
at SciVerse ScienceDirect

European Journal of Medicinal Chemistry 48 (2012) 132e142
Contents lists available
European Journal of Medicinal Chemistry

journal homepage: http: / /www.elsevier .com/locate/ejmech
Original article

Cobalt(II) complexes with non-steroidal anti-inflammatory drug tolfenamic acid:
Structure and biological evaluation

Sofia Tsiliou a, Lida-Aikaterini Kefala a, Franc Perdih b, Iztok Turel b, Dimitris P. Kessissoglou a,
George Psomas a,*

aDepartment of General and Inorganic Chemistry, Faculty of Chemistry, Aristotle University of Thessaloniki, GR-54124 Thessaloniki, Greece
b Faculty of Chemistry and Chemical Technology, University of Ljubljana, Askerceva 5, 1000 Ljubljana, Slovenia
a r t i c l e i n f o

Article history:
Received 20 October 2011
Received in revised form
28 November 2011
Accepted 3 December 2011
Available online 9 December 2011

Keywords:
Non-steroidal anti-inflammatory drugs
Tolfenamic acid
Cobalt(II) complexes
Crystal structures
Interaction with calf-thymus DNA
Interaction with albumins
Abbreviations: b, broad; bipy, 2,20-bipyridine; bipy
bovine serum albumin; COX, cyclooxygenase; CT, c
thylformamide; DMSO, dimethylsulfoxide; EB, ethidiu
ethyl-6-phenyl-phenanthridinium bromide); HSA, h
tolfenamic acid (¼ 2-[(3-chloro-2-methylphenyl)amin
NSAID, non-steroidal anti-inflammatory drug; phe
pyridine; r, [compound]/[CT DNA] mixing ratios; s,
TEAP, tetraethylammonium perchlorate; vs, very stro
* Corresponding author. Tel.: þ30 2310997790; fax

E-mail address: gepsomas@chem.auth.gr (G. Psom

0223-5234/$ e see front matter � 2011 Elsevier Mas
doi:10.1016/j.ejmech.2011.12.004
a b s t r a c t

Cobalt(II) complexes with the non-steroidal anti-inflammatory drug tolfenamic acid in the presence or
absence of nitrogen-donor heterocyclic ligands (2,20-bipyridine, 1,10-phenanthroline, 2,20-bipyridylamine
or pyridine) have been synthesized and characterized with physicochemical and spectroscopic tech-
niques. The deprotonated tolfenamato ligands are coordinated to Co(II) ion through carboxylato oxygen
atoms. The crystal structures of complexes [bis(2,20-bipyridine) bis(methanol)bis(tolfenamato)cobalt(II)]
2 and [bis(2,20-bipyridylamine)bis(tolfenamato)cobalt(II)] 4 have been determined by X-ray crystallog-
raphy. UV studies of the interaction of the complexes with calf-thymus DNA (CT DNA) have shown that
the complexes can bind to CT DNA and [bis(methanol)(1,10-phenanthroline)bis(tolfenamato)cobalt(II)]
exhibits the highest binding constant to CT DNA. The cyclic voltammograms of the complexes recorded in
DMSO solution and in the presence of CT DNA in 1/2 DMSO/buffer (containing 150 mM NaCl and 15 mM
trisodium citrate at pH 7.0) solution have shown that they can bind to CT DNA by the intercalative
binding mode which has also been verified by DNA solution viscosity measurements. Competitive study
with ethidium bromide (EB) has shown that the complexes can displace the DNA-bound EB indicating
that they bind to DNA in strong competition with EB. Tolfenamic acid and its cobalt(II) complexes exhibit
good binding propensity to human or bovine serum albumin protein having relatively high binding
constant values.

� 2011 Elsevier Masson SAS. All rights reserved.
1. Introduction

Cobalt is an element of biological interest and its role is
mainly focused on its presence in the active center of vitamin
B12, which regulates indirectly the synthesis of DNA [1]. Addi-
tionally, cobalt is involved in the co-enzyme of vitamin B12 used
as a supplement of the vitamin [2] and at least eight cobalt-
dependent proteins have been reported [1]. Since the first re-
ported studies into the biological activity of Co complexes [3] in
am, 2,20-bipyridylamine; BSA,
alf-thymus; DMF, N,N-dime-
m bromide (¼3,8-diamino-5-
uman serum albumin; Htolf,
o]benzoic acid); m, medium;
n, 1,10-phenanthroline; py,
strong; SA, serum albumin;
ng.
: þ30 2310997738.
as).

son SAS. All rights reserved.
1952, diverse structurally characterized cobalt complexes have
been studied as hydrolytic agents for DNA cleavage [4] and others
showing antitumoreantiproliferative [5e7], antimicrobial
[8e10], antifungal [11,12], antiviral [13,14] and antioxidant [15,16]
activity have been reported.

Non-steroidal anti-inflammatory drugs (¼ NSAIDs) are among
the most frequently used medicinal drugs used as analgesic, anti-
inflammatory and antipyretic agents [17]. NSAIDs can act by
inhibiting the cyclo-oxygenase(¼ COX)-mediated production
of prostaglandins or via COX-independent mechanisms by modu-
lating cell proliferation and cell death in cultured colon cancer
cells lacking COX [18,19]. They have also exhibited anti-tumorigenic
activity by reducing the number and size of carcinogen-induced
colon tumors and a synergistic role on the activity of certain anti-
tumor drugs, although the mechanism has not been completely
clarified [20,21]. Therefore, the direct interaction of NSAIDs and
their metal complexes with DNA is of interest since their anticancer
as well as the anti-inflammatory activity may be explained [22,23].
In addition, it has been reported that the metal complexes of some
NSAIDs are more active than their parent compounds [15,24,25].
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Phenylalkanoic acids, anthranilic acids, oxicams, salicylate
derivatives, sulfonamides and furanones are the main chemical
classes of NSAIDs [26]. The NSAID tolfenamic acid (¼ Htolf,
Scheme 1) belongs to the derivatives of N-phenylanthranilic acid
and resembles chemically to mefenamic and niflumic acid and
other fenamates in clinical use [26]. Htolf is found in analgesic, anti-
inflammatory, antipyretic and antirheumatoid drugs and is also
used for veterinary purposes [27]. A thorough survey of the liter-
ature has revealed the crystal structures of two tin(IV) complexes
[28] and a copper(II) complex [29]. To the best of our knowledge,
the only cobalt(II) complexes with NSAIDs of the anthranilic acids’
group as ligands are twomefenamato ones recently reported by our
lab [15].

Our recent research studies have been focused on the interac-
tion of carboxylate-containing antimicrobial [30e36] or anti-
inflammatory [15,16,37e40] agents with metal ions (Co2þ, Ni2þ,
Cu2þ, Zn2þ) in an attempt to examine their mode of binding and
possible biological relevance. In addition, we have reported studies
on the interaction of the resultant metal complexes with biomol-
ecules (nucleic acids and serum albumin proteins) and their
potential biological (antimicrobial, anticancer, antioxidant) activity.

