
www.elsevier.com/locate/poly

Polyhedron 26 (2007) 1148–1158
Transition metal complexes with the quinolone antibacterial agent
pipemidic acid: Synthesis, characterization and biological activity

Eleni K. Efthimiadou a,b, Yiannis Sanakis c, Nikos Katsaros a,
Alexandra Karaliota b, George Psomas a,*

a Institute of Physical Chemistry, NCSR ‘‘Demokritos’’, GR-15310 Aghia Paraskevi Attikis, Greece
b Department of Inorganic Chemistry, Faculty of Chemistry, National and Kapodistrian University of Athens,

Panepistimioupoli Zographou, GR-15701 Athens, Greece
c Institute of Materials Science, NCSR ‘‘Demokritos’’, GR-15310 Aghia Paraskevi Attikis, Greece

Received 29 August 2006; accepted 6 October 2006
Available online 19 October 2006
Abstract

Nine new mononuclear metal complexes of the quinolone antibacterial agent pipemidic acid (=HPPA) with VO2+, Mn2+, Fe3+, Co2+,
Ni2+, Zn2+, MoO2

2þ, Cd2+ and UO2
2þ have been prepared and characterized with physicochemical and spectroscopic techniques. In all

the complexes, pipemidic acid acts as a bidentate deprotonated ligand bound to the metal through the pyridone oxygen atom and one
carboxylate oxygen atom. All the complexes are six-coordinate and the geometry round the metal atom can be described as a slightly
distorted octahedron. For VO(PPA)2(H2O), the axial position, trans to the vanadyl oxygen, is occupied by one pyridone oxygen atom.
Molecular mechanics calculations in the gas state have been performed in order to propose a model for the structure of the Fe3+, VO2+

and MoO2
2þ complexes. The antimicrobial activity of the complexes has been tested on three different microorganisms. The investigation

with diverse spectroscopic techniques of the interaction of the complexes with calf-thymus DNA has shown that the complexes can be
bound to DNA resulting in a B! A DNA transition.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Study of the interaction between drugs and transition
metals is an important and active research area in bioinor-
ganic chemistry [1–4]. It is well known that the action of
many drugs is dependant on the coordination with metal
ions [1] or/and the inhibition [2] on the formation of metal-
loenzymes. Therefore, metal ions might play a vital role
during the biological process of drug utilization in the body.

Quinolones, a commonly used term for the quinolone-
carboxylic acids or 4-quinolones, are a group of synthetic
antibacterial agents containing a 4-oxo-1,4-dihydroquino-
line skeleton (Fig. 1a) [5]. They can act as antibacterial
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drugs that effectively inhibit DNA replication and are
commonly used as treatment for many infections. Cipro-
floxacin, cinoxacin, norfloxacin and nalidixic acid are
among the most common and widely used quinolones.

The interaction of metal ions with diverse deprotonated
quinolones as ligands has been thoroughly studied [5]. In
the literature, there have been reported complexes of cipro-
floxacin with V(IV)O2+ [6], Fe(III) [7] and Cu(II) [8,9], com-
plexes of cinoxacin with Co(II) [10], Ni(II) [11], Cu(II)
[12,13], Zn(II) [11] and Cd(II) [14,15], of nalidixic acid with
Zn(II) [16], of ofloxacin with Cu(II) [17] and two complexes
of norfloxacin with Zn(II) [18]. There have also been reported
mixed ligand copper(II) complexes of phenanthroline with
nalidixic acid [19], cinoxacin [20] and ciprofloxacin [21] as
well as ionic complexes of protonated norfloxacin with Zn(II)
and Cu(II) [22], Cu(I) [23] and Mn [24]. For Mo only two cip-

mailto:gpsomas@chem.demokritos.gr


N

N

N
NHN

O

OH

O

1
2

5

1a

1b

2'3'

5' 6'

N

O

H

a b
Fig. 1. (a) The 4-oxo-1,4-dihydroquinoline skeleton. (b) Pipedimic acid
(8-ethyl-5,8-dihydro-5-oxo-2-(1-piperazinyl)pyrido(2,3-d)pyrimidine-6-car-
boxylic acid = HPPA) and atom labelling.
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rofloxacin complexes as polyoxometalates have been
characterized [25], while no quinolone complexes of
MoðVIÞO2

2þ and UðVIÞO2
2þ have been reported yet,

although their role as bioelements is well established [26–29].
Pipemidic acid, HPPA (Fig. 1b), a 4-quinolone product,

is an antibacterial agent used to treat gram-negative urinary
tract infections [30] and severely damages DNA in the
absence of an exogenous metabolizing system [31]. Pipemi-
dic acid can act as a bidentate ligand through the quinolone
oxygen and one carboxylate oxygen atom. In the literature,
complexes of protonated pipemidic acid are reported with
Ca2+, Sr2+, Ba2+, Sn(IV) [32] and with the lanthanides
La(III), Ce(III), Pr(III), Nd(III), Sm(III), Tb(III), Dy(III)
and Y(III) [33] as well as of the deprotonated pipemidic acid
with pentacoordinate Cu(II) and Mn(II) [34]. The reported
results suggest that metal ion coordination might be
involved in the antibacterial activity of HPPA [35].

