s rule of five.27,28  

 

X-ray crystallography 

The crystals of [Sm2(HL)3] (1) and [Eu2(HL)3] (2) were grown by slow 

evaporation of the synthetic reaction mixture. However, crystals of 1 underwent rapid 

degradation and X-ray diffraction data could not be collected even in sealed tube. 

Crystal data and experimental details for data collection and structure refinement for 2 

are reported in Table 1. Intensity data and cell parameters were recorded at 298(2) K 

on a Bruker APEX II (MoKα radiation λ = 0.71073 Å) equipped with a CCD area 

detector and a graphite monochromator. The raw frame data were processed using 

SAINT and SADABS to yield the reflection data file.30 The structure was solved by 

Direct Methods using the SIR97 program31 and refined on Fo
2 by full-matrix least-

squares procedures, using the SHELXL-97 program32 in the WinGX suite v.1.80.05.33 

All non-hydrogen atoms were refined with anisotropic atomic displacements. The 

hydrogen atoms were included in the refinement at idealized geometry (C-H 0.95 Å) 

and refined “riding” on the corresponding parent atoms. The weighting scheme used 
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in the last cycle of refinement was w = 1/ [σ2
Fo

2
 + (0.0947P)2 + 7.3450P], where P = 

(Fo
2
 + 2Fc

2)/3.  

 

Table 1. Crystal data and structure refinement information for 2. 

Compound 2 

Formula C69H54N12O9Eu2·8/3 H2O 

FW 1547.20 

Crystal system Monoclinic 

Space group C2/c 

a (Å) 46.333(3) 

b (Å) 17.2990(10) 

c (Å) 32.343(2) 

β (º) 132.486(7) 

V (Å3) 21606(2) 

Z 12 

T (K) 298(2) 

ρ (g cm–3) 1.427 

µ (mm–1) 1.791 

F(000) 9320 

Total reflections 129889 

Unique reflections (Rint) 22113 (0.0949) 

Observed reflections 
[Fo>4σ(Fo)] 

13946 

GOF on F2a 1.031 

R indices [Fo>4σ(Fo)]b 
R1, wR2 

0.0534, 0.1452 

Largest diff. peak and 
hole (eÅ–3) 

1.302, -0.918 
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aGoodness-of-fit S = [Σw(Fo
2-Fc

2)2/ (n-p)]1/2, where n is the number of reflections 

and p the number of parameters. bR1 = Σ║Fo│-│Fc║/Σ│Fo│, wR2 = [Σ[w(Fo
2-

Fc
2)2]/Σ[w(Fo

2)2]]1/2.  

 

Results and discussion  

Synthesis and formulation 

2,6-Diformyl-4-methylphenol-di(benzoylhydrazone), H3L, was obtained by 

reacting 4-methyl phenol with para-formaldehyde and hexamethylene tetraamine in 

strongly acidic medium followed by the condensation with benzhydrazide.19  

SmCl3·6H2O / EuCl3·6H2O were then reacted with H3L (2:3 molar ratio) under 

refluxing condition in methanol and the products were isolated on cooling the reaction 

mixture. The complexes were re-crystallized from methanol; their composition, 

[M2(HL)3] (M = Sm (1), Eu (2)) is supported by elemental analyses. The complexes 

are nonconducting. The structural confirmation has been achieved by single crystal X-

ray diffraction of [Eu2(HL)3]. The crystals of 1 show rapid decomposition and the X-

ray crystal structure could not be determined. Therefore, the structure is confirmed by 

mass spectral analysis which shows a peak at m/z, 1495.06 suggesting the presence of 

the dimeric ionic species [Sm2(HL)3]+ (m/z, 1495)  for complex 1 (Figure S1). For 

complex 2, the corresponding peak is observed at 1499.39 which confirms the 

existence of [Eu2(HL)3]+ (m/z, 1499.2) (Figure S2). 

