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b Department of Chemistry, Science Faculty, Gazi University, Ankara, Turkey
c Department of Chemistry, Science Faculty, Karatekin University, Çankırı, Turkey
d Department of Chemistry, Faculty of Science and Letters, Istanbul Technical University, Istanbul, Turkey
a r t i c l e i n f o

Article history:
Received 11 May 2018
Received in revised form
16 June 2018
Accepted 18 June 2018
Available online 19 June 2018

Keywords:
Piperazine
Cyclic voltammetry
Glutathione reductase
HOMO-LUMO
MIC
* Corresponding author.
E-mail address: ege_nesliozbek@hotmail.com (N.

https://doi.org/10.1016/j.molstruc.2018.06.076
0022-2860/© 2018 Elsevier B.V. All rights reserved.
a b s t r a c t

1,4-Piperazinediacetic acid and 1,4-diethyl ester (1) were prepared by treating 1,4-piperazine with
ethylchloroacetate; and its structure was identified by single crystal X-ray diffraction analysis. Then, 1,4-
piperazinediacetic acid, 1,4-dihydrazide (2) and its metal complexes (2-Ni(II) and 2-Cu(II)) were syn-
thesized, respectively. Their structures were characterized by elemental analysis, ESI-MS, IR and NMR
spectral data. The electrochemical behavior of compounds was investigated using cyclic voltammetry
(CV). The density functional theory (DFT) was used for geometry optimization, HOMO and LUMO en-
ergies, HOMOeLUMO energy gap and dipole moment of the compounds. It has been observed that the
calculated band gaps for complexes are much smaller than ligands. Furthermore,13C and1H NMR analyses
of (1) and (2) compounds were performed at B3LYP/6-311þþG(d,p) level of theory and compared with
the experimental findings. Observed 13C and1H NMR chemical shifts were very good agreement with
calculated chemical shifts. The antibacterial activities of synthesized compounds were studied against
three Gram-positive and three Gram-negative bacteria by using the microdilution and disk diffusion
methods. Baker's yeast glutathione reductase and human erythrocyte glutathione reductase were eval-
uated for all compounds. Copper (II) complex has the most inhibition activities against glutathione
reductase enzyme in all compounds.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Hydrazides attrack the attention of medicinal chemists because
they enable the synthesis of different compounds [1], therefore,
they possess different pharmaceutical activities such as antibacte-
rial [2], antifungal [3], anticancer [4], anti-inflammatory [5], anti-
tuberculosis [6].

Piperidine scaffolds are found in various natural products and
bio-active molecules of many synthetic pharmaceuticals [7e11].
Piperidine derivatives exhibit several biological properties
including antitumor [12], antidepressant [13], antibacterial [14] and
antifungal etc [15]. Zikova et al. reported that symmetric piperazine
€Ozbek).
esters having various biological activity such as central nervous
system, autonomic nervous system, cardiovascular system were
less toxic than their asymmetric analogues [16].

A literature survey revealed that, piperazines and hydrazides,
possessing flexible binding feature, exhibit various inhibitory po-
tencies against acetylcholinesterase [7,17], diaminopimelate
aminotransferase [18], diacylglycerol acyltransferase [19], mono-
amine oxidase [20], focal adhesion kinase [10], glycogen synthase
kinase [21]. However, research on glutathione reductase activities
of this kind of compounds is relatively few [22e24]. Furthermore, it
is known that ligands, schiff bases and their metal complexes uti-
lized as starting materials in the synthesis of organic or inorganic
compounds for industrial usage.

The biological activities of 1,4-piperazinediacetic acid, 1,4-
dihydrazide (2) and its parent compound, 1,4-piperazinediacetic
acid, 1,4-diethyl ester (1) were not well investigated except for

mailto:ege_nesliozbek@hotmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2018.06.076&domain=pdf
www.sciencedirect.com/science/journal/00222860
http://www.elsevier.com/locate/molstruc
https://doi.org/10.1016/j.molstruc.2018.06.076
https://doi.org/10.1016/j.molstruc.2018.06.076
https://doi.org/10.1016/j.molstruc.2018.06.076


N. €Ozbek et al. / Journal of Molecular Structure 1171 (2018) 834e842 835
anti tubercular activity of (2) [25]. In this paper, [2-Ni(II)] and [2-
Cu(II)] complexes of (2) derived from (1) were synthesized and
characterized by using elemental analyses, FT-IR, LC-MS, spectro-
metric methods, magnetic susceptibility and conductivity mea-
surements methods for the compounds. (1) has also been
characterized by single crystal X-ray diffraction. 1H and 13C
shielding tensors for (1) and (2) were calculated with GIAO/DFT/
B3LYP/6-311Gþþ(d, p) basis set in DMSO phase. The antibacterial
activies of synthesized compounds were studied against Gram
positive bacteria: Salmonella typhimurium ATCC 14028, Staphylo-
coccus aureus ATCC 25923 Enterococcus faecalis ATCC 29212, Gram
negative bacteria: Escherichia coli ATCC 25922, Klebsiella pneumonia
ATCC 27853, Pseudomonas aeruginosa ATCC 27853 by using
microdilution method (as MICs) and disk diffusion method. The
inhibition activities of these compounds on baker's yeast gluta-
thione reductase and human erythrocyte glutathione reductase
evaluated. The electrochemical behaviors of piperazine derivatives
were investigated by cyclic voltammetry (CV), controlled potential
electrolysis and chronoamperometry (CA) techniques.

