
lable at ScienceDirect

Journal of Molecular Structure 1213 (2020) 128152
Contents lists avai
Journal of Molecular Structure

journal homepage: ht tp: / /www.elsevier .com/locate/molstruc
Synthesis, characterization, biological, X-ray diffraction analysis and
computational chemistry studies of new 2-acetylpyridine derivative
hydrazone and its Zn(II) complex

Murat Çınarlı a, Çi�gdem Yüksektepe Ataol b, *, Esra Çınarlı c, €Onder _Idil d

a Central Research and Application Laboratory, Ahi Evran University, 40100, Kirsehir, Turkey
b Department of Physics, Faculty of Science, Cankiri Karatekin University, 18100, Cankiri, Turkey
c Department of Biology, Faculty of Science, Ahi Evran University, 40100, Kirsehir, Turkey
d Department of Basic Education, Faculty of Education, Amasya University, 05000, Amasya, Turkey
a r t i c l e i n f o

Article history:
Received 22 January 2020
Received in revised form
25 March 2020
Accepted 28 March 2020
Available online 7 April 2020

Keywords:
2-acetylpyridine
Single crystal
Hydrazone
Metal complex
Computational chemistry
DNA bases
* Corresponding author.
E-mail addresses: yuksektepe.c@karatekin.edu

(Ç. Yüksektepe Ataol).

https://doi.org/10.1016/j.molstruc.2020.128152
0022-2860/© 2020 Elsevier B.V. All rights reserved.
a b s t r a c t

A new aroyl hydrazone ligand ((E)-2-phenyl-N’-(1-(pyridine-2-yl)ethylidene)acetohydrazide) HL and its
metal complex [ZnL2] (1) have been synthesized and characterized by using elemental analysis, IR and
UVevis spectroscopy methods. All data indicate that the ligand is coordinated through enolate oxygen,
pyridine nitrogen and the imine nitrogen in enolic form towards the metal ions. The single crystal X-ray
diffraction analysis and Density Functional Theory (DFT) calculations were carried out for HL and 1
structures. HL and 1 crystallize in the monoclinic and the orthorhombic with P 21/n and P b c n space
group with a ¼ 5.2051(4) Å, b ¼ 10.0477(9) Å, c ¼ 25.204(2) Å, with a ¼ 14.1300(18) Å, b ¼ 9.3287(13) Å,
c ¼ 21.491(3) Å, respectively. The geometries, molecular orbital energies, and stability of the molecular
structures were investigated in different solvent environments by using DFT/B3LYP/6-311G (d, p)
method. Theoretical UVevis spectra of the molecular structures were obtained and the percentage
contributions of atomic orbitals of functional groups of the molecular structures to the molecular orbital
energy levels were calculated in water media. The global reactivity parameters of the molecular struc-
tures were calculated and the interactions between the molecules with DNA bases such as adenine,
cytosine, guanine, and thymine were investigated by using the ECT (Electrophilicity-Based Charge
Transfer) method and DN (charge transfer) parameters. All the compounds were screened for antibac-
terial activity against Gram-positive, Gram-negative and yeast by using minimal inhibitory concentration
method (MIC). [ZnL2] (1) has been found to have more effect than HL in all microorganisms. Moreover,
antioxidant activity was determined with the ABTS method. The DNA binding interactions was also
determined experimentally by spectrophotometric and electrochemical methods.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Aroylhydrazones have attracted the attention of many re-
searchers in recent years due to their versatile uses (such as bio-
logical activity, strong chelating) [1e3]. Aroylhydrazones (>C]
NeNHeCOe) are recognized by the presence of two inter-linked
nitrogen atoms and they have an additional donor site like >C]
O. The additional donor sites make themmore flexible and versatile
[4,5]. Such molecules show various biological effects [6e33].
.tr, yuksekc85@gmail.com
Besides, 2-acetylpyridine is an important group in the structure of
many drugs, and it is widely used as a starting material for many
different chemical system studies [34]. Metal complexes of hydra-
zone derived from 2-acetylpyridine have received considerable
attention over the past two decades [35]. This may be attributed to
unusual structural features in the resultant metal complexes and
their biological activities. Some of the metal complexes have anti-
oxidative activities [35] and electronic and photophysical proper-
ties [36,37].

Because of these observations, we report the synthesis, char-
acterization and biological activities of new 2-acetylpyridine de-
rivative aroylhydrazone and its Zn(II) complex. The molecular
structures of ligand (HL) and [ZnL2] (1) complex have been
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determined by elemental analysis, IR and UVevis. spectral studies
and single crystal X-ray diffraction analysis. Besides, to compare
experimental and theoretical results and to support experimental
data, the molecular structures are optimized by using the DFT/
B3LYP/6‒311G(d, p) basis set in the gas, methanol, and water me-
dia. The molecular orbital energies, molecular electrostatic poten-
tial (MEP) map, and the global reactivity parameters of these
compounds are calculated and also, the interactions between these
compounds and DNA bases are determined by using the ECT
(electrophilicity-based charge transfer) and DN (charge transfer)
parameters. The antibacterial activity of the compounds to Gram-
positive, Gram-negative, and yeast were measured.

2. Experimental

2.1. Materials

Phenylacetic hydrazide, Zn(CH3COO)2 $2H2O and Glacial acetic
acid were obtained from Sigma-Aldrich. 2-Acetylpyridine and
methanol were purchased fromMerck Co. All chemicals purchased
from commercial suppliers were reagent grade and were used
without further purification.

