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a b s t r a c t

Two new copper Schiff-base complexes have been synthesized and characterized by use of spectroscopic
techniques. The Schiff-base ligands, (E)-N-((1-methyl-1H-imidazol-2-yl)methylene)quinolin-8-amine,
MICQ and (E)-1-((quinolin-8-ylimino)methyl)naphthalen-2-ol, TL1 were obtained from the reaction of
8-aminoquinoline with 1-methyl-2-imidazolecarboxaldehyde and 2-hydroxy-1-napthaldehyde respec-
tively. The reaction of MICQ with copper(II) chloride produced complex 1, [Cu(MICQ)Cl](PF6), whereas
the reaction of TL1 with copper(II) acetate resulted in complex 2, Cu(TL1)(OAc)�CH3OH. The single crystal
X-ray structure determination of both complexes show distorted square planar geometries around the
copper center. The reactivity of the complexes with calf thymus DNA, CT-DNA and plasmid DNA have
been studied using ethidium bromide displacement fluorescence emission, electronic absorption spec-
troscopy and agarose gel electrophoresis analysis. From the fluorescence emission studies Ksv values of
3.70 � 103 M�1 and 7.82 � 103 M�1 were obtained for complexes 1 and 2, respectively. The absorption
titration resulted in Kb values of 1.52 � 105 M�1 for complex 1 and 5.00 � 105 M�1 for complex 2. The
results indicate that both complexes significantly interact with CT-DNA and also show cleavage of super-
coiled DNA. In addition, complex 2 was found to hydrolyze the DNA model compounds bis(4-nitro-
phenyl) phosphate, BNPP and 4-nitrophenyl phosphate, 4-NPP.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The interaction of transition-metal complexes [1–5] with DNA
continues to attract interest in the search for anticancer chemo-
therapeutic agents due to the success of cisplatin [6]. Cisplatin is
currently used in the treatment of a number of malignancies
including testicular and ovarian cancer. Despite its worldwide
use and success in such treatment, the drug has been found to have
serious side effects such as liver toxicity, nausea and vomiting and
development of drug resistance. These shortfalls have stimulated
researchers to develop new and effective alternatives to cisplatin.
Copper complexes are in the forefront of that search. The biochem-
ical activity of copper in many biological systems makes it a good
choice for use as chemotherapeutic drug [7,8]. During the past few
decades, several copper complexes have been synthesized and
studied for their interaction with DNA [9–25]. Metal complex–
DNA interactions can be classified as intercalation, electrostatic
binding, covalent binding and hydrolytic cleavage. Several copper
complexes have been found to exhibit these modes of interaction.
Furthermore, a number of the copper complexes have been found
to exhibit cytotoxicity levels that are comparable to or greater than
that of cisplatin [26–39].

Among the various modes of interactions of metal complexes
with DNA, the hydrolysis of phosphate ester bonds in DNA serves
as one important reaction for DNA degradation [40,41]. The DNA
backbone consists of phosphate ester bonds, which impart high
stability to the DNA framework. The half-life of the phosphodiester
bond in DNA is estimated to be 130000 years. Hence the hydrolysis
of the phosphodiester bonds in DNA is kinetically a slow process
under normal physiological conditions. The stability of the phos-
phodiester bonds in DNA is considered to be nature’s mechanism
to safeguard the stability of the genetic make-up of life forms. In
many biological systems, metalloenzymes catalyze the hydrolysis
of the very stable phosphodiester bonds [42,43]. The phosphohy-
drolases generally contain Zn, Mg, Fe, Mn or Ni. Several studies
have been conducted with Cu(II) complexes for the hydrolysis of
phosphodiester bonds [44–49]. The hydrolysis of phosphodiester
bonds and phosphate monoester bonds in model compounds such
as bis(4-nitrophenyl) phosphate (BNPP) and 4-nitrophenyl phos-
phate (4-NPP) respectively constitute important reactions for
understanding the reactivity of metalloenzymes and metal com-
plexes with DNA. Metal complexes imitating hydroxylases could
serve as possible chemotherapeutic anti cancer agents. The devel-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ica.2014.12.034&domain=pdf
http://dx.doi.org/10.1016/j.ica.2014.12.034
http://dx.doi.org/10.1016/j.ica.2014.12.034
http://www.sciencedirect.com/science/journal/00201693
http://www.elsevier.com/locate/ica


N. Kozlyuk et al. / Inorganica Chimica Acta 428 (2015) 176–184 177
opment of metal complexes that could function as metalloenzymes
has therefore been the focus of several researchers [46–49,50–53].

The type of ligands attached to the metal center generally
influences the reactivity of a metal-based chemotherapeutic drug.
Varying the ligands could tune the reactivity of the complex
towards DNA. Planar ligands with pi systems have been noted
to be good intercalators [54–58]. The planarity of such ligands
contributes to the intercalating mode of binding of the complex
to DNA. Copper complexes have been shown to interact non-
covalently with DNA if they contain planar aromatic ring ligands
capable of inserting between the DNA base pairs. A significant
example is the work done by Sigman and co-workers [59] that
led to the discovery that the copper complex [Cu(phen)2]+