2. Experimental

2.1. Materials

Piperazine, hydrazine hydrate, ethyl chloroacetate, potassium
carbonate, nickel (II) chloride hexahydrate, copper (II) chloride
dihydrate (all from Sigma-Aldrich) and solvents (all from Merck)
were used without further purification. All chemicals and solvents
used in synthesis were of analytical grade.

2.2. Physical measurements

The elemental analyses (C, H, N and S) were performed on a
LECO CHNS 9320 type elemental analyzer. 1H -NMR and 13C -NMR
spectra were recorded on a Bruker- Spectrospin Avance DPX-400
Ultra-Shıeld. TMS was used as internal standard and deuteriated
DMSO as solvent. The IR spectra (4000-400 cm�1) were recorded
on a Mattson 1000 FT-IR Spectrophotometer with samples pre-
pared as KBr pellets. LC/MS-APCI was recorded on an Waters 2695
Alliance Micromass ZQ Spectrometer. The melting points were
measured using an Opti Melt apparatus. TLC was conducted on
0.25mm silica gel plates (60F254, Merck). The molar magnetic
susceptibilities were measured on powdered samples using Gouy
method. The molar conductance measurements were carried out
using a Siemens WPA CM 35 conductometer. Thermogravimetric
analysis (TG/DTG curves) was carried out by Du Pont Instrument
951 TGA±DTA apparatus.

2.3. Synthesis of 1,4-piperazinediacetic acid, 1,4-diethyl ester (1)

An ethanol solution of piperazine (2,13 g, 0,02mol) was added
drop wise to ethanol solution of ethyl chloroacetate (6,01 g,
0,04mol) and potassium carbonate (2,76 g, 0,02mol) maintaining
the temperature at about 323 K. Then, the mixture was stirred for
24 h at room temperature. After the completion of the reaction,
solvent was distilled off and the residue was poured into ice water.
The precipitated solid was filtered off, dried and recrystallized from
appropriate solvents. The synthesized compound was purified with
suitable solvents. Purity of compound was checked by TLC [26].
Yield 75%. M.p. 177e179 �C. Elemental analysis for C12H22N2O4
(MW: 258.32 g/mol) (Calc.%) C, 55.80; H, 8.58; N,10.84; O, 24.77.
(Found %) C, 54.89; H, 7.98; N, 11.42; O, 25.17. IR(KBr) cm�1:
2917 cm�1 (CH)aliph,1229 cm�1 (CN), 1619 cm�1 (C]O). LC-MS: m/
z (abudance %) [Mþ1]þ: 259.81(100%)
2.4. Synthesis of 1,4-piperazinediacetic acid, 1,4-dihydrazide (2)

1,4-Piperazinediacetic acid, 1,4-diethyl ester (1,4 g, 0,005mol) in
ethanol (30mL) was added drop wise to solution of hydrazine hy-
drate (3.0mL) in ethanol while the temperature was maintained
between 268 and 273 K. The mixture was stirred for 24 h mean
while the completion of the reaction was monitored by TLC and
then, the solvent was evaporated. The colorless crude compound
was purified in ethanol/water (3:1) by column chromatography and
then the product was recrystallized from ethanol/water mixture
(3:1) [27]. Yield 87%. M.p. 195e197 �C. Elemental analysis for
C8H18N6O2 (MW:230.27 g/mol) (Calc.%) C, 41.73; H, 7.88; N, 36.50;
O, 13.90. (Found %) C, 42.01; H, 8.11; N, 35.45; O, 13.33. IR(KBr)
cm�1: 2927 cm�1 (CH)aliph, 3286 cm�1 (NH2), 3164 cm�1 (NH),
1660 cm�1 (C]O). LC-MS: m/z (abudance %) [Mþ1]þ: 231,2 (100%).

2.5. Synthesis of Ni(II) and Cu(II) complexes [2-Ni(II), 2-Cu(II)]

All metal complexes were prepared by the following general
method: To solution of (2) (2.0mmol) in methanol/water (3:1)
(2.0mL), metal chlorides (2,0mmol) in methanol (20mL) was
added drop wise by heating on magnetic stirrer. The metal com-
plexeswere precipitated at room temperature and filtered off, dried
in a desiccator over CaCl2 [28e30].

