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ABSTRACT: Manganese(II) complexes with the non-steroidal anti-inflamma-
tory drug tolfenamic acid (Htolf) with the nitrogen-donor heterocyclic ligands
1,10-phenanthroline (phen), pyridine (py), or 2,2′-bipyridylamine (bipyam)
and/or the oxygen-donor ligands H2O or N,N-dimethylformamide (DMF) have
been synthesized and characterized. The crystal structures of complexes
[Mn(tolf-O)(tolf-O,O ′)(phen)(H2O)], [Mn2(μ2-tolf-O,O ′)2(tolf-
O,O′)2(bipyam)2], [Mn2(μ2-H2O)(μ2-tolf-O,O′)2(tolf-O)2(py)4]·1.5MeOH·py,
and [Mn(μ2-tolf-O,O′)2(DMF)2]n have been determined by X-ray crystallog-
raphy. The interaction of the complexes with serum albumin proteins was
investigated, and relative high binding constant values were calculated. The
ability of the compounds to scavenge 1,1-diphenyl-picrylhydrazyl, 2,2′-
azinobis(3-ethylbenzothiazoline-6-sulfonic acid), and hydroxyl radicals was
evaluated, and [Mn(tolf)2(phen)(H2O)] was the most active scavenger among
the compounds. The compounds have also exhibited noteworthy in vitro inhibitory activity against soybean lipoxygenase. UV
titration studies of the interaction of the complexes with calf-thymus (CT) DNA have proved the binding to CT DNA with
[Mn(μ2-tolf)2(DMF)2]n exhibiting the highest DNA-binding constant (Kb = 5.21 (±0.35) × 105 M−1). The complexes bind to
CT DNA probably via intercalation as suggested by DNA-viscosity measurements and competitive studies with ethidium
bromide (EB), which revealed the ability of the complexes to displace the DNA-bound EB.

1. INTRODUCTION

Manganese is considered a significant biometal; Mn is located
in the active center of a plethora of enzymes,1−3 and
manganese-containing compounds such as SC-52608, an
anticancer agent, and Teslascan, an MRI contrast agent, are
used in medicine.4 Furthermore, manganese complexes with
diverse ligands have already exhibited bactericidal,5,6 anti-
proliferative,7−9 and fungicidal10 activity, and the study of the
bioactiviy of novel Mn complexes is of increasing interest.
The side-effects of the non-steroidal anti-inflammatory drugs

(NSAIDs) are well-known and thoroughly studied;11 therefore,
NSAIDs are common antipyretic, analgesic, and anti-inflam-
matory drugs in clinical use. The main known action of the
NSAIDs is the inhibition of the prostaglandins production
mediated by cyclo-oxygenase (COX).12 The antitumor activity
of NSAIDs has been attributed to synergism with antitumor
drugs in clinical use,13 to COX-independent mechanisms14 and
to apoptosis via caspase activation15 or via mechanisms with the
involvement of free radicals.16,17 To investigate the anti-
inflammatory and potential anticancer activity of the NSAIDs
and their complexes, the study of the antioxidant properties and

the DNA interaction is of expanding interest and great
importance and needs further evaluation because the existing
number of relevant reports is rather limited.18,19 Additionally,
only one manganese complex bearing NSAIDs as ligands has
been structurally characterized and reported in the literature,
i.e., the manganese(II) complex of niflumic acid.20

Tolfenamic acid (Htolf, Scheme 1) is a NSAID of the N-
phenylanthranilic acid derivatives and is similar to other
fenamates (e.g., mefenamic acid, flufenamic acid) in clinical
use.21 As a drug, Htolf is an antipyretic, antirheumatoid, and

Received: October 8, 2013
Published: January 27, 2014

Scheme 1. Tolfenamic Acid
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anti-inflammatory and is also administered for veterinary
purposes.22 The crystal structures of tin(IV),23 copper(II),24

cobalt(II),25 and zinc(II)26 complexes of tolfenamic acid have
already been reported in the literature.
In our recent reports, we have focused on the interaction of

NSAIDs containing a carboxylate group with diverse metal ions
such as Co2+, Cu2+, Mn2+, and Zn2+ in order to investigate the
binding mode and biological importance.20,25−33 We have also
studied the binding of these metal complexes with biological
molecules such as albumins and DNA and their potential
antioxidant activity. In view of the expanding use of NSAIDs in
medicine and the increasing interest in the biological properties
of Mn complexes, we have initiated and present herein the
synthesis and the characterization of the manganese(II) mixed-
ligand complexes of the NSAID tolfenamic acid and nitrogen
containing heterocyclic ligands such as pyridine (py), 1,10-
phenanthroline (phen), and 2,2′-bipyridylamine (bipyam) and/
or the oxygen-donor ligand H2O and N,N-dimethylformamide
(DMF). The crystal structures of the mononuclear complex
[Mn(tolf-O)(tolf-O,O′)(phen)(H2O)] (complex 1), the dinu-
clear ones [Mn2(μ2-H2O)(μ2-tolf-O,O′)2(tolf-O)2(py)4]·
1.5MeOH·py (complex 2·1.5MeOH·py) and [Mn2(μ2-tolf-
O,O′)2(tolf-O,O′)2(bipyam)2] (complex 3), and the 1D
polymeric complex [Mn(μ2-tolf-O,O′)2(DMF)2]n (complex
4) were determined by X-ray structure analysis. The research
concerning the antioxidant activity of complexes 1−4 has been
focused on their ability to scavenge diverse radicals such as 1,1-
diphenyl-picrylhydrazyl (DPPH), 2,2′-azinobis(3-ethylbenzo-
thiazoline-6-sulfonic acid) (ABTS+•), and hydroxyl (•OH)
radicals, and to inhibit in vitro the soybean lipoxygenase (LOX);
the role of NSAIDs and their metal complexes in medicine as
anti-inflammatories is often related to their ability to scavenge
free radicals. Furthermore, the interaction of complexes 1−4
with selected biological macromolecules was investigated with
diverse techniques. More specifically, the binding to the
albumins which are the proteins responsible for the transport
of ions and compounds in the body could differentiate the
properties of the drug or reveal novel paths for the drug
transportation; therefore, the interaction of compounds 1−4
with human (HSA) and bovine serum albumin (BSA) was
thoroughly studied with fluorescence spectroscopy. Addition-
ally, the interaction of the complexes with calf-thymus (CT)
DNA was studied with UV spectroscopic and DNA-viscosity
titrations so as to calculate the binding constants to DNA and
to determine the possible mode of binding and with ethidium
bromide (EB)-displacement studies from its CT DNA-
compound (EB−DNA), performed with fluorescence emission
spectroscopy, in order to evaluate the ability to compete with
the well-established DNA-intercalator EB, as an indirect means
to examine and/or verify the potential intercalation of the
complexes to CT DNA.

2. EXPERIMENTAL SECTION
2.1. Materials, Instrumentation, Physical Measurements.

Tolfenamic acid, MnCl2·4H2O, bipyam, phen, py, KOH, trisodium
citrate, NaCl, CT DNA, BSA, HSA, EB, DPPH, ABTS, soybean
lipoxygenase, potassium persulfate, EDTA, ascorbic acid, sodium
linoleate, NDGA, BHT, trolox, and caffeic acid were purchased from
Sigma-Aldrich Co., and all solvents were purchased from Merck. The
chemicals and solvents were of reagent grade and were used as
purchased.
Infrared (IR) spectra (400−4000 cm−1) were recorded on a Nicolet

FT-IR 6700 spectrometer with samples prepared as KBr pellets. UV−
visible (UV−vis) spectra were recorded as nujol mulls and in solution

at concentrations in the range 10−5 to 10−3 M on a Hitachi U-2001
dual beam spectrophotometer. C, H, and N elemental analysis were
performed on a PerkinElmer 240B elemental analyzer. Molar
conductivity measurements were carried out in 1 mM DMSO solution
of the complexes with a Crison Basic 30 conductometer. Fluorescence
emission 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.

DNA stock solution was prepared by dilution of CT DNA to buffer
solution (containing 150 mM NaCl and 15 mM trisodium citrate at
pH 7.0) followed by exhaustive stirring at 4 °C for three days, and it
was kept at 4 °C for no longer than a week. The concentration of the
DNA solution was determined by the measurement of the UV
absorption at λmax = 260 nm after 1:20 dilution using ε = 6600 M−1

cm−1.28−30 This CT DNA solution gave the ratio A260/A280 (UV
absorbance at λ = 260 and 280 nm) in the range of 1.85−1.90,
indicating that the DNA was sufficiently free of protein contamination.

