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SYEDA TAHIRA HAFEEZ†, SAQIB ALI*†, MUHAMMAD NAWAZ TAHIR‡,
MUHAMMAD IQBAL† and KHURRAM SHAHZAD MUNAWAR†

†Department of Chemistry, Quaid-I-Azam University, Islamabad, Pakistan
‡Department of Physics, University of Sargodha, Sargodha, Pakistan

(Received 2 January 2014; accepted 6 June 2014)

The synthesized compounds interact with DNA via intercalative mode of interaction.

We report one-pot synthesis of zinc(II) complexes with 4-nitrocinnamic acid (HL), [ZnL2(H2O)2]
(1), [ZnL2(DMSO)2] (2) and [Zn(en)2(H2O)2]L2(H2O)2 (3), where DMSO = dimethylsulfoxide and
en = ethylenediamine. The complexes were prepared by reacting sodium 4-nitrocinnamate with
zinc acetate in aqueous medium and characterized by FT-IR, NMR and single crystal X-ray dif-
fraction. The results have shown distorted octahedral geometry for 1 and 3 while tetrahedral for
2 where the carboxylate coordinated bidentate and monodentate in 1 and 2 is uncoordinated in
3, replaced completely by ethylenediamine. The complexes were also screened for their DNA
interaction and alkaline phosphatase (ALP) inhibition using cyclic voltammetry, viscometry and
UV–visible spectroscopy. All these techniques indicated strong electrostatic binding of the com-
plexes with DNA. The diffusion coefficients of the complexes decreased on DNA addition indi-
cating binding of the complexes with DNA. The binding constants were also calculated through
CV and UV spectra. The complexes were screened for ALP inhibition activity as well, where
80% activity was found for 1.
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1. Introduction

Ligands containing carboxylate give complexes with interesting topologies and are therefore
widely studied. Carboxylates show diverse binding geometries, such as monodentate,
monodentate bridging, bidentate bridging and chelating [1, 2]. They also facilitate the syn-
thesis of complexes with low coordination number but high stability, both with flexible and
bulky ligands [1, 3, 4].

Cinnamic acids and their derivatives are ubiquitous in plant species and can be found in
products such as fruits, vegetables, tobacco leaves, coffee beans, bee propolis, beer and
wines [5, 6]. They possess pharmacological properties such as anti-oxidant, anti-diabetic
and hepatoprotective [5, 7, 8]. They can scavenge free radicals providing protection against
certain carcinogens, mutagens or atherosclerosis. Moreover, cinnamic acids are also used in
the synthesis of flavonoids, a very large class of natural products [6].

We study the interaction of cinnamic acid with zinc, which is an essential element in
human growth. Zinc is a constituent of more than 300 metalloenzymes and is a component
of zinc fingers, which are the special proteins involved in safe transfer of genetic informa-
tion [9–12]. Zinc also possesses antiviral, antibacterial and wound-healing properties. More-
over, zinc complexes are also used in the treatment of gastrointestinal disorders, acne
therapy and infertility [9, 13].

Although zinc complexes are relatively less studied they are important in supramolecular
chemistry and in biological systems. Mononuclear zinc complexes can mimic active sites of
certain enzymes containing zinc binding sites and can serve as model complexes for
research [1, 14]. Alkaline phosphatase (ALP) is a hydrolase enzyme and is involved in
recycling of phosphate within living cells. Presence of zinc(II) ions causes deactivation of
enzyme [15, 16]. Organic chelating ligands such as bidentate amines are used in mimic
chemistry as substitutes for amino acid side groups and as model complexes to study non-
covalent interactions in biological systems [17]. The interaction of such complexes with
DNA is of interest, as they can recognize specific DNA sequence, alter local structure of
DNA and affect gene-expression [18, 19]. The study of interaction with DNA finds applica-
tion in designing new drugs, DNA foot printing and in DNA-dependent electron transfer
reactions [20]. Non-redox active metals such as zinc(II) are important as their reactivity in
the model systems can lead to functional DNA cleaving molecules [21].

In the present study we report synthesis, structural characterization, DNA binding and
ALP inhibition studies of three new zinc(II) complexes with 4-nitrocinnamic acid. DNA
binding study was conducted with viscometry, UV–visible spectroscopy and cyclic voltam-
metry. The values of DNA binding constant (Kb), Gibbs free energy change (ΔG) and diffu-
sion coefficients (Do) have been calculated. Inhibition activity of ALP by the synthesized
complexes is also reported.