Taking into consideration the biological role and activity of
cobalt and its complexes as well as the significance of the NSAIDs in
medicine, we have initiated the investigation of the interaction of
cobalt(II) with the NSAIDs mefenamic acid and naproxen as ligands
[15,16]. In this context, we report the synthesis, the structural
characterization, the electrochemical and the biological properties
of the neutral mononuclear cobalt(II) complexes with the NSAID
tolfenamic acid in the absence ([Co(tolf)2(MeOH)4] 1) or presence
of a nitrogen-donor heterocyclic ligand such as 2,20-bipyridine
(¼ bipy), 1,10-phenanthroline (¼ phen), 2,20-bipyridylamine
(¼ bipyam) or pyridine (¼ py) ([Co(tolf)2(bipy)(MeOH)2] 2,
[Co(tolf)2(phen)(MeOH)2] 3, [Co(tolf)2(bipyam)] 4 and [Co(tolf)2
(py)2(MeOH)2] 5, respectively). The crystal structures of 2 and 4
have been determined by X-ray crystallography. The investigation
of the biological properties of Htolf and its complexes has been
focused on (i) the affinity for bovine (BSA) and human serum
albumin (HSA) proteins involved in the transport of metal ions and
metal complexes with drugs through the blood stream, performed
by fluorescence spectroscopy and (ii) the binding properties with
calf-thymus (CT) DNA performed by UV spectroscopy, DNA solution
viscosity measurements, cyclic voltammetry and competitive
binding studies with ethidium bromide (¼ EB). Additionally, these
biological properties have been evaluated in comparison to those of
the Co(II) mefenamato and naproxenato complexes recently re-
ported by our lab [15,16].
2. Results and discussion

2.1. Synthesis and characterization of the complexes

The synthesis of the complexes in high yield was achieved via
the aerobic reaction of tolfenamic acid (C13H11ClNeCOOH, Htolf)
H
N

HOOC

CH3Cl

Scheme 1. Tolfenamic acid (Htolf ¼ 2-[(3-chloro-2-methylphenyl)amino]benzoic
acid).
and KOH with CoCl2,6H2O in the absence, (eq. (1)) for 1, or
presence of the corresponding N-donor heterocyclic ligand, e.g.
(bipy, eq. (2)) for 2 and (bipyam, eq. (3)) for 4 according to the
equations:

CoCl2,6H2O þ 2Htolf þ 2KOH þ 4CH3OH /

[Co(tolf)2(CH3OH)4] þ 2KCl þ 8H2O (1)

CoCl2,6H2O þ 2Htolf þ 2KOH þ bipy þ 2CH3OH /

[Co(tolf)2(bipy)(CH3OH)2] þ 2KCl þ 8H2O (2)

CoCl2,6H2O þ 2Htolf þ 2KOH þ bipyam /

[Co(tolf)2(bipyam)] þ 2KCl þ 8H2O (3)

The complexes are soluble in DMSO and stable in the air. The
molar conductivity values (LM) of 1 mM DMSO solution of the
complexes fall in the range 5e13 mho cm2 mol�1 indicating that
there is not any significant dissociation and the complexes are non-
electrolytes in DMSO solution.

IR spectroscopy may be used in order to confirm the deproto-
nation and binding mode of tolfenamic acid. In the IR spectrum of
Htolf, the observed absorption band at 3355(b (¼ broad), m
(¼ medium)) cm�1, attributed to the n(HeO) stretching vibration
has disappeared upon binding to the metal ion. The bands at
1661(s (¼ strong)) cm�1 and 1265(s) cm�1 attributed to the
stretching vibrations n(C]O)carboxylic and n(CeO)carboxylic of the
carboxylic moiety (eCOOH) respectively, have shifted in the IR
spectra of complexes 1e5, in the range 1573e1583 cm�1 and
1377e1402 cm�1 assigned to antisymmetric, nasym(C]O), and
symmetric, nsym(C]O), stretching vibrations of the carboxylato
group, respectively. The difference D [¼ nasym(C]O) � nsym(C]O)],
a useful characteristic tool for determining the coordination mode
of the carboxylato ligands, gives a value falling in the range
195e204 cm�1 for complexes 1e3 and 5 indicative for an asym-
metrically binding mode of the tolfenamato ligand [41], while for
complex 4 the D value of 171 cm�1 may suggest a bidentatemode of
the tolfenamato ligand [15].

The UVeVis spectra of the complexes have been recorded as
nujol mull and in DMSO solution and are similar suggesting that the
complexes retain their structure in solution. In the visible region,
three low-intensity bands are observed and can be assigned to d-d
transitions. More specifically, for local Oh symmetry, band I
observed in the region 680e742 nm (ε ¼ 10e15 M�1 cm�1) may be
attributed to a 4T1g(F) / 4T2g transition, band II in the region
540e565 nm (ε ¼ 25e60 M�1 cm�1) to a 4T2g(F) / 4A2g transition
and band III at 470e485 nm (ε ¼ 25e40 M�1 cm�1) to
a 4T1g(F) / 4T1g(P) transition and are typical for distorted octahe-
dral high-spin Co2þ complexes [1]. Additionally, an absorption band
assigned to charge transfer transition exists at 385e395 nm
(ε ¼ 210e290 M�1 cm�1).

In order to investigate the stability of the complexes in solution,
the UVeVis spectra of DMSO solutions of the complexes were
recorded in the concentration range 0.5e10 mM. These solutions
were prepared by dilution of the 10mMDMSO solution. In the plots
of the absorbance on the lmax (Amax) vs the concentration for the
complexes’ solution (Figure S1), the experimental data are line-
fitted (>99%) according to Beer’s law suggesting that there is no
significant dissociation.

The UV spectra of the complexes have been also recorded in the
pH range 6e8 (since the biological experiments are performed at
pH ¼ 7) with the use of diverse buffer solutions (150 mM NaCl and
15 mM trisodium citrate at pH values regulated by HCl solution)
and no significant changes (shift of the lmax or new peaks) occurred
(Figure S2), indicating that the complexes are stable in the pH range
6e8. The fact that complexes 1e5 are non-electrolytes in DMSO



Table 1
Selected bond distances and angles for 2.

Bond Distance (Ǻ) Bond Distance (Ǻ)

Co(1)eO(1) 2.0565(17) C(1)eO(1) 1.251(3)
Co(1)eO(3) 2.084(3) C(1)eO(2) 1.247(3)
Co(1)eN(2) 2.128(3) e e

Angle (�) Angle (�)

O(1)eCo(1)eO(1)΄ 179.71(15) O(1)΄eCo(1)eO(3) 91.94(11)
O(1)eCo(1)eO(3) 88.27(10) O(1)΄eCo(1)eO(3)΄ 88.27(10)
O(1)eCo(1)eN(2) 87.28(9) O(1)΄eCo(1)eN(2) 92.49(11)
O(1)eCo(1)eO(3)΄ 91.94(11) O(1)΄eCo(1)eN(2)΄ 87.28(9)
O(1)eCo(1)eN(2)΄ 92.49(11) O(3)eCo(1)eO(3)΄ 91.6(3)
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solution and they have the same UVeVis spectral pattern in nujol
and in DMSO solution as well as in the presence of the buffer
solution (150 mM NaCl and 15 mM trisodium citrate in the
pH ¼ 7.0) used in the biological experiments and in the pH
range¼ 6e8 suggests that the compounds are stable and keep their
integrity in solution.

The observed values of meff (¼4.25e4.75 BM) for the complexes
at room temperature are higher than the spin-only value
(¼3.87 BM) showing spin-orbit coupling due to t2g5 eg2 electron
configuration. The values are within the range reported for
mononuclear high-spin Co(II) complexes (S ¼ 3/2) [1].
O(3)΄eCo(1)eN(2) 96.04(15) O(3)eCo(1)eN(2) 171.28(15)
O(3)΄eCo(1)eN(2)΄ 171.28(15) O(3)eCo(1)eN(2)΄ 96.04(15)
N(2)eCo(1)eN(2)΄ 76.67(15) e e

Fig. 2. A drawing of the molecular structure of 4 with only the heteroatoms labeling.
2.2. Structure of the complexes

2.2.1. Crystal structure of [Co(tolf)2(bipy)(MeOH)2], 2
A diagram of 2 is shown in Fig. 1, and selected bond distances

and angles are listed in Table 1. The complex is mononuclear and
the tolfenamato ligand behaves as a monodentate deprotonated
ligand coordinated to cobalt atom via a carboxylate oxygen.