2.2. Physical measurements and theoretical methods

The elemental analysis of the compounds was performed on a
Thermo Flash 2000 Elemental Analyzer. The electronic absorption
spectra of the title compounds were recorded at room temperature
in the DMSO solution on a Thermo Evolution UVeVisible Spectro-
photometer working between 200 and 1100 nm. IR spectra were
recorded on a Thermo Scientific Nicolet iS10 FT- IR spectropho-
tometer using KBR disk. Starting geometries of the compounds
were taken from X-ray refinement data for computing procedure.
The molecular structures of the compounds in the ground state (in
vacuo) were optimized by DFT methods to include correlation
corrections with the polarized 6‒311G(d, p) basis set in the gas,
methanol andwatermedia. DFT forms hybrid functionals, including
B3 [38], which defines the exchange functional as the linear com-
bination of Hartree-Fock, local, and gradient-corrected exchange
terms. The B3 hybrid functional was used in combination with the
correlation functionals [39]. The Highest Occupied Molecular
Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital
(LUMO) of the molecules were obtained by single point energy
calculation in the Ground State (GS) and gas, methanol and water
media by using DFT/B3LYP/6‒311G(d, p). And also, UVevis spectra
of the molecular structures were calculated by using (Time-
Dependent) TD-DFT/B3LYP/6-311G(d, p) in thewatermedia and the
excited state. The global reactivity parameters were evaluated us-
ing equations given in the computational chemistry studies. The
molecular structures and DNA bases were optimized and their
energies were calculated by using DFT in water media.

All the calculations were performed using Gaussian 09 program
[40].

2.3. X-ray crystallography

X-ray diffraction data of HL and 1 were collected at room tem-
perature with Bruker APEX-II CCD diffractometer equipped with
graphite-monochromated Mo-Ka radiation (l ¼ 0.71073 Å). The
structures were solved by direct methods using SHELXT-2014/5
[41] implemented in the WinGX software system [42] and refined
by the full-matrix least-squares procedure on F2 using SHELXL-
2018/3 for HL and SHELXL-2015/1 for 1 [43]. All non-hydrogen
atoms were easily found from the difference Fourier map and
refined anisotropically. All hydrogen atoms were included using a
riding model and refined isotropically with CH ¼ 0.93e0.97 Å and
NH ¼ 0.86 Å, Uiso(H) ¼ 1.2Ueq (1.5 for the methyl group) for HL and
1, respectively. Crystallographic data of HL and 1, details of the data
collection and structure refinements are listed in Table 1.

2.4. Preparations

2.4.1. Synthesis of (HL)
Phenylacetic hydrazide (0.15 g, 1 mmol) was dissolved in

methanol (20 mL). To this solution, 2-acetylpyridine (0.11 ml,
1 mmol) in methanol (20 mL) was added. The mixture was refluxed
for 4e5 h and then left to cool. White color crystals were obtained
in 2 days. Yield: 79%, Mp: 152 �C. Elemental Analysis, Found (Calc.)
(%): C: 70.92 (71.13), H: 5.85 (5.97), N: 16.55 (16.59). The chemical
structure of HL is shown in Scheme 1.

2.4.2. Synthesis of (1)
HL (0.0952 g, 0.4 mmol) was dissolved in methanol and a so-

lution of Zn (CH3COO) 2.2H2O (0.043 g, 0.2 mmol) in methanol was
added to this solution. The reaction mixture was refluxed for 2e3 h
and then left to cool. Pale yellow crystals suitable for X-ray analysis
were obtained. Yield: 55%, Mp(decomp.): 274 �C. Elemental Anal-
ysis, Found (Calcd.) (%): C: 62.75 (63.22), H: 5.02 (4.95), N: 14.65
(14.74). The chemical structure of 1 is shown in Scheme 2.

2.4.3. Detection of antibacterial activity
The antimicrobial activities were tested against standard bac-

terial strains of Gram-positive (Staphylococcus aureus ATCC 6538P,
Bacillus cereus ATCC 10876) and Gram-negative (Escherichia coli
ATCC 25922, Pseudomonas aeruginosa ATCC 27853, Salmonella
typhimurium LT2), yeasts (Candida albicans ATCC 10231) by using
Minimal Inhibitory Concentration method (MIC). The compounds
were dissolved in DMSO at the proper concentration. All cultures
were incubated in nutrient broth at 37 �C for 24 h. Bacterial and
yeast cells were suspended in 50mL nutrient broth. The turbidity of
bacterial and yeast suspensions was adjusted at a concentration of
approximately 106 cells/ml by matching with 0.5 McFarland
turbidity standards. Microorganisms were transferred 1 mL in test
tubes and were added complexes. The incubation period of all the
test cultures was 24 h at 37 �C in the incubator. The minimum
inhibitory concentration, at which no growth was observed, was
taken as the MIC value (mg/ml).

2.4.4. DNA interaction studies
pBR322 plasmid DNA cleavage activity of HL and 1 have been

determined by agarose gel electrophoresis. The reactions were
carried out in the presence and absence of 30 mM H2O2 as an
activator. The concentration of ligand and complex were adjusted
at 10mM in DMSO and then treated with 0.25 ppm pBR322 plasmid
DNA. The final concentrations of the compounds were 1 mM. The
DNA interaction reaction was carried out at room temperature for
24 h. After incubation period1 ml 6X gel loading buffer was added
samples then loaded on 1% agarose gel for 90 min at 80 V in TBE
buffer (pH 8). Gels were stained with ethidium bromide for 15 min
and were washed deionized water for 15 min. Then gels were
photographed under UV light.