We have initiated the study of the structure, spectroscopic
and biological properties of transition metal complexes of
diverse quinolone antibacterial drugs [36–39]. In this context
we have studied the interaction of deprotonated pipemidic
acid with the transition metal ions VIVO2+, Mn(II), Fe(III),
Co(II), Ni(II), Zn(II),Cd(II), MoVIO2

2þ and UVIO2
2þ in an

attempt to examine the mode of binding and possible syner-
getic effects. The resulting mononuclear complexes have
been characterized with elemental analysis and diverse spec-
troscopic techniques (IR, UV–Vis, NMR and EPR spectros-
copy). Molecular modelling techniques have been employed
so as to propose a low energy model for the most favorable
isomer of the VO2+, Fe3+ and MoO2

2þ complexes based on
molecular mechanics calculations in the gas phase. The
interaction of complexes with calf-thymus (CT) DNA has
been studied with UV and circular dichroism (CD) spectros-
copy. The antibacterial activity of the complexes has been
also investigated against three microorganisms.

2. Experimental

2.1. Materials

All the chemicals for the synthesis of the compounds
were used as purchased. DMF was distilled from calcium
hydride (CaH2) and CH3OH from Mg, and stored over
3 Å molecular sieves. Diethyl ether, anhydrous grade and
absolute ethanol were used without any further purifica-
tion. Pipemidic acid and CT DNA were purchased from
Sigma and VOSO4 Æ 5H2O, CoCl2 Æ 6H2O, MnCl2 Æ 4H2O,
FeCl3 Æ 3H2O, NiCl2 Æ 6H2O, ZnCl2, CdCl2 Æ 2.5H2O,
UO2(NO3)2 Æ 6H2O, MoO2(acac)2, KOH and all the sol-
vents were purchased from Aldrich Co. Agarose was pur-
chased from BRL. Tryptone and yeast extract were
purchased from Oxoid (Unipath, Hampshire, UK). All
chemicals and solvents were reagent grade.

DNA stock solutions (5 mM) were prepared by dilution
of CT DNA with buffer (containing 150 mM NaCl and
15 mM trisodium citrate at pH 7.0) followed by exhaustive
stirring at 4 �C for three days [40] and the solutions were
kept at 4 �C for no longer than a week. The nucleotide con-
centrations were determined by their absorption at 260 nm
using e = 6600 M�1 cm�1 (expressed as phosphate).

2.2. Synthesis of the complexes

2.2.1. VO(PPA)2(H2O) (1)

A warm methanolic solution (15 mL) of deprotonated
pipemidic acid (0.4 mmol, 121 mg) was added to a meth-
anolic solution (10 mL) of VOSO4 Æ 5H2O (0.2 mmol,
51 mg) and the reaction mixture was refluxed for 2 h.
The solution was filtered and left for slow evaporation.
After a few days a brown-green microcrystalline product
was deposited, collected with filtration, washed with
methanol and dried. Yield: 104 mg, �75%. Anal. Calc.
for VO(PPA)2(H2O) (C28H34N10O8V) (MW = 689.58):
C, 48.77; H, 4.97; N, 20.31. Found: C, 49.05; H, 5.03;
N, 20.10%. The complex is soluble in DMSO and
DMF and is a non-electrolyte.

In a similar way complexes 2–9 were prepared with the
use of the corresponding metal salt.

2.2.2. Mn(PPA)2(H2O)2 (2)

MnCl2 Æ 4H2O (0.2 mmol, 40 mg) was used. A yellow
microcrystalline product was collected. Yield: 97 mg,
�70%. Anal. Calc. for Mn(PPA)2(H2O)2 (C28H36N10-
O8Mn) (MW = 695.59): C, 48.35; H, 5.22; N, 20.13.
Found: C, 48.62; H, 5.30; N, 19.89%. The complex is solu-
ble in DMSO, DMF, CH3CN and acetone and is a non-
electrolyte.

2.2.3. Fe(PPA)3 (3)

FeCl3 Æ 3H2O (0.2 mmol, 44 mg) and pipemidic acid
(0.6 mmol, 192 mg) were used. An orange microcrystalline
product was collected. Yield: 140 mg, �67%. Anal. Calc.
for Fe(PPA)3 (C42H48N15O9Fe) (MW = 962.79): C, 52.39;
H, 5.03; N, 21.82. Found: C, 51.93; H, 4.91; N, 22.03%.
The complex is soluble in DMSO, DMF and H2O and is
a non-electrolyte.

2.2.4. Co(PPA)2(H2O)2 (4)
CoCl2 Æ 6H2O (0.2 mmol, 48 mg) was used. An

orange-yellow microcrystalline product was collected.
Yield: 90 mg, �65%. Anal. Calc. for Co(PPA)2(H2O)2
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(C28H36N10O8Co) (MW = 699.59): C, 48.07; H, 5.18; N,
20.02. Found: C, 47.76; H, 5.37; N, 19.65%. The complex
is soluble in DMSO and DMF and is a non-electrolyte.

2.2.5. Ni(PPA)2(H2O)2 (5)

NiCl2 Æ 6H2O (0.2 mmol, 48 mg) was used. A light
green microcrystalline product was collected. Yield:
98 mg, �70%. Anal. Calc. for Ni(PPA)2(H2O)2-
(C28H36N10O8Ni) (MW = 699.37): C, 48.09; H, 5.19; N,
20.03. Found: C, 48.41; H, 5.01; N, 20.17%. The complex
is soluble in DMSO, DMF, ethanol and H2O and is a
non-electrolyte.

2.2.6. Zn(PPA)2(H2O)2 (6)
ZnCl2 (0.2 mmol, 28 mg) was used. A pale yellow

microcrystalline product was collected. Yield: 105 mg,
�75%. Anal. Calc. for Zn(PPA)2(H2O)2 (C28H36N10O8Zn)
(MW = 706.04): C, 47.63; H, 5.14; N, 19.84. Found: C,
47.75; H, 5.21; N, 19.98%. The complex is soluble in
DMSO, CH3CN, acetone and H2O and is a non-
electrolyte.