(phen = 1, 10-phenathroline) had the ability to intercalate DNA
and cause cleavage. Several other phen and related ligands have
been coordinated to copper and studied. A significant number of
the complexes have been found to exhibit reactivity similar to
nucleases [60–64]. Whereas the phen and related ligands have
seen more frequent applications, other planar pi systems like
quinoline have attracted less attention [65,66]. We are exploring
various Schiff-base ligands containing the quinoline moiety to
synthesize new copper complexes and study their DNA binding
and cleavage capabilities. In this study we report the synthesis
of two copper complexes containing the Schiff-base ligands
derived from 8-aminoquinoline. The structures of the complexes
have been determined by single crystal X-ray diffraction. The
reactivity of the complexes towards calf thymus-DNA (CT-DNA)
and plasmid DNA has been evaluated. In addition, kinetics exper-
iments with BNPP and 4-NPP indicate that the complexes do
hydrolyze the model compounds at reasonable rates.
2. Experimental section

2.1. Reagents and materials

All chemicals were purchased commercially and used as
received. Copper(II) chloride, Copper(II) acetate, 8-aminoquinoline,
1-methyl-2-imidazolecarboxaldehyde, 2-hydroxy-1-napthalde-
hyde, ammonium hexafluorophosphate, ethidium bromide (EB),
bis(4-nitrophenyl) phosphate (BNPP) sodium salt, 4-nitrophenyl
phosphate disodium salt (4-NPP), calf-thymus DNA (CT-DNA), tol-
uene, NaH2PO4�H2O and NaCl were purchased from Sigma Aldrich.
Dichloromethane and methanol were purchased from Pharmco-
Aaper. Plasmid DNA pBR322 DNA was purchased from Thermo Sci-
entific. The reagents were used without further purification.
2.2. Methods and instrumentation

1H NMR and 13C NMR were recorded on a Varian 400 MHz spec-
trometer. A Perkin Elmer Spectrum 100 FT-IR spectrometer was
used for the IR spectra. UV–Vis spectra as well as the reactivity
studies and absorption titration studies were recorded on the Shi-
madzu UV-1700 UV–Vis spectrophotometer. Ethidium bromide
competitive binding studies were performed using the Jasco-FP
750 spectrofluorimeter. Cyclic voltammetry measurements were
performed using a BAS CV-50W voltammetric analyzer. A three-
electrode arrangement made up of a glassy carbon working elec-
trode, a platinum wire auxiliary electrode and a Ag/AgCl reference
electrode was used. The glassy carbon electrode was polished
using alumina before each use. The cyclic voltammograms were
recorded in methanol or dichloromethane with tetrabutylammo-
nium hexafluorophosphate, (TBAHP), (0.10 M) as the supporting
electrolyte. The concentrations of the complexes were 5.0 mM. Ini-
tial scans of the supporting electrolyte were made for the back-
ground check. The solutions were purged with N2(g) for 2–3 min
prior to each scan. Scan rate for each measurement was 100 mV/
s. Plasmid DNA cleavage analyses were performed by gel electro-
phoresis using a Gel Doc-IT imaging System equipped with a Ham-
amatsu camera. Elemental analyses for C, H and N were performed
by Galbraith Laboratories, Inc. Knoxville, TN. The X-ray crystal
structure determinations and ESI-MS were performed by Dr. Fook
S. Tham and Mr. Ron New respectively, of the Department of
Chemistry, University of California, Riverside, CA.

2.3. Synthesis of ligands

2.3.1. (E)-N-((1-Methyl-1H-imidazol-2-yl)methylene)quinolin-8-
amine, MICQ

This ligand was prepared by the reaction of 1-methyl-2-imi-
dazolecarboxaldehyde (385 mg, 3.50 mmol) and 8-aminoquinoline
(500 mg, 3.50 mmol) in 30 mL toluene. The mixture was refluxed
overnight. The solution was then rotary evaporated to dryness
forming a brown oily product. The oily substance was purified by
column chromatography. The alumina column was first eluted
with dichloromethane yielding a yellow fraction. The column
was then eluted with a 1:1 v/v methanol/dichloromethane solution
that resulted in a brown fraction. This fraction was then covered
loosely with aluminum foil and left in the fume hood for the sol-
vent to evaporate. A brownish-yellow oil was left. This product
was then dissolved in 15 mL of CH2Cl2 and the solution was added
drop-wise into 100 mL of hexane. A light brownish-yellow precip-
itate was collected by vacuum filtration. Yield: 308 mg (37.3%).
Elemental analysis: Found (Calc.) for C14H12N4, C, 72.31 (71.17);
H, 5.37 (5.12); N, 22.01 (23.71). FTIR data (neat, v/cm�1): 3164
(w), 3145 (w), 3036 (w), 1610 (s), 1573 (m), 1504 (s), 1472 (s),
1377 (s), 1334 (s), 1280 (m), 1108 (s), 1082 (m), 1040 (w), 816
(s), 780 (s), 748 (s). 1H NMR (400 MHz, CDCl3): d (ppm) 4.0 (3H,
s), 6.92 (1H, d, J = 7.4 Hz), 7.08 (1H, s), 7.15 (1H, d, J = 8.2 Hz),
7.25 (1H, s), 7.32 (1H, t, J = 7.6 Hz), 7.35 (1H, t, J = 4.1 Hz), 8.05
(1H, dd, J = 8.4, 1.8 Hz), 8.75 (1H, dd, J = 4.3, 1.6), 9.81 (1H, s). 13C
NMR (400 MHz, CDCl3): d (ppm) 35.9, 110.0, 118.0, 121.5, 126.8,
127.3, 129.1, 131.0, 135.0, 135.6, 138.0, 147.4, 148.1, 182.0.