2.4.5. Determination of antioxidant properties with ABTS method
The antioxidant properties of HL and 1 were evaluated by

scavenging 2, 20-azino-bis(ethylbenzthiazoline-6-sulfonic acid)
radical cation (ABTS$þ). For this purpose, ABTS$þ stock solutionwas
prepared by mixing 7 mM ABTS solution with 2.45 mM potassium
persulfate (KPS) solution 1: 1 (v:v) and incubating for 16 h. The
ABTS$þ solution was diluted with distilled water to an absorbance



Table 1
Crystallograhic data for HL and 1.

Molecules HL 1

Empirical formula C15H15N3O C30H28N6ZnO2

Molecular weight 253.30 569.95
Temperature, T (K) 296 296
Wavelength (Å) 0.71073 0.71073
Crystal system Monoclinic Orthorhombic
Crystal size (mm3) 0.08 � 0.10 x 0.19 0.15 � 0.18 x 0.26
Space group P 21/n P b c n
a (Å) 5.2051(4) 14.1300(18)
b (Å) 10.0477(9) 9.3287(13)
c (Å) 25.204(2) 21.491(3)
a (�) 90.00 90
b (�) 91.675(4) 90
g (�) 90.00 90
Volume, V (Å3) 1317.6(2) 2832.9(6)
Z 4 4
Calculated density (Mg m�3) m (mm�1) 1.277

0.083
1.336
0.904

q Range (�) 3.16e25.00 3.23e25.00
Index ranges h ¼ �6/6, k ¼ �11 / 11,

l ¼ �29 / 29
h ¼ �16 / 16, k ¼ �11 / 11,
l ¼ �25 / 25

Measured reflections 25865 25612
Independent reflections 2305 2488
Observed reflections, (I > 2s) 1696 1944
Goodness-of-fit on F2 1.197 1.108
R1 indices (I > 2s) 0.09 0.05
wR2 indices (I > 2s) 0.17 0.11
CCDC Number 1842514 1861144

Scheme 1. Synthesis of HL.

M. Çınarlı et al. / Journal of Molecular Structure 1213 (2020) 128152 3
of 0.700 (±0.02) at 734 nm. 20 ml of different concentrations of the
compounds (0.78e50 mM) and 180 ml of ABTS$þ solution were
mixed. After incubation for 15 min at room temperature and
darkness, the absorbance at 734 nm was measured. Antioxidant
capacity was determined using the following equation.

E¼
��

Asample �AABTSþ
�.

AABTSþ
�
� 100

Asample and AABTS$þ are the absorbance of the sample and AABTS$þ
solution, respectively. Butylated Hydroxy Anisole (BHA) was used
as a standard antioxidant and the results were expressed as IC50

value. The IC50 corresponds to the concentration of the sample at
the moment when half of AABTS$þ is scavenging. The results were
calculated from triplicate experiments.
3. Result and discussion

3.1. Structure description of (HL) and (1)

The molecular and single crystal structures of ((E)-2-phenyl-N’-
(1-(pyridine-2-yl)ethylidene)acetohydrazide) HL and its metal
complex [ZnL2] 1 have been investigated by X-ray diffraction
analysis. The molecular structures obtained from X-ray analysis
results are shown in Figs. 1a and 2a, respectively. The selected bond
parameters for the ligand and its metal complex structure are given
in Table 2. The HL and 1 crystallize in monoclinic and orthorhombic
space groups P 21/n and P b c nwith a¼ 5.2051(4) Å, b¼ 10.0477(9)
Å, c ¼ 25.204(2) Å, with a ¼ 14.1300(18) Å, b ¼ 9.3287(13) Å,
c ¼ 21.491(3) Å, respectively. The Zn atom shows an almost octa-
hedral N4O2 coordination sphere with the two ligands, meridio-
nally oriented, coordinating the metal ion via the pyridine-N,
hydrazone-N, and carbonyl-O atoms, the sum of the angle being
360.04�. HL in the keto form is transformed into an enolic form
when it forms coordination. The compound 1 is coordinated pyri-
dine nitrogen, carbonyl oxygen and imine nitrogen atoms of the
tridentate enolic form of HL.

The ligand: the metal ratio was 2:1 for mononuclear 1 complex.
As can be seen from Table 2, the C(8)eO(1) bond is a double bond in
compound HL (1.227(4) Å), while it is converted to a single bond
since the bond length is increased in bond 1 (1.250(5) Å). Likewise,
the C(8)eN(2) bond is a single bond in HL, while it is converted to a
double bond in 1. The bond lengths C(8)eO(1) and C(8)eN(2) are
agreeable with the literature [44e53]. According to the results of X-
ray diffraction, it can be said that compound HL is transformed to
enol form from keto form when complex is formed. The torsion
angle C(6)eN(1)eN(2)eC(8) is approximately planar and its value
is �177.7(3)� for HL and 174.3(3)� for 1.