The IR spectrum of H3L shows ν(C=O) and ν(C=N) bands at 1649 and 

1547cm-1. The ν(C=O)  bands shift  to ca. 1685 cm-1 for  1 and 1616  cm-1 for 2 due to 

coordination with metal centre. Similarly, the ν(C=N) bands shift to ca. 1611 and 

1565 cm-1 in the complexes 1 and 2, respectively.34 In the complex the ligand is 
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bideprotonated and most likely present in the tautomeric form -C=N-NH-(C=O)-Ph 

(see the details in the crystal structure discussion); indeed, the -NH vibration 

frequency of free ligand appears at 3237 cm-1 while it is observed at 3270 and 3200 

cm-1 for 1 and 2, respectively. This tautomeric form is also supported by the absence 

of the sharp ν(OH) band typical of phenol groups at 3400 cm-1.   

 

Crystal structure of 2   

 Compound 2 is the dinuclear complex [Eu2(HL)3]·8/3H2O, as elucidated by 

the crystal structure in Figure 1. Selected bond lengths and angles are listed in Table 

2. The asymmetric unit consists of one whole complex, one half complex and four 

H2O of crystallization. In each of the two independent complexes, the three V-shaped 

ligands are doubly deprotonated, with the single remaining hydrogen most likely 

located on the nitrogen atoms N2 or N4. This hydrogen could not be found in the 

difference Fourier map, but its presence is supported by the NH stretching IR data and 

by the existance in the ligand of C=O groups, (the bond distances C9-O2 and C17-O3 

span from 1.236(9) to 1.279(7), and from 1.225(7) to 1.276(7), respectively. See also 

IR data). The ligands are pentadentate through three oxygen and two nitrogen atoms; 

more precisely, every “arm” of the V-shaped ligand comprises a NO chelating unit 

which forms a five-membered ring with one of the two metal centers, which are in 

turn bridged by the oxygen atoms O1 (Figure 1a). Each of the two Eu centers 

interacts with three distinct ligands (shown in blue, green and yellow in Figure 1a) 

through the µ2-phenolate oxygen atoms O1 of the p-cresol ring, the deprotonated –OH 

groups of the benzhydrazide moiety and the imine-N atoms. The net result is a triple 

helical architecture in which the ligands coil around a pseudo-three fold axis passing 
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through the two europium atoms. Due to this spatial arrangement, the configuration of 

[Eu2(HL)3] could be described either as ∆ or Λ; however, since the complex 

crystallizes in a centro symmetric space group, both the entantiomers are present in 

the crystal structure. A N3O6 coordination environment about Eu(III) with a tricapped 

trigonal prismatic geometry leads to the formation of five membered (EuOCNN) and 

six membered (EuNCCCO) chelate rings. All the Eu–O and Eu–N bond lengths show 

normal values for such systems, in the range 2.342(5) - 2.477(6) and 2.593(6) - 

2.693(5) Å, respectively. The angles of the phenoxido bridged metal atoms, namely 

Eu1–O1a–Eu2, Eu1–O1b–Eu2 and Eu1–O1c–Eu2 do not differ notably (Table 2). 

The Eu----Eu separation in the two independent units are 3.5973(7) and 3.5685(7) Å, 

respectively. In the lattice, the complexes interact one with the other through weak 

π···π stacking interactions involving the benzhydrazide phenyl rings of the ligands 

(Figure 1b). The centroid···centroid distance of 4.041(5) Å is slightly longer 

compared to the average value of 3.8 Å found for similar compounds.35 The planes 

passing through the aromatic moieties involved in the stacking are tilted of 7.07(9)° 

one with respect to the other. 

 

 

 

 

 

 

 

 

Page 17 of 46 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



18 

 

 

 

 

 

 

 

 

 

 

 

      (a) 

Figure 1. (a) Left: One of the two independent complexes [Eu2(HL)3] (2) with the 

corresponding labeling scheme. The three ligands are labeled with A, B and C, 

respectively. Lattice water molecules and hydrogen atoms have been omitted for 

clarity. Right: View along the pseudo-threefold axis of the complex; the ligands are 

shown in blue, yellow and green and the europium ion is represented as light blue 

sphere.  
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Figure 1. (b) Crystal packing along the c* axis of the unit cell. The two independent 

Eu complexes are in red and blue, respectively. The centroids of the aromatic rings 

involved in the weak π···π interactions are represented as green spheres.   