2.2.7. MoO2(PPA)2 (7)

MoO2(acac)2 (0.2 mmol, 66 mg) was used. A pale yellow
microcrystalline product was collected. Yield: 100 mg,
�69%. Anal. Calc. for MoO2(PPA)2 (C28H32N10O8Mo)
(MW = 732.56): C, 45.91; H, 4.40; N, 19.12. Found: C,
46.19; H, 4.62; N, 19.00%. The complex is soluble in
DMSO and DMF and is a non-electrolyte.

2.2.8. Cd(PPA)2(H2O)2 (8)

CdCl2 Æ 2.5H2O (0.2 mmol, 46 mg) was used. A yellow
microcrystalline product was collected. Yield: 100 mg,
�66%. Anal. Calc. for Cd(PPA)2(H2O)2 (C28H36N10O8Cd)
(MW = 753.07): C, 44.66; H, 4.82; N, 18.60. Found: C,
45.07; H, 4.75; N, 18.45%. The complex is soluble in
DMSO, DMF, H2O, CHCl3 and acetone and is a non-
electrolyte.

2.2.9. UO2(PPA)2 (9)

UO2(NO3)2 Æ 6H2O (0.2 mmol, 100 mg) was used. A pale
yellow microcrystalline product was collected. Yield:
125 mg, �70%. Anal. Calc. for UO2(PPA)2 (C28H32-
N10O8U) (MW = 874.65): C, 38.45; H, 3.69; N, 16.01.
Found: C, 38.88; H, 3.80; N, 15.87%. The complex is solu-
ble in DMSO, DMF, CH3CN, acetone and H2O and is a
non-electrolyte.

2.3. Physical measurements

IR spectra (400–4000 cm�1) were recorded on a Nicolet
Magna-IR 550 with samples prepared as KBr pellets. UV–
Vis spectra were recorded on a Thermo Electron Corpora-
tion Helios a dual beam spectrophotometer. C, H, and N
elemental analysis were performed on a Perkin–Elmer
240B elemental analyzer. Electric conductance measure-
ments were carried out with a WTW model LF 530 conduc-
tivity outfit and a type C cell, which had a cell constant of
0.996. This represents a mean value calibrated at 25 �C with
potassium chloride. NMR spectra were recorded with a
Bruker Avance 500 MHz instrument and were processed
by X-WIN NMR 2.6 (Bruker Analytik GmbH). X-band
EPR spectra at liquid helium temperatures were recorded
on a Bruker ER 200D EPR spectrometer equipped with
an Oxford Instruments ESR900 cryostat and an Anritsu
microwave frequency counter. Simulations of EPR spectra
were carried out with a computer program written by Prof.
Michael P. Hendrich, Department of Chemistry, Carnegie
Mellon University, Pittsburgh, USA [41,42].

All CD spectra were recorded on a Jasco J-700 spectro-
polarimeter using a 1.0 cm path quartz cell and the follow-
ing acquisition parameters: k = 190–400 nm, scan speed
50 nm min�1, resolution step 0.2 nm, sensitivity 50 mdeg,
response 1 s, bandwidth 1.0 nm, accumulations 10. In some
cases, the spectra were averaged over an appropriate num-
ber of scans. All CD spectra were recorded at 25 �C after
the complexes had been incubated with CT DNA for
24 h at 37 �C.

2.4. Molecular modelling

With the aim to present a molecular model for each
new complex that is unbiased by the starting structure,
we have used Langevin dynamics with a simulated
annealing protocol. Using this method, the mean total
energy of an ensemble of structures guides the selection
of the most favorable configuration for each complex.
The starting structures were constructed using the pro-
gram HyperChem and the MM+ force field that is based
on the Allinger’s MM2 force field [43]. For all the metal
ions we used a default parameter set with R* = 2.20 Å
and e* = 0.02 kcal mol�1, since their van der Waals inter-
actions are not expected to play a major role in such
bonded representations as in octahedral complexes.
Metal–ligand bond lengths were corrected in the final
models using harmonic restraints with equilibrium values
that were extracted from crystallographic data of similar
compounds [44–56] (Tables S1, S3, and S5). Non-bonded
interactions were calculated in vacuo with no cutoff and
the electrostatic energy term was treated using bond
dipoles. Initial energy minimizations were carried out by
a conjugate gradient method with rms gradient <0.01 as
convergence criterion.

Each model (Schemes S1–S3) was subjected to 20 indi-
vidual rounds of simulated annealing setting a different
value to the seed for the assignment of the starting veloc-
ities. To integrate the Langevin equation [57] the step
size was set to 1fs and the collision frequency to
1 ps�1. The annealing calculation comprised three phases:
(i) raising the temperature of the system from 10 to
1000 K over 2 ps, (ii) keeping the system at 1000 K for
3 ps, and (iii) cooling the system down to 0 K over
15 ps. A tight coupling of the system with temperature
(0.1 ps) was used for the heating and equilibration
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phases. During the cooling phase the bath relaxation
time was gradually decreased from 5.0 ps (7000 steps),
2.0 ps (3000 steps), 1.0 ps (2000 steps), 0.5 ps (2000 steps)
to 0.05 ps (1000 steps). At the final step all structures
had rms gradient < 0.01 and their total energy was
recorded (Tables S2, S4, and S6). The models presented
herein were selected from among the lowest energy struc-
tures that were generated for each starting geometry. A
final minimization of their energy was performed as
above, but having applied the metal–ligand distance
restraints.