2.3.2. (E)-1-((Quinolin-8-ylimino)methyl)naphthalen-2-ol, (TL1)
2-Hydroxy-1-napthaldehyde (978 mg, 5.68 mmol) was added to

a solution of 8-aminoquinoline (814 mg, 5.65 mmol) in methanol
(30 mL). The mixture was refluxed for 4 h. After cooling, a yellow-
orange plate like precipitate formed. The product was isolated by
vacuum filtration and re-crystallized from methanol. Yield: 1.45 g
(80.9%). Elemental analysis: Found (Calc.) for C20H14N2O: C, 80.29
(80.51); H, 4.88 (4.73); N, 9.37 (9.39), FTIR data (neat, v/cm�1):
3058 (w), 3040 (w), 1623 (s), 1609 (s), 1590 (s), 1533 (s), 1488
(m), 1472 (m), 1354 (s), 1299 (s), 1205(s), 1081 (m), 956 (m), 787
(s), 744 (s), 735 (s). 1H NMR (400 MHz, CDCl3): d (ppm) 6.90 (1H,
d, J = 9.6 Hz), 7.26 (1H, t, J = 8.0 Hz), 7.46 (1H, t, J = 8.4 Hz, 7.2 Hz),
7.47 (1H, d, J = 8.8 Hz), 7.51 (1H, t, J = 4.4 Hz), 7.57 (1H, d, J = 8.0),
7.63 (1H, d, J = 12.0 Hz), 7.66 (1H, t, J = 10.0 Hz, 9.6 Hz), 7.75 (1H,
dd, J = 7.4 Hz, 1.4 Hz), 7.99 (1H, d, J = 7.6 Hz), 8.18 (1H, dd,
J = 8.0 Hz, 1.6 Hz), 9.07 (1H, dd, J = 4.4 Hz, 1.6 Hz), 9.26 (1H, s) 9.28
(1H, s, absent upon D2O addition), 13C NMR (400 MHz, CDCl3): d
(ppm) 108.76, 113.06, 118.33, 122.30, 123.62, 124.28, 126.52,
126.63, 126.72, 128.34, 128.94, 129.49, 134.19, 135.90, 137.50,
139.39, 139.90, 146.10, 150.25, 181.83.

2.4. Synthesis of [Cu(MICQ)Cl](PF6) (1)

The ligand MICQ, (200 mg, 0.856 mmol) was dissolved in 25 mL
of methanol. Copper(II) chloride (144 mg, 0.856 mmol) was
dissolved in 25 mL methanol in a different flask. The copper chlo-
ride solution was then added drop-wise to the ligand solution.
The mixture immediately turned a dark green color. The mixture
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was heated to 60 �C for 10 min while stirring and then allowed to
cool to room temperature. The precipitate was vacuum filtered,
and the product washed with a small amount of cold methanol.
The product was allowed to dry (212 mg recovered, 67.6% yield).
Suitable crystals for structure determination were grown in deion-
ized water with the addition of NH4PF6. Elemental analysis: Found
(Calc.) for C14H12N4ClCuPF6, [Cu(MICQ)Cl](PF6): C, 35.71 (34.99); H,
2.38 (2.52); N, 11.59 (11.66), ESI-MS: m/z = 334 [M�PF6

�]+, FTIR
data (neat, v/cm�1): 3126 (w), 3071 (w), 1604 (m), 1583 (m),
1505 (m), 1484 (m), 1434 (m), 1414 (m), 1392 (m), 1303 (m),
1077 (m), 827 (s), 791 (m), 760(s), 740 (s), UV–Vis: (methanol) kmax

240 nm, loge 4.18, kmax 273 nm, loge 4.20, kmax 393 nm, loge 3.65,
kmax 596 nm, loge 3.36.

2.5. Synthesis of Cu(TL1)(OAc)�CH3OH (2)

Copper acetate, (124 mg, 0.70 mmol) was dissolved in methanol
(35.0 mL). The ligand TL1 (206 mg, 0.70 mmol) was dissolved in
methanol (100 mL). The copper acetate solution was added drop-
wise to this solution. An immediate color change to a yellowish
green solution was observed. Once all of the copper acetate solu-
tion had been added the solution was heated and stirred for 2–
3 min. The solution was allowed to cool to room temperature
and then refrigerated for 2 days to allow slow crystallization. The
dark brown needlelike crystals were collected by vacuum filtration
and washed twice with 3–5 mL aliquots of ice-cold methanol and
dried under vacuum. Yield: 0.335 g (68.4%). Elemental analysis:
Found (Calc.) for C23H20N2O4Cu�CH3OH: C, 60.67 (61.19); H, 4.24
(4.46); N, 6.18 (6.20), ESI-MS: m/z = 360 [M�CH3CO2

�]+, FTIR data
(neat, v/cm�1): 3058, 1601, 1575, 1537, 1503, 1457, 1428, 1364,
1322, 1304, 1265, 1239, 1202, 1169, 1093, 1033, 977, 825, 746,
730, 656, UV–Vis: (methanol) kmax 230 nm, loge 6.68, kmax

260 nm, loge 4.42, kmax 348 nm, loge 3.99, kmax 453 nm, loge
4.22, kmax 476 nm, loge 4.26.