2. Experimental

2.1. Materials

Zn(CH3COO)2·2H2O, 4-nitrocinnamic acid, ethylenediamine, NaCO3, NaHCO3 and salmon
sperm DNA (SSDNA) were obtained from Fluka, Switzerland. Methanol and DMSO were
obtained from Merck, Germany and were used as such, without drying and further purification.

2480 S.T. Hafeez et al.
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Singly distilled water was used as solvent for synthesis. p-Nitrophenyl phosphate hexahydrate
(p-NPP) was purchased from Sigma Aldrich, USA. ALP was extracted from human serum.

2.2. Physical measurements

FT-IR spectra were recorded from 4000 to 400 cm−1 using a Nicolet-6700 FT-IR spectro-
photometer. 1H NMR spectra were recorded on a Bruker 300MHz NMR spectrometer
(Switzerland) at room temperature using DMSO-d6 as an internal reference [δ 1H (DMSO)
= 2.5 and δ 13C (DMSO) = 40 ppm]. X-ray single crystal analyses were collected on a Bru-
ker Kappa APEX-II CCD diffractometer using graphite-monochromated Mo-Kα radiation
(λ = 0.71073). The crystal structures were solved by direct methods followed by final refine-
ment carried on F2 with full-matrix least-squares using SHELXL-97 [22]. DNA binding
studies were performed using UV–visible spectroscopy and enzyme inhibition studies were
performed on a Beckman U-2020 spectrophotometer at 25 °C. For the cyclic voltammetric
studies, a BioLogic SP-300 cyclic voltammeter was used, running with EC-Lab Express V
5.40 software, Japan.

2.3. Procedures for the synthesis of 1–3

2.3.1. [ZnL2(H2O)2] (1). Sodium salt of HL (4-nitrocinnamic acid) was prepared by drop-
wise addition of methanolic solution of ligand (0.58 g, 3 mM) to an aqueous solution of
sodium bicarbonate (0.252 g, 3 mM) with constant stirring at 50 °C. After 2 h stirring, aque-
ous solution of zinc acetate dihydrate (0.329 g, 1.5 mM) was added dropwise. The reaction
mixture was further stirred for 2 h at 50 °C. The final product was filtered, washed with dis-
tilled water, air dried and recrystallized in methanol. Yield: 81%, FT-IR (cm−1): 1527
ν(OCO)asym, 1359 ν(OCO)sym, Δν = 168, 3450–2400 ν(O–H), 3081 ν(Ar–H), 1634 ν(C=C),
1486, 1336 ν(NO2), 425 ν(Zn–O).

2.3.2. [ZnL2(DMSO)2] (2). Complex 2 was prepared by dissolving the air dried product
obtained for 1 in DMSO followed by slight heating of the solution. The clear solution was
placed for crystallization where faint yellow crystals of 2 were formed. Yield: 73%, FT-IR
(cm−1): 1599 ν(OCO)asym, 1364 ν(OCO)sym, Δν = 235, 3003 ν(Ar–H), 1645 ν(C=C), 1412,
1339 ν(NO2), 420 ν(Zn–O).

2.3.3. [Zn(en)2(H2O)2]L2(H2O)2 (3). Sodium salt of HL was prepared by same procedure
as for 1. After 2 h stirring, aqueous solution of zinc acetate dihydrate (0.329 g, 1.5 mM)
was added dropwise. After further stirring of 2 h, ethylenediamine (0.1 mL, 1.5 mM) was
added. Reaction mixture was further stirred for 3–4 h under the same reaction conditions.
The solvent was rotary evaporated and the dried product was recrystallized in water. Yield:
60%, FT-IR (cm−1): 1548 ν(OCO)asym, 1371 ν(OCO)sym, Δν = 177, 3500–2450 ν(O–H),
3043 ν(Ar–H), 1642 ν(C=C), 1492, 1412 ν(NO2), 508 ν(Zn–N), 425 ν(Zn–O).

2.4. DNA interaction studies by viscosity measurements

Viscosity measurements were performed at room temperature (25 ± 1 °C) using a Ubbelohde
viscometer. Digital stopwatch was used to measure the flow time. The average flow time

Zinc(II) with 4-nitrocinnamic acid 2481
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was measured from triplicate measurements. Between the successive measurements, the vis-
cometer was rinsed with acetone and air dried. Data were presented as plots of relative vis-
cosity (η/ηo)1/3 versus complex to DNA concentration ratio ([complex]/[DNA]), where η
and ηo represent DNA viscosity in presence and absence of complex, respectively [23].