2.5. Antibacterial activity – minimum inhibitory

concentration

The antibacterial activity of the compounds (ligands,
metal salts and complexes) was studied against S. aureus,
E. coli and P. aeruginosa. The microorganisms were main-
tained in the laboratory of ‘‘Inorganic Materials and Bio-
molecules’’ of NCSR ‘‘Demokritos’’. Screening was
performed by determining the minimum inhibitory concen-
tration (MIC). Two different media [Luria broth medium
(=LB, containing 1% w/v tryptone, 0.5% w/v NaCl and
0.5% w/v yeast extract) and minimal medium salts broth
(=MMS, containing 1.5% w/v glucose, 0.5% w/v NH4Cl,
0.5% w/v K2HPO4, 0.1% w/v NaCl, 0.01% w/v
MgSO4 Æ 7H2O and 0.1% w/v yeast extract)] were used.
The compounds were dissolved in distilled water with two-
fold serial dilutions from 128 to 4 lg mL�1. All cultures
were incubated at 37 �C. Control tests with no active ingre-
dients were also performed.

The MIC was determined using twofold serial dilu-
tions in liquid media containing 4–128 lg mL�1 of the
compound being tested. The solvent used was water
where the solubility of the compound permits and
DMSO in the remaining cases. The activity of DMSO
has been also investigated and no activity at the quanti-
ties used in this work has been found. A preculture of
bacteria was grown in LB overnight at the optimal tem-
perature of each species. Two milliliters of MMS were
inoculated with 20 mL of this preculture. This culture
was used as a control to examine if the growth of the
bacteria tested is normal. In a similar second culture,
20 lL of the bacteria as well as the tested compound
at the desired concentration were added. A third sample
containing 2 mL MMS supplemented with the same com-
pound concentration was used as a second control to
check the effect of the compound on MMS. All samples
were in duplicate. We monitored bacterial growth by
measuring the turbidity of the culture after 12 and
24 h. If a certain concentration of a compound inhibited
bacterial growth, half the concentration of the compound
was tested. This procedure was carried on to a concen-
tration that bacteria grow normally. The lowest concen-
tration that inhibited bacterial growth was determined
as the MIC value. All equipment and culture media were
sterile.
3. Results and discussion

3.1. Synthesis of the complexes

All the complexes have been prepared at high yield
(65–75%) via the addition of a methanolic solution of
deprotonated pipemidic acid to a methanolic solution of
the metal ion at a ratio 3:1 for Fe3+ and 2:1 for the remain-
ing divalent metal ions according to the reaction:

Mnþ+ nPPA!M(PPA)n(H2O)x

where Mn+ = VO2+, Mn2+, Co2+, Ni2+, Zn2+, MoO2
2þ,

Cd2+, UO2
2þ (n = 2) and Fe3+ (n = 3), x = 0, 1 or 2. All

complexes were collected as microcrystalline products.
Although diverse crystallization techniques were employed,
we did not manage to obtain crystals suitable for determi-
nation of structures with X-ray crystallography.

3.2. Infrared spectroscopy

In Table 1 the characteristic absorptions of the IR spec-
tra of all the complexes are listed. In the IR spectra of com-
plexes 1–9 the band at 1723 cm�1 in the HPPA spectrum
attributed to the absorption of m(C@O)carb has disappeared
and has been replaced by two very strong characteristic
bands in the ranges 1600–1615 cm�1 and 1370–1360
cm�1, that can be assigned as asymmetric, m(CO2)asym,
and symmetric, m(CO2)sym, stretching m(O–C–O) vibrations.
The difference D = masym(CO2) � msym(CO2) is a useful char-
acteristic for determining the coordination mode of the
ligands. The D values fall in the range 238–252 cm�1, indi-
cating a monodentate coordination mode of the carboxy-
lato group [58–60]. Finally, the pyridone stretch m(C@O)p

is shifted from 1617 to 1634 cm�1 upon bonding. These
changes of the IR spectra suggest that PPA is coordinated
to the metal via the pyridone oxygen and one carboxylate
oxygen atom [5].

The existence and the number of the m(M@O) absorp-
tions is a useful diagnostic tool of complex characteriza-
tion. The appearance of the V@O stretching frequency in
complex 1 at �954 cm�1 suggests that a monoanionic
ligand lies in a trans position to Ov (Ovanadyl) [61]. This
acceptance is indicative of the arrangement of one Ocarb

(Ocarboxylate) or Opyr (Opyridone) atom in the axial position
of the octahedron around the V atom and excludes the
Ow (Owater) atom. The existence of two m(M@O) absorp-
tions for MoO2

2þ and UO2
2þ complexes are indicative of

a cis arrangement of two oxygen atoms around Mo and
U atoms, respectively [26]. The band at �3400–
3420 cm�1 in the IR spectra of the complexes 1, 2, 4, 5, 6

and 8 can be attributed to the m(O–H) vibration of one
or two coordinated water molecules [59].

