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The present study focused on themeasurement of the solubilities and the calculation of the chemical potentials of
transfer of Co(III)-hydrazone complexes in mixtures of water and ethyl alcohol (EtOH), isopropyl alcohol (i-
PrOH), or tert-butyl alcohol (t-BuOH) at 298 K, using the assumption that δm μθ Ph4As+ = δm μθ BPh4

− (TATB).
A comparison between the chemical potentials of transfer of Co(III)-hydrazone complex ions with each other
and with single ions is described. The change in solubility and chemical potentials of the transfer of the Co(III)-
hydrazone complex ions are explained with respect to the nature of the ligand and organic solvents. The titled
hydrazone ligands and their Co(III) chelates are tested for their biological antimicrobial activity against different
types of bacteria (Gram-negative bacteria: Serratia marcescence and Escherichia coli; Gram-positive bacteria:
Microccus luteus) and fungi (Aspergillus flavus, Fusarium oxysporum and Getrichm candidum). Both hydrazone li-
gands and their Co(III) complexes exhibit antibacterial and antifungal activities, but the Co(III)-hydrazone com-
plexes act as more potent bactericidal agents than the hydrazone ligands and metal salt. The anticancer
properties of these compounds are also tested against colon carcinoma cells and breast carcinoma cells. The Co
(III)-hydrazone complexes display more significant cytotoxic activities against these cells than those of the
hydrazone ligands.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrazones play a crucial role in coordination chemistry because
they readily form stable metal chelates with all transition metals. The
emergence of the field of bioinorganic chemistry has intensively in-
creased interest in hydrazine-based metal chelates, given their known
utility as models for a wide range of biologically important species [1].
In this context, they are used for their anticonvulsant activity [2,3], anti-
viral activity [4], antimalarial activity [3,5], antitumour activity [6–9],
antifungal activity [10], antimicrobial activity [3,11], antidepressant ac-
tivity, analgesic activity, anti-inflammatory activity, antiplatelet activity,
vasodilation activity, antiviral activity and anti-schistosomiasis activity
[3]. Several hydrazone derivatives and their metal complexes with Cu
(II), Ni(II), Co(III), Cd(II), Zn(II) and Fe(III) ions are important for their
antibacterial activity [9,12]. Hydrazone ligands are used for their
in vivo metabolism, which is efficient against Staphylococcus aureus
[13]. Hydrazones are reported to have inhibitory activity in mice in-
fected by various strains of Mycobacterium tuberculosis [14].
u-Dief).
Gibbs free energies of transfer for complex ions can be deter-
mined by measuring the solubility in water and water-co-solvent
mixtures [15–17]. The free energy of transfer (δm μθ MmXn) for
any salt, where Mn+ = the cation and Xm- = the anion, from
water into a mixture of water and co-solvent is given according
to the following equation.

δm μθ MmXnð Þ ¼ RTln kw=ks ð1Þ

where k is the solubility product of MmXn, and the subscripts s and
w indicate water-co-solvent mixtures and water, respectively. For
minimally soluble salts, the activity coefficient is unity. Thus, the
free energy of transfer of ions is given by the following equation
[17–20].

δm μθ Mnþ� � ¼ δm μθ MmXnð Þ−n δm μθ Xm−� �
=m ð2Þ

Most treatments of the transfer parameters for ions in binary aque-
ous mixtures favour one of these assumptions, which equate the
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Scheme 1. The suggested structures for the prepared hydrazone ligands and their Co(III)
chelates.
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transfer parameters for either ph4B− ions and ph4As+ (TATB) or ph4B−

and ph4P+ (TPTB) [21].

δm μθ ph4As
þ;ph4P

þ� � ¼ δm μθ ph4B
−ð Þ ð3Þ

The assumptions used to calculate transfer parameters for ions are
very close to those calculated using the other assumptions. One of
these assumptions is the basis of recent treatments of the thermody-
namic properties of salt in solutions [22]. To establish the solvation ef-
fects on the chemical potential of the complexes being studied, we
need to determine the solubilities of suitable salt in water co-solvent
mixtures. We recently studied and described the kinetics of the base
hydrolysis, solubilities and chemical potentials of transfer for many Co
(III)-hydrazone complexes, including Bis(pyridine-2-aldehyde-2-
quinolylhydrazone) Co(III) perchlorate [Co(paqh)2](ClO4)2, Bis(methyl-
2-pyridylketone-2-quinolinhyrazone) Co(III) perchlorate [Co(mpkqh)2]
(ClO4)2, and Bis(phenyl-2-pyridylketon-2-quinolinhyrazone) Co(III)
perchlorate [Co(ppkqh)2] (ClO4)2, in methanol-water mixtures at 25
°C and obtained information about how the solvent and nature of the
ligand affect the reactivity of the Co(III)-hydrazone chelate [23]. The
chemical potentials of transfer for these complexes provide a quantita-
tive measure of their solvation. Now, as an extension of a recent
study, we are interested in establishing the solubility and chemical po-
tentials of transfer of these complexes to other alcohol co-solvents, such
as ethanol, isopropyl alcohol and t-butyl alcohol, and to compare the
trends of chemical potentials of transfer for a given complex of ions in
these different organic solvent mixtures using the same
extrathermodynamic assumptions. The selection of ethanol, i-propanol
and t-butyl alcohol in this study is due to the greater solvent structure
effects of these co-solvents compared with other alcohols [24]. These
comparisons supplied information about the hydrophobic and hydro-
philic characteristics of the Co(III)-hydrazone chelate in organic solvent
mixtures. Additionally, our work aims to evaluate the antimicrobial and
cytotoxicity activities of the Co(III)-hydrazone chelate.