2.5. DNA interaction studies by UV–visible spectroscopy

Commercial SSDNAwas dissolved in distilled water and kept at 4 °C for less than 4 days. The
nucleotide to protein ratio (N/P) greater than 1.8 was obtained from the ratio of absorbance at
260 and 280 nm (A260/A280), which indicated that the DNAwas free from protein [24, 25]. The
DNA concentration was calculated via absorption spectroscopy by using the molar absorption
coefficient (ε) value of 6600M−1 cm−1 (at 260 nm) for DNA [25] and was found to be 4.75 ×
10−5 M.Working solutions were prepared from stock solution by dilution.

During the UV absorption titrations, concentration of complex was kept fixed while that
of DNA was varied. Equivalent concentration of DNA was added to sample and the refer-
ence solution in order to eliminate absorbance of DNA. Before the absorption measure-
ments complex-DNA solutions were kept as such for 30 min at room temperature.
Absorption spectra were recorded in quartz cuvettes of 1 cm path length using a UV-1601
Shimadzu spectrophotometer at room temperature (25 ± 1 °C).

2.6. Cyclic voltammetry

Cyclic voltammetric measurements were performed on a SP-300 BioLogic Instrument,
France. Measurements were carried out using a glassy carbon electrode (GCE) as working,
a platinum wire (geometric area = 0.071 cm2) as counter and silver–silver chloride as refer-
ence electrodes in a one-compartment electrochemical cell. The GCE was cleaned by pol-
ishing with alumina powder and rinsed with distilled water prior to the experiment to
ensure a clean electrode surface. Measurements were carried out in aqueous DMSO (1 : 4)
using KCl as supporting electrolyte. All experiments were performed at room temperature
(25 ± 1 °C). At first, voltammograms were recorded in full potential window, i.e. −1.5 to
+1.5 V, but the complexes showed peaks in the range of 0.0 to −1.5 V so the rest of the
analysis was performed within the latter potential region.

2.7. ALP inhibition activity

The inhibition of ALP was measured by monitoring the rate of hydrolysis of p-NPP at
25 °C. Assay was prepared by using the same method, as reported earlier [26, 27] with
slight modifications. Working substrate was made by mixing four parts of reagent A (dieth-
anolamine pH 9.8, 2 M dm−3 and magnesium chloride 0.5 mM dm−3) and one part of
reagent B (p-nitrophenyl phosphate 50 mM dm−3). Substrate was incubated for 5 min at
25 °C. In a cuvette, 2 mL of the substrate was taken and 40 μL of human serum having
activity of 165 IU/L was added. After incubation for 1 min, absorbance was taken to check
the activity of enzyme. ALP hydrolyzed the p-NPP and yellow p-nitrophenol was produced
that absorbs at 405 nm as shown below,

p-Nitrophenyl phosphateþMgþ2 þ H2O�!ALP p-Nitrophenolþ Pi

2482 S.T. Hafeez et al.
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where Pi is inorganic phosphate. Then various amounts of zinc complexes were added
periodically from the stock solution (12.5 × 10−3 M, prepared in 1 mL of DMSO) and again
incubated for 3 min. Absorbance was recorded again 1, 2, 3, 4 and 5 min thereafter. At the
end their average was taken and % age inhibition calculated.

3. Results and discussion

3.1. FT-IR data

In IR spectra, difference of asymmetric and symmetric carboxylate stretching frequencies is
often used as a spectroscopic criterion to determine the mode of carboxylate bonding [28].
In 1–3 the carboxylate showed νOCOasym vibrations at 1527, 1599 and 1548 while νOCO-

sym vibrations at 1359, 1364 and 1371 cm−1, respectively. The calculated values of Δν =
[νOCOasym− νOCOsym] for 1 was 168 cm−1 showing bidentate carboxylate. The Δν of 235
cm−1 for 2 shows monodentate coordination. For 3, the calculated value of Δν was 177
cm−1 indicating ionic carboxylate [6, 28]. The broad bands at 3500–2450 cm−1 for 1 and 3
are due to O–H of water involved in hydrogen bonding. The C–H stretches for aromatic
were observed at 3081, 3003 and 3043 for 1–3, respectively. The nitro of each of 1–3 gave
two intense bands at 1486–1336 cm−1. The vibrational bands at 1634, 1645 and 1642 corre-
spond to C=C functionality, present in conjugation with aromatic moiety of 1–3. For 3,
band corresponding to Zn–N appeared at 508 cm−1. The absorption bands corresponding to
Zn–O were observed at 425 and 420 cm−1 for 1 and 2, respectively [29].