[2-Ni(II)]: Yield 67%. M.p.>280 �C. C8H16 N6O2NiCl2 (MW:
356.01 g/mol). IR(KBr) cm�1: 2929 cm�1 (CH)aliph, 3187 cm�1

(NH2), 3170 cm�1 (NH), 1642 cm�1 (C]O), 535 cm�1 (NieO),
420 cm�1 (NieN). LC-MS: m/z (abudance %) [L þ Ni þ Cl]þ: 323.5
(18.9%), [L þ Ni]þ: 287.4 (22%), [Lþ1]þ: 231,2(100%).
Lm¼ 4.0U�1 cm2.mol�1 (DMF)

[2-Cu(II)]: Yield 71%. M.p.>300 �C. C8H16 N6O2CuCl2 (MW:
361.0 g/mol). IR(KBr) cm�1: 2925 cm�1 (CH)aliph, 3192 cm�1 (NH2),
3168 cm�1 (NH), 1622 cm�1 (C]O), 554 cm�1 (CueO), 432 cm�1

(CueN). LC-MS: m/z (abudance %) [L þ Cu]þ: 293,3 (11%),
[L þ Cuþ2Cl]þ: 366.2 (17%). Lm¼ 7.0U�1 cm2.mol�1 (DMF)

2.6. Single crystal X-Ray crystallography

The single crystal of (1) with dimensions 0.01� 0.20� 0.40mm
was grown by slow evaporation of ethylacetate solution. It was
mounted on a micromount, attached to a goniometer head on a
Bruker D8 VENTURE diffractometer equipped with PHOTON100
detector and measured with graphite monochromated Mo-Ka ra-
diation (l¼ 0.71073 Å) using 1.0� of only U rotation frames at room
temperature, respectively. The structure has been solved by
intrinsic method SHELXS-19 [31] and refined SHELXL-2014/7 [32].
Molecular drawings are generated using OLEX2. Ver. 1.2-dev [33].
Thermal ellipsoids are plotted in Fig. 1 and the crystal packing
structure of (1) is also exhibited in Fig.1S. Crystal data and structure
refinement parameters are given in Table 1S. The selected bond
lengths and bond angles of single crystal are listed in Table 2S. CCDC
1820087 contains the supplementary crystallographic data for (1).
Further details on crystal data, data collection, and refinements can
be found on the supporting information.

2.7. Electrochemical studies

Voltametric measurements were carried out with CHI 760 d
Electrochemical Analyzer. Glassy carbon electrode (BAS MF-2012),
bulk electrolysis electrode (BAS MF-1056) and 11 mm-ultramicro
carbon electrodes (BAS MF-2007) were used as a working elec-
trode. The electrodes were polished with 1 mm, 0.3 mm and
0.05 mmalümina slurries made from dry Buehler alumina and
ultra-pure water (16MUcm) on polishing microcloth before each
use. A platinumwire was used as the auxiliary electrode (BAS MW-



Fig. 1. ORTEP drawing of 1 with atom labeling scheme. Ellipsoids are drawn at 50%
probability level.
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1032). The reference electrode was a silver wire in contact with
0.01M AgNO3 in dimethylsulfoxide (BAS MF-2052). All solutions
were deairated for 15min with pure nitrogen gas. All measure-
ments were taken at room temperature, 20± 1 �C. In voltammetric
measurements, the background currents were automatically sub-
tracted from originally obtained currents.

The number of electrons transferred and diffusion coefficients
were determined by ultramicro electrode CV technique of Baranski
[34] and also, the heterogeneous rate constants were calculated
according to Klingler-Kochi method [35]. Also, the data obtained
from bulk electrolysis were used to calculate the number of elec-
trons transferred (n).

2.8. Glutathione reductase activity assay

Activity of glutathione reductase (GR) was determined accord-
ing to the standard protocol [36]. Glutathione reductase activity
was expressed as mmole NADPH oxidized per minute per mg pro-
tein, at pH 6.9 at 25 �C, using a molar extinction coefficient at
340 nm of 6.2mM �1cm�1 for NADPH. Decrease in the absorbance
at 340 nm due to oxidation of NADPHwas monitored. The standard
GR reaction medium contains 20.5mM KH2PO4, 26.5mMK2HPO4,
200mM KCl, 1mM EDTA, (pH 6.9), yeast GR (1.0 units/mL), NADPH
(0.2mM), GSSG (1mM). The final volume of the assay mixture was
left at 1.0mL. The reaction mixture was carefully mixed and after
3min pre-incubation at 25 �C, the reaction was started by the
addition of NADPH, and time-dependent changes in absorbance at
340 nmwere monitored. GR activity was measured for 1min in the
quartz cuvette. The reaction was continuing linearly during this
time period. The initial velocity of GR reactionwas measured by the
slope of recorded tracing. Ten measurements were performed and
mean values were used for each data point. GR activity of control
measured without addition of compounds was equal to about 18
mmole NADPH per min per mg protein. The enzyme activities in the
absence of the inhibitors were taken as 100%. 1mM stock solutions
of the compounds were prepared by dissolving in minimum
amount of dimethyl sulfoxide (DMSO) and diluting with water.
Activity values and inhibitor concentrations were graphed. Inhibi-
tor concentrations at the half of activity were determined as IC50
values [37].