2.6. X-ray structure determination

A green thin needle-plate fragment (0.51 � 0.16 � 0.02 mm3)
was used for single crystal X-ray diffraction data for complex 1,
[C14H12N4ClCu]+[PF6]�. For complex 2 C20H13N2OCH3COOCu�CH3OH,
a black prism (0.21 � 0.09 � 0.03 mm3) was used. Each crystal
was coated with paratone oil and mounted on a cryo-loop
glass fiber. X-ray intensity data were collected at 100(2) K on a
Bruker APEX2 [67] platform-CCD X-ray diffractometer system (fine
focus tube, Mo radiation, k = 0.71073 Å, 50 KV/30 mA power). The
CCD detector was placed at a distance of 5.0400 cm from the crys-
tal of complex 1, and at a distance of 5.0700 cm from the crystal
of complex 2. A total of 3600 frames were collected for a sphere
of reflections (with scan width of 0.3� in x, starting x and 2h
angles of �30�, and / angles of 0�, 90�, 120�, 180�, 240�, and
270� for every 600 frames, 80 s/frame exposure time for complex
1 and 30 s/frame exposure time for complex 2). For complex 1,
the Bruker CELL NOW program [68] was used to obtain the two dif-
ferent orientation matrices of the rotational twin components
(Twin law is 180� rotation about the 100 real axis). These matri-
ces were imported into the APEX2 program for Bravais lattice
determination and initial unit cell refinement. The frames were
integrated using the Bruker SAINT software package [69] and using
a narrow-frame integration algorithm. Based on a monoclinic
crystal system, the integrated frames yielded a total of
4480 unique independent reflections [Rint = 0.0474, maximum
2h = 58.26� (0.73 Å resolution), data completeness = 100%] and
4064 (90.7%) reflections were greater than 2r(I). The unit cell
parameters were, a = 14.9130(18) Å, b = 15.4330(19) Å,
c = 7.2754(9) Å, b = 95.207(2)�, V = 1667.5(4) Å3, Z = 4, Dcalc =
1.913 g/cm3. Absorption corrections were applied (absorption
coefficient l = 1.637 mm�1
; maximum/minimum transmis-

sion = 0.9743/0.4867) to the raw intensity data using the Bruker

TWINABS program [70]. The integrated frames for complex 2 yielded
a total of 40708 reflections at a maximum 2q angle of 58.26�
(0.73 Å resolution), of which 5152 were independent reflections
(Rint = 0.0417, Rsig = 0.0239, redundancy = 7.9, complete-
ness = 99.9%) and 4316 (83.8%) reflections were greater than
2r(I). The unit cell parameters were, a = 8.1846(2) Å, b =
17.7964(5) Å, c = 13.3740(4) Å, b = 100.701(1)�, V = 1914.13(9) Å3,
Z = 4, Dcalc = 1.568 g/cm3. Absorption corrections were applied
(absorption coefficient l = 1.176 mm�1; maximum/minimum trans-
mission = 0.9633/0.7937) to the raw intensity data using the SADABS

program [71]. The Bruker SHELXTL software package [72] was used
for phase determination and structure refinement for both com-
plexes. The first twin domain HKL intensity data was used with
the distribution of intensities (E2 � 1 = 0.898 for complex 1 and
E2 � 1 = 0.947 for complex 2). Systematic absent reflections indi-
cated one possible space group, P2(1)/c. The space group P2(1)/c
(#14) was later determined to be correct for both complexes. Direct
methods of phase determination followed by two Fourier cycles of
refinement led to an electron density map from which most of the
non-hydrogen atoms were identified in the asymmetry unit of the
unit cell. With subsequent isotropic refinement, all of the non-
hydrogen atoms were identified. The combined (major and minor
components) HKLF 5 intensity dataset was used in the final struc-
ture refinement. There was one cation of [C14H12N4ClCu]+ and one
anion of [PF6]� present in the asymmetry unit of the unit cell of
complex 1 and one molecule of Cu-complex, [C20H13N2O][CH3-
COO]Cu with one solvent molecule of CH3OH present in the asym-
metric unit of the unit cell of complex 2. The rotational twin law
was 180� rotation about the 10 0 real axis. The major/minor twin
component ratio was 57%/43%.

Atomic coordinates, isotropic and anisotropic displacement
parameters of all the non-hydrogen atoms were refined by means
of a full matrix least-squares procedure on F2. The H-atoms were
included in the refinement in calculated positions riding on the
atoms to which they were attached. The refinement converged at
R1 = 0.0386, wR2 = 0.0890, with intensity, I > 2r(I) for complex 1
and at R1 = 0.0350, wR2 = 0.0797, with intensity I > 2r(I) for com-
plex 2. The largest peak/hole in the final difference map was
0.781/�0.594 e Å�3 and 0.960/�0.470 e Å�3 for complexes 1 and
2, respectively. The intermolecular hydrogen bond distances and
angles for complex 2 are shown in Table 3.
2.6.1. Ethidium bromide competitive binding studies
Stock solutions of ethidium bromide and CT-DNA were prepared

using a phosphate buffer (pH 7.2). The concentration of the CT-DNA
solution was determined to be 15.7 � 10�3 M by using the molar
absorption coefficient (6600 M�1 cm�1) at 260 nm. Stock solutions
of complex 1 (1.15 � 10�3 M) in methanol and complex 2
(4.10 � 10�4 M) in methanol were prepared. Appropriate dilutions
of the stock solutions were made for each experiment. In a typical
experiment, 2 mL of the ethidium bromide (20.0 lM) solution was
transferred into a cuvette. CT-DNA (10 lL) was added to the ethi-
dium bromide solution and equilibrated at 37 �C for 15 min. Various
volumes (5–25 lL) of the complex were added to the EtBr-DNA solu-
tion. A total volume of 2.45 mL was maintained by adding additional
volume of the phosphate buffer to the metal complex-EtBr-DNA
solutions. Each solution was incubated at 37 �C for another
15 min. The changes in the fluorescence intensities were recorded
at 600 nm over a spectra range of 540–700 nm using an excitation
wavelength of 520 nm. The quenching constants (Ksv) were calcu-
lated for each complex using a plot of the Stern–Volmer Eq. (1):