The cobalt atom is six-coordinate and is surrounded by two
monodentate tolfenamato ligands, two methanol molecules and
a bidentate 2,20-bipyridine ligand showing a distorted octahedral
geometry. The two nitrogen atoms of bipy and two oxygen atoms of
the methanol molecules form the basal plane of the octahedron
with the two oxygen atoms from the tolfenamato ligands lying at
the apical.

The bond distances around cobalt atom are not equal,
with the coordinated carboxylate oxygen atoms (Co(1)e
O(1) ¼ 2.0565(17) Å) lying closer to Co than the methanol oxygens
(Co(1)eO(3) ¼ 2.084(3) Å) and the bipy nitrogens (CoeN(2)) being
at a distance 2.128(3) Å. The methanol molecules are lying at cis
positions (O(31)eCoeO(31)’ ¼ 91.6(3)�) and the tolfenamato
oxygens are trans (O(2)eCoeO(2)’¼ 179.71(15)�) to each other. The
carboxylate group is asymmetrically bound to cobalt (C(1)e
O(2) ¼ 1.251(3) Å and C(1)eO(1) ¼ 1.247(3) Å).

The N(2)eCo(1)eN(2)’ angle observed is 76.67(15)� and is
similar to reported values of other chelating polycyclic diimines
[30e40]. The 2,20-bipyridine ligand is planar with the cobalt atom
lying in this plane.

2.2.2. Crystal structure of [Co(tolf)2(bipyam)], 4
A diagram of 4 is shown in Fig. 2, and selected bond distances

and angles are listed in Table 2. The complex is mononuclear and
the tolfenamato ligands behave as deprotonated bidentate ligands
coordinated to cobalt atom via the carboxylato groups which adopt
Fig. 1. A drawing of the molecular structure of 2 with only the heteroatoms labeling.
the asymmetric chelating mode (C(1)eO(1) ¼ 1.266(2) Å and C(1)e
O(2) ¼ 1.275(2) Å, C(15)eO(3) ¼ 1.271(2) Å and C(15)e
O(4) ¼ 1.274(2) Å).

In 4, the cobalt atom is six-coordinate and is surrounded by two
tolfenamato ligands and a bidentate 2,20-bipyridylamine ligand
showing a distorted trigonal prismatic geometry with the six
vertices occupied by two nitrogen and four oxygen atoms, giving
a CoN2O4 chromophore. More specifically, the plane of each
trigonal base of the trigonal prism is formed by a nitrogen atom of
bipyam and two oxygen atoms from the two tolfenamato ligands.
N(4), O(1) and O(4) form the one base (base 1) of the prism and
N(3), O(2) and O(3) form the second base (base 2). The two trigonal
basal planes form an angle of 17.47� and lie at mean distance of
Table 2
Selected bond distances and angles for 4.

Bond Distance (Ǻ) Bond Distance (Ǻ)

Co(1)eO(3) 2.0566(12) Co(1)eO(4) 2.223(1)
Co(1)eN(3) 2.0667(14) C(1)eO(1) 1.266(2)
Co(1)eN(4) 2.0705(14) C(1)eO(2) 1.275(2)
Co(1)eO(1) 2.1772(12) C(15)eO(3) 1.271(2)
Co(1)eO(2) 2.1956(12) C(15)eO(4) 1.274(2)

Angle (�) Angle (�)

O(1)eCo(1)eO(2) 59.85(4) O(2)eCo(1)eO(3) 137.13(5)
O(1)eCo(1)eO(3) 84.53(5) O(2)eCo(1)eO(4) 96.10(5)
O(1)eCo(1)eO(4) 94.45(5) O(2)eCo(1)eN(3) 93.93(5)
O(1)eCo(1)eN(3) 153.58(5) O(2)eCo(1)eN(4) 107.47(5)
O(1)eCo(1)eN(4) 94.32(5) O(3)eCo(1)eO(4) 61.35(4)
O(4)eCo(1)eN(3) 91.43(5) O(3)eCo(1)eN(3) 120.58(5)
O(4)eCo(1)eN(4) 156.16(5) O(3)eCo(1)eN(4) 97.55(5)
N(3)eCo(1)eN(4) 90.50(5) e e
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2.267 Å. The distances of the cobalt atom to the two bases are equal
(Co(1).base 1 ¼ 1.161 Å and Co(1).base 2 ¼ 1.159 Å).

The bond distances around Co atom are not equal; two sets of
bonds distances may be observed with the bipy nitrogen atoms
N(3) and N(4) and the carboxylate oxygen O(3) being closer to Co
(Co(1)eO(3) ¼ 2.0566(12) Å, Co(1)eN(3) ¼ 2.0667(14) Å and
Co(1)eN(4) ¼ 2.0705(14) Å) than the carboxylate oxygen atoms
O(1), O(2) and O(4) (Co(1)eO(1) ¼ 2.1772(12) Å, Co(1)e
O(2) ¼ 2.1956(12) Å and Co(1)eO(4) ¼ 2.223(1) Å).

The N(3)eCo(1)eN(4) angle observed is 90.50(5)� and is similar
to reported values of other chelating bipyam complexes [36].

The amino group of tolfenamic ligand in 2 and 4 and the
methanol ligand in 2 are involved in intramolecular hydrogen
bonding with the carboxylic group (Table S1). Crystal structure of
2 is further stabilized by weak CeH/O and CeCl/Cg(arene)
interactions. The compound 4 crystallizes as a centrosymmetric
hydrogen-bonded dimers facilitated by N5eH5/O2i interactions
involving the amino group of bipyam ligand and carboxylic group
of adjacent molecules (Table S1). Dimers are further stabilized by
pep interactions with Cg1/Cg2i distance of 3.5474(10) Å [Cg1
and Cg2 are N3/C29eC33 and N4/C34eC38 ring centroids,
respectively; symmetry code: (i) 1 � x, 1 � y, 1 � z] (Figure S3).
Supramolecular aggregation of 4 is formed by a network of
CeH/O, CeH/Cg(arene), CeCl/Cg(arene) and pep interactions
with Cg2/Cg4ii and Cg5/Cg5iii centroid-to-centroid distances
3.7574(11) and 3.5690(11) Å, respectively [Cg4 and Cg5 are
C8eC13 and C16eC21 ring centroids, respectively; symmetry
codes: (ii) 1 � x, �y, 1 � z; (iii) 1 � x, � y, 2 � z] (Figures S4
and S5).