2.9. Theoretical calculations

Because of the effective bioactivities of piperazine compounds,
the three dimensional conformation analysis was performed to
obtain important previews about molecular behavior in gas and
solution forms. To determine the most stable structure, all the
possible conformations of apmsh were obtained by potential en-
ergy scan. One-dimensional potential energy scans were performed
for four torsion angles-t1 C10eC9eO1eC8, t2 O1eC8eC7eN1, t3
C9eO1eC8eO2 and t4 O2eC8eC7eN1 in the full range of 0e3600,
DFT method. In the mentioned conformational analysis, the mo-
lecular geometry optimizations was compared with the Gaussian
03W software package by using DFT approaches in addition to the
determination of crystal structure (Fig. 2) [38]. The split valence 6-
311þþG (d, p) basis set was used for the expansion of themolecular
orbital [39]. The geometries were fully optimized without any
constraint with the help of an analytical gradient procedure
implemented within the Gaussian 03W program. The 1H and 13C
NMR chemical shifts of the compounds were calculated in CDCl3
using the GIAO method. The energy gap of HOMO-LUMO explains
the prospective charge transfer interaction within the molecule,
and in this study, the frontier orbital energy gap was obtained at
B3LYP method using 6-311þþG(d,p) basis set.

2.10. Procedure for antibacterial activity

Salmonella typhimurium ATCC 14028, Staphylococcus aureus
ATCC 25923 Enterococcus faecalis ATCC 29212, Escherichia coli ATCC
25922, Klebsiella pneumonia ATCC 27853, Pseudomonas aeruginosa
ATCC 27853 cultures were obtained from Gazi University, Biology
Department and bacterial strains were cultured overnight at 310 K
in a nutrient broth. During the survey, these stock cultures were
stored in the dark at 277 K. The inocula of microorganisms were
prepared from broth cultures and suspensions were adjusted to 0,5
McFarland standart turbidity.

The piperazine derivatives and their complexes were dissolved
in dimethylsulfoxide (10%DMSO) to a final concentration of
8.0mgmL�1 and sterilized by filtration with 0,45 mm millipore fil-
ters. Antimicrobial tests were then carried out by the disc diffusion
method using 100 mL of suspension containing 108 CFUmL�1 bac-
teria which was spread on nutrient agar (NA) medium. The discs
(6mm in diameter) impregnated with 30 mL of each compound
(240 mg/disc) at the concentration of 8.0mgmL�1 and placed on the
inoculated agar. DMSO impregnated discs were used as negative
control. Sulfisoxazole (300 mg/disc) were used as positive control to
determine the sensitivity of one strain/isolate in each microbial
species tested. The inoculated plates were incubated at 37 �C for
24 h for bacterial strains isolates. Antimicrobial activity in the disc
diffusion assay was evaluated by measuring the zone of inhibition
against the test organisms. Each assay in this experiment was
repeated twice [40] Percentage of inhibition was calculated by
comparing the distance of the sample to the distance of Sulfisox-
azole as standard [41].

The minimum inhibitory concentration (MIC) values of the
piperazine derivatives and their complexes were determined using
modification of the micro well dilution assay method. 100 mL of the
test compounds, initially prepared at 4000 mgmL�1 concentration,
were added into the first wells. Then, 100 mL of the serial dilutions
was transferred into nine consecutive wells. The contents of the
wells were mixed and the micro plates were incubated at 37 �C for
24 h. The compounds were tested against each microorganism
twice. The values obtained are average of the two results. The MIC
values were determined from visual examinations as the lowest
concentration of the extracts in the wells with no bacterial growth
[42].

3. Results and discussion

3.1. Characterization of the complexes

The reaction mechanisms are exhibited in Fig. 3. All complexes



Fig. 2. Correlation values of (2).
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are stable under normal conditions. Upon heating, decomposition
occurs. Complexes are soluble in both DMSO and DMF, but insol-
uble in both ethanol and acetonitrile. The elemental analysis results
show that [2-Ni(II)] and [2-Cu(II)] complexes have 1:1 (metal:-
ligand) stoichiometry. The analytical results are in good agreement
with those requiredmole ratio by the general formula [MLCl2].H2O.
In order to inspect the binding of Schiff base ligand to the metal
ions, the FT-IR spectrum of the free ligand was compared with that
of the transition metal complexes. The bands of (2) at 1660 cm�1