The compound HL has intermolecular NeH…O hydrogen bond
while the classic hydrogen bonds can not be observed in compound



Scheme 2. Chemical structure of 1.
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1. The intermolecular hydrogen bond can be seen in Fig. 3 and
Table 3. The atom hydrazone-N(2) of the molecule at (x, y, z) acts as
hydrogen-bond donor, via atom H(2A), to atom carbonyl-O(1) of
the molecule at (2-x, 2-y, -z), so generating by inversion a dimer, by
an R2

2(8) motif (see Fig. 3). The R2
2(8) rings formed by hydrogen

bonds are centered at both [nþ1/2, kþ1/2, lþ1/2] and [n, m, k] (n, k,
and l are zero or integer) in the monoclinic cell. These rings, like the
body-centered structure, are centered both in the middle of the
unit cell and at the corner points forming the crystal package
structure (see Fig. 3).
Fig. 1. The molecular structure of HL. a) for X-ray result. Anisotropic displacement ellipsoids
using B3LYP/6-311G(d, p) in methanol media.
3.2. IR studies of (HL) and (1)

In the IR spectra of HL, the bands at 3201 cm�1, 1665 cm�1,
1599 cm�1, 1577 cm�1, and 1045 cm�1 are due to y(N-H), y(C]O),
y(C]N)azo., y(C]N)pyr., and y(N-N), respectively. The IR spectrum of
1 shows significant changes compared to that of the ligand. In the
complex, the bands of y(N-H) and y(C]O) disappear. The amide
proton is deprotonated with complexation [54,55]. In the complex
spectrum, two new bands due to conjugate system y(>C¼ N-N]
C<) and y(C-O-) appeared at 1564 cm�1 and 1256 cm�1, respec-
tively. On complex formation, the bands of y(C]N)azo. and y(C]
N)pyr are shifted to the higher wavenumbers, shift which indicates
that the azomethine and pyridine nitrogen atoms are coordinated
to the metal ion (Fig. 4).

3.3. UVevis. Studies of (HL) and (1)

The HL ligand shows peaks at 290 nm (ε ¼ 20880 Lmol�1cm�1)
and 295 nm (ε ¼ 21020 Lmol�1cm�1), which may be attributed to
the p/p* transitions of its position and molar absorption coeffi-
cient. In the UVevis spectra of HL, intra-ligand p/p* transitions
were almost unchanged. In the Uvevis spectra of 1, the charge
transfer transitionwas observed at 358 nm (2250 Lmol�1cm�1) (see
Fig. 5) [56,57].

3.4. Antimicrobial activity of (HL) and (1)

Antimicrobial effect of HL and 1 was investigated in this study
according toMinimal Inhibitory Concentration (MIC) method and it
was found that DMSO used as Control had no significant effect on
microorganisms (5000 mg/ml). However, it was determined that
ligand and complex have significant effects onmicroorganisms. The
MIC values for the HL were 93.79 mg/mL for gram-negative
Escherichia coli and gram-positive Bacillus cereus, as well as 3000
and 1500 mg/ml for other gram-negative and gram-positive bacteria
(see Table 4). When theMIC values of 1 are examined, it is seen that
these values are 11.71 mg/ml for gram negative Pseudomonas aeru-
ginosa and Escherichia coli, Bacillus cereus and Staphylococcus aureus
for gram positive and 93.79 mg/ml for gram negative Salmonella
typhimurium. Copper and zinc ions are known to have three main
mechanisms for antimicrobial activity [58,59]. First, metal ions bind
to proteins to neutralize microorganisms. Second, metal ions can
interact with the vital membrane for microorganisms. Thirdly,
metal ions interact with microbial nucleic acids and affect micro-
organisms. The antimicrobial effect seen here can be explained by
the relationship of complexes with the cell wall. The cell wall
are drawn at the 50% probability level, b) for the optimized molecular structure HL by



Fig. 2. The molecular structure of 1. a) for X-ray result. Anisotropic displacement ellipsoids are drawn at the 50% probability level, b) for the optimized molecular structure 1 by
using B3LYP/6-311G(d, p) in water media. (Symmetry code: (i) 1-x, y, ½-z).

Table 2
The selected some bond parameters of the compound HL and 1 (Symmetry code: (i) 1-x, y, ½-z).

HL 1 HL 1

Exp. Exp. B3LYP 6e311G
(d, p)

B3LYP 6e311G (d, p)
Water

B3LYP 6e311G (d, p)
Methanol

B3LYP 6e311G (d,
p) Gas

B3LYP 6e311G (d, p)
Water

B3LYP 6e311G (d, p)
Methanol

Bond Lengths (Å)
N(1)eN(2) 1.377(4) 1.368(4) 1.353 1.357 1.357 1.363 1.363 1.363
N(1)eC(6) 1.281(4) 1.280(4) 1.289 1.289 1.289 1.341 1.340 1.341
N(2)eC(8) 1.347(4) 1.334(5) 1.386 1.377 1.377 1.359 1.355 1.356
C(8)eO(1) 1.227(4) 1.252(5) 1.216 1.222 1.223 1.237 1.242 1.242
N(3)eC(1) 1.336(4) 1.346(5) 1.341 1.342 1.342 1.387 1.391 1.391
N(3)eC(5) 1.334(5) 1.329(6) 1.335 1.337 1.337 1.337 1.340 1.340
C(1)eC(6) 1.488(5) 1.473(6) 1.488 1.490 1.490 1.427 1.428 1.428
Zn(1)eN(1) e 2.062(3) e e e 2.040 2.035 2.035
Zn(1)eO(1) e 2.124(3) e e e 2.385 2.374 2.376
Zn(1)eN(3) e 2.203(3) e e e 2.100 2.110 2.109
R2 0.9355 0.9599 0.9602 0.9391 0.9439 0.9430
Bond Angles (�)
N(1)eN(2)

eC(8)
121.0(3) 108.5(3) 123.86 123.44 123.30 117.79 117.57 117.58

N(2)eN(1)
eC(6)