2. Experimental protocols

2.1. Chemicals and employed methods

All materials and solvents used were supplied by the Sigma-Aldrich
and Acrös companies. Laboratory grade CoCl2·6H2O (98%) and Na2ClO4

(99%) were obtained from Acrös. Ethyl alcohol (EtOH), t-butyl alco-
hol (t-BuOH) and isopropyl alcohol (i-PrOH) were obtained from
Sigma-Aldrich. 2-Acetylpyridine (97%), 2-benzoylpyridine (98%), 2-
pyridinecar boxaldehyde (98%), hydrazine monohydrate (97%) and 2-
chloroquinoline (97%) were obtained from Acrös. The structures of the
prepared hydrazone ligands and the geometries of their Co(III) chelates
were confirmed by microanalysis utilizing the elemental analyser
Perkin-Elmer model 240c. Spectroscopic measurements were conducted
utilizing the Jasco UV–Visible spectrophotometer model V-670. The IR
spectra of the hydrazone ligands and their corresponding Co(III) chelates
were monitored in a region of 400–4000 cm−1 using the Shimadzu FTIR
model 8101 with dry KBr discs. Conductance measurements were per-
formed at 298 K on a JENWAY conductivity meter model 4320.

2.2. Preparation of ligands and complexes

Ligands of phenyl-2-pyridylketon-2-quinolinhyrazone, methyl-
2-pyridylketone-2-quinolinhyrazone, pyridine-2-aldehyde-2-
quinolylhydrazone, and their minimally soluble Co(III) chelates, such
as [Co(paqh)2](ClO4)2, [Co(mpkqh)2](ClO4)2, and [Co(ppkqh)2](ClO4)
2, were prepared as described previously [23]. The identification of the
titled hydrazone ligands and their cobalt (III) complex salts was con-
firmed bymicroanalysis (C, H, N) IR, 1HNMR, ultraviolet-visible spectra,
and conductivity measurements (Scheme 1) [23].
2.3. Solubility

Solubilities of cobalt(III)-hydrazone chelates as perchlorate salt in
aqueous solution and in aqueous mixtures containing the co-solvents
EtOH, t-BuOH and i-PrOH with up to 20, 40 or 60 vol% alcohol were
measured at 298.15 K by agitating a generous excess of the solid complex
perchlorate salts with the appropriate solvent mixtures in the
ultrathermostate HAAKE circulator model F3-K. The sample was
centrifuged, a supernatant of the saturated solution was removed and
the solution was diluted to the suitable molar concentrations. To avoid
heating the supernatant of the saturated solutions before dilution and to
prevent any solid material from being held on the samples of saturated
solutions, the necessary precautions were taken. The concentrations of
the salts in the water co-solvent mixtures were measured spectrophoto-
metrically using the absorbances at the characteristic wavelengths
(497 nm for [Co(paqh)2](ClO4)2 (ɛ = 12,710 mol−1cm−1L), 507 nm for
[Co(mpkqh)2](ClO4)2, ɛ = 23,000 mol−1cm−1L) and 517 nm for [Co
(ppkqh)2](ClO4)2, ɛ = 30,000 mol−1cm−1L). The standard error in the
solubility determinations was ±1% by UV–Vis. spectroscopy.
2.4. Biological activities

2.4.1. Anti-pathogenic activities

2.4.1.1. In vitro antibacterial activity screening. The in vitro antimicrobial
efficiency assay was performed at the Mycological Centre, Assiut Uni-
versity. The activity of these compounds against the sensitive Gram-
negative bacteria (Serratia marcescence and Escherichia coli and Gram-
positive bacteria (Microccus luteus) were determined utilizing the



Table 2
Derivation of chemical potentials of transfer, δmμθ, kJ.mol−1, for Co(III)-hydrazone com-
plexes from the solubility (solv) measurements of Table 1; in different ratios (v/v) of or-
ganic solvent water mixtures; all values are in kJ mol−1 on the molar scale at 298.2 K.