3.3. Electronic spectroscopy

The UV–Vis spectra of the complexes have been
recorded as nujol mulls and in solution. The solvent has



Table 1
Characteristic absorptions (in cm�1) of the IR spectra of the complexes

m(C@O)p m(CO2)asym m(CO2)sym Da m(M = O)

HPPA 1617 1723b

VO(PPA)2(H2O) 1629 1606 1368 238 950
Mn(PPA)2(H2O)2 1634 1608 1362 246
Fe(PPA)3 1637 1615 1363 252
Co(PPA)2(H2O)2 1625 1604 1362 242
Ni(PPA)2(H2O)2 1628 1608 1361 247
Zn(PPA)2(H2O)2 1626 1609 1362 247
MoO2(PPA)2 1625 1603 1365 238 930, 900
Cd(PPA)2(H2O)2 1624 1605 1360 245
UO2(PPA)2 1634 1614 1365 249 910, 870

a D = m(CO2)asym � m(CO2)sym.
b As m(COOH).
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been chosen based on the solubility of each complex. Prac-
tically, the spectra in solution are identical with those in
nujol with the exception of a few nm shifts in some cases.
In Table 2, the UV–Vis spectral data of all the complexes
in the different solvents are given.

The UV spectra of the complexes are practically identi-
cal with that of the pipemidato ligand but slightly shifted,
indicative of coordination through the pyridone and one
carboxylate oxygen atom.

In the visible spectra, there are characteristic bands
attributed to d-d transitions only for VO2+, Fe3+, Co2+

and Ni2+ complexes. For the VIVO2+ complex three low-
intensity bands at �802 (band I), 600 (band II) and 495
(band III) nm attributed to d–d transitions are observed.
Band I at k = 802 nm (e = 12 M�1 cm�1) can be attributed
to a b2ðdxyÞ ! e�pðdxz; dyzÞ transition of the VIVO2+ and
band II at k = 600 nm (e = 20 M�1 cm�1) to a b2ðdxyÞ !
b�1ðdx2�y2Þ transition [62]. Band III at k = 495 nm
(e = 26 M�1 cm�1) is also observed and can be attributed
to a dxy ! dz2 transition, although it usually lies under
the much stronger ligand-to-metal charge-transfer
(=LMCT) transition at k = 425 nm (e = 100 M�1 cm�1)
and can be difficult to distinguish [63,64]. These bands
are typical for distorted octahedral VO2+ complexes
[46,48,61].
Table 2
Characteristic bands kmax (nm) (e, M�1 cm�1) in the UV–Vis spectra of the co

IL bands Ban

HPPAa 330 (1900) 359 (1350)
VO(PPA)2(H2O)a 331 (2200) 370 (1350) 425
Mn(PPA)2(H2O)2

a 332 (2250) 370 (1230) 42
Fe(PPA)3

b 329 (2400) 375 (1250) 43
Co(PPA)2(H2O)2

c 327 (2150) 368 (1430) 42
Ni(PPA)2(H2O)2

c 342 (2350) 372 (1180) 43
Zn(PPA)2(H2O)2

c 330 (2150) 369 (1190) 42
MoO2(PPA)2

a 329 (2150) 370 (1420) 42
Cd(PPA)2(H2O)2

a 334 (2350) 370 (1450) 42
UO2(PPA)2

a 342 (1780) 368 (1380) 42

a In DMSO.
b In H2O.
c In DMF.
d (sh) = shoulder.
The spectrum of Fe(PPA)3 exhibits two bands that can
be attributed to d–d transitions: one weak band (as a shoul-
der) at �600 nm (e = 30 M�1 cm�1) which can be assigned
as a 6A1g! 5T1g transition and an intense one at k =
500 nm (e = 95 M�1 cm�1) assigned as a 6A1g! T2g(G)
transition [65,66]. These bands are typical for distorted
octahedral Fe3+ complexes [49–51]. Additionally, a band
at k = 436 nm (e = 135 M�1 cm�1), observed as a shoulder,
can be attributed to a LMCT transition.

In the visible spectra of Co(PPA)2(H2O)2 and Ni-
(PPA)2(H2O)2 one band at �555 (e = 40 M�1 cm�1) and
�625 nm (e = 45 M�1 cm�1), respectively, attributed to a
d–d transition has been found as expected for octahedral
Co2+ [67] and Ni2+ [68] high-spin complexes. Similar
behavior has been observed for the octahedral high-spin
Co2+ [12] and Ni2+ [11] cinoxacin complexes.

All the complexes also exhibit an absorption band at
�425–435 nm which can be assigned to the LMCT transi-
tion for the quinolone ligand [36–39].

3.4. NMR spectroscopy

1H NMR spectra of HPPA, Zn(PPA)2(H2O)2 and
UO2(PPA)2 have been recorded in d6-DMSO. The assign-
ment of every signal has been achieved by comparing the
mplexes in different solvents

d CT Bands d–d

(sh)d (100) 495(sh) (26) 600 (20) 802 (12)
5(sh) (135)
6(sh) (135) 500 (95) 600 (30)
5(sh) (120) 555 (40)
0(sh) (125) 625 (45)
5(sh) (145)
3(sh) (115)
0(sh) (145)
2(sh) (120)
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1H NMR spectra of the complexes to that of the ligand and
spectra reported in the literature [69]. The results are shown
in Table 3.

Comparison of the 1H NMR spectra of Zn(PPA)2-
(H2O)2 and UO2(PPA)2 with that of HPPA shows a signif-
icant perturbation of the chemical shift (up to 0.7 ppm) of
the aromatic protons H2 and H5, indicating that H2 and
H5 are close to the coordination site of the ligand. The sig-
nals for the aliphatic and piperazine protons are practically
unchanged since they lie far from the binding site of the
ligand.

The overall changes of the NMR spectra of the com-
plexes are indicative of coordination of the pipemidato
ligand to the metal via the pyridone and carboxylate oxy-
gen atoms.