2.2.3. Proposed structures for complexes 1, 3 and 5
Based on the experimental data (IR and UVeVis spectroscopy,

molar conductivity and magnetic measurements) and after
a comparison with the existing structurally characterized Co(II)e
NSAID complexes, we may propose a structure for complexes 1, 3
and 5. Therefore, complex 1 is expected to have similar structure
with complex [Co(mefenamato)2(MeOH)4] [15] exhibiting an
octahedral geometry with the NSAID ligand being coordinated to
cobalt via a carboxylate oxygen atom. Complex 3 is expected to
have similar structure to 2 presenting a distorted octahedral
geometry with two monodentate NSAID ligands, a bidentate
phen ligand and two coordinated methanol molecules. Addi-
tionally, complex 5 is expected to have similar structure to
complex [Co(naproxenato)2(py)2(H2O)2] [16] which presents
a distorted octahedral geometry with two monodentate NSAID
ligands, two pyridine ligands and two coordinated aqua
molecules.
Fig. 3. (A) Plot of % relative fluorescence intensity at lem ¼ 351 nm (I/I0%) vs r (r ¼ [compo
trisodium citrate at pH 7.0). (B) Plot of % relative fluorescence intensity at lem ¼ 343 nm (I/I0
NaCl and 15 mM trisodium citrate at pH 7.0).
2.3. Binding of the complexes to serum albumins

The study of the interaction of drugs and their compounds with
blood plasma proteins and especially with serum albumin, which is
the most abundant protein in plasma and is involved in the trans-
port of metal ions and metal complexes with drugs through the
blood stream, is of increasing interest. Binding to these proteins
may lead to loss or enhancement of the biological properties of the
original drug, or provide paths for drug transportation [42]. Bovine
serum albumin (BSA) is the most extensively studied serum
albumin, due to its structural homology with human serum
albumin (HSA). HSA (one Trp-214) and BSA (containing two tryp-
tophans, Trp-134 and Trp-212) solutions exhibit a strong fluores-
cence emission with a peak at 351 nm and 343 nm, respectively,
due to the tryptophan residues, when excited at 295 nm [43]. The
interaction of Htolf and complexes 1e5 with serum albumins has
been studied from tryptophan emission-quenching experiments.
The changes in the emission spectra of tryptophan in BSA or HSA
are primarily due to change in protein conformation, subunit
association, substrate binding or denaturation. Tolfenamic acid and
complexes 1e5 exhibited a maximum emission at 330 nm under
the same experimental conditions and the SA fluorescence spectra
have been corrected before the experimental data processing [15].

Addition of tolfenamic acid or its complexes 1e5 to HSA results
in relatively moderate fluorescence quenching (up to 44% of the
initial fluorescence intensity of HSA for Htolf, 41% for 1, 81% for 2,
42% for 3, 46% for 4 and 57% for 5, as calculated after the correction
of the initial fluorescence spectra) (Fig. 3(A)), due to possible
changes in protein secondary structure of HSA indicating the
binding of the compounds to HSA [44].

The SterneVolmer and Scatchard graphsmay be used in order to
study the interaction of a quencher with serum albumins.
According to SterneVolmer quenching equation [15,35]:

I0
I
¼ 1þ kqs0½Q � ¼ 1þ KSV½Q � (4)

where I0 ¼ the initial tryptophan fluorescence intensity of SA,
I ¼ the tryptophan fluorescence intensity of SA after the addition of
the quencher, kq ¼ the quenching rate constants of SA, KSV ¼ the
dynamic quenching constant, so ¼ the average lifetime of SA
without the quencher, [Q] ¼ the concentration of the quencher
respectively,

KSV ¼ kqs0 (5)

and, taking as fluorescence lifetime (so) of tryptophan in SA at
around 10�8 s, the dynamic quenching constant (KSV, M�1) can
und]/[HSA]) for Htolf and complexes 1e5 in buffer solution (150 mM NaCl and 15 mM
%) vs r (r ¼ [compound]/[BSA]) for Htolf and complexes 1e5 in buffer solution (150 mM
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be obtained by the slope of the diagram I0=I vs [Q] (Figure S6),
and subsequently the approximate quenching constant (kq,
M�1 s�1) may be calculated. The calculated values of Ksv and kq
for the interaction of the compounds with HSA are given in
Table 3 and indicate good HSA binding propensity of the
compounds with Htolf and 1 exhibiting the highest HSA
quenching ability. The kq values (<1 � 1012 M�1 s�1) are higher
than diverse kinds of quenchers for biopolymers fluorescence
(2.0 � 1010 M�1 s�1) indicating the existence of static quenching
mechanism.

Using the Scatchard equation [15]:

DI=I0
½Q � ¼ nK� K

DI
I0

(6)

where n is the number of binding sites per albumin and K is the
association binding constant, K (M�1), may be calculated from the
slope in plots DI=I0

=½Q � versus DI=I0 (Figure S7) and n is given by the
ratio of y intercept to the slope [15]. It is obvious (Table 3) that the
coordination of Htolf to Co(II) results in an increased K value for
HSA with complex 1 exhibiting the highest K value among the
compounds while the co-existence of a N-donor ligand results in
a decreased affinity for HSA. Additionally, the n value of Htolf
increases when it is coordinated to Co(II) in the presence of bipyam
or py.

The quenching provoked byHtolf or tolfenamato complexes 1e5
to the BSA fluorescence (Fig. 3(B)) is much more pronounced than
the corresponding HSA quenching (up to 12% of the initial BSA
fluorescence intensity for Htolf, 13% for 1, 35% for 2, 13% for 3, 10%
for 4 and 15% for 5) indicating that the binding of each compound to
BSA quenches the intrinsic fluorescence of the tryptophans in BSA
[43].

The SterneVolmer equation applied for the interactionwith BSA
in Figure S8 shows that the curves have fine linear relationships
(r ¼ 0.99). The calculated values of KSV and kq are given in Table 3
and indicate their good BSA binding propensity with complex 4
exhibiting the highest BSA quenching ability. From the Scatchard
graph (Figure S9), the association binding constant to BSA of each
compound has been calculated (Table 3) with complexes exhibiting
higher K values than free Htolf. The n value of Htolf presents a slight
decrease when it is coordinated to Co(II) in complexes 1e5
(Table 3).

Comparing the affinity of complexes 1e5 for BSA and HSA (K
values), it is obvious that complexes 1e5 show higher affinity for
BSA than HSA, in contrast to Htolf which presents higher affinity for
HSA. Additionally, complexes 1e5 exhibit higher binding affinity
for BSA than their Co(II) mefenamato analogues, while for HSA
complexes 1 and 3 present higher and 2, 4 and 5 lower K values
than their Co(II) mefenamato analogues [15].
Table 3
The BSA and HSA binding constants and parameters (Ksv, kq, K, n) derived for Htolf and

Compound KSV (M�1)

HSA Htolf 6.10(�0.38) � 104

[Co(tolf)2(MeOH)4] 5.71(�0.31) � 104

[Co(tolf)2(bipy)(MeOH)2] 1.15(�0.06) � 104

[Co(tolf)2(phen)(MeOH)2] 5.27(�0.28) � 104

[Co(tolf)2(bipyam)] 5.04(�0.40) � 104

[Co(tolf)2(py)2(MeOH)2] 3.40(�0.13) � 104

BSA Htolf 2.18(�0.12) � 105

[Co(tolf)2(MeOH)4] 2.88(�0.24) � 105

[Co(tolf)2(bipy)(MeOH)2] 8.60(�0.05) � 104

[Co(tolf)2(phen)(MeOH)2] 3.02(�0.21) � 105

[Co(tolf)2(bipyam)] 4.30(�0.25) � 105

[Co(tolf)2(py)2(MeOH)2] 2.74(�0.19) � 105
2.4. Study of the interaction of the complexes with CT DNA with UV
spectroscopy

Transition metal complexes can bind to DNA via both covalent
(via replacement of a labile ligand of the complex by a nitrogen base
of DNA) and/or noncovalent (intercalation, electrostatic or groove
binding) interactions [15]. In the literature, metal complexes of the
oxicamNSAIDs have been found to bind to DNAvia the intercalative
mode [45], while the interaction of DNA with the copper(II)
complexes of naproxen, diclofenac (NSAIDs of the phenylalkanoic
acids’ group) and diflunisal (a salicylate derivative NSAID) as well as
of cobalt(II) naproxenato or mefenamato complexes (mefenamic
acid belongs to the group of the anthralinic acid NSAIDs) has been
recently reported by our lab [15,16,38e40].

