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ABSTRACT
Antimicrobial and anticancer activities against prostate (PC-3) and breast (MCF-7) cancer cells by
Schiff base derived from novel 4-Nitrobenzohydrazone ligand and its Cu(II), Ni(II), Co(II), and Mn(II)
complexes are reported in this study. Characterizations by conventional spectroscopic techniques
and elemental analyses suggest successful syntheses. The cobalt complex, Co(HL)2 was found to
be moderately effective on both Pseudomonas aeruginosa ATCC 35032 and Candida albicans
ATCC 10231, other compounds did not affect the test microorganisms. Results indicated that the
compounds are effective on both prostate and breast cell lines at concentrations between 5 and
40lM, and exhibit their effects by apoptotic mechanisms. The complex Mn(HL)2 could be a poten-
tial candidate against prostate cancer cells (PC-3). The interactions of ligand and complexes with
biological targets were predicted by molecular docking which indicated high binding affinities,
and artificial neural network explained their anticancer activities. Density functional theoretical cal-
culations corroborated experimental findings.
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1. Introduction

Hydrazones and their metal complexes have been molecules
of research interest toward the discovery of biological
friendly anti-pathogenic agents. Reportedly, they exhibit bio-
logical activities viz. antiviral, antibacterial, anticonvulsant,
anti-inflammatory, antimalarial, analgesic, and antipyretic
properties.[1–5] These activities have been mainly attributed
to the biological adaptability or reactivity of the azomethine
moiety (�NHN¼CH�) in hydrazones.[6] Apart from their
rich biological activities, their facile synthetic routes through
a condensation reaction of ketones or aldehydes with hydra-
zides, make them easily accessible. An advantage that helps
in fine-tuning the molecular properties for targeted applica-
tion. Hydrazones of dehydroacetic acid and the metal com-
plexes show good biological activities against pathogens.[7]

Reportedly, hydrazones are known to have good ligating
abilities toward transition metal ions resulting in the forma-
tion of complexes with interesting structures.[8–12]

Hydrazones and their metal complexes have also been found
to interact/bind with DNA either causing its damage or

inhibiting its replication.[13] Their cytotoxicity assays on
cancer cells have had physiological effects on rapidly divid-
ing cancer cell lines. This potential makes them invaluable
agents in the chemotherapeutic treatment of cancer. They
can bind with the DNA in quite many modes. The most
important binding mode is intercalation because it leads to
cell destruction.[14] This is a non–covalent binding mode
that involves the fitting-in of these compounds between the
genomic structures.[15,16] Since the DNA binding activity of
a drug helps in determining its efficacy, intercalation as a
binding mode has been quite helpful in probing the bio-
logical actions of drugs.[17,18]

Despite the availability of a large number of antiprolifera-
tive and antimicrobial agents, there has been a search for
novel and more efficient antiproliferative and antimicrobial
agents with less bio-toxicity. The more challenging aspect of
microbial evolution is the emergence of multidrug-resistant
strains which pose a serious threat to human life and health
management systems globally. These strains mutate and
thus, resist conventional drugs.[19] To date, drug design
stands as the only headway toward solving these global
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health issues. The design could involve changing the organic
scaffold and/or the metal ion to obtain novel molecules with
a novel mechanism of action.

The uv-vis absorption properties of aromatic compounds
containing hetro atoms and p-electron conjugation affect
their electron donating and withdrawing strengths. This is
also influenced by solvent(s) and this agrees with earlier lit-
erature report.[20] Time-dependent density functional theory
(TD-DFT) is effective for prediction/estimation of uv-vis
absorption of compounds.[20] The effectiveness of TD-DFT
in describing uv-vis spectra of compounds necessitated its
use to enhance understanding of the absorption spectra of
Schiff bases, anthraquinones, neoflavonoids and flavo-
noids.[20,21] Herein, we report the studies of uv–vis spectra
of the Schiff base in different solvents.[20–24]

The application of computer-aided techniques in discov-
ery of antibiotics is vital because they are faster and com-
paratively cheaper than the more expensive and labor
intensive traditional high-throughput screens and lead-opti-
mization efforts.[22] Herein therefore, this work applied the
principal component analysis and density functional techni-
ques to validate the antibiotic and anticancer properties of
the compounds.

To the best of our knowledge there is no report of the anti-
microbial activity and anti-cancer investigations against pros-
tate and breast cancer cells of the new compounds in
literature. To add to the bank of other available knowledge in
literature, we report in the present contribution the synthesis
and spectroscopic characterization of a novel hydrazide
hydrazone ligand 2-hydroxy-6-methyl-4-oxo-4H-pyran-3-
yl)ethylidene-4-nitrobenzohydrazide and its Cu(II), Ni(II),
Co(II), and Mn(II) complexes.

2. Experimental

2.1. Materials

Analytical grade starting chemicals, 4-nitrobenzohydrazide and
sodium bicarbonate (Sigma– Aldrich). Dehydroacetic acid
(Merck, Germany). The nickel(II) chloride hexahydrate and
manganese(II) chloride tetrahydrate (Guangdong Guanghua
Sci-Tech Co. Ltd), copper(II) chloride dihydrate fSure Chem.
Products (SCP Ltd. England)g, cobalt(II) chloride hexahydrate
fCartivalue Chemicals (Cartivalue Chemicals Ltd., Mumbai,
India)g and solvents MeOH (SigmaAldrich) were used as
supplied.

2.2. Physical methods

The 1H and 13C NMR spectra of the ligand and the com-
plexes were recorded on Bruker at 400MHz in DMSO-d6
solvent. Infrared (IR) spectral data for all the compounds
were recorded on Varian in the 4000–400 cm�1 range using
KBr disk. The micro elemental analysis C, H, N of the com-
pounds was carried out with Leco/Truespec Micro. The elec-
tronic spectra were recorded using Pye-Unicam in DMSO as
a solvent. The Electrospray Ionization Mass Spectra (ESI-
MS) for the compounds were obtained with a Thermo TSQ

in positive ion mode using pneumatically assisted electro-
spray ionization: capillary of voltage, 2900V; sample cone
voltage, 15V; extraction voltage, 1 V; source temperature,
80 �C; desolvation temperature, 160 �C; cone gas flow, 100
Lh�1; desolvation gas flow, 100 Lh�1; collision voltage, 2 V;
MCP voltage, 2400V. No smoothening of the data was per-
formed, and a comparison of observed and calculated iso-
tope patterns was used in the ion assignment.[25,26]

2.3. Synthesis

2.3.1. Synthesis of 2-hydroxy-6-methyl-4-oxo-4H-pyran-3-
yl)ethylidene-4-nitrobenzohydrazi-de (HL)

Dehydroacetic acid (2270mg, 13.50mmol) was dissolved in
40mL methanol and heated for three minutes while stirring
on a magnetic stirrer hot plate. 4-nitrobenzohydrazide
(2450mg, 13.50mmol) was added, followed by sodium
bicarbonate (1130mg, 13.50mmol) and the mixture was
refluxed for 1 h. The resulting orange precipitate was
allowed to cool, filtered and washed with methanol
(3� 10mL). The precipitated products were obtained by
slow evaporation of the filtrate and washed with methanol
(20mL), and dried at room temperature.