Vol% solvent 20 40 60

MeOH(a)

δmμθ ClO4
-(b) 0.05 −0.10 0.15

δmμθ [Co(paqH)2](ClO4)2 −8.29 −21.57 −28.76
δmμθ [Co(paqH)2]2+ −8.39 −21.37 −29.06
δmμθ [Co(mpkqH)2](ClO4)2 −11.41 −24.52 −34.44
δmμθ [Co(mpkqH)2]2+ −11.51 −24.32 −34.74
δmμθ [Co(ppqH)2](ClO4)2 −13.83 −28.49 −39.23
δmμθ [Co(ppqH)2]2+ −13.93 −28.29 −39.53

EtOH
δmμθ ClO4

-(b) 0.2 1.5 3.2
δmμθ [Co(paqH)2](ClO4)2 −6.38 −15.51 −21.41
δmμθ [Co(paqH)2]2+ −5.98 −12.51 −15.01
δmμθ Co(mpkqH)2](ClO4)2 −8.73 −18.91 −25.41
δmμθ [Co(mpkqH)2]2+ −8.33 −15.91 −19.01
δmμθ [Co(ppqH)2](ClO4)2 −12.44 −23.63 −30.72
δmμθ [Co(ppqH)2]2+ −12.04 −20.63 −24.33

t-BuOH
δmμθ ClO4

-(b) 0.70 3.00 3.60
δmμθ [Co(paqH)2](ClO4)2 −1.696 −6.55 −10.41
δmμθ [Co(paqH)2]2+ −0.296 −0.55 −3.21
δmμθ [Co(mpkqH)2](ClO4)2 −2.55 −10.82 −12.92
δmμθ [Co(mpkqH)2]2+ −1.15 −4.82 −5.72
δmμθ [Co(ppqH)2](ClO4)2 −4.21 −15.39 −19.25
δmμθ [Co(ppqH)2]2+ −2.81 −9.39 −12.05

i-PrOH
δmμθ ClO4

-(b) 1.40 3.20 5.40
δmμθ [Co(paqH)2](ClO4)2 −3.24 −7.85 −14.92
δmμθ [Co(paqH)2]2+ −0.44 −1.45 −4.12
δmμθ Co(mpkqH)2](ClO4)2 −5.18 −12.60 −20.13
δmμθ [Co(mpkqH)2]2+ −2.38 −6.20 −9.33
δmμθ [Co(ppqH)2](ClO4)2 −8.54 −17.09 −26.6
δmμθ [Co(ppqH)2]2+ −5.74 −10.68 −15.26

(a) and (b): Ref. [23].
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standard agar well diffusion method as described in the literature
[25–29]. A total of 10 and 25 mg/ml of each compound were dis-
solved in N,N′-dimethylsulfoxide (DMSO) as a solvent. DMSO is
used as a blank in this investigation because it does not have
any inhibitory effect against any of the investigated microorgan-
isms. Additionally, for comparative objectives, standard Ofloxacin
(10, 25 mg/ml) was included in the test as a positive control
[25–29].

2.4.1.2. Investigation of antifungal activity for the titled compounds. Anti-
fungal efficiency of all the prepared metal chelates was evaluated
against three fungal cultures (Fusarium oxysporum, Aspergillus flavus
and Getrichm candidum) using a well diffusion method according to
[25–29]. Additionally, the minimum inhibitory concentration (MIC)
was evaluated utilizing a serial dilution technique.

2.4.2. Antiproliferative efficiency of the titled compounds
The antiproliferative efficiency for the titled compounds was tested

at the Cancer National Institute, Cancer Biology Department, and Phar-
macology Department, Cairo University. The absorbance or optical den-
sity (O.D.) of each well was measured utilizing the spectrophotometric
technique. The determination of the cytotoxic activity of the investi-
gated ligands and their Co(III) chelates was conducted using breast car-
cinoma cells (MCF-7 cell line), human colon carcinoma cells (HCT-116
cell line), and hepatic carcinoma cells (HepG-2 cell line). The process
of evaluation was executed in vitro utilizing Sulfo-Rhodamine-B-stain
(SRB) [30–34]. A 96-multiwell plate (104 cells/well) was used to incu-
bate the cells for 24 h before incubation with the titled compounds to
allow engagement of cells to the well of the plate. Different concentra-
tions of the titled compounds under investigation in DMSO (0–200 μg/
μl) were added to the monolayer of cells. The investigated compounds
were incubated with the monolayer of cells at 37 °C for 48 h under an
atmosphere of 5% CO2. Then, the Sulfo-Rhodamine-B-stain was used
to stain the cells. The attached stain was treated with Tris EDTA buffer,
and the surplus stainwaswashedwith acetic acid. An ELISA plate reader
was used tomeasure the colour intensity. The IC50was determined, and
the potency was calculated with respect to the percentage of change of
Table 1
Solubilities (solv) of salts of Co(III)-hydrazone complexes in different ratios (v/v) of or-
ganic solvent water mixtures, all values are in mol dm−3 on the molar scale at 298.15 K.