2.2.1. Synthesis of [Mn(tolf)2(phen)(H2O)], 1. Tolfenamic acid (0.4
mmol, 105 mg) was dissolved in methanol (10 mL) followed by the
addition of KOH (0.4 mmol, 22 mg). After 1 h of stirring, the solution
was added slowly, and simultaneously with a 10 mL methanolic
solution of phen (0.2 mmol, 36 mg), to a methanolic solution (10 mL)
of MnCl2·4H2O (0.2 mmol, 40 mg). Yellow crystals of [Mn-
(tolf)2(phen)(H2O)], 1 (95 mg, 60%), suitable for X-ray structure
determination, were deposited after three days. Anal. Calcd for
[Mn(tolf)2(phen)(H2O)] (C40H32Cl2MnN4O5) (MW = 774.54): C,
62.03; H, 4.16; N, 7.23. Found: C, 61.83; H, 3.99; N, 6.86. IR (KBr
pellet), νmax/cm

−1 νasym(CO2): 1579 (very strong (vs)). νsym(CO2):
1404, 1372 (strong (s)). Δ = νasym(CO2) − νsym(CO2): 175, 207 cm

−1.
UV−vis: λ/nm (ε/M−1 cm−1) as nujol mull: 422 (shoulder, (sh)), 299.
In DMSO: 425 (sh) (210), 296 (14400). The complex is soluble in
DMF and DMSO (ΛM = 5.0 μS/cm, in 1 mM DMSO solution).

2.2.2. Synthesis of [Mn2(tolf)4(py)4(H2O)]·1.5MeOH·py, 2·
1.5MeOH·py. Complex 2 was prepared by the addition of a methanolic
solution (10 mL) of Htolf (0.4 mmol, 105 mg) and KOH (0.4 mmol,
22 mg), which was stirred for 1 h, and a solution of 3 mL pyridine to a
methanolic solution (10 mL) of MnCl2·4H2O (0.2 mmol, 40 mg).
Yellowish crystals of [Mn2(tolf)4(py)4(H2O)], 2 (90 mg, 60%),
suitable for X-ray structure determination, were deposited after 30
days. Anal. Calcd for [Mn2(tolf)4(py)4(H2O)]·1.5MeOH·py
(C82.5H77Cl4Mn2N9O10.5) (MW = 1614.21): C, 61.39; H, 4.81; N,
7.81. Found: C, 61.70; H, 4.79; N, 7.42. IR (KBr pellet), νmax/cm

−1

νasym(CO2): 1584(vs). νsym(CO2): 1386 (vs). Δ = 198 cm−1. UV−vis,
λ/nm (ε/M−1 cm−1) as nujol mull: 427(sh), 346 (sh), 305. In DMSO:
430 (sh) (260), 350 (sh) (2450), 307 (14 100), 288 (3500). The
complex is soluble in CH3CN, DMF, and DMSO (ΛM = 6.5 μS/cm, in
1 mM DMSO solution).

2.2.3. Synthesis of [Mn2(tolf)4(bipyam)2], 3. A methanolic solution
(10 mL) of KOH (0.4 mmol, 22 mg) and tolfenamic acid (0.4 mmol,
105 mg) was added, after 1 h of stirring, slowly and simultaneously
with a methanolic solution (5 mL) of bipyam (0.2 mmol, 34 mg), to a
methanolic solution (10 mL) of MnCl2·4H2O (0.2 mmol, 40 mg).
Colorless crystals of [Mn2(tolf)4(bipyam)2], 3 (105 mg, 70%), suitable
for X-ray structure determination, were deposited in a couple of days.
Anal. Calcd for [Mn2(tolf)4(bipyam)2] (C76H62Cl4Mn2N10O8) (MW =
1495.04): C, 61.06; H, 4.18; N, 9.37. Found: C, 61.21; H, 4.29; N,
9.36. IR (KBr pellet), νmax/cm

−1 νasym(CO2): 1578(vs). νsym(CO2):
1408 (s), 1389 (vs). Δ = 170, 189 cm−1. UV−vis, λ/nm (ε/M−1 cm−1)
as nujol mull: 418(sh), 349(sh), 311. iI DMSO: 420 (sh) (210),
353(sh) (3700), 314 (17 500). The complex is soluble in DMSO (ΛM
= 4.0 μS/cm, in 1 mM DMSO solution).

2.2.4. Synthesis of [Mn(tolf)2(DMF)2]n, 4. A methanolic solution
(10 mL) containing tolfenamic acid (0.4 mmol, 105 mg) and KOH
(0.4 mmol, 22 mg) was stirred for 1 h. The solution was added
dropwise to a methanolic solution (10 mL) of MnCl2·4H2O (0.2
mmol, 40 mg) followed by the addition of 2 mL of DMF. Pale yellow
crystals of [Mn(tolf)2(DMF)2]n, 4 (55 mg, 40%), suitable for X-ray
structure determination, were collected after four months. Anal. Calcd
for [Mn(tolf)2(DMF)2]n (C34H36Cl2MnN4O6) (MW = 722.51): C,
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56.52; H, 5.02; N, 7.75. Found: C, 56.39; H, 5.13; N, 8.06. IR (KBr
pellet), νmax/cm

−1 ν(CO)DMF: 1645 (vs). νasym(CO2)tolf: 1565 (vs).
νsym(CO2)tolf: 1395 (vs). Δ = 170, 213 cm−1. UV−vis, λ/nm (ε/M−1

cm−1) as nujol mull: 435 (sh), 316, 291. In DMSO: 440 (500), 320
(sh) (5500), 313 (10600), 287 (15 600). The complex is soluble in
DMF and DMSO (ΛM = 8.5 μS/cm, in 1 mM DMSO solution).
2.3. X-Ray Structure Determination. Single-crystal X-ray

diffraction data were collected at room temperature (1, 2, 3) and at
150(2) K (4) on an Agilent Technologies SuperNova Dual with an
Atlas detector using mirror-monochromatized Mo Kα radiation (λ =
0.71073 Å). The data were processed using CrysAlis Pro.34 Structures
were solved by direct methods35 implemented in SHELXS-97 and
refined by a full-matrix least-squares procedure based on F2 with
SHELXL-97.36 All the non-hydrogen atoms were refined anisotropi-
cally. 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) = kUeq(C, N), where k = 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 atoms attached to water oxygen
atoms O(5) in 1 and O(9) in 2 were found in difference Fourier maps
and refined fixing the bond lengths and isotropic temperature factors
as Uiso(H) = 1.5Ueq(O). For compound 2, the crystals were of low
quality (Rint = 0.0977); however, the data were of sufficient quality to
determine the molecular and crystal structure. In the pyridine solvate
molecule, the position of the nitrogen atom was not located, and each
site was refined as carbon atom (C(77)−C(82)), and the occupancies
of hydrogen atoms were set to 5/6. Additionally, one methanol
molecule is disordered over two positions in a ratio of 0.57:0.43, and
half of a methanol molecule is disordered over the inversion center.
The bonds O(11)−C(84) and O(12)−C(85) in methanol molecules
were fixed using DFIX instruction. ISOR instruction was used on
O(10), O(11), and O(12) atoms of methanol molecules for proper
refinement. The hydrogen atoms attached to OH groups were treated
as riding atoms in geometrically idealized positions with Uiso(H) =
1.5Ueq(O). In the final step of the refinement, the hydrogen atoms
attached to methanol carbons C(85) and C(84) were set fixed in order
to achieve the convergence. Crystallographic data are listed in Table
S1, Supporting Information.
2.4. Antioxidant Biological Assays. Each experiment in the in

vitro assays was performed at least in triplicate, and the standard
deviation of absorbance was less than 10% of the mean.
2.4.1. Determination of the Reducing Activity of the Stable

Radical DPPH. To an ethanolic solution of DPPH (0.1 mM), an equal
volume of ethanolic solution of the tested compounds (0.1 mM) was
added. Ethanol was used as a control solution. In order to examine the
dependence of the radical scavenging activity from the time of
incubation, the absorbance at λ = 517 nm was recorded at room
temperature after 20 and 60 min.28,37 The ability of the tested
compounds to scavenge DPPH radicals was expressed as the
percentage reduction of the absorbance of the initial DPPH solution
(RA%). NDGA and BHT were used as reference compounds.
2.4.2. Competition of the Tested Compounds with DMSO for