117.3(3) 120.5(3) 118.40 118.28 118.27 121.37 121.60 121.58

N(2)eC(8)
eO(1)

120.2(3) 127.1(4) 119.03 119.27 119.27 120.84 120.57 120.59

O(1)eC(8)
eC(9)

121.6(3) 118.0(4) 123.30 122.78 122.86 122.84 122.89 122.91

N(1)eC(6)
eC(1)

116.1(3) 115.1(3) 116.53 116.16 116.19 114.63 114.34 114.36

C(6)eC(1)
eN(3)

115.4(3) 115.1(3) 116.59 116.69 116.70 115.89 115.99 115.99

C(1)eN(3)
eC(5)

118.1(3) 118.2(4) 118.54 118.49 118.49 119.26 119.10 119.11

C(8)eC(9)
eC(10)

111.5(3) 113.2(3) 111.35 111.05 111.50 112.60 112.07 112.11

O(1)eZn(1)
eN(1)

e 74.79(11) e e e 72.57 72.52 72.50

O(1)eZn(1)
eN(3)

e 149.51(12) e e e 150.05 149.79 149.81

N(1)eZn(1)
eN(3)

e 74.78(12) e e e 77.76 77.51 77.53

O(1)eZn(1)
eO(1)i

e 97.54(17) e e e 84.58 86.04 85.96

O(1)eZn(1)
eN(1)i

e 103.78(11) e e e 95.28 97.82 97.65

O(1)eZn(1)
eN(3)i

e 91.47(13) e e e 94.32 94.49 94.51

N(1)eZn(1)
eN(1)i

e 177.90(17) e e e 163.87 167.10 166.86

N(1)eZn(1)
eN(3)i

e 106.69(12) e e e 112.99 111.17 111.29

N(3)eZn(1)
eN(3)i

e 95.37(19) e e e 100.92 99.74 99.73

R2 0.9063 0.9256 0.9267 0.9283 0.9475 0.9464
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Fig. 3. A partial packing diagram of HL, hydrogen bonding interactions have been shown as broken lines. (Symmetry code: (ii) 2-x, 2-y, -z).

Table 3
Hydrogen bond parameters of HL.

DeH$$$A DeH(Å) H$$$A(Å) D$$$A (Å) DeH$$$A (�)

N(2)�H(2A)...O(1)ii 0.86 2.24 3.087(4) 168

D ¼ Donor, H¼ Hydrogen, A ¼ Acceptor, Symmetry code: (ii): 2-x, 2-y, -z.
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structure, especially the peptidoglycan layer, is vital for the survival
of many bacteria. Therefore, some antibiotics act by inhibiting a
step of peptidoglycan synthesis [60]. As a result, it is seen that the
new complex synthesized has a very high antimicrobial effect.

3.5. DNA cleavage studies of (HL) and (1)

DNA Cleavage activity of compounds was evaluated by conver-
sion of pBR322 DNA supercoiled form to nicked circular and linear
form.50 mM TriseHCl (pH: 8) (Fig. 6 Lane 1) and DMSO (Fig. 6 Lane
2) were used as control groups. The results of the agarose gel
electrophoresis were shown in Fig. 6. HL (Fig. 6 Lane 3) and (Fig. 6
Lane 4) 1 didn’t show any cleavage activity on pBR322 plasmid DNA
absence of H2O2. The percentage of form II increased in the pres-
ence of hydrogen peroxide (Fig. 6 Lane 5). In the presence of
hydrogen peroxide and DMSO, plasmid DNA is normal due to its
scavenging activity of DMSO (Fig. 6 Lane 6). HL didn’t show any
activity in the presence of hydrogen peroxide (Fig. 6 Lane 7). While
the percentage of nicked circular DNA increased, whereas the
percentage of linear form decreased in the presence of hydrogen
peroxide and 1 mM complex 1 (Fig. 6 Lane 8).
3.6. Antioxidant activity studies of (HL) and (1)

The IC50 values of Butylated hydroxyanisole (BHA), HL and 1
were 0.209 (±0.006), 17.51 (±0.41) and 42.29 (±0.37) mM, respec-
tively. Ligand and its [ZnL2] complex showed lower antioxidant
properties compared to Butylated hydroxyanisole (BHA). When the
ligand formed a complex with zinc, it was found that the antioxi-
dant capacity decreased.



Fig. 4. IR spectra of the compounds.

Fig. 5. Absorption spectra of HL and 1.
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3.7. Computational chemistry studies of (HL) and (1)

In this study, firstly, molecular structures of the compounds HL
and 1 have been optimized in the ground state both in the gas and
in different solvent environments (methanol and water) with the
DFT/B3LYP/6-311G(d, p) method and its appropriate geometries
have been obtained. Some calculated the bond parameters are
given in Table 2 and the comparison with experimental values was
done by R2 (a measure of goodness-of-fit of linear regression)
regression analysis method. According to the results of the
regression analysis, the compatibility graphs between the experi-
mental and the calculated values for HL and 1 can be seen in Figs. 7
and 8.

