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Copper(Il) complexes with the non-steroidal antiinflammatory drug flufenamic acid (Hfluf) in the presence
of N,N-dimethylformamide (DMF) or nitrogen donor heterocyclic ligands (2,2’-bipyridylamine (bipyam),
1,10-phenanthroline (phen), 2,2’-bipyridine (bipy) or pyridine (py)) have been synthesized and character-
ized. The crystal structures of [Cuy(fluf)4(DMF),], 1, and [Cu(fluf)(bipyam)Cl], 2, have been determined by
X-ray crystallography. Density functional theory (DFT) (CAM-B3LYP/LANL2DZ/6-31G**) was employed to
determine the structure of complex 2 and its analogues (complexes [Cu(fluf)(phen)Cl], 3, [Cu(fluf)(bipy)
Cl], 4 and [Cu(fluf),(py)2], 5). Time-dependent DFT calculations of doublet-doublet transitions show that
the lowest-energy band in the absorption spectrum of 2-5 has a mixed d-d/LMCT character. UV study of
the interaction of the complexes with calf-thymus DNA (CT DNA) has shown that the complexes can bind
to CT DNA with [Cu(fluf)(bipy)Cl] exhibiting the highest binding constant to CT DNA. The complexes can
bind to CT DNA via intercalation as concluded by studying the cyclic voltammograms of the complexes in
the presence of CT DNA solution and by DNA solution viscosity measurements. Competitive studies with
ethidium bromide (EB) have shown that the complexes can displace the DNA-bound EB suggesting strong
competition with EB. Flufenamic acid and its Cu(Il) complexes exhibit good binding affinity to human or
bovine serum albumin protein with high binding constant values. All compounds have been tested for
their antioxidant and free radical scavenging activity as well as for their in vitro inhibitory activity against
soybean lipoxygenase showing significant activity with [Cu(fluf)(phen)Cl] being the most active.

© 2013 Elsevier Inc. All rights reserved.

Keywords:

Copper complexes

Non-steroidal antiinflammatory drugs
Flufenamic acid

Interaction with DNA

Interaction with serum albumins
Antioxidant activity

1. Introduction

Copper is one of the most important biometals not only because of
its role in proteins but also due to its potential synergetic activity with
drugs [1,2]. Copper(Il) complexes with drugs as ligands exhibiting in-
creased activity in comparison to free drugs have been the subject of
many research studies [2-4] and a plethora of copper(Il) complexes
with diverse ligands showing potential antitumor [5,6], antioxidant
[7,8], antibacterial [9-11] and antifungal [12] activity may be found
in the literature.

Non-steroidal antiinflammatory drugs (NSAIDs) are the most fre-
quently administrated analgesic, antiinflammatory and antipyretic
drugs with known side-effects [13]. In general, the action of NSAIDs is
the inhibition of the cyclo-oxygenase (COX)-mediated production of
prostaglandins [14]. NSAIDs can also induce the apoptosis of a series of
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cancer cell lines including colon, breast, prostate, human myeloid leukae-
mia and stomach cell lines [15] and have a synergistic role in the activity
of certain antitumor drugs [16]; these antitumorigenic properties of the
NSAIDs may be attributed to COX-independent mechanisms by modu-
lating cell proliferation and cell death in cancer cells lacking COX
[17,18], to apoptosis via activation of caspases [19] or via an unknown
molecular mechanism where free radicals may also be involved
[20,21]. Therefore, in an attempt to investigate the potential anticancer
as well as antiinflammatory activity of NSAIDs and their complexes,
their interaction with DNA as well as their antioxidant activity should
be considered of great importance and further evaluated; it should be
noted that only few relevant reports on the interaction of NSAIDs and
their complexes with DNA have been published so far [22,23]. Further-
more, numerous copper(Il) complexes with NSAIDs as ligands have
been structurally characterized including those of diclofenac [8,24],
diflunisal [25], flufenamic acid [26], ibuprofen [27,28], indomethacin
[29], mefenamic acid [7], naproxen[27,28], suprofen [29,30] and
tolmentin [27].
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Phenylalkanoic acids, anthranilic acids, oxicams, salicylate derivatives,
sulfonamides and furanones constitute the chemical classes of NSAIDs
[2]. The NSAID flufenamic acid (= Hfluf, Scheme 1) belongs to the
derivatives of N-phenylanthranilic acid and resembles chemically to
mefenamic and tolfenamic acids and other fenamates in clinical use
[31]. Hfluf possesses analgesic, antiinflammatory and antipyretic
properties and has been used in musculoskeletal and joint disorders
and is administered orally and topically [32]. Its channel-regulating
ability [33] has been long known since it has been used as a blocker of
calcium-dependent cationic currents [34]. Additionally, Hfluf can inhib-
it nonselective cation channels [35]. On the other hand, it activates po-
tassium channels [36] and has recently shown an interesting
modulatory effect on neuronal sodium channels [32]. The number of
the metal complexes of flufenamic acid is rather limited in comparison
to other NSAIDs; few copper(Il) complexes [26,37] have been found in
the literature as well as a zinc complex recently reported by our group
[38].