3.5. EPR spectroscopy

The EPR spectrum of VO(PPA)2(H2O) in DMSO at
12 K is shown in Fig. 2. The spectrum is typical for a
Table 3
Chemical shifts (ppm) in 1H NMR spectra of HPPA, Zn(PPA)2(H2O)2

and UO2(PPA)2 in d6-DMSO

HPPA Zn(PPA)2(H2O)2 UO2(PPA)2

H2 and H5 8.90 (2H) 8.16 (2H) 8.16 (2H)
H1a 4.39 (2H) 4.39 (2H) 4.40 (2H)
H1b 1.36 (3H) 1.35 (3H) 1.35 (3H)
H2 0, H6 0 or 3.14–3.25 (4H) 3.15–3.23 (4H) 3.15–3.26 (4H)
H3 0, H5 0 3.86(4H) 3.81(4H) 3.70 (4H)
H4 0 9.19 (1H) 8.91 (1H) 8.91 (1H)

2500 3000 3500 4000 4500

B(G) 

Fig. 2. Experimental (——) and theoretical (� � � � � �) EPR spectrum for
complex VO(PPA)2(H2O) in DMSO. EPR conditions: T = 12 K; micro-
wave power = 0.13 mW; modulation amplitude = 5 Gpp; microwave
frequency = 9.42 GHz.
mononuclear VO2+ complex. We have simulated the spec-
trum assuming an S = 1/2 species interacting with a nucleic
spin of I = 7/2 through the usual spin Hamiltonian:

H ¼ bSgBþ IAS

where b is the Bohr magneton and A is the tensor of the
hyperfine interaction. The spectrum is well reproduced with
axial g- and A-tensors with the values gi=1.942(2),
g^ = 1.976(2), giso = (2g^ + gi)/3 = 1.965, Ai = 170(1) ·
10�4 cm�1, A^ = 59.7(1) · 10�4 cm�1 and Aiso = (2A^ +
Ai)/3 = 96.5 · 10�4 cm�1. The experimentally deduced pair
of values (gi = 1.942(2) and Ai = 170(1) · 10�4 cm�1) sup-
port an O4 basal plane of the octahedron [60].

The value of Ai is helpful in predicting the nature of the
equatorial ligands of the VO2+ moiety through the ‘‘addi-
tivity principle’’ [70–72]. In the present case, the ligands
involved are two Ocarb and two Opyr atoms of PPA ligands
and one Ow atom. From the literature we obtained
Ai(Opyr) = 38.6 · 10�4 cm�1, Ai(Ocarb) = 42.7 · 10�4 cm�1

and Ai(Ow) = 45.7 · 10�4 cm�1 [71,72]. By making use of
these values, the three possible configurations and the
respective Ai values are: (i) two Ocarb and two Opyr atoms
of PPA with Ow at the axial position and Ai =
162.6 · 10�4 cm�1, (ii) two Opyr, one Ocarb atoms of PPA
and one Ow with the other Ocarb at the axial position and
Ai = 165.6 · 10�4 cm�1 and (iii) two Ocarb, one Opyr atoms
of PPA and one Ow with the other Opyr at the axial position
and Ai = 169.7 · 10�4 cm�1. We observe that the configu-
ration with an axial Ow gives rise to a relatively low Ai
value in comparison to the experimental value of
Ai = 170(1) · 10�4 cm�1, suggesting that Ow occupies an
equatorial position, lying cis to Ov. Among the other two
configurations, the conformation with Opyr at the axial
position is more consistent with the EPR parameters and
in agreement with that observed in the crystal structure
of the complex VO(ciprofloxacinato)2(H2O) [45] where
Ai = 173 · 10�4 cm�1, leading us to the conclusion that
the equatorial sites of the octahedron around V are occu-
pied by two Ocarb and one Opyr atoms of PPA ligands
and one Ow, with the second Opyr at the axial position trans

to Ov.
The EPR spectrum of Fe(PPA)3 in DMSO at 12 K

shows a signal at g � 4.3, characteristic for a high-spin
Fe3+ ion in an almost rhombic environment. The EPR
spectrum of Mn(PPA)2(H2O)2 in DMSO consists of a six
line pattern at g � 2.0, typical for a mononuclear Mn2+

(S = 5/2) complex. The EPR spectrum of Co(PPA)2(H2O)2

in DMF at 10 K is rather complicated; it exhibits multiple
signals, has a maximum at g � 5.7 and is consistent for a
mononuclear octahedral high-spin Co2+ (S = 3/2)
complex.

3.6. Molecular dynamics

3.6.1. Fe(PPA)3

In order to present a model for the complex we have
constructed the two fac- and the two mer-Fe(PPA)3



Table 4
MIC in lg mL�1

E. coli P. aeruginosa S. aureus

HPPA 64 64 16
VO(PPA)2(H2O) 64 64 16
Mn(PPA)2(H2O)2 64 64 16
Fe(PPA)3 64 64 32
Co(PPA)2(H2O)2 64 64 32
Ni(PPA)2(H2O)2 64 32 32
Zn(PPA)2(H2O)2 32 32 32
MoO2(PPA)2 64 64 16
Cd(PPA)2(H2O)2 64 64 16
UO2(PPA)2 8 8 8

1154 E.K. Efthimiadou et al. / Polyhedron 26 (2007) 1148–1158
enantiomers (Scheme S1). The average energy of each set of
enantiomers is almost equal, as is expected from such
molecular mechanics calculations. However, the final struc-
tures of mer-[Fe(PPA)3] exhibit lower energies by less than
0.3 kcal mol�1 in comparison to the energies of the fac iso-
mers. For the mer models we have applied a set of har-
monic restraints at the metal–ligand bonds during an
additional minimization phase (Table S1) [49–52]. Based
on these results we present the lowest energy model of
one mer-[Fe(PPA)3] enantiomer as the favorable configura-
tion of the complex (Fig. S1). However, we can neither
exclude the formation of any of the other isomers, nor
unambiguously distinguish between the favorable
enantiomers.