and 3286 cm�1 were attributed to the stretching vibration of the
ʋ(C]O) and ʋ(NH2), respectively. The complexes reveals that ʋ(C]
O) in the range of 1642e1622 cm�1 and ʋ(NH2) in the range of
3187e3190 cm�1, respectively. The decrease in frequencies of the
C]O and NH2 bonds are indicative of the ligand chelation through
amine-N and carbonyl-O into the metal center as a result of the
withdrawal of electron density from the nitrogen and oxygen
atoms. The ʋ(M-O) and ʋ(M-N) vibrations are observed at lower
frequencies as expected. The low-frequency skeletal vibrations due
to ʋ(M-O) and ʋ(M-N) stretching provided direct evidence for the
complexation [43]. Orojloo et al. have reported bands in the region
of 540e490 cm�1 for ʋ(M-O) and 450e400 cm�1 for ʋ(M-N) vi-
brations, respectively [44]. In present study, ʋ(M-O) vibration
occurring in the region 535-554 cm�1 and ʋ(M-N) vibration
occurring in the region 420-432 cm�1 has been assigned for metal
complexes.

Conductivity measurements in non-aqueous solutions have
been frequently used in structural studies of metal chelates within
the limits of their solubilities. They provide a method for testing
Fig. 3. Preparation
degree of ionization of the complexes. The number of molar ions in
the solution can be determined by molar conductivity measure-
ments. The non-ionized complexes have negligible value of molar
conductance. The molar conductivities of the solid chelates are
measured in 10�3mol solution of 1:1 complexes in DMSO. The
product of the cell constant and the measured conductance of the
solution give the specific conductivity, K. The molar conductivity
(U�1 cm2mol�1) is given by the relation:Lm¼ K/C� 1000 where C
(mol/L) is the concentration of the solution. It is clear from the
conductivity data that our metal complexes behave as weak elec-
trolytes. The molar conductance values indicate that the anions
may be presented inside the coordination sphere or absent. This
result was confirmed from the chemical analysis where Cl ions are
not precipitated by the addition of AgNO3 solution. All the com-
plexes did not show electrolytic properties [45].

The electronic spectra of (2-Ni(II)) complex shows three ab-
sorption band in the region 10,005e10,123 cm�1, 16,388-
17330 cm�1 and 24,891e24,999 cm�1, which were assigned to
3A2g/3T2g (ʋ 1), 3A2g/3T1g (ʋ 2) and 3A2g/3T1g transitions, respec-
tively. These are the characteristic bands of octahedral environment
around Ni(II) ion. Magnetic moment value of Ni(II) complex (2.9
BM.) confirms the presence of two unpaired electrons in the
octahedral geometry [46]. . The electronic spectra of(2-Cu(II))
complex shows a maximum broad band at 16,393 cm�1. This band
is assigned to 2Eg/2T2g transition in the octahedral Cu(II) complex
[47]. The magnetic moment of Cu(II) complex is in agreement with
the value of the octahedral geometry (1.8 BM) [48].

In order to identify the thermal stability of the metal complexes,
of compounds.
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the thermal decomposition studies were carried out using ther-
mogravimetry techniques with in the temperature range from
25 �C to 1200 �C under an N2 atmosphere. The water analysis of the
complexes suggested one water molecule in the structure of metal
complexes. Thermal analysis of Ni (II) complex indicates loss of
weight in the following two steps: a small weight loss in the range
of 50e150 �C due to loss of lattice water in the first step, maximum
weight loss above 250 �C in the second step which can be assigned
to complete decomposition of the ligand moity around the metal
ion. As seen in Fig. 2S, there are mainly three continuous mass loss
steps in the TGA curve of Cu(II) complex. The first step with mass
loss of 5.2% from 0 to 155 �C may be assigned to the loss of lattice
water. There is mainly large mass loss step after 220 �C with loss
percentage of 59.7% which is attributed to the organic
decomposition.
3.2. X-ray crystallography

Compound (1) was crystallized in a monoclinic lattice with P1
21/c1 space group. The unit cell contains 2 molecules and the
crystal lattice does not contain any intramolecular or intermolec-
ular interactions. The asymmetric unit of the title compound con-
tains only one half-molecule of the structure (1). The six-
membered piperazine ring adopts a standard chair conformation.
Torsion angles of C1eN1eC2eC1 and N1eC1eC2eN1 observed as
58.7� and 57.6� (Table 2S) also proves the chair conformation [49].
The two carboxylate groups are mutually in trans isomery. The CeN
single bond distance of the ring (1.458(2) Å) is in agreement with
other crystals of piperazine [50,51].
3.3. Electrochemical behavior

The electrochemical behavior of compounds in DMSO at glassy
carbon electrode were investigated using cyclic voltammetry (CV),
controlled potential electrolysis and chronoamperometry (CA)
techniques. Reduction peak potentials (Epc) of compounds at
different scaning rates are presented in Figs. 4e5This CV has
demonstrated that investigated compounds has two-tree reduction
peaks at glassy carbon electrode in DMSO. It is also observed in
Figs. 4e5 that the peak potentials show a negative shift by
increasing of the scan rate. The fact that, Epc values show a negative
shift at higher scan rates is a clear indication of an irreversible
behavior.
Fig. 4. Cyclic voltamogram (CV) of (1) and (2) in DMSO containing 0.1M TBA
3.4. Determination of the number of electrons transferred and the
diffusion coefficient

The number of electrons transferred (n) during the reduction
process and the diffusion coefficient (D) of the compounds were
determined by using ultramicro electrode and chronoamperometry
methods, n and D values were calculated as follows:

n ¼ nsS2isCs
S2s iC

D ¼ Ds S2s i2

S2 i2s

where is limiting steady-state current, S is the slope of the of the
chronoamperometric i vs t�1/2 plot.

