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Abstract

The interaction of copper(II) and manganese(II) with pipemidic acid, Hpipem, afforded the complexes [Cu(pipem)2(H2O)]·2H2O, 1 and
[Mn(pipem)2(H2O)], 2. The new complexes have been characterised by elemental analyses, infrared, UV–vis and X-band EPR spectroscopy
in the temperature range from 4 to 300 K. The monoanion, pipem, exhibitsO,O ligation through the carbonyl and carboxylato oxygen atoms.
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ive coordinate square-pyramid configuration has been proposed for1 and2, and the fifth apical position is occupied by a coordinated w
olecule.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Pipemidic acid [8-Ethyl-5,8-dihydro-5-oxo-2-(1-pipera-
inyl)-pyrido(2,3-d)pyrimidine-6-carboxylic acid trihydra-
e], Hpipem·3H2O, belongs to the group of compounds
nown as quinolones, which is one of most important group of
ynthetic, antibacterial agents structurally related to nalidixic
cid. Quinolones, represented by nalidixic, oxolinic and
ipemidic acids, are employed as specific inhibitors of the
acterial DNA-gyrase, the enzyme responsible for convert-

ng double-stranded DNA into a negative superhelical form.
he introduction of a piperazinyl side chain at position 7 (to
rovide pipemidic acid) has been shown to increase the abil-

ty of the quinolones to penetrate the bacterial cell wall, thus
nhancing activity. Hpipem was found effective against some
rganisms resistant to piromidic or nalidixic acids[1–3].

X-ray crystal structure of Hpipem·3H2O revealed that the
arboxylic group is ionized and the molecule exists in a zwit-
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terionic form with protonated terminal nitrogen of the pip
azine ring,Fig. 1 [4]. It was suggested that the ability of t
drug to penetrate into cells is a function of its net charge
in zwitterionic form exhibits maximum permeation prop
ties[5]. The interaction of metal ions with drugs administe
for therapeutic purposes is a subject of considerable in
[7]. The interactions of metal ions with quinolone antiba
rial agents have been reviewed[5] and the crystal structu
of cinoxacin has been found[6]. Synthesis, characterizatio
and antibacterial activities of some rare earth metal c
plexes of pipemidic acid have been referred[8]

In this paper, we report the syntheses and spectral ch
terization of the novel complexes [Cu(pipem)2(H2O)]·2H2O,
1 and [Mn(pipem)2(H2O)], 2.

2. Experimental

2.1. General considerations

The reagents (Aldrich, Merck) were used as supp

kovala@cc.uoi.gr (D. Kovala-Demertzi). while the solvents were purified according to standard pro-
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Fig. 1. The zwitterionic form of Hpipem·3H2O [4].

cedures. Pipemidic acid was a gift from Farmaceutici Damor
S.p.A. C, H and N analyses were carried out by the microan-
alytical service of the University of Ioannina. Melting points
were determined in open capillaries and are uncorrected.
Infrared and far-infrared spectra were recorded on a Nico-
let 55XC Fourier transform spectrophotometer using KBr
pellets (4000–400 cm−1) and nujol mulls dispersed between
polyethylene disks (400–40 cm−1). Ligand-field spectra were
obtained on a Perkin–Elmer Lambda 900 spectrophotometer
using the diffuse reflectance technique, with MgO as a ref-
erence. The X-ray powder diffraction (XRD) analysis was
carried out with the use of Siemens D5000 diffraction equip-
ment. The filtered Cu K� radiation was selected and the scans
were recorded in a (5◦–100◦), 2θ range.