Yield: 82%; m.p: 270 �C;Color: orange; Selected IR data
(KBr, v/cm�1): 3435b v(O–H str), 2848m, 2919m v(aliphatic
C–H str), 1636.91 s v(C¼O str), 1501m v(C¼N), 1356m,
1460m v(N–O str), 1189m, 1275m v(C–O str), 749 s v(wag-
ging N–H). 1H NMR (400MHz, DMSO-d6, ppm): 15.61 (s,
1H, OH), 10.12 (s, 1H, -NH), 8.28–8.15 (m, 4H, ArH nitro-
benzene), 8.03 (s, 1H, ArH pyrone), 2.89 (s, 3H, CH3 pyrone),
2.73 (s, 3H, CH3–C¼N–). 13C NMR (400MHz, DMSO-d6,
ppm): 181.23 (C, C¼O pyrone), 164.34, 164.20, 164.12 (C,
-NH–C¼O), 160.14 (C, C–OH), 157.60 (C, -C¼N-),
147.96–124.00 (C atoms, nitrobenzene), 19.54, 19.52 (C, CH3

pyrone), 17.28 (C, CH3 attached to azomethine). ESI-MS
(m/z): (331.11 [M]þ, 33%, 349.25 [MþNH4]

þ, 57%, 371.09
[MþONa]þ, 28%), Cal. ¼ 331.28. Anal. Calc. for
C15H13O6N3 (331.28): C, 54.38; H, 3.93; N, 12.69. Found: C,
53.08; H, 3.97; N, 11.29%. UV-visible (kmax, DMSO, nm):
226.5 (p ! p�), 276.5, 361 (n! p�).

2.4. Synthesis of metal(II) 2-hydroxy-6-methyl-4-oxo-4H-
pyran-3-yl)ethylidene-4-nitrobenzohydrazide

2.4.1. Cu(HL) synthesis
The ligand, HL (450mg, 1.36mmol) was dissolved in metha-
nol (20mL) and heated for two minutes while stirring on a
magnetic stirrer hot plate. Copper(II) chloride dihydrate
(230mg, 1.36mmol) was added gradually to the stirred solu-
tion of the ligand and the mixture was refluxed for 2 h. The
resulting acid green precipitates was allowed to cool, filtered
and washed with methanol (3� 10mL). The product was
allowed to dry at room temperature.

Yield: 75%; m.p: 254 �C; Color: acid green; Selected IR
data (KBr, v/cm�1): 3446b v(O–H str), 2848m, 2915m,
v(aliphatic C–H str), 1636.30 s v(C¼O str), 1484m
v(C¼N), 749 s v(wagging N–H), 711m v(M–Cl str), 668m
v(M–N str), 416m v(M–O str). ESI-MS (m/z): (445.17 [M]þ,
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85%), Cal. ¼ 446.94. Anal. Calc. for C15H15O7N3ClCu
(446.94): C, 40.27; H, 3.13; N, 9.40. Found: C, 39.04; H,
2.83; N, 8.13%. UV-visible (kmax, DMSO, nm): 408 (d-d
transition).

2.4.2. Ni(HL)2 synthesis
The ligand, HL (450mg, 1.36mmol) was dissolved in metha-
nol (20mL) and heated for two minutes while stirring on a
magnetic stirrer hot plate. Nickel(II) chloride hexahydrate
(160mg, 0.68mmol) was added gradually to the stirred solu-
tion of the ligand and the mixture was refluxed for 2 h. The
resulting golden precipitate was allowed to cool, filtered and
washed with methanol (3� 10mL). The residue was allowed
to dry at room temperature.

Yield: 82%; m.p; 285 �C; Color: gold; Selected IR data
(KBr, v/cm�1): 3434b v(O–H str), 2848m, 2919m, v(ali-
phatic C–H str), 1626.40 s v(C¼O str), 1565m v(C¼N),
749 s v(wagging N–H), 545m v(M–N str), 437m v(M–O
str). ESI-MS (m/z): (721.59 [MþH]þ, 66%), Cal. ¼ 720.69.
Anal. Calc. for C30H26O12N6Ni (720.69): C, 49.95; H, 3.61;
N, 11.66. Found: C, 48.03; H, 2.94; N, 10.03%. UV-visible
(kmax, DMSO, nm): 274.5 (p ! p�), 349.5 (n ! p�), 433
(3A2g (F) ! 3T1g (F) transition).

2.4.3. Co(HL)2 synthesis
Ligand, HL (450mg, 1.36mmol) was dissolved in methanol
(20mL) and heated for two minutes while stirring on a
magnetic stirrer hot plate. Cobalt(II) chloride hexahydrate
(160mg, 0.68mmol) was added gradually to the stirred solu-
tion of the ligand and the mixture was refluxed for 2 h. The
resulting dark orange precipitate was allowed to cool, fil-
tered and washed with methanol (3� 10mL). The product
was allowed to dry at room temperature.

Yield: 65%; m.p: 265 �C; Color: dark orange; Selected IR
data (KBr, v/cm�1): 3390b v(O–H str), 2848m, 2915m,
v(aliphatic C–H str), 1692.06 s, 1630.44 v(C¼O str), 1595s
v(C¼N), 749 s v(wagging N–H), 607m v(M–N str), 443m
v(M–O str). ESI-MS (m/z): (744.97 [MþNa]þ, 33%), Cal. ¼
721. Anal. Calc. for C30H26O12N6Co (721): C, 49.93; H, 3.61;
N, 11.65. Found: 49.63; H, 3.15; N, 11.64%. UV-visible
(kmax, DMSO, nm): 240, 268.5 (p ! p�), 356.5 (n ! p�),
425 (4T1g (F) ! 4A2g (F) transition).

2.4.4. Mn(HL)2
Ligand, HL (450mg, 1.36mmol) was dissolved in methanol
(20mL) and heated for two minutes while stirring on a
magnetic stirrer hot plate. Manganese(II) chloride tetrahy-
drate (130mg, 0.68mmol) was added gradually to the stirred
solution of the ligand and the mixture was refluxed for 2 h.
The resulting brown precipitate was allowed to cool, filtered
and washed with methanol (3 10mL). The product was
allowed to dry at room temperature.

Yield: 88%; m.p: 263 �C; Color: brown; Selected IR data
(KBr, v/cm�1): 3444b v(O–H str), 2848m, 2916m, v(ali-
phatic C–H str), 1634.86 s v(C¼O str), 1547m v(C¼N),
749 s v(wagging N–H), 587m v(M–N str), 420m v(M–O

str). ESI-MS (m/z): (717.48 [MþH]þ, 36%), Cal. ¼ 716.93.
Anal. Calc. for C30H26O12N6Mn (716.93): C, 50.21; H, 3.63;
N, 11.72. Found: C, 49.99; H, 3.95; N, 10.32%. UV-visible
(kmax, DMSO, nm): 210 (p ! p�), 270.5 (n ! p�), 426.5
(6A1g (S) ! 2A1g (I) transition).