Klingler-Kochi Method for Determination of the Heterogeneous
Electron-Transfer Standard Rate Constants.

The limiting steady-state current of compound was determined
by linear sweep voltammetry method. The diffusion coefficient (D)
is related with the diffused amount of compound to the electrode
surface [52,53]. The heterogeneous standard rate constant (ks) is
found by cyclic voltammogram at different scan rates. In general,
increasing the scan rate affects the reduction peak potential (Epc)
and the peak width values (Ep/2) which change the value of ks
calculated from the formula given below. The heterogeneous
standard rate constant (ks) at 21 �C which are independent of
Table 1 and they are the indicator of irreversible behavior [34,35].

Ks ¼ 2:18
�
DbnFv
RT

�1=2

b ¼ 1:857
RT

nF
�
Ecp � Ecp=2

�

The current function decreasing exponentially towards the
higher scan rates is an indication of the electron transfer followed
by electrochemical reduction (EC) mechanism. It is supposed that
2e� transferred reductions occur. The action mechanism of com-
pounds can be useful for pharmacokinetic and pharmacodynamic
purposes in biological systems as drugs.

This work has demonstrated that our compounds have two-tree
reduction peaks at glassy carbone electrode in DMSO. The elec-
trochemical reduction occurs through two electrons by successive
two electron irreversible peaks followed by chemical reactions. The
number of electrons transferred which was calculated by UME
method is in good accordance with the number of electrons
determined from bulk electrolysis. Based on the electrochemical
results, the reaction mechanism of compounds can be conveniently
claimed as EC mechanism. Ep

c e Ep/2
c values were found to be

50e130mV for each peak which is in good agreement with those
given in literature for EC systems. The fact that Epc values show a
TFB on glassy carbon electrode at a scan rate of 0.01e5 Vs�1(vs. Ag/Agþ).



Fig. 5. Cyclic voltamogram (CV) of [2-Ni(II)] and [2-Cu(II)]in DMSO containing 0.1M TBATFB on glassy carbon electrode at a scan rate of 0.01e5 Vs�1(vs. Ag/Agþ).

Table 1
Diffusion coefficient, Transferred electron numbers (n), Bulk electrolysis calculated by the number of electrons (n) and heterogeneous rate constant of compounds in DMSO
media.

Cotrell Slope
(S)x105

Diffusion Coefficient
(D, cm2/s) x 107

UME Limit Current,
(iss, A)x1010

n (Baranski Method) n (Bulk Electrolysis) Standart Heterogeneous Scan
rate *ks(cm/s)x 106

(1) 4.85± 0.10 2.45± 0.08 3.06± 0.02 1.96± 0.01 1.91± 0.02 1.14± 0.04
(2) 3.32± 0.01 3.06± 0.03 3.21± 0.05 2.01± 0.02 1.99± 0.01 2.24± 0.03
[2-Ni(II)] 2,15± 0.12 5.87± 0.01 2.26± 0.03 1.94± 0.03 1.98± 0.02 6.13± 0.05
[2-Cu(II)] 1.86± 0.08 7.94± 0.03 1.92± 0.01 2.08± 0.01 2.01± 0.03 8.28± 0.01

Results are average of three measurements and standard deviation.

Table 3
Calculated values for frontier orbital energies, energy band gap (DE), ionization
energy (I), electron affinity(A), electronegativity(c), chemical hardnesses (h) and
chemical softness (S), chemical potential(m) and electrophilicity index (u) of studied
compounds.

Physical properties (1) (2) [2-Ni(II)] [2-Cu(II)]

EHOMO (eV) �7.70 �5.11 �6.24 �5.22
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negative shift at higher scan rates is a clear indication of an irre-
versible behavior (Figs. 4e5). This was also verified by the decrease
of the current function (ipc/v1/2) with increasing scan rate (v) graphs.
This is a further proof that a chemical step takes place after the
electron transfer process. It can be supposed that the reactions are
not controlled by adsorption phenomenon. The linearity of ipc vs. v1/2

graphs indicates that the reactions are diffusion controlled.