I0=I ¼ 1þ Ksv½complex� ð1Þ
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where I0 and I represent the fluorescence intensities in the absence
and presence of the complex, respectively, and [complex] represent
the total concentration of the complex.
2.6.2. Absorption titration studies
The absorption titration studies were carried out using a con-

stant concentration of 8.0 � 10�5 M of the complex. A solution of
CT-DNA was made in 5.0 mM Tris–HCl/NaCl buffer (pH 7.2). CT-
DNA stock solution concentration was determined to be
1.70 � 10�4 M by using the absorbance at 260 nm and the extinc-
tion coefficient at that wavelength of 6600 M�1 cm�1. The absorp-
tion spectra of the complex in the absence and presence of
increasing concentrations of CT-DNA were determined in 5.0 mM
Tris–HCl/NaCl buffer (pH 7.2). The change in absorbance of the
MLCT absorbance for the complex was monitored with each suc-
cessive addition of CT-DNA. The spectra were recorded after
10 min incubation at 37 �C. The intrinsic binding constants Kb for
complexes 1 and 2 were determined from the Eq. (2):

½DNA�=ðea � ef Þ ¼ ½DNA�=ðeb � ef Þ þ 1=ðKbðeb � ef ÞÞ ð2Þ

where [DNA] is the concentration of CT-DNA in base pairs, ea, ef and
eb are the apparent absorption coefficient Aobs/[Cu], the extinction
coefficient for the free copper complex and the extinction coeffi-
cient for the fully bound complex respectively. From the plot of
[DNA]/(ea � ef) versus [DNA], Kb was calculated from the ratio of
the slope and the intercept.
2.6.3. DNA cleavage experiments
The DNA cleavage activity of each complex was examined using

super coiled pBR322 DNA. A stock solution of complex 1 was pre-
pared with a concentration of 4.13 � 10�4 M. 30.0 lL samples of
the plasmid DNA were treated with increasing complex concentra-
tions (2.0–70 lL) and enough buffer solution for a final volume of
100 lL. The samples were incubated in the dark for 20 h at 37 �C.
The DNA cleavage experiments were analyzed by 1% agarose gel
electrophoresis using 1� Tris–acetate–EDTA (TAE) running buffer.
10 lL of each reaction solution together with 2.0 lL of the loading
dye was loaded into the wells and subjected to electrophoresis at
60 V for 90 min. The gel was stained with 1% ethidium bromide
and documented using a Gel Doc-IT imaging system. A similar pro-
cedure was used for complex 2.
2.7. Reactivity with BNPP and 4-NPP

The hydrolysis of BNPP and 4-NPP by complex 2 were observed
by monitoring the increase in absorbance at 400 nm due to the for-
mation of the 4-nitrophenolate ion. In a typical experiment, 2.0 mL
of BNPP (2.0 � 10�3 M) or 4-NPP (2.7 � 10�3 M) in Tris–HCl buffer
(pH 7.2) was transferred into a cuvette in the sample compartment
of the spectrophotometer. A similar solution was placed in the ref-
erence compartment to correct for the hydrolysis in the absence of
the catalyst. 1.0 mL of the buffer was added to the reference cuv-
ette to bring the total volume to 3.0 mL. The cuvettes were equili-
brated at 50.0 �C for 10 min. A solution of the complex
(4.13 � 10�4 M), (1.0 mL), which had been equilibrated at 50.0 �C,
was immediately added to the BNPP solution and the measure-
ments were recorded. The observed rate constant kobs were deter-
mined from the plots of ln(Ainf � At) versus time (s) where At is the
absorbance at time t seconds and Ainf is the absorbance at the
end of the reaction. In one experiment, complex 1 showed hydro-
lysis of BNPP, however this experiment for complex 1 was not
reproducible.
3. Results and discussion

3.1. Synthesis and characterization

The ligands MICQ [73] and TL1 were prepared by the Schiff-
base condensation reaction of 8-aminoquinoline and the corre-
sponding aldehyde. The products were purified by column chro-
matography. Each ligand was characterized by use of various
spectroscopic methods. Major spectroscopy features are reported
in the synthesis section. Complex 1 was prepared by reacting the
ligand MICQ with a methanol solution of copper(II) chloride
whereas complex 2 was prepared by reacting the ligand TL1 with
copper(II) acetate in methanol. Both complexes are soluble in
DMF and methanol. Complex 2 is also soluble in dichlorometh-
ane. The MS of the complex showed a major cluster at m/z of
334 for the M+, [Cu(MICQ)]+ ion. The UV–Vis spectrum of MICQ
in methanol has two major peaks at 250 nm and 340 nm. These
peaks are assigned to the p–p⁄ of the ligand. The UV–Vis spec-
trum of complex 1 in methanol exhibits three peaks in the range
220–700 nm. The two intense peaks at kmax 386.5 nm and
237.5 nm corresponded to the p–p⁄ absorption within the ligand.
The peak at 651.0 nm corresponds to the metal–ligand charge
transfer (MLCT) absorption. The ESI-MS spectrum of complex 2
showed an m/z at 360 for the [M�OAc]+ ion. The electronic spec-
trum of complex 2 in methanol shows five peaks, three peaks in
the UV region and two peaks in the visible region. The peaks in
the UV region can be assigned to the p–p⁄ absorption within
the ligand TL1, while the two lower energy bands are assigned
to the MLCT bands.
3.2. Crystal structure