The UV spectra have been recorded for a constant CT DNA
concentration in different [compound]/[DNA] mixing ratios (r)
(compound ¼ Htolf or 1e5). UV spectra of CT DNA in the presence
of a compound derived for diverse r values are shown represen-
tatively for 4 in Fig. 4(A). The band at lmax ¼ 258 nm exhibits
a red-shift up to 266 nm for all compounds, indicating that the
interaction with CT DNA results in the direct formation of a new
complex with double-helical CT DNA [46] with a simultaneous
stabilization of the CT DNA duplex [47].

In the UV spectra of the complexes, the intense absorption
bands observed are attributed to the intra-ligand transitions of the
coordinated groups of tolfenamato ligands. Any interaction
between each complex and CT DNA that could perturb its intra-
ligand centred spectral transitions during the titration upon addi-
tion of CT DNA in diverse r values can be observed [37]. In general,
the changes observed in the UV spectra upon titration may give
evidence of the existing interaction mode, since a hypochromism
due to p / p* stacking interactions may appear in the case of the
intercalative binding mode, while red-shift (bathochromism) may
be observed when the DNA duplex is stabilized [47].

In the UV spectrum of 5, the band centred at 348 nm (band I)
exhibits a significant hypochromism of 40% (Fig. 4(B)) suggesting
tight binding to CT DNA probably by intercalation. Further addition
of DNA results in a blue-shift with a gradual elimination of this
band. Additionally, the band at 304 nm (band II) presents a hyper-
chromism of up to 19% accompanied by a red-shift of 5 nm (up to
309 nm), suggesting tight binding and stabilization. A distinct
isosbestic point at 335 nm appears upon addition of CT DNA. The
behaviour of Htolf (Fig. 4(C)) and complexes 1e4 upon addition of
CT DNA is quite similar to 5; for all compounds, the hypochromism
of band I varies from 12% for 3 up to 60% for Htolf and the observed
hyperchromism of band II is between 24% for 4 and 46% for 1
(Table 4).

The results derived from the UV titration experiments suggest
that all the complexes can bind to CT DNA [30e36] although the
complexes 1e5.

kq (M�1 s�1) K (M�1) n

6.10(�0.38) � 1012 3.12(�0.25) � 105 0.63
5.71(�0.31) � 1012 4.62(�0.51) � 105 0.63
1.15(�0.06) � 1012 3.40(�0.40) � 104 0.34
5.27(�0.28) � 1012 5.88(�0.45) � 105 0.54
5.04(�0.40) � 1012 2.20(�0.10) � 104 0.75
3.40(�0.13) � 1012 5.74(�0.46) � 104 0.75

2.18(�0.12) � 1013 1.60(�0.14) � 105 1.11
2.88(�0.24) � 1013 1.11(�0.07) � 106 0.89
8.60(�0.05) � 1012 1.39(�0.11) � 105 0.89
3.02(�0.21) � 1013 6.18(�0.24) � 105 0.94
4.30(�0.25) � 1013 6.68(�0.14) � 105 0.97
2.74(�0.19) � 1013 3.65(�0.20) � 105 0.98
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Fig. 4. (A) UV spectra of CT DNA in buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH 7.0) in the absence or presence of [Co(tolf)2(bipyam)] 4. The arrows show the
changes upon increasing amounts of the complex. (B) UV spectra of Htolf, in 1 � 10�5 M DMSO solution, in the presence of CT DNA at increasing amounts. (C) UV spectra of
[Co(tolf)2(py)2(MeOH)2] 5, in 1 �10�5 M DMSO solution, in the presence of CT DNA at increasing amounts. The arrows in (B) and (C) show the changes upon increasing amounts of
CT DNA. Insets in (B) and (C): plot of ½DNA�=ðεA � εf Þ vs [DNA].
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exact mode of binding cannot be merely proposed by UV spectro-
scopic titration studies. The existence of hypochromism could be
considered as evidence that the binding of the complexes involving
intercalation between the base pairs of CT DNA cannot be ruled out
[30e36].

The binding constant of the complexes to CT DNA, Kb, is calcu-
lated by the ratio of slope to the y intercept in plots ½DNA�=ðεA � εf Þ
versus [DNA] (Insets in Fig. 4(B),(C)), according to the equation [47]:

½DNA��
εA � εf

� ¼ ½DNA��
εb � εf

�þ 1

Kb

�
εb � εf

� (7)

where [DNA] is the concentration of DNA in base pairs, εA ¼ Aobsd/
[compound], εf ¼ the extinction coefficient for the free compound
and εb ¼ the extinction coefficient for the compound in the fully
bound form.
Table 4
The DNA binding constants (Kb) of Htolf and complexes 1e5.

Compound Band-I hypochromism
(%)

Htolf 60%
[Co(tolf)2(MeOH)4] 20%
[Co(tolf)2(bipy)(MeOH)2] 18%
[Co(tolf)2(phen)(MeOH)2] 12%
[Co(tolf)2(bipyam)] 13%
[Co(tolf)2(py)2(MeOH)2] 19%
The calculated Kb values for Htolf and complexes 1e5 (Table 4)
suggest a relatively strong binding of complexes 1e5 to CT DNAwith
complex 3 exhibiting the highest Kb value (¼ 2.28(�0.15)� 106M�1).
In comparison to the Kb values of the Co(II) mefenamato complexes,
complexes 1, 2 and 5 present similar or higher Kb values than
their mefenamato analogues [15]. The Kb values of all complexes
are close to that of the classical intercalator EB (Kb ¼ 1.23
(�0.07) � 105 M�1) [48].
2.5. Cyclic voltammetry and interaction with CT DNA

The cyclic voltammograms of 5 in DMSO solution exhibit
a cathodic wave at �1020 mV (Epc1) followed by two anodic waves
at þ10 mV (Epa1) and at þ680 mV (Epa2). In the reverse scan, one
more cathodic wave appears at �210 mV (Epc2). The one-electron
cathodic wave at Epc1 can be attributed to the reduction of
Band-II hyperchromism
(%)

Kb (M�1)

40% 5.00(�0.10) � 104

46% 1.14(�0.20) � 106

28% 4.18(�0.40) � 105

38% 2.28(�0.15) � 106

24% 6.78(�0.50) � 105

40% 9.77(�0.25) � 105



Table 6
Cathodic and anodic potentials (in mV) for the redox couple Co(II)/Co(I) in 1/2
DMSO/buffer solution of the complexes in the absence and presence of CT DNA.

Complex Epc(f)a Epc(b)b DEpcc Epa(f)a Epa(b)b DEpac

[Co(tolf)2(MeOH)4] �800 �780 þ20 �555 �565 �10
[Co(tolf)2(bipy)(MeOH)2] �885 �850 þ35 �530 �540 �10
[Co(tolf)2(phen)(MeOH)2] �880 �860 þ20 �575 �565 þ10
[Co(tolf)2(bipyam)] �760 �750 þ10 �555 �545 þ10
[Co(tolf)2(py)2(MeOH)2] �780 �755 þ25 �585 �575 �10

a Epc/a in DMSO/buffer in the absence of CT DNA (Epc/a(f)).
b Epc/a in DMSO/buffer in the presence of CT DNA (Epc/a(b)).
c DEpc/a ¼ Epc/a(b) � Epc/a(f).
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[Co(II)] to [Co(I)], while the two anodic waves at Epa1 and Epa2 can
be attributed to the oxidation processes [Co(I)] / [Co(II)] and
[Co(II)] / [Co(III)], respectively, and the second cathodic wave at
Epc2 to the reduction of [Co(III)] to [Co(II)] species [15,16].
Complexes 1e4 present similar cyclic voltammograms in DMSO
solution and the corresponding potentials are given in Table 5.