ELUMO (eV) �0.64 �0.57 �3.66 �3.60
DE¼ EHOMO-LUMO (eV) 7.06 4.54 2.58 1.62
I (eV) 7.70 5.11 6.24 5.22
A (eV) 0.64 0.57 3.66 3.60
c (eV) 4.17 2.84 4.95 4.41
h(eV) 3.53 2.27 1.29 0.81
S (eV�1) 0.14 0.22 0.39 0.62
m(eV) �4.17 �2.84 �4.95 �4.41
u(eV) 2.46 1.77 9.50 12.00
3.5. Glutathione reductases inhibition studies

As seen above, all compounds exhibit the broad-spectrum
bactericidal activities. This brings us to further examine their
glutathione reductase activities, since the copper(II) complexes of
the pyrazine-based hydrazide have been displayed many applica-
tions in biological activities. Herein, interaction between the com-
pounds and Baker's yeast glutathione reductase and human
erythrocyte glutathione reductases were assayed and evaluated.
The results are presented in Table 2.

All compounds were active inhibitor of Baker's yeast and human
erythrocyte glutathione reductase. The most active compound in
the series was copper(II) complexwith IC50 value of 63.18± 0.28 mM
against Baker's yeast glutathione reductase. Ni(II) complex exhibi-
ted less activity than copper (II) complex. Pyrazine-based hydrazide
(2) showed greater inhibitory activity than parent (1).
Table 2
Glutathion reductase inhibitory activities of compounds.

Compounds IC50 (mM)

Baker's yeast Human erythrocyte

(1) 155.28± 0.67 186.20± 0.59
(2) 108.91± 0.46 129.48± 0.59
[2-Ni(II)] 78.16± 0.55 119.50± 0.25
[2-Cu(II)] 63.18± 0.28 100.73± 0.79
3.6. Computational studies

3.6.1. NMR spectra
The NMR spectra (1H, 13C) of (1) and (2) were measured and

interpreted in DMSO. The 13C NMR and 1H NMR spectrum of
compounds are given in Figs. 3Se4S. The experimental and calcu-
lated chemical shift values are shown in Table 3S. In order to
facilitate the interpretation of the NMR spectra, quantum-chemical
calculations were performed using B3LYP/6-311Gþþ(d, p) basis set
in DMSO phase. Isotropic shielding tensors of 13C were changed
into chemical shifts by using a linear relationship suggested by
Blanco et al. [54] A similar relationship proposed by Silva et al. [55].

In the 1H NMR spectra of (1); H1, H2, H7, H9 and H10 protons
appeared at 3.24 ppm, 3.24 ppm, 4.13 ppm,2.62 ppm and 1.21 ppm
were calculated as 3.26 ppm, 3.24 ppm, 4.12 ppm, 2.62 ppm and
1.29 ppm, respectively. In 13C-NMR spectra of (1); C1, C2, C7, C8, C9
and C10 carbon signals assigned at 48.06 ppm, 47.54 ppm,
55.86 ppm, 165.47 ppm, 54.74 ppm and 9.48 ppm were calculated
as 48.21 ppm, 47.88 ppm, 55.86 ppm, 165.93 ppm, 53.38 ppm and
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9.32 ppm, respectively.
In the 1H NMR spectra of (2); H1, H2 and H7 protons appeared at

2.61 ppm, 2.62 ppm and 2.91 ppm were calculated as 2.85 ppm,
2.98 ppm and 2.94 ppm, respectively. A signal were also observed at
8.80 ppm belongs to HNe group (calculated as 8.85 ppm) and at
4.20 ppm belongs to NH2e group (calculated as 4.52 ppm). In 13C-
NMR spectra of (2); C1, C2, C7 and C8 carbon signals assigned at
53.14 ppm, 53.14 ppm, 60.34 ppm and 168.65 ppm were calculated
as 49.31 ppm, 49.32 ppm, 59.82 ppm and 169.20 ppm, respectively.
3.6.2. Frontier molecular orbital analysis
The HOMO (highest occupied molecular orbital) and the LUMO

(lowest unoccupiedmolecular orbital) orbitals are themain orbitals
involved in chemical stability [56]. Molecular orbitals may give an
idea of the nature of the reactivity and some structural and physical
properties of the molecules. The HOMO represents the ability to
accept an electron and LUMO as an electron receiver represents the
ability to obtain an electron. The HOMO energy is directly related to
the ionization potential, LUMO energy is directly related to the
electron affinity. The frontier molecular orbitals (HOMO and LUMO)
are mostly the p-antibonding type molecular orbitals in the
structure.

The energy difference between HOMO and LUMO orbital
(EHOMO-ELUMO) called as energy band gap is a critical parameter in
determining molecular electrical transport properties and elec-
tronic systems because it is a measure of electron conductivity
[57e60]; . The 3D plots of the frontier orbitals in the ground state
HOMO and the excited state LUMO are shown in Fig. 6. As shown in
Fig. 6 and Table 3, the difference between HOMO and LUMO energy
levels of the studied compounds are 7.06, 4.54, 2.58 and 1.62 eV for
(1), (2), [2-Cu(II) ] and [2-Ni(II)], respectively.