The crystal data and structure refinements for complexes 1 and
2 can be observed in Table 1. The crystals for complex 1 were
grown by slow evaporation of an aqueous solution of
[Cu(MICQ)Cl](PF6). The crystal structure of complex 1 is shown in
Fig. 1. The geometry around the copper is a distorted square planar
geometry with the metal coordinated to the tridentate MICQ ligand
and the fourth coordination site occupied by a chlorine. The pack-
ing diagram (Fig. 2) shows a spiral staircase arrangement resulting
in a penta-coordinated copper center with a chlorine ligand from
another unit serving as the axial donor atom. Selected bond lengths
and angles are shown in Table 2. In complex 1, the bond lengths
between the copper and the chlorine ligands are 2.248(9) Å and
2.6269(10) Å for the equatorial and the axial chlorines respectively.
A similar trend has been found in other copper complexes [74]. As
a consequence of the weak Cu–Cl(bridging) bonds such packing
arrangement in complex 1 is not sustained in solution where the
solvent has strong donor atoms [75]. Complex 1 and complex 2
both have identical 8-aminoquinoline rings as part of the triden-
tate ligand. The structure of complex 2 is shown in Fig. 3. The bond
lengths around the copper center from the nitrogen donors of the
8-aminoquinoline moiety are Cu(1)–(N1), 2.002(3) Å and
1.9922(16) Å for complex 1 and complex 2 respectively. The bond
lengths of the Cu(1)–N(2)(imine) are 1.997(2) Å and 1.9416(15) Å for
complex 1 and complex 2, respectively. In addition, complex 1 also
has a Cu(1)–N(3)(imidazole) bond length of 1.984(3) Å. These bond
lengths are comparable to similar 8-aminoquinoline Schiff base
and imidazole copper complexes [51,66,74,76,77]. Complex 2 has
two Cu–O bonds, with bond lengths of Cu(1)–O(1) and Cu(1)–
O(2) being 1.8992(14) Å and 1.9426(13) Å, respectively. The
shorter bond length being the Cu–O(phenolate). This shorter bond
length is due to the phenolate oxygen being a stronger base than
the carboxylate oxygen. The two polycyclic rings of the tridentate
ligand, TL1 are approximately in the same plane. There is one



Table 1
Crystal data and structure refinement for complexes 1 and 2.

1 2

Empirical formula C14H12ClCuF6N4P C23H20CuN2O4

Formula weight 480.24 451.95
T (K) 100(2) 100(2)
k (Å) 0.71073 0.71073
Crystal system monoclinic monoclinic
Space group P2(1)/c P2(1)/c
Unit cell dimensions
a (Å) 14.9130(18) 8.1846(2)
b (Å) 15.4330(19) 17.7964(5)
c (Å) 7.2754(9) 13.3740(4)
a (�) 90 90
b (�) 95.207(2) 100.701(1)
c (�) 90 90
V (Å3) 1667.5(4) 1914.13(9)
Z 4 4
Dcalc (Mg m�3) 1.913 1.568
Absorption coefficient (mm�1) 1.637 1.176
F(000) 956 932
Crystal size (mm) 0.51 � 0.16 � 0.02 0.21 � 0.09 � 0.03
Theta range for data collection (�) 1.90–29.13 1.93–29.13
Index ranges �20 6 h 6 20, 0 6 k 6 21, 0 6 l 6 9 �11 6 h 6 11, �24 6 k 6 24, �18 6 l 6 18
Reflections collected 9514 40708
Independent reflections (Rint) 4480 (0.0474) 5152 (0.0417)
Completeness to theta = 29.13� 100.0% 99.9%
Absorption correction semi-empirical from equivalents semi-empirical from equivalents
Maximum and minimum transmission 0.9743 and 0.4867 0.9633 and 0.7937
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 4480/0/246 5152/0/276
Goodness-of-fit (GOF) on F2 1.086 1.063
Final R indices [I > 2r(I)] R1 = 0.0386, wR2 = 0.0890 R1 = 0.0350, wR2 = 0.0797
R indices (all data) R1 = 0.0474, wR2 = 0.0954 R1 = 0.0464, wR2 = 0.0843
Largest difference in peak and hole (e Å�3) 0.781 and �0.594 0.960 and �0.470

Table 2
Selected bond lengths and bond angles complexes 1 and 2.

Complex 1 Complex 2

Bond lengths (Å)
Cl(1)–Cu(1) 2.2485(9) Cu(1)–O(1) 1.8992(14)
Cl(1)–Cu(1)#1 2.6269(10) Cu(1)–N(2) 1.9416(15)
Cu(1)–N(3) 1.984(3) Cu(1)–O(2) 1.9426(13)
Cu(1)–N(2) 1.997(2) Cu(1)–N(1) 1.9922(16)
Cu(1)–N(1) 2.002(3)
Cu(1)–Cl(1)#2 2.6269(10)

Bond angles (�)
Cu(1)–Cl(1)–Cu(1)#1 115.32(4) O(1)–Cu(1)–N(2) 92.58(6)
N(3)–Cu(1)–N(2) 80.72(10) O(1)–Cu(1)–O(2) 90.27(6)
N(3)-Cu(1)-N(1) 161.25(11) N(2)–Cu(1)–O(2) 176.59(6)
N(2)–Cu(1)–N(1) 80.72(11) O(1)–Cu(1)–N(1) 173.69(6)
N(3)–Cu(1)–Cl(1) 98.58(8) N(2)–Cu(1)–N(1) 83.41(7)
N(2)–Cu(1)–Cl(1) 158.86(9) O(2)–Cu(1)–N(1) 93.91(6)
N(1)–Cu(1)–Cl(1) 97.76(8)
N(3)–Cu(1)–Cl(1)#2 94.10(8)
N(2)–Cu(1)–Cl(1)#2 97.78(8)
N(1)–Cu(1)–Cl(1)#2 91.01(9)
Cl(1)–Cu(1)–Cl(1)#2 103.34(3)

Table 3
Hydrogen bonds for complex 2 [Å and �].