2.5. Antimicrobial screening

2.5.1. Microorganisms and condition for cultivation
The seventeen bacteria, eleven yeasts, and four microfungi
were used to test the antimicrobial effect. The Gram-nega-
tive (G-) strains were Escherichia coli ATCC 35218,
Enterobacter aerogenes ATCC 13048, Salmonella typhimu-
rium ATCC 14028, Klebsiella pneumoniae ATCC 13882,
Pseudomonas aeruginosa ATCC 35032, Serratia marcescens
ATCC 13880, Proteus vulgaris ATCC 33420. The Gram-
positive (Gþ) strains were Micrococcus luteus ATCC 9341,
Staphylococcus aureus ATCC 25923, Staphylococcus epider-
midis ATCC 12228, Streptococcus pneumoniae ATCC 27336,
Corynebacterium xerosis ATCC 373, Mycobacterium smeg-
matis ATCC 607, Entereococcus faecalis ATCC 29212,
Listeria monocytogenes ATCC 19112, Bacilllus cereus ATCC
11778, Bacilllus subtilis ATCC 6633. The yeast strains were
Candida albicans ATCC 10231, Candida utilis ATCC 9950,
Candida tropicalis, Candida glabrata, Saccharomyces cerevi-
siae ATCC 9763, Debaryomyces hansenii NRRL Y-1458,
Torulaspora delbrueckii, Hansenula philodendron, Pichia pas-
toris, Kluyveromyces fragilis, Dekkera bruxellensis, Aspergillus
niger, Aspergillus flavus, Aspergillus fumigatus, Aspergillus
foetidus. The twenty strains were obtained from the
American Type Culture Collection (ATCC, Rockville, MD,
USA) and one yeast strain was provided from the
Agricultural Research Service Culture Collection (ARS,
NRRL, Peoria, USA). Other strains were obtained from the
Department of Microbiology, Faculty of Sciences, Ege, and
Adnan Menderes University. The bacterial strains were cul-
tured in Tryptic Soy Agar (TSA) and Brain Heart Infusion
Agar (BHIA) at 30–37 �C for 24 h. The yeast strains were
cultured in Malt Extract Agar (MEA) at 30 �C for 24 h.[27]

The microfungi strains were cultured in Potato Dextrose
Agar (PDA) at 25–27�C for 5–7 days.[27,28]

2.5.2. Antimicrobial assays
The antimicrobial activities of the compounds were deter-
mined by the agar well diffusion method.[29–31] The min-
imum inhibitory concentrations (MIC) were obtained by
broth dilution method.[32–34]

2.5.3. Disk diffusion method
Screening for antimicrobial activities was carried out by the
agar well diffusion method against test microorganisms.[29–31]

The inoculum suspensions of the tested bacteria and yeasts
were prepared from the broth cultures (18–24 h) and the
turbidity equivalent was adjusted to 0.5 McFarland standard
tube to give a concentration of 1� 108 bacterial cells/mL,
1� 106 yeast cells/mL.[28,35–37] The microfungi suspensions
were adjusted as 1� 104 conidia cells/mL.[27] To test the
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antimicrobial activity of the compounds, 20ml of Mueller
Hinton Agar (MHA) were poured into Petri dishes and kept to
solidify at room temperature. Then, it was inoculated with
strains of bacteria, yeasts, and fungi by taking 0.1ml from cell
culture media. Then, a hole of 6mm in diameter and depth
were made on top with a sterile stick and was filled with 50ml
of compounds solution. Then, bacterial cultures were incubated
at 30–37 �C, yeast cultures were incubated at 27–30 �C for 18–
24h. The fungi cultures were incubated at 25–27 �C for 5–
7 days. At the end of incubation time, the diameters of the
inhibition zones formed on the MHA were evaluated in milli-
meters. Disks containing Chloramphenicol (30mg Oxoid),
Gentamycin (10mg Oxoid), Tetracycline (30mg Oxoid),
Erytromycin (15mg Oxoid), Penicilin (10mg Oxoid),
Ampicillin (10mg Oxoid), Vancomycin (30mg Oxoid),
Ofloxacin (5mg Oxoid) for bacteria, and Nystatin (100mg
Oxoid) for yeasts, and Clotrimazole (10mg Oxoid) for micro-
fungi were used as positive controls. The measured inhibition
zones of the study compounds were compared with those of
the reference disks[27,28,38]

2.5.4. Dilution method
The antibacterial and antifungal activities of synthesized
compounds were examined by preparing a microdilution
broth.[32–34] The analysis was carried out in a sterile 96-well
microtitre plate. The suspensions adjusted as 1� 108 bacter-
ial cells/mL, 1� 106 yeast cells/mL, and 1� 104 conidia
cells/mL for the analysis were used. Initially, 100 mL of
Mueller Hinton Broth (MHB) was placed in each well.
After, the compounds were added to the first well. Two-fold
serial dilutions of the compounds were carried out to deter-
mine the MIC, within the concentration range 256 to 0.25
lgml�1. Next, 100 mL of microorganism suspension was
added to each well. The bacterial cultures were incubated at
30–37 �C, yeast cultures were incubated at 27–30 �C for 18–
24 h. The fungi cultures were incubated at 25–27�C for 5–
7 days. The lowest concentration of the study compounds
that resulted in complete inhibition of the microorganisms
was represented as MIC (gmL�1). The lowest concentration
of antimicrobial agents that resulted in complete inhibition
of the microorganisms was represented as MIC (lgmL�1).
The streptomycin for bacteria and fluconazole for yeasts and
microfungi were used as positive controls in the dilution
method.

2.6. Anti-proliferative studies

2.6.1. Cell culture
Two lines of human cancer cells were used in these experi-
ments. Human prostate cancer PC3 cells and human breast
cancer MCF7 cells were grown in RPMI-1640 and DMEM,
respectively, supplemented with 10% FBS, 1% L-glutamine,
and 100U/ml penicillin and streptomycin (Sigma). Cells
were maintained in a humidified atmosphere with 5% CO2

air at 37 �C and the cells were seeded on 48 or 96 well plates
with 105 cell density and apoptosis measurement was main-
tained in 24 wells that were carried out at a cell density of

106 cells ml. Cells were incubated overnight. Cells in the
exponential phase of growth were used in each experiment.
The cells were seeded into 48 or 96 well plates with 105 cell
density and apoptosis measurement was maintained in 24
wells that were carried out at a cell density of 106 cells ml.
After 24 h, different concentrations of drugs (5, 10, 20,
40 lM) and 1 lM paclitaxel (Pax) were added to the well
plates, and measurements were performed on the cells.[39,40]

2.6.2. Cell survival assay
The toxicity of products was evaluated by using 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide tetra-
zolium (MTT) reduction assay on both cancer cells. For
this, 5mg/mL MTT dye was solved in PBS and added 40 ml
to each well. After 4 h incubation, formazan crystals were
dissolved by DMSO and measured 540 nm and 620 nm
spectrophotometrically.[39,40]

2.6.3. HOPI staining
Apoptosis was assessed by Hoechst and propidium iodide
(HOPI) staining. The cells were seeded in a 24-well plate at
a density of 106 cells/well. 24 h after treatments, cells were
washed with PBS, trypsinized, and centrifuged. Pellets were
suspended in 50 lL fresh medium with the addition of
0.25 lL of Hoechst and 0.25lL of propidium iodide and
incubated for 30min at 37 �C in the dark. The cells were
immediately analyzed by fluorescence microscopy and
images were taken by Zeiss axiocam ICc5 camera.[35,40]

2.6.4. Theoretical studies
2.6.4.1 Quantum chemical calculations. The geometry opti-
mization of HL was performed using Becke 3-parameter
Lee–Yang–Parr (B3LYP) type of a density functional theor-
etical (DFT) technique, using 6–31G (D) basis set.[22,23] The
geometry optimizations of complexes (CuHL, Co(HL)2,
Mn(HL)2 and Ni(HL)2) were done using B3LYP in conjunc-
tion with SDD basis sets.[20] Gaussian 09 program was used
to perform all calculations.[41] The structures of the ligands
and complexes were optimized in the gas phase and for cal-
culation in methanol solvent the polarized continuum model
(PCM) was used. The infrared spectra of the optimized
structures of ligand and Mn(HL)2 complex were calculated
in the gas phase using the same functional and basis set.
TD-DFT calculations were performed with the same func-
tional, basis set and solvation model. The effects of metha-
nol solvent were simulated using the polarized continuum
model (PCM) considering two approaches: one technique
did not consider hydrogen bonded methanol molecules, and
the second approach involved hydrogen bonded methanol
molecules. The consideration however is such that number
of included methanol molecules depends on possible hydro-
gen bonding sites available in the ligand molecule.