According to Table 2, we can be said that the results obtained in



Table 4
MIC values of HL and 1.

Pseudomonas aeruginosa ATCC
27853

Escherichia coli ATCC
25922

Salmonella typhimurium
LT2

Bacillus cereus ATCC
10876

Staphylococcus aureus ATCC
6538P

Candida albicans ATCC
10231

HL 3000 93.79 1500 93.79 3000 23.43
1 11.71 11.71 93.79 11.71 11.71 23.43
DMSO >5000 >5000 >5000 >5000 >5000 >5000

Fig. 6. Cleavage of pBR322 plasmid DNA by HL and 1 absence and presence of H2O2.
Lane 1: pBR322 DNA control in 50 mM Tris-HCl buffer (pH: 7.2) Lane 2: pBR322
DNAþDMSO control Lane 3: pBR322 DNA þ 1 mM HL Lane 4: pBR322 DNAþ 1 mM (2)
Lane 5: pBR322 DNA þ 30 mM H2O2control Lane 6: pBR322 DNAþDMSO þ 30 mM
H2O2 control Lane 7:pBR322 DNA þ 1 mM (1) þ 30 mM H2O2 Lane 8: pBR322 DNAþ
1 mM 1 þ 30 mM H2O2.
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the methanol and water media are more compatible with experi-
mental bond parameters for HL and 1, respectively. Figs. 9 and 10
show the superimpositions of the molecular structures obtained
from the calculation results and the X-ray diffraction analysis
results.

Secondly, the energies of molecular structures are calculated in
both gas and solvent environments with a single point energy
calculation, and total energies, molecular orbital energies, molec-
ular electrostatic potential maps and the global reactivity param-
eters of HL and 1 are obtained by using DFT/B3LYP/6-311G(d, p).
Besides, the interactions between the molecular structures with
DNA bases were investigated by using the global reactivity pa-
rameters. In addition to these studies, UVevis spectra of molecular
structures were also obtained with TD-DFT and the transitions
between the molecular levels were investigated.

The highest occupied molecular orbital by electrons is HOMO
and the lowest non-occupied by electrons molecular orbital is
Fig. 7. The regression analysis results of the optimized molecular
LUMO. HOMO and LUMO energy values, total energies of HL and 1
are calculated in the ground state both gas and methanol with
water media. The dielectric constants and dipole moments of the
solvent media are given such as Methanol ε ¼ 32.7, m ¼ 1.7; Water
ε¼ 80.1, m¼ 1.82. The greater the dielectric constant, the greater the
polarity. The energy values of HL and 1 are given in Table 5. As can
be seen from Table 5, the lowest total energy values for both mo-
lecular structures were obtained from the water environment. Ac-
cording to the result obtained, we can say that both structures are
more stable in the water environment. Molecular orbital energy
diagrams of molecular structures, percent distributions of atomic
orbitals to molecular orbital energy levels of the molecular struc-
ture and the distribution of bond and anti-bond electrons to HOMO
and LUMO levels are given in Figs. 11 and 12.

According to Figs. 11 and 12, for HL and 1, we can say that the
more contribution to the HOMO level comes from the hydrazone
group while the more contribution to the LUMO level comes from
the pyridine ring.

UVevis spectra of the molecular structures are calculated by
using TD-DFT/B3LYP/6-311G(d, p) in the water media and the
excited state. The calculated some absorption wavelengths and the
molecular orbital transitions are given in Table 6 and UVevis
spectra of HL and 1 is given in Fig. 13. Absorption peaks at
290 nm for HL and 358 nm for 1 in the experimental UVevis
spectra were observed in the DMSO environment. According to
the results of the theoretical calculation, transitions from 91% from
HOMO to LUMO at 289 nm for HL and 81% HOMO-1 to LUMO at
358 nm for 1 are observed.

The single point energy calculations of HL and 1 are performed
structure HL, a) for the bond lengths, b) for the bond angles.



Fig. 8. The regression analysis results of the optimized molecular structure 1, a) for the bond lengths, b) for the bond angles.

Fig. 9. Atom-by-atom superimposition of HL calculated (blue) by B3LYP/6‒311G(d, p) over the X-ray structure (red) for, a) X-ray with the gas, b) X-ray with the water, c) X-ray with
the methanol.
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by using DFT/B3LYP/6-311G(d, p) and their Molecular Electrostatic
Potential (MEP) maps are obtained. The MEP surface of a molecule
identifies its chemically active regions [61]. It is very important to
understand the nucleophilic, electrophilic regions of the molecule
and to define intra and intermolecular interactions. Red regions on
the potential energy surface define more nucleophilic regions, and
blue regions define more electrophilic regions. MEP surface of HL
and 1 is given in Fig. 14. As can be seen from Fig. 14, in both HL and
1, we can say that the region where the carbonyl oxygen and pyr-
idine nitrogen atoms are nucleophilic and the region where the
hydrazone nitrogen and hydrogen methyl atoms are electrophilic.
These atoms act as donor/acceptor in the intra/intermolecular
interactions.
To investigate the interaction between DNA bases with HL and 1
the molecular structures HL and 1 with DNA bases (adenine,
cytosine, guanine, and thymine) are optimized by using B3LYP/
6e311G(d, p) method in the ground state and water media. And
then, using the optimized structures, their HOMO and LUMO en-
ergies are obtained with the single point energy calculations by
B3LYP/6e311G(d, p) method in water media. The global reactivity
parameters of the adenine, guanine, cytosine, thymine and the
molecular structures are derived from their HOMO and LUMO en-
ergy values.