D–H. . .A d(D–H) d(H. . .A) d(D. . .A) <(DHA)

O(1S)–H(1D). . .O(2) 0.80(3) 1.94(3) 2.737(2) 174(3)

Symmetry transformations used to generate equivalent atoms: �x + 1, �y + 1,
�z + 1.

Fig. 1. Crystal structure of the complex [Cu(MICQ)Cl]PF6 (1). Crystal data are given
in Table 1, selected bond lengths and bond angles are in Table 2.
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hydrogen bond interaction in complex 2 involving the alcohol
group of methanol and one of the carboxylate oxygen of the coor-
dinated acetate.
3.3. Electrochemistry

Cyclic voltammetry of complex 1 was performed in methanol
using a glassy carbon-working electrode, a silver chloride reference
electrode and a platinum wire auxiliary electrode in the potential
range of +0.6 to �0.4 V. All potentials are with reference to Ag/
AgCl. Fig. 4 shows a reduction peak at �0.085 V corresponding to
the Cu2+ ? Cu+ and a less reversible oxidation peak at 0.18 V for
complex 1. The nature of the oxidation peak suggests that Cu+ spe-
cies is not stable in the solution. Neves and co-workers [51] have



Fig. 2. Packing diagram for the complex [Cu(MICQ)Cl]PF6 (1). The anion has been
omitted for clarity.

Fig. 3. Crystal structure of the complex [Cu(TL1)(OAc)]�CH3OH (2). Crystal data are
given in Table 1, selected bond lengths and bond angles are in Table 2.

Fig. 4. Cyclic voltammogram for the complex [Cu(MICQ)Cl]PF6 (1) in methanol with
TBAHP (0.10 M) as the supporting electrolyte, at scan rate of 100 mV/s, potential
expressed with reference to Ag/AgCl electrode.

Fig. 5. Cyclic voltammogram for the complex [Cu(TL1)(OAc)]�CH3OH (2) in meth-
anol with TBAHP (0.10 M) as the supporting electrolyte, at scan rate of 100 mV/s,
potential expressed with reference to Ag/AgCl electrode.
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reported similar cyclic voltammograms for their imidazole rich
copper complexes. In methanol, complex 2 showed no active redox
behavior in the scan range of �0.40 V to 1.60 V. The cyclic voltam-
mogram of complex 2 (Fig. 5) was recorded in dichloromethane.
The E1/2 for complex 2 was found to be 1.482 V, which is more posi-
tive compared to values reported for similar copper complexes
[21–23]. Whereas the cyclic voltammogram of complex 1 shows
an irreversible reduction peak, the cyclic voltammogram of com-
plex 2 shows quasi-reversible peaks. The difference in the redox
potential of the complexes is a result of the structural difference
of the two complexes. The much higher potential for complex 2
could be attributed to the coordination of the phenolate oxygen
and the presence of the pi framework of the naphthalene group.

3.4. Reactivity of the complexes with DNA

Fluorescence spectroscopy studies were used to assess the
binding abilities of the complexes with CT-DNA. Unbound ethi-
dium bromide is weakly fluorescent, however, this ability is tre-
mendously increased when ethidium bromide interacts with
DNA. The displacement of ethidium bromide from CT-DNA and
ethidium bromide bound complex by a metal complex results in
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Fig. 6. Changes in the fluorescence emission spectra of CT-DNA and ethidium
bromide bound complex in Tris–HCl buffer (pH = 7.2) with increasing concentration
of the complex [Cu(MICQ)Cl]PF6 (1). [CT-DNA] = 1.60� 10�4 M, [EB] = 2.00 � 10�5 M,
kex = 520 nm. Inset shows the plot of emission intensity I0/I versus [complex].

Fig. 7. Changes in the fluorescence emission spectra of CT-DNA and ethidium
bromide bound complex in Tris–HCl buffer (pH = 7.2) with increasing concentration
of the complex [Cu(TL1)(OAc)]�CH3OH (2), [CT-DNA] = 1.60 � 10�4 M,
[EB] = 2.00 � 10�5 M, kex = 520 nm. Inset shows the plot of emission intensity I0/I
versus [complex].

Fig. 8. Absorption spectra of the complex [Cu(MICQ)Cl]PF6 (1) in the absence and
presence of increasing concentrations of CT-DNA (0–84.3 lM) at 37 �C. The inset
shows the plot of [DNA]/(ea � ef) versus [DNA].

Fig. 9. Absorption spectra of the complex [Cu(TL1)(OAc)]�CH3OH (2) in the absence
and presence of increasing concentrations of CT-DNA (0–84.3 lM) at 37 �C. The
inset shows the plot of [DNA]/(ea � ef) versus [DNA].
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the decrease in the emission intensity of the CT-DNA and ethidium
bromide bound complex. The accepted conclusion from such stud-
ies is that the metal complex preferentially and strongly binds to
the CT-DNA compared to ethidium bromide through intercalation.
Figs. 6 and 7 show changes in the emission spectra observed upon
the addition of solution of complex 1 and complex 2 respectively to
a solution of CT-DNA and ethidium bromide bound complex. In
both cases, the observed trend is a decrease in the emission inten-
sity with increasing concentration of the complex. These observa-
tions are in good agreement with the Stern–Volmer expression.
The Stern–Volmer quenching plot of I0/I versus concentration of
the copper complex gave Ksv values of 3.70 � 103 M�1 and
7.82 � 103 M�1 for complexes 1 and 2, respectively. The Ksv value
for complex 2 is approximately twice the value for complex 1 indi-
cating stronger binding by complex 2. Structurally, complex 2 con-
tains more planar polycyclic rings than complex 1. Complexes with
planar polycyclic rings as part of the ligand moiety have been
found to be good DNA intercalators [54–58,60].