All the calculated parameters were given in Table 3. According to
Fig. 6. Plots of the frontier
frontier molecular orbital analyses results, while there is reverse
relationship between antibacterial activity, energy band gap
(EHOMO-ELUMO) and chemical hardness (h), there is an accurate
relationship between antibacterial activity and chemical softness
(S) for studied compounds. Antibacterial activity, energy band gap
(EHOMO-ELUMO), chemical hardness (h) and chemical softness (S) are
in the following orders, respectively;

(1)<(2)<[2-Ni(II)]<[2-Cu(II)]; (1)>(2)>[2-Ni(II)]> [2-Cu(II)]; (1)
>(2)>[2-Cu(II)]>[2-Ni(II)]; 1)<(2)<[2-Ni(II)]<[2-Cu(II)]
3.7. Antibacterial activity results

The test compounds were screened in vitro for their antibacte-
rial activity against three Gram-positive species and three Gram-
negative species by the disc diffusion and micro dilution
methods. The antibacterial activity of the compounds was tested by
paper disc diffusion method (Table 4S). The minimum inhibition
concentrations (MICs) of the compounds were also determined and
compared with reference drug Sulfisoxazole (see Table 4). The re-
sults were compared with those of the standard drug Sulfioxazole
(Fig. 5S).

All compounds at low concentration displayed bacteriostatic
activity against all bacteria. It is observed that metal complexes of
(2) have significantly more antimicrobial activities than the corre-
sponding ligand (2). This indicates that metal types have profound
impact on antibacterial activities. The influence of substituent on
pyrazine group is also more significant. This result disclosed that
(2) with hydrazide moiety was more active than (1) ester moiety.
Briefly, [2-Cu(II)] were found to be the most active against Pseu-
domonas aeruginosa ATCC 27853 with MIC value of 15.125 mg/mL
among the all tested compounds and also showed the more po-
tency than Sulfisoxazole.
orbitals of compounds.



Table 4
The MICs of antibacterial activity of compounds.

Bacteria strains MIC mg/mL (mM)

(1) (2) [2-Ni(II)] [2-Cu(II)] SD

Gram- negative
E coli ATCC 25922 250 (0,97) 250 (1,08) 62,5 (0,15) 31,25 (0,0725) 23.4 (0.088)
P.aeruginosa ATCC 27853 250 (0,97) 125 (0,54) 31,25 (0,074) 15,125 (0,036) 375 (1.403)
K.pneumoniae ATCC 70063 250 (0,97) 125 (0,54) 62,5 (0,15) 31,25 (0,0725) 23.4 (0.088)
Gram-positive
S. aureus ATCC 25923 250 (0,97) 125 (0,54) 62,5 (0,15) 62,5 (0,145) 23.4 (0.088)
E.faecalis ATCC 29212 250 (0,97) 125 (0,54) 62,5 (0,15) 31,25 (0,0725) 93.75 (0.35)
S. typhimurium ATCC 14028 250 (0,97) 250 (1,08) 62,5 (0,15) 31,25 (0,0725) 375 (1.403)

SD: Sulfisoxazole.
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Percentage of inhibition for the compounds exhibited in Fig. 5S
that was expressed as excellent activity (120e200%inhibition),
good activity (90e100% inhibition), moderate activity (75e85%
inhibition), significant activity (50e60%inhibition), negligible ac-
tivity (20e30% inhibition)and no activity [61,62]. As seen in Fig. 5S,
[2-Cu(II)] and [2-Ni(II)] show excellent activity while other com-
pounds have good activity or moderate activity against P.aerugi-
nosa. [2-Cu(II)] exhibit excellent activity against S. typhimurium,
whereas [2-Ni(II)] shows good activity.

4. Conclusion

In the present work, two symmetrical piperazine compounds
containing ester, hydrazide moiety nickel (II) and copper (II) have
been synthesized and characterized. The room temperature effec-
tive magnetic moments of the complexes indicate these com-
pounds aremon-nuclear. The theoretical calculations show that the
energy band gap and chemical hardness decreases upon
complexation. All compounds show antimicrobial activities against
tested bacteria. [2-Cu(II)] and [2-Ni(II)] show excellent activity
against P.aeruginosa. Some relationships between their chemical
structure and biological activities are discussed. In the study con-
ducted, it was found that anti-bacterial activity was inversely
related to energy band gap (EHOMO-ELUMO) and chemical hardness
(h). Also, there is an accurate relationship between antibacterial
activity and chemical softness (S) for studied compounds. This will
be interesting for their possible application in medical practice in
the future. The electrochemical behaviors of piperazine compounds
were evaluated by means of cyclic voltammetry (CV), controlled
potential electrolysis, and chronoamperometry (CA) techniques.
The electrochemical reduction (EC) mechanism supposes that 2e�

transferred reduction occurs in two steps. Epc e Ep/2
c values were

found to be 50e130mV for each peak which is in good agreement
with those given in literature for EC systems.
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