The global reactivity parameters were evaluated using equa-
tions given. ECT (electrophilicity-based charge transfer) method
and DN (charge transfer) parameters were used to determine the



Fig. 10. Atom-by-atom superimposition of 1 calculated (blue) by B3LYP/6‒311G(d, p) over the X-ray structure (red) for, a) X-ray with the gas, b) X-ray with the water, c) X-ray with
the methanol.

Table 5
The calculated molecular orbital energies of the molecular structures. The dielectric constants and dipol moments of the solvent media are given such as Methanol ε ¼ 32.7,
m ¼ 1.7; Water ε ¼ 80.1, m ¼ 1.82

B3LYP EHOMO (eV) ELUMO (eV) m (D) Total Energy (a.u.) DE (eV)

6-311G(d, p) Gas for HL �6.4094 �1.8166 3.6504 �820.30495 4.5928
6-311G(d, p) Methanol for HL �6.4532 �1.8215 4.9211 �820.31617 4.6317
6-311G(d, p) Water for HL �6.4587 �1.8226 4.9803 �820.31660 4.6361
6-311G(d, p) Gas for 1 �2.6020 �1.9489 2.7021 �3419.98227 0.6531
6-311G(d, p) Methanol for 1 �2.9154 �2.2545 2.7332 �3419.98100 0.6609
6-311G(d, p) Water for 1 �2.9331 �2.2730 2.7021 �3419.98227 0.6601
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interactions between these structures and DNA bases. According to
the Density Functional Theory [62,63], the vertical ionization po-
tential (IP) and the electron affinity (EA) of the molecule are defined
as

IP¼ � EHOMO (1)

EA¼ � ELUMO (2)

c¼ � m (3)

where ELUMO is the lowest unoccupied molecular orbital’s energy
and EHOMO is the highest occupiedmolecular orbital’s energy in Eqs.
(1) and (2) and c (eV) in Eq. (3) is the electronegativity. The elec-
tronegativity (c) is equal to the negative value of the chemical
potential (m). The electronegativity (c) and chemical hardness (h) of
the molecule are defined as

c¼ð1 =2ÞðIPþ EAÞ (4)

h¼ð1 =2ÞðIP� EAÞ (5)

The electrophilicity index (u) and global softness (S) are defined
as follows:
u¼ m2

2h
(6)

S¼ 1
2h

(7)

The global interactions between the molecular structures and
DNA bases have been determined using the parameter DN, which
represents the fractional number of electrons, transferred from
system A to system B, and is represented by [64,65].

DN¼ mB � mA
2ðhA þ hBÞ

(8)

where mA, mB, and hA, hB are the chemical potentials and chemical
hardnesses of systems A and B, respectively. If DN < 0, charge flows
fromA to B (A acts as an electron donor), and if DN > 0, charge flows
from B to A (A acts as an electron acceptor). Associated with the
definition of global electrophilicity, there is an additional and useful
relationship that accounts for the maximum electronic charge
DNmax that the electrophile may accept from the environment.
Here, the environment may be represented by either external ef-
fects coming, for instance, from the interaction with the solvent or
more simply as field effects coming from the presence of substit-
uent groups in the molecule.



Fig. 11. The molecular orbital energies of HL in the water media by B3LYP/6-311G(d, p).

Fig. 12. The molecular orbital energies of 1 in the water media by B3LYP/6-311G(d, p).
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DNmax has been defined as [65].

DNmax ¼ � m=h (9)

Electrophilicity of a system can be written in terms of DNmax as
follows:
u¼m2
.
2h ¼ ð�m =2Þð�m =hÞ ¼ cDNmax

.
2 (10)

Hence

DNmax ¼2u=c ¼ 2uХ (11)



Table 6
The calculated some absorption wavelengths (l) from 20 state, oscillator strengths (f), and frontier orbital energies of compounds HL and 1 by TD-DFT method in water
madia (HOMO: H ve LUMO: L).

TD-DFT Wavelengths (nm) (% Distributions) f MO/MO

6-311G(d, p) Water for HL 289(91%) 0.662 H/L
217(64%) 0.094 H-1/Lþ2
198(68%) 0.143 H/Lþ4

6-311G(d, p) Water for 1 618(76%) 0.064 H/Lþ3
440(94%) 0.129 H/Lþ7
362(81%) 0.203 H-1/L
330(62%) 0.328 H/Lþ11

Fig. 13. The calculated UVevis spectra by using TD-DFT/B3LYP/6-311G(d, p) in the
water media a) for HL, b) for 1.
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Where, Х ¼ 1=c.
If we consider the two systems A and B approaching each other,

the amount of charge transfer between them can be written in
terms of electrophilicity, that is, electrophilicity-based charge
transfer (ECT) can be written as

ECT ¼ðDNmaxÞA � ðDNmaxÞB ¼ 2½uAХ A �uBХ B� (12)
Fig. 14. MEP surface o
If ECT < 0, charge flows from A to B (A acts as an electron donor)
and if ECT > 0, charge flows from B to A (A acts as an electron
acceptor). It is tacitly assumed that the electrophilicity effect
dominates the electronegativity effect.