 

Table 2. Selected bond lengths [Å] and angles [o] for 2. 

Eu1-Eu2 3.5973(7) Eu2-N3A 2.675(5) Eu3-O2D 2.3659(6) 

Eu3-Eu3b 3.5685(7) Eu2-O1A 2.387(6) Eu3-N1E 2.5934(6) 

Eu1-N1A 2.693( 5) Eu2-O3A 2.477(6) Eu3-O1E 2.3564(4) 

Eu1-O1A 2.424(6) Eu2-N1B 2.629(5) Eu3-O2E 2.3567(7) 

Eu1-O2A 2.452(5) Eu2-O1B 2.424(5) Eu1-O1A-Eu2 96.8(2) 

Eu1-N3B 2.614(5) Eu2-O2B 2.342(5) Eu1-O1B-Eu2 97.3(2) 

Eu1-O1B 2.369(5) Eu2-N1C 2.685(5) Eu1-O1C-Eu2 100.3(2) 

Eu1-O3B 2.441(6) Eu2-O1C 2.344(5) Eu3-O1D-Eu3b 97.7(2) 

Eu1-N3C 2.615( 5) Eu2-O2C 2.396(5) Eu3-O1E-Eu3b 98.5(2) 

Eu1-O1C 2.342(5) Eu3-N1D 2.682(6)   

Eu1-O3C 2.353(5) Eu3-O1D 2.386(7)   

b:-x,+y,-z+1/2+1 

 

Absorption and emission spectra 

The absorption spectrum of H3L shows intense ligand-centered (LC) bands at 

302, 363 and 443 nm in dimethyl formamide. These bands are assigned to π→π* and 

n→π* transitions.36 The LC band at 363 nm shifts to longer wavelengths in the 

complexes, namely to ca. 404 nm for [Sm2(HL)3] (1), and to 400 nm for [Eu2(HL)3] 

(2) (Table 3). On the other hand, the π→π* band at 303 nm remains almost 
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unchanged in the complexes. The molar extinction coefficients of the complexes 

(ε(dm3 mol-1cm-1): 1111,  37356; 2, 71,313) are much higher than those of H3L (ε (dm3 

mol-1cm-1): 6051) at 300 nm. Lanthanide ions containing 4f valence electrons show 

only minimal changes in electronic absorption spectra, such as small displacements in 

the peak positions usually towards longer wavelengths. Therefore no absorption bands 

are observed beyond 400 nm. 

Photoluminescence studies of H3L in DMF and of the complexes 1 and 2 in 

methanol were carried out at room temperature (Figures 2a, 2b, 2c). H3L fluoresces 

upon excitation at 302 and 363 nm (Table 3) and the emission bands appear at 424 

and 546 nm. No emission was found for H3L on excitation at n→π* absorption band 

(443 nm). Both the complexes, 1 and 2, show a significantly different emission when 

they are excited at the MLCT band maxima (>400 nm). Usually lanthanide salts are 

well known for emission in visible region. The excitation in the UV region shows 

very weak peaks with respect to the visible region. The Eu(III) complex shows 

emission at ~500 nm on excitation at 400 nm whereas the Sm(III) complex shows it at 

~ 470 nm. 

 

Table  3. UV-Vis, Fluorescence and Lifetime data of H3L, [Sm2(HL)3] (1) and 

[Eu2(HL)3]  (2). 