2.6.4.2. Molecular docking. Compound structures were
drawn in Arguslab 4.0 (for Windows) and optimized using
the DFT technique earlier described. The optimized
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structures were read as input for AutoDock 4.2 so as to
carry out the docking simulations described earlier.[21]

2.6.5. Statistical analyses
Statistical analysis was determined by using GraphPad.
Cytotoxicity values were expressed as means ± SD of at least
four independent experiments, the differences among the
groups were analyzed by one-way analysis of variance (one-
way ANOVA), and HOPI data were analyzed by two-way
analysis of variance (two-way ANOVA), p< 0.01, and
p< 0.05 were considered to be significant. Artificial neural
network was done using Statistical package for the Social
Sciences 20.

3. Results and dıscussıon

3.1. General synthesis

The hydrazone ligand was formed from the reaction of
dehydroacetic acid and 4 – nitrobenzohydrazide in metha-
nolic solution in the presence of sodium bicarbonate to
catalyze the condensation reaction which involves an electro-
philic attack and elimination of water molecule (Scheme 1). Its
Cu(II), Ni(II), Co(II), and Mn(II) complexes were formed by
reacting the ligand with copper(II) chloride dihydrate,
nickel(II) chloride hexahydrate, cobalt(II) chloride hexahydrate,
and manganese(II) chloride tetrahydrate, respectively.
Characterization of all the compounds was done using elemen-
tal analysis, and spectroscopic methods (ESI-MS, IR, 1H and
13C NMR, and UV-vis spectroscopies).

3.2. 1H and 13C-NMR spectra of the ligand (HL)

The 1H and 13C NMR spectra of the ligand are presented as
supplementary materials (SM 1a,b). The 1H NMR spectrum
of the ligand gave a single peak at 15.61 ppm which is attrib-
uted to the proton of the hydroxyl group. This peak was
also present in the spectra of its complexes which shows
that deprotonation did not occur thus, the hydroxyl oxygen
did not participate in the coordination in all the complexes.
The proton of the secondary amine group gave a single peak
at 10.12 ppm which was found also in the spectra of the
complexes, indicating the nonparticipation of the nitrogen
atom of the amine group in the coordination. The multiplet
peak in the range, 8.28–8.15 ppm is attributed to the aro-
matic protons of the nitrobenzene ring. The aromatic proton
of the pyrone ring gave a single peak at 8.03 ppm. The

protons of the methyl group attached to the pyrone ring
gave a singlet at 2.89 ppm whereas the singlet at 2.73 ppm
was given by the protons of the methyl group attached to
the azomethine.

Using the 13C-NMR spectrum of the ligand, the assign-
ment of peaks drawn from the 1H – NMR spectrum was
authenticated. The carbon atom of the carbonyl group
attached to the pyrone ring gave signal at 181.23 ppm
whereas the signal at 164.34, 164.20, 164.12 ppm was given
by the carbon atom of the carbonyl group attached to the
secondary amine. The signal due to the carbon atom of the
C–OH group was found at 160.14 ppm. The carbon atom of
the azomethine group gave a peak at 157.60 ppm which
shows that the ligand formed.[42,43] The carbon atoms of the
nitrobenzene ring which are in four different carbon envi-
ronments, gave peaks in the range, 147.96–124.00 ppm
(147.96, 145.91, 128.89/128.78, and 124.00 ppm). The peak at
19.54, 19.52 ppm was assigned to the carbon atom of the
methyl group attached to the pyrone ring whereas the peak
at 17.28 ppm was given by the carbon atom of the methyl
group attached to the azomethine.

3.3. Mass spectra and elemental analysis

The supplementary materials (SM 2a–d) contain the mass spec-
tra of the ligand and the complexes. The ESI-MS molecular ion
signals of the ligand and its complexes were in concordance
with their proposed structures. HL ligand gave molecular ion
signals at 331.11¼ [M]þ, 371.09¼ [MþONa]þ and 349.25¼
[MþNH4]

þ which agree with a calculated value of 331.28. The
Cu(II), Ni(II), Co(II), and Mn(II) complexes of the ligand gave
molecular ion peaks at 445.17 [M]þ, 721.59 [MþH]þ, 744.97
[MþNa]þ, and 717.48 [MþH]þ, respectively, which are in
concordance with their calculated molecular masses of 446.94,
720.69, 721.00, and 716.93, respectively, thus, indicative of lig-
and to metal coordination of 2:1 for the Ni(II), Co(II), and
Mn(II) complexes, and 1:1 for the Cu(II) complex. The Cu(II)
complex gave a peak at m/z 410.94 which is due to the loss of
the coordinated chlorine atom. Also found in the Cu(II) com-
plex spectrum, is a m/z signal at 429.28 which is a result of the
loss of the coordinated water molecule. Some unidentified m/z
peaks may be due to minor adducts in the fragmentation. The
elemental analyses of the ligand and its complexes gave results
that are not so much in agreement with their calculated elem-
ental compositions which could be attributed to the impure
nature of the compounds.

Scheme 1. Synthesis of 2-hydroxy-6-methyl-4-oxo-4H-pyran-3-yl)ethylidene-4-nitrobenzohydrazide (HL).
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3.4. Infrared spectra of the ligand (HL) and metal
complexes

The Fourier–Transform Infrared Spectroscopy (FTIR) spec-
tra of the ligand and its complexes are a good source of
information on whether; there is ligand formation and its
coordination with metal ions (see SM 3).

The IR spectrum of the ligand gave a broad peak at
3435 cm�1 owing to the O–H stretching vibration. The peak
at 1636 cm�1 was given by the stretching vibrations of the
C¼O groups. The C¼N stretching vibration of the azome-
thine group was found at 1501 cm�1 thus, indicating that the
ligand formed. The N–H wagging vibration of the secondary
amine group, gave a band at 749 cm�1. The N–O stretching
vibrations of the –NO2 group was found at 1356 and
1460 cm�1. The bands at 1189 and 1275 cm�1 were given by
the two C–O stretching vibrations of the pyrone ring.