The reactivity of the complexes with DNA was also studied
through absorption titration by monitoring the absorbance
changes at 383 nm for complex 1 and 453 nm for complex 2, upon
addition of increasing amounts of DNA to a fixed amount of the
complex. The absorption spectra of complex 1 (Fig. 8) in the pres-
ence of CT-DNA displayed a hypochromic shift whereas the absorp-
tion spectra of complex 2 (Fig. 9) showed a hyperchromic shift. The
increase in absorbance for complex 2 is an indication for minor
groove binding of the complex to DNA [74]. The intrinsic binding
constant for each complex was determined from the plot of
[DNA]/(ea � ef) versus [DNA]. The ratio of the slope and intercept
from gave intrinsic binding constant Kb of 1.52 � 105 M�1 for com-
plex 1 and Kb of 5.0 � 105 M�1 for complex 2. The Kb values also
suggest a stronger binding affinity of complex 2 for DNA compared
with complex 1. This result supports the earlier suggestion that the
difference in the Ksv values could be attributed to the extra planar
ring in complex 2 resulting in stronger binding of complex 2 to the
DNA. It is noteworthy to mention that the Kb values obtained for
complex 1 and complex 2 are about ten times greater than the
value reported for the DNA intercalator complex [Ru(phen)2(-
dpq)]2+. A Kb value of 1.41 � 105 M�1 has been reported for some
copper complexes [76].



Fig. 10. Agarose gel electrophoresis analysis of the cleavage of SC pBR322 DNA by complex 1 (top) and complex 2 (bottom) at increasing concentrations of the complexes.
Lane 1 DNA only, Lane 2: metal complex only, Lane 3: DNA + 0.04, Lane 4: DNA + 0.08, Lane 5: DNA + 0.12, Lane 6: DNA + 0.16, Lane 7: DNA + 0.20, Lane 8: DNA + 0.25 mM of
complex.

Fig. 11. Absorbance versus time (s) plot for the hydrolysis of (a) BNPP (2.15 mM)
and (b) 4-NPP (2.10 mM) in Tris–HCl buffer (pH = 7.2) by the complex
[Cu(TL1)(OAc)]�CH3OH (2) (0.45 mM) in methanol at 37 �C. Absorbance monitored
at kmax 400 nm.
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3.5. Plasmid DNA cleavage studies

The gel electrophoresis studies make it possible for the separa-
tion of the various forms of the DNA after cleavage. Generally, the
super-coiled DNA, form I, has a greater mobility than the open-cir-
cular DNA, form II as a result of the differences in the shape to
charge ratio. Cleavage of the super-coiled DNA, form I, produces
the open-circular DNA, form II. The agarose gel electrophoresis
analysis indicated that both complex 1 and complex 2 exhibit
cleavage activities towards plasmid DNA. As can be seen from
Fig. 10, cleavage of the plasmid DNA increased as the concentra-
tions of the metal complexes were increased resulting in corre-
sponding decrease in the intensity of form I.

3.6. BNPP and NPP hydrolysis

The hydrolysis of the model phosphate ester compound as BNPP
is an efficient procedure to probe the hydrolytic properties of metal
complexes. The hydrolysis of BNPP produces the 4-nitophenolate
ions that were monitored spectrophotometrically at 400 nm.
Fig. 11 shows the absorbance versus time plot for the reaction of
complex 2 with BNPP. An observed rate constant of
1.43 � 10�2 s�1 was calculated for the reaction of complex 2 with
BNPP. A similar reaction using complex 2 and 4-NPP was carried
out. Interestingly, the observed rate constant was determined to
be 8.01 � 10�2 s�1, which is about six times faster than that deter-
mined for the BNPP reaction.

4. Conclusion

Two copper complexes have been synthesized and character-
ized by spectroscopic and electrochemical methods. In addition,
the crystal structures of the complexes have been determined
which show the coordination of the tridentate ligands to the cop-
per center. In complex 1 a chloride ligand completes the coordina-
tion sphere whereas in complex 2 an acetate ligand occupies the
fourth coordination site. In both complexes the coordination
around the copper center for each molecular unit is pseudo square
planar. However, in complex 1 the packing diagram shows the each
copper atom is coordinated to a chloride ligand from another
molecular unit. This representation results in a square-based pyra-
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midal arrangement for complex 1. The reaction of complexes 1 and
2 with CT-DNA were studied by emission spectra and UV–Vis
absorption. The results of these studies suggest that both com-
plexes strongly interact with CT-DNA. In addition, both complexes
also promote plasmid pBR322 DNA cleavage. Furthermore, com-
plex 2 was found to hydrolyze BNPP and 4-NPP. We observed dif-
ferences in reactivity towards DNA by the two complexes. Since
both complexes contain 8-aminoquinoline groups, the differences
in reactivity towards DNA could be reasonably attributed to the
presence of the naphthalene moiety in complex 2.
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