3.2. NMR data
1H NMR chemical shifts of the ligand acid and its zinc(II) derivatives are given in table 1.
For ligand the calculated values of coupling constants for H2 and H3 are 15.90 and 16.20
Hz, respectively, showing that ligand has trans-cinnamic unit. Upon complex formation,
O–H signal of ligand at 12.69 ppm disappeared. The signals for olefinic protons shifted
upfield. Signal of H2 (7.69 ppm) and H3 (6.75 ppm) shifted from their respective values to
7.47 and 7.21 and 6.74 and 6.61 ppm in 1 and 3, respectively. Two signals for phenyl pro-
tons appeared at 7.90 and 8.21 ppm for 1 and at 7.76 and 8.18 ppm for 3. The characteristic

Table 1. 1H NMR data (ppm) of zinc(II) complexes with 4-nitrocinnamic acid (HL).

1H HL Zn(L)2(H2O)2 (1) Zn(en)2(H2O)2](L)2(H2O)2 (3)

O–H 12.69 – –
H2 7.69 (d) 7.47 (d) 7.21 (d)

[15.90] [15.60] [15.90]
H3 6.75 (d) 6.74 (d) 6.61 (d)

[16.20] [16.20] [15.90]
H5,5′ 7.97 (d) 7.90 (d) 7.76 (d)

[8.70] [8.10] [8.70]
H6,6′ 8.23 (d) 8.21 (d) 8.18 (d)

[8.40] [8.40] [8.70]
H(water) – 3.36 (s) 3.53 (s)
α – – 1.71 (s)
β – – 2.60 (s)

Notes: (d) = doublet, (s) = singlet. Values in square brackets show the [1H,1H] coupling in Hz.

Zinc(II) with 4-nitrocinnamic acid 2483
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peak at 3.36 ppm for 1 is clear indication of water attached to zinc. In 3, two singlets are at
1.71 and 2.60 ppm for NH2 and CH2 protons of ethylenediamine, respectively. A singlet at
3.53 ppm in 3 indicates the presence of water (scheme 1).

3.3. Single crystal X-ray analysis

Crystal data and structure refinement parameters for 1–3 are given in table 2.

3.3.1. Crystal structure of 1. The molecular structure of 1 is shown in figure 1 and struc-
ture refinement parameters are given in table 2. Zinc(II) is coordinated by two carboxylates
and two water molecules. Each carboxylate chelates zinc bidentate. The molecules crystal-
lize in monoclinic crystal system with C2/c space group. The geometry around zinc is dis-
torted octahedral, where the distortion can be due to electron pair repulsion and steric
effects induced by carboxylate.

Table 2. Structure refinement parameters for 1–3.

Complex 1 2 3

Chemical formula C18H16N2O10Zn C22H24N2O10S2Zn C22H36N6O12Zn
Formula weight 485.70 605.92 641.94
T (K) 296(2) 296(2) 296(2)
Wavelength (Å) 0.71073 0.71073 0.71073
Crystal system Monoclinic Monoclinic Triclinic
Space group C2/c C2/c P-1
a (Å) 31.149(8) 27.753(2) 6.1220(5)
b (Å) 4.9797(11) 6.740(3) 7.4472(7)
c (Å) 12.128(3) 13.861(4) 15.6468(13)
α (°) 90 90 96.126(4)
β (°) 103.234(7) 91.901(3) 101.269(3)
γ (°) 90 90 90.264(3)
V (Å3) 1831.2(8) 2591.4(14) 695.38(10)
Z 4 4 1
Absorption coefficient (mm−1) 1.407 1.166 0.955
F (0 0 0) 992 1248 336
Crystal size (mm) 0.30 × 0.20 × 0.16 0.30 × 0.24 × 0.22 0.30 × 0.24 × 0.22
θ-Range for data collection 2.687–26.00 1.468–27.879 1.335–27.99
Reflections collected 1801 3060 3330
Independent reflections 1140 2474 3110
Goodness-of-fit on F2 0.994 1.024 1.056
Final R indices [I > 2σ(I)] R1 = 0.0522 R1 = 0.0353 R1 = 0.0366

wR2 = 0.0976 wR2 = 0.0891 wR2 = 0.0920
R indices (all data) R1 = 0.1007 R1 = 0.0478 R1 = 0.0338

wR2 = 0.1157 wR2 = 0.0972 wR2 = 0.0901
Data/restraints/parameters 1801/0/147 3060/0/216 3310/0/185

Scheme 1. Atom numbering scheme for the ligands.
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Figure 1. ORTEP diagram of 1 (i = −x, y, −z +½).