Hydroxyl Radicals. The hydroxyl radicals as generated by the Fe3+/
ascorbic acid system were detected by the determination of
formaldehyde produced from the oxidation of DMSO according to
Kontogiorgis et al.28,37 The reaction mixture contained EDTA (0.1
mM), Fe3+ (167 μM), DMSO (33 mM) in phosphate buffer (50 mM,
pH 7.4), the tested compounds (0.1 mM), and ascorbic acid (10 mM).
The reaction was stopped with CCl3COOH (17% w/v) after 30 min
of incubation (37 °C), and the absorbance at λ = 412 nm was
measured. The competition of the compounds with DMSO for •OH,
generated by the Fe3+/ascorbic acid system was expressed as the
percent inhibition of formaldehyde production and was used in order
to evaluate the ability of the tested compounds to scavenge hydroxyl
radicals (•OH%). Trolox was used as a reference compound.
2.4.3. Assay of Radical Cation Scavenging Activity. ABTS•+ was

produced by reacting an aqueous ABTS stock solution (2 mM) with
0.17 mM potassium persulfate. The mixture was allowed to stand in
the dark at room temperature for 12−16 h before use.28,37 ABTS and
potassium persulfate react stoichiometrically at a ratio of 1:0.5;

therefore, the oxidation of the ABTS was incomplete. The oxidation of
the ABTS started immediately, but the absorbance of the solution
became maximal and stable after 6 h. In this form, the radical is stable
for more than two days, if stored in the dark at room temperature. The
solution of ABTS•+ was diluted with ethanol so as to give an
absorption of 0.70 at 734 nm. Afterward, 10 μL of diluted tested
compounds or the reference compound trolox in DMSO (0.1 mM)
were added, and the absorbance was measured 1 min after the initial
mixing.38,39 The ability of the tested compounds to scavenge ABTS
radicals was expressed as the percentage inhibition of the absorbance
of the initial ABTS solution (ABTS%).

2.4.4. Soybean Lipoxygenase Inhibition Study in Vitro. The
soybean lipoxygenase inhibition was evaluated in vitro as reported in
the literature.37 The tested compounds were dissolved in ethanol and
were incubated at room temperature with sodium linoleate (0.1 mM)
and 0.2 mL of enzyme solution (1/9 × 10−4 w/v in saline). The
conversion of sodium linoleate to 13-hydroperoxylinoleic acid was
studied by the absorbance at λ = 234 nm and compared with the
appropriate standard inhibitor caffeic acid.

2.5. Albumin Binding Studies. Albumin binding studies have
been performed via tryptophan fluorescence emission quenching
experiments using BSA (3 μM) or HSA (3 μM) in a buffer solution
(15 mM trisodium citrate, 150 mM NaCl, pH 7.0). The quenching of
the fluorescence emission intensity of BSA or HSA tryptophan
residues was measured at λem,max = 343 or 351 nm, respectively, and
was monitored using tested compounds 1−4 as quenchers with
increasing concentration.28−30 Fluorescence emission spectra were
recorded in the range 300−500 nm with λexc,max = 295 nm. The
fluorescence emission spectra of tested compounds 1−4 were
recorded under the same experimental conditions and exhibited a
maximum emission at 330 nm.28,29 Therefore, the quantitative studies
of the serum albumin fluorescence emission spectra were performed
after their correction by subtracting the corresponding fluorescence
emission spectra of the quenchers. The Stern−Volmer (eq S1) and
Scatchard equations (eq S2) and corresponding graphs were used for
the study of the interaction of the tested compounds with serum
albumins.

2.6. DNA-Binding Studies. The binding of complexes 1−4 with
CT DNA was studied by UV spectroscopy as a means to investigate
the possible DNA-binding modes and to determine the DNA-binding
constants (Kb). In UV titration experiments, the UV spectra of a CT
DNA solution (0.15−0.20 mM) were recorded in the presence of each
tested compound at increasing [compound]/[CT DNA] mixing ratios
(r). The DNA-binding constants, Kb, of the complexes 1−4 with CT
DNA were determined using the UV spectra of a DMSO solution of
the tested compound (10−5 M) in the presence of DNA for diverse r
values. Furthermore, no changes in the spectra of the DNA solution
were observed during control experiments with DMSO.

The measurements of the viscosity of a DNA solution (0.1 mM) in
the presence of increasing amounts of tested compounds 1−4 were
performed with an ALPHA L Fungilab rotational viscometer at 100
rpm, which is equipped with an 18 mL LCP spindle. The obtained
data were given as (η/η0)

1/3 versus r, where η0 and η are the viscosity
of DNA solution in the absence and presence of the tested compound,
respectively.

The EB-competitive studies of each tested compound were carried
out with fluorescence emission spectroscopy so as to examine whether
the tested compounds 1−4 can displace EB from its CT DNA-EB
complex, which was initially prepared by the addition of 20 μM EB and
26 μM CT DNA in buffer solution (150 mM NaCl, 15 mM trisodium
citrate, pH 7.0). The DNA-intercalating effect of complexes 1−4 was
studied by their stepwise addition into a solution of the EB−DNA
complex. The influence of such additions was studied by recording the
variation of fluorescence emission spectra.

3. RESULTS AND DISCUSSION

3.1. Synthesis of the Complexes. The synthesis of the
complexes has been achieved in methanol via the aerobic
reaction of tolfenamic acid, previously deprotonated by KOH,
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with MnCl2·4H2O and the corresponding N,N′-donor ligand
(phen, py or bipyam) or O−donor (DMF). The resultant
complexes 1−4 are soluble mainly in DMSO and most of them
in DMF and are nonelectrolytes (ΛM ≤ 9 μS/cm, in 1 mM
DMSO solution). The novel manganese complexes were
characterized by physicochemical (elemental analysis and
variable-temperature magnetic measurements) and spectro-
scopic (IR and UV−vis spectroscopy) techniques in the solid
state and by UV−vis spectroscopy in solution. The crystal
structures of complexes 1−4 were determined via X-ray
crystallography.
3.2. Spectroscopic Study of the Complexes. The

deprotonation and the binding mode of tolfenamic acid were
examined by IR spectroscopy. The deprotonation of Htolf was
confirmed by the disappearance in IR spectra of the complexes
of the band observed in the IR spectrum of Htolf at 3355
(br,m) cm−1, which is attributed to the ν(O−H) stretching
vibration. Furthermore, the absorption bands at 1661(s) cm−1

and 1265(s) cm−1 observed for Htolf and attributed to the
ν(CO)carb and ν(C−O)carb stretching vibrations of the
carboxylic moiety (−COOH), respectively, shifted in the IR
spectra of the complexes, in the range 1565−1584 cm−1 and
1372−1408 cm−1 assigned to antisymmetric, νasym(CO), and
symmetric, νsym(CO), stretching vibrations of the carbox-
ylate group, respectively. The values of the parameter Δ [=
νasym(CO) − νsym(CO)], a tool indicative of the binding
mode of carboxylate ligands, fall in the range 170−207 cm−1,
suggesting an asymmetrical binding mode of the tolfenamato
ligand.25,26

The UV−vis spectra of the complexes recorded in solution
(DMSO) and in nujol (as a mull) are similar, showing that the
compounds have the same structure in solution. The band at
420−400 nm (ε = 210−500 M−1 cm−1) can be attributed to a
charge transfer transition while the bands found in the UV
region are assigned to intraligand transitions of the complexes.
The integrity of the compounds in solution may be concluded
because of the same UV−vis spectral features presented in the
solid state (nujol), in solution (DMSO), and in the presence of
the buffer solution used in the biological experiments (150 mM
NaCl, 15 mM trisodium citrate, pH = 7.0) and the molar
conductivity measurements, which suggest nondissociation.6,31