The electrochemical investigations of metal-DNA interactions
may be a useful supplement to spectroscopic methods and provide
information about interaction with both the reduced and oxidized
form of the metal. In general, the electrochemical potential of
a small molecule will shift positively when it intercalates into DNA
double helix, and it will shift to a negative direction in the case of
electrostatic interaction with DNA [15,33,34].

The quasi-reversible redox couple Co(II)/Co(I) for each complex
in 1/2 DMSO/buffer solution has been studied upon addition of CT
DNA and the corresponding potentials as well as their shifts are
given in Table 6. No new redox peaks appeared after the addition of
CT DNA to each complex, but the current intensity of all the peaks
decreased significantly, suggesting the existence of an interaction
between each complex and CT DNA, and can be explained in terms
of an equilibrium mixture of free and DNA-bound complex to the
electrode surface [49]. For increasing amounts of CT DNA, both the
cathodic (Epc) and the anodic potential (Epa) for all complexes show
a positive shift (DEp ¼ (�10) � (þ35) mV) (Table 6) suggesting an
intercalative mode of binding between the complexes and CT DNA
[15,38e40,49].

2.6. DNA-binding study with viscosity measurements

DNA viscosity is sensitive to DNA length change and its
measurement upon addition of a compound may be concerned as
a reliable method to clarify the interaction mode of a compound
with DNA, especially for the intercalative binding mode [50e52]. In
the case of classic intercalation, DNA base pairs are separated in
order to host the bound compound resulting in the lengthening of
the DNA helix and subsequently increased DNA viscosity. On the
other hand, the binding of a compound exclusively in DNA grooves
by means of partial and/or non-classic intercalation causes a bend
or kink in the DNA helix reducing slightly its effective length and, as
a result, DNA solution viscosity is slightly decreased or remains
unchanged [35,36,38e40,50e52].

Viscosity measurements were carried out on CT DNA solutions
upon addition of increasing amounts of Htolf or complexes 1e5
(Fig. 5). Addition of complexes 1e5 resulted in a significant increase
of the relative viscosity of DNA which can be explained by the
insertion of the compounds in between the DNA base pairs, leading
to an increase in the separation of base pairs at intercalation sites
and, thus, an increase in overall DNA length. Therefore, intercala-
tion of the complexes as the most possible interaction mode to CT
DNA may be concluded.

2.7. Competitive study with ethidium bromide

Ethidium bromide (EB) is a typical indicator of intercalation
since it can form soluble complexes with nucleic acids resulting in
Table 5
Cathodic and anodic potentials (in mV) for the redox couples Co(II)/Co(I) (Epc1, Epa1)
and Co(III)/Co(II) (Epc2, Epa2) in DMSO solution.

Complex Epc1 Epa1 Epa2 Epc2

[Co(tolf)2(MeOH)4] �1070 �40 þ680 �180
[Co(tolf)2(bipy)(MeOH)2] �1144 þ40 þ665 �195
[Co(tolf)2(phen)(MeOH)2] �1120 þ30 þ675 �198
[Co(tolf)2(bipyam)] �1135 þ65 þ655 �205
[Co(tolf)2(py)2(MeOH)2] �1020 þ10 þ680 �210
the emission of intense fluorescence due to the intercalation of the
planar phenanthridine ring between adjacent base pairs on the
double helix of CT DNA. The changes observed in the spectra of EB
on its binding to CT DNA are often used for the interaction study
between DNA and metal complexes [15,35].

Tolfenamic acid and complexes 1e5 show no fluorescence at
room temperature in solution or in the presence of CT DNA, and
their binding to DNA cannot be directly predicted through the
emission spectra. Hence competitive EB binding studies may be
undertaken in order to examine the binding of each compound
with DNA since the fluorescence intensity is highly enhanced upon
addition of CT DNA, due to its strong intercalation with DNA base
pairs. Addition of a second molecule, which may bind to DNAmore
strongly than EB, results in a decrease the DNA-induced EB emis-
sion due to the replacement of EB, and/or electron transfer
[33e36].

The emission spectra of EB bound to CT DNA in the absence and
presence of each compound have been recorded for [EB] ¼ 20 mM,
[DNA] ¼ 26 mM for increasing amounts of each compound. The
addition of Htolf or each complex 1e5 at diverse r values (Fig. 6)
results in a significant decrease of the intensity of the emission
band of the DNA-EB system at 592 nm (up to 26% of the initial EB-
DNA fluorescence intensity for Htolf and 2, 27% for 1 and 4, 21% for
3 and 22% for 5) indicating the competition of the complexes with
EB in binding to DNA. The observed significant quenching of DNA-
EB fluorescence for Htolf and 1e5 suggests that they displace EB
from the DNA-EB complex and they can probably interact with CT
DNA by the intercalative mode [15,30e40].

The SterneVolmer constant KSV may be used to evaluate the
quenching efficiency for each compound according to the equation:

I0
I
¼ 1þ KSV½Q � (8)
Fig. 5. Relative viscosity of CT DNA (h/h0)1/3 in buffer solution (150 mM NaCl and
15 mM trisodium citrate at pH 7.0) in the presence of Htolf and complexes 1e5 at
increasing amounts (r).
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Table 7
EB-DNA fluorescence (%) and SterneVolmer constants (KSV) of Htolf complexes 1e5.

Compounds % of EB
fluorescence (% I/I0)

Ksv (M�1)

Htolf 26 1.15(�0.04) � 106

[Co(tolf)2(MeOH)4] 27 1.14(�0.05) � 106

[Co(tolf)2(bipy)(MeOH)2] 26 1.26(�0.05) � 106

[Co(tolf)2(phen)(MeOH)2] 21 1.51(�0.08) � 106

[Co(tolf)2(bipyam)] 27 1.31(�0.04) � 106

Co(tolf)2(py)2(MeOH)2] 22 1.41(�0.08) � 106
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where I0 and I are the emission intensities in the absence and the
presence of the quencher, respectively, [Q] is the concentration of
the quencher (Htolf or complexes 1e5) and KSV is obtained by the
slope of the diagram I0/I vs [Q]. The SterneVolmer plots of DNA-EB
for the compounds (Figure S10) illustrate that the quenching of EB
bound to DNA by the compounds is in good agreement (R ¼ 0.99)
with the linear SterneVolmer equation (eq. (8)), which proves that
the replacement of EB bound to DNA by each compound results in
a decrease in the fluorescence intensity. The high KSV (Table 7)
values of the compounds show that they can bind tightly to the
DNA and are higher than those found for the Co(II) mefenamato
complexes [15].
Table 8
Crystallographic data for complexes 2 and 4.