Table 3. Selected bond lengths (Å) and angles (°) of 1–3.

1 2 3

Bond lengths (Å)
Zn–O1 2.044(3) 1.869(9) 2.2493(14)
Zn–O5 1.999(3) 1.9685(16) –
Zn–O2 2.467(3) – –
Zn–N1 – – 2.1264(15)
Zn–N2 – – 2.139(15)
Bond angles (°)
O1–Zn–O1 95.73(16) 84.0(5) 180.0
O1–Zn–O2 57.13(11) – –
O2–Zn–O5 81.11(12) – –
O2–Zn–O2 143.80(15) – –
O5–Zn–O5 95.60(2) 106.79(11) –
O5–Zn–O1 99.86(13) – –
C1–Zn–O1 100.7(3) – –
Zn–O2–C1 81.7(3) – –
Zn–O5–H5A 122(4) – –
Zn–O5–H5B 120(3) – –
O1a–Zn–O5 – 109.05(3) –
C1a–O1a–Zn – 112.4(8) –
S1–O5–Zn – 123.68(9) –
N2–Zn–O1 – – 91.83(6)
N1–Zn–O1 – – 88.82(6)
N1–Zn–N2 – – 81.97(6)
N1–Zn–N1 – – 180.00(9)
N2–Zn–N2 – – 180.0
C1–N1–Zn – – 108.35(12)
C2–N2–Zn – – 106.99(12)

Zinc(II) with 4-nitrocinnamic acid 2485
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The asymmetric coordination of two carboxylates to the zinc center is reflected by a
longer Zn–O2 (2.467 Å) and a shorter Zn–O1 bonds (2.044 Å). The longer Zn–O bond dis-
tances are accompanied by shorter C–O bond distances and vice versa. Selected bond
lengths and angles of 1 are given in table 3.

Figure 2 depicts b-projection of 1 with infinite 2-D supramolecular network having base
vectors [0 1 0] and [0 0 1] in the plane (1 0 0). The oxygens of carboxylate show H-bond-
ing interactions with protons of water. The oxygens of nitro interact with phenyl protons.

3.3.2. Crystal structure of 2. The ORTEP diagram of 2 is depicted in figure 3. The zinc
is four coordinate, chelated by four oxygens, one from each carboxylate and one from each
DMSO. The carboxylates are monodentate. The complex has tetrahedral geometry around
zinc, with O1–Zn–O5 bond angle equal to 109.05 Å. The crystal system is monoclinic with
C2/c space group. The structure refinement parameters are given in table 2. The degree of

Figure 2. b-projection of 1.

Figure 3. ORTEP diagram of 2 (i = −x, y, −z +½).

2486 S.T. Hafeez et al.
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symmetry in Zn–O bond distance is the same for both carboxylate groups (1.869 Å). Simi-
larly, Zn–O bond lengths are also the same for both DMSO groups (1.9685 Å).

The change in the bonding mode of carboxylate in comparison to that in 1 can be corre-
lated to the presence of bulky DMSO. The two methyl groups attached to sulfur in addition
to lone pairs of electrons present may cause steric hindrance which is reduced by changing
binding mode of carboxylate from bidentate to monodentate. Selected bond lengths and
angles for 2 are given in table 3.

Figure 4 shows H-bonding diagram of 2 where the packing is aided by the large number
of interactions in which oxygen, nitrogen and hydrogen are involved. Protons of both
methyl groups of DMSO are involved in intermolecular H-bonding. One methyl proton
interacts with oxygen of carboxylate at 2.720 Å and the proton of the second methyl group
interacts with oxygen of nitro from a neighboring molecule at 2.007 Å.

3.3.3. Crystal structure of 3. Figure 5 depicts the ORTEP diagram of 3 in which zinc is
chelated by two ethylenediamine groups and binds two waters. Both ethylenediamine
groups are bidentate. The geometry around zinc in the complex is octahedral and the crystal
system is triclinic with P-1 space group. The Zn–N bonds have different lengths in a

Figure 4. H-bonding diagram of 2.