Compd UV-Vis spectral 
data λmax(nm) 10-2 
∈ (dm3 mol-1cm-1)  

Fluorescence Data Fluorescence Decay Data 

λex 
(nm) 

λem 
(nm) 

Φ  χ2
 τ 

(ns)  
kr×10-7

 knr×10-9 
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H3L 301 (60.7) 

363 (23.5) 

443 (1.6) 

301 

363 

410, 
522 

424, 
546 

 

0.04 

1.112 

 

0.1 0.149 

 

7.32 

 

[Sm2(HL)3] (1) 300 (374) 

404 (149) 

300 

404 

468 

467 

 

0.002 

1.1286  0.07 8.2 13.6 

[Eu2(HL)3] (2) 300 (713) 

400 (226) 

300 

400 

497 

497 

 

0.01 

1.1076 2 2.18 0.52 

 

The emission studies of ligand and complexes were also carried out in the 

solid state (Figures 2d, 2e, 2f). The emission bands at solid phase appear at longer 

wavelength than that of solution phase. H3L shows the strong emission band at 589 

nm and a very weak band at 489 nm on excitation at 363 nm. The most common 

emission bands of europium(III) observed at 580 to 705 nm corresponding to 

deactivation of singlet excited state 5D0 to ground state 7FJ (J = 0-4) whereas the Sm 

(III) shows four emission peaks ranging from 560 to 721 nm, attributed to be the 

characteristic emission for the 4G5/2→6HJ (J = 5/2, 7/2, 9/2, 11/2).37  In the present 

work, five luminescence peaks for [Sm2(HL)3] are observed at 425, 489, 532, 602, 

644 and 707 nm among which the strongest peak (i.e. 489 nm) may be generated due 

to ligand centered emission and the peak at 602, 644,707 nm are due to 4G5/2→6HJ  
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 (a)               (b)                                  (c)         

       

        

   (d)                      (e)                        (f) 

Figure 2. Emission spectra of (a) H3L (in DMF), (b) Sm(III) complex (1) in MeOH,, 

(c) Eu(III) complex (2) in MeOH, and (d) H3L, (e) Sm(III) complex (1), (f) Eu(III) 

complex (2) in the solid state. 
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(J=7/2, 9/2, 11/2). Similarly, in [Eu2(HL)3] the corresponding strongest peak is 

observed at 589 nm along with rest three emission bands at 425, 491 and 537 nm. 

Additionally, few emission peaks are found for 2 at 623, 649 and 700 nm with very 

weak intensity which may be due to 5D0→7FJ (J=2-4). Emission peaks reveals that 

contribution of metal ion is very negligible and that is why ligand centered bands are 

dominated in the present case. Basically photoluminescence of Ln3+ complexes upon 

excitation at ligand absorption bands arises from the metal dominated f-level. 

Consequently, the excited f-levels are populated as a result of energy transfer from the 

triplet state of ligand (LT
*), which is generated by rapid intersystem crossing by the 

following way, LS
*→ LT

*→(Ln3+)S
*. For fluorescence, the energy of (Ln3+)S

* must be 

lower than L(LT
*). If the reverse happens or the energy gap between the two is very 

low, then energy transfer from Ln3+ to ligand is possible. It reduces the efficiency of 

fluorescence sensitivity. Besides, the energy transfer between the lanthanide ions is a 

non-radiative process, which may partially contributes to the quenching of the Ln3+ 

ions.37 The fluorescence quantum yields were measured for all the compounds in 

solution state. In the case of H3L the value is higher (φ = 0.04) than both the 

complexes 1 (φ = 0.002) and 2 (φ = 0.01) which is comparable with literature 

value.37(c) Emission from Ln(III) ions can often be quenched by high frequency 

vibrations of OH, CH, C=O or NH bonds in solvents (e.g. methanol, water, ethanol) 

or ligand framework.38  The latter effect could actually be the reason for low quantum 

yields in this case.   