2.2. Synthesis of the complexes

2.2.1. Synthesis of [Cu(pipem)2(H2O)]·2H2O (1)
A solution of [Cu(CH3COO)2]H2O (0.0998 g, 0.5 mmol)

in methanol (5 ml) was added to a solution of pipemidic
acid (0.303 g, 1 mmol) in methanol (25 ml). Drops of triethy-
lamine (N(eth)3) were added till the apparent pH value was
∼7. The reaction mixture was stirred at room temperature for
2 h and cooled to 5◦C in a refrigerator for 4 h. The precipitate
was collected by filtration, washed with cold methanol and
diethyl ether and dried in vacuo to afford (1) (green pow-
d ;
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vacuo to afford (2) (yellow powder 80% yield). Anal. Calc.
for C28H34CuN10O7: C, 49.64; H,5.05; N, 20.67; Found:
C, 49.50; H, 5.20; N, 20.02%. IR (cm−1): ν(OH), 3431 (br
s); ν(NH), 3053 (m);ν(CH), 2936 (m);ν(CH2), 2791 (m);
ν(C O), 1629 (s);νasym(COO), 1614 (s);νsym(COO), 1362
(s);ν(C N), 1572 (ms);ν(M OH2O), 393 (ms);ν(M Oc o),
372 (ms);ν(M Ooco), 301 (ms). UV–vis, reflectance spec-
trum, for2: 405sh nm, 340 nm.

2.3. EPR spectroscopy

Electron paramagnetic resonance spectra of Cu(II) and
Mn(II) complexes of Hpipem were recorded on Radiopan
SE/X spectrometer with TE102 rectangular cavity and
100 kHz field modulation, equipped with an Oxford Instru-
ments ESR 910 helium flow cryostat. The microwave fre-
quency was measured using Hewlett Packard 534 microwave
frequency counter and the magnetic field strength was mon-
itored by a NMR teslameter. The temperature dependence
measurements were performed in the temperature range from
4 to 300 K for powder samples and from 100 to 263 K for
frozen aqueous solution. The measurements were carried out
on solutions degassed and sealed under vacuum to eliminate
the line broadening from dissolved oxygen. All EPR parame-
ters were confirmed by simulation using Bruker-Symphonia
software package.
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er 70% yield). Anal. Calc. for C28H38CuN10O9: C, 46.57
, 5.30; N, 19.40; Found: C, 46.47; H, 5.40; N, 19.20

R (KBr, cm−1): ν(OH), 3422 (br s), 3206 (ms);ν(NH),
973 (m), 3045 (m);ν(CH), 2938 (m);ν(CH2), 2742 (m)
(C O), 1626 (s);νasym(COO), 1604 (s);νsym(COO), 1361
s); ν(C N), 1570 (ms);ν(M OH2O), 395 (sh);v(M Oc o),
61 (ms);ν(M Ooco), 300 (ms). UV–vis, reflectance spe

rum, for1: 745 nm, 350 nm.

.2.2. Synthesis of [Mn(pipem)2(H2O)] (2)
A solution of MnCl2 (0.0315 g, 0.25 mM) in methan

2.5 ml) was added to a solution of pipemidic acid (0.151
.5 mM) in methanol (5 ml). Drops of triethylamine (N(eth3)
ere added till the apparent pH value was∼7. The reactio
ixture was stirred at room temperature for 2 h and co

o 5◦C in a refrigerator for 4 h. The precipitate was c
ected by filtration, washed with cold methanol and drie
. Results and discussion

.1. IR and UV–vis spectra

The complexes1 and2 were prepared in methanol so
ions in the molar ratio 1:2. The complexes of pipem1 and

were synthesized in powder form. The X-ray diffract
ata indicate that1 and 2 are poorly crystallised,Fig. 1.
he complexes are stable in atmospheric conditions, s
oluble (1) and soluble (2) in water and insoluble in pola
nd non-polar organic solvents, nitromethane, cyclohex
e2CO, CHCl3, CH3CN, CH2Cl2, MeOH, EtOH, DMSO
nd DMF. The elemental analyses confirm their stoichio

ry. IR and UV–Vis spectroscopic studies were used to p
he metal–ligand environment for the two complexes.