In the spectra of the complexes, the bands of the carbonyl
and azomethine groups, all experienced a shift in their vibra-
tional frequency. This shows that the carbonyl oxygen and the
azomethine nitrogen atoms participated in the coordination.
The O–H band was still present in the spectrum of all the
complexes indicative of the nonparticipation of the hydroxyl
oxygen in the coordination (no deprotonation occurred). The
secondary amine band was also found present in the spectra
of the complexes which shows that the amine nitrogen did not
involve in the coordination. The M–O and M–N vibrational
peaks were found in the spectra of the complexes in the range,
416–443 cm�1, and 545–668 cm�1, respectively. This is highly
convincing that coordination occurred, adding that these bands
were absent in the spectrum of the ligand. For the Cu(II) com-
plex, the M–Cl band was found at 711 cm�1 while the peaks

at 3733–3900 cm�1 are due to the coordinated water molecule
and hydrogen bonding. Noteworthy of mentioning are the
minor peaks found in the spectra of the compounds which are
due to bending vibrations. However, other unidentified peaks
could have arisen due to overtones. The assignment of these
bands was done following literature reports.[44–49] From the
ligand atoms that participated in the coordination, one can
point out that the ligand is tridentate. The proposed structures
of the complexes are shown in Figure 1.

3.5. Electronic spectra

The electronic spectra (Figure 2a) to an extent, reveal the envir-
onment of the ligand as well as the geometry of the complexes.
p ! p� and n ! p� transitions occurred within the ligand at
226.5 nm and 276.5 nm, respectively, owing to the aromatic
rings and heteroatoms found in the ligand. The band at 361 nm
is attributed to the n ! p� transition of the azomethine group,
indicating that the ligand formed. Again, this transition has
experienced a blue shift in the spectrum of all the complexes.
This shows that the azomethine nitrogen is involved in coord-
ination in all the complexes. However, this absorption has
decreased intensity for the manganese complex, in DMSO, it is
the most paramagnetic and has the least ionic radius, but we
are unsure which one accounts for this observation.

3.6. UV titrations of the ligand and the complexes

To determine the suitable solvents for UV and NMR analysis
the solubility of the compounds were tested. At room tempera-
ture compounds were not soluble in H2O and CCl3 but were is

Figure 2. Electronic Spectra of ligand and its complexes showing p ! p� & n ! p� transitions in DMSO and MeOH.

Figure 1. Proposed structures of metal complexes.
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observed be soluble in MeOH and DMSO. There is no indica-
tion that the compounds were not stable in solution. The
absorption band of the compounds in DMSO solution is given
in Figure 2a. It shows that the ligand (HL) in DMSO has a dis-
tinct three-maximal absorption band at 435.0, 375.0, and
276.5 nm. Of these, the electronic transition with kmax at
4351.0 nm appears to be the most severe transition by showing
a hypochromic shift in the Ni, Mn, Co, and Cu complexes,
respectively. The absorption band of the compounds in MeOH
solution is given in Figure 2b. While bands were formed as sep-
arate maxima of HL and its complexes in DMSO, they formed
as a single band in MeOH (Figures 2b). DMSO is more polar
than MeOH and is a proton acceptor solution. DMSO can ion-
ize the acidic HL molecule more than MeOH. The difference in
the absorption bands of the HL ligand in the two solvents may
be due to the difference in polarity (Figures 2a–b). These differ-
ences observed for HL are also observed in complexes.

The absorption band of the compounds in MeOH solu-
tion upon addition of HCl and KOH is given in Figure 3a–
f. While the spectra of HL in MeOH and MethanolþKOH
are similar, the spectra in MethanolþHCl are quite differ-
ent. The fact that HL in MeOH is highly affected by the
addition of HCl (Dkmax ¼ 70.0 nm) and KOH (Dkmax ¼
0 nm) indicates that HL is anionic in MeOH (Figure 3a).
The fact that HL complexes are affected like HL by the
addition of HCl (Dkmax ¼ 23.0–22.5 nm) and KOH
(Dkmax ¼ 31.5–16.5 nm) indicates whether HL attached to
the complexes has an acidic H atom. In summary, indicat-
ing that the bond between the HL ligand and the metal
ions is anionic. The addition of HCl caused a hypsochro-
mic shift of about 70 nm (31.5 for Cu) in the complexes,
while the addition of KOH caused bathochromic shifts and
hyperchromic increases (excluding Cu) between 2.5
and 7 nm.

Figure 3. The absorption band of the compounds in DMSO solution (a), in MeOH (b), in MeOH solution with HCl and KOH (3a–f).
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3.7. Antimicrobial analysis

The results of antimicrobial activities of the study com-
pounds and the reference antibiotics reported as inhibition
zone diameter (mm) are shown in Table 1. The Minimum

inhibitory concentration (MIC) values which suggested that
some of the studied compounds indicated considerable anti-
microbial activity are shown in Table 2.

The ligand did not show any antimicrobial activity.
However, literature reports indicating that the antimicrobial

Table 1. Antimicrobial activities of compounds (1000mg/mL) (Inhibition zone mm).

Test microorganisms

Inhibition zones (mm)

Compounds Reference antibiotics

HL
Co
(HL)2

Ni
(HL)2

Cu
HL

Mn
(HL)2

C
30 CN10

TE
30

E
15 AMP10 P10 K30 OFX5 VA30 CTX30

NS
100

CTL
10

Escherichia coli
ATCC 35218

– – – – – 24 21 15 11 – 16 20 28 23 10 NT NT

Enterobacter aerogenes
ATCC 13048

– – – – – 19 20 14 – – – – 19 – 20 NT NT

Salmonella typhimurium
ATCC 14028

– – – – – 17 16 15 8 8 15 18 25 21 13 NT NT

Micrococcus
luteus,
ATCC 9341

– – – – – 25 15 26 30 28 13 12 24 14 17 NT NT

Stapylococcus aureus ATCC
25923

– – – – – 23 20 22 23 20 12 13 23 13 12 NT NT

Staphylococcus epidermidis
ATCC 12228

– – – – – 22 17 19 11 17 11 13 22 12 13 NT NT

Klebsiella pneumoniae
ATCC 13882

– – – – – 21 19 20 14 – 18 19 27 23 14 NT NT

Pseudomonas aeruginosa
ATCC 35032

– 15 – – – 22 20 20 21 – 14 20 29 18 14 NT NT

Corynebacterium xerosis
ATCC 373

– – – 9 – 20 17 25 26 27 14 12 22 21 20 NT NT

Mycobacterium smegmatis
ATCC 607

– – – – – 23 18 26 25 19 16 13 30 20 12 NT NT

Listeria monocytogenes
ATCC 19112

– – – – – 19 14 12 – 12 10 12 29 25 16 NT NT

Serratia marcescens
ATCC 13880

– – – – – 23 19 13 – 19 18 19 27 27 13 NT NT

Proteus vulgaris
ATCC 33420

– – – – – 17 24 16 20 – 15 25 26 24 18 NT NT

Entereococcus faecalis
ATCC 29212

– – – – – 16 11 19 – 14 12 13 28 20 16 NT NT

Streptococcus pneumoniae
ATCC 27336

– – – – – 24 20 25 15 14 19 21 28 29 15 NT NT

Streptococcus mutans�� – – – – – 28 22 19 – – – 22 30 – 22 NT NT
Bacillus cereus

ATCC 11778
– – – – – 23 24 25 26 – 10 11 28 21 17 NT NT

Bacillus subtilis
ATCC 6633

– – – – – 22 20 12 25 – 11 11 27 20 16 NT NT

Candida albicans
ATCC 10231

– 12 – – – NT NT NT NT NT NT NT NT NT NT 22 NT

Candida utilis
ATCC 9950

– – – – – NT NT NT NT NT NT NT NT NT NT 21 NT

Candida trophicalis� – – – – – NT NT NT NT NT NT NT NT NT NT 18 NT
Candida glabrata� – – – – – NT NT NT NT NT NT NT NT NT NT 16 NT
Saccharomyces cerevisiae