[Co(tolf)2(bipy)(MeOH)2], 2 [Co(tolf)2(bipyam)], 4

Formula C40H38Cl2CoN4O6 C38H31Cl2CoN5O4

Fw 800.57 751.51
T(K) 293(2) 150(2)
Crystal system Orthorhombic Triclinic
Space group Ic2a P-1
a(Å) 7.2590(2) 10.8126(2)
b(Å) 17.6131(4) 10.9511(2)
c(Å) 29.6327(7) 14.7192(3)
a(�) 90.00 83.1998(12)
b(�) 90.00 73.3966(13)
g(�) 90.00 89.5768(13)
Volume (Å3) 3788.64(16) 1657.84(5)
Z 4 2
D(calc), Mg m�3 1.404 1.505
Abs. coef., m, mm�1 0.646 0.730
F(000) 1660 774
GOF on F2 1.084 1.027
R1 [I > 2s(I)] 0.0437a 0.0341b

wR2 [I > 2s(I)] 0.1134a 0.0784b

a 3549 reflections with I > 2s(I).
b 6284 reflections with I > 2s(I).
3. Conclusions

The synthesis and characterization of the neutral mononuclear
cobalt(II) complexeswith the non-steroidal anti-inflammatory drug
tolfenamic acid in the absence or presence of the nitrogen-donor
heterocyclic ligands 2,20-bipyridine, 1,10-phenanthroline, 2,20-
bipyridylamine or pyridine has been achieved. In these complexes,
deprotonated tolfenamato ligand is bound to cobalt(II) via carbox-
ylate oxygen atoms. Structurally characterized complexes
[Co(tolf)2(bipy)(MeOH)2] and [Co(tolf)2(bipyam)] present a dis-
torted octahedral and trigonal prismatic geometry, respectively,
around cobalt atom. Complexes 2 and 4 are among the few struc-
turally characterized Co(II) complexes with NSAIDs as ligands.

UV spectroscopy, DNA solution viscosity measurements and
cyclic voltammetry studies have revealed the ability of the
complexes to bind to DNA. The binding strength of the compounds
with CT DNA calculated with UV spectroscopic titrations have
shown that the complexes present higher binding affinity to CT
DNA than free tolfenamic acid with [Co(tolf)2(phen)(MeOH)2]
exhibiting the highest Kb value among the complexes examined.
Cyclic voltammetry studies have confirmed the intercalation as the
most possible binding mode to DNA and competitive binding
studies with EB have revealed the ability of the complexes to
displace EB from the EB-DNA complex.

The complexes show good binding affinity to BSA and HSA
proteins giving relatively high binding constants.

Complexes 1e5 exhibit higher binding constants values to DNA
and albumins than the corresponding Co(II) mefenamato
complexes previously reported by our lab suggesting that tolfe-
namic acid could be considered a stronger binding ligand than
mefenamic acid.

4. Experimental

4.1. Materials e instrumentation e physical measurements

All the chemicals (CoCl2,6H2O, Htolf, bipy, phen, bipyam, py,
KOH, CT DNA, BSA, HSA, EB, NaCl and trisodium citrate) were
purchased from SigmaeAldrich Co and all solvents were purchased
fromMerck. All the chemicals and solvents were reagent grade and
were used as purchased without any further purification. Tetrae-
thylammonium 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 (A260/A280) of 1.87,
indicating that the DNA was sufficiently free of protein contami-
nation. The DNA concentration was determined by the UV absor-
bance at 260 nm after 1:20 dilution using ε ¼ 6600 M�1 cm�1

[15,38].
Infrared (IR) spectra (400e4000 cm�1) were recorded on

a Nicolet FT-IR 6700 spectrometer with samples prepared as KBr
disk. UVevisible (UVevis) spectrawere recorded as nujol mulls and
in solution at concentrations in the range 10�5e10�3 M on a Hitachi
U-2001 dual beam spectrophotometer. Room temperature
magnetic measurements were carried out by the Faraday method
using mercury tetrathiocyanatocobaltate(II) as a calibrant. C, H and
N elemental analysis were performed on a PerkineElmer 240B
elemental analyzer. Molar conductivity measurements were
carried out with a Crison Basic 30 conductometer. Fluorescence
spectra were recorded in solution on a Hitachi F-7000 fluorescence
spectrophotometer.
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Cyclic voltammetry studies were performed on an Eco
chemie Autolab Electrochemical analyzer. Cyclic voltammetry
experiments were carried out in a 30 mL three-electrode elec-
trolytic cell. The working electrode was platinum disk, a sepa-
rate 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 n ¼ 100 mV s�1 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
vapours. All electrochemical measurements were performed at
25.0 � 0.2 �C.

4.2. Synthesis of the complexes

4.2.1. [Co(tolf)2(MeOH)4], 1
A methanolic solution (15 mL) containing tolfenamic acid

(0.5 mmol, 131 mg) and KOH (0.5 mmol, 28 mg) was stirred for 1 h.
The solution was added to a methanolic solution (10 mL) of
CoCl2$6H2O (0.25 mmol, 58.5 mg) and the reaction mixture was
stirred for 1 h. The reaction solution was filtered and left for slow
evaporation. Rose-colored microcrystalline product of [Co(tolf)2
(MeOH)4], 1 (125 mg, 70%) was collected after a few days. Anal.
Calcd. for C32H38CoCl2N2O8 (MW ¼ 708.50) C, 54.25; H, 5.41; N,
3.95%; found: C, 54.39; H, 5.40; N, 4.15%. IR: nmax, cm�1; nasym(CO2),
1581 (vs (very strong)); nsym(CO2), 1377 (vs); D ¼ nasym(CO2)�
nsym(CO2): 204 cm�1 (KBr disk); UVevis: l, nm (ε, M�1 cm�1) as
nujol mull: 735, 551, 490, 403, 339, 304; in DMSO: 742 (10), 563
(60), 478 (25), 395 (240), 343 (6100), 303 (12 100). meff ¼ 4.65 BM.
Soluble in DMSO (LM ¼ 13 mho cm2 mol�1, in 1 mM DMSO solu-
tion), DMF and acetone.

4.2.2. [Co(tolf)2(bipy)(MeOH)2], 2
Tolfenamic acid (0.5 mmol, 131 mg) was dissolved in methanol

(15 mL) followed by the addition of KOH (0.5 mmol, 28 mg). After
1 h stirring, the solution was added slowly, and simultaneously
with a methanolic solution of bipy (0.25 mmol, 39 mg), to
a methanolic solution (10 mL) of CoCl2,6H2O (0.25 mmol, 59 mg)
and stirred for 30 min. The solution was left for slow evaporation.
Rose-colored crystals [Co(tolf)2(bipy)(MeOH)2], 2 (130 mg, 65%)
suitable for X-ray structure determination, was deposited after
ten days. Anal. Calcd. for C40H38CoCl2N4O6 (MW ¼ 800.61) C,
60.01; H, 4.78; N, 7.00%; found: C, 59.94; H, 4.99; N, 6.66%. IR:
nmax, cm�1; nasym(CO2): 1583 (vs); nsym(CO2): 1385 (vs);
D ¼ nasym(CO2) � nsym(CO2): 198 cm�1 (KBr disk); UVevis: l, nm
(ε/M�1 cm�1) as nujol mull: 690, 545, 480, 393, 346, 310; in
DMSO: 680 (10), 540(25), 470 (25), 385 (210), 346 (2500), 309
(10 200). meff ¼ 4.73 BM. Soluble in DMSO (LM ¼ 8 mho
cm2 mol�1, in 1 mM DMSO solution) and DMF.

4.2.3. [Co(tolf)2(phen)(MeOH)2], 3
Complex 3 was prepared by the addition of a methanolic

solution (15 mL) of Htolf (0.4 mmol, 105 mg) and KOH (0.4 mmol,
22 mg), which was stirred for 30 min, and of a methanolic solution
of phen (0.2 mmol, 36 mg) to a methanolic solution (10 mL) of
CoCl2,6H2O (0.2 mmol, 48 mg). The orange microcrystalline
product of [Co(tolf)2(phen)(MeOH)2], 3 (105 mg, 65%) was
collected after a few days. Anal. Calcd. for C42H38CoCl2N4O6

(MW ¼ 824.63) C, 61.17; H, 4.65; N, 6.79%; found C, 61.50; H, 4.72;
N, 6.52%. IR: nmax, cm�1; nasym(CO2): 1583 (vs); nsym(CO2): 1384
(vs); D ¼ nasym(CO2) � nsym(CO2): 199 cm�1 (KBr disk); UVevis: l,
nm (ε, M�1 cm�1) as nujol mull: 705, 565, 480, 393, 347, 308; in
DMSO: 697 (10), 555 (40), 481 (35), 387 (290), 350 (4500), 308
(11800). meff ¼ 4.75 BM. Soluble in DMSO (LM ¼ 11mho cm2 mol�1,
in 1 mM DMSO solution), DMF and CHCl3.