The IR spectra of Hpipem·3H2O do not have aν(C O)
bsorption[5], according to the crystal structure of Hpipe
here the carboxylic group is deprotonated and the mole
xists in zwitterionic form[4]. It is known that ionic
arboxylates[5] show no carbonyl stretching at abo
700 cm−1, but have two characteristic bands in the ra
f 1650–1510 cm−1 and 1400–1280 cm−1 that could be
ssigned asνasym and νsym (COO) stretching vibration
s the carboxyl hydrogen is more acidic than the am
ydrogen the deprotonation occurs in the carboxylic gr
his is confirmed by the IR spectra of the comple
howing the characteristic bands for the secondary a
roups and for the coordinated carboxylato group. The I
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Hpipem·3H2O, 1 and2 gave band at 3021, 2973, 3045 and
3053 cm−1 attributable to intra- or inter-molecular NH· · ·O
hydrogen bonds. A broad absorption at∼3400 cm−1 in the
spectra of the complexes was attributed to the presence
of coordinated water. In the solid state, the infrared spec-
trum of 1 exhibits bands at 3422 and 3206 cm−1, attributed
to the presence of coordinated and lattice water, respec-
tively [9]. The νasym(COO) andνsym(COO) bands appear
at 1614–1604 and at 1360–1362 cm−1, respectively. The
difference,�[νasym(COO)− νsym(COO)] between these fre-
quencies is 243 and 252 for1 and 2 respectively. These
values are consistent with monodentate coordination of the
carboxylato group[10]. The band at∼1570 cm−1, 1574
for Hpipem·3H2O, 1570 for 1 and 1572 cm−1 for 2, is
assigned toν(C N) mode. The non-ligand bands in the
regions 390–395, 361–375 and 300–301 cm−1 are tentatively
assigned toν(M OH2O), ν(M Oc o) andν(M Ooco) modes,
respectively[11]. These data indicate coordination through
the oxygen atoms of the carboxylato group, carbonyl group
and water molecule and no interaction between the endo-
cyclic nitrogens (CN) and metal ions.

3.2. EPR spectra of Cu(II)–pipemidic acid complex

EPR spectra of1 in solid state at selected temperatures are
shown inFig. 2. The spectra exhibit anisotropic signal with
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Fig. 3. The EPR spectra of solid copepr(II)–pipemidic acid complex at
selected temperatures.

ing of a progressive broadening and decrease in the intensity
of the hyperfine lines as the order ofmI increases in the low
field part of the spectrum (I = 3/2 is the Cu nuclear spin).
Simultaneously, a common feature for glassy and disordered
systems is the broadness of their absorption lines. This is usu-
ally associated with the randomness of these structures and
a distribution of the EPR parameters around some average
values due to small variations in the local geometry of the
site[13]. The EPR spectra of the complex1 were interpreted
in terms of the following spin-Hamiltonian[14]:

H = µB(gzBzSz + gxBxSx + gyBySy) + AzIzSz (1)

The values for the spin-Hamiltonian parameters were
determined on the basis of the best fit for the simulated spectra
as compared with the experimentally observed spectra (see
Fig. 4). These EPR parameters are listed inTable 1Copper(II)
centres exhibit a distorted square pyramid structure,Table 1,
with ground state[15]:

a|x2 − y2〉 + b|z2〉 a2 + b2 = 1 (2)

Theg-factors of copper(II) complexes for rhombic sym-
metry may be expressed by[15]:

gz = 2

{
1 − 4

(
λ

Exy

)
a2

}
;

g

{ ( ) }

g

w of
2 el
s o the
l
b ere
poorly resolved hyperfine structure in a wide tempera
ange.

The result of our experiment can be explained u
he model of EPR spectra in a Jahn–Teller disorder sy
escribed by Cantin et al.[12]. This model is based on a sta

ical distribution of the energy difference between the low
nd the two higher potential energy minima of the Jahn–T
entre in a low-symmetry host site. The disorder of1 is related
o a poor crystallisation of sample (Fig. 3). The presence o
opper(II) ions in the disordered materials resulted in an
pectrum. They showed a significantg andA strain, consist

ig. 2. X-ray diffraction pattern of the Cu(II)– and Mn(II)– pipemidic a
omplexes.
y = 2 1 − λ