Complex [Co(paqh)2](ClO4)2
λmax = 497 nm

[Co(mpkqh)2](ClO4)2
λmax = 507 nm

[Co(ppkqh)2](ClO4)2
λmax = 517 nm

Vol% solvent 104 solv (mol dm−3) in vol% organic solvent

MeOHa

0% 1.59 0.351 0.12
20% 4.92 1.66 0.79
40% 30.00 9.91 5.82
60% 94.99 38.26 25.10

EtOH
0% 1.59 0.351 0.120
20% 3.79 1.153 0.653
40% 13.14 4.62 2.998
60% 29.36 11.19 7.886

t-BuOH
0% 1.59 0.351 0.120
20% 2.00 0.497 0.213
40% 3.88 1.53 0.977
60% 6.56 2.04 1.651

i-PrOH
0% 1.59 0.351 0.120
20% 2.47 0.711 0.384
40% 4.63 1.96 1.23
60% 12.14 5.45 4.18

a Ref. [23].
the vinblastine standard. The percent inhibitory concentration (IC %)
was estimated [30–34] utilizing the equation:

Inhibition concentration ICð Þ% ¼ Control O:D:−Ligand O:D:ð Þ
� 100=Control O:D: ð4Þ
3. Results and discussion

3.1. Solubility and chemical potential of transfer

Table 1 shows molar concentrations of saturated solutions of Co
(III)-hydrazone chelates in aqueous co-solvents EtOH, i-PrOH and t-
BuOH. These data are the raw points for the calculation of the chemical
potentials of transfer of salts and ions, which are tabulated in Table 2.

All of the required single ion properties (complex ions and perchlo-
rate ions) relating to transfer fromwater-methanol [23], water-ethanol,
water-isopropanol and water-t-butanol are based on the widely ac-
cepted TATB extrathermodynamic assumption for complex salts and
complex ions {δmμθ(Ph4As+) = δmμθ (BPh4) = 1/2, δmμθ{[BPh4]
[Ph4As]} or TPTB {δmμθ(Ph4P+) = δmμθ(BPh4

−) = 1/2δmμθ {[Ph4P]
[BPh4]}} [35,36]. The former has been used for co-solvents with ethyl al-
cohol [37], isopropyl alcohol [6], and t-butyl alcohol [38], the latter for
MeOH [39,40]. Consequently, this approach has the potential to com-
pare the effects of these co-solvents on the complex ions using the
TATB-dependent and TPTB-dependent methods for the assessment of
the transfer parameters for these complex ions.Wewill display compar-
isons in this work between the Co(III)-hydrazone complex ions and
other established complex ions to show which ion is preferentially sol-
vated by the organic co-solvent depending on the hydrophobic and hy-
drophilic character of the investigated complex ions and according to
the total charge on each complex ion.
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Fig. 1. Comparison of transfer chemical potentials (δmμθ) for Co(III) complex ions in t-BuOH-water mixtures at 298.15 K.
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3.1.1. t-BuOH-water mixtures
The values of the chemical potentials of transfer under thewater-t-butyl alcoholmixture effects for Co(III)-hydrazone complex ions and those for

other earlier established complex ions for comparison are illustrated in Fig. 1. The preferential solvation and increase in -δmμθ of the complex ions
occurs by increasing the t-BuOH content from 20 to 60% vol. t-BuOH depends on the hydrophobic and hydrophilic character of the investigated com-
plex ions and the overall charge on each complex ion. As shown in Fig. 1, the solvation and stabilization of Co(III)-hydrazone complex ions with the
same charge of +2 increases in the order [Co(ppkqh)2]2+ N [Co(mpkqh)2]2+ N [Co(paqh)2]2+ due to the increase in hydrophobicity of the ligands in
the order ppkqh N mpkqh N paqh. Thus, the hydrophobicity of the complex ions increases in the order [Co(ppkqh)2]2+ N [Co(mpkqh)2]2+ N [Co
(paqh)2]2+, and this trend of comparison of Co(III)-hydrazone complex ions in water t-BuOH mixtures is similar to that established for co-
solvents such as methanol [23]. Fig. 1 shows a comparison between the chemical potentials of transfer of [Co(ppkqh)2]2+, [Co(mpkqh)2]2+, and
[Co(paqh)2]2+ complex ions that carry a +2 charge and published chemical potentials of transfer for Co(III) complex ions, including trans-[Co(4-
Etpy)4Cl2]+ [41], trans-[Co(4-Mepy)4Cl2]+ and trans-[Co(py)4Cl2]+ [42], that carry a +1 charge in water-t-BuOH mixtures from 10 to 40 vol% t-
BuOH. The complex ionswith a+1 charge are strongly hydrophobic and stabilizedmore by increasing the t-BuOH content due to the increased con-
tact area of the ligands released in the solvent [41]. The sequence of the hydrophobicity decreases in the following order:

Co paqhð Þ2
� �2þ

b Co mpkqhð Þ2
� �2þ

b Co ppkqhð Þ2
� �2þ

b trans− Co pyð Þ4Cl2
� �þ

b trans− Co 4−Mepyð Þ4Cl2
� �þ

b trans− Co 4−Etpyð Þ4Cl2
� �þ

:

On the other hand, the complex ions of [Co(NH3)4(CO3)]2+ and cis-[Co(en)2(H2O)(OH)]2+ [25] aremore hydrophilic andmore destabilized, as t-
BuOH increases in comparisonwith [Co(ppkqh)2]2+, [Co(mpkqh)2]2+, and [Co(paqh)2]2+ complex ions. This result is attributed tomore hydration of
the cosphere CO3

2– in the [Co(NH3)4(CO3)]2+ complex and OH– in the cis-[Co(en)2(H2O)(OH)]2+ complex.

3.1.2. EtOH-water and i-PrOH-water mixtures
As shown in Figs. 2 and 3, the transferred chemical potentials of the investigated Co(III) hydrazone chelates in aqueous-EtOH and aqueous i-PrOH

mixtures have the same behaviour as those established in water-t-BuOHmixtures and water-MeOH mixtures on the same scale [23]. The solvation
and stabilization of the complex ions as the co-solvent increases take the order [Co(ppkqh)2]2+ N [Co(mpkqh)2]2+ N [Co(paqh)2]2+, where the hy-
drophobicity of the ppkqh N mpkh N paqh.
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Fig. 2. Comparison of transfer chemical potentials (δmμθ) for Co(III) complex ions in EtOH-water mixtures at 298.15 K.
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On the other hand,we compared the transfer chemical potential trends for the investigated complex ionswith other published complex ionswith
the same charge of+2, such as [Co(NH3)4(CO3)]2+, {[Co(NH3)4Cl]2+} and {trans-[Co(en)2(NH3)Br] 2+} [43], in ethanol-watermixtures at 10, 20 and
30 vol% EtOH. Unfortunately, the chemical potential of transfer of these published ions is lacking at high 30% EtOH. The order of increasing the sta-
bility solvation and hydrophobicity of the complex ions, as the EtOH solvent content increases in the order of {[Co(NH3)4Cl]2+} ˂ {trans-[Co(en)2
(NH3)Br] 2+} ˂ [Co(NH3)4(CO3)]2+ ˂ [Co(paqh)2]2+ ˂ [Co(mpkqh)2]2+ ˂ [Co(ppkqh)2]2+.

In Fig. 3, we compared the chemical potential of transfer trends for the investigated Co(III) hydrazone chelates in i-PrOH-water mixtures with
those of [Co(NH3)4(CO3)]2+ and {trans-[Co(en)2Cl2] +} in 20, 40, and 60 vol% i-PrOH. The order of stability, solvation and hydrophobicity is:

Co NH3ð Þ4 CO3ð Þ� �2þ˂ trans− Co enð Þ2Cl2
� �þn o˂ Co paqhð Þ2

� �2þ˂ Co mpkqhð Þ2
� �2þ˂ Co ppkqhð Þ2

� �2þ
:

Finally, we compared the solvent structure effects on the solubility and chemical potentials of transfer for the investigated Co(III)-hydrazone che-
lates. As we can see in Table 1, the solubility of the investigated complexes is decreasing in the organic co-solvent alcohol in the sequence MeOH
→ EtOH → t-BuOH → i-PrOH. The decrease in the solubility of the complexes in this sequence of organic co-solvent alcohol is due to the nature of
the organic co-solvent and the hydrophobicity of the complex ions. The i-PrOH alcohol has low miscibility with salt solutions and can be separated
from aqueous solutions. Salting out occurs, which causes a decrease in the solubility of the investigated complexes. The breakdown of the hydrogen-
bonded solvent structure by t-BuOH and the hydrophobic nature of the investigated Co(III)-hydrazone chelates leads to a decrease in the solubility of
the complexes in t-BuOH aqueous mixtures.