The decay profile of H3L and of its corresponding metal complexes (1 and 2) 

is shown in Figure 3. Lifetime data were taken on excitation at 370 nm. The 

fluorescence decay fits bi-exponential nature. Here we use mean fluorescence lifetime 
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(τf=a1τ1+a2τ2 where a1 and a2 are relative amplitudes of the decay process) to compare 

the excited state stability of the complexes. The radioactive and non-radioactive rate 

constants (kr and knr) were calculated and the data show knr values, which are 

unusually higher with respect to the kr ones (Table 3). [Eu2(HL)3] (2) shows higher 

lifetime (τ :~2 ns) than the free ligand (τ : 0.1 ns) whereas the lifetime of [Sm2(HL)3] 

(1) (τ :~0.07 ns) is quite lower. Though the literature value shows lanthanide 

complexes with high life time values in microsecond or millisecond range,37 in 

present work, the lifetime of both the complexes belongs in nanosecond range. This is 

probably due to two main factor: (1) low energy difference between triplet state of 

ligand and emissive excited state of lanthanide ion which results back energy transfer 

to ligand triplet state and fluorescence efficiency as well as life time decreases 

drastically (2) excited state energy of the lanthanides is transferred as nonradiatively 

to lower energy lying O-H and N-H oscillators, leading to the substantial decrease of 

the lifetime.38,39  Sm(III) complex shows extremely low value of life time may be due 

to the fact that the energy difference between excited state and ground state of Sm(III) 

complex is very less.  
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Figure 3. Exponential decay profile (•) and fitting curve () of H3L(a), Sm(III) 

complex (1) (b) and  Eu(III) complex (2) (c). Excitation is carried out at 370 nm.   

 

EPR spectra 

           EPR spectra, recorded at room (298 K) or liquid nitrogen (77 K) temperature 

on the polycrystalline powder of 1 and 2, are characterized by the absence of spectral 

signals in the range 0-8000 Gauss, indicating  a diamagnetic behavior of Sm(III) or 

Eu(III) complexes (Figures 4 and 5). Such a behavior is consistent with the 

antiferromagnetic nature of 1 and 2 determined by VTM measurements. Only weak 

resonances centred around g ~ 2 (more evident for 1) are detected. As observed for 

other metal complexes, for example Cu(II) compounds, in µ-phenoxo bridged species 

the angle M−O−M (M = metal ion) is critical: when this angle overcomes a threshold 

value,  peculiar of each metal ion (it is ~77° for copper(II)40), the magnetic coupling 

changes from ferromagnetic to antiferromagnetic.40,41 Even if, to the best of our 

knowledge, for Sm(III) and Eu(III) compounds no threshold angle for the transition 

from ferro- to antiferromagnetic coupling has been determined until now, the 

experimental Sm−O−Sm and Eu−O−Eu angles in 1 and 2 (in the range 96-101°) 

appear large enough to cause an antiferromagnetic interaction between the two metal 

ions. The diamagnetism of 1 and 2, revealed by EPR spectroscopy, confirms these 

observations.   
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Figure 4. X-band EPR spectra of the polycrystalline complex 1: RT (blue) and 77 K 

(red). The asterisk denotes the weak signal at g ~ 2.  

 

 

Figure 5. X-band EPR spectra of the polycrystalline complex 2: RT (blue) and 77 K 

(red). The asterisk denotes the weak signal at g ~ 2. 
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In DMF, where they are fairly soluble, 1 and 2 show the same behaviour as in the 

solid state (Figure 6). The intensity of the EPR spectra is very weak, suggesting that 

the dinuclear arrangement is retained in this solvent. This appears to be in contrast 

with what observed for other polynuclear metal complexes, for example formed by 

Cu(II), which in a coordinating solvent dissociate to give the mononuclear form.42  

 

 

Figure 6. X-band EPR spectra of the polycrystalline complexes recorded at 77 K in 

DMF: 1 (red) and 2 (blue). 