Having in mind the importance of NSAIDs in medicine and the
enhanced activity of their metal complexes, we have recently initiated
the synthesis, characterization and study of biological activity of Cu(lI),
Co(Il) and Zn(II) with NSAIDs as ligands [7,8,25,31,38-42]. Within this
context, we present herein the synthesis of Cu(ll) complexes with
the NSAID flufenamic acid in the presence of the O-donor ligand
N,N-dimethylformamide (DMF) or the nitrogen-donor heterocy-
clic ligands 2,2’-bipyridylamine (bipyam), 1,10-phenanthroline
(phen), 2,2’-bipyridine (bipy) or pyridine (py), resulting in the for-
mation of complexes [Cuy(fluf)4(DMF),], 1, [Cu(fluf)(bipyam)Cl],
2, [Cu(fluf)(phen)Cl], 3, [Cu(fluf)(bipy)Cl], 4 and [Cu(fluf),(py)2],
5, respectively. The complexes have been characterized with phys-
icochemical and spectroscopic techniques and their electrochemi-
cal behavior has been also investigated. The crystal structures
of [Cuy(fluf)4(DMF),] 1 and [Cu(fluf)(bipyam)Cl] 2 have been
determined by X-ray crystallography.

In an attempt to investigate the existence of potential anticancer
and/or anti-inflammatory activity of the resultant complexes 1-5, we
have focused on (i) the interaction of the complexes with calf-thymus
(CT) DNA studied by UV spectroscopy, cyclic voltammetry and viscosity
measurements, (ii) the ability of the complexes to displace ethidium
bromide (EB) from the EB-DNA complex in order to clarify the existence
of a potential intercalation of the complexes to CT DNA in competition
to the classical DNA-intercalator EB studied by fluorescence spectroscopy,
(iii) the antioxidant capacity of the complexes by determining their ability
to scavenge 1,1-diphenyl-picrylhydrazyl (DPPH), hydroxyl (OH) and
2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS™") radicals
as well as their inhibitory activity against soybean lipoxygenase (LOX)—
since the use of NSAIDs in medicine as anagelsics and antiinflammatories
may be related to free radicals scavenging. Furthermore, the affinity of the
complexes to bovine (BSA) and human serum albumin (HSA) has been
investigated by fluorescence spectroscopy since binding to such pro-
teins that are involved in the transport of metal ions and metal-drug
complexes through the blood stream may result in lower or enhanced
biological properties of the original drug, or new paths for drug trans-
portation [43].
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Scheme 1. The NSAID flufenamic acid (= Hfluf).

2. Experimental
2.1. Materials—instrumentation—physical measurements

All chemicals (CuCl,-2H,0, flufenamic acid, bipy, phen, bipyam, py,
KOH, CT DNA, BSA, HSA, EB, NaCl and trisodium citrate) were purchased
from Sigma-Aldrich Co and all solvents were purchased from Merck.
The chemicals and solvents were reagent grade and were used as
purchased without any further purification. Tetraethylammonium
perchlorate (TEAP) was purchased from Carlo Erba and, prior to
its use, it was recrystallized twice from ethanol and dried under
vacuum.