4.2.4. [Co(tolf)2(bipyam)], 4
A solution (15 mL) of Htolf (0.6 mmol, 157 mg) and KOH

(0.6 mmol, 33 mg) in MeOH was added after 1 h stirring simulta-
neously with a methanolic solution (10 mL) of bipyam (0.3 mmol,
52 mg) into a methanolic solution (10 mL) of CoCl2$6H2O
(0.3 mmol, 72 mg) and the reaction mixture was stirred for 20 min
and left for slow evaporation. Rose-colored crystals [Co(tolf)2(bi-
pyam)], 4 (155 mg, 70%) suitable for X-ray structure determination,
were deposited after a week. Anal. Calcd. for C38H31CoCl2N5O4
(MW ¼ 751.54) C, 60.73; H, 4.16; N, 9.32%; found: C, 60.25; H, 4.14;
N, 9.16%. IR: nmax, cm�1; nasym(CO2), 1573 (vs); nsym(CO2), 1402 (vs);
D ¼ nasym(CO2) � nsym(CO2): 171 cm�1 (KBr disk); UVevis: l, nm (ε,
M�1 cm�1) as nujol mull: 710, 554, 490, 392, 350, 312; in DMSO:
695 (10), 545 (60), 485 (40), 389 (215), 347 (6000), 310 (13 400).
meff ¼ 4.25 BM. Soluble in DMSO (LM ¼ 11 mho cm2 mol�1, in 1 mM
DMSO solution), DMF, CHCl3 and CH2Cl2.

4.2.5. [Co(tolf)2(py)2(MeOH)2], 5
The complex was prepared by the addition of a methanolic

solution (10 mL) of Htolf (0.5 mmol, 131 mg) and KOH (0.5 mmol,
28 mg), after 1 h of stirring, to a methanolic solution (10 mL) of
CoCl2,6H2O (0.25 mmol, 59 mg) followed by the addition of 1.5 mL
of pyridine. A red-brownish microcrystalline product of
[Co(tolf)2(py)2(MeOH)2], 5 (120 mg, 60%) was collected after
a fortnight. Anal. Calcd. for C40H40CoCl2N4O6 (MW ¼ 802.62) C,
59.71; H, 5.26; N, 6.96%; found C, 60.15; H, 5.24; N, 7.24%. IR: nmax,
cm�1; nasym(CO2): 1582 (vs); nsym(CO2): 1387 (vs);
D ¼ nasym(CO2) � nsym(CO2): 195 cm�1 (KBr disk); UVevis: l, nm (ε,
M�1 cm�1) as nujol mull: 703, 560, 485, 393, 351, 312; in DMSO:
695 (15), 565 (50), 480 (40), 385 (240), 348 (5400), 308 (14 600).
meff ¼ 4.55 BM. Soluble in DMSO (LM ¼ 5 mho cm2 mol�1, in 1 mM
DMSO solution), DMF, CHCl3 and CH2Cl2.

4.3. DNA-binding studies

The interaction of tolfenamic acid and complexes 1e5 with CT
DNA has been studied with UV spectroscopy in order to investigate
the possible binding modes to CT DNA and to calculate the binding
constants to CT DNA (Kb). In UV titration experiments, the spectra
of CT DNA in the presence of each compound have been recorded
for a constant CT DNA concentration in diverse [compound]/[CT
DNA]mixing ratios (r). The binding constants, Kb, of the compounds
with CT DNA have been determined using the UV spectra of the
compound recorded for a constant concentration in the absence or
presence of CT DNA for diverse r values. Control experiments with
DMSO were performed and no changes in the spectra of CT DNA
were observed.

Viscosity experiments were carried out using an ALPHA L Fun-
gilab rotational viscometer equippedwith an 18mL LCP spindle and
the measurements were performed at 100 rpm. The viscosity of
a DNA solution has been measured in the presence of increasing
amounts of Htolf or complexes 1e5. The relation between the
relative solution viscosity (h/h0) and DNA length (L/L0) is given by
the equation L/L0 ¼ (h/h0)1/3, where L0 denotes the apparent
molecular length in the absence of the compound [15]. The ob-
tained data are presented as (h/h0)1/3 versus r, where h is the
viscosity of DNA in the presence of a compound, and h0 is the
viscosity of DNA alone in buffer solution.

The interaction of complexes 1e5 with CT DNA has been also
investigated by monitoring the changes observed in the cyclic
voltammogram of a 0.40 mM 1:2 DMSO:buffer solution of complex
upon addition of CT DNA at diverse r values. The buffer was also
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used as the supporting electrolyte and the cyclic voltammograms
were recorded at n ¼ 100 mV s�1.

The competitive studies of each compound with EB have been
investigated by fluorescence spectroscopy in order to examine
whether the compound can displace EB from its CT DNA-EB
complex. The CT DNA-EB complex was prepared by adding 20 mM
EB and 26 mMCTDNA in buffer (150mMNaCl and 15mM trisodium
citrate at pH 7.0). The intercalating effect of Htolf and complexes
1e5 with the DNA-EB complex was studied by adding a certain
amount of a solution of the compound step by step into the solution
of the DNA-EB complex. The influence of the addition of each
compound to the DNA-EB complex solution has been obtained by
recording the variation of fluorescence emission spectra.

4.4. Albumin binding studies

The protein binding study was performed by tryptophan fluo-
rescencequenchingexperiments usingbovine (BSA, 3mM)orhuman
serum albumin (HSA, 3 mM) in buffer (containing 15 mM trisodium
citrate and 150 mM NaCl at pH 7.0). The quenching of the emission
intensity of tryptophan residues of BSA at 343 nm or HSA at 351 nm
was monitored using Htolf or complexes 1e5 as quenchers with
increasing concentration [53]. Fluorescence spectra were recorded
in the range300e500nmat anexcitationwavelengthof 295nm.The
fluorescence spectra of tolfenamic acid and its complexes were
recorded under the same experimental conditions and a maximum
emission appeared at 330 nm. Therefore, the quantitative studies of
the serum albumin fluorescence spectra were performed after their
correction by subtracting the spectra of the compounds.

4.5. X-ray structure determination

Single-crystal X-ray diffraction data were collected at room
temperature (2) and 150 K (4) on a Nonius Kappa CCD diffrac-
tometer using graphite monochromated Mo-Ka radiation
(l ¼ 0.71073 Å). The data were processed using DENZO [54]. The
structures were solved by direct methods implemented in SIR97
[55] and refined by a full-matrix least-squares procedure based on
F2 with SHELXL-97 [56]. All the non-hydrogen atoms were refined
anisotropically. All the hydrogen atoms were readily located in
difference Fourier maps and were subsequently treated as riding
atoms in geometrically idealized positions with Uiso(H) ¼ kUeq(C or
N), where k ¼ 1.5 for NH and methyl groups, which were permitted
to rotate but not to tilt, and 1.2 for all other H atoms. Hydrogen atom
bonded to methanol O atom (2) was refined freely. The Flack
parameter for 2 converged to 0.47(2) suggesting that the complex is
a racemic twin with the ratio of enantiomers 0.53:0.47. Crystallo-
graphic data are listed in Table 8.
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