As shown in Figs. 4, 5 and 6 and Table 3, the organic co-solvent structure effects on the transferred chemical potentials of complex ions have sim-
ilar behaviour trends. The values of chemical potentials of transfer have negative signals, and the Co(III)-hydrazone ions stabilized in all co-solvent
mixtures. The stabilization and solvation powers of the hydrophobic Co(III)-hydrazone complex ions take the order trend of MeOH N EtOH N t-BuOH
N i-PrOH N H2O.
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Fig. 4. Comparison of transfer chemical potentials (δmμθ) for [Co(paqH)2]2+ in t-BuOH, iPrOH, EtOH and MeOH water mixtures at 298.15 K.
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3.2. Antimicrobial activity

From the results in Figs. 7 and 8 and Table 4, it is noted that all studied hydrazone complexes are more effective towards pathogens than the
starting material-free ligand, and such enhancement in their activity could be attributed to the lipophilicity of the metal ions in metal chelates
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Fig. 6. Comparison of transfer chemical potentials (δmμθ) for [Co(ppqH)2]2+ in t-BuOH, i-PrOH, EtOH and MeOH water mixtures at 298.15 K.

Table 3
Chemical potentials of transfer for Co(III)-hydrazone complex ions in different ratios (v/v) of organic solvent water mixtures; all values are in kJ mol−1 on the molar scale at 298.2 K.

Vol% solvent 20 40 60

δmμθ [Co(paqH)2]2+

MeOH(a) −8.39 −21.37 −29.06
EtOH −5.98 −12.51 −15.01
t-BuOH −0.296 −0.55 −3.21
i-PrOH −0.44 −1.45 −4.12

δmμθ [Co(mpkqH)2]2+

MeOH(a) −11.51 −24.32 −34.74
EtOH −8.33 −15.91 −19.01
t-BuOH −1.15 −4.82 −5.72
i-PrOH −2.38 −6.20 −9.33

δmμθ [Co(ppqH)2]2+

MeOH(a) −13.93 −28.29 −39.53
EtOH −12.04 −20.63 −24.33
t-BuOH −2.81 −9.39 −12.05
i-PrOH −5.74 −10.68 −15.26

(a): Ref. [23].



Fig. 7. The comparative antibacterial activities histogram of the investigated compounds againstMicroccus luteus (+ve) bacteria at 15 and 30 μg/ml.

Fig. 8. The comparative antifungal activity histogram of the investigated compounds against Getrichm candidum fungi at 15 and 30 μg/ml.
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[44–53]. These results also suggest that the preparedmetal chelates have antipathogenic activity that suppresses the process of multiplication ofmi-
crobes through blocking their active sites. The [Co(ppkqh)2](ClO4)2 complex showed higher efficiency than the other Co(III) chelates. The difference
in the efficiency of different metal chelates against tested pathogens depends upon either the difference in ribosomes of microbial cells or the imper-
meability of the cells of the pathogens. The higher biological efficiency of the titled Co(III) hydrazone chelates than that of hydrazone ligand could be
attributed to the theory of chelation proposed by Tweedy and the concept of Overtone [44–53]. Upon complexation, the cobalt ion polarity is min-
imized to a greater extent, which could be attributed to the overlapping of donor groups and the ligand orbital with the positive charge of themetal
ion [44–53]. Furthermore, the lipophilicity of the complex is enhanced by the delocalization of the Π-electrons, which increases over the whole
Table 4
Results of antibacterial l bioassay of the prepared compounds against different strains of bacteria and Fungi.

Compound Inhibition zone (mm) ± SD

Serratia marcescence
(−ve)

Escherichia coli (−ve) Microccus luteus (+ve) Aspergillus flavus Getrichm candidum Fusarium oxysporum

Conc. (μg/ml) 15 30 15 30 15 30 15 30 15 30 15 30

mpqh 6 ± 0.13 9 ± 0.21 4 ± 0.11 7 ± 0.05 7 ± 0.07 11 ± 0.10 3 ± 0.14 7 ± 0.11 8 ± 0.05 14 ± 0.30 6 ± 0.21 9 ± 0.04
[Co(mpqh)2]
(ClO4)2

14 ± 0.21 28 ± 0.27 11 ± 0.24 20 ± 0.21 19 ± 0.11 35 ± 0.17 11 ± 0.03 19 ± 0.31 20 ± 0.41 35 ± 0.17 12 ± 0.18 23 ± 0.18

ppkqh 7 ± 0.07 12 ± 0.22 5 ± 0.21 9 ± 0.15 9 ± 0.18 14 ± 0.24 5 ± 0.12 9 ± 0.06 9 ± 0.11 16 ± 0.07 8 ± 0.21 11 ± 0.34
[Co(ppKqh)2]
(ClO4)2