3.3. Structure of the Complexes. 3.3.1. Crystal Structure
of [Mn(tolf-O)(tolf-O,O′)(phen)(H2O)], 1. The molecular
structure of [Mn(tolf-O)(tolf-O,O′)(phen)(H2O)] is depicted
in Figure 1, and selected bond distances and angles are cited in
Table S2. Complex 1 is mononuclear, and the two tolfenamato
ligands are deprotonated and behave in different binding
modes: one tolfenamato ligand is monodentately coordinated
to the manganese ion via a carboxylate oxygen atom (O(3)),
while the other tolfenamato ligand is bound in an asymmetric
bidentate chelating mode (C(1)−O(1) = 1.272(2) Å and
C(1)−O(2) = 1.265(2) Å). The structure is further stabilized
by intramolecular H bonds formed by the uncoordinated O(4)
and the coordinated aqua ligand (via H(1)) and the
coordinated O(2) and O(3) atoms and the NH group of the
tolfenamato ligands (Table S3). Intermolecular H bonds are
formed via H(2) of the coordinated aqua ligand and O(1)′ of a
neighboring molecule (Figure S1).
This binding mode albeit not unprecedented is rare. Eight

crystal structures of manganese(II) complexes bearing a
phenanthroline (or derivative), an aqua ligand, and two
carboxylate ligands coordinated to Mn according to the
aforementioned mode have been found in the CCDC database;

nevertheless, it is rare in regard to mononuclear Mn(II)
complexes since only three compounds are known (with
indole-2-carboxylate,40 p-methoxy-benzoate,41 and p-hydroxy-
benzoate42), while the others are di- or tetra-nuclear complexes.
The manganese atom is six-coordinate with a distorted

octahedral environment formed by two nitrogen atoms from
the phen ligand, three oxygen atoms provided by the two
tolfenamato ligands, and an aqua oxygen atom. The bond
distances around the manganese atom are not equal, with the
monodentate coordinated carboxylate oxygen atom O(3)
(Mn(1)−O(3) = 2.1009(16) Å) and the aqua oxygen O(5)
(Mn(1)−O(5) = 2.1519(17) Å) being closer to Mn than the
chelating carboxylate oxygen atoms O(1) and O(2) (Mn(1)−
O(1) = 2.2120(14) Å and Mn(1)−O(2) = 2.2646(14) Å) and
the phen nitrogen atoms N(3) and N(4) (Mn(1)−N(3) =
2.273(2) Å and Mn(1)−N(4) = 2.2608(18) Å). The
uncoordinated oxygen atom O(4) lies at 3.368 Å away from
the manganese atom. The N(3)−Mn(1)−N(4) angle observed
is 73.14(7)° and is similar to reported values of other chelating
polycyclic diimines.26−30 The phen ligand is almost planar with
the manganese atom lying ∼0.134 Å out of this plane.
Supramolecular aggregation of 1 is stabilized by π−π

interactions with Cg4···Cg4ii and Cg6···Cg7iii centroid-to-
centroid distances 3.5182(16) and 3.9212(14) Å, respectively
[Cg4, Cg6, and Cg7 are N(4)/C(37)/C(36)/C(38)−C(40),
C(8)−C(13), and C(16)−C(21) ring centroids, respectively;
symmetry codes: (ii) 1 − x, 1 − y, 1 − z; (iii) −1 + x, y, z; (iv)
1 + x, y, z] (Figure S2) and by a network of weak C−H···
Cg(arene), C−Cl···Cg(arene), and CO···Cg(arene) inter-
actions.

3.3.2. Crystal Structure of [Mn2(μ2-H2O)(μ2-tolf-O,O′)2(tolf-
O)2(py)4]·1.5MeOH·py, 2·1.5MeOH·py. The molecular struc-
ture of [Mn2(μ2-H2O)(μ2-tolf-O,O′)2(tolf-O)2(py)4] is shown
in Figure 2, and selected bond distances and angles are given in
Table S4. It is a dinuclear complex with four deprotonated
tolfenamato ligands being in two different binding modes; two
tolfenamato ligands are bidentately coordinated to manganese
ion via two carboxylate oxygen atoms (O(1) and O(2), O(3)
and O(4)) forming two syn-syn O,O′-carboxylate bridges
between Mn(1) and Mn(2), while the other two tolfenamato
ligands are bound to a manganese ion in a monodentate

Figure 1. The molecular structure and partial labeling of 1 with only
the heteroatoms labeled. Selected bond distances: Mn(1)−O(1) =
2.2120(14) Å, Mn(1)−O(2) = 2.2646(14) Å, Mn(1)−O(3) =
2.1009(16) Å, Mn(1)−O(5) = 2.1519(17) Å, Mn(1)−N(3) =
2.273(2) Å, Mn(1)−N(4) = 2.2608(18) Å; Selected bond angles:
O(1)−Mn(1)−N(4) = 153.49(6)°, O(2)−Mn(1)−O(5) =
156.82(6)°, O(3)−Mn(1)−N(3) = 163.07(6)°.
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binding mode. The aqua ligand is bridging the two manganese
atoms bound via its oxygen atom O(9). Each manganese atom
is six-coordinate with a N2O4 coordination sphere, and its
environment is described as a distorted octahedron, the vertices
of which are occupied by three tolfenamato oxygen atoms, an
aqua oxygen, and two pyridine nitrogen atoms from the bound
pyridine ligands.

All possible bridging arrangements of the [Mn2(μ-H2O)(μ-
carboxylato)2] moiety are shown in Scheme 2A, with an aqua
bridge and (I) two O,O′-carboxylate bridges, (II) a O,O′- and a
O,O-carboxylate bridge, or (III) two O,O-carboxylate bridges.
Almost half of the approximately 35 crystal structures found in
the CCDC database adopting motif I are of dinuclear
complexes; the other complexes present mainly a polymeric
structure. The determined crystal structure of complex 2
presents the arrangement motif I with the Mn(1)···Mn(2) =
3.709 Å being in the Mn···Mn distance range found in such
complexes (3.484−3.777 Å).43−47 No dinuclear complexes
bearing motifs II or III were found in the literature, but crystal
structures of tri-, tetra-, hexa-, and octa-nuclear and polymeric
complexes containing such motifs have been reported. The
Mn−Oaqua−Mn angle [Mn(1)−O(9)−Mn(2) = 110.42(12)°]
is within the range of the values reported (101.94−114.97°) for
dinuclear complexes [Mn2(μ-H2O)(μ-carboxylato)2] bearing
arrangement motif I.43−47

The bond distances around the manganese atoms are not
equal, with the Mn−Ocarboxylate bond distances being shorter
(2.122(3)−2.176(3) Å) than Mn−Oaqua (2.218(3)−2.298(3)
Å) and Mn−Npyridine bond distances being the longest
(2.282(3)−2.326(4) Å). The uncoordinated oxygens atoms
O(6) and O(8) are at 3.374 and 3.353 Å away from the
manganese atoms, Mn(1) and Mn(2), respectively.
The dinuclear structure is further stabilized by intramolecular

H bonds formed by the uncoordinated tolfenamato oxygens
atoms O(6) and O(8) to the coordinated aqua ligand (via H(1)
and H(2)) and the NH groups of the tolfenamato ligands as
well as of the coordinated oxygen atoms O(1) and O(4) to the
NH groups of the corresponding tolfenamato ligands (Table
S3, Figure S3) and also by intramolecular π−π interactions with
Cg4···Cg8 and Cg6···Cg10 centroid-to-centroid distances
3.789(3) and 4.153(3) Å, respectively [Cg4, Cg6, Cg8, and
Cg10 are N(6)/C(62)−C(66), N(8)/C(72)−C(76), C(22)−
C(27), and C(50)−C(55) ring centroids, respectively]. Two
neighboring complexes are connected via intermolecular π−π
interactions with a Cg10···Cg14i centroid-to-centroid distance
(3.975(4) Å), symmetry code: (i) 2 − x, −y, 2 − z (Figure S4).
The structure is further stabilized by weak interactions of the
type C−H···Cg(arene) and C−Cl···Cg(arene).

Figure 2. The molecular structure and partial labeling of 2 with only
the heteroatoms labeled. Selected bond distances: Mn(1)−O(1) =
2.176(3) Å, Mn(1)−O(3) = 2.122(3) Å, Mn(1)−O(5) = 2.147(3) Å,
Mn(1)−O(9) = 2.218(3) Å, Mn(1)−N(5) = 2.326(4) Å, Mn(1)−
N(6) = 2.294(4) Å, Mn(2)−O(2) = 2.122(3) Å, Mn(2)−O(4) =
2.149(3) Å, Mn(2)−O(7) = 2.126(3) Å, Mn(2)−O(9) = 2.298(3) Å,
Mn(2)−N(7) = 2.325(4) Å, Mn(2)−N(8) = 2.282(3) Å, Mn(1)···
Mn(2) = 3.709 Å. Selected bond angles: O(1)−Mn(1)−N(5) =
175.42(13)°, O(3)−Mn(1)−O(5) = 176.36(12)°, O(9)−Mn(1)−
N(6) = 173.10(11)°, O(2)−Mn(2)−O(7) = 169.96(11)°, O(4)−
Mn(2)−N(7) = 170.05(13)°, O(9)−Mn(2)−N(8) = 169.51(12)°,
Mn(1)−O(9)−Mn(2) = 110.42(12)°.