 

Magnetic property  

 Lanthanide ions in a dinuclear complex can show anti- or ferromagnetic 

behavior depending on the structural features of the species.43 To evaluate the nature 

of the magnetic coupling between the two Sm(III) and Eu(III) ions, magnetic 

susceptibility measurements as a function of the temperature were carried out on the 

compound 2. The χMT vs T plot and the M vs H plot for 2  are shown in Figures 7 
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and 8 respectively. At room temperature the χMT of complex 2 reaches the value of 

1.15 emu K mol−1. With a decrease of the temperature, the product χMT continuously 

decreases and, at low temperature, it tends to 0; these experimental evidences indicate 

that the ground state of 2 is diamagnetic and that an antiferromagnetic coupling 

between the two Eu(III) ions exists. The  lack of hysteresis width in the M vs H plot 

and, of a sharp increasing of susceptibility in the low temperature region, suggests 

that complex 2 exhibits weak magnetic interactions between spins. These data 

confirm the diamagnetic behavior of 1 and 2 revealed by EPR spectroscopy. The 

susceptibility and the resulting effective magnetic moment (0.48 B.M. at 5 K to 3.03 

B.M. at 300 K, which cannot be explained by spin crossover between S = 0 and 1) 

indicate monotonic increasing as the temperature increases, and may be ascribed to 

the deviation from ideally magnetic behavior of pure and single component such as 

magnetic impurity. Interestingly, it has been found that several symmetrically bridged 

lanthanide complexes, for example those formed by Gd(III) and Dy(III), are 

antiferromagnetically coupled.44 

 

Figure 7. The χMT vs T plot under 0.5 T for 2.  
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Figure 8. The M vs H plot for the complex at 5 K for 2. 

 

Biological study 

 The anti-MRSA activity of the samples by micro-dilution plate methods 

were examined. In the micro-dilution tests, concentrations of the samples were in the 

range of 1-512 µg/mL. The MIC (32-128 µg/mL) and MBC (32-128 µg/mL) values 

against MRSA are given in the Table 4. In the anti-mycobacterial sensitivity assay, 

all compounds were tested against the M. tuberculosis H37Rv (ATCC 27294) and the 

M. tuberculosis H37Ra (ATCC 25177) strains, as well as against two clinical strains, 

strain 1 and strain 2). The results are given in Table 5. M. tuberculosis H37Rv and M. 

tuberculosis H37Ra are the most commonly used controls for M. tuberculosis 

identification in the drug sensitivity tests.25 The results showed that all the compounds 

exhibited anti-mycobacterial activity against all the tested M. tuberculosis strains, 

with MIC and MBC values in the range 2-64 µg/ml and 8-128 µg/ml, respectively. 

All compounds showed anti bactericidal activity, showing showing a considerable 

efficacy against the Mycobacteria strains. The mycobacteria cell wall includes a large 
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amount of complex lipids, lipopolysaccharides and mycolic acids. This constitution 

makes the cell wall a strong, hydrophobic barrier against antimicrobial agents.45,46 

According to the IC50 values reported in Table 6, the ligand H3L was the most 

effective compound against the three cancer lines (A549, MCF-7 and Caco-2). On the 

contrary, 2 showed a desirable effect only against the A549 cell line. The IC50 value 

of 1 showed its lack of activity against MCF-7 cells but strong effectiveness on the 

A549 and Caco-2 cell lines. Among these three compounds, 1 was the least effective 

considering the IC50 value. It was observed that H3L, 1 and 2 had caused a decrease in 

the mitochondrial activity by means of the WST-1 assay applied to 3T3, A549, MCF-

7 and Caco-2 in the IC50 (µg/mL). In particular, complex 1 was very effective against 

the A549 and Caco-2 cell lines but showed no or little effect against MCF-7 and 3T3.  

 

Table 4. Anti-MRSA activity 

 

 

 

 

 

 

 

 

 

 

 

 

 MIC(µg/mL) MBC(µg/mL) 

H3L 128 128 

1 32 32 

2 128 128 
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Table 5.  

Anti-mycobacterial activity of samples as MIC and MBC (µg/mL). 