ATCC 9763
– – – – – NT NT NT NT NT NT NT NT NT NT 15 NT

Debaryomyces hansenii
NRRL Y-1458

– – – – – NT NT NT NT NT NT NT NT NT NT 19 NT

��Torulaspora delbrueckii – – – – – NT NT NT NT NT NT NT NT NT NT 20 NT��Hansenula philodendron – – – – – NT NT NT NT NT NT NT NT NT NT 22 NT��Pichia pastoris – – – – – NT NT NT NT NT NT NT NT NT NT 22 NT��Kluyveromyces fragilis – – – – – NT NT NT NT NT NT NT NT NT NT 20 NT��Dekkera
bruxellensis

– – – – – NT NT NT NT NT NT NT NT NT NT 19 NT

�Aspergillus niger – – – – – NT NT NT NT NT NT NT NT NT NT NT 24�Aspergillus flavus – – – – – NT NT NT NT NT NT NT NT NT NT NT 23�Aspergillus fumigatus – – – – – NT NT NT NT NT NT NT NT NT NT NT 22�Aspergillus foetidus – – – – – NT NT NT NT NT NT NT NT NT NT NT 23

C30: Chloramphenicol (30mg Oxoid), CN10: Gentamycin (10mg Oxoid), TE30: Tetracycline (30mg Oxoid), Kanamisin (30mg Oxoid), Penicillin (10mg Oxoid), E15:
Erythromycin (15mg Oxoid), AMP10: Ampicillin (10mg Oxoid), Ofloxacin (5mg Oxoid), Vancomycin (30mg Oxoid), Cefotaxime (30mg Oxoid), NS: Nystatin
(100mg Oxoid), CLT10: Ketoconazole.

(-): Zone did not occur. NT: Not tested,
(�): Special gift from Aydın Adnan Menderes University Faculty of Medicine.
(��): Special gift from Ege University Faculty of Microbiology Department.
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activities of hydrazone may be enhanced on complexation are
replete in literature.[50–52] Expectedly, according to Table 1,
Co(HL)2 showed a moderate effect (15–12mm) against
Pseudomonas aeruginosa ATCC 35032 and Candida albicans
ATCC 10231, and Cu(HL) indicated a very low effect (9mm)
against Corynebacterium xerosis ATCC 373. However, the

compounds do not affect tested other bacteria, yeasts, and
microfungi.

The MIC values in Table 2 also showed that the com-
pounds Co(HL)2 have remarkable antimicrobial activity (32–
64 mg.mL�1) on Pseudomonas aeruginosa ATCC 35032 and
Candida albicans ATCC 10231. On the other hand, com-
pound Cu(L4)2 had a very low effect (256mg.mL�1) on
Corynebacterium xerosis ATCC 373.

3.8. Anti-proliferative studies

The newly synthesized HL and its metal complexes were
tested against two human cancer cell lines (MCF-7 and PC-
3) for their cytotoxic and apoptotic effects properties. MCF-
7 and PC-3 cells were seeded to 48 and 96-well plates and
treated with increasing concentrations of test chemicals. Cell
proliferation was calculated using MTT data and from these
results, IC50 values were determined.

The antiproliferative effects of the new metal complexes
were analyzed and their apoptotic effects were determined
with the Hoechst/propidium iodide double staining method
in both cancer cell lines. Paclitaxel was used as the positive
control (1 lM). The results indicated that the metal com-
plexes are effective on breast cancer (MCF-7) cells in terms
of cell death and can stop the growth of these cancer cells.

Table 2. Antimicrobial activities of compounds (MIC, mg.mL�1).

Test microorganisms Co(L4)2 Cu(L4)2 Str Flk

Pseudomonas aeruginosa ATCC 35032 32 – 64 NT
Corynebacterium xerosis ATCC 373 – 256 64 NT
Candida albicans ATCC 10231 64 – NT 64

Str: Streptomycin, Flk¼ Flukanozol.
(-): No effect, NT: Not tested.

Table 3. The half-maximal inhibitory concentration (IC50) values of the com-
pounds against breast (MCF-7) and prostate (PC-3) cancer cells.

Compounds Cell line IC50 (mg/mL)

Paclitaxel MCF-7 18.12 ± 2.33
PC-3 16.23 ± 1.72

Ni(HL)2 MCF-7 22.68 ± 6.26
PC-3 11.42 ± 9.06

Co(HL)2 MCF-7 22.69 ± 4.56
PC-3 9.31 ± 13.49

Cu(HL) MCF-7 23.26 ± 9.66
PC-3 19.56 ± 7.17

Mn(HL)2 MCF-7 21.94 ± 13.8
PC-3 6.52 ± 34.70

Figure 4. The cytotoxic efficiency of drugs with untreated control groups on MCF-7 cells. The data were represented as mean ± standart error of the mean. A com-
parison was performed by The One Way ANOVA test with Dunnett’s multiple comparison test was applied as a post-hoc test. p-value equal or less than 0.05 were
considered as statistically significant (þp< 0.05, þþp< 0.01, þþþp< 0.001, þþþþp< 0.0001) versus untreated control.

INORGANIC AND NANO-METAL CHEMISTRY 9



In the test results with MCF-7 and PC-3 cell lines, the
inhibition concentration for 50% of cells (IC50) was calcu-
lated to be about generally 10 lM. In this study, the metal
complexes of the ligand (HL) were determined to have a
strong antiproliferative activity, with an IC50 value of lM
for MCF-7 and PC3 cells.

The calculated IC50 values for the molecules are, respect-
ively, Mn(HL)2 21.94 mM, Ni(HL)2 22.68, Co(HL)2mM 22.69
and CuLH 23.26for MCF-7 cell line (Table 3). The calculated
IC50 values for the molecules are, respectively, Mn(HL)2
6.52 mM, CoL4 mM 9.31, Ni(HL)2 11.42, and CuHL 19.56 for
the PC-3 cell line (Table 3). Especially the effect of Mn(HL)2
is strong on PC-3 and MCF-7 cell lines.

In comparison with the known drug, Paclitaxel, it can be
seen that the activity of the multicomplex molecule against
the cancer cell is almost equal to the standard drug. The

calculated IC50 is 16.23mM for Paclitaxel and 6.52mM for
[Mn(HL)2] on the PC-3 cell line (Table 3). This is a strong
effect for a newly synthesized compound. Similar activity
was observed on the MCF-7 cell line. The IC50 values for

Figure 5. The cytotoxic efficiency of drugs with untreated control groups on PC-3 cells. The data were represented as mean ± standart error of the mean. A com-
parison was performed by The One Way ANOVA test with Dunnett’s multiple comparison test was applied as a post-hoc test. p-value equal or less than 0.05 were
considered as statistically significant (�p< 0.05, ��p< 0.01, ���p< 0.001, ���� p< 0.0001) versus untreated control.

Table 4. The apoptotic cell values of the compounds against breast (MCF-7)
and prostate (PC-3) cancer cells.