Scheme 2. Arrangement Motifs of the (A) [Mn2(μ-H2O)(μ-RCOO)2] and (B) [Mn2(μ-RCOO)2] Moiety
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3.3.3. Crystal Structure of [Mn2(μ2-tolf-O,O′)2(tolf-
O,O′)2(bipyam)2], 3. The molecular structure of [Mn2(μ2-tolf-
O,O′)2(tolf-O,O′)2(bipyam)2] is given in Figure 3, and selected

bond distances and angles are cited in Table S5. The crystal
structure of 3 is composed of centrosymmetric dimers. Two
bidentate tolfenamato ligands form syn−anti bridges between
isolated pairs of manganese atoms separated by 4.548 Å. The
other two tolfenamato ligands and two bipyam ligands are
bound to the Mn(II) atoms in a bidentate chelating mode. The
bridging tolfenamato ligands are bound to two Mn(II) metal
ions in a symmetric fashion [Mn(1)−O(3) = 2.1023(19) Å,

Mn(1)−O(4) = 2.087(2) Å], while the bidentate chelating
tolfenamato ligands are bound to a Mn(II) ion in an
asymmetric mode [Mn(1)−O(1) = 2.2152(19) Å and
Mn(1)−O(2) = 2.3632(19) Å]. Each manganese atom is six-
coordinate with the two nitrogen atoms N(3) and N(4)
(Mn(1)−N(3) = 2.266(2) Å and Mn(1)−N(4) = 2.245(2) Å)
of the bipyam molecule occupying the remaining two positions.
Thus, the polyhedron can be described as having a distorted
octahedral geometry. The N(3)−Mn(1)−N(4) angle observed
(= 80.63(8)°) lies in the range of expected values of complexes
with chelating bipyam ligands.32,48

The present bridging mode, i.e., two O,O′-carboxylate
bridges (Scheme 2B.I), is one of the three possible
combinations I−III for the [Mn2(μ-RCOO)2] moiety, which
are found in polynuclear Mn(II) complexes. In the case of
dinuclear Mn(II) complexes, the arrangement motifs I and III
have been reported (Scheme 2B). The Mn···Mn separation
distance found in the crystal structure of 3 (4.548 Å) lies within
the distance range in Mn(II) complexes with motif I (4.1−
4.874 Å),49−51 while in the complexes of motif III, this distance
varies from 3.334 Å to 3.726(4) Å.50−54

The structure is further stabilized by intermolecular H bonds
formed by the coordinated tolfenamato oxygen atoms O(2) to
the NH groups of the bipyam ligands of a neighboring molecule
and by intramolecular H bonds formed by the coordinated
tolfenamato oxygens atoms O(1) and O(4) to the NH groups
of the corresponding tolfenamato ligands (Table S3, Figure
S5). The crystal structure of 3 is further stabilized by π−π
interactions with Cg3···Cg4ii and Cg3···Cg8 centroid-to-centroid
distances 4.115(2) and 3.800(2) Å, respectively [Cg3, Cg4, and
Cg8 are N(3)/C(29)−C(33), N(4)/C(34)−C(38), and
C(22)−C(27) ring centroids, respectively; symmetry code:
(ii) 1 − x, 1 − y, −z] (Figure S6), and by weak C−H···
Cg(arene) interactions.

Figure 3. The molecular structure and partial labeling of 3 with only
the heteroatoms labeled. Selected bond distances: Mn(1)−O(1) =
2.2152(19) Å, Mn(1)−O(2) = 2.3632(19) Å, Mn(1)−O(3) =
2.1023(19) Å, Mn(1)−O(4)′ = 2.087(2) Å, Mn(1)−N(3) =
2.266(2) Å, Mn(1)−N(4) = 2.245(2) Å, Mn1···Mn1# = 4.548 Å.
Selected bond angles: O(1)−Mn(1)−N(4) = 163.53(8)°, O(2)−
Mn(1)−O(4)′ = 152.03(9)°, O(3)−Mn(1)−N(3) = 164.50(8)°.

Figure 4. (A) The molecular structure and partial labeling of 4 with only the heteroatoms labeled. Selected bond distances: Mn(1)−O(1) =
2.1395(13) Å, Mn(1)−O(2)′ = 2.0924(13) Å, Mn(1)−O(3) = 2.1354(13) Å, Mn(1)−O(4)′ = 2.1376(13) Å, Mn(1)−O(5) = 2.1935(13) Å,
Mn(1)−O(6) = 2.2555(14) Å, Mn(1)...Mn(1)′ = 4.586, 4.614 Å. Selected bond angles: O(1)−Mn(1)−O(3) = 159.69(5)°, O(2)−Mn(1)−O(5) =
169.37(6)°, O(4)′−Mn(1)−O(6) = 170.60(5)°. (B) The polymeric structure of complex 4 (orange for Mn, red for O, blue for N, green for Cl, gray
for C, and white for H atoms).
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3.3.4. Crystal Structure of [Mn(μ2-tolf-O,O′)2(DMF)2]n, 4.
The molecular structure of [Mn(tolf)2(DMF)2]n is depicted in
Figure 4A, and selected bond distances and angles are given in
Table S6. The zigzag polymeric structure of the compound is
infinitely extended along two (a and b) crystallographic
directions. The octahedral Mn2+ centers are bridged by two
O,O′-carboxylate groups that form this infinite chain. The
centrosymmetric coordination sphere around Mn consists of
two oxygen atoms from DMF ligands and four oxygens from
the tolfenamato ligands. The tolfenamato ligands are bidentate
forming syn−syn bridges between two Mn atoms; such a
bridging arrangement generates the one-dimensional polymeric
structure (Figure 4B) in which the closest Mn···Mn separation
is 4.600(14) Å, lying in the range (4.065−4.823 Å) found for

polymeric Mn(II) complexes bridged by two O,O′-carboxylate
groups.55−58

The Mn−Ocarboxylate distances [Mn(1)−O(1) = 2.1395(13)
Å, Mn(1)−O(2)′ = 2.0924(13) Å, Mn(1)−O(3) = 2.1354(13)
Å, and Mn(1)−O(4)′ = 2.1376(13) Å] are similar and shorter
than the Mn−ODMF distances [Mn(1)−O(5) = 2.1935(13) Å
and Mn(1)−O(6) = 2.2555(14) Å]. The structure is further
stabilized by intramolecular H bonds formed by the
coordinated tolfenamato oxygen atoms O(1) and O(3) to the
NH groups of the corresponding tolfenamato ligands (Table
S3). The crystal structure is also stabilized by weak C−H···
Cg(arene) interactions; however, there are no significant π−π
interactions present.

3.4. Magnetic Properties of Complexes 2 and 3. The
temperature dependence of χMT (χM being the magnetic

Figure 5. Temperature dependence of χMT (χM being the magnetic susceptibility for two MnII ions) for complexes (A) 2 and (B) 3. The solid line
represents the best fit according to the model discussed in the text. Insets: Magnetization curve at 2 K in the field range 0−5 T.

Figure 6. (A) % DPPH scavenging ability (RA%), (B) % superoxide radical scavenging activity (ABTS%), (C) competition % with DMSO for
hydroxyl radical (•OH%), and (D) in vitro inhibition of soybean lipoxygenase (LOX) (IC50, in μM) for Htolf, its complexes 1−4, and reference
compounds.
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susceptibility for two MnII ions) for complexes 2 and 3 is
shown in Figure 5.59 The χMT value is 8.4/8.8 emu mol−1 K at
300 K (close to the value expected for two isolated Mn(II)
ions), and until 50 K there is a smooth decrease, while after that
temperature and until 2 K a more pronounced one occurs,
reaching the value of 0.4/0.6 emu mol−1 K at 1.8 K. The shape
of these susceptibility curves is characteristic of the occurrence
of weak antiferromagnetic interactions between the Mn(II)
centers. A fitting procedure was carried out using the simple
Hamiltonian model for two interacting spins (H = −2JS1·S2),
and the fitted results are shown in the same figures as solid
lines. The obtained values are J = −1.3/−0.9 cm−1 and g =
1.99/2.03, denoting very weak antiferromagnetic interactions
between the two ions, and are lying in the range of J values
found in the literature.43−47,49−55