 

 

 

 

 

 

 

Antimycobacterial activity  

 H37Rv H37Ra Strain 1 Strain 2 

 MIC MBC MIC MBC MIC MBC MIC MBC 

H3L 32 32 32 32 8 32 16 32 

 1 16 16 8 16 2 8 8 16 

2 64 128 64 128 4 16 32 64 

Streptomisin  0.65 0.65 0.65 1.29 2.59 5.18 0.65 - 

Đsoniazid 0.13 1.03 0.51 1.03 0.51 1.03 0.51 0.51 

Rifampin 0.65 5.18 0.32 2.59 0.65 0.65 0.65 5.18 

Ethambutol 3.74 7.48 1.87 1.87 3.74 3.74 1.87 - 
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Table 6. IC50 values of H3L, complexes 1 and 2 on A549, MCF-7 and Caco-2 cell 

lines calculated by WST-1 method. 

 

 

 

 

 

 

 

 

Docking study with enoyl acyl carrier protein reductase of M.Tuberculosis 

H37Rv 

 In view of the world wide spread of multidrug-resistant M. Tuberculosis 

(MDR-TB) and  extensively drug-resistant TB (XDR-TB), there is an urgent need to 

discover antituberculosis medicine of sustainable activity.47 InhA, the enoyl acyl 

carrier protein reductase (ENR) from M. tuberculosis, is one of the key enzymes 

involved in the mycobacterial fatty acid elongation cycle and has been validated as an 

effective antimicrobial target. Isoinazide is a well known tuberculosis drug that binds 

in the pocket of the enoyl acyl carrier protein reductase and inhibits the action of the 

fatty acid synthase. In the present study we have docked H3L and have compared our 

results with the docking results of the known drug isoniazide with the enoyl acyl 

carrier protein reductase of mycobacterium tuberculosis. The crystallographic 

structure of the enoyl acyl carrier protein reductase of M.Tuberculosis H37Rv which 

was downloaded from RCSB protein data bank (PDB ID: 4U0K) was resolved at 1.90 

  IC 50 (µg/ml) 

Cell line H3L 1 2 

3T3  402.41 471.37 >500 

A549  15.69 34.6 427.17 

MCF-7  119.1 >500 >500 

Caco-2  118.87 61.08 >500 
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Å. The energy minimized structures of the ligand (H3L) and isoniazide were used for 

in silico proetin ligand docking studies in the cavity of the protein. A total of 19 

amino acids (Ile16, Gly96, Phe97, Met99, Pro99, Gln100, Met103, Tyr158, Met161, 

Thr196, Lue197, Ala198, Met199, Ser200, Ala201, Ala206, Leu207, Ile210, Ile215) 

were present in the cavity sites and involved in the binding process. The most favored 

binding mode of the ligand (Figures 9, 11) and isoniazide (Figures 10, 12) were 

selected and explained in Table 7. In the best docked pose of H3L, one hydrogen 

bond is formed with Thr196 (2.03 Å) of the protein while isoniazide formes two H-

bonds, one with Thr196 (2.04 Å) and one with Tyr158 (2.03 Å) (Table 8). The 

complex formed between the protein and the small molecule is slightly more stable in 

the case of isoniazide with respect to H3L (Table 7). 

 

Figure 9. Best docked pose (close view) of H3L with the enoyl acyl carrier protein  

reductase (PDB id 4U0K)  of M. tuberculosis H37Rv. 
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Figure 10. Best docked pose of isoniazide (close view)  in the cavity of the enoyl acyl 

carrier protein reductase (PDB id 4U0K)  of mycobacterium tuberculosis H37Rv 
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Figure 11. Best docked pose (full view) of H3L in the cavity of the enoyl acyl carrier 

protein reductase (PDB id 4U0K)  of mycobacterium tuberculosis H37Rv  

 

Figure 12. Best docked pose (full view) of isoniazide in the cavity of the enoyl acyl 

carrier protein reductase (PDB id 4U0K)  of mycobacterium tuberculosis H37Rv  

Table 7. Details of docking studies of H3L and isoniazide with enoyl acyl carrier 

protein reductase of M. Tuberculosis H37Rv   (PDB ID: 4U0K) 