Figure 5. ORTEP diagram of 3 (i = −x + 1, −y, −z).

Zinc(II) with 4-nitrocinnamic acid 2487

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

17
 0

9 
D

ec
em

be
r 

20
14

 



slightly asymmetric geometry. Selected bond lengths and angles are given in table 3 and
crystal structure refinement parameters in table 2. In 3, ethylenediamine replaced carboxyl-
ate, present outside the coordination sphere. In addition, there are two water molecules pres-
ent outside the coordination sphere which help form the supramolecular structure.

Figure 6 gives b-projection of 3, which has an infinite 2-D supramolecular network with
base vectors [1 0 0] and [0 1 0] in the plane (0 0 1). Oxygen, nitrogen and hydrogens are
involved in H-bonding interactions.

3.4. Viscosity measurements

Viscosity measurements were performed to predict the mode of DNA binding. Viscometry
is an effective tool to discern the DNA binding. The hydrodynamic measurements related to
DNA viscosity are sensitive to variation in DNA chain length [30, 31]. This variation in vis-
cosity serves as the least ambiguous method for DNA binding in solution. Figure 7 gives
the plot of relative viscosity (η/ηo)1/3 versus complex to DNA concentration ratio ([com-
plex]/[DNA]). The relative viscosity decreased on increasing concentration of complex,
while keeping DNA concentration constant. This decrease in viscosity is indicative of elec-
trostatic DNA binding mode and is similar to already reported zinc complexes [32].

3.5. DNA binding studies by UV–visible spectroscopy

The interaction of the synthesized complexes with DNA was also studied by UV–visible
absorption spectroscopy to further explore the mode of interaction and the binding strength.
Absorption titration experiments were performed keeping concentration of the complex con-
stant and varying DNA concentration (2.26–20.34 μM). Upon incremental addition of
DNA, change in spectrum occurs indicating some interaction between DNA and complex.
The effect of different DNA concentrations on the electronic absorption spectrum of 0.25
mM solution of 1 and 2 is shown in figures 8 and 9, respectively.

Figure 6. b-projection of 3.
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On increasing DNA concentration there was decrease in the absorbance i.e.
hypochromism, for both complexes. The strong absorption of these complexes in the near
UV (280–360 nm) is attributed to the long-lived triplet excited state of the aromatic moiety
[18]. Upon increasing DNA concentration, along with hypochromism, blue shift

Figure 8. Absorption spectrum of 1 in the absence (a) and presence of 2.26 μM (b), 4.52 μM (c), 6.78 μM (d),
9.04 μM (e), 11.3 μM (f), 13.56 μM (g), 15.82 μM (h), 18.08 μM (i) and 20.34 μM DNA (j). The arrow direction
indicates increasing DNA concentration.
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Figure 7. Effect of increasing amount of 1–3 on relative viscosity of DNA.
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(hypsochromism) of 1 and 2 nm was observed for 1 and 2, respectively. These spectral
changes show binding of the complexes to DNA. The hypsochromism and hypochromism
are associated with double helical structure of DNA. Hypochromism is due to contraction
of DNA helix along with other conformational changes [18, 33].

The blue shift shows electrostatic mode of DNA binding [18] and the nitro group in the
complex is also involved in hydrogen bonding. So the suggested binding mode of DNA is
electrostatic along with hydrogen bonding. Hydrogen bonding and other hydrophobic inter-
actions between complementary bases in DNA strands are responsible for maintaining the
helical structure of DNA. In the complex-DNA adduct, metal undergoes electrostatic inter-
actions with the negatively charged phosphate groups in the DNA backbone. Meanwhile
nitro group interferes by hydrogen bonding with DNA bases. Both these factors may
unwind DNA double helix, collectively.

The binding constants of the complexes with DNA were calculated by using the Benesi-
Hildebrand equation [18, 33],

Ao

A� Ao
¼ eG

eH�G � eG
þ eG
eH�G � eG

� 1

K½DNA� (1)

where K is binding constant, A and Ao are absorbances of complex-DNA adduct and pure
complex, respectively, εH−G and εG are molar absorption coefficients of complex-DNA
adduct and complex, respectively. Binding constants were calculated from the plot of 1/
[DNA] along the abscissa and Ao/A − Ao along the ordinate. The calculated values of

Figure 9. Absorption spectrum of 2 in the absence (a) and presence of 2.26 μM (b), 4.52 μM (c), 6.78 μM (d),
9.04 μM (e), 11.3 μM (f), 13.56 μM (g), 15.82 μM (h), 18.08 μM (i) and 20.34 μM DNA (j). The arrow direction
indicates increasing DNA concentration.
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binding constants were 6.74 × 104 M−1 and 5.42 × 104 M−1 for 1 and 2, respectively. The
values of Kb are comparable to those determined for other zinc complexes [34–37].