In the insets of Figure 5, the isothermal magnetization curves
at T = 2 K in the applied field 0−5 T are shown. The same
magnetic model was used to simulate the magnetization data
using the values obtained from the fitting procedure of the
susceptibility data, and the results are shown as solid lines in the
same figures, confirming the correctness of the model. It must
be pointed out that in both cases there is a clear contribution of
excited states to the S = 0 ground state in view of the fact that
the magnetization curve exhibits a linear increase at high
magnetic fields with no saturation values.
3.5. Biological Assays. 3.5.1. Antioxidant Capacity. Free

radicals are compounds having an important role in the
inflammatory process. NSAIDs can also act either as inhibitors
of free radical production or as radical scavengers;60 thus, the
antioxidant activity of the NSAIDs and their metal complexes
could be related to tentative anti-inflammatory and anticancer
activity. Novel potentially effective drugs may originate from
compounds bearing antioxidant properties with a role in the
treatment of inflammation. Furthermore, the role of Mn
superoxide dismutase (MnSOD), which is one of the most
important manganese enzymes, is the protection of the
organisms from potentially damaging oxygen radicals by
catalyzing the disproportionation of superoxide to oxygen and
hydrogen peroxide.1,61 The ability of complexes 1−4 to
scavenge DPPH, ABTS, and hydroxyl radicals and their in
vitro soybean lipoxygenase inhibition has been evaluated and
compared to that of widely used and well-known antioxidant
agents (e.g., butylated hydroxytoluene (BHT), 6-hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid (trolox), nordi-
hydroguaiaretic acid (NDGA), and caffeic acid) used as
reference compounds in order to estimate a potential
antioxidant ability.
The ability of the compounds to scavenge DPPH radicals is

usually related to anti-inflammatory and antiaging activity.37

Compounds able to scavenge DPPH radicals are interesting
and can provide protection against inflammation and
rheumatoid arthritis, leading to potentially effective drugs.
1,1-Diphenyl-picrylhydrazyl is a stable free radical and exhibits a
strong absorption band at λmax = 517 nm, which, upon donation
of protons from antioxidants, decreases. The measurements
were performed after 20 and 60 min, and there were not any
significant changes, proving that the scavenging activity of
complexes is not time-dependent (Table S7). The ability of the
complexes to scavenge DPPH radicals is low to moderate in
comparison to NDGA and BHT (reference compounds) and
similar or higher than free Htolf, with 1 being the most active
DPPH scavenger among complexes 1−4 (Figure 6A).

The ability of the compounds to scavenge cationic ABTS
radicals (ABTS+•) is related to the total antioxidant activity of
the compounds and its magnitude.29 The complexes show
significantly higher ABTS radical scavenging activity than free
Htolf but lower than the reference compound trolox, with
complex 1 exhibiting the highest ability to scavenge ABTS
(ABTS% = 78.44 (±0.38)%) among the complexes (Table S7).
The complexes are more active ABTS scavengers than free
Htolf (Figure 6B) in agreement with the DPPH scavenging
studies.
The study of the hydroxyl scavenging activity of the tested

compounds is important since hydroxyl radicals are among the
most reactive oxygen species. Compounds capable of
scavenging hydroxyl radicals serve also as protectors via the
activation of the synthesis of the prostaglandins. It is known
that the superoxide anion radicals are generated by phagocytes
at the inflamed site during the inflammatory process and are
connected to other oxidizing species such as •OH.29 All
complexes (Table S7) exhibit higher competition with DMSO
(33 mM) at 0.1 mM for hydroxyl free radicals than free
tolfenamic acid and the reference compound trolox with
complex 1 (Figure 6C) being the most active compound (•OH
% = 91.47 (±0.51) %).
Lipoxygenases (LOXs) are enzymes playing a significant role

in the pathophysiology of several allergic and inflammatory
diseases because LOXs are involved in the transformation of
arachidonic acid to leukotrienes. The products derived from the
oxygenation catalyzed by LOX are responsible for the
development of asthmatic responses, psoriasis, and rheumatoid
arthritis.62 From this point of view, most of the compounds that
inhibit LOX activity are excellent antioxidants or free radical
scavengers.63 LOXs are dioxygenases containing a nonheme
high-spin iron in the enzyme active site per molecule, which is
at a +3 oxidation state when activated and at +2 when in the
inactive state. Therefore, a relationship of the LOX inhibitors
between their ability to inhibit LOX and to reduce the Fe(III)
at the active site to the catalytically inactive Fe(II) has been
widely reported; most LOX inhibitors are ideal Fe(III)
ligands.64 As another marker of the antioxidant activity, the in
vitro inhibition of the compounds against soybean LOX was
evaluated. All complexes exhibit noteworthy inhibitory activity
against soybean lipoxygenase (Table S7), especially when
compared to caffeic acid (IC50 = 600 μM), which is the
reference compound. The complexes present slightly better
LOX inhibition activity than free Htolf, and 1 (Figure 6D) is
the most active LOX inhibitor (IC50 = 40.31 (±0.72) μM).
In conclusion, the complexes exhibit similar or higher radical

scavenging and LOX inhibitory activity than free tolfenamic
acid, and complex 1 can be considered the most active
scavenger among the complexes examined. This is in agreement
with the reports for a series of Co(II), Ni(II), Cu(II), Zn(II),
and Pd(II) complexes exhibiting enhanced antioxidant activity
compared to corresponding free ligands.29,32,48,65−67 Addition-
ally, complexes active against DPPH radicals68,69 and others
exhibiting hydroxyl and ABTS29,32,48,65−68,70 scavenging activity
have been reported. Mn(II)−tolfenamato complexes 1−4
exhibit low to moderate activity against DPPH and high
activity against hydroxyl and ABTS radicals, a fact that could be
considered as first evidence of selective scavenging activity of
the complexes against hydroxyl and ABTS radicals.

3.5.2. Interaction of the Compounds with Serum
Albumins. Serum albumin (SA) is among the most abundant
proteins in plasma. Its mission is to carry ions and drugs
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through the bloodstream to cells and tissues.71 Within this
context, it is important to examine the interaction of potential
drugs with SA; interaction with SA may reveal differentiated
biological properties of the drug or novel transport pathways.
The solutions of human serum albumin (HSA, bearing one
tryptophan, Trp-214) and its extensively studied homologue
bovine serum albumin (BSA, with two tryptophans, Trp-134
and Trp-212)) exhibit an intense fluorescence emission when
excited at 295 nm, with λem,max = 351 and 343 nm,
respectively.72 The addition of complexes 1−4 results in a
quenching of the SA fluorescence emission which is usually
attributed to subunit association, protein denaturation,
substrate binding, or conformational changes of the protein.73

Complexes 1−4 in buffer solution exhibit a maximum emission
at 330 nm under the same experimental conditions (as also
previously reported tolfenamato Zn(II) and Co(II) com-
plexes),25,26 and the SA fluorescence spectra have been
corrected before the experimental data processing.
The significant fluorescence emission quenching as a result of

the addition of complexes 1−4 to the BSA fluorescence signal
at 343 nm as well as to the HSA fluorescence maximum at 351
nm (Figure 7) indicates the binding of each complex to the
albumin and may be attributed to changes in tryptophan
environment of SA because of possible changes in protein
secondary structure.73 The quenching constant values (kq) for
complexes 1−4 interacting with albumins have been calculated
with the Stern−Volmer quenching equation (eq S1) and the
corresponding Stern−Volmer plots (Figures S7 and S8) and
are given in Table 1. These values indicate good SA quenching

ability, and the kq values of the complexes are higher than the
corresponding values of free Htolf, with 3 exhibiting the highest
quenching ability (kq = 3.67 (±0.13) × 1014 M−1 s−1 for BSA
and 1.02 (±0.04) × 1014 M−1 s−1 for HSA). The quenching
constant (kq > 1012 M−1 s−1) has higher values than other
compounds that quench the fluorescence of biopolymers (2.0 ×
1010 M−1 s−1), thus indicating the existence of a static
quenching mechanism.73

The association binding constant (K) as well as the number
of binding sites per albumin (n) for the complexes were
calculated from the Scatchard equation (eq S2)71 and the
Scatchard plots (Figures S9 and S10), and the corresponding
values are given in Table 1. The relatively high K values of all
complexes are higher than those of free Htolf, with 2 having the
highest K values for BSA (K = 4.32 × 106 M−1) and 3 for HSA
(K = 9.04 × 104 M−1). A comparison of the association binding
constants of the complexes for the albumins (K values) shows
that almost all complexes (with the exception of 4) present a
higher binding strength for BSA than for HSA.
The value of the association constant of a compound to

albumin should be in such a range that allows possible binding
to, transfer by, and release from the albumins at its biological
target. It should be noted that the binding constants of the
complexes are lying in such a promising range. The values of K
are high enough (3.56 × 105 to 4.32 × 106 M−1), revealing the
affinity of the complexes to bind to albumins; they are quite
lower than the association constants of avidin to diverse ligands
(K ≈ 1015 M−1), which is among the strongest known

Figure 7. (A) Plot of % relative HSA fluorescence emission intensity (I/Io%) at λem,max = 351 nm of a buffer solution (150 mM NaCl, 15 mM
trisodium citrate, pH = 7.0) of HSA (3 μM) in the presence of compounds 1−4 at diverse r values (= [complex]/[HSA]) vs r (12.5% of the initial
HSA fluorescence intensity for 1, 11% for 2, 5% for 3, and 6% for 4). (B) Plot of % relative BSA fluorescence emission intensity (I/Io%) at λem,max =
343 nm of a buffer solution (150 mM NaCl, 15 mM trisodium citrate, pH = 7.0) of BSA (3 μM) in the presence of complexes 1−4 at diverse r values
(= [complex]/[BSA]) vs r (6% of the initial BSA fluorescence intensity for 1, 2% for 2, 4.5% for 3, and 12% for 4).