Compounds Cell line Apoptosis rate ± S.D

Pax MCF-7 58.15 ± 2.11
PC-3 66.16 ± 3.75

Ni(HL)2 MCF-7 75.65 ± 2.96
PC-3 91.72 ± 2.87

CuHL MCF-7 79.08 ± 2.90
PC-3 74.33 ± 5.17

Mn(HL)2 MCF-7 76.88 ± 2.85
PC-3 86.20 ± 2.00

Co(HL)2 MCF-7 87.23 ± 5,30
PC-3 86.40 ± 5,57

Control MCF-7 9.99 ± 3.01
PC-3 10.47 ± 1.11

Figure 6. Apoptosis measurement of drugs on MCF-7 cells. The data were rep-
resented as mean ± standart error of mean. Comparison was performed by The
One Way ANOVA test with Dunnett’s multiple comparison test was applied as a
post-hoc test. p-value equal or less than 0.05 were considered as statistically
significant (þp< 0.05, þþp< 0.01, þþþp< 0.001, þþþþ p< 0.0001) versus
untreated control.
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the MCF-7 cell line were calculated, 18.12 mM for Paclitaxel
and 21.94mM for [Mn(HL)2] (Table 3). These results show
that the new molecules are generally more effective on PC-3
cell lines. Apart from the strong activity of [Mn(HL)2] only
the high concentrations of the other compounds were effect-
ive on different cell lines. Therefore, it can be suggested that
these newly synthesized compounds, especially [Mn(HL)2],
are potent candidates against prostate cancer cells (PC-3)
and should be considered in more detailed studies as anti-
cancer agents.

Analysis of the type of cell death indicated a great rate of
apoptosis in 24 h. The results were compatible with prolifer-
ation data and the cells died after 24 h by apoptotic mecha-
nisms. The apoptotic and necrotic cell values of the
compounds against breast (MCF-7) and prostate (PC-3) can-
cer cells are given in Figures 4 and 5 and Tables 3 and 4.
These important results for the MCF-7 and PC-3 cell lines
give us information about the effectiveness of the newly syn-
thesized products. If the results are compared with the
familiar drug paclitaxel (1 lM), we can see that our prod-
ucts, especially Mn(HL)2, Co(HL)2, and CuLH complexes,
can compete with this drug.

Analysis of the type of cell death indicated a great rate of
apoptosis in 24 h. The results were compatible with prolifer-
ation data and the cells died after 24 h by apoptotic mecha-
nisms. The apoptotic and necrotic cell values of the
compounds against breast (MCF-7) and prostate (PC-3) can-
cer cells are given in Figures 6 and 7.

3.9. Theoretical considerations

3.9.1. Theoretical calculations of infrared spectra
Figure 8 presents the calculated infrared spectra of HL and
Mn(HL)2 complex while Table 5 shows the comparison of
selected experimental infrared spectra of HL and Mn(HL)2

complex and calculated data in gas phase. There is good
agreement between theory and experiment, Table 5. The
shift in the �(C¼O) of the ligand upon coordination to the
metal center is pronounced in both the experiment and the
theoretical assignments. As expected there is a shift from
higher vibrational energy 1637 (1717) cm�1 in the ligand to
lower vibrational energy 1635 (1631) cm�1 in the metal
complex. Strikingly, calculated vibrational signals at 425 and
683 cm�1, ascribed to Mn–O, are observed in experimental
data at 420 and 587 cm�1, these are absent in HL infrared
spectrum and this shows that metal complex coordinated to
the ligand atoms.

3.9.2 Theoretical calculations of uv-visible spectra
Figure 9 compares the calculated absorption spectra of HL
and experimental data in methanol solvent. From the spec-
tra data in Figure 9, the calculated spectra comparatively
gave good descriptions of the experimental spectra. The
agreement between the calculated and experimental data for
HL in methanol/KOH (Figure 9a and b) confirmed the pro-
posed structure in Scheme 2. Figure 10 presents the opti-
mized geometries for the proposed HL conformations in
methanol/KOH (Figure 10a), in methanol only (Figure 10b)
and in methanol/HCl (Figure 10c). Of the proposed HL

Figure 7. Apoptosis measurement of drugs on PC-3 cells. The data were repre-
sented as mean ± standart error of the mean. A comparison was performed by
The One Way ANOVA test with Dunnett’s multiple comparison test was applied
as a post-hoc test. p-value equal or less than 0.05 were considered as statistic-
ally significant (�p< 0.05, ��p< 0.01, ���p< 0.001, ���� p< 0.0001) versus
untreated control.

Figure 8. Infrared spectra of ligand and complex calculated at B3LYP/6-31G(d)
and B3LYP/SDD, respectively.

Table 5. Selected experimental and calculated infrared spectra data for ligand
and complexes (DFT calculated in vacuum at B3LYP/6-31G(d) for HL and at
B3LYP/SDD for Mn(HL)2).

Assignment (cm�1)
HL Mn(HL)2

Experiment DFT Experiment DFT

�(O–H) 3435 3728 3444 3681
�(C¼O) 1637 1717, 1795 1635 1631
�(C¼N) 1501 1503, 1569 1547 1535
�(N–O) 1460, 1356 1398 – –
�(C–O) 1275, 1189 1271 – –
�(N–H) 749 742 749 737
�(M–O) – – – 681, 683
�(M–N) – – 587 584
�(M–O) – – 420 425
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conformations, Figure 10a shows the most probable con-
formation of HL in methanol/KOH which gave rise to calcu-
lated uv-vis spectrum designated deprotonated_cal_a (Figure
9b). Theoretical calculation therefore suggests that HL

became deprotonated in methanol when KOH was added
(Scheme 2a).

Observation shows that the calculated spectra, Figure 9a
and c, agrees well with the experimental spectra for HL in

Figure 9. Experiment and calculated (B3LYP/6-31G(d)) UV-visible spectra of ligand.

Scheme 2. Proposed structures of HL in acidic, basic and neutral solutions

Figure 10. Proposed structures showing optimized graphics of (a) HL in methanol containing KOH (deprotonated), (b) HL in methanol and (c) HL in methanol con-
taining HCl (protonated), at B3LYP/6-31(D).

Scheme 3. Proposed structures of methanol solvated HL in acidic, basic and neutral solutions
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methanol and HL in methanol/HCl, and suggest strongly
the proposed structures, Scheme 3b and c. From theoret-
ical calculations it can be observed that HL not only
became protonated in methanol when HCl was added,
hydrogen bonded methanol molecules at sites available in
HL are possible as proposed in Scheme 3b and c. Figure
11 presents the optimized geometries for the proposed HL
conformations in methanol (Figure 11b) and in
methanol/HCl (Figure 11c). Among the proposed HL con-
formations, Figure 11b and c show the most probable con-
formations of HL in methanol alone and in
methanol/KOH which gave rise to calculated uv-vis spec-
tra, respectively, designated neutral_cal_b and protonated_
cal_b (Figure 9c).

3.9.3. Theoretical considerations of antimicrobial activities
Table 6 presents the molecular parameters from theoretical
calculations for the studied inhibitor molecules. Earlier
work[2] reported calculations of the following, energy gap
(E¼ELUMO–EHOMO), global hardness (g) and global electro-
negativity (v), Eqs. (1)–(3), as vital parameters for molecular
descriptions.

v ffi �1=2 EHOMO þ ELUMOð Þ (1)

g ffi �1=2 EHOMO � ELUMOð Þ (2)

r ¼ 1=g ffi �2= EHOMO � ELUMOð Þ (3)

where EHOMO and ELUMO, respectively, are energy of the
highest occupied molecular orbitals and energy of the lowest
unoccupied molecular orbitals.