Compounds CDOCKER 
interaction 

energy 

Binding 
energy 

(Kcal/mol) 

Ligand 
energy 

(Kcal/mol) 

Protein 
energy 

(Kcal/mol) 

Energy of 
protein ligand 

complex 
(Kcal/mol) 

4U0K@isoniazide -16.73 -81.46 3.69 -10272.18 -10349.39 

 

4U0K@ H3L -34.48 

 

-84.16 14.89 -10272.18 -10341.45 
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Energy Binding = Energy Complex - Energy Ligand  -  Energy Receptor 

 

Table 8. Details of the interactions taking place in the most stable protein-ligand 

complex for H3L and isoniazide. 

 

 

Druglikeness and ADMET prediction 

The druglikeness of H3L was checked following Lipniski's rule of five. The 

ADMET modules of Discovery Studio were used to check the ADMET (absorption, 

distribution, metabolism, excretion and toxicity) property of the compounds. Toxicity 

prediction, aqueous solubility, Blood Brain barrier penetration, Human Intestinal 

Absorption, and Ames Mutagenicity were predicted under the Calculate Molecular 

Property module of the Small molecule tool of Discovery Studio client 4.0. The 

predicted data are summarized in Table 9. According to these predictions, compound 

H3L is well absorbed and non mutagenic, as opposed to the mutagenic isoniazide.  

Compounds Hydrogen bonds 

No. of hydrogen 
bonds 

End 1 End 2 Bond Distances, Å 

isoniazide 2 Tyr158 O-atom of 
isoniazide 

2.04 

Thr196 N-atom of 
pyridine moeity 

of isoniazide 

2.61 

H3L 1 Thr196 O-atom of one 
of the O=C-NH 
group of H3L 

2.03 
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Table 9. ADMET prediction of H3L and isoniazide. 

Compounds Molecu
lar 
Weight 

ADMET 
Solubility 
(aqueous) 

ADMET 
solubility 
level 

ADMET 
absorption 
level≠ 

ADMET_
A logP98 

No of 
H-bond 
acceptor 

No. of 
H- bond 
donor 

Lipniski's 
filter 

Drug likeness 

inference 

Ames 
Prediction 

Isoniazide 137 -0.033 4 0 (good) -0.811 2 3 yes yes, optimal mutagen 

H3L 400 -4.33 2 0 (good) 3.781 3 5 yes yes, low non-mutagen 
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Conclusions  

A binucleating ligand consisting of multidentate sites has been synthesized 

and its corresponding lanthanide complexes, [Sm2(HL)3] (1) and [Eu2(HL)3] (2) (H3L, 

2,6-diformyl-4-methylphenol-di(benzoylhydrazone)) were afforded. Both the 

complexes were well characterized by different spectral analyses. Additionally, 

complex 2, [Eu2(HL)3 is confirmed by single crystal diffraction technique. In 

particular, the VTM study confirms the existence of Eu(III)-O-Eu(III) 

antiferromagnetic coupling. Both the compounds show moderate anti-mycobacterial 

activity on H37Rv (ATCC 27294) and H37Ra (ATCC 25177) strains. On cytotoxicity 

study, the ligand and complexes respond well on cancel cell lines (A549, MCF-7 and 

Caco-2), however; complex 1 is little toxic on healthy cell line like 3T3. In summary, 

the studies here reported have evidenced the presence of a new class of lanthanide 

complexes with potential use in the biomedical field, and further investigations in this 

area are currently being carried out in our laboratories. 
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Supplementary materials 

Crystallographic data (excluding structure factors) for the structure reported 

have been deposited with the Cambridge Crystallographic Data Centre as 

supplementary publication no. CCDC-874020 for 2 and can be obtained free of 

charge on application to the CCDC, 12 Union Road, Cambridge, CB2 IEZ, UK (fax: 

+44-1223-336-033; e-mail deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).  
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