DNA stock solution was prepared by dilution of CT DNA to buffer
(containing 15 mM trisodium citrate and 150 mM NaCl at pH 7.0)
followed by exhaustive stirring for three days, and kept at 4 °C for
no longer than a week. The stock solution of CT DNA gave a ratio of
UV absorbance at 260 and 280 nm (Ayg0/A2g0) of 1.89, indicating that
the DNA was sufficiently free of protein contamination. The DNA con-
centration was determined by the UV absorbance at 260 nm after
1:20 dilution using € = 6600 M~ ' cm™ ' [7,8].

Infrared (IR) spectra (400-4000 cm ') were recorded on a Nicolet
FT-IR 6700 spectrometer with samples prepared as KBr disk. UV-visible
(UV-vis) spectra were recorded as nujol mulls and in DMSO solution at
concentrations in the range 10~> to 10~> M on a Hitachi U-2001 dual
beam spectrophotometer. Room temperature magnetic measurements
were carried out on a magnetic susceptibility balance of Sherwood
Scientific (Cambridge, UK). C, H and N elemental analysis were
performed on a Perkin-Elmer 240B elemental analyzer. Molar con-
ductivity measurements of 1 mM DMSO solution of the complexes
were carried out with a Crison Basic 30 conductometer. Fluorescence
spectra were recorded in solution on a Hitachi F-7000 fluorescence
spectrophotometer. Viscosity experiments were carried out using an
ALPHA L Fungilab rotational viscometer equipped with an 18 mL LCP
spindle.

Cyclic voltammetry studies were performed on an Eco chemie
Autolab Electrochemical analyzer. Cyclic voltammetric experiments
were carried out in a 30 mL three-electrode electrolytic cell. The work-
ing electrode was platinum disk, a separate Pt single-sheet electrode
was used as the counter electrode and a Ag/AgCl electrode saturated
with KCl was used as the reference electrode. The cyclic voltammograms
of the complexes were recorded in 0.4 mM DMSO solutions and
in 0.4 mM 1/2 DMSO/buffer solutions at ¥ = 100 mV s~ where TEAP
and the buffer solution were the supporting electrolytes, respectively.
Oxygen was removed by purging the solutions with pure nitrogen
which had been previously saturated with solvent vapors. All electro-
chemical measurements were performed at 25.0 4+ 0.2 °C.

2.2. Synthesis of the complexes

2.2.1. [Cuy(fluf) 4(DMF)5], 1

Potassium hydroxide (0.4 mmol, 22 mg) was added to a methanolic
solution (15 mL) of flufenamic acid (0.4 mmol, 113 mg) and the solu-
tion was stirred for 1 h. The solution was added slowly to a methanolic
solution (5 mL) of CuCl, 2H,0 (0.2 mmol, 34 mg) followed by the
addition of 2 mL of DMF. Dark green crystals of [Cu,(fluf),(DMF),]
1 suitable for X-ray structure determination were collected after
twenty days. Yield: 90 mg, 65%. Anal. Calcd. for [Cuy(fluf)4(DMF),]
(Ce2H50Cu2F15Ng010) (MW = 1394.19): C 54.67, H 3.70, N 6.17;
found C 54.25, H 3.59, N 5.95. IR (KBr disk): Vax, cm ™ %; ¥(C = O)pur:
1667 (very strong (vs)); Vasym(CO2): 1590 (Vvs); Vsym(CO): 1400
(VS); A = Vagym(CO2)~Vsym(COz) = 190 cm™'; UV-vis: \, nm (g,
M~!cm™1) as nujol mull: 738, 410 (shoulder (sh)), 340, 295; in
DMSO: 735 (120), 415(sh) (150), 335 (14,200), 296 (25,000).
Megr = 1.45 BM. The complex is soluble in DMF and DMSO (Ay =
5 mho cm? mol~', in 1 mM DMSO).
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