The amount of charge transfer between the compounds and
DNA bases (molecule: A) is calculated based on DN and ECT
methods to know about the possible interaction of the compounds
with the bases (Table 7). The values of both DN and ECT in Table 7
indicate that the compounds HL and 1 (molecule: B) act as an
electron acceptor. In a reaction between twomolecules, species can
act as a nucleophile (electron donor), which has a lower value of the
electrophilicity index. While the lowest ECT values are found in the
interaction between the HL and 1 with the thymine base and the
adenine base the largest ECT values are found in the interaction
between the molecules with the guanine base. When the in-
teractions between DNA bases and molecular structures are
examined, we can say that there is a charge transfer from DNA
bases to molecular structures.
4. Conclusion

In this work, a new 2-acetylpyridine derivative hydrazone
ligand HL and its Zn(II) complex 1 have been synthesized and fully
characterized using various spectroscopic methods including single
crystal X-ray diffraction. Molecular structures of ligand and its zinc
metal complex were investigated by DFT, one of the computational
chemistry methods. X-ray diffraction analysis results show that HL
and 1 crystallize in monoclinic and orthorhombic, respectively. The
HL ligand behaves as mononegative tridentate with NNO donor
sequence in enol form towards the metal ions. We can also say this
result by looking at the change in CeN and CeO bond distances.
Antibacterial activity of the compounds was assessed against
Gram-positive, Gram-negative and yeast. MIC values show that the
f a) HL and b) 1.



Table 7
c, m, h, S, u, DN and ECT parameters (B: Molecule, A: DNA bases) obtained by using DFT/B3LYP/6-311G(d, p) in water media of HL and 1.

Adenine Guanine Cytosine Thymine HL 1

EHOMO (eV) �6.2393 �5.8725 �6.5515 �6.8192 �6.4587 �2.9331
ELUMO (eV) �0.8090 �0.4204 �0.9978 �1.1325 �1.8226 �2.2730
DE ¼ EHOMO-ELUMO (eV) �5.4303 �5.4521 �5.5537 �5.6867 �4.6361 �0.6601
Total Energy (a.u.) �467.45 �542.72 �395.06 �453.59 �820.32 �3419.98
IP (eV) 6.2393 5.8725 6.5515 6.8192 6.4587 2.9331
EA (eV) 0.8090 0.4204 0.9978 1.1325 1.8226 2.2730
m (eV) �3.5241 �3.1464 �3.7746 �3.9758 �4.1406 �2.6030
c (eV) 3.5241 3.1464 3.7746 3.9758 4.1406 2.6030
h (eV) 2.7151 2.7260 2.7768 2.8433 2.3180 0.3300
S (eV�1) 0.1842 0.1834 0.1801 0.1758 0.2157 1.5149
u (eV) 2.4665 1.8156 2.5660 2.7789 3.6981 10.2645
DN �0.0612 �0.0985 �0.0359 �0.0160 HL
ECT �0.3864 �0.6322 �0.2133 �0.1942 HL
DN 0.1512 0.0841 0.1885 0.2163 1
ECT �6.4868 �6.7326 �6.5288 �6.4888 1
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ligand was found to have more effect on Escherichia coli, Bacillus
cereus and Candida albicans than other microorganisms. However,
the complex [ZnL2] has been found to have more effect than ligand
in all microorganisms. While ligand has no significant effect on
Pseudomonas aeruginosa, and Salmonella typhimurium, the complex
has quite significant effects. It is thought that the synthesized new
complex acts on microorganisms by disrupting the cell wall
structure. In DNA cleavage studyHL and 1 didn’t show any nuclease
activity in the 50 mM Tris-HCl buffer (pH: 7.2) environment. In the
presence of 30 mM, H2O2 environment ligand didn’t show any
nuclease activity. But Zn complex 1 masked the hydrolytic activity
of hydrogen peroxide. Because the percentage of linear form
decreased and the percentage of nicked circular DNA increased.
This situation explains the scavenger activity of 1 against peroxide
radicals. The order of free radical scavenging activity for ligand,
complex and standard increases in the order: BHA >HL > 1 >.
Molecular structures have been optimized in GS gas, methanol and
water environments with DFT/B3LYP/6-311G(d, p), and the opti-
mized structures HL and 1 have been found to be more compatible
with experimental bond parameters in themethanol media and the
water media, respectively. Energy calculation results of molecular
structures in different solvent environments show that the mo-
lecular structures are more stable in a more polar solvent envi-
ronment. We can say that the greatest contribution of molecular
structures to molecular orbital energy levels comes from pyridine
and hydrazone groups. The MEP surface shows that the oxygen and
the pyridine nitrogen atoms in the molecular structures exhibit the
nucleophilic behavior, and the hydrazone and the methyl hydrogen
atoms exhibit the electrophilic behavior. When the interaction
between the molecular structures and DNA bases such as adenine,
guanine, cytosine, and thymine are investigated, the obtained ECT
parameters show that HL and 1 structures interact with the most
guanine base, and charge transfer is from DNA bases to the mo-
lecular structures.
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[11] Ş.G. Küçükgüzel, S. Rollas, I. Küçükgüzel, M. Kiraz, Eur. J. Med. Chem. 34 (12)
(1999) 1093.
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