3.6.2. VO(PPA)2(H2O)

Using the same approach as above, 8 diastereoisomers
of the VO(PPA)2(H2O) complex have been constructed
(Scheme S2). In all these models the water molecule occu-
pies a cis position with respect to V = O, in accordance
with our EPR results and just as in similar vanadyl
complexes [45–48]. Again, the resultant models of all
VO(PPA)2(H2O) isomers exhibit comparable average total
energy with the two transOc enantiomers (as are arbitrarily
designated in Scheme S2) being more stable by more than
2 kcal mol�1 (Table S4). After application of the distance
restraints to the M–L bonds (Table S3) and their geometry
correction by minimizing the energy of the complex, the
structure of the predicted most stable isomer is obtained
(Fig. 3).

3.6.3. MoO2(PPA)2

Three pairs of enantiomers have been constructed as
starting models of MoO2(PPA)2 (Scheme S3). After the
Langevin dynamics simulated annealing calculations, we
obtained the total energy results of 20 different conforma-
Fig. 3. Lowest energy mod
tions for each starting model, which guide us to select the
transOc isomers as the more favorable. Their average
energy is almost equal, as expected, and is lower than the
other four isomers by more than 3 kcal mol�1 (Table S6).
The lowest energy model structure found is illustrated in
Fig. S3.

3.7. Antimicrobial activity

The efficiencies of the complexes have been tested
against two Gram(�), Escherichia coli (E. coli) and Pseudo-

monas aeruginosa (P. aeruginosa), and one Gram(+),
Staphylococcus aureus (S. aureus), microorganisms. The
results are presented in Table 4.

It is evident (Table 4) that the ligand and the complexes
have inhibitory action against all microorganisms tested
and the coordination of HPPA (MIC = 16–64 lg mL�1)
with transition metal ions results in diverse biological activ-
ity (MIC for the complexes = 8–64 lg mL�1). The activity
of complexes VO(PPA)2(H2O), Mn(PPA)2(H2O)2, MoO2-
(PPA)2 and Cd(PPA)2(H2O)2 is equal to that of HPPA
against all microorganisms tested. Complexes Fe(PPA)3
el of VO(PPA)2(H2O).
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Fig. 4. Absorption spectra of complexes 1, 2 and 9 in the presence of CT
DNA. The r value is 1:200. The spectra were recorded at 25 �C after
complexes had been incubated with CT DNA for 24 h at 37 �C.
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and Co(PPA)2(H2O)2 have antibacterial activity against
E. coli and P. aeruginosa similar to that of HPPA
(MIC = 64 lg mL�1), but they are twice less active against
S. aureus (MIC = 32 lg mL�1). The antibacterial activity
of Ni(PPA)2(H2O)2 against E. coli is equal to that of
HPPA. Ni(PPA)2(H2O)2 is twice more active than HPPA
against P. aeruginosa and twice less active against S. aur-

eus. Zn(PPA)2(H2O)2 is twice more active than HPPA
against two Gram(�) microorganisms but twice less active
against S. aureus. Finally, UO2(PPA)2 is four and two
times more active than HPPA against two Gram(�) micro-
organisms and S. aureus, respectively.

The antimicrobial activity of the metal salts has also
been investigated. It has been found that the metal salts
do not exhibit antimicrobial activity at the concentration
range used to assay the activity of the complexes in this
work. When the antimicrobial activity of the metal com-
plexes is investigated, the following principal factors
[73,74] should be considered: (i) the chelate effect of the
ligands; (ii) the nature of the N-donor ligands; (iii) the total
charge of the complex; (iv) the existence and the nature of
the ion neutralizing the ionic complex; (v) the nuclearity of
the metal center in the complex. For complexes 1–9, only
the first of these factors is present, i.e. the chelate effect
of the ligand. This is probably one of the main reasons
for the diverse antibacterial activity shown by the com-
plexes while the nature of the metal ion coordinated to
PPA may have a significant role in this diversity. The sig-
nificant improvement of the activity of PPA when coordi-
nated to the uranyl complex is simply an evidence of the
role of the coordinated metal ion [45]. On the other hand,
further biological experiments in order to clarify the possi-
ble mechanism of action of the complexes are under
investigation.

In conclusion, the best inhibition of the complexes is
provided by UO2(PPA)2 (MIC = 8 lg mL�1) against the
three microorganisms tested.

3.8. Interaction of the complexes with CT DNA

DNA can provide three distinctive binding sites for the
quinolone complexes; namely, groove binding, binding to
phosphate group and intercalation [75]. This behavior is
of great importance with regard to the relevant biological
role of fluoroquinolone antibiotics in the human body
[76,77].

3.8.1. Study of the complexes – CT DNA interaction with

UV spectroscopy

The absorption spectra of the interaction of the com-
plexes with CT DNA have been recorded for a constant
CT DNA concentration (3.125 · 10�4 M) in different mix-
ing ratios. Representative UV spectra of the complexes 1,
2 and 9 with CT DNA derived for diverse complex:CT
DNA mixing ratios (r) are shown in Fig. 4 while UV spec-
tra of all the complexes with CT DNA are shown in
Fig. S4. The changes observed in the absorption spectra
of the complexes after mixing with CT DNA indicate that
the interaction of the complexes with CT DNA takes place
by a direct formation of a new complex with double-helical
CT DNA [78].