Explanation of molecular reactivities using computational
techniques are known.[2] Figure 12 reveals that the ligand
has its HOMO and LUMO around the (E)-N0’-(1-(2-
hydroxy-4-oxo-4H-pyran-3-yl)ethylidene)acetohydrazide
region. This is to say that for the ligand, HL, electron distri-
butions in the (E)-N0’-(1-(2-hydroxy-4-oxo-4H-pyran-3-

yl)ethylidene)acetohydrazide region are responsible for its
antimicrobial activity. The copper complex, CuHL, the
region containing copper, water and (E)-N0’-(1-(2,4-dihy-
droxy-6-methyl-4H-pyran-3-yl)ethylidene)formohydrazide
consist the HOMO and LUMO, such that the electron dis-
tribution around copper dominates the HOMO. The rest
complexes, Co(HL)2, Mn(HL)2 and Ni(HL)2, have the (E)-
N0’-(1-(2,4-dihydroxy-6-methyl-4H-pyran-3-yl)ethylidene)-
formohydrazide and the central metals involved in the
HOMO and LUMO, such that the electron distribution
around central metal dominates the HOMO. Herein, princi-
pal component analysis was used to ascertain/determine the
molecular parameters from DFT calculations that give best
description for the antimicrobial activities of the studied
compounds.

3.9.4. Principal component analysis (PCA)
Experimental results reveal that the metal complexes per-
formed better, therefore, the molecular parameters from
quantum chemical calculations were subjected to principal
component analysis (Table 7). There are six molecular
parameters calculated for the studied compounds and on
scaling down, only two components are selected using PCA
(Table 8). The principal component plots (in rotated spaces)
is presented in Figure 13, two factors which account for
about 67% and 99% of the total variance in the data are fur-
ther explained in the rotated component matrix, Table 9.
Results of the rotated component matrix reveal that ELUMO

and global softness (d) are the most correlated parameters
for components 1 and 2, respectively. PCA therefore sug-
gests that ELUMO and d would sufficiently account for the
observed antimicrobial results of the complexes studied.

Lower values of ELUMO are reported to enhance molecu-
lar reactivities/interactions.[21,24] Values of ELUMO presented
in Table 7 show that copper complex has the lowest and
accounts for the observed activity against Corynebacterium
xerosis (Tables 1 and 2).

Similarly, global softness (d) can be used to describe rela-
tive molecular reactivity.[41,53] Results presented in Table 1
show that activities against Pseudomonas aeruginosa and
Candida albicans, respectively, by cobalt complex, and cop-
per complex was active against Corynebacterium xerosis. It is
known that higher value of d translates to better activity as
reported elsewhere,[41,53] therefore calculated higher values

Figure 11. Proposed structures showing optimized graphics of methanol solvated (a) HL in methanol containing KOH (deprotonated), (b) HL in methanol and (c)
HL in methanol containing HCl (protonated), at B3LYP/6-31(D), revealing hydrogen bonded methanol molecules.

Table 6. Quantum chemical parameters performed in gas at B3LYP/6-31(d) for
HL and B3LYP/SDD for the complexes.

EHOMO (eV) ELUMO (eV) DE (eV) v (eV) g d

HL �5.714 �3.120 2.594 4.417 1.297 0.771
Co(HL)2 �4.041 �3.309 0.733 3.675 0.366 2.729
CuHL �5.962 �3.788 2.173 4.875 1.087 0.920
Mn(HL)2 �4.038 �3.549 0.489 3.794 �0.245 �4.088
Ni(HL)2 �3.830 �3.364 0.466 3.597 �0.233 �4.296
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Figure 12. Optimized structures of studied compounds (left) and plots of HOMO (middle) and LUMO (right).

Table 7. Principal component analysis of the explained total variance.

Initial eigenvalues Extraction sums of square loadings Rotation sums of square loadings

Component Total % of variance Cumulative % Total % of variance Cumulative % Total % of variance Cumulative %

1 4.853 80.892 80.892 4.853 80.892 80.892 4.020 66.999 66.999
2 1.089 18.149 99.041 1.089 18.149 99.041 1.922 32.041 99.040
3 0.058 0.96 100.000
4 2.710E-16 4.51E-15 100.000
5 7.820E-17 1.30E-15 100.000
6 �1.160E-17 �1.93E-16 100.000
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of d (Table 7) accounts for the observed antimicrobial activ-
ities for cobalt and copper complexes (Tables 1 and 2).

3.9.5. Theoretical considerations of anticancer activities
Molecular docking results are presented in terms of binding
energies (Table 9) and protein/ligand interactions (Figure
14). Binding energy results show that the complexes per-
formed better than the ligand for activity against breast can-
cer, this is consistent with experimental results. The largest
binding energy magnitude suggests nickel complex has most
activity than the rest complexes, however this is not the
case, because it contrasts experimental findings that
Mn(HL)2 performed best. Interestingly DFT comes to res-
cue. As described above for the use of PCA in the selection
of molecular parameters from DFT calculation for antibac-
terial activities, similarly lower ELUMO value accounts for
stronger binding interactions, hence, more activity of
Mn(HL)2 than its nickel counterpart against breast and
prostate cancers.

4. Conclusion

Among the compounds under investigation, Co(HL)2 com-
pound was found to be moderately effective on both
Pseudomonas aeruginosa ATCC 35032 and Candida albicans
ATCC 10231, While, the other compounds displayed no
effect against the test microorganisms. Cytotoxic and apop-
totic effects activities were tested using breast (MCF-7) and
prostate (PC-3) cancer cells. The results indicated that the
newly synthesized compounds are effective on both prostate
and breast cell lines at concentrations between 5 and 40 lM,
and exhibit their effects by apoptotic mechanisms.
Especially, Mn(HL)2 could be a potential candidate against
prostate cancer cells (PC-3). The theoretical calculations,
TD-DFT, gave similar electronic spectra with those of
experiment and predict the conformations of HL in metha-
nol, methanol/HCl and methanol/KOH solutions. Molecular
docking with the aid of artificial neural network, predicts
Mn(HL)2 as the compound that has most anti-bacteria and
anti-cancer activities. This prediction is in excellent agree-
ment with experimental findings.
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Table 8. Rotated component matrix.

Component

1 2

ELUMO �0.984 0.053
v 0.956 0.293
EHOMO �0.931 �0.362
DE 0.882 0.460
d 0.095 0.989
g 0.695 0.715

Figure 13. Principal component plots in rotated spaces the complexes.

Table 9. Binding energies from molecular docking results.

Binding energy (kJ.mol�1)

Compound 1FDW 3RUK

HL �28.12 �41.42
CuHL �31.92 �44.51
Co(HL)2 �38.66 �32.97
Mn(HL)2 �41.25 �35.40
Ni(HL)2 �46.15 �35.23
Paclitaxel �36.53 �7.82

Figure 14. Predicted interactions of Mn(HL)2 with (a) 1FDW (breast cancer) and
(b) 3RUK (prostate cancer).
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