Table 1. The SA Constants and Parameters (Ksv, kq, K, n) for Htolf and Its Complexes 1−4

BSA

compound Ksv (M
−1) kq (M

−1 s−1) K (M−1) n

Htolf25 2.18 (±0.12) × 105 2.18 (±0.12) × 1013 1.60 (±0.14) × 105 1.11
[Mn(tolf)2(phen)(H2O)], 1 7.62 (±0.55) × 105 7.62 (±0.55) × 1013 1.86 (±0.09) × 106 0.98
[Mn2(tolf)4(py)4(H2O)], 2 3.24 (±0.17) × 106 3.24 (±0.17) × 1014 4.32 (±0.14) × 106 0.99
[Mn2(tolf)4(bipyam)2], 3 3.67 (±0.13) × 106 3.67 (±0.13) × 1014 4.26 (±0.16) × 106 0.99
[Mn(tolf)2(DMF)2]n, 4 3.28 (±0.18) × 105 3.28 (±0.18) × 1013 4.29 (±0.19) × 105 0.99

HSA

compound Ksv (M
−1) kq (M

−1 s−1) K (M−1) n

Htolf25 6.10 (±0.38) × 104 6.10 (±0.38) × 1012 3.12 (±0.25) × 105 0.63
[Mn(tolf)2(phen)(H2O)], 1 3.99 (±0.16) × 105 3.99 (±0.16) × 1013 3.56 (±0.13) × 105 1.03
[Mn2(tolf)4(py)4(H2O)], 2 4.22 (±0.15) × 105 4.22 (±0.15) × 1013 6.66 (±0.32) × 105 0.94
[Mn2(tolf)4(bipyam)2], 3 1.02 (±0.04) × 106 1.02 (±0.04) × 1014 9.04 (±0.39) × 105 1.02
[Mn(tolf)2(DMF)2]n, 4 7.80 (±0.34) × 105 7.80 (±0.34) × 1013 5.88 (±0.22) × 105 1.01
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noncovalent interactions, revealing the possibility of release
upon arrival to target tissues or cells.73

In relation to previously reported Co(II)25 and Zn(II)26

tolfenamato complexes, the quenching constants (kq) for
complexes 1−4 are more pronounced than for their Co(II)
analogues and similar to those reported for Zn(II) tolfenamato
complexes for both BSA and HSA, and the Mn(II) complexes
1−4 exhibit higher K values than the Zn(II) and Co(II)
tolfenamato complexes reported.
3.5.3. Interaction with Calf-Thymus DNA. Metal complexes

can interact with double-strand DNA in a covalent (replace-
ment of at least one of its labile ligands by a DNA base) and/or
a noncovalent way (intercalation due to π → π* stacking
interaction of the complex and DNA nucleobases, external
electrostatic interaction as a result of Coulomb forces of metal
complexes and the phosphate groups of DNA, or groove
binding via van der Waals interaction or hydrogen bonding or
hydrophobic bonding along the major or minor groove of DNA
helix).28,29,74 The tentative anticancer and anti-inflammatory
activity of NSAIDs and their metal complexes could also be
related to their DNA-binding ability;18,19 thus, DNA-binding
studies can be of significant interest, although their number
with NSAIDs and their complexes was rather limited until now;
e.g., complexes of oxicam NSAIDs intercalate to DNA19 as well
as a series of cobalt(II) and copper(II) complexes of
carboxylate NSAIDs recently reported.20,25−33

UV spectroscopic titration experiments can provide useful
information on the existing DNA-binding mode, with the
appearance of hypochromism in the case of the intercalation
and of a red shift (bathochromism) as evidence of stabilization
of the DNA duplex being among the most predominant
spectroscopic features.75

Complexes 1−4 exhibit similar behavior upon their addition
to CT DNA solution. The UV spectra of DNA were recorded
for a DNA concentration in the range 1.5 × 10−4 to 2.0 × 10−4

M at increasing mixing ratios r (= [complex]/[DNA]) (up to
0.3). The UV spectra of CT DNA in the presence of 1 at
diverse r values are shown as an example in Figure S11. The
intensity of the DNA band at λmax = 258 nm exhibits a slight
hypochromism with a red-shift of the λmax up to 263 nm. These
are the predominant features of the addition of the compounds
in CT DNA solution and may be considered as evidence of a
new adduct that the compounds form with double-helical CT
DNA resulting in stabilization of the CT DNA duplex.75,76

The changes of the intense absorption bands (attributed to
intraligand transitions of coordinated ligands32,77) in the UV
spectra of compounds 1−4 (10−5 M) were studied after the
addition of a CT DNA solution in diverse r values. These
changes may give a first indication of the possible DNA-binding
mode of each complex. For complex 4, the addition of CT

DNA in increasing amounts results in a 5% hypochromism of
band I at 310 nm, while the intensity and the position of band
II at 298 nm have no significant changes (Figure S12A). Similar
is the behavior of complex 2 upon the addition of CT DNA
(Figure S12B); i.e., the intensity of the band centered at 306
nm exhibits a decrease of 6.5% accompanied by a 4-nm blue-
shift and the existence of an isosbestic point at 335 nm. In the
UV spectrum of complex 3, the band at 312 nm presents a 7%
hyperchromism, and its intensity is gradually stabilized. These
changes are accompanied by a slight blue-shift (up to 310 nm),
and the existence of an isosbestic point at 333 nm (Figure
S12C). Quite similar is the behavior of the intraligand
transition band at 295 nm in the spectra of complex 1, which
shows a 10% hyperchromism and an 8-nm blue-shift (Table 2).
In most cases, a conclusion concerning the DNA-binding

mode may not be safely extracted only by UV spectroscopic
titration experiments. The existing data collected by the UV
titration studies simply indicate binding of the compounds to
CT DNA. Of course, the hypochromism observed for 2 and 4
may be considered evidence of a possible intercalative binding
to DNA attributed to π → π* stacking interactions;
nevertheless, further experiments are necessary in order to
clarify the binding mode.77

The DNA-binding constants of the compounds, Kb, were
calculated via the Wolfe−Shimer equation78 (eq S3) and the
plots in Figure S13, and their values are given in Table 2. The
Kb values are relatively high and in most cases are higher than
that of free tolfenamic acid, suggesting that its coordination to
Mn(II) results in a increase of the Kb value. The Kb values
suggest a strong binding of the complexes to CT DNA, with
complex 4 having the highest Kb value (= 5.21 (±0.35) × 105

M−1) among the compounds, and close to the Kb value of the
classical intercalator EB (= 1.23 (±0.07) × 105 M−1) as
calculated in ref 79. The Kb values of complexes 1−4 are similar
to or lower than the corresponding Co(II)−tolfenamato
complexes.25

The changes of DNA viscosity in the presence of a
compound provide valuable information in the attempt to
investigate and verify the DNA-binding mode of a compound,
since DNA viscosity is very sensitive to DNA-length
changes;25,30 the relation between the relative solution viscosity
(η/η0) and DNA length (L/L0) is given by the equation L/L0 =
(η/η0)

1/3, where L0 denotes the apparent molecular length in
the absence of the compound.32,77 In the case of partial or
nonclassic intercalation to DNA (i.e., external groove binding
or electrostatic interaction), the DNA helix is slightly bent or
kinked, leading to a slight shortening of DNA length, and the
DNA viscosity decreases slightly or remains unchanged.32,75,80

In the case of classic intercalation, i.e. insertion of the
compound in between DNA base pairs, the separation distance

Table 2. Spectral Features upon Addition of DNA (Band Studied in λ (nm), Percentage of Hyperchromism or Hypochromism
ΔA (%), and Hypsochromism or Bathochromism Δλ (nm)) and the DNA Binding Constants (Kb) of Complexes 1−4

compound λ (nm) (ΔA (%)a, Δλ (nm)b) Kb (M
−1)