3.8.2. Study of the complexes – CT DNA interaction with

CD spectroscopy

The CD spectra of the complexes with double-
stranded CT DNA for different r values can provide us
with useful information concerning the complex–nucleo-
tide interaction. The CD spectra of the interaction of
the free ligand with CT DNA do not show any transi-
tions because there is not any asymmetry or chirality in
the molecules [78].

The CD spectrum of free CT DNA is conservative and
consists of a negative band at 245 nm and a positive one
at 275 nm, characteristic of the B-form of DNA [79]. The
CD spectra of CT DNA in the presence of complex 1 are
shown in Fig. 5a. They consist of a positive band I at
275 nm and a strong negative one II at 246 nm. When r

increases, the kmax of band I is shifted from 275 nm to
higher wavelengths (up to 282 nm) followed by a decrease
of the intensity, indicating that the DNA-form changes
from the B- to A-form (B! A transition). This change
(CD Cotton effect) is characteristic of reduced DNA helic-
ity which is attributed to complex interstrand crosslinking
to the DNA pairs [80]. Quite similar behavior is observed
in the CD spectra of CT DNA in the presence of complex
MoO2(PPA)2.

The CD spectra of CT DNA in the presence of
complex 2 are shown in Fig. 5b. The increase of r leads
to a raise in the intensity of band I at 275 nm and a shift
of the kmax from 280 nm to lower wavelengths (up to
274 nm) while the negative band at 246 nm remains prac-
tically unchanged. The overall changes in the CD spectra
indicate the existence of a B! A CT DNA transition
that can be attributed to intrastrand linking of adjacent
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Fig. 5. CD spectra of CT DNA in 5 mM buffer (containing 150 mM NaCl
and 15 mM trisodium citrate at pH 7.0) in the presence of: (a) complex
VO(PPA)2(H2O) (1), (b) complex Mn(PPA)2(H2O)2 (2) and (c) complex
UO2(PPA)2 (9), with different r values. The spectra were recorded at 25 �C
after samples had been incubated with CT DNA for 24 h at 37 �C.
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guanines so that the DNA conformation is modified and
destacking of the adjacent bases occurs [81–83]. Similar
behavior is observed in the CD spectra of CT DNA in
the presence of complexes Fe(PPA)3, Co(PPA)2-
(H2O)2, Ni(PPA)2(H2O)2, Zn(PPA)2(H2O)2 and Cd-
(PPA)2(H2O)2.

The CD spectra of CT DNA in the presence of complex
UO2(PPA)2 (9) are shown in Fig. 5c. The kmax of positive
band I is shifted from 275 nm to higher wavelengths (up
to 285 nm) followed by a decrease in the intensity upon
increase of r, while the intensity of the negative band II
at 246 nm increases indicating that the DNA-form changes
from the B- to A-form (B! A transition) [81].

4. Conclusions

The synthesis and characterization of nine mononuclear
complexes of the first-generation quinolone antibacterial
drug pipemidic acid with the ions VO2+, Mn2+, Fe3+,
Co2+, Ni2+, Zn2+, MoO2

2þ, Cd2+ and UO2
2þ has been real-

ized with physicochemical and spectroscopic methods. In
all the complexes, the pipemidato ligand is bound to the
metal via the pyridone oxygen and one carboxylate oxygen
atom. Each metal is six-coordinate and its environment
could be described as a distorted octahedron. With the
use of molecular modelling, we have proposed a low energy
model for the structures of Fe(PPA)3, VO(PPA)2(H2O) and
MoO2(PPA)2. The antimicrobial activity of the complexes
has been tested on three different microorganisms. The
complexes show diverse biological activity in comparison
to the free pipemidic acid. The best inhibition of the com-
plexes is provided by UO2(PPA)2 (MIC = 8 lg mL�1)
against the three microorganisms tested. The investigation
of the interaction of the complexes with CT DNA has been
performed with diverse spectroscopic techniques and
showed that the complexes can be bound to CT DNA.
For all the complexes, a B! A CT DNA transition has
been observed.
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Appendix A. Supplementary material

IR and UV–Vis spectral data for HPPA and all the com-
plexes and 1H NMR chemical shifts for HPPA,
MoO2(PPA)2 and UO2(PPA)2. Three schemes (Schemes
S1–S3) for the diastereoisomers of Fe(PPA)3, VO-
(PPA)2(H2O) and MoO2(PPA)2 employed in the simulated
annealing calculations. Three Tables (Table S1, S3, and S5)
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for the metal–ligand distance restraints applied during the
energy minimization phase in order to adjust the geometry
of Fe(PPA)3, VO(PPA)2(H2O) and MoO2(PPA)2 models.
Three Tables (Table S2, S4, and S6) for the energy statistics
from the simulated annealing results of Fe(PPA)3, VO(P-
PA)2(H2O) and MoO2(PPA)2 diastereoisomers, respec-
tively. Three figures (Figs. S1–S3) for the lowest energy
models of [Fe(PPA)3], VO(PPA)2(H2O) and MoO2-
(PPA)2 enantiomers. One figure (Fig. S4) for representative
UV spectra of all the complexes with CT DNA. Supple-
mentary data associated with this article can be found, in
the online version, at doi:10.1016/j.poly.2006.10.017.
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