16 ± 0.21 33 ± 0.27 13 ± 0.24 23 ± 0.21 22 ± 0.11 39 ± 0.17 12 ± 0.13 21 ± 0.31 22 ± 0.41 37 ± 0.17 14 ± 0.18 26 ± 0.18

paqh 5.5 ± 0.11 8 ± 0.18 3.75 ±
0.09

6.50 ±
0.16

6 ± 0.08 10.25 ±
0.14

2.75 ±
0.07

6.5 ± 0.13 7.75 ±
0.19

13.25 ±
0.14

5.50 ±
0.06

8.75 ±
0.16

[Co(paqh)2]
(ClO4)2

13.50 ±
0.11

27 ± 0.14 10.5 ±
0.05

19.50 ±
0.13

18 ± 0.10 34 ± 0.23 10 ± 0.03 18.50 ±
0.25

19.50 ±
0.14

34 ± 0.12 11.50 ±
0.10

21.50 ±
0.21

CoCl2·6H2O 7.75 ±
0.14

13.25 ±
0.2

6.0 ±
0.12

10.25 ±
0.13

10.50 ±
0.14

15.75 ±
0.28

6.50 ±
0.14

9.75 ±
0.19

10.25 ±
0.05

17.75 ±
0.19

9.50 ±
0.12

12.50 ±
0.14

Ofloxacin 18 ± 0.11 35 ± 0.23 16 ± 0.15 26 ± 0.19 25 ± 0.18 42 ± 0.12
Fluconazol 14 ± 0.21 23 ± 0.10 23 ± 0.04 40 ± 0.06 16 ± 0.21 28 ± 0.15



Table 5
Minimum inhibition zone (MIC) for antimicrobial assay of the prepared hydrazone ligands and their complexes.

Compounds Bacteria Fungi

M. luteus E. coli S. marcescence A. flavus G. candidum F. oxysporum

mpqh 9.50 10.50 8.75 9.75 9.00 9.25
[Co(mpqh)2](ClO4)2 5.75 7.00 5.25 5.75 5.00 5.50
ppkqh 8.50 9.50 7.25 8.50 8.25 7.00
[Co(ppKqh)2](ClO4)2 4.25 6.00 4.75 5.00 4.50 4.75
paqh 9.75 11.00 9.25 10.25 9.75 10.00
[Co(paqh)2](ClO4)2 6.00 7.50 5.50 6.25 5.25 5.75
CoCl2·6H2O 7.75 8.75 6.50 8.00 7.50 6.25
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chelate sphere. The increasing lipophilicity of the trait of the central metal ion by complexation favours penetration through the lipid layer of the cell
membrane. The serial dilution routewas used to determine theminimum inhibitory concentration (MIC), and the results are tabulated in Table 5 and
Fig. 9. The [Co(ppkqh)2](ClO4)2 complex (4.5 and 4.5 mg/mL) is found to be highly efficient against microbes. This result could be attributed to its
lower MIC value against Serratia marcescence bacteria and Getrichm andidum fungi compared to the other compounds. The tested complexes were
more active against Gram (+ve) than Gram (−ve) bacteria, it may be concluded that the antibacterial activity of the compounds is related to cell
wall structure of the bacteria. It is possible because the cell wall is essential to the survival of bacteria and some antibiotics are able to kill bacteria
by inhibiting a step in the synthesis of peptidoglycan. The activity index, A, could be used as an important factor for the antimicrobial activities of
the investigated complexes, which calculated from Eq. (5) [44–53]:

A ¼ Inhibition zone mmð Þ
Inhibition zone of standard drug mmð Þ � 100 ð5Þ

The results of activity index for the antimicrobial activity of the investigated compounds were tabulated in Table 6 and showed that the activity
index increases with increasing inhibition zone of each compound compared to the standard drug.

Upon comparing the antibacterial activity of our investigated complexes with [Co(H2L)(NCS)2] (9 ± 0.80 mm), we found that our compounds
show potent activity than this compounds in against S. marcescence bacteria [54]. While, on comparing the antifungal activity of our investigated
compounds with PdL2 (8.53 mm) and PdL4 (7.96 mm), we found that our compounds are more efficient than these compounds against Aspergillus
flavus fungi [55].
Fig. 9. Histogram showing minimum inhibition concentration for the investigated compounds against (A) S. marcescence bacteria and (B) G. candidum fungi.

Table 6
Results of activity index (%) for antimicrobial assay of the prepared hydrazone ligands and their complexes.