The Gibb’s free energy was calculated using equation (2) [38],

DG ¼ �RT ln ðKÞ (2)

where R is general gas constant (8.3141 JM−1 K−1) and T is absolute temperature (298 K).
The calculated values of Gibb’s free energy change for 1 and 2 are −27.55 and −27.00 kJ
M−1, respectively. Negative value of ΔG indicate spontaneiety of the complex-DNA adduct
formation.

3.6. DNA binding studies by cyclic voltammetry

In cyclic voltammetry, the changes in peak potential and peak current of the complex-DNA
adduct in comparison to free complex were used to evaluate the DNA binding mode. The
binding constant of the drug with DNA was determined from the diminution in the peak
currents by using the following equation [39],

log ð1=½DNA�Þ ¼ log K þ log ðI=ðIo � IÞÞ (3)

where Io is the peak current for free complex, I is the peak current for DNA bound complex
and K is the binding constant. The diffusion coefficients were also determined for free com-
plex and complex-DNA adduct by using Randles–Sevcik equation [40],

Ip ¼ 2:99� 105nðanÞ1=2ACoD
1=2
o t1=2 (4)

where Ip is the peak current, Co is the concentration of the complex (M cm−3), A represents
geometric area of the electrode (cm2), n is the number of electrons involved in the redox
process, Do is the diffusion coefficient (cm2 s−1) and υ is the potential scan rate (Vs−1). The
value of αn was calculated by using the following equation,

Ep � Ep=2
�
�

�
� ¼ 47:7

an
mV (5)

where Ep and Ep/2 are the peak potential and half wave peak potential, respectively, n repre-
sents the number of electrons transferred in the rate determining step and α is charge trans-
fer coefficient.

Complex 1 showed high electrochemical stability with three peaks in forward scan and
same number of peaks in reverse scan in the potential range of 0.0 to −1.5 V as shown in
figure 10(A). The oxidation and reduction maxima occurred at −0.267 and −1.045 V,
respectively. To calculate the binding constant of 1 with DNA, change in the peak current
was monitored on successive addition of DNA. Upon addition of 1 mL of 20 μM DNA, oxi-
dation current of the free 1 (2 mM) suffered a reduction by 7 μA along with 81 mV shift in
cathodic direction. This shift towards negative potential indicates strong electrostatic bind-
ing of the complex with DNA. The peak shift observed for the complexes is opposite to
those observed for other zinc complexes already reported [41, 42]. The peak current was
reduced as a result of decrease in the concentration of free 1, which is due to formation of
macromolecular 1-DNA adduct, which diffuses slowly to the electrode surface. Similarly,
on addition of 1 mL of 40, 60, 80 and 100 μM DNA to the separate solutions (same
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concentration of the complex (2 mM) and supporting electrolyte) of free 1, the peak current
was reduced by 12, 19, 24 and 28 μA, respectively, with 10–30 mV negative shift in peak
potential. Based on the reduction in peak current on DNA addition, the value of DNA bind-
ing constant was calculated from the intercept of log (1/[DNA]) versus log I/(Io− I) plot as
shown in figure 10(B). The Kb value was 2.05 × 104 M−1 for 1.
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Figure 11. (A) Representative plots of I (μA) vs. E (V) (Ag/AgCl) at different scan rates for 1. (B) Representative
plots of Ip vs. ν

1/2 for the determination of diffusion coefficient of free and DNA bound 1.
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Figure 10. (A) Cyclic voltammograms of 2 mM 1 with 1 mL of 1.5M KCl as supporting electrolyte in the
absence and presence of 20, 40, 60, 80 and 100 μM DNA showing a decrease in current and a concentration depen-
dent shift in potential. (B) Representative plot of log (1/[DNA]) vs. log I/(Io− I) for determination of binding con-
stant.
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The voltammograms of the free complex and its adduct with DNA (1 mL of 20 μM) were
recorded at different scan rates up to 500 mV/s. These voltammograms of free complex at
different scan rate are shown in figure 11(A). From the plot of Ip versus υ

1/2 [figure 11(B)]
the values of the diffusion coefficients for free and DNA bound complex were calculated
using equation (4). The diffusion coefficient for the free complex, Df (1.74 × 10−4 cm2 s−1)
is higher than that for the DNA bound complex, Db (1.71 × 10−4 cm2 s−1), indicating the
formation of slowly diffusing supramolecular complex-DNA adduct on addition of DNA.