Eyz

(a + 1.7b)2 ;

x = 2

{
1 −

(
λ

Exz

)
(a − 1.7b)2

}
(3)

hereExy andExz, Eyz are the electron transition energies
B1g→ 2B2g and2B1g→ 2Eg, respectively. The energy lev
equence will depend on the amount of distortion due t

igand field and the Jahn–Teller effect. The values ofa and
factors,Table 1, which are a measure of covalency w
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Table 1
EPR and bonding parameters of copper(II)–pipemidic acid complex

Complex: [Cu(pipem)2(H2O)]·2H2O T = 113 K

gx gy gz Az × 10−4 (cm−1) �Bx (mT) �By (Mt) �Bz (mT) f (cm) a b α2 β2
1

2.062 2.174 2.320 165 3 4.5 15 140 0.81 0.59 0.86 0.76

calculated from relations(3) with the help of the optical data.
Approximate metal–ligand�-bond coefficient (α2) which is
defined as the fraction of unpaired electron density located
on the copper ion was calculated from Kivelson and Neiman
form [16]:

α2 = −
(

A‖
P

)
+ (g‖ − 2) + 3

7
(g⊥ − 2) + 0.04 (4)

The obtainedα2 value (seeTable 1) confirmed consider-
able covalency in the bonding between the Cu(II) ion and the
ligand. From thea-value we calculatedβ2

1, which is a direct
measure of the covalency of the in-plane� bonding.

Thef value of1 is 140 cm and implies the presence of dis-
torted structure. The characteristic linear dependence ofA‖
on g‖ for the complexes formed between Cu(II) and similar
donor atoms provides an important possibility for discrimi-
nation between N4, O3N1, O2N2, O1N3 and N4 donor sets in
xy plane. The variation ing‖ andA‖ of the copper(II) com-
plexes with the similar donor atoms is caused by the change
in overall charge of the complex[17]. The values of these
parameters summarised inTable 1mean the coordination of
four oxygen atoms around Cu(II) in the planexy.

The magnetic properties of investigated copper (II) com-
plex were checked by EPR measurements in temperature
range from 4 to 300 K. InFig. 5 temperature evolution
o the
s n-
s e. It

F l
s g the
p

Fig. 5. The temperature dependence of spin susceptibility for1 (the solid
line is calculated using Curie law).

was established that the spin susceptibility of1 follows the
Curie law (the solid line inFig. 5).

3.3. EPR spectra of Mn(II)–pipemidic acid complex

The EPR spectrum of powder Mn(II)–pipemidic acid com-
plex consists of the strong signal with the Lorentzian shape
with linewidth�B = 17 mT, centred aroundg = 2 without any
changes in whole temperature range,Fig. 6 It is known,

F m;
( eters
i

f EPR intensity (calculated as double integration of
pectrum—DI) of complex1 is shown. Thus defined inte
ity is proportional to the spin susceptibility of the sampl

ig. 4. X-band EPR spectrum of complex1 at T = 113 K; (a) experimenta
pectrum; (b) simulated spectrum (the simulation was obtained usin
arameters inTable 1).
ig. 6. X-band EPR spectrum of2 atT = 100 K; (a) experimental spectru
b) simulated spectrum (the simulation was obtained using the param
n Table 2).
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Fig. 7. The temperature dependence of spin susceptibility for2 complex;
the solid line iscalculated using Curie–Weiss law.

that a system consisting of many identical ions coupled by
exchange interactions gives an isotropic Lorentzian spectrum
centred near theg-value of the isolated ion without fine and
hyperfine structures[14]. Dowsing et al[18] observed this
spectrum for different manganese complexes.

The features of spectra presented inFig. 6 mean that
dipole–dipole and exchange interactions are present in the
complex2. These spectra can be interpreted using theory
of narrowing exchange which assumes that the exchange-
induced fluctuations are sufficiently rapid to average the
dipolar field and describes a linewidth according to the fol-
lowing equation[14]:

�ω ≈ ω2
P

ωex
(5)

where:�ω is the linewidth in frequency units;ωex is the fre-
quency associated with isotropic exchange;ωp includes the
contributions due to anisotropic interactions: dipolar, crystal-
field, antisymmetric exchange, etc.