Htolf25 5.00 (±0.10) × 104

[Mn(tolf)2(phen)(H2O)], 1 295 (+10, −8) 2.62 (±0.30) × 104

[Mn2(tolf)4(py)4(H2O)], 2 306 (−6.5, −4) 1.35 (±0.15) × 105

[Mn2(tolf)4(bipyam)2], 3 312 (+7, −2) 2.65 (±0.17) × 105

[Mn(tolf)2(DMF)2], 4 298 (∼c, ∼), 5.21 (±0.35) × 105

310 (−5, ∼)
a“+” denotes hyperchromism and “−” denotes hypochromism. b“+” denotes bathochromism and “−” denotes hypsochromism. c“∼” denotes “no
significant change observed.”
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of the base pairs increases so that the compound may be hosted
resulting in DNA lengthening and, subsequently, in an increase
of DNA viscosity, the magnitude of which is proportional to the
interaction strength.
Viscosity measurements of a CT DNA solution (0.1 mM)

were performed after the addition of complexes 1−4 at
increasing amounts (up to the value of r = 0.25; Figure 8). The

relative DNA viscosity (η/ηo) increases in the presence of all
complexes; this increase is more pronounced in the case of
complexes 2 and 3, which present the higher Kb values as
derived from UV spectroscopic studies (Table 2). In
conclusion, the observed increase of the DNA viscosity in the
presence of the tested compounds may serve as evidence of an
intercalative DNA-binding mode,25,30 a conclusion which
completely enforces the preliminary findings from the UV
spectroscopic studies.
EB (ethidium bromide = 3,8-diamino-5-ethyl-6-phenyl-

phenanthridinium bromide) interacts with CT DNA via
intercalation, which occurs via insertion of the planar EB
phenanthridine ring in between adjacent base pairs on the DNA
framework. The result of this intercalation is an intense
fluorescence emission band which is due to the formation of
the EB−DNA compound. Thus, EB is considered a typical
indicator of intercalation when a DNA-intercalating compound
is added into a solution of the EB−DNA compound, a
quenching of the EB−DNA fluorescence emission may
appear.81 A DMSO solution of compounds 1−4, when excited
at 540 nm, does not present any appreciable fluorescence
emission at room temperature and in the presence of DNA or

EB. Therefore, the changes observed in the fluorescence
emission spectra of an EB−DNA solution upon titration with
the tested compounds may be used to study the EB-displacing
ability of the compounds from the EB−DNA complex.81

The fluorescence emission spectra of pretreated EB-CT
DNA have been recorded for [EB] = 20 μM and [DNA] = 26
μM with increasing amounts of each complex up to an r value
of 0.45 (Figure 9A). The intensity of the emission band of the
DNA-EB system at 592 nm decreases significantly upon the
addition of complexes 1−4 (the final values are in the presence
of the complexes up to 6−15% of the initial EB−DNA
fluorescence emission intensity; Figure 9B). The observed high
DNA−EB fluorescence emission quenching by the complexes is
strong evidence of their significant EB-displacing ability and
subsequently of probable intercalative interaction with CT
DNA.28−30

The Stern−Volmer plots of EB−DNA fluorescence (Figure
S14) illustrate the good agreement (R = 0.99) of the EB−DNA
fluorescence quenching by the complexes with the linear
Stern−Volmer equation (eq S4).28−30 The Stern−Volmer
constant values (KSV) as obtained by the corresponding
Stern−Volmer plots (Figure S14) suggest the tight binding of
the complexes to DNA with 3 having the highest Ksv value (=
4.82 (±0.24) × 106 M−1) among the compounds (Table 3).
The Ksv values of complexes 1−4 are of the same magnitude as
their Co(II)−tolfenamato analogues.25

4. CONCLUSIONS
The synthesis and the characterization of the novel neutral
mono- and dinuclear and polymeric mangenese(II) complexes
with the NSAID tolfenamic acid, the N-donor heterocyclic
ligands 1,10-phenanthroline, pyridine, and 2,2′-bipyridylamine
and/or the O-donor ligands H2O and N,N-dimethylformamide

Figure 8. Relative viscosity (η/ηo)
1/3 of a buffer solution (150 mM

NaCl and 15 mM trisodium citrate at pH 7.0) of CT DNA (0.1 mM)
in the presence of complexes 1−4 in relation to the ratio [complex]/
[DNA] (= r).

Figure 9. (A) Fluorescence emission spectra (λexit = 540 nm) of a buffer solution (150 mM NaCl, 15 mM trisodium citrate, pH 7.0) containing EB−
DNA ([EB] = 20 μM, [DNA] = 26 μM) in the presence of increasing amounts of complex 2 (r = [complex]/[DNA] = 0−0.4). The arrow shows the
changes observed upon the addition of 2. (B) Plot of relative fluorescence emission intensity (%I/Io) at λem = 592 nm (λexit = 540 nm) of a buffer
solution (150 mM NaCl and 15 mM trisodium citrate at pH 7.0) of EB−DNA in the presence of increasing amounts of complexes 1−4 in relation to
the ratio [compound]/[DNA] (= r).

Table 3. Percentage of EB−DNA Fluorescence Quenching
(ΔI/Io, %) and Stern−Volmer Constants (KSV) for
Complexes 1−4

compound
EB−DNA fluorescence

quenching (%) KSV (M−1)

Htolf28 74 1.15 (±0.04) × 106

[Mn(tolf)2(phen)(H2O)], 1 92 8.54 (±0.56) × 105

[Mn2(tolf)4(py)4(H2O)], 2 93 3.84 (±0.11) × 106

[Mn2(tolf)4(bipyam)2], 3 94 4.82 (±0.24) × 106

[Mn(tolf)2(DMF)2], 4 85 3.78 (±0.16) × 105
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have been achieved. The crystal structures of [Mn-
(tolf)2(phen)(H2O)], [Mn2(μ2-H2O)(μ2-tolf)2(tolf)2(py)4]·
1.5MeOH·py, [Mn2(μ2-tolf)2(tolf)2(bipyam)2], and [Mn(μ2-
tolf)2(DMF)2]n have been determined by X-ray crystallography,
and the isolated products exhibit versatile coordination modes.
In the mononuclear complex 1, the tolfenamato ligands are
displaying a combination of bidentate chelating and mono-
dentate binding mode; in the dinuclear complex 2, a
combination of bidentate O,O′-bridging and a monodentate
mode of the tolfenamato ligands exists, while in the dinuclear
complex 3, four tolfenamato ligands are bidentate with two of
them being in a O,O′-bridging and two in O,O′-chelating
mode. The tolfenamato ligands in the polymeric complex 4 are
in the O,O′-bridging mode forming the basis of the polymeric
network.
All complexes have been tested in vitro for free radical

scavenging activity and soybean lipoxygenase inhibitory activity
and were more active than free tolfenamic acid. The complexes
exhibit low to moderate ability to scavenge DPPH radicals and
significantly high scavenging activity against superoxide and
hydroxyl radicals; they can also inhibit significantly the activity
of soybean lipoxygenase. Complex 1 is the most active radical
scavenger and the most potent LOX inhibitor.
The tested compounds show high quenching ability of the

BSA and HSA fluorescence and tight binding affinity for the
albumins providing relatively high binding constants (K = 3.56
× 105 to 4.32 × 106 M−1), which are in the optimum range to
allow the binding, the transfer, and the release upon arrival at
the targets. Complexes 1−4 exhibit higher quenching constants
than their corresponding Co(II)−tolfenamato analogues and
similar to the Zn(II) ones while their SA-binding constants are
the highest among the metal−tolfenamato complexes stud-
ied.25,26

UV spectroscopic titration studies, DNA-viscosity measure-
ments, and fluorescence experiments were employed to
investigate the binding of the complexes CT DNA. The
DNA-binding strength of the complexes was evaluated with UV
spectroscopic titrations with [Mn(μ2-tolf)2(DMF)2]n exhibiting
the highest Kb (Kb = 5.21 (±0.35) × 105 M−1) value among the
compounds examined, which is on the same order as the Kb
value of EB. Competitive binding studies with EB revealed the
significant ability of the tested compounds to displace the well-
known intercalator EB from the EB−CT DNA complex,
suggesting intercalation as the most possible DNA-binding
mode, a binding mode that was further confirmed by DNA-
viscosity experiments after the addition of the compounds.
The reported albumin binding studies may be considered as

a first means to evaluate the binding of the complexes to serum
proteins; these studies may be expanded to more serum
proteins. The results of the antioxidant activity of the
complexes are promising since the complexes are more active
than the reference compounds such as trolox and caffeic acid,
and their potential anti-inflammatory ability should be further
investigated. The ability of the reported compounds to act as
DNA intercalators may open a new window for their use as
potential metallodrugs.
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