Complexes 2 and 3 also exhibited well-defined redox peaks in the potential region of 0.0
to −1.0 V. Similar to 1, 2 and 3 showed negative shift in peak potential upon successive
addition of DNA, which indicated electrostatic mode of DNA binding. DNA binding con-
stants were calculated as 1.02 × 104 and 1.09 × 104 M−1 for 2 and 3, respectively. The val-
ues of diffusion coefficients (Do) in absence of DNA were calculated as 1.48 × 10−5 cm2 s−1

for 2 and 1.07 × 10−5 cm2 s−1 for 3. These values are higher than those of their DNA-
adducts (1.64 × 10−5 and 7.37 × 10−6 cm2 s−1 for 2 and 3, respectively), which can be attrib-
uted to formation of slowly diffusing supramolecular complex-DNA adducts in solution.

3.7. ALP inhibition activity

The synthesized complexes were also screened for their ALP inhibition activity. The activ-
ity of ALP was monitored in the absence and presence of inhibitor (complexes). The sub-
strate used (p-nitrophenylphosphate) gives yellow p-nitrophenol upon hydrolysis. The
concentration of p-nitrophenol is directly related to activity of inhibitor and was measured
spectrophotometrically.

Figure 12 shows % inhibition of ALP by 4-nitrocinnamate ion (L) and its zinc(II) com-
plexes. Ligand itself showed less than 20% inhibition of ALP, which can be correlated to
the chelating ability of carboxylate to the active sites of the enzyme. The nitro group pres-
ent on the aromatic system is analogous to that of the p-nitrophenylphosphate. Hence it
may compete with p-NPP to occupy enzyme’s active site and inhibit ALP. Among the com-
plexes, 1 showed highest ALP inhibition, at 80% ALP inhibition at 1.2 mM concentration;
activity can be attributed to release of zinc ions in solution. These released zinc ions not
only occupy zinc binding sites but also Mg+2 binding sites at enzyme’s surface, thus mini-
mizing its activity [15]. Complex 2 showed approximately 40% inhibition of ALP, which is
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Figure 12. ALP inhibition profile by L and its Zn(II) complexes.
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half of that shown by 1. This decrease in activity is due to the presence of bulky DMSO in
2. Complex 3 had lower activity which is related to its larger size. Greater bulk of complex
makes its movement in solution difficult and also accommodation on enzyme’s active site
would be difficult. In short, all the complexes were active against ALP and activity is inver-
sely related to size.

4. Conclusion

Three new O- and N-donor zinc(II) complexes have been synthesized and characterized by
FT-IR, NMR and single crystal X-ray diffraction analysis, which confirmed distorted octa-
hedral geometry for 1 and 3 and tetrahedral for 2. The structures deduced by using FT-IR
and NMR data were in agreement with those from single crystal X-ray analysis. DNA bind-
ing studies by using viscometry, UV–visible spectroscopy and cyclic voltammetry depicted
electrostatic binding of these complexes with the negatively charged DNA backbone.
Higher value of DNA binding constant for 1 can be related to its smaller size, which facili-
tates binding with DNA. Negative ΔG indicates spontaneous binding of complexes with
DNA. The values of diffusion coefficients for all the synthesized complexes were higher
when compared to their bulky DNA bound adducts. The synthesized complexes were also
screened for ALP inhibition. Results showed that complexes are good inhibitors of ALP
and inhibition is concentration dependent. Complex 1 showed greater inhibition related to
its symmetrical structure and smaller molecular mass.

Supplementary material

Crystallographic data for the structures of the complexes reported in this article have been
deposited with the Cambridge Crystallographic Data Center, CCDC # 965564–965566 cor-
responding to complexes 2, 1 and 3, respectively. Copy of the information may be obtained
free of charge from The Director, CCDC, 12, Union Road, Cambridge CB2 1EZ [Fax: +44
(1223)336 033] or Email: deposit@ccdc.cam.ac.uk.
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