Compounds Activity index (%)

Bacteria Fungi

S. marcescence E. coli M. luteus A. flavus G. candidum F. oxysporum

mpqh 25.71 26.92 26.19 30.43 35.00 32.14
[Compqh)2](ClO4)2 80.00 76.92 83.33 82.61 87.50 82.14
ppkqh 34.29 34.61 33.33 39.13 40.00 39.29
[Co(ppKqh)2](ClO4)2 94.29 88.46 92.86 91.30 92.50 92.86
paqh 22.86 25.00 24.40 28.26 33.13 31.25
[Co(paqh)2](ClO4)2 77.14 75.00 80.95 80.43 85.00 76.79
CoCl2·6H2O 37.15 39.42 37.50 42.39 44.38 63.39



Fig. 10. IC50 values of the prepared compounds against breast carcinoma cells (MCF-7), human hepatic cellular carcinoma cells (HepG-2) and Colon carcinoma cells (HCT-116 cell line).

Table 7
Cytotoxic activity (IC50) of the prepared compounds against human colon carcinoma cells (HCT-116 cell line), breast carcinoma cells (MCF-7 cell line) and hepatic cellular carcinoma cells
(HepG-2 cell line).

Compounds IC50(μg/μl)

MCF-7 HCT-116 HepG-2

mpqh 82 ± 1.75 191 ± 2.25 123.9 ± 1.55
[Co(mpqh)2](ClO4)2 35.3 ± 0.85 56.4 ± 0.75 48.6 ± 0.55
ppkqh 63.8 ± 1.10 168.6 ± 1.50 114.2 ± 1.35
[Co(ppKqh)2](ClO4)2 24.7 ± 0.55 46.4 ± 0.55 34.6 ± 0.75
paqh 85 ± 1.25 194 ± 1.85 128.5 ± 1.15
[Co(paqh)2](ClO4)2 52.5 ± 0.75 58.7 ± 1.10 51.4 ± 0.85
CoCl2·6H2O 58.5 ± 0.60 160.5 ± 1.35 103 ± 1.15
Vinblastine standard 4.12 ± 0.15 13.3 ± 0.28 7.5 ± 0.17
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3.3. Cytotoxic activity

The cytotoxic activity of the titled hydrazone Co(III) chelates was estimated in various cancer cell lines within a 0–200 μg/μl concentration range.
The IC50 valueswere determined for hydrazine ligands and their Co(III) chelates and are shown in Fig. 10 and Table 7. The prepared hydrazone Co(III)
complexes exhibit significant cytotoxic efficiencies (higher than that of their corresponding hydrazone ligand). It seems that changing the substitu-
ent of the ligand gives a variety of cytotoxic efficiencies. The cytotoxic potency of the titled hydrazone Co(III) chelates could be mainly described
based on the central metal atom, as mentioned by the chelation theory of Tweedy [45,48,49,52,53]. Anticancer data indicate that all the tested
hydrazone Co(III) chelates possess potent cytotoxicity against all of the investigated cancer cell lines. This result indicates the enhancement of the
antitumor efficiency of hydrazone ligands upon complexation. The enhancement of the cytotoxic efficiency could be because the acidity of a coordi-
nated ligand that bears protons is raised by the positive charge of the metal, causing more portent hydrogen bonds, which improves the biological
activity [31–34,45,48,49,52,53].

Upon comparing the anticancer activity of our investigated compounds with ([LCo2(OAc)2(H2O)2-2.5H2O-MeOH)] (152, 176.3 for HepG-2 and
MCF-7, respectively), we found that our compounds show potent activity than this compound against HepG-2 and MCF-7 tumor cells [56].
4. Conclusion

The solubilities and chemical potentials of transfer of cobalt(III)-
hydrazone chelates in ethyl alcohol (EtOH), isopropyl alcohol (i-
PrOH), and tert-butyl alcohol (t-BuOH)-water mixtures at 298.15 K,
based on the assumption the δm μθ Ph4As+ = δm μθ BPh4

− (TATB),
were measured. The change of solubility and transferred chemical po-
tentials of the Co(III)-hydrazine complex ions were analysed to deter-
mine the effect of the nature of the ligand and the nature of the
organic solvent structure. In addition, the biological activities of the pre-
pared hydrazone ligands and their Co(III) chelates were screened as an-
timicrobials against various types of fungi and bacteria. Both hydrazone
ligands and their Co(III) complexes exhibit antibacterial and antifungal
activities, but the Co(III)-hydrazone chelates act as amore potent bacte-
ricidal agent than the hydrazone ligands. The anticancer properties of
these compounds were also measured against different cancer cell
lines. The Co(III)-hydrazone chelates display significant cytotoxic activ-
ities against these cells compared with those of the hydrazone ligands.
Finally, these encouraging results are helpful in different biological ap-
plications in future endeavors.
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