The changes of spin susceptibility measured as tempera-
ture dependence of DI (DI is the intensity calculated as double
integration of spectrum) is a confirmation of the presence of
magnetic interactions in powder complex2. It was estab-
lished that the spin susceptibility of complex2 follows the
Curie–Weiss law,Fig. 7 The antiferromagnetic character of
i gative
C

t
m re of

Fig. 8. The EPR spectrum of frozen solution of complex2; (a) experimental
spectrum; (b) simulated spectrum (the simulation was obtained using the
parameters inTable 2).

Mn(II) centre. The lines belonging to the central hyperfine
sextet with a broad background signal underneath the sextet
are observed to the frozen aqueous solution of2, Fig. 8(a).
Simultaneously, a complete smearing of the hyperfine forbid-
den lines and a significant broadening of hyperfine allowed
lines become visible. These are the characteristic features of
Mn(II) EPR spectra in disordered systems[19]. They are due
to the effects of distribution of D and E (ZFS) parameters
around their average values. The spin Hamiltonian for Mn2+

(S = 5/2, I = 5/2) in low symmetric crystal field is given by
[14]:

H = g�BBS+AIS+ HZFS (6)

where all symbols have their usual meaning andHZFS is the
zero-field splitting (ZFS) term. As Mn2+ is an S-state ion, the
g- andA-tensors are isotropic.

The spectrum calculated with the best-fit EPR parameters,
which are listed inTable 2is shown inFig. 8(b). The value
of hyperfine coupling constant A may be analysed accord-
ing to Jain and Lehmann review[20]. Parameter A of Mn(II)
ions is decreased with increasing covalency of the magnetic
complex. This relation was defined by plottingA versus the
Pauling covalency parameter. The Pauling covalency parame-
terc/n is derived from the electronegativities of Mn2+ and the
ligands, andn is the number of ligands at the nearest distance
f from
A

T
E

C

�B

P 17
F 5
nteractions between manganese ions is revealed by ne
urie–Weiss temperatureθ =−30 K.
The EPR measurements of complex2 in solution brough

ore detailed information about the coordination sphe

able 2
PR parameters of manganese(II)–pipemidic acid complex

omplex: [Mn(pipem)2(H2O)]

T (K) g

owder 112 2.000
rozen solution 263 2.000
rom the paramagnetic ion. From this dependence and
-value obtained experimentally for complex2 (seeTable 2),

(mT) A × 10−4(cm−1) D (× 10−4(cm−1)

– –
88 40
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Fig. 9. The proposed structure of the mononuclear copper(II) and manganese(II) complexes of pipemidic acid.

we have concluded that Mn(II) in complex2 is surrounded by
oxygen ligands and the bond Mn(II)—O has slightly covalent
character (about 10%).

At the same time, the information about the symmetry of
the coordination sphere of Mn(II) in complex2 may be extract
from comparison of intensity of the components of the cen-
tral hyperfine sextet. The inset inFig. 8 shows the relative
intensities of six lines as a function of mI and exhibits a char-
acteristic dip in the middle. This behaviour was explained by
Eidels-Dubovoi et al.[21] where was used the perturbation
theory method for obtaining the axial crystal-field parame-
ter D in a disorder sample. The depth of dip is relative to
the distortion of crystal field from octahedral symmetry. The
calculations were made up to value aboutD/B0 = 0.044, i.e.
D = 140× 10−4 cm−1 at X-band frequencies. TheD-value
was estimated from comparison of these results with cal-
culations of relative intensities of EPR lines (see the inset
in Fig. 8). The simulated spectrum obtained with the values
D = 40× 10−4 cm−1 andA = 88× 10−4 cm−1 is shown in the
Fig. 8(b). This result means axially symmetric local crystal-
field around manganese(II) centre in the case of2.

4. Conclusions

From the overall study presented above it is concluded that
t a-
t ntre.
T en
a and
t two
p cule
o
m or
a etic
c lved

in the bonding between the metal ion and the ligands and
confirm the optical